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The Makeng Fe (–Mo) deposit is the largest iron deposit in the Southwestern Fujian metallogenic belt of
southeast China. This deposit's genesis has been disputed since the 1950s, with the primary view being that of
the skarn type. Detailed geological investigations of the deposit were conducted to elucidate the ore-forming
processes at work, as well as its localization. The investigations were based on computational geodynamic
models that were, in turn, constructed by simulating the syn-extensional cooling of the ore-related intrusion.
We have developed a FISH program to transform the MIDAS/GTS geometric solid model into the FLAC3D
geodynamic discrete model. The occurrence of the granite xenoliths in ores and the sharp boundary of the ore
body suggest that the ore body was formed at the tensile fracture spaces of the host rocks. The results of the
numerical simulation show that most ore bodies are located in the weak zones of the limestone strata with
dilation zones that are well-developed. Thus, the fluids from different sources can be easily focused due to the
coupled mechano–thermo-hydrological (MTH) processes. The ore forming processes are closely related to the
mechanical properties of sedimentary strata, especially regarding its competence and the contact relationship
with different rock units. The computational model shows the same depth found through deep geological
drilling, which also identified significant ore bodies. The simulation model will facilitate the selection of targets
for further exploration of concealed deposits.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The demand for iron is increasing everyday due to massive
construction projects in China and around the world. Readily discov-
erable ore deposits are increasingly becoming depleted. As a result,
there is a need to study the existing deposits in detail to establish
models that can be used to facilitate the selection of targets for
exploring concealed ore deposits. The formation of hydrothermal
deposits and their occurrence are a result of complex metallogenic
and coupled geodynamics processes (Hobbs et al., 2000, 2004;
Hornby et al., 2006a,b, 2008; Poulet et al., 2013; Price and Stoker,
2002; Zhao et al., 2008a, 2009). Generally, hydrothermal mineraliza-
tion arises from a complex interplay of deformation, fluid flow,
conductive and advective heat transfer, solute transport and chemi-
cal reactions (Liu et al., 2011; Zhao et al., 2008b, 2009). Conventional
exploration methods are increasingly becoming ineffective at
maximizing the probability of ore discovery while minimizing
the discovery cost. The advancement of computer technology and
computational algorithms has enabled computational simulation
of Geosciences (Beijing),
to serve as an indispensable method for solving this problem. Simu-
lating the thermo–mechano-hydrological processes of ore formation
with computational algorithms is therefore necessary to depict the
ore genesis and its forming mechanism, which is useful in predicting
ore locations (Eldursi et al., 2008; Sheldon, 2009; Liu et al., 2011,
2012, 2014). Based on this idea, Zhao and his coworkers have con-
ducted extensive original and pioneering research work (Zhao
et al., 2008b, 2009; Zhao, 2009, 2014) to establish the emerging com-
putational geoscience discipline over the last two decades (Awadh
et al., 2013; Charifo et al., 2013; Schmidt Mumm et al., 2010). The de-
veloped computational geoscience methods (Peng et al., 2008, 2011;
Reid et al., 2012a,b; Zhao et al., 1998, 2009; Zhao, 2015) have been
successfully applied to the numerical simulation of several large
ore deposits by many previous researchers (Garven and Freeze,
1984; Gow et al., 2002; Ju et al., 2011; Lin et al., 2002, 2006; Liu
et al., 2005, 2010a, 2011; Ord et al., 2002, 2008b, 2010, 2012;
Schaubs and Zhao, 2002; Sorjonen-Ward et al., 2002; Zhang et al.,
2003, 2008; Zhao et al., 2014).

The Southwestern Fujian metallogenic belt (SFMB) is one of
China's most important iron polymetallic metallogenic belts,
in which many iron deposits have been discovered, including the
Makeng, Yangshan, Pantian, Luoyang and Zhongjia iron deposits.
These deposits are commonly referred to as the “Makeng type” iron
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deposits due to their close association with the super-large Makeng
deposit. Geochemical processes play an important role in ore body
formation and mineralization (Hobbs et al., 2007, 2008; Zhao et al.,
2010, 2012; Zhao, 2014); thus, most previous studies (Chen et al.,
1985; Chen, 2002, 2010; Ge et al., 1981; Jiang, 2009; Lin, 2008;
Wang et al., 1981, 2015; Zhang, 2012; Zhang et al., 2012a; Zhang
and Zuo, 2014) have mainly employed geochemical methods in
resolving the genesis of the Makeng deposit. There are several
models which describe the genesis of the Makeng iron deposit
(Di et al., 2012), including (1) marine sedimentary (Chen, 2002;
Lin, 2008); (2) marine volcanic sedimentary and hydrothermal
re-working (Chen et al., 1985; Ge et al., 1981; Jiang, 2009; Wang
et al., 1981); and (3) skarn-type iron deposit (Chen, 2010; Zhang,
2012; Zhang et al., 2012a; Zuo et al., 2012a). The source of iron
metals and mineralizing fluids are the main source of the arguments
(Zhang and Zuo, 2014). Recent studies (Chen, 2010; Zhang, 2012;
Zuo et al., 2012a,b; Zhang et al., 2015) indicated that the Makeng
iron deposit is a stratum-bound, skarn type deposit. Zhang and Zuo
(2014) stated that the Yanshanian granitic intrusions provided
heat, fluids and ore materials. Based on fluid inclusion studies,
Zhang et al. (2013) recognized three groups of mineralization
temperatures: 600–450 °C, 540–260 °C and 400–160 °C, indicating
that ore formation is also dependent on temperature (Lin et al.,
2003; Zhao et al., 2015a,b). Based on H, O, C and S isotope geochem-
ical studies, Zhang et al. (2013) established that the main ore
forming fluids are derived from magmatic waters, which indicates
a generic relationship between Yanshanian Juzhou–Dayang granite
suites and mineralization.
Fig. 1. Geological sketch map of S
After Zhang et al. (2011).
Quantitative analysis of the structural deformation in different areas,
fluid flow mechanisms and structural control of the mineralization are
seldom investigated on Makeng type deposits. Based on the geolog-
ical evidence, the critical controls on the localization of ore-forming
fluids at the deposit scale are temperature, dilation, fluid flow and
fluid focusing; these processes are controlled by the temperature
of the intrusion, the rheological and permeability contrasts, the
structures of the system, and the stress regime at the time of miner-
alization. Thus, in this paper, we model and discuss the coupled
geodynamics of the Makeng deposit as a function of mechanics,
thermotics and hydrology. The simulation model provides a refer-
ence and basis for further exploration of the concealed deposit in
this ore district. This paper also provides a tested method of model-
ing complex distinct geological bodies to resolve their metallogeny
and thus further encourages the application of the emerging
computational geosciencemethod to the broader geological research
(Xing et al., 2008; Alt-Epping and Zhao, 2010; Lei et al., 2013).

2. Geological setting

The famous Makeng deposit is located in Longyan, Fujian Province.
This deposit is the largest iron deposit in southeastern China, hosting
~450 Mt of ore body reserve. The deposit is formed in the early
Hercynian Yong'an–Meixian depression on a Caledonian basement
(Ge et al., 1981) and is part of the Southwestern Fujian metallogenic
belt (SFMB). The major sedimentary rock in this belt consists of the
Late Paleozoic formation. The middle–upper Carboniferous and lower
Permian formation contain marine carbonate rocks and clastic rocks,
outhwestern Fujian Province.
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which are the primary ore-hosting rock units. Voluminous Indosinian
and Yanshanian granites intruded into the SFMB. Moreover, a few
Hercynian diabases are emplaced in the region (Zhang et al., 2012a).
Several Mesozoic belts of nappe structures (Fig. 1) extend from
the west to the east of the SFMB. The nappes are divided into
three stages that are characterized by different episodes of deformation:
D1, late-Indosinian, late Triassic–early Jurassic (T3–J1); D2, early-
Yashannian, middle Jurassic–early Cretaceous (J2–K1); and D3, late-
Yashannian, late Cretaceous (the end of K2). The D2 (175–140 Ma)
is the most important structure for the mineralization because of its
great scale and wide scope, and it has the most extensive impact in
Fig. 2. Geological map of the
After No. 8 Geological Team
southeastern China (Lv, 2014; Zhang et al., 2011). At the end of the D2
stage, extensional deformation occurs that allow the spaces for
intrusions and mineralization. The nappe thrusting had resulted in
some recumbent folds dipping NW and a sheared zone along thrust
planes in the autochthonous ore formation (C2+3–K1). The deposit is
located in the northwestern limb of the NE trending Makeng anticline
complex, and it seemed to be controlled by the NE-NNE striking
detachment faults (Fig. 2). The emerging of the diabase in the ore
district represents the deformation changes from compression to exten-
sion (Zhang, 2012; Zhang et al., 2012a,b). With the large-scale cover
nappe structure acting as a good hydrothermal shield, the decollement
Makeng mine district.
, Fujian Bureau of Geology (1982).



Fig. 3. Stratigraphic section of the Makeng deposit.
After Zuo et al. (2015).
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provides a space to accommodate fluids derived from the intrusions
and sedimentary rocks, thereby forming the Makeng ore deposits.
Therefore, the structures, as well as frequent intrusion-induced
hydrothermal activities provide a good foundation for mineralization.
Fig. 4. Geological section for No. 61 prospe
After No. 8 Geological Team, Fujian Bureau
3. Geological constraints for ore-forming geodynamics

The Makeng deposit is dominated by the Carboniferous strata,
which include the Carboniferous Lindi and Jingshe Formations, and
the Permian strata, which include the Qixia, Wenbishan and Tongziyan
Formations (Fig. 3).The Lindi formation is composed of a series of
continental-marine detrital and pyroclastic rocks, while carbonates
make up the Jingshe Formation. The Qixia Formation primarily consists
of offshore shallow sea sedimentary and impure limestones. The
Wenbishan and Tongziyan Formations are composed of sandstone, ar-
gillite, siltstone, mudstone, and shale. A wealth of geochronological
data from Chinese literature on the Juzhou–Dayang granite suites,
emplaced on both sides of the Makeng Fe–Mo deposit (Fig. 2), suggests
two episodes of intrusion. The earlier episode happened in the late
Jurassic (145–155 Ma) (Yan, 2013; Zhang, 2012), while the later
episode occurred in the Early Cretaceous (125–137 Ma) (Zhang et al.,
2012b). Zhang and Zhang (2014) believed that the Juzhou and Dayang
intrusions form one batholith at depth because they have similar
petrology, mineralogy and geochemical characteristics. Furthermore,
similar granite has been observed during core logging of drill cores,
which were drilled between the outcrops of the two granite suites.
Wang et al. (2010) and Zhang et al. (2012a,b) obtained molybdenite
mineralization ages of 130.50 ± 0.92 Ma and 133.0 ± 1.9–134.0 ±
4.2 Ma, respectively, by employing Re–Os isotope geochronology on
the molybdenite of the Makeng deposit. Separations of pure garnet
skarn alteration and iron mineralization of the Makeng deposit yielded
Sm–Nd isochron ages of 157±15Ma (Zhang et al., 2012a,b), suggesting
responses to even earlier intrusions. Hercynian diabase (303 ± 2 Ma,
dated by Zhang, 2012) intruded the interface of the limestones of the
Carboniferous Jingshe–Permian Qixia Formations which are strongly
deformed or altered to skarns. There are also several later Yanshanian
cting line of the Makeng mine district.
of Geology (1982).



Fig. 6. Numerical simulation of the geodynamic process.

Fig. 5. Granite clasts in or body of the Makeng deposit (a). Offshoots of magnetite ore penetrate into marble and the zigzag boundary of ore body (b).
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diabases (64 ± 1 Ma) (Zhang, 2012), which cut the iron ore body.
The Juzhou and Dayang intrusions are roughly in the alignment of the
NE-NNE basement faults. As a result, the iron mineralization is a
response to the widespread intrusions of the early Yanshanian
Juzhou–Dayang granite (Zhang, 2012; Zhang and Zuo, 2014). Iron
mineralization and alteration are located along the contact between
the Lindi Formation sandstone and Jingshe Formation–Qixia Formation
carbonate (Fig. 3). In addition, there are nearly 200 little lentoid ore
bodies found to be sandwiched between the pairing of Jingshe–Qixia
and Qixia–Wenbishan Formations. The main ore body of the Makeng
deposit is thickly zoned and distributed along the core of the Makeng
anticline with the axial plane dipping NW, while the small scale ore
bodies are bedded and lenticular. The ore bodies trend in the NE direc-
tion, which is consistent with the strike direction of the wall rock
(Fig. 4).

The implications of the geological and geochemical constraints of the
Makeng iron deposit on its metallogenesis are:

(1) The regional tectonism regime changed from compressive
shortening (napping structures developed) to extensional
stretching (decollement developed) (Lv, 2014). Mineralization
occurs during the slipping process which was developed under
tensional deformation.

(2) Several granite xenoliths are observed within magnetite ore
(Fig. 5a), suggesting that the magnetite must have been
deposited after the intrusion had solidified during cooling.

(3) Most ore bodies have sharp boundary with the wall rock
(marble) with no wall rock alteration. Moreover, several off-
shoots of magnetite ore penetrate into the wall rock
(Fig. 5b). This finding implies that the skarnization process
is due to chemical reaction processes, but the ore body for-
mation and localization must have a strong relationship
with the mechanical process of the rock, which can form
the necessary dilation zone for ore deposition. Moreover,
the sharp zigzag ore boundary indicates that dilation zones
are induced by tensional stress.

(4) The ore body is structurally controlled by faults that were devel-
oped when the regional deformation changed from compressive
shortening to extensional stretching approximately 145 to
138 Ma (Lv, 2014), while the cooling ages of the ore-related
intrusions are 128.8 to 133.9 Ma (Zhang, 2012; Zhang et al.,
2012b). This suggests that the magmatic–hydrothermal system
of the Makeng deposit was formed under tensional deformation.
The ore body is seldom distributed around the contact zone be-
tween the intrusions and wall rock, meanwhile there are many
small ore bodies hosted in limestone (Jinshe–Qixia Formation
(C2j–P1q)) (Fig. 4). It is certain that such an uneven distribution
of ore bodies cannot be ascribed solely to differences in chemical
composition because there is no such uneven distribution of
chemical composition along the entire contact zone. This implies
that both the scale and location of the skarn ore bodies are con-
trolled by complex coupled geodynamics that play an important
role in the ore forming process, such as temperature, stress,
strain and hydrological properties (Zhao et al., 2008a, 2009).

(5) Even though iron ore bodies are definitely associatedwith skarns
(Fig. 4), the relationship between them is highly complex. Yan
(2013) observed some flow structure in the skarn and melt
inclusions were observed in skarn and wall rocks, which imply
that the skarn was developed from a melt. It can be known that
the major skarn minerals must be formed before the formation
of the iron ore.
4. Computational modeling

4.1. Mathematical description of the numerical modeling

The ore genesis, its localization and geodynamics of the Makeng
deposit form a complex metallogenic system. Geodynamic simulation
is an effective method to understand the formation of a deposit
(Walshe et al., 2001; Hobbs et al., 2006; Zhao et al., 2008a, 2009; Reid
et al., 2012a; Poulet et al., 2013; Poulet and Regenauer-Lieb, 2015a,b).
The numerical simulation sequence of the geodynamic process is



Fig. 7.Workflow of programming for MIDAS/GTS and FLAC3D model conversion.
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shown in Fig. 6. In our study, we used the FLAC3D (Fast Lagrangian
Analysis of Continua in Three Dimensions) software to simulate
the mechano–thermo-hydrological (MTH) processes associated with
the cooling of the Juzhou–Dayang intrusion that is spatially related
and cogenetic to the Makeng deposit. All mediums are considered
to be porous Mohr–Coulomb materials, with mechanical behavior
that satisfies the Mohr–Coulomb fracture criteria as summarized in
Vermeer (1998) and Mandl (1988). FLAC3D is the three-dimensional
explicit finite difference simulation software that is based on the
Lagrangian difference method, and it can consider different materials
for implementing the corresponding constitutive equations. Using
FLAC3D to simulate the mechano–thermo-hydrological processes can
Fig. 8. Geodynamic model constructed by MIDAS/GTS
truly represent the real material dynamic behavior (Itasca Consulting
Group, 2005).

Detailed description of the governing mathematical equations of
ore-forming systems is often discussed in many literatures (e.g., Zhao
et al., 2008b, 2009; Zhao, 2009, 2014; Reid et al., 2012a). In our
FLAC3D models, the coupled geodynamics are governed by the
following equations (Liu et al., 2010a,b, 2011, 2012):
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Table 1 shows each symbol and its scientific meaning. Eqs. (1) and
(2) are the Darcy law describing fluid flow and the Fourier's law
describing heat transfer, respectively; Eqs. (3)–(5) describe the conser-
vation of mass, energy and momentum, respectively; and Eqs. (6) and
(7) describe the coupled MTH constitutive relations.

4.2. Model construction

To simulate the ore-forming processes of a deposit with complex
geodynamics, such as the Makeng deposit, one challenge is the
construction of discrete grids that are compatible with the selected
software. Because the FLAC3D mainly focuses on dynamic simulations,
its functions can be employed by constructing a mesh model for com-
plex bodies, such as those of the Makeng deposit involving irregular
intrusions. Thus, considerably more advanced professional software is
required to construct discrete grids. In our study, professional modeling
tools, namely, Auto CAD and MIDAS/GTS combined with the FISH pro-
gram, were used to construct the discrete grid model of the Makeng
iron deposit metallogenic system. The process is broken into two steps
(a); transformed model by the Fish program (b).



Fig. 9. The temperature distribution of the model at the beginning of the experiment (a) and after the simulation (b).
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(Fig. 7): constructing the entity model (mesh model) and conversion
of the data format. The effects of the surrounding rocks around the
model should be considered using the infinite elements (Zhao, 2009).
It is worth noting that due to the limitation of applying FLAC3D on the
simulation model, the effect of surrounding rocks were neglected in
this study.

Firstly, Auto CAD was used to assign coordinates to each drawing
line of the model, then the file (*.dxf format) was export from
Auto CAD. Secondly, the model (*.dxf format) was imported into
MIDAS/GTS to create the mesh model manually. Thirdly, the element
list and node list constructed in MIDAS/GTS were exported into the
Excel form. A FISH programwas used to rearrange the data and convert
it to a format that is compatible with the FLAC3D. Lastly, we imported
the model into FLAC3D. The model, which is shown in Fig. 8a, was
constructed by MIDAS/GTS. The self-compiled FISH program was used
to convert the format and import it into FLAC3D. Fig. 8b shows a
complete consistence between the two programs.

The above geodynamic model (Fig. 8) is constructed based on the
synthesis of typical sections of the Makeng iron deposit (Fig. 4) to
simulate the MTH processes during the syntectonic cooling of the
Juzhou–Dayang intrusion. The initial and boundary conditions used in
this paper are based on the geological constraints on the geodynamic
evolution of the Makeng deposit and regional crust.

4.3. Model setup

4.3.1. Model specification
The hydrological, mechanical and thermal properties employed in the

models described in the following sections are tabulated as Table 2. The
Fig. 10. Deformation, temperature and fluid flow results of the model after the simulation, sho
maximum pore–fluid velocity is 1.011e−8 m/s).
data were obtained from Itasca Consulting Group (2005) and Schön
(1998). These properties depend on the rock type and its petrological
composition. In certain rock units, these properties change significantly
under different conditions. The data were selected by considering the
parameters that have an influence on the properties (in Table 2). We
then compare the model results obtained from using different data
properties to the geological condition on the ground. The properties
that depend on the temperature and pressure, such as permeability,
change during deformation, thus an average value was assigned.

4.3.2. Initial and boundary conditions
All units of the model are regarded as Mohr–Coulombmaterial. The

initial temperature of the top surface is set at 27 °C and kept free. The
temperature gradient is set at 20 °C/km for the sedimentary section.
The temperature of the Juzhou–Dayang intrusion is set at 650 °C. The
FLAC3D software can only operate using a single-phase fluid; therefore,
all the porous mediums were initially saturated with water. The initial
pore–fluid pressure of the rocks is set to be at hydrostatic pressure.
The Fournier (1999) general model stipulates that the initial pore–
fluid pressure of the intrusion should be set to near lithostatic pressure.
Themodel undertakes a horizontal extensional elastic deformationwith
a symmetrical boundary velocity of 2.2 × 10−10 ms−1 at both sides and
parallel to the X direction of the model. The boundaries are insulated
against the heat and are impermeable by the fluid. The model's
conditions and fracture criteria described above were chosen based on
the following evidence:

(1) Due to the limitation of the numerical code,we donot simulate the
whole process of the liquid magma intrusion and metallogenic
wing Darcy velocities (arrows), isothermal lines and total volumetric strain contour (the



Fig. 11. Temporal variation curves of temperature, pore-fluid pressure, maximum principal stress and volumetric strain increment at different points in the model. (a) Temperature con-
tour in themodel, showing the location of points A and B; (b) at point A in the Lindi formation (C1l) close to intrusion; (c) at point B on the Jinshe Formation (C2j) close to Lindi. In FLAC, the
tensile stress is positive and compressive stress is negative.
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evolution, but only the syntectonic cooling processes of the
intrusion after solidification, which is largely related to the ore de-
position and regarded as the major phase of the mineralization.
The model is composed of intrusions and wall rocks, and these
units were regarded as viscoelastic porous mediums that meet
the Mohr–Coulomb tensile failure criterion.

(2) According to (1), the initial temperature of the intrusion must be
lower than the crystallizing temperature of the intrusion and
higher than the highest temperature of ore-forming fluids.
Qi et al. (1989) established the temperature of intrusion crystalli-
zation to be approximately 970 °C. The highest temperature of
the ore-forming fluids in the Makeng deposit is 600 °C, which is
Fig. 12. The magnetite interleave into marb
evaluated by the fluid inclusion (Zhang et al., 2013; Liang and
Qu, 1982). Therefore, a temperature of 650 °C is reasonable for
the numerical simulation.

(3) Due to the limitation of the FLAC3D software, our numerical
experiments only simulate single-phase fluid flow in the porous
space. The magma is water-saturated before crystallization. Thus,
the initial saturation is set as 1.

(4) During the deformation phase, the regional structure is in the
tensional setting (Lv, 2014). Thus, the boundary velocity is
2.2 × 10−10 ms−1. The boundary velocity is a little faster than
the stretching velocity of the regional crust during the early
Cretaceous (Liu et al., 2011).
le in underground (a), and surface (b).



Fig. 13.Molybdenum hosted in structural fracture in quartz sandstone (Lindi formation).
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5. Modeling results, discussion and implication for ore localization
and exploration

The above initial and boundary conditions for the FLAC3Dmodelwere
used to simulate the syn-stretch cooling evolution of the Juzhou–Dayang
intrusion. The duration of ore-forming process is unknown, therefore the
computational simulation was controlled by the convergence criteria of
the FLAC3D code, which stipulate that the ratio (R) of the maximum
unbalanced force and the internal force is less than 10−5. The experiment
results showed that heat transfer and structural constraints have signifi-
cant effects on the deformation and pore–fluid flow during the cooling
processes of the intrusion after solidification. The results are highly useful
for analyzing the location and the fluid flow and in selecting targets for
the deep-ore exploration in this ore field.
5.1. Spatial and temporal distribution of temperature

The cooling process of the intrusion after it solidifies influences the
change in temperature. The simulation experiment shows the distribu-
tion of the temperature in time and space. The initial temperature of the
intrusion was set as 650 °C, and the temperature of the wall rocks was
controlled by the temperature gradient (Fig. 9a). The simulated model
demonstrated that the temperature of the intrusion has a very complex
spatial variation (Fig. 10b). The majority of the intrusion's temperature
and its surroundings decreased to lower than 250 °C, but some specific
places remained higher than 350 °C. Such a variation of the temperature
has a direct relationship with the intrusion. Remarkably, it is observed
Fig. 14. The prediction targets for computational mod
that the existing ore bodies are localized on or close to the places that
maintained high temperatures over time.

5.2. Flow-focusing dilation and the mechanisms of ore deposition

Themost distinct feature of themodel is the heterogeneous distribu-
tion of the deformation and pore–fluid flow. The effect of temperature
on hydrological and mechanical behaviors of the rock units may cause
tensile failure along the contact of the intrusion where there is no
boundary velocity. Initially, the dilation deformation may be in micro-
strain, and the pore–fluid flow is mainly from the intrusion to the host
rocks (Liu et al., 2011). The temperature has an influence on the defor-
mation to a certain extent, with the most important factor possibly
being the decollement with a boundary velocity.

Under stress, it is afterward observed from the simulatedmodel that
most of the dilation deformation space is strictly distributed along the
carbonates of the Jinshe–Qixia Formation (C2j–P1q), and as a result the
contact between the Lindi formation (C1l) and Jinshe–Qixia Formation
(C2j–P1q) becomes more dilated. The pore–fluids are more likely to be
pressured into these weak zones and thus cause the occurrence of
mineralization (Hobbs et al., 2000, 2004; Zhao et al., 2008a, 2009;
Zhao, 2014, 2015). Previous researchers (Chen, 2010; Gao et al., 1985;
Luo and Yan, 1980) observed that the interface between the Lindi
formation (C1l) and Jinshe–Qixia Formation (C2j–P1q) is the main
ore-hosting zone in the Makeng iron deposit. Comparing Fig. 10 to
Fig. 4, it is observed that no ore body has been discovered in the
Wenbishan Formation (P2w) and Lindi Formation (C1l), where no
conspicuous deformation induced dilation was observed in the model.
This phenomenon pinpoints the importance of the deformation-
induced dilation to the ore formation and localization. The most
deformation-induced dilation is observed at the crests of anticlines
(Fig. 10). These dilatant deformation spaces aremore likely to be the fo-
cusing center of the pore–fluids coming from the magmatic intrusion
and sedimentary rock. However, it can be seen from the simulation
model (Fig. 10) that the Lindi formation (C1l) is also a flow focusing
strata because the quartz sandstone has a high permeability; thus, it is
easier for fluid to flow, but it is not mineralized. This means that some
other factors, such as the physio-chemical conditions and chemical
reactions (Hobbs et al., 2010a,b, 2011; Ord et al., 2008a, 2013a,b; Zhao
et al., 2012, 2013; Zhao, 2014), have a major role in the ore deposition.
In our studywe consider that the change in temperature played a role in
ore formation when the physico-chemical conditions are favorable.

As the temperature of the intrusion decreases, those of the wall
rocks increase. Different points in the model show different distributions
and temperature gradients that have nonlinear relationships with
eling, which is identical to previous exploration.
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time (Fig. 11). Theoretically, the change in temperature may lead to an
increment of pore–fluid pressure and stress due to thermal expansion
of pore-fluids and solids. Our simulation model shows a very complex
relationship between the temperature, volumetric strain increment,
pore–fluid pressure, and the maximum principal stress. We chose two
points (Fig. 11a) in the Lindi Formation (C1l) and Jinshe–Qixia Formation
(C2j–P1q) to investigate the relationship between the temperature,
volumetric strain increment, pore–fluid pressure and the maximum
principal stress. It shows an arbitral relationship between the two. At
point A (in the Lindi Formation (C1l)), the temperature and pore–fluid
pressure decrease slowly, while the volumetric strain increases slowly
(Fig. 11b), as well. At point B (in the Jinshe–Qixia Formation (C2j–P1q)),
the temperature and pore–fluid pressure decrease rapidly, while the vol-
umetric strain increases rapidly (Fig. 11c). Thus, the fastest decrease in
temperature gradient and pore–fluid pressure is within the Jinshe–Qixia
Formation (C2j–P1q) (limestone); additionally, according to the theory
ofmodernmineralization proposed by Zhao et al. (2008b, 2009), the con-
ditions described above aremost favorable for ore localization. The results
imply that a rapid decrease in temperature and pore–fluid pressure,
coupled with rapid increase in volumetric strain, give the Jinshe–Qixia
Formation (C2j–P1q) a favorable condition to host ore bodies. The maxi-
mum principal stress begins with a drastic increase and later falls arbi-
trarily. In FLAC3D, the tensile stress is positive, while compressive stress
is negative. During the decollement, rocks are in tensile stress, negative
pore–fluid flow decreases the pore–fluid pressure, so that the maximum
principal stress becomes high, which eventually leads to rock failure. This
eliminates the influence of pore–fluid pressure and leads to the increase
in tensile stress, thus themaximumprincipal stress decreases. This can fa-
cilitate the formation of ore-hosting space and thus the mineralization.
The deformation-induced dilatant, pore-fluid flow focusing, as well as
pore–fluid pressure variation, are also closely associated with the
Juzhou–Dayang intrusion, suggesting that the Juzhou–Dayang magmatic
intrusion and themechanical property ofmaterials of different formations
are important constraints on the ore formation and localization.

5.3. Implication for ore localization and deep/periphery exploration

The modeling experiment results show that there are major dilation
spaces in which the ore bodies are mostly localized, suggesting that
these zones exhibit a great potential for finding undiscovered ore bod-
ies. The existing ore deposits, which have a close spatial association
with the dilation zones, are attributed to the deformation-induced dila-
tion. Essentially, the fluid flow flux was accommodated, so it is possible
that ores can be deposited. The tonnage and grade of the ore body are
positively related to the dilatant deformation; this suggests that dilation
deformationmay control the pore-fluid flowpattern related tomineral-
ization. Thus, deep exploration should target dilation spaces. This
indicates that the dilatant deformation generated by the coupled
mechano-thermo-hydrological (MTH) processes during the syn-
stretching cooling of the intrusion is a critical factor for controlling ore
formation. The mixing of different sources of pore-fluids may be the
mechanism for the deposition of ores. The focusing and mixing fluids
is generally an effective mechanism for the deposition and localization
of hydrothermal ores (Zhao et al., 2008a, 2009). The fluid inclusion
and isotopic geochemistry study of the Makeng deposit (Zhang et al.,
2013) showed that phase separation of magmatic water and fluid
mixing with meteoric water as well as buck boiling might have been
the main factors responsible for mineralization, except for some
contributions made by other factors such as wall rocks.

5.4. Periphery area geological phenomenon and other evidence

Interesting phenomena occurred in theMakeng deposit, such as the
magnetite interfingering into the marble (Fig. 12a). On the surface, we
also found the same geological phenomenon (Fig. 12b), indicating that
the pore-fluid with high pressure flows into the cracks and makes it
dilatant as a shear fracture. In addition, differential stress plays an
important role in the rock fracture. A large stress difference could lead
to a shear fracture (Sibson, 2004). Liu et al. (2010b) studied constraints
of the tectonic stress regime on the mineralization system and showed
that it is more easy to develop a skarn deposit with a large stress differ-
ence. Zhang et al. (2011) investigated the evolution of a tectonic stress
field in the southwestern Wuyishan Mountain area and calculated the
maximum and minimum principal stress, which were in a large differ-
ential stress. Thus, this large differential stress favored the mineraliza-
tion of the Makeng deposit. As it was discussed before, there was no
conspicuous dilatant deformation developed in the Wenbishan (P2w)
and Lindi (C1l) formations; therefore, there were no iron ore bodies
found in the two sedimentary formations. However, with the higher
permeability and porosity, the ore-forming fluids aremore likely to per-
colate and be restored. This explains the molybdenum mineralization
observed in the structural fractures of the Lindi Formation (Fig. 13)
and pinpoints the importance of the dilation deformation to ore forma-
tion and localization. Thus, for the Makeng deposit, further exploration
should target the deep dilation zone between the Wenbishan (P2w)
and Jinshe–Qixia (C2j–P1q) formations. Indeed, the computational
model shows the same depth as found through deep geological drilling,
which also discovered significant ore bodies (Figs. 4 and 14).
Ferritization and skarn have also been observed during core logging of
drill cores and outcrop, indicating the possibility of discovering a new
ore body. This finding demonstrates that computational geodynamic
modeling can facilitate the selection of the targets for further mineral
exploration.

6. Conclusions

The computational geodynamic model experiment results indicate
that the large dilation space produced by the coupled MTH process
controls the localization and scale of the iron ore body. The dilatant de-
formation may produce a high porosity space. This space becomes the
focus and trap for magmatic and meteoric fluids. Pore-fluid mixing
within the carbonate strata creates the right physio-chemical conditions
for metals to precipitate as the temperature decreases such that an ore
body can be formed. Through FISH programming, the complex geologi-
cal model was transformed fromMIDAS/GTS to FLAC3D to simulate the
syntectonic cooling processes of the Juzhou–Dayang intrusion. The
modeling results proved the usefulness of using such an emerging com-
putational geoscience method for the cognition of: (1) the movement
and focusing of mineral liquid; (2) the volumetric strain increment of
the intrusion; and (3) the formations and relationship between them,
which fully present the physical mineralization process of the Makeng
iron deposit. The mechanical properties of rock are important factors
for controlling ore, and the structural fracture of the Lindi formation is
the space of an ore deposit. This provides some basis for facilitating pre-
dictive discovery of concealed orebodies. However, due to the limitation
of the FLAC3D, the related geochemical processes that can play an im-
portant role in ore body formation and mineralization (Zhao et al.,
2010, 2012, 2013; Zhao, 2014) have been neglected in this study. To de-
termine the ore-forming dynamics in the Makeng ore district, this issue
should be considered for future research.
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Appendix A
Table 2
Parameters of the model.

Model unit Main
lithological
composition

Density
(kg/m3)

Bulk
modulus
(1010 Pa)

Shear
modulus
(106 Pa)

Tensile
strength
(106 Pa)

Cohesion
(106 Pa)

Friction
angle
(°)

Dilation
angle
(°)

Permeability
(10−12 m2)

Porosity Thermal
conductivity
(W·m−1·k−1)

P2w Silty mudstone 2530 2.15 0.92 2.0 3.4 25 5 9 0.22 4.2
C2j–P1q Micrite limestone 2580 3.2 2.1 2.3 4.2 10 18 20 0.15 2.5
C1l Quartz sandstone 2560 3.0 1.8 2.2 3.8 32 4 28 0.25 1.9
Early intrusion Diabase 3000 2.65 1.97 2.4 3.9 55 8 40a 0.2 2.0
Intrusion Granite 2670 3.63 2.2 1.42 3.4 35 4 8.5 0.12 1.8

a Due to the fact that the diabase was deformed by the late reformation, its permeability changed.

Table 1
Symbols and their scientific meanings in equations.

Symbol Scientific meanings

qi
f The fluid specific discharge vector

qi
f The heat-flux vector

kij
a The apparent mobility coefficient being a function of permeability (kij) and saturation (s) as kija=kijs

2(3−2s)
μ The dynamic viscosity of the pore fluid
P The pressure of the pore fluid
λij
f The thermal conductivity tensors of the fluid

λij
s The thermal conductivity tensors of the solid

T The temperature
ρs The densities of the solid
ρf The densities of the fluid
gj The component of gravitational acceleration in the xj direction
ζ The variation of fluid volume per unit volume of the porous material
qv
f The volumetric fluid source

qv
T The volumetric thermal source

Cv
f The specific heats of the fluid

Cv
s The specific heats of the solid

σij The stress tensor of the solid
ρ ρ=(1−ϕ)ρs+ϕρf, the bulk density of the porous medium
ϕ The porosity
_μ i The velocity component in the xi direction
εijT The thermal strain tensor
ζH The variation of fluid content
εv The volumetric strain
M The Biot modulus
δij The Kronecker delta
α The Biot coefficient
β The volumetric thermal expansion coefficient
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