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Mesozoic orogenic gold deposits in the Jiaojia goldfield, Eastern China show the
features of regular mineralization spatial distribution and have long been
captivated the attention of geologists. This study integrates 3D modeling,
model space analysis, and association rule analysis to extract the relationship
between structural deformation and gold mineralization. The Apriori algorithm
with spatial constraints is used to quantify the favorable mineralization sites in the
Jiaojia gold field using different combinations of ore-controlling indicators. The
first favorable mineralization site has a 44% probability of mineralization and is
primarily located in segments of the fault footwall within 25 m of the fault buffer
where the transition from steep to gentle occurs (~1–24). Its uniform distribution
indicates that the ore-bearing space near the main fault plane is relatively wide,
and hydrothermal diffusion is relatively uniform. Site No. 2 has a 45% probability of
mineralization and is located in convex segments (6–35 m) between 25 and 55 m
of the fault footwall. The equidistant zonal distribution in this area indicates that
secondary faults and fractures have facilitated the migration of hydrothermal
fluids, resulting in the formation of extensive ore-bearing spaces. Site No. 3 sited in
convex segments (~0–6m) distal to the fault footwall (~55–515 m) of the fault
buffer where the dip is gentle (~30°–35°). The binary structure of differing dips
formed by the intersection of steeply dipping orebodies and the slowly dipping
orebodies in the central and southern parts of theNanlü-Xinmu deposit exhibit the
complex channel away from the main fault. In this study, the correlation between
ore-controlling factors and mineralization in Jiaojia fold field is quantitatively
expressed as favorable mineralization sites in the form of association rules, it
would contribute to a deeper understanding of the underlying mechanisms
governing the formation of structure-controlled orogenic gold deposits in the
Jiaojia goldfield.
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Introduction

The Jiaodong Peninsula with >5,000 tons gold is the largest gold
province in China, with world-class goldfields such as Jiaojia
goldfield and Linglong goldfield (Yang et al., 2014; Li et al.,
2017). Several fundamental issues about ore formation have
investigated that ore-bearing hydrothermal fluids were
interprecipitated from depth along the regional tectonics
(Richard et al., 2014; Li et al., 2015; Song et al., 2015; Li et al.,
2017; Sun et al., 2022). However, these qualitative empirical models
cannot quantitatively express the controlling effect of mineralization
structures on mineral body form and spatial distribution. This
limitation hinders a deeper understanding of the Jiaodong-type
orogenic gold deposit. Therefore, a method is needed to
quantitatively analyze and express the spatial linkage between
metallogenic information and mineralization and to upgrade the
understanding from a qualitative to a quantitative degree.

Three-dimensional spatial analysis can effectively identify useful
spatial information associated with mineralization (Li et al., 2016;
Hu et al., 2018; Qin and Liu, 2018; Zhang et al., 2019), such as
distance and morphological features. However, with the expansion
of spatial geological features—distance, morphological features,
geophysical features and geochemical features—the spatial
correlation between them and mineralization becomes
increasingly complex (Lindsay et al., 2012; Jessell et al., 2014; Liu
et al., 2016; Xiao and Wangm, 2017; Xiao et al., 2018). We need to
use methods such as association rule analysis to analyze these
complex spatial relationships.

The Apriori algorithm is a classic association rule analysis
method widely used in data mining, which can discover the
dependencies or connections between different things hidden
behind the data (Agrawal and Srikant, 1994; Agrawal and Shafer,
1996; Bayardo and Agrawal, 1999). It has many advantages (Yu
et al., 2008), including not requiring prior knowledge, being easy to
implement and use, and quickly processing large amounts of data.
Chang et al. (2018) analyzed the relationship between associated
minerals and intrusive rocks in hydrothermal gold deposits by
adding the closest different types of minerals as attributes of the
gold deposit. Liu et al. (2019) only considered whether they were
located in the same administrative division when extracting the
relationship between the symbiosis and mineral association in some
areas of western China. However, they ignored lots of spatial
distribution characteristics, which may lead to results that are
inconsistent with the actual geological situation. Therefore,
integrating geological background constraints into the Apriori
algorithm is necessary to improve the reliability and accuracy of
the analysis.

In this study, we used a multi-constraint explicit modeling
approach (Mao et al., 2020a) to integrate multi-source data and
construct a 3D geological model of the Jiaojia fault and
mineralization in the study area. Based on the mineralization
conceptual model, various spatial analyses were used to
quantitatively extract structural features related to mineralization
(Mao et al., 2019; Mao et al., 2020b; Chen et al., 2020). Subsequently,
the association rule analysis method with spatial constraints was
used to mine the association relationship between ore-controlling
indicators and mineralized enrichment areas. By using regional
metallogenic consensus and prior knowledge of mineralization

distribution as spatial constraints, this approach effectively
filtered the analysis results of the Apriori algorithm and revealed
favorable mineralization sites that quantitatively express the
geological structure’s ore-controlling effect in the Jiaojia goldfield.
This work contributes to our understanding of geological structure’s
controlling effect on the shape and spatial distribution of ore bodies
in the Jiaojia goldfield and provides valuable data support for
inducing and summarizing the metallogenic patterns and
metallogenic theories of Jiaodong-type orogenic gold deposit.

Geological background

Regional geology

The northwestern Jiaodong peninsula is located at the southeast
edge of the North China Craton (Figure 1). The three regional
detachment faults in the area—the Sanshandao fault, the Jiaojia
fault, and the Zhaoping fault—are the main pathways for ore-
forming hydrothermal fluid migration, and also control the
spatial location, shape, and scale of orebodies (Zeng et al., 2001;
Goldfarb and Santosh, 2014). They control more than 80% of the
gold reserves in the Jiaodong peninsula (Wang et al., 2019), and the
change of fault occurrence has a direct impact on the enrichment of
gold mineralization (Ding et al., 2015; Lv et al., 2017).

The geological background of gold mineralization in the
northwestern Jiaodong Peninsula is composed of a metamorphic
basement, mesozoic multi-phase magmatic-hydrothermal activity,
and NE-NNE-oriented regional fracture tectonic pattern (Yin,
2020). This region has experienced multiple phases of tectonic
movements, characterized by the development of fracture
tectonics. And the formation of gold ore in the region is highly
related to tectonic thermal events. Fracture tectonic has a controlling
effect on the migration, aggregation, and precipitation of mineral-
bearing hydrothermal fluids, and also influences the physical and
chemical conditions during mineralization, which is an important
influencing factor of the gold mineralization process in the area
(Deng, 1992).

The Jiaojia fault is located in the middle of the northwestern
Jiaodong Peninsula. It strikes NE and dips to NWwith a dip angle of
30°–50°, and is curved in an “S” shape. The different sections of the
Jiaojia fault have different outcropping widths. The southern section
is developed in the contact zone between the Linglong pluton and
the Jiaodong Group, and the northern section is developed in the
contact zone between the Guojialing pluton and the Linglong
pluton. The Jiaojia fault is marked by fault gouge and distributed
along the middle of the fracture zone. The alteration zone is
composed of pyrite-sericite rock and pyrite-sericite cataclastic rock.

Metallogenic model

The Jiaodong-type orogenic gold deposit is a typical deposit type
in the northwestern Jiaodong Peninsula, mainly distributed in the
Sanshandao goldfield, the Jiaojia goldfield, and the Dayingezhuang
goldfield. These sorts of gold deposits were controlled by regional
fault structures, and the main orebodies were often found along the
main fault’s footwall. The ore types mainly include disseminated
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pyrite sericite, veinlet disseminated pyrite-seritized granitic
cataclasite and veinlet disseminated pyrite-seritized granite.

The detailed regularity of gold mineralization in the Jiaojia
goldfield has been summarized as follows:

(1) Gold mineralization zones are controlled by the Jiaojia fault, and
the main orebodies were distributed along the main fracture
surface of the Jiaojia fault, which is trapped by continuous and
stable fault gouge.

(2) The shape of the orebody is associated with the fault and its
shape characteristics, and the greatest thickness and grade parts
are often found in the areas where the dip angle of the fault
changes gently.

(3) Veinlet- and disseminated-style gold mineralization, network
vein type gold mineralization and quartz vein type gold
mineralization can all exist in the same deposit, they are
controlled by the same extensional structure in different
tectonic positions.

Datasets

The Shandong Institute of Geological Survey, located in China,
contributed the majority of the comprehensive geological data used
in this study. These data included a 1:10,000 scale surface geological
map, several other scale surface geological maps, 364 1:500, 1:1,000,
or 1:2,000 cross-sections, 249 drill holes with a maximum depth

of −2000 m, 41 CSAMT sections, and 11 structural superimposed
halo research sections. They also covered several significant gold
deposits in the Jiaojia goldfield. The study focused primarily on the
known areas between 200 m above sea level and 1500 m below sea
level, where there is sufficient knowledge of geological features to
refer to, while geophysical techniques were employed to explore the
deep unknown region below 1500 m.

Materials and methods

Geological investigations of the Jiaojia goldfield provided a fact-
based foundation for the development of a gold mineralization
model. Empirical models identified the primary exploration
criteria (the Jiaojia fault and known orebodies) and their
mineralization characteristics in three-dimensional space (Mao
et al., 2009; Chen et al., 2012; Yuan et al., 2014). These ore-
controlling factors were quantitatively extracted by spatial
analysis and combined with the gold mineralization model to
produce a 3D geological model, which was subjected to
association rule analysis with spatial constraints to quantitatively
extract favorable mineralization sites.

The favorable mineralization sites analysis of the Jiaojia goldfield
includes three major steps (Figure 2): 1) Data collection and 3D
geological modeling were performed to obtain a TIN model of the
Jiaojia fault and a 3D blcok model incorporating mineralization
indicators, namely, Au and AuMet. 2) 3D spatial analysis was

FIGURE 1
Geological background map of Jiaojia goldfield. (A) Schematic map showing the position of the Northwestern Jiaodong Peninsula; (B) Simplified
geologic map of the Northwestern Jiaodong Peninsula; (C) CSL profile (Song et al., 2015; Yang et al., 2016).
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utilized to quantify the ore-controlling factors with diverse
characteristics and obtain precise ore-controlling indicators. 3)
Association rule analysis was employed to extract the relationship
between ore-controlling indicators and mineralization indicators,
thereby generating quantitatively favorable mineralization sites.

3D geological modeling

Three-dimensional geological modeling was the basis for
metallogenic information extraction and association rule
analysis. Its quality depends heavily on the complexity of

FIGURE 2
Workflow for favorable mineralization sites analysis of the Jiaojia goldfield.

FIGURE 3
3D geological model of the Jiaojia goldfield. (A) voxel model of orebodies; (B) TIN model of the Jiaojia fault.
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geological features, geological interpretation, and exploration
data density (Liu et al., 2013; Stoch et al., 2018; Xiao et al., 2021).
The 3D geological modeling methods are either implicit or
explicit (Li et al., 2019). Explicit modeling can use rich
geological interpretation information to constrain the model
and thus make it more accurate, while implicit modeling does
not need to utilize this information and has much less
processing time. Thus explicit modeling is suitable for
deposits with abundant geological data, while implicit
modeling is more appropriate for areas with sparse
geological data and insufficient geological understanding (Li
et al., 2018; Li et al., 2019; Mao et al., 2020b). Since the Jiaojia
goldfield has an extensive geological database containing
comprehensive geological data and many academic geological
interpretations, it is clearly more appropriate to use a data- and
knowledge-driven explicit modeling approach.

The 3D geological models were built by the SKUA-GOCADTM
software program (Version 2018; Emerson Paradigm Holding LLC,
MO, United States), consisting of orebodies and the Jiaojia fault
(Figure 3).

Metallogenic information extraction

The shape and distribution of geological objects have matching
and controlling effects on deposits or orebodies (Pei, 1998; Zhai,
2002; Zhao et al., 2002; Ma et al., 2004; Pei et al., 2011; Mao et al.,
2011; Lebrun et al., 2017; Xiao et al., 2020a). Therefore, the
morphological characteristics of geological bodies and geological
structures are often used as ore-controlling factors (Xiao et al., 2014;
Xiao et al., 2020b; Xiang et al., 2020).

In this study, we delve into the mineralization distribution
within the Jiaojia goldfield using a 3D geological model. Based
on the most related existing geological data and relevant
geological knowledge, two- and three-dimensional spatial analysis
was used to quantitatively extract and express ore-controlling factors
(Mao et al., 2012; Mao et al., 2016). This transformation provides the
necessary data support for the analysis of favorable mineralization
sites.

Numerous studies of the Jiaodong-type orogenic gold deposits
in the Jiaojia goldfield have revealed the significant impact of the
Jiaojia fault on their distribution and morphological characteristics
(Li et al., 2015; Song et al., 2015; Li et al., 2017; Lv et al., 2017;

Hao, 2021). Table 1 presents a summary of the ore-controlling
indexes in the Jiaojia goldfield.

Tectonic distance field
The Jiaodong-type orogenic gold deposit is characterized as a

fault-controlled occurrence, with the main regional fracture zone
and its accompanying secondary fractures and fissures serving as
pathways for the migration of melts and hydrothermal fluids
(Richard et al., 2014). The migration of hydrothermal fluids is
impacted by the fracture stress field, the generation of fracture
surfaces, and gravity, exhibiting a correlation between orebodies
and their to the Jiaojia fault. To precisely depict this spatial
relationship, the tectonic distance field (dF)—representing the
minimum Euclidean distance from the voxel to the Jiaojia main
fracture surface—is employed as the ore-controlling factor (Mao
et al., 2019). A voxel with a dF value greater than 0 is located in the
hanging wall of the fracture, while a voxel with a dF value less than
0 is situated in the footwall.

Primary and second undulation
The main morphology of the geological body tends to influence

the spatial distribution of mineralization to some extent. In many
cases, local morphology plays a decisive role in the accumulation
and intensification of mineralization. The uplift and depression on
continuous surfaces facilitate the aggregation of ore-bearing
hydrothermal fluids, and the superposition of mineralization,
and thus control the distribution of mineralization in space. To
reveal the influence of fracture surface undulations, a quantitative
representation of the degree of fracture surface undulations was
required. The primary and secondary morphological filters were
applied to the original TIN model of the Jiaojia fault, corresponding
to the primary undulation (waF) and secondary undulation (wbF).
The interpolation search range radii for the primary undulation and
secondary undulation were 180 and 360 m, respectively (Chen et al.,
2020). The results of this analysis can provide insights into the effect
of topographical variations on mineralization patterns and provide a
more comprehensive understanding of the mineralization process.

Slope
The three-dimensional morphology of the ore-controlling

fracture affects the specific spatial positioning of the ore body,
and the slope is one of the factors that is closely related to the
spatial location of the ore body. The slope reflects the local

TABLE 1 Ore-controlling indexes.

Ore-controlling factors Ore-controlling indicator Extraction method

Mineralization distribution Gold grade (Au) Krigin

Metal content (AuMet)

Tectonic distance field Tectonic distance field (dF) Distance analysis

Tectonic form undulation Primary undulation (waF) Morphological analysis

Second undulation (wbF)

Tectonic occurrence Slope of fault surface (gF) Morphological and distance analysis

Shape transition feature of fault surface (fV) Morphological analysis

Frontiers in Earth Science frontiersin.org05

Mao et al. 10.3389/feart.2023.1174017

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1174017


occurrence changes of the fault. These variations reflect the stresses
that caused the morphological changes and the microenvironment
provided to the ore-forming process. In this study, a TIN model was
constructed for the Jiaojia fault. The slope refers to the angle between
the triangle and the horizontal plane in the model.

Shape transition feature
The local changes in the occurrence of the main fracture are

likely to lead to abnormal migration of ore-forming fluids, which
may react with the surrounding rocks to unload Au in the
hydrothermal fluid. It reflected that the shape transition of the
main fracture has a significant effect on mineralization. Therefore,
we extract all the shape transition points in the approximate trend
direction of the exploration line, calculate the intensity, and
construct the geological field of the shape transition part of the
Jiaojia fault to reflect this effect.

Association rules analysis

In the realm of data mining, association rules analysis is a
regularly employed technique. It describes the process of
identifying recurring patterns and associated relationships among
elements or items in a collection (Moshkov et al., 2022). The
frequent and trusted associated relationships are called
association rules. An association rule is considered to be that if a
dataset meets a condition C1, it also satisfies another condition C2

with a certain probability (called confidence). The association rule
between the presumptive condition C1 and the objective condition
C2 can be expressed as:

C10C2 (1)
A classic approach for mining association rules between various

attributes in an item set is the Apriori algorithm. As was previously
said, only regular and reliable associations can be referred to as
association rules. In the Apriori algorithm, support and confidence
were defined to evaluate the effectiveness of association rules.
Support is the frequency of a rule in the given dataset, while
confidence is the frequency of items meeting the objective
condition C2 in the itemset meeting the presumption condition
C1. The support (S(C10C2)) and confidence (C(C10C2)) are
defined as:

S C10C2( ) � δ C1 ∩ C2( )
N

(2)

C C10C2( ) � δ C1 ∩ C2( )
δ C1( ) (3)

δ(C1 ∩ C2) is the number of items which meet C1 and C2 at the
same time, δ(C1) is the number of items whichmeet C1, and N is the
number of all items in the itemset. In this study, we focus on the
association rules between ore-control indexes and mineralization
indexes.

Consider condition O (voxels’ Au>1 g/t, AuMet>0 g/t) to be
objective condition C1, and the combination of ore-controlling
indexes (such as C={df ∈[xxx. xx, xxx. xx], waf ∈[xxx. xx, xxx.
xx]}) to be presumptive condition C2. The support (S(C0O)) and
confidence (C(C0O)) are defined as:

S C0O( ) � δ O ∩ C( )
N

(4)

C C0O( ) � δ O ∩ C( )
δ C( ) (5)

Support S(C0O) is the percentage of all voxels that meet both
C and O. Confident C(C0O) is the ratio of the number of voxels
that meet both C and O to the number of voxels that only meet C.
δ(O ∩ C) represents the number of voxels that meet both C and O,
δ(C) represents the number of voxels that meet C.

The process of Apriori analysis is depicted in Figure 4 and is as
follows: 1) Candidate itemset extraction and support/confidence
calculation. 2) Pruning of candidate 1-itemset based on minimum
support and confidence, eliminating items with values below the set
threshold. 3) Generation of candidate two-itemset by combining 1-
itemset pairs and calculation of their support and confidence. 4)
Pruning of candidate two-item set based on minimum support and
confidence, eliminating items with values below the set threshold. 5)
Repeat steps 3 and 4, connecting and pruning itemsets iteratively,
until the frequent K + 1 itemset cannot be found. The result of the
algorithm is a set of frequent K-itemset.

Results and discussion

Association among mineralization and
structure features

The results of the mineralization information extraction indicate
an imbalanced distribution of Average Au and AuMet within the
study area. Significant mineralization enrichment intervals were
identified for each ore-controlling index, with the majority of
metal output in the study area being governed by these intervals.
Notably, the mineralized intervals of dF and fV exhibit higher
average Au values.

The aggregation of Au and each ore-controlling index in specific
areas reflects a nonlinear relationship, which is expressed by the
nonlinear Eqs 6.

Au � b + a OCI − OCI0| | + ε (6)
OCI means ore-controlling index and OCI0 represents the

corrected value of the ore-controlling index. When each ore-
controlling index is applied to Eq. 6, the results (Table 2) show
that the correction variables of ore-controlling index (|OCI −
OCI0|) are significantly correlated with Au, and the regression
effect is obvious.

The main orebodies of the Jiaojia goldfield are concentrated in
the dF (15 −100 m) interval (Figure 5A, B). This represents that the
orebodies are primarily hosted in the pyrite-sericite cataclastic rock
zone and the pyritic-sericite granitic cataclastic rock zone (Song
et al., 2012), situated in close proximity to the fault’s footwall. It also
shows that over 90% of the AuMet is enriched in this area, with an
average Au content slightly higher than other intervals. The
distribution of the orebodies highlights a strong spatial
relationship between the mineralization and the main regional
structure. The structure acts as a channel for the migration of
ore-forming fluids (Yao et al., 1990; Yang et al., 2016). The fault
gouge developed along the Jiaojia fault serves as a good impermeable
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layer, leading to the accumulation of mineralizing materials and the
concentration of gold orebodies in the footwall of the Jiaojia fault.
The dF (−400, −100 m) reveals the presence of small-scale,
discontinuous orebodies located far from the footwall of the
Jiaojia fault, which mainly occur in the pyritic-sericite granitic
cataclastic rock zone and the pyritic-sericite granitic rock zone.

The undulation characteristics of mineralization within the
Jiaojia fault, obtained through analysis of different buffer sizes
(waF, wbF), have been found to exhibit normal distributions with
peaks at 0 m (Figures 5C–F). Results reveal that the mineralization
output, controlled by the fault surface’s uplift and depression, is
consistent throughout the fault zone, with mineralization occurring
primarily in relatively continuous regions. While there are
similarities in the distributions of waF and wbF, specific
differences do exist, such as a more concentrated and compact
distribution of waF in the (−10, 10) interval compared to wbF in the
(−20, 20) interval. The average value of Au in the mineralized
enrichment intervals of both distributions is relatively stable.
Additionally, isolated voxels with high Au values were observed
in the protruding parts of the uplift and depression on the fracture
surface. However, these sporadic occurrences do not significantly

impact the overall distribution of regional mineralization, as the
number of voxels and AuMet are low.

The concentration of gF is observed in the range of (5°–60°) with a
prominent peak at ~30° (Figure 5G). A notable phenomenon is observed
in the interval around 10°, where a higher distribution of Au and AuMet
values is seen (Figure 5H). This interval encompasses deep ore bodies in
the Jiaojia deposit below −1000m, southern ore bodies in the Qujia
deposit, and southern ore bodies in the Shaling deposit. The Jiaojia fault
exhibits a slowing inclination angle and increasing top pressure in this
interval, creating ideal conditions for sedimentation and mineralization.
The migration of ore-forming fluid from deep within the Earth is
diverted from a vertical to a lateral direction, resulting in a decreased
speed that facilitates mineralization (Song, 2012).

The frequency analysis of fV reveals a normal distribution with a
peak value of 0 (Figures 5I, J). The majority of orebodies are
observed to form within the interval of fV (−10, 10), suggesting
that the area with small shape transition is favorable for ore
concentration.

Association rules analysis with spatial
constraints

The association rule analysis procedure consists of three parts: 1)
Data discretization, 2) Apriori operation approach, and 3) Rules
filtering with spatial constraints. In this study, the apriori operation
approach was not modified. On the other hand, the rule filtering
under data discretization and spatial constraints is tailored
according to the characteristics of the data items.

Data discretization
The Apriori algorithm can effectively extract the association

relationships between Boolean data, but it is not suitable for

FIGURE 4
The workflow of the Apriori algorithm (Yue, 2004).

TABLE 2 Analysis results for au and ore-controlling indexes.

OCI OCI0 a b F f0.05

dF −418 −0.0007 1.2849 83.9303 3.84

waF −17 0.0083 0.8799 62.6311 3.84

wbF 5 −0.0123 1.1384 466.1554 3.84

gF 24 0.0053 0.9661 51.5696 3.84

fV 9 0.0229 0.8167 214.2288 3.84
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numerical data (Takeshi et al., 1999). Since the ore-controlling
indicators and mineralization indicators in the mineralization
functional model database are numerical data, we divide the data
set of each attribute into several subsets containing the same amount
of data and replace the numerical value with subset name.

There are a total of 78,351 voxels in the mineralization
functional model, of which the number of voxels satisfying
mineralization condition O (later called mineralized voxels) is
17,526, with a proportion of about 22.36%. There are five ore-
controlling indexes (dF, waF, wbF, gF, and fV) and two
mineralization indexes (Au and AuMet) in the voxels’ properties.
In this study, we focus on the correlation between the distribution of
ore-bearing voxels and mineralization indexes as we study the
favorable site of mineralization. When discretizing the data, only
the distribution range of mineralized voxels is considered, and any

data beyond this range is set to null and does not participate in the
subsequent calculation process.

If an association rule involves N (1 ≤ N ≤ 5) ore-controlling
indexes, then the expected support of the rule is obtained according
to Eqs 4 and the related definition in the Bayesian formula:

S C → O( ) � P O ∩ C( ) � P O( )*P C|O( ) (7)
Where P(O) is the probability of satisfying the ore-bearing

condition, and P(C|O) is the ratio of the probability of satisfying
the ore-controlling indexes condition C to the probability of the ore-
bearing condition O, as calculated in Eqs 6–8.

P O( ) � δ O( )
N

(8)

P C|O( ) � δ O ∩ C( )
δ O( ) (9)

FIGURE 5
Bar charts of geological features andmineralization indexes and histogram of geological features. (A) dF vs. Average Au and AuMet; (B) histogram of
dF; (C)waF vs. Average Au and AuMet; (D) histogram of waF; (E)wbF vs. Average Au and AuMet; (F) histogram of wbF; (G) gF vs. Average Au and AuMet; (H)
histogram of gF; (I) fV vs. Average Au and AuMet; (J) histogram of fV; Average Au stands for the Average gold grade of all ore voxels in the same factor
value, and AuMet is the gold resource summation of all ore voxels below the factor value.
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Statistical analysis of the attributes of the voxels in the 3D
geological model shows that P(O) is 22.36%. P(C|O) varies
according to the choice of the discretization method. And it
would become smaller as the number of ore-controlling indexes
contained in the ore-controlling indexes condition C increases.
Assume that all voxels in the 3D geological model database are
uniformly distributed for each ore-controlling index. And the
number of intervals set by discretization is M, and the number of
voxels in each ore-controlling index interval is 1/M. Based on the
equal-frequency discretization method, it can be deduced that:

P C|O( ) � 1/Mn (10)
Where n is the number of ore control indexes contained in

condition C, and M is the number of intervals in which each ore
control index is discretized. For example, for condition C = {df1,
waf1}, n is two. According to this assumption, 1/Mn is the expected
minimum value of P(C|O), and the corresponding S(C → O) value
0.22/Mn can be used as the expected minimum support of the
association rule.

The number of voxels in the association rule analysis results
cannot be too many or too few. A large number of voxels would not
reflect the stage differences of the ore-controlling factors, and
conversely, the accuracy of the results is too low to be considered
as a general pattern in the study area. After several experiments and
comparative analyses, the mineral control indexes were finally
separated and scattered into four levels. The boundary values of
the interval of the fourth-grade dispersion of the ore controlling
indicators are shown in Table 3.

Rules filtering with spatial constraints
Association rule analysis was utilized to identify the

relationships between various attributes within a dataset.
However, random influences may influence the relationships
between attributes, leading to underlying uncertainty of the
association rules. To ameliorate this, the Apriori algorithm
enables researchers to set their own minimum support and
minimum confidence for screening the results.

The ore bodies exhibit distinctive spatial properties, yet
conventional association rule analysis disregards the specificity of
spatial attributes. To achieve a more realistic analysis outcome, this
study proposes combining association rule analysis with spatial
constraints to account for both association and spatial
relationships. In the final step of association rule analysis, the
results are filtered using minimum confidence and minimum
support to identify high-confidence and high-support association

rules. To further refine the association rules to fit the actual situation,
spatial constraints are added to the screening process. By integrating
the fundamental knowledge of mineralization distribution and
regional mineralization patterns through the Apriori algorithm
and Bayesian formula, this study proposes three filtering
conditions to achieve this goal.

1 The minimum confidence level is established through statistical
analysis. In order to ensure that the geological structure area
associated with the filtered association rules does not exhibit a
low proportion of mineralization, the minimum confidence is
established as twice the proportion of mineralization present in
the database.
2 The determination of the minimum support is a dynamic
process in the association rule analysis. It is computed as 0.2236/
4̂n, where n represents the number of attributes incorporated in
the association rule. This computation is based on the discretized
equipartition intervals, the support formula, the confidence
formula, and the Bayesian formula.
3 The association rules obtained through the Apriori algorithm
are validated by a posteriori test using human-computer
interaction. This process ensures the accuracy and reliability
of the association rules, as well as provides a more
comprehensive understanding of the spatial relationships
between mineralization and other factors. Voxels are extracted
from the database and analyzed with GOCAD software while
considering two primary spatial constraints. 1) Geological
structures and orebodies are not randomly distributed in
small, disconnected areas in three-dimensional space. Thus, it
is crucial to prioritize selecting rules that demonstrate specific
spatial distribution patterns after being visualized using software.
2) Geological experts have reached a consensus on the geological
structure and mineralization pattern of the study area, which
effectively reflects the laws of geological structure mineralization.
To obtain quantitative expressions of geological tectonic
metallogenic laws, association rules that align with this
consensus were selected. As experts’ consensus (Yang et al.,
2014; Li et al., 2015; Li et al., 2017; Mao et al., 2019; Song
et al., 2020), different types gold mineralization can all exist in the
same deposit. To distinguish the levels of mineralization at
different distances from the main fault, To distinguish the
levels of mineralization at different distances from the main
fault, we chose one association rule within each dF discrete
interval that had the highest confidence and satisfied the first
spatial constraint in terms of spatial distribution.

TABLE 3 Ore-controlling indexes discrete boundary value.

Name Range 1 min Range 1 max Range 2 max Range 3 max Range 4 max

dF 156.64 −3.03 −21.82 −54.06 −515.83

waF 31.59 2.42 −0.07 −2.84 −53.1

wbF 35.1 6.52 0.47 −6.14 −48.59

gF 82.27 35.81 31.13 24.34 1.92

fV 33.39619 1.917,335 0.199 −1.48334 −23.3825
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Mineralization favorable sites
Using association rule analysis, three favorable mineralization

sites were identified and depicted using a combination of ore-
controlling indexes intervals, as presented in Table 4.

Site No. 1 (Figure 6), covering 42.334 million cubic meters, is
the first favorable mineralization site located between 3.03 and

21.82 m below the main fault (Figure 7A). This zone contains
2,703 voxels, including 1,202 ore-bearing voxels, with a
confidence level of 44.47% and a support level of 1.53%. The
ore-controlling indexes waF, wbF, and gF are evenly distributed,
concentrated between −5 and 10 m (Figure 7B), −20 and 20 m
(Figure 7C), and 15° and 40°(Figure 7D), respectively, exhibiting

TABLE 4 Association rules with confident and support.

No Ore-controlling indexes intervals Confident (%) Support (%)

1 −3.03> dF ≥−21.82, −1.48> fV ≥−23.38 1.53 44.47

2 −21.82> dF ≥−54.06, 35.1> wbF ≥6.52 1.66 45.34

3 −54.06> dF ≥−515.83, 0.47> wbF ≥−6.14, 35.81> gF ≥31.13 0.83 44.44

FIGURE 6
Voxels of the first favorable mineralization site.

FIGURE 7
Histogram of geological features. (A) dF; (B) waF; (C) wbF; (D) gF; (E) fV; (F) Au.
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approximate normality. The fV values are mainly concentrated
between −1.48 and −10, with a denser distribution near −1.48
(Figure 7E), while Au is bimodally distributed at 0 g/t and 1.3 g/t
(Figure 7F).

The No. 1 site is arranged in strata that are largely parallel to the
main fault surface. The dF (−3.03, −21.82 m) indicates that the
orebodies at this location occur in the pyrite-sericized cataclazed
rock belt in the footw all of the fault (Song et al., 2012). These
orebodies are found in a relatively even distribution across several
deposits, including Hongbu, Matang, Jiaojia, Nanluxinmu, Qujia,
Shaling, and Zhuguolijia. Site No. 1 is closest to the Jiaojia fault, and
the rocks are influenced by the strong activity of the fracture
tectonics, with stronger alteration fragmentation (Song et al.,

2008), promoting the formation of intrusive fracture zone
alteration rock-type ores (Song et al., 2012; Zhang et al., 2015;
Guo et al., 2017). The homogeneous and irregular distribution
suggests a relatively uniform diffusion of mineralizing fluids near
the fracture surface. The Jiaojia fault, as the dominant ore-
controlling structure and fluid conduit in the study area, offers a
pathway for the migration of mineralizing hydrothermal fluids and a
favorable environment for mineralization (Guo et al., 2017). WaF
(−5, 10 m) and wbF (−20, 20 m) suggest that the fracture has a
slightly elevated area with a higher potential for mineralization. On
the other hand, fV (−10, −1.48) predicts an increased likelihood of
mineralization in areas where the fracture transitions from steep to
gentle.

FIGURE 8
Voxels of the second favorable mineralization site.

FIGURE 9
Histogram of geological features. (A) dF; (B) waF; (C) wbF; (D) gF; (E) fV. (F) Au.
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Site No. 2 (Figure 8), covering 44.891 million cubic meters, is the
second favorable mineralization site located between 21.82 and
54.06 m below the main fault. This zone contains 2,873 voxels,
including 1,303 ore-bearing voxels, with a confidence level of
45.34% and a support level of 1.66%. Analysis of the ore-
controlling indexes showed an even distribution of df values
between −54.06 and −21.82 m (Figure 9A), and a concentration
of waF values between −5 and 10 m (Figure 9B). The gF values were
primarily found between 5° and 45° and had a normal distribution
(Figure 9D), while the fV values were mainly concentrated
between −7 and 5 (Figure 9E). The wbF values were primarily
found between 6.52 and 25 m, with denser distributions closer to
6.52 m (Figure 9C), and the Au values were bimodally distributed at
0 g/t and 1.4 g/t (Figure 9F).

Site No. 2 encompasses an area of approximately
44.891 million cubic meters and is distributed in equidistant
and subparallel belts with a similar inclination to the fault
surface and an east-west orientation. Analysis of dF
(−3.03, −21.82 m) reveals that the orebodies located at this
site are present in pyrite-sericized granitic fragmentation
zones and pyrite-sericized granite belts. These orebodies can
be found in several deposits, including Xincheng, Hongbu,
Jiaojia, Nanlü-Xinmu, Qujia, Shaling, and Zhuguolijia mining
areas. Site No. 2 is situated beneath the No. 2 site and showcases
a lesser degree of rock fragmentation, fracture development,
and a thinly spread concentration of ore bodies, which are
arranged in equidistant subparallel bands (Song et al., 2012;
Zhang et al., 2015). This site highlights the expansive
mineralized areas resulting from the convergence of the main
and secondary fractures, indicating a higher likelihood of
precipitation mineralization for the mineralizing
hydrothermal fluids in these areas. The secondary undulating
outcrop of the fracture surface, as indicated by wbF (6.14, 25 m),
provides concentrated mineralized zones, further reinforcing
the site’s mineralization potential. The intersection of main and
secondary fractures often results in extensive ore-hosting
spaces. As the fluid migrates away from the main fracture
surface, it first permeates and fills the spaces at the fracture
junctions. During this progression, the fluid’s migration rate

decreases and its temperature and pressure drop, leading to the
formation of ore bodies along equidistant subparallel zones.

Site No. 3 (Figure 10) is the third favorable mineralization site
located between 54.06 and 515.83 m below the main fault, covering
an area of about 22.718 million cubic meters. This zone contains
1,454 voxels, including 646 ore-bearing voxels, with a confidence
level of 44.44% and a support level of 0.83%.The ore-controlling
indexes in these voxels reveals bimodal peaks in the df values
at −75 and −250 m (Figure 11A), respectively. The waF values
exhibit a normal distribution between −8 and 5 m (Figure 11B),
while the wbF values exhibit a smooth normal distribution centered
at −1 (Figure 11C). The distribution of the gF values is more
scattered with no obvious pattern (Figure 11D). The fv values
exhibit a normal distribution between −3 and 3 (Figure 11E),
and gold grades show a single peak at 0.8 g/t beyond 0 g/t
(Figure 11F).

Site No. 3 is located in the pyritic sericitized granitic
fractured rock zone and pyritic sericitized granite zone,
mainly in the south-central part of the Nanlü-Xinmu deposit
with a obvious spatial aggregation. The production of orebodies
consist of gently dipping orebodies parallel to the main fault and
steeply dipping orebodies that cross the main fault obliquely.
The mineralization type is dominated by vein and reticulated
pyrite mineralization, followed by stellate and agglomerate
pyrite mineralization (Guo and Zhu, 2019). Site No. 3, the
farthest from the Jiaojia fault, experiences a gradual
weakening of tectonic stress. As a result, the temperature and
pressure decrease, leading to a reduction in the degree of rock
fragmentation, and fissure development. The fluids transported
along the edge of the linglong rock within the tensional fissure
precipitate and form a steeply dipping ore body, which
intersects the main structure obliquely. The formation of this
steeply dipping ore body in conjunction with a slowly dipping
ore body creates a binary structure of differing dips. In Shaling
deposit, anomalous values observed in waF, wbF, and fV deviate
from the broader distribution trend. Despite harboring
substantial concentrations of Au and AuMet, the low
volume-to-content ratio of small ore bodies in this area does
not significantly alter the regional trend.

FIGURE 10
Voxels of the third favorable mineralization site.
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The results of the association rules analysis with spatial constraints
have revealed three favorable mineralization sites. These sites have
demonstrated high confidence and support, indicating not only a high
proportion of mineralization but also a substantial extent of
mineralization in the study area. The No. 1 and No. 2 sites are
widely distributed and span multiple deposits, highlighting the
generalized mineral control and mineralization patterns in the Jiaojia
golefield. Meanwhile, the No. 3 site displays a high degree of spatial
aggregation and is predominantly located in the Nanlü-Xinmu deposit,
demonstrating the capability of identifying specific mineralization
patterns within the region.

Conclusion

The 3D mineralization functional modeling for the Jiaojia
goldfield quantitatively determines the spatial association between
orebodies and geological features, and can aid in developing and
enhancing mineral exploration strategies for the Jiaodong-type
orogenic gold deposits.

The association rule analysis can effectively extract the
correlation between the combination of ore-controlling indexes
and mineralization indexes. The association rule with high
confidence and support can effectively express the spatial
location of the high proportion of mineralization in the study
area, which has a positive effect on the in-depth understanding
of the mineralization pattern of Jiaodong-type orogenic gold
deposits.

The mineralization favorable area analysis quantifies the
mineralization favorable space of the Jiaojia goldfield by using
the combination of ore-controlling index intervals, which
upgrades the expression method of mineralization favorable area
from conceptual qualitative study to numerical quantitative study.
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