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Abstract: While the region of western Guangxi—southeastern Yunan, China, is known and considered prospective for
manganese deposits, carrying out prospectivity mapping in this region is challenging due to the diversity of geological
factors, the complexity of geological process and the asymmetry of geo-information. In this work, the manganese
potential mapping for further exploration targeting is implemented via spatial analysis and modal-adaptive prospectivity
modeling. On the basis of targeting criteria developed by the mineral system approach, the spatial analysis is leveraged
to extract the predictor variables to identify features of the geological process. Specifically, a metallogenic field analysis
approach is proposed to extract metallogenic information that quantifies the regional impacts of the synsedimentary
faults and sedimentary basins. In the integration of the extracted predictor variables, a modal-adaptive prospectivity
model is built, which allows to adapt different data availability and geological process. The resulting prospective areas
of high potential not only correspond to the areas of known manganese deposits but also provide a number of favorable
targets in the region for future mineral exploration.

Key words: prospectivity mapping; manganese deposit; western Guangxi—southeastern Yunnan; field analysis approach;
modal-adaptive prospectivity modeling

southeastern Yunan (WGSY) accumulates more
than 30% of the total Mn reserves of China.
Regarding to the presence of the super-large Mn
deposits such as Xialei and the other significant
deposits
Yunan, China, other locations within this region are

1 Introduction

As a result of the fast-developing industry in
China, China becomes the largest consumer of
manganese (Mn) ore resources. To meet the

in the western Guangxi—southeastern

increasing demands, the prospectivity of new Mn
resources becomes an urgent requirement. On the
other hand, China is the 5th largest country for
the total reserves of Mn resources all over the
world [1,2]. The Mn deposits in China occur mainly
in the margins of platforms. The margin of the
Yangtze Block corresponds to the most significant
Mn metallogenic zone of China, which is located in
Guangxi, Hunan, Guizhou and Yunnan provinces.
Specifically, the region of western Guangxi—

considered prospective for Mn mineralization due
to the geological, lithofacies and
paleogeography settings. Therefore, mapping Mn
potential and delineation of prospective areas for
further investigations and explorations in this
region may assist in increasing the Mn reserves in
China [3,4].

Recently, due to the capabilities of quantita-
tively assessing geological evidence and objective
assigning priorities to exploration, the GIS-based

similar
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prospectivity mapping has become the mainstream
technique in exploration targeting [5—12]. Focused
on identifying areas with strong likelihoods of
mineralization, the techniques of GIS-based
prospectivity mapping generally contain an
integrated analysis of targeting criteria with the
guidance of prior geological knowledge, which
provides an effective way to combine the geological
data into a single prospectivity map [13].

When coming to the regional-scale area of
WGSY, however, existing GIS-based prospectivity
approaches face great challenges in mapping Mn
potential in the area. Firstly, the genesis of the Mn
deposits refers to a variety of metallogenic factors
including structures, stratums, lithofacies and
paleogeography [14,15]. Given such a large number
of geological factors, it is essential to develop
available and effective targeting criteria and
predictor variables to constrain the prospectivity
mapping. Specifically, a problem has been raised on
how to extract predictor variables indicative of Mn
mineralization from the existing geological data.
For instance, while many Mn deposits are
controlled by the multiple sedimentary faults and
the control is attenuated progressively with the
increasing distance to the faults, simply using
conventional spatial analysis techniques such as the
buffer analysis is limited in representing such a
spatially superposed and attenuated control. Thus,
an additional spatial analysis approach should be
developed and applied to the geological objects
such that the cryptic metallogenic information to
indicate mineralization can be exposed. Secondly,
due to difficulty in obtaining all of the datasets for
geological factors covering the entire region and the
spatial variability in geological process and
metallogenic condition, the issue of information
asymmetry is posed in the prospective modeling.
Thus, the prospectivity modeling is required to
integrate  different predictor variables in a
modal-adaptive fashion such that different data
collections and various geological processes in the
region can be taken into full consideration in Mn
prospectivity.

In this contribution, we propose a novel
GIS-based prospectivity framework tailored for Mn
potential mapping in the WGSY region. To develop
targeting criteria from a variety of geological
factors and data associated with Mn deposits, the
mineral system approach is applied regarding to the

mineral source, transport, trap and deposition. To
extract indicative predictor variables corresponding
to the targeting criteria, the metallogenic field
analysis is presented as a spatial analysis method
allowing to provide deep insights into underlying
metallogenic control to the Mn deposit. And to
handle the information asymmetry in prospective
modeling, a modal-adaptive prospectivity modeling
method is proposed to adapt different combinations
of predictor variables attributed to different data
collections and geological processes in the region.
The final prospectivity results demonstrate that the
proposed prospectivity frameworks are well-suited
in addressing the issues raised in Mn potential
mapping in the WGSY region.

2 Geological setting and mineral deposits

The study area covers the southwest of
Guangxi to the east of Yunnan Province, from
Xuanwei—Guangnan and Guangxi Bama in the
north to the China—Vietnam border in the south, to
the Pingguo—Longan area in Guangxi in the east,
and to Kaiyuan—Mengzi in the west. The
geographic coordinates range in 103.5°—107.5° east
longitude and 22.67°-26.5° north latitude, covering
an area of about 40000 km”.

The study area (Fig.1), located in the
southwestern margin of the Yangtze platform,
contains the southwestern Guangxi Mn ore
concentration area and the southestern Yunnan Mn
ore concentration area. The southwestern Guangxi
Mn ore concentration area is located in the
southwest of the Nanhua platform—Youjiang
reclaimed geosyncline. The third-order tectonic
units include the Guangxi West Depression, the
Jingxi—Tiandong Uplift, and the Xialei—Lingma
Depression. The strata can be roughly divided into
three major sets in the study area, namely the
pre-Devonian basement system, the cover rock
series dominated by the Late Paleozoic to the
Middle Triassic marine deposits, and the Cenozoic
hawthorn facies river facies and lacustrine
facies. According to the lithological sequence

characteristics of Mn-bearing formations, the
tectonic environment and geochemical
characteristics  during the  formation, the

Mn-bearing rock series in this area can be divided
into two types: Mn-bearing siliceous limestone
series and Mn-bearing carbonate series [14]. On the
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Fig. 1 Geologic map superimposed major Mn deposits in WGSY region

other hand, the southeastern Yunnan Mn ore
concentration area is located in the southeastern
fold belt of the South China fold system, its
northern and western parts are respectively adjacent
to the Yangtze platy belt and the Ailaoshan fault
block of the Yangtze River, and they are bounded
by the Maitreya—Shizong fault and the Honghe
fault. The northern part of the strata in the area is
dominated by the Mesozoic, the southern part is
dominated by the Paleozoic and generally bounded
by the near EW fault. The Triassic of Mesozoic is
mainly distributed in the regional syncline axis and
Xichou—Malipo area of northeastrn  Wenshan—
Malipo fault, in which two main types of
Mn-bearing rock series are discovered in the area:
Mn-bearing clastic rock series (Dounan style) and

Mn-bearing carbonate series (Baixian style) [15].

There are more than 200 Mn deposits
(points) discovered in WGSY region [16], which
includes famous Mn deposits such as Xialei and
Dounan. The evolution of Mn deposits in the study
area is controlled by the tectonic evolution of
the southern continental paleocontinent while
dominated by the environment of the marginal sea
and the Mn-bearing basin [17]. The main
metallogenic factors controlling the formation and
distribution of Mn deposit contain the nature of the
Mn-bearing sedimentary basin and its tectonic
conditions, metallogenic age, stratigraphic horizon,
sedimentary formation, mineral superimposed and
enrichment conditions, and supergene enrichment
conditions [18].
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3 Conceptual exploration model based on
mineral system approach

As there exist multiple geological factors
concluded by previous researchers, to develop a set
of available predictor variables as proxies for the
ore-forming process and thus to constrain the
modeling of Mn prospectivity are still challenging.
Here, we use a mineral system approach to guide
the identification of targeting criteria and thus to
build Mn prospective models in the study area.
Defining a mineral system requires several key
geological components [19-23]: a source of energy
that drives the system; sources of fluids, metals and
ligands; pathways along which fluids can migrate to
trap zones; a trap zone where fluid flow can be
focused and its composition modified; and outflow
zones for discharge of the residual fluid. Since the
mineral system approach is based on a geological
process in contrast to traditional ore deposit models,
it focuses on a similar process in the mineral system
rather than a specific geological setting and
metallogenic type. Thus, the mineral system
approach is scalable to multiple deposit styles [24]
in the WGSY region while considering the
difference among the deposits.

3.1 Source of energy and metals

The Mn deposits in WGSY region were a
consequence of Rodinia supercontinent cleavage.
During the continental break-up process, a large
number of syngenetic faults were formed. As a
result, the source material of Mn was brought into
the sedimentary basins through hydrothermal
exhalative process, which caused mineralization in
a stable period of this process [4]. Thus, the Mn
deposits were controlled by the configuration of
synsedimentary structures. Here, the synsedi-
mentary faults were taken as the spatial proxies for
the source of energy and metals in the hydrothermal
exhalative process. Moreover, in the secondary
enrichment of metals resulted from weathering,
leaching, and accumulation process, the primary
sedimentary strata acted as the source beds. To
reflect the source of metals in the secondary
enrichment of Mn, the thickness of Mn sedimentary
strata was adopted to represent the Mn content of
the source beds.

3.2 Transport to trap

WGSY region is under the background of
structural tension, which leads to the forming of a
marginal rift basin in a shallow sea. Due to the
strong convection of the hot water at the bottom of
the basin during the continental break-up process,
the deep Mn materials were brought into a
basin [14]. With the Mn-bearing materials, the
transport to trap also requires a favorable basin
environment that allows Mn materials to migrate to
traps. The structurally stable extensional basins not
only link to the Mn source, but also drive the
migration of Mn materials to traps and the
secondary enrichment of Mn. Notably, the Mn-
bearing fluids tend to ponder in the basin margin.
The area of a large geothermal gradient in the rift
basin and the faster thermal cycle in the late stage
of sedimentary is especially favored for
sedimentary of the Mn-bearing materials [1].
Additionally, since the Mn deposit is concentrated
on limited sedimentary strata, the sedimentary strata
reflect the timing of migration and sedimentary [25].
As such, sedimentary basins and sedimentary strata
are mapped as the proxies reflecting the transport
and sedimentary process.

3.3 Formation of trap and deposition of metals
With rich Mn materials, the trap and formation
of Mn ores require a favorable environment such as
tranquil deep-water basins. Thus, the Mn deposit
was related to the sedimentary faces and lithofacies.
Additionally, most of Mn deposits in the study area
were caused by primary enrichment of Mn in
submarine sedimentary, in which the Mn-bearing
fluids were constrained by the topology of
paleo-seafloor such as depression. In the secondary
enrichment of Mn, the oxidation and preservation
of Mn metals were also related to surficial
topology [26]. The type of the trap and enrichment
of Mn are impacted and reflected by the lithology
of the sedimentary strata. In the primary enrichment,
due to the marine sedimentary, the favorable
environment for Mn deposition is featured by
siliceous and mudstone. In the secondary
enrichment, due to the weathering process, different
lithologies of primary Mn mineralization have
inconsistent physicochemical properties, resulting
in different trap and deposition types. Finally, the
deposition of an economic quantity of metals in the
mineralization system was also impacted by the
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factors for the formation of the trap, which can be
reflected in acromagnetic anomalies.

Overall, for each mineral system element, the
developed targeting criteria are summarized in
Table 1, which also lists the spatial proxies of the
targeting criteria and available dataset to derive the
predictor variables.

4 Spatial analysis and predictor variables

4.1 Spatial analysis method
4.1.1 Motivation

While the sedimentary faults and sedimentary
basins are deemed as the targeting criteria
corresponding to the source and transport elements
in the mineral system, their metallogenic control is
non-trivial to quantify on account of the complex
correlation to the Mn deposits, which can be
reflected in the following two aspects [26].

(1) The metallogenic control of synsedi-
mentary faults is attenuated gradually with the
increasing distance to the faults. And the
metallogenic control of different synsedimentary
faults has a superposition effect on the Mn
metallogenesis. In other words, the distribution of
Mn deposits is not only related to the distance to the
synsedimentary faults, but also affected by the
superposed control of multiple fractures. This is
reflected by the fact that Mn resources are more
concentrated in the vicinity of the intersection of
synsedimentary faults.

(2) The metallogenic control of sedimentary

basins is also attenuated gradually with the
increasing distance to the basin margin. But the
metallogenic control of sedimentary basins does not
show the superposition effect, that is, the Mn
deposits are distributed within the sedimentary
basins or within a certain distance out of the basins.

To represent the above correlations, the
traditional spatial analysis such as buffer analysis
can be used to express the spatial correlation by
identifying the proximity domain of the geological
objects. Since the traditional buffer analysis is
capable of extracting the control domain of the
associated geological factors, the inability to
represent the controlling magnitude limits the buffer
analysis in reflecting the attenuated and superposed
control of the geological objects such as the
sedimentary basins and synsedimentary faults.
Moreover, carrying out the metallogenic geo-
dynamical simulation [27] is also computational
intractable in such a large study area. Therefore, to
represent the superposed control of synsedi-
mentary faults, we propose the metallogenic
control filed that reflects the control of regional
structure—magma—hydrothermal processes via the
synsedimentary faults. On the other hand, we
adopted a distance field to represent the spatially
attenuated control of the sedimentary basins.
4.1.2 Metallogenic control field

Since the jects and sprays of the submarine
deep post-magmatic hot brine (including Mn, iron
and other components) in the vicinity of syn-
sedimentary faults provide a mass of Mn materials

Table 1 Targeting criteria and predictor variables derived from mineral system approach for Mn deposits in WGSY

region
Component Targeting criterion Primary data Predictor variable
Spatial relation to Geological manpin Control field of
synsedimentary faults £ PpIng synsedimentary faults
Source Sed . d
Mn-rich sedimentary strata edimentary-faces an Thickness of sedimentary strata
paleogeography mapping
Prox1m%ty to the margin of . Sedlmeptary structura.l Distance field of basin margins
Sedimentary basins interpretation and mapping
Transport Sed " d
Sedimentary timings edimentary-faces an Stratum code
paleogeography mapping
Lithofacies Sedimentary-faces and Lithofacies code
paleogeography mapping
Trap and Paleo-seafloor topology Digital elevation models Topological erosion degree
deposition Sedimentary-faces and

Lithology

Metal disposition

paleogeography mapping
Geophysical mapping

Lithology code

Aeromagnetic anomalies values
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and the energy for mass transfer, the mass and heat
diffusion through the synsedimentary faults are
deemed to be critical for Mn transport and
enrichment. Here, the control of the synsedimentary
faults is represented by the diffusion equation that
describes the distribution of the heat in the diffusion
process and the evolution of the concentration of
mineralization materials. Generally, the diffusion
equation treats the problems in which the
component concentration and temperature vary both
with spatial position and time, i.e., C(x,f), where
xER’ denotes the position and ¢ denotes the time.
According to the Fick’s second law and the heat
diffusion equation, both the concentration and
temperature can be described by the partial
differential equation of the form:

oC 5
i DV-C D
where D is the diffusion coefficient and V?
denotes the Laplacian operator. Given the equation
in Eq. (1), we seek the steady-state solution by
regarding component concentration and temperature
as independent of time, that is, reach a steady state.
Thus, Eq. (1) is reduced to the Laplace’s equation
as

V2C =0 ()

Another benefit of solving Laplace’s equation
in Eq. (2) instead of the original equation in Eq. (1)
is that the velocity potential of fluid field satisfies
Laplace’s equation, which means that the solution
also represents the potential flow of the fluids in a
submarine and thus further reflects the structure-
magma control to the mineralization.

Equation (2) can be solved by setting up
certain boundary conditions. In our scenario, the
synsedimentary faults are regarded as the boundary
with  high  component concentration and
temperature, whereas the outer boundary of the
research region is set as background centration and
normal temperature. By setting up the boundary
conditions, Eq. (2) can be solved by using the
numeric method. In practice, the finite element
method is used to solve Eq. (2), which is
implemented by MATLAB PDE toolbox [28].

4.1.3 Euclidean distance field

To represent the metallogenic controlling
effect all over the region, each point in the
metallogenic distance field is assigned the shortest
distance to the target geological objects. Here, the

Euclidean distance is chosen as the distance metric.
Given that the space is discretized into multiple
cells, we can calculate the distance field all over the
set of pixels efficiently by using Euclidean distance
transform [29], which exploits the spatial coherence
of the shortest distance in neighboring pixels to
speed up the calculation. However, the Euclidean
distance transform assumes a discretization of the
space, which will lead to an approximated solution
of the distance field. Instead, we calculate the
accurate distance field for the geological object.

To calculate the accurate distance field, we
focus on the shortest distance to the cases of line
and area geological objects, whereas the case of
point objects is the trivial point—point distance.
Since the line and area objects are represented by
polylines and polygons respectively in practice,
calculating the shortest distance to both types of the
objects can be decomposed into the calculation of
the shortest distance to each line segment composed
of the polyline or the polygon. For the sake of
simplicity, let us take a polygon P composed of n
vertices {v;, ***, v,} as an example. Given a point
p, the shortest distance d(p, P) from p to P can be
formulated as follows:

d(p, P) = min{d(p,vv,),+d(P,v,_v,)sd(p,vy_1ve)}
3)

where d(p,vv;,,) denotes the shortest distance

between p and line segment v,v,,, .

4.2 Predictor variables

The predictor variables outlined below are
derived from the conceptual exploration model
based on mineral system approach (Table 1). And
the critical predictor variables such as the control of
synsedimentary faults and synsedimentary basins,
which represent source and transport process
respectively, are extracted by the spatial analysis
method described in Subsection 4.1.
4.2.1 Predictor maps representing metal sources
4.2.1.1 Control field of synsedimentary faults

In the southeastern Yunnan, the Middle
Triassic Latin Nickel period is a relatively active
sedimentary tectonic setting. The fault activity is
closely related to mineralization. The ore-forming
materials are mainly derived from deep hydro-
thermal fluids, which are deep-water deep-source
hydrothermal deposition in the paleocontinental rift
environment. The ore belt is controlled by a linear
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structure, and the sub-belt is controlled by a
composite structure of linear intersection. On the
other hand, there are two parallel NE-oriented
sedimentary strike-slip faults in the southwestern
Guangxi, namely the Xialei-Dongping Tongsheng
strike-slip  fault and the Longbang—Dizhou
Tongsheng strike-slip fault, which are slipping
structures controlling the Mn deposits in Late
Devonian. Thus, Late Devonian synsedimentary
faults and Middle Triassic synsedimentary faults
are considered to be significant to the Mn
mineralization. As such, we calculate the
metallogenic control field for the two types of
synsedimentary faults, resulting in the Late
Devonian synsedimentary fault control field fF D3
and the Middle Triassic synsedimentary fault
control field fF_T2 (Fig. 2).
4.2.1.2 Thickness of sedimentary strata

The sedimentary thickness of strata is
considered as the other type of predictor variable
representing the sourcing process. According to the
formation time of sedimentary strata, the
sedimentary thickness of strata in the study area
refers to (1) the Middle Devonian Eifelian
sedimentary thickness g(HAF D2), (2) the Late
Devonian Frasian sedimentary thickness
g(HFL D3), (3) the Late Devonian Famennian
sedimentary thickness g(HFM_D3), and (4) the
Middle Triassic falang formation sedimentary
thickness g(H T2f).
4.2.2 Predictor maps representing metal transport
4.2.2.1 Distance field of basin margins

The sedimentary of Mn deposites requires a
basin environment with low-energy and quite

105° 106° 107°
Fig. 2 Control field for synsedimentary faults: (a) Distribution of fF_D3 for Middle Triassic; (b) Distribution of fF_T2
for Late Devonian

deep-water that allows the Mn-bearing fluids to
migrate to trap zones. Thus, the ore-control of the
Mn-bearing basin is related to the distance to the
margin of the basins, which is represented by the
Euclidean distance field. The Mn-forming age of
the study area is concentrated, mainly involving
Middle Devonian, Late Devonian, Early
Carboniferous, Early Triassic, and Middle Triassic,
etc. Accordingly, we calculate the Euclidean
distance field for sedimentary basins including:
(1) the Late Devonian deep-water basin distance
field dPSS D3, (2) the Early Triassic turbidity
basin distance field dPZL_T1, (3) the Early Triassic
shallow-water platform distance field dPQS TI1,
and (4) the Middle Triassic deep-water basin
distance field dPSS_T2. Figure 3 shows the above
evidence layers for the sedimentary basin.
4.2.2.2 Stratum code

The Mn deposits in western Guangxi—
southeastern Yunnan are generally formed in the
Late Devonian, the Early Carboniferous Tatang and
the Early Triassic. To build the quantitative relation
to the strata, each stratum is assigned to a numeric
code. Figure 3 illustrates the spatial distribution of
the strata.
4.2.3 Predictor maps representing Mn trap and

deposition
4.2.3.1 Lithofacies code

Sedimentary facies and lithofacies are taken as
the proxies for the metal trap and deposition.
According to the metallogenic stages, the
sedimentary facies in different stages in WGSY
region are considered, which correspond to six
predictor variables: (1) the Middle Devonian Eifelian
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Fig. 3 Predictor maps of Euclidean distance field: (a) Late Devonian deep-water basin distance field dPSS D3;
(b) Early Triassic turbidity basin distance field dPZL T1; (c) Early Triassic shallow-water platform distance field
dPQS_T1; (d) Middle Triassic deep-water basin distance field dPSS T2

sedimentary facies gXAF D2, (2) the Late
Devonian Frasian sedimentary facies gXFL D3,
(3) the Late Devonian Famennian Sedimentary
facies gXFM D3, (4) the Middle Devonian Eifelian

Sedimentary facies gXGFAF D2 in Funing,
Guangxi, (5) the Middle Devonian Giverite
Sedimentary facies gXGFAF D2 in Funing,

Guangxi, and (6) the Middle Triassic Ladinian
sedimentary  facies gXLD T2. Here, the
sedimentary faces for each stage are encoded
separately and assigned to the associated predictor
variables.
4.2.3.2 Topographical erosion degree

The trap and deposition of Mn metals are
closely related to the topography and
geomorphology conditions. The formation of

oxidized deposits is associated with the movement
of surface and migration of groundwater. Thus, the
topographical condition not only reflects the
progress of erosion and accumulation, but also
determines the dynamics of groundwater, and the
state deposition and preservation of weathering
products. The topographical surficial incision is
adopted to represent the erosion degree. We use a
DEM with a spatial resolution of 80 m to extract the
surficial incision. The cutting degree refers to the
difference between the average and minimum
elevations in the neighborhood of a certain point on
the ground. In the study area, the surficial incision
ranges from 0 to 902 m. Figure 4 illustrates
predictor map of the topographical erosion degree
for the study area.
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Fig. 4 Maps for topographical erosion degree: (a) Oringial digital elevation model; (b) Degree of cutting

4.2.3.3 Lithology code

The lithologic association obtained from
available geological data in WGSY region refers
to 5 metallogenic stages, which corresponds to
5 predictor variables as follows: (1) the Middle
Devonian Eifelian lithologic association gZAF D2,
(2) the Middle Devonian Giverite lithologic
association gZJW D2, (3) the Late Devonian
Frasian lithologic association gZFL. D3, and (4) the
Late Devonian Famennian lithologic association
gZFM _D3. Here, each predictor variable is encoded
separately according to the lithology association
obtained in geological maps.
4.2.3.4 Aeromagnetic anomalies

The Mn metal deposition can be reflected in
the aeromagnetic anomalies, which is derived from
the aeromagnetic A7 abnormal contour maps. To
achieve the discretization of the map, the center
point of each cell is spatially interpolated to obtain
the aeromagnetic magnetic AT values.

5 Modal-adaptive prospectivity modeling
and mapping

5.1 Modal-adaptive modeling approach

While the predictor variables defined in
Subsection 4.2 provide a synthetic representation
for the control to Mn deposits in WGSY region, the
prospectivity modeling is still challenging due to
information asymmetry between the known and
unknown areas in the region. The information
asymmetry lies in three aspects. Firstly, the
significant difference in the geological and
exploration work and the data inaccessibility lead to

an inconsistent degree in data completeness in the
study area. That is, some predictor variables may be
unavailable in certain areas. Secondly, since the
geological process is heterogeneous in the region,
the predictor variables may have different control
ranges and valid predictor intervals between known
and unknown areas. That is, some predictor
variables may be invalid in unknown areas due to
out of the actual control scope of associated
geological features and the valid intervals learned
from known areas. Given such issues of
information asymmetry, it is intractable to use a
single prospectivity model for mapping of Mn
potential in the entire region. Therefore, we develop
a modal-adaptive model specified for Mn
prospecting in the WGSY region, which, instead of
building a single prospectivity model, combines
multiple models to adapt different areas of the
region with diverse models of data collection and
geological process.

Given n predictor variables,
different combinations of the variables according to
the availability of predictor variables. To build the
modal-adaptive models, we partition the study area
into several scopes firstly with respect to different
modals of data collection and geological process.
To achieve the partition, we extract the valid scope
for each predictor variable firstly, and then calculate
the intersection of the valid scopes to obtain the
final divided scopes. Accordingly, each scope S; has
one combination C; of predictor variables that
correspond to the available and wvalid predictor
variables associated with the scope. Overall, we
obtain m combinations of the predictor variables,

we can have
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where m is the number of the partitioned scopes in
WGSY region.

Given m combinations of predictor variables,
we build a specialized prospectivity model for each
combination according to the known deposits,
which results in overall m models. Here, each
model is built by using the Gaussian process
regression (GPR) [30]. The Gaussian process is a
stochastic process such that any finite collection of
those random variables has a joint Gaussian
distribution. The GPR assumes that a prior for the
regression function f{x) of input x is generated from
a joint Gaussian distribution over functions. Here,
the joint Gaussian distribution has zero mean
and covariance K(x;, x;)=cov(f(x;), flx;)) of the
Gaussian form K(x;, x;)=Aexp {—[(||xl-—xjH2)/(2h2)]}
with amplitude 4 and bandwidth 4. Under such an
assumption, the Gaussian process prior for f can be
written as p(flx)=N(0, K), where K is the nxn Gram
matrix with element K;=cov(f(x;), f{(x;)). On the
other hand, let us assume that the input data x and
the output variable y in the regression are generated
following y=flx)+e, where ¢ denotes the Gaussian
noise. The likelihood function p(y/f) for y can be
formulated in a Gaussian from as p(y/)=N(f,c’I),
where I is the identity matrix. Finally, the marginal
distribution of y can be obtained by combining the
Gaussian process prior and the likelihood function:

PO X)=[p| Hp(f 1 X)df =NO.K+5°D)  (4)

With the posterior distribution as Eq. (4), we
can easily derive the expected value of y* for a new
input x* by conditioning the joint posterior
distribution p(y,y*|X,x*) into p(y*| X,y x*) [31]:

Pr=k*" (K+o°D)y (5)

where p* denotes the expected value that is the
output variable of GPR, and k* is the vector staking
the covariance of K(x*,x;).

Note that in the obtained combinations, some
variable combinations are the subset of the other
combinations. In other words, some scopes with a
bigger set of predictor variables are associated with
multiple prospective models which may be related
to multiple metallogenic conditions and geological
processes. Thus, we further combine the
prospective models for these scopes instead of
relying on a single model, which allows more
flexibility in the adaptation of diverse modals of
geological process. To achieve the combination, we

adopt the mixture of GPR models. Given / GPR
models associated with a certain scope, each of
which is associated with a Gaussian process p{yiX),
the mixture of distribution is formulated as follows:

!
PYIX)=> 1;p;(y| X) (6)
i=l

where u; denotes the mixture coefficients, and
pi(¥|X) denotes the posterior distribution for each
GPR model. To determine the hyperparameters g,
we use a maximum likelihood approach which is
analogous to the estimation of the mixture
parameters of the famous
model [32]. Finally, in the same fashion as in Eq.(5),
the output variable of y for the mixture model is
obtained by conditioning the joint posterior
distribution p(y*,y|X,x*) into p(y*| X,y,x*)

Gaussian mixtures

l
JA/*:ZﬂikiT(Kj +UZI)_1.V1' (7
i=1

where the subscript i is used to distinguish the
variables corresponding to different mixture model
likewise in Eq. (6).

5.2 Prospectivity mapping

For mapping of Mn prospectivity in WGSY,
we divide the entire region into a set of cells. The
resolution of the cell is set to 2 km x 2 km, resulting
in 44298 cells for the study area. We calculate the
predictor variables described in Section 4 for each
cell and assign Mn mineralization information (Mn
tonnage) to the cells in the known area. And
then the modal-adaptive prospectivity modeling
approach presented in Subsection 5.1 is adopted to
build the prospectivity models for the study area by
giving the cells in the known area. Because of
different data availability and geological process, a
total of 14 modal-adaptive prospectivity models
have been built. With the prospectivity models, the
prospectivity for each cell is obtained, resulting in a
prospectivity map (Fig. 5) indicating Mn potential
throughout the WGSY region.

The prospectivity map illustrated in Fig. 5
confirms the significant potential for Mn
mineralization in the WGSY region. Several areas
of high prospectivity have been identified although
a missing of predictor variables. It is observed that
the most prospective areas are closely associated
with synsedimentary faults and located in
sedimentary basins.
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Fig. 5 Mn prospectivity map for WGSY region

According to the predictive Mn resources, the
entire potential area is divided into 10 intervals that
represent different levels of Mn prospectivity. There
are 149 out of 175 known deposits that are inside
the intervals corresponding to their known tonnage.
Thus, the success rate is 85.1% for our modal-
adaptive prospectivity models, which demonstrate
the effectiveness of the spatial analysis and the
modal-adaptive prospectivity modeling.

Specifically, the areas inside the 10th division
of prospectivity, which may be prioritized for
further exploration targeting, occupy 0.5% of the
total prospective area in the WGSY region. Such
highly prospective areas are mainly concentrated in
two areas, that is, the area throughout Longbang—
Xialei—Tuhu and the one throughout Yanzijiao—
Dounan—Pucao—Taipingzhai. The former has an
area of about 1111.1 km?” and the predicted resource
is 325.4x10° t (of which the known resource is
188.4x10° t). The main Mn-forming period of the
area is the Late Devonian with the Mn-bearing
strata of Upper Devonian Wuzhishan Formation
(Dsw) and the Dujiang Formation (D;l), whilst the
favorable sedimentary facies lie in the syncline
phase (Il) and foreslope facies (Ils) areas of the
platform. The thickness of the strata is large in the

middle of the area and gradually thins to the
northeast and southwest. These characteristics
reflect a close relation between the faulted tectonic
setting of the Mn-bearing basin and the transitional
extensional oceanic crust. The formation of Mn
deposits in Late Devonian was controlled by a
unified tectonic-magmatic thermodynamic field.
The Funing—Daxin fault in the area, as an important
extension of the synsedimentary faults, due to a
likely linkage to the mantle, is deemed as the center
of the source of energy and materials for Mn
mineralization. On the other hand, the other
prospective area has an area of 1401.8 km” and the
predicted resource is 99.4x10°t (the known
resource is 42x10° t). The main Mn-forming period
in this prospective area is the Middle Triassic Latin
Nickel period, and the Mn-bearing stratum
corresponds to the Middle Triassic Falang group
(T,f). The deposits were mainly formed in a shallow
sea and semi-restrict platform, which were mostly
related to local depressions. Therefore, the
mineralization in this area was controlled by the
paleo-tectonic environment. The Mn favorable area
is distributed along the Mingsu fault in a strip
direction and extending to the intersection to the
Wenma fault and the Zhuchang fault. The
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intersection of the northwestern-trending paleo-
faults constrains the hot spring activity, which
implies that the fault intersection in the submarine
rift basin is of high probability for forming Mn
deposits.

6 Conclusions

(1) The Mn prospectivity modeling frame-
works are tailored to adapt to regional scale Mn
prospecting WGSY region. The spatial analysis
approaches are specialized to extract the
prospectivity variables that effectively indicate the
Mn mineralization. Specifically, to represent the
metallogenic controls of the source of metals, the
metallogenic fields are carefully designed for the
quantification of the regional impact of
synsedimentary faults. Last but not least, to take
the asymmetry of metallogenic information in
integration of the predictor variables for regional
Mn prospecting, a modal-adaptive model is
proposed for Mn prospecting that allows to adapt
not only different data modals to be integrated but
also different geological processes to be quantified
in the final prospectivity model.

(2) The Mn prospecting workflow and the
prospectivity mapping results for the WGSY region
are presented, which range from the mineral system
approach for deriving predictor variables to the
final delineation of new prospsectivity areas. The
results demonstrate the effectiveness of the
presented Mn prospectivity modeling frameworks
in not only identifying known Mn deposits but also
highlighting areas of high prospectivity.

(3) The prospectivity mapping confirms the
significant potential for discovering new Mn
deposits in the WGSY region. The two areas
throughout Longbang—Xialei—Tuhu and Yanzijiao—
Dounan—Pucao—Taipingzhai  respectively  are
highlighted as high priority targets for future
mineral exploration. Efforts for district-scale
exploration are suggested in these areas, especially
the acquisition of new geological data of higher
resolution to augment the  district-scale
prospectivity mapping.
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