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Buffer zones in bo\th two-dimensional (2D) and three-dimensional (3D) spaces are commonly used in
prospectivity mapping. The method completes a modelling that starts with a real example and progresses to
the development of a virtual model. This includes the consideration of lithological or structural contacts at
depth,which is a theoretical concept based on extrapolation of data collected in thefield, rather than an empirical
observation of the feature based on physical samples. This contribution documents an improved buffer analysis
method for the study of 3D-space that is implicit (rapid), precise (smooth) and based on triangulated character-
istics, which can be used to construct influence domains of geological models. As traditional 2D GIS-based min-
eral potential mapping is gradually becoming limited with time, mineral potential mapping in three dimensions
(3D) is increasingly becoming an important tool in finding concealed economicmineralization. This contribution
documents an improved methodology of buffer analysis for prospectivity mapping processing mineralized
favourable models rather than describing an advance in the geometry of surface rendering of “geological com-
plexity”. Measures used in this buffer analysis include the: (1) voxelization of geological objects (i.e. assigning
numerical values of features on a regular cube in 3D-space); (2) revision of the 3D Euclidean distance transform
and the calculation of signed distance field; (3) extracting surfaces from the field; and (4) construction of a
buffer-surface based on a “discrete smooth interpolation” (DSI) algorithm. Furthermore, this contribution con-
structs 3D models using a buffer analysis algorithm and prospectivity mapping introduced here, which is
based on real data from the Jiama Cu-polymetallic deposit in Tibet and Daye Fe deposit in the Hubei Province,
China. This contribution also presents a comparison between voxel and irregular trianglemodels, which illustrate
that irregular triangle mesh buffer analysis (ITB) can improve modelling techniques for GIS-based 3D mineral
potential mapping. The outcome is an increase in the accuracy of prospectivity mapping.

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

Model-based prospectivity studies integrate sets of data onminerals,
maps or models with the aim to target potential mineral deposits from
the regional to the camp scales. Traditionally,manymodel-basedminer-
al potential mappings have been reported in two-dimensions (2D; e.g.
Agterberg, 1970; Agterberg et al., 1990, 1993; Cargill and Clark, 1978;
Bonham-Carter and Agterberg, 1989; Bonham-Carter, 1994; Cheng and
Agterberg, 1999; Cheng et al., 1996; Cheng, 2007; Zhu, 1997; Wang,
1999; Singer, 1993, 2006; Singer and Menzie, 2010; Zhao, 2002; Zhao
et al., 2003; Zhao, 2002,2007; Brown et al., 2000; Carranza, 2004; Car-
ranza andSadeghi, 2010; Zuo et al., 2009; Porwal andHale, 2000; Porwal
llogeny and Mineral Resource
ademy of Geological Sciences,

as@uwa.edu.au (L. Bagas).
and Carranza, 2001; Tangestani and Moore, 2001; Porwal et al., 2006,
2010; Zhang et al., 2013). However, 2D GIS-based mineral potential
mapping is limited, because mineralization are objects in three dimen-
sions (3D), which is the main focus of this contribution.

A growing number of researchers are now applying 3D multi-maps
(models) to predict the position of concealed ore-bodies for both
deposit- and camp-scale using programmes such as Surpac™, Leapfrog,
Micromine, GeoCAD and GeoModeller. Noteworthy examples are those
of Chen et al. (2007)), Chen and Wang (2012), Wang et al. (2011), and
Xiao et al. (2012) who apply 3D GIS tools for modelling and visualiza-
tion of geological data in the 3D deposit-scale, without using quantita-
tive methods. Yuan et al. (2014), Xiao et al. (2015) and Li et al. (2015)
demonstrate both the value of 3D modelling and a quantitative data
analysis workflow to improve exploration targeting of concealed de-
posits. Perrouty et al. (2012) built 3D models from data, including
cross-sections, structural measurements and petrophysical records,
and then completed 3D prospectivity mapping in the Ashanti Belt of
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Fig. 2. A flow chart summarizing the steps used for triangle mesh buffer analysis in
potential mining.

Fig. 1. Tectonic settings for different types of hydrothermal systems (modified after Chen, 2010).
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southwest Ghana, Africa (Perrouty et al., 2014). Mao et al. (2012)
discussed to apply morphological analysis of 3D geological features to
3D mineral prospectivity mapping. Malehmir et al. (2009) and Lü
et al. (2013) demonstrate how3Dmodellingprovidesways of exploring
for sub-surface geometries using known deposits to develop spatial cor-
relations with mineralization and subsequently applying these princi-
ples as guides for mineral exploration.

Porwal and Carranza (2015) have outlined three critical parts
necessary for model-based mineral potential mapping, which are:
(i) research for a conceptual geological and metallogenic model;
(ii) collection of data and construction models (maps); and (iii) in-
tegration of representative predictor models that are output to a
target. Principally, in the second step above, it is important for
Fig. 3. Adjacent relationship of the F
GIS-based mineral potential mapping to identify and construct
consistent and representative models related to potential deposits.
Skarn and hydrothermal vein-type mineralization deposits, for ex-
ample, require a source, a conduit for mineralized fluids to flow
through to physical traps and chemical scrubbers for such deposits
to develop (Fig. 1) (Chen, 2010); the combinations of each of these
criteria are necessary to define potential areas or domains for min-
eralization (Wang et al., 2014a, 2014b, 2014c, 2015a, 2015b). In
addition, as illustrated in Fig. 1, the surrounding area of known de-
posits, which is termed “influence domain”, includes favourable
host rocks and structures (, and has a good mineral potential for
hydrothermal ore-deposit. Furthermore, the type of “influence do-
main” can be closely exemplified using buffer analysis as part of
GIS-based prospectivity studies. A current critical limitation, how-
ever, is that “influence domain” models cannot be built directly
using real data (samples) in most instances, because this type of
domain is regarded as a kind of virtual object centred on structures
or the interface of rock types.

Computer implementation of buffer analysis in 3D ismuchmore dif-
ficult than in 2D. The significant difficulty is that 3D-buffer analysis has
to dealwith a large number of calculations involving geometry intersec-
tions resulting in extremely approximate body's boundary representa-
tions (Wu et al., 1999; Lu and Wang, 2012). Some researchers use
voxel-model (block-model) buffers in order to avoid these complex cal-
culations and inherent inaccuracy (e.g.Wu, 1997; Li et al., 2005). Li et al.
(2005) proposed an efficient algorithm for 3D raster buffer-generation
based on iso-surface propagation, however there are two problems
with this procedure. One is the lack of precision (refer to Figs. 18 and
19), because volume does not clearly present the shape details of geo-
logical objects as accurately as triangular surfaces do. Obviously, the vol-
ume of cubes or other polyhedrons are limited by the size of
polyhedrons and complexity of a geological object. The other is redun-
dancy, as discussed in Section 4.3.1. For example, a corner of a surface
can be represented by a few triangles as well as tens of cubes. Further-
more, significantly more voxels are needed to more accurately
loodFill algorithm in 2D-space.



Fig. 4. Adjacent relationship of the FloodFill algorithm in 3D-space: (a) 26-advacency; (b) 18-advacency; and (c) 6-adjacency.
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represent an object resulting in difficulties due to computer memory
limitations. Other researchers have introduced the idea of parallel
computing as a tool in prospectivity studies (e.g. Yuan et al., 2014).
This method uses the “computer unified device architecture” (CUDA)
platform developed by nVIDIA and improves the efficiency of computa-
tion significantly, but it necessitates the incorporation of additional
computer hardware.

As mentioned above, construction of a geological model is a critical
part of model-based prospectivity mapping, and 3D buffer analysis is
an important way to develop geological models. Thus, this paper
discussed this imperfect issue and proposes an improved method for
buffer-analysis-modelling with precision. The result is improved
model-based prospectivity mapping in both target and quantification.
Fig. 5. Flow chart of signed Euclidean distance tran
2. The essence of irregular triangle-mesh buffer analysis

In this contribution, we focus on the triangle mesh buffer analysis of
surface models for geological objects. As defined byWu and Lü (2001),
the aim of buffer analysis is to guarantee the “same buffer distance”
from a geological feature everywhere within a model and to refine it
in a process of calculation. The same buffer distance means any point
that exists on a geological surface that has the same minimum distance
to its buffer surface. In 2D-space, GIS uses the intersection calculation of
segments to satisfy this constraint. Obviously, an algorithm in 3D-space
must carry out a number of intersections of triangles to satisfy this
requirment, but this is almost an impossible task to limited resources
of computer (Wu and Lü, 2001; Zhang and Wen, 2006).
sformation (revised by Lin and Wang, 2003).



Fig. 6. Example of a section resulting from transformation, where word ‘I’ is an integer number.

Fig. 7. Improved SEDT for Buffer Analysis, where word ‘I’ is an integer number.

97N. Li et al. / Ore Geology Reviews 76 (2016) 94–107
The intersection of triangles in 3D-space is totally different with the
intersection of segments in 2D-space, because 3D-space requires the
intersection of two planes essentially. In 3D analyses, the intersection
between any two triangles includes the calculation of the distances be-
tween edges and triangle, splitting of two intersected triangles, re-
triangulation, and reconstruction topological surface that include
intersected triangles (Wu et al., 1999; Lu and Wang, 2012). Each
step in this process will affect the complexity and stability of a buffer
analysis algorithm. As such, the topological reconstructions in 3D are
no easy tasks (Houlding, 1994; Hou and Wu, 2002; Zlatanova et al.,
2004; Schneider and Behr, 2006; Ellul and Haklay, 2006; Li et al.,
2012).

It is therefore evident that we need to modify traditional tech-
niques used in 2D constructions and continue to develop tools for
3D surface constructions. There are currently two kinds of surface re-
construction available, which are known as “explicit” and “implicit”
methods in 3D graphics. Explicit methods directly create a surface
Fig. 8. Signed Euclidean

Fig. 9. DSI “smooth” and “equality”: (a) inserted central points (f
representation from the input point set by interaction. The result is
usually a Delaunay-triangulated surface (Edelsbrunner and Mucke,
1994; Bajaj et al., 1995; Amenta et al., 2001). In contrast, the implicit
methods reconstruct a surface from an isovalue of implicit functions
including “marching tetrahedron” and “cubes” (Lorenesen and Cline,
1987; Treece, 1999). Hoppe et al. (1992) first introduced surface re-
construction using a signed distance field in their pioneering paper.
For instance, we can construct a reference surface automatically,
the algorithm can implicitly create a surface of buffer analysis auto-
matically. As indicated in the introduction above, buffer analysis
has a close relationship with distances. Thus, the reference surface
can be extracted using the “marching cubes” (or “tetrahedron”)
method of Lorenesen and Cline (1987) and Treece (1999) based on
the signed Euclidean distance field (Danielsson, 1980; Lin and
Wang, 2003). Lajaunie et al. (1997) and Calcagno et al. (2008) ap-
plied interpolation to restructure 2D and 3D geological models that
can be seen as geological prior model by implicit method for
distance field in 3D.

ree points); and (b) smooth surface by roughness function.



Fig. 10. Regional geological map showing themajor porphyry Cu deposits in the Gangdese belt of southern Tibet. The ages of the deposits are based onmolybdenite Re–Os dates. The inset
shows the major tectonic units of the Tibetan Plateau (Hou et al., 2011; Ying et al., 2014).
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geophysical inversion. Obviously, implicit method has several ad-
vantages compared to explicit method on buffer modelling. But
there is a important problem to need to be solved. That is size of
Fig. 11. Cross-sectional sketch of the Jiama Cu-polymetallic hydr
triangle. Obviously, size of triangle depends on size of voxel widely
in implicit method. Thus, the final measure, we used "discrete
smooth interpolation" (DSI) algorithm( Mallet, 1997, 2003).
othermal deposit in Tibet (modified after Tang et al., 2010).



Fig. 12. Regional geological map showing the location of the Daye Fe deposit in the western part of the Middle-Lower Yangtze Cu–Fe metallogenic belt of south eastern China.
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The DSI algorithm includes the construction of a reference surface
using the way of interaction, and it implicitly calculates based on the
“global roughness” formula (Mallet, 1997, 2003). In this paper, we
inserted center of each triangle into reference surface. Thus, the points,
P, on reference surface are defined to fixed points and center points, Pc,
are seen as free points.

The main aim of the irregular triangle mesh-buffer analysis of surface
models for geological objects is to form a construction-surface based on
the distance field. This process involves: (i) voxelization of geological
objects; (ii) revision of the 3D Euclidean distance transform; (iii) calculat-
ing the signed distance field; (iv) extracting surfaces from the field; and
(v) smoothing buffer surface based on the DSI algorithm. The methodol-
ogy: (a) guarantees the accuracy of the buffer analysis, which means
that the surface of a buffer analysis should pass through project points
calculated by nodes on original geological object; (b) employs the
Euclidean distance transform (Danielsson, 1980; Ye, 1988; Lin and
Wang, 2003) and marching cubes (or tetrahedron of Lorenesen and
Cline, 1987; Treece, 1999) algorithms; (c) reduces the intersection of tri-
angles, re-triangulation and topology reconstruction; and (d) improves
efficiency and stability. In addition, the triangle mesh buffer analysis will
decrease calculation complexity in quantitative assessment. Fig. 2 is a
flow chart of summarizing the steps in triangle-mesh buffer analysis in
potential mining.

The following section discusses and summarizes theworkflow for an
algorithm of tri-buffer analysis involving: (1) construction of 3D GIS-
layers to represent mineralization; (2) 3D tri-buffer analysis calcula-
tion used for extrapolation; and (3) tri-buffer using a boundary-
representation model. Especially, (2) and (3) are major content of
this paper.

3. Implementation of the irregular triangle mesh buffer analysis

The construction of the buffer surface includes four steps, as shown
in Fig. 2, and its implementation is discussed below.

3.1. Voxelization of surface model of geological objects

The first step in themethod developed here is voxelization, which is
a process of assigning numerical values of features on a voxel in 3D-
space as described by Li et al. (2013). This is an improving method
that extends the process of “Flood Fill” introduced by Feito et al.
(1995), which is a process that extends from a 2D-space to a 3D-space
(as shown in Figs. 3 and 4). Using the improving method, voxelization
is a process that models the surfaces of geological objects using volume
and three kinds of cubes (i.e. inner, outer and border cubes) as shown as
Figs. 3 and 4.

The size of each cube in this technique is the same, and the num-
ber value of the size of the object is equal to the buffer distance set by
the researcher. In other words, length, width and height of each
voxel are the same and equal to the buffer distance. On passing,
there are two situations that need to be explained. The first is when
the buffer distance is “too small”. In this case, the criteria for being
“small” is when the distance (millimetre, metre, or kilometre) is
less than a specific size threshold of voxels above which result in



Fig. 13. Cross-sectional sketch of the Daye Fe mineralization in the Hubei Province.
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computational difficulties or memory exhausted. The second situa-
tion is when the buffer distance is “too large” resulting in an inade-
quate number of voxels that is necessary to accurately define a
buffer surface.

3.2. Signed Euclidean distance transformation

The signed Euclidean distance transformation is an important
research field used in GIS and digital image processing. Danielsson
(1980) first applied the process to deal with 2D image transformation
from black and white to grey-scale images. Lin and Wang (2003)
then extended it to the 3D-space rapidly constructing signed
Table 1
Data sets.

Data set type Scale Description of the data

Details of original multi-type data in Jiama deposit
Bore holes and trenches – 218 bore holes and 10 trenches; the averag

3800 to 5400; bore the core sample length r
trench depth ranges from 10 m to 25 m; tre

Cross sections – 26 exploration cross-sections and their spa
Geological map 1:2000 1 map covered the whole deposit
Topographic maps 1:2000 1 map covered the whole deposit

Details of original multi-type data in Daye deposit
Bore holes and trenches – 42 bore holes and 34 trenches; the average

from −1090 m to 218 m; bore the core sam
the average trench spacing 80 m; trench the

Cross sections – 17 exploration cross-sections and their spa
Geological map 1:2000 1 map covered the whole deposit
Topographic maps 1:2000 1 map covered the whole deposit
distance fields. However, the signed Euclidean distance transforma-
tion is not completely suitable for buffer analysis with the resultant
transformation being classified as “characteristic” and “non-charac-
teristic” cubes (Li et al., 2013). This contribution improves the meth-
od of Lin and Wang (2003) making it suitable for buffer analysis of
3D objects.

The essence of 3D-signed Euclidean distance transformation is the
communication process involving distance information (Lin and
Wang, 2003). The process includes what are termed “forward” and
“backward” transformations in Fig. 5 (modified from Lin and Wang,
2003). In addition, the transformation illustrated in Fig. 5 is a classic
Euclidean distance transformation, with the result shown in Fig. 6
Source

e bore hole spacing is 100 m; bore hole depths range from
anges from 0.8 m to 3 m; the average trench spacing 100 m;
nch′ logging length ranges from 6.6 m to 66.4 m.

Tang et al. (2009)

cing is almost 100 m; Tang et al. (2009)
Tang et al. (2009)
Tang et al. (2009)

bore hole spacing is 80 m; bore hole depths range
ple length ranges from 0.17 m to 9.90 m;
core sample length ranges from 0.75 m to 3.00 m;

Liu and Luo. (2008)

cing is almost 100 m; Liu and Luo. (2008)
Liu and Luo. (2008)
Liu and Luo. (2008)



Fig. 14. Contact buffers at the Jiama polymetallogenic deposit.
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(where the integer is the minimum distance from non-characteristic to
characteristic cubes). The shape of the geological boundary shown in
Fig. 6 is not symmetrical between the positive or negative distances
below the boundary. This asymmetry is here addressed by taking classic
rules and geometry topology into account.

As discussed in Section 3.1, cubes are termed “inner”, “outer” and
“border” cubes (Feito et al., 1995). This contribution improves classic
transformation by adding a binary mark that records the relationship
between a cube and theboundary of original surfacemodel of geological
objects. Using this method, inner voxels are given a negative 1 and the
outer cubes are a given a positive 1, thus cancelling the negative sign
of the integer in Fig. 6. Finally, the distance field for Euclidean transfor-
mations is here satisfied with the topology of the geological surface
while preserving the advantages of classic transformations (as shown
in Fig. 7). Furthermore, as the size of each cube is equal to the buffer dis-
tance (except for the two exceptional cases mentioned in Section 3.1),
cubeswith a distance of 2will be preserved. The effectiveness of the dis-
tance field is shown illustrated in Fig. 8.

The final step is to calculate the real distance field to replace the in-
teger values. This is a very simple process of linear complexity involving
the procedures described in this Section and Section 3.1, as summarised
in Figs. 6 and 7, because all of the points needed to calculate the real dis-
tance are the same as the distance from the characteristic cube.

3.3. Construction of a buffer surface

The “marching cubes” (MC) or “tetrahedron” (MT) algorithm is a
reasonable and efficient implicit method of restructuring the surface
from the distance field (refer to Section 3.2) for DSI. This surface is an
iso-surface where the isovalue is equal to the buffer distance. The MT
is a more reliable method, because it is without ambiguity compared
to the “marching cubes” (MC) method. On the basis of the signed dis-
tance field and MT, a group of surfaces will be extracted, where a posi-
tive distance corresponds to an outer buffer zone and a negative
distance corresponds to an inner buffer zone.

3.4. Construction of a “smooth buffer surface”

The DSI algorithm was originally proposed by Mallet (1997, 2003).
The algorithm has gradually been modified into a set of functional
computer-aided design methods, such as in GOCAD™. The essence of
the algorithm consists of the construction of a reference surface by the
way of interaction, and it is implicitly smoothed by the roughness func-
tions, fixed points and free points on reference surface.

In this section, we use the DSI method to form a smooth buffer sur-
face (S) constructed using Section 3.3. All of the points (P) on S are de-
fined as a fixed point set, then a central point was inserted to each
triangle on S and each triangle on S was re-triangulate where all of the
inserted points (P′) are defined as a free point set. Finally, the method
for constructing a smooth buffer surface by roughness to set P′ using
the DSI algorithm is shown in Fig. 9.

3.5. Incorporation into 3D GIS

In this paper, we use the Drawing Exchanged Format (DXF) with
ASCII to make our method flexible and user-friendly. As shown in
Fig. 1, initial 3D models will be imported and boundary representations
of buffer analysis exported using DXF files, and finally, they will be in-
corporated into the 3D GIS platform for simulating mineral potential
mapping using mathematical models.



Fig. 15. Interface buffers at the Daye Fe deposit.
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4. Application of 3D “irregular triangle-buffer analysis” on 3D
mineral potential mapping at deposit-scale

The buffer analysis method presented here is implicit, precise and
has triangulated characteristics. The buffer analysis is used to construct
domains of influence for geological bodies, asmentioned in Section 1. In
the case of the Jiama Cu-polymetallic deposit, this can include features
such as lithological contacts, faults and the rock types surroundingmag-
matic hydrothermal mineral deposits included in 3D mineral-potential
mapping studies.

The following presents a group of contrastive analyses between ir-
regular triangle mesh buffers and raster buffer zones. This is done
using 3D visualization effect, goodness of fit, and weights-of-evidence
classification by using 3D models for two different study areas. In this
section, the 3Dmodels used are from the Jiama Cu-polymetallic deposit
in Tibet (Tang et al., 2010) and Daye Fe deposit in the Hubei Province
(Liu and Luo, 2008).

4.1. Study district

4.1.1. Geological setting of the Jiama polymetallogenic deposit
The Gangdese porphyry-Cu belt is located in the eastern part of a

1000-km long tectonic–magmatic belt in southern Tibet (marked by
the rectangle area in the inset on Fig. 10). The belt is highly prospective
for Cu-polymetallic deposits, which contain resources of more than
18 Mt of Cu (Hou et al., 2009; Hou et al., 2011). The Middle Miocene
Jiama porphyry–skarn deposit in the belt contains 4.6 Mt of Cu with
an average grade of 0.44%, 380 Kt of Mo with a grade of 0.036%, and
2.995 Moz of Au with a grade of 0.21 ppm (Ying et al., 2014). The
rocks at Jiama consists of limestone and marble assigned to the Late
Jurassic Duodigou Formation (J3d), and sandstone, siltstone and shale
assigned to the overlying Early Cretaceous Linbuzong Formation (K1l)
(Fig. 4). The main types of mineralization at Jiama are hornfels- and
skarn-types hosted by sandy slate and hornfels of the Linbuzong Forma-
tion and marble and limestone of the Duodigou Formation (Tang et al.,
2010, 2011; Zheng, 2012). Obviously, the hornfels-type of mineraliza-
tion is hosted by hornfels that form favourable traps for magmatic-
hydrothermal mineralization in the area, and the skarn-type minerali-
zation is hosted by interlayered hornfels and marble (Fig. 11).

4.1.2. Geological setting of the Daye deposit
The Daye Fe deposit is located in the western part of the Middle-

Lower Yangtze Cu–Fe metallogenic belt. The Tieshan Complex hosts
the Daye Fe deposit and is characterized by Jurassic to Cretaceous
(Yanshanian) multi-stage dioritic–granodioritic plutons. The complex
trends ESE, is 24 km long and approximately 6 kmwide, and has an out-
crop area of about 120 km2.

The rocks at Daye include quartz diorite, biotite-diopside diorite,
monzodiorite, quartz-bearing diorite porphyry, andminor dykes of dio-
rite porphyry, lamprophyre and dolerite. The quartz-bearing diorite and
biotite–diopside diorite are closely associated with iron mineralization
(Fig. 12).

The ESE-trending zone in the middle segment of the southern mar-
gin of the Tieshan pluton is a composite zone,which is not only an intru-
sive contact but also an ESE-trending fault zone. Tectonic activity along
this zone advanced through all the ore-forming stages displayingmulti-
stage and obvious inheritance patterns resulting from compression, ex-
tension and shearing. The ESE-trending zone commonly dips south-
wards and controls the shape, occurrence and distribution of the
orebodies at the Tieshan Fe deposit (Fig. 13).



Fig. 16. Models of ore-bodies and their surrounding rocks at the Daye Fe deposit displaying: (a) 3D models; and (b) a photograph.
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4.1.3. Data sets
In addition to topographic data, exploration datasets used in 3D-

modelling at the Jiama Cu-polymetallic deposit include cross-sections,
bore holes, and geological maps at 1:2000-scale sourced from Tang
et al. (2009). Similar data has been compiled for Daye Fe deposit in
the Hubei Province from Liu and Luo. (2008; Table 1).
4.2. Influence domains of geological objects

4.2.1. Influence domains (zone) of interface
As discussed in Sections 4.1.1 and 4.1.2, the contact between two

units and their adjacent zones are critical to the mineralization at
Jiama and Daye (Tang et al., 2010). Essentially, this type of zonation is
a virtual geological spatial object that exists in researcher's reasoning
that cannot be constructed when simply collecting data and construct-
ingmodels (Porwal and Carranza, 2015). Buffer analysis of the interface
between the Duodigou and Linbuzong formations at Jiama using the
GIS-based 3D prospectivity map by Xiao et al. (2015) is here used as
Table 2
Proportion of ore-body models that intersect contact zones.

Buffer
(1)

Number of
voxels in each
buffer
pathway (2)

Cumulative
number of
voxels in buffer
pathway (3)

Proportion of
voxels in
cumulative
buffer pathway (4)

Number of
ore-body voxels
in each buffer
pathway (5)

Cu
of
eac
(6)

0–20 m 6631 6631 0.026727773 1655 16
20–50 m 4073 10,704 0.043144937 206 18
50–100 m 7703 18,407 0.074193652 139 20
100–200 m 17,807 36,214 0.145968867 43 20
N100 m 248,094 1 20
an example by calculating buffers that are 25, 50, 75 and 200 m wide
(Fig. 14a-d). Furthermore, the contact between marble and diorite at
Tieshan is a critical ore-controlling structure containing mineralization.
The contact has thus been presented as another example showing
buffers that are calculated at widths of 20, 50, 100 and 200 m
(Fig. 15). In addition, mineralized structures such as faults can play a
crucial role as conduits for hydrothermal fluids, with many examples
of deposits hosted by deep-seated and long faults. Buffering of mineral-
ized faults can be used to quantify a relationship between faults and
mineralization (as shown as Figs. 14 and 15).

4.2.2. Ore-bodies dependency of contact zone
As Section 4.1 and Fig. 13 show at Daye, quartz-bearing diorite and

biotite–diopside diorite are closely associated with iron mineralization
and the main ESE-trending structural zone. The structure commonly
dips southward and controls the shape, occurrence and distribution of
the orebodies at the Tieshan Fe deposit. Consequently, models
were constructed of the ore-bodies and their surrounding rocks in
Fig. 16(a), based on exploration reports for the Daye Fe deposit (Liu
mulative number
ore-body voxels in
h buffer pathway

Observed number of
voxels in the
cumulative buffer
pathway (7)

Expected number of
voxels in the
cumulative buffer
pathway (8)

Observed/expected
ratio (9)

55 1655 54.60483929 30.308669
61 1861 88.14510629 21.11291345
00 2000 151.5776319 13.19455896
43 2043 298.2143945 6.850775943
43 2043 2043 1



Fig. 17. Proportion between ore-bodies and the pathway along contact zones.

Fig. 18. Three-dimensional models for rocks at the Daye Fe deposit showing: (a) 75 m
raster buffer; (b) 75 m triangle mesh buffer; and (c) 75 m tri-contact zone with
transparent and frame-style voxel-contact zone.
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and Luo, 2008). As can be seen from Section 4.3.1 and Fig. 16, the
method allows researchers to build contact zones based on the inter-
face surface. Unfortunately, however, only one contact zone can be
put into the next step of integration and output as a target. To deal
with this problem, a ratio was calculated between the observed
number of voxels in the cumulative buffer and the expected number
of voxels in the cumulative buffer. The ratio is positive for the ore-
bodies controlled by contact zones, and the higher the value the
higher the dependence is. To calculate the ratio, a voxel models
were built with 50 × 50 × 25 m buffers overlapping the ore-bodies
or buffers (contact zones) with the voxel model calculated (Table 2
and Fig. 17).

Table 2 and Fig. 17 show that there are positive associations between
different contact zones and ore-bodies and the value of the observed or
expected ratio of the maximum 20 m buffer. Thus, the 20 m buffer is
regarded as being more suitable for integration and output to target
for mineral potential mapping.

4.3. Contrastive analysis

In this section, the buffer analysis visualization “goodness of fit” and
targets are used for Jiama orDaye to explain how the trianglemesh buff-
er analysis introduced in this contribution is more efficient than raster
buffer analysis.

4.3.1. Contrastive analysis of 3D geometry
Fig. 18 presents two separate 3D images for the surrounding rock of

the Daye Fe deposit. The figure is produced using a 20 m raster buffer
and triangles mesh with the same buffer distance (Fig. 18a, b where
the size of the voxel is 20 × 20 × 20 m), and Fig. 18c represents a com-
bination of Fig. 18a and b. As can be seen, green colour zone envelopes a
blue zone, which means that the geometry of the triangle mesh surface
is more precise than for the raster surface.

4.3.2. Mean distance difference of theoretical buffers
The second contrastive analysis is known as “mean distance differ-

ence”. This analysis involves calculating the mean distance difference
between the buffer surface and the “initial surface” (S) of objects such
as a geological body. Lin and Wang (2003) describe the procedure in-
volved in quickly calculating the minimum distance from a point to
the B-Rep surface. The surfaces shown in Fig. 18(a, b) are used to dem-
onstrate the difference between surfaces represented by triangle- and
voxel-buffers. In this example, a group of points are defined on the “ini-
tial surface” following the rule that a point (p) forming the centre of a
triangle (T) is part of the “initial surface”. The results are the intersec-
tions p1 and p2 on the surfaces showed in Fig. 18a, b with distances d1
and d2. Finally, the difference between the means of d1 and d2 are com-
pared. The result is shown in Table 3 and Fig. 19. Obviously, the triangle
mesh buffer is more exact than the voxel buffer, because the triangle
buffer surface is calculated based on algorithms pertaining to the iso-
surface while the voxel-buffer has to respect the size of a voxel.
4.3.3. Comparison between the two buffer analysis methods in the mineral
potential of Jiama

In this section, the extent of the difference in the integration of rep-
resentative predictor models are compared and output to a target by
using triangle- and voxel-buffers.

Using the statistics and analysis presented in Section 4.2.2, the buffer
width of 75 m was chosen for the contact between the Linbuzong and
Duodigou formations and integrated as a mineralized structure. Differ-
ent integrations based on triangle-buffer (Fig. 20a) and the 75 m
voxel-buffer (Fig. 20b) are presented in the prospectivity map. Xiao
et al. (2015) describe mineral potential mapping using the 75 m tri-
buffers, which have been adopted here for mineralized structures and
parameters, but not for the contact zone.



Table 3
Mean distance difference.

Buffer (m) 20 m 40 m 50 m 100 m 200 m 500 m

Triangle mesh 20.106 40.006 50.022 100.016 200.028 502.553
Mean distance
difference

1.365 1.693 2.396 2.963 4.391 4.6931

Volume 38.191 58.981 68.912 116.219 218.512 519.312
Mean distance
difference

18.191 18.981 18.912 16.219 18.512 19.312
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Fig. 20(b) shows that there are similar classifications using two inte-
grations resulting fromdifferent buffer analysismodels. In Table 4, there
are more numbers of voxels in the voxel-buffer classification. This
verifies the findings of Sections 4.3.1 and 4.3.2 that the tri-buffer is
more accurate with a higher goodness of fit.

5. Discussion

The 3D buffer irregular triangle buffer (ITB) algorithm introduced in
this contribution can be used to calculate the buffer analysis presented
by an irregular triangular mesh in 3D. It is, however, acknowledged
that compared with the voxel method (c3 × O(N)), generating a
triangular-mesh 3D buffer is slow under many situations, in spite of
our algorithm running close to the linear time. In order to determine
specific situations, we compared curves of complexity between voxel
model and triangular model, which is presented in Table 5 and Fig. 21.

Fig. 21 shows that less time is used by the block buffermethod at any
given time. Considering the computer's capacity and accuracy, the size
of the cube of the signed Euclidean field is 20 × 20 × 20m. The method
introduced in this manuscript took twice the time that the block meth-
od took, but thismust be considered an acceptable trade-off considering
the improvements in accuracy using an acceptable computer memory
capacity to run the buffer analysis algorithm. For instance, when the
buffer distance is less than 20 m, the block method has to use a smaller
sized cube in order to maintain an acceptable accuracy, but the ITB
method can still use a 20m sized cube and remain accurate. This feature
is obviously important since the geometric progressions do not become
complicated and computer-memory ‘hungry’with the need for smaller
cube sizes.

Furthermore, the precision is a critical evaluation standard that ver-
ifies whether a methodology of buffer analysis is enough good to satisfy
the mineral potential demands or not. The improved method discussed
in this paper can be easily extended to satisfy more strict demands, and
it can add a number of project points so that an irregular triangle mesh
Fig. 19. Mean distance difference. The X-axis represents buffer distance; Y-axis shows
mean distance difference.
can be more accurate (refer to Section 3.4). In detail, we can divide tri-
angles representing a geological object and calculate the project points
using the new triangles. This is followed by applying the DSI algorithm
to smooth the “reference surface” for the buffer analysis. However, the
voxel methodology used for buffer analysis has a poor adaptation in
this aspect. The onlyway for enhancing its precision is to vastly increase
a number of voxels, but it is limited by computer's performance.

6. Conclusion and future work

This paper outlines an improved buffer analysis method that is im-
plicit, precise and has triangulated characteristics. Themethod includes
the four consecutive steps of: (1) voxelization of geological models;
(2) improving 3D Euclidean distance transform and calculating the
signed distance field; (3) extracting surfaces from the field; and
(4) smoothing buffer surface based on the DSI algorithm (Fig. 1).

The innovation of this contribution is the reporting of an
improved methodology of buffer analysis for prospectivity mapping
with respecting to ore-deposit demands rather than describing
an advance in methodology of surface rendering of “geological
complexity”.
Fig. 20. Comparison of classification of weights-of-evidence: (a) classification using the
voxel-buffer method; and (b) comparison of classifications.



Table 4
The number of voxels using different buffer methods.

Class A,
Poster possibility [N0.9]

Class B,
Poster possibility [0.8, 0.9]

Class C,
Poster possibility [0.6, 0.8]

Voxel-buffer 3527 2097 4572
Tri-buffer 3398 2013 4491

Table 5
Comparative consuming-time between the triangle- and voxel-buffers.

Buffer (m) 20 40 50 100 200 500

ITB method(s) 24.875 24.326 27.355 27.73 27.611 29.823
Block method(s) 12.253 13.822 14.443 14.885 15.031 16.661
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Advantages of this method include: (1) triangle mesh buffer is more
approximate to theoretical buffers without huge numbers of intersec-
tions, and the shape of triangle mesh depends on the buffer distance
rather than size of voxel; (2) better visualized effect andmuchmore de-
tails of B-Rep could be represented by irregular triangle mesh than
voxel; (3) the buffer analysis time complexity is T = c* O(N), which
means complexity is linear and the method has practicability; (4) the
triangle mesh buffer uses lessmemory than a voxel buffer and, general-
ly, without topology, each triangle is composed of three points in mem-
ory, while each voxel is represented by six points; (5) due to the
reconstruction of a surface by algorithms with few interaction, models
constructed using the method presented here is more renewable and
updatable; (6) six examples and comparisons were carried out in
Sections 4.2 and4.3,which verified the above comment that the reliabil-
ity of a triangle B-Rep buffer improves due to voxel buffering in aspects
of visualization, goodness of fit, and the distance difference to a theoret-
ical buffer body; and (7) the more exact a buffer is, the more useful is
the geological influence domains created by it when mathematical
functions integrate the domains as representative predictor models
(Fig. 20).

In general, the models presented in this contribution can satisfy
demands and improve the applied effects of buffer analysis on model-
based mineral potential mapping. The buffer analysis method is espe-
cially suitable for extracting influent domains from contactmetasomatic
deposits, and the size of target is improved by improving the buffer
analysis method.

Obviously, this models presented in this contribution will be im-
proved with time through integration advantages in voxel- and irregu-
lar tri-buffer analyses, and it is here consider that the most important
point of this continuously improvingmethodology is the topology of ge-
ometry. B-Rep body constructed by this method is not a topological
Fig. 21. Comparative consuming-time.
model, which means that data structure of B-Rep body does not record
topology, like common points, edges. Furthermore, although we com-
pare mean distance difference between voxel-buffer and irregular tri-
buffer, this paper do not versify how far distance difference is between
irregular tri-buffer and buffer distance pointed by geologists at critical
positions, for instance nodes on original surfaces. Nevertheless, consid-
ering that more wide-ranging applications are being used for GIS-based
mineral potential mapping, such as spatial analysis calculation, imple-
mentation of topological surfaces will make these applications more
effective, stable and user-friendly.
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