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Abstract. The three-dimensional (3D) visualization of geological structures and the dynamic simulation of geologic
evolutionary processes are helpful when studying the formation of renowned geologic features. However, most of the existing
3D modelling software is based on raster models, which is unable to generate smooth geologic boundaries. This work proposes
a three-dimensional and temporally dynamic (i.e., 4D) modelling method using parametric functions and vector data structures,
which can dynamically build geologic evolutionary vector models of well-known geologic features. First, we extract the typical
features of different kinds of geologic formations and represent them using different parameters. Next, appropriate parametric
functions are selected to simulate these geologic formations according to the characteristics of the individual structures. Then,
we designed and developed a 4D vector modelling software to simulate the geologic evolution of these features. Finally, we
simulated an area with complex geologic structures and selected six real-world geologic features, such as the Pigiang Fault in
China and the Eye of the Sahara in the Sahara Desert, as case studies. The modelling results show that a regional geologic
evolutionary model that contains smooth boundaries can be established quickly using this method. This work will support
studies into the formation of these renowned geological features and make the representation of geologic processes more

intuitive.

1 Introduction

Geological relics are features on the surface of the Earth that manifested at some point during the Earth’s geologic history. The
analysis of regional geological evolutionary processes is central to the study of how geological relics formed. Regional
geological evolution refers to the process of continuous change and transformation of a geological body due to the action of
certain regional forces (be they external, internal, or artificial). Eventually, these forces alter the composition and structure of
the local stratigraphic units and can change the surface morphology. Understanding the evolutionary processes that impact
geological formations is critical to the study of geological evolution, because not only do these processes control the formation

and evolution of fractures but also determine the spreading and superposition of other geologic structures. The analysis of
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geological evolutionary processes also plays a crucial role in determining structural morphology, assessing bioaccumulation,
assessing coalbed gas and the abundance of mineral resources (Favre et al., 2015; Li et al., 2021; Rahbek et al., 2019; Zhai et
al., 2013; Zhou et al., 2022). Therefore, studying the geological and structural evolution of a region and simulating it can help
people better understand how the geology of the region developed.

The traditional method of studying geological evolutionary processes is to analyse the data directly and then visualize the
results obtained from the analysis in the form of geologic cross sections and profiles (Bozzano et al., 2008; VVan Hinsbergen et
al., 2020). Some scholars also use static 3D models for these visualizations. A common method of interpretation involves using
the survey data to develop a geological model for a specific moment in time and then extracting cross-sections along arbitrary
directions within the 3D model (Abdullah et al., 2022; Adelu et al., 2019), which makes the interpretation process much easier.
Essentially, the evolutionary process is still represented within the cross-section. However, subsurface geological phenomena
are 3D by nature, and two-dimensional (2D) profiles cannot clearly express the complete evolution of the subsurface. These
specialized 2D depictions of the evolutionary processes are not sufficient visual representations of the geologist's ideas and
knowledge. They are only convenient for discussing and disseminating knowledge among peers and experts (Lidal et al., 2012).
These products remain inaccessible to general audiences and make communicating ideas challenging. This is a problem since
geologists prefer to be able to communicate their results in a way that can be understood by nonexperts and decision makers
alike.

Therefore, the numerical simulations are also applied to geological evolutionary studies. This involves conducting
simulation experiments for each phase of structural movement and adjusting the simulation parameters as the experiments
progress; finally, the actual evolutionary processes operating within the modelled domain are obtained (Chen et al., 2010; Wu
et al., 2022). There are also scholars who use existing software such as Adobe to manually draw and animate the geological
evolution process to facilitate communication (Geology-an Introduction, 2012). However, these methods present their own
challenges. They are time consuming, and because of a lack of generality between individual models, the researcher may be
required to start over for different geological regions, which leads to highly repetitive workflows.

Natali et al. (2012) proposed a method for synthesizing 3D models from 2D sketches. Based on this, Lidal et al. (2013)
proposed a sketch based approach to reconstruct geological evolutionary processes, which all for the model process model to
be visualized and for the reasoning behind it to be more clearly conveyed. This approach can quickly construct a 3D geological
evolutionary model from hand sketches. However, the final model obtained by this method only adds a depth to the 2D image,
and the structure along the depth direction cannot be simulated. Jessell et al. (1996; 2022) proposed an integrated
orthorectification technique for simulating the geophysical response of 3D structures and geologic bodies that have undergone
multiple stages of deformation. This method can simulate the deformation history of a region by including a series of historical
events and the model can then obtain the corresponding geological data. Cockett et al. (2016) created a learning tool, Visible
Geology, capable of exploring the evolutionary processes of different geological body in one-dimensional (1D), 2D, and 3D
space. However, these techniques all have some drawbacks; for example, the method used to simulate geological structures is

too simple, the generated folds can only run through the whole model, the intrusive rocks are represented as a simple layer of
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vertical strata, and the models are all raster models, which cannot smoothly depict geological boundaries (Zhu et al., 2022).
Therefore, there has been a lack of a 4D vector modelling method for the simulation of geological evolutionary processes. This
method includes more modules available for feature construction and can quickly reconstruct dynamic geological evolutionary
processes, which can then be communicated to a general audience.

Geological evolutionary processes are generally inferred by geological experts based on scattered data and their own
knowledge. Therefore, the complete process clearly exists only in the minds of geological experts and, confined to two-
dimensional pencil and paper drawings, the process cannot be clearly represented. It will not only take a lot of time to model
each process, but the geological data for each process cannot be obtained to support this endeavour. Here we propose a method
to quickly construct a model that simulates geologic evolutionary processes according to the need for the these process to be
visually expressed. First, this model is generalized and parameterized for various complex geological formations that may
have occurred during geological evolutionary. Then, different parameter functions are used to simulate the different kinds of
geological formations. Second, each kind of geological structure is modularized, and a tetrahedron field is used to organize the
whole model so that it can easily incorporate a geological structure module to the current model. This method can model
geological evolution quickly and dynamically based on our software. Finally, the key operations of changing geological
morphology are stored for each step of the geological timeline, which can easily replicate the entire evolution process.
Additionally, each operation in the history timeline is exported for subsequent reproduction and modification. Using this
technique, geologists can quickly construct a simplified history of geotectonic motion for a region based on the geological
information considered (such as the evolution of the regional geology).

In this study, we modularized five geological structures, including tilt, fold, fault, simple unconformity, and intrusive
rocks, which can be superimposed in any order. This article is structured as follows: Chapter 2 presents the rationale for the
generalization of each geologic formation, Chapter 3 describes the simulation methods used for each formation, Chapter 4
performs a typical case simulation, Chapter 5 discusses recommendations for future research, and Chapter 6 presents the

conclusion.

2 Principle of constructive parameterization

First, this study generalizes some basic geological formations, and different kinds of geological structures are parameterized
according to the basic elements of geological formations. This enables the model to differentiate geological structures and to
separate them into different modules, thus ensuring that a diversity of geological structures is expressed within the model so

as to better simulate the diverse forms of geological structures found in nature.

2.1 Stratigraphic data

A stratum is a layer or group of rock layers that has some uniform characteristics and properties and is clearly distinguishable

from the units above and below. In this study, we simulate the simplest sedimentary stratum by reducing sedimentary strata
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that may have some variable thickness to a uniform thickness. Therefore, a stratum can be described by the following three
parameters (Fig. 1): (1) Name, which denotes the name of the stratum; (2) Colour, which indicates the colour used to represent
the stratum and is also used to represent a certain or certain group of stratum characteristics; (3) Thickness, which refers to the

thickness of this homogeneous stratum.

_ Name, Color

Figure 1. Sedimentary stratigraphy generalization schematic
2.2 Geological structure data
2.2.1 Fold

In nature, fold refers to a stratum that has been subjected to strong forces and structural stress that results in continuous wavy
and undulating morphology. The portion of the fold that is bent upwards is called an anticline, and a syncline is where the fold
is bent downwards. In general, folds are rarely formed by only one force, and are often the result of at least horizontal or
inclined compressional forces and gravity. The formation of folds in nature may involve more complex forces, resulting in a
variety of fold forms. Therefore, based on geological terminology, this work selectively simplifies and parameterizes fold
structures by using fold elements that describe the shape and occurrence of folds. The basic components of folds (Fig. 2(a))
include: (1) The core of the fold, which indicates the rock layer at the centre of the fold. (2) The limb, which refers to the area
where the sides of the fold are relatively straight. (3) The hinge zone, which refers to the curved portion where the two wings
of the fold join. Here the morphology can be categorized as circular, sharp-angled, box-shaped and knee-shaped. Additionally,
folds can be described, for example, as archlike folds, chevron folds, box folds, fan folds and flexures. (4) The hinge, which
refers to the location of maximum bending on the fold surface. Hinges are mostly straight lines but may also be curved or
folded lines, and its yield is horizontal, inclined or upright, which represents the variability of the fold along the direction of
its extension. (5) The axial plane is where the hinge of the adjacent folded surface is connected to form a hypothetical marker
surface, which is mostly flat and straight, but can also be curved. The intersection of the axial plane with the ground or any
other plane is called the axial trace. (6) The inflection point is the dividing point between the dorsal and diagonal vectors along

the continuous fold waveform, i.e., the point where the curvature of the fold is zero. (7) The apex line (also called the ridge
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line) and trough line refer to the lines that connect the highest points of the same anticline and the lowest points of the same
syncline, respectively.

We first simplify folds into periodic oscillatory global folds according to the geological characteristics of folds. For the
hinge zone, only the more common rounded, pointed prismatic and boxed shapes are considered in this study. This study
simplifies the hinge as a straight, horizontally oriented line. Depending on the subsequent tilt of the geological structure, the
orientation can be changed to inclined or vertical. This work simplifies the axial plane to a flat surface, and similarly makes
the apex and trough lines, straight. Therefore, the fold becomes a periodic fold according to the simplification method, each
cycle having the same morphology, and for a single cycle, it is described by the following parameters (Fig. 2(b)): (1) Height,
which is the vertical distance from the hinge to the inflection point; (2) Position, which is the position of the entire fold in the
horizontal direction and is represented by the distance of the inflection point from the origin; (3) Cycle Length, which is the
distance covered by a single cycle in a fold; (4) Angle, which is the inclination of the axis surface and is characterized by the
angle between the axis surface and the horizontal surface; and (5) Shape, which is the shape of the hinge zone and indicates
the transition between sharp-angled and box-shaped folds, and the midpoint represents the circular fold.

Hinge zone

Axial plane

Hinge

Apex line

Axial trace

Limb

“Inflection point

/ Core Axial trace

Hinge zone

Figure 2. Fold structure generalization schematic. (a) Fold elements; (b) fold parameterization principle.
2.2.2 Partial fold

In practice, folds do not necessarily run through the entire study area, thus it is not possible to consider only the global fold. It
is also necessary to implement the ability to add a local fold at any position in the study area. In this work, we simplify the
partial folds and consider them only as raised or recessed for a distance around the selected position. Therefore, with reference
to the definition of the fold parameters, the partial folds are described by the following parameters based on the geological
terminology and simplification process (Fig. 3): (1) Position refers to the coordinates of the centre of the fold (X, Y) and is
used to indicate the position of the added fold; (2) Height, which is the vertical distance from the topmost part of this local

fold to the Position point; (3) Width_X, i.e., the X-direction fold degree parameter, which is the influence range of the partial
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fold in the X-directional and is used to indicate the maximum distance of this partial fold in the X-axis direction. (4) Width_Y,

the Y-direction fold degree parameter, which is defined similarly as Width_X.

Figure 3. Partial fold parameterization schematic
2.2.3 Tilt

The tilt structure is a rock formation that has a certain angle between the rock plane and the horizontal plane after the structure
changes. If the tilt direction and dip angle of a set of tilted rock formations in a certain area are largely the same, it is called a
single-slope structure, which is the simplest form of tilt. There are three main types of tilted structure rock formations: fold
structures with only a single wing, a disk of fault structures, or faults caused by uneven uplift or downwards movement in the
region. Determining the orientation of tilted rock formations is the basis for studying tilted geological formations. Tilt is
determined by measuring the direction of extension of the rock plane in 3D space and the angle with a geodetic level (horizontal
plane). Tilt measurements consist of three elements of orientation: strike, dip, and dip angle (Fig. 4). (1) The straight line where
the rock layer intersects the horizontal plane is called the strike line, and the direction indicated by the strike line is the direction
of the rock layer, which indicates the extension direction of the rock layer in space; (2) Dip refers to the line on the rock
formation that is perpendicular to the strike line and extends downwards along the slope (i.e., the true tilt line), and the
projection of the true tilt line in the horizontal plane is the strike line, and the direction indicated by the strike line is the
tendency of the rock formation; (3) The dip angle is the angle between the true inclination line and the true tilt line.

This study simplifies and parameterizes the tilted structure based on the geological characteristics of the tilted structure
and the three elements of orientation. First, the tilted structures are reduced to the simplest single-slope structures. Since it is
known that the tendency line and the strike line are perpendicular to each other based on the character of the orientation, the
following two parameters (Fig. 4) can be used to describe the tilted structures: (1) Strike angle: the angle between the strike
line and due north represents the orientation of the strike element; (2) Dip angle: the angle between the inclination line and the
tilt line, which also indicates the angle between the tilted rock formation and the horizontal plane represents orientation of the

dip angle.
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Figure 4. Tilt structure parameterization schematic
2.2.4 Fault

A fault is a geological formation in which a rock layer or a rock body is fractured by force and the rock masses on both sides
are significantly displaced relative to each other along the ruptured surface. Faults are common features in the Earth's crust,
and they vary in size and scale, from large faults extending hundreds to thousands of metres along the strike to small faults of
only a few tens of centimetres. Faults are some of the most important structures related to the movement of the Earth's crust.
Geometric elements of faults are the basis of fault geometry studies and include the fault surface, fault line, fault disk and fault
distance (Fig. 5(a)). (1) The fault plane constitutes the ruptured surface of the fault, that is, the surface formed by significant
relative sliding of rock bodies along both sides of the fault. The fault plane is generally composed of a series of rupture surfaces
or secondary fault zones and is, therefore, also called the fault zone or fracture surface. Similarly, we can describe the spatial
location of the fault surface in terms of the three orientation elements. (2) The fault line refers to the intersecting line between
the fault surface and the ground, and the direction of the fault line is the strike of the fault. (3) The Fault wall is the location of
relative displacement on both sides of the fault and is divided into the hanging wall and lower foot wall. (4) Distance of
displacement is the distance between the two fault walls and the location of relative sliding along the fault plane. Faults can
be divided into three categories, compressional faults, tensional faults, and torsional faults. Additionally, faults can be
classified according to their mechanical properties and the relative motion of the fault disk; these are normal faults, reversed
faults, parallel faults and hinge faults.

We simplify the fault surface into a plane and express its location with three elements of orientation according to the fault
elements and fault classification. We simplify the relative motion of both disks of the fault as translational motion considering
the simplicity of parameter expression. Although all faults in nature have some rotation, the angle is generally not large.
Therefore, only normal faults, reversed faults, parallel faults and their combination of fault types are considered in this work
(Fig. 6). Therefore, the fault can be described by the following parameters (Fig. 5(b)): (1) Orientation parameters, such as the
tilted structure, are used to describe the posture of the fault, namely, the two variables Strike angle and Dip angle; (2) Position,

the location parameter, is used to describe the centre location of the fault plane in the study area; (3) Moving angle, the relative
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sliding angle is used to describe the moving direction of the hanging wall relative to the foot wall; and (4) Moving distance,

i.e., slip distance, which is the distance of fault elements such as the distance between two walls where relative slip occurs.

(a) (b)
ion
Hangin Jed (SN

Figure 5. Fault structure generalization schematic. (a) Fault elements; (b) fault parameterization principle.

(a () (©

\ W
Figure 6. Fault combination type. (a) Normal rock formation; (b) normal fault; (c) reversed fault; (d) parallel fault; (e) parallel
normal fault; (f) parallel reversed fault.

2.2.5 Unconformity

Unconformities describe stratigraphic relationships between two sets of adjacent strata of different ages above and below
where depositional interruptions or stratigraphic deficiencies have occurred. An unconformity is generally classified as being
either an angular unconformity or a pseudo-conformity (also known as disconformity). An angular unconformity refers to two
sets of strata that are in contact at an angle, and a pseudo-conformity refers to two sets of strata that are in roughly parallel
contact. The interface between two sets of strata in contact is called the erosion surface (also called the unconformity surface).

8
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We first simplify the contact surface, i.e., the unconformity plane, to a horizontal plane according to the characteristics
of the unconformity, and then the set of strata above the contact surface are simplified according to the simple sedimentary
stratigraphy presented in this paper (2.1). Therefore, the following parameters are used to describe the unconformity structure
(Fig. 7): (1) Position, i.e., the height position parameter, refers to the position of the horizontal plane within the model area;
(2) Number, i.e., number of strata, refers to the number of layers in a set of sedimentary strata above the contact; (3) Thickness,

refers to the thickness of each layer of a set of sedimentary strata above the contact.

Figure 7. Unconformity parameterization schematic
2.2.6 Intrusive rock

Intrusive rocks refer to the rocks formed when the pressure of the overlying rock layer decreases, and the magma invades the
rock layer or fissures in the crust from below and then gradually cools and solidifies within the earth. Intrusive rocks can be
divided into stocks, apophyses, dikes, sheets, and batholiths according to different occurrences. In this study, only stock and
dikes are considered. Since batholiths rarely appear and apophyses are similar to tree branches (but with more bifurcations)
and are not easy to simulate, these two categories are not considered at this time. Simulating the other two categories according
to their morphology reveals that the stocks is an unconformable intrusion that extends downwards in a trunk-like pattern on a
larger scale while dikes, also known as "rock walls", are a more commonly distributed intrusive vein. Dikes are similar to slab-
like rock filled with rock fissures that cuts across the rock layer and intersects the laminae obliquely, which is a kind of intrusive
unconformity. Therefore, the shape of the dikes is slab-like, and the stock is columnar.

We simplify the dikes into flat plates and the strains into synapses according to the shape of the veins and strains.
Therefore, the following parameters can be used to describe each of these two intrusive rock forms. Dikes (Fig. 8(a)) can be
described based on their orientation parameters (i.e., strike angle and dip angle), position, and thickness. The strike and dip
angle refer to the tilted structure of the dike and are used to describe the dike posture while the position parameter describes

the central location of the dike and thickness describes the dike thickness. Stocks (Fig. 8(b)) can be described in terms of their
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position, radius, and height. The position parameter refers to the planar location of the centroid of the stock. The radius
parameter refers to the radius of the bottom end of the stock and is used to describe the extent of the stock while the height

parameter describes the maximum elevation to which the rock has intruded.

@

(b)

Figure 8. Intrusive rock parameterization schematic. (a) Dikes; (b) Stock.

3 Methodology of structural simulation
3.1 Construct strata

The strata are the basis of the whole evolutionary process, and all methodological modules of geological formations are carried
out on the strata. Therefore, for the numerical representation of the geological body, a suitable data model is needed. Here we
use a tetrahedral model to (Fig. 8) construct the stratigraphic model as opposed to a hexahedral model (Bagley et al., 2016) or
other. There are many advantages of organizing within tetrahedral forms compared to other models. (1) First, a tetrahedral
raster field can contain more triangular surfaces with the same accuracy and can represent the geological model more precisely.
(2) Calculating the intersection of a face with a tetrahedron is much easier. (3) The tetrahedron can be divided iteratively. The
space of a tetrahedron can be continually divided into two parts, which can still be represented by the tetrahedron. (4) The
tetrahedral raster field provides a better structural basis for model analysis and model operators such as arbitrary planar
sectioning, excavation in different ways, and volume statistics (Guo et al., 2021). The above advantages provide the possibility
of repeatedly adding geological formations, ensuring that regardless of the operation being carried out, the whole model is still

represented by tetrahedron.

10
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%

Figure 9. Tetrahedral raster construction stratigraphic model

3.2 Fold
3.2.1 Global fold

In the 3D geological model, we simulate the folding action by introducing a vertical shear model. The shear action is defined
by the combination of displacement field S; (X, Y, Z) and rotational field R, (X, Y, Z). Considering the different forms of folds
(mainly archlike folds, chevron folds and box folds are considered), the displacement field is defined as a complex
superposition of three functions. The archlike fold is defined as a cosine function f; (X,Y, Z) (Eq. (1)), the chevron fold is
defined as a jagged segmented periodic function f,(X,Y, Z) (Eq. (2)), and the box fold is defined as a segmented combined
higher-order periodic function f;(X,Y, Z) (Eq. (3)).

fi(X,Y,Z) = Acos (wX + ¢) @
2Aw 2km b4 b4
ox-2yp)+4a [k —1Z, 2k 5
fZ(X’ Y, Z) = i Z(Aw ¢ (2k+1))rr T ¢ rrw k=0123,.. (2)
2w\° (4k-3)1 6 T T T
(4(3) (x -5+ 0) -4 @k = D% k- D5 +57)
_ 2w\° (4k+1)m 6 T T T T _
XY =-4(2) (x -4 0) +4 [@k-DI+Z,@k+DI-2) k=0123,.. 3)
2w\° (4k+4)T 6 T T T
A%) (x-S ) -4 [ek+DZ-Z 2k+ 1))

where A, w, and ¢ are chosen within a certain range and these three parameters represent the height of the fold, the degree of
the fold, and the position of the fold. Then, f;, f5, and f; are combined by a shape parameter § in the range [-1, 1] to obtain
the shearing fields S, (X, Y, Z) where -1 represents the chevron folds, 0 represents the archlike folds, 1 represents the box shape,
and the shapes are combined using Eq. (4).

=6+ LXY,Z)+(1+8)*«fiX,Y,Z) 6 €[-1,0]

SoX,¥,2) :{a*fg(X,Y,Z)+(1—5)*f1(X.Y.Z) 6 € (0] @
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Then, the simulation of the fold axial plane angle « is realized by using the combination of the plane function f,(X,Y,Z) (Eq.
(5)) and the rotation fields R, and S,. First, S, and f, are combined to obtain the final displacement field S; according to Eq.

(6), then the rotation of the axial plane angle is realized using the rotate field Ry (Eq. (7)).
f4(X! Y’Z) = (tan a)X (5)

SiX,Y,2) = So(X, Y, 2) + fo(X,Y,2) (6)

cos By 0 sin eYl
()

Ry(0y) = [ 0 1 0
—sin By 0 cos Oy
where Ry (6y) isa 3D rotation matrix rotated about the Y axis and 6y, is the rotation angle around the Y axis. Using this rotation
field to rotate the final displacement field S; (X,Y, Z) by the —a angle around the Y axis, i.e., S;(X,Y, Z) * R, (—a), the axis
plane is successfully tilted by the a angle. This displacement field is only used to create the shape of the fold along the X-
direction.
However, the above methods can only simulate folds along the X-direction and cannot simulate folds in any other
direction. Therefore, this study further makes use of the rotation equation around the Z-axis (Eq. (8)) to enable the folds to be

added in any direction.

cos 8, —sin@g, O
l (@)

R,(6,) = [sin 6, cos6, O

0 0 1
The rotation field is a 3D rotation matrix rotating around the Z-axis, and 6, is the angle around the Z-direction, chosen within
a certain range. Here we construct the following rotation field R,(X,Y, Z) (Eq. (9)) using the rotation matrix so that the axes
of the rotation field translate to the centre point of the model (X, Y., Z.). The rotational field is used in several subsequent

constructions and will not be frequently repeated.

X—-X.1 [X.
RZ(X, Y' Z) = :Rz(gz) Y — yc + Yc (9)
VA 0

Using the combination of the shear displacement field S, (X, Y, Z) and the rotation field R,(X, Y, Z) in Eq. (10), we can
add a fold structure to the original geological model (Fig. 10(a), (X,Y, Z) in Eq. (10)) to obtain a new folded geological model

(Fig. 10(e)(P(), (X, ¥, Z) in Eq. (10)).

¢ X
7l = Y l *R,(X,Y,Z) (10)
7l 1Z+8,(XY,2) * Ry(—a)

Fig. 10(b)(c)(d) shows the fold preview morphology of the fold model (Fig. 10(e)(f)(g)). We can clearly see the pattern

of the fold to be added. By choosing the displacement field parameters A4, w, ¢, and « and the rotation field parameter 8, we

12
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can add any overall fold configuration with different bending structures that we need to the model. In Fig. 10, panels (b)(e),
(c)(f) and (d)(g) are the fold surface preview and fold simulation results of archlike folds, chevron folds and box folds,
respectively.

Figure 10. The fold structure effect. (a) Original geological model; (b) archlike fold preview; (c) chevron fold preview; (d) box fold
preview; (e) archlike fold result model; (f) chevron fold result model; (g) box fold result model.

3.2.2 Partial fold

We have implemented the fold module, but the fold module runs through the overall model. In fact, folds generally do not
occur evenly in the whole study area according to the different geological characteristics, but there will be partial folds.
Therefore, the global folding module alone is not sufficient for the evolution of most geological situations. Therefore, in this
study, the Gaussian function Eq. (11) is used to propose the local translation field S, (X, Y, Z) to realize the partial fold module

(Wu et al., 2020) according to the morphology of the partial fold definition.

S,(X,Y,Z) = Aexp {— [(X‘X")Z + (”")2]} (11)

202 203

where 4, oy, and o,, are selected within a certain range as parameters to control the form of the partial fold, A controls the
pleat height, and o, and a,, control the degree of pleat intensity in the X and Y directions; the larger the fold is, the more
intense. (X,,Y,) is the centre point of the fold, and the default is the centre point of the model but can also be replaced by
selected points. Therefore, the translation field realized by this method can add local folds along the X direction or Y direction.

Similarly, the rotational field is further utilized to enable the addition of local folds in any direction. The rotational field
is detailed in Eq. (9) and will not be repeated here.
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Combining the above displacement field S, (X, Y, Z) and rotation field R,(X,Y, Z), we obtain Eq. (12). Therefore, by
using Eq. (12), we can add a fold structure to the original geological space (Fig. 11(a). (X, Y, Z) in Eq. (12)) is used to obtain
a new folded geological space (Fig. 11(c), (X,¥,Z2) in Eq. (12)).

54 X
¥l= Y ] *R,(X,Y,Z) (12)
Z Z+52(XlYIZ)

Fig. 11(b) shows a preview of the partial fold. By the above method, we can add different morphological structures to the
model at any position we need for local fold construction. With the above methods, we can add partial folds of different

morphologies and structures to the model at any position.

Figure 11. Adding the partial fold. (a) Original geological model; (b) partial fold preview; (c) partial fold result model.
3.3 Tilt

The stratigraphic tilt structure is realized by rotating the 3D structural model, and the rotation angle, i.e., the tilt angle of the

model, is determined by two angles or rotation around one Z-axis (rotation matrix Eq. (8)) and one Y -axis (rotation matrix Eq.
(13)).

cos Qy 0 sin Gy

R, (0,) = 0 1 0 (13)
—sin By 0 cos Gy

The overall 3D model is then rotated around the centre of the model to achieve the desired angle by the two rotation fields (Eq.

(9) and Eq. (14). The principle is similar to that of the partial fold rotation field, which is not repeated here.

X—X1 T[X.
z-27.1 lz,
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By rotating the two rotation fields R,(X,Y,Z) and R, (X,Y, Z) along the axis of the model midpoint (Eq. (15)), a new

tilted 3D geological structure (Fig. 12(c), ()? Y, Z) in Eq. (15)) can be obtained by adding a tilted structure from any angle to
the original 3D geological structure (Fig. 12(a), (X,Y, Z) in Eqg. (15)).

X X-X. [X][X X-x| X
7= :Rz (92) Y — Yc + Yc ’ ?. = :Rz (92) Y +10 (15)
Z VA ol Lz 72-27. L

Fig. 12(b) shows a preview of the surface of the tilt angle. By combining the above method with the tetrahedral raster
field, the addition of the tilted geological structure can be realized while ensuring that the topological relationship remains
unchanged.

a)

%

Figure 12. Adding the tilt effect. (a) Original geological model; (b) tilt preview; (c) tilt result model.

3.4 Fault

Faults are an important type of geologic structure. Here we use the moving tetrahedron method (Guo et al., 2021) to cut the
stratigraphy within the tetrahedron grid field according to the specified fault plane. Then, the two parts obtained after the
division are interwoven to simulate the fault. In order to make the selection of parameters more intuitive, we use a plane (Eq.

(16)) parallel to the y-axis and a rotational field (Eq. (9)) rotating around the z-axis to determine the appropriate fault plane.
XY, 2)=aX—-X)+Z,+b (16)

where a is the slope of the plane, determined by the dip of the fault plane, and b is the location parameter of the fault plane,
which can change the spatial location of the fault plane. The rotation field can rotate the fault surface to the corresponding
angle according to the strike and dip of the fault plane; therefore, the plane can express the fault plane at any angle and the
fault structure can move in any direction. Then, adding another rotational field on the fault plane can change the displacement
direction of fault.

Additionally, a point p(X,, Y,, Z,) on the fault plane and a vector m(x,, Y1, Z,,)parallel to the X-O-Z plane and the fault

plane (the vector orientation varies with the rotation angle of the selected rotation field on the fault plane and defaults to a

15
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downwards orientation) and a vector n(x,, ¥y, z,) normal to the fault plane at that point are obtained before the parameters of
the fault plane are selected. The point p and the two normal vectors vary accordingly with the selected fault surface parameters
so that the point p is always on the surface, i is always along the fault surface, and 7 is always normal to the fault surface.

Furthermore, before selecting each parameter of the fault plane, we define point p(X,, Y,, Z,) on the fault plane, a vector
M (X, Y, Zm) across point p and parallel to the X-0-Z plane and the fault plane, and a normal vector n(x,, ¥y, z,) of
the fault plane across point p. The point p and the two vectors vary accordingly with the selected fault plane parameters,
ensuring that the point p is always on the surface, mi is always along the fault surface and 7 is always the normal vector
of the fault plane.

After the parameters of the fault surface are determined, the point p on the fault surface and the two vectors are also
determined. Then, point p and normal vector 7 are brought into the following equation (Eq. (17)) to obtain the point normal

expression.
XY, Z) = %,(X = Xo) + yu (Y = Yo) + 2,(Z = Zy) = 0 17)

After obtaining the equations of the fault surface, we used the moving tetrahedron method to divide the 3D geological
structure organized by the tetrahedral grid field into two parts according to the fault surface; part 1 is above the fault surface
and part 2 is below. Then, the whole of part 1(X,, Y, Z,,) is moved along the direction of vector m by a distance & (entered
when selecting each parameter of the fault plane) to obtain ()?; Y, Z) (Eq. (18)). The direction of m is downwards by default,
which in this work indicates a normal fault. The —m vector is used if a reversed fault is selected. Though this can also be
modified according to the rotation angle of the rotational field located on the plane to achieve different directions and thus

simulate a walking slip fault. Finally, the two parts are combined by stratigraphic correlation to obtain the final fault model.

Xm
_ (2 2 2
Xu Xu ym xm+ym+zm
YVol=|Yu|+ ()6 18
L e R N TR 18
u

Zm
/ Xin + Yin + Zin

Using the above method, we can obtain a new geological structure (Fig. 13(c)) after simulating the occurrence of normal
or reverse faults at any location of the original geological structure (Fig. 13(a)), where Fig. 13(b) is a preview of the surface

when selecting the location of the fault plane.
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Figure 13. Adding the fault. (a) Original geological model; (b) fault preview; (c) fault result model.

3.5 Unconformity

Stratigraphic unconformities are also an important and frequently occurring structural phenomenon, and it is necessary to
understand the underlying causes before simulating them. The development of unconformity surfaces starts with the deposition
of older strata, followed by crustal movement and the exposure of older strata to surface erosion, and finally the deposition of
newer strata according to the principle of unconformity structure parameterization above. Simply put, the surface is eroded
first erosion and then material is subsequently deposited.

Therefore, following this feature, we use a similar method to add a series of new sedimentary strata to the original
geomorphic body. However, the model is cut at the location of the additions using a method that simulates the fault structure
before adding the unconformity, and only the lower part is retained to simulate denudation. The cutting operation simply
divides the original geological body at the location where stratigraphy will be added using a plane parallel to X-O-Y. The
detailed procedure is described in the simulated faults section and will not be described here.

By using this cut-then-add method, we can simulate a simple unconformity within the original geological structure (Fig.

14(a)) to obtain a new 3D geological structure (Fig. 14(c)). Fig. 14(b) shows a preview of the added unconformity, and we can

preview and modify the location, number of strata and thickness of the strata to be added.

N

Figure 14. Adding the unconformity. (a) Original geological model; (b) unconformity preview; (c) final unconformity model result.
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3.6 Intrusive rock

We use two parallel planes f; (X, Y, Z) (Eq. (19)) and f,(X,Y, Z) (Eq. (20)) with § intervals to represent the dike and use one
Gaussian plane f3(X,Y,Z) (Eq. (21)) to represent the stock according to the shape characteristics of the dike and stock
discussed above. Cutting twice using the two parallel planes to obtain a model body of a certain thickness, and then the
geological properties of this model body were changed to an intrusive dike. The Gaussian surface is used to simulate the stock
thereby dividing the model using the Gaussian surface to obtain a columnar body and similarly changing the geological
properties of this geological body to reflect the intrusive stock.

XY, Z) =aX —X)+Z +b—> (19)

LXY,Z) =aX = X)+Zc+b+3 (20)
X=Xo)2+(Y-Y,)?

fs(X,Y,2) = Aexp {— L0} (21)

By using the above two simple functions to cut and then change the properties, we can successfully add the intrusive dike
or stock to the original geological structure (Fig. 15(a)) to obtain a new geological body (Fig. 15(c)(e), where (c) is a dike and
(e) is a stock). Fig. 15(b)(d) shows the preview of intrusive rocks to be added, which can be added according to the change in
parameters such as location and morphology of the intrusive rocks.

Figure 15. Adding the intrusive rock (dike and stock). (a) Original geological model; (b) intrusive dike preview; (c) intrusive stock
preview; (d) intrusive dike result model; (e) intrusive stock result model.
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4 Case study

We developed a 4D geological structure evolution vector modelling program using the Qt framework based on the simulation
method presented in this work. Then, we conducted the following case studies using this software. The geological models
obtained from the simulations in this section were constructed using a laptop computer (AMD Ryzen9 5900HX 3.3 GHz, 16
GB of RAM, and an NVIDIA GeForce RTX 3060). Case 1 simulates the construction of a complex geological structure based
on a series of geological events; Case 2 selects six typical geological features in the world and simulates their evolutionary
processes. First, we infer the historical evolutionary process of typical complex geological formations, and then simulate the
evolutionary process by using the method developed by this study. Finally, each geological event and corresponding geological
model can be clearly viewed according to the historical timeline provided by the model to reveal the 4D reconstruction of
geological features. Thus, the formation process of complex geological structures in the region can be intuitively and clearly

understood. We can also store the final modelled processes for review or further modification and editing.

4.1 Case 1: Simulation of complex regional geological and structural evolutionary processes

If we want to study the evolutionary process of features in complex regions with many different types of geological structures,
we generally deconstruct the existing geology from a geological profile (Fig. 16), which requires not only strong professional

knowledge but also a certain degree spatial approximation. It is also difficult to extrapolate feature evolution moving forward

through time according to the information within the geological section.

./

=

In contrast, using the forwards simulation software presented in this paper, it is easy to construct historical geological

Figure 16. Deconstruction using geological sections.

events according to feature evolution. Combining the temporal dimension and the process of regional structure development,
the model clearly and visually shows the forms of interaction between new geological events and pre-existing geology and
structures. For example, the existing regional geological history was developed from a series of stratigraphic depositional
events, folding, tilting, unconformities, diking, faulting, and stocking. The results of a series of events simulated using the
geological evolution modelling program presented in this paper are shown in Fig. 17. The software presented here also has
different built-in terrain functions, including flat land, hills, ridges, valleys, and cliffs, and we choose the valley terrain in this
case (Fig. 17(i)).
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Figure 17. Complex regional geological and structural evolutionary process simulation results. (a) Strata; (b) fold; (c) tilt; (d)
unconformity; (e) dike; (f) fault; (g) stock; (h) fold; (i) valley terrain.

Based on the simulation results, it can be concluded that this method can sufficiently simulate the evolutionary process

435 of complex geological structures. It is easy to add various geological events using the methods outlines in this article due to

the modularity of the model process. The user can add arbitrary construction events based on the inferred historical evolution

and check the correctness of the inferred evolution based on the results of the combined events. This can only be achieved in

a simulation that progresses forwards through time, because we can clearly see the effect of each process in the subsequent

geological formations that overprint on the previous geological formations. For example, in Fig. 18(a)(b), the folded and tilted

440 geological structure is folded in front and tilted at the back. The effect is different if the tilt is in front and the fold is behind,
e.g., Fig. 18(c)(d).
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Figure 18. Different sequences of geologic structural development and the influence on the results. (a)(b) The tilted structure occurs
after the folded structure; (c)(d) the tilted structure occurs in front of the folded structure.

The software also provides the ability to view the history of the model in series via the model timeline and freely creates
sections after generating the final model. Thus, it is possible to view the historical evolution of the model dynamically (Fig.
19) by bringing up the model timeline. The timeline records each geological event that affected the model and the time it
occurred (user inputs, such as time node shown in Table 1, can be changed,). It can help people more intuitively understand
the correlation between 2D sections and 3D geological event processes when combined with the function of generating

corresponding sections by freely selecting two points on the final model.

@9 IDP
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Figure 19. Timeline of regional geological and structural evolutionary history.

Finally, the model's geologic event process also supports saving and importing, allowing the user to save the entire
historical evolution of the final model (i.e., each geologic event affecting the model) as a historical process table file (Table 1)
and the software supports reopening the file to easily reproduce the evolutionary process. This means that if only the data for
a geological event are available, we can generate simulation results by directly inputting these deterministic results into the
file. Furthermore, we can fine tune the saved evolutionary process file to quickly modify the parameters of a particular
geological event and we can also automatically generate table files via scripting to enable rapid generation of a great quantity
simulated geological models.
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Table 1. Table of historical processes.

Event ID Event Name Time Node Structure Parameters
0 Original Time-0 null
1 AddLayer Time-1 layer-1, 30.000, 227.000, 161.000, 67.000
2 AddLayer Time-2 layer-2, 8.000, 202.000, 71.000, 58.000
3 AddLayer Time-3 layer-3, 12.000, 190.000, 201.000, 60.000
4 AddLayer Time-4 layer-4, 15.000, 56.000, 96.000, 156.000
5 AddLayer Time-5 layer-5, 8.000, 186.000, 198.000, 216.000
6 AddFold Time-6 0.000, 50.000, 14.000, 22.000, 0.000, 0.000
7 AddTilt Time-7 40.000, 20.000
8 AddUnconf Time-8 4.000, 9.000, 60.000
9 AddDikes Time-9 -160.000, 65.000, 50.000, 10.000
10 AddFault Time-10 45.000, 54.000, 35.000, 0.000, 15.000, 0.000
11 AddPartDikes Time-11 0.000, 0.000, 15.000, 15.000, 70.000
12 AddFold Time-12 0.000, 100.000, 10.000, -30.000, 0.000, 0.000

4.2 Case 2: Simulating the evolutionary process of typical geological features

The simulation software presented in this work was used to simulate typical geological features from six geologic sites from
around the world (Fig. 20). They are as follows: (a) The Pigiang Fault, which is located in the Tarim Basin of Xinjiang in
China. This is a northwest-trending strike-slip fault, in which the reddish, greenish, and brownish bands are continental
Devonian sandstones, Silurian deeper marine sediments and Cambro-Ordovician limestones, respectively. (b) The Sheep
Mountain in Wyoming, USA, which is a partially folded structure with harder sandstones within that is cut into ridges, while
the weaker shales around them are eroded (Bellahsen et al.). (c) Kosterhavet National Park on Yttre Ursholmen Island in the
Koster Islands in Sweden contains multiple stages of pyrogenic intrusion. An igneous intrusion is first cut by a pegmatite dike,
which in turn is cut by a dolerite dike. (d) Located in Telheiro Beach in Portugal is a typical angular geologic unconformity
positioned between the schists and metagreywackes of the “Brejeira Formation” from the Upper Carboniferous and new red
sandstones of the “Grés de Silves Formation” from the Triassic. (e) The Richat Structure, also named the “Eye of the Sahara”,
is a prominent circular geological feature in the Sahara's Adrar Plateau. Initially, it was thought to be caused by a meteorite
impact, but it lacked the impact signature of a subsidence ring and evidence of stratigraphic overturning, thus, the possibility
of a meteorite impact was negated. However, other scholars thought it was caused by a volcanic eruption, but this theory was
also rejected because of the lack of volcanic rock or a dome of igneous rocks. Currently, academics generally agree that it is a

highly symmetrical and deeply eroded geological dome (Matton et al., 2014). (f) Located in Makhtesh Ramon in the Negev
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Desert in Israel is a feature formed by a dike and unconformities. Additionally, the area is recognized as a heritage site by the

Council for Conservation of Heritage Sites in Israel.

7 g

480 Figure 20. Geologic sites and typical features. Figure source: (a). File:Pigiang Fault, China detail.jpg - Wikimedia Commons;
(b). Ancient River Channel & Sheep Mountain - Geology of Wyoming (geowyo.com); (c). File:Multiple Igneous Intrusion Phases
Kosterhavet Sweden.jpg - Wikimedia Commons; (d). Amazing Angular Unconformity (geologyin.com); (e). File:ASTER Richat.jpg
- Wikimedia Commons; (f). File:ISR-2016-Makhtesh Ramon-Geological dike.jpg - Wikimedia Commons.

(@) (b) (©)

485  Figure 21. Simulation results of typical the geologic sites.

First, we must analyse and obtain their geological evolution to model the structural evolution of the aforementioned

geological sites. The geologic sites selected in this paper all have typical structural forms; therefore, we mainly analyse the
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formation process of these typical structures prior to the simulation. (a) The Pigiang Fault is on the northwest side of the Bachu
Fault Zone and is connected to the Bachu Uplift in the south. Because of the uplift in the south, the stratigraphy of the area
2011). (b) This is a partial fold, but with erosion of
relatively weak parts on both sides. (c) Based on the description and the pictures, it can be concluded that there are two

shown tends to dip to the north of the strike-slip fault (Turner et al.,

successive intrusions at the site and that stratigraphic tilting occurred before the intrusion began. (d) Is a typical angular
unconformity that began when the underlying strata were formed, which were then folded by crustal movement before finally
being eroded and redeposited to form the overlying new strata. (e) This feature is a symmetrical and deeply eroded geodome,
where a circular, symmetrical folding action occurred after the strata was deposited, which was followed by erosion to form a
relatively flat geodome. (f) This feature was formed by the superposition of a dike and an unconformity; the dike occurred
first, according to the image, and then the unconformity followed. The structural evolutionary processes of the above geologic
features were simulated using the simulation software presented in this paper, and the results of the simulation are shown in
Fig. 21.

The results show that the structural evolutionary sequence of common geologic features can be correctly simulated using
the geological evolution simulation software. Through the timelines provided by the software (the timelines for the geologic
features are shown in Fig. 22), the formation process and principle of typical geological structures in geological features can
be dynamically observed, and the 4D reconstruction of the evolution process of geologic features can be achieved. This enables

users to more clearly and intuitively understand the morphology and modes of action of local structures.
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Figure 22. Simulation timelines for geologic features.
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5 Discussion

This paper proposes a method to simplify and express various types of basic geological formations and establishes regional
geological evolutionary process simulation and visualization software based on this method, which can assist geologists in
explaining the evolutionary processes of geologic features. The fact that geologists find it very difficult to visualize these
processes in 3D is a very common problem, therefore, these processes are still often expressed in 2D section form for geological
interpretation. In practical applications, subsurface geological phenomena are by nature 3D, and it is difficult to clearly express
the evolution of geological formations in 3D space using 2D sections. Our method makes it possible to represent the
evolutionary geotectonic processes in a 3D environment. With two case studies, we also show that the method presented in
this paper can support the rapid simulation of regional geotectonic evolutionary processes in 3D space.

Our proposed method supports the simulation of geological structures in any direction and angle within the X, Y, and Z
coordinate frame and can generate vector models with smooth boundaries as compared to other methods capable of visualizing
geotectonic evolutionary processes in a 3D environment. Our method summarizes and simplifies each geological structure and
incorporates it into a corresponding module, which greatly facilitates the ability of the end user to simulate the structure.
Additionally, our method makes it easier to extend the features and add detail to individual elements.

We use a tetrahedral grid to arrange strata and structures, and then the vector model is constructed. Therefore, it is possible
to extract geological data that cannot be extracted by a raster model, such as geological boundary data. We also provide the
free cutting function, which can easily obtain the geological section in any direction along the simulation model (Fig. 23). The
software also preserves the interface of each geological structure so that we can generate a great quantity of simulated
geological models quickly by writing scripts, and together with the geological simulation data generated, we can automatically
generate a great quantity of geological models, along with their corresponding geological data, which can then be used as a

training set for deep learning applications.

.

Figure 23. Free cut function.

Our method certainly has some limitations. For example, in this study we simplified individual stratum to a uniform
thickness, even though the width of the stratum should be uneven and vary in thickness. Although this method provides many

parameters that can add variety to the geologic elements, the final product is still far more regular that would be observed in
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reality. Therefore, the simulation model presented here is not as precise as the model built from actual data. However, this
model depicts the evolutionary process that is not reflected in the model developed from actual data. Our subsequent research

may be to add more types of elements and further enrich the model to add more possibilities.

6 Conclusions

We parameterized and modularized various geological structures and developed a 4D vector modelling program, which can
quickly simulate the evolution of geological structures. We then conducted experiments from two perspectives. First, we
simulated the evolution of complex regional geological formations and actual well-known geological features. The results
showed that software developed by this study can be used to quickly model the evolution of complex geologic structures and
simulate the evolution of actual geologic features. Finally, the 4D spatial and temporal evolution of regional geologic
formations is realized. This model can also dynamically present the regional geologic evolutionary process and reveal the
interactions between structures over time via the timeline feature of the program. The system presented in this paper was
developed around the idea of using several representative parameters to express various geological structures and encapsulate
those structures within different modules. Therefore, it is more convenient to add subsequent structures and provide additional

detail to a single structure.

Code availability. The source code of 4D geological structure evolution vector modelling is available at:
https://doi.org/10.5281/zenodo.7498592

Data availability. The model data and terrain data of the case in this paper are available at: https://doi.org/10.5281/zenodo.7498592

Video supplement. We have provided web links to download the video recordings of our case studies. The real area case verifies the feasibility.
The video supplement at: https://drive.google.com/file/d/1ngbfIEOWRhuQAby_nOEJWHJIBLbAjJG7z/view?usp=sharing
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