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Abstract: Three-dimensional (3D) geological modeling technology offers intricate geological information 

services and technical support for the research of urban geological conditions and their evolutionary 

mechanisms. It further facilitates the analysis of environmental geological problems, encompassing their 

distinguishing features and genetic mechanisms. The precision of such three-dimensional models is 

predominantly influenced by the caliber of modeling data, the chosen modeling methodologies, and the 

intricacy of the modeled geological objects. This research, exemplified by the three-dimensional geological 

structure modeling of the Wuhan metropolitan development area, aims to explore a comprehensive three-

dimensional modeling framework for urban geology, particularly in scenarios with large-scale and complex 

geological conditions. This study holds significant technical value in enhancing the application of 3D geological 

modeling, as well as practical importance for urban geological investigations and research. 

Keywords: three-dimensional geological modeling; urban geology; large-scale;  

Wuhan Metropolitan Development Area 

 

1. Introduction 

With the rapid urbanization process worldwide, the intensifying human transformation of the 

natural environment has inevitably led to a series of environmental geology issues [1–5], exacerbating 

the conflict between humans and the natural environment [6–9]. Fine-grained geological information 

not only serves as a scientific guide for urban planning, construction, and management [10–14], but 

also provides a crucial scientific basis and data foundation for the prevention and control of 

comprehensive environmental geology issues facing cities [15–19]. Three-dimensional (3D) 

geological modeling, as a widely applied technique [20–25], aims to delicately characterize the three-

dimensional spatial structure of strata [26–30]. However, the accuracy of this modeling relies heavily 

on the quality of modeling data, the selection of modeling methods, and the complexity of the 

modeling objects [31,32]. Given the complexity of geological background conditions in numerous 

cities in China, coupled with the relative scarcity of modeling data and the presence of multi-source 

heterogeneous issues [33–37], urban 3D geological modeling, especially for megacities, often poses a 

significant challenge. This study focuses on the 3D geological structural modeling of Wuhan’s urban 

development area as a case study, aiming to investigate the utilization of multi-source heterogeneous 
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geological data in constructing a 3D geological structural model for megacities with intricate 

geological structures. 

2. Data and Methods 

2.1. Study Area 

Centrally located in the hinterland of China, Wuhan City is situated in the eastern part of 

Jianghan Plain in Hubei Province, precisely at the intersection of the Yangtze River and Han River, 

spanning longitudes 113°41′ to 115°05′E and latitudes 29°58′ to 31°22′N, nestled between the 

undulating hills of the Dabie Mountains in northeastern Hubei and the Mufu hills in southeastern 

Hubei. As the urban core, the Wuhan metropolitan development area comprises a total area of 3,400 

km² and is primarily characterized by a rolling terrain alternating between hills and plains (Figure 

1). 

 

Figure 1. Geographical location, Topography, and Borehole distribution of Wuhan metropolitan 

development area. 

The study area, located at the convergence zone between the Qinling-Dabie orogenic belt and 

the Yangtze Platform, has experienced a series of geological cycles and multi-stage evolutionary 

processes. Specifically, the Late Triassic Indo-China orogenic movement significantly shaped the 

east-west fold framework of the region. Subsequently, the Yanshanian Pacific Rim activities 

superimposed the northeast-trending fault system, faulted volcanic basins, and intrusive magmatic 

events. Moreover, the Himalayan intracontinental evolution contributed to the deposition of faults 

and depression basins, ultimately resulting in the intricate geological structure framework observed 

in the surveyed region (as illustrated in Figure 2). Importantly, the neotectonic movement further 

accentuated the geological diversity within the study area, characterized by substantial variations in 

the types and thicknesses of Quaternary sediments. This notable variability has given rise to the co-

existence of numerous terrace types and landform morphologies in the present-day landscape. 
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Figure 2. Geological structure map of Wuhan metropolitan development area. 

2.2. Strata 

The study area consists of two large stratigraphic subdivisions, delineated by the Xiangguang 

Fault. To the north, the region surrounding Fenghuangshan belongs to the Qinling-Dabie 

stratigraphic subregion, characterized by a comparatively uncomplicated stratigraphy, with the 

exposure of strata from the Nanhua system, Cretaceous-Paleogene system, and Quaternary system. 

South of the fault, which comprises the majority of the surveyed territory, lies the Daye stratigraphic 

subregion of the Yangtze stratigraphic region. This subregion exhibits a broad exposure of stratum 

spanning the Silurian, Devonian, Carboniferous, Permian, Triassic, Jurassic, Cretaceous, and 

Paleogene epochs. Overall, The Quaternary stratum are widely distributed on the surface, and the 

bedrock outcrops are generally sporadic, with the exception of the Silurian, Devonian, and Permian 

systems, which are relatively widely distributed, and most of the stratigraphic strata are only 

sporadically exposed in very small quantities and incompletely exposed (Figure 2). 

Given the exceptionally thin Quaternary unconsolidated strata in the study area, coupled with 

the similarity in genesis and lithofacies characteristics across different Quaternary epochs, the 

modeling of Quaternary strata in this research is confined to four “Epoch”-level strata: the Holocene, 

Late Pleistocene, Middle Pleistocene, and Early Pleistocene, due to the insufficient modeling data to 

achieve a “Formation”-level refinement. 

With regard to the bedrock, considering the intricate geological tectonic evolution history in the 

study area and the significant variations in genesis, spatial structural characteristics, and lithology 

among different “Formation”-level strata, the modeling of bedrock strata necessitates a refinement 

to the “Formation”-level to comprehensively capture the spatial structural features of the bedrock 

strata in the entire study area. This refinement will further facilitate the provision of detailed 3D 

geological information for urban geological investigations and comprehensive environmental 

geological simulations in the study area. 

Through a thorough analysis of the geological tectonic evolution history, stratigraphic spatial 

characteristics, and a synthesis of diverse modeling data including boreholes, geological maps, and 

geological cross-sections in the study, we have identified a total of 26 strata spanning different 

geological epochs that will be included in the 3D geological structure modeling of this area. These 
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comprise 4 Quaternary strata and 22 bedrock strata, with the specific stratigraphic sequence outlined 

in Table 1. 

Table 1. Specific stratigraphic sequence of Wuhan metropolitan development area. 

Sequence Strata Primary Modeling Data 

1 Qh 

236,000 drillhole data  

and DEM 

2 Qp3 

3 Qp2 

4 Qp1 

5 Guanghuasi Formation(N1g) 

Geological Map and 

Cross-section 

6 Volcanic Rock (K2-E1) 

7 Gonganzhai Formation(K2-E1g) 

8 Intrusive Rock (J) 

9 Wanglongtan Formation(T3-J1w) 

10 PuQi Formation(T2p) 

11 Jialingjiang Formation(T1-2j) 

12 Daye Formation(T1d) 

13 Dalong Formation(P3d) 

14 Longtan Formation(P3l) 

15 Gufeng Formation(P2g) 

16 Maokou Formation(P2m) 

17 Qixia Formation(P2q) 

18 Liangshan-Chuanshan Formation(P2l- P1c) 

19 Huanglong Formation(C2h) 

20 Dapu Formation(C1-2d) 

21 Hezhou Formation(C1h) 

22 Hezhou-Gaolishan Formation(C1h-g) 

23 Huangjiadeng Formation(D3h) 

24 Yuntaiguan Formation(D3y) 

25 Fentou Formation(S1f) 

26 Wudang Formation(Nh1W) 

2.3. Data 

the current research on 3D geological modeling primarily centers on investigating and 

developing methodologies for extracting geological information from various geological datasets and 

effectively presenting it through advanced 3D visualization techniques. Consequently, the accuracy 

of 3D geological model is inherently dependent on the quality and quantity of the modeling data. For 

Urban 3D Geological Modeling, especially on a large scale, the utilization of various types of 

geological data is often necessary to construct high-precision models. This, however, leads to the 

challenge of multi-source and heterogeneous modeling data, which poses a significant limitation in 

3D geological modeling research. 
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Within this study, the data types utilized for modeling include borehole data, geological maps, 

and geological sections, originating from different geological departments and professional domains. 

Additionally, there are significant variations in the modeling data relied upon by different modeling 

objects. For instance, the 3D modeling of Quaternary strata primarily depends on 236,000 borehole 

records and DEM data, whereas bedrock modeling heavily rely on geological maps and geological 

section data. This is primarily due to the fact that borehole data, primarily derived from engineering 

exploration, is designed to penetrate the Quaternary loose sedimentary strata and expose the bedrock 

as a load-bearing layer. Therefore, these borehole data often lack comprehensive information 

regarding bedrock strata, rendering them unsuitable for bedrock modeling and limiting their usage 

to verification or calibration purposes. 

More generally, the data for bedrock modeling primarily consists of geological maps and 

sections from various professional fields, such as basic geology, hydrogeology, tectonic geology, and 

geophysical exploration. Table 1 outlines the specific types of modeling data relied upon by each 

modeling object in this study. 

According to the predefined 3D geological structure modeling scheme for Wuhan metropolitan 

development area, a comprehensive standardization and reorganization process was conducted on 

the multi-source heterogeneous modeling data, resulting in modeling data with a unified data 

structure as shown in Figure 3. 
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Figure 3. Stratigraphic constraints data with harmonized data structure after normalized processing. 

2.4. 3D Geological Modeling Scheme 

the primary approach of constructing the 3D geological structure model of Wuhan metropolitan 

development area is to use the large-scale stratigraphic structure as the constraint framework to 

progressively constrain the sub-scale stratigraphic structure. Initially, analyzing the geological 

evolution history of the study area to determine the stratigraphic units and stratigraphic sequences 

of the fundamental geological framework; using this as the constraint framework, the spatial 
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structural variations within the stratigraphy of the fundamental geological framework are analyzed 

to identify the stratigraphic units and sequences of the sub-structures, thereby establishing the 

standard stratigraphy for 3D geological modeling in Wuhan metropolitan development area. 

Initially, an in-depth analysis of the geological evolution history of the study area is conducted 

to establish the fundamental geological framework, encompassing stratigraphic units and 

stratigraphic sequences. This framework serves as the initial constraint, upon which the variations 

within the stratigraphy of the foundational geology are analyzed to determine the stratigraphic units 

and sequences of secondary geological structures. This process culminates in the formulation of a 

standardized stratigraphy for 3D geological modeling in Wuhan. using this as the basis of the 

modeling, through the integration of the drilling data, the profile data, and the stratigraphic maps, 

obtain the modeling constraint data for each stratum (Figure 3). The optimal scheme for 3D geological 

structure modeling of Wuhan metropolitan development area is detailed in Table 2. 

Table 2. Scheme for 3D geological structure modeling of Wuhan metropolitan development area. 

Factors Parameters 

Hardware parameters 16 cores、512g CPU 

Software GOCAD 

Modeling scheme Grid modeling (SGrid) 

Standard of grid 50×50×0.5m3 

Modeling objects 26 strata,195 faults and 37 folds 

Number of grid 573 million 

Volume of grid 63.4G 

The 3D geological modeling area in Wuhan metropolitan development area spans 

approximately 3,400 km² with a vertical modeling depth of 200 meters, with a vertical modeling 

depth of 200 meters and a horizontal/vertical ratio of 17,000, representing a typical ultra-thin 3D 

geological modeling type. Notably, the Quaternary loose strata are mainly distributed in the depth 

range of 50m below the surface. 

Therefore, to precisely depict the spatial variation characteristics of the strata, this study employs 

the SGrid modeling approach of GOCAD. Considering that the thinnest bedrock strata in the study 

area is less than 100 meters thick, the modeling grid standard is determined as 50×50×0.5m3 to 

precisely capture the 3D spatial structure of the bedrock. The specific modeling scheme is shown in 

Figure 4. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 July 2024                   doi:10.20944/preprints202407.1279.v1

https://doi.org/10.20944/preprints202407.1279.v1


 8 

 

• Purpose of the model

• Accuracy requirements of the model

• Modeling data volume

• Model management

• Geological evolution history

• Stratigraphic sequence

• Geological structure (faults, folds, etc.)

• Complexity of geological Setting, etc

Geological Setting Analysis Requirement Analysis

Standard Stratum of Geological Structure Framework of Wuhan 

• Determine the stratum  of  the geological structural of Wuhan

• Determine the stratigraphic sequence of the geological structure of Wuhan 

Quaternary Stratum

Basis Constraint

Faults Bedrock StratumDrill Data
Geological Maps 

and Profile Data
Modeling dataModeling data

3D Spatial Constraint Surfaces of Stratum

Data organization and analysis

3D modelling

Model quality is unqualified: Model updating

3D Geological Structure Model of  Wuhan Urban Development Area

Data standardization processing

 

Figure 4. Scheme for 3D geological structure modeling of Wuhan metropolitan development area. 

i. Analyze the geological and tectonic evolution history of Wuhan, determine the basic geological 

framework of the study area, and use it as a constraint framework to determine the standard 

stratigraphy for 3D geological structure modeling of Wuhan metropolitan development area; 

ii. Organize and analyze geological data of different specialties, types and data structures (including 

drilling data, basic geological profile, hydrogeological profile, and geophysical exploration data, 

etc.), and obtain computer-recognizable modeling constraint data for each stratum in a uniform 

data format; 

iii. Utilize standardized stratigraphic constraint data as modeling data, adopt GOCAD as the modeling 

platform, and employ the Sgrid modeling scheme to conduct 3D geological structure modeling for 

Wuhan metropolitan development area; 

iv. According to the distribution density and unevenness of the boreholes, 10% of the boreholes are 

proportionally selected from the entire research area as model validation boreholes to participate 

in the model quality assessment, so as to check and optimize the 3D geological structure model. 

3. Results 

The 3D geological structure model of Wuhan urban development area comprises 26 strata, 195 

faults, and 37 folds, with a total grid number of 573 million and a total volume of 63.4G, as shown in 

Figure 5. 
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Figure 5. 3D geological structure model of Wuhan metropolitan development area (Vertical 

magnification 25x). 

3.1. Strata 

According to the model, the loose deposits of the Quaternary Holocene, Late Pleistocene, and 

Middle Pleistocene in the study area predominantly cover all regions, excluding bedrock mountains 

and water systems, while Early Pleistocene loose deposits are only sporadically distributed in 

mountainous gullies. Specifically, the Late Pleistocene strata are concentrated on terraces and fault 

basins at approximately 60 meters in elevation, while the Middle Pleistocene strata occupy ridges 

ranging from 30 to 45 meters. The Early Pleistocene strata are typically found on second-order 

terraces between 25 and 30 meters. This distribution pattern reveals that the Quaternary loose 

sedimentary strata clearly controlled by the geotectonics. Further in-depth analysis reveals the 

existence of crucial erosional interfaces or discontinuities within the Quaternary loose deposits in the 

study area. Notably, the sedimentary interfaces of these strata align nearly perpendicularly with the 

weathering and erosion surfaces of the bedrock strata. This observation suggests that the study area 

has undergone numerous episodes of differential uplift and subsidence movements, varying in 

magnitude, since the inception of neotectonic activity. 

The bedrock basement in the study area comprises clastic rocks and shale strata of the Silurian 

Fentou Formation, which is not fully exposed in the model. Other strata, influenced by numerous 

tectonic movements, exhibit dip angles that often exceed 60°. Among them, the strata of the Triassic, 

Permian, Carboniferous, and Devonian are relatively thin, with thicknesses typically not exceeding 

100 meters. These strata represent the primary components of the folding structures in the study area, 

and their lithology is dominated by carbonate rocks, which are widely distributed and serve as a 

crucial factor contributing to the frequent karst collapses in the region. The relatively younger 

Guanghuasi Formation and Gonganzhai Formation strata are mainly distributed in fault basins of 

varying scales formed during the neotectonic movement, with lithology dominated by clastic rocks 

and sandstones. Overall, magmatic rocks in the study area are underdeveloped, with intrusive rocks 

sporadically distributed in the southeastern Niushan Lake area, exhibiting relatively simple rock 

types. Volcanic rocks include ancient metamorphic volcanic rocks (Wudang Formation) and basalts 

from the Cretaceous-Paleogene Gonganzhai Formation. The 3D spatial structure models of these 

specific strata are illustrated in Figure 6. 
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Figure 6. 3D Stratigraphic Structural Model of Wuhan metropolitan development area (Vertical 

magnification 25x). 

3.2. Tectonics 

The bedrock structure in the study area are highly complex, with shallow burial depths and 

significant variations. The surface exposure characteristics are primarily controlled by east-west 

trending fold structures and fault activities, resulting in an obvious east-west orientation of the 

outcrops. The 3D Bedrock Structural Model of Wuhan metropolitan development area are shown in Figure 

7. 
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Figure 7. 3D Bedrock Structural Model of Wuhan metropolitan development area (Vertical 

magnification 25x). 

3.2.1. Folds 

The model contains 37 folds. Influenced by the Caledonian Movement from the Silurian to 

Devonian periods, the study area was uplifted to form a landmass, forming the Yangzi 

Paleocontinent, which laid down the macroscopic pattern of the paleogeographic landforms of 

Wuhan; meanwhile, due to varying degrees of erosion across different locations, the strata of 

Yuntaiguan Formation were covered by different layers, which formed the cores of folds in the study 

area. Subsequently, under the influence of the Jiangnan Movement, different parts underwent 

varying degrees of erosion, and during the later Indo-China and Yanshanian tectonic movements, 

the strata formed in different periods such as Carboniferous, Permian and Triassic jointly contributed 

to the pattern of folds within the region. The 3D spatial structure characteristics of relevant the related 

folds are shown in Figure 8. 

 

Figure 8. Cross-sections of 3D geological structure model of Wuhan metropolitan development area 

(Vertical magnification 15x). 
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3.2.3. Faults 

The model encompasses a total of 195 faults of varying scales. Under the influence of geological 

and tectonic movements in different periods, such as Indo-China Movement, Yanshanian Movement 

and Neotectonic Movement, the study area prominently features two major fault systems oriented 

east-west and north-south, most of which exhibit high-angle dips. Among them, the east-west 

trending faults are distinguished by their vast scales, extensive lateral extensions, profound depths 

of incision, persistent activity over geological time, and potent control over the region’s geological 

architecture. These include the Xiangguang Fault, Qingshan Fault, and Xinhuang Fault, with the 

Xiangguang Fault being the most extensive, representing a regional fault. 

Meanwhile, the north-south oriented faults display a distinct banded or en echelon pattern, 

manifesting an equidistant spacing and pronounced strike-slip characteristics. This peculiar 

arrangement is attributed to the brittle deformation of strata during the Yanshanian period, including 

the Tuoluokou Fault, Sanyuansi Fault, Yangtze River Fault, and Tuanma fault, and so on. Notably, 

the Yangtze River Fault and Tuanma Fault, due to their substantial scales, exert considerable 

influence on the sedimentary evolution, tectonic framework, and geomorphology of Wuhan City. 

The 3D spatial spreading characteristics of these faults are illustrated in Figure 9. 

 

Figure 9. 3D spatial spreading characteristics of the faults in Wuhan metropolitan development area 

(Vertical magnification 25x). 

3.3. Model Quality Assessment 

In order to conduct a rigorous and comprehensive assessment of the quality of the 3D geological 

structure model for Wuhan metropolitan development area, this study adopted a stratified sampling 

approach. Specifically, 10% of the boreholes were proportionally selected from across the study 

region, taking into account the distribution density and heterogeneity of the modeling data. These 

boreholes served as validation points for assessing the model’s accuracy. 

For each validation borehole, a corresponding virtual borehole was extracted from the same 

location within the 3D geological model. A depth-matched stratigraphic correlation was then 

performed between the virtual and validation boreholes, enabling a direct comparison of their 

geological layers. This process was repeated for all validation boreholes, ensuring a comprehensive 

evaluation of the model’s structural fidelity. 
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Finally, the results from all individual comparisons were synthesized, providing a quantitative 

assessment of the overall quality of the model. This approach ensures that the assessment is both 

rigorous and representative, reflecting the true quality of the model across the entire study region. 

Combining the layer matching results of all validation boreholes throughout the study area, the 

comprehensive model accuracy of the 3D geological structure model of Wuhan metropolitan 

development area was determined to be 83.6%. These validation results underscore the model’s 

robust capability to meticulously portray the 3D spatial geological structure in the study area. 

4. Discussions 

Based on the depth-matched stratigraphic correlation analysis of validation boreholes, the 

peripheral regions of the study area consistently exhibited the lowest layer matching accuracies, 

typically ranging from 70% to 80%. This suboptimal performance stems primarily from the 

inadequate research conducted in these areas, resulting in a dearth of modeling data and 

corresponding limitations in geological comprehension. Notably, the mountainous and hilly areas in 

the northern and southeastern parts of the study area experienced the most acute data deficiency, 

resulting in these regions becoming the lowest in terms of 3D geological model quality across the 

entire study area. The lowest layer matching accuracy recorded of the validation boreholes in these 

areas was 67.3%. 

Overall, the quality of the 3D geological model gradually improves from the periphery towards 

the center of Wuhan metropolitan development area, specifically the intersection of the Yangtze and 

Han Rivers where the layer matching outcomes of validation boreholes typically exceed 90%. The 

primary factor contributing to this trend is the escalating socio-economic levels as one approaches 

the center of Wuhan metropolitan development area. This heightened socio-economic status has 

facilitated a profounder research and comprehension of the underlying geological background, 

subsequently resulting in a more abundant accumulation of geological data that is crucial for 

modeling purposes. 

5. Conclusions 

The 3D geological structure model of Wuhan’s urban development area incorporates 26 strata 

spanning different geological eras, 195 faults of varying scales, and 37 folds with diverse origins. By 

leveraging the results of the depth-matched stratigraphic correlation analysis of validation boreholes, 

the comprehensive accuracy of the model is determined to be 83.6%. The quality of the model exhibits 

the lowest level around the periphery of the study area, peaking in the central region, and displays 

an overall trend of gradual increase from the periphery towards the center. The primary reason for 

this is that the amount of modeling data is getting richer from the periphery to the center of the 

Wuhan metropolitan development area. 

One of the crucial challenges in urban 3D geological modeling, especially at a large scale, is 

addressing the scarcity and multi-source heterogeneity of modeling data. By analyzing the standard 

stratigraphic sequence of the study area and using it as a unified standard and basis, various 

geological understandings and modeling data are integrated and standardized, so as to obtain 

modeling data with unified data format, which is crucial for ensuring the accuracy and consistency 

of the 3D geological model. 

For the urban 3D geological modeling with highly complex geological conditions, particularly 

those having undergone multiple phases of tectonic movements, the primary focus is on determining 

the logical and topological relationships among various strata. This necessitates a thorough 

understanding of the geological evolution history within the study area, utilizing the macro- 

structure framework as an analytical scaffold to dissect the secondary geological features and 

progressively clarify the constraints relationship among strata; Subsequently, an abstraction process 

is applied to transfigure these interrelationships into logical and topological connections, which are 

then integrated into the modeling process. 
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