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ABSTRACT: Fault is a key structural element that significantly influences fluid flow and storage properties in fractured rock masses. In
particular, the geometry and connectivity of fracture networks within fault zones play a major role in controlling hydraulic behavior. This
study conducted two-dimensional fracture network analysis using drone-based high-resolution orthophotos of diorite outcrop in the
Haegeumgang area, Geoje Island, Korea. 10 m-diameter circular samples were established throughout the entire outcrop, along with additional
5 m-diameter circular samples oriented perpendicular and parallel to the target fault trace. These were categorized into background zone,
wall damage zone, and linkage damage zone. The structural and hydraulic properties of each zone were quantitatively evaluated using
topological analysis and permeability anisotropy assessment. The results show that the linkage damage zone exhibits the highest values in
fracture density, number of connecting nodes, and hydraulic connectivity (f-value), indicating its role as the principal fluid flow pathway
within the fault zone. A strong correlation is found between fracture intensity and node connectivity, whereas the correlation between fracture
intensity and hydraulic connectivity (based on open fractures) is low. In contrast, a moderate positive correlation is observed between vein
ratio and hydraulic connectivity, suggesting that simple density indicators alone are insufficient to fully characterize hydraulic behavior. The
permeability anisotropy analysis shows that the highest anisotropy ratio (ki/k,) is observed within the linking damage zone, where the major
axis of the permeability ellipse aligns with the dilation bend, oriented in the WNW-ESE direction (Set B). Within the wall-damage zone,
dominant permeability orientations are identified as WNW-ESE (Set B) and E-W (Set E), whereas the background fractures predominantly
exhibit NE-SW (Set C) and NNE-SSW (Set D) orientations. These findings indicate that, in small to medium-scale fault zones, the linking
damage zone significantly influence on the directionality and anisotropy of fluid flow. The findings of this study are applicable to site investigations

Copyright © The Geological Society of Korea 2025
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for high-level radioactive waste repositories and carbon dioxide storage facilities. Future work should include deep subsurface studies
incorporating three-dimensional fracture network analyses across a wider range of lithologies.

Key words: fault damage zone, linking damage zone, fracture network, hydraulic connectivity, permeability anisotropy
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Fig. 1. (a) Tectonic subdivision of the Korean Peninsula showing the location of the Cretaceous Gyeongsang Basin and the study
area (red box) in the southeastern part of Korea (modified from Kee et al., 2019). (b) Map of Geoje Island indicating the location
of the detailed geological map (red box). (c) Geological map of the Nambu-myeon area, located in the southern margin of the
Gyeongsang Basin (modified from Won et al., 1980). The study area is highlighted with a red box. The Nambu-myeon area is
composed of Cretaceous diorite (Kdi), Jangmokri Formation (Kjm), and Seongpori Formation (Ksp). Major fault is indicated

by dashed line.
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Fig. 2. (a) Drone-based orthophoto of the study area at Haegeumgang, Geoje Island; target fault outlined with a yellow dashed
box, scanlines along dykes shown as red dashed lines. (b) Rose diagrams and stereographic projections from fracture surveys.
Fractures grouped into five sets (Set A—E) based on orientation. Lower-hemisphere equal-area stereographic projection shows
pole density distribution of fractures. Orientation data measured following the right-hand rule.
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Fig. 3. Field photographs and structural sketches of four representative outcrops. (a) Set A veins displacing Set C vein. Set C
also reactivated and displaced Set A vein, indicating mutual crosscutting. (b) Sinistral Set C faults offsetting Set A veins. R shears
(in grey) are identified. (c) Tree structure of Set B displacing Set C veins. Set B veins displace Set C veins, showing both sinistral
and dextral shear indicators. (d) Set B veins displacing Set C veins, showing both sinistral and dextral shear indicators.
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Table 1. Classification of five fracture sets identified in the diorite of Haegeumgang, Geoje Island.

Classification Strike Structure Characteristics
0L1no Dominantly sinistral faults; includes the target fault zone with complex
- +
Set A NNW-SSE/330°10 cross-cutting relationships with Set B and Set C
Set B WNW-ESE / 300°410° Dfaxtral faults with ev1denpe of reactivation; commf)ply developed as veins
with hydrothermal alteration and reduced permeability
Set C NE-SW / 050°£10° Mlnor-offset fractures W.l'[h both dextral and sinistral senses; widely dis-
tributed and locally reactivated by stress changes
Set D NNE-SSW /010°+10° Sinistral fractures; interpreted as secondary fractures associated with Set C
Set E E-W /090°+10° Dextral secondary fractures associated with Set B and Set C
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Fig. 4. (a) Target fault (strike: 330°£10°) divided into three segments. These segments are connected by hard linkages, which
form distinct linking damage zones. (b), (¢) Detailed fracture mapping and high-resolution drone photograph of the target fault.

Fig. 5. (a) Drone-based orthophoto of the study area at Haegeumgang, Geoje Island. (b) Overall fault distribution in the study
area. Set A faults are shown in red, Set B faults in blue, and Set C faults in green. Shaded areas indicate linking damage zones
between fault segments.
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A3} FU4gH 0.039 cm”, FRIZEE 0.038 cm' 2 B E
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Table 2. Quantitative parameters of the fracture network for each 10 m circular survey area, including node classifications (I, Y,

X), total number of connected nodes, and 2D fracture intensity.

SaI(l;%lnt)\Io. 1 X Y No. Connections 2D Intensity (cm™)
1 159 275 298 573 0.049
2 96 189 126 315 0.034
3 87 149 179 328 0.032
4 69 228 201 429 0.039
5 104 203 211 414 0.039
6 71 164 118 282 0.032
7 220 709 816 1525 0.080
8 143 187 194 381 0.038
9 87 194 170 364 0.037
10 140 381 264 645 0.051
11 71 245 269 514 0.043
12 90 105 113 218 0.027
13 134 242 231 473 0.043
14 137 160 152 312 0.040
15 62 127 187 314 0.035
16 80 212 249 461 0.046
17 53 151 186 337 0.040
E ’ 10 m D @ KDE of 2D Intensity @ 2D Intensity vs No. Connections

Circular Sample Area (SA.) &5

R2z = 0.942
p-value = 1.07e-10

SAW-7

0.7

o
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Fig. 6. (a) Locations of 10 m diameter circular sample areas. (b), (c) Kernel density estimates (KDE) of 2D intensity and total
number of connected nodes (X- and Y-nodes). Median and mode values are indicated on each graph. A distinct peak corresponding
to SAo-7 is observed in both distributions, indicating anomalously high values relative to the overall dataset. (d) Correlation analy-
sis between 2D intensity and number of connections, showing a strong positive relationship (R’=0.942). The highest values for
both 2D intensity and number of connections are observed in SA;¢-7.
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Table 3. Fracture network parameters measured in 5-meter-diameter circular domains located across the target fault direction.

Sar?é) lneSNo 1 X Y No. Connections 2D Intensity (cm'l)
1 25 25 29 54 0.028
2 45 59 85 144 0.045
3 13 43 26 69 0.034
4 61 85 61 146 0.049
5 64 211 293 504 0.097
6 53 47 45 92 0.040
7 39 42 62 104 0.040
8 20 76 39 115 0.041
9 16 56 69 125 0.041
10 24 105 76 181 0.053
11 40 105 91 196 0.057

W

Linking damage zone

Wall damage zone

Background zone

Fig. 7. (a) Locations of 5 m diameter circular sample areas. (b) Sample areas arranged both across and along the target fault to
assess spatial variations in fracture characteristics relative to the fault damage zone. Linking damage zone represented by SAs-5
(red circle), wall damage zones indicated by blue circles along the direction parallel to the fault trace.



. =
HZELUY XM EQ 220 E8E: L5 752 HE0 24 Ak 397
0.1 T T T T 0.1
o

0.08 4 0.08
T %
§ §
z z
é 0.06}- 9 é 0.06
a ° g
S ° S

[e]
0.04 o o » * 0.04
o
s 4 s s 7 8 9 w0 n % 13 14 15 s G 7 18

SA (Across Direction)

SA (Along Direction)
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Fig. 9. Kernel density estimates (KDE) of 2D fracture intensity and the total number of connected nodes (X- and Y-nodes) for
sample areas distributed across ((a), (b)) and along ((d), (e)) the target fault. Both directions exhibit strong positive correlations
between fracture intensity and number of connections ((c), (f)). A distinct peak corresponding to SAs-5 is observed in both correla-
tion distributions, indicating anomalously high values relative to the overall dataset.
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Table 4. Fracture network parameters measured in 5-meter-diameter circular domains located along the target fault direction.

Sar?é:) II:SNO I X Y No. Connections 2D Intensity (cm™)

12 6 17 36 53 0.028

13 27 71 62 133 0.042

14 45 91 98 189 0.053

15 99 163 195 358 0.079

5 64 211 293 504 0.097

16 32 79 154 233 0.061

17 37 94 60 154 0.048

18 34 51 64 115 0.044
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Fig. 10. Hydraulic connectivity (f) and 2D intensity of open fractures for sample areas distributed (a) across and (b) along the
target fault. (c) Correlation between hydraulic connectivity (f) and 2D intensity (open fracture), showing relatively low coefficient
of determination (R = 0.404). The interquartile range (IQR) is defined by Q1 =-0.057 and Q3 = 0.094. Data points outside this
range are highlighted in green, indicating samples with anomalously low or high connectivity relative to their 2D intensity. (d)
Negative correlation between hydraulic connectivity and vein ratio, with a moderate relationship (R* = 0.540). The IQR spans
from Q1 =-0.063 to Q3 =0.081. As in (c), green markers represent samples falling outside the Q1-Q3 range, suggesting variability

in hydraulic connectivity not solely explained by vein ratio.
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Fig. 11. 2D permeability anisotropy ratio (k;/k,) and corresponding permeability ellipses for sample areas distributed (a) across
and (b) along the target fault. Each ellipse represents the principal directions and relative permeability, indicating directional aniso-
tropy in the fracture network.

Table 5. Results of 5 m circular scanline analysis showing 2D fracture intensity, hydraulic connectivity ( /), and permeability aniso-
tropy ratio (ki/k»), vein ratio.

Direction Sarr(lglre;_)No. 1 X Y 2D Intensity f ki/ks }:/:;ir(l)
1 27 17 24 0.024 0.26 1.1 0.17
2 45 59 85 0.045 0.52 13 0.00
3 16 22 23 0.028 0.50 3.0 0.15
4 65 54 37 0.037 0.27 1.4 0.25
5 81 195 266 0.091 0.64 33 0.06
dﬁgi‘t)is;n 6 48 40 52 0.038 0.36 1.4 0.06
7 56 31 47 0.033 021 1.2 0.16
8 39 39 29 0.031 0.36 1.6 0.24
9 22 16 41 0.029 0.43 22 0.31
10 50 46 42 0.040 0.35 1.1 0.25
11 47 88 75 0.051 0.56 1.5 0.11
12 18 18 22 0.022 0.42 1.7 0.24
13 35 9 15 0.020 0.00 1.0 0.53
14 47 66 82 0.044 0.52 1.2 0.15
dﬁ;(c’gin 15 121 141 169 0.071 0.46 3.0 0.10
16 58 54 115 0.051 0.47 2.5 0.16
17 42 63 47 0.040 0.49 1.7 0.17

[
e e}

34 51 64 0.044 0.54 1.8 0.00
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Table 6. Permeability anisotropy parameters for 5 m circular sampling areas. Values include principal permeabilities (k;, k»), aniso-
tropy ratio (ki/k;), and the orientation of the principal permeability axis (k; direction).

San(lsplren_) No. (EB) (rﬁg) (IIE]Y%) ki ks ki/k, ki Direction
1 2.3x10" 1.2x10™ 2.4x10" 24x10"  2.3x10' 1.1 005°
2 1.0x10? 8.9 8.8x10" 1.1x10>  8.3x10" 1.3 064°
3 6.1x10" 22 3.8x10' 7.3x10"  2.5x10' 3.0 059°
4 4.6x10" 2.5 3.3x10" 4.6x10"  3.3x10 1.4 281°
5 4.7x10? -2.5%x10? 4.7x10? 73x10*  2.2x10? 33 315°
6 4.4x10" 3.5 5.8x10' 5.9x10"  4.3x10' 1.4 013°
7 3.3x10" 29 3.0x10" 3.5x100  2.8x10! 1.2 060°
8 3.5x10' 8.1 3.9x10' 45%x10"  2.9x10' 1.6 039°
9 4.2x10? 1.3x10? 3.3x107 5.1x10°  2.4x10° 22 054°
10 5.1x10' 2.5%10" 5.7x10' 5.7x10"  5.1x10 1.1 002°
11 1.4x10? 2.7x10" 1.3x10? 1.6x10? 1.1x10? 1.5 052°
12 3.1x10" 2.4 1.8x10" 3.2x10" 1.8x10" 1.7 080°
13 9.3 0.0 9.3 9.3 9.3 1.0 -
14 9.7x10" 6.2 8.6x10" 1.0x10>  8.3x10" 1.2 294°
15 2.3%x10° -9.4x10' 1.7x107 2.9x10°  9.7x10' 3.0 306°
16 1.4x10? -2.9x10" 7.3x10" 1.6x10>  6.3x10" 25 290°
17 8.8x10' -6.9 5.6x10" 9.0x10' 5.4x10' 1.7 281°
18 1.2x10? -1.7x10" 7.2x10" 1.2x10*>  6.6x10' 1.8 289°
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Fig. 12. (a) Example of 2D mapping and topological analysis for total and open fractures in sample area SAs-12. Upper row showing
mapped fractures; lower row presents corresponding topological classifications with I-, Y-, and X-nodes and their branch types.
(b) Ternary diagram showing f'values for all fractures (right) and open fractures (left) within 5 m circular sample areas, classified

by node types (I-, Y-, and X-nodes).
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Fig. 13. Conceptual model illustrating the relationship between linking damage zones and permeability variation. The linking
damage zones exhibit the highest permeability values and are characterized by NW-SE oriented permeability ellipses (Set B).
Permeability ellipses in the wall damage zones show dominant orientations in the WNW-ESE, E-W (Set B, Set E), whereas the
host rock outside the damage zones displays NE-SW and NNE-SSW-oriented ellipses (Set C, Set D).
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