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ABSTRACT: This paper focuses on the occurrence and formation mechanism of normal faults and calcite veins
within the shale-dominant strata of the upper Jinju Formation, Cretaceous Gyeongsang Basin. Normal faults
observed in two cut slopes (Jinju Service Station and Chukdong-myeon sites) offset shale strata, but do not cut
the upper and lower sandstones. They are characterized by various strikes, normal and transtensional slip senses,
vertical offsets less than 2 m, as well as radial tensional paleo-stress field calculated from slip data of faults and
shear fractures. Fibrous calcite veins observed mostly in the shale strata are grouped into bedding-parallel and
fault-parallel (or fault-filling) veins. Bedding-parallel veins (beef), which are less than 3 cm in thickness and a
few to tens of meters in length, often show black median lines including host rock particles. The orientations of
calcite fibers are perpendicular or oblique to the bedding. Fault-parallel and -filling veins less than 1 cm in thickness
and of a few meter in length are thinner and shorter than the beef veins, and often do not show median line. Relative
chronologies of the faults, shear fractures, and veins indicate that the faulting and the injection of calcite veins
were repeatedly occurred during the geologically same time period. In addition, both the fault-parallel and beef
veins are concentratedly observed in more deformed hanging-wall adjacent to the fault surfaces, indicating that
the normal faulting and associated structures played an important role in the migration of carbonate-rich fluids.
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These results also imply that the normal faults and calcite veins were formed as a result of fluid overpressure caused
by differential compaction of incompetent shale strata in the deep part of basin, rather than regional tectonic stress.

Key words: normal fault, calcite vein, shale, compaction, overpressure

(Youngbeom Cheon, Sangmin Ha, Yunseong Lee, Sujin Ha, Hyoun Soo Lim and Moon Son, Department of
Geological Sciences, Pusan National University, Busan 46241, Republic of Korea)

1. Mo

SHE SR} EE 1 ok} Beido] Bad
FL d£z o7 didsi= x|Zke] tjE3 el oF =,
Aeratgel ofgh £2)/58k W/ WA o) u
QFe] Bgo] wisiel BAS(GENE Ta) AT
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Fig. 1. (a) Geological boundary of the Gyeongsang Basin in SE Korea. (b) Simplified geological map
western part of the Gyeongsang Basin. Aerial maps showing the outcrop localities at Jinju Service Station (c) and
at Chukdong-myeon, Sacheon-si (d).

!
e 55
=

N 35° 46' 27"

/ Fault

/ Geological Boundary

" | Bulguksa Granites

Yucheon Group

Hayang Group

- Sindong Group

25 km

SaN e 7 s 4

of the south-




376

2
02
it
ol
0z
ra
=}
Mo

A olFd Aol A3l FH=HUE A= FA5
Sk, Ea thaeo] HlZolx] SA A 27, 2
& z7toz pelg more] A B4, U= ) F
QpAe] 7] W 2T ok AL A B
3} 33 (composite vein) 2] E3of £7|3}o|(Ha et
al, 20159] 1% 33} 4), |3 w]3o] A THAL B
A5 A 712 B ASHNE Ao 45
o} S, S ea Hael) ek wal a1
cm O] FARE = mo] AR 7HA| AL §lof vl
off Blsl FA} ekxr ALAdo] Eojx|H, WA
Hell SgAdol & HEEA =t

BAES T AL LA g2 AUIAPE sk
ASEE /479 At 259 AAAIe} frAH
514 N10~20°E/10~15°SEZ FAM-Z(homocline)
£ HAtk o3 W34 HZEo A= $7] HFol
AAHA Fon, AESS weh fiiE 4 m=
S &40l Tt v AESo IS T2 H
ZHArE ] ASE2 Aol o8 == Al
of| w2} A= o E M Pl EUEH 4 AH
H HYP LS o gk

A1 EAAEY] 7P BEol fAIE 251
(N89°W/45°NE) 9] Ahtef sfddth(ad 29| D1,
3a). ES12 SRR L= FJAfZo] Lo, &
SHS wet 2 AR Rl G5 By B
obg et WalA W So| v wEHEH. A Y19

: 0 5 oml 1\‘

0z

343 - o)

e
r>

=
-

2 .
L

o

T MY

A A3 2

ol
o

7P 5E hh= Aol 8l
TEEH, 01X AS2 5ol
SE FIE BAFTHIH 3b). #EE 535
N34°E/05°2] %3} N20°E/21°SE<] 212 717

2ok (recumbent fold)e] 7]3HE EJAtHIH
30). 51 A5 S8 weh dLshe v Y|
A S 559 7ol AR 2 245 FAF o
ofA|E Yl FRof|A HolFe FEe] NI 5
=9 YRl BAGI0] BT A3l Ao} A% &
A& HAFIL 9lo], 559 34 $A B o5
FHSel SN TS AABIET Bt 52|k 3
oA T4 FH gell= olsd WAl BUR
3 ApaLo|E ] FHZE ANk AR HEH
=EI(2™ 3d), ol W= FuUS2 A olFol=
SRkl AeEgo] WA= AT 3,
A1 SHE AA S8 e S T
o2 FAR AFol A 55 de S5
7HE 559 2AE AARHE 3f). Agad
=9 AL WA o2 YAV S A
AR, S31S 39t = AddE sl 4
Fo| FU LS 7 TS AdRte] A
A WA BA R o5 S BRIt (L
A 3f). ol23 5L TF 19 ko] EAKOE
w27 FrFstuA A o2 7391/d (competency)

e

e

e
{0

¢
(N
!

fr e 2

A

faults: N= 16 shear fractures: N =

Fig. 2. Outcrop photograph showing structural domains and their border faults at Jinju Service Station. Inset: two
lower hemisphere, equal-area nets show the various orientations and normal- to normal oblique-slip senses of faults
(left) and shear fractures (right), indicating radial extension. R’=R (0; is vertical), or 2-R (03 is vertical), or 2+R
(o3 is vertical) [Choi (1995), Delvaux et al. (1997); R=(0,-03)/(01-03)].
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Fig. 3. Outcrop photographs and diagrams showing the major structural features of Domains 1 and 2. (a) E-W-striking
fault 1 dividing Domains 1 and 2. (b) Deformed strata and (c) NNE-trending recumbent folds occurring in the northern
and lower part of Domain 1. (d) Sinistral-normal oblique-slip striation observed on calcite vein wall. (¢) Soft-sedi-
ment deformation structure near the recumbent fold. (f) Structural data of Domain 1. Contoured (left) and rose
(middle) diagrams show a best-fitting m-axis of stratal attitudes and their dip directions, respectively, indicating
a NE-trending fold. Lower hemisphere, equal-area net (right) shows the distribution of slip senses on fault and shear
fracture surfaces. (g) Structural data of Domain 2. Contoured (left) and rose (middle) diagrams show a WNW-trend-
ing drag fold adjacent to Fault 1. Lower hemisphere, equal-area net (right) shows the west-southwestward normal
slip of faults. All orientation data are described in quadrant notation and third component indicates the rake of slicken-
line on fault or shear fracture surfaces.
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Fig. 4. Outcrop photographs and diagrams showing the major structural features of Domains 3 and 4. (a)
Sinistral-normal oblique-slip striation on Fault 5 surface. (b) Fault 6 dividing Domains 3 and 4-1, which was filled
by 5 mm-thick fibrous calcite vein. Bidirectional arrows indicate the orientation of crystal fibers. (d) Fault-filling
and -parallel calcite veins observed along Fault 4, which divides Domains 4-2 and 6. (e) Structural data of Domain
3. Contoured (left) and rose (middle) diagrams indicate homoclinal east-dipping strata. Stereo diagram (right) shows
the northwest to southwest normal-slip of fault and shear fractures. Structural data of Domains 4-1 (f) and 4-2 (g).
Contoured (left) and rose (middle) diagrams show the mainly northwest-dipping strata of the domains. Stereo dia-

grams (right) also indicate a radial extension.
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Fig. 5. Outcrop photographs and diagrams showing the major structural features of Domain 5. (a) Border faults 7 and
10 of the domain showing a conjugate geometry and (b) its close-up view. (c) Parallelogram-shaped and (d) planar injection
of calcite veins along Fault 7. Bidirectional arrows indicate the orientation of crystal fibers. (¢) Normal slip sense on
the fault-filling calcite vein wall. (f) Fault 10 dividing Domain 5 and 4-2 and (g) calcite vein injected along the fault
surface. (h) Fault 8 within Domain 5, which is antithetic to Fault 10. (i) Shear fracture showing a sinistral-normal obli-
que-slip sense. (j) Structural data of Domain 5. Contoured (left) and rose (middle) diagrams show dispersedly tilted-strata
with east- to southeastward dominance. Stereo diagram (right) shows a northwest to southwestward radial extension.
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Fig. 6. Outcrop photographs and diagrams showing the major structural features of Domain 6. (a) Domains 6-1
and 6-2 divided with Fault 11. (b) Dextral normal oblique-slip striation of E-W-striking shear fracture adjacent to
Fault 11. (c) Fault 12 within Domain 12 and (d) its infilling fibrous calcite veins showing a listric geometry. (e)
Contoured (left) and rose (right) diagrams showing the northward homoclinal tilting of strata in Domain 6. (f)
Domains 6-2 and 7 divided by Fault 13 and pervasive calcite veins in the hanging wall of the fault. (g, h) An upward
extension of Fault 13 with a dip of 55° and its associated dragged and offset beef veins. (i) Structural data of Domain
6-2. Contoured (left) and rose (middle) diagrams of stratal attitudes near Fault 13 indicate a SSE-trending fold.
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anormal separation of about 10 cm. (b) Fault 15 dividing Domain 7 and 8. (c-g) Bedding-parallel and fault-parallel
calcite veins observed along Fault 15. Note that these two type veins are continuously connected and show a similar
direction of crystal fibers without any cross-cutting relationship. Small dotted circles in Figs. 7f and 7g indicate
the connection parts of the veins.
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Fig. 8. Outcrop photographs showing the characterlstlcs of normal faults and calcite veins at Chukdong -myeon,

Sacheon-si. (a) Normal faults only developed in shale-dominant strata. Inset: lower hemisphere, equal-area projec-
tions of the faults (left) and shear fractures (right) indicating a radial extension. (b) Beef veins and normal faults
showing their relative chronologies. Note that the normal faults cut the beef and vise versa. (¢) Pinch-out geometry
of beefs near the inflection point of normal-fault-related drag fold, indicating vein injection after faulting. (d, e)
Highly deformed stratal layers in the hangingwall of normal fault showing the rotated directions of beef crystal
fibers. Bidirectional arrows indicate the orientation of crystal fibers.
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Fig. 9. Schematic model explaining the development environment of variously oriented normal faults in shale-domi-
nant strata that are sealed by more competent and coarser-grained rocks.
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