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ABSTRACT: The active fault that displaces the unconsolidated Quaternary sediments can develop across different
materials, such as inside bedrock, between bedrock and unconsolidated sediments, and inside unconsolidated
sediments. We conducted structural observation and material analysis on the active fault, Hwalseongri area,
Gyeongju, to understand how the structure and deformation characteristics can vary depending on the location
along the fault. At the place where the active fault is observed inside the bedrock (Location 1), fault gouge rich
in clay minerals occurs in the bedrock’s cataclasis zone, and a 10-20 pm-wide principal slip zone develops inside
it. Next, where the fault develops between the bedrock and the Quaternary sediment (Location 2), a protocataclasis
zone consisting of breccia showing weak cataclastic foliation is observed in the bedrock. Both deformed weathered
gravels and the preferred orientation of some minerals are identified in the Quaternary sediment. At Location 3,
where the fault is observed inside the Quaternary sediment, the weathered gravels and the preferred orientation
of minerals are identified, as in the sediment at Location 2. However, such structures appear weak and do not extend
to the top and end up within the sediment. The above observations indicate that the fault materials are deformed
by frictional sliding (e.g., along the clay minerals) or by cataclasis and cataclastic flow in the bedrock's slip zone
at depths and that unconsolidated sediments are deformed by granular flow at the very shallow depth. Fault slip
is localized along the principal slip zone of the clay-rich gouge in the bedrock. In contrast, shear deformation may
occur in a more distributed manner, while passing through the unconsolidated sands and gravels, and eventually
terminated. This aspect should be considered when estimating the timing of active fault movement based on
sediments’ absolute age and whether the fault crosscuts the sediments.
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Fig. 1. (a) Active faults (solid yellow circles) along the Yangsan and Ulsan faults in SE Korea (modified from Kim,
C.-M. et al., 2020), (b) Active faults in the central part of the Ulsan fault. The study area (Hwalseongri, Gyeongju)
is indicated by the solid yellow star. (c) Geological map of the study area where the active fault outcrop (solid yellow
star) is located.
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UUS : Upper unconsolidated sediments
LUS : Lower unconsgolidated sediments
FD : Felsic dike

ID : Intermediate dike

PG : Pulverized granite

Fig. 2. (a) Outcrop overview of the active fault, Hwalseongri area. (b) Photograph showing the boxed area in (a),
where three sampling locations along the main active fault (F7) are displayed (Locations 1-3).
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Fig. 3. (a) Outcrop photograph of the pulverlzed granite 1 (PGl) It is highly fractured and eas1ly disaggregated
by hand. (b) Scanned slab image of the PG1. (c) Photomicrograph showing open microfractures developed in the
PG1. (d) In the pulverized granite 2 (PG2), several deformation bands (DBs) are observed. (¢) Close-up view of
a DB in the PG2. (f) Scanned slab image showing ~1-cm thick pinkish DB. (g) Photomicrograph of the area near
the DB showing more intense damage than in the PG1 (see (c) for comparison). (h) Photomicrograph of the boundary
between the PG2 and DB. Primary granitic texture and pulverization microstructure have been destroyed by cata-
clasis, so the DB does not show them anymore. XPL: crossed-polarized light; PPL: plane-polarized light.
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White arrows indicate gravels. (¢) Photomicrograph showing the matrix part of the LUSI. (d) Close-up view of
a deformation band (DB). (¢) Scanned slab image of ~1-cm thick DB. (f) The boundary between the wall rock and
DB. The DB consists of smaller grains than in the wall rock. XPL: crossed-polarized light; PPL: plane-polarized

light.
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P el
Fig. 5. (a) Outcrop photograph of the lower unconsohdated sedlment 2 (LUS2) and close-up view of a deformation
band (DB) (inset). (b) Scanned slab image of the LUS2. (c) Photomicrograph showing the matrix part of the LUS2.
Yellow arrows indicate intragranular fractures. (d) Scanned thin-section image showing the brown-colored Fe-ox-

ides/hydroxides precipitated along the DB boundaries. (e) Close-up view of the boxed area in (d) showing the boun-
dary between the wall rock and DB. XPL: crossed-polarized light; PPL: plane-polarized light.
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Fig. 6. (a) Close-up outcrop photograph of the lower unconsolidated sediment 3 (LUS3). Grey clayey materials

Zo| 7o HYSY 711

o] wrekshs 2(GH YA)AIM AFE Azl o
sfo] B2, 712 2 MBS ATSHACH I ).

5.1 714k LISl EFS0| LEet= A IR

o] QAAIE BZHIA 7k oF 210 cme] A3}
7] gk o 2 Uehe) AR 252 gttt
2% 9179} ABHTK 1Y 2b). THE] AP N30°-
50°W/55°-80°NEZ AR 2 7} thA Wy, g=
H| 2|9} 2 oFo] st Al = E7t2-8 v A A
= 23A4 UtHd 7a).

ZA-3 A 4| X (brown and white gouge;
BWG)= 243} JAS w= HEZ 40| 5s}
o 11 Abolof| HEM FZo] 7]o] Ql= FHIE, £2
2k 5 cm o[t 7b). BWG U Fo]] 2F 2 cm 7]
o] (o] EgHElo] Tk (22 7b). BWGOIA
1-2 cm o/ ol ARt Beboll= AR=7|7F
H Yukd(protocataclasis zone, PCZ)7} Vel
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are observed in the LUS3. (b) Slab image of the LUS3 showing a DB that is not identified at the outcrop scale. (c)
Photomicrograph of the matrix of the LUS3. (d) The boundary between the wall rock and DB. Note that the DB
is composed of smaller grains than in the wall rock. XPL: crossed-polarized light; PPL: plane-polarized light.
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Fig. 7. (a) Outcrop photograph and (b) scanned slab image of the rock from Location 1 (see Fig. 2b for the location).
(¢), (d) Scanned images of thin-sections taken from the boxed areas in Fig. 7b (XPL). (¢)-(g) Photomicrographs
of the protocataclasis zone (PCZ), cataclasis zone (CZ), and ultracataclasis zone (UCZ). Note that the increase in
deformation intensity (decrease in grain size) from the PCZ via CZ to UCZ. The UCZ shows the strongest preferred
orientation of clay minerals and most notable grain size reduction than the others (upper images: XPL; lower images:
XPL, gypsum plate inserted). BWG: brown-white gouge; Cl: clast in BWG; S and C: S-foliation and C-foliation,
respectively; XPL: crossed-polarized light.
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Fig. 8. (a), (b) Photomicrographs showing the S-C foliation developed in the brown-white gouge (BWG) adjacent
to the ultracataclasis zone (UCZ). (c), (d) Photomicrographs of the clasts in the BWG (Cl); see the white dashed
boxes in Fig. 7c for the location of images). (¢) Back-scattered electron (BSE) image showing that the Cl is composed
of K-feldspar, hematite, and kaolinite. XPL: crossed-polarized light; PPL: plane-polarized light.
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(UCZ). See Fig. 7d for the location. The boundary is sharp and clearly identified by the different textures of the
BWG and UCZ. (c)-(e) Back-scattered electron (BSE) images of the boxed area in (a). (¢) S-C foliation developed
well in the BWG (yellow arrows). (d) Close-up view of the boxed area in (c) showing the principal slip zone (PSZ).
The thickness of the PSZ is ~10 pm. (e) The PSZ is composed of finer grains than nearby gouge, and it exhibits
a strong preferred orientation of kaolinite. XPL: cross-polarized light; PPL: plane-polarized light.
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Fig. 10. (a) Outcrop photograph of Location 2 (see Flg 2b for the 1ocat10n) where the upper unconsolidated sediments
(UUS) is overlain by the pulverized granite (bedrock). (b) Scanned slab image of the rock from Location 2 showing
the boundary between the protocataclasis zone (PCZ) and gravel in the UUS. (c¢) Scanned thin-section image of
the boxed area in (b) showing the cataclastic foliation (white dotted lines) developed in the PCZ. (d) Photomicrograph
showing the boundary between the PCZ and gravel. (¢) Close-up view of the boxed area in (d) (left: XPL; right:
XPL, gypsum plate inserted). Note the weak and discontinuous preferred orientation of clay minerals (red arrows)

along the gravel boundary. XPL: crossed- polarized light.
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Fig. 11. (a) Scanned slab image of the rock from Location 2 showing the contact between the protocataclasis zone
(PCZ) and upper unconsolidated sediments (UUS). (b) Scanned thin-section image of the boxed area in (a). Highly
weathered material (HWM) showing an irregular contact with the UUS. (c) Back-scattered electron (BSE) image
of the boxed area in (b). The HWM consists mostly of quartz, plagioclase, biotite, and a small amount of amphibole.
The biotite in the HWM shows a preferred orientation. (d) Photomicrograph of an area adjacent to the fault boundary,
where biotite grains are locally enriched. (¢) High magnification image of the boxed area in (d). Note that many
of the biotite grains are oriented parallel to the fault boundary. XPL: crossed-polarized light.
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Fig. 12. (a) Outcrop photograph and (b) scanned slab image of the rock from Location 3 (see Fig. 2b for the location).
The fault is developed along the boundary between large gravel and finer-grained sediment in the upper uncon-
solidated sediments (UUS). (c) Highly weathered material (HWM) showing an irregular contact with the UUS.
(d), (e) Back-scattered electron (BSE) images of the boxed area in (c). The HWM is composed of amphibole, quartz,
and kaolinite. Amphibole grains in the HWM are oriented parallel to the boundary between the UUS and HWM.
(f) Close-up view of the grains in the UUS adjacent to the fault. (g) In the boxed area in (f), clay minerals are enriched
along the sediment grain boundary. (h) The clay minerals along the boundary are kaolinite and chlorite, and they

show a strong preferred orientation. XPL: crossed-polarized light; PPL: plane-polarized light; Qtz: quartz; Amp:
amphibole; Kao: kaolinite; Chl: chlorite; Bt: biotite.
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Fig. 13. (a) Photomicrograph showing the boundary between large gravel and finer-grained sediment in the upper
unconsolidated sediments (UUS). (b) Back-scattered electron (BSE) image showing the grains near the fault. Note
that platy or columnar grains are oriented parallel to the fault boundary. (c) Close-up view of the boxed area in (a)
(XPL, gypsum plate inserted). (d) The oriented minerals are biotite, chlorite, and amphibole. (e) In the boxed area
in (d), the matrix part is composed of kaolinite and palygorskite. These clay minerals are randomly oriented. (f)
Photomicrograph showing the local preferred orientation of the clay minerals along the fault boundary (XPL, gypsum
plate inserted) (g) BSE image of the boxed area in (f), where kaolinite and palygorskite show a strong preferred
orientation. XPL: crossed-polarized light; Qtz: quartz; Amp: amphibole; Kao: kaolinite; Chl: chlorite; Bt: biotite;

Fe: Fe-oxides/hydroxides; Pal: palygorskite.
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Fig. 14. Powder X-ray diffraction patterns of the fault materials and sediments in the studied outcrop. PG: pulverized
granite; PCZ: protocataclasis zone; CZ: cataclasis zone; UCZ: ultracataclasis zone; BWG: brown-white gouge;
UUSI: upper unconsolidated sediments ~5 cm away from the fault; UUS2 and UUS3: upper unconsolidated sedi-

ments nearby (or ~0.5 cm away from) the fault.
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Fig. 15. Schematic illustration of the structures observed at Locations 1-3 along the studied fault. Note that the oper-
ation of different deformation mechanisms is inferred from the locations. PCZ: protocataclasis zone; CZ: cataclasis

zone; UCZ: ultracataclasis zone; BWG: brown-white gouge; HWM: highly weathered material; PSZ: principal slip
zone; UUS: upper unconsolidated sediments. For details, see the main text.
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