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ABSTRACT: Materials of fault rocks are a critical factor that may control the mechanical behavior of faults. To
examine whether the change in mineral composition of fault rocks may result in the change in frictional behavior
of faults, we conducted an integrated study on some subsidiary faults of the Yangsan fault, Bogyeongsa area, Pohang,
by combining field observation, materials and microstructure analyses and shear tests. From two fault outcrops,
both fault gouges and fractured wall rocks were collected. Powders of the wall rocks were used to simulate gouges
of immature faults. According to an analysis of the materials, the wall rock powders consist mainly of non-clay
minerals (>80 wt%) such as quartz and feldspar; the fault gouges are rich in clay minerals (>50 wt%; illite and
chlorite). Some shear tests on the materials at water-saturated conditions show that the gouges are weak (0.27 in
terms of friction coefficient, 1) and velocity strengthening, and have a low frictional healing rate, while the wall
rock powders are characterized by high frictional strength (1~0.70), velocity weakening behavior and a high
frictional healing rate. Microstructural observations reveal that interconnected alignment of clay minerals with
preferred orientation is developed in the fault gouges. The microstructure may be responsible for the weakness
of the fault gouges. Given the results described above, it appears that the change in mineral composition from the
gouges of immature faults (i.e., simply the product of crushing of wall rocks) to clay-rich gouges may be
accompanied by the dramatic change in frictional properties of faults.
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Fig. 1. Outcrop photographs of the NE-striking subsidiary faults within the damage zone of the Yangsan fault,
Bogyeongsa area. Yellow dashed lines are the traces of the fault surfaces and white ones are the traces of bedding.
(a) Subsidiary fault and drag fold in the sedimentary rocks. (b) Close-up view of the boxed area in (a) where a block
sample of the fault rock was taken (white rectangle). (¢) High angle subsidiary fault in the felsic dike. The inset
image shows a close-up view of the fault. g, fault gouge; ct, cataclasite. (d) Close-up view of the boxed area in (c)
where a block sampling of the fault rock was conducted. The exact sampling location is marked with a white rectangle

(modified from Kim et al., 2016).



850 U - eletg - g -
AL o AlR WA o] nlEES FEsk

tH(Marone et al., 1990). & E A7 DA = Fo]
Hol|Z2 HAE S8 & Sgtiy vhio| a1 &
o] 1/3 AR ZF5E HE T 147 59k
Fozn mA AALS B9 B3k ARl B2
23 =5 St Z3HE AR AYPAIE ol AT
Al Aol A2kgt &, AGAE S F FeE o
T AE7F A e 2E Faststr] fs, nhgt
gol| g A g R e = AR @
= FABITE A2 AT AT Rk |
A HYA(LVDT; linear variable differential
transformer) & 0|83} S43IHTHWoo et al., 2015
7).

A4S AAHs theal 2k WA Arkeo]
$+21$8E YAF £%(0.05 MPa/s) 2 F7HA]7]
1, oA 42 9ol SdsE AL vk ut
A QA FAAIT o) F At Hag
Foz AW £E(10 um/s)2 A2 AYAY] F

8| - EE=S -0l

FEES Yol A& 7okar, A =7 ¢94A
3t 3712 FAE= AAAE (steady state)o] =
g 7HA] AHA S S7H~6 mm)AIZITHTH 2).
o AFoA= A=t B o =Edt
1%, 1) &= A AF(velocity stepping test)Z}
v"—‘ﬂ—ol‘z-i‘: -&fol= 41§ (slide-hold-slide test)
FATHE 2). = oA ABe 229 o}
é*é (frictional stability)S- o]3l|3}7] Yt A E
71&) EA5H @3l A& H o] nlEHo| A
, QHggt v] & (stable sliding) A5 HY
01z] .o 223} upAA T 9] Okﬁ}i Eo1rA3} %]
u] &3 (unstable sliding) 752 2 AUA
02 s|e) Sigt A% Teelch gk
Z71e} Al tBEHAl = Al (direct effect) St
3, oA Y] AEE aA18E] Y8l A (evolution
effect)sl= 52 9] npFEAS =431, RSF (rate
and state friction) 22 7|22 3HHDieterich, 1979;
Ruina, 1983; Marone, 1998a). Zx}o] &£32 F7}

o

0 o
r—.-4 m>~

ox O it |l
-Ioi'

l-ﬂ M X s > o
o?.i

0.35 :
B18-G
== (.25 w O o w g
5 - i ™ e 8 18 § 8 -
E ~=——= velocity stepping «— slide-hold-slide ——s
o 0-2 . . d
8 V,=1]| V=10 (um/s)
50.15 ST ] |
S S
g %
L 01 ‘ _
On
Iocit K
0.05 . }&‘veocnywea &ning| i
Materials
0 ! | ‘ ‘

Shear Displacement (mm)

Fig. 2. Representative data from velocity stepping and slide-hold-slide friction experiments on B18-G. After the
friction reaches a steady state, a series of velocity stepping tests are conducted. “aln(V/Vy)” represents the magnitude
of the instantaneous increase in the friction coefficient due to the sudden velocity change and “bIn(V/Vy)” indicates
the magnitude of subsequent decay following the peak in the friction coefficient. Solid line, our experimental data;
dashed line, hypothetical curve showing velocity weakening behavior. After the velocity stepping tests, a series
of slide-hold-slide tests are conducted. The frictional healing, Ay, is defined as the difference between the steady-state
friction (Wq) in the first slide and the newly reached static friction (ls) in the second slide after a period of hold.
This tests show velocity strengthening (a-b > 0) behavior and positive healing. The inset on the left shows the ex-

perimental sample configuration.
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Table 1. Mineral compositions (wt%) of wallrock (W) and fault gouge (G).

Non-clay mineral

Clay mineral

Sample Quartz Plagioclase ~ K-feldspar Calcite Diaspore Ilite" Chlorite
B16-W 18.1 76.9 1.6 0.0 0.0 0.0 3.4
B16-G 27.9 6.4 1.5 1.9 1.2 41.7 19.3
BI8-W 50.9 24.0 7.8 0.0 0.0 17.3 0.0
B18-G 259 15.3 0.0 0.0 0.0 50.2 8.7
*Including illite-smectite mixed layers of high illite proportion.
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Fig. 3. XRD patterns of randomly oriented wall rock powder and fault gouges.
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Fig. 4. Comparison of frictional behavior between wall rock powder (B16-W and B18-W) and fault gouge (B16-G
and B18-G) samples. The friction coefficient is the ratio of shear stress to normal stress. The constant normal stress
of 10 MPa was applied in all the tests. Note that the wall rock samples show much higher friction coefficient (u~0.7)
than fault gouge samples (u~0.27).
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Fig. 5. Comparison of frictional properties between wall rock powder (B16-W, black lines) and fault gouge (B16-G,
gray lines) samples. (a) It is shown how the friction rate parameters (a—b) were determined from B16-W and B16-G
(see also Fig. 2). B16-W shows velocity weakening (a—b < 0) behavior, while B16-G shows velocity strengthening
(a~b > 0) behavior. (b) Friction healing (Al) determined from B16-W and B16-G. The higher frictional healing
is observed for B16-W. Although not shown here, almost the same results are also obtained from B18-W and B18-G.
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Fig. 6. (a) Friction rate parameter (a-b) plotted against shear displacement. The wall rock powders mainly show
velocity weakening behavior (a—b < 0), whereas, the fault gouges show velocity strengthening behavior (a—b > 0).
(b) Comparison of frictional healing data from this study with those from previous work on quartz gouge [Marone,
1998b], clay-rich cutting from the San Andreas Fault (SAF cutting) [Carpenter et al., 2011] and weak wafers and
powders [Tesei et al., 2012]. The wall rock powders show high frictional healing rate as shown in quartz gouge,
while the fault gouges show much lower frictional healing rates which are similar to that reported from the weak

wafers and powders.
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AstN HEEY 7 | 855

o] et A3 ge] EARAQI FulE (oI5t PSZs;
principal slip zones)7} #&E =T, of7]oA= 1
pmolste] 715 Zh= do|E YRpEol A
¥ gt o oA wiEd Aol FldEn
(s 7c, 7e).

AH3A o Yof g BAES(B18)S] &9
oA ¢ 0.8 cm F2] =) TFH|R| 7} Sl H T
(2 8a). EFHA FH< SfisiEd, FH 49
I FEEO] 40 pm o2 YEFE YRSl &
=] e W =71 FFETHIH 8b). ©]
T2} ZHHe] AA o= 4 pm 2719 HE
FE dAEo] At s Fe = vigE A
o] EAA QI PSZs7} W= (17 8¢, 8d), HEF
£0| G¥(clasts) FHE SeAEA AZH] wjE
H Ax PHETHIH 8e). BHYH, YHE0| thFe

1 ym

Backscattered electron (BSE) image of the boxed area in (a) showing the distributed foliation fabric over the gouge
zone. (c¢) Optical photomicrograph of a part of the gouge showing one of the principle slip zone (PSZ) that are charac-
terized by a thin layer of strong foliation of clay minerals (crossed polarized light; gypsum plate inserted). (d) BSE
image showing interconnected and foliated clay minerals (i, illite; q, quartz). (e) Close-up view of the PSZ boundary
(boxed area in (d)). Ultrafine grains of clay minerals are strongly aligned parallel to the PSZ boundary.
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boxed area in (a) showing a narrow, highly sheared zone (~40 um-thick) developed between clast-dominant zones.
(c) Strong foliation defined by the preferred orientation of clay minerals in a part of the zone (crossed polarized
light; gypsum plate inserted). (d) BSE image showing a PSZ that is characterized by thin layer of strong foliation of
clay minerals (mostly illite, il). (e) Close-up view of interconnected clay minerals wrapping around the clasts. (f)
Close-up view of the clast-dominant zone (b) showing randomly orientated clay minerals between the clasts. g, quartz.
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Fig. 9. Photomicrographs of experimental samples, B16-W (9a-9¢) and B16-G (9d-9f). (a) BSE image showing
the development of two different gouge zones; one is characterized by loosely packed large clasts (on the right)
and the other is by smaller clasts and fine particles (on the left). Many of the large clasts were fractured. (b) Preferred
orientation of clay minerals is not observed (crossed polarized light; gypsum plate inserted). (c) BSE image showing
randomly oriented clay minerals between the large clasts. (d) BSE image showing well developed foliation over the
whole gouge layer in P- and R-direction. (¢) Optical photomicrograph of interconnected clay minerals (crossed polarized
light; gypsum plate inserted). (f) BSE image showing interconnected and foliated clay minerals (mostly illite, il).
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Fig. 10. Photomicrographs of experimental samples, B18-W (10a-10c) and B18-G (10d-10f). (a) BSE image show-
ing the clay minerals that are locally foliated in R-direction. (b) Locally interconnected clay minerals are observed
(crossed polarized light; gypsum plate inserted). (c) BSE image showing weakly oriented clay minerals between
the clasts. (d) BSE image showing well developed foliation and the alignment of clasts in P-direction. (e) Strong
foliation is defined by the preferred orientation of clay minerals (crossed polarized light; gypsum plate inserted).
(f) BSE image showing strong foliation network defined by the alignment of clay minerals in P-direction.
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