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Abstract

Jeju Island, the largest volcanic landform in South Korea, has been built
by repeated volcanic eruptions from about 1.88 Ma (Pleistocene) to a
thousand years ago. As a result, the main body of the island comprises
extensive accumulations of plateau—- and shield-forming lavas with numerous
volcanic cones overlying both hydrovolcanic and marine deposits during the
onset of volcanism in a continental shelf setting. This study focuses mainly
on the subsurface stratigraphy and geological evolution of the coastal area as
a leading edge of the expanding volcanic island. The main materials of the
study include 117~150 m long borehole cores, natural gamma-ray logs and
optical televiewer (OTV) logs obtained from 7 drilling sites in the
northeastern coastal area (Woljeong-ri and Haengwon-ri) of the Jeju Island.
The Dborehole cores were carefully described in terms of mineralogy
(phenocryst), texture, structure and color, then summarized into columnar
sections of 1:20 scale. For the mineralogical, geochemical and sedimentological
analyses, rock and sediment samples were also collected from major
lithofacies and stratigraphic units and analyzed by X-ray fluorescence (XRF)
spectrometer, X-ray diffraction (XRD) analyzer, polarizing microscope and
scanning electron microscope (SEM). All these analysis results were
considered in establishing the subsurface stratigraphic framework of the study
area. In addition, three—-dimensional stratigraphic modeling by SKUA-COCAD
was carried out for the quantitative evaluation of spatial distribution of each
stratigraphic units.

On the basis of texture, structure and mineral composition of borehole
cores, overall four lithological types are identified, including (1) non-brecciated
lava—flow volcanic rocks, (2) brecciated lava—flow volcanic rocks, (3)

non-volcanic sedimentary rocks, and (4) paleosols.
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The non-brecciated lava-flow rocks dominantly occur as thick
accumulations of successive units of pahoehoe lava flows. Individual flow
units of the non-brecciated rocks -characteristically show the internal
variations in vesicle occurrence, mineral composition and rock color, which
results in 4 divisions in a lava flow unit: (1) highly vesicular division (HV),
(2) vesicular division (VS), (3) massive division (MS), and (4) glassy division
(GL). Within a lava flow unit, these divisions are generally arranged into
GL-VS-MS-HV-GL in ascending order, reflecting a different cooling rate
such as chilling in the upper and lower flow boundaries and hampered cooling
toward the flow core. Furthermore, P-type (pipe-vesicle-bearing) lavas are
dominantly recognized in the study area, which suggesting a low gradient of
ground surfaces in a broad coastal plain.

Brecciated lava-flow rocks consist of various—sized breccias with low pore
contents. The color of breccias are mostly black due to high proportion of
volcanic glass, while the outer rim is covered with light brown palagonite. In
OTV logging images, fractured glassy basalt sections are identified not only
with the glassy breccias, but also with matrix materials composed of
palagonites, glassy fragments and partially fractured glassy basalts. These
lithologic features are indicative of hyaloclastite breccias formed by quenching
fragmentation caused by interaction with seawater. Based on the size, shape,
color and content of hyaloclastite clasts and matrix, 3 types of lithofacies are
classified in the brecciated rocks: (1) semi-brecciated basalt, (2)
clast-supported breccia, and (3) matrix-supported breccia. The vertical
association of these lithofacies are interpreted to represent topset, foreset and
bottomset of a lava-fed delta, respectively.

Non-volcanic sedimentary rocks are mainly composed of silt and sand, and
some contain carbonate material including shell fragments. They are
interpreted to have been deposited in coastal and inner continental shelf

environments. In particular, the non-volcanic sedimentary rocks at the deepest
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part of the boreholes are correlated with the Seogwipo Formation among the
main stratigraphic units of Jeju Island. The paleosols consist mainly of clay
particles, and no visible particulate matter is observed.

The results of XRF analysis on rock samples from 152 different brecciated
and non-brecciated lava flows show geochemical composition of tholeiitic
basalt and tholeiitic andesite. On the other hands, the natural gamma-ray
strength does not show any particular correlation with lithology except that
the strength is high in some intervals of non-volcanic sedimentary rock and
paleosol.

Based mainly on the lithological characteristics and spatial distribution of
the lava flows and non-volcanic sedimentary rocks, 6 stratigraphic units are
dividied, including (1) non-volcanic sedimentary rock I (unit I), (2) brecciated
lava flow I (unit II), (3) non-brecciated lava flow I (unit III), (4) non-volcanic
sedimentary rock II (unit IV), (5) brecciated lava flow II (unit V), and (6)
non-brecciated lava flow II (unit VI) in ascending order. This stratigraphic
framework suggests 4 stages of the geological evolution or growth of coastal
area in the northeastern Jeju Island.

After the deposition of Seogwipo Formation (unit I) ended in 170 ka, the
lava delta (unit II) fed by subaerial eruptions has advanced to about 2 km
inland from the present coastline until 144 ka. Since then, most of the study
areas have been exposed due to sea—level falling. During the sea-level rise of
130~135 ka, lava plateau (unit III) developed throughout study area, including
the upper part of the lava delta. Subsequently, the sea level continued to
rise, and the non-volcanic sedimentary rock II (unit IV) were deposited under
the coastal environment in 128~130 ka. The inflow of lavas supplied by the
reoccurring volcanic activity gave rise to lava delta (unit V) again at the top
of unit IV. As a result of the lava delta prograded to about 1~15 km behind
the present coastline, lava-flow rocks in thickness of 20~30 m accumulated

on a gentle coastal plain in 92 ka. After the formation of the unit V, the lava
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flow from the inland volcanoes emplaced non-brecciated volcanic rocks (unit
VI) with a thickness of 50 to 60 m, and the current coastal landscape was

completed.
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Won, 1976; Park, 1985, Hwang, 2000). Koh et al. (2017b)= AFTE9 &=
AFEe shakstE ¢k vEolxl A9 stAIRA, WsT QRS AQdg F
HHET 22 598 BE JdEXPToR HoE st AlFEe] EEHO e
SES AR wet 1 7 24 BuEdee, L wele 327~ 45570 (Kim,
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=
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Table 2-1. Summary of previous studies on volcanic stratigraphy of the Jeju Island.

Haraguchi (1931)

Won (1975)

KRCC* (1971)

Lee (1982)

Yoon et al. (1987)

Koh et al. (2013)

1002, 1007 activities 1002, 1007 activities .
upp. | groups of small basalt 1002, 1007 activities groups of small basalt 1002, 1007 activities Alkali and
Holocene cones Sand dunes cones subalkali lava
- Cinder cones flow Il
low. Volcanic cone 1
RVolcanldc cor;e 2It Non-volca
iki aegrogdam basall, i i - nic and
Hssﬂlﬁmlllg(sj:n bg;’:gl't Hanlasan trachyandesite, Feldsapr basalt VI, Sll-lnayrigggn Ft?;?ﬁyt%n’ volcanic
o ' Hanlasan basalt, Trachy andesite I, Il A Dongnam palaeosol, ; sediment
Aphanitic basalt, Hanlasan hwaiite, Alkali and
upp Augite basalt Seongpanak basalt, Feldspar IV, V, VI, Seongpanak hwaiite Basalt flows along the subalkali lava
' Feldspar baslat Sihungribasalt, Porphyritic augite basalt lll|  Gjhyngri mugearite, flanks of Hanlasan, flow I
Jeju basalt, ' Beobjeongrl trachyte, Porphyritic feldspar basalt II, Hahyori hwaiite, ! Sinyangri Formation
Alkali basalt, Hihyonb basltalt, Aphanitic basalt and trachy Jeju hwaiite,
€U basall, andesite |, .
POrphyritiC augite basalt Il Hanlasan trachyte, Alkglllkar;d
and trachyte Ill, Tuff rings (Songaksan, Ia\S/: ?Iov%ll
Pleistocene Homblende rachvandesi - Fﬁldgparf tl)éasalt ItI), III|, | Hormbiend ) SIIchuIb.ong,t SlrJ]ontaong_t), Alkali lava s .
mid. yandesite, Sinyangri Formation orp yr|tl|9 eldspar basalt |, ornblende mugearite, eogwipo trachyandesite, flow Il eogwipo
Sanbangsan lava Porphyritic augite basalt |, Sanbangsan trachyte Tuff rings (Dansan, Alkali lava Formation
Sinyangri Formation, Dusan), flow I
Feldspar basalt |, Seogwipo Formation, Alkali lava
Trachyte Il Pyoseonri basalt flow |
Seongsanpo Formation, Tuff rings (Hwasoon, Dansan),
Jungmun trachyte, A lTr?le:jyte I, | Jugmun hwaiite, Sanbangsan trachyte,
. . Seongsanpo Formation, cicular feldspar olivine Seongsanpo Formation, Marine sediments,
low. Seogwipo Formation Seogwipo trachyte, basalt Seogwipo hwaiite, Basalts (olivine augite
Pyoseonri basalt, Pyoseonri alkali basalt | basalt, outcropping under
the present see level)
upp. Seogwipo Formation Seogwipo Formation, Seogwipo Formation U formation
Pliocene | mid. | Hanlasan alkaline trachyte Basal basalt Olivine augite basalt Basal basalt
low. (basal basalt)
Granite in the northem part,
Oll,(:%rcgggn Granite Granite Granite Granite Tuff in the eastern and

southern parts
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Uetith 5 AFES shelol 2w 240 ko] £t v A2 obF
7RA Q1A ko glow, UFol £Xstar e Aoz vrsA L JvHKoh,
1997, Jeong et al.,, 2016). ©}5t Abkab sk ey, ZbEnke], A4, 4 59
ZHed g9 Adtis AR 08~09Mas eI SA o =EFd &
7 oA HwA QE Adl s Btk

o] % 196078 &detA WFE AHxALet A F2ALE EHRE e SA
A+(Won, 1976; Lee, 1982, 1994; Lee et al., 1994; Yoon et al., 1995, Son and
Lee, 1998; Won et al., 1998; Oh et al., 2000; Kim et al, 2002; Yun, 2004)7} <
gHAow, ol ngow HHol JtEEAyE AAFHJATE. Korea Rural
Community Corporation (1971)2 AF= A3t F& 2 s)dk wot s =9 35}17]
Aste]l AlFEAA g FAx2=AE AASHa, 53 1/100,000 ALEE H=

=
AAsrd ek, old, A2 SAAFS S 200 MR AESL o]F VEow

S E AABEATHTable 2-1). v P H ol tigk i 7]Fo] H3ata
U Eostths Aol AZIH AT o] 5 Won (1975)2 &30 EsAe] A
Z23tE &8st AT sraEd FHARAE AASAT FAEAGAES A
AWE 2o, FPFATRAATLGS mAgdTder W) 1~5 ©A <
TE272 79 stgEAlE AAE T Won (1975)0] AAIRE 3PS E &
ARG SAZE B3t A =g S vud o, & o2 gloy dAl=
AHEHA e ATl 2 EH e Aleo] Aotk AV 7 AFddAE 7w
oF ATl ARAANATSYS BE MAATSeR EYs YAV 2Es
A Aowm sAstou, AR o5 EAle AAZAE 1A i gl
ok ek, Koh et al. (2013)2 A FAXEZ ol &z AFed &9ko]l FAH ]
Uehtes A9% 9l Aow Bud v gl

1980 tol o obx] Akl s Aol Wl wolr] Al#talglct
o QoA oldelE SeHFS T okH fFE WHE AHdeE I, Lee

19820 §LF Ue FNsSE RS AN ol 2AZ G e
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3|8l PAH7] o]de] VAAFHoE st 1 K-Ar Aoidd 34 #%
(1.20£0.05Ma)= 7IAdF+ 2=/ 712 A4 = MAXS &9 =it
el K-Ar doidddh gtol 04 T

st A= FHE 29
Aok =, AFAESS TF Eool2EA04Ma)e] Aoz AdAst. Yoon
et al. (1987)¢] 3ptSAMol= 7IAdFAe] ANE AATH obed MAELST &
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Fow F7Iske 4TS wolw, o 5ime FAE Hele 2~3km AHZHA

100m 2 °f 2me] F4 F7He welth 5AA s 4 50~80m7k# o] Wah=

500m el T =, A e FH s T 7 F3 BAE Zte A 9ol
s .

o] th(Fig. 1-1). 28t 4 80m o] &Fol= 100m & 1me] F4le] =
7hele nksk AR F o2 vy = S HAdok(Fig. 1-1).

2) AEAA
=2] 1/50,0009] A3 AF= 3% (Ministry of Construction et al., 1993)el <2]3}H (Fig.
2-1), A7A9e AHL oA Ao TAE =HAdTY, 9Hdgd T,

o] AL 19719 THRZTFAZF w3kt =32 1/10%F AlFE A AdEo = H
A A HEH(AFOB) 2, 19313 stak217F 243 1/10%F A 2] A
Lo =(Haraguchi, 1931) ‘U] &d A 2 & F < (aphanitic basalt) &2 7] AH  <H4 o]

0 2xEeE Bd, d7Age] AF% Al SAAATYH FEE Sl
ol2x= it AAUHE wet Al BESH, W Hors 73 9dds £4

Fwol wjrmya 9y, BFETZ(ropy structure)?t thEy Ao EAIS UE

W= o] 2 dd4 F2olao] & (pahoehoe lava flow)oll &3t 7]

& YEPATH(Fig. 2-2a
@9l (flow unit) F7+= 05~5m ® 9ol A Fo wet 7pA Aol = ¢
FAYE MEAM = 05m FAC B (sheet flows) F3Fo] 2
g w2 A= oF 3mE YEWiL, FEYae B0 dad 3
ANM = 5mE ZHe7 = Fhrh §oto] A H= BN F8E &4 HF
(lava inflation structure)®= Westil AthH(Fig. 2-2b). ¥ =7+
A= o gkl #F 5~10me] &4 gAF o] 20001 m Holz WEsr]| = 5t

&)

H (Fig. 2-2¢), WA o] oF 06krel €3l #e BRAGE 2 Art. 53],
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[ ] sanddune
7] Onpyeong-ribasalt

[ ] Deokcheon-ribasalt
7] Dunjibong (scoria cone)
[ Dunjibong basalt

[ ] Ipsanbong (tuff cone)
[ ] Ipsanbong basalt

S

oS u(

§ ;Wal'pejor\!g-ri 5

Gimn

I
4
(=t

2

LS

4 LT
oo

L2 S e ‘“!7"
“'%f:?ﬁf&ﬁ“&wf e

Fig. 2-1. Geologic map of the study area (modified from Ministry of

Construction et al., 1993). Contour interval is 10 m.
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Fig. 2-2. Photos of morphologies and structures of Onpyeong-ri basalt

(pahoehoe lava flows). (a) Outcrop showing vesicular internal texture
of pahoehoe lava flows. (b) Inflated pahoehoe sheet flows. (¢) Tumulus

(about 3 m high) in intertidal zone. For location, see Fig. 2-1.
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S = uh o skl FHE 2H7Se A= (Fig. 2-3a), =48
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ko o3t Fod7]Fu YA A=A (Yeo et al, 2019)S =3 g 7~19Ka
AbolQl Aoz RaE Hf 2
(3) A3
AFA G AFoe IS TFFI EPAY Aol a9 th(Figs.

2-1, 2-4). AT A4 AFSAS VIeow WH oF 23km AHA BE

Ao #s 2,900~3,6001
Ab 2 wRA R H o
al7] o] Fol ajFwol Asate] A A FJd ek 6000 BP o] Fol H

Aeol BAENUAL, o] HHzo] 2utE AMTE 3B
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Fig. 2-3. Outcrop photos of the Dunjibong (scoria cone) area. (a)

Clinker and massive lava flow layers. (b) Thick and massive lava
flows underlying upper clinker layer of roadside cutting on the
southern part of Dunjibong. (c) Pyroxene phenocrysts on outcrop of

massive lava flow. For location, see Fig. 2-1.

_24_



Fig. 2-4. Photos of sand dune outcrops. (a) Paleosol layers and sand dune

layers overlying the upper part of the Onpyeong-ri basalt. (b) Sand dune

with various mollusc shells. For location, see Fig. 2-1.
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AT AIFEFS 2017~2018A 0] AFEFAX EALFTAF T ENE
Ablel Ao AFA G 671t A AAAATAAA 1
th ol AlFE2 s 50m olste] dg-AY sfetA A 91X
shdl, 9488 A 9d 33(KIGAME, 941353, 94253)0], U] A=
43 (P15 ¥, 9257, PY35 ¥, PP45F)0] Hxx o JrhFig. 2-1).
ZHE oF 700m ovle] Al i
gt olE AIFFE Bito 2R He olAAHE KW, KIGAMZ >

150m@3E 50m), €815 °F 300m(HY 19.7m), ¥€AH25 8 °F 700m(a]

)
18
Jm
o,
R
rO
2

25.2m)elth, Tk 2% 8 FAANEE KIGAME 130.5m(s<9 3} 125.5m), €
A15¥F 130.0m@3 ¥ 3} 110.3m), €425 8 131.3m(34H 3} 106.1m)S.2 3
¥ g 106~126m Abel7bA] A HAT. AlFEe HATE LS KIGAME ©]
70mmeo]al Y] 278 AlFg2 200mme] tH(Table 3-1).

gdel Aqe A5, dAdlsgo]l Ao =zHE TEmEHYE 45m) 7ol 9
k= RS v FEste] PYP28F 660mGENE 74m), FYP3EF  760m(E) T
11.8m), ¥4+ °F 2000m(al2 155m)= 2H7; +3Esk o} R
st AN EE PU15E 130.0mGH™ 3F 1255m), L2353 117.4m(3H+H
sl 110.0m), FU3E 3 1220m(H+H 3 1102m), WFL453 150.0m3 4 s}
1345m)ela, #FA FAL PAISF(T0mm)S At ymA AFFS BT

200mme] tH(Table 3-1).

o

®

o olzel A

2) AFET ATEHAAT

AFAG AsAA) BH S4E FAs] g8 AFh FRE o F AF

ol
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Table 3-1. General information of boreholes.

Borehole KIGAM WJ-1 WJ-2 HW-1 HW-2 HW-3 HW-4
Location Lat. | 33°33.35' | 33°33.06' | 33°32.94' | 33°33.53' | 33°33.17' | 33°33.18' | 33°32.64'
(DM) Lon. | 126°47.70' | 126°47.70' | 126°47.76' | 126°48.83' | 126°48.83' | 126°49.25' | 126°49.26'
Elevation
5.0 19.7 25.2 45 74 11.8 15.5
(m)
Well
) 70 200 200 200 200 200 200
diameter (mm)
Measured
130.5 130.0 131.3 130.0 115.0 122.0 150.0
depth (m)
Elevation
-125.5 -110.3 -106.1 -125.5 -107.6 -110.2 -134.5
depth (m)
Distance of
) 150 300 700 75 650 760 2,000
coastal line (m)
Narutal
5.0 19.7 25.2 45 74 11.8 15.5
gamma-ray ~ ~ ~ ~ ~ ~ ~
-95.5 -95.1 -93.0 -85.3 -94.2 -92.6 -128.6
(EL. m)
oTV no 0.0 6.2 -58.5 0.0 -3.2 0.0
(EL. m) recovery -96.9 -94.3 -90.3 -90.6 -91.8 -55.7
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AFEeldFol FHHAY. HF5S A DA AL AF Lo o3 3=
dow AA7babA (natural gamma-ray, ©]3F NGR) #AZ3 33 AHoptical

televiewer, ©]3d} OTV) A ZFo] o]Fo] X

NGR A58 A% ®i o T35o] gt P 59929 AA89 ¥

o wel WEHe Aukde] AVIE SAHs e ASHHES D3 rh(Asquith et

al, 2004). ol¢} 2 HFS AlFwol A&7 o) AFZEA A ehw &
dH =2 WAE S Zhe FA (orebody) BAFN A & H o, AHEZE BA o
om v FEEVF U2 BAMR R o AHMT(Shim et al, 2018). L&y 1970
Aol SolMAA AFEeets o8& vgo R st AFEAE @deA
Fudar, ojluf "ALtHZo] He SHSGEFE Y AVY Al"E HAE)S AR
(e Z7]e] 2HA HAE)S NGRO A7IE T3l (tg4o=2 st 4+ 9l
ol EE Ak (Selley, 1998). o] 8 NGR2 T4 4&E = A4 wet W=
A7171 2A Yepds Aoz &l A (Schlumberger, 1989), L5gol& AlFF

AZol dolA e FEsted F&eA &85
A e A BE AFFlA NGR d5el F3HJoH, AlFE 9
o wdE HAHYg P s KIGAME, FY925 3ot A5 ZHo] o
=, ¥ st

FARIL YA A|FFEANAE L A7ARE HFo] olFoRT. =, )

2 Ao FdE AeE AHEd, KIGAM3 955m, 94153 95.1m, €42
FF 93.0m, FHP1EF 853m, FY25F 942m, FY3EF 926m, FP4E ¥
128.6me]tH(Table 3-1). AZol+= = RobertsonAlolA 7§13k Triple Gamma
= AMgsgi o, Anje] AYe Zo] 21m, 774 38mm, F A 6kgl® =HL
Aol 70T ==¢ 20MPa®l #1704 F=3d 5+ low ool A
FEjel A AES sttt =3 NGRO S4H 9+ 100X25mm= A 4 sl 3t

AlFE OTV AF2 AdA ez dAd &84 dde A7lE S48t A4
BHE FAete BAAR ATFEdASde gy, gAg EE ARFEske] A

30 JuE JYOE /1= AEWdolth mepd AstA e wad

g

2 sold + ks gHoR AsAdess BE 4
b s e AATEEY SolA FE B4 UTHLL et al, 2013).
olsh Z-& A% OTV AEE KIGAMETE A9 @ 67129 AFTolA oF
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IR H(Fig. 3-1).
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Boreholes
=7 sites (coastal area)

Borehole cores Well-logging data
=118~150m long =Natural gamma-ray log
=70~200 mm diameter =Optical televiewer log

Volcanic rocks Sedimentary rocks

*Thin-section analysis =Particle-size analysis
(polarizing microscope) -XRD analysis
=XRF analysis =SEM analysis

[ |
Integration & Interpretation
|

v Numerical infomation

*Boundary depth
=sLithostratigraphic framework Digitalization—» =Borehole location
=Chemostratigraphic framework *Modeling domain

l =Topographic map

3D geologic modeling
Evolution -Stratigraphic model (Skua & Gocad software)

History =Grid model —

(model) =Geologic formation model

Fig. 3-1. Conceptual work flow applied to the integrated analysis of
boreholes and well-logging data in this study.
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Fig. 3-2. Classification and nomenclature of basaltic lava flows based
on their texture and mineral composition (modified from Koh et al.,
2017a).
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Table 3-2. Detailed information on samples carried out XRF analysis
in KIGAM borehole.

Borehole | Lava flow unit Lithology Measured depth (m) | Elevation depth (m)

33 0.7 4.3

32 22 2.8

31 4.2 0.8

30 5.6 -0.6

29 5.9 0.9

28 7.7 2.7

27 9.9 -4.9

26 12 -7.0

25 13.9 -8.9

24 14.7 9.7

23 17.8 -12.8

22 20.6 -15.6

21 Non-brecciated 225 -17.5

20 Lava flow 24.6 -19.6

19 26 -21.0

18 27 -22.0

17 28.5 -23.5

KIGAM 16 36.1 -31.1

15 38.7 -33.7

14 40.9 -35.9

13 42.5 -37.5

12 43.8 -38.8

1 45.5 -40.5

10 46.5 -41.5

9 47 -42.0

8 48.4 -43.4
”””” B) | Brecciated | 52 | 470

B(1) Lava flow 65 -60.0
o 02 | 652

6 75 -70.0

5 , 79.3 -74.3

4 Non-brecciated 827 777

3 Lava flow 83.4 784

2 89.7 -84.7

1 96.6 -91.6
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Table 3-3. Detailed information on samples for XRF analysis in
WJ-1 borehole.

Borehole | Lava flow unit Lithology Measured depth (m) | Elevation depth (m)

31 3.7 16.0

30 9.0 10.7

29 13.5 6.2

28 16.0 3.7

27 , 20.7 -1.0

Non-brecciated
24 28.5 -8.8
Lava flow

23 31.8 -12.1

19 35.0 -15.3

14 39.0 -19.3

WJ-1 11(2) 49.0 -29.3

11(1) 60.5 -40.8
| Brecciated | |

B 66.0~82.0 -46.3~-62.3

,,,,,,,,,,,,,,,,,,,, lava flow | |

10 85.5 -65.8

9 87.0 67.3

6 Non-Brecciated 96.0 -76.3

5 Lava flow 102.0 -82.3

4 108.0 -88.3

1 114.0 943
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Table 3-4. Detailed information on samples for XRF analysis in
WJ-2 borehole.

Borehole | Lava flow unit Lithology Measured depth (m) | Elevation depth (m)

25 3.0 22.2

24 11.2 14.0

23 13.7 11.5

22 17.0 8.2

21 19.2 6.0

20 215 3.7

19 , 23.0 22

Non-brecciated
17(2) 27.0 -1.8
Lava flow

17(1) 31.2 -6.0

16 37.0 -11.8

15 417 -16.5

14 47.3 -22.1

13 52.0 -26.8

WJ-2 12 57.1 -31.9

1" 59.2 -34.0
| Brecciatd |  __ __ |

B 72~77 -46.8~-51.8

,,,,,,,,,,,,,,,,,,,,,,, lavafow | |

10 85.6 -60.4

9 89.2 -64.0

8 93.2 -68.0

7 94.4 -69.2

6 , 96.4 -711.2

Non-brecciated
5 100.0 -74.8
Lava flow

4 107.0 -81.8

3 111.0 -85.8

2 114.5 -89.3

1(2) 118.0 -92.8

1(1) 120.8 -95.6
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Table 3-5. Detailed information on samples for XRF analysis in
HW-1 borehole.

Borehole | Lava flow unit Lithology Measured depth (m) | Elevation depth (m)
19 10.0 5.5
18 16.0 -11.5
17 19.0 -14.5
16 21.7 -17.2
15 Non-brecciated 24.7 -20.2
14 Lava flow 26.0 -21.5
13 29.2 24.7
12 38.0 -335
1" 42.0 37.5
10 45.0 40.5
HW-1 [ Brecciated | [
B 61.0 56.5
,,,,,,,,,,,,,,,,,,,,,,,, Lava flow | .
9 75.8 71.3
8 79.0 74.5
7 82.4 77.9
6 ) 85.9 81.4
Non-brecciated
5 874 82.9
Lava flow
4 88.6 84.1
2(2) 91.5 87.0
2(1) 93.5 -89.0
1 94.5 -90.0
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Table 3-6. Detailed information on samples for XRF analysis in
HW-2 borehole.

Borehole | Lava flow unit Lithology Measured depth (m) | Elevation depth (m)

21 1.7 57

20 6.9 0.5

19 ) 8.2 0.8

Non-brecciated
18 12.6 5.2
Lava flow

15 279 -20.5

14 31.0 23.6

12 36.4 29.0
”””””””””””” Brecciated | [

B 50.0~55.0 -42.6~-47.6

,,,,,,,,,,,,,,,,,,,,,,,, Lava flow | |

HW-2 1 69.0 616

10 73.3 -65.9

9 74.1 -66.7

7 ) 76.6 69.2

Non-brecciated
5 82.7 75.3
Lava flow

3(3) 89.9 82.5

3(2) 92.0 84.6

3(1) 93.7 86.3

1 97.1 -89.7
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Table 3-7. Detailed information on samples for XRF analysis in
HW-3 borehole.

Borehole | Lava flow unit Lithology Measured depth (m) | Elevation depth (m)
16 6.0 5.8
15 104 14
14 13.3 -1.5
12 19.5 -1.7
11 Non-brecciated 25.0 -13.2
10 Lava flow 29.0 -17.2
7 37.0 -25.2
HW-3
6 40.2 -28.4
5 45.0 -33.2
4 51.0 -39.2
. BQR | Brecciated | | 600 | 482
B(1) Lava flow 90.0 -78.2
””””” 3 | Nonbrecciated | 90 | 872
2 Lava flow 1014 -89.6
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Table 3-8. Detailed information on samples for XRF analysis in
HW-4 borehole.

Borehole | Lava flow unit Lithology Measured depth (m) | Elevation depth (m)
19 20 13.5
18 4.5 11
17 9.0 6.5
16 14.0 1.5
14 , 225 -7
Non-brecciated
13 30.8 -15.3
Lava flow
12 34.4 -18.9
10 38.4 -22.9
40.5 -25
HW-4 437 -28.2
51.0 -35.5
”””””””””””” Brecciated | |
B(3) 51.0~65.0 -35.5~-41.5
,,,,,,,,,,,,,,,,,,,,,,,, levaflow | |
4 68.8 -53.3
3 Non-brecciated 74.0 -58.5
2 Lava flow 78.0 62.5
,,,,,,,,, Ll %8 T3
B(2) Brecciated 93.0~128.0 -74.5~-112.5
B(1) Lava flow 128.0~150.0 -112.5~-134.5
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Table 3-9. Basic information on samples for polarizing microscopy
(thin section) in KIGAM borehole.

Bore Figure . .
Elevation depth (m) | Measured depth (m) Lithology
hole number
4-5a 5.0 10.0
4-5b 6.0 11.0
45 6.5 s Non-brecciated
KIGAM ava f
4-6a 635 68.5 ava flow
4-6¢c -65.3 70.3
4-6b -66.2 71.2
Brecciated
WJ-1 4-7c, d -50.3~-55.3 70.0~75.0
lava flow
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Table 3-10. Sampling locations for grain-size analysis.

Borehole name | Sample number | Measured depth (m) | Elevation depth (m)
1 65.7~67.6 -60.7~-62.6
2 98.7~99.7 -93.7~-94.7
3 99.7~101.9 -94.7~-96.9
KIGAM
4 101.9~104.0 -96.9~-99.0
5 104.0~122.0 -99.0~-117.0
6 122.0~130.5 -117.0~-125.5
1 115.0~117.0 -95.3~-97.3
WJ-1
2 117.0~119.0 -97.3~-99.3
1 121.0~121.6 -95.8~-96.4
WJ-2 2 121.6~121.9 -96.4~-96.7
3 121.9~122.3 -96.7~-97.1
1 95.0~95.5 -90.5~-91.0
2 95.5~96.0 -91.0~91.5
3 96.0~97.0 -91.5~-92.5
HW-1
4 97.0~109.0 -92.5~-104.5
5 109.0~121.0 -104.5~-116.5
6 121.0~124.0 -116.5~-119.5
7 127.0~130.0 -122.5~-125.5
1 102.0~104.0 -94.6~-96.6
HW-2
2 104.0~106.0 -96.6~-98.6
HW-3 1 103.6~111.0 -91.8~-110.2
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Webd dg The ez 2A Urold Arg AAsdrh 203 AR
= 60ColA &3] HAxA7 * Bd(ball mil)S AFE3ste] E23leld]a, &4

et FE AP A FHAA] B3l & BrukerAle] D8 Advance A25
2dE o] &ate] Fsttt. A YA dHE ol &S 8 7 X-A
o]-8-3Fo] 40kV, 40mA, 4~90, 2-theta Tt A 0.02, /57.3s= AdA3tAT)
ob-&e] g5% X-4 3" AR= EVA V31 2ZEdo]E ARgste] 4484 S
A A8t

SEM ##2 e AR ARE AvtHS AFsid o, dddsta 54
HAFHS] Jeolrle] JSM-7601F E=e] HAAWE
I X-A oy A EF7I(EDS)E ol&ste] AR FESAHS Al

Bz AL 7bEAg 15kV, 7FE5AF bnA, 2378 15mmol A FAazs 2

o

AFael BHS Bu 2EE AUEe AFTo AAE F A¥S YESHs
AozA, ATAY A% Ao BAFHE FHA O sels] AN E oS
HET 5 F/4HA BAWEel Basith olsh 2 AGHE neFI] I

m

Wel PP A oge BAse] dojn AREe FAYRE HE 2
Adstata 54 ATEATA o] BS A3l hge] B

bol olg AdFoE sbAgtstn AYHom FAT + A LAl

e
ot

(Mallet, 2002; Pouliot et al., 2003; Lee et al., 2015). o] & 3x =2 wdg
71l e A FREC £, A, 7tE 2 AP, F98e Pl 9
o] #71% ¢l wAS 7FA $kth(Wang and Huang, 2012). ¥ oA 339 A4
2dgo o]8H A E o= EMERSONAFe| A 7idtst SKUA-COCAD 2017
2A, AATZ B4, 4 B4, Ax5d B4 B4 Bx B4, g8 gAR

5 MM 5 g3t 7152 AFeoH(Park et al, 2015).
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(1) 2d¥Y F¢g 38%
2 AFAA Y 3AY AF Bdge gudA FeE 33 AW 2EY AT
(Ahn et al., 2015; Park et al., 2015; Lee et al., 2015)°llA AHE W

A3g Hgow 379 Ad RadS Fd5] dRHE SAHoR maY o
g ARk s, Y dol <ol TFHE AFF NEARGIA, B, 2

F)ola, &L 180781.6(Xx¥)o 2 olg2 A& o 3kme HAS olFa 3
o} Egk W2 1051164(YF %), 552 107634.2(YF %)Y Axake 7HA W, &
-5 AA Abele] A= 25kmE AAHACE A4 WA= M ZA =24
QP45 Z (3 FH 3} 1345m)E 7Fo = o] FFH 8 160.0m7bA = A A4S

Fow, FaE W et AFo] 7 =E /A wkdshy] fls s 200.0m
= A stk

2dy g dFEHE A9 Ax APFL FA AP=E Fd e
AAYGEE FEUSY 7R ARIEAA ATEHE A2E Aggen, o
oA FAAYLEE GRSS0 HEA S 1HH250009] AL HA o} Q}, of2
T FAAGEE xedstn Je ARE T &ohA(ZE E0082120), (2=

E0082123), 10m @9 &1 (Z= F0017111), 100m @9 514 (2= F0017114)
& vUetdle ARES FEote] RHdd &8st th(Fig. 3-3). AlFE 7124
B X s AR A, i, AlFE F Zolrb den, Ao Wi
dE= O AWE GRS80 HEAAE ARSI e™, U4mA AEEES m @9
= dEaaE A8t tH(Table 3-12). AlF-4 o= KIGAME o] 9143 o] =
= 180935.3(X#H3E), 106913.5(Y#3E)olaL, il s 5.0m, AlF3 Aol

o5

¢
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Table 3-11. Location and elevation of stratigraphy modeling domain.

Modeling boundary

X (GRS80) Y (GRS80) Elevation (m)
183539.2 107634.2 200.0
180781.6 105115.4 200.0
180781.6 107634.2 200.0
183539.2 105115.4 200.0
183539.2 107634.2 -160.0
180781.6 105115.4 -160.0
180781.6 107634.2 -160.0
183539.2 105115.4 -160.0
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0 100 200 300 400

Horizontal Length (m}

Fig. 3-3. Geological modeling domain with digital topographic map

and 7 boreholes shown on the GOCAD software.
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Table 3-12. Numerical information on boreholes used in modeling.

Borehole Elevation (m) | Measured depth (m) | X (GRS80) | Y (GRS80)
HW-1 4.5 130 182554.8 107166.7
HW-2 74 115.0 182612.9 106666.5
HW-3 11.8 122.0 183484.8 106653.8
HW-4 15.5 150.0 183378.9 105589.5
WJ-1 19.7 130.0 181009.9 106403.6
WJ-2 25.2 131.0 180889.7 106277.8
KIGAM 5.0 130.5 180935.3 106913.5
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Table 4-1. Vertical distribution of lithology in boreholes. For locations

of lithology, see Fig. 4-1.

Borehole Lithology Elevation (m)
Non-brecciated lava flow +5.0~-43.7
Brecciated lava flow -43.7~-60.7
KIGAM Non-volcanic sedimentary rock -60.7 ~-62.6
Non-brecciated lava flow -62.6 ~-93.7
Non-volcanic sedimentary rock -93.7~-125.5
Non-brecciated lava flow +19.7~-413
Brecciated lava flow -41.3~-60.5
WJ-1 Non-volcanic sedimentary rock -60.5~-62.2
Non-brecciated lava flow -62.2~-96.9
Non-volcanic sedimentary rock -96.9~-110.3
Non-brecciated lava flow +25.2~-29.0, -30.2~-334
Paleosol -29.0~-30.2
WJ-2 Brecciated lava flow -33.4~-58.6
Non-brecciated lava flow -58.6 ~-95.8
Non-volcanic sedimentary rock -95.8 ~-106.1
Non-brecciated lava flow +45~-22.0, -22.1~-41.6
Paleosol -22.0~-22.1
HW-1 Brecciated lava flow -41.6 ~-69.1
Non-brecciated lava flow -69.1~-90.5
Non-volcanic sedimentary rock -90.5~-125.5
Non-brecciated lava flow 74133, A37~-243,
-25.0~-30.7
Paleosol -13.3~-13.7
Paleosol -24.5~-25.0
HW-2 Brecciated lava flow 30.7~-58.4
Non-volcanic sedimentary rock -58.4~-59.0
Non-brecciated lava flow -59.0~-90.6
Non-volcanic sedimentary rock -90.6 ~-110.0
. +11.8~-22.2, -23.2~-31.1,
Non-brecciated lava flow 314~338
Paleosol -22.2~-23.2
Paleosol -31.1~-314
HW-3 Brecciated lava flow -33.8~-78.4
Non-volcanic sedimentary rock -78.4~-82.5
Non-brecciated lava flow -82.5~-91.8
Non-volcanic sedimentary rock -91.8~-110.2
Non-brecciated lava flow +155~-2.7, -34~-10.3, -10.5~-32.7
Paleosol 2.7~-34
Paleosol -10.3~-10.5
HW-4 Brecciated lava flow -32.7~-495
Non-brecciated lava flow -49.5~-775
Brecciated lava flow -77.5~-134.5
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Table 4-2. Information of lava flow units of KIGAM borehole. B: brecciated

lava flow, P: paleosol,

pahoehoe lava flow, St:

N:

non—-volcanic sedimentary rock, Pt p-type

s-type pahoehoe lava flow. For locations of

lava—-flow units, see Fig. 4-2.

Borehole Lava flow unit Elevation (m) Thickness (m)
33 (St) +4.3 +4.1 0.2
32 (Pt) +4.1 +2.1 2.0
31 (PY) +2.1 +0.5 16
30 (P +0.5 -0.7 1.2
29 (St) -0.7 14 0.7
28 (PY) 14 -33 1.9
27 (PY) -33 -6.0 27
26 (Pt) -6.0 74 14
25 (PY) 74 97 2.2
24 (St) -9.7 -10.5 0.8
23 (PY) -10.5 13.7 3.2
22 (PY) -13.7 -16.5 2.8
21 (PY) -16.5 -18.0 15
20 (PY) -18.0 -20.7 2.6
19 (St) -20.7 -21.1 0.5
18 (PY) -21.1 -22.9 1.8
17 (St) -22.9 -23.8 0.9
16 (PY) -23.8 -32.1 8.3

KIGAM 15 (PY) -32.1 -35.1 3.0
14 (Pt) -35.1 -37.0 19
13 (Pt) -37.0 -38.0 1.0
12 (PY) -38.0 -39.3 1.3
11 (Pt) -39.3 -41.0 1.7
10 (St) -41.0 417 07
9 (St) 417 -42.2 05
8 (Pt) -42.2 -43.7 1.5

B -43.7 -60.7 17.0

N2 -60.7 -62.6 1.9
7 (PY) -62.6 -66.4 38
6 (PY) -66.4 711 47
5 (PY) 711 -75.8 48
4 (Pt) -75.8 -78.1 2.3
3 (Pt) -78.1 -79.7 1.6
2 (PY) -79.7 -87.1 74
1 (PY) -87.1 -93.7 6.6

N1 -93.7 -125.5 31.8
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Fig. 4-1. Simplified columnar sections for the boreholes in the study area.

For borehole locations, see Fig. 1-1.
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Fig. 4-2. Detailed columnar section (1:20 scale) of KIGAM borehole core. HV:
highly vesicular division, VS: vesicular division, MS: massive division, GL

glassy division, SBL: semi-brecciated lava flow.
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Fig. 4-4. Columnar section and photos of lava flow units 26 and 27
from KIGAM borehole core showing the lithofacies of non—brecciated
lava flow depend on vesicles distribution and rock color changes. HV:
highly vesicular division, MS: massive division, VS: vesicular division,
GL: glassy division. For a location, see Fig. 4-2.
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5cm

5cm
Fig. 4-5. Photos of lava flow units 26 and 27 and their
thin—section photomicrographs of unit 26 (a), unit 27 (c),

and their boundary under closed nicols (b). The proportion
of microcrystalline and/or glassy groundmass gradually
increases toward the boundary of lava flow unit. For a

location, see Fig. 4-4. Fsp: feldspar, Ol olivine.
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Fig. 4-6. Photos showing the petrographic features of (a) lithofacies HV
(highly vesicular division), (b) lithofacies VS (vesicular division), (c)
lithofaceis MS (massive division), and (d) non-volcanic sedimentary rock
which interbeded between lava flows of KIGAM borehole. (a)~(c) are
scanned thin—section photos showing lava flow textures. Fsp: feldspar, OL

olivine, Ag: augite. For scanned thin-section locations, see Table 3-9.
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Fig. 4-7. (a) Photos for comparison between OTV (optical televiewer) log

and drilling core from the same interval of the brecciated lava flow. (b)~
(d) Photos of exterior, scanned thin-section, and microscopic thin-section

from a glassy fragment shown in (a).
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Fig. 4-10. Detailed columnar section (1:20 scale) of WJ]-1 borehole core. HV:
highly vesicular division, VS: vesicular division, MS: massive division, GL:

glassy division, SBL: semi-brecciated lava flow.
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Table 4-3. Information of lava flow units of WJ-1 borehole. B: brecciated

lava flow, P: paleosol,

pahoehoe lava flow, St:

N:

non—-volcanic sedimentary rock, Pt p-type

s-type pahoehoe lava flow. For locations of

lava—-flow units, see Fig. 4-10.

Borehole Lava flow unit Elevation (m) Thickness (m)
31 (Pt) +17.9 +147 32
30 (Pt) +14.7 +9.7 5.0
29 (PY) +97 +5.2 45
28 (Pt) +5.2 +2.2 3.0
27 (PY) +2.2 -2.2 44
26 (PY) -2.2 -35 13
25 (Pt) -35 46 1.1
24 (Pt) 4.6 -9.9 53
23 (PY) -9.9 135 36
22 (St) 135 -14.1 0.6
21 (SY) -14.1 145 0.4
20 (St) 145 -14.9 04
19 (St) -14.9 -15.4 05
18 (St) -15.4 -16 0.6
17 (SY) -16 -16.6 0.6
16 (St) -16.6 174 0.8
15 (St) 174 -18.2 0.8

WJ-1 14 (St) -18.2 -19.6 14
13 (Pt) -19.6 -20.9 1.3
12 (St) -20.9 -21.3 04
11 (PY) -21.3 413 20.0

B -41.3 -60.5 19.2

N2 -60.5 -62.2 1.7
10 (PY) -62.2 -66.3 4.1
9 (PY) -66.3 -67.3 1.0
8 (Pt) -67.3 -68.8 15
7 (Pt) -68.8 -70.3 15
6 (PY) -70.3 -76.6 6.3
5 (Pt) -76.6 -86.5 9.9
4 (Pt) -86.5 -91.8 53
3 (PY) -91.8 -93.4 16
2 (St) -93.4 -93.9 05
1 (PY) -93.9 -96.9 3.0

N1 -96.9 -110.3 13.4
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Table 4-4. Information of lava flow units of WJ-2 borehole. B: brecciated

lava flow, P: paleosol,

pahoehoe lava flow, St:

N:

non—-volcanic sedimentary rock, Pt p-type

s-type pahoehoe lava flow. For locations of

lava—-flow units, see Fig. 4-12.

Borehole Lava flow unit Elevation (m) Thickness (m)
25 (Pt) +24.7 +15.7 9.0
24 (Pt) +15.7 +137 2.0
23 (PY) +13.7 +10.6 3.1
22 (PY) +10.6 +6.2 44
21 (SY) +6.2 +5.2 1.0
20 (PY) +5.2 +2.7 25
19 (PY) +2.7 +0.8 1.9
18 (PY) +0.8 1.2 2.0
17 (PY) 1.2 -9.0 7.8
16 (PY) -9.0 -12.2 3.2
15 (PY) -12.2 -20.2 8.0
14 (PY) -20.2 -22.7 25
13 (Pt) -22.7 -29.0 6.3

P -29.0 -30.2 1.2
WJ-2 12 (Pt) -30.2 -32.0 1.8
11 (PY) -32.0 -33.4 1.4
B -33.4 -58.6 25.2
10 (PY) -58.6 -60.1 15
9 (PY) -60.1 -66.0 59
8 (PY) -66.0 -68.4 24
7 (Pt) -68.4 -70.9 25
6 (PY) -70.9 -73.0 2.1
5 (PY) -73.0 -80.9 79
4 (P) -80.9 -83.2 2.3
3 (PY -83.2 -86.1 2.9
2 (PY) -86.1 -90.0 39
1 (PY) -90.0 -95.8 5.8
N -95.8 -106.1 10.3

_78_



Depth
)
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S Fig. 4-13a
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L4 16 HV 52|
5 17 s34
w
3
b
6 18 54 a
17 3 )
<
o =
= s
3 =
’ b 55 3
8 20 56
MS i b
9 = 21 57
Vs
o GL
VS
10 Wl 2 5oL 58 i
24
11 MS 23 59
VS 16
GL
23
12 L7 60

Vesicularity (%)
d

100, 0 Lavaflow

cisiyff meyve

Vesicularity (%
100 0 ¥ %)

Vesicularity (%
100 0 ¥ (%)

Vesicularity (%
500 Y (%)

Vesicularity (%,
julality (%)

o Vesicle (lava flows) < Shell fragment [X] No recovery ‘

Fig. 4-12. Detailed columnar section (1:20 scale) of W]J-2 borehole core. HV:
highly vesicular division, VS: vesicular division, MS: massive division, GL:

glassy division, SBL: semi-brecciated lava flow.
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Fig. 4-12. Continued.
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Table 4-5. Information of lava flow units of HW-1 borehole. B: brecciated

lava flow, P: paleosol,

pahoehoe lava flow, St:

N:

non—-volcanic sedimentary rock, Pt p-type

s-type pahoehoe lava flow. For locations of

lava—-flow units, see Fig. 4-14.

Borehole Lava flow unit Elevation (m) Thickness (m)
19 (PY) +4.0 7.9 11.9
18 (PY) 7.9 -12.1 42
17 (PY) -12.1 -15.1 3.0
16 (PY) -15.1 178 27
15 (Pt) -17.8 -20.5 2.7
14 (PY) -205 -22 15

P -22 -22.1 0.1
13 (PY) -22.1 -28 59
12 (PY) -28.0 -35.6 76
11 (PY) -35.6 -38.2 26
10 (Pt) -38.2 -41.6 3.4

HW-1 B 416 -69.1 275
9 (PY) -69.1 715 24
8 (PY) 715 -74.9 34
7 (PY) -74.9 -79.6 47
6 (Pt) -79.6 -82 24
5 (S) -82.0 -82.7 0.7
4 (Pt) -82.7 -84.3 1.6
3 (Pt) -84.3 -85.6 1.3
2 (PY) -85.6 -89.8 42
1(SY) -89.8 -90.5 07
N -90.5 -122.6 35.0
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Fig. 4-14. Detailed columnar section (1:20 scale) of HW-1 borehole core. HV:

highly vesicular division, VS: vesicular division, MS: massive division, GL:

glassy division, SBL: semi-brecciated lava flow.
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Fig. 4-14. Continued.
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Table 4-6. Information of lava flow units of HW-2 borehole. B: brecciated

lava flow, P: paleosol,

pahoehoe lava flow, St:

N:

non—-volcanic sedimentary rock, Pt p-type

s-type pahoehoe lava flow. For locations of

lava—-flow units, see Fig. 4-16.

Borehole Lava flow unit Elevation (m) Thickness (m)
21 (Pt) +7.1 +5.1 2.0
20 (Pt) +5.1 +0.2 49
19 (St) +0.2 -0.6 0.8
18 (PY) -0.6 -5.8 5.2
17 (Pt) 5.8 -96 3.8
16 (Pt) -96 133 37

P2 -13.3 -13.7 0.4
15 (PY) 13.7 -22.0 8.3
14 (Pt) -22.0 -24.5 25

P1 -24.5 -25.0 0.5
13 (Pt) -25.0 -29.1 4.1
12 (PY) -29.1 -30.7 1.6

B -30.7 -58.4 21.7

HW-2 N2 -58.4 -59.0 0.6
11 (Pt) -59.0 -64.0 5.0
10 (PY) -64.0 -65.0 1.0
9 (PY) -65.0 -67.5 25
8 (St) -67.5 -68.2 0.7
7 (PY -68.2 -70.1 1.9
6 (PY) -70.1 -72.1 2.0
5 (Pt) -72.1 -75.7 36
4 (Pt) -75.7 -77.0 13
3 (PY -77.0 -88.0 11.0
2 (Pt) -88.0 -89.5 15
1 (PY) -89.5 -916 2.1
N1 -91.6 -107.6 16.0
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Fig. 4-16. Detailed columnar section (1:20 scale) of HW-2 borehole core.

highly vesicular division, VS: vesicular division, MS: massive division,

glassy division, SBL: semi-brecciated lava flow.
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Table 4-7. Information of lava flow units of HW-3 borehole. B: brecciated
lava flow, P: paleosol, N: non-volcanic sedimentary rock, Pt: p—type pahoehoe

lava flow, St: s—type pahoehoe lava flow. For locations of lava—flow units, see
Fig. 4-18.

Borehole Lava flow unit Elevation (m) Thickness (m)
name

16 (PY) +11.12 +2.8 8.3

15 (Pt) 2.8 +0.8 20

14 (PY) 0.8 -37 45

13 (PY 37 56 1.9

12 (PY) 56 7.9 2.3

1 (PY 79 145 6.6

10 (PY) -14.5 -18.5 4.0

9 (PY -18.5 -20.1 16

8 (PY) -20.1 -22.2 2.1

P2 -22.2 -23.2 1.0

HW-3 7P 22 277 g
6 (PY) -21.7 -29.7 20

5 (PY) -29.7 -31.1 14

P1 -31.1 -314 0.3

4 (Pt) 314 -33.8 24

B -33.8 -78.4 44.6

N2 -78.4 -82.5 4.1

3 (PY -82.5 -88.4 5.9

2 (Pt) -88.4 -90.8 24

1 (PY) -90.8 -91.8 1.0

N1 -91.8 -110.2 184
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Fig. 4-18. Detailed columnar section (1:20 scale) of HW-3 borehole core. HV:
highly vesicular division, VS: vesicular division, MS: massive division, GL:

glassy division, SBL: semi-brecciated lava flow.
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Table 4-8. Information of lava flow units of HW-4 borehole. B: brecciated

lava flow, P: paleosol,

pahoehoe lava flow, St:

N:

non—-volcanic sedimentary rock, Pt p-type

s-type pahoehoe lava flow. For locations of

lava—-flow units, see Fig. 4-20.

Borehole Lava flow unit Elevation (m) Thickness (m)
19 (PY) +15.1 +125 26
18 (PY) +12.5 +10.5 2.0
17 (PY) +10.5 +55 5.0
16 (Pt) +55 0.0 55
15 (Pt) 0.0 2.7 2.7

P2 -2.7 -3.4 0.7
14 (PY) -3.4 -10.3 6.9
P1 -10.3 -10.5 0.2
13 (Pt) -10.5 -16.0 55
12 (PY) -16.0 -19.9 39
11 (Pt) -19.9 -22.2 2.3
HW-4 10 (PY) -22.2 -24.0 1.8
9 (PY) -24.0 -26.7 2.7
8 (PY) -26.7 -29.0 2.3
7 (SY) -29.0 -29.9 0.9
6 (Pt) -29.9 -31.7 1.8
5 (PY) -31.7 -32.7 10
B2 -32.7 -49.5 16.8
4 (Pt) -49.5 -55.6 6.1
3 (PY) -556 -60.7 5.1
2 (Pt) -60.7 -63.2 25
1 (PY) -63.2 -77.5 14.3
B1 -77.5 -134.5 57.0
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Fig. 4-20. Detailed columnar section (1:20 scale) of HW-4 borehole core. HV:
highly vesicular division, VS: vesicular division, MS: massive division, GL:

glassy division, SBL: semi-brecciated lava flow.
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Table 4-9. Contents of major elements (wt.26) of the lava flow units from the KIGAM borehole core. B: brecciated lava flow. For

locations of sampling points, see Table 3-2.

"a"jni:bw 112 |3 4|5 /|6 |7 |BN|B2| 8|9 |10 |11 12|13 |14 |15 |16 |17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32 | 33
Si02 50.07 | 51.29 | 50.72 | 51.73 | 51.65 | 51.83 | 52.25 | 50.19 | 49.25 | 49.80 | 50.22 | 51.33 | 50.09 | 49.82 | 50.15 | 50.88 | 52.07 | 52.10 | 52.98 | 53.08 | 53.31 | 53.16 | 53.19 | 53.14 | 52.94 | 53.26 | 53.09 | 52.61 | 53.12 | 52.43 | 52.47 | 53.46 | 53.28 | 52.20 | 53.64
TiO2 2111192 | 214 | 198 | 1.89 | 1.83 | 1.92 | 2.02 | 206 | 2.04 | 203 | 2.03 | 1.99 | 2.04 | 201 | 209 | 184 | 182 | 1.87 | 1.78 | 1.93 | .71 | 182 | 187 | 1.81 | 1.87 | 186 | 1.84 | 1.79 | 1.80 | 1.94 | 188 | 1.88 | 1.94 | 1.90
ALO3 12.71112.90 | 13.57 | 13.13 | 13.42 | 13.21 | 13.54 | 13.57 | 13.72 | 13.61 | 13.65 | 13.37 | 13.54 | 13.42 | 13.60 | 13.41 | 13.71 | 13.50 | 13.53 | 13.74 | 13.90 | 13.90 | 13.76 | 13.55 | 13.91 | 13.76 | 13.59 | 13.72 | 14.67 | 13.47 | 14.04 | 14.09 | 13.77 | 14.71 | 13.84
MgO 853 | 859 | 7.31 | 7.72 | 7.78 | 7.84 | 750 | 842 | 8.62 | 8.48 | 8.47 | 8.36 | 859 | 846 | 866 | 710 | 7.35 | 764 | 7.10 | 6.82 | 6.69 | 7.06 | 6.77 | 6.73 | 6.88 | 6.69 | 6.74 | 6.81 | 592 | 749 | 6.57 | 6.52 | 6.79 | 6.60 | 6.89
Fe20s 1244 112,62 | 12.76 | 12.29 | 1212 | 11.97 | 11.97 | 11.78 | 12.19 | 11.88 | 11.83 | 11.77 | 11.77 | 11.87 | 11.94 | 12.01 | 11.83 | 12.09 | 12.15 | 11.76 | 12.18 | 11.67 | 11.92 | 11.97 | 12.02 | 11.92 | 11.98 | 12.09 | 11.17 | 11.99 | 12.21 | 12.02 | 11.90 | 12.00 | 11.82
MnO | 016 | 0.16 | 0.16 | 0.15 | 0.15 | 015 | 0.15 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.15 | 0.15 | 0.15 | 0.14 | 0.15 | 0.14 | 0.14 | 0.15 | 0.15 | 0.15 | 0.15 | 0.15 | 0.14 | 0.15 | 0.15 | 0.15 | 0.15 | 0.15 | 0.15
CaO | 855|837 | 8.82 | 8.46 | 861 | 844 | 857 | 867 | 8.19 | 8.78 | 8.76 | 8.69 | 8.73 | 8.66 | 8.71 | 847 | 820 | 810 | 8.09 | 8.15 | 826 | 817 | 810 | 8.04 | 8.17 | 8.12 | 810 | 8.08 | 8.52 | 8.05 | 8.37 | 827 | 828 | 8.75 | 8.36
Na20 257 | 257 | 274 | 265 | 2.67 | 2.62 | 2.74 | 256 | 263 | 270 | 270 | 2.71 | 2.67 | 2.70 | 2.68 | 2.82 | 2.74 | 265 | 2.70 | 2.69 | 2.55 | 2.65 | 277 | 268 | 265 | 260 | 2.72 | 2.71 | 283 | 267 | 2.71 | 2.77 | 2.71 | 2.62 | 2.71
K20 064 | 052 | 043 | 0.55 | 0.50 | 0.53 | 0.53 | 0.96 | 095 | 0.92 | 0.95 | 0.96 | 0.96 | 0.99 | 0.95 | 0.91 | 0.68 | 0.67 | 0.58 | 0.56 | 049 | 0.53 | 0.57 | 0.58 | 0.52 | 0.55 | 0.58 | 0.59 | 0.55 | 0.63 | 0.45 | 0.59 | 0.68 | 042 | 0.73
P20s 029 | 024 | 027 | 025 | 0.24 | 0.23 | 0.24 | 0.34 | 0.31 | 0.34 | 0.34 | 0.35 | 0.34 | 0.35 | 0.34 | 0.33 | 026 | 0.25 | 0.25 | 0.24 | 0.26 | 0.23 | 024 | 024 | 0.25 | 0.26 | 0.26 | 0.26 | 0.24 | 0.25 | 0.27 | 0.26 | 0.26 | 0.22 | 0.27
LOI1 062 | 047 | 020 | 0.33 | 0.18 | 048 | 0.23 | 049 | 0.30 | 0.18 | 0.30 | 0.24 | 0.51 | 0.62 | 0.31 | 0.11 | 0.45 | 0.36 | 0.20 | 042 | 0.14 | 0.32 | 0.26 | 0.44 | 0.09 | 0.34 | 0.52 | 0.02 | 0.36 | 0.61 | 0.28 | 0.42 | 0.22 | 0.25 | 0.05
Total 98.69 | 99.65 | 99.11 | 99.24 | 99.22 | 99.14 | 99.62 | 99.15 | 98.38 | 98.90 | 99.41 | 99.95 | 99.34 | 99.09 | 99.51 | 98.28 | 99.28 | 99.34 | 99.61 | 99.39 | 99.86 | 99.54 | 99.54 | 99.39 | 99.38 | 99.53 | 99.59 | 98.87 | 99.31 | 99.55 | 99.45 {100.42| 99.93 | 99.86 {100.35

1 PO
Loss on ignition
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Table 4-10. Contents of major elements (wt.%6) of the lava flow units from the W]-1 borehole core. B: brecciated lava

flow. For locations of sampling points, see Table 3-3.

Lava flow

unit 1 4 5 6 9 10 B 11(1) 11(2) 14 19 23 24 27 28 29 30 ki
Si02 48.35 50.18 51.04 51.45 50.26 50.87 4976 49.95 5167 52.16 52.72 52.63 5267 52.63 52.40 51.95 52.79 48.23
TiO2 212 2.05 1.88 1.93 1.90 2.08 1.93 2,01 1.85 1.93 1.87 1.86 2.04 1.83 1.83 1.82 1.96 2.16

ALO3 13.45 13.47 13.48 13.41 13.47 13.52 13.51 13.74 13.91 13.58 13.72 13.81 13.30 14.14 14.02 13.72 13.83 13.15

MgO 8.95 8.04 7.94 775 8.06 7.36 7.94 791 6.93 6.72 6.81 6.70 6.43 6.58 6.18 6.83 6.46 9.98

Fe203 12.55 12.15 11.86 11.87 12.04 1217 11.46 11.62 11.50 12.05 11.84 11.78 12.08 11.63 11.39 11.66 11.62 12.02

MnO 0.16 0.16 0.15 0.15 0.15 0.16 0.15 0.16 0.15 0.15 0.15 0.15 0.15 0.14 0.14 0.15 0.15 0.16
Ca0 9.18 8.90 8.77 8.59 8.86 8.84 8.73 8.67 8.33 8.24 8.21 8.21 8.04 8.40 8.30 8.17 8.35 8.89
Na20 261 2.63 2.64 272 2.58 2.70 2.62 2.79 2.75 2.74 2.75 2.73 2.73 277 2.177 273 2.7 2.52
K20 043 0.47 0.51 0.52 0.44 0.48 0.95 0.89 0.69 0.55 0.60 0.58 0.66 0.58 0.61 0.62 0.74 1.13
P20s 0.29 0.26 0.23 0.24 0.23 0.26 0.30 0.32 0.26 0.26 0.25 0.25 0.27 0.26 0.25 0.26 0.28 0.33
Lor' 0.02 0.24 0.15 0.38 0.23 0.26 0.65 0.55 0.39 0.06 0.17 0.05 0.32 0.28 0.40 0.49 0.23 0.13
Total 98.13 98.56 98.66 99.02 98.21 98.70 98.01 98.60 98.44 98.44 99.09 98.76 98.69 99.25 98.29 98.38 99.12 98.71

1 "
Loss on ignition
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Table 4-11. Contents of major elements (wt.2%) of the lava flow units from the W]J-2 borehole core. B: brecciated lava flow. For

locations of sampling points, see Table 3-4.

Lava flow

units 11) | 1(2) 2 3 4 5 6 7 8 9 10 B 1 12 13 14 15 16 | 17(1) | 17(2) | 19 20 21 22 23 24 25

Si02 50.10 | 4892 | 49.78 | 51.15 | 50.69 | 5043 | 50.79 | 50.04 | 51.62 | 51.34 | 50.54 | 50.16 | 50.12 | 49.94 | 51.37 | 5252 | 52.72 | 52.64 | 52.75 | 52.54 | 52.81 | 5242 | 52.06 | 52.18 | 51.91 | 5221 | 47.69

TiO2 2.08 225 2.02 2.04 2.01 1.98 1.91 1.87 2.1 1.85 1.96 1.96 1.91 1.90 1.84 1.93 1.82 1.90 1.89 177 1.97 1.86 1.91 1.81 1.74 1.87 1.94

ALO:3 12.87 | 1340 | 1295 | 1326 | 1349 | 1373 | 13.38 | 1341 | 1335 | 1341 | 1343 | 1359 | 13.89 | 13.81 | 1381 | 13.72 | 1391 | 1385 | 14.08 | 14.04 | 1419 | 14.03 | 13.99 | 1364 | 1365 | 13.84 | 13.08

MgO 8.89 8.41 9.05 773 7.79 7.88 7.95 8.41 7.37 8.15 7.93 8.03 8.00 8.38 7.50 6.65 6.88 6.63 6.54 6.90 5.80 6.28 6.43 727 772 6.76 | 10.26

Fe203 1212 | 1241 | 12.09 | 1200 | 12.09 | 1232 | 1218 | 12.86 | 1230 | 11.79 | 1203 | 1154 | 1131 | 11.58 | 1164 | 11.94 | 1165 | 1186 | 11.76 | 1146 | 11.58 | 1147 | 11.73 | 11.86 | 11.73 | 11.70 | 11.64

MnO 0.16 0.16 0.16 0.15 0.16 0.16 0.15 0.16 0.16 0.15 0.15 0.16 0.15 0.16 0.15 0.15 0.15 0.15 0.15 0.14 0.14 0.14 0.15 0.15 0.15 0.15 0.16

Ca0 8.63 8.95 8.53 8.63 8.71 8.93 8.64 8.88 8.54 8.62 8.63 8.84 8.97 8.92 8.35 8.29 8.26 8.29 8.36 8.34 8.45 8.32 8.35 8.13 8.15 8.30 9.64

Naz20 2.90 3.32 2.62 2.71 2.86 2.66 2.95 2.59 2.77 2.70 2.85 4.33 2.74 2.69 2.75 2.77 2.76 2.75 279 2.73 2.82 2.82 2.70 2.68 3.07 4.28 243

K20 0.70 0.46 0.65 0.60 0.46 0.36 0.47 0.29 0.55 0.55 0.54 1.05 0.96 0.92 0.69 0.57 0.56 0.56 0.62 0.56 0.59 0.62 0.61 0.63 0.65 0.75 0.97

P20s 0.30 0.33 0.28 0.27 0.25 0.23 0.24 0.22 0.26 0.24 0.25 0.30 0.29 0.29 0.26 0.25 0.24 0.25 0.26 0.24 0.28 0.26 0.27 0.25 0.25 0.26 0.30

LOI1 0.50 0.37 0.43 0.34 0.18 0.01 0.18 0.08 0.16 0.37 0.18 0.66 0.49 0.37 0.49 0.02 0.23 0.07 0.06 0.11 0.20 0.03 0.25 0.27 0.15 0.01 0.58

Total 99.25 | 9899 | 98.56 | 98.89 | 98.69 | 98.69 | 98.83 | 98.81 | 99.20 | 99.16 | 98.50 | 100.62 | 98.82 | 98.95 | 98.86 | 98.82 | 99.19 | 9895 | 99.25 | 98.86 | 98.83 | 98.25 | 9845 | 98.87 | 99.17 | 100.13 | 98.68

1 P
Loss on ignition
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Table 4-12. Contents of major elements (wt.2%) of the lava flow units from the HW-1 borehole core. B: brecciated lava flow. For

locations of sampling points, see Table 3-5.

Lava flow

units 1 2(1) 2(2) 4 5 6 7 8 9 B 10 1 12 13 14 15 16 17 18 19
Si02 50.58 50.90 51.28 51.05 51.26 51.25 51.23 51.51 51.26 49.04 51.16 50.64 51.99 52.23 48.24 47.76 47.84 50.60 50.68 51.95
TiO2 2.04 1.96 217 2.07 2.02 1.97 1.86 222 1.96 1.95 1.98 1.89 214 1.95 2.09 2.05 2.08 2.08 2.06 1.94

ALO:3 13.77 13.40 13.67 13.69 13.58 13.56 13.72 13.38 13.70 13.90 13.99 13.86 13.74 14.13 13.43 13.40 13.42 13.42 13.51 13.93

MgO 8.23 8.26 7.36 7.67 7.7 7.95 8.12 7.04 .77 8.48 747 773 6.93 6.79 9.53 9.58 9.31 7.90 7.95 7.06

Fe203 12.30 12.11 12.23 12.27 11.97 11.91 1.79 12.21 11.74 11.85 11.76 11.75 11.95 11.48 11.96 11.89 11.93 11.52 11.62 11.35

MnO 0.16 0.15 0.16 0.16 0.16 0.15 0.15 0.16 0.15 0.16 0.16 0.15 0.16 0.15 0.16 0.16 0.16 0.15 0.15 0.15
Ca0 8.88 8.69 8.80 8.76 8.67 8.68 8.78 8.57 8.76 8.34 8.53 8.39 8.28 8.56 9.57 9.66 9.49 8.52 8.55 8.25
Na20 2.82 2.98 3.10 2.89 2.88 2.92 2.89 3.26 2.86 2.79 2.93 291 3.03 2.96 2.78 2.80 2.84 2.93 2.89 2.97
K20 0.50 0.56 0.55 0.55 0.58 0.58 0.55 0.66 0.63 0.92 0.78 0.75 0.81 0.76 0.98 0.96 0.98 0.97 0.92 0.82
P20s 0.25 0.25 0.28 0.26 0.25 0.25 0.24 0.29 0.26 0.29 0.29 0.28 0.30 0.27 0.33 0.33 0.33 0.32 0.32 0.28
Lor' 0.00 0.06 0.05 0.00 0.24 0.33 0.24 0.59 0.42 0.56 0.36 0.35 0.47 0.16 0.39 0.48 0.45 0.33 0.29 0.33
Total 99.53 99.34 99.65 99.37 99.35 99.55 99.58 99.89 99.51 98.28 99.41 98.69 99.80 99.45 99.47 99.08 98.83 98.74 98.94 99.03

1 P
Loss on ignition
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Table 4-13. Contents of major elements (wt.2%) of the lava flow units from the HW-2 borehole core. B: brecciated

lava flow. For locations of sampling points, see Table 3-6.

"a‘l’l?]it:"w 1 3(1) 3(2) 3(3) 5 7 9 10 1 F 12 14 15 18 19 20 2
SiO2 50.73 50.44 51.24 50.50 51.14 50.86 50.89 50.65 49.44 49.70 49.74 49.42 51.66 49.95 51.20 50.92 51.01
TiO2 1.97 1.91 2.08 1.93 2.06 2.00 1.96 1.94 1.75 1.88 1.88 2.03 1.76 2.02 2.07 1.91 2.25
ALOs3 1342 13.63 13.28 13.42 13.42 13.46 13.75 13.39 13.45 1347 13.66 13.65 13.89 13.31 13.73 13.63 13.70
MgO 8.1 7.98 7.51 8.26 7.37 721 7.46 797 7.41 8.02 8.35 8.03 7.00 8.27 8.12 8.65 7.47
Fe203 12.09 12.06 12.14 12.21 12.10 11.74 11.78 11.98 10.96 11.46 11.66 12.58 11.50 11.49 11.57 11.52 11.85
MnO 0.16 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.14 0.15 0.16 0.16 0.15 0.15 0.16 0.16 0.16
Ca0 8.66 8.76 8.48 8.67 8.60 8.61 8.78 8.57 8.72 8.60 8.73 8.43 8.30 8.56 8.64 8.85 8.46
Na20 2.74 279 2.94 272 2.83 2.85 2.95 274 2.60 3.18 278 412 2.89 2.76 2.80 2.80 2.90
K20 0.57 0.46 0.61 0.48 0.57 0.59 0.54 0.57 0.55 0.96 0.90 0.68 0.55 0.95 0.93 0.87 0.88
P205 0.25 0.24 0.27 023 0.26 0.26 0.25 0.26 0.23 0.28 0.28 0.27 0.23 0.32 0.31 0.29 0.29
LO|1 0.20 0.10 0.10 0.26 0.11 0.31 0.15 0.24 278 0.75 0.38 0.33 0.46 0.42 0.01 0.08 0.17
Total 98.90 98.53 98.80 98.84 98.62 98.04 98.67 98.46 98.03 98.44 98.52 99.70 98.40 98.21 99.55 99.67 99.14

1 P
Loss on ignition
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Table 4-14. Contents of major elements (wt.%6) of the lava flow units from the HW-3 borehole

core. B: brecciated lava flow. For locations of sampling points, see Table 3-7.

Lava fi

ava Tow| 5 3 B{1) | B(@) 4 5 6 7 10 1 12 14 15 16
units
Si02 51.51 51.13 50.99 50.13 50.25 49.71 49.59 49.22 48.31 51.17 49.74 50.07 50.88 50.87
TiO2 1.94 1.84 2.05 1.90 1.91 1.83 1.88 1.89 2.02 2.02 213 2.07 2.01 1.94

ALO3 13.43 13.25 13.37 13.51 13.49 13.80 13.78 13.56 13.13 13.38 13.32 13.33 13.28 13.42

MgO 7.83 8.01 8.1 7.89 8.23 8.71 8.18 8.98 9.03 7.62 8.31 8.44 7.99 8.14

Fe203 11.86 11.74 11.38 11.40 11.58 11.69 11.89 11.98 11.99 11.37 11.60 11.67 11.46 11.45

MnO 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.16 0.16 0.15 0.16 0.16 0.15 0.15
Ca0 8.60 8.52 8.71 8.64 8.68 8.80 8.86 8.41 9.22 8.41 8.81 8.72 8.42 8.52
Na20 2.69 2.65 2.62 2.86 2.7 263 273 249 2.58 2.78 2.70 2.7 2.75 2.69
K20 0.56 0.53 0.72 0.96 0.93 0.79 0.78 0.74 0.84 0.89 1.03 0.96 0.90 0.83
P20s 0.25 0.24 0.25 0.29 0.29 0.27 0.29 0.29 0.29 0.30 0.34 0.34 0.31 0.29
LOI1 0.02 0.35 0.22 0.57 0.25 0.12 0.00 0.56 0.55 0.69 0.04 0.01 0.01 0.27
Total 98.84 98.42 98.58 98.31 98.47 98.52 98.12 98.29 98.14 98.78 98.18 98.48 98.16 98.56

1 P
Loss on ignition
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Table 4-15. Contents of major elements (wt.26) of the lava flow units from the HW-4 borehole core. B: brecciated lava

flow. For locations of sampling points, see Table 3-8.

Lava flow

units B(1) B(2) 1 2 3 4 B(3) 5 8 9 10 12 13 14 16 17 18 19
Si02 51.12 51.11 51.34 51.79 51.44 50.49 49.55 49.23 50.05 50.14 50.35 50.42 50.60 49.05 48.87 51.01 50.76 50.39
TiO2 2.04 2.05 218 2.07 1.98 1.98 2.03 2.06 1.96 1.88 1.88 1.81 1.78 2.20 2.34 2.09 2.01 1.96

ALO3 13.04 13.02 13.21 13.39 13.21 13.33 13.46 13.38 13.67 13.42 13.50 13.69 13.78 13.56 13.19 13.48 13.36 13.37

MgO 7.64 7.65 773 761 8.24 8.55 9.07 8.76 7.80 8.58 8.30 8.61 8.35 7.95 8.68 8.04 7.91 8.42

Fe203 11.40 11.48 11.85 11.48 11.39 1.3 12.08 12.00 11.48 11.72 11.62 11.59 11.65 11.49 11.85 11.54 11.42 11.62

MnO 7.64 7.65 773 7.61 8.24 8.55 9.07 8.76 7.80 8.58 8.30 8.61 8.35 7.95 8.68 8.04 7.91 8.42
Ca0 11.40 11.48 11.85 11.48 11.39 1.31 12.08 12.00 11.48 11.72 11.62 11.59 11.65 11.49 11.85 11.54 11.42 11.62
Na20 0.15 0.15 0.16 0.15 0.15 0.16 0.16 0.16 0.15 0.16 0.16 0.16 0.16 0.15 0.16 0.15 0.15 0.15
K20 8.36 8.40 8.49 8.59 8.62 8.82 9.08 9.24 8.87 8.65 8.62 8.70 8.66 8.61 8.93 8.64 8.44 8.50
P20s 262 2.7 3.18 2.70 2.67 267 2.68 2.80 2.92 2.95 2.75 2.71 2.80 2.85 2.74 2.99 2.69 273
LOI1 0.66 0.68 0.76 0.67 0.71 0.81 0.85 0.87 0.96 0.92 0.92 0.85 0.80 1.06 1.16 1.01 0.89 0.81
Total 0.24 0.25 0.27 0.25 0.25 0.27 0.29 0.31 0.30 0.28 0.27 0.27 0.26 0.42 0.41 0.33 0.30 0.30

1 P
Loss on ignition
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of o FAEE Aoz BuE vF gvh(Jaques and Green, 1980). oju] H-E&
§ ke Zutante] 4o TS MAA] Fou, olnth ¢fHo] FHE zlo]

it
o

Ak |Foj Aol gz AL REulavtrt A4
2 ot H AFE E4FY A #A A5 (Brenna et al, 2012;

Brenna et al.,, 2015)o| A= v &Zde] AlEe Rulavts A Hud A AR

o

th =2 25GPad] =] A&sh= AR sk oF 90km ZololA FAHHE o=

sl 45kt Park and Kwon (1996)2 wEe] F 8§ Rdyds &3 &3 2

HEAAE o2 HiHEA(Brenna et al., 2015).

o]de] A+ (Koh et al, 2013)e] o3, A|FEoA njLdze AL &dF
7F e 83 kg Eo A7]E 05~0.3Maz A, TRk AR ajerx o] &
s

TRZ BE59t. 1 3 0.3~0.1Ma 7|7t S0l AlF

T, B, AR AGel vy g ool 2A shakaEe] AL,
AE A Aol LS BldEY AL S9FE HWEE 0.1Ma o9

ANFE ATFEgAdTS &3 S4Y 744 AdA7dvbd(natural gamma-ray,
o]3} NGR)9| Al7|e} AlFFofolA FEE 44E dvste] gAol w2 NGR
A71E P8t tH(Table 4-16)(Fig. 4-24). 544 o2 5 o] 273kl ZH A
el A9 ol & dhlet A= Fiste] 7217he] NGR Al71E Al a3t

v 32 B Z oto] W El F7kol M NGR A7)+ #H 4 9.0APL ZHth 164.0API
it 183~125.2AP19] =g Yelch AFAoz 39l waso] gl H|sitkAd
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Table 4-16. Distribution of natural gamma-ray intensity for each rock type classified by geologic logging.

Natural gamma-ray intensity (API)

Classification KIGAM WJ-1 WJ-2 HW-1 HW-2 HW-3 HW-4
min. max. ave. | min. max. ave. | mn. max. ave. | min. max. ave. | mn. max. ave. | min. max. ave. | min. max. ave.
Non-volcanic upper | 204 458 334 | 236 549 348 - - - 19.0 587 376|173 354 283 | 90 667 29.0 - -
sedimentary 10ck | |over | 349 1640 1252 e 173 344 245|139 260 183 | - -
Total * Min: 9.0 < Max: 164.0 * Average: 18.3~125.2
Brecciated upper | 269 549 390 | 183 456 293 | 107 462 277 | 349 433 391 | 71 421 244 | 128 458 266 | 106 435 258
lava flow  jower | - - - e - - - |68 217 160
Total * Min: 6.8 * Max: 72.4 * Average: 24.4~46.3
Non-brecciated upper | 151 478 29.0 | 104 1025 339 | 124 1088 344 | 204 665 383 | 1564 712 331|123 728 383|195 752 398
lava flow lower | 139 455 255|113 332 20.0 | 103 340 196 | 128 527 277 | 81 389 196 | 130 595 223 | 104 36.8 23.1
Total * Min: 8.1 * Max: 102.5 * Average: 19.6~39.8
Paleosol - - - - - - - - - - 279 466 270 | 232 883 486 | 321 631 46.2
Total * Min: 23.2 + Max: 88.3 * Average: 27.0~48.6
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Table 4-17. Distribution of natural gamma-ray intensity for each rock type classified by chemical components.

Natural gamma-ray intensity (API)

Classification KIGAM WJ-1 WJ-2 HW-1 HW-2 HW-3 HW-4
min. max. ave. | mn. max. ave. | mn. max. ave. | min. max. ave. | min. max. ave. | mn. max. ave. | min. max. ave.
Tholeiitic basalt 139 549 310 | 113 1025 28.7 | 103 1088 304 | 128 665 367 | 71 712 260 | 123 728 314 | 68 752 26.3
Tholeiitic andesite 151 446 274|104 797 306|124 649 268|204 506 335 | - -
Alkali basalt - - - 198 356 273 -
Trachybasalt - - 107 462 277 - -
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Fig. 4-25. Comparison between sections of natural gamma-ray log and chemical composition of non-brecciated lava

flows and brecciated lava flows.
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Z F-Z(vesicular division, ©]3} ¢ VS), @ A E A FZ(massive division, ©]
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t}H(Table 5-1).
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= B 548 yeldt(Figs. 4-3, 4-4). T3 A& A A(pale red, SR

6/2) WA 34 M (grayish red, 5R 4/2) =+ 3] (medium gray, N5) WA S 3
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HE2 3FHe AVE AT, OTV AF5 3=

g AHAES Hola Slo] ol IFHAdA HAHE Aow AdHY. FE
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=

- 135 -



Table 5-1. Summary of the lithofacies of non-brecciated lava flow units.

Lithofacies

Description

Interpretation

Facies HV
(highly vesicular division)

More than 50% vesicles with diverse shapes including spheric and/or subspheric (<5
mm in size) in the upper part, irregular (<40 mm in size) in the middle part, and
spheric (<5 mm in size) in the lower part; classified into acicular feldspar olivine
basalt (AFOB) with <10% of aciular feldspar and olivine phenocrysts (1~2 mm in
size); high to moderate degree of weathering; reddish or medium to dark gray colors

Upper part of p-type
pahoehoe lava flow;
inner part of s-type
pahoehoe lava flow

Facies VS
(vesicular division)

15~50% vesicles are composed mostly of spheric and/or subspheric vesicles (<5 mm
in size); few pipe vesicles (>10 mm in length) are developed in the lower part;
classified into acicular feldspar olivine basalt (AFOB) with <10% of aciular feldspar
and olivine phenocrysts (1~2 mm in size); low degree of weathering; medium to
dark gray color

Lower part of p-type
pahoehoe lava flow

Facies MS
(massive division)

Less than 15% vesicles with spheric and/or subspheric shapes (<5 mm in size);
horizontally arranged in band form; classified into acicular feldspar basalt (AFB) with
<10% of aciular feldspar phenocrysts (1~2 mm in size); very low degree of
weathering; light gray colors

Core of p-type
pahoehoe lava flow

Facies GL
(glassy division)

Less than 10% vesicles with spheric shapes (<3 mm in size); discontinuity surface
in the uppermost or the lowermost parts; light brown material (palagonite) developed
on the surface; classified into acicular feldspar olivine basalt (AFOB) with <56% of
aciular feldspar and olivine phenocrysts (1~2 mm in size); high degree of
weathering; very dark gray to black colors

Upper and Lower
boundaries of p-type
and s-type pahoehoe

lava flows
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Fig. 5-1. Columnar sections of brecciated lava flow
intervals from OTV logs. For location, see Fig. 1-1. SBL:
semi-brecciated lava, CSB: clast-supported breccia, MSB:

matrix-supported breccia.
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Fig. 5-2. Images of OTV logs showing the characteristics of 3 lithofacies
of brecciated lava flow.
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Quench

‘ fragmentation

Z‘Lgaﬁr/a, (In situ hyaloclastite breccias, CSB)
(CSB‘))W ;

Highly-concentrated
subaqueous
gravity flow

(MSB)

Fig. 5-3. Schematic illustration of the lava-fed delta and associated
hyaloclastite breccias formed by pahoehoe lava flows in coastal area. SBL:
semi-brecciated lava flow, CSB: clast-supported breccia, MSB:
matrix-supported breccia. Modified from McPhie et al. (1993) and
Abdelmalak et al. (2016).
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Fig. 5-4. X-ray diffraction pattern of samples from stratigraphic unit IV
(non—-volcanic sedimentary rock II) of KIGAM borehole.
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Fig. 5-5. SEM photography of samples
from stratigraphic unit IV (non-volcanic
sedimentary rock II) of the KIGAM
borehole. Qz: quartz, Sid: sideromelane,

Pl: plagioclase, Ol: olivine, Ca: carbonate.
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E 1 Unit IV (non-volcanic sedimentary rock I1) 1 Unit V (brecciated lava flow II)

1 Unitlll (non-brecciated lava flow I) 1 Unit VI (non-brecciated lava flow I1)
1 Unit 1l (brecciated lava flow I) I Paleosol
1 Unit I (non-volcanic sedimentary rock I)
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Fig. 6-1. Lithology and stratigraphic correlation of boreholes in the study
area. For well locations, see Fig. 1-1.
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m 1 Unit IV (non-volcanic sedimentary rock I1) 1 Unit V (brecciated lava flow II)
1 Unitlll (non-brecciated lava flow I) 1 Unit VI (non-brecciated lava flow I1)
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1 Unit I (non-volcanic sedimentary rock I)
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1 Unit IV (non-volcanic sedimentary rock I1) 1 Unit V (brecciated lava flow II)
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Fig. 6-1. Continued.
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Fig. 6-1. Continued.
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1 Unit IV (non-volcanic sedimentary rock I1) 1 Unit V (brecciated lava flow II)
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Fig. 6-1. Continued.
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Table 6-1. Information on the depth of upper boundaries

of stratigraphic units.

Depth of upper boundary

Borehole Stratigraphic unit (m, measured depth)
Unit VI 0.0
Unit V 48.7
KIGAM Unit IV 65.7
Unit Il 67.6
Unit | 98.7
Unit VI 0.0
Unit V 64.0
WJ-1 Unit IV 80.2
Unit Il 81.9
Unit | 115.0
Unit VI 0.0
Unit V 60.6
WJ-2 .
Unit 1l 83.5
Unit | 121.0
Unit VI 0.0
Unit V 46.1
HW-1 .
Unit Il 73.6
Unit | 95.0
Unit VI 0.0
Unit V 42.2
HW-2 Unit IV 65.8
Unit Il 66.4
Unit | 98.0
Unit VI 0.0
Unit V 52.5
HW-3 Unit IV 90.2
Unit Il 94.0
Unit | 103.6
Unit VI 0.0
Unit V 494
HW-4 )
Unit Il 65.0
Unit 1l 93.0
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A M7= 196~277APL Atol o] A= el Zo] glEth(Table 6-1).
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0 >

Fig. 6-2. Three-dimensional stratigraphy model of the
study area with the wupper boundaries of wunits I
(non-volcanic sedimentary rock I) and unit II (brecciated
lava flow I), unit III (non-brecciated lava flow I), unit IV
(non-volcanic sedimentary rock II), unit V (brecciated lava

flow II), and unit VI (non-brecciated lava flow II).
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Fig. 6-2. Continued.
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Fig. 6-2. Continued.

- 177 -



Upper boundary of Unit | (non-volcanic sedimentary rock )
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Fig. 6-3. Topographic maps of the upper boundaries of units

I to VL Contours in meters (m).
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Upper boundary of Unit Ill (non-brecciated lava flow l)

400 600 800

Upper boundary of Unit IV (non-volcanic sedimentary rock Il)
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Fig. 6-3. Continued.
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Upper boundary of Unit V (brecciated lava flow Il)
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Upper boundary of Unit VI (non-brecciated lava flow Il)
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Fig. 6-3. Continued.
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Table 6-2. Number of grids, volumes, and volume fractions of

stratigraphic units.

Stratigraphic unit Number of  Volume Volume
o grids (km’) fraction (%)
' Umt-l 76,300 0.40 33
(non-volcanic sedimentary rock I)
Unit [l
(brecciated lava flow 1) 87,200 0.12 10
Unit 1l
(non-brecciated lava flow 1) 43,600 0.17 14
Unit IV
(non-volcanic sedimentary rock II) 21,800 0.02 2
Unit V
(brecciated lava flow II) 21,800 0.13 11
Unit VI
(non-brecciated lava flow II) 54,500 0.37 30
Total 305,200 1.21 100
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Fig. 6-4. Three-dimensional grid model of the study area based on

the upper boundaries of units I to VI
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Fig. 6-5. Three-dimensional stratigraphic unit models of the study area
with units I to VL
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Fig. 6-5. Continued.
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Fig. 6-5. Continued.
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Unit | (non-volcanic sedimentary rock )

Fig. 6-6. Isopach maps of stratigraphic units I to VL

Contours in meters (m).
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Unit Il (non-brecciated lava flow I)
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Fig. 6-6. Continued.
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Unit V (brecciated lava flow Il)

Fig. 6-6. Continued.

- 190 -



~
o

ZO

Z=

=]
=

]
19 A%e ¥

SEEY

0

7|Zoz ug

]
&

=

°

[e)

=

o

10m7+A,
0.17km°

1
T

]_

S

-

T

}o]l Y EbHTH(Figs. 6-5, 6-6). ©}

SECRVEE

ok
©H

o] 14% Aol &

]

S

H

AR SR oF 3tTmE 7HE T4l o
=

R
[¢)

=

@)
5% A

3ttH(Table 6-2).

i
A A

FAl

A

(Table 6-2).

o5

=

=

3

o

o
I
10

el
No

1Y

AYA
i I

et (Figs. 6-5, 6-6). A =9

wo] vebdTh oju] A F 9

ki3

RER

3n

< JrEE weEe] JtH(Table 6-2).

0.02km*Z =]

-

T

3

Nz Bgze A of 16m =R Y FAA ehtn 9

o %7

=

©

FA @Al waEo] Urh(Figs. 65 6-6). Lelv A

5
ol

K

il

B
pild

ZO
~

o] gkl LhEa 9]

=

1¥1t}(Table 6-2).

2l

e 10m7kA] A

°F 20~30me W= F4A
0.13km’¢] A AL 71AH,

-
T

-

1

ol A

e AR, GBI A

IS

.

-

SRS

-
23}

Ll
1

4

7
=T o H3|A °F 0.02km*>7} o & o=

ol

o,

23!

i
==

- 191 -



AL

&

tef 46~60me] WS zt=v(Figs. 6-5 6-6). F77F 7F

o A=

|
K

(KIGAM

= ST
"l‘?))—'e

o, wre] e A

FUREA=REACH

)

o] AWz Aol

o=
o

N

A
B

037km’e. 2 A =% = 1)

¥ =
(Table 6-2).

=]
-

- 192 -



AFASG A FF] Hsolso] &AFFS 19~33me] &U4F FEUHHZ o
o1 ri(Tables 4-4~4-9). A€z W
Al FEell A= 25~33m ] FEdelE vEhd v gde] A 47 A FEelA
= 16~21v 2 AEEo] A9 3k Aolg welth o] #2 fFEue] o] Aol
2 SVl detvsd, 948 A9 Z]
& F7F 109 v o] @tk E3 FA7F Im olgtE §Fe SE mFFo|Fol
SdFe i 948 AFFEAAE 177 FAHY, ol RIS A&H e
Z %ol e Egs Bvh adu ddY AFTEdAE & 3 who] ¥

i

SEolsel §UFE FRIYOM, W PP REolso] §¢

oy

Wilmoth and Walker (1993)2 1} o]

g0
FFE PRiel AE A} ok Sud A wEs U AL #e
[ex]

=
=
b ol FASE o] fFEste f4oR A Adwigoe] BASiH AAXE
ofo} gotFeo Hefz Aol Duraiswami et al., 2014). &, ¥
FoA PE gEolso] &[T FASHA YEYE

Ll
Ae B §AR AW Gl o] Aol FAt gud Azt s
J@el] BEY sEolsol §UF/ 4P BAAIoZ o] F3H|

A AU Aol 2H(obe)7t A%AoE BT SR

=
FEog olFofx YW fotfA(lava plateaw)”t A ¥ tH(Macdonald, 1967;

- 193 -



Mo

ere)

&

e

Self et al., 1998).

(Fig. 7-1). A=A

v} 2B 7 A

o

Bl 2 A X FH(Self et al., 1998).

B

=

ol

HE fiAE 1m ©] 38

= 4R =

=

S

r

< A=

, FAZE ¢k

Ell—

o] x]

d 5

WESo] thgow §%
o el 2 Aolst YEhlA 2w AAAew wes Ao gy

1
o

olsh e z7lo) A

N

)

i
N~

WU_;O

oA A HArH(Walker, 1987). L

‘_.@o

;O._
-

0

)
K

]

il
o)/

Of

.
file)

o
X0

o (Walker, 1987, Wilmoth and Walker, 1993;

ksl
pul

o] A7 &

Self et al., 1998).

= Ao YEhA

= deelA

7 e

o}
=]

BRzolzo] &

=

oA

A ANFEE

fol 9%

o

B = Al A

7h e 7]

=]
o

A}

o1 A7t

22
=

SERES

Bl
ol

AmREel oAd AL A

2

9 el vs) ez A AY

2) &4 aF 34

s

S ‘B3 (passage zone) 2}

AUYHA AdE o] Zhe ) B A27]9
| Aol %ol Al "Frh(Fig. 4-17)(Long and Wood, 1986; Skilling, 2002;

9|

]
i

=
=

g, &¢77F &3

773

- 194 -



Continued lava flix

Surface Surface
- —_l

C] d]

Breaking out of brittle crust
&

forming small-scale lobe s SR
Aol Continued lava flux
into core

2% Cor}lmfjed lava flux
[ _= into core

wy
w

Surface

S-type pahoehoe
lava flow
S
|
|
|
|
|
|

P-type pahoehoe lava flow

Fig. 7-1. Schematic illustration of the development of pahoehoe lobe. (a) A
pahoehoe lobe is formed and emplaced on the ground surface which has
gentle slope. (b) A lobe stalls and begins to expand as the brittle crust is
formed. Brittle and visco-elastic crusts are sufficiently strong to resist
rupture with pressurization. (c) Brittle and visco-elastic crusts are
thickening by continued lava flux into the core. Brittle crust respond by
fracturing and development of surface cracks. (d) Lava that emerged
through the fractures forms a small-scale lobe. (e) If there is not enough
supply of lava, the newly formed lobe cool down and forming s-type
pahoehoe lobe. On the other hand, a inflated lobe is formed a p-type
pahoehoe lobe. HV: highly vesicular division, MS: massive division, VS:
vesicular division. Modified from Self et al. (1998) and Harris and Rowland
(2015).
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