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Lava source and Formation processes of the Manjanggul

lava tube, Jeju Island, Korea
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Part 1. Lava source of the Manjanggul Lava Tube
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Fig. 1-2. Geological and topographic map showing four lava flow
fields in the study area. Contours have 50 m intervals. (continued)
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Geomunoreum
3 _ S 0SC

Fig. 1-2. Older scoria cones (OSC) giving a few topographic barriers to

lava flows. Collapse trench(CT) connects lava tubes and the

Geomunoreum scoria cone. Viewing southward.
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Fig. 1-5. Contact boundaries between lava flows. (a) Aa
surface of the Pre-Bukoreum lava flows below pahoehoe
lavas of the Bukoreum lava flows. (b) Mud deposits between

the Bukoreum lava and the Geomunoreum lava flows.
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Fig. 1-5. Lava flow field map showing the locations of lava tube

entrances in each lava flows. Numbers are the same as in table 1.
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Table 1-1. Entrance location of many lava tubes in the study area.

No. Lava tube name Latitude(N) Longitude(E) Remarks
1 Bukchongul 33°327 4377  126° 427 1237 U

2 Godugidonggul 33°327 385”7 126° 427 085" U

3 Idaegimodeulgul 33° 317 041" 126° 427 2797 A

4 Doteulgul 33°307 2377 126° 437 145" A

5 Geyeomeolgul 33°307 201”7 126° 437 166" A

6 Moksumulgul 33°307 1877 126° 437 46.1” U

7  Daeseobigul 33°307 143”7 126° 437 50.7” U

8 Dongbokgul 33°337 039”7 126° 437 2927 buried
9 Gaeusaemgul 332337 101”7 126° 457 171" Uor A
10 Shindangdonggul 33° 327 550"  126° 457 1377 Uor A
11  Gwenaegigul 33° 327 4447 126° 457 171" U

12 Gimyeongbilemotgul 33°327 1337 126° 457 257" Uor A
13 Dangcheomuldonggul 33° 337 1277 126° 477 1197 U

14 Yongcheondonggul 33° 327 423" 126° 467 4777 M
15 Gimnyeonggul 332327 239”7 126° 467 378" M
16 Manjanggul 33°317 300”7 126° 467 205" M
17 Daerimdonggul 33°297 501”7 126° 457 1237 M
18  Bukoreumgul 33°297 019”7 126° 447 4397 M
19 Utsanjeungul 33° 287 4777 126° 447 267" M
20 Seonheul vertical donggul  33° 277 203”7  126° 437 408" window
21 Bengdwigul 33° 287 1887 126° 437 128" A

22 Doramgigul 33° 317 581" 126° 487 1767 Uor A
23  Hanmosalgul 33° 317 554”  126° 477 545”7 Uor A
24 Turnsulgul 332317 2297  126° 477 30.1” Uor A

M, master tube; U, unitary tube; A, complex anastomosing systems of
small tubes. Location data are from the Cultural Heritage Administration

of Korea(2003) except for two lava tubes(No. 14 and 19).
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Fig. 1-6. Three collapse trenches between the Bukoreumgul and the
Daerimdonggul lava tube. The trenches are densely filled with many
trees. T1 is approachable to the inner part(Figs 1-7a, b, ¢ and d), but
T2 and T3 are not.
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3rd Entrance
- of Manjanggul

Daerimdongg

Fig. 1-8. Relation between the Manjanggul and the Daerimdonggul lava
tube. (a) 3rd entrance of the Manjanggul lava tube, viewing upflow. A dotted
box (b) displays the close-up site. (b) A out-squeezing lava feature of semi
ball-shape inside of the small upper-level of the Manjanggul lava tube. A
dotted box (c) displays the larger close-up site. (c¢) Close-up of the
out-squeezing lava feature. (d) Schematic longitudinal section showing lava
seal between the Daerimdonggul and the Manjanggul lava tube. Location of
the out—-squeezing lava feature is represented by a dotted box. Photos by
Choi, D.W., NHC.
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E®  Gimnyeongaul

Fig. 1-9. Relation between the Manjanggul and the Gimnyeonggul lava
tube. (a) Lava seal at upflow of the Gimnyeonggul lava tube, viewing
upflow. (b) Lava fall at 70 m downflow from the lava seal, viewing
upflow. (c) Schematic longitudinal section showing relationship of lava
seal, lava fall and breakdown blocks between the Manjanggul and the

Gimnyeonggul lava tube. Photos by Kim, R., CRIK.
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UL SHANE AL E 4TS AN =8d BEAS A= A kool 9
|l Algko]l AUAA gebFee] vk L, FAlol &R HY AR
v = ol (Mattox et al., 1993; Kauahikaua et al., 1998)% & u, o] &7t
B sEde Feadda 2aA U2 7 Ed sler F5dn. 59
Kauahikaua et al.(1998)2 F2& ¥AFoA Sy 977 €45+
= AWrle ARbe SAGN e, ARdAE 45908 7PF Aa, dFE

A gobEzel Alwe AN EZO AYEUA foHEZo] 89ke] Eww
AFEEE A7kl L5WelA 050 0% Folds ARAS BRI ST,

274 3
A%dlA &S THRUNA O 2 7R FREEn BEAAY Aow
Zz9y,

o} ol @4 Aol Ao ATAHAE wma Al o AefolAe] &gt
52 2xsl S4L AYE 2%, WRF 5 A9NdARE-ALNE 5
FHE FUEZNY ARFE ARE SAEEA] TN Heba A
FoE SEFAE AYA FUESY BPELe] v BREE 0E
49l 8oHE L AR

3
Bos=o T o8 AEHE TAEFS o] Aol A thEFE 8o
| E27FolAd el & &I AolA 7}—?«
stz A€ (Kauhako Channel)2 &<=%(lava trench)(Halliday, 2002) =
By g% (collapsed lava tube)® 7] A1E v} 2t Coombs et al., 1990).
Larson(1993)2 &¢&=9] o] S APdd How dntxow <
Wl AAE wetal FETESHA oA dow, ARG JH Y F=EAF
= BHEFoR AHosiiltt. ol d T = EE=AY B 3
Tz AFFe] riar s tHLarson and Larson, 1989; Larson, 1993).
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vtz B %S tHGreeley, 1971; Larson and Larson, 1989; Atkinson and

AlAe] ol A o

Atkinson, 1995).
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BE M =W o .W; T - ‘th =0 = To re o T B, X Mool % 1
= M o XK T T (IS W oo NS H 7T =y
o N x o = =N 5 oH 3 ~+ ol 9 Lo To Mo =
Ho9 - W .~ = & oF oy R N o o = X T
FHEY NN EE LT EF o T m T E
b o Mo o 2T o - WF g T Ho 2
for ‘._t < i 1;1_ J! Bl o 0 _AL 1X_| ‘_Iryl = L = WA_.O Q_o HL Y LC 0
e ﬂnxn&ﬁnﬂ_{}o%_/ao_ T
F D ogo wr M X T T NS
MR S S e il R T B L
e ) R = S5 © T o — g
I S e N I T R T
L ERLER I T B g m gt ¥ o ®
] N on N Oy X go D = — 2y M X
ol =) = g B X ar < M < E ™
Ho o TS o oo =y — X Jl M T
=B O - A N TR
FESTpP e T 5T B g R B o o
NI i X0 o v KA o ™ 760 o X
TTs TE ewmP sl B0 SRz ¥g
5 ws N LT Yoo MR o L 52 o !
o T 3 jo =0
= Wo o ) QLR ON o Te)
~ %0 I Ho o W Bny o o — = e B
W ®esm o gy TR X BT Moawm L
Mo &g Mg FE P g T gedd v W om N
W oR m XA .urn o o T T < Ho o= fi%o) _i PR ﬂ\_ﬁ 10
H_T &o o B OT ;lr,_yl C..ﬁ Fi E . T 0 3 oy o) b~ = A
iﬁiﬂﬂnﬂ%ﬂﬂo_iﬂ %m_ﬂﬁuaf%%%%ia
— NR o I il %o T J 0 H;.O rl Z‘.ﬁ — g O#
= T = Mo RTOToW N T = oy
ol Mo oy O ' e .. o = o
M. s o8 o 1 e & O ok
o X OTE oW RO = o) = T 5 o ) = < Rl
Ao Mo up A mp B XN o o W< omporw W T I T X T

_31_



Rolgo] stutel AEVE wel Se7ke Aol e R JHWHA qrE7E AAE
= = AelA st FEAlA e ek sk A Gl A o
# 7fe] 72 E7]Ee](Mattox et al, 1993; Calvari and Pinkerton,
1998; Kauahikaua et al., 1998; Takahashi et al., 2003) FolAe= &=
o RV} Ax FF= 7PAAM 2 R7F Foldth(Larson and Larson,
1989)= i3 x|t ol g ML w2 WHE ZE7ke &4l 9
3 F= vyl Al&EA HAHEUE 7HA st 7hsdth(Peterson et al.,
1994; Allred and Allred, 1997; Kauahikaua et al., 1998; Greeley et al.,
1998; Fagents and Greeley, 2001; Espinasa, 2006; Hon, 2007).
THEF Yol =T Y AAlE AoRE Hol= d=o] A
Hr}. o]2fgk o= speto] Zeh-g-olo} sHAAH e Fo o -Fupololrtsl EE
oA AR BHEHVE ST F Fe FATNA Es BEo R 3.5 km
ozl Ffololtsl skt Al 5 whe]l AX 7)7F 5<H(1986. 7~1992.
2) Hzolzo] &ohe witleffusion)std X Sde=s A3, &l
SdE=s T 9y dA F27HA H v Mattox et al., 1993;
Heliker et al., 2003). = #}AS AyxwH Fulo]o}l}st(Kupaianaha) 3

= Z7lol &l YsiA st &9kl AolHA Ao m
AGry 52 22 4 A GshieldE A4 sk, olF AlEH R Sy s
|42 st dFomwt xEHHow FertHA BSbsEs A oH,
ALA TS Sl s SHEUWA oju AdE &es=o]l 53 H o
FHEU 22 SIEHS FAsIA. o] FAERHEY dFels ofn Zox
|45l d=50] BEH &l FAEY WFE FUA s Ao #
2w 71 = 89t (Weisel and Heliker, 2003). & AFx| oA Byrs oF
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Part 2. Interpretation of Formation and Growth Processes of
the Manjanggul Lava Tube through Detailed Surveying
with Electronic Total Station and Studying

of Lava tube Features
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Fig. 2-1. Index map and topographical map of the northeastern Jeju Island
showing location of the study area. The contour interval is 50 meters. Inset
square marks location of the Manjanggul lava tube. Cinder cones are mainly
distributed in the southern area of the Manjanggul lava tube. The Geomuno-
reum cinder cone is located in western part of the Seonheul vertical donggul
(D. Numbered circles are the sites of lava tubes: (D) Seonheul vertical dong-
gul, @ Bukoreumgul, @ Daerimdonggul, @ Dukcheongul, & Manjanggul, ®
Gimnyeonggul, @ Yongcheondonggul, ® Dangcheonmuldonggul, @ Baeng-
dwigul, @0 Geyeomulgul, @ Doteulgul, @@ Daeseobigul, @ Moksumulgul, @9
Idaegimodeulgul, 4® Gimyeongbilemotgul, ® Gwenaegigul.
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Aeol AW VAR P 3Y AN SFEFOR o 1150 mol o=
© TRHCPI3~CP54)# 290 7llA 197 WF o= °F 900 mel o=+ 3t
(CP3~P21)e]t}.

u

=0
ZHE Fol=, Hbell ofsf upto] MA@ HAHRF A, CP85Y
% Ak o] AAAAKE Het{ 197 <HP27) vt
A, FEvtege] 1xxk= 324 molH, F AAH
4,304 m%, s=vte FHBAPE 0.4°91% & F ArH(Table

Table 2-1. General geometry measured in the Manjanggul lava tube.

. Horizontal Horizontal Linear
Virttlcetll surveyed linear Alveraie average Remark
EXEN distance *  distance slope slope
Ground 54m 4,502m  3,383m 0.7° 0.9° CP93 ~ P27
surface
TbEs  304m  4,304m  3,262m 0.4° 0.6°  around CP85~P27

The values are measured between the 3rd and 1st entrances. In
particular, difference in altitudes of the floors between the two
entrances is at least 32.4 m. Because it is not possible to measure the
altitude of the tube's floor at the 3rd entrance filled with breakdown
blocks, altitude of upmost lava tube' floor was measured at about 190m
downstream(around CP85) from the 3rd entrance. #* This is based on
horizontally surveyed distance through the meanders of the lowest

level.
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ZAMFRPA A FERTY] FAVE B FAE R 3Y9TelA SRR OF
190 m "olx AH(CP85 Aol 32 mz 7FF T4, 3YTFolA 7=
°F 3,870 m "ol AH(T15 4ol 3.4 mZ 74 SFoh(Fig. 2-3). =0}
oA HAA7A M e XS CP85 Aoz 23 mol &3, 71w
e 19T 229 P26 AHeR 2 mo|th(Fig. 2-3). A5 =3 950l
ol 9 FA= T9 Aol 7.6 m& 7FF T4, T10 FEo|A 1.8
m=Z 7Hg eFoh(Fig. 2-4). = Zo] 7Md Bl X2 CP62 oA 21.3 m
of gata, b F& S CP42¢F CP9~8 o & 3.4 mo]th(Fig. 2-2).

_— T

SFAEE vlg oz JFH(CPI3)LZEE AP uwal vty HF
9 EolE Y= y¥sd Fig. 2-33 2o}

SAE W S9EE viee] AAbe 3YTelA 1Y9T7HA Eak 04°%
=38] Aztolm, ZAtel w}a} AA 5o g FREHFig. 2-3). FAFTI F

7]
7P R AAE P S8 ATREE whe A B 0.7°019, 1 SkRal
B 0.1° olst® Aol olr. Cyxb2 vl BAE HaljA 0.5° A5
01  DTREE 0.1° elsk: A gl JReh b sk Fanel ERbe

= 0.6°]tH(Table 2-2). ZAF dolH o= F3 3} kgl i gko]
ﬂtﬂi Hehte As A2 ¢ ol 53] AAt evkek g1k A o) 3

o 7pget.

Fig. 2-304 B2 we3A} 52 AEZAsh & 238e & & vk
= 53 o] guldon Fi A, CTre AxE AATF Faha, AvHe
= AA7F Ael £l B, DTAtel ARAAE At

A Az gelshs 5 e AReY, F 2273re R 3
Stk ATREe wrh A e Frrow uwed, At 44 §@ re
L6°lw ZA7E b e ke Aol FHelth 571 Frrow
e A ol ¥ AL THom ARWL wel® AN 2 HEI A

IN
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22 Fatol moE yERE 54 o] dth B A9 o R YR

Ab WEtE #BEe 5= oglg Cre 10719 #e ko s yR = AAE
P F3 e 17001 s gwrdk 22 0.1° o]&tolt}h. o] md AL
wot FE AAE bkt FEo] wE yEhs 53 0] k. Etel A
1972 7FAA AAE 327 S7kekedl, &S FRrelA oF 5.5°9 AALE
Hol7|% gt} o]E 1¢FelA sHFE AME U Mastolol AEe HEs
d=e 4 S Aoz FdEtk(Appendix 1).

Table 2-2. Individual geometry in several zones of the Manjanggul lava
tube.

Location Zone A Zone B Zone C Zone D Zone E Total
vertical extent of 164 02 145 0.3 1 324
I R S ETUI RRCLRL e
average Sopeof 07 <01 05 <01 06 04
maximum 13.39 14.84  14.07 12.74 - -
Width of lava minimum 509 6.6 425 684 - -
max/min 2.65 2.25 3.31 1.86 - -
PD(m) 1,291 552 1,836 476 81 4,236
Sinuosity LD(m) 1,187 440 1,290 413 78 3,197
PD/LD 1.08 1.25 1.42 1.15 1.03 1.32

Several zones are divided based on the floor's slope of the lava
tube. The maximum and minimum widths are the average three largest
widths and the average three least ones in each zone. In the sinuosity,
PD indicates a distance of central line in the tube and LD, a horizontal

linear distance between two points, respectively.
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Location

vertical extent of tube's
floor(m)

surveyed distance(m)
average slope of floor(deg)

maximum
minimum
max/min

floor
tube

The maximum and minimum widths are the average three largest

AAZE 0.5°=, 9ls= 2

(Table 2-3).
Width of lava

Table 2-3. Comparison of geometry between upper and lower level
widths and the average three least ones in each zone.

tubes of boxed area in Fig. 2-3.

Slope of tube's
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Table 2-4. Ratios of maximum height to width in each zone of the lava

tube

Location Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
Max. height(m) 22.8 19.4 20.2 3.4 11.4
Max. width(m) 11.3 15.08 15 13.3 14.2
Height/Width 2.02 1.29 1.35 0.26 0.80

Zones are divided based on the existence of upper or lower level
tube. The maximum height and width were measured at the highest
and the widest sites in each zone. The zone 1, 3 and 4 have upper
and lower level tubes, but the zone 2 and 5 are not exactly
distinguished. Geometry of both upper and lower level tubes were
measured only in the zone 3. In the zone 1, the height of ceiling in the
upper level tube was measured through a collapsed window connecting
between upper and lower level tubes. Although it was reported to find

the upper level tube in zone 4, we could not survey it.
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ssss

100m

downstream —»

T e upper level tube

lower level tube

Fig. 2-7. Plan (a) and cross sections (b) of the boxed area in Fig.

2-3. (a) The upper and lower level tubes laterally deviate about 2 ~ 6
m, and downstream migration of overlying and underlying meanders
can be found in the survey area. It is also observed that the widths
are generally larger and have higher variation in comparison to those
of the lower level tube (see Table 2-3). (b) The floor of the upper
level tube is often found to be either inflated up or sunk down and
the floor of the lower level tube is mostly in a concave shape. The

"tube-in—tube" structure is well observed in the C and E profile.
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4.1.1. 9= 3Y¢7(L1D)

= 39T 29T RS EH FAAS ot sEAYE °F 3.4 km 7d
o] 91x13cH(L1 in Figs 2-8 and 2-9). ©] 3YT= A FolAel 2 7o oF
13 m= dedon, Aol HRt7A o] Zlol= oF 15 mA|¥k, Hyko] ko]

7 A e sEvee o 28 AotkFig. 2-10). Amoleel 49T Eol
:&%Quﬂ(ﬂm o SlelE FadHe] SUdARe S BRRthFig
2-100). SFES §A EW wESAT URo] s]Fo] woul, P

;gfqe; 3~5 cm TS ofe Zo| Fxlo] o] gl Ao] AHW, 5AA
0% mHdE AReRE Ul 7t $2R e s dHe &
A ARl gotol B Vel oW B wel v T UL A

o= AdHE(Fig. 1-8).

sp

Fig. 2-10. Photograph (a) and schematic cross section (b) of the 3rd

entrance. View is upstream. (a) shows only upper level tube, due to the
accumulation of fallen blocks in the passage of the upper and lower level
tubes, as illustrated in (b). A clinker layer about 1 m in thickness is
exposed along wall (white arrows) and a spherical out-squeezing of lava
(black arrow) is shown under another upper level tube (dashed ellipse) in
the background (Also see Fig. 1-8). See Fig. 2-8 and 2-9 for Location
(L1).
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o] Ao mRE o7 WFom o m AN s=EFERI F-EelEs=
2 rold Atk EASTE, 2003). ol & Zeketd 3d el Y Heke A -
sl s =s #wEste] 2o s Ao®E oAHrk(Fig. 2-10b).

Fig. 2-10a¢] Sl o 1 m A9 22 3750l #2d(3EA
Shab). SR8ASTE oo &R mWe AAEE AT AHEEA, ofo}
Lo A9k shiolA #RET(Cas and Wright, 1987; Hazlett and

Hyndman, 2002). ¢]2]gt S ATFo] T=28H FFHol|l =ZHo] A= A
WS P S0 2w A EYUFAA S99 ool §UdTS HAA
A EO7IHA, £4F AAS] FRATC] =EH Ao® AT g
CP90~CP88?7J-°4 G% Wik FHAZTE Z AFHEG. o]/ §YdE=E

Holl| =&¥ FHATS &del o HA9 FAV HH, olF VEoR
QOPOH ok 2ol Zo]2 =A% FHGreeley et al., 1998).

4.1.2. -39 =F Atol9 FF=L2)

3YTEHE F=E < 100 mel HAsk= CP89 A A(L2 in Figs 2-8
and 2-9)ell= A - 3952 Alole] &4To] AN FHEH Ede Az
7F S ) th(Fig. 2-11). o]H g e A - skls=o] dad 397
MEE CP55 Alolel % 870 32(CP9Y0, CP89, CP88, CP86, CP70, CP66,
CP62, CP56 S)olAl #&AE =, TdHolA HdF =ol7F 7A7] =4 4y
Elvb= A" E o) tH(Figs 2-3 and 2-8).

et EE Atgels #a dAeA FUA W™ dto] rof Qi) A
Z ofzfo] nper(Hyte] SIH)oAFH at9saE HF7EAY Fol= °F 55 m
olw], As= HAA7MA= oF 18 molth. AE=3 aelsE Aol + A
o] 843D, @)o] TEEH, 6} = By= oy He| tEwjr wEE
ChFig. 2-11). o]&f3t F+x4 = 2ol
s2WA 1 xHe] #o 7] sflEE Ae(@)o] FAgH I, o]Folm &Y
A4 AFS(@)9] 3ol M= &4F(@)o] &

7ol A s = Hom &Y

o

o

}

o] A&H o Eel oy
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d Adex e B3 sk ew Wl yeies o8 A

o= We S/ 8o #=97F dAsH wA s 349 AT =0
Sdre 8§ olfE AAHE WAl Hof st 4T L
Fetal g Eo] oA yral, 2 dRTE s2del @2 A E ot (Calvari

and Pinkerton, 1999).

Fig. 2-11. Photograph (a) and schematic cross section (b) of window between

upper and lower level tubes. View is upstream. Two-layered lava (D,2) is
exposed at this section of window. Under the window, several linings with
successive levels are shown on both walls, formed through lava accretion
during periods of steady lava levels and successive lava decreases, as
illustrated in (b). Window shows the highest points of the lava tube's ceiling
at locations such as CP90, CP89, CP88, CP86, CP70, CP66, CP62 and CP56
in Figs 2-3 and 2-8, because the ceiling of the upper level tube was only
surveyed at these locations through the limited windows available. See Fig.
2-8 and 2-9 for location (L2).

4.1.3. ZTFZ¢ A=W

obmn) whHL 3¢ R RE FHFZ 9F 120 m A9 CP88 A A & )
U tHL3 in Figs 2-8 and 2-9). o]#]3t ¢ten] ©de A . 51950 E

_61_



ol e FEHol THH & #FHY. A -dfeeEs e &9
S(@)9] atflell HorFH ofstAl =&Ho] e d=wM(@)7F w29 4%
of FREor AFd A T o, TyE dmu] HEFol= A
2HAS@)0] HEHEH. o= 27]d F4dE T2 HE Az &4 74
Z2 &4 24T 74 9 olfrE AMEE S4S(@o] AdE] &
Aol elEze] WAL, 2 olfE Fevbe &4l o8 &sbeE ¥
AFA &ol Hrbeo] = (@)7F AAE Aem F5HEH

Fig. 2-12. Photograph (a) and sketch (b) of window and lining. View is
downstream. (a) shows window by collapse of septum (@) between upper
and lower level tubes. Under the window, successively accreted lining (@) is
exposed along wall. Behind the collapsed lining, reddish brown clinker (®) is
shown, as illustrated in (b). See Fig. 2-8 and 2-9 for location (L3).
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4.1.4. GF7=014)

Fig. 2-13. Photograph (a) and schematic cross section (b) of multi-level tube

with four superposed levels. View is upstream. There are three superposed
levels visible and one unseen level above, the existence of which is known
through survey data (see Fig. 2-3 and cross section diagram (b)). This
portion is narrower than the upstream and downstream passages (see Fig.
2-9 and Appendix 2-1). Each level has several lava layers, created through
sustained lava accretion in a narrow passage. The pictured man is 1.7 m tall.
See Fig. 2-8 and 2-9 for location (L4).

tHI4 in Figs 2-8 and 2-9). o]3o& = &

5
Tl E e $2ER U] F 47 35 2% BETEYS ¢ £ 9
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tH(Fig. 2-13b).
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2 A ¥@H(Larson, 1993; Greeley et al.,, 1998;
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Espinasa, 2006).

o2 ofAZIY,

Fig. 2-14. Hourglass—shaped cross section of lava tube. (a) Flow lines are

easily noticeable in the lower part of lava tube wall but not in the upper

part. The midsection of the wall juts out. View is downstream. (b) Cross

section of this area. See Fig. 2-8 and 2-9 for location (L5).

dH = (Fig. 2-8)5 F=xstd, s= A=

Mo
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I A H(CP8D)Y AF(CP86)9t 3HF(CP70)A AYsaEF=n Foe F1x7)
Qe Aoz nFo|, AEFe] AT & F ArhEAFL, 2003).

4.1.6. €4¢ANH vix L §ASE(L6)

e 3R SHFR oF 650 m 7lE]e] CP71 A A & b]—EHﬂr
UHL6 in Figs 2-8 and 2-9). °] A% &7t shiolA & - shels=o
o] FFx7F #EE= Fow nFo], AfFae] EAF FoRE F
(Fig. 2-15b). =¥ o] Fy oz gobdvk(lava shelf)o] F2=m t‘%‘
atol = W) upet Abole] AMk(levee)o] LE|al A} B Alo]o]

o
—

H(gutter)o] oFall WaalSlth Ale] 9 i B TR
=g JUE Wk FAN Fele] U WS vhE EWEHS WOl
) ulsl, A BEvlgels 4zae) ofoh T27h BAET

Fig. 2-15. Lava shelf and last lava to flow through tube. View is upstream.
(a) Lava tube is floored with a rough aa surface, but the surface of the lava
shelf and wall is smooth. Gutters developed between levee and adjacent
walls. (b) Schematic cross section shows upper level tube not directly shown
in tube, according to survey data like Fig. 2-3. See Fig. 2-8 and 2-9 for
location (L6).
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T W5 nige] & 3
Fig. 2-1637 7o) kw3 olo} Fx¢} AWTXE Ho|i, CP54~CP52 T+
| =

Fe Aol o) @

Fig. 2-16. Levee and gutter. View is upstream. The last
lava to flow in tube forms lava levees on both sides of
floor, continues to flow and overflow the levee (white

arrow), and flows along gutter between wall and levee. See
Fig. 2-8 and 2-9 for location (7).

4.1.8. £35=(8)

&5 = (tube-in—tube)> 3YTEZHH = ¢F 730 m AT CP69 AH
o A 2 YEPFTHLS in Figs 2-8 and 2-9). ©] 45 #2 F%=(main tube)
el st 89kR7E F2 S SEMEA AEE &95S FAskL 1
Y57 alEE A A A" 70D - 9L = A 8ol A K
o s=Fo]l o Homw, HE=o] AMIPHE Mt Wsriar A H o Afol

of mepe] warslojgieh. ol a Aol oJFhW SFFE HE TIHOF 40 m

TH T
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o ols) A wWie 25 9 Ao FHa

Fig. 2-17. Tube-in-tube. Photograph (a) shows tube-in-tube with gradually

deflated roof upstream. View is downstream. Photograph (b) taken about 40
m downstream from photograph (a) shows remnants of lava layer which had
collapsed and then been swept out by lava flow through tube. View is
upstream. (c) Schematic cross section at O, @ in photograph (a) showing
well preserved lava roof at O narrower passage, but deflated lava roof at @
wider passage upstream. See Fig. 2-8 and 2-9 for location (L8).
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Fig. 2-18. Photograph (a) and schematic cross section (b) of cupola. View is

upstream. Numbers in (a) and (b) illustrate @ lower level roof, @ dome-like
cupola formed through lava upwelling and sealed off beneath window, @ lava
shelf accreted on both walls in lower level, @ last lava to flow in tube,
developing levees. See Fig. 2-8 and 2-9 for location (L9).

4.1.10. 572 €497 FAL10)

LI F TAE 3YTEEE FFE oF 1,170 m A CP55 A4
Z Yl QItHL10 in Figs 2-8 and 2-9). o] 3ol 3¢5 F A &o] &3
o] - a9 EFol Al #EHAHFig. 2-19a). viere] Hubo A K 4}

AE= AZA7HA= oF 13 molth. AelsHdles s=TdT=E 7leolA ¥
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Fig. 2-19. Multi-level tube and evidence of overflow. (a) Due to collapse of

lower level roof, upper and lower level tubes are shown in one place. View is
upstream. (b) On lower level roof, blocks have been enveloped by late
overflow through window. Numbers in photograph (a) and schematic cross
section (¢) indicate @ remnants of deflated lava layer formed earlier, @ lower
level roof, @ overflow through window to flow on the lower level roof (@)
and envelope the blocks as in photograph (b), @ lava linings successively
accreted on wall as lava level decreased. See Fig. 2-8 and 2-9 for location
(L10).
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of BIEE Aol FAD W W 2ol & Fol ®3 = Fuh s,
J goke oln @AW 84E(2Y) ANEE AD) kg &Y

4.1.11. 848 T8 AHL11)

Aglel CP51 H-HolA
##FE(L1I1  in  Figs
2-8 and 2-9). W=
3gTelA 197714 &
wHFE ALY 0.4°2 =3
Aztolm, 3o wet AL

el e Farel &

Fig. 2-20. Inflation of last lava to flow through Aot CP51 H-tell A
tube. Floor has convex surface in medial portion. “EZFs}eo|A] HZ7A]+=
View is downstream. See Fig. 2-8 and 2-9 for o} 6 m o|n, Z=Znjcte
location (L11).

A wEo] 2.2 o] SRoITHFig. 2-20). o T FEVELE AAjel
e ARAAS W a-5 FLHO.1° olshel SFsh RROE 1 A} A9
7o 7V Appendix 1. ©] F71e] 45 a-4 T wEEFA} 0.4°0]
W, 87 a-6 T o 1°%, ¥ 73] AL AoHow ofF s,
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A FusT, o] FAY PP FrrlA e AR AA WEHA

A
@i, AAlHo FEHly SV SR FEo 2= BT
inflation)< A& 4 Ut oleld AN v A A
A Bl = &3] #EEth(Fig. 2-21). o]l H|&] nj=hAA
2 30e Az 229 7pAAE 7 9§ =3, ey BEo)
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4.1.12. £4F719F B9 (1L12)

b= 2F 1,530 m
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=

o
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=

Azl CP46 A Ao A

HTHL12

and

2-8

in Figs

Z3 (striae)©]
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Fig. 2-22. Slumping of accreted lava from

Weakly protruding lava shelves are

wall.

but

of wall,
accreted lava on lower part is slumped

part

along upper

shown

&7l

with vertical striae. View is downstream.
See Fig. 2-8 and 2-9 for location (L12)

2e @0 e

T-Z7F @3tk (Calvari and Pinkerton, 1999).
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4.1.13. 84 ¥ A 2] H7HL13)

Fig. 2-23. Ceiling and wall coated with rafted breakdown in smallest passage
of Manjanggul lava tube. (a) Rafted breakdowns are attached to ceiling with
coated lava (dashed line). View is downstream. (b) Cross section diagrams

illustrate successive stages of the progressive narrowing of tube passage due
to collapse of tube and lava accretion, and the attachments of rafted
breakdowns on ceiling and wall. See Fig. 2-8 and 2-9 for location (L13).

R
l"‘l
1_,
¢
O

(L13 in Figs 2-8 and 2-9). o] H#& vk 71 F& 3
Fowg 55*,— 3.4 m, ¥°] 1.9 mo|t}. F=9 9% Hi HA o= FHIY i
259 EA7 #EH=dEig. 2-23a; FA), Wy A= Z23HEA
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A7t BSE=o F& Fatel Ay WHI A FojA o9 e 50
Uebd 5= 2tk(Allred and Allred, 1997).
FWE(Fig. 2-9; Appendix 2)olA CP42 ¥+ 5252 Z& Avny 4
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4.1.14. 5= W9 7% EFA(L14)

T TYAE 3YTEEE SHFE oF 1,740 m Agle] CP40 F-tol A vt
AFHL14 in Figs 2-8 and 2-9). 53] CP40 F-o el A ¢
Aol tiFoz {|AHE=H, oyt FdHS g 9] CP39, CP36,
CP28, CP19, CP13 & ol& A9 dytojn} H7 52 W xS FEo
M A, 71 AR 10 cm ool & A2 15~20 cmol &3t

=<
Ax HEH
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AR AbE R 35 A4-o] FhdtHKambalda)A 9 sivbE|olo]E - §gloll=
71Hke}S o] F= E A Eo] HEZX o7 Mol ZojL ¥ 3Fdl(xenomelt)o] Fm}
Elofo] Eof Hsl| D7t o Aol siutE|ofo]E &k Yol 2 wEet g
o g 7P A=At Hal(Frost and Groves, 1989)% 7%= &}
%A HGreeley, 1998).

:

d

Fig. 2-24. Quartzite xenoliths within lava fused to ceiling and upper part of
tube wall. (a) View is upstream. See Fig. 2-8 and 2-9 for location (L14). (b)
Detailed view of inset b in Fig. 2-24(a). (c¢) Cross-section diagrams illustrate

accretion of lava with less dense quartzite xenoliths on the ceiling and upper
part of lava tube wall.

_81_



2.48g/ci(Swanson, 1973)°l H]& Zro} <o) Z¥d ul 8¢9 FFH-O

| olEelthrl Gore] S9HEES] Aol Wwe] ¥obE © felHE
gepizel gorEEel Aoy oA FE pAHE o oA

H
Atk ol $4BE ol Frste]
3 Ete] AFE 7]6keH
9], 1993, 1995; o=, 1994; <k €], 1995), AFEe] 7|4kt
o, &3, AR o}

g Ao sAHAT(]E, 1994). o]#d Aoz H]
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oX,
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44
oX,
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=
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T

4.1.15. o} 2 B3 FFHFLL5)

ot = EF3HA Azl TGS 3YTEHE SFFE oF 1,900 m AF ¢
CP37 A4l YebdtHL15 in Figs 2-8 and 2-9). o]3olA FZFHFL
3] oA FelE wa Jed, SolatAl AFe] ofdlzE EFsHA AA Utk
(Fig. 2-25). TavteelA dZ714= ¢F 3.8 mo|H, &% ¢F 10 m
th ol ® EF3HA A AAGel= oy He] hEw] FER7F IR, A
o} stFE o HolAe FRrAe oY e mujEe] "ol uUzt RS o
At} o] BEL F2U} FolxA+= HE(Fig. 2-9; Appendix 2)0.& g0
21z o xFo] wol AAE o] Ho &ekFo] FUtEE Aol FUt
=5 AR U4F 99 A EFFAAMY FFe #Aa, FFAY =
s, vie el AlEAQl H Ao ofdt st TR oA A4S 7t

of o} otz ekl FAHH Aom AR

9

18
oot e A o

_82_



(ot
ol
e
)
e
byl
o
=
i)
off
Hl
e
09{:‘1
o
ofk
o
it

(Calvari and Pinkerton, 1999).
g7 dgsi

Fig. 2-25. Downward bulge in mid-ceiling. View is

downstream. Longitudinal crack along middle of bulge is
theorized to have formed as result of weight of the
accreted lining (roof). See Fig. 2-8 and 2-9 for location
(L15).

4.1.16. At} &95=(L16)
A AE5FL 3YTFEEE FFE oF 2120 m Azl CP34 A Hol| A
7} @A STHL16 in Figs 2-8 and 2-9). ©]3L2 WA 713 yo 2

RO, %ol 17.5 m, vhet R EF 15 molv, H2WW 4ot o] nr}
H WrhFig. 2-26). W@ Aol Sokfde] #AHA ermw wal, ww
o) (e}

shol FHel Sebfdle] & was vk



i 7S B3 2 UE SEUbe &9 &8 A fAsE 98-S
s, 2 A3 §4E=Ee ALH Al 7]loJdtHAllred and Allred,
1997). © Yol &= W9 olg3t 71t Ada J9Es dowH, &ds

= B3 Eglel &4 TR 98s FoEN &4 dYtA &
HAuY, 2340w Ha Hedk A S FAs=HE L (Peterson
et al., 1994; Allred and Allred, 1997).

Peterson et al.(1994)2 mh9-ub&F EEA1(1969~1973) <ol HE +
3t &5 (Alae Pit Crater Lake)7} 3hrol Ao ®Elzeje BE¢Y
Aot 2 Hashr) = stk

mlo

i

Fig. 2-26. Largest passage in Manjanggul lava tube. View is
upstream. The ceiling is 17.5 m high and the floor is 15 m

wide. The upper part of lava tube is wider than the lower part.
High, voluminous passage acted as limited storage buffer to
help regulate flow and keep flood lava within the tube system.
See Fig. 2-8 and 2-9 for location (L16).
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17. 45389 &4E=01D)

A=EH e & e=2 3YTENYH sHr® 9F 2,210 m 7ol CP32 &
Fo A 71 dAA3tHL17 in Figs 2-8 and 2-9). ©] 3?‘5‘8 AAs=ol7) A
a9 19 moll dstar, = ofHHE Y Fo] 4.5 mE, 2o wlgf o]z}
dEs] & AET AFFHE BAHFig. 2-27). = O}l‘i‘gr g-e] ol

< BE5SHA ot Fol RHAAl FHe dHS Hd

olfgt 2 Al FE Y & =S APAQ FUhE=Y EHCE 7| AH
gy (Larson and Larson, 1990; Waters et al, 1990; Larson, 1993;
Espinasa, 2006). ®We] S ofgol HE 3 filo] d&Hxo=m
2 glom, E%H}r)’ﬂr Ho] AAF = &9 mpxe s Fe o5k AT

Z7F was] o)

olgfgh Fa AL A FH 4= CP31 F-olAFE dEol7t
°F 3 mZ F43 Yol CP31 F HAolA o8] fHo &¢5Fo] By
T Aog Ry ALHAQ &4F It o HAo] ofef = wrolA Al HIAS
S o & JrhFig. 2-8). 53] CP31~CP30 73+ 52 H4 =07} ¢F 3 m
B o] ofF wrEd, HHL Ao o] Fzte] AR FEFHo] FE& A
ot = A (Fig. 2-9; Appendix 2).

AAZ FFYHE "= 7Y sFe Aol HFA] HolHl= 3t
(CP31~CP30)o|A] BFZ2 34 t=2x @t}l, agchd B o)A AFH

o= W} go] Aol B Fiol FAHHIL owr} sl WAbo] 4}
7] ol A o= HEule] Al ol@ Aow wETh Fig

)

13t A7E 0.5°91 C 3F

ol
e
—
=
T
—
—
=
o

2l
2-27 A #AFZEE= e

2 ZAPE oF 1.2°¢ @&t 1y skl o] Abr] wobAl= FE S
BB A 0.3°2 C F3F oA FojAe= gnksgt 3k S & & vt
(Appendix 1). & AA} w3 tollAe &ubst 3oz Sejrte 892 4
AA QD AR Qs ST & FAEME HolH, &9t dAsH

2] H o2 M "Hivo: L4359 77 A o] Fo{ A (Greeley et al., 1998;
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Fig.
passage. View is upstream. The ceiling is

2-27. Canyon-shaped lava tube

19 m high. The slope of floor upstream
this 1.2°, but 0.3°
downstream (see Appendix 1). Where it is

from portion is

less steep, the height of the ceiling falls

abruptly. Because sudden slope changes

created congestion in the flow of lava along
moderate  slopes, steady lava levels
developed the lava layers along the walls or
lava linings on the ceiling of lava tube. See

Fig. 2-8 and 2-9 for location (L16).
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Aol o ALHA $94F I 29 W dFTE 4o A% €

Fig. 22534 !
‘ :

Fig. 2=29b !
.

Fig. 2-28. Lava column located at CP28 (L18) in Fig. 2-8. (a) Photograph
taken upstream shows lava column formed by accumulation of lava that

flowed down from the downstream part of the upper level tube. (continued)
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(b) Photograph taken downstream showing two columns, one attached to
ceiling of lower level tube, the other broken at the top (white arrow) which
has a chimney-like cross section, similar to hornitos. There is no evidence of
lava flows in the upstream part of the upper level tube. (c) Schematic
longitudinal section illustrating the later lava intrusion into the Manjanggul lava
tube through a window and skylight. The depth of the tube's floor from the
surface is roughly 29 m. Upstream is on the left, downstream on the right.

o157 olv] P ol
AR AN E ol
73 Qlow, FRE
o

o}
=

rr

%
- go7bek(lava toe)o] #WEFETE o]
& o] WA HYASS Sl EHES AA@HHCas and Wright,
1987; Hon et al., 1994; Keszthelyi and Denlinger, 1996)(Fig. 2-29). ©]
23k S5 &oF AR FHFo 842 FHHAAMFEH AowM &GRS
(lava crust)= FAsHA #HaL, sAlol] L ol & &
Hob MAE] dsEA HEd, ol 255 U452
o] &Skoll oaff "ol 555 8ol wdol EAsHA drh(Walker,
1991; Hon et al., 1994; Kauahikaua et al., 1998).

oA ol PAHH & = WE AMFA &So]l SHEAN A=
HaEo] gkr}h Allred and Allred(1997)% 752} §dE =0l glojA] o g
52 Y(entrance)ol A F=F WEZ &0 SHETT AS VAR =,
" A& 480 m7HA 7t s=& 9 dE Hist|E ittt ol # A
TE URE ZYe & BHe HdeA fEjdoln, o] dEe sEH

7

wel dalrh AASA S A 58 2AR FEo] AL Fol 49ke] BF 4

2

to
rlr
ofo
o2
=2
lo
:C‘>L_tl
=3

[N

3F sPitels A Fol A= Fo AT V| AF A Sy (L=
53)0] ojn] HAFE fot=F(dyAiAE5]1 ¢t Ao AAAE Ei TYE
o7} H A E 7= Aol AH #2EH 7% & tHKauahikaua et al., 1998)
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Fig. 2-29. Lava flow and lava toe. (a) Lava flow lobes developed upstream of

lava column are swollen and have medial cracks caused by lava inflation
(location shown in Fig. 2-28c¢). (b) Lava toes at distal part of lava flow lobes
downstream from lava column (location shown in Fig. 2-28c). (¢) Cross
section diagram of lava flow lobe shows the flow lobe motion by pushing the
crust up and out of the way of the lobe front, which is modified after
Keszthelyi and Denlinger (1996).

So] A4 EYHEAL AL FAT F UE HFHEEAA A g
SUAF doz T gue] AR E o &4AFe EXE R #
ZEth(Fig. 2-28b). F-&83 AF= WF7r 9 dA] @ upx] =253 o
Hlo] olow, Uid &igEoe] ejudl Fx7F AR o= TYEY]
uiFok fAReE 54S 7FAThE]3E 9], 2006). ol 5o RHE A 59
FAAEE g, ol Aol Fs] Agto] Ak &obs = uby
= @AY sEnte o] Fo] o= AL 39 JUAS AR FFEH=
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g, ole@ 2N A2 FE S vheho] 39l B3} w3l 24491
WYL 2 Hol, A FRel GTERE FPPLES oFahA Wolui)

2Z 4} S
waL, shyrgdel] o] whA] EEEGy 22 SUES FA4s d Ae=
Z_'

4.1.19. 5= U9 &4¢HF7HL19)

Fig. 2-30. Lava shelf formed through growth of crust
from wall at constriction point. View is downstream. See
Fig. 2-8 and 2-9 for location (L19).

= WelA &Tke 3Y¥TEFE sHRE °F 2,570 m AEe] CP22 &
Fola 2 B2 4 JrHL19 in Figs 2-8 and 2-9). ©] FIo|Ax Fo
ForAlE 3 WA Fole of 25 melH, £ ¢F 5 mo|tHFig. 2-30). ¥
2 7FAA grolA] Al FolA =], FolAlE e M =

olof ugtslA &Anke] oFstAl s dv e AT F+ doFig.
2-30). FokA &= A A A= &4Ffr(lava stalactite)7} #EE=H|, A
T2 AR A% BRG] AnkAl 4T FEr] Hue, 893559 W

A

[e]
ol ytstA ddz e 4T rE TEa vk olHd Adew wid
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e o] t}(Peterson et al.,, 1994; Espinasa, 2006).
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Fig. 2-31. Breakdown and lava accretion (deposition). (a) Lava shelf on wall

(white arrows) is aligned with the lava shelf around breakdown. (b) Schematic
cross section of Fig. 2-31a showing the breakdown and the lava which
accreted on it by the following final lava to flow through tube. (c) The lava
shelf around big breakdown (dashed line) in center is connected to the shelf
around small breakdown (white arrow) on right. (d) Diagram of inset d in Fig.
2-31b. It shows block and accreted lava shelf on it. See Fig. 2-8 and 2-9
for location (1.20).
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719 AFoA EdsE WE Sevbe 842 ks fA ol s At
BaE7|% AR 7H(Peterson et al., 1994; Allred and Allred, 1997;

Kauahikaua et al., 1998), ¥4 YWt A% 71 vpx]dt 8<Qbo] 87t

Iz

.
WA, = gae] ASH FFl glol FUYEF Wl AR FUol Wy
2 o] kol

3} o] ¢hvtek w0495 wiEl FEHoE wE
BE wyerkA] Boke A B A %

Aol WA &qfE Gl s HAg Huke]l A9 1 HFo] o}
(Allred and Allred, 1997) |A &l &) oled o= o F=x|nt, A
2ol oz zlo] Fo] FEH| =FH 7]E §¢3(Allred and Allred, 1997;
Greeley et al., 1998; Williams et al., 2004)°] &% Ywte] A 1 HF
o] &¢5w WE Zu7l= £%(Swanson, 1973: 1~2.48)Ht} #, &%l
o3l A olFHA W= FEHT ool A E A Fo] AR
el Girs 23 W 25 9l v olF 9 SRR ZEUAY v
= %

o] “hute] R7bElo] HHH §HIe

1
rir

4.1.21. ¥ X "k(apron) ¢} FHAIFTFL(@L21)

Wk (apron)E 3YTEHFE FFE ¢F 2860 m AT CP16 2ol A

33 2 2 YebdoHL2] in Figs 2-8 and 2-9). CP159A AH{=

40 of m AHNAMFH CP21 F7HA °F 270 m 7t Hwel& ¥
Ho| ByozRE 05~1 m J% &Y §99#lava bench)7} sl

A, S@vlige] B2 FYJoE HAE golzl BAu} 27} FEER

o] FFoll BFHIHFig. 2-32). 53] HAvke] ol wieRo] 7]l

L



Fig. 2-32. Apron and cracks by gravitational stretching or tearing on apron.
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View is upstream. (a) Apron with cracks of 2~4 cm in depth parallel to tube
direction along both sides. (b) Diagrams illustrate successive stages of @ roof
development by sustained flow, @ subsidence of roof by lowering lava stream,
@ overflow, @ cracks by gravitational stretching on apron by final passive
lava drain in tube. See Fig. 2-8 and 2-9 for location (L21).

B2 dElelA ko] &kl st T olfr® of
7} dAAdE Fx2 o AXNHFig.

3} 7+ (deflation) & &9F

2

|9 £3] AR WEE F e 2L ofdlE 227t W7

= H Z Wyo] WAt THYFTE 2INA ofo}
&4 IS H(Kilburn, 2004). £ xwHo] o
AAoE WMPS 5 Qv 2k #stode dAA] e 254 UE @S
Ho]=d Ball et al.(2008)2 700~800C, Pinkerton et al.(2002)
750-900C &5 AlAsk=7F 84, Hon et al.(1994)2 800CE 1 3}sto =
AAE71 = SF3Th 53] Ball et al.(2008) €% ¥W2%7F 700C o3tz

Sobw BEY ohdlE Telvke Sl o8 EFTUE ol 1 sre o

&oew WE =3
=]
=
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tf Tl o FEHom Ze7PEA wEolxl T A o3 <D (crack
by gravitational stretching or tearing)®|#t= AS & 4 Ao} 3 B#H X]n}
= 295 F] WA AhH oz mx GAo AAE &= JAF
== oA

4.1.22. G9H(1L22)

Fig. 2-33. Breakdown. View is downstream. Some time after the
tube had drained, the wall and ceiling collapsed, leading to a pile
up of blocks in the tube. Collapsed blocks have quartzite xenoliths
5~20 cm in diameter. See Fig. 2-8 and 2-9 for location (1.22).

ke 3T EHYH SRR 9F 2,960 m Ay CP14 FEdA & E=E
A9 eH(1L22 in Figs 2-8 and 2-9). o] Fit2 Faw Wy} oA dojxd
I e mlol] o g ol ojaf 74}y FE7F FolxIth(Fig. 2-33). HRF i
= 7t 2EAG~20 cm)7b T AR ET, ko] "ol 2 B oA
Tt ZEAVE BEET. o] Yhe &9bE =Eo] ¢ds] fdE olF F=

3} Aol o] el gy Eolu),

[¢3
<

o
rir

1B K
=
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s YT stgdEo] B A dojuAnl &dEa A A
= A7 dojuA H=dH &4to] 94
ol TeE Al7]el| &3] dodrh(Kauahikaua et al., 1998).
olgA HFIo os % dHurE 1AHoRE &UYsES U 9dTES 3§
ARE, AEHo®m &o]l ESH7le Agde s=9 IdHs F7HAlred
e 7hHA bl
95 FolgAY duss S7HAA UIAA JAAS SIS 98-S @
tH(Kauahikaua et al., 1998; Fagents and Greeley, 2001). %} o}z &
Stell oJ& ol FH = 4= F= WO F2 TEE We(breakdown jam)a}
A (Larson, 1993; Bunnell, 2008), & S=o HA| o] #HE w50 &
& E(lava falDe FAS7I= doh 7125 &eEA AoH A=A
SE s A= 13, &3xsE 3% T ATeE &ds=A9 sttt
A &3] #AREHedHAFEIAAE, 2009), &3] &dsaEo] Fo] F2
A Aog FZEhFig. 1-9). oA =S X3

E d
S SYEZAY FHEZAGNA Gk B b2 o] fol o84
T 7Y

v}

st tH(Allred and Allred, 2002)

4.1.23. EFHHHL23)
FFE 3YTREE SFE oF 3,040 m A CP11 A HoA oz
HATH(L23 in Figs 2-8 and 2-9). s=vl5d = 7 HE &7
|t os WAy WEy 7t 4 by S B Rdvte] wEdn
(Fig. 2-34). o4 439 FHTZE Ayuw, oy FH(

S 217he A o)

(53] &Rahel
foto] 2SS AN st AW T Z(shear structure)?} #ZH A gon

12
&
=5
e
o
s

o]

°F 2~4 cm A9 YHxETo] THo| o] Hojx FHAA
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Fig. 2-34. Rafted breakdown. View 1is upstream. (a) Flat breakdown is

enveloped in final lava flow in tube, on which cracks 2~4 cm deep developed
through gravitational stretching. Structure of upstream part of breakdown
shows no strains, which indicates that, at the final stage, the molten material
below the ductile crust 2-4 cm in thickness passively drained and the crust
moved very little downstream. (b) Cross—section diagrams illustrate successive
stage of rafted breakdown and final lava drain. See Fig. 2-8 and 2-9 for
location (1.23).
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4.1.24. ¢t=n)e] 5-3(L24)

Fig. 2-35. Slumped lining. View is downstream. (a) Slumped lining cutting

the flow lines in lower part of tube wall was swept away by final lava
flow in tube on the steepest floor with slope of 1.7° (zone c-6 in
Appendix 1). (b) Sketch of cross section of wall illustrating accreted lining,
slumped lining, and their order of development. See Fig. 2-8 and 2-9 for
location (1.24).

J

obhle] B 3YFEIE FE ¢F 3,200 m A CP8 FEol|A 2
BZETHL24 in Figs 2-8 and 2-9). 53 WHE Se7les €42 H719)
A2 g o3 Ul g FxE AdTcHAllred and Allred,
1997). HHell= &9hs= WH-E 97k &to] Hrbso] Fuwdgow &

Shdlo] @ wEEo} gr. W Sl g9tol Hrhuo] B4 tw)
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4.1.25. g=7=%(1L25)

2 ¢F 3,520 m A9l T5 F-FolA
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2ol SAAF AL olelF BT $AHA gvh

Fig. 2-36. (a) Alcove in the wall of upper level tube (white arrows). View is

downstream. (b) Schematic cross sections illustrate successive stages of the
narrowing of lava passage by collapse and the development of alcove by
differential erosion. See Fig. 2-8 and 2-9 for location (L25).

4.1.26. F21utg Hoh Fo| e AT S(L26)
ANAZFE 3YPTFEZHE F=E oF 3,540 m A T6 Fio] 2 et
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THIL26 in Figs 2-8 and 2-9). o] F&2 Fig. 2-37°14 ¢ #o] at9s=
vetoll A g s m AAA7EA 9 =ol7k 20 molH, s = sele= 247
o] HH=ol7t oF 1056 m, ¢ 5 mo|th A - e E = Alolo] &4F9 7
= °F 4.5 mo|t}

Lower level tube

Fig. 2-37. Perched tube in the wall of upper level tube. View is downstream.
(a) Perched tube (dashed line), bridge (arrows) and breakdown are shown in
upper level tube. Of note is the fact that the perched tube is above the floor
and found at ceiling level. b) Cross section of semi-elliptical lower level tube
with level floor and gravitational stretching cracks on floor. (c) Cross section
of multi-level tube drawn to scale based on survey data. See Fig. 2-8 and
2-9 for location (L26).
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Lower level tube

Fig. 2-38. V-shaped deflated floor in upper
level tube. View is
V-shaped deflated

between

downstream. (a)
and the
inflated floor and adjacent wall,

floor gutter
which indicate early lava inflation and later
deflation during the development of upper
(b) Furrowed
through detachment of ceiling linings.
Fig. 2-8 and 2-9 for location (L27).

level floor. ceiling formed

See
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oAy A HoA SI7HA=FE]
71418 8 dth(Allred and

Allred, 1997, 2002).

4.1.27. 49129 &4
<3 3HIL27)
S s 3YTE
e &HF2 oF 3,580 m Ad
of T7 FEolAd gels=el
2+ YA TH(L27 in Figs 2-8
and 2-9). ©°o] Fi&
2-38° 4 ¢} o] sk9js= HE
oA AlEsE HAAAA =
°F 20 molH, Ffle=3 st
Q= 7zhzto] H Aol o
11.3 m, ¢ 5.8 me]t}. ’8*'
el = Abolo] &%
A= 9F 2.9 molt} %—‘H%%

Fig.

ol

Ag



HRE2 VA PEj= obgi = i ekol vy sgolo] WSyt Alghd] Ble|, shels

= Higgele] Wst glo] ek ow ol etetAl BAbA vk(Fig.
2-38)(Zone ¢c-9(0.5°) in Appendix 1). A¢5=2] B3} ulg Alolo= 1L
ol A=, ol 27 AeEE viyge] d4E W EdEdE WRE £

SRS E%l‘%ﬂ AN Ageel A kT dAE 2

otol] oaf stF= Wz 7 Aow F=FHhAllred and
Allred, 1997; Kauahikaua et al., 1998).

4.1.28. 49182 w9 &7H(128)

T nlgho] 4L 3FREEH HFE 9F 3,640 m Aol sEstE= T9
2ol AdEZFold Z YebdtH(1L28 in Figs 2-8 and 2-9). o] A& A
o) = notol A AYEZ AFIA 9 ol oF 19.7 molH, AT
7 & vbellA AAAAE oF 8.9 melaL, =] wiEelA At
A= oF 2.6 molth(Fig. 2-39). A9 =ES T27F F& oA &dimTol
=olA PAE &Sl & BEHO low, ARudor Fr7b HolAW
A gokzo] o2 Ygke TS #AH3 4 grthFig. 2-39a). AYEF

il 2
AR wher olgjol = 2-3ule] SotFo]l BEAom ol ), o)E
e

1(Fig. 2-39b) Fot5- Hol&= dyyn| = &¢o] ¢+d3] &= U
W7t W T HAAS o] F= olwaE 89F=o] Fux ol Aot}
SHel s =e] Hol| Hol= dAXge] FHAES Tw R SHE 59 ¥
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= vEh= Aol

Fele=E HEAHES ordY
LS (HAD NN AR 45
ANFH 3] HAH(counting point)
o2 7EdEFs SH4¢ A,
A A o] 29~34%0l E3}o],

ar
o
T 7HA ek gere) )
o
=

N

3(Swanson, 1973)%.=%
L o, A3 fo=9

g
T 1.98~2.132%2 Aitd

Uppe level tube

Lower level tube

%!
Fig. 2-39. Deflated floor in upper level i
tube. View i1s downstream. Deflated floor of =
upper level tube indicated by dashed-circle oro| Al 7] 3 A A

=0 Xz

e A4 A4S Sl

has vesicularity ratios. of 29~34%. See Fig. AL whsl o] Hol= B
2-8 and 2-9 for location (L28).

b= gorel mEe we =K

Aow waEw, O A AT dHekes &U4TS shelY &9 o

32 &2
¢

-

— JH=ZE AA35] YHS Aoz o dEr.

Hon et al.(1994)2 A %E ZZ7MHA XA 5] BFst= A EN &97F9
Hol| A7) A Yol &%7F 800~1070TC UL =AE 9=, o]glsh
W
=

=2 zl= EER(crust)®E HEHA (viscoelastic)o] EAS Heltta &)

o B
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Ak o)L AEA SR Y EEF(crustE 37 Fom FAdga
At OFFESTH 7HE ofg] BELS wl$ HAo] ¥ 90w &9F
o] MY FAF-(liquid core)®t 1 7FF-o] astd 45 (@)He] Afe] Fio]
3, @F7F BEe 18ty odEow 1 L7t 800~1070TeoW Hed A =
g Hol FEoR AN HTH AEw o Fitd o3 AFH, @7}
F s gERe exvh o gol, Asaks Betd] A4 brittle) 02 7
oA &= HEow e Frg Hua sk

TE U SAAAE AxelA et R AR &9kl 2% Ut wet
Soto] BS5Hol MRS &9Fo FAFEY, o & I ol¥dE EZYie
goke] &S ol 98-S SH(Allred and Allred, 1997)3 F Ao &
AE E45e AEE /HAA "k a8y oy £45e ATt T3
AA7] Al sHFE ZE7ke 849 S sHAEA He Afele wed
#44 ok

dos BAA7Z|EGE, o= A Jadder fgste] A3
Z o

o 3
Aol @l 2 ey

A5 vpol A ol Yeore A TRES &9 BER A4HE
29159 oee Bed 549 welat Aow wudd

4
SIS e FAe 3YTEFE shFE oF 3,700 m A9 T10 A A
oAl Z #AZHETHI29 in Figs 2-8 and 2-9). Fig. 2-40& o] XA %
Aee=d shseEs A2 AR 2R &), stels=E vigels &9
= °F 18 mol¥, dE = 7HE w2 wieelA HATA =
°f 10.6 me]al, sk9js=el HigelAr 7B w2 HAZMA= oF 2.4 molt
of A - otfle= Alole] &Sl 7MY gk o= I FA= oF 1.8
mo|th. dheEFmel = ST oln] FAE o2l o] Fmuf Aol
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Lower level tube
Fig. 2-40. Lava accretion and the injection of lava into gaps between
superposed linings. Photographs (a), (b) were respectively taken at location
(L29) in upper and lower level tubes. View is upstream. (b) Injected lava
(arrow) is shown in Fig. 2-41. ¢) Numbers in schematic cross section of
upper and lower level tubes indicate successive downward lava accretion (D~
®), and the lava injected into the gap between linings (@, ®). See Fig. 2-8
and 2-9 for location (L29).

o
=
=y
o,
f
B2
ol
Ho
offt
M
lo,
B
)

Fig. 2-400)4 #Z &= o YRIZRE

- 109 -



=

HF
94

(@, ®, ®)°l

o4 1}
o}, 7}

]_

L
|=]

°©

3L
o

=

o

wolo]

=

Q o}
]
=

[¢)

R SIS

o]

°©

o

=

o}
7}

3L
=]

(@)}
T

ozt Fx7F WA

o

=

oF
=

#7F oAl

Folell A= 8d5(@, @, @)°] B4
ZI:
gl A gl M

k)
oF
=

=
=<

&

=
H
3}

d|

h s

d o

S
~

o KL
a =
o] 2]

ey
-
ol A=A ol F &

2
= Hulgs} "ol

SER=8

(O3, @

o

9 (Fig.

-

[}
R

A@)e 7

o

o

.
SRR

HA

°©

2l

=
| .

o
110 -

°©

o
Aol

o

=

s

3} @)t

A

®))
1

H

(

=
o

e}

T

)

o
™

4
1=

(o]

’

Ll

® and ® of Fig. 2-40b. View is upward toward bottom of injection

(arrow) in Fig. 2-40b.

Fig. 2-41. Small blocks surrounded by injection of lava between lining

_EIE
1%
2-41)

o
-



4.1.30. 4$15= 395 =(L30)

22 AACdA A E=
el sz Aole 3YPTEY
B 3FZ oF 3,700 m 729
T10 F-&lA  dAsHL30
in Figs 2-8 and 2-9). Fig.
2-42v A9l =3 ¥l =
o] e AHAA AL AL

Lower level tube

Fig. 2-42. Upper and lower level tubes.

View is downstream. In left foreground of 2-42). #SlEEs VA EH
photograph (a), we can see the contact = E=HFEO] hfE= ‘4134
between the accreted lava and the olgtor] 1 g ore
previously formed upper level tube's wall by g2k 3 molu}.
the collapse of accreted linings. See Fig.

= o 1
2-8 and 2-9 for location (L30). I= F=wbsel Weeked
A 7= E%‘ﬂﬂ‘ﬂol =53
+H(Fig. 2-42a), HHS A4S ww §ehfHdo] disiA 12 BEE
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T &ol &ds] wiEmE Fol HAAM "o Aot (Fig.

Lower level tube

Fig. 2-43. Lava bridge in upper level tube. View is downstream. (a) There
are two lava bridges, one above and one below, and the remnants of the
uppermost accreted lava layer deflated to the medial portion of floor. The
remnants of lava layer are aligned with the top of the lava bridge. (b) Lining
collapsed from ceiling like the peel of an onion. (c) Cross section of
multi-level tube drawn to scale based on survey data. See Fig. 2-8 and 2-9
for location (L31).
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4.1.32. £5= WY &49(L32)

Z o &45AE AN
= TXEv 3YUTERY SRR
°F 3,880 m A9 T15 H#
oA 2 #ZHAT(L32 in Figs
2-8 and 2-9). Fig. 2-44%+
el EsEe AACEFEE

#Pow, sels= HEAA
A
¢}

[e]
A7A e A o 3 m A%
=, wgEeld W37 7
A

A gre el g 49

Lower level tube

Fig. 2-44. Lava level in lava tube. View is

upstream. Photograph (a) shows the lava

(FA)7F BT (Fig. 2-44).

protruded remnants of the lava layer ©] €43+ ] Sd5ES
£

bridge (dashed line) in background and the
(arrows) which indicate the level of lava T

which flowed through the tube. See Fig. 2-8
and 2-9 for location (L32).
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o] o] ol of 3.6 molth. ol Az A9
A7F AAT 3.6 m ol AN Welztes A

4.1.33. &¢&s3 4=(L33)

Fig. 2-45. Out-squeezing lava in upper level

tube. View is downstream. (a) Lava bridge
with convex surface showing lava inflation
during the formation of upper level tube's
floor. (b) Close-up of inset b in Fig. 2-45a.
Out-squeezing lava flows to the gutter. See
Fig. 2-8 and 2-9 for location (L33).
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2 T & HEY vEol

o 2@ Ha, S s Hold 1.7 m
Atk o] AHe2RE 30 m 7ol 3.5
Aol ofete] 54

$AE BAelA ol

Bl (See Fig. 2-47).

~—

4.1.34. FE(L34)

Fig. 2-46. Grooves or striae on wall in upper level tube. View is

downstream. Lava layers (D, @) formed successively through a
decreasing lava level. Inclined striae on wall formed when the
established lava layer @O subsided along the plastic wall of the
tube. Thereafter, the lower lava layer @ formed according to
conditions of the lower lava level that flowed through the tube.
See Fig. 2-8 and 2-9 for location (L34).

350 3FRXE sHFZ ¢ 3,960 m AT Y T18 A HoA & AFH
ok T17 A-olA T18 AHoz APt As= Hgdo] #A}r] dolx
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4.1.36. £¢5F W9 IutEZH(L36)

= oF 4,020 m Agle] T21 A -elA =
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3Y T = H-E
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Lower level tube

Fig. 2-48. Photographs (a) and (b) were respectively taken at location (L36)
in the upper and lower level tubes. View is upstream. (a) Remnants of
breakdown (arrows) on the left wall in upper level tube. (b) View of lower
level tube at the same location. (c) Schematic cross section diagrams
illustrate the successive stages of tube blockage by breakdown, the sweeping
of blocks, the deepening of the floor by lava erosion, and the lowering of the
ceiling by lava accretion. See Fig. 2-8 and 2-9 for location (L36).
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Fig. 2-49. Schematic longitudinal section from T16 to T21. See Fig.
2-8 and 2-9 for location.

4.1.37. &&FF 7= (L37)

golEEulg)s= 3932 RE FF2 oF 4,200 m AT FYEF P20 F
Fol A 2 JeEPGTHL37 in Figs 2-8 and 2-9). ©] F-EoA Fd ) njd
o] AAFNA & EFErtE(scroll or lava rol)7} #FE =4, o g =

T A g4FFeEt aga HEoRE 3 Ho $4FFriEvr BEEn
(Fig. 2-50). 7 9] &dFFrlgls W RriEAd F He k=t
AP o2 W e o] whEojl Aol g o] &FFrtEE T Y =

[}
=

W F ol Frbe QHw=uinte] Mg H o] Tk E dA sk, WA
=

&9 3 R
Rele SUVIE, $UFN, AHA Fo| wol WL, ot Setol T
o o3 WMol A WolA b fol whet 71143

- 121 -



< A BAdS A= dEAAAe AAS ZEA HH, o]yd oA &
2t F71Ed 89 3 AVF HAXHA ol = 3
oz ZHorA LA4FFuylE FAFA AR Greely, 1971; Larson,

Fig. 2-50. Scroll in lower level tube. View is upstream.

Wall lining deformed plastically and curled away from
the wall to the floor. See Fig. 2-8 and 2-9 for
location(L37).

4.1.38. % - &= Alolg &4F 57 (L38)
s 4% 53 3YTEYEH SFE oF 4,270 m A9 P21 F-iol
A oIk tHIL38 in Figs 2-8 and 2-9). o] FEo|A] &9%=F A Eo] &I
B F72E Fe HUNE 2HAW AEEE A998 & ArkFig.
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1t} (Fig. 2-51c¢).

;O

Lower level tube

Fig. 2-51. Window between upper and lower level tubes created through
collapse of lower level roof. View is upstream. (a) Upper level tube can be
followed upflow for about 100 m, to where it narrows to about 15 cm in
height. The weak protruded remnants of a lava level are in the back, perched
above the floor. (b) Collapsed blocks heaped up on the floor in lower level
tube, 2 m high. See Fig. 2-8 and 2-9 for location (L38).
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4.2. & - =9 WRET= v

e 3delA 14 e THE skl e SAAR S oF 4.5 kmol
H, o]F 3)elA SR EeR 1,150 m, 29174 sHREFSR 900 m
of ol2E PE ASlEdel ad AP HeTEE BATEHAL, &
&, 2008). HETEF REEE 7t 5 Aol Soleta Aol F
2, 29l A shRE e R 600 m ikl skl AelE=Est el EEe] &

A& Akt

o TRt A el s vieE tAl®E StEatxr & #EE(Fig. 2-52a),
THERY by Fite] BEs FEo &RAY, 5L VA FHE Uy
ore B3 FelE ww(Figs 2-52b and 2-53), ¥} Hlek Apolo= &

3 @A o, 0% A4 WAL B,

Ly
FEEdle Aty Sdurt #FHH(Fig. 2-52d), T=vHEY w2 X

(T=dd o)l 58 =013t vetyxy SV =e] dEdv(Fig.
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Fig. 2-52. Comparison between upper and lower level tube.

Photographs (a) to (e) taken in upper level tube and photographs (f),
(g) in lower level tube. (continued)
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(a) Ropy structure of upper level tube' floor. (b) V-shaped deflated floor of
upper level tube. (¢) Out-squeezing lava within gutter between inflated floor
and wall. (d) Lava bridge in upper level tube. (e) Alcove in the wall of upper
level tube. Photographs (f), (g) show narrower passage, more even floors and
walls, and cracks by gravitational stretching on floor in lower level tube.

ofo] W 9T =2 wieo] A F WEFoR Yol lom,

Sl el BEel Fu, B0 oM ATHFig, 2-520. 02
whebh wEe dede mul, welt FEAgEdel wUElthFig
: 1

Wyl el A7k

J =i 8
S0} k915 ol Wal o uk(Fig. 2-53), ik shtalitel A A,
W) A9IFEE SURE WEE sh9lEEel vl Fou} Huke 27
2 A AuAom shslEEel ual 49l @l o
ol B £ uehbs A dsto] AFTY SABBAAE BEHE
d, 7 olfE @ 4B Zo| U Wi, AIFH} ANESAY oA Y
A 9B GAS 2 GA @ AR Lok 2e 2AAA 34
@ A%l §oo] Berds RAEGAL, & @ S4Bz IR
oA AL ke el 1 945 A e e o) B
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golE o AR GAYG He ko] folo] HBE3e] Ee7pAA A
He BFolgo] &FdA =3 AAH= AoR HuHo itk (Greeley,
1971; Peterson and Swanson, 1974; Hallworth et al., 1987; Peterson et
al.,, 1994). Z28jy =& dEY sk 93} F2 Fox= AtY R 7
o o] gofo] REHo] obol FARE TewA Bd Fele S5

o] FAH = o7t Hix7|%E A TH(Calvari and Pinkerton, 1998, 1999).
=] A A9 AT sl FAE A dAE Aolgte As 3k
gto] Ao SASS AHEN, YE29 FEYL7E dEEE A F 7| Eo
FA &} ol 5L wEo] A gl A & H A el ¢kt
& ArkE we FeR BSolso] RSHFel o FA" Ads AT

(Mattox et al., 1993; Peterson et al., 1994; Hon et al.,, 1994;
Kauahikaua et al., 1998).

HEEe AwLE SbeEdel oA Tt dRwoeR, v
FiolE 2AHE, HeEE, ddEZe] Bxsv, side 9w, 83%
Zo] BEITHRESAN} &4, 2009). ol dele] FihEads mel A
T A 97 % q

AME AR, HE AR A E(EeEE 23 M St
™

of itk SAE b AN §HEF Y AFAA AN

A EZAANE 1.5°2 wl$ dvkslch(Fig. 2-54; Table 2-5). o]& AAAH o=
7 R 2 fdeEE 4R skl IS (5% 24 ol(main

passage length) 41.86 km; 5= 7F AFolA 7H shr7rAel A A
32.1 km; FEEE Wt SAHI Hd AFAAR 1.5% HAAFeE Hekwo A
Aol Bt AFAA 2093 Plugds W ALLE & A Fie=EA
o] ¥ &t Aol ddE AS & 4 StHAllred and Allred, 1997;
Kempe and Henschel, 2006). 53] 0.7°2 w]|-$ ¢kvbst wbgzo] A8 54
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5.1.2. *ZE 27|FE IAMAUF

S FAMMAUT B3 A= 2 IAAES AR #FET F A
AL A A A i) FREAY. 53] dhetole] mheuF
(Mauna Ulu: 1969~1974W)vt ZAekg-ollote] 2 @ -F3tojol}at(Puu Oo
- Kupaianaha: 1983~&7) 3}7ollx ddd &Fet &=l B3 7]
Az TheFeE Lokl A A= §ekeE Pl gk ol FXlol =
A 7199383 (Greeley, 1971, 1972, 1987; Swanson, 1973; Peterson and
Swanson, 1974; Peterson et al., 1994; Mattox et al., 1993; Hon et al.,
1994; Kauahikaua et al., 1998).

s FAuAYFTA #g AF7HA Y] AFEe] wEw, &9t

=
WEojx] ool dAFHE A $(roofing of lava
]

= [eX =
channels)®, @AMl FZolAre YHH EZel AY shguz s
A, @AYl A%H WMeow Qs Aol AAE e FEA
ol WAL, @8UF Ao
A

FAHEYT HuEQoh, =
| 8479 Al 25

i = QL
7F o] Agol dAHa I W= Eobe] ALAA EHrtiA SdE =0l

g7t F 79 =(floating crustal rafts)o]
|

ot
i)
~
ol
=)
fol
o,
fol

o

P4 5= Z$-(lava tubes in advancing pahoehoe flows)o]th F WA w12
I o] FAHEE Ao JdoAME AFAb we 254 dfA]o] thEn.
% o]g o] ZH(pahoehoe lobe)7} WHEH o2 HAYZPHAM ZAgxd ¢ B
&9 =H(lava lobe)gs At M= FEHEE &fE FEES d49L
&

LA =
A7 Addgel weh ol M2 FAHAAUAM FH F=o] IYH= AL
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1953; Peterson et al.,

}H (Wentworth and Macdonald,

S|

7}
1994; Espinasa, 2006), 3tz o]s o] &7 ol

s

S|
ax

3)

=

of vpA] A EFHE HA

whehe ofel

= A~
Al =

]

o] AN W), v}

—_
file)

= 2 7PgAE A

Kauahikaua et al., 1998).

3k 71A]

) I

744 WAl Aol e
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SH7bEA AY7A] S A dua 3t (Hon et al., 1994; Kauahikaua
et al., 1998). 53] Kauahikaua et al.(1996, 1998)2 o] sl A|EA &7

o] MAZAAE AFaHAdA7|F2]E o] 3 EgjEA oz 3ol3 o
v, SoHel ARel EFRUE A4Eel 1 dRE Fedske geel ol
el £98 A% 24T 5 e Aol oA HS A8l se
FAU goke) Fg SA/E ALk oA AEIHR Felske SU4F
o) = e 542 ou] IHE AEYF R 1 ol g Teske SUF
of s} AEHHoR MM st Hol, A5 FHe] dHAHot wH

o 54e 1w, =
EYy &7 7P
FE2S A9 HA Y2(breakout) &4F7F AMFA I &55kaL, o]
ol k= &S As(EAAE ] ALH FAH &Es TR A
t}(Kauahikaua et al., 1998).
weps 27] v A EAGS BFolgo] &4
A 2AE FAYAEA 2 RE Sevbe §¢tdd 95 dA4E slow @
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5.2.1. A 93 )
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Allred, 1997; Greeley et al., 1998; Kauahikaua et al., 1998; Fagents
and Greeley, 2001; Espinasa, 2006).
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1994; Hon, 2007).
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Table 2-6. Evidences for lava erosion in the Manjanggul lava tube.

Description No.
Evidences Location (after Figs 2-8 Remark

and 2-9)
Exposed clinker or paleosols | CP93, CP88, L1 13
in wall of lava tube CP87 ’
Asymmetric cross section CP8, CP10 -
Plan view showing lateral
and downstream meander T1~T21 - See Fig. 2-6.
migration

T5, T6~T

Alcove or Perched tube 2 TfS £ L25, 1L.26 upper level tube
Skull or Hourglass—shaped
I ti -lik CP77, L5, L17
cross section, canyon-like CP39~34 ,
passage
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ABSTRACT

Lava source and Formation processes of the Manjanggul

lava tube, Jeju Island, Korea

Ung-San Ahn

Department of Earth and Environmental Sciences
Graduate School, Andong National University, Andong, Korea
(Supervised by Professor Sang-Koo Hwang)

The lava flows forming the Manjanggul lava tube are commonly said to
have a potential source from the Geomunoreum scoria cone. We
inferred the source of lava flows with the Manjanggul lava tube, based
on many studies about lava tubes within lava flows of active volcano In
the world. We made a lava flow field map from lithofacies, features
and latitude of lava surfaces in the northeastern part of Jeju Island,
and then examined closely the distribution and mutual relation of lava
tubes in each lava flow field. As result, the Geomunoreum lava tube
system is divided into a series of master tubes(Utsanjeungul,
Bukoreumgul, Daerimdonggul, Manjanggul, Gimnyeonggul, Yongcheon-

donggul and Dangcheomuldonggul lava tube), a complicated networks of
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small tubes(the Bengdwigul lava tube), and a series of unitary tubes
(the Gimyeongbilemotgul ~ the Gaeusaemgul lava tube) in the
Geomunoreum lava flows. Particularly a canyon, 2 km in length to NNE
direction from the Geomunoreum scoria cone, is interpreted to be
collapse trench of lava tube roof that belongs to an upflow part of the
master tube in the Geomunoreum lava tube system, according to the
location and direction. Accordingly, the source of lava flows, forming
the Manjanggul lava tube, is the Geomunoreum scoria cone. In this
study, a detailed survey by electronic total station and the description
of internal structures were carried out on the Manjanggul lava
tube(from 3rd entrance to 1st entrance), which is a well preserved
portion of master tube line within the Geomunoreum lava tube system
located in the northeastern Jeju Island. Based on the surveying data
and internal structures, we interpretate formation and growth processes
of the lava tube. According to this detailed survey, the horizontally
surveyed distance of the lowest level tube in the Manjanggul lava tube
from 1st to 3st entrance is about 4.5 km with about 54 m of a vertical
extent, 0.4° of average tube floor slope, and 0.7° of average ground
slope. The linear distance of lava tube from 1st and 3st entrance is
about 3.4 km and the linear average ground slope is 0.9°. Here we can
recognize that the Manjanggul lava tube is located in much less slope
region as compared to the longest lava tube of the world, Kazumura
Cave with 42 km of main passage length, 1,108 m of a vertical extent,
1.9° of linear average ground slope and 1.5° of average ground slope
over lava tube passage. This lava tube i1s 2 m to 23 m high and 3 m
to 21 m wide but it has generally 12 m to 15 m width in large

passage and 4 m to 7 m width in small passage. The depth of highest
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ceiling from surface i1s 3.4 m to 14 m and the depth of lowest level
floor from surface is 14 m to 33 m, which is decreasing toward
downflow. On the whole, maximum height to maximum width in the
lava tube have 1.3 ratio, suggesting that the tube's height is taller than
the width. And the tube floor is consistently sloped towards the
downstream, while the ceiling height in the tube is extremely irregular
without a consistency, ranging from 2 m to 23 m. Geometry and scale
of this lava tube mentioned above is thought to be affected by thermal
erosion and lava accretion(deposition) in the growth process of lava
tube. There are many of internal structures to indicate such processes.
Lava erosion is inferred by @ exposed clinker or paleosols in the wall
of lava tube, @ asymmetric cross section of lava tube, @ plan view
showing lateral and downstream meander migration, @ alcove or
perched tube, and & skull or hourglass-shaped cross section,
canyon-like passage so on. Internal structures indicating lava accretion
are O multi-level lava tube, @ lava shelf, @ lining, @ quartzite
xenolith accreted at ceiling or wall of lava tube, and ® lava injection
into gaps between superposed linings so on. Interpreting the formation
and growth processes of the Manjanggul lava based on its geometry
and internal structures, the lava tube was formed from the continued
sheet flows on a gently sloped topography. Then the outer crust of the
sheet flows was first solidified and the inner fluidal lava drained out
during a continuous flowing beneath the solidified crust to eventually
form the initial stage of the lava tube. Later, the subsequent lava flows
were continuously supplied into the tube to cause thermal erosion of
the tube's floor, which gradually modified into the long-shaped tube
that the height is taller than the width. Although the thermal erosions
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were dominant in on the floor, there occurred dominant accretions of
lava on the tube-ceiling to cause irregular height of the tube. It is
guessed that the main factors affecting to the degree of erosion are
duration of lava flow and slope, and lava accretion such as multi—-level
tube is controlled by duration of steady lava level in lava tube and
slope. We can summarize the formation and growth processes of the
Manjanggul lava tube, based on these interpretations. First, after the
initial lava tube was formed, there were subsequent lava flows that
passed through the initial tube. Then the surface of flowing lava
became solidified to form the floor of the upper level tube, with drains
of the residual liquid lava forming the lower level tube, which
constructed a multi-level lava tube. The later lava flows that
continually flow into the lower level tube caused deeper erosions of
the tube's floor, and thicker lava accretions on the tube's ceilings.
Finally, a new lava influxing from the ground surface fell down a
ceiling of the lower level tube to flow on the floor, with a lava

columns constructing in the tube.
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