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Abstract

Landslides and slope failures are geological hazards that pose significant challenges to the infrastructural
development in Timor-Leste due to the geological complexity and the widespread occurrences of Bobonaro
Me¢élange lithology. The lithology of Bobonaro Mélange consists dominantly of scaly clay matrix, shale,
sandstone, limestone, broken formation, and volcanic materials, which are characterized by weak,
deformable, and expansive from a high content of smectite clay, exposing a high susceptibility to
deformation under natural factors such as rainfall, seismic events, and anthropogenic influences including
deforestation and man-made slope cuts. The Bobonaro Mélange is a synorogenic deposit of Late Miocene
in age, which has a wide distribution across Timor Island and Banda Arc. Originally, the unit was interpreted
as a gravity-slide deposit and then later redefined as a tectonic mélange and Diapiric Mélange formed
through subduction, collision and accretion. This unit’s instability is exacerbated through the seismic
activity and high moisture content, contributing to numerous geological hazard occurrences in the country.
This study investigates the geological hazards linked to Bobonaro Mélange lithology and its implication
towards the infrastructure development in Timor-Leste, and through the analysis of its composition,
structure, and behavior this research aims to provide a geological and geotechnical understanding to improve
infrastructural planning and design. The recommendations in this study include conducting pre-construction
geotechnical surveys, implementing the proper slope stability measures against the Bobonaro mélange
lithological unit, developing landslide susceptibility and hazard maps, and establishing an early warning
system. Moreover, it is advocated for revision of the construction practices in the country, by incorporating
the hazard assessment into planning and the development of tailored building codes for risk mitigation. The
unit also is unsuitability as construction material underscores the need for an alternative strategy, alongside
increased research studies, capacity strengthening, and community engagement, to foster resilient and
sustainable infrastructure in Timor-Leste.

F—T— B MEZE, MTRY. RARFO ASL T, HETENE. By E—L
Keywords: Geology, Landslide, Bobonaro Mélange, Sustainability, Timor-Leste

1. Introduction

Timor-Leste is a newly formed country situated in Southeast Asia, facing several challenges in
infrastructural development due to its geological complexity, particularly the widespread occurrences of the
Bobonaro Mélange lithology (Figure 1). This lithological unit is a part of the synorogenic deposit and in
recent publication points to a Late Miocene age (Keep and Haig, 2007, 2010; Barber, 2013; Tate et al., 2014),
which is widely distributed across Timor Island and Banda Arc. The Bobonaro Mélange has a mixed
lithology that consists of a scaly clay matrix, shale, sandstone, limestone, broken formations, and volcanic
materials. The Bobonaro mélange matrix mixed facies with Pleistocene foraminifera derived from the soft
strata of the Viqueque Group and is often associated with landslip/landslide (Audley-Charles, 2011). These
characteristics lead to the occurrences of geological hazards such as slope failures and landslides, which are
exacerbated by geological processes including heavy rainfall intensity and earthquakes, as well as man-
made interventions like deforestation, slope cuts and excavations. This paper intends to investigate the
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geology and geotechnical properties of the Bobonaro Mélange lithology, its influence in contributing to
geological hazards, and provide general insights for sustainable infrastructural planning and resilience in
Timor-Leste.

Bobonaro Melange Distribution Map
| in Timor-Leste

Figure 1: Distribution Map of Bobonaro mélange lithology in Timor-Leste, with geological hazard and landslide case studies

2. Methods

The methodology of this study applied a multi-disciplinary approach to investigate the Bobonaro
mélange and associated hazards (Figure 2), including literature review, by compiling the existing geological
and geotechnical data related to the Bobonaro mélange, its composition, structural nature, and behavior in
the Timor-Leste and Banda Arc context. On the other hand, field observations are conducted fieldworks in
Bobonaro mélange distribution areas to observe the lithological characteristics, slope instability, and
landslide activity, as well as visual observation involving the plane failure identification and structural
deformation of the unit. Moreover, laboratory testing conducted soil and rock sample tests to identify the
mineralogical composition, shear strength, and expansiveness through X-ray diffraction (XRD) and
geotechnical laboratory testing methods. Furthermore, data analysis correlates the frequency of landslides
with the environmental and natural factors such as rainfall, earthquakes, and satellite image analysis from
the previous and historical data. Finally, the landslide maps and geotechnical modelling were developed by
incorporating computer-simulated slope stability analysis in different scenarios to evaluate the mélange
mechanical response and for mitigation against the landslide and slope failures.

10
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Figure 2: Conceptual Framework of the study

3. Results and Discussion

The Bobonaro mélange is originally called "Bobonaro Scaly Clay” and was first interpreted as a gravity
slide deposit (olistostromal) formed during the uplift of the Timor orogen (Audley-Charles, 1965, 1968;
Carter et al., 1976). (Hamilton, 1979) reinterpreted it as a tectonic mélange; hence, it is formed through the
tectonic activities of subduction, collision, and accretion. Diapirs and active mud volcanoes appear
extensively on all the Banda Outer Arc islands between Seram and Timor (Barber A J 2013). Matrix clays
of the Bobonaro mélange from Timor-Leste are mostly composed of bentonitic clay with 35% average
smectite (Audley-Charles, 1965). In West Timor most of the samples analyzed have more than 70%
expandable clay, with more than 65% being smectite (Harris, 1998). The main mineralogical phases of the
lower than 63 um size fraction achieved by XRD were dominated by kaolinite, illite, smectite and mixed-
layered illite-smectite (Lisboa et al., 2019). This unit has a structural complexity due to the high smectite
content, which contributes to the low shear strength and high susceptibility to deformation in external forces.
On the other hand, frequent seismic activity on Timor Island also destabilizes the Bobonaro mélange, while
the rainfall intensity increases the moisture content, reducing the cohesion of the soil and triggering landslide
occurrences. Moreover, anthropogenic activities, such as deforestation and improper slope cuts during road
construction, cause the slope failure by modifying the natural slope.
Field investigation and laboratory tests show that the unit exhibits significant variability in its mineral
composition and mechanical behavior. The laboratory analysis resulted in the conclusion that the soil is Silty
Sand (SM), which consists of 74.15% sand, 25.44% gravel, and 0.41% of fine materials, with a low plasticity
index: PI =2.91%. The moisture content of 8.45% advocates a dry condition, where the dry soil conditions
can have several implications such as reduced volume of the soil material due to the shrinkage. Additionally,
the result of Slake Durability test at cycle 2 resulted 6.31%, where it is suggested that very low classification,
and the soil exhibits poor slaking durability, and it is prone to the disintegration by water. Furthermore, the
clay soil, which dominates, promotes plastic deformation, whereas the interbedded sandstone and limestone
generate the discontinuities that trigger the plane failures.

11
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4. Conclusion

The instability of the Bobonaro mélange provides a critical challenge towards the infrastructural projects,
including roads, bridges, buildings and other basic infrastructures. The landslides and slope failures have
persistently disrupted the transportation networks and impacted communities, particularly in rural areas
where the geotechnical investigation during construction is often inadequate. The combination of high
smectite content and structural complexity increases susceptibility to landslide and slope failures, which are
generated by rain, seismic events, and anthropogenic factors. Additionally, the inappropriate characteristics
of mélange lithology with low-strength properties and expansiveness used as construction material
necessitate an alternative source of other appropriate materials. The study provides the geological and
geotechnical approach of the mélange, suggesting pre-construction studies, geological hazard mapping,
slope stabilization measures and policy changes. Through the adoption of these actions, Timor-Leste can
build a strong, sustainable and resilient infrastructure, reducing landslide risks and ensuring economic
sustainability in the long run.

References

Audley-Charles, M. G. (1965). A Miocene gravity slide deposit from eastern Timor. Geological Magazine,
102, 267-276.

Audley-Charles, M. G. (1968). The Geology of Portuguese Timor. Geological Society of London.

Audley-Charles, M. G. (2011). Tectonic post-collision processes in Timor. Geological Society, London,
Special Publications, 355, 241-266.

Barber A J. (2013) The origin of mélanges: Cautionary tales from Indonesia J. Asian Earth Sci. 76 428-38

Barber A J, Tjokrosapoetro S and Charlton T R. (1986) Mud volcanoes, shale diapirs, wrench faults, and
melanges in accretionary complexes, Eastern Indonesia Am. Assoc. Pet. Geol. Bull. 70 1729-41.

Carter, D.J., Audley-Charles, M.G., & Barber, A.J. (1976). STratographical analysis of an island arc-
continental margin collision in eatstern Indonesia. Journal of the Geological Society, 132(2), 179-198.

Carter, A., et al. (2003). Sedimentology of the Bobonaro Mélange. Journal of Asian Earth Sciences.

Haig, D.W., E. McCartain. (2007). Carbonate pelagites in the post-Gondwana succession (Cretaceous —
Neogene) of East Timor*. School of Earth & Geographical Sciences, University of Western Australia, 35
Stirling Highway, Crawley, WA 6009, Australia. Australian Journal of Earth Sciences (2007) 54, (875 —
897).

Haig, D.W., McCartain, E., Keep, M., & Barber, L. (2007). Re-evaluation of the Cablac Limestone at its
type area, East Timor: Revision of the Miocene stratigraphy of Timor. Journal of Asian Earth Sciences,
30(4), 683-698.

Hamilton, W. (1979). Tectonics of the Indonesian region. US Geological Survey Professional Paper, 1078.

Harris, R.A., Sawyer, R.K., Audley-Charles, M.G., (1998), Collisional melange development: Geologic
associations of active melange-forming processes with exhumed. Tectonics, 17 (3), 458-479.

Keep, M., & Haig, D.W. (2010). Deformation and Exhumation in Timor. Distinct stages of a young orogeny.
Tectonophysics, 483(1-2), 93-111.

Lisboa, J.V.V,, Silva, T.P., de Oliveira, D.P.S., Carvalho, J.F., (2019), Mineralogical and geochemical
characteristics of the Bobonaro mélange of western East Timor: provenance implications. Comunicagoes
Geolodgicas, 106, 1, 35-49.

Tate, G.W., Hall, R., & White, L.T. (2014). Resolving spatial heterogeneities in exhumation and surface
uplift in Timor-Leste: Constraints on deformation processes in young orogens. Geochemistry, Geophysics,
Geosystems, 15(12), 5061-5084.

Varnes, D. J. (1978). Slope Movement Types and Processes. Landslides: Analysis and Control.

12



WO E SRR RS (2025, No.1)

BRERERICRITOMEY X7 HaEBEEIC HE U7 Z2H 54

O/NHF—ED" - REEMHD - ATHEAD
1) SRR
* E-mail: k-koido@fukken.co.jp

Geological risks in bridge foundation rocks. Example of a cavity in a bridge
foundation.

Kazuhiro Koido "*, Nobuaki Osono ", Hirohisa Kinoshita !
1) Fukkenchousasekkei Co.,Ltd
* E-mail: k-koido@fukken.co.jp

F—O—F:#EUYRY, HRE, TR, 360° AAT, ZRTETI
Keywords: Geological risk, Slate, Rock cavern, 360° camera, 3Dmodel

1. XC®IC
BRI TEHE S CABEMERH Y . T2 EEMERT L 2 LR LoD, HEH
MEIZII R X RN % D, Z ORFEFMEICERK L FiOFEO a2 MER, FHEDOPRE

JEL WS TR BED T &AMV - HUE Y X7 LS REFNT, RO GBIV T

BUMRE SN TR E Y 27 BNHHBLLTZT2), ZOMISEITo7Teb D TH D,

2. AEFIOHR

AT, EE O AA SANGHE S ATV ORI TH O | B 5 7 DO HIE R & /3 A 73 A
DERB T D D 7 TN, AEPIORENRTH L, KFFHTIE, 207 THOHER L
T OBEHI BB B 2 BUS3 o 720 HERAZ1T-> TV,

Al BB ORMAEFIZZHFA B L7272 BNFaA, HEMAHTIC Z Y | ZEHOKK, R
2 — NFEEHEE L, FIEH & BREIEES Tt ﬁbiﬁﬂExﬂ“ﬁ@r%*ﬁﬁbt%%k726%6

3. i - HUEEE

PR I RS & AEREE A L CR Y, Wi OME SR (B ABIR & OWiERIfR)
FHTICALE LTV 5D, REDHERTH D T > FEOMBEIZIE, AL ORI RS 2355 Af
L. SIS RE S 0 LT g (X 1),

Z OHBORBCE 1L, JEEREM N0 HEREY) . ERHEREOVEE TS, SRR S E & ik L
L. WEIREBEBESCEEEAREEL O BT, Frv— b d RMa k% 2 Bl
THRED B D

13



IO A EFERFES (2025, No.1)

F7o. TUTRBOAE~FEE ST IICITIERES @R LB (K1), RIS EAR S D I
BThbd, ZOIEEEORIIEEIRIIZ, 01 07—1 01 THEFVE S Tn5,

e
X b=t . GRS
\ib FLEESSE 1)
e e

R AUV
L

i 50m
AREF T
NEISE . 4
Y n LN
7 G A RS e AT ESH

\ ST 4
S - TERET

Tei Nz :
O] wime crmmman ﬁ\_‘ 2 T -
— S it

X1 FAEHEL DS — L AHUER Y L3

R B

RE

4. ZERHBIR ORI

Al BB IR BIChrE L, 29mIBRTT 4 BONE CR— U > VA 25 L iz (X
2)o AMDOR—V 7B ME D O B Bk B O Br-1 HUAIZRANI AL L, 2O Br-1 #
SRRSO A e R AN B L (BE 1D,

22 HMHERS STz Br-1 s DR — U o 7 a7k 2 X 2 1239, ZEiIE, GL-9.70~13.00m
ZRERB S AL, JERAORHCA L. NAEAS 150 [B] (R NE) ~BARETH O | I
HIIFET 200, RECEHY Th -7z,

—— ————] GL-8.00m

ol

SOALKE N s savis
O UwmghmAR—Y v 7 > | © ' GL-15.00m -
2 AU A LT iR FHL Brel Mo =7 5

(22 : GL-9.70~13.25m)
5. ZERHBEZ OIS
ZERORIDS, BREFFEB~KE BT D LBEEIN-0, OtERE, @360° 7 X7
IC X DHNBIEE, @BMA—Y U HREICLY, TRzl ds 2 L2 EE~ER LT,
- KRy O ITED (27 v R) O RREME X A2V
cZERTHIUT, . R, RE, R OERE

14



WO EFEFEFES (2025, No.1)

Z2{R AR TE & HUERIARFIEDN D AR Y = — b 2R
ZEROIFARR Y 2 — LI F o T, RO B e EOE TR N MLE LR D,
ZEROMIRZ R T 5 & & bic, BRE~AL=XITEHRILA L, S 21T 72,

(1) MR

YR TRACE 0 DR S LD, EUBEHORGN S, B IL&SA TH Y . Rk
LTRRZELHOLMICHEEL W (K 3), £/, Rl st om O/NERFE
LTWiz (¥3), Zo7zw, HREAAER IR, 2EROKKZ ~ v 7 ) 7 OfFENS £ 5 A
ﬁ&%mtt(l@

(R E R )

R DR
INEDFE

3 A O B

 REEITOVID
(BB - 85451 =

K4 Fy7U TR - HEIORKXX (Trvys F/7J/7)

(2) 360° # A TIZXDILANEE

OFERES & W4T U CREMERGEFEEB b RE S T a2, 22 BRI ERME D R
b, O, TIRSAITND 3607 I AT ZHWT, 28RN HEL L7 Br-1 HuR O LN
BlsatTo0-, ZOWNBEIZLY, a7 e A THERL . EAPFELTWVD I & PR S
Nz, EEOINOIEZ RN ZFE 2 1277, FHE 2 OARITFEELZ K L T D DIZXE L,
ZERERIXFLEE 2 AL S 97, ZERIARS > TV BRI TH - 72,

TR 360° A TIC kB ILNBERD

15



IO FHEFEFE RS (2025, No.1)

(3) A=V THRE
ZERORLR, JFE, 08, IERSE O, WA A0E A A ST O MEDR AR O 72 $hiE
A=V 275K Br-1 bETe), FOR—V T 3R KER—V 7 2RKEE LIz, A—
Uo7t R A 6 12T,

A=V VU THREORER, X 6 RO TR UNLE T, AMBNIZZERS U< ITHES 2
FENFET D T 040 LT\ e, MEL 7R BEREN B 72 2 TIENE, Wba . fiica. 7774
NEOML N ~HAREEL G AT, 2RICKBEEET (BE3), AN
& B LR B IFET D5, W O LRVEITHACHE IR OSSR oE TRk S b, 2o
WS HEL 2R EERR 0O Bl [ ~ i 4 A BT B B O TR 4y & 2R I HERE Y & HEE L7z,

723 B OVZE TR FEEHERE) D JE0 1L, SRR AT L, Mg & o Tz, 2o
Massi X LIZ LIEREAT 7T A4 M &t 5, Zhuk, BB Hfnd o EmE CRadEE))
DBENIfE ) BEERL, BUKICEA2BEEORMEEZ D, MESTHICEEN M0 X
FREHT T OFE R, BOKBEEIC L s TEK SNz LB ONDEEY v A MEOR WY
wRtE T, Fo. AARBOBABIROME. ARKEGOKREALLEE CTH-T, Th
LD LMD, MIDOEREIT, PIEMICHINAZE L TWeEBEX b5, LR L
72 Br-1 #1500 GL-9.40~9.70m T 1%, 28D g% 3350 &8 2 i, Z O KBTI
HEBXONDOBIR LY T0VRAFE L TV D, ZHRERRTEL Z ORI A FEHE L T kig &
HESND (FHE4),

Fo, BERHE TR RSB 0 U CH RN R < L BRI B DT H AR R
22m fiT (Br-1 Hii) CT—ETh o7, UL, MRS E LRI EKE L 2y . 20
SHMBEAKNERS TND ERLND, ZERITEMS PIZHIAERI A LT TR (i
kisy) A, HUF KO

=

Ao B ~ ~— ~

1 vy cwme -/
1 V2 o 43 A HE P % He
. EINE A o i

N “°%§ﬂﬁ%%bk$ﬁﬂ
AOR—V 7 OFM & HPIERE &3 T)

(3R

16



WO EFEFEFES (2025, No.1)

OBr3-3(41% 50°)GL-3.60~7.60m : 22 Fe S HEFEWY OBr-13(7K F-)L=13.40~14.30m : Z&i S HEFED
GL-2.00m GL-10.00m

BREEREHD

GL-14.95m
T

B3 ZSRFSEAEREY L HEE LR — U 7 a7 O & SRR
6. FERERZEC L ZRORRBKER
B ARG R DG DN ZEREL OMERZ LU FICE &0 D,
ZEW Doy AHPR I, BHE S L CEmAEOZ TR T ThH o7 (X 7),
C UEREINEBIXGIET A0, EHETICHT RO MEOBITHR S o T,
RSBCEHIERYE CHESIL L TEWTE OB (X XA —V Y — ) 2RIT TN EEZ HD,
< ZERENC KBRS (RS AIKE) DEEL, AA T XA NEOHTHEM N Had S
o JERIEIC K DBERC, BUKEEICL D . BREITEE L Wik HEE S LD,
ZEIRJEIE . BOKEREEIZ LD MEFR9R(b]  TERTEZARALZME S TR (1759) JEYL)
DM G EZIT TWTREEEZE X B,
CBEERRAE T, KEEASOERA ZHR LIZME NN LD, BAFERTEEERIT Y%
FHEED ORI DO LB 2 b,
< YR O I AKALIE, BHEFARSOCHBIC X U CHRME AL TH Y . ZEfHETH 5,
PLEX Y | 28K OV EHERE Y 1, [BUKE W IR E) & W\ o - iV R K 2 45 5 &
L. WA STV S P o ffegsdl GIPRZZY) 23, falr DR Z2 8 <0t T /K i)
WX - THRH U728 & HERR LT,

Wﬂﬂfﬂlﬂﬂlﬂﬂﬂﬂﬂlﬂ]ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂmﬂﬂ

7 2= L O E b W X

17



IO A EFERFES (2025, No.1)

_________

____
—~— =9

L9.40m~—9.70m S
i L RIS LB A TIET HHRY HELY L)

TR R CAHETIRERECNEBSREL
‘BH 4 Br-1 HiS o210 E D O

7. ZRILET ML DEROSMEHBERTN R OBEGRE~OF RIS
ze{d & 2SI FEPHEREY) O AP 2 ROr CRIT DITIXBARH V. AR 57

DOHBY — v ROBIRE~OERIEEE BN E LT ERmET AV EER L (K 8),
ZRITE T AAERRHC IR U 72 2550 O =R & LU ISR,

PRI 2R AR GERD (X, R NT0° E TH D, FERI~OIER X, Br-14 TRMNTORE
JE30.1m FREE & < 22 5720, BRI s oD, RA~DERIZT, Br-13 12356
WTC, ANTOBEN0IMBEETH DD, SOHICHFICHEGET L EEZOND,

- WrE I 22 04 1, RHEISKRT L CEADOZIHE T, FERIOMERIAK 70° | MM ORI
45° ~70° TH D, BAMEIT, HEATAK 3.5m, 28R RAIZK Im & RS b D,

VRS MO, B L TR OSHREE (7 < SOOSEIRRE) NOHEE L,
BT o 2 —fHE TR T 10m OIS ICH D & R b7,

WAt EB DB AR T D720 ZEM O & 6 OEEET OBER O F = » 7 21T
ol REIDDITIRIED Jevm 6 3D (6m) FBETMENRH D LW IHIFREZT, BHEE 1D
BENME CHROT = v 7 21Tol-, BRE | TRHZORGEMET LI ENTERNST-
7o, ERER2 OMEE THAEMELZET 558 L RoT,

T
No, 20,

ZR-

| ZERFEEY

b LETR S
SN P e R I
8 &6 &ZERMOAERfREZ R LT ZkoeET L
5| FH 3T
1) EEEMRGUIICET « IEWTE T — # ~X— X hitps:/gbank.gsj.jp/activefault/
2) PEEHANKAAZEHT « X E hitps:/gbank.gsj.jp/geonavi/
3)  REPRFEI2012) 0 by Y o RImMABOFA LR, S HHVEEIR R No.31, 26.

It
It

18



WO FEFREFFR (2025, No.1)

LKA DZEE) & EH M E & ORI ES < KEMEHEEDHE

OKMBIEED" - flrap <> - WHEEE D - TRHMEH Y
1) AR 2) AR (B iERAHD) L 3) HAMERIRGE
* E-mail: takohta@yamaguchi-u.ac.jp

Estimation of Hydrogeological Structure based on the Correlation between
Groundwater Level Fluctuation and Effective Rainfall

Takehiro Ohta V*, Nanami Sengoku ?, Atsuki Uchida ¥, Masayoshi Chidori ¥
1) Yamaguchi University, 2) Kumagai Gumi, 3) Nippon Geophysical Prospecting
* E-mail: takohta@yamaguchi-u.ac.jp

Abstract

The purpose of this study was to investigate the cause of an uninduced landslide that
occurred on April 11, 2018, in Yabakei, Nakatsu City, Oita Prefecture, Japan. To this end, the
hydraulic and geological structure of the target slope was estimated based on the effective
rainfall half-life that best reproduced fluctuations in groundwater levels observed in monitoring
wells. This estimation was then verified using two-dimensional electrical resistivity surveys.
Groundwater levels were measured at 11 observation wells installed within and around the
landslide area. Effective rainfall during the observation period was calculated using rainfall data
spanning 100 and 500 days, and the half-life that most accurately reproduced groundwater
fluctuations at each well was identified. The results indicated that the aquifer in the target area
consists of three distinct layers, with an additional aquifer distributed within the landslide debris.
Furthermore, by extending the total rainfall observation period to 500 days, it was possible to
estimate the distribution of two aquifers based on measurements taken with full-depth screened
wells.

F—U—F RFSIMITARY, REZRAFBRHERY, KEHRE EIRE
Keywords: Non-triggered Landslide, Yabakei Pyroclastic Flow Deposits, Hydrogeology,
Effective Rainfall
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