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ABSTRACT

Armala area of the Kaski District of Nepal is aflat valley of the Kali Khola, which is suffering from sinkhole hazard since 2013. A
large volume of gravels was transported by the Seti River originated from the Annapurna Range, and the Pokhara Valley and its
peripheral regions like the Armala Valley were filled up. The filled-up material in the Armala Valley is calcareous clayey silt with
very few gravels. The deposit along the Armala Valley is undergoing subsurface erosion due to flow of subsurface water resulting
the formation of subsurface caves and ultimate formation of sinkholes. Present study was concerned about the landform and
morphological setting of the area, sediment characteristics and depositional environment of the sinkhole-affected Armala area. Five
types of depositional layers have been identified in the study area; their depositional history and depositional environment also have
been interpreted on the basis of the sediment properties as fluvio-lacustrine type. Landform and depositional setting along the study

area also seem to influence the sinkhol e formation mechanism.
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INTRODUCTION

The study area, Armaaareaof the Kaski Didtrict, western-
central Nepal issituated at 1 km north-east from the Mahendra
cave, Pokhara, is a sub-basin of the Pokhara Valley. This area
liesin between 83°59'00” E to 83°59'30" E and 28°16'30" N
t0 28°17'00" N. Like the Pokhara Valley, the Armalaareaalso
has been filled up by the large volume of layered clastic sediments
such asgravel, silt and clay of Quaternary age, brought probably
by a series of catastrophic debris flow events on the Seti River
due to huge avalanche occurred in the Annapurna Range as
stated by Yamanakaet a. (1982). Due to the sediment containing
ahuge amount of calcareous clasts and matrix, the soil around
theareaishighly water dissolvable. Therefore, the areais highly
prone to underground caving and piping by the subsurface water
resulting the formation of large numbers of sinkholes around
the Armala area. Due to the presence of a large volume of
calcareous material in the sediments, karst structures (e. g.,
subsurface flow channels, solution cavities and sinkholes) are
widely developed both at the surface and subsurface areas
(Gautam et al., 2000).

Koirala and Rimal (1996) have characterized the
geologica hazardsin the Pokhara Valley and divided into debris
flow hazard, karst hazard and landslide hazard, respectively.
They have considered the Ghachok Formation to be most
susceptible for karstification because of the high content of
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calcareous material such asthe calc-rudites, deposits are suffering
from karstification of different intensity producing solutions
channels, chimneys and pinnales forming underground caves
and cavities.

In case of Armala area, dissolvable calcareous silt and
clay sediments seem to be main factor for development of
sinkholes. Knowledge about local morphological setting and
understanding of depositional setting and history of the study
areaisimportant to understand sinkhole formation in the study
area.

GEOLOGICAL SETTING OF THE STUDY AREA

The Pokhara Valley is one of famous intermontane basin
of the Nepal Himalaya. Many researchers have worked on the
geology, morphology and Quaternary sediments on this basin.
Hagen (1969), Gurung (1970), Hormann (1974) and Sharma
(1975) are the earliest researchersto investigate the area. Hagen
(1969) and Sharma (1975) have suggested that the Pokhara
Valley is atectonic basin formed during the Cenozoic Era but
they haven't given the detailed process of tectonic devel opment
of it. Later, Yamanaka et al. (1982) have suggested four stages
of tectonic development of the Pokhara Valley. Paudel and Arita
(2002) have mapped the Pokhara-Kushma area and they have
indicated the basement geology of the Pokhara Valley as Pre-
Cambrian Kunchha Formation of the Lesser Himalaya containing
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Fig. 1: Location of the study area and the Quaternary
geological map of the Pokhara Valley (after Yamanaka et
al., 1982)

fine- grained phyllite and metasandstone. They also have
suggested the core of Pokhara-Gorkha anticlinorium passing
through the Pokhara Valley.

Hagen (1969) and Sharma (1975) have stated that the
Pokhara Valley was filled up by lacustrine deposit of a huge
‘Paleo-Pokhara Lake' and several lakes in Pokhara Valley
including Fewa, Begnas and Rupa as aremnant of that pal eo-
lake. But other researchers (Gurung, 1970; Hormann, 1974)
have considered them as a result of damming of tributaries of
the Seti River. Yamanaka et al. (1982) have also opinion in
disagreement with the formation of huge paleo-lake asthereis
restricted distribution of lacustrine deposits along the periphery
of the Pokhara Valley. Only fluvial gravels are found in the
central part of the valley. The sediments from the PokharaValley
were dated between 1,070£100 yr BPand yr BP (Yamanaka, 1982).

The Quaternary deposits of the PokharaValley aredivided
into nine stratigraphic units (Fig. 1) as: Begnas, Siswa, Tallakot,
Ghachok, Phewa, Pokhara and Rupakot formations, gravel
veneers on the fillstrath terraces carved in the Pokhara Terrace
and recent flood plain deposit on the basis of unconformities
and their lithofacies, respectively (Yamanaka et al., 1982).
Among all these stratigraphic units, the study area belongs to
the Ghachok Formation and Pokhara Formation. The Ghachok
Formation has been represented by sub-angular to sub-rounded
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gravel of limestone, sandstone and shale derived from Tibetan-
Tethys Himalaya and Pokhara Formation is represented by
lacustrine deposit of several meters thick containing laminated
fine- grained sand, grey to light brown silt and organic clayey
silt.

MORPHOLOGY AND LANDFORM

The study areais situated on theriver valey of the Kali
Khola, where the Duhuni Khola unites with the Kali Khola
making a large alluvial fan. The Duhuni Khola is one of the
tributaries of the Kali Khola, which is flowing through the
sinkhole affected area. Sinkholes are concise on the distal portion
of the fan. So, the study area has gentle topography. River
channel, river valley and river fan are the major morphological
features along the study area. There is aso presence of alarge
flat plain made by the fluvio-lacustrine deposit of the Kali Khola

(Fig. 2).

DEPOSITIONAL CHARACTERISTICSOF THE
SEDIMENTS

Three detailed sedimentary logs (X, Y and Z) have been
prepared (Fig. 3), and each depositional layer in the area has
been observed. The lithologs have been correlated on the basis
of their position and their depositional characteristics. All
lithology isfound horizontdl. Inlocation * X', there is silt deposit
at the bottom and it is overlain by the fining upward sequence
of gravel to clayey silt (Fig. 3). There is depositional contrast
between the bottom silt layer and the upper gravel to clayey silt
layer indicating asudden change in energy of depositional agent.
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Fig. 2: Morphological setting of the study area
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This section lacks organic clayey silt deposit but such deposit
of organic clayey silt is present on thelocation ‘Y’ and location
‘Z’ (Fig. 3). This section also lacks the sand, which is present
on the location ‘Z'. Top two layers of organic clayey silt and
sand on the location * X' might have been eroded away by the
Kali Kholain thelater phase but these are till preserved on the
location ‘Y’ and ‘Z’.

Inthelocation‘Y’, sharp contact between silt and organic
clayey silt of dark grey color was observed. Lower light grey
silt layer can be correlated with the fining upward sequence of
the location * X’ on the basis of the dark grey color and same
texture, and their position (elevation). Upper dark grey organic
clayey silt layer can be correlated with the same type of organic
clayey silt deposit of the location ‘Z’. This ‘Y’ section lacks
upper sand layer above the organic clayey silt deposit due to
the erosion on the later phase by the Kali Khola.

Inthe location ‘Z’, there is presence organic clayey silt
layer of dark grey color on the bottom and sand layer and recent
alluvia deposit at the top. The fining upward silt of light grey
is not visible on the river section at this location because of the
burial underneath the riverbed. The sand has been only on this
section (Z) among all three locations and was eroded away on
other two sections.

Indl threelocations thereistopmost layer of sub-angular
to sub-rounded gravel of the Kali Khola, which cuts the sand
layerson the location Y’ and both sand and organic clayey silt
in the location ‘X’ making an erosional unconformity.

On the basis of integrated litho-log of the study area
(Fig. 4), five distinct sediments have been figured out. At the
bottom of thislog thereislight grey stiff silt. It isfollowed up
by cobble to pebble sized gravel on the basal part whereas grey
stiff clay on the top. This unit exhibits fining upward sequence
of the sediment particles, and has thickness of about 15 m. This
unit is followed by organic clayey silt which has thickness of

914 m

Fig. 3: Liho-logs from different sitesand their correlation

about 10 mm and contains large amount of organic matterslike
leaf, barks and stem, etc. of various plants. This layer makes
sharp contact with light grey silt on the base and sand at the
top. Above clay, there is sand of about 1 m. It sometimes has
planner-cross stratification with alarge proportion of medium
to coarse sand. Finally, at top of the log there is very recent
aluvial deposit of the Kali Khola (probably aso of the Duhuni
Khola). This has made erosiona unconformity with lower sandy
layer and has sub-angular to sub-rounded clasts come from near
source.

DEPOSITIONAL HISTORY AND SETTING OF THE
STUDY AREA

According to Yamanaka et al. (1982), the Pokhara
Formation fillsthe valey sharply cutting the Ghachok Formation
upstream from Pokhara town along the tributaries of the Seti
River. They also have stated the Pokhara Formation as fluvial
gravels accumulated by the Seti River and lacustrine deposit
interfringing with gravels. They have described the characterigtics
of the Pokhara Formation from the Phusre Khola, Medhi Khola
and other tributaries resembling with the sediments deposited
along the study area. The sediments can be taken as the Pokhara
Formation because these sediments cut the Ghachok Formation.

As stated by Yamanaka et al. (1982) the Pokhara
Valley hasbeenfilled up by series of debrisflow events originated
from the Annapurna Range. The characteristics of sediments
along the study area are also related to the debris flow events
of the Seti River. The sediments carried out by Kali Kholaalong
the study area sharply cut the Ghachok Formation (Fig. 5) and
has fluvio-lacustrine characteristic as presented on the integrated
sedimentary log of the study area. So, sediments aong the study
areamust have been deposited after deposition of the Ghachok
Formation. It was probably deposited during another debris
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flow events happened after the event responsible for the
deposition of the Ghachok Formation. That event might have
dammed the Seti River downstream from the confluence between
the Kali Khola and the Seti River. Due to which the current of
the Seti River might have diverted towards the Kali Khola
Valley generating large reverse-current. That reverse current
might have cut the Ghachok Formation. The reworked sediment
from the Ghachok Formation was settled down gradually on
the lake formed by damming. The depositional history of each
sedimentary sequence along the study area has been described
on following sub-sections:

Bottommost silt

A silt layer on the bottom of the integrated lith-log (Fig.
4) reflects that it might have been deposited due to previous
floods, which was similar to the event responsible for the
deposition of upper layer.

Fining upward of gravel to dlit

A fining upward sequence of gravel to silt superimposes
the bottom silt layer (Fig. 4) that seems to be deposited by the
reverse current came on the Kali Khola Valley flowing from
the downstream section to upstream. The reverse current had
carried the sediment cut from the Ghachok Formation along
with it and finally deposited in the study area. The fining upward
seguence indicates the gradual settlement of clast with respect
to the time. The upper portion of the sequence has silt deposit
as aresult of damming of the Kali Khola on the downstream
section.

Organic clayey silt

An organic clayey silt deposit just above the grey silt
deposit (Figs. 4 and 6) exhibits dark-grey color because of
abundant organic matters. During this phase of deposition, the
lake became calm and stagnant. The organic deposit is situated
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Fig. 5: Schematic cross-section of the Kali Khola
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on the further upstream section; this means there was formation
of the marshy land on the peripheral part of the paleo-lakein
the Kali Khola Valley. The organic deposit is of about 10 m
thick. The plant grown there were buried, their leave, bark and
stem have been found asfossil (Fig. 6).

Sand

Thereis sharp contact between organic deposit and silty
layer of deposit (Figs. 4 and 7). Up to deposition of the organic
clayey silt deposit, the existence of the Paleo-Kali Khola Lake
was expected but at this phase of deposition the gradual extinction
of lake might have taken place. The cross-bedded structures on
the sand layer (Fig. 8) show the normal flow of the river from
that time.

Recent floodplain deposit

The topmost deposition layer in the study area is
floodplain deposit (Fig. 4). It isthick towards upstream section
where it is up to 6 m thick and thinning towards downstream
section. It cuts ailmost all depositional layers while going
downstream from upstream making erosional unconformity. It
is several meters thick from the recent riverbed. It indicates
high rate of incision of the Kali Khola Valley, which also has
been considered as the reason for sinkhole formation (Pokharel
et a., 2015), since hydraulic gradient increases on lowering of
the Kali Kholaand subsurface water flows with higher velocity
to result rapid erosion of the calcareous silt.

ROLE OF MORPHOLOGY AND LANDFORM ON
SINKHOLE FORMATION

The sinkhole affected area is located along the
geologically problematic landform because the areais covered
by the alluvial fan of the Duhuni Khola over the river terrace
made by the Kali Khola. The Duhuni Khola is one of the
tributaries of the Kali Kholawhich isflowing from NW to SE

T
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Fig. 6: Plant leaf fossil from organic silt deposit
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and before uniting with the Kali Khola it flows parallel with
the Kali Khola and finally makes confluence. It has deposited
aluvial sediments with mainly gravel and sand making alarge
alluvial fan over the fluvio-lacustrine terrace of the Kali Khola,
containing large amount of calcareous silt and clay with some
layers of fine sand.

Dhital and Giri (1993) have made engineering geological
investigation at the collapsed Seti Bridge site, Pokhara. They
have characterized and classified the sediment along the site
and presented the example of karst-related destruction in the
Pokhara Valley with reference of collapse of a highway bridge
over the Seti River. But, in case of the Armala, karstification
has very less role on the formation of the sinkholes.

Yagiuraet a. (2017) have discussed about the progression
of the fan of the Duhuni Khola and channel shifting mechanism
of theKali Khola. They have assumed four buried paleo-channels
of the Kali Khola beneath the recent flat plain on the left bank
of the Kali Khola. They also have suggested the distribution of
the sinkhole along the old channel of the Kali Khola. This
argument by Yagiura et al. (2017) is very logical and field
verifiable. Additionally, not only channel of the Kali Khola
seems to be shifted, but the channel of the Duhuni Khola also
has been shifted making active and passive channels along the
fan, which istypical characteristic feature of alluvial fan. The
subsurface flow of water form proximal portion of fan isvery
favorable through previous passive channel sto result subsurface
erosion and ultimate formation of sinkholes (Fig. 9). Therefore,
the Duhuni Khola can be taken as main source of subsurface
water responsible for subsurface erosion of the silt.

Pokharel et al., (2015) believe active erosion process
beneath the ground surface as areason for sinkholes formation.
Similarly, Rijal (2017) has described silt and fine sand sized
particle as main reason behind formation of sinkhole because
these particles are being eroded by subsurface piping mechanism.
Both arguments have considered the active subsurface erosional
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Fig. 7: Contact between organic clayey st and light grey silt

process as the reason for the sinkhole formation. Present study
supportstheir augments with consideration of the many subsurface
passive channels of the Duhuni Kholain the fan to beresponsible
for the subsurface erosiona process resulting many subsurface caves
and ultimate formation of sinkholes after collapse of these caves.

CONCLUSIONS

Armala arealies on the Pokhara Formation, which cuts
the Ghachock Formation to form fluvio-lacustrine terraces along
the river valley of the Kali Khola. Gravel containing clasts of
limestone, quartz, gneiss interfringing with calcareous greenish
grey tolight grey colored silt, clay and fine sand are characteristic
sediment typesin study area.

The sinkholes are concentrated along the terrace on the
right bank of the Kali Khola, especially on the distal fan made
by the Duhuni Khola. There must be some roles of the fan for
the formation of sinkholes. The sinkholes are ultimately formed
due to the subsurface erosion of the water dissolvable calcareous
silt by subsurface water.

Five types of depositional units (the bottommost silt,
fining upward gravel to dlit, organic clayey silt, sand and recent
floodplain deposit) have been identified along the study area.
Among them the bottommost silt had been deposited during the
previous debris event on the Seti River, whereas, the fining
upward sequence above it was resulted by the recent debris flow
event. Organic clayey silt was deposited on the lake formed by
damming of the Kali Khola on the downstream section due to
the large amount of debris of the Seti River. Sand layer was
deposited while the Kali Khola was getting higher energy due
to gradual extinction of the debris dammed lake.
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Fig. 9: A sinkhole from the Armala village
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