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Population growth in Aizawl city has caused urban areas to expand into landslide-prone ar-
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eas. These areas comprised of Bhuban Formation rocks of Surma Group and have geological
features that frequently generate ground instabilities. The present study integrated with mor-
photectonic analysis, geotectonic characterization, role of litho-units including their sedimen-
tological aspects and analyses of precipitation time series reveals that the southern part of
Aizawl city is tectonically active and lithologically vulnerable towards landslide disaster.
Greater surface slope and similar bed attitude enhance the risk of failure. The massive sand-
stone overlies upon weak clay surfaces that are regularly lubricated by high down pour. Even
moderate rainfall can trigger the landslides. The clay layers can mobilize the geological litho-
sequences as a combined result of the tropical humid climate and observed weak slope sta-
bility conditions. A catastrophic landslide had killed more than 80 people and many other
sliding events have been recorded in adjacent areas. Therefore, this study presents tectonic
and geologic conditions which can help to predict future slides.
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was initiated due to collision between Indian
and Burmese plates. The sedimentation se-
quence was primarily controlled by the NE sub-
duction,*®and the suture closing event.* They
feature a humid tropical climate and contain

Introduction

Urban growth in Aizawl, the state capital of
Mizoram, has increased the exposure of the
population to landslides. The city is choking

with such unplanned settlements and is now
approaching towards southern part of Aizawl
anticline (Fig. 1) where once the deadliest land-
slide events took place, few years back. Many
fatal landslide events took place around many
slide zones in Aizawl. The incidents occur in
specific geological setting within the Mizoram
fold belt, the Tertiary Surma basins. The basin

very fine to medium grained, continental sedi-
mentary rocks deposited in shallow marine en-
vironments.

The Bhuban Formation rocks are well ex-
posed around Aizawl anticline where mostly
rocks of Middle Bhuban litho-units are dominat-
ing. Sandstone and siltstone with small shale
beds comprised the litho-sequence in the area.
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Fig. 1 | Geological map of Mizoram showing the study area.

The folding pattern due to tectonic stress, long
humid climatic conditions and denudational
processes make the area vulnerable for many
landslide events. The western flank has greater
slope than the eastern one, characteristics along
with ground instability due to slope combined
with rapid urban development results in creat-
ing high landslide risk zones. Most of the pub-
lished studies are focused on general descrip-
tions of specific cases in southern Aizawl and do
not include morphotectonic and proper sedi-
mentological aspects.>® The landslide events
that are considered for southern Aizawl com-
prises in and around Hlimen quarry, southern
Hlimen and their adjacent localities.

The objective of this study is to understand
the active tectonics and geological characteris-
tics, mainly the lithological aspects of Ser Lui,
Tuikhawhthla Lui and Sihpui Lui basins and
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their relation in triggering landslide events. We
analyzed the morphotectonic parameters, de-
lineate geological features and have tried to es-
tablish a relationship with landslide history in
the area. In morphotectonic analysis, consider-
ing watershed as a basic unit is very much logi-
cal’ Morphometric parameters help to identify
the active tectonic features and along with sedi-
mentologic aspects could be correlated with the
active and ancient landslides.

Methodology

The morphotectonic analysis using these
parameters was carried out from both Survey of
India (SOI) toposheets and ASTER-GDEM of 30-
meter resolution geo-referenced in Global Map-
per v.15 software. The procedure to calculate the
morphotectonic parameters are shown in Fig. 2.
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Fig. 2 | Mathematical derivations and procedure for
calculating the parameters for each basin.

Quantitative analysis for basin morphology
can be done with two basic parameters: basin
shape index or elongation ratio (Bs) and circular-
ity ratio (Bc). The basin shape index is calculated
using the formula Bs = Bl / Bw, where Bl is the
length of a basin measured from the highest
point, and Bw is the width of a basin measured
at its widest point.®® On the other hand, Circu-
larity ratios could be calculated by the formula
Bc = 4nA / P?, where A is the basin area of the
same basin order and P is the basin perimeter of
the basin. When the value is close to 1 it indi-
cates circular basin, whereas lower value indi-
cates elongated basins.

Drainage basin asymmetry or asymmetric
factor (AF) are indicator of tectonic deformation
or tilting of the basin area under study.” When
the value is significantly greater or less than 50
indicates effects of active tectonics or strong
lithologic control. The absolute values of the
asymmetry factor were calculated using for-
mula: [AF| = [50- [100 (Ar/ At)] |; where Ar = Area
of the basin belongs to right trunk of the stream
and At = Total area of basin. The absolute values
are grouped into four ranges- I, II, Ill and IV, with
increasing order of asymmetry of the basins.
The stream length-gradient index (SL) is calcu-
lated using the formula: SL = (AH/ aL) L, where L
is the total channel length from the midpoint of
the reach -where the index is calculated- up-
stream to the highest point on the channel, and

AH/AL is the channel slope or gradient of the
reach.1o%

These calculated SL values were plotted
along with the stream long-profile for each ba-
sin. From the plots we can obtain that the
change in SL values with respect to the channel
length is not gradual and in some instance the
SL values show anomalous trend. These anoma-
lous points are worth considering as they can
indicate either structural, tectonic control or
strong lithological variations. This factor is used
for quantitative characterization of stream gra-
dient conditions and to establish relationship
between potential tectonic activity, topographic
slope variation, rock resistance and length of the
stream.'® The lineament analysis is done by ex-
tracting lineaments from toposheets and DEM
and correlated their trend with major tectonic
features present in the area.

Natural factors like vegetation, erosions and
anthropogenic factors could hide the imprints of
old landslides, which are prone to new slides. In
such conditions, contour pattern study is able to
recognize such zones along with active slides.
Therefore, the contour patterns and their distri-
butions were used to recognize landslides in the
area. The methodologies for recognizing the
landslide zones from contour pattern study is
shown by Fig. 3. Ancient and active slide zones
are identified using the simple methods of con-
tour pattern,”and were demarcated in differ-
ent maps. Moreover, the ‘five-contour rule’ is
maintained for better zoning of the slides or
flows.”

For sedimentological study, representative
sandstone samples were collected in a regular
interval from the studied sections. Field data
including attitude of bed rocks, sedimentary
structures encountered, lithofacies variation
were recorded during the field work. Vertical
lithocolumn of the studied sections were pre-
pared for better understanding of the facies dis-
tribution.

Rainfall thresholds in triggering or reactiva-
tion of landslides were obtained by precipitation
time series. This analysis was performed by
making a simple assessment between the cumu-
lative rainfall recorded during the wet period
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related to every landslide events and the mean
rainfall for the same period when considering
the existing rainfall series (1990-2007) for the
study area. This method is modified from the
study carried out.?®

Geological setting

Indo-Burmese Range (IBR) is evolving due to
active subduction of NE transversely moving
Indian plate beneath Burmese plate since Late
Cretaceous. The upliftment of IBR began in Late
Oligocene due to this subduction process, which
also gave rise to the Miocene Surma Basin. Sedi-
ments from nearby orogens get deposited along
the margins of this arc and later compacted to
form Tertiary rocks of Surma Group. Many fault-
ing and thrusting events took place in later
phases of the IBR evolution. In one such thrust-
ing event, Barail Group was placed over the
Surma Group of rocks.®> On western basin mar-
gin, molasse facies of Tipam Group were also
found to be deposited. The area later evolved to
fold-belt sequences of these litho-facies. The
Aizawl anticline is one of the NS trending folded
series, comprising of Surma Group of rocks. The
group is divided into Bhuban and Bokabil Forma-
tions. Bhuban Formations is further sub-divided
into Upper, Middle and Lower units, based on
the lithologic criteria. The area is transected by
many fault systems associated with Indian plate
movement, slipping down along the megathrust
(7). Major fault systems (Fig. 4) viz. Kaladan
Fault, Gumti Fault, Churachandrapur Mao Fault,
Kabaw Fault have their influence in the area.
Moreover, Mat Fault that passes through the
study area has direct control over geologic ambi-
guities that are recorded in morphotectonic
study and during field investigations.

The bedding slope condition, topographic
relief, high precipitations are the main factors
for many sliding events occurred in the area.
Western limbs of the anticline have slope sur-
faces dipping towards NW and SW direction.
Joints and fractures in the same weak rock units
are weathered easily and in some instance failed
to withstand the load. In such cases the sand-
stone beds slip over the weaker shaly-siltstone

beds to cause the landslide. Hlimen landslide is
one such incident where the slide occurs along
the bedding plane. This adverse bedding condi-
tions are well observed all along the Hlimen lo-
cality with surface sloped is greater than 45° and
bedding planes have steep apparent dip (near
about 80°) in some places with vertical joint sur-
faces. The geotechnical condition is poor and
many more slides are eminent in near future.®
Laldintluanga et al®* further assigned high risk
potential for upper ridge part of Hlimen area,
along Aizawl-Aibawk road section. Undercutting
the beds for quarry reduces the stability of the
area to make any and it has led to Aizaw]’s larg-
est and deadliest landslides at Hlimen.® On 9
August 1992, the disastrous landslide took place
as a result of planer and toppling failure of the
blocky sandstones.

Results and Discussions

Morphotectonic and lineament analysis

Different morphotectonic parameters consid-
ered to evaluate the activeness of the area.
These parameters are calculated from the main
three basins situated on both the flanks around
southern part of anticline. The changes in drain-
age basins are characteristics of both tectonic
and denudational processes. The morphotec-
tonic parameters are calculate for Ser Lui, Tuik-
hawhthla Lui and Sihpui Lui basins are shown in
Table 1. Ser Lui and its tributaries are flowing on
the western part. The sub-basins shows moder-
ate (range IV) to highly asymmetrical (range V)
basins inferred by the |AF| values (Fig. 5), al-
though the southern sub-basin i.e. the upper
ridges of the Ser Lui showing nearly symmetrical
basins. This is because of the argillaceous litho-
units are easily erodible, that can form a near
symmetrical basins. In some places near the
ridge the overburdens were get deposited in the
foot zones of the flank that can also create sym-
metrical basins. Overall the main Ser Lui basin
of 5% order show highly asymmetrical, tilted ba-
sin. The semi-elongated to semi-circular basins
are tilted towards SW direction. The basin shape
index and circularity ratio are useful in such
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Table 1 | Morphometric parameters for the basins.

5 28.300 21.700 0.685 1.543 SW
4thpart 1 31.798 18.202 0.621 2481 S
3rd part 1 63.618 13.618 0.696 1.009 SE
3rd part 2 42.173 7.827 0.579 2.315 S
4thpart 2 37.193 12.807 0.646 1.466 W
3rd part 1 32.813 17.187 0.645 0.002 SW
3rd part 2 41.327 8.673 0.737 1.487 NW
4thpart 3 45.152 4.848 0.772 1.255 4
3rd part 1 51.890 1.890 0.641 2.035 NW
3rd part 2 41.208 8.792 0.560 2.808 EW
3rd 3 53.098 3.098 0.724 1.597 WE
3rd 4 70.847 20.847 0.494 0.003 SE
[z TMwhbeli o o ]
4th 67.690 17.690 0.787 0.947 SE
3rd part 1 62.709 12.709 0.658 1.960 EW
3rd part 2 49.342 0.658 0.687 1.895 SW

3rd 50.448

0.448 0.686 1.438 S

conditions as the other parameters are showing
activeness of the area, still due to presence of
argillaceous facies in some stretches the basins
could able to attain maturity sooner.”” The aren-
aceous facies dominated eastern flank carries
the water from both Tuikhawhthla Lui and
Sihpui Lui. These basins show high to moderate
|[AF| values that are tilting towards NE and SE
respectively. Due to resistant lithologies present
in this part the Bs and Bc values indicate semi-
elongated to elongated basin shape for them.
The SL vs stream long-profile (Fig. 6) is drawn to
delineate the anomalous points which are in-
dicative of activeness of the area. These points
are circled in the plots and are marked in the
basin lineament map to understand the role of
tectonic activity over such ambiguities. The
lineament map superimposed on the slope
shader DEM image (Fig. 7) indicates structural

control around most of the places of the study
area. The SL anomalous points are either laid
upon them or show parallel trend as that of the
lineaments. The lineament density distribution
diagram (Fig. 7, inset) indicate NS and NW-SE
lineament trends. These trends are similar to
that of the regional fault system viz. Tuirial
thrust and Mat Fault respectively. All the above
points infer that the study area is tectonically
active and control the topography.

Sedimentological aspects of the region

Hlimen is located in the south of Aizawl city
belongs to the Middle Bhuban Formation of
Surma Group. The litho association is mainly
composed of massive sandstone beds with
thinly bedded shale and siltstone. The represen-
tative lithocolumn is showing in the Fig. 8. The
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general trends of the bedrocks are oriented in
285°/32° and 270°/30°. Hlimen area is transected
by a major strike slip fault and local fold warp-
ing is also observed. Sandstones are mainly me-
dium to fine grains which are moderately sorted.
Quartzs are the most common detrital constitu-
ents among the other framework population
followed by feldspars, micas and lithic frag-
ments. Feldspars are generally less in occur-
rence and they are mostly weathered to sericit.
The phyllosillicates included muscovite and bio-
tite both in allogenic and authigenic varieties.
Authigenic micas are generally originated from
argillaceous cement and matrix. Some of the
micas flakes are bended and occupying their
position in between other constituent grains.
Matrix is the common binding material for the
framework grains which are derived during
diagenesis by alteration of framework grains or
precipitation of clay minerals. Moreover, ce-
menting materials like silica, clay minerals and
carbonates are also observed.

The occurrence of thinly bedded shale and
siltstone in between the massive sandstones
creates disturbance due to the orientation of the
bed rocks. As we can see that the beds are in-
clined in considerable amount which can be eas-
ily triggered sliding the massive beds. The perco-
lation of water through the weak zones of bed
rocks makes clay layers weaker to uphold the
shear strength which then can move the mas-
sive beds due the action of gravity. Moreover the
petrography of the thin section also shows the
occurrence of various forms of clays in terms of
framework grains, clay matrix and cements.
Therefore, it can be said that the proportion of
various clay minerals within the litho-
association is considerably high. Moreover, atti-
tude of bed rocks is more prone to sliding over
the weathered clay layers. This creates the en-
tire area more vulnerable toward the landslide
disaster.

Landslide study
Ancient and active landslides that are demar-

cated from contour pattern study are shown in
Fig. 7. It is interesting to observe that most of
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the active slides are actually associated with
ancient slide zones which have greater surface
of influence. These ancient slide areas together
with the active ones are directly related to the
tectonically active anomalous zones. The topog-
raphic slope is found to be more than 35° in
some higher ridge areas. The most important
landslide zone presents in the area is the Hli-
men Landslide zone. The deadliest landslide
that ever happened in whole Mizoram landslide
history was on 9 August 1992 in this zone (Fig.
9). This zone is particularly active since then as
more sliding events occurred in regular interval.
The later sliding events occurred in the area are:
25 June 1997, 1 May 1998 and latest on 25 Sep-
tember 2005. During each sliding events in this
area the bedding dip and topographic slope con-
ditions were treated as chief factor. To under-
stand this geological profile (Fig. 10) of the HIi-
men slide area is prepared. The sandstone domi-
nating rock units were found to lie upon the silty
-sandstone with shale units. Moreover the bed-
ding dip and topographic relief are high enough
(more than 35° in both) to achieve critical failure
threshold situation very easily. The landslides in
such cases are either occurred due to increase in
load or decrease in shear strength along weak
discontinuous surfaces. The area is also highly
jointed and fractured which then can also en-
hance sliding and weathering effects. Triggering
Hlimen landslide type events are eventually re-
lated to the precipitation conditions of the area.

Time-series analysis of precipitation

To understand the triggering factor of Hlimen
landslide events, a time-series analysis of pre-
cipitation had been carried out. The data pro-
vided by DGMR and Economics & Statistics De-
partment, Govt. of Mizoram were used. The
monthly rainfall for every year for the period
1990-2007 was taken into account to determine
the mean precipitation of every month. Aizawl
is located in Tropical region and therefore Indian
summer Monsoon control the precipitation cycle
in the area. For this study, the wettest period of
a season, i.e. April to October, is taken into con-
sideration. The monthly rainfall for every inter-
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Fig. 10 | Geologic profile indicating surface slope conditions around Hlimen slide zone and southern Aizawl section.
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annual period related to each landslide events
was included in Table 2.

The total rainfall precipitated during each
period and their percentages with respect to the
mean values were calculated. Moreover, for
every dated landslide, the monthly rainfall trend
was shown graphically. This consists of plotting
the cumulative monthly rainfall for every inter-
annual (blue line with circles in Fig. 11) period
together with the mean value for the period
(orange line with rectangles). The percentage of
accumulated rainfall with respect to the mean
values (green line with triangles) also plotted to
understand the rainfall divergence.

Considering the mean total precipitation for
the rainiest period, the 1992 event was occurred
when only 67% of the mean precipitation re-
corded for that inter-annual period. Similarly,
the later events were found to occur from 90 to
108% of the mean rainfall. Within the period
from 1991-2005, many a times average monthly
rainfall was recorded more than 350% of mean
rainfall for that month. When the sliding events
are compared, it is observed that only 145-195%
of mean rainfall for that month triggers the
landslide in the area (Fig. 11). The event 1
(occurred in 1992) and 4 (in 2005), were found to
occur due to lowering of shear strength from

lubricating of the slide surfaces from the high
rainfall for few months before the event. Al-
though it is observed that event 2 (1997) and 3
(1998) were occurred before the heaviest rainfall
months. It is evident from the fact that the two
events were occurred in corresponding years
and in April to mid-June the rainfall even higher
from 250% to 300% of monthly mean rainfall.

When correlated with other landslides
around Aizawl, it is observed that most of the
landslide cases where recorded during and after
the peak rainfall time i.e. July. Although some
landslides were recorded that occurred in pre-
monsoon shower (Fig. 12). The fact about Hli-
men landslide events show the occurrence of
both before and after highest downpour of a sea-
son makes the area more vulnerable and dan-
gerous. There are actually three sub-cycle of pre-
cipitation occurring in the area (Fig. 12), with
May, July and September has higher precipita-
tion than adjacent month.

Conclusions

The comprehensive study for the southern
Aizawl city is very helpful to distinguish the vul-
nerability of the study area related to the tec-
tonic activity, sedimentological criteria and pre-

Table 2 | Cumulative and total rainfall for the rainiest period covering the months from April to October.

1991-1992

Apr 165.79 229.81

May 413.33 245.32

Jun 366.44 183.93

Jul 379.41 151.03

Aug 375.26 172.68

Sep 322.70 189.65

Oct 159.91 274.53

Mean total rainfall 288.34 206.71
for Apr-Oct (mm)

% related to the 67.20

mean total rainfall
for Apr-Oct
(288.34 mm)

1996-1997 1997-1998 2004-2005
127.87 162.86 306.35
132.82 184.36 165.70
147.91 140.81 143.68
284.92 323.66 287.87
131.11 132.44 148.67
292.84 185.00 224.45
161.34 100.06 195.23
182.69 175.60 210.28
105.86 90.14 108.64
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Fig. 11(a) | Cumulative rainfall for the rainiest period
affecting Hlimen Landslide Event-1.
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Fig. 11(c) | Cumulative rainfall for the rainiest period
affecting Hlimen Landslide Event-3.
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Fig. 11(b) | Cumulative rainfall for the rainiest period
affecting Hlimen Landslide Event-2.
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Fig. 11(d) | Cumulative rainfall for the rainiest period
affecting Hlimen Landslide Event-4.
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associated with Hlimen landslide events Landslide events.
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cipitation threshold. In this part of Aizawl city
urbanization should be done very cautiously and
for that the present study can help a lot to make
a proper planning in a more scientific way. The
morphotectonic analysis has been carried out
for the first time to understand the tectonic ac-
tivity around the sliding zones. The AF, Bs, Bc
and SL indices indicate the whole southern Ai-
zawl is tectonically active and the ridges where
the topographic slopes are in unfavorable condi-
tions, more vulnerable to landslides. The
anomalous SL points which show strong tec-
tonic control are also directly related to the
landslides zones. Moreover, the lithologic vari-
ability cause more havoc to it. Presence of clay
minerals along with phyllosilicates can create
weak surfaces for sliding of the massive sand-
stone beds.

The humid conditions and high precipitation
enhanced the weathering effects of the area.
The demarcated ancient landslides along with
active ones are more vulnerable zones and
should be avoided for any disturbances. The
roles of precipitation in triggering the ancient
landslides have been carried out for all four re-
corded landslides around the southern Aizawl
city. It is observed that in the tectonically active
subsurface conditions along with the vulnerable
geologic settings, the high topographic slope
conditions cause many sliding events. All these
events were taking place even when the rainfall
in the region is less than the mean rainfall. The
threshold precipitation for the region varies and
therefore in some cases the accumulated rainfall
during inter-annual period lubricated the slip
surface, to initiate slides in pre-monsoon rain.

The knowledge for landslide occurrences de-
pending on the geotechnical and slope stability
is not absolute and, therefore, morphotectonic
along with sedimentological criteria, combined
with precipitation, induced landslides modelling
is important to decipher the potential vulnerable
zone to build safer Aizawl city.
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