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Abstract On July 5, 2021, a catastrophic rock avalanche hit an area 
in the upper Naltar valley, located in northwestern Gilgit, Pakistan. 
The 14  Mm3 rock mass flowed down the hillslope and traveled a 
distance of approximately 5 km. The avalanche killed four people 
and damaged more than 150 livestock. Based on a field investiga-
tion, the event is classified as a dual-phase avalanche compris-
ing glacial ice and rock mass mixtures. In this study, the runout 
behavior and characteristics of the upper Naltar rock avalanche 
are analyzed using DAN3D. The simulation results indicate that 
the propagation process lasted for 140 s, with an average maximum 
velocity of 32 m/s. The frictional-Voellmy model for the materials in 
the source and erosion areas produced the best results for DAN3D. 
Parameter calibration, model performance, and verification were 
performed numerically and based on field observations. It is hoped 
that the selected model and parameters will help the relevant agen-
cies understand the propagation process of similar kinds of rock 
avalanches in the area surrounding the current avalanche, thus 
improving the hazard zonation in this region.

Keywords Ice-rock avalanche · Propagation modeling · High-
speed long-runout · Upper Naltar valley Pakistan

Introduction
Northern areas in Pakistan are experiencing an increase in atmos-
pheric temperature, resulting in enhanced glacial melting, glacial 
lakes, and snow and ice avalanches (Negi et al. 2018; Kumar et al. 
2019; Pandey et al. 2021a). Snow and ice avalanches can cause mul-
tiphase events that can achieve high speeds and cause disastrous 
effects downstream (Runqiu 2009; Chigira et al. 2010; Xu et al. 2014) 
by entraining large volumes of rock and slope material and form-
ing dammed lakes (Mergili et al. 2018). Two-phase landslides, such 
as ice-rock debris avalanches, are more dangerous than ordinary 
debris flows, as they can be highly mobile and have long runouts. 
In recent years, these ice-rock mix avalanches have caused disas-
trous effects on population and infrastructure (Gnyawali et al. 2020; 
Shugar et al. 2021).

These climatic variations in high mountain ranges may cause 
the weakening of glacial permafrost linkages by cyclic freeze and 
thaw, which can result in slope failure (Fischer et al. 2013; Pandey 
et al. 2021b). The latest multiphase rock avalanche occurred in the 
upper Naltar valley on July 5, 2021, when  14Mm3 of rock mass and 
glacial ice flowed down the hill slope and covered a runout distance 
of 4480 m. Small landslides with a short runout can be prevented 
with typical civil engineering measures, but high-speed long-runout 
landslides and avalanches can be avoided only by taking adequate 

preventive and mitigation measures such as early warning systems 
and evacuation from vulnerable areas (Kilburn and Petley, 2003; 
Xing et al. 2016). The prediction of landslide characteristics such as 
runout distance, velocity, energy, and volume can be of great impor-
tance for risk assessment in landslide-prone areas. Many numerical 
studies and modeling techniques have been performed to better 
understand these events (Hutter et al. 1995; Campbell et al. 1995; 
Hungr and Evans, 2004; Hungr and McDougall, 2009; Scheidl et al. 
2013; Revellino et al. 2013; Guerriero et al. 2014; Abe and Konagai, 
2016; Zhuang et al. 2019; Abraham et al. 2020). In many cases, back 
analysis has been a suitable method to establish parameters for the 
future forecasting of similar kinds of events in such areas.

In the recent past, numerous techniques have been used to 
analyze landslides, such as discontinuous deformation analysis 
(DDA), the three-dimensional numerical modeling code (3DEC), 
the particle flow code (PFC), and discrete element modeling (DEM) 
(Crosta et al. 2003; Zhang et al. 2015; Wu et al. 2017; Chen and Wu, 
2018). Several researchers have also used finite element modeling 
(FEM) and smoothed particle hydrodynamics (SPH) techniques to 
analyze landslides (Chen et al. 2007; Ishii et al. 2012; Leshchinsky 
et al. 2015; Chen et al. 2019; Pradhan and Siddique, 2020; Ma et al. 
2021; Huang et al. 2012; Pastor et al. 2014; Zhu et al. 2018; Wang et al. 
2019; Lin et al. 2019).

The present study uses a meshfree method, namely, the three-
dimensional dynamic analysis DAN3D, to analyze and determine 
the characteristics of the upper Naltar valley avalanche. DAN3D is 
based on the S.P.H. method, has and shown accurate performance 
in analyzing long-runout landslides (McDougall and Hungr 2004). 
It also allows to consider the entrainment effect and considers the 
mass as equivalent flow. DAN3D has been widely used to analyze 
many North American and South Italian landslides, whereas in 
Pakistan, the model has been used to accurately determine the 
Attabad landslide characteristics (Gardezi et al. 2021). The study 
determines the runout behavior and dynamics of the upper Naltar 
valley avalanche on the basis of thorough field investigation and 
numerical modeling. The outcomes of this study will help the rel-
evant agencies in disaster prevention and mitigation in this area.

Description of the study area
The upper Naltar valley ice-rock avalanche is located in the Gilgit 
district, a tourist attraction located approximately 60 km northwest 
of Gilgit, Pakistan. The valley is situated in the Karakoram Moun-
tain range, and its orientation is strongly controlled by the area’s 
tectonics. The Naltar valley is controlled by two main thrusts: the 
Main Karakoram Thrust (MKT) and Main Mantle Thrust (MMT). 
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The MKT is on the northern end and is also known as the northern 
mega shear, which represents the southern part of the Eurasian 
plate in Asia. It is a steeply dipping and seismically active thrust 
and has accounted for most of the earthquakes in the study area 
(McDougall et al. 1993). The MMT, also known as the southern mega 
shear, is a north-dipping thrust that separates the Indian plate from 
the Kohistan arc, as shown in Fig. 1. Rocks in the area are highly 
weathered and can be characterized as part of the Kohistan arc, 
which is composed of igneous intrusions, i.e., the Kohistan batho-
lith. The entire region, especially the area around the landslide site, 
is deeply bisected by streams fed by melting glacial ice and snow. 
Landslides are frequent in the upper Naltar valley, and thus far, 
seven lakes have been formed due to the blockages caused by land-
slides such as debris flows, rockfalls, and avalanches.

Methodology

Field investigation
A detailed field investigation of the upper Naltar valley rock ava-
lanche was carried out on August 25–27, 2021. The field measure-
ments including landslide boundary, superelevation angle, deposit 
thickness, boulder size, and slope were carried out using a total 
station with and without the help of a prism. Two local residents 
were hired to carry the prism to difficult locations, i.e., the source 
area of the avalanche. The deposit thickness on both branches was 

measured using the total station. The instrument was fixed on a 
high location, and measurements were taken by moving the prism 
around the deposit area. Measurements near the station were taken 
without a prism, whereas long-distance measurements were taken 
with the help of a prism. Based on the deposit thickness measure-
ments on both branches, the total avalanche volume was estimated.

Rock samples were also collected for the petrographic study. 
Aggregate samples collected from the landslide area were thor-
oughly washed to remove the dust and dried in the laboratory. A 
hand lens was used to observe the grain sizes and colors of the 
representative pieces. Thin sections (petrographic sections) were 
prepared from the samples and studied under a petrographic 
microscope using both cross-polarized and plane light under low 
and high magnification.

Numerical runout modeling of the upper Naltar valley avalanche

To investigate the dynamic characteristics of the upper Naltar val-
ley avalanche, the DAN3D dynamic model proposed by McDougall 
and Hungr (2004) was used. The model is based upon a numerical 
solution of the depth-averaged shallow water equation, and further, 
it has been modified for landslide simulations. The model is gov-
erned by the basal friction angle and internal rheological proper-
ties. There are five rheological models in DAN3D, among which 
the combination of the frictional and Voellmy models have shown 

Fig. 1   Geological map of the study area
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the most accurate results while simulating case studies (Xing et al. 
2017; Zhuang et al. 2019; Aaron et al. 2020; Gardezi et al. 2021). The 
frictional model that governs the landslide source area represents 
the basal resistance as a function of effective normal stress (σ) act-
ing on the sliding surface. It can be represented as follows:

where � represents the effective normal stress, u represents the pore 
water pressure, ru is the ratio between the pore water pressure and 
total normal stress acting at the base of the sliding material, and 
� is the dynamic friction angle. The relation between the dynamic 
friction angle and pore pressure can be represented by a single 
basal friction angle �b.

The Voellmy model, which was used in the entrainment area, 
considers total resistance, which is composed of frictional and tur-
bulent parameters and can be represented as follows:

where f represents the friction coefficient that relates shear stress 
to normal stress, � is the density of the sliding material in g/cm3, g 
is the gravitational acceleration, v (m/s) is the velocity of the slid-
ing material, and � (m/s2) is the turbulency coefficient. Initially, the 
sliding mass is moved as a solid block, and later, during downward 
movement, it disintegrates and behaves as a fluid.

The detailed rheological parameters of the upper Naltar valley 
avalanche for DAN3D are indicated in Table 1. The properties, such 
as the density of the sliding material, were determined by collecting 
samples from the field and testing them in the lab. The rheological 
parameters were determined by the hit and trial method until the 
results were consistent with in situ conditions (runout distance, vol-
ume, and travel path). The volume of the sliding mass was signifi-
cantly increased during movement through the entrainment area. 
According to McDougall and Hungr (2004), the average erosion rate 
 Es for the landslide can be obtained by using the following equation:

where Vf indicates the estimated final volume of the sliding mass 
in  m3, V0 is the initial volume in  m3, and S represents the runout 
length. The volume growth rate according to Eq. 4 was found to be 
2.29 ×  10−4  m−1.

In the present study, we used the frictional and Voellmy models 
for the materials located in the source and erosion areas, respec-
tively. To accurately simulate the landslide, the basal rheological 
parameters were adjusted by the hit and trial method such that the 
output results were consistent with in situ conditions (McDougall 
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et al. 2006; Sosio et al. 2008; Revellino et al. 2013; Guerriero et al. 
2014; Wu et al. 2015; Yin et al. 2017). While simulating the land-
slide, the Voellmy parameters were well in the range of the values 
and were found to be suitable for most of the case histories with 
long runouts. The simulations revealed that the runout distance is 
highly sensitive to the coefficient of friction, dynamic friction angle, 
and turbulence coefficient. As the friction coefficient and dynamic 
friction angle increase, the landslide runout distance decreases, 
and vice versa. However, the increase in the turbulence coefficient 
increases the runout distance of the landslide for the same friction 
coefficient values.

The digital elevation model used in DAN3D for the propagation 
modeling of the upper Naltar valley rock avalanche was obtained 
using the Shuttle Radar Topography Mission (SRTM) 1 arc-second. 
Whereas the 28 × 28 m post-event DEM was obtained from a local 
disaster management agency, the pre-event 30 × 30 m DEM was 
resampled at 28 × 28 m using the kriging method in ArcMap and 
a DEM of difference was prepared by subtracting post-event DEM 
from pre-event DEM. The results obtained from propagation mod-
eling were validated by comparing them with field investigation. 
Furthermore, the usefulness of the DAN3D module to estimate 
the velocity of the present study can be verified by comparing the 
results with a simple equation of motion.

where S is the distance (m), V is the velocity (m/s), and t indi-
cates the time in seconds, while Eq. 6 (Evans et al. 2001) was used 
to validate the superelevation velocity obtained from numerical 
simulations.

>where d is the superelevation (m), r is the radius of curvature, and 
b is the width of the runout path. The measurements for d, r, and b 
were also taken with the help of the total station.

Results and discussions

Landslide characteristics
On July 5, 2021, at 09:30 am Pakistan Standard Time (PST), a mixed 
ice-rock avalanche occurred in the upper Naltar valley. Accord-
ing to the report by the National Disaster Management Author-
ity (N.D.M.A.) of Pakistan, four people lost their lives, and many 
livestock and nearby structures were destroyed in the avalanche.

The multiphase rock avalanche was initiated at an elevation 
of 5000 m. Figure 2a represents the areal image of the avalanche 
location. The avalanche traveled a total distance of 4480 m with 
an elevation difference of 1830 m and covered an area of 1.7  km2. 
The final volume of the landslide was 14  Mm3. The source area is at 
an elevation of 5000 m, while the toe is at 4480 m above mean sea 
level. The average length and width of the source area are 520 m 
and 400 m, respectively. According to the field observations, the 
avalanche, after detaching from the source area, traveled through 
a predefined path, a gully formed between two mountains. The 
avalanche entrained material from a vast area between 4480 and 
3300 m in elevation and has an approximate length of 2780 m. At 
the same time, the elevation of the deposit area varies from 3300 to 
3170 m. Based on the field investigation, the engineering geological 

(5)S = Vt

(6)V =

(

gdr∕b
)1

∕
2

Table 1   Selected models and back-calculated values for rheological 
parameters

Area Rheology type �˚ r
u

f �(m/
s2)

Source area Frictional 45˚ 0.02 - -

Erosion area Voellmy - - 0.05 400
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cross-section along line A-A′ of the upper Naltar avalanche is pre-
sented in Fig. 3.

The sliding material was a mixture of sizeable glacial ice chunks 
and rocks of different sizes. Two major types of rocks were found 
in the landslide deposit area during the field investigation: grano-
diorite and andesite. The petrographic analysis shows that andesite 
rocks contain 52% chloridized-amphibole, while the major compo-
nent of granodiorite is quartz at 46%. The results also indicate that 
feldspar is the second major component in both samples; however, 

the proportion is higher in granodiorite, approximately 40 com-
pared to 29% in andesite. The results are presented in Table 2. Fig-
ures 2b and 2c show the deposition of material along the straight 
and left branches. The deposit area is composed of rocks varying 
in size from cobbles to massive boulders, some having diameters 
between 17 and 20 m, and some are scattered across the deposit 
area, as shown in Fig. 2d. The average size ranges between 1 and 3 m. 
The glacial ice mixed with the rock mass melted soon after accumu-
lating in the deposit area; as shown, Fig. 2e shows that the glacial ice 

Fig. 2   (a) Pre-landslide images of the deposit area. (b) Material deposited on the straight branch. (c) Material deposited on the left branch. (d) 
Massive boulders scattered on the straight branch. (e) Melted glacial ice in the deposit area

Landslides 19 & (2022)454



chunks mixed with the rock mass melted soon after accumulating 
in the deposit area, leaving behind the rock mass. One of the local 
residents, who was driving a jeep near the landslide site, captured 
a video of the avalanche when it entered the valley; images taken 
from the video footage are shown in Fig. 4.

Considering field observations, after dethatching from the source 
area, the avalanche rapidly moved downhill in the S-E direction. At 
an approximate distance of 1500 m from the source area, the entire 
runout path is tilted by 30°, and the ice-rock mix avalanche traveled 
along that bend and continued to move toward the valley. At an ele-
vation of 3560 m above sea level (a.s.l.), the avalanche superelevated 
and turned, as shown along line B-B′ in Fig. 2a. Figure 5 shows the 

superelevation along the runout path, while Fig. 5a presents the site 
conditions of the gully. Figure 5b shows the angle of superelevation 
and Fig. 5c presents the sectional profile along line B-B′.

The fluidized landslide was divided into two branches at the 
valley threshold. Figure 6a shows the location of the supereleva-
tion and both branches of the avalanche, while Fig. 6b presents the 
abrasion along the valley slopes caused by the movement of the 
avalanche. Both branches separated at an angle of 54°; one branch 
traveled straight along the runout path, while the second branch 
deflected in a N-E direction. The straight branch has an average 
width of 350 m, while the left branch is approximately 300 m wide. 
The deposit material thicknesses in the straight and left branches 
are approximately 23 m and 19 m, respectively. These two branches 
blocked the valley at two points that interrupted stream flow. The 
blockage of the stream at two locations led to the temporary forma-
tion of two dammed lakes. Two days after the landslide occurred, 
the left branch was overtopped by the water accumulated behind 
it, thus forming a larger lake. The dammed lake and subsequently 
dried stream are shown in Figs. 7a and 7b.

Landslide propagation

The volume of the avalanche was calculated from the difference 
in the DEM and found to be approximately 14  Mm3. The DEM of 
the differences is shown in Fig. 8. The validation process was car-
ried out by comparing the results of propagation modeling, field 
investigation, and equations. According to the results obtained from 
DAN3D, the avalanche had a total runout distance of 4550 m and a 
runout duration of 140 s. The predicted final deposit distribution 
of the upper Naltar valley avalanche is displayed in Fig. 9. Figure 10 
indicates the depth at different time steps, i.e., 10 s, 30 s, 50 s, 70 s, 

Fig. 3   Longitudinal profile of upper Naltar valley avalanche along 
the section A-A′

Table 2   Petrographic study of andesite and granodiorite rocks

Sample Components Percentage 
(%)

Description

Andeiste Chloritized-amphibole 52 It occurs as altered amphibole as a result of chloritization

Feldspar 29 Plagioclase diagnostic twinning is occasionally observed, as the feldspars show 
alteration

Quartz 11 It occurs as subhedral grains with wavy extinction as a result of the deformed 
nature

Epidote 5 Present in small proportion and alters the pyroxene after epidotization

Pyroxene 2 Present in a minimal amount in an altered state due to epidotization

Ores 1 Very minute proportion and the ore exists as a single grain of subhedral to 
irregular pyrite and magnetite

Granodiorite Quartz 46 The quartz grains are highly strained with a size ranging between 0.5 and 
1.7 mm

Feldspar 40 It is primarily composed of plagioclase having a size range the same as the 
quartz grains and shows partial alteration to sericite and clay. Also, despite 
alteration, the plagioclase shows diagnostic twinning

Biotite 10 It exists in a cluster form or discrete grains and shows alteration to ores

Amphibole 4 Present in a small percentage, and show alteration to chlorite

Ores 2 Present in minute proportion
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90 s, 110 s, 130 s, and 140 s. The simulation results show a deposit 
depth of less than 5 m near the toe of the slide on both branches, 
while a maximum thickness of 25 m was observed on the straight 
branch and a maximum thickness of 20 m was observed on the 
left branch of the deposit area, which is consistent with the field 
observation data, i.e., 23 m and 19 m, respectively.

Furthermore, the slide accumulated a considerable amount 
of material from the entrainment area, which is evident from the 
simulation results. The 7.4  Mm3 of material left the source area, and 
another 6.6  Mm3 of material was accumulated from the entrain-
ment area, thus comprising a total volume of 14  Mm3. The simula-
tion results of velocity, maximum velocity, and depth agree with the 
calculated and observed data. Table 3 shows the comparison of the 
results obtained from field observations and numerical simulations.

According to the simulation results, the average velocity of the 
slide was approximately 35 m/s, as shown in Fig. 11. The frame-by-
frame analysis of the video footage reveals that the sliding mate-
rial took 33 s to cover a distance of 1180 m in the valley (35.7 m/s). 
According to Eq. 5, the slide velocity was 36 m/s, which is approxi-
mately equal to the average velocity determined using DAN3D. The 
maximum velocity of the slide along the runout path was approxi-
mately 44 m/s, as indicated by Fig. 12, while Fig. 5 shows the super-
elevation and its section along line B-B′. The maximum velocity 
was recorded at an elevation of approximately 3600 m, just above 
the point where the slide exits the entrainment area and enters the 
valley (3300 m). The superelevation equation yielded a velocity of 
42.3 m/s at the same location, thus showing good agreement with 
the simulated results.

Fig. 4   Still image from the 
video footage showing the 
landslide runout through the 
valley

Fig. 5   Superelevation along the runout path. (a) The site conditions of the gully (the camera lens faces upstream). (b) The calculation of the 
superelevation, where the lens direction is upstream of the gully. (c) Sectional profile along line B-B′

Landslides 19 & (2022)456



According to field investigation and numerical modeling, the 
movement process of the upper Naltar valley ice-rock avalanche 
can be divided into four phases: Phase 1 is from 0 to 20 s, in which 
the avalanche starts to collapse and accelerates under the action of 
gravity. Phase 2 is from 20 to 30 s, in which the avalanche enters the 
entrainment zone and continues its downward motion, as indicated 
in Fig. 10. Phase 3 is from 90 to 100 s; at an elevation of 3600 m a.s.l., 
the avalanche turns at an angle of 30°, reaching a maximum velocity 
near section B-B′ Fig. 2a, which was further verified by using Eq. 6 
(Zhuang et al. 2020a). Phase 4 is from 100 to 110 s, in which just before 
entering the valley, the slide divided into two branches: one moved 
straight, whereas the other diverted at an angle of 54°. The straight 
branch of the slide moved with an average velocity of 36 m/s, which 
was verified by video footage. The avalanche came to a complete rest 
at 140 s, with a maximum deposit depth of approximately 25 m.

Several case studies of high-speed long-runout landslides in 
North America, South Italy, and China have been conducted using the 
DAN3D model (Hungr and McDougall, 2009; Xing et al. 2014, 2015, 
2017; Salvatici et al. 2017; Zhuang et al. 2019; Zhuang et al. 2020a, b; 
Zhang et al. 2021). In Pakistan, high-speed long-runout landslides are 
still an undiscovered field; previously, only one study was performed 
on the famous Attabad 2010 landslide (Gardezi et al. 2021).

The present simulation efficiently reproduced the motion of the 
upper Naltar valley avalanche and investigated the flow dynamics, 
thus producing valuable data, as shown in Table 3. The approach 
adopted in this paper will help to analyze similar kinds of ava-
lanches in the area. Based on a field survey and increased global 
warming, the author believes that the area is highly prone to high-
speed long-runout landslides in the near future. The present case 
study may be considered the tip of the iceberg in this regard.

Fig. 6   Post-landslide images highlighting essential features. a shows the two branches of the avalanche, bend in the runout path, and the 
blue circle marks the location of landslide scrapping. b Landslide scrap marks

Fig. 7   Effects of the blockage 
caused by Naltar avalanche. 
a Temporary lake formation 
resulted due to blockage of 
the stream flowing through 
the valley. b Dried up creek 
downstream
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Fig. 8   Elevation difference before and after the landslide

Fig. 9   Final depth distribution of the avalanche
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Fig. 10   Time-lapsed image of deposit depth along the runout path of the avalanche
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Table 3   Simulated and field investigation results comparison

Method Landslide 
runout

Runout 
velocity

Deposit width Deposit thickness Landslide 
duration

Straight 
branch

Left branch Straight 
branch

Left branch

Field investigation 4480 m - 350 m 300 m 23 m 19 m -

Video footage analysis (after 
entering valley)

1180 m 33 m/s - - 36 s

Super elevation Eq. (Evans 
et al. 2001)

- 42.3 m/s - - -

Numerical 
simulation

After landslide 
enters the 
valley

1250 m 35 m/s - - - - 35 s

Supereleva-
tion

- 44 m/s - - - - -

Maximum 
values (from 
simulation)

4550 m 45 m/s 362 m 315 m 25 20 140 s

Fig. 11   Average velocity of the avalanche
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Conclusions
On the morning of July 5, 2021, at 09:30 am (PST), a high-speed 
long-runout ice-rock avalanche hit an area in the upper Naltar val-
ley in the Gilgit district, Pakistan. In this study, we have described 
the major characteristics of the avalanche based upon field inves-
tigations and have studied its runout using the DAN3D model. The 
conclusions of this study are as follows:

(1) The upper Naltar valley ice-rock avalanche was a high-speed 
long-runout landslide that was potentially triggered by the 
melting of glacial ice caused by global climate change. The 
avalanche traveled a total distance of 4480 m with an eleva-
tion difference of 1830 m and killed four people and hundreds 
of livestock. It also blocked the stream at two locations, thus 
forming artificial lakes.

(2) A three-dimensional dynamic model (DAN3D) was adopted 
to simulate the runout characteristics of the landslide. The 
model also accounted for the entrainment of material along 
the runout path. This study concludes that the DAN3D model 
produced accurate simulation results, which are consistent 
with the calculations and field investigations.

(3) The total duration of the avalanche was estimated to be 140 s, 
with an average velocity of 32 m/s and a maximum velocity of 
42 m/s. The average velocity, maximum velocity, and deposit 
depth are consistent with the calculations and field investiga-
tions, which informs us of the accuracy of selected models 
and their parameters determined by back calculations.

(4) This study also concludes that a further temperature increase 
in summer may cause further events in the area. There are 
seven massive lakes in the runout paths of potential ava-
lanches; any further sliding activity can cause flooding down-
stream.

(5) On the basis of field investigation and numerical modeling, it 
is recommended that a landslide hazard map of the area along 
the Naltar expressway be prepared. This was the third incident 
in the study area in a 1-year time frame, and 2 months after 
this avalanche, another landslide on the Naltar expressway 
occurred. Therefore, the immediate need for hazard zoning 
and preventive measures should be highlighted.
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