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Abstract On November 4th 2007, along the Grijalva River in the state of Chiapas,
Mexico, has occurred one of the largest landslides ever known. This landslide, known as
Juan del Grijalva, destroyed the town of the same name, killing 20 people, and moved 55
million cubic meters of rock and debris down slope to completely block the Grijalva River.
In order to understand the characteristics and factors that triggered the Juan del Grijalva
landslide, geologic studies were conducted at the site. The results indicate that the landslide
was composed of a lithologic sequence of thin-bedded shales and thin to medium-thick-
bedded sandstones. This was faulted into several blocks dipping in the same sense as the
mass movement. The main triggering factor was the increment of the pore pressure into the
lithologic unit due to water saturation after 5 days of heavy rain before the incident.
According to records from the last century, the Juan del Grijalva mass movement repre-
sents one of the largest mass movements recorded all over the world. The risk conditions of
the area after the landslide lead to the rapid construction of an artificial channel to drain the
accumulating mass of water upstream and therefore prevent a future catastrophic inun-
dation down stream.

Keywords Mass movement - Hazard - Flash landslide - Grijalva river - Chiapas - Mexico

1 Introduction

The study area is located in the northern part of the Chiapas State, southern Mexico, at
latitude 17°21’51”N and 93°23’00”W longitude (Fig. 1). The mass movement took place in
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Fig. 1 Location of the Juan del Grijalva Landslide and the downstream Pefiitas Dam in the Grijalva River,
Chiapas State, southeastern Mexico

a hillside section of the winding Grijalva River in between the Pefiitas Dam and the
Malpaso Dam hydropower facilities, located 16 km downstream and 36 km upstream,
respectively. These two hydroelectric power stations are part of the most important elec-
tricity supply system in Mexico.

The landslide occurred Sunday November 4th 2007, at approximately 8:30 p.m., after
5 h of heavy rain in a hilly and mountainous region. The landslide moved down slope
caused by gravity pull, creating a water and mud wave 50 m high that destroyed the Juan
del Grijalva town and killed 20 people. The landslide frontal part blocked the Grijalva
River section (Fig. 2) with a filling material mass 800 m long and created a hazardous
artificial lake upstream. On the basis of size, type of material and controlling factors, this
landslide is the largest ever documented in Mexico.
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Fig. 2 Aerial photograph showing the Juan del Grijalva Landslide and the course of the obstructed loop
section of the Grijalva River. Photograph taken November 6, 2007, 2 days after the incident

2 Analysis of the landslide
2.1 Geologic characteristics

Geologic mapping in the region indicates that a single stratigraphic unit constitutes both
the bedrock and the landslide (Fig. 3). The unit of Miocene age is formed by thin to
medium-bedded ochre-colored sandstones and very thin to thin dark gray shales. At the
base of the unit, there are some layers of very coarse to pebbly sandstones and brown
conglomerates. The strike of the sedimentary unit is N340 dipping between 8° and 15°
southwestward, as part of the northeastern limb of the Maspac Syncline.

The surface mapping of the landslide shows the site morphology (Fig. 4) and how the
material slid downward as a coherent unit, shoving the lower part outward and causing the
debris to flow downhill. The front of the landslide formed a hummocky lobe that blocked
the Grijalva River and stopped water from flowing downstream. The landslide moved more
than 55,000,000 cubic meters of rock and debris along a horizontal distance of 500 m with
about 140 m of vertical displacement (CFE, Comisién Federal de Electricidad 2008).

Based on the analysis of previous available data and recent drill cores, fieldwork, and
aerial photographs, the landslide was divided into three main blocks (Block A, Block B and
Block C) separated from the main bedrock mass. These blocks were limited by two strike
slip faults located at the northern (Falla Norte) and southern (Falla Sur) parts of the
landslide. The Falla Norte and Falla Sur crop-out almost parallel, with a strike of about
N60°. The detachment fault surface was named Juan del Grijalva Fault (Fig. 5). Into the
landslide itself, two steep, almost vertical, normal faults developed (Falla Uno and Falla
Dos). Large blocks of rock mixed with muddy material were found inside the landslide,
indicating that layers of the main stratigraphic unit were broken off along joints and planes
of weakness.
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Fig. 3 Simplified regional geologic map of the area surrounding the Juan del Grijalva Landslide, Chiapas,
Mexico (CFE—Comision Federal de Electricidad 2008). Note the location of the Malpaso and Pefiitas dams
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Fig. 4 Morphology of the Juan del Grijalva landslide. See the obstruction of the river course and cross-
section A—A’ through the sliding zone. Nomenclature after Chacén et al. (1993)

Three sets of fractures intersect at different angles; the first set of discontinuities strike
N60°E and dip 75° in NW and SE direction. It is characterized by continuous (3—-10 m
long), planar, and smooth surfaces striking parallel to the Falla Norte and Falla Sur. The
second set of fractures is oriented N45°W with an average dip of 80° to the NE. This is a
secondary set, less continuous (1-3 m long), with a planar-rough discontinuity surface. The
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Fig. 5 Main geologic features of the Juan del Grijalva Landslide. Falla Norte and Falla Sur bound the
landslide on the north and south edges, respectively, and Fallas Uno and Dos are intermediate faults. Drill
cores cut the path of the Juan del Grijalva detachment fault and the projected artificial river channel in cross-
section B-B’

third set strikes Eastward dipping 85° in N direction. This set of fractures, although not
well defined, has a smooth-planar surface and is cut by the first set of discontinuities.

After the landslide event, ten exploration bore-holes were drilled (Fig. 6) and one
electrical resistivity geophysical reconnaissance line survey was acquired. The objective
was to determine the internal character of the landslide, specifically the geotechnical
response of the ground to imposed conditions of stress, drainage, saturation, movement and
removal of blocks. Based on core recovery, rock grade and fracture distribution, it was
possible to discern the thickness and internal deformation in the landslide, as well as that
the bedrock conditions were strong, with a bedrock mass as good as 100% rock quality in
some volumes.

The most important feature in the lithologic sequence is the presence of a weathered
shale layer (CFE, Comision Federal de Electricidad 2007) found in the contact between the
landslide and the bedrock along the Juan del Grijalva Fault. This weathered layer acted as a
lubricant in the well-defined surface of detachment. The regional topography also
increased the probability of a landslide; the lower hillsides had slopes of 8—10° parallel to
the bedding surface, and summit slopes were exceptionally steep. The vertical distance
between the valley floor and the summit was about 100 m. This relief profile was very
susceptible to landslides.
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Fig. 6 Location of drill cores in the Juan del Grijalva Landslide

2.2 Triggering factors

The critical factor that triggered the Juan del Grijalva landslide was water input. This
happened after 5 days of exceptionally heavy rains in this tropical region, with more than
1,000 mm of precipitation recorded. The rainfall caused water to infiltrate into the
weathered shale layer, thus increasing the pore pressure. With the wet shale acting as a
lubricant, the overlaying saturated sedimentary rock unit, along with the soil cover, slid
down into the valley.

The geologic factors that gave the area an unstable situation were: (1) a tertiary sedi-
mentary rock unit composed by a sandstone and shale sequence, (2) bedding planes with
dip angles between 8° and 10°, parallel to hillside slopes, (3) high local relief, (4) inclined
surfaces of weakness such as fractures and faults, specifically a weathered shale layer, (5) a
temporary high water table at the base of the slope, and probably (6) undercutting at the
base of the slope due to river current erosion. These latter factors led to an important
increase in pore pressure.

2.3 Fault mechanism model

According to all previous factors, it is proposed here that the landslide gravity induced
movement of the bedrock mass, followed three stages (Fig. 7).

In the first stage, before the detachment, the natural slope had a safety factor of 1.5
according to Carson and Kirkby (1972) scale. However, after 5 h of extreme rainfall, the
rock composed of sandstone, shale, and unconsolidated materials absorbed water rainfall
and started creep very slowly.
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Fig. 7 Schematic stage development during the down slope movement of the Juan del Grijalva Landslide

In the second stage, the pore pressure increment due to water saturation and weight
caused a suddenly slid of the slope material. The safety factor decreased and the instability
limit was reached because the initial shear resistance of the rock mass was overcome.

It is important to emphasize the role of the pore pressure at the base of the landslide.
The critical value for the shear resistance of a rock mass is:

1=C+(poa) (1)

where, T = critical shear resistance, C = cohesion, ¢ = internal friction angle, ¢ = nor-
mal effective stress.
But, if we consider there is no cohesion, and that:

g = G(n_p> (2)

where, n = normal stress and p = pore pressure, then if the pore pressure (p) increases it
follows that the effective normal stress (o) decreases (Eq. 2), and with the same shear
stress it is possible to have a rupture under the same state of stress (Eq. 1). In our case, the
infiltration of water increased the pore pressure thus decreasing the normal effective stress,
which in turn weakened the slope stability.
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During the third and final stage of the process, the lower part of the landslide was
transformed into a turbulent, viscous, heavy mass of rock fragments, debris, and soil that
moved downward almost instantly. The mass movement caused a river water wave 50 m
high and filled up the complete watercourse valley.

3 An important landslide of the last century

Table 1 is shown in order to compare the Juan del Grijalva Landslide with several other
large landslides that occurred during the twentieth century around the world (Schuster
1996). It is evident from the data shown that the most frequent triggering factor, in this type
of natural process, is the extraordinary heavy rainfall.

Based on the volume of material displaced, the Juan del Grijalva Landslide becomes
one of the largest events ever recorded. However, considering the number of lives claimed,
it is one of the least deadly.

4 The hazardous landslide scenario

The landslide was caused by natural conditions creating a risky scenario along the Grijalva
River. The flow of the river was blocked by the landslide, and an artificial reservoir was
formed upstream. This accumulation of water was particularly dangerous in terms of the
possible future rainstorms and a consequent rapid increase in water level that could trigger
new landslides along the hillsides of the valley of the Grijalva River.

Also, an uncontrolled input of water could overtop both the blocking landslide material
and/or the Peilitas Dam located 16 km downstream. In the case of a water overflow or the
collapse of the Pefiitas Dam, there could be a catastrophic flooding and destruction over
large populated areas downstream.

Fortunately, the existence of Malpaso Dam located 36 km upstream allowed the water
flow in the river to be temporally stopped. Then, an engineering program to minimize the
hazard was immediately started.

Techniques for local landslide prevention, such as surface and subsurface artificial
drainage, removal of materials, drilling and excavation of a main channel drain, among
others, were cautiously carried out at the top and around the landslide. After a very
successful 2 months of 24 h days of engineering work, both the river discharge flow and
the hydroelectric power facility functions were back to normal.

5 Summary and conclusions

The Juan del Grijalva Landslide was formed by a sudden gravity sliding of a bedrock slab
along a detachment or decollément surface. The climatic controlling factors of the sliding
were sparse vegetation due to forest clearing, frequent heavy rainfalls, more than
1,000 mm of precipitation during 5 days previous to sliding, and bedrock and debris
material water saturation (pore pressure increment).

The geologic factors that triggered the landslide were the increment of the pore pressure
in the sandstones and shales at the base of the landslide, the increased weight in the rock
and debris material exceeding the critical factor of the local rocks shear resistance, a thin-
bedded sedimentary unit composed by shales and sandstones with bedding planes dipping
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parallel to hill slope, presence of fractures and faults in a high local relief environment, and
a fluctuating water table.

As aresult, several events occurred: the sudden movement of more than 55, 000, 000 m’
of rock and debris material, the complete destruction of the Juan del Grijalva town, the
death of 20 people, the blocking of the Grijalva River flow by a mass of material 800 m
long, and the formation of a hazardous upstream lake.
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