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Abstract 

The 2017 Mocoa event, was the result of a series of mass movements, that evolved into mass flows and devastated 

the western part of the urban area. These mass movements were the result of four days of accumulated rainfall, with 

high-intensity precipitation, and were localized at the transition marked by a thrust fault between a highly fractured 

monzogranite and alluvial deposits. These flows were mobilized in increased flow velocities caused by abrupt 

changes along V-shaped valleys, resulting in scouring on the river bed. The transported mixture of soil, boulders and 

water derived in a debris flow, a hyper-concentrated flow, and a mudflow along the two main rivers crossing the 

study area. The debris flow caused most of the casualties and damages produced by the event and was not considered 

in the pre-event local hazard map. This case-study reveals a need to extend the municipal land-use plans with multiple 

hazards and feed the design of consequent mitigation strategies, aimed at diminishing the impact of future events in 

the Andean-Amazonian piedmont.
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1 INTRODUCTION 

This paper is presented as a part of one previously 
published by the same authors (Prada-Sarmiento et 
al., 2019). 

Mocoa is located in the southwestern Colombia 
(northern part of the department of Putumayo), 
with a total area of 1263 km2. It is located at a 
variable altitude between 1100 and 2500 masl at 1° 
08′ north of the Equator. On March 31, 2017 
(henceforth, “2017 event”), a series of mass 
movements took place in the Mocoa Basin, 
devastating the western part of the urban area. 2017 
event caused 332 deaths, 398 injuries, 77 people 
missing, and 7794 families affected (Pontificia 
Universidad Javeriana 2017; Cruz Roja 
Colombiana 2018). 

Four days of accumulated rainfall with high 
intensity precipitation triggered mass movements 
on the night of the event. These series of mass 
movements transported solid material into the 
channel of the Taruquita and Taruca creeks on the 
northern side of Mocoa and into the Mulato River 
on the southern side of the city. The transported 
mixture of solids with water and sediments derived 
in a debris flow along the Taruca Creek, 
transitioning to a hyperconcentrated flow along the 
Sangoyaco River, and a mudflow along the Mulato 
River. The debris flow in Taruca Creek caused 
most of the casualties and damages produced by the 
event. 

The Taruquita Creek joins the Taruca Creek, 
northwest on the outskirts of Mocoa. Downstream 
from the confluence of the Taruca and the 
Taruquita Creeks, there is evidence of transport of 
large block-sized igneous materials. At this 
location, an abrupt change in the river slope has 
produced alluvial terraces, many of which were 
generated by several previous episodes of debris 
flows and mudflows with larger dimensions than 
the one transported on the day of the 2017 event. 
The Taruca Creek flows through the northwestern 
part of Mocoa and is a tributary of the Sangoyaco 
River. The creek exhibited a large hydraulic 
capacity, mobilizing blocks of up to 5 m in 
diameter despite the reduction in its longitudinal 
slope at this point of <8%. Downstream from this 
point, deposition of the debris flow affected a 
significant section of the municipality. The alluvial 
fan had a width of approximately 50 m and revealed 
transport of blocks of smaller sizes (maximum 
diameters between 1 and 2 m). 

This article describes the 2017 event based on the 
analysis of self-collected fieldwork data and 
geological and hydrological processed information, 
complemented with valuable data provided by 
previous studies (Cheng et al. 2018; García-
Delgado et al. 2019). The description of this event 
is intended to increase the understanding of the 
triggering factors and transport and deposit of mass 
movements normally observed in tropical 
environments of the Andean Amazonian Piedmont. 
The geological, geomorphological, and climatic 
conditions of Mocoa are similar to those present in 
many cities located in inter-tropical zones in the 
Andean-Amazonian piedmont. Hence, an 
improvement in the understanding of mass 
movement processes can serve to reduce the risk 
levels at these locations. 

This paper presents: (1) a description of the study 
area based on geological and geomorphological 
characteristics, climate, and the occurrence of 
similar events in the past; (2) the description of the 
2017 event in terms of triggering and conditioning 
factors and the specific characteristics of the event. 
Finally, (3) a discussion and a general set of 
conclusions. 

2 DESCRIPTION OF THE STUDY AREA 

2.1 Geological and geomorphological context  

Mocoa is located in the piedmont between the 
Amazon plains and the Colombian Massif, as part 
of the Northern Andes mountain range. The Andes 
formed as a result of the subduction of the Nazca 
Plate beneath the South American Plate. Due to this 
orogenic process, the region is characterized by 
compressive fault systems, the closest being the 
Algeciras fault system (Velandia et al. 2005).  

The Figure 1 (Nuñez and Gómez, 2002; Nuñez, 
2003; Ingeominas, 2015) shows the geological map 
of the study area. Mocoa drainage basin is cut by 
two faults: the Mocoa-La Tebaida fault and the 
Cantayaco fault. Both are thrust faults with strike 
angles close to N 25° E, where the former exhibits 
significant neotectonic activity (Velandia et al. 
2005; Pontificia Universidad Javeriana 2017). At 
the same time, these faults define the limits 
between three different geological zones. (1) In the 
upper part of the basin, with elevations ranging 
from 2300 to 1100 masl, the Mocoa Monzogranite 
crops out. The Monzogranite is highly fractured 
and exhibits an advanced state of spherical 
weathering, and thus is a source of coarse sands and 
rock blocks with a typical size of a few meters. (2) 
In the intermediate part of the basin, between the 
two faults and with elevations ranging from 1100 
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to 800 masl, the Orito, Pepino, and Rumiyaco 
formations outcrop. The Orito and Pepino 
formations are mainly composed of reddish 
mudstones and sandstones, respectively. In the 
medium-lower zone, the Rumiyaco formations are 
mainly composed of gray mudstones. (3) Finally, 
the lower part of the basin is composed of thick 
quaternary alluvial deposits, covering rocks from 
both the Rumiyaco and the Villeta formations.  

From a geomorphological point of view, the 
exhumation of the Mocoa Monzogranite has 

produced a drainage basin with very steep slopes 
(i.e., between 50° and 75°) in its upper zone. In this 
zone, the San Antonio and Taruquita creeks, as well 
as the Sangoyaco and Mulato rivers, have produced 
deep V-shaped valleys, resulting from high incision 
rates. After a transition zone of intermediate slopes, 
between the fault systems, the lower part of the 
basin is composed of the alluvial fans of these 
streams. These deposits are composed of a silty 
sand matrix supporting large granite blocks, 
showing evidence of previous debris flows similar 
to the one that took place in the 2017 event. 

 

Figure 1. Geological map of the study area (Medina et al. 2017) The red frame delimits the study area.

2.2 Climate 

Figure 2a shows the daily and cumulative rainfall 
during the year previous to the 2017 event. First, 
we can see that rainfall was very intense the day 
before and the day after the event. The day before 
the event, the sum of heavy rainfall was almost 130 
mm, this value is 10.3 times greater than the annual 
average, and it is 7.5 times greater than the average 
during the rainy period of April– June.  

Figure 2b plots the cumulative antecedent 
precipitation in periods of 30 days, the red line 
showing the series of cumulative precipitation of 
30 days prior to the event. Analyses of this series 
show that it rained continuously during 4 days 
(214.8 mm) including the day of the 2017 event. 
Prior to that period of 4-day rainfall, there was a 
span of 14 days with no rain on the basin. For the 
4-day window, there are only 9 accumulated series 
of antecedent rainfall that exceed the value of 214 
mm recorded for the event day. As concluded by 
other authors (Pontificia Universidad Javeriana 

2017; Medina et al. 2017; Cheng et al. 2018; 
García-Delgado et al. 2019), the reported trend in 
the precipitation series confirms that the mass 
flows were triggered by rainfall. Moreover, we can 
see that the cumulative rainfall grows at an 
approximately steady rate, when analyzed in a 
monthly or yearly time scale. This suggests that a 
large number of mass movements, triggered in the 
2017 event, are not caused by long period rainfalls, 
infiltrating the ground surface, but rather by heavy 
rainfall concentrated in short time spans, typically 
of a few days. This observation is supported by the 
aerial photo interpretation of Mocoa’s basin, seven 
weeks before the event, highlighting the absence of 
landslide scars coinciding with previous rain 
periods. 
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Figure 2. a. Daily and cumulative rainfall in the Mocoa 
drainage basin during the last year before the 2017 event. b. 
Series of 30-day cumulative precipitation. 

2.3 Land use 

The upper zone of the basin is almost completely 
covered by tropical rain forest, with very few spots 
covered by planted pasture for cattle breeding. This 
is to be expected, since this area is characterized by 
steep slopes and a very thin layer of soil. In the 
intermediate and lower zones, a larger coverage of 
pasture and cropland areas can be observed, 
especially in the vicinity of urban areas, roads, and 
major water bodies. 

2.4 Previous debris flow  

The 2017 event was a foreseeable event, in light 
of the geological and geomorphological processes 
that take place in the basin. This can be evidenced 
by analyzing the composition of the alluvial fans on 
which most of the urban area is located. To date, 
the main record of previous events is provided by 
aerial photographs published by the Colombian 
Geographical Institute, for the last 70 years 
(Medina et al. 2017). During this period, 12 notable 
mass flow events can be identified in the years 
1947, 1960, 1971, 1972, 1989, 1994, 1995, 1997, 
1998, 2010, 2014, and 2017 (Medina et al. 2017). 
The typical spacing between these events is 5.8 
years. After the 2017 event, a similar event took 
place on August 12, 2018. Fortunately, there were 
no casualties, thanks to the early warning system 
designed by Pontificia Universidad Javeriana 
(2017) and implemented by the Colombian Agency 
for Risk Management (UNGRD) in 2017 

3 DESCRIPTION OF THE 2017 EVENT 

The Mocoa basin encompasses an area of 
approximately 38 km2 that includes the Taruquita 
and Taruca creeks, and the Sangoyaco and Mulato 
rivers. In the 2017 event, the largest volume of 
debris was conveyed along the Taruca stream and 
deposited in the northwestern neighborhoods of 
Mocoa. As mentioned before, in the Taruca and 
Taruquita sub-basins, natural slopes with 
inclinations between 70 and 85° define a V-shaped 
valley. There are large granite blocks fallen from 
the high slopes on the creek margins (Fig. 3a), 
which constitute the primary source of boulders. 
The average slope of the main stream in the upper 
part of the Taruca Creek is close to 25%, where the 
water flows in a series of consecutive waterfalls, up 
to 60 m high. 

 

Figure 3. Conditioning factors: examples of geomaterials 
found in the watershed. a. Weathered granite rock slope in the 
upper basin. b. Erodible materials on the riverbank. 

There is an abrupt and sudden change of the main 
stream slope and the shape of the river valley at 
altitudes ranging between 1100 and 750 masl, in 
the influence area of Mocoa-La Tebaida thrust fault 
(Fig. 4). In this area, outcrops of Monzogranite 
provide evidence of physical weathering caused by 
the activity of the fault and chemical weathering 
induced by temperature (mean average temperature 
above 24 °C), relative humidity (above 80%), and 
rainfall (mean annual rainfall between 3500 and 
4500 mm). This is one of the main conditioning 
factors for the occurrence of mass movements in 
the valley. 

Riverbanks in this zone are matrix-supported, 
consisting of a mixture of materials ranging from 
sub-meter granite blocks to sand and silt sizes (Fig. 
3b). Large blocks of granite no longer exist on the 
foot of the valley slopes as a consequence of intense 
block weathering and fall from the slope, but they 
are present on the main stream of the creeks. These 

a b 
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blocks have been transported from the upper part of 
the basin in previous events, and are mixed with 
finer size materials, forming large terrace deposits 
with thicknesses close to 8 m. 

 

Figure 4. Mass transport analysis along the Taruquita and 
Taruca creeks. The material source area is located on the 
upper extreme of the Taruquita creek (A-B). This solid 
material was transported along ~2.5 km (B-C) and deposited 
on the northernside of the urban area of Mocoa (C-D). (Up) 
Map view of control points A, B, C, and D; (down) riverbed 
profile pre- and post-event.  

The hydraulic capacity of the streams running 
along this valley varies depending on the 
magnitude of rainfall and on the amount of 
effective runoff. Under normal conditions, water 
cannot erode the terraces. However, under extreme 
rainfall conditions, large volumes of runoff reach 
higher velocities. Water can then easily erode the 
alluvial banks and incorporate the blocks 
embedded in the granular matrix into the flow. In 
such conditions, the standing blocks found in the 
upper part of the basin could be conveyed by the 
flow, as could the mixture of blocks and granular 
matrix previously deposited on the terraces along 
the thrust fault zone. In this respect, one could 
consider the middle part of the basin, in the 

influence area of the Mocoa-La Tebaida fault, as a 
source of solid material for debris flows, 
particularly when high erosive flow velocities are 
recorded in the basin. Figure 6 presents the spatial 
distribution of source, transport, and deposit areas 
along the Taruca and Taruquita creeks, based on 
the field interpretation of the 2017 event. The 
longitudinal profile in Fig. 4b is obtained from pre- 
and post-event digital elevation models and is 
calibrated from field observations. Riverbed 
scouring is the main process that modifies the river 
morphology along the intermediate part of Taruca 
and Taruquita creeks, with measured changes of the 
level of the riverbed of between 4 and 7 m. 

High-speed flows are conditioned in the basin by 
high intensity and persistent rainfalls, and by the 
antecedent moisture condition (ground water level) 
on the slopes of the steepest part of the basin. This 
implies that the hydraulic response of the basin is 
strongly dependent on the amount of antecedent 
rainfall (as shown in Fig. 2b) and saturation of the 
slopes in the upper part. Analyzing the period 
comprised between March 1 and March 31, 2017, 
rain gauge records show that during the first 16 
days of the month, 408 mm of precipitation fell on 
the area. This amount of rainfall contributed to the 
saturation of the basin and is supported by field 
observations of ephemeral water springs near the 
scarps and of highly saturated mobilized material. 
When the ground water level is close to the ground 
surface, intense rainfall events trigger landslides in 
the V-shaped valley. These landslides, depending 
on the amount of slid material, could dam the 
creeks or be incorporated into the flow, turning it 
into a viscous fluid. Thus, the Mocoa Basin could 
react to intense rainfall with debris flows, 
hyperconcentrated flows, and mudflows as on 
March 31 (2017) or solely as mudflows on the 
August 31 (2017). 

At midnight on March 31, 2017, after a 4-h long 
torrential rain episode, two large mass movements 
simultaneously affected the urban area of Mocoa: a 
debris flow along the Taruca Creek and a mudflow 
along the Mulato River. At 10:00 pm (local time), 
rain started to pour down in Mocoa and the flood 
arrived in town at approximately 1:00 am. The 
debris flow along the Taruca riverbed destroyed the 
power station located on the outskirts of Mocoa. 
The city suffered a blackout prior to the arrival of 
the flow. Hence, no video recordings are available 
of the flooding, but according to eyewitness 
accounts (Medina et al. 2017), the flow velocity 
was estimated as being close to 5 m/s, which, as 
specified by Hungr et al. (2014), the landslide 
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velocity scale could be described as an extremely 
rapid mass movement. 

3.1 Mass movements 

The landslide inventory by The Colombian 
Geological Service in collaboration with the 
Regional Corporation Corpoamazonia surveyed 
and mapped the mass movements in the zone 
before and after the 2017 event (Medina et al. 
2017). Figure 5 presents a spatial distribution of 
mass movements that occurred as precursors to the 
2017 event. Mass movements were tallied in 1 Ha 
cells (100 m by 100 m), highlighting the 
predominance of flow-type movements over 
landslide-type movements and their concentration 
on the upper part of the study area. Flow-type 
movements concentrated westwards of Mocoa’s 
urban area, allowing the identification of three 
main groups that can be linked to the geological and 
geomorphological context presented in the 
Introduction section of this article. One group 
localized along and above the Mocoa-La Tebaida 
fault, at the transition between the Mocoa 
Monzogranite, the Orito formation, and the alluvial 
deposits. The other two groups localized between 
the Mocoa-La Tebaida fault and the Cantayaco 
fault, transporting materials derived from 
conglomerates, claystone, and mudstones from the 
Orito and Pepino formation. Figure 5a shows that 
for the 2017 event, the greater density of mass 
flows occurred in the surrounding area of the 
watercourse of the Taruca and Taruquita creeks. 
Moreover, the landslide-type movements were 
spread throughout the study area with no evident 
pattern, no characteristic transported material, and 
with no direct relationship with the identified fault 
system or geomorphological patterns. 

The mass movements triggered by the 2017 
event can be described by a statistical analysis 
supported by the landslide inventory. The statistical 
analysis is expressed as the ratio between the area 
of a single movement Ai over the total movement 
area ∑Ai. Figure 6 a–c presents the area-ratio 
histogram of movement types, mobilized volume, 
and vegetation cover as a function of the average 
gradient of the failed slopes, respectively. Most of 
the mass movements are of flow-type, occurring 
predominantly over a wide range of slopes between 
4 and 48°, while landslide-type movements occur 
at gentler slopes. Overall, the 2017 event triggered 
predominantly very small landslides (≈57% in a 
range of 500 to 5000 m3 according to the 
classification of Fell (1994)), occurring 
predominantly at inclinations of between 30 and 
32°. Finally, Fig. 6d presents the distribution of the 
number of events as a function of the mobilized 
volume, exhibiting a power law trend common in 
many other contexts (i.e., ramification of stream 
networks, growth of bacterial colonies, dendritic 
crystals in rocks) and within the field of Laplacian 
growth of out-of-equilibrium processes (Ben-Jacob 
and Garik 1990; Dodds and Rothman 2000; 
Meakin 2011). This trend shows that in quantity, 
extremely small movements (<500 m3) are one 
order of magnitude larger than very small and small 
movements (Fell 1994), implying a scaling 
invariant of natural processes and in particular of 
erosion patterns in tropical river basins with respect 
to their occurrence and volume 

 
  

 

Figure 5. Count of mass movement type in 1 Ha cells (landslide inventory raw data from (Medina et al. 2017). A. Flow count 
and b landslide count Mocoa’s urban area is shaded on the right, next to the Mocoa River.  
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Figure 6. Statistical analysis of the mass movements inventory, focusing on the movement area Ai and the total movement area 
∑Ai. (a) Distribution of mass movement type across slopes; (b) distribution of mass movement volume across slopes; (c) 
distribution of mass movement cover across slopes; and (d) total events count by volume.  

4 DISCUSSION AND FINAL COMMENTS 

This study presented a description of the 2017 
event that resulted in a series of mass movements 
in the Mocoa Basin. A period of almost 14 days 
with no rain was followed by 4 days of accumulated 
rainfall with high intensity precipitation. This is 
identified as the main triggering factor of several 
mass movements on the night of the event. 

According to the geological and 
geomorphological settings, the middle part of the 
Mocoa Basin, southeast of the Mocoa-La Tebaida 
fault, was found to be the source of solid material 
for the debris and hyperconcentrated flows along 
the Taruca Creek. These flows were released by 
increased flow velocities caused by abrupt changes 
along the V-shaped valley, resulting in scouring at 
between 4 and 7 m deep on the river bed. 

The landslide inventory highlights the 
concentration of flows along and above the Mocoa-
La Tebaida fault, and between the Mocoa-La 
Tebaida fault and the Cantayaco fault. Overall, the 
Mocoa event triggered predominantly very small 
landslides (≈57%) in a range of 500 to 5000 m3, 

occurring predominantly at inclinations of between 
30 and 32°. Most of the movements occurred on 
forested land (≈49%), suggesting that poor 
vegetation cover (≈20%) was not a dominant factor 
in triggering the mass movements of the 2017 
event. This conclusion is supported by field 
observations, where most of the mass movements 
in poorly vegetated areas coincided with rock 
outcrops or abrupt slope changes in the influence 
area of Mocoa-La Tebaida thrust fault. From this 
study, we conclude that the main cause of the mass 
movements of the 2017 Mocoa event was the 
combination of short period intense rains, the 
geological setting controlled by the Mocoa-La 
Tebaida thrust fault, and the associated saturation 
of the basin 4 days before the event. 
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