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Abstract 
Mass movements are natural phenomena capable of substantially affecting the environment, the socio-economic 

development of communities, and even destroy the cultural and historical legacy of humanity. Understanding the 

behavior of these phenomena enables the protection and risk reduction of vulnerable elements. Based on this, we 

preliminary studied the hillslopes instabilities, and debris flows, which have been affecting the Tierradentro National 

Archaeological Park (TNAP), a UNESCO World Heritage Site. The TNAP is known for its excellent preservation of 

hypogea sites from a San Agustín-related Culture (600-900 AD). Hypogea are underground tombs painted with red 

and black mineral dye and decorated with ornate anthropomorphic, zoomorphic, and geometric carvings. We focus 

in this work on a rainfall-induced event that occurred on the night of October 31, 2017, after a heavy rainfall of 98 

mm struck the San Andrés creek catchment, where most of the hypogea sites are located. This rainfall-induced event 

triggered at least 193 landslides, most of them small process with a mean area of 3.86x10-3 km2 and mainly 

concentrated on residual soils of Neogene volcaniclastic deposits. Along with the lithology, the abrupt topography 

with steep slopes at the upper catchment were the main contributors to the occurrence of these landslides. Based on 

the satellite-derived inventory, a total landslide-volume of about 3.74x105 m3 was calculated. 

Regarding the debris flow, it was originated at the catchment of the San Isidro and El Cabuyo gullies, traveling later 

southeastward through the San Andrés area, destroying the entrance to the Sevilla Hill, one of the main hypogea 

sites. The flow rapidly increased its volume and erosion capacity after breaching and involving several landslide 

deposits originated not only during the rainfall-event but also stored in the form of colluvium deposits. In several 

reaches, where channel gradient steepens (up to 0.19), bed scouring and lateral erosion facilitated the volumetric 

growth of the flow and triggered further hillslope instability and landsliding. On May 8, 2018, the local TNAP 

authorities reported a new debris flow related to the San Andrés creek. This second event was also rainfall-related 

and triggered further hillslope instability that destroyed several houses along its path. Our study presents valuable 

observations about the actual hazardous processes along the San Andrés catchment, which in turn have been 

disturbing not only the TNAP facilities and protected cultural sites but also local inhabitants of the San Andrés de 

Pisimbalá town and surrounding areas.  
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1 INTRODUCTION 

The Tierradentro National Archaeological Park 
(TNAP), at the municipality of Inzá (Cauca 
Department), is one of the most striking 
archaeological sites in Colombia, cataloged as a 
World Heritage Site by UNESCO (UNESCO 
1995). The TNAP is known for its excellent 
exposure and preservation of several hypogea 
(Figure 1) from a San Agustín-related Culture 
(indigenous people who inhabited this area 
between 600 and 900 AD). Hypogea are 
underground tombs decorated with polychrome 
murals painted with remarkable geometric, 
zoomorphic and anthropomorphic designs 
elaborated with red and black mineral paint on a 
white background (a 3D view of a crypt can be seen 
at https://tierradentro3d.com/); the chambers of the 
more impressive underground structures were also 
decorated with elaborate anthropomorphic 
carvings (http://whc.unesco.org/en/list/743/).  

Figure 1. Example of a hypogeum at the Sevilla Hill. 

One of the most peculiar sites where hypogea can 
be observed is located ~1.5 km southeastward from 
the San Andrés de Pisimbalá town (SADP, Figure 
2), on top of the Alto de Sevilla (Sevilla Hill, 
2°34’25.64’’ N 76°1’59.27” W). Colombian and 
foreign tourists often visit this site where around 23 
well-preserved hypogea are exposed. The access to 
the tombs is achieved by a cane suspension bridge 
that is ~5 m high from the San Andrés creek. On 
the night of October 31 and the first hours of 
November 1, 2017, following a two-week rainy 
period, a rainfall-induced debris flow destroyed the 
suspension bridge mentioned above, and lateral and 
bed scouring induced critical instabilities to the 
housing facilities at the entry of the TNAP. 
Moreover, intense landsliding processes triggered 

upstream put the authorities on alert because of the 
possibility that hillslope instability will induce not 
only irreparable damages to hypogea but even 
human losses. Within the same catchment, three 
other hypogea sites are known and preserved by the 
Colombian Institute of Anthropology and History 
(ICANH): (i) Alto de San Andrés; (ii) Alto del 
Aguacate; (iii) and Alto del Tablón (Figure 2). 

Natural disasters, including landsliding, are 
frequent in UNESCO protected sites. For instance, 
after the 2017 Jiuzhaigou Earthquake that stroke 
the Jiuzhaigou Valley, Wang et al. (2018) reported 
about 2,212 coseismic landslides affecting an area 
of about 1,275 km2 with plenty of damages, the 
most serious including valuable touristic attraction 
assets. Several other valuable works have also 
compiled and analyzed the vulnerability of a series 
of UNESCO Cultural Heritage Sites that have been 
partially affected by ground deformation and 
natural instabilities such as those located in Machu 
Picchu (Perú), Umbria (Italy), the Spis Castle 
(Slovakia), among others (Vlcko 2004; Lollino and 
Audisio 2006; Canuti et al. 2009). Hence, studying 
the impact of natural hazards on UNESCO 
protected sites must be of primary interest not only 
for understanding the instabilities phenomena but 
also to provide valuable information to develop the 
landslides mitigation policies needed to prevent 
future irreparable damages. Accordingly, the main 
motivation of this work is to study the landsliding 
phenomena which concern the TNAP in recent 
years. In this preliminary work, a satellite-derived 
landslide inventory and a kinematic analysis of the 
debris flow was developed to assess better the 
landslides mechanism and debris flow formation 
associated with the triggering event and the further 
repercussions on hillslope instability on the TNAP. 
Furthermore, several morphometric indexes were 
calculated for the watersheds involved to discuss 
debris flow hazards. 

2 STUDY AREA: GEOLOGICAL AND 
GEOMORPHOLOGICAL BACKGROUND 

From a regional geological perspective, the 
TNAP is located ~35 km to the south of the Nevado 
del Huila volcano, the highest volcano in the 
Colombian Andes (5360 m altitude) that presents 
permanent fumarolic and seismic activity and 
extensive extrusive and pyroclastic deposits 
(Correa et al. 2000). After the Páez earthquake 
(June 6, 1994), a partial collapse of the glacier 
covering the top of the volcano was the primary 
water source during the catastrophic Páez debris 
flow, killing by then about 1,100 people. The 
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earthquake (and cumulative rainfall) also triggered 
thousands of landslides on steep slopes, mainly 
developed in residual soils formed by weathering 
of Neogene pyroclastic deposits (Casadevall et al. 
1994).  

Figure 2. Geological map of the San Andrés Catchment. The 
hypogea sites are also shown (2 = San Andrés; 3 = El 
Aguacate; 4 = Sevilla; and 5 = El Tablón). A= San Andrés 
creek; B= El Mesón gully; C = El Cabuyo gully; D = San 
Isidro gully; 1 = SADP. CC = Central Cordillera. After 
INGEOMINAS (2003). 

At the study area, Neogene welded pyroclastic 
deposits from the San Andrés Member, one of the 
lowest members of the Popayán Formation, are the 
dominant lithology. This unit is covering Neogene 
lavas from the Polindará member (Popayán Fm.), 
Paleozoic metamorphic rocks of the Cajamarca 
Complex, and Metasedimentary rocks of the 
Vitoncó Unit (Figure 2). The San Andrés Member 
is composed of light gray and yellowish-white 
pyroclastic deposits with an average thickness of 
about 25 m, formed because of debris, and ash flow 
composed by andesitic and metamorphic lithics, 
volcanic glass, quartz, biotite and pumice 
(INGEOMINAS 2003). Because of typical tropical 
humid conditions, the pyroclastic deposits have 
been affected by chemical weathering, forming 
residual soils up to 3 m in thickness. It is 
noteworthy to say that hypogea were carved in 
these pyroclastic residual soils. Metamorphic rocks 
of the Cajamarca Complex mostly compose the 
lowest parts of the catchment (Figure 2). This 
lithodemic unit is composed of sericite and 
carbonaceous schists. Lowest topographic areas of 
the catchments are covered by fluvial and alluvial 
deposits (Figure 2), where at least three torrential 
events are observed interbedded with well-rounded 
gravelly layers; these deposits suggest that the San 
Andrés creek has presented hyperconcentrated and 
debris flows in recent times.  

From a geomorphological perspective, the San 
Andrés creek drains a moderately elongated 
catchment with substantial topographic variations 
and steep slopes related to variable response in 
lithological strength. The highest elevations are 
observed to the west of the catchment, with a 
maximum altitude of 3021 m, while the lowest 
elevation is of ~1400 m. Lava flows and slightly 
weathered welded pyroclastic units develop 
pronounced scarps and waterfalls, especially in the 
upper catchment where the average slope is ~42°. 
The lowest part of the catchment, where the SADP 
town is emplaced, slope gradient decreases to 10°-
15° with deposition of colluvium and alluvial 
material in the form of lobes and terrace. The 
catchment is moderately asymmetric, with a 
slightly tilting to the southwest because of the 
structural control induced by metamorphic 
foliation. 

3 OVERVIEW OF THE SAN ANDRÉS 
DEBRIS FLOW (SADF) 

3.1 Triggering mechanism: rainfall data 
analysis 
Rainfall data were obtained from the San Andrés 

rain gouge station (SARG) located at SADP, and it 
was compared with data from the Inzá 
Meteorological Station (IMS) located ~4 km to the 
south of the SARG. Rainfall data was provided by 
the Instituto de Hidrología, Meteorología y 
Estudios Ambientales (IDEAM). The SARG had 
worked since 1975, allowing us to obtain the 
monthly multiannual average (MMA) for the study 
area (1975-2016). Rainfall data shows a bimodal 
behavior with two rainy periods between March 
and April, as well as October and December 
(Figure 3A). Between these two periods, a dry 
month is observed in August with an MMA of 97 
mm. Maximum daily (AMD in Figure 3A) rainfall 
values were reported in May and November with 
rainfall peaks up to 111 mm/day. In terms of daily 
rainfall data reported for October and November 
2017, the SARG shows a rainfall peak on October 
31 of about 95 mm, almost the same value of the 
MMA in August, and even surpassing the AMD 
observed (75 mm, Figure 3A). This rainfall peak is 
considered as the triggering precipitation that 
caused the SADF and landsliding at the catchment 
(Figure 3B). However, a precursory rainfall of 50 
mm and a cumulative 5-day rainfall of 137 mm are 
considered as critical factors to increase pore 
pressure and ease hillslope instability (Figure 3B).  
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Figure 3. (A) Monthly multiannual average (MMA) and 
average maximum daily rainfall (AMD) in the period 1975-
2016 obtained from the SARG. Daily and cumulative rainfall 
for the November 2017 (B) event, obtained from the SARG 
and cumulative rainfall from the IMS for comparison. Native 
data provided by IDEAM. 

Comparisons with cumulative rainfall obtained 
from the IMS show that rainfall pattern was not 
uniform in a small area, with heavy precipitations 
concentrated at the catchment of the San Andrés 
creek (Figure 3B). Heavy rainfall summed to steep 
slopes, soft material, and an increase in pore 
pressure after precursory events (rainfall peak on 
October 26, 2017, of 50 mm) is likely the factors 
triggering and contributing to the SADF event. 

Regarding the May 8, 2018 event, rainfall data 
obtained from the SARG shows a rainfall peak on 
this day of 48 mm with a cumulative 3-day rainfall 
of 98 mm. This cumulative rainfall under known 
conditions and inherited instabilities from the 
SADF are likely to generate the landsliding, and the 
debris flow observed. Furthermore, footage 
material provided by TNAP staff reveals that new 
areas have suffered landslide retrogression, and 
slope instabilities have evolved into soil slides and 
debris avalanches. 

4 LANDSLIDE INVENTORY 

4.1 Methods 
A preliminary supervised-landslide inventory 

was carried out to recognize prone areas to develop 
landslides, prioritize further field surveys, and 
estimate landslide influence in debris flow 
formation. Medium-resolution satellite imagery 
from the Sentinel constellation (Sentinel 2; 
acquired on December 15, 2017), with a low cloud 
coverage (<10%), was the native data used for 

landslide inventory. From this image, a composite 
band procedure was conducted via GIS to get true 
and infrared color imagery (R5-G4-B3 and R8-G4-
B3, respectively) that are ideal for landsliding 
recognition (Figure 4). Slope calculation and 
drainage catchment delimitation were obtained 
from a 12.5 m-resolution terrain-corrected DEM 
from the ALOS sensor (acquired in October 2011). 

Figure 4. Landslide inventory compiled for the San Andrés 
catchment. The Infrared colored image (R8-G4-B3) used for 
interpretation is also shown. Letters and numbers as in Figure 
2. 

4.2 Results and Discussion 
In total, 193 processes were mapped (Figure 4), 

of which 111 are flow-type (57.51%), 56 are slide-
type (29.02%), 19 are complex landslides (9.84%), 
and seven processes (3.63%) were not identified. 
Besides landsliding, tension cracks, and minor 
scarps are observed along the tertiary road that 
connects San Andrés with the Inzá municipality. It 
is worth noting that, according to local inhabitants, 
slope instability was first induced by the Páez 
Earthquake in 1994 (6.8 Mw). Considering the 
distance of the San Andrés watershed with the 
epicenter of the mentioned earthquake (less than 50 
km), a triggering factor (not in this particular case) 
that enhances landslide susceptibility within this 
watershed, and that must be considered in future 
hazard assessment projects in the TNAP.  

It is quite particular the higher density of 
processes triggered on the slopes of the San Isidro 
and El Cabuyo gullies (Figure 5), which are 
developed on slopes with low to moderate 
anthropic pressure for grasslands. Indeed, the 
infrared colored imagery favors the interpretation 
of a dominant forest cover at the upper reaches, 
where the SADF initiated. Then, we interpret that 
land cover is not a primary conditioning factor in 
landslide development. 
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Figure 5. Slope instabilities at the San Isidro area after the 
SADF. Bank erosion and channel scouring are observed in 
this gully reach. 

In a geomorphic approach, most of the landslides 
were triggered on steep slopes (Figure 6) ranging 
from 31°-50° (39.37%), followed by slopes 
between 21°-30° (37.31%). The average landslide 
slope obtained from the DEM calculation is 27.49°, 
which is close to the threshold slope for materials 
stability observed in many other areas (e.g., 
Burbank et al. 1996). Besides the slope angle, we 
obtained the plane curvature and the slope position 
for each initiation point (Figure 6). Most of the 
landslides are preferably developed on convex 
shaped hillslopes, however, the difference with the 
concave hillslopes (negative values) seems not 
significant. Regarding the slope position, most of 
the initiation points are located at middle slopes 
(~41%), however, 33% are at the ridges (Figure 6). 
These results are relevant because most of the 
hypogea sites within the TNAP are located at 
ridges. The statistic analysis of the slopes and the 
slope position suggest that the landscape where the 
hypogea are located may be highly susceptible to 
landsliding. 

In terms of lithology, most of the landslides were 
developed on pyroclastic deposits from the 
Popayán Formation (95.85%), while the remaining 
landslides were triggered on weathered 
metamorphic rocks (1.55%) and colluvium 
deposits (2.59%). During fieldwork, it was 
observed that pyroclastic deposits are moderate to 
highly weathered, developing residual soils 
reaching up to 3 m in thickness. Failure surfaces on 
these soils are often related to translational slides 
that, in turn, evolve into debris avalanches and 
secondary debris flow from feeder gullies. We 
interpret this fact as a landscape that is still 
adjusting to the income of vast amounts of material 
from the explosive Neogene vulcanism 

characteristic of the study area. It is well-known 
that the magnitude and extent of sedimentation 
responses increase as the degree of landscape 
disturbance increases, with these responses 
spanning from 102 even up to 105 yrs timescales 
(Gran et al. 2011; Pierson and Major 2014). 
Therefore, widespread instability observed on 
volcaniclastic materials are related to stream 
incision and hillslope difussion exerted to evacuate 
the exceeding volcaniclastic material deposited 
during the late Cenozoic explosive history of the 
Central Cordillera volcanoes, especially the 
Paletará and Gabriel López calderas. This 
conditioning factor is then the primary feature 
making the San Andrés watershed highly 
susceptible to mass wasting processes. 

Figure 6. Statistics of three terrain factors (slope, plan 

curvature, and slope position) for the landslide inventory. 

4.2.1 Area-Volume distribution 

After GIS processing, we observed that all the 
landslides are small, with a mean area of 3.86x10-3 
km2. Following the power-law proposed by 
Larssen et al. (2010), we calculated the triggered 
landslide-volume as follows: 

 𝑉 = 0.146 ∗ 𝐴1.145    (1) 
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Where A is the landslide area in m2. Based on this 
equation, a mean landslide-volume of 1,936 m3 for 
our inventory was calculated. By summing up the 
individual landslide volumes, we totaled an event 
landslide-volume of about 3.74x105 m3. 

5 CHARACTERIZATION OF THE SADF 

5.1 Morphometric analysis 
In terms of the San Andrés Debris Flow (SADF), 

triggered on the night of October 31, 2017, based 
on field investigation, material entrainment after 
landsliding of colluvium deposits and residual 
soils, and easily erodible alluvial deposits, are 
considered an essential contributing mechanism for 
volumetric growth. Field and satellite imagery 
observations suggest that debris flow formation 
was favored by landslide deposits entrainment in 
the upper part of the San Andrés catchment. The 
longitudinal profile of the San Andrés creek at its 
upper channel section shows an average gradient of 
0.15 (Figure 7) with the first entrance of sediment 
provided by gully erosion and secondary debris 
flow.  

Figure 7. Longitudinal profile along the San Andrés creek 
with channel gradient sectoring. 

A second reach where the gradient diminishes to 
0.08 is observed before the entrance of secondary 
debris flows from a feeder gully (Figure 7). In this 
area, intense landsliding in the form of debris 
avalanches and complex landslides are causing 
channel aggradation and bedrock armoring (Figure 
8A). A dramatic increase in channel gradient up to 
0.19 in a third reach is considered as the 
fundamental morphometric aspect that enhanced 
debris-flow volume and runout (Figure 7). Theule 
et al. (2015) proposed a critical slope threshold of 
0.19 (ranging from 0.17-0.21) under which the 
channel slope favors bed scouring and, therefore, 
flow volumetric changes and velocity. 

Figure 8. (A) Bed scouring associated with the SADF; (B) 
TNAP facilities affected by lateral erosion after the SADF. At 
this point, it was located the access bridge to the Alto de 
Sevilla hypogea; (C) Flow deposits after the May 8, 2018 
event. Note channel filling, particle size involved, and recent 
deposits on the left margin. Photos were taken at the San 
Isidro area. This photograph was courtesy of TNAP 
personnel. 

The transformation of potential energy into 
kinematic energy (achieved in steepest channel 
sections), as observed by Iverson (1997), is a 
prominent issue that dominates debris flow 
physics. Besides this, flow acceleration can be 
produced by partial blocking and erodible bed 
channels (Chen et al. 2014). Partial and total 
blocking of the stream can be easily breached when 
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upstream discharges have considerable kinematic 
energy that we speculate can be possible after 
dramatic changes in channel gradient. When even 
fast stream flows impact partial blockings, soil 
particles (e.g., landslide deposits) are almost 
immediately entrained into the flow, causing an 
increase in flow solid concentration (Zhou et al. 
2013). From this point, a chain of events can be 
expected, where several processes act 
simultaneously, increasing flow volume and 
velocity. Under these new conditions where flow 
velocity and discharge had increased, the granular 
material (including boulders) can be entrained, 
facilitating channel bed scouring (de Haas and van 
Woerkom 2016). Although the upper catchment 
was not visited during the field survey, satellite 
imagery shows many landslide deposits reaching 
the San Isidro and El Cabuyo gullies (Figure 4). 

Consequently, landslides deposits acting as 
temporary dams along the upper reaches of the San 
Isidro gully might be the responsible factor in 
enhancing the solid concentration and therefore 
increase of the flow erosive potential and viscosity. 
This mechanism is frequent in mountainous 
catchments (e.g., Tang et al. 2011; Cui et al. 2013; 
Li et al. 2019) and it was recently observed in the 
Mocoa debris flow also in the Colombian Andes, 
which led to more than 300 casualties (García-
Delgado et al. 2019). 

After the third reach, at the lowest part of the San 
Andrés catchment, hillslope instability caused by 
lateral erosion increased, and it is evidenced by 
slide-type landslides generated after slope failure 
(Figs. 7 and 8). In addition to the above, two 
secondary debris flow that traveled southward from 
El Mesón creek also favored material entrainment 
into the SADF at the San Isidro area that, in turn, 
caused partial damages and destruction in vehicular 
and pedestrian bridges, respectively. In these 
reaches, channel gradient decreases up to 0.05 
(Figure 7), which summed to drainage curves 
induced loose in flow kinematic energy and 
deposition of debris levees with several meters 
thick (1 m - 3 m). These levees are poorly sorted 
gravel-sandy deposits composed by welded tuffs, 
lavas and minor metamorphic lithics that we 
assumed were originated from colluvium, residual 
soils and alluvial deposits eroded at the upper 
catchment. Boulders up to 5 m were observed 
within flow deposits, evidence of the transportation 
capacity, and velocity acquired by the SADF. Both 
lateral erosion and levees deposits are observed 
along channel meanders. At the TNAP entrance, 
the flow reached a height between 4 m - 5 m and 

caused lateral erosion and destruction of the 
pedestrian bridge (Figure 8B).  

A first approximation of the SADF velocity was 
performed at the lowest reach of the San Andrés 
creek, where main affectations to the TNAP 
facilities were observed. We used an empirical 
method commonly applied in debris flows (e.g., 
Cui et al. 2013; Ni et al. 2014): 

 𝑉𝑐 = 𝐾 ∗ 𝐻𝑐2 3⁄ ∗  𝑆1 5⁄    (2) 

 

Where Vc is flow velocity in m/s, K is a 
parameter that depends on flow depth (6.0 in this 
contribution), Hc is the flow depth (4.5 in average), 
and S is the longitudinal gradient at the analyzed 
section. Although fieldwork was conducted 
approximately five months after the SADF, mud 
traces used to assess flow depth were associated 
with the SADF event. This information was 
corroborated with local people and TNAP 
personnel. Two sections were analyzed between 
SADP, and TNAP facilities, both characterized by 
an almost straight, narrow, and low gradient 
channel. Flow velocities estimated for the SADF at 
the lowest reach are ranging from 9.2 to 9.4 m/s, 
which is a high value considering channel 
characteristics. However, this is the first 
approximation, and more detailed hydrological 
studies should be performed in this area. 

On May 8, 2018, local TNAP authorities 
reported a new debris flow. This second event was 
also rainfall-induced and caused massive hillslope 
instability. For instance, the El Cabuyo Slide, at the 
San Isidro area, destroyed a country house located 
at ~ 15 m of the main scarp. Although this event 
had a lower magnitude than the SADF, the flow 
involved large stones up to 2 m (Figure 8C), 
developing a clast-supported deposit with inverse 
grading. Because channel morphology was affected 
after the SADF, deposition of flow material was 
observed in the upper catchment, filling sections 
previously scoured during the SADF event (see 
Figure 8C). 

6 SUMMARY AND CONCLUSIONS 

A rainfall-induced event that occurred at the 
nighttime of October 31, 2017, triggered at least 
193 landslides and a destructive debris flow that 
partially affected the facilities of the TNAP. It was 
observed that a heavy rainfall up to 95 mm that 
occurred on the night time of October 31 and the 
first hours of November 1 was the triggering 
mechanism of the event. This heavy rainfall mainly 
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affected fractured and weathered Plio-Quaternary 
pyroclastic deposits from the San Andrés Member 
of the Popayán Formation. These materials, the 
same were the hypogea sites are carved, are highly 
susceptible to slid. A preliminary landslide 
inventory showed that flow-type landslides were 
the most common processes observed in the study 
catchment. A significant amount of these processes 
were triggered on steep slopes near or at ridges, 
becoming thus a significant hazard for hypogea 
located at similar locations. A total landslide-
volume of about 3.74x105 m3 was derived from 
satellite imagery, demonstrating the actual intense 
erosion processes at the TNAP.  

Regarding the debris flow, partial and total 
blocking of the San Andrés creek by landslides and 
channel morphologic changes were the main 
contributors for debris flow initiation, volume 
increase, and long-runout. Lateral erosion and bed 
scouring were common processes along the debris 
flow path, which acquired a flow velocity of about 
9 m/s at the lowest reach, causing then intense slope 
instability and critical economic losses not only for 
TNAP but also for inhabitants. A second debris 
flow event triggered on May 8, 2018, demonstrates 
the actual unstable hillslope conditions of the San 
Andrés catchment and its susceptibility to being 
struck by this type of process in short periods of 
recurrence. 
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