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Abstract

Morphological characteristics of debris-flow deposits are a fundamental part of the field study of the process. The deposits show
aspects related to flow dynamics, which reflects its main mechanics and enables the correct identification of process. Occurrences
of debris flows are quite common in Brazil, especially in the Serra do Mar region, located at the southern/southeastern coast of
the country. Geological and geomorphological characteristics and high rainfall indexes contribute to high susceptibility of the
process in the region. In one of those occurrences, in the summer of 1967, the city of Caraguatatuba was intensely affected by
high rainfall far above the average, with maximum values in between the 17th and 18th of March (586 mm/48h), which triggered
landslides and debris flows that destroyed the city. In this way, the goal of this research was the morphological characterization
and identification of debris-flow deposits from the 1967 event, in Caraguatatuba, Serra do Mar/Brazil. To achieve this goal, the
following steps were made: a) selection of watersheds hit by debris flows; b) mapping of the debris-flows deposits in field
surveys; and c) identification of morphological characteristics of deposits, applying field records. The results showed that the
deposits mapped presented common characteristics described in literature as typical of debris flows, highlighting the presence of
inverse grading, lateral levees and large boulders. The watersheds showed differences related to morphology types of deposits,
indicating the influence of its characteristics in deposition. Those results contribute to the study of debris flow, mostly to
identification of susceptible areas but also to mitigation actions promoted by the government, aiming to improve land use
planning, avoiding occupation of those areas by population.
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1. Introduction

Debris flows are among the mass movements with the highest destructive power due to their capability to
transport high volume of several types of material (e.g. boulders, organic matter) through long distances in high
velocities. When debris flows reach areas of lower relief, where people and infrastructure are concentrated, they
commonly cause social and economic damage, including casualties.

In the southern and southeastern region of Brazil, the occurrences of debris flow are common, which causes
destruction and damage to local infrastructure, homelessness and a higher number of deaths (Vieira and Gramani,
2015). By being a process with a long time return and for the lack of risk mapping and government support, the
population occupies susceptible areas, constructing its houses in deposits from past events or using it with
landscaping purposes, ignoring the risk to new occurrences. In Brazil, the primary historic debris flows which
caused casualties include: Caraguatatuba in 1967 with 120 fatalities; Santa Catarina in 2008 with 135 fatalities; Rio
de Janeiro Mountain Region in 2011 with more than 1.000 fatalities; and Itaoca in 2014 with 25 fatalities (Jones,
1973; Avelar et al. 2011; Kobiyama and Michel, 2014; Matos, et al., 2017; Dias et al., 2016a; Dias et al., 2016b;
Gramani and Martins, 2016; Picango et al., 2016; Gomes, 2016; Dias, 2017; Cdrrea, 2018).

Identification of debris-flow deposits is an important determinant of areas susceptible to debris flow. Identifying
distinctive sedimentary features that show flow dynamics, such as inverse grading, lack of sorting and large
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boulders, differentiates debris-flow deposits from other deposits, like floods or debris floods. (Johnson, 1970; Costa,
1984; Jakob, 2005; Welsh and Davies, 2010).

Characterization of debris-flow deposits can contribute to a better understanding of the process, in addition to
serving as a support to the government in preventive and mitigative measures in susceptible areas. Therefore, the
aim of this research was identification and characterization of debris-flow deposits in the city of Caraguatatuba,
related to the 1967 event.

2. Study Area

The city of Caraguatatuba is located on the southeastern Brazilian shore, (S&o Paulo State), in a mountainous
region named “Serra do Mar” (Fig. 1). Due to its geological, geomorphological and climatic characteristics, the
occurrence of landslides and debris flow is frequent in Serra do Mar. However, despite the high susceptibility and
occurrence of fatal debris flow, the area is densely populated with none or little control from authorities, which
contribute to higher risk of new fatalities (Matos, 2017).
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Fig. 1. Location of the study area and the watersheds Pau d’alho (1) and Guaxinduba (2).

Rainfall volumes among the summer season between 1965 — 2011 shows a high rate, typical of the region,
however, in the summer of 1966-1967 an unusual rainfall volume affected the city, when the total rainfall exceeded
1.400 mm (Fig. 2), with critical values on March 16" and 17" when it rained about 548 mm/48h, triggering
landslides and debris flows. Several watersheds were hit, including Santo Antdnio, Guaxinduba, Pau d’alho,
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Canivetal and Camburu. The events devastated the city, destroying urban infrastructure, including the main highway
to the city, displacing 400 people and causing 120 fatalities (Fig. 3) (Cruz, 1974; De Ploey and Cruz, 1979; Dias et
al., 2016). More than 50 years after, the area affected has been re-occupied by population, who ignore the evidence
of the debris flows which is still visible in the landscape.
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Fig. 2. Total rainfall in the summers of 1965 — 2011 in Caraguatatuba, Brazil, highlighting the summer of 1966 — 1967. Source: Dias et al.,
2016b.

Fig. 3. (a) Debris-flow deposits (boulders size: approx. > 10 meters of diameter) and (b) part of a bridge destroyed in the 1967 event, in
Caraguatatuba, SP. Source: (a) Cruz (1974); (b) Public Archive of Caraguatatuba.
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3. Methods
3.1. Selection of watersheds hit by debris flows

The selection of watersheds was based on the geomorphological mapping presented by Cruz (1974; 1990), in
which identified the areas affected by landslides and debris flows soon after the 1967 event. The affected areas
present differences concerning occupation and magnitude of the processes. Thus, the watersheds selected are
Guaxinduba and Pau d’alho (Fig. 1). Guaxinduba is a densely occupied area and is near the urban center of the
county. Pau d'alho is located within a privately-owned farm. Both watersheds are identified by Cruz’s map as areas
where debris flows occurred, but without information regarding morphology of deposits (e.g. size, morphological
features).

3.2. Mapping of debris-flow deposits

The mapping of debris-flow inundated area was made using the geomorphological map from Cruz (1974; 1990)
in which the author identified mass movements occurrences in general, without specifying the typology. With this
map, it was possible identifying watersheds where debris flows gone through, as well deposition areas. The map was
treated on Geographical Information System (GIS) to locate and delimitate the inundated area of debris flows in
each watershed. After the digital treatment, field surveys were made to confirm the location of the hit areas and if
the characteristics of the deposits correspond to the process analyzed. It was collected information about location,
access, size and typology of the deposits.

3.1. Identification of the morphological characteristics of deposits

We characterized the morphological features of deposits during field surveys, including location information
(e.g., altitude, coordinate, access, occupation) and features of the deposit (e.g., size, morphological characteristics,
presence of large woody debris). First, it was verified if the areas indicated by Cruz (1974;1990) as from debris
flows shows characteristics indicated in literature as typical from the deposition of the process, such as lack of
sorting, lateral levees and large boulders (Johnson, 1970; Costa, 1984; Eisbacher and Clague, 1984; Ujueta and
Mojica, 1995; Jakob, 2005; Takahashi, 2007; Welsh and Davies, 2010). After that, the location of deposits visited in
the field was overlaid with the digitized mapping from Cruz (1974; 1990) in GIS and new cartographic products
were generated with that information.

4. Results and Discussion

Results showed that both watersheds exhibit morphology typical of debris-flow deposition, as mentioned in
literature, highlighting deposits with inverse grading features and lack of sorting in sediments, one of the main
characteristics indicated as typical from debris flows (Ujueta and Mojica, 1995; Jakob, 2005; Takahashi, 2007;
Welsh and Davies, 2010). However, the deposits are distinct in each watershed. Guaxinduba watershed exhibits
deposits with inverse grading, lack of sorting, and very large boulders. No lateral levees or organic matter were
found (Fig. 4).

The main body of the deposit is in the central area of the watershed where the largest boulders are located, which
are currently used in landscaping. It is an area very much modified and occupied; however, evidences of the 1967
disaster are still visible in the landscape, indicating the susceptibility of the area and the potential risk that residents
are subjected to.

Pau d’alho watershed shows more preserved deposits, with features of inverse grading, sediments with lack of
sorting and predominance of lateral levees along the main channel (Fig. 5). No large boulders or presence of organic
matter were found.
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Fig. 4. Debris-flow deposits in Guaxinduba watershed. The inundated area is from digitized of the mapping made by Cruz (1974; 1990). Pictures
A and C are identified in the enlarged area, near the urban areas.
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Fig. 5. Debris-flow deposits in Pau d’alho watershed. The inundated area is from digitized of the map made by Cruz (1974; 1990).
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By comparison with Guaxinduba watershed, Pau d’alho has no residential occupation, only pasture areas. There
are also buildings to support farm activities and employees, and infrastructure (e.g. roads and powerlines). All main
activities of the farm are established on the flat zones, distant from deposits and steep areas.

Other differences were observed between the two watersheds, beside the occupation. In Pau d’alho, inside the
farm area, was installed the Gas Treatment Unit (UTGCA), from PETROBRAS, responsible to process the natural
gas that will be distributed to the domestic market. The construction of the unit was carefully planned considering
the susceptibility of the area to the occurrence of debris flows, as shown in the report made by the IPT (2006)
(Institute for Technological Research of Sdo Paulo State). Thus, preventive measures were made aiming to mitigate
damages, such as the elevation of part of the structure, to avoid debris, and the construction of a barrier.

This demonstrates a difference in the evaluation and precautions taken in each watershed against debris-flow
hazards. The Guaxinduba population occupies an area without mitigation measures or governmental planning and is
centered among previous debris-flow deposits. Some houses use the large boulders of the debris-flows deposits as
part of their construction (Fig. 6b), in Pau d’alho, the risk of new occurrences was a worry before the UTGCA
installation, aiming to mitigate damages and loss due the occurrence of debris flows (Fig. 6a).

Fig. 6. (a) The Gas Treatment Unit (UTGCA), from PETROBRAS installed in Pau d’alho watershed, with precautionary measures to debris-
flows damage, as the elevation of the pipes (left) and culverts to withstand debris-flow passage (right); (b) boulder used as part of the construction
of a wall from a house, in Guaxinduba watershed.
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5. Conclusion

This work showed the characteristics of debris-flow deposits in two watersheds from the city of
Caraguatatuba/SP (Guaxinduba and Pau d’alho) from the 1967 event. The features found in the deposits correspond
with the main aspects related to the occurrence of debris flows, such as inverse grading and lack of sorting, which
validate and complement the geomorphological mapping made after the event, in 1974.

Also, the results show differences related to the occupation and preventive actions in watersheds despite both
being susceptible to the occurrence of debris flows and still had evidences from past events in the landscape. In spite
of being a very occupied area, Guaxinduba doesn’t have any structure or precautions aiming to mitigate damages. In
comparison, Pau d’alho is a farm area, without residents, however, the recent installation of a natural gas treatment
unit (UTGCA) included debris-flow mitigation design and construction.

Thus, with this work it was possible to characterize the morphology of debris-flows deposits in both watersheds,
as well as the locating debris-flow deposits from the 1967 event and characterizing the risk to the local population
and infrastructure. This study contributes to the understanding of debris flows in Brazil and may promote mitigation
actions to be included through land use planning and the population living in areas susceptible to debris flows.
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