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Abstract

Debris flows represent great hazard to humans due to their high destructive power. Under-
standing their hydrogeomorphic dynamics is fundamental in hazard assessment studies,
especially in subtropical and tropical regions where debris flows have scarcely been studied
when compared to other mass-wasting processes. Thus, this study aims at systematically
analyzing the meteorological and geomorphological factors that characterize a landslide-
triggered debris flow at the Pedra Branca catchment (Serra do Mar, Brazil), to quantify
the debris flow’s magnitude, peak discharge and velocity. A magnitude comparison with
empirical equations (Italian Alps, Taiwan, Serra do Mar) is also conducted. The meteor-
ological analysis is based on satellite data and rain gauge measurements, while the geo-
morphological characterization is based on terrestrial and aerial investigations, with high
spatial resolution. The results indicate that it was a large-sized stony debris flow, with a
total magnitude of 120,195 m?, a peak discharge of 2146.7 m® s™! and a peak velocity of
26.5 m s™!. The debris flow was triggered by a 188-mm rainfall in 3 h (maximum intensity
of 128 mm h_'), with an estimated return period of 15 to 20 years, which, combined with
the intense accumulation of on-channel debris (ca. 37,000 m3), indicates that new high-
magnitude debris flows in the catchment and the region are likely to occur within the next
two decades. The knowledge of the potential frequency and magnitude (F—M) can support
the creation of F—M relationships for Serra do Mar, a prerequisite for reliable hazard man-
agement and monitoring programs.
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1 Introduction

Debris flows pose great threat to human life and infrastructure, especially in mountain
regions, due to their sudden occurrence, high mobility, volume, impact energy and large
run-out distance (Iverson 2000; Begueria et al. 2009; Luna et al. 2012). These phenom-
ena occur when a mixture of earth material, water and air very rapidly surges down steep
drainage paths (Varnes 1978; Takahashi 2006; Hungr et al. 2014) and their primary trig-
gering factor is high-intensity rainfall (Milne et al. 2008). The increasing frequency of
extreme rainfall events on a global scale (Beniston 2009; Giorgi et al. 2011; Borga et al.
2014; Westra et al. 2014) has been associated with an observed increase in the frequency
and magnitude of debris-flow events (Stoffel and Huggel 2012; Winter and Shearer 2014;
Borga et al. 2014), which, combined with landslides, were responsible for more than
32,000 casualties between 2004 and 2010 (Petley 2012; Borga et al. 2014).

An increase in the frequency of extreme precipitation events has also been observed for
southern and southeastern Brazil (Teixeira and Satyamurti 2011), which could alter mass
movement dynamics in the country. Over 4000 debris-flow-related fatalities were recorded
in the last 100 years from 22 fatal events in Brazil (Kobiyama et al. 2015), 95% of which
concentrated at the Serra do Mar, a mountain range that extends for about 1500 km in the
southern and southeastern coast (Vieira and Gramani 2015). Despite their highly destruc-
tive potential, debris flows are still poorly studied when compared to other mass-wasting
processes in Brazil, mainly due to insufficient monitoring (Borga et al. 2014; Kobiyama
et al. 2015; Gregoretti et al. 2018).

Direct field investigations are essential for understanding the hydrogeomorphic dynam-
ics of a catchment during debris flows (Gaume and Borga 2008; Borga et al. 2014; Lucia
et al. 2018). They also provide a sound knowledge of the magnitude of a debris-flow event
(i.e., the total volume of transported debris), which is a prerequisite for understanding and
quantifying associated hazards (Jakob 2005a). The irregular occurrence of debris flows,
however, and their development in terrains of difficult, often dangerous, accessibility pose
a challenge to detailed pre- and post-event field studies (Kean et al. 2013; Gregoretti et al.
2018; Destro et al. 2018).

Magnitude estimations are more commonly carried out by statistical and empirical
methods (e.g., Takahashi 1992; Bianco and Franzi 2000; Massad 2002; Takahashi 2006;
Kanji et al. 2007; Chang et al. 2011) or by post-event (forensic) geomorphological investi-
gation of the debris-flow route in a catchment (e.g., Marchi and D’Agostino 2004; Liu et al.
2009; Gregoretti et al. 2018). Geomorphology-based estimations are considered one of the
most accurate since they are based on direct field evidences (Liu et al. 2009; Gregoretti
et al. 2018) and do not necessarily require information about previous events (Marchi and
D’Agostino 2004), which can be rare in some mountain regions.

Due to the high costs and difficulties involved using direct field investigations, empirical
equations have been developed to estimate magnitude, as a result of extensive debris-flow
documentation in highly prone regions, such as the European Alps, west coast of North
America, Japan and Taiwan (e.g., Kronfellner-Krauss 1985; Takei 1984; Takahashi 1991;
Rickenmann and Zimmermann 1993; Marchi and D’Agostino 2004; Chang et al. 2011).
Empirical equations and semiempirical equations, however, are mainly site-specific (Rick-
enmann 1999; Gregoretti et al. 2018) and can potentially be inadequate in areas with differ-
ent geological-geomorphological settings.

By estimating the magnitude, important kinematic parameters such as peak discharge
and flow velocity can also be obtained (Rickenmann 1999; Pak and Lee 2008; Santi et al.

@ Springer



Natural Hazards

2008; Reid et al. 2016), which are crucial in the proper design of retention structures (Kanji
et al 2007; Santi 2014; Gregoretti et al. 2018). Peak discharge and velocity are directly
related to the entrainment potential of debris flows, which can significantly increase the
magnitude, in some cases by an order of magnitude, and the overall hazard of the process
(Milne 2008; Santi et al. 2008; Berger et al. 2011; de Hass and Densmore 2019).

Debris-flow magnitude estimations based on forensic geomorphological characteriza-
tions are scarce in mountain regions (Stoffel 2010), being often focused on flash-flood
events (e.g., Gaume and Borga 2008; Borga et al. 2014; Surian et al. 2016; Steeb et al.
2017; Lucfia et al. 2018) or are mostly concentrated on alpine catchments with extensive
documented history of debris-flow events (e.g., Marchi and D’Agostino 2004; Tang et al.
2011; Gregoretti et al. 2018). For Serra do Mar in Brazil, which is a region typical for
rainstorms that often trigger mass movements (Vieira and Gramani 2015), such studies are
non-existent.

In this study, we characterize a landslide-triggered debris flow that occurred on Febru-
ary 11, 2017, at the Pedra Branca catchment in the Serra do Mar mountain range. A foren-
sic geomorphological analysis with an unprecedented spatial resolution is conducted to
characterize the source area, transport path and deposits of the debris flow and to estimate
the debris flow’s magnitude, peak discharge and flow velocity. A forensic meteorological
characterization is also performed to analyze the precipitation pattern of the debris-flow
event, based on satellite data and rain gauge measurements.

Furthermore, a comparison between the geomorphology-based estimation with magni-
tudes calculated using empirical equations from the literature is conducted to assess their
applicability to the study area, which can support further debris-flow susceptibility studies
for Serra Mar. The equations are chosen due to their simplicity in input parameters (Italian
alps—Marchi and D’Agostino 2004; Marchi et al. 2019), their consideration of rainfall and
landslides volume in calculations (Taiwan—Chang et al. 2011) and the similar geologi-
cal-geomorphological context (Serra do Mar—Kaniji et al. 2007).

2 Study area

The Pedra Branca catchment (Fig. 1) is characterized by a great difference in altitude when
compared to the surrounding region, with elevations that range from 90 to 1100 m a.s.l
(above sea level). The 3.43 km? catchment exhibits moderate drainage density (3 km km~2)
and a relief ratio (0.35) and Melton number (0.6) that indicate the tendency to initiate
debris flows and debris floods (Wilford et al. 2004) (Table 1).

In the region, rainfall is well distributed year-round, averaging 2500 mm annually and
reaching up to 3500 mm in some years (Maack 2002; Mocochinski and Scheer 2014). The
Proterozoic monzogranite that comprises the bedrock of Pedra Branca’s headwaters is one
of the most weathering-resistant rock types in Serra do Mar (Vieira and Gramani 2015),
generating shallow residual soil (up to 2 m deep) and steep slopes that stand out in the
landform (Fig. 2b). The catchment is covered by the Atlantic Forest biome, a tall, broad-
leaf rainforest, considered the second largest tropical forest of the American continent
(Tabarelli et al. 2005).

The February 2017 debris flow was initiated by shallow landslides in the headwaters’
region. Three landslides were identified as the triggers of the event (highlighted in red
in Fig. 2), from a total of 17 landslide scars mapped. For the sake of simplicity, merged
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Fig.1 Pedra Branca catchment (right) in the municipality of Guaratuba, State of Parand, Brazil. At the top
left, the extension of the Serra do Mar mountain range. At the bottom left, the digital terrain model (DTM)
for the broader region of the catchment with the location of the three nearest rain gauges

Table 1 Pedra Branca’s
physiographic features

Parameter Formulae  Value  Unit

Watershed area - 3.43 km?

Maximum elevation - 1100 mas.l
Elevation at the outlet region — — 90 ma.s.l

Average watershed slope - 16.8 Degrees
Channel length - 2900 m

Slope at the initiation area - 67/34  Percent/degrees
Slope at the outlet region - 74 Percent/degrees
Average channel slope - 18/10  Percent/degrees
Drainage density L/A 3 km km~2
Relief ratio H/L, 0.35 km km™!
Melton ratio® H/A™2 0.6 -

H, is maximum amplitude, L, is length of channels, A is watershed
area, L, is watershed length

*Melton ratio is a morphometric parameter used to differentiate flood
and debris-flow-prone catchments. Debris-flow-prone catchments gen-
erally have > 0.6 (Wilford et al. 2004)

scars were counted as one single scar. The debris flow affected oil pipelines that cross
the catchment (buried at a 1 m depth) and destroyed a small bridge and a farm located at
the outlet region. An interview with one of the affected farmers describing the event is
available as supplementary data. No casualties were reported.
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Fig.2 a Geological map of the Pedra Branca catchment based on the 1:250,000 map (Folha Curitiba) made
by the Geological Service of the State of Parana (Mineropar). Qha—Quaternary fluvial sediments and
alluvium. APlyl—Archean/Lower Proterozoic monzogranites, porphyritic and equigranular. APImgm—
Archean/Lower Proterozoic ophthalmic migmatites, with biotite gneiss paleosome. b Slope map of the
catchment based on a topographic map at a scale of 1:25,000. Landslide scars that triggered the debris flow
are highlighted in red

3 Materials and methods
3.1 Forensic meteorological analysis

The rainfall analysis combined satellite and rain gauge data. The Geostationary Opera-
tional Environmental Satellite (GOES13) was used to characterize the start time and dura-
tion of the precipitation event, while intensity was retrieved from rain gauge measure-
ments. The nearest rain gauge, located 1 km away from Pedra Branca, is controlled by the
private company Arteris—Litoral Sul, which provided hourly rainfall measurements for the
month of February 2017 (Arteris Rain Gauge, Fig. 1). The other two rain gauges are part
of the Brazilian rain gauge network, and their measurements are freely available, provided
by CEMADEN (Centro Nacional de Monitoramento e Alerta de Desastres Naturais 2020)
and ANA (Agéncia Nacional de Aguas 2020). The ‘Garuva’ rain gauge is located approxi-
mately 10 km southeastward of Pedra Branca catchment, while ‘Estrada Geral Quiriri’ is
located 30 km southward (Fig. 1).

3.2 Forensic geomorphological analysis

Terrestrial and aerial investigation was carried out to characterize the physiography of
the catchment after the debris flow. Field campaigns were conducted one and six months
after the event (March and August 2017) to characterize post-event geomorphological fea-
tures and to acquire high-resolution aerial photographs of the debris-flow path using an
unmanned aerial vehicle (UAV).

Field observations were determinant in the identification of the sediment budget of the
channel, aiding the assessment of the event’s characteristics (a channelized, stony debris
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Fig.3 a Location of the 28 cross-sections made along the debris-flow path. b Overview of the headwaters’
region of the catchment, highlighting the three landslide scars that initiated the debris flow. ¢ Longitudinal
profile of Pedra Branca catchment with the tentative location of the cross sections. Channel in blue and
slopes in brown

flow) and the movement dynamics in the catchment. On-channel deposits were assessed
using cross sections made along the Pedra Branca riverbed (available as supplementary
material), which also depicted post-event channel width. Peak flow marks were docu-
mented, as well as estimated erosion depths, based on erosion marks and bedrock expo-
sures. The measurements were made with the help of range finders, measuring tapes, rods
and levels. A total of 28 cross sections were surveyed at approximately every 120 m along
the debris-flow route (Fig. 3).

The orthorectified aerial photographs further allowed the identification and delimita-
tion of debris accumulation areas along the channel, as well as the delimitation of entrain-
ment areas along the riverbed and lateral slopes and banks. Sediment sources located at the
headwaters (i.e., landslides) were identified and delimitated using non-orthorectified aerial
photographs retrieved from the UAV survey. The drone DJI Phantom 3 was employed in
the UAV survey, equipped with a camera with focal length of 3.61 mm and ground sam-
pling distance (GSD) of 8.654 cm/pixel. Twenty-three (23) targets were used for georefer-
encing the orthophotos, which were processed with the software PIX4D. The UAV over-
flight was done between August 28 and 30, 2017, in constant height of 200 m. The targets’
coordinates were measured using a differential GPS (generating point presenting accuracy
of 10 cm).

3.3 Magnitude estimation

The debris-flow magnitude was estimated based on the parameters obtained from the foren-
sic analysis. The total volume (V,) of the debris flow was calculated according to Jakob
(2005a), being a mass balance of the landslides volume (V;) that initiated the event, the
volume of material entrained (V,) by the flow and the volume deposited (V) along its path:

Vi=Vi+ V.-V, ¢))

V, was estimated using the equation:
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Vi=A xe )

where A; is the landslides area (m?) and e the average depth of the landslides (1 m, esti-
mated using the aerial photographs from the UAV survey), assuming that the totality of the
material reached the channel.

The calculation of on-channel debris volume (V) is based on the areas of accumulation
(A, delimitated with orthophotos, and on the average depth of the deposits (e4) observed
and depicted at the 28 cross sections. In this study, Large Wood (logs with>10 cm in
diameter and > 1 m in length) is not individualized from other debris-types when estimat-
ing magnitude.

Vo= D (Ag * eg). 3)

The entrained volume (V) is based on the identification of erosional areas (A,) and on
the erosion depth (e,) documented during field campaigns:

Vo= DA *e). (4)

At the intervals between cross sections, average depth values of erosion and deposition
were applied.

Peak discharge (Q,,,,) is calculated based on the equation described in Jakob (2005a)
and Chen et al. (2007):

Qmax = Amax * Vf (5)

where A, is the maximum cross-sectional area of the channel and v, is the mean cross-
sectional velocity during the time that the peak flow occurs. A, is obtained from the 28
cross sections, and v, is estimated according to the Manning—Strickler Eq. (6), traditional
fluid-mechanics equation for Newtonian turbulent flows that considers the physiography of
the river channel and can be suited to debris flows (Rickenmann 1999):

1 2 L
W:(;)*Hz * 82, (6)

Here, H is the maximum flow height (m) measured in the field, S is the channel bed
slope, and n is the Manning coefficient (0.07 m'? s~!) for bedrock rivers in mountain
regions (Arcement and Schneider 1989; Takahashi 2006).

Furthermore, empirical equations from the literature are also employed in magnitude
estimation. Based on sediment volume data collected in the Eastern Italian Alps, Marchi
and D’Agostino (2004) suggest that the magnitude of a debris-flow event can be estimated
according to the geomorphometric characteristics of a catchment, as per the equation:

V = 65,000 « A3 « §17 7

where A is the catchment area (km?) and S the average channel slope (%). More recently,
Marchi et al. (2019) updated Eq. 7 using a larger dataset and considering the severity of an
event when estimating magnitude:

V=Kx*A 8)

Here, K (intercept) and y (slope) represent the scaling parameters. Considering a mod-
erate to large magnitude to the February 2017 event, the scaling parameters chosen to be
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assessed in this study are related, respectively, to the 50th, 98th and 99th percentile of the
dataset presented in Marchi et al. (2019):

V= (2620 + 60) % A0.6710.02 (9)
V = (52000 = 4000) s A%94+004 (10)
V = (77000 % 7000) s A'010.06, (11)

Chang et al. (2011), based on 59 debris-flow-prone catchments in Taiwan, found that the
magnitude can be estimated by the equation:

V = 0.0234,, + 0.064A, + 13264.6GI — 1399.2D + 38.47Cy. (12)

Here, A,, is the watershed area (m?), A, the landslide area (m?), GI the geological index
(dimensionless) based on Marchi and D’Agostino (2004), D the rainfall duration (h) and
Cy the rainfall intensity (mm). Due to the uniform geology of Pedra Branca, comprised of
crystalline rocks, the GI adopted is 0.5 (Marchi and D’Agostino 2004; Chang et al. 2011).

The equation presented in Kanji et al. (2007) considers that the magnitude (V) of a
debris flow, assuming that these phenomena have a concentration of solids that vary from
40 to 80% (George and Iverson 2011), is a function of the concentration of solids per unit
volume (c, Eq. 14) from Takahashi (1991), the catchment area (A, km?) and the rainfall
intensity one hour preceding the debris flow (;, mm):

1000 - ¢

\%
1-c¢

AT 13)

tg0
(6= po) - (18 — 180)

¢=po* (14)

where @ is the average slope of the channel, p, is the specific weight of the slurry, 6 is the
granular material specific weight and ¢ is the internal friction angle of the sediments. For
simplicity, and since the physical parameters of the studied debris flow were not deter-
mined, c=60% is adopted, as suggested by Takahashi (1991, 2006) for stony debris flows.

For further magnitude studies and empirical equations, we refer to Hungr et al. (1984),
Rickenmann (1999), Takahashi (1992, 20061991), Rickenmann and Koschini (2010) and
Reid et al. (2016), among others.

4 Results
4.1 Forensic meteorological characterization

According to the testimonies of local farmers, the landslides that triggered the debris flow
initiated between 2300 and 0000 UTC (20:00 and 21:00 local time—LT) on February 11.
The landslides were triggered by an accumulated rainfall of 188 mm in 3 h, with maximum
registered intensity of 128 mm h™!, according to the nearest rain gauge data (Arteris—
Fig. 4). The rainfall ended at approximately 0700 UTC (4:00 LT) on February 12, assum-
ing that a precipitation event ends when in six consecutive hours the accumulated rainfall
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Fig.4 a Hourly precipitation for February 11 and 12, 2017, according to the three nearest rain gauges. Rain
gauge ‘Arteris’ is located 1 km from Pedra Branca catchment, while ‘Garuva’ and ‘Estrada Geral Quiriri’
are located at approximately 10 km and 30 km away, respectively. b Precipitation recorded every 15 min by
the rain gauges ‘Arteris’ and ‘Garuva’ between 18:00 LT (2100 UTC) and 23:00 (0200 UTC)

is less than 4 mm (Chang et al. 2011). As the recorded antecedent rainfall for the preceding
10 days is estimated at around 88 mm, 23 mm of which (26%) in the last 48 h before the
event, soil water content was already significant.

Precipitation recorded by the rain gauges integrated to the Brazilian pluviometer net-
work (Fig. 4) is notably lower than what the nearest rain gauge documented, suggesting
that the extreme rainfall rates were mainly concentrated near the hillslopes of Pedra Branca
as a result of orographic effect. The rain gauge ‘Garuva’ recorded 72.8 mm in 12 h, with
a maximum intensity of 29.2 mm h~!, while the rain gauge ‘Estrada Geral Quiriri’ barely
recorded the event. Considering the difference in precipitation rates and the lag-time of 1 h
between the rain gauges ‘Arteris’ and ‘Garuva,’ it is suggested that the event developed
from north to south and lost intensity during its trajectory.

The data from the GOES13 satellite indicate that the rainfall in the broader region of
Pedra Branca initiated at around 1800UTC (15:00 LT) on February 11 and ended at around
0700UTC (04:00 LT), as also shown by rain gauge data. Cloud tops reached 13-km altitude
over the catchment, with high rainfall rates for about 4 h, continuously. The return period
for a rainfall with such intensity is estimated between 15 and 20 years, based on heavy-
rainfall equations for the region (Back et al. 2011; Pereira Filho et al. 2018).

4.2 Forensic geomorphological analysis

The three shallow landslides that triggered the debris flow have their upgradient portions in
moderate slopes (38—-61%, or 21° to 31°), while those originated in steeper slopes (> 61%,
or>31°) did not initiate an event in the other tributaries, probably due to thinner residual
soils and colluvium (i.e., less material to generate a debris flow).
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Fig.5 Before (left) and after (right) the debris-flow event at the Pedra Branca catchment. Aerial photo-
graphs from December 2016 and March 2018, from Google time-lapse. The location of the nearest rain
gauge (Arteris) is indicated (Highway BR-376, km 676 + 800 m)

The mobilized materials by the three landslides are mainly residual soil and large wood,
which suggest loss of suction as the initiation mechanism at the study area. The debris flow
was initiated by first-time movements in the hillslopes (mapped in Fig. 3), but also car-
ried material (colluvium) from previous landslides, accumulated at the upper portion of the
channel.

The channelization of the material mobilized by the landslides contributed to a mag-
nification of the erosional process, with a pronounced entrainment and scour of debris at
the upstream section of the channel. Erosion of the channel bed, lateral slopes and banks
by the debris flow progressively decreased toward the outlet region, ranging from an aver-
age depth of 3 m at the upstream section to 0.3 m downstream. In bedrock exposed areas,
erosion depth was assumed as 0 and the average depth between two sections was used in
entrainment calculation, since no information about previous on-channel deposits or chan-
nel morphology is available. Bedrock exposed areas are mainly located in steep portions of
the channel near the initiation area and in knickpoints (Fig. 5).

On-channel debris at the upstream section (between SG20 and SG24/SG27) consists
mainly of large monzogranite boulders (2 to 5 m in diameter), deposited at the perimeter of
the flow route or exhumed from colluvial deposits of the lateral slopes (Fig. 6a). On-chan-
nel debris accumulation becomes more frequent toward the catchment’s outlet (Fig. 7c),
with the largest volume of debris deposited at the middle portion of the channel (between
SG11 and SG19, Fig. 6b) where the average slope is 18.2% (10.3°), i.e., within the range
of deposition angles for channelized debris flows (from 14 to 21%) (Iverson et al. 2011).
Debris deposition also occurs at the downstream portion of the catchment (SGO to SG10),
although with smaller-sized boulders (<2 m in diameter) and less voluminous deposits
than at the middle portion (Fig. 6¢). Recent on-channel debris deposits are easily identified
from colluvial deposits due to the lack of pedogenetic evidences and the mixture of fresh
wood and stony debris (Fig. 6d).

Large wood (LW) deposition and accumulation, differently from stony debris, are more
frequent at the downstream section of the channel (SG11 to SGO0). At this section, the influ-
ence of LW in the debris-flow evolution is prominent, with evidences of LW jams that were
broken by the flow passage (Fig. 7a). Debris dams (i.e., areas with intense debris deposi-
tion, blocking partially the flow) are observed along the channel and are in their majority
clast supported with woody debris (Fig. 7b), often exhibiting reversely graded patterns.
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Fig.6 a Pronounced erosion and scour of channel bed are observed at the upstream section (SG23)—1.8 m
human profile for scaling. b Intense accumulation of debris at the middle section (SG13)—in detail, a 1.75
m human profile for scaling. ¢ Accumulation of debris at the downstream section (SG6), with smaller-sized
boulders than in the middle section—1.75 m human profile for scaling. d Reversely graded pattern observed
in debris dams (SGS5). e Debouchment of the Pedra Branca River into the Sdo Jodo River, where flow height
reached up to 2 m. f S@o Jodo River, which received sediments from the Pedra Branca debris flow (photo-
graph from August 2017)

The occurrence of these dams indicates that the debris flow had multiple surges, which is
confirmed by the affected farmers that report at least four surges.

The imbricated boulders along the channel’s length and the intense debris accumulation
along at the middle section of the channel suggest that the event started as a debris flow,
evolving into a debris flood as channel slope decreased. At the outlet region, according to
testimonies, the flow consisted mainly of muddy water (with sand, silt, clay) mixed with
woody debris (Fig. 6e) and, minorly, by stony debris of up to 1 m. These characteristics
indicate that in the final stages, the event exhibited characteristics of a flash flood.

The average post-debris-flow width of the channel is ca. 20 m, ten times the previ-
ous average width (ca. 2 m) reported by testimonies (Fig. 5). No prominent alluvial fan
is formed, due to narrow valley and discharge to the larger Sdo Jodo River (Fig. 6e). At
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the Pedra Branca channel profile and the volume of deposited debris along the debris-flow route. Debris
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the Sdo Jodo River, large deposits of coarse sand or cobbles are accumulated near Pedra
Branca outlet (Fig. 6f), as well as small- to medium-sized boulders (< 1.5 m in diam-
eters) on the river channel.

The mapping of erosional and depositional areas along the Pedra Branca channel is
shown in Fig. 8, based on the orthophotos. Even though debris deposition generally
occurs in areas with gentler slope (Fig. 9a), a direct correlation between these two fac-
tors is not observed, with a very weak Spearman correlation coefficient (0.025) and
regression line with very low R? (0.002) when their relationship is analyzed (Fig. 9¢).
Debris deposition, therefore, might be influenced by other factors, such as valley width,
presence of obstacles and availability of coarse material itself, which can further be
related to a less voluminous deposition in lower reaches of the channel with low slope
than at intermediate reaches.

Erosion depth, on the other hand, shows a positive correlation with slope, being
deeper near steeper portions of the channel (Fig. 9b). Excluding areas where bedrock
exposure is observed, a correlation between slope and erosion depth shows a weak/mod-
erate positive Spearman coefficient (0.39) and a regression line with a weak to moder-
ate R? (0.3149) (Fig. 9d). Hence, erosion is moderately influenced by slope, which can
further be associated with a higher momentum of the flow’s passage in steeper reaches
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Fig. 8 Mapping of entrainment and deposition areas based on the orthophotos acquired using UAV. Areas
in shades of blue represent debris accumulation areas, and areas in shades of red represent entrainment
areas

of the channel. The exclusion of bedrock exposed reaches in the correlation is due to a
different incision dynamic than at alluvial-colluvial reaches.

The distribution of maximum grain size (Dgyy) of debris along the debris-flow path
shows that debris size decreased by approximately 80% along its trajectory (Fig. 9e). Sharp
reductions in Dy, along the channel are related to regions where intense debris deposi-
tion is observed. Flow heights are generally higher in regions downstream to knickpoints
in the channel (between SG4 and SG5, SG10 and SG11, SG18 and 19), with the debris
flow reaching a peak height of 7 m at the region of the cross-section SG9 (Fig. 9f). At the
debouchment into the larger Sdo Jodo River, flow heights were up to 2 m (Fig. 9f). Flow
height can be affected by areas with intense debris accumulation, which can partially block
the flow and raise the flow level. To minimize the uncertainties related to forensic dis-
charge estimations, we documented flow heights in areas that were not directly affected by
the intense accumulation of stony and woody debris.

4.3 Magnitude estimation

The total volume of the debris flow (V,) is estimated at approximately 120,195 m?, based
on the mapping of entrainment and deposition areas (Fig. 7) and on the landslides that ini-
tiated the event. Volume entrained by the flow (V,) is estimated at 121,037 m>, while the
volume of debris deposited along the debris-flow path (V) accumulates to 36,688 m>. The
table with the measurements used in the calculation of entrained and deposited volumes is
available as supplementary material.

The three landslides that initiated the event contributed with 35,846 m? of earth mate-
rial. The largest landslide scar contributed with 22,497 m?>, while the other two contributed
with 7573 m® and 5776 m®, assuming an average depth of 1 m and that the totality of the
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material reached the channel. Despite the uncertainties associated with erosion depth at
the study area, due to the unknown channel morphology before the event, it is evident that
entrainment significantly increased the total magnitude of the process, representing more
than 75% of earth material input.

Moreover, subjectivity and human error might decrease accuracy and is challenging to
be considered during calculations. Nonetheless, our estimations suggest that the Febru-
ary 2017 debris flow had a large magnitude, within the range of the size class 5 (10°-10°
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Fig. 10 Discharge and flow velocity pattern along the debris-flow path

m?) proposed by Jakob (2005b). Size-class 5 debris flows can destroy parts of villages and
infrastructures, destroy forest of up 2 km? and block creeks and rivers (Jakob 2005b).

Comparing our field-based magnitude estimates with the results using empirical equa-
tions (Table 2), the equation from Marchi et al. (2019) is the best-fit for the study area.
While using the scaling parameters of the 50th and 99th percentile considerably under-
estimated (ca. 5983 m>, 95% less than our estimates) and overestimated (ca. 267,385,
121% more) the magnitude, the 98th percentile resulted in an approximate magnitude (ca.
143,645 m>, 18% more) when considering the lower error threshold.

The equation based on Taiwanese debris-flow cases, from Chang et al. (2011), also pro-
vided fairly good results, estimating the magnitude at ca. 91,000 m?, which is 24% less
than the value calculated based on in situ data. Marchi and D’Agostino (2004) equation
performed similarly to the 50th percentile of the updated version of the equation presented
in Marchi et al. (2019), also underestimating the magnitude (18,600 m?, 84% less than our
estimations). The equations shown in Kanji et al. (2007) highly overestimated the magni-
tude (439,040 m>, 265% more than our estimations).

Highest discharge and velocity rates are observed between cross-sections SG18 and
SG19 (2146.7 m® s~! and 29.04 m s~!, respectively), where channel slope is the steepest
and cross-sectional area one of the largest. Discharge, in general, is higher at the imme-
diate region downstream to the initiation area (SG24 to SG22 and SG27 to SG25) and
at the confluency of the two tributaries (Between SG21 to SG17), progressively decreas-
ing toward the outlet region (Fig. 10). Velocity rate patterns are similar to the discharge
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(Fig. 10). The table with the measurements used in the discharge and velocity calculation is
also available as supplementary material.

At the region of the oil pipelines (SG3 and SG4), discharge was approximately 228
m? s7! and flow velocity 7.9 m s™!, which can be associated with their preservation due to
the relatively weaker and slower flow at that region. It is important to point out, however,
that the concurrence of debris flows and debris/flash floods might increase the uncertainty
over peak discharge estimations, due to an alteration of the channel cross-section stability
with the passage of large sediment volume (Amponsah et al. 2016; Destro et al. 2018).

5 Discussion

The available rainfall data suggest that the high-intensity precipitation was sharply local-
ized over Pedra Branca hillslopes and had a short duration. Rainfall estimations, however,
might be underestimated due to the location of the rain gauges at the valley and not at
the hillslopes, where landslides initiate. The estimated return period of the high-intensity
rainfall in the region, combined with the large amount of mobilizable on-channel debris at
Pedra Branca (ca. 37,000 m?), suggests that new high-magnitude debris flows can poten-
tially occur in the region in the near future (next one or two decades).

The debris flow was triggered by three large landslides, which initiating mechanism is
interpreted as loss of suction due to a local rise in the water table by rainfall infiltration.
Loss of suction is a common initiation factor at crystalline areas at the Serra do Mar moun-
tain range (Wolle and Hachich 1989; Lacerda 2007) and is attributed to saturation levels
reaching depths below the root zone of the soil. Soil saturation level at the hillslope region
was already significant due to the antecedent rainfall (23 mm in the previous 48 h), and
the sudden rise in the water table, as a result of the high rainfall rates (128 mm h‘l), led to
slope failure.

Debris flows at Serra do Mar are generally triggered by high precipitation rates accumu-
lated in 72 h, with peak rainfall of > 60 mm h! (Kanji et al. 1997). The lack of past debris-
flow data for the Pedra Branca catchment and the surrounding region is a challenge for the
creation of a site-specific rainfall thresholds that could support the development of an early
warning system (EWS) in the region. Consequently, thresholds developed for different
parts of Serra do Mar could preliminarily be adapted and updated for Pedra Branca, such as
the one from Kanji et al. (1997). A constant update of these rainfall thresholds is necessary,
especially considering the projected increase in the frequency of extreme rainfall events for
the south and southeast of Brazil (Marengo et al. 2021) and that these equations were cre-
ated more than 20 years ago.

Debris-flow initiation is not controlled solely by rainfall, as it also depends on debris
supply and recharge rate, which influences the magnitude and the frequency of new events
in a catchment. The debris flow in the Pedra Branca catchment had a magnitude of approx-
imately 120,000 m?, thus a large debris flow. According to Jakob (2005b), such magni-
tude for a boulder-rich debris flows is atypical, although the statement could be biased due
to the general lack of magnitude studies worldwide, especially in mountain areas where
debris-flow studies are still incipient. At Serra do Mar, based on the few available magni-
tude estimates (e.g., Kanji et al. 2007; Kobiyama et al. 2015), 10° m? debris flows are what
is usually reported, probably also due to a bias toward reporting and characterizing only
larger events (such as the present study) and the lack of studies aiming at specifically esti-
mating debris-flow magnitude.
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The most suited empirical equation for our study area was the one based on the 98th
percentile of the cases analyzed by Marchi et al. (2019) in the Italian alps, indicating that
a debris flow with the same magnitude as Pedra Branca has a ca. 2% probability to occur
in that region. This could also suggest that at Serra do Mar large debris flows occur less
often than smaller ones that tend to go unreported, but such statement is challenging con-
sidering the large dataset necessary to establish magnitude-frequency relationships and the
differences in geological/geomorphological settings that affect debris-flow dynamics. More
magnitude studies at Serra do Mar are recommended and necessary.

We suggest, therefore, that the equations from Marchi et al. (2019) should be tested
in future events or in back-analysis studies in Brazil, to attest further its efficacy in repre-
senting debris-flow magnitudes in different mountainous areas. Even though the equation
shown in Kanji et al. (2007) was created for a catchment at Serra do Mar (based on the
1994 debris flow at Rio das Pedras catchment, in Cubatdo), it highly overestimated the
magnitude of the Pedra Branca debris flow. This overestimation can be related to the equa-
tion’s heavy reliance on the physical parameters of the debris flow, which was not tested in
our study.

The equation by Marchi et al. (2019) introduces scaling parameters that amplifies the
application of the equation when compared to the one presented in Marchi and D’Agostino
(2004), which are adjusted according to different debris-flow scenarios and, consequently,
can be applied to a wider variety of regions. The simple input parameters are another
advantage, which favors it application on mountain regions where few information is avail-
able. Moreover, the equation from Chang et al. (2011) also provided approximate results
compared to our estimates. While it underestimated the event (24% less than the forensic-
based magnitude), the consideration of different parameters that influence the dynamics of
a landslide-triggered debris flows (e.g., geology, rainfall, landslide area) can potentially be
adequate for Serra do Mar, when a landslide inventory and rainfall data are available.

Forensic geomorphological analyses are fundamental for an accurate depiction of sedi-
ment mobilization in a catchment, supporting magnitude estimations and countermeasures
dimensioning. Studies that characterize the magnitude of recent debris-flow events are key
to support regional-scale studies, since they describe how a debris flow develops in a catch-
ment, which characteristics are potential driving factors and quantify the hazard that simi-
lar catchments might be susceptible to.

The February 2017 event at the Pedra Branca catchment started as a debris flow at the
upper portions of the catchment and, as channel slope decreased, it evolved into a debris
flood and, at later stages, a flash flood as it progressed toward the outlet region. This evolu-
tion can be attributed to the progressive deposition of debris (especially large rock boul-
ders) along the flow route, especially at the middle portion of the channel. The progressive
decrease in discharge and flow velocity can also be attributed to the deposition of material
along the channel, a direct result of gentler channel slope from the middle section on and
the long length of the channel (2900 m), decreasing the flow momentum.

Flow momentum decrease is also associated with the entrainment potential of the debris
flow, with a progressive reduction in erosion depth toward the debouchment area. Even
though the estimation of eroded material is affected by larger uncertainties than the land-
slides and on-channel debris volume, the debris flow’s sediment yield came mostly from
the entrainment of material from channel bed and lateral banks, which is a common char-
acteristic of large debris flows worldwide (e.g., Marchi et al. 2009; Gabet and Sternberg
2008; Bennet et al. 2013; Shen et al. 2020).

Despite the subjectivities and uncertainties related to the forensic-based estimation, it is
the most accurate way to describe the hydrodynamic evolution of a debris flow in a channel
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and is the base for simulation of debris flows using physically based models. It is also an
important pathway for the establishment of F—M relationships, which, so far, are limited
to a few selected regions in the world due to the long period of data required to construct
meaningful relationships (Stoffel 2010; Huggel et al. 2012). The establishment of magni-
tude and frequency of debris-flow events is fundamental for accurate risk management.

Several other recent, deadly, debris flows have occurred at Serra do Mar that could have
been mitigated if F—M studies and EWS were available, such as at Itaoca (State of Sao
Paulo) in January 2014' and in the Teresépolis region® (State of Rio de Janeiro) in Janu-
ary 2011. These examples highlight the importance of sediment mobilization analysis in a
catchment as well as the need for magnitude studies to quantify the potential damages that
could result from debris-flow events and the frequency at which debris flows are expected
to occur at Serra do Mar.

Studies on debris-flow frequency are recommended and necessary. Cosmogenic, opti-
cally stimulated luminescence (OSL) and radiocarbon dating of colluvial deposits are tech-
niques that can be applied in frequency estimation of mass-wasting events in tropical and
subtropical regions (Lang et al. 1999; Panek 2014). Radiocarbon dating, due to lower costs
and simpler sampling when compared to the other dating techniques (Panek 2014), should
be attempted in future at the Pedra Branca catchment, as well in high-hazard catchments
at Serra do Mar. The large amount of mobilized LW and organic material by debris flows
in the region provides reliable results (Lang et al. 1999). LW can contribute to increase
debris-flow hazard (Lucia et al. 2015; Rickenmann 2016), and therefore, studies that con-
sider LW mobilization in the densely forested catchments of Serra do Mar are encouraged.

6 Conclusion

This study characterized a debris flow that occurred at Serra do Mar in February 2017. The
event was triggered by a 188-mm rainfall in 3 h (128 mm h™' maximum intensity), with
a return period of 15 to 20 years. The debris flow had a total magnitude of 120,195 m?,
with peak discharge of 2146.7 m® s~! and peak velocity of 26.5 m s™!. It was, therefore, a
large magnitude stony debris flow triggered by a moderate return period precipitation. The
debris flow dammed parts of the Pedra Branca channel, incisively eroded parts of the forest
along its path and damaged infrastructures.

The documentation of recent debris-flow events, with magnitude and hydrogeomorphic
dynamics characterization, is extremely critical for Serra do Mar, where debris-flow studies
are still scarce. Magnitude studies for a catchment are important, since they are a pathway
for the development of frequency—magnitude relationships that can support accurate haz-
ard assessments and reliable monitoring programs. Moreover, the mapping of debris-flow-
prone catchments throughout Serra do Mar is necessary to identify those that represent
greater hazard and to prioritize the implementation of monitoring programs and EWSs.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11069-021-04811-9.

! Triggered by an accumulated rainfall of 210 mm in two hours, destroying houses and public infrastruc-
tures. 25 casualties were reported (Gramani and Martins 2016).
2 Considered the 8 worst landslide event in world history by the United Nations (Rosi et al. 2019).
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