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Abstract

Extreme mud and debris flows can bury alluvial plains. In current literature, there
exists a significant knowledge gap regarding this process, since information about
the sedimentological characteristics and estimates of the volumes of these deposits,
are still scarce. Such knowledge is important for understanding the role of these
events in the morphogenesis of the alluvial plains of the highland mountain
margins. The study area located in the Jacarei River basin (coast of the State of
Paran4, Brazil) was recently buried by mud slides in March 2011, therefore, our
objective is to analyze the sedimentology and estimate the volume of instantaneous
deposits formed by the aforementioned gravitational processes. The deposits were
mapped based on a geospatial database. Afterwards, samples were collected for
laboratory analysis. To estimate the volume, field samples were collected,
measuring the thickness of the deposits, which were then interpolated in a GIS
environment. Pelitic (9%), psephytic (4%) and psammitic (87%) deposits were
identified. The psammitic deposits showed two distinct behaviors as a function of
the flow and burial dynamics of the alluvial plain. The total volume of the deposit
was estimated at 1,7 million tons of sediment. The results demonstrate the
magnitude of the 2011 event, since in a period of less than 24 hours the Jacarei
river basin moved more than 8.5 times the annual production of sediments from the
hydrographic units that drain into the Estuarine Complex of Paranagua.
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INTRODUCTION

Mud and debris flows are fast gravitational
flows composed of a concentrated mixture of
sediment, organic matter, and water (HUNGR
et al, 2014). These events are commonly
triggered by landslides associated with intense
precipitation (COSTA, 1984; HUNGR, 2005). It
i1s an important geomorphological agent in
mountain landscapes, closely related to the
process of relief denudation.

The high density of these mass flows allows
the transportation of clasts ranging from sand
fractions to boulders (LI et al., 2015; WANG et
al.,, 2018; YANG et al.,, 2019). The resulting
sedimentary deposits are commonly found in
intramontane riverbeds and river mouths,
forming alluvial fans. (COSTA, 1984; HUNGR,
2005). Due to their high speed, energy and
volume, these processes have a high destructive
potential, posing risks to structures and
populations. (FROUDE; PETLEY, 2018).

The Serra do Mar is located along the
southern and southeastern coastal region of
Brazil, it consists of a system of escarpments
and mountains with remarkable lithological and
structural complexity, with steep slopes and
high average precipitation over prolonged
periods, especially in the summer months
(VIEIRA, GRAMANI, 2015). These
characteristics makes the landscape susceptible
to the occurrence of mud and debris flows
(KOBIYAMA et al., 2015; VIEIRA; GRAMANI,
2015; ROSS; FIERZ, 2018).

Teixeira and Satyamurty (2011), when
analyzing precipitation data in the southern and
southeastern regions of Brazil, identified an
increase in the frequency of intense and extreme
rainfall events between 1960-2004, with a
statistically significant trend in the southern
region. The authors point out that this could
already be a result of climate change in the
region, however, longer time series are required
to corroborate this hypothesis. Recent studies
have correlated the increase in the number of
intense and extreme rainfall events with the
increase in the frequency and magnitude of
gravitational processes (mud and debris slides
and flows), in Brazil (AVILA et al., 2016;
AVILA-DIAZ et al., 2020) and around the globe
(BORGA et al., 2014; KUMARI et al, 2021).

In events of greater magnitude, mud and
debris flows can reach extensive areas in the
floodplains, generating floods and forming
“instant deposits”, which are similar to “flash
flood deposits”, and are understood as
sedimentary deposits formed in a short period,
by floods with high sedimentary load, induced

by mud and debris flows (ORTEGA; GARZON
HEYDT, 2009; PAREDES et al., 2021).

An example of this process is found in part of
the Jacarei River plain (coast of the State of
Parand), which was strongly affected by
gravitational processes in March 2011, forming
deposits in the intramontane channels, in the
river mouths and in the alluvial plain (PINTO
et al; 2012; SILVEIRA et al., 2013). This spatial
and temporal scope makes the Jacarei River
plain an ideal study area, as it is still possible to
identify in the field the impacts of the mud flow
event on the sedimentary records of the plain,
which are well preserved.

The event in the Jacarei River basin in 2011,
motivated increased research efforts focused on
the characterization of the processes (PINTO et
al. 2012; PICANCO; NUNES, 2013) and
mapping of the susceptibility to gravitational
processes (SILVEIRA et al.,, 2014; FACURI;
PICANCO, 2021). However, no studies were
carried out on the generated deposits in the
floodplain, which was completely buried by the
event.

In Brazil, only a small number of studies
have been dedicated to the description of
sedimentology and estimates of volumes of
newly generated deposits. (BIGARELLA, 2003;
GRAMANI, 2018). Existing descriptions are
mostly based on intramontane deposits located
in and around river channels, directly affected
by the flows. Questions about the sedimentology
and estimates of the volumes of these deposits
from the mud flows in alluvial plains remain
unknown.

Both the sedimentological analysis and the
estimation of the deposited volume are
important to understand the role of these events
in the morphogenesis of the alluvial plains of the
highland  mountain  margin.  Therefore,
considering the identified knowledge gap and
the characteristics of the alluvial plain of the
Jacarei River as the study area, the objective is
to carry out a sedimentological analysis and
estimate the volume of flash flood deposits
generated after the mass flow events that
occurred in March 2011.

MATERIALS AND METHODS

Study area

The Jacarei River plain is located between the
municipalities of Paranagud and Morretes, on
the Paran4 coast. The study area focuses on one
stretch of the floodplain, limited between the 30-
meter elevation and the BR 277 highway
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embankment, which was the portion most
affected by the March 2011 event (Figure 1).
Downstream of the landfill, the Jacarei River
plain is composed of a mosaic of river, marine,

estuarine and swamp deposits (ANGULO, 2004;
MINEROPAR, 2006). The Jacarei River Basin
(JRB) encompasses 41.28 km?, while our study
area is 2.86 km?2.

Figure 1 - Location of the Jacarei river floodplain affected by the 2011 event.

60°W 45°W

48°45'W 48°35'W

15°8

Pacific
Ocean

Ocean|/

Antonina N
. Bay, |

25°30's

(=} T

—
o [l Jacarei River Basin

25°32'S

Data source - MDT: IAT (2016); Political limits: IBGE (2012); Basin boundary: INAPAR (2012); WorldView-1 Image: SEMMA

D Study area
Vision Fig. 2 {,
- 04 R &)
| —— [
Km -

48°41'W

Source: The authors (2022).

In the study area, the Tingidor and Prata
rivers are the only perennial-flow tributaries to
the Jacarei River, both on its right riverbank.
The hydrographical dividers from east to south
are located in the Serra da Prata, a core of the
Serras Altas which is supported by granite-
gneiss-migmatitic rocks related to the Cachoeira
Complex. (MINEROPAR, 2006), presenting
altitudes between 800 and 1421 meters. The
western  hydrographical dividers present
altitudes between 200 and 433 meters and are
composed of undifferentiated metamorphic

rocks of the Rio das Cobras Formation
(MINEROPAR, 2011).

In the study area, the Jacarei River has a
length of 3.65 km and a straight pattern (1,14 in
the sinuosity index in 2020) and a general
northeast-north direction, with its mouth in the
Antonina Bay, head of the Estuarine Complex of
Paranagua. The JRB is mostly composed of
vegetation in  the  arboreal stratum,
concentrated in the higher portions of the
terrain (from 50 meters of altitude). Human

activities predominate in the plain and in parts
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of the lower thirds of the slopes, with
agricultural activities (cassava, chives and
ginger), livestock (cattle, buffalo and, before the
2011 event, goat farming), forestry (pine and
eucalyptus) and mineral extraction (sand from
the Jacarei river and its banks).

The studied event occurred on 11/03/2011
and profoundly transformed the sedimentary
records of the Jacarei River floodplain (Figure
2). After an accumulated rainfall of 236,8 mm in

24 hours (higher than the expected precipitation
for the entire month of March), several
landslides occurred in the upper third of the
slopes of the Serra da Prata. (SILVEIRA et al.,
2014; ZAPATA et al., 2016). The alluvial plain,
between the foothills of the slopes (30 meters in
altitude) to the embankment of the BR 277
highway, was buried, while the Serra da Prata
was marked by dozens of scars (Figure 2).

Figure 2 — JRB landscape after the gravitational processes of 11/03/2011. Note the scars in the Serra
da Prata and the intense contribution of sediments in the alluvial plain.
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The material was transported through the
intramontane valleys in the form of mud and
debris flows until it entered the alluvial plain of
the Jacarei River (Figure 3 — A and B), where it
was dammed by the BR 277 highway
embankment (PINTO et al.; 2014; SILVEIRA et

Debris and Mud Fows

Miud Flowe

st

wver

al., 2014) (Figure 2 and Figure 3 - C). The
widespread flooding of the plain and the
accumulation of wood logs resulted in the
rupture of the BR 277 bridge over the Jacarei
River (Figure 2 and Figure 3 — C and D).
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Figure 3 — A: Landslides in the upper third of the slopes of the Serra da Prata. B: Intramontane
channels after the passage of debris flows. C: BR 277 highway bridge over the Jacarei River after the

Source: Oscar Salazar Junior
(2011)

11/03/2011 event. D: Alluvial plain of the Jacarei River buried by te mud flows of 11/03/2011.
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Sources: A: SALAZAR JUNIOR (201 1a). B: KISSNER (2011). C:

SALAZAR JUNIOR (2011b). D:

MACHADO (2011).

Geospatial data and mapping of deposits
and flow lines

A digital terrain model (MDT) with 2.5 meters
of spatial resolution was acquired, generated
from a survey by Synthetic Aperture Radar
interferometry (SAR) between 2015 and 2016,
made available by the Instituto Agua e Terra
(IAT) which is the state agency responsible for
the environmental management of the State of
Parana. A panchromatic orbital image recorded
by the WorldView-1 satellite on 02/05/2011 with
a spatial resolution of 0.5 meters was also
acquired, provided by the Secretaria Municipal
de Meio Ambiente de Paranagua (SEMMA),
which is the municipal department responsible
for the environmental management of the city of
Paranagua These data represented the most
accurate image of the study area closest to the
extreme event of March 11, 2011.

The study area was delimited with the aid of
the aforementioned MDT. The slope was

calculated in degrees from Horn's directional
variables, through the slope tool of ArcGIS
10.4.1 (HORN, 1981). Subsequently, the average
slope in the radius of 5 m was obtained with the
ArcGIS focal statistics tool. The scope for
analysis was defined considering the area
between the 30-meter elevation (place where the
Jacarei River enters the alluvial plain) to the BR
277 highway embankment, limited laterally by
an average slope of up to 7 degrees, a value
defined from the of field observations.

The identification of deposits was carried out
considering inference regarding the
granulometry of the material from the orbital
image (Table 1) and consultation of the
literature. (CHRISTOFOLETTI, 1981;
STEVAUX; LATRUBESSE, 2017;
MAGALHAES JUNIOR; BARROS, 2020). After
identification in the orbital image, the deposits
were vectorized in ArcMap, with a screen scale
set at 1:2.000.
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Table 1 - Depositions mapped in the alluvial plain of the Jacarei River in 2011.

Class Subclass/Description Criteria Example
Absence of
e Fine-grained material in sedimentary
Pelitic . . .
deposits portions of the floodplain not material on the
altered by the 2011 flood. surface. Proximity
to the slopes.
Coarse material on
the surface. Found
Coarse-grained material m th? upstream
. . . portions of the
Psephytic  (gravel). Consist of depositional . .
. . plain and in the
deposits fans and other points that
debris flows reached mouths of the
’ Prata and Tingidor
rivers with a
conical shape.
Overflow
deposition.
Resulting from Located on the
Crevasse the rupture of
edge of the canal.
splay banks due to Conical shape
the obstruction pe.
of the river
channel.
Centrgl or Areas with sandy
marginal .
. material located on
deposits to the . .
. . the margins or in
River bar anastomosing
the center of the
channel
L. anastomosed
Psammitic formed by the canal
deposits event )
Sandy material of
Anastomosed- darker tones,
Anastomosed type riverbed indicating
riverbed formed by the  moisture. Limited
2011 flood by debris deposits

and flows.

Deposit formed
by the 2011
flood. It covers
an extensive
area of the
plain.

Buried plain

Surfaces with
sandy material
and areas of wet
looking vegetation.

Source: SEMMA (2019) and The authors (2022)l.

Areas not affected by the event were
classified as pelitic (fine) deposits, considering
granulometry predominantly in silt and clay, as
described in a previous study (PAZ; PAULA,
2021). Psephytic deposits (gravel) were
identified by observing the presence of coarse
material in the orbital image. Psammitic
deposits (sands) were identified considering the
material on the surface and the wet aspect of the
vegetation (affected by the flood), being

subdivided into classes according to landscape
position and morphology.

To analyze the direction of water and
sediment currents during the flooding and after
the breakage of the BR 277 bridge, flow lines
were mapped through photointerpretation of the
2011 WorldView-1 orbital image (SEMMA,
2019). Through GIS, marks or scars in the
sedimentary material left by the event were
identified (Table 2). Then, arrows of varying
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length were inserted in order to infer the angle
and direction of flow.

Table 2 - Examples of the mapping of the flow lines.

Scars

Maps ‘

Source: The authors (22). .

Field surveys and sedimentology

Trenches were opened (manually or with
machinery) and drills were carried out with a
Dutch auger with a 20 cm bucket and a 6 cm
mouth, only in the pelitic and psammitic
deposits. The sampling in the pelitic deposits
were carried out to understand the plain before
2011. The collections in the psammitic deposits
were carried out to understand the
sedimentology and estimate the volume of
material transported by the mud flows, located
exclusively in the alluvial plain. Samplings were
not carried out in the psephytic deposits due to
methodological incompatibility and, mainly,
because these deposits extend from the plain to
the intramontane channels, outside the study
area. The 21 field surveys were carried out
between 2019 and 2021. Of the 111 sampling
points, 108 were wused for volumetric
reconstitution and in 19 for sedimentological
analysis.

The deposits formed in 2011 (psammitic)
were identified in the field, considering the
criteria presented by Paz and Paula (2021):
sandy layer in a massive structure of yellowish
colors abruptly superimposed on the layer with
fine material of tan to greyish colors, which may
have buried roots. After identifying the event
deposit, its total thickness was measured, and
material was collected at a depth of 25 cm. The

collection of material in the unaffected areas
was also carried out at a depth of 25 cm.

The samples were dried in an oven at 50° for
72 hours. The granulometry was obtained
through the integration between the methods of
mechanical sieving and laser dispersion, using
the Wentworth scale. The equipment used in the
laser analysis was the Bluewave MICROTRAC.
Due to equipment limitations, it was necessary
to separate material larger than 2 mm
(granules), and the samples were submitted to
mechanical sieving (2 mm sieve), obtaining the
percentage of granules in the sample. The rest
of the sample was homogenized and = 2 g was
applied to the wet method of the Bluewave
MICROTRAC equipment, obtaining a
granulometric distribution between 0.02 and
2.000 pm (clay to very coarse sand). To integrate
the results of both methods, it was necessary to
adjust the percentages of each class on the
Wentworth scale using the equation below:

(100 — PG) X PC

PF (%) = 100

PF = Final percentage of the
granulometric class in the integrated
granulometry (sieve + laser);

PG = Percentage of granules measured
by mechanical sieving;
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PC = Percentage of the granulometric
class calculated with laser scattering
results.

Source: The authors (2022).

The granulometric distribution data were
transferred to the SYSGRAN 3.0 software
(CAMARGO, 2006), where the Folk and Ward
granulometric parameters were calculated:
mean, median, degree of selection, asymmetry,
and kurtosis. The texture was identified
according to the textural triangle adapted from
the Soil Survey Manual (SANTOS et al., 2015).

The morphological properties of the material
in the sand granulometric fractions (0 phi/@ to 4
phi/@) were analyzed using a pocket magnifying
glass with a 20X magnification, comparing with
sphericity and roundness charts (MANCINI,
2016). Finally, a bivariate correlation test was
applied between the granulometric classes of the
samples collected in Excel software (CORREL
function).

Volumetric reconstitution of the deposits

Volumetric reconstitution was performed only in
the psammitic deposits (which were formed in
the event). The deposit thickness value was
entered in the attributes table of the vector file
of the collected points. The cloud of 108 points
with the aforementioned thickness information
was submitted to interpolation in the ArcGIS
10.4.1.

The interpolation algorithm used was the
Spline With Barriers. This was chosen
considering the spatial behavior of the collected
data, where the type of deposit reflects the
thickness characteristics. That 1is, abrupt
thickness transitions were observed only by
comparing the thicknesses in different deposits,

while in the same deposit a certain homogeneity
of values was observed, with slight variation.
Therefore, it is considered that the minimum
curvature of this algorithm, associated with
barriers such as the limits of the previously
mapped 2011 deposits, best fits the proposed
volumetric estimate.

The resulting raster had 1 m of spatial
resolution and was applied to the Surface
Volume tool of ArcGIS 10.4.1 where, considering
the reference plane below as zero, the volume of
the psammitic deposits was estimated. To
estimate the mass of the deposits, the volume
was multiplied by the apparent density of the
material, considered here at 1.5 mg/m® an
average value calculated for samples with a
sand texture (BRADY; WEIL, 2013; ZERI et al.,
2018).

RESULTS AND DISCUSSION

Psammitic deposits predominate in the
floodplain (87.59%), being the largest floodplain
subunit (76.12%), distributed between the
upstream and downstream portions of the study
area (Figure 4 and Table 3). The pelitic deposits
are found at the lateral ends of the area and in
vegetation fragments, areas not affected by the
March 2011 flood. Psephytic deposits, resulting
from debris flows, are found at the mouths of the
Jacarei, Tingidor and Prata Rivers, where they
formed fans (or dejection cones), extending to
the intramontane channels. In these areas,
clasts with a diameter greater than 150 cm are
found, classified as boulders, being surrounded
by blocks, pebbles, and granules. Except in the
fan in the Rio de la Plata, where granules
predominate.
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Figure 4 - Deposits in the alluvial plain of the Jacarei River in 2011. Note that the fluvial channels
in the plain are not illustrated in the figure due to their filling during the burial event by the mud

flows in 2011.
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Table 3 - Characteristics of the sedimentary units of the alluvial plain of the Jacarei River in 2011.

. . Area Area . .
Units/Subunits (ha) %) Sector of the alluvial plain
Pelitic deposits 25,06 8,76 Distal portions
Psephytic deposits 10,45 3,65 River mouths.— Upstream
portion
Breakthrpugh 4,48 1.56 Downstream portion
deposit
.. River bar 5,28 1,85 Upstream portion
Psammitic Anastomosed river

deposits bed 23,04 8,06 Upstream portion

Flood plain 217,68 76,12 Upstream and downstream

portion

Source: The authors (2022).

Mud flows ran through the alluvial plain (3.3
km long by 1.2 km wide) fostering widespread
flooding in the area. The sedimentological
description of the psammitic and pelitic deposits
is presented in the following topic. In addition to
clasts, several points with accumulation of
woody material are identified in the orbital
image, mainly in the bed of the Jacarei River
near BR 277. Additionally, in this portion,
several bodies of water formed by the event were
also identified.

Sedimentology of deposits formed in 2011

The samples collected in the psammitic deposits
were classified between fine sand (3 @) and very
fine sand (4 @), and in most cases the peak of the
histogram occurred in the medium sand class (2
@), with the exception of P- 05, P-12 and P-16
(peak in fine sand — 3 @). The psammitic
subunits “river bar” and “anastomosed riverbed”
had the highest sand contents (above 78%)
(Figure 5). From a textural point of view, the
samples from these units were classified as “free
sand”, with the exception of sample P-05 which
was classified as “sand” (86.47% sand). In all
psammitic samples, low sphericity, sub-angular
to very angular clasts were found.
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Figure 5 - Particle size frequency histogram for the samples P-01 to P-16.
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The material from the “breakthrough psammitic deposits, classified as “free”. Samples

deposit” unit was classified as “sandy loam”.
Samples P-07 to P-14, collected in the buried
floodplain, were also classified as “sandy loams”.
In these units, samples P-04, P-08 and P-09
were gravelly. Samples P-15 and P-16 recorded
the lowest levels of sand in samples collected in

P-17 to P-19 refer to pelitic deposits, with the
average diameter classified as “average silt”
(Figure 6). The samples presented an average of
59% of the material in silt, resulting in the
textural classification “loose silty”.

11

Soc. Nat. | Uberlandia, MG | v.34 | 64381 | 2022 | ISSN 1982-4513



PAZ; PAULA

Sedimentology and volumetric reconstitution

Figure 6 - Particle size frequency histogram for samples P-17 to P-19.
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Source: The authors (2022). The x-axis is phi (@) and the y-axis is percentage (%).

In addition to the mean diameter, the
asymmetry parameter showed a significant
difference between the psammitic and pelitic
samples (Table 4). Psammitic samples were
classified as “positive” to “very positive”
asymmetry, while pelitic samples were
classified as “approximately symmetrical”.

Analyzing the bivariate correlation between

samples (Figure 7), two patterns of high positive
correlation are observed: samples P-01 to P-12
(x0.8) and samples P-13 to P-16 (x 0,9). The two
groups 1identified show a weak positive
correlation with each other (x 0.33), even though
all samples were psammitic. On average, a very
weak positive correlation was found between the
pelitic and psammitic samples (x 0.15).

the granulometric distribution of psammitic

Table 4 - Granulometric statistical parameters of the collected samples.

Unit Sample Mean Median Selection Asymmetry Kurtosis

Psammitic deposits P-01 2,64 2,10 1,66 0,56 1,11

- River bar P-02 2,48 1,96 1,60 0,59 1,30

Psammitic deposits P-03 2,28 1,58 2,29 0,48 1,22

- Anastomosed P-04 2,74 2,37 2,04 0,24 1,37

riverbed P-05 2,54 2,39 1,30 0,33 1,55
Psammitic deposits

— Breakthrough P-06 3,09 2,39 2,57 0,38 0,95

deposit

P-07 3,61 2,91 2,56 0,38 0,77

P08 2,71 1,73 2,71 0,50 0,93

P-09 2,69 1,76 2,59 0,49 1,05

P-10 3,04 2,35 2,42 0,40 0,95

Psamitic deposits - P-11 3,63 3,04 2,27 0,41 0,90

Flood plain P-12 3,42 2,78 2,00 0,51 1,17

P-13 4,19 3,74 1,91 0,40 0,93

P-14 4,36 3,91 2,15 0,32 0,85

P-15 4,70 4,46 2,28 0,16 0,83

P-16 4,40 4,23 2,37 0,13 0,82

P-17 5,00 5,07 1,90 0,00 0,90

Pelitic deposits P-18 5,07 5,23 2,41 -0,08 0,80

P-19 5,78 5,66 2,11 0,02 0,79

Source: The authors (2022).
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Figure 7 - Bivariate correlation matrix between the granulometric distributions of the psammitic
samples collected.

Samples P1 P2 P3 P4 P5 P6 P7 P8 P9 | P10 | P11 | P12 I P13
P1 1,00 0,24
P2 1,00 10,69 0,19
P3 1,00 | 0,64 | 0,49 | 0,50 | 0,30 |-0,19] -
Pa 0,64 0,40 0,49 0,41
P5 0,66 [ 0,45] 0,53 | 0,69 0,58)0,68]0,5
@ P6 1,00 0,58 0,13
e P7 0,66 1,00 0,53 | 0,09
|l s 1,00 0,52 | 0,23 [-0,28] -
. P9 1,00 0,61 0,32]-0,19]-
a1 P10 1,00 0,54 0,11
P11 0,50 052 061 1,00 0,63
P12 0,69 0,30 0,58 053] 023032054
p13 | o024]019]-0,19] 0,40 0,58 0,13 | 0,09 |-0,28]-0,19| 0,11 | 0,63
P14 0,36 | 0,31 |-0,11| 8| 0,24 | 0,25 |-0,16|-0,07| 0,22
P15 0,33 | 0,28 |-0,15] 0, 0,23 | 0,31 |-0,13(-0,03( 0,23 | 0,69
P16 |060]055[015|0 ]1052]061]020)030]052
-0.39a-0.20 Weak negative 0.40a 0.69 Positive moderate D Group 1
-0.19 a2 0.00 Very weak negative 0.70 a 0.89 Strong positive
0.00a0.15 Very weak positive 0.90 a 1.00 Very strong positive Group 2
0.20a0.38 Weak positive

Source: The authors (2022).

Samples P-01 to P-12 are located in the
upstream and middle portions of the floodplain,
while samples P-13 to P16 are located in the
downstream portion (near the BR 277 highway).
The mapping of the flow lines (Figure 8)
indicates two main directions of water and
sediments during the event, both of which start

at the point where the Jacarei River enters the
alluvial plain and are close to the BR 277
highway. The first flows close to the slopes of the
Serra da Prata, following the anastomosed
riverbed until the rupture deposit. The second
flows near the slopes to the west, entering the
vicinity of the Piraquara River.
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Figure 8 - Main granulometric parameters and flow lines in the alluvial plain of the Jacarei River in
2011. Note that, after the mud flow event and the consequent of burial of the alluvial plain, it is not
possible to identify the fluvial channels due to their filling. It is only possible to observe the

anastomosed channel imposed on the Jacarei river.
; 48°41'W
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Source: The authors (2022).

Volumetric reconstruction deposits was estimated at 1.134.699,28 m?,

equivalent to 1,7 million tons of sediment. To

The 108 sampling points showed values ranging
from 20 cm, at the lateral ends of the alluvial
plain, to 120 c¢m, in a river bar surrounded by
the anastomosed bed. The average thickness
was 50 cm. The total volume of psammitic

Soc. Nat. | Uberlandia, MG | v.34 | 64381 | 2022 | ISSN 1982-4513

better analyze the distribution of deposits in the
plain, the generated model was divided into
classes (Table 6). Transects were traced over the
plain in order to observe the longitudinal
variation of the deposits (Figure 9).
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Table 6 - Area (hectare and percentage) of each thickness class in the floodplain.

Class Area (hectare) Area (%)
Between 20 and 35 cm 60,3001 24,09
Between 35 and 45 cm 69,8435 27,89
Between 45 and 55 cm 83,4906 33,35
Between 55 and 75 cm 31,9649 12,76
Between 75 and 120 cm 4,7813 1,91

Source: The authors (2022).

Figure 9 - Transects illustrating the vertical variation in deposit thickness.

Profile 01 - Upstream portion of the Jacarei River plain

- Bt " anastomosed
m i i unaltere; ]
55 cm ebris deposit natert . ,anastomosed | river | bed
— 50 em arear  anastomosed bed . river bar  : bed ' bar |
16m : 45 cm ! 90 cm ' :
15m 50 cm
14m Sedimentary material before the event
13m
12m= T T T T T T T T T T T |
om 50 m 100 m 150 m 200m 250 m 300m 350 m 400 m 450 m 500 m 650 m 700 m

Profile 02 - Middle portion of the Jacarei River plain

Anastomosed
bed

TD 07 =25¢cm Debris
deposit

40 cm

40 cm  Debris deposit

Sedimentary material before the event

| | | | | | | | 1
400 m 500m 600 m 700 m 800 m 900 m 1000 m 1100 m 1200 m

Source: The authors (2022).

| | I
100 m 200 m 300 m

downstream sector, right after the rupture
deposit formed on the banks of the Jacarei river

According to the generated model (Figure
10), there i1s a concentration of deposited

volumes at three points: 1 - close to the Jacarei
river channel throughout the plain; 2 — in the
upstream sector, shortly after the arrival of the
Jacarei River on the plain; 3 in the

channel. In the lateral extremities of the plain
and in the anastomosed riverbed, the smallest
values of thickness (< 35 cm) were observed.

15

Soc. Nat. | Uberlandia, MG | v.34 | 64381 | 2022 | ISSN 1982-4513



PAZ; PAULA

Sedimentology and volumetric reconstitution

Figure 10 - Thickness model of psammitic deposits.
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DISCUSSION

The results obtained indicate two stages in the
construction process of the psammitic deposits
in 2011. The first refers to the arrival and
spreading of sedimentary material, woody
material and water in the alluvial plain,
originating from the flows of mud and debris
between 14h and 15h on 11/03/2011 (according
to reports presented by residents), burying the
past surface.

The flow across the BR 277 bridge was
interrupted due to the accumulation of wood
logs. The BR 277 highway embankment worked
as a dam, accumulating water and sediment on

the plain. The first two sediment volume
concentration points (near the Jacarei river
channel and in the upstream sector, shortly
after the arrival of the Jacarei river in the plain)
were formed at this stage.

The second stage began around 19h, when
the BR 277 highway bridge breaks (ECOVIA,
2011). Water and sediments flow into the
Antonina Bay, shaping the newly accumulated
material on the plain. The anastomosed
riverbed originates from erosion caused by the
flow of runoff. On the other hand, the rupture
deposit (crevasse splay) originates from the
clogging of the Jacarei channel by woody
material and consequent rupture, resulting in
the deposition of material carried from the
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anastomosed bed. This interpretation 1is
supported by the analysis of flow lines. The third
sediment volume concentration point (in the
downstream sector) was formed at this stage,
fed by the rupture deposit.

The existence of two groups in the psammitic
samples is explained by this dynamic. Finer
material that was in the anastomosed riverbed
was transported to the downstream portion of
the plain. This explains the significant texture
difference within the psammitic samples (sand
to loam and sandy loam to loam). As for
asymmetry, positive asymmetry curves are
often associated with depositional moments,
while approximately symmetrical curves
suggest a combination of erosion and deposition
processes (FRIEDMAN, 1961; DUANE, 1964).

The results obtained confirm the low textural
maturity (immaturity) of the psammitic
material in the alluvial plain of the Jacarei
River. These are poorly selected sediments, with
the presence of fine and angular clasts of low
sphericity (FELIX; HORN FILHO, 2020). This
result is in agreement with the literature, and
this behaviour is expected in material generated
by mud and debris flows (HUNGR, 2005;
REGMI et al., 2015).

In order to understand the dimension of the
event, it 1s relevant to compare the estimated
mass of the psammitic sedimentary packages
formed in 2011 (1,7 million tons) with the
measured values of sediment production in the
JRB and surroundings. Considering the
regional context, the estimated mass of
psammitic deposits here is more than 8.5 times
the estimated total sediment production for all
hydrographic units (basins + island systems)
that drain into the Paranagua Estuarine
Complex (PEC), with a volume estimated at
197.017,21 tons per year (RUTYNA et al., 2021).
It should be noted that the volume estimate
presented here is part of the psammitic deposits
in the alluvial plain, with psephytic material in
the plain and in the fans and intramontane
channels.

Considering the volume estimated here, it is
possible to classify the event that occurred in the
Jacarei river basin as of high magnitude,
partially within class 7 (106 - 107 m?®) according
to the proposal by dJakob (2005) (only
considering the volume of material). Class 7
mass runs can destroy structures and parts of
cities, in addition to obliterating valleys, fans,
plains and river channels for tens of kilometers
(JAKOB, 2005). Had it not been for the BR 277

embankment, the mud flows could have reached
further downstream parts of the Jacarei River
plain.

The alluvial plain of the Jacarei River should
be seen as a sedimentary stock, a source area of
material in the hydro-sedimentary cycle of the
landscape. The sediments in this area are
unconsolidated and can be eroded by the river,
even more so in cases of extreme rainfall events.
Despite the predominance of the sand fraction,
the sedimentary material formed in 2011
presents significant values of silt (x 28%), the
predominant granulometric fraction in the
material dredged in the navigation channels of
the ports of Antonina and Paranagua
(BOLDRINI; PAULA, 2009). Thus, the material
eventually eroded and transported by the river,
can contribute to the problem of sedimentation
in the bay of Antonina (PAULA, 2010,
PAULA,2016).

CONCLUSION

The gravitational processes of landslides and
mud and debris flows in the Jacarei river basin
in 2011 resulted in psammitic and psephytic
deposits that covered about 91% of the alluvial
plain. Psammitic deposits were the most
expressive (= 88%), classified as loam to sandy
loam, estimated at 1,7 million tons of sediments.

The results demonstrate the high magnitude
of the 2011 event, since in a period of less than
24 hours the JRB moved more than 8,5 times the
annual production of sediments from the
hydrographic units that drain to the Paranagua
Estuarine Complex. The transformations in the
alluvial plain of the Jacarei River reflect the
genetic processes of terrigenous origin in the
coastal plain.

Additional studies are recommended that
address the volume of psephytic deposits from
intramontane channels to the alluvial plain. The
results presented here may have ramifications
in public policy actions, mainly in the territorial
planning of this landscape. The new
environmental dynamics reveal new
weaknesses, such as areas that are sources of
sedimentary material, and potentialities,
considering that the contribution of sedimentary
material can renew the fertile character of the
soil, providing opportunities for economic
activities in the area.
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