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Abstract: In recent years, some topographic metrics (Gilbert metrics) have been proposed to investigate the degree of mobility
and stability of drainage divides, through erosion rates between basins that share the same divide. Here, we investigated the
mobility dynamics in the main divide of the Ibicui and Jacui river basins in southern Brazil, considering several indicators of
erosive processes in this region. The mobility and stability of the Ibicui-Jacui interfluve were assessed based on the x and
Gilbert (elevation, gradient, and local relief) metrics extracted from the Copernicus DEM (COP-30) and field data, including
aerial images. Our results showed that mobility occurs throughout the studied interfluve. In particular, the central region
showed a high level of drainage divide mobility, likely due to its geographical location in the Central Depression
geomorphological unit, which is dominated by low-resistant sedimentary rocks and relatively low elevations. The results also
indicated that the main direction of the interfluve’s mobility is from east to west, highlighting that sub-basins from the Jacui
basin are potentially more erosive and, thus, are migrating toward the Ibicui basin. Once connected, these sub-basins may
alter the regional fluvial dynamics of this important region in southern Brazil.

Keywords: Geomorphometry; Erosion; Drainage divide.

Resumo: Nos ultimos anos, algumas métricas topograficas (métricas de Gilbert) foram propostas para investigar o grau de
mobilidade e estabilidade dos divisores de drenagem, através das taxas de erosao entre bacias que partilham o mesmo divisor.
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Sendo assim, investigamos a dinamica de mobilidade no divisor principal das bacias dos rios Ibicui e Jacui, no sul do Brasil,
considerando diversos indicadores de processos erosivos nesta regido. A mobilidade do interflavio Ibicui-Jacui foi avaliada
com base nas métricas x e Gilbert (elevagdo, gradiente e relevo relativo) extraidas do Copernicus DEM (COP-30) e dados de
campo, incluindo imagens aéreas. Resultados mostraram que a mobilidade ocorre ao longo do interfliivio estudado, em
particular, a regido central apresentou um elevado nivel de mobilidade dos divisores, provavelmente devido a sua localizagao
geografica na unidade geomorfolégica da Depressao Central, que é dominada por rochas sedimentares de baixa resisténcia e
altitudes relativamente baixas. Os resultados também indicaram que a principal dire¢do da mobilidade ¢ de leste para oeste,
destacando que as sub-bacias pertencentes ao Jacui sdo potencialmente mais erosivas e, portanto, estdo migrando em diregao
a bacia do Ibicui. Uma vez conectadas, essas sub-bacias poderao alterar a dindmica fluvial regional desta importante regiao
do Sul do Brasil.

Palavras-chave: Geomorfometria; Erosao; Divisor de drenagem.

1. Introduction

The morphology of Earth’s surface is constantly changing due to the dynamic interplay between surface
processes (e.g., erosion and deposition) and tectonics (e.g., uplift and subsidence). Additionally, the different
lithologies and structures over which relief surface and subsurface process also operate play a relevant role, as
different lithotypes resist and respond to erosion in distinct ways (BERNARD et al., 2019; PEIFER et al., 2021).
Because of the sensitivity of rivers to relief changes, mainly those located in low-order channels near divides, rivers
have been increasingly used as indicators of landscape evolution (ALVES et al., 2022; WHIPPLE et al., 2017;
WILLETT et al., 2014). This is especially relevant in fluvial settings where erosion rates vary between adjacent
drainage basins, which can drive drainage reorganization process and consequently the migration of divides and
changes in catchment areas (WILLETT et al., 2014).

Drainage reorganization refers to the partial or total transfer of flow and the incorporation of drained areas
from one catchment to another (WILLETT et al., 2014). Generally, this process occurs between small rivers, mainly
between headwaters that share the same interfluve (BISHOP, 1995). Three principal drainage reorganization
mechanisms are recognized: fluvial capture, diversion or overflow, and beheading (BISHOP, 1995). Over the last
years, studies have shown that drainage divides are more dynamic than expected, and catchments may even
undergo drastic changes in contribution areas (CUNHA et al. 2019, SCHERLER; SCHWANGHART, 2020;
SALGADO et al., 2021). Because these are very rare phenomenon and are even harder to identify in interior
plateaus located in intraplate, tectonic stable settings (DAL PAI et al., 2023) such processes have received little
attention, despite the popularity of global digital elevation models (DEMs) and the relatively recent availability of
methods for evaluating drainage divide dynamics.

To better understand the dynamics of drainage divides in interior, tectonically stable plateaus, the upper
reaches of the Ibicui and Jaculi river basins, which belong respectively to the Uruguai and Guaiba hydrographic
regions of the state of Rio Grande do Sul (RS), configure a potential test-area to apply drainage divide mobility
analysis using DEMs. Although the area relief is not marked by contrasting morphologies, several seminal studies
mentioned the likely occurrence of capture processes in the drainage networks of this sector (e.g.,, HAUSMANN,
1962; AB’SABER, 1969). Regionally, Lisbda and Castro (1998) found evidence for capture process from the
headwaters of the Camaqua River System to the Jacui River System headwaters, as a consequence of headward
erosion of the Camaqua basin. Previous analyses based on optical and hypsometric images derived from DEMs of
the Jacui-Ibicui divide in RS revealed clear exposure to drainage reorganization mechanisms. Thus, in this study,
we analyze the dynamics of mobility and stability in the Jacui-Ibicui interfluve in RS by determining the degree
(intensity) and direction of mobility based on DEM and field data.

2. Study area

The study area is located along the divide between Ibicui and Jacui river basins (Figure 1). The Ibicui river is
part of the Uruguay system, that flow westwards to the interior of the South American. The Ibicui River elevations
vary from 43 to 529 m above sea level (asl), with a mean slope of 6.3 %. The Jacui River flows eastwards into the
Guaiba Lake, with elevations ranging from 0 to 1264 m, and a mean slope of 14.6%.
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Figure 1. Location of the study area in the central region of the Ibicui and Jacui river basins in RS, southern Brazil.

Our study focused only on the region of the main drainage divide (blue line).

The study area encompasses three geomorphologic units: (i) the Serra Geral Plateau, (ii) the Central
Depression, and (iii) the Rio Grande do Sul Shield (Figure 2a). The Serra Geral Plateau locates the northern part of
the study area and is maintained by igneous rocks from the Lower Cretaceous (POLO; JANASI, 2014; BESSER et
al., 2018; ROSSETTI et al., 2018) which are part of the Parana Basin (Gondwana III Supersequence — MILANI et al.,
1998) (Figure 2b). Locally, lithotypes are represented by extrusive igneous lithologies from the Caxias and

Gramado formations.

In the central part of the study area the Central Depression unit is dominant (Peripheral Depression; Figure
2a), which is composed primarily over sedimentary sandstone and pelitic rocks, with the Piramboia and Rio do
Rastro Formation predominant (Figure 2b). Southwards, sub-basins are located within the Rio Grande do Sul
Shield geomorphological unit (Figure 2a), which consists of plutonic and metamorphic rocks, such as the Santa
Rita Monzogranite, Jaguari Granite, mafic-ultramafic complex of the Cerro Mantiqueira unit, and Vacacai

metavolcanic units (WILDNER et al., 2006) (Figure 2b).
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Figure 2. Regional geomorphological units and rock groups in the study area. (A) Geomorphological units covered
by the main drainage divide (Ibicui-Jacui interfluve), including the location of the fifth and fourth fluvial order
analyzed sub-basins. Red dots = spots visited in the field (P1-P17). (B) Main rock groups exposed in the study area,
including the location of the main drainage divide and sub-basins.

The study area has a subtropical climate (ROSSATO, 2011), with precipitation ranging from 1200 mm to 2000
mm annually. Higher precipitation rates are recorded in the northern and central parts of the study area, while
lower precipitation amounts occur to the south of the Ibicui and Jacui river basins. In the case of the Ibicui river
basin, Simioni et al. (2014) found two different climatic dynamics: during medium-low river flow, the recorded
annual precipitation is approximately 1200 mm. The other area is characterized by the state’s central depression in
which the participation normally reaches 1800 mm annually.

3. Materials and Methods

We used a DEM for the topographic analysis of mobility / stability of river basins to investigate fluvial
disturbances and drainage network reorganization in the Ibicui-Jacui interfluve, southern Brazil.

3.1. DEM processing

The Ibicui-Jacui interfluve was assessed using the 30-m spatial resolution Copernicus DEM (COP-30; free
access: https://opentopography.org/). This DEM was selected for this study due to its higher altimetric quality
compared to other 30-m spatial resolution DEMs as indicated by recent studies (GUTH; GEOFFROY, 2021;
PURINTON; BOOKHAGEN, 2021). This DEM was used to extract the drainage network of the study area and
corresponding sub-basins. According to previous visual tests, the drainage network was extracted using an area
threshold of 1 x 10¢ (1,000,000 m?) based on functions available in TopoToolbox (SCHWANGHART; SCHERLER,
2014) and Topography Analysis Kit Master — TAK (FORTE; WHIPPLE, 2019), both implemented in Matlab.

The drainage network served the purpose of extracting the fourth and fifth order sub-basins. These sub-basins
share a same regional baselevel, that is, the Atlantic Ocean. Fluvial order sub-basins lower than fourth were
excluded from this study due to insufficient headwater samples and shorter length of divides for conducting the
drainage divide mobility/stability analysis. Following the completion of drainage network and associated sub-
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basin extraction, a manual and careful selection of the sub-basins of interest was undertaken. In this step,
preference was given to sub-basins located closest to the main Jacui-Ibicui basin divide. Very small sub-basins or
those with few drainage headwaters were excluded from the study. This was done to ensure a statistically more
significant sample set for the topographic analysis. For each selected sub-basin, outlet points were identified for
semi-automatic basin extraction and subsequent drainage divide mobility analysis, as described below.

3.2. Drainage divide mobility analysis

The outlet points served as the basis for the semi-automatic extraction of sub-basins in Matlab. These points
were labeled pairwise (i.e., 1-2, 3-4, 5-6, etc.) so that the algorithm could identify which sub-basins comprised the
same divide. The paired drainage divide stability / mobility analysis was done with the help of the DivideTools
package (FORTE; WHIPPLE, 2019) using the ‘Divide Stability’ and ‘AcrossDivide’ functions. The stability /
mobility investigation included a comparative analysis between the x metric values (WILLETT et al., 2014) and
Gilbert metrics (i.e., elevation at the channel head, upstream local relief and upstream gradient; FORTE; WHIPPLE,
2019; WHIPPLE et al., 2018) extracted using a set of headwaters located on both sides of the drainage divide.
According to Forte and Whipple (2019), divides are expected to move when erosion rates are contrasting on both
sides of the divide, where the greater erosion rate of the aggressor basins drives the migration of drainage divides
(WHIPPLE et al., 2017). The erosion rate difference will most likely be driven by differences in the topographic
gradient between the two sides of the divide. Therefore, the topographic metrics can be used to assess divide
migration as they are topographic proxies for erosion rates. Theoretically, drainage divides tend to move from
lower to higher elevations or x values, while for local relief and gradient, the drainage divide tends to move from
higher to lower values (FORTE; WHIPPLE, 2019). Defining whether a divide is stable or not is done by analyzing
the degree of overlap or separation between the primary statistics (i.e., mean and standard deviation) of the
topographic metrics evaluated for each side of the drainage divide. The drainage divide was assumed to be stable
when the mean on one side of the divide overlaps the uncertainty of the mean on the opposite side; otherwise, the
divide was assumed as mobile (cf. FORTE; WHIPPLE, 2019). This analysis also allowed classifying the
direction/orientation of the divide’s movement, in the cases of mobile divides.

The degree of drainage divide mobility was also analyzed in this study, and the mobility of the divides was
classified into values ranging from 0 to 4 (Table 1). For a divide with no mobility according to any of the evaluation
metrics, the value of 0 is assigned (stable divide, no mobility); a divide with mobility according to just one of the
metrics is assigned a score of 1 (low mobility); mobility in two metrics is assigned a score of 2 (moderate); a score
of 3 is assigned (high mobility); and a divide with mobility in all four metrics is assigned a score of 4 (very high
mobility), indicating that it is most likely to undergo migration and eventual river capture processes.

Table 1. Degree of mobility in 4th and 5th fluvial order sub-basins that share the same drainage divide.

Number of metrics

indicating mobility Valueassigned Description
No metrics 0 Stable divide, no mobility
One metric 1 Low mobility
Two metrics 2 Moderate mobility
Three metrics 3 High mobility
Four metrics 4 Very high mobility

3.3. Field data

Based on the results of the drainage divide mobility analysis, specific points of interest were visited in the
field on May 26th and 30th 2023. In the field, notes on the observed terrain and flights to collect oblique aerial
images, seeking to observe and investigate erosive features present in the region were taken. A total of 17 spots
(P1-P17; Figure 2A) were visited in the field. Aerial images were captured, except at spots P3 and P6, which were
used to describe the relief in the field since there were exposed features of interest for validating the results with
the drainage divide migration analysis.

A DJI Phantom 4 PRO remote-piloted drone (RPD), a small, light multirotor device weighing approximately
1.5 kg was used to take the images. It carried a 20-megapixel CMOS sensor with a nominal focal length of 24 mm,
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which permitted acquiring reference images in the visible spectrum, with wavelengths ranging from 490 to 665 nm
(i.e., the blue, green, and red bands), with a maximum image-capture height of 120 m. The spectral bands were
also used to produce colored composites (R3G2B1). In addition to the images, it collected terrain points with a
model Garmin EtrexHcx GPS. This data was subsequently integrated with the topographic data within a
geographic information system (GIS) environment.

4. Results

Through semi-automated procedures done on the DEM, a set of sub-basins located at the Ibicui-Jacui divide
was obtained and the current stability and mobility dynamic of these sub-basins was analyzed. Below, a general
characterization of the studied sub-basins and the results along with their stability/mobility analysis based on the
x metric and the Gilbert metrics are presented.

4.1. Sub-basins and drainage divides

DEM-based drainage investigation resulted in a set of fifth and fourth fluvial order sub-basins located in the
main Ibicui-Jacui interfluve in RS, southern Brazil (Figure 2A-B). A total of 119 sub-basins were extracted, of which
32 were classified as fifth fluvial order and 87 as fourth fluvial order. Fifth order sub-basins showed an average
area of ~ 110 km? encompassing a total of 24 drainage divides. Fourth order sub-basins revealed relatively smaller
drainage areas than fifth order sub-basins, averaging around 22 km?, with a total of 60 divides. The headwaters of
these sub-basins were analyzed using the x and Gilbert metrics, and their topographic values were compared to
each other in order to infer the stability/mobility of the main divide in the study area. For mobile divides, the
topographic metrics were also useful for calculating the degree of migration, as well as for establishing the local
and regional direction of divide migration. These results are presented in the following.

4.2. Drainage divide mobility and stability analysis

By analyzing the averages and standard deviations of the four studied metrics (i.e., elevation, gradient, local
relief, and x) for each of the 24 drainage divides constituted by the fifth order sub-basins, we found several divides
suggested as mobile (Figure 3). From the total of mobile divides, 17 (~ 70%) were indicated by differences in
elevation (Figure 3a); 13 (54%) by the gradient (Figure 3b); 15 (62%) by local relief (Figure 3c); and 19 (79%) by the
x values (Figure 3d). Therefore, among the four evaluated topographic metrics, x was the one that identified the
greatest number of mobile divides, and gradient the fewest, for the fifth order sub-basins. Overall, only eight
divides were classified as mobile in all four metrics.

The results for the fourth fluvial order sub-basins also showed a significant number of mobile divides (Figures
4 and 5). Out of the total of 60 drainage divides, 47 (~ 78%) were suggested to be mobile according to the elevation
metric (Figures 4a and 5a); 42 divides (70%) through the gradient metric (Figures 4b and 5b); 41 (68%) by local relief
(Figures 4c and 5c); and 49 (82%) through the x metric (Figures 4d and 5d). Similar to the fifth order river sub-
basins, the x and elevation metrics resulted in the greatest number of mobile divides, while local relief had the
smallest number. Overall, 28 divides were mobile in all four of the studied metrics.
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4.3. Degree of divide mobility and direction of divide migration

Most of the divides from fifth order sub-basins (58%) revealed high (n = 6) and very high (n = 8) degrees of
mobility (Figure 6). None of the divides extracted from the sub-basins of this order were completely stable (i.e.,
degree 0), indicating that the divides displayed mobility in at least one of the four analyzed topographic metrics.
Conversely, the highest percentage of degrees of divide mobility (72%) was found for fourth order sub-basins, with
most of them falling into the high (n = 15) and very high (n = 28) classes (Figure 6). It can also be observed that
there are two stable divides with no evidence of contrasting values in the topographic metrics.

M 4th order ™ 5th order
30

28

N
[9,]

N
o

Number of drainage divides
) v

[,]

15
8 8
7
6 6
4
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- -
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Degree of mobility

Figure 6. Summary of the degree of divide mobility based on fourth and fifth order sub-basins. See Table 1 for class
descriptions.

To better understand the spatial patterns and significance of divide migration in the study area (Ibicui-Jacui
interfluve), they were further analyzed in terms of geographical distribution (location, degree of mobility, and
direction of migration) and the predominance of rock types (Figures 7 and 8) in three sectors (sectors A, B, and C;
see location in Figure 2B). Among the three sectors analyzed, sectors A and B presented the greatest occurrence of
mobile divides with a high degree of mobility in the case of fifth order sub-basins. Sector C had only two divide
segments with a high and very high degree of mobility.

Fifth order sub-basins occurred mainly over igneous and sedimentary rocks (Caxias and Piramboia
formations, respectively), both from the Parana Sedimentary Basin. These rock types represent ~ 22% and 20% of
the drainage area represented only by fifth order sub-basins. In the case of fourth order sub-basins, sector B showed
the highest number of mobile divide segments with a higher degree of mobility compared to sectors A and C
(Figure 8). Sedimentary rocks from the Pirambodia Formation predominate in these sub-basins, accounting for 20%.
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Figure 7. Spatial distribution of the drainage divides from fifth order sub-basins with their respective degrees and
directions of mobility, including the distribution of main rock types. A-C) Sectors analyzed in the study area (see
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Figure 8. Spatial distribution of the drainage divides from fourth order sub-basins with their respective degrees and

directions of mobility, including the locations of the main rock types. A-C) Sectors analyzed in the study area (see

Figure 2B for the spatial location of each sector).

The direction of divide mobility was considered only along divides with a mobility degree of four, indicating
when all the metrics point to differences on both sides of a given divide (see Figures 7 and 8). The regional mobility
direction analysis (Figures 7 and 8) indicates that, in general, divides are moving northwest and southwest,
towards the Ibicui River, with the Jacui tributaries acting as captors. For fifth order sub-basins (Figure 7), among
the three sectors analyzed, sectors A and B are the most unstable. Sector C has only one mobile divide (divide 3),
moving eastwards. In this sector, the Ibicui tributaries are gaining drainage areas from the Jacui tributaries. This is
alocal divide segment that do not reflect the general trend of migration in direction of the Ibicui River basin. Divide
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3 is migrating from a sector with high-elevation hard igneous rocks toward less-resistant sedimentary rocks and
may be explained by local variations in lithology. In sector B, the Jacui is the captor system for three divides (divides
10, 12, and 14), which are mobile according to the four metrics. Considering the elevation, gradient, and local relief
metrics, the Jacui tributaries are the captors, whereas y indicates Ibicui tributaries as captors. Along sector A, Jacui
tributaries are capturing the Ibicui tributaries according to all the metrics considered in the four mobile divides
(divides 15, 18, 21, and 22 in Figure 7).

For fourth order basins, tendencies are slightly different (Figure 8). Along sector C, six divides are mobile in
all the considered metrics, with the Ibicui system being the captor at divides 3, 4, 8, and 9, whereas only for divide
17 is Jacui the captor system. For divide 13, Ibicui is the captor system for gradient, local relief, and x metrics, while
elevation indicates Jacui as the captor. The sector with the greatest mobility is sector B, with 16 mobile divides,
although only along divide 26 do all the metrics indicate Jacui as the captor system. For the other 15 divides, Jacui
is the captor system (divides 20, 21, 24, 27, 28, 30, 32-34, and 36-41) for elevation, gradient, and local relief metrics,
whereas x indicates Ibicui as the captor. Finally, along sector A, six divides are mobile in all metrics. Five of them
(divides 45, 51, 53, 56, and 57) point out Jacui tributaries as captors, while along divide 48, the metrics elevation,
gradient, and local relief point out Ibicui as the captor, although x suggests a capture from Jacui tributaries.

3.2. Field data description

Based on the aerial images obtained at locations P1, P2, P7, P8, P9, P10, P14, P15, P16, and P17 (see Figure 2A),
it was possible to observe features that were not so evident from moderate spatial resolution remote sensing and
cartographic data (e.g., regional mapping, optical satellite images, and DEMs). This was particularly noticeable at
spot P1, where divide 28 is located (Figure 8B). This divide is moving westward and has a very high mobility
(degree 4; Figure 8B). This migration dynamics was evident in the aerial images obtained for this location (Figure
9A-B), where a contrast between the drainage density on either side of the divide was observed. This morphological
difference can also be seen in a DEM (Figure 10A), where significant topographical differences are visible on either
side of the divide. While one sector in the Ibicui basin appears to have little vegetation and flatter topography, the
Jacui basin sector presents a larger volume of vegetation in the drainage area and a more rugged topography
(Figure 10A). Additionally, some places with erosion scars can be seen, strongly indicating that the divide on the
Jacui side of the basin is advancing toward the Ibicui side. In terms of dissection of the two basins’ topography, the
difference continues to be visible along the divide, remaining clear toward the north of spot P2, as shown in Figure
10B.
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Ibicui River Basin | Jacui River Basin

Figure 9. Drone-based aerial images for the spots P1 (A-B), P9 (C-D) and P13 (E-F) in the study area (see location of
spots in Figure 2A). Note the contrast between the drainage network on the two sides of the main Ibicui-Jacui
drainage divide (red dashed lines). White arrows = direction of divide migration.
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Figure 10. Detailed regional topography of the study area based on the COP-30 DEM, including the location of the
main drainage divide. See location of spots (P1, P2, P7, P8, P9, P10, P13, P14, P15, P16, and P17) in Figure 2A. Note
the differences in dissection on the two sides of the divide.

Another example is spot P9 located on divide 24 (Figure 8B). This divide is moving to the northwest and also
shows a high degree of mobility (degree four, see Figure 8B). Figures 9C-D show two aerial images of this location.
It can be seen that the Ibicui side of the basin has more vegetation (Figure 9C) and a more developed drainage
network than the Jacui side (Figure 9D), which presents less vegetation, though with evidence of erosion along the
drainage channels. Along with other divide segments (e.g., 28; Figure 8B), divide 24 also showed westward
migration, towards the Ibicui basin. Visual analysis of the topography of this region in a colored DEM corroborates
this topographical difference, in which the Ibicui basin presents a relatively smoother topography than the Jacui
basin (Figure 10C).

Divide segment 19 (Figure 8C) has high mobility (degree three) and is migrating to the southwest. Upon
examining the aerial images of this location (P13 in Figure 9E-F), a smoother topography and drainage network
are visible on the Ibicui side of the basin (Figure 9E) compared to the Jacui basin (Figure 9F), where the topography
is rougher, with deeper valleys, and potentially more erosive, given the evidence of erosion scars along the
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drainage network. The topographic characteristics of this region (Figure 10D) also show significant morphological
differences, with more accentuated and developed morphological features toward the Jacui side of the basin,
strengthening the hypothesis of migration toward the Ibicui side.

The region around points P14 and P17 (divide segment 38) and points P15 and P16 (divide segment 41; Figure
8B) revealed very high mobility (degree four). Evidence for this mobility includes more accentuated and developed
morphological features on the Jacui basin side (Figure 10E), with significant morphological differences in the
topography, corroborating the hypothesis of migration toward the side of the Ibicui river basin.

4. Discussion

The application of the Gilbert metrics together with the x metric measured for the Jacui-Ibicui divide (Figures
3, 4 and 5) suggests an ongoing divide migration independently of the order of the evaluated sub-basins. The lower
elevation divides located in the central portion of the study area (sector B) are the most unstable sector where the
eastward-draining Jacui tributaries seem to be capturing the westward-tributaries from the Ibicui River. In the
divide segments considered, the x metric presented the most diffuse results, with values constantly pointing to
different direction of divide migration as the other metrics (Figures 3, 4 and 5). This is more evident along the
Sector B were the X consistently indicated Ibicui as the captor system while elevation, gradient and local relief
indicated Jacui as the captor. This reinforces that the x metric is not so reliable in transient landscapes (FORTE;
WHIPPLE, 2019; WHIPPLE et al., 2018), as hypothesized for the study area. A similar tendency was verified by
Dal Pai et al. (2023) for the Uruguay-Parana divide northwards of the study area, where x and the other Gilbert’s
metrics did not always indicate the same divide migration direction. This can be linked to the fact that the Gilbert
metrics indicate the present-day trend of divide migration whilst x metric shows the future trend (FAN et al., 2021;
SIMOES et al., 2021; WU et al., 2022). Here, the Gilbert metrics showed a more homogeneous pattern and a less
noisy distribution of topographical values.

By considering the drainage divides from both the fifth (Figure 7) and fourth order (Figure 8) sub-basins, it
can be seen that the central (sector B) and northern (sector A) regions of the study area had greater mobility. These
regions revealed the greatest number of sub-basins classified as having high and very high degree of mobility,
while the more stable divides, primarily with a low or moderate degree of mobility, lie in the southern portion
(sector C) of the study area.

The mobility of the divides may be controlled by various factors (e.g., climate, lithostructure and tectonics;
WILLETT et al., 2014; SALGADO et al., 2018; SORDI et al., 2018). In the Ibicui-Jacui interfluve the mobility of the
divides is most likely related to lithological contrasts, that is, the occurrence of terrain with differing degrees of
erodibility (Figures 7 and 8) and the local baselevel which is lower for the Jacui river tributaries, which drains
eastwards into the Guaiba system, than for the Ibicui tributaries which drain westwards into the continent interior
towards Uruguay River. Such proposed lithology control is clearer in sector B where sedimentary rocks from the
Pirambdia and Rio do Rastro formations are exposed. These lithotypes are composed by layers of less resistant
sandstones and pelitic rocks, which lead to accelerated erosion (ARCANJO, 2011). A combination of lower
baselevel and less resistant rocks lead to denudation rates up to ten times faster along the Serra Geral escarpment
northwards of the study area (c.f.,, SORDI et al., 2018). Although the relief is more contrasting on the area studied
by Sordi et al. (2018), the lithotypes are the same.

Northwards, along sector A, varying degrees of mobility are found, with very high and high mobility
predominating. In this case this mobility can be explained through regional relief, as it is consists a transition zone
between the Serra Geral Plateau and Central Depression formed by erosive escarpments. The lithotypes of this
sector are dominated by extrusive igneous rocks from Caxias Formation (ARCAN]JO, 2011).

The southern region is dominated by low-mobility sub-basins, those of degree one, in which one finds various
types of granite (i.e,, Mozogranito Santa Rita and Granito Jaguari), and thus reliefs with more erosion-resistant
rocks, such as the mountainous reliefs mentioned by Arcanjo (2011). In this sector, intrusive igneous rocks are
generally more resistant to erosion than the sedimentary rocks of the central portion, according to previous studies
in this region (PREMAILLON et al., 2018).

In general, regardless of the fluvial order of the analyzed sub-basins, the central region of the study area was
the one that held the greatest number of sub-basins of high and very high degree of mobility in contrast to the
northern and southern sectors. In looking at the rock types of the study area, it can be seen that the regions with
the greatest mobility are those which lie on the sedimentary lithologies of the Parand Basin. However, to
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complement the DEM-based results found here, further studies applying, for instance, the rock strength analyses
in the region are still needed.

Upon comparing the results of the fourth and fifth order fluvial sub-basins, one can see that the fifth order
fluvial sub-basins were more statistically robust, because they encompassed more drainage headwaters than the
fourth order ones. For example, divide segment 4 from the fifth order sub-basin analysis used a set of 15 headwaters
to perform the topographic metrics, while for the fourth order sub-basins this same total was diluted among three
divides. However, according to Forte and Whipple (2019), it is efficient to segment divides to take into account
differing behaviors along a divide. In addition, the results were relatively similar for the two fluvial orders
analyzed, showing that the central region (sector B) has the highest level of mobility, with the divide generally
advancing toward the Ibicui river basin. The various evidences of divide migration found along the main Ibicui-
Jacui interfluve based on the remote sensing and field data indicates that this area is undergoing fluvial
disturbances, with the dominant trend being a migration toward the Ibicui river basin, likely related to the
contrasting lithological erodibility.

As the fluvial process advances upstream, the sub-basins will be able to connect to each other through river
captures (BISHOP, 1995), with transference of flow and drainage area. Once connected, the Jacui hydrographic
basin would increase its drainage area by at least 1,380 km?2, if one considers only the migration of the fifth order
sub-basins. If connected, the sub-basins of the present-day topography containing the main Ibicui-Jacui divide,
would experience a change in fluvial landscape, with modification of the local baselevel, river flow direction, and,
possibly, changes in biodiversity (e.g. migration of fishes between adjacent basins), as verified in the country’s
other large river basins (e.g., ALBERT et al., 2018; STOKES et al., 2018).

5. Final remarks

The results obtained from the error bars as well as the aerial images taken in the field show differences such
as drainage density, vegetation, and erosion between the Ibicui and Jacui Rivers hydrographic basin headwaters.
Significant morphological differences in topography were also observed via DEM.

The obtained data also showed that the use of Gilbert and ) metrics together, calculated from the DEM and
hydrographic features, enhances the information extracted from the landscape related to drainage divide mobility
and stability and that use of only one of these metrics is limiting. Nonethless, our study reinforces that along more
symmetrical divides, Gilbert and x metrics may indicate different divide mobility tendencies since past, present
and future dynamics are not unidirectional.

After the analyses undertaken in the Ibicui and Jacui River hydrographic basin interfluve, it can be concluded
that there is an elevated level of drainage divide mobility, with a dominant past and present tendency of Jacui
River basin advancing toward the Ibicui River basin. A possible recapture of previously lost areas by the Ibicui
tributaries is envisaged by x metric.

The results indicate that there is an elevated level of drainage divide mobility, particularly in the study area’s
central region, which brings together the principle geographic characteristics such as the dominance of the Central
Depression geomorphological unit, the predominance of a rocky sedimentary substrate, and relatively low
elevations.

Author’s contributions: Conception, B.R.C., C.O.A.F. and F.C.A.; methodology, B.R.C., C.O.AF. and F.C.A ; validation, B.R.C,,
C.V.G, C.O.AF. and M.S.R; formal analysis, C.O.A.F. And F.C.A.; research, B.R.C.; resources, B.R.C., C.O.A.F. and F.C.A; data
preparation, B.R.C,; article writing, B.R.C.; revision, M.V S,; supervision, C.O.A.F. and F.C.A_; acquisition of funding, B.R.C. All
authors have read and agreed with the published version of the manuscript.

Funding: We would like to thank the Coordination for the Improvement of Higher Education Personnel (CAPES) for providing
master fellowship for B.R.C. The fieldwork was carried out with funding from the Postgraduate Support Program (PROAP) -
CAPES.

Acknowledgments: We thank the help of the graduate program in Remote Sensing, the State Center for Research in Remote
Sensing and Meteorology, and the Latitude Research Laboratory team. We also thank CAPES and PROAP CAPES for financial
support. We would like to thank the two anonymous reviewers and the editor by their comments that contributed to improve
an early version of our manuscript.

Conflict of Interest: The authors declare not having any conflict of interest.



Revista Brasileira de Geomorfologia, v. 25, n. 3, 2024 18 de 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

AB'SABER, A.N. Participago das superficies aplainadas nas paisagens do Rio Grande do Sul. Boletim, Universidade de
Sao Paulo, Instituto de Geografia, v. 11, p. 1-17, 1969.

ALBERT, ].S.; VAL, P.; HOORN, C. The changing course of the Amazon River in the Neogene: center stage for Neotropical
diversification. Neotropical Ichthyology, v. 16, p. 1-24. 2018.

ALVES, F. C.; STOKES, M.; BOULTON, S. J.; ROSSETT]I, D. F.; VALERIANO, M. M,; Post-rift geomorphological evolution
of a passive continental margin (Paraiba region, northeastern Brazil): Insights from river profile and drainage divide
analysis. Geomorphology, v. 414, p. 1-18, 2022.

ARCANJO, J. B. A. Fotogeologia: conceitos, métodos e aplicagdes.Salvador — BA: CPRM/SGB, 2011.

BERNARD, T.; SINCLAIR, H.D.; GAILLETON, B., MUDD, S.M.; FORD, M. Lithological control on the post-orogenic
topography and erosion history of the Pyrenees. Earth and Planetary Science Letters. 518, 53-66, 2019.
https://doi.org/10.1016/j.epsl.2019.04.034

BESSER, M. L.; VASCONCELLOS, E. M.G.; NARDY, A. ]J. R. Morphology and stratigraphy of Serra Geral silicic lava flows
in the northern segment of the Torres Trough, Parana Igneous Province. Brazilian Journal of Geology, 48(2): 201-219.
2018. https://doi.org/10.1590/2317-4889201820180087

BISHOP, P. Drainage rearrangement by river capture, beheading and diversion. Progress in Physical Geography: Earth
and Environment, v. 19, ed. 4, 449-473. 1995. https://doi.org/10.1177/030913339501900402.

CARVALHO JUNIOR, O. A.; GOMES, M. C. V.; GUIMARAES, R. F.; GOMES, R. A. T. Revisdes de literatura da
geomorfologia brasileira. Inn MARENT, B. R; REZENDE, E. A.; SORDI, M. V.; SALGADO, A. A. R. Processos de
reorganizacao da rede de drenagem no brasil. Brasilia, 2023. P. 24-60. Disponivel em: http://Isie.unb.br/ugb/livros. Acesso
em: 26 jun. 2023.

CUNHA, P. P.; MARTINS, A. A.; GOMES, A.; STOKES, M.; CABRAL, J.; LOPES, F. C,, et al. Mechanisms and age estimates
of continental-scale endorheic to exorheic drainage transition: Douro River, Western Iberia. Global and Planetary Change,
181, 102985, 2019.

DAL PAL M. O, SALGADO, A. A. R; SORD], M. V; CARVALHO JUNIOR, O. A, PAULA, A. V. Comparing
morphological investigation with x index and gilbert metrics for analysis of drainage rearrangement and divide migration
in inland plateaus. Geomorphology 423, 108554, 2023. https://doi.org/10.1016/j.geomorph.2022.108554.

FAN, N.; KONG, P.; ROBL, ]J.C.; ZHOU, H.; WANG, X,; JIN, Z; LIU, X. Timing of river capture in major Yangtze River
tributaries: insights from sediment provenance and morphometric indices. Geomorphology 392, 107915, 2021.
https://doi.org/10.1016/j. geomorph.2021.107915

FORTE, A.M.; WHIPPLE, K.X. Short communication: the Topographic Analysis Kit (TAK) for TopoToolbox. Earth Surface
Dynamics, v. 7, 87-95. 2019. https://doi.org/10.5194/esurf-7- 87-2019.

GASS, S. L. B.; LAURENT, F.; VERDUM, R. DA SILVA, D.M. Rio Ibicui: “rio de areia” durante a estiagem 2019-2020, na
confluéncia com 0 rio Uruguai, Brasil, Confins [Online], 47, 2020. Disponivel em:
<https://journals.openedition.org/confins/31893>.Acesso em: Mar. 2022.

GUTH, P. L.; GEOFFROY, T. M. (2021). LiDAR point cloud and ICESat-2 evaluation of 1 second global digital elevation
models: Copernicus wins. Transactions in GIS, v.25, p.2245-2261. https://doi.org/10.1111/tgis.12825.

HAUSMANN, A. Aspectos hidrogeoldgicos das areas basdlticas do Rio Grande do Sul, Anais. Primeiras Jornadas
Geologicas Argentinas. Buenos Aires, Argentina, p. 103-136. 1962.

LISBOA, N. A.; CASTRO, J. H. W. Captura do sistema fluvial Camaqua pelo sistema fluvial Jacui-Sdo Gabriel, RS. In: IX
Simposio Brasileiro de Sensoriamento Remoto, [s.n.], 1998, Santos, Brasil. Anais do IX SBSR. Santos: INPE, p. 415-424,
1998.

MILANI, E. J; FACCINI, U. F; SCHERER, C. M. S; ARAUJO, L. M; CUPERTINO, J. A.
Sequencesandstratigraphichierarchyofthe Parana Basin (OrdoviciantoCretaceous), Southern Brazil. Boletim IG-USP:
Série Cientifica, 29, 125-173, 1998.

PEIFER, D.; PERSANO, C.; HURST, M.D.; BISHOP, P.; FABEL, D. Growing topography due to contrasting rock types in
a tectonically dead landscape. Earth Surface Dynamics, v.9, p. 167-181, 2021. https://doi.org/10.5194/esurf-9-167-2021.
POLO, L.A.; JANASI, V.A. Volcanic stratigraphy of intermediate to silicic rocks in Southern Parana Magmatic Province,
Brazil. Geologia USP Série Cientifica 14, 83-100, 2014.https://doi.org/10.1590/2317-4889201820180087

PREMAILLON, M.; REGARD, V.; DEWEZ, T. J.B.; AUDA, Y. GlobR2C2 (Global Recession Rates of Coastal Cliffs): a global
relational database to investigate coastal rocky cliff erosion rate variations, Earth Surface Dynamics, v.6, p.651-668, 2018.
https://doi.org/10.5194/esurf-6-651-2018.

PURINTON. B.; BOOKHAGEN, B. Beyond Vertical Point Accuracy: Assessing Inter-pixel Consistency in 30 m Global
DEMs for the Arid Central Andes. Frontiers in Earth Science, v. 9, p.1-24, 2021. DOI: 10.3389/feart.2021.758606.



Revista Brasileira de Geomorfologia, v. 25, n. 3, 2024 19 de 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

RIO GRANDE DO SUL, Estado. Fepam, Fundagao Estadual de Prote¢ao Ambiental Henrique LuisRoessler. Qualidade
Ambiental. Porto Alegre, 2012. Disponivel em: < http://ww3.fepam.rs.gov.br/qualidade/qualidade_jacui/jacui.asp>.
Acesso em: jun. 2022.

ROBAINA, LEE.S,; TRENTIN, R.; BAZZAN, T.; RECKZIEGEL, E-W.; VERDUM, R.; DE NARDIN, D. Compartimentagao
geomorfologica da bacia hidrografica do Ibicui, Rio Grande do Sul, Brasil: proposta de classificagdo. Revista Brasileira de
Geomorfologia, v.11, n.2, p.11-23, 2010.

ROSSATO, M. S. Os climas do Rio Grande do Sul: variabilidade, tendéncias e tipologias. Porto Alegre, RS. Tese de
doutorado. Programa  de  Pds-Graduagago  em  Geografia. =~ UFRGS,  2011. Disponivel ~ em:
https://lume.ufrgs.br/handle/10183/32620. Acesso em: Mar. 2022.

ROSSETTI, L.; LIMA, E.F,WAICHEL, B.L.; HOLE, M.J,; SIMOES, M.S.; SCHERER, C.M.S. Lithostratigraphy and
volcanology of the Serra Geral Group, Parana-Etendeka Igneous Province in Southern Brazil: Towards a formal
stratigraphical framework. Journal of Volcanology and Geothermal Research, 355: 98-114, 2018.
https://doi.org/10.1016/j.jvolgeores.2017.05.008

SALGADO, A. A. R; CHEREM, L. E. S;; SORD, M. V. Grandes capturas fluviais no Brasil: sintese das novas descobertas.
Estudos do Quaternario, n. 19, p. 23-31, 2018. DOI: 10.30893/eq.v0i19.176.

SALGADO, A. A.R; RIBEIRO MARENT, B.; PAIXAO, R. W. Large rivers, slow drainage rearrangements: the ongoing
fluvial piracy of a major river by its tributary in the Branco River basin — northern Amazon. J. South Am. Earth Sci. 112,
103598, 2021. https://doi.org/10.1016/j.jsames.2021.103598.

SCHERLER, D.; SCHWANGHART, W. Drainage divide networks — Part 2: Response to perturbations. Earth Surface
Dynamics, 8(2), 261-274, 2020. https://doi.org/10.5194/esurf-8-261-2020.

SCHWANGHART, W., SCHERLER, D. Short communication: TopoToolbox 2 - MATLABbased software for topographic
analysis and modeling in Earth surface sciences. Earth Surface Dynamics, 2, 1-7. https://doi.org/10.5194/esurf-2-1-2014.
2014.

SIMION], J. P. D.; ROVANI E. F. M,; LENSSE, A. C.; WOLLMANN, C. A_; Caracterizagao da precipitac¢ao pluviométrica
na bacia hidrografica do Rio Ibicui, RS. Revista do Departamento de Geografia, v. 28, p. 112-133, 2014. Disponivel em:
<https://www.revistas.usp.br/rdg/article/view/90008/92798>. Acessoem: Mar. 2022.

SIMOES, M.; SASSOLAS-SERRAYET, T.; CATTIN, R,; ROUX-MALLOUF, L.; FERRY, M.; DRUKPA, D. Topographic
disequilibrium, landscape dynamics and active tectonics: an example from the Bhutan Himalaya. Earth Surface Dynamics
9, 895921, 2021. https://doi.org/10.5194/esurf-9-895-2021

SORDI, M. V.; SALGADO, A. A. R;; SIAME, L.; BOURLES, D.; PAISANI, J. C.; LEANNI, L.; BRAUCHER, R.; COUTO, E.
V. Implications of drainage rearrangement for passive margin escarpment evolution in southern Brazil. Geomorphology,
v. 306. 155-169, 2018. DOI: 10.1016/j.geomorph.2018.01.007.

STOKES, M.F.,, GOLDBERG, S.L., PERRON, T., 2018. Ongoing river capture in the Amazon. Geophysical Research
Letters. 45, 5545-5552.

WHIPPLE, K.X.; FORTE, A.M.; DIBIASE, R.A.; GASPARINI, N.M.; OUIMET, W.B. Timescales of landscape response to
divide migration and drainage capture: implications for the role of divide mobility in landscape evolution. J. Geophys.
Res. Earth Surface. 122, 248-273, 2017. https://doi.org/10.1002/2016JF003973.

WILDNER, W.; RAMGRAG, G.E.; LOPES, R.C.; IGLESIAS, C.M.F. Mapa Geolégico do Estado do Rio Grande do Sul.
Escala 1:750.000, CPRM, Servico Geoldgico do Brasil, Porto Alegre, 2006.

WILLETT, S.D.; MCCOQOY, SW.; PERRON, J. T.; GOREN, L.; CHEN, C.Y.; 2014. Dynamic reorganization of River Basins.
Science 343, 1-19. https://doi.org/10.1126/ science.1248765.

WU, Y.; YANG, R; HE, C,; HE, J. Caution on determining divide migration from cross-divide contrast in . Geol. J. 57
(10), 40904409, 2022. https://doi.org/10.1002/gj.4530.

This work is licensed under the Creative Commons License Atribution 4.0 Internacional
@ ® (http://creativecommons.org/licenses/by/4.0/) — CC BY. This license allows for others to
distribute, remix, adapt and create from your work, even for commercial purposes, as

long as they give you due credit for the original creation.




