Point-by-point response to comments made by Reviewer #1

Major suggestions.:

1. Discuss limitations of the adapted RMR14 method, especially subjectivity in parameter scoring (e.g.,

discontinuity conditions, weathering). Sensitivity analysis could strengthen results.

In the discussion of the results, we have slightly broadened our discussion about the limitations of the
adapted RMR14 method. Due to the length of this new version of the manuscript, which included the
stability analysis based on FEM and LEM, as well as fracture mapping based on the UAYV survey, we have
chosen not perform a sensitivity analysis in the RMR14 chapter. We understand that our results are
qualitative in such section, but other more quantitative analysis, such as the frequency density of fractures

in the rock mass, as well as the Schmidt hammer sampling, corroborate our geomechanical assessment.

These changes can be observed in the revised discussions chapter:

“l...]. A limitation of rock-mass quality evaluation methodologies is that they can be subjective, especially
without the aid of geotechnologies, and are dependent on detailed field observations (e.g., structural geology and
visual analysis) that can be expensive and time consuming. Sensitivity analysis, to determine which parameter
plays a more significant role on the rock-mass quality, can support decreasing subjectivity, particularly when
combined with other more quantitative assessments (e.g., Schmidt Hammer) that can corroborate field

interpretations.”

2. Current analysis is quite qualitative. Some simple stability analyses (e.g., limit equilibrium or FEM) to

validate the inferred mechanisms (e.g., water infiltration, erosion effects) could be much better.

We appreciate the suggestion and we have included a stability analysis based on the combination of FEM
and LEM methods, to support the evaluation of the effect that some previously inferred mechanisms had
on rock instability, such as rainfall infiltration and reservoir water-level fluctuations.

The FEM analysis evaluated the effect of reservoir water-level fluctuations and rainfall infiltration on the

rock mass, with the results being imported in our LEM analysis of the slope stability.

The methodology as follows:

“Once the probabilities of the failure(s) mode(s) have been determined, the next step was the stability analysis
considering the 2022 event (toppling), which compares the ratio of forces resisting failure with shear forces (i.e.,
the Factor of Safety — FoS) (Norrish and Wyllie, 1996). As highlighted previously, elevation data from the canyons
before the event was not made available to our team despite our requests to the company that operates the
hydropower plant, so the stability analysis is conducted in a portion of the Capitolio canyon (Figure 5) that is

interpreted to have a similar geological-geotechnical context to the location where the rock-toppling event



occurred. While this portion did not fail on January 8, 2022, the variations in FoS can support our analysis of the
conditions that led to the fatal event.

For the implementation of the FEM-LEM-combined method in the stability analysis, Seep/W (FEM) and Slope/W
(LEM) are applied. Slope/W imports pore-water pressure data from Seep/W, supporting the analysis of seepage
on rock instabilities in the canyon. The Method of Morgernstern-Price (M-P) is used in Slope/W, as it places no
restriction on the shape of the failure surface, thus more adequate to rock slopes, satisfying both force and moment
equilibrium.

As proposes Yin et al. (2016), first we consider the steady-state condition as the initial condition for the next
analysis, which is when rainfall and reservoir water level fluctuations are included, both separately and combined.
The Factor of Safety (FoS) in Slope/W is calculated based on the transient seepage condition resulted from
Seep/W. The physical-mechanical parameters applied in the calculation are based on in situ measurements and
estimations using the Schmidt Hammer, as well on literature data from Vidal et al. (2014), Logo6 and Vasarhelyi
et al. (2019) and Sujatono and Wijaya (2022) for Quartzites. For simplicity, strength parameters of the rock slope
in natural and wet state are assumed to be the same (Tang et al., 2025).

The hydraulic conductivity (K) for a joint set of the rock mass is estimated based on the equation from Snow
(1968) for fractured systems with parallel array of planar fractures (Eq. 7). The aperture of the fractures (b), and
the number of fractures per unit distance of rock face (N) are required to estimate K, which are parameters
estimated in our field campaigns. Other parameters are water density (p), the gravitational constant (g) and the

dynamic viscosity (L).

%Nb3 (7)
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For the seepage analysis, we assume that if the elevation point is above reservoir level, the flux is zero and other
far-field boundaries are assumed as non-permeable (Meng et al., 2020). The rainfall-induced seepage was
simulated by applying a unit flux as no-flow boundaries.

On Seep/W, we first establish the rock-toppling area and define the rock properties, to proceed with the definition
of the groundwater/reservoir head boundary. After these first two steps, the entry and exit range of the failure
surface is set on Slope/W, to calculate the FoS. The slope stability is analysed in the following three situations:

e Under a fluctuating water level condition: As a reservoir water level fluctuates, it can impact the pore
water pressure in the discontinuities, as well as potentially weaken geomechanical properties of the
bedrock, facilitating erosion (Tannant et al., 2017).

e Under rainfall conditions: As the rainfall continues and intensifies, the infiltration of rainwater into the
fractured rock mass can influence hydrostatic and hydrodynamic pressure of the slope, with the
accumulation of water in the discontinuities increasing bulk density and decreasing shear resistance.
Water infiltration will also impact groundwater level, reducing effective normal stress (Tannant et al.,
2017).

e Water-level fluctuations + rainfall: Rainfall can increase bulk density and decrease shear resistance,
while a fluctuating water level can impact the pore water pressure in the discontinuities, as well as the

resistance to erosion of the rock mass.



Figure S: Stability analysis. A) Overview of the Capitélio canyon showing the location where the stability analysis is
conducted (B) and the site where the rock-toppling event occurred (C). This picture is from before the event (February,
2019), when reservoir water level was much lower (around 755 m asl) than in February and March, 2022, when our
field campaigns were conducted (765 m asl). (Source: Ion David Zarantonelli, 2019). B) Location where the analysis is
conducted, interpreted as having a similar geological-geotechnical condition as the location of the rock instability. B)
Post-event profile photo of the location where the rock toppling occurred.”
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From the results of the stability analysis, considering the eight-day period prior to the disaster (January 1
— 8, 2022), we could observe that the Factor of Safety (FoS) of the slope was more impacted by the
combination both rainfall and reservoir water-level increase, with rainfall suggested as having a slightly
more influence over the overall stability than the water-level fluctuations, when they were analyzed
separately.

These results are described in the new subchapter “4.3. Stability analysis and the factors that influence
slope stability in the canyons”. This subchapter incorporated the results of the previous version of the

manuscript as well, corroborating the data that was originally presented.

“The kinematic analysis demonstrated that the canyons are susceptible to planar and toppling failure, which can
be initiated by many factors, including rainfall, a fluctuating reservoir water level, excavation of the toe of the
slope, among many others (Amini et al., 2012; Alejano et al., 2010; Gu and Huang, 2016; Hu et al., 2019). Even
though, as highlighted by Nakamura and Wang (1990), most landslides and rock instabilities in reservoirs occur
during the drawdown or impoundment, more recent studies have shown that water-level fluctuations have also
the ability to significantly impact slope stability, creating a stronger water conductivity in the upper portions of
the bedrock in periods of higher water level, thus affecting deformation and tensile strength (Tu et al., 2020; Li et
al., 2024).

The annual variations of the Furnas water level in the last 32 years show that after a sharp decrease in 2013 (Figure
11A), the reservoir level has been fluctuating greatly, contrasting with the long period of somewhat stable levels
between 2001 and 2012. The sharp decrease in 2013 can be associated with the drought that Southeast Brazil
experienced in the 2013 — 2017 period (Finke et al., 2020), as reservoirs can be significantly affected by changes
in annual and seasonal precipitation, as well as temperature variations (Mukheibir, 2013). In this period, no slope

failure was reported to authorities.
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@ 32-years record of rainfall and reservoir water level fluctuations
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Record of daily rainfall and reservoir water level fluctuations leading to the rock-toppling event
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Figure 11: Water level of the Furnas reservoir and rainfall record. A) Long-term (32 years) variations in reservoir
water level (red line) and rainfall data (blue bars). B) Reservoir water level variation in the month leading to the rock-
toppling event.

When the reservoir water level in the month leading to the slope failure is considered (Figure 11B), we can
observe that there was a 3-m increase in this period, from 755.8 m asl on December 8, 2021, to 758.87 m asl on
January 8, 2022. In the eight-day period prior to the catastrophe, the average water-level increase rate was 20
cm/day (Table 11). Rapid increases in water level and reservoir volume can profoundly impact the local
groundwater level and stress behavior on the slope, which, as highlight by Jin et al. (2023), can cause deformation
and slope failure(s).

When rainfall is considered, the accumulated precipitation reached 138 mm in the period from January 1 to
January 8 (Table 11), with the rainfall in the 24h prior to the disaster estimated at around 35 mm. While not
negligible, these values are not necessarily expressive for the region, which monthly average for summer months
is around 280 mm. However, as highlighted previously, the pluviometer network in the region is very sparse, so
the actual rainfall at the Capitolio canyon could be higher as the rain gauge that recorded the rain event is located
more than 10 km away from the site of the event. Moreover, the effect of water infiltration in fractured rock
masses is progressive with time (Yunjin et al., 2001; Liu et al. 2025), as the flow depends on the connectivity of
the joints and fractures. And, when we analyze the rainfall in the month leading to the slope failure (ca. 355 mm),
which was concentrated mainly in the period between December 28, 2021, and January 05, 2022 (Figure 11B),

the infiltration can potentially have had significant role in the rock-toppling event initiation.
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Table 11: Evolution of the Factor of Safety (FoS) considering the effect of rainfall, reservoir water level fluctuations
and the combination of both. The rock-toppling event occurred on January 8, 2022. The stability analysis considers a
site in the canyon that is interpreted to have a similar geological-geotechnical condition as the one where the slope

failure occurred, since no pre-event data was made available to our team.

Reservoir water . Factor of Safety
Date level Reservoir water level analysis
(dd/mm}/ Rainfall on the davs leadin assumed in the Li
yyyy (mm) Y . i stability analysis (m FoS Reservoir . FoS
) to the rock-toppling FoS Rainfall . "
asl) level Rain+reservoir
event (m asl)
01/01/2022 21 757.48 766.16 1.309 1.309 1.309
02/01/2022 24 757.64 766.32 1.305 1.306 1.305
03/01/2022 33 757.81 766.49 1.302 1.302 1.302
04/01/2022 5 758.01 766.69 1.302 1.3 1.299
05/01/2022 18 758.21 766.89 1.301 1.298 1.297
06/01/2022 2 758.39 767.07 1.301 1.298 1.297
07/01/2022 27 758.64 767.32 1.299 1.297 1.294
08/01/2022 8 758.87 767.55 1.299 1.297 1.293

Furthermore, overland flow accumulation in the site of the rock-toppling event (Figure 12) can also contribute to
increasing the water content in the fracture and joint system, adding more pressure on rock column that ultimately
toppled. The overland flow pathways in the region right at the top of the rock-toppling event concentrate in the
area that failed, which, besides increase water accumulation in the joints, can also intensify the erosion and

increase the susceptibility of this area to rock instabilities.
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Figure 12: Overland flow on the region at the top of the Capitélio canyon. A) Overland flow accumulation on the top
of the canyon, showing that there is a significant accumulation at the location (red contour) of the rock-toppling event.

B) Orthophoto of the top of the canyon, with the slope-failure location delimitated in red.



Thus, to quantitatively analyze the influence of the reservoir water-level fluctuations and rainfall on the slope
stability, we employed Seep/W considering the period of eight days prior to the rock-toppling event, from January
1 to January 8. First, the dynamic seepage field is calculated based on FEM with the varying water level and
rainfall data. The partitions of the material are then reassigned at every step with the dynamic seepage field, so
that the FoS can be finally computed by the Morgernstein-Price Method on Slope/W (LEM) (Figure 13). The
physical-mechanical parameters (Table 12) applied in the stability analysis are based on field surveys and
geomechanical investigation of the rock mass (shear resistance parameters and hydraulic conductivity), while the
Poisson’s ratio and Elastic Modulus are based on average data for Quartzites (Sujatono and Wijaya, 2022; Logo
and Vasarhelyi, 2019).

The stability analysis is conducted in a site in the Capitdlio canyon that is similar to the one where the rock-
toppling occurred (Figure SA and Figure 13A), as no high-resolution data from before the 2022 event was made
available to our team. As in the date of our photogrammetric data acquisition (May 2022) the reservoir water level
was different from the day of the event (January 2022), we performed our seepage analysis using FEM assuming

a daily increase similar to what occurred in the days leading to the disaster (Table 11 and Figure 13B).

Table 12: Physical-mechanical parameters applied in the rock slope stability analysis.

Shear Strength
Elastic Hydraulic
Unit Weight Internal
Material modulus Poisson’s ratio Cohesion conductivity
(kN/m?) Friction
(Gpa) (kPa) (m/s)
Angle (°)
Bedrock
(Furnas 25 20 0.18 2000 28 6x10*
Quartzite)
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Figure 13: Slope stability analysis. A) Cross-section of the location interpreted as having a similar geological-
geotechnical characteristic as the site that failed on January 8, 2022. The Stereonet highlights that this portion is prone
to toppling, especially considering the main tension crack in the slope. B) 3D stability analysis on Slope/W from

Geostudio (Seequent, 2025), considering reservoir waterl-level fluctuations and the structural geology.

When only water-level fluctuations were considered, the numerical results show that it impacted slightly the FoS
of the slope, decreasing from 1.309 to 1.299 in the eight-day period (Figure 14 and Table 11). The impact of
rainfall on the FoS was slightly higher, decreasing to 1.297 from 1.309 in the considered timeline. The combined
effect of rainfall and reservoir water-level fluctuation impacted the FoS the most, decreasing from 1.309 to 1.293.
While these scenarios were not sufficient to cause a slope failure at this location, it can suggest how these different
factors impacted the site that did fail on January 2022. Thus, based on this relationship between FoS, water-level
variations and precipitation, it can be suggested that both rainfall and reservoir water level had a role on the rock-
toppling initiation, with rainfall infiltration with a slightly stronger influence on slope stability.

Furthermore, during our field surveys, it was observed the formation of cavities at the bottom of the slope where
rock-toppling event occurred, caused by the long-term erosion in this region (Figure 15A and 15B). These cavities
are interpreted to be one of the main predisposing factors to slope failure and are potentially resulted from the
effect of waves in the reservoir, caused by wind and boat circulation, as well as by water flow from the nearby
waterfall (Figure 15A). Moreover, the long-term fluctuations in the reservoir water level (Figure 11A) are also
inferred as one of the contributors to the formation of these cavities, weakening the geomechanical properties of
the bedrock (Tannant et al., 2017). These cavities caused the middle section to lose underlying support, with an

added pressure of water in the joints. As pointed by Cruden (1991), self-weight alone is not sufficient to cause

8



toppling, with external forces needed to initiate the process. In the site that we performed the stability analysis,
these cavities were not observed (Figure 15C), which can contribute to increasing the stability of that portion of

the canyon.

Evolution of Factor of Safety under the effect of rainfall, reservoir level fluctuations and the combination of both
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Figure 14: Evolution of Factor of Safety based on the effect of rainfall, reservoir level increase and the combination of

both processes.

Figure 15: Details of the Capitélio canyon bedrock. A) Overview of the central area of the Capitélio canyon, showing
where photos B) and C) were taken. B) A “cave” formed at the bottom of the canyon wall, due to the scouring of the
rock mass due to the nearby waterfall flow and variations in the reservoir water level. C) The pervasive set of joints in
the bedrock, with large aperture (up to 50 cm), is clearly seen in this portion. In this particular area, two fault zones
intersect (NW-SE and NE-SW strikes), contributing to the increase in jointing and fracturing of the rock mass and
facilitating slope failures. In this portion, the isolation of the area is suggested, as there is a high susceptibility to
toppling. The stereonet illustrate the joint sets identified in this portion of the slope, based on 206 measurements, both
in situ and acquired using the 3D point cloud.
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In the discussion, we highlight how, even though the stability analysis was not conducted in the site of the
2022 disaster, it can support the investigation of the factors that can lead the rock-toppling events in the
canyons. This investigation is valuable in the development of disaster-prevention programs for the region.
Moreover, we highlight that our results are in line with a previous study conducted in the area by Sun et

al. (2024), despite some shortcomings of their analysis:

“The analysis of the conditioning factors that control rock instabilities in the canyons, such as the structural
geology and rock-mass quality, is fundamental to determining susceptibility and, hence, support these disaster-
preventions strategies. The investigation of the factors that can potentially initiate slope failures gives further
support to the creation of hazard and risk scenarios, which are fundamental for the implementation of contingency
plans and monitoring programs. Rainfall and reservoir-level fluctuations are indicated as significant factors that
can influence rock instabilities in the region, so more detailed and long-term studies on rainfall thresholds and on
the impacts that reservoir water-level variations can have on slope stability, as well as that rock instabilities can
have on the Furnas dam, are recommended, even though the lack of a landslide database is a great challenge.
The application of the FEM-LEM coupling in the stability analysis was fundamental to assessing the effect that
rainfall and reservoir-level fluctuations had on the rock-toppling event of January 2022, both independently and
combined. Rainfall is suggested as having a higher impact, although reservoir water level variation also had a role
in the event’s initiation and many studies have shown that landslides and rock instabilities in reservoirs can be
intrinsically related to fluctuating water levels (Fujita, 1977; Hansmann et al., 2012; Meng et al., 2020). Even
though our analysis is not conducted in the site that the disaster occurred, the stability assessment of a slope with
a very high susceptibility to rock-toppling can provide evidences based on the FoS of the conditions that led to
slope failure under a similar scenario as of that of the days leading to the 2022 event.

A recent study conducted remotely in the region by Sun et al. (2024) performed a numerical simulation of this
rock-topping event, based on high-resolution data (DEM) provided by the hydropower plant company. Sun et al.

(2024) also suggest that the rock-toppling event was caused by rain infiltration and weakened support at the base
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of the slope, although water-level fluctuations is not considered in their analysis nor a detailed structural geology
analysis is performed, which, as our study suggests, are important factors that contribute to slope failures in the
region. Moreover, they attribute that the erosion at the base of canyon wall is related to the occurrence of
sedimentary carbonate rocks underneath the Furnas Quartzite, which, considering that we are within a complex
metamorphic setting (Passos Nappe), is very unlikely and not observed by us during our extensive field

investigations.”

Finally, we have also updated the introduction of the manuscript, incorporating a contextualization about

the stability analysis conducted:

“l...]

Different failure mechanisms can cause rock instabilities (Hoek and Bray, 1981). When the bedrock
discontinuities influence slope failure, the instability can occur as a plane sliding, wedge sliding or, as in the
January 2022 event, toppling (Trollop, 1969). In heavily-jointed rock slopes, the main techniques applied on the
susceptibility to failure evaluation are kinematic analyses and stability assessments, which can be based on a
Limit-Equilibrium Method (LEM) and/or a Finite-Element Method (FEM) (Zheng et al., 2019). A kinematic
evaluation determines the potential failure modes that can occur in a jointed rock mass, based on the slope
geometry, material properties and angular relations between slope face and bedrock discontinuities (Hoek and
Bray, 1981). Once the failure mode is determined to be kinematically possible, the next step is the stability analysis
(Norrish and Wyllie, 1996). Both the kinematic and stability analyses will determine the probability or mode of
failure under a set of conditions.

In a reservoir setting, water-level fluctuations can influence slope stability and the combination of LEM and FEM
methods have been demonstrated as effective in representing the effect that seepage can have on slope failure (Yin
et al. 2016; Meng et al., 2019). FEM supports the estimation the dynamic seepage based on differences in
groundwater/reservoir levels, while LEM is effective in representing slope stability based on FEM results based
on the Factor of Safety (Yin et al. 2016; Meng et al., 2019). Fluctuations in reservoir water level can have an
impact on the local groundwater level, affecting pore pressure in the discontinuities, seepage force, as well as
changing rock and soil strength parameters (Meng et al., 2019).

In this context, our objective is to analyze the factors that can lead to rock instabilities in the Furnas canyons,
supporting the establishment of procedures for a safer operation of the area, with the creation of a susceptibility
map, so that visitors and workers are more protected and aware of the existing geohazards. Our investigation is
based on extensive field campaigns and aerial surveys, which supported the structural geology analysis and rock-
mass quality evaluation, as well as both the stability and kinematic analyses of the canyons. The stability analysis

is conducted based on the coupling of FEM and LEM methods.”

3. Clarify why toppling susceptibility is low overall yet critical in specific zones (e.g., fault intersections).

Contrast with field evidence more explicitly.

Probably due to the generalization of the slope-face direction, specific zones can show a higher susceptibility

to toppling than the overall susceptibility of the compartment. Compartment C2 is a good example, as the
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kinematic analysis of a specific portion of this canyon wall shows a higher susceptibility than a more
generalized slope-face direction. This section, which is also where the rock-toppling stability analysis is
performed, shows a similar susceptibility to that of the site of the January 2022 event. We have clarified
these points in the text and added the kinematic analysis of both this specific portion in compartment C2

and of the site of the rock-toppling event to support our interpretations:

“Geomechanical compartments with slopes faces with dip direction/dip of 142/90 (compartment C5), 135/90 (C7),
125/90 (C8) and 54/90 (C6) tend to show a higher susceptibility to toppling when compared to other slope faces
(Table 9). These compartments are notable due to the formation of rock columns (Figure 7C), up to 50 m high,
and are located in sections of the canyons that can show movement signs, such as joints with larger apertures (>10
cm) and tilted rock columns. Moreover, these areas and compartments are also associated to a higher frequency
of joints/discontinuities in the rock mass, as highlights the fracture density map (Figure 7).

Although not showing an overall high susceptibility to toppling in the kinematic analysis, probably due to the
generalization of the slope-face direction, Compartment C2 shows a very high joint frequency (Figure 5B and
Figure 7A) and signs of slope movements, with a tilting 20 m rock column that can potentially experience a
similar fate to the slope that toppled on January 2022. The kinematic analysis of this section in Compartment C2,
which is interpreted to have a similar condition to the site where the 2022 rock-toppling event occurred, further
highlights that this specific region has a high susceptibility to toppling, with a similar probability to this

geodynamic process as the slope failure site (Table 10 and Figure 10).

Table 1: Kinematic analysis results for each geomechanical compartment in the Capitélio canyon, considering rock-
toppling susceptibility. ¢r = Residual friction angle; ¢p = Peak friction angle. The percentages represent probability of
failure, based on the percentage of structures that lie within the critical zone.

Rock-toppling kinematic analysis

Geomechanical compartments

C1 C2 C3 C4
Slope direction: 229/90 295/90 330/90 350/90 180/90 225/90 315/90 240/90 195/90
bp=65.2 6.4% 7.9% 7.4% 11.4% 13% 6.9%  7.4% 3.9% 8.3%

Unweathered bedrock:
(])r =28.0 6.7% 10.5% 9.8% 123% 13.5%  7.2% 10.2%  3.9% 8.8%

¢p =136.6 6.5% 10.5% 9.7% 12.3% 133% 7.11% 102%  3.9% 8.8%
Weathered bedrock:
(I)r =12.8 6.7% 10.5% 9.8% 12.3% 14% 7.2% 10.2%  3.9% 9.3%

Table 2: Kinematic analysis results for each geomechanical compartment in the Capitélio canyon, considering rock-
toppling susceptibility. ¢r = Residual friction angle; ¢p = Peak friction angle. The percentages represent probability of
failure, based on the percentage of structures that lie within the critical zone.

Rock-toppling kinematic analysis

Geomechanical compartments

C5 Cé6 Cc7 C8 Cc9 C10
Slope direction: 142/90 92/90 54/90 135/90 95/90 125/90 80/90 230/90
¢p= 65.2 19.2% 11.6% 24.4% 20.4% 11.7% 19.3% 13.3% 6%
Unweathered bedrock:
¢r=28.0 20.1% 13.3% 27% 21.1% 13.5% 20.6% 15.4% 6.2%
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dp=366 2010%  133% 2%  21.1%  13.5%  20.6%

Weathered bedrock:

or=12.8 20.4% 13.3% 272%  21.1%  13.5%  20.6%

15.4% 6%

15.6% 6.2%

Rock-toppling site

Weathered

Unweathered

Peak friction angle — — Residual friction angle

Peak friction angle ——

I Critical zone for toppling

Site of slope-stability analysis

Residual friction angle

Figure 10: Kinematic analysis of the rock-toppling site (left) and the site that is interpreted as having a similar
geological-geotechnical condition as the one that failed on January 2022 (right). The kinematic analysis was conducted
considering weathered and unweathered portions of the rock mass, as well as both the peak and residual friction angle.

Table 10: Kinematic analysis results for the rock toppling site and the site that is interpreted as having a similar
geological-geotechnical condition as the site that failed on January 2022. ¢r = Residual friction angle; ¢pp = Peak friction
angle. The percentages represent probability of failure, based on the percentage of structures that lie within the critical

zone.

Rock-toppling kinematic analysis

Location in Capitdlio canyon:

Rock-toppling site Slope stability analysis site

Slope direction: 278/88 (post-event) 235/85
Op=65.2 19.5% 20.1%
Unweathered bedrock:
or=28.0 19.5% 21.9%
Op =36.6 19.5% 21.9%
‘Weathered bedrock:
or=12.8 19.5% 21.9%
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4. Some quantitative evidences (e.g., pore pressure modeling) to support the hypothesis that rapid water-
level rise contributed to the 2022 event would be encouraged. May be the results come from reservoir-

induced landslides (e.g., Three Gorges) are useful.

For the analysis of the pore-pressure changes in the fractured rock mass, which could have had contributed
to the rock-toppling event, we have combined a FEM and LEM analysis, as discussed previously in this
document. The FEM analysis, conducted in Seep/W, was applied in the analysis of the impact that the
increasing reservoir water level and rainfall infiltration had on the rock-mass strength, with the pore-
pressure results being imported in Slope/W, to assess the rock slope stability. We would like to express

again our appreciation for the suggestion to conduct such analysis in the improvement of our manuscript.

5. Please expand on how fault intersections localize instability and include fracture density maps or

statistical analysis of joint spacing.

We have included a fracture-density map to highlight that in the portions where the fracture density is
higher, we can observe slope movement signs, such as the formation of tilting rock columns and a larger
aperture in the joints. These areas with higher fracture density are interpreted to be associated to the
intersection of the NW-SE and NE-SW structural features, based on our structural geology analysis and

the regional geological literature.

We have presented the methodology of the fracture density map in the revised methodology chapter (3.2 -

Photogrammetric data acquisition, processing and related products):

“Furthermore, the 3D model of the canyons allowed a detailed reconstruction of the slope faces, supporting in-
situ observations and the stability analysis. The 3D model and the 3D dense point cloud also supported the
interpretation of the structural geology of the canyons, through the CloudCompareTM software (GPL Software,
2025). In the Capitdlio canyon, where the rock-toppling event occurred, 500 discontinuities were measured using
the “Compass” plugin, through the interpolation of planes and traces, so that the dip and dip direction of
discontinuities were acquired. These 500 measurements were combined with the 557 measured in situ by our
team.

Once the discontinuities families were identified in Stereonet, a semi-automated analysis was conducted using the
“Facets” plugin for the whole canyon, as well as the other canyons in the region, based on the identified families.
For the creation of the fracture-density distribution in the canyons, a shapefile with the barycentre of the fractures
was used to define their spatial density in GIS software, using the “Point Density” tool. The density of fractures
in each cell (0.5 m size) was calculated using a 5 m radius. As highlights Vanneschi et al. (2024), the radius choice
was calibrated based on the best compromise between representativeness and detail at the work scale. Thresholds
were defined to identify three density classes: low density (< 2/m?), medium density (5 — 8/m?) and high density

(> 8/m?), which were defined with the aid of field observations as well.”

And the results are presented in the revised subchapter “4.1. The structural geology and rock-mass

quality of the canyons”:
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“Near the intersection of these perpendicular-oriented joint sets (F, and F3) and fault zone (Family F4), the density
of fractures in the bedrock is higher, showing a stronger persistence in the canyon walls, extending from the base
to the top of the rock slope (Figure 6C). The rock column that toppled in the event of January 2022 was located
in the intersection of these structural features (Figure 6B and 6C), with a clear increase in discontinuities density.
The fracture density map shown in Figure 7 further highlights that in the portions that discontinuities/fractures
show a higher density per square meter, the susceptibility to rock instabilities is apparently higher, with tilting
rock columns observed in these areas (Figure 7B and 7C), indicating movements in the rock slope. Larger
apertures in the joints, especially at the top portion of these rock columns, are also observed, which are another
indication of slope movement. The intersection of joint sets with perpendicular strikes favors the formation of
these individual rock columns, which, combined with the horizontally dipping bedding, contribute to rock

instabilities in the canyons.

368004

Legend

Fracture density "

[ Low (< 4/m?) Datum SIRGAS 2000, zone 23S
Medium (4 - 10/m?) =
W High (> 10/m?) 0 20 40 60

Figure 7: Fracture density in the Capitélio canyon. A) Fracture density map, showing the regions in the rock mass with
higher frequency of joints/discontinuities per square meter. B) Detail of a section in the canyon where the density of
discontinuities is high. In this portion, the intersection of different joint families create rock columns, with large
apertures (>10 cm), with an apparent high susceptibility to rock instabilities. C) Another section of the canyon with an
apparent high susceptibility to rock instability, where the density of fractures is high.

En)

6. Some other policy and risk managements are suggested to discuss, e.g., real-time monitoring, exclusion

zones, conflicts with tourism revenue and so on.

Thank you for the suggestion and we have expanded the discussion to mention of the suggested topics,

which are very important.
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We have updated the paragraph where we discuss some of the proposals for safety measures to avoid
future disaster (subchapter 4.4. Rock-toppling dynamics, susceptibility mapping and safety

recommendations):

“[..]

The implementation of retention structures and other safety measures, such as destruction of the rock body and/or
manual acceleration of the slope movement (i.e., hazard elimination practices) can potentially be implemented by
public authorities and park administrators, although a more long-term analysis is needed to assess their efficacy,
especially considering that it severely impacts the landscape and can impact tourist revenue. The isolation of areas
that already show slope movements signs and keeping a safety distance from the canyons, especially where the
rock-mass quality is weaker, can more adequately support a safer visitation experience, without visual impacts,

and is strongly suggested to be implemented.”

As well as in our discussion, where we discuss some real-time monitoring techniques and why some more
simple measures are potentially more useful, considering the political and economic interest in the topic by

local stakeholders:

“Our study is resulted from several months of field investigations and data analysis, as well as years (approx. 2
years) of discussions with local stakeholders and workers about the feasibility of a particular susceptibility
assessment methodology that can support hazard and risk-reduction strategies. Rockfall and rock-toppling real-
time monitoring programs based on the detection of surface deformation, such as InSAR (Interferometry Synthetic
Aperture Radar) technologies, have been implemented in other parts of the world (e.g., Norway, Switzerland) and
are demonstrated to be effected in preventing disasters related to rock instabilities (Matteo et al., 2017; Carla et
al., 2019; Sarro et al., 2025). However, taking into consideration the resources that local stakeholders are willing
to invest in disaster-prevention programs, the restriction of tourist access to certain areas, as well as maintaining
a safety distance from the slopes in the canyons, are strategies that are more feasible to be implemented, while
also having a higher probability of being kept in place for a longer period of time despite changes in local
governance. These preventive measures were suggested by the authors to the local authorities and are currently in

place (2025).”
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Minor suggestions:

1. The abstract can be improved. For example, the connection between geotourism growth and landslide

risks in Brazil by citing specific statistics about tourism-dependent economies in mountainous regions.

We have updated the abstract based on the suggestion. The new abstract can be found below:

Abstract. In Geotourism-dependent regions in Brazil, landslide-related disasters can significantly impact their
socioeconomic foundations. Geotourism has been on the rise in the country, although restoring tourist confidence
in such regions can be a challenge when a disaster related to a natural phenomenon occurs. An example is the
rock-toppling event that occurred on January 2022 in one of the four canyons located in the Furnas reservoir in
Southeast Brazil, which caused 10 fatalities. Visitation fear and their temporary closure severely impacted the
economy of the surrounding municipalities that rely on tourism. To support a safer operation of the canyons to
visitation, our study investigates the factors that can lead to rock instabilities in the canyons, with the creation of
a susceptibility map, based on the combination of field investigations, rock-mass quality evaluation (RMR14) and
both kinematic and stability analyses. The stability analysis, based on the combination of FEM and LEM methods,
indicates that the rock-toppling event was initiated by a combination of different factors, such as rainfall
infiltration and overland-flow accumulation in the unfavorably-oriented joints of the bedrock, as well as by the
influence of reservoir water level fluctuations, with the rapid increase in the days prior to the catastrophe
potentially altering pore pressure in the discontinuities. Moreover, the long-term erosion at the base of the slope
caused by the nearby waterfall flow, waves and water-level fluctuations, weakened rock-mass support and
contributed to the rock-toppling event. The structural geology and the kinematic analysis demonstrated that the
canyons are prone to slope failures, with specific locations in the slopes showing a higher rock-toppling
susceptibility, especially where two perpendicularly-oriented structural features (NW-SE and NE-SW strikes)
intersect. The RMR 14 method adapted to open rock slopes further supported the estimation of the bedrock’s
geomechanical properties, identifying structural zones in the rock mass that are more prone to slope failure(s) and,
as a consequence, should be monitored. These analyses and field observations supported the creation of a
susceptibility map, supporting the establishment of visitation procedures in the canyons, so that tourists and

workers are more protected and aware of the existing geohazards.

Keywords: Landslides, Structural geology, Rock-mass quality, Stability analysis, Natural hazards.

2. The exact advantages of the proposed RMR14 method.

The proposed RMR14 method has the advantage of being an “update” of the traditional RMR method
(Bieniawski, 1989), reducing some subjectivities that were typical of the 1989 version, such as the
replacement of the water effect with the intact rock alterability, which can be estimated from Schmidt

hammer data. We discuss this advantage in the discussion chapter:

“Furthermore, the application of the adapted RMR 14 is an easy to comprehend and replicate method that can help

to determine rock-instabilities susceptibility, which can be applied in other tourist areas of the Furnas reservoir,
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such as waterfalls and rock slopes used for climbing. An advantage of this methodology is that it is based on an
update of the original RMR method and reduces some of the more subjective interpretations, such as the effect

the water has on the slopes, replacing it with parameters that can be estimated more objectively using the Schmidt

2

hammer. [...]

3. The term should be consistent cross the whole paper (e.g., rock toppling vs. topple failure).

We have reviewed the terms used in the paper and replaced topple failure to rock toppling where

applicable, as well as changed the term landslides to rock instabilities where suitable.

4. The figure quality should be improved.

We have reviewed all the figures to adjust quality and representativeness.
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