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Over the past decade, various methodologies have been developed to systematize, discuss,
and propose measures for protecting and sustainably managing geological heritage. The
Alto Ribeira Touristic State Park is a crucial component of the most significant network of
protected areas in the State of Sdo Paulo, Brazil. It has international recognition for its spe-
leological heritage, which underpins its status as a popular tourist destination. This inten-
sive touristic use necessitates solid management plans that ensure sustainable tourism
while preserving the karst features. Therefore, this work refined the inventory of geological
sites and provided a quantitative assessment of their degradation risk and potential for use.
Three geosites and twenty four geodiversity sites were identified and assessed. The quanti-
tative evaluation of these geological sites was conducted using the System for Registration
and Quantification of Geosites and Geodiversity Sites (GEOSSIT), which was developed by
the Geological Survey of Brazil. The application of this tool, designed for use in a vast and
diverse country like Brazil, revealed the need for adaptations when applied to a smaller
area such as Alto Ribeira Touristic State Park. This work helped establish management
priorities for these sites and determine the most suitable uses for each geological site,
providing valuable information for park managers. Such studies demonstrate that proper
management of protected and conserved areas should always include geodiversity and

geoconservation in their action plans.
© 2024 Beijing Normal University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Geoconservation encompasses a range of techniques and initiatives designed to preserve and safeguard geological heritage.
This includes activities that promote awareness and the recording of data and specimens from sites at risk of degradation or
loss (Prosser, 2013; Worton, 2008). Geoconservation is rooted in fundamental principles that guide a comprehensive approach
to nature conservation and the planning and management of geological sites. These principles emphasize the acknowledgment
of the diverse values associated with geodiversity and geological heritage, such as cultural, aesthetic, ecological, scientific, educa-
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tional, and touristic values (Crofts et al., 2022; Crofts et al., 2020; Gordon, Crofts, Diaz-Martinez, & Woo, 2017). They necessitate a
systematic approach to all aspects of identifying and managing geological sites, recognizing the sensitivity of the environment to
natural changes, and integrating the management of natural processes while understanding the interdependence between geodi-
versity and biodiversity, all within the ecological capacity of the environment (Crofts et al., 2022; Crofts et al., 2020; Gordon et al.,
2017).

Over the past decade, various methodologies have been developed to systematize, discuss, and propose measures for
protecting and sustainably managing geological heritage. These methodologies encompass inventorying, evaluating, designating,
conserving, promoting, disseminating, and monitoring geological sites (Brilha, 2005, 2016).

The inventory of geological sites involves identifying, selecting, and systematically characterizing the elements of geodiversity
that require protection. Quantitative assessments reduce the subjectivity inherent in the evaluation process and aid in establishing
management priorities (Brilha, 2016).

Various methods for numerically evaluating geological sites have been developed, but no universally accepted approaches
exist. The geoscientific community has proposed different methods based on analyses, tests, and combinations of previous
methods, leading to a diverse range of approaches (Cendrero, 1996a, 1996b; Coratza & Giusti, 2005; Pralong & Reynard, 2005;
Pereira, Pereira, & Alves, 2007; Reynard, Fontana, Kozlik, & Scapozza, 2007; Bruschi & Cendrero, 2009; Migon, 2009; Reynard,
Coratza, & Regolini-Bissig, 2009; Knapik et al., 2009; Pereira & Pereira, 2010; Bruschi, Cendrero, & Albertos, 2011; Medina,
2012; Fassoulas, Mouriki, Dimitriou-Nikolakis, & Iliopoulos, 2012; Pereira & Pereira, 2012; Bollati, Smiraglia, & Pelfini, 2013
cited by Brilha, 2016; Kubalikova & Kirchner, 2016; Servico Geoldgico do Brasil, 2022; Woo & Kim, 2018; Dollma, 2019; Pontes
et al, 2019; Simén-Porcar, Martinez-Grafia, Simén, Gonzalez-Delgado, & Legoinha, 2020; Telbisz et al., 2020; Maksoud,
Kholoud, Baghdadi, & Ruban, 2021; Naimi & Cherif, 2021; Menin & Bacci, 2023).

In general, these methods rely on assigning scores to different criteria for assessing the scientific, educational, and/or touristic
values, as well as considering usage and management aspects and establishing priorities for the protection of geological sites.

The Alto Ribeira Touristic State Park (acronym in Portuguese PETAR) is a vital component of the most important network of
protected areas of the State of Sdo Paulo, Brazil: the Paranapiacaba Ecological Continuum (Fundacdo Florestal, 2010). This contin-
uum represents one of the best-preserved areas of the Atlantic Forest in Southeast Brazil and is part of Mata Atlantica Biosphere
Reserve. The Alto Ribeira region has earned international recognition for its speleological heritage, which serves as a foundation
for its status as a tourist destination. Various authors, such as Lobo (2008), Ferreira (2014) and Ferreira, Lobo and de Perinotto
(2018), highlight that in recent decades, ecotourism, especially cave tourism, has emerged as the primary source of income for
local communities in the municipalities of Apiai and Iporanga. Given the geological importance of the region and its potential
for geotourism development, several researches have been undertaken to enhance our understanding of the geological heritage
and facilitate its dissemination (Karmann & Ferrari, 2002; Theodorovicz, 2014; Ferreira, 2014; Ferreira et al., 2018; Garcia et al.,
2018; Santos, 2019; Santos & Garcia, 2021; Santos & Garcia, 2022; Santos & Garcia, 2023; Santos & Garcia, 2023b; Menin,
Tognetta, & Bacci, 2022; Menin & Bacci, 2022, 2023; Santos & Brilha, 2023).

This endeavor seeks to initiate a geoconservation strategy applied to PETAR and its surrounding areas, encompassing the re-
finement of the inventory of geological sites and a quantitative assessment of their degradation risk and potential for use.
These efforts aim to inform future steps and foster a sustainable tourism use of these sites.

2. Material and methods
2.1. Study area

2.1.1. Background information

PETAR is located in the southwest of the State of Sdo Paulo, within the Vale do Ribeira political-administrative region (Fig. 1).
The park extends over portions of the municipalities of Apiai (10,048 ha) and Iporanga (25,829 ha) while bordering the munic-
ipalities of Guapiara (to the north and northwest) and Itadca (to the southeast), encompassing a total area of 35,772.5 ha.

PETAR is an Integral Protected Area designated under the national park management category, in accordance with Brazil's Na-
tional System of Protected Areas (acronym in Portuguese SNUC). While the park was formally established in 1958, its effective
implementation began in 1985 after land surveys carried out in the region, coordinated by the State Environmental Council (ac-
ronym in Portuguese COMSEMA). This work resulted in the implementation of the current administrative nuclei (Santana, Ouro
Grosso, Caboclos and Casa de Pedra). In 2007, the park became administrated by the Foundation for Conservation and Forest Pro-
duction of the State of Sdo Paulo-Forest Foundation (FF), which operates under the Secretary of Environment (SMA).

PETAR is part of one of the most important protected areas networks in the State of Sdo Paulo, the Paranapiacaba Ecological
Continuum covering about 120,000 ha of forests distributed by Carlos Botelho State Park, Intervales State Park, the Xitué Ecolog-
ical Station State Park, and PETAR (Fig. 2). These parks are core areas of the Mata Atlantica Biosphere Reserve (Fundacao Florestal,
2010).

The PETAR region holds a prominent place among Brazil's speleological areas, with approximately 652 caves officially regis-
tered in the National Cave Register of Brazil (acronym in Portuguese CNC) (Sociedade Brasileira de Espeleologia, 2023). Legal
protection and the regulated public use of geodiversity, particularly the speleological heritage and biodiversity within PETAR,
are guaranteed by the Management Plan (Fundacdo Florestal, 2010) and the Speleological Management Plan (Fundacgdo, F. &
Brasil, 2010).
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This cave heritage, along with other elements of geodiversity such as karst morphology, hydrological features, and rich biodi-
versity, is the primary attractions for tourists visiting the Alto Ribeira region (Santos, 2019). Numerous authors, such as
Lobo (2008), Ferreira (2014), Ferreira et al. (2018) and Menin and Bacci (2022), highlight that in recent decades, ecotourism, es-
pecially cave tourism, has been the primary source of income for local communities in the municipalities of Apiai and Iporanga.

Visitation activities at PETAR began in the late 1950s at the Caboclos nucleus, followed by the Santana Cave in the 1970s. Sub-
sequently, during the 1980s, with the creation of Santana and Ouro Grosso nuclei and the development of some infrastructure, the
Santana Cave began to receive regular visitors. The 1990s witnessed a significant surge in park visitation. However, between 2008
and 2009, PETAR had to suspend its activities due to the absence of both park and speleological management plans for the caves
open to visitors (Lobo, 2011).

In 2021, the Sdo Paulo State Government initiated a process to grant public use of the park’s visitation areas to private enter-
prises. This initiative has faced criticism from local traditional communities and groups of scientists. Among the primary concerns
raised are the lack of transparency in the proposals regarding the local economy and the preservation of the natural environment.
Furthermore, there have been objections about the absence of meaningful discussions with local communities and the scientific
community regarding the entire process.

2.1.2. Geological and geomorphological settings

The rocks that make up the State of Sdo Paulo are part of the Mantiqueira Province (Almeida et al., 1977;Almeida et al., 1981,
which records the geological history during the Neoproterozoic (900-520 Ma). These rocks are the remains of Archean,
Paleoproterozoic and Mesoproterozoic tectonic units (Bizzi et al., 2003). The study area corresponds to the central sector of
this province, known as Ribeira Orogen (Heilbron et al., 2004) or Ribeira Fold Belt (Hasui, Carneiro, & Coimbra, 1975). This Orogen
is an ENE-trending transcurrent shear belt in southeastern South America associated with the Neoproterozoic and early Cambrian
formation of Western Gondwana (Campanha et al., 2023; Faleiros et al., 2022).

PETAR is included in the Apiai Terrane (or Domain) of the Ribeira Fold Belt. It is limited to the south by the Lacinha-Cubatdo
crustal-scale shear zone and covered by Phanerozoic rocks of the Parana Basin to the north (Campanha et al., 2023; Faleiros et al.,
2022; Faleiros et al., 2011). This terrain comprises low to medium-grade metasedimentary rocks, collectively known as the
Acungui Supergroup (Campanha, 1991; Campanha & Sadowski, 1999). These rocks are underlain by gneissic-migmatitic rocks
with varying intercalations of metasediments and charnockitic cores. Additionally, these rocks are intruded by several granitoid
bodies of diverse characteristics (Campanha, 2002) (Fig. 3). In PETAR area there are metasedimentary rocks of low metamorphic
grade, most of which deposited from Mesoproterozoic to early Neoproterozoic on a carbonate platform, constituting the Lajeado
Group. This group was later metamorphized from upper Neoproterozoic to Cambrian (Campanha et al., 2023; Campanha, Faleiros,
& Nutman, 2016; Santos et al., 2022). Part of PETAR area also encompasses fine metasediments of the Iporanga Formation
(Campanha et al., 2008) and Votuverava Group (Campanha et al., 2015; Faleiros et al., 2011). These rocks alternate between si-
liciclastic (pelitic, psammitic) and carbonate formations, intruded in its upper part by the Apiai Gabbro (Campanha, 2002;
Campanha et al., 2016). Carbonate rocks display distinct compositions of CaO and MgO and variations in siliciclastic composition,
giving rise to several regional karstic systems (Sallun & Sallun Filho, 2009), which collectively form the Speleological Province of
Vale do Ribeira (Karmann & Sanchez, 1979). Mesozoic basic dikes with NW strikes, as the one that controls the Betari river valley,
and restricted Cenozoic alluvial deposits, make up the region geological context (Campanha, 1991).

This Speleological Province encompasses the carbonate formations of the Lajeado Group (Campanha et al., 2016). These rocks
create a polygonal karst landscape with karstic cones, canyons, deep fluvial valleys, underground drainage systems connected
with cave systems, and a rich variety of speleothems (Karmann, 1994). This extensive cave systems preserves an important fossil
record of Pleistocene-Holocene South America megafauna (Ghilardi, Fernandes, & Bichuette, 2011). In general, the fossil record is
associated with Quaternary sediments, which accumulated in the vertical conduits or stagnate in stretches along the vertical pas-
sages (Karmann & Ferrari, 2002; Campanha, 2002; Ghilardi et al., 2011). According to Ghilardi et al. (2011), the fossils of Quater-
nary fauna in the Alto Ribeira karst region depict different moments related to climate changes during the Quaternary.

From a geomorphological point of view, the PETAR region falls within the Morphoclimatic Domain of Mountainous Regions,
characterized by humid tropical regions and extensive forested terrain, often refereed as “sea of hills” (Ab'Saber, 1970;
Ab’Saber, 1973). The park is located on the southwestern flank of the Paranapiacaba mountain, featuring mountainous relief
with topographic variations of up to 700 m (Karmann & Ferrari, 2002; Campanha, 2002).

2.2. Methods

The inventory of geological sites in PETAR and neighbouring areas was done taking into account the main aspects related to
the regional geological history. The inventory method was founded on the procedures outlined by Brilha (2016) and graphically
presented in Fig. 4.

2.2.1. Identification of geological sites

The review of geoconservation actions developed in the study area aimed to pinpoint potential geological sites previously de-
scribed by the geoscientific community. As a result, 45 potential sites were initially identified, comprising 30 sites from the report
Alto Vale do Ribeira Geopark: Proposal, which was completed by the Geological Survey of Brazil (acronym in Portuguese SBG-
CPRM) (Theodorovicz, 2014), 9 sites from the “Inventory of the Geological Heritage of the State of Sdo Paulo” (Garcia et al.,
2018), and 6 sites from various bibliographic sources, such as master's dissertations and doctoral theses, as well as consultations
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Fig. 3. Geological map of PETAR (scale 1: 125,000) with the location of geological sites (adapted from CBH-SP, 2013, based on Campanha, 2002).

with experts. Subsequent fieldwork led to the exclusion of 18 of these sites for various reasons, including inaccessibility, restricted
visitation, or their distance from the research area. Consequently, the inventory of geological sites at PETAR now encompasses 27
geological sites, as described and thoroughly characterized by Santos (2019) (Figs. 3, 5 and 6).

2.2.2. Quantitative assessment of geological sites using the GEOSSIT database

The quantitative assessment of geological sites was done using the System of Registration and Quantification of Geosites and
Geodiversity Sites (GEOSSIT) database, an online software designed for inventorying and both qualitative and quantitative

489



P.LA. Santos and ]. Brilha International Journal of Geoheritage and Parks 12 (2024) 485-500

Inventory of geological sites

y

Bibliographic research

» Geological setting
» Consultation with experts
» Previous geoconservation actions

v
Preliminary list of geological sites

» Description and preliminary characterisation
of potencial geological sites

¥
Fiedwork

» Qualitative evaluation of geological sites
» Identification of new geological sites

y

Final list of geological sites

» Additional characterisation

\ 4

Quantitative assessment of geological sites
using the GEOSSIT database

Fig. 4. Stages for the development of the inventory of geological sites in PETAR and neighbouring areas (adapted from Brilha, 2016).

assessment of geological sites across Brazil. This software was developed by SBG-CPRM, based on the methodology of Brilha
(2016) and Garcia-Cortés et al. (2009), with adaptations of some criteria tailored to the Brazilian setting (Fig. 5).

The criteria selected for the quantitative evaluation of geological sites were grouped into three categories: A. scientific value
(SV), B. degradation risk (DR), C. potential educational use (PEU) and potential touristic use (PTU). The SV calculation incorpo-
rates the following criteria and respective weights: Al-representativeness (30%), A2-type locality (20%), A3-scientific knowledge
(5%), Ad-integrity (15%), A5-geological diversity (5%), A6-rarity (15%) and A7-use limitations (10%). The criteria for the calcula-
tion of DR were described as follows: B1-deterioration of geological elements (35%), B2—-proximity to areas/activities with poten-
tial to cause degradation (20%), B3-statutory protection (20%), B4-accessibility (15%) and B5-population density (10%). The
results obtained for DR classify geological sites into three levels: low (DR < 200), medium (200 < DR < 300), and high
(300 < DR < 400). The PEU and PTU of the geological sites were evaluated using criteria C1 to C15 (Table 1).

According to Brilha (2016), geosites are “in situ occurrences of geodiversity elements with high scientific value (national or
international).” In addition to the scientific value, they may possess educational, aesthetic, and cultural values. Geodiversity
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Fig. 5. Quantitative assessment process using the System of Registration and Quantification of Geosites and Geodiversity Sites (GEOSSIT) software.
Note: SV: scientific value; PEU: potential educational use; PTU: potential touristic use; DR: degradation risk; PPEU: priority protection of potential educational use;
PPTU: priority protection of potential touristic use; PPSU: priority protection of scientific use.

sites, on the other hand, are occurrences of geodiversity elements that, while not exceptionally scientifically valuable, hold impor-
tance for touristic, educational purposes, or cultural identity. These geodiversity sites can have significance at the local, national, or
international level.

Based on the concepts of Brilha (2016) and in line with the GEOSSIT algorithm, a geosite was considered to have national rel-
evance when its scientific value falls within the range between 200 and 299. When the scientific value reaches or exceeds 300, it
was regarded as having international relevance. Similarly, a geodiversity site was considered of national relevance when its poten-
tial for tourism and educational uses equals or exceeds than 200. For values below 200, geodiversity sites were considered to have
regional or local relevance.

According to Garcia-Cortés et al. (2009), the protection priority (PP) of a geological site is an indicator used to prioritize con-
servation actions. In the GEOSSIT algorithm, PP was calculated for each type of value. Hence, PP for scientific use equals SV plus
RD; PP for the educational use equals the educational value (EV) plus RD; and PP for touristic use equals the touristic value (TV)
plus RD. The PP for each geological site can be categorized into four levels: long-term (PP < 400); medium-term (400 < PP < 700);
short-term (700 < PP < 900); and urgent (900 < PP < 1000). These levels assist in assessing the urgency and priority for protec-
tion and conservation efforts.

3. Results

The scores assigned to each criterion used for the SV, DR, PEU and PTU assessments are provided in tables available as appen-
dices (Tables A1 and A2 in Appendix).

For SV assessment, the results range from 65 to 280 out of a maximum of 400 points (Table A1 in Appendix). DR scores vary
between 30 and 300 points (Table A2 in Appendix).

Tables A4 and A5 detail the values assigned to the criteria used to calculate PEU and PTU, respectively. The PEU assessment
took into account criteria C1 to C12 (Table A3 in Appendix), and the resulting values were expressed by the educational value
(EV). Regarding PTU, criteria C11 and C12 were excluded from the calculation of touristic value (TV). The significance of EV
and TV can be considered at local, regional or national levels (Figs. 7 and 8). Finally, the categorization of all inventoried geological
sites is presented in Table 2.

Tables 3, 4, and 5 display the PP scores calculated for each type of use (scientific, educational, and touristic). In the context of
geodiversity sites, it is worth noting that, except for two sites (Metacarbonates of Bairro da Serra Formation and Furnas Mine), the
priority for protection in relation to educational use consistently surpassed that of touristic use.

The final ranking for the Protection Priority of all 27 geological sites was determined using the following criteria (Table 6):

i. The first three positions were assigned to the three geosites based on their scientific value. This prioritization is in accordance
with the principles detailed Brilha (2016), and it signifies the need to prioritize their management.
ii. For the geodiversity sites, the highest PP value was considered, whether it was obtained for educational or touristic uses.
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Fig. 6. Some aspects of geological sites at PETAR.

a. Entrance portico of Morro Preto Cave viewed from the inside. b. Exit portico of Couto Cave, next to Couto River sinkhole. c. Apiai Marble, main outcrop near Apiai
railroad. d. Morro do Ouro, ruins of the gold processing industry. E. Beija-flor and andorinhas waterfalls, general view of Beija-flor waterfall. f. Metacarbonates of
Bairro da Serra Formation, general view of the outcrop and detail of the carbonate rock. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

4. Discussion

The analysis of the SV assessment revealed that three geological sites, namely Casa de Pedra Cave, Morro do Ouro, and Apiai
Marble, achieved the highest SV scores, all reaching the maximum score of 4 in criteria A1 (representativeness) and A6 (rarity).
Since their SV exceeds 200, these sites were the only ones in the inventory considered as geosites of national significance, as in-
dicated in Table 2. Additionally, among the 27 geological sites, 21 sites obtained PTU and PEU scores higher than 200, thereby
designating them as geodiversity sites of national significance. The three sites with scores below 200 points were categorized
as geodiversity sites of regional/local significance (Table 2).

In the context of the SV assessment, one can conclude that the representativeness criterion had the most significant impact on
the final score. Concerning the rarity criterion, it is important to note that when more than 6 identical occurrences of a particular
feature exist in the study area, this criterion received a score of zero, signifying that the feature is not considered rare. However,
this approach may undervalue some sites that are anticipated to have high PP. For example, Santana Cave is characterized by a

492



P.LA. Santos and J. Brilha International Journal of Geoheritage and Parks 12 (2024) 485-500

Table 1
Criteria and their weights assigned for the quantitative assessment of PEU and PTU in the GEOSSIT database.

Potential Educational and Touristic Uses

Criteria Weight

PEU PTU
C1 Vulnerability 10% 10%
C2 Accessibility 10% 10%
c3 Use limitations 5% 5%
c4 Safety 10% 10%
C5 Logistics 5% 5%
C6 Population density 5% 5%
c7 Association with other values 5% 5%
Cc8 Scientific knowledge 5% 15%
c9 Uniqueness 5% 10%
Cc10 Observation conditions 10% 5%
C11 Didactic potential 20% -
C12 Geological diversity 10% -
C13 Potential for dissemination - 10%
C14 Economic status - 5%
C15 Proximity to recreational areas - 5%
Total 100% 100%

high diversity of speleothems, making it a notable example of these geological elements. Consequently, it received a high score in
representativeness criterion. Nonetheless, because there are many other caves in the study area with similar speleothems, these
elements are not deemed rare, and as a result, the rarity criterion was evaluated with zero points. This leads to Santana Cave not
receiving a high PP, which contradicts its status as one of the most visited sites at PETAR, necessitating a high management
priority.

It is also worth to underline that the criteria of population density and economic level do not significantly impact the assess-
ment of sites within small areas, such as PETAR. In this case, the indicators for both criteria are uniform across the entire area,
which do not differentiate between geological sites.

The analysis of the quantitative assessment results for the geological sites revealed that the same site can received different
evaluations in different inventories. For instance, the geodiversity sites Couto and Morro Preto Caves, Santana Cave, Agua Suja
Cave and Areias I and II Caves were considered geosites in previous inventories (Theodorovicz, 2014; Garcia et al., 2018). How-
ever, the assessment made by GEOSSIT has assigned a lower SV to these sites in this instance. These differences in evaluation
can be attributed to specific aims and scale of the study area, in addition to differences in how each researcher defines a geosite.
Once again, these disparities underscore the difficulty of comparing numerical values of geological sites calculated using different
methods.

Concerning the DR results (as indicated in Table A2 in Appendix), they generally align with what was expected based on the
data collected during fieldwork. The Apiai Marble geosite holds the top position in the ranking, followed by the geodiversity sites
Paleoterrace of Ribeira River, Metacarbonates of Bairro da Serra Formation and Folded Gorotubito. These four geological sites were
categorized as having medium DR because they are located in areas without legal protection and access control. Most geological
sites were scored zero on the proximity to areas/activities with the potential to cause degradation criterion since they are located
within the park, where activities are strictly regulated.

Regarding the calculation of PEU and PTU, the assessment of EV and TV was exclusively conducted for the geodiversity sites, as
indicated in Tables A3 and A4 in Appendix. According to Brilha (2016), geosites should always be prioritized in a geoconservation
strategy due to the scientific value they represent. Therefore, EV and TV were not used for the three geosites in the inventory
(Casa de Pedra Cave, Morro do Ouro, and Apiai Marble). The determination of national or regional/local relevance based on VE
and VT, as per the GEOSSIT, will not be discussed in detail for the purposes of this work since it does not directly align with
the article's objectives.

The scientific PP was calculated solely for the three geosites (Table 3) since geodiversity sites, by definition, possess low or no
scientific value. All three geosites exhibited a medium-term protection priority. For the geodiversity sites, the educational and
touristic PP were calculated (Tables 4 and 5). The top four positions in the ranking are held by Paleoterrace of Rio Ribeira,
Diabasio do Nicleo Santana, Santana Cave and Metacarbonates of Bairro da Serra Formation (Lajeado Group), all categorized
with medium-term PP.

The sorting of geological sites in PETAR and its surroundings (Table 6) was categorized into two groups: geosites and geodi-
versity sites. The top three positions of the final ranking are hold by the geosites of Apiai Marble, Casa de Pedra Cave, and Morro
do Ouro, which were ranked based on their scientific PP. Subsequently, the geodiversity sites were ranked using the results of the
educational PP and touristic PP. To determine their ranking, the highest value between these two categories, as presented in
Tables 4 and 5, was taken into consideration. This approach ensures that geodiversity sites were ranked based on their greater
educational or touristic significance.
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Fig. 7. Some aspects of geodiversity sites of national significance at PETAR.

a. Structure of the Santana Nucleus viewpoint. b. View from the Santana lookout point, where you can see features of the karst relief (cone morphology). c. Portico
at the main entrance of Agua Suja Cave. d. Set of speleothems (stalactites, stalagmites and columns) of Agua Suja Cave. e. Interior view of the main hall of Chapéu
Cave. f. Travertine lakes inside the main hall of Chapéu Cave.

5. Conclusion

The Alto Ribeira Touristic State Park (PETAR) is renowned nationally for its speleological heritage, with approximately 652
caves that attract both experts and general public. This makes PETAR one of the most visited protected areas in Sdo Paulo
State. The effective management of this geoheritage is of utmost importance, given the significant number of caves that require
oversight and the park's limited resources. The inventory and quantitative assessment of the 27 geological sites identified in
PETAR and its surroundings have provided valuable insights into establishing management priorities. This information is essential
for park managers, aiding them in effectively managing this extensive geological heritage. The quantitative assessment was done
using GEOSSIT, an online application developed by the Geological Survey of Brazil (Servico Geol6gico do Brasil, 2022. While
GEOSSIT was created as a nationwide geoheritage database, it has revealed certain challenges when applied to a relatively
small area like PETAR. This highlights the need for specific adaptations in GEOSSIT to make it a more efficient and relevant tool
for geoconservation at both the national and local scales in Brazil. This will enhance the effectiveness of managing and preserving
the geological and speleological treasures found in PETAR and similar areas.
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Fig. 8. Some aspects of geodiversity sites with national, local and regional significance at PETAR.
a. Sem Fim Waterfall. b General view of the outcrop Folded Gorotubite. c. Detail of the outcrop at Folded Gorotubite. d. Lajeado road and mine. e. Calcite marble
from the Mina de Furnas Formation on the Lajeado road.f. Ruins of the old mine at Furnas Mine. g. Furnas mine yard.
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Table 2
Categorization of geological sites according to the results obtained with GEOSSIT.

Geological sites Categorization

Casa de Pedra Cave

Apiai Marble Geosite of national significance
Morro do Ouro

Diabase of Santana Nucleus

Santana Nucleus Viewpoint

Beija-flor and Andorinhas Waterfalls

Santana Cave

Agua Suja Cave

Couto and Morro Preto Caves

Cafezal Cave

Laje Branca Viewpoint

Laje Branca Cave

Alambari de Baixo Cave

Ouro Grosso Cave Geodiversity sites of national significance
Chapéu Cave

Chapéu Mirim I and II Caves

Aranhas Cave

Areias I and I Caves

Lajeado Road and Mine

Sem Fim Waterfall

Laboratério Cave

Paleoterrace of Ribeira River

Boa Vista Viewpoint

Folded Gorotubite

Temimina [ and II Caves

Metacarbonates of Bairro da Serra Formation Geodiversity sites of local/regional significance
Furnas Mine

Table 3

Priority protection considering the scientific use.
Geosites NY DR SV + DR PP for scientific use Ranking
Apiai Marble 250 300 550 Medium-term 1st
Casa de Pedra Cave 280 100 380 2nd
Morro do Ouro 275 75 350 3rd

Table 4

Priority protection considering an educational use.
Geodiversity sites EV DR EV + DR PP for educational use Ranking
Paleoterrace of Ribeira River 245 295 540 Medium-term 1st
Diabase of Santana Nucleus 270 195 465 2nd
Santana Cave 280 150 430 3rd
Metacarbonates of Bairro da Serra Formation 180 245 425 4th
Laboratério Cave 250 175 425
Folded Gorotubite 200 205 405 5th
Alambari de Baixo Cave 285 115 400 6th
Santana Nucleus Viewpoint 305 90 395 7th
Cafezal Cave 205 175 380 8th
Areias I and II Caves 260 120 380
Lajeado Road and Mine 225 150 375 9th
Couto and Morro Preto Caves 285 80 365 10th
Laje Branca Cave 250 100 350 11th
Agua Suja Cave 275 65 340 12th
Boa Vista Viewpoint 270 65 335 13th
Sem Fim Waterfall 245 85 330 14th
Furnas Mine 160 170 330
Ouro Grosso Cave 270 45 315 15th
Chapéu Cave 265 45 310 16th
Chapéu Mirim I and II Caves 265 45 310
Aranhas Cave 265 45 310
Beija-flor and Andorinhas Waterfalls 275 30 305 17th
Laje Branca Viewpoint 220 80 300 Long-term 18th
Temimina I and II Caves 195 100 295 19th
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Table 5
Priority protection considering a touristic use.
Geodiversity sites v DR TV + DR PP for touristic use Ranking
Paleoterrace of Ribeira River 215 295 510 Medium-term 1st
Diabase of Santana Nucleus 255 195 450 2nd
Metacarbonates of Bairro da Serra Formation 190 245 435 3rd
Santana Cave 250 150 400 4th
Cafezal Cave 205 175 380 5th
Laboratério Cave 195 175 370 6th
Folded Gorotubite 165 205 370
Santana Nucleus Viewpoint 270 90 360 7th
Alambari de Baixo Cave 240 115 355 8th
Areias I and II Caves 225 120 345 9th
Furnas Mine 170 170 340 10th
Couto and Morro Preto Caves 235 80 315 11th
Lajeado Road and Mine 165 150 315
Sem Fim Waterfall 215 85 300 Long-term 12th
Laje Branca Viewpoint 215 80 295 13th
Boa Vista Viewpoint 230 65 295
Agua Suja Cave 225 65 290 14th
Laje Branca Cave 185 100 285 15th
Temimina [ and II Caves 185 100 285
Beija-flor and Andorinhas Waterfalls 245 30 275 16th
Ouro Grosso Cave 230 45 275
Chapéu Cave 225 45 270 17th
Chapéu Mirim I and II Caves 225 45 270
Aranhas Cave 225 45 270
Table 6
Final ranking regarding the protection priority of all PETAR's geological sites.

Geological sites Protection priority Ranking

Apiai Marble 550 1st

Casa de Pedra Cave 380 2nd

Morro do Ouro 350 3rd

Paleoterrace of Ribeira River 540 4th

Diabase of Santana Nucleus 465 5th

Metacarbonates of Bairro da Serra Formation 435 6th

Santana Cave 430 7th

Laboratério Cave 425 8th

Folded Gorotubite 405 9th

Alambari de Baixo Cave 400 10th

Santana Nucleus Viewpoint 395 11th

Cafezal Cave 380 12th

Areias | and II Caves 380

Lajeado Road and Mine 375 13th

Couto and Morro Preto Caves 365 14th

Laje Branca Cave 350 15th

Agua Suja Cave 340 16th

Furnas Mine 340

Boa Vista Viewpoint 335 17th

Sem Fim Waterfall 330 18th

Ouro Grosso Cave 315 19th

Chapéu Cave 310 20th

Chapéu Mirim [ and II Caves 310

Aranhas Cave 310

Beija-flor and Andorinhas Waterfalls 305 21st

Laje Branca Viewpoint 300 22nd

Temimina [ and II Caves 295 23rd
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