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Abstract
Palaeoenvironmental records contribute to understanding different climatic contexts of the past and allow to construct 
future scenario models, including human actions. Furthermore, the inclusion of representative sites of climate change in 
geoconservation strategies is an important step to inform the public about the climate system, its changes from a geological 
perspective and the impact of current global warming on nature and society. Thus, this study aims to present geomorphosites 
representatives of the past and current climate changes on coastal features on the north coast of the State of São Paulo, Brazil, 
and discuss their conservation implications. The methodological proceedings consisted of the inventory of geomorphosites, 
followed by the selection of eight climate change representative geomorphosites, as well as their analysis. The geomor-
phosites testify processes from the Pleistocene to the recent days associated with the coastal dynamic, influenced by sea 
level fluctuations. The features included cliffs on marine terraces, beachrocks, ancient channels, rocky shores, beach ridges, 
erosive features such as the destruction of vegetation, and anthropic constructions. The identification of geomorphosites was 
relevant to enable the development of geoconservation strategies facing their natural dynamic and the interactions of human 
processes, urban growth, and mass tourism. Also, it allowed the integration into management plans, aiming the conservation 
and use in teaching programs. This selection could improve the widespread knowledge about climate change and how this 
could affect nature and society.

Keywords Geoconservation · Palaeoenvironmental records · Climate change · Coastal geomorphology · North Coast of the 
State of São Paulo

Introduction

The consolidation of geoconservation as a new scientific 
domain in Geosciences (Henriques et al. 2011) has contrib-
uted to the development of new approaches and concerns. 

That includes the development of geological heritage inven-
tories in different parts of the world, contributing to the 
knowledge of the Earth’s geological history and promoting 
their conservation. Besides, geoconservation has affected 
nature conservation guidelines (IUCN 2008; Crofts et al. 
2015, 2020), sustainable development in geoparks areas, and 
the popularisation of geosciences and geological heritage.

In Brazil, the first initiative on geoconservation was the 
creation of the Brazilian Commission of Geological and 
Palaeobiological Sites (SIGEP) in 1997. The Geologi-
cal Survey of Brazil (CPRM) played an essential role in 
this process and has improved the geoparks programs and 
the mapping of geodiversity at state and national levels. 
Moreover, the increase in scientific publications in the last 
20 years discussing the inventory of geological heritage, 
geoconservation, geotourism (Romão and Garcia 2017; 
Ruchkys et al. 2017), and geomorphological heritage (Maz-
zucato et al. 2021)  also contributed to the scientific evolu-
tion of the area.
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Regarding the importance of Geoconservation, the his-
tory of Earth’s climate change is one of the keys elements 
that the geoheritage inventories can provide (Reynard et al. 
2007), promoting the recognition and preservation of the 
palaeorecords and a better understanding of the function of 
the climate system and the current global warming. In this 
context, improving the knowledge about climate change and 
their future scenarios considering the anthropogenic factors 
is an emergent demand claimed on the thirteenth sustainable 
development goal (climate action) to mitigation, adaptation, 
impact reduction, and early warning about climate change 
(UN 2022).

According to Prosser et al. (2011), climate changes pre-
sent opportunities and challenges for geoconservation. The 
opportunities concerned the preservation of palaeoclimate 
records that indicates how these features reacted to past 
climate changes. On the other hand, the main challenges 
are associated with the conservation and management of 
sites threatened by recent global warming. Therefore, some 
studies have dealt with the global climate change on the 
geoconservation framework, highlighting the past climate 
change records and the impacts of current climate change on 
geoheritage, tourism, conservation, and management (e.g. 
Prosser et al. 2010, 2011; Brazier et al 2012; Brown et al 
2012; Ravanel et al 2014; Lozar et al. (2015); Wignall et al 
2018; Čekada et al 2020; Berred and Berred 2021; Gordon 
et al 2022; Selmi et al 2022).

Coratza and Hobléa (2018) pointed out that climate 
change is one of the key issues in geomorphological herit-
age. Because of the dynamic dimension and the imbrica-
tions of scales, the study of geomorphosites is a relevant 
topic to discuss climate issues. The dynamic dimension 
concerns a set of processes that have created and modified 
the landforms over time, allowing the best observation of 
past and ongoing Earth processes (Pelfini and Bollati 2014). 
Similarly, the imbrications of scales represent variations on 
temporal and spatial scales, so a range of past and current 
conditions influenced features in varying dimensions (Rey-
nard 2009; Coratza and Hobléa 2018). According to Pelfini 
and Bollati (2014), the specificities of geomorphosites cover 
the evaluation, valorisation, protection, and impact and risk 
analysis of geomorphosites.

The classification of geomorphosites is based on the 
dynamic processes to form the landscapes. According to 
Reynard (2004) and Pelfini and Bollati (2014), geomor-
phosites are classified into three categories: (i) active geo-
morphosites, (ii) passive geomorphosites, and (iii) evolving 
passive geomorphosites. Active geomorphosites allow the 
visualisation of processes in action (Reynard 2004), and they 
can be relevant records to understand the effects of climate 
change through time (Pelfini and Bollati 2014). Passive geo-
morphosites are records of the past environments (Reynard 
2005), and “they have a particular heritage value as Earth 

memory” (Reynard 2009, p. 9). On the other hand, the term 
evolving passive geomorphosites (Pelfini and Bollati 2014, 
p. 139) was created to refer to a passive geomorphosite “that 
are rapidly changing under the current dynamic conditions”; 
it differs from active ones due to the distinction concerning 
both genetic and current processes. Then, climate change 
is considered a factor in promoting the self-destruction of 
active and passive landforms (Pelfini and Bollati 2014), 
which is a fundamental criterion for promoting the site’s 
management.

Coastal zones are especially vulnerable to the effects 
of climate change, such as variations in relative sea level 
(RSL), ocean warming, ocean acidification and deoxygena-
tion, rain patterns, and frequency and magnitude of storms 
(e.g., Cooley et al. 2022). Besides, the effects of global 
warming increase in coastal zones because they are densely 
settled (e.g., Bardach 1989). In Brazil, more than 26% of the 
population lives in coastal areas, equivalent to 50,7 million 
inhabitants (IBGE 2011). The selection of geomorphosites 
in coastal zones is an important step in contributing to the 
knowledge of long-term and current climate changes. The 
inventory data allows the incorporation of geological herit-
age into coastal planning.

Considering the significance of the identification of geo-
morphosites that represent past and current climate changes 
and discussing their management implications on coastal 
zones, the objective of this work was to (i) present the geo-
morphosites related to past and current climate changes of 
the inventory carried out on the North Coast of the State of 
São Paulo, Brazil; (ii) discuss the conservation implications 
of this type of geomorphosites.

Study Area

General Settings

The study area is located on the North Coast of the State of 
São Paulo, in Brazil (Fig. 1). This region covers an area of 
1,927,88  km2 (Souza and Luna 2008) and is formed by the 
municipalities of Ubatuba, Caraguatatuba, São Sebastião, 
and Ilhabela. Recognised as a touristic destination, the North 
Coast of the State of São Paulo has an estimated 2020 popu-
lation of 341,123 inhabitants (IBGE 2020), and its value can 
triplicate during the summer holiday. The touristic attrac-
tiveness is related to the natural landscape and beaches, 
showing a diversity of coastal and mountain components, 
preserved biodiversity, and traditional cultures.

The city of Caraguatatuba has the biggest population in 
the region, with a total of 123,389 estimated inhabitants 
(IBGE 2020). Thereby, the city developed on the largest 
coastal plain on the north coast of the State of São Paulo. 
Its extension is almost 12 km (Suguio and Martin 1978). In 
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contrast, the city of Ubatuba has 91,824 estimated inhabit-
ants, and the central coastal plain has approximately 3 km 
of extension. This municipality has a dispersed occupation 
on pocket beaches and Serra do Mar slopes.

The current socio-economic aspects of the study area are 
marked by extensive preserved areas in contrast with the 
advancement of the urbanisation process. The creation and 
expansion of these municipalities occurred historically on 
coastal plains and, more recently, on the slopes of the Serra 
do Mar Escarpment. Thus, the pressure on the environment 
results mainly from the lack of land use and occupation plan-
ning, mass tourism, construction of summer houses, and 
expansion of occupation in protected and risky areas (Maz-
zucato 2017). Garcia (2019) stresses the extreme real-estate 
speculation and the accelerated urbanisation and action it 
intended to bypass the legislation.

Many researchers have identified the geological heritage 
of this region (Garcia 2012; Prochoroff 2014; Santos 2014; 
Reverte and Garcia 2016; Arruda et al. 2017a; Jorge 2017; 
Rodrigues 2018; Garcia et al. 2018, 2019a). The framework 
of these inventories is related to the amalgamation, evolution 

and fragmentation of the West Gondwana Supercontinent, 
and the geological history covers the Neoproterozoic to the 
present (Garcia et al. 2019a).

Garcia et al. (2019a) reviewed the first inventories drawn 
up in the area and defined 43 geosites distributed on the 
following specific frameworks: (i) geomorphology and land-
scape evolution, (ii) Quaternary evolution, (iii) Late Creta-
ceous alkaline magmatism, (iv) Jurassic-Cretaceous mag-
matism, (v) Cambro-Ordovician post-tectonic magmatism, 
(vi) strike-slip tectonics and shear zones, (vii) syn-tectonic 
granitic magmatism, and (viii) Costeiro Complex Terranes.

Palaeoenvironmental Aspects of the Coastal Zone

The interactions between geological, geomorphological, cli-
matic, and oceanographic processes are essential factors in 
the genesis and evolution of coastal plains. The main char-
acteristic of the North Coast of the State of São Paulo is a 
high relief in Southern Brazil (Dominguez 2009). The Serra 
do Mar Mountain range reached the coastline in almost all 
its extensions and originated the most indented coastline in 

Fig. 1  Localisation map of the study area
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Brazil (Ab’Sáber 2000). The geomorphology of this region 
presents a scarped coastal range that formed the mostly het-
erogeneous coastline of the State of São Paulo and contains 
various embayments, bays, coves, and smaller and sheltered 
beaches (Souza 1997, 2012).

The current physiography of the coastal zone results from 
a sequence of events and geological, geomorphological, 
climatic, and oceanographic processes that determined the 
evolution of its basement (Serra do Mar Mountain range), 
the genesis and development of the watershed basins and 
coastal plains, and the consolidation of the current coastline 
and beaches (Souza 2015). After the breakup of the Gond-
wana supercontinent, triggering continental drift supported 
by a system of horsts and grabens, and the formation of the 
Southern Atlantic Ocean (Jurassic-Cretaceous), the coastal 
zone physiography has been influenced by two main sets 
of events (Souza 2015; Garcia et al. 2018). The first one is 
related to the formation of the Serra do Mar Mountain range, 
starting in the Upper Cretaceous, due to late tectonism and 
continual uplifting of the continental margin. The second set 
refers to climatic variations, RSL oscillations, and tectonic 
pulses during the Quaternary and represents a fundamental 
step in the development of coastal plains.

The Serra do Mar Mountain Range is, in fact, an escarp-
ment ranging from 800 to 1000 m of elevation. Comprises 
Precambrian granites and granitoid bodies, high-grade 
metamorphic rocks, Jurassic basaltic dikes and sills, and 
Cretaceous alkaline intrusive bodies (e.g. Souza 2015). The 
genesis and evolution of the coastal plains comprise relevant 
records of Quaternary geological-geomorphological evolu-
tion, including sedimentary deposits, tectonic structures, 
the landscape, the coastline, and beaches. Morphogenesis 
presents a particular interest in palaeoenvironmental aspects 
of climate changes, RSL variations, and neotectonics during 
the Quaternary.

According to Suguio et al. (1985), reconstructions of fluc-
tuations of SL in Brazil during the Quaternary have been 
made since the XIX century, as pointed out by Hartt (1870), 
Freitas (1951), and Bigarella (1965). Furthermore, the analy-
ses of marine palaeolevels in the state of São Paulo have 
increased since 1974 (Martin and Suguio 1975, 1976, 1978; 
Suguio and Martin 1976a, b, 1978; Suguio et al. 1980).

Suguio and Martin (1978) and Martin et  al. (2003) 
defined two main Quaternary transgressive–regressive 
events in the state of São Paulo. The first episode occurred 
at 120,000 years BP (Pleistocene) and is defined as Cananéia 
Transgression. The second episode had a maximum trans-
gressive at 5600 cal year BP (calibrated years Before Pre-
sent) (Holocene) and is called Santos Transgression.

According to Suguio et al. (1985), during the Cananéia 
Transgression, the SL would have been 8 ± 2.0 m higher 
than the present. The SL change curve to Santos Trans-
gressions is marked by SL oscillations (Suguio and Martin 

1978; Suguio et  al. 1980; Martin et  al., 1979, 2003): 
(i) two phases of higher SL (transgressions) occurred 
between 5650 and 5450  cal  year BP when mean SL 
reached 4.0 ± 0.5 m above current position for Cananéia 
region and of 4.5 ± 0.5 m for Bertioga region, and around 
3700–3600 year BP of 3.0 ± 0.5 m; (ii) at 2000 years BP, 
the SL would have been about 1.5 m higher than the pre-
sent; (iii) a negative oscillation was detected between 4200 
and 3700 cal year BP, with mean SL around or a little 
below the present level.

The Cananéia Transgression is correlated to Marine Iso-
tope Stage (MIS) 5e (Souza 2015). The MIS 5e is recog-
nised as the Last Interglacial period and resulted in 1.5 °C 
of global temperature warming (Rovere et al. 2016). Records 
to reconstruct SL changes in this period are fundamental to 
predicting changes in the face of current global warming 
(Rovere et al. 2016), considering that the Earth’s tempera-
ture has increased approximately 1.1 °C since 1950, and 
predictions of a low emissions scenario indicate 1.5 °C until 
2040 (Lee et al. 2021). The Santos Transgression is related 
to MIS 1 and is known as the final transgression (Souza 
2015).

The characterisation of Quaternary units on the coastal 
plain provides information about these SL variations. Firsts 
mapping of Quaternary units of the North Coast of the State 
of São Paulo was provided by Suguio and Martin (1976b, 
1978) and Souza (1990, 1992). Then, Souza and Luna 
(2008), Souza et al. (2009) and Souza (2015) proposed a 
mapping of Quaternary unities, integrating geological, geo-
morphological, pedological, and native vegetation cover 
criteria, for the Northern Littoral and the Bertioga coastal 
plains. Then, thirteen units that contain registers and dating 
of this evolution were defined:

i) Current Beach: current beach deposits (medium, fine 
and very fine sands) at 0–2 m above the current mean 
SL (CMSL);

ii) Current Tidal Flat: Late Holocene to the present estua-
rine deposits (sandy pelitic sediments) at − 0.5 to + 1.5 m 
above the CMSL;

iii) Holocene to Current Fluvial Plain: fluvial deposits 
(sands, silty sands, and gravels) on floodplains, low ter-
races, bars, and bed depositional environments, at 2 to 
5.0 m above the CMSL;

iv) Holocene to Current Mixed Deposit (fluvial and collu-
vial): undeferential mixed deposits, formed by Holocene 
alluvial sediments reworked and buried by Late Holo-
cene to current colluvial sediments, at 5.0 to 7.0 m above 
the CMSL;

v) Holocene Palaeolagoon-Estuarine Depression: estua-
rine-lagoon deposits overlayed by lacustrine-palustrine 
sediments (silty-clayey-sandy and organic sediments), 
at 1.0 to 1.5 m above the CMSL;
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vi) Holocene Beach Ridge Plain: Early Holocene marine 
beach deposits (fine to very fine sands and biodetritic 
gravels), represented by regressive beach ridges, at 1.5 
to 2.5 m above the CMSL;

vii) Holocene Marine Terrace: Late Holocene marine beach 
deposits (very fine and medium sands), represented by 
lower marine terraces, at 3.0 to 4.0 m above the CMSL;

viii) Pleistocene Marine Low Terrace: Early Pleistocene 
marine beach deposits (very fine and fine sands), at 4.5 
to 9.0 m above the CMSL;

ix) Pleistocene Marine High Terrace: Late Pleistocene 
marine beach deposits (very fine sands), forming irregu-
lar terraces, between 4.5 to 13.0 m above the CMSL;

x) Pleistocene to Holocene Fluvial Terrace: fluvial deposits 
(sands, silty sands, and gravels) formed into floodplains, 
beds, and bars environments, at 7.5 to 10 m above the 
CMSL;

xi) Pleistocene Marine High Terrace/Holocene Palaeoestu-
arine-Lacustrine Depression, and

xii) Pleistocene Marine High Terrace/Pleistocene Fluvial 
Terrace: isolated and irregular remnants of marine ter-
races (very fine sands) bordered by either small and 
shallow palaeolagoonal-estuarine-lacustrine depres-
sions or fluvial terraces remnants, at 4.5 to 8.0 m above 
the CMSL;

xiii) Pleistocene to Current Slope Deposit: slope depos-
its (colluvial, talus, and alluvial) on low slopes of the 
Serra do Mar foothills, at > 10 m above the CMSL.

Mapping these units is also very important for under-
standing the evolution and development of the different 
coastal ecosystems (Souza et al. 1997, 2009; Souza 2015).

The association between these Quaternary units and the 
vegetation is illustrated in Fig. 2. In Brazil, Restinga is a 
general term used to refer to the native vegetation of coastal 
plain ecosystems (except mangroves), despite the very con-
troversial linguistic origin of this term, which was formerly 
used to refer to modern coastal sandy deposits such as spits, 
bars, barriers and tombolos (Souza et al. 2008, 2009).

Material and methods

The methodological procedures of this study follow three 
main approaches: (a) inventory of geomorphosites of the 
study area; (b) selection of geomorphosites on coastal con-
texts that represent past and current climate changes; (c) 
analysis and discuss the relevance of this geomorphosites 
and their management implications.

Fig. 2  Section-type of geo-
logical and geomorphological 
Quaternary units present in the 
coastal zone of São Paulo and 
its association with Restinga 
phytophysiognomies. The photo 
on the left illustrates vegetation 
variation through the profile 
(a-b) on the Mouth of Picin-
guaba River (Fazenda Beach–
Ubatuba). 1. Beach vegetation; 
2. Dune vegetation; 3. Scrub; 
4. Vegetation between beach 
ridges; 5. Restinga Low forest 
(seaward) migrating to Restinga 
High forest (landward); 6. 
Swamp of Restinga; 7. Restinga 
High forest; 8. Restinga Wet-
High forest and Paludal forest; 
9. Restinga-Slope Transition 
forest; 10. Atlantic Rainfor-
est. Modified from Souza et al. 
(1997, 2008, 2009)
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The inventory of Geomorphosites

The inventory of geomorphosites of the north coast of the 
state of São Paulo was based on the method of Reynard et al. 
(2016) because (i) it is a specific method for geomorphologi-
cal heritage inventory with scientific and additional values 
(aesthetic, ecological and cultural), (ii) contain a proposition 
for regional scale inventories, including protected areas and 
others, and (iii) set an integrated approach, including the 
inventory and management of the sites.

According to Reynard et al. (2016), the inventory has two 
steps: selecting and assessing geomorphosites. The selec-
tion includes (i) definition of the main geomorphological 
contexts, (ii) elaboration of a preliminary list, (iii) classifica-
tion of landforms, (iv) final list of geomorphosites, and (v) 
site documentation. The assessment covers (i) assessment of 
intrinsic value (scientific, ecological, aesthetic, and cultural 
values), (ii) characterisation of the protection and promo-
tion of the sites, and (iii) synthesis. In this paper, it will be 
stressed the selection steps.

The inventory proposed initiated with the definition of 
the aim, which according to Lima et al. (2010), includes the 

topic (the typology to be inventoried), the value (types of 
use), the scale (the geographical area of the study), and use 
(the purpose of the study). So, the objective of this inventory 
was to select geomorphosites with scientific and additional 
values (ecological, cultural, and aesthetic) on the north coast 
of the state of São Paulo to support educational, scientific, 
and touristic activities and, to contribute to the geoconserva-
tion strategies of the region. The procedures for the inven-
tory of geomorphosites following Reynard et al. (2016) on 
the study area will be described below.

i) Definition of the Main Geomorphological Contexts: This 
step was carried out based on a bibliographic review 
that highlighted the frameworks defined by Garcia et al. 
(2019a) and the quaternary unities by Souza (2015). 
The classification was based on the dominant processes 
related to the morphogenesis and morphodynamics of 
the study area. Table 1 details the contexts defined.

ii) Elaboration of a Preliminary List: The potential geo-
morphosites survey was developed considering a biblio-
graphic review, analysis of geological and geomorpho-
logical cartography, fieldwork, specialist consultation, 

Table 1  Geomorphological contexts of the study area

Geomorphological con-
texts (processes)

Description Categories related to (a)Garcia et al. (2019a) and (b) 
Souza (2015)

Tectonic Genesis and dynamic: late tectonism and uplifting of the 
continental margin with the formation of the Serra do 
Mar Mountain range and the resulting action of tectonic 
adjustments, weathering, and erosional processes along 
the time

Landforms: Escarpments, peaks and hills, hills testi-
monies, islands and islets continentals, and structural 
landforms (such as triangular and trapezoidal facets on 
the escarpments)

(a) Geomorphology and landscape evolution
(b) Pleistocene to current slope deposits

Coastal Genesis and dynamic: coastal processes influenced by the 
SL oscillations (mostly on Pleistocene and Holocene) 
interacting with the geological, geomorphological, and 
meteorological conditioners. Recently, the SL rising, 
and anthropogenic factors are modifying these features

Landforms: sandy beaches, estuaries, lagoons, bars, 
berms, beach cusps, beach ridges, rip currents, spits, 
tombolos, mangrove swamps, bedforms, and features 
on rock outcrops

(a) Quaternary evolution
(b) Current Beach deposits; Current Tidal Flat; Holocene 

beach ridge plain; Holocene marine terrace; Pleistocene 
Marine Low Terrace

Fluvial Genesis and dynamic: the action of superficial water is 
directly related to the structural conditioners and the 
climatic patterns, mainly concerning the Holocene to 
the present

Landforms: V-shaped valleys, waterfalls, headwaters, 
mouths, channel and drainage patterns, drainage 
anomalies, palaeochannels

(a) Quaternary evolution
(b) Holocene to current fluvial plain

Gravitational movements Genesis and dynamic: mass movements are influenced by 
the intense slopes, soil vulnerability, climatic patterns, 
and land use

Landforms: landslide scars, features of mass movements, 
talus, and colluvium deposits

(a) Quaternary evolution
(b) Pleistocene to current slope deposits

121   Page 6 of 19



Geoheritage (2022) 14:121

1 3

and the authors’ knowledge. The bibliographic review 
mentioned above includes the analysis of the previ-
ous geological heritage inventories of the region (Gar-
cia 2012; Santos 2014; Prochoroff 2014; Arruda et al. 
2017a, b; Jorge 2017; Reverte and Garcia 2016; Rodri-
gues 2018; Garcia et al. 2018, 2019a) and the consulta-
tion of the management plans of the protected areas and 
the touristic materials.

iii) Classification of Landforms: The sites were classified 
according to spatial (representatives and rare forms) 
and temporal criteria (ancient and current features and 
processes). In this sense, the temporal criteria illustrate 
the active, passive (Reynard 2004) and evolving passive 
geomorphosites (Pelfini and Bollati 2014).

iv) The Final List of Geomorphosites: This selection 
occurred after the fieldwork based on representativeness 
and rarity criteria related to the geomorphological con-
text defined in the study area. Another criterion applied 
was accessibility, including only geomorphosites with 
some open access, such as the trails in the natural pro-
tected area.

v) Site Documentation: The site description was based on 
the general and descriptive cards based on Reynard et al. 
(2016) and Santos et al. (2020). The observed aspects 
were as follows: localisation; landforms, and process; 
morphogenesis and morphodynamics; accessibility; 
level of protection; state of conservation; potential uses; 
threats and impacts; assessment of scientific, ecological, 
aesthetic, and cultural values; and other management 
settings. This description was made in the fieldwork and 
complemented with bibliographical information.

Selection and Interpretation of Geomorphosites 
on Coastal Contexts That Represent Past 
and Current Climate Changes

This step was carried out to highlight the climate change 
records and the coastal zone vulnerability in the study area, 
selecting some ones from the inventory of geomorphosites 
of the North Coast of São Paulo.

The proceedings to select geomorphosites from the 
inventory for this analysis followed the criteria: (i) geomor-
phosites from coastal context and (ii) features and processes 
that registered the SL fluctuations, considering the Pleis-
tocene and Holocene transgressive–regressive events that 
allow the reconstruction of the palaeoclimate history of the 
study area, and the current SL rise, both measured by the 
existence of scientific publications.

The evolution of the geomorphosites interpretation was 
carried out to highlight aspects such as: SL fluctuations, 
Quaternary units and related ecosystems, current erosional 

processes associated with the SL rise, and to connect the 
evolution of the sites with the anthropogenic factors, for 
example, the coastal structures used to minimise the SL rise 
impacts. The geomorphosites were classified into active, 
passive, and evolving passive geomorphosites (Reynard 
2009; Pelfini and Bollati 2014).

Analysis of the Management Implications of These 
Geomorphosites

This analysis was based on Brocx and Semeniuk (2019), 
which shed light on the management of sites, especially in 
coastal areas. According to the authors, there are many use 
possibilities for geological sites, such as educational, geo-
touristic, and scientific, and the management needs to protect 
fragile or vulnerable features.

The authors pointed out that the management includes 
concerns about the safety of visitors and actions to protect 
the sites. Some considerations related to safety were physical 
hazards associated with coastal zones (for example, rocky 
shores, sandy beaches, tidal flats, wave dominating coastal 
zones) and biological hazards (for example, dangerous biota 
such as cone shells, stone fish, sharks, venomous jellyfish). 
Concerning protection issues, some aspects cited were direct 
degradation (trampling), impacts of activities that can lead to 
degradation (excessive walking), destruction or degradation 
by hammering, and overcollection of rock samples.

In this work, such aspects were identified in the study 
area, based on a bibliography review and fieldwork obser-
vations. Then, a correlation was carried out between the 
type of features present on the geomorphosites highlight-
ing the sensitivity factors (according to Garcia-Ortiz 2014), 
the natural and anthropic threats, and the security. In addi-
tion, analysis based on the integration of those aspects led 
to answer the question: “how to maintain the integrity of 
coastal geomorphosites since they are more fragile and are 
subject to anthropic and natural threats?”.

Results

Representative Geomorphosites of Climate Changes

The representative geomorphosites of climate change are 
part of the geomorphosites inventory on the North Coast of 
São Paulo. This selection focused on the coastal landforms 
and processes, resulting in the selection of eight geomor-
phosites (Fig. 3).

To interpret SL variations since the Quaternary up to 
the present, the testimonies observed in the study area are 
related to (i) coastal plain evolution, including Pleistocene 
marine terraces, Holocene beach ridges (Suguio and Martin 
1978; Souza 1997; Souza and Luna 2008), and Holocene 
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onshore beachrocks (Souza 2013; Souza and Sobrinho 
2015); (ii) biological evidence, including bands of palae-
oburrows of sea urchins (Vilano 2013; Vilano et al. 2013; 
Souza and Vilano 2015; Teles 2016); and (iii) coastal pro-
cesses and features such as beach erosion (Souza and Luna 
2010) and wave-cut terraces (Teles 2016).

Table 2 summarises the description of the eight geomor-
phosites identified according to the bibliography, highlight-
ing features and processes observed and morphogenesis and 
morphodynamic interpretations. In addition, the geomor-
phosites were classified into active, passive, and evolving 
passive geomorphosites.

Fig. 3  Representative geomorphosites of climate changes on the 
North Coast of State of São Paulo related to the Quaternary unities: 
(1) Ancient channel of Ubatumirim River; (2) Pleistocene marine ter-
race of Vermelha do Norte Beach; (3) Severe erosion on Barra Seca 

Beach; (4) Beachrock at Tenório Beach; (5) Rocky shores at For-
taleza Beach; (6) Accelerated erosion of Tabatinga Beach; (7) Severe 
erosion on Massaguaçu Beach; (8) Marine terraces, beach ridges and 
palaeolagoon of Caraguatatuba coastal plain
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The Relevance and Management Implication 
of the Geomorphosites

The management of the conservation and use of geomorphosites 
in the study area needs to consider the particularities related to 

the natural and anthropogenic factors to ensure the protection 
and use of the geomorphosites. Based on Brocx and Semeniuk 
(2019), Table 3 describes the geomorphological features of the 
geomorphosites correlated with their fragilities, threats, and 
security settings. Some examples are shown in Fig. 4.

Table 3  Contents of features, fragility, threats and security of geomorphological heritage of the study area to management conservation

Geomorphology (type of geomorphological features)
  Cliffs on marine deposits
  Rocky shores
  Sand ridges
  Palaeochannels
  Beaches
  Erosional features
  Beachrocks

Sensitivity (According to García-Ortiz (2014), refers to the intrinsic factor being damaged or destroyed)
  Sand marine deposits
  Active geomorphosites
  Evolving passive geomorphosites

Threats (vulnerability to extrinsic factors-natural and anthropic)
Natural

  Climate change (influencing SL rise, increasing the frequency and magnitude of high magnitude events such as storms, floods, meteorologi-
cal tides, El Niño and La Niña)

  Coastal morphodynamics (dynamic equilibrium between sedimentary erosion and depositions, beach rotation)
  Fluvial erosion
  Siltation
  Loss of vegetation (generated by natural processes)
  Intense weathering of humid tropical climate

Anthropic
  Inadequate occupation (snack bars, parking areas, residences) (Figs. 4a, b)
  Urban infrastructure (marinas, ports, highways, artificial stream flows)
  Inadequate coastal defence structures (seawalls, jetties, groynes, breakwaters) 
  Mining (beach sand and irregular rock exploitation)
  Water pollution
  Beach pollution
  Introduction of exotic species (damaging the Restinga such as Terminalia catappa and Labramia bojeri)
  Loss of vegetation (generated by anthropic processes)
  Mass tourism (Fig. 4a)
  Illiteracy
  Graffiti on rocky shores and cliffs
  Scientific research (inadequate collection and sampling holes) (Fig. 4c)

Security
  Slippery moss and dangerous benthonic communities on rocky shores (such as venomous sea urchins and barnacles)
  Breaking waves on rocky shores and beaches
  Igneous and metamorphic rock cliff collapse
  High magnitude events (storms, extratropical cyclones)
  Rip currents
  Flash flooding
  Snakes in rocky and sedimentary terrain
  Tree trunks and remains of artificial structures on the beach
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Discussion

The eight geomorphosites selected in the study area 
allowed the reconstruction of the Quaternary history of the 
North Coast of the State of São Paulo. Figure 5 illustrates 
palaeoclimatic records representing Cananéia and Santos 
Transgression and the current processes. In the study area, 
those records are considered “evolving passive geomor-
phosites” because they testify to inherited features being 
modified by current coastal processes.

Palaeoclimate geomorphosites represent Marine depos-
its from Cananéia and Santos Transgression. According 
to Souza and Luna (2008), while few Pleistocene marine 
deposits are conserved to the present (3,01% of the study 
area), Holocene marine deposits are more frequent (26,6% 
of the study area). Furthermore, the presence of beach 
ecosystems, such as the Restinga low forest and the pio-
neer scrub vegetation, show a relevant interaction between 
those deposits and the biodiversity (Figs. 2 and 3).

The marine terrace on Vermelha do Norte Beach (Fig. 5a, 
b) can be considered one of the best examples of the Cananéia 
Transgressive–Regressive event on the North Coast, showing 
cliffs ranging up to 4 m high. On the other hand, correlated 
deposits may appear as intensely eroded outcroppings in some 
beach profiles, such as in Tabatinga and Barra Seca beaches. 
Until the early 2000s, remains of marine terraces used to be 
exposed in the backshore zone of Tabatinga Beach (Souza 
and Luna 2010) during a phase of beach rotation. However, 
after that, they have been recovered by beach sands. In turn, in 
Barra Seca Beach, these deposits have been recently exposed 
due to the action of chronic erosional processes (Fig. 5c).

The Beachrock on Tenório Beach (Fig. 5d) is the only 
beachrock occurrence in the State of São Paulo. It is a great 
palaeoindicator of SL oscillations during the Holocene, 
particularly a negative oscillation. This geomorphosite 
reinforces the date of the Holocene transgression maximum 
(about 5000 years B.P.) for the region. After this period, the 
beachrock indicates the occurrence of a rapid negative sea-
level oscillation (about − 0.4 m above the current SL), fol-
lowed by a new SL rising (Souza 2013; Souza and Sobrinho 
2015).

The complex evolution of the Caraguatatuba coastal plain 
is the most studied in the study area (Suguio and Martin 
1976b; Souza 1990; Souza and Luna 2008); therefore, it 
has been considered a model for understanding the genesis 
of coastal plains on the Northern Coast (Souza and Luna 
2008). The geomorphosite Marine terraces and beach ridges 
of Caraguatatuba coastal plain contain vestiges of a barrier-
beach system, such as sand ridges and palaeolagoons (Souza 
1990) (Fig. 5e). Nevertheless, those records are intensely 
eroded because of the natural erosion, historical occupation 
of the coastal plains, livestock activity development, and 
expansion of urbanisation.

The Rocky shores at Fortaleza Beach in Fig. 5f provide 
further evidence of SL fluctuations during the Holocene. 
According to Vilano et al. (2013), this rocky shore has 
three segments with palaeoburrows of sea urchins above 
their present living level, and their analysis contributes to 
understanding how the SL went to the current rates. The 
authors interpreted that the higher palaeoburrow level 
occurred about 4.48–4.58 m above the present level during 
Holocene, the middle palaeoburrow level occurred at around 

Fig. 4  Threats and security 
aspects of coastal geomor-
phosites on the North Coast of 
the State of São Paulo. a Mass 
tourism on Fortaleza Beach 
(Ubatuba); b parking areas on 
the marine terraces at Vermelha 
do Norte Beach (Ubatuba); c 
sampling holes observed in 
various rocky shores and dikes 
on coastal zone; d benthonic 
organisms on the rocky shore 
may cause cuts, scrapes, and 
other injuries
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3.36–3,46 m and the lowest palaeoburrow level, around 
2.06–2.16 m above the present. The presence of narrow lev-
els of free burrows intercalating that palaeolevel probably 
indicates that the SL decline occurred with oscillations and 
negative levels.

The active geomorphosites (Fig. 6) are representative 
of retrograding coastal processes. According to Souza and 
Luna (2009), these phenomena result from natural and 
anthropogenic factors. Natural factors include the elevation 
of SL and changes in the coastal dynamics. In the State of 
São Paulo, the rates of this increase have been about 30 
to 40 cm in the last century (Mesquita 2003). Anthropo-
genic processes highlight interventions on the coastal plain, 
for instance, barrier constructions, the implementation of 
inadequate drainage systems, the occupation of the seafront 
and coastal plains, and sand removal for civil construction 
(Souza and Luna 2009). The “Severe erosion on Massaguaçu 
Beach” composes a significant example of these processes. 
In some stretches of this Beach, an intense erosion process 
has been occurring, constantly damaging and collapsing the 
pedestrian sidewalk and the highway (BR-101) (Fig. 6b). 
These processes are related to the occurrence of a divergence 

centre of longshore drift cells. However, the installation of 
hard artificial defence structures (Fig. 6a, b) to minimise 
the impacts on the BR-101 highway has increased natural 
erosion.

The geomorphosite accelerated erosion of Tabatinga 
Beach (Fig. 6c, d) illustrates coastal erosion associated with 
the beach rotation process. In this way, Fig. 6c, d show the 
section representing the erosional processes. This coastal 
plain has an intense use and occupation changing the land-
scape and the evolution of the processes, mainly through 
the alteration of natural vegetation, installation of a private 
residential complex since 1977, mass tourism, the introduc-
tion of barriers for erosion control (such as sandbags on 
Fig. 6c), and others.

The geomorphosite on Barra Seca Beach (Fig. 6e, f) 
concerns mainly anthropogenic coastal erosion processes 
promoting retrogradation. The coastal erosion indicators 
of the geomorphosite include the absence of the backshore 
zone, shoreline retrograding, the concentration of heavy 
minerals in the beach sands, loss of natural vegetation and 
exposure of remains of Pleistocene marine terraces on the 
foreshore zone.

Fig. 5  Testimonies of Quater-
nary palaeo-SL in the study 
area. a and b Pleistocene marine 
terraces at Vermelha do Norte 
Beach (Ubatuba); c remains of 
Pleistocene marine terraces on 
Barra Seca Beach (Ubatuba) 
(photo: Celia R. Gouveia Souza, 
2021, May); d Beachrock at 
Tenório Beach with remains 
of palaeoburrows (Ubatuba) 
(photo: Celia R. Gouveia Souza, 
2014, April); e Marine terraces 
and beach ridges at Caraguata-
tuba coastal plain (Caraguatat-
uba); f Rocky shore of Fortaleza 
Beach (Ubatuba), showing 
palaeoburrows of sea urchin, 
the diameter of the burrows 
ranges between 6 to 16 cm and 
are strongly weathered (photo: 
Celia R. Gouveia Souza, 2013, 
January)
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Concerning the Ancient channel of Ubatumirim river 
geomorphosite, the feature observed at the mouth of the 
Ubatumirim River indicates a channel originated from a 
river of higher erosion capacity. According to Souza and 
Luna (2009), the Ubatumirim River changed its natural 
course due to BR-101 highway construction, on 1970th. 
Nowadays, the landform observed is a silted palaeochan-
nel (Fig. 6g, h). This process also has been altering the 
dynamic sedimentary balance on the beach since the depo-
sition of sediments at this mouth was drastically reduced, 
intensifying erosive processes.

The management for conservation and use of these geo-
morphosites is a complex issue because of their intrinsic 
dynamic aspect. Changes in coastal landforms occur on a 
faster time scale than in other environments.

The conservation strategies must be adapted to the char-
acteristics of geomorphosites and the study area. The high 
touristic frequency of these geomorphosites is an assump-
tion that needs attention due to the natural fragility of the 
sand marine deposits. It is also important to highlight the 
risks associated with climate change and SL rising and the 
necessity to explain and prepare the population for their 

Fig. 6  Coastal erosion records 
related to the current increase in 
SL and anthropic processes in 
the study area. a Severe erosion 
and inadequate coastal protec-
tion built on Massaguaçu Beach 
(Caraguatatuba) (photo: Celia 
R. Gouveia Souza, 2016, Janu-
ary); b collapse of pedestrian 
pavement and artificial struc-
tures on Massaguaçu Beach 
(Caraguatatuba) (2022, Octo-
ber); c coastal protection work 
on Tabatinga Beach (Caraguata-
tuba) (photo: Celia R. Gouveia 
Souza, 2019, November); d 
intensified anthropic occupation 
and shoreline retrograding on 
Tabatinga Beach (Caraguata-
tuba) (photo: Celia R. Gouveia 
Souza, 2021, May); e) remnants 
of a containment wall on Barra 
Seca Beach (Ubatuba) (photo: 
Celia R. Gouveia Souza, 2021, 
May); f a huge tree trunk fallen 
by coastal erosion and exposed 
roots on Barra Seca Beach; g 
siltation of the ancient chan-
nel of the Ubatumirim River 
(Ubatuba) (2020, November); 
h Ancient channel of the 
Ubatumirim River and severe 
beach erosion (Ubatuba) (photo: 
Celia R. Gouveia Souza, 2015, 
December)
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consequences. The proposals to face these threats are inte-
grating Geoconservation issues on the Protected Areas on 
the north coast and developing activities to promote the 
sites. Some examples of Protected Areas in this region are 
the Marine Environmental Protection Area of the north 
coast, the Serra do Mar State Park, the Ilhabela State Park, 
the Ilha Anchieta State Park, and others.

In this sense, an achievement was made in the Marine 
Environmental Protection Area of the central coast of São 
Paulo in 2019 as an approach developed after the inventory 
of geosites in the region (Garcia et al. 2018). As a result, 
five geosites were included in the Management Plan as areas 
with historical and cultural interest, and a new zoning cat-
egory was created, named geobiodiversity protection zone. 
This example represents the first time that geosites were 
included in the management of protected areas in Brazil 
(Garcia et al. 2019c).

The Centre for Research Support in Geological Herit-
age and Geotourism (GeoHereditas) at the Geosciences 
Institute of the University of São Paulo (IGc-USP) has 
promoted some initiatives for training courses with envi-
ronmental monitors, teachers, and the community (Garcia 
et al. 2019b; Mazzucato et al. 2018) based on systematic 
geological heritage inventories on the region. The courses 
intended to promote the popularisation of Geosciences and 
the awareness to the need for the conservation of geological 
heritage. These previous experiences were responsible for 
consolidating a partnership between GeoHereditas and some 
Protected Areas (Serra do Mar State Park and Marine Envi-
ronmental Protection Area of the North Coast of the State 
of São Paulo). Also, it is important to highlight that through 
the works promoted by GeoHereditas, twelve interpretative 
panels with geosites information were installed in the region 
(Garcia et al. 2019b). In the following steps, the climate 
changes issues and geomorphosites could be integrated into 
those actions.

Concerning training courses, it is also important to mention 
the initiative aimed at guiding civil defence officials, traders, 
public managers, teachers, and the local community of the 
coast of São Paulo against coastal risks (Souza et al. 2022).

Coastal geomorphosites are characterised by a high 
educational and geoturistic potential because their records 
include morphogenesis and morphodynamics that can be 
observed on a human time scale. Besides, accessibility 
is an advantage due to the proximity of roads, the avail-
ability of public transport, and parking areas. In general, 
there are no significant topographic variations, and the 
access does not need a forest trail. Then, the perception 
of the dynamic of past and current processes concerning 
SL oscillations and climate change contributes to raising 
awareness about global warming and its impacts on the 
ecosystem’s services (e.g. Garcia 2019).

Conclusion

The emphasis given to climate change on coastal zones in 
the inventory of geomorphosites aims to contribute to the 
incorporation of this topic in geoconservation strategies. 
The selection of eight geomorphosites was a primary step to 
reconstituting past and current climate changes in the coastal 
zone of São Paulo. The geomorphological registers illustrate 
the Pleistocene to the present geological phenomena bring-
ing an innovative perspective to the inventory of the north 
coast of the State of São Paulo. Furthermore, focusing on 
the Quaternary framework to actual and climate changes 
is essential to new education policies, geotourism and land 
use planning.

The geomorphosites identified represent evolving passive 
and active categories and consist of challenges to discussing 
conservation needs. The evolving passive geomorphosites 
are especially relevant to promote reconstructions of pal-
aeoenvironmental aspects and show a morphodynamic rela-
tive to the current SL rising. Furthermore, these geomor-
phosites summarise the dynamic characteristic concerning 
the genesis and evolution of coastal geomorphosites. On the 
other hand, active geomorphosites exemplify the current 
morphodynamics concerning global warming and anthro-
pogenic processes (considering the long, medium, and short 
terms to modify landforms).

The conservation criteria for these two categories are dif-
ferent. In evolving passive geomorphosites, the central man-
agement objective is to preserve the geological register of qua-
ternary conditions and enable scientific research to improve 
palaeoenvironmental reconstructions. On the other hand, 
the management objectives of active geomorphosites are to 
promote actions to minimise the effects of climate fluctua-
tions and SL elevation on coastal plains using active geomor-
phosites as an example of hazards and promote the integration 
of socioenvironmental context to Geoconservation.

It is also noted that the categories observed in the study 
area represent a potential resource to improve the knowledge 
about palaeoenvironmental processes in the coastal zone and 
the evolution of the patterns of climate oscillation through 
time. Therefore, it is an increased step to sensibilise the pub-
lic to Geoconservation and coastal management.
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