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ABSTRACT 

The Salesópolis-Caraguatatuba trail lies slightly more than 130 km to ESE from the São Paulo city, and it is fully in- 
serted within the Atlantic Forest. The region is particularly interesting because it brings together a complex lithological 
association and an exuberant topographical expression. A set of geological and geomorphological elements with high 
potentiality for the sustainable tourism development is documented in this paper. The geosites provide a wide variety of 
attraction, including valleys, streams, waterfalls and the unusual shapes of rocks. In each one of those outcrops, the 
visitors will have an exceptional opportunity for a better understanding about the processes that control the landscape 
evolution. In accordance with the new conception of geotourism, and taking as a basis the concepts of the geoscience 
for a rereading and interpretation of the several aspects of space and landscape, the sites catalogued should enable a new 
insight to increase environmental awareness of the local community, and, mainly, to encourage an innovative form of 
economic activity that has as a fundamental principle the nature preservation. 
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1. Introduction 

The success of an initiative that aims to give support to 
the programs of environmental and territorial planning 
must necessarily take into account the close relationship 
between preservation and sustainable development. The 
ecotourism has often been quoted as a form of tourism 
that has as a fundamental principle the nature preserva- 
tion. Although a lot more recent, the geotourism is also 
another tourism activity that has become increasingly 
popular in different sectors of the society. According to 
Dowling [1], geotourism is a new global phenomenon of 
nature tourism firmly founded in the diversity of the 
geological features. Since its introduction in 1995 by the 
geologist Tomas A. Hose [2], and as normally occurs 
with any other new terms, numerous definitions have been 
proposed for geotourism. In order to avoid ambiguous 
concepts, in this paper was adopted the definition pro- 
posed by Newsome and Dowling [3] and Newsome et al. 
[4], where these authors postulate: “geotourism is a form  

of natural area tourism that specifically focuses on ge- 
ology and landscape. It promotes tourism to geosites and 
the conservation of geodiversity and an understanding of 
earth sciences through appreciation and learning. This is 
achieved through independent visits to geological features, 
use of geotrails and view points, guided tours, geoactivi- 
ties and patronage of geosite visitor centres”. It should 
be noted that, unlike the other forms of tourism, here the 
main focus of the visits is to explore the geological and 
geomorphological features of the region. 

Regarding the Salesópolis-Caraguatatuba trail (SCT), 
some of the attractions that the visitors may find along 
the course are spring-fed streams, rivers, waterfalls, ex- 
traordinary rock exposures, prominent relief and a lush 
vegetation of the Atlantic Forest [5]. Given the existence 
of an incipient informal tourism throughout the region, it 
is of great importance the implementation of a geotour- 
ism program of effective policies sustainable develop- 
ment that, besides allowing to the visitors a direct contact 
with the nature, transmits in a simple and pleasurable  
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way the fundamental concepts for understanding and valu- 
ing the geological components that conform the land- 
scapes. This paper draws on a recent field expedition, 
which has made possible to catalogue a number of geo- 
sites with high potentiality for sustainable tourism, edu- 
cation and landscape photography. Each one of these 
outcrops offers a particular attraction. Some are charac- 
terised by the lithological association, others reveal a 
close relation between shape and geological processes, as 
well as the occurrence of a large area of weathering that 
illustrates in a clear manner the process of soil formation. 

2. Geographical Location 

The SCT is an unpaved road denominated by the São 
Paulo Mountain Bike Tourism like “Petrobrás Road”. 
With a high sinuosity, sharp curves and steep hillsides, 
the track begins at the crossing with the Pedro Eroles 
Highway, SP-88, in Salesópolis, and extending for 75 km 
up to its intersection with the Rio-Santos Highway, BR- 
101, in Caraguatatuba (Figure 1). The trail is fully in- 

serted inside the Atlantic Forest, important biome that 
comprises several native species of flora and fauna [6]. 

3. Geological Setting 

With an extension of approximately 1500 km, the Ribeira 
Belt accompanies the Atlantic coast of the Brazilian south- 
eastern region, and it represents an important episode of 
a complex long-term crustal evolution that occurred dur- 
ing the final accretion of the Western Gondwana super- 
continent [7-9]. The Ribeira Belt displays a very complex 
orogenic zone composed of several geological units and 
has received a large number of proposals for their 
lithostratigraphical division. According to Tassinari et al. 
[10], the major lithological associations of the central 
segment, located in the south-eastern margin of the São 
Paulo State, can be grouped in three main domains: São 
Roque, Embú and Costeiro. 

The lithological units that occur along the SCT corre- 
spond to the Ribeira Belt central segment, Costeiro do- 
main, and are constituted in largely part of gneissic and  

 

 

Figure 1. The map illustrates the intersection of the SCT (dashed yellow line) with the Pedro Eroles Highway, SP-88, culmi- 
nating at the Rio-Santos Highway, BR-101. The letters S and C indicate the localities of Salesópolis and Caraguatatuba, re- 
spectively. Digital elevation model generated from the SRTM data (IUGS). 
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granitoid rocks [11] (Figure 2). In the extreme south of 
the area, the rocks belonging to the Banded Gneiss Unit 
show several superimposed tectonic deformations, de- 
velopment of intense mylonitic foliation, and a pervasive 
segregation of light and darks minerals, resulting in a 
complex relationship between texture and structure [12, 
13]. The Migmatitic Granite Gneiss Unit has a larger 
occurrence than the previous unit. Under this denomina- 
tion, Perrota et al. [14] describe a set of rocks of granitic 
composition that present strong foliation, marked band- 
ing and diverse other migmatitic structures (mainly 
nebulitic, shlieren and stromatitic). As a textural varia- 
tion, k-feldspar augen gneiss can locally occur [15]. All 
of these rocks are invariably constituted of quartz, micro- 
cline, plagioclase, biotite and amphibole [16]. The rocks 
of the Peraluminous Gneisses Unit outcrop in the north- 
ern and southern sectors of the trail. Paragneiss, kinzigi- 
tic gneiss, exhibiting marked gneissic banding as main 
metamorphic structure, and minor tabular bodies of am- 
phibolite predominate in this unit [13]. In the northern 
sector of the trail, there is an extensive exposition of the 

Orthogneiss Unit. The massive and heterogeneous oc- 
currence of structures such as nebulitic, shlieren and 
stromatitic confer it to those rocks a noticeable magma- 
titic character. Veins and segregations of light colored 
granitic composition and, to a lesser extent, thin layers of 
amphibolite may be associated with this unit [17,18]. The 
central part consists of a long strip formed by the Foli- 
ated Calc-alkaline Granite Unit. Here are usually report- 
ed an association of diverse types of granitic rocks, me- 
diumto course-grained, often porphyritic and markedly 
foliated, composed of microcline (much as megacrysts), 
quartz and biotite [19,20]. The Mafic Suite occupies a 
small area in the southern sector of the trail. Dias Neto et 
al. [21] interpret this occurrence as a late- to post-oro- 
genic intrusion, constituted mainly of metagabro, meta- 
diorite and porphyritic microdiorite. 

Additionally, detrital deposits are broadly distributed 
throughout the coast line and in the valleys. The thick- 
ness of these heterogeneous deposits of unconsolidated 
sediments is strongly controlled by the local variation of 
the topographic gradient, and the layers are usually formed,  

 

 

Figure 2. Simplified geological map of the SCT region (extracted from Perrota et al. [14]). The letters S and C as in Figure 1. 
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in varying proportions, by gravel, sand, silt and clay. 

4. Geomorphological Aspect 

The Serra do Mar is a set of long steep slope that extends 
for approximately 1000 km from the northern region of 
the Santa Catarina State until the Rio de Janeiro State 
and represents the most prominent relief of the south- 
eastern Brazil continental margin [22,23]. In the São 
Paulo State, the Serra do Mar is traditionally included in 
the Costeira Geomorphological Province [24] and sepa- 
rated into three regions: southern, central and northern 
(Figure 3). In morphostructural terms, the northern re- 
gion is characterised by the occurrence of a series of ex- 
pressive fault escarpment, major lineaments and curvi- 
linear features (mainly topolineaments), with a NE-SW 
preferential direction [25,26]. These structures exert a 
particularly strong influence on the surface drainage pat- 
terns. Locally, it is possible to recognize, from E toward 
W, four main morphological domains (Figure 4): coast 
plain, Juqueriquerê Plateau, Lorenço Velho Plateau and 
Morais Plateau [20]. Excepting the coastal plain, which 
is separated at its far south-western of the Juqueriquerê 
Plateau by an abrupt scarp erosion of very irregular out- 
line, all other domains are strongly controlled by the crys- 
talline basement rocks and regional tectonic frameworks, 

displaying a set of elongated ridges arranged, in most 
cases, in the NE-SW direction and usually separated by 
large depressions. Deep valleys in “V” shape, steep slopes 
and dissected, as well as alignments of hills with the tops 
flattened, which sustain different altitudes, are the main 
morphological elements. These landform patterns have 
been interpreted for some authors as indicative records of 
several diachronic events that occurred during the Creta- 
ceous-Tertiary, with intense tectonic activity, uplifting 
and denudation process, resulting in the reactivation of 
oldest shear zones and consequent geomorphological com- 
partments of the current landscape [27-29]. 

5. Potential Sites for Geotourism 

The complex geological and geomorphological history of 
the region provides a number of favourable sites for the 
geotourism activity. However, the sites selection is not 
an easy task. On the one hand, the difficulty has its origin 
in the own geological complexity and, on the other hand, 
the vast majority of the people dealing with tourism do 
not has the sufficient knowledge for an analysis and val- 
orisation of geosites. As pointed out by Predrag and Mirela 
[30], this deadlock situation has direct implication in the 
assessment criteria: “principles of tourist valorisation are 
different from principles of distinguishing geodiversity 

 

 

Figure 3. Location of the SCT (dashed box) in the Costeira Geomorphological Province of the Serra do Mar. Digital elevation 
model generated from the SRTM data (IUGS). 
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Figure 4. Digital elevation model generated from the SRTM data (IUGS) displaying the main morphological domains of the 
SCT region. The letters S and C as in Figure 1. 

 
elements and valorisation of geoheritage sites”. In the 
first case, the quality of the aesthetic appearance and 
rarity prevail widely, whereas in the second, the decision 
is mainly taken on the basis of scientific criterion. A 
proposal that seeks unifying those two concepts was sepa- 
rately suggested by Dowling [31] and Crawfo and Black 
[32]. For these authors, besides the importance of ex- 
ploring the Earth geological features without degrading 
the nature elements, geotourism is an activity that brings 
an economic benefit locally and generates tourist satis- 
faction. On the basis of these new proposals were se- 
lected eight different sites (Figure 5), which will be de- 
scribed to follow. 

5.1. Tietê Headwaters Park (SCT-01) 

The Tietê River has its spring in the Serra do Mar, at 96 
km from the São Paulo city centre, in Salesópolis district. 
Although the source lies only at 22 km away from the 
ocean, the watercourse of the Tietê River, with a NW-SE 
direction and 1.100 km in length, runs for the interior of 
the continent up to discharge its waters into the Paraná 
River (Figure 6) [33]. An extensive historical review 
about the Tietê River was carried out by Medaglia and 

Cunha [34], analyzing various aspects from the time of 
its discovery until the current. 

The Commission of the Brazilian Geography Society 
delimited in 1954 the place of the Tietê River spring and, 
four decades later, over an area of 1.340 km2 covered by 
the Atlantic Forest, was created the Tietê Headwaters 
Park for preserving the recharge source area. At the local 
where the headstream is situated, the water arises by a 
fracture system of the basement rocks, which has become 
the main attraction of the park. In addition to the source, 
this natural area also provides four educative trails and an 
iconographic museum that illustrates the different aspects 
of the river. Unquestionably, these resources have been 
proven effective for the environmental education practice. 
The Tietê Headwaters Park receives each year a little 
more than 24,000 people, including students, teachers and 
other types of visitors that aim a leisure activity [33]. 

5.2. Spheroidal Weathering and Unusual Shape 
Blocks (SCT-02) 

The rounded shape in rock bodies is strongly influenced 
by the mechanical and chemical weathering processes 
[35]. The fracture system begins cutting the rocks in an- 
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Figure 5. Location of the sites catalogued along the SCT of high potentiality for geotourism. The dashed box in the SCT-05 
image indicates the area magnified in Figure 7. The letters S and C as in Figure 1. 

 

 

Figure 6. Schematic map showing the Tietê River flowing from Salesópolis (red star) towards the Paraná River (modified 
from the Wikipedia free encyclopedia). 
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gular blocks, increasing considerably the percolation of 
fluids. The dissolution of the minerals is given on the 
corners and along the surface of fractures of the blocks. 
The disaggregated material is removed by the erosion, 
and the original blocks lose the corners, edge, and mainly 
volume. In this processes, each fragment is gradually modi- 
fied to the rounded shape. 

The vast majority of the granite and granite gneiss that 
outcrop in the region displays a distinctive spheroidal 
weathering. The first minerals to be dissolved are those 
with a high concentration of iron and magnesium in the 
composition (biotite and amphibole), followed almost im- 
mediately by feldspars. The quartz, a very resistant min- 
eral to the chemical dissolution, is removed at a later 
stage by a mechanical breakdown. The single boulder is 
mostly composed of clay minerals and quartz grain ag- 
gregates. However, at the cores of the large boulders, 
relatively fresh rock may be preserved. Many boulders 
are 5 to 10 m in diameter and represent true monuments 
in the landscape. 

5.3. Japi Planation Surface (SCT-03) 

As proposed by Almeida and Carneiro [23], the Japi 
Planation Surface is a regional geomorphological feature 
constituted of hills with tops flattened by the action of 
erosion, perceptible over the entire surface of the Pre- 
cambrian terrain in the Brazilian south-eastern region 
[28], which has been influenced by the combination of 
taphrogenesis, shearing and gravitational faulting during 
the Cenozoic (~65 Ma) [36]. Between the most startling 
landscapes, the planation surface is markedly noticeable 
in the Juqueriquerê, Lorenço Velho and Morais plateaus. 
The plane of reference, defined by the tops flattened of 
hills and ridges of gentle undulation over the horizon, 
clearly indicates the level of the erosive process that has 
sculpted the basement rocks of variable resistance. These 
places provide a formidable panoramic view to the prac- 
tice of landscape photography. Waterfall, river and deep 
valley are some of the attractions that make up the scen- 
ery. 

5.4. Juqueriquerê River Waterfall (SCT-04) 

The spring of the Juqueriquerê River is located in the 
Lorenço Velho Plateau, at an altitude of roughly 1000 m, 
and flows into the ocean, with a NW-SE general direc- 
tion, cutting obliquely the regional structures. The river 
has an approximate length of 40 km, and the channel is 
an elongated valley installed on different types of rocks 
that, in terms of textures and structures, are much diver- 
sified. In some places, the river runs over a steep slope 
surface, carving spectacular falls through the underlying 
metamorphic rocks, and becomes a site extremely attrac- 

tive, with tremendous amounts of water cascading. The 
waterfalls offer a singular natural environment surrounded 
by the Atlantic Forest whereas the shear zone, minor fold- 
ing, foliation and complex banding, present in the igne- 
ous and metamorphic basement rocks, provide evidence 
of a typical geological setting of convergent plate move- 
ments that have occurred during the assemblage of the 
Western Gondwana supercontinent. 

5.5. Percussion Fractures in Boulder (SCT-05) 

The marks of percussion fractures that occur in fluvial 
boulder can be used to identify bedrock fluvial systems 
in regions of natural degradation of landscape [37]. In 
steep upstream, the large boulders usually enter the flu- 
vial system through the canyon walls, toppling, avalanche 
or landslide, might also be the remnant load of a higher 
magnitude regime of palaeoflow [38]. In all these cases, 
the sediment transport system is a particularly favorable 
condition for a collision at high speed between clasts. As 
a consequence of crushing between larger stones, several 
specific features are formed on the polished surface of 
the clasts, which include rounding, polishing, smoothing, 
fracturing, percussion-fracture facet, percussion-fracture 
ridges, and bulb of percussion, radial fissure, undulation, 
hertzian cone, incipient cone, and termination [37,38]. 
Some of these features were observed on the surface of 
the metamorphic rock boulders, ranging from 0.5 m to 3 
m in size, that occur along the Juqueriquerê River chan- 
nel. The blocks display a polished surface, free from cor- 
ners, and flaking reddening weathering. Several smaller 
precussion fractures are overlapping on the surface of the 
blocks (Figure 7). 

5.6. Granular Disintegration in Granite Gneiss 
Rocks (SCT-06) 

Granular disintegration is a combined process, involving  
 

 

Figure 7. Percussion fracture ridges (distal), narrows, and 
buld of percussion, circles. Refer to Figure 5 for location. 
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physical and chemical weathering, that acts on the rock 
surface leading the minerals to break up grain-to-grain 
[39]. The phenomenon is most common in coarse-grained 
and poly-mineral rocks [38]. 

A very similar feature was recognized on the surface 
of weakly foliated augen granite gneiss. Mafic minerals 
(biotite/amphibole) are interlayered with large lenticular 
grains or granular aggregates of k-feldspar. As the mafic 
constituents are much more susceptible, the product of 
weathering results in a roughened surface highlighting 
the augen of the k-feldspar megacrystals. 

5.7. Mylonitic Foliation Surface (SCT-07) 

Mylonite is a very fine grained metamorphic rock formed 
by ductile deformation during intense shearing. The con- 
stituent minerals of the protolith are severely crunched 
and a new crystallographic fabric and textural pattern 
with a noticeable foliation, entirely different from the 
original rock, is development [40]. As a result of the dy- 
namic recrystallization, in high P-T conditions, the min- 
erals are arranged along of the foliation plane, which are 
preferentially oriented parallel to the main stress [41]. 

The Camburu Shear Zone is characterised by a long 
strip of mylonitic foliation [20] that separates two mor- 
phostructural units, Lorenço Velho Plateau, to NW, and 
Juqueriquerê Plateau, to SE (Figure 4). This shear zone 
was developed in basement granite gneiss, and the rocks 
show commonly textures ranging from protomylonite to 
ultramylonite [20]. The outcropping is an exceptional 
exposition that provides a particular opportunity to un- 
derstand the metamorphic processes that involve during 
the mylonitic rocks formation. Penetrative foliation, an- 
astomosing cleavage and segregation of minerals, as a 
result of the recrystallization, are the most common fea- 
tures in mylonitic fabric. These deformation features are 
highlighted by the stream water and may be promptly 
observed on the rock surface. 

5.8. Fluvial Boulders Landscape (SCT-08) 

The rivers have, regardless of size, the same basic func- 
tion: transporting water and sediments, both organic and 
inorganic materials, from a region topographically high- 
est to another of lowest altitude, and finally culminating 
its course into the ocean or a lake [42]. The bedrock flu- 
vial system is generally different from alluvial systems. 
A bedrock channel is commonly characterised by boulder 
deposits that were accumulated during an extreme turbu- 
lence flow from upstream source areas [43]. The very 
coarse sediments also can be incorporated in the channel 
through lateral hillslope connection, debris flows and land- 
slides [44]. 

Alongside the Juqueriquerê River may be found de- 

posits isolated of boulders, essentially of metamorphic 
rocks, that display different forms. On the lowest slope 
surface, the boulders are longitudinally aligned with the 
stream flow, appearing as undulations in the channel. The 
place is particularly interesting to explore other processes 
of physical erosion and sediment transport capacity in 
bedrock fluvial systems, which are extraordinarily effi- 
cient for removing cobbles and boulders from the bed- 
rock channel. 

6. Final Considerations 

In several segments of the SCT is possible to apply one 
of the most relevant principles in geoscience to under- 
stand in an effective manner the landscape evolution: the 
dynamic interaction between tectonic, lithology, climate, 
and erosion. 

In geological terms, the region reveals a noticeable dif- 
ference between the basement lithological units, the mag- 
matic intrusion types and the different periods of tectonic 
events. From the geomorphological viewpoint, a large 
part of the trail is characterised by a landform composed 
of hills with steep scarps and tops flattened, which be- 
long to the Serra do Mar orogenic system. Nevertheless, 
in the final stretch, there is a clear domain of coastal 
plain. The superficial drainage pattern is controlled by 
the basement rock structures, as well as by the regional 
tectonic setting. In some places, steep slopes and small 
valleys unite in a singular shape forming a small water- 
shed with an outstanding panoramic view. Other particu- 
larities worth mentioning are the structures that were 
formed by the weathering and erosion action on igneous 
and metamorphic rocks. The spheroidal weathering, mas- 
sive bedrock and balancing boulders are the most fre- 
quent. 

The geosites were not simply catalogued with the in- 
tention of showing the different styles of leisure activity 
that can develop the visitors. From the environmental 
preservation viewpoint, the set of data collected is de- 
voted for a broad group of professionals that comes fo- 
cusing its activities in diverse sectors of the education, 
management of parks, tourist guide, and even up for the 
companies more compromised with the sustainable tour- 
ism. The outcrops are accompanied of an alphanumeric 
identification, location map, and a description in order to 
make it easier the identification of the geological features 
in each site. This form of approach should stimulate the 
professionals to improve their own conception about the 
value of the nature, their performance with instructor, as 
well as their active participation in the preservation of the 
geological records. 

In these times of heightened environmental awareness, 
understanding the geological processes that have shaped 
each relief of terrestrial surface is essential for predicting 
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how the present similar transformations may influence 
our lifetime in the future. In this way, from a seeming 
stability of the igneous and metamorphic rock blocks to 
the dynamic coastal environments, the trial reveals an un- 
ending source of information for reconstituting the evolu- 
tion of a long and complex geological history. In the 
broader context, those outcroppings enable to visualize 
the close relationship between rock, climate, topography 
and the types of soil, which in turn exert strong controls 
on the diversity of species animals and vegetables. There- 
fore, preserving these geological records, which have been 
moulded over hundreds millions of years, is absolutely 
necessary. 

Finally, the SCT has stunning scenery for the devel- 
opment of geotourism, including valleys, streams, water- 
falls and the unusual shapes of rocks. Likewise, the visi- 
tors will have opportunities of appreciating the spring of 
the Tietê River, as well as to make physical activity of 
moderate intensity (walking, bicycling), adventure sport, 
off-road, and landscape photography. It should be men- 
tioned also that all this diversity of attraction is situated a 
little more than 130 km from the São Paulo city, the most 
populous metropolis in the southern hemisphere. 
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