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Abstract
Caves in Slovakia were originated mainly by karstification processes of carbonate rocks. From
the reason speleological activities were oriented mainly to limestone and travertine caves. For
the present caves located in the granite parts of several mountains are not complex registered
and investigated. But existing knowledge resulted from the geological and geomorphological
research of 16 granite caves with various morphological and genetic features, occurred in the
high-mountain climatic and orographical conditions of Tatry Mts., is sufficient for their basic
genetic classification. The occurrence of miniature speleothems formed by crust and pisolite
formations is the interesting mineralogical feature of one investigated granite cave.
Key words: granite, granite cave, cave genesis, speleothems, Western Carpathians, Slovakia
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INTRODUCTION
Mainly limestone caves are typical speleological phenomena in Slovakia. They are
located in several karst areas (Slovak Karst,
Slovak Paradise, Muran Plateau, Nizke Tatry
Mts., Vysoke and Belianske Tatry Mts., Velka
Fatra Mts., Strazovske vrchy Mts., Male
Karpaty Mts. and others). Also, several noncarbonate caves were originated in basalt,
basalt conglomerates, andesite, andesite conglomerate and breccia, andesite tuffs, rhyolite,
basanite, sandstone, non-calcaire sandstone
and conglomerate, granite, quartzite, quartz or
shale as a consequence of varied geological
settings of Slovakian territory. These caves are
also interesting and important from
the geological, geomorphological and
biospeleological points of view. But caves
formed in granitic rocks were investigated
only sporadically for the present. Basic

Fig. 1. Distribution of granitic rocks in Slovakia.
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knowledge about granites and granite cave are
summarized and presented in the paper.
GRANITIC ROCKS IN THE WESTERN
CARPATHIANS
The Western Carpathians are the typical
Alpine belt mountain extended mainly in the
territory of Slovakia. Granites occur in its
inner belts, where they form the crystalline
cores of partial mountains. The most
favourable conditions for weathering of
granitic rocks are dominated in the highest
mountains as the Tatry Mts. and the Nizke
Tatry Mts. in the climatic zone above the
upper boundary of forest.
Granitic rocks occur in the inner belt of
Western Carpathians together with the metamorphic rocks of the Tatricum, the Veporicum
and rarely in the Gemericum tectonic units
(Fig. 1).
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The Tatricum is the deepest denuded tectonic unit of the Inner Carpathians, representing relatively autochthonous towards the other
advanced units. The Tatricum consists of crystalline cores with the normally lied Late
Paleozoic and Mesozoic cover and Mesozoic
nappe system. Granite occurs in the Tatricum
in the crystalline cores of these mountains:
Male Karpaty, Povazsky Inovec, Tribec,
Strazovske vrchy, Ziar, Mala Fatra, Velka
Fatra, Nizke Tatry, Tatry, and in the eastern
parts of Branisko and Cierna Hora. Generally,
they rise up together with metamorphic rocks
as mica schists, gneisses, amphibolites,
metasandstones and metavolcanics of Early
Paleozoic, maybe Proterozoic age. Granitic
rocks of Tatricum are Hercynian age.
Petrographically they represent these types:
leucocrate granitic rocks (mainly with plagioclase, quartz and K-feldspar, less of mica),
two-mica granites to granodiorites (mainly
with quartz, plagioclase, K-feldspar, biotite
and muscovite and accessory monazite and
ilmenite; the “Bratislava” type is typical in the
Male Karpaty Mts., the “Lipova” type of
radiometric age 360-340 Ma in the Mala Fatra
Mts. and the Velka Fatra Mts.), porphyritic
granodiorites to granites (“Goryczkowa” type
is typical in the Tatry Mts., “Prasiva” and
“Dumbier” types in the Nizke Tatry Mts.),
biotite tonalites to granodiorites and hybrid
granodiorites to tonalities passing locally into
migmatites (Cambel and Vilinovic 1987;
Kohut 1992; Broska and Gregor 1992).
In the Veporicum granitic, rocks occur in
the Slovenske rudohorie Mts. in the middle
part of Slovakia. They consist of porphyritic
granodiorites to granites (the “Sihla” and
“Hroncok” are the most typical types), biotite
tonalites to granodiorites, leucocrate granites
to granodiorites and hybride granodiorites. All
veporic granites are Hercynian age (Vrana
1966; Broska and Petrik 1993).
Granite in the Gemericum occurs only in
the several small places in the Slovenske
rudohorie Mts.. They contain biotite to two
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mica granites of Alpinian age (Cambel et al.
1990).
WEATHERING OF GRANITES
The weathering of granites started during
in the Neogene uplifting of the Carpathian
Mountains. The most intensive weathering of
granite is in high mountains of the Tatricum:
Tatry Mts., Nizke Tatry Mts. and Mala Fatra
Mts.. In the lower lying mountains granite are
generally covered by forest and the coarser
layer of soil.
The most favourable conditions for weathering of granitic rocks are in the Tatry Mts. in
the northern part of Slovakia. The Tatry Mts.
with the total length of 70 km is the highest
mountain of Slovakia with the highest peak
named the Gerlach (2,655 m a.s.l.). The Tatry
Mts. is divided in three main parts: Zapadne
Tatry (Western Tatras), Vysoke Tatry (High
Tatras) and Belianske Tatry. Granites extend
along its main ridge and the southern slopes,
but the Belianske Tatry Mts. is prevailingly
built of carbonate rocks of Mesozoic cover.
Weathering of granite was the most intensive
in Pleistocene during the changing of the
warm and cold climatic periods. In
Pleistocene, prevailing part of valleys was
covered by glaciers. Many typical glacier valleys with kars, morenas and glacier lakes are
found here also nowadays (Fig. 2). Other typical forms of Pleistocene periglacial weathering are the rock seas. Many steep slopes are
covered by granite boulders. The recent
weathering of granite is very intensive in the
zone above the upper boundary of forest, e.g.
over 1,600 m a.s.l. The climatic oscillations
are frequent mainly in southern, sunny oriented slopes. The average time of snow cover is
about 120 days of year. The weathering
process results mainly by frost disintegration
in consequence of climatic oscillations. The
washing off of disintegrated particles is the
following process of granite denudation. This
weathering proceeds primarily along the gra-
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vitational crevices, faults and cracks in
granitic rocks. In several places some weathering microforms can be seen on the granite
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surface, e.g. karren-like features, single and
composed kamenitza-like pans (Fig. 3), selective prepared dykes, etc.

Fig. 2. Pleistocene glacier valley in the High Tatry Mts.. Photo: P. Bella.

Fig. 3. Single and composed
kamenitza-like pans on the
granite surface, High Tatry
Mts.. Photo: P. Bella.
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In the Nizke Tatry Mts. (Low Tatras) the
highest part of the central ridge is built of
granite. The Nizke Tatry Mts. is the second
highest mountain in Slovakia. They are located to the south of the Tatry Mts.. The highest
peak of Nizke Tatry Mts. is the Dumbier
(2,043 m a.s.l.). In this area favourable climatic conditions for the weathering of granite
were mainly during Pleistocene. The Nizke
Tatry Mts. were covered by several mountain
Pleistocene glaciers. The glacier georelief
with the typical U-shape valleys, glacial caldrons, kars, morenas, rocky seas and varied
types of little selective weathering forms is
related to glacial formation and development
of granite surface. Several rock seas occur on
the slopes of central ridge. The climatic conditions of high temperature oscillations and frequent rainfall (750 to 1,400 mm) are typically
in the mountain mainly in the zone above the
upper boundary of forest about 1,600 m a.s.l..
But no granite caves in the mountain area are
known for the present.
Granites in the crystalline core of Mala
Fatra Mts. (Little Fatra) reach above the upper
boundary of forest about 1,400 m a.s.l., but in
much smaller places than in the Nizke Tatry
Mts.. Also, no granite caves are known from
this mountain.
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Diera nad Ziarskym sedlom: 4.5 m long
cave located at 1,950 m a.s.l. above the saddleback named the Ziar in the Western Tatry
Mts. (Holubek 2000, 2004).
Rozsadlina v Raztoke: 6 m long fissure
cave located at 1,530 m a.s.l. in the Western
Tatry Mts. (Holubek 2000, 2004).
• Weathering caves along tectonic faults
Puklinova jaskyna: 10 m long cave under
the Rumanovy peak in the High Tatry Mts.
(Ksandr 1956).
Tomkova jaskyna: 7 m long cave located in
the High Tatry Mts. (Puskas 1979).
Jaskyna v Ostrve: 10 m long cave with a
spacious entrance (1.5 x 4 m) and 4-6 m high
corridor originated along two E-W oriented
subparallel faults in the western slope of
Ostrva peak (1,984 m a.s.l.) in the High Tatry
Mts. (Psotka and Stanik 2006, Psotka 2007;
Fig. 4).
Jaskyna so stromom: 5 m long corridor
originated along E-W fault (Psotka 2007).

GRANITE CAVES AND THEIR GENETIC CLASSIFICATION
For the present, only 16 granite caves are
registered in Slovakia. All of them are found
in the Tatry Mts.. They represent 8.88 % of
non-carbonate caves in Slovakia (180 caves)
and 0.28 % of all caves in Slovakia (5,550
caves). From the point of view of genetic features these genetic types of granite caves are
distinguished:
• Weathering caves along gravitational
crevices
Jaskyna v Javorovom stite: 10.5 m long
cave in the Javorovy peak of High Tatry Mts.
(Vitek 1975).

Fig. 4. The entrance of the Jaskyna v Ostrve Cave,
High Tatry Mts.. Photo: J. Psotka.
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• Crevice caves
Jaskyna pod previsom: 25 m long cave
near the Popradske tarn in the High Tatry Mts.
(Psotka and Stanik 2006, Psotka 2007).
• Boulder caves
Jaskyna s vyzdobou: 10 m long cavity
among the boulders near the Popradske tarn in
the High Tatry. Sporadically some 3-10 cm
thick crusts and pisolites cover the cave wall
and ceiling. After x-ray analysis these
speleothems consist of mostly calcite, small
part of biotite, chlorite, plagioclase, quartz
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and feldspar (Fig. 5). After Psotka and Stanik
(2006), also Psotka (2007) possible source of
CaCO3 maybe from the hydrolysis of plagioclase; probable origin of crusts is precipitation
on the lichens from aerosols transported by
relatively strong air currents.
As well, the other boulder caves named
Medziblokove jaskyne I-VI occur near the
tourist path between the Obrovsky waterfall
and the Zamkovskeho chalet in the High
Tatry Mts. (Bella, Gaal and Holubek 2004;
Fig. 6).

Fig. 5. Speleothems in the Jaskyna s vyzdobou Cave, High Tatry Mts.. Photo: J. Psotka.

CONCLUSION
Even though granitic rocks occur in the
several mountains of inner belt of Western
Carpathians and they are outcropped in three
highest mountains above the upper boundary
of forest, some granite caves are known only
in the Tatry Mts.. From a genetic point of view

weathering caves originated along gravitational crevices (3 caves), weathering caves
originated along tectonic faults (4 caves),
crevice caves (1 cave) and boulder caves (7
caves) are classified.
All caves in Slovakia, including granite
caves, are as natural monuments lawfully protected by the Act on Nature and Landscape
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Granites and granite caves 17

Fig. 6. Boulder cave in the High Tatry Mts.. Photo: P. Bella.

Protection. Granite caves in the Tatry Mts. are
situated in several national nature reserves in
the territory of the Tatry National Park. The
field measurement and investigation of anoth-

er granite caves, mainly in the High Tatry
Mts., are required and significant for more
detailed knowledge on pseudokarst phenomena in Slovakia.
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Abstract
In the North of Portugal and Galiza (Spain) there exists a very varied and lively inmaterial culture formed by social and cultural manifestations and beliefs. Recently, the same UNESCO
renounced to include it in the List of Goods of the Humanity Culture for its volume, variety
and not being in risk.
The Galician caves have this cultural inheritance as proved by a old and numerous bibliography that collected the names, rites and/or stories associated to the caves. Today, it is even
possible to check that this inheritance memory is still alive. This culture places mithologycal
animals, goods which passed from Pre-Christianity to Christianity in different forms, supernatural races, magic beings, unreal passages, extraordinary treasures, etc., in the natural caves
This paper presents different legends related to caves located in the Galician mountains of O
Pindo, O Pico Sacro, O Maúxo, O Galiñeiro and the Portuguese mountain of Castelo da Furna.
They are a reduced selection of a more complex and wide cultural reality of the mithologycal
complex of the Galician and Portuguese culture. Also, there are many other caves that are not
included because though we have folklore references, they need to be investigated more deep.
Key words: immaterial culture, folklore, mithology, legends
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INTRODUCTION
In this communication we are going to
centre on the cultural references, written and
oral, of the different granite caves that we visited during The First International Conference
on Granite Caves.
The anthropospeleology, or the knowledge
of the immaterial culture preserved about
them, is very important due to the scientific
vision we may have about them nowadays.
We can add the cultural vision of the society
that used it related to cultural references as
well as daily uses and functions and linked to
shepherding, masonry, afforestation, etc. In
fact, the richness of the immaterial culture of
this region is so assorted that it was proposed
to UNESCO to be included as Intangible
Cultural Heritage in 2006.
The documentation of legends is based on
the bibliography developed from the traditional Galician historiography, since the VI century (López Pereira, X. Eduardo, 1996) and in
the oral tradition for the peasant society of
Galicia and North of Portugal.
The discussion about concepts such as
popular culture, mythology and imaginary is
very extensive and complex, but we can
approach it naming two lines of discussion,
the most outstanding:
– One of them maintains that they are survivals from past times. This line is
developed from the traditional Galician
historiography, which identifies traces
or signs of old beliefs and rites from
Castro Culture in these stories.
Nowadays, authors, such as González
Reboredo, say there are parallelisms
between these stories and the old beliefs,
and some of them may even go back to
Neolithic
(Aparicio
Casado,
Buenaventura, 2004).
– The other one, a group of authors who
define the cultural references to the
caves, among other landmarks which
stand out in the landscape, as popular
imaginary (Llinares García, Mar, 1990)
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and not as mythology, because they consider that Galician popular culture does
not reach the formulation of a theogony
or cosmogony as it happened in the
Antique Greece.
For Clube de Espeleoloxía Maúxo, more
than an exciting discussion and critical study
of bibliography, contrasting opinions and realizing the evolution of the explanation about
“the popular imaginary” throughout historiography, it is of vital importance to pick up
micro-toponymy, sayings, customs, uses and
functions that granite caves had and have for
all the neighbours in the place, being conscious as we are and as Mar Llinares says that
the concept of mythology itself cannot be
applied in a strict sense to a culture, like the
popular Galician culture, because it is breaking down.
With the aim of easily understanding the
legends related to the caves visited during the
Conference, we are going to explain some of
the common characters and events that all of
them share as the “enchantments”, “os
mouros” and “a moura”.
The Enchantments:
An enchantment, in the Galician popular
imaginary, is a mysterious being, material and
active, despite his/her supernatural attributes
(Rodríguez González, Eladio, 2001). There
are a number of enchantments, such as
“mouros” and “moura”, and all of them
appear related to the custody of fantastic treasures that are supposed to be hidden in caves,
demolished monasteries and other singular
monuments.
“The legends about them are widespread
all over Galicia. There are no remains of feudal castles, monasteries nor other buildings,
grottos or caves, castros, burial mounds, dolmens and other prehistoric monuments, which
have not got its own legend. The same happens
with the pools of lakes and rivers, and the still
waters of lakes and lagoons. Whether a very
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beautiful lady who, combing her hair with a
gold comb, appears where hidden treasures are
kept safe –and beware those who dare to look
at her or talk to her and cannot disenchant heror a hen, partridge or other bird which with
their breeding suddenly appear in a very dense
forest or woodland, and to whom the inattentive person who meets them chases in vain,
and the more it seems he can seize them, the
more they run away or vanish to appear again,
making the unwary person to chase them in
vain for long hours and who moans too late
about not remembering that he was before an
enchantment which he would have been able
to disenchant just throwing a cloth or his handkerchief, cap or hat, not having at hand some
water, and saying: Give me your wealth: have
my poverty” (Carre Aldao, Eugenio, ca. 1925).
We have the first bibliographic reference
for buried treasures in Calixtus Codex: Galicia
“is rich in gold and silver, and in fabrics and
wild furs, and in other riches, and above all in
Saracen treasures” (Llinares, Mar, 1990).
Generally, treasures appear as assets left
behind by “os mouros” when they went away.
According to Mar Llinares, this means that
there is a mixture between the mythical
“mouros” and the stories of the historical
Moslem invasion, usually influenced by Saint
James the Apostle.
Os Mouros:
Mythical people with singular features and
behaviour. They live in deserted places –old
ruins that are said to be built by them- and in
uninhabitable worlds –under the water, under
the ground, inside the rocks-. This is
“Mourindade”. They are also known as
Enchantments, Gentlemen and Gentile, and
even French, Vikings, Celts.
They are said to have supernatural powers.
They are not visible unless they want to. They
control magic, are pagans, sleep during the day
and can even eat people. They are skilled in
building tunnels and underground palaces.
They have a lot of gold; even their oxen and
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carts are golden. They themselves are enchanted treasures. On the contrary, their daily
domestic activities such as cattle, farming and
games, music and dancing are the same as
those in Galician peasant society. Nevertheless,
from the cultural anthropology viewpoint, “os
Mouros” have been considered as the inverse
image of peasants; as the paradigm of The
Other (the non-humane) or just as the reminiscence of old Galician settlers or those gods and
beliefs previous to the arrival of Christianity.
They have parallelism in traditions such as
those of Breton Korrigans, the Scotch Pictos,
the Follets of the Catalan caves, etc..
Galician Mouros are recognized to have,
from in and out of Galicia, a well-rooted personality and cultural importance. As a Spanish
ethnographer from the first half of the twentieth century says:
“Everybody thinks Galicia is inhabited by
Galician people. And up to a point they are
right if they do not mean that only Galician
people live there. Galician people know very
well that besides them the Mouros also inhabit their land. In fact, in Galicia there are two
overlapped people: a part lives on the surface
of land; they are the Galician people, and the
other in the subsoil, the Mouros. The former
ones do not really live like us, but they are
enchanted; that is, in a special state which
modern men have lost, but that exists” (García
de Diego, Vicente, [(1953) 1999].
The first written reference about the
Mouros in Galicia, not named like that in that
moment, is in the Inventory of the Old Houses
of the Kingdom of Galicia. This was written
by Vasco de Aponte between 1530 and 1535.
He places them in Cova da Coruja. The chronicler tells it as a historical fact whose main
part was played by the nobleman Álvaro Pérez
de Moscoso seventy years ago:
“This man, Álvaro Pérez, did not live
much and, according to what people say,
advised by a friar he went into Coruja cave to
look for a big treasure. He took with him
thirty squires and labourers who were very
strong, and before them many burning torch-
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es and very big oak trunks. And in the
entrance of the cave they fastened long ropes
with sticks. People were well armed. When
they were going into the cave they discovered very big birds that blow them strongly
on their faces. They walked until they arrived
at a large river, and on the other side of the
river they saw strange beautiful and very
well dressed people who were playing instruments and looking at big treasures. But they
were so afraid of the river that they did not
dare to go across it. So, they were all in
agreement to return, but the friar said: “Go
on, go on, there is no trouble”. And they did
not want to believe it. Then, the wind blew so
hard that the torches were put out. And when
they managed to go out, they breathed poisoned air so they did not live more than one
year, and afterwards the friar lost his sight”
(Aponte, Vasco de ([ca. 1530-1535] 1986).
Historically, the main character existed
(García Oro, José, 1982) and died in 1468. He
was the IV gentleman of the noble house of
Moscoso de Altamira in Santiago de
Compostela. He was a lay nobleman with an
outstanding position in the 14th and 15th centuries when he clashed with the power of the
archbishop of Santiago de Compostela. There
are two different hypotheses about where
Coruja Cave is. Some people say it is in O
Pico Sacro, others in Coruxo (O Folón).
A Moura
They are enchantments described as beautiful shining women, with a vast fortune in
gold. They live inside the rocks in old places
who nobody remembers building or, preferably, in caves, rivers and fountains/springs.
When they appear washing and singing by the
river they are known as Lavandeiras. The
Galician Mouras are wizards. They are almost
always shown as attractive and tempting
hardworking magicians who comb their long
red hair. They must not be confused with the
male genre, the Mouros, with whom they
share characteristics.
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Mar Llinares quotes as the first bibliographical reference of a moura who keeps an
enchanted treasure that appears in the papers
of the beginning of the 17th century. There it
can be read a lawsuit of the priest Vázquez de
Orxas against the peasants, because of the
propriety of some burial mounds where gold
was buried:
“... As one of his servants called Hilario
Alonso had found there a dishevelled woman
dressed in brown clothes and with her hair
down when it was already getting dark. He was
going to the mill with a “fuelle” (it is a measure
of capacity for solids) of grain. He had in his
hand some hairs and she asked him what he
thought it was better: she herself or what he had
in his hand. He answered that she was better so
she ordered him to go and dig the hillock of the
megalithic chamber tomb in Segade and there
he would find a treasure for him and all his generation” (Llinares, Mar, 1990).
In these documents it can be also read the
apparition of a hen and chicks.
“They are named in different ways such as
“donas”, girls, women, young ladies, ladies,
madams, enchantments, princesses and
queens. They are equal to fairies, “xanas”,
“anjanas”, “fées”, “korrigans”, “faires”,
“fainen”, fate, moirai, etc.” (Cuba, X. R. &
Reigosa, A. & Miranda, X. 1999).
As we shall see [Legends of Folón] it is
not strange that the Moura be described as a
siren (a fish-woman) or half woman, half
snake into which she transforms. In fact, the
ophidian worship –the worship to snakes,
dragons-, the “litolatría”-the cult to crags,
rocks, stones- and the “hidrolatría”- the cult to
water- all these are only three sides of the old
pre-Christian animation latent in a country
where the caves, as well as the trees, the fountains-springs and the stones, speak.
1.- LEGENDS OF O PINDO MOUNTAIN
AND CAVES
The most well-known and meaningful
belief about O Pindo Mount is that couples
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with fertility problems that came to the stone
bed usually visited it. Places where people
were trying to facilitate gestation and also to
make sure you will find a partner, to have a
safe delivery, to manage to make mothers
nurse, etc. Among the stone beds in Galicia
there is the famous one in San Guillerme, in
Fisterre cape. Some kilometres to the southern
part of the country, in Tui, it is the bed of San
Xián, in Aloia Mount.
“A thousand of things are said about what
there is in here: that the grass grows a lot
overnight; that there are innumerable medicinal plants and many of them unknown and
that some doctors go there to search them; that
inside there are extremely fertile animals”(Sarmiento, Fr. M. 1745).
In spite of having visited this place for just
a few months, there is evidence of the vast
richness and intangible culture in caves that
have to be picked up and studied in O Pindo.
In this way, in O Cebro Cave, according to
José Cernadas Sande, the neighbours from this
place used it to keep sheep. Its name is due to
the number of holly trees which sprout near it.
O Forno dos Mouros Cave, according to
Alonso Romero and Barreiro Barral, was a
Christian hermit place in the 8th century
because it had a cross engraved on the left side
of the entrance. They also tell us its location
and why it is named like that.
“(...) in the eastern hillside of A Moa, a
small cave, called Forno dos Mouros where it
was said the Mouros made bread. People say
that inside there were pots with coins”
(Alonso Romero, F. 2001).
“In the field, the only flat stretch of land
that it is there, in A Moa, converged all the
walled ravines. There you can find the ruins of
a building with a square plan having its walls
completely demolished. In the northern part of
theses ruins the lining up of big stones show
the existence of another wall o small rampart
(...), the small cave opened in the top side of A
Moa as well as the overcrowding of material
which belonged to a chapel from which we do
not have any written evidence, nor it was
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known which kind of building it was, until we
discovered they belonged to a small sanctuary” (Barreiro Barral, J. 1970).
The Cocho Cave is located near A Moa,
“A Moa crest is made up of a huge mass of
solid and compact stone, without cracks or
joints. It is a huge protuberant crag of archaic
surface, with a rounded shape. By the western
side the mountain slopes down towards Pindo
beach, having a wide side without high points
where one can see a broad depression named
“Cocho Cave” in cartography. On the right
and left high hills converge leaving between
them deep and narrow defiles, everything
resulting in a scenery of amazing coldness. By
the eastern side, there is a barrier of high and
sharp crests, some of them almost with the
altitude of A Moa” (Barreiro Barral, J. 1970).
We have underlined the previous and the
following words. We still have to confirm the
quoted cartography. If it were not the same
cave, we would have another one to locate.
Xoana Cave, also known as Casaxoana or
Casa da Xoana (Xoana’s house), is not on our
way, because the access is by another way of
greater difficulty.
“The top of Casaxoana is formed by a rectangular crag where eagles nested only a few
years ago. About ten metres down it is the
entrance of a cave with 29 metres long and
five wide, which crosses the mountain from
west to east. There are several opinions about
its origin; some say it is natural, and others
that it was made by the mouros” (Alonso
Romero, F. 2001).
Xoana Cave is also known as Revertedemos (Barreiro Barral, J. 1987) because
people said that here the devil appeared and
that on San Xoan’s night –June 23rd - he met
up with the witches of all the region to plan the
evil deeds in the course of the year.
The same outrage happens with the cave
which is down Penafiel, in the northern part of
Pindo, in As Chouzas Fountain. “There people
say there is a small cave where an enchanted
snake is hidden. It only comes out every thousand years. It is of great size and very fierce.
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Three kisses must be given to it to disenchant
it: one on its head, another on the middle of its
body and the third one on the tip of its tail.
The person who dares do it will turn it into a
golden cobra” (Alonso Romero, F. 2001).
O Cadoiro or A Cortada Well. Estuary in
Xallas River. Carnota.
“It was said that Queen Lupa was buried
in that well and that she had many jewels in
her tomb and a pot full of gold. Another legend and related to O Cadoiro Well talks about
Ventana das Bruxas (Witches’ Window), actually it is a simple natural shallow cavity which
is on a rock opposite the missing waterfall and
that, according to the legend, it is the access to
a cellar under it. Three barrels are kept in it:
one of them contains poison; another boiling
tar and the third is full of gold (...). From the
cellar you can go to a large luxurious room
where an enchanted princess live (...). The old
people in Reboredo said that the daring youth
did not even have the chance to enter by that
mysterious window, because when they tried
to do it a terrible storm of lightning and thunderclaps broke and this made the boldest go
away from there” (Alonso Romero, F. 2001).
“Ézaro River [Xallas River] or Lézaro,
flows quickly among boulders not far from the
sea between the beginning of O Pindo Mount
and Santa Uxía do Ézaro (...); the place where
it falls is called Cadoiro.” (Sarmiento, Fr. M.
1745) (Photo 1).

Photo 1.- ca. 1928
in Cadoiro do
Ézaro, Geografía
General del Reino
de Galicia, Coruña Volume 1: 215.
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2.- BELIEFS AND LEGENDS OF O
FOLÓN CAVE AND ITS VICINITY.
“There is a moura in O Folón”. A woman
of about 70 warned us about this when we
started to go to O Folón cave in 1992. Later on
and thanks to the ethnographic investigation
of Afonso Rodríguez, we did a lot of research
about the moura in O Folón. At the end of the
twentieth century, some people left a hen at
the entrance of the place where the enchantment appeared as an offering to ask several
favours to the moura: abundant harvest, to
avoid the evil eye...” (Rodríguez, A., 2004). A
round granite stone, which rises on the
“chaos” of O Folón, is known as A Pedra da
Moura. The references gathered from interviews, reading and the contributions from
members of C.E. Maúxo, let us know places
near O Folón where the mythical beings from
the popular culture had its own story too. The
group offers a magical geography that we are
going to delimit in the nearest countryside to
O Folón cave (Rodríguez, A., 2004).
Os Penedos da Moura. A place in the
vicinity of Pedralonga where two big round
granite stones outstand.
This moura is described as a mixture of a
very beautiful woman with white skin and
long blonde hair and her lower half body as a
sea mermaid or snake. Her face can be seen in
the sea from here. It is reflected in the waters
of Porta Grande (Rodríguez, A., 2004) northern entrance of Vigo Ria between Cíes northern island and Home cape.
On Sunday, January 21st, 1996, being near
Os Penedos da Moura, we could listen the following story from a woman of about 60, who
was from the nearby Os Eidos, Fragoselo,
Coruxo:
“This was told by daddy. A man went to
Os Penedos da Moura and there he saw a very
beautiful woman, really pretty, who told him
she was enchanted. The woman told him that
if he helped her to go away from there, they
both would leave carrying with them a golden
cart and its golden oxen. Good heavens! The
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ox was also golden. The man fell in love with
the girl and said yes. So, she said she was
going to go down the stone and from there a
snake would go out, but he could not mention
the word God. Then, a snake went out and
started to go up the man’s legs. The man had
such long-suffering... but when the snake
reached his neck he said: Ow [with a deep
moan and frightened throwing his hands to his
chest]- My god! The snake went away.
–Broum! An enormous noise was heard and
the hillock collapsed. The man went around
there, but the woman was never seen again.”
Xerardo Dasairas tells that in Os Penedos
da Moura it was said to be a treasure. Many
people went there to cast spells to disenchant
it, but when they did this a moura came out
and started to dance on the stone. When they
saw this, they escaped frightened and left the
treasure” (Dasairas, X., 1987). Afonso
Rodríguez, on his part, in his study, specifies
that this treasure was in one of the crags, but
nobody knew in which one. Moreover, the
other one was said to have so much poison to
kill all the people in Coruxo.
Several witnesses pointed out that around
the middle of the twentieth century a man who
intended to get the supposed gold from the
inside –“wealth largely talked about”– made
part of the crag to explode with dynamite
leaving it lowered, the way you can still see
today. Others say the reason was less fantastic
and that that man only wanted to blast it
because of his trade as a stonemason. As
Afonso Rodríguez (Rodríguez, A., 2004)
explains “the intention of the stonemason was
to blast it completely, but for some reason
unknown to us he was frightened, leaving the
crag like that”.
A Pedra Moura
Without any doubt it is Maúxo’s most
famous carving rock. It is near the centre of
population in Fragoselo, in a strategic point
from where you can control the valley of Rega
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River between Chandebrito fort, which dominates from the top, and Coruxo.
In 1943, Luís Monteagudo picked up the
following contributions:
“I could pick up three stories, told by two
old men from that place. One of them –who,
as a modern druid, and with the Saint Ciprián
on his hand [Saint Ciprián or Ciprianillo:
famous magic book, essential to disenchant
treasures] tried to look for “the treasure in the
moura crag”- he told me that lying on the soft
grass, he had witnessed from a certain distance and for some nights how a green light
went past. Sometimes it lit up the underwear
of those who wear them. When going out of
the crags in “A Dobesa do Rey” - that is the
previous name of “A Dobesa de Fregoselo”- it
went around the “carballeira” (oak wood),
which today does not exist, and taking the
way towards the mountain it went down the
opposite slope; this mountain called “Mouro
Grande” [Maúxo G.] according to him, it has
a deep lake on its top which never dries
[Oídos de Mar]; someone also told me that a
Roman channel to carry water comes from it
down to some Roman ruins in Canido” [Fonte
do Sapo-Pedra da Garza] (Monteagudo, L.,
1943).
“The same old man told me that those
drawings were the plan which “os mouros”
had left so people could find the treasures they
had hidden when they ran away. Another
peasant said that one of his ancestors, when
she was young, had seen a young lady, glowing with beauty, who was laying wheat in the
sun on the crag. Holding out her hand she
offered it to the girl; the girl was afraid and
run away; the following day the young lady
had disappeared” (Monteagudo, Luís , 1943)..
Xerardo Dasairas, who names the place as
A Pedra dos Mouros, picks up the previous
legends and adds that “people also talks about
a siren who, from time to time, rose to comb
her hair in the sun, disappearing at once.
Another variant of this story talks about a virgin instead of the siren” (Dasairas, X. 1987)
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The study carried out by Afonso Rodríguez
confirms and emphasizes the diversity of the
intangible heritage associated with this place.
In fact, according to many inhabitants interviewed by him, the real Pedra Moura was different from the one with the carvings. It was
nearby, upper than the hillside, in Alto do
Cataboi, and it was destroyed by masonry in
the first decades of the twentieth century. It is
remembered as a round granite stone with
basins that kept water and a hole in its interior,
called “cacheira”. “This crag flew open in certain moments during the day, specially at daybreak. Then, an extremely beautiful woman
went out” (Rodríguez, A., 2004). The rock
where the carvings are is called Laxe das Patas
do Burro. It is called like that because of the
hoofmarks printed there by a donkey –others
say it was a horse- and also the footsteps of a
parishioner boy, both killed by a big snake
which also left its trace printed on the rock.
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From all the motifs shown in this carving
rock, it stands out the biggest combination of
concentric circles, the one that has superimposed a letter Phi in its centre. It has a name: O
Postigo do Zapón. Through this little door the
beautiful enchantment disappeared when, far
from her cave, the moura felt observed by the
neighbours; then she would raise the trap door
as a woman and she would go in as a snake,
always walking backwards into the rock.
The story of the man and the moura in Os
Penedos da Moura, listened by us, has also
been documented in Pedra da Moura-Laxe das
Patas do Burro.
A Casa de Dios. A place in the neighbourhood of Santo Cristo, Fragoselo. A small granite dome with holes as “cacheiras” and basins
which despite being among the houses, it is
respected. In the oral local tradition it is called
A Casa de Dios because God himself, or Jesus
Christ, has its own home here.

Photo 2.- At dawn, he liked to look out and observe from here the mouras or sirens in Os Penedos da Moura and
in A Pedra da Moura, who just at that moment went out of the rocks where they were enchanted” (Rodríguez, A.,
2004).
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San Lourenzo de Coruxo. Os Penedos de
San Lourenzo are on the top sides of San
Lourenzo de Coruxo, inside the archaeological
protected area of the vast Iron Age settlement.
“The festivals of San Lourenzo have deep
roots in our parish. Long ago, before the annual celebrations took place, the neighbours
from that place brushed and washed rocks and
crags till they were sparkling. The priest himself went up to the place and there he blessed
the well, which people told it did not dry in
any time of the year. Then, the devotees went
up –many of them were not inhabitants of
Coruxo- and there they washed their eyes with
the water of the so-called Pozo de San
Lourenzo, which people assured it had curative properties.” (Rodríguez, A., 2004).
The case, already studied by José María
Álvarez Blázquez, can be summed up as follows: in these rocks there is a rock group made
up of the integration of natural shapes –the
blocks themselves, joints, basins, the probable
cave “cacheiras”, tafoni, -with human carvings, lines, steps and rock carvings-which form
an archaeological and ethnographical area
with an exceptional value. Among the numerous and supposed prehistoric “Altars for sacrifice” in our country, this seems to be the less
prone to fantasizing, since it was worshipped
for the last time a few years ago.
From the seventies of the past twentieth
century, you cannot reach Os Penedos de San
Lourenzo due to some troubles with the surrounding owners who do not let anyone
through towards the rocky hill. In fact we
could never visit the place.
According to the local oral tradition, the
body of the saint martyr was washed in O
Pozo de San Lourenzo. In Galician oral tradition, Lourenzo is the name of the Sun.
3.- BELIEFS AND STORIES OF PICO
SACRO MOUNTAIN AND CAVE
Twice a year, on the 20th of January and
the last Sunday of May, there is a procession
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in honour of St. Sebastian in Pico Sacro. This
religious expression is only one of the sacred
characteristics of the mountain. Many people
attribute curative power to Pico Sacro.
Among other possible testimonies:
Our villagers think that O Pico Sagro has
certain power and extraordinary effectiveness;
so, in some places when they are upset by any
ailment, they go up a place from where they
can see the prodigious mountain and they talk
to it like this: “Picosagro, Picosagro cure this
ailment I have”. The ceremonial also requires
to carry a crust of bread and leave it on the
place from where you are talking to
Picosagro” (Fernández Sánchez, J. & Freire
Barreiro, F., 1885).
The power of the mountain can be sensed
in a vast and well spread series of popular
proverbs related to meteorology that
Picosagro has as its protagonist. For example,
it warns us: “When O Pico Sacro puts on its
headdress / water we have, little or much”.
Some people also believe in a powerful and
magic wind that carries all kinds of possessions into O Pico (Luces Miranda, J., 1888)
and even kidnap girls:
“It is said that all the fruits which had to be
picked up by the peasants went to the big
bread bins and silos in the ancestral home of
Pico Sagro, but nobody knows where it is
because the rocks are covering it from long
time ago; it is so many years that no old man
can remember it. But, despite this, there is no
single woman who dares go past the oak in As
Cambas at night fall, because although they
commend themselves to Saint Lourenzo,
patron of the parish, they run the risk of being
taken by the whirl of wind to the upper floor
of Pico Sagro ancestral home, in the same way
that the bread of the fields go there the day
before the cutting” (Carre Alvarellos, L.,
1969).
O Pico Sacro stories are also varied and
well known, even among villages out of the
way of the mountain. We are before an ethnographic combination at first hand, by the
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validity of traditions and by the multiple references compiled during centuries.
The dragon topic has already been documented in medieval writings that maintained
the myth of the translation of St. James’ body.
The story tells that, after being executed by
the Romans in Palestine, he is transported in a
stone boat to Galicia where the sepulchre is
looked for. In the twelfth century, the Codex
Calixtinus tells that in this adventure the enormous dragon, which lived in this mountain,
was defeated by the carriers of St. James’
body, “because it could not stand the sign of
God’s cross”. The story goes on telling that
they also defeated dozens of devils who were
in the mountain and, without any problem,
they got the oxen they needed to translate the
apostle’s body to the place that would be the
one selected for his grave: Compostela. From
that day on:
This mountain, earlier called Ilicino, the
one which captivates, because previously to
that time many men ill-fatedly seduced worshipped the devil there, was called by them
Mount Sacro, that is, sacred mountain”
(Moralejo, A. & Torres, C. & Feo, J., 1951).
Also related to this medieval story, at least
part of it, it is A Raíña Lupa (Queen Lupa), the
lady of the country when the carriers of St.
James’ body arrived. In popular literature the
mythical queen appears almost always with
the same attributes as Galician enchanted
women, the mouras. She was told to have big
treasures, her ancestral home in the cave, an
alley and a vegetable garden in the next top.
Among the stories about Lupa in O Pico Sacro
we think it is exemplary the one picked up in
1963 by the archeologist Vázquez Varela from
an elderly peasant:
“Queen Lupa lived in O Pico Sacro. There
was a servant of a house who took the pigs to
graze to the mountain. This servant realized
that some of the pigs were fattening a lot so he
decided to follow them. He went to a cave.
There he met Queen Lupa. She told him she
would feed the pigs and in return when the
animals were slaughtered he should give her
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the best pork sausages of the best pork. He
accepted. When the owner of the pigs, an old
woman, heard of it, instead of taking her the
best pork sausages, she took her the worst.
Queen Lupa throw the deception back in the
old woman’s face and told her she was going
to punish her. The pork sausages turn into
snakes, which eat her. Her skeleton can still be
seen at the bottom of the well” (Moralejo, A.
& Torres, C. & Feo, J., 1951).
About O Pico Sacro there abound another
kind of stories too, such as the ones about
treasures in the inside of the mountain, with
marvellous rooms with graves, dishes with
mercury and thousands of riches looked after
by pitiless creatures and/or giants. Supposed
treasures that made more than one person lose
his/her patrimony:
“(...) and it happened that a man called
Juan Antón, inhabitant of Coruña, some years
ago said that in this peak towards the eastern
part there were some assets, and some men
motivated by this made a descent like a tunnel
and through this one they went down to the
mine which leads to the mentioned place (...)
and they stupidly wasted their possessions in
this” (Hoyo, J., 1607).
There are many references to the mouros,
mythical population who lives in Galicia.
Here the building of the cave is ascribed to
them.
“The mouros made the holes in O Pico.
Firstly, they made small holes in the rock;
then, they put dry wood wedges. Then, they
put water on the wedges, which swelled and
the rock broke” ” (Neira Pereira, E., 1992).
Even so, the imaginary about O Pico
Sacro cave stands out because it is supposed
to have extraordinary dimensions. It is stated
that through O Burato dos Mouros, there is a
path that leads to the place where the Ulla
River spectacularly narrows; it is called O
Paso de San Xoan da Cova, five straight kilometres from O Pico, the border between A
Estrada council and the province of
Pontevedra. There are a lot of references to
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this long and imaginary path. Here, there are
some examples:
“It is said that below that mountain range
there is a mine which goes as far as the Ulla
River, next to the monastery [San Xoan da
Cova], and long ago people used to throw
some ducks and birds there to the entrance of
this mine and they came out by the river, near
the monastery” (Hoyo, J., 1607).
This cavern is open and so deep that
nobody has ever seen its bottom, although
some people has tried to, and it is so long that
others think it goes as far as the Ulla River,
which flows a long league distant from the
peak (Álvarez Sotelo, 1689).
“The most common opinion and also the
less right supports that Ilicino underground
flows for over a league and a half into San
Juan da Cova” (Vicenti, B., 1875).
“According to the inhabitants of the country, Queen Lupa palace is in the bowels of the
mountain. Inside the cave there is a vault,
where water is dripping from its walls. At the
bottom, there is an opening quite symmetrical
and next to it the excavations where the stones
are thrown. Their beating against the walls is
heard, but not when they reach the bottom:
Ordinary people think it is an underground
path which goes as far as O Paso [de San
Xoán da Cova]” (Carré, E., 1936).
“The Queen’s soldiers took their horses
along this path to drink. This well outstands: it
has an «enchantment» [enchanted guardian
who may be the “moura” or the treasure itself
but transformed] which is a golden beam, and
something similar to a bottomless pit”
(Llinares García, M., 1990).
4. BELIEFS AND STORIES OF THE
CAVES IN MOUNT GALIÑEIRO
The stories related to the caves in Mount
Galiñeiro still exist thanks to the contribution
of the oral tradition of Vincios parishioners.
These stories were picked up by C.E. Maúxo
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and Afonso Rodríguez González (Rodríguez
González, A., 2005) during the last five years.
The legends related to the mountain refer
to water:
Flooded Sea: People places it near As
Ghallas on the top west side of O Galiñeiro, in
a rock known as O Ollo do Mar, because if
you go past there, you hear the water flowing.
In the popular culture if this rock were broken,
the whole parish would be flooded because all
the water that is inside the mountain would be
spilt.
Meteorological phenomena: Related to the
old woman, A Vella. In this place called Onde
Fumegha A Vella one could know if it was
going to be a hard winter when from this rock
there seemed to come out smoke because it
was said an old woman was boiling or grilling
chestnuts. The effect was due to the rain raised
by the wind. It is a feminine deification of
winter.
In hidden places, the CAVES, the references are related to:
1.- Fantastic and nowadays extinct animals as we pick up in:
Cova da Becha: a huge snake lived in it; it
had to be fed with milk by the neighbours who
did this so the snake would not come down to
suckle the goats who had recently given birth.
The snake is the first state of the development
of “a becha”, coca, which is how it is named
the dragon in Galician culture.
Ghrencha do Brión: O Brión is described
as if it were an eagle owl. Its peculiar existence was that it lived with a heron. The eagle
owl brought food from the sea to feed the
chicks of both of them.
2.- Beings of another world, as the Devil
and the Mouros:
Casa do Demo (house of the devil): there
are many places in A Serra do Galiñeiro which
refer to the Devil, Forno do Demo, Cornos do
Demo, due to the demoniac nature that not
easily accessible and steep places had for the
rural culture. In this way, A Casa do Demo is
well-known in the parish of Vincios because it
was a shelter for the stonemasons in winter
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days and also because it had been fitted out as
a repair shop for masonry tools. It was also to
be sheltered in winter when shepherding.
A Lapa da Moura and O Coto da Moura: A
Moura, as a mythical character, is described as
a woman with golden hair who combed her
hair with a golden comb. She was extremely
beautiful; she captivated the one who looked
at her and promised big riches to those who
carried out one of her orders without telling
anybody. In the following story the mouros
way of acting is better shown:
“In Moutas Mount (Prado) there are some
burial mounds. Beneath them the mouros
were said to live. Once, some men went there
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to dig, to unearth the gentiles’ buried treasure.
But what they found in the inside were horns,
a lot of horns. They filled up an oxen cart with
them, as a yoke. When the cart driver who
drove the yoke was opposite to a friend’s
house, this one invited him to go in and have
something. When the cart driver was going in,
he left some of the horns he was carrying in
his cart at the entrance of the house. When his
friend came out and found the horns, he flew
into a temper: he had invited him and his
friend paid him with horns! He was carrying a
scythe in his hand and with the rage he hit one
of the horns with the blade, the horn was cut
and from its interior gold came out.”

Photo 3.- “Coto da Moura” in Chain,
Gondomar.

A Capela dos Mouros: Mythical beings
who lived underground or in structures for
which the Galician peasants had no logical

explanation about its building. On the flat surface of the hole there are rock carved rectangular basins, which the peasants interpret as
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“lavadouriños” where the mouros came and
washed their gold. When cups appeared they
say they used them to put candles in them.
5. BELIEFS AND STORIES ABOUT O
CASTELO DA FURNA
As it could not be in another way, O
Castelo da Furna has also a rich intangible
patrimony associated to it. One of the old customs related to this castle, and also one of the
most popular is the joke that single men and
women play to know who is going to get married. The first person to leave a stone on the
rock will be the first to get married. If all the
stones fall, he or she will remain single.
Among the different legendary stories,
which have the scene in O Castelo da Furna, it
stands out The Legend of the Enchanted Shop.
We have shortened it here, according to the
investigator Álvaro Campelo’s work. We are
told that one moonlit night at the beginning of
a summer, at the time of S. João festival, a
man who was going with his cattle to the
mountain as everyday, got up earlier without
realizing. When he was going past a big crag
“viu uma tenda em ouro!”(he saw a golden
shop!”). Next to the gold there was a long hair
woman who after a while asked the impressed
peasant what he preferred: What do you prefer
this golden shop or me? The man chose the
shop and, of course, “all he had seen disappeared. If he had chosen the woman, who was
an enchanted moura, he would have also had
all the gold” (Campelo, Á., 2003).
Another one, the story of Queen Aragunta
tells as the mentioned queen goes to the castle
fleeing from her husband who had her disowned and sentenced to death, because of the
servants’ gossip. Aragunta, pretending to be
fed with trouts by an eagle which drop them,
managed to get the king, also impressed by
the source of water there, raise the siege and
forgive her because he thought Aragunta
enjoyed a supernatural protection. As you can
see in Valença town council website:
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There seems to be an element of truth in
this story. Queen Aragunta [Aragonta], the
wife of Ordonho II, of Leão [and of Galiza
between the years 914-924] whom he disowned. She came to Salzeda monastery
[Salceda de Caselas, near Tui] to be taken in
there; she is said to have died blessed; this
provoked remorse to the king. This queen was
the daughter of the earl D. Gonçalo and the
countess Dna Teresa, and she was the sister of
the earl Emmenegildo Gonçalves, from
Portugal and Tui.
The micro-place named A Horta da Raíña,
a terrace placed in the interior of O Castelo da
Furna, can have the previous story as a point
of reference, but there are people who state
that its name is due to Virgin Mary. In fact,
another place from this granite castle, which
has a special meaning, is A Pía da Nossa
Senhora.
Inside the top in O Castelo da Furna, there
is a group of basins. Among these basins there
is one that is sacred. It is commonly thought
that this basin is always with water “because
the stone sweats” and in St. John’s night,
many people fill “demijohns” with water
before sunrise.
We were lucky to document (Ref. X&L,
CEM, August 2006) some detailed versions of
this old story, and living witnesses who guarantee the benefits of the water in this basin.
The story, which has as reference the flight to
Egypt that the New Testament states, is summarized as follows, according to what Uncle
Anibal da Pita, born in Taião in 1931 told us:
“A Nosa Señora” ran away from her pursuers. The enemy was following her because
she was carrying Jesus in her arms. The Virgin
“forrou a mula ás avesas”, nailed the mule’s
foot from back to front, so the devil could not
find them. In this way, the enemy would think
they came from O Castelo da Furna, where
they were actually going. On her way, she was
helped by some brambles, which caught the
enemy, and that is why the Virgin blessed
them. On the contrary, she excommunicated
the “antremoços” who indicated the flight
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direction making such a noise. Once in O
Castelo da Furna, the Virgin carefully used the
basin, which is today called “da Nossa
Senhora”, as a cot for the baby Jesus.
Directly related to this story, there are “As
Pegadas da Nossa Senhora” (the footsteps),
probably the lowering of rock carved as steps
to easily go past the castle. “The story says
that in the castle rocks there are some footsteps ascribed to A Nossa Senhora. The popular tradition says that whoever wants to go up
the rock, they will have no option but to follow her steps, one foot before the other”
(Salvador, V., 2006).
CONCLUSIONS
The utilities of Anthropospeleology are
very important for:
– Human Sciences, because they rename
the concepts and history periods and use
the oral history for societies without
writing.
– Particular Galicia History, because it
picks up customs, uses and functions
that the granite caves had for the neighbours of the place and picks up microtoponymy.
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There are many systems of classification
and explanations about Galician mythology
till now. We systematize here its subject matter with the aim of offering the fullest possible
outlook of a complex world according to the
area our piece of work covers, the granite
caves.
The mythical places with granite caves are
in high mountains, singular stones, water
places: Fountains-springs and pot water, and
Prehistoric Monuments.
The mythical beings are in O Galiñeiro
Mountain, as in other Galician places, areas
considered as magical because they are of difficult access, have a strange petrological or
geological shape, represent territorial marks
or outstand in the landscape as landmarks of
meteorological observation, springs of water,
etc..
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Abstract
Caves or openings of various shapes and sizes are well and widely developed in granitic rocks
as well as in other lithological environments. Some are caused by preferential water-related
weathering, e.g. hydration, others to sapping, but haloclasty plays a crucial role in the development of tafoni. These are especially well represented in granitic exposures. This can be
explained partly because the inherent strength of the crystalline rock permits hollowed blocks,
boulders and sheet structures to remain standing. The hollows themselves owe their origin
partly to the susceptibility of feldspar and mica to hydration and other forms of water-related
alteration, and also to the capacity of haloclasty to rupture and break down the rock. On the
other hand, dry granite is relatively stable and, particularly if it is cemented by salts concentrated at and near the surface by lichens and mosses, it forms the crusts or enclosing visors that
are an essential part of tafoni morphology.
Key words: cave, niche, shelter, alveole, tafone, hydration, haloclasty
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INTRODUCTION

produce sheet tafoni (see below) but others
are spaces of roughly triangular cross-section
left vacant by the weathering and dislocation
of wedges of rock at the exposed ends of
sheet structures and generated by shearing
along sheet fractures (TWIDALE et al., 1996;
figure 1a). Others are caused by the weathering, near the present or former ground level,
of obliquely intersecting cross joints or of
weaker rocks (figure 1b). In addition they are
especially common where the fresh granite
underlies either an indurated veneer (figure
1c) or a regolithic duricrust capping such as
laterite or silcrete (figure 1d). Thus on
plateaux near Cue and at The Granites, near
Mt Magnet, both in the central Yilgarn Craton
of Western Australia, shelters are frequently
formed at the base of the bluff (figures 1e and
1f). They are developed in kaolinitic mottled
and pallid zones of the laterite. The location
of such shelters varies according to the geometry of the faceted slope for they occur at
bluff and debris slope, the extent of which
varies spatially and in the long term temporally. Shelters at plain level are referred to as
cliff-foot caves.
Niches and shelters are most commonly
developed in sedimentary terrains as a result
of seepage at the base of a bluff, at the interface of the permeable rock exposed in the rock
face and the impermeable detritus accumulated in the so-called debris slope (so-called,
because by contrast with talus or scree slopes,
the debris from which it takes its name is most
commonly discontinuous and/or only a few
centimetres thick).
Though developed in Miocene Mannum
Limestone, rather than granite, bluffs bounding the Murray Gorge in South Australia display every gradation between slopes consisting wholly of a bluff, to a graded slope comprising upper convexity and lower concave
debris slope, distributed according to position
with respect to the meandering river (TATE,
1884; TWIDALE, 2000). They provide evidence of how shelters are developed.

To the layman a cave is ‘an underground
hollow with access from the ground surface or
from the sea’ (HANKS, 1986, p. 253), a statement that is almost identical to the formal or
technical definition of a cave as ‘a natural
underground open space, usually with an
opening to the surface’ (BATES and JACKSON, 1987, p. 105; unless otherwise stated,
all definitions cited in this paper are taken
from this source). A cavern is a large cave or a
complex of caves. In general parlance, however, any natural shelter or overhang also is
referred to as a ‘cave’.
Caves are of various shapes, sizes, and origins.
HOLLOWS ASSOCIATED WITH STEEP
SLOPES: NICHE, SHELTER, SLOT,
ALCOVE, NOTCH
A ‘niche’ is a shallow cave, recess or reentrant produced by weathering and erosion
near the base of a rock face or bluff. A ‘shelter’ is a long and deep niche or coalescence
of niches. The term ‘alcove’ used both in its
geologic and general senses denotes a deep
niche formed in a precipitous bluff or wall.
‘Notch’ used in a coastal context is comparable to shelter but in its broader sense the
word can denote a small alcove or, and more
commonly, a narrow passageway or slot.
Niches and shelters are characteristic of
faceted slopes, and are typically located
where a permeable caprock or regolith is in
contact with an impermeable lower formation. Rarely, where the bluff has regressed
and simultaneously migrated upslope and
been reduced in height as the debris slope
extended upwards, the remains of former
shelters with indurated walls and ceilings are
preserved.
In granitic terrains niches and shelters are
a fairly common occurrence. Some are attributable to weathering along sheet fractures to
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(a)

(b)

(c)

Figure 1. (a) Void left by the
dislocation of a triangular
wedge of rock, eastern flank
of Ucontitchie Hill, Eyre
Peninsula, South Australia.
Scale provided by the late
George Sved. (b) Shelter due
to ground level weathering,
Middle Tor, Dartmoor, southwestern England. (c) Shelter
high on slope developed
beneath indurated crust, but
in massive granite, Kokerbin
Hill, southwestern Yilgarn
Craton, Western Australia.
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(d)

(e)

(f)
Figure 1. (d) Shelter in
kaolinised zone developed
beneath local silcrete (possibly a stream deposit in predominantly lateritic carapace),
The Breakaway, between
Hyden and Norseman, Yilgarn
Craton. (e) Shelters developed
high on the slope at the base of
bluffs in weathered (lateritised) granite near Cue, northern Yilgarn Craton, and (f)
near plain level at The
Granites, Mt Magnet, central
Yilgarn Craton.
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The Limestone is a calcarenite that consists of some 65% CaCO3 and is more susceptible to water attack than is granite. The outer
shell of the limestone is cavernous and is riddled with tubes and hollows. Where debris
slopes are developed the junction between
bedrock and detritus is marked by numerous
niches which in the past have merged to form
shelters. From about 3000 years ago and up to
perhaps the end of the Nineteenth Century the
shelters were occasionally occupied by
Indigenous/Aboriginal Australians (e.g.
HALE and TINDALE, 1930; MULVANEY et
al., 1964). Archaeological excavations have
revealed steepened bedrock slopes the risers
of which display niches comparable to those
developed at the back of modern shelters. The
shelters were occupied periodically and the
stepped morphology of the buried bedrock
slope is related to the rates of aggradation of
the shelter floor. This varies according to
whether the particular shelter was deserted,
when natural relatively slow accumulation of
debris derived from particles and fragments
falling from the shelter walls and ceiling
allowed time for backwall niches to develop
and steps to form. When the site was occupied, however, natural accumulation was augmented by the ash from fires, shells and other
debris (the midden), the rate of accretion
increased and bedrock risers developed
(TWIDALE, 1964). Given that these events
took place in a time span of hundreds of years
it is clear that the backwall niches, presently
developing and evidenced on risers in the
excavation, develop quite rapidly considered
in geological terms.
Shelters are optimally developed in limestone terrains in the humid tropics. Here some
swamp slots or cliff-foot caves extend many
metres beneath the walls of karst towers and
cupolas and extend also to depths of several
metres. They are critical to the development of
towers from domical hills (NEWSON, cited in
SCRIVENOR, 1928, p. 189; PATON, 1964;
JENNINGS, 1976; TWIDALE, 2006).
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Thus niches are caused by weathering and
flushing of groundwaters at the permeableimpermeable interface. They increase in size
and coalesce to form small shelters. Thereafter
the elongate hollows are enlarged by the granular disintegration of the walls and ceilings as a
result of water seeping through the permeable
country rock and dissolving the cement that
binds the calcite and silica fragments. Similar
processes are responsible at suitable sites in
granitic terrains, only at a slower rate, reflecting the greater stability of mica, feldspar and
quartz as compared with calcium carbonate.
ALVEOLES (OR HONEYCOMB WEATHERING)
‘Alveole’ is preferred to the term ‘honeycomb’ because whereas the latter implies geometric regularity and depth, the former have a
random plan distribution and involves shallow
penetration. Alveoles are small hollows developed on exposed bare and essentially fresh rock
surfaces. They are typically a few centimetres
diameter and a couple of centimetres deep.
They are well and widely developed in arid and
semi-arid coastal zones as well as inland sites
(see MUSTOE, 1982, p. 108). They are best
developed on sandstone, shale, and basic crystalline rocks such as dolerite, as well as on
limestone and basalt. They are not as well
developed in fresh granite. Some with welldefined septa have been noted in humid tropical north Queensland, in the monsoonal north
of Western Australia and on The Humps near
Hyden in the southwest of Western Australia
(figure 2a). Others are developed in weathered
granitic rocks where fractures are indurated and
the enclosed corestones have fallen away. But
alveoles are rare in fresh granite. Irregular and
ill-defined small hollows in which fresh rock is
exposed attest the activity of haloclasty but the
margins are diffuse and the intervening septa
that delimit and define alveoles are not developed, by contrast with adjacent sandstone,
dolerite and, though more rarely, phytokarstic
outcrops of calcarenite.
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Figure 2. (a) Alveoles in granite, Emu Rock, near Mareeba, north Queensland.

Alveoles have been attributed to wind,
frost, and salt weathering but there is now
general agreement that they are due in part at
least, and probably in large measure, to salt
precipitation and associated processes (e.g.
WELLMAN and WILSON, 1965; WINKLER, 1975, 1981; BRADLEY et al., 1978;
YOUNG, 1987). Many coastal occurrences
retain efflorescences of halite in the hollows,
and the forces exerted by crystallising salts are
sufficient to rupture rocks (WINKLER and
SINGER, 1972; see also TWIDALE and
BOURNE, 2008).
At most sites the alveoles are randomly
distributed with no patterns suggestive, for
instance, of the control of weathering by fractures or fissures. The rock of the intervening
ribs or septa apparently is of the same composition as that in which the hollows are shaped
(MUSTOE, 1982). Though the nature of the
rock weathered and eroded cannot of course

be ascertained, it is difficult to conceive of a
petrologic or lithologic structure or texture
that is developed in the varied types of rock in
which tafoni occur and that would plausibly
explain their distribution. Some septa are covered by green algae (MUSTOE, 1982) and it is
tempting to ascribe these separating walls to
the protective action of the biota. But is the
algal coating cause or effect?
Two scenarios can be envisaged. First, the
algae covered the entire rock surface but the
veneer was breached where salt settled and
started to crystallise, causing disintegration of
the rock and destruction of the algal coat in
those areas. The algae persist on the dry nonsaline areas between haloclastic hollows.
Second, the rock surface was randomly broken where salt began to crystallise and the
algae colonised the relatively stable spaces
between. The septa were reduced in area as
the hollows were enlarged, so that some rock
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faces eventually became devoid both of alveoles and algae
Evidence from the development of alveoles on natural rocks incorporated in human
constructions of known date demonstrates that
they form in a matter of decades (e.g.
BARTRUM, 1936; GRISEZ, 1960; GILL et
al., 1981; MUSTOE, 1982). Some workers
regard alveoles as small or incipient tafoni
(see e.g. the title of the GILL et al., 1981 reference, and the entry in BATES and JACKSON, 1987, p. 671), and in some instances
this appears to be the case; though not in granite (figure 2b). But at Cape Cassini on the
north coast of Kangaroo Island, for instance,
alveoles are well-developed on benches
(exposed bedding planes) that comprise fracture-controlled blocks of flat-lying, fine-
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grained Proterozoic sandstone. All stages of
surface lowering are developed in a sequence
beginning with isolated alveoles set into the
original surface, to surfaces with a few alveoles remaining, to fresh rock surfaces bounded by iron-indurated rims but devoid of alveoles (figure 2c). In sandstone, at least, the
effect of the development of numerous alveoles has been to eliminate the layer of rock in
which they are formed. Such alveoles have
not coalesced to form tafoni. Evidently the
protection afforded by algae colonising the
septa is not enduring. The neat stripping of
sandstone layers by alveolar weathering may
be facilitated by bedding. Certainly no such
systematic lowering has been noted on
granitic or doleritic surfaces affected by the
mechanism.

Figure 2. (b) Alveoles in argillite, Beda Valley, southern Arcoona Plateau, South Australia. Note the hollows that
may be due to the coalescence of alveoles.
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Figure 2. (c) Alveoles in sandstone, Cape Cassini, north coast of Kangaroo Island, South Australia. Note the two
levels, the higher riddled with alveoles, the slightly lower almost clean presumably as a result of the coalescence
of hollows but with a second generation beginning to develop.

That some rock basins are initiated on pods
of minerals susceptible to weathering at the
site is suggested by field evidence (e.g.
BOURNE and TWIDALE, 2002). Similar
exploitation of weak minerals has been
adduced in explanation of ‘pitting’
(TWIDALE and BOURNE, 1976) and could
also account for the initiation of alveoles (and
also for the initiation of tafoni, for hollows of
irregular shape and varied dimensions and
referred to as pecking – TWIDALE and
BOURNE, 2001, see below – occur on flared
slopes). Even so the distribution of some is
puzzling both at the local and regional scales.
For instance, at Hallett Cove, on the coast
south of Adelaide, South Australia, thin beds
of fine-grained sandstone interbedded and
folded with phyllitic mudstone display alveoles, though the intervening argillitic rocks do
not. Regionally, the absence of well-defined

alveoles in granite on arid and semiarid coasts
implies that granite may be too tough to allow
rapid disintegration under attack by either
haloclasty or hydration, or that algae cannot
readily gain a foothold or that colonisation is
outpaced by granite disintegration. Also, the
occurrence of well-defined alveoles in granite
in seasonally humid northern Australia argues
against a haloclastic origin, for salts are
flushed through the system in such environments. This suggests either that the alveoles
are inherited from a former drier climatic
phase, or that hydration has been the dominant
process in their formation. But if inherited, and
given the known rapidity of chemical weathering in the tropics, how have (admittedly few)
granitic alveoles survived? Also if hydration is
so effective, why are such forms not more
common in the monsoonal north of Australia
and in similar environments elsewhere?
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TAFONI
The most common cavernous forms
developed in granitic rocks are ‘tafoni’ (singular ‘tafone’). Tafone is an Italian word meaning variously an aperture or cavity or (in
Corsica) window. Tafoni are well developed
in dry regions and on coasts in aridity or semiaridity. They have been compared to alveoles
and ‘up to 10 cm deep’ but this is misleading.
Of course, tafoni are initially small and at
some early stage of development (pecking?)
must be less than the stipulated limit, but
recognisable tafoni are characteristically
much larger. Many are large enough to provide shelter for a family or a class of students.
They are best defined as hollows developed
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on the undersides of blocks, boulders or sheet
structures, most frequently in granitic host
rocks (figures 3a and 3b). They extend
upwards into the rock mass and in most
instances are more-or-less enclosed by a tough
crust or visor of the country rock (granite).
Some blocks and boulders are hollowed to
such an extent that only a relatively thin shell
remains. That large and deep tafoni survive
attests not only to the inherent strength of the
fresh crystalline rock (e.g. DALE, 1923, p. 11;
KESSLER et al., 1940) but also to that of the
case hardened zones (figure 3a). The physical
weakness of argillaceous rocks explains why,
though they are susceptible to weathering,
tafoni infrequently develop in such lithological environments.

(a)

Figure 3. (a) Tafoni developed in
boulders on Yarwondutta Rock,
near Minnipa, Eyre Peninsula.
Note considerable mass of granite
that remains, in each instance
more than half the original mass.
The larger boulder amounts to
over 20 m3, the smaller some 8
m3. Each block is supported by
legs of which the total area in contact with the underlying platform
is approximately 110 cm2. Some
of the supporting rock is laminated but all is indurated on the outer
face. (b) Tafoni in massive sheet
structure, Pearson Islands, eastern
Great Australian Bight.

(b)
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In some tafoni the walls display mamillation (figure 3c) and also books of flakes (figure 3d) which become detached at the touch,
and flakes and fragments of flakes are scattered on the floor. Clearly these tafoni are still
active and are extending. Eventually the visor
is breached from the inside at some sites to
produce the apertures that have given the
forms their generic name (figure 3e). In other
examples, however, and in some areas at adjacent sites, the walls are solid with at most a
few loose crystals or fragments. What determines the activity or stability of the interior
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surfaces is not known. Whether the hollows
are associated with initial centres of seepage
and salt precipitation is not known, but books
of laminae are well developed even, or perhaps most obviously, on the intervening rises
of projections. Tafoni are favoured dens for
kangaroos and wallabies and their droppings
(excrement) encourage plant growth and the
development of siliceous speleothems – at
some tafoni sites as well as shelters and
crevices there are veritable forests of tiny centimetre-high speleothems (VIDAL ROMANI
et al., 2003).
(c)

(d)

Figure 3. (c) Mamillated ceiling of tafone, Remarkable
Rocks, Kangaroo Island. (d)
Books of flakes or laminated
granite in ceiling of sheet
tafone on Ucontitchie Hill,
northwestern Eyre Peninsula.
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Figure 3. (e) Granite boulder with breached visor, on The Humps, near Hyden.

Caves in granitic rocks 45

8012096-XEOLOXIA N 33.qxd:maquet. 1

7/1/09

19:47

46 Twidale and Bourne

The hollows develop from below, typically being initiated on the underside of the boulder, block or sheeting slab or parting. Such
sites are moist or moister than adjacent
exposed surfaces because they are not as
exposed to the sun and wind. Moreover,
organic and biotic detritus that retains moisture accumulates in them. Frequently, weathering of the upper surface of the basal joint or
surface is matched by weathering of the
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underside or surface on which rests the boulder or block (figure 3f) so that some incipient
tafoni are twinned with a shallow saucershaped depression that will become a basin or
gnamma of one type or another (TWIDALE
and CORBIN, 1963). It is significant that on
the platform beneath the larger tafoni shown
in figure 3a is preserved a remnant of pitted
granite, indicative of the former presence of
soil and moisture.

Figure 3. (f) Base of boulder showing basal hollow and matching basin in platform on which the boulder stands.

The growth of tafoni has been attributed to
wind erosion, frost action, microclimatic conditions, exfoliation, and haloclasty, the latter
category embracing crystal growth, hydration
expansion, and osmotic pressure (EVANS,
1969; WINKLER, 1975; GOUDIE and
VILES, 1997). Blackwelder (1929), for
instance, suggested that hydration of feldspars
to clays induced ‘exfoliation’, that is, scaling,
flaking or lamination (cf. HUTTON et al.,
1977). The range of temperature and humidity

is less inside tafoni than outside
(DRAGOVICH, 1967). Most tafoni are so
enclosed by visors that wind cannot effectively penetrate into the interior space, and so on:
most suggested explanations fail to satisfy the
field evidence in some degree or another.
However, there is a measure of agreement
that salt weathering by crystal growth (see
THOMSON, 1863) is largely responsible not
only for many alveoles but also tafoni, and as
with alveoles there is much supporting evi-
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dence. Both forms are commonly developed
in arid and coastal environments in which salt
occurs at the land surface in crystal form, suggesting that the same process may have a role
in the formation of the larger as well as the
smaller hollows (e.g. WINKLER, 1975;
BRADLEY et al., 1978). Efflorescences of
halite have been observed on the walls and
ceilings of some relatively open tafoni on
northwestern Eyre Peninsula. Halite is hygroscopic and water accelerates the rates of various forms of chemical weathering (e.g.
McINNIS and WHITING, 1979; WINKLER,
1981). That salt crystallisation and hydration
exert a force sufficient to overcome the tensile
strength and rupture fresh rocks including
granite has been demonstrated experimentally
(WINKLER and SINGER, 1972; WINKLER,
1975; KNACKE and ERDBERG, 1975). In
addition, however, the effects of hydration,
and especially the production of hydrophilic
clays from the reaction of feldspars and micas
with water (see e.g. BLACKWELDER, 1929;
LARSEN, 1946; HUTTON et al., 1977), cannot be overlooked.
Even so, haloclasty and associated
processes (see GOUDIE and VILES, 1997,
pp. 123 et seq.) present problems in the context of tafoni development. One is to ascertain
the origin of the salt and explain how it came
to be in the tafoni walls developed on outcrops
distant from the sea or major salinas. Another
is to explain why the visor has resisted weathering and erosion while tafoni are hollowed
out in the fresh rock beneath.
As to the first problem, weathering of the
minerals that form granite produces no halite
or gypsum. Gneiss and schist may contain
minerals with chlorite (e.g. scapolite) but
there is no correlation between chlorine-bearing minerals and the distribution of tafoni.
Salts are carried on the wind and are
washed from the atmosphere by rain (HUTTON, 1976). Thus, the availability of salts in
coastal zones and in arid lands is not in question. The difficulty is to explain how the salts
come to be at the base of rock masses, and
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later in walls and ceilings of tafoni. Given
time, saline solutions may percolate through
considerable thicknesses of rock, even rocks
of low permeability such as granite, for all
include small fissures. In addition, the release
of lithostatic pressure consequent on the erosional unloading implied by the surface exposure of granite may have allowed separation at
crystal boundaries and along cleavages
(BAIN, 1931), so that in time salts deposited
in rainwater or, on the coast, in spray, may
have infiltrated through the rock mass to the
lower surface where the salts are precipitated,
and where the rock is shattered. On the other
hand, weathering may be facilitated also by
crystal strain consequent on stresses induced
by tectonism or by gravity – by blocks of fresh
rock resting on one another – which may compensate and more than compensate for any
relaxation associated with erosional unloading
(RUSSELL, 1935; TURNER and VERHOOGEN, 1960, p. 476; VIDAL ROMANI,
1989).
The formation of the visor has been
explained in terms of a slight concentration of
such minerals as iron, manganese, and silica
by lichens, mosses and algae (e.g. FRY, 1926;
SCOTT, 1967; though the expansion and contraction of hyphae on taking in and shedding
water has been cited as a possible cause of
rock disintegration: GOUDIE and VILES,
1997, p. 157). Also, exposure and comparative dryness may be a relevant factor; for
water with salts in solution would tend to
gravitate to the base of the rock, and any lateral seepage could result not in evaporation,
but in the salts being taken up by the hyphae
and roots of plants. Alternatively, the concentration of ferruginous salts at the water table
appears to be responsible for some encrustations. On the bornhardt known as The
Humps, near Hyden, in the southwest of
Western Australia, for example, some boulders display two encrustations, one external
and the second located some 20 cm deeper in
the rock mass but now exposed by weathering
and erosion (figure 4a).
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Figure 4. (a) Weathered boulder with remnants of two case-hardened zones, The Humps, near Hyden.

Some hollows have formed but their development was either unaccompanied by visor
development or the former outer crust has been
wholly or largely eliminated (figure 4b). Such
features are not tafoni for they lack the essential enclosure. They are flared slopes developed on boulders and are of limited extent, but
they are of two-stage origin and were initiated
in the shallow subsurface (TWIDALE, 1962,
TWIDALE and BOURNE, 1998).
Some tafoni in the form of cliff-foot caves
appear to be extensions of flared slopes and be
associated with water concentrations, in this
instance at the scarp foot. The waters are,
however, commonly alkaline. Such a merging
of concavity and cave can be seen at Kokerbin
Hill, on the Yilgarn Craton of the southwest of
Western Australia. Similar occurrences are
seen on the southern flank of the arkosic
Uluru, where, near Mutitjulu (Maggie
Springs) a flare merges laterally with a cliff-

foot cave. Flared slopes demonstrably are etch
forms and at many sites minor flares and horizontal slots occur just above soil, slope or
plain level, suggesting that they were initiated
in the subsurface and have been exposed as a
result of recent anthropogenically-induced
erosion. Thus, on the southern flank of Uluru
breaks of slope at about 35 m above present
plain level coincide with deep caverns lacking
a significant visor and so shaped that the
tafoni warrant being described as ‘gapingmouth’ caves. They have been interpreted as
marking the position of a former fluctuating
water table associated with a plain that was
essentially stable and stood 35-60 m higher
than the present plain (TWIDALE, 1978).
But no tafoni as such have been located in
shallow exposures. Small zones of intense
weathering and discrete voids have been
observed (TWIDALE and BOURNE, 1975)
but whether they were voids located in the
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subsurface or whether they were patches of
intense weathering that have fallen away after
exposure, is not clear. No hollows with an
enclosing carapace or visor have been reported in granitic terrains. Tafoni are evidently a
subaerial development.
Overall it can be argued that hydration
may account for subsurface development of
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flared forms, but that haloclasty assumes
greater significance after exposure, when the
overhanging surfaces and ceilings intercept
downward percolating saline solutions and
where evaporation causes salt precipitation.
But it is the inherent strength of crystalline
granite that allows hollows developed in the
rock mass to be maintained.

Figure 4. (b) Flared boulder, the concavity lacking a visor, Murphy Haystacks, west coast of Eyre Peninsula.

SUBTERRANEAN VOIDS
Granite caves appear to be of several
types. Well-jointed granite with open fractures
spaced up to a few metres apart can be differentiated weathered by circulating meteoric
and groundwaters penetrating along partings.
The rock with which it comes into contact is
weathered, the corners and edges of blocks
more rapidly than plane faces, so that angular
blocks are converted to rounded boulders
(MacCULLOCH, 1814; de la BECHE, 1898;
LOGAN, 1851). The weathered granite or

grus can be washed away by subsurface flushing and underground streams, thus creating
connected openings or caves. The
Labertouche Cave in the South Gippsland
Uplands east of Melbourne, Victoria, is such a
‘fracture-controlled cavern’ some 200 m long
and essentially straight, though irregular in
detail (OLLIER, 1965). Caves of similar origin are reported from the Banana Range in
central Queensland (SHANNON, 1975),
Colorado (ARNOLD, 1980) where the caves
are up to 15 m high though subject to boulder
falls and prone to flooding; and from Guyana
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whence SHAW (1980) has described the
Makatau cave system. The ‘O Folon’ cave
near Vigo, Galicia, appears to be of similar
origin (VAQUIERO RODRIGUEZ et al.,
2006). FEÍNIGER (1969) reported various
karstic features including caves from acid plutonic rocks (quartz diorite) in Columbia and
there is anecdotal evidence of extensive linked
‘between boulder’ caves on the Black
Mountain, a large granite nubbin near
Cooktown, north Queensland.
Second, openings resulting from the preferential weathering of weaker members of a
rock sequence are reported from some areas:
sideritic veins in some of the High Tatra caves
of southern Poland, and feldspar-rich zones in
the Karkonosze Mountains (WOJCIK, 1961a,
1961b).
Third, in some areas a ferruginous crust
developed on granite boulders has been
breached and the underlying kaolinised rock
has been preferentially weathered and fallen
away (figure 5a). At the eastern end of Hyden
Rock, (Western Australia) shallow voids have
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formed as a result of subsurface flushing (cf.
RUXTON, 1958) of weathered granite to a
depth of a metre or so beneath a thin but
durable case-hardened skin of slightly weathered granite that is cemented by silica and
colonised by algae (TWIDALE and
BOURNE, 2001). Various stages of development can be observed from a clean opening to
a void, to an irregular surface cut in weathered
granite with a few remnants of the former crust
preserved. Both the intense and widespread
weathering of the granite, and the algal coating
that appears to be responsible for the formation
of the crust, and hence for the subterranean
voids, may be associated with the proximity of
the eastern sector of the inselberg to the former
Camm River, one of many palaeodrainage
channels preserved in the southern Yilgarn
Craton and adjacent areas (VAN de GRAAFF
et al., 1977). The piedmont plain adjacent to
the eastern edge of Hyden Rock sounds hollow
when stamped upon, suggesting that cavernous
developments extend beneath the present
plains surface.

Figure 5. (a) Weathered granite with remnants of cemented crust protected by algae enclosing substantial voids,
eastern sector of Hyden Rock, Western Australia.
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What may be an early stage in such subsurface weathering combined with the formation of a thin crust can be seen at Graham
Rock, a few kilometres east of Hyden Rock
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and like it, immediately adjacent to the Camm
drainage. Patches of the granite slopes display
sinuous narrow apertures and shallow planar
hollows beneath the crust (figure 5b).

Figure 5. (b) Shallow and narrow breaches and subsurface voids (‘worm tubes’) on Graham Rock, near Hyden.

Fourth, voids and openings of various kinds
occur where blocks and slabs have been displaced either under gravity or as a result of
earth tremors (figure 5c) or as a consequence
result of preferential weathering, for instance
along fractures though such voids are rarely
covered. The formation of ‘blisters’ and ‘Atents’, or ‘pop-ups’ (figure 5d), as a result of
compressive stress has enclosed triangular
spaces (TWIDALE and SVED, 1978; WALLACH et al., 1993). Whether they can be considered subterranean is dubious, though they
are located at depths as shallow as the voids
discussed above, and many are separated from
space by slabs thicker than the crusts enclosing
the voids featured in figures 5b and 5c. Many
A-tents have formed instantaneously as a result
of earthquakes (TWIDALE and BOURNE,

2000) but others evidently have formed gradually and are still in the process of conversion
from blisters, continued compression producing the crestal crack that distinguishes the two
forms (TWIDALE and BOURNE, 2003).
Fifth, caves have been formed as a result of
weathering along sheet fractures and particularly the preferential weathering of triangular
slabs like those exposed on the flanks of some
inselbergs (TWIDALE and VIDAL ROMANI,
2005, p. 40) but located within the hills. The
slabs are associated with sheet fractures that are
planes of shear activated by lateral compression and slippage along sheet fractures of different radii (TWIDALE et al., 1996). The wellknown cave within Enchanted Rock (figure
5e), in the Llano of central Texas, USA, is of
this type (KASTNING, 1976).
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(c)

(d)

(e)

Figure 5. (c) Voids possibly caused by disturbance of
blocks by earth tremor at Devils Marbles, Northern
Territory, Australia. (d) A-tent, Kokerbin Hill, southwestern Yilgarn Craton. (e) Part of cave within
Enchanted Rock, Texas, USA (E Kastning).

CAD. LAB. XEOL. LAXE 33 (2008)

DISCUSSION AND CONCLUSIONS
Caves of several shapes, sizes, and origins
are found developed in granitic rocks. Most if
not all have their congeners in other rock
types. Though understood in general terms
most still pose problems.
Tafoni are particularly well developed in
granite blocks, boulders and sheet structures. This can be attributed partly to the
contrasted susceptibility of granite in dry
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and wet microenvironments; partly to the
ease with which dry granite can be further
reinforced by biotic impregnation by iron
oxides and silica; partly to the susceptibility
of granite to hydration and haloclasty, resulting in flaking and the gradual growth of hollows, including their upward extension; and
partly to the inherent strength of fresh granite which allows hollows to form without
inducing the collapse of the entire rock
mass.
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Abstract
Lake Gairdner occupies a blocked valley system within the Gawler Ranges consisting of
Mesoproterozoic dacitic rocks physically hard with low porosity and permeability. Haloclasty is
developed on the lake and the precipitation of halite causes rock disintegration on the large blocks
and boulders that have tumbled from columnar jointed dacite. Some are excessively notched producing mushroom rocks. Occasional wave action during short-lived lake phases carries the detritus
away from the sites. The ages of the salina and of the salt crust are not known but are in the order
of millennia and centuries rather than millions of years.

Key words: haloclasty, dacite, Gawler Ranges, Lake Gairdner, South Australia.
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The effectiveness of haloclasty or salt
weathering is clearly demonstrated on the bed
of Lake Gairdner, a salina almost 8,900 km2 in
extent occupying a blocked valley system within the Gawler Ranges in the arid interior of
South Australia (figure 1). The old valley is
overlain by up to a few tens of metres of saline
mud that carries a crust of halite commonly
about 2 cm thick (e.g. JOHNS, 1968), but occasionally and in places up to 12 cm and with evidence of multiple periods of salt precipitation
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and intervening periods of sediment deposition
(figure 2). The sedimentary cover is thickest
over the former valley axis and thins laterally
but the salt crust is ubiquitous. After heavy
rains the Lake becomes a lake with water several centimetres deep; but it is so shallow that it
tends to be heaped by the wind. An extensive
but shallow lake at the southern end, for example, can disappear overnight under the influence of a strong southerly, having been pushed
to the northern reaches of the lake bed.

Figure 1. Landsat image of Lake Gairdner, South Australia. The latitudinal distance between the NE and SW
extremities of the Lake is 120 km. The complex of salinas to the west is Lake Acraman, the last remnants of the
scar caused by a meteorite impact some 600 m.y. ago. Note the rhomboidal fracture patterns developed in the
Mesoproterozoic silicic volcanics.
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Figure 2. Part of salt crust
showing three phases of salt
precipitation separated by
sand depositional events
indicative of rain and runoff.

The Gawler Ranges is a massif consisting
of ordered rows of bornhardts eroded in various Mesoproterozoic volcanic rocks which
crop out in the shoreline of the southern half
of the salina and in islands protruding above
the salt crust. The dacite that dominates the
volcanic sequence is a compact porphyritic
rock with laths of feldspar set in a dense finegrained siliceous matrix. It is physically hard
and because of its low porosity and permeability is chemically resistant. So resistant is it
that the rounded hills have stood virtually
unchanged for 120-130 million years (CAMPBELL and TWIDALE, 1991).
Yet many of the columns of dacite
exposed in the shore are undercut where
touched by the halite crust (figure 3). Where
past heavy rains have caused rivers to flood,
rounded cobbles and small boulders have been
carried on to the bed of the salina, where they
are partly exposed, partly buried in the saline
mud and salt crust. The latter causes the sides
of these spherical rock masses to be notched
(figure 4). Every stage between the narrow
platform and the complete elimination of the
exposed hemisphere can be seen, with an
intact hemisphere remaining embedded in the
sediment, with its flat surface standing flush
with the halite crust. Clearly the continued

precipitation of halite at the surface of the
crust causes disintegration. The resultant fragments can be seen incorporated in the adjacent
salt crust, or, more rarely, scattered on the surface. Wave action during the occasional and
short-lived lake phases carries the detritus
away from the sites.
More spectacular results of haloclasty are
seen on the large blocks and boulders that have
tumbled from columnar jointed dacite exposed
in islands in the Lake (figure 5). Some are
excessively notched producing mushroom
rocks. Perhaps the most dramatic product of
such weathering, however, is a flat slab roughly rectangular in plan (some 70 cm x 50 cm)
and 1-2 cm thick, standing flush with the salt
surface and surmounted by a narrow column,
25 cm high, with concave sides, 6 cm diameter
near the base and 14 cm near the rounded crest.
This column is all that remains of a once quadrangular block or one possibly hexagonal in
cross-section. Assuming a quadrangular or
columnar initial shape of the block, at least
75,000 cm3 (or almost one tenth of a cubic
metre) have been eliminated by haloclasty
combined with gravity and wave action. The
ages of the salina and of the salt crust are not
known but are in the order of millennia and
centuries rather than millions of years.
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Figure 3. Part of the eastern shoreline of Lake Gairdner showing water in the Lake, the salt encrusted shore zone,
and undercut dacitic blocks.

Figure 4. Dacitic cobble with notch and narrow platform caused by salt weathering.
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Figure 5. Large blocks affected by salt weathering. On site both stood in the salt crust to a depth of some 2 cm so
that the foot of the right hand block was held in the salt crust and the main mass of the boulder stood as a mushroom rock undercut by haloclasty. The platform cut in the left hand block was at the level of the crust, only the
prong projecting above the salt surface.

Salt weathering is evidenced on other salinas. For example, undercut blocks comparable to that illustrated in Figure 5 have been
observed in gneiss and dolerite on the shore of
Lake Greenly, in southern Eyre Peninsula.
What makes the Lake Gairdner occurrences
notable is that they are shaped in an extremely tough rock.
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Abstract
Scientific terms have a descriptive, conceptual and categorical meaning. In the geomorphic
research the applied terms can describe the landform features on the Earth’s surface; also, they
can reflect the different development conditions and stage of the studied landform; moreover,
they are always related to the key concepts about the landform explanation. So, whole terminology has a very important role in the geomorphic research because supports the landform
nomenclature. However, a suitable nomenclature according this finality must be unequivocal.
But in the study of the cavernous features on granite rocks there is often a co-existence of
many terms applied to the same form-types. Also, there is a literal or modified translation of
local terms from regional studies. And the terms acceptance and their spreading by the researchers are very diverse along time. The situation can generate a conceptual and a categorical
uncertainty in the knowledge of the cavernous granite forms. This work deals with several
questions about this terms meaning on the light to the research approaches in the granite
terrains. The earliest scenery where the landforms were recognised and termed dates from the
last years of the XIX century. Starting from this time, two general terms are usually applied to
report the basal or lateral cavities developed in granite rocks. The single word “tafone” (plural “tafoni”) and the compound name of “cavernous weathering form”.
Key words: tafoni, cavernous landforms, terminology, typology, nomenclature, granite, geomorphology
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INTRODUCTION
The earliest news on basal or lateral hollows developed inside granite rock masses
dates back a long time. The first description
was collected by PRADO (1864) from Sierra
de Guadarrama, in central Spain. A little later
they were described from Corsica by
REUSCH (1882): this author designed them
with the local term of tafoni (singular tafone)
related to the verb “tafonare” (to make a hole
or to open a window). They were reported
newly from Galicia, north-western Spain, by
Ragnar Hult (FRAGA et al. 1994) in 1898.
Since then, these rock features are often designated with the Corsican term. But they
equally are named with others local or particular names in the scientific papers. The different morphological properties or the different
development stages from specific observations over time are reflected in new terms.
This terminology not only has a descriptive or
categorical sense but also involves a conceptual framework selection in the study of granite landforms.
In most cases the collective term has the
meaning of an empty space in a rock volume,
developed starting from a basal or a lateral
discontinuity plane. The problem appears
when it is necessary to summarize the knowledge available in the light of a new research
project that needs the complete account of this
landform nomenclature. According to NORWICK & DEXTER (2002:11) “Long before
there was a science of geomorphology people
notice the pitted weathering of some rocks...
The nomenclature for pitted and cavernous
weathering was not harmonized through most
of the twenty century but the word tafoni has
now become standard for all such pits, large
and small.” It is noted the lack of agree with
regard to the typical features that could define
this form. GOUDIE (2004) points out them as
several cubic metres in volume, the archshaped entrances, the concave inner walls, the
overhanging margins (visors) and the smooth
gently sloping debris-covered floors. But oth-
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ers think that “the literature survey reveals
that there has been a great deal of liberty in
deciding which features can be described
using this term” (MIGON, 2006: 139).
The studies of granite terrains, where
these landforms are well-developed and very
common, had provided a differentiation in
their spatial, morphological and evolutionary
patterns (TWIDALE and VIDAL ROMANÍ,
2005). Their names usually start from their
general location in the granite landscape or
from their local position in the host rock. They
are also derived from their external visual
appearance and from their inside features. In
addition, they are related to the various origins
that have been proposed since they were recognized in the granite terrains. All these
names have been understood as the expression
of different landforms although this typology
can really reflect the different stages in the
development and in the progressive degradation of an initial cavity (VIDAL ROMANI et
al., 2006). Moreover, this terminology has
been applied in many senses because they
have been an unequal impact in the scientific
community. So, the progress towards a comprehensive nomenclature system needs a
research about their elaboration along the
time. This work is about this process to the
forms developed on granite terrains. The use
of the “cavity” and “hollow” words are
applied to an undetermined typological sense
in this text.
FIRST DIFFERENTIATION OF THE
ORIGINAL TERMS
Tafoni, caverns, niches and cavernous rock
surfaces
The tafoni name was used or ignored in the
papers which made a field hollows description
until the twenty century three first set of ten.
CHOFFAT (1895) applied it to mention the
cases from the granite lands in the northern of
Portugal (Fig. 1a); this author wrote about them
as a curious phenomenon of similar design with
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the forms named as tafoni by REUSCH (1882
o.c.); also considered that these hollows were
equal to the first termed horados by PRADO
(1864 o.c.) and identified as tafoni in non-granite terrains by PENCK (1894).
“La colline de Faro d´Anha présente un
outre fait beaucoup plus curieux… cavitès
irrégulières, ayant à l´intérieur des bandes
proèminentes, à arêtes vives, se trouvant
aussi bien au toit que sur les côtés et paraissant être les restes de parois ayant séparé
des cavités distinctes. Ces ouvertures sont
plus généralement sur le côté que dans les
dessus et se trouvent tantôt dans la roche en
place, tantôt dans des blocs isolés.” (CHOFFAT, 1895 o.c.: 19)
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that the two different types of cavities could
be the result of two different evolutionary
trends. The smallest hollows with orderly
patterns named alvéoles were ruled over the
gneiss surfaces near the sea: their fast growth
may merge them in a cavern. The largest isolated hollows named cavernes are usually
developed on the inside of the inland granite
blocks (Fig. 1b): their growth starts from a
single cavity little by little differentiated
(along tens of thousands of years). In spite of
this, old morphological and evolutionary
concept, later in most papers about these
granite forms only appears a definition based
on the size.

All these cavities (tafoni or horados) were
explained as the result of an exogenous process
according to the granular disintegration or flaking observed from their inner walls. Already
there was a genetic concept in these terms. And
this meaning became a favourable context to
the following use of two associated words in
their future designation: erosion and weathering. Soon after, CAYEUX (1911) described
many cases developed in the gneiss and the
granite masses of Delos Island; their conceptual boundary related to the possible morphological types was lighted with their words:
“Entre le domaine continental, soumis a
l´influence exclusive de l´atmosphere, et
l´étroite zone littorale façonnée par
l´érosion marine seule s´étend parfois una
aire placée dans des conditions mixtes, où
les phénomenes d´érosion preséntent un
intérêt de tout premier ordre...La nature y a
façonné les roches avec un art, une délicatesse et une fantaisie uniques à ma conaissance...L´érosion qui résulte de l´action
combinée de la mer et de l´atmosphere est
essentiellement une érosion alvéolaire, et
parfois caverneuse...” (CAYEUX, 1911
o.c.: 162)

The forms size was the key to provide a
classification (Table 1), excluding here the
use of the previous terms. But the explanations picked up in this work clearly retain a
sub-aerial origin. However, the author stated

Fig. 1a Tafone cross-section from Choffat (1895).

Fig. 1b Cavern cross-section from Cayeux (1911).
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Similar hollows founded in the semiarid
and arid lands of the United States were related to weathering processes too. In this way,
new terms were used to report the different
cavities. For instance, the shelters from
Arizona and Nuevo México sandstone terrains
were named solution niches (BRYAN, 1928).
In this context perhaps the most interesting
contribution to the following research in granite terrains was the work of BLACKWELDER (1929); he used to describe the
very frequent hollowing-out rocks from
California desert the general term of pockets,
which has a meaning with regard not only to
their visual features but also to their development processes:
“Although commonly bowl-shaped or
purse-shaped, they display great variety of
form. One generally finds that the outside
of the partly decayed rock is more coherent
than the inner part...Excavation proceeds
largely beneath such external crust. The

pockets are enlarged until they coalesce
and thus leave isolated plates of the crust
standing out in relief...The cavities, which
have been called “niches” by Bryan…are
familiar features of most igneous rocks,
sandstones, sandy shale and conglomerates.” (BLACKWELDER, 1929 o.c.: 393)

The pockets classification is equally based
on their size range (Table 1). But this author
suggested that Bryan’s terminology only
could be really used for the cavities developed
by a single solution process. Against in a granite cavity “the inner surface of the recess is
generally
covered
with
crumbling
scales…identical with the usual products of
exfoliation… this condition favours the
inward and upward growth of the cavity.”
(Blackwelder 1929 o.c.: 395-396). This was
the conceptual sense that reveals the term cavernous rock surfaces as a result of the cavernous weathering which has prevailed in
USA research until today.

AUTHOR

Centimetre range

Metre range

Cayeux (1911)

Cellules
Alvéoles
“cellules d´abeilles” “éponge de pierre”

Cavernes

Blackwelder (1929)

Bourcart (1930)

Pitted
rock surfaces

Honeycombed
rock surfaces

Cavernous rock surfaces

Alvéoles
en “dentelle”, “treillage”, “ruche”
et “éponge” dans les parois rocheuses

Taffoni
Grottes

Table 1. Main hollowing-out rock nomenclature at the beginning of XX century

Literal transcription and reinforced concepts
The term of tafoni was newly used in the
description of granite cavities from Corsica.
But BOURCART (1930) wrote the name as

taffoni (singular taffone), so retained long
time in the French research; just as this author
explain in the first page of their paper, the
word was transcribed literally from a publication about the Corsican landscape (Deprat,
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1908). The features observed here were related in detail by the author:
“Les taffoni sont des cavités grossièrement hémispheriques sculptées dans la
paroi verticale des rochers de granite. Plus
exactement, elles comportent une paroi
supérieure, en voûte souvant très régulière,
et un plancher quelquefois presque plan,
mais toujours en pente vers léxterieur. Ce
plancher peut être concave et la cavité prend
alors une forme en demi-ellipsoide ou
même en demi-sphere...Il arrive souvent
que deux de ces grottes ont empiété l´une
sur l´autre. Au lieu d´être séparées par un
pilier, comme c´est la cas quand elles sont
simplement juxtaposées, elles le sont alors
par un rebord tranchant. Deux taffoni peuvent également êtres surperposés et le plancher qui les sépare peut s´effondrer; la courbure des parois de la nouvelle grotte qui en
résulte indique alors son mode de formation.” (BOURCART, 1930 o.c.: 5-6)

Again the classification was size-based
(Table 1). The smallest cavities were identified as similar forms to the previous named
alveoli. The largest were recognised as niches.
In fact, this work stated the same origin to
these types because both together were located on the same side wall rock surface. Since
this reasoning the author noticed that an accurate genetic explanation of these forms is
doubtful: any initial condition could be erased
along the evolutionary time, particularly in the
biggest cavities. So, the final statements of
this study retain that these forms have an
exogenous origin but they show a lack of consistency with the former research about the
role of the rock structural properties in the
genetic and the evolutionary process. Even
this time all studies underlined the significance of the joint system in the granite on the
hollows shape whereas this author reveals that
the control could be only possible in some
specific observations.
The following research was centred on the
landform classification related to their causal
mechanisms. Some prior concepts and their
associated terms were ignored. Another con-
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cepts and names were reinforced. The different impact of these works on scientific community gave rise to paradoxical interpretations. For example, the hollows found in the
granite blocks from Monte Alvarado in
Portugal north (clearly tafoni from several
photographs) were named blocos cavados
because “os tafoni sao tipicamente litorais”
(COTELO, 1940: 3) and the location of these
forms was far away the sea.
TERMS DIVERSIFICATION RELATED
TO MORPHOLOGICAL TYPES
The basal, the sheet and the side-wall forms
At the same time that this landform occurrence began to be considered as a common
success in the granite landscapes, the specific
terminology applied to a suitable definition of
their typology increased. In a general sense,
all the new terms contained the concept of a
process-response system with a dynamical
behaviour under open air conditions. They
have an obvious descriptive role related to the
cavity location in the unities of a granite morphological system (boulder, block, sheet,
walls...). Also, they have a categoric role seeing that indicate their size variations and their
growth stage. The research carried out in the
granite terrains of Corsica where “les taffoni
s´alignent systématiquement sur les principales directions des diaclases” (LIGUS, 1952:
185) and “every boulder of stone and also the
outcropping rock is perforated with cavities”
(WILHELMY, 1958: 155). These features
were object of a comparative analysis with the
honeycomb forms founded on any crystalline
rocks from France (CAILLEUX, 1953) and
from the northeast of Spain where “le niveau
de base des taffoni est une surface de discontinuité, plus ou moins horizontale”
(DENAEYER, 1953: 205). But also they were
studied in other locations as Brazil where they
were related to the structural properties of the
bornhardts (Fig. 2a): here “les taffoni anciens
qui s´étaint normalement dèveloppés à la base
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sont maintenant renversés...ayant son ventre
en l´air” (BIROT, 1958: 32). The hollows are
often “roches évidées de façcon à offrir au
regard une face intacte et une face creusée
d´une grotte don’t l´intérieur est plus haut que
l´orifice d´entrée, de sorte qu´elle est protégée
par une sorte d´auvent rocheux” (RONDEAU,
1958: 453) (Fig. 2b).
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The most successful nomenclature, still
managed today, was provided by several
regional studies: the hollows types were designated according to the position of an initial
discontinuity plane of growth in their host
unity (PANZER, 1954; KLAER, 1956; WILHELMY, 1958 o.c.; RONDEAU, 1961). The
impressive use of this proposal is derived
from their apparent simplicity to the field
work. The basic terms that differentiated the
hollows types were the basal, the side-wall
and the sheet forms (Table 2) but could be
more detailed. In order to define the shape
sub-types, it was measured the hollows opening diameters and their perpendicular axis
(Fig. 3). All these properties represent an
observational tool about the general “forms of
cavernous weathering, chiefly found in medium and coarse grained, acid to intermediate
crystalline rocks” (JENNINGS, 1968: 1103).

Fig. 2a Cavity cross-section from Birot (1958).

Fig. 3 Depth measures in basal (A) and side-wall (B)
forms.

Fig. 2b Cavity cross-section from Rondeau (1958).

In other granite regional studies the
nomenclature was also based on the traditional size rule. The cavities from the desert lands
in Chile were classified by SEGERSTROM &
HENRÍQUEZ (1964) in two main groups: the
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small centimetre forms or pits with a wafflelike patterns and the large metrics forms or
caves with diverse morphological features;
these latter were usually perforated with owl’s
eyes forms. DEMEK (1964) distinguished in
the Bohemian massif between the largest side-

wall forms as the rock niches (wider than
deep) or the rock hollows (deeper than wide)
and the smallest side-wall/basal forms as the
dew-holes. Also, this author observed in their
fieldwork some small pits patterns naming
them with the old term of honeycombs.

LOCATION

LANGUAGE

TERMINOLOGY
(SINGLE FORMS)

Beneath
boulders or blocks

German
French
English

Basistafone (Hohlkehlen)
Taffone de boule
Basal tafone, Basal niche, Basal cavern

French
English

Taffone de diaclase (horizontal)
Sheet tafoni, Basal cavern

Inside
sloped rock walls
(largest forms)

German
French
English

Seitentafone
Taffone de parois, Taffone de diaclase
Side tafone, Sidewall tafone
Rock niche, Rock hollow

On whatever
sloping bedrock
(smallest forms)

German
French
English

Between
sheet or bed planes

Nebentafone
Alvéole, Nid d´Abeille
Honeycombed forms

*from Panzer (1953); Klaer (1956); Wilhelmy (1958); Rondeau (1961)
Table 2. Main cavities types according to the development plane into host rock*

Later research from granite rocks in the
Chile desert (Fig. 4) equally retained a size
distinction from the honeycombs to the
tafoni although “on ne peut douter qu´il
s´agisse de la meme forme plus ou moins
évoluées” (GRENIER, 1968: 195). The prevailing concept was always an exogenous
origin: the basal type beneath sheets, along
joints planes where moisture is retained, or
to the side-wall type on vertical rock faces
associated with the ground level weathering,
provided the same explanation to the cavities found in the granite of Australia
(DRAGOVICH, 1969), both clearly different of the small hollows groups named
alveoli.

Fig. 4 Cross-section of cavities in oldest development
stages from Grenier (1968).
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At the beginning of 1970, really the available observations and the data of these landforms in the granite terrains were very numerous. They were noticed from all geographical
environments (i.e. CALKING & CAILLEUX,
1962; WILHELMY, 1964; TSCHANG, 1966;
PREBBLE, 1967). So, there was a need of
limit and define the research landform and
their operational nomenclature.
Looking at a new suitable typology
The landform terminology now has a strict
sense as a specific weathering landform in the
granite landscape. This meaning closes the
research to many causal processes. On the one
hand, this concept involves the two main
classes of hollows typology derived by the
size and the patterns which were used until
this time. A differentiation of prior named
alveoli or honeycombed surfaces (Photo 1)
was made with more or less detail, not only
about the general terms but also on the particular origins, for instance:
“Cavernous weathering may be used as
a general term for the many landforms made
by weathering on steep slopes...occurs in
many kinds of rock, in many climates an on
many scales. Some cavernous weathering
pits are know as ´tafoni´...The smallest
kinds of cavernous weathering need a different term, and ´honeycomb weathering´
seems popular...Honeycomb weathering
develops rapidly, perhaps in just a few
years.” (OLLIER, 1969: 236-237)
“The nomenclature has not been standardised and authors have variously
described this type of erosion as ´alveolar
weathering´, ´stone laticce´ and ´stone lace´
Alveolar weathering has been preferred
among French geomorphologist while publications in English often describe these features as honeycomb weathering or fretting.
Commonly weathering features of this type
are described as miniature tafoni although
this usage is unfortunate since it implies that
honeycomb is genetically related to large
scale cavernous features (tafoni). Although
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tafoni and honeycomb weathering frequently occur together numerous locations exist
where each occur independently suggesting
possible differences in their mode of origin”
(MUSTOE, 1982: 108)

On the other hand, many evidences on the
complex features and the frequent compound
hollows provided other morphological terms.
The cavities were recognised not only under
the side of boulders or into the walls bedrock
but also into the curvilinear and laminar structures, being very frequent on the steepened
slopes or flares where they were regarded as
stages in a sequence of development from the
weathering front evolution (TWIDALE,
1971). The frequent occurrence of ruined or
inverted forms endorsed that a hollowing out
rock is a natural irreversible process. In this
way, the previous nomenclature positionbased was multiplied according to the types
enclosed by the field measures. Incidentally,
this shape was explained outside the conceptual model of an origin only by weathering.
For instance, the review of TSCHANG (1974:
43) pointed to the relationships between the
inter-feet distance and the curvature of the
basal forms (Fig. 5): the shorter distance is
related to the higher curvature.

Fig. 5 Support distance and cavity curvature in HongKong from Tschang (1974).

At this scenery the book about the granite
landforms wrote by GODARD (1977) summarizes the morphology of these forms with
the following words:
“Creusés dans les parois rocheuses ou
évidés aux dépends des flancs des grandes
boules, les taffonis sont des cavités
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arrondies dont la taille peut aller de celle
d´un oeuf à celle d´une grande chambre. On
en connaît des géants qui mesurent près de
10 m de hauteur et occupent un volume de
plusiers dizaines de mètres cubes...mais les
dimensions les plus fréquentes sont d´ordre
métrique.” (GODARD, 1977 o.c.: 112)

Considering the size range of landforms in
the granite landscapes, this author identified
the cavities with the minor rank level: the size
is a criterion both to discriminate and to
explain the landforms. These minor forms or
micromodelés from a granite outcrop allows
understanding the geomorphologic evolution
because many generative events could be differed between them. Afterwards, when this
line of argument was retained there ran into
the question of the landform convergence
whenever an explanation of genetic processes
came next to an exogenous natural system.
The following monograph work about the
granite landforms (TWIDALE, 1982) recognised the previous hollows dimensional range
or types and also reflected the theoretical and
practical unambiguously of their nomenclature. And many studies began to planning a
different perspective in the conceptual and
methodological sense of the accurate terms.

The research in the granite lands from Galicia
(northwest of Iberian massif, Spain) made at
this time an interesting contribution set
(VIDAL ROMANÍ et al., 1979; VIDAL
ROMANÍ, 1983; VIDAL ROMANÍ, 1989).
The hollow forms were named with the
Galician term of cacholas or cacheiras. In
these works the applied terminology attended
to the main conditions that could affect the
shape and the size, the growth trends or the
eventual destruction of whatever rock cavity
(Table 3). First, the main control variable on
the dimensional and morphological features is
related to the available rock volume that could
be disintegrated inside the host unity which is
limited by a discontinuity system; this control
on the size and the shape could be a heritage
from an endogenous system. Second, the hollow begins their development starting from
this initial pattern on a single inner rock surface inside the host rock volume; since then,
the main control variable concerns to the feedback relations between the structural and environmental conditions: a diverse differentiation
usually appears in an active and non-active
inner rock surface with regard to the weathering progress; later events can destroy the initial hollows pattern.

TERM

MAIN FEATURES

EQUIVALENT TERM

cachola pena

Equal-dimensional host block
Well-defined rounded cavity
Common inner alveoli
The largest forms

Basal tafone
Boulder tafone
Tortoiseshell rocks

cachola laxe
cachola lapa

Hetero-dimensional host block
Hollow enlarged between joints
Basal or lateral location
Occasional inner alveoli

Basal tafone
Sheet tafone
Side-wall tafone

cachola fungo

Steeped or flared host rock
Asymmetric hollowing out wall
Rarely inner alveoli

Scarp foot cave
Mushroom forms

*from Vidal Romaní et al. (1979); Twidale (1982); Vidal Romaní (1983 & 1989)
Table 3. Hollow types related to structural control (Galicia, Spain)*
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The successive stages of the hollowing
out in a host rock had been really named
with different terms. This assertion may be
proved in the research at this time, for
instance from Italy (MARTINI, 1978) and
from Finland (KEJONEN et al., 1988).
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However, in the last monographic publication of the twenty century dealing to the
granite landforms (VIDAL ROMANÍ and
TWIDALE, 1998) the main form types are
described to look at a new conceptual sense
of their nomenclature.

Photo 1. Alveoli pattern in the Ons
Island (Galicia, Spain).

Photo 2. Complex of cavities in Achiras granite (Argentina).
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TERMINOLOGY RELATED TO GRANITE FORMS LINEAGE
The mentioned terminology was understood as a descriptive and a conceptual tool
according to the knowledge progress about the
granite landforms. Generally, it was assumed
that the different stages of the recorded forms
were single components of the whole landscape. From this reasoning the cavernous
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rocks are identified as limited forms to be
studied. The cited reports displayed their particular conditions, selecting the shape and the
measure range starting from the most unusual
cases. So, it was very difficult to explain the
genetic and the evolutionary events related to
these forms. However, if we consider these
forms as the components of a geomorphologic continuum, their measures can provide a
significant information (Fig. 6).

Fig. 6 Evolution of a granite slope with cacholas from Vidal Romaní et al (1984).

Found at many positions and climatic contexts, the development pattern of the cavernous features involves a complex progression from fresh to failed granite volume
(Photo 2) reflecting cumulative changes in the
structural and in the mineralogical rock properties. Today, the research clearly works on a
self-destructive dynamical model of the hollows growth. This progression really proceeds
in time periods where different evolutionary
phases are more or less fit to a sustainable
growth in size (UÑA ÁLVAREZ, 2004). The
duration of each of these phases can be very
variable and the current morphology of cavities in the field indicates a partial self-organi-

zation system, also subject to divergent pathways. The essential nature of their evolution is
always an irreversible process (Fig. 7).
The terminology meaning could be less
uncertain if the cavities are considered as multistage entities from a holistic model, the natural system. The key provided by the spatial
location can be a valuable criterion from
minor to medium topographic and morphologic scale; the key provided by the development stage can be a valuable criterion to a
long time scale. But the derived nomenclature
does not design unequivocally the wide hollows types observed according to the size, the
inner walls stage, the preserved visor features
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or the shape of the opening in the outer shell
of rock (Photos 3, 4, 5). In order to define a
nomenclature system associated with this conceptual sense, it is necessary to open the
genetic and evolutionary model prevailing
until today. It is necessary to think about the
cavities morphological features as the development stages associated to many implied
events with a granite outcrop history.
Therefore, we find in the field research a
great variety in their location and their shape
properties. For instance, a wide diversity
appears in the features of their inner walls
which can be regular, flaked, ribbed, honeycombed or scalloped, so that we must consider the possible generative fields with regard to
a possible lineage of granite forms (VIDAL
ROMANÍ et al., 2004).
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Fig. 7 Development stages in a boulder tafone (from
Vidal Romani & Yepes, 2004).

Fig. 8 Relation between block size and cavity area in Galicia (Spain).

The shape, the size and the different development stages of the cavities may be related to
the behaviour of the main control variables
already mentioned (Fig. 8). In fact, only so can
be recognised the range of generative conditions and their features related to the age(s)

from latent to primary hollows forms, later
subject of weathering modifications (VIDAL
ROMANI et al, 2006 o.c.). The vast majority
of hollows inverse or laterally disposed on
granite rocks clearly start from a fracture plane
whatever their orientation and some few on
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weathered surfaces or xenoliths (TWIDALE
and VIDAL ROMANÍ, 2005 o.c.). This condition in most cases is field present: the cavities
are related to the joint system which limits
their host rock volume; and a recent empirical
research demonstrates that the size and the
geometry of this host rock have a significant
control on the size and the shape of these cavities (UÑA ÁLVAREZ and VIDAL ROMANÍ,
2006). The generic approach supposes that
several morphogenetic fields can explain the
control conditions related with the origin and
the development of the hollow forms. So, the
forms are termed according to the field
research at an endogenous, subsoil or surface
environment. The printed tafoni or latent
tafoni name the lacunars spaces delimited by
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the rock discontinuities at the apical or inner
zone of a granite outcrop. Later evolution of
this initial pattern can be recognised in the primary endogenous tafoni at the granite landscape. The primary exogenous tafoni can also
exist associated to the natural relationships
between a jointed rock volume and the subsoil
or the external agencies. Whatever of these
forms can be degraded in secondary tafoni
forms until their last ruined. Along this entire
evolutionary path only some cavernous forms
retain their generic design, for instance a single
cavity basal, reflecting an invariant morphogenetic set. In order to identify the possible
morphogenetic type, we need to go on with a
mixed spatial, morphological and statisticaldimensional research approach.

Photo 3. Cavernous form very developed in Achiras granite (Argentina).
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Photo 4. Complex cavernous form in Achiras granite (Argentina).

Photo 5. Basal form with lateral window in Baroña, Galicia (Spain).
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FINAL STATEMENT
The tafone or cavernous granite forms typically show a size range from several centimetres to several metres in opening diameter and
their perpendicular axis. Such variation of the
size can provide a confused genetic meaning
related to the identification of some alveolar
forms. The alveoli are really discriminating by

Description and nomenclature 79

their small dimension but over all the morphological key concerns to their inherent closed
pattern (honeycombed). And in the conceptual sense of the terminology we are usually
dealing to inner alveoli of the cavities which
reflect an anisotropic development stage.
These forms were already explained with a
different morphogenetic approach at the twenty century beginning.

USEFUL TERMINOLOGY APPLIED
Tafone (Tafoni)
Taffone (Taffoni)

Cavern (Cavernous weathering)
Cavernous rock surface

Basal tafone (or taffone)
Boulder tafone
Sheet tafone (or taffone)
Sidewall tafone (or taffone)

Basal cavern, Basal cave
Tortoiseshell rock
Rock niche, Rock hollow
Scarp foot cave, Mushroom rock

MAIN FEATURES FIELD OBSERVED
Diverse opening plane shape
Cross-section in arch shape
Inner walls concave surface
Diverse external walls stage
Connecting to the outside

spherical, hemispherical, elliptical, irregular
hemispherical, hemi-ellipsoidal
regular, flaked, honeycombed, ribbed, scalloped
fluting, hollowing, preservation of visor or hood
occasional by windows in the outer shell of rocks

Table 4. The most common terms and features of granite cavities studied.

The description and the nomenclature of
the cavities studied in granite terrains over
time notes many common features from the
morphological types differentially named
(Table 4). At successive research approaches
these features were included in a nomenclature scheme based on several key criterions
(i.e. location in host rock, development stage).
Also, they were used to explain the cavities
from a single or mixed action of the exogenous agencies. A similar approach was
retained to these landforms research in nongranite terrains where the morphological fea-

tures closed by the terms are also confused;
therefore, similar terminology problems are
present in non-granite terrains. And in this
case the researches equally noted that in the
hollows pattern there is a control “by the internal fabric of the rock on where tafoni develop” (McBRIDE & PICARD, 2000: 878). So,
a different conceptual and a different methodological approach are necessary. Some former
ideas and some current prospects mentioned
can provide the keys in order to clarify the
future nomenclature framework.
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Abstract
Several minor cavernous features can be well differentiated in the granite terrains of Los
Riojanos (Pampa de Achala, Sierra Grande de Córdoba, República Argentina). The cavernous
morphology always appears related to a well-defined discontinuity rock system, which is
determined by the endogenous massif history. Here, all the observations about cavern-like features, usually called tafoni, are located near intrusive border of outcrop. The samples of this
work were recorded from a recent research on granite landscape. Their analyses can provide
significant information to explain the geomorphic evolution of the massif. Their geometric and
morphologic nature analysis is the first step in order to clarify what the morphologic and evolutionary keys linked to the genetic conditions towards a better landform explanation are. The
measurement system and their three-dimensional projection are only previous information to
obtain the summarized data (volume). The values distribution and their fit goodness are also
the previous step for a suitable statistical processing. Considering the configurative aspects
and the relationships with the host rock forms, we can advance towards the knowledge of these
granite landforms.
Key words: tafoni, cavernous forms, endogenous forms, granite landforms, granite landscape,
Argentina

8012096-XEOLOXIA N 33.qxd:maquet. 1

7/1/09

19:47

Página 84

84 Uña Álvarez and Vidal Romaní

INTRODUCTION
The granite landscape is a puzzling where
the diverse components or landforms are interdependent. Their generation and development
pathways derive from a multi-feedback set of
different signs subject to contingency along
the time (THOMAS, 2001). At a local scale,
the study of one landform typology analyzes
their convergent or divergent behaviour on
some rock masses. This behaviour is interpreted in an evolutionary context from a granite
outcrop where a set of endogenous and exogenous events can define and model the rock
units (VIDAL ROMANÍ et al., 2006). This
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work deals with the minor granite landforms
usually known as tafoni or cavernous forms,
although they have been termed with another
names in the geomorphologic research (UÑA
ÁLVAREZ, 2005). They result from a hollowing out process that commonly can be
observed on the granite landscape underside
the blocks or boulders and into the rock walls,
always related to the rock discontinuity system
(TWIDALE and VIDAL ROMANÍ, 2005).
Therefore, the typology of all these cavities
can provide significant information about the
genetic and evolutionary landscape events.
This study deals with some tafoni features in
“Los Riojanos” (Pampa de Achala, Argentina).

Fig. 1 Location of Sierra Grande and the study area (Google Earth).
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Photo 1. General view of the granite landscape in Los Riojanos.

Photo 2. Particular view of several granite cavernous forms.
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STUDY AREA
All the recorded cavities are located in the
geographic unit “Sierras Pampeanas”, northwestern region of Argentina, concealment in
Sierra Grande de Córdoba (cerro Champaquí,
2.790 m a.s.l.). The Sierra Grande de Córdoba
is a granite massif intruded between the
Chaco-Paraná basin and the Pre-andina range.
The boundary research concerns their high
plains of “Pampa de Achala”, in the western
area (Fig. 1), declared Natural Hydrological
Reserve in 1995. From the bio-geographic
viewpoint, the Pampa de Achala is a particular
eco-region of the Sierras and Bolsones system
with a sub-tropical dry climate. The maximum
value of annual precipitation is 200 mm that is
concentrated in the summer months. The
mean annual temperature is 14ºC but during
the winter months has been recorded -5ºC; the
temperature variation along the day usually
shows a wide range from 5ºC to 35ºC in a normal summer day. From the geomorphologic
viewpoint, the Pampa de Achala is a horst
form which has risen during the postMesozoic times; these events have affected a
previous etch surface (CARIGNANO et al,
1999) with a multistage time sequence.
The research sample comes from “Los
Riojanos” (in forward LR), extending
between latitude 31º28´40´´S - 31º29´15´´S
and longitude 64º55´00´´W - 64º55´55´´W
(Photos 1 and 2). The studied landforms are

Photo 3. Basal feature.
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placed between 1,686 and 1,819 m a.s.l. On
the whole, the generation of granite landforms
in the study area (a tectonic relief) starts from
the endogenous events related to the intrusive
process; their linked patterns appear in the
periphery near the former intrusive border of
the magmatic body where it is defined the
sampling station for this research (VIDAL
ROMANÍ et al, 2007).
SAMPLING AND WORK METHODS
In order to collect a significant statistical
sample, the fieldwork has sustained two main
selection criterions of the forms. Only just
were collected the forms which hostess block
remained “in situ” (not moved or not split). In
addition, the sampling (n=25) was limited to
the greatest forms. The measurement of the
different cavities form is really free-scale in
nature; thus, it permits a selective analysis
which can be used to establishe a hierarchical
setting. But it is clear also that this research
approach simplifies the morphological features. Because of that in the present work the
measures are detailed from a two-dimensional
plane to a three-dimensional volume. In accordance with our recent related works (UÑA
ÁLVAREZ, 2004; UÑA ÁLVAREZ and
VIDAL ROMANÍ, 2006), the form attributes
or the studied variables taken into account deal
with the current cavities design. In this context
primary and secondary data were managed.

Photo 4. Lateral feature.

CAD. LAB. XEOL. LAXE 33 (2008)

Some minor features 87

Photo 5. LR8 - Baldachin form very developed in volume.

The primary data of the landforms were
recorded by the fieldwork (August 2006).
They included features related to the location,
the shape and the qualitative properties of the
cavities. The primary measures inside a cavity
were the dimension of the main horizontal
axis (y, x) as well their perpendicular vertical
axis (z). The values of these measures (unit =
metres) were stated on a three-dimensional
space. The projection in a Cartesian coordinates provided some geometric properties
which were very significant to characterize an
empty space inside a rock unity, in their size
and their shape (Fig. 2); this field information
was basic to know the opening and deepening
of the cavities. Moreover, during the field
research it was especially important to identify the nowadays support system of the cavities
(Fig. 3): some forms preserve a central granite
pillar on the adjacent rock plane whereas other

forms show only lateral ringlets supports
more or less differentiated; and occasionally,
it can be observed a hanged granite pillar
which remains of the previous support. The
secondary numeric data of the landforms were
the evacuated rock volume which was noted
in cubic metres. This volume datum required
the previous approximation about the threedimensional shape for use an adequate calculation formula. So, the geometric bodies determined by the measured axes and their projection on a three-dimensional space represent a
basic analysis tool.
All numeric data were object of a statistical processing. First, we consider some statistical descriptive measures. Between them,
two standardized stats were used to explore if
our sample comes from a normal distribution: the skewness which looks for lack of
symmetry in the data distribution; and the
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kurtosis which reveals if the shape is more
peaked or flatter than the normal distribution.
The best distribution fit of our data was full
determinated by the Shapiro-Wilks test
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(based upon comparing the distribution
quantiles) and Kolmogorov-Smirnov test
(based upon comparing the cumulative distribution frequencies).

Fig. 2 Ellipsoidal, spheroid and other geometric references.

Fig. 3 Supports and rock pillars conditions.

Second, the data processing was stick to
robustness with non-parametric stats. The robust
measures are the most adequate descriptors for
skewed or non-normal shape distribution of
data. These statistics are not sensitive to the
extreme values (outside values) which should be
never excluded in the geomorphic research. In
the box plot of the data, the median is marked by
the centre vertical line; the lower and upper
quartiles comprise the edges of the central box.
The analysis ends with the volume data clustering for detecting stage-groups of the cavities.
Here, the cluster computes normalized
Euclidean distances. The median linkage
method uses the median value of all observations as the reference point for distances between pairs of cases. In order to abstract the size
and the form of the found cavities were drawn
all cross-sections along the (x) axis (Fig. 4).
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Fig. 4 Tafoni cross-section along (x) axis.
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GEOMETRY AND
FEATURES

MORPHOLOGIC

The geometry reference appears in two
ways defined by the main development of the
cavities into the hostess block: basal (Photo 3)
or lateral (Photo 4). The three-dimensional

(y, x, z) RELATION
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shape of the cavities can be usually represented as a part of an ellipsoid (Tables 1.1 & 1.2).
Generally, the geometric variation of these
ellipsoidal cavities (mid-ellipsoidal or quarterellipsoidal) implies several specific values
from an oblate to a spindle-shaped geometric
body.

y/x

y/z

LR2

1,00

1,50

ellipsoid
mid-ellipsoid
mid-ellipsoid
mid-ellipsoid
mid-ellipsoid
two mid-ellipsoid*
two mid-ellipsoid*
two mid-ellipsoid*

LR8
LR5
LR6
LR20
LR23
LR9
LR11
LR24

1,11
0,55
0,56
5,50
1,77
1,31
1,40
1,20

1,56
2,10
2,25
6,42
5,11
3,93
5,56
3,50

mid-sphere**

LR21

1,00

1,00

CASE

y/x

y/z

empty sphere section**
empty sphere section
mid-ellipsoid
mid-ellipsoid
quarter-ellipsoid
quarter-ellipsoid
quarter-ellipsoid
quarter-ellipsoid
quarter-ellipsoid
quarter-ellipsoid
triangular prism

LR1
LR14
LR12
LR16
LR10
LR19
LR3
LR4
LR13
LR15
LR17

6,00
7,30
2,45
3,91
1,11
1,56
2,20
2,60
1,47
1,88
4,76

8,28
8,75
7,36
3,07
4,11
3,12
2,36
3,57
3,57
2,23
9,00

x>y>z

tetrahedron

LR18

1,20

2,50

x>y=z

mid-cylinder

LR25

0,41

1,00

y>z>x

rectangular parallelepiped*

LR22

2,46

1,45

y=z>x

mid-ellipsoid

LR7

1,94

1,00

y=x>z

y>x>z

y=x=z

GEOMETRIC BODY

CASE

mid-ellipsoid

*Complex of two cavities **Complex of three cavities
Table 1.1 Geometry of the cavities with main basal development.

(y, x, z) RELATION

y>x>z

GEOMETRIC BODY

*Complex of two cavities **Complex of three cavities
Table 1.2 Geometry of the cavities with main lateral development.
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Photo 6. LR23 - Basal development (A) with remained centre pillar.

Some minor features 91

8012096-XEOLOXIA N 33.qxd:maquet. 1

7/1/09

19:47

Página 92

92 Uña Álvarez and Vidal Romaní

CAD. LAB. XEOL. LAXE 33 (2008)

Photo 7. LR9 - Compound basal development (A) related to discontinuities.

Only just one observation was approximate to a complete ellipsoid (LR8 case, Photo
5): in this baldachin form, the volume of their

hanged rock pillar (1,07 m3) was calculated
starting from a cylinder with high of 1.7 m and
diameter of 0.9 m. Another basal observation
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with a single mid-ellipsoidal geometry (LR23
case, Photo 6) keeps a central pillar which
volume (0.64 m3) was calculate starting from
a cone trunk (upper perimeter = 3.8 m; lower
perimeter in support point = 1.98 m and high
= 0.9 m). Some forms are compound midellipsoidal bodies as the basal cavity LR9
(Photo 7). It is specially noteworthy the cases
where the cavity surrounds external volume of
hostess block under one rock umbrella. The
greatest of them (and the greatest of the sample, LR1 case, Photo 8) is developed in a
block with 26 m of total perimeter engaging
the 92% of their external area; the cavity has

grown in two empty sphere sections and one
mid-ellipsoid section. A smallest number of
observations can be represented by a part of a
cylinder, one mid-sphere, a tetrahedron, a triangular prism, or a rectangular parallelepiped
(LR22 case, Photo 9).
These geometric properties are interpreted
as the indicators of the possible initial stress
distribution between the blocks (minimum
stress = maximum lengthening; maximum
stress = maximum shortening) according to
the discontinuity system pattern. They are also
related to the more or less regular development of the cavities from that initial design.

STATS

y

x

z

Minimum
Maximum

1,00
24,00

0,80
5,10

0,70
4,00

Mean
Stand Deviation
Stand Skewness
Stand Kurtosis

5,87
4,82
2,35
6,21

2,75
1,24
0,13
-0,97

1,53
0,82
1,67
1,94

Lower Quartile
Median
Upper Quartile

2,89
4,30
7,60

1,55
2,90
3,50

1,05
1,25
1,75

Table 2. Statistics of the measures (metres).

On the whole, there are several determinant
questions in the measure data analysis that
implies the statistical nature of the geomorphic
variables (Table 2). The data distribution of the
(y) and (z) variables exhibit non-normal properties: median always smaller than mean, asymmetric shape, peaked form and presence of outside values. All probability values resulting of
applied test are < 0.01 and we can reject a normal distribution with a 99% confidence level. In
the opposite sense, the data distribution of the
(x) variable show a mean next to the median
stat, lack of outside values and more symmetric

shape (the p-values resulting can not reject a
normal distribution). Then, in order to explain
the volume variation the research requires the
use of robust statistics. Furthermore, the results
of different landforms sub-sets, for instance
basal and lateral, display the same statistical
properties. Starting from these conditions, logically the volume data are characterized by a
non-normal distribution (Fig. 5); really, they can
better fit to a log-normal distribution which
behaviour path is of exponential nature. And
their values reflect set forth the high asymmetry
and peaking of the data distribution.
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Photo 8. LR1 – Tafoni situation and differentiated cavities (B).
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Photo 9. LR22 – Rectangular cavity form.

So, these features and the wide range of volume results in the sample or their sub-sets advice
the robust stats selection as the goodness indicators for characterize the geomorphic cavities

stage. The median, which describes the midpoint
of the volume distribution, with their confidence
interval and the quartiles has been used to determine the size stages in the sample (Table 3).

SIZE

SC

CASES RECORDED

Smallest

1.1

LR2 LR4 LR6
LR14 LR16 LR18

3,53

Small

1.2

LR3 LR11 LR24

4,72

Median

2.0

LR7 LR10 LR17
LR19 1R20 LR21
LR25

8,03

Large

3.1

LR12 LR15

16,88

Largest

3.2

LR5 LR9 LR22
LR23

30,00

Outlier

4.0

LR8 LR13 LR1

> 38,00

Table 3. The size stages (volume in m3).

VOLUME LIMIT
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As regards this classification the lower
stage codes (SC) are grouping the less developed forms while the upper stage codes are
grouping the more developed forms. The clus-
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tering multivariate technique provides equally
different groups starting from similarity of the
volume cavities (Fig. 6).

Fig. 5 Box plot for (z) values in the basal (left) and lateral (right) sets.

PROSPECT STATEMENT

Fig. 6 Normal probability plot for volume data in the
basal (upper) and lateral (lower) sets.

The morphologic properties of the tafoni
forms display a known behaviour: the results
agree with those published about other similar
forms in granite and non-granite terrains (MATSUKURA and MATSUOKA, 1991; SUNAMURA, 1996; NORWICK and DEXTER,
2002). These works (like MELLOR et al, 1997)
also sampling in their study area only the largest
tafoni (usually n = 25) and then took sub-samples or sub-sets for the detail analysis. It is clear
that the tafoni in Los Riojanos (Argentina) are
always related to the discontinuity rock system.
The cavities start from their basal or lateral planes whatever their orientation. Many enclosed
forms present here are termed as “boulder tafone” or “sheet tafone” types. But they are also
many opened forms similar to which are termed
“side-wall” type and “mushroom rocks”. The
analysis of qualitative observations shows that
we deals with forms at the growth stage II, III,
IV (TWIDALE & VIDAL ROMANÍ, 2005
o.c.). The alveoli and the flaked surfaces are present in the inner walls of median size forms
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whereas the scalloped surfaces are present in the
inner walls of large size forms.
The size of the studied cavities is larger
than other published data on granitic rocks. For
instance, GRENIER (1968), in the Atacama
desert of Chile, pointed out the lateral hollows
developed on granodiorite as the oldest forms
with a maximum (z) measure of 2.0 m and a
maximum (x) measure of 3.0 m. On the other
hand, DRAGOVICH (1969) has provided
many side-wall (x) measures in Australia with
a maximum value of 1.52 m in granite. The
“typical basal cavern” with alveoli (z = 1.3 m)
studied in Finland by KEJONEN et al. (1988)
and the lateral case presented by BAONZA
(1999) as “particularly forms” (z = 1.8 m) have
less size than the cavities here studied. And the
data from basal forms in Doeg-Sung Mount
(Korea), measured by MATSUKURA &
TANAKA (2000), are equally a minor range
(maximum z = 1.6 m). Hitherto the basal cavities measured in Galicia (UÑA ÁLVAREZ and
VIDAL ROMANÍ, 2006) neither reach (maxi-
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mum z = 1.20 m) the size of the sample from
Los Riojanos (Argentina).
We think that these cavernous forms are
structural landforms, in the sense that they are
due to exploitation of rock weaknesses by
exogenous agencies of weathering and erosion. In this way the term “weaknesses” is
related to the endogenous printed features of a
granite outcrop. The cavities geometry and
their size variations are determined by the
shape and the size variations of host blocks.
All these conditions have an intrinsic link with
the deformation which can affect a rocky massif. The discontinuities pattern of the granite
and their time evolution (i.e. from cubic to
round blocks) is significant in the present
landscape. But one truthful significant process
is of endogenous range (the migration and
load concentration model): this process printed special susceptibility to alteration (lacunars
spaces) on zones between the blocks in the
solid state of rock (VIDAL ROMANÍ, 1983;
1989) later subject of external agencies.

Fig. 7 Volume clustering in thre basal (left) and lateral (right) sets.

Fig. 8 Relation between (z) measures (ZTF) and
host block size.
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Abstract
In the present paper two different sites with granite caves are described and discussed with respect to their geological settings, cave morphology and petrological data. Both sites are located
in Macedonia (northern Greece) where granites of different ages and petrography outcrop.
The first one is a fracture-guided cave named Kanaras Cave that strikes NW-SE. Initial development of the cave took place due to tectonics of the Tertiary NE-SW extension in the area.
The final formation took place during the E-W Quaternary extension. Thus, it is considered to
be a crevasse cave, which is tectonic in origin. The second site, Loutra Eleftheron, presents
caves that can be attributed to side-wall tafoni weathering forms. This is also consistent with
the presence of gypsum and hexahydrite, the fracture-guided pattern and the coastal environment of the cave area. It is assumed that salt weathering leads to rock disintegration.
Key words: granite cave, tafoni, crevasse, gypsum, hexahydrite, Vrontou Mt., Loutra
Eleftheron, Macedonia, Greece
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INTRODUCTION
A great number of karst caves (about
10.000) have been discovered and explored in
Greece. Many of them have developed along
contacts of carbonate and non-carbonate rocks
(contact caves after BÖGLI, 1978). They usually form along contacts of schist and marble
such as the Pholia Pothole that is located in
eastern Macedonia and developed following
the almost vertical dipping of this contact for
150 m. The Melissotripa Cave (Elassona,
Central Greece) is an example that is mainly
horizontally developed and hypogenic in origin
according to VAXEVANOPOULOS (2006).
One more or less differently developed cave is
the Drakotrypa Cave of Vrasna village that
opened in a coarse-grained marble (an intercalated bed in gneiss) in which intrusions of pegmatites are observed. Cave formation is limited
at these insoluble veins and the shape of the
cave interior depends on their geometry. Fewer
examples of caves exclusively opened in noncarbonate rocks are known. Most of them are
small littoral ones. Many large and small
coastal caves are known in Greece, mainly

Página 102

CAD. LAB. XEOL. LAXE 33 (2008)

developed in carbonate rocks. In general, these
caves could have opened in a range of different
lithologies (MYLROIE, 2005). Samothraki
Island of northern Aegean Sea has littoral caves
in felsic rocks and in the broader area of Loutra
Eleftheron (East Macedonia, close to the area
of the present study) a small sea cave has been
formed in conglomerates. A cave is reported by
KIRDIS (2000) that has opened in gneiss at Mt.
Chortiatis, close to Thessaloniki area. Although
there are some examples of caves in non-carbonate lithologies, granite cave speleogenesis
in Greece remains little known.
In the present paper two different sites
with granite caves are described and discussed
with respect to their geological settings, cave
morphology and petrological data. Both sites
are located in Macedonia (northern Greece)
where granites of different ages and petrography outcrop (fig. 1). These plutons are
emplaced into the Rila-Rhodope massif that is
separated into distinct geological units by
major thrust zones (Sidironeron Unit and
Pangeon Unit) according to PAPANIKOLAOU & PANAGOPOULOS (1981).

Figure 1. Map of Greece with
the location of the granite caves
depicted in the Macedonia area.

The first site is located near Fea Petra village, on Mt. Vrondou, close to the GreekBulgarian borders, north of Serres (Central
Macedonia). The Vrondou Granitoids is an

Oligocene I-type pluton and the rocks are classified as quartz monzonite, granite, granodiorite, monzonite, quartz syenite, diorite and gabbro
(SOLDATOS
et
al.,
1998;
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KOLOCOTRONI & DIXON, 1991; THEODORIKAS, 1982). In particular, the southern
and western parts of the pluton (where the cave
is developed) are slightly to intensively
deformed by a flat lying shear-system which
has led to mylonitic foliation and stretching
lineation (SOLDATOS et al., 1998).
The second site is located close to the
Loutra Eleftheron (eastern Macedonia) area,
where the Kavala pluton outcrops. This pluton
consists of metaluminous Alpine I-type
granitic rocks; a medium- to coarse-grained
porphyritic gneissic granodiorite predominates over a coarse-grained granodiorite
(NEIVA et al., 1996). A group of small caves,
conduits and holes have developed on the
escarpment of an NE-SW striking normal
fault and on very steep slopes of small Vshaped valleys that incise the granite. This
fault follows the major strike of the bedrock
faults of the broader area (TRANOS, 1998)
and it is the boundary between the granite and
marine sediments of the Pleistocene age that
are composed of sandstones, clays and conglomerates. These sediments lie transgressive-
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ly on Pliocene marine and brackish sediments,
such as sandstone, marls and limestone
(KROMBERG & SCHENCK, 1974).
The petrography of the Kavala pluton has
been discussed by KOLOCOTRONI &
DIXON, (1991) and of the Vrontou Pluton by
SOLDATOS et al., (1998). In the present study,
petrography is restricted to a brief summary and
the petrographic study is localized to the area of
the caves, since only the part of both plutons
where the caves occur is of interest. The aim of
the present paper is to study the geology of the
Kanaras Cave and the Loutra Eleftheron Caves.
THE KANARAS
GRANITOID

CAVE-VRONTOU

The Kanaras Cave is located on the hill of
the same name on Mt. Vrontou. The cave can
be described as a single narrow NW-SE striking passage of approximately 15 m of length,
12 m of depth and 2.5 to 0.3 m in width (fig. 2).
The cave is of vertical development (fig. 3).
Further exploration of the cave is almost
impossible due to sediments covering the floor.

Figure 2. The Kanaras Cave: (left) ground plan, (right) NW-SE cross section.
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Figure 3. The Kanaras Cave: (left) a SW view of a 3D model of the cave; (right) the interior of the cave at the
entrance area that is breakdown modified.

The cave has developed along the striking
of the main group of joints in the nearby area
(fig. 4). It is a fracture-guided cave with
respect to a comparison between the orientation of the cave and the rock fractures, either

joints or foliation. Additionally, the dip-angle
of foliation is more or less a low one facilitating the collapse of boulders from the cave roof
that is only some meters thick. The entrance
probably opens by upward stoping.

Figure 4. The Kanaras Cave: rose-diagram of the rock fractures: a. of striking; b. of dip-angle.
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Petrographic characteristics
Kanaras Cave, Mt. Vrontou
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of

the

The rock of the Vrontou cave is intensively deformed, fractured, sheared and appears to
be quite weathered.
Even though it was difficult to prepare the
thin sections for the petrografic study, they
provide useful information concerning the
degree of deformation of the rock.
The rock is a medium- to coarse-grained
granodiorite and displays a gneissic texture.
The most abundant mineral remnants are
hornblende and plagioclase while biotite, kfeldspars and quartz are missing in some samples or are broken-down. In some thin sections, feldspars display an unusually anomalous extinction (fig. 5a) which is interpreted
as the result of intensive stress and deforma-

tion. The essential minerals are hornblende,
biotite, plagioclase, quartz and microcline and
the accessory minerals are opaque titanite,
apatite and zircon. The secondary minerals are
sericite, epidote, chlorite, and undefined iron
oxides. Microcline is perthitic and anhedral.
Plagioclase is subhedral to euhedral, with
myrmekite occurrence along its borders and
sometimes altered to sericite or epidote.
Quartz is anhedral, deformed and rounded
(fig. 5b). Biotite is subhedral and hornblende
is subhedral to euhedral with cracks appearing
and there being absence of some parts of the
crystals (fig. 5c & 5d). To finish the macroscopic observation and petrographic study
indicate that the granodiorite had been subjected to an intensive mechanical deformation
as a result of stress similar to the one
described by SOLDATOS et al. (1998).

Figure 5. Thin sections of the Kanaras Cave: a) Feldspar displaying anomalous extinction; b) Characteristic form
of the quartz component of the rock; c,d) Broken- down hornblende crystals.

8012096-XEOLOXIA N 33.qxd:maquet. 1

7/1/09

19:47

106 Lazaridis and Pipera

The Loutra Eleftheron Caves, Kavala
Pluton.
A group of small caves, conduits and
hollows have developed on the escarpment
of an NE-SW striking normal fault and on
the very steep slopes of small V-shaped valleys that incise the granite (fig. 6 & 7). This
fault follows the major strike of the bedrock
faults of the broader area (TRANOS, 1998)
and it is the boundary between the granite
and marine sediments of the Pleistocene age
that is composed of sandstones, clays and
conglomerates. These sediments lie transgressively on Pliocene marine and brackish
sediments, such as sandstone, marls and
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limestone (KROMBERG & SCHENCK,
1974).
Their size does not exceed several
meters. A common characteristic of the morphology of the caves in this area is that their
entrances are always wider than they are at
their deepest place. They seem to be fracture-guided (fig. 7) with elliptical to circular
shape of cross section. Additionally, they are
not distributed in the area in a restricted way,
either hypsometrically or horizontally. The
floor of the caves does not typically show
any marked weathering. This is due to protection by weathered material deposited
from above.

1. Kavala Pluton; 2. marbles; 3. marine and brakish sediments of the Piocene age; 4. marine sediments
of the Pleistocene age; 5. terrestrial sediments of the Olocene age (based on KROMBERG &
SCHENCK, 1974).

Figure 6. Geological sketch of the Loutra Eleftheron area with the location of the caves depicted.
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Figure 7. Characteristic view of the Loutra Eleftheron Caves.

Figure 8. The Loutra Eleftheron Caves: small conduits in granite along fractures.
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Petrographic characteristics of the Loutra
Eleftheron Caves.
Macroscopically, the samples show a low
degree of alteration with no evidence of intense
weathering. Several fractures occur in the area
of the caves, filled with a white weathering
material originating from the granite. A number
of fractures are filled with hexahydrite or gypsum. The latter, covers partially cave walls and
it is contained in weathering material from the
granite. The mineral composition of the material from fractures was recognized with powder
XRPD analysis. Powder XRPD analyses were
obtained on a PHILIPS PW1820/00 X-ray diffractometer of the department of MineralogyPetrology-Economic Geology, School of
Geology, A.U.TH , carrying a PW1710 microprocessor. The operating conditions for all samples were 35 kV and 25 mA using Ni-filtered
CuK radiation. The 2-theta scanning range was
between 3º and 63º and the scanning speed was
1.2º/min. Refinements were done with the PCAPD software and the identification of the samples was made with the JCPDS-ICDD 2003
database. Silicon was used as external data.
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The microscopic study of thin sections of
the rock shows that the sample is a coarsegrained, porphyry monzogranite with perthitic
phenocrysts often displaying a poikilitic texture enclosing small crystals of plagioclase
and biotite, and sometimes myrmekite occurs
along their borders. The essential minerals are
quartz, microcline plagioclase and biotite and
the accessory minerals are opaque, zircon,
titanite, apatite and allanite. The secondary
minerals sericite, saussurite, chlorite, undefined iron oxides presence is limited.
Microcline phenocrysts are euhedral and
shortly perthitic. Sericite and clay alteration
occurs as patches form in microcline.
Plagioclase is euhedral to subhedral altered to
sericite and saussurite. Biotite is also euhedral
and rarely subhedral (fig. 10a & 10b) containing sometimes chlorite. Euhedral zircon and
apatite occur as inclusions in feldspars. In
conclusion, the petrographic study indicates
no evidence of alteration of the wall rock of
the Loutra Eleftheron Caves but the numerous
fractures of the granite reflects that the granite
was subjected to a direct stress event.

Figure 9. The Loutra Eleftheron Caves: close-up a) of the gypsum that covers the cave walls; b) of the hexahydrite
that fills fractures of the granite.
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Figure 10. Thin sections of the Loutra Eleftheron Caves rocks: a, b) Orhtoclase phenocrysts and subhedral biotite (N+).

DISCUSSION
Speleogenesis in non-carbonate lithologies, except gypsum and salt, involves an initial chemical weathering of the rock to create
zones of friable rocks, which then are
removed by piping. Subsequently, the flowing
water results in further conduit enlargement
due to mechanical erosion. This process concerns the quartzite caves and the essential conditions are as follows: a) a long period of
phreatic level stability, followed by uplift; b) a
large difference between local and regional
base levels; c) rock layers specifically susceptible to piping, or impermeable layers
(CORRÊA NETO, 2000). WILLEMS et al.,
(2002) reports an example of karst in granitic
rocks in the sense that dissolution plays an
essential role in the genesis of the cave. They
also summarize the following processes of
granite cave development: regolith between
residual boulders; mechanical weathering
along altered fracture zones or along easily
dissolved siderite veins under warm climates;
coalescence of tafoni; simple widening of
fractures under cold climates. The granite
caves of Pontevedra (Galicia, Spain) are
classed in several different types such as granite caves formed by flowing water (caves
evolved by gorge erosion; boulder fragment

caves; coast caves) and caves not formed
directly by water (weathering caves; caves
related to the periglacial Würm effects) and
other granite caves including boulder caves
and fissure caves (VAQUEIRO, 1999).
Crevasse and cryogenic granite caves have
been reported from Slovakia (BELLA, 1998).
Granite landforms, except for the major
forms, include also minor forms (many of
these are cavernous forms), such as gnammas,
tafoni, gutters, grooves, flared slopes, rock
levees and rock doughnuts (CAMPBELL,
1997; TWIDALE, 1986). Only the discernment of exogenous and endogenous, either of
primary or secondary type of granite landforms, allows the complete understanding of
the geomorphological history of the area in
which they occur (VIDAL ROMANI &
YEPES TEMIÑO, 2004).
The Kanaras cave is a strongly fractureguided granite (granodiorite) cave. The cave
rocks are intensively deformed, fractured,
sheared and sufficiently weathered. A stoping
process forms the entrance area and inside the
cave no speleothems or characteristic erosional forms by water have been noticed.
Furthermore, it could be attributed to a crevasse cave according to its morphology. A
NE-SW extension during Tertiary has been
noticed at the west Rodhope massif of the
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Hellenic hinterland (KILIAS & MOUNTRAKIS, 1990, KILIAS & MOUNTRAKIS,
1998, KILIAS et al., 1999). This extension
could be the cause of the NW-SE striking
Kanaras Cave. Furthermore, the opening
probably took place during an E-W extension
of Quaternary. Thus, a tectonic origin fits better the Kanaras Cave.
In the Loutra Eleftheron area the granite
suffered a short stress event but there is no
evidence of chemical alteration so far. The
caves are fracture-guided and they rapidly
decrease in size inside. The latter is a typical
morphology of the piping process (SELF &
MULLAN, 2005). An essential difference
between local and regional base levels can be
explained by the presence of the fault that
uplifts the granite massif. This uplifting could
result in the drainage of the granite through its
fractures and the removal of loose material.
Additionally, higher fractured rocks are more
susceptible to weathering than those in which
the fractures are absent, whether widely
spaced or tightly closed (CAMPBELL, 1997).
Marine and brackish sediments of the
Pliocene age lie transgressively to the granite
showing that at least one phreatic level was
preceded. Water is the key of granite weathering (TWIDALE, 1986). So, the above-mentioned essential conditions for speleogenesis
in non-carbonate rocks more or less occurred
during the geomorphological history of the
area except the alteration of the rock. Further,
many fractures are filled with weathering
material.
The morphology of the Loutra Eleftheron
caves is similar to side-wall tafoni. This
means hollows and caverns developed on the
steep bounding slopes of residuals
(TWIDALE & BOURNE, 1975). Generally,
tafoni occur in arid and semi arid lands in cold
and arid Antarctica as well as in coastal environments (CAMPBELL, 1997; HUININK et
al., 2004). They have been commonly attributed to subaerial processes, but subsurface initiation of tafoni is also possible (TWIDALE &
BOURNE, 1975). Salts are widely recognized
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as an important cause of rock weathering formations. Although some explanations demand
chemical modifications of the rock, cavernous
structures have been found in rocks that have
not shown any sign of mineral alteration
(HUININK et al., 2004). Tafoni have been
considered to result from salt weathering due
to crystallization pressure or stresses induced
by crystal hydration or differential thermal
expansion of salts. Possible processes of salt
weathering are case hardening, core softening,
increased air circulations that cause higher
drying rates or a model of growing controlled
by the drying behaviour of the rock (further
discussion in HUININK et al., 2004).
MATSUKURA & TANAKA (2000) have
noticed the effect of rock hardness and moisture content on salt weathering. In many
tafoni the common salts are gypsum and halite
(Antarctica: halite, gypsum and mirabilite
(ANDRÉ & HALL, 2005); Korea (Mount
Doeg-Sung): gypsum (MATSUKURA &
TANAKA, 2000); Finland: gypsum
(KEJONEN et al., 1988); USA, (Utah, Crystal
Peak): calcite, aragonite, halite, gypsum,
polyhalite, (from tafoni developed in rhyolite
ash-flow tuff, MCBRIDE & PICARD, 2000)).
Fractures and ceilings of the Loutra
Eleftheron caves are filled or covered by
hexahydrite and gypsum deposits that can
cause salt weathering and granite disintegration.
CONCLUSIONS
The Kanaras Cave and the Loutra
Eleftheron Caves are described here for first
time in Greece. Furthermore, they are the only
known granite caves in Greece.
All macroscopic observation and petrographic study of the Kanaras Cave indicate
that the granodiorite was subject to an intensive mechanical deformation as a result of
stress similar to the one described by
SOLDATOS et al. (1998).
The petrographic study of the Loutra
Eleftheron Caves indicates no evidence of
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alteration of the rock but the numerous fractures of the granite reflects that the granite
was subjected to a direct stress event.
The Kanaras Cave is a fracture-guided
cave that strikes NW-SE. Initially, development of the cave took place due to tectonics of
the Tertiary NE-SW extension in the area. The
final formation took place during the E-W
Quaternary extension. Thus, it is considered to
be a crevasse cave which is tectonic in origin.
Based on the morphology and the petrography the Loutra Eleftheron Caves can be
attributed to side-wall tafoni weathering
forms. This is also consistent with the presence of gypsum and hexahydrite, the fractureguided pattern and the coastal environment of
the cave area. It is assumed that salt weathering leads to rock disintegration. Furthermore,
many fractures are filled with weathering
material and no gypsum, or filled with hexahydrite. This may be a result of phreatic level
due to sea transgression during the Pliocene
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and the Pleistocene. Possibly the fault facilitates the draining of the granite through its
fractures and the removal of the loose material that comes from salt weathering.
The occurrence of hexahydrite in caves
according to HILL & FORTI (1997) is rarely
reported and this is the first time that hexahydrite has been referred to in a Greek cave.
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Abstract
The granite caves known on the western coast of Galicia have prehistoric sites of all the Recent
Prehistory in the northwest of the Iberian Peninsula: Neolithic, Copper and Bronze Age.
However, for the time being it is very little the interest shown by archaeology when it comes
to taking interest in the study of these subterranean areas. We contribute a view of synthesis
and, thanks to the formal study of the artefacts, especially the metallic and ceramic ones, we
dated each one of the sites. A significant number of granite caves show a specific type of artefact, Muíños Rupestres (“Rupestrian Mills”) that singularly characterise the same coastal territory in Galicia continuing in the north of Portugal.
Key words: granite caves, Galicia, Portugal, human occupation, Neolithic, Copper Age,
Bronze Age
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INTRODUCTION
Research on the Recent Prehistory in
Galicia was traditionally focused on the megalithic world and on the phenomenon of outdoor Rock Art. The hut camps did not start to
be studied until scarcely two decades ago. The
caves and natural shelters, apart from exceptions that will be then detailed, were not considered by archaeologist as outstanding areas
because most of them conceived that, in the
Galician granite landscape, 80% of the territory, cavities could not exist.
The research on the Galician granite
pseudokarst by C.E. Maúxo, since 1992,
reveals the existence of a varied and extensive
record of human occupation during all Recent
Prehistory of this territory. The use of cavities
on the Galician western coast chronologically
covers all the traditional periods of Neolithic,
Copper Age and the Bronze Age, which
means a constant record between the IV and I
millenniums B.C.
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Moreover, a type of cave-dwelling site
exclusive to the researched area is verified in
this territory. They are called “Rupestrian
Mills,” that is to say: non-transportable navicular mills as they are made over granite outcrops of the landscape. A significant number
of cases is usually found in the inside of a
cave or in the vicinity.
1. THE ARCHAEOLOGICAL CAVE
SITES
Among the thirteen granite caves in which
there is evidence of prehistoric occupation in
their interior (Fig. 1), six of them are characterised by the presence of a substantial number of archaeological remains (ceramic, lithic
and metallic). Due to the lack of archaeological works strictly speaking, and considering
the complex stratigraphic context of the ones
that were found, we find it complicated to provide a different perspective from the strictly
typological viewpoint.

Fig. 1. Localitation map of the most site to name in the text.
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1.1 The Cebro cave (O Pindo, Carnota)
The system of cavities of O Cebro is situated in the Pindo Mountain, in the vicinity of
Cape Finisterre. It is a recently discovered
cavity, unknown until a year ago with the
preparation of this ICGC. The prehistoric
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interest of the granite cavity is testified by the
information of a significant number of ceramic fragments (Fig. 2). These fragments were
observed on the surface of the cavity among
the blocks and in the inside of the active fluvial course.

Fig. 2. Some pottery fragmet of O Cibro System.

There are seven ceramic fragments representative of some other different receptacles.
We are before handmade pots, with quartz and
mica spot compact paste, in some cases of a
good size. The colours range between the dark

ones, characteristic of reducing environments,
and the reddish ones typical of oxidizing environments. Apart from several indeterminate
fragments of the side, we have five fragments
of recipients with a flat bottom (Fig. 2.1). Of
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these, four belong to small and medium-sized
containers (diameter of the bottom ranges
from 80 mm to 160 mm) and they could be
associated with buckled shapes with an “S”
profile also known as “vases”. Next to these
we find another one with a bigger bottom (261
mm of outside diameter) with a side 32 mm
wide at the bottom that is easily assimilable
with the big storage containers of a troncocone or buckled morphology. As a sample of
these known types of containers we find a
shard of a rim with a prominent morphology
and a rounded lip with a considerable diameter (259 mm) characteristic of this type of
shapes with a sinuous profile (Fig. 2.2).
A sole decorated ceramic fragment seems
to relate to the bell-shaped tradition. We are
before part of the neck of the pot in which it is
not clearly identified whether it keeps the rim
owing to the rolling it shows, even though it
defines a marked buckled silhouette. The size
of the original container is not very high, with
a 130 mm diameter on its uppermost end. The
decoration is divided into horizontal stripes,
where stripes of parallel cut lines alternate
with oblique imprints (Fig. 2.3).
The lack of a stratigraphic context for the
materials makes it more difficult to state
whether we are before a culturally homogeneous collection or, on the other hand, before
the remains of temporarily scattered occupations. However, the technical and formal features of the pottery seem to indicate that we
are before a homogeneous collection. They
are deposited in the provincial museum of A
Coruña. The formal and decorative features of
the pottery of the Cebro Cave refer us to the
Bronze Age, specifically to the initial stage
with bell-shaped ceramic, characteristic of the
first half of the IV millennium B.C.
1.2 The Cunchosa System (Beluso-Aldán,
Bueu-Cangas)
The Cunchosa caves are situated in the
western end of The Morrazo peninsula. We
are before a range, or to be more precise,
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before caves linked to fractures developed
along major fracture planes that allow the easy
circulation of water that conceals a large number of cavities, some of them of big dimensions (VAQUEIRO RODRÍGUEZ & VIDAL
ROMANÍ, 2007).
The archaeological significance of these
cavities is known since the late 70s, as inside
this range numerous ceramic and lithic evidence of prehistoric occupation was discovered (SUÁREZ OTERO, 1997). The oldest
one seems to date back to the Old Neolithic
(end of the V millennium B.C.), represented
by ceramic shapes like that of a “bottle” and
containers with a cylindrical neck, decorated
with imprints. These are associated with epicardial periods, typical of the southern-central
area of Portugal. These would be therefore the
first ceramic expressions of the Neolithic phenomenon in Galicia. A second period of occupation in these caves would be defined by the
presence of ceramic shapes characteristic of
an advanced period of the Bronze Age, where
the presence of receptacles with buckled
shapes and straight sides (cylindrical and tronco-cone) is usual.
In spite of the importance of this site, it
was never excavated archaeologically but
sacked repeatedly. The archaeological materials, including those published, are still in private hands nowadays.
1.3 Cada Podre Cave (Hío, Cangas)
This cave is known in the Galician archaeological bibliography since 1913 (Ruiz
Galvez, 1979). It is a cave of small dimensions associated caves associated with fields
of residual or protoclastic blocks. Inside the
cave, Wenceslao Requejo found an important
deposit of bronze tools hidden, known as “Hío
deposit,” deposited in the provincial museum
of Pontevedra.
The batch of material found is made up of
six heel axes with a ring, a tubular axe, two
bronze bracelets, a chisel, three spearheads, a
sword, hooks and several fragments of a rivet-
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ed cauldron. The features of this collection,
especially the shapes of the sword and the
axes, refer to an advanced period of the Bronze
Age (late II millennium and early I millennium
B.C.). This type of metallic objects is common
in the whole European Atlantic coast and taken
as proof that contact among the various communities that dwelled in the area was frequent.
1.4 The Porteliña System (Valadares, Vigo)
The Porteliña cave is situated on the same
river as O Folón, some hundred metres
upstream in one of the rising springs of the
Rega River. We are before a range similar to
that of A Cunchosa, just of smaller size: horizontal development of 83 metres and a difference in level of -7.2 metres (CLUB
ESPELEOLÓXICO MAÚXO, 1997).
During the course of the potholing works,
members of the club identified carved and polished lithic industry by chance, as well as a decorated ceramic fragment. The carved lithic
industry is represented by a two-sided quartz
nucleus with a series of adjacent extractions. We
also possess a small quartzite boulder that
shows a very intense degree of polishing. The
ceramic fragment is more interesting; it is a
piece of the belly that shows a decoration consisting of a cut line framed by two printed dotted lines (POTHOLING CLUB MAÚXO,
1997). Two parallel short cut strokes are added
to this. We are before an original decorative
sketch, with no precise parallelism in the Galician prehistoric scene. They are deposited in the
municipal museum “Quiñones de León”, Vigo.
The chronology of the occupation is problematic because the materials recovered inside
the cave do not provide relative and reliable
dating elements. However, the features of the
ceramic seem to refer it to an imprecise period of the Bronze Age.
1.5 The Folón System (Coruxo, Vigo)
The Folón cavity is a range or pseudocarstic cavity of transflowing that drains and

Human occupations during recent prehistory 119

leads the Rega River through a subterranean
net 234 metres long and with a -34 m difference in level. 905 metres of galleries and subterranean chambers have been topographied.
The prehistoric importance of the cave
was established during the potholing works of
the potholing club Maúxo when since 1995 an
archaeological material has been gradually
identified. It was necessary to recover fiftythree elements from it (POTHOLING CLUB
MAÚXO, 1997; GROBA GONZÁLEZ,
2004; MÉNDEZ QUINTAS, in press).
Successive deposits between 1996 and 1998
are in the “Quiñones de León” museum, Vigo.
The most abundant remains in the cave of
O Folón are the ceramic ones with 40 elements followed by the lithic industry with 12
implements (between polished industry and
carved industry), and an only metallic artefact
made of iron and probably with an historical
chronology. From the archaeological survey
of the materials several periods of occupation
can be distinguished in the cavity: one in the
Copper Age (III millennium B.C.), another in
the Bronze Age (II millennium B.C.) and
some others in the historic period.
The archaeological materials were visually identified in the area inside the cave. Many
of them appeared “stuffed” or “hanging”
among the blocks that form the structure, in
the fluvial sediments and in other sediments
hanging from the cavity, which is an indication of their secondary position. The state of
preservation is changeable. We sometimes
found pieces virtually intact (situation not
very usual when it comes to such old ceramics) next to other remains in bad condition.
Most of the materials are big pieces and were
found inside the chamber itself or collapsed
gallery.
Some other ceramics (symptomatically
many of the medieval ones), which got to the
river, show rolling signs. For example, two
ceramic fragments found outside the active
course, in a sandy area +3.5 – 4 m height
above sea level over the river course, present
concretions (if there had been rolling, there
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wouldn’t be any concretions). So, the reading
of the site is closely connected to the structural development of the cave itself, which
changed outstandingly since the moment of
the prehistoric occupation until the present
time (VAQUEIRO RODRÍGUEZ 2003).
The Cooper Age occupation is defined by
14 ceramic fragments (Fig. 3). These are both
decorated and plain shapes. Among the plain
ones there are several pots with spherical and

CAD. LAB. XEOL. LAXE 33 (2008)

globular shapes with convex bottoms. Their
sizes are varied, although they hardly ever
exceed 30 cm in diameter. The decorated
ceramics are dominated by the inciso-metopado sketch such as the type “Penha,” in which
the horizontal cut stripes of parallel lines alternate with the vertical ones (Fig. 3.1). Next to
these there appear closed spherical containers
decorated with triangles, both printed and
incised, filled with printed dots (Fig. 3.2).

Fig. 3. Rock mills into the rock shelter (Castelo da Furna, Valença).

The occupation of the Bronze Age is
defined by 13 fragments (Fig. 4). In this case
the decorated containers are quantitatively less
important than the plain ceramics and they are
stylistically less complex regarding the former
period. These show in general a greater variety
of shapes and sizes. On the one hand there are
receptacles with winding silhouettes, with an
“S” profile in different sizes and in some cases

with decorations of vertical parallel fingerings
on the neck area (Fig. 4.1-2). These containers
vary in size between a bit over 10 cm. up to
well over 30 cm. We have pots with cords decorated with fingerings that also have winding
silhouettes although they seem to be larger
(Fig. 4.3). In the other end we find receptacles
with simple convex shapes, tronco-cone or
with straight sides and flat bottoms.
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Fig. 4. Rock mill with a fragment of upper element from Peneites rock shelter.

1.6 The Castelo da Furna (Boivão, Valença)
The Castelo da Furna is an amazing granite outcrop affected by a complex network of
faults and with a great number of natural cavities. The carried out Portuguese surveys have
already demonstrated the prehistoric importance of the natural site. The references about
the finding of archaeological materials in the
area around the Castelo da Furna are old
(BROCHADO DE ALMEIDA, et al. 1995;
BRAZ MARTINS, 2003). The first archaeological news, towards 1910, mentions the
finding of a menhir-statue from the Cooper
Age in the Boulhosa mountain range, an orographic massif where the Castelo da Furna is
located. Unfortunately, there is no proof that
this sculpture was found inside the castle.
Subsequently, the finding of a bronze
cubical axe is mentioned, and this one was
found in the Castelo da Furna itself. Its
chronology could be set towards the end of the
Bronze Age.

The latest references about the finding of
prehistoric materials in the Castelo da Furna
refer us to the middle of the 90s in the XX
century, when after some improvement roadworks in the access road to the place, the
remains of two ditches dug in the altered granite substratum, which caused an archaeological conduct to control and to do research,
came to view. The morphology of these ditches was ovoid and they were filled to the brim
by sediments blended with organic materials
(coal). Their function would be to store food.
A vast amount of prehistoric ceramic associated with the pits was found (some 50 fragments
belonging to different containers). Among the
pieces several fragments of edges stand out,
some of them decorated. Among them it was
important to do research on a small decorated
ceramic fragment in a bell-shaped tradition
and a container with an “S” profile decorated
with vertical cut lines on the neck. These
materials, like the ditches themselves go back
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to the Bronze Age (BROCHADO DE
ALMEIDA et al., 1995).
The patrimonial wealth of the Castelo da
Furna is not exclusively restricted to prehistory. During the High Middle Ages it played a
key role in the history of the old Kingdom of
Galiza being a part of the “Land of Turonio”,
Tui. After the XII century, with its independence, it will be a part of the Portuguese
Kingdom. The castle, jurisdictional head of
the “Land of Fraião”, was located here and
along with the territories of Caminha,
Cerveira, Pena da Rainha and Valadares, they

Página 122

CAD. LAB. XEOL. LAXE 33 (2008)

organized and protected the people from
Portugal in the XIII century (BRAZ MARTINS, 2003). It is not surprising then that in
the Castelo da Furna signs and plentiful
medieval ceramic material are observed.
During the preparation of this ICGC, the
place provided the archaeological innovation
of identifying a high concentration of prehistoric artefacts, better known in Galicia than in
Portugal, called “Rupestrian Mills.” We know
that in the Castelo da Furna there are 16 mills
of this type distributed in 9 different groups
(Fig. 5), and there are certainly more.

Fig. 5. Copper Age pottery of
Folón System.

2. THE CAVES WITH RUPESTRIAN
MILLS
A Rupestrian Mill is formally different
from any other type of prehistoric navicular
mill in that it is not mobile, but it is built in the
area of the landscape rocky outcrops (Fig. 6).
Furthermore, this type of base for grinding by
hand is characterized by being able to have
several components with different characteristics at your disposal (FERNÁNDEZ PINTOS,
1993; COSTAS GOBERNA, 1999). At least a
rectangular sink with a navicular section,
framed or not by one or two cavities with an

elliptic floor, smaller and with signs of direct
percussion. In the sink, there are cases in
which the marks resulting from the polishing
caused by repeated activity can be easily seen.
These mills are restricted to the southwest coast of the Rías Baixas and to their
Portuguese surrounding area, with an important novelty, such as the recent discovery of
a station near Mountain Pindo, Carnota city
council (CERNADAS SANDE, 2007). Its
layout is not homogeneous coexisting areas
with a large concentration of artefacts, mostly in Maúxo, Vigo and Nigrán, with other
areas where, in vast territories, any stations
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of rupestrian mills are hardly known. There
are about 190 rupestrian mills distributed in
over 80 groups. They preferably appear in
groups and they are built over granite slabs
protected in such a way that it is easy to find
them in sheltered zones or inside a cave

(Table 1). On the contrary, there are exceptions as outstanding as those of two groups of
rupestrian mills in As Penisas Pequenas, in
Monteferro (Panxón, Nigrán) and in Fortiño
beach (Saiáns, Vigo) not sheltered at all
nowadays.

Fig. 6. Bronce Age pottery
of Folón System.

SITES

Nº MILLS

RELATION TO ROCK ART

A Lapeira do Meisadouro

1

Rock Art in the in the vicinity

Peneites

2

Rock Art in the in the vicinity

A Cañoteira

3

Superposition of Rock Art

A Lapa do Piñeiro

3

Superposition of Rock Art

O Penedo das Pías

5

Rock Art in the in the vicinity

Outeiro das Campanas

1

Rock Art in the in the vicinity

O Coto da Moura

3

Superimposed Rock Art and more
mills outside the cave

O Castelo da Furna

16

No research done here, but a few

A Igrexa Piñeira

Destroyed

Table. 1. Stations with rock mills inside granite caves.

Currently, it is not known the type of product processed in these mills. In a recent study
on the microremains (phytoliths) kept in the

active areas of five of these mills, it was determined the presence of plant leftovers among
which is cited a case with Hyoscyamus sp
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from Beleño and with narcotic properties
(FÁBREGAS VALCARCE, 2001). Waiting
for more conclusive data, we consider as most
probable that these artefacts are related to an
everyday diet, being used to grind some hard
vegetable product (chestnuts, acorns, pine
kernels) or some cereal, without ruling out
completely the preparation of other nonorganic substances.
Also, the chronology of this type of artefacts is presently very vague. In many cases
the rupestrian mills share support with the
known prehistoric art (COSTAS GOBERNA,
2001, GROBA GONZÁLEZ, 2004, in press).
The associated engravings are always of an
abstract type (circular combinations and
groups of cups). This factor sets a relative
chronology between the mills and the petroglyphs for the following reasons:
When they share a support, the engravings
are usually in the marginal parts of the available space, the mills taking up the most
favourable area of the slab for the grinding.
In a significant number of cases, the mills
are integrated in the cave compositions that
flood the support. The engravings respect the
mills and are placed on top of the mills (for
example, lines which link the side microcomponents or, more usual and symptomatic, cups
engraved over the surface of the sink sealing
them).
As it is inferred from these circumstances,
the rupestrian mills were built before the rock
art. We are not in a position to say how much
time earlier or if what we see is an order of a
“functional” nature in relatively short periods
of time, or whether there is a longer difference
in time between both expressions.
Independently of this, the chronology of the
rock art is also problematic, but it tends to be
placed between the III and II millennium B.C.
However, new information permits to put
back a part of this type of engravings, at least
about the IV millennium B.C., or even earlier.
With this information, rupestrian mills would
be prior to an important part of the cave art
cycle, which could place them in the middle
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of the Neolithic (COSTAS GOBERNA, 1999;
GROBA GONZÁLEZ, 2004, in the press,
MÉNDEZ QUINTAS, 2005).
DISCUSSION AND CONCLUSIONS
The number of archaeological sites associated to granite cavities is significant. If we
take into account that until now never has an
intensive archaeological study been made of
these caves, we observe that the profitability
of these activities is very high.
The geographical spreading of the caves
with archaeological sites is also significant. It
covers a wide coastal territory, from Mountain
Pindo to the Castelo da Furna, meeting the
coastal Galician area of the Rías Baixas. The
uneven denseness of cases known with
absolute certainty is due to the lack of more
studies. Even so, we consider that the northern
border of this culture is well-defined in the
Pindo Mountain. In the East, inland, and
mostly in the South, penetrating into
Portuguese territory, this type of cave sites
needs more data for us to be able to distinguish their geographical boundaries.
These pieces of research have to count on
the involvement of archaeology, twin science
of potholing and the only one that can go into
the learning of how the Galician people in
recent prehistory used the caves in their territory.
The archaeological materials recovered in
these caves cover all the ages in Recent
Prehistory. We can state that we have an
enough constant occupation that provides evidence for the Recent Prehistory and that
allows us to put together a diachronic
sequence. The case of the Cunchosa cave,
with the presence of ceramics typical of late
periods in the Neolithic, is important.
Ceramics type “Penha” like the ones we found
in the Folón caves, are beautiful and good
examples of the Copper Age, a stage better
defined thanks to the data that are found out
every time about the sites of coeval outdoor
huts. This seems to have been a Copper Age
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period in which the granite caves were frequented regularly, either as a place of occasional habitation, as burial areas, or as places
to worship nature since the Galician caves, the
same as fountains, trees and other natural phenomena in the region, were venerated in the
past in Galicia. During the Bronze Age the use
of caves is very frequent, because we testify to
artefacts belonging to this period in almost all
the cavities mentioned here.
Previous periods typical of the Paleolithic
cannot be discarded, and, as a matter of fact,
this can be an interesting line of work to follow since the lack of knowledge about the retrospective stages of the paleolithic period in
our region is very significant. The darkest
time, in which this type of cavities seems not
to prove any significant cultural importance,
oddly enough is focused during the Castrexa
Culture. The Galician natives in the second
half of the I millennium B.C., even romanized, did not leave any indications at sight in
any of the caves documented. Later historical
periods are documented, and it is significant
the case of the cave of the Folón with testimonies from medieval, modern and contemporary times.
Something very important and at the same
time complex to be specific about is that of the
nature of the prehistoric occupations of these
granite cavities. There is a case, such as that of
Cada Podre, in which it is frequent the use of
the buried space to conceal, storing up valuable possessions, metals in that case. The
caves with rupestrian mills and those where it
is standard practice to have collections characterized by ceramics and lithic industry (O
Cebro, A Cunchosa, O Folón …) seem to refer
us to domestic contexts (The Castelo da Furna
without doubt) or maybe funerary (O Folón,
The Cebro cave ??), hypotheses that only
archaeological works will be able to confirm
or discard in the future. All in all, we consider
it probable that the use of the granite caves did
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not always correspond to the same motives
and/or functions. During the long Recent
Prehistory, even in a given cultural time, it is
possible that there were different types of use
and/or temporary occupation of the buried
space.
Anyway, future attempts to state an interpretive hypothesis on the nature of cave occupation will have to be formulated taking into
account that the current archaeological record
is understood in its particular geological context. For example, O Folón, Porteliña, O
Cebro … are caves that show unequivocal
signs of a recent structural collapse which
means that the space in the cave is not today
as it was before and, as we indicated, this
helps to understand the context itself where a
significant part of the archaeological material
appeared.
To sum up, we consider that it can be stated that during the Recent Prehistory of this
territory, natural cavities were appreciated,
known and frequently used and, therefore, the
local archaeology will have to take an interest
in the finding and research of this type of sites
in the same way it takes interest in megalithic
monuments, cave art and the coeval outdoor
sites already taken into consideration.
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Abstract
The state of Minas Gerais (Brazil) is characterized by significant karst regions, which develop
in both sandstone and quartzite terrains and display complex suites of underground and surface forms. In the Espinhaço Ridge, Central Minas Gerais, several caves of up to a few hundred
metres long, occur in the surroundings of the town of Diamantina. Some of these caves, such
as Salitre actually consist of swallow-holes. Other horizontal caves are characterized by corrosion forms generated in the phreatic zone. In some places, such as in the Rio Preto area, these
phreatic forms are overprinted by ceiling tubes, suggesting a polyphase karst evolution, prior
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to the draining in the cave. Remains of paths, with circular cross section up to one metre in
diameter, can be found through residual tower-like surface landforms widely present in the
landscapes. Their dissection is due to a generalised karstification in the area, resulting in closed canyons, megakarrens and kamenitzas. In Southern Minas Gerais, close to the Mantiqueira
Ridge, the caves of the Ibitipoca state park can reach more than 2 km in length. These caves
are associated with a very large hanging geological syncline. Several of these caves contain
active streams, which flow for hundreds of metres before disappearing in sand-choked passages. Keyhole cross sections characterize steeply descending passages in these caves, indicating a change from slow phreatic flow towards a faster vadose flow responsible for the vertical incision of the passage. Such change is probably related to base level lowering and/or to
turn in the direction of the water flow. Several generations of wall-pockets, from a few centimetres to over a metre long, occur into the caves. These features are good indicators of the
initial phase of speleogenesis, generating the initial conduits by their coalescence. This mechanism is also responsible for cut-off meanders. In the area, the main river flows along the
syncline axis and cuts through a rock barrier, generating a tunnel-like passage. This cave
drains, through resurgences in its walls, part of the water that flows in other caves located in
the flank of the syncline.
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INTRODUCTION
The state of Minas Gerais (Brazil) exhibits
several major karst areas located in sandstone
and quartzite terrains and displaying a complex suite of underground and surface karstic
forms. In this study, the term “karst” is used in
the meaning of « characteristic forms from the
classical karstic series (cave, doline, lapiaz…)
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where the solution process plays the main role
in the genesis of specific morphologies whatever the considered lithology (Willems, 2000;
Willems et al., 2002). Three major sites are
studied (Fig. 1). Two sites locate close the city
of Diamantina: the Natural Park of Rio Preto
and the cave of Salitre (a.). One site is in the
south of the Minas Gerais, in the Serra of
Ibitipoca (b).

Fig. 1: Location of the main studied areas. (a) area of Salitres Salitre and Natural Park of Rio Preto; (b) Serra of
Ibitipoca.

1. KARSTS OF THE NATURAL PARK OF
RIO PRETO
The karsts of the Natural Park of Rio Preto
developed into quartzitic sandstones of the

Mesoproterozoic Formation of SopaBrumadinho (1 – 1.6 Ga) (Pouclet, 2003) (Fig.
2). The different forms are near the Rio Preto
river, across a flat surface several tens of
meters above the valley. Inselbergs with
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tower-like shapes are around the flat surface.
They form a ridge between the Rio Preto valley and the plane surface.
Other karsts are lapiaz opened on vertical
joints having a N-S orientation. The lapiaz
cut older horizontal pipes with plane or cir-
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cular cross sections. The walls of the horizontal pipes present solution sculptures and
roof/floor flow channels typically of
mechanical erosion. This kind of horizontal
passages is found in inselbergs around the
flat surface.

Fig. 2: Schematic cross-section of the Rio Preto Natural Park and localization of karsts. Note that the Rio Preto valley is controlled by a reverse fault.

Downstream from the surface in the inselberg ridge, a wide residual cave makes a junction with the valley side. The cave is characterised by crust or impregnation on its walls,
channels from concentrated flood and alveoli.
Our preliminary observation allows proposing a hypothesis for the formation of the
karsts of Rio Preto in relation with the valley
digging (Fig. 3). Weathering zones, like
weathering cores, develop in the upper

aquifer, along structural surfaces, shear planes
or stratification planes (Fig. 4 a). With the
down-cutting of the valley, an hydraulic gradient takes place and organizes the aquifer
drainage. It causes underground flows and the
beginning of mechanical erosion. Little by little, the aquifer dries up and the surface erosion forms the actual flat level which previously may have worked as a poljé (Fig. 4, b
and c) .
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Fig. 3: Karsts of Rio Preto. a.: clints and solution pan (photo L. Willems); b.: clints (photo L. Willems); c.: horizontal passage between two mega clints– roof with characteristic solution sculptures; a roof channel and a floor
channel (photo J. Rodet); d.: remain of a circular and horizontal passage inside an inselberg located to the limit of
the flat surface (photo J. Rodet); e.: , flat surface with tower-like shape ridge with dismantled caves and horizontal passages. The ridge separates the horizontal surface from the valley side of Rio Preto (photo L. Willems).
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Fig. 4: Hypothesis of karst genesis – Natural Park of Rio Preto (a,b,c, see text).

2. KARSTS OF SALITRE
The site of Salitre is developed inside a
quartzite massif affected by numerous grikes
(lapiaz/lenar). The main entrance of the cave is
located at the back of a large depression with
vertical walls (Fig. 5). These walls are pitted by
numerous alveoli. The main entrance of the

cave is in the axis of a big faulted anticline and
the cave development follows the curve of the
strata and the vertical fractures which cross the
anticline structure. The cave is a swallow hole
where the river disappears and has generated
some characteristic forms like a roof channel.
Several solution forms like dome pits without
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fracture are found with, in numerous places, a
dark/brown coating or impregnation on the
walls (Fig. 6). Analyses reveal that these
deposits are made by cryptomelane or pyro-

Fig. 5: Main morphologies of the
Salitre site. a.: ceiling dome (metric diameter) without fracturation;
b.: view of the entrance of the
Salitre canyon with lapiaz surface;
c.: main entrance of the Salitre
cave.
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lusite (respectively K(Mn4+,Mn2+)8 O16 and
MnO2), produced by the leaching of the saprolite. This crust/impregnation indurates the rocks
and preserves partially the older solution forms.
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Fig. 6: Example of coating crust and impregnation on the wall of Salitre cave which maintains old solution forms.
The white part of the photo is fresh rock, free of coating crust/impregnation locally dismantled (photo A. Pouclet).

3. KARSTS
IBITIPOCA

OF THE

SERRA OF

The Serra of Ibitipoca is a complex of
perched synclines and anticlines, some hundred metres above the surrounding landscape.
Numerous big caves with several kilometres
of development have been explored by
Brazilian speleologists and are developed into
Mesoproterozoic quartzites (Fig.7 and Fig. 8).
Some of the caves have an underground river
with a blind end.
Different kinds of alveoli are exposed.
Some of them are quite big with several
metres in diameter. In some case small alveoli
reshape and dismantled the bigger and older
one. Their development direction is often par-

allel to the stratification but sometimes perpendicular to that. In numerous places,
quartzite is very crumbly and a lot of underground passages are dismantled by collapses
(Fig. 69). So, it is quite remarkable that in
these conditions, a lot of passages are still
open until now and that blind cave with river
are not completely filled.
As in Salitre, rests of coatings on numerous walls are found and keep the walls in
place in spite of a very crumbly rock. They
support walls in place. Cross section of the
galleries show typically a polyphase genesis
as shown in the figure 7 going from a general
dissolution process to mechanical process by
an underground flow.
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Fig. 7: Geological map of the Serra of Ibitipoca (modified from S.M. Da Sylva, 2004).
1.: Quaternary colluvium; 2.-6.: Meso and Neoproterozoic formations. 2.: Amphibolites; 3.: schists with garnet,
muscovite and biotite; 4.: gneiss with garnet and biotite; 5.: quartzites and schists with muscovite; 6.: coarse
quartzites with intercalated fine quartzites; 7.: Palaeoproterozoic formations: biotite-rich gneiss. a. syncline axis;
b.: anticline axis; c.: dip; d.: thrust front; e.: river; f.: limit of the Serra of Ibitipoca.
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Fig. 8: a.: Cave developed inside quartzites of the Serra of Ibitipoca. b.: Ddecametric room dismantled by
collapses. c.: Swallow hole at the accessible end of a cave (photos J. Rodet).

Fig. 9: Traces of polyphase genesis of a cave (National Park of Ibitipoca) (picture J. Rodet). 1. first stage:
alveoli made by dissolution; 2: second stage: lateral erosion; 3.: third stage: vertical erosion.
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4. DISCUSSION
The digging by piping or suffusion
process as main genetic process of the caves
could be dismissing in many cases because the
cave are the place of swallow hole and there is
no resurgence. Thus, detrital material cannot
be evacuated by regressive erosion from a
spring towards the rock massif. Only a wide
and general preliminary chemical erosion of
the quartzite may explain the origin of the big
caves.
We propose that the initial karst genesis
takes place in anaerobic conditions on very
large time ranges. When the system comes to
open air, the conditions became aerobic and
cause the crust or impregnations which recov-
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ers the preliminary karstic forms. Those
deposits make more resistant the walls of the
previous forms and partially protect them
against the later erosion processes. When the
water flow takes place in the vadose zone, the
mechanical erosion becomes the main process
in the evolution of the cavities and widely
reshapes older forms (Fig. 10). The process of
forming and development of cavities in sandstones and quartzites of Minas Gerais are due
to the dissolution of siliceous cement and/or
quartz grains. The important development of
caves, swallow hole, underground rivers, lapiaz, sinkholes and poljes set up complete karst
systems. Further studies must be be undertaken to determine the age of the various studied
forms and to specify their genetic process.

Fig. 10: Hypothetical relationships between environmental conditions and main genetical process for the karsts in
silicated and non-carbonated rocks.
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Abstract
The granite forms existing in Galicia are classified in three groups by their dimensions: megaforms or large forms, mesoforms or intermediate forms, and microforms or minor forms.
Megaforms are those whose minimum dimensions are around 100 m though may usually have
kilometric dimensions. Mesoforms or intermediate forms are located between hundreds and
dozens of meters. Finally, microforms or minor forms are those that measure less than 10 m
though in extreme cases may reach the inferior limit assigned to mesoforms.
Granite caves are associations of these three types of microforms. In spite of their dimensional differences, the 3 types of forms have great importance in the interpretation of the genesis
and evolution of the cavities. In the graphic representation of granite caves there are generally
used the scales 1:50 or 1:100 with equidistances of half meter. Therefore, the minor forms only
appear referenced in the cartography indicating the place where they are located. Symbols are
classified in many different morphogenetic groups using as reference the same proposed in the
Geomorphological Map Guide of IGME where there exist symbols to represent granitic megaforms (e.g., inselbergs, fractures or faults) but not the necessary ones to represent mesoforms
and microforms, and even less for the subterranean domain normally ignored or underestimated up to now. An additional problem is that in pseudokarstic domains there co-exist two types
of forms of endogenous (for example, exfoliation surfaces) and exogenous (for example, pothole) origins. In order to solve these problems, it was decided to employ the same symbology
that is used with other type of rocks (e.g., limestone) though with a specific colour for the
forms developed on plutonic rocks of endogenous or exogenous origins. The used symbols dif-
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ferentiate subgroups. In the endogenous forms, the ones defined in the different stages: plastic (magmatic banding, liesegang spheres), fragile (protoclastic boulders), ductile (shear
bands) and elastic (tafone). In the exogenous forms, the ones caused by mechanical erosion
(rill and fluting) or deposition (speleothems) or chemical weathering (etched depressions formed by chemical etching).
The mapping of granite caves needs an adaptation of the techniques used in the karstic environments developed in soluble rocks. For the granites cave, sketches are defined by the angles
and length (distance) of each shot to draw. Unfortunately, there are many harsh conditions
derived from granite cave structure that affect the mapping works: passages are defined either
by fissures or by block accumulations; cave bounds are generally diffuse, and to draw and
model the subterranean void is necessary to determine a “virtual” limit in the tube and to use
survey stations relatively close; measuring of passage dimensions makes the surveyors “to line
the floor” not using tachymeters or laser instruments.
All these problems suppose the use of big sets of topographic data that will be processed to
obtain a clear representation of the subterranean void. On the other hand, the objective is to
approach, from survey sketches and data, a model of the subterranean void in granite caves. A
model is much more than a single draw. In a model the subjacent structure would be represented: there exists a real limit enclosing a main cave structure, and it could be obtained from
correlating adjacent cave passages in appropriate projections and complex views.
Many examples, referred to different types of granite caves (composite weathering block caves
and structural caves), are included to explain the criteria used to apply the proposed symbols
and legends. Complex projections and 3D-views were developed to explain the evolution and
genesis of the subterranean granite cavities.
Key words: granite caves, microforms, mesoforms, megaforms, survey sketches, structure
planes.
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INTRODUCTION
The geomorphological mapping of granite
landscapes present particularities inherent to
this type of rock. The granite is a rock consolidated inside the Earth during its emplacement. The pair emplacement/cooling generates discontinuities that affect the intrusion in
its outer zone. Some of these discontinuities
serve as escape ways of tardimagmatic fluids.
However, the discontinuities may be only seen
when the rocky massif reaches the Earth’s surface either by tectonic movements or after a
weathering stage under the ground. Anyway,
given the granite impermeability, the subedaphic or subaerial weathering will preferably
progress using the system of discontinuities.
Once the rocky massif is weathered, the erosion of the regolith gives morphology to the
granite landscapes where the endogenous features prevail, called so by their origin and not
related to the external processes. The meteoric
agents: water, wind, ice and gravity may modify the morphology of the massif more or less
intensively adding new features that will
diversify the final geomorphology of the massif. It is that special association of forms of
endogenous and exogenous origin (subedaphic and subaerial) which forms the granite landscape. For that reason the aspect of the rocky
relief in surface is not due to only one type of
processes but to a succession of them developed
along
millions
of
years.
Geomorphologists do not normally consider
the contributions of the intrusive magmatic
and tectonic processes to the genesis of forms
what causes to confuse endogenous and
exogenous forms. Implicitly, it is assumed that
both categories of forms were generated at the
same time and during only one exogenous
process. And this it is not because geomorphologists ignore the landscape polygenism
but by the fact of not differentiating the forms
by their genesis.
Another problem in the mapping of granite terrains is to establish the landscape age.
Only in case there exist covers of sedimentary
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or volcanic rocks, a minimum age may be
inferred for the forms which, as stated before,
have different ages and are polygenic. Thus,
in many cases the only criterion used to date a
relief is the height above the general (the sea)
or partial (defined by the height of the
drainage network that dissects the relief in the
zone) base level. In these cases it is accepted
the general criterion that at greater altitude,
greater antiquity. Only has the appearance of
new methods as the chronology by cosmogenic nuclides allowed solving the problem of
age of a landscape satisfactorily.
Finally, another common problem is the
scale. In the specialized works, three types of
forms are distinguished according to the size
generically called mega-, meso- and microforms. However, there does not exist a complete symbology for their representation in the
literature.
So, the rules for the elaboration of geomorphological mapping of Spain made by the
IGME (MARTIN-SERRANO et al., 2005)
only consider as symbology for the granitic
megaforms at scale 1:50,000. Other authors
(MARTÍNEZ-ÁLVAREZ, 1989) preferably
limit the geomorphological cartography to
sizes between meso- and microforms. Also,
there exist works in the UIS (1999) oriented to
the representation of the exo-karst though they
refer to macroforms specially.
All these problems, generically applicable
to the geomorphologic mapping of the granitic
rock landscape, are even more evident when
mapping the granite cavities that are, from the
dimensional viewpoint, complex associations
of forms whose dimensions go from metric
size to hundredth of meters (microforms to
mesoforms).
In this paper it is presented a methodological proposal for the representation and modelling of granite pseudokarstic cavities.
TOPOGRAPHY
The Nature, the Universe we know is a
continuous space, and all the things which
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are surrounding us have a continuous nature
per se.
To map or to model a real physic system
requires transforming a continuous space into
a discrete (non-continuous) space. The information used to draw a topographic map is not
continuous but discrete or measured. This
information does not represent the real space
(paths, surfaces or volumes) using a continuous function but represents the space using a
succession of vectors that points a subset of
“zones” of the real space. The envelope function of all these zones is a continuous approximation of the real space.
The topographic work consists of transforming the different passages visited by
cavers in a discrete set of points. The vector
between two adjacent stations may be in
accordance with the subterranean voids and
microforms close to these stations, to guarantee that these forms are measured and included in the map. Then, to obtain a good envelope function is necessary to use vectors
between adjacent stations with a small module. It implies a big set of data (a lot of survey
stations) and a complex post-processing.
If the passages of granite caves are compared with the ones present in other lithologies (limestone, dolomites, gypsum, ...), it is
possible to make the next considerations:
• In granite caves, where boulder structures are very common, it is necessary to
distinguish between passages and conduits. The passage is the void to be transited and may be developed by continuous walls, removed blocks, or by many
fallen blocks; the conduit forms part of
the subterranean drainage network, and
may be formed by different adjacent passages.
• It is important to note that usually in
granite caves the limits of passage and
sometimes also of conduits are undefined.
• In soluble rocks these do not occur.
Usually, passages and conduits are the
same and their limits are clearly defined.
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It is very complex to survey granite caves
directly using the same techniques that are
used in limestone caves. The differentiation
between passage and conduit is very important in these systems and, in a general sense, it
implies that the cross-section of a passage
does not represent the real structure of the
cavity and their conduits. So, it will be necessary to define a methodology to draw and
model the real conduit pattern which is hidden
by the residual boulder and block structure.
TYPES OF GRANITE CAVITIES
Though all the caves in granite are related
to the rock structure, there may be distinguished three types (TWIDALE and VIDAL
ROMANÍ, 2005).
1.- Caves linked to fractures developed
along major fracture planes that allow
the easy circulation of water. Weathering
is essentially due to ion washing, leading to further widening of the fracture.
2.- Caves associated with fields of residual
or protoclastic blocks. Here the finer
fractions of the granite regolith, if existed, have been washed away, leaving the
coarse fractions -blocks and boulders- in
situ. Voids between these residuals have
become linked in some places, giving
rise to caves of irregular development
(TWIDALE and VIDAL ROMANÍ,
2005).
3.- Tafone is the third type of cavity linked
to the elastic deformation stage of the
massif, though similar types of cavities
have been attributed to epigenic environments (TWIDALE, 1982). The term
refers to a cavern or hollow developed
inside a fracture-defined block. The
inside wall may have alveoles (honeycomb structure), mamillated (convex
relief) or scalloped (concave relief)
forms (TWIDALE and VIDAL
ROMANÍ, 2005) and also negative
exfoliation forms (VIDAL ROMANÍ,
1984).
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MORPHOLOGY AND PASSAGE PATTERNS
There have been observed four types of
basic passages:
• Type I: Usually, open fractures with lateral continuous and well-defined limits.
• Type II: Passages limited by a continuous wall and by removed or fallen
blocks. In this type of passage the limits
are only partially defined.
• Type III: Passages formed only by
removed and fallen blocks.
• Type IV: Weathering structures.
Generally, this type of passages is a special case of type I.
Inside caves linked to fractures developed
along major fracture planes that allow the easy
circulation of water, there can be found every
type of passage pattern. And usually the real
conduit structure is hidden by the accumulation of removed and fallen blocks (collapses
areas), but it is possible to determine it from
the study and correlation of the different adjacent passages.
In many passages of type I and II, it is possible to see a partial pattern of a subterranean
conduit (VAQUEIRO, et al. 2006):
• The conduits and the morphologic features that characterise them (pot-hole,
fluvial polish surfaces or lateral sapping)
may be partially buried by sediments
(terraces, varved sediments) or even
result inaccessible for the chaos de
boules produced by the collapse of the
vaults. In general, when the conduits use
a vertical or subvertical fracture they
present a morphology of vadose type
with an cross-section enlarged in the vertical and very narrow. When the subterranean network moves in favour of subhorizontal structural planes or with small
dips, the cross-section of the channel is
wider giving a morphology similar to
phreatic conduits. This is due to the hardness and insolubility of the material
excavated there, especially if it is com-
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pared with the equivalent processes in
classic karstic environments.
• Some conduits present elliptical or circular sections. Generally, the ellipses are of
oblique axis with elongation according to
the subvertical shear plane, though they
may be influenced by other subhorizontal
discontinuities. The walls of these conduits are polished and in some cases are
symmetric with respect to the fault plane.
These conduits have complex sections
formed by interference of several elliptical
tubes of different dimensions. The resulting forms do not coincide with the “keyhole” sections (incised phreatic conduits)
typical of the karst, but the existence of
elliptical sections seems to indicate that
each level in these conduits has been initially developed under phreatic conditions.
FIELDWORK
Subterranean survey
The aim of this work is to make geomorphological maps in granite caves.
The fieldwork takes into account to register the discontinuities and the main structural
elements in the survey data form.
In granite caves the boulder structure and
the separation between blocks may be a good
approximation of the minimal distance
between the most representative discontinuities. So, it is very important that the distance
between two consecutive topographic stations
does not surpass this value.
The common survey techniques used in
karst systems were considered to start this
project.
The most representative granite system
until now in Galicia is the O Folón System. In
this cave there are big passages type I, but in
upper levels and inside collapses areas their
passages generally present patterns types II or
III which are characterized by a very irregular
vault with small voids. In these situations,
even though a short distance is used between
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survey stations, it is very difficult to have a
good vision between the stations and the cave
was surveyed lining the floor.
From each station and in accordance with
the passage structure, a radial survey was made,
pointing all the nearest structural elements and
discontinuities and all the most representative
geomorphological elements. In the survey form
it was registered the basic information to classify a form in its morpho-genetic group.
To correlate adjacent voids and paths, it
was necessary to make a route (or trace) combining open and close poly-lines (open and
close polygons) with radial surveys.
Weathering caves, vaults and structures
(passages type IV) have been mapped using a
radial survey started up from the centre of
vault or structure. The “lapas” have been surveyed like big vaults routing the cave with an
open poly-line and making a radial survey in
each station.
Surface survey
The surface overlaying caves linked to
fractures developed along major fracture
planes that allow the easy circulation of water,
has been mapped taking into account the subterranean structure. So, these surfaces have
been mapped like open paleo-channels using
the same criteria that in subterranean voids.
Surroundings areas, domes and external
mesoforms related to caves associated with
fields of residual or protoclastic blocks, and
also in weathering caves, have been surveyed
routing the area with a closed poly-line which
encloses the structure to be mapped. In many
cases, it was surveyed a main global profile of
the structure and another representative crosssections.
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Also, an analogical level NI020A Carl Zeiss
Jena (precision 0,1 gon = 0,1º) has been used to
take the horizontal angular measures, to guarantee the precision during the survey of big radials
and in all situations in which it was possible to
do it by the dimensions of the vault or passage.
This equipment has been also used to carry out
the survey of surface channels and dolines.
MAPPING
To make a cave map plotting the cave survey data, it is used the same methodology as
in karstic systems, even though there are
many particular criteria that should be taken in
consideration.
Work scale
This geomorphological cartography is
used to draw those granite micro and mesaforms which generally are less than many
hundred meters in size. It has been decided to
use 1:50 scale to draw views of details; 1:100
as basic scale; and 1:200/1:500 scales to draw
global views.
Equidistance and level lines
For the scales of 1:50 and 1:100, it has
been defined the value of 0.5 meters as
equidistance between level lines.
Level lines will be determined by interpolating from the matrix of points obtained plotting the survey data.
Vertical passages or steeps
In vertical steeps the distance will be indicated in centimetres to avoid the use of decimal indicators.

Equipment to measure

Plant view

To take the survey data there have been used
tape measure, military compass and initially an
analogical clinometer then replaced by a digital
one (SolaTronic – Fisco, precision 0º/90º=0,1º).

This view permits to determine the main
subvertical discontinuities, which define the
cave structure. These discontinuities will be
used as reference to build any other cave view.
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When there are many cave levels, it is considered as base level the one in which the
active and present water-carry is located. The
other levels will be plotted in different layers
or will be plotted laying on top preserving the
water-carry as main reference.
Profile view
To obtain a global profile view it will be
used the set of main discontinuities determined
over the plant view. It will be taken the subset
of those discontinuities (their planes) in which
main cave route is defined. Usually, this route
will enclose the present active water-carry.
Then, the cave will be locally projected
over each plane of discontinuity in this subset,
and these partial projections will be assembled
using the route of cave determined by the
main discontinuities.
With reference to the local discontinuity
plane, it may be used projected profiles or
extended profiles. When we have two adjacent paths, with different routes, if we build a
project profile, the first and last points of both
paths will be coincident, but the distances
among the stations will be projected and they
cannot be used to measure the cave directly
over the map. But, if we build an extended
profile, the distances among survey stations
will be the real distances, but the first and last
points will not be coincident and then subhorizontal or transversal structures will not be
also correlated directly on the view.
In projected profile the extremes of the
two paths are coincident in the draw, and in
geomorphological maps it is very important
because it will permit to correlate the geomorphological data from adjacent voids.
Partial and global profile views permit to
route the main sub-horizontal or horizontal
discontinuities of the cave.
Cross-sections and complex cross-sections
It has been remarked that in granite caves
there exists a big difference between the passage (a void to transit) and the conduit.
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Sometimes, the conduit and the passage may
be coincident, but usually, the conduit will be
determined by the continuous limits defined
by many adjacent passages. The term “conduit” implies water flow activity, but in this
paper it is used in the sense of “global crosssection”. If these global cross-sections may be
or not a real conduit, it will be determined by
a specific geomorphological work or analysis.
A global cross-section is plotted using a
plane orthogonal to the main local discontinuity. This plane will cut the cave making the
cross-sections for each individual passage.
When all these partial cross-sections are composed on the same plane using their real position and elevation (the vector to route the
points of these sections), it will be obtained a
first complex cross- section.
There is possible then to plot the envelope
outline of the complex cross-section,
approaching the continuous limits of the global cross-section.
CAVE SURVEY SYMBOLOGY AND
REFERENCES
There is not an adequate legend that represents the granitic forms and even less in the
case of subterranean environments. To solve
this, an adaptation of the existing nomenclature is proposed in this work and, when necessary, there was made a proposal of new symbols. The nomenclature used herein is based
on four types of legends:
• Cave symbols, edition 1999, from the
official UIS Symbol List, by Survey and
Mapping Working Group, UIS
Informatics Commission at the
International Union of Speleology.
(They can be found in this web page:
http://www.uisic.uisspeleo.org/wgsurmap.html).
• Cave symbols list, edition 1992, from
the official FEE Symbol List.
(MARTINEZ I RIUS, 1992)
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Figure1.- Different cross sections of the O Folón System conducts. See Figure 2 to locate them in the longitudinal profile of the cave.

• Geomorphologic symbols for the “Mapa
geomorfológico de España” (MARTINSERRANO et al., 2004).
• New symbols designed for this work.
We decide to employ the same symbology
that is used with other type of rocks (e.g.,

limestone) though with a specific colour for
the forms developed on plutonic rocks of
endogenous or exogenous origins. So, different morpho-genetic groups have been proposed in accordance with the ones defined by
IGME:
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• Structure elements and forms
• Chemical and physical weathering in
magmatic rocks
• Elements related to water flows:
Mechanical erosion
• Depositional
forms:
Sedimentary
deposits and speleothems
The symbols used in these morpho-genetic groups have been taken from other type of
rocks and in many cases, from another morpho-genetic group. To define the real group in
which the form is classified, it has been
defined a colour for each morpho-genetic
group. So, some “official” symbols have been
used, extending their original meaning.
– Structure elements and forms
COLOUR : GREEN (RGB: 5, 225, 5)
Planar discontinuities with indication of
dip: used to indicate the dip of not open discontinuities. It was used to indicate the dip of
fracture families where there have been generated shelter-type structures, as well as other
fracture and weathering planes with small
opening (less than 30 cm) and not open. Line
of 0.2 mm thick. Line length 6 mm. Arrow
length 2 mm.
Direction and slope or dip: used to indicate the dip of open discontinuities. It was
used to indicate the dip of the set of discontinuities through which the main galleries have
been generated. The direction is a vector normal to the fracture orientation and the dip was
measured with clinometer on the gallery wall.
Line of 0.2 mm thick. Length of lines 6 mm
and 1 mm.
Sheeting with sliding: 0.4 mm thick.
Length of lines: 6 mm and 1 mm.
Breakdown doline/collapse limits:
Limits of the collapse doline. Line of 0.4 mm
thick. Length of lines: 6 mm and 1 mm.
– Chemical and physical weathering in
magmatic rocks
COLOUR : BLACK (RGB: 0, 0, 0)
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Tafone: used to indicate the presence of
not mappable tafone with or without honeycombs. Line of 0.4 mm thick. Breath and
height of the element 2.5 mm x 4.5 mm.
Symbol location: in the perimeter of the front
or plane where the form is located.
Pseudo-karren, pseudo-rills: used to
represent flutings. The symbol of karren is
used. Line of 0,4 mm thick. Breath and height
of the element 0.75 mm x 6 mm. Symbol location: in the perimeter of the front or plane
where the form is located.
Weathering microforms: used to indicate
any other form or not specified weathering
microform, like alveoles, weathering fronts,
etc. When forms are not big enough, symbol
indicates only the location. But when forms
are mappable, symbols are placed in the
perimeter of the front or plane where the form
have been developed. Line of 0.2 mm thick.
Breath and height of the element 0.75 mm x
1.4 mm. Symbol location: in the perimeter of
the front or plane where the form is located.
Lateral notches: used to indicate lateral
notches. In A Furna and O Folón Cave there
appears a weathering front in some conduits,
with hollow in the sub-horizontal fracture
plane. Line of 0.2 mm thick. Variable breath
and height of the element. Arrow perpendicular to bow. Symbol location: in the perimeter
of the front or plane where the form is located.
– Elements related to water flows
COLOUR : BLUE (RGB: 5, 114, 225)
Anastomosis: used to represent the existence of diffuse flows. Also used in sump
zones with absorption or diffuse resurgence.
Line of 0.4 mm thick. Variable length and
breath according to extension of forms.
Distribution: indicates the development zone.
Direction of paleoflow and paleochannel levels: This symbol is not only used alone
but combined with varves, potholes… to indicate paleo-flow levels. Line of 0.4 mm thick.
Variable length and breath according to exten-
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sion of forms. Distribution: indicates the paleochannel development.
Potholes: Line of 0.2 mm thick. Variable
size according to extension of forms.
Distribution: indicates the location.
Lateral notches: used to indicate lateral
erosional notches. Arrow perpendicular to
bow. Symbol location: in the perimeter of the
front or plane where the form is located.
– Other forms
COLOUR : GREEN (RGB: 5, 225, 5)
Onglets or pressure scales: These forms
are convex forms developed by charge concentration on the contact points between tilted
blocks and the cavity walls or even in other
blocks. Line of 0.4 mm thick. Variable length
and breath according to extension of forms.
Distribution: indicates the location.
Block fall/collapse/subsidence: Line of
0.2 mm thick. Dimensions according to the
size of the forms. Distribution: indicates the
location.
– Sedimentary deposits and speleothems
COLOUR : RED (RGB: 205, 18, 18)
Varves: Varved deposits or ritmites. Line
of 0.2 mm thick. Extension according to the
size of deposit. Tilting according to the dip of
the deposit.
Botryoids: This symbol represents opalA, crusts and botryoidal deposits with nodular
forms up to 5 mm of diameter.
Line of 0.2 mm thick. Breath and height
variable according to the size of the form.
Symbol location: in the perimeter of the front
or plane where the form is located.
Cylindrical speleothems: used to represent individualized forms of opal-A
speleothems, both acicular and vermicular and
pseudo-helictites with antler variety.
As there is no clear genetic differentiation
of the forms and to avoid the overlap of many
symbols, it was combined with the previous
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one. In exceptional cases it may refer to pigotite stalactites.
Line of 0.2 mm thick. Breath and height
variable according to the size of the form..
Symbol location: in the perimeter of the front
or plane where the form is located.
Pigotite Draperies/Sinter curtain: A curtain or scarf-like speleothem that hangs down
from inclined cave ceilings or walls. They are
a composite dark (non-translucent) flowstonedripstone speleothem. The most common form
is a straight line slightly curved, with water
flowing down along an inclined rock wall, but
well-developed curtains have been found.
Line of 0.2 mm thick. Breath and height
variable according to the size of the form.
Symbol location: in the perimeter of the front
or plane where the form is located.
Pigotite Stalactites
Line of 0.2 mm thick. Breath and height
variable according to the size of the form.
Symbol location: in the perimeter of the front
or plane where the form is located.
Stalagmites
Line of 0.2 mm thick. Breath and height
variable according to the size of the form.
Symbol location: in the perimeter of the front
or plane where the form is located.
Flowstone
Line of 0.2 mm thick. Breath and height
variable according to the size of the form.
Symbol location: in the perimeter of the front
or plane where the form is located.
– Other elements.
COLOUR : SALMON (RGB: 205, 92,
61)
Bones: any organic remain. Line of 0.4
mm thick. Length 6 mm. Symbol location: it
indicates the zone where they appear.
Human activity: This symbol is used for
man-made changes and/or remains in caves
including artwork (engravings), pottery… In
many cases it is used to indicate modern min-
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ing alterations. Line of 0.4 mm thick.
Maximum diameter 6 mm. Symbol location:

Table 1.- Proposed cave symbol list.
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in the perimeter of the front or plane where the
site is located.
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Table 1.- Proposed cave symbol list.

MODELLING
The geomorphological map and their different views completed with specific symbology may permit to obtain a new complex
views and sketches to analyse the evolution of

the cave. So, this part of the project has been
named modelling phase.
Approaching global conduits
In previous chapters it had been explained
the method used to draw many types of glob-
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al cross-sections: When the cave profile is
intersected with any orthogonal plane, adjacent voids from individual passages can be
related drawing then a global cross-section.
Using these views, it is possible to make a
first model for the cave removing virtually collapses areas and correlating the continuous limits to outline the envelop of the global conduit.
Paleo-levels and paleo-flows
Taking a set of many global cross-sections,
this is, a succession of different cross-sections
obtained by cutting the main cave route with
different orthogonal planes, it is possible to
make many new complex views and sketches
to determine the relation between the different
paleo-levels or paleo-flows along the cave.
Two types of plots are considered:
• Views superposing many sequential
complex cross-sections. Symbols are
used to remark the different morphogenetic group preserved in each section.
• Three-dimensional views using the succession of complex cross-sections. In
this case:
- All the cross-sections are obtained by
parallel planes. It implies that all the

Figure 2.- Three-dimensional cartoon
with different stages of incision levels
of O Folón Cave from the absorption
area to spring area.
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planes are related with the same main
discontinuity.
- It is used a special type of perspective
in which the planes containing crosssections are plotted parallel to the
draw plane. Its dimensions are preserved (XZ plane) and the distance
between two adjacent sections may be
plotted with a reduction factor of 0.5.
- To define the surface it is necessary to
plot a envelope grid. Here, it is used a
horizontal or vertical equidistance of
1 m.
- Symbols are used to remark the different morpho-genetic group present in
each point.
Using these views it is easy to make a first
geomorphological analysis directed to obtain:
• Levels or continuous surfaces in which
there are elements related to water flows
(indicators of mechanical erosion).
• Paleo-levels determined by channels or
continuous surfaces hanging over the
present water-carry.
• Superposed levels and paleo-flows
spring from a recursive downcutting of a
main water flow.
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Figure 3.- Evolution of the longitudinal profile of O Folón System during the progressive opening of the
structure by fluvial erosion from the Plio-Quaternary till present times.
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Correlating structure and paleo-levels:
Approaching a cave evolution
Superposing the paleo-level model of the
cave over the main projected profile, it is possible to correlate structure and paleo-levels.
Main drainage networks and channels may be
then correlated and related with a specific
paleo-flow. A complete geomorphological
work permits to approach a possible sequence
for cave evolution, routing many different
snapshots that enclose the recursive downcutting process and the transition between main
subterranean channels.
This sequence has been completed detaching the last snapshot (the present stage) in many
sequential pictures referred to the pre- and poststructural collapse. This collapse has been dated
by radiocarbon using pigotite deposits related to
structures developed post cave collapse.
DISCUSSION AND CONCLUSIONS
Graphical representation of subterranean
granite spaces requires the use of specific
speleological topographic criteria adapted to
the characteristics of this lithology. There is
not an adequate legend that represents the
granitic forms and even less in the case of subterranean environments. In this work, the
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symbology, which was defined for other
lithologies, has been used to represent similar
morphologies in granite voids even though
their genesis may be very different.
A basic point in this project has been the
abstraction done in the granite voids to distinguish passages and conduits, and also the
work carried out to assemble adjacent crosssections rebuilding global cross-sections that
approach the conduit patterns.
These complex views (superposing many
sequential complex cross-sections, three
dimensional views,...) are a graphical tool to
make a geomorphological analyse of the cave
looking for the paleo-levels and paleo-flows.
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Abstract
The most frequent postgenetic lava caves develop in rocks of sea cliff exposed to sea abrasion.
Many impressive examples of sea caves can be found on the Icelandic coast. In some particular places of Dyrhólaey the cliff consists of a nearly horizontal layered basalt lava delta
sequence of 10-15 cm thick compact, jointed lava flow layers and intercalated easily eroding
hyaloclastite layers of 50-100 cm on average. This lava delta sequence creates ideal conditions
for the sea cave enlargement. Here, the effective upward, inward, and sideways enlargement
of the cave takes place in the looser volcanic hyaloclastite layers. The stability of the cave’s
roof and sidewalls is due to the layers of compact lava flows. As a result of cave enlargement
of this kind, the cave’s inner cross section is higher and wider than its entrance.
Keywords: sea cave, basaltic lava delta, alternating sequence, hyaloclastite, compact lava
layer, Dyrhólaey, Iceland.

8012096-XEOLOXIA N 33.qxd:maquet. 1

7/1/09

19:48

156 Gadányi

INTRODUCTION
For the development of sea abrasion caves
there needs a special coexistence of several conditions that allows the differential erosion of the
coastal sea cliff sections. Among these conditions, directions and numerical density of joints,
and the different resistance of the rocks of
which the cliffs are composed have a primary
importance (MOORE 1954, ZENKOVICH
1967, SUNAMURA 2000, BUNNELL 2004).
In some particular places on rocky coasts
of basalt volcanic terrains, where the sea cliff
consists of an alternating sequence of resistant, nearly horizontal compact basalt lava layers and interbedded, less resistant volcanic
tuffs (e.g. hyaloclastites), there is a bigger
chance for a sea cave to develop.
The aim of this study is to present how sea
caves can form under the abovementioned
ideal conditions, on the basis of the morpho-
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genesis of the sea cave at Dyrhólaey, Iceland
(Photo 1). This sea cave formed in a basaltic
lava delta where hyaloclastites and compact
lava layers piled up in an alternating, nearly
horizontal sequence.
THE SITUATION OF DYRHÓLAEY AND
THE EXAMINED SEA CAVE
Dyrhólaey is situated at the southernmost
point (63o 23’) of Iceland (Photo 1/a,b). As
regards its origin, Dyrhólaey is a submarine volcanic hill which rose above the sea level during
a hydrovolcanic eruption of Surtseyan type
(THORDARSON – HÖSKULDSSON 2006).
Dyrhólaey – which represents the remains of a
larger hydrovolcanic cone - consists of hydrovolcanic tuff, which capped by compound
pahoehoe lava on the eastern side of the island
(THORDARSON – HÖSKULDSSON 2006).

Photo 1. a.) The situation of Dyrhólaey at the southernmost point of Iceland b.) Oblique aerial view of Dyrhólaey
taken from the East. On the right side of the picture there are offshore bars which connect the former island with
the mainland. The white arrow shows the place where the photo of section “c” was taken c.) An approximately 60
m long section of the southern cliff of Dyrhólaey with the entrance of the sea cave. Legend: 1: thick pahoehoe lava
flows 2: the lava delta sequence B: the entrance of the sea cave in the lava delta.
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At present Dyrhólaey is connected to the
mainland by two large offshore bars (Photo
1/b) formed from the abrasion products of the
rocks of Dyrhólaey and the surrounding coast.
These bars together with Dyrhólaey form a
tombolo of polygenetic type (ZENKOVICH
1967).
The Icelandic word “ey” (means island)
implies that Dyrhólaey was regarded by the
former name-givers as an island.
Dyrhólaey has an area of almost 1.3 km2,
which breaks down into the ocean with 120,
80, 50 and 20 m high vertical abrasion cliffs
(Photo 1/b).
The sea cave under examination described
below (Photo1) is situated at the southern part
of the “island” (Photo1/b), at the bottom of a
20 m high cliff (Photo 1/c), about a 30 m distance from the shoreline and 2-3 m above the
average sea level.
THE EVOLUTION OF THE HOST
HYDROVOLCANIC
LAVA
DELTA
SEQUENCE OF THE SEA CAVE
At the first stage of the evolution of
Dyrhólaey, during the violent surtseyan
hydromagmatic eruption, hyaloclastites
deposited in great thickness as a result of the
magma/water interaction in the hydrovolcanic vent (WHITE – HOUGHTON 2000).
At the later eruption stages, because of the
growing volcanic edifice, the vent became
isolated from the seawater, so the explosions
were getting gradually weaker, turning into
Strombolian and finally Hawaiian type. As a
result of this, at the last stage of the eruption
pahoehoe lavas were discharged and reached
the
shoreline
(THORDARSON
–
HÖSKULDSSON 2006) and there interacted with the seawater. As the basaltic lava
flows into the ocean, hydrovolcanic explosions may occur and a lava delta can build
up encroaching upon new areas in the ocean
(MATTOX – MANGAN 1997, SCHMIDT –
SCHMINCKE 2000).
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My field observations suggest that the
examined sea cave at Dyrhólaey is likely to
have formed in a hydrovolcanic lava delta
sequence of the abovementioned kind. In the
area of the lava delta, depending on the
amount of seawater infiltration into the
evolving lava delta sequence, where the
pahoehoe flows only meet small amount of
water compact lava layers formed, while in
another part of the lava delta, where the
pahoehoe flows, meet larger amount of seawater, the ensuing hydrovolcanic explosions
produced fragmented hyaloclastite deposits.
After some time, in particular places of the
lava delta, the hyaloclastite layers and the
compact lava layers piled up in an alternate
sequence. In the last stage of the eruption this
lava delta sequence got covered with thick
pahoehoe lava (Photo 1/c).
After the formation of Dyrhólaey, the
rocky cliffs of the island started to retreat
because of the abrasive agents of the ocean.
The rate of abrasive destruction can be
inferred from the example of volcanic island
Surtsey of the same origin as that of
Dyrhólaey, which has decreased in size by
almost half (from 3 to 1.5 km2) as a result of
sea abrasion since its creation in 1967 (GU MUNDSSON – KJARTANSSON 2007).
Because of the recess of the sea cliff, the alternating layers of compact lavas and hyaloclastites in the lava delta sequence revealed
where the sea abrasion operated with greater
efficiency, compared to the surrounding cliffs
material, and quarried a sea cave into it.
THE MORPHOLOGY OF THE SEA
CAVE
The examined sea cave’s length is 21.3 m.
The entrance is 16.4 wide, and 2 m high. The
width of the cave’s passage gradually narrows
inward to 3 m, but in its inner room the cave
hollows out to 8 m in width and 4.4 m in
height. The longitudinal axis of the sea cave is
almost perpendicular to the direction of the
cliff face.
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Photo 2. The interior view of the sea cave form inside. The picture was taken looking at the entrance at a view angle
of 145 o. The different lava layers (L1-L4) and hyaloclastite layers (H) are bordered by broken lines. The white
frame shows the place where Photo 7 was taken. In the lower right corner of the picture, there is a schematic longitudinal cross section (see in Fig. 1), where the black arrow shows the direction of the picture’s view.

On the cave’s sidewalls the dark grey
compact lava layers (Pic.2, 3, 4, 7) are clearly
distinct from the interbedded hyaloclastite
layers (Pic.2, 3, 7) of light brownish colour,
which colour is given by the light brown detritus between the originally dark grey hyaloclastite particles. These layers of different
structure built up an alternate sequence in the
body of the host lava delta (Photos 2, 3, 7).
In the cave there are 4 layers (L1-L4)
revealed out of the compact lava layers of the
lava delta, in a thickness of 10-15 cm on average (Photos 2, 3). These flat (in some places
undulating) lava layers dip inwards the cave in
10, 15, 20o on average, and they are divided
by joints due to cooling and contraction. Two
different lava layers comprise the roof of the
cave (L3, L4) (Photos 2, 3, 4). The 3rd lava
layer from the bottom (L3) comprises the roof
of the first narrow passage section of the cave
(Photos 2, 3) in a dip angle of 15o. The upbreaking of the 3rd lava layer (L3) revealed
the 4th lava layer (L4) (Photos 2, 3, 4), which
now comprises the roof of the spacious inner
room of the cave in a dip angle of 10o. The
same lava layer (L4) gradually inclines down

in a dip angle of 35o towards the cave’s ending, and terminates it where the layer reaches
the bottom (Photo 4; section 6, Fig. 1).
The cave reaches its maximum height (4.4
m) at the chimney, which opened in the roof
that comprises lava layer (L4). At its opening
the chimney’s diameter is 0.8 m, and it reaches up as high as 1.5 m (Photo 5; section 6, Fig
1; section c, Fig. 2).
Where the abrasion eroded the slack scoria layers away, the bedding planes of the lava
layers that comprise the roof revealed. As a
result of this, flow wrinkles came to sight in a
bottom-view of lava layer L3 (Photo 6). The
good state of preservation of these flow wrinkles proves an earlier loose connection
between the hyaloclastite and the overflowing
lava layer.
Between the compact lava layers the
interbedded hyaloclastite layers have a rather
slack structure and their material can easily be
broken by hand. Because of the slack structure
of the hyaloclastite layers, the abrasive forces
easily quarried hollows into them, between
and parallel with the compact lava layers, in a
height of 0.5-1 m and depth of 0.2 – 1.8 m
(Photos 3,7).
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Photo 3. In the interbedded hyaloclastite layer (H), between the lava layer comprising the roof of the cave’s first
narrow passage section (L3) and the lava layer comprising the roof of the cave’s spacious inner room (L4), the abrasive erosion was more rapid. Having been disrupted by the abrasive agents, lava layer L3 cropped out forming a
ledge. Lava layers L3 and L4 diverge towards the cave’s interior. It indicates that the former hyaloclastite layer
between them was gradually thicker towards the interior of the lava delta sequence. Sign P marks the situation of
the abrasion pebbles. In the upper left corner of the picture there is a schematic longitudinal section (see in Fig. 1),
where the black arrow shows the direction of the picture’s view.

Photo 4. The roof of the sea cave comprises two different lava layers (L3, L4). The cave gradually lowers inwards
and finally terminates because lava layer L4 inclines down towards the cave’s ending. In the lower right corner of
the picture there is a schematic longitudinal cross section (see in Fig. 1), where the black arrow shows the direction of the picture’s view.

Because of their better resistance, the
compact lava layers cropped out from the
sidewalls forming ledges in a width of 0.2-1.8
m (Photos 3, 7). On the surface of the ledge

formed from lava layer L3, there are abrasion
pebbles (Photo 3, 7), which greatly contributed to the excavation of the loose hyalolastite cover above layer L3.
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Photo 5. Chimney which was opened by the up-breaking of the roof comprising lava layer L4. At its opening the
chimney’s diameter is 0.8 m, and it reaches up as high as 1.5 m. In the lower right corner of the picture there is a
schematic longitudinal cross section (see in Fig. 1), where the black arrow shows the direction of the picture’s view.

Photo 6. Flow wrinkles in the lower bedding plane of lava layer L3 comprising the roof, which became revealed
as a result of the abrasive transportation of the underlying hyaloclastite layer. The good state of preservation of the
flow wrinkles proves the loose connection between the lava and the hyaloclastite layer. In the lower right corner of
the picture, there is a schematic longitudinal cross section (see in Fig. 1), where the black arrow shows the direction of the picture’s view.
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Photo 7. The lava ledge (signed L3 in the
picture) was formed by the up-breaking
of lava layer L3, which broke in and continued in the host lava delta sequence,
and subsequently cropped out from the
sidewall as a result of the rapid erosion
of the over- and underlying hyaloclastite
layers (H). On the surface of the ledge
there are abrasion pebbles (see the upper
right corner of the picture). In the lower
right corner of the picture, there is a
schematic cross section (see in Fig. 2),
where the black arrow shows the direction of the picture’s view.

THE DEVELOPMENT OF THE SEA
CAVE
The enlargement of sea caves is particularly rapid during storms or bores, when the
storm waves in relatively small time intervals
quarry a great amount of material from the
cliffs (MOORE 1954). The storm waves can
exert a tremendous pressure of 30 tons per
square meter on the rocky coasts, which was
measured by means of dynamometers (KUENEN 1950).
The evolution process of the sea abrasion
cave under examination at Dyrhólaey is
detailed below, and can be followed in Fig. 1.
In the beginning of the sea cave formation,
an undercut or notch was hollowed, which
was enlarging relatively quickly inwards,

sideways and upwards in the lower hyaloclastic layer, as high as the overlying compact
lava layer was (section 1, Fig. 1; section a,
Fig. 2). In this stage of sea cave development
the particles slid and rolled by the waves play
an important role in widening and lengthening
the notch. These abrasive agents subsequently
cause a greater width at the bottom of the sea
cave (MOORE 1954). The compact lava layer
comprising the roof blocked the upward
enlargement of the initial cave for a certain
time (section 1, Fig. 1; section a, Fig. 2).
However, because of the abrasion of the
underlying hyaloclastic layer, causing the
cave’s further lengthening and widening, the
support surface of the lava layer comprising the
roof became smaller. It resulted that this lava
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layer-roof was becoming more and more unstable. The instability was also increased by the
lava layer’s already existing and new-formed
joints and the lava layer’s local thin sections
revealed by the lengthening and widening of
the cave. The seawater rushing into the low and
wide cave exerted a great abrupt pressure on
the weaker lava layer-roof from below. At the
same time, the compressed air having got
squeezed in between the seawater and the lava
layer-roof pushed into the cracks and joints of
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the roof. It resulted in a wedging action that
broke the blocks of the lava layer-roof apart
(section 2, Fig.1). As the wave receded, the
compressed air was allowed to escape with an
explosive violence, which loosened and carried
away the roof’s broken material (KUENEN
1950, MOORE 1954, RAMPINO 1982,
SUNAMURA 2000). As a result of this
process, a considerable part of the slack-structured hyaloclastic layer overlying the former
lava layer-roof also collapsed (section 3, Fig.1).

Figure 1. Series of schematic longitudinal sections (1-6) perpendicular to the cliff face demonstrating the development of the sea cave. Legend: 1. hyaloclastite 2. compact lava layer 3. growing sea cave.

Figure. 2. Series of schematic cross sections (a, b, c) parallel with the cliff face demonstrating the development of
the sea cave. Legend: 1. hyaloclastite 2. compact lava layer 3. growing sea cave.
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Thereafter, in the revealed hyaloclastic
layer, the cave enlarged again relatively
quickly, inwards, sideways and upwards. The
hyaloclastic layers eroded away more rapidly
than the compact lava layers, so the compact
lava layers cropped out forming ledges reaching into the cave in 0.2-1.8 m (Photos 3, 7;
section b, c, Fig.2). On the wider ledges, abrasion pebbles deposited which probably greatly contributed to the excavation of the loose
hyaloclastic layers (Photos 3, 7).
The relatively rapid inward, sideway and
upward enlargement continued until it reached
the subsequent overlying compact lava layer,
which then became the new roof of the growing sea cave (sections 4, 5, Fig.1).
The process described above took place
several more times, while the cave’s interior
became more spacious than the initial passage
section (sections 4, 5, 6, Fig. 1; sections b, c,
Fig. 2), which was caused by the following
reasons:
1. The invading seawater entirely filled
the initial passage section up to its roof.
It resulted that the compressed air in the
cave’s interior could not “escape”
through the entrance, but pushed into
the joints of the sidewalls and the roof
of the cave’s inner room.
2. The loose hyaloclastic layers in the
inner part of the examined alternating
lava delta sequence are thicker (Photo
3), while the lava layers are thinner.
This caused more efficient erosion in
the inner part of the lava delta sequence
than in the outer part, because of which
the inner room of the cave became larger.
Between the loose hyaloclastite layers the
intercalated compact lava layers braced and
stabilized the sea cave’s roof and sidewalls,
and prevented them from collapse (Photos 2,
3, 7; sections b, c, Fig. 2).
If the amount of seawater invading the
gradually growing sea cave does not change
with time, the pressure exerted by the seawater is distributed on a greater area on the walls
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of the cave. As a result of this, the sufficient
pressure needed for the effective erosion can
only exist in storms or bores, when the
amount of the invading seawater considerably
increases.
The growth of the sea cave was slowed
down by the inclining lava layers (Photo 4;
sections 5, 6, Fig.1). At present, the ending of
the cave comprises the resistant lava layer L4
(Photo 4.). This layer resisted the invaded seawater, whose energy had already been dissipated in the widened beach area on which it
had flowed across from the shoreline.
The bottom of the cave’s entrance is situated 1-2 m above the average level of the
ocean, in a distance of 30 m from the shoreline, with a sandy-pebbly beach between
them. The reason for the horizontal and vertical removing of the cave from the ocean might
be the isostatic emergence caused by the rapid
melt of the surrounding ice caps (EINARSSON 1994), and the deposition of the transported abrasion products derived from the
rocky segments of Dyrhólaey and the nearby
coasts as well (Photo 1/b).
CONCLUSIONS
The examined sea cave in Dyrhólaey is
likely to have formed in a hyaloclastic lava
delta sequence, where the coexistence of several geologic prerequisites created ideal conditions for the development of the sea cave
which inwardly hollows out. These geologic
prerequisites are the following:
1. Compact, but jointed lava layers in
small dip angle and in a sufficient thickness, which means that the layers are
thin enough for the abrasive agents to
break them up, but they are sufficiently
thick to stabilize the cave’s roof and
sidewalls. These lava layers were broken up from below by the pressure of
the invading seawater accompanied by
the wedging action resulting from the
air compressed into the layers’ joints,
where the air escaped from with an
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explosive violence. The up-breaking of
the lava layers is proved by the chimney
which opened in lava layer L4 (Photo
5).
2. Rather thick hyaloclastite layers, in
which the effective and rapid excavation of the sea cave took place.
3. Inwards from the cliff face the compact
lava layers become gradually thinner,
while, in compliance with it, the hyaloclastite layers become thicker. Because
of these reasons the inner side of the
alternating lava delta sequence was
abraded more effectively than its outer
side, therefore the cave’s inner cross
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section is higher and wider than the first
passage section.
The stable roof of the cave comprises two
different compact lava layers that resisted the
abrasive agents and, for this reason, did not
break up.
The stability of the sidewalls is caused by
the remnants of the compact lava layer segments that remained in the sidewalls after the
layer’s up-breaking, and subsequently
cropped out in some places forming ledges.
The further lengthening of the sea cave was
probably blocked by the resistant lava layer L4,
which inclines down towards the cave’s ending, where it reaches the cave’s bottom.
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Abstract
Granite caves occur in different areas of Germany, e.g., in the Black Forest Mountains, Harz
(Hercynian) Mountains and in the Saxon and Bavarian part of the Bohemian Mass. Most of
them are not well documented, but in the area of the Fichtel Mountains (Northeast of Bavaria,
Hercynian-age granites of the Bohemian Mass) we documented a total number of 77 caves,
most of them up to 50 m long. Most of them are situated in tors, autochthonous relics of deep
Tertiary spheroidal weathering with subsequent re-movement of the granite detritus during
Plio- and Pleistocene times. Consequently, they can be classified as woolsack caves. Smaller
caves, often covered by only one or a few boulders, show a morphology similar to talus caves,
but some longer caves (up to 90 m in length) are of a much more complex morphology, reaching the inner, more or less ordered parts of the tors, where the morphology is similar to that
of fissure caves (structural caves) with narrow passages and parallel walls.
The longest cave of the Fichtel Mountains is ca. 100 m long and of different origin. It is developed also in autochthonous rocks, but as a fissure cave. The fissures might have opened due
to gravitational mass movement (rock slide), but it is also discussed that they were enlarged in
Pleistocene times by ice thrust.
Key words: granite caves, talus caves, boulder caves, structural caves, Fichtel Mountains,
Germany.

8012096-XEOLOXIA N 33.qxd:maquet. 1

7/1/09

19:48

168 Striebel

1. GENERAL SITUATION
The
Fichtel
Mountains
(germ.
“Fichtelgebirge”) are situated in the northeast
of Bavaria, which itself is situated in the
southeast of Germany. They are part of the
Bohemian Mass, a complex of mountainous
regions reaching from the southwest of Poland
via the Czech Republic to Austria and
Germany. The geo-tectonic history started
during the Hercynian (Variskian) Era, when
folding of the sedimentary rocks occurred and
granite intruded in greater depths. Later, parts
of the Bohemian Mass were lifted up and
heavily eroded; in consequence the granite
intrusions have been exposed.
2. GRANITE WEATHERING AND
WEATHERING FORMS

2.1 Large forms of weathering (primary
forms)
In Tertiary times, possibly also in former
times, intense chemical weathering during
warm climatic epochs attacked the granite at
first along the existing joints and disintegrated
the rock material to a depth of several tenths
of meters, leaving fine detritus material which
first was not eroded mechanically but formed
the typical deep-grounded tropical soils.
Later, in Plio- and Pleistocene times, after a
tectonic lifting and a climatic change, this
detritus
was
mechanically
eroded.
Consequently, the partly disintegrated granite
material, consisting of more or less voluminous and rounded boulders, remained and was
exposed, now forming boulder fields. These
fields may consist of allochthonous boulders
dislocated by gravitational mass movements
under periglacial conditions (rock slides) or of
autochthonous boulders now situated in peak
positions (tors).
This principle of woolsack weathering
was first described by J. W. v. Goethe (1820),
the famous poet and universal genius. He vis-

Página 168

CAD. LAB. XEOL. LAXE 33 (2008)

ited the Fichtel Mountains during three excursions (the most important ones in the years
1785 and 1820). He also described for the first
time granite caves in the Fichtel Mountains.
2.2 Small forms of weathering (secondary
forms)
Weathering pits (water pots or kamenica)
are developed by stagnant water (dissolution,
hydration, frost splitting etc.). They occur
with drainage channels and on horizontal top
sides of the woolsack blocks, indicating a subrecent age.
Karren (lapiés) of the Rillenkarren type
can be found at inclined woolsack blocks, also
an indication of a subrecent age. They develop by slowly running water (dissolution,
hydration, frost splitting?).
Tafoni-like forms or forms of honeycomb
weathering can be found seldom in the Fichtel
Mountains. They possibly develop by physico-chemical weathering due to pore water or
thin water films or even without water.
Probably, thermal effects (daily or yearly temperature changes) may accelerate the development.
3. STATISTICAL DATA AND GENETIC
CLASSIFICATION OF THE CAVES
Until today, in the Fichtel Mountains 77
granite caves are registered. Registration of a
cave is done only if some base data is known
(e.g., exact geographical position, approximated length). A number of 20 – 30 caves is
known, but not registered due to the lack of
exact base data.
Most of the registered caves are situated in
some well-investigated areas which are of ca.
5 km2 in total size. Regarding the total granite-covered area in the Fichtel Mountains (>
200 km2), we must assume that the total number of granite caves must be a multiple of the
number of registered caves today. Taking into
consideration that our well-known 5 km2 are
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“hot spots” of cave occurrence, and there are
existing some other “hot spots”, we estimate
the total number of granite caves in the Fichtel
Mountains with 500 – 1000 caves (minimum).

In Table 1 the length distribution of the
caves is given. Like in the most other cave
regions, most caves are small, but nearly 10%
of the caves are longer than 50 m.

Length interval

5 ... < 20 m

20 ... < 50 m

50 ... 100 m

Number of caves

60

11

6

Table 1: Length distribution of the granite caves in the Fichtel Mountains.

Regarding the genetic conditions, Table 2
gives the classification of the caves. Some of
the caves classified as woolsack caves may
belong to an intermediate between woolsack
and talus caves, because it is not sure that the

cave-forming boulders are of pure autochthonous character.
The genetic types introduced in Table 2
are mentioned in the following chapters.

Genetic type of cave

Number of caves

Woolsack caves

68

Talus (boulder) caves (dry)

3

Erosion boulder caves (with small creek inside)

1

Others (here: possible influence of ice and/or snow)

1

Unknown

4

Table 2: Genetic classification of the granite caves in the Fichtel Mountains.

4. WOOLSACK AND MATTRESS CAVES
Woolsack caves are located in the tors
(autochthonous boulder fields) and are cavities in-between the woolsack blocks. The
blocks are often placed in an unordered manner. Therefore, the morphology is very similar
to the classical talus (boulder) caves (cf. chapter 5 and Fig. 1). At some tors, the inner or
deeper parts show partial order of the boulders.

Small caves are very common in tors and
are often covered by only one boulder (Fig. 2
and 3). Some caves are of much more complex morphology, and may be covered by a
number of boulders so as to be labyrinthic
(Fig. 4a/b). A few caves reach the inner, more
or less ordered parts of the tors, where the
morphology is similar to that of fissure (structural) caves with narrow passages and parallel
walls.
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Fig. 1: Historical view (postcard) of the Nusshardt tor with the cave called Nusshardtstube
5937/03a (length 26 m).

Mattress caves are a special form of woolsack caves covered by flat boulders (big area

extension, but only small thickness). These
caves are often wide and low.
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Fig. 2: Historical view (postcard) of the Klingergrotte, a cave not registered until today.

Fig. 3: Woolsack cave (here: mattress
cave), simple morphology, plan and
sections (Südliche Prinzenfelsenhöhle
6037/01, length 6 m).
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Fig. 4a: Woolsack cave,
complex morphology, plan
(Etagenhöhle
6037/13,
length 50 m).

Fig. 4b: Woolsack cave,
complex morphology, sections (Etagenhöhle 6037/13).

5. TALUS CAVES
Talus caves (boulder caves) are formed by
gravitational mass movement. Such caves are
typical of hard rock materials (limestone,

dolomite, sandstone, granite...). It is important
to emphasise that they develop in allochthonous landslide material - in contrast to woolsack caves. Talus caves are already well-documented in many different rock types (e. g.,
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Eszterhás 1993, “Mass Displacement
Caves”). Gaál & Furmánek (1995) pointed out
the existence of an intermediate cave type
between talus and fissure cave.
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areas of Lower Austria caves with lengths of
several hundred meters exist (Hartmann &
Hartmann 1990).
7. ICE AND SNOW THRUST CAVES

6. EROSION BOULDER CAVES
This is an important combined type of
talus and erosion cave. First, landslides occur
in incised creek gorges, forming the disposition for talus-like caves (but not necessarily
true caves). Second, erosion by the creek
forms the combined type of the erosion boulder cave (also called boulder fragment cave,
Börner et al. 1988). This cave type is more
common in sandstone areas. In the Fichtel
Mountains, we have one such cave with a
length of only a few meters. In the granite

Fig. 5: Possible ice thrust cave, entrance
(Ochsenkopf-Nivationshöhle 5936/01,
length ca. 100 m) (photo by Horst Hedler).

Pressure of ice and snow in Pleistocene
times enlarged existing fissures, possibly forming ice or snow thrust caves. The longest cave
of the Fichtel Mountains appears to be of such
an origin (Fig. 5). It developed in autochthonous rocks, located at a steep slope between
two altiplanation terraces and consists in its
main parts of widened fissures (Müller 1984,
Hedler 1986). It is not known if other processes (mass movement) have been important for
cave forming, so parts of the cave may belong
to the type of fissure (structural) cave.
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Abstract
The structural fabric of granite bodies has a late development because it is produced in the
final cooling stages when the magma is totally consolidated. The exposure on surface of a granite body, either after the interlude of the edaphic alteration or directly when the rock reaches
the surface by tectonic processes, makes the meteoric agents have available an impervious
rock though with a weak perviousness (secondary) defined by the structure which is very
important in the definition of the morphology of the granite terrains. Most of the structure is
defined by the rock deformation in the fragile/ductile field though also in the elastic one, what
establishes a type of structure responsible for a form type: the tafone, which therefore has an
endogenous origin.
Key words: granite geomorphology, structural fabric, secondary permeability, fragile-ductile
strain, elastic strain, tafone.
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BACKGROUND
Granite magmas are intruded as dense fluids through the lithosphere stopping when the
magma cooling and loss of volatiles increase
their viscosity over the flow threshold
(Eichelberg 1995; Petford 2003; Hui and
Zhang 2007). The magma evolution is associated with its crystallization and consolidation,
and the discontinuities (structure) only begin
to be developed when the magma become a
solid material. It is well-known that the structural fabric does not have a random distribution in the granite body but it preferably
develops in the outer zone (contact between
intrusion - host rock) where the magma starts
to cool first. In the inner zone where the
magma stays melted during more time the
magmatic and magnetic fabrics are better preserved but the structural one is less frequent
and worse developed. So far there has been
little progress in the study of the genesis of the
structure of granite bodies, or its relation with
the magma behaviour during the intrusion.
Petrologists are more interested in the mineralogy, chemistry and petrology of the rock
while structuralists preferably take into
account the greater structures (fractures and
faults) or the micro-fabric at mineral grain
scale. However, most of the structure of granite bodies is defined within the intermediate
range of dimensions (meters to hectometres)
in which geomorphologists are preferably
interested. Lately, the studies of magnetic fabric (ASM) in plutonic bodies (Aranguren
1994; Roman Berdiel 1995) have been generalized, what has allowed improving to understand the origin of the intrusive fabric (or of
emplacement) previous to the consolidation of
the magmatic body. Also, it is more usual the
development of empirical models of behaviour of the magma during the intrusion based
on lab tests in which it is inferred the theoretical rheology of the magma and its relation
with cooling, mobility and deformation types
(Arzi 1978; Petford 2003), but it is difficult to
link the lab data with real cases. A qualitative
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approach to the problem is to compare the
magma dynamics in intrusive rocks senso
stricto and in cryptovolcanic rocks of which
many examples are known with good observation conditions (Llambías 2003). Though in
shallow magmatic environments like the cryptovolcanic ones the consolidation of the
magma is carried out at a lower lithostatic
pressure that only affects the mineral fabric
but not the structural one. In fact, some
authors (Gonnermann H.G. and Manga M.
2003; Zák and Paterson 2006) describe specific structural fabric types (e.g. sheeting, polygonal cracking) in the contact of the magma
with the host rock which are very similar to
the ones that may be seen in the same situation
in plutonic bodies senso stricto, what backs
the idea that it is the dynamics of the intrusive
magmatic body which generates the structural
fabric in both cases.
EXOGENOUS
FORMS

PROCESSES

AND

In geomorphology forms are related to
exogenous processes or the climate, what it
is not always correct in the case of the granite morphology. For example, the spheroidal
disjunction is a structural fabric type frequent in the contact zone between
magma/host rock either in cryptovolcanic or
plutonic rocks. Though the authors (see
Migon 2005; Røyne et al. 2008) attribute the
spheroidal disjunction to subedaphic weathering, this is not so because this fabric type
develops in zones of the granite body never
affected by the weathering front. Figure 1 (a,
b, c and d) show different cases of spheroidal
disjunction developed in cryptovolcanic and
plutonic rocks. The same occurs with the
sheet structure (Fig. 2), which some authors
attribute to erosive unloading (Ramsay and
Hubber, 1987) when the pluton gets in shallow cortical levels. Other authors explain the
sheet structure as originated during the intrusion (it is normal to observe the injection
among the exfoliation slates of late magmat-
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ic, aplitic or pegmatitic phases (Twidale
1982; Twidale and Vidal Romaní 1994; Vidal
Romaní and Twidale 1999; Vidal Romaní
and Twidale 1996; Twidale et. al 1996;
Gonnermann H.G. and Manga M. 2003)) and
in many cases the sheeting cuts the mineral
texture, or the magmatic flow structures
(schlieren) (Fig. 3), or even the magnetic
fabric, what implies that this type of structural fabric develops when the magma has
stopped being a fluid material. The same may
be stated for the polygonal cracking associated with stretching shear planes (Fig. 4);
though it was initially described for strained
sedimentary rocks (Ramsay and Hubber
1987; Plotnikov L. M. 1994), it is also associated (Vidal Romaní 1990; Twidale and
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Vidal Romaní 2005) with the walls of the
dikes or the slabs of the sheet structure.
Finally, another type of structure, the socalled pseudobedding (in fact a transition to
the sheet structure) (Fig. 5), is also due to the
shear stress that acts on the rock during the
intrusive stage and may be developed both in
plutonic and cryptovolcanic rocks (Vidal
Romaní 1991; Twidale and Vidal Romaní
2005).
In the evolution of a magmatic body this
final deformation stage is very important to
understand the origin of most of the structures
observed in granite because what it is known
as granitic morphology in the geomorphologic works has a direct relation with the structure of endogenous origin.

(a)

(b)

Fig. 1. Different spheroidal disjunction structures corresponding to igneous rocks. a) Phonolite from Gran Canaria,
Spain; b) Granite from La Alberca, Salamanca, Spain (photo by courtesy of M. Guitérrez Elorza).
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(c)

(d)

Fig. 1. Different spheroidal disjunction structures corresponding to igneous rocks. c) Granite from Los Riojanos,
Pampa de Achala, Argentina; d) Granite from Platja d’Aro, Girona, Spain.
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Fig. 2. Sheeting in granite rock (Maríz, Coruña, Spain).

Fig. 3. Sheeting in granite rock intersecting the magmatic fabric (schlieren) from Maríz, Coruña Spain.
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Fig. 4. Polygonal cracking in granite
rock from The Granites, Western
Australia.

Fig. 5. Pseudobedding in granite rock from Gmünd, Lower Austria. (by courtesy of K.H.Hubber).

RELATIONSHIP BETWEEN STRUCTURE AND MORPHOLOGY IN GRANITE
ROCKS
During the cooling sequence of the
magma a continuous change is produced in

the form of the intrusive body. The volume of
the melted mobile part varies, increasing, as
long as the injection of new magma continues
and the outer solid zone becomes more and
more thick and rigid. As stated before, the
structure is only generated in its already con-
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solidated zone whose form and dimensions
continuously vary during the intrusive/cooling
process. But there are few works (see e.g.
Aurejac et al. 2004) that took into account the
chronological (relative) sequence of formation of discontinuities associated with the
intrusive process (Fig. 6 a, b, c, and Fig. 7);
geomorphologists have not also considered
this aspect with some exceptions (Twidale and
Vidal Romaní 1994). But independently from
the chronology of the structure formation, all
authors (Thomas 1994; Twidale 1982; Migon
2006) accept, implicitly or explicitly, that the
morphology of granite reliefs is mainly due to
the exploitation of the system of joints by
weathering. The classic drawings of Linton
(1955), Garner (1974), Thomas (1994),
Twidale (1982) (Fig. 9) repeated in all the
textbooks are based on the classic sketch of
Cloos (1923, 1931) (Fig. 8), in fact, a simplification of the reality, because it only distinguishes 3 systems of fractures: horizontal and
vertical, mainly planes, and the curved joints
of exfoliation of variable orientation. Sketches
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more close to what really happens were presented by Thomas (1978) and also Twidale
(1982), and in them it may be seen that the frequency of the planes of discontinuities fades
progressively with the depth (see Twidale
1982) when moving from the outer to the
inner part of the pluton (Fig. 10). According to
this, the morphology of the different types of
granite forms would be pre-determined by the
characteristics of the jointing (frequency, morphology, dimensions, relationship among
joints, spatial orientation, etc.) and, therefore,
the morphology of the granite landscapes will
depend more on the endogenous factors
(essentially tectonics and jointing) than
exogenous factors (erosion, weathering)
though it is undoubtedly that these latter contribute decisively in the process as they help to
expose the rock on surface. This does not go
against the fact that the exogenous processes
(eolian, fluvial, glacial, of marine erosion, of
chemical etching, etc.) are able to generate
specific forms like rills, pits and pans, pot
holes, etch platforms, ventifacts, etc..

Fig. 6. a. Seried sequence of a granitic intrusion in cross section and in plant showing the progressive increase of
the size of the plutonic body and the early formation of the cooling border (from Aurejac et al., 2004).
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Fig. 6. b, c and d. Seried sequence of a granitic intrusion in cross section and in plant showing the progressive
increase of the size of the plutonic body and the early formation of the cooling border (from Aurejac et al., 2004).
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Fig. 7. Block diagram of a pluton showing the schistosity/foliation developed parallel to the granite contact fading
to the inner part of the magmatic body (Hills E.S. 1963 Elements of structural Geology, Sherbon Hills Ed.).

Fig. 8. H. Cloos’s diagram showing the chief types of joints in a pluton. (Cloos 1923, 1931).
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Fig. 9. Different stages of
inselberg formation combining
weathering with structure
(from Thomas 1978).

THE PROBLEM OF INHERITANCE OF
FORMS
To consider indiscriminately that all granite forms are of exogenous origin poses an
additional problem because many of them, but
all, appear with the same features in rock
landscapes developed under different climatic
conditions; it is frequent the case of forms
described in the literature that are associated
with a certain climate, for example the tor or
the polygonal cracking related to a periglacial
climate (Twidale 1982) or the tafone to a

semiarid climate (Blanck 1919; Kvelberg and
Popoff 1938; Klaer 1956; Wilhelmy 1964).
When one of these forms are found in a climate different from the one assigned to it in
the literature, it is implicitly understood that
they are forms inherited from a previous different climate in which they were formed until
the present one in which it is observed now.
This justifies that in some cases a form is
older than the landscape (as some inselbergs
considered of Mesozoic age (Bremer and
Jennings 1978; Twidale 1982)) where it is
now integrated, and it may occur that the
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whole landscape is relict or inherited because
climatic changes are events developed during
very long time intervals. Even when it is
admitted that there are inherited climatic
forms, this will be only valid for the morphologic types associated with exogenous
processes, the only ones with a direct relation
with the climate. But, if most of the granite
forms are defined by the structure and therefore without relation with the climate, it will
have no sense to assign them a formation age
or specific climate (except that their exposure
is caused by erosion) (Twidale and Vidal
Romaní 1994). Consequently, the coincidence
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of the same forms in very varied geodynamic
environments or under very different climates
is not exclusively due to the geomorphologic
inheritance or its relationship with determined
exogenous processes but to the fact that the
granite forms have been originated by the
exploitation by weathering of the structure,
similar in all cases as it is also the intrusion/emplacement process of the magmatic
rocks; this interpretation helps to explain
rationally the geographic and climatic ubiquity of the granite forms and also to speak about
granite landscapes as associations of forms
specifically developed in granite rocks.

Fig. 10. Model of bornhardt development by Thomas (1994).
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ORIGIN OF THE TAFONE BY ENDOGENOUS PROCESSES
When establishing the differences
between exogenous and endogenous forms,
the tafone case is paradigmatic. The tafone is
a special kind of cave widely but not exclusively developed on granitic rock. Tafone
(plural tafoni) is a Corsican word meaning
perforation or window. Tafone were first
described (1864) by Casiano de Prado from
the Sierra de Guadarrama in central Spain
(Fig. 11) (Vidal Romaní 1998) and later by
Reusch (1883) from Corsica, and by Hult
(1888) in Galicia, NW Spain (Fig. 12) but normally the most known citations are the one of
Penck (1894) from Corsica. Tafone are commonly found in the scarp-foot zones of bornhardts at the margins of sheet structure or in
the boulders which result from the dismantling of the sheet structure; they always appear
delimited by structural planes (joints), whatever their orientation: horizontal, vertical or
intermediate. The inside wall or vault of a
tafone evolves by two types of mechanisms:
granular disaggregation and/or in plates that
are developed either separately or associated
(Kvelberg and Popoff 1938) (Fig. 13 a and b).
As result of the disaggregation inside the
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tafone, there may be developed associations
of cavities of minor dimensions and with different morphologies: alveoli (honeycomb)
(Fig. 14), mamillated or scalloped (Twidale
and Vidal Romaní 2005). Eventually, as consequence of the increase of dimensions of
these cavities, they may intersect the outer
wall of the tafone causing the opening of a
window to outside, which is the origin of the
name of the form (Fig. 15). When a tafone is
developed in two adjacent blocks separated by
a structural plane, whatever its orientation, the
tafone may be developed in both sides of the
plane, i.e. in both blocks. Nevertheless, in
tafoni developed from a horizontal structure
plane between two blocks, the development of
the cavity in the lower one is not frequent
though there exist many documented cases
(Fig. 16). This has been justified (Vidal
Romaní 1985) because the evacuation mechanisms of the grains or plates detached from the
inner vault, by gravity and deflation, are more
effective in the upper tafone and practically
null in the lower block. The greater effectiveness of the weathering processes inside the
tafone while outside the affected block
remains practically intact has always intrigued
researchers.

Fig. 11. Tafone sketch from Guadarrama,
Spain (Casiano de Prado 1864).
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Fig. 12. Tafone sketch showing honeycomb structure from Ourense, Spain (Hult 1888).

Fig. 13. Sketches of the two types of mechanisms of physical weathering in tafone from Corsica, France, a) granular disaggregation; b) plate disaggregation. (Kvelberg and Popoff 1938).
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Fig. 14. Honeycomb structure in
tafone from Ourense, Spain.
(Courtesy of Elena de Uña
Álvarez).

Fig. 15. Window in tafone from O Pindo, Coruña, Spain.

Something different is to justify why the
formation process of the tafone is produced; it
has been generally attributed to the action of
exogenous processes: haloclasty (Bradley et
al. 1978), edaphic alteration (Twidale 1982),
frost-thaw (Ikeda 1994, 1990), humidity con-

densation or thermal oscillations (Kvelberg
and Popoff 1938), all of them normal in the
areas where the first tafoni have been
described in Corsica (arid or semiarid environments and coastal zones) (Klaer 1956;
Penck 1984).
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Fig. 16. Twin cavities developed from horizontal plane in granite from O Pindo, Coruña, Spain.

As the rain in these environments is not
frequent this justified the idea that the disaggregation of the rock inside the tafone was due
to the condensation of the atmospheric humidity (Matsukura and Tanaka 2000), or the
marine spray or the thermal oscillations produced in the rock by the differences in the
solar radiation outside and inside the cavity
(Kvelberg and Popoff 1938). And in zones of
cold climates where the freeze-thaw activity
prevails, the formation of ice as mechanism of
disaggregation is what justifies the dynamics
of the tafone (Ikeda 1990, 1994) though other
authors (Klaer 1956) consider the frost as a
restrainable factor in its development.
However, along the time it could be proved
that tafoni are ubiquous forms from the climatic and geodynamic points of view

(Twidale and Vidal Romaní 2005). Therefore,
some authors have considered them as inherited forms, developed under a climate very different from that where they are located now.
The survival from one to another climate has
been justified by the resistance of the granite
to weathering when it is dry. Other authors
(Strini et al. 2008), however, consider them as
forms independent from the climate whereas
others (Vidal Romaní 1985) think that they are
more related to the structural fabric of the
granite bodies; this hypothesis is described
herein. It is evident that none of the so-called
exogenous hypothesis convincingly answers
some or all the following questions:
1) Why are tafoni developed in a random
way apparently, that is in one block and
not in the neighbour?
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2) Why does the disaggregation processes
act under the showed disaggregation
pattern in plates and/or grains?
3) Why does a tafone present a greater
activity in the internal disaggregation
processes and instead the outside of the
block remains practically intact until
the emptying of its interior part?
4) Why does the disaggregation process
stop at a certain time and not progress
even when the total internal disaggregation of the block has not finished yet?
5) Why may a tafone develop in different
positions over horizontal or sloped surfaces?
Nevertheless, the hypothesis that relates
the structure and formation of the tafone
(Vidal Romaní 1984) answers all these questions satisfactorily.
TECTONIC HYPOTHESIS FOR THE
FORMATION OF A TAFONE
Up to now different ideas have been
exposed on the generation of the structure in
granite bodies and its relation with the generation of the granite herein called endogenous
forms. All these granite forms have been considered as generated from elements of the
fragile-ductile structural fabric developed
during the intrusion/consolidation of the magmatic body. The granitization process starts at
a temperature (~ 1200ºC) and a lithostatic
pressure (24 km deep) (Chen and Grapes
2007) but the stress field that operates during
the consolidation process of a magmatic body
acts over a material whose properties vary
with the time (as the conditions of rigidity and
temperature of the magma change). This justifies that the stresses first affect a plastic
material (not prone for the development and
preservation of structures), then fragile (stage
in which most of the structure system is
developed) and finally when the main structural fabric of the granite body (system of
joints s.l.) is defined, the deformations are
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developed in the elastic field (Vidal Romaní
1985). In this last endogenous deformation
stage (elastic stage) the intrusive body does
not move substantially, at most there are produced small adjustments or movements of the
blocks defined by the previous structural fabric what justifies pressures (lithostatic plus
tectonic ones) in the contact surface. In the
two possible options (uniform or concentrated) of distribution of loads the stresses are
developed under endogenous conditions so
the rock has a greater resistance to deformation than the same material on surface at zero
lithostatic pressure. Under surficial conditions
(atmospheric pressure and surface temperature) the sound rock may reach a resistance at
simple compression of 1400kg/cm2 (or even
higher), however, at lower levels (for example, at 10 km deep) the same rock is able to
support greater charges without reaching the
breaking condition. But if the contact is produced in certain specific points of a surface
(Vidal Romaní 1985; Twidale and Vidal
Romaní 2005), the charges applied on these
points (without changes in the previous values of the lithostatic and tectonic charges)
increase producing the elastic deformation of
the affected blocks. Striae, frequent in fault
planes, are a proof of the existence of concentrated loads in between structural planes. Up
to now in geology (Bass 2008) except in the
analyses of strains in Rock Mechanics in
exogenous environments, the role of the elastic deformation of the rocky massifs (Vidal
Romaní 1985; Drewry 1986) has been considered rarely perhaps because it does not produce apparent damages in the rock.
Nevertheless, the process of load concentration (fakir’s effect, see Vidal Romaní 1985;
Twidale and Vidal Romaní 2005) makes necessary to consider the elastic deformation of
the rocky massifs as responsible for another
type of structure with later morphologic
results.
To better understand what happens when
the elastic deformation affects a rock it is useful to consider well-known and studied cases
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like the elastic strain in subglacial environments or the one associated with rocky massif
stabilized by rock bolts. In the first case, on
the base of the glacier the pressure exerted
over a block incorporated in the ice as subglacial charge held up over the rocky substratum may produce elastic strain in the contact
clast/bedrock (Drewry 1986) (Fig. 17) with
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the consequent development of chattermarks
or crescentic gouges on the rock surface.
Below the application of the charge a plastification zone appears internally (Drewry 1986)
where the isobars, line or surface, distribution
indicate the variation of the elastic deformation values along with the distance to the point
of the load application.

Fig. 17. Photo-elastic representation of stress pattern induced in a plane surface in response to loading effects.
(Drewry 1986).
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Another interesting case study is a rock
wall stabilized by rock bolts (Leonhardt and
Mönnig 1975). Here the effects of the stress
applied by a bolt in the rocky massif may be
quantified. Immediately below the rock bolt
head, the rock is at compression, what
avoids the rock deterioration even if the

applied charge is very big. But further
below the compression zone the rock turns
to traction strain conditions which any rock
hardly resists (Fig. 18 a and b). Below the
traction zone the rock turns again to compression conditions and so safe geotechnically speaking.

(a)

(b)

Fig. 18. Pattern of distribution of stresses: a)
compression (druck) and traction (zug) zones
below the load application point; b) vertical
transition from compression to traction distribution below the load application. (Leonhardt
and Mönnig 1975).
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The stress distribution in the rock below
either the head of a rock bolt or the point of
subglacial load application perfectly represents what occurs with the tafone. Let us
imagine that a block in a rocky massif is
affected by a concentrated charge, below its
application point the previously described
process is repeated in a subglacial environment or below a rocky bolt. Provided that the
outer skin of the tafonized block has not been
destroyed, we may suppose that it is because
this zone resists better weathering processes
as it has undergone a compressive strain that,
as previously stated, is perfectly borne by the
rock. However, in the immediate lower zone,
the stress conditions change (it is affected by
traction stresses) and even the rock plastification may be produced. This fact explains the
quick deterioration of this part of the block
once it is exposed on surface or goes into the
domain of exogenous processes. The accelerated destruction of the rock is manifested, first
by granular disaggregation and then in plates.
If the part of the block affected by traction
stresses reaches the external surface of the
block, the granular/plate disaggregation may
finally result in the formation of windows, or
in widely outer openings. Alternatively, if the
zone affected by the compressive charges is
thicker and, therefore, the part of the block
affected by traction charges is located deeper
(below the block surface), the window will
never be formed. According to this interpretation the development of honeycomb inside a
tafonized blocked would be the result of the
application of concentrated charges outside
the block oriented along the elongation axis of
each alveole of the honeycomb. Only in case
the charge is big enough, the traction zone will
reach the block surface with the later formation of a window. All authors coincide that
once the more deteriorated part of the block is
evacuated, the processes slow down or even
are stopped (Vidal Romaní 1985; Twidale and
Vidal Romaní 2005), what would explain why
the part of the block affected by traction
stresses easily disaggregates but not the
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remaining part. In both mentioned case studies: rock bolts and subglacial charges there are
no data on the behaviour of a rock that underwent these types of loadings no more than
some dozens of years, and the effects may be
only evaluated theoretically at long term (persistence of charges during hundreds of thousands or even millions of years) which give
rise to the appearance of effects as fatigue or
chemical weathering associated to application
points of mechanical stresses (Stierle 2008) on
the rock block (similar to the ones observed in
stressed conglomerates with dimpled pebbles
due to solution carried out by the fluids that
freely circulate through the sediment under
pressure (Ramsay and Hubber 1987)).
Previous authors (Kieslinger 1960; Vidal
Romaní 1985; Twidale and Vidal Romaní
2005; Gutiérrez Elorza 2008) more or less
ambiguously consider that the previous stress
state of the rock due to the intrusion/consolidation process is responsible for
the formation of the tafoni.
DISCUSSION
As stated before, the morphology of granite rock landscape is directly influenced by the
rock structure mostly generated during the
intrusive stage of the magmatic body, and very
especially towards its end. The conditions
under which the intrusion is produced are
mainly the same anywhere in the lithosphere,
thus it is logic to suppose that the structural
fabric developed during the process will be
equivalent in all cases. From the moment in
which the magma becomes consolidated, the
structure may be developed, and it is then when
it is considered that the main features of what
will be later the endogenous features (structure) of granite forms will be defined. Once the
interference is produced between the phreatic
mantle and the rocky massif structure, these
forms will get the aspect with which they are
usually seen on surface. Due to the low porosity of the granite when it is unaltered, the
chemical attack or weathering developed by
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the water will preferably use the structure
planes already defined to go into the massif, so
once the erosion eliminates the regolithic cover
the forms will be exposed prevailing the previously defined structural endogenous pattern.
Thus, all the set of the main granite forms are
exposed with equal features anywhere on the
Earth’s surface independently from the climate
that had existed in each zone. Hence, all these
forms are of endogenous origin and only have
of exogenous that the erosion has exposed
them on surface. However, it is not necessary
the collaboration of the exogenous processes
for the exposure of the endogenous granite
forms. Sometimes the simple exposure of the
rocky massif on surface (for example, by tectonic uplift) is enough for the structure planes
formed during the intrusive process to be
opened by the secondary help of exogenous
processes such as decompression or relaxation
of the massif, gravity, solid state deformation,
etc.
From all the endogenous forms, the tafone
or cavernous weathering is a special case
study. Considered as an exogenous form for
many years it has been related to exogenous
processes either subedaphic or subaerial confusing the evacuation mechanism of the materials that are generated during the evolution of
a tafone with the process that this form type
generates. This formation of a tafone has been
so justified as result of the moistening-desiccation of the rock, the haloclasty, the ice-thaw,
the thermal oscillations or the edaphic
processes when the tafone block is still inside
a weathering profile, thus these forms have
been considered as related to some type/s of
specific climates. This interpretation, however, is unable to answer numerous questions.
On the contrary, when the formation of a
tafone is considered to be due to the exploitation by weathering of the structure of a rock,
carried out in the elastic deformation field at
the end of the evolution stage of a granite
body, all the uncertainties that do not solve the
classic exogenous theories for the tafone formation are answered satisfactorily.
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Tafoni are due to the application of
charges on specific points of the previous
structural planes. Below the application point
it is developed a zonation of domains where
the rock is alternatively affected at compression (immediately below the load application)
and at traction more deeply. The resistance of
the rock to traction stresses is very low and
even the rock may undergo plastification. In
the generation of a tafone both the application
of charges and its duration are credibly very
persistent. It may be supposed therefore that a
rock under traction strain during a very long
time, and despite the plastified domain is a
confined environment, undergoes some texture deterioration that will only be evidenced
once the affected rock reaches superficial
zones of the lithosphere or even if it is
exposed subaerially. It is a recorded fact in all
the works on the evolution of tafoni (Klaer
1956, Blanck 1919, Kvelberg and Popoff
1938, Vidal Romaní 1985, Twidale 1982;
Migon 2006; Twidale and Vidal Romaní
2005) that the tafone enlargement starts by the
granular disaggregation of the rock.
Therefore, this stage would correspond,
according to our hypothesis, to the evacuation
of the zone where the granite has undergone
the traction stresses. This would explain the
accelerated granular disaggregation of the
rock at this stage. Likewise, all the authors
mention that another type of disaggregation
inside the tafone performed by scaling of
plates of some mm thick is frequently found.
The plates would correspond to the different
isobars defined below the charge and farther
from the zone of traction stresses. The irregularity (honeycomb structure) that the inside of
a tafone presents could be explained either by
interference phenomena due to multiple loads
applied on the periphery of the block or modifications in the position of the charge along
the time (readjustments in the stress distribution in the periphery of the block affected).
The randomness in the distribution of the form
in a granite massif when tafone is developed
in a block but not in the immediate one would
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be also explained as the charge concentration
distribution does not have to be produced in
all but only in some blocks.
CONCLUSIONS
The structure developed in granite rock
massifs is related to the intrusion process of
the magmatic body from the moment in which
it is consolidated definitively. It is then when
most of the morphologic features of the granite forms are defined. The exposure of the
rocky massifs either after undergoing weathering (guided by the fracture network) and
later erosion of the regolith or directly by
exposure of the rocky massif on surface with-
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out the weathering interlude will originate the
granite landscape. The rock deformation does
not only produce its break-up or division in
blocks but also its elastic deformation in case
a punctual concentration of loads is produced.
It is in this last case when the tafone is going
to be generated depending on the stress conditions that the rocky massif has suffered but
disregard from climate or exogenous processes. This explains the ubiquity of the tafoni that
appear anywhere on any granite type but
always with the same morphological features.
The variety of tafone types (shape, dimensions, etc.) would be so explained by the distribution, orientation and magnitude of the
applied loads that have affected them.
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