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Resumo

Na extremidade sudoeste da ilha do Cabo Frio, RJ, ocorre
um corpo piroclastico exposto em uma area de 500 x 600 m,
intrusivo no ortognaisse, com contato subvertical. Entre o or-
tognaisse e o corpo piroclastico, ocorre uma intercalagdo de
traquito de 5 a 10 m de largura. As rochas piroclasticas tém
estrutura suportada por clasto e matriz. Os clastos s&o de tama-
nho que variam de 1 mm a 40 cm. Os clastos maiores do que
10 cm s&o semi-arredondados e 0s menores do que 5 ¢cm sdo
angulosos. Esses clastos sdo compostos principalmente de tra-
quito, subordinadamente de ortognaisse e eventualmente de tufo
soldado. A textura é heterogénea, ndo se observando selecéo
granulométrica e acamamento vulcanico. Ao microscépio, ob-
serva-se alteracdo hidrotermal caracterizada por disseminagdo
de calcita, sericitizacdo de feldspato alcalino e decomposi¢éo de
minerais maficos. A matriz é preenchida por fragmentos angulo-
sos de feldspato alcalino, quartzo, plagioclasio e minerais opa-
cos, de tamanho menor do que 0,6 mm. Aexisténcia de clasto de
tufo soldado indica que as erupgdes explosivas ocorreram repe-
tidamente. O contato intrusivo subvertical, a pequena area de
distribuicéo, o tamanho heterogéneo dos clastos e a auséncia de
acamamento vulcanico indicam que a rocha piroclastica corres-
ponde a brecha soldada de preenchimento de conduto subvulca-
nico, e nao constituinte de um deposito eruptivo subaéreo.

Palavras-chave: Ilhade Cabo Frio, conduto subvulcanico, rocha
piroclastica, tufo soldado, contato intrusivo subvertical.
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Abstract

At the southwestern corner of Cabo Frio Island, State of
Rio de Janeiro, Brazil, a pyroclastic body is present in an area
of 500 x 600 m, intruding into the host orthogneiss with
subvertical contact. Between the orthogneiss and pyroclastic
body, there is a trachyte intercalation, 5 to 10 m wide. The
pyroclastic rocks have a clast-matrix supported structure and
the clast size ranges from 1 mm to 40 cm. Larger than 10 cm
clasts are semi-rounded and those that are less than 5 cm are
angular. They are composed mainly of trachyte, subordinately
of orthogneiss, and eventually of welded tuff. The texture is
heterogeneous and no grain-size sorting or volcanic layering
of the clasts was observed. Microscopic observations have
revealed hydrothermal alteration featured by calcite
dissemination, alkaline feldspar sericitization, and mafic mineral
decomposition. The matrix is filled by angular fragments of
alkaline feldspar, quartz, plagioclase, and opaque minerals,
smaller than 0.6 mm. The existence of the welded tuff clasts
indicates that explosive eruptions took place repeatedly. The
subvertical intrusive contact, small exposure area, rounded
clasts, heterogeneous clast size, and absence of volcanic layering
indicate that the pyroclastic rock is subvolcanic vent-filling
welded tuff breccia, and not a constituent of a subaerial eruptive
deposit.

Keywords: Cabo Frio Island, subvolcanic conduit, pyroclastic
rock, welded tuff, subvertical intrusive contact.
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1. Introduction

Along the coast of the State of Rio
de Janeiro, Brazil, a dozen of late
Cretaceous to Early Cenozoic felsic
alkaline intrusive bodies is present
(Ulbrich & Gomes, 1981). Some of them,
such as Itatiaia (Brotzu et al., 1997),
Mendanha (e.g. Klein & Vieira, 1980;
Motoki et al., 2007a), Itaina (e.g. Klein
etal., 1999; Motoki et al., 2008a) and Cabo
Frio Island (Lima, 1976), are accompanied
by pyroclastic bodies made up mainly of
volcanic breccia. There are controversial
interpretations for their geologic
emplacement mode: 1) subaerial eruptive
deposits forming volcanic edifices (Klein
& Vieira, 1980; Klein et al., 1999);
2) vent-filling welded tuff breccia,
constituting subvolcanic conduit
emplaced at a kilometric depth (Motoki
etal., 2007a; 2008a).

At the southwestern corner of
Cabo Frio Island, Arraial do Cabo, State
of Rio de Janeiro, Brazil, there is a
pyroclastic body made up mainly of
volcanic breccia. This body is well
exposed on the sea-cliffs over 150 m high
facing the Atlantic Ocean and its three-
dimensional form can be easily identified
by fieldwork. The present article reports
lithological, petrographical, and
geological observations of the
pyroclastic rock and considers its
geologic emplacement mode.

2. Regional geology

Cabo Frio Island is located at 23°S,
42°W, being 126 km to the east of Rio de
Janeiro City, comprising an elongated
area of 4.4 x 2.0 km, with a total area of
6.5 km2 (Figure 1). The highest point is
close to the old lighthouse, 390m above
sea level. The entire island belongs to
the environmental protection area, under
administration of the Brazilian Navy
Force.

The geology of this island is
relatively little known and only a master-
degree thesis (Aradjo, 1995) and some
technical reports (e.g. Lima, 1976; Sichel
etal., 2004) are available.

This region is underlain by the
basement of leucocratic orthogneiss
with amphibolite intercalations, 20 cm
to 5 m thick. Up to the present, two
ID-TIMS U-Pb datings by the discordant
method have been performed. The upper
intersection indicates 1975+6.5 Ma
(Schmitt et al., 2008), corresponding to
intrusion age of the granitic protolith
during the Transamazonian Event. The
lower intersection is 501+£6.0 Ma,
showing metamorphic age as being the
latest phase of the Pan-African
continental collision event (Campos
Neto, 2000), namely the Buzios Orogeny
(Schmitt et al., 2008). The orthogneiss
strikes N5°E to N15°W and dips 20° to
40° to the east, with local disturbances.

The basement is cut by Early
Cretaceous tholeiitic dykes, 5 to 10 m
thick, oriented N55°E. They are
considered to be a part of feeder dykes
of the Paran& Continental Flood Basalt
(e.g. Peate etal., 1992), of the Ar-Ar ages
raging from 129to 134 Ma (Turner etal.,
1994). Recent studies demonstrated that
the mafic dykes of the State of Rio de
Janeiro are of about 137 Ma (Guedes et
al., 2005). At Arraial do Cabo, close to
Cabo Frio Island (Figure 1), three
unexpected young ages were obtained
by Ar-Ar datings form low-Ti type dykes,
about 55 Ma. However the age spectra
are highly disturbed (Bennio et al., 2003).

Most of the area of the island is
underlain by a syenitic intrusive body
made up of nepheline syenite and alkaline
syenite (Aradjo, 1995), which cuts the
basement and tholeiitic dykes. Previous
works demonstrated that the syenitic
body extends up to the peninsula of
Pontal da Atalaia. However, recent
studies (e.g. Motoki & Sichel, 2008) have
revealed that its distribution is, in fact,
smaller than the above-mentioned
estimation (Figure 1).

Western, southeastern, and eastern
margins of this island are underlain by
the orthogneiss and the southwest
corner exposes the pyroclastic rock. In
the orthogneiss area, three generations
of dykes and sills are recognized (Motoki
& Sichel, 2008): The first generation is
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Figure 1 - Geological map of Cabo Frio Island (A) and site map of the studied area (B). The felsic alkaline intrusive bodies on the
map of the State of Rio de Janeiro are: 1. Itatiaia; 2. Tingua; 3. Mendanha; 4. Itatina; 5. Rio Bonito; 6. Tangu4; 7. Soarinho; 8. Morro de
S&o0 Jodo; 9. Cabo Frio Island. The satellite image is credited to Google Earth™.
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composed of lamprophyre, older than the
syenitic intrusion; the second generation
is made up of trachyte with strong
deuteric alteration, originated from the
syenitic intrusion; the third generation
is constituted by phonolite without
deuteric alteration, the youngest of all.

3. Contact relationship

The pyroclastic rock occurs at an
area with extension of 500 x 600 m
(Figure 1). Because of tropical weathering,
only a few outcrops of the contact with
the basement can be observed on the
sea-cliff walls around the Arrependido
fishing site (Loc. 1, 2; Figure 1B) and the
Camarinha Cave (Gruta da Camarinha;
Loc. 3,4).

The contact plane between the
pyroclastic body and the orthogneiss is
subvertical, without intercalation of
palaeo-soil and organic materials. The
pyroclastic body has cylinder-like three-
dimensional form delimited by the
intrusive contact. Between the
pyroclastic rock and the orthogneiss, a
trachyte intercalation, 5 to 10 m wide, is
observed.

The contact outcrop at the Loc. 1 is
situated at a slope which permits close
observation by direct access (Figure
2A). The trachyte intrudes into the
orthogneiss capturing it as xenoliths of
metric size. Both trachyte and
orthogneiss xenoliths are cut by the
pyroclastic body (Figure 3). The mode
of occurrence of the trachyte seems to

be a dyke intruding into the orthogneiss
and the pyroclastic body. However, the
intrusive relationship between them is
in fact the opposite.

The outcrop at the Loc. 2 occurs
on a subvertical sea-cliff wall, with no
direct access. Although the vertical
contact can be recognized, the trachyte
intercalation is difficult to be confirmed
(Figure 2B). The wall in which Loc. 3and
4 take place is parallel to the contact and
shows trachyte intercalation (Figure 2C,
D). Figure 4 presents the contact planes
exposed on the sea-cliff at the Camarinha
Cave as seen from the sea. Figure 5
presents a schematic geologic cross-
section compiled from fieldwork data,
showing the emplacement mode of this
body as a pyroclastic neck.

Figure 2 - Contact outcrops between the pyroclastic body and the basement orthogneiss: A) West of the Arrependido fishing site,
Loc. 1; B) East of it, Loc. 2; C) CIiff close to the lighthouse, Loc. 3; D) Cliff at the Camarinha Cave, Loc. 4. The symbols are: Gn.
basement orthogneiss; Tr. trachyte intercalation; Vb. pyroclastic rock made up mainly of volcanic breccia; Sy. nepheline syenite. The
white arrow of photo B is the viewpoint of the Figure 6A.
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The contact between the pyroclastic body and syenitic
intrusion is exposed on the sea-cliff wall (Figure 6A). At the
contact zone, well developed cooling joints are present.
Although the exact contact has no direct access, a rock sample
close to the contact has been collected. At this point, the
syenite becomes finer grained, forming a chilled rim. This
trachyte has aphyric microcrystalline texture composed mainly
of alkaline feldspar of 0.07 x 0.2 mm with slight mineral
orientation. All of the mafic minerals are altered into opaque
ones (Figure 6B).

In the pyroclastic body, the first generation dykes
composed of lamprophyre cannot be found. On the other hand,
there are many second generation dykes of the trachyte with
deuteric alteration, which are considered to be originated from
the syenitic body (Motoki & Sichel, 2008). The above-
mentioned observations indicate that the pyroclastic body is
older than the syenitic body and younger than the lamprophyre
dykes (Figure 7).

4. Pyroclastic fabrics

The pyroclastic rock contains relatively abundant clasts,
showing a clast-matrix supported structure (Figure 8A; B).
Matrix-supported (Figure 8C) and clast-supported structures
(Figure 8D) also are found sometimes. In general, the clasts
are less than 5 cm in diameter, being classified as lapilli, however,
boulder-sized clasts can also be found eventually. The
coexistence of large clasts and small ones in the same outcrop
iscommonly observed (Figure 8B).

The texture is highly heterogeneous and no granulometric
sorting and volcanic layering of the clasts are present. Only
the matrix-supported rock exhibits weak vertical layering parallel

to the contact plain with the orthogneiss. The clasts are
rounded to semi-angular (Figure 8C). In detail, the large ones,
larger than 10 cm in diameter, tend to be rounded to semi-
rounded, and the smaller than 5 cm, are angular. Weathered
surface shows a case-hardening crust (Figure 8B), which is
commonly found in pyroclastic rocks (Motoki et al., 2007c).
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Figure 3 - Geological field sketch of the contact outcrop, Loc. 1.
Note that the pyroclastic rock is younger than the trachyte. The
symbols are: Gn. basement orthogneiss; Tr. trachyte intercalation;
Vb. pyroclastic rock made up of volcanic breccia.

Figure 4 - Sea cliff outcrop at Camarinha Cave, southwestern corner of Cabo Frio Island (Loc. 3, 4), exposing the pyroclastic body
made up mainly of volcanic breccia (Vb) intruding into the basement orthogneiss (Gn). The contacts are apparently oblique due to

the outcrop cut angle effect, which is in fact subvertical.
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Most of the clasts are composed of
trachyte (Figure 8B), and some of them
are made up of orthogneiss and
pyroclastic rock (Figure 8A; D). The only
accidental fragments are of orthogneiss,
and clasts of alkaline syenite and
nepheline syenite are not found. There
are no essential vesicular fragments
originated from magma drops, such as
scoria, bomb and spatter (MacDonald,
1972). Although the main type of clasts
is trachyte, this rock is a minor
component of the wall rocks, being
found as a small body at the contact
plane (Figure 7).

The existence of welded tuff
clasts (Figure 8A) indicates that, at least,
one explosive eruption had occurred
before the last explosive eruption that
formed this pyroclastic body. During the
last eruption, the trachyte and
pyroclastic rock of the older stage were
crushed and captured as accessory
fragments.

5. Petrographic
characteristics

The pyroclastic body is strongly
altered and good samples for thin
sections are difficult to obtain. Around
the lighthouse, three good outcrops and
one fresh angular boulder are found.

All of the thin sections show hydrothermal alteration represented by calcite
dissemination, alkaline feldspar sericitization, and mafic mineral decomposition into
opaque ones (Figure 9A; B). Some of the alkaline feldspar grains are altered into
muscovite. The matrix is filled by small angular mineral fragments, less than 0.6 mm
in diameter, of alkaline feldspar, quartz, plagioclase, and opaque minerals. Similar
characteristics are observed in the pyroclastic dykes of the Mendanha body (Motoki
etal., 2007c). The strong weathering of the pyroclastic body could have been induced
by hydrothermal alteration.

Most of the clasts observed under microscope are of millimetric size. The most
common rock is trachyte, about 60% (Figure 9C), the second frequent one is
orthogneiss, 35%, and the other one is welded tuff, 5% (Figure 9D).

The trachyte clasts are characterized by alkaline feldspar microliths with
undulated orientation texture (Figure 9C). One microlith is in contact with another
and no interstitial spaces are present. The size is widely variable depending on the
clast, ranging from 0.02 x 0.1 mmto 0.1 x 0.5 mm. The clasts of centimetric size contain
alkaline feldspar phenocrysts of 0.2 x 0.6 mm (Figure 9C).
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Figure 5 - Schematic geologic cross section of the pyroclastic body of Cabo Frio
Island. The symbols are: Gn. orthogneiss; Tr. Trachyte intercalation; Vb. pyroclastic
rock made up mainly of volcanic breccia.

Ao sampling site

Figure 6 - Contact between the pyroclastic body and syenitic intrusion exposed on the sea-cliff, Loc. 5: A) view from the sea; B)
photomicrography in crossed Nicol of fine-grained chilled margin of the syenitic intrusion. The components are: Gn. basement
orthogneiss; Vb. pyroclastic rock made up mainly of volcanic breccia; Sy. nepheline syenite; Af. Alkaline feldspar; Opg. opaque

mineral; Sc. Area of advanced sericitisation.
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There are some lithic fragments
with micro syenite-like interstitial texture
made up of tabular alkaline feldspar of | 3rd generation dykes |
0.1x 0.5 mm (Figure 9E). The interstitial — | ¢
spaces are filled by alkaline feldspar and

Dyke generations
[2nd generation dykes H Syenite | % 0

opaque minerals. The pyroclastic body 3rd: Phonolite without deutric alteratior
is intruded by the syenitic body (Figure v ‘ \ f;‘g-gﬁ%‘g‘p%mh deutric alteration
6A; 7). In addition, the texture of the | Pyroclastic body |

trachyte clasts is widely different from —> Confirmed intrusive relation

the chilled margin of the syenitic body YY V i T > Supposed intrusive relation
(Figure 6B; 9E). Therefore, these clasts [ 15t generation dykes [

are not considered to be originated from 2R -

the syenitic intrusion of Cabo Frio Island. L »{ Metamorphic basement |

They could be a variation of the above-
mentioned trachyte clasts. In the Itatina

rock body, gradual textural variation from - £iqyre 7 - Relative ages of the intrusive bodies present at the studied area based
a trachytic texture to an interstitial one o contact outcrop observations. The supposed relations are based on the absence
was observed (Motoki etal., 2008a). The  of Jamprophyre dykes cutting the pyroclastic body and the syenitic body. The
textural characteristics of the trachyte  gyke generation classification is according to Motoki & Sichel (2008).

Figure 8 - Pyroclastic rocks of Cabo Frio Island: A) Fresh surface of an angular boulder with clasts of welded tuff (Vb) and trachyte
(Tr), Loc. 6; B) Large trachytic clasts with case hardening crust, Loc. 7; C) Matrix supported structure, with small amount of
millimetric clasts, Loc. 8; D) Clast-supported structure with fragments of orthogneiss (Gn) and pyroclastic rock of older stage (Vb),
Loc. 1.
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Figure 9 - Photomicrography of the pyroclastic rocks: A) Relatively gross-grained trachyte clasts and mineral fragments, Loc. 6;
B) Cavity filled by zeolite and calcite, Loc. 10; C) Fine-grained large trachyte clast, Loc. 11; D) Welded tuff fragment with devitrified
essential lenses, Loc. 6; E) Relatively gross-grained trachyte clast with interstitial texture, Loc. 11; F) Orthogneiss fragment, Loc. 6.
The components are: Q. quartz; Pl. plagioclase; Af. alkaline feldspar; Opg. opaque minerals; Cc. calcite; Z. zeolite; Sc. sericite;

El. devitrified essential lens; Tr. trachyte clast; Wt. welded tuff clast. All images with crossed nicols.
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clasts indicate that the trachytic magma
had enough cooling time to form the well-
developed microliths and the interstitial
texture. Therefore, the trachyte is not
originated from lava flows, but a relatively
large intrusive rock body. The microlith
size suggests that the mother trachytic
body could be larger than the dykes and
sills of rapid cooling found around the
syenitic body of Cabo Frio Island, but
much smaller that the syenitic intrusion
of very slow cooling.

There are also fragments of
millimetric size with equigranular texture
made up of alkaline feldspar, quartz,
plagioclase, and opaque minerals, 0.2 to
0.4 mm in mineral size (Figure 9F). The
sericitization of the alkaline feldspar is
common and the mafic minerals are
altered into opaque ones. Due to the
mineral composition, these clasts are
interpreted to be small fragments of
orthogneiss.

The welded tuff clasts contain
essential lenses of 0.08 x 0.7 mm, so-called
fiamme. They are devitrified and
substituted by chalcedony (Figure 9D).
The aspect ratio, that is, the proportion
between length and width, of the
essential lenses is 7 to 10, which is
comparable with that of pyroclastic flow
deposits of high grade welding.

Vent-filling welded tuff breccias
emplaced at kilometric depth are
characterized by extreme welding and
secondary-flow textures (Motoki &
Sichel, 2006). The ratio aspect of the
essential lenses is very high, more than
100, and the texture becomes similar to
that of rhyolite lavas (Motoki, 1979). In
addition, some of Brazilian felsic alkaline
pyroclastic bodies are submitted to
strong hydrothermal alteration (e.g.
Ellert, 1959; Ulbrich 1984; Motoki et al.,
2007c). Therefore, the welded texture of
the vent-filling felsic alkaline tuff breccia
is often very difficult to be recognized
even under microscope. In this sense,
the relatively low-grade welding of the
pyroclastic clasts suggests that they are
not originated from deep sites of volcanic
conduit, but from shallow sites.

6. Emplacement mode

In literature, pyroclastic rocks are
interpreted commonly as constituent of
subaerial eruptive deposits, and welded
pyroclastic rocks are often attributed to
pyroclastic flow deposits, so-called
“ignimbrite”. However, not all pyroclastic
rocks, including welded tuff, are surface
deposits. Some of them are constituent
of subvolcanic bodies that fed
pyroclastic materials to the surface, such
as vents, necks, and fissures. Only a few
papers on subvolcanic pyroclastic rock
bodies are available and most of them
have been published in Japan and Brazil
(e.g. Motoki, 1979; Maeda et al., 1983;
Miura, 1999; Bryan, et al., 2000; Torres-
Hernandez, et al., 2006; Motoki & Sichel,
2006; Motoki et al., 2007a; b; c; 2008a).

The pyroclastic rocks of subaerial
eruptive deposits and those of
subvolcanic conduits have similar
lithologic aspects and they are difficult
to be distinguished in some cases
(Motoki, 1979; 1988). The pyroclastic
bodies of Mendanha, Nova Iguacu
(Motoki et al., 2007a; b; ¢), and Itatna,
Sdo Gongalo (Motoki et al., 2008a), are
examples of subvolcanic bodies that
once had been interpreted to be subaerial
deposits (Klein & Vieira, 1980; Klein et
al., 1999). Therefore, geologic
emplacement must be defined by field
observations, especially of contact
outcrops, and not by deduction based
on lithologic and petrographic
characteristics.

In order to determine the geologic
emplacement mode, it is necessary to
take into consideration the following
aspects: the contact plane between the
pyroclastic body and adjacent one is
subvertical or subhorizontal; the
distribution area is small or widespread,
the clasts are relatively rounded or
highly angular; the clasts size is
heterogeneous or relatively well sorted;
the texture is heterogeneous or
characterised by developed layering.
Vent-filling tuff breccias generally have
subvertical contact, limited distribution
area, relatively rounded clasts,
heterogeneous clast size, and almost
complete absence of volcanic layering.

The field observations of the
pyroclastic body of Cabo Frio Island
show that: 1) The contact is intrusive
and sub-vertical (Figure 2); 2) The
distribution area is small, 500 m x 600 m,
and not of kilometric extension (Figure
1); 3) Large clasts are semi-rounded
(Figure 8B; D); 4) The clast size is
heterogeneous (Figure 8A; B); 5) No
layering is present (Figure 8A; B; D).
These characteristics together support
the model of vent-filling welded tuff
breccia. The pyroclastic rocks of Cabo
Frio Island have similar geologic and
lithologic characteristics to those of
other felsic alkaline complex bodies, such
as Pocos de Caldas, Minas Gerais
(Motoki, 1988), Mendanha, Nova Iguagu,
Rio de Janeiro, (Motoki & Sichel, 2006;
Motoki et al., 2007a; ¢) and Italina, Sdo
Gongalo, Rio de Janeiro (Motoki et al.,
2008a).

The syenitic body of Cabo Frio
Island proves that the present exposures
correspond to a lower level of the
intrusion (Motoki et al., 2008b). Fission
track datings for apatite of the
metamorphic basement of Rio de Janeiro
region indicate Cenozoic regional uplift
and consequent denudation of about 3
km (Hackspacher et al., 2004; Motoki et
al., 2006). Therefore the present outcrops
of the pyroclastic body might represent
the subvolcanic structures located about
3 km below the Earth’s surface at the time
of magmatism (Figure 10).

7. Conclusions

The field observations and thin
section studies of the pyroclastic rock
of Cabo Frio Island allow the following
conclusions:

1. The pyroclastic rocks are exposed in
asmall area, about 500 x 600 m. This
body is intruded by the syenitic body
of Cabo Frio Island.

2. The contact with the orthogneiss is
intrusive and subvertical. Between
the orthogneiss and pyroclastic rock,
an intercalation of trachyte, 5to 10 m
wide, is present.
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3. The pyroclastic rocks show a clast-
matrix supported structure. The clast
size is highly variable, ranging from
1 mm to 40 cm in diameter. The clasts
larger than 10 cm are semi-rounded
and those smaller than 5 cm are
angular.

4. The clasts are constituted mainly by
trachyte, subordinately by
orthogneiss, and eventually by
welded tuff. The welded tuff clasts
indicate that explosive eruptions
occurred repeatedly.

5. The texture is highly heterogeneous
and no sorting and layering are
observed.

6. Microscopic observations reveal
hydrothermal alteration of the
pyroclastic rocks featured by calcite
dissemination, alkaline feldspar
sericitization, and mafic mineral
decomposition.

7. The trachyte clasts show textural
variation ranging from fine trachytic
texture made up of microliths of 0.02
x 0.1 mm, to interstitial texture of
tabular alkaline feldspar of 0.1 x 0.5
mm.

8. The existence of the welded tuff clasts
indicates that explosive volcanism
took place repeatedly.

9. Subvertical intrusive contact, small
distribution area, rounded clasts,
heterogeneous clast size, and
absence of volcanic layering indicate
that the pyroclastic rocks are not of
subaerial eruptive deposit or
volcanic edifice, but vent-filling
welded tuff breccia emplaced at a
deep site.
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