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AbstrAct: This work presents the results of the geological 
mapping and the petrological characterization of the Serra da 
Bocaina Formation belonging to the Amoguijá Magmatic Arc of 
the Rio Apa Terrain. In the Bocaina hills, the Serra da Bocaina 
Formation consists of intermediately to predominately acidic 
volcanic rocks, classified as andesites and rhyolites and subdivid-
ed into five petrographic facies, which include four volcanoclas-
tics and one effusive. In the studied rocks, tectonic structures are 
generated in two compressive ductile to ductile-brittle deforma-
tional phases. The first phase, which is more intense, presents 
along the entire studied area and is responsible for the Santa 
Rosa Shear Belt, whereas the second phase is more localized. 
The geochemical study indicates a calc-alkaline magmatism of 
medium to high K, peraluminous, and generated in a volcanic 
arc environment. These volcanic rocks formed in an explosive 
environment related to the Amoguijá Magmatic Arc, as indicat-
ed by their Pb-Pb zircon age of 1877.3 ± 3.9 Ma.
Keywords: Amazonian Craton; Serra da Bocaina Formation; 
geochemistry; geochronology.

resumo: Neste trabalho apresentam-se os resultados do mapeamento geo-
lógico e caracterização petrológica da Formação Serra da Bocaina, pertencente 
ao Arco Magmático Amoguijá do Terreno Rio Apa, sul do Cráton Amazônico. 
A Formação Serra da Bocaina, na serra da homônima, consiste de rochas vul-
cânicas paleoproterozoicas de composição intermediária a predominantemente 
ácida, classificadas como andesito e riolitos, subdivididas em cinco fácies petro-
gráficas sendo quatro piroclásticas e uma efusiva, que mantêm contato tectônico, 
a leste, com o Granito Carandá. Nas rochas estudadas estruturas tectônicas são 
formadas em duas fases deformacionais compressivas de natureza dúctil e dúc-
til-rúptil, respectivamente. A primeira fase, mais intensa, é observada ao longo 
de toda a área estudada e é responsável pela Zona de Cisalhamento Santa Rosa 
enquanto a segunda fase é mais discreta e localizada. O tratamento geoquímico 
indica que essas rochas foram geradas num ambiente de arco-vulcânico a partir 
de um magmatismo calcioalcalino de médio a alto-K, peraluminoso. Estas rochas 
retratam um evento magmático extrusivo, de natureza explosiva, relacionado à 
evolução do Arco Magmático Amoguijá, conforme resultado Pb-Pb em zircão 
de 1877,3 ± 3,9 Ma., interpretada como idade de cristalização destas rochas.
Palavras-chave: Cráton Amazônico; Formação Serra da Bo-
caina; geoquímica; geocronologia.
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INtroductIoN

The Rio Apa Terrane comprises a Paleoproterozoic 
crustal segment exposed in a restricted area of the south-
western part of the state of Mato Grosso do Sul (MS) on 
the Brazilian border with Paraguay. It is bounded on its 
eastern side by pelitic-carbonate rocks of the Corumbá 
Group and covered on its western side by Cenozoic sed-
iments of the Pantanal Basin.

The Amoguijá Magmatic Arc is composed of plutonic 
rocks from the Alumiador Intrusive Suite and by effusive 
and pyroclastic rocks from the Serra da Bocaina Formation 
(Formação Serra da Bocaina – FSB). U-Pb SHRIMP zir-
con  data indicate an age of 1,794 Ma for the volcanic 
rocks and 1,867 Ma for the intrusive equivalents of this 
arc (Lacerda Filho et al. 2006).

The FSB is located near the municipality of Porto 
Murtinho in MS and contains important geological records 
of the tectonic and magmatic evolution of the Orosirian pe-
riod. This study aimed to contribute to the understanding of 
the magmatic event responsible for generating the effusive 
and pyroclastic units of the FSB by utilizing geological map-
ping — on a scale of 1:50,000 — in addition to petrographic, 
geochemical and geochronological studies (Pb-Pb zircon).

reGIoNAL GeoLoGIcAL coNteXt

The study area is located in the Rio Apa Terrane, south 
of the Amazonian Craton, which is a region whose ori-
gin has been the subject of debate, particularly concerning 
whether it is a part of the craton. In early conceptions of 
the Amazonian Craton (Almeida 1964; Hasui & Almeida 
1970; Suszczynski 1970; Amaral 1974, 1984), the Rio Apa 
Terrane is included as part of it. However, based on the 
models suggested by Cordani et al. (1979), Litherland & 
Bloomfield (1981) and Litherland et al. (1986), the Rio 
Apa Terrane was eliminated from Amazonian Craton re-
constructions, and the Tucavaca range was established as 
the southern boundary of the craton.

The physical unconformity between the Rio Apa Terrane 
and the large geotectonic entities of the South American 
Platform has sparked a debate about the tectonic correla-
tion of the terrane. Whereas Almeida (1964, 1978), Amaral 
(1974), Ruiz et al. (2005), Lacerda Filho et al. (2006) and 
Cordani et al. (2010) place it in the Amazonian Craton, 
Ramos (2008) emphasizes its connection with the Pampia 
Terrane (Argentina), and Ramos and Vujovich (1993) argue 
that it is an extension of the Rio de La Plata Craton.

Ruiz (2005) bases his position that the Rio Apa 
Terrane is part of the Amazonian Craton (Fig. 1) on the 

following arguments: (i) the Cuiabá Group and other units 
from the Paraguay Belt exhibit physical conformity from 
Nova Xavantina (Mato Grosso state – MT) to Serra da 
Bodoquena (MS) and Paraguay; (ii) the Tucavaca Range 
deformation is characterized by a weak compression giv-
ing rise to large waves and discreet thrusts; (iii) the units 
of the Tucavaca Belt (Boqui, Tucavaca and Murciélago 
Groups) are stratigraphically correlated with the units of 
the Paraguay Belt in southwestern Brazil (Jacadigo and 
Alto Paraguay Groups); and (iv) throughout its extension, 
the Amazonian Craton behaved like a passive continental 
margin during the deposition portion of the Paraguay Belt.

Based on its geological, geochemical and geochrono-
logical characteristics, Lacerda Filho et al. (2006) presented 
a tectonic partitioning of the Rio Apa Terrane and sub-
divided it into the following three distinct tectonic envi-
ronments: the Oceanic Crust Remnant (2.2 to 1.95 Ga), 
the Rio Apa Magmatic Arc (1.95 to 1.87 Ga) and the 
Amoguijá Magmatic Arc (1.87 to 1.75 Ga).

The Amoguijá Magmatic Arc consists of a plutono-vol-
canic complex of an acidic nature, composed of the 
Alumiador Intrusive Suite and the Serra da Bocaina vol-
canics (Fig. 2). We will use the name FSB (Brittes & Plens 
2010, Brittes et al. 2010, 2011a, b and c) to designate the 
effusive and pyroclastic rocks exposed on the Bocaina and 
São Francisco mountain ranges, which is consistent with 
the parameters established by the Brazilian code of strat-
igraphic nomenclature (Petri et al. 1986).

Lacerda Filho et al. (2006), Godoy et al. (2010) and 
Cordani et al. (2010) describe the Alumiador Intrusive 
Suite as an elongated batholith of N-S direction that 
presents predominantly syeno- to monzogranitic compo-
sition and that consists of isotropic to slightly anisotropic 
leucocratic rocks whose color ranges from gray to pink.

According to Araújo et al. (1982), Godoi et al. (2001), 
Lacerda Filho et al. (2006) and Godoy et al. (2010), the 
FSB consists of rhyolites, rhyodacites and dacites with in-
terbedded pyroclastic rocks, volcanic breccias and lava ho-
rizons with no evidence of flow. In addition to the volcanic 
rocks, the unit also contains subvolcanic bodies, repre-
sented by microgranites and micromonzonites (Lacerda 
Filho et al. 2006).

The FSB is divided into the following three main 
segments: the northern segment, called Serra de São 
Francisco; the central segment, which is of the greatest 
significance and called Serra da Bocaina; and, the south-
ern segment (which is also called Serra da Bocaína) that 
approaches the Alumiador Intrusive Suite occurrences at 
Serra da Esperança near the Apa River. 

U-Pb SHRIMP zircon dating (Tab. 1) obtained from 
a sample of porphyritic monzogranite from the Alumiador 
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Intrusive Suite indicated an age of 1,867 Ma; the same 
dating procedure applied to samples of rhyodacite from 
the Serra da Bocaina Volcanic Suite provided an age of 
1,794 Ma (Lacerda Filho et al. 2006).

Whole-rock Sm-Nd isotopic data (Tab. 1) revealed 
a model age (TDM) of 2.17 Ga for the Alumiador 
Intrusive Suite and a TDM of 2.26 Ga for the volcanic 
rocks; each of these present slightly negative ƐNd(T) values 
of approximately -0.68 and -2.0, respectively (Lacerda 
Filho et al. 2006).

Whole rock Rb-Sr dating (Tab. 1) performed on volcanic 
rocks provided an age of 1,650  ±  63 Ma (isochronous reference), 
with a low initial value of Sr (87Sr/86Sr = 0.702 ± 0.004); 
the same process performed on the granitoids yielded a 
Rb-Sr age (RT) of 1,600 ± 40 Ma (isochronous reference), 
with a 87Sr/86Sr ratio of 0.707 ± 0.004 (Araújo et al. 1982). 
Rb-Sr determinations presented by Cordani et al. (2005) for 
granitoids from the Alumiador Intrusive Suite indicated ages 
ranging from 1,650 to 1,700 Ma.

Ar-Ar and K-Ar results presented by Cordani et al. (2010) 
in several lithostratigraphic units comprising the Rio Apa 
Terrane indicated values of approximately 1,300 Ma (Tab. 1).

FIeLd AsPects

Th e FSB rocks are in tectonic contact (Santa Rosa 
Shear Zone) with the Carandá Granite, and on the north, 
south and west, the FSB is covered by unconsolidated sed-
iments of the Pantanal Formation (Fig. 3). Th e Carandá 
Granite consists of biotite syenogranites with medium in-
equigranular texture that is foliated to massive; it is com-
posed of leucocratic, greenish gray rocks and consists of 
microcline, plagioclase, quartz and mafi c concentrations 
with biotite as the only essential primary mafi c.

Geological mapping and petrographic analysis identi-
fi ed fi ve petrographic facies in the study area (Fig. 3). One 
of these petrographic facies is eff usive (facies 5) and four 

Figure 1. Tectonic map of the south/southwest of the Amazonian Craton. Extracted from Ruiz et al. (2010).
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Figure 2. Geological diagram of the Rio Terrane in southwestern Mato Grosso do Sul (Brazil) and northwestern 
Paraguay. Extracted and modifi ed from Cordani et al. (2010).
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Table 1. Summary of the isotopic results available for the rocks of the Amoguijá Magmatic Arc
units of the Amoguijá magmatic Arc u-Pb (ma) sm-Nd (tdm) εNd(t) rb-sr (ma) Ar-Ar (ma)
Serra da Bocaina Formation 1,794* 2.26 Ga* -2.0* 1,650 ± 63# 1,300†

Alumiador Intrusive Suite 1,867*
1,839 ± 33† 2.17 Ga* -0.68* 1,600 ± 40# 1,300†

*Araújo et al. (1982); #Lacerda Filho et al. (2006); †Cordani et al. (2010).
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are pyroclastics — ignimbrite breccia (facies 1), ignimbrite 
rich in crystals (facies 2), co-ignimbrite tuff  (facies 3) and 
rheoignimbrite (facies 4).

Th e ignimbrite breccia facies of the FSB dominates the 
highest and central portion of the Serra da Bocaina, en-
compassing lenses/layers and fragments of co-ignimbrite 
tuff  (Fig. 3). Th is facies maintains tectonic contact with 
the Carandá Granite in the ductile shear zone, and the 

two units are partially covered — in unconformity — by 
sediments from the Pantanal Formation. Th e rocks of this 
facies show grayish, greenish, reddish and purplish col-
ors and are characterized by a substantial amount of lith-
ic fragments of various sizes, shapes and compositions. 
Th e  fragments  are ellipsoidal, rounded and angular with 
sharp to irregular contacts and range in size from 0.3 to 
15.0 cm; some fragments consist of phenocrysts of quartz, 

Figure 3. Geological map and cross-section of the Serra da Bocaina Formation, Porto Murtinho (MS).

Qa

432000

LITHOSTRATIGRAPHIC
UNITSEo

n

Er
a

Pe
ri

od

Ph
an

er
oz

oi
c

Qp

Q
ua

te
rn

ar
y

Ce
no

zo
ic

MPay

1,8
1200

MPaα1

1400
1600

MPaα2

MPaα3

MPaα4

MPaα5

1800

M
id

dl
e-

pr
ot

er
oz

ói
c

Ec
ta

si
an

Pr
ot

er
oz

oi
c

Es
ta

te
ri

an
o

Pa
le

op
ro

te
ro

zo
ic

Se
rr

a 
da

 B
oc

ai
na

Fo
rm

at
io

n

Qa - Recent alluviums: sand, gravel, silt,
clay and localized peat
Qp - Pantanal Formation: tallus, alluvial
cones, colluviums, semi-consolidated clyey
sand to conglomeratic sand sediments.
MPaα1 - Ignimbrite Breccia: 
pyroclastic rock with large amounts of
lithic and pumice fragments.
MPaα2 - Crystal-rich Ignimbrite: 
pyroclastic rock with large amounts of
phenocrysts.
MPaα3 - Co-ignimbrite tuff: 
pyroclastic rock with lower amount
and size of pyroclastic products.
MPaα4 - Rheoignimbrite: pyroclastic
rock marked by the presence of eutaxitic
texture.
MPaα5 - Andesites and Rhyolites: 
effusive rocks.
MPay - Carandá Granite: Biotite
Syenogranite, foliated.

S0 - Bedding
STRUCTURAL ELEMENTS

S1 - Foliation
S2 - Foliation
L1 - Stretching lineation
L2 - Stretching lineation

Santa Rosa Shear Zone
Inferred contact

Unpaved road

MAPPING CONVENTIONS

Paved road
Drainages
Contour line
Farms

Outcrop with geochemistry 
Outcrop described/blades
Age Pb-Pb in zircon

2 km10

Profile study area

434000 436000 438000 440000 442000 444000

76
06

00
0

76
04

00
0

76
02

00
0

76
00

00
0

75
98

00
0

75
96

00
0

75
94

00
0

75
92

00
0

75
90

00
0

75
88

00
0

75
86

00
0

432000 434000 436000 438000 440000 442000 444000

76
06

00
0

76
04

00
0

76
02

00
0

76
00

00
0

75
98

00
0

75
96

00
0

75
94

00
0

75
92

00
0

75
90

00
0

75
88

00
0

75
86

00
0

Serra da Bocaina SENW
Section A-A’

S1

EV: 1:20.000  EH: 1:50.000

300
m

250
200
150
100

50
0

Brazilian Journal of Geology, 43(1): 48-69, March 2013
52

Serra da Bocaina Formation: Rio Apa Terrane



plagioclase, alkali feldspar and, sometimes, amygdaloidal 
rocks. Phenocrysts of quartz, plagioclase and alkali feld-
spar are typically immersed in a fine to coarse ash matrix. 
The juvenile crystal clasts identified in this facies are of the 
same composition as the phenocrysts. 

The crystal-rich ignimbrites occupy the northeast and 
southeast portions of the study area, measuring approxi-
mately 15 km length and 1 km in width (Fig. 3); these ig-
nimbrites outcrop as blocks and tiles and maintain sharp 
contact to the east and the west with the rocks of facies 1. 
They are dark gray in color and composed of quartz, plagi-
oclase and alkali feldspar phenocrysts immersed in fine ci-
neritic matrix. The crystal clasts, when visible to the naked 
eye, are composed of quartz and plagioclase, with sizes al-
ways smaller than 1.0 mm; pumice and fiammes are hardly 
perceptible in macroscopic samples. 

The co-ignimbrite tuff facies occurs as lenses/layers 
in the central portion of the range (Fig. 3); it consists of 
fragments of facies 1 and exhibits sharp contacts with it. 
The lenses/layers outcrop in road cuts with thickness mea-
surements ranging between 2.5 cm and 1 m; these form a 
homoclinal structure dipping SE, and the fragments ap-
pear in various shapes and in sizes between 0.5 and 25 cm. 
When altered, the rocks of this facies show greenish to 
whitish colors and distinguish themselves from the other 
facies by the lower amount and smaller size of phenocrysts/
crystal clasts and pyroclastic products that are not visible 
to the naked eye. 

The rheoignimbrites occur in two distinct portions of 
the study area — one to the north and the other to the west 
(Fig. 3) — and typically outcrop in small tiles. These rocks 
are dark gray in color with paragenesis essentially formed 
by quartz, plagioclase and, subordinately, alkali feldspar. 
The lithoclasts have a similar composition as those of facies 
1 with smaller proportions and dimensions (between 0.3 
and 2.0 mm). The crystal clasts observed are of the same 
composition as the phenocrysts and are approximately 1.0 
mm in size. The pyroclastic products, such as pumice and 
fiammes, are difficult to identify in macroscopic samples, 
which is similar to the other facies. 

Facies 5 correspond to the andesitic and rhyolitic lavas; 
they outcrop in two different portions of the study area 
and define a shallow relief in the Serra da Bocaina (Fig. 3). 
A smaller portion of facies 5 presents in the central portion 
of the range and another is located to the south, where 
it is partially covered by sediments from the Pantanal 
Formation. It is orange-red to greenish-gray in color in hy-
drothermally altered samples and rich in epidote; it has a 
porphyritic to glomeroporphyritic texture with a fine to 
coarse ash matrix. Well-formed crystals of plagioclase of 
submillimetric sizes stand out and are sometimes replaced 

by epidote, quartz, amphibole and more rarely, alkali feld-
spar. All samples collected in the southern portion of the 
area show evidence of pervasive hydrothermal processes, 
such as epidotization, chloritization and saussuritization.

PeTrOGraPhY

The rocks from facies 1 (ignimbrite breccia) of the FSB 
are characterized petrographically by large amounts of lith-
ic and pumice fragments, crystal clasts, pumices, fiammes, 
shards and crystallites of varied dimensions and compo-
sitions, which are found immersed in a fine cineritic ma-
trix of felsic nature with several degrees of alteration. 
Phenocrysts of plagioclase, quartz and (subordinately) al-
kali feldspar, with high-temperature biotite as the main 
mafic, may also be identified. Alteration phases are repre-
sented by sericite, epidote/clinozoisite, calcite, clay min-
erals and chlorite; accessories are represented by allanite, 
zircon, apatite and opaques. The biotite is characterized by 
acicular/fibrous to fibro-radiated habit, by small plates dis-
seminated throughout the matrix (Fig. 4H), or by plates 
forming aggregates with chlorite and glass. The allanite is 
euhedral, isotropic, metamictic, and partially replaced by 
epidote. Devitrification products may be observed both in 
the mesostasis and in the lithoclasts and pumices, in ad-
dition to the interior of veins/fractures filled with silica. 
The lithic fragments are rounded or angular to elongated, 
with varying contours, millimetric to centimetric in size 
(but larger than the pumices) and are usually composed 
of a felsic mesostasis, phenocrysts, biotite, opaques, glass 
and devitrification products (including spherulite, axiolite, 
crystallites and graphic feldspars). They may represent cog-
nate terms of similar composition as the rock, characteriz-
ing portions of the same magma, which is why they may-
be classified as lithic accessories (Fig. 4A); conversely, they 
may not show similarities with the rock and correspond to 
accidental lithic fragments. The phenocrysts are euhedral, 
subhedral and anhedral; they are between 0.2 and 2.5 mm 
in size and show different degrees of alteration, fracturing, 
embayment and corrosion gulfs filled with the matrix or 
glass. In certain samples, the phenocrysts appear complete-
ly fragmented as a result of the extrusive process and be-
cause of cooling and hydration. The plagioclase exhibits 
polysynthetic (albite and pericline) and complex baveno 
twinning, which are sometimes only relicts because of the 
intense hydrothermal processes, such as sericitization, sau-
ssuritization and argillization. The facies may appear clean 
or only as pseudomorphs filled with epidote, sericite, cal-
cite, clay minerals, chlorite and biotite. Quartz is common 
in this facies and appears embayed with intense magmatic 
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Figure 4. Photomicrographs of Serra da Bocaina Formation rocks illustrating: (A) lithic accessory rich in spherical 
spherulites in fi ne cineritic matrix; (B) ellipsoidal pumice and quartz crystal clast; (C) pumice perpendicular to 
the foliation given by the parallel arrangement of the sericite; (D) tube pumices in glassy to cineritic mesostasis; 
(E) collapse fi amme, high-temperature biotite and crystal clasts in cineritic matrix; (F) “Y” type shards and glass; 
(G) dark brown to black acicular glass; and (H) acicular to fi bro-radiated habit biotite and glass. Crossed polarizers 
in A, B, C, D, E and F and parallel in G and H.
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corrosion. Alkali feldspars are present with Carlsbad or 
grid twinning — characterizing orthoclase and microcline, 
respectively — and often with graphic to granophyric in-
tergrowth. The essential crystal clasts identified in this fa-
cies appear angular to rounded and consist of plagioclase, 
alkali feldspars and quartz, which are normally embayed. 
Pumices have well-defined outlines with rounded, ellip-
soidal (Fig. 4B), flat (Fig. 4C) or elongated shapes and 
shards, crystallites, canaliculi and fibrous fragments may 
be identified inside them; they generally are recrystallized 
as feldspar and quartz arrangements (at times graphic or 
granophyric), and tube pumices (Fig. 4D) are often iden-
tified. The fiammes, which are collapsed pumices, are of-
ten stretched and oriented (Fig. 4E); they are identified 
by darker colors and a greater degree of flattening be-
cause of alterations that accompany the welding process. 
Shards generally occur in the matrix and fragments, with 
typical “X” and “Y” (Fig. 4F) shapes and in plates. Dark 
brown to black relict glass may be observed in fibro-radi-
ated arrangement that is dispersed throughout the matrix 
(Fig. 4G) and in lithoclasts. 

The devitrification products involve the growth of fi-
brous microliths and are represented by axiolite-type spheru-
lites that are composed of fibro-radiated crystals developed 
from line, fan, bow tie, spherical, and lithophysae structures.

Facies 2 (crystal-rich ignimbrites) differ optically by 
the large proportion of phenocrysts and crystal clasts that 
reach up to 50% of the total composition (Fig. 5A); these 
present a lower percentage of the other pyroclastic prod-
ucts earlier described, a large amount of chlorite, a large 
amount of carbonates and the absence of high-temperature 
biotite. Facies 2 phenocrysts and crystal clasts (Fig.  5B) 
have the same composition as those found in the other ig-
nimbrite facies but with larger sizes, ranging between 0.5 
and 4.0 mm and 0.2 and 0.5 mm, respectively.

The ignimbrite tuff (facies 3) is characterized by parti-
cles elutriated from the ignimbrite flow and differs from the 
other facies by the smaller amount and size of its phenoc-
rysts/crystal clasts and pyroclastic products (< 0.1 mm), by 
more homogeneous and even finer mesostasis, by the ab-
sence of high-temperature biotite, and by showing foliation 
as a result of the parallel arrangement of sericite (Fig. 5C).

The rheoignimbrites (facies 4) are characterized by 
post-compaction flow features of a welded ignimbrite that 
remained hot long enough to be ductilly deformed. The 
striking difference between this facies and the others is its 
eutaxitic texture (Fig. 5D and E), its ellipsoidal and sigmoid-
al pumices and by the large amount of devitrification prod-
ucts. The lithoclasts and pumices have a similar composition 
as those found in facies 1 but present in smaller proportions 
and dimensions (between 0.3 and 2.0 mm). Brittle/ductile 

deformation was also observed in these rocks, such as mi-
croveins of approximately 0.2 mm that are perpendicular to 
the foliation, broken and displaced, sometimes folded, and 
filled by epidote or sometimes by silica. 

Facies 5 corresponds to lavas with porphyritic to glom-
eroporphyritic texture and andesitic to rhyolitic compo-
sition. The phenocrysts in the rhyolites are quartz, alkali 
feldspar and plagioclase, generally euhedral to subhedral 
with evidence of intense magmatic corrosion (such as em-
bayment and gulfs); they are immersed in a very fine to 
fine matrix of the same composition, with apatite, zir-
con and opaques as accessories and sericite, epidote/clin-
ozoisite, chlorite, and clay minerals as alteration phases.

Phenocrysts of amphibole and mainly of altered and 
pseudomorphed plagioclase occur in the andesites in a 
very fine matrix with pervasive chloritization and sericit-
ization and a small amount of preserved primary miner-
als, such as amphibole and biotite; at times, an accidental 
microgranular enclave of a more acidic composition is ob-
served in these lithotypes. The plagioclase in the rhyolites 
has an albitic composition and occurs in the matrix as tiny 
grains, crystallites or isolated phenocrysts that sometimes 
form glomerocrysts (Fig. 5F); they are subhedral of tabu-
lar habit, zoned, sometimes myrmekitic, with albite and/
or pericline twinning, and they locally present numerous 
corrosion gulfs that give them a sieve texture (Fig. 5G). In 
the andesites, the plagioclase is found in the matrix in thin 
laths, which sometimes describe a slight flow texture that 
is intensely sericitized, and in phenocrysts of a composi-
tion similar to andesine, generally twinned and zoned with 
greater degree of alteration in the nucleus; it usually oc-
curs partially or completely pseudomorphed by an associ-
ation of microgranular to fibro-radiated epidote, chlorite, 
sericite and calcite. The quartz in rhyolites occurs both in 
the matrix and in embayed phenocrysts; sometimes it is 
recrystallized in a mosaic, in thin veins or as vermicular 
intergrowth in the plagioclase and alkali feldspar, which 
forms myrmekitic and graphic textures, respectively. In the 
andesites, quartz is always in the secondary phase and can 
occur in very fine grains, associated with epidote and chlo-
rite; it is derived from the plagioclase transformation. The 
alkali feldspars are common phases only in the rhyolites 
and are found in the felsic matrix or as phenocrysts; some-
times, they form glomerocrysts. They are always perthitic 
and are represented by subhedral to anhedral crystals of 
microcline with grid twinning and by orthoclase with 
Carlsbad twinning, both partially altered to sericite and 
clay minerals.

The only primary mafic found in the rhyolites is bio-
tite, which is observed in tiny plates dispersed in the matrix 
or in aggregates of fibro-radiated crystals associated with 
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Figure 5. Photomicrographs of Serra da Bocaina Formation rocks illustrating: (A) phenocrysts, crystal clasts and 
pumice immersed in cineritic fi ne matrix; (B) quartz phenocryst with corrosion edges and gulfs in lithotypes 
of larger granulation matrix; (C) foliation given by the parallel arrangement of sericite and crystal clast; 
(D) plagioclase phenocryst involved by eutaxitic texture and fi ammes; (E) eutaxitic texture surrounding subhedral 
crystal of turbid plagioclase; (F) plagioclase glomerocryst; and (G) plagioclase phenocryst with corrosion gulfs 
characterizing sieve texture. Crossed polarizers in A, B, E, F and G, parallel in D and parallel to the right and 
crossed to the lest  in C.
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opaques. As for the andesites, they have euhedral to subhe-
dral phenocrysts of greenish-brown amphiboles as mafi cs, 
which is identifi ed as hornblende, and a large amount of 
epidote/clinozoisite and chlorite forming the matrix and as 
pseudomorphs of plagioclase phenocrysts.

Th e hydrothermal phase is characterized in the FSB rocks 
by sericitization, epidotization, saussuritization, argillization 
and chloritization, and metamorphism of greenschist facies is 
identifi ed by the paragenesis albite + epidote + chlorite.

structurAL ANALysIs

Th e semi-detailed geological mapping of the FSB de-
fi ned a set of ductile and brittle-ductile tectonic structures 
that may be grouped into two deformation stages that are 
designated F1 and F2.

Despite the tectonic-metamorphic imprint, prima-
ry relict structures (S0) are preserved that are mainly 

characterized by centimetric lenses/layers of co-ignimbrite 
tuff  interspersed with ignimbrite breccias. Th e lenses/lay-
ers show dips between 20° and 50° SE and ESE (Fig. 6A) 
and form an angle with the S1 foliation, which has dips 
that concentrate between 30° and 65° SE. Th e S0 measure-
ments show a maximum concentration of 100/30, which 
suggests an arrangement of the homocline type with slight 
waves produced by refolding.

Th e fi rst deformation stage (F1), which is the oldest 
and most intense event, may be observed throughout the 
extension of the Serra da Bocaina in both the pyroclastic 
and eff usive lithotypes and is responsible for the devel-
opment of the penetrative foliation S1. In the FSB, the 
S1 foliation is represented by schistosity in the rocks of 
facies 1 (Fig. 6B), 2, 4 and 5 and by slaty cleavage in fa-
cies 3 (Fig. 7A). It is associated with deformation stage 
F1, which was the onset of the Santa Rosa Shear Zone and 
placed the Carandá Granite in contact with facies 1 and the 
eff usive rocks of the FSB.

Figure 6. Figures illustrating: (A) lenses/layers of facies 3 in vertical cut at Serra da Bocaina, highway BR-267; (B) S1 
foliation evidenced by phenocrysts, crystal clasts and stretched oriented fragments of the rocks of facies 1; and (C 
and D) stereograms of penetrative foliation S1 for the FSB rocks, isofrequency and pole diagrams, respectively. 
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Th e S1 foliation is defi ned by oriented recrystallization of 
platy minerals, especially sericite, that formed fi lms oriented 
according to the foliation plane, in addition to the fl attening 
and rotation of the matrix crystal clasts and phenocrysts of 
quartz, plagioclase, and alkali feldspars (Fig. 7B).

Th e stereogram for the S1 foliation poles points to a 
maximum of approximately 120/40 and a dispersion of 
measurements between 030/35 and 150/70 (Figs. 6C 
and D); this is most likely the result of the folding of the 
second stage of deformation F2.

Lineations L1 (mineral and stretching) are defi ned by 
the elongation of the phenocrysts and lithic fragments. 
Th e measurements show attitudes ranging from 030/35 
and 150/20.

Th e Santa Rosa Shear Zone is located on the eastern 
edge of the Serra da Bocaina and is characterized by a con-
tinuous and anastomosed belt of ductile deformation that 
is observed in the Carandá Granite and in facies 2 of the 
FSB. Th e mylonites generated in the FSB are characterized 

by the preferential orientation of the matrix, by the fl at-
tening and rotation of porphyroclasts (Fig. 7C), by crystal 
clasts and by lithic fragments. Mylonitic foliation (Fig. 7D) 
shows an average attitude of 085/80, which is similar to 
the stretching lineation attitude (088/80). Kinematic indi-
cators observed in the fi eld and in thin sections point to a 
reverse movement with top transportation to the WNW; 
thus, the Santa Rosa Shear zone tectonically placed the 
Carandá Granite over the pyroclastic and eff usive rocks of 
the FSB along a reverse frontal slope.

Th e second deformation event (F2), which was less intense, 
is characterized by the generation of folds in the S1 foliation. 
Th e microfolds are open, symmetric to slightly asymmetric, 
and oriented toward the NNW/SSE, verging weakly to NW.

Th e S2 foliation is mainly represented by a crenulation 
cleavage or disjunctive cleavage with an average attitude of 
220/90, which are both related to the axial plane of the D2 mi-
crofolds and mesofolds. Th e L2 intersection lineation has an 
attitude of 110/45 and corresponds to the axis of the D2 folds.

Figure 7. Photomicrographs of the Serra da Bocaina Formation rocks illustrating: (A) slaty cleavage in the rocks 
of facies 3; (B) phenocrysts and lithic fragments oriented according to foliation S1; (C) rounded quartz phenocryst 
with corrosion gulfs and pressure shadow indicating the deformation movement F1; and (D) mylonitic foliation in 
rock of facies 2. Crossed polarizers in A, B and C and parallel in D.
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The FSB displays greenschist facies metamorphism, 
which is characterized by the paragenesis albite + epidote 
+ chlorite and related to the F1 deformation stage, whereas 
the retro-metamorphism features must be associated 
with the second stage of deformation F2, which was devel-
oped at a shallow crustal level.

GeOcheMIsTrY

Twenty-four samples of FSB rocks were selected for 
the lithogeochemical treatment, including 9 from facies 1, 
4 from facies 2, 4 from facies 3, 2 from facies 4, 3 from 
facies 5 and 2 from lithic fragments. It is important to 
note that the ignimbrite breccia samples were treated by 
manual sorting that attempted to separate the fragments 
for analysis in isolation, in addition to the matrix. After 
this stage, all samples were treated in the Laboratory of 
Sample Preparation of the Mineral Resources Department 
of the Federal University of Mato Grosso (Departamento 
de Recursos Minerais da Universidade Federal de 
Mato Grosso - DRM/UFMT) and analyzed at the Acme 
Analytical Laboratories (Acmelab) in Vancouver (Canada) 
by ICP-ES and ICP-MS for major, minor and trace ele-
ments, including rare earths (Tabs. 2 to 4). They were cal-
cined to constant weight to calculate the loss on ignition; 
the major elements and certain minor elements were recal-
culated in anhydrous base, as recommended by the IUGS 
(Le Maitre 2002).

Most of the lithotypes of the different facies defined in 
this study present an acidic nature, relative compositional 
homogeneity and SiO2 values ranging between 71.85 and 
78.31%. Only two lava samples (AB26), which were inter-
mediate in character, were an exception to this pattern; these 
had SiO2 content between 60.38 and 60.62%, which corre-
sponds to andesite and causes a compositional gap between 
these values and the 71.85% silica; this is most likely the re-
sult of inadequate sampling and/or outcropping. The rock 
fragment samples of the ignimbrite breccia are even more 
acidic, with a SiO2 content of approximately 78%, which 
proves to be geochemically similar to the other pyroclastics.

Harker diagrams of the FSB rocks (Fig. 8) show 
well-defined evolutionary patterns with negative linear cor-
relations between silica and Al2O3, CaO, MgO, TiO2, (Fe2O3)

t, P2O5 and MnO because of the progressive depletion in pla-
gioclase and primary mafic minerals during magmatic dif-
ferentiation, such as hornblende, biotite, ilmenite-mag-
netite, titanite and apatite. The diagrams involving alkalis 
showed relative dispersion that resulted from the greater 
mobility of these elements during the post-magmatic pro-
cesses. Among the trace elements, only the Sr showed a 

negative correlation with silica (Fig. 8), which corroborates 
the idea of plagioclase fractionation.

The rocks of facies 1 to 4 and the lithic fragments of 
the FSB are classified as rhyolites, whereas the lavas (corre-
sponding to facies 5) are plotted in the rhyolite and andesite 
fields when the total alkalis versus silica diagram is consid-
ered Le Bas (1986) (Fig. 9A). Similarly, the points represent-
ing these lithotypes coincide with the rhyolite and andesite 
domains in the SiO2 by contrast to the Zr/TiO2 diagram 
proposed by Winchester & Floyd (1977) (Fig. 9B); the py-
roclastics and lavas plot in the rhyolites/alkali-rhyolite and 
lati-andesite fields in the R1-R2 diagram (De La Roche et al. 
1980) (Fig. 9C), respectively, where R1 = 4Si - 11(Na + K) - 
2(Fe + Ti) and R2 = 6Ca + 2Mg + Al.

The TAS and AFM diagrams of Irvine & Baragar (1971), 
illustrated in Fig. 9A and 10A, respectively, indicate that the 
magmatism that generated the studied rocks is characterized as 
subalkaline and calc-alkaline. This affinity is also suggested be-
cause the La/Yb ratios are higher than 6 (Tabs. 2 to 4), as pro-
posed by Barret & MacLean (1999), whereas the calc-alka-
line nature of medium to high-K is illustrated in the K2O by 
contrast to the SiO2 diagram by Le Maitre (2002) (Fig. 10B). 
As  for alumina saturation, the representative points of the 
FSB rocks and fragments classify this magmatism as peralu-
minous in the A/CNK by contrast to the A/NK diagram by 
Maniar & Piccoli (1989) (Fig. 10C), with the exception of a 
matrix sample from the Ignimbrite Breccia Facies (AD 2/2M) 
that plots in the metaluminous domain.

In diagrams that discriminate tectonic environments 
based on the behaviors of Hf - Rb - Ta and of Rb and (Y + Nb) 
proposed by Harris et al. (1986) (Fig. 11A) and Pearce (1996) 
(Fig. 11B), respectively, the points representing the FSB rocks 
coincide with the domain of volcanic arc granitoids.

The content normalization of certain trace elements and 
K2O of the pyroclastic and effusive rocks of the FSB shows 
an enrichment of large-ion lithophile elements (LILE) in 
relation to the high field strength elements (HFSE), based 
on the granites of the Meso-Oceanic Range (Pearce et al. 
1984) (Fig. 12A). In the HFSE, lower values than those 
from the high-K calc-alkaline series are typically observed.

The layout of the rare earth element (REE) concen-
trations in the FSB rocks, normalized by the C1 chon-
dritic values (Sun & McDonough 1989) (Fig. 12B), 
shows no anomalies to moderately negative Eu anomalies 
that correspond to Eu/Eu* ratios between 0.56 and 1.03 
(Tabs. 2  to 4). It shows a fractionation pattern of heavy 
REE (HREE) in relation to light REE (LREE) and La/Yb 
ratios between 5.03 and 16.98 (Tabs. 2 to 4), which ex-
hibit a sub-horizontal configuration for the HREE.

The trace element values of the FSB andesites (hydro-
thermally altered facies 5) are always lower than those of 
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Table 2. Chemical composition of major, minor (% weight), and trace elements, including rare earth elements 
(ppm), of rocks from the Serra da Bocaina Formation

samples Ab26(1) Ab26 Ad01 Ad85 Ad92 Ad65 Ad2/2m Ad32(2)

Facies 5 5 4 1 1 1 1 1

SiO2 60.38 60.62 71.85 72.9 73.46 73.97 75.10 75.18

TiO2 0.70 0.68 0.45 0.42 0.33 0.34 0.28 0.24

Al2O3 19.28 18.98 13.99 13.31 14.08 14.74 13.11 12.57

Fe2O3 5.44 5.65 3.01 3.51 1.75 1.84 1.55 2.72

MnO 0.14 0.14 0.09 0.09 0.10 0.04 0.03 0.07

MgO 2.03 1.88 0.68 0.69 0.39 0.52 0.25 0.22

CaO 5.08 5.04 1.09 1.32 1.51 0.12 0.79 0.39

Na2O3 4.51 4.75 4.60 3.58 3.07 4.15 5.07 3.85

K2O 1.95 1.79 3.91 3.90 4.98 4.00 3.60 4.48

P2O5 0.26 0.22 0.11 0.12 0.02 0.04 0.03 0.03

LOI 2.80 2.50 1.40 2.40 2.40 1.30 1.30 0.70

Total 99.33 99.30 99.46 99.55 99.38 99.48 99.56 99.54

Ba 867 967 1299 1133 1393 1001 958 1491

Be 3 1 2 3 3 3 3 2

Co 15.50 44.10 86.20 3.50 98.20 34.40 0.40 1.40

Cs 3.40 3.80 2.20 2.10 3.90 1.90 3.40 1.30

Ga 17.90 19.90 15.80 14.70 17.10 19.50 14.50 13.90

Hf 3.60 4.10 6.40 6.00 7.10 8.20 7.20 5.60

Nb 5.00 6.20 10.60 9.90 11.80 12.60 11.30 12.10

Rb 53.30 57.90 114.20 131.00 169.30 175.20 152.00 140.80

Sr 614.90 599.00 143.40 133.50 137.70 67.10 61.70 91.90

Ta 0.30 0.40 0.90 0.60 1.00 1.00 1.10 0.80

Th 5.60 5.50 11.50 10.50 13.10 14.50 13.50 12.60

U 1.10 1.20 2.20 2.10 2.40 2.70 3.00 2.20

W 1.10 145.70 447.20 0.80 537.50 191.60 1.10 0.60

Zr 146.00 156.20 233.80 196.80 242.30 295.10 224.60 188.40

Y 14.30 15.80 29.70 29.50 45.70 37.80 37.90 28.60

Pb - 2.40 15.60 - 16.10 17.30 11.90 -

La 23.40 24.50 44.20 44.90 75.10 58.60 53.10 44.70

Ce 47.20 51.50 92.30 83.70 105.90 78.50 112.00 90.80

Pr 5.74 6.03 10.73 10.43 15.47 13.07 12.81 10.64

Nd 23.8 23.70 41.60 40.90 60.50 51.50 47.30 42.80

Sm 4.06 4.41 7.25 7.41 9.93 8.92 8.68 7.45

Eu 1.23 1.26 1.67 1.67 2.04 1.89 1.72 1.53

Gd 3.30 3.73 5.90 6.38 8.61 7.64 7.68 6.06

Tb 0.55 0.55 0.89 0.96 1.27 1.18 1.07 0.96

Dy 2.83 2.96 5.09 5.17 7.21 6.64 6.35 5.44

Ho 0.53 0.56 1.00 1.14 1.45 1.26 1.13 1.06

Er 1.49 1.65 2.95 2.97 4.14 3.69 3.68 3.04

Tm 0.24 0.24 0.43 0.47 0.59 0.57 0.52 0.50

Yb 1.50 1.47 2.88 3.02 3.71 3.61 3.25 3.15

Lu 0.20 0.22 0.45 0.45 0.55 0.55 0.56 0.46

Eu/Eu* 1.03 0.95 0.78 0.74 0.67 0.70 0.64 0.70

La/Yb 11.19 11.95 11.00 10.66 14.52 11.64 11.72 10.18

Ga/Al 1.95 2.15 2.13 2.09 2.29 2.50 2.09 2.09

continuation...
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Table 2. Continuation

samples Ab16 Ad12 Ad77 Ad37 Ad81 Ab06 Ad09(2) Ad43(1)

Facies 1 2 1 4 2 2 3 3

SiO2 75.24 75.56 75.57 75.65 75.67 75.70 75.70 75.98

TiO2 0.32 0.24 0.25 0.28 0.24 0.25 0.21 0.26

Al2O3 13.07 13.21 13.32 13.09 13.38 12.46 13.68 14.23

Fe2O3 2.70 1.12 1.13 1.22 1.25 1.81 1.09 1.56

MnO 0.07 0.05 0.06 0.05 0.06 0.05 0.04 0.02

MgO 0.33 0.25 0.16 0.12 0.27 0.22 0.35 0.41

CaO 2.17 0.52 0.69 0.55 0.63 0.25 0.14 0.25

Na2O3 4.17 3.92 4.11 3.95 4.09 1.63 3.48 3.83

K2O 1.59 4.44 4.42 4.71 4.12 7.43 5.03 3.34

P2O5 0.12 0.03 0.03 0.03 0.04 0.02 0.02 0.03

LOI 1.00 0.80 1.00 0.40 1.30 0.80 1.60 1.50

Total 99.60 99.53 99.53 99.40 99.56 99.60 99.55 99.69

Ba 710 1346 1288 1575 1094 1105 1474 405

Be < 1 2 2 2 1 < 1 3 4

Co 3.20 96.50 72.40 188.80 121.00 <0.20 117.00 0.70

Cs 2.10 0.80 1.90 1.40 1.50 2.10 3.60 1.80

Ga 11.60 14.70 16.20 12.50 14.60 16.10 14.00 18.40

Hf 4.20 5.30 6.00 7.50 5.50 6.70 6.50 6.00

Nb 6.20 11.10 13.70 12.00 10.60 13.70 11.00 10.90

Rb 52.90 143.80 147.60 130.10 120.80 195.40 158.00 134.60

Sr 594.60 77.90 94.10 120.10 89.70 49.80 80.10 51.60

Ta 0.50 1.00 1.00 1.30 1.00 1.10 1.20 0.80

Th 6.20 13.00 13.50 12.90 11.50 17.50 13.00 12.90

U 1.70 2.70 2.80 2.30 2.20 3.90 3.00 2.10

W 0.80 564.60 373.50 979.40 686.20 1.20 637.40 1.60

Zr 141.20 166.10 215.10 229.70 173.80 231.60 201.10 218.90

Y 10.70 32.60 33.40 33.20 30.90 49.10 31.60 25.50

Pb - 17.00 27.30 11.10 17.60 4.70 6.60 -

La 30.30 40.90 49.70 50.40 42.80 49.80 61.40 41.30

Ce 58.20 86.70 104.40 101.0 82.90 100.40 102.40 80.10

Pr 6.42 10.22 11.73 12.12 10.31 11.96 14.55 9.16

Nd 25.80 39.30 44.90 47.40 40.80 43.00 52.90 35.00

Sm 3.77 7.19 8.01 8.17 7.16 9.07 8.56 5.82

Eu 0.93 1.29 1.75 1.78 1.21 1.60 1.58 1.39

Gd 2.89 5.97 6.75 6.72 5.85 8.29 5.90 4.38

Tb 0.41 0.97 1.04 1.05 0.89 1.43 0.98 0.75

Dy 2.24 5.45 5.81 5.75 4.92 8.86 5.36 4.36

Ho 0.45 1.10 1.17 1.14 1.01 1.51 1.04 0.97

Er 1.23 3.28 3.44 3.41 3.06 4.73 3.18 2.78

Tm 0.18 0.49 0.51 0.49 0.45 0.69 0.49 0.42

Yb 1.28 3.25 3.28 3.18 2.95 3.87 3.24 3.12

Lu 0.19 0.49 0.50 0.49 0.47 0.67 0.50 0.42

Eu/Eu* 0.86 0.60 0.72 0.73 0.57 0.56 0.67 0.84

La/Yb 16.98 9.02 10.87 11.37 10.41 9.23 13.59 9.50

Ga/Al 1.68 2.10 2.30 1.80 2.06 2.44 1.93 2.44

continuation...
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Table 2. Continuation

samples Ab25 Ad9m Ad28 Ad43 Ad09(3) Ad10(10) Ad2/2F Ad09F

Facies 2 1 5 1 3 3 Lithic Fragment Lithic Fragment

SiO2 76.20 76.25 76.32 76.59 76.70 77.11 78.23 78.31

TiO2 0.24 0.25 0.23 0.23 0.23 0.22 0.21 0.20

Al2O3 12.49 13.01 12.76 12.78 13.34 13.43 11.35 11.74

Fe2O3 2.02 1.93 1.66 1.38 1.61 1.40 1.37 1.66

MnO 0.07 0.07 0.01 0.02 0.05 0.04 0.03 0.04

MgO 0.29 0.37 0.05 0.11 0.42 0.26 0.03 0.23

CaO 0.73 0.57 0.07 0.07 0.17 0.11 0.71 0.22

Na2O3 3.78 2.04 4.58 3.32 2.98 4.31 1.55 4.15

K2O 3.94 5.31 4.19 5.33 4.25 2.94 6.26 3.30

P2O5 0.04 0.02 <0.01 0.03 0.01 0.03 0.05 <0.01

LOI 1.40 1.20 0.70 0.50 1.70 1.50 0.40 0.70

Total 99.61 99.60 99.64 99.66 99.54 99.68 99.62 99.66

Ba 998 1455 739 844 1032 1074 2216 893

Be < 1 4 1 2 2 3 2 3

Co 1.00 1.30 0.50 0.50 75.50 0.70 0.80 1.40

Cs 1.50 3.40 0.70 1.60 3.80 1.50 3.20 2.10

Ga 13.50 15.10 12.90 12.40 17.40 15.10 8.20 11.10

Hf 4.70 7.20 6.80 7.10 6.10 7.70 4.90 4.40

Nb 10.80 12.10 13.30 14.10 11.90 10.40 10.90 8.00

Rb 113.10 173.60 109.40 143.50 176.50 118.10 164.60 110.40

Sr 84.10 124.20 51.30 36.90 89.00 89.30 73.90 107.40

Ta 0.80 1.10 1.00 1.00 1.00 0.70 0.80 0.50

Th 11.50 13.00 14.40 13.70 14.30 11.40 11.10 9.90

U 2.20 2.70 2.40 2.10 2.70 2.50 2.30 2.20

W 0.80 1.60 0.90 1.40 381.40 0.80 2.00 0.70

Zr 164.60 200.80 201.00 212.50 210.70 266.80 183.80 181.10

Y 30.00 42.80 23.07 34.60 28.60 26.90 28.10 32.60

Pb - 23.40 - - 10.10 - 9.60 5.60

La 44.20 55.10 23.70 46.00 30.00 28.80 41.40 68.10

Ce 79.60 93.80 36.60 61.20 80.00 66.70 82.30 69.80

Pr 10.25 11.22 6.58 11.07 7.59 5.47 8.93 12.57

Nd 39.10 41.80 23.80 42.50 27.30 20.50 35.20 43.40

Sm 6.98 7.52 4.80 7.64 5.46 3.59 6.34 7.85

Eu 1.45 1.55 0.87 1.43 1.06 0.94 1.29 1.35

Gd 5.81 6.84 3.74 6.93 4.78 3.50 5.24 6.14

Tb 0.93 1.05 0.66 1.11 0.85 0.74 0.81 0.90

Dy 5.69 6.10 4.32 6.67 4.53 4.46 4.21 5.16

Ho 1.00 1.33 0.94 1.30 0.96 0.99 0.84 1.10

Er 3.23 3.63 2.68 3.85 3.09 2.90 2.38 3.29

Tm 0.53 0.51 0.48 0.56 0.45 0.48 0.36 0.47

Yb 3.32 3.23 3.38 3.55 2.97 3.41 2.17 2.69

Lu 0.48 0.51 0.46 0.53 0.47 0.49 0.38 0.47

Eu/Eu* 0.70 0.66 0.63 0.60 0.63 0.81 0.68 0.59

La/Yb 9.55 12.24 5.03 9.29 7.24 6.06 13.68 12.24

Ga/Al 2.04 2.19 1.91 1.83 2.46 2.12 1.37 1.79
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Figure 8. Harker Diagrams for the rocks of the Serra da Bocaina Formation (major and minor elements expressed 
in % oxides and trace elements in ppm, respectively).
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the pyroclastic rocks, but the layout of the points that rep-
resent them in Figs.  12A and B follows similar patterns 
(La/Yb = 11.19 and 11.95, respectively; Tab. 2), which 
diff er by the absence of Eu anomalies with Eu/Eu* ratios 
equal to 0.95 and 1.03, respectively.

GeOchrONOlOGY

Th e sample (AB35) of an ignimbrite belonging to 
the crystal-rich ignimbrite facies was selected for the geo-
chronological study of the FSB.

Methodology Pb-Pb in zircon (evaporation)
Th e sample was processed with conventional meth-

ods, such as crushing, grinding, sieving and concentra-
tion of the 0.090 mm fraction in the Laboratory of Sample 
Preparation and Laboratory of Chemical Dilution of the 
Department of Mineral Resources of the UFMT. After 
passing through the Frantz isodynamic magnetic separator, 
150 grains of the least magnetic fractions were selected.

Two fi laments facing each other were used in the applied 
method, as recommended by Kober (1986, 1987); one was 
an evaporation fi lament, which contained the zircon, and 

Figure 9. Classifi cation of the Serra da Bocaina Formation rocks in the diagrams: (A) total alkalis versus silica
(Le Bas 1986), with the boundary between the alkaline/subalkaline domain of Irvine & Baragar (1971); (B) SiO2 
versus Zr/TiO2 (Winchester & Floyd 1977); and (C) R1 versus R2 (De La Roche et al. 1980).

15

N
a 2O

+K
2O

13

11

9

7

5

3

1

Facies 1 Facies 2 Facies 3 Facies 4 Facies 5 Lithic fragment

37 41 45 49 53 57 61 65 69 73 77

45 52 63
Ultrabasic Basic Intermediate Acidic

SiO2

Si
O

2

80

70

60

50

40
.001

Zr/TiO2*0.0001
0.01 0.1 1 10

R1 {4Si - 11(Na + K) - 2(Fe + Ti)}
10005000 1500 2000 2500 3000 3250

R
2 

(6
 C

a 
+ 

2M
g 

+ 
A

l)

1000

500

0

1500

2000

2500

Alkaline

Subalkaline
Basalt

Andesite
Basaltic

Andesite Dacite

Rhyolite

Trachyte
(qz <20%)

Trachy-
Basalt

Trachy-
Andesite
Basaltic

Trachy-
Andesite

Trachydacite
(qz >20%)

Sub-Ab

Rhyolite

Rhyodacite-Dacite

Trachyte

Andesite

Com/Pan

Phonolite

Tr An

Ab
Bas-Traq-Nef

Andesite

Dacite

Rhyodacite

Rhyolite

Andesi-basalt
Trachy-
basalt

Trachy-Andesite

Trachy-
Phonolite Quartz-

latito

Quartz-
trachyte Alkali rhyolite

An10

Ab
Or

Trachyte

An30 Lati
andesite

Tephrite

Lati-
basalto

An50

Phono-
lite

Phono-
tephrite

Nephelinite
Basanite

Basalt
Alkali

Basalt

Ankaratrite Picritic...

(Olivine) Tholeiite

An70

He

Fo

Ens

Di
An

Fo

C

BA

Brazilian Journal of Geology, 43(1): 48-69, March 2013
64

Serra da Bocaina Formation: Rio Apa Terrane



Tholeiitic

FeOt

Facies 1 Facies 2 Facies 3 Facies 4 Facies 5 Lithic fragment

Calc-Alkaline

Na2O+K2O MgO

K
2O

7

6

5

4

3

2

1

0
45 50 55 60 65 70 75 80

B
as

al
t

B
as

al
ti

c 
an

de
si

te

A
nd

es
it

e

D
ac

it
e 

e 
rh

yo
lit

e

High-K
calc-alkaline

SiO2

Medium-K
calc-alkaline

Low-K
calc-alkaline

Metaluminous2.8

A
N

K

A/CNK

Peraluminous

Peralkaline

2.0

1.2

0.4
0.5 1.0 1.5 2.0

Figure 10. Distribution of the analyzed points of the Serra da Bocaina Formation in the diagrams: (A) AFM (Irvine 
& Baragar 1971); (B) K2O % versus SiO2% (Le Maitre 2002); and (C) A/CNK versus A/NK (Maniar & Piccoli 1989).

Syn-
Collisional

Rb/30

Facies 1 Facies 2 Facies 3 Facies 4 Facies 5 Lithic fragment

Volcanic
Arc

Post-collisional

Intraplate

Hf Ta*3

R
b

2000

1000

100

10

1
1 10 100 20001000

VAG ORG

Syn-COLG WPG

Y+Nb

Figure 11. Distribution of the analyzed points of the Serra da Bocaina Formation in the diagrams: (A) Hf-Rb/30-
Ta*3 (Harris et al. 1986); and (B) Rb versus Y+Nb (Pearce 1996).

A B

A B

C

Brazilian Journal of Geology, 43(1): 48-69, March 2013
65

Ana Flávia Nunes Brittes et al.



100

Sa
m

pl
e/

O
ce

an
ic

 R
an

ge
 G

ra
ni

te

Facies 1 Facies 2 Facies 3 Facies 4 Facies 5 Lithic fragment

10

1

.1

600

Sa
m

pl
e/

Ch
on

dr
it

e 
C1 100

10

1
BaRbK2O Th Ta Nb Ce Hf Zr Sm Y Yb NdPr SmLa EuCe Ho Er Tm LuYbGd Tb Dy

Figure 12. Distribution pattern of the representative points of the Serra da Bocaina Formation in the diagrams: 
(A) trace elements and K2O, normalized by the values of the Meso-oceanic Range granites (Pearce et al. 1984); and 
(B) rare earth elements normalized by the Chondrite C1 values (Sun & McDonough 1989).

A B

the other was an ionization fi lament, from which the Pb is 
analyzed under diff erent temperatures (1,450, 1,500 and 
1,550°C). Th e Pb released from the zircon crystal lattice is 
immediately fi xed to the ionization fi lament. During the 
heating of this fi lament (at approximately 1,050°C), 
the emission intensities of the 204Pb, 206Pb, 207Pb and 208Pb 
isotopes are analyzed in the spectrometer. Th e presentation 
of results takes into consideration the deviations of sigma 
errors two of the 207Pb/206Pb ratios, and common Pb cor-
rections are performed through the use of the two-stage Pb 
evolution model proposed by Stacey & Kramers (1975) us-
ing the 204Pb/206Pb ratio. Th e data obtained are statistically 
treated in accordance with Gaudette et al. (1998).

Results
Of the 44 samples analyzed, 37 were eliminated be-

cause of high concentrations of common lead. Th e seven 
remaining samples showed good analytical results ob-
tained during the second heating step (approximately 
1,500°C). For better analysis and results, only the 7 sam-
ples were used, which provided 144 isotope ratios (Tab. 5). 
Th e zircon crystals of the FSB are euhedral, subhedral and 
prismatic, with brown to whitish color that ranges from 
translucent to opaque, and at times these crystals exhibit 
moderate fracturing (Fig. 13).

Th e seven analyzed fi laments (AB35R/6, AB35R/20, 
AB35R/26, AB35R/28, AB35R/30, AB35/38 and 
AB35/40) exhibit 207Pb/206Pb age variation between 1,869.8 
and 1,881.8 Ma, with a mean age of 1,877.3 ±  3.9 Ma 
(Mean square weighted deviation – MSWD = 1.7; 
Fig. 14). Th is result shows low common Pb ratios for the 
AB35R/6, AB35R/26 and AB35R/28 samples with small 

corrections in the 207Pb/Pb206 age and high common lead 
for the AB35R/20, AB35R/30, AB35/38 and AB35/40 
samples, but they were included in the average age calcula-
tions presented because they provide similar ages as those 
with low common lead and acceptable analytical error. 

Th e result obtained by the Pb-Pb method of 
1,877.3 ± 3.9 Ma is interpreted as the crystallization age 
of the crystal-rich ignimbrites and, consequently, of the ex-
plosive volcanism represented by the FSB.

FINAL coNsIderAtIoNs

Th e Rio Apa Terrane is a small fragment of continental 
crust exposed in the region by the border of MS (Brazil) and 
Paraguay (Department of Concepcion). Covered to the south, 
west and north by sediments of the Pantanal Formation, it 
presents a contact of erosive and angular unconformity to the 
east with the rocks from the Paraguay Fold Belt.

Pyroclastic rocks were predominantly identifi ed in the 
FSB, represented by the following four ignimbrite facies: 
ignimbrite breccia, crystal-rich ignimbrite, co-ignimbrite 
tuff  and rheoignimbrite, and by one eff usive facies. 

Microscopically, these rocks are characterized by the 
presence of diff erent pyroclastic products, such as lithic and 
pumice fragments, crystal clasts, pumices, fi ammes, shards 
and crystallites of several dimensions and compositions, in 
addition to phenocrysts of quartz, plagioclase, and alkali 
feldspar immersed in a fi ne cineritic matrix. Th e alteration 
phases are represented by sericite, epidote/clinozoisite, cal-
cite, clay minerals and chlorite, and the accessories by al-
lanite, zircon, apatite and opaques, with high-temperature 
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Figure 13. Photomicrograph of zircon crystals from 
the AB35 sample selected for dating.
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Figure 14. Diagram ages versus zircon crystals by 
Ludwig (2001) for the AB35 sample (crystal-rich 
ignimbrite facies).
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biotite as the main mafi c. Th e lithic fragments are com-
posed of a felsic mesostasis, phenocrysts, biotite, opaques, 
glass and devitrifi cation products, such as spherulite, axi-
olite, crystallites and graphic intergrowth. Facies 5, which 
is eff usive, is characterized by a porphyritic to glomeropor-
phyritic texture.

Th e primary structures of the FSB rocks are arranged 
homoclinally with bedding dip between 20° and 50° SE 
and ESE and form an angle with the foliation (S1). With 
respect to deformation, two stages were identifi ed, one 
ductile (F1) and one ductile-brittle (F2). Th e oldest event, 
F1, is the most intense and dominant deformation; it is 
observed along the entire area studied in the pyroclas-
tic and eff usive rocks and is responsible for the develop-
ment of the penetrative foliation (S1) and the shear zone. 
Th e S1 foliation is represented by schistosity in the rocks 
of facies 1, 2, 4, 5 and by slaty cleavages in facies 3 with 
average attitude of 120/40. Th e Santa Rosa Shear Zone, 
which is related to the fi rst deformation stage, F1, corre-
sponds to the boundary between the rocks of facies 1 of 
the FSB and the Carandá Granite and indicates a reverse-
type movement, with top tectonic transportation moving 

NNW. Th e second deformation stage, F2, appears with 
less deformation intensity and is marked by the genera-
tion of folds in the S1 foliation. Foliation S2 is represented 
by crenulation cleavage or by disjunctive cleavage with an 
average attitude of 220/90.

Th is volcanic-volcaniclastic set exhibits low-
grade metamorphism, which is coincident with the 
greenschist facies and characterized by the paragene-
sis albite + epidote + chlorite, and shows evidence of 
retro-metamorphism.

From the geochemical point of view, the FSB rocks are 
characterized as intermediate to predominantly acidic and 
classifi ed as andesites and rhyolites; they are defi ned as me-
dium to high-K calc-alkaline magmatism generated by frac-
tionated crystallization in a continental magmatic arc envi-
ronment. Th e REE concentrations show no anomalies to 
moderately negative Eu anomalies with Eu/Eu* ratios be-
tween 0.56 and 1.03. In the eff usive rocks, which are hy-
drothermally altered, trace element values are always lower 
than those of the pyroclastic rocks but with no Eu anomaly. 

Considering the subdivision and tectonic evolution of 
the Rio Apa Terrane, the studied rocks portray an extrusive 

Table 5. Lead isotope data from zircon multigrains of the sample AB35 from facies 2 of the Serra da Bocaina Formation

sample t (°c) ratios 204Pb/206Pb 2σ (208Pb/206Pb)c 2σ (207Pb/206Pb)c 2σ Age (ma) 2σ

AB35R/6 1,500 44/44 0.000069 0.000003 0.46398 0.00174 0.11497 0.00037 1,879.7 5.9
AB35R/20 1,500 30/38 0.000986 0.000022 0.46697 0.0013 0.1151 0.00028 1,881.8 4.4
AB35R/26 1,500 36/40 0.000104 0.000006 0.36953 0.00098 0.11466 0.00037 1,874.8 5.9
AB35R/28 1,500 4/12 0.000207 0.000014 0.37796 0.00327 0.11452 0.00035 1,872.7 5.5
AB35R/30 1,500 8/58 0.000501 0.000024 0.3756 0.00208 0.11476 0.00058 1,876.3 9.1
AB35/38 1,500 8/8 0.000763 0.000056 0.41445 0.00319 0.11434 0.00098 1,869.8 15.4
AB35/40 1,500 14/26 0.000634 0.000169 0.35543 0.00728 0.11447 0.00073 1,871.8 11.5

144/226 Average age 1,877.3 3.9
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magmatic event, which was dominantly explosive and re-
lated to the evolution of the Amoguijá Magmatic Arc; this 
event is Orosirian in age at 1877.3 ± 3.9 Ma, according to 
Pb-Pb zircon testing results.

Considering the deformation and metamorphic pat-
tern observed in the studied rocks, we suggest that the 
FSB rocks were tectonically transported from the ESE to 
the WNW in a convergent tectonic regime that was dom-
inated by frontal slopes of low-to-medium dipping and 
compatible with the greenschist facies metamorphism at 
a crustal level. 

Ar-Ar and K-Ar data of approximately 1.3 Ga, which 
has been presented for the plutonic and volcanic rocks of 
the Amoguijá Magmatic Arc (Cordani et al. 2010), sug-
gest that the studied effusive and pyroclastic rocks were 
deformed and metamorphosed during the San Ignácio 
Orogeny (1.4 to 1.3 Ga), which is observed in the Paraguá 
Terrane in the SW of the Amazonian Craton.
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