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Abstract

Mineralogical evolution of ophiolites is significant to understand paleo-oceanic crust and mantle requiring multi-proxy techniques to identify
steps in the processes. We studied the Bossoroca ophiolite from the southern Brasiliano Orogen, a prime example of Tonian accretion to an
oceanic island arc. Integration of field geology, aeromagnetometry, aecrogamaspectrometry, electron microprobe analyses, and compositional
maps of minerals led to the decoding of oceanic and continental processes. The ophiolite is highly magnetic and low-K and is positioned at the
base of the superstructure. We studied amphibolite, tourmalinite, and chromite-talc-magnesite granofels from the ophiolite, Capivaras diorite
from the Cambai Complex infrastructure and one metavolcanoclastic rock from the Vacacai Group superstructure. Honblende is zoned in
all rock types. Low-Ti hornblende is compatible with medium-pressure metamorphism at 7 kbar. This M1 to M2 amphibolite facies resulted
in the widespread association of olivine + talc in metaserpentinite. Dravite is similar to tourmaline from the Ibaré ophiolite. Andesine and
oligoclase are dominant and albite minor. Cr-spinel in granofels recrystallized in greenschist facies; host rock originated by carbonatization
of serpentinite formed in the oceanic crust along with chloritite and tourmalinite. Serpentinite rare earth elements (REE) suggest origin in

depleted mantle peridotite. The ophiolite evolved in the Adamastor Ocean until incorporation into the island arc.
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INTRODUCTION

Metasomatic rocks from the oceanic crust and mantle are
significant repositories of information on ophiolites and help
unravel the evolution of collisional orogens. Hydration of harz-
burgite generates extensive serpentinite in both mid-ocean
ridge and supra-subduction zone environments. The deple-
tion of the residual ultramafic rocks (metaserpentinite) in

most elements (e.g., Al, Ti, Ca, Na) and redeposition within
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and in host rock of serpentinite leads to the formation of
metasomatic rocks, particularly blackwall (rodingite, chlo-
ritite). Chloritites are characteristic rocks (e.g, Barriga and
Fyfe 1983, Dubinska et al. 2004, Arena et al. 2017), whereas
massive and disseminated tourmaline derives from oceanic
fumaroles (e.g., Arena et al. 2019, Hartmann et al. 2019).
Carbonation of serpentinite in the oceanic crust leads to
generation of chromite-talc-magnesite granofels.

Minerals are repositories of primary information regard-
ing the evolution of the metamorphosed oceanic crust and
mantle. Mantle, oceanic and obduction processes in Tonian
ophiolites are comparable to Phanerozoic associations (Stern
2018). Following obduction onto island arcs, ophiolites become
sequentially metamorphosed during protracted accretionary
and collisional orogenies. The search for minerals formed in
the oceanic lithosphere prior to metamorphism results in the
understanding of specific processes.

Extensive (2,000 km long) exposure of the Tonian-
Cryogenian crust includes ophiolites in the Arabian-Nubian
Shield (Stern 2018) and finds correlation with coeval ter-
ranes in South America. The Brasiliano collisional orogen
(4,000 x 1,500 km) is the Neoproterozoic-Cambrian back-
bone of South America (e.g,, Hartmann and Delgado 2001).
The orogen is comparable in scale to the Himalayas and
formed by similar accretionary to continental collisional

processes. Ophiolites are known along the orogen (Suita
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et al. 2004), such as the Araguaia belt in the north (Hodel
et al. 2019, Barros and Gorayeb 2019, Souza et al. 2019),
the Brasilia belt in the center (Strieder and Nilson 1992),
the Araguai Belt in the east (Queiroga et al. 2007, Amaral
et al. 2020), the Borborema Province in northeast (Caxito
etal. 2014, Santos et al. 2015), and the Dom Feliciano belt
in the south (e.g., Arena et al. 2016). U-Pb geochronology
of metasomatic and igneous zircon from oceanic rocks
by Arena et al. (2016, 2017, 2018, 2019) and Hartmann
et al. (2019) reinforced the timing of ophiolite evolution
between 920-715 Ma, but significant information remains
encoded in metasomatites. Aerogeophysical investigations
by Fernandes et al. (1995) and Hartmann et al. (2016) shed
light on the regional distribution of the main tectonic units
and their boundaries.

We focused on the northern Bossoroca ophiolite, Tonian
Sdo Gabriel terrane (e.g., Babinski et al. 1996, Lena et al. 2014),
southern Brazil, because of the presence of metasomatic rocks
from the oceanic crust — chromite-talc-magnesite granofels
and tourmalinite. Host oceanic island-arc rocks were also stud-
ied to establish controls on the evolution of the ophiolite —
Capivaras diorite (Garavaglia et al. 2002) from the Cambai
Complex infrastructure and Campestre Formation metavol-
canoclastic rock from the Vacacai superstructure.

Main techniques included geological, acromagnetomet-
ric, and aerogamaspectrometric surveys and electron micro-
probe analyses of minerals from several rocks, including
compositional maps and backscattered electron images of
hornblende, tourmaline, Cr-spinel, and whole-rock chem-
ical analyses of serpentinite and chromite-talc-magnesite
granofels. Hornblende grew during low-amphibolite and
prehnite facies. Studied dravite has composition akin to
oceanic tourmaline. We established significant constraints
on the evolution of metasomatic rocks from the Bossoroca
ophiolite as part of the Brasiliano Orogen, integrated with
accretionary orogens of Gondwana.

GEOLOGICAL SETTING

The Bossoroca ophiolite is a prime Tonian (920-710
Ma; Hartmann et al. 2019) association of oceanic crust and
mantle rocks in the Sio Gabriel terrane (100 x 70 km). This
juvenile portion of the Dom Feliciano Belt in southern Brazil
and Uruguay (Fig. 1) exemplifies the generation of the proto-
Adamastor Ocean during the early rupturing of Rodinia as
registered in the present Brazilian Shield (e.g, Basei et al. 2018,
Hartmann et al. 2019).

The juvenile terrane (Babinski et al. 1996, Hartmann
et al. 2011, Philipp et al. 2018) is (Figs. 1 and 2) an asso-
ciation of infrastructure Cambai Complex granitic and
gneissic rocks with superstructure Vacacai Group volcanic,
sedimentary, and volcaniclastic rocks. Oceanic and man-
telic rocks form the Cerro do Ouro ophiolite, which con-
tains the Cerro Mantiqueiras, Ibaré, Palma, Cambaizinho,
and Bossoroca ophiolites; Cagapava North and Cagapava
South may be additional ophiolites. This tripartite division

organizes the stratigraphic relationship in the Sao Gabriel

terrane. Additional ophiolites occur in the Porongos fold-
and-thrust belt both in southernmost Brazil and northeast-
ern Uruguay — Capané (Arena et al. 2019), Candiotinha
(Xavier et al. 2018), Arroio Grande (Ramos and Koester
2015), and Cerro La Tuna (Peel et al. 2018).

The Cerro Mantiqueiras and Cambaizinho ophiolites are
in the infrastructure of the island-arc, whereas the Bossoroca

ophiolite was obducted into the base of the superstructure.
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Figure 1. Geological map of Sio Gabriel terrane (Hartmann et al.
2019) displaying two geotectonic environments of ophiolites —
intrusive either into the infrastructure Cambai Complex (ophiolites
numbered 1,4, and 6) or at the base of the superstructure Porongos
Group (numbered 2, 3, and S). Inset shows location of Figure 1.
Position of Figure 2 indicated.
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This geological setting is comparable to the extensive (2,000
x 200 km), juvenile Arabian-Nubian Shield (Stern 2018),
where gold deposits are found in the ophiolites present in
the base of the superstructure. The Bossoroca ophiolite has
a systematic presence of gold specks in alluvium and hosts
the exhausted Bossoroca mine in the superstructure 1 km
east of the ophiolite.

The tripartite stratigraphic division of the juvenile ter-
rane organizes rock associations in a tectonic framework
(Tab. 1). As pointed out by Hoerlle et al. (2019), the terrane
is “a Neoproterozoic metavolcanic-sedimentary sequence,
represented by the Cambaizinho, Bossoroca and Palma
Complexes intruded by juvenile calc-alkaline gneisses of
the Cambai Complex.” The terrane was subdivided into
different formations and complexes (e.g., Goii et al. 1962,
Koppe et al. 1985, Koppe and Hartmann 1990, Machado
et al. 1990, Babinski et al. 1996, Hartmann et al. 1999, 2007,
2011, Saalmann ef al. 2006). Our suggestion of nomen-
clature of the island arc is linked to either the plutonic or
supracrustal origin of the rocks and is presently expanded
to include the extraneous, obducted ophiolite. The profu-
sion of stratigraphic names used in the terrane is thus sim-
plified and organized within a simple, consistent tectonic
frame (Cerva-Alves et al. 2020).

The 2-km wide Bossoroca ophiolite dips 60-80° toward
NNW along 20 km. The ophiolite in the Campestre village
transect (Figs. 2 and 3) has many lenses of serpentinite (50—
1,000 m), amphibolite, quartz-plagioclase granofels, banded
iron formation, and metachert (e.g., Saalmann et al. 2006,

Gubert et al. 2016, Hartmann et al. 2019). Metasomatic chlo-
ritite and tourmalinite are minor, but significant (Hartmann
et al. 2019). Mantelic rocks are more abundant in the eastern
portion and supracrustal rocks in the west, reminiscent of the
oceanic mantle to the crust tectonic stratigraphy. Main folia-
tion strikes NNE and dips at a high angle to NNW in rocks
displaying dominantly low-amphibolite facies assemblages, e.g.,
amphibolite has hornblende + plagioclase, metaserpentinite has
olivine + talc (jackstraw texture). This S2 foliation (Saalmann
et al. 2006,2007) marks the obduction of the ophiolite into the
oceanic island arc. S1 is restricted to rootless folds contained
in S2. Transcurrent faulting and local thrusting occurred in
succession. Older Rio de La Plata Craton rocks are present
below the juvenile terrane. The terrane was thrust over the
Rio de la Plata Craton at an undetermined age (possibly 650
Ma); the isotopic composition of younger Sio Sepé Granite
(550 Ma) and other granites supports the interpretation. A
metacraton was thus recognized in the region (Santos et al.
2019). Petrological and isotopic evidence from Ediacaran
granites (Remus ef al. 1999) point to the presence of a cra-
tonic crust underneath the Sao Gabriel terrane, an interpre-
tation reinforced by a magnetotelluric survey (Bologna et al.
2019). Arcuate thrusts identified from aeromagnetometric
data by Travassos (2014) indicate displacement of the juve-
nile terrane from the NW to the SE. The Bossoroca ophiolite
has arcuate shape pointing to east. This overthrusting occurred
on a regional, 200 km-scale at 650 Ma, because all Ediacaran
rocks display crustal-reworking geochemical and isotopic char-
acteristics in the Sul-Riograndense Shield.

Table 1. Stratigraphy of Sio Gabriel terrane (Sao Gabriel island arc + obducted ophiolites) and associated units, with selected examples and

approximate ages.

Geotectonics Stratigraphic unit Description Age, Ma
Intraplate Parané Basin Voluminous siltite, some lamite, 450-60
conglomerate, limestone
Post-orogenic Sao Sepé, Ramada, Shallow level, strong contact aureole 600-550
Sao Manoel, Lavras Granites
Foreland Camaqua Basin Volcanics, trachyandesite, sedimentary rocks 575
Sao Gabriel island-arc Superstructure, Island-arc volcanics and sediments, 755
Vacacai Group — Campestre, turbidite, graywacke, tuff, andesite
Pontas do Salso, Bela Vista,
Passo Feio (in part) Formations
Infrastructure, Granitic rocks, syntectonic, no (770),
Cambai Complex — Lagoa da Meia-Lua contact metamorphism on 730-700,
Suite, Sanga do Jobim granite, ophiolites or Vacacai Group. 690
Cerca de Pedra granodiorite,
Capivaras diorite, Imbicui gneiss
Oceanic crust + mantle Cerro do Ouro Ophiolite: Ophiolites Ultramafic, mafic, andesitic, 920-720
Cerro Mantiqueiras, Cambaizinho, volcanosedimentary rocks.
Palma, Ibaré, portions of Passo Feio
Bossoroca ophiolite Steeply dipping foliation, NNE direction, 920-720

(Arroio Lajeadinho Formation)

WNW dip. Talc-olivine metaserpentinite,
amphibolite, BIF, gabbro-harzburgite.
Metasomatites — Chromite-talc-magnesite
fels, tourmalinite, rodingite, chloritite.
Obducted at base of suprastructure.
Gold specks in alluvium.
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The ophiolite is in contact to the west with deformed
granitic rocks of the Cambai Complex infrastructure. Most rocks
show evidence of amphibolite facies metamorphism, includ-
ing the selected Capivaras diorite. No evidence was observed
of thermal metamorphism caused by these granitic rocks in
the ophiolite. The honblende core and rim were considered
magmatic in the Capivaras diorite (Garavaglia et al. 2002),
but we interpret the evidence as corresponding to magmatic
cores and metamorphic rims.

The superstructure Vacacai Group (locally Campestre
Formation) positioned to the east of the ophiolite is mostly
volcanoclastic; rocks were metamorphosed in low amphib-
olite facies. Strong thermal metamorphism was overprinted
on these supracrustal rocks in the northern portion by intru-
sion of the Sao Sepé Granite (Mattos et al. 2004) and in the
southern portion by the Ramada and Cerro da Cria granites.

Metasomatic rocks — chromite-talc-magnesite granofels
and tourmalinite — occur close to serpentinite and amphib-
olite within the ophiolite — similar geological relationship as
described by Azer et al. (2019) in the Arabian-Nubian Shield.
The Bossoroca ophiolite is, thus, a prime rock association to
unravel the evolution of Tonian oceanic crust and mantle

accreted to a juvenile island arc.

MATERIALS AND METHODS

Techniques reported here for the airborne geophysical
survey of the shield by the Geological Survey of Brazil (CPRM
2010) include aerogammaspectrometry and aeromagnetom-
etry and follow Hartmann et al. (2016). Data acquisition
was carried out by Lasa Prospecgdes S.A. (CPRM 2010).
The flight was at an elevation of 100 m above the terrain,
line spacing at S00 m and control lines spaced 10,000 m,
oriented NS and EW. The survey covered 159,789.21 km of
flights. Ten readings per second were made on the aeromag-
netometer. All gamaspectrometer readings were taken one
per second, with GPS positioning with an accuracy greater
than S m. Flight speed was 270 km/h, resulting in one read-
ing every 7.5 m on the terrain for magnetometry and 75 m
for gamaspectrometry. Border regions of the shield were also
covered, including strips of the Paleozoic-Mesozoic Parand
Basin to the north, west, and south and the Quaternary
coastal plain in the east. A Scintrex CS-2 equipment was
used for the acquisition of magnetic data. Two equipment
were used in two different airplanes for the acquisition of
gamma spectrometric data, the Exploranium GR-820 and
the Radiation Solutions Inc./RSS500 spectrometers. Radar
altimeters King 405 and Collins ALT-50 and barometers
Fugro/Enviro were used in different airplanes to obtain the
digital terrain model of the shield.

Total magnetic field and gamma spectrometric (potassium,
thorium, and uranium channels) data processing was performed
at Lasa Prospecgdes S.A., Rio de Janeiro, involving the appli-
cation of Oasis Montaj routines, version 7.1.1 GEOSOFT.
Maps of digital elevation model, anomalous magnetic field
(AMF), total count, eTh and eU were generated. This remote

sensing of rock types and lineaments allowed the contouring

of the geology and interpretation of structures (e.g, Milligan
and Gunn 1997, Nabighian et al. 2005).

Observation of satellite images was integrated with aero-
geophysical data, followed by geological field survey in a 2-km
wide EW Vila Campestre transect of the Bossoroca ophio-
lite. The survey involved collecting rock samples for labora-
tory studies, including a massive tourmalinite. Studied sam-
ples from the ophiolite include tourmalinite and associated
chloritite, chromite-talc-magnesite granofels, serpentinite,
amphibolite, and one sample from the Capivaras diorite in the
host Cambai Complex; location of samples in Suppl. Tab. Al.
Polished thin sections (one per sample) were studied under
the optical microscope at Universidade Federal do Rio Grande
do Sul (UFRGS).

Electron microprobe analyses (EPMA) were performed
using a JEOL JXA-8230 electron microprobe at Laboratdrio de
Microscopia e Microandlises (LMIc) of the Department of Geology
of Universidade Federal de Ouro Preto (UFOP). Several minerals
were analyzed, as follows: hornblende (several crystals,n=101
analyses) from samples C3P2 (amphibolite), C3P4 (metavolca-
noclastic rock),and C3P17 (deformed diorite); tourmaline (n =
18 crystals, n =79 analyses) from sample BO19; Cr-spinel and
magnetite (n = 14 crystals, 62 analyses) from samples BO17 —
chloritite (1 sample), BO13 (1 sample), C3P10 (1 sample),and
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Figure 3. Satellite images of the studied region, northern Bossoroca
ophiolite, Campestre transect. Location of studied samples
indicated with red dot and number.
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C4P4 (1 sample) — chromite-talc-magnesite granofels; chlo-
rite (n = 85 analyses) from samples BO17 (chloritite), BO19
(tourmalinite), and C3P2 (amphibolite); plagioclase (several
crystals, 61 analyses) in 1 sample, each of C3P2 (amphibolite),
C3P4 (metavolcanoclastic rock,) and C3P17 (deformed dio-
rite); orthoclase (n = 2 crystals, n = 6 analyses) from sample
C3P17 (deformed diorite); magnesite (n = 8 crystals, 22 analy-
ses) from 2 samples (C3P10, C4P4) of chromite-talc-magnesite
granofels; talc (n =4 analyses) from sample C3P10 — chromite-
talc-magnesite granofels; serpentine (n = 18 analyses) from gra-
nofels samples C3P10, C4P4; clinopyroxene (n = 7 analyses
from deformed diorite sample C3P17, prehnite (n = 3 analy-
ses) from amphibolite sample C3P2, apatite (n = 12 analyses)
from granofels samples BO19 and BO17, and epidote (n =7
analyses) from deformed diorite sample C3P17. The electron
beam was set at 15 kV, 20 nA, S Um and the common matrix
ZAF corrections were applied. Total iron content was taken as
FeO. Counting times on the peaks/background were 10/5 s
for most of elements (Na, Si, Al, Mg, Fe, Cr, Ti, Ca, K, Mn, F,
Zr, Cl, and P) except for Ba, Sr, Zn, and Ni (30/15 s). Natural
minerals and pure metals of the laboratory collection acted as
standards during the analyses. All mineral formulae were cal-
culated in Excel spreadsheets (GabbroSoft http://www.gab-
brosoft.org/spreadsheets/). Plagioclase was calculated on the
basis of 32 O; Fe** and Fe** were calculated stoichiometrically.
Additional methodology is in Supplementary Table A2. Selected
chemical analyses of minerals are in Table 2. All mineral analy-
ses are given in Supplementary Tables A3, A4, AS, A6, A7, A8,
A9, A10,A11,A12,A13,Al4, and A1S.

Back-scattered electron (BSE) and compositional maps
were also obtained. BSE images (n = 33) were made of samples
C3P2 (amphibolite), BO19 (tourmalinite), BO17 (chloritite),
BO13, C3P10, C4P4 (chromite-talc-magnesite granofels),

C3P17 (deformed diorite), and C3P4 (metavolcanoclastic
rock). Along with BSE images, compositional maps were made
of several minerals in amphibolite (C3P2; Al, Ca, Fe, Mg, and
Ti), tourmalinite with chlorite (BO19; Al, Ca, Fe, Mg, Na, Si,
and Ti), and chromite-talc-magnesite granofels (BO13; Mg,
Al, Cr, Ni, and Fe). Mineral abbreviations follow Whitney
and Evans (2010).

Photomicrographs were taken under the petrographic
microscope in plane-polarized and crossed-nicols of amphibo-
lite (C3P2), chlorite tourmalinite (BO19), chromite-talc-mag-
nesite granofels (C3P10), deformed diorite (C3P17), and
metavolcanoclastic rock (C3P4). BSE images cover the same
area as in the thin-section registered in photomicrography.

Whole-rock chemical analyses of four serpentinite and
two chromite-talc-magnesite granofels samples were made at
Bureau Veritas, Canada. The analyses included the determi-
nation of REE elements (Suppl. Tab. A16).

RESULTS

Satellite images show wooded hill tops in parts of the
ophiolite, surrounded by dominant undulated grasslands and
farmlands (Fig. 3). The digital elevation model (Fig. 4) dis-
plays ophiolite at the distal rim of Ramada plateau at 200 m
elevation. AMF reveals the presence of several dipoles, one
located across the ophiolite (Fig. SA). The ophiolite has low
total count of K% + €Th + eU < 180 cps (Fig. SB), low eTh < 1.5
ppm (Fig. SC), and low eU ~0 ppm (Fig. SD). The Camba
Complex infrastructure and Vacacai Group superstructure
have higher emission rates of aerogammaspectrometry than
the ophiolite, and the highest peak is in the post-tectonic
Sao Sepé, Cerro da Cria, and Ramada Granites. These gran-

ites have intrusive relationships with the Cambai Complex,

Table 2. Selected eletron microprobe analyses (wt.%) of minerals from northern Bossoroca ophiolite. Samples: C3P2, amphibolite; C3P4,

metavolcanoclastic rock; BO19, tourmalinite; BO13, chromite-talc-magnesite granofels; C3P10, chromite-talc-magnesite granofels; BO17,

chloritite; C4P4, chromite-talc-magnesite granofels; C3P17, deformed diorite.

Mineral Hbl Tur Chr Chl Pl Mgs Tlc Di
Sample C3pr2 C3P4 BO19 BO13 C3P10 BO19 BO17 C3p2 C3P4 C4P4 C3P10 C3P17
Analysis 10 4 20 9 21 11 18 70 38 28 34 14
SiO, 42.48 48.48 36.24 0.00 0.00 26.54 30.82 60.39 59.10 0.15 62.09 52.98
TiO, 0.19 1.18 0.54 0.13 0.07 0.02 0.06 0.00 0.00 0.01 0.01 0.06
A1203 15.90 6.70 31.56 6.23 19.03 21.58 19.54 23.88 25.62 0.47 0.17 0.80
Cr,0, 0.01 0.08 0.00 56.32 43.23 0.02 0.74 0.00 0.00 0.00 0.02 0.07
FeO 15.24 12.76 7.06 33.59 32.75 18.06 6.19 0.87 0.09 6.54 1.66 7.09
MgO 10.30 14.24 8.82 2.33 3.02 19.44 30.54 0.68 0.00 39.89 30.38 13.83
CaO 10.61 12.80 0.68 0.00 0.07 0.01 0.02 5.22 7.59 0.33 0.00 23.39
MnO 0.23 0.23 0.04 0.00 0.00 0.24 0.05 0.00 0.01 0.17 0.00 0.30
Na,O 1.96 0.77 2.22 0.12 0.21 0.00 0.02 8.09 7.48 0.02 0.07 0.45
K0 0.24 0.24 0.01 0.09 0.08 0.04 0.00 0.11 0.04 0.03 0.07 0.02
F 0.05 0.07 0.05 0.83 0.83 0.00 0.01 0.00 0.04 0.01 0.00 0.00
Cl 0.02 0.09 0.00 0.07 0.05 0.01 0.00 0.05 0.00 0.02 0.04 0.01
Total 97.23 97.61 87.22 99.71 99.34 85.96 87.99 99.29 99.97 47.64 94.51 99.00
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Vacacai Group and Bossoroca ophiolite; the shallow mag-
matism caused intense contact metamorphic effects on the
country rocks.

Field survey led to identification of chromite-talc-mag-
nesite granofels (Fig. 6A), bare rock exposed along 300 x
50 m in the forested hilltop. The rock is massive, grey col-
ored, medium-grained, and has a few Cr-spinel seams; gra-
nofels dips steeply to NNW along with the ophiolite. The
granofels has concordant contact with metaserpentinite

and amphibolite in the few exposed locations. This tectonic

contact coincides with S2 and was established during defor-
mation at low-amphibolite facies, regional metamorphism.
In addition, massive tourmalinite and dispersed tourmaline
occur associated with chloritite (Fig. 6B), all units with sim-
ilar concordant, tectonic contacts.

Field observations and petrography of studied samples,
integrated with BSE images and EPMA analyses and compo-
sitional maps, display significant structural, mineralogical and
textural features (Figs. 7, 8,9, 10 and 11). The amphibolite
is massive with diffuse foliation (S2) directed to NNE and
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Figure 4. Digital elevation model. Ophiolite occupies low-lying hills. ‘Ophiolite’ in same position as Figure SB.
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Figure S. Aerogeophysical maps of ophiolite and neighboring
region. (A) Aeromagnetometric map — anomalous magnetic field;
dipole position marked. Aerogamaspectrometric map — (B) total
count, (C) eTh, and (D) eU. Position of ophiolite indicated in (B).

dipping at a high angle to WNW, in common with the other
rock types. The rock is medium-grained (0.5-1.0 mm), dark
green to black, and consists of hornblende (5S0-80 vol.%),
plagioclase (15-45%), prehnite (1%), chlorite (1%), ilmen-
ite (2%), and trace zircon.

Under the microscope, hornblende of amphibolite has
large light brown cores surrounded by wide light green
rims; smaller, homogeneous crystals similar to the rims
are abundant and have random orientation in the matrix.
Photomicrography of amphibolite (Fig. 7) shows an assem-
blage of green hornblende altered to blue-green hornblende
and plagioclase (andesine-oligoclase) altered to oligoclase
and albite. The two generations of minerals mark metamor-
phic events M1 and M2 (Fig. 12), also registered in all other
studied samples.

Plagioclase occurs as large (0.5-1.0 mm) crystals and in
abundant small (0.05 mm) crystals in the matrix. The quantita-
tive compositional map of a 600 x S00 lm area selected in the
ampbhibolite (Figs. 8A-8F) displays varied zoning in hornblende.
All zones have similar Ca content, but Al, Fe, Ti are low in the

mantle, whereas Mg is high in the rim. Ti is higher in the core

than rim. Hornblende zoning is barely visible in BSE images
(Figs. 8F, 9A and 9B). Prehnite forms a fine-grained mat with
plagioclase and chlorite (arrow in Fig. 8F). Prehnite (Fig. 8) is

Figure 6. Field photos. (A) Chromite-talc-magnesite granofels; view to south; rock dips 70° NNW; sample BO13 collected from this outcrop;
(B) Tourmalinite sample BO19, showing tourmaline and chlorite.
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Figure 8. Characteristic X-ray maps and back-scattered electron image of amphibolite within ophiolite, sample C3P2. Position of EPMA
analytical spots indicated in (F).
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Figure 9. (A) Optical (plane-polarized light) and (B) back-scattered electron (BSE) image of amphibolite, sample C3P2. (C) Optical (plane-
polarized light) and (D) BSE image of tourmalinite, sample BO19, displaying tourmaline and chlorite; (E) optical (plane-polarized light)
and (F) BSE image of Capivaras deformed diorite, sample C3P17; (G) Optical (plane-polarized light), (H) optical (crossed nicols), (I) BSE
image of chromite-talc-magnesite granofels located in Figure 3C, sample C3P10; (J) Optical (plane-polarized light), (K) optical (crossed
nicols), and (L) BSE image of metavolcanoclastic rock from Campestre Formation, sample C3P4. Points analyzed by EPMA located in
BSE images (B, D, F, I, and L). In (A), elongated, ragged hornblende shows pleochroism in green to bluish green (ng) and light brown (np);
plagioclase is unzoned and mostly interspersed with hornblende; opaque mineral is present. In (C), unzoned, light yellowish grey tourmaline
is associated with light green chlorite. Image (E) shows mineral association of hornblende, clinopyroxene, plagioclase and titanite. Images (G
and H) document the association of Cr-spinel, talc, magnesite, serpentine. In (J), hornblende displays light brown core and bluish green rim,
homogeneous but cloudy plagioclase; in (K), plagioclase is twinned and large (200 im) and small (5-10 {m) quartz crystals are present.
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Concentration, wt.%
Al Ca Fe Mg Na Si Ti

775 16.8 156 21.0 42 561 44 500 pm

588 126 122 163 32 455 3.2

400 85 87 16 22 349 20
275 57 64 8.4 16 278 13
151 29 441 53 09 208 0.5

Figure 10. Characteristic X-ray maps and back-scattered electron (BSE) image of tourmaline, tourmalinite, sample BO19 (mount 2). Two
zones are cores poor in Ca, Fe, Ti and low in BSE and rims enriched in Ca, Fe, Ti and brighter in BSE. Chlorite poorer in Fe in core than rim
of filled fracture. Position of EPMA analytical spots indicated in (H).

11



Braz. J. Geol. (2020), 50(4): e20190120

located at the contact of chlorite and plagioclase with patchy
contact with plagioclase and some fine protrusions into chlo-
rite. Small (5-100 m long) titanite crystals are numerous.

Deformed diorite has dominant oligoclase and abundant
orthoclase. Magnesiohornblende from the deformed diorite
is homogeneous in Si but has variable Mg# (Fig. 13).

In the metavolcanoclastic rock, nearly all compositions
are andesine. Hornblende in metavolcanoclastic rock is chem-

ically zoned from tschermakite (Hbl1) to magnesiohorn-
blende (Hbl2). HbI2 occurs either as a mantle between core
and apparent rim on Hbl1 or as patchy alteration portions

anywhere within Hbl1 and also as homogeneous small crys-
tals. Magnesiohornblende has variable compositions in two
different fields.

Massive tourmalinite is dark nearly black with light
grey patches of chlorite and displays no apparent foliation
or lineation. Tourmaline is dravite (Figs. 14A and 14B) and
is restricted to tourmalinite forming boudins contained in
metaserpentinite, close (5 m) to chromite-talc granofels.
Crystal zoning seen in compositional maps (Figs. 9C, 9D
and 10) is irregular from core to rim and displays increase in

Ca, Fe, Al, Na, Ti, and BSE intensity (lighter grey) in narrow

Concentration, wt.%
Mg Al Cr Fe

52.2 433 685 1217

29.0 16.2 512 90.2

16.2 10.3 34.0 587

35 59 210 350

07 15 81 1.4

Figure 11. Characteristic X-ray maps and back-scattered electron image of chromite, chromite-talc-magnesite granofels, ssmple BO13. Large,
homogeneous chromite core portions crossed and margined by magnetite.
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rims. This compositional variation corresponds to homoge-
neous cores and narrow rims enriched in Ca, Fe, Na, and Ti.
As aresult, BSE images of rims are brighter gray than cores.
Associated chlorite shows diffuse zoning, with decrease in
Fe toward rims that are in direct contact with Fe-enriched
dravite rim. Minor minerals included in dravite are apatite
(100-200 pm) and ilmenite (100 ptm). Few fractures pres-
ent in dravite are filled with chlorite.

Several additional minerals from the studied rocks yield sig-
nificant information. Metasomatic rocks — chromite-talc-mag-
nesite granofels and chloritite — had Cr-spinel (picotite,
chromite, and magnetite) studied (Fig. 15). Cr-spinel cores
are homogeneous, but rims and fractures are strongly altered
to magnetite (Fig. 11). Chlorite (Fig. 10) occurs in variable
sizes (20-500 [im) and has variable contents of Al, Mg, and
Ti. Chlorite is clinochlore in chloritite but ripidolite in amphi-
bolite and tourmalinite (Fig. 16).

Serpentinite displays common jackstraw texture illus-
trating the lower amphibolite facies mineral association
olivine + talc + chlorite (Hartmann et al. 1987), superposed
by intense serpentinization. Whole-rock chemical analyses
of serpentinite display rare earth elements (REE) compo-
sition with low content of medium and heavy REE as an

1.0
W C3P2, amphibolite
» Pargasite O C3P4, metavolcanoclastic rock
. Edenite 9 4 C3P17, deformed diorite
S
E Sad
L adanagaite
= M2r  Remus (1990)
Q 05 —
M lgc wa 7 Tschermakite
E Actinolite 420,420 L]
K] | AN ua M1 -
* Hartmann et al. TR 28 Yy N
(1990) ( M1 c R e )
R o M1 T Mm2r ] M1c
00 M2 Magnesiohornble‘nde n ] ‘.
0.0 1.0 2.0

C(Al+Fe”+2Ti) (apfu)

Figure 12. Chemical classification diagram of hornblende
(based on Hawthorne et al. 2012) from three studied samples.
Compositional fields of published hornblende compositions from
Sao Gabriel terrane also shown. A few tschermakite analyses plotted
above the 2.0 apfu limit, above the line. M1 and M2 metamorphic
events marked from core (c) and rim (r) of crystals. Core (c) and
rim (r) of crystals from one amphibolite sample from Remus
(1990) (Cambaizinho ophiolite) indicated.

1.0 I
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0.9
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Figure 13. Chemical classification diagram of hornblende from
sample C3P17 (deformed diorite) compared with compositions of
Capivaras diorite from Garavaglia et al. (2002).
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exploratory result. Nevertheless, the REE contents are very
low. Chromite-talc-magnesite granofels (Suppl. Tab. A16)
has low SiO, and AL O; high Cr,O, and Ni support origin
from altered serpentinite.

AlLi Na+K Vac
|baré
:.",g,:%‘a’w Alkali | Vacance
2%
.‘?fg group group
.'. H
.
\
Bossoroca A
i Calcic
Elbaite group
Dravite Schorl
BossorocaA  |pore
>
)
Mg Fe* Ca

Figure 14. Chemical classification diagrams of tourmaline,
tourmalinite sample BO19. Tourmaline A from Hartmann et al.
(2019) occurs within same studied area.
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Figure 1S5. Chemical classification diagram of Cr-spinel from
Bossoroca ophiolite. Compositional fields of metamorphosed
spinel shown (modified from Abdel-Karim and El-Shafei 2018).
Composition of minerals indicated.
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Rip.: ripidolite; Clc: clinochlore; Pyc.: picnochlorite; Sher.: sheridinite.
Source: based on Hey (1954)
Figure 16. Chemical classification diagram of chlorite.
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Multiproxy evaluation of the Bossoroca ophiolite in the
Campestre traverse resulted in advanced knowledge of field
relationships and mineralogy of metasomatic and associ-
ated rocks. Aeromagnetometry and aerogamaspectrometry
of the studied ophiolite better define the distribution of
mafic and ultramafic rocks in the geological environment
of oceanic island-arc. The association with serpentinite and
occurrence of serpentine and chromite in the granofels tes-
tify to the origin from altered serpentinite of depleted man-
tle geochemistry. Granofels is known to contain significant
gold deposits in the Arabian-Nubian Shield (NE Africa).

Two metamorphic events occurred in the ophiolite, due
to the structure and composition of hornblende and the vari-
able composition of plagioclase (Fig. 17) of amphibolite. In
the ophiolite, both events occurred under similar P and T
conditions (Fig. 18). Tschermakite was the first hornblende
(Hbl1) to crystallize during metamorphism M1, succeeded
by magnesium hornblende (HbI2) during M2. HbI2 formed
by extensive recrystallization of Hbl1 in different positions
of the crystals. Ti in hornblende can be used as an indicator
of metamorphic facies. Ti = 0.5-1.0 apfu is characteristic of
hornblende formed in lower amphibolite facies (Raase 1974,
Holland and Richardson 1979), e.g., Bossoroca ophiolite.

The Capivaras diorite infrastructure has magmatic horn-
blende in the cores and metamorphic hornblende in the rims.
A volcanoclastic rock from the superstructure Campestre
Formation has two comparable hornblende compositions
in cores and rims. The olivine + talc association in metaser-
pentinite indicates lower amphibolite facies metamorphism,
in agreement with the grade of metamorphism of the infra-
structure deformed diorite and superstructure metavolcano-
clastic rock. This metamorphic event M1 occurred during the
obduction of Bossoroca ophiolite onto an oceanicisland arc.

In amphibolite, prehnite stabilization was achieved by Ca
availability in host titanite. Longer (50 im) and wider (5 tm)
titanite crystals are apparent in BSE image (Fig. 8F); shorter

C3P2, Bossoroca ophiolite,

amphibolite

@ C3P4, Campestre Formation,
metavolcanoclastic rock

A C3P17, Capivaras deformed

diorite

Miscibility gap

I ‘ X . 4/70
Andesine Labradorite Bytownite ’7/7/,
e ®oo

An

Figure 17. Chemical classification diagram of feldspar. Main
compositional fields marked in grey elipses.
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(< 50 um) and narrower (< S llm) crystals only show in Ti
image. Titanite formed within prehnite crystals during reaction
of chlorite with andesine-oligoclase, obtaining Ti, Mg, and Fe
from chlorite and Ca, Al from andesine-oligoclase. Ca is more
mobile and moved from plagioclase into the altered chlorite crys-
tal to form titanite; in totally altered chlorite, titanite contained
within prehnite is larger than titanite enclosed in altered chlorite.

Chromite composition is compatible with lower amphi-
bolite facies metamorphism. The tourmalinite is similar to
rocks described by Hartmann et al. (2019) and Arena et al.
(2019), because of assemblage with clinochlore and dravite
composition. Metamorphic tourmaline is common in amphi-
bolite facies rocks, although the mineral may form in the full
range of metamorphic conditions, notably low and medium
grade metamorphism (Henry and Dutrow 1996, Berryman
et al. 2016, 2017, Zheng et al. 2019). These rocks are inter-
preted as formed in oceanic crust fumaroles, since tourmaline
is known to be formed in the oceanic realm (Slack et al. 1998,
van Hinsberg et al. 2011).

Evolution of the mantellic portion of ophiolite originated
in the depleted mantle, as indicated by low contents of REE
(Fig. 19). The Bossoroca ophiolite has metasomatic rocks
formed in the northern part of the ocean floor, constraining
early juvenile evolution of Brasiliano Orogen in lower amphi-

bolite facies conditions of obduction onto an island arc.

CONCLUSIONS

Our focus on the northern Bossoroca ophiolite, Tonian
Sao Gabriel terrane with multi-techniques resulted in sig-
nificant conclusions. Oceanic rocks are prominent — chro-
mite-talc-magnesite granofels, amphibolite and tourma-

linite, associated with mantelic rocks — serpentinite. Low

0.51
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m C3P2, amphibolite
0.4 |o C3P4, metavolcanoclastic rock
A C3P17, deformed diorite
= 0.3
ot
&
a— | |
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Hartmann et al. K S Schulz (2004)
(1990) o
= 7 kbar
0.11 AL M‘ & Remus
o - -\Mz
0 05 25
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Figure 18. Chemical composition of hornblende (AI"Y) vs. Ti
(apfu) from three studied samples in Zenk and Schulz (2004)
diagram, indicating medium pressure metamorphic conditions; M1
in Campestre Formation is suggestive of lower pressure. Published
hornblende compositions from Sio Gabriel terrane also shown.
Core (c) and rim (r) of crystals from one amphibolite sample from
Remus (1990) (Cambaizinho ophiolite) indicated.
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Figure 19. Reconnaissance rare earth elements diagram of studied
serpentinite samples (chondrite from Boynton 1984) suggestive of
similarity with mantle, abyssal peridotite. Mantellic compositional
fields from Arena et al. (2018; their Fig. 6B).

aeromagnetometric and gamaspectrometric signals support
delimitation of mafic and ultramafic rocks from the ophio-
lite. Two metamorphic events are recognized — M1 in the
low amphibolite facies (ocean-floor metamorphism), wide-
spread in all rock types, and M2 either in low amphibolite
facies (obduction-related) or in prehnite facies, both regional
metamorphism. Host island arc rocks (Cambai Complex

ARTICLE INFORMATION

infrastructure and Campestre Formation superstructure)
underwent comparable M1 and M2 metamorphic condi-
tions. The Bossoroca ophiolite evolved from oceanic crust
to obduction on island-arc, mostly in low-amphibolite facies

metamorphic conditions.
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