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Abstract

Veloso is one of numerous and poorly documented auriferous deposits of Ouro Preto, the town that symbolises the gold
rush in Brazil at the turn of the seventeenth century. We present the results of underground geological mapping, combined
with a boron (B) isotopic study of tourmaline, an elusive mineral in the auriferous quartz lode of the historical Veloso
deposit. Its lode is characteristically brecciated in a host rock that shows no cataclastic fabric. The host rock is itabirite, a
metamorphosed banded iron formation. Tourmaline is essentially dravite and locally occurs as abundant crystals in brec-
cia-cementing pockets of goethite, formed from the oxidation of sulfide minerals. Gold is spatially associated with tour-
maline in the goethite-rich pockets. In situ measurements for B isotopes yielded 8''B values in the range of =21 to —9%.
This range is similar to that reported for tourmaline of the Passagem de Mariana deposit, the best documented auriferous
lode deposit at the south-eastern edge of the Quadrilatero Ferrifero. The tourmaline B isotopic data reflect auriferous fluids
of crustal origin that sourced B from metasedimentary rocks, which may include a non-marine evaporitic component.
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Introduction

Ouro Preto is the symbol of the gold rush in Brazil, which
started at the end of the seventeenth century, to the high-
lands of a region that became known as Minas Gerais — i.e.,
the province of the general mines. The gold deposits of the
Ouro Preto area are thought to either differ from conven-
tional orogenic (mesothermal) gold deposits in that they
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formed during late-orogenic collapse tectonics, as advanced
by Chauvet et al. (2001), or represent orogenic gold depos-
its, as proposed for the Passagem de Mariana lode by Vial et
al. (2007), following the definition of Groves et al. (1998).
However, apart from one large gold deposit, the Passagem
de Mariana lode, which has extensively been investigated
(Eschwege 1833; Ferrand 1894; Hussak 1898; Derby 1911;
Fleischer and Routhier 1973; Ladeira 1988; Chauvet et al.
2001; Cavalcanti and Xavier 2006; Vial et al. 2007; Cabral
and Zeh 2015b; Trumbull et al. 2019), and cited in classi-
cal textbooks (e.g., Lindgren 1933, Emmons 1940), little is
known about other gold deposits in the Ouro Preto area.
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Veloso is one of the numerous underground workings for
gold in the Ouro Preto area (Eschwege 1833; Lacourt 1937),
dating back to the first half of the nineteenth century. The
Veloso deposit has again become accessible and it is cur-
rently a tourist site in the town of Ouro Preto (Fig. 1). In
the course of detailed underground mapping, we recovered
tourmaline from the Veloso auriferous quartz lode, where
tourmaline is not obvious to the naked eye. In contrast, tour-
maline is abundant at Passagem de Mariana, for which a
B isotopic study has recently been published (Trumbull et
al. 2019). Boron isotopic compositions of tourmaline are
useful in distinguishing among different B reservoirs and,
therefore, can assist in constraining the provenance of flu-
ids that formed hydrothermal ore deposits (e.g., Slack et al.
1993; Trumbull et al. 2011; Mercadier et al. 2012; Biittner
et al. 2016). Here, we provide background information on
the Veloso auriferous lode, focussing on its tourmaline com-
ponent, for which we present major-element and B isotopic
compositions. We also present major- and minor-element
compositions of the gold recovered from the quartz lode.

43°?5'W 43°i30'W

Our data are compared with those from the Passagem de
Mariana lode and then discussed in the geological context
of the Mariana anticline.

Geological setting

The historical Veloso gold deposit is located in the south-
eastern portion of the Quadrilatero Ferrifero (Fig. 1), in the
Mariana anticline. The latter is approximately 5 km wide
and comprises two ridges, Serra de Ouro Preto and Serra
de Antonio Pereira, on the southern and northern flanks,
respectively. The core of the Mariana anticline encompasses
rocks of the Rio das Velhas Supergroup, an Archaean green-
stone-belt sequence, whereas the fold flanks show outcrops
of the Minas Supergroup, which unconformably rests on the
former (Dorr 1969). The Minas Supergroup is a dominantly
clastic metasedimentary sequence with an economically
important chemical metasedimentary unit, the Itabira iron
formation of Harder and Chamberlin (1915), or the Caué
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Fig. 1 Geological map of the Mariana anticline with emphasis on the
mineral deposits (see Cabral et al. 2013 for references). Stars locate
the main deposits in the region, which are divided into barite deposits
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(blue), hematite-rich auriferous deposits (red and yellow), and sulfide
auriferous deposits (yellow). Veloso, the study area, is classified as a
sulfide-bearing auriferous deposit
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Itabirite of Dorr (1969), which hosts world-class iron-ore
deposits. This unit also hosts the Veloso lode. Stratigraphic
units of the Minas Supergroup that are pertinent to this study
belong to the Caraga, the Itabira and the Piracicaba groups.

The basal unit of the Caraga Group has quartzite and
minor metaconglomerate, making up the Moeda Formation,
a unit that is locally interfingered with predominantly ser-
icitic phyllite of the Batatal Formation (Wallace 1965; Dorr
1969). The latter, which also contains dolomitic intercala-
tions (Fleischer and Routhier 1973), grades into the chemical
sedimentary rocks of the Itabira Group, consisting mainly of
itabirite and dolomitic rocks. Itabirite is a metamorphosed
iron formation of alternating bands rich in hematite and/
or magnetite, and in gangue minerals, mostly quartz. The
itabirite unit, the Caué Itabirite, passes gradually into the
overlying dolomitic rocks of the Gandarela Formation. The
depositional age of the Itabira Group is disputed. A Pb—Pb
“isochron” age of 2.42 Ga for dolomitic rocks was proposed
as the depositional age of the Itabira Group (Babinski et al.
1995), based on a poorly defined slope (MSWD =187 —1i.e.,
mean squared weighted deviation), whereas a U-Pb zircon
age of 2.65 Ga for an itabirite-hosted metavolcanic layer
was interpreted to reflect volcanism coeval with the deposi-
tion of Fe-rich sediments (Cabral et al. 2012c). The Itabira
Group is overlain by the Piracicaba Group along an erosive
unconformity. The basal unit of the Piracicaba Group, the
Cercadinho Formation, consists of ferruginous quartzite and
phyllite (Dorr 1969). The age of the erosive unconformity is
constrained at ca. 2.18 Ga (Cabral and Zeh 2015a).

The Mariana anticline has been considered to result from
two major tectonic events (Chemale et al. 1994; Alkmim
and Marshak 1998): a Palaeoproterozoic orogenic event at
ca. ~2.0 Ga, responsible for the regional folds and emplace-
ment of gneissic domes of the Quadrilatero Ferrifero, and
a Neoproterozoic thrust-and-fold event at ca. 0.6 Ga, the
Brasiliano orogeny. On the other hand, some authors pro-
posed that the main phase of regional folding and dome
emplacement took place during the Brasiliano orogeny
(Hippertt and Davis 2000). These models illustrate that the
tectonic evolution of the Quadrilatero Ferrifero is disputed,
but most authors agree that the pervasive foliation in the
supracrustal rocks, particularly in the eastern part of the
Quadrilatero Ferrifero, formed during the Brasiliano over-
print (e.g., Chemale et al. 1994; Alkmim and Marshak 1998;
Rosieére et al. 2001; Hippertt and Davis 2000). The regional
metamorphism reached greenschist-facies conditions in the
Mariana anticline (Herz 1978).

A variety of mineral deposits occur in the Mariana anti-
cline. Their distribution shows a redox sulfate—hematite—sul-
fide zoning (Fig. 1), given by barite deposits, hematite-rich
gold deposits, and tourmaline—sulfide auriferous deposits,
respectively (Cabral et al. 2013). The latter is typified by

the Passagem de Mariana deposit, within the Batatal For-
mation of the Caraga Group (Fleischer and Routhier 1973;
Vial et al. 2007). Passagem de Mariana is a quartz-lode
deposit with carbonate minerals and ubiquitous tourmaline,
and minor sulfide minerals, the most abundant of which is
arsenopyrite (Vial et al. 2007). Graphite is present within
the quartz lode (Oberthiir and Weiser 2008; Cabral and
Zeh 2015b). The lode-hosted sulfide minerals and graphite
define Passagem de Mariana as a reduced member of the
redox zoning of mineral deposits in the Mariana anticline.
The oxidised counterpart consists of barite veins that cut
the foliation of the host rock at low angle. This low-angle
cross-cutting relationship between veins and host rocks is
also observed in the Passagem de Mariana lode (Chauvet
et al. 2001; Vial et al. 2007; Cabral et al. 2013), as well as
in the Veloso lode (this study). Chauvet et al. (2001) have
suggested that the Passagem de Mariana deposit formed in
response to the tectonic collapse of the Brasiliano orogeny.
A different view is found in Vial et al. (2007), who have
temporally associated the Passagem de Mariana deposit
with the Palaeoproterozoic event. Recent data, neverthe-
less, have favoured a late Brasiliano age — i.e., a concor-
dant U-Pb age of 496.3 +2.0 Ma for xenotime crystals in
a tourmaline pocket in the auriferous quartz lode of Pas-
sagem de Mariana (Cabral and Zeh 2015b). Several studies
on gold and topaz deposits that are hosted in rocks of the
Minas Supergroup have indicated a regional hydrothermal
overprint at ca. 500 Ma (Cabral et al. 2015; Pereira et al.
2019; Gongalves et al. 2019).

Materials and methods

Geological mapping of the underground mine was carried
out at the scale of 1:100. The mapping followed a projection
method, traditionally employed in the underground gold
mines of Minas Gerais. The method consists in tangentially
projecting points of geological elements, such as lithologi-
cal contacts, using the plunge of the prominent lineation
observed in the rocks, onto a horizontal plane (D. S. Vial,
personal communication, 2019). The projection plane was
set at 2 m above the floor.

A sample of the Veloso lode, VEL-04, was processed to
concentrate heavy minerals at the Laboratorio Geologico de
Preparagdo de Amostras, located at the Universidade Estadual
do Rio de Janeiro (UERJ). The sample was comminuted utilis-
ing a jaw crusher. Its heavy minerals were then concentrated
by means of a Wilfley table. Further separation was performed
through a heavy-liquid column of methylene iodide, followed
by a Frantz isomagnetic separator of the <177-pum fraction.
Tourmaline grains, identified in the 0.3- and 0.4-A magnetic
fractions, were manually picked and embedded in resin for
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electron-probe microanalysis by wavelength-dispersive spec-
trometry (WDS), using a JXA-8230 JEOL electron micro-
probe (Table 1 and Supplementary Table S1), housed at the
Microscopy and Microanalysis Laboratory (LMic), Universi-
dade Federal de Ouro Preto (UFOP). The instrument was oper-
ated at 15 kV and 20 nA, with an electron-beam diameter of
5 um (see Electronic Supplementary Material, ESM Table 1
for analytical details). Raw data were reduced online using a
JEOL software that corrected all electron-probe microanaly-
ses for background and ZAF parameters. Analytical errors are
between 0.2 and 1.0%. Total Fe content is expressed as FeO.
Calculation of tourmaline formulae, in atoms per formula unit
(apfu), is based on 15 cations for the tetrahedral and octahedral
sites, whereas contents of B,O; were calculated for B=3 apfu,
according to stoichiometric constraints (Henry et al. 2011).

Another lode sample, VEL-06, was also crushed for con-
centrating heavy minerals. Its comminuted material was put
through a Knelson gravity concentrator, housed at Centro
de Desenvolvimento da Tecnologia Nuclear (CDTN, Belo
Horizonte). After removing the magnetic fraction, an ali-
quot was further concentrated by heavy-liquid separation
(bromoform). Gold grains, which were manually picked
from a heavy-mineral concentrate, were first investigated by
backscattered-electron imaging and energy-dispersive spec-
trometry (EDS), and then embedded in resin and polished
for electron-probe microanalysis (Table 2). The JXA-8230
JEOL electron microprobe was employed in the WDS mode
to analyse gold grains at 20 kV and 40 nA, with an electron-
beam diameter of 2 pm (see ESM Table 1 for analytical
details). Analytical errors are within 1%.

Where possible, electron-probe spot sites on tourmaline
were analysed for B isotopes by means of a Thermo-Sci-
entific Neptune Plus multi-collector ICP-MS, coupled to
a Photon Machines 193 Excimer laser-ablation system at
the UFOP. The method is described in Albert et al. (2018)
and only a summary is provided here. Laser fluence was
5.29 J.em™? at a repetition rate of 15 Hz. Samples were
ablated in a He atmosphere (0.8 L/min), which had a Helix
ablation cell. Measurements for B isotopes were carried
out in two sessions under the same analytical conditions.
During the first session for B isotopes, the average standard
deviation was 1.27%o 8''B and 18 analytical spots had a
diameter of 25 um, but 40 um for 17 analytical spots. For
the second session, 30 spots of 20-um diameter yielded an
average standard deviation of 0.27%o 3''B.

The data quality was tested using reference dravite
(#108796, 8''B = —6.6+0.1%0; Dyar et al. 2001; Lee-
man and Tonarini 2001). External reference materials
were elbaite (#98144, 8''B = —10.4+0.2%o; Dyar et al.
2001; Leeman and Tonarini 2001) and schorl (B4, 8!'B =
—8.7 4 0.2%o0; Tonarini et al. 2003). Tourmaline schorl was
employed as calibrant (#112566, 8''B = —12.5+0.1%o;
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Dyar et al. 2001; Leeman and Tonarini 2001). The correc-
tion factor applied to calculate the values of ''B/'°B var-
ied from 0.8841 to 0.8610. All measurements of reference
materials are reported in ESM Table S1. Mineral abbrevia-
tions are those in Whitney and Evans (2010).

Results
Geology of the auriferous lode of Veloso

The Veloso auriferous lode is hosted in itabirite of the Caué
Itabirite (Fig. 2a,b). The main adit trends S—N for approxi-
mately 200 m, from the mine entrance to the currently
accessible part. The host rock has a pervasive foliation,
which gently dips towards SSE (~ 165°/26°). The layering is
defined by the planar arrangement of specular-hematite-rich
bands that alternate with quartz-rich bands. The auriferous
mineralisation occurs as a quartz lode that is subconcordant
with the host itabirite, truncating it at low angle. Where the
main adit intercepts the quartz lode, the latter was mined
along its strike, approximately E-W (Fig. 2a). The lode is
extensively brecciated and oxidised (Fig. 2¢), and pinches
out laterally, reaching approximately 1 m in thickness
(Fig. 2b), the projection equivalent of which on a horizontal
reference plane is 2 m (Fig. 2a). The oxidised state of the
quartz lode manifests itself as goethite-lined boxwork cavi-
ties. Sulfide minerals are generally absent, but arsenopyrite
and pyrite can sporadically be observed in goethite-rich
pockets, with and without scorodite (hydrated iron arse-
nate). Linear elements in the host itabirite, such as mineral
lineation and fold axes, tend to be parallel to the dip direc-
tion of the itabirite layering.

It should be noticed that the main adit, close to the
mine entrance, exposes a few layers of friable, foliated,
clayey rock, concordant with the host itabirite. The thick-
ness of such clayey layers reaches 1 dm (decimetre). The
clayey rock, described in Cabral et al. (2020), represents a
620-m.y.-old intrusion that acquired its tectonic foliation
during the Brasiliano orogeny. Those authors have used
the magmatic rock, which now occurs as foliated sills in
the itabirite sequence, to constrain the age of the Veloso
lode as younger than 620 Ma (Cabral et al. 2020), as the
lode truncates at low angle the layering of the host itabirite
(Fig. 2a,b). The cross-cutting relationship between the lode
and the host-rock layering is analogous to that of the Pas-
sagem de Mariana lode, for which an age of ca. 500 Ma has
been determined (Cabral and Zeh 2015b). By analogy, we
suggest that the age of the Veloso lode formed ca. 500 m.y.
ago, a suggestion that is consistent with the age obtained
for the regional hydrothermal overprint (Cabral et al. 2015;
Pereira et al. 2019; Gongalves et al. 2019).
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Tourmaline was not noticed in the lode during the under-
ground mapping, but recovered from a heavy-mineral con-
centrate of a goethite-rich pocket of the brecciated lode
(sample VEL-04). However, tourmaline was known from
the early open-cast workings, where the mineral was rec-
ognised in the “carvoeira” underneath the itabirite sequence
(Eschwege 1833). Eschwege (1833) defined the so-called
“carvoeira” as friable tourmalinite containing manga-
nese oxide — i.e., “ein miirbes Schorlgestein mit Mangan”
(Eschwege 1833, p.291). Eschwege (1833) further remarked
that gold was sometimes so abundant that it became visible
in the black mass of “carvoeira”. Although “carvoeira” is no
longer accessible at Veloso, the spatial connection of tour-
maline with gold is highlighted by the finding of tourmaline
inclusions in goethite-bearing gold grains (Fig. 3a, b). Such
a spatial association makes the study of the composition and
origin of tourmaline relevant to the understanding of gold
mineralisation in the Mariana anticline.

Importantly, a recently collected sample from the Veloso
lode, subsequent to the acquisition of the analytical data
on which this work is based, depicts a spatial association
between gold and tourmaline concentrations. Tourmaline is
locally concentrated as breccia cement, binding vein-quartz
fragments together (Fig. 3c). This breccia-cementing tour-
maline occurs with muscovite laths within a goethite-rich
groundmass where gold is located (Fig. 3¢). The goethite-
rich groundmass of Fig. 3c is analogous to the goethite-
rich pocket from which tourmaline was recovered from a
heavy-mineral concentrate (sample VEL-04). All analytical
data come from the latter tourmaline, which represents the
breccia-cementing tourmaline with which gold is spatially
associated.

Chemical composition of gold

Quantitative electron-probe microanalysis of gold grains,
obtained from a heavy-mineral concentrate of the brecci-
ated lode, showed that Ag is the main alloying component,
varying from 0.3 to 11.2%, and averaging 6.0% (Table 2).
Backscattered-electron imaging of gold grains shows goe-
thite, kaolinite, tourmaline, muscovite, scorodite and an
As-bearing, florencite-like phase, either on the surface or as
inclusions in gold grains (Fig. 3a, b).

Tourmaline classification and major-element
variations

Seventy-five electron-probe microanalyses were performed
on 38 tourmaline grains (Fig. 4 and ESM Fig. 1). Average
values are 32.3% Al,05, 7.9% MgO, 4.7% FeO, 1.9% Na,O
and 0.5% CaO (Table 1 and Supplementary Table S1). Most
microanalyses correspond to dravite, but some plot in the
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compositional fields of schorl and Mg-foitite in Fig. Sa.
Such Fe-rich compositions mainly represent schorl-richer
rim zones overgrowing dravite cores. In general, tourmaline
grains show no compositional zoning. Where found, tour-
maline zonation is evident in sections parallel to the c-axis.
All microanalyses form an array along the dravite—-Mg-
foitite compositional trend in the plot Al vs. X-site vacancy
(Fig. 5b). The rims compose an array along the schorl—
dravite trend, while the core compositions of grains with
and without rims are roughly parallel to the AIO(Mg(OH))_,
exchange vector, extending from about 6.0 to 6.4 apfu Al,
offset from the “oxy-dravite”’—povondraite trend (Fig. 5¢).

Boron isotopic composition of tourmaline

Sixty-five spot analyses performed on 35 tourmaline
grains (Fig. 4 and ESM Fig. 1) gave §''B values between
—21.34+0.2%0 and —8.8 + 1.3%o (Table 1 and Supplementary
Table S1). The 5''B data have an average value of —14%o
and 89% of the data are between —16%o and —10%o 5''B,
without any obvious correlation with tourmaline chemical
composition (Fig. 5d). Several spot analyses on core and
rim domains of single tourmaline grains returned &''B val-
ues that are either indistinguishable within error (Fig. 4,
grain 10, with about —15%o 5''B), or marginally close to
each other. They include core domains that are isotopically
heavier than their rims (Fig. 4, grain 12, with —15.0 +0.4%o
3!'B and —17.4 +0.4%0 8''B for core and rim, respectively),
as well as isotopically lighter core but heavier rim (Fig. 4,
grain 30, with —19.1+1.7%o 8''B for its core and two rim
spots of —14.0+1.2%o 8''B and —14.9 + 1.9%o0 5''B). There
are, however, tourmaline grains that are distinctly hetero-
geneous isotopically, for which the maximum core—rim
difference of 8''B values is 6%o — i.c., Fig. 4, grain 50,
whose core domains show values of —15.2+0.2%0 5''B and
—15.6+0.2%o0 8''B, whereas a rim domain has the lightest
value of the data set, —21.3+0.2%0 5''B (Supplementary
Table S1).

Discussion

The Veloso lode is highly oxidised, as expressed by goe-
thite-rich pockets that typically have boxwork fabrics. Little
is preserved from the primary sulfide mineralogy, apart from
rarely observed arsenopyrite and pyrite. It is inferred from
the occurrence of scorodite that arsenopyrite was locally
abundant prior to oxidative weathering. In this regard,
Veloso is envisaged as a secondary, weathered equivalent
of the Passagem arsenopyrite—tourmaline assemblage, but
hosted in itabirite and lacking easily recognisable tourma-
line. In fact, the Veloso tourmaline is concentrated in the
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Table 2 Electron-microprobe analyses of gold grains from the Veloso lode

Gold grain

Core

Core Rim Rim

Rim

Spot location
Au (%)

Ag

89.40
9.89

88.27
11.18

0.01

91.87
7.31
0.0

93.51

92.56
6.91

93.88

98.92
0.33
0.0

94.24

94.09

94.83

95.09
4.98
0.02

95.07
4.38
0.01

6.07

5.87

5.41

5.45

4.04
0.

<0.01

<0.01 <0.01 1 <0.01 <0.01 <0.01 1

03
05

<0.05
0.09

<0.05 <0.05
0.09

0.10

<0.05
0.07

<0.05 <0.05 <0.05 <0.05
0.05 0.10 0.09

0.09

<0.05
0.08

<0.05 <0.05 0.
0.05

0.06

Fe

<0.04
<0.03

Cd

<0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

0.30
0.36

<0.03

0.03

<0.03

Sb
Hg

<0.30
0.34

<0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30
0.35 0.26 0.36 0.30 0.36 0.38 0.39 0.37

0.40

<0.30
0.36

Bi

100.65 99.38 99.99 100.45 99.99 100.41 100.25 100.51 99.97 100.24 99.96

99.94

Total

Measurements for the following elements were performed, but their concentrations are below the minimum limit of detection: O (<0.27%), Mn (< 0.04%), Co (<0.05%), Ni (<0.05%), Cu

(<0.05%), As (<0.15%), Se (< 0.06%), Mo (< 0.04%), Sn (< 0.04%), Te (< 0.04%), Pt (<0.10%) and Pd (< 0.03%)

black, goethite-rich groundmass that cements breccia frag-
ments of vein quartz (Fig. 3c).

The lode brecciation and the oxidative overprint further
distinguish Veloso from Passagem de Mariana. The brittle
rupturing of Veloso is an indication of late- to post-orogenic
timing, perhaps during orogenic collapse, as envisaged by
Chauvet et al. (2001). Alternatively, Veloso may represent
shallow, brittle overprint on an orogenic lode-gold deposit.
Lacourt (1937) noted that post-tectonic cataclastic deforma-
tion affected the auriferous lodes of the Ouro Preto area,
indicating that “fracturing facilitated the oxidation of sul-
fides (arsenopyrite predominating over pyrite), liberating
part of the gold” (Lacourt 1937, p. 92). Here, it is instruc-
tive to draw attention to the occurrence of microfractures in
the Passagem de Mariana lode, where gold, maldonite and
aurostibite occur in vein arsenopyrite (Chauvet et al. 2001).
This observation led Oberthiir and Weiser (2008) to propose
an epithermal-like overprint on an otherwise mesothermal
(orogenic) gold lode.

Veloso and Passagem de Mariana show a similar range
of tourmaline §''B values (Fig. 6a,b). Furthermore, the
deposits are located in the same structure — i.e., the south-
ern flank of the Mariana anticline (Fig. 1). These lines of
evidence suggest a common origin of B in the lode-forming
fluids of both deposits. An essential factor for the formation
of tourmaline is the availability of B in the system. Boron
can originate from different sources in the crust and §''B
values can help to resolve its origin (Fig. 6a). The Veloso
3''B values are in the range of —21%o to —9%o, with an aver-
age value of —14%o &''B (Fig. 6b). This range rules out a
marine origin for the tourmaline B, but the average 5''B
values are compatible with magmatic B. A direct connec-
tion of B to magmatism would be expressed as tourmaline
of magmatic origin, which is compositionally characterised
by high contents of Fe, Al (replacing divalent cations) and
F (e.g., London and Manning 1995). The Veloso tourma-
line is essentially dravite, a few compositions of which are
marginally schorl (Fig. 5a), and consequently does not sup-
port a magmatic origin. Although a magmatic B source can-
not entirely be excluded, a more plausible B reservoir are
metasedimentary rocks, as discussed below.

Considering the metasedimentary sequence and the range
of 8!'B values obtained from tourmaline during this and
previous studies (Fig. 6a; Cabral et al. 2017; Trumbull et al.
2019), it is apparent that the majority of its B was sourced
from clastic metasedimentary rocks. This interpretation is
supported by 92% of the data, the 3''B values of which are
concentrated between —16%o and —8%o 5''B. The lightest
3B values found in the Quadrilatero Ferrifero, including
those from the Veloso lode, are beyond those commonly
reported from clastic metasedimentary rocks (Fig. 6a). The
lightest 5''B values may suggest that an additional source
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Fig.2 a Geological map, pro- N
jected onto a horizontal plane set
at 2 m above the floor, showing
where the main adit intercepts
the brecciated quartz lode of

the Veloso mine. b Geological
cross-section of the Veloso lode.
¢ Photograph, looking NE, of the
auriferous quartz lode. Note the
foliated host rock, itabirite, and
the rough surface of the brecci-
ated quartz lode where quartz
clasts appear white

RN
: ; ]
1 5 \
I % ! \,
- I —
‘| I 0 d 2m
i) Scale

was involved — i.e., continental evaporitic rocks, the 3''B
range of which encompasses that of clastic metasedimen-
tary rocks (Fig. 6a).

Before discussing further an additional B source, one
needs to take into account that B isotopic fractionation can
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occur under greenschist-facies metamorphic conditions
(e.g., Meyer et al. 2008; Marschall et al. 2009; Biittner et
al. 2016), which affected the Mariana anticline (Herz 1978).
As the Passagem de Mariana lode and the Veloso lode trun-
cate the foliation of the host rock at low angle, both lodes
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Fig. 3 a, b Backscattered-electron images of two gold grains (white),
recovered from a heavy-mineral concentrate of the brecciated quartz
lode of Veloso. a Gold grain with a partially exposed tourmaline
(Tur) inclusion and a coating of goethite—kaolinite (Gth+ Kln) with
a scorodite-like mineral (arrow). b Gold grain is locally coated with
goethite (Gth). ¢ Reflected-light photomicrograph of a dark pocket
from the brecciated quartz lode of Veloso. The dark pocket cements

coarse-grained fragments of lode quartz (Qz, dark grey). The cement
consists of a groundmass of goethite (Gth, light grey), where abundant
tourmaline (Tur, medium grey) is dispersed as euhedral to subhedral
crystals, <200 um in length, smaller than the angular fragments of
lode quartz. Gold (white) occurs in the goethite groundmass in the
immediate vicinity of tourmaline
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Fig.4 Backscattered-electron
image of tourmaline (light grey),
embedded in resin (black).
White stars represent electron-
microprobe spots. Circles mark
laser-ablation spots of multi-
collector-ICP-MS analyses for
B isotopes. Numbers correspond
to individual analysis in Table 1
and Supplementary Table S1. All
grains analysed in this study are
documented in ESM Fig. 1
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likely formed after the metamorphic peak of about 500 °C
(Chauvet et al. 2001). Under such a temperature, the isoto-
pic fractionation of B between tourmaline and aqueous fluid
is about —2%o (Meyer et al. 2008). However, two processes,
Rayleigh fractionation and cooling, may account for the
3B variation of the tourmaline grain 30, from a fairly light
core of —19.1+1.7%o0 8''B to heavier rims of —14.0 + 1.2%o
3"'B and —14.9 + 1.9%o 3''B (Fig. 4). Rayleigh fractionation
results in a progressive increase in 5''B values from core
to rim (e.g., Meyer et al. 2008; Pal et al. 2010), while cool-
ing would also engender tourmaline with higher 5''B values
(e.g., Biittner et al. 2016; Trumbull et al. 2019). Both pro-
cesses explain most of the tourmaline 5''B values of this
study.

The lightest 5''B value of the data set, —21.3 +0.2%o,
comes from the tourmaline grain 50 (Fig. 4). This is a
single value, but it is close to a tourmaline core value of
—19.1+1.7%0 5''B (Fig. 4, grain 30). Furthermore, other
comparably light 8!!'B values have been recorded in tour-
maline from other localities in Minas Gerais (Fig. 6). There-
fore, the aforementioned value cannot be regarded as a rare
exception or an artefact. Given its occurrence in a tourma-
line rim domain, the lightest 3''B value suggests a change in
the fluid B isotopic composition. Such a change could have
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been caused by wall-rock tourmalinisation, as proposed
for the Passagem de Mariana lode (Trumbull et al. 2019),
but the Veloso lode has no halo of tourmalinisation in its
immediate vicinity, as currently exposed in the underground
workings. Another explanation could be a different B
source. In this respect, the lightest B isotopic composition of
—21%o for the Veloso tourmaline requires a fluid 3''B value
of about —18%o, considering a temperature of 350—400 °C,
as estimated for the Passagem de Mariana lode (Chauvet
et al. 2001). The fluid 5''B value was calculated using the
online resource of Biittner et al. (2016). Extremely negative
3B values are known from non-marine, borate-rich evap-
oritic rocks (Fig. 6a; Slack et al. 1989, 1993; Palmer and
Slack 1989; Palmer and Helvaci 1997). Presently, there is
no direct evidence for the existence of meta-evaporitic rocks
in the Minas Supergroup, but some indirect evidence. Some
examples are the study of Zhelezinskaia et al. (2014), apply-
ing multiple S isotopes to the Batatal Formation, the unit
in which the Passagem de Mariana lode is hosted (Fundao
orebody, Vial et al. 2007), and that of Cabral et al. (2021)
on tourmaline in metamorphic rocks of the Cercadinho For-
mation at the base of Piracicaba Group, above the Itabira
Group.
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Fig. 5 Plots for tourmaline of the Veloso lode. a Diagram of Mg/
(Mg+Fe) vs. X-vacancy/(Na+ X-vacancy) for tourmaline classifica-
tion (Henry et al. 2003). Dashed lines connect rim and core analy-
ses of a single grain. The area delimited by the dotted line marks the
compositional distribution of tourmaline from the Passagem de Mari-
ana mine (compiled from the studies of Garda et al. 2009, Cavalcanti
2003, Cabral and Koglin 2012, and Trumbull et al. 2019). b Diagram
of total Al vs. X-site vacancy, in atoms per formula unit (apfu), for
tourmaline classification (Henry and Dutrow 2012). Quoted names are

Briefly, B sourced from continental evaporites seems
to be a possible explanation for the fairly light 8!'B val-
ues (—21.3+0.2%0 and —19.1+1.7%0), in addition to B
derived from clastic metasedimentary rocks. In any case,
B was ultimately transported by crustal fluids that were
also instrumental to gold mineralisation. The Veloso gold
is spatially associated with locally abundant tourmaline as

hypothetical tourmaline species not currently approved by the Inter-
national Mineralogical Association (Henry et al. 2011). ¢ Diagram
of Al (total) vs. Fe (total) of Henry and Dutrow (2012). d Diagram
of Mg/(Mg+Fe) vs. 8!'B values (Supplementary Table S1). Dashed
lines connect rim and core microanalyses of a single grain. a—d Grey
triangles correspond to rims of zoned crystals of tourmaline, whereas
black squares refer to cores of tourmaline crystals with and without
compositional zoning

breccia-cementing material (Fig. 3¢), pointing to a quartz-
lode-overprinting fluid that is highly enriched in B. The
B-rich nature of the hydrothermal fluid can also be taken as
indication of an evaporitic source (e.g., Warren 2016). Con-
versely, the Al-rich composition of the Veloso tourmaline,
from 6.1 to 6.4 apfu Al (Table 1), is remarkable because
of the Al-poor nature of the brecciated-quartz-lode host
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Fig. 6 a Comparison of B isotopic compositions for global B reser-
voirs, marine and continental rocks with those found in tourmaline
grains from Minas Gerais (Cabral et al. 2011, 2012a, b; Trumbull et al.
2019). Data compilation for global reservoirs, continental and marine
rocks is from Trumbull et al. (2019). For a temperature of 350—400 °C,
as estimated for the Passagem de Mariana lode (Chauvet et al. 2001),
and the lightest 8''B value of —21%o for the Veloso tourmaline, the
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fluid composition is about —18%o (calculated using the online resource
of Biittner et al. 2016). This isotopic composition indicates some con-
tribution from non-marine evaporitic B (see text for discussion). b Fre-
quency histogram of B isotopic ratios of the Veloso tourmaline (this
study), in comparison with tourmaline from the Passagem de Mariana
lode (Trumbull et al. 2019)
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rock, itabirite, indicating that: (i) the tourmaline Al compo-
sition is buffered by the hydrothermal fluid (cf., Sciuba et
al. 2021); (ii) its Al comes from aluminosilicate minerals.
These indications not only favour B sourced from clastic
metasedimentary rocks, but also B transport as aqueous
aluminate-borate complexes (Tagirov et al. 2004). The for-
mation of both aluminate-borate and gold complexes can be
reconciled by devolatisation of crustal rocks, whereby Al, B
and Au are part of the hydrothermal fluid from the moment
it forms (Phillips 2022).

Conclusions

The finding of tourmaline in goethite-rich pockets, where
arsenopyrite relicts are occasionally observed, and its charac-
terisation as dravite connect the Veloso lode with the arsenopy-
rite—tourmaline (dravite) quartz lode of Passagem de Mariana,
a historically and economically relevant gold deposit in the
Mariana anticline. Similar signatures of tourmaline B isotopes
at Veloso and at Passagem de Mariana suggest a common ori-
gin of B in the lode-forming fluids. The Veloso tourmaline, like
that from Passagem de Mariana, has light 8''B values, in the
range of —21 to —9%.. This isotopic range for Al-rich tourma-
line in the Al-poor host rock, itabirite, of the Veloso auriferous
lode indicates that Al and B, and possibly Au, were sourced
from metasedimentary rocks, which may include a continental
evaporitic component.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00710-
023-00848-9.
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