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The orogenic pyrite-rich Au (As, Bi, Ag) mineralization (up to 31 g/t) of the Buracdo area is one of several orogenic
deposits in the Brasilia Fold Belt (BFB; Central Brazil), exposed to tropical weathering that shows extensive oxi-
dized profiles. The distribution and thickness of these gossan profiles lead to variable gold enrichments and un-
certainties to gold prospecting in this region. In order to investigate physicochemical processes related to the
evolution of the gossan cover and the supergene gold enrichment, we present mineralogical, textural and geo-
chemical data from each zone of twenty gossan profiles in the Buracao area. These results show that the miner-
alogy and textures along the gossan profile reflect oxidation, hydrolysis, dissolution and precipitation processes
controlled by different Eh-pH conditions, which are controlled by supergene conditions and hypogene ore com-
position. The geometry, distribution, and thickness of gossan profiles, as well as the style of gold occurrence,
reflects textures of the hypogene orebodies, while the weathering has an important role in the gold chemical
refining (i.e., increasing ca. 25% in gold fineness) and the distribution of gold grades along the profile.

These points allowed us to identify that the leached spongy hematite-rich zone in the upper indigenous
profile contains the higher fineness gold grades (i.e., the “bonanza level”), and Bi-minerals such as waylandite
and bismutite that may be important pathfinders for high gold grades in these gossan profiles. Our results
demonstrate that ore prospection in gossans over Au-As-Bi-Ag deposits should be done focusing on leached
zones, different to that traditionally conducted in gossans related to base metal sulfide deposits that have focused
on precipitation zones. The similarities between the hypogene mineralization of the Buracao area and many
deposits in the BFB and worldwide encourage the application of this approach elsewhere, which improve gold
prospecting in weathering profiles over orogenic deposits.

1. Introduction

developed over primary metalliferous ore deposits produce high-
er—grade supergene ores through physical and chemical refining me-

Gossan profiles produced by the interaction of surficial processes
over sulfide-rich deposits have been the subject of many investigations
in the last decade, due to their high-grade metallic composition and
importance in environmental sciences (Reich and Vasconcelos, 2015;
Dill, 2015; Vasconcelos et al., 2015). The evolution of a gossan profile is
related to a series of inorganic and bio-induced supergene processes
such as oxidation, hydration, and hydrolysis with millimeter to meter
scale mechanisms of dissolution and precipitation recorded by miner-
alogical and textural changes (Thornber and Taylor, 1992; Nordstrom,
2003; Zammit et al., 2015). These physicochemical processes when
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chanisms (Boyle, 1979; Leybourne et al., 2000; Robb, 2005). These ores
are important both for their greater economic viability and for their
importance as prospective guides for further discoveries of primary
deposits at deeper levels (e.g., Scott, 1987; Gray et al., 1992). Thus, the
identification of mineralogical and textural changes along the gossan
profile is useful for chronological reconstructions of each physico-
chemical process and prospecting for the distribution of hypogene and
higher—grade supergene orebodies (Velasco et al., 2013; Andreu et al.,
2015; Yesares et al., 2015, 2017). In this way, much attention has been
given to the supergene processes over base metal massive sulfide
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Fig. 1. Regional and local geological setting with: (A) location of the Buracdo area and other well-known sulfide-rich orogenic gold deposits in the Neoproterozoic
Brasilia Fold Belt, Central Brazil; (B) simplified geological map of the Buraco area (1:10,000) with the location of the twenty artisanal minings (garimpos) studied in
this work and (C) schematic W-E geological cross-section showing the disposition of ore vein zones and structural patterns of their host rocks in the Buracéo area.

(Simplified after Pires et al. (2016).)

deposits, whereas the supergene processes over Au-As-Bi-Ag orogenic
deposits remains less studied, even considering this deposit type as the
main gold source worldwide (e.g., Goldfarb et al., 2005).

In regions under tropical climate and tectonic stability as Central
Brazil, weathering and erosion favor the development and preservation
of extensive oxidized profiles. These features coupled with several oc-
currences of hypogene sulfide-rich orogenic gold deposits such as those
of the Neoproterozoic Brasilia Fold Belt (BFB; e.g., Dardenne and
Botelho, 2014; Fig. 1A) make this region one of the most important to
the study of gossan processes over this deposit type. In the Buracdo area
(northern section of BFB; Pires et al., 2016), twenty artisanal mining
pits (garimpos; Fig. 1B) expose shallow gossan profiles developed over
an orogenic Au (As, Bi, Ag) pyrite-rich mineralization (Pires et al.,
2019). The distribution of gossan profile leads to variable gold en-
richments and uncertainties to gold prospecting in this area.

The present work aims to investigate physicochemical processes
related to the evolution of the gossan profile developed over the pyr-
ite-rich Au (As, Bi, Ag) deposit in the Buracdo area and their relation
with supergene gold enrichment. The mineralogical, textural and geo-
chemical data from each gossan zone presented here allow an inter-
pretation of gold refining processes promoted by supergene processes
and the spatial distribution of gold ore along gossan profiles. These
results allowed us to elaborate a series of useful prospection guides for
high gold grades based on mineralogy and textures. Moreover, the oc-
currence of a complete and exotic Bi-rich mineral speciation directly

related to gold mineralization becomes the study area key for im-
proving the prospection guide in Bi-rich gold deposits. This approach
has important implications for gold prospecting in weathering profiles
developed over many orogenic gold deposits.

2. Geological setting

2.1. Summary of the orogenic Au (As, Bi, Ag) mineralization in the Buracdo
Area

The orogenic Au (As, Bi, Ag) mineralization of the Buracao area (up
to 31 g/t; Paringa Resources, 2012) occurs in subvertical structurally-
controlled quartz veins (up to 3 m wide) exposed in twenty artisanal
mining pits (cf. Pires et al., 2016; Fig. 1B). The ore-rich quartz veins are
hosted in the quartzite-phyllite intercalation of the Trairas Formation,
in the upper part of the Arai Group. This quartzite-phyllite intercala-
tion represents a marine platformal sedimentation deposited in a Pa-
leo-Mesoproterozoic rift-related basin (Tanizaki et al., 2015). These
rocks were metamorphosed in greenschist facies and deformed in two
ductile-brittle and brittle deformational phases during the Neoproter-
ozoic Brasiliano Orogeny (Fig. 1C). The emplacement of ore veins with
quartz and muscovite and traces of rutile, tourmaline, monazite, xe-
notime, epidote and sulfides are related to ductile-brittle deformation
(Pires et al., 2016). The orogenic ore consists of dominant pyrite with
traces of As and Bi with inclusions of less abundant arsenopyrite,
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pyrrhotite, bismuthinite and chalcopyrite on intergrown with quartz
and other gangue minerals. The analyses of sulfides and gold grains
showed that gold occurs (i) as free nuggets of Au-Ag-Bi alloys classified
as native gold (80% of nuggets) or electrum (20%), or (ii) as finely
dispersed structural gold within pyrite (up to 0.5 wt%) and arsenopyrite
(up to 1.2 wt%; Pires et al., 2019).

2.2. Holocene and present—day: climate and vegetation in Central Brazil

Local climate and vegetation features are presented here as a
background for contextualizing the location and development of the
studied gossan profiles. Paleoclimate reconstructions based on oxygen
and carbon isotopes from calcareous stalagmites show that Central
Brazil experienced alternant drier and wetter periods, with a cyclicity of
~208 years, during the last 33 thousand years (e.g., Novello, 2016).
The present-day vegetation in the Buracdo area, located within the
Cerrado biome, is characterized by savanna-like vegetation, with
scattered grasses and shrubs, twisted trunks, thick leaves, and long
roots, which favor extensive exposure of rocks and soils (e.g., Furley,
1999). Present-day weather is related to a continental tropical climate
with two well-defined seasons: dry and cold autumn-winter (daily
temperature of ca. 24 °C; March to September) with wet (1600 to
1900 mm/year concentrated into strong tropical thunderstorms) and
hot (average maximum daily temperature often 40 °C) spring-summer
(September to March; e.g., Alvares et al., 2014).

3. Methods
3.1. Terminology, sampling and sample preparations

In this paper, we named gossan rocks formed by the interaction of
surficial processes over sulfide ore, which includes oxidized, leached
and enriched zones. This terminology includes not only the ir-
on-bearing minerals but also other oxyhydroxides, clays, sulfates,
phosphates, carbonates, selenides, secondary sulfides, and iodides
among other minerals (e.g., Velasco et al., 2013). The different mi-
neralogical and textural changes will define different gossan maturity or
gossan evolution (cf. Scott et al., 2001). This work reports the term in
situ to designate autochthonous or indigenous gossans developed over
the primary vein zone, while the precipitated gossanous crust is used to
designate the Fe- and Mn-rich material precipitated from circulating
solutions (cf. Guilbert and Park, 1986).

We conducted detailed field descriptions to identify zonation of
gossan profiles exposed in twenty artisanal mining pits, and sampling
(whole rock and concentrates of minerals) in each zone to examine
textural and mineralogical changes. Samples were screened by miner-
alogy and texture identified macroscopically. In each texture, miner-
alogy was detailed by the integration of petrography of thin and po-
lished thick sections (reflected light and Scanning Electron Microscopy)
coupled with Raman spectroscopy and X-ray diffraction (XRD) in
powder preparations. Moreover, heavy-mineral concentration was ob-
tained in each zone by panning, followed by electromagnetic, dense
liquid and hand-picking separations (cf. Pires et al., 2019). Among
heavy minerals, we collected gold grains to observe morphological
changes and compare their chemical compositions with Au-Bi-Ag
nuggets from the primary ore (Pires et al., 2019).

3.2. Optical and Scanning Electron Microscopy (SEM—-EDS)

The mineralogical and textural identifications were obtained from
reflected light microscopy and completed by Scanning Electron
Microscopy (FEI Quanta 400 SEM) equipped with Energy Dispersive X-
ray Spectroscopy detector (Bruker Quantax 800 system with an XFlash
6|60 silicon drift detector) at Centro de Tecnologia Mineral (CETEM) in
Rio de Janeiro-Brazil. The semi-quantitative estimation of major ele-
ments proportions of mineral phases in atomic (at.%) and weight (wt%)
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was calibrated with lab standards of pyrite, hematite, Mn-oxides and
Au-Ag-Cu-metals and silicates. Moreover, SEM-EDS allowed morpho-
logical observation of 226 gold nuggets as well as their Au, Ag and Bi
atomic proportions. These qualitative analyses were used to calculate the
fineness values (Fn = [100 X Au / (Au + Ag)]; Morrison et al., 1991).

3.3. Raman spectroscopy in thin and polished thick sections

Raman spectroscopy was conducted on thin and thick polished
sections of gossanous material from all of the zones of the profiles in
order to complete the mineral and textural characterizations. A Horiba
Jobin-Yvon LabRam HR 800 Raman microprobe with He-Ne laser
(632.8 nm at room temperature) excitation was used at CETEM/RJ.
This technique was employed to distinguish iron oxides, secondary
sulfides, sulfates and phosphates based on the CrystalSleuth database
(Laetsch and Downs, 2006).

3.4. X-ray diffraction

After field and petrographic descriptions, the mineral character-
ization was conducted in whole gossan rock and mineral concentrates
by X-ray diffraction (XRD). Spectra were collected on a Bruker-D4
Endeavor diffractometer with Co K, radiation by a LynxEye detector
over 4 to 80° 26 at 250 s/step at CETEM. Analyses were conducted in
backloaded powder preparations using DIFFRAC.EVA suite software
(Bruker-AXS) and a PDF-4+ database (ICDD, 2018) for the identifi-
cation of mineral assemblages.

3.5. Software-based thermodynamic modeling

Thermodynamic modeling was run using the PHREEQC software 3.4
(Parkhurst and Appelo, 2013) with LLNL database (Lawrence Li-
vermore National Laboratory; Wolery and Sutton, 2013) in order to
estimate the physicochemical conditions required to generate each
mineral assemblage and texture observed in the gossan profile. In each
model, it was calculated the conditions for the charge balance and
redox equilibrium of an initial solution of pure water, as well as the
saturation indexes of each modeled mineral for the equilibrium state.
The initial solution (1 L) interacts with mineral assemblages observed in
the hypogene and supergene minerals (10 mol of each mineral). Then,
concentrations of the final solutions, pH and Eh in equilibrium, sa-
turation indexes (i.e., saturated or undersaturated phases) and gain and
loses initial phases were calculated.

4. Results
4.1. Structure and zonation of the gossan profile

Systematic field descriptions show that the gossan profiles have si-
milar geometry, distribution and thickness in the twenty artisanal
minings, reflecting the occurrence of hypogene sulfide-rich vein zones.
The transition from sulfide-rich hypogene ore to the bottom of the
gossan profile is gradual and represented by the first development of an
assemblage of oxyhydroxides and sulfates (Fig. 2). A generalized gossan
profile is composed of three distinct zones: the oxidation (lower) and
leached (upper) zones developed above sulfide-rich quartz veins (i.e.,
indigenous gossan) and gossanized wall-rocks halos surrounding those
(Fig. 3A). The indigenous gossan profile shows progressive changes of
mineralogy and textures with an upward increasing proportion of iron
oxides composing different mineral assemblages (Fig. 3B). The oxidation
zone represents a partial pseudomorphic replacement of hypogene sul-
fides by an oxidized mineral assemblage in cellular boxwork structures
(Fig. 3C), with minor precipitated material filling cavities and fractures
(Fig. 3D and E). The leached zone shows an advanced replacement
without relict hypogene sulfides. In this zone, the cellular boxwork
structures observed in the lower oxidation zone appear with a more
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Fig. 2. Schematic cartoon showing the arrangement of gossan zones in the indigenous profile developed over the hypogene ore within vein zones and gossani-

zed-wall rocks surrounding those.

porous or spongy aspect (Fig. 3F). The surrounding wall-rocks in the
quartzite-phyllite unit show decimeter to meter-thick pervasively oxi-
dation halos (Fig. 2) with gossanous crusts cementing crystal or lithic
fragments (Fig. 3G). The pervasive precipitation in these halos increases
at the vicinity of veins, obliterating textures of host rocks and developing
oxyhydroxides crusts that achieve total rock replacement (Fig. 3H and I).

4.2. Mineralogy and textures of the oxidation zone

The oxidation zone is marked by the occurrence of gossan assemblage
with residual hypogene sulfides in cellular boxwork structures (Fig. 4A to
C). It is important to note that mineral and textural changes are so gradual
that it is virtually impossible to observe all of them in the same polished
section, so the descriptions below are based on several sections from the
same or different locations. At the bottom of this zone, primary iron sulfide
masses are replaced along existing fractures and grain boundaries by
millimeter—thick goethite ribs (Fig. 4A and B). Goethite occurs with
powdery habit in the immediate vicinity of relict sulfides and as colloform
textures along the inner portions of the oxidation ribs (Fig. 4B). The col-
loform goethite contains traces of phosphorous, sulfur and silica com-
pounds without visible crystals of phosphates, sulfates and silicates under
SEM observation. Sulfates occur as prismatic crystals disseminated within
goethite ribs (Fig. 4B and D), filling fractures or covering quartz masses
(Fig. 4E and F). These sulfates comprise a dominant proportion of jarosite
and melanterite, with less abundant barite, alunite, cannonite, amarillite
and brochantite (e.g., Fig. 5 and Appendix 1). The mixtures of goethite and
sulfates in oxidation ribs are accompanied by minor powdery covellite
(Fig. 4B and D), as well as Se and I-rich minerals (Fig. 4G and H, re-
spectively) that show atomic proportions corresponding to eu-
cairite-selenojalpaite (Ag:Cu:Se) and iodargyrite (Ag:I; Appendix 2). Col-
loform goethite with traces of phosphorous is usually accompanied by
euhedral to anhedral phosphates such as waylandite and vauxite founded
along the zone (Fig. 5). Waylandite occurs always with subordinate bis-
mite (with arsenic content up to 31 wt%; Appendix 2), and minor amounts
of Bi-subcarbonates such as bismutite and beyerite (Fig. 5 and Appendix

1). They were identified as (i) anhedral masses filling fractures with Fe—,
Cu- and Bi-sulfates and covellite (Fig. 4E), (ii) bismuthinite pseudomorphs
within goethite (Fig. 4I) or (iii) as euhedral crystals covering gold nuggets
(Fig. 4J). The goethite ribs become wider up to tens of centimeters while
residual sulfide grains become smaller and scarcer in the upper levels. The
decrease of sulfide proportion is accompanied by the increasing porosity in
the cellular boxwork structures upwards in the zone (Figs. 2 and 4C).
The first occurrence of hematite was recognized ubiquitously in the
middle level of the oxidation zone (Fig. 2). Hematite occurs as pseudo-
morphic to goethite ribs or as colloform textures infilling voids and
fractures whatever the location (Fig. 4C). The proportion of hematite
increases upwards whereas goethite decreases and becomes negligible in
the top of the oxidation zone. Like goethite, hematite contains traces of
As—, P-, S- and Si-bearing compounds without being observable on the
SEM. The rest of primary sulfides, sulfates, covellite, selenides and iodides
tend to vanish in the top of this zone. The oxidation zone also contains
gold nuggets (up to 0.5 cm) surrounded by goethite, sulfates and hematite
(Fig. 4B). These gold nuggets have usually similar flake to rounded
morphologies compared with those from the hypogene ore (Fig. 6A and
B), but with rough surfaces that contrast with smooth nuggets observed in
the hypogene ore. This roughness is accompanied by the development of
discontinuous Ag-Bi-depleted corrosion pits (up to 30 um width; Fig. 6B),
where Ag content become undetectable, differing to compositionally
homogeneous Au-Ag-Bi nuggets from the hypogene ore (Fig. 6A).

4.3. Mineralogy and textures of the leached zone

The leached zone is marked by dominant pseudomorphic hematite
and subordinate goethite without any sulfide. Based on several samples,
it is notable that this zone shows spongy to rectangular boxwork
structures with millimeter to centimeter-sized cavities and associated
dissolution textures larger than those of the oxidation zone (Fig. 7A to
C). Anhedral to euhedral waylandite, bismite, Au-Ag-Bi nuggets,
vauxite, bismutite, beyerite and clays occur within pores (Fig. 5). They
represent preserved minerals after dissolution and porosity
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Fig. 3. Macroscopic aspects of each zone of the gossan profile. (A) General view of the disposition of indigenous gossan profile and surrounding gossanized
wall-rocks (digging bar: 80 cm length); (B) hand sample showing the transition from sulfide-rich oxidation zone to oxide-rich leached zone in the indigenous profile
(clip: 4 cm length). Oxidation zone: partial p 1 of hype sulfides by goethite and sulfates (C); precipitated colloform goethite filling voids
(D; pencil: 2 cm length) and powdery sulfates along fracture surfaces (E; hammer: 15 cm length). Leached zone: hand sample showing hematite in rectangular to
spongy boxwork structures (F; clip: 4 cm length). Gossanized wall-rocks: goethite-rich gossanous crust cementing crystal and lithic fragments in tectonic breccia
cross—cutting quartz vein and quartzite (G; pencil: 8 cm length); (H) muscovite phyllite showing pervasive oxide-rich gossanous crusts developed along foliation
plans (hammer: 10 cm length); (I) detail to Mn-oxyhydroxide gossanous crust showing botryoidal aspects replacing quartzite (pencil: 2 cm length). (J) Detail to
panning concentrate of gold nuggets from the leached zone. Note strongly varied morphologies and sizes. (Py: pyrite, Gth: goethite, Ms: muscovite, II: illite.) (For

phic re

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

development. Hematite in the leached zone also contains traces of As—,
P-, S- and Si-bearing compounds without crystalline shape (ca. 2 wt%),
which increase in content upwards accompanying the increase of por-
osity (Fig. 7C). Thus, spongy boxwork structures at the upper levels of
the leached zone are composed of As—, P—, S— and Si-richer hematite
ribbing (Fig. 7D). At the upper level of the leached zone, pores and
cavities are partially filled by botryoidal, acicular or microfibrous he-
matite textures (Fig. 7B and D). This hematite covers residual quartz
and clays from veins to locally form a lateritic gossanous cap rock.
Like in the oxidation zone, leached zone shows coarse gold nuggets (up
to 0.5 cm; Fig. 3J) surrounded by goethite and/or hematite observed on
several samples (Fig. 7D and E). The morphology of gold nuggets varies
more (e.g., flattened, elongated, rounded and flake shapes) than in the
oxidation and hypogene ore. Nuggets have higher roughness with curved
and twisted edges (Fig. 6C), compared with those from the oxidation zone
and hypogene ore. Moreover, gold nuggets from the leached zone show
wider Ag-Bi-depleted corrosion pits (> 100 pm width; Fig. 6C) than those
from the oxidation zone, sometimes reaching almost the entire nugget.

These corrosion pits show associated vermiform nanoporosity, which was
observed with hematite filling or empty (Fig. 6C). In addition, fine gold
particles (< 10 pum) with granular, flattened or flake-like shapes were
found dispersed within spongy hematite in the upper levels of the leached
zone surrounding coarse gold nuggets (Fig. 7E and F). The coarse gold
nuggets consist of Au-Ag-Bi alloys, while the gold microparticles are pure
Au. Comparing rims of coarse gold nuggets from the leached zone and
hypogene ore, the fineness of the first is ca. 25% higher (ca. 900,
equivalent to AuyAgBij1; measured in 134 grains) than those from the
second (ca. 720, equivalent to AupAgBig 1; measured in 92 grains, Fig. 8).
The increasing gold fineness in nuggets from the leached zone is related to
decreasing proportions of Ag (from ca. 23.4 at.% in hypogene to 14.4 at.%
in gossan ore) and Bi content (from ca. 0.5 at.% to 0.1 at.%; Fig. 8).

4.4. Mineralogy and textures of gossanized wall-rocks halos

This zone is marked by gossanous crusts developed through quart-
zite-phyllite host rocks surrounding the indigenous gossan profile



G.L.C. Pires, et al.

colloform goethite

eucairite-s

goethite

10um

oy
s
Yorn ,
oy,
i

Journal of Geochemical Exploration 218 (2020) 106615

quartz.

goethite

bismite

waylandite

Fig. 4. Mineralogy and textures from the oxidation zone. (A), (B) and (C) reflected light photomicrographs of cellular boxwork structures from the bottom and the top
of the oxidation zone, respectively. (A) Hypogene sulfide masses partially replaced by oxidation ribs in cellular boxwork structures with detail to (B) colloform
goethite, gold nuggets as well as mixtures of powdery goethite, sulfates and covellite within the oxidation ribs. (C) Gradational decreasing of hypogene sulfides
accompanied by increase of secondary porosity and the proportion of hematite over goethite. Backscattered electrons SEM image showing in detail (D) mixtures of
powdery goethite, sulfates and covellite within oxidation ribs; (E) anhedral waylandite and prismatic brochantite filling fractures cross—cutting hypogene pyrite and
chalcopyrite masses, which are partially replaced by goethite and covellite rims. Detail to (F) prismatic jarosite filling fractures; (G) anhedral eucairite-selenojalpaite
and (H) iodargyrite within goethite pores; (I) waylandite as bismuthinite pseudomorphs within goethite and jarosite masses; (J) euhedral waylandite and bismite
covering Au-Ag-Bi gold nugget. (Py: pyrite; Cpy: chalcopyrite; Cv: covellite; Gth: goethite; Wy: waylandite.) (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

developed over ore-bearing veins. These crusts are composed of goe-
thite, which is replaced by hematite at the upper portions of halos, and
Mn-oxyhydroxides such as hollandite and lithiophorite. Hollandite
(Mn-Ba oxide) shows ca. 6 wt% PbO and 1 wt% KO (Appendix 2),
which suggest the presence of mixed minor phases as coronadite (Mn-
Pb oxide) and cryptomelane (Mn-K oxide), all of them being end-
members of the Coronadite Group (cf. Biagioni et al., 2013). Hollandite
in contact with lithiophorite shows ca. 1 wt% of Al,05, while lithio-
phorite ca. 3 wt% of BaO (Appendix 2) suggesting gradational transi-
tion between them.

Petrography reveals that these crusts occur infiltrated filling micro-
fractures and surrounding quartz grains in quartzite or replacing phyl-
losilicates in phyllites. In the latter case, gossanous crust usually pre-
serves phyllosilicates morphologies and the original foliated petrofabrics.
In both lithologies, cubic pyrite pseudomorphs composed essentially of
goethite might be observed. Petrography of several samples reveals that
within gossanous crust goethite (or hematite) occur (i) in colloform
textures combined with botryoidal shapes filling fractures (Fig. 9A), (ii)
as fine acicular habits infilling negative sulfide boxworks (Fig. 9B), or

(iii) coating crystal or lithic fragments in cockade to breccia-like textures
(Fig. 9C and D, respectively). While Mn—-oxyhydroxides occur always
with goethite (or hematite) composing an intergrown cement with clay
and quartz fragments in breccia-like textures (Fig. 9E) or as goethite
surfaces covered by hollandite and then lithiophorite (Fig. 9F).

5. Discussion
5.1. Gossan evolution and processes related to the oxidation zone

The first occurrence of goethite with sulfates and covellite replacing
hypogene sulfides in cellular boxwork structures represents the bottom of
the oxidation zone. At this level, the dominant proportion of goethite
covered by disseminated covellite and Fe, Cu and Bi-sulfates within
boxwork porosity, oxidation ribs and fractures indicate sulfate pre-
cipitation later than goethite. These features suggest variable Eh-pH
conditions, probably water table changes, controlling the satur-
ation-undersaturation of these minerals. The precipitation of goethite
suggests oxidative and slightly acidic Eh-pH conditions that favor the



G.L.C. Pires, et al.

Journal of Geochemical Exploration 218 (2020) 106615

Veins Host rocks
~ =2 &
“p| @l o
2l = €
HE e
.| 8 =
leached % § < . -
2 g 2
- zone g H E 3
g S| @ g
2 = 4| % S "
= w| B E gossanized
= I B i -3 = = wall-rock
2 : | 2 5 al = g hal
g o £l |28 Z alos
= Z| 8 2 4l 2 b
. . 2 S| & B b =
oxidation | 3 F| Z 3| 2 2
zone S| w| | = K] 1|
E| 5| 3 g 2
R 3 Z
g 3
o [t B i T S O
hypogene a
ore 2
it
<
Primary sulfides' include pyrite™, arsenopyrite*, chalcopyrite™, pyrthotite™ and bismuthinite™
Sulfates’ include melanterite’ [Fe(H,0),S0,H,0], jarosite™ [KFe,(S0,),(OH),], brochantite’ [Cu,(SO,)(OH),],
barite’ [BaSO,], alunite’ [KAL(SO,),(OH),], amarillite’ [NaFe(SO,),-6H,0] and cannonite’ [Bi,(SO,)0(0OH),]
Selenides’ include eucairite' [AgCuSe] and selenojalpaite” [Ag,CuSe,]
Phosphates’ include waylandite” [BiAl(PO,),(OH),] and vauxite’ [FeAL(PO,),(OH), 6H,0]
Bi-subcarbonates’ include bi ite’ [(Bi0),CO,] and beyerite’ [Ca(Bi0),(CO,),]
Mn- oxides and hydroxides’ include hollandite™ [Ba(Mn,Mn,)0,] (< coronadite’ [Pb] and cryptomelane’ [K])
and lithiophorite™ [(ALLi)MnO,(OH),]

Fig. 5. Paragenetic mineral sequence through the indigenous gossan profile and gossanized wall-rock halos. Technique used for mineral characterization: “Optical

microscopy, Electron py equi

replacement of primary Fe and Cu sulfides by goethite (Eq. (1):
FeSys + CuFeSyy + 8 Onag + 6 HOp < 2 Fe
(OH)ae) + Cully + SOslq + 3HSOsaq + 3HGq; Bigham and
Nordstrom, 2000; Robb, 2005; Fig. 10A). This reaction indicates that Fe!
is trapped as goethite, with a mixture of hydrogen sulfide and sulfate ions
in solution (Figs. 10A and 11A). These features are reinforced by the
thermodynamic modeling that indicates conditions of pH 3.7 and Eh
+0.2 V for the equilibrium of this reaction (Fig. 10A and Appendix 3).
This model confirms that goethite is oversaturated while sulfates and
sulfide minerals are undersaturated under these conditions. Moreover,
the occurrence of jarosite, alunite, amarillite, barite and cannonite in-
dicates Al, K, Na, Ba and Bi in solution, which reinforces the hydrolysis of
aluminosilicates and Bi-minerals in the generation of these acidic fluids
(e.g., Bigham and Nordstrom, 2000; Fig. 10A). The diachronous pre-
cipitation of goethite and sulfate minerals could be explained by the
Holocene to present—-day weather context. In this sense, episodes of in-
tense rainfall as in wet seasons bring dissolved oxygen that would change
hydrogen sulfide into sulfate ion, increasing its concentration, and still
favors goethite stability. While in dry seasons, the lowering of the water
table would restrict stationary fluids on grain and fracture surfaces. This
lowering and associated evaporation would promote an increase of
S042~ ions concentration in residual water favoring the precipitation of
Fe, Cu and Bi- sulfates (Fig. 11A). These features are consistent with the
lack of a well-developed Cu-enrichment blanket, which indicates abrupt
water table changes with rapidly alternant wet and dry seasons during
the gossan evolution (e.g., Velasco et al., 2013; Fig. 11A). We assumed
that the occurrence of Fe-rich sulfates and covellite replacing primary
sulfidles represent a cogenetic precipitation (Eq. (2): Cu-
FeSys + Cufagy + SOstag < 2CuSy + FeSOuy; e.g., Evans, 1993),

d with Energy Dispersive System (SEM-EDS), X-ray diffraction, “Raman spectroscopy.

which indicates stationary Eh-pH conditions. The thermodynamic
modeling indicates that covellite is oversaturated in association with
goethite for equilibrium conditions of pH 3.7 and Eh + 0.2 V, while
sulfate minerals remain undersaturated (Fig. 10A and Appendix 3). These
conditions are similar to those from Eq. (1), suggesting that the covellite
precipitation might be related to lowering of water table and saturation
of hydrogen sulfide and sulfate ions in solution rather than contrasting
changes of redox conditions. These features coupled with petrographic
relationships indicate that the concentration of Cu-sulfate may have
played an important role in the precipitation of covellite.

Eucairite, selenojalpaite and iodargyrite recognized in oxidation
ribs reflect Se derived from Se-rich sulfides and Ag from Au-Bi-Ag
alloys in the primary assemblage (Pires et al., 2019). Silver must have
been leached out from gold nuggets through dealloying process (e.g.,
Erlebacher et al., 2001). These features are corroborated by rough
surfaces and corrosion with the development of tens of micrometer Ag
and Bi-depleted corrosion pits and nanoporosity in nuggets (Fig. 11B),
contrasting with dominant smooth surfaces in those from the hypogene
ore. The silver mobility under these redox conditions is also reinforced
by thermodynamic modeling (Appendix 3). On the other hand, the lack
of iodine in primary assemblages suggests its source associated with
rainwater percolating through soils or external host rocks such as
marine metasediments of the Arai Group (e.g., Tanizaki et al., 2015).
Although petrographic and mineral observations are not enough to fully
constrain the origin of iodine, we used thermodynamic databases to
understand their precipitation processes. The LLNL database (Wolery
and Sutton, 2013) indicates that selenides and iodides have lower Gibbs
free energy than iron oxide, which favors their precipitation with re-
spect to goethite. However, their saturation is rarely observed due to
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Fig. 6. Backscattered electrons SEM images and multi-element chemical maps showing morphologies, textures of surfaces, sizes and compositions of Au-Ag-Bi
nuggets from (A) hypogene ore, (B) oxidation zone and (C) leached zone. Note the development of Ag-depleted corrosion pits accompanied by gold chemical
refinement in nuggets from the gossan zones. Gold and silver contents from representative spot EDS analyses (blue crosses) are in at.%. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

low I and Se concentrations in percolating fluids. The occurrence of
these minerals related to saline-halide rich groundwater formed by
extreme evaporation rates (e.g., Andreu et al., 2015) leads us to inter-
pret them as formed in dry seasons due high evaporation rates and
lowering of the local water table (Fig. 11A).

Similarly, the occurrence of waylandite and bismite (i) associated
with Fe, Cu and Bi-sulfates and covellite filling fractures, (ii) as bis-
muthinite pseudomorphs within goethite, and (iii) covering gold nuggets
suggest fluids with Bi-, POs~, AsO4—, Al-complexes in the oxidation
zone. The presence of POy4 anionic complex in fluids might be related to
the hydrolysis of primary phosphate minerals (e.g., Xenotime and

monazite), while the occurrence of HpAsO,~ (pH 2.5 to 7 and
Eh > +0.5 V) substituting phosphoric or H3AsO3 and AsS(OH)HS™
(Eh < +0.5V; Wolery and Sutton, 2013) complexes are related to
oxidation of arsenian pyrite or arsenopyrite in primary ore (Pires et al.,
2019). Primary bismuthinite included within pyrite or Au-Ag-Bi nuggets
are the suitable sources of Bi, which is consistent with decreasing Bi
content in the Au-Ag-Bi alloys covered by hypogene Bi-phases. There-
fore, the occurrence of Ag-Bi—depleted corrosion pits in gold nuggets
coupled with the precipitation of silver- and bismuth-rich gossan mi-
nerals corroborate dealloying of Au-Bi-Ag nuggets as an important
chemical gold refining mechanism, already effective in the oxidation
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Fig. 7. Backscattered electrons SEM images showing mineralogy and textures from the leached zone. (A) General view of spongy boxwork structures developed by
the increase of secondary porosity in hematite with detail to (B) rectangular boxwork structure partially filled by acicular to botryoidal hematite and (C) dissolution
porosity developed preferentially in P, Si and S-poor hematite (darker gray) while richer ribbings (lighter gray) are preserved. (D) Sulfide pseudomorphs composed of
P-, Si- and S-rich hematite ribbings with included gold nuggets (inset). Porosity is partially filled by botryoidal and microfibrous hematite. (E) Fine pure gold
particles dispersed within porous hematite surrounding coarse Au-Ag-Bi nuggets with detail to (F) rough and corroded nugget boundaries.

zone (Fig. 11B). The wide occurrence of Bi-phosphates and oxides filling
fractures and voids associated with Bi-sulfates is related to high-mobility
of bismuth as ionic Bi™ under acidic and oxidizing conditions (Fig. 10B).
However, these occurrences concentrated in the bottom of the oxidation
zone indicate that their precipitation as Arsenic-bearing Bi-phosphates
and oxides would be induced by an increase of Bi, PO4—, AsOs—complexes
and O, dissolved in the fluid (Fig. 10B). The precipitation of these mi-
nerals would also be related to evaporation and fluid saturation in dry
seasons. These features imply that the precipitation of these minerals is
related to a later stage where Bi leached from bismuthinite and Au-Ag-Bi
alloys precipitated as phosphate, sulfate and subcarbonate (Fig. 11A).
Moreover, the dominant waylandite over sulfate and selenides coupled
with its higher Gibbs free energy suggest that phosphates are more stable
under oxidized-leaching conditions than sulfates and selenides, which
favors their preservation (e.g., Gaboreau and Vieillard, 2004; Wolery and
Sutton, 2013).

5.2. Gossan evolution and processes related to the transition to upper
leached zone

Field and petrographic observations show that in the transition from
the oxidation to the leached zone, gossan profile progressively shows
cellular to spongy boxwork structures. These spongy structures are
composed essentially of hematite with inclusions of anhedral to eu-
hedral waylandite, bismite, Au-Ag-Bi nuggets, Bi-subcarbonates, and
kaolinite. The change from cellular to spongy boxwork structures with
the intensification of secondary porosity is accompanied by vanishes of
sulfides and dissolution textures in iron oxides (Fig. 11C and D). These
mineralogy and textures are consistent with infiltration of meteoric
water, which dissolves sulfides and goethite, and stabilizes hematite.
These features are reinforced by the thermodynamic modeling, which
indicates that goethite is always undersaturated while hematite is
oversaturated for equilibrium conditions of pH 7.4 and Eh + 0.5 V
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Ag-Bi nuggets from the hypogene ore and leached zone.






