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Gossan at the Perkoa deposit of stratabound lead and zinc ores (Burkina Faso) is composed of hematite, goethite,
clay minerals, minerals of the brucite group and sulfates (corkite, alunite, natroalunite, hinsdalite and
hidalgonite). Residual quartz contains inclusions of chalcopyrite, sphalerite and cinnabar. Compared with the pri-
mary ores, the gossan is especially enriched with As, Ba, Pb, P, and Sb. On the other hand, the contents of Ag, Co,
Cu, Hg, Mo, Ni, and particularly Zn are significantly lower. However, compared with the barren ferruginous crust in
the same area, the gossan is significantly enriched in most of chemical elements, namely As, Pb, Sb, and Zn and to
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VHMS lesser extent also in Ag, Ba, Cd, Mo, S, and Sr.
Gossan The isotopic composition of lead in massive primary ore and in gossan is practically identical. However, the iso-

topic composition of lead in disseminated ores, the bleached gossan envelope, and in mineralized soils in the
Geochemistry Perkoa area is very variable and reflects mixing of ore and lithogenic lead. The 2°62°7Pb ratio in barren soils
Isotopes of Pb and ferruginous crusts is much higher compared with gossan and related altered rocks.
Cu Compared to massive ore (6°°Cu = +1.91 to +2.17%. and 5°°Zn = +0.30 to + 0.36%,, respectively), the gossan
ézrkina Faso is depleted in heavy isotopes of copper and zinc (6°°Cu = —0.02 to —0.58 and 6°6Zn = —0.10 to — 0.88%., re-
spectively). The chemical weathering of sulfide-rich rocks thus gives rise to considerable variations in Cu isotopes
(median: — 2.36%o, A%>CUgossan_massive ore), and minor changes in Zn isotopes (median: — 0.73%o, A%°Zn gossan-
massive ore)- ISOtopic composition of copper in gossan and lateritic soil sampled in the vicinity of gossan is similar
but differs from barren laterite duricrust which is more depleted in the ®>Cu isotope. In zinc, no differences were
proved between the §°°Zn values in the gossan and those in the soil and ferruginous crust.
© 2016 Elsevier B.V. All rights reserved.

Ferruginous crust

1. Introduction

Erosion and oxidation of massive sulfides when uplifted and ex-
posed to the surface commonly leads to the formation of gossans,
which dominate the space between the water table and the surface
(Emmons, 1917; Andrew, 1984; Williams, 1990; Taylor and
Thornber, 1992; Boyle, 1994; Skarpelis and Argyraki, 2009; Velasco
et al., 2013). Here, surface water leached soluble elements and re-
precipitates some of them forming secondary iron- and
manganese-bearing (hydro)oxides and several minerals belonging
to the jarosite supergroup (Taylor et al., 1980; Belogub et al., 2003;
Butt et al., 2005; Atapour and Aftabi, 2007). Mineralogical and geo-
chemical composition of gossan is basically due to the composition
of primary ore (Taylor and Thornber, 1992; Butt et al., 2005).
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However, because of the different mobility of various target and
pathfinder elements in the processes of weathering, the concentra-
tion of individual chemical elements in gossan usually do not corre-
spond with the geochemical composition of primary ores. This can
lead, especially during intense weathering in tropical climates, to in-
correct conclusions about the nature of the primary mineralization
based on the study of gossan (Butt et al., 2008).

A typical feature of post-Eocene development of West Africa has
been an alternation of a wet climate favoring chemical weathering
with periods of a dry climate convenient for mechanical erosion
(Séranne, 1999). Such climatic variations have shaped a sequence of
stepped lateritic paleo-land surfaces marking successive denudation
stages (Michel, 1973; Grandin, 1976; Chardon et al., 2006; Burke and
Gunnell, 2008). Common relics of each paleo-land surface in the se-
quence are commonly sealed by a ferruginous duricrust (ferricrete).
During geochemical exploration it is usually impossible to distinguish
remnants of ferruginous duricrust from gossan fragments straight in a
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hand specimen (Blot, 2004). Therefore, in order to identify gossan or
gossan fragments enclosed in a ferruginous crust some mineralogical
methods (e.g., identification of relict minerals of primary mineraliza-
tion), studies of rock fabrics, and in particular geochemical methods
are used (Butt et al., 2008).

Positive identification of gossan may also be made by using lead (Pb)
isotopic ratios, due to the differences in isotopic signatures of host rocks,
and potentially economic mineralization. Separation of Pb from U and
Th to form an ore body at a particular time gives a unique signature of
208py, /206p}, 207ph 206ph apd 206ph,204Pp isotopic ratios (Gulson and
Mizon, 1979; Vaasjoki, 1985; Gulson, 1986).

Several studies have recently been devoted to the investigation of
changes in the isotopic composition of copper (Cu) during the
weathering of sulfide ores. These works were focused on the study of
porphyry copper deposits (Mathur et al., 2010, 2012b; Mirnejad et al.,
2010), on volcanic-hosted massive sulfide ores (VHMS; Mason et al.,
2005), and on metalliferous black shales (Mathur et al., 2012a). In all
cases It was observed that the copper in the products of weathering
was to various degrees depleted or enriched in $°Cu isotope relative to
the primary ores (Braxton and Mathur, 2011). However, the isotopic
composition of copper has never been used to distinguish gossan from
a barren ferricrust in the same area.

The isotopic composition of zinc in gossans has not been studied yet.
Experimental dissolution of sphalerite, however, showed that during
the dissolution of sphalerite-rich rocks or sphalerite concentrate, the
leachate is slightly enriched with ®6Zn, and therefore it is assumed
that the weathering leads to depletion of the 56Zn isotope in residual
mineral phases (Fernandez and Borrok, 2009; Matthies et al., 2014).

The Paleoproterozoic Perkoa metamorphosed volcanic-hosted
deposit (VHMS) in Burkina Faso is the only one known representa-
tive of this type of mineralization in West Africa. The deposit is
unique because of the predominance of zinc over copper and lead.
The Perkoa deposit is capped with gossan relics. Therefore, the objec-
tive of this paper is to (1) assess the differences in geochemistry and
mineralogy of primary ores and the gossan in the Perkoa deposit,
(2) to find the best geochemical pathfinders to help in distinguishing
gossan from products of regional lateritic weathering, especially
from the relics of ferruginous crusts, and (3) to verify the possibility
of using the isotopic composition of Pb, Cu, and Zn in distinguishing
gossan from barren ferruginous crusts in a terrain affected by a
multi-stage lateritic weathering.

2. Geological setting of the Perkoa sulfide deposits
2.1. Primary ores

The Paleoproterozoic Baoulé-Mossi Domain (BMD) forms the major
part of the Leo-Man Craton (Fig. 1) in West Africa and belongs to a poly-
cyclic orogeny that originated around the Kénéma Man-Archean nucle-
us during the Eburnean orogeny (2200-2000 Ma; Liégeois et al., 1991;
Milési et al., 1992; Ledru et al., 1994; Egal et al., 2002; Feybesse et al.,
2006). The BMD is composed of granitoids and volcano-sedimentary
greenstone belts, which host multiple gold and few base metal deposits
(Milési et al., 1992; Béziat et al., 2008). The greenstone belts are com-
prised of two main sequences of rocks, from the bottom to top: (i) the
Lower Birimian, mostly sedimentary sequence (B1), with tholeiitic ba-
salts and common intercalations of tholeiitic volcano-sedimentary de-
posits and carbonates near the top and, (ii) the Upper Birimian, an
essentially volcanic sequence (B2) occurring in separate areas and com-
posed of basaltic or bimodal tholeiitic and late calcalkaline volcanic
rocks (Milési et al., 1989; Ledru et al., 1991, 1994; Feybesse and Milési,
1994). The flysch-type, Paleoproterozoic Tarkwaian sediments (con-
glomerates and sandstones) overlie, partly discordantly, the folded
Birimian sequences.

The Perkoa VHMS deposit forms a part of the Lower Birimian (B1)
sequence (Fig. 2A). The deposit consists of two main ore bodies (locally
called hanging wall and main ore body) and several satellite ore bodies,
and ore disseminations, hosted by andesite, rhyolite and rhyodacite
tuffs with intercalations of clinozoisite-actinolite and garnet-biotite
schists with dykes of porphyric diorite and andesite (Schwartz and
Melcher, 2003). The deposit is structurally overlain by silicified andes-
ite/trachyandesite and carbonaceous schists. The intrusive quartz dio-
rite/tonalite, which forms the footwall of the mineralization, was
dated at 2175 £ 1 Ma (U-Pb zircon age; Schwartz and Melcher, 2003).
The estimated ore reserves of the Perkoa are 6.3 Mt. with 14.5 wt.%
Zn, 8.0 wt.% Ba,0.06 wt.% Pb, 24 ppm Ag, and 50 ppm Cu (Zida, 2002;
MTMCI, 2015). The semitabular main ore body is 400 m long and has
an average thickness of 10 m, whereas the hanging wall orebody has
an average thickness of 4 m. Sulfide ores were metamorphosed during
a regional thermal event. Peak metamorphic temperatures of >460 °C
at pressures of >1 kbar are indicated by almandine-rich garnet, the pres-
ence of andradite, and geo-thermometers involving arsenopyrite and
pyrrhotite (Schwartz and Melcher, 2003).
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Fig. 1. Simplified geological map of the Leo-Man Craton (modified after the BRGM SIGAfrique map; Milési et al., 2004) with the study area indicated.
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Fig. 2. Section No. 9975E of the Perkoa VHMS deposit, Burkina Faso (A), and a schematic illustration depicting the position and structure of gossan and its bleached envelope (B). With

permission from Nantou Mining Limited.

2.2. Gossan and gossan bleached zone

The gossan is a surficial manifestation of weathering of massive sul-
fide ores (Fig. 2B). Individual gossan outcrops cover an area of
20 x 200 m, but the depth of the base of gossan body is not known.
The gossan includes three lithofacies types: massive, banded, and brec-
ciated. Massive gossan shows different fabrics ranging from cellular to
colloform with many local transitions to box-work, stalactitic, or earthy
forms. Crust precipitates of Fe (hydro)oxides line the vugs and pores.
Banded gossans are relatively rare and represent the layering from the
replaced original massive sulfides. Breccia gossan is the most common

lithofacies. Gossan outcrops are within a few meters flanked with
strongly bleached and argilitized rocks with sporadic accumulations of
manganese minerals. These rocks are considered a manifestation of
weathering of disseminated sulfides that accompany the massive
sulfidic ore.

2.3. Ferruginous crust and soil
Two types of ferruginous crusts were found to occur in the studied

area: Crusts that arose from the weathering of bedrock in situ
(autochthonous ferruginous crust, lateritic residuum) and crusts that
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originated through ferruginization of relocated products of weathering.
The relocated products of weathering are mostly represented by
ferruginized pediments that originated when the sheet erosion of the
relief took place, or by sediments of old terraces or by alluvial sediments,
which are the product of surface erosion by rivers and streams
(allochthonous ferruginous crust or ferricrete). Both types of ferruginous
crusts are usually covered with ferruginous gravel (lag) and in some
places with a shallow soil profile.

The soil in the studied area is composed of a (1) a very thin
(0-0.3 mm) litter layer, (2) a grey, 0-2 cm thick horizon containing
small amount of humified organic matter, (3) a light grey unconsolidat-
ed sandy ochric horizon (bleaching horizon) up to 20 cm thick, and (4) a
rusty-brown silty residuum of the parent rock with a more clay-rich
layer up to 5 cm thick at its uppermost part. The soil can be classified ac-
cording to the international FAO classification (FAO, 2006) as regosol.

3. Materials and methods
3.1. Sample collection and preparation

Several types of samples (Fig. 3) were collected at the Perkoa depos-
it. Besides samples of primary mineralization (massive and disseminat-
ed ores, borehole Ps 200), samples of gossan, and samples of bleached
and strongly kaolinized zone in closest neighborhood of the gossan
were also taken. Furthermore, soil samples were collected from a
depth of 60-70 c¢m, both in the immediate neighborhood of the gossan
outcrop (soils proximal to gossan) as well as soil samples taken at a dis-
tance of about 400 m west of the gossan exposure (distal soils). Soil
samples were collected using a soil auger. Samples of ferruginous
crust were taken from a hillside of morphologically pronounced escarp-
ment, which lies about 400 m east of the gossan outcrop. A total of 58
samples (approx. 0.2 kg each) were collected from all types of materials.
In the laboratory, the samples were ground, and homogenized in an
agate mill to the finesse <0.063 mm. Polished thin sections and polished
sections were prepared from samples of primary ores, gossan, and fer-
ruginous crust for further microscopic and microprobe studies.
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Fig. 3. Schematic section of the Perkoa area, Burkina Faso, and the location of collected
samples.

3.2. Chemical analyses

Major components of rock samples were analyzed in the accredited
Central Laboratories of the Czech Geological Survey in Prague. Samples
of 0.2 g were dissolved in a solution of HF/HNO3/H,S0, at 200 °C, and
evaporated to dryness. The residue was dissolved in a mixture of HCl/
HNO3/H,S0,4 and H3BOs, and again evaporated to dryness. This evapora-
tion residue was again dissolved in a solution of HCl/H,S0,4/Cs,COs3, and
the solution was analyzed using Flame Atomic Absorption Spectrometer
Perkin Elmer 4000. The content of SiO, was determined by titration,
using 1 N NaOH solution. Reliability of analyses as determined by in-
home reference materials (RMS) was + 5%. The contents of CO, and
total sulfur (Sy) were established using an ELTRA CS instrument. The
detection limits used for CO, were 0.02 wt.%, and for S 0.01 wt.%.
The relative percent difference (RPD) of CO, and S, determined using
reference material (CRM 7001) were =+ 2.5% for CO, and =+ 2% for S¢o.
Detailed analytical procedures are given in Dempirova and Vitkova
(2002).

Trace element concentrations were analyzed at Bureau Veritas Min-
eral Laboratories Ltd. (Vancouver, Canada; former Acme Analytical Lab-
oratories). accredited under ISO 9002 by ICP-MS. The relative percent
difference (RPD) using CRM OREAS 25a and OREAS 45e for most of
chemical elements was excellent (£ 10% of the certified values) or
good (£ 10-25%). For Ag, Cd, Re, Tb, Te, and Tm, the RPD were higher
(>25) due to very low concentrations of elements in analyzed samples.

3.3. Mineralogical characterization

Determination of the mineralogical identity of rocks was attempted
using a CamScan 3200 electron microprobe in SEM mode equipped with
an energy dispersive analyzer LINK-ISIS. Analyses were undertaken
using an accelerating voltage of 15 keV, and a beam current of 3 nA at
the Czech Geological Survey or using an electron microscope (Vega-
Tescan) equipped with an energy dispersive X-ray microanalyzer (X-
max, Oxford Inst.) at the Faculty of Science, Charles University in Prague.

Quantititave analyses of Fe-, Mn-oxides and of minerals of the alu-
nite supergroup were obtained using a Cameca SX 100 microprobe
(WDS mode) at the laboratory of the Institute of Geology of the Czech
Academy of Science. Operating conditions: accelerating voltage
15 keV, beam current 10 nA, beam size 2 pm.

Phase identification was carried out using a diffractometer Philips
X'Pert System CuKa, 40 kV/40 mA, which is equipped with a secondary
graphite monochromator. Records were obtained from unoriented sam-
ples (range 3-70° 26, step 0.05 26/3 s). The clay mineral fraction was
studied using oriented samples (before and after saturation by ethylene
glycol, range 2-50° 26, step 0.05 26, 2 s). Saturation of ethylene glycol
was carried out in ethylene glycol vapors in a desiccator at 60 °C for
8 h. The pattern and expansibility of mixed-layer illite/smectite were
determined by comparing the record with modeling the mixed-layer il-
lite/smectite showing different expansibility using the NEWMOD
program.

3.4. Whole rock lead isotopes ratios

The Pb isotopic compositions (2°°Pb/2°’Pb and 2°8Pb/2%Pb ratios)
were determined using inductively coupled plasma mass spectrometry
(ICP MS, XSeries 2, Thermoscientific) at the Institute of Geochemistry,
Mineralogy and Mineral Resources, Faculty of Science, Charles Universi-
ty in Prague, under the conditions given elsewhere (Ettler et al., 2004;
Mihaljevic€ et al,, 2011). The solutions of mineralizates for isotopic deter-
mination were diluted to a concentration of <10 pg/l Pb. Correction for
the mass bias was performed using NIST 981 (common lead) between
measurements of the individual samples. The standard errors for mea-
surement of the 2°°Pb/2°7Pb and 2°8Pb/2°°Pb ratios were <0.3% RSD
and <0.4% RSD, respectively. The accuracy of the measurements were
tested on reference materials BCR 2 (basalt; 2°°Pb/2°’Pb = 1.2007 +
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0.0007, 298pPb/2%pPh = 2.0635 + 0.0016) and AGV 2 (andesite;
206ppy 207phy = 1.2085 =+ 0.0006, 2°8Pb/2%Pb = 2.0415 4 0.0013) certi-
fied by the USGS (1998). The procedural blank was below 0.05 pg/I.

3.5. Whole rock copper and zinc isotopes ratios

Samples for Cu and Zn isotopic analyses were processed in the Ultra-
clean lab of the Czech Geological Survey in laminar flow hoods. Pow-
dered samples were digested in acid in a microwave oven, and evapo-
rated to dryness. The residue was dissolved in 2% solution of HNOs,
diluted, and analyzed using the ICP-MS. Copper and zinc fractions for
isotope analysis were separated from acid-digested samples by ion ex-
change chromatography using the procedure described in Voldfichova
et al. (2014) using 0.6 ml of AG-1MP 100-200 mesh (Bio-Rad) resin
in a PE column (BioRad, total volume of 10 ml). The column was topped
up with 0.1 M HCl and drained (repeated three times). The resin was
then pre-conditioned with 6 ml of 8 M HCl. One miilliliter of the sample
in 8 M HCl was added. Matrix removal was performed by adding 1.5 ml
of 8 M HCI. To separate Cu, a total amount of 11.5 ml of 6 M HCl was
used. Subsequently, to separate Fe 11 ml of 3.5 M HCI was added. To col-
lect Zn, 7 ml of 0.1 M HCl was added. An additional purification step for
the Cu fraction employed small-volume columns packed with 0.15 ml
BioRad AG MP-1 M anion-exchange resin (mesh 100-200) and 6 M
HCl as elution media. The overall Cu-Fe-Zn separation recovery was
better than 95% for all samples. The eluted Cu and Zn fractions were
pooled for isotope analysis. All samples were analyzed in triplicate. Re-
sults are presented as weighted mean with standard deviation of these
measurements. The reproducibility of standards measurements within
whole analytical set (20) was 0.01 per mil for 65°Cu and 0.03 per mil
for 6°6Zn.

Copper and zinc isotope analyses were carried out on a MC ICP MS
Neptune (Thermo Fisher Scientific) instrument at the Czech Geological
Survey. The °Cu/%3Cu ratios are reported in the 8°°Cu (%o) notation rel-
ative to the SRM NIST 976 standard. The mass bias of Cu measurements
was corrected by standard-sample-standard bracketing using the SRM
NIST 976. The 56Zn/5*Zn ratios are reported in the 6°°Zn (%.) notation
relative to the SRM NIST 683 standard. A 7Zn-"°Zn double spike was
used to correct the mass bias (Voldfichova et al., 2014).

3.6. Analytical data treatment

Summary statistics of the analytical data set were first calculated to
evaluate the distributions. The frequency distribution for each set of el-
ements was examined using histograms, Q-Q and P-P diagrams. Kurto-
sis and skewness were calculated using the S-Plus program version 4.5
(MathSoft Inc., Seattle, Washington, U.S.A., 1997). Since the statistical
distribution of most variables determined by chemical analyses was
not normal, non-parametric methods were used to evaluate the main
statistical characteristics of the individual data populations using again
the S-Plus program version 4.5.

Results of chemical analyses were used for the assessment and inter-
pretation of the changes in major element contents during the
weathering of primary ores. The immobile element concept was applied
in this assessment and considerations. Within this concept, and suppos-
ing relatively homogeneous chemical and mineralogical composition of
massive ores, the ratio between the studied element and immobile ele-
ment concentration (Zr or Ti) in gossan and gossan bleached zone was
compared with the same ratio in the fresh ore according to the follow-
ing equation (Braun and Pagel, 1990):

% change = ((¢/i)/(%o/io)—1) * 100(1)

where: y = content of the element in weathered rock, x, = content of
the same element in fresh rock, i = content of Zr (Ti) in weathered rock,
and i, = content of Zr (Ti) in fresh rock.

4. Results
4.1. Mineralogy of primary ores

Massive sulfide ore is mainly composed of sphalerite, pyrite, hexag-
onal pyrrhotite, and minor magnetite and galena (grains <100 pm in
size; Fig. 4AB). In addition, trace amounts of arsenopyrite, and silver-
bearing tetrahedrite (freibergite), and Ti-phases were identified in
some samples. Gangue minerals are represented by albite, calcite,
quartz, barite, siderite, fluorite, and chlorite. The disseminated mineral-
ization (Figs. 4CD and 5) is confined to muscovite-chlorite-quartz rocks
(silicified tuffs or meta-exhalites). In muscovite-chlorite-quartz rocks,
sphalerite occurs as isolated grains or accumulations together with py-
rite in association with chlorite or muscovite in quartz gangue. Sphaler-
ite, together with pyrite and magnetite, commonly rim garnet grains
that are partly replaced by a mixture of muscovite and chlorite
(Fig. 5ABC). Occurrence of gahnite (Zn-spinel) in mineralized rocks ar-
gues for pre-metamorphic origin of the mineralization (Fig. 5D).

4.2. Mineralogy of gossan

The gossan is mostly composed of hematite and goethite and min-
erals of the alunite supergroup. The amount of Mn-oxides is low. Clay
minerals are represented by kaolinite and halloysite. Corroded and
brecciated grains of quartz are common. Amorphous silica occurs as dis-
semination, usually in a mixture with clay minerals.

4.2.1. Goethite and hematite

Goethite (FeOOH) and hematite (Fe,03) form either a massive rock
matrix or micro-cockade layers that coat the vugs in the gossanized rock
assemblage (Fig. 6). The gossan matrix is composed of a mixture of fine-
grained goethite and relatively well crystallized needle-shaped hema-
tite (Fig. 6AB). In pseudomorphs after sulfides, goethite relics are re-
placed by hematite which indicates that hematite is slightly younger
than goethite (Fig. 6B). However, in other polished thin sections, the he-
matite is embedded in younger goethite suggesting that several stages
of the goethite to hematite precipitation took place during the gossan
evolution. Voids in gossanized rocks are rimmed by micro-cockade
layers of goethite and hematite and fine-grained, nebulous, silica aggre-
gates (Fig. 6CD). At these layers, goethite and hematite form spherical,
botryoidal, mammillary textures, or replica textures after sub-
automorphous minerals of the jarosite supergroup.

Goethite contains up to 7 wt.% Al,05 and SOs. A rather high amount
of Al,05 in goethite suggests the Fe and Al substitution in the goethite
structure or the presence of halloysite inclusions. An admixture of the
Si, Ti, As, and P oxides attains up to 4 wt.%. Contents of ZnO and CuO
are very low (<0.4 wt.%), whereas contents of PbO are very variable
and range between <0.4 wt.% and 11 wt.%. The correlation between
PbO and SO3 contents in goethite may indicate an admixture of Pb-
sulfates, presumably corkite. Positive correlation between SO5; and
P05 supports this possibility at least for goethite (Fig. 7). Compared
to goethite, the contents of PbO (<2.97 wt.%) P,05 (<0.40 wt.%) and
SO3 (<0.93 wt.%) in hematite are lower. Representative microanalyses
of goethite and hematite are presented in Table 1S (electronic
supplement).

4.2.2. Sulfates

Minerals of the alunite supergroup form numerous inclusions in he-
matite and goethite or are replaced by goethite in the rock matrix or
form paragenetically youngest accumulations in voids and cracks
(Fig. 8). The structural formula of jarosite supergroup minerals can be
written as DG3(TX4)2(X")s (Bayliss et al., 2010), where D represents a
tetravalent, trivalent, divalent, monovalent cations (e.g. K™, Na*, Ba™,
Pb2*, and H30™) or partial vacancy; G represents a trivalent cations
(chiefly A and Fe®>*); and minor divalent cations (e.g. Cu® ™", Zn? ™,
Mg?™); T is hexavalent (S, Cr), pentavalent (P, As, Sb) cations, and
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Fig. 4. Stratabound mineralization intersected by borehole Ps200, the Perkoa deposit (BSE images). A: Sample P280, depth: 280 m. The massive sphalerite (Sph), pyrite (Py), and pyrrhotite
(Prh) ore. B: Massive ore, fracture in pyrite filled with pyrrhotite and galena. C: Sample Ps200, depth: 225 m. Disseminated mineralization in silicified metatuff. Arsenopyrite (Asp)
aggregate associated with abundant satellite grains of galena (Gn). D: Sample Ps 200, depth: 250 m. Disseminated mineralization. Complex ore aggregate at the tip of altered Fe-Ti-O
phase (Fe-Ti) consisting of pyrrhotite (Prh), and galena (Gn).

minor Si**; X/X is O, OH, minor F, and possibly H,0. Corkite is a dom- analyses (Fig. 9). All minerals of the jarosite supergroup form individual
inant mineral of the jarosite supergroup identified in the studied sam- crystals or less frequently twins, from 5 to 25 um in size (Fig. 8E-H).
ples of gossan. However, together with corkite, the minor amounts of Images of secondary (SE) and/or back-scattered (BSE) electrons re-

hindsdalite and hidalgonite were detected by microprobe (WD) vealed micropores or vugs in central parts of many crystals of corkite

Fig. 5. Photomicrograps of polished thin sections of disseminated mineralization in borehole Ps200. A. Sphalerite (Sph) and pyrite (Py) rimming an aggregate of garnet grains (Gr) partly
replaced by muscovite. B. Sphalerite (Sph) and chlorite (Chl) in quartz-rich groundmass. C. Sphalerite (Sph) rimming accumulations of muscovite, chlorite, and garnet remnants in quartz-
rich (Qz) groundmass (transmitted light, without nicols). D: Gahnite (Zn-spinel, Gh) with muscovite inclusion (Ms) in quartz-muscovite groundmass (without nicols).



B. Kibek et al. / Journal of Geochemical Exploration 168 (2016) 49-64 55

Fig. 6. Photomicrograps of polished thin sections of the gossan fabric. A. Massive fabric of gossan composed of a mixture of goethite (Gt) and slightly younger hematite (Hm) with corroded
quartz grains (Qtz). B: Massive gossan fabric. Pseudomorph of Fe-minerals after sulfide grain (arsenopyrite?). Remnants of goethite (Gt, light grey) are enclosed in younger hematite (Hm,
white). C. Porous fabric of gossan. Vugs in gossan are rimmed with a recurrence of goethite (Gt, light grey) and hematite (Hm, white) micro-cockade layers. D. Porous fabric of gossan.
Zoned crystals of the jarosite supergroup minerals riming vugs in gossan are replaced by a mixture of hematite, goethite and amorphous silica (AMS).

(Fig. 8F). In addition to vugs, many crystals are chemically inhomoge-
neous; they frequently display chess-like textures or regular growth
zones that differ mainly in PbO contents. The inhomogeneity of the min-
erals of the alunite supergroup results in the great variability of the total
sum of analyzed oxides as well as in the non-stochiometric composition
of sulfates studied. The great part of the non-stochiometry is due to an
admixture of Fe (hydro)oxides, probably from adjacent hematite or
goethite in the studied samples. Two microanalyses revealed, in addi-
tion to iron (hydro)oxides, an excess of Al,O; which may be explained
as due to an admixture of clay minerals, most probably halloysite or ka-
olinite. After subtraction of the Fe and Al admixture, the chemical com-
position of the alunite supergroup minerals revealed more or less
stochiometric composition, with the exception of the D-site. Few micro-
analyses point to significant deficiency in the occupancy of the D-site
(0.654 to 0.801 apfu); the majority of micro-analyses, however, ap-
proach more or less ideal occupancy in the range between 0.976 to
1.101 apfu (Fig. 10). Exceptionally, three microanalyses display an ex-
cess in the D-site occupancy in the range from 1.341 to 1.476 apfu. In
this case, over 80% of the excess is at the charge of Pb. The occupancy
of the T-site of the corkite by sulfur and phosporus ranges between
the ideal ratio (~1, i.e. Sp.5Po5) and slight excess of sulfur (up to 2.3;
i.e. Sg.7Pg3). All corkite microanalyses display also minor admixture of
As at the T-site (Fig. 9).
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4.2.3. Mn (hydro)oxides

A complex rim of voids composed of micro-cockade layers of goe-
thite and hematite in some polished sections intercalated with the Mn
(hydro)oxides (Fig. 8D). However, the content of Mn (hydro)oxides is
low and does not exceed 2 vol.% in general. Therefore, it was not possi-
ble to identify Mn (hydro)oxides using the XRD method. The
wavelength-dispersive (WDS) microanalyses of Mn (hydro)oxides
show an almost constant sum in the range from 76.73 to 82.73 wt.%
(the average from 23 analyses is 79.61 wt.%). Therefore, it should be as-
sumed that the main manganiferrous phase is pyrochroite (Mn(OH),),
which ideally contains 22.25 wt.% H,0. However, the occurrence of
other manganiferous phases, for example poorly crystalline hydrous
manganese minerals (“wad”) cannot be excluded.

All Mn (hydro)oxides studied at the Perkoa deposit show substantial
admixture of PbO (from 12.63 to 25.52 wt.%) and less important admix-
ture of Fe,03 (from 0.41 to 7.26 wt.%) and BaO (from 0.27 to 4.50 wt.%).
The contents of BaO and PbO in Mn-oxides display a negative correlation
(Fig. 11). Admixtures of other oxides are <0.4 wt.%, with an exception of
ZnO, the contents of which range from 0.11 to 1.37 wt.% (Table 2S).

4.2.4. Clay minerals
Clay minerals (kaolinite and halloysite) constitute up to 15 vol.% of
gossan. They form either pseudomorphs after rock-forming silicates or
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Fig. 7. Contents of PbO (A) vs. SOz (A) and P,0s vs. SO5 (B) in goethite and hematite. For representative analyses of goethite and hematite see Table 1S.
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Fig. 8. Mineral phases in gossan, the Perka deposit (BSE images). A. Goethite and hematite veinlets penetrating the original quartz gangue. Free cavities are black, sulfates (corkite) are
bright white. B. The rims of goethite enclosing lighter zones are enriched with Pb. This zone in the upper part of the BSE image is homogeneous, whereas in the central and the bottom
parts it is strongly heterogenous. C. Kidney-shaped aggregates of goethite (darker) enclosing a thin zone formed by hematite. Kidney-shaped aggregates of Mn (hydro)oxides with
markedly variable contents of Pb are younger than goethite. The oldest generation of Mn (hydro)oxides has a distinct crystalline character. D. Detail from the previous BSE image.
Numbers in parentheses indicate admixture of PbO in wt.% bound in Mn (hydro)oxides. E. A rim of Mn (hydro)oxide with Pb admixture, which toward the cavity passes into a
crystalline aggregate of corkite. F. Detail of individual crystals of corkite from the previous BSE image. Also striking is the zonal growth structure of crystals due to alternating areas
richer or poorer in Pb, and the presence of open cavity in the center of corkite crystal. G. Massive and crystalline aggregates of corkite, which grow on goethite are also partly enclosed
by this mineral. H. BSE image of the surface of free cavity in gossan. Kidney-shaped to spherical aggregates of goethite, spherical aggregates of crystallites of Fe-hydro-oxides, and
several pseudocubic crystals of sulfates (corkite) can be seen. I-L. Group of BSE images showing primary ore minerals enclosed in an otherwise strongly weathered gossan material: I.
inclusions of galena, J. barite inclusions, K and L. Relics of cinnabarite (bright dots) enclosed in goethite which forms filling in cracks. In both cases no mobilization of Hg (cinnabarite)

into the surrounding fissures takes place. Abbreviations: Ba: barite, Cb: cinnabarite, Co: corkite, Gn: galena, Gt: goethite, Hm: hematite, Mn: Mn (hydro)oxides Qtz: quartz.

occur together with the cryptocrystalline silica, in the gossan ground-
mass. In strongly bleached and argilitized rocks that form the gossan en-
velope, illite, muscovite, and paragonite were identified using XRD, in
addition to kaolinite.

4.2.5. Relict mineral phases in gossan

Relics of rock-forming or hydrothermal quartz grains enclose inclu-
sions of chalcopyrite, pyrite, galena and barite which are not affected by
supergenous alteration. The size of these inclusions ranges from 5 to
20 um (Fig. 81J). At some places, cinnabar occurs together with goethite
at the minute open cracks in quartz grains (Fig. 8KL). The chemical com-
position of cinnabar is stoichiometric, free of any admixture.

4.3. Mineralogy of the ferruginous crust
The lowermost part of the ferruginous crust studied at Perkoa

(Fig. 3) is formed by an autochthonous crust (weathering residuum).
The autochthonous crust is composed of a mixture of goethite, hematite,

and clay minerals with preserved positions of quartz grains arranged in
parallel to the original schistosity (Fig. 12A).

The rest of the profile represents an allochthonous ferruginous crust.
The occurrence of rounded grains composed of Fe (hydro)oxides, clay
minerals, and cryptocrystalline silica in fine-grained ferruginized rock
matrix document that the upper part of the profile represents relocated
products of weathering affected by an in situ ferruginization (Fig. 12B).
Only hematite, goethite, cryptocrystalline silica, kaolinite, and small
amount of Ti-oxides were identified in the rock matrix.

4.4. Geochemistry of primary ores vs. geochemistry of gossan

Both massive and disseminated primary ores predominantly contain
Zn (14 to 35 wt.%). The amount of Pb (from 67 to 1181 ppm) and Cu
(15-589 ppm) is much lower. Typical accompanying elements of Zn
mineralization include Ag (7.6 to 169.3 ppm), As (105-210 ppm), Ba
(75-190 ppm), Cd (0.67-1456 ppm) Mo (0.58-17.45 ppm), and Pb
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Fig. 9. Projection of microprobe analyses of studied sulfate phases into the classification diagram of the alunite supergroup after Scott (1987). Most analyses correspond to corkite, few to

hindsdalite and hidalgonite.

(67-4049 ppm). Sulfur contents (S) vary from 2.53 to 36.5 wt.%, de-
pending on the amount of sulfides in ores (Table 3S).

In comparison with the primary ores the gossan rocks contain a
much lower amount of Zn, but much higher concentrations of Pb
(2702-31,042 ppm) and As (439-872 ppm; Table 3S). Due to the
change in specific gravity of the primary ores during the process of
weathering the contents of selected chemical elements in the primary
ores and in gossan were normalized by contents of immobile chemical
elements, i.e. titanium (Ti) and zirconium (Zr; Fig. 13). Upon normaliza-
tion it is obvious that the gossan in relation to the primary ores is
enriched in particular with Pb, As, Sb, Bi, and Ba. Conversely, the normal-
ized contents of Cu, Zn, Ag, Ni, Co, Cd, In, Se, FeO, MgO, MnO, Ca0, and
Stor are much lower in gossan compared with primary ores.

Gossan is relatively enriched in relation to the primary ores
(expressed in ratios of individual elements to the content of Zr and
Ti in the ore and gossan) also with light rare earths (La, Ce, Pr;
Fig. 14).
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Fig. 10. Correlation between the Pb content and the occupancy of site D (ideal occupancy
is equal to 1) of studied sulfate phases. Symbols are the same as in Fig. 9.

4.5. Geochemistry of gossan vs. geochemistry of barren ferruginous crust

Concentrations of FeO, MnO, and the S, in gossan are much higher
compared with the ferriginous crust, but conversely the contents of TiO,
and Al,0s are lower (Fig. 15A). The concentrations of other oxides vary
within one order of concentration.

Gossan significantly differs from the ferruginous crust with higher
contents of a wide range of trace elements. The contents (median
values) of As, Pb, Sb, and Zn are by two orders of magnitude higher in
gossan than in the ferruginous crust, and the contents of Ag, Ba Cd,
Mo, and Sr are higher by one order of magnitude (Fig. 15B). On the con-
trary, the ferruginous crust in comparison with gossan has by order of
magnitude higher contents of Sc. Also higher are contents of Nb, Ni,
and Zr (not shown in Fig. 15B). Representative chemical analyses of gos-
san and ferruginous crust are given in Table 3S. Basic statistical data on
the distribution of individual chemical elements and their oxides are
shown in Table 4S.
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Fig. 11. Correlation between the BaO and PbO contents in Mn (hydro)oxidic phase.
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Fig. 12. Textures of the barren ferruginous crust studied at the Perkoa area. A. The
lowermost part of the profile. Autochthonous ferruginous crust composed of a mixture
of hematite, goethite, clay minerals, and positions of corroded quartz grains arranged in
parallel to the original schistosity of the bedrock. B. The upper part of the crust is
composed of rounded grains of hematite coated with goethite in fine-grained rock
matrix. The occurrence of rounded grains confirms that the upper part of the profile
represents relocated product of weathering affected by in situ ferruginization.
Abbreviations: Gt: Goethite, Hm: Hematite, Qtz: Quartz, Sil: cryptocrystalline silica.
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4.6. Izotope geochemistry of primary ores, gossan and products of regional
weathering

4.6.1. Lead isotopes

Isotopic composition of Pb in massive primary ore (whole rock anal-
yses, mean 2°°Pb/2%7Pb = 0.98 + 0.002, mean 2°8Pb/2%°Pb = 2.34 +
0.006) is very homogeneous and practically identical with that in the
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Fig. 15. Contents of selected major elements (A) and also trace elements (B) in gossan
(n = 16) and in the barren ferruginous crust at the Perkoa deposit (n = 24).
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gossan (mean 2°°Pb/2%’Pb = 0.98 + 0.003, mean 2%Pb/2°Pb = 2.34 +
0.007; Table 1, Fig. 16). However, the isotopic composition of dissemi-
nated primary ore is more variable (2°°Pb/?°’Pb = 0.98-1.05 and
208ppy206ph — 2 26-2.34 respectively) which argues either for a primary
variability of the isotopic composition of lead bound in ore or for mixing
two sources of Pb (the ore and host rock lead). The isotopic composition
of Pb in the bleached gossan envelope in principle copies the isotopic
composition of massive or disseminated primary ores.

The isotopic composition of Pb in the barren ferruginous crust differs
from the isotopic composition of lead in primary ores, gossan, and in the
bleached argilitic gossan envelope (mean 2°°Pb/2°’Pb = 1.11 4 0.002,
208pp,206ph = 2,16 4 0.006), which allows us to distinguish gossan
and argilitized rocks occurring in the neighborhood of gossan from
products of regional weathering. The ratios of 2°°Pb/2°/Pb a
208ph206ph (1,11 + 0.002 and 2.16 + 0.006 respectively) in soils in
the immediate vicinity of gossan are rather close to those characteristic
of the ore Pb, while the same ratio in the distal soils with low lead con-
tent, is close to isotopic ratios of 2°Pb/2%’Pb a 2°8Pb/2%Pb in the barren
ferruginous crust.

4.6.2. Copper and zinc isotopes

Compared with primary massive or disseminated ore (whole rock
analyses, 6°°Cu = +0.21 to +2.17%.) the Cu in gossan and in the gos-
san bleached envelope in its closest vicinity is depleted in the heavy iso-
tope (65°Cu = —0.02 to — 0.69%.; Table 2, Fig. 17A). However, Cu in
gossan is less depleted in the heavy isotope compared with Cu in the
ferruginous crust (65°Cu = — 1.68 to —2.81%.). The isotopic composi-
tion of Cu in soils is variable and ranges within values characteristic of

Table 1

Concentration of Pb and Pb isotopic composition (2°°Pb/2°7Pb and 2°*Pb/2°Pb, respective-
ly) of analyzed samples of primary ore, gossan, gossan bleached envelope, soils and barren
ferruginous crust at the Perkoa area, Burkina Faso.

Sample type/sample code Pb(ppm) 2%Pb/2°’Pb 20" 298pb/2%ph 20"
Massive sulfidic ore

PS200/250.5 1826 0987 0.003 2.332 0.012
PS200/280.0 60.2 0.977 0.005 2.344 0.014
PS200/281.0 70.0 0.976 0.004 2335 0.012
Disseminated sulfidic ore

PS200/333.5 643 1.017 0.005 2.288 0.010
PS200/225.9 1733.0 1.019 0.006 2.268 0.010
PS200/270.3 9863 0.978 0.004 2345 0.012
PS200/297.8 399.7 0.981 0.005 2.338 0.015
PS200/333.5 129.7 1.030 0.003 2.264 0.012
PS200/286.5 1156 1.052 0.006 2.264 0.010
Gossan

BFPE-2 8633.8 0.979 0.008 2.340 0.014
BF-PE-8-C 13,1040 0.980 0.006 2.340 0.015
BF-PE-8-B 31,042.0 0.980 0.005 2.346 0.016
BF-PE-8-A 17,366.0 0.983 0.006 2.336 0.012
Bleached envelope of gossan

BF-PE-23A 3566.3 0.978 0.008 2.344 0.016
BF-PE-21-C 22120 0.978 0.005 2.346 0.010
BFPE21E 5377.0 1.039 0.005 2.252 0.012
BF-PE-24A 2702.3 0982 0.006 2.330 0.019
Soil (proximal to gossan)

BFPE1/1 131.0 1.012 0.065 2.288 0.092
BFPE1/2 173.0 1.009 0.006 2.295 0.017
Soil (distal to gossan)

BFPE1/40 20.0 1.082 0.013 2.184 0.024
BFPE1/41 19.0 1.096 0.006 2.190 0.010
Ferruginous crust

BFPE9 18.8 1.082 0.006 2.188 0.014
BFPE10 258 1.136 0.004 2.129 0.012
BFPE11 433 1.151 0.006 2.098 0.013
BFPE12 256 1.094 0.005 2.188 0.011
BFPE8 300 1.094 0.004 2.185 0.010

* 20: Standard deviation. Analyses were performed in triplicate.
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Fig. 16. Three isotopes plot (2°°Pb/2%Pb vs. 2°8Pb/2°6pb) for isotopic composition of
massive and disseminated ore, gossan and the gossan bleached zone, soil and barren
ferruginous crust (A) and Pb concentrations vs. 2°Pb/2%’Pb plot in the Perkoa area (B).

gossan and the ferruginous crust. In comparison with copper, the differ-
ences in Zn isotopes confined to primary ores, gossan, and the ferrugi-
nous crust are much smaller. Yet it is clear that compared with the
primary ores (8°Zn = +0.17 to + 0.63%; Table 2, Fig. 17B) the Zn in
both the gossan and analyzed soils, and also in the ferruginous crust is
depleted in its heavy isotope. However, the isotopic composition of Zn
in gossan and the bleached and argilitized zone around gossan
(8%Zn = —0.88 to +0.34%.) does not differ much from its isotopic
composition in the ferruginous crust (6°°Zn = —0.05 to —1.05%.)
and in soils (6°°Zn = —0.03 to —0.63%.).

Spearman's correlation analysis of ores, gossan and barren ferrugi-
nous crust revealed a significant positive correlation at a probability
level p < 0.001 (99.9%) between §%°Cu values and concentrations of
Ca0 (0.78), Stor (0.95), Cu (0.66), Zn (0.85), Ag (0.72), Cd (0.91) Se
(0.70) and 6°6Zn values (0.61). Significant negative correlation at the
same probability level were found between 65°Cu, and elements or
their oxides enriched in the barren ferruginous crust: TiO, (—0.78),
Al,03 (—0.78), Th (—0.89), V (—0.83), Cr (—0.82), Zr (—0.97), Sc
(—0.72), Ta (—0.83), Nb (—0.85) and Ga (—0.86).

As for 6%Zn values, significant positive correlation was found be-
tween Cu (0.62), Zn (0.73), Co (0.71), Cd (0.61), and §%°Cu values
(0.85), while negative significant correlation exists between 6°6Zn
values and Fe,05 (—0.64), P,05 (—0.63), Th (—0.75), V (—0.66), Cr
(—0.71),Zr (—0.64), Ta (—0.62), Nb (—0.62), and Ga (—0.61).

5. Discussion
5.1. Mobility of chemical elements during weathering and gossan evolution

The degree to which the elements migrate before they become rela-
tively fixed in the regolith by adsorption or by precipitation of insoluble
minerals is generally referred to as their mobility. The mobility can be
complex and multistage with Eh-pH changes, elements solubility, and
activity of the complexing agents as major chemical controls
(Levinson, 1982; Gray, 2001; Arstrom and Deng, 2003). In the predom-
inantly oxidizing acid environment typical for the weathering of sulfidic
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Table 2

Concentrations of Cu, Zn, °°Cu and 6°°Zn values of analyzed samples of primary ore, gos-
san, gossan bleached envelope, soils and barren ferruginous crust at the Perkoa area,
Burkina Faso.

Sample type and sample  Cu 8%°Cu 20" Zn 5%Zn 20"
code (ppm) (%) (ppm) (%)

Massive sulfidic ore

PS200/250.5 536 191 0.05 143,600 03 0.01
PS200/280.0 147 217 0.06 353,900 0.36 0.07
PS200/281.0 250 2.05 0.04 168,500 0.32 0.04
Disseminated sulfidic ore
PS200/333.54 60.6 0.65 0.01 167 0.63 0.12
PS200/225.9 337.5 038 0.01 258 0.17 0.04
PS200/270.3 47.8 021 0.02 2455 0.46 0.03
PS200/297.8 49.5 1.73  0.02 534 0.35 0.23
PS200/333.53 34 1.18 0.05 30,400 0.47 0.07
PS200/286.5 171 149 0.15 15,700 0.41 0.06
Gossan
BFPE-2 75 —0.02 0.02 939 —0.099 0.02
BF-PE-8-C 116 —0.58 0.01 1149 —0.27 0.06
BF-PE-8-B 38 —0.15 0.01 500 —0.88 0.06
BF-PE-8-A 56 —0.52 0.02 1151 —0.36 0.04
Bleached envelope of gossan
BF-PE-23 A 67 —0.62 0.02 1578 —0.46 0.01
BF-PE-21-C 104 —049 0.02 1213 0.34 0.04
BF-PE-21-E 23 —0.69 0.09 1300 0.27 0.06
Soil (proximal to gossan)
BFPE1/1 121 —0.66 0.01 121 —0.63 0.04
BFPE1/2 179 —121 0.01 179 —061 0.19
Soil (distal to gossan)
BFPE1/40 34 —0.7 0.01 34 —0.06 0.03
BFPE1/41 40 —1.09 0.01 28 —0.03 0.01
Ferruginous crust
BFPE9 53 —2.81 0.01 31 —036 0.13
BFPE10 49 —2.64 0.01 20 —055 0.13
BFPE11 41 —1.82 0.01 17 —0.05 0.12
BFPE12 50 —1.68 0.01 20 —1.05 0.08

* Analyses performed in triplicate.

ores, Fequirgic, S, Mg, Mn, Ca, Cu, Zn, Ag, Ni, Co, Cd, and Se are very mobile,
whereas the mobility of P, As, Ba, Sb, Bi, and especially Pb is low
(McQueen, 2008).

This pattern very well corresponds with normalized differences in
the geochemistry of primary ores and gossan in the Perkoa deposit
(Fig. 13). The relative enrichment and/or depletion of gossan by ele-
ments in the studied Perkoa deposit is also in good agreement with
the results of investigation of VHMS deposits by other authors
(Thornber, 1985; Scott et al., 2001; Velasco et al., 2013; Bartlett et al.,
2013; Belogub et al., 2003). Because of the absence of the secondary
minerals of Zn, Pb, and Cu, and the predominance of hydro-oxides of
iron over other mineral phases (minerals of jarosite group and Mn-ox-
ides) in gossan of the Perkoa deposit, it can be assumed that most of
the trace elements, in particular Pb, (Table 1S) in gossan are bound in
goethite and hematite. High levels of lead correspond to the relative
strengths of metal binding by goethite (Pb >Zn > Co> Ni> Mn) and he-
matite (McKenzie, 1980). Moreover, goethite and hematite are also an
effective anion absorber — particularly of phosphates, sulfates, and arse-
nates (Eggleton, 2008). Increased concentrations of As,0s, P,0s, and

SOs detected in both minerals also correspond to this pattern (Table 1S).

Although goethite and hematite are the most abundant minerals in
the studied gossan, part of Pb, As, and P may also be associated with
minerals of the alunite supergroup, of which the most common is
corkite in the deposit studied. Minerals of this supergroup can also be
bearers the rare earth elements (REE). The light rare earth elements
(LREE), particularly La and Ce appear to have been the most mobile
under the weathering conditions and they may be incorporated into
the structure of corkite (Wood, 1990). This corresponds to the La, Ce,
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Fig. 17. Concentrations of Cu vs. 6°°Cu (A) and zinc vs. 6°Zn (B) in massive and
disseminated ore, gossan and in the gossan bleached zone, soil and the barren
ferruginous crust in the Perkoa area.

and Pr enrichment in the Perkoa gossan relative to the primary ores
(Fig. 14). Brown (1971) showed that minerals of the jarosite supergroup
are stable only in the presence of goethite at a pH below 3. The gradually
increasing pH, due to the complete dissolution of sulfides, is character-
istic of the final (oxidizing and near-neutral) stage of the gossan devel-
opment. Sulfates in a near-neutral oxidizing environment are not stable
being replaced by goethite to form replica textures after sub-
automorphous minerals of the jarosite supergroup (Fig. 6D). At this
stage, a new mobilization of chemical elements bound in minerals of
the alunite supergroup may take place including their sorption on min-
erals of iron. The persistence of minerals of the jarosite supergroup into
an environment of higher pH, as was observed in the Perkoa deposit
(Fig. 8G), is attributed by Brown (1971) to the slowness of their conver-
sion to goethite or to fluctuations in pH during the process of
weathering.

The gossan, compared with abundant hematite and goethite, con-
tains only very low amount of manganese oxides. Although the number
of identified Mn minerals in gossan of the Perkoa deposit is very small, a
part of Pb, Zn, As, Ba, and S (Table 2S) and even a portion of Cu, Co, Ni,
and V may be associated with these Mn minerals (Scott, 1987;
Pracejus and Bolton, 1992).

5.2. Discrimination of gossan and the ferruginous crust using multi-element
geochemical survey

It is generally agreed that gossan of the volcanic-hosted massive sul-
fide deposits (VHMS-type), is enriched in As, Ag, Bi, Au, Ba, Cu, Hg, Sb,
Se, Sn, and Pb (Taylor and Thornber, 1992). Scott et al. (2001), for exam-
ple, concluded that Pb is probably the best single pathfinder for VHMS
deposits of the eastern Lachlan Fold Belt, Australia, but Ag, As, Au, Bi,
Mo, Sb, and Sn are also useful for discrimination. Velasco et al. (2013)
reported that gossan capping VHMS deposits in the Iberian Pyrite Belt
(Spain) is enriched with Pb, P, Sb, Sn, Ti, Ag, and Au. The Perkoa gossan
in comparison with the barren ferruginous crust in the Perkoa area, is
enriched in many pathfinders characteristic of VHMS-type deposits
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(Ag, As, Ba, Mo, Sb, Pb) — but also in Zn, which is obviously due to the
high content of zinc in local ores. High levels of zinc, which is otherwise
highly mobile during weathering processes, are also reported in gossan
of sediment-hosted, predominantly Zn-rich deposits, (SEDEX-type) in
Australia (Bartlett et al., 2013). Even S, of which high contents in gos-
san are attributed to the minerals of the alunite supergroup can be in-
cluded among pathfinder elements at the Perkoa deposit.

5.3. Sources and isotopic fractionation of Pb, Cu, and Zn in supergene
processes

5.3.1. Lead isotopes

The isotopic composition of Pb is commonly expressed as ratios
ZOGPb/204 Pb, 208pb/204pb ZOGPb/207Pb, andzong/ZOGPb, the ZOSPb/ZOGPb
vs. 205pb/297Pb plot being the most preferred because it can be precisely
determined analytically, and the abundances of these isotopes are rela-
tively important. Furthermore, the abundance of 2°’Pb (a product of
2354 decay) changes very little with time compared to 2°°Pb (a product
of 238U decay) because most 2°U was already decayed, while 238U still
had a relatively high abundance on the Earth (Erel et al., 2001). For ex-
ample, while old Pb ores are generally characterized by a low
206pp297ph ratjo (i.e., Proterozoic Brooken Hill deposit, Austratia:
206ph,297ph ratios: 1.03-1.10), more recent samples contain more ra-
diogenic Pb (originating from U and Th decay), which is reflected in
higher 2°°Pb/2°7Pb ratios (>1.18; Doe and Delevaux, 1972; Doe and
Stacey, 1974; Farmer et al., 2000; Bacon, 2002). Therefore, the
206pp,297ph ratio of the Perkoa ore (0.98-1.02; Fig. 16) corresponds to
the Paleoproterozoic age of this deposit. Compared with Pb ores, isotope
composition of soils and ferruginous crusts usually have a higher and
more variable 2°Pb/2°7Pb ratio, as most of Pb is derived from weathered
bedrock minerals (i.e. K-feldspar, up to 1% Pb; micas, up to 100 ppm Pb;
Scott, 2008), and the isotopic composition of Pb is mostly influenced by
the decay of 233U to 2°°Pb. Therefore, the 2°°Pb/?°”Pb ratio in soils widely
varies between 1.10 and 1.25, depending of the age and chemical com-
position of the bedrock (Komarek et al., 2008). As the Pb isotopic signa-
tures are not influenced by weathering (Doe and Stacey, 1974) the
gossans and ironstones are readily differentiated isotopically (Gulson
and Mizon, 1979; Gulson, 1986). Nevertheless, the results of the Pb iso-
topic studies at the Perkoa deposit indicate that only gossan has the Pb
isotopic composition essentially identical to the primary massive ores.
The 2°8pPb/2%6pb, 297 206pp signature of disseminated mineralization
(and the overlapping bleached and argilitized gossan envelope) is not
homogenous and probably reflects mixing of “ore lead” with lead de-
rived from the aluminosilicate bedrock. Therefore, when using the Pb
isotopes in exploration it is necessary to take into account the character
of target mineralization. Studies of the isotopic composition of Pb are
likely to be useful in geochemical exploration of ores with high lead con-
tent, such as VHMS or SEDEX deposits. When searching for disseminat-
ed ores, such as porphyry Cu deposits or orogenic Au deposits the use of
Pb isotopes in exploration is likely to be less successful, and isotopic sig-
natures of gossan and the barren ferruginous crust will be very similar,
due to the predominance of lithogenic lead over the ore Pb.

5.3.2. Copper isotopes

The whole rock isotopic composition of primary ores at the Perkoa
(8%°Cu = +0.21 to +2.17%.; Fig. 17A) corresponds to the data of
Mathur et al. (2010) who for chalcopyrite/pyrite ores from the primary
porphyry Cu deposits in the southwestern United States gave values of
8%°Cu values ranging from — 0.9 to -+ 3.1%.. A relatively wide range of
isotopic values Mathur et al. (2010) explained by the different propor-
tion of chalcopyrite and pyrite in primary ores. According to other au-
thors (Maréchal et al., 1999; Larson et al., 2003; Graham et al., 2004;
Rouxel et al., 2004; Mason et al.,, 2005; Markl et al., 2006; Mathur
et al., 2010) the isotopic composition of primary Cu sulfides usually
fall within the range 0 4 1%. and excursions from this range are attrib-
uted to low-temperature secondary processes. When studying gossan

(or leached zone) of sulfide deposits, numerous authors state (Mathur
etal.,, 2010,b; Mirnejad et al., 2010) that the oxidation reactions produce
large (>1%.) isotopic fractionation of Cu isotopes. This is consistent with
our data on Perkoa area where the local gossan and argilitized and
bleached rocks related to gossan are on average at 1.71%. depleted in
55Cu, when compared with primary ores (Table 2, Fig. 17A).

The depletion of sulfides in °Cu at abiotic low-temperature oxida-
tion were also confirmed by experimental works of many authors
such as Mathur et al. (2005), Wall et al. (2006), Kimball et al. (2009),
Borrok et al. (2008) and Fernandez and Borrok (2009), in which leach-
ates of primary chalcopyrite or chalcocite were enriched with >Cu. The
depletion of residual phase in ®>Cu that occurs during air and aqueous
chemical reactions is usually explained as a result of isotopic fraction-
ation caused by electron-exchange-driven Cu(I)/Cu(Il) redox reactions
on the surface of sulfide minerals (Kimball et al., 2009). Although the va-
lence of Cu in chalcopyrite has been the subject of much debate, the
most recent mineralogical studies suggest that the valence state of
most Cu in chalcopyrite is Cu(I) (Pearce et al., 2006). During weathering,
a thin layer of Cu(Il)-sulfate and/or Cu(Il)-oxides (in addition to Fe(III)-
oxides) commonly develops on the surface of air oxidized chalcopyrite
(Pratesi and Cipriani, 2000; Todd et al., 2003). Consistent with this,
the experimental evidence shows that redox reactions concentrate
5Cu in the oxidized (and leached) phase as opposed to the residual
phase (Ehrlich et al., 2004; Mathur et al., 2005).

The barren ferruginous crust in the area in comparison with gossan
of the Perkoa deposit is significantly depleted in ®>Cu (Table 2,
Fig. 17A). This difference between isotopic composition of Cu in gossan
and in the barren ferruginous crust can be explained as a result of syn-
ergistic action of several factors: (1) by a different isotopic composition
of copper in host rocks compared to its isotopic composition in primary
ores, (2) by a multicycle Rayleigh isotope fractionation model, (3) by
different intensities of erosion processes, or (4) by action of biogenic
elements.

(1) Isotopic composition of Cu in fresh rocks (in volcanic rocks and
sediments) usually varies around 0 + 0.25%. (Maréchal et al.,
1999; Li et al., 2010; Mathur et al,, 2012a), and is therefore differ-
ent from the isotopic composition of copper in primary ores at
the Perkoa deposit (6°°Cu = +0.21 to +2.17%). Consequently,
it is possible that different values of isotopic composition of cop-
per in ores and in barren rocks are reflected in the isotopic com-
position of this element in the products of weathering.
According to the simple Rayleigh fractionation model applied to
the Cu isotopic fractionation during oxidative leaching by
Mathur et al. (2005), a residual phase - for example copper
bound in Fe-hydrooxides - is depleted of ®*Cu and the resulting
solution is ®>Cu enriched. The enriched ®°Cu solutions migrate
downward the rock profile giving rise to the >Cu-enriched chal-
cocite or bornite in the supergene enrichment zone. However,
due to progressing erosion, the ®>Cu -enriched sulfides in the su-
pergene zone are gradually exposed to oxidative alteration, and
the resulting isotopic composition of residual phase in gossan re-
flects a result of isotopic fractionation of both, primary sulfides
and %°Cu-enriched supergene sulfides. Consequently, the deple-
tion of residual phase in an oxidative zone of ore deposits is
lower, relative to barren rocks (a multicycle Rayleigh isotope
fractionation model by Braxton and Mathur, 2011).

(3) Isotopic fractionation of Cu in supergene processes depends both
on climatic conditions and also on geographic position of the
studied localities. Liu et al. (2014), for example, reported far
higher isotopic fractionation of Cu in soils of tropical climates,
compared with soils of subtropical climates. Moreover, Palacios
et al. (2011) reported that under the same climatic conditions
the intensity of isotopic fractionation of copper also depends on
the morphology of the terrain. These authors when studying
the Pleistocene recycling of Cu in a porphyry system, Atacama,

(2
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Chile stated that the leached cap minerals at the highest eleva-
tions exhibit relatively more depleted copper isotope signatures
than minerals at lower elevations. The authors explained this
phenomenon by the fact that the higher elevations experienced
greater degrees of oxidative weathering and removal of copper
in contrast to areas at lower elevations. This explanation can
also be accepted when studying the supergene fractionation of
copper in the Perkoa deposit where outcrops of gossan are a
part of the lowland which represents the youngest erosion sur-
face of the regolith, while ferrugineous crusts form erosion relics
of an older, higher lying well drained erosion surface (Fig. 3). The
role of morphology, and hence the intensity of drainage in the
fractionation of copper are emphasized by Mathur et al
(2012a) who when studying the weathering of black shales in
Pennsylvania (USA) reported that valley topsoils are inclined to
be less depleted in ®>*Cu compared with the ridge topsoils.
Finally, the degree of isotopic fractionation of Cu in supergene
processes may also be influenced by biological factors. Previous
studies have demonstrated that biological processes could signif-
icantly fractionate the Cu isotopes. For example, Cu isotope frac-
tionation has been observed during adsorption of Cu onto cell
surfaces, co-precipitation, and adsorption onto mineral coatings
(Mathur et al,, 2005; Navarete et al., 2011). Zhu et al. (2002) ob-
served Cu isotope variation during its incorporation into proteins
synthesized by bacteria and yeast. It can be assumed that a
higher biological activity in soils and during the formation of
the ferruginous crust compared with limited biological activity
during weathering of sulfide ores under conditions of very low
pH could have been one of the causes of greater isotopic fraction-
ation of Cu.

(4

=

5.3.3. Zinc isotopes

Isotopic composition of Zn in ores of the Perkoa deposit (6°°Zn =
+0.32 to 4+ 0.36%,; Table 2, Fig. 17B) is well within the range reported
for other ore deposits (—0.72 to + 1.33%.; Mason et al., 2005; Pichat
et al,, 2003; Wilkinson et al., 2005). Sonke et al. (2008) proposed a
856Zn value of +0.16 + 0.20%. for the world average ore-grade sphaler-
ite. Variations in 6°6Zn values for sphalerite in individual ore deposits
are relatively small. Wilkinson et al. (2005), for example, found a varia-
tion in 8°6Zn of 1.5%. from single deposits in the Irish Midlands and
Mason et al. (2005) reported a 0.66%. variation from the Alexandrinka
volcanic-hosted massive sulfide (VHMS) ore deposit, Urals, Russia.

The fractionation of Zn isotopes during sulfide weathering is rela-
tively small compared to Cu, probably because Zn, unlike Cu, is not a
redox-sensitive element. The depletion in °Zn during sphalerite
weathering is explained by the formation of Zn-sulfates surface coatings
(Steger and Desjardins, 1980) that preferentially incorporate the heavi-
er Zn isotope (Fernandez and Borrok, 2009). The removal of the heavier
Zn isotope during the experimental leaching of sphalerite (Fernandez
and Borrok, 2009; Matthies et al., 2014) revealed that the leachate iso-
topic signature reach a maximum offset of + 0.32%. compared to the
original sphalerite isotope signature.

At the Perkoa deposit, however, the depletion of gossan in %6Zn is
higher (median A®Znggssan-massive ore: — 0.73%s, Fig. 17), and very vari-
able. This can be explained either by Zn that is released not only from
sphalerite but also from other different mineral phases, such as carbon-
ates or ferromagnesian minerals in ore or the isotopic composition of Zn
in the process of weathering is modified due to variable speciation
(Maréchal and Albaréde, 2002), adsorption on organic and inorganic
surfaces (Weiss et al., 2005; Pokrovsky et al., 2005; Gélabert et al.,
2006), ion exchange (Maréchal and Albaréde, 2002), diffusion
(Rodushkin et al., 2004), or by the uptake by microorganisms and
higher plants (Archer and Vance, 2002; Albaréde, 2004; Weiss et al.,
2005; Bermin et al., 2006; Gélabert et al., 2006). Weiss et al. (2002,

2005) reported, for example, that the lighter Zn isotope is preferentially
taken during the plant uptake. The combination of all these factors ap-
parently causes the isotopic composition of Zn in products of
weathering of sulfide ores (i.e. in gossan and in gossan bleached enve-
lope) in principle does not differ from isotopic composition of Zn in
soils and in regional ferruginous crust (Fig. 17B).

6. Conclusions

The mature gossan of the Paleoproterozoic VHMS-type deposit of
Perkoa in Burkina Faso consists predominantly of hematite and goe-
thite, with an admixture of hydrous Mn-phase, minerals of the alunite
supergroup (corkite, hinsdalite, and hidalgonite), and clay minerals.

Results of the present study revealed that gossan differs from later-
itic soils and especially from the barren ferruginous crust in the same
area in: (1) the preservation of hematite and goethite pseudomorphs
after sulfides, (2) the presence of barite, sphalerite, and cinnabar
enclosed in residual quartz grains, (3) elevated contents of many trace
elements, particularly As, Pb, Sb, and Zn, and to less extent also of Ag,
Ba Cd, Mo, and Sr. High contents of Zn, i.e. the element which is not a
typical pathfinder for the VHMS-type deposits is due to the predomi-
nance of zinc over copper and lead in primary ores. The content of S
is also elevated which mirrors the occurrence of the jarosite supergroup
minerals.

Gossan and the barren ferruginous crust differ in the isotope compo-
sition of Pb and Cu. The 2°°Pb/2%”Pb and 2°®Pb/2%Pb ratios in gossan are
identical with the same ratios in massive sulfidic ores. However, the iso-
topic composition of Pb in disseminated ores and the bleached gossan
envelope are more variable, most probably due to mixing of ore and
lithogenic lead. Compared with the ferruginous crust, the gossan is
less depleted in ®°Cu. In contrast to the isotopic composition of Pb and
Cu, the isotopic composition of Zn in gossan and the ferruginous crust
is similar, which can be explained as due to high mobility of Zn, small
changes in Zn isotopic composition, and many factors affecting the iso-
topic composition of Zn in supergenous processes.

The results show that the study of mineralogy of gossan in combina-
tion with multi-elemental geochemical methods and investigation of
isotopic composition of lead and copper are an effective tool to distin-
guish mineralized and barren weathered protoliths.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gexplo.2016.05.007.
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