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Abstract. Supergene ore deposits form when the relative 
tempo between weathering and erosion favors the 
formation and preservation of deep chemically stratified 
weathering profiles. If erosion outpaces weathering, 
weathering profiles are incipient or the surface is stripped 
to bedrock, and no supergene metal concentration 
occurs. If erosion and weathering occurs at comparable 
rates, metals chemically enriched at the Earth’s surface 
are physically eroded, preventing the formation of 
supergene deposits. When chemical weathering is fast 
but chemical erosion slow, shallow weathering profiles 
devoid of enrichment blankets form because undesirable 
elements are not removed fast enough. Therefore, the 
ideal conditions for the formation and preservation of 
supergene ore deposits are relatively fast chemical 
weathering and erosion but slow physical erosion at the 
local scale, and relatively fast physical erosion, drainage 
incision, and lowering of the water table at the regional 
scale. Determining absolute ages of weathering profiles 
and rates of chemical and physical weathering and 
erosion for landsurfaces at local and regional scales is 
one of the primary challenges in quantifying supergene 
ore genesis and a necessary approach for identifying 
areas likely to host significant supergene ore deposits. 
 
1 Introduction 
 
Supergene processes (i.e., processes associated with 
the transport and deposition of chemical elements by 
meteoric water at the earth’s surface) account for the 
formation or the economic viability of numerous ore 
deposits currently mined. Bauxites, channel iron deposits 
(CIDs), Ni-laterites, lateritic gold, and supergene 
manganese deposits illustrate the economic importance 
of weathering and erosion in ore genesis. The absolute 
enrichment of porphyry copper deposits or the relative 
enrichment of hydrothermally altered banded iron-
formations improves their economic viability. In the first 
case, surficial processes drive ore formation; in the later, 
ore enrichment. 

Major advances in supergene ore genesis 
understanding require identifying the agents (chemical vs 
physical, organic vs inorganic) and quantifying the 
processes responsible for the formation or enrichment of 
supergene ore deposits. A classification scheme helps to 
identify the nature and categorize the sequence of 
processes involved in the formation of particular 
supergene ore deposits. To quantify each process and 
identify major controlling factors, novel geochronological 
methods, cosmogenic isotope studies, and geochemical 
modeling are necessary. 

2 Supergene Ore Genesis 
 
Supergene ore genesis encompasses a variety of 
chemical and mechanical processes, often biologically 
mediated, that promote the concentration of a desirable 
mineral commodity to economic grade at the earth’s 
surface. Chemical and physical weathering release an 
element of interest from its host lithology. Chemical and 
physical erosion separate the element of interest from 
gangue elements and minerals, leaving the valuable 
element residually enriched. Alternatively, the valuable 
element is physically or chemically transported to a 
suitable trap, where a combination of chemical, physical, 
or biological sedimentation promotes its re-deposition in 
an enriched or purified form (Figure 1). 

If an element or mineral liberated by weathering 
processes is re-precipitated and enriched within the 
weathering profile, it forms an autochthonous supergene 
deposit (AUSD). In AUSDs, if the enrichment process 
occurs by the loss of relatively mobile gangue elements 
and minerals, where the partial or total retention of the 
ore element promotes an increase in its concentration 
with respect to the parent rock, it constitutes relative 
enrichment. If the enrichment process occurs by the 
removal of the ore element or mineral from its original 
site, its downward transport within the weathering profile, 
and its re-precipitation in concentrated grades at a lower 
horizon, it constitutes absolute enrichment. 

If an element or mineral released from its host lithology 
is transported away from the original parent rock by 
chemical and mechanical erosion, and it is re-deposited 
at a distance from its source (Figure 1), it forms an 
allochthonous supergene deposit (ALSD). In ALSDs, the 
depositional process may be chemical, physical, or 
organic sedimentation (Figure 1). This depositional 
process ultimately controls the location, size, grade, and 
composition of the supergene ore deposit. 

Finally, in the interplay between weathering and 
erosion, there maybe a single cycle of bedrock exposure, 
weathering, and supergene enrichment, forming single-
cycle supergene ore deposits (SCSOD, Figure 1a). 
Alternatively, previously enriched profiles may be partially 
eroded, truncated, and re-weathered; or the eroded 
component may be physically transported, deposited 
elsewhere and re-weathered. These later scenarios 
characterize multi-cycle supergene ore deposits 
(MCSOD, Figure 1b). Distinguishing SCSODs from 
MCSODs is essential for differentiating among the 
various processes that may have contributed for the 
formation of an ore deposit and for determining the rates 
of these processes. 

For example, basalts deeply weathered in situ may 
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form Fe-duricrusts (goethite cemented) at the surface 
and Al-rich duricrusts (gibbsite-cemented) between the 
Fe-rich horizon at the surface and a clay-rich saprolite at 
depth; this constitutes a single-cycle bauxite deposit. 
Erosion may remove the Fe- and Al-duricrusts, exposing 
the clay-rich horizons, depleted in iron, at the surface. 
Renewed weathering of the partially truncated and iron-
depleted profile will preferentially remove aqueous silica, 
leaving a gibbsite-cemented duricrust at the surface; this 
constitutes a multi-cycle bauxite deposit (Figure 1b). 
Another example of bauxites formed by more than one 
cycle of weathering interrupted by an erosive event is 
provided in terrains where deeply weathered granites or 
gneisses are partially or completed eroded. During 
physical transport, iron oxides, quartz, and clay minerals 
(often kaolinite) removed from the weathered profile may 
be mechanically sorted and re-deposited as transported 
duricrusts, sand, and clay beds. Renewed weathering of 
clay-rich sediments will form bauxites. Deposits where 
more than one period of weathering are separated by a 
significant erosive event are MCSODs (Figure 1b). 
 
3 Quantifying rates of weathering and 

erosion 
 
Quantifying rates of weathering and erosion through time 
is possible trough a combination of weathering 
geochronology and cosmogenic isotope studies. 
Weathering geochronology provides ages of supergene 
minerals enriched in situ, or precipitated away from the 
source. Geochronology also permits identifying minerals 
that were eroded, transported, re-deposited, and partially 
re-weathered at the depositional site. Similarly, 
cosmogenic isotopes permit differentiating among 
minerals that formed and were continuously exposed at 
the Earth’s surface, from minerals that formed at the 
surface, were eroded, transported, deposited, and re-
exposed. This combination of weathering geochronology 
and cosmogenic isotopes is a powerful tool in unraveling 
the sequence of processes, and their rates through time, 
responsible for supergene ore genesis. 

For example, dating of supergene Mn oxides and K-
bearing sulfates by 40Ar/39Ar geochronology yields rates 
of weathering front propagation within a profile (e.g., 
Carmo and Vasconcelos 2006). (U-Th)/He geo-
chronology of supergene goethite also helps quantifying 
rates of weathering front propagation (Heim et al., 2006; 
Monteiro et al. 2018). Cosmogenic 3He concentrations in 
hematite and goethite yield long-term exposure ages for 
weathered profiles and supergene enrichment zones 
(Shuster et al. 2012; Monteiro et al. 2014, 2018a,b; 
Vasconcelos et al. 2019). These isotopes also permit 
quantifying rates of erosion for supergene deposits 
(Monteiro 2018a,b; Vasconcelos et al. 2019). Combining 
these measurements with 26Al and 10Be concentrations in 
quartz and 36Cl in carbonates yield exposure ages or 
short-term erosion rates for the landsurfaces hosting 
supergene ore deposits (Vasconcelos et al. 2019). In 
addition, concentrations of these isotopes in sediments 
permit determining their depositional ages (Monteiro 
2018a,b; Vasconcelos et al. 2019). Combination of these 

approaches at a regional scale yield timing of exposure 
and/or rates of weathering and erosion for exposed land 
surfaces, and timing of deposition and age of re-
weathering of the transported material (Monteiro 
2018a,b; Vasconcelos et al. 2019). 
 

 
Figure 1. Diagrammatic illustration depicting the relative 
contributions of weathering and erosion in the formation of single-
cycle vs multi-cycle supergene ore deposits. 
 
4 Processes and rates of formation of 

supergene iron deposits in Brazil and 
Australia 

 
Iron deposits form the largest and most valuable global 
mineral resources. Therefore, their genesis matters. As 
Brazil and Australia host the largest and richest 
supergene iron deposits on Earth, I concentrate on their 
origin by comparing and contrasting the processes and 
rates of formation of these deposits in these two distinct 
environments. The largest and most valuable iron 
deposits in Brazil and Australia are SCSOD formed by 
relative Fe enrichment during weathering of hydro-
thermally altered banded iron-formations (BIFs) or 
MCSOD formed by erosion of deeply weathered BIFs, 
deposition of detrital iron in aggraded rivers, and re-
weathering of the detrital material to form CIDs. 
Supergene iron deposits in both regions result from 
weathering processes that initiated at least at ~80 Ma in 
Western Australia (Heim 2006) and ~70 Ma at Carajás 
(Shuster et al. 2005; Monteiro et al. 2018a), Urucum 
(Vasconcelos et al. 2019), and the Quadrilátero Ferrífero 
(Monteiro et al. 2018b). Interestingly, despite the similar 
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tectonic and geomorphological settings between the iron 
deposits in Brazil (Carajás, Quadrilátero Ferrífero, 
Urucum) and Australia (Tom Price, Paraburdoo), CIDs 
appear to only have formed in Australia. 

Differences in climatically controlled relative rates of 
weathering and erosion likely account for the abundance 
of CIDs in Western Australia and their absence in Brazil. 
Rates of propagation of weathering fronts in Brazil were 
~7–8 m.Ma-1, while in Western Australia they were ~3-4 
m.Ma-1 during the formation of the weathering profiles. 
Erosion rates derived from cosmogenic isotope 
concentrations, on the other hand, suggest that the 
summits of the plateaus in Western Australia erode at a 
higher rate (~1 m.Ma-1) than their counterparts in Brazil 
(< 0.1.Ma-1) (Fujioka et al. 2010; Shuster et al. 2012; 
Monteiro et al. 2018a,b; Vasconcelos et al. 2019). This 
appears counterintuitive, as the climate in Brazil is much 
wetter (~1500–2500 mm average annual rainfall at 
Urucum, Carajas and Quadrilatero Ferrifero) than in 
Western Australia (~ 400 mm.a-1). The wetter climate in 
Brazil promotes the formation and regeneration of 
resilient duricrusts, armoring the BIFs and the enriched 
ore deposits underneath and protecting them from 
erosion (Monteiro et al. 2014; 2018a,b). Vegetation and 
microorganisms appear to play a major role in the iron 
cementation that gives the duricrusts their resilience 
(Monteiro et al. 2014; Levett et al. 2016). In contrast, 
transition to arid climates in Western Australia sometime 
between 45–35 Ma (Vasconcelos et al. 2013) or more 
recently (Danisec et al. 2013) promoted the erosion of 
previously formed duricrusts, their deposition in 
aggrading river channels, and their re-weathering and 
iron cementation during the prolonged Neogene 
aridification of Western Australia. Transition from humid 
to arid and persistence of semi-arid to arid climates 
through the late Cenozoic promoted the formation and 
preservation of CIDs in Australia. The persistence of 
relatively continuous wet conditions in Brazil throughout 
the Neogene most likely accounts for the absence of 
CIDs in the iron producing regions of South America. 

The approaches applied to iron deposits are also 
suitable in the study of the genesis of other supergene 
ore deposits (e.g., Vasconcelos 1999; Hautman & Lippolt 
2000; Mote et al. 2001; Colin et al. 2005; Aranciba et al. 
2006; Li et al. 2007; Reich et al. 2009; Deng et al. 2014; 
Bonnet et al. 2016;). Ongoing studies of these deposits 
confirm the importance of climatically controlled 
alternating periods of weathering and erosion in 
supergene ore genesis. 
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Abstract. Ni-phyllosilicates are the main phases in the 
saprolite zone of the Wingellina Ni-Co laterite deposit 
(Western Australia). In this study, we analysed the 
mineralogy and chemistry of the clay fraction of the 
saprolite from two different zones of the deposits. Our 
results highlight that the mineralogy, chemistry and 
general paragenesis of clays reflect the heterogeneity of 
the underlying bedrock, as well as the different alteration 
histories recorded in two drill cores.  

The mineralogy of the saprolite zone lying on the 
gabbro bedrock is dominated by dioctahedral smectite 
clays (montmorillonite), which developed directly from the 
weathering of pyroxenes and plagioclases. On the 
contrary, the alteration of olivine resulted in the 
precipitation of Fe-(oxy)-hydroxides. The early stage 
alteration of the ultramafic unit (peridotite) involved the 
serpentinization of the ferromagnesian minerals. This 
process was followed by a Fe-(oxy)-hydroxides/quartz 
and smectite precipitation stage, with the latter mineral 
belonging both to the tri- and di-octahedral types 
(saponite and nontronite). The last local alteration 
process resulted in the formation of Ni-rich mixed-layers 
minerals, such as talc/smectite (T/S) and 
chlorite/smectite (C/S). The genesis of chlorite/smectite 
could be potentially due to the low temperature diagenetic 
process that occurred after the main lateritization phases. 
 
1 Introduction 
 
Mafic to ultramafic terrains weathered in tropical areas 
have been the subject of several studies, as their 
alteration produces the enrichment of metallic elements 
in Ni-laterite soils (Freyssinet et al. 2005; Butt and Cluzel 
2013). The Ni mineralogy in laterites varies broadly and, 
according to such diversity, Ni-laterites have been 
subdivided into oxide- and phyllosilicate-types 
(Freyssinet et al. 2005). Oxide-type laterites are 
characterized by economic concentrations of Ni and Co 
within the ferruginous saprolite unit, in association with 
Fe- and Mn-(oxy)-hydroxides. Phyllosilicate-type 
deposits show the highest Ni-grades in the lower zones 
of the regolith. Nickel-bearing phyllosilicates have been 
the subject of several studies in past years as their 
mineralogy and chemistry are sensitive to the main 
controlling factors of the ore- and soil-forming processes: 
parent rock lithology and chemistry, climate, drainage, 

degree of hydrothermal serpentinization, chemistry of soil 
solutions and syn-pedogenetical tectonics. 
Consequently, several studies dealing with the 
composition and mineral transformation of phyllosilicates 
in soils derived from ultramafic bedrocks have been 
already carried out, especially where their formation is 
intimately related with the accumulation of Ni ores. The 
studies conducted on Australian ultramafic systems 
mainly focused on the weathering profiles in Queensland, 
in the Kalgoorlie district (Western Australia) and in the 
Murrin Murrin deposit (Western Australia). Nevertheless, 
there is a lack of knowledge about the pedogenesis of 
similar lithologies cropping out in the Musgrave Province 
(Western Australia), where the chemical weathering 
resulted in the genesis of the Wingellina laterite deposit. 
Here, we briefly report the results of a study on the 
phyllosilicates-rich horizons of the Wingellina deposit, to 
assess the weathering dynamics that controlled 
crystallographic and chemical variations during the 
saprolitization of the Giles Suite intrusions. 
 
2 Geological setting 
 
The Wingellina Ni-Co laterite deposit (Fig. 1) derived from 
the weathering of the olivine-rich mafic to ultramafic 
layered intrusion of the Mesoproterozoic Giles Complex 
(Putzolu et al. 2018, 2019). The weathering profile 
comprises an oxide-dominated zone, with high Ni and Co 
concentrations, and a phyllosilicate-bearing section (i.e. 
saprolite), which occurs as a subordinate unit. The laterite 
profile is characterized by a high degree of lateral 
variation due to the lithological heterogeneity of the 
magmatic bedrock, which consists of 
gabbro/gabbronorite and serpentinite (ex-peridotite).  
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Figure 1. Tectonic map of Australia showing the location of the 
Wingellina deposit within the Musgrave Province area.  
 
3 Materials and analytical methods 
 
This study was conducted on samples collected from two 
saprolite zones developed from different protoliths: 
samples from drillcore W12 lie above a 
gabbro/gabbronorite bedrock, whereas samples from 
W19 lie on a serpentinite (deriving from the alteration of 
the peridotite bedrock). The specimens have been 
studied through X-ray powder diffraction on clay fraction 
(XRPD), One-dimensional X-ray diffraction modelling and 
Electron MicroProbe Analyses (EMPA). XRPD analyses 
were conducted at DiSTAR (Italy) with a Bruker D2 
Phaser diffractometer. The data were acquired with a 
CuKα radiation of 30 kV and 10 mA. The Randomly 
Oriented patterns were collected at the Natural History 
Museum (UK) with a Panalytical X’Pert PRO MPD 
diffractometer equipped with an X’celerator PSD detector 
with a CuKα radiation, operating at 45 kV, and 40 mA. 
One-dimensional simulation XRPD was performed with 
the NEWMOD software, to assess the presence of 
disordered mixed layers. EMPA was performed at the 
NHM (UK), using a Cameca SX100 equipped with five 
Wavelength Dispersive Spectrometry Bragg 
spectrometers (beam current of 20 nA, accelerating 
voltage of 20 keV and a spot size of 1 µm). 
 
4 Results 
 
4.1 XRPD on clay aggregates 
 
Saprolite samples from W12 (Figs 2a,b) are 
predominantly formed by ~15 Å to ~17 Å swelling 
phyllosilicates (i.e. smectites). In this drillcore, the 
detection of the regular sequences of the d001 reflections, 
together with the absence of systematic deviations of the 
d002, d003 and d005 reflections of smectite in EG conditions 

from their overall nominal positions, suggests the 
presence of pure phases, rather than mixed-layer clays. 
The uppermost sample of W12 also contains kaolinite. 
The RO (Fig. 2b) patterns show that the 06l reflections of 
smectite fall within a d-spacing diagnostic of dioctahedral 
Al-bearing smectites, in this case corresponding to 
montmorillonite. 

Also the saprolite intersected by W19 is dominated by 
swelling clays (Fig. 3a), but in this unit the broadening of 
the d001 reflections of smectite and the absence of 
superlattice reflections and the detection of irrational d00l 
series suggest the presence of disordered mixed-layer 
minerals. In addition, the typical reflections of disordered 
talc and serpentine occur at 10 and ~7 Å. The RO pattern 
(Fig. 3b) highlights the presence of both di- (d06l: 1.511 Å) 
and tri-octahedral (d06l: 1.542 Å) phases, as well as the 
potential occurrence of IIb chlorite (d20-4: 2.254 Å and d204: 
at 2.030 Å).  

 
Figure 2. Example of XRPD of saprolitic clays from drillcore W12.   
 
4.2 One-dimensional XRPD modelling 
 
The modelling of samples from W12 showed good fitting 
by using a Dismectite-2Gly (d001: 16.75 Å, 0.6 < Fe < 1.2, 
N: 1-8, delta: 4) and kaolinite (d001: 7.15 Å, N: 1-30, delta: 
15), occurring as discrete phases. The NEWMOD 
analysis showed that in a few samples from W19 the tri-
smectite forms disordered mixed layers with turbostratic 
talc and with chlorite. The former mixed layer has been 
modelled with a talc/Trisme-2Gly (95–5 relative 
proportion, R: 0.5), whereas the chlorite-smectite mixed 
layer has been modelled with a di,tri-chlorite and tri-
smectite structure (90–10 proportion, 1.45 < Fe < 1.75, 
R: 0.5). The serpentinite bedrock is characterized by the 
occurrence of discrete di-smectite and serpentine, 
modelled through Dismectite-2Gly (d001: 16.7 Å, N: 1-6) 
and serpentine (d001: 7.26 Å, N: 1-4, Fe = 1.5).  
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Figure 3. Example of XRPD of saprolitic clays from drillcore W19.   
 
4.3 Textures and paragenesis 
 
Montmorillonites in the gabbro bedrock (W12) are 
replacing and enclosing pyroxenes and plagioclase 
grains (Fig. 4a). The olivine crystals in the bedrock are 
not altered to phyllosilicates, but are crosscut by veins 
filled by Fe-(oxy)-hydroxides (Fig. 4b). The saprolite zone 
deriving from the gabbro bedrock is almost entirely 
composed of smectite, which occurs as pelitomorphic 
masses (Fig. 4c). 

The petrographic study of the bedrock of drillcore W19 
revealed a different early stage alteration style. In this 
drillcore the femic phases are pseudomorphed by mesh 
serpentines enveloping micro-aggregates of quartz and 
Fe-hydroxides (Fig. 4d). The uppermost section of the 
local saprolite is characterized by the progressive neo-
formation of tri- and di-smectite that directly replaces 
serpentine (Fig. 4e). In their turn, tri-smectites are locally 
replaced by massive chlorite-smectite mixed-layers (Fig. 
4e). In the uppermost section of the local saprolite, a total 
loss of the original magmatic texture is observed. Here, 
fine-grained talc-smectite is the major phyllosilicate (Fig. 
4f). 
 
4.4 Phyllosilicate mineral chemistry 
 
Montmorillonites forming from the gabbro bedrock are 
close to the Al- and Fe-rich end members; starting from 
the bottom of the local saprolite up to its top, a general 
loss of Mg paired to an enrichment of dioctahedral cations 
(i.e. Fe and Al) has occurred (Fig. 5). The Ni gain has 
been observed mainly in the montmorillonites from 
sample WPDD0012-16 (values of 0.56 apfu).  

In drillcore W19 (Fig. 6), serpentines show the lowest 
Ni concentrations in the local bedrock, whereas they are 
relatively Ni- and Fe-enriched toward the uppermost 
section of the saprolite (Ni up to 0.15 apfu, Fe up to 0.90 
apfu). Smectitic clays with a nontronitic and saponitic 

chemistry are found mainly in the saprolite zone 
developed directly above serpentinite, with the latter 
showing the highest Ni concentration (up to 0.48 apfu). 
 

 
Figure 4. Clay textures in drillcores W12 and W19. Abbreviations: 
sme = smectite, px = pyroxene, plag = plagioclase, qtz = quartz, ght 
= goethite, serp = serpentine, fo = forsterite, opx = orthopyroxene, 
C/S = chlorite-smectite, mont = montmorillonite, T/S = talc-smectite, 
Fe-ox = Fe oxide, spl = spinel. 
 

 
Figure 5. Chemical variation of montmorillonites in W12. 
 
According to XRPD and NEWMOD modelling, mixed-
layer chemistries have been measured mainly in the 
upper saprolite. Among the mixed-layer phases, the 
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highest Ni grades have been observed in 
chlorite/smectite, with Ni concentrations up to about 1 
apfu, whereas talc-smectite has up to about 0.5 apfu Ni. 
 
5 Discussion and conclusions  
 
For the formation of thick clay units in Ni-laterites, similar 
to those observed at Wingellina, it is essential to have 
limited cation leaching as well as the existence of an 
impeded drainage (Gaudin et al., 2004). At the same 
time, the nature of the newly-formed phyllosilicates is 
controlled by the mineralogy of the parent rocks and by 
the activity of the diverse species in solution. 
 

 
Figure 6. Clay chemistry in drillcore W19. 
 
At Wingellina the pedogenesis of the mafic units resulted 
in the development of a thick secondary plasmic system, 
in which montmorillonite totally obliterated the original 
rock texture. The initial alteration stages involved the 
conversion of pyroxenes and plagioclases to clays, which 
is consistent with the observation of Eggleton (1975), 
whereas olivine was converted into Fe-(oxy)-hydroxides. 
The uppermost zone of the local saprolite is 
characterized also by the presence of kaolinite, which can 
be the result of the transformation from montmorillonite to 
kaolinite. This process has been widely recognized 
during chemical weathering, and considered a proxy for 
the transition from “immature” to “mature” soil systems, 
related to the acidification of meteoric solutions in surficial 
environments (Altschuler et al. 1963). The saprolitization 
process recorded in clay minerals observed in W19 was 
more complex. According to the observed paragenesis 
three evolutionary stages could be established: 

(i) Serpentinite formation: this is the early post-
magmatic alteration stage, during which olivine and 
pyroxenes are converted to lizardite through 
hydrothermal processes. 

(ii) Fe-(oxy)-hydroxides/silica aggregates and smectite 
stage: this is the first weathering stage, in which Fe-(oxy)-
hydroxides and silica formed as pseudomorphs of the still 
unaltered olivine. This process commonly represents the 
initial stage of the ferralitic alteration at tropical latitudes 
(Delvigne et al. 1979). Concurrent with the 
FeO/OH+quartz formation, oxidative weathering resulted 

in Mg leaching from serpentine and Ni gaining in neo-
formed tri- and di-smectite (Hseu et al. 2007). Although 
no textural association between di- and tri-smectites has 
been detected, it is possible to infer that Fe-rich smectite 
formed from the transformation of Mg(Ni)-smectite due to 
a local increase of the drainage conditions and of the 
leaching degree. 
(iii) Mixed-layers stage: mixed-layers were identified 
either as overprints on tri-smectite (as chlorite/smectite) 
or as total replacements of serpentinite textures, thus 
highlighting that their formation was linked to late stage 
processes during saprolitization. The late precipitation of 
C/S and T/S could reflect a local post-lateritization 
process resulting from low temperature diagenesis and/or 
authigenic processes (Beaufort et al. 2015). 
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Abstract. Manganese deposits in the Franceville basin 
have largely been studied thanks to the discovery and 
exploitation of worldclass manganese ore of Bagombe. 
The results from these studies on the Bagombe plateau 
are commonly generalized to all deposits in the 
Franceville basin. We present here new data from 
Bignomi deposit located in the south of the basin. As in 
Bangombe, the profile shows five horizons of massive ore 
(H1), platy ore (H2), transition layer (H3), pisolite (H4) and 
humic layer (H5). However, unlike in Bangombe where 
the most enriched layer is H2, the high grade horizon 
(44% Mn) in Bignomi is the Massive horizon (H1).  This 
Mn enrichment of the lower part of the profile could be 
linked to the karstic and fractured system which allowed 
Mn-rich fluids to flow in channels towards the lower 
horizons. That is showed by the occurrence of 
manganese oxides in fractures, cavities and pores. 
Furthermore, X-ray diffraction (XRD) reveals that material 
from massif Horizon (H1) consists of a mixture of different 
poorly crystalline Mn-oxyhydroxides which were 
impossible to quantify. This result suggests that the 
massif horizon of the Bignomi deposit can be considered, 
unlike in Bangombé, as a recently precipitated material. 
 
1 Context of the study  
 
Manganese deposits in Franceville basin have been 
known since the 19th century (Barrat 1895). Previous 
work carried out in the basin since the 1960s has 
highlighted several manganese rich plateaus located in 
Moanda, Franceville and Okondja.  These include, 
Bagombe, Okouma, Bafoula and Yeye in Moanda area 
and Menai, Bordeau, and Biniomi in Franceville (Weber 
1969; Pambo 2004). 

Bagombe plateau contains the largest manganese 
deposit in Franceville basin evaluated at 20 million tons 
before exploitation. This deposit has been in operation for 
some 30 years by the COMILOG Company owned by 
Eramet group. 

Located southeast of the Franceville city, the Biniomi 
plateau contains one of the minor manganese deposits in 
the basin. This deposit is currently operated by Nouvelle 
Gabon Mining Company and has been estimated at 35 
million tons. As Bignomi deposit is of small importance 
compared to Bagombe, it has not been the subject of any 
scientific study to date.  

The numerous scientific studies carried out on the 
manganese deposits in Bagombe plateau, have made it 

possible to establish a synthetic log of the mineralized 
layer, to identify mineralizations types and to know the 
geochemical and metallogenic composition of the deposit 
(Bouladon 1963; Weber 1969; Azzibrouck Azzilet 1986; 
Pambo 2004). 

Studies on the Bagombe plateau have often been 
generalized in Franceville deposits, but smaller deposits 
must also be studied in order to better constrain the 
paleogeochemical and paleoclimatical processes that led 
to manganese accumulation in the basin.  

We have been working since 2017 on the Bignomi 
deposit with the aim of understanding the geological and 
paleoatmospheric evolution of manganese precipitation 
in the protore, to characterize the mineralogical core and 
to determine the geochronological age of the manganese 
enrichment of the deposit.  

We present here preliminary results obtained by meso 
to microscale studies of manganese profile as well as 
bulk XRD, XRF analysis and SEM mapping of two 
samples (Bi01 and Bi02) from massive horizon (H1) of 
Bignomi deposit. XRD, XRF and SEM mapping where 
performed at the Universty of Tartu in Estonia. 
 
2 Geological background 
 
Bignomi deposit is located in the eastern part of the 
Franceville basin. This basin was opened during the 
Paleoproterozoic as an intracratonic basin. The opening 
of the basin was led by two major fault sets such as (1) 
N–S-transverse faults and (2) longitudinal normal faults 
that run parallel to the overall NW–SE trend of the basin. 
Those faults combined to open the Franceville basin 
(Gauthier-Lafaye, 1986; Pambo et al., 2006; Bouton et 
al., 2009a, Ndongo et al., 2016)  

The Franceville Basin has been extensively studied 
thanks to the discovery and exploitation of worldclass 
manganese resources (Pambo 2004) and uranium 
deposits (Weber 1969). This basin which lies in the Haut 
Ogooué region of south-eastern Gabon, is hosted by the 
Francevilian series. The stratigraphic column of the 
Francevillian series has been defined into five 
stratigraphic units FA, FB, FC, FD, and FE (Weber 1969), 
arranged into two sedimentation cycles (Parize et al., 
2013). The FA (Francevillian A) forms the base of the 
series which is made up of coarse sandstones and 
conglomerates interbedded between pelitic layers at the 
base and the alternating coarse to medium sandstones 
and silt-sandstones toward the top. According several 
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authors, the FA formation could correspond to a large 
Paleoproterozoic delta system (Gauthier-Lafaye 1986; 
Pambo et al., 2006; Deynoux and Duringer 1992; Ndongo 
et al., 2016). The FB (Francevillian B) is made up mostly 
of marine black shales and organized into two 
stratigraphic subunits, FB1 and FB2 (Weber 1969). The 
FB1 subunit is mainly composed of black shales with 
dolomite and manganese rich layers in the upper part 
(Weber 1969; Azzibrouck Azziley 1986; Gauthier-Lafaye 
1986; Pambo 2004). The FB2 is about 100 meters thick 
and is made up mostly of Poubara sandstones (FB2a) 
and black shales (FB2b) which have been associated 
with turbidites (Parize and al., 2013). The FC 
(Francevillian C) comprises massive dolomites, ribbon 
chert, and stromatolithic jaspes. The following 
Formations FD and FE (Francevillian D-E) are prominent 
in the northern part of the Franceville Basin and in the 
Okondja Basin (Bouton et al., 2009a), but they are poorly 
documented in terms of their depositional environments. 
FD-FE are composed of black shales and sandstones 
associated with volcano-sedimentary deposits (Weber 
1969 Gauthier-Lafaye and Weber 1989; Thiéblemont et 
al., 2014). 

The first geochronological data have shown that the 
Francevillian group formed between c. 2100 and 2000 Ma 
(Ruffenach et al., 1976; Bros et al., 1992; Horie et al., 
2005) but the youngest age reported on zircon from FA 
and FB around Ngoutou volcanic complex, is 2191± 13 
Ma (Sawaki et al., 2016). 
 
3 Manganese deposits in Franceville basin 
 
Manganese deposits in the Franceville basin form a 
superficial layer that outcrops in several plateaus 
(Bagombe, Okouma, Bafoula, Menai-Oyali, Bordeau, 
Biniomi) at 600 meters altitude around Moanda, 
Franceville and Okondja cities (Weber 1969; Pambo 
2004). Bagombe plateau is the most important deposits 
with 19 km2 and 200 million of tones before exploitation. 
This deposit is still exploited by the COMILOG Company 
and constitutes the base of all studies done on the 
manganese in Franceville basin.  

The synthetic log of the manganese profile described 
on the Bagombe plateau has five main horizons, 
including mineralized base layers topped by a humic 
horizon. This profile rests on the manganese hosted 
black shales (FB1) with manganese content varying 
between 5 and 30% (Weber 1969; Pambo 2004).  These 
manganous black shales are considered to be the protore 
of the deposit. Several authors have shown that the 
mineralization of the Bagombe plateau is the result of the 
meteoric weathering process which has led the 
replacement of manganous carbonates (Mg, Ca, Mn)CO3 
by manganese oxide/hydroxide, on the manganese-rich 
black shales (Bouladon et al., 1965; Weber 1973; 
Nziengue Mapangou 1981; Beauvais 1984; Azzibrouck 
Azziley 1986; Pambo 2004).  

4 The Manganese deposit of Bignomi plateau 
 
The Bignomi manganese deposit is located in the south-
east of Franceville city, in a landscape of a succession of 

hills varying sizes along West-East trend. Bignomi 
plateau is part of deposits acquired by the Nouvelle 
Gabon Mining Company which exploited the plateau 
since 2017.  

4.1 Synthetic log of the Bignomi deposit 
 
The studied profile is about 5 meters thick with lateral 
extension exceeding a hundred meters. It rests directly 
on the black shales attributed to the top of FB1 
(Francevillian series). We have identified five horizons in 
Bignomi plateau (H1, H2, H3, H4, and H5). According to 
the data from the Company, manganese content in the 
profile ranges from 35% at the base of the profile (H1) to 
less than 10% at the top (H5).    

Massive horizon (H1) is directly in contact with FB1 
black shales. This horizon is manly made up of a massive 
manganous layer (30-40% Mn). Massive layer evolves 
laterally toward complex forms including cavities, 
stalactites or lens concretions. Platy horizon (H2) 
overlies the massive horizon and is mainly composed of 
platies associated to clay with 25 to 30% Mn content. 
Careful analysis of this horizon showed that platies are 
randomly distributed in the horizon and are affected by 
fractures which are filled or not by manganese oxides. 
Transition horizon (H3) rests on platy level. Its thickness 
varies between 0.1 and 0.5 meters. This horizon is 
formed by a mixture of pisolites and platies. Pisolite 
horizon (H4) is mainly composed of pisolites of variable 
sizes. The upper part of the horizon is constituted of 
massive blocks of pisolite aggregates. Humic horizon 
(H5) is made of soil rich in clays and sandstones including 
some pisolites (<10% Mn), where vegetation develops.  

 
4.2 Litho-geochemical description of the Massive 

horizon of Bignomi deposit 
 
Detailed study of the massive horizon (H1) reveals that 
the ore is associated with variying sized cavities where 
Mn features as lenticular, botryoidal and stalactite 
shapes. Cavities are usually coated by manganese 
oxides. Small scale botryoidal bodies are associated with 
lens and stalactite shape in the cavities. 

Two samples were respectively taken on stalactite 
shapes (Bi01) and crust covered cavities (Bi02). Those 
samples were analyzed by XRD, XRF and SEM mapping 
at the University of Tartu (Estonia). XRF shows that Bi01 
and Bi02 samples are mainly made of Mn oxides ranging 
from 43 to 44 %. Manganese oxides are associated with 
several other oxides such as SiO2 (5 -8%), Al2O3 (7%), 
Fe2O3 (<1%). Other elements like Ca, K, Ti, P, S, occur 
as traces. These results demonstrate that the high grade 
manganese horizon is the massive horizon, which is 
different in Bagombe where the platy horizon holds the 
highest Mn content (Azzibrouck Azziley 1986; Pambo 
2004). XRD reveals that material from massif Horizon 
(H1) consists of a mixture of different poorly crystalline 
Mn-oxyhydroxides which were impossible to quantify. 
This result suggests that the massif horizon of Bignomi 
deposit can be considered as a recently precipitated 
material, they are either amorphous or too finely 
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crystalline to produce a discernible diffraction pattern via 
XRD (Zhang and Karathanasis 1997; Johnson et al., 
2016). 

SEM imaging was obtained on a polished cross 
section (2.5 cm wide) of a stalactite manganese 
concretion (Bi01 sample). As shown by Fig. 1a, this 
concretion consists of dark gray small scale concretions 
embedded in the light grey matrix. However, there is no 
significant distinction between concretions and matrix in 
terms of texture and composition (Fig. 1d, e). Texture is 
mainly porous with small cavities randomly distributed in 
the section (Fig. 1d, e). EDS element map shows a 
typical composition of Bi01 sample made of Mn, Al, Si 
and Fe which are distributed according to the texture. 
As shown in EDS element map (Fig.1), Mn and Al, the 
main phases, are abundant in the vicinity of pores and 
cavities. This particular distribution is probably the result 
of Mn and Al rich fluids circulation and subsequent 
precipitation within the pores and cavities (Zhang and 
Karathanasis 1997). 

Figure 1. Lithological and geochemical features of Manganous 
concretions of Bignomi deposit (Franceville basin). a) Massive 
horizon picture showing botryoidal and stalactite Mn ore, b) macro-
scale picture concretion with section plan, c) SEM image of stalactite 
cross-section, d-j) EDS map of fig.1.d selected area. 
 

Massive Horizon (H1) also displays two fracture types 
which cut through the massive ore. They are completely 
filled by manganese oxide or not. When not completely 
sealed, the fractures sides are often covered by 
manganese oxides.  

We therefore suggest that Mn enrichment of Massive 

horizon of Bignomi deposit is linked to the karstic and 
fracture system which allowed Mn-rich fluids to flow 
channels toward the lower horizons. That is shown by the 
occurrence of manganese oxides in fractures, cavities 
and pores. 
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Abstract. The Huoshaoyun carbonate-hosted nonsulfide 
Zn deposit, in the Sanjiang-Tethys metallogenic belt of 
west China, is a newly discovered world-class deposit. 
Two ore bodies occur in the Longshan Formation 
limestone, in which the ore textures are mainly developed 
as laminated, banded, and brecciated. The metal 
minerals of the Huoshaoyun deposit are dominated by 
smithsonite and cerussite, with subordinate amounts of 
galena and siderite. Ore mineralization of this deposit is 
distinguished into three stages: sulfide stage, oxidation 
stage, and post-oxidation stage. Unlike most supergene 
Zn-Pb deposits, the Huoshaoyun orebody shows 
comparable ore grades for both Pb and Zn with an 
inverse supergene chemical zoning. Zinc is most 
abundant at the top of the deposit, whereas lead 
increases with depth. These two elements have different 
mobilities in solution, which implies that the primary 
source of zinc in the Huoshaoyun nonsulfide 
mineralization was originally located not far from the 
primary galena mineralization, the remnants of which are 
present in situ. Supergene zinc mineralization was 
derived from the dissolution of primary sphalerite hosted 
in the now-eroded rocks above the Huoshaoyun mine 
site. Zinc-rich solution migrated through the sedimentary 
host rocks, precipitated Zn minerals in pore spaces, and 
replaced detrital and hydrothermal alteration minerals. 
 
1 Introduction 
 
The Himalayan-Zagros orogenic system (Fig. 1), which 
formed by the India-Eurasia and Arabia-Eurasia 
collisions, is a classic example of a young and active 
continent–continent collisional orogenic system (Yin and 
Harrison 2003; Spurlin et al. 2005; Hou et al. 2011). The 
system hosts a world-class polymetallic metallogenic 
province that extends along strike for 10,000 km and 
includes some carbonate-hosted Pb-Zn deposits. Among 
them, clusters of Zn-Pb mineralization occurring in the 
Sanjiang-Tethys Belt of the Tibetan Plateau in China 
(Hou et al. 2008; Deng et al. 2014b; Deng and Lin 2015), 
and the Sanadaj-sirjan Zone in Iran (Rajabi et al. 2012; 
Mirnejad et al. 2011). 

The Huoshaoyun is a newly discovered world-class 
Zn-Pb deposit located in the west Sanjiang Belt. The 
deposit (with more than 19.6 million tons of Zn+Pb at 
grades of 23.6% Zn and 5.6% Pb) (unpublished data) is 
the largest known and the only currently mined deposit in 
China (Dong et al. 2015). Moreover, Huoshaoyun is the 
first discovered nonsulfide deposit in China, and study of 

the nonsulfide Zn deposit is still a blank space in China. 

 
Figure 1. Sketch map of India- Ouya Block (a) and sketch tectonic 
map of the Tibetan collision belt and locations of the study zones 
(b). After Spurlin et al. (2005). 
 
2 Ore deposit geology 
 
The Huoshaoyun deposit is situated in the southern part 
of the Tianshuihai basin, which lies in the west of the 
Sanjiang-Tethyan Metallogenic Belt. The Proterozoic 
metamorphic basement (Tianshuihai Group) consists 
mainly of metasandstone, phyllite intercalated with 
limestone, and unconformably overlain by Paleozoic 
strata. The Paleozoic and Mesozoic strata includes seven 
formations: Qiaoerti, Kongkashan, Heweitan, 
Keleqinghe, Longshan, Hongqilapu, and Tielongtan (Fig. 
2). Mineralization is hosted by the Longshan Formation, 
which consists of bioclastic limestone and sandstone. 
The Longshan Formation includes four members: (1) the 
lower member consists of thick sandstone (~100 m thick), 
(2) the middle member hosting the ore-bodies, consists 
of micrite and bioclastic limestone (100~200 m thick), (3) 
the middle member consists of mudstone and 
argillaceous rocks (50~200 m thick), (4) the upper 
member containing metal mineralization, consists of 
limestone (20~300 m thick). All the mineralization 
occurred in the carbonatite and extended stably in the 
Huoshaoyun deposit area. 

The fault structures in the area are simple. The NEE 
trending fault (F10, F11) and NWW trending fault (F6) are 
normal faults, which dislocated the ore bodies and strata 
(Fig 3). The ore-controlling regional structures in the mine 
area are the Qiaoertianshan fault, the Heweitan fault and 
their secondary faults (Fig. 3). 
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Figure 2. Stratigraphic column showing the position of carbonate-
hosted Zn-Pb mineralization in the Huoshaoyun deposit. Orebodies 
of the Huoshaoyun deposit are hosted in the Longshan Formation 
limestone. 
 
2.1 Ore body 
 
According to the pattern of distribution and position, the 
ore bodies can be divided into two sections: no. II and III 
(Fig. 3). These two orebodies are developed nearly 
parallel, the average grade of Zn and Pb is 23.6% and 
5.7%, respectively. No. II ore body is about 260 m long, 
160 m wide, and located in the upper part of the fourth 
member of Longshan formation. The No. III ore body is 
the main mineralized layer, which is located in the second 
member of the Longshan formation. The ore body is 
about 2280 m long, 1400 m wide and 25~55 m high, 
which is controlled by the carbonate.  

Orebodies in the Longshan Formation mainly occur as 
laminated, banded, and brecciated ores. The metal 
minerals of the Huoshaoyun deposit are dominated by 
smithsonite and cerussite, with subordinate amounts of 
galena and siderite. The gangue minerals comprise 
calcite, dolomite and gypsum. Due to the content of Fe 
and Mn, smithsonite of different colors, such as brown, 
reddish and light-brown, can appear in the same stratum 
and thin section. The cerussite is mainly white, with 
massive, layered and brecciated structure. 

 
Figure 3. Simplified geological map of the Huoshaoyun deposit  

The tectonic system not only provides a migration 
pathway for ore-forming fluids, but also provides room for 
the formation of the ore deposits. The ore bodies 
developed in the southern Tuofengshan-Bilongtan 
inverted syncline. The axis of this syncline is NW- 
trending, about 120 km long and 30 km wide. The strata 
in the core are the Hongqilapu formation, and the Fold 
limbs expose the Longshan formation and Triassic 
stratum. The Huoshaoyun deposit is stratabound within 
the Longshan formation of the southern limb of syncline. 
 
2.2 Mineralization stages 
 
Based on the mineral paragenetic association of the 
deposit, three stages of hydrothermal mineralization are 
established (Fig. 4).  
 

 
Figure 4. Paragenetic sequence for minerals in the Huoshaoyun Zn-
Pb deposit. 
 

Sulfide stage: A number of metallic sulfides were 
developed in this stage, such as pyrite, galena, and 
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sphalerite (Fig. 5a). At present, galena is commonly 
rimmed by anglesite that contains abundant sub-size 
galena inclusions (Fig. 6a). Anglesite forms an armour 
around galena, protecting it from direct contact with 
oxidising reagents (Fig. 6b). 

Oxidation stage: this stage is a subordinate economic 
stage characterized by breccia matrix composed of 
disseminated cerussite and minor smithsonite (Fig. 5b). 
Black cerussite contains abundant relics of galena (Fig. 
5c). The smithsonite precipitates as massive botryoidal 
layers (Fig. 5d) or as a fine-crystalline matrix of carbonate 
breccia in the limestone host rocks (Fig. 6c and 6d). 

Post-oxidation stage: the main economic stage, 
consisting of white cerussite, smithsonite, hydrozincite 
and anglesite. The purest nonsulphide zinc ore, locally 
referred to as “calamine”, has formed typically at the 
uppermost levels of the carbonate rocks by rhythmic 
replacement of cerussite and as joint fillings (Fig. 5e and 
6e). In addition, some of the cerussite aggregated as the 
massive ore (Fig. 5f and 6f).  

 
Figure 5. Photographs of the orebody in the Huoshaoyun deposit. 
(a) residual sulfide minerals after oxidation; (b) breccia matrix 
composed of disseminated cerussite and minor smithsonite; (c) 
black cerusite contains abundant relics of galena; (d) the smithsonite 
precipitates as massive botryoidal layers; (e) The nonsulphide zinc 
ore rhythmic replacement of cerusite and as joint fillings; (f) the 
massive ore consists of cerussite. Gn=galena, Sm=smithsonite, 
Cer=cerussite, Hdr=hydrozincite, Anl=anglesite. 

 
During the oxidation and post-oxidation stages, 

oxidation, fractionation, and precipitation processes that 
formed the supergene nonsulphide ore, through a distinct 
progress of geochemical evolution. Moreover, the 
replacement textures between sulphide and non-sulphide 
ore at different scales, strongly suggest that the 
predominant mass of nonsulphide ore has been formed 
by in-situ oxidative leaching of the sulphide ore, 
multistage replacement and re-precipitation with weak 

metal fractionation or secondary zinc enrichment only. 
 

 
Figure 6. Photomicrographs of representative metal minerals in the 
Huoshaoyun deposit. (a) the galena is commonly rimmed by 
anglesite that contains abundant sub-size galena inclusions; (b) 
banded smithsonite in the post-oxidation stage; (c) and (d) cerussite 
and smithsonite under transmitted and reflected light; (e) banded 
smithsonite developed in the margin of calcite, in a backscattered 
electron image; (f) residual galena granule in the center of a circle 
of cerussite after oxidation. Gn=galena, Sm=smithsonite, 
Cer=cerussite, Cal=calcite. 
 
3 Possible genetic type 
 
The Zn-Pb mineralization in the Huoshaoyun deposit 
occurred at 26.6 ± 1.7 Ma (unpublished data), suggesting 
that metallogenesis of the Huoshaoyun deposit directly 
relates to the India-Eurasia collision. The late collision 
between the Indian plate and Eurasian plate happened at 
about 40~25 Ma based on the magmatic zircon results 
from north Tibet (Chung et al. 1998; Hou et al. 2006; Zhai 
et al. 2009). Before the Zn-Pb mineralization at 
Huoshaoyun, the Trassic-Jurassic limestone strata 
thickened and folded due to the large-scale regional 
thrusting. This not only provided favourable lithological 
and structural traps for fluids, but drove basin brines 
carrying ore-forming metals over a long distance. 
Therefore, the late Paleogene was a significant period for 
carbonate-hosted deposits. Such as Jinding deposit 
(Deng et al. 2017, Leach et al. 2016), Mohailaheng 
deposit (Liu et al. 2015, Liu et al. 2011), Duocaima 
deposit (Song et al. 2015), and this period is marked by a 
series of continental collisional events (Yin and Harrison, 
2003; Deng et al., 2014a, 2014b). 

Because there is no apparent genetic association with 
igneous activities, we classify the Huoshaoyun Zn-Pb 
deposit as a sediment-hosted Pb–Zn deposit. The 
Huoshaoyun deposit shows some syngenetic 
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characteristics that are typical of MVT deposits, e.g. host 
rock, mineralogy, alteration, deposit morphology, ore 
textures, temperature (Leach et al. 2005), although the 
Huoshaoyun deposit occurs in a compressional fold and 
thrust belt associated with the Tibetan plateau orogen, 
which is an unusual tectonic setting for MVT deposits (Liu 
et al. 2011). Different from other MVT Pb-Zn deposits in 
China, the geotectonic setting within the overriding plate 
of the active convergent plate of Tibet provided long term 
uplift, erosion, rapid exhumation of the sulphide protore, 
and exposure to oxygenated surface waters (Daliran and 
Borg 2005). Arid paleoclimatic conditions prevented the 
nonsulphide solutions from being flushed out of the 
system. Oxidation processes may have been additionally 
promoted by a regional high heat flow due to the young 
geothermal activities. Smithsonite and cerussite were 
probably formed by mixing of the CO2- rich meteoric 
waters with the hydrothermal fluids. In all, we conclude 
that the Huoshaoyun deposit is a MVT deposit, which is 
a new discovered nonsulfide type in China. 
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