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ARTICLE INFO ABSTRACT

The Urucum region (Mato Grosso do Sul, Brazil) contains Neoproterozoic—Cambrian manganese ore in the layers
Mn-1, Mn-2, and Mn-3, which are interbedded with iron formations (IFs) from the Santa Cruz Formation
(Jacadigo Group) and surrounded by carbonate rocks from the Bocaina and Tamengo Formations (Corumba
Group). These rocks fill an ancient graben, with sediments from the Santa Cruz Formation overlying fluvial
deposits from the Urucum Formation and limestones from the Bocaina and Tamengo Formations deposited in the
shallow marginal regions. As the graben deepened, it was flooded with microbe-rich seawater and hydro-
thermalism began. Iron and manganese precipitated within the pores in arkosic sandstones, thereby forming the
clastic Lower Mn-1 ore layer. The remaining manganese was simultaneously deposited on the basin floor with
clastic clay and silt from turbidity currents, thereby forming the Upper Mn-1 clastic—chemical ore layer. The
sedimentation of Mn-1 and its host IFs was controlled by seawater saturation and homogeneous oxidation, which
caused manganese and iron sedimentation and the death of microorganisms, generating mangano-ferriferous
sediments with high P, Co and Ni contents. Mn-2 formed during periods of tectonic quiescence through water
influxes that carried abundant microbes, Fe(II), Mn(II), and SiO,. Under UV radiation, these microbes oxidized
Mn(II) and Fe(Il) to form hydroxides and died, thereby forming biomass that was enriched in P, Co and Ni and
minor carbonate adjacent to and below the oxycline. These microbes also formed kremydilites, oblate structures
that resemble manganese stromatolites, within the biomass and produced CH4 and/or H, gas bubbles. During
early diagenesis, wormlike organisms inhabited the biomass and probably separated iron from manganese to
produce cryptomelane microbialites, which agglutinated to form manganese micronodules that coalesced to
form the massive layer Mn-2. This process ended with the disappearance of microorganisms and the sedi-
mentation of the IFs, and a new water influx generated layer Mn-3 via the same process. The final seawater
upwelling precipitated IFs in the basin depocenter, whereas limestone from the Tamengo Formation was de-
posited along the basin’s edges. The diagenesis initially transformed the manganese oxides into cryptomelane
and then into hollandite.

Keywords:

Neoproterozoic-Cambrian manganese deposits
Urucum (Brazil)

Jacadigo Group

Biogenic mediation

Depositional environment

1. Introduction (1992) estimated that the Urucum district contains more than 600 Mt of

rock with high manganese content and approximately 36 Bt of iron-

The Urucum mining district occupies an area of approximately
800 km? and is located in the Pantanal region of southwestern Brazil,
where manganese and iron deposits have been known since 1894
(Evans, 1894). These deposits cover flat-topped elevations with alti-
tudes slightly greater than 1000 m above sea level and approximately
850 m above the wetlands of the Pantanal. Layers of massive manga-
nese oxides, interspersed with iron-rich chert, banded iron formations
(BIFs), and massive ironstones, constitute the Santa Cruz Formation of
the Jacadigo Group, totaling up to 290m in thickness. Urban et al.
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formations. The average contents cited by Urban et al. (1992) are: Mn-
1 = 27.14% Mn and 12.85% Fe; Mn-2 = 42.44% Mn and 16.33% Fe;
Mn-3a = 44.09% Mn and 15.42% Fe; Mn-3b = 31.42% Mn and 29.70%
Fe; Mn-4 = 45.46% Mn and 13.48% Fe; and 58.02% Fe. As summarized
by Walde and Hagemann (2007), the proposed genetic models for these
rocks include (a) marine genesis, with sediments of continental origin
(Door, 1945); (b) marine genesis, with sediments of marine origin
(Almeida, 1946; Putzer, 1958; Haralyi, 1972); (c) volcanogenic marine
genesis (Walde, 1981; Walde et al., 1981; Leonardos and Walde, 1982;
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O’Connor and Walde, 1985); (d) genesis in a glacial marine sedimentary
environment followed by supergene enrichment (Schneider, 1984;
Schreck, 1984; van Leeuwen and Graaf, 1987; Graf et al., 1994; Costa
et al., 2005); (e) sedimentary genesis that occurred in a flooded graben
with a contribution of hydrothermal leaching from hidden mafic rocks
(Haralyi and Wald, 1986; Walde, 1988; Trompette et al., 1998); (f)
SEDEX, or sedimentary exhalation (Dardenne, 1998); and (g) sedi-
mentary genesis in an oceanic environment with a deep-sea hydro-
thermal contribution (Klein and Ladeira, 2004). Recently, Angerer et al.
(2016) proposed a biogenic origin, in a glacio-marine environment, for
the carbonate BIFs of the Santa Cruz Mine region located on the
southeastern part of Santa Cruz plateau.

This study presents evidence for local submarine hydrothermal ex-
halation and biogenic marine mediation in the genesis of the massive,
manganese ore layers in the Urucum region, based on field work,
construction of stratigraphic columns for the various areas where
manganese layers occur, new geochemical analyses (oxides, trace ele-
ments, and REEs) for all of the manganese ore types, and detailed
scanning electron microscopy with energy-dispersive X-ray spectro-
scopy (SEM—EDS) microanalysis of ore samples. When relevant to
discuss the genesis of manganese ore layers, new data regarding iron
formations hosting manganese layers is presented. Using all these data,
we propose a new genetic model for the Urucum manganese ores that
includes the micro-organisms-mediation during sedimentation and di-
agenesis of free-carbon-rich manganiferous sediments mixed with iron
hydroxides. This work is important because: (a) it presents direct evi-
dence for the action of microorganisms in a Neoproterozoic environ-
ment during the genesis of manganese deposits related to BIFs; (b) it
explains the role of these microorganisms in the genesis of the Urucum
manganese deposits; (c) it describes the features, such as kremydilites
and microbialites, generated by these microorganisms; and (d) for the
first time, it presents direct evidence for gas production during the
genesis of manganese sediments in a Neoproterozoic—Cambrian en-
vironment.

2. Geological context

The basement of the Urucum region consists essentially of horn-
blende-biotite granites and granodiorites. Where the granites are cut by
faults they are hydrothermally altered, becoming greenish in color due
to the presence of chlorite, sericite, and epidote, and ferruginous jasper
infills some fractures (this work and Freitas et al., 2011). Rocks be-
longing to the Jacadigo Group, which comprises the Urucum and Santa
Cruz formations, and the Corumba Group, which comprises the Bocaina
and Tamengo formations, overlie the basement rocks. The carbonate
rocks of the Corumbéd Group are exposed surrounding the plateaus
formed by the iron- and manganese-bearing units of the Jacadigo Group
(Fig. 1).

The Urucum Formation consists of feldspathic sandstones, locally
cemented by carbonate, and conglomerates with minor siliceous shales
and dolomites. The conglomerates and arkosic sandstones display
channel cross-stratification and contain ferruginous, laminated, and
lenticular sandstones; together, these layers total a few tens of meters in
thickness (Fig. 2). These rocks are continental fanglomerates, debris-
flow conglomerates, and coarse channel-fill sandstones (Fig. 2B-C). As
in the granite basement, the fanglomerates locally contain ferruginous
jasper infilling fractures.

Above the Urucum Formation, the Santa Cruz Formation is mainly
composed of banded iron formations (BIFs), iron formations (IFs),
massive and banded jasper with occurrences of Corumbella werneri fossil
(Figs. 2-4), and ferruginous arkosic sandstones. Massive manganese
layers, named Mn-1, Mn-2, and Mn-3, occur in the lower half of this
formation, interlayered with BIFs and massive jasper. As previously
described by Urban et al. (1992), a transition between the Urucum and
Santa Cruz formations through the Mn-1 horizon was observed in all
mines where Mn-1 was mined (Fig. 5). New data show that the Santa
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Cruz Formation in the Figueirinha and Sao Domingo mines (Fig. 3),
adjacent to and below Mn-1, comprises arkosic sandstones and con-
glomerate consisting of rounded fragments of granite, hematite, and
chert cemented by silica, jasper, and hematite (Fig. 3B). Locally, at the
Figueirinha Mine, this conglomerate contains a carbonate boulder with
stromatolites (Figs. 3B and 4A). Above these clastic, ferruginous rocks,
there are typically two or more layers of Mn-1 manganese ore with
meter- to decimeter-scale thicknesses, locally interlayered with clasts
rich in jaspillite. In these mines, the Lower Mn-1 ore layer is sandy with
detrital braunite + cryptomelane cement + Mn-Fe-rich carbonate
(Table 1, Figueirinha Mine), and the Upper Mn-1 layer is a micro-
granular, massive, clastic—chemical layer of manganese oxides with
undulating parallel lamination (Fig. 6B) and numerous decimeter-scale
oblate structures characterized by a massive core and silty clay wrap.
These structures (Fig. 6C), which contain nuclei composed of manga-
nese or iron oxides (light gray color in Fig. 6C), are present in all of the
Urucum iron and manganese ores and will be referred to as amygdalites
(from the Greek apovy8aio = amygdale or almond). The ore layer is
bounded by sharp planar contacts and is typically overlain by con-
glomerate consisting of angular granite pebbles and an arkosic matrix
(Fig. 6A). In the Figueirinha Mine, the mineralized horizon contains
remnant sedimentary structures, which are generally characterized by
fluvial channel cross-stratification (Fig. 6D), and layers showing gra-
dational granulometric variations. In the Laginha, Rabicho, Tromba dos
Macacos, Morro Grande, and Jacadigo mines (Fig. 3), the Mn-1 horizon
contains arkosic sandstone and conglomerates with ferruginous matrix
together with several decimeter-thick layers of detrital manganese
oxide ore. Locally, these rocks are fractured and contain abundant
concretionary and disseminated manganese oxides (Fig. 6E-F).

Above the Mn-1 horizon, massive manganese ore layers, designated
Mn-2 and Mn-3 (Figs. 2-3), are interbedded with BIFs, ironstone, and
massive jasper, locally with occurrences of Corumbella werneri
(Figs. 2B and 4B-D), and overlain by BIFs, ferruginous arkose, and ir-
onstones. Between the Mn-1, Mn-2, and Mn-3 layers, and in the upper
half of the Santa Cruz Formation, there are BIFs, hematite chert, and
massive IFs, with several interbedded lenses showing channel geome-
tries and composed of ferruginous feldspathic sandstones and con-
glomerates. Three types of BIFs were described (Fig. 2): (a) Peloidal,
stratified BIF (Fig. 13A), composed of massive red chert with inter-
calations of nodules and/or peloids of chert and lenses of ferroan car-
bonate; (b) Laminated BIF, formed by narrow bands of hematite and
chert, with approximately the same widths and; (c) Banded BIF, char-
acterized by thick layers of massive hematite interbedded with narrow
layers of chert, as will be shown later in Fig. 13C. Layers Mn-2 and Mn-
3 are exposed only on the Santa Cruz, Urucum, and Tromba dos Ma-
cacos plateaus. They are typically hosted between the arkosic sand-
stones with ferruginous matrix (Fig. 6A and G-K) and are locally
overlain by conglomerate with granite pebbles, which also contains an
arkosic ferruginous matrix. Layers Mn-2 and Mn-3 contain metallic
manganese ore, and are massive or laminated, cryptocrystalline, and
very hard, commonly containing amygdalites. However, the pre-
dominant structures are oblate, centimeter- to decimeter-scale, con-
centrically zoned structures, with porous manganese oxides in the core
and several layers of micronodular cryptomelane = Mn carbonate
surrounding the core (Figs. 7 and 8A-B). These structures will be re-
ferred to as kremydilites (from the Greek «kpeppddr or krem-
mydi = onion) and will be described and discussed in detail later.
Unlike the amygdalites, the kremydilites occur only in layers Mn-2 and
Mn-3.

The vertical distance between layers Mn-1 and Mn-2 is almost
constant, at approximately 70 m (Fig. 5), and the vertical distance be-
tween layers Mn-2 and Mn-3 varies little, between 40 and 45 meters.
Layer Mn-4 (Urban et al., 1992), which is lenticular and discontinuous,
was entirely mined, leaving only a few ore blocks with characteristics
similar to the ore in layers Mn-2 and Mn-3.

In the Corumbé Group, the Bocaina Formation (Gaucher et al.,
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Fig. 1. (A) Geological map (modified from Urban et al., 1992) and geological cross-section. (B) Lithostratigraphy of the Urucum mining region (Corumbd, MS, Brazil). Lines with an
interpretation of the probable relative depth of the depocenter of the Urucum marginal basin, and the regional distribution of hydrothermalized granites, were added to the map.

2003; Boggiani et al., 2010) consists of siliceous limestones and dolo-
mites with numerous interbedded intraformational conglomerates. The
Tamengo Formation contains limestones, dolomites, shales, and

siltstones with lenses of polymictic conglomerates containing carbonate
and granite pebbles. Dolomites with columnar stromatolites are typical
of the Bocaina Formation, and Corumbella werneri and Cloudina lucianoi
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occur in the Tamengo Formation (Boggiani et al., 2010). Pleistocene
deposits of the Xaraiés Formation, consisting of limestone and tra-
vertine, and sandy deposits and conglomerates of the Pantanal For-
mation (Fig. 1) overlie the basement and the Jacadigo and Corumbé
Groups.

3. Age constraints

The age of the Jacadigo Group is based on the following data: (a) K-
feldspar and biotite in the basement gneiss and granite were assigned
K-Ar ages of 889 + 44Ma and 1730 *= 22 Ma, respectively (Hasui
and Almeida, 1970); (b) Fossils from the Tamengo Formation, Cloudina
lucianoi and Corumbella werneri (Beurlen and Sommer, 1957; Hahn
et al., 1982; Zaine and Fairchild, 1985), are Ediacaran fossils whose
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(continued)

ages were estimated at 550 Ma (Germs, 1972; Grant, 1990; Grotzinzer
et al., 1995; Hofmann and Mountjoy, 2001; Bengtson, 2002); (c)
Babinski et al. (2008) dated dEital zircons (U-Pb SHRIMP), from a
volcanic ash layer intercalated with carbonate rocks of the Tamengo
Formation, at 543 + 3 Ma; and (d) Piacentini et al. (2013) obtained a
39Ar/*Ar age of 587 + 7 Ma for the cryptomelane in layers Mn-1 to
Mn-3 (Figs. 1-3). Piacentini et al. (2013) interpreted the 39Ar/*°Ar age
as a minimum age, arguing that the Ar/Ar thermochronological system
was rejuvenated by tectonic warming from 547 + 3 to 513 = 4 Ma,
indicated by the apparent recrystallization ages of braunite, which is
considered to be metamorphic. Muscovite, which is also considered to
be metamorphic, collected from the arkoses that are interlayered with
the BIFs, was dated at 513 + 3Ma using the **Ar/*°Ar method. Ac-
cording to Piacentini et al. (2013), these ages are possibly related to
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disruption between the Amazon Craton and the Rio Apa cratonic
fragment and they do not reflect the time of Jacadigo Group deposition,
which would be greater than 590 Ma.

4. Petrography and chemistry of manganese ores and their host
iron-rich rocks

4.1. Materials and methods

To avoid weathered samples, all of the manganese-rich samples
were collected from the room supporting pillars and walls in old and
operating underground mine galleries, and the iron-rich samples were
collected from abandoned mining fronts in open pit mines, where the
ore (oxidized BIFs) has already been removed. One hundred and eigh-
teen thin sections and 96 polished sections were made and described.
The thin section and polished section mineralogy was described and
quantified using a ZEISS Axio Imager.A2m microscope, and the quan-
tification was confirmed via the Rietveld analysis using a PANalytical
Empyrean X-ray diffractometer with a rhodium tube operating at 60 kV
and with a 60-s acquisition time. Based on their mineral compositions,
textures, and structures, 80 samples from all the mines were selected
and analyzed for oxides and trace elements (Table 1). The chemical
analyses were performed by Actlabs in Vancouver (Canada) in ac-
cordance with procedures published online. Samples were crushed, split
into fractions using a rifle splitter, and then pulverized in a mild carbon
steel mill (95% passing 75 pum). Contamination during carbon steel
pulverization is minor (< 0.2% Fe; traces of C, Mn, Si, Cr, Co). Cross-
contamination between samples was minimized by repeated silica wa-
shes. Forty-one elements were analyzed using the analytical methods
listed in Table 1, in order to determine the geochemical abundance by
using the most appropriate method for each element. Loss of ignition
(LOI) was determined at 1000°C. Actlabs includes certified reference
materials and duplicates in the analyzed batch for quality control.
Chemical analyses of rocks totaling less than 99% oxides (Table 1)
usually occur when the rock contains minerals with high concentrations
of cations with more than one valence, such as for the Urucum massive
manganese ores containing cryptomelane and hollandite. Obeying the
practice adopted by all laboratories, Actlabs express the Mn content as
MnO, i.e., considering all of the Mn as Mn(II), which minimizes the sum
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Fig. 4. (A) Detail of Fig. 3B, showing a carbonate block with
columnar stromatolites; (B) Ironstone layer from the Santa
Cruz Formation showing several examples of Corumbella
werneri; (C) Detail of Fig. 4B; and (D) Corumbella werneri in
layer of ferruginous sandstone from the Santa Cruz Forma-
tion.

value of all oxides in samples with high manganese contents. By means
of SEM —EDS, 44 images of micrometer-scale structures were obtained
and compositions were estimated for 210 points. The results are shown
in tables next to the images in Figs. 9-11. Optical and SEM —EDS
analyses were performed at the LAMIR (Laboratério de Anélises de
Minerais e Rochas), of the Geology Department in the Federal Uni-
versity of Parand, using a SEM —EDS JEOL JSM —6010LA apparatus
operate as SEM (scanning electron microscope) in a vacuum at 20 kV
and with a 15-s for images acquisition. The EDS analyzes were per-
formed with an acquisition time of 60 s. The samples were polished and
analyzed without metallization. When the EDS detector does not detect
any element, the element content for the analyzed point is < 0.1, which
is the lower limit of detection. The minimum free carbon content,
shown in the columns titled “free C > ” in the tables in Figs. 9-11 was
calculated assuming all the divalent cations are incorporated in car-
bonate crystals. To form carbonate crystals, each mole of carbon binds
to one mole of a divalent cation (Ca, Mg, Fe, Mn, Ba, or Sr). Thus, the
minimum wt% content of free carbon at the analyzed point = [number
of moles of C — (number of moles of Ca + Mg + Fe + Mn + Ba + Sr)]/
12.011. Therefore, whenever the calculated free C result was greater
than zero, it was considered that the sample contained “carbonaceous
matter” at the analyzed point. Reacting the sample with hydrochloric
acid heated to 60°C tested for the presence of carbonate in all samples
with high C content and, if the reaction was positive, the presence of
carbonate was reported in the “Identification” column of Table 1. The
interference of Ba over Eu when REEs are analyzed by ICP-MS in Ba-
rich samples (Jarvis et al., 1989; Dulski, 1994) was evaluated by plot-
ting the Ba versus Eu contents of Fe- and Mn-rich samples (Table 1). The
diagram showed that Ba overlap is small to 1000 ppm Ba in iron-rich
samples, and unimportant even up to 15,000, in manganese-rich sam-
ples, suggesting that the correlation between Ba and Eu levels is weak
or non-existent in the analyzed samples. It is therefore valid to work
with the analyzed Eu contents and to calculate anomaly values of this
element.

4.2. Layer Mn-1

The Figueirinha and S0 Domingos mines are the main locations
mining Mn-1 in the Urucum region (Fig. 3). In these mines, the Lower
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crossed stratification

Clastic and | Conglomerate with arkosean matrix and granite pebbles and boulders
chemical iron | Jaspilites and banded, stratified and laminated iron formations
and Mn-2 to 4 = Massive manganese beds Mn-2, Mn-3 and Mn-4
o Santa Cruz ma%%?gsese Ferruginous sandstone and/or arkose
§ Formation zz:gsgt'gr?gss [B# Conglomerate with arkosean matrix and granite pebbles and boulders
O and Mn-1 B Massive-, clasto-chemical-, clay rich-, arkosean braunite/cryptomelane ore
8-, massive, &%® Mn-1 ferruginous clastic rocks with concretionary manganese oxides
? clasticand | %% Mn-1 with clastic and concretionary manganese ores
8 concretionary Mn-1 with clastic manganese ore with small massive manganese layers
- ma];%?::se B Ferruginous arkosean sandstones
Urucu_m LB Conglomerate with sandstones matrix, sandstones with crossed stratification
Formation and sandstones with carbonated cement

Fig. 5. Stratigraphic columns for the Jacadigo Group, arranged according to distance from the Santa Cruz plateau, where the Figueirinha and Sao Domingos mines are located (modified
from Urban et al., 1992). The column elevations are normalized to the stratigraphic position of layer Mn-2 or, where this layer is absent, to the IF base.

Mn-1 ore layer is characterized by sandstone with fragments of quartz,
feldspar, apatite, chert, and hematite cemented by manganese oxides.
In the Figueirinha Mine, the Upper Mn-1 ore layer is devoid of hematite
and consists of 30-75vol% braunite, 3-15vol% quartz, 5-10 vol%
feldspar, and 1-5vol% association of clay minerals—apatite—chlorite.
Locally, the matrix contains 10-30vol% Fe-dolomite or side-
rite + manganoan dolomite (Table 1). The only place in the Urucum
region where the manganese ore has a high content of braunite is the
Mn-1 ore layer in the Figueirinha Mine. In the Sdo Domingos Mine, the
Upper Mn-1 ore layer is laminated and contains amygdalites (Fig. 6C),
and consists of 40-75vol% cryptomelane-hollandite, 10-30 vol%
quartz, and 10-15vol% association of hematite (7-11%
Fe,03)-apatite-clay minerals. It contains no braunite, feldspar, or car-
bonate. Locally in this mine, the Lower Mn-1 ore layer displays parallel
banding and contains 75 vol% cryptomelane (+ pyrolusite?), 10-12 vol
% hematite, and 10-13 vol% quartz—chert, which is similar in compo-
sition to the upper layer.

The composition of the amygdalite cores in the Upper Mn-1 layer,
estimated optically from polished sections, consist of 60-90 vol%
cryptomelane (+ hollandite?), 0-10 vol% quartz, 10-15 vol% hemati-
te-clay minerals and pores. Massive cryptomelane, containing a few
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clasts and then becoming a clastic zone composed of quartz, hematite,
chamosite, and cryptomelane, surrounds the cores (Fig. 6H and I).
Therefore, there is a transition from the metallic manganese core to the
detrital granular wrap.

The Lower Mn-1 layer overlies conglomerates with a ferruginous
arkosic matrix or ferruginous arkosic sandstone whose composition is
20-87vol% hematite (10-75% Fey03), 5-50vol% quartz—chert,
10-30vol% feldspar, and 0-5vol% braunite-apatite—clay miner-
als-hematite fragments (Fig. 6J-K). The matrix of these rocks comprises
hematite and ferruginous chert.

Surrounding the Santa Cruz plateau, the Mn-1 layer in all the other
mines contains detrital, concretionary, or breccia- or earth-like ores. In
the VALE-Urucum and MMX-Urucum mines, located on the Urucum
plateau, and in the Rabicho Mine (Figs. 3 and 5), the ore comprises an
arkosic sandstone cemented by hollandite ( * cryptomelane)—-
quartz—feldspar-hematite, with 30-40% MnO, 30-35% SiO,, 5-10%
Fey0s, 3-7% Al,03, 1.5-2.5% K50, and 1.0-2.5% Ba. In the Rabicho
and Morro Grande mines (Fig. 6E-F), the layered dETRital ore consists
of 60-70vol% pyrolusite, 15-25vol% hematite, and 15-25vol%
quartz; and the concretionary ore contains 70-80 vol% cryptomelane
and 20-30vol% pyrolusite. These ores are hosted in ferruginous



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(98pd 12U U0 panunu0I)

104 + £A15
£9 + 1wy
100 > 928°0 ¥0°0 100 > 0€'Le ST'8Y €L'1T 80°1€ 8C°0 ¥8'1 960 €€ L 8L ‘CUN  HIVA-YOIN L1 40D
A
S/ + Juy
10°0 169°0 tan(] 100 > oc'ey 06°'SS 8591 1L°€T €20 8€°0 100 > SC L 8L ‘€UN  HTIVA-IOIN 9T 40D
1oy + £1
18 + 1wy
¥0°0 0v0'T 60°0 10°0 > 0T'Ly ¥6°09 S9'IL 9991 920 1 SS°0 61 £ '8L‘CUN  HIVA-YOIN doT 40D
A1
Ly + gy
100 £1H°0 90°0 100 > 0S'6C 80'8¢ T8'vE 6L6Y 610 90'1 T0 €S £ 8L ‘gUN  TIVA-YOIN 0T 40D
zb €G + 104
100 > SPE0 100 > 100 > SL'9 148 £0°SC G8'Ge 91°0 940 9€'TS 6+ Iwyge /L 3l ‘CUN  HIVA-YOW [44R: (0]
90°0 0€1°0 100 > 200 S0 Sb'0 1665 SL'S8 £5€°0 (44 T6 MY +Iwy £ 8L ‘CUN  TTVA-UOIN 12 40D
zb
€¢ + g
100 > S00°0 100 > 100 > 100 > 100 > 60°9S 12°08 0°0 10 2081 L9 L8 ‘C-UN  HIVA-YOIN ast od
zb
€9 + yuy
100 > 810°0 S0°0 10°0 10°0 20’0 S1'8¢ SSvS 820°0 20 eT'sy LT L8 ‘€UN HTVA-YOIN MS8T 0d
10°0 > S00°0 €00 10°0 > 10°0 > 10°0 > o 8¥°09 8798 0°0 10°0 > LECL zb + Juy TAIERCT: | HIVA-9OIN aoc 0id
100 > S00°0 10 200 20’0 €00 6v'61 LL70L +¥20°0 ¥1°0 8€'8C zb + juy 07814 °9d  HTVA-YOIN M9T 03
10°0 S¥0°0 ¥0°0 80°0 0Z'0 920 TL9E 16°CS €2C0 €8'1 LYY zb + Juy D81 °d  HTVA-MOIN 99 40D
100 > 1200 10°0 > €00 10°0 > 10°0 > ¢S'LYy S6°L9 cco €0°¢ 9'LT D731 od HTVA-9OIN £9 40D
100 > ¥10°0 S0°0 200 10°0 10°0 Se'Le 1v'€es 1€0°0 124\ 29'SY 07814 °9d  HTVA-YOIN 89 40D
100 > £00°0 £0°0 20’0 10°0 10°0 £LS°8€ ST'SS 120°0 110 S6°¢Y 07814 4 HIVA-YOIN 69 40D
zb
1T + yuy
100 > £00°0 ¥0°0 10°0 100 > 100 > fal] 09°19 6088 €00 Ly'0 20T 68 07814 °9d  HTIVA-YON Y1 490D
100 > €10°0 €00 100 > 100 > 100 > 10> 0495 60°18 €00 €00 ST'8T DT84 HTYA-YDIN 04 490D
10°0 810°0 €00 10°0 > 100 > 10°0 > 0 ¥9'6S 6C'S8 €00 60°0 LSET D781 94 HTVA-YOIN T4 490D
100 > 010°0 €0°0 100 > 100 > 100 > 10> 1909 £9'98 €00 L1°0 0SCI 07814 °9d  HTIVA-YOIN TLY0D
100 > £00°0 ¥0°0 100 > 100 > 100 > 10> 61°€9 08°06 €00 S0°0 11'8 DT84 HTYA-YDIN €4 40D
100 > 900°0 100 > 100 > 100 > 100 > 10> 1899 ¥S'G6 60°0 10T ¥9°C D781 9d  HTVA-YOIN ¥4 40D
zb
100 > 200°0 £0°0 900 S0°0 £0°0 10> ST'6 60°€T €00°0 80°0 €978 88 + W3 ZL D81 °d  HTVA-MOIN V1 90D
100 > Z10°0 200 100 > 100 > 100 > 10> 0S°09 2598 €00 10°0 9L7C1 D781 9d  ATVA-YOIN aoZ 90>
100 > 810°0 200 100 > 100 > 10°0 > 10 SS'19 1088 €00 80°0 9901 D781 °9d  HTVA-YOIN drZ 90D
100 > 600°0 20’0 100 > 100 > 100 > 10> Y€'€9 £L5°06 €00 810 698 07814 °9d  HIVA-YOIN dcs 9od
10°0 > £00°0 €00 10°0 > 10°0 > 10°0 > 10> 99°€9 68°06 €00 ¥0°0 68°L D731 °d HTVA-9OIN acs dod
100 > S00°0 100 > 100 > 100 > 100 > 10> 6t°L9 1596 60°0 16°0 vLT D781 9d  HTVA-YOIN ayL 90D
100 > ¥10°0 £0°0 10°0 10°0 10°0 0S'TY GE'6S 610°0 60°0 TL6E 07814 4 HIVA-YOIN MOZ ¥0D
€00 9100 600 10°0 10°0 10°0 L8'8Y 68°69 ¢co0 cro €0°0¢ D731 °d HTVA-9OIN MILYOD
100 > 910°0 £0°0 10°0 10°0 10°0 ST'Sh 95'+9 €20°0 11°0 60'v€ D781 °9d  HTVA-YOIN MZTL d0D
100 > S00°0 10 20’0 10°0 10°0 1629 96'68 820°0 10 Y001 07814 94 HIVA-YOIN MEL Y0D
€0°0 ¥10°0 10°0 ¥0°0 200 20’0 €4°09 G8'98 £S0°0 €6'1 £01 07814 94 HIVA-YOIN MPbZ H0D
*20] 231
S[RISUTIA -1oheT QuIN ordures
PORIN
dOI-SNA dDI-SNd dOI-SNA dDI-Snd J9X-SN4d Pale[nored YLIL dDI-sn4d Ppaie[nored dDI-sn4d dDI-snd dDI-sN4d sisA[euy
10°0 wdd ¢ 10°0 10°0 10°0 100°0 0 10°0 10°0 100°0 10°0 10°0 I uondIRq
[oquis
OCeN % ed % 0O®BD % O3IN % UN % OUN % 024 % 91 %  (1)€0T2d % COLL % €0CIV % COIS % aifeuy

's)1sodop UOII pUe JsaUBSURW WNONI[ SY) WOIJ S2I0 pue s)01 Jo A3o[eraurw pue suonisodwod [edruay)

1 9IqeL

343



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(98pd 3x2u U0 panunuod)

XININ
100 > 8100 100 > 100 > 100 > 100 > 9,19 TE'88 $0°0 ST0 2001 zb + Juy £ 811 o -wmnonin ££°90D
XININ
100 > S10°0 100 > 100 > 100 > 100 > 99'89 61'86 ¥0°0 0 [ Juy £ 811 -wnonin 944¥0D
HTVA
100 > 860°0 80°0 £0°0 ST'T 61 69°LE 6'€S €20 €1e t4 87 zb + 3wy £ 811 TUN -wmnonin 8€ 40D
ATVA
100 2100 90°0 ¥0°0 ov't 81 SEVE [4NT4 €10 96'T 6'St zb +Jwy £ 811 ‘TUN -wmnonin 6€ 40D
hLp]
€1 + 110y
€5 + 1wy ATVA
T0 6v€°0 100 > 100 > 06'C€ Ly'Th 06'SC €0°LE 620 €0C 68C ve L 811 TUN -wmnonin 0¥ 90D
Tog
18 + Jwy ATVA
€10 1£0°0 100 > 100 > 0T'Ly ¥6'09 8G°€l Y61 91’0 100 > 100 > 61 L 31 ‘TUN -wmnonin Th 0D
ATVA
€50 1£0°0 vL0 ST'0 01’8k 01'29 €1t 8191 91’0 ¥T'1 100 > £ 814 ‘U -umonin §/-90D
1og HIVA
810 962°0 80°0 200 01'cs 92'L9 62'S LSL 91’0 8€°0 100 tv+4p96 £ 8L TUN -wmnonin q9€ ¥0D
Tou¢ + A ATVA
590 890°0 10 10°0 08'6% 62'v9 LE6 ¥'El 91’0 60 ¥S'0 T6+Iwye £ Sui ‘TUN -umonin €b 40D
1og ATVA
ST'0 1€2°0 80°0 200 0S'1S 6t'99 9€'9 6 €10 6v°0 600 €T+ A £L £ 311 ‘TUN -wmonin B9E ¥0D
1oy
S8 + Juy ATIVA
TT0 9110 €0°0 100 > 0S'6% 06'€9 1L'6 68°€1 $T°0 69°0 100 > ST £ 811 TUN -umonin ¥ 40D
A1
6/ + Juy ATVA
LT°0 9520 100 > 100 > 09°CY 00°'SS $9'v1 ¥6°0C LT°0 [ %3 S0'T 12 £ 81 ‘TUN “wmnonin ¥ 40D
ATVA
100 > 6100 100 > 100 > €0 0t'0 9z'€e 95'Lb 91’0 600 €0°'1S zb +uy £ 814 T-UN “wnonin L€ 90D
ATVA
200 9200 £0°0 200 8€'T 8L'1 9L'Ly €89 €LT°0 59t 9€°02 zb + 3wy /£ 811 T-UN -umonin St 90D
zb
6¢ + 1wy £ 811 HIVA
100 > £00°0 100 > 100 > 100 > 100 > 10> LE'6Y 9'0L ¥0°0 £LT°0 €1°6T 19 ‘€-UN/3d -wnonin asy 40D
zb
S€ + Juy £ 811 HIVA
100 > 800°0 100 > 200 100 100 12°1S €TEL 6£0°0 €20 89°9C 59 ‘€-UN/od -wmnonin M9 YOD
zb
Ty + 1y £ 811 ATVA
100 > 600°0 100 > 100 > 100 > 100 > 10> 8¥°9 9%°99 ¥0°0 ¥2°0 S9°¢E 8S ‘€-UN/od -wnonin asy 40D
zb
Py + Juy £ 811 ATVA
100 > 800°0 S0°0 200 €0°0 ¥0°0 L8V LT'%9 9€0°0 90 1S°€€ 95 ‘€-UN/od -wmnonin MLy MOD
'lq ATVA
L0 6€4°0 9€'0 200 02'csS 6€°L9 809 L8 810 LE°0 LT0 6+4ADGe L S1‘CUN -umonin dst 40D
Blq ATVA
S0 962°0 ¥v0 100 > 0205 189 95’8 ¥TCl 10 8v°0 €LT  6+4D16 £ 81 ‘CUN “wmonin 18v ¥0D
POYIPIN
doI-sn4d dor-snd dor-sn4d dor-snd 44X-Snd  pare[nded WLLL doI-Snd  pajemared dor-snd dor-snd doI-snd sisA[euy
100 wdd ¢ 100 100 100 1000 10 100 100 1000 100 100 MW UondARQ
[oquiAg
OZeN % ed % 0®d % O3IN % U % OUIN % 04 % 21 % (1)€0Td % ZOIL % €0CIV % 2O'S % aireuy

(pomumu09) T 91qeL

344



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(98pd 3xau U0 panunuod)

yue
¢ + 2w
9z + zb Lg
+ (onse) ST 81
It TEP'0 290 10°0 0T've Ir'ie 65°€L Pr61 £T°0 e LT'6€ Blq g€ ‘T-UN equLIngLg 0T ¥0D
pliigyerd
+ (onse) ST 314
100 > 0v0'L 260 T20 00'8¢ 90°6% 9201 L9Y1 €€°0 €0 981 BIq G/ ‘TUN equuRn3L] 460 40D
1oy ST 314
100 > £€8°0 y1°0 200 06'vS 88°0L LS'T sTT T0 LL0 TO'T  Ob + A1 09 ‘T-UN  eyuurendig B60 YOD
qe 8 + ow
sz + zb
Th + Juy ST 314
ST'T 591°0 €60 8€'0 60'9 L8°L Sb'Ce 11°ee €0€°0 9€'s 6L'9% 4 ‘TUN  equuRndlg 20 ¥0D
zb
€1 + uy ST 811
9€'0 ¥ero LL0 v'0 LEY ¥9'S 0r'zs 1SvL 91’0 8L'1 1071 L8 ‘TUN  equuRndlg #0 90D
A1d
TE + 0By
¥ +(onsep) ST 314
66'€ €eT'0 LT'T €6'C 00'6C vb'LE 1z YLTT LE°0 0f £5°€€ elq §9 ‘TUN equuRn3Lg 15 03
ST 314
100 > 0621 9'0 610 09'1S 29'99 09°€ ST'S LE°0 TS'T 60T 1oy + A1 ‘T-UN  eyuuendig 90 40D
op
€1 + oey
0T + qe
0T +2b
¥ + (nsep) ST 81
€T'€ 560°0 980 TS8°T 00°€€ 09Tk ¥8'L 1211 ¥€°0 v'e 65°0€ Blq €9 ‘TUN equuRN3Lg £0 90D
XININ
100 > 800°0 500 €00 0z'0 92’0 88'GE €18 901°0 €T'1 Ly zb + Jury £ 814 0 -umonin 6L 40D
1oy + XN
S€0 98+°0 6€°0 80°0 se'Ce 9L'Th €9'ST §9'9¢ ¥€€0 ¥6°'€ ¥6'T A +yuy £ 81 ‘TUN -umoanin 65 90D
XININ
€0 €0€°0 99°0 200 09°9¢ ST'LY 7991 9L'€T 620 ¥0°'S zey  Ap 4wy /81 ‘U “umonin 09 40D
Juy XN
9'0 590°0 ¥S'0 €00 0£'2S ¥0'89 099 ¥r'6 €10 S0 680 L+ADEe L 8L ‘TUN -wmnonin d19 ¥0D
Juy XN
S0 1700 9€°0 100 > 0S50S 0Z's9 L0°'6 167T1 €10 80°0 ST 0T +4D 06 £ 811 ‘T-UN “umonin TI9 40D
1oy + e1q XININ
810 0€T'T 10 v1°0 05'6% 06'€9 $T°0T Syl 620 T0 80C 61 + ADI8 £ 8L ‘TUN -wnonin 79 ¥0D
XN
620 €82°0 990 100 > 06'6€ 1S'1S (441 £L°0T 820 ¥S' €T'€ 814 ‘C-UN -umonin 840D
oey
T+ Juy XININ
100 > S€0°0 100 > 100 > 96'T €5°C L9'6S £€'68 €0 18°€ 6 88 £ 814 TUN -umanin a9 ¥od
oey
TT + 1wy XN
100 0€0°0 £0°0 €00 99'1 SI'C Sb'6S T0°'S8 ¥2€0 107 YLy 88 £ 811 TUN -umonin ME9 ¥OD
PoOyIBIN
doI-snd doI-snd doI-snd dDI-Sn4 A4X-SNA~ pare[mdred WULLL doI-Snd  pajemared doI-snd doI-snd dor-snd sisA[euy
100 wdd ¢ 100 100 10°0 1000 10 100 100 100°0 100 100 JTWIT U0Nd3I_Q
[oquIAS
OZeN % ed % 0®d % O3IN % U % OUIN % 04 % 21 % (1)€0Td % ZOIL % €0CIV % 2O'S % aireuy

(pomumu09) T 91qeL

345



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(98pd 1x2u UO panuNL0I)

€1 9 9¢'l 8 Sy 6 0z > 6 o€ > S > o1 > 8T 07814 9d  HTVA-YOIN avZ 90D
S's 992 69'9 ¥'9e €T C> 0z > 6S o€ > S > o1 > €€ 07814 °d  HIVA-YOIN MOZ 40D
L€ 6°'LT 144 L'€T €'S1 C> 0z > €S o€ > S > o1 > 14 DT84 HTYA-YDIN MIZY0D
154 S6L Ly L'8C 81 C> 0C > 154 o€ > s> () €cC Dz 811 °d HIVA-9OIN MTL 90D
T At 18T €81 60T C> 0z > v o€ > S > o1 > 1T 07814 °9d  HTVA-YOIN MEL H0D
S'e ST 'y 9'6C S'LT C> 0z > ST o€ > S > o1 > 14! 07814 94 HIVA-YOIN MPbZd0D
201 231
S[RISUTIA -1oheT QUIN ordures
PowRIN
SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNA sisA[euy
10 10 500 10 10 0T 1 o€ S o1 S JWr] uondIg
[oquiig
wg wdd PN wdd 1q wdd 9D wdd et wdd X wdd IN wdd op wdd uz wdd qq wdd np wdd 17 wdd Aheuy
ST 811
100 > CIT'0 S€0 10°0 09°'8S S9'SL 8S°0 €8°0 $0°0 €0 fa 4] ‘T-UN o3ipeser 8C 40D
ST 811
100 > 100 100 > 100 > or'y 89'S TT'LT €6'8€ TTo SST €L'8Y ‘T-UN oydrqey 0G 0d
zb
¥€ + Jwy ST 81
100 > €20°0 10°0 100 > 100 > 100 > 18'8S T'v8 ¥0°0 L1°0 1¢°ST S9 T-UN oyprqey 81 0}
zb + ST ‘814
100 > 1€4°0 10 620 or'vC IT°1€ 1€°€T 061 Ly'0 GG'e GGg'ce -14d + A1 ‘T-UN oyoIqey 9T 40D
zb £1 + 14d
€9 + Juy ST 314
100 > 02L0 100 > 10°0 > or'vv €699 6901 6C'ST Ly'0 z8'¢e 1 7A4 61 ‘T-UN oypiqey €¢ 40D
z
b + 110y + ST 81
10°0 > 01SC 10°0 110 00'8C ST'9¢ £b'S LLL £8°0 69 9zze -1 + 1wy T-UN XININ S9 ¥O0D
1Ad ¢ + zb
€1 + 109
S + yuy ST 314 sogurwoq
18°0 0€0°0 S0°0 ¥L'0 0Z'9% ¥9'6S 8€'S 69°L 91°0 €L°0 €Tl 48 T-UN oes 0€ 40D
g1 S11 sogurwo(q
900 ZIT0 500 200 8611 9b'ST 6L°€T 20'vE €€°0 91°S 99°LE zb + Jury T-UN oes 1€ Y0D
Jw
8¢ + zb1l
+ (onsepP)
®Iq 6 + A1 ST 811 sogurwoq
1€°0 SET'0 10°0 100 > 06°'SE SE9Y S99 156 €€0 19°€ €L'ET Y +IWy 6 ‘T-UN oes €€ ¥0D
zb
8T + oY
09 + Juy ST 811 sogurwoq
Se0 €ST°0 0 0 0S'6€ 66°0S 9T'L 8€°0T S€0 €€e 60°LT [4s ‘T-UN oes (43R (0]
ST 811 so3urwoq
100 > €10°0 L1°0 900 20'T [4s 09°€e S0'8Y 9€°0 €e's fali14 zb + juy ‘T-UN oes S€ Y0D
Jw
-+ 0B + ST 314
£0°0 ¥0S°0 L0 960 90°'L 11’6 €981 ¥9°9¢ €4T°0 LSV 8’61 -zb + Juy ‘T-UN  eyuuendig (4R (0]
POIRIN
doI-snd doI-snd doI-snd doI-snd IX-SNd paemaed MIIL doI-Snd  pareMmared doI-snd doI-snd doI-snd sisA[euy
10°0 wdd ¢ 10°0 10°0 10°0 1000 10 100 100 1000 100 100 Jwry uondsieq
[oquIAS
OZeN % ed % 0®ed % O3IN % UnN % OUN % 021 % °d %  (1)€0T°d % COLL % €0CIV % COIS % aireuy

(pomumu09) T 91qeL

346



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(98pd 3xau uo panunuod)

zb
Py + 3wy L34 AIVA
1c 6 €1'T T91 L8 T> 0z > 6C 0€ > S > 01 S 9s ‘€-UN/24 -umanin ML 40D
e1q AIVA
[ 8L e LS §91 1T 0€ 91¢ 0€ > G > o1 6+ 4D 66 L 811 ‘CUN -wmnonin dst ¥0D
eiq AIVA
LT ¥'ST (484 L'vy 44 LT 0€ 0€¢ ot 9 0€ 6+ AD 16 £ 814 ‘€UN -umanin 8% 40D
104 + 12
£9 + yuy
601 6'9t el 102 8'8€ 61 0z > 002 ot S > ot Tr €€ L 81 ‘CUN  HIVA-YOIN L1 90D
A1
S/ + yuy
€8 v've 798 811 S've 44 0z > 8C¢ ot S > 09 LT SC L8 ‘CUN  HIVA-YOIN IN9T YOD
1oy + £1
18 + uy
€8 T'se St'6 6S1 6C <4 0C 6C¢ 0S S > 0L 44 61 L '8L‘CUN  HIVA-YOIN d9T ¥0D
A1
Ly + yuy
9'€ L'ST 99°¢ 6'8€ 6'ST 14 0L 681 ot 9 ot 8t €5 £ 8L ‘CUN  HTIVA-YOIN 02 90D
zb ¢ + 0y
91 €8 [4%4 ¥'0C ¥'8 €1 0z > (441 0€ > S > 0T 1€ 6+1wyge L SLI‘C-UN  HTIVA-YOW TC ¥0D
€S 6'St Tr8 L'6T 671 z> 0z > LS o€ > s> or > GG MY + 3wy /£ 8L ‘CUN  HTVA-YON 12 40D
zb
€€ + 1wy
LT 6’11 ¥9°C 691 T8 0T 0z > 43 0€ > s> 01 > 91 L9 L 8L‘€UN  HTIVA-IOIN ast o
zb
€9 + 1wy
6 97T 68t €'LT vl > 0z > 8b 0€ > s> 01 > L1 LT L8 ‘€UN  HTVA-IOIN MST 01d
6’1 ¥'6 S1C 8P YL ST 0z > €€ 1 zb + juy 07814 °9d  HTVA-YON aogg 0xd
v'L 9'L 81 et 'L ST 0z > 9€ 0€ > S > or > ST zb + Jury 07814 °d  HIVA-YOIN M9z 01d
SIL 8'8S Tl 1'€6 144 T> 0S LST 0€ > s> 01 > 88 zb + Juy D781 94 ATVA-4OIN 99 40D
89 174 60T €79 £'6€ T> 0z > <4 0€ > s> 0C o 07814 °9d  HTVA-YOIN £9 90D
¥ r'ie ¥0'S T'ie 81 41 0z > LS 0€ > S > or > €€ 07814 94 HIVA-YOIN 89 0D
4 L6 €€'T 9Tl 8 > 0z > 19 0€ > s> 01 > L1 D781 94 HTVA-4OIN 69 40D
zb
IT + 2wy
4 [ 78T 81 6'6 > 0z > TL 0€ > S > or > 144 68 DT84 HTYA-YDIN ¥1 90D
8¢ v'LT €Y L'€T €T LT 0z > 34 0€ > s> or > Vid D781 °d  HTVA-YOIN 090D
€€ 8L 9'€ 8'0C et 48 0z > 8t 0€ > S > or > 14 07814 °9d  HTVA-YOIN 190D
v'e L'ET Te 6'0C 6’11 1t 0z > 8¢ 0€ > G > or > 62 DT84 HTYA-YDIN TL¥OD
ST €Tl o€ 061 L1 48 0z > 144 0€ > s> o1 > 144 D781 °d  HTVA-YOIN €4 90D
ST TL L1 T0L 8'S L 0z > 01 0€ > s> or > 11 D781 9d  HTVA-YOIN ¥4 90D
zb
T9 9'8C 589 95 €'6C S 0z > €9 0€ > S > o1 > 8 88+ W3CL D781 °9d  HTVA-YOIN V1 40D
v'e 'St L9°€ 50T Tl ST 0z > 6€ 0€ > S > or > 14 07814 94 HTVA-YOIN aoZ 40D
Te (448 6t'€ €0C SIL €T 0z > Ly 0€ > S > or > 44 07814 94  HIVA-YOIN atZ ¥od
Te LTl S6'C S'61 801 €1 0z > L€ 0€ > S > 01 > 8T DT84 HTYA-YDIN azL ¥od
ST v'Tl 50°€ 6l 811 at 0z > 44 0€ > s> or > std D781 9d  HTVA-YOIN as. ¥od
POYIRIN
dor-snd dDI-sn4 dor-snd dDoI-snd A4X-SNA~ pare[mdred WULLL doI-Snd  pajemared doI-snd doI-snd dor-snd sisA[euy
100 wdd ¢ 100 100 10°0 1000 10 100 100 100°0 100 100 JTWIT U0Nd3I_Q
[oquIAS
OZeN % ed % 0®d % O3IN % U % OUIN % 04 % 21 % (1)€0Td % ZOIL % €0CIV % 2O'S % aireuy

(pomumu09) T 91qeL

347



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(98pd 3x2u UO panuNL0I)

XN
8'S v'se St'6 ¥'66 ey 14 09 TLE 09 S > 0L 96 £ 814 ‘C-UN -umonin 84 90D
oey
TT + uy XN
(&4 9T1 (4% T61 €01 0t 06 76 0€ > 6C or > L 88 £ 814 TUN -umoanin a9 ¥od
oey
T1 + Juy XN
v €1 €T'e £C S'IL z> 06 08 0€ > L or > 8 88 £ 814 TUN -umoanin ME9 ¥OD
XININ
6€ 61 98y 6'9C 9'L1 ST 0z > 61 0€ > G > o1 > 6 zb + Juy £ 811 -wmnonin ££°90D
XN
6T vl o' 9'1C €€l 1t 0z > L1 0€ > S > o1 > 0t Juy £ 811 -umonin 92 ¥0D
AIVA
ST v'8 81'C 691 6 z> 0z > 0S 0€ > S > o1 > 08 zb + 3wy £ 811 TUN -umonin 8€ 40D
TIVA
€T [ 88'C 9'61 Tl > oy 201 0€ > S > o1 > 0z zb + 3wy £ 811 TUN -wmonin 6€ Y0D
hlin}
€1 + 10y
€6 + Juy AIVA
4 9'vC €L9 €Ly 9'6C 61 09 881 0€ > S or > 06 ve £ 811 TUN “umonin 0¥ 90D
oy
18 + Juy TIVA
9T I'st 6Tt 67T 50T €1 0z > 66€ 0g > s> 01 ¥T 61 £ 811 TUN -umonin Th 40D
AIVA
9'¢ 9'LL ¥9't L'Le 8'1¢ se ok z1S 09 S > 02T 8¢ £ 311 ‘TUN -wmonin S4-90D
1oy AIVA
€T S€l 88'¢€ 6'8C 14 4t ot 1a%4 ot s> 0T 8 v +AD96 L 8L TUN -umonin q9€ Y0D
oy + A1 ATVA
e T'ST 90t v've 8'81 ST 0z > 81f 0 S > 01 1€ T16+Iuye /L 811 TUN -wmonin € 40D
oy AIVA
6'¢ 8'0C ¥6'S §'8€ r'ee <4 ot 1€ 09 s> 0€ 9 €T+ A /L L 81 TUN -umonin B9E YOD
oy
68 + Juy AIVA
8'€ 6l L0°S §'6C v'61 0S 0€ LLY ot s> 0C 62 ST £ 814 TUN -umoanin ¥ 40D
A1
6. + uy AIVA
LT STL e 9'sT Svl 96 0z > 98% ot 9 0S 9¢ 12 £ 81 ‘TUN “umonin ¥¥ 40D
AIVA
S 6'8C v1°9 1’6 L'61 1t 0S 00T 0€ > G > o1 > a8 zb +Jwy £ 811 ‘TUN -wnonin £€ MOD
AIVA
v'e L1 4 <4 S'IL z> 0L 801 0€ > S > or > 441 zb + 3wy £ ‘811 TUN -umonin St 40D
zb
6€ + 1wy L8310 AIVA
4 v'8 6L'1 8T S'9 6 0z > 6C 0€ > S > o1 > 6 19 ‘C-UN/2d -wmonan asy 40D
zb
§€ + uy L8310 AIVA
€ 9T1L 19 691 ¥'8 z> 0z > € 0€ > S > or > 8 59 ‘€-UN/24 -umanin M9 40D
zb
Ty + gy L3811 ATVA
6'1 YL 591 STL 99 L 0z > ve 0€ > S > or > L 8S ‘€-UN/24 -umonin ALy 90D
PoOyIBIN
doI-snd dDI-Sn4 doI-snd dDI-Sn4 A4X-SNA~ pare[mdred WULLL doI-Snd  pajemared ddI-snd doI-snd doI-snd sisA[euy
100 wdd ¢ 100 100 10°0 1000 10 100 100 100°0 100 100 Iy uondaleq
[oquIAS
OZeN % eg % 0®d % O3IN % U % OUIN % 024 % 21 % (1)€0TA % ZOIL % €0CIV % 2O'S % aireuy

(pomumu09) T 91qeL

348



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(98pd 3x2u U0 panunL0I)

zb
8T + 1104
09 + Juy ST 814 sogurwoq
€ 61 9's YLy £ve ST 0c 000T < 0€ > 9 0T se 41 ‘TUN oes T€ ¥0D
g1 811 sodurwo(q
v'L 8'€e 508 Sy e 9¢ 0€ 8yl 0€ > G > or > seL zb + juy T-UN oes S€ ¥0D
u
-+ 0By + ST 814
6'¢ ¥'0C €IS 6'cy 9'L1 6 092 601 06 ford or > 86 -zb + Jury ‘TUN equuRn3L] T1 ¥0D
yue
¢ + ow
9z +7b Lg
+ (ousep) ST 314
8T (428 €€ v'LT 601 91 ozt 6vS 0€ > 6 0S 1L Blq € ‘T-UN  eyuuendig 0T 90D
w g7
+ (ousep) ST 314
v 6'61 16" €T §91 44 ovl 000T < 0€ Vid 001 26 Blq G/ ‘T-UN  eyuuendig 460 40D
1og ST 811
LT €Sl ro'y 9'1S v'1e 44 061 668 0L s> 0L o + 419 09 ‘TUN equuRn3L] B60 YOD
qe g + ow
Sz + zb
Ty + 1wy ST 314
6f 14 8¢9 9’6t '8¢ at 0S1 8L€ 0g > 1t 0€ 98 <4 ‘TUN equuRN3L] T0 ¥0D
zb
€1 + 1wy ST 314
6f 9'€T ¥S's |77 0T 9€ 08¢ ¥8y ov 9 0€ €S L8 ‘TUN equuRn3L] #0 40D
A1d
TE + ovy
¥ +(nsep) ST 314
Te 691 89t 144 8'61 at 0€T 000T < 0L 6 0€ ¥0T Blq 59 ‘TUN equuRN3Lg 1S 01
ST ‘811
€S S'LT St 'y €'6€ 1€ o1l 0001 < ot 8 0L LT 1oy + 4 ‘TUN equuRn3Lg 90 ¥0D
op
€1 + oey
Ol + qe
01 + zb
¥ + (dnsep) ST 81
S'e L'81 66t 9’1t 6'TC |4 091 000T < 0S L 0C L BIq €9 ‘T-UN  eyuuren3ig £0 90D
XN
e L1 484 9'1C PHT T> 0z > 6S 0€ > s> or > 19 zb + Juy £ 811 o -wmnonin 64 490D
oy + XININ
8P T'ie fefou] 1'95 L'92 ST 09 SIC 0L S > 0€ L8 A +wy /81 TUN “wnonin 6S 40D
XN
s 8T ¥S'L v'LS T 14 0L 15€ 09 S > 0S €L An 43wy /311 TUN -umonin 09 940D
Juy XININ
s'€ S'81 96t 19T 1'ee |4 ot 0€Y 09 S > 0g ve L+4pge £ Su ‘TUN -umonin dT19 ¥0D
Juy XININ
6'¢ L'0T T8'S i€ 9'€T 61 ot 9SG 09 S > 0€ ST 0L +4p 06 £ 811 ‘TUN -umonin 19 40D
1oy + eiq XN
14 44 ¥9'S €79 e ST 09 ave 0L YL 09 6€ 61+ 4ADI8 £ 811 ‘CTUN “wmonin 79 ¥0D
POYIRIN
doI-sn4d dDI-Sn4 doI-snd dDI-Sn4 A4X-SNA~ pare[mdred WULLL doI-Snd  pajemared dor-snd dor-snd doI-snd sisA[euy
100 wdd ¢ 100 100 10°0 1000 10 100 100 100°0 100 100 JTWIT U0Nd3I_Q
[oquIAS
OZeN % ed % 0®d % O3IN % U % OUIN % 04 % 21 % (1)€0Td % ZOIL % €0CIV % 2O'S % aireuy

(pomumu09) T 91qeL

349



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(28pd 3x2u U0 panuNU0I)

8°0C 1t (45 0C > 8Y og > s> 01 > 8¢ LY'66 LT°0 10°0 > 10°0 > 91°0 100 > 14 490D
6°0C 611 It 0C > 8¢ og > s> 01 > 6¢C 0866 vC'0 10°0 > 10°0 > v1°0 10°0 > CL 90D
061 LTT 4 0z > 144 o€ > S > o1 > 144 81'66 820 100 > 100 > 910 100 > €4 40D
[0} 8'S L 0z > o1 o€ > S > o1 > 1T 66'66 S0 100 > 100 > £0°0 80°0 440D
9s €'6C S 0C > €9 og > s> 01 > 8 15001 1444 10°0 > 10°0 > L0°0 100 > Vi1 40D
S'0T s ST 0z > 6€ o€ > S > o1 > 8T 08'66 820 100 > 100 > 910 100 > aoZ 90d
€0T ST €T 0z > Ly o€ > S > o1 > (44 LT°66 420 100 > 100 > L1°0 100 > drs¥9od
S6L 80T €l 0C > LE og > S> 01 > 8¢ 0666 20 10°0 > 10°0 > ST°0 100 > azcL do0d
T6l 8Tl 14! 0z > 144 o€ > S > o1 > ST Y€'66 820 10°0 100 > 910 10°0 ags 9od
8 Sy 6 0oz > 6 o€ > S > o1 > 8¢C 68'66 S0 100 > 100 > £0°0 900 (1778 (00
¥'9¢ €'¢CC C> 0c > 6S og > S> o1 > €€ S9'66 420 10°0 > 10 10°0 > MO0LZ ¥0D
L'€T €'ST C> 0z > €S o€ > S > o1 > 144 09°00T 420 100 > 11°0 100 > MIZH0D
L'8T 81 C> 0z > 134 o€ > S > o1 > €T €2°66 fetald] 100 > 60°0 100 > MTZH0D
€81 60T C> 0z > 184 o€ > S > o1 > 1T 99°00T fetal|] 100 > faN(] 100 > MEL M0D
9'6C ST C> 0C > ST o€ > S > o1 > 14t 18°001 £48°0 10°0 90°0 Y20 MPbL d0D
ordures
POYRIN
SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd SIN-SNd $D Tax-snd dor-snd dor-snd sisAreuy
10 10 0T T 0€ S o1 S 02,0001 = L 10°0 S00°0 100 T0°0  ¥wWIT uUond33Rq
[oquiAs
9D wdd e wdd X wdd 1IN wdd op wdd uz wdd qd wdd ny wdd 17 wdd e101, % 10T % 1e101-D % €021 % s0zd % o % Aheuy
ST 81
ST To1 92T 981 68 9T (V144 9z¢e oy €1 o1t ‘T-UN o3ipeser 8C 40D
ST 314
144 8'CC 9'S STy S61 91 0€T 244 ov €1 0¢ SL T-UN oyorqey 0S 0
zb
$€ + Juy ST 314
€ ST SsS'e L'€T 121 9T 0z > LE o€ > S > o1 > 8 <9 T-UN oyorqey 8t 01d
zb + ST 811
8CL 8'6E €L'8 CIt 9'CC 4! 011C 000T < o1t 9 06€ (1144 -1Ad + A1 ‘T-UN oyprqey 9C 40D
zb £1 + 14d
€9 + 1wy ST 314
L 8'€e 816 8'vL 1'8¢ 09 089 L1S 09 ST oTT 69 61 ‘T-UN oyprqey €2 40D
z
-b + 0y + ST 814
'8 6'v€ L8 81T [ 44 ve 065 P18 09 14y 08T €01 -AD + Jury ‘T-UN XININ §9 ¥0D
1Ad ¢ + zb
€1 + 109
S + yuy ST 314 sogurwoq
T 6% T €6 1L ¥ 09 756 o€ > G > o1 > 41 T-UN oes 0€ Y0D
g1 S11 so3urwo(q
8y L'1T ST'S y've L'81 1C 0ST yxa4 o€ > 6 0T €01 zb + Juy ‘T-UN oes 1€ 40D
Jw
8C + zb11
+ (onsep)
eIq 6 + A1 ST 811 sogurwoq
6°'S L'6T 6L'L €9 9¢ (44 0L 000T < 0¢ 9 01 8§ € +Iiwuye ‘T-UN oes €€ ¥0D
POUIIAL
doI-sn4 doI-snd doI-sn4 doI-snd IX-SNd paemaed MIIL doI-Snd  pareMmared dor-snd dor-snd doI-snd sisA[euy
10°0 wdd ¢ 10°0 10°0 10°0 1000 10 100 100 1000 100 100 Jwry uondsieq
[oquIAS
OZeN % ed % 0®ed % O3IN % UnN % OUN % 021 % °d %  (1)€0T°d % COLL % €0CIV % COIS % aireuy

(pomumu09) T 91qeL

350



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(98pd 1x2u UO panuNL0I)

T'vy £0T 9€ 08¢ 1514 ot 9 o€ €S ¥1°00T €€0 100 > 90 ! 0 40D
144 861 14! 0€T 000T < 0L 6 o€ 0T 0S°00T 90T S00°0 > 6220 98T 1S 0d
Ty €'6E 1€ 01T 000T < ov 8 0L L1 S6'€6 G8's 200 S00°0 > €02°0 ST'1 90 40D
9Ty 6CC 1C 091 0001 < 0S L 0T 1L 11°001T 89C S00°0 > tazAll] veT 40 40D
9'1T a4t C> 0z > 6S o€ > S > o1 > 19 28001 650 100 > S0°0 61°0 64 40D
198 9T ST 09 S1C 0L S > 0€ LS 5886 29’6 €9°0 L9'T 6G 40D
v'LS fal 4 14 0L 1S€ 09 S > 0S €L 0C'96 SICI 10°0 > S00°0 > 290 6S'T 09 40D
49T |44 1C ob ocy 09 S > o€ 124 80'v6 4TT1 0 S00°0 > S6t°0 80'T d19 40D
1€ 9'€T 61 ov 9GSt 09 S > 0€ ST 0S°€6 €T1L 60°0 S00°0 > €250 cr'L 119 ¥0D
€79 ta 24 ST 09 9ve 0L YL 09 6€ 90'v6 856 S00°0 > S92°0 89’1 29 40D
¥'66 T'ey 14 09 TLE 09 S > 0L 96 €v'96 1€CI S00°0 > 1040 98°'L 84 40D
c¢6l €01 (8 06 26 o€ > 6T o1 > cL 10°00T 8T 100 > 80°0 11°0 a9 4od
€T S'TL C> 06 08 o€ > L o1 > z8 1266 14T 00 80°0 MEI Y0D
6'9C 9'LT ST 0z > 61 o€ > S > o1 > 6 2T'66 0 100 > tAN(] 10°0 £4£490D
9'1T €€l 1T 0z > L1 o€ > S > o1 > (018 €001 9€'0 100 > 100 > faN] 100 > 94 40D
691 16 C> 0z > 0S o€ > S > o1 > 08 08°00T IT'l 900 90 8€ 40D
961 tans C> ot 20T o€ > S > o1 > 0zt €5°00T 6€'1 ¥0°0 90°0 6€ 40D
€Ly 9'6C 61 09 881 o€ > S o1 > 06 €0'S6 S0°L S00°0 > 661°0 15T 0t 40D
6CC S'0T €1 0z > 66€ o€ > S > 0T 144 SL'C6 16'8 100 > S00°0 > $0€°0 18°C (474 (00]
LLT 8'1C S€ ot C1S 09 S > 0T 8¢ €S'v6 9Tl S00°0 > L6€°0 S0 S2-90D
6'8C 14 14! ot 1454 ot S > 0c 8 £L8°68 6’6 S00°0 > 142°0 vLe q9€ ¥0D
444 881 ST 0z > 81t 0S S > o1 1€ 1626 G501 100 > S00°0 > L6€°0 €8’ € Y0D
s8¢ T'ee T ot 1LE 09 S > 0g 9 05’16 G801 99°0 S00°0 > 9TE0 ¥S'e B9E YOD
S'6C 61 0S 0€ LLY ot S > 0T 6T 01°26 61°'6 S00°0 > LES0 80°¢ ¥ 90D
9'sT SPI 96 0z > 981 ov 9 0S 9¢ 01°S6 99°TT S00°0 > ¥£9°0 66’1 ¥ 40D
1'6€ L61 11 0S 00T o€ > S > o1 > S8 vL'66 0 100 > L0°0 10°0 L€ 40D
144 S'TL C> 0L 80T o€ > S > o1 > t44) 80°86 ev'e 90°0 60°0 S 40D
8CI S9 6 0z > 6T o€ > S > o1 > 6 SS'00T 10 100 > £0°0 200 asy 90D
691 '8 C> 0T > 1€ o€ > S > o1 > 8 09°00T 6C°0 80°0 10°0 M9 40D
STL 99 L 0oc > ve o€ > S > o1 > L 26’66 6€°0 100 > 60°0 €0°0 dsy 90D
¢91 L8 C> 0z > 6T o€ > S > o1 S 94'86 6€°0 S0°0 €0°0 VA (0]
LS S91 1T 0€ 91C o€ > S > o1 vL'T6 SS'TT 100 > S00°0 > G290 €1'e d8y 940D
VA 44 0T L1 o€ 0€T ot 9 0g ST'€6 ¥6°01 100 > S00°0 > 92S°0 89’1 T8 40D
102 8'8¢ 61 0z > 002 ot S > ob (44 S8'v6 v'6 100 > S00°0 > 661°0 L1T L1 40D
811 SvT (44 0T > 8CC ot S > 09 LT 20°€6 ¥9'6 100 > S00°0 > S0 S8'1 9T 40D
6S1 6T T 0T 62C 0S S > 0L 144 18°€6 10T 10°0 > S00°0 > €€S°0 65T doT 40D
6'8¢ 6'ST 14 0L 681 ov 9 ov 8y S6°'L6 209 100 > S00°0 > SLY°0 y9'1 0T 40D
¥'0T ¥'8 €1 0z > CIt o€ > S > 0T 1€ 06°00T €6'1 S00°0 > €0€°0 8v'0 [44n: (0]
L'6T 6'v1 C> 0T > LS o€ > S > o1 > SS 86'66 8’1 ST0 10 1Z 940D
691 '8 0T 0z > ze o€ > S > o1 > 91 06'86 6€°0 10°0 > 11°0 200 ast od
€LT Tv1 C> 0z > 14 o€ > S > o1 > L1 €€°00T 2o 60°0 100 > MS8T 0d
8P1 L ST 0T > €e 1C S¥'66 SE€0 10°0 > ¥1°0 €00 aoz 0d
T€el 'L ST 0z > 9€ o€ > S > o1 > ST S8'66 €0 60°0 100 > M9T 0
1'€6 144 C> 0S LST o€ > S > o1 > 88 86°00T 140 £0°0 610 99 40D
€779 €'6E C> 0T > 124 o€ > S > 0T ov €4°001 Y0’ 100 > taN(] SS°0 49 40D
21T 8vI 4 0z > LS o€ > S > o1 > €€ 66'66 9z'0 90°0 80°0 89 40D
9CL 8 C> 0z > 19 o€ > S > o1 > L1 L9'66 fetaly] 80°0 100 > 69 40D
81 6'6 C> oz > CL 0€ > S > o1 > ¥C 81°00T €€0 100 > 100 > LT°0 100 > 1 40D
L'€T PEL L1 0z > |34 o€ > S > o1 > LT LL'66 820 100 > 100 > ST0 100 > 04 40D
POUISIAL

SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SO AdX-SNA ddI-snd doI-Snd sisA[euy
10 10 (/4 T o€ S o1 S 0.000T = L 100 S00°0 10°0 T0°0 3WIT uond3xq
[oquiAs

9D wdd e wdd X wdd N wdd op wdd uz wdd qq wdd np wdd 17 wdd 8101 % 10T % [e10L-D % £0TID % s0zd % oI % QAheuy

(pomumu09) T 91qeL

351



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(98pd 1x2u UO panunL0I)

€€ 90°'T 80'L S0 9T'vS €0 6’1 820 6’1 90 6°C S0 8°C ¥9°0 ast od
10°1T SO'T LL0 SE'68 1€°0 6’1 820 4 40 8¢ 40 8Py L0'T MS8T 0d
o€ 90T Tt 890 [4°h 44 €C0 ST cco V'l S0 €T €0 1'c 0 aoc oxd
0€ 960 80'L 18°0 61°6€ ¥T'0 V1 120 V1 S0 4 €0 8l €€0 M9T 03
¥6'0 LT'T 280 6TvvC TTo 91 fetald] 4 60 9'S T 9'8 TeT 99 40D
Tt 9¢'T 140 6°€LT 810 T L1°0 €1 S0 e 90 'S Sh'1 £9 40D
ot IT1 0S'1T S0 YvvL €10 80 110 80 €0 8’1 0 e 980 89 40D
¥0'T LE'T S9'0 €8'IY tal] 1 L1°0 T 0 9’1 €0 8l €v'0 69 40D
[4{ons 6T'T 820 SS LT°0 91 €20 9’1 S0 LT 0 LT 8G°0 Y1 40D
1€ 90°'1T cc'l 040 S6'vL €0 LT 0 91 S0 6°C S0 A 6’0 04 490D
L1 660 ST'1T 120 S0°'89 0 €T €0 T L0 e S0 e L0 144902
1C Tt €T'1 SL'0 29'€9 [l €1 20 €1 S0 9T 0 e 80 TL 0D
(U 80°'T €e'1 €L°0 8C°LS c0 C1 0 €1 0 1'c 0 T 90 €4 490D
€T oT'L €T'1 TL0 86'1¢ 0 1 0 60 €0 1 0 1 €0 440D
1 oT'L €Tl 680 €8'10C sc'e v'61 vLT 6'ST 144 €91 4 €6 6S'T V1 90D
0€ L0'T ST'L 120 9%'S9 S0 91 €T0 ST S0 LT S0 S'e 180 aoZ 90>
€€ €0'T 61T 94’0 ¥2'99 LE0 €T 1€°0 T L0 e S0 e £9°0 drs 90D
9T L6'0 1Tt 02’0 2E'6S TTo €1 20 €1 S0 ST 0 € SL°0 acs 9od
5t SO'T 6€'T S9°0 €9°LS 12°0 C1 61°0 €1 0 1c 0 v'C 850 acs dod
0€ Tt 8T'1 SL'0 6v'9C 61°0 T1 ST°0 60 €0 T1 20 T1 620 avL 90D
cr'L Tl cL0 €6°CIT [431] 6’1 620 4 40 8¢ 40 9 €'l MOZ ¥0D
80°'T €e'1 cL0 €€'8L ce0 14 €0 14 L0 €€ S0 Ve 180 MILYOD
¥0'L [4s 89°0 10°88 920 91 Y0 91 90 e S0 6'¢ T MZTL d0D
Tt Se'l 020 T'vS €20 V1 20 €1 0 6T €0 4 S0 MEL YMOD
SO'T L1 820 18 120 €1 810 1 0 1T 0 T £9°0 MPZ H0D
ordures

POUIRIN
SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SN4A SIN-SN4A sisA[euy
10°0 0 S0°0 0 0 10 0 10 G0°0 HwIT uonosaleg

[oqui4s
OH/A 0D/uz LNH/ng NoD/NeT ¥9D/3D qaY wng n7 wdd qx wdd w], wdd 1 wdd oy wdd Aq wdd qr, wdd po wdd ng wdd Aheuy
9'81 68 9T (1144 9ze ot €1 01T SS'16 1401 S00°0 > £92°0 18°¢C 8C 40D
STy S61 91 0€T 1444 ov €1 0€ SZ 1v'66 LT 100 > 810 LE°0 0S 0
L'€T et 9¢ oc > LE 0€ > S > o1 > 8 80°00T 8€°0 10°0 > €10 10°0 8% 01d
(4181 9'Ce 4 0l1C 000T < ()88 9 06€ 0ce SE00T 8601 10°0 S00°0 > 1420 ccl 9¢ 40D
8'vL 1'8¢ 09 089 L1S 09 ST 01T 69 1Tv6 244" 920°0 965°0 8T'L €2 40D
811 €ve 143 06S V1S 09 (43 081 €01 04°L6 €88 S00°0 > 6¥S0 11'c S9 40D
€6 'L 14 09 2S6 o€ > S > o1 > SEY6 608 S00°0 > 6€T°0 96°¢ 0€ 40D
P've L'81 1C 0ST yra4 o€ > 6 0T €01 06'86 S8y 100 > 2T0 S6°0 1€ 40D
€9 9€ (44 0L 000T < (U 9 0t 8S €€°S6 ve'L 10°0 > S00°0 > ¢80 cLE €€ 40D
iy £ve ST 0T 0001 < o€ > 9 0T se €976 9LL S00°0 > vC0 14 T€ ¥0D
STy [ 44 9€ 0€ 14 o€ > S > o1 > et S0'66 SST 100 > L0 820 S€ Y0D
6y 9'LT 6 09 60t 06 €T o1 > 86 €86 YTy €0 L1 C1 40D
v'LT 60T 91 0ct 6vS o€ > 6 0S 1L 04’66 98°C S00°0 > LLEO 8T'L 0T 40D
€T S91 (44 ovl 000T < 0€ LT 00T z6 9G6°S6 Sv'9 100 > S00°0 > S61°0 LT1 9460 Y0D
9'1S y'1e (4 061 668 0L S > 0L 2968 8€'8 10°0 > S00°0 > 920 981 ®60 40D
9'6¥ ¥'8C 14 0ST 8L¢ o€ > 1T o€ 98 98'66 9CT L0 181 20 40D
POIRIN
SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SD A9X-SNA doI-snd doI-snd sisAreuy
10 10 0z 1 0€ S 01 S D.000T = L 100 500°0 100 100 MWIT UondRQq
[oquIAS
9D wdd e wdd A wdd IN wdd 0p wdd uz wdd qd wdd np wdd 17 wdd [BI0L % 101%  [e10LD % £0TID % 502d % 0oTA % aireuy

(pomumu09) T 91qeL

352



Ore Geology Reviews 91 (2017) 335-386

J.C. Biondi, M. Lopez

(28pd 3x2u U0 panuNU0I)

0T 90'T 20'T €80 80°'8C €10 80 110 L0 0 1 0 60 €20 0€ 40D
0€ L6'0 S9'T 120 14001 €0 T 1€°0 1T L0 8¢ L0 LYy 10°T 1€ 40D
8¢C 96'0 LT'T 820 ¥£°091 LE0 €7C 9€'0 T 80 (a4 40 8Py [Ams €€ Y0D
0€ €0'T 1Tt 060 S6'611 9Z'0 L1 ST0 L1 S0 ST 0 LT ¥9°0 Z€ 40D
8¢C 000 €60 9¢'T 280 9'0b1 90 T'e Ly'0 e [ L9 T1 S'L [4s S€ Y0D
€1 Tt 9T'1 S9'0 ST'SOT LE0 €T €0 e 40 e S0 9'¢ 16°0 [4R:(00]
ze 61°0 60°'T 980 90'T €1'69 2T0 14! 12°0 ST S0 ST S0 € 69°0 0T 40D
1€ 000 PT'L 980 00'T c0'c8 ce0 6’1 620 4 L0 9'¢ 90 6'¢ T 960 40D
144 €Tl 6S'T 950 9'STT 620 8’1 Y20 ST S0 T 0 T €9°0 60 40D
91 Y0'T €1 [4ns TCel S0 6°C €v'o 8'C 60 1594 40 1394 Y0'T 20 ¥0D
€€ 00'T €T'1 S8°0 Zrict ¥9°0 8¢ 150 v'e T1 'S 60 'S €Tl 0 40D
€C 20’1 10'T 16°0 26'00T S€0 T 1€°0 6’1 90 6C S0 6°C 89°0 1S 0id
8¢C [4{ons L6'0 0Tt ce vl S50 e S0 €€ T1 T's 80 8y cr'l 90 40D
0€ S6°0 90°C LS0 ST'901 LE0 €T SE0 T L0 L€ 90 9'¢ L0 40 40D
40" 61T 26'0 9699 900 0 90°0 90 20 9l €0 LT L0 64 40D

148 SO'T Y1 €9°0 99'GET LS0 9'¢ S0 9'¢ 1 'S 80 8y 1 6G 40D
1€ L1°0 €0'T €0'T 80'L 8'SST 0 LT LE°0 ST 80 8¢ 90 [54 SO'T 09 40D
0€ 61°0 L6'0 SS'T 94’0 ¥9'68 fa 4] ST €0 1T L0 €€ S0 €€ L0 d19 40D
LT S9°0 S6°0 8L'1 090 66 LE°0 (a4 €0 1T L0 S'e 90 L€ 640 T19 ¥0D
14 €Tl ¥9'T +¥9°0 Z8°0€T 620 6'1 420 L1 90 € S0 e 260 29 40D
8¢C €0'T ¥8'0 YTl LY'T1T 850 S'e 81°0 € 60 144 L0 9 9T’ 84 40D
14 860 €60 9T'l €1'SS 91’0 T 91’0 't 0 6l €0 4 Ly'0 a9 9od
860 9T'L LL0 L'6S ST0 1 ST°0 1 0 8l €0 4 Ly'0 MEI H0D

8¢ 96'0 Tt €80 1'e8 €20 4! 0 [ 0 ST S0 8¢ 180 L£490D
L€ 10°T w1 £9°0 LE°€9 91’0 T €10 60 €0 8l 0 LT 290 94 40D
S6°0 €e'l L0 €9 8C0 8’1 ST0 S'1 0 6'1 €0 ST 1€°0 8€ 40D

960 9T'l 680 ¥0°LS €€'0 6’1 920 91 S0 1T €0 tard VA4l 6€ 40D

LT SO'T €T'1 080 £'STT 6€0 9T 9€°0 ¢ 40 8°C 0 e 280 0t 40D
(44 €0'T Se'l 080 L9°LL 850 Te SE0 6'1 90 ST 0 €T SS°0 Zh 40D
6C 00'T €6'T 6S°0 12°86 €L0 9y S9°0 14 1 S's 80 Sy 68°0 S4-40D
0T 860 0L'T S9'0 6'v8 €0 4 820 6’1 40 e 0 (a4 80 q9€ ¥0D
1C 10°1T 98'L 69°0 6L S0 6°C 8€°0 T 40 e S0 8°C S9°0 € 0D
(44 ¥6'0 99’1 99°'0 ¥€'0CT 0 LT fa\] 6T T1 'S L0 L€ 8L°0 B9E 40D
8¢ €10 L6'0 S8'L 99°'0 6086 €60 €S L0 Ly €1 L€ S0 €€ SL°0 ¥ 940D
8 80°0 060 (4t 020 €0°Cv1 o1 9'vy 0% 1L 4 29 40 S'e 19°0 v 40D
81 o0 LT'T 1 L8°0 19°L11 ST'0 1 ST°0 [ 90 14 80 9 LL'T L€ 40D
20'T 60°'T [ ZAY] 2S'69 €20 V1 0 1 0 1T 0 8°C 69°0 S 40D

0€ 000 S6°0 €0'T LL0 16'8€ €10 80 210 80 €0 6l 14\ ST Lv'0 asy 940D
2Ll 60'T 60 6L'1S €10 80 €10 60 €0 4 0 6°C L0 M9t 0D

€T 20'T L0'T [ ZAY] 1L9€ 10 L0 10 L0 €0 8l €0 tare 90 asy 90D
€0'1T 40" 280 vy or Y10 60 ¥1°0 T 14\ T 0 9T €50 MLy 40D

L€ 260 9T'L +¥8°0 a4 9Z'0 9'1 12°0 [ €0 [ 0 T €T0 d8y 40D
8¢C 660 ¥Z'9 20 €1'66 ta 4] ST SE€0 1T 90 9T 0 €T S0 8% 40D
1C PT'L L6'0 ST'T 9'€ee 8y°0 [ 90 6°C 60 €S 1 L 92T L1 90D
(44 Tt ta4d\] S1C €¥'91C 19°0 9'¢ Ly'0 6T 1 'S 60 9 eL'1 9T 40D
(44 PT'L S0 €8'L LY'¥9T 19°0 L€ S0 T¢e T S's T 19 6L'1 doT 40D
81 [4{uns 6€'0 LTT 98'10T [4)1] 9'¢ 150 g€ 4! S'L T S 460 0C 40D
9C 9€°0 y0'1 88°0 eT'l LS8y 810 €1 120 ST S0 4 €0 V1 €0 2T 90D
10°T 680 4N+ L6'SLT 820 4 9€'0 Ve 1T 1°0C t4i4 1'sc 1S'v 1C 90D

POUISIAL

SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SIN-SNA SO AdX-SNA ddI-snd doI-Snd sisA[euy
10 10 (/4 T o€ S o1 S 0.000T = L 100 S00°0 10°0 T0°0 3WIT uond3xq
[oquiAs

9D wdd e wdd X wdd N wdd op wdd uz wdd qq wdd np wdd 17 wdd 8101 % 10T % [e10L-D % £0TID % s0zd % oI % QAheuy

(pomumu09) T 91qeL

353



J.C. Biondi, M. Lopez

Table 1 (continued)

% P205 % Cr203 % C-Total % LOI % Total m Zr m Cu m Pb m Zn m Co m Ni m Y m La m Ce
pp pp pp pp pp pp pp pp pp

% K20

Analyte
Symbol

0.1

0.1

30 20

10

1000°C

T=

0.01
Cs

0.005

01

0.01 0.

Detection Limit

Analysis

Method

FUS-MS

FUS-MS

FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS

FUS-MS

FUS-ICP FUS-XRF

FUS-ICP

4.7 0.77 222.34 1.82 0.44 1.17 0.14 26

0.64

1.3

6.7

1.2

1.93

COR 65

24
32

1.13
1.08
1.04
1.00

1.10
0.43
1.10
1.01

0.95

208.35

2.04
3.

14.5

1.95
2.72
0.31
0.3

10.9
16
2.1

2.5
4.5

6.2

0.8
2.8
0.5
0.5

1.48
3.34
0.68
0.86

COR 23

1.64
0.80
0.90

282.17

70.01

28

19.8

2.1

18.5

15.3

COR 26
Pto 48

43
27

0.37
0.39

0.6
0.6

106.95

2.3

1.8

2.9

3.5

Pto 50

33

2.8 0.5 3.4 0.8 2.6 0.44 3.2 0.54 57.19 0.90 1.03 0.95

0.55

COR 28

Massive.

Porous; COR...M =

.P=

Laminated rock; COR......
hollandite; bra = braunite, kao = kaolinite; cht = chert; ab = albite,; ply

ICP = Fusion -Induced coupled plasma; TITR = titration; FUS-XRF = Fusion-X-ray fluorescence; FUS-MS = fusion - Mass Spectrometer; CS = Organic carbon and sulfur.

Dark or ferruginous part; COR.....L

.D=

White, or silicious part; COR....

W=

Sample names-COR....

dolomite, gth = goethite; mc = muscovite; FUS-

palygorskite; dol

Abbreviations: hmt = hematite; qz = quartz, pyr = pyrolusite; cry = cryptomelane; hol
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sandstones consisting of 30-40 vol% hematite, 60-70 vol% quartz, and
1-5vol% clay minerals. In the Jacadigo Mine, massive pyrolusite con-
cretions in the ores consist of 60-76% MnO, 0.5-1% Fe,03, 0.2-0.5%
Si0,, 1-3% Na,0, 0.1-0.3% K0, and 0.11% Ba.

The conglomerate that commonly overlies the Upper Mn-1 ore layer
is polymictic and contains primarily granite clasts with dimensions
ranging from millimeter- to meter-scale (Fig. 6A), with subordinate
amounts of gneiss, quartzite, and felsic volcanic rock clasts (Fig. 6G).
The matrix is arkosic ferruginous, with angular fragments of rock,
quartz, limpid plagioclase and microcline, hematite, and chert, and is
cemented by hematite.

4.3. Layers Mn-2 and Mn-3

Layers Mn-2 and Mn-3 consist of massive manganese ore hosted in
clastic and clastic-chemical ferruginous rocks. Their compositions,
textures, and structures are similar (Fig. 7), and they contain numerous
kremydilites with diameters ranging between 5 and 20 cm. The host
iron-rich layers (Fig. 7) are laminated, with parallel or wavy lamina-
tions, and contain numerous amygdalites. Host rock textures range
between conglomerate and chert, and they contain predominantly
quartz fragments with lesser feldspar and chert. In rocks with grain
sizes ranging between silt and coarse sand, and in the sandy, arkosic
conglomerate matrix, the grains are supported by the matrix, which
consists of 10-70vol% hematite and 20-70 vol% red chert that is ty-
pically recrystallized to white quartz (Fig. 8C-D). The proportion of
fragments varies between 2 and 60 vol%, and the rock composition is
50-86% Fe03, 9-45% SiO,, 0-2% MnO, 2-5% Al,Os3, and 0.2-0.4%
TiO, (Table 1).

The manganese ore is micronodular (Figs. 8E-F and 9A-I) com-
prising spherical, massive (Figs. 8E-F and 9C-D) or zoned
(Fig. 9A-B, I, and 10.6A) micronodules with diameters between 10 and
300 um and cemented by a cryptocrystalline matrix. Where the ore is
laminated, the nodules are amalgamated and/or amalgamated and
flattened (Fig. 10.1A). The individual micronodules tend to be near the
kremydilite cores (Fig. 9A, B, F, and G). The nodules are typically
composed solely of cryptomelane and are cemented by cryptomela-
ne-hematite (Fig. 9C-E). The millimeter-scale nodules are composed of
amalgamated micrometric, massive or zoned nodules (Fig. 9G-I), giving
the appearance that the larger (millimeter-scale) nodules are massive.

Near the kremydilite cores, the composition is 40-70% MnO, 9-21%
Fe,03, 0-3% Al,03, and 0-2% SiO,; whereas, outside the kremydilites,
the ore compositions are 8-50% MnO and 8-35% Fe,O3 grading to
90-99% Fe,03 and 1-10% SiO, in the wall rocks. All of the manganese
ores contain iron and very little silica.

The textures of the kremydilites range from massive metallic
(Figs. 10A and 11A) to microgranular porous (Fig. 12A). They typically
contain various proportions of pore spaces and translucent, non-re-
flective, microcrystalline mineral clusters (dark spots under RL,
Figs. 11B-I and 12E-I), which are particularly visible under RL with
crossed nicols (white dots, Fig. 12B). The kremydilites are zoned
structures (Fig. 8B, 10A, 11A, and 12A) consisting of 5 to 20 concentric
zones comprising micronodules of cryptomelane ( * hollandite +
carbonate) in an iron-manganiferous matrix. The thicknesses of these
zones range from millimeters to centimeters, and the matrix volume
varies between 0-1 vol%, where the nodules are flattened and amal-
gamated (e.g., zones 15 and 17; Fig. 10.1A), and 10-30 vol% (e.g., zone
14; Fig. 10.1A), where there are many individual nodules. Many of the
kremydilites display pre-diagenetic discontinuities (Figs. 10A and 11A).

The massive (Figs. 9C-D and 10.4A) and zoned (Fig. 9E-I and
10.6A) micronodules are composed of cryptomelane and minor hol-
landite, with compositions of 79-84% MnO, 2-5% K,0, and 1.0-2.5%
BaO. The micronodule matrix consists of cryptocrystalline hematite and
cryptomelane (Figs. 8E-F and 9D-E) in varying proportions. Rhodo-
chrosite microcrystals and silica-rich carbonaceous matter infilling pore
spaces are present in most layers as black dots (Fig. 10A, 11A, and 12A).
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Microcrystals of calcium, magnesium, and manganese carbonate are
present in roughly rounded structures with ring-like sections
(Fig. 10.1A-D) and merge with translucent microcrystalline clusters
composed of silica-rich carbonaceous matter. Only in pores’ carbonate
were preserved from diagenesis, and the total carbonate content in the
ore varies between 1 and 15%. (Figs. 10-12). Its composition is 1-35%
Ca, 1-20% Mg, and 2-60% Mn, consistent with that of rhodochrosite
(e.g. Fig. 10) and manganiferous calcite or dolomite (Fig. 10.1C), which
always occur together with high concentrations of carbonaceous
matter. The composition of the microcrystalline microclusters is
40-55% C, 30-41% SiO,, and 5-25% MnO, and calcium, magnesium,
and alumina are absent (points 2 and 3, Fig. 10.1D). Locally, they are
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Fig. 6. Characteristics of layer Mn-1 in various mines. (A)
Conglomerate with angular granite clasts overlying layer
Mn-1 in the Sao Domingos Mine Upper Mn-1 layer. The
contact is abrupt and flat. (B) Clastic—chemical, clayey, soft,
laminated manganese ore from the Sao Domingos Upper
Mn-1 layer. (C) Upper Mn-1 layer with amygdalites in the
Sao Domingos Mine. (D) Fluvial channel cross-stratification
preserved in the Lower Mn-1 (clastic-chemical ore) layer in
the Figueirinha Mine. (E, F) Rocks and concretionary ores
from the Rabicho and Morro Grande mines. (G) Fragment of
volcanic rock from conglomerate overlying the Upper Mn-1
layer. (H-I) Photomicrographs of rock surrounding the
amygdalites. The fragments are quartz and cryptomelane
cemented by hematite and chert. (J, K) Photomicrographs of
arkosic clastic-chemical rock located near and below the
Lower Mn-1 layer. Note the fragments of twinned hematite
(in the center of the images) and ferruginous chert, quartz,
and feldspar cemented by hematite and chert. H, J under RL
and //N; I, K under RL and xN.

devoid of silica and contain as much as 65% C and 35% Mn, also devoid
of calcium, magnesium, and alumina (point 5, Fig. 10.1D).

After diagenesis, the kremydilites contain 1-3vol% pore space,
most in the core. The pores are cavities and holes with irregular or
cylindrical shapes (Fig. 10.3A-B and 10.5A) that formed in a silico-
manganiferous matrix whose composition is compatible with that of
hausmannite and/or bixbyite (Fig. 10.4, points 5-8). They are dis-
continuously coated by clusters of rhodochrosite needles and meshs
mixed with carbonaceous matter (Fig. 10.3A-D). Locally, inside the
pores, there are groups of twisted objects resembling tubeworms, with
lengths between 50 and 500 pm and diameters between 5 and 10 pm
(Fig. 10.4A and 10.5A, 10.5C-D). Their composition is 60-92% C,



J.C. Biondi, M. Lopez

C

Urucum East
VALE

Massive ironstone
with silica bands

and nodules
Pto-18

A

Urucum West
VALE

Massive mud ironstone

COR-22 Dark gray Mn siltstone

COR-48 (Bacteria colony + bubbles) (1’) COR-20

Massive-, metallic
manganese ore C40
with kremydilites
Conglomeratic, Mn-Fe arkose
—Laminated ironstone
~ Massive, arkosean
Fe-sandstone

Mn- 3 - Massive-, laminated-,
metallic manganese ore
COR-18

15
Redish Fe-Mn siltstone

COR-19
Gray Mn (Fe) sandstone

Redish Fe (Mn) sandstone

Laminated mud ironstone

D

Urucum East
VALE

Urucum West
VALE

Ore Geology Reviews 91 (2017) 335-386

E

Urucum
MMX

COR-58

Black arkose
cemented by
metallic supergenic
M manganese oxide

#4 Black arkose with redish
COR-57 ferruginous chert fragments
” Redish Fe-Mn sandstone

9 Pro-21 Conglomeratic Fe 10 COR-56 Redish Fe-Mn siltstone
190 | arkose with granite
| Redish Fe (Mn) COR21 poulders
Massive mud ironstone sandstone
‘ : - (40} COR-55
é 115 Mn- 3 - Massive-, metallic

manganese ore with
kremydilites

5 Black-,crumbly-, Mn grain-sandstone
12 COR-54 Redish, hematitic chert

13 COR-53 Metallic-, hmte rich-,

15 banded siltstone

Hematitic sandstone with
fragments of red chert

Massive mud ironstone

Massive ironstone with
silica bands and nodules

50

COR-77

Massive ironstone
with silica bands
nd few oolites

}‘ Redish Fe-arkose
COR-76 - Massive ironstone
with silica bands

and few oolites

10 Whitish arkose
F § COR-45 15 -l COR-63 Massive ironstone
60 | }: - Redish-, conglomeratic 10 Whitish-,crumbly-, Mn grain-arkose
| & oS | Fe-arkose with granite Black-,crumbly-, Mn grain-arkose
== " blocs
—
Q COR-44 Redish Fe-arkose COR-78A-B-C-D e E
E{l’ Mn- 2 - Massive-,_metallic Mn ore —_ (bacteria colony + bubbles)
N 120 (cryptomelane) with many e}
[ kremydilites &/
= COR43 + COR41 - § COR-37 , L 190 COR-62
Black-,crumbly-, Fe-rich = Mn- 2 - Massive-, metallic
COR42 grain-arkose > Mn ore with few kremydilites
—
/m\ o) COR-36A (Bacteria colony + bubbles)
- N
Nﬂo ks QN 100 Mn- 2 - Massive-, metallic Mn ore
é Mn- 2 - Massive-, é a with few kremydilites /(?
s metallic Mn (Fe) ore = 150 COR-36B — COR-61
(hollandite) with few C\|I Mn- 2 - Massive-, metallic Mn (Fe) ore
kremydilites COR-40 r

Mn_2( Mn- 2 - Massive-, metallic Mn (Fe) ore
with few kremydilites (holl + hmta)
Black-, Fe-Mn siltstone

40
grain Fe-rich sandstone

Arcoseos

" COR-38

Dark gray-, coarse Fe
rich-sandstone

1110,

900 m

COR-39 Dark gray-, medium to fine 4q

with few kremydilites
(bacteria colony + bubbles)

COR-60
Massive-, hard,
Mn (Fe) mudstone

COR-59
Massive-, hard,
Fe (Mn) mudstone

Fig. 7. Simplified stratigraphic columns for layers Mn-2 (lower part) and Mn-3: (A, B) on the west side of the VALLE-Urucum Mine; (C, D) on the east side of the VALE-Urucum Mine; and
(E, F) in the MMX-Urucum Mine. The distance between the columns shown in (A) and (B) and those shown in (E) and (F) is 900 m.
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4-38% MnO, and 1-15% SiO,. Around the worm-like objects, there are
also concentrations of rhodochrosite prismatic crystallite, 1-10 pm in
length (Fig. 10.5C-E, points 1, 2, 5-8; and Fig. 11F), mesh-like struc-
tures, and spherical micronodules, with diameters of < 5 pm, composed
of rhodochrosite, carbonaceous matter and cryptomelane with traces of
hollandite (Fig. 10.4A and 10.6A, points 1-4). Although smaller, these
micronodules are similar to those found in the interiors of the massive
cryptomelane micronodules (Fig. 9F-I) constituting the massive ore.

The kremydilites are metallic and commonly contain internodular
and/or intergranular gas bubble-shaped structures with diameters be-
tween 5 and 15 mm, either grouped close to the nucleus (Fig. 11A) or
far apart but in the same stratigraphic horizon (Fig. 12A). The wrap
surrounding the nucleus is metallic, massive, and consists of coalesced
micronodules (Fig. 11G) of cryptomelane and contain little hollandite
(Fig. 11B-C and G-I). Generally, they display microclusters of trans-
lucent rhodochrosite crystals (Fig. 11E-F) and are locally gray and
porous (Fig. 11I). Inside the bubbles, the metallic portion is composed
almost entirely of cryptomelane and carbonaceous matter (Fig. 11C, G,
H, and I) with minor hollandite. Microclusters are locally phosphorus
and aluminous, which is compatible with eosphorite [MnAl(PO),4(OH)-]
(Fig. 11D-E). Some groups contain prismatic microcrystals
(Fig. 11F and I-J), similar to the microbialites described above
(Fig. 10.5E), and whose compositions are consistent with those of
crandallite [CaAl3(PO4)2(OH)sH,0]. These microcrystals are sur-
rounded by hollandite and Ba-rich rhodochrosite (Fig. 11F). In the non-
metallic portions (Fig. 11I-J, dark part) they are surrounded by car-
bonaceous matter.
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Fig. 8. Characteristics of massive manganese ore layers Mn-
2 and Mn-3. (A) Amygdalites in layer Mn-2 (VALE-Urucum
Mine). (B) Kremydilites in layer Mn-3 (VALE-Urucum
Mine). (C, D) Photomicrographs of ferruginous chert hosting
layers Mn-2 and Mn-3, consisting of micro-lenses of chert
and hematite with irregular shapes. (E, F) Photomicrograph
of micronodular massive ore in layer Mn-3 (MCR Mine).
Photomicrographs in RL; C, E under //N; and D, F under xN.

On the west side of the VALE-Urucum Mine, the ore from layer Mn-2
contains granular, metallic, and porous kremydilites with bubbles po-
sitioned far from their nuclei but in the same stratigraphic horizon
(Fig. 12A). The bubble wrap consists of metallic and massive crypto-
melane (Fig. 12B-C, F, and J). Inside the bubble, pores contain mi-
crocrystalline clusters of silica-rich carbonaceous matter with various
amounts of manganese and iron (Fig. 12B-D, points 1-4 and 9; 12F,
point 6; 12G, point 4; and 12K, point 3) or carbon and manganese
(Fig. 12F, points 1-4 and 7-8; 12G, points 2, 3, and 5; and 12H, points
1-7). The mineral compositions in the microcrystalline clusters are
compatible with bixbyite and hausmannite (Fig. 11D, points 10-11 and
13), rhodochrosite (Fig. 12J, points 5-8; and 12K, points 7-8 and
11-12), manganite (y-MnOOH), and oxidized pyrochroite [(Mn(OH)-].

4.4. Iron-rich rocks hosting massive manganese ore layers

Jaspilite and massive, iron-rich jasper are the most common rocks
(Figs. 2 and 13A), and are the protores of the main iron ore type
(Fig. 13B) mined in the Urucum region. The jaspilite are nodular,
contain oval silica nodules and microlenses, and consist of 55-60 vol%
hematite and 35-40 vol% chert (65-75 wt% Fe,03, 25-30 wt% SiO,).
The peloidal stratified and the banded BIFs (Fig. 13C) with amygdalites
are the main BIFs of the Urucum region. They are gray and brown-red
in color, cryptocrystalline, locally sandy or arkosic (Fig. 8D-E, Table 1),
and consist of 55-88 vol% hematite and 10-45vol% iron-rich chert
(10-45 wt% Fe,03, 3-45 wt% SiO,, and 0-3 wt% MnO). The jaspilite
are composed of a mosaic of hematite and chert microclusters with very
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Figure | Point Identification Analyzed element (%)
n° Cryptomelane micronodules amid amorphous matrix with Fe + Mn oxides
C Free Si Al Na K Mn Fe Ba
C>
1 Fe+Mn amorphous matrix 7.3 <0.1 0.0 | <0.1 1.8 23.4 46.2 0.7
2 Fe+Mn amorphous matrix 53 <0.1 0.3 | <0.1 22 31.8 37.8 1.7
3 Fe-rich cryptomelane 5.3 <0.1 03 | <0.1 4.2 63.1 4.9 1.2
4 Fe-rich cryptomelane 6.7 <0.1 0.3 | <0.1 4.2 61.9 4.5 1.7
9C 5 Fe-rich cryptomelane 4.9 <0.1 04 | <0.1 4.7 63.4 34 2.2
6 Fe-rich cryptomelane 6.2 <0.1 0.2 | <0.1 4.8 61.9 4.7 1.7
7 Fe-rich cryptomelane 6.5 <0.1 0.3 | <0.1 5.1 63.1 3.0 1.2
8 Fe+Mn amorphous matrix 84 <0.1 0.1 | <0.1 1.0 127 | 569 0.6
9 Fe+Mn amorphous matrix 7.1 <0.1 0.0 | <0.1 0.9 11.1 60.3 0.1
10 Fe-rich cryptomelane 9.1 <0.1 04 | <0.1 5.1 60.7 3.0 1.7
Figure | Point Identification C Free Si Al Na K Mn Fe Ba
n° Cc>
1 Cryptomelane 6.7 <0.1 0.4 <0.1 4.1 58.1 <0.1 <0.1
2 Cryptomelane 6.8 <0.1 0.8 <0.1 3.7 56.7 | <0.1 | <0.1
3 Cryptomelanc and 13.7 <01 | <01 | <01 | 43 | 632 | <01 | <01
carbonaceous matter
4 Rhodochrosite and 39.4 <01 | 08 | <01 | 17 | 248 | 36 | <01
9D carbonaceous'matter 33.2
3 Rhodochrosite and 323 <01 | 07 | <01 | 32 | 407 | <01 | <01
carbonaceous matter 23.4
6 Rhodochrosite and 25.6 <01 | 06 | <01 | 32 | 460 | <01 | <0.1
carbonaceous matter 15.5
7 Hematite 6.0 <0.1 | <0.1 | <0.1 | <0.1 2.4 64.7 | <0.1
8 Cryptomelane 6.0 <0.1 1.0 <0.1 4.1 60.2 | <0.1 <0.1
9 Mn+Fe amorphous matrix 5.0 <0.1 1.2 <0.1 2.9 45.1 134 | <0.1
10 Fe-rich cryptomelane 53 <0.1 0.7 <0.1 4.5 57.3 <0.1 <0.1

Fig. 9. Micronodular manganese ore from layer Mn-3. (A, B) Optical images of zoned micronodules (RL, //N). (C-E) SEM images and EDS compositions of micrometer-scale micronodules
of massive cryptomelane ( + hollandite) in a matrix of cryptomelane and hematite. Points 4-6 in Image D show that the matrix is carbonaceous. (F-I) Images showing that the millimeter-
scale micronodules are composed of amalgamated micrometric micronodules of cryptomelane/hollandite. RL, xN; H and I are SEM images. In Figs. 9-12, the names of the Mn mine and
Mn layer from which the sample was collected are shown within the image and in Fig. 7. The mine locations are shown in Figs. 1 and 3.

irregular shapes (Fig. 13E-F). Across the transition with layer Mn-2 or
Mn-3, the jaspilite (Fig. 13D, part A) mix gradually with layers of
manganese oxides (Fig. 13D, part B and other gray portions) to form a
layer of massive manganese oxide. Massive and banded IFs containing
lenses of massive, microgranular hematite with some quartz fragments
(Fig. 13G-H) overlie the Santa Cruz Formation (Fig. 2).

5. Major, trace and rare earth elements geochemistry
5.1. Major and trace elements

Based on their Si, Fe, and Mn contents, the Urucum manganese ores
can be classified into three groups, shown by plotting them on a
SiOo-Mn-Fe(rorar) ternary diagram (Fig. 14A). Group A consists of
layer Mn-2 and Mn-3 manganese ores, characterized by low silica
concentrations; Group B consists of layer Mn-1 ores, containing chert
and detritic clay mineral and quartz; and Group C consists of massive
IFs hosting manganese layers, characterized by variable silica con-
centrations, which are mined as iron ores.

In Mn ores from the Figueirinha, Sdo0 Domingos, and Rabicho mines,
which mine the Mn-1 ore layer, the Mn content decreases proportion-
ally to K;O (Fig. 14B), and K,O concentrations are inversely propor-
tional to Ba concentrations (Fig. 14C). Fig. 14D shows a lack of corre-
lation between the Y/Ho ratio and Al,O3 concentration.

Fig. 15 shows several geochemical patterns. (a) In the layers where
the manganese content is high, the silica content is low. The SiO,

content is < 4% in layers Mn-2 and Mn-3, and < 30% in layer Mn-1. (b)
The Co concentrations are high in all of the manganese-rich layers, i.e.,
always greater than in the adjacent iron-rich layers. The concentrations
are > 1000 ppm in layer Mn-1 and decrease stratigraphically upward,
ranging from 400 to 500 ppm in layer Mn-2 and from 150 to 300 ppm in
layer Mn-3. (c) At the Urucum region, all the Mn-rich layer are enriched
in Co, but their Co concentrations decrease upward from Mn-1 to Mn-3
(Fig. 15), in contrast to the hosting IFs, in which the Co concentrations
are much lower. (d) The distribution and the Co, P and Ni contents
chemically differentiate the Mn-1 unit layers of the Mn-2 and Mn-3.
Mn-2 and Mn-3 concentrate simultaneously P, Co and Ni, and the IFs
that host them are devoid of these elements (Fig. 15). In SAo Domingos
and Figueirinha, the manganese-rich Mn-1 layers have very high Co
(and Cu) and low P and Ni contents, and the IFs that host them have
very high contents of P and Ni, contrasting with the IFs that host Mn-2
and Mn-3. (d) The phosphorous concentrations separate the manga-
nese- and iron-rich layers into two distinct groups: (Group 1) Below
layer Mn-2, P concentrations are low (< 1500 ppm) in the manganese
layer and high (between 1400 and 3500 ppm) in the iron layer; (Group
2) Above layer Mn-1, this relation is reversed and the P concentrations
are high (between 1100 and 3000 ppm) in manganese-rich layers and
low (< 750 ppm) in iron-rich layers. (e) The nickel content of the
manganese ores exceeds the background concentration (= 40 ppm) only
in layer Mn-1 in the Figueirinha, Rabicho, and Jacadigo mines, and in
the iron-rich rocks from the MMX and Figueirinha mines.
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Figure | Point Identification Analyzed element (%)
n° Cryptomelane nicronodules amid amorphous matrix with Fe + Mn oxides
Free C > Si Al Na K Mn Fe Ba
1 Cryptomelane 5.5 <0.1 <0.1 <0.1 4.2 57.8 <0.1 1.6
2 Cryptomelane 7.4 <0.1 <0.1 <0.1 3.8 56.1 <0.1 1.6
3 Cryptomelane 7.3 <0.1 1.3 <0.1 3.8 53.0 <0.1 1.2
4 Cryptomelane and 8.7 <0.1 0.9 <0.1 38 53.9 <0.1 <0.1
9E carbonaceous matter i ) . | .
5 Mn-rich hematite and <0.1 <0.1 <0.1
carbonaceous matter 9.9 <0.1 0.5 77 616
6 Cryptomelane and 82 <0.1 <0.1 <0.1 4.0 56.4 <0.1 <0.1
carbonaceous matter ) ) ) ) )
7 Cryptomelane and 101 <0.1 0.7 <0.1 3.9 54.1 <0.1 <0.1
carbonaceous matter ) ) ) ) ) "r‘
8 Cryptomelane and 9.4 <0.1 0.8 <0.1 42 54.5 <0.1 <0.1 A
carbonaceous matter ) ) ) ) ) éaR’ 4§B—' I\/I_Ii_\E\LET =%
9 Cryptomelane and <0.1 <0.1 3 - - vVin- rucum
carbonaceous matter 9.1 13 3.1 528 <0.1 L7 T & -_—a 9 g
10 Fe-rich cryptomelane and <0.1 <0.1 .
carbonaceous matter 83 1.1 3.0 46.7 6.6 1.7
Figure | Point Identification C Free C > Si Al Na K Mn Fe Ba
e
1 Fe-rich cryptomelane 4.27 <0.1 <0.1 0.1 1.64 | 64.58 | 4.51 1.67
2 Cryptomelane/Hollandite 5.49 <0.1 <0.1 0.35 2.51 | 63.03 | 4.69 227
9 I 3 Fe-rich cryptomelane 4.94 <0.1 <0.1 1.14 2.14 | 6441 | 4.69 0.73
4 Fe-rich cryptomelane 4.69 <0.1 <0.1 0.89 243 | 64.78 | 4.97 0.39
5 Cryptomelane/Hollandite 4.77 <0.1 <0.1 0.65 2.34 63.5 5.03 2.46
6 Fe-rich cryptomelane 4.47 <0.1 <0.1 0.99 2.21 64.65 | 5.64 0.35
Fig. 9. (continued)

5.2. REE chemistry

Regarding Ce anomalies (=Cey/[(Lay + Ndy)/2]; Murray, 1994),
the average Ce anomaly in the Urucum iron-rich rocks hosting the
manganese ores is negative (Ceanomaly < 1), i.e., equal to 0.77
(s.d. = 0.13, n = 39). In the manganese ore, disregarding layer Mn-3 in
the MMX Mine (Table 1, Fig. 15), the average Ce anomaly is 0.85
(s.d. = 0.32, n = 30).

The REE patterns for all of the Mn-1 ore layer samples, normalized
to the NASC, are plotted in Fig. 16A together with the patterns for
seawater and river water (x 10~ 7). The same was done in Fig. 16C for
the ores from layers Mn-2 and Mn-3, in Fig. 16E for all the IFs, and in
Fig. 16G for all the ferruginous arkosic rocks. Fig. 16B, D, F, and H show
the contours of the REE profiles in Fig. 16A, C, E and G, respectively,
which are referred to as the REE models.

The REE model for layer Mn-1 shows a small negative Ce anomaly
and enrichment in REEs from Ce to Lu. The REE pattern for the Rabicho
ore is the only one showing a positive Ce anomaly (=1.29) and heavy
rare earth element (HREE) enrichment. Note that the Rabicho ore mi-
neral is detrital pyrolusite; whereas, that of the S0 Domingo Mine
consists of hollandite—cryptomelane. The Figueirinha Mine is the only
location where braunite is an ore mineral, along with cryptomelane and
hollandite (Table 1, Fig. 16A and B). Samples from a haulage tunnel,
from “galleries 5A and 6A,” and from Mn-1 of the “Urucum mines,”
whose sampling sites were not identified, were analyzed by Klein and
Ladeira (2004), which revealed the presence of aegirine. As these
samples contain braunite, they would supposedly have been taken from
the Mn-1 layer in the Figueirinha Mine region (see column 4, Table 1).
The average compositions of mud and hematite chert from the Rapitan

Group (Halverson et al., 2011) and reworked hematite mud from the
Santa Cruz iron deposit (Angerer et al., 2016), normalized to the NASC,
are similar to the compositions of the iron-rich rocks hosting the mas-
sive manganese ore layers (Fig. 16F).

With the exception of layer Mn-3 from the MCR Mine
(Figs. 15 and 16D), the REE models for layers Mn-2 and Mn-3 show an
average Ce anomaly of 0.72 (s.d. = 0.22, n = 16), depletion in middle
rare earth elements (MREEs), and enrichment in HREEs from Gd to Lu.
The REE pattern for layer Mn-3 from the MCR Mine shows a positive
average Ce anomaly of 1.85 (s.d. = 0.50, n = 4), and enrichment in
MREEs as well as HREEs from Dy to Lu. The iron-rich rocks hosting the
manganese ore layers are enriched in MREEs and HREEs from Dy to Lu
(Fig. 16F). The REE model for the ferruginous and manganiferous ar-
kosic rocks (Fig. 16H) shows an average Ce anomaly of 0.76
(s.d. = 0.07, n = 7), enrichment in MREEs, and depletion in HREEs
from Tb to Lu. The average value of the Eu anomalies is 1.03
(s.d. = 0.07, n = 69), and there is no significant Eu anomalies in the
manganese ores and the host iron-rich rocks (Table 1, Fig. 15).

Excluding layer Mn-2 ores from the VALE and MMX mines, the
average Lay/Cey ratio (Table 1) of the Urucum iron and manganese
oresis 1.12 (s.d. = 0.26, n = 68). The average Lay/Cey ratio of the Mn-
2 manganese ores, with > 64% MnO, from the VALE-Urucum Mine is
1.80 (s.d. = 0.12, n = 5). In the MMX-Urucum Mine, the average ore
composition is 65.7% MnO, and the average Lay/Cey ratio is 1.66
(s.d. = 0.11, n = 3). The Lay/Cey ratio of sample COR-48, taken from a
zone in layer Mn-3 with numerous kremydilites, is 6.24. The manganese
ores and the Fe-rich rocks hosting layers Mn-1, Mn-2, and Mn-3 do not
show Eu anomalies. Only in ore from the Mn-3 layer in the MCR Mine
(Fig. 15C and D) are the Euy and Smy values slightly larger than the
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Fig. 10. Kremydilite from layer Mn-3
(sample COR-48B, from the VALE-Urucum
Mine). (A) Concentric zonation in the
central part of the kremydilite. In Fig. 10A,
11A and 12A, the numbered boxes denote
the positions where SEM—EDS analyses
were performed. (1A-D) Kremydilite zones
showing the distribution of anhedral rho-
dochrosite crystals in roughly spherical
arrangements together with carbonaceous
matter, and manganese nodules (Image D,
points 2 and 3). (3A-D) SEM—EDS Ana-
lyzes showing roughly cylindrical holes
near clusters of rhodochrosite needles.
(4A-C) Groups of wormlike objects com-
posed of almost pure carbonaceous matter
(Image 4C, points 1-6) amid micronodules
whose compositions are consistent with
those of hausmannite, Ba-rich hollandite
(Image 4A, points 1-8), and Si + Mn-rich
carbonaceous matter. (5A-E) Micrometer-
scale wormlike objects (Images 5B-D)
composed of Mn-rich carbonaceous matter
(Images 5B-D) and surrounded by pris-
matic rhodochrosite microbialites amid a
matrix of Mn-rich carbonaceous matter
(Images 5C-E). (6A) Micronodular micro-
metric C-rich cryptomelane microbialites
adjacent to rhodochrosite microprisms and
wormlike objects.
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Figure Point Identification Analyzed element (%)
n° Carbonate crystals in roughly circular arrangements amid cryptomelane matrix
C Free Si K Mn Mg Ca Ba Sr
C>
1 Cryptomelane and
carbonaceous mater 8.8 0.3 2.2 68.1 <0.1 <0.1 <0.1 0
2 Sr-rich hollandite 8.4 0.2 1.3 61.0 <0.1 0.4 5.9 3.1
3 Carbonaceous
10.1C cryptomelane 8.3 <0.1 1.0 69.1 <0.1 0.2 0.7 0.2
. 4 Manganite? 7.4 1.6 <0.1 67.8 <0.1 1.1 <0.1 <0.1
5 Rhodochrosite and
carbonaceous mater 25.1 12,5 0.1 0.3 56.8 <0.1 0.3 0.5 <0.1
6 Sr-rich rhodochrosite
and carbonaceous
mater 24.0 12,5 2.3 0.8 51.5 <0.1 0.2 1.6 1.2
7 Dolomite 26.6 <0.1 <0.1 2.1 18.5 28.7 <0.1 <0.1
8 Dolomite 22.0 <0.1 <0.1 1.9 17.5 333 <0.1 <0.1
Figure Point Identification C Free Si K Mn Mg Ca Ba Sr
n° C>
1 Mn-rich dolomite 20.6 <0.1 | <0.1 11.1 10.3 340 | <0.1 | <0.1
2 Si-rich
10.1D carbonaceous matter 53.4 52,4 19.1 <0.1 4.4 <0.1 <0.1 <0.1 <0.1
: 3 Rhodochrosite and Si-
rich carbonaceous
mater 44.1 40,4 15.8 <0.1 17.1 <0.1 <0.1 <0.1 <0.1
4 Manganite and
carbonaceous mater 9.2 <0.1 0.9 69.2 <0.1 <0.1 <0.1 <0.1
5 Rhodochrosite and
carbonaceous mater 64.8 58,9 <0.1 <0.1 27.1 <0.1 <0.1 <0.1 <0.1

360



J.C. Biondi, M. Lopez

.
13

&

b

A

% % COR-48B - Mn-3 VALE Urucu

Ore Geology Reviews 91 (2017) 335-386

Feb 06, 2015

"

WD10mm

BEC 20kV

¥ Fab 06, zo'%;‘
Figure | Point Identification Analyzed element (%)
n°® Microbialite mesh
C Free C > Si K Mn Fe Mg Ca Ba Sr P S

1 carbomctons matter | 16.7 3.4 06 | 28 | 609 | <01 | <01 | <01 | <01 | <0.1 | <0.1 | <0.1
oA j ci%{{%%%g}%r 4 09 | 30 | 6aa | <01 | <01 | <01 | <01 | <01 | <01 | <0.1
D carbonaceous matter | 14.1 0.5 08 | 31 | 622 | <01 | <01 | <01 ) <01} <01 | <0.1 | <0.1
! cambomctons matier | 17.5 4.5 08 | 32 | s95 | <01 | <01 | <01} <01 | <01 | <0.1 | <0.1
’ cambomctonsmatier | 18.1 5.1 08 | 28 | s95 | <01 | <01 | <01 ) <01 | <01 | <0.1 | <0.
‘ croompeoonematier | 13.0 05 | 30 | 637 | <01 | <01 | <01 ) <01} <01 | <0.1 | <0.
’ crbomaesonematier | 116 09 | 28 | 644 | <01 | <01 | <01} <01 | <01 | <0.1 | <0.1

Fig. 10. (continued)

Ndy and Gdy values, indicating a very discrete Eu enrichment.
Negative Ce anomaly values in rocks from the Santa Cruz deposit
(Angerer et al., 2016) are slightly more pronounced (average Ce
anomaly = 0.61; s.d. = 0.22, n = 11). These rocks are also more de-
pleted in light rare earth elements (LREEs) than the manganese- and
iron-rich rocks from the Urucum region (Figs. 16 and 17A). REE en-
richment in the podded -chert-hematite BIF, podded dolomi-
te-chert-hematite BIF, and banded dolomite—chert-hematite BIF ana-
lyzed by Angerer et al. (2016) occurs from Ce to Lu (Fig. 17A), similar

to the chert hematite with ferroan carbonate (Fig. 17B) analyzed by
Klein and Ladeira (2004). Negative Ce anomalies in the banded cher-
t-hematite BIF and chemical hematite mud from the Santa Cruz deposit
(Fig. 16A) are discrete (Ce anomaly = 0.82-0.90); these samples show
strong enrichment in REEs from Ce to Lu.

The REE patterns for most of the ferroan carbonate and hematite
chert samples from the northern Urucum region, analyzed by Klein and
Ladeira (2004), are also more depleted in LREEs than for the iron-rich
rocks hosting the Mn ore layers. Although the negative Ce anomalies
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Figure Identification
1 Rhodochrosite and
Si-rich 259 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
carbonaceous matter 20.0 17.8 1.5 24.5 1.9
2 Rhodochrosite and
10.4 Si-rich 34.6 <0.1 | <0.1 <0.1 | <0.1 | <0.1 | <0.1
A carbonaceous matter 27.5 10.4 1.4 29.8 2.0
3 Ba-rich hollandite <0.1 <0.1 1.1 65.1 <0.1 <0.1 <0.1 13.1 <0.1 <0.1 <0.1
4 Ba-rich hollandite <0.1 <0.1 0.9 64.2 <0.1 <0.1 <0.1 14.3 <0.1 <0.1 <0.1
5 Hausmannite? 7.1 <0.1 1.9 42.6 27.1 <0.1 <0.1 <0.1 <0.1 0.3 <0.1
6 Hausmannite? 4.7 <0.1 1.8 44.0 27.6 <0.1 <0.1 <0.1 <0.1 0.2 <0.1
7 Hausmannite? 9.3 <0.1 1.8 53.5 14.2 <0.1 0.5 <0.1 <0.1 0.2 <0.1
8 Hausmannite? 6.3 <0.1 1.8 39.6 30.9 <0.1 <0.1 <0.1 <0.1 0.3 <0.1
Figure Point Identification C Free C > Si K Mn Fe Mg Ca Ba Sr P S
e
1 Carbonaceous
matter and 71,9 <0.1 <0.1 <0.1 <0.1
rhodochrosite 67.6 1.2 <0.1 14.9 4.9 <0.1 <0.1
2 Carbonaceous -
matter 80,5 79.8 39 | <01 | 31 | <oq | OV | SOT | 5o | SO <01 ] o5
3 Carbonaceous
10.4C matter and 72,1 <0.1 | <0.1 | <01 | <0.1 | <0.1
) rhodochrosite 69.2 4.1 <0.1 13,2 <0.1 0.3
4 Carbonaceous
matter and 87,7 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
rhodochrosite 86.0 1,0 <0.1 7.9 <0.1
5 Ca-rich . )
carbonaceous matter | " 88.0 <01 | <01 | 00 | <01 | TO | gy | <O | <0l ] =01} <01
6 Carbonaccous .
matter 01,6 90.5 0.9 0.1 58 20 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
7 Cryptomelane 8.8 <0.1 4.5 66.4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
8 Hematite and
carbonaceous matter 12,6 1.3 <0.1 <0.1 3.2 49.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Fig. 10. (continued)

have the same order of magnitude (Ce anomaly = 0.76), the iron-rich
ores with ferroan carbonate are frequently enriched in REEs from Ce to
Lu (Fig. 17B). The negative Ce anomalies in the iron-rich rocks with
manganoan carbonate are also in the region of 0.76, but the LREE
concentrations in these rocks are lower, and the enrichments from
MREEs to HREEs are less pronounced.

The REE pattern for the braunite-rich Mn-1 layer in the Figueirinha
Mine (Fig. 16A) is similar to the REE pattern for the manganese Mn-1
ore containing braunite-cryptomelane-aegirine-dolomite (Fig. 16B)
analyzed by Klein and Ladeira (2004), which suggests that these sam-
ples are from the same location.

6. Discussion
6.1. Geological environment and age constraints

The average Lay/Cey ratio of the analyzed rocks from the Urucum
region is less than 1.5 (Table 1). According to Murray et al. (1990),
Murray (1994), and Chen et al. (2006), ratios of less than 1.5 are typical
of sediments deposited in basins located on continental margins. Two
conclusions can be drawn as follows: (1) The Urucum Basin was a
marginal basin; and (2) The Lay/Cey ratios greater than 1.5 (Murray,
1994; Chen et al., 2006) in layers Mn-2 and Mn-3 (sample COR-48, with
kremydilites), and in two samples from the Upper Mn-1 layer in the
Figueirinha Mine, indicate that the basin was deeper during the de-
position of these units. The Lay/Cey ratios exceeding 1.5 in some of the
Figueirinha and Sdo Domingos ores suggest that at the beginning of
basin flooding, when the Upper Mn-1 layer was deposited, the seawater
was similar in composition to that when layers Mn-2 and Mn-3 were
deposited. The newly flooded basin depocenter received a great
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quantity of clastic material. In these areas, the Upper Mn-1 layer con-
sists of clay and carbonate (Figueirinha region; COR-07) and clastic—
chemical ferruginous rocks (Sao Domingos region; COR-31 and 35).

Urban et al. (1992) used the stratigraphic position of the Mn-1 layer
to level the stratigraphic columns constructed for the Urucum, Jaca-
digo, Figueirinha, S0 Domingos, Morro Grande, and Rabicho plateaus.
On the Rabicho and Jacadigo plateaus, and in the Morro Grande, La-
ginha, and Tromba dos Macacos deposits (Fig. 1), located on the mar-
gins of the Urucum Basin, Mn-1 contains predominantly sandy, ferru-
ginous clastic rocks, and the manganese layers are detrital and/or
concretionary (Fig. 5); whereas, in the Figueirinha and Sdo Domingos
areas, Mn-1 is massive and clastic—chemical diagenetic or sedimentary.
This variation in Mn-1 composition relative to its location within the
basin suggests that Mn-1 was deposited on the basin floor, as will be
discussed below. In contrast, the Mn-2 and Mn-3 layers show little
lateral variation in characteristics, and they do not contain detritic ores
(Fig. 7). As indicated by the similarities between layers Mn-2 and Mn-3
throughout the Urucum region, and by the constant vertical thicknesses
between these layers (Fig. 5), the basin floor was already horizontal
when the Mn-2 layer was deposited. Fig. 5 contains the same elements
as Fig. 9 of Urban et al. (1992); however, it was prepared by leveling all
the stratigraphic columns at the base of layer Mn-2. This figure roughly
shows the basin morphology and the original stratigraphy of the Ja-
cadigo Group within the Urucum Basin.

Carbonate rocks of the Corumbad Group bound the sedimentary
rocks of the Jacadigo Group to the south, east, and north, which also
suggests the presence of an ancient sedimentary basin in which the
Jacadigo Group was deposited at great depths (Figs. 1 and 2), within
the basin depocenter, and the Corumba Group was deposited at the
basin margins (Fig. 1, dashed lines). It is likely that the basin initially
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Figure Point Identification Analyzed element (%)
n° Prismatic microbialites
C Free C > Si K Mn Fe Mg Ca Ba
1 Cryptomelane 5.4 <0.1 2.7 70.7 | <0.1 <0.1 <0.1 <0.1
2 Cryptomelane <0.1 <0.1 3.7 74.0 <0.1 <0.1 <0.1 <0.1
4 Carbonaceous
matter and 66.5 <0.1 <0.1 <0.1 <0.1
10.5C rhodochrosite 61.3 0.7 1.2 23.7
6 Cryptomelane and
carbonaceous matter 8.9 <0.1 1.0 69.6 <0.1 <01 <01 <0.1
7 Rhodochrosite 14.3 0.4 0.4 1.4 63.5 <0.1 <0.1 <0.1 <0.1
8 Rhodochrosite and
carbonaceous matter 216 9.2 <0.1 2.6 56.8 <01 <01 <0.1 <0.1
9 Rhodochrosite and
carbonaceous matter 328 22.3 <0.1 2.3 47.9 <0.1 <01 <01 <0.1
Figure Point Identification C Free C> Si K Mn Fe Mg Ca Ba
nO
1 Si-rich
carbonaceous matter : . . <0. . <0.1 <01 <01 <01
10.5D b 818 | 813 70 | <01 | 24
’ 2 Carbonaceous
matter and <0.1 <0.1 <0.1 <0.1
rhodochrosite 61.4 55.1 <0.1 1.3 28.7
3 Carbonaceous
matter and <0.1 <0.1 <0.1 <0.1
rhodochrosite 65.4 60.2 1.7 <0.1 24.0
Fig. 10. (continued)
developed as a graben, which formed a valley where fluvial, lacustrine, indicated by the unweathered feldspar fragments. These sequences
and deltaic fan (fan delta) clastic sediments (Fig. 18A; modified after constitute the Urucum Formation (Fig. 2B-C, lower part). The presence
Freitas et al., 2011; and this work) were deposited in an arid climate, as of hematite fragments in the clastic—chemical rocks overlying this
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1
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’ 05353222213? ;?t]tir 8.6 011 o8 | 700 | 01 | <0 <0} <01
’ c};}éﬁ‘;cc}:oﬁ”ﬁliﬁi 32.1 a1 | O a5 | sq | SOD | OD ] <0D <0l
Figure Point Identification C Free C > Si K Mn Fe Mg Ca Ba
Ii Cryptomelane 5.0 <0.1 2.9 67.8 | <0.1 <0.1 <0.1 3.1
1064 ’ cfriyfﬁicnéilff fniTir 115 011 93 | es6 | O | <01 <0001
’ cfriyfﬁic“éif? fnzrtltir 10.3 011 96 | 669 | 01| <01 <01} <01
4 Rhodochrosite 14.4 0.6 <0.1 2.9 62.9 | <0.1 <0.1 <0.1 <0.1

Fig. 10. (continued)

formation suggests erosion of a unit containing massive hematite lo-
cated outside the Urucum Basin, and deposition of the resulting frag-
ments prior to layer Mn-1.

The presence of a dolomite block containing stromatolites, below
Mn-1 (Figs. 3B and 4A), and occurrences of the fossil Corumbella werneri
in ironstones of the Santa Cruz Formation (Fig. 4B-D), located between
Mn-2 and Mn-3, indicate that these units were deposited at the same
time as the carbonate rocks of the Bocaina and Tamengo Formations,
respectively. Corumbella lived during the Ediacaran and have estimated
ages of cca. 550 Ma, consistent with an age of 543 Ma determined in the
Tamengo Formation (Babinski et al., 2008) by dating of zircons col-
lected from a volcanic ash layer. These data conflict with the ages of the
manganese layers determined by Piacentini et al. (2013), who obtained
39Ar/*Ar ages of 587 + 7 Ma, from cryptomelane in layers Mn-1, Mn-
2, and Mn-3, and 513 = 4 Ma, from muscovite in arkoses interlayered
with the BIFs. These authors interpreted the age data as minimum ages,
arguing that the argon thermo-chronological system was rejuvenated
by tectonic warming and disruption between the Amazon Craton and
the Rio Apa cratonic fragment. They concluded that these ages do not
reflect the timing of Jacadigo Group deposition, which would be older
than 590 Ma. Although the geochronological and paleontological ages
appear to be inconsistent, common fossiliferous occurrences in rocks of
the Santa Cruz, Bocaina, and Tamengo formations indicate that these
units were coeval and were probably deposited during the latest Edia-
caran and early Cambrian, more than 80 Ma and 30 Ma after the Mar-
inoan (650-635 Ma) and Gaskiers (=580 Ma) glaciations, respectively.

The existence of carbonate BIFs in the Santa Cruz Formation (Fig. 2;
and Klein and Ladeira, 2004; Angerer et al., 2016) also suggests that
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these rocks and the carbonate rocks of the Corumbé Group are distinct
lateral facies of coeval units. Their compositional differences may be a
consequence of the sedimentary basin depth at the sites of deposition,
and the stability of the solutes dissolved in the seawater in different
environments.

Carbonate rocks are usually deposited in shallow and warm water,
which conflicts with the interpretation of most authors that the rocks of
the Santa Cruz Formation were deposited in a glacial environment. This
interpretation is typically based on the presence of granite boulders that
occur in the conglomeratic arkosic sandstones amid the BIFs, which are
interpreted as dropstones (Urban et al., 1992; Hoffman and Schrag,
2002; Klein and Ladeira, 2004; Angerer et al., 2016). These boulders do
not appear to be ice-rafted elements because they are not striated or
faceted, and they do not cross-cut the underlying beds. The most likely
interpretation is that they were transported into the basin by ava-
lanches (Fig. 18E) generated during successive episodes of instability
caused by the graben opening. Klein and Ladeira (2004) and Angerer
et al. (2016) published §'3C values ranging from —3.4 to —7.0%o for
carbonates associated with the BIFs from the Urucum and Santa Cruz
deposits. Angerer et al. (2016), citing the interpretation of Kaufman and
Knoll (1995), consider these 8'3C values to be consistent with sig-
natures from syn-glacial deposits. In carbonates, negative 8'C values of
the same order of magnitude are also indicators of submarine hydro-
thermal environments (e.g., Large and Both, 1980; Kowalick et al.,
1981; Okita et al., 1988; Eastoe and Nelson, 1988; Zaw and Large,
1992; MacLean and Hoy, 1991; Biondi et al., 2011); they are associated
with carbonaceous matter (e.g., Hoefs and Frey, 1976; Hedges and
Mann, 1979; Dean et al., 1986; Konhauser et al., 2005; Kump et al.,
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Figure | Point Identification Analyzed element (%)
n° Inside one bubble
C Free C > Si Al K Mn Fe Ca Ba P
1 Cryptomelane 3.0 <0.1 <0.1 1.7 61.6 <0.1 <0.1 <0.1 <0.1
2 Hollandite 4.0 <0.1 <0.1 3.1 54.0 <0.1 <0.1 5.9 <0.1
3 Cryptomelane and <0.1
11C carbonaceous matter 13.8 3.9 <0.1 0.9 1.5 453 <0.1 <0.1 | <0.1
4 | Cryptomelane and | g ¢ <01 | 07 1.6 394 | 104 | <01 | <0a |
carbonaceous matter
5 Hollandite 4.4 <0.1 <0.1 3.7 47.5 8.9 <0.1 3.3 <0.1
6 Hollandite 5.4 <0.1 <0.1 3.7 48.1 7.6 <0.1 3.8 <0.1
7 Ba-rich hollandite <0.1
and carbonaceous 32.8 1.8 1.4 1.4 43.4 <0.1 <0.1 11.1
matter 23.3
8 Bixbyite and 363 13 | 08 | <01 | 120 | 246 | <01 | 15 <0.1
carbonaceous matter 28.4
Figure | Point Identification C Free C > Si Al K Mn Fe Ca Ba P
n°
1 P-rich carbonaceous
eosphorite and/or
Mn- rich phosphatic | 214 <0.1 74 1.1 16.7 <0.1 24 | <01 6.1
clay?
2 Hematite and
carbonaceous 12.6 <0.1 <0.1 <0.1 6.1 50.3 <0.1 <0.1 <0.1
11D matter?
3 P-rich carbonaceous
eosphorite and/or
M- rich phosphatic 14.3 <0.1 7.3 1.4 21.9 <0.1 2.9 <0.1 6.9
clay?
4 Hematite and
carbonaceous 12.7 <0.1 <0.1 <0.1 4.7 50.8 <0.1 <0.1 <0.1
matter?

Fig. 11. (A) Kremydilite core with spherical structures similar to intergranular and/or internodular gas bubbles. (B-E) SEM images and EDS analysis sequence showing the compositions
of substances inside and outside the bubbles. Note that in 11C, the bubble is porous and surrounded by massive cryptomelane ( = hollandite). (D, E) Pore inside the bubble infilled with
substances whose compositions are consistent with those of P-rich eosphorite and/or Mn-rich phosphatic clay (?), hematite (?) and carbonaceous matter. (F) Prismatic microbialites in the
matrix whose compositions are consistent with those of P-rich crandallite (?),rhodochrosite (?), Ba-rich rhodochrosite (?), and carbonaceous clay (?) (compare to Fig. 10.5C-E). (G-H)
Bubble I from Fig. 11A, with massive wrap and porous micronodular core, which consists of cryptomelane =+ hollandite. (I-J) The dark, right-hand part of bubble I (Image 11J) contains
microcrystals with compositions compatible with rhodochrosite, which are mixed with carbonaceous matter. In the metallic, left-hand part (Image 111I), rhodochrosite was replaced by
massive cryptomelane *+ hollandite during diagenesis.
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Figure | Point Identification C Free C> Si Al K Mn Fe Ca Ba P
nO
P-rich eosphorite
and/or Mn- rich
1 phosphatic clay and 12.1 <0.1 8.6 1.5 17.9 <0.1 2.6 <0.1 7.1
carbonaceous
matter? 7.4
11E P-rich eosphorite
2 and/or Mn- rich
phosphatic clay and 15.6 <0.1 7.0 1.6 21.0 <0.1 2.4 <0.1 6.0
carbonaceous
matter? 10.3
Figure | Point Identification C Free C> Si Al K Mn Fe Ca Ba P
nO
1 P-rich, crandalite
and carbonaceous 16.7 <0.1 13.1 <0.1 <0.1 <0.1 5.1 1.3 12.0
matter? 15.2
11F 2 | Carbonaceous clay? | 18.8 | 182 120 | 134 | <01 s 13 | <01 <0.1
3 Rhodochrositeand | -, 5 1.1 0.5 0.7 25 7.1 <0.1 | 59 <0.1
carbonaceous matter 34.3
4 Ba-rich 0.1
rhodochrosite and 28.9 0.4 : 0.3 35.6 <0.1 <0.1 13.1 <0.1
carbonaceous matter 21.1

Fig. 11. (continued)

2011; Polgari et al., 2012a,b), or they are considered as indicators of
environments with organic carbon sources (e.g., Large et al., 2011;
Boggs Jr., 2012). These other two interpretations of the 8'°C values
were not considered by Angerer et al. (op. cit.), although they are
equally applicable to the Urucum region. 8°”Fe values determined by
Angerer et al. (2016) also indicate the absence of a glacial environment
during deposition of the Santa Cruz Formation rocks. Based on five
samples with 8>’ Fe values between —2.62 and — 0.04%o, Angerer et al.
(2016) concluded that primary carbonate and associated hematite in
the BIFs was mainly the product of “marine biomineralization by
aerobic respiration of microbial colonies in a warm interglacial,
shallow, saline water environment”; whereas, in the “colder and anoxic
chert-BIF facies, biomineralization of Fe-hydroxides was also active but
reduced.” This indicates that the sedimentary environment was char-
acterized by warm... and colder... waters; therefore, without the need
for a glacial environment. In this work, and in accordance with the
observations of Trompette et al. (1998) and Freitas et al. (2011), no
diagnostic field evidence for the presence of glaciers during deposition
of the Jacadigo Group was observed.
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6.2. Chemistry of manganese ore layers and their iron-rich rocks

6.2.1. Microbially mediated vs. chemical sedimentation of major and trace
chemical rock components

Fig. 14A shows several geochemical patterns. (a) Layer Mn-1 (Group
B) differs from layers Mn-2 and Mn-3 (Group A) because of its higher
concentrations of silica and iron. (b) The silica concentrations in layers
Mn-2 and Mn-3 are very low, whereas the manganese concentrations
are high. (c) The IFs above layer Mn-1 (Group C) are devoid of man-
ganese. These three groups of rocks are geochemically distinct, which
suggests that they were formed from by different genetic processes. The
Mn concentration varies proportionally to K,O (Fig. 14B) and Ba
(Fig. 14C). This variation was observed for all the ores in layers Mn-1,
Mn-2, and Mn-3, and is interpreted to be the result of cryptomelane
transformation to hollandite, which began during diagenesis, and
continued during the post-diagenetic periods, and probably occurs in at
the present-day in ores that encountering meteoric water.

As shown in Fig. 15, Mn-2 and Mn-3 only consist of Mn, while their
hosts contain Fe + SiO, and are devoid of Mn, which indicates distinct
settling conditions. The presence of kremydilites (stromatolite-like
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Massive manganese oxide hosting the bubble
C Free C > Si Al K Na Mn Fe Ca Ba P
1 Cryptomelane/
Hollandite 79 00 | OV 5o | 01| g3 | <01 | <015 | <0
2 Cryptomelane/
G Hollandite 5.5 00 | OV | 53 | 01| 53 | <01 | <011 55 | <0l
3 Cryptomelane 5.8 1.5 <0.1 3.0 <0.1 67.6 | <0.1 <0.1 0.0 <0.1
4 Cryptomelane/
Hollandite 30 00 | 01| 36 | 01| 660 | 01| 01| 49 | <01
Figure Point n Identification C Free C > Si Al K Na Mn Fe Ca Ba P
1 Cryptomelane 6.4 <0.1 | <0.1 3.9 <0.1 | 524 | <0.1 | <0.1 2.5 1.0
2 Cryptomelane 5.8 <0.1 <0.1 1.2 <0.1 57.7 <0.1 <0.1 <0.1 <0.1
3 Carbonaceous
matter and <0.1 <0.1 0.8 <0.1 254 <0.1 1.0 2.1 <0.1
rhodochrosite 60.1 54.2
11H 4 Carbonaceous
matter and 22.0 0.5 <0.1 0.8 <0.1 33.0 <0.1 <0.1 <0.1
hollandite 14.8 8.2
5 Cryptomelane <0.1 <0.1 <0.1 1.0 <0.1 61.9 <0.1 <0.1 <0.1 <0.1
6 Cryptomelane <0.1 <0.1 <0.1 1.1 <0.1 60.7 <0.1 <0.1 <0.1 <0.1
7 Hollandite 7.6 <0.1 <0.1 2.3 <0.1 46.8 <0.1 <0.1 7.9 <0.1
8 Carbonaceous
matter and 33.9 2.1 0.5 1.5 <0.1 333 3.9 <0.1 <0.1
hollandite 25.8 5.0
9 Hollandite and
carbonaceous 10.0 <0.1 <0.1 0.8 <0.1 46.4 <0.1 <0.1 <0.1
matter 3.7
10 Hollandite and <0.1
carbonaceous <0.1 <0.1 0.8 52.1 <0.1 <0.1
matter 8.3 3.7

Fig. 11. (continued)

structures of Mn oxides) with biomass that is preserved in their pores,
microbialites (Fig. 10.3A-D, 10.5A-E and 10.6A), globular, micro-
nodular or spheroidal structures that show further inner spheroidal
structures (Figs 8E-F, 9G-I), and enrichment in bio-essential elements
P, Co, Ni and Cu (Fig. 15) are features that indicate microbial mediation
during sedimentation of Mn-2 and Mn-3, which will be discussed in
future chapters. Similar features from the action of microorganisms
were found in Urkut (Polgari et al. (2012a,b)). Mn-1 is different because
it has no other features that suggest biogenic mediation during its
formation, with the exception of the presence of bio-essential elements.
The origin of the layers that comprise the Mn-1 unit will be discussed
separately.

Krumbein (1983) and Ehrlich (1990) considered that the bacterial
oxidation of Mn(Il) to Mn (IV) and the consequent Mn (IV)

sedimentation as manganohydrite could drive the oxidative segment of
the global biogeochemical Mn cycle. More recently, Polgari et al.
(2012a,b) and Bodor et al. (2016) confirmed the observations of
Krumbein (1983) and Ehrlich (1990), determining that the most ef-
fective process of manganese precipitation in marine sedimentary en-
vironments with low temperatures (< 100 °C) is microbial. This process
would be supported by the homogeneous oxidation of aqueous solu-
tions and oxide surface catalysis, which were advocated by Morgan
(2005). In this type of environment, the initiation of manganese se-
questration in solution only occurs under oxidizing conditions and is
probably aided by the multi-copper oxidase enzymatic process (Tebo
et al., 1997; Villalobos et al., 2003, 2005, Morgan, 2005). However,
according to Morgan (2005), manganese oxide precipitation is a con-
sequence of a simple oxidation process of manganese solutions in an
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Figure Point Identification C Free C > Si Al K Na Mn Fe Ca Ba P
n°
1 Rhodochrosite
and carbonaceous 17.8 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
matter 8.1 <0.1 44.2
2 Rhodochrosite
and carbonaceous <0.1 <0.1 <0.1 <0.1 49.5 <0.1 <0.1 <0.1 <0.1
matter 18.2 7.4
3 Carbonaceous
matter 69.3 68.4 2.7 <0.1 <0.1 <0.1 4.0 <0.1 <0.1 <0.1 <0.1
4 Rhodochrosite
and carbonaceous | 43.9 0.4 <0.1 <0.1 <0.1 28.6 <0.1 <0.1 <0.1 <0.1
matter 37.6
11 5 Cryptomelane | <0.1 45 | <01 | 06 | <01 | 579 | 46 | <0.1 | <0.1 | <0.1
6 Cryptomelane <0.1 <0.1 <0.1 2.5 <0.1 51.0 8.4 <0.1 <0.1 <0.1
7 Hollandite 5.2 <0.1 <0.1 4.5 <0.1 52.5 <0.1 <0.1 3.7 <0.1
8 Hollandite <0.1 <0.1 <0.1 3.5 <0.1 54.9 <0.1 <0.1 7.6 <0.1
9 Hollandite and
carbonaceous 10.9 <0.1 <0.1 2.8 <0.1 54.8 <0.1 <0.1 <0.1
matter 2.4
10 Rhodochrosite
and carbonaceous <0.1 <0.1 1.7 <0.1 42.7 <0.1 <0.1 <0.1
matter 19.4 10.1 2.2
11 Rhodochrosite <0.1
and carbonaceous <0.1 <0.1
matter 27.1 22.3 12.3 0.6 17.6 2.8 1.2 <0.1
12 Rhodochrosite <0.1
and carbonaceous <0.1 <0.1
matter 39.4 30.7 <0.1 0.7 39.2 <0.1 0.6 <0.1
Figure Point Identification C Free C > Si Al K Na Mn Fe Ca S P
n°
1 Carbonaceous 1.4
matter 61.9 61.0 <0.1 <0.1 <0.1 <0.1 2.7 <0.1 0.9 05
2 Carbonaceous | < 5 09 | <01 | <01 | <01 | 69 | <0.1 | <0.1 | <0.1 | <0.1
matter 64.2
3 Carbonaceous | 0 19 | <01 | <01 | <01 | 22 | <0.1 | <01 | <01 | <0.1
matter 67.7
4 Carbonaceous |, ; <0.1 | <01 | <01 | <01 | 39 | <01 | <0.1 | <0.1 | <0.1
matter 61.8
117 3 Caﬂr’r‘l’::t‘gf"“s 67.6 o 15 | <01 | <01 | <01 | 56 | <01 | 09 | <01 | <0.1
6 Carbonaceous | 4, 04 | 05 | <01 | % | 57 | <01 | <01 | <01 | <01
matter 68.8
7 Carbonaceous
matter 89.0 88.9 <0.1 <0.1 <0.1 <0.1 0.4 <0.1 <0.1 05 <0.1
8 Rhodochrosite
and carbonaceous <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
matter 46.2 40.0 0.5 28.4
Fig. 11. (continued)
oxidizing environment; Mn(II) is not oxidized to Mn(IV) without bac- amounts of energy for the displacement of two electrons to form Mn
terial mediation. The reason for this phenomenon is the atomic struc- (IV). A substantial free energy barrier exists to a second one-electron
ture (distribution of electrons) of Mn(Il), which requires different oxidation step, which is inner-sphere path transfer, because the energy
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Figure | Point Identification Analyzed element (%)
n° Edge of massive manganese oxide involving the bubble
= C Free C > Si Al K Mn Fe Ca Mg Ba
1 Cryptomelane 42 <0.1 | <0.1 |56 | 64.7 4.1 <0.1 | <0.1 | <0.1
2 Cryptomelane 4.9 <0.1 <0.1 [ 55 ] 634 5.0 <0.1 <0.1 <0.1
12C 3 Cryptomelane 3.6 <0.1 <0.1 54 | 642 53 <0.1 <0.1 <0.1
4 Cryptomelane 3.6 <0.1 | <0.1 | 6.0 | 63.0 6.1 <0.1 | <0.1 | <0.1
5 Cryptomelane 4.3 <0.1 | <0.1 |55 ] 642 4.5 <0.1 | <0.1 | <0.1
Figure | Point Identification C Free C > Si Al K Mn Fe Ca Mg Ba
Sy a nn
BEC 20kV  WD1Omm  SS60 1 Siliceous 64.9 12.3 0.3 0.3 4.6 1.0 0.1 0.3 <0.1
carbonaceous matter 62.1
2 Siliceous 70.4 10.1 0.3 0.5 42 1.0 0.0 0.0 <0.1
carbonaceous matter 69.3
3 Siliceous 70.5 11.3 0.3 0.2 2.6 0.9 0.0 0.1 <0.1
carbonaceous matter 69.2
4 Siliceous 80.2 72 02 |04 22 0.2 0.1 0.1 <0.1
carbonaceous matter 79.1
5 Cryptomelane 7.2 0.0 02 | 47 | 60.0 6.5 0.2 0.3 <0.1
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Fig. 12. (A) Oblate kremydilite core with spherical structures outside the core. (B) Optical image under RL. (C, D) SEM images of parts of the internodular bubble in B (Image 11A). The
bubbles are surrounded by massive cryptomelane (Images B and C). Inside the bubble (Image D) the pores (black) contain silica-rich carbonaceous matter amid reflective matrix whose
composition is compatible with hausmannite/bixbyite. (E) Optical image of the bubble in E (Fig. 12A). (F-H) SEM images and EDS analyses of the inside of the bubble, which is composed
of substances whose compositions are consistent with those of rhodochrosite, hausmannite, and silica-rich carbonaceous matter. (I) Optical image of the bubble in I (Fig. 12A). (J, K) SEM
images and EDS analyses of the inside of the bubble in I, which is surrounded by massive cryptomelane (Images I, J), and its interior contains rhodochrosite combined with silica-rich

carbonaceous matter (Images J, K).

requirement to transform Mn(IIl) into Mn(IV) is more than twice the
amount to transform Mn(II) into Mn(III). Therefore, the energy in
chemical oxidizing environments without bacterial mediation is in-
sufficient for the complete oxidation of manganese and the precipita-
tion of Mn(OH),4 (Bargar et al., 2005; Webb et al., 2005). If microbial
mediation occurred during the sedimentation of Mn-2 and Mn-3, then
the environment was oxidizing. Additionally, Mn(II) oxidation is fa-
cilitated by a diverse array of microbe and fungi (Tebo et al., 1997,
2004), which suggests that this process is fundamental and ubiquitous
(Webb et al., 2005). According to laboratory experiments (Moffett and
Ho, 1996), oxidizing microbe can also oxidize Co, Ni, Cu and Ce
(Villalobos et al., 2003; Bodei et al., 2008) and precipitate these ele-
ments together with manganese.

The oxidation of Fe, which immediately occurs under homogeneous
chemical oxidizing conditions, is a distinct process from microbially
mediated suboxic Fe(II) oxidation, but both can occur simultaneously.
Fe(II) oxidation is facilitated by a diverse array of microbe, but the
micro-organisms’ metabolisms are different. Among the four types of
known microbial metabolisms that can oxidize Fe(II) to form Fe (III)
oxide minerals (Konhauser, 1998), the most likely in environments such
as the Urucum basin are as follows. (a) Microbial Fe(II) metabolism that
is driven by light. This process is anoxic/anaerobic and neutrophilic
(photoferrotroph) and is very important for the formation of BIF. (b)
Metabolism that is driven by suboxic and neutrophilic Mariprofundus

369

ferrooxidans-like Fe-oxidizing microbes, which are very widespread,
but their existence during the Neoproterozoic has not been proven.
Non-enzymatic reactions provide an indirect role for bacteria in the
oxidation of Fe. The physical conditions (Eh, pH) change around the
cells because of microbial activity, favoring the chemical oxidation of
Fe.

The result of microbially mediated Fe(II) oxidation is ferrihydrite,
which is rather poorly ordered and adsorbs colloidal silica. Ferrihydrite
transforms to more stable Fe-oxides (hematite, goethite, etc.). These
transmissions are determined by the conditions of the system (e.g.,
organic content) and are accompanied by silica segregation. The direct
precipitation of amorphous silica requires high concentrations, more
than 120-140 ppm (Baele et al., 2008), which is not usual in sedi-
mentary environments but is common in hydrothermal settings.
Amorphous silica can easily transform into more stable minerals, such
as cristobalite, tridymite, and quartz (Herdianita et al., 2000). BIFs,
which locally host Mn-1 and Mn-2, may have been formed by similar
iron and silica sedimentation processes (Posth et al., 2008, 2013). Ac-
cording to these authors, the biotic nucleation of Fe(OH)3 in seawater at
temperatures around 15-25 °C generates an organic wrap around the
hydroxide particles, which prevents silica adsorption and causes ferri-
hydrite precipitation and the retention of silica in solution, thereby
generating ferruginous sediments with low silica concentrations. At
temperatures below 15°C, the microbial activity decreases or
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Fig. 12. (continued)
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Fig. 12. (continued)

disappears, allowing the nucleation of ferrihydrites with absorbed silica the sum of the silica in the jaspilite, quartz, and other silicates.
and/or the direct precipitation of only silica. This relationship is less Phosphate is essential to life, particularly in the production of DNA,
evident in the iron-rich rocks in layer Mn-1, in which the total SiO, is RNA, and ATP (adenosine triphosphate) and as a constituent of cellular
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Fig. 13. Iron-rich rocks hosting massive Mn ore layers in the Urucum region. (A) Ferruginous jaspillite with silica nodules and microlenses. (B) Most common type of iron ore (silica-
leached jaspilite and IFs) in the Urucum region. (C) Most common BIF in the Urucum region. (D) Sample from the transition zone between the jaspilite and layer Mn-2 or Mn-3. (E, F)
Photomicrographs of ferruginous chert with recrystallized hematite and quartz. In E, the reflective portions are hematite, and the dark portions are quartz (RL, //N). F shows the same
image, under RL, xN. (G-H) Photomicrographs of detritic iron ore from the Rabicho deposit, with microcrystalline hematite matrix and massive hematite lenses (RL; G with //N, and H
with xN).
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membranes, and a lack of phosphate constrains microbial activity
(Bjerrum and Canfield, 2002). Therefore, the highest P,Os concentra-
tions should occur in rocks whose origins involved significant biogenic
activity. The phosphorous concentrations (Fig. 15) produced a grouping
of manganese ores, similar to that from produced by the concentrations
of Mn and Si. Thus, the high phosphate contents, the geological and
chemical features that indicate biogenesis, and the necessarily biogenic
conditions for the oxidation of Mn(II) to Mn (IV) indicate the biotic
sedimentation of the Mn-2 and Mn-3 ore layers in an oxidizing en-
vironment. The absence of these features in IFs that host Mn-2 and Mn-
3, suggests that homogeneous chemical oxidation and ferrihydrite se-
dimentation prevailed, which immediately happens. With the exception
of the iron-rich rocks that host layer Mn-3 in the MCR Mine, all the iron-
rich units above layer Mn-1 may have been abiotic if deposited during
episodes of no tectonic activity. When hosted by BIFs or silica-rich IFs,
ferrihydrites nucleation may have been driven by microbes in suboxic
environments below the oxyline after episodes of flooding and hydro-
thermalism.

According to Moffett and Ho (1996) and Jiao et al. (2005), cobalt is
involved in Fe(II) and Mn(II) oxidation through phototrophic oxidizing
bacteria. In addition to biogenic participation, the Co concentrations in
Mn-1 must also have been influenced by the sorption of Co to Mn (hydr)
oxides and clay minerals, which explains the higher Co concentrations
in the clayey portions of Mn-1. The clay mineral content decreases from
Mn-1 to Mn-2 and Mn-3, so the Co concentrations proportionally de-
crease (Fig. 15). The presence of high Ni and Cu concentrations only in
the detrital Mn ores of layer Mn-1 in the Rabicho Mine (Fig. 15) makes
establishing a genetic correlation difficult, which would suggest that
the ancient Mn ores formed before the opening of the basin.

We can draw some additional conclusions by combining the in-
formation in Figs. 14 and 15 and the discussion regarding the Mn(II)
and Fe(II) oxidation from microorganisms. (a) Layers Mn-2 and Mn-3,
which contain high P and Co concentrations and very little silica, were
generated by biotic processes in an oxidizing environment. (b) Mn-1’s
phosphate, cobalt, and nickel (and Cu?) concentrations were influenced
by the presence of clastic apatite and clay minerals, but the very high
concentrations of P and Ni in the host IFs suggest that some additional
processes were important in the formation of these rocks, which will be
discussed in the chapter that discusses Mn-1’s genesis. (c) The IFs above
layer Mn-1, which have low silica concentrations and are devoid of
phosphorous, cobalt, and manganese, were probably generated mainly
by abiotic processes. When silica and bio-essential elements were pre-
sent, as was the case for the BIFs, sedimentation occurred with biogenic
mediation in a suboxic environment. The IFs that host layer Mn-3 in the
MCR Mine are exceptions. Their high phosphorous content indicates
that biotic processes may have been active during sedimentation
(Fig. 15). (d) During diagenesis, cryptomelane was and continues to be
transformed into hollandite because of weathering.

6.2.2. Rare earth elements (REE) chemistry

Debris from turbidite flows and wind may alter the original REE
composition of chemical sediments, especially when this debris origi-
nates from the erosion of granitic rocks with apatite and allanite. The
manganese ores from Urucum do not have alumina ore minerals, so the
Al,O3 contents are good indicators of the presence of silicates. In geo-
logical environments such as Urucum, silicates are mostly clay minerals
and fragments of feldspar, which are potential REE carriers. Table 1
shows that only rocks from the Mn-1 unit contained significant Al,O3
contents (greater than 1.0%), and Fig. 14D indicates that the alumina
minerals did not influence the distribution of REEs, which will be dis-
cussed below. The microbial sedimentation of manganohydrites may
also oxidize and precipitate Ce (Moffett and Ho, 1996). This informa-
tion imposes caution on the interpretation of the REE models of Mn-2
and Mn-3 (Fig. 16C-D) and BIFs (Fig. 17A-B), rocks that were probably
deposited under the influence of microbes, but are less important in the
case of the massive IFs (without clay minerals) that host Mn-2 and Mn-3
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(Figs. 7 and 16E-F). The sedimentation of Mn-1 (Fig. 16A-B) was
predominantly clast-chemical with subordinate influence from mi-
crobes, so we can also discuss the geochemistry of the REEs of this
layer.

The similarities between the REE model for the IFs (Fig. 16E-F) and
that of the arkosic iron-rich rocks that host the manganese ore layers
(Fig. 16G-H) and the differences between these models and those for
layers Mn-2 and Mn-3 (Fig. 16C-D) complicate the discussion of the
origin of these rocks. Although the IFs’ convex MREE patterns are si-
milar to those of sediments from hydrothermal fluids that are emitted
from vents along modern mid-ocean ridges (Michard et al., 1983;
Michard, 1989; German and Elderfield, 1990a,b; German et al., 1995),
a hypothesis should be considered in which the Urucum mineralizing
fluids originated from hydrothermal vents, and microbial mediation
during Mn-2 and Mn-3’s sedimentation may have influenced the REE
patterns of these layers.

In the Urucum region, the most likely possibility is that the seawater
composition during periods of tectonic activity was influenced by
submarine exhalations from vents at the base of the
Chiquitos-Tucavaca aulacogen (Schobbenhaus et al., 1981; Litherland
et al.,, 1989; Alvarenga and Trompete, 1994; Trompette et al., 1998;
Angerer et al., 2016; D'el-Rey Silva et al., 2016). This phenomenon
would have mainly occurred in the Urucum Basin region, where the
aulacogen overlaps the Paraguay Fold Belt, possibly forming a region of
crustal weakness. These vents were likely located below the Santa Cruz
Formation in the Urucum region of Brazil and below rocks from the
Boqui Group in Bolivia, and the hydrothermal fluids likely acquired
similar REE distribution patterns to those of basement granites that
were crossed by the vent-feeding channels. The feldspars in the arkosic
sediments at the base of these units make them compositionally similar
to basement granites, so their REE patterns may also be similar.
Therefore, with the exception of the Mn-rich ore layers, the sediment
REE patterns were inherited from hydrothermal fluids that were
emitted from vents on the floor of the Urucum Basin, which subse-
quently mixed with seawater (Fig. 18B-E and H-I). Another possibility
to consider is that partial Ce** to Ce** reduction occurred at the top of
the mud layer on the floor of the Urucum Basin, just below the oxycline
(Fig. 18G), increasing the relative solubility, so the Ce concentration in
the water increased from the dissolution of Mn-Fe hydroxides (Bau
et al.,, 1997). In deeper anoxic zones, the progressive dissolution of
hydroxide particles fractionated REEs through the selective dissolution
of LREEs over HREEs, ultimately generating a nearly flat dissolved REE
pattern (Fig. 16B and D) with a discrete Ce anomaly (Bau et al., 1997).

The absence of significant Eu anomalies in the manganese ores and
the host iron-rich rocks (Fig. 16) indicates that low-temperature
(< 150°C) hydrothermal fluids fertilized the seawater with metals
(Dymek and Klein, 1988; Danielson et al., 1992; Bau and Moller, 1993;
Bau and Dulski, 1996, 1999; Ohmoto et al., 2006; Bolhar and Van
Kranendonk, 2007; Planavsky et al., 2010). Graf et al. (1994) inter-
preted the absence of Eu anomalies in the rocks from the Santa Cruz
Formation as a consequence of fluids interacting with rocks that dis-
played negative Eu anomalies, such as the basement granites. However,
analyses in more recent works (Redes et al., 2015) showed that the
basement granites have a positive Eu (normalized to the NASC)
anomaly averaging 1.25, slightly larger than 1.04 (s.d. = 0.07; n = 80),
which is the average value of the Eu anomalies of the Urucum man-
ganiferous and ferruginous rocks (Table 1). According to the deep ex-
halative alteration hypothesis of Kimberley (1989), the fluids that are
responsible for ironstone deposition can access several segments of the
crust along continental margins. A range of REE signatures is possible
depending on the exact crustal volume along the circulation path, and
different fluid-rock interactions may attenuate the anomaly values of
the basement granites, resulting in slightly lower positive anomalies.
Another possibility is that the very small Eu enrichment was a con-
sequence of the introduction of hydrothermal fluids from deep seawater
into the Urucum Basin (Dardenne, 1998). Both factors likely influenced
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layers.

the absence of an Eu anomaly, as shown in Fig. 16.

Based on these data, Mn-2 and Mn-3 were generated by micro-
organism-rich water that was brought by floods, and the REE patterns
were a consequence of this origin. Modifications in the REE patterns
from microbial mediation were probably less important during the se-
dimentation of Mn-1 and the IFs that host Mn-1, Mn-2 and Mn-3 be-
cause microbial activity did not exist or was only slightly active during
these periods. The REE patterns of these layers were controlled by
homogeneous oxidation, the intensity of the hydrothermalism and the

depth variation of the Urucum basin.

In general, the Ce/Ce” values exceeded 1.15 where biogenic med-
iation may have influenced the precipitation of REEs. The exceptions
were the REE patterns of layers Mn-1 from the Rabicho Mine and Mn-3
from the MCR Mine, which differed from all the others and yielded
positive Ce anomalies (Figs. 15 and 16B-D). Layer Mn-1 from the Ra-
bicho Mine showed clear enrichment in HREEs, whereas Mn-3 layer
from the MCR Mine was depleted in HREEs. These differences were
probably a consequence of the reworked clastic sedimentation of the
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manganese oxides from the Rabicho mine and the hydrothermal prox-
imal origin of layer Mn-3 from the MCR, which will be discussed below.

6.3. Genesis of Mn-1

Periods of tectonic instability likely caused several episodes of col-
lapse at the bottom of the Urucum Graben, deepening and widening the
river valley (Fig. 18A). All these periods of tectonic activity caused

avalanches and flows of fine debris towards the bottom of the graben.
As the Urucum graben opened and deepened, it was first flooded to a
great depth with iron- and manganese-rich, cold and reduced seawater
that was enriched in CO, (Fig. 18B). The direct contact of this seawater
with the red beds of the Urucum Formation caused rapid heating,
strong homogeneous water oxidation and the death of microorganisms.

This inundation caused the infiltration of seawater that was rich in
iron, manganese, dead microorganisms and silica directly into pore
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spaces in the permeable, oxidizing continental sediments of the Urucum
Formation. According to Morgan (2005), iron oxidation requires less
energy than manganese, so iron, which was chemically homogeneous,
oxidized first, thereby filling the pore spaces and fractures and

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu

manganese, precipitated
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Fig. 16. REE patterns for the Urucum
manganese ore layers and their iron-rich
host layers. (A, C, E, G) REE patterns for all
samples from each layer. (B, D, F, H).
Contour plots of all REE patterns, which are
referred to as the REE models for the var-
ious rock types. The sample collection sites
and the rock type are indicated within each
figure. Data taken from Klein and Ladeira
(2004), for Mn-1 samples containing brau-
nite cryptomelane + aegirine + dolomite,
has been inserted in Fig. 16B. Data from
(2011), showing the
average compositions of mud and chert
from the Rapitan Group (Canada) and iron-
rich rocks (Angerer et al., 2016) from the
Santa Cruz deposit (Urucum), has been in-
serted in Fig. 16F. River water data from
Gromet et al. (1984). All of the data were
normalized using the NASC (North Amer-
ican Shale Composite) of Gromet et al.
(1984).

Halverson et al.

cementing clastic rocks with iron oxides (Figs. 2D-E, 6H-K and 18C-D).
The oxidized seawater, which was depleted in iron and enriched in
Mn-oxide
lane + bixbyite + hausmannite =+

mineral (cryptome-

hollandite after diagenesis) and,
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Fig. 17. Comparison of the REE model for the iron-rich rocks hosting the massive manganese ore layers in the Urucum region (this work), with (A) the Santa Cruz deposit iron ore
(modified from Angerer et al., 2016) and high-temperature vent fluids (Bau and Dulski, 1999); (B) the compositions of hematite chert devoid of carbonate and hematite chert with

manganoan and ferroan carbonates (Klein and Ladeira, 2004).

locally, siderite and rhodochrosite in the clastic rock pores, preserving
the sedimentary structures (Fig. 6D) and forming the Lower Mn-1 ore
layer. If this sedimentation phase was mediated by microbes, the Mn
oxides probably precipitated under aerobic conditions, where microbial
Mn(II) enzymatic oxidation resulted in the fine-grained accumulation of
Mn oxides (cycle I, of Polgéri et al., 2012a), which later transformed to
Ca-rhodochrosite via bacterially mediated processes during suboxic
early diagenesis (cycle II). After pore saturation, manganese hydroxides
continued to precipitate on the basin floor with the simultaneous de-
position of clay and rock fragments by turbidity flows, forming the
Upper Mn-1 ore layer, which is characterized by banded manganese-
and iron-rich rocks (Fig. 6B) and amygdalites (Fig. 6C). The simulta-
neous sedimentation of manganese, iron, REE and dead microorgan-
isms, transferred bio-essential elements to the mud on the floor of the
Urucum basin, as indicated by the very high concentrations of bio-es-
sential elements and negative Ce anomalies in the Mn-1 unit
(Fig. 16A-B and E-F) and related iron-rich rocks (Ruhlin and Owen,
1986; Derry and Jacobsen, 1990; Sholkovits et al., 1994; Dubinin,
2004). Thus, the ferruginous sandstones and the Lower Mn-1 layer are
clastic—chemical diagenetic rocks, in which evidence of biogenic med-
iation was erased by the rapid homogeneous oxidation of Fe and Mn
and diagenesis. These rocks were deposited on the basin floor along the
inundation front between the marine and continental phreatic waters
and extended laterally as the inundation advanced into the basin. The
Upper Mn-1 manganese layer is clastic—-chemical, with clastic illite and
kaolinite forming from the oxidation and sedimentation of original Mn
(ID) in the water after the filling of the pore spaces in the Urucum
Formation’s sediments, which were mixed with clay minerals and
quartz grains from turbidity currents.

The breaking and displacement of basement blocks generated con-
duits, which allowed the rise of heated aqueous fluids and beginning
hydrothermalism (Fig. 18B-E) on the basin floor, as indicated by the
hydrothermal alteration of the granite near the faults (Fig. 1) and fer-
ruginous chert infilling fractures in the granite and sedimentary rocks
in the Urucum Formation. The vents emitted silica-, iron- and manga-
nese-rich fluids, causing the saturation of the water, while avalanches
and fragment flows did not cease, allowing the displacement of base-
ment-rock blocks to the bottom of the basin, turbidite flows and the
mixing of the water with clay minerals from the basement (Fig. 18E).
This environment favored the clastic-chemical sedimentation of lami-
nated, clayed, and manganese- and iron-rich sediments (Fig. 6A-C),
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forming the Mn-1 Unit (Figs. 2 and 5), which covers the basin floor
(Figs. 3 and 18C-D) throughout the Urucum region.

During the formation of Mn-1, rapid and strong homogeneous oxi-
dation in seawater prevailed over other processes that could destabilize
and precipitate substances. Evidence of microbe mediation during Mn
(and Fe?) sedimentation was probably hindered by the strong iron, si-
lica, and manganese enrichment in the seawater from the hydro-
thermalism, the increase in temperature, and the rapid oxidation in the
water. Therefore, the high concentrations and the distributions of Mn,
Fe, P, Co, Ni, and Cu in Mn-1 and their host IFs were a consequence of
the simultaneous action of three processes. (a) The death and sedi-
mentation of large quantities of microorganisms, which were selec-
tively enriched with P, Co, Ni and Cu, occurred because of changes in
the environment, especially water saturation and heating from hydro-
thermal activity. The distribution of the bio-essential elements was
likely a consequence of different microorganisms carrying Co and Cu
when the Mn-rich layer was deposited and P and Ni when the host IFs
were deposited, adding to the rapid annihilation of these micro-or-
ganisms. (b) Clastic apatite and clay minerals were released by the
weathering and erosion of basement rocks outside the basin. (c) Water
saturation with hydrothermal Mn, Fe, and SiO, occurred. These pro-
cesses were different from those that formed Mn-2 and Mn-3 because
these actions did not induce the formation of kremydilites and caused
strong enrichment in Co (+ Cu) in the Mn-1 layer of clayey Mn ore and
P + Ni in the host massive iron formations (Fig. 15).

The chemical precipitation of silica, iron, and manganese in the
basin depocenter formed the Santa Cruz Formation, while the micro-
bial-mediated precipitation of carbonates formed limestone at the basin
margins, including peritidal stromatolites, which are currently located
at the base of the Bocaina Formation (Figs. 1and 18B-E). These rocks
filled a basin that was open to the west and comprised local estuarine
environments. This configuration remained stable long enough for the
basement and limestone with stromatolite blocks to be displaced from
the littoral regions, transported to the floor of the graben, and in-
corporated into marine sands and conglomerates that overlie the pre-
existing continental sediments (Figs. 3B, 4A, and 18B). Subsequently,
some Corumbella werneri died and settled amid the IFs in the Santa Cruz
Formation during the deposition of the Tamengo Formation (Fig. 18F).

The sudden homogeneous oxidation and consequent sedimentation
of Fe and Mn, which occurred when seawater contacted the fluvial and
lacustrine oxidizing sediments from the Urucum Formation, would have
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been the only process that could precipitate the volume of manganese
oxides that are contained in the Mn-1 layer across the basin floor
(Fig. 3A and 18C-D). The Upper Mn-1 layers in the Figueirinha and Sao
Domingos mines, which contain amygdalites, were probably deposited
in the basin depocenter (Fig. 1), where amygdalites formed from hy-
drodynamic flux. Differential compaction and diagenesis generated
wavy contacts and concentrated the sedimentary manganese oxides
and, probably, minor Mn-carbonates. Simultaneously, thin layers of
detrital manganese and iron oxides that were derived from the erosion
of iron manganiferous units that predated the graben opening were
deposited on the basin slopes over the continental sediments (Urucum
Fm.), which were cemented by iron hydroxides. The detrital ore that
was cemented by Mn oxides (currently diagenetic cryptomelane) con-
stitutes detritic Mn-1 layers in the Laginha, Rabicho, Morro Grande, and
Jacadigo mines (Figs. 5, 6G-K, and 18C-D). The REE pattern of this ore
type, which is distinct from those of the other Mn ores in the Urucum
region, was likely inherited from the detritic source of manganese
oxides (Fig. 13G-H). The discrete enrichment in HREEs in the Mn-1
ores other than Rabicho may have been the result of capture by Mn
(OH), flakes and clay minerals. Therefore, the Upper Mn-1 ores must
have been silica-rich argillic muds that contained Mn(OH)4, were
slightly more enriched in HREEs than LREEs, and contained little Ce.
These silica-rich mud-cemented clasts generated a sedimentary clas-
tic-chemical Mn ore with negative Ce anomalies and discrete enrich-
ment in HREEs (Fig. 16A-B).

Braunite can occur in banded sedimentary ores, as in the Neyriz
ophiolite (Fars Province, southwestern Iran), where this rock was
probably a biogeochemically mediated early diagenetic product
(Rajabzadeh et al., 2017), and in the Hotazel Formation, where this
rock was a braunite mud (Gutzmer and Beukes, 1996). In the Urucum
region, braunite only occurs within the Mn-1 layer in the Figueirinha
Mine, and the grain geometry, which is angular and dimensionally
variant, and the random distribution indicate that these rocks are clasts.
This rock may have been derived from the erosion of the basement
rocks and was transported from within the Urucum graben, probably as
a braunite sandy mud. During diagenesis, the detrital braunite formed
intergrowths with cryptomelane and/or hollandite.

Concretionary ores (Figs. 5 and 6E-F) formed after the Urucum
graben was flooded, as water began to infiltrate the conglomerates and
continental sandstones on the basin floor, and manganese oxides were
dissolved and re-precipitated in fractures and open spaces. Following
basin inversion and continuing to the present, meteoric water con-
tinued to dissolve the manganese oxides, transport them downward and
laterally, and precipitate them as oxides and hydroxides that infilled
fractures and cemented the matrix of the sandstones and conglomer-
ates, as can be observed in the Rabicho and Jacadigo mine galleries
(Fig. 6E-F).

6.4. Genesis of Mn-2, Mn-3 and kremydilites

At the end of a flood cycle before Mn-2’s sedimentation, microbially
mediated oxidation of Fe(II) to Fe (III) and the formation of ferrihy-
drites occurred, which adsorbed colloidal silica and were deposited
simultaneously with the arrival of turbiditic fluxes, forming ferrous-si-
liceous mud. The onset of diagenesis began the transformation of fer-
rihydrites to more stable Fe-oxides (hematite, goethite, etc.). Silica was
exsolved from ferrihydrites. At the end of diagenesis, these sediments
became IF layers of Fe-rich siltstones, hematite chert and massive layers
of hematite with chert lenses (Fig. 8C-D and 13D), on which the Mn-2
layer of massive manganese settled (Fig. 7B, D, F; 18F). Later, Mn-3 also
formed after the sedimentation of ferro-siliceous muds under identical
conditions to Mn-2 (Figs. 7A, C, E; 18H).

Layers Mn-2 and Mn-3 formed in “offshore” (= greater depth) en-
vironments during periods of tectonic quiescence (Fig. 18F), when fine,
clastic quartz fragments and chemical sedimentation ceased at the end
of a flood cycle. During the formation of Mn-2 and Mn-3 (Fig. 18F-H),
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the basin was flooded with microbe-, manganese-, iron-, and CO»-rich
cold and reduced seawater. Within the shallow Urucum basin, water
was heated and became oxidizing, as indicated by the presence of di-
agenetic Mn carbonate in the ores (Fig. 10.1A-D) and the negative Ce
anomalies (Fig. 16C-F) in manganese- and iron-rich rocks (Ruhlin and
Owen, 1986; Derry and Jacobsen, 1990; Sholkovits et al., 1994;
Dubinin, 2004). Biogenically mediated oxidation of Mn(I) to Mn (IV)
occurred, followed by the precipitation of manganohydrites under
oxidizing conditions. Some chemically oxidized iron and very little si-
lica were likely deposited together (Fig. 18F-H). The sedimentation of
Mn-2 was interrupted because of an increase in tectonic activity and,
consequently, iron-siliceous hydrothermalism, which covered the basin
floor with arkosic mud and conglomerates from turbidite flows and
avalanches. These events disturbed the water in the Urucum basin,
changing the oxygen supply, which became suboxic, and allowing the
sedimentation of ferruginous arkosic muds and conglomerates with a
ferruginous arkosic matrix (Fig. 7B, D and F). The same types of events
with identical products occurred during Mn-3’s sedimentation
(Figs. 7A, C and E, and 18H-I). This record suggests that the Mn-rich
water originated outside the basin and entered the Urucum Basin in two
phases (represented by layers Mn-2 and Mn-3) when tectonism and the
emission of iron and silica from vents on the basin floor ceased.

The positive Ce anomaly in layer Mn-3, which was observed only at
the MCR Mine, could be explained by the local presence of a vent
(Fig. 18H), which emitted oxidized iron- and manganese-rich high-
temperature fluids, whose hydroxides captured and deposited Ce** and
Eu** (Ruhlin and Owen, 1986; Owen and Olivarez, 1988; Derry and
Jacobsen, 1990; Sholkovits et al., 1994; German et al., 1995; Dubinin,
2004; Chen et al., 2006). This hypothesis explains why layer Mn-3 in
the VALE and MCR mines, which was deposited simultaneously in these
two locations, yielded distinct Ce anomalies.

The floodwater contained high concentrations of Mn(II) and mi-
croorganisms, and life flourished within the basin, allowing the sedi-
mentation of biomass (=free carbon; Figs. 9-12 and 18G) and pre-
cipitation of manganese and iron hydroxides. The right-hand, dark gray
part of a gas bubble shown in Fig. 111-J, and the kremydilite micro-
pore-filling materials (Figs. 11C-F, I-K, and 12E-D) likely preserved the
original composition of the sediment that formed layers Mn-2 and Mn-
3. The original biomass contained a significant amount of carbonaceous
matter (Figs. 9D, 10.1C-D, 10.3D, 10.4A-C, 10.5C-E, 10.6A, 11C-J,
and 12C-K), which is likely consisted of P- and Co-rich dead chemo-
lithotrophic organism residues, and a low silica content (related to
ferrihydrite sedimentation) (Figs. 15 and 18F-H). This reason, together
with geometry, internal zonality, the presence of nodular micro-struc-
tures, and carbonate microbialites, explains why the kremydilites were
interpreted as bacterial colonies that lived in the aqueous mud, in lo-
cations that were affected by solar and/or ultraviolet (UV) radiation
(Fig. 18G). The chemolithotrophic organisms that formed the kremy-
dilites lived in Neoproterozoic anoxic environments (Cloud, 1973;
Drever, 1974; Schopf, 1974; Konhauser et al., 2005, 2007) and used Fe
(II) and Mn(Il) in their biosynthesis by fixing CO,, removing oxygen
and producing ATP to conserve energy. Thus, the environment was
reducing, containing high CO, concentrations and likely located near or
below the oxycline. The presence of kremydilites confirms that their
higher concentrations in layers Mn-2 and Mn-3 are related to biologic
activity, although phosphate and cobalt have strong affinities to hy-
droxides.

Microbes can also oxidize Fe(II) to Fe(Ill) and Mn(II) to Mn(IV),
even under anoxic conditions, converting Fe(II) to Fe(OH); (Konhauser
et al., 2005) and Mn(II) to Mn(OH),. Fe(Il) and Mn(II) serve as the
electron donors for these organisms, which convert CO, into biomass by
using solar energy (Kappler et al., 2005). According to Konhauser et al.
(2005), the general reaction between Fe(II) and CO, to generate iron
hydroxide and carbonaceous matter (biomass), which is represented by
CH,0, is
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4Fe?* + CO, + 11H, O — (CH,0) + 4Fe(OH); + 8H* @
By analogy,
3Mn2* + CO, + 11H, O— (CH,0) + 3Mn(OH), + SH* )

By analogy with Posth et al. (2013), water, methane (CH,4), and
hydrogen (H,) gas could be released by dehydration and coupled redox
reactions, including biomass oxidation and Mn** reduction, according
to the following general reaction:

Mn(OH), + (CH,0) — Mn*t0,,Mn?+*0,Mn2*Mn3*0s,Mn3+CO;,C,H,

O,CHy4,H, 3)

This series of reactions produced the internodular and intergranular
bubbles of methane and hydrogen that are found inside (Fig. 11A) and
near (Fig. 12A) the kremydilites, facilitating the preservation of car-
bonaceous matter inside the bubbles. When these bubbles left the re-
ductive mud, moving toward the basin floor surface and passing the
oxycline, they entered an oxidizing environment, which generated a
massive wrap of manganese oxide (Fig. 11C, G, and [; and 11B, I, and J)
from superficial tension because of the oxygen concentration around
the bubble.

The presence of internodular gas bubbles inside and outside the
kremydilites indicates that these rocks were highly porous and
permeable structures, within which gas bubbles could form and migrate
out (Fig. 18G). The bubbles that are now observed in the rocks did not
reach the basin floor and were preserved during diagenesis. Moving
outward from the kremydilite core, each subsequent zone corresponds
to a period of Mn-oxide micronodule nucleation, carbonate precipita-
tion, and kremydilite growth. This zonation was probably caused by
cyclic changes in the CO, concentration in the submarine mud because
of discontinuous layer burial and the oscillation of the oxycline position
between the top and inside of the mud layer (Fig. 10A and 10.1A-D),
similar to the process that generates stromatolites. The formation of
micronodules and kremydilites probably ceased rapidly because of
disappearance of microorganisms when tectonic activity recommenced
and the vents were reactivated. These microorganisms were likely
poisoned by the high concentrations of Fe and silica in the hydro-
thermal fluids that were emitted from the vents.

Incubated manganese and iron reacted with formaldehyde and
likely produced the micro-clusters of manganese, iron and calcium—-
magnesium carbonate crystals (Fig. 10.1A-D). Many bacteria can
couple Ca-Mn reduction with organic matter mineralization to produce
energy for growth (Myers and Nealson, 1988; Lovley, 1991; Nealson
and Myers, 1992; Nealson and Saffarini, 1994; Meister et al., 2009). The
driving force for this Mn-Ca carbonate precipitation is a rise in alkali-
nity, and the metabolic reactions that are known to be involved in this
process are as follows:

Dissimilatory Mn reduction:2MnO, + (CH,0) + 3CO, + H, O

— 2Mn?* + 4HXOj5 (@)
Anoxic precipitation of Mn-Ca carbonates:
xMn?* + (1-x)Ca?~ + 2HCO; — (Mn,Ca;_,)CO; + CO, + H,0 5)
Anoxic precipitation of Mn-Fe-Mg—Ca carbonates:
4(Mn,Fe,Mg,Ca)(OH); + (CH,0) — (Mn,Fe,Mg,Ca)CO;
+ 3(Fe,Mg,Ca)*>~ + 60H™ + 4H,0 (6)

The wormlike objects (Fig. 10.4B-C and 10.5B-D) were likely mi-
croorganisms that inhabited the carbonaceous mud at the beginning of
diagenesis, when sediments were wet and soft but consistent enough
through which worms could dig holes (Fig. 10.3A-B). The carbonate
mesh structure (Fig. 10.3B-D), prismatic crystallites (Fig. 10.5E), and
micrometric nodules (Figs. 8H-I and 10.6A) were microbialites or or-
ganominerals (Dupraz et al., 2009), and the cylindrical holes
(Fig. 10.3A-B) are likely tubes that were formed by the wormlike
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microorganisms as they moved within the mud and kremydilites. The
absence of nodules and iron kremydilites in the jaspilites, similar to the
Mn ore layers, indicates that the formation of micronodules and kre-
mydilites was a unique process that only occurred in the Mn-ore sedi-
ments. Therefore, the millimeter-scale manganese micronodules in
layers Mn-2 and Mn-3 (Figs. 8E-F, 9, and 10) did not nucleate in sea-
water but instead within the biomass from hydroxides contained
therein. Thus, the microorganisms consumed iron and manganese hy-
droxides, separated the manganese and iron, and excreted solely
manganese hydroxides, generating cryptomelane microbialites. The
microbialites subsequently coalesced, forming pure, massive crypto-
melane micronodules (Fig. 7E-F and 8A-G) that are devoid of hematite
(Fig. 9D and H), resulting in layers of massive manganese oxides *
manganese carbonates (Fig. 10A and 10.1A). The microorganisms then
converted manganese and iron hydroxides into cryptomelane and he-
matite, respectively, although we cannot estimate the importance of
this contribution. Seemingly, the manganese micronodule nucleation
process occurred simultaneously with the crystallization of manganese
carbonate (Fig. 10.1A-D, 11F-J, and 12J), hausmannite, bixbyite, and
subordinate amounts of Al and Mn phosphate (eosphorite and cran-
dallite), with the phosphorus being derived from organic residue in
biomass. The concentration of oxides may have increased during late
diagenesis if the mud on the basin floor gradually became oxidized
because of the backflow of water from the basin and consequent low-
ering of the oxycline to a position below the surface of the mud layer.
During the late stages of diagenesis, the majority of the original organic
matter was likely destroyed and replaced by cryptomelane, as seen in
the left-hand, light-gray component of the bubble in Fig. 111. With the
onset of diagenesis, the cryptomelane began to recrystallize as hollan-
dite (Fig. 14B-C). Following tectonic inversion and the exhumation of
the layers that contained manganese oxides, new hollandite formed via
cryptomelane weathering.

6.5. Iron-rich rocks hosting the manganese ore layers

The REE of the seawater from which the iron-rich host rocks were
deposited was seemingly influenced by low-temperature hydrothermal
exhalations from vents that cross-cut the granite basement. Solutions of
HREESs in seawater are more stable than those of LREEs, and the solu-
bility of HREEs increases with temperature (Ruhlin and Owen, 1986).
These characteristics explain why HREEs tended to remain in solution
and the sediments became depleted in HREEs, as in the ferruginous
arkosic rocks (Fig. 16H). The slight HREE enrichment in the REE pat-
terns of layers Mn-2 and Mn-3 and the IFs was also likely to be a con-
sequence of decreasing basin water temperature because of an inflow of
large volumes of colder water from the open sea.

Klein and Ladeira (2004) and Angerer et al. (2016) studied the IFs at
the Urucum and Santa Cruz deposits and observed similar REE dis-
tribution patterns to those of the iron-rich rocks that host the manga-
nese ore layers. The REE fractionation pattern and REE abundance in
“hematite chert” and “hematite mud” from the Santa Cruz deposit
(REE-3, Angerer et al., 2016) are very similar to those of the iron-rich
rocks that host Mn-2 and Mn-3 (Fig. 16F) and the ferruginous and/or
manganiferous arkosic rocks from the Urucum region (Fig. 16H). These
rocks are also very similar to “hematitic muds and silts” in the Rapitan
IF (Halverson et al., 2011). The features of the REE patterns in all these
rocks are bulged, flat, and slightly convex, with very discrete negative
Ce anomalies and slight MREE enrichment. The REE abundances are
relatively consistent, with REEy between 0.1 and 1.0, and do not show
positive Eu anomalies. The “chemical hematite muds” of Angerer et al.
(2016) are similar to the grain-ironstones from these same mines
(Fig. 3). Thus, the carbonate-poor IFs that were studied by Klein and
Ladeira (2004) and Angerer et al. (2016) are the same rocks that host
the manganese ore layers Mn-2 and Mn-3.

As described above, cloudy water from turbidite flows with sand,
silt and clay added to the saturation of hydrothermal silica and iron,
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rendered the environment suboxic, and must have caused the dis-
appearance or at least a strong reduction in the population of micro-
organisms. This process generated IFs with high concentrations of
phosphate and cobalt in Mn-1 (Fig. 15) from dead microbes (Fig. 18E).
The iron and silica in these units were probably derived from fluids that
were emitted by hydrothermal vents on the floor of the Urucum Basin,
which subsequently mixed with seawater from cold upwelling currents,
as indicated by the Y/Ho ratios (Fig. 14D).

The IFs that host Mn-2 and Mn-3 formed from the simultaneous
precipitation of mainly hydrothermal Fe(OH)3 and fine clasts (essen-
tially quartz), which were mixed with a small amount of clastic illite
and kaolinite from turbidites. These units are interspersed with chan-
nels that are filled by clastic rocks with ferruginous matrix from tur-
bidity currents and avalanches, which occurred simultaneously with the
hydrothermal and minor microbially mediated ferrihydrite sedimenta-
tion (Fig. 7). The grain sizes of the clastic—chemical ironstones vary
from clayey to coarse-sandstone turbidites and chaotic conglomerates,
containing small to enormous rounded and/or broken, irregularly
shaped granite blocks (lonestones) within an arkosic ferruginous ma-
trix, which indicates submarine-avalanche deposition (Fig. 16E-H) si-
multaneously with the precipitation of Fe(OH)s. The tectonic activity
that induced the formation of these clastic rocks ceased during the se-
dimentation of the manganese layers, as indicated by the absence of
clasts in the ores. The succession of layers suggests that periods of
tectonic stability, during which Mn-2 and Mn-3 were deposited under
oxidizing conditions, existed between periods of instability, when fer-
ruginous turbidites and avalanches deposited sandstones and con-
glomerates with ferruginous matrix in a suboxic environment (Fig. 2).

The “podded hematite chert” and “dolomite—chert hematite BIF”
(REE-1, Fig. 17A), as described by Angerer et al. (2016), are structurally
similar to the “hematite chert with Fe and Mn dolomite” that was de-
scribed by Klein and Ladeira (2004) and the massive peloidal jaspilite
and banded BIFs in the VALE and MCR mines (Figs. 3 and 13B-C),
which are located in the upper half of the Urucum and Santa Cruz
plateaus. All these carbonate rock types are located stratigraphically
above the Mn-3 ore layer and were never observed hosting the man-
ganese ore layers. The REE distribution patterns (Fig. 17A-B) in these
rocks are different from those of the other IFs from the Urucum region.
Their REE distribution patterns show more pronounced negative Ce
anomalies and are continuously enriched in REEs from Ce to Lu, similar
to the seawater, although their REE concentrations are approximately
10° times higher (Fig. 17A and B). This difference cannot be explained
by detritus because no covariance exists in the Y/Ho ratios with Al,O3
in the Mn ores (Fig. 14D), and the contribution from detrital sources in
the Mn ore layers and Fe-rich rocks is considered insignificant. How-
ever, the magnitudes of the negative Ce anomalies in the sediment also
depend on the degree to which the water is oxidizing, the distance
between the vents, the deposition location, and the magnitude of dis-
solution by Mn-Fe-hydroxides (Bau et al., 1997). Most REEs that ori-
ginate from seawater and vents will be deposited near the vents by the
settling of hydroxide particles (Ruhlin and Owen, 1986; Owen and
Olivarez, 1988; Derry and Jacobsen, 1990; Sholkovits et al., 1994;
German et al., 1995; Dubinin, 2004; Chen et al., 2006). If the vents are
located in reducing water and this water is displaced by ocean currents,
the remaining Ce in solution can oxidize and precipitate in locations far
from the vents and next to the oxycline depth, thereby generating se-
diments with small negative anomalies because of the low amount of
available Ce. The negative 8'3C values that were observed by Angerer
et al. (2016) in carbonate BIFs from the Santa Cruz deposit, which were
interpreted to be of biotic origin, may have been related to a hydro-
thermal origin for these rocks (e.g., Large and Both, 1980; Kowalick
et al., 1981; Eastoe and Nelson, 1988; Zaw and Large 1992; MacLean
and Hoy, 1991; Biondi et al., 2011) or the presence of carbonaceous
matter (e.g., Hoefs and Frey, 1976; Hedges and Mann, 1979; Dean et al.,
1986; Konhauser et al., 2005; Kump et al., 2011; Polgéri et al.,
2012a,b). Therefore, the explanation for the differences between the
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REE patterns in these rocks and those of the IFs that host the manganese
ore layers may be related to the different origins of the starting sea-
water solutions from which the rocks were deposited and microbially
mediated selective-enrichment mechanisms.

6.6. Comparison with deposits similar to Urucum

The Urkdt (Hungary) black shale-hosted Mn carbonate deposits and
cherty, Fe-rich Mn oxide mineralized rocks are Toarcian in age
(183-174 Ma). The entire deposit contains 32 Mt of Mn carbonate
rocks, averaging from 13% (Mn carbonate “ore”) to 27% (gray Mn
carbonate “ore”) Mn, and 26 Gt of Fe, averaging from 7.4% (black
shale) to 21.7% (cherty Fe-Mn oxide “ore”) Fe (Polgari et al., 2012a,b).

In Urkat, spherules (similar to the nodules in Mn-2 and Mn-3), oval,
tubular, and filamentous morphologies were observed and interpreted
to be cellular materials that are enriched in bio-essential elements.
These spherules show an inner texture of yet smaller spherules, and Mn
oxides fill the pore spaces between these spherules, forming similar
structures to those in Fig. 9F-H. These spherules and surrounding areas
consist of goethite, hollandite, pyrolusite, cryptomelane, todorokite,
manganite, quartz, and carbonaceous materials. Similar to Urucum,
Polgari et al., 2012a,b considered that an exhalative hydrothermal
source of metals may have contributed to the formation of the deposit
at Urkit via an Fe-Mn oxide chimney system along fractures, providing
metals from deep-seated sources. Small structures, which were ap-
proximately 10 mm in diameter and identical to columnar stromatolites
in carbonate, were described as microbial stromatolite-like structures of
Mn oxide. Such structures were considered by Polgari et al. (2012b) to
be one of the best pieces of evidence for the role of microorganisms in
the genesis of the Urkit deposit. These biomats formed at the sediment-
water interface under dysoxic and neutral pH conditions by enzymatic
Fe(II) oxidizing processes, which may have developed on a daily to
weekly growth cycle (Polgari et al., 2012a). Evidence for microbial
activity in different ore types and accompanying rocks in the Urkdt Mn
deposit also includes (a) brown chert with micro-chimneys that contain
mineralized bacteria in the Urkt manganese deposit, (b) mineralized
filamentous bacteria in the main Mn carbonate ore bed, and (c) mi-
neralized bacterial filaments that consist of cryptomelane.

According to Polgéri et al. (2012b), these features and the §'3C
values, which range between +3%o and —16%o in the Mn carbonates,
support microbially mediated reactions, and more specifically, micro-
bial metabolic processes. Geothermally produced hydrothermal fluids
were the likely source of the metals in the Urkiit deposits. These fluids
formed authigenic Mn minerals under suboxic diagenetic conditions
that were related to a large Fe-Mn oxide chimney system with fluid-
flow micro-channels. Stromatolite-like, filamentous and coccoid micro-
structures that consist of Fe-Mn-oxides (ferrihydrite, goethite, manga-
nite, pyrolusite, hollandite, birnessite, hausmannite) and silica occur in
the micritic marlstone host rock among common calcite bio-debris
(microfossils and Echinozoa fragments) and rare detrital clasts (quartz,
feldspar). Metal-bearing fluids infiltered the unconsolidated micritic
limemarl. Fe-oxide enrichment likely occurred through iron-oxidizing
microbes under suboxic, neutrophilic conditions, while Mn oxide likely
formed by active surface catalysis. At the sediment/water interface,
FeMn-oxide stromatolite mounds (chimneys) formed in rift zones from
the discharge of fluids with elevated temperature (Molnér et al., 2017).
The Fe-Mn oxides in these chimneys contain significant amounts of
amorphous carbon of variable composition and distribution, which is
consistent with a microbial origin. During the development of the Mn
oxide ore, the first product of microbial Mn(II) oxidation was probably
an amorphous bio-oxide that was similar to §-MnO,. The high Mg
content of the black shale-hosted Mn carbonate deposits was first
considered to have resulted from a magmatic, volcanic source, an idea
that was later abandoned in favor of a microbial origin (Polgari et al.,
2012a,b).

Urkit resembles Urucum in the following aspects: (a) bacterial
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mediation that concentrated manganese in rocks; (b) submarine hy-
drothermal exhalations as the source of Mn and Fe; (c) the presence of
carbonaceous matter in mineralized rocks; (d) the high contents of
organometals; (e) the presence of biotic structures, termed spherules,
equivalent to the micronodules in the Urucum deposit; and (f) the
presence of stromatolite-like structures. All the other main character-
istics of Urkdt are distinct from Urucum: (a) Urkdt formed at 183-174
Ma; the much younger age of the Urkiit rocks facilitated the preserva-
tion of the original features, including mineralized filamentous mi-
crobes in the Mn carbonate ore bed; (b) no BIFs and IFs occur at Urkdt,
and massive cherty Fe-Mn-oxide ore occurs only locally (at Csardahegy)
as primary ore below the main ore zone (Molnéar et al. 2017), which
consists of massive carbonate rocks with Mn and Fe carbonates, me-
talliferous black shales, and clays with Fe and Mn; (c) at Urkiit, the first
product of microbial Mn(II) oxidation was an amorphous bio-oxide si-
milar to 8-MnO,; (d) the main ore of the Urkiit deposit is an early di-
agenetic rhodochrosite, while early diagenetic rhodochrosite is very
rare in Urucum; a two-step microbially mediated ore-formation process
(oxic, neutrophylic autotrophic Mn-oxidizing metabolism followed by
suboxic-anoxic heterotrophic Mn-reduction; Polgari et al., 2012a) oc-
curred in Urkit, but the main mass of the Mn ore in Urucum remained
oxic; only cycle 1 occurred and the rock did not transform to rhodo-
chrosite despite the considerable amount of organic matter; thus, the
heterotrophic Mn-reducing bacteria from cycle 2 did not become
dominant; one possible interpretation can be that Urucum remained
more oxic than Urkiit via diagenesis, which is supported by the host IFs;
and (e) at Urkdt, the stability of Mn oxides increased as the pH and Mn
(II) concentration increased; at Urucum, the concentration of oxides
was initiated by bacterially mediated hydroxide precipitation, con-
tinued from the action of wormlike microorganisms during early di-
agenesis, and was likely completed as mud on the basin floor gradually
became oxidized.

The Kalahari manganese field in South Africa contains an estimated
approximately 8 Bt of Mn resources (Cairncross and Beukes, 2013),
with Mn contents between 20% and 48%. This field occurs within the
Hotazel Formation in the uppermost Archean to Paleoproterozoic
(2.65-2.05 Ga) Transvaal Supergroup and comprises three laminated
Mn-ore units that are interbedded with iron formations (Tsikos et al.,
2003; Cairncross and Beukes, 2013). The lowermost of the three man-
ganiferous units is the most important, containing 44-48% Mn.

Gutzmer and Beukes (1996) considered that the sedimentation and
early diagenesis of the Hotazel Formation, which consists of inter-
bedded iron formations and braunite lutite, was followed by low-grade
metamorphism and associated stratabound metasomatism. The brau-
nite lutite, which has a sedimentary origin and comprises 97% of the
total ore reserve, consists of braunite, hematite, and kutnohorite, with
abundant early diagenetic kutnohorite and manganoan calcite that
form laminae and diagenetic Mn—calcite ovoids. Fluid flow during late
diagenesis or lower greenschist-facies metamorphism led to the stra-
tabound metasomatic oxidation of Mn-bearing carbonates to haus-
mannite and Mn-poor calcite.

Three structurally controlled hydrothermal alteration events, which
are referred to as Wessels, Mamatwan, and Smartt, followed this me-
tamorphism. The Wessels alteration event was the oldest, and virtually
all the high-grade ore (> 42% Mn) formed during this event through
the alteration of carbonate-rich low-grade Mamatwan-type ore (brau-
nite lutite). Normal faults and fractures apparently served as conduits
for hydrothermal fluids where they penetrated laterally into the man-
ganese-ore beds, replacing manganese ore with hematite (Gutzmer and
Beukes, 1995). Cryptomelane and pyrolusite are the predominant pro-
ducts of surficial weathering (Tsikos et al., 2003). All these conclusions
based on thermo-dynamic studies (Miyano and Beukes, 1987) indicate
that the primary paragenesis of the rocks from the Hotazel Formation
precipitated from fluids with temperatures between 300°C and 400°C
(Miyano and Beukes, 1987; Gutzmer and Beukes, 1995; Beukes et al.,
1995).
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In the southern Kalahari manganese field, the iron formations
contain quartz, magnetite, and carbonate (calcite and ankerite) as the
chief mineral constituents and exhibit comparable mineralogy and bulk
chemical and isotopic signatures to other Paleoproterozoic iron for-
mations around the world (Tsikos and Moore, 1997). Values of
8'3C = -18 to —4%o vs. PDB and §'®0 = 12-20%o vs. SMOW for the
carbonate in the iron formations indicate diagenetic processes that in-
volved the oxidation of organic carbon and Fe** reduction of sedi-
mentary precursors. Values of 8'3C = —12 to —8%o and §'80 = 14-22%0
for the interbedded manganiferous units are interpreted to reflect si-
milar processes, with Mn*™* acting as the sole electron acceptor (Tsikos
et al., 2003).

The deposition of the 2.2-2.3-Ga Hotazel Formation was initially
explained by Beukes (1983) as transgressive-regressive events relative
to the deposition site. Beukes (1983) suggested a distant submarine
volcanic source for the iron, manganese, and silica. The manganese
formation, which was probably originally a mixed precipitate of car-
bonates and oxides, represented the more distal sedimentary facies
compared to the more proximal iron formations. The braunite, hema-
tite, and matrix carbonates are thought to have formed during very
early diagenesis, soon followed by the kutnohorite and Mn-calcite in
the ovoids and laminae. These ideas were reconsidered, and Beukes and
Gutzmer (2008) stated that chemolithoautotrophic iron-oxidizing bac-
teria may have played an important role in the precipitation of ferric
oxyhydroxides and acted as a source of primary organic matter in deep-
water environments under micro-aerobic conditions. Within the basin
fill, even shallow-shelf embayments were invaded by circulating hy-
drothermal plume water, from which ferric oxyhydroxides could be
precipitated in oxygenated environments with high primary organic-
carbon productivity and, thus, iron reduction to form hematite-poor
siderite- and magnetite-rich clastic-textured iron formations. Although
no explicit reference has been made to the biogenic origin of the
manganese layers that are interbedded with the BIFs, these authors
likely considered that this origin for the manganese is also valid.

The Kalahari manganese field comprises much larger and older
(2.2-2.3 Ga) manganese deposits than Urucum. The origin of this metal,
the distant submarine volcanic source of iron, manganese, and silica,
and the sedimentation process that was proposed by Beukes (1983),
which consisted of transgressive-regressive events relative to the site of
deposition site, are generally similar to those for Urucum.

The major differences are as follows: (a) the original sediment was a
carbonate-braunite lutite that consisted of braunite, hematite, and
kutnohorite, with abundant early diagenetic kutnohorite and man-
ganoan calcite forming laminae and diagenetic Mn—calcite ovoids; (b)
no similar structures to kremydilites or amygdalites were described in
the rocks from the Hotazel Formation; and (c) three structurally con-
trolled hydrothermal alteration events transformed the original brau-
nite to todorokite and manganomelane and destroyed carbonate.
Cryptomelane and pyrolusite are the predominant products of surficial
weathering.

7. Conclusions

1. When the Urucum basin was filled with sediments, chemical, mi-
crobial, and clastic sedimentation occurred, sometimes together
and other times with one predominating over the others.

. The matrix of the arkosic rocks stratigraphically below layer Mn-1
consists of hematite and jasper. Therefore, contrary to what was
initially believed (Park et al., 1951), at least two periods of iron
precipitation predated layer Mn-1: (1) the formation of hematite
rock outside the Urucum Basin region, thereby providing the source
of the hematite fragments in the arkosic conglomerates and ar-
koses; and (2) the precipitation of the hematite and chert, forming
the ferruginous arkose matrix stratigraphically below the Lower
Mn-1 layer.

3. Many seawater influx episodes flooded the Urucum Basin: (a) when
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the Mn-1 layer in the Figueirinha and Sado Domingos mines and the
host IFs were deposited (Fig. 18B-E); (b) when layer Mn-2 pre-
cipitated (Fig. 18F); (c) when layer Mn-3 precipitated (Fig. 18H);
and (d) possibly when the IFs adjacent to and above layer Mn-3
were deposited (Fig. 18I). All these flood events probably generated
environments with water that was rich in Mn(II) and CO,. The
negative Ce anomalies and convex MREE patterns of the IFs and
arkosic sediments indicate that these sediments inherited the REE
signature of the basement rocks. Layers Mn-2 and Mn-3 do not
show this pattern, so the basin was flooded with microorganisms
and Mn(II)-rich, deep seawater that originated from outside the
basin and that the hydrothermal flow within the basin had ceased
during their sedimentation. Simultaneously, biotic-mediated lime-
stone and carbonate rocks precipitated in the shallow littoral zones
around the basin, forming the Bocaina Formation with intertidal
stromatolite colonies and, later, the Tamengo Formation.

. Several tectonic events caused the deepening and opening of the
Urucum graben. The inundation that first flooded the Urucum Basin
occurred when the valley was deep and filled with fluvial and la-
custrine sediments. The valley was flooded gradually but com-
pletely, creating a basin that comprised a depocenter region, where
vents opened and hydrothermalism began and shallow, wide mar-
gins were formed. Along the inundation front on the graben floor,
seawater that contained Fe(II), Mn(II), CO,, SiO,, and more than
one phosphorous-, Co?*-, Ni?*-, and Cu®*-bearing microbial type
infiltrated the fluvial sediments of the Urucum, filling the pores of
the fluvial sediments and cementing them with iron hydroxides that
were enriched in P, Co, Ni, and Cu. The homogeneous oxidation
was rapid and strong, hiding the evidence of biogenic mediation
and not allowing the growth of kremydilites. This water, which was
depleted in iron and enriched in manganese, seeped into the pores
of rocks above those that were saturated with iron hydroxide,
precipitated manganese hydroxides and, locally, iron and manga-
nese carbonates, and mixed with freshwater to produce the Lower
Mn-1 ore layer, which contains clastic-chemical diagenetic ore. The
excess manganese that remained in solution was deposited in the
basin depocenter, forming the Upper Mn-1 ore layer, which is also
enriched in P, Co, Ni, and Cu, in the Figueirinha and Sao Domingos
mines, simultaneously with the influx of clay and silt that were
deposited by turbidity currents.

. Each time the bottom of the Urucum graben collapsed, the hydro-
thermal emissions and turbidite flows increased, making the water
turbid and producing high concentrations of silica and Fe(II). The
basin became deeper and stratified, with cloud-oxidized water near
the surface and sub-oxidized below the oxycline. These flooding
episodes reduced the ocean water supply, with microorganisms
facilitating microbial Fe(II) anoxic/anaerobic and neutrophilic
(photomanganotroph) metabolism that was driven by UV radiation,
thus causing the biogenic-mediated oxidation of Fe(Il), forming
ferrihydrites above the oxycline (Fig. 18E), and producing che-
mical, abiotic Fe precipitation from water saturation. The sedi-
mentation of clay-rich ferrihydrites without chemical silica covered
the basin floor before the manganese sedimentation, forming Fe-
rich muds below the massive manganese layers. After diagenesis,
this ferruginous mud was transformed into massive, laminated IFs
and ferruginous siltstones, on which Mn-2 and Mn-3 were de-
posited (Fig. 7).

. The Mn-2 and Mn-3 layers, which only contain manganese, settled
during quiescence between episodes of collapse within the Urucum
graben, when the hydrothermal emissions ceased. The sedimenta-
tion of manganese was mediated by microorganisms when the
water layer was shallow and devoid of hydrothermal Fe(II) and
silica and when the environment became oxidizing, which hindered
the sedimentation of iron and silica. The biomass was a suboxic-
anoxic mud that formed with residues of chemolithotrophic bac-
teria, and the Fe(II) within the water of this mud precipitated as

7.
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ferrihydrites. Thus, layers Mn-2 and Mn-3 were originally biomass

muds that consisted of manganese, few iron hydroxides and car-

bonate.

Each massive Mn-2 and Mn-3 manganese layer formed over at least

four stages:

a. The Urucum Basin was flooded by water that was abundant in
chemoautotrophic microbes, which transformed Mn(II) to Mn
(OH)4 under oxidizing conditions and formed microorganism
colonies that grew in oblate, concentric structures, thereby
forming kremydilites. Under suboxic conditions, Mn (and minor
Mg) carbonate was formed, Fe(II) was transformed into Fe(OH);
and CH4 and H, were generated inside the kremydilites below
the oxycline (Fig. 18G) forming internodular and/or inter-
granular bubbles that subsequently left the structures and mi-
grated laterally and upward through the porous sediment that
was saturated with seawater. Residues of these bacteria gener-
ated a biomass layer, which contained carbonates and was per-
meated by water that was saturated in Mn(OH), + Fe(OH),4, on
the basin floor (carbonate mud that contained little SiO, and
abundant carbon, Fe, Mn, P, and Co). The biotic nucleation of
these hydroxides prevented silica precipitation. The presence of
carbonate crystals and carbonate micro-structures (micro-nee-
dles, mesh-structures and micro-nodules) in the current pores of
kremydilites suggests that originally kremydilites may have been
composed mainly of carbonate, practically all of them replaced
by oxides during diagenesis.

b. During early diagenesis, wormlike microorganisms inhabited the
biomass. These organisms separated Mn(OH), from Fe(OH),,
excreted rhodochrosite microbialites, and crystallized Mn-Fe
carbonates as roughly rounded microstructures. The microbialite
coalescence  generated millimeter-scale cryptomelane *
hollandite micronodules. Seemingly, the manganese micro-
nodule nucleation process occurred simultaneously with the
crystallization of rhodochrosite, hausmannite, bixbyite, and
subordinate amounts of Al and Mn phosphates (eosphorite and
crandallite).

c. The micronodules coalesced, forming massive cryptomelane
micronodule layers with minor hematite and resulting in layers
of massive manganese oxides + minor hematite and manganese
carbonates.

d. Early diagenesis expelled most of the water and oxidized the
remaining Mn(OH)4, converting it to cryptomelane *
bixbyite = hausmannite and thereby generating massive cryp-
tomelane ore. Late diagenesis began with the abiotic substitution
of biomass with manganese oxide ( + Fe oxide?) and the trans-
formation of cryptomelane to hollandite.

. The sedimentation of Mn-2 and Mn-3 was interrupted by sandy

turbiditic flows and avalanches. These events allowed the sedi-
mentation of ferruginous arkosic muds and conglomerates with a
ferruginous arkosic matrix.

. BIF and IF sedimentation, which occurred simultaneously with the

precipitation of carbonate rocks at the edge of the basin, was in-
terrupted only by the deposition of layers Mn-2 and Mn-3 and
continued until the tectonic inversion that caused the inversion of
the basin.

The chemical Mn- and Fe-rich sedimentary rocks that formed the
Santa Cruz Formation were probably deposited at approximately
543 Ma, during the Ediacaran—-Cambrian transition, approximately
90 Ma after the end of the Cryogenian and Marinoan glaciations
and 37 Ma after the Gaskiers glacial period. Therefore, iron and
manganese were precipitated without the influence of glaciations.
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