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Abstract

The Northern Cape Province of South Africa is host to some of the largest deposits of
iron and manganese metal in the world, contained in two separate districts, namely the
Kalahari (KMF) and Postmasburg Manganese fields (PMF). The current thesis attempts to shed
light on the chronicle of the complex epigenetic history of the two ore fields by focusing on the
previously underexamined recurring theme of gangue alkali-rich assemblages, contained in
and flanking a series of Fe and Mn orebodies. The principal outcomes of this study not only (a)
set constrains on the characteristics, origin, sources, timing and relationship of alkali
mineralization between the KMF and PMF, but also (b) challenge current ore genetic models
by exploring the role of regional “alkali flooding” as a shared mechanism in the formation or
at least hydrothermal upgrade of the deposits, (c) are beneficial for future exploration for new
orebodies in the study and other prospective areas and (d) improve our knowledge of fluid

circulation in sedimentary basins.

Extended abstract

Prevailing models place a clear dichotomy between the KMF and PMF, with the first
having been locally enriched by hydrothermal alkali fluids of unknown origin during the
Namaqua orogeny (1.2-1.0 Ga), whereas deposits of the latter, stretching as far as ca. 140 km
to the south, interpreted as having formed between 2.2 and 2.0 Ga by a range of palaeo-
weathering processes, involving karst- and fresh-water sedimentation. Solid evidence for
alkali metasomatism has also been documented from the PMF, where a series of comparable
and apparently younger (ca. 650-600 Ma) associations from relatively new exploration drill-
cores greatly motivated the current study. A suite of new in situ UV laser 4°Ar/3°Ar dated
samples comprising muscovite, paragonite, phlogopite, potassic magnesio-arfvedsonite,
hyalophane and ephesite provides concrete evidence for a single wide-scale regional
hydrothermal event, genetically linked to the 1.2- 1.0 Ga Namaqua orogeny, and renders the
Northern Cape deposits as the best age-constrained among all alkali-bearing Mn/Fe districts

worldwide. Moreover, these data refine the temporal extent of hydrothermal activity,



suggesting a long-lived (ca. 100 Ma) and likely bimodal character (pulses at ca. 1180-1130 Ma
and 1090-1060 Ma), that is further evidenced by textural and paragenetic data, and is
probably linked to distinct periods of orogenic activity and associated distal granitoid

emplacement.

Regional barite mineralization inextricably linked with alkali associations displays a
remarkably homogeneous sulfur isotopic signature (24.9 + 2.5 %o, 10, n =93) and highly
radiogenic &’Sr/8Sr ratios (0.71238 - 0.73818), furnishing proof for a common origin by fluids
derived from deeper parts of the basin, clastic sediments overlying orebodies and/or more
distal lithologies, that also infiltrated and dissolved ancient (2.5 Ga) now-vanished evaporites
in the Campbellrand carbonate sequence, marked by a signal of bacterial sulfate reduction

produced in a restricted basin during evaporite formation.

Measured and calculated 620 (+3 to +8 %o) and 6D (-29 to -63%o) values from diverse
ore-gangue mineralogy from both fields (for e.g., aegirine, sugilite, ephesite, natrolite, garnet,
hyalophane, mica, etc.) in conjunction with geochronological, petrographic and existing
geotectonic information suggest that infiltrating fluids can be safely characterized as saline
basinal brines, largely comparable with fluids recovered from oilfields and associated with
Mississippi Valley-type (MVT) Pb-Zn deposits. Striking uniformity in 620 values of gangue
silicates, for example between average sugilite (KMF): +11.7 + 1.1 %o and ephesite (PMF):
+11.8 + 0.3 %o, is attributed to large water to rock mass ratio and fluid buffering during
mineral precipitation, despite documented fluid-rock interactions, fractionation mechanisms,
fluid mixing and subsequent events of precipitation or isotopic exchange with fluids, all
further imprinting their signature on the isotopic values of minerals such as armbrusterite,
arfvedsonite, lithiophorite, berthierine and other hydrous phases characterized by
considerably lighter 8D ratios and larger ranges in 620 values. Oxygen isotopic fingerprinting
further allows to forensically differentiate between early calc-silicate precipitation in the
KMF, characterized by heavier §80r.uip values on average (5.3 + 1.4 %o) from main and later
stages (0.2 + 2.8 %o), during which original fluids evolved and were possibly diluted after
mixing with meteoric water. §'80 measurements of garnet-hematite, garnet-hausmannite
and aegirine-natrolite pairs suggest realistic temperatures of formation for both fields (175°,

120°, 200° and 215°C), being broadly in agreement with previous fluid inclusion work from
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the KMF. Contrastingly, similar estimates from ephesite and diaspore (PMF) suggest that the
two previously regarded products of the same diagenetic/metamorphic system have not
been formed coevally and/or not in isotopic equilibrium, which stresses the need for
elucidating individual alteration histories within the broader regional hydrothermal

metasomatism.

Exhaustive investigation of combined in situ “°Ar/3°Ar data and textural observations
reveals a series of important findings asserting that caution should be exercised when dating
complex and fine-grained lithologies. These include: (1) identification of distinct episodes of
sugilite formation in the KMF, (2) late-stage alteration involving amphibole veining in the
same district, (3) an episode of reheating causing partial to complete thermal resetting of
sugilite and K-felspar and coevally forming lipuite (ca. 650 Ma), (4) high *°Ar/3°Ar age
heterogeneity of different sample domains being only microns apart, (5) ‘old’ Pre-Namaqua
age data from sample matrix domains (ca. 1700-1500 Ma) being broadly comparable with
integrated step-heating ephesite °Ar/>°Ar ages (ca. 1500-1600 Ma), and falling within the
timeframe of intrusive activity in the outer terranes of the Namaqua Province. The two most
important geotectonic implications of this study are that: (a) the age similarity between the
current suite of Neoproterozoic ages (ca. 650-600 Ma) from both fields and the timespan of
Pan-African orogeny in the wider area vindicate previous suggestions that the former are a
far-field response to the distal Pan-African compressional tectonics and (b) by virtue of the
abundant new Namaqua radioisotopic ages on the edge of the Kaapvaal Craton, Kheis
Province, i.e., eastern Namaqua front, should be better regarded as another tectonic zone

within the extensive Namaqua Province.

Mineralogical diversity in the PMF is much higher than previously recognized, with
forty-two species reported from a single locality, most of them for the first time, comprising
thoroughly intergrown assemblages of hyalophane-celsian, grossular, Mn-carbonates,
diaspore, apophyllite, hollandite, coronadite, As-tokyoite, As-bearing apatite and hematite,
unidentified Ba- and Mn-rich silicates, as well as traces of rare species such as macedonite,
pyrobelonite and tamaite. The ephesite-bearing Fe/Mn ores further encompass barian
goyazite, pyrophanite, barian muscovite, ferrihollandite and gamagarite, emphasizing the

coexistence of Na, Li, Al, Ba and V in the hydrothermal fluids. Alteration processes permeated

10



intergranular porosity and all sorts of discontinuities and repeatedly reworked the host
lithologies, as evidenced by complex zoned parageneses, cross-cutting veins, vugs,
replacement metasomatic textures of microconcretions or former minerals, colloform
textures, overprints and diverse breccias, all comprising Na-, K-, Ba- and COs-bearing
hydrothermal mineral associations. The origin of certain (alkali-bearing) layered mica may be
related with detrital, diagenetic/metamorphic processes and/or textural control from
interbedded or overlying shale units. Gangue mineral formation such as that of sugilite or
ephesite involved external fluid introduction of elements (Na, K, Li, Al) and reaction(s) with
components of the host rocks (Si, Al, Fe, Mn), while crystallization of the latter occurred ca.

700 Ma later than previously suggested, i.e., Namaqua instead of Kheis orogeny.

Mobilization of ore metals at the hand specimen scale is deduced to have occurred in
the PMF through (a) scavenging by alkali gangues and transportation prior to their
precipitation (for e.g., Mn-bearing assemblages in conglomeratic iron ore) and (b) formation
of hydrothermal/metasomatic oxide generations such as replacement-related braunite, vein-
and breccia-related hematite, minor braunite (ll), partridgeite, and hausmannite, the extent
and origin of the later requiring further examination. The critical source of Li in the fluid(s) is
elusive but may be dominated by dissolution of Type Il continental evaporites.
Reconnaissance whole-rock lithium data reveal high Li abundances (up to 1 wt. % in ephesite
ores), controlled apart from ephesite and lithiophorite by high content (up to 35 wt. %) of Li-
rich (0.3-0.4 wt. %) muscovite and paragonite in ferromanganese ore, something that

suggests an evaluation of the economic lithium potential in the area.

Evidence stemming from this study give no definitive answer as to whether
hydrothermal metasomatic fluids were imperative for concentration of metals and the
current ore grade, but emphasize the multiple and craton-wide complex epigenetic fluid
events that are entrenched in the texturally diverse lithologies of the Northern Cape and
furthermore urge that ore genesis should not be confined in a verry narrow timeframe (ca.
2.2-2.0 Ga) that does not account for regional tectonics. New findings demonstrate that
hydrothermal activity in the Northern Cape is a fertile research topic and moreover constitute
a stepping stone for new models that will focus on the possible synergy between

residual/sedimentary and epigenetic tectonometamorphic/ hydrothermal processes.
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Full list of minerals addressed in the thesis (n=160)

acmite NaFe3*Si,0s
aegirine NaFe®*Si,0s

albite Na(AlSigog)
alexkuznetsovite-(La) La;Mn(COs3)(Si.07)
alunite KAI5(SO4)2(OH)e
amesite Mg,AI(AISiOs)(OH)4
analcime NaAlSi,0gH20
anatase TiO;

andalusite Al,SiOs

andradite CasFe3*,(Si04)3
anhydrite CaS0Oq

ankerite Ca(Fe?*Mg)(COs)2
apatite Cas(PO4)s(F,Cl,OH)
(hydroxy)apophyllite KCaa(SigO20)(OH,F)8H,0
APS (alumino- SrAl3[PQO4,50,4]OHe)
phosphate-sulfate) (REEAI3(PO4)20Hs)

SrAl3(PO4)(POsOH)(OH)s

aragonite CaCOs

arfvedsonite (Mg) NaNaz(MgsFe?*)Sig02,(0H);
armbrusterite KsNa;M n15[(5i9022)4](OH)104H20
As-apatite Cas(As,P0O4)s(F,CI,OH)
As-hematite Fe,03 (As)

As-tokyoite BaxMn3*(As,VOy,),(OH)

augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)206
banalsite Na;BaAlsSisO16

barian goyazite

BaA|3(PO4)2(OH)5H20

barian muscovite

(Ba,K)A|z(A|Si301o)(OH)2

barite BaSO,

barytocalcite BaCa(COs)2
berthierine (FeZ*Fe3*Al)s(Si,Al),05(OH)a
bixbyite Mn3,0;

boehmite y-AlO(OH)

braunite (1) MnZ*Mn3*(Si04)Os
braunite (I1) CaMn3*14(Si04)O020
brucite Mg(OH),
bultfonteinite Cay(HSiO4)FH,0

calcite CaCOs

celadonite K(MgFe3*)(Sis010)(OH);
celestine SrSO,

celsian Ba(Al,Si,0s)

chalcocite Cu,S

chalcopyrite CuFeS;

charlesite Cay(HSiO4)FH,0
chernovite (Y) Y(AsQ,)

chlorite (clinochlore- MgsAl(AlISi3010)(OH)s

chamosite) (Fe?*)sAl(Si,Al)2010(0OH,0)s
chrysoberyl BeAl,04
coronadite Pb(Mn*sMn3*,)01
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corundum Al;O;

crocidolite Na,Fe?*3Fe®*,Sig02(0H),
cryptomelane | K(Mn*;Mn3"0

datolite CaB(Si04)(0OH)

diaspore AIO(OH)

diopside CaMgSi, 06

dolomite CaMg(COs),

effenbergerite | BaCuSisO1o

ephesite NaLiA|2(A|2Sizolo)(OH)2

epidote CasAlx(Fe3*Al)(Si04)(Si»07)O(OH)
ettringite CaeA|2(SO4)3(OH)1226HzO
fermorite (V) Cas(As,V0O4);0H

ferrihollandite | Ba(Mn*sFe3*,)O1s

florencite (Ce) | CeAls(PO4)2(OH)s

fluorapatite Cas(PO4)3F

fluorite CaF;

gamagarite Ba,Fe3*'V0,)2(0OH)

ganophyllite (K,Na,Ca)>Mns(Si,Al)12(0,0H)3,8H,0
gatehouseite Mn?*s(PO4)2(OH)4

gaudefroyite CasMn3*,.3(B0O3)3(C0Os)(0,0H);
gibbsite Al(OH);

glaucochroite CaMn?'Si0,

glauconite (K,Na)(Fe3+'AI,Mg)z(Si,AI)4010(OH)2
goethite a-Fe3*O(OH)

gowerite Ca[Bs0s(OH)][B(OH)s]3H20
grossular CasAl;(Si04)3

gypsum CaS042H,0

gypsum CaS042H,0

halite NacCl

hausmannite Mn?*Mn3*,0,4

hectorite Nao.3(Mg,Li)3Siz010 (OH),)
hematite Fe;0s

hennomartinite | SrMn3*,(Si,07)(OH);H,0
hollandite Ba(Mn*sMn3*,)01

hyalophane (K,Ba)Al(Si,Al)Si>Os

illite (K,Hs0)(Al,Mg,Fe),(Si,Al)s010[(OH),,(H.0)]
ilmenite Fe**TiOs

inesite Cay(Mn,Fe);Si10025(0H), 5H,0
inyoite Ca(H4B307)(OH)4H,0

jacobsite Mn?*Fe3*,0,4

kaolinite Al3(Si>0s)(OH)4

kentrolite Pb,Mn3*,(Si,07)0>

k-feldspar KAISi;Os

kornite Na(CaNa)Fe?*4(Al,Fe3*)Si;AlO02(0H),
kutnohorite CaMn?*(C03),

lavinskyite K(LiCu)Cus(Sis011)2(0OH)4

leakeite (K-Mn) | KNay(Mg,Mn3*Fe3*,Li)sSis02,(0H),
lepidolite K(Li,Al)3(AlSi,Rb)4010(F,0H),
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lipuite

KNagMn3*sMgo 5[Si12030(0H)4]

(PO4)0,(0H),4H,0
lithiophorite (AlLLiI)MnO,(OH),
macedonite PbTiOs
magnesite MgCOs
magnetite FeZ*Fe3*,0,
manganite Mn3*O(OH)
manganomelane Mn*0,
margarite CaAl3(Al;Si;010)(OH),
martite Fe,0s
muscovite KAl,(AlISi3010)(OH);
namansilite NaMn?*Si,06
natrolite N32A|2$i30102 H-.O
nchwaningite Mn?*,(SiO3)(OH),H,0

noélbensonite

BaMn3"2(Si207)(OH)2HzO

norrishite KLiMn3*5(Sis010)02

olmiite CaMn?[SiO3(OH)](OH)
osumilite (K,Na)(Fe?*Mg),(Al,Fe3*)s(Si,Al)12030
oyelite Calosingozglz.SHzo
paragonite NaAl,(AlSi3010)(OH);
pargasite NaCax(MgsAl)(SigAl2)022(0H)>
partridgeite a-Mn,0s3

pectolite NaCa,SisOs(OH)

phlogopite KMg3(A|SI301o)(OH)2
piemontite Caz(Al,Mn3"Fe®)3(Si04)(Si,07)O(OH)
prehnite CazAl(AlSi3010)(OH);

pyrite FeS,

pyrobelonite PbMn?*(VO,4)(OH)

pyrolusite MnO,

pyrophanite Mn?*TiOs

pyrophyllite Al5Sis010(0H);

quartz SiO;

rhodochrosite MnCO3

rhodonite CaMnsMn[SisO1s]

richterite Na(NaCa)Mgs(Sis02,)(0OH);
riebeckite [Naz][Fe?*3Fe3*,]Sis022(0H),
roedderite KNaMg,(MgsSi12) O30

romanechite

(Ba,HzO)z(Mn4+,Mn3+)5010

rutile

TiO,

saponite Cao2s(Mg,Fe)s((Si,Al)2010)(OH)2nH,0
scottyite BaCu»Si,07

serandite NaMn?*,Si30g(0OH)

shigaite |V|n6A|3(OH)13[N3(H20)6](SO4)26H20
siderite FeCOs

specularite Fe;0;

spessartine Mn?*3Al5(SiO4)3

spodumene LiAI(SiOs)2

stevensite (Caos,Na)o33(Mg,Fe?*)3Sis010(0OH),n(H20)
strontianite SrCOs3

sturmanite CasFe*5(504)25[B(OH)4](OH)1225H,0
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sugilite KNazFe3+2(Li35i12)030

svanbergite SrAl3(PO4)(SO4)(0OH)e

tamaite (Ca,K,Ba,Na)3-4Mn24(Si,Al)20(0,0H)11221H,0
tephroite Mn?*,Si04

thaumasite Cas(S04)[Si(OH)6](CO3)12H,0
todorokite (Na,Ca,K,Ba,Sr)1.«(Mn,Mg,Al)s0123-4H,0
topaz Al,(SiO4)(F,0H),

tourmaline (schorl) | NaFe?*3Als(BO3)3SisO13(OH)4
vesuvianite Ca10MngI4(SiO4)5(Si207)2(OH)4
vonbezingite CaeCus(S04)3(0H)122H,0

wesselsite SrCuSisO10

witherite BaCOs

wollastonite Cas(Siz0,)

xenotime Y(PO,)

xonotlite Cag(Sis017)(0OH)2

yttrialite (Y,Th),Si>0-

zinnwaldite KLi2F622+A|(A|zSi2010)(OH)z

zircon ZrSiO4
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Chapter 1

Introduction

1. Scope

South Africa is one of the richest countries in mineral resources and a key global
producer of iron and manganese. The Northern Cape in particular, is renowned for its
exceptional wealth of economic deposits of both these commodities, that have resulted from
an interplay between its unusual lithotype associations and a series of prolonged geological
events. The nature of the ores varies from biochemical/sedimentary to epigenetic, the latter
comprising modified supergene and replacement-type hydrothermal ores (Gutzmer and
Beukes; 1995, Beukes et al; 2003). This thesis focuses exclusively on epigenetic processes that
have influenced the two large ore districts in the area, namely the Kalahari Manganese Field

(KMF) and the Postmasburg Manganese Field (PMF).

Localized hydrothermal activity related to alkali metasomatic fronts of unknown origin
has been recognized to have upgraded the giant sedimentary manganese deposits of the KMF
(Cairncross and Beukes; 2013), resulting in a high-grade ore which maintains all profitable
extraction today. The same event(s) has produced a rare diversity of more than 200 gangue
minerals. To date, ores of the PMF stretching up to ca. 150 km south of KMF, are largely
believed to have escaped hydrothermal fluid circulation and the widely accepted models
attribute genesis of iron ores to surficial lateritic weathering (Beukes et al; 2003) and that of
manganese ores to residual karst-related and fresh-water accumulation (Plehwe-Leisen;
1985, Gutzmer and Beukes; 1996b). Therefore, the potential of a genetic relationship
between the two ore districts involving upgrade mechanisms related to alkali metasomatic
fluids, has been suggested by researchers (e.g., de Villiers; 1983) but not further explored in
detail, despite the existence of comparable gangue alkali (Na, K, Ca, Ba, Li) mineralogical

signatures regionally (Moore et al; 2011, Costin et al; 2015, Fairey et al; 2019).
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The aforementioned alkalis form the research theme of this thesis. In particular, this
work concentrates for the first time on alkali metasomatic signals on a regional scale with an
aim to document their characteristics, decipher how mineralizing fluids originated, identify
fluid sources and cast light on the geodynamic evolution of the region by providing time
constraints of fluid-flow events. Critical gaps in our knowledge, questionable hypotheses and
inconsistencies exist in the current ore genetic models regarding the PMF, with the
relationship between alkali mineralization and ore formation being at the forefront. Ways are

sought to get to the heart of the above matters.

This study has primarily an academic nature that can be summarized as research on
improvement of our understanding on low-temperature hydrothermal systems and migration
of palaeo-fluids in Precambrian sedimentary basins. However, the current work extends also
to avenues of applied research, in the sense that both Fe and Mn are significant industrial
metals used in steel alloys and any involvement of the studied hydrothermal system(s) to ore
formation may be beneficial towards future prospecting in this and other related areas
worldwide. Recent ore discoveries made in the past decade or so in the PMF by drill-core
exploration programs attest to high prospectivity of Fe/Mn ores in unexplored parts,
particularly to the west of the type-locality deposits. Therefore, better characterization of
their geology, genesis and alteration history may provide better plans for future drill targets
and selective mining. Future depletion of high-grade Mn ores and new metallurgical
processing for the extraction of both Mn and Fe from high-iron manganese ores (Yu et al;

2019), such as that of PMF, may resuscitate mining in the area.

2. Geological framework

2.1 Regional Geology

The iron and manganese deposits of the Northern Cape in South Africa, which form
the subject of this thesis are considered to be among the largest resources in the world and
have been of great interest to researchers and explorers since the 1800s (Astrup and Tsikos;
1998, Cairncross and Beukes; 2013). The prodigious amounts of the metals iron and

manganese in this area come in the form of ancient pristine rocks and deposits but also
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Figure 1. Regional map showing distribution of the Kalahari and Postmasburg Manganese fields in the
Griqualand West basin and major stratigraphic units of the Transvaal Supergroup (see also Figure 2). Inset:
Distribution of the Griqualand West and Transvaal basins on the Kaapvaal Craton. Modified after Beukes; 1983
and Cairncross and Beukes; 2013.

mineralized occurrences formed by long-lasting and complex interactions. These deposits are
hosted in the Griqualand basin situated on the border of the Kaapvaal Craton and are
subdivided into two economically important districts that are separated by a hiatus of ca. 40
km, namely the Kalahari Manganese field (KMF) in the north and the Postmasburg Manganese
field in the south (Figure 1). The giant KMF is the world’s single largest resource of manganese,
accounting for more than 70 percent of global manganese resources (ca. 13.500 Mt estimated
reserves), a small portion of which occurring in high-grade ore class (max ca. 60 % Mn) (Nel

et al; 1986, Gutzmer; 1996, Cannon, Kimball, and Corathers; 2017). Therefore, it comes as no
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surprise that exploration and mining has largely ceased in the smaller individual manganese
orebodies of the PMF, which further display irregular size and shape as well as often
unfavorable composition for market purposes, at least before recent advancements. On the
other hand, the latter ore district is host to some of the largest BIF-hosted high-grade (> 60
wt.% Fe) iron deposits worldwide (Friese and Alchin; 2007), concentrated as strata-bound
bodies around a regional unconformity and exploited chiefly at the large mines situated at

the northern (Sishen, Khumani) and southern part (Beeshoek, Kolomela) of the PMF.

All regarded lithologies in this study are hosted by two major stratigraphic entities,
the Transvaal Supergroup and the overlying Olifantshoek Supergroup. These rocks are
preserved within the Kaapvaal Craton, an Archean geotectonic unit which covers an area of
roughly 1.200 km? (Beukes; 1986) and is composed of some of the oldest continental
lithosphere on Earth. The Neoarchaean-Palaeoproterozoic Transvaal Supergroup was
deposited on the Kaapvaal Craton in a single sedimentary basin between ca. 2.65 and 2.05 Ga
(Tsikos et al; 2003), but is now contained in two preserved structural basins with excellent
correlated strata, the Griqualand West basin (Northern Cape) and the Transvaal basin (Figure
1, inset). Only the stratigraphy of the Transvaal Supergroup in the Griqualand West Basin is

dealt here in detail.

The Transvaal Supergroup in the Northern Cape Province is a several kilometre-thick
succession, represented by a mix of sediments deposited in mainly shallow marine
environments (carbonates, iron formations, clastics, and glacial deposits) and volcanics, that
is further subdivided into two major Groups, namely the Ghaap and the Postmasburg Group
(Tsikos et al; 2003). A thorough appraisal of the literature has led to the production of the
stratigraphic column seen in Figure 2. The older Ghaap Group, which forms the base of the
Transvaal Supergroup is in turn comprises four subgroups, the Schmidtsdrift, Campbellrand,
Asbestos Hills, and Koegas Subgroups (Beukes; 1983). Schmidtsdrif Subgroup which consists
of fluvial, shallow marine, intertidal arenites and platform carbonates unconformably overlies
the ca. 2.7 Ga volcanic rocks of the basement Ventersdorp Supergroup (Beukes; 1986).
Schmidtsdrif Subgroup is conformably overlain by the 1600-1700 metre thick Campbellrand
Subgroup, which represents an extensive carbonate platform, divided into two facies

associations, the Ghaap Plateau Facies and the Prieska Facies (Beukes; 1987). These are

23



separated from each other by a syn-sedimentary hinge known as the Griquatown growth fault
(Figure 1). The Ghaap Plateau facies is further subdivided into eight laterally persistent
formations which comprise chiefly stromatolitic dolomites with minor limestone chert and

shales (Beukes; 1987).

Depositional environment for this extensive platform, laterally correlated to the
Malmani Subgroup of the Transvaal basin, range laterally from supratidal and shallow marine
environments (Malmani Subgroup), to shelf margin, slope and basin environments
(Campbellrand Subgroup, Sumner and Grotzinger; 2004). According to the latter authors, this
carbonate sequence has experienced only partial dolomitization and silicification, leaving
much of the primary limestone pristine. The deposition of the platform is constrained by the
lowermost dolomitic and oolitic Monteville and the capping, evaporite-bearing Gamohaan
Formation (Gandin and Wright; 2007) between 2.555 + 5 and 2.521 + 3 Ma (Sumner and
Bowring; 1996, Altermann and Nelson; 1998). Among the eight formations, only the Reivilo
and the Fairfield Formations are known to be hosts to the manganese of the PMF. One of the
basal Members of the chert-free Reivilo Formation (Ulco) comprises giant domal bioherms
which host about 2-3 wt.% MnO (Altermann and Siegfried; 1997, Beukes; 1987). In contrast,
the chert-bearing Fairfield formation consists of columnar and domal stromatolites, fenestral
dolomites with chert replacements, fenestral mats and dolomite-clast breccia in a shale
matrix, but similarly contains on average of 1-3 wt. % MnO and along with the
aforementioned Formation are thought to be key sources of manganese to the PMF ore
bodies (Plehwe-Leisen and Klemm; 1995, Gutzmer and Beukes; 1996a). This is illustrated in

Figure 2 and discussed later on.

Subsequent major marine transgression facilitated the deposition of the ca. 1 km thick
Asbestos Hills Subgroup that conformably overlies the Campbellrand Subgroup and is divided
into the ca. 2.465 Ma microbanded Kuruman and the ca. 2.432 Ma clastic-textured
Griguatown Iron Formations. (Beukes; 1983, Trendall et al; 1990, Pickard et al; 2003). The
pristine iron-formations consist mainly of quartz, magnetite, ankerite, siderite, greenalite,
stilpnomelane, minnesotaite and riebeckite (Beukes and Klein; 1990) and protrude as a range
of hills that can be traced for ca. 400 km N-S in the Northern Cape. Oxidized and mineralized

counterparts of these two BIF formations consist of hematite and quartz, are preserved locally
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Figure 2. The lithostratigraphy of the Transvaal Supergroup in Griqualand West, illustrating also distribution of
Fe-Mn ores and their relationship with protore or precursor lithologies. Inspired by figures found in Gutzmer;
1996 and Dorland; 1999. References for radiometric ages on next page.
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Figure 2. (previous page) References for ages:

1) Cornell et al; 1998 (Pb-Pb on zircons from a porphyry sample)

2, 3) Bau et al; 1999 (Pb-Pb whole-rock), Fairey et al; 2013 (U-Pb) [2392 + 23 Ma, whole-rock age]
4) Kirschvink et al; 2000 (Pb-Pb)

5) Trendall et al; 1990 (U-Pb zircon) [tuff layer at the base of Griquatown]

6) Pickard et al; 2003 (U-Pb zircon) [intercalated tuffaceous mudrocks]

7, 8) Sumner and Bowring; 1996 (U-Pb zircon) [ash-fall tuffs], Altermann and Nelson; 1998 (U-Pb)
[2516 + 4 Ma for Gamohaan and 2.555 + 19 Ma]

9) Jahn et al; 1990 (Pb-Pb dolomite whole-rock)

P

(
(10) Walraven and Martini; 1995 (single zircon Pb-evaporation) [volcanics]
(11) Armstrong et al; 1991 (U-Pb zircon) [felsic tuffs]
(12) Cornell et al; 1996 (Pb-Pb whole-rock)

(13) Fairey et al; 2013 (Pb-Pb whole-rock) [2444 + 200 Ma, large uncertainty]

as large isolated blocks slumped into palaeo-sinkhole structures developed in dolomite units
of the Campbellrand Subgroup under a solution collapse unconformity and host high-grade
massive, brecciated and laminated iron ore (Van Schalkwyk and Beukes; 1986). The last unit
of the Ghaap Group is the Koegas Subgroup which comprises siliciclastics and iron formations,
although it is restricted to the southern parts of the Northern Cape Province, effectively south

of the Griquatown growth fault (Beukes; 1983, 1986).

The conformable transition between the Ghaap Group and the overlying Postmasburg
Group is evidenced by glacial diamictite beds of the lower stratigraphic member of the
Postmasburg Group, i.e., the Makganyene Formation, commonly found interbedded with the
upper parts of the Koegas Subgroup (shales, sandstones and minor BIF) (Moore et al; 2001,
Polteau et al; 2006). A contention over the nature of the Ghaap-Postmasburg transition
existed until recently, with Beukes (1986) supporting the existence of a regional unconformity
between the two, attributed to a period of uplift and erosion, an interpretation further used
to strengthen the ca. 2.22 Ga age of the Ongeluk Formation, the volcanic sequence overlying
the Makganyene diamictite (Cornell et al; 1996). However, apart from the existing textural
evidence, the previous interpretation can be safely abandoned in view of absolute detrital
zircon ages obtained from the Makganyene Formation (Moore et al; 2012), Pb-Pb carbonate
dating (2.39 Ga) of the carbonate Mooidraai Formation at the very top of the Postmasburg
Group (Fairey et al; 2013), as well as recent re-dating of the Ongeluk Formation itself

(Gumsley et al; 2017).
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The Makganyene Formation is overlain by subaqueously deposited continental flood-
type basaltic andesites and pillow lavas of the Ongeluk Formation (Cornell et al; 1996),
showing a stratigraphic thickness of ca. 900 metres. Conformably overlying the Ongeluk
Formation is the economically significant Palaeoproterozoic Lake Superior-type Hotazel Iron-
Formation, which comprises three sedimentary manganese units interbedded with iron-
formation (ca. 250 m) and constitutes the dominant succession in what is broadly known as
the Kalahari Manganese Field (Tsikos and Moore; 1997). Several post-depositional alteration
events have affected the primary sedimentary ore beds and have significantly increased the
ore-grade (Gutzmer; 1996, Gutzmer and Beukes; 1996b) (Figure 2). The stratigraphy of the
Postmasburg Group is terminated by the Mooidraai Formation, a succession of largely

limestones with lesser dolomitizes in the southern parts of the KMF (Fairey et al; 2013).

The Transvaal Supergroup and the basal shale units of the overlying Olifantshoek
Supergroup, known as the Mapedi/Gamagara Formation, are believed to be divided by a

major low-angle regional angular unconformity, which marks a lengthy era of non-deposition

and synchronous erosion (Grobbelaar et al; 1995, Yamaguchi and Ohmoto; 2006). This feature
has been attributed a major metallogenic role in the literature. Specifically, is thought to
control all primary ore formation in the PMF, including BIF-hosted iron ores and dolomite-
hosted manganese orebodies (as means of ore enrichment and accumulation during palaeo-
lateritic weathering) (Gutzmer and Beukes; 1996a, Beukes et al; 2003) and subsequent
hydrothermal upgrading (as a later fluid conduit) of the KMF ores (Tsikos et al; 2003) and
possibly certain PMF deposits (Moore et al; 2011, Fairey et al; 2019). The basal part of the
Olifantshoek Supergroup consists of shales and quartzites and is commonly encountered in

boreholes, directly overlying or interlayered with iron and manganese ores in the wider area.

The Transvaal Supergroup strata have been deformed during several extensive and
compressional events that have affected the Griqualand West basin (Friese and Alchin; 2007).
The first of the these, is believed to have been a major E-W compressive event (ca. 2.2-2.1 Ga
Kalahari orogeny: Alchin et al; 2008) which induced uplift, erosion, large-scale folding and
inversion of certain strata, as well as formation of a prominent structural feature in the area
known as the Maremane dome. This double plunging anticlinal structure dips gently at less

than 10° in a northerly, easterly and southeasterly direction and is defined by carbonates of
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the Campbellrand Subgroup cropping out in its core, fringed by conformably overlying iron-
formations of the Asbestos Hills Subgroup (Figures 3 and 4). The above stratigraphic
configuration is believed to have facilitated the development of the aforementioned
Transvaal-Olifantshoek regional unconformity during a period of at least 200 Ma, through
erosion of the folded and exposed strata and subsequent deposition of the sediments of the
Olifantshoek Supergroup. As illustrated in Figure 3, iron mineralization is particularly prolific
in the northern and southern extremities of this dome whereas manganese orebodies occur
in two belts along an ca. 65 km long, N-S transect across the dome, referred to as the Western
and Eastern Belts. This division has been made on the basis of textural characteristics, bulk
chemical and mineralogical compositions and differences associated with the envisaged
setting of their genesis (Plehwe-Leisen and Klemm; 1995, Gutzmer and Beukes; 1996a), but
the existence of mixed ore-types and other inconsistencies with the above classification later

discussed in this thesis do not support existing classifications (Fairey et al; 2019).

Further deformation of the Transvaal Supergroup strata in the western portion of the
Griqualand West basin was later caused by accretion of new crust to the western margin of
the Kaapvaal Craton during the Kheis Orogeny (1.83-1.73 Ga) (Cornell et al; 1988) a N-S
striking belt that caused shearing along the contact with the Olifantshoek Supergroup, crustal
shortening, imbrication, thin-skinned thrusting of the Transvaal over the Olifantshoek
Supergroup and strata duplications (Beukes and Smit; 1987, Grobbelaar et al; 1995). Eastward
movements during this event were largely accommodated by the Blackridge thrust fault
system (Figure 3). The initiation of the Blackridge Fault system during the Kheis Orogeny was
disputed by Altermann and Halbich (1990, 1991), who postulated it was established much
later and attributed folding of the Transvaal strata to the ca. 1.35-1.0 Ga Namaqua orogeny
(Altermann and Siegfried; 1997, Moen; 2006). The latter is a local expression of the global
Grenville Orogeny (Cornell et al; 2006) and is suggested to have reactivated several normal

faults and produced eastward-directed faults, superimposed on higher-order structures.

Much dispute exists over the existence and timing of Kheis orogeny in the area, which
has been also regarded as an early phase of the Mesoproterozoic evolution of the Namaqua
orogenic belt (Moen; 1999, Eglinton; 2006). This matter is discussed in more detail later in

this thesis. A clear manifestation of the Namaqua orogeny in the Northern Cape Province is
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Figure 3. Geological map of the PMF, showing the stratigraphic configuration of the Transvaal and Olifantshoek
Supergroups in the Maremane dome region, broad extent of the Transvaal-Olifantshoek unconformity and
Blackridge Thrust fault system. Also emphasized is the distribution of the different Fe-Mn lithotypes in the area.
Modified after Plehwe-Leisen; 1995 and Moore et al; 2011.

the hydrothermal upgrade of the northernmost part of the KMF at ca. 1050 Ma (Gnos et al;
2003). Regional metamorphism in the region has never exceeded temperatures of about

170°C and pressures of 2 kbar, i.e., sub-greenschist grade (Holland and Beukes; 1990).

2.2 Ore genesis in the Northern Cape

The Northern Cape Province displays a relatively flat topography interrupted only by
few hills, while natural outcrops are limited and most of the terrain, especially in the Kalahari
Manganese field, is covered by Cenozoic sands and calcretes of the Kalahari Formation. The

area brims with surface and underground mines exploiting a series of important Fe and Mn
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deposits which extend over a distance of some 140 km from Postmasburg to Black rock in the

north.

Postmasburg Manganese field (PMF)

Exploitation of iron ore in the PMF is currently taking place at the thick, large and
laterally continuous BIF-hosted deposits (Sishen and Kolomela mines) delineating the
southern and western margins of the Maremane dome (Figures 4 and 5), whereas ore
occurrences in other parts of the dome are in the form of numerous, small, isolated ore
bodies, spreading over a large area (Carney and Mienie; 2003). An important iron-rich
lithology forming part of the commercial iron ore in the region is a type of clastic/detrital
deposit, characterized by hematite-rich matrix and variably enriched iron-formation pebbles
(Van Schalkwyk and Beukes; 1986). This entity is known as Doornfontein Conglomerate and
essentially develops as allochthonous deposition at the base of the Mapedi/Gamagara
Formation from reworking of eroded BIF during the major erosional period associated with
the development of the Transvaal/Olifantshoek unconformity (Gutzmer and Beukes; 1996a).
Some of the historically major manganese mines in the area are the Lohatla, Glosam and
Bishop mines (Figure 3), although mining in the area is taking place only on a small-scale today
after cessation of most operations in 1989 (Gutzmer; 1996), as a result of the success of
mining in the giant neighboring KMF. The most comprehensive and widely accepted model
about the origin of both Fe and Mn ores to date, interpret the palaeoenvironment of ore
formation in the Maremane dome as laying above sea level over protracted lengths of time
and as a consequence exposing the rocks of the dome to intense chemical and physical

erosion.

Manganese ores are intimately associated with the underlying dolomites and are
subdivided into two distinct types, namely Eastern Belt or siliceous-type and Western Belt ore
ferruginous-type deposits. Detailed descriptions on these ores and their postulated genetic
models can be found in Plehwe-Leisen and Klemm (1995) and Gutzmer and Beukes (199643,
1997b) and the following are based on these studies. Central to these models is the

widespread karstification of the Campbellrand Subgroup dolomites and consequent
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formation of sinkhole structures, at the base of which a manganese-rich residual wad, i.e.,

unconsolidated sediment comprising manganese oxides and hydroxides, was accumulated.

The siliceous ores of the Eastern Belt (Figures 4 and 5) were formed from manganese
sourced from leaching of chert-rich manganiferous (1-3 wt. % MnO) dolomites of the Fairfield
Formation, accumulated together with silicified dolomite and insoluble remnant chert-
fragments, altogether composing a residual karst breccia known as the Wolhaarkop breccia.
The massive matrix of this breccia is composed of quartz, hematite and braunite whereas
bixbyite and pyrolusite are mentioned to be present in smaller quantities. Crude layering may
also characterize this ore-type and has been interpreted to be inherited from the dissolved
chert-rich dolostones. Transition zones between chert breccia and manganese ore bodies are
characterized as gradual and high-grade manganese lenses and pods are reported to be
dominant at the basal part of the breccia and in contact with the underlying dolomites. Thin
hematite-rich illitic shale beds and laminated manganiferous clay intercalations are also
mentioned and the iron content of the ores show significant variation stratigraphically,
generally increasing towards the top as it transitions into the Manganore Iron Formation. The
cave systems hosting these ores are believed to have formed below lithified banded iron-
formation of the Asbestos Hills Subgroup, which however subsequently slumped into the
developing cave system (forming the so-called Manganore Iron Formation) as dissolution
continued its downward progression, a process facilitating iron-ore enrichment and locally
forming inverted stratigraphy. A simplified stratigraphy is show in Figure 5. Later diagenesis
and low-grade metamorphism led to recrystallization of residual manganese wad to the
braunite-partridgeite (iron-poor Mn,03) assemblages mined at present day. Crosscutting
veins and replacements of chert fragments from coarse barite and globular hematite are

attributed to syn- or post-metamorphic fluid flow.

The Western Belt type-ores are more ferruginous in nature, are confined in the central
part of the Maremane dome and have been formed in a similar fashion, from dissolution of
carbonates of the chert-free and manganiferous (2-3 wt. % MnQO) Reivilo Formation. Their
origin though comprises certain differences in comparison to the Eastern Belt ores and is
somewhat is somewhat more ambiguous, even among researchers presenting the prevailing

models (Plehwe-Leisen and Klemm; 1995, Gutzmer and Beukes; 1996a). These ores are not
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associated with any residual karstic breccia, but instead show a more direct stratigraphic

association with the Mapedi/Gamagara shale of the basal Olifantshoek Supergroup.
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Figure 4. N-S schematic cross-section through the Maremane Dome, emphasizing associated manganese
and iron ore deposits, the genesis of which is tied to supergene enrichment during the development of a
regional angular unconformity. The latter is seen transecting different rock types owing to the deformed
and tilted nature of the Transvaal Supergroup strata. Modified after Smith and Beukes; 2016.

In particular, the hanging wall of these ores may consist of the aforementioned
Doornfontein conglomerate unit of the Gamagara Formation (Figure 5), with the contact
between the two characterized as gradational and conformable. Where the Doornfontein
conglomerates are absent, iron-rich and aluminous shales develop interbedded and
conformably on top of the ores. Texturally, these ores are well-layered and towards the top
of the sequence they may exhibit a distinct shaly parting. Ore minerals are similar to the
Eastern Belt, but Al- and Li-rich silicates and oxides (ephesite, amesite, diaspore, lithiophorite)
are commonly mentioned as gangue constituents in the ore genetic models and their
formation is attributed to post-depositional reworking and burial diagenesis/metamorphism

(Gutzmer and Beukes; 1996a) or even during initial ore accumulation (Plehwe-Leisen and
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Klemm; 1995), at least as regards species such as lithiophorite. The high Al content,

association with overlying shales and sedimentary bedding have been taken as evidence of
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lateritic provenance and deposition under surficial fresh-water karstic conditions. Plehwe-
Leisen and Klemm (1995) further identified a second type of ferruginous ore located higher
up in the stratigraphy, being finely layered, intercalated with shales and more iron-rich, which
interpreted as having been precipitated from sea water after the transgression of the
Transvaal Sea. Similar to the Eastern Belt, ferruginous ores have undergone recrystallization
and modification through burial processes that formed the present mineralogy. Another
textural type formed locally during these processes is the coarse-grained massive to vuggy
bixbyite-rich ore mentioned by (Gutzmer and Beukes; 1996a). Recent supergene enrichment
has altered the Western Belt type-ores to comprise romanechite, pyrolusite and

cryptomelane.

Aside from the prevailing supergene ore genetic model presented above, other
researchers have published opposing viewpoints with respect to ore genesis of the Western
Belt Mn ores of the PMF. One of the early theories was that these ores are of replacive origin
and specifically have occurred from metasomatic replacement reactions against precursor
sedimentary clay material by manganese oxides by virtue of hydrothermal manganiferous
circulating fluids (Hall; 1926, Nel; 1929). De Villiers (1994) placed emphasis on hydrothermal
textures and the presence of bixbyite, ephesite, jacobsite, acmite (aegirine) and albite to
suggest that suggested that manganese was leached from dolomites by hydrothermal fluid of
magmatic origin, given the presence of lithium, sodium, boron and chlorine in the ores.
Although this scenario was later dismissed by the same author (De Villiers; 1960) on the
premise of no such magmatic thermal source in the area, the idea of transportation of
manganese brought into solution and then deposited elsewhere apart from the base of the
Wolhaarkop breccia was retained. A sedimentary origin, whereby ore deposition occurs
before that of the Olifantshoek clastic sediments has also been postulated (Schneiderhchn;

1931, Button; 1986).

Some authors who focused on gangue alkali mineralogy and temperatures of ore
formation (Boardman; 1964, De Villers; 1983, 1992) have noted the mineralogical similarities
between the KMF and PMF and in view of their close geographic association speculated
genetic links, although this concept has apparently received little confirmation and no further

proof has been presented since then. More recent work has exploited the metasomatic
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effects on these ores and the highly complex alkali assemblages (see later section 1.2.3) to
propose that the involved hydrothermal system may have acted as metal upgrading
mechanism against an original low-Mn protolith and re-emphasized the possibility of a
regional-scale system exploring large-scale fluid conduits (Moore et al; 2011, Costin et al;

2015 and Fairey et al; 2019).

In this thesis, sampling and focus on the manganese ores of the PMF is chiefly placed
on a number of revisited drillcores, originally studied by the abovementioned authors and
occurring closer to the Blackridge Thrust Fault, somewhat 10-20 km to the west of the type-
locality ores (Heuningkranz-wider Kolomela region) (Figure 5). As mentioned above, the
subdivision of the PMF ores into Western and Eastern Belt type has not much to offer in the
broad sense since the ores in the wider area do not follow this strict classification and
attached characteristics. Therefore, the only subdivision regarding the manganese PMF ores
hereon is that between the ones studied so far in the s.s. Maremane dome (termed as Eastern

Maremane dome or EMD) and the deposits discovered and studied more recently, further to

the west of the former, in an area named here as Western Maremane dome (WMD). This is

an informal and purely geographic subdivision made here to facilitate comparisons between

findings from older and newer studies.

According to the most comprehensive and widely accepted model about the origin of
the iron ores on the Maremane dome (Van Schalkwyk and Beukes; 1986, Beukes et al; 2003),
iron enrichment in the area is associated with exposure and prolonged weathering of the
Asbestos Hills BIF under lateritic conditions. Slumping of BIF into karstic depressions within
the Campbellrand dolomites during this long period of oxidation and erosion is regarded as
pivotal to ore upgrade (Figure 4). Supergene hematite ores characterized as massive,
laminated or brecciated, all preserving to a lesser or greater extent textures of the
unmineralized BIF (Papadopoulos; 2016), are primarily concentrated near the top of the
Asbestos Hills Subgroup as stratabound bodies, within the locally known, oxidized Manganore
iron formation. While the deposits generally straddle the BIF-Gamagara contact, they are not
limited to it, since BIF intersections are found between ore and Gamagara/Mapedi shales

(Basson et al; 2018).
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Supporting evidence for the supergene origin of the iron ores are regarded to be the
palaeomagnetic results indicating humid tropical environment during the perceived time of
ore formation (Evans et al; 2001), preservation of hematite pisolites within the lower
Gamagara Formation and light oxygen isotopic signatures of bulk hematite from the ore,
interpreted to indicate involvement of meteoric water at the time of mineralization (Gutzmer
et al; 2006). However, recent studies have started recognizing the importance of the
protracted tectonic history of the ores (Basson et al; 2017, 2018), the superimposed
hydrothermal activity on BIF, iron ore (Papadopoulos; 2016) and overlying shales (Land et al;
2017), thus championing the role of hypogene metasomatic fluid flow along impermeable

lithological boundaries in ore genesis.

Kalahari Manganese field (KMF)

Mineralization in the KMF occurs as three biochemical/sedimentary manganese units
deposited along with the interbedded pristine BIF of the Hotazel Formation. Among these
three units consisting mainly of finely laminated braunite, hematite and kutnohorite, the
lowermost is the most voluminous (generally 20-25 thick), but can reach a maximum
thickness of about 50 metres in the pristine ores (Gutzmer; 1996). The transitions between
iron-formation and manganese ore are gradational and are characterized by a very fine-
grained hematite- and carbonate-rich lithology referred to as hematite lutite (Kleyenstiber;
1985). Within this stratigraphic succession two broad classes or types occur: low grade (30-
38 wt. % Mn) and carbonate-rich (kutnohorite, Mn-calcite) braunite ore and high grade (38-
62 wt. % Mn), carbonate-poor and oxide-rich (hausmannite, bixbyite) braunite Il ore. All
profitable extraction takes place from the southernmost (Mamatwan, Gloria mines) and
northernmost (Wessels, N'Chwaning mines) areas of the KMF, which host low- and high-grade
ore respectively (Figure 6). Open cast mining has proved feasible for the thick and large low-
grade ore reserves, whereas the elevated grades of the high-grade ore class, permit
exploitation via underground operations situated 300 metres below the surface (Wessels

mine) despite its markedly lower thickness (generally 4-8 metres) (Tsikos; 1999).
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Figure 6. Locality map of the KMF showing the distribution of low- and high-grade Mn ore, localities of major
manganese mines, important structural features and geographic extent of lithostratigraphic units overlying
the Hotazel Formation. Modified after Tsikos and Moore; 2005.

High grade varieties have resulted from several post-depositional alteration events, of
which the most important is the so-called Wessels event (Kleyenstiiber; 1985, Beukes et al;
1995, Gutzmer and Beukes; 1995). According to the previous authors, high-grade Wessels-
type ore formed through processes of structurally-controlled hydrothermal upgrade from
low-grade (Mamatwan-type) ore, restricted to the structurally disturbed northwestern part
of the KMF. Systems of normal faults are believed to have acted as feeders for hydrothermal
fluids that infiltrated and laterally altered primary ore by leaching of CO; from pristine
carbonates, removing significant SiO, from braunite and reprecipitating manganese as
coarse-grained oxides and silicates [hausmannite, bixbyite, braunite Il (silica deficient)].
Characteristics zonations and ore-grades next to the faults are also documented in the above
publications. The most precise available age for this hydrothermal event is that of gangue
sugilite (1049.1 + 5.9 Ma) from Gnos et al (2003) which ties ore-upgrade to the Namaqua
orogeny. Regarding temperatures of the involved fluids there is a lack of agreement

depending on the author (from <200 to > 400: Dixon; 1985, Miyano and Beukes; 1987, Luders
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et al; 1999), whereas their ultimate origin remains unknown. From a mineralogical
standpoint, the Wessels alteration event is very important, since a profusion of very attractive
and rare mineralogical specimens accompanied ore-upgrade processes (Cairncross and
Beukes; 2013). These same minerals attest to the alkali and particularly sodic-rich nature of
these pervasive and highly saline hydrothermal fluids involved in ore-upgrade (Dixon; 1989,

Tsikos et al; 2003, Tsikos and Moore; 2005).

2.3 Overview of alkali metasomatism in the Northern Cape

The recurring theme in the study area is a profusion of alkali minerals and other rare
species hosted by different ore-types and associated lithologies. Kalahari Manganese field has
received extensive attention with respect to its gangue mineralogical content (Cairncross and
Beukes; 2013), probably even more than the ore-upgrade mechanisms responsible for the
production of this mineralogical wealth. On the other hand, gangue mineralogy in the
Postmasburg Manganese field has only been recently emphasized through studies focusing
on alkali-rich ore occurrences and presenting new and uncommon mineral discoveries
(Moore et al; 2011, Costin et al; 2015, Fairey et al; 2019). Overall, according to all previous
research, it can be stated that mineralogical assemblages of metasomatic nature hosting Na,
K, Ba, Ca, Sr and Li are pervasive in diverse ores of the PMF, but stratigraphically restricted in
zones of alkali metasomatic enrichment influencing ores and flanking lithologies. Mineral
diversity is apparently variable and akin to analogous assemblages from other Mn ores (e.g.,
Ashley, 1986) is controlled significantly by the chemistry of the hydrothermal fluid but also by
the composition of the host rock. Concerning variability, the same goes for alkali abundances,
which for the most part remain elusive. A distinct difference exists in the character of the
mineralogy, in that PMF alkali metasomatism is chiefly represented by intergranular
microscopic crystals associated with the ores, whereas its nature in the KMF is mostly that of

coarse crystalline minerals developing in underground fissures and pockets.

Kalahari Manganese field (KMF)

KMF is globally renowned among mineral collectors for its suite of unusual ore and
gangue minerals. Some 150 minerals (Cairncross and Beukes, 2013), probably counting up to

more than 200 considering all latest studies presenting new species, have been discovered in
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the mines from which hydrothermally enriched high-grade ore is being extracted.
Comprehensive paragenetic descriptions and lists of minerals can be found in Gutzmer and
Beukes; 1996b, Gutzmer and Cairncross; 2002 and Cairncross and Beukes, 2013. The large
number of oxides, hydroxides, hydrous silicates (hennomartinite, natrolite, thaumasite,
hydroxyl-apophyllite, inesite, oyelite), calc-silicates (usually Mn-bearing) and other silicates
(aegirine, banalsite, andradite, datolite, glaucochroite, serandite-pectolite, sugilite,
norrishite, tephroite), carbonates (rhodochrosite, kutnohorite, gaudefroyite), sulfates (barite,
ettringite, shigaite, sturmanite) and borates is characterized by an abundance in alkali content
such as Na, K, Ca, Mg, Ba, Sr, and Li. The remarkable mineralogy has been explained as a
result of the fortuitous combination of an original Fe-, Mn- and Ca-rich rock succession and
alkaline hydrothermal fluid infiltration (Miyano and Beukes; 1987, Gutzmer and Beukes;
1996b) but it would also seem to be due to physiochemical conditions and evolution of fluids
during interactions with the host rock and/or mixing with meteoric water, as well as a
consequence of a long-lasting alteration history, probably reaching until recent times as

regards phases resulting from supergene processes (Gutzmer et al; 2012, Vafeas et al; 2018).

However, the bulk of the typifying minerals such as the rare sugilite-bearing calc-
silicate assemblages are regarded to be cogenetic to manganese ore upgrade (ca. 1.1-1.0 Ga)
and their formation has been associated with introduction of Na and K by a hydrothermal
fluid which moved along normal faults and lithological boundaries, induced ore-upgrade and
precipitated diverse gangue mineralogy during different stages of alteration (Gutzmer and
Beukes; 1995, 1996b). Testament to Na introduction is the conspicuous absence of Na-
bearing minerals in the Hotazel Formation, except from the local occurrence of the so-
considered late diagenetic riebeckite disseminations in BIF chert bands (Tsikos and Moore;
1997). Formation of aegirine in the area has been also studied by Tsikos and Moore (2005)
who have postulated that aegirine is developed by the reaction of a highly saline fluid with
quartz and hematite constituents of the protolith, in a similar way to other studied

environments (Fortey and Michie; 1978).

This unique mining region has produced some of the finest and visually appealing
minerals specimens in the world, which overall comprise a kaleidoscope of colour, as

epitomized by a selection of specimens sampled during this study (Figure 7). In particular,

39



Kalahari manganese field (KMF) Postmasburg manganese field (PMF)

Figure 7. Representative photos of alkali-rich and other gangue mineral assemblages from the KMF and PMF
used in this study. (1) Banded sugilite and blue amphibole (2) Red garnet with barite and hematite (3) Ettringite
(sulfate)-barite association (4) Kutnohorite and pectolite (calc-silicate) (5) Rhodochrosite showing bedding-
parallel feeding veins (6) Pocket comprising sturmanite (sulfate) (a) Laths of diaspore (b) Calcite and k-feldspar
coated by specular hematite (c) Rhodochrosite and barite in ferruginized quartzite (d) Prismatic red-pink
ephesite (Li-rich mica) (e) Vugs of sugilite and calc-silicates. (f) Armbrusterite (alkali Mn-silicate) and barite vugs
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KMF has produced some of the best-known examples of rhodochrosite, ettringite, shigaite,
sugilite and hematite among others (Figure 7.1, 7.3). Noteworthily, Wessels and N’'Chwaning
mines that exploit the high-grade ore from the lowermost mineralized unit, account for 122
and 197 valid mineral species of which tens are type-locality species including the minerals
Wesselsite [SrCuSisO10] and Nchwaningite [Mn22*SiO3(OH)2H,0] (Cairncross; 2017b, 2020).
Gangue assemblages in these mines line cavities in the host rock, fill large cracks and vugs or
dissolution hollows referred to as pockets by miners, typically in the Mn ore footwall or
hanging wall. However, the existence of abundant feeding channels parallel to sedimentary
layering, immediately below mineralization pockets (Figure 7.5), highlights a layer-parallel
character to the metasomatism. For example, sugilite, a mineral that has attracted substantial
interest over the years as gem material, has been reported to occur as layers or seams that
spread laterally along conceivably compositional suitable layers that if grouped together
reach lengths of more or less 15 consecutive metres and show thicknesses of ca. 15

centimetres (Dixon; 1985, 1988, Shigley et al; 1987).

Postmasburg Manganese field (PMF)

Alkali minerals in the PMF, such as the common aegirine and albite or the rare Ba-Mn
vanadate gamagarite have been reported already since the 40s (de Villiers; 1943b, 1944).
However, apart from a handful of silicates (barian muscovite, amesite), Li-bearing minerals
(ephesite, lithiophorite), barite and diaspore (de Villiers; 1945, Gutzmer and Beukes; 1996a)
(Figure 7a, 7d), there had been no publications mentioning any alkali-bearing or other gangue
mineral phase from these ores. Cairncross (2017) refers to the PMF as the poorer relative to
its northerly neighbor (KMF), emphasizing only the exceptional occurrences of diaspore and
gamagarite from the Glosam, Gloucester and Lohatla mines. The presence of barite, albite
and aegirine is barely even mentioned in the ore genetic models of the PMF ores and is
broadly attributed to syn- or post-metamorphic fluid flow during the 1.8-.17 Ga Kheis orogeny
(Gutzmer and Beukes; 1996a).

However, according to publications of the last decade or so, at least certain localities
from the PMF so far, seem to host many more alkali-rich and rare species than previously

reported, therefore bearing much more resemblance to the KMF. Specifically, within the
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brecciated footwall of conglomeratic iron ore (Wolhaarkop breccia) at Bruce mine (Khumani),
a complex assemblage of minerals has been described including aegirine, albite, serandite,
barite, witherite, strontianite, norrishite, armbrusterite and the first report of sugilite from
the PMF (Moore et al; 2011), overall underlying the presence of Na, K, Ba, Sr and Li in the
mineralizing fluids (Figure 7e). Research on the ferromanganese ores and Wolhaarkop breccia
from the Western Maremane dome (WMD-Heuningkranz locality) has also uncovered a
hydrothermal event introducing similar elements to the rocks and has further documented
the occurrence of a multitude of Ba-bearing phases (barite, witherite, barytocalcite,
noélbensonite) and rare Mn-rich silicates (e.g., armbrusterite: Figure 7f), sometimes
containing As and V (tokyoite, As-rich tokyoite), elements apparently related to the same
alkali fluids (Fairey; 2013, 2019, Costin et al; 2015). Comparable geochemical signals recorded
from conglomeratic iron ore and underlying ferromanganese ore in drillcores nearby, have
pointed to alkali brines being responsible for formation of the Na- (albite, natrolite, serandite)
and Ba-rich reported species (barite, hollandite, banalsite, hyalophane) (Bursey; 2018).
Moreover, barite, sulfates (gypsum, celestine), tourmaline, berthierine and muscovite have
been documented from oxidized BIF and iron ore in the wider Kolomela area and have been

attributed to an external fluid source of alkaline nature (Papadopoulos; 2016).

Age constraints on sugilite and k-feldspar from two of the above localities showing
alkali enrichments (Bruce mine and Heuningkranz) suggest fluid infiltration taking place at
620 + 3 Ma and 614 + 50 Ma respectively (Moore et al; 2011, Fairey et al; 2019), ages that are
distinctly different from the alkali assemblages in the KMF. Traditionally, the possibility of
hydrothermal activity in the area has not been much regarded, as a consequence of the
established view for ancient supergene ore-forming processes. In that sense, specularite
(coarse-grained hematite) mineralization in iron ore, being also ubiquitous along with ochre
in underground caverns in the farm of Doornfontein, north-west of Postmasburg (Cairncross;
2011), has been identified as a late-stage event (Beukes et al; 2003) and not given much
attention. More recently, the ferruginous Gamagara shales overlying ore mineralization have
been regarded as hydrothermally altered by fluids rich in fluorine and HFSE elements (Land

et al; 2017).
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3. Research aims

This research has been prompted from all the foregoing recent studies in the PMF,
that focused on exploration drillcore material and revealed a series of evidence supporting
hydrothermal fluid flow of unknown origin and timing that is apparently different to the age
of hydrothermal alkali gangues in the KMF. These unresolved issues along with the possibility
of alkali-rich fluids migrating along regional conduits during major geological events to
produce comparable metasomatic assemblages in the two large mineralization districts (e.g.,
Tsikos and Moore; 2005, Moore et al; 2011), even during different times, demands further
attention. The current basin-wide research intends to place emphasis for the first time on
the use of isotopes as tracers of fluid sources and pathways and furthermore as means of

dating mineralization events. Major aims can be summarized as:

J Investigation of the relationship of alkali metasomatism between Kalahari and
Postmasburg Manganese fields

o Characterization of fluid sources, chemistry, temperatures, pathways and clarification
of fluid-rock interactions and stages of mineralization

J Setting age constraints on alkali metasomatism from different localities and possibly
link the former to existing geological events

J Contribution to our understanding of ore-forming processes in the Northern Cape by
elucidating the metallogenic implications of alkali metasomatism in the history of the

manganese and iron ores

The latter had not been a primary research question from the inauguration of this
project and research was not structured to directly address the possibility of alkali
metasomatism being a critical ore formation or upgrade mechanism. However, any new
findings towards that direction can be beneficial for future exploitation of the PMF
manganese ores which may not be particularly large tonnage or high-grade but in most cases
are easily mineable. Lastly, another indirect but important aim of this thesis is to improve our
knowledge of fluid circulation in sedimentary basins by investigating what is considered to be

a good and intriguing type area for this type of study.
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4. Thesis organization

Individual chapters for this thesis have been written in a format that is more suitable
for publication. This is in line with the Glasgow university policy. In spite of most chapters
being fairly long and comprising extended discussions with exhaustive literature surveys,
under the current format, chapters can be adapted for publication with relative ease either
by removal of whole sections or by splitting bigger chapters into two parts. For example,
chapter 5 can serve as the basis for one manuscript focusing on petrographic/geochemical
characteristics and ore genesis and another one centering on the geochronological signals

and geotectonic implications.

Each chapter can be read as a standalone. This results in minor overlap with respect
to presentation of methodology and regional geological context but repetition in background
information can be also evident in separate introduction and discussion sections, since this
study is composed of distinct but interlinked parts. Moreover, this thesis has been
restructured several times throughout the course of research and data collection and the
current manner of presentation, i.e., chapter focus on localities, is regarded as preferable not
only for publications but also for driving the narration within a framework of such complex

and rich datasets and associated interpretations.

As regards the length of the current thesis, it is partly attributed to the profusion of
obtained data (a lot of which were not included, see also Synthesis) and to the requirement
for exhaustive analysis, detailed comments and interpretations, arising from the nature and
original character of this approach on the research subject. Certain parts comprising literature
surveys, such as the review on the Palaeoproterozoic ocean sulfur isotopic composition
(chapter 2) or the geotectonic framework of the Kheis and Namaqua orogenies (chapter 5)
could have been included in the Appendix but are again regarded as valuable for the reader

in their current position. The seven chapter of this thesis are outlined below (next page).
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Chapter 1 Introduction
Outline: This chapter introduces the concept of alkali metasomatism in the Fe and Mn rocks
of the Northern Cape in the context of regional geology and important remaining questions

regarding their origin. Thesis outline and major aims are stated.

Chapter 2: Mineralogical, isotopic (S, Sr) and Ar-Ar geochronological investigation of barite
mineralization in the Kalahari and Postmasburg Fe-Mn fields as proxy of regional-scale alkali
metasomatism. Insights into the fluid(s) sources, alteration and the Precambrian Ocean.

Outline: This first big chapter integrates detailed petrological, stable isotope and
geochronological data to support a major link between the KMF and PMF. Fluid sources and
formation mechanisms of barite in both districts are discussed extensively in terms of isotope
fingerprinting and exhaustive comparisons with data from relevant literature. A significant
portion of the chapter is dedicated to the sulfur isotopic composition of the Palaeoproterozoic

ocean and potential relationship of the Northern Cape barite to the former.

Chapter 3: New textural, isotopic and in situ “°Ar/?°Ar age constraints on the origin, nature
and duration of Mn-ore hydrothermal enrichment in the Kalahari manganese field, South
Africa.

Outline: This chapter is a revisited study of the hydrothermal ore-upgrade of the KMF
(Wessels event) by means of “°Ar/3°Ar geochronology and stable isotopes on gangue phases.
A refinement of the previously documented event is presented, as well as intriguing new

findings regarding the origin and evolution of the involved hydrothermal fluids.

Chapter 4: In situ multiphase “°Ar/?°Ar dating of sugilite and 5 coexisting minerals reveals
fluid-induced #°Ar loss owing to a newly emerging regional Neoproterozoic event that resets
gangue associations of the hydrothermally upgraded Kalahari Manganese field, South Africa.
Outline: This is essentially an %°Ar/3°Ar geochronological study focusing on a single sample
from Wessels which holds a breadth of important information among its six distinct
potassium-bearing minerals. Implications on sugilite dating are emphasized and previous ages
from the PMF are discussed in the context of a newly proposed tectonic event in the Northern

Cape of South Africa.
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Chapter 5: Petrographic, “°Ar/?°Ar geochronological and stable isotopic evidence for
hydrothermal metasomatism of the Postmasburg manganese field during the Namaqua
orogeny. Constraints on Fe-Mn mineralization along the western margin of the Kaapvaal
Craton, South Africa.

Outline: Petrographic, stable isotopic and geochronological data on alkali gangue mineralogy
hosted by the ferromanganese ores of the Western Maremane dome are used to elucidate
the origin, timing, characteristics of alteration fluids and interactions with the host lithologies.
A new model emphasizing similarities with Mississippi Valley-type Pb-Zn deposits is presented
and the geotectonic framework of the Northern Cape Province is scrutinized in view of new

findings.

Chapter 6: The ephesite-rich ferromanganese ores of Postmasburg Manganese Field. Insights
into their origin and metasomatic processes through petrography, O-H isotopes, whole-rock
Li geochemistry and geochronology documenting the easternmost arm of the Namaqua
orogeny on the Kaapvaal Craton of South Africa.

Outline: The type-locality ferromanganese ores of the PMF are revisited in this chapter and
great focus is placed on the presence and origin of ephesite and Al-rich minerals.
Discrepancies with the current models, revealed from ephesite dating, stable and textural
evidence, as well as from surveying existing literature are discussed in detail and new data on

Li content and mineralogical control in the PMF ores are presented.

Chapter 7: Synthesis and extensive synopsis

Outline: This chapter brings together all major findings of this thesis, mainly by presenting all
evidence supporting a common epigenetic history between the KMF and PMF and making
comparisons between different localities. This chapter also serves as an extensive synopsis of
the whole thesis that can be read as a standalone and thus some repetition is expected.
Recommendations for future work are also made and a separate second part presents
supplementary ideas for future research in the form of preliminary reports of data not

previously included in the main body of the thesis.

Appendix is available as a separate pdf file.
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5. Workplan

The major challenge presented by the ores of the Northern Cape and particularly that
of the PMF, is the extremely fine-grained size and intricately mixed assemblages shown by
both ore and alkali minerals, the latter forming the main focus in this study. Another
testament to the difficulty of studying these ores is the fact that polished thin sections are
virtually opaque under transmitted light, which hinders most attempts for identification of
gangue mineral phases, which in most instances are also rare and unique species. Finally, lack
of outcrop-scale observations is a common matter in this geological setting and further

hampers interpretations.

Combined use of isotopic tools, many of which employed in these ores for the first
time, is expected to see through the mineralogical and textural complexities and reveal
important information on different aspects of their origin. In view of the fact that small grain
size and mixed mineralogy are challenges that cannot be easily circumvented by sample
preparation methods for subsequent stable isotopic analysis, SEM/EDS techniques are central
at all times, both for identification of potential targets for isotopic investigation (subsampling)
as well as interpretations of isotopic results. Conducted lab work for this study comprises light
stable isotopes (S, O and H), stable 8Sr/2Sr isotopes, “°Ar/3°Ar laser in situ and laser fusion
step-heating dating and lesser whole-rock geochemistry (Figure 8). All of the above challenges
are complemented by the lack of relevant stable and radiogenic isotopic results from the
study area and in the wider literature in general, at least with respect to the unique
mineralogy. The latter renders interpretations difficult and require exhaustive discussions

that call for patience from the reader.
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Figure 8. Stable isotopic and geochronological tools used in this study, central to which is exhaustive
petrographic examination with SEM/EDS techniques, in order to provide a robust context for subsampling and
interpretations of isotopic results.
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PART
ONE

Barite mineralization
in the Northern Cape
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Chapter 2

Mineralogical, isotopic (S, Sr) and Ar-Ar geochronological investigation of barite
mineralization in the Kalahari and Postmasburg Fe-Mn fields as proxy of regional-scale

alkali metasomatism. Insights into the fluid(s) sources, alteration and the Precambrian

J

Ocean.

Abstract

Barite is a sparsely developed but omnipresent admixture in various Fe/Mn-rich
lithologies of the Northern Cape that has been so far overlooked in ore genetic and
mineralogical studies. Coarse-grained occurrences in the Kalahari Manganese field (KMF)
have been regarded as a gangue product of the ca. 1.1 Ga hydrothermal Mn-ore upgrade,
whereas lenses and veins in the Postmasburg Manganese field (PMF) have been tentatively
related to syn- or post-ore metamorphic fluid flow between 1.9 and 1.8 Ga and more recently
to Neoproterozoic (ca. 600 Ma) metasomatic processes. Likewise, origin and timing of any
hydrothermal fluid flow event in the area is largely unknown, owing to continuous emphasis
on ancient supergene ore genetic models for the PMF deposits and lack of focus on existing
hydrothermal gangue mineralogy and application of stable isotopic and geochronological
techniques. Extensive regional-scale investigation validates the consistent association of
barite with alkali-rich assemblages, documents the widespread occurrence of texturally
diverse and replacive barite in different ore lithologies and reveals a very homogeneous sulfur
isotopic signature (63*S=24.9 + 2.5%., n=93) from different ore-types across the entire
metallogenic province. Furthermore, *°Ar/3°Ar age similarity between micas syngenetic with
barite (1137 + 2, 1129 + 4 and 1067 * 8 Ma, 20), corroborate large-scale synchronous
hydrothermal fluid flow, making this the first study to clearly demonstrate a genetic link
between the previously unrelated KMF and PMF with respect to epigenetic metasomatic
processes of common origin, being further related to the 1.2-1.0 tectonic event of the

Namaqua orogeny. Highly radiogenic 8/Sr/8Sr values of barite and carbonates (0.71056-
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0.73818, avg. = 0.7187 + 0.0062, n=35) support mixed Ba/Sr derivation, mainly from the
Olifantshoek sediments but also from the Campbellrand stratigraphy and possibly granitoids
and other lithologies of the Namaqua metamorphic belt. Most barite formed by mixing of
these Sr/Ba-rich fluids with sulfate derived from a seawater source, which promotes previous
indications for ca. 2.5 Ga extensive evaporite beds in the Campbellrand platform. An in-depth
survey of the sulfur isotopic seawater evolution during the Archean-Palaeoproterozoic and a
comprehensive revised sulfur isotopic age curve, suggest that epigenetic barite in the
Northern Cape serves as a palaeo-environmental indicator for bacterial sulfate reduction
occurring in a more restricted basin, during a complex transition period with fluctuations in
atmospheric oxygen levels and in oxidative sulfur cycle. Therefore, 634S values cannot be
directly extrapolated to the contemporaneous Archean Ocean. Ore-forming role of
hydrothermal activity in the PMF is still largely unexplored but our new observations for
regional hydrothermal activity do not fit in the current models for metallogenesis and further
highlight that a critical part of the evolution of the Fe/Mn ores is linked to processes that may

have acted as mechanisms of ore-enrichment.

1.Introduction

Barite (BaSQ4) is a mineral frequently associated with hydrothermal systems of diverse
geological settings and metalliferous deposits. Its chemical isotopic composition and
widespread occurrence in magmatic, metamorphic, sedimentary basinal fluids and oceanic
water have allowed its extensive study with a view to establishing the nature and sources of
fluids (Johnson et al; 2004, Kontak et al; 2006), discerning mineralization processes (Staude
et al; 2011) and reconstructing tectonic settings and ore genetic models (Lange et al; 1983,

Maynard et al; 1995).

From an isotopic point of view, barite is particularly well-suited for tracer studies,
since its 63S isotopic composition can be invaluable in the identification of sulfate sources,
while significant amounts of Sr incorporated in its crystal lattice coupled with negligible
rubidium content (Hofmann and Baumann; 1984), have made possible the use of 8Sr/®Sr
barite ratios as a measure of the strontium isotopic composition of the mineralizing fluids.

The great potential of barite in illuminating mineralization processes is evident and of
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particular importance in non-magmatic systems, such as in Mississippi Valley-type (MVT) Pb-
Zn deposits (Pfaff et al; 2010), epigenetic vein and karst barite deposits (Valenza et al; 2000),
stratiform, and other types (Fe-Ba, F-Ba) of fault-controlled vein mineralization (Kesler and
Jones; 1980, Barbieri et al; 1984), where often other isotopic tracer techniques are limited or
laborious. However, this potential has not been yet explored in Precambrian iron and
manganese mineralization, which has been associated with epigenetic hydrothermal activity

(Gnos et al; 2003, Blake et al; 2011, Beukes et al; 2016).

Barite in the Northern Cape of South Africa is mostly known from Kalahari Manganese
field (KMF), where it forms part of the staggering gangue mineralogy accompanying the
hydrothermal upgrade of the giant primary sedimentary manganese deposits (Gutzmer and
Beukes; 1996b). Fluids responsible for its deposition during ore-enrichment are suggested to
have been saline and alkali-bearing (Liders et al; 1999) but their origin remains unknown. In
the Postmasburg Fe and Mn ores, stretching as far as 140 km to the south of the KMF, the
occurrence of barite is underexamined. This extends to ore-zone gangue mineralogy which is
regarded to be poorer to that seen in KMF (Cairncross; 2017) and largely remains elusive due
to its complex and fine-grained nature. Limited earlier reports of barite veins and lenses
generally cross-cutting lithologies or replacing components of the ores, attribute it to syn- or
post-metamorphic hydrothermal fluid flow (De Villiers; 1960, Gutzmer and Beukes; 1996a).
More recent studies focusing on hydrothermal activity affecting the ores, document its
association with alkali (Na, K, Ca, Ba, Li) enrichments and assign it to a late-alteration stage
(Moore et al; 2011, Fairey et al; 2019). From the above is unclear if barite represents one or

more, related or not mineralization events in the wider region.

Here, we present a systematic and regional comparative petrographic study of barite
from variable lithologies and apply S and Sr geochemical fingerprinting to deduce the possible
sources of its components, mechanisms of formation and role in the broader geological
evolution of mineralization in the area. We further attempt to get age constraints on
syngenetic micas by means of in situ “°Ar/3°Ar dating to further assist comparisons between
different deposits from both mineralization districts (KMF and PMF) and illuminate the origin

of hydrothermal activity. An exceptional correlation between isotopic and geochronological
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data from the studied localities establishes a link between the two ore fields and calls for
similar isotope reservoirs and comparable depositional mechanisms during a shared large-
scale event. All of the former are discussed in depth, with particular emphasis placed on local
distinctive paragenetic and isotopic features, as wells as on the possible implications of barite

mineralization in the ore genetic models and evolution of the ancient ocean.

2. Geological framework

All studied barite occurrences lie within two separate metallogenic provinces situated
in the Grigualand West basin, the Postmasburg manganese field (PMF) in the south and the
Kalahari manganese filed in the north (KMF) (Figure 1A-1C). These provinces delineate the
western margin of the Kaapvaal Craton and host either giant manganese ore bodies (KMF) or
significant iron reserves and lesser manganese deposits (PMF). All significant ore reserves are
hosted by a several km thick sequence of Palaeoproterozoic rocks that belong to the Transvaal
Supergroup (Ghaap and Postmasburg Groups), a dominantly sedimentary succession, mostly
comprising shallow marine carbonates and iron-formation and lesser clastic rocks and
andesitic lavas (Tsikos and Moore; 1997). The stratigraphy of the Transvaal is truncated by a
regional unconformity and is then overlain by the Olifantshoek Supergroup, of which the basal
Mapedi unit comprises shales, red beds and quartzites (Beukes et al; 2003). Both the
Transvaal and Olifantshoek sequences have undergone thin-skinned deformation and
displacement of lithological units within the sequences during the 1.9-18 Ga Kheis and 1.2-

1.0 Ga Namaqua orogeny (Cornell et al; 1998, Beukes and Smith 1987).

The iron and manganese-rich entities of the PMF are believed to have been formed
largely by laterization during the development of the Transvaal-Olifantshoek unconformity
(Gutzmer and Beukes; 1996a, Beukes et al; 2003). Pivotal to the enrichment processes are
regarded to have been a local anticline (Maremane dome) and palaeo-sinkholes/karstic lakes
in which slumped iron-formation (Asbestos Hills BIF) was upgraded into high-grade (> 65 wt.
% Fe) hematite ore and dissolution of Fe/Mn carbonates resulted into residual ore
accumulation of a siliceous braunite-rich (Eastern belt) and ferruginous braunite-hematite-
bixbyite (Western belt) Mn ore-type (Figure 1B). Mixed types and recently reported

hydrothermal overprints involving alkali minerals have highlighted the need for revision of
53



Kalahari manganese field (KMF)

Griqualand West Basin

¥ (WESSELS )

Black Roc] -
Blackridge n {N'CHWANING )
Thrust \7

Hydrothermall altered area

containing high grade Hotazel
Wessels-type ore
angdon
Annex

barite sampling localities

Extent of Hotazel Formation Smartt
Extent of Hotazel &
Mooidraai Formations Middelplaats

_— fault Mamatwan

49 minelocation
5 km ﬁ

B Postmasburg manganese field (PMF)

barite sampling localities
hostrock: Fe ore Fe/Mn ore

»

Mn ore

mine location

»»° thrust faule @

formation/subgroup

[. GAMAGARA/

— uncnminrm|ty

lithology

shale-quartzite

SUPERGROUP

carbonate, chert

POSTMASBURG ~ OLIFANTSHOEK

&l VOELWATER BIF, Mn ore
é ONGELUK andesitic lava
= MAKGANYENE | diamictite
. KOEGAS Ll'qn for_{nalion,
E g GRIQUATOWN clastic-textured BIF
E - KURUMAN microbanded BIF

dolomite, pherl,

- CAMPBELLRAND | 5t-omatolite

. Fe mineralization
- Mn miner. - Mn/Fe miner.

A. Kalahari
manganese field

il .
B. Postmasburg
manganese ﬁeld

I-30°
[ 20 40
| SO M—

Kilometres

PRIESKA] NAUGA F

23°

Kaapvaal
. Craton

Bl Bushveld Complex

I B ‘ransvaal Supergroup
-

[ Basement to Transvaal
o

RYBURC]

Campbellrand Subgroup

Undifferentiated
N

B aa

28"~

LEGEND

R Y,
@ || YOUNGER COVER ROCKS
OLIFANTSHOEK
; SUPERGROUP
/ "y Uncomformity
I POSTMASBURG GROUP

~" [ xoEcas susGrour
ASBESTOS HILLS

GAMOHAAN F
| | KOGELBEEN F
KLIPPAN F
| pAPKUILE
KLIPFONTEIN F
FAIRFIELD F
|| REWVILOF
|| MONTEVILLE F
LOKAMMONA F
BOOMPLAAS F
g° VRYBURG F
nasemcos [ VENTERSDORP

KALAHARI
MANGANESE FIELD

NAUTE SHALE F

CAMPBELLRAND
SUBGROUP

THRUST FAULT —a— |
FAULT

TRANSVAAL SUPERGROUP

Figure 2. Map of the Griqualand West basin of the Northern Cape (C), distribution of major lithostratigraphic units
and regional structures and approximate extent of the Kalahari (KMF) and Postmasburg (PMF) Manganese fields.
(A & B) Enlarged views of the two ore fields showing distribution of major Fe and Mn mines, their crude
classification into Eastern/Western belt and Eastern/Western Maremane dome (see text) and barite sampling
localities for this study (yellow). Maps modified after Tsikos and Moore; 2005, Moore et al; 2001 and Cairncross

and Beukes; 2013.

the former classification of the PMF manganese ores (Moore et al; 2011, Costin et al; 2015,

Fairey et al; 2019). Here, a geographical division of the ores into the Eastern Maremane dome

(EMD-type locality) and Western Maremane dome (WMD), the latter comprising ores

anomalously-rich in alkalis and closer to the Blackridge Thrust system, is preferred. Being the

first to focus on gangue mineralogy, the previous researchers report barite vugs, inclusions

and replacement textures associated with rare Ba-silicates, Ba-feldspars, Ba-carbonates and

generally sodic calc-silicates assemblages including sugilite, a rare Li-bearing species found

abundantly in the KMF. Age constraints on the broader alkali metasomatism suggest a

Neoproterozoic (ca. 600 Ma) age, which although not directly addressed, is also presumed for
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barite. Earlier mentions of barite in the PMF as veins or lenses occurring along the contact of
dolomites with the manganese orebodies have been tentatively attributed to Kheis (1.9-1.8
Ga) orogeny (Gutzmer and Beukes; 1996a). Much of the commercial iron ores in the Western
belt of the EMD derive from the so-called Doornfontein conglomerate, a considered clastic
detrital deposit, formed by erosion and reworking of enriched BIF during a transgressive
period that was followed by deposition of the Olifantshoek Supergroup (Beukes; 1983).
Conglomeratic iron ore, rich in alkalis and being stratigraphically equivalent to the
Doornfontein Member, also occurs locally in the WMD and overlies ferromanganese deposits
(Bursey; 2018). However, this formation may be absent in drillcores displaying thick, oxidized
and hydrothermally altered iron-formation and associated iron ore, followed upwards by the

Gamagara/Mapedi shales of the Olifantshoek Supergroup (Papadopoulos; 2016).

Manganese mineralization in the KMF lies in close geographic vicinity, after a hiatus
of about 45 km (Figure 1C) and is hosted by the Voélwater Subgroup (iron-formation,
carbonates) and consists of three sedimentary manganese ore beds intercalated with iron-
formation of the Hotazel Formation (Tsikos and Moore; 1997). Structurally-controlled
hydrothermal enrichment of the northern part of the KMF (Figure 1A) during the 1.2-1.0 Ga
Namaqua orogeny (Beukes et al; 2016) has led to the development of a very high-grade ore
(45-60 wt. % Mn) and a profusion of gangue minerals rich in alkali elements. Among these
assemblages, coarse-grained barite, Sr-barite and barian celestine usually crystallizes
together with hematite, garnet, Mn oxides, carbonates and uncommon borates and sulfates
(Gutzmer and Beukes; 1996b). Barite is very seldom directly addressed, while a lot of barite
associations involving sulfates (for e.g., sturmanite, ettringite) and gaudefroyite are believed

to post-date formation of the oxides in the ore.

3. Sampling and analytical techniques

More than a hundred samples containing barite from both ore districts were
petrographically and isotopically examined in this study. Barite abundance in the area is
variable, generally low and difficult to identify. Therefore, sampling was informed by
previously studied and new drillcores showing anomalously high barium (and/or other alkalis)

concentrations and encompassing a range of iron- and manganese-rich end-members.
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KF374 alkali-rich massive Fe-ore / Kapstevel locality (Kolomela mine)
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Figure 2A. Stratigraphic logs of drill cores from the large (159.3 Mt) Kolomela mine (Kapstevel locality), which

constitutes a major sampling site for barite in this study (left) and representative iron ore sample with interlayered

barite-mica horizons. Note the close relationship between shales and iron ore.
Regarding the PMF, samples derive primarily from nine drill cores, three from the Kapstevel
locality (KF 118, KF 138 and KF 374: Kolomela mine) and the other six (SLT015, SLT017, SLTO18,
SLG02B, SLG537 and SLGO17A) from the Heuningkranz and Langverwacht localities of the
WMD (Figure 1B). Details regarding drillcores and sample depths can be found in the
Appendix I, along with barite isotopic results (see also chapter 5 later on for drillcore
stratigraphy). In addition, coarse barite crystal aggregates and veins hosted by Fe- and Mn-
ore from another four localities (Beeshoek, Leeuwfontein, McCarthy, Sishen) were included
in the sample suite. Among the selected PMF localities in which barite is relatively prominent,
Kapstevel displays the higher abundances and the more easily recognizable barite at the hand

specimen scale. Two representative drillcores from the former studied locality (Figure 2A),
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comprise intercalations of altered and brecciated BIF, iron-enriched (50-55 wt. % Fe) BIF,
massive Na/Ba-rich iron ore and brown ferruginous shales, unconformable overlain by the
Gamagara shales of the Olifantshoek Supergroup or green to light brown tillite with BIF and
igneous rock fragments. Barite fracture-fillings, pods and veins are particularly conspicuous
in the iron-enriched intersections, the latter seen intercalated with both shale and oxidized
BIF material. Veins consisting of specular hematite also traverse the unit. Reddish or
yellowish-white, silicate- and barite-rich bedding-parallel layers can be commonly observed
in the iron ore (Figure 2A, right side) and are usually interconnected with fractures of similar

appearance, discordant to bedding.

Wessels mine
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Figure 3. Drillcores W297 (A) and W290 (B) from Wessels mine sampled across anomalously
high barium/strontium horizons in the Mn ore. Note the coarse-grained bladed barite from
the unconformable contact of Hotazel with Olifantshoek (B).
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With respect to the KMF, two drillcores from the Wessels mine (W290 and W297) and
one from the N’chwaning Ill mine (SA8G, western domain) were sampled across their
anomalously high-barium/strontium (weight percent-rich) horizons. The above drillcores
exhibit the typical stratigraphy of the enriched Hotazel Formation i.e., succeeding hematite
lutite-Mn ore(high-grade)-BIF cycles/units and sampled barite is hosted by Mn ore.
Additionally, a coarse-grained barite sample from the unconformable contact between
hematite lutite of the second unit and the overlying quartzite (Olifantshoek) was collected
(Figure 2B). A significant number of aesthetic mineral specimens (n=17) from pockets of
mineralization, comprising coarse-grained barite associations with garnet, hematite,
carbonates, etc. derive exclusively from N’Chwaning (N’Chwaning |, north locality and

N’Chwaning Il and lll) and were provided or obtained by local mining geologists and collectors.

Petrographic observations were made using both reflected and transmitted light
microscopy, as well as scanning electron microscopy (SEM)-EDS techniques at the facilities of
Glasgow and Durham universities, housing a Quanta 200F Environmental SEM with EDAX
microanalysis and a Hitachi SU-70 FEG SEM respectively. More details available in Appendix
lll. Clean material being for the most part barite and occurring in vugs, veins and fracture-
fillings was separated by micro-drilling from previously well-studied samples. All alteration
minerals and specifically in the PMF, are extremely fine-grained and intergrown, so it was not
always feasible to physically separate barite from co-existing phases. In a few cases, barite
powder extracted from several vugs of the same sample was mixed into one powder, thus
representing a sample average. Since silicate contamination in most samples was minimal and
does not affect sulfur isotope measurements. Therefore, HCl acid rinse was employed to
remove any readily soluble carbonates or exchangeable cations in potentially admixed
silicates only for the samples that were further analysed for their 8’Sr/®Sr isotopic

composition, which were also that of highest purity.

Standard techniques (Appendix Il) for sulfate isotopic analysis (Coleman and Moore;
1978) were used. Liberated SO, gases were analysed on a VG Isotech SIRA Il mass
spectrometer at SUERC, and standard corrections were applied to raw §%0S02 values to obtain

534S values. Data are reported in &3S notation as per mil (%o) variations from the Vienna
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Diablo Troilite (V-CDT) standard. Two barite standards, NBS127 and the internal BIS were used
and reproducibility was around £0.3%o during the process. Sr isolation was done using ion
exchange chromatography inside clean lab facilities and isotopes were measured on a
thermal ionization mass spectrometer (TIMS) at SUERC using rhenium (Re) filaments
(Appendix I1). In situ 4°Ar/3°Ar analyses were conducted via laser ablation using a New Wave
Research Laser UP-213 A1/FB and gas purifications and measurements were made with a
Helix SFT (Thermo Scientific) multi-collector noble gas mass spectrometer at the NERC Argon
Isotope Facility at SUERC. For more details and full “°Ar/3°Ar results the reader is referred to

Appendix I.
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4. Results

4.1 Petrography

Barite samples were investigated in great detail with respect to their textural
attributes, principal paragenetic associations and distinctive features of host lithologies. In
the following sections, emphasis is placed upon the previously unexplored lithologies of the
Postmasburg manganese field containing the target mineral (massive Fe-ore, conglomeratic
Fe-ore) as well as on underexamined drillcore material from the Kalahari manganese field

comprising Ba- and Sr-rich high-grade Mn ore. The occurrence of barite in the different
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Figure 3. Distinct barite occurrences in the Postmasburg manganese field include: (a) occlusion of open-space
(veins, vugs and lenses) in massive Fe-ore, (b) breccia cement and vein stockwork in ferruginous shaley material
intercalated with Fe-ore, (c & d) lensoidal vugs in conglomeratic Fe-ore with evidence of hydrothermal
reworking, (e) veins in quartzite (Olifantshoek Supergroup), (f) sparry crystals in Fe-ore and (g) tabular
aggregates filling voids in Mn-ore (Wolhaarkop). Barite in the Kalahari manganese field has been generally
regarded as a widespread and well crystallized phase and examples in this study comprise: (1 & 2) coarse platy
crystals associated with rhodochrosite or andradite and (3 & 4) barite-rich associations developing interstitially
to upgraded Mn-ore from drill core samples.
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manganese ores types of the wider Postmasburg area is of equal importance and is being
thoroughly described later on in this study together with the profusion of other alkali gangue
species in these deposits. Selected features of the host lithologies merit a brief description

because of the current lack of characterization in the literature.

Barite is undoubtedly the most abundant gangue in certain ore deposits (for e.g.,
Kapstevel, Kolomela mine) where it is macroscopically discernable as white to ochre-coloured
open-space fillings (veins, pods, vugs) contrasting with the dark metallic surrounding matrix
(Figure 3a). Its distribution in the previous locality extends to intercalated “shaley’” material
which shows textures of banding interruption and brecciation by a dense stockwork of minute
barite veins (Figure 3b). Most notable are the small lensoidal barite-bearing vugs in reworked
conglomeratic Fe-ore whereas in the case of overlying quartzites barite is mostly restricted to
cross-cutting veins (Figure 3c-e). In rare instances, barite is well crystallized and occurs as
large (up to 3 cm) crystals, sparry or intergrown with hematite and hosted by either Fe- or
Mn-ore (Figure 3f, 3g). Studied samples from the Kalahari manganese field include both the
typical pockets of tabular and euhedral platy barite aggregates which are usually intergrown
with garnet, hematite or rhodochrosite and the comparatively more sparse and erratic

occurrences as an accessory phase within the enriched Mn ore beds (Figure 3 / 1-4).

Massive Fe-ore (BIF- and shale-hosted)

Barite is very prolific within the studied drillcores from Kolomela mine (Figure 2),
where it is seen concentrated along cracks, fractures, irregularly-shaped infills and veins that
in many instances follow faint bedding planes but also run discordant to the weakly laminated
ore texture which is subordinate in relation to the prevalent massive ore appearance. The
above-described characteristics emphasize the epigenetic nature of the barite mineralization
in this deposit. Barite here is part of a simple paragenetic association comprising mica of the
muscovite-paragonite series, hematite and sporadically apatite. The micas cover almost the
whole compositional range between the two end-members with the highest concentrations
being 5.9 wt.% and 10.4 for Na,0 and KO respectively, although most of the analysed grains
can be regarded as paragonite (Na;O = 3.8 + 1.3, n =9). Despite being predominantly platy

crystalline, well-developed prismatic laths of paragonite is the norm in large barite-filled vugs
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(Figure 4A). Where present, apatite mostly coats the outer rims of these vugs (Figure 4B).
Sparse aggregates of kaolinite can be also found within minute veins (300-500 um thickness)
or in association with barite and specularite (coarse-grained hematite) infills which suggests
that kaolinite is authigenic and has precipitated from the same alteration solutions that

formed barite.

A series of textural observations regarding barite and paragonite distribution in the

ore matrix illustrate the scale of barium metasomatism and the reactions that take place

hem + prg + brt

- brt (vug)
) L

sopm | C Y

hem = brt

Figure 4. (1) Thin section scan of massive ore from Kapstevel. Barite and paragonite are not restricted to veins
and vugs but occur as pore-filling cement in the ore matrix which displays various textures and emphasizes
permeability during metasomatism. Back scattered electron (BSE) images. (A & B) Prismatic paragonite arranged
in radiating arrays inside barite-vug with rims lined by apatite. (C) Microscopic barite disseminated in hematite-
martite matrix. (D) Layering of metasomatic gangues in the ore matrix. (E) Relict metasomatized ooids
reminiscent of the pristine Griquatown iron-formation. (F) Zoned barite-paragonite texture formed during
alteration. (G) Carbonates of BIF-origin pseudomorphically replaced by hematite and barite. (H) Colloform
hematite-barite textures in altered iron-formation. (1) Lath-like authigenic berthierine in ferruginous shale matrix
associated with paragonite and barite. ap = apatite, brt = barite, bth = berthierine, hem = hematite, mt = martite,
prg = paragonite, qtz =quartz
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between the fluid(s) and host rock. As displayed in Figure 4.1, gangue mineralogy impregnates
the iron-rich matrix, where it precipitates in various abundances, textures and habits
interstitially to hematite. The former evidently supports that the ore matrix is permeable
during the metasomatic processes, showing both primary and secondary fracture-related
porosity. In particular, the ore matrix typically displays finely disseminated microscopic (2-10
um) barite crystals that seem to occupy pore space in-between martite (former magnetite)
grains and aggregates attesting to the BIF-origin of the Fe-ore (Figure 4C). Another common
texture is that of preferred-orientation of both barite and paragonite on the micro-scale

(Figure 4D), apparently being restricted to matrix with elevated mica concentrations.

Indications of early sedimentary-diagenetic textures having been preserved during
metasomatic reactions are also evident throughout the ore zone. One such relict texture is
that of hematite ooids (50-100 um) that possibly have their origin in the clastic Griquatown
iron-formation. In particular, the former are seen being overprinted by hematite or barite and
their porous cores are commonly occupied by barite, paragonite or apatite (Figure 4E).
Analogous textures being elliptical in shape but usually of larger size (up to 500 um) exhibit
cores of barite and rims of paragonite (Figure 4F). Their origin is obscure but they could
represent reworked ooids or microconcretions formed in the weathering profile.
Pseudomorphs after former carbonates are conspicuous in relict chert bands which are in
turn hosted by altered BIF intercalated with the ore. These rhombohedral grains have been
replaced by both hematite and barite (Figure 4G), the latter probably representing an event
of later origin. Remarkable collomorphous textures comprising hematite and barite were also
noted in the altered BIF (Figure 4H). These are associated with recrystallized platy hematite
and a variety of micro-quartz indicating silica dissolution and transportation by the
metasomatic fluids. Recrystallization of hematite is evident in the vicinity of infiltrating barite,
where areas of significant porosity exhibit randomly oriented hematite plates of considerably

greater size (100-500 um) in comparison to the matrix (5-25 um).

Berthierine [(Fe?*,Fe3*,Al)3(Si,Al)20s(OH)4] is seldom found as laths or blocky grains
within the barite paragenesis but was seen more extensively in the studied ferruginous shale

matrix, which also contains disseminated microscopic rutile, ilmenite, barite and apatite. The
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high Fe content of this berthierine compares well with previously reported compositions that
approached the idealized Fe-berthierine composition from the wider Kolomela region
(Papadopoulos et al; 2022, in prep). Its coexistence with paragonite suggests an authigenic

origin.

Conglomeratic Fe-ore

Descriptions for this clastic-type of iron ore are based on samples deriving from the
western part of the Maremane dome (WMD) (Figure 1), showing however similar
stratigraphic position to the lithology referred to as Doornfontein conglomerate in the
literature, i.e., between underlying Fe- or Mn-mineralization and the cover of Olifantshoek
clastic sediments. This clast-supported rock consists mainly of hematite-rich clasts which
occasionally display prominent banding, possibly indicative of banded iron-formation (BIF)
origin. These ferruginised BIF-clasts vary in length from less than one to several cm, are
elongated, angular to sub-rounded and often fractured from later reworking. The presence
of generally more rounded and considerably smaller hematite clasts (500 um-0.25 cm) with
no conspicuous banding, marks this iron-rich lithology as a conglomerate, however of very
poorly sorted nature due to the abundance of angular clasts. It is worth noting that whatever
the transportation distance for the different clasts, all of them show high Fe content despite
of the textural differences and sizes of hematite and the presence or not of other minerals

within the clasts.

Barite is more copious in the matrix where it is found in two distinct mineralogical
associations: (a) barite + albite + Mn-carbonates + armbrusterite + braunite and (b) barite +
muscovite * apatite. Variations of the first paragenesis occur as cementing material (Figure
5.1), instead of mixtures of crystalline muscovite with microplaty hematite, which are the
dominant species in the matrix. The alkali mineralogy is also seen being accommodated by a
number of clasts (Figure 5.2), either in microfractures or layers generally being length parallel
to the banding of BIF-clasts. Barite of the first assemblage is chiefly associated with broadly
euhedral albite inside which forms microscopic (<10 um) inclusions. The entire paragenesis is
loosely zoned, with the Mn-silicate armbrusterite and Mn-carbonates generally forming in

the outer zones of cementing infills and in contact with the iron-rich clasts and braunite
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Figure 5. (1 & 2) Alkali mineralogy occurs conspicuously in the matrix and lesser within the clasts (sample
photos). Back scattered electron (BSE) images. (A) Crude zonation of gangues (see also text) and barite being
often enclosed by albite. (Inset) Common texture of braunite intergrown with carbonates. (B) Common barite-
muscovite association occupying zoned lensoidal vugs. (C) Interstitial filling of barite and muscovite in clast. (D)
Zoned, Mg- and Mn-bearing veinlets hosting carbonate phases. (E) Fe/Mn-rich clast comprising armbrusterite
and an unidentified silicate. (F) Fragmentation by muscovite-filled cracks suggest earlier incorporation of the
Fe/Mn clasts in the ore matrix. (G) Recrystallized microplaty hematite clasts in the vicinity of rutile-ilmenite
aggregates. ab = albite, arm = armbrusterite, brn = braunite, brt = barite, hem = hematite, ilm = ilmenite ktn =
kutnohorite, Mg-sil = unknown Mg-silicate, Mn-cal = manganoan calcite, ms = muscovite, rt =rutile. *
unidentified silicate high in Fe and Mn.

crystallizing in the interiors along with albite (Figure 5A). The morphology of braunite is
unusual in the sense that it is finely intergrown with Mn-carbonates and appears as clusters
of very fine-grained crystals (Figure 5A, inset). Carbonate minerals display compositions from
almost pure end-member rhodochrosite to intermediate kutnohorite and manganoan calcite.
Compositional zoning patterns can be observed, with the less Mn-rich members growing

around carbonates being richer in manganese.
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Barite associated with coarse (100-200 um) muscovite sheets is often seen filling cm-
sized zoned lensoidal vugs that constantly comprise barite cores and muscovite rims (Figure
5B). The same paragenesis may be diffuse through iron-rich clasts, apparently occupying pore
space between hematite plates (Figure 5C), although barite in this case is usually very fine-
grained and negligible in comparison to its other occurrences in the Fe-ore. A network of
veinlets traverses clasts and matrix and regularly show a Mg-rich lining corresponding to an
unidentified mineral (possibly clinochlore) and a zoned centre comprising kutnohorite and
manganoan calcite (Figure 5D). It is common for these veins to hug various clasts and produce

a thin lining around them, thus generally suggesting later fluid infiltration.

One of the most noteworthy observations is that of several clasts containing Mn,
specifically hosted by an unidentified phase having iron, manganese and silica, which usually
coexists with armbrusterite [KsNagMn3*Mn14%* [Sis022]4(OH)104H20] (Figure 5E). The latter is
a particular rare species that has been previously reported from Mn-ore in the wider
Postmasburg area (Wolhaarkop breccia) (Moore et al; 2011). Crystal outlines forming laminae
in the Mn-bearing clasts resemble skeletal textures and imply that replacement processes
have been at play. These clasts were apparently incorporated in the matrix after having been
metasomatized since the immediate surrounding Fe-ore matrix does not bear significant Mn
and furthermore many such clasts appear fragmented by later muscovite-filled cracks (Figure
5F). The above observations for the presence of braunite, Mn-carbonates and silicates in the
ore cement, clasts and veins denotes a degree of Mn transportation from underlying Mn-rich
lithologies to the conglomeratic Fe-ore during alteration as well as localized open-space filling

and/or replacement of the cementing material.

Accessory phases present in the matrix as well as in ferruginous clasts are apatite,
zircon, rutile, ilmenite and a series of alumino-phosphate-sulfate (APS) minerals. Both rutile
and ilmenite are prominent minerals within this ore-type and regularly compose a significant
portion of the cementing matrix. Variable sizes and textural forms of hematite clasts in the
vicinity of Ti oxides suggest recrystallization or replacements involving coarser-grained
microplaty hematite (Figure 5G). Alumino-phosphate-sulfate (APS) minerals (svanbergite,

florencite) are sporadically found in the matrix in the form of extensive mm-scale open-space
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fillings running length parallel to or enfolding clasts and may be related to redistribution of P
and LREEs after dissolution of former phosphates (chiefly apatite) in the underlying lithologies
(e.g., Gaboreau et al; 2007). Crude compositional zonation between LREE- and Sr-rich
members is common and euhedral crystals of minute size can be observed in fine-grained
hematite matrix wrapping around clasts (Figure 6A, 6B). Clasts composed entirely of APS
minerals most probably suggest formation prior to the surrounding muscovite-hematite

cementing matrix or less likely very localized preferential replacement (Figure 6C).

florencite (La, Nd)
e SO T CRMBIS e R S

e Svanbergite (Sr)

florencite (Ce)

Figure 6. Back scattered electron (BSE) images. (A) APS matrix-infill parallel to clasts displaying compositional
differences and crude zoning, with La/Nd- and generally REE-bearing members mostly lining the outer rims and
svanbergite (Sr) occupying the centre. (B) Euhedral minute svanbergite with compositional zoning, thoroughly
intergrown with fine-grained hematite engulfing ferruginous clasts. (Inset) Enlargement of the APS-rich matrix.
C) APS-clast associated with ferruginized clasts, fractured ilmenite and zircon suggests formation prior to
surrounding muscovite-rich matrix. (D) Lamellar, oriented intergrowths of hematite and rutile probably reflect
exsolution of rutile from ilmenite. (E1-3) Exsolution of rutile from ilmenite, APS inclusions in Fe/Ti-rich clasts and
rounded, fragmented zircon and rutile. APS = alumino-phosphate-sulfate minerals, hem = hematite, ilm =
ilmenite, ms = muscovite, rt = rutile, sv = svanbergite, zr = zircon.

Clasts with lamellar, oriented intergrowths of hematite and rutile are presumably
products of exsolution processes triggered by oxidation and remobilization of iron within the
common oxygen sublattice (Figure 6D). Commonly found rutile inclusions in Fe/Ti-rich clasts

support the scenario of replacement reactions through decomposition of Ti-rich minerals,
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probably exsolution of rutile from ilmenite (Figure 6E1). Zircons (50-70 um) are constantly
rounded, zoned and at places intensely fragmented, much like certain co-existing Ti oxides
grains (Figure 6E2-3), processes evidently occurring during their emplacement in the ore
matrix and/or reworking by multiple fracturing-sealing cycles and fluid infiltration, as
corroborated by various other textures. Overall, barite, although sparingly present in the
studied samples, occurs mainly in the matrix of the clast-supported conglomeratic iron ore as
vug-filling material and less commonly as suturing material within clasts. Invariably of textures

though, it is attached profusely to alkali- (Na, K, Ca) and Mn-bearing associations.

High-grade Mn-ore (N’Chwaning & Wessels mines)

Barite from the Kalahari manganese field is as yet the most well-documented among
all other occurrences in the wider region, although published descriptions from the high-
grade manganese ore beds are brief and mainly comprise mentions of veinlets, vugs or traces
amounts of barite filling secondary porosity (Beukes et al; 1995, Gutzmer and Beukes; 1996b).

Moreover, not much detail is given in regard to its paragenesis.

Mn-ore hosted barite from drillcores showing anomalously high Ba and Sr is
documented here to coexist primarily with Mn carbonates and oxides. Specifically, barite
occurs chiefly as euhedral blocky to columnar crystal clusters filling secondary pore space in
the recrystallized ore zone along with kutnohorite, rhodochrosite, calcite, strontianite,
brucite and As-bearing apatite (Figure 7.1, 7A, 7B). These open-space occlusions are visible in
hand specimen, range from 0.1 cm to more than 1 cm and exhibit broadly bedding-parallel
development. Carbonate minerals and brucite in the vugs often display equant shapes and
inclusions of ore mineralogy. The surrounding matrix comprises mixtures of braunite (Il) with
hausmannite, which are the chief constituents as well as disseminations of bixbyite and
jacobsite as accessory phases. Hematite is also present, mostly is association with braunite

and hausmannite, overall surrounding gangue phases.

Ore minerals form euhedral crystals adjacent or inside the vugs, indicative of the
recrystallization processes induced by hydrothermal alteration. The composition of barite

varies between that of pure end-member and Sr-barite, that can appear either as distinct or
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Figure 7. Back scattered electron (BSE) images apart from C and D which derive from secondary electron
detection. (1) Thin section scan displaying cm-sized vugs consisting of hydrothermal gangues within the
recrystallized Mn-oxide matrix. (A & B) Barite in coarse vugs coexisting chiefly with Mn carbonates and lesser
with brucite and apatite. (C & D) Associations of barite and strontian barite highlighting changes during
precipitations from the Ba/Sr-rich fluid. (E1-3) Elongated prismatic brucite is common. Exsolved calcite laminae
emphasize the close association of the two minerals. (F) Widespread strontianite open-space occlusions in
braunite matrix along with brucite. (G1-2) Microscopic bixbyite rhombs seemingly being formed by the breakup
of Mn carbonates. (H & 1) Euhedral and zoned Pb-bearing Mn oxide. ap = apatite, brc = brucite, brn (Il) =braunite,
brt = barite, bxb = bixbyite, cl = calcite, ktn = kutnohorite, hs = hausmannite, rdc = rhodochrosite, Sr-brt =
strontian barite, str = strontianite.

intermixed phases inside vugs and are more easily distinguished by using secondary electron
detection (Figure 7C, 7D). Brucite usually occurs as elongated prismatic crystals displaying
lengths of up to 200 um (Figure 7E1) or may fill open-space and manifest exsolved calcite
laminae (Figure 7E, 7E3), the latter affirming the contemporaneous presence of Mg?+ and
Ca®* concentrations in the fluid, originally deriving from dissolution of pre-existing

carbonates.
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Extensive (0.5-1 mm) strontianite precipitates growing in open space between
braunite can be also observed and may be the cause of wt. % Sr concentration in localized ore
horizons. Brucite laths and needles were also found associated with the strontianite (Figure
7F). An interesting texture of minute bixbyite rhombs (5-15 pum) showing a close relationship
with aggregates of Mn carbonates, seemingly being replaced by the former was regularly
noted in the Ba/Sr-rich samples. Additionally, an unidentified Pb-bearing manganese oxide
exhibiting rhombohedral or hexagonal outline was rarely seen associated with the barite-
carbonate parageneses (Figure 7H, Hl). Although the adsorption capacity on heavy metals
such as Pb%* is known for Mn oxide minerals (Feng et al; 2007), such species has not been
previously reported from the KMF and further corroborates the existence of small amounts
of Pb in the alteration solutions, evident in the well-documented kentrolite (Gutzmer and

Beukes; 1996b).

Other selected barite occurrences (PMF and KMF)

Empbhasis is given on selected barite occurrences from both fields to highlight its wide
distribution and complex mineralogical parageneses. Ferruginous quartzite in the PMF,
overlying a thick succession of Mn ore (Wolhaarkop breccia) at Heuningkranz locality, exhibits
well-developed cm-sized rhodochrosite crystals that occupy coarse vugs, lined with evidently
recrystallized specular hematite. Barite exists copiously in both the host rock and vugs, is
associated with specularite, euhedral rhodochrosite, albite, and laths of muscovite and
clinochlore, the latter also commonly seen as inclusions in barite (Figure 8A). In the same
locality, barite is rather widespread also in Mn ore and in particular shows complex
parageneses, coexisting with aegirine, albite, armbrusterite, serandite
(Na(Mn?*,Ca),Siz0g(OH), zoned rhombs of Mn carbonates and recrystallized braunite. These
alkali-rich associations develop in vugs, interstitially to ore matrix or overgrow on silica-rich
clasts that either represent chert or authigenic quartz, although barite likely being a late-stage
phase is further seen deposited along the margins and/or replacing minerals such as serandite

(Figure 8A, 8B).

Representative samples of the siliceous Mn ore-type (Wolhaarkop breccia) from the

McCarthy mine, demonstrate that blocky or tabular barite crystals up to 6 cm in size are
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present as void-fillings in the ore matrix and are macroscopically distributed very similar to
the more abundant granular quartz lumps. On the basis of quartz crystal boundaries, remnant
and fragmented grains it can be deduced that braunite is replacing the former. In turn,
braunite is overgrown by later-formed hollandite (Figure 8D). Barite occurs as fracture-filling,
commonly with a selvage of microplaty hematite, hosts inclusions of all formerly mentioned

minerals and is often encompassed by equant quartz grains (Figure 8E).

Figure 8. Back scattered electron (BSE) images. (A) Barite fillings in close affiliation and bearing inclusions of mica

and rhodochrosite. (B) Barite associated with sodic-rich parageneses and recrystallized braunite. (C) Barite is a
late-stage phase and seemingly overprints serandite and Mn carbonates. (D) Fracture-filling barite in contact with
hollandite-braunite intergrowths and/or replacements as well as probably remnant quartz grains. (E) Barite
inclusions in equant quartz. (F) Barite precipitates filling open space between equant vesuvianite commonly host
a V- and Ca-rich arsenate, compositionally related to fermorite from the existing literature. ab = albite, aeg =
aegirine, arm = armbrusterite, brn = braunite, brt = barite, cln = clinochlore, hem = hematite, hld = hollandite, Mn-
cal = manganoan calcite, ms = muscovite, qtz = quartz, rdc = rhodochrosite, srd = serandite, V-fer" = unknown
species, closely resembling fermorite and named here vanadium-bearing fermorite, vsv = vesuvianite.

Barite in the KMF is typically present in all sorts of calc-silicate and carbonate- or
sulfate-bearing parageneses. Among the studied samples, an interesting occurrence is that of

barite and its strontian counterpart precipitating along with calcite between well-developed
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vesuvianite crystals. The latter for the most part display complex oscillatory concentric
zoning, characterized by sharp changes in the abundance of Mn, Mg, Al, and lesser Si and Ca,
a feature previously documented for this mineral in other localities (Gibson et al; 1995). Barite
frequently hosts somewhat ragged minute (20-40 um) crystals which comprise 49.3 wt. Ca0,
19.0 wt. % P,0s, 30.7 wt. % As»0s and 5.2 wt. % V205 (n=5). This composition is very similar
to that reported from an arsenate species from the Sitapar manganese-ore deposit (Madhya
Pradesh district, India) that generally shows small amounts of vanadium in its matrix (Herbert
and Prior; 1911). In particular, this mineral is named fermorite [Cas(AsO4)30H] and it occurs
as pinkish to white veins in association with braunite, Mn oxides and bixbyite in its type
locality. Taking into account the considerable vanadium accommodated by the barite-
associated arsenate from the KMF, this mineral may be regarded as a vanadium-bearing
fermorite and thus further research is suggested to be conducted in order to discern if this

may be even identified as a new species.

4.2 In situ “Ar/*°Ar results

Paragonite - sample SD13 (PMF)

Paragonite in the dated sample is widespread in ore matrix but is predominantly
contained in irregularly-shaped and somewhat contorted aluminosilicate-rich layers (Figure
9.1, 9.2). The layer chosen for dating comprises clusters of paragonite sheets, abundant
interstitially precipitated barite that is also intergrown with hematite and apatite (Figure 9.4)
and thinly scattered elongated rutile of apparently authigenic origin. This layer displays a
relatively sharp contact with the ore matrix, along which a bedding-parallel fabric consisting
of barite lenses enveloped by paragonite can be observed (Figure 9.2, 9C). Veinlets traversing
ore matrix or terminating to the paragonite-rich layer were also picked out for dating.
However, the former probably consist of mixed populations of paragonite that usually exhibit
coarser and more conspicuous mica sheets, while lesser muscovite can be also present (Figure
9.3, 9.5). Rhombohedral textures with generally distinct outlines may occur within barite- or
hematite-rich matrix and consist of paragonite (Figure 9.6), probably implying once again

pseudomorphous replacement of former mineralogy by the alkali gangues.
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Figure 9. (1 & 2) Massive Fe-ore displaying contorted aluminosilicate-rich layers which for the most part consist
of the targeted paragonite (sample photo and polished wafer scan). Dated areas are outlined in yellow. Back
scattered electron (BSE) images. (3) Detail of possibly younger paragonite-muscovite veinlet comprising also
barite. (4) Magnification of the dated paragonite-rich area showing the close association of barite, apatite and
hematite surrounding clusters of paragonite. (5) Veinlet, similar detail as image 3. (6) Rhombs consisting of
paragonite may indicate pseudomorphous replacement of former minerals, possibly carbonates. (A & B)
Younger spot dates (877 + 21 Ma, 20) with higher uncertainties in the veinlets may represent a waning alteration
stage. (C) Laser spots on hydrothermal paragonite display a weighted mean of 1069 + 8 Ma (20). Spot ages shown
at 1o confidence level. ap =apatite, brt = barite, hem = hematite, ms = muscovite, prg = paragonite, rt = rutile.
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40Ar/3%Ar in situ analysis was performed on an ca. 2 x 3 mm area, using laser spot size
of 85 um and with focus on ablating for the most part mica material in-between other
intermixed phases, i.e., barite and hematite (Figure 9C). Nine spots yielded dates ranging from
1041.8 £ 19.7 (10) Ma to 1148.9 £ 17.9 Ma (10) and have a weighted mean of 1069 + 8 Ma
(20, MSWD = 0.99, n=9). The data show normal distribution slightly skewed towards three
older ages forming a bump (1146, 1148 and 1149 Ma) which are specifically ca. 75 Ma older
than the calculated mean. No documented textural indication can account for the intra-

sample difference in dates.

Four spot dates obtained from the veinlets in the ore matrix are much younger (Figure
9A, 9B), with three of them clustering around a mean of 876.8 + 21.1 Ma (26, MSWD = 0.07)
and the fourth outlier date being 1080 £ 72 Ma. All vein-hosted spots display larger
uncertainties (from 30 to 72 Ma) in comparison to the layer-hosted spots, which is related to
the lower “°Ar" concentration in the ablated gas. Smaller laser beam size (25-65 um) and
negligible potassium content in paragonite can explain the fact that a lot of the attempted
spot analyses in these veins did not provide sufficient Ar gas despite the occasional presence
of muscovite. Not much credence is given to these younger dates apart from that they maybe
provide a tentative indication of waning alteration associated with younger muscovite

generations.

Muscovite - sample BaQ2 (PMF)

Muscovite in the dated quartzite sample from the base of the Olifantshoek
Supergroup (Figure 10.1) is representative of the distribution of muscovite in all similar
studied samples. The mineral occurs as sheets of very small size (10- 25 um), that can rarely
grow up to 50 um and are always seen in parageneses with barite, which may further
comprise hematite. Veins consisting of blocky barite (50-100 um) and similarly sized hematite
or solely of coarse-grained hematite (specularite) traverse other areas of the sample. Quartz
in contact with barite exhibits equant shapes and is coarser, thus probably recrystallized
(Figure 10.2). It is common for disseminations of rutile to occur in muscovite fracture-fillings
and the former to show dissolution textures supporting a remnant origin for the oxide (Figure

10.3, 10.4). llmenite is also seen fragmented and engulfed by submicroscopic barite veins.
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Figure 10. (1) Polished thin wafer prepared for in situ *°Ar/3°Ar dating and outlined areas comprising spot
analyses. Back scattered electron (BSE) images apart from image 5 which is SED and image C which is taken
under reflected light opt. microscopy. (2) Recrystallized quartz in association with barite. (3 & 4) Disseminations
of probably remnant rutile in muscovite (5) Submicroscopic euhedral to spherical APS minerals (florencite)
precipitated in pore space. (A-D) Areas with obtained spot dates shown at 1o confidence level and displaying a
weighted mean of 1129 + 4 Ma (20). In situ dates being about 65 myr younger than the weighted mean, are
coloured in yellow. APS = alumino-phosphate-sulfate minerals, brt = barite, ms = muscovite, gtz = quartz, rt =
rutile.
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APS minerals are sometimes precipitated in considerable quantities within the
guartzite pore space, or along small cracks and fractures and may therefore control its whole-
rock REE composition. Their textural appearance is mostly of submicroscopic and euhedral or
almost spherical grains clustering together (Figure 10.5). EDS analyses suggest primarily the
presence of cerium (Ce), followed by lanthanum (La) and neodymium (Nd) and the absence
of Sr, thus pointing to compositions closer to florencite. Apatite is very sparingly found in
other quartzite samples, associated with barite or in the rock matrix and is therefore likely,
that akin to the conglomeratic iron ore above, APS here are related to dissolution of former
apatite.

Sixteen 4°Ar/3°Ar in situ spot analyses (85 um laser spot size) yield dates ranging from
1059.6 £11.9 (10) Mato 1177.2 £ 19.3 (10) Ma (Figure 10A-10D). Data have a weighted mean
of 1129 + 4 Ma (20, MSWD = 4.00, n=16) and display a somewhat bimodal distribution (two-
peak shape, see also Figure 14 later on), with the highest and main peak at around the
weighted mean and a second subordinate peak (spots 51, 52, 56) at around 1070 Ma (ca.65
myr younger). There is no available evidence for contaminating components and although
muscovite is too small and intergrown with rutile, ablation of the targeted material is not
expected to contaminate the Ar signal. There is also no evident geological reason for the
younger spots (for example record of the cooling history or different mica generations).
Nevertheless, younger spots immediately adjacent to the rest of the analyses are included in

calculation of the weighted average age.

Muscovite- sample WBC (KMF)

Muscovite in this sample resides mostly within reddish mm-scale bands interbedded
with clusters of coarse bladed to tabular barite that protrude into the silicate-rich bands
(Figure 11.1). This intriguing specimen derives from the unconformable contact between the
second hematite lutite unit and quartzite belonging to the Olifantshoek Supergroup at
Wessels mine (Figure 2B). Mineralogically, the reddish bands consist of very fine-grained
intergrowths of hematite, muscovite and barite that compose more iron-rich or potassium-
rich domains depending on the concentrations of the admixtures. Coarser (50-150 pum)

muscovite sheets are sparingly disseminated in this matrix. Ellipsoidal or irregularly shaped
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Figure 11. (1) Elongated and bladed barite with interrupting parallel bands that mainly consist of muscovite,
hematite and barite. Areas comprising spot dates are outlined by yellow dotted line. (inset) Microplaty hematite
associated with k-feldspar, both forming during reworking and brecciation of the coarse barite crystals (BSE). 2-
3: back scattered electron (BSE) images. (2) Barite vugs in mica-bearing bands display a selvage of muscovite and
ubiquitous apatite. (3) Matrix magnification showing a muscovite-rich area that also comprises hematite, barite
and apatite. (A-C) Muscovite spot dates from different localities of the sample shown at 1o confidence level and
showing a weighted mean of 1137 + 2 Ma (20). Rejected spot (24) is indicated in red.

barite-filled vugs populate a linear domain close to the bladed and almost perpendicular to
the reddish bands, barite crystals. These vugs exhibit a selvage of muscovite (ca. 200 um)
running vertical to the edges of the barite-filled vugs and in addition may comprise euhedral
(100-300 um) apatite grains that are preferentially concentrated here (Figure 11.2).
Microplaty to tabular hematite (up to 300 um) can be also associated with the previous

muscovite texture and is generally developed around barite grains or crystal fragments along
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with K-feldspar (Figure 11.1), therefore suggesting later reworking and brecciation of the

long, bladed barite.

Dates yielded by eleven UV laser ablation spot analyses range from 1119 + 13.4 (10)
Ma to 1200 + 22 (10) Ma and show a weighted average of 1137 + 2 Ma (20, MSWD = 2.72,
n=11, 1 spot rejected). The age data display normal distribution and derive from both material
within the reddish hematite- and barite-bearing bands (Figure 11C) and domains of higher
muscovite purity, in the vicinity of bladed and reworked barite (Figure 11A, 11B). The age

intrasample consistency is indicative of a single muscovite generation.

4.3 Sulfur isotopic composition of barite

The &3S values of the analysed barite (n=93) vary between +16.7 and +29.5 %o, (avg.=
+24.9 £ 2.5 %o, 10). However, most data (n=66) cluster around a relatively well-defined peak
at +24.6 %o, with only very few values (n=7) extending to lighter compositions and the
remaining twenty samples exhibiting somewhat heavier isotopic values between +27 and
+29.5 %o (Figure 12). The latter group is mainly governed by barite from massive Fe-ore
(Kapstevel, Kolomela mine), which is on average 2.6 %o heavier in comparison to the rest of
the studied barite from the PMF. A single analysis from Beeshoek Fe-ore (+27.2 %) and one
iron-rich sample from Leeuwfontein (+27.0 %o), both from the Kolomela region, apparently
record this slightly heavier isotopic signal, although this requires further validation from more
data. Barite departing from the former trend also exists in the Kolomela (+17.1 %o), as well as
in the Langverwacht (+16.7 %o) and Heuningkranz (+17.3 %o) localities. Nevertheless, barite is
broadly compositionally similar between the various Postmasburg localities, regardless of

host rock lithology and stratigraphic depth.

Barite from the Kalahari Manganese Field exhibits no significant difference in isotopic
composition, which again is broadly irrespective of host rock and paragenetic association,
except for nine samples. Slightly heavier &3S values (+27.5, +27.4, +27.1 and +28.2 %o)
correspond to blocky barite crystals associated with rhodochrosite or equivalent but finer-
grained parageneses found in mm- to cm-scale vugs within Mn ore. Lighter values (+18.9,

+19.9, +20.7 %o) typically derive from assemblages comprising garnet, hematite and calcite.
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Unpublished data from Gutzmer (1996) are also included in Figure 12 and overall fit well into
the isotopic data suite from this study. A full list of short paragenetic and textural descriptions
and analytical yields complements the summarized stable isotopic results for barite and can
be found in Appendix Il. The distinct compositional homogeneity shared by barite of both
districts is suggestive of a single dominant reservoir as the main sulfur source. Otherwise
stated, fluids acquiring sulfur during one or more hydrothermal pulses, must have circulated
through and leached the same or very similar sulfur reservoirs. In addition to data uniformity,
heavy 634S values is a possible indication of marine origin of sulfur and is discussed later within

the broader geological framework of the deposits.
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Figure 12. Sulfur isotope composition of 93 barite samples from different lithologies and parageneses of the

PMF and KMF plotted in frequency histogram. Unpublished data (n=10, grey colour) from Gutzmer (1996) are

also shown.

4.4 Sr isotopic composition of barite and country rocks

Sr isotopic analyses (n=43) were carried out on 32 barites from both districts, 5

carbonate minerals from the KMF and 6 whole-rock lithologies including Campbellrand and



Malmani dolomite, Mapedi shale and an ephesite(mica)-rich shale band from the
ferromanganese ores of the Eastern belt (PMF, Eastern Belt = EMD). The whole tabulated data
can be found in Appendix Il. Sr data are displayed here in a 634S versus &’Sr/%Sr plot (Figure
13). Measured barite 8Sr/%5Sr ratios exhibit a wide spread, from 0.70575 to 0.73818.
However, if seven samples, most of which correspond to certain host rocks or localities, are
excluded, then the remaining 8’Sr/2°Sr ratios of barite samples (n=25) fall between 0.71056
and 0.72278 (avg. = 0.71645 + 0.00341, 10). This isotopic range is very representative of the

range of &Sr/8Sr values observed from a single locality, such as that of Kapstevel or
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Figure 13. 563%S versus #Sr/%Sr plot encompassing all mineral-specific and whole-rock strontium fata from this
study. Note that despite the appreciable spread, the majority of data fall between the two vertical dotted lines
(0.71056 and 0.72278) and different localities display positive correlations that can be attributed to mixing of two
separate fluids leading to barite precipitation (section 5.3.2. in detail).
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Heuningkranz-Langverwacht. Positive correlations between sulfur and strontium isotopic
compositions shown by different barite groups from distinct localities (Figure 13) are most

likely indicative of fluid-mixing processes (see also discussion later on).

Quartzite-hosted barite (Langverwacht) coexisting with muscovite, yields distinctly
more radiogenic values (between 0.72754 and 0.73231), that are only shared by barite
crystals of unknown association in the KMF (0.72699, 0.73818), apparently co-developed with
shigaite [MneAl3(OH)13[Na(H20)6](S04)26H20] of burnt orange colour. On the contrary,
strontium isotopic compositions of barite deriving from the Wessels drillcores is much less
radiogenic (0.70575, 0.70743). Carbonates exhibit a fairly similar spread of 8’Sr/2Sr ratios to
that shown by the majority of barite (i.e., from 0.71419 to 0.72484). More precisely, calcite
has the least radiogenic isotopic composition, whereas rhodochrosite exhibits the higher
values. Dolomite from the ore footwall at Heuningkranz (0.71961, 0.72073) and ephesite-
layers (mica/shaley layers) from the ferromanganese ore at Bishop (0.71468), display
strontium isotopic compositions very close to barite average. Mapedi shales, uncorrected for
their initial Rb, expectedly show extremely radiogenic values (0.75369, 0.77055) and
specifically, the characteristic white bands are apparently more radiogenic than the red,
hematite-rich bands. On the other hand, Mooidraai dolomite from the KMF shows very

unradiogenic &'Sr/8%Sr ratios, identical to that of contemporaneous seawater (0.70290).

5. Discussion

5.1 Evidence for regional-scale hydrothermal fluid metasomatism

An exhaustive survey of the previously under-examined barite mineralization in the
Northern Cape reveals that this mineral can be considered as the hallmark of alkali
metasomatism in the study area, in the sense that despite its limited abundance, at least in
most cases, it is omnipresent in Fe- and Mn-rich lithologies and consistently associated with
the gangue alkali-rich parageneses. “°Ar/3°Ar results from this study act as indisputable
evidence for a common link between the KMF and the PMF and specifically support the
presence of related epigenetic processes from the northernmost tip of the KMF (Wessels,

N’Chwaning mines) to the southernmost extremity of the PMF (Kolomela mine). As seen in
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Figure 14. Plot illustrating distribution of in situ “°Ar/3°Ar spot dates (1o-confidence level) from micas associated
with barite. Horizontal bars represent weighted mean ages (2o-confidence level). Regional barite mineralization is
broadly contemporaneous and in agreement with the Wessels sugilite age from the literature, overall
corresponding to the Namaqua orogeny. Ages reported from Gnos et al (2003) have been recalibrated using the
40K decay constant from Renne et al (2011).

Figure 14, the crystallization age of muscovite, cogenetically formed with barite, is practically
the same (ca. 1130 Ma, 20) between localities extending over a total strike of ca. 150 km. This
age coincidence, in conjunction with petrographic and isotopic data, corroborates the view
of previous authors that hydrothermal fluid flow in the area is regional rather than reflecting
localized unrelated events and moreover, that fluid migration most likely exploited major
large-scale conduits such as the faults and thrust planes of the Blackridge thrust belt system
or the unconformable lithological boundaries between the Transvaal and Olifantshoek

Supergroups (Tsikos and Moore; 2005, Moore et al; 2011, Fairey et al; 2019).

All three mica/barite ages point to the Namaqua orogeny being the genetic factor of
this heating event, which is generally bracketed between ca. 1.2 and 1.0 Ga. However, earlier
ages of 1.35 Ga and going back as far as ca. 1.6 Ga have been also regarded as early rifting

stages associated with this orogeny in South Africa (Cornell et al; 1986, Eglington; 2006,
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Cornell et al; 2006). Interestingly, the paragonite age from Kolomela mine is very close to the
single previously published Namaqua age (excluding indirect palaeomagnetic dating of
hematite, ca. 1250 and 1100 Ma: Evans et al; 2001) deriving from step-heating %°Ar/3°Ar
sugilite dating in the KMF (Gnos et al; 2003). These overlapping, “younger’” ages in
comparison to rest of barite ages, specifically by about 70 Ma, may be an indication of a later
hydrothermal pulse within the Namaqua orogeny, whereas the onset of hydrothermal fluid
flow could be reflected by the older, ca. 1130 and 1137 Ma ages in both the KMF and PMF. It
should be pointed out, that mica ages are regarded here as crystallization and not cooling
ages, on the grounds that temperatures during hydrothermal overprint are not generally
expected to have reached or exceeded the closure temperature for muscovite (>300°C) (e.g.,
Hames and Bowring; 1994), at least according to available fluid inclusion data from Liders et
al (1999) and the overall geological setting and parageneses signifying a largely low-
temperature regime. A long-lived hydrothermal system is compatible with both the extent of
the similarly long-lasting tectonic forces related to the Namaqua orogeny and previous

indications for more than one age peaks of mineralization in the KMF (Evans et al; 2001).

Intra-sample age variations are small in the KMF muscovite but samples from the PMF
display small bumps in their age distribution profiles (Figure 14). No textural indication or
other geological reasons can be easily identified to account for these intra-sample differences
in dates. Quartz and especially hydrothermal varieties have been used in *°Ar/3°Ar studies (for
e.g., Harper and Schamel; 1977, Saito et al; 2018). This mineral is abundant in the host
guartzite of sample BaQ2 and maybe also exists in the very-fine grained paragonite-rich layer
from the Kapstevel iron ore, although not identified by SEM analysis. Contamination from
40Ar, either present in the lattice of quartz or in fluid inclusions hosted by the former, may
therefore be a possible explanation for the observed disturbances in the muscovite Ar-ages
from the PMF. However, focusing on the main age peaks, for example in the paragonite age
profile, spot age variations become rather insignificant. Considering the layered-distribution
of this mineral in the iron ore and its association with interbedded and partially enriched
shales, it can be hypothesized that formation of micas in this locality has been brought about
by growth on precursory clays or silicate minerals during fluid introduction. Partial resetting

and thermal loss of “°Ar* to yield the observed ages can be almost certainly excluded, since
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it would have resulted in a much wider spread in data and consequently to inconsistent age
profiles. Therefore, an authigenic hydrothermal origin for paragonite is a much-favored
scenario and argon gas is suggested to have behaved similarly to an equilibrated closed

system.

Nevertheless, age of barite mineralization appears to be coeval regionally and based
on integrated rigorous petrographic examination of various Ba-rich and texturally distinct ore
zones, geochronological and isotopic evidence, it can be reasonably predicted that the
obtained ages are very likely to be replicated by other dating targets associated with barite in
the Northern Cape and/or by different dating techniques. Importantly, the current ages are
at variance with previous studies that have tentatively attributed barite mineralization to syn-
or post-metamorphic events related to the 1.9-1.8 Ga Kheis orogeny. Our ages are also
incongruous with the two Neoproterozoic “°Ar/3°Ar ages reported from alkali assemblages in

the PMF (Moore et al; 2011, Fairey et al; 2019), which still lack sufficient explanation.

5.2 Possible controls on ore genesis

Barite in the KMF is part of gangue assemblages affiliated with residual ore enrichment
(carbonate leaching, recrystallization, authigenic mineral formation), the causing agent of
which has been tectonically-expelled fluids (Beukes et al; 2016). It is therefore reasonable to
interrogate the influence of fluids clearly belonging to the same regional system, on other
preexisting Fe/Mn-rich entities and country lithologies in the area of effect. Even though this
concept is not closely examined here, some aspects regarding the possible metallogenic role
of the Namaqua-related alteration fluids are worth pointing out (more focus on this concept

is given in chapters 5 and 6).

Barite in the studied lithologies has an epigenetic nature. It generally occurs as
occlusion of open-space, including fractures, veins, vugs and lenses/pods of different size,
ranging from couple of millimetres to several centimetres. Key paragenetic, compositional
and textural characteristics are summarized in Figure 15. It is obvious from the current and
other recent studies, that the PMF mimics the hydrothermal findings from the KMF to a great

extend and that partial parallels between the mineralogical assemblages between the two
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Figure 15. Schematic summary of the key paragenetic, compositional and textural characteristics of barite

associations hosted by most of the different lithologies in the Northern Cape studied here. All hexagons

represent PMF localities apart from the one noted as KMF (pink). Mentioned elements are hosted by gangues

and Fe and Mn in bold notation highlight their presence in the former. The broadly similar sulfur isotopic

composition, varying somewhat more prominently in the Kapstevel, is also displayed. Evidently, host rock exerts

major control on barite parageneses, although not definitive for all studied barite occurrences (see also text).

ore fields exist. Evidently, host rock exerts major control on barite-bearing and overall alkali
mineral parageneses, with different Mn ore-types displaying much higher mineralogical

variability as regards barite associations than for example quartzite or various textural-types
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of iron ore. Also apparent, is the presence of more compositionally diverse associations in Mn
ore, involving Na, Ca and Ba, the latter also hosted in other phases (for e.g., banalsite,
hyalophane, barytocalcite, witherite, hollandite, etc.) apart from barite. However, this
observation is not replicated in the conglomeratic iron ore, where complex alkali-rich and Mn-
bearing parageneses occur instead, or for example in the case of ferruginous quartzite, which
hosts similar assemblages to the above. Moreover, Na may be present in barite associations,
as for instance in the iron ore from Kapstevel and mineralogical diversity with respect to both
barite parageneses and the overall host rock can be also low in certain types of

ferromanganese ore, as evidenced by the ephesite-rich ores (Figure 15).

All of the above highlight that formation of the bulk of gangue mineralogy is controlled
by the high content of alkalis in the fluid and the high Mn and Fe content of the country rocks,
the latter also seen being hosted by hydrothermal phases (Figure 15: Fe and Mn noted in bold
letters font) and therefore reflecting fluid-rock interactions and mobilization of ore metals. In
certain instances, such as in the case of Mn-bearing assemblages in conglomeratic iron ore,
small-scale migration of manganese from lithologies in proximity is evident. Replacement
textures involving Mn-silicates or braunite and therefore supporting manganese mobilization,
have been previously noted in the ores of the PMF (Gutzmer and Beukes; 19963, Fairey et al;
2019). Overall, complex and highly variable parageneses in conjunction with textural
characteristics and geochronological data from respective research in the wider area
(chapters 3, 4, 5) support a multi-stage alteration history, comprising more than one fluid
infiltration events and successive overprints. Pronounced replacement textures involving
barite, possibly during waning-stage events, are also observed from both districts and equally

for Fe and Mn ores.

Textural evidence for contemporaneity of ore and gangue mineral formation are
difficult to be identified and such research would probably necessitate focus on ore mineral
chemistry and generations, observation of large-scale outcrops and identification of major
fluid-transportation discontinuities. In certain ore lithologies, such as the massive iron ore at
Kolomela mine or the ferromanganese ore at Heuningkranz, infiltrating fluids permeate the

ore matrix and are responsible for the precipitation of barite interstitially to hematite and
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braunite. In such thoroughly intergrown assemblages, it is very likely that at least some ore
mineral generations are related to the hydrothermal event(s). Barite, which possibly is a late-
stage precipitation mineral, may fill both primary and secondary porosity that developed
during the main alteration stage. The likelihood of hydraulic fracturing should also be
considered, in view of the highly brecciated lithologies, especially in the WMD. Previous focus
on hydrothermally altered BIF from the Heuningkranz locality revealed successive alteration
fronts, hematitization, extensive silicification and fracturing-sealing cycles comprising
gypsum-cemented breccias, that overall lend support to the above interpretation

(Papadopoulos; 2016, Papadopoulos et al, in prep.).

In any case, concentration of barium and alkalis such as Na, K and Li in ores and
country rocks in the form of barite, feldspars, micas, carbonates and other silicates is not in
conformity with the ancient supergene models for the PMF, but instead illustrates a regional
hydrothermal overprint in pre-existing lithologies. Associated processes require an
enrichment of the alkali budget of the fluid(s), either from intra-stratal solution of minerals in
the protores or most likely through external sources. These saline fluids can then effectively
dissolve material and especially silica from prior Fe/Mn-bearing lithologies and carry ions into
solutions over large distances. Even if supergene processes between 2.2 and 2.0 Ga have
served as ground preparation for ore formation, one cannot discount the possibility of
subsequent ore-enrichment, in view of the high geochemical mobility of the ore elements and
the well-documented regional hydrothermal event(s). A consistent spatial association
between the orebodies and the regional Transvaal-Olifantshoek unconformity exists and has
been used as a strong indication for extensive laterization and karst formation in the models
invoking supergene enrichment. In like manner, this spatial affiliation may be a key
metallogenic factor, by signifying epigenetic hydrothermal enrichment processes, focusing on
channels of higher permeability. Continuous alteration, metasomatism and residual
enrichment of lithologies flanking the unconformity could have led to the development of the
current Fe and Mn ore-grades, an idea also entertained by previous authors (Tsikos and
Moore; 2005. Fairey et al; 2019). Considering all evidence that have emerged in the last
decade from the PMF and the growing hydrothermal school of thought, ore enrichment

processes in the region call for a revision.
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5.3. Constraints on barite precipitation and fluid(s) provenance

5.3.1 Source of sulfur

534S values for barite are remarkably constant (+24.9 + 2.5 %o, n=93) between the two
ore fields of the Northern Cape, across a strike of ca. 150 km and despite the current evidence
suggesting associated but distinct barite depositional ages (1137 £ 2 Ma for Wessels versus
1067 + 8 Ma for Kolomela) within the time span of the Namaqua orogeny. This spatial and
temporal homogeneity in sulfur isotopic composition is indicative of a single and uniform
sulfate pool, which as mentioned earlier is considered to be marine-related. The limited S-
isotope studies that have been previously undertaken on the wider Griqualand West basin as
well as relevant S-isotope data from the Transvaal basin are summarized in Figure 16. The
entire published dataset of sulfur isotope values from the Transvaal Supergroup shows a
much wider range, with considerably more 34S-depleted values, from approximately -31 to +

25 %o and can be found in Strauss and Beukes (1996) and references therein.

The possible sources of sulfate for barite mineralization in the study area include: (a)
seawater sulfate released from direct dissolution of evaporites, (b) seawater sulfate modified
prior to barite crystallization by mixing with sulfate-rich brines or meteoric fluids and (c)
sulfate derived from the sedimentary succession and principally from oxidation of reduced
sulfur preserved as sulfides in the sediments. Sedimentary-diagenetic pyrite obtained from
shales interbedded with carbonates of the lower Campbellrand stratigraphy (Monteville &
Reivilo Formations) display a range of sulfur isotope values between + 6.6 and +17.5 %o (avg.
= +11.6 + 3.7 %o, n=9). Pyrite from the footwall clastic sediments to the Campbellrand
succession (Schmidtsdrif) shows more homogenous and 34S-depleted values, ranging
between -0.1 and +3.5 %o (avg. = +1.1 £ 1.4 %o, n=11). Similarly, a tight range of light isotopic
values (-4 to 0 %o, n=4) is shown by pyrite from the 2.7-2.5 Ga basement rocks (Bottomley et
al; 1992). Abundant euhedral and framboidal pyrite is also present in the shales of the
Olifantshoek Supergroup and specifically in the black shale unit (Cousins; 2016). Six analyses
from the Mapedi shale obtained from drillcores NW of Hotazel, exhibit a wide range of §34S
values, from +0.7 to values as high as +22.6 and 23.6 %o, the latter two overlapping with the

barite range from this study.
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Figure 16. Sulfur isotopic distribution of various reservoirs in the Griqualand West basin in relation to that of
studied barite from the Northern Cape. Data from the Malmani carbonates of the Transvaal basin are also
included. Sources: (1) Huizenga et al; 2005 (2) Bottomley et al; 1992 (3) Buchanan and Rouse; 1981 (4) Strauss
and Beukes; 1996 (5) Gandin et al; 2005 (6) Kamber and Whitehouse; 2006 (7) Papadopoulos et al; in prep.

All the above data, along with sulfides from the whole Transvaal dataset showing far
lighter 63S values, have been interpreted by Strauss and Beukes (1996) to be a result of
bacterial sulfate reduction (BSR), characterized by differences in sulfate supply and/or
changes in the rate of reduction due to changing proportions of organic matter. This routine
interpretation is seen in various closed, evolving diagenetic systems, where a trend towards
heavier sulfur isotope ratios for sulfides is related to Rayleigh Distillation processes. In like
manner, data from individual pyrite nodules from the Gamohaan Formation of the
Campbellrand Subgroup, displaying a range of -6.2 to +8.1 %o, have been also explained in
terms of fractionation by sulfate reducing bacteria within the context of additional
sedimentological and petrographic evidence for evaporite precipitation, associated with
microbialitic sediments in the upper parts of the carbonate platform (Gandin et al; 2005). The
in situ multiple S-isotope work of Kamber and Whitehouse (2007) on sedimentary pyrite from

the 2.52 Ga Upper Campbellrand stratigraphy (Figure 16), further supports an origin by BSR
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and revealed a very large extent of both mass-dependent (MDF) and mass-independent (MIF)

isotopic fractionation for that time period.

The observed variations in 634S values of sedimentary-diagenetic sulfides of the study
area are expected due to kinetic isotope effects as noted above, which can cause substantial
isotope fractionation and generally produce lower sulfur isotopic values in sulfides than those
of SO4 in contemporaneous seawater. The range of 634S values of sedimentary sulfides is also
highly dependent on whether the system is closed with respect to sulfide or sulfate (Ohmoto
and Rye; 1979). Regardless of the aforementioned and the well documented BSR in pyrite,
the key point, is that the homogeneous and heavy sulfur isotopic signal preserved in the
Northern Cape barite cannot be explained by derivation from a local sulfide source, since
sulfate produced by either abiotic or biotic low-temperature oxidation of sulfide minerals is
accompanied by negligible fractionation (Seal et al; 2000). Therefore, in such scenario, the
measured 634S values in barite should have been instead very close to those of the source

sulfides.

On the other hand, barite isotopic values are a close match to those of the highly
homogenous hydrothermal gypsum reported from altered banded iron-formation in the
Western Maremane dome (Heuningkranz). Gypsum in this locality develops metre-scale veins
and breccias, occupies vugs with carbonates and silicates and comprises different textural
generations with remarkable sulfur isotopic homogeneity (+25.9 + 0.3 %o, n=12 %o)
(Papadopoulos et al; in prep). Origination of sulfate is suggested to be linked to dissolution of
former evaporites in the Campbellrand Subgroup, evidence for which have been presented
by Gandin et al (2005) and Gandin and Wright (2007) (section 5.3). Consequently, it stands to
reason that gypsum and barite may belong to the same hydrothermal system and moreover

share a common origin for sulfate.

The Malmani Subgroup, which is a correlative to the Campbellrand Subgroup in
Griqualand West, has been also regarded by some researchers an evaporite-bearing
sequence, in view of its sedimentological record which supports an equally shallow offshore

marine depositional environment and comprises thinly and isopachous laminated
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stromatolites, that typically mark transitions between carbonate platforms and overlying
evaporites (Button; 1976, Pope et al; 2000). Although anhydrite is a rare component in the
present-day carbonates, textural evidence indicate that sulfates were perhaps well-

represented in the sequence in geologically earlier times (Buchanan et al; 1981).

534S values for total sulfur in the Malmani dolomites exhibit a spread of 27 %o, which
has been proposed to record a temporal isotopic transition, corresponding to a change from
a sulfate-poor ocean to one with a well-established sulfate reservoir and high BSR activity
(Cameron; 1982). However, this pattern of values close to 0 %o, becoming 34S-depleted higher
up in the carbonate succession, despite it being further noted by others researchers (Strauss
and Beukes; 1996), is not persistent in all parts of the Transvaal Supergroup, since heavier
values reappear in lower stratigraphic depths (Bottomley et al; 1992). 34S-enriched pyrrhotite
and chalcopyrite (up to +9.1 %) (Figure 16) found in calc-silicate hornfels, the latter derived
from alteration of the Malmani dolomite during emplacement of the Bushveld Complex, have
also been considered to reflect incorporation of a heavy anhydrite-derived sulfur signal, that
in turn indicates the former presence of evaporites in the dolomite sequence (Buchanan et
al; 1981). Based on a trace sulfate (supposedly anhydrite) study from the dolomite, the 84S
value of contemporaneous (ca. 2.5-2.4 Ga) seawater sulfate has been estimated to be at ca.

+15 1 2 %o (Buchanan and Rouse, 1982).

The presence of the renowned 2.0 Ga Pering Pb-Zn Mississippi Valley-type (MVT)
deposit (Wheatley et al; 1986a, Duane et al; 2004) in the wider study area warrants mention,
given that sulfur-bearing brines have been involved in its formation and thus may point to an
important sulfur reservoir for barite of this study. The origin of sulfur at Pering is tentatively
linked to a highly saline brine leaching both metals and disseminated magmatic sulfur from
the volcanics of the Ventersdorp Supergroup and the observed range of 84S sulfide values,
from -9.9 to +30 %o (Figure 16), has been explained by Rayleigh fractionation during
thermochemical reduction of sulfate (TSR) in a closed system (Huizenga et al; 2005).
Dissolution of evaporites as a source of salinity and by inference sulfate has been excluded,

despite fluid inclusion data from the same study indicating a halite-saturated and intriguingly
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saline aqueous fluid for MVT deposits, that according to the authors has derived by

evaporation of seawater.

Regardless of the exact source of sulfur and possible progressive TSR processes being
responsible for the observed fractionation during sulfide precipitation at Pering, lack of
evaporitic sulfur assimilation by the mineralizing brines along their flow path through the
basin is puzzling and could perhaps indicate either laterally-restricted fluid conduits or
narrowly-confined evaporite distribution. Generally, it is worth mentioning that it is very
common for MVT deposits to inherit heavy seawater signatures and it is widely accepted that
the ultimate sulfur source in these deposits is seawater sulfate contained by the sediments in
various minerals and/or connate water, subsequently reduced by different processes (e.g.,

Field and Fifarek; 1985, Sangster; 1990, Leach et al; 2010).

Nonetheless, the uniformity of the sulfur isotopic fingerprint of barite within the
regarded regional geological context of the Northern Cape, leaves little doubt for the origin
of sulfate, which is almost certainly inherited from seawater or modified seawater. Sulfates
such as gypsum and anhydrite are enriched in 34S relative to the aqueous sulfate in solutions
from which they precipitated by approximately 1.5 %o (Thode and Monster; 1961). Therefore,
in the absence of post-depositional alteration (biological reduction, replacement), the &3S
values of evaporites have been generally considered to be a close approximation of coeval
seawater (see also section 5.3). In turn, the sulfur isotopic composition of barite
mineralization should closely reflect that of the source, since any intermediate geochemical
processes causing fractionation or mixing with other sulfur sources would in all likelihood

produce a far more heterogenous isotopic signature.

Subtle variations in 634S values of barite may be interpreted as reflecting the original
spread in isotopic values for evaporites of a given age, or more so, dissolution of distinct
evaporitic lenses of slightly different age within the stratigraphic column. Local incorporation
of other minor sulfur sources, further followed by fractionation processes may have
punctuated the initial differences in certain instances. Greater scatter in sulfur isotopic ratios,

caused by 3*S-depleted values from the localities of N’Chwaning (+18.9, +19.9, +20.1 and

92



+20.7 %o), Heuningkranz (+17.3 %o) and Kapstevel (+17.1 %o), could be related for example to
mixing with another sulfur-bearing fluid. Another factor affecting 63*S barite ratios may have
been dissolution and reprecipitation of barite, processes that despite the very low solubility
of this mineral, have been suggested to occur from basin-scale hydrothermal districts and
highly reducing systems in stratiform barite deposits (Johnson et al; 2004, Staude et al; 2011).
The likelihood though of such processes being responsible for the 3*S-depleted values in the
Northern Cape is considered to be very low. Essentially, the robust isotopic signal of such
stratigraphically and lithologically diverse barite occurrences enables one to safely neglect to
a first approximation the effects of potentially other sulfur sources than that of evaporites

during investigation of the mineralization processes.
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Figure 17. Measured extent of sulfur isotopic variation on the micro-scale, in fracture-filling barite from
the Kapstevel locality (Kolomela). Although small, isotopic fractionation is regarded to be quantifiable (ca.

1 %o0) and in line with expected 3*S-enrichment during barite precipitation from the margin to the centre
of fractures.

Rainwater-derived marine aerosols may also be a significant sulfate flux to the

terrestrial environment over maritime regions, although these are dominant sulfur sources in
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the strictly terrestrial settings such as gravel aquifers whereas the main contributor to
groundwater has been shown to be bulk sulfur dissolved from the various lithological
successions (Tostevin et al; 2016). There is extremely little likelihood that rainwater-derived
sulfate would have equilibrated through time with the highly variable sedimentary sulfur of
the Northern Cape lithologies in order to produce such a uniform isotopic signal as the one
measured in barite and gypsum. Moreover, the apparent hydrothermal origin of barite, its
co-occurrence with mica, garnet and feldspar, heating needed for mineralization as well as
the age and nature of the regional alkali metasomatism exclude the possibility of coeval
ancient rainwater (ca. 1.2 Ga) being a major source of sulfur for barite; however, not ruling
out by all means the involvement in the overall mineralization processes, of meteoric water

or solutions initiated as such.

An attempt to examine the behaviour of the sulfur isotopic composition of barite on
the sub-sample scale is shown in Figure 17. During barite or in general sulfate formation, the
light isotope (32S) is removed preferentially over the heavy from aqueous solution, thus
shifting isotopic composition of the sulfur-bearing fluid towards heavier values (e.g., Hanor;
2000). Sub-sampled domains from fracture-hosted barite seem to record an isotopic
fractionation of up to 1.4 %o, which is closer to 1 %o if 10 uncertainties are also taken into
account. Furthermore, although more speculative, material closer to the marginal parts of
the occluded space displays lower §3*S values than the central filling, therefore being in line
with precipitation of barite from the edge to the centre of the fracture followed by small-

scale fractionation of its sulfur isotopic ratios.

5.3.2 Strontium (Sr) isotope tracing
Introduction

87Sr/8Sr isotopic systematics have been considerably applied on hydrothermally
precipitated vein-type minerals with an aim to trace elemental sources, identify pathways of
fluid flow and assess compositional modification of mineral-forming solutions due to mixing
processes between fluids with distinct isotopic signatures. Barite has been particularly

valuable in such tracer studies attempting to fingerprint preserved strontium reservoirs in the
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mineralizing fluids and has helped generate important outcome regarding the ultimate origin
and formation mechanisms of the mineral while also contributing to genetic models of ore
deposits playing host to it (Lange et al; 1983, Kesler and Jones; 1988, Whitford et al; 1992,
Galindo et al; 1994, Maynard et al; 1995, Valenza et al; 2000, Staude et al; 2011, Zou et al;
2022).

These provenance studies are premised on the assumption that the precipitated Sr-
bearing mineral retains the Sr-isotopic composition of the fluid, which in turn is a measure of
the contributions made by the various minerals dissolving at the source as well as along the
fluid pathway prior to mineral precipitation. In broad terms, variations in Rb/Sr ratios of
diverse lithologies result in distinctive 87Sr/2éSr fluid signatures that can be incorporated in
epigenetic/hydrothermal barite. Hence, knowledge of the &Sr/8Sr values of the presumed
source lithologies or that present along potential flow paths is essential in drawing insights

from the measured mineral data.

Following precipitation, barite is expected to maintain and accurately reflect the
isotopic ratio of the fluid because of the lack of significant Sr-isotopic fractionation below
400°C during sulfate crystallization (Matter et al; 1987) or other physicochemical reactions
(Machel; 2004), its resistance to isotopic re-equilibration and wholesale aqueous dissolution
(Hanor; 2000) and the fact that 8’Rb, the parent of 8’Sr, cannot be incorporated in its crystal
lattice at concentrations higher than 100 ppb (Hofmann and Baumann; 1984), therefore
obviating the need to apply corrections due to in situ radioactive decay of 8Rb to &’Sr. Lastly,
the affinity of barite to incorporate high amounts of Sr in its crystal structure (7000 to 10000
ppm Sr; Monnin and Cividini; 2006) permits the use of very small samples and essentially
renders the mineral insensitive to post-depositional contamination, which is best illustrated
in examples such as that of primitive 8/Sr/86Sr values preserved in Archean barite from the

Pilbara Block of Western Australia (McCulloch; 1994).

Principal source and Sr/Ba reservoirs for Northern Cape barite - A first approach

The wide range of Sr isotopic ratios in the measured barite from the Northern Cape

(0.7058 to 0.7382) comprises almost exclusively values that are variable and significantly
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more radiogenic than that expected from a seawater origin, therefore favouring continental
crust as the bulk source of Sr and by extension Ba. An “enrichment” in radiogenic Sr is
expected in fluids percolating through sedimentary basins such as that precipitating barite in
the Postmasburg and Kalahari manganese fields, which apparently have derived Sr/8Sr

ratios in excess of seawater values from alteration of silicate minerals.

87Sr/88Sr variation for the Phanerozoic Ocean is very well constrained using low-Mg
calcitic fossils to range between 0.707 and 0.709, with the modern seawater value established
to be 0.709183 (Hodell et al; 1990, Veizer et al; 1999). The earlier scene from the
Palaeoproterozoic and Archean eons is more cryptic, with evidence suggesting a transition
from an ocean dominated by hydrothermal input and Sr-isotopic values being marginally
more radiogenic to coeval mantle, to a system with higher continental fluxes (Derry and
Jacobsen; 1988, Kamber and Webb; 2001). Increasing continental runoffs eventually led to a
substantial rise of the Sr-isotope composition during the Late Proterozoic and a maximum in
the early Cambrian, with Sr-isotopic ratios becoming at that time similar to that of present-
day seawater (0.708-0.709) (Dickin; 1995). Despite existing ambiguities and the poorly
constrained timing of the &’Sr/2Sr excursion during the Palaeoproterozoic, all evidence
suggests that Sr-isotopic ratios in the ocean would have been similar to or slightly lower from
that of the Phanerozoic, broadly ranging from 0.7020 to 0.7055 (Faure; 1986, Veizer et al;
1989). Consequently, a marine Sr-isotopic signature can be safely excluded for the
Mesoproterozoic barite mineralization in the Northern Cape, despite the strongly retained
marine sulfate signal and the limited incorporation of seawater-like 8’Sr/8Sr values in specific

samples which is further discussed below.

Considering the age of barite, the preserved marine water signature and its epigenetic
mode of occurrence in stratigraphically restricted horizons of Fe-Mn mineralization or
lithologies in close association to the latter and the regional geological boundaries (Blackridge
thrust belt and Transvaal-Olifantshoek unconformity), it can be reasonably surmised that Sr
in the hydrothermal fluid and by inference Ba have been supplied from one or more of the
following reservoirs: (a) the underlying Campbellrand carbonate platform and possibly other

basement strata of the Schmidtsdrif Formation or the Ventersdorp Supergroup, (b) the Fe-
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and Mn-ore host rocks, i.e., the Asbestos Hills and Hotazel iron-formations and (c) the clastic
sedimentary succession of the Olifantshoek Supergroup which overlies the different ore

lithologies.

Since barite in the PMF has apparently precipitated after a certain degree of fluid
interaction with preexisting Fe- and Mn-rich sediments and deposits that are thought to have
formed before the 1.2-1.0 Ga Namaqua-Natal orogeny, the Sr-isotopic ratios of the mineral
may have been locally influenced also by these immediate host lithologies. The ratios of the
latter are expected to be variable radiogenic, with 87Sr/%Sr values depending chiefly on the:
(i) protore lithologies (carbonates and BIF) which generally lack detritus and have high Sr/Rb
ratios, (ii) the accumulation of siliciclastic material with radiogenic Sr and high Rb content
mainly from weathering and dissolution of the overlying Olifantshoek sediments during ore-
formation and (iii) the Sr-isotopic composition of the ore-forming fluid(s) which almost
certainly would have caused a shift towards more radiogenic values, since the Sr budget for
at least some of these fluids would have derived from clastic lithologies as well, on the basis

of the current supergene-focused ore genetic models.

As explained below, the current Sr-isotopic dataset for barite alone and the limited
knowledge of the isotopic character of the surrounding lithologies hamper any attempt to
confidently pinpoint the Sr/Ba reservoir(s) and ultimate source of the hydrothermal fluid(s)
for all diverse barite occurrences on the regional-scale. However, combined S-Sr data and
information from other studies still allow to cast light upon the formation mechanisms of
barite, give clues on the effects of alteration on the host lithologies and point to the most
likely bulk sources of Sr and Ba that are essentially responsible for the observed regional

barite mineralization.

Barite in the Kalahari manganese field

The scarce 8’Sr/%Sr data available from the study area are compiled in Figurel8.
Conducted research on a well-preserved succession of the Voélwater Subgroup
(Schneiderhan et al; 2006) offers the best available source of reference whole-rock Sr-isotopic

signatures to help understand the Sr-isotopic composition of barite in the KMF. The overall
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Figure 18. Comparative diagram of the strontium isotopic composition of barite and hydrothermal gangues (1,2)
with that of different lithologies from the Northern Cape (1,3,4). 8’Sr/®Sr ratios from Pb-Zn MVT deposits in the
Transvaal and Griqualand West basins and from basement lithologies are also included (5). Values for the
Mapedi shales have not been corrected for the time of barite mineralization (1.2-1.0 Ga) but after back
calculations assuming different Rb and Sr concentrations, shale 8 Sr/%Sr ratios (between 0.1-0.2 less radiogenic)
are expected to partially overlap with the higher-end of barite values.
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stratigraphy of the Voélwater Subgroup (Figure 18.4) comprises chemical or biochemical
metalliferous sediments (BIF, hematite lutite, stratiform Mn beds and limestone/dolomite)
that have been considered by the previous authors as an opportunity to peer into the Sr-
isotopic composition of their contemporaneous ca. 2.4 Ga seawater. The initial ratios are
believed to have remained largely unaffected by virtue of the very small amounts of Rb that
would have been initially incorporated in the sediment precursors, the largely absent clastic
detritus and the only moderate diagenetic overprint that has affected the pristine lithologies
since their deposition. Schneiderhan et al (2006) report a tight cluster of unradiogenic
87Sr/8Sr values which confirm the preservation of a seawater signature in these sediments
but additionally present a range of markedly more radiogenic ratios from the same drill cores,
all deriving from the southern part of the KMF. It is worth reminding that this area has not
experienced the hydrothermal metasomatic event (Wessels event) forming barite and other

alkali-rich gangues, during ore-upgrade of the northernmost part of the KMF.

In more detail, pristine carbonate-rich samples of bedded Mn ore, hematite lutite and
BIF (n=10) of the Hotazel iron-formation are characterized by values between 0.7028 and
0.7057. These ratios agree with the above-presented estimates of contemporaneous
seawater and moreover have been explained as to particularly represent Palaeoproterozoic
seawater dominated in its Sr-isotope value by hydrothermal alteration of oceanic crust. The
presence of synchronous low-temperature seafloor alteration was firstly reported by Cornell
et al (1996) on the basis of observations on the continental flood basaltic andesites of the
Ongeluk Formation which constitute the immediate basement to the Hotazel Formation.
Interaction with a suspected 0.7025 seawater signature is believed to have caused a decrease
of the initial 8Sr/26Sr Ongeluk-Hekpoort basalt values (0.7069-0.7071; Armstrong; 1997,
Cornell et al; 1996) to contemporaneous mantle values. In any case, there is no doubt
regarding the broad preservation of a 2.4 Ga seawater signal, despite Sr-isotopic values being
slightly less or more radiogenic, the latter caused by a mild overprint by post-depositional

fluids as suggested by Schneiderhan et al (2006).

However, Sr-isotope values from carbonate and oxide facies BIF at the base of Hotazel

Formation and the directly overlying carbonates of the Mooidraai Formation (Figure 18.4) are
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variable and much more radiogenic (0.7110 - 0.7223 and 0.7069 - 0.7179 respectively) than
expected for Palaeoproterozoic seawater (0.7020 - 0.7055). This led the previous authors to
invoke epigenetic fluid-rock interaction processes and post-depositional recrystallization in
order to explain this signal. Interestingly, a single whole-rock analysis from Mooidraai
carbonate in this study (sample M2), deriving from the central/northern KMF, shows a
contrastingly different 8Sr/2Sr value of 0.7029 (Figure 18.1). This may suggest that Mooidraai
Formation is not recrystallized or pervasively metasomatized as proposed by other
researchers (Fairey et al; 2013), to a point where its pristine isotopic signatures have been
regionally obliterated, a hypothesis which however requires further investigation. In addition,
the low 87Sr/88Sr value from the Mooidraai sample further corroborates that the lithological
succession studied by Schneiderhan et al (2006) has been influenced by epigenetic events, at
least near the base and top of the Hotazel Formation, an observation which highlights the

great need for in-depth petrographic analysis during whole-rock Sr-isotopic studies.

Nevertheless, as regards the Sr/Ba sources for barite in the KMF, it is evident that none
of the reservoirs in the Voélwater stratigraphy can supply sufficiently radiogenic Sr to the
hydrothermal fluid(s) that precipitated barite (0.7114 - 0.7388, average = 0.7201 £ 0.0077, n=
10) and carbonates such as calcite (0.7142, 0.7180), Sr-rich aragonite (0.7136) and
rhodochrosite (0.7190, 0.7248) in the N’Chwaning mine. Hydrothermal carbonates have also
low Rb/Sr ratios (Whitford; 1992) but generally bear much lower Sr concentrations in their
lattice in comparison to barite and thus are more susceptible to contamination and changes
in their 8Sr/86Sr values during post-depositional alteration (Brand; 1991). However, the
measured values for the N’Chwaning carbonates coincide with that of barite as well as with
unpublished data for barite (0.71076 - 0.75862, n=3), celestine (0.72716) and carbonates
(0.71239 - 0.71917, n=6) from (Gutzmer and Beukes; 1998, technical report), deriving
primarily from the Wessels and lesser from the N’Chwaning and Black rock mines (Figure
18.2). This indicates that sulfate and carbonate gangue mineralogy have both acquired their

Sr from a very radiogenic Sr reservoir.

The sediments of the Olifantshoek Supergroup (Gamagara/Mapedi shales and

quartzites) appear to be the most plausible candidates to supply Ba and radiogenic Sr, given
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that they form the immediate cover to the barite-hosting lithologies and the fact that
orogenic-related hydrothermal activity in the broad vicinity of the Olifantshoek-Transvaal
unconformity is believed to be pervasive in the wider region (Tsikos and Moore; 2005, Fairey
et al; 2019) and confirmed to be coeval in the present study. Barium (Ba) is also expectedly
more abundant in the shales than in the Hotazel Formation if a local source is principally
regarded for this element. From the limited available data, red shales from the
Gamagara/Mapedi Formation have an average barium concentration of 474 + 249 ppm (n=13)
(Yamaguchi and Ohmoto; 2006), in contrast to the much lower averages of the Hotazel iron-
formation (37 ppm, from below detection to 147, n=12), Mooidraai carbonates (23 + 9 ppm,
n=6) (Tsikos and Moore; 1997, Schneiderhan et al; 2006) and that of Ongeluk lavas, with
intermediate concentrations between the previous two (267 + 178, n=104) (Cornell et al;
1996). Higher barium concentrations in the ‘pristine’ Mn ore beds ranging from 92 to 3800
ppm (average = 586 + 961 ppm, n = 14) Schneiderhan et al (2006) almost certainly reflect
alteration events, as it is implied by textural descriptions of replacement by barite and other
minerals which have been attributed by the aforementioned researchers to localized late

diagenetic or epigenetic fluid flow events.

A representative red and white banded shale from the Wessels mine analysed in this
study displays extremely radiogenic Sr-isotopic ratios. Specifically, the red and hematite-rich
shale portion has an 87Sr/25Sr value of 0.77055 and the white clay band one of 0.75369. These
values are not corrected for an 1.2-1.0 Ga age, during which time fluid(s) are presumed to
have passed through these rocks leaching Ba/Sr, but considering that Rb in the subsamples is
likely in the range of hundreds of ppm (average red shale Rb: 187 ppm; Yamaguchi and
Ohmoto; 2006), the 8Sr/26Sr ratios of the Mapedi shales are expected to have been much less
radiogenic than the measured values. Precise back calculations are not presented here since
Rb and Sr concentrations were not measured and apparently vary considerable in the
formation (average Sr=111.6 + 70.3 ppm and Rb = 187.1 + 57.5 ppm, n=13; Yamaguchi and
Ohmoto; 2006), although it can be agreed that the anticipated ratios are approximately 0.1-
0.2 less radiogenic and thus fall well within the range of the analysed barite and carbonates.
In contrast to average shale comprising clays, feldspar and carbonate which account for more

than 70% of the rock (Shaw and Weaver; 1965), the regarded red shale consists mainly of
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quart silt, very fine-grained hematite and possibly scarce iron-rich clays. Discolouration of red
shales to pale green-white is suggested to have occurred during diagenesis and leaching of
Fe-bearing silicates whereas influence by hydrothermal activity is regarded as evident
(Yamaguchi and Ohmoto; 2006, Land et al; 2017). It is thus unclear which mineral dissolution
governed the isotopic composition of Sr in the fluid precipitating barite with radiogenic Sr as
high as 0.7388 and 0.75862, giving also consideration to the fact that Sr exists primarily as a

proxy for Ca in Ca-bearing species, which are not present in the Gamagara/Mapedi shales.

Vafeas et al (2019) suggested that the degree of metasomatic alteration overprinting
the sedimentary/diagenetic Mn-ore beds in the KMF is reflected in their whole-rock 8Sr/2éSr
isotope values (0.70325 + 0.00033, n=4), which progressively increase from hydrothermally
enriched (Wessels-type) ore (0.71045 + 0.00079, n=3), to supergene ore lacking a previous
hydrothermal overprint (0.71373 + 0.00158, n=2) and finally to supergene-enriched ore
(0.71789 + 0.00506, n =13) associated with alteration (referred to as the 77 Ma Mukulu
enrichment) of thrusted packages of Hotazel Formation below the Cenozoic Kalahari
Formation (Figure 18.3). This interpretation though lacks rigorous mineralogical controls on
the Sr source which as regards for example the Wessels-type ore, could well derive from a

mix of barite, carbonates and other gangues.

In any case, 8’Sr/2Sr values for the hydrothermally overprinted ore (Wessels-type)
coincide with the lower end of the barite isotopic range but ratios for the latter can be
markedly more radiogenic than all metasomatized and radiogenic Sr-enriched ores in Figure
18.3. Preservation of Sr from original carbonates can be perhaps responsible for a decrease
in the whole-rock Sr-isotopic compositions of the variously altered Mn ores studied by Vafeas
et al (2019). However, the KMF barite values evidently suggest that during the regional alkali
metasomatism, Sr from comparatively more radiogenic reservoirs than that associated with
the ‘Mukulu’ enrichment was acquired by the fluids. Further insights can be drawn from the
difference in Sr-isotopic ratios (0.0042) between coexisting barite (sample NBRD1) and
rhodochrosite (NBRD2), which is a clear indication for significant isotopic variations in the

mineralizing fluid(s). These changes may be associated with complex mixing processes
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between fluids from different lithological reservoirs or may perhaps represent succeeding

stages of precipitation during a relatively protracted alteration.

A pair of samples from the Wessels mine, comprising barite hosted by hematite lutite,
unconformable overlain by quartzites of the Olifantshoek Supergroup (sample WBC2) and
barite vug-fillings in Mn ore (WB5), show very unradiogenic &’Sr/%Sr values (0.70575,
0.70743), in marked contrast to all other analysed and apparently coeval barite (Figure 18.1).
As a consequence, these isotopic ratios cannot have derived from a siliciclastic source but
may instead reflect the composition of the immediate host rock or that of an initial fluid
originating from carbonate and/or evaporite dissolution. Mineralogical evidence [for e.g.,
hydrothermal strontianite, celestine or wesselsite (SrCuSisO1p)] suggest that Sr is a highly
mobile element during the Wessels ore-upgrade and the original carbonate ore components
can provide Sr in the range of hundreds of ppm (Tsikos and Moore; 1997, Schneiderhan et al;
2006). In all likelihood, variable radiogenic Sr of the hydrothermal fluid was locally diluted by
Sr leached directly from the Hotazel Formation or alternatively, localized barite occurrences
preserve the composition of a fluid characterized by lower Sr-isotope ratios. The latter could
have derived for the most part from leaching of marine carbonates and/or evaporites from
the Campbellrand platform. If the first scenario is favored, redistribution and prevalence of
Sr from pristine carbonates without mixing and re-equilibration with excess radiogenic Sr
introduced by the hydrothermal fluid is apparently very rare, as evidenced by the vast

majority of highly radiogenic samples.

Barite in the Postmasburg manganese field and precipitations mechanisms

The considerable range of barite Sr-isotope ratios (0.71056 - 0.72137, average =
0.71474 + 0.00380, n=8) from a single locality in the PMF showing pervasive barite
mineralization (Kapstevel Fe-ore, Kolomela mine), illustrates that determination of the
ultimate source of the specific fluid(s) responsible for precipitation of barite cannot be readily
achieved using only its 8/Sr/8%Sr ratios. Petrographic evidence suggests that the protolith
subjected to ore formation in the studied drillcores is primarily iron-formation but

intercalations of altered and iron-enriched shales are also present.
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Sr-isotopic compositional differences in barite may reflect the original fluid source
deriving from a reservoir with inhomogeneous &'Sr/8Sr ratios or interactions with the rocks
it has passed through, the latter characterized by different Sr-isotopic signatures. Intrasample
variations (A%Sr/%Sr = 0.00201 + 0.00050, sample SD10) suggest a certain degree of
interaction between fluid and host rock in the precipitation site, although further data are
needed to assess isotopic modifications and/or fractionations of the hydrothermal fluid.
However, if the barite-forming fluid had been readily exchanging Sr isotopes with the
surrounding sediments in the precipitation site, any attempt to characterize the “primary”
composition of the fluid would be useless. The broad coincidence between the range of barite
Sr-isotopic ratios from different localities can be taken as evidence for limited isotopic
exchange with the immediate host rock and therefore the above scenario is not further

regarded.

The much less radiogenic 8Sr/8Sr values (average = 0.71474 + 0.00380) in comparison
to that from the KMF barite being commonly > 0.72000 and as exceedingly high as 0.75862
and the fact that shales are readily available in the surrounding rock if not also have
participated in metallogenesis, are probably signs that the isotopic composition of the
precipitating fluid is governed by basement-derived Sr from the Campbellrand dolomites and
partially mineralized iron-formation of the Asbestos Hills Subgroup or most probably from
deep-seated volcanosedimentary rocks. Barite mineralization is again most likely subject to
shale-derived Sr and essentially Ba, but an infiltrating fluid likely less enriched in &’Sr, having
largely equilibrated with lithologies underlying the Olifantshoek Supergroup is suggested to

have been a substantial source of Sr as well.

87Sr/8Sr ratios from the remaining barite (0.71324 - 0.7278, n=9) hosted by
ferromanganese ore, chert-bearing Mn ore (Wolhaarkop), conglomeratic and massive Fe ore,
all fall within the same range as that from Kapstevel Fe ore. Most interestingly, the
investigated whole-rock Sr-isotopic composition of dolomite (0.71961, 0.72073) directly
underlying ferromanganese ore (Heuningkranz) and of a gangue ephesite-rich (mica) “shaley”
layer (0.71468) intercalated with ferromanganese ore (Bishop mine), also overlap with the

above ratios (Figure 18.1). The extensive Campbellrand carbonate platform is one of the likely
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fluid sources and Sr contributors, if also dissolution of associated ancient evaporites has been
involved in the generation of fluids. Sr-isotope ratios from the upper stratigraphy of
Campbellrand (Gamohaan and Kogelbeen Formations) have been recognized to reflect
dissolved Sr in the waters from which the carbonates and stromatolites precipitated (Kamber
and Webb; 2001). The same authors pointed out that the Campbellrand carbonate platform
constitutes a blanket (several hundred to 1500 m thick) which would have isolated the upper
part of the stratigraphy from potential hydrothermal Sr sources in the crystalline basement
and furthermore that radiogenic Sr within the stratigraphy is inconsequential because shales
are volumetrically minor in the succession and have much lower Sr content than those of

carbonates.

Despite this indisputable retention of seawater 8’Sr/86Sr values in the Campbellrand,
parts of this extensive early Proterozoic carbonate succession could have been isotopically
altered by #Sr-enriched fluids from different crustal sources during post-depositional
processes of diagenesis, recrystallization and dolomitization. Dolomites typically display
higher 87Sr/8Sr ratios than limestone or coeval seawater (e.g., Stein et al; 2002, Kimmig et al;
2021) and regardless of the significant amounts of limestone still comprising Campbellrand
Subgroup, dolomite is also present and more than that is dominant in the stratigraphically
equivalent Malmani carbonates of the Transvaal basin (Beukes; 1987, Sumner; 2006). On the
grounds that samples analysed in this study apparently consist entirely of dolomite and
moreover are host to micro-veins or domains containing dolomite with higher Mn-content
(Synthesis, section 8.3), the high 8Sr/%6Sr ratios (0.71961, 0.72073) evidently reflect post-
depositional isotopic disturbance and in particular either the dolomite isotopic signature at
ca. 1.2 Ga or most likely a composition resulting by Sr-uptake from the epigenetic alkali-rich
fluids interacting with dolomite during the Namaqua orogeny. The value obtained from the
ephesite-rich layer (0.71468) of another locality (Bishop) is suggested to reflect the Sr-isotopic
composition of the dominant Na- and Li-rich mica, since sodium-strontium ion-exchange has
been demonstrated to occur in synthetically produced brittle micas (Kodama et al; 2001). The
similarity between the 8Sr/86Sr ratios of this gangue phase with coeval barite supports similar

Sr sources as that presented above.
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Evidence for the immediately surrounding host rock exerting control on the
composition of hydrothermal fracture-filling gangues and probable Sr-exchange between
fluid and host rock is evidently provided by the distinctly more radiogenic &’Sr/2°Sr values of
guartzite-hosted barite (0.72754 - 0.732308, n=3), overlying apparently syngenetic barite
from both iron- and ferromanganese-ore (0.71580 - 0.72278, n=4) in the same locality. In view
of all the above-presented data, such compositional differences can be explained by mixing
of ascending deep basinal fluids with surficial meteoric or ambient shallow groundwater, the
latter being responsible for an influx of elevated radiogenic Sr leached primarily from the
siliciclastic Olifantshoek Supergroup as well as for the introduction of the bulk amounts of Ba

needed for precipitation of barite.

Formation of barite is regularly explained through dynamic two-component mixing
models, involving the interaction of a Ba- and/or Sr-rich fluid with one carrying dissolved
sulfate (e.g., Hanor, 2000, Valenza et al; 2000), since the reaction between Ba, Sr and sulfate
produces solids of very low solubility in natural waters, which essentially prohibit the
synchronous existence of dissolved Ba and sulfate. Regarding barite in this study, the
prominent seawater sulfate isotopic signature and the prevalent mixed continental Sr-
isotopic signal, attest to an analogous precipitation mechanism for barite from mixing of two
end-member fluids: (a) The first reasonably assumed to be saline and hot basinal fluids
trapped within the deeper strata of the basin and forced to migrate upwards during the
Namaqua orogeny. These brines carry isotopically heavy sulfate from dissolution of
evaporites and variable radiogenic Sr after leaching dolomites, BIF and other basement strata
and eventually combine with (b) a surficial cool water which greatly increases the &Sr/2%Sr of
the fluid(s) by introducing elevated Sr-isotope ratios and dissolved Ba leached primarily from
siliciclastic rocks. The positive correlation between #Sr/%6Sr and 634S values is typically
interpreted as evidence of fluid mixing during barite precipitation (Kesler and Jones; 1980,
Valenza et al; 2000, Gaskov et al; 2017). Similar moderate to strong covariation can be seen
for barite of different localities and lithologies in the PMF and KMF (Figure 13), which further

corroborates the scenario of two fluids mixing at varying ratios.
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It is worth mentioning that Ba is a fundamental component of the alkali-rich
metasomatizing fluids in the wider area and apart from barite, the element is present in
parageneses comprising Ba-felspars (banalsite, hyalophane), -silicates, -carbonates, -oxides
and -vanadates (Costin et al; 2015, Fairey et al; 2019, chapters 5 & 6). The solubility of barite
is known to increase with increasing salinity and fluids undersaturated with respect to barite
can result from mixing of barite-saturated solutions with differing NaCl concentration (Blount;
1977, Hanor; 2000). It is therefore likely that small amounts of barite seen in the alkali-rich
parageneses have been precipitated exclusively from components carried by basinal brines,
without the requirement of mixing with a Sr/Ba-rich meteoric-dominated fluid. Larger
guantities of Ba and Sr could have been also transported in fluids sourced from other basinal
strata with no involvement of evaporite dissolution. A lot of the aforementioned Ba-bearing
assemblages may be sulfur-free, something explained either by previous removal of sulfur
being present in the solution during prior barite precipitation or indeed by complete absence

of sulfur in the initial basinal water segment.

In this regard, the siliciclastic Olifantshoek sediments and surficial waters may have
been dominant but not necessarily the exclusive Ba reservoir, similarly to what has been
suggested above for radiogenic Sr, a component that could have derived from diverse entities
acting as fluid sources, ranging from indigenous dolomites, BIF and other basement
lithologies to possibly distant granitoids of the Namaqua metamorphic belt, if the age, origin
and geotectonic setting of mineralization is taken into account. Given the present dataset,
leaching of various amounts of Sr from different sequences in the basin needs also to be
addressed and such processes would have been dependent on composition and solubility of
the wall-rock as well as temperature fluctuations and chemistry of the fluids. Regardless of
the exact continental Sr source and the influence of different sedimentary rocks along the
fluid(s) pathway, the inferred fluid-mixing formation mechanism for barite is common in
several continental settings which share similarities with the epigenetic barite of the Northern
Cape, such as for example that of Mississippi Valley-Type (MVT) Pb-Zn ore deposits (see also

next section).
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Data from the ancient Pering deposit in the Griqualand West basin, being ca. 100 km
from the study area (Figure 1), have shown that carbonate wall-rock within and in proximity
to the mine is rather radiogenic, ranging from 0.7104 (n=7) to 0.7208 (n=4) respectively
(Duane et al; 2004). Moreover, 8Sr/%Sr values from the carbonate cements become
progressively more radiogenic with each mineralization stage, reaching very high values (from
0.7295t0 0.7359 and 0.7477). This led to propose that fluids for the formation of the deposits
have been derived either from the basement or more likely from the felsic volcanics of the
underlying Ventersdorp Group during an active deformation stage at ca. 2.0 Ga. In the case
of Northern Cape barite, involvement of deep-sourced, basement fluids as regards its
strontium isotopic composition is very likely and together with the siliciclastic sediments of

the Olifantshoek may explain the highly radiogenic members.

Northern Cape hydrothermal barite in comparison to other barite districts

Barite mineralization in the Northern Cape is mainly characterized by derivation of Sr
predominantly from diverse continental sources (see previous sections & summary) and a
fluid-mixing mode of formation involving brines carrying sulfate of evaporitic origin and
surficial Ba/Sr-rich waters that have interacted with Rb-bearing siliciclastic sediments. These
inferred elemental sources and genetic processes are further substantiated by the
examination of other barite occurrences in the literature. Selected ranges of 8’Sr/2Sr ratios
for continental hydrothermal barite and surrounding lithologies are illustrated in Figures 19

and 20.

The wide range of Sr-isotopic compositions among the studied barite overlaps very
well that observed elsewhere from basin-scale hydrothermal vein mineralization, which
reflects different source lithologies and/or large time intervals of mineral-formation. In
particular, hydrothermal vein-hosted barite in Western and Southwestern Germany, spatially
distributed over distances of several hundred kilometers and hosted by crystalline basement
(gneisses and granites) and supracrustal sedimentary rocks of diverse ages, display large
scatters in their Sr-isotopic compositions, the latter broadly falling within the range
documented for barite in this study, i.e., between 0.710 and 0.723 (A%’Sr/8¢Sr = 0.013) (Figure

19.1-3). The widespread mineralization in the above example covers events from Permian to
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barite occurence:

I barite beds
barite-magnetite beds

B garnet-rich quartzite
magnetite-rich beds

(McClung et al; 2007)

1 Postmasburg and Kalahari manganese fields 2 basin-scale hydrothermal barite mineralization
(Northern Cape, South Africa) 25 (Permian to Miocene events, SW Germany)
n=138 :
0723 barite (KMF) s ! coexisting phases / textures
I barite (PMF) ' ~ unknown relationships
celestine, . i unknown age
carbonates (KMF) i1 ! I overgrows sphalerite
¢ I Co-Ni arsenides, hematite
y Cu-Bi sulfides
PP e | ' quartz, galena
10
;»Eh'isu"dy | : [ barren, fluorite, calcite, etc.
: Bl quartz (inter-, overgrown)
'
5 H
H |_| 3 Staude et al; 2011)
'
L3P S S S ST S S S S D S ° "5“)"\“@\'5‘)'\%\:"‘:|b"\r%'\ B
S & A3 N 4K NI P B 5 5 S &L S RIS NI U U L U e ¢ ¢
P S S S S S S AR LR G L L S, G L RS S SR S S A S PG L L L L S, R G R
57Sr/*Sr B7Sr/*Sr
3 basin-scale hydrothermal barite mineralization 4 vein and karst hydrothermal barite mineralization
(Devonian to Lower Triassic, W Germany) (late Paleozoic-Mesozoic, Morocco)
' . i n=50 -
0710 0723 I early NS vein banfe
i H 14 early EW vein barite