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ABSTRACT

Pdajor and trace element, samarium | 5mj- neodymium | Nd) and lead {Pb) isotopic analyses of individual
mesobands of five Banded Iron Formatioms (BIFs ) and asociaoed volcanic and sedimentary rocks from
the Mecarchean Tati Greerstone Belt { TGE, North sastern Botsweana) weere comductsd in order to charac-
terize the sourcs ) and depositional environmentis | Rare earth elerment (REE -yterium (%) pattzrns of
indiwidwal BIF mesobands show features characteristic of other drchean BIFs with LEEE depletion relative
to MREE and HREE, pasitive Lz_."ngm. Eu_."Eu;m_‘r'lnHo ratios and no Cc_."l:c;m ancamaliz=, The REY pat-
terns are comparable to medern seawater and together with 1ow concentracions of high-feld strength
elements these features are indicative of an essentially detritusfree precipitation. Elevated Eu anoma-
lie= in the TGE BIFs are a Fnerll feature observed in ~ 2.7 Ga BIFs worldwide and possibl:,l resul t from
widespread magmatic activity and associated high-temperature fluid fluxes to the cceans ataround this
Eime,

Uranogenic F'b isotops data for thee BIFs define cormlation lines with slopes corregponding to apparent
ages of -:2.7 Gawhich brackets the depositional timeframe. Pb isotope data on sulfides and Phestepwise
|t2chinEI'Pb\SL'ldlh O EETns define a corrrelation line weith am apparent age of 1976 £ 88 Mla, Thiz lgeis
similar to tectonc-metamorphic svents within the adjacent Limpopo belt Elevated *7Phi 2 Pb relative
to PPk ratios of BIFs are indicative of a high-i (U™ Fb) prehistory of their sounce maberials
wehich can best be maodeled by a 30-3.2Ca extraction of thes e sources fromn an older Archean mantle
reservamir,

Thee TGE BEIF= showe evidenice of two perio-diclll:,l inter zcting Waler Mmasses during the de positican, The
first is characterized by elevared SmiNd ratios and a negative inferred exgl 2.7 Ga) value of -2.5 and is
associabed with high Fe fluses. The secomd source, associated with high 5i fluses, is characterized by
lcrwemr B[ Md rakics and a less negative inferned swyl 2.7 Ga jvalwe of 04, Whils the association of high Fe
concenkrations and elevated 5m-Ned in BIF mesobands is chara cteristic of hydrothermal seawater input,
the Sm-Md issbopic characterization of this source, unlike ather Archizan BIFs, points to a significantly
LREE enriched mantle socurce. This finding is compatible with thee potential existence of a sub-continental
lithosphric muantle resersoir beneath the Zimbabwe and Kaapvaal craton, The old {up to -3,5Ca Nd
{ Tows j rucedel agees, parkicu larhy af iroon-rich mesoba nds of the TGB BIFs, support such a scenario, In coentrast,
Si-rich solutes were li kely derived from weathering of mafic co ntinental crust,

Kepwards:

BIF

sm-Md isolopes
Fb solopes
Trace slements
Botzaana

1. Intreduction

Banded Iron Formations {BIFs j are thought to represent marine
chemnical sedimentary rocks that were abundant in the Archean
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and early Proterazoic (Alibert and MeCulloch, 1993; Derry and
Jacobsen, 1990; Frei and Polar, 2007). BIFs provide insight to
long-term changes in the Earth's evolution, particularly with
respect to the chemical compesition and oxidation state of ancient
seawater and indirectly alse to atmospheric changes on land.
The chemistry of seawater partly refleces the mixed input from
different sources. BIFs are, therefore, useful tracers for some
of the main processes controlling the terrestrial Precambrian
atmosphere-hydrosphere-lichosphere systern (Bau and  Méller,
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1983; Derry and Jacobsen, 198905 Periodic shifts between silica-
and iron-rich mesobands in BIFs are thought to record a balance
betwazen submarire hydrothermally versus continentally derived
inputs (Harmade eral, 2003; Marris, 1993 ), Whether these periodic
<hifts are primary signatires ar secnndany replacrements are a mar-
ter of debate (Chowmn et al, 2000; Mueller and Mortensen, 20021
Major and trace elemental compositions as well as isotopic signa-
turcs of individual mescbands and detailed fizld observations are
reeded todetermine the origin.

The precipitating mechanism for Archean BIFs remains highly
debated. Different models have been proposed o explain the oxida-
tion of F2* tothe less seluble Fe* and its subsequent precipitation
as ferric cegybydrozides, These include abiotic photochemical oxi-
dation, inorganic reactions using photosynthetically generated 05,
termperature fluctuations in the sozan photic zone and primitive 02-
producing photosynthetic bacteria (Beukes, 2004 Frei and Polat,
2007 ; Kappler et al., 2005; Konhauser et al, 2002; Posth et al,
2008

The chjectives of this article are: (1) to prasent isctopic, major-
and trace-clernent data of BIFs and of associated volcanic and sed-
imentary rocks from the Neoarchean Tati Greenstone Belt {TGE ) in
order to evaluate the regional geological fremework of the TGB;
{21t elabarare anthe origin and natre of saoree marerials of rhe
BIFs and to make inferences about the seawater from which these
chemical sediments were precipitated. Geachemical data help
to distinguish between the two most likely sources—submarine
hydrothermal and continental. The results of this article are impor-
tant because they provide important constraines regarding the TGB,
which is important regarding source region characteristics of the
surrounding Zimbabwe craton and the adjacent Limpopo Mobile
Belt

L Geological serting

Southern Africa is largely composed of the Archean Zimbabwe
and Kaapvaal cratons (Fig 1A and B), whch are separated by
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Fig. 1. (&) Sketch map of Africa wich inset showing the kecation of the study area (F) Simplified g=ological map of southern Africa: insst depicisthe study ar=a enlarged in

Fig 2 (modified after Bigai ec al., 20021,
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the Linpopo Mobile Bele (LMEB). The Zimbabwe craton is com-
posed of several tectono-stratigraphic granite-greenstone terranes
emplaced between ~3.5 and ~2.5 Gaand assembled by Meoarchean
plate tectonic processes (Wilson et al, 19951 One of these ter-
ranes is the central Tokwe crustal segment which consists of
~3.5Ga gneisses (Dodson et al, 2001; Kusky, 1998 L Twenty-thros
~.27Ga old granite-greenstone belts, including the TCE sgudied
here { Blenkinsop etal., 1997 3, wene subdivided by Kusky{ 1998] into
northern and southern domains flanking the central Tokwe crustal
segment. The youngest terrane is composed of - 26 Ga granite plu-
tons that intruded the Tokwe segment and the greenstone beles
in a tectonic regime of intracontinenta | strike-slip faulting, repre-
sentinga response tothe Zimbabwe-Ka apvaal continent- continent
collision (e.g. Coward, 1976; Kampurzu et al, 2003; Kusky, 19981,
The Limpopo Mobile Bele defines the southwestern margin of
the Zimbabwse craton. It is subdivided into three distinet dormains
a Morthern Marginal Zone, a Central Zome and a Southern Marginal
Zone separated by major shear zones (Roering e al, 19921 Zeh et al,
{2007 j characterized orthogneisses and granitoids from within the
Central Zone by zircon U-Pb and Lu-Hf in gtw laser ablation [CP-
MZ-MS techniques, which yielded -2 6-27 Ga and 2.02-2.00Ga
age populations, The younger age population is compatible with
~2.02-2.06 PB5L ages, which record textono-metarmorphic events
in the Central Zone and Morthem Marginal Zone of the Limpopo
Mabile Belt {e.g, Berger and Rollinsom, 1967 Holzer et al, 1998;

plocted together wich the sample number: The study foruses on BIFs from the Mupane, Signal Hill and Jire's Luck areas. Komatiicic Basalt and Banded

Kamber et al, 1995; Kreissig et al, 2000; Kreissig et al, 2001).
Various models have been proposed on the ~27 Ga Meoarchzan
geatactonic evolution and crust stabilizaton of the Zimbabwe
Craton. The continental extensional model suggests that the sta-
bilization of the Zimbabwe Craton was caused by intracratonic
rifting related to mantle plume-like magmari sm (Bickle etal, 19094 ;
Hunter et al., 1998; Shimizu ot al, 2005}, Another model suggests
emplacement of granite-greenstone terranes and subduction of an
aceanic plate under a pre-existing felsic continental crust, possibly
represented by the Tolowe segrnent (Bagai et al., 2002; Kampurzu
et al, 2003; Kusky and Kidd, 1992; Zhai et al,, 2006 §. Kusky { 1998)
suggested that the southern domain of the granite-greenstones
belts represents an oceanic suture which closed ar --2.7 Ga. A con-
tinental active margin secting for the southwwestern part of the
proto-Zimbabwe Craton {McCourt et al, 2004) is consistent with
shartening and Meoarchean thrusting of the Limpopo Maobile Belt
{Coward, 1976; Dirks and Jelsma, 19081 The southwestern mar-
gin of the Zimbatwe Craton extends into northeastern Borswana,
where the TGB is located (Fig. 21 The inferred total chickness of
thie TGE is 7-8 ken (Fig. 3 iwhich Key (1976 ) described as a complex
succession of mafic to felsic vol canic rocks together with sedimien-
tary rocks, which form a NW-5E trending belt approzimately 70 Jan
long and 30 km wide. Key (1976) subdivided the volcanic and sed-
imentary rocks into three formations on the basis of increasing
proportions of felsic volcanic rocks: (1) The Lady Mary Formacion




LA, Dassing et o,/ Precambrun Resaarch 17.2( 2009 ) 334355

Zelkirk Formation M

l_'-;'l Mafic volcanc racks

[ Dacitic and tycitic
wolcanic rocks

Fenhalonga Formation

IE Basaltic, andestic and
rhyliti: wolcanie rocks

Lady Mary Formation

&

Komatiiti: basat

Intrusive rocks
Voleaniclaslic rocks
Sulfide-bearing black shalas
Limestons

Banded Iran Fo'mation
Chert

=00

Ekr

Fig. 3. Ceneralized stratigraphy of the Tati Creenstone Badr (modifisd aker Key = al, 19750

constimutes the base of the volcanic and sedimentarny rocks and con-
sists of pillows basalt{ Fig 44 and B, altered korratiice and komari icic
bazalt and a lesser amount of chert, limestone and BIF. The Lady
Mary Formation is host to the Au deposits of Map Meora and Colden
Eagle {Fig. 21 {21 The overlying Penhalonga Formation consists of
bazaltic, andesitic and rhyoliticvolcanic rocks, volcani clastic rocks,
limestone, sulfide-bearing black shales and EIFs (Fig. 5A and BL
Thz Penhalonga Formation is host to the Mupane Au depesit which
is divided into three open pits: Tau, Kwena and Tholo, (3 Finally,
the Selkirk Formation farms the stratigraphically youngest rock
sequence. [t consists of dacitic and rhoyolitic vocanic rocks and less

abundant mafic volcanic rocks. The tord thickness of the Mupane
mine BIFs is approdmately 100 m and & well constrained by drill
cores, In the Mup:ine mine the BIFs arein contact with epiclistic
sediments recks sach conglomerates, limestones and shales. The
total thickness of the Jim's Luck and Signal Hill BIFs is difficult to
assess due b poor outcrop but is in the order of tens of meters.
Thi volcanic and sedimentany rocks of the TGB are surrcunded and
locally intruded by massive granitoids.

Therz are no eccurate published age determinations on the
intrusive rocks of the TGE, but granitoid intrusives in the adjacent
Vumba greenstone bele {Fig. 18] yiclded zircon U-Pb SHRIMP ages

B8

Fig 4. Phomgraphs of pillow kasalt from the Lady Mary Formaticn. (4] The pillosw basalt in cutcrop. Pencil is 13cm. (B] Thin s=ction photegraph in plane polarized lighe of

pilbw basalt showws fine grained pyroxene, plagicclase and quartz.
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Fig 5. Photographs of cypical cxide facies BIFs from the Tati Creenstone Belt. (&)
outcrop of in =y, highly weathered and folded BIF Scale is 15 cm. (B] Thin s=ction
phetcgraph in plane polarized light of BIFshows white bands of arystallized quariz
ligz] and black mide-facies magnetits! hematite bands (Mag/He=m).

of 2647 £4 to 260624 Ma (Bagai et al, 2002} The continuation
of granitoid bodies berween Tati and Vumba greenstone belts sug-
gest similar emplacement ages for the Tati and Vumba intrusives
{Kiey et al, 1976). These ages are supported by granitoid intrusives
within the adjacent Matsitama greenstone belt(Fig. 1B, which gave
zircon U-Pb SHRIMP ages of 2646 £ 3 to 27102 18 Ma (Majaule and
Diavis, 1298 ). The Necarchean emplacement age of 2.7 Ga for these
intrusives senies as a minimum age constraint for the Vumba and
Matsitarna greenstone belts and, by inference, for the TGE vol canic
and sedimentany succssions.

Thi TGE rocks have been overprinted by lower greerschist to
lower amphibolite faces poly-metamorphism and were deformed
several times (Key, 1976) resulting in MW-5E striking toctono-
stratigraphic units separated by major structural or stratigraphic

breaks. Because of poor outcrops, the distribution and strati-
graphic correlation between many of the tecono-stratigraphic
entities and the gecdynamic setting of the TG3 are not entirely
clear.

3. Sampling and analytical techniques

All of the 63 studied samples were collected during field trips in
the spring of 2005 and 2006 to the TGB. Some of the samples are
part of drill cores prowided by the mining company 1AM Gold { for-
mer Gallery Gold L Additicnal samples were colected in the open
pits of the Mupane mine. The remaining sampes were collected
from suitable outcrops. BIFs wenz sampled both inthe castern part
afthe TGB from Jim's Luck (Jims and MAT) and 5 gnal Hill {5Hjand
in the Mupane mine pits { MUPD and Tauj{Fig 2. The volcanic and
sedimentary rocks wene collected from differen locations within
the TGB. GFS coordinates for the sample locations are shown in
Table 3. Samples include basalts, conglomerates, cherts and garnet-
bearing shales, The prefiz ‘meta’ has been omitted to simplify rock
description, The sample labeling terminclogy is as follows: Sample
numbers with a hyphen are part of a drill core sample, with the
abbrewiared labels denoting the drill core lacation, The number in
front of the lyphen defines the drill core numbsr and the number
fallowing the hyphen indicates the depth {in meters . For exam-
ple, GOED 001-36 is a sample from Golden Eagle, from a drill hole
labeled 001, taken at 36 m below the surface. Drill cores MUPD 34
and MUPD 115 are from the Tau pit in the Mupane mine (Fig. 21

The samples were cut with a diamond saw and a representa-
tivie slice was used to prepare a thin section. BIF specimens were
cut into silica- and iron-rich mesobands (<2 cn thick) All sam-
ples were crushed in a steel mortar o grain sizes <-~3 mm, They
were then milled to powders using an automatic agate mortar
{Fritsch pubeeriserte, gype 021021 Garnet and sulfide {arsenopy-
ritz, pyrrhotite and galena) separates wenz obtained from crushed
whole-rock powders using standard magnetic separari onand heavy
liquid tzchnigues at the Institute of Geography ard Geology, Univer-
sity of Copenhagen (156 L Final mineral separateswere hand picked
under a binocular microscope,

Major elements and Ge concentrations were determined using
a PAMalymical Magol PRO X-ray flucrescence specrromercr (XRF)
at IG5 Trace-elerment concentrations, including REE and ¥, were
determined using solution 1CP-MS (Inductively Coupled Plasma
Mass Spectrometer), The samples were dissolved by standard pro-
cedunes using HNOy, HCI and HF and analyzedin a Perkin Elmer
Elan 6100 DRC quadrupole ICP-MS at the Rock Ceochemical Labo-
ratary of the Geological Survey of Denmark and Greenland using
the international BHVO-2 standard for calibration. For a compari-
san of GEUS analbytical results on some standards with published
values, see Kalsbeck and Frei (2006, Table 11 The isotopic ratios of
5m, Md and Pb, plus 5m and Md isotopic dilution concentrations
were determined from separately dissoheed powader aliquots using
a VWiG Sector 54 ITThermal lonization Mass Spectrometer (TIMS ) at
1G5, Samples used for isotopic analyses were d ssobved using the
same recipe as those aliquots prepared for the [1ZP-MS analyses, A
VNG ¥ Sm spike was added before the samples were dissolved,
Samples were separated over chromategraphic colurmns charged
with 12 ml AGS0W-X 8 (100-200 mesh) cation resin, where REE
fractions were collected. REE fractiors wiere further separated over
smaller chromatographic columns containing Eichrom's™ LM resin
SPS{Part# LN-B25-5 L Samariurm isotopeswere measured ina static
multi-collection mode, whereas Nd isotopes were collected in a
multi-dynamic routine. The measured Md isotops ratios were nor-
malized to MEN4{ " Hd= 07219, The mean value of N4/ 44Nd
for our JNdi standard is 0512105£5 (2e; n=15L Precision for
W Sm( ¥ Nd ratios is better than 2% (2o ),
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FESL on garnet seperates followed the procedure presented
by Frizi and Kamber { 1995 with modifications in acid strengths
and reaction times (see details in Table 4}, Chernical separation of
Fb from whale rocks, salfides and step-leact solutions was per-
formed over conventional glass stern and subsequently miniature
glass stern anion excharge columns containirg, respectively, 1ml
and 200wl 100-200 mesh Bio-Rad AG 1«8 resin. Pb was ana-

Iyeed g static mli-wellection-mode wher: Dactionalion was
controlled by repeated analysis of the MBS 981 standard {using val-
ues of Todt et al. (1983}, The average fracticnation amounted to
0105 £ 0.008% {22, n=5) per atomic mass unit. Total procedural
blinks remained below <200 pg Pb which comrpared to =100 ng Pb
lozds, insignificantly affocted the measured Phisotopic ratics of the
samples.

4. Results
4.1 REE and yttrium

Analyses ofselected race elements, including Ge, plus the major
ades for individual mzsobands of BIFs, volzanic and sedimen-

tary rocks from the TGE are presented in Table 1. The BIF groups
are listed according to lecality, Rare carth+ ytrium {REY) patterns
ofindividual mescbands are presented with ¥ fitbed beteszen Dy
and Ho in accord ance with their decreasing ionic radius (Bau and
Culski, 1996} REY patterns are normalized against Post Archean
Australian Shale {PAAS; Taylor and Mclennani1985 L Gadolinium
concentrations were calzulated from neighboring REEs using the
relacionship Gd =173« Sm+2§3 « Th, in order to circument the
Frublcmw‘ith unidentifi:d isobaric interferences on the measured
522d peale,

BIF REYpaes patterns (Fig. 6A-C) are characterized by deple-
tion of light and middle REE relative to heavy REE (subse-
quzntly LREE, MREE ard HREE) with Pritbpass=021-082 and
Prifmpge; = 048-082 {Table 21 All BIFs show positive Lapgss
anamalies {extrapolatec from Proand Md in order to eliminate
possible Ce anomalics using the formula of 3olhar et al. {2004 )

and proncunced positive Eu anomalies {Eu/Eug,, - = 1.87 - 4.021
¥tirium iz significantly cnriched relatively to Hoin all mesobands,

yitlding strongly superciondritic Y{Ho ratios | average BIF sample
va'ues ranging from 30-41 (Table 23 chondritc Y/ Ho ratio=-281
Thz behavior of Ce is diverse with small negative and posi-
tive anomalies (Table 2§ an exception is sample SH 41 G with
a high CefCepges value of 163, Variations in REY patterms are
mastly arcributed to the major element compesition of espective

mesobands (of. Tables 1and 2 For example, in sample MUPD 024
iTig. 4D}, the 5i0z-rich horizons “A" and “C* showe flacter MRLCE-

HEEE patterns cormpared to neighboring Fe;0y-rich bands “B* and
"D,

4.1 Phiscopes

Pl isotopic ratios obtained from individual BIF mesobands and
associated volcanic and sedimentary rocks are listed in Table 3
together with corresponding Pb, U and Th concentrations for some
ofthe samples, PhSL isotopic ratios on garnet separates abtained
frem drill core samples { MUPD 34-156, MUPD 115-223 .5 and MUPD
115-237 5 yfrom the Mupane mine { Tau pit) are presented in Tabled.,
Table 5 contains Pb isobopic ratios from secondary metamorphic
sufides in sedimentary rocks associated wth the BIFs in the
Mupanz mine,

RIF meanhand dara are plorted in cnmeenricnal commen Phoisn-
tope diagrams { Fig. 7 Aand B jwhich contain thetwo-sta ge evolution
cuve for average crustél PbiStacey and Kramers, 1975 ) and the
average Archean mantle growth curve (Kramers and Tolstikhin,

1987 ) for reference purposes. In Fig 74, the BIF data cach delircate
own, relacively we l-defined trajectories that roughly plot between
the two reference growth cunves. Regression through all BIF data
poings results in animprecisely defined correlation linewith a slope
corresponding to an age of 27320150 (MSWD= 54; not plot-
ted ), which encorrpasses the inferred dzpositional age of the TGB
BIFs. The individual trend lines of the five BIFs studied here are
distinily sepdraual oeachiot e, both withiiespec, be et wwer-
all 206 ph/ XM pL, 27 PRy 2MpL and PEPLPMPL ranges and relitive
positions in the respective uranogenic and urancgenic-tharogenic
common lead spaces (Fig. 7A and BL This is most characteristic in
the uranogenic versus thorogenic diagram (Fig. 7B Two BIF trends
can be distinguished in Fig. 7A. The firsttrend, defined by samples
from Jim's Luck, Matsilaje and Signal Hill plats at lower 207 Pbj24pb
ratios relative to given PEPb/PMPh ratcs, compared to the two
ocher BIFs (Tau ard Tholo pits of the Mupane mine) which ploc
close to the Stacey and Kramers {1975 ) growth cunve. Ad ditionally
the trajectories deined by mescbands of the Mupane BIFs (Taa pit
and Tholo pit; Fig. 7AJ are flatter than the trend lines with slapes
corresponding to 27 Ga defined by the other Bl smudied here.
Thi slopes of these flatter trajectories correspond to-~2.0Ga trjec-
tories in this diagram and are compatible wich ~2.0Ga referznee
line also defined by PhSL data of garnet and bulk sulfides from this
location (see below ).

FLSL dara of garnet fractions from three sedimentary mocks
associated with the Tau BIF are plotted in conventional Pb iso-
tope diagrams in Fig. 8A and B. In Fig. 84, a combined regression
through the garnerdata points defines a correlation line with a slope
corresponding o an apparent age of 1976 £ 88Ma {MSWD=481
In Fig. 8B, the garet data define owo different crends which are
characterized by high inferred Thil ratios (denoted monazite ),
and low inferred Thill ratios {dencted zircon ), respectively. Such
trends are thought to originate from the combined contribution of
thorogenic and uranogenic Pb from micrescopically small inclu-
sions of monazite and zircon, respectvely (eg., Schaller e al,
1997

Fig. 94 ard B show the Pb isctope dat: of sulfides from sedimen-
tary rocks associated with the Tau BIFs, Tor comparative purposes,
the reference line defined by PbSL data of garnets from Fig. 84 is
plottedinFig 94, and so arcthe data points of individual mesobands
of the Tau BIF. As areference, Fig. 94 and B show Pb isotopic atics
of BIF mesobands corrected back to 27 Ga using U and Pk concen-
trations (see Table3), The garnet reference line in Fig. 84, alchough
imprecisely defined, intersects the Staczy and Kramers (1972) Pb
eviolution curvie in the vicinicy of the Tau BIF data and implies that
the BIFs in the Mupane mine incorporated an isctopically similar Pb
tothatreflected bythe associated sedimentary rocks inthis deposi.
Because of the overlap of data fields (Fiz. 94), this is also tru: for
the lzads typical of gold-bearing sulfides { arsenopyrite, pyrrhatite
and galena) whichare hosted by these HFs and oeher sedimertary
rocks at this location The Pb isoto pe conposition of the one galena
sample lies at the lower left end of the sulfide and BIF mesoband
data fields (Fig. 94 and B) and implies 3 prehistory of the soumce
leads in a reservoi characterized by higher g-values than average
continental crustal Pb at about the ~27 Ga deposition age o the
sediments.

4.3 Ge-5tFerelationships and Sm-Nd soopes

GefSiratios versus 50z data in Table 1 ) from the TGE BIFs show
a hyperbolic {mixing ) relationship overl pping with that depicted
by the ~2.45Ga cld Hamersley BIF, Western Australia (Hamade
eral, 2N03: Fig 173 This wlarinnchip & defined hy increasing Si
content accomparied by decreasing GefSi ravies (Fig. 100, or by
increasing Fe concentratiors accompanizd by increasing Gef5Sii not
showern. Fige 10 also shows the Gef5i versis 505 relati onship of BIFs
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Fiz. 7. Uranogenic 14] and therogeniz-uranogenic [B)commen Ph isctope diagrams for BFs reported hersin [daca in Table 3) In (4] BIF mescband samples defire individual
trjectories. BIFs frem che Mupane mine [Tau and Thob pics]li= on an slevared 3% P2 b relative to 2%9PE29Ph trend comaared to che BIFs Tom Jim's Luck, Macsiloje and
signal Hill This implies subtle differences in the soune regions cunrribql:ing' particulate natter m the sedimentary environment of these BIFs. The Mupane mite BIFs have

incorporaced Ph from sources chat, cn average, svohved in higher w (%02
szatter amound a lirsar crend indicat ng a racher homegeneous source

Fhl environmencs than thosecontribucing Pb o the remaining EIFs. In [B] the BIF data points
ion with respest oo is Th'U signature. The black lie is the tevo-sta

evolution curve for average

wkincuial Liusial P ol Sy and Brdnes (12037 ad Lhe geey line b e aveiage MOEE PL s gowilioase of Kianes aod Tulsiikon 0z L

fiom the ~37-3.8Ga lsua Greenstone Belt, W Greenland |Frei and
Palat, 2007 ) for comparative Jurposes,

Sm-Md isctopes and concentrations of twese elements for indi-
vilual tesulards of BIFs aidassoiated voicanic and sedinenianry
recks from the TGB are preseated in Table €. All the initial @pg val-
uzs of the BIFs and associated rocks are calculated using an age
of 2.7 Ga, which is considered a probable depositional age for the
TSB BIFs ( see above ) Mesoband MUPD 024-58 Dyielded ageologi-
cally meaningless medel age as did a repeated sample {secTable G,
A this stage there is no reasonable explanation for this; the sub-
sample has apparently experienced a distarbance in its Sm-Nd
sestematics. Therefore, the Sm-Md isctope data of this sample is

ecluded from the results anc discussion seztions below However,
it is impaortant ko stress that cus to very low REE concentrations in

iy 1o
[Aan = 1975£B8 Ma e

i +
WD = 48 ;
18 | . »

b T
LY

£ MUPD 34-1358
o MUPD 118-253 5
« MUPD 15T S

H &0

g by

same of the studied BIFs, lorg-term pareni-daughter disturbances
arelike by tobe facilitated, as zlso obsenved in BIFs from otberstudies
leg., Bau, 1993; Bau and Dulski, 1992 ; Freiet al, 19991
Newdytiium amd Sm concentiations b e studied TGE BIFs
-ange from 020 to 536 ppm {average 131 2113 ppm, Te, n=31)
and from 0.03-125ppm (sverage 030=026ppm, 1s, n=31),
respectively (Table 6), M4/ 4Nd ratios are relatively uniform
defining an average subchondritic valug of ~05115 [Table ).
There is, in contrast, some variation in e SmiNd ratios {range
of W Smi N4 from 0.119-1152, Table 6l The above signatures
translate into Md model ages (Tpyy ) ranging from 2.76 1o 3.69Ga
laverage 322 £021Ga, 1o, n=31) and a corresponding range in

ing (b= Z700Ma) values of —3.74 to +370, thus indicating depleted
ind enriched sources far thaBIFs,
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Fiz. 8. Urancgenic (4] and thomgenic-uranogenic (B common Pb isctope diagrams wih PREL data on girnet s=parates fom drill cores MUPD 34 and 155 Fom the Tau
pr in the Mupane mine (data in TaHe 4). In (4] the combined correlation line defined by these data poins has 2 skope core=sponding to anapparent age of 96 £ B8Ma
[MSWD= 48 ). This:ge is, at b=ast for the Mupane mine ar=a, interpreeed ;3 tectonc-metanorphic age that can becorrelated =ich mg:r techoro-metamarphic essnes within
the adjacent Limpopo Mobile Belt. 1u (B] the garnat PISL data define two trends: one characterized by hign **Pb/***Fb relative oo P "™ P2 ratios and the ccher by high

*Ephi M ph and low ™ P Pb ratias. These trends are interoreted to resuk from Pb derived From monazite and ziron inzlusions. respectively [s=e text for detailsl. The
bhack lin= is the tas-stage evolutionouree for average continental crustal Pb of Stacey and Kramers (1575 ) and the grey line i the averags MORE b source gromth curee of
K-amers and Tolstithin {1257 ],
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Fig. 2 Urancgenic (4] and chomgenic-urancgenic (B common b isompe diagrams with data from whole rocks, sulfides, BIF mescbands and 2.7Ca age-corrected BIF
mesobands from che Mupane mine drill cores MUPD 34 and 115 (data in Tables 3, 4 and 51 The garnet PhSL reference line (s2e Fig. B4] is inssried for comparative purposss,
The black lin= is the tweo-stage evolution curve for average concinental crustal P of Stacey and Kramers [1975] and the grey line is the averags MORB Pb source groath cures
of Kramers and Toktikhin (12971 In (&) the majority of data points, inchading the one for galena, lie above the tan Pb growth curves implving a prehistory of the source
leads in a reservair characterized by higher s-vahaes than average continental cnustal Pb at about the -2.7 Ca deposition age of the sedimenis. The overap in data arays
defined by both clastic and chemical s=diments in the Tau drill cores implies that the erosional products coneributing to the respective P isoropic compositions wers Taidy
homegenesus during the depesition period of the Tau sedimentary rocks (see t=xt for discussion

The Sm-MNd isotope data of volcanic rocks from the Lady Mary
Formation and Penhalonga Formati on{Table 6) are clearty different
inthatthe initial £y values are positive (+1.6 £ 10, 1o, n= 5] for the
volcanic rocks of the Lady Mary Formation, whereas they are neg-
ative (—1.3205, 1o, n= 8] for those of the Penhalonga Formation,
indicating formaticon from depleted and enriched mantle sources,
respectively. The Nd Tpyy ages defined by the Lady Mary Forma-
tionand Penhalonga Formation volcanic rocks are indistinguishable
from eachother (both averagevalues ~3.3 Ga, Table 6 Jand comparnz
wellwith the average | 3.2 Ga jTpy ages defined by the associated
BIFs and by the sedimentary rocks (Table &1 The Sm-Md isctope
data of BIFs and associated volcanic rocks ploc along a correlation
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Fig. 19. Diagram showing the relacionship becwesn 5i0; [at] versus Co/Si ratios
for individual mesobands from the TGB BIFs. Data define a byperbolic erend (dark
31'?- curve ] whers one end-member i controlled by input urhtdru:hrrrrul fuids
nd the other by continentally derived sohxes. Daca imply a similar ewe-source iron
and silica decou pling as repored for the Procerozcic Hamersley BIF [Hamade =t al,
2003 |t data array shown by light grey dots and lighe grey curve. Black dots modeled
by the black curve d=pict che data array of BIF mesobands from the Isua Greenstons
Bele (% Cre=nland: Frei and Pola, 2007 1. The Isua BIF hyperbolic trend plots a
elevated Ce/Si ratios relative oo the TCB and Hamershey BIFs (sze pext for decails ).

line in a corventional isochron diagram (Fig. 11 ) with a slope cor-
responding toanapparent age of 29562 250 Ma{ MEWD= 6.4). The
initial £y value defined by this line is +0.5 (Fig. 1L The corre-
lation line represents a mixing line, essentially defined by a high
SmiNd-high " Hd/ ™44 { depleted mantle) and a low SmiNd-low
H3Nd/M4Nd | continental crustal) end-member, The violcanic rocks
of th Panhalonga Formation plot in an intermediate position and
at the high SmiMd-high “3Nd/“4Nd end of the data array defined
by the BIFs (Fig. 11 Data points of sedimentary rocks scatter along
the correlation line, with the mest unradiogenic values defining the
continental crustal end-member {Fig. 115
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Fig. 1. Sm-Nd isochron diagram with data for BIFs, assodated vokanic and s=di-
mencary recks from the TCB. The correlacion line has a slope which cormesponds o
an apparent age of 2956 2 250Ma [MEWD=5.4] and defines an inicial exg value of
+0.51. The line is interpreted a5 a mixing line becareen contributions from depleted
mantle-like material {characterized by vokanic rocks from che Lady Mary Forma-
tion]and continencally derived sources [characterized by dastic sedimentary rocks
of the Penhalonga Formation: see vext for details.
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the ralationships in mesohand: from sample BMAT-2C (data in Tables | and 6) between Fep05 conosrerations varsus ¥ smyf™48d ratics (&) and

Fey 0500 ratios and eyl 2700 Ma)valuss (B In (&) the posicive correlation beraeen Sm/Md ratics and F2 concentrations implies a hydrochemmal sourcs of Fe. The inverse
comelation hetvemen FeuDn/Si0; ratins and s (f= 2700 Ma) in [B) i capable of characteriz ing tven end-members that control the iron and silioon budget in this BIF. The Fe-rich
[hydrothermall end-member is defined by an extrapolated o vabos of -2.5, whereas the Si-rich [zontinental ) end-member can be constrained by an extrapolaced oy value
of —0ud. Thess relatisnehips paint to an onigin of lpdmthermal fluids from enriched mantleclike valzanic rocks, and a continental crustal component in the BIF with a liksly

miafic compesition [s2e text for details),

This mixing relationship in the BIFs is bestillustrated in Fig. 128,
where Fea(h 50z ratios of individual BIF mesebands of sample
MAT-3C { data in Tables 1 and £) are ploted against the respective
eyl t= ZT00Ma) values. There is an inverse correlation betweean
these twio parametcrs which again illustrates the mizing of heo
sources. The high Sm{Md end-member is defined by high Fea O3 con-
centrations | Fig. 1240 The imverse correlation beneeen FegOg Sidiy
and sygit=2T00Ma)depicted in Fig 128 allows for a rough charac-
terizationof the bwo end -membsers in terms oftheir gl 0= 2700 Ga)
values: the Fe-rich source is corstrained by an end-member with
an extrapalated syl t= 2700Ma) walue of —25, compared to the
Si-rich source with an extrapolated end-member £y, t=2700 Maj
value of — 04, The implications of this are discussed beloe.

5. Discussion

Thiz BIFs and associated volcanic and sedimentary rocks of the
TGE present an op portunity to evaluate Mecarchean ocean chem-
istry because fresh drill cores permitted detailed geochernical data.
The presented isotopic systematics, as well as the major and trace
element data suggest: (1) that the TGE BIFs are consistent with
marine chemical sedimentation | precipitation); (2) that an older
enriched mantle companent contributed to the BIFs; and (3) that a
~2.01Ga metamarphic event overprinted the TGE.

5.1, REY systematics of the TCB BIFs

Hydrothermally discharged fluids preferentially scavenge Eu?*
by interaction with submarine volcanic rocks, at mid ccean ridges
{MOR) and coeanic arcs (German and Von Damm, 2007}, and cre-
ate a gradual enrichment of Eu relative to the remaining REE in the
seawater. There is a gradual decrease in the positive Eu anomalies
in ancient BIFs from the Archean to the Proterozoic (eg, Condie,
1927 ), reflecting the decreasing contribution of high-temperature
hydrochermal fluids into the marine emvironment (eg, Danielson
et al, 19924, The Meoarchean TGE BIF show pronounced Eupsss
anomalies, on average EufEu®=299£073 {1e, n=32; Table 2},
indicating that highly reducing high-temperature hyd rothermal
fMluids were an important source for REEs in the ambient seawater
{Baw and Dulski, 19961

Thi magnitude of Eup 4z anomalies in the TGE BIFs is compa-
rable o that of other BIFs known to show featres of increased
hydrothermal activity, such as the ~245Ga axide-facies Hamers-
ley BIF. After normalizing to the Hamersley BIF { average Eu/Eup
value of 1.42; {Alibert and MaoCullech, 1993 ), any deviations 'Afjﬁ
are indicative of increased high termperature hydrothermal activ-

ity. All Hamersley-normalized Ew/Eu® (denated EufEu™® in Table 2)
values fior the TGB BIFs are =1 {average 210£ 051, 1=, n= 321 The
Bu/Eu, .. data from the TGB BIFs indicate increased hydrother-
malventing into contemporansous basinwaters during the time of
their depasition. This observation can be cormelated with the known
27 Ga event with increased global mantle-plume activity { Condie,
1998; Stein and Hofmann, 1994}

There is a general absence of Ce anomalies in the TGB BIFs.
An exception is sample SH 41 G with a high CefCepges value of
153, which is tentatively interpreted to have resulted from pest-
farmational addition of CailV) under cxidative conditions {Slack
et al., 2007}, A few BIFs deposited during the Eo- and Neoarchean
eras show strongly negative Ce anomalieswith CefCe® = 01-05 sug-
gesting strongly corgated oceanic conditions (Kato et al, 2006).
Generally, there is a lack of statistically significant Ce anomalies in
Archean BIFs, contrary to madern-day chemical sedimentary rocks
(e, limestones j which show pronounced negative Ce anomalies
{Webb and Kamber, 200070 The lack of negative Ce anomalies in
the TGE BIFs implics that redox levels in contemporaneous basin
waters during the deposition of these BIFs wiere lower than those
abserved in modern marine systems, a featura which has been dis-
cuzsed by many authors in terms of the oxidation history on the
Earth's surface (e.g, Demy and Jacobsen, 1990; Fryer, 19771

Fig. 13 compares the average PAAS-normalized REY patterns
of the five TGB BIFs studied here to that of modern seawater,
whereas in Fig. 14 an average TGE BIF REY pattern is comparad
to patterns of other Eoarchean to Paleoproterozoic BIFs. Except for
the patterns recently published by Alexander et al (2008) for the
~2.90Ga Pongola BIFs {South Africa), which show variable, slightly
depleted HREE patterns (Fig. 14 ), the TGE BIFs show striking sim-
ilarities to both seawater and other worldwide BIFs from which
complete REY data are available. The magnitude of the positive
Eu anomaly of the TGB BIFs comparas well with other BIFs, but
particularly with those depesited at ~26 to 27 Ga which also
show elevated EufEu® values. In order to validate the influence of
ancient byd rothe rmal fusxes, present-day high-Twventing fluids may
serve as an analogue. Using the corservative mizing caloulations
applied by Alexander et al { 2008) to model Eu anomalies (taking
the Eu/Sm values as proxies for the magnitude of Eu anomalies;
their Fig. A} in BIFs, approzimately 0.1% of a hydrothermal fluid
is capable of explaining the magnitude of the Eu anomaly in the
TGB BIFs. This is within the usual range capable of explain the
EuiSm ratios in a variety of Archean BIFs {Alexander et al, 2008
Klzin and Beukes, 19891 In fact this value is at the high end of
the range and compatible with, for example, the inferred contri-
bution of lydrothermal uids necessary to explain the elevated Eu
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Fig. 13. EEY diagrams for the TGB BIFs (average values for the five individual BIFs from this artick] compared to modem seawarer [REY data from Alibe and Mozaki (1222
wich the exception of Buand C= anomalies, the overall RE'Ypas pacierns of the five TCB BIFs are strikingly similar to modern seawacer, This implies chat RE'Y contribugions o
the s=awater and respective remowval process of these elamenes in the Archean were similar to modem mechanisme. For d=tails, refer bo paxi.

anomalies of the similarly old Atlantic City BIFs {¥Wyoming; Frei et
al., 2008 ) and the Eoarchean sua BIFs (Bolhar et al, 2004; Frei and
Palat, 2007 1

Y/Ho ratics provide constraints on the depositional eminon-
ment. Modern seawater is characterized by YfHo ratios between
44 and 74 {Bau, 1926 ). These ratics are substantially higher than
the vast majority of geclogic materials, including upper crustal
rocks and clastic sediments (Rudnick and Gao, 2004 with Y¥fHa
ratios of ~.28{ the average Cl Chondrite value: Anders and Grevesse,
18897, Elevated YfHo ratics relacive to chondrite are characteris-
tic of aqueous systermns, and are elevant to seawater (Mozaki et al,
1997 ) where it is thoughe that dissobved Ho adsorbs more effiec-
tively to particulate matter {including iron cghydroxides) than
¥ {Bau, 19995, The fact that ¥{Ho ratios of TGB BIFs are compati-
bl with values in modern seawater implies that, even though the
seawater during the TGB depositional period was fertilized by an
increased subagueous hydrothermal venting input (with a likely
Y{Ho ratio of -2 8 Bau and Dulski, 1999, the average TGB seawater
YfHo ratio was not significantly depressed. This inturn implies an
effective removal mechanism of Ho that could not have been sig-
nificantly different from today's processes, However, the notion of
Alexander etal. (2008 jthat, if preferential adsorprion processes for
Ho oo iron oxyhydroecide particles were operating and if thess
had reached equilibrivm with che surrounding water column, then
subchondritic ¥fHo ratio would be expected to be characteristic of
BIFs in general. The fact that Archean marine precipitates, despite
octherwise showing REY patterns similar o that of contempora-
neous seawater, systematically show suprachondritic Y{Ho ratics
might reflect that exchange equilibria were not reached. Though
it has mot yer been adequately explained why BIFs show REY pat-
terns similar to modern seawater, the salient similarity between
REY patterns in marine Archean precipitates and in medern seawa-
ter makes it likely that BIFs truly presenve the original REY signal of
the water column from which they were deposited { Alexander et
al, 2008}

5.2 Inferences for the prehistory of BIF components and sowrces
of minemiizing flwlds based on lead dsctopes

The Pk isotope data on sulfides and garnets from the Mupane
mine reveal a proncunced U-Pb mineral reseting at 2.0 Gal com-
patible with the partial resetting of the Tau BIF mesobands), which
is substantially younger than the ~27Ga ages implied by the
mesoband data of the other TGB BIFs (see the trajectories in Fig 7 AL
This has important implications for the timing of sulfide-gold min-
eralization in the Mupane district and perhaps in the entire TGB. As
showen in Fig. 94 and B, Pb isotopic data from the Tau BIF over-
lap with the range of data poines for valcanic and sedimentary
rocks from this location (Table 3}, and with data defined by sul-
fides from within the BIFs, indicating a common soume of P, The
owverlap also implies that the mineralizing fluids were essentially
in equilibrium with the host recks and therefore not likely to have
been derived from external {magmatic?) sources, Idiomarphic tex-
ture of arsenopyrite, in combination with the age corstraints from
Pb5L data on garmet (Fig. 8A) implies that (re-jerystallizacion of
the sulfides took place during strain-free {veining) stages of the
~2.0Ga tectono-metamorphic event. Metamorphic ages of -2.0 Ga
have been reported from within the Limpopo Mobile Balt (from
the Morthern Marginal Zone {e.g., Holzer et al, 1998; Kamber et al,
1985 and from the Central Zone {eg., Berger and Rollinson, 19407 ;
Boshoff et al, 2006; Kreissig et al, 20007, but such ages have not
been described from areas north and south of the mobile belt, in
regioms thought to have remained cratonic since the emplacement
of ~2.6-27 Ga tonalite suites. The PbSL data show that metamor-
phic events of Limpopo affinity can be traced into cratonic areas
norch of the Limpopo Mobile Belt, and might have implications
far the tectono-metamorphic history and collision-related pre-
history of the Kaapvaal and Zimbabwe cratons. These results are
analogous to the observations by Fedo and Eriksson (1986) wha,
baszd on structural mapping of arzas in the Buhwa greenstone
belt in southern Zimbabwre, described effects pointing to crustal
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Fig 14. PAA5normalized REY diagram comiparing average REV pacterns from the Tari Cre=nstone Bet BIFs (this sudy ] wich averages REY patterns from slder and younger
oxide facies BIFs from 1s1a [Frei and Folat, 2007 1, Pongola (Alexander e al, 2002, Eastem'wind River Range (Frei etal., 2008], Kuuman and Penge [Bau anc Dulski, 192€] and
Hamersley{ Alibert and MoCullech, 1223 ). With the exception of the Pongok BIF, the PAAs-normalizec pacterns of Archean BIFs are sirikingh similar wich HREE enrichment

relative to “IREE and LREE and posiive La, Eu and v ancmaliss

shartening that they tentatively assccizted with Limpopo defior-
mationa events. The Bubwe greenstone belt, like the TGE, lies
directly adjacent to the Northern Marginal Zone of the Limpopo
Balt

In wrder to obta n information regarding the ultimate source of
Ph in rhe TGR RIFs in <@ age correctinas of measired Phisnbope
data of mesoband: were conducted using U, Th and P concen-
trations obtained by [CP-MS from powder aliquats {values listed
in Tablz 33, In situ corrected data are plotted in a common Pb
isotope diagram in Fig. 15 ogether with the data point of the
one galena sample from the sulfide mireralization in the Mupane
{Tau pit; min (Table 5. The BIF from Tholo pic differs from the
other BIFs by data characterized by higher 207 Phi*™ b relative to
205pRy P ranos, and the BF from Signal Hill by generally more
radiogeric signatures compared o the other BIFs smadied. This is
interpreted as the combined result of aeterogensous Pb compo-
nents thatwenz co-deposited with the BFs and variably opered U-
Pb systens since their formaion, most likely during the localized
~2.00Ga wectono-mztamorphic overprinting for which evidence is
presented here, The latter exp anation is sest exemnplified by sample
MUPD 24-58D0 which vielded g'cnlnsicalh.runrcasmabl}r low In sty
cormected 2P 2MPh and 20 P204Pb ratios that plat cutside the
lirnits ofFig. 15, Lead-loss is probably fadlitated during U-Pb apen-
system behavior during metamorphic cverprinting or metasomaic
fluid perzolation {eg. Frei and Delat, 2007 jand leads to significantly
over-corrected inical Pb isctopic compasitions as exemplified by

this sample.
In site corrected data poines of BIF samples from Jim's Luck,
Maisiluge amd Ul Taw pit ol the Mupace e, lowever, defione o

relatively narnow data field which centers on the data paint of the
one galena sample from the Tau pic BIF Since galena lead is insen-
sitive to U-Pb open-systern behavior it orobably dharacterizes the
initial Pb isotope s gnature ir this BIF. Therehore, the composition

of the galena is used to retrieve informat on regard ng the exirac-
tion of this lead from an MORE-source as defined by Kramers and
Tolstikhin 1997 ) { Phgronwth curve plottec inFig. 15§ To explainthe
Pb isobo pic signatures of the TCB BIFs, with respect fo the ultimate
Pb source, the following modelis based on Fig. 15, Atangential line
massing throigh rhe galena lead dara pant is firked mnorthe MORR
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Pig. 13, Wiatmgzuie e Pl botops diag i v i i (2.0 Sa0 vassio data

From the TCB BIFs and one galena fromche Mu pane nine. All dat: points plot o the
left of the average MORB b source groath curve of Kramers anc Tolstikhin § 297)
[grey lin=). & tangential line passing through the galena fitced i this MORE cures
yiekls an estmiated mande extraction age range ol -3.0-32 Ca This age rarge is
comparable o the Md model ages (Towl of the BIF mescbands (see pext for demils ).
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source Pb growth curve of Kramers and Tolstithin (1997) and this
targential line implies an estimated ~3.0-3.2 Ga model extraction
age range of this Pb from an alder Archean mantle reservoir. This
age range averlaps well with the Tryy Nd model age rangs defined
baythe BIFs (3.16-327 Ga: Table &) and is interpreted as the aver-
age extraction age of juvenile crustal portions with each their oam

UMb signatures which :ocount for the observed spread particu-
lary of =% Pof ™ b ratics along the @ngentia line, The in sl Pb

isotopic data arrays, which are parallel to ~27 Ga reference lines
in Fig. 15, are interpreeed as the result of resceting of the respec-
tivie L-Pb isioto pe systems, possibly during a regional metamorphic
event at around this time.

5.3 Inferences for sources of tron and silica

Hamade et al. { 2003 jin their study of BIFs rom the Hamersley
Range {Western Australia) showed that there is a hyperbolic trend
of Gy 5i ratics versus Si0; for individual mesobands. These authors
intzrpreced this relationship toindicace variabile rmisng of twio com-
positionally different sources in BIF precipitazion, one controlled
by biydrothermal input {iror-rich and the other by continentally
derived input (silica-richl. The compatibility of GefSi versus 5i0;
hyperbolic trends in Hamersley BIFs and TGE BIFs {Fig 10} sug-
gests analogous processes. The overlap of the two curves in Fig. 10
also suggests a common mechanism for BIF arecipitation in the
Pakeoproterczoic and Meoarchean eras, that isa two-source inter-
action rodel {eg, Frei and Polar, 2007 ; Hamade et al, 20031
Whilz Harmade et al. (2003) proposed hydrochermal (high GefSi,
high Fej and continental {low Gef5i, high 5i) inouts to explain vari-
atiors in the Harmersley BIFs. Frei and Polat 20071 in a similar
study conducted on the lsua (West Greenlanc) BIFs, added a fur-
thir dimension to the d scussion. Based on information obtained
from Sm-MNd isotope data, these authors extended the bao-source
intzraction model by intiducing the likely assaciation of REE- and
Fe-sources. Indoing so, Frei and Polac (2 007§ suggested that the high
Ge'5iend of the series were associated with high SmfNd—elevared
{pusitive) &yl 0] sources, typical of source regions that produce
high-T. stthamquenns ypdmthermal fluids In cearrasre, the loes GefSi
end of the series were defined by low SmfMd - lower (though still
positive ) eyl £ values, compatible with derivation of 5i from con-
tinzntal crust dominated by mafic rocks. One troubling aspect in
thi GefSi versus 5i0z2 relationship is that there is no full under-
standing of the exact behavior of Ge during dizgenesis of iron-rich
sediments and whether the cbhserved GefSi atio in particularly
silica-dominated mescbands is at all indicative of a weathered
continental source (see discussion in Maliva ot al, 20055 This is
apparent when the TGB and Hamersley BIF curves are compared
with data from the Isua Western Greenland ) BIFs (Frei and Polat,
2007 ; Fig. 101 The infered hydrothermal GefSi end of the series
in thiz Ecarchean lsua BIF is at least three tines as high as that
constrained by the TGB and Hamersley BIFs. In fact, the entire hyper-
ba'ic ourve defined by the Isua BIF data is shitted towards higher
Ge'Sivalues relative to the latter. This discrepancy was ascribed to
wvanying source regions { Frei and Polat, 20071, Howeewver, a problem
ooours because the inferned “pure” silica end ofthe series (ca. 79wt
%50y ) of the Isua BIF is also characterized by aroughly three times
higher GefSi value relative to the value in the TGB and Hamersley
BlEsiFig. 10 Evenifthe stripping mechanism of Ge by precipitation
of ron cayhydroides was the same for Eoarchean and Paleopro-
terozoic BIFs, the low GifSi end of the series should maintain the
same magnitude. Whether or not the discrepancy lies solely in the
increased and hotter Coarchean hyd rothermal input or inincreased
G remaoval on the weatiering continents compared to the levels
duing Paleoproterazaic times remains unresolved and has to await
further and more detailed studies.

Alezander et al (2008) showed tha: for the ~2.9Ga Pongola
iron forration, high-T hydrochermal input of Md in the contem-
poraneous s2a water was less importing and that most of the
Nd in these seawster precipitates was derived from continental
sounces. Although this study did not resort Fe concentrations on
a mesoband scale for these BIFs to infer a REY correlation with

potential Fe sources, these authors used Sm-Nd isotopes to iden-
tity KEE solube sources in these chemnical sediments. They based

their interpretation on results showeing that REY patterns of the
Pongola BIFs arc -elatively depleted in HREE compared o the
Eoarchean lsua (West Greenland) and the younger, Neoarchean
Kuruman BIFs {Souch Africa), and they support their conclusiors by
presenting distincy negative syt vales { —1.9 to —4 3 ) for tese
BIFs. Modeling of hydrothermal wersus ontinentally derived REE

input fits the observed REE patterns and Md isctopic data, which
led these authors to suggest that mid- to late Archean shalow
seawater was strongly influenced by continentally derived sclute
fhwees and challenged the conventional interpretation of using im-
Nd isotopes wersus Fe correlations to make inferences about the
source of Fe in Archean seawater,

The correlations between FealDy and Sm-Md isotopes preseated
in Fig. 124 and B for the TGB BIFs cortribute essentially to the
understanding of tie above cutlined debate about the relative con-
tributions of REE a1d Fe to the ambient ssawater in general, ard to
the source characterization of componeats in the TGB BIFs inpar-
ticular. The combined interpretation of these owo figures implies
that for the TGE BFs the Fe-rich source is associated with a high
SmiNd {extrapolated ¥ Smi " MNd value of ~0.17 ) source and at the
same timewith a source that is significancly enriched( syglij=-2.5)
relacivie to the Si-soumne (&gl ij= 041 Two explanations for tese
unusual relatiorships can be put foreard: (1) the source resenvoir
for iron, instead of being the traditionally inferred boyd rother-
mal high-T input, is the weathering hinterlands, ie., continenally
derived REE and Fe solutes, In contrast, the predominant high-end
Si-rich rmesobands in Fig. 10, would in this scenario be equated
with high-T hydrochermal venting fluids. This would explain the
link between the major BIF components Bz and 5i and the resaec-
tivie Sm-MNd isotopic signammes. A similar conclusion, though not
rearhed an rthe has s afidenrical lines af evidence, has heen por for-
ward by Alewanderzral (2 008) for the ~.29Ga Pongola BIFs inSouth
Africa, In their stucy, BIFs exhibit a rangz in ¥ Sm/“4Nd that cver-
laps with the range defined by the TGB BFs, withthe highest vdues
of ~017 coinciding with the inferred characteristics of the Fe-rich
end-member definzd in Fig, 12B. Based on the negative syal ¢ vdues
measured for the Pongola BIFs these authors argued against mid-
ooean ridge hydrotiermal systems as thedominant REY sources but
instead proposed that the solutes within shallow seawater aong
Archean cratonic margins were sources primarily from weathering
of continental crust. If this scenario is accepted for the TGE BIFs, it
would mean that Fe was derived essentially from the continents.
Such a thought was also put forward by Alexander ec al. { 2008)
in their study of the Pongola BIFs. Howewver, an important point to
emphasize is that, unlike the Pongola BFs, where Alezander et al.
{2008) present REY patterns wich distinctly MREE-enriched humps
explained by preforential adsorption of MREE on colloidal parti
cles in many modern river's suspension kads ( ez, Elderfield o al,
19090}, the TGE BIFs do not exhibic MREE-cniri chrments.

{ 2) Alternatively, if the Fe-rich reserveir is assumed to be relabed
t high-T hydrothermal fluids and the nzgative £y, (t) characteris-
tics of the source material, a possible seenario is that these fluids
were derived fron interaction with ar enriched mantle soarce
{explaining the negative eyg(t) values ) and periodical by miged with
shallow waters thet obtained their signsture through weathering
of predominantly mafic crust on land fexplaining the less naga-
tiviz eyglt ) values of the inferred Si-rich end-member i, satopically,
the low {negative) sygltl values defined by Fe-rich mesobands of
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thi TGE BIF are compatible with negative syg(t) values (average of
—13£05; 1= Table 5) of volcanic rocks belonging to the Penha-
longa Fm, which are directly associated with them, but not with
basalts from the stratigraphically underlying Lady Mary Forma-
vion weloich g chiarasienieed Ly pusitive @g(0) values (aveiage of
+2.0£ 05, excluding sample LM 4&; Table & L Inaddition, the low Rz
end-memberwith aninferred eyyit ) value of roughly -0.4 extrapo-
latied fromn the FeaQgf8illy versus gyl tirelationships of mesobands
in BIF sample MAT-3C {Fig 12B) compares well with the average
epgl tivalue of —04 211 defined by sedimentary rocks from within
thi TGE. This leads us to propose that surface basin waters were
mixzd with high-T fluid fartilized deeper waters which abtained
their REE signature from weathering ofcontinental crustal marerial
sirnilar in composition to the sedimentary rocks that are associated
with the BIF in the TGB. Sm-MNd isotope data allow us to argue that
these continental sources were significantly mafic in nature,

54, Inferences for the nature of the enriched mantie reservoir

Inferences from Sm-Md isctope data indicate strongly noga-
tiviz imitial &y values  high-T luid end-member syy value of -2.5;
s Flg, 12A and B which indicave thiat e manthe soues o
which these REE components were derived had experienced an
earlier enrichment. Such enrichment, potentially by ancient recy-
cling of continentally derived material into the mantle, is generally
compatible with other lines of evidence. Thus, Re-0s isotopes
of chromite-bearing layered intrusions in the Zimbabwe Craton
{Magler er al, 1967 ) as well as Re-0s and other isotope system-
atics of xenoliths from within kimberlites in the Kaapvaal Craton
{Shirey er al, 2001; Shirey and Walker, 1998; Walker et al, 1989)
support the existence of a long-lived ancient subcontinental licho-
spheric mantle beneith much of southern Africa. Recent studies,
focusing on major-and race-clemental characteristics as well as
isotope geochemical (Lu-HF, Sm-Md, Pbj data on rifi-related giant
dyke swarms and asseciated lava flows and sills in southern Africa
{for example, those of the Karoo province (Jourdan ec al., 2007 ;
Kobussen et al, 20085 essentially confirmed the zenolich-based
interpretations for the existence of a subcontinental lichosp heric
mantle and revealed that its extensions is far more widespread
than ininally assurmned. Although there is some debate regarding
the timing of the enrichment process, Os isotopic data onchromice
and PGE alloys provided robust information for a long-lived and
ancient Re depletion as far back as ~38 Ga (Nagler et al., 1997).
Griffinet al {2003) provided a compositional and structural map in
four dimensions of the lichos pheric mantle underlying the Kaap-
vaal Craton and the surrounding mobile beles, and highlighted
the strong vertical ard lateral heterogeneity of this subcontinen-
tal lithospheric mantke. One of the most striking features is strong
geachernical depletion in the depth interval 120- 180 km below the
Limpopo Belt Jourdan et al. (2007 § based on isotope geochemical
signatures of high- a1d lowe-Ti basalts associated with the Karoo
magmatic event, infered that the distribution of these high- and
loww-Ti magrmas reflecs strong control by lithospheric architecture.
They emphasized that high-Ti magmas are restricted to the thick
Limpopo Bele lithosphere, whereas the lowe-Ti magmas are located
onthe thinner Kaapvaal andZimbabwe cratonic lithospheres, These
authors explained the low-gygeg;, low-gyp;;, and low-28Phj24Phy
signatures of these basalts by postulating a mantle source that was
previously enriched t high degrees by subduction related meta-
somatism (and sediment input? j beneath the Limpopo Belt. In the
light of these results the REE and 5m-Md isctopic signatunes of
the TGE BIF and asscciated volcanic rocks are preferably tied o
sources derived from subcontinental lithospheric mantle or simi-
lar enriched reservairs that existed ~27 Ga ago beneath cratonic
regions eastern Botswana.

6. Conclusions

The main objective of this study was to delineate the source of
components in TGB BIFs by means of {isotope-, geochemical data
and e fullowiog conclusions can be duawi,

REY data sets for individual mescbands from the TGE BIFs
shows characteristic features resembling those ofother ArcheanBIFs
waorldwide (with PAAS normalized LREE and MREE depleted REY
patterns relative to HREE, positive La/Lag,.c, Eu/Euf,z:. Y/Ho and
nz Cef Cepyoc anomalies L With the exception of Eu and Ce anoma-
lies, these are characteristic features of modern seawater.

Elevated Eu/Eul, . anomalics relative to th: Paleoproterazoic
Hamersley (Western Australia) BIF in TGB BIF: are symptomatic
of worldwide BIFs deposited at around 2.6-2.7Ga and indicate a
period when high mantle heat flow allowsed increased hydrother-
mal pulses tobe injected into contermporaneous seawater,

Uranogenic Pb isotope data for the BIFs defire separate correla-
tion trajectories with slopes cornesponding to ~2.7 Ga. These trend
limes lie at elevated 27 Phi*™Pb relative to 2 Phj2™Ph values and
implya high-p prehistory of their source materizls. The initial leads
in the BIFs can best be explained by ~3.0-32 Ga extraction of Pb
from an clder Archean mantle reservoir, subsequent evolution of
individual source reservoirs with variable VP ratios and incorpo-
ration of these signatures into the chemical sediments ar ~27 Ga,
and finally by a resetting of the whole-rock U-Pa systems during a
regional metamorphic event shortly following twenzafter.

Local tectonc-metamorphic owverprinting, exemplified by the
Mupane BIFs and by PbSL data of garnets from associated sed-
imentary rocks, occurred at 1976 £ 88Ma. This owerprinting is
interpreted as being related to the ~20Ga teclono-metamorphic
event characteristic of the adjacent Limpopo Mabile Belt. How far
the effects of the Limpopo deformartional events can be traced into
thi Zimbabawe Craton cannot be judged from this study. Ad ditional
Pb isotopic analyses on single minerals from other greenstone beles
are required to clarify this. The fact that the 2.05a Limpopo meta-
marphism seems to have affected the southerr cratonic areas, as
exemplified by our results on the Mupane BIF, might be of impor-
tance for future gold exploration programs in othzr greenstone beles
within the southern Zimbabwese Craton

Gef5iratios also point to source decou pling of 5 and Fz in respec-
tive BIF mesobands, The hypertolic relationship between Lefsi
ratios and Fz; 0y matches that defined by other 3IFs, particular the
~2.45 Ga Hamersley BIFs (Western Australia), and calls for inde-
pendent sources for Fe and Si similar to those inferred from the
SmfMd-Fes0; relationship.

The average depleted mantle Md model age defined by BIF
mesobands is 3.22 2021 Ga, compatible with thz extraction period
inferred from Pb isotopes. While the five BIFs from the TGB cannot
be distinguished by their Sm-Nd isotopic compositions, the subtle
differences in their Pb isotopic signatures imply small but distinct
differences insurface water compositions or inthe source of detrital
components that were incorporated during the deposition of these
chemical sedimentary rocks.

Sm-Md isotopic relationships  between 5i- and  Fe-rich
mesobands of one of the TGB BIRs studied in detail allow for
a more precise characterization of these soukes, The first one
is exemplified by elevated SmfMNd ratios, negative =gy values
{inferred end-member eyy=-25) and is associated with high
Fe-fluxes. The second one is characterized by relatively low SmiNd
ratios, less negative eng values {inferred end-member spg = —04)
and is asscciated with high 5i fluxes. These sources represent,
respectively (1] seaflcor-vented hydrothermal fuids that received
their S5m-Md isotopic signature from enriched oceanic crustal
rocks, and (2 ambient surface basin waters whese REE signature
was controlled by solutes derived from wearhering of nearby
continental landmasses with a likely average mafic composition,
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The negative sy signature of the high-T fluid source may
point to the existence of subcontinental lithos pheric mantle com-
ponents beneath the Kaapvaal and Zimbabwe crators, for which
independent evidence exists from the study of layered intrusions,
kimberlite hosted cenaliths and rift related valcanic rocks.
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