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a b s t r a c t

In order to determine the origin of silicon (Si) in banded iron formation (BIF), we have undertaken a

multi-tracer study combining REEþY data, Ge/Si ratios and Si isotopes (d30Si) on stratigraphically

resolved layers from a �2.95 Ga BIF from the Pongola Supergroup, South Africa. Si in both Si-rich and

Fe-rich layers has a common origin, represented by a seawater reservoir strongly influenced by

continent-derived freshwaters (�10%) and very limited (o0.1%) high-T hydrothermal fluids as

indicated by Eu anomalies and Y/Ho ratios. The coevolution of d30Si signatures of Si- and Fe-rich

layers of the BIF coupled with similar Eu and Y anomalies in both types of layers is in accordance with a

common silica precipitation promoted by Si adsorption onto Fe-oxyhydroxides from Archaean sea-

water. An increase in d30Si values from �2.27% to �0.53% stratigraphically upwards in the BIF is

inferred to be the result of two successive isotopic fractionation processes during (1) silicon adsorption

onto the Fe-oxyhydroxide precursor and (2) silica precipitation at the sediment–water interface from

pore fluid triggered by the local silica saturation consecutive to an early diagenetic Si desorption from

the precursor Fe-oxyhydroxide. The first fractionation process depleted the parental water in 28Si while

the second released 30Si back into the parental water, resulting in an increase of the d30Si value of the

parental water reservoir over time.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The mechanism that gave rise to the precipitation of alternat-
ing iron- and silica-rich layers of banded iron formations (BIFs) in
the Precambrian is still unresolved despite extensive investiga-
tions. Most studies on BIFs have focused on the origin of Fe-rich
bands. It is generally accepted that Fe2þ was sourced from
hydrothermal alteration of oceanic crust (e.g., Jacobsen and
Pimentel-Klose, 1988; Derry and Jacobsen, 1990; Bau and
Möller, 1993). Proposed mechanisms of oxidation of Fe2þ and
subsequent precipitation of ferric iron are still debated (Bekker
et al., 2010). They include abiotic photo-oxidation (Cairns-Smith,
1978; Braterman et al., 1983), direct oxidation by Fe(II)-oxidizing
anoxygenic photoautotrophic bacteria (Konhauser et al., 2002;

Kappler et al., 2005; Posth et al., 2008) and abiotic oxidation with
cyanobacterially-generated O2 (Cloud, 1965, 1973).

Silica is regarded to have been derived either from continental
sources (Hamade et al., 2003; Frei and Polat, 2007) or seafloor
hydrothermal fluids (André et al., 2006; Lascelles, 2007; Steinhoefel
et al., 2009; Wang et al., 2009). In the absence of silica-secreting
organisms, our current understanding of Precambrian oceans is
limited to the assumption that silicon (Si) concentrations were close
to saturation of amorphous silica (Siever, 1992). Banding in iron
formation has been argued to reflect alternating chemical precipita-
tion of colloidal iron oxyhydroxides and silica (Garrels, 1987) or
continuous evaporative silica precipitation with episodic deposition
of iron (Morris, 1993). Alternatively to such direct Si precipitation
from seawater, Fischer and Knoll (2009) proposed a model where
silicic acid adsorbed onto Fe-hydroxide precipitates to form a
siliceous ferric oxyhydroxide precursor that sank to the sea floor
along with organic matter. In sediments, bacterial oxidation of
organic matter and Fe reduction liberated silica that concentrated
into pore fluids and ultimately precipitated and transformed into
early diagenetic chert. Evaluating the different models requires a
better understanding of the source of silicon in BIF.

Ge/Si ratios are useful in this regard, as they may highlight
mixing processes between hydrothermally and continentally

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/epsl

Earth and Planetary Science Letters

0012-821X/$ - see front matter & 2012 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.epsl.2012.07.035

n Corresponding author at: Department of Geology and Mineralogy, Royal

Museum of Central Africa, Leuvensesteenweg 13, 3080 Tervuren, Belgium.

Tel.: þ32 2 769 54 60; fax: þ32 2 769 54 32.

E-mail address: cdelvign@ulb.ac.be (C. Delvigne).
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derived fluids, both of which display very different Ge/Si ratios
(8–14 mmol/mol and 0.54 mmol/mol, respectively; Mortlock et al.,
1993; Froelich et al., 1992). Based on the covariation of Ge/Si
ratios and silica content of iron formation mesobands, Hamade
et al. (2003) and Frei and Polat (2007) argued for mixing scenarios
involving two water masses with different geochemical composi-
tion that interacted with each other: high Ge/Si bottom seawater
strongly impacted by hydrothermal fluids and low Ge/Si surface
waters strongly influenced by continental inputs. These authors
further considered that silica was predominantly derived from
weathering of a continental landmass, whereas iron was sourced
from oceanic hydrothermal systems. Their proposal relies on the
assumption that Si and Ge do not fractionate during silica
precipitation and instead maintain their ratio representative of
their source. However, this can be biased by the potential
preferential adsorption of Ge onto Fe-oxyhydroxides (Pokrovsky
et al., 2006). Moreover, significant fractionation of Ge may take
place during inorganic quartz precipitation from hydrothermal
fluids (Evans and Derry, 2002).

The fractionation of the stable isotopes of silicon has recently
been explored as a tool to study silica sources in Archaean BIFs
(André et al., 2006; Steinhoefel et al., 2009, 2010). These studies
concluded that negative d30Si signatures converge with Fe iso-
topic data in support of a common hydrothermal origin for both
elements. Steinhoefel et al. (2009) further suggested that the
variability of the Si isotope composition might reflect modifica-
tions of hydrothermal fluids with distance to the venting site
caused by Rayleigh distillation and/or mixing with ambient
seawater.

In an attempt to decipher amongst different processes that
may have controlled Si precipitation of Archaean BIFs, we have
undertaken a multi-tracer study combining REEþY data, Ge/Si
ratios and Si isotopes (d30Si) on stratigraphically resolved layers
sampled in a 2.95 Ga BIF from the Pongola Supergroup, South
Africa. The very good stratigraphic control is used here to
investigate time-related controls of silica precipitation within
both Si- and Fe-rich layers and deduce a coherent scenario for
Archaean BIF deposition.

2. Geological setting and sample locations

The Mesoarchaean Pongola Supergroup is a volcano-sedimen-
tary sequence that was deposited ca. 3.0–2.85 Ga ago on the
southeastern margin of the Kaapvaal Craton. It is exposed in the
Mpumalanga and KwaZulu-Natal provinces of South Africa and
Swaziland, and can be partly correlated with the Witwatersrand
Supergroup of South Africa (Beukes and Cairncross, 1991). The
Pongola Supergroup comprises two stratigraphic units: a lower
volcano-sedimentary Nsuze Group and an upper, largely sedi-
mentary Mozaan Group. The base of the Mozaan Group is
represented by the Sinqeni Formation that was studied in the
White Mfolozi Inlier (coordinates S28113.881; E031111.813). The
Sinqeni Formation consists of two major sandstone units sepa-
rated by a ca. 12 m thick succession of mudrock and BIF referred
to as the Vlakhoek Member. A lower silt-rich mudrock unit grades
upwards into clay-rich mudrock (Dix, 1984) and displays ripple
marks at the sampled outcroup. Overlying the mudrock is a 3 m
thick unit of jaspilitic BIF from which the samples originate. The
BIF consists of jasper pods and bands alternating with magnetite-
haematite mesobands (Beukes and Cairncross, 1991). This iron
formation is, in turn, overlain by green mudrocks (Dix, 1984). BIFs
of the Pongola Supergroup have been deposited in an epiconti-
nental sea, on a shallow, sediment-starved outer continental shelf
during peaks in marine transgressions (Matthews, 1967; von
Brunn and Mason, 1977; Tankard et al., 1982; Beukes and

Cairncross, 1991). The metamorphic grade of the Pongola Super-
group is lower greenschist facies (Hammerbeck, 1977; Linström,
1987). Deposition of the Mozaan Group is constrained by the age
of Nsuze Group lavas at 298571 Ma (U–Pb single zircon; Hegner
et al., 1994) and the age of intrusion of ‘‘post-Pongola granites’’
the oldest of which, the Godlwayo Granite, has been dated at
286378 Ma (Pb–Pb zircon evaporation; Reimold et al., 1993).

3. Analytical techniques

Rocks were collected from surface exposure without obvious
weathering, i.e. major changes in colour or texture. Exposed
surfaces were cut to avoid contributions of any weathering rinds
and Si-rich and Fe-rich mesobands were separated by sawing
before grinding. Samples were then reduced into small chips
(2–5 mm) with a rock hammer. To avoid any contamination in Ge,
REEþY and Si isotopic signature, between 10 and 40 g of samples
were powdered using a tungsten carbide grinding bowl. Powders
were dried in an oven overnight at 100 1C.

For major and trace element contents, about 50 mg of pow-
dered rock samples were dissolved by lithium metaborate fusion
with 99.999% purity (American Element) at 1000 1C for 1 h in
platinum crucibles. The 1:3 flux to sample ratio for Si-rich
samples was increased to 1:8 to achieve complete dissolution of
Fe-rich samples. The fusion beads were dissolved in 5% HNO3 and
the solutions were analysed for major elements, Ge and REEþY
contents.

Major elements compositions were measured by ICP-AES (Iris
Advantage) with gold (Au) and yttrium (Y) as internal standards.
All calibration standards and samples were matrix matched using
the appropriate flux to sample ratio to avoid any matrix effect.
Typical accuracy of ICP-AES analysis was 72% for major elements
and 75% for elements below 2 wt% (Al, Ca, K, Mg, Mn, Na, P and Ti)
as checked using geostandards SGR-1 (shale) and a 5 ppm artificial
multi-element solution standard. Using geostandards IF-G (BIF),
accuracy of ICP-AES analysis was 75% for major elements and
710% for elements below 2 wt% (Al, Ca, K, Mg, Mn, Na, P and Ti).

Ge and REEþY concentrations were analysed by HR-ICP-MS
(Element 2) in low-resolution mode with indium (In) as internal
standard (Robinson et al., 1999). Detection limits are given in
Table 1. Typical accuracy for Ge is 71–2% (checked with
geostandard IF-G). Specific BaO interference on Eu and PrO and
CeOH interferences on Gd were corrected following Aries et al.
(2000) calculations with Th (a 0.5 ppb Th spike was added to all
samples) as the normalizing element. Typical accuracy is better
than 5% for Y, Ba, La, Ce, Pr, Gd, Tb, Dy, Ho, Er, Yb and Lu and
below 10% for Nd, Eu and Sm (checked with geostandard IF-G and
a 0.1 ppb artificial multi-element solution).

For Si isotopes a NaOH alkaline attack and chromatographic
purification was carried out following the procedure of Georg
et al. (2006). To achieve complete dissolution (particularly for Fe-
rich samples), only 1–5 mg of powdered rock was used (Fitoussi
et al., 2009). Since a shift of up to 0.4% in measured d30Si can
occur due to a slight decrease in pH of the solution loaded on the
cationic exchange resin (Fitoussi et al., 2009), we adjusted all
solution to a pH 2 before the cationic purification step.

Si isotopic ratios were then measured in at least duplicate
using a Nu Plasma multicollector plasma source mass spectro-
meter (MC-ICP-MS) operating in dry plasma mode, with an
external Mg doping to correct mass bias (Cardinal et al., 2003;
Abraham et al., 2008). Data were obtained by the sample-
standard bracketing technique relative to the NBS-28 silica sand
standard for silicon isotopes. Since Van den Boorn et al. (2009)
reported significant offsets in MC-ICP-MS silicon-isotope mea-
surements induced by the presence of sulphur, a SO4

2� spike
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Table 1
Major element (wt%) and selected trace elements (ppb, unless other specified) concentrations, Ge/Si ratios and silicon isotopic compositions for individual mesobands of BIFs from the Mozaan Group. The term ‘bulk’ states for a

whole Si-rich mesoband (e.g., PG-1 bulk) that was subdivided in subsamples (e.g., PG-1A, 1B, 1C, 1D) without any Fe-rich mesoband intercalated between them. ADL is the analytical detection limit in rock calculated as 10sd on

10 procedural blanks with a sample flux ratio of 1:3 for Si-rich mesobands and 1:8 for Fe-rich mesobands. Sd is one standard deviation of d30Si replicates.

Sample LDA LDA PG-1A PG-1B PG-1C PG-1D PG-

1bulk

PG-2A PG-2C PG-2D PG-3 PG-4A PG-4B PG-5A PG-5B PG-5C PG-6B PG-6C PG-7A PG-7B PG-7C PG-7D PG-7E PG-

7bulk

PG-8 PG-9

Si-

rich

Fe-

rich

Si-rich Si-rich Si-rich Si-rich Si-rich Si-rich Si-rich Si-rich Fe-

rich

Fe-

rich

Fe-

rich

Si and

Fe-rich

Si-rich Fe-

rich

Si-rich Fe-

rich

Si-

rich

Si-rich Si-rich Si-rich Si and

Fe-rich

Si-rich Fe-

rich

Si-rich

Metres below top of sequence 0.025 0.055 0.08 0.1 0.05 0.15 0.23 0.3 0.4 0.85 0.9 1 1.05 1.15 1.2 1.3 1.41 1.445 1.48 1.52 1.55 1.48 1.9 2.05

SiO2 81.1 85.7 80.8 76.3 83.7 88.4 86.1 87.2 27.8 33.5 37.0 49.6 88.6 29.3 87.2 32.6 98.1 97.6 84.3 84.4 48.4 91.1 19.5 73.4

Al2O3 oADL oADL 0.00 oADL oADL oADL oADL 0.06 0.55 0.69 1.24 0.60 0.31 0.04 0.28 0.05 0.13 0.06 oADL 0.24 0.45 0.18 0.42 oADL

Fe2O3 TOT 16.2 6.4 13.3 19.2 14.4 8.1 7.4 6.5 70.2 64.2 58.1 42.4 9.7 66.8 12.8 67.6 5.3 2.4 6.2 9.1 44.0 5.9 73.4 25.2

MnO 1.16 0.33 1.07 2.33 1.45 0.39 0.88 0.75 0.66 0.54 1.16 0.26 0.16 0.12 0.14 0.08 0.32 0.04 0.07 0.41 1.28 0.25 1.25 1.35

MgO 0.02 0.01 0.02 0.03 0.03 0.03 0.03 0.02 0.09 0.05 0.10 0.03 0.10 oADL 0.03 oADL 0.02 0.02 0.01 0.04 0.05 0.02 0.12 0.08

CaO 0.04 0.03 0.06 0.04 0.03 0.04 0.02 0.03 0.03 0.05 0.05 0.04 0.10 0.03 0.03 0.04 0.02 0.01 0.05 0.03 0.05 0.03 0.12 0.04

Na2O 0.02 0.09 0.03 0.05 0.12 0.08 0.12 0.10 0.09 0.03 0.01 0.02 0.04 0.02 oADL 0.05 0.02 0.06 0.09 0.10 0.00 0.02 0.09 0.01

TiO2 0.22 oADL oADL oADL 0.11 0.14 oADL 0.01 0.22 0.71 1.14 oADL 0.02 0.26 oADL oADL 0.15 0.11 oADL 0.14 0.07 oADL 0.20 oADL

P2O5 0.15 0.20 0.14 0.13 0.11 0.08 0.06 0.11 0.28 0.20 0.27 0.12 oADL 0.14 0.14 0.06 0.07 0.15 0.11 0.20 0.19 0.15 0.15 0.12

Total 98.9 92.8 95.5 98.1 99.9 97.3 94.6 94.8 99.9 100.0 99.1 93.1 99.0 96.8 100.6 100.5 104.1 100.4 90.8 94.6 94.6 97.6 95.3 100.2

Ba 1823 2577 1915 oADL oADL oADL 7764 2119 12974 oADL 3392 2630 oADL oADL oADL 4075 oADL oADL 2010 oADL oADL oADL 3373 oADL 66834 121911

La 33 2016 359 154 268 839 341 153 275 250 5518 3081 3151 1572 1017 2407 430 2359 2751 580 360 851 1784 1265 2053 834

Ce 43 30 588 195 382 1044 511 199 294 364 10049 4898 5538 2671 1641 3690 709 3322 4609 957 606 1346 3031 1659 3224 938

Pr 1 2 73 21 43 112 63 23 48 43 1165 538 640 320 182 403 84 363 501 105 68 148 352 181 371 172

Nd 4 9 287 83 172 426 251 86 177 166 4498 2041 2642 1267 662 1484 326 1275 1665 363 266 536 1373 641 1423 673

Sm 1 2 68 23 43 88 60 27 37 40 1003 434 698 301 116 267 75 208 213 52 50 93 317 99 289 152

Eu 1 34 33 13 22 48 30 13 19 23 371 198 329 167 54 132 39 106 83 22 23 41 174 44 124 79

Gd 5 130 68 35 59 118 59 27 41 44 1046 491 771 272 83 241 60 162 116 32 43 78 301 70 325 145

Tb 0 5 13 5 9 14 11 6 8 9 152 65 109 53 15 34 12 31 23 7 9 15 59 14 48 28

Dy 1 5 80 33 61 88 71 36 55 59 900 374 647 302 79 182 70 155 92 31 45 79 338 70 301 171

Y 5 107 922 436 794 1147 817 468 582 561 6033 2780 4162 1830 514 977 480 996 769 258 390 638 2533 522 2562 1550

Ho 0 1 19 8 15 24 17 9 13 14 208 95 153 64 16 37 15 33 20 7 10 17 75 14 76 38

Er 1 3 47 21 38 69 44 24 32 36 504 240 386 166 41 102 36 84 56 16 23 45 190 36 194 94

Yb 18 394 42 oADL 33 36 25 oADL 27 36 oADL oADL oADL 133 28 oADL 33 oADL 28 oADL 23 46 160 24 oADL 64

Lu 0 2 7 3 6 10 7 3 4 7 47 35 59 23 6 11 6 9 4 1 3 7 28 5 20 12

Gea 0.09 0.13 3.74 3.65 3.12 2.75 3.24 5.41 4.24 3.68 6.80 5.42 5.27 4.81 3.21 4.86 3.48 4.75 4.95 5.41 4.96 3.53 6.08 4.25 12.31 6.71

Ge/Si mmol/mol 3.81 3.53 3.20 2.98 3.21 5.06 4.07 3.49 20.27 13.37 11.77 8.03 3.00 13.71 3.30 12.06 4.18 4.59 4.87 3.46 10.38 3.86 52.23 7.56

Y/Ho wt 49.0 53.9 51.4 48.3 47.6 50.6 44.3 38.7 29.0 29.4 27.2 28.7 31.7 26.3 31.3 30.2 37.9 39.6 39.8 38.4 33.6 36.2 33.9 40.6

La/Lan
PAAS 1.40 2.09 1.85 2.01 1.59 1.59 1.44 1.59 1.30 1.51 1.64 1.44 1.33 1.47 1.42 1.45 1.12 1.21 1.49 1.38 1.43 1.59 1.50 1.38

Ce/Cen
PAAS 0.98 1.13 1.10 1.11 1.00 0.96 0.71 1.01 1.04 1.07 1.13 1.03 1.01 1.04 1.02 0.99 0.95 0.98 1.08 1.02 1.05 1.00 1.04 0.66

Eu/Eun
PAAS 2.17 2.43 2.22 2.59 2.23 2.08 2.20 2.40 1.82 2.26 2.30 2.59 2.40 2.59 2.51 2.53 2.13 2.23 2.11 2.12 2.50 2.25 2.04 2.36

Gd/Gdn
PAAS 0.94 1.35 1.17 1.41 0.94 0.89 0.97 0.92 1.16 1.28 1.21 0.91 0.88 1.14 0.85 0.89 0.76 0.76 0.84 0.91 0.92 0.83 1.17 0.92

P
REEa 1.69 0.61 1.16 2.89 1.49 0.62 1.03 1.10 25.80 12.70 15.48 7.33 3.95 9.00 1.90 8.15 10.17 2.18 1.53 3.31 8.21 4.13 8.58 3.41

n 3 2 3 2 4 n.a. 2 n.a. 2 n.a. 2 3 2 n.a. 3 2 3 2 n.a. n.a. n.a. 3 2 2

d29Simean �0.91 �0.97 �0.29 �0.38 �0.62 �0.43 �0.61 �0.63 �0.76 �1.08 �0.89 �0.77 �0.95 �0.95 �0.86 �0.75 �1.24

1 sd 0.03 0.03 0.11 0.04 0.04 0.06 0.07 0.03 0.06 0.00 0.07 0.03 0.05 0.03 0.04 0.01 0.04

d30Simean �1.75 �1.88 �0.53 �0.85 �1.30 �0.81 �1.19 �1.22 �1.39 �1.95 �1.72 �1.50 �1.76 �1.85 �1.76 �1.52 �2.27

1 sd 0.02 0.02 0.12 0.12 0.11 0.07 0.04 0.02 0.12 0.01 0.12 0.05 0.10 0.10 0.05 0.03 0.03

n.a.—not analysed.

oADL—below analytical detection limit.

n—number of procedural replicates for isotopic analysis.
a Expressed in ppm.
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(20 ppm) was added in both samples and standards to avoid such
offsets (Hughes et al., 2011). Silicon isotope data are reported
relative to the international quartz reference material NBS-28 in
the delta notation as d30Si and d29Si:

d30,29Sið%Þ ¼ ðRsample=RNBS�28Þ�1
� �

� 1000 ð1Þ

where R is the ratio 30Si/28Si or 29Si/28Si in a sample and the
reference material NBS-28.

The Diatomite secondary reference material was included in
every sequence to check for accuracy and precision, and yielded a
d30Si of þ1.2670.07 (1SD, n¼11) well in agreement with the
recommended value (þ1.2570.13; Reynolds et al., 2007).

4. Results

Major element concentrations are typical for Archaean BIFs,
with SiO2 and Fe2O3 TOT combined representing 84–100% (wt) of
the samples, with Fe2O3 TOT ranging from 2.4 to 73% (Table 1).
Based on their Si or Fe contents, mesobands will be defined as
Si-rich mesobands (460% SiO2), Fe-rich mesobands (460% Fe2O3

TOT) or as Si–Fe-rich mesobands (subequal contents of SiO2 and
Fe2O3 TOT). Al2O3 and MnO are present as minor elements with
contents from 0 to 1.24% and 0.04 to 2.33%, respectively. Mg, Ca,
Na, Ti and P are trace elements, whereas K2O was not measurable
(Table 1).

Rare earth element and Y (REEþY) patterns of individual
mesobands were normalized against Post-Archaean Australian
Average Shale (PAAS; Table 1, Fig. 1). Normalized La, Ce and Eu
anomalies were calculated following the methods of Bau and
Dulski (1996) and Bolhar et al. (2004):

La=Lan
¼ La=ð3Pr�2NdÞ ð2Þ

Ce=Cen
¼ Ce=ð2Pr�NdÞ ð3Þ

Eu=Eun
¼ Eu=ð0:67Smþ0:33TbÞ ð4Þ

All mesobands are characterised by positive La and Eu anoma-
lies (1.12–2.09 and 1.82–2.59, respectively; Table 1). Y is sig-
nificantly enriched in most mesobands relative to Ho (Table 1).
Fe-rich and Si-Fe-rich mesobands show a very slight Y/Ho
decrease upwards in the stratigraphic position (Fig. 2A), from
34.0 to 29.0. In contrast, Si-rich mesobands exhibit more variable
Y/Ho (Fig. 2A), from superchondritic values (40.6; PG-9) to values
close to those of shale (31.3 and 31.7 in PG-6B and 5B, respec-
tively) in the middle of the sequence (Fig. 2A). At the top of the

0.001

0.01

0.1

1

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

P
A

A
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Fig. 1. PAAS-normalized REEþY diagram comparing Si-rich mesobands (white

symbols), Fe-rich mesobands (black symbols) and Si–Fe-rich mesobands (grey

symbols).
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Fig. 2. Stratigraphic trends of Si-rich samples (white symbols), Fe-rich samples (black symbols) and Si–Fe-rich samples (grey symbols). (A) Y/Ho anomalies, (B) Ge/Si

ratios, (C) d30Si values, (D) Eu/Eun
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values, symbols represent an average value and error bars are 1 sd. Grey and white areas represent Fe-rich and Si-rich layers respectively.
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sequence (uppermost 0.15 m), the Y/Ho quickly reverts to higher
values (47.6–53.9) close to the range of seawater (51–58; Taylor and
McLennan, 1985; Alibo and Nozaki, 1999; Johannesson et al., 2006).
All but two samples (PG-2C and PG-9) have no significant Ce
anomalies (Table 1). Positive correlations between

P
REE and Fe2O3

TOT and P2O5 contents (r2
¼0.34 and 0.58, respectively, with p-values

o0.001; not shown) suggest that REE are hosted by Fe-oxides and
phosphates minerals, likely apatite, monazite and xenotime in the
order of decreasing abundances (Smith, 2007). Si-rich and Fe-rich
mesobands can be distinguished on the basis of SREE content, as
SREE of Fe-rich mesobands (13.2976.76 ppm) is generally higher
than for Si-rich mesobands (2.5772.33 ppm) (Table 1). Lower REE
contents of Si-rich mesobands relative to Fe-rich mesobands reflect
the dilution of REE-bearing Fe-oxides by quartz. Moreover, Y
anomalies are less positive in Fe-rich mesobands.

Ge/Si ratios in Si-rich mesobands average 4.0371.12 mmol/mol
and vary from 2.98 to 7.56 mmol/mol with the purest cherts (PG-7A
and PG-7B; 98% SiO2) showing Ge/Si ratios of 4.25 and 4.59 mmol/
mol, respectively (Table 1; Fig. 2B). Excluding two outliers (PG-8 and
9) there is no significant linear relation observed between Fe and Ge
contents (Fig. 3). Fe-rich mesobands display higher and more
variable Ge/Si ratios (11.77–52.23 mmol/mol). Typically, an increase
in Ge/Si ratios is observed as the silica content decreases in favour
of iron.

The Si isotope data are presented in Table 1 and Fig. 2C. d30Si
values are negative and within the range previously reported for
BIFs and cherts (Ding et al., 1996; André et al., 2006; Van den
Boorn et al., 2007; Steinhoefel et al., 2009, 2010; Heck et al.,
2011). The values exhibit regular variations relative to their
position in the stratigraphic sequence (Fig. 2C), starting with
pronounced negative d30Si composition at the base (PG-9,
�2.27%) followed by a continuous shift to less negative values
up to �0.53% (PG-1C). With the exception of PG-8 (�1.52%),
d30Si values of Fe-rich mesobands follow this trend. In the
uppermost 0.08 m just below the contact with overlying shale,
the Si isotopic composition abruptly reverts to much more
negative values (PG-1A, d30Si¼�1.75%).

5. Discussion

5.1. Clastic contamination

Before interpreting the geochemical tracers in term of deposi-
tional processes, the potential impact of a clastic contamination
requires evaluation, because some samples contain Al2O3 contents
exceeding 0.5% probably due to a clastic component. Because soil-
forming processes produce clays having light silicon isotopic
signatures (e.g., Ziegler et al., 2005; Opfergelt et al., 2010), a
detrital contribution of weathered material may be a potential
controlling factor that could account for the observed negative
d30Si values. However, the absence of covariation between the
isotopic signatures and the level of detrital contribution (e.g., Al2O3

or TiO2 contents) in any of the examined Fe-rich or Si-rich layers
demonstrates that clastic contamination did not have a significant
effect on silicon isotope composition (Fig. 4A). Likewise, there is no
observed correlation between Eu/Eu* or Ge/Si and Al2O3 contents,
suggesting a negligible effect of clastic contamination on the size of
Eu anomalies (Fig. 4B) and Ge/Si (Fig. 4C).

In contrast a seawater precipitate having a superchondritic
Y/Ho ratio (450) would be very sensitive to a contamination by
terrigeneous material with a low Y/Ho ratio (�26). From the
negative correlation between Al2O3 content and Y/Ho ratios
illustrated in Fig. 4D, we assume that Y/Ho ratios below 40 are
controlled by clastic contamination. Considering that Al2O3 con-
tent is exclusively related to clastic contamination, a clastic
contribution of up to �2 wt% for Si-rich mesobands (highest
Al2O3 content of 0.42% in PG-5B) and 6 wt% for Fe-rich mesobands
(highest Al2O3 content of 1.24% in PG-4B) is estimated using a
mass balance calculation:

½X�total ¼ ½X�1 � f 1þ½X�2 � f 2 ð5Þ

with f1þ f2¼1,where [X] is the concentration of the element X.
Using 2.95 Ga Mozaan Group shales as representative of

terrigeneous material (Al2O3 content of �23%; Delvigne 2012)
(Fig. 4D) and postulating precipitates free of alumina. A clastic
contribution limits the use of Y/Ho ratio as a tracer to qualitative
interpretation. Interestingly, samples suspected to be contami-
nated (Al2O3 content above 0.1%) fall on calculated contamination
trends between detritus-free samples with Y/Ho ratios about 40
and 45 (PG-9 and PG-2C, respectively) and terrigeneous material
(2.95 Ga Mozaan Group shale; Delvigne 2012) (Fig. 4D). From this,
we suppose that uncontaminated Y/Ho ratios of those samples are
�40 or 45 which are similar to Y/Ho ratios in surrounding
detritus-free Si-rich samples (PG-2C, 2D, 7B, 7C and 9).

5.2. A common parental fluid for Fe- and Si-rich layers

Before differentiating between the processes that may have
been responsible for the changes in composition in the BIF, it is
important to assess whether or not Si- and Fe-rich layers could
have been derived from a common parental fluid. The coevolution
of d30Si signatures of both types of layers along the stratigraphy
(except PG-8) strongly suggests a common parental fluid source
for both types of bands. This is strengthened by similar Eu
anomalies, indicating that all mesobands contain a similar pro-
portion of high-T hydrothermal fluid in their parental fluid.
Similarly, Y anomalies do not differ significantly between both
types of layers taking into account uncertainties related to clastic
contamination (Fig. 4D). As a result, these three tracers point to a
common source for both mesobands.

However, contrasting Ge/Si ratios between Fe-rich and Si-rich
layers are commonly regarded to indicate that silica and iron
sources of BIF were decoupled (Hamade et al., 2003; Frei and
Polat, 2007). According to these authors, high Ge/Si ratios of
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and 7B; 98% SiO2) (r2
¼0.98 with p-value¼0.007). This relation provides evidence

for adsorption processes in samples PG-8 and 9 and its absence in other samples.

Adsorption processes in PG-8 can explain the higher d30Si value of this sample as

adsorption of Si onto Fe-oxides is potentially accompanied by lower fractionation

factors than precipitation (30Dadsorption down to �1.1%, Delstanche et al., 2009

instead of 30Dsolid–fluid about �1.8%, Basile-Doelsch et al., 2005; Van den Boorn

et al., 2010).
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Fe-rich mesobands would be inherited from hydrothermal fluids,
whereas low ratios of Si-rich mesobands would be indicative of
continental inputs. To conciliate Ge/Si ratios with other tracers in
favour of a common source, we propose that contrasted Ge/Si
ratios between layers may result from either a preferential
affinity of Ge for Fe-oxyhydroxydes relative to silicon
(Pokrovsky et al., 2006) or large changes in Si contents. Ge
contents are slighty higher in Fe-rich layers than in Si-rich layers
(5.4270.82 versus 3.9770.85 ppm, excluding PG-8 and 9), but
no positive correlation exists between Ge and Fe contents for
most but two samples (PG-8 and 9; see Fig. 3 for details).
Therefore, we found no evidence that the Ge sequestration by
Fe-oxyhydroxides might be the major factor that controls the
difference in Ge/Si between the Si and Fe-rich layers. SiO2

concentrations are more variable (from 19.5% to 98.1%) than Ge
concentrations (from 2.75 to 6.08 ppm excluding PG-8 and 9).
Therefore, we infer that the changes in Ge/Si ratios between
layers reflect their variable quartz proportions and are not
indicative of different fluid sources.

5.3. Constraints on the common parental fluid

From the remarkable coherence of REEþY patterns of
Archaean BIFs and marine carbonates, Bolhar et al. (2005)
suggested that BIFs are a faithful record of the REEþY pattern
of seawater. Impact of post-depositional processes, such as
diagenesis, metamorphism and surface weathering, on the

primary composition were found negligible in most cases (Bau,
1993; Bau and Dulski, 1996; Bolhar et al., 2004). With Mozaan
Group BIFs, REEþY are likely hosted by Fe-oxides and phosphates
minerals. While phosphate minerals formed diagenetically,
REEþY, Fe and P were introduced syngenetically during BIF
precipitation. The homogenous P2O5 contents indicate no large-
scale reorganization of REEþY concentrations during diagenesis
(Table 1), suggesting that bulk rock REEþY contents likely reflect
the REEþY pattern of the water mass from which the BIFs
precipitated. REEþY patterns of Mozaan BIFs display features
consistent with seawater precipitates, namely positive La and Y
anomalies (Table 1; Fig. 1) (e.g., Bolhar et al., 2004, 2005). The lack
of a significant negative Ce anomaly (except PG-2C and PG-9)
testifies that seawater was reduced even in shallow-water envir-
onments. This is in accordance with the absence of significant
ocean redox stratification prior to 2.3 Ga (Planavsky et al., 2010).
The samples also display pronounced positive Eu anomalies,
indicating a contribution from high-T hydrothermal fluids. The
magnitude of this anomaly is within the range of other Archaean
BIFs (Alexander et al., 2008; Planavsky et al., 2010). In particular,
our REEþY data compare well with Mozaan BIFs investigated by
Alexander et al. (2008). Although within the same range of values,
we report slightly higher Eu anomalies (2.2970.19 versus
1.7870.14) and lower Y/Ho ratios (27.3–53.9 versus 31.4–65.4)
compared to Alexander et al. (2008). This records slighly higher
hydrothermal contributions and/or clastic contributions in our
samples.
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To assess the relative proportion of seawater, continental run-
off and hydrothermal fluids present in the parental water reser-
voir from which the BIF precipitated, we compare the BIFs Eu and
Y anomalies with those preserved in Archaean microbialites (Van
Kranendonk et al., 2003; Kamber et al., 2004; Bolhar and Van
Kranendonk, 2007). Using the uniform partition coefficients of
REEþY between microbialites and seawater determined by Webb
and Kamber (2000), we compute the REEþY contents of the
Archaean open seawater from those microbialites. From a con-
servative mixture (Eq. (5)) between this reconstructed Archaean
seawater and modern high-T hydrothermal fluids (Klinkhammer
et al., 1994; Bau and Dulski, 1999; Douville et al., 1999), we argue
that a contribution of less than 0.1% of high-T hydrothermal fluids
is sufficient to account for the observed Eu anomalies (dashed
area; Fig. 5). This is in good agreement with 1000:1 mixing ratios
proposed by Klein and Beukes (1989) and Khan et al. (1996) to
explain REEþY patterns of other Precambrian BIFs. However,
binary mixing of seawater and hydrothermal fluid is inconsistent
with Y/Ho values (Fig. 5). This points to the existence of an
additional REEþY source. A control of Y/Ho ratios by clastic
contamination can be excluded for all samples with very low
Al2O3 and Y/Ho ratios, such as the lowermost Si-rich mesoband
(PG-9, Fig. 5). This sample likely records the parental water
composition at the beginning of the BIF precipitation process.
This will be referred to as the initial parental water in the
following discussion. Its Y/Ho ratio lower than expected from a
mixture of open ocean and hydrothermal fluids strongly suggests
a contribution of continent-derived freshwaters, because
Archaean freshwater must have had a Y/Ho ratio as low as their
modern counterparts (Y/Ho �30, Hagedorn et al., 2011). Indeed,
2.8–2.6 Ga Fortescue stromatolites deposited in a setting with a
dominant riverine input are characterised by low Y/Ho (Y/Ho
�30; Bolhar and Van Kranendonk, 2007). A rough estimate of the
freshwater component can be obtained using a mass balance
calculation (Eq. (5)). A significant contribution (about 10%) of

freshwater to the Archaean open seawater with a contribution of
0.035% of hydrothermal fluid (dashed area; Fig. 5) is required to
account for the Y/Ho ratio observed in the lowermost Si-rich
mesoband (PG-9) (Fig. 5). Such contribution is very well in
agreement with the significant continent-derived solute fluxes
deduced from the Sm-Nd isotope systematics of the Mozaan BIF
(Alexander et al., 2008). These authors evaluated that about 70%
of the Nd in Mozaan BIF was derived from continental sources. As
Nd contents of water dominated by riverine input are about 15
times more concentrated than open ocean (Van Kranendonk et al.,
2003; Kamber et al., 2004; Bolhar and Van Kranendonk, 2007), a
contribution of freshwater of about 14% is required to account for
this 70% of continent-sourced Nd, which is very close to our
estimate of 10%.

5.4. A common siliceous ferric oxyhydroxide precursor

Si-rich mesobands are principally made of microquartz, which
is generally considered to have formed by recrystallisation of
amorphous silica during diagenesis through dissolution-precipi-
tation processes (Knauth, 1994; Marin et al., 2010). In the case of
BIF, such amorphous silica precipitation might have occurred
directly from seawater or through Si adsorption onto Fe-oxyhydr-
oxides forming a siliceous ferric oxyhydroxide precursor (Maliva
et al., 2005; Fischer and Knoll, 2009). A necessary condition for
amorphous silica precipitation is silica oversaturation of the
parental fluid that should be maintained during BIF precipitation.
Although Si fluxes issued from continent-derived freshwater may
have been important (Delvigne 2012), such runoff was unlikely
silica-saturated because it was fed by soil-solutions in equili-
brium with neoformed silicates, such as smectites and kaolinites
(Delvigne 2012). Then, the freshwater contribution must have
lowered the Si concentration of the seawater. Besides, the BIF
precipitation itself must have depleted the Si contents of the
water reservoir (the Si depletion induced by BIF precipitation is
estimated about 40%, see Section 5.5 for details). Therefore, we
consider a direct amorphous silica precipitation unlikely. In
contrast, as envisioned by Fischer and Knoll (2009), silica could
have been extensively extracted from water by a Si adsorption
onto Fe-oxyhydroxides since Fein et al. (2002) have shown that a
high proportion of silica (above equimolar Si/Fe ratio; Davis et al.,
2001) can be bound onto Fe-oxyhydroxides even in solutions
undersaturated with respect to silica. During early diagenesis, the
desorbed Si must have been concentrated in the pore fluids,
expelled at the water–sediment interface where a fraction of the
dissolved silica may be released back into the ocean, while
another would precipitate as new Si-rich layer through a local
oversaturation and ultimately transform into early diagenetic
chert. Although 30esolid–fluid is not yet experimentally constrained,
light isotopes will concentrate in the precipitate. Therefore, the Si
released back to ocean would be 30Si-enriched, potentially
increasing the d30Si signature of the parental water at the
water–sediment interface. Therefore, this early diagenesis might
be one of the causes of the stratigraphic change in d30Si (see
Section 5.5).

5.5. Sedimentary-diagenetic controls of the temporal d30Si trend

The compositional evolution of the Si-rich mesobands can be
described in two stages. During the first stage (from bottom up to
0.08 m), which is recorded in the lower to middle part of the
studied section, silicon isotopic signatures become heavier with
no systematic changes in values of the Eu anomaly (Fig. 2). The
temporal evolution of Y/Ho ratios is more uncertain as Y/Ho ratios
below 40 are probably controlled by clastic contamination. How-
ever, as discussed earlier, Y/Ho ratios of the parental seawater
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probably varied between 40 and 45 without changing through
time. The second stage is restricted to the very top of the
sequence (above 0.08 m), just before the onset of detrital sedi-
mentation. This phase is characterised by a sharp return to
negative d30Si signatures and higher Y/Ho ratios, but unchanged
Eu anomalies (Fig. 2).

There are two potential explanations for increasing d30Si
stratigraphically upward: (1) gradual mixing with a fluid with
heavier d30Si signature; (2) a progressive 28Si depletion and/or
30Si enrichment through successive sedimentary and diagenetic
isotopic fractionation processes.

The persistency of very similar Eu anomalies throughout the
sequence (Fig. 2D) indicates that the contribution of hydrother-
mal fluid to parental fluid did not change significantly during the
process of BIF precipitation, a feature that has also been observed
for BIF from Isua (André et al., 2006). Moreover, light d30Si
signatures of hydrothermal fluids (about �0.3%; De La Rocha
et al., 2000) would not account for increasing d30Si signatures of
the parental water reservoir. In contrast, Archaean seawater and
continent-derived freshwaters are generally thought to have had
heavy d30Si signatures (between þ0.5 and þ2% and þ0.27 and
70.35%, respectively; Robert and Chaussidon, 2006; Steinhoefel
et al., 2010; Van den Boorn et al., 2010; Abraham et al., 2011;
Delvigne 2012). Therefore, gradual mixing between seawater with
a significant freshwater contribution and open-ocean may be the
mechanism responsible for increasing d30Si values upward in the
sequence. Although the relative contributions of both fluids
cannot accurately be assessed from Y/Ho ratios, this tracer does
not support such a hypothesis. Indeed, detritus-free samples with
contrasted d30Si values (e.g., PG-1B and 1C with d30Si values at
�0.53% and �1.88%, respectively) do not show significant
changes in their Y/Ho ratios (51.4 and 53.9, respectively). In
contrast, isotope fractionation processes appear as the most likely
operating mechanisms and may have occurred during the follow-
ing four successive steps: (1) the adsorption of Si onto Fe-
oxyhydroxides generating siliceous ferric oxyhydroxides parti-
cles; (2) the desorption of Si during early diagenesis; (3) the silica
precipitation as diagenetic mineral phases from the expelled
pore fluid at the sediment–water interface; (4) the diagenetic
silica conversion into microquartz. A fractionation of about
�1.470.3% has been reported for Si adsorption onto Fe-oxy-
hydroxides (Delstanche et al., 2009). During early diagenesis no
isotopic fractionation is expected as the Si desorption is thought to
fully release all fixed Si (Fischer and Knoll, 2009). The expelled Si
silica would become concentrated in the pore fluid and ultimately
precipitate with a 30Dsolid–fluid between �1.5 and �2.2% (Basile-
Doelsch et al., 2005; Van den Boorn et al., 2010) at the sediment–
water interface. Upon burial diagenesis, silica conversion of amor-
phous silica into microquartz through dissolution–recrystallisation
processes may have induced microscale d30Si variations following
processes similar to the one proposed by Marin et al. (2010) and
Marin-Carbonne et al. (2011). This raises the question whether or
not such processes could have produces the observed stratigraphic
changes in the d30Si at the outcrop scale. Two observations are at
variance with such a hypothesis, the sharp return to very negative
signatures at the top of the BIF sequence on the one hand and the
lack of cm-scale d30Si variations within the tiny sub-sampling of
the PG-7 layer (Table 1) on the other hand. Then, dissolution–
recrystallisation processes may have induced microscale d30Si
variations but without cm-scale reorganization. Therefore, of these
four steps, two likely involve Si isotope fractionation and both result
in an increase in the d30Si of the parental water reservoir. During Si
adsorption onto Fe-oxyhydroxides, the parental fluid will be pro-
gressively 28Si-depleted following a Rayleigh-like distillation pro-
cess. Note that such a Rayleigh system is compatible with Si inputs
from open ocean and/or continental inputs when Si exports exceed

Si inputs (Fry, 2006). Indeed, a Rayleigh distillation process may
develop because there is successive use of the same reservoir and
repeated product formation from the dwindling reservoir pool. In
the very top part of the section, the sharp decrease to very negative
d30Si signatures points to a Si export/Si input ratio below 1 ending
the Rayleigh system.

So far the fractionation factor associated with the equilibrium
precipitation of silica from a fluid (esolid–fluid) has not been established
experimentally. However, fractionations of about �1.5% and
�2.2% have been estimated from natural occurrences (Basile-
Doelsch et al., 2005; Van den Boorn et al., 2010). Then, the silicon
released back to ocean is likely strongly 30Si-enriched. To better
apprehend the evolution of the parental water reservoir, we merge
the two fractionation processes into one fractionation step with a
bulk cumulative fractionation between the parental water and
microquartz of about �3.270.7%. We then assume that the
parental water reservoir evolved following a Rayleigh-like distillation
process. Using this fractionation factor together with the Si isotope
composition of the first precipitated Si-rich mesoband
(d30Si¼�2.27%, Table 1) provides an estimate of the d30Si signature
of the initial parental water of þ0.970.7%. Moreover, the heaviest
d30Si signatures may correspond to a depletion of about 40% of the
dissolved Si present in the initial parental water.

6. Conclusion

A 3 m thick horizon of BIF from the Mesoarchaean Mozaan
Group displays characteristic geochemical and isotopic features of
a precipitate from a seawater reservoir strongly affected by
continent-derived freshwaters (�10%) mixed with open ocean
and minor (o0.1%) high-T hydrothermal fluid. Silicon isotopes,
Ge/Si ratio and REEþY point to a common parental water
reservoir for both Fe- and Si-rich layers and favour the hypothesis
of Si precipitation promoted by Si adsorption onto Fe-oxyhydr-
oxides (Fischer and Knoll, 2009). We propose two steps of Si
isotope fractionation in the model of BIF deposition envisioned
by Fischer and Knoll (2009). The first one occurs during Si
adorption onto Fe-oxyhydroxide precursor with a 30e of
�1.470.3% inducing a gradual 28Si-depletion in the parental
water reservoir. The second one takes place during early diagen-
esis when a part of the desorbed silicon is released back into the
ocean with a heavy d30Si signature and was precipitated as a
silica-rich layer due to a local silica-oversaturation at the
sediment–water interface. Then, both processes concur to
increase the d30Si value of the parental water reservoir producing
the observed gradual stratigraphic changes in the d30Si signatures
of both Si and Fe-rich layers
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