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a  b  s  t  r  a  c  t

The  Kromberg  Formation  (ca.  3432  Ma) in  the  Barberton  Greenstone  Belt,  South  Africa,  contains  well-
preserved  chert  beds  at the  tops  of  turbidite  deposits.  At  the  interface,  siltstone,  which  consist  of  K-
feldspar,  K-mica,  microquartz  with  minor  lithic  fragments  and  heavy  minerals,  grades  into  chert,  which
consists  of microquartz  and minor  K-mica  (<15%).  K-feldspars  show preserved  twins  typical  of microcline,
orthoclase  and sanidine.  Based  on the heterogeneity  of  the  clastic  fraction  (i.e.  shape,  size, nature),  the
lack of in situ  metasomatic  features  (i.e.  crystal  overgrowths,  silica  replacement)  and  the  continuity  of
the  siliceous  matrix  through  the siltstone-to-chert  transition,  we  argue  that  (1)  the  clastic  particles  are
detrital,  (2)  some  were  altered  and  metasomatized  at their  source,  (3)  in situ metasomatism  was  limited
to minor  seritization  of  K-feldspars,  and (4)  the  silica  is  of  primary  origin  and  precipitated  from  ambient
marine  fluids.  Our  petrographic  observations  reinforce  the model  advocated  by Rouchon  and  Orberger
(2008)  and Rouchon  et  al.  (2009)  for chert deposited  in  clastic-rich  setting  and  we  favor  a formation  of both
the  siltstones  and  cherts  as  chemico-clastic  sediments.  We  argue  for the  contemporaneous  deposition
of  clastic  grains  from  turbiditity  currents  and  precipitation  of silica  on phyllosilicate  reactive  surfaces,
both  in  the  water  column  and  at the  sediment–water  interface.  As  the  rate  of  clastic  sedimentation
declined,  the  accumulation  of  silica  flocs  on  suspended  phyllosilicates  first  accompanied,  then  replaced
the  deposition  of  detrital  grains,  to form  a siliceous  ooze  at the  seafloor.  Contrary  to current  interpretations
for  detritus-rich  cherts,  which  invoke  a secondary  origin  via  Si-  and  K-metasomatism,  we  propose  that  the
present model  prevailed  in  a  variety  of Archean  settings  where  fine-grained  sediments  were  deposited.

The composition  of  both  the siltstone  and chert  reflects  mainly  the  environment  in which  they  formed.
They  are  interpreted  as  mixtures  of two  main  components:  (1)  silica,  which  contains  extremely  low
concentrations  of trace  elements  and  contributes  only  SiO2 to the  bulk  composition,  and  (2)  another
phase  that  dominates  the  trace  element  composition.  Here,  K-mica  and  K-feldspar  control  the  chemical
signal  and  reflect  a felsic  source  to  the  turbidites  (i.e. Hooggenoeg  dacites  and  volcaniclastics).
. Introduction

On the modern Earth, ever since the Proterozoic, both the sil-
ca cycle and the formation of cherts are essentially controlled by
iological activity; during the Archean, however, the absence of

keleton-forming organisms allowed only inorganic silica precipi-
ation (e.g. Siever, 1992; Treguer et al., 1995; Perry and Lefticariu,
003; Maliva et al., 2005). The voluminous chert deposits found in
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Archean greenstone belts are therefore interpreted to reflect the
physico-chemical conditions of the eon, and particularly elevated
concentrations of dissolved silica in the oceans (e.g. Siever, 1992;
Maliva et al., 2005).

Cherts through geological time show a wide variety of depo-
sitional environments, chemical compositions, mineralogies and
formation processes. There is, however, no consensus on the
nomenclature, nor even on the definition, of chert. All authors
agree that the silica content must exceed 75–80 wt%  (e.g. Folk,

1980; Knauth, 1994), but differences emerge regarding the origin
of cherts. Two  models dominate the discussion: (1) silicification of
preexisting rocks, or (2) direct precipitation of silica from seawater
or hydrothermal fluids.
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In the first model, Archean cherts are considered to result from
he pervasive replacement of a variety of rock precursors, includ-
ng (i) volcaniclastic and terrigenous debris (e.g. Lowe and Knauth,
977; Lowe, 1980; Paris et al., 1985; De Vries, 2004), (ii) chemical
ediments such as carbonates and evaporites (Knauth, 1973; Lowe
nd Knauth, 1977; Knauth and Lowe, 1978; Weis and Wasserburg,
987; Lowe and Fisher Worrell, 1999; Van Kranendonk et al., 2003)
nd (iii) massive lavas (Hofmann and Wilson, 2007; Hofmann
nd Harris, 2008). The silicification is thought to be triggered
ither by fluid circulation during hydrothermal activity (Knauth
nd Lowe, 1978; de Wit  et al., 1982; Duchac and Hanor, 1987;
aris et al., 1985; de Wit  and Hart, 1993; Knauth, 1994; Perry
nd Lefticariu, 2003; Hofmann, 2005; Hofmann and Wilson, 2007;
ofmann and Harris, 2008), or by low-temperature seawater–rock

nteraction at or below the surface during early diagenesis
Knauth and Lowe, 1978; de Wit  et al., 1982; Sugitani, 1992;
owe, 1999; Lowe and Fisher Worrell, 1999; Van Kranendonk
nd Pirajno, 2004; Tice and Lowe, 2006; Rouchon and Orberger,
008).

The second model, which invokes direct precipitation of silica
rom oceanic water, was first proposed for jasper layers in banded
ron formations, then extended to other siliceous deposits such as
anded cherts. The silica can be precipitated from Si-oversaturated
eawater (Knauth and Lowe, 1978; Hesse, 1989; Sugitani et al.,
998; Perry and Lefticariu, 2003; Hofmann, 2005; Maliva et al.,
005; Tice and Lowe, 2006), from hydrothermal vent fluids near
ctive volcanic settings (e.g. mid-oceanic ridges) (e.g. Sugitani,
992; De Vries, 2004; Hofmann and Bolhar, 2007), or from a mixture
f both (e.g. Derry and Jacobsen, 1990; Frei and Polat, 2007; Van den
oorn et al., 2007, 2010; Marin-Carbonne et al., 2012). The compo-
ition of cherts considered to have precipitated from seawater is
egarded as representative of early ocean chemistry, making them
mong the most powerful tools to investigate early Earth environ-
ents (e.g. Derry and Jacobsen, 1990; Sugitani et al., 1996, 1998;

nauth and Lowe, 2003; Perry and Lefticariu, 2003, 2006; Kato and
akamura, 2003; Bolhar et al., 2005; Robert and Chaussidon, 2006;

affres et al., 2007).
However, criteria for the recognition of the various chert types

re ambiguous and none can reliably distinguish between pri-
ary oceanic precipitates, hydrothermal deposits and secondary

herts. Criteria commonly used include field relations and sedimen-
ary structures (e.g. Knauth and Lowe, 2003; Maliva et al., 2005),
etrological characteristics (e.g. Knauth, 1994; Knauth and Lowe,
003), and trace element and/or isotopic compositions (e.g. Kato
nd Nakamura, 2003; Bolhar et al., 2005; Van den Boorn et al.,
007, 2010; Marin et al., 2010; Marin-Carbonne et al., 2011, 2012),
he latter approach being perhaps the most popular. Identification
f formation processes is especially challenging for cherts formed
n clastic environments, which are made up of a detrital compo-
ent and silica cement. Following accepted models, such a rock
ould be considered to have formed either by the precipitation of

ilica from marine fluids contemporaneously with clastic sedimen-
ation, or by silica addition and replacement of primarily deposited
ediments during diagenesis and secondary fluid circulation (i.e.
i-metasomatism).

For this study we chose the Kromberg type section (ca. 3432 Ma)
n the Barberton Greenstone Belt, South Africa, because it contains

ell-preserved chert beds at the tops of turbidite deposits. We  first
eport field and petrological criteria that allow us to infer the origin
f the chert and to test both hypotheses of formation. We  then use

 geochemical approach to investigate the paleo-environment of
hert deposition. Our results (1) offer new criteria for chert charac-

erization, (2) provide a better understanding of the role of clastic
edimentation in silica precipitation, and (3) place constraints and
pen new possibilities on the use of cherts as paleo-environment
roxies.
search 255 (2014) 316–334 317

2. Nomenclature used for cherts

In addition to the long-standing debate on chert formation pro-
cess, the absence of a clear distinction between different chert
types hinders our understanding of their formation and their use as
proxies of conditions at the Archean seafloor. The most commonly
used nomenclatures are based on (1) chert color (e.g. light to dark
gray, greenish gray to green, bluish to dark blue, etc.), (2) structure
and outcrop organization (e.g. laminated, massive, vein, banded,
etc.), and/or (3) minor components (e.g. carbonaceous, ferruginous,
argillaceous, tuffaceous, etc.). Such terminologies, although useful
for descriptive purposes, provide little information on the origin of
chert, and they vary widely from one author to another.

Van den Boorn et al. (2007) were the first to propose a nomencla-
ture based on the formation process and we adapt their scheme in
this paper. (1) Primary cherts are defined as primary chemical pre-
cipitates. We  conserve the term “C-chert” (i.e. chemical-chert) of
Van den Boorn et al. (2007) for oceanic precipitates (Fig. 1a) on the
ocean floor and for primary, early diagenetic cement in the upper-
most sedimentary layers. (2) We  introduce the term “F-chert” (i.e.
fracture-filling chert) for discordant and concordant chert precipi-
tated in veins/fractures (Fig. 1b) from fluids that circulated through
the crust (e.g. hydrothermal fluids, diagenetic fluid escapement,
shallow seawater circulation). (3) Secondary cherts, or “S-cherts”,
differ from the other cherts in that they result from the replacement
by Si-metasomatism of a sedimentary or volcanic protolith (Fig. 1c),
either during percolation of low-temperature seawater or by cir-
culation of low- to high-temperature silica-rich hydrothermal or
diagenetic fluids. This nomenclature is illustrated in Fig. 1. As with
most geological classifications, the differences between the three
types of chert are not always well defined but the classification is
useful to distinguish rocks forming by the three main chert-forming
processes.

3. Geological background and scientific approach

Archean rocks of the Barberton Greenstone Belt (3.57–3.21 Ga),
in South Africa and Swaziland, include a well-preserved volcano-
sedimentary succession known as the Swaziland Supergroup
(e.g. Viljoen and Viljoen, 1969b; Lowe and Byerly, 1999). The
Sandspruit and Theespruit Formations are the oldest and most
highly metamorphosed parts of the belt. They mark the base of
the sequence and are overlain by three thicker and more extensive
units: the mafic- to ultramafic-volcanic dominated Onverwacht
Group (3570–3334 Ma), further divided into the Komati, Hoogge-
noeg, Kromberg and Mendon Formations, the argillaceous Fig Tree
Group (∼3258–∼3226 Ma), and the arenaceous Moodies Group
(∼3223–3240 Ma)  (see the following papers for further strati-
graphic details: Viljoen and Viljoen, 1969a; Armstrong et al., 1990;
Kröner et al., 1991; Heubeck and Lowe, 1994; Kamo and Davis,
1994; Lowe and Byerly, 1999; Tice and Lowe, 2004; Hofmann,
2005; Brandl et al., 2006; de Wit  et al., 2011; Furnes et al., 2011;
Heubeck et al., 2013).

The studied site is located on the eastern limb of the Onverwacht
anticline (Fig. 2a). Cherts and silicified sedimentary and volcanic
strata are common in this well-exposed type section along the
Komati River. They form part of the Kromberg Formation, in a unit
referred to as the Noisy Formation by Biggin et al. (2011). Along the
banks of the river, within the Songimvelo Nature Reserve, a 200 m-
thick sequence of well-bedded clastic sedimentary rocks outcrops
continuously and consists mainly of upward-fining conglomerates,

diamictites and turbiditic sandstones (Fig. 2b). This section has been
widely studied to constrain the depositional setting of some of
the world’s oldest siliciclastic deposits and to better understand
regional tectonic processes (e.g. Viljoen and Viljoen, 1969a; Lowe
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Fig. 1. Nomenclature based on chert formation processes. (a) C-cherts formed from the precipitation of marine silica at the seafloor, either as pure siliceous ooze or as cement
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etween clastic components. (b) F-cherts are chemical precipitates formed in veins 

ydrothermal fluids). (c) S-cherts are the replacement products of any sedimentary
iagenetic, or metamorphic fluids).

nd Knauth, 1977; de Wit  et al., 1987a,b, 2011; Armstrong et al.,
990; Lowe and Byerly, 1999; Grosch et al., 2011).

The stratigraphically uppermost units consist of normally
raded to massive beds of fine- to coarse-grained volcaniclas-
ic sandstones (up to 5 m thick) (Grosch et al., 2011). Some of
hese show features commonly found in modern Bouma sequences
eposited from low-density currents, such as graded bedding,
ross-bedding near the top and flame structures at the contact
ith the overlying clastic deposit (Fig. 2c). On the basis of litholo-

ies and their sedimentary structures, Lowe and Knauth (1977)
nterpreted these rocks as tuffs and felsic volcanics reworked as tur-
idites in a shallow marine environment. Grosch et al. (2011) prefer

 shallow, intra-continental epeiric sea setting and proposed that
he unit was emplaced “during tectonic uplift of an [. . .]  oceanic

asin, with turbidite deposition occurring during or after oro-
enic activity at 3.432 Ga”. The cherts in this stratigraphic section
ccur as thin beds in the uppermost parts of several turbidite beds
Figs. 2c and 3a).

ig. 2. (a) Simplified geological map  of the Barberton Greenstone Belt with the Koma
tratigraphy of the Kromberg type section showing the evolution from basaltic units thr
herts  in the uppermost part of turbidite beds.
tures from circulating fluids within the oceanic crust (e.g. low to high temperature
agmatic protolith subjected to Si-rich fluid circulation (e.g. oceanic, hydrothermal,

We  focused our research on these cherts, with the specific aim of
determining whether they are (1) the product of contemporaneous
clastic sedimentation and precipitation of marine silica (C-chert) or
(2) the result of subseafloor silicification of volcaniclastic deposits
(S-chert). In the first hypothesis, the chert would represent the ter-
minal members of Archean Bouma sequences (i.e. Te division) and
all the phases within it have been deposited from seawater: com-
ponents such as feldspar, phyllosilicate and associated phases are
interpreted as detrital whereas the siliceous fraction is presumed
to result from the diagenic evolution of a chemical precipitate of
amorphous silica. Because the terminal members of similar tur-
bidite deposits in modern settings consist of very fine shale and/or
mud, Lowe and Knauth (1977), Lowe (1999) and Rouchon et al.
(2009) preferred the second hypothesis. According to these authors,

the fine-grained clay minerals were replaced during diagenesis
by secondary silicates while preserving the morphology and par-
tially the mineralogy of the larger clastic grains. They propose
pervasive seawater infiltration, diagenetic fluid migration and/or

ti River site location on eastern limb of the Onverwacht anticline. (b) Simplified
ough to clastic deposits. This study focuses on the uppermost turbidite layers. (c)
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ig. 3. (a) Field photo of the uppermost layers of Kromberg Bouma sequences showin
f  the siltstone-to-chert transition showing the gradational changes in the abundan

ydrothermal fluid circulation to account for the silicification pro-
ess. In the C-chert hypothesis, the silica in the chert precipitated
irectly from seawater.

The rocks of the Kromberg type section were metamorphosed
nder greenschist facies conditions (215 to <350 ◦C; Grosch et al.,
012), a process that changed clay minerals to sericite and
morphous silica to microcrystalline quartz. In the following
escriptions the metamorphic mineral names will be used, with
eference when necessary to the original phases. Because of this
etamorphism, primary textures in the silica are lost and lit-

le information remains about its origin. Additionally, primarily
eposited detrital grains may  not have been pristine at the time
f turbidite emplacement: they could have been altered during
eathering and erosion, and could perhaps have been derived

rom precursors that themselves could have been metasomatised
i.e. silicification with potassium addition). Thus, to distinguish
etween the two hypotheses of chert formation, clues can be
btained by considering in detail the nature, origin and alteration
istory of various mineral phases associated with the silica. The
pproach we adopted is to identify features consistent with primary

recipitation, on one hand, and of replacement, on the other.

Mineral assemblages of modern and ancient igneous and sed-
mentary rocks affected by Si- and/or K-metasomatism are well
ocumented (e.g. Alt and Teagle, 2003; Behnia et al., 2003, 2004;
volution from laminated siltstone to homogeneous chert. (b) Schematic description
d size of detrital grains and in the matrix composition.

Hofmann and Harris, 2008). Under pervasive Si-rich fluid circula-
tion, the rock progressively alters to a more potassic and siliceous
composition by the replacement of primary volcanic material such
as feldspar (plagioclase, sanidine, albite), ferro-magnesian silicates
(e.g., pyroxene, biotite) and volcanic glass, by a secondary assem-
blage of K-feldspar, clay and microquartz (e.g. Chapin and Lindley,
1985). Metasomatic minerals first appear as inclusions within
larger precursors, then grow to form larger islands before the pri-
mary mineral is almost completely replaced, leaving only small
remnants within the new crystals (Behnia et al., 2004). Primary
sedimentary structures and precursor mineral textures may  be well
preserved (Schopf and Packer, 1987; Walsh, 1992; Altermann and
Kazmierczak, 2003; Orberger et al., 2006; Westall et al., 2001).

Accordingly, if Kromberg cherts resulted from silicification and
K-metasomatism after deposition of mudstone at the top of the
Bouma sequence, then (1) the clastic grains should show signs of Si-
and K-metasomatism (e.g. crystal overgrowths, zonation, replace-
ment features) and (2) such processes would tend to homogenize
the feldspar grain composition toward a more potassic endmem-
ber. In contrast, if the chert consists of marine silica deposited

together with clastic particles, then the detrital content should
be as heterogeneous as it(s) source(s). Thus, even if the grains
were derived from previously metasomatised rocks, they may
show a range of morphologies, mineralogy as well as degree of
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Fig. 4. Deformation structures in Kromberg cherts: (a) chert pebbles in a single
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lteration. Hence, to obtain criteria for chert identification, we focus
n the field relationships, petrographic and mineral compositions
f cherts and siltstones from the Kromberg type section exposed
long the Komati River.

. Samples and methods

Samples for petrological and geochemical study were taken
rom the uppermost 20 cm of turbiditic units, covering the tran-
ition from siltstone through to the cherty strata. A range of
echniques was used for the petrographic characterization of cherts
nd siltstones, with the final aim to obtain a maximum of criteria
o distinguish the origin of the clastic particles:

Inspection of thin sections provides essential information about
the nature and characteristics of the detrital phases (size, form,
degree of alteration, etc.) and their relationship to the micro-
quartz in both the siltstone and the chert.
X-ray microfluorescence allows the scanning of broad areas and
produces chemical maps across the siltstone-to-chert transi-
tion. Chemical data are converted to mineral maps using the
Supermaps software developed by Ulrich (2010), highlighting the
distribution of microquartz, phyllosilicates and feldspars.
Microprobe chemical maps and associated BSE (back-scattered
electron) imaging are used to determine the nature of clastic
grains as well as features inherited from alteration (e.g. meta-
somatism, metamorphism).
Cathodoluminescence is used to determine the metasomatized or
magmatic nature of feldspars and to investigate possible chemical
changes within the microquartzitic matrix across the siltstone-
to-chert transition.

Additionally, major and trace element data were obtained by
CP-AES and ICP-MS following a procedure adapted from that of
hauvel et al. (2011). A detailed description of all the above tech-
iques (i.e. procedures, parameters, accuracy) is given in Inline
upplementary Material.

. Field description

Although the turbidites are not the primary objective of this
tudy, we describe them in some detail because they help define
he sedimentary context in which the cherts were deposited. The
urbidites form thick, 1–5 m beds with internal organization typi-
al of a Bouma sequence (Bouma, 1962). They are well sorted, with
ystematic upward grading from coarse- to medium-grained con-
lomerate and sandstone (1–3 mm)  at the base to fine-grained and
ommonly laminated siltstone and mudstone (<1 mm)  at the top
Fig. 3). The laminated fine-grained upper parts of these turbidites
volve to massive and homogeneous black chert forming either sin-
le beds (2–25 cm thick) (Fig. 3a) or several layers that can reach
p to 20–30 cm in total thickness. Subangular to rounded clasts of
ark chert (2–8 cm in size) may  be found either in the first 10 cm
verlying the erosional bases of turbidites or forming individual
orizons within massive sandstone beds (Fig. 4a).

The upper limit of each chert beds is in sharp contact with
he overlying clastic deposit, whereas the lower limit grades from
he underlying coarse- to medium-grained lower facies of the tur-
idite. From bottom to top, over an interval of 2–3 cm (as shown

n Fig. 3c), we first observe a decrease in the abundance and size
f clastic grains, from silt- to clay-sized, and the appearance of

hin laminations that give way to rippled or cross-bedded struc-
ures presumably produced by current action (Fig. 4b). Over the
ame interval, the matrix changes from fine clay to microcrys-
alline quartz, and, with the disappearance of the uppermost clastic
horizon between sandstone units; (b) evolution from laminated to rippled siltstone,
then  to rippled chert at the top of turbidite deposit; (c) load-induced flame structures
developed in a chert horizon at the contact with overlying sandstone.

grains and laminations, the rock evolves to homogeneous translu-
cent black chert (Fig. 3). The upper limit of the chert beds is marked
by an abrupt reappearance of clastic particles. The contact is sharp
and commonly deformed to produce well-developed flame struc-
tures (Fig. 4c).

6. Petrography

6.1. Siltstone

The siltstones are composed of clastic grains cemented by
microquartz (Fig. 5a), itself containing variable white mica content

(up to 30%). The clastic grains are highly variable in shape, size,
mineralogical characteristics and degree of alteration (Fig. 5).

Most of the clastic fraction comprises very fine sand- to silt-sized
feldspars (200–800 �m)  and phyllosilicates (10–50 �m)  in roughly
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ig. 5. Photomicrographs of siltstone facies (plane polarized light). (a) Siltstones co
p  to 30% phyllosilicates. The evolution to chert (top of photo) is gradational and c
raction. (b) Well-preserved K-feldspars with Carlsbad twins typical of sanidine pre
nd  preserve twins that are cut at grain edges. Some feldspar grains are coated by K

qual proportions (Fig. 5). Also present in this assemblage are:
1) a limited fraction of heavy minerals including Ti-oxide, pyrite,
ircon and epidote (<2% and less than 50 �m),  (2) ovoid agglomer-
tes (lithic fragments) of mud-like material (100–800 �m;  Fig. 6c
nd d), (3) rounded grains (100–200 �m)  entirely composed of
esoquartz (Fig. 6c), and (4) abundant grains of feldspar or lithic
aterial (50–400 �m)  surrounded by thin rims or coats of Ti-oxides

nd a brownish-black material that resembles carbonaceous mat-

er (Figs. 5b, 6a and b). These dark rims enclose variable mosaics
f microquartz and sericite with more or less preserved feldspar
ragments, some of which having twins and elongated shapes typ-
cal of sanidine (Fig. 6a and b). We  note the near absence of large

able 1
icroprobe analyses of (i) an internal standard of orthoclase, (ii) micro-feldspars and m

�  = standard deviation from average concentrations. The deviation is low compared to th
rains.  K-feldspars have low sodium content compared to standard values, which is typic

Standard – orthoclase Kromberg River

Black chert 

K-Feldspath Quar

(wt%) n = 12 1� n = 6 1� n = 2 

SiO2 65.0 0.21 65.2 0.68 98.7 

TiO2 <0.01 <0.01 <0.01
Al2O3 18.5 0.07 18.0 0.28 0.33
FeO  0.03 0.02 0.03 0.02 0.03
MnO  0.01 0.01 0.01 0.01 0.00
MgO  <0.02 0.01 0.01 0.01
CaO  <0.01 <0.01 <0.01
Na2O 1.40 0.02 0.17 0.02 0.02
K2O 14.9 0.06 15.8 0.44 0.10
Total  100.0 99.3 99.2 
f a heterogeneous detrital fraction enclosed in a matrix of microquartz containing
erized by a decrease of micaceous and clastic content and increase of the siliceous
rs. (c) K-feldspar variably altered to sericite. (d) Microcline grains are sub-rounded

 rims �Q = microquartz; K-Fp = potassium feldspar; Sa = sanidine; Mc = microcline.

quartz grains (>200 �m)  in the clastic fraction, in agreement with
the descriptions of Rouchon et al. (2009) who  reported low amounts
of such grains even in the deepest and coarsest part of turbidite lay-
ers (i.e. in coarser sandstone with lithic fragments). Detrital quartz
is present, however, as small (<200 �m),  angular fragments dis-
seminated through the siltstone. Very few carbonate grains (<1%)
are observed in the siltstone. Their rhombohedric shapes, lack of
zoning and tendancy to overprint the microquartz cement suggest

they formed as secondary phases during diagenesis and associated
carbonatation processes (Rouchon et al., 2009).

Electron microprobe analyses of clastic grains in the silt-
stone are given in Table 1 (complete data set available in Inline

icroquartz in cherts, (iii) K-feldspars and sericite in siltstones. n = number of data.
e number of data, showing the homogeneity in the chemical composition of clastic
al of minerals formed during metasomatism.

Laminated siltstone

tz K-Feldspath Sericite

1� n = 32 1� n = 6 1�

0.50 65.1 0.51 48.7 0.52
 <0.01 0.54 0.04

 0.27 18.2 0.37 34.5 0.48
 0.01 0.02 0.02 0.85 0.03

 0.00 <0.01 <0.01
 0.01 <0.02 1.66 0.08
 <0.01 0.01 0.01
 0.01 0.17 0.02 0.10 0.02
 0.07 15.9 0.48 8.22 0.29

99.4 94.6
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ig. 6. Clastic grains in cherts, including: lithic fragments coated by oxides and c
-feldspar preserving Carlsbad and microcline twinning (b), mud-like aggregates (c
hyllosilicates may  be abundant and/or concentrated in small clots (d). �Q = microqu

upplementary Table S2). The compositions of all the analyzed
eldspars (n = 32) are close to a pure, potassic endmember and
ontain less than 0.2 wt% of Na2O. The phyllosilicates are K-micas
f sericite or muscovite composition (Table 1). They are similarly
epleted in sodium (Na2O = 0.1 wt%), but are enriched in mag-
esium (MgO = 1.66 wt%). Both mineral types are unsilicified, as
hown by stoichiomeric SiO2 contents of 65.2 wt% and 48.7 wt%,
espectively.

Inline Supplementary Table S2 can be found online at http://dx.
oi.org/10.1016/j.precamres.2014.10.009.

The feldspar grains display a wide range of characteristics. Some
re partially replaced by fine-grained clay minerals, but the least
ltered grains preserved primary textures, shape and twinning typ-
cal of orthoclase, microcline, and sanidine, as shown in Fig. 5b and
. These grains are the coarsest, reaching up to 800 �m in size, and
ave angular shapes for sanidine (Figs. 5b, 6a and b) to rounded
hapes for microcline grains (Fig. 5d). They have uniform internal
ompositions (i.e. no zonation), and sharp to crenulated boundaries
e.g. Fig. 5c) often delineated by sericite rims (Figs. 5d and 6b).
s shown in BSE image and microprobe maps of Fig. 7, the
mall crenulations (<1–2 �m) have restricted extent and represent
icroembayments of silica. On the other hand, feldspar cores are

argely replaced by phyllosilicates (<20 �m in size) along cleavage
races (Figs. 5–7). This alteration affected most of the clastic fraction
ut to a variable extent (e.g. Fig. 5b and c). The smallest feldspar
rains (<200 �m) usually are completely replaced such that only
hosts composed of clouds of micaceous minerals remain. A third

ype of texture involves the homogeneous disturbance of primary
winning of some feldspars, leading to a microcline- or perthite-like
exture as shown in Fig. 5c. This particular texture contrasts with
ther microcline grains that show rounded shapes, and twins that
aceous matter and enclosing sanidine grains (a, b), rounded to angular grains of
d mesoquartz ovoids (c). All these are enclosed within a siliceous matrix in which
-Fp = potassium feldspar; Sa = sanidine; Mc  = microcline; Lithic fgt = lithic fragment.

are cut at the grain boundaries, an example of which is presented
in Fig. 6c and d. Finally, in the cathodoluminescence map  of Fig. 8,
the uncoated feldspar grains have a dull, yellowish luminescence
that contrasts with the bright blue color of the grains coated by
carbonaceous matter and oxide material (black arrows in Fig. 8).

The cement between clastic grains is largely composed of
microquartz in association with large proportions of fine-grained
phyllosilicates (up to 30%; Figs. 5 and 6). Microquartz grain bound-
aries are well defined, the grain size is homogeneous through
the matrix (<5–10 �m) and traces of chalcedony precursor are
rare. Phyllosilicates in the matrix are sericite similar to those
found in feldspar embayments in terms of optical and chemical
properties (Table 1). They are irregularly distributed, commonly
but not systematically located near feldspar boundaries (e.g.
Fig. 5d and 6b). Entirely coated grains such that in Fig. 5d are
rare. Instead, sericite grains form concentrated zones in the matrix,
either by alignment along structures that resemble fluid circula-
tion pathways (e.g. Fig. 6b), or by agglomeration in small clots (e.g.
Fig. 6d).

6.2. Transition from siltstone to chert

The topmost part of turbidite layers – the gradational evolu-
tion from siltstone to chert – is first marked by the disappearance
of detrital grains, laminations and other sedimentary structures as
shown in Fig. 5a. In the microphotographs and cathodolumines-
cence map  of Fig. 8, isolated feldspar grains float in a microquartz

matrix above the siltstone-to-chert transition. Some of these grains
are large (>500 �m), almost completely fragmented and altered to
phyllosilicates; others are smaller (>200 �m) with well-preserved
twinning, angular shapes, and no significant alteration. These grains

http://dx.doi.org/10.1016/j.precamres.2014.10.009
http://dx.doi.org/10.1016/j.precamres.2014.10.009
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ig. 7. Back-scattered electron (BSE) image (upper left) and microprobe chemica
renulated by silica micro-embayments. Alteration to phyllosilicate is common a
hyllosilicates, either homogeneously distributed or concentrated at feldspar boun

re chemically indistinguishable from feldspars in the underlying
iltstone as shown by their similar, yellowish luminescence.

In the same interval, the microquartz matrix appears to be in
ontinuity from the siltstone through the chert, evolving gradu-
lly in its phyllosilicate-to-silica ratio. This is particularly evident
n Fig. 9. In the siltstone, detrital feldspars are readily visible and
urrounded by microquartz mixed with about 30% of phyllosili-
ates. Less than 1 mm higher, the sericite content is abruptly diluted
o less than 15% whereas the silica fraction increases to more
han 85%. Such a continuous evolution strongly resembles a classic
raded sedimentary sequence: over a mere centimeter, the sedi-
ent evolves from clastic to chemical with decreasing particle and

ncreasing siliceous contents.
Inline Supplementary Fig. S1 can be found online at

ttp://dx.doi.org/10.1016/j.precamres.2014.10.009.

.3. Chert

Above the gradational contact, after the disappearance of most
lastic grains and internal laminations, the chert seems homo-

eneous (Fig. 5a and 10a). Nonetheless, it contains a significant
roportion of fine-grained particles that can be identified by
-ray diffraction (Fig. 11) and microprobe analyses (Table 1). The
hert consists of a mixture of homogenous microcrystalline quartz
s (K, Al and Si) of siltstone. Potassium feldspars have sharp boundaries partially
leavages. The surrounding matrix is essentially siliceous and contains abundant
.

(5 �m mean crystal size), sericite (<10 �m) and minor isolated,
very fine-grained K-feldspar (<60 �m) (Figs. 10 and 11). Together,
K-mica and K-feldspar represent less than 15% of the thin section
area. Whereas the majority of K-micas are homogeneously dis-
tributed, rare and isolated micaceous clumps (<400 �m in total
size) are found enclosed in the silica matrix (Fig. 10b).

As illustrated by the cathodoluminescence (Fig. 8) and micro-
probe maps (Fig. 12), the feldspar grains have variable shapes
from angular to irregular. They are isolated within the micro-
quartzitic matrix and are chemically undistinguishable from the
larger feldspar grains in the underlying detritus-rich facies, with
average SiO2 concentrations of 65.2 wt%, 18 wt% Al2O3, 15.8 wt%
K2O, and very low Na2O (0.17 wt%) (Table 1). Minor proportions
of very fine-grained sericite-like minerals (5 �m)  are disseminated
within the microquartzitic fabric (Fig. 12). They are uniformly dis-
tributed and not preferentially associated with micro-feldspars. As
shown in Fig. 12, micro-sericite occupies interstitial positions in
between microquartz grains. Microquartz is the main component
of the chert and comprises 80–90% of its volume.
7. Evidence for the primary origin of cherts

The paragenesis of the cherts and siltstones of the
Kromberg type section is dominated by K-feldspar, K-mica and

http://dx.doi.org/10.1016/j.precamres.2014.10.009
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ig. 8. Optical profiles and cathodoluminescence map  at the siltstone to chert transi
n  a microquartz matrix above the contact, (ii) the abrupt decrease of mica content 

f  two  families of feldspars, those with yellowish and bluish luminescent grains, th

icroquartz, and strongly resembles mineral assemblages in
odern and Archean volcaniclastic deposits affected by Si- and/or

-metasomatism (e.g. Alt and Teagle, 2003; Behnia et al., 2003,
004; Hofmann and Harris, 2008; Rouchon et al., 2009). However,
everal observations suggest that such metasomatism occurred
ainly before turbidite deposition, and that while most of the

lastic fraction at Komati River is of detrital origin, most of the
ilica precipitated from ambient, marine fluids:

.1. Variability of the composition of clastic particles

One key observation is the presence of orthoclase, microcline
nd sanidine, as distinguished by optical characteristics such as
reserved twins. Such heterogeneity, in addition to the presence
f coated grains, detrital mica aggregates, and mud-like lithic frag-
ents, points to diverse sources to the sediment and supports a

etrital origin for most of the silicate grains. Moreover, the fact that
ome microclines are rounded and show twins cut at grain edges
Fig. 6c and d) confirms that part of these issued from the erosion
f igneous or metasomatised rock.

.2. Restricted in situ alteration of detrital grains

The following observations suggest that most alteration
ccurred prior to erosion and sedimentation whereas post-
eposition alteration of K-feldspars was restricted to low
emperature, diagenetic conditions:

The wide range of seritization of feldspars (Figs. 5 and 6) implies
that they underwent different conditions during alteration. In this

collection of detritus, the least altered grains give a maximum
estimate for the alteration degree reached by the whole fraction.
As previously described from Fig. 6b, part of K-feldspars is well
preserved and lacks significant phyllosilicate replacement.
otable features are (i) the presence of altered and well-preserved feldspars isolated
matrix from 30% in the siltstone to less than 15% in the chert, and (iii) the presence
r being smaller, more rounded and coated by carbonaceous matter.

• The lack of sericite coating around most of K-feldspars, which
normally forms during diagenetic metasomatism of volcaniclas-
tics, can be explained by its removal during transport through to
deposition site, then by weak in situ seritization.

• Additional evidence that favors limited, in situ metasomatism are
the limited extent of silica embayments at feldspar boundaries
and the lack of characteristic features such as crystal over-
growths, zonation or protolith remnants in neo-formed crystal
lattice (e.g. sanidine or microcline cores surrounded by diage-
netic orthoclase or microcline) (e.g. Alt and Teagle, 2003; Behnia
et al., 2003, 2004).

7.3. Primary origin of the silica

Through the siltstone-to-chert transition, we see a drastic
change in the phyllosilicate content of the siliceous matrix. Over
less than 1 cm,  it decreases from up to 50% in the siltstone to less
than 15% in the overlying chert. If these rocks were formed after
the silicification of a silt-like and mud-like precursor respectively,
one would expect a stronger effect in the coarser, i.e. more perme-
able, facies because efficient Si-rich fluid circulations and chemical
exchanges would be favored (e.g. Tucker, 1991). We  firmly believe
that the amount of Si-metasomatism required to transform a mud
precursor into a chert comprising more than 85% of microquartz
would have resulted in the almost complete replacement of detrital
phyllosilicates and feldspars by a mosaic of microquartz + sericite
in the siltstone (e.g. Rouchon and Orberger, 2008; Rouchon et al.,
2009). Instead, abundant feldspars are well preserved whereas
phyllosilicates, both detrital and metasomatic, comprise half of the

matrix. Thus, we attribute the disappearance of large clastic grains,
contemporaneously with the rapid but gradational increase of the
microquartzitic cement through the cherty facies, as a continuous
evolution from clastic to chemical sedimentation. Accordingly, we
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developed by Ulrich (2010). Inline Supplementary Fig. S1 illustrates the conver-
sion method. Large feldspar grains are abundant in the siltstone and enclosed in
a  matrix of microquartz mixed with significant amount of sericite. The chert lacks
c
a
d

c
o

t
K
c
c
n
r
b
p
F
d

t
m
o
d
a
i

lastic grains and is essentially composed of microquartz. The transition is sharp
nd characterized by an abrupt decrease in sericite content in the matrix and by the
isappearance of clastic grains.

onsider that most of the silica is of primary origin and formed part
f the depositional event in the sedimentary sequence.

Even though the above arguments point to a detrital origin of
he particles, we also found evidence that suggests that many of the
-feldspar grains were metasomatized: (1) their very low sodium
ontents (0.17 wt%; Table 1), (2) their homogeneous composition
lose to the pure potassic endmember, and (3) their weak lumi-
escence compared to other grains in Fig. 8 (Kastner, 1971). To
econcile both observations, i.e. that the clastic components include
oth detrital and metasomatized grains, we argue that a large pro-
ortion of them had already been metasomatized prior to erosion.
ollowing deposition, they were further altered to phyllosilicates
uring burial and diagenesis.

Accordingly, three types of white mica are present in the clas-
ic fraction: the oldest generation is detrital and inherited from the

etasomatic alteration of magmatic silicates prior to erosion; a sec-

nd generation formed by fluid–rock interaction during transport,
eposition and early diagenesis and involves the local dissolution
nd replacement of detrital feldspars; the youngest generation
s also diagenetic and formed by the precipitation of authigenic
search 255 (2014) 316–334 325

phyllosilicates in pores and diagenetic fluid pathways. All these
minerals were probably originally clay (e.g. illite or montmoril-
lonite) now altered to fine-grained muscovite under the low-grade
metamorphic conditions that affected this region (215 to <350 ◦C;
Grosch et al., 2012).

In a following section, we  discuss a model whereby the
Kromberg siltstones and other clastic rocks were deposited from
turbidity currents while the silica precipitated from seawater.

8. Geochemical signal in Kromberg cherts

8.1. Major and trace element composition

As shown in Table 2 and Fig. 13, the siltstones in Kromberg
Fm.  turbidites are rich in Al2O3 (6.5–17.9 wt%), Fe2O3(tot)
(0.36–0.39 wt%), K2O (2.7–7.2 wt%) and TiO2 (0.17–0.52 wt%),
which is consistent with the presence of abundant siliciclastic
material in these samples. The overlying cherts also contain signif-
icant aluminum (3.3–7.7 wt%) and potassium (1.2–3.6 wt%), which
we attribute to the micro-sericite and micro-feldspar recognized in
Figs. 11 and 12. The SiO2 content of cherts (up to 92 wt%) and silt-
stones (>69.7 wt%) is far higher than those of normal shales (average
Archean shales, SiO2 = 61 wt%, Condie, 1993) due to the abundance
of microquartz in both facies.

In Fig. 13b and c, well-defined positive correlation curves
(r2 = 0.92–0.99) are observed between SiO2 and the continent-
derived elements Al, K and Ti, which is consistent with their
presence in the clastic fraction. The linear trends are best defined
by the siltstones whereas the cherts plot close to each other near
the quartz end-member. The consistency across the series suggests
that the bulk composition of detrital particles does not vary signif-
icantly from one turbidite layer to another. However, it is variably
diluted by the microquartzitic content of each sample: in Fig. 13a,
the decrease in major element concentrations with increasing SiO2
is interpreted as an increase in the siliceous over detrital fraction
from the siltstone through to the chert.

In Fig. 13b and c, all samples plot on mixing lines between (1) a
pure siliceous component (microquartz), and (2) a clastic compo-
nent dominated by K-feldspar and K-mica. The siliceous component
dominates both facies and comprises more than 50% of most silt-
stones (one sample contains only 35%), and more than 80% of the
cherts (Fig. 13b,). Sericite and K-feldspar are present in roughly
equal proportions (43% and 57% respectively) and control the entire
potassium and aluminum content of the clastic fraction. In the TiO2
vs. K2O diagram of Fig. 13c, the correlation curve shows a devi-
ation from the above-modeled composition, which points to the
contribution of additional Ti-bearing phases. The Ti/Zr ratio of silt-
stones ranges from 13.3 to 17.8, which is very close to the average
15.2 ratio of ilmenite and far from the 0.10 value of typical zircons
(Garç on et al., 2011). Thus, both the Ti and Zr contents in these
samples are probably controlled by Ti-oxides, whose contribution
is estimated at 1.2–1.3% from Fig. 13c.

Similarly, the trace element composition of both facies seems
largely controlled by the clastic fraction. When taking the alu-
minum content as representative of the silicate grains, (i.e.
K-feldspar and K-mica), positive correlations emerge between
the continental-derived elements Zr, Nb, Sc, Ni (and Hf, Ta, not
shown) (r2 = 0.88–0.99) as well as the large ions Cs (r2 = 0.97)
and Rb (r2 = 0.92; not shown) (Fig. 14b). On the other hand, all
these elements are negatively correlated with SiO2 (r2 = 0.75–0.97)
(Fig. 14a). Thus, most of the trace element characteristics of silt-
stones and cherts are derived from the detrital feldspars and

phyllosilicates, with a signal diluted by the siliceous content. The
lack of correlations of mobile elements such as U and Pb as well as
Ba and Li (not shown), can be explained by their disturbance during
secondary processes that operated during erosion, sedimentation
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ig. 10. Photomicrographs of chert layers at the top of turbidites. (a) The chert is ho
b)  Micaceous clots isolated in the microquartz mosaic.

nd subsequent burial and metamorphism. The transition metals
r and Cu (Fig. 14c), also lacking correlation with aluminum, are
ore likely associated to non-silicate phases (i.e. oxides and other

eavy minerals) and may  vary from one turbidite layer to another.
To summarize, the major element composition of Komati River

iltstones is consistent with a mixture of (1) a clastic fraction

ssentially composed of 43% sericite, 57% K-feldspars and ≈1%
f ilmenite, and (2) a siliceous fraction that varies from about
5% in siltstones to 80–92% in the overlying cherts. Because the
iliceous fraction is poor in all major and trace elements other

ig. 11. X-ray diffraction spectra for a chert sample showing an assemblage of microq
usc./M = muscovite; Orth./O = orthose; MO  = muscovite + orthose.
eous and exclusively composed of microquartz mixed with <15% of phyllosilicates.

than SiO2, and because the clastic fraction is far richer in these
elements, we cannot access the chemical composition of the sil-
ica. Thus, the composition of such clastic-rich cherts cannot be
used to infer the origin of the silica (e.g. oceanic vs. hydrothermal),
but classic sedimentology is still applicable (e.g. provenance stud-
ies). Because we restricted this study to the uppermost 10 cm

of meter-scale sedimentary units, such compositions are not
representative of the average clastic influx that produced the tur-
bidites, but nonetheless approach the composition of the eroded
source.

uartz with traces of muscovite (sericite) and K-feldspar (orthoclase). Q = quartz;
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ig. 12. Microprobe chemical maps (K, Al and Si) in the uppermost chert facies. Th
icroquartz. Phyllosilicates occupy interstitial positions within the microquartzitic

.2. REE and origin of clastic particles

Because the REE are supposed to be immobile during secondary
rocesses (e.g. alteration, weathering, diagenesis) (e.g. Bau and
öller, 1993; Bau and Dulski, 1996; Webb and Kamber, 2000;

hields and Stille, 2001; Shields and Webb, 2004; Nothdurft et al.,
004; Bolhar et al., 2004), and because no intense in situ silicifica-
ion is observed (Section 7), the primitive-mantle normalized REE
atterns of Fig. 15 should represent the primary signature of the
ediment.

Both cherts and siltstones have strongly fractionated REE pat-
erns (Pr/Yb = 4.0–11.6 and 2.7–10 respectively) consistent with a
elsic origin for their clastic content. They are enriched in the light
EE whereas the heavy REE are either flat or slightly depleted.
wo samples are significantly enriched in cerium with a positive
nomaly of 2.3 and 3.4 (calculated as Ce/Ce* = CeCN/(2PrCN-NdCN)
rom Bolhar et al., 2004). The Y/Ho ratios are low in average and
emain close to or slightly above chondritic values (≈26–28; Pack
t al., 2007), ranging from 26.2 to 32.2 in cherts and from 27.1 to
3.4 in siltstones.

Rouchon et al. (2009) advocated a mixed provenance of
romberg Formation turbidites. These authors proposed that sili-
ified dacites of the Hooggenoeg Formation, previously studied by
ofmann and Harris (2008), were major contributors. These rocks

tratigraphically underlie the Kromberg Formation and crop out
arther to the north-east. The volcano-sedimentary sequence is
ated at the base at 3445 ± 5 Ma  (de Wit  et al., 1987a) and has been
egarded as a dacitic dome and volcanic equivalent to the contem-
oraneous Theespruit pluton (3445 Ma;  de Wit  et al., 1987a; Lowe

nd Byerly, 1999; Rouchon et al., 2009). Silicified dacites are cov-
red by their own erosional products, dated at 3438 ± 12 Ma  (Lowe
nd Byerly, 1999). Below the volcano-clastic transition, dacitic
eldspars are altered to sericite and quartz and to an assemblage
t comprises <15% of sericite and K-feldspar in the form of micrograins and >85% of
ic.

of K-feldspar, sericite and quartz 100 m deeper in the sequence
(Hofmann and Harris, 2008; Rouchon et al., 2009). Rouchon et al.
(2009) attribute the K-feldspar, sericite and quartz assemblage to
K- and Si-metasomatism and the disappearance of K-feldspars at
the top of the unit to evolution to colder and more acid conditions
near the contact with Archean seawater.

Both the Hooggeneog dacites and dacitic volcaniclastics
(Rouchon et al., 2009), and their assumed plutonic equivalent,
the Theespruit pluton, (Abraham, 2010), may  contribute to the
Kromberg volcaniclastic rocks: both have strongly fractionated,
felsic-like REE patterns (Pr/Yb = 9.2–15.4 and 8.8 respectively), with
variable depletion in the HREE that cover the range observed in
Kromberg cherts and siltstones (Fig. 15). The trace element patterns
of Fig. 16 also show additional characteristics shared by the dacites
and Kromberg cherts, including a slight enrichment in incompat-
ible elements, a strong depletion in Sr and similar enrichments in
Rb, Pb, Zr and Hf. A single dacitic source is however inconsistent
with the following observations:

– the concentration of several trace elements in cherts exceeds
those measured in the dacites: in particular the trace metals Cr
and Co can be 10 times more enriched than the dacites (Fig. 16).
Providing these elements are indeed located in detrital phases,
such as oxides or other heavy minerals, they indicate the contri-
bution of an additional source to the final sediment.

– although the shapes of dacite spectra are broadly similar to those
of the cherts, the REE are less fractionated in cherts and siltstones
and show less LREE enrichment and weaker HREE depletion.
The feldspar-rich deeper zone of metasomatized dacites could
reasonably have been the source of the metasomatized K-feldspars
and associated phyllosilicates of the Kromberg siltstones. The wide
variation in the degree of seritization of the feldspars (Figs. 5 and 6)
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Table 2
Geochemical composition and selected element ratios for Kromberg cherts and siltstones. <LD = below detection limit. Precision of analyses is given in Inline Supplementary
Table  S1, which can be found online at http://dx.doi.org/10.1016/j.precamres.2014.10.009.

Black chert Laminated siltstone

KRC1A-BC KRC8-BC KRC11-BC KRC1B-BC KRC8-Sed1 KRC8-Sed2 KRC10-Sed KRC11-Sed

Major elements (wt%)
SiO2 89.1 95.1 91.7 85.2 69.7 88.3 81.5 88.8
TiO2 0.09 0.07 <LD 0.24 0.52 0.17 <LD 0.19
Al2O3 4.41 3.33 4.59 7.67 17.85 6.52 <LD 7.34
Fe2O3 t <LD <LD 0.31 <LD 0.38 <LD 0.39 0.36
MnO  <LD <LD <LD <LD <LD <LD 0.01 <LD
MgO  <LD 0.52 <LD 0.25 0.13
CaO  <LD <LD <LD 0.65 <LD
Na2O 0.03 0.04 0.04 0.03 0.03 <LD
K2O 1.94 1.22 1.73 3.60 7.23 2.71 5.95 3.23
LOI  0.79 0.76 0.66 0.77 2.62 0.78 1.36 0.87
Somme 96.4 100.5 99.0 97.5 98.9 98.5 90.1 101.0

Trace  elements (ppm)
Cs 0.442 0.319 0.386 0.664 1.37 0.547 0.798 0.598
Rb  36.1 33.7 32.5 62.2 163 47.8 79.0 43.0
Ba  40.8 17.9 34.2 61.4 56.6 31.8 47.4 42.6
Th  2.25 2.42 2.55 2.22 2.46 2.34 1.43 1.20
U  0.67 0.375 0.555 0.604 0.577 0.478 0.642 0.551
Nb  2.10 3.07 2.91 3.18 10.3 2.90 6.55 4.00
Ta  0.221 0.265 0.295 0.283 0.667 0.287 0.462 0.338
Pb  5.06 1.16 1.62 1.92 1.03 1.14 1.72 1.69
Sr  2.19 1.18 0.902 2.05 1.74 1.27 1.55 0.861
Zr  48.8 38.1 43.3 88.4 192 63.7 175 82.0
Hf  1.29 0.889 1.31 1.98 4.32 1.6 3.91 2.05
Ti  518 555 531 1354 3424 989 2559 1133
Li  1.69 2.22 1.56 2.67 10.4 3.71 4.36 2.25
Sc  1.4 0.884 0.93 1.83 4.16 1.49 2.95 0.935
V  12.8 11.8 15.9 17.4 36.1 13.3 22.5 17.6
Cr  8.48 12.2 246 21.7 64.9 17.2 189 226
Co  21.2 0.578 1.66 31.9 1.50 24.0 2.70 1.20
Ni  6.25 5.84 8.31 6.29 20.5 8.23 9.81 8.63
Cu  3.26 3.46 8.09 17.8 5.85 4.14 18.1 4.91
Zn  5.57 4.88 2.45 7.25 12.6 7.93 3.95 3.73
As  1.18 0.705 1.21 1.17 1.46 1.09 2.32 0.912

Rare-earth elements (ppm)
La 6.49 5.02 6.21 6.55 5.16 6.33 6.64 2.34
Ce  13.7 10.7 13.7 15.4 10.5 13.9 30.3 14.5
Pr  1.41 1.07 1.32 1.49 1.11 1.40 1.67 0.526
Nd  5.12 3.88 4.82 5.46 4.17 5.05 6.67 2.01
Sm  0.963 0.677 0.894 1.03 0.801 0.915 1.47 0.422
Eu  0.312 0.204 0.308 0.343 0.249 0.278 0.454 0.149
Gd  0.769 0.484 0.679 0.844 0.696 0.703 1.3 0.401
Tb  0.123 0.072 0.105 0.127 0.115 0.092 0.186 0.066
Dy  0.814 0.427 0.682 0.725 0.73 0.569 1.13 0.443
Ho  0.179 0.076 0.14 0.149 0.146 0.113 0.232 0.096
Y  4.84 2.62 3.68 4.08 4.87 3.05 6.81 2.62
Er  0.55 0.205 0.428 0.425 0.412 0.30 0.683 0.30
Yb  0.614 0.16 0.446 0.412 0.347 0.244 0.668 0.334
Lu  0.092 0.022 0.066 0.060 0.052 0.036 0.101 0.049

Selected element ratios

m
d
m
f
c
t
w
a
t
i

s
p
c

Zr/Hf 37.8 42.9 33.1 44.6 

Ti/Zr  10.6 14.6 12.3 15.3 

Th/Sc  1.61 2.74 2.74 1.21 

ay  result from heterogeneous alteration at the source, as well as
uring erosion, transport and diagenesis. Even though the detrital
icrocline grains in the clastic fraction may  suggest a contribution

rom a plutonic source, their almost Na-free composition is more
onsistent with a low-temperature metasomatic origin. Moreover,
he lack of abundant or large detrital quartz grains is consistent
ith a dacitic rather than a granitic source. On the other hand,

dditional sources are needed to explain other particles such as
he oxide-coated grains, micaceous clots and primary microclines
n the detrital fraction.
Thus, the detrital fraction in Kromberg turbidites best repre-
ents a contribution from different sources, probably a mixture of
reviously metasomatized Hooggenoeg dacites and dacitic volcani-
lastics, and another source that remains to be identified.
44.4 39.8 44.8 40.0
17.8 15.5 14.6 13.8
0.59 1.57 0.48 1.28

9. Model for chert formation

Each turbidite unit of the Kromberg Formation contains an
almost complete Bouma sequence, as illustrated in Fig. 3. In mod-
ern Bouma sequences, the final member consists of clays or muds
(Bouma, 1962), and this has led previous authors to argue that
the cherty upper zone observed in the Kromberg Formation is
the product of silicification of fine-grained volcaniclastic debris
by secondary Si-rich fluids (e.g. Lowe and Knauth, 1977; Lowe,
1999; Rouchon et al., 2009). However, in the previous section, we

show that in situ alteration of Kromberg volcaniclastics is restricted
to partial alteration of K-feldspar to phyllosilicate minerals dur-
ing diagenesis, as described by Rouchon and Orberger (2008) and
Rouchon et al. (2009), perhaps augmented by low temperature

http://dx.doi.org/10.1016/j.precamres.2014.10.009
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ig. 13. Selected major element vs. major element diagrams showing (a) a decrease
ith  a three component mixing, i.e. K-feldspar and phyllosilicates in roughly equal

f  the expected composition due to the presence of ∼1% of ilmenite.

ydrothermal silicification as suggested by Hofmann and Harris
2008).

Rouchon and Orberger (2008) proposed a model for chert
ormation in turbidites based on their study of dacite-derived, sili-
ified silt- and sandstones from the Kitty’s Gap locality, in Pilbara,
ustralia (<3446 ± 5 Ma;  De Vries et al., 2006). These rocks strongly
esemble and are nearly contemporaneous to Kromberg Fm.  cherts
>3432 Ma;  Grosch et al., 2011). The authors advocate the sorption
f dissolved silica onto detrital particles as they settled through
he water column and sedimented at the seafloor. Early diage-
etic processes involved the infiltration of volcaniclastic debris by
arm (>70 ◦C) and acid (pH 5.5–6.5) Archean seawater. The sub-

equent seritization of silicates to mica released additional silica,
eading to the progressive cementation and induration of the sedi-

ent. Rouchon et al. (2009) applied this model to the Kromberg Fm.
herts and argued that fine clay particles or lithic fragments were
ore susceptible to silicification than coarser grains (e.g. feldspar)

ecause of their higher sorption capacity. The differential silicifica-
ion of fine- and coarse-grained sediments allowed higher porosity
o remain in the sand-rich fraction, favoring fluid trapping and sub-
equent carbonatation in the lower parts of turbidites during the
nal stages of diagenesis (Rouchon et al., 2009).

Here, we propose new petrographic arguments that reinforce
his model applied to the Kromberg siltstones and cherts. First

f all, Rouchon et al. (2009) defined the Kromberg cherts as
replacement” cherts because “the sedimentary matrix is com-
osed dominantly of microcrystalline quartz with minor sericite”.
hey propose the following definition after Rouchon and Orberger
tassium content with increasing silica concentrations, (b) a composition consistent
rtions and an additional siliceous component that acts as a diluent, (c) a deviation

(2008): “diagenetic precipitates of pure silica in bedding-parallel
or crosscutting veins”. They also insist on that these cherts are not
chemically precipitated sedimentary rocks (e.g. Lowe, 1999; Tice
and Lowe, 2006). However, although we  agree with their model,
we consider the terminology inappropriate as it implies a silici-
fication during diagenesis whereas it already starts in the water
column and during sedimentation. Instead, we prefer the term
“chemico-clastic sediments”, which best reflect the formation of
the uppermost Bouma divisions by the chemical precipitation of
marine silica triggered by the sedimentation of detrital particles.
As emphasized by Rouchon and Orberger (2008) and Rouchon et al.
(2009), such model rests on the capacity of clay to adsorb a sig-
nificant amount of silica during their settling through the water
column and at the sediment-seawater interface (e.g. Rimstidt and
Barnes, 1980; Williams et al., 1985; Williams and Crerar, 1985).

After metasomatism and erosion of the dacitic source, the detri-
tal feldspars, phyllosilicates and lithic fragments were transported
to the basin and deposited by turbidity currents. As the turbiditic
cloud settled, the detrital components were deposited according to
their density, size and shape. This resulted in the deposition first
of coarse fragments, then sand and silt, and finally, in our model,
of clay and adsorbed silica. Numerous authors described how clay
particles act as nuclei that trigger the flocculation of dissolved silica
(e.g. Siever and Woodford, 1973; Williams et al., 1985; Williams and

Crerar, 1985; Gehlen and Van Raaphorst, 2002; Grenne and Slack,
2003). This sorption process is controlled by the nature, settling
velocity and specific area of the reactive particles and by the dis-
solved silica concentration, cation content, and pH of the solution.
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Fig. 14. Selected trace element vs. major element diagrams. (a) Decreasing trace element concentrations with increasing SiO2 showing the sensitivity of trace elements to
t e pos
g her lo
d tamo
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t

he  dilution effect of silica. (b) Aluminum is used to represent the clastic fraction. Th
rains  (i.e. K-feldspars and K-micas). (c) Trace elements that lack correlations are eit
isturbed during secondary processes such as erosion, transport, diagenesis and me

ccordingly, the low silica content in the coarser part of turbidites
nd its upward increasing is best explained (1) by the higher sorp-
ion capacity of clay minerals, (2) their higher surface-to-volume

atio and (3) by their low settling velocity at the end of deposition
rom turbidity currents (typically <0.1 mm/s  for silt-size particles;
ibbs et al., 1971). Rouchon et al. (2009) calculated that 1 g of shale

akes up about 35 mmol  of silica whereas coarser sediments such
itive correlations with the trace elements demonstrate their location in the detrital
cated in other phases unrelated to the aluminum content (e.g. carbonates), or were
rphism.

as fine pebble conglomerates take up only 4.5 mmol. The sorption
takes place either at the seawater–sediment interface or directly in
the water column during particle settling.
The discontinuous clastic inputs from turbidity currents are
thus considered responsible for the local and episodic precipita-
tion of silica at Komati River. During turbidite emplacement, large
amounts of suspended particles are rapidly introduced to the basin
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ig. 15. Mantle-normalized (McDonough and Sun, 1995) rare earth element patter
heespruit pluton (Abraham, 2010) (right). All the spectra have similar shapes with

Fig. 17) and trigger the heterogeneous nucleation of silica and the
ormation of silica flocs in the water column (Fig. 17-1 and 17-
). The growth, settling and accumulation of such aggregates first
ccompanied, then displaced the deposition of detrital grains to
roduce a siliceous gel at the top of Bouma sequences (Fig. 17-2).
e envisage a colloidal layer in which silica flocs were uniformly
ixed with very fine-grained particles. The silica flocs must have

een cohesiveless and friable, like particles in modern volcanic
akes (e.g. Delmelle et al., 2000), so that they could be reworked
y current action, as demonstrated by the ripple marks of Fig. 4b.

The formation of flame structures at the tops of chert horizons
Fig. 4c) suggests that the ooze behaved like mud  at or just below the
eabed (Oliveira et al., 2011; see also Oliveira et al., 2009). The struc-
ures resemble load-induced, antiformal sedimentary structures
enerally seen in fine- grained sediments such as mud  and shales
e.g. Mills, 1983; Maltman and Bolton, 2003; Oliveira et al., 2011).
hey are produced by differential loading and vertical compres-
ion induced by the rapid sedimentation of a denser material onto

 still-soft and water-rich substratum (McKee and Goldberg, 1969;
ishop, 1977). The presence of similar structures in the siliceous

ud  that later was transformed into the Kromberg cherts indi-

ates that it was able to deform during the vertical compression
nd shear stress induced by successive turbidite deposits. Such

ig. 16. Mantle-normalized (McDonough and Sun, 1995) trace-element patterns of Kro
heespruit pluton (Abraham, 2010) (right) (bottom).
romberg chert and siltstone (left), Hooggeneog dacites (Rouchon et al., 2009) and
gly fractionated patterns.

rheological behavior is characteristic of thixotropic fluids such as
colloidal suspensions of clay, mud  and silica (Ambrose and Loomis,
1933; Perret et al., 1996; Barnes, 1997; Pignon et al., 1998; Besq
et al., 2000; Coussot et al., 2002; Labanda and Llorens, 2006).

Following deposition, the sediments underwent diagenesis
associated with (1) the precipitation of several generations of car-
bonates in the coarser part of turbidites (Rouchon et al., 2009) and
(2) the rapid lithification of cherty tops to form impermeable caps
of chert. The pore space in the uppermost layers of siltstone was
progressively filled by precipitation of silica from pore water, which
was seawater at first, then low-temperature, diagenetic fluids when
the porosity network became gradually isolated from surface flu-
ids. Such rapid and early induration of silica deposits at the Archean
seafloor, already observed in other localities by Lowe (1999), can
account for the rapid fossilization of the detrital fraction and its
protection from subsequent in situ alteration.

Across the whole turbiditic section of Kromberg Fm., macro-
and microscale evidence for high-temperature, hydrothermal fluid
circulation, such as chert-filled concordant veins, cross-cutting
fractures, and silicification fronts, is rare or absent, even in the

coarser basal part of turbidites. The diagenetic conditions remained
low-grade, as supported by the limited extent of seritization,
weak development of silica embayments and lack of high-grade

mberg chert and siltstone (top), Hooggeneog dacites (Rouchon et al., 2009) and
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field, Anne-Marie Boullier for thin section interpretations, and also
ig. 17. Model for the formation of Kromberg chert. (1) The coarse and medium-gr
he  waning stage of clastic sedimentation, suspended clay serves as nuclei for sili
hrough the water column.

etasomatic crystal overgrowths. The final stage of sediment
volution was low-grade metamorphism that affected the whole
arberton Greenstone Belt (e.g. Grosch et al., 2012).

Our model may  apply to most cherts deposited together with
ne-grained detrital particles, such as tuffs and pyroclastic rocks
e.g. Stiegler et al., 2008, 2010). However, the precipitation of
ceanic silica does not always require the presence of such parti-
les. As an example, black and white banded chert sequences, such
s the Buck Reef Chert of the Barberton belt (e.g. Tice and Lowe,
006), and the homogeneous chert layers at the top of some komati-

tic flows (e.g. Byerly, 1999) lack a clastic component. In these cases,
ther processes account for the precipitation of silica at the Archean
eafloor.

0. Conclusion

The clastic deposits from the Kromberg type section, Barber-
on Greenstone Belt, contain dacitic volcaniclastics deposited by
urbidity currents at the Archean seafloor. The upper members
f Bouma sequences comprise homogeneous black chert horizons
verlying Si-rich laminated siltstones. We  argue that (1) the clas-
ic particles are of detrital origin, (2) some of these particles were
ltered and metasomatized at source and (3) in situ metasomatism
as limited to further seritization.

Using petrographic arguments, we reinforce the model of
ouchon and Orberger (2008) and Rouchon et al. (2009) whereby
he siltstones formed by the deposition of clastic grains from
urbidity currents followed by precipitation of silica on phyllosili-
ate grains, both in the water column and at the sediment–water
nterface. The clastic particles were derived mainly from the

acitic volcanics that stratigraphically underlie the cherts from the
romberg section.

The evolution from silica-cemented siltstone to homogeneous
hert is continuous through the top of the Archean Bouma
 fractions were deposited as siltstone near the top of Bouma sequences. (2) During
culation. A siliceous ooze forms at the seafloor as the silica flocs grow and settle

sequence: as the rate of clastic sedimentation declined, the
accumulation of silica flocs onto suspended phyllosilicates first
accompanied, then replaced the deposition of detrital grains. The
chert, which contained more than 85% of silica and less than 15% of
fine-grained particles, thus was deposited as chemico-clastic sed-
iment during this waning stage of turbidite deposition. It resulted
in the formation of a siliceous ooze at the seafloor that behaved
like modern, thixotropic muds. Our results favor a model in which
clastic sedimentation serves as trigger mechanism for C-chert for-
mation. Such a process may  have prevailed in a variety of Archean
setting where fine-grained sediments were deposited.

The composition of both the siltstone and chert reflects mainly
the environment in which they formed. They can be interpreted
as a mixture of two  main components: (1) silica, which contains
extremely low concentrations of trace elements and contributes
only SiO2 to the bulk composition, and (2) another phase that dom-
inates the trace element composition. In Kromberg deposits, the
second component is detrital K-feldspar, mica and a very minor
amount of a Ti-phase (probably ilmenite), zircon and other heavy
minerals. Accordingly, clastic-contaminated cherts are useful for
classic sedimentology, such as provenance studies,
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