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Palaeoproterozoic, rift-related, '*C-rich,
lacustrine carbonates, NW Russia. Part I:
Sedimentology and major element geochemistry

V. A. Melezhik and A. E. Fallick

ABSTRACT: The 150-m-thick Kuetsjdrvi Sedimentary Formation (KSF) from the Pechenga
Greenstone Belt, NW Russia, is one of the key formations in the study of a positive §'*C,,,
excursion occurring globally in the Palaeoproterozoic. The KSF formed in an intracratonic rift
setting and is sandwiched between two, 2-km-thick subaerially erupted volcanic units. The KSF was
previously interpreted as shallow marine, but new data reported here indicate that it is a non-marine
unit deposited on a deeply subaerially weathered surface mantling the underlying volcanic rocks. The
lowermost part of the KSF represents an alluvial-fluvial plain, followed by a laterally and vertically
variable succession of variegated to mottled fine-grained siliciclastic rocks and ‘red beds’, dolostones
containing stromatolite sheets, hydrothermal travertine deposits and abundant desiccation features
(e.g. tepees, surfical silicified crusts and dissolution cavities), including probable pseudomorphed
evaporites. Measured S and C,,, concentrations for the carbonate and siliciclastic rocks are low.
Combined, these features indicate that the carbonate rocks of the KSF accumulated in a shallow
lacustrine setting. Major types of carbonate facies were formed by: (1) biologically-induced
precipitation; (2) evaporitic removal of CO, in a closed lake environment; and (3) chemical
precipitation from thermal springs. Apparently, none of these carbonate facies was in full isotopic
equilibrium with atmospheric CO,. This interpretation shows the importance of taking into account
the interplay between global and local depositional factors when interpreting the isotopic signature

of the KSF dolostones and its implication for the Palacoproterozoic carbon isotope excursion.
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Stratigraphic fluctuations in the stable carbon isotopic compo-
sition of Palaeoproterozoic sedimentary carbonates have
attracted considerable interest, particularly because of their
potential for monitoring global events and for chemostrati-
graphic correlations. In looking for stratigraphic and, hence,
secular §'°C_, ,, variations in Palacoproterozoic sequences, it is
important to be aware of processes and depositional environ-
ments which cause isotopic fractionation; for example, enrich-
ment in '*C might be caused not only by global factors, but is
also known to be characteristic of some of local environments
(e.g. Beauchamp et al. 1987).

In general, knowledge of sequence stratigraphy, palaeo-
tectonic and depositional palaeoenvironments, as well as
post-depositional conditions of Palaeoproterozoic '*C-rich
carbonates is very limited. Correlation between marine and
non-marine environments from the 2330-2060 Ma time inter-
val has not yet been made. There is an obvious difficulty in
differentiating marine from lacustrine deposits in the Palae-
oproterozoic because of the absence of fossils and diagnostic
sedimentary structures. The distinction between marine and
non-marine carbonates and evaporites is not trivial, and many
ancient lacustrine carbonates and evaporites have been incor-
rectly identified as marine deposits (see the discussion in Smoot
& Lowenstein 1991). Tidal sedimentary structures provide
some of the best evidence of marine conditions in the Precam-
brian (Eriksson & Simpson 2000, 2002). However, these are
not commonly preserved and are difficult to identify. The lack
of well-documented data on Palacoproterozoic depositional
environments of '*C-rich carbonates hampers the estimation
as to what extent 3'>C has been affected by various local
factors. This problem has been acknowledged in attempting to
explain some extremely high §'*C values as if they were of a
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global nature (Melezhik & Fallick 1996, 1997; Melezhik et al.
1997b, 1999, 2000).

In the present article, the authors consider carbonate rocks
of the Palaeoproterozoic Kuetsjarvi Sedimentary Formation
(KSF) exhibiting §'*C values in the +6 to +8%o range (Karhu
1993; Melezhik & Fallick 1996). The KSF was drilled in 1980s,
among other formations, for the purpose of ‘deep-mapping’
the Palacoproterozoic Pechenga Greenstone Belt, and estab-
lishing and describing the Jatulian para-stratotype sequence.
Subsequently, drill core material has become available
enabling detailed litho- and chemostratigraphic study. Conse-
quently, the KSF succession is amongst the best-documented
Palacoproterozic successions in the world. The KSF was
previously reported to have formed in shallow-water marine
environments (Predovsky er al. 1974, p. 19; Negrutza 1984,
pp. 170-171), and therefore, it has the potential to be used as
one of the key sections in the reconstruction of the isotopic
composition of Palaeoproterozoic sea water. The main objec-
tives of this contribution are to: (1) present new sedimentologi-
cal data; (2) argue that the entire Kuetsjirvi sequence
accumulated in a deltaic and lacustrine setting; and (3) discuss
the implications of the palaecoenvironmental data for the
Palacoproterozoic global isotopic shift of carbonate carbon.

1. Stratigraphy and age constraints

The KSF belongs to the Palacoproterozoic Pechenga Green-
stone Belt, Kola Peninsula, NW Russia (Fig. 1a). Structurally,
the Pechenga Belt is composed of two subzones (Fig. 1b). The
northern subzone is a simple half-graben filled with predomi-
nantly volcanic rocks gently dipping 10-40° southwards,
whereas the southern subzone is a tectonically imbricated
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Figure 1 (a) Geographical and geological location of the study area (inset map) and (b) simplified geological
map of the Pechenga Greenstone Belt (modified after Zagorodny et al. 1964). Positions of the studied drill hole
and dolostone quarry are marked by the solid circle and arrow, respectively.

nappe overthrust by Archaean rocks (Fig. 1b). Within the
northern half-graben, the thickness of the KSF varies consid-
erably because of a series of transversal syndepositional faults
and related small-scale grabens (Melezhik er al. 1994).

The rocks of the Pechenga Belt comprise the Petsamo
Supergroup, which is subdivided into a lower, North Pechenga
Group and an upper South Pechenga Group. The latter is not
of concern here. The North Pechenga Group is composed of
four paired sedimentary/volcanic cycles, each separated by
either non-depositional unconformities or faults (Fig. 2). The
unconformities are in places marked by palaeosols (Melezhik
& Sturt 1994). The sedimentary and volcanic members are
mutually transitional both vertically and laterally. Each pair
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begins with sedimentary rocks and ends with a thicker unit of
mainly basaltic volcanic rocks. The cumulative stratigraphic
thicknesses of the sedimentary and volcanic rocks are 1600
and 12 000 m, respectively. The rocks have undergone meta-
morphism from prehnite-pumpellyite to greenschist facies in
the central part of the Pechenga Belt, and to amphibolite
facies towards the peripheral zones (Petrov & Voloshina
1995). In general terms, the Pechenga—Pasvik Greenstone Belt
is a Palaeoproterozoic long-lived (from 2500 to 1850 Ma)
intracontinental rift developed into an intercontinental
rift with a subsequent aborted oceanic phase (e.g. Marker
1985; Mints 1993; Melezhik & Sturt 1994; Sharkov & Smolkin
1997).
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Figure 2  Stratigraphic section of the Pechenga Greenstone Belt, available radiometric ages and position of drill
hole No. X (DHX). The formational stratigraphy is adapted from Zagorodny ez al. (1964), with modification by
Melezhik et al. (1995). Age data are from: (1) Amelin ez al. (1995); (2) Balashov (1996); and (3) Hanski et al.

(1990).

The lower age limit of the North Pechenga Group is
constrained by the presence of gabbro-norite pebbles in the
basal conglomerates (Bakushkin & Akhmedov 1975; Fig. 2).
The pebbles are derived from the Mt. Generalskaya layered
intrusion which has been dated to 2505+ 1-6 Ma (Fig. 2;
U-Pb-zircon; Amelin et al. 1995). The upper age limit of the
group is younger than 1970 + 5 Ma (U-Pb-zircon; Hanski et al.
1990) obtained from rhyolitic tuffs of the Pilgujérvi Volcanic
Formation (Fig. 2). Thus, the age of the KSF can be bracketed
between 2505 and 1970 Ma if U-Pb age determinations are
used (Fig. 2).

There are two formations underlying the KSF. The lower
Neverskrukk Formation rests unconformably and with well-
developed regolith on Archaean basement (Sturt et al. 1994). It
is composed of immature, closely packed, poorly sorted,
framework-supported conglomerates which can be shown to
have local sources. Depositional palacoenvironments include
alluvial channels and fans, in combination with shallow-water,
ephemeral lakes (Melezhik 1992; Sturt er al. 1994). This
fluviatile-lacustrine sequence is overlain by subaerially depos-
ited amygdaloidal basalts, basaltic andesites and dacites of the
Ahmalahti Volcanic Formation. The formation does not show
any features suggesting deposition in a marine environment
(Predovsky et al. 1974).
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The KSF is a 15- to 150-m-thick unit that lies on the
weathered basalts of the Ahmalahti Volcanic Formation
(Predovsky et al. 1974). It consists of Quartzite and Dolostone
Members (Fig. 2; Melezhik er al. 1994). The KSF is overlain
with a gradational contact by the 50- to 2000-m-thick
Kuetsjiarvi Volcanic Formation consisting of subaerially
erupted, trachybasalt, trachyandesite, mugearite and albito-
phyre (Predovsky et al. 1974). The volcanic sequence is
composed of numerous, ubiquitously amygdaloidal volcanic
flows with widely developed columnar joints. The flows are,
in places, separated by thin layers of interflow breccia.
Individual flows have dark-grey lower parts, and red or
brownish upper parts. Contraction, exfoliation and reddened
joints gave rise to a polygonal structure at the top of some flow
units. The structure is of palacoenvironmental significance
because the reddening is interpreted to have been caused
by surface oxidation, which is a common phenomenon
affecting lavas extruded in subaerial environments beneath
an oxygenated atmosphere. The reddening of the tops
of the flows is evidence that such an atmosphere existed
when the Kuetsjarvi Volcanic Formation was formed.
Predovsky et al. (1987) described the Kuetsjiarvi Volcanic
Formation as a typical representative of intracontinental rift
volcanites.
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Figure 3 Three-dimensional lithological section of the Kuetsjirvi Sedimentary Formation based on natural
exposures, quarries and drill holes, including the Kola Superdeep Drillhole. The vertical scale in the upper left
upper corner is for volcanic rocks and the scale in the upper right corner is for sedimentary rocks. Note that
vertical scales are exaggerated with respect to the horizontal scale.

2. Sampling sites

The drill core material of the KSF carbonate rocks has been
recovered from the 1060-m-deep drill hole, No. X (DHX),
from the central part of the Pechenga Belt (Fig. 1b). The drill
hole intersected the entire c¢. 120-m-thick KSF, as well as parts
of underlying and overlying volcanic units (Fig. 2). The present
authors’ contribution to sedimentary facies analysis is based
on a combined study of drill core material and investigation of
available outcrops in the vicinity of DHX. The low-grade
greenschist facies metamorphism led to moderate recrystallisa-
tion of almost all the carbonate rocks which have been
sampled. Therefore, the field observations of macroscopic
structures and textures of carbonate rocks cannot always be
supported by petrographic study.

3. Analytical techniques

Fe,0;, FeO and CO, were determined by wet chemistry. Other
major as well as trace elements were analysed by X-ray
fluorescence spectrometry at the Geological Survey of Norway,
Trondheim (NGU) using a Philips PW 1480 X-ray spectrom-
eter. The accuracy (1o) is typically better than 2% of the oxide
present (SiO,, Al,O;, Fe,05,, MgO, CaO, Na,O, or K,0),
even at the level of 0-05wt%, and the precision is almost
invariably higher than the accuracy. The analytical uncertainty
(1o) for MnO is better than =+ 0:01%.

Acid-soluble CaO, MgO and MnO were analysed by induc-
tively coupled plasma atomic emission spectrometry (ICP-
AES) at NGU using a Thermo Jarrell Ash ICP 61 instrument.
The detection limits for MgO, CaO and MnO are 100, 200
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and 0-2 ppm, respectively. The total analytical uncertainty
including element extraction (1o) is =+ 10% rel.

Standard analytical procedures were used for the
measurement of organic carbon at the Geological Institute in
Apatity, Russia. Organic carbon content was measured from
acid-washed material via sealed tube combustion.

4. Three-dimensional variations of lithofacies and
thicknesses of the KSF

A three-dimensional section based on the drill holes, including
the Kola Superdeep Drillhole, shows that the thickness of the
KSF varies considerably (Fig. 3; largely because of syndeposi-
tional faults and small-scale grabens; Melezhik ez al. 1994).
The greatest thickness is recorded in the central part of the
Pechenga Belt where the formation is intersected by DHX.
Here, the thickness of siliciclastic rocks (Quartzite Member) is
three times greater than in other parts of the belt. The maximal
thicknesses of the Dolostone Member (60-80 m) occur in three
sub-basins (Fig. 3). The tuff-cemented dolostone breccia, ter-
minating the Dolostone Member, has only been recorded in the
central part of the belt. In other places, the breccia is missing
and basaltic tuff overlies the Dolostone Member (Figs 1 & 2).

5. Description and interpretation of stratigraphic
section of the KSF

In general, the KSF consists of siliciclastic-dominated, mixed
siliciclastic-dolostone and dolostone-dominated parts with
upwards-increasing dolostone content at the expense of silici-
clastic rocks. The differentiated units are numbered from I to
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X1, starting from the lower part of the sequence (Fig. 4).
Characteristics of the units are given in the text and in Tables
1 and 2. Sedimentological features of the main rock types are
illustrated by photographs.

5.1. Palaeosol (Unit I)

5.1.1. Observations. Unweathered amygdaloidal basaltic
andesites underlying the KSF (Fig. 4) are geochemically ho-
mogeneous rocks (Predovsky et al. 1974, 1987; Skuf’in 1993).
Their average composition is shown in Table 3 and plotted on
geochemical profiles (Fig. 5). However, from the contact with
the KSF downward for as much as 2 m, these volcanic rocks
are sericitised, calcitised and chloritised. Three alteration zones
have been recognised (Fig. 5). The c. I-m-thick lower zone is
characterised by moderate sericitisation and calcitisation of
albite, and chloritisation and biotitisation of actinolite. This
leads to oxidation of Fe and depletion of rocks in SiO,, Al,O4
and CaO, as compared to the unaltered variety (Table 3). The
K,0/Na,O and Fe,O5/FeO ratios are 3-7 and 1-3, respectively,
compared to 04 and 0-6 in the unaltered rocks. Primary
ophitic texture can easily be recognised. The second zone is less
than 0-5-m-thick. It has a transitional contact with the under-
lying zone and is marked by a very intensive replacement of
albite by calcite and sericite. The calcite is both replacive and
displacive. Amphibole is entirely replaced by biotite and
chlorite. The Fe,O5/FeO remains unchanged, whereas K,O/
Na,O >50. Ophitic texture is not preserved. The third zone,
only 0-3-m-thick, consists of biotite, sericite, chlorite, dolo-
mite, calcite with subordinate quartz, talc and serpentine. The
calcite is mainly displacive. These rocks have a lensoidal
structure and markedly high concentration of non-carbonate
M¢gO ranging from 7-5% to 20%, and K,0/Na,O fluctuating
between 90 and 340.

5.1.2. Interpretation. Geochemical and petrographic data
and the position of the altered rocks are most consistent with
weathering processes which occurred prior to deposition of the
KSF. The first and second zones represent part of an ancient
weathering crust (i.e. a palaecoregolith). Since the rocks in these
two zones are not marked by elevated Al,O; concentration, the
present authors interpret them to represent a low part of the
weathering profile. The upper part is considered to have been
removed and might have been partly incorporated into the
third zone, which is interpreted as a redeposited crust of
weathering. Incorporation of foreign clasts into the redepos-
ited material resulted in an only slightly elevated Al,O,
concentration in the redeposited crust. Nevertheless, the
weathering profile is conspicuous as it is highly enriched in
calcite. The latter is both replacive and displacive, and exhibits
some similarities with caliche developed elsewhere in basalts
(e.g. Capo et al. 2000; Knauth et al. 2003).

5.2. Quartzite Member

5.2.1. Mixed siliciclastic-dolostone Unit II. This unit is 12-6-
m-thick and defines the lowermost part of the KSF (Fig. 4,
Table 1). It starts with a drab, fine-grained, arkosic sandstone
and siltstone interbedded with thin layers of dark sericitic
mudstone. The basal unit is characterised by a highly disrupted
structure of horizontally laminated mudstones which involves
soft sediment deformation, development of flame and different
kinds of loading structures (Fig. 6a). This is followed by
interbedded fine-grained sandstone, siltstone and subordinate
mudstone characterised by a high sandstone/siltstone to mud-
stone ratio. These rocks are typified by thin (1-5 cm), graded
(Bouma sequences) sand-silt layers (Fig. 6b-d). Common
features include centimetre-scale, ripple cross- and low-angle-
flat laminations (Fig. 6b-d, f), and fining-upward from
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scoured, erosive bases (Fig. 6b). Ripples are asymmetric with
low relief of 0-2-0-5 cm, wavelengths of 1-5cm and display
unidirectional migration (Fig. 6¢). Soft-sediment deformation,
small-scale slump structures (Fig. 6b) and mud chips
incorporated into sandy layers (Fig. 6¢) are also present.

The upper part of Unit II consists of arkosic siltstones and
dolomite-cemented sandstones interbedded with thin layers of
dolostone, intraformational dolostone breccia (Fig. 6g), and
flat-pebble, matrix-supported, dolostone conglomerate (Fig.
6h). The dolostone layers have limited areal extent and repre-
sent short-lived features. Some dolostone beds have been split
up by planar cracks parallel to the bedding into several sheets
resulting in complex, brecciated cross-sections (Fig. 6g). Both
vertical and sheet crack infills are composed of clayey sand-
stone as well as dolostone debris spalled off crack walls.
Mudstone layers, where present, are generally thin with a low
lateral continuity and some show probable desiccation cracks
(Fig. 61). The most common sedimentary structures are well-
developed, parallel sand and silt laminations showing graded
bedding with rare, small-scale, unidirectional, ripple cross-
lamination. Slump horizons occur in places (Fig. 7a). The
bases of beds commonly exhibit numerous small scour-and-fill
structures (Fig. 7b), and locally, larger channels (Fig. 7c). The
scours are filled with fine-grained sandstone grading into
siltstone (Fig. 7b), whereas the larger channels are composed
of either poorly sorted dolarenite (Fig. 7c) or matrix-
supported, flat-pebble conglomerates where tabular fragments
of micritic dolostone are emplaced in silty, dolomite-cemented,
quartz matrix. In places, starved, unidirectional, current
ripples are developed (Fig. 7d).

The dolostones are commonly pink, both micritic and
allochemical, undulose-bedded, comprising 1-5-cm-thick beds
with transitional lower, and sharp erosive upper contact (Fig.
7e). Some beds are associated with thin layers of mudstones. A
few beds exhibit fine undulatory lamination, thus resembling
stromatolites. The dolostone beds contain several internal
erosional surfaces, and in places, spherical or polygonal inclu-
sions of dolomite resembling pseudomorphed sulphate nodules
(Fig. 7f).

5.2.2. Siliciclastic-dominated Unit III. Unit III (Fig. 4, Table
1) is 17-5-m-thick, and its lower part is composed of pink,
purple and brown, fine-grained, haematite-rich, arkosic sand-
stones with subordinate thin layers of sericite-rich mudstones.
These rocks typically appear structureless, but rare decimetre-
scale trough cross-lamination, horizontally laminated
sandstone-mudstone interbeds and small-scale, soft-sediment
deformations, including ball-and-pillow structures, can be
observed (Figs. 8a, b).

The upper part of Unit III is composed of brown sandstone
that also appears structureless, but in places, contains abun-
dant highly deformed, dismembered, randomly oriented,
black, haematite-rich, mudstone layers with flame structure.
Locally, the pink and purple sandstone has been subject to
intensive post-sedimentary (catagenetic) discoloration that re-
sulted in partial overprint of the primary colour, lamination
and bedding (Fig. 8c).

5.2.3. Mixed siliciclastic-dolostone Unit IV. This unit is
c. 10 m thick (Fig. 4, Table 1). Its lower part is composed of
pink, brown, violet and purple siltstones (Fig. 8d-g), and
subordinate, haematite-rich mudstones with minor sandy lime-
stone and dolostone, whereas the upper part is marked by pink
and violet, haematite-rich, and pale green arkosic sandstones
and siltstones. The grain size increases from <0-001-0-01 to
0-02-0-8 mm from the lower to the upper part of the unit
(Table 4). Overall, the unit is distinguished by thin horizontal,
varve-like lamination (Fig. 8d-g). The red colour of the rocks
is caused by the presence of haematite particles, whereas
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lighter colours are a result of intensive ‘bleaching’ and disco- 5.2.4. Mixed siliciclastic-dolostone Unit V. Unit V is 5-7-m-
louration, yielding a ‘mottled’ (Fig. 8f) and variegated (Fig. 8g) thick and occurs at the top of the Quartzite Member (Figs. 2 &
appearance. 4, Table 1). It consists of interbedded quartzitic sandstones,
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Figure 4 Variation of lithofacies, size of quartz and feldspar grains (crosses for siliciclastic and diamonds for
carbonate rock), and content of carbonate material in the stratigraphic column of the Kuetsjarvi Sedimentary

Formation.

dolostone-cemented arkosic sandstones and thin beds of sandy
dolostones. Although the rocks are in various proportions, the
quartz sandstones are the dominant lithology. The sandstones
are characterised by unidirectional planar cross-bedding (Fig.
8h, 1); other rocks are either massive or show indistinct, crude,
horizontal bedding.

5.3. Palaeoenvironmental interpretation of Quartzite
Member, Units I1-V

Unit II represents an overall coarsening-upwards sequence
(Fig. 4, Tables 1 & 4), which is, in general, a typical feature of
deltaic and lake margin sequences (Miall 1984; Elliot 1986;
Smoot 1991; Reading & Collinson 1996). The thinly laminated
mudstones of the basal part of the sequence can be inter-
preted as sediments accumulated in a standing body of water
which developed to cover the underlying palaecoweathering
crust. Abundant soft-sediment deformation and loading
features can be attributed to the rapid deposition of fine-
grained sand and silt on unconsolidated mud as a result of
progradation or switching of braid deltas/braid plains along
the shoreline.

The sedimentological features of the lower part of Unit II,
such as thin, graded sand-silt layers, centimetre-scale, unidirec-
tional ripple cross-lamination and normally graded sandstone
capped with mudstone (Fig. 6g, i) represent deposition by
turbidity currents and suspension fallout. Unidirectional cross-
lamination is interpreted as the deposition product of migrat-
ing ripples under unidirectional, low-flow-regime conditions
(e.g. Miall 1977). Asymmetrical ripple marks attest to unidi-
rectional current, and the small wavelength and amplitude of
the ripple bedforms suggest deposition in shallow water
(Tucker 1978; Martel & Gibling 1991). Small-scale slumps are
indicative of subaqueous, small-scale, gravity-induced mass
movement caused by high depositional rates, which is a
common process along shoreline ‘delta front’ environments
(Reineck & Singh 1980; Coleman & Prior 1982; Miall 1984;
Elliott 1986; Reading & Collinson 1996).

The upper part of Unit II is marked by numerous thin,
discontinuous, desiccated mudstone layers associated with
thin, commonly desiccated and in situ brecciated beds of sandy
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dolostones. The angular blocks in breccia-like fabrics (Fig. 6g)
indicate old lake/pond bottom that has been disrupted by
repeated wetting and drying (Smoot 1991). Such association is
commonly found in shallow water shoreline settings and in
interdistributary basins in the delta plain (e.g. Elliott 1986;
Reading & Collinson 1996). These features in close spatial
association with other mudstone, dolostone and carbonate
breccias suggest that the carbonate precipitation took place in
shallow-water and ephemeral ponds. Beds of massive micritic
dolomite might have formed by evaporative removal of CO,.
This is a typical feature of semi-arid sandflat-mudflat marginal
lacustrine facies (Szulc er al. 1991). The semi-arid climate
is supported by the presence of dolomite-pseudomorphed
micronodules of apparent sulphates in layers of micritic dolo-
stones. An arid climate is also consistent with a low degree of
weathering of feldspar clasts (Table 4). Carbonates comprising
the flat-laminated stromatolitic ‘mats’ are interpreted as bio-
logically induced precipitates. Such carbonates are rather
common in many shallow-water and playa lakes, and isolated
ponds on shorelines and fluvial planes (e.g. McBride et al.
1973; Horton & Schmitt 1996; Camoin et al. 1997). In addi-
tion, the association of desiccated mud layers, in situ brecciated
dolostone beds and superficial dolocrete suggests that pedo-
genesis occurred (Melezhik et al. 2004). Calcrete is common in
many shoreline settings (Freytet 1973; McBride et al 1973;
Elliott 1986; Coleman & Prior 1982).

Finer-grained Unit III replaces abruptly the coarser Unit II
lithologies (Fig. 4, Table 4). The overall observed sedimento-
logical features of Unit III (Table 1), such as a thick body of
fine-grained sandstone having a relative lack of sedimentary
structures, and sandstones with soft-sediment deformation,
slump and ‘ball-and-pillow’ structures (Fig. 8a), are most
consistent with the influx of fluvial sediment to the shoreline
(Hyne et al. 1979; Miall 1984; Elliott 1986), i.e. a fine-grained
braid delta (McPherson et al. 1987). Massive sandstone is
attributed to rapid deposition by subaqueous, high-density
turbidity currents (e.g. Lowe 1982; Chough et al. 1990;
Higgs 1990) from turbulent suspension with insufficient time
for bedform development (e.g. Lowe 1982). The ‘ball-
and-pillow’ structures (Fig. 8a) were apparently caused by
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Figure 5 Geochemical profile through the palaco-weathered basaltic andesites in the core of the Ahmalahti
Volcanic Formation sampled beneath the Kuetsjarvi Sedimentary Formation. Drill hole depth is indicated from
the surface.

Table 3 Chemical characteristics of weathered Ahmalahti basaltic andesite and redeposited weathering crust at the base of the Kuetsjarvi
Sedimentary Formation (wt.%): (-) below detection limit of 0-01% for S, and 0-1% for C,,,; and (n.d.) not determined
Sample Lithology Si0, TiO, ALO; Fe,0; FeO MnO MgO CaO Na,O K,O H,O0+ H,O- CO, P,0s C,, S
number
Redeposited crust of weathering (Unit 1)
391-6  Biotite-sericite-dolomite 387 0-89 148 3-87 491 017 202 2:05 003 696 551 035 124 020 n.d. 002
schist
391-7 Biotite-sericite schist 40-8 074 147 765 614 005 179 103 003 559 372 019 063 018 — 006
391-8  Sericite-biotite schist 40-3 088 143 532 550 005 181 048 003 1012 404 028 033 019 - -
391-85 Sericite-dolomite schist 488 0-85 148 349 441 005 759 522 007 644 350 046 374 017 nd. -
Basaltic andesite, sericitised and intensively calcitised
3919 422 064 1144 448 268 011 599 132 008 588 353 064 934 012 nd. 001
392-0 429 069 123 346 380 011 553 1220 007 584 322 025 919 015 - -
392:1 5113 074 1220 550 447 006 376 721 008 565 307 067 536 012 nd. -
3922 480 071 11-8 479 466 009 465 890 012 561 314 053 655 012 nd. 001
Basaltic andesite, sericitised and calcitised
392-5 511 078 133 502 500 010 479 554 167 487 367 055 358 013 - -
392-6 512 072 125 504 497 010 472 587 145 532 312 063 429 011 nd. 001
3927 5119 037 136 483 450 009 474 569 165 504 277 034 403 013 nd. -
392-8 50-0 072 131 463 437 010 454 677 178 532 299 057 495 014 nd. 006
3932 497 069 125 486 390 009 478 802 08 567 284 054 578 014 nd. 002
395-5 535 059 122 676 258 012 256 110 145 373 276 032 2:63 008 -~ 004
Basaltic andesite, unaltered* 546 092 138 398 643 016 486 826 338 123 181 016 013 011 n.d. 008
*Average composition of unaltered basaltic andesite (Predovsky et al. 1974, 1987).

water escape from non-consolidated sediments caused by a
high depositional rate. Abundant, soft-sediment-deformed,
dismembered fragments of haematite-rich mudstone beds in
the uppermost massive sandstone and the presence of slump
blocks are characteristic features of such settings (Coleman &
Prior 1982; Miall 1984; Elliott 1986; Smoot 1991; Reading &
Collinson 1996). Enrichment in haematite suggests an oxygen-
ated depositional environment.

Varve-like, fine-grained sandstone-siltstone interbeds of
Unit IV (Fig. 8d-g) most likely represent sediments deposited
in a standing body of water. Such flat, continuous lamination
has been reported from several Recent (Muchane 1996; Talbot
& Allen 1996) and ancient lacustrine settings (Castle 1990;
Smoot 1991). Therefore, the homogeneous character (Table 1)

https://doi.org/10.1017/50263593300001140 Published online by Cambridge University Press

of Unit IV (Fig. 4), together with the well-sorted and rounded
nature of clastic grains (Table 4), and varve-like lamination,
are consistent with a shallow-water, low-energy, depositional
setting, i.e. lacustrine. Enrichment in haematite and syn-
depositional red coloration of the rocks (Melezhik 1992)
suggests an oxygenated environment. Thus, Unit IV sediments
suggest that the braided delta was either abandoned or
switched to a different site.

Unit V sandstones with unidirectional, planar cross-
stratification (Fig. 8h, i) suggest a return of a distal-braided,
low-energy, fluvial system over the lacustrine and shoreline
settings. The formation of carbonates implies either biologi-
cally driven chemical or purely chemical precipitation. Cemen-
tation of the alluvial sand by calcite and dolomite is interpreted
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as having a pedogenic origin (e.g. Freytet 1973; McBride et al.
1973; Elliott 1986; Coleman & Prior 1982; Horton & Schmitt
1996; Atabey et al. 1998).

Overall, the siliciclastic lithofacies lack tidal indicators, and
several are marked by a red colour which seems to be the result
of syn-depositional alteration of the rocks (e.g. oxidation
under subaerial conditions). The KSF rocks, together with the
Lower Jatulian sequences of the Fennoscandian Shield, have
been described in the literature as a classic example of Palae-
oproterozoic ‘red beds’ (Predovsky et al. 1974; Sochava 1979;
Melezhik 1992). Post-depositional alteration of Unit IV ‘red
beds’, when present, is expressed by bleaching, discoloration
and removal or reduction of oxidised iron by H,S-free reduc-
ing solutions (Melezhik 1992). In general, a striking contrast in
colour has been found between aqueous and terrestrial sedi-
ments (Shinn 1983; Southgate 1986). This is largely caused by
the oxidation state of iron and the oxidation of organic matter.
Green, red and purple colours, as well as mottling, have been
reported to be a characteristic feature of many lacustrine and
lacustrine delta deposits (McBride et al. 1973; McBride 1974;
Glover & O’Beirne 1994; Olsen et al. 1996; Gierlowski-
Kordesch 1998).

Consequently, based on the lines of evidence outlined
above, the siliciclastic lithofacies of the Quartzite Member are
interpreted to have formed in the braid-delta, shoreline and
shallow-water settings of an oxygenated lake.

5.4. Dolostone Member

5.4.1. Dolostone-dominated Unit VI. Unit VI is 9-5 m thick
and forms the lowermost dolostone-dominated part of KSF
(Fig. 4). It consists of sparry, micritic and allochemical dolos-
tones (Table 2) and although the sparry dolostones typify the
upper part and the allochemical dolostones the middle part of
the unit (Fig. 4), both lithologies have been observed to be
mutually interbedded within a half-metre-scale core specimen.
This alternation may also include 2- to 5-cm-thick layers of
quartzitic sandstone (Fig. 9a). The sandy, sparry and micritic
dolostones are characterised by fine (millimetre-scale) lamina-
tion, whereas the allochemical dolostones show thicker
(centimetre-scale) horizontal lamination and planar cross-
bedding. The allochemical dolostones contain rounded, sorted
clasts and/or angular, unsorted plates of micritic dolostones.
Microcrystalline, micritic dolostones contain relics of algal
laminae composing millimetre-scale films, or forming
encrustations.

5.4.2. Dolostone-dominated Unit VII. Unit VII is the thick-
est (38-3 m) dolostone-dominated unit in the formation (Fig. 4,
Table 2). It consists of interbedded white, algal, micritic
dolostones, and silty to sandy, allochemical dolostones and
abundant travertine crusts (Melezhik & Fallick 2001). Sandy,
micritic, allochemical dolostones, and sandy, sparry and mas-
sive, micritic dolostones occur in subordinate proportions.
There are several intervals where dolostones were affected by
tectonic shearing, which is accompanied by the formation of
chlorite veinlets.

Although only flat-laminated stromatolites have been docu-
mented in the core material (Fig. 10a), the columnar stroma-
tolite Murmania sidorenkia f. Nova Ljubtsov was reported from
one locality situated 30 km south-east of the drilling site
(Lybtsov 1979). Layering of the microbial dolostones is ex-
pressed by alternation of silty to sandy allochemical dolostone
and algal micritic dolostone. The latter exhibits a microstruc-
ture expressed by alternation of 0-2—1-0-mm-thick dolomicrite
laminae and 0-1-0-3-mm-thick laminae consisting of finely
crystalline quartz and sparry dolomite. Variably developed
fenestrae (Fig. 10b, ¢), and intensive syn-sedimentary breccia-
tion and buckling (Fig. 10b—d) are common. In places, the
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flat-laminated stromatolites are discordantly capped by a
travertine crust (Fig. 9b).

The sandy, micritic, allochemical dolostones comprise
irregularly distributed, 5- to 10-cm-thick layers, although a
2-m-thick bed occurs in the uppermost part of the unit (Fig. 4).
Allochems are both angular, platy and rounded clasts of
massive micritic dolostone, and algal micritic dolostone. The
carbonate clasts which are larger than 0-5cm have a platy
form, whereas the smaller clasts are usually spherical. In some
cases, the sandy, allochemical dolostones grade into dolomite-
cemented quartzitic sandstones (Fig. 9c). Fenestrae may be
very abundant in some layers, particularly in those containing
plentiful clasts of algal dolostones. Brecciation and deforma-
tion related to tepees have been observed in both drillcores and
outcrops. The allochemical and micritic dolostones contain
small crystals of authigenic albite and 1-4-mm spherical
inclusions of sparry dolomite.

5.4.3. Siliciclastic-dominated Unit VIII. Unit VIII occurs in
the middle of the Dolostone Member and is 2-2 m thick (Figs
2 & 4, Table 2). It consists of carbonate breccia (Fig. 9d)
interbedded with sericite-chlorite mudstones, followed by
quartz sandstone. The breccia is red, clast-supported and
consists of highly disrupted dolostone beds overlain by angu-
lar, unsorted and closely packed fragments of red and pink
dolostone in a chlorite matrix (Fig. 9d). The mudstone is
marked by planar lamination and contains a series of small-
scale (3 x 0-5 mm), siltstone-filled, erosional scours. Clasts of
quartz and microcline are angular, for the first time in the
entire formation (Table 4). This also marks the first appear-
ance of substantial amounts of chlorite and accessory pyrite
(Table 4). Unit VIII ends with 1-2-m-thick coarse-grained
sandstone.

5.4.4. Dolostone-dominated Unit IX. Unit IX is a 9-m-thick
unit consisting of homogeneous, sandy, sparry, allochemical
dolostones with crude cross-lamination. In places, bedding
planes are marked by scouring (Fig. 9e).

5.4.5. Dolostone-dominated Unit X. Unit X is 9-2 m thick
(Fig. 4, Table 2) and consists of four types of interbedded
rocks: (1) microbial; (2) sandy, sparry allochemical; (3) micritic
dolostone; and (4) abundant travertine crusts and small-scale
travertine mounds (Table 2). All lithologies have either a pink
or variegated colour with a mottled appearance (Fig. 11). The
microbial dolostones display flat-laminated varieties (Figs.
11a, b), although some of them exhibit undulatory or weakly-
domed structures (Fig. 11a). They are commonly composed of
1- to 2 cm-thick layers of microbial laminites interbedded with
1- to 3-cm-thick layers of pink and brown, dolomicrite. The
microbial layers consist of 0-2- to 0-5-mm-thick, irregular
laminae of micritic dolomite (primarily microbial mats),
thicker layers of sparry dolomite containing carbonate intrac-
lasts and quartz detritus, and chert-filled fenestrae (Fig. 11c).
In many cases, the microbial lamination is highly disrupted
by desiccation features and formation of micronodules of
probable evaporites pseudomorphed by chert and dolomite.
Consequently, microbial dolostones display microbrecciation
and are the source of clasts in the interbedded allochemical
dolostones. The stromatolitic dolostones also contain tepee
structures (Fig. 11d, e). Beds located above the tepees are
affected by development of pedogenic dolocrete and silcrete
(Fig. 11d; Melezhik et al. 2004) and contain abundant silica
sinters (Fig. 1le). Tepee-related cracks and voids have also
been found filled with sparry dolomite and talc.

The sandy, sparry, allochemical dolostones are pink or
mottled, and contain both rounded and platy unsorted
intraclasts of micritic and algal dolostones (Fig. 11f). The
allochemical dolostones contain abundant dissolution micro-
cavities of a subaerial origin (Melezhik er al. 2004). The
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microcavities are usually veneered by silica sinter and marked
by reddening (Fig. 11f). The cavities are commonly filled with
sandy allochemical dolostones.

The micritic dolomites form 2- to 10-cm-thick beds inter-
laminated with allochemical and algal dolostones. They
contain dolomite-pseudomorphed micronodules of probable
evaporites (Fig. 11g). All dolostone lithologies are associated
with abundant travertine crusts and small-scale travertine
mounds (Fig. 11h), as described in detail by Melezhik &
Fallick (2001).

5.4.6. Mixed siliciclastic-dolostone Unit XI. Unit XI is only
0-2m thick (Fig. 4) and marks the last sedimentary deposit
prior to the subaerial volcanic eruptions which resulted
in the formation of 2000-m-thick volcanic rocks. The unit
consists of chlorite-cemented sandstones (Table 2), and in the
areas adjacent to the drilling site, chlorite-cemented, intrafor-
mational dolostone breccias.

5.5. Palaeoenvironmental interpretation of Dolostone
Member, Units VI-XI

The Dolostone Member consists of six units. The lowermost
unit, VI, contains thin films of the flat-laminated microbial
mats and encrustations, which are both of palaeoenvironmen-
tal significance. Flat-laminated, globular and granulated mi-
crobial mats are common features of some modern lakes and
isolated shallow-water lagoons (e.g. von der Borch 1976;
Srivastava & Almeida 2000). In deep lakes, like Lake Tanga-
nyika, microbial encrustations occur at very shallow depths
(i.e. 1:5-14 m; Cohen et al. 1997). In the marine environment,
low-relief, flat-laminated stromatolite sheets are usually
accreted in zones where wave and tidal scour was weak, such
as coastal sabkhas, drained depressions and ephemeral ponds
in a supratidal or upper tidal zones of a carbonate flat (e.g.
Kinsman & Park 1976). Proterozoic laminated tufa and micro-
bial laminates have commonly been accumulated on an inter-
tidal to supratidal, low-energy tidal flat (Southgate 1986;
Grotzinger 1989; Kah & Knoll 1996). Based on these criteria,
the Unit VI dolostones containing thin films of stromatolites
and encrustations are considered to represent a shallow-water
to shoreline low-energy setting.

Unit VII contains abundant travertine crusts, flat-laminated
microbial sheets and tepees, which are all indicative of a
coastal carbonate plain. Abundant travertine deposits and
silica sinters (Melezhik & Fallick 2001) are typical features of
many hot-spring-influenced terrestrial depositional settings
(Jones & Renaut 1997; Jones et al. 1997, 1998) and lacustrine
sediments in modern continental rift environments (Renaut
et al. 1986, 1998; Renaut & Tiercelin 1994; Renaut & Owen
1998). The hydrothermal deposits of Unit VII suggest that the
carbonate depositional system was episodically influenced by

hydrothermal springs. Inclusions of authigenic albite and
1-4-mm spherical inclusions of sparry dolomite (Fig. 11g)
resemble micron-scale euhedral pseudomorphs after calcium
sulphates reported from late Triassic rift basin lacustrine
sediments (El-Tabakh et al. 1997). The presence of authigenic
albite and dolomite-pseudomorphs of probable sulphate mi-
cronodules may indicate an arid climate and evaporitic condi-
tions (e.g. Behr er al. 1983). The significant disruption of
microbial sheets is considered to be the result of dewatering
and desiccation of cyanobacterial mats. This, in turn, indicates
a frequently drying out, shallow-water depositional system.
The tepee structures documented throughout the sequence
(Table 2, Fig. 4) support this inference. Evaporative pumping
is usually most effective in an arid climate along a coastal plain
(e.g. Demicco & Hardie 1994).

Unit VIII chlorite-cemented dolostone breccia (Table 2, Fig.
9b) indicates reworking of carbonate sediments previously
formed on the carbonate flat with subsequent local transport
of carbonate clasts and their incorporation into the siltstones.
The presence of thinly laminated siliciclastic material with
microscopic-scale, mud-filled channels suggests that the basin
experienced an episode of sediment starvation. Abundant
chlorite is indicative of possible influence of a mafic volcanism,
which could also be considered as a source of the sulphur. The
volcanic event is considered to have been linked to rift
propagation.

The sedimentological information available for Unit IX
(Fig. 4, Table 2) does not provide enough criteria for the
reconstruction of depositional environments. The presence of
small-scale channels, and the abundance of rounded intraclasts
of micritic dolostones suggests reworking of the carbonate-
dominated coastal plain and shoreline.

The environmental constraints of Unit X are provided by
abundant travertine crusts and silica sinters (Melezhik &
Fallick 2001), flat-laminated desiccated microbial sheets, sub-
aerial silcretes and dolocretes (Melezhik ez al. 2004), and ‘red
beds’ (Table 2). Similarly to Unit VII, these facies imply a
non-marine environment because travertine mounds and tufa
have mostly been reported from coastal marshes, lake shores,
springs, rivers and waterfalls (Renaut ez al. 1986; Demicco &
Hardie 1994). Surface silicification (silcrete) of carbonate rocks
has been commonly found from continental limestones and
dolostones, including lacustrine types (Freytet 1973). Hydro-
thermal surface silicification and silica sinters are widespread
phenomena of hydrothermal areas (Jones et al. 1996, 1997,
1998; Jones & Renaut 1997) and are particular characteristics
of many modern lacustrine depositional settings in continental
rift environments (Renaut ez al. 1986, 1998; Renaut & Owen
1988; Renaut & Tiercelin 1994; Behr 2002). The red colour
developed throughout Unit X suggests that the depositional

Figure 6 Core and outcrop photographs of Unit II. Core photos denoted as drill hole X (DHX) with depth-in-core given in metres. (a)
Soft-sediment loading and small-scale incipient ‘ball-and-pillow’ structures along bases of light-coloured sandstone beds into dark-coloured
mudstone layers (DHX 391-0); (b) Thin, graded sandstone-to-mudstone (basal mudstone is haematite rich) beds displaying flat- to wavy-parallel
lamination and unidirectional ripple cross-lamination. Note the loading and small-scale scouring along the base of the sandstones (DHX 390-6); (c)
Apparently structureless sandstone (A) overlain erosionally by sandstone bed (B) with mud rip-up intraclasts. This bed passes abruptly upward into
purple siltstone (C), marked by flat- to unidirectionally migrating low-angle lamination, which is, in turn, erosionally overlain by a light-coloured
sandstone bed (D). Note the purple siltstone intraclasts in its basal part. White arrows denote erosional scour surfaces (DHX 389-7); (d) Sharp-based
graded sandstone beds. Beds display variably developed Bouma sequences, from massive bases to faintly parallel laminated sandstone to ripple
cross-laminated and wavy- to low-angle laminated mudstone (dark coloured layers). Note that ripple cross-laminae show unidirectional migration
directions and that some of the mudstones display loading structures (DHX 386-5); (e) Thinly interbedded fine sandstone (light coloured) and
siltstone (dark coloured) exhibiting planar to low-angle ripple cross-lamination. Grading can be seen in the upper two sandstone beds (DHX 382-7);
(f) The Bouma sequence (above lower dark siltstone layer, A) exhibit uneven spacing and are composed of a light-coloured, graded-bedded and
massive sandstone (T,, 3 cm thick), a unit of light-coloured, cross-bedded silty sandstone (T, 1-5cm thick), and a thin, planar-laminated,
dark-coloured mudstone (T, 1 cm thick), followed by the next graded-bedded, light-coloured sandstone layer (B). The lowermost sandy layer has
been cleaved with a cleavage direction opposite to that of the ripple cross-lamination (DHX 385-9); (g) Sedimentary breccia consisting of dolomicrite
clasts (light yellow) encased in a muddy sandstone matrix. The exposure is 7 km west of DHX (Fig. 1); (h) Imbricated intraclastic sedimentary
breccia comprised of dispersed, tabular, dolomicrite clasts in a muddy sandstone matrix. The breccia bed sits sharply on underlying dolomicrite
(DHX 381-6); (i) Probable desiccation cracks in mudstone. The exposure is 7 km west of DHX (Fig. 1). The pencil is 15 cm long.
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settings, in which the ‘red beds’ were accumulated, were
frequently emerged and exposed to oxygen-rich air, thus
representing a non-marine, terrestrial environment. The abun-
dant hot-water travertine deposits (Melezhik & Fallick 2001)
are evidence of active surface hydrothermal activity (Renaut
et al. 1986; Chafetz et al. 1991; Guo & Riding 1992; Jones &

https://doi.org/10.1017/50263593300001140 Published online by Cambridge University Press

Renaut 1996; Renaut & Jones 1997). Constraints on climatic
conditions are provided by the highly disrupted lamination
caused by desiccation cracks, and formation of chert- and
dolomite-pseudomorphed micronodules of probable evapor-
ites. All these features are consistent with a semi-arid climate.
This is also supported by widely developed tepee structures.
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The surface micro-cavities and dolocretes veneered with sil-
crete (Melezhik et al. 2004) are of particular significance since
they are indicators of subaerial exposure without detrital
sedimentation for a significant period of time (Demicco &
Hardie 1994; Alonso-Zarza 2003). Although tepee-related
brecciation and evaporite precipitation occurred most fre-
quently under relatively arid conditions, the synsedimentary
deformation and displacive mineral growth has been reported
from hydrothermal spring deposits (e.g. Renaut ez al. 2002).

Unit XI chlorite-cemented, intraformational, dolostone
breccias are likely an unconformity breccia developed subaeri-
ally as a result of reactivation of the rift prior to a new phase
of volcanic eruption and deposition of 2000-m-thick volcanic
rocks overlying the KSF. Considerable enrichment of all rocks
in chlorite indicates the initiation of basaltic volcanism. In
summary, the Dolostone Member contains evidence for depo-
sition under overall arid climate in lacustrine and shoreline
settings.

6. Main geochemical features of siliciclastic and
carbonate rocks

6.1. Siliciclastic rocks

Geochemically, siliciclastic rocks approximate to three major
groups: a quartzitic sandstone, arkosic sandstone, and sericitic
siltstone and mudstone (Table 5, Fig. 12). All rocks are
markedly enriched in K,O, by up to 11 wt.%, and character-
ised by a low concentration of Na,O. This perhaps indicates
that potassium-rich granites dominated in the provenance
area. The arkosic sandstones dominate over silica-rich varieties
and sandstones containing >85 wt.% SiO, have been found
only in units IT and VIII (Fig. 12). The sandstones are
texturally rather mature (Table 4), suggesting that the area
adjacent to the depositional site was characterised by low-
relief, allowing a high degree of mechanical sorting of clastic
components. In contrast, the chemical maturity, as indicated
by a low degree of alteration of the feldspar clasts, and high
K,O concentration in the rocks (Table 5), is moderate. This
indicates an arid to semiarid climate.

Almost all the rocks contain dolomite and calcite, which
appear as cement, and cause elevated CaO and MgO concen-
trations. The red siltstones and mudstones of units V and VI
are relatively enriched in Fe,O5. All rocks are very low in S,
although some Unit VIII rocks may contain up to 0-5 wt.%
S0t and the concentration of C,,, is below the detection limit
of 0-1 wt.%. The very low S, and C,,, concentration, and
abundant ‘red beds’ are consistent with a non-marine, fresh-
water, oxygenated environment resulting in rapid oxidation of
biologically produced sulphides and organic matter. The low
S.oc concentration might have also been caused by a limitation
of sulphate in the depositional system. This might have sup-
pressed biological reduction of sulphates and prevented forma-

tion of sulphides, all suggesting a non-marine, sulphate-poor
basin.

The mottled siltstones of Unit IV exhibit a relative accumu-
lation of P,Os. These rocks are also marked by the develop-
ment of authigenic apatite whereas other lithofacies contain
clastic apatite (Table 4). Enrichment in P,O5 is considered to
be a post-depositional phenomenon genetically associated with
bleaching and discoloration of the ‘red beds’ which was caused
by introduction of H,S-free and P,Os-rich, reducing fluids
(Melezhik 1992).

6.2. Carbonate rocks

The MgO and CaO concentrations indicate that most of the
carbonate rocks approximate to a dolostone (Table 6, Fig. 13).
The carbonate breccia from Unit VIII (296-:54 m) possibly
contains minor magnesite, as indicated by an elevated MgO/
CaO ratio (Fig. 13). Limestones are uncommon, occurring
either as interbeds in siliciclastic sediments or thin layers within
dolostone lithofacies. In the latter case, the limestone is
commonly developed in contacts between siliciclastic and
dolostone-dominated lithofacies. Replacement textures suggest
that the limestones are the result of dedolomitisation. High
overall SiO, values indicate that the major siliciclastic compo-
nent is quartz. Like the siliciclastic lithofacies, the dolostones
are enriched in K,O with respect to Na,O. The latter is often
below 0-01 wt.% and the C,,, concentration is always below
the detection limit of 0-1 wt.%. Two thin intervals of dolos-
tones enriched in P,O5 and S, occur in units VII and VIII
(Fig. 13); otherwise, dolostones exhibit rather low concentra-
tions of these compounds. An elevated concentration of P,Os
with concomitant enrichment in S,, is considered to have been
generated by biological activity. This may include (1) an
accumulation of biologically produced C,,,, and P,Os, with (2)
subsequent degradation of C,,, and bacteriogenic reduction of
sulphate, and (3) the formation of sulphides.

7. Basinal evolution

The available geological data suggest that the depositional site
was a rift-related basin lake which was formed by tectonic
processes on a rifted continental margin of an Archaean plate.
The rift formation was preceded by a prolonged non-
depositional break (duration not known) and the formation of
regolith (Sturt ez al. 1994). The rift-forming tectonic processes
produced half-graben structures (Melezhik & Sturt 1994) filled
with fluviatile deposits and subaerially erupted volcanites
which were affected by intensive subaerial weathering. A
further phase of gentle, low-amplitude subsidence formed a
shallow-relief basin in which the Kuetsjirvi lake developed.
The KSF bears many characteristics of modern and ancient
lake sediments of which the following are salient: (1) it lies on
a palacoweathered crust; (2) the sedimentary sequence is sealed
between two, 2-km-thick volcanic formations which were each

Figure 7 Outcrop and thin-section photographs of Unit II. The thin-section photograph is from the core denoted as drill hole X (DHX) with
depth-in-core given in metres. (a) Slumped horizon in an interbedded fine sandstone-siltstone interval. Note how the slump appears to be draped
and possibly onlapped by (lefthand side of the slump) overlying layers. The exposure is 7 km west of DHX (Fig. 1). The pencil is 15 cm long. (b) The
lower part of the photograph shows a pale brown siltstone bed (A) containing finer intraclast (darker coloured) that grades upward into wavy- to
flat-parallel mudstone (B) that is sharply truncated and eroded (erosion surface marked by red arrows) by thin-based sandstone bed (C) that passes
rapidly upward into wavy-laminated mudstone (D). This bed is overlain erosionally (small-scale basal scour marked by yellow arrows) by another
thin sandstone that grades upward into wavy-parallel laminated and wispy-bedded siltstone-mudstone (E). The exposure is 7-5 km west of DHX
(Fig. 1); (c) Small channel (marked by red arrows) filled with poorly sorted dolarenite (C). The channel cuts into an underlying bed of dark purple,
haematite-rich, arkosic siltstone (B) and pale purple arkosic sandstone (A). The exposure is 8-2 km west of DHX (Fig. 1). The pencil is 15 cm long;
(d) Lenticular, wavy and linsen-bedded (starved ripples) fine sandstone and siltstone. The exposure is § km west of DHX (Fig. 1); (¢) Thin, irregular,
undulose-bedded dolostones alternated with very poorly sorted, matrix-supported, intraclastic (clasts are dolomicrites) sedimentary breccias. The
exposure is 8:6 km west of DHX (Fig. 1). The pencil is 15 cm long; (f) Photomicrograph in transmitted non-polarised light of dolomicrite showing
spheroidal and castellated margin inclusions filled with sparry dolomite (DHX 382-6).
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Table 4 Characteristics of clastic material from clastic-dominated units of the Kuetsjirvi Sedimentary Formation (drill hole X)*

Unit Clast Rounded Sorted Weathered Clast size  Accessory Authigenic Matrix
composition (unrounded) (unsorted) (unweathered) (mm) mineral mineral
Ksp and Pl
Unit VIII.
Siltstone Qz, Ksp -) -) -) 0-03-0-06 Tour Py Ser, Dol, Chl
Sandstone Qz + -) -) 0-4-1-0 - Py Qz, Dol
Unit V:
Sandstone Qz, Ksp, Ms + -) -) 0-04-12  Tour, Zr Tour, Ap Ser, Dol
Unit 1V
Upper part, siltstone Qz, Ksp, PI, Ms, Ha + + -) 0:02-0-08 Tour Ap Ser, Dol
Lower part, mudstone Qz, Ksp, Ha + + ) <0-001-0-01 — Tour Ser
Unit III:
Sandstone, siltstone Qz, Ksp, PI, Ha + -) -) 0-:02-0-4 - Ap Qz, Ser
Unit II:
Upper part, sandstone  Qz, Ksp, Ms, Bt + =) ) 0-3-1-0  Tour Dol Qz, Ser, Dol
Middle part, sandstone Qz, Ksp, Bt + -) -) 0-:07-0-8  Tour Dol Qz, Ser, Dol
Lower part, sandstone  Qz, Ksp, Pl, Bt + -) -) 0-:05-0-1  Tour Dol Qz, Ser, Dol

*Abbreviations: (Ap) apatite; (Bt) biotite; (Chl) chlorite; (Dol) dolomite; (Ksp) microcline; (Ha) haematite; (Ms) muscovite; (Pl) plagioclase; (Py)

pyrite; (Qz) quartz; (Ser) sericite; (Tour) tourmaline; and (Zr) zircon.

subaerially erupted; (3) it is of modest thickness; (4) it exhibits
rapid vertical variation of sedimentary facies; (5) it contains
abundant travertine deposits; (6) clastic sediments are fine-
grained; (7) high impurity of carbonate rocks; (8) flat-
laminated microbial sheets; (9) low concentration of sulphides;
(10) abundant ‘red beds’, variegated and mottled rocks; and
(11) surface silicification. Taken together, and given the dearth
of evidence for tides (neither flaser and lenticular bedding,
bidirectional cross-bedding, nor rhythmites with mud drapes
have not been found), the inference that the KSF formed in a
non-marine environment is supported strongly.

7.1. Early stage

The history of the rift-related lake can be divided into three
phases. The first or juvenile stage includes rifting and forma-
tion of an elongated, low-relief half-graben which were com-
plicated by a series of transverse faults and small-scale
transverse grabens (Fig. 14). The conservative estimate sug-
gests that the lake could attain ca. 100 km in length, although
the width remains unknown. This stage is marked by accumu-
lation of braidplain and braid-delta sediments fringing the
lacustrine basin. The fill of the Kuetsjdrvi basin tends to be
predominantly red and purple in colour, fine-grained and
finely laminated, suggesting that the lake was rather shallow.
All clastic material was transported from long distances, as
indicated by the high degree of clast roundness and by the lack
of clasts derived from the underlying andesitic basalts. Red,
haematite-rich laminites indicate a highly oxygenated water-
body. A limited amount of carbonate material, which was
precipitated during this stage, was related to mixed dolostone—
siliciclastic facies. Carbonates were apparently precipitated in

several ways and mainly in interdistributary areas along the
shoreline. Non-marine carbonate accumulation may be
achieved by deposition from clastic load, springs, groundwater
discharge, soil and karst development, biochemical seasonal
changes, and eolian influx (Evans & Welzenbach 1998;
Gierlowski-Kordesh 1998 and references therein). The clastic
load should not be considered because carbonate-rich source
provenances are absent in areas adjacent to the Pechenga
palaeorift (Melezhik er al. 1995). The eolian influx is not
consistent with the sporadic appearance of massive dolostone
lenses interbedded with sandstones and siltstones (Figs 6g, 7e).
The springs, groundwater discharge and biochemical seasonal
changes cannot be ruled out. The most important factor
controlling the inorganic precipitation of carbonates at this
stage was carbonate supersaturation, which was probably
caused by the evaporitic degassing of CO,. Formation of
pedogenic carbonates (Melezhik et al. 2004) and biologically
induced precipitation was likely of secondary importance.

7.2. Middle stage

The second phase of lake development is marked by accumu-
lation of carbonate precipitates, mainly dolomite. Dolomite
was precipitated and became a major component of the lake
infill where supplies of clastic material were suppressed (Fig.
14). The sedimentological data suggest that the carbonate
lithofacies were accumulated in shallow water adjacent to
and/or along a carbonate shoreline setting, and subject to
frequent variation of water level. The lake margins must have
had a low relief gradient, resulting in the extensive develop-
ment of exposed areas during low-water periods. The water
level and composition apparently depended on three factors:

Figure 8 Core and outcrop photographs of Units I1I-V. Core photographs denoted as drill hole X (DHX) with depth-in-core given in metres. (a)
Unit III: ‘Ball-and-pillow’ structure in arkosic sandstones. Sandstone beds are separated by thin, haematite-rich mudstone beds (note the upward
injection of mudstone into and between the ‘ball-and-pillow’ structure). The exposure is 8 km west of DHX (Fig. 1). The pencil is 15 cm long; (b)
Unit III: Injection (air heave or fluid escape?) structure in an otherwise massive sandstone bed overlying thinly interbedded siltstones and fine
sandstones separated by filamentous wisps to more continuous partings of mudstone. The exposure is 8 km west of DHX (Fig. 1); (c) Unit III:
Small-scale, trough cross-bedded, fine sandstone. The brighter-coloured region (‘roll’) is caused by migration of reducing fluids during catagenesis.
The sample was collected 20 km southeast of DHX; (d) Unit IV: Finely laminated, haematite-rich, mudstone-siltstone interbeds. The
lighter-coloured layer was caused by infiltration of catagenetic reducing fluids (DHX 356-7); (e) Unit IV: Haematite-rich siltstone with fine, varve-like
lamination (DHX 356-4); (f) Unit IV: ‘Mottled’ siltstone. The darker-coloured layers are primary sedimentary laminae whereas the lighter-coloured
layers and blebs are caused by reduction by migrating catagenetic fluids (DHX 355-2); (g) Unit IV: Finely laminated variegated siltstone. Lighter
colours are caused by migration of catagenetic fluids (DHX 353-5); (h) Unit V: Stacked cross-bed co-sets in quartzitic sandstone. The exposure is
7-8 km west of DHX (Fig. 1); (i) Unit V: Stacked cross-bed co-sets (possibly climbing ripples?) in dolomite-cemented arkosic sandstone (DHX 345-7).
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(1) overall slow tectonic subsidence; (2) a water inflow con-
trolled by precipitation, run-off during rainy periods and
hydrothermal springs, and (3) any possible connections with
sea. Given the data presented here, the latter seems unlikely,
but remains to be falsified. The periods of extremely low water
levels, when playa-like conditions existed (as evident from
tepees, desiccated microbial sheets and traces of probable
dolomite-pseudomorphed sulphates), led to the deposition of

https://doi.org/10.1017/50263593300001140 Published online by Cambridge University Press

the main volume of carbonates (Units VII and X). Fluctua-
tions in lake level led to phases of emergence and submergence,
and during the former, silcretes and dissolution surfaces were
developed. Abundant carbonate travertine deposits were asso-
ciated with surface pools fed by hot-water springs (Melezhik &
Fallick 2001). Dolomite precipitation was apparently biologi-
cally meditated and promoted by arid to semi-arid climatic
conditions, as suggested by abundant flat-laminated microbial
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Figure 10 Transmitted plane-polarised light photomicrographs of Unit VII dolostones from core drill hole X
(DHX) with depth-in-core given in metres. (a) Finely laminated, stromatolitic dolomicrite. Darker and thinner
laminae represent the microbial mat, whereas lighter and thicker laminae consist of fine quartz sand and
microsparite (DHX 308-8); (b) Brecciated microbial dolostone with abundant fenestrae filled with sparry
dolomite (DHX 308-9); (c) Brecciated and buckled microbial dolomicrite containing dolospar-filled desiccation
cracks and fenestrae. Fragmentation and intraclast development were caused by desiccation (DHX 306-9); (d)
Intensively brecciated microbial dolomicrite (DHX 298-4).

mats which were frequently exposed, intensively brecciated,
disrupted by crystal growth and silicified.

Significant accumulation of carbonate rocks is not unusual
in modern and ancient lacustrine settings, and carbonate
sediments may constitute an essential part of lake infill. This
has been reported from the Green River Formation, Utah,
USA (Picard & High 1981), the Las Minas Basin, Spain (Calvo
et al. 2000), Lake Constance, Germany (Schottle & Miiller
1968), and the Caspian Sea, Russia (Klenova 1968). Carbonate
precipitation may be rapid. Summer ‘whitings’ (seasonal
clouding of the epilimnion by CaCO,) have been observed in
many closed lakes (Brunskill 1969; Strong & Eadie 1978).
Furthermore, most well-studied ancient lacustrine carbonates

indicate that shallow-water conditions and ancient playa-lake
sediments may attain considerable thicknesses of 1000 m and
more (Talbot & Allen 1996).

Carbonate sediments in lacustrine environments are com-
monly formed by several processes discussed in detail by
Talbot & Allen (1996). Sedimentological data indicate that the
most important single factor controlling the precipitation of
the Kuetsjirvi carbonates was apparently carbonate saturation
caused by microbial photosynthesis and evaporitic degassing
of CO,. The rate of both inorganic precipitation and bio-
induced precipitation of carbonate minerals was enhanced by
shallow-water conditions and the development of a playa
surface (Fig. 14). Hot-spring waters are considered to have

Figure 9 Core and outcrop photographs of Units VI-IX. Core photographs denoted as drill hole X (DHX) with depth-in-core given in metres. (a)
Unit VI: Core showing the following facies. The lowermost layers (A and B) are massive dolomicrite sharply overlain by cross-laminated
allochemical (dolomicrite intraclasts) dolostone (C) with clotted structure that grades into dark-coloured, dolomite-cemented quartzitic sandstone
(D); in turn, this is overlain by two other allochemical dolostone layers (E and F) which are sharply capped by light-coloured, faintly laminated
dolomicrite (G). Note the small erosional scours along base of allochemical dolostone layers (DHX 337-4); (b) Unit VII: Light-coloured, faintly
microbially laminated, micritic dolostone (A) sharply capped by darker travertine crust (B). The dolostone consists of indistinctly undulatory and
almost rhythmical lamination defined by couplets of thinner, yellowish dolomicrite and thicker white microdolospar. The crust is composed of
clusters of small-scale, semi-spheroidal travertine mounds exhibiting radial fabrics and irregularly developed siliceous sinters (dark-coloured) (DHX
310-2); (c) Unit VII: Allochemical sandy dolostone (A) overlain by quartzitic sandstone with dolomite matrix (B). The buckled platy intraclasts are
probably related to development of tepee structures. The sandy material consists of well-rounded and sorted quartz grains (DHX 314-8); (d) Unit
VIII: Clast-supported dolorudite. Clasts are variegated dolomicrite in a dark mudstone matrix (DHX 297-7); (e) Unit IX: Indistinctly cross-bedded
sandy dolostone. Note the syn-sedimentary folding near top of middle layer (B), which is sharply and erosively overlain (small scour along base of
bed) by the upper sandy dolostone bed (C) (DHX 283-7).
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played an important role in carbonate precipitation in the
Kuetsjarvi lake. The importance of hot springs in lacustrine
sedimentation has been acknowledged in many Recent lakes
from the East African Rifts (e.g. Renaut & Tiercelin 1994).

7.3. Late stage

The third and terminal stage of the Kuetsjdrvi basin was
manifested by an abrupt subsidence (renewed rift) followed by
voluminous volcanism. This stage is recorded in Unit XI
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Figure 12 Chemical composition of clastic-dominated lithofacies plotted against stratigraphic height of the

Kuetsjarvi Sedimentary Formation.

sandstones with a chlorite, tuffogenic matrix and carbonate
breccias cemented by basaltic tuff and subsequent subaerial
volcanism. The erupted volcanic material eventually buried the
Kuetsjdrvi basin and resulted in accumulation of a 2000-m-
thick formation of alkaline volcanic rocks (Predovsky et al.
1974).

8. Implication for the Palaeoproterozoic global
isotope shift of carbonate carbon

The 2330-2060 Ma positive carbon isotope excursion has been
reported from a number of continents (reviewed in Melezhik
et al. 1999), proving its global character (Baker & Fallick
1989a, b; Karhu & Holland 1996). It seems that, among
reported '*C-rich carbonates, those deposited in shallow-water
environments dominate. This is the case for the Fennoscandian
Shield (Karhu 1993; Melezhik er al. 1999, 2000), North
America (Feng 1986; Melezhik ez al. 1997a; Bekker & Eriksson
2003; Bekker et al. 2003) and India (Sreenivas et al. 1996). In
some instances, '*C-rich carbonates were precipitated in a
shallow-water, restricted, marine environment (Tulomozero
Formation; Melezhik et al. 1999, 2000, 2001) or in a shallow-
water, restricted, lacustrine setting (Duitschland Formation;
Buick et al. 1998). In many instances, high §'*C carbonates
are associated either with ‘red beds’ (Imandra/Varzuga
and Pechenga Belts; Karhu & Melezhik 1992; Pokrovsky

& Melezhik, 1995) or stromatolites (Lomagundi province;
Schidlowski et al. 1976; Aravalli Supergroup; Sreenivas et al.
1996; Hutuo Group, Hua & Yongsheng 1997) or with both
(Kona Dolomite; Feng 1986; Jatulian successions; Akhmedov
et al. 1993; Melezhik et al. 1999, 2000, 2001; Labrador Trough;
Melezhik et al. 1997a; Wyoming Craton; Bekker & Eriksson
2003; Bekker et al. 2003). Almost all reported that '*C-rich
carbonates are represented by dolomite, although calcite
(Karhu 1993; Buick et al. 1998) and magnesite (Melezhik
et al. 2001) have occasionally been observed. All these indicate
that the studied '*C-rich carbonates may not represent open
marine environments, and therefore, their carbon isotopic
composition may not always correspond to the isotopic
composition of atmospheric CO, and bicarbonate of coeval
open ocean.

The KSF dolostones, which record the 2330-2060 Ma iso-
topic signal of the carbonate carbon on the Fennoscandian
Shield (Karhu 1993), represent non-marine carbonates, and
therefore, their isotopic signal may or may not equate with the
global §'3C signal. The §'*C global signal might have been
modified by local factors associated with the Kuetsjirvi
lake environment; namely, evaporation, enhanced biological
uptake of 'C, and penecontemporaneous oxidation of
organic material in cyanobacterial mats. Hot-spring waters
are another factor that could seriously have modified the
composition of ambient lake water. The isotopic part of this

Figure 11 Core and outcrop photographs of Unit X. Core photographs denoted as drill hole X (DHX) with depth-in-core given in metres. (a)
Vertical section through mottled, microbially laminated (stromatolitic) dolomicrite layers with flat, curly and blister laminae separated by thin,
irregular partings of silica sinters (pale grey colours) (DHX 272-6); (b) Microbially laminated, dolomicrite deformed by enterolithic bedding and
tepee structure (DHX 277-2); (c) Plane-polarised light photomicrograph showing stromatolitic dolomicrite (dark grey) with dolospar- and
quartz-filled fenestrae (DHX 277-5); (d) Vertical section through iron-stained dolocrete with tepee-related deformation features and travertine-filled
cracks (T) (related to opening of tepee) (DHX 271:6); (e) Vertical section through probable deformed enterolithic bedding in dolomicrites
interlayered with silica sinters (S) and dolocrete (white). Note the possible verging tepee structure above the scale. The exposure is in the quarry
30 km southeast of DHX (Fig. 1); (f) Polished slab showing vertical section through dissolution cavity of surface origin in allochemical, sandy,
micritic dolostone (D); cavity walls marked by reddening and silica sinter (S). The cavity is filled by sandy to fine-pebble dolostone conglomerate (C).
These features indicate subaerial exposure. Sample collected from the quarry 30 km southeast of DHX (Fig. 1); (g) Plane-polarised light
photomicrograph of probable sulphate micronodules pseudomorphed by dolospar in dolomicrite groundmass (DHX 275-5); (h) Polished slab
showing vertical section through a tepee-like structure and associated deformation and buckling of dolomicrite layers. Finely laminated travertine
(T) caps the dolomicrite and is itself capped by thin silica sinter which also fills downward tapering fractures. These features imply a period of
emergence and influence of hydrothermal fluids. Sample collected in the quarry 30 km southeast of DHX (Fig. 1).
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Table 6 Chemical composition of mixed siliciclastic-dolostone and dolostone-dominated units of Kuetsjarvi Sedimentary Formation (drill hole X)
(wt.%): (=) below detection limit of 0-1 for C_,, and 0-01 for other elements; and (n.d.) not determined

org

Sample Lithology Si0, ALO; Fe,05, MnO#% MgO® CaO% Na,0 K,O P,05 S, C
number

org

Unit XT*, mixed siliciclastic-dolostone

267-87 Sandy, sparry limestone with chlorite 39-8 296 1-84 0-14 384 263 002 014 026 005 n.d.
2680  Sandy, sparry limestone with chlorite 535 265 1-11 0-08 4-59 189  0-008 0-022 0-07 0-03 n.d.
Shear zone carbonate rocks
268:1  Sandy, sparry dolostone 329 1-23 1-05 0-11 16:1 267 - - 0:06 nd. -
268:6  Sandy limestone 3009 148 0-45 0-10 3-16 339 001 005 003 002 n.d.
Unit X, dolostone-dominated
269-4  Interbedded micritic dolostone and laminated 841 1-57 0-47 0-07 182 32-5 - 003 010 nd. n.d.
stromatolite
269-5  Sandy, sparry, allochemical dolostone 144 128 0-34 0-08 16-5 30-4 - 016 006 nd. nd
269-7  Sandy, sparry, allochemical dolostone with 13-3 1-36 0-28 0-08 17-3 28-0 - 017 007 002 -
micronodules
2699  Sandy, sparry, allochemical dolostone 254  1-47 0-40 0-04 153 26-1 - 0049 006 002 n.d.
270-15 Interbedded pink, micritic dolostone and 7-87  0-98 0-28 0-07 21-3 31-0 - 003 009 nd nd
laminated stromatolite
270-7  Sandy, micritic dolostone with micronodules 132 226 0-38 0-06 162 289 - 046 009 nd nd
2711  Sandy, micritic dolostone with micronodules 143 274 0-55 0-05 14-1 30-2 - 066 009 nd nd
271-5 Sandy, sparry, allochemical dolostone with 179 1-65 0-25 0-03 13-6 28-3 - 040 007 nd nd
micronodules
2716 Sparry, allochemical dolostone 578 0-81 0-20 0-06 19-4 314 - - 013 nd nd
272-3  ‘Curly’, laminated stromatolite 178 1:67 0-31 0-03 164 259 - 046 006 nd. nd
272-5  Sandy, micritic, dolostone with micronodules 12:6 275 0-45 0-03 179 27-0 - 0-72 008 n.d. nd.
272:7  Interbedded pink, micritic dolostone and white,  9-99 1:10 0-22 0-03 163 30-8 - 0-30 007 n.d. nd.
sparry, allochemical dolostone
273-5  Sandy, micritic dolostone 16-5 1-72 0-32 0-02 16-6 260 - 05 006 nd nd
273-7  Sandy, micritic dolostone 30-8  3-46 0-58 0-02 12:9 21-0 - 1-05 009 nd. nd
274-0  Sandy, laminated stromatolite 260 2:62 0-42 0-02 13-6 23-5 — 0-81 009 n.d. n.d.
274-6  Sandy, sparry, allochemical dolostone 430 079 0-21 0-01 11-5 168 001 031 001 003 -
275-5  Sandy, micritic dolostone with micronodules 122 254 0-41 0-02 18-0 27-3 - 075 007 nd. nd
Unit X, dolostone-dominated
276:7  Sandy, sparry, allochemical dolostone 134 1-56 0-22 0-01 179 269 - 044 007 nd. nd
277-1  Sandy, laminated stromatolite 275 2-83 0-51 0-03 14-1 22-1 - 08 012 nd nd
277-2  Sandy, laminated stromatolite 285 224 0-66 0-02 14-5 202 002 095 006 003 -
277-5  Sandy, laminated stromatolite 195 334 0-53 0-03 15-5 247 - 097 016 nd nd
278:0  Sandy, micritic stromatolite 13-1 1-31 0-30 0-03 177 277 - 039 010 nd. n.d.
Unit IX, dolostone-dominated
278:8  Recrystallised, sandy dolostone 257 191 0-38 0-03 13-6 237 - 05 015 nd. nd
279-5  Sandy, sparry, allochemical dolostone 122 096 0-22 0-02 17-8 28-0 - 057 007 nd nd
282-3  Sandy, sparry, allochemical dolostone 302 3-05 0-58 0-03 12-8 21-6 - 096 014 nd. nd
283-0  Sandy, sparry, allochemical dolostone 33-7 1-28 0-42 0-03 12-1 22-1 022 046 007 nd. nd
283-5  Sandy, sparry dolostone 364 1:37 0-27 0-02 11-7 19-3 - 070 008 nd. nd
283-7  Sandy, sparry dolostone 37:0 151 0-28 0-03 11-5 20-2 - 071 009 nd. nd
284-5  Sandy, sparry dolostone 30-2 1-57 0-29 0-03 124 224 - 079 012 nd. nd
285-7  Sandy, sparry dolostone 474 030 0-23 0-02 10-3 170 001 011 001 015 -
Shear zone carbonate rocks
290-5  Brecciated, sandy, micritic limestone 129 0-89 0-24 0-14 2-5 41-8 012 063 010 nd. nd.
293-0  Brecciated, sandy, micritic dolostone 18-2 1-24 0-54 0-:06 14-7 267 - 0-67 013 n.d. nd.
293-1  Sandy, micritic dolostone 202 1-50 0-54 0-05 15-0 256 - 064 012 nd. nd
295-0  Sandy, sparry dolostone 299 231 1-04 0-08 14-5 20-6 - 062 029 nd. nd
295-3  Sandy, sparry limestone 302 117 0-76 0-05 14-4 206 002 051 033 004 -
Unit VIIT*, mixed siliciclastic-dolostone
296:5 Carbonate conglomerate 310 273 1-60 0-08 13-5 207 02 058 032 nd. nd
29654 Carbonate conglomero-breccia 264 2:36 1-42 0-05 14-1 119 021 052 075 004 —
29656 Carbonate conglomerate 438  2-86 1-25 0-04 112 151 016 099 018 023 -
Unit VIII*, mixed siliciclastic-dolostone
297-4  Carbonate breccia 35-8 3-15 1-67 0-06 11-3 19-8 - 060 074 nd nd
Unit VII, dolostone-dominated
2977  Sandy, micritic, allochemical dolostone 19-3 1-49 1-24 0-06 17-0 24-1 — 0-421 119 001 -
298-4  Micritic dolostone with pseudomorphed 9-87 0-68 0-62 0-07 17-5 29-1 - 057 025 nd nd

evaporite crust
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Table 6 Continued

Sample Lithology Si0, AlLO; Fe,O5, MnO% MgO® CaO% Na,0O K,0 P,Os S, C,,
number
300-2  Sandy, micritic, allochemical dolostone with 10-5 1-:04 0-26 0-03 18:2 28-4 - 046 0-13 n.d. nd.
travertine crust
300-4  Sandy, micritic, stromatolitic dolostone with 15-4 0-45 0-21 0-03 17-2 26-6 — 023 0-15 n.d. nd.
travertine crust
301-4  Micritic, stromatolitic dolostone 395 0-57 0-34 0-02 20-1 286 0-02 035 014 002 -~
301-45 Sandy, micritic, stromatolitic dolostone 384 2:32 0-25 0-02 12-4 17-1 0-02 138 011 002 -
301-7  Sandy, micritic, allochemical dolostone 17-3 2:69 0-37 0-03 16-7 24-7 - 152 007 n.d. n.d.
3024  Micritic, allochemical dolostone 877 0-63 0-26 0-03 189 289 - 029 0-08 n.d. n.d.
303-4  Sandy, micritic, allochemical dolostone with 10-6 0-82 0-20 0-02 187 279 — 049 0-08 n.d. nd.
micronodules
304-0  Sandy, micritic, stromatolitic dolostone with 15-8 1-06 0-27 0-02 17-2 26-2 - 041 0-08 n.d. n.d.
travertine crust
305-0  Micritic, stromatolitic dolostone 2:84  0-53 0-15 0-02 20-8 316 - 0-19 008 n.d. nd.
306-3  Micritic, stromatolitic dolostone 4-14 022 0-11 0-02 20-2 310 - 0-16 0-07 n.d. n.d.
3069 Interbedded, micritic, allochemical dolostone 520 0-71 0-21 0-03 19-8 30-8 - 029 0-15 n.d. nd.
and stromatolitic dolostone
307-3  Micritic, stromatolitic dolostone with travertine 1-63 — 0-08 0-02 211 32:3 — 0:06 009 n.d. n.d.
crust
3089  Dolostone breccia 796  1-40 0-27 0-02 19-2 29-2 - 047 008 n.d. n.d.
309-7  Sandy, micritic, stromatolitic dolostone 14-1 2:05 0-29 0-02 17-1 26-6 — 095 0-17 n.d. nd.
3099  Sandy, micritic, allochemical dolostone 21-4 2:34 0-38 0-04 15-8 23-4 0-18 096 018 n.d. n.d.
3102 Sandy, micritic dolostone 147 027 0-32 0-02 17-8 262 002 005 003 013 -
310-25 Miicritic dolostone 048 0-30 0-64 0-02 21-4 308 002 0-11 007 007 -
3117 Interbedded allochemical and stromatolitic 17-5 1-01 0-20 0-02 17-3 257 - 0-50 0-08 n.d. n.d.
dolostone
314-5  Micritic, stromatolitic dolostone 0-63 — 0-09 0-02 21-8 327 - 0-:05 0-10 n.d. n.d.
3149  Sandy, micritic dolostone 214 0-95 0-19 0-03 154 242 — 043 0-14 n.d. nd.
3151  Sandy, micritic, allochemical dolostone 258 098 0-18 0-03 14-2 23-3 - 044 0-15 nd. nd.
Unit VII, dolostone-dominated
3166 Interbedded sandy, micritic and sparry 17-1 1-43 0-22 0-03 17-0 254 - 026 009 n.d. nd.
dolostone
3169  Interbedded sandy, sparry, and micritic, 27-8 1-25 0-21 0-02 14-0 22-7 - 0-15 020 nd. n.d.
stromatolitic dolostone
317-0  Flat-pebble conglomero-breccia 20-6 1-41 0-22 0-03 160 251 - 0-17 0-15 n.d. nd.
317-1  Micritic, stromatolitic, dolostone 179 017 0-16 0-03 21-5 32:4 - 0-07 010 nd. nd.
317-8  Sandy, micritic, allochemical, dolostone with 12:3 0-64 0-19 0-03 17-1 281 - 0-14 009 n.d. n.d.
micronodules
320-5  Micritic, stromatolitic dolostone with dolomite 3-81 0-08 0-12 0-03 19:0 330 — 006 0-12 n.d. n.d.
pseudomorphed evaporite crust
321-0  Sandy, micritic dolostone with micronodules 11-3 0-38 0-12 0-02 170 29-2 - 0-15 015 nd. nd.
322-0  Sandy, micritic dolostone with micronodules 19-8 0-61 0-13 0-02 169 250 — 0-16 0-07 n.d. nd.
322-5  Micritic, stromatolitic dolostone - - 0-12 0-03 21-5 333 - 002 012 nd. nd.
322:6  Micritic, stromatolitic dolostone - - 0-12 0-03 22:4 330 - 002 0-10 n.d. n.d.
322-7  Micritic dolostone 1-:02 026 0-17 0-02 229 29-8 - 0-05 0-12 017 -
3262  Sandy, micritic, allochemical dolostone with 21-4 0-69 0-20 0-03 15-8 24-7 - 0-16 0-11 n.d. nd.
micronodules
3277  Sandy, micritic dolostone 11-3 062 0-15 0-04 167 29-8 - 032 012 nd. nd.
329-3  Sandy, allochemical dolostone 157 083 0-17 0-05 n.d. n.d. - 0-60 008 n.d. n.d.
3325  Micritic, stromatolitic dolostone with travertine 894 0-10 0-16 0-05 n.d. n.d. - 0:09 011 n.d. nd.
crust
334-3  Sandy, micritic dolostone 165 075 0-15 0-02 n.d. n.d. - 0-31 009 nd. nd.
335-3  Micritic dolostone 944 029 022 0-01 200 281 - 0-14 006 001 —
Unit VI, dolostone-dominated
3362 Sandy, sparry dolostone with travertine crust 304 065 0-30 0-01 14-5 207 002 033 002 011 -
336-25 Sandy, sparry dolostone 263 0-38 0-28 0-02 15-1 226 002 015 004 011 -
337-4  Sandy, sparry dolostone 196 064 0-32 0-03 151 27-3 - 0-36 004 003 -
337-46 Sandy, sparry dolostone 403 079 0-22 0-02 10-7 194 001 062 001 002 -
339-4  Micritic dolostone 0-65 0-03 0-10 0-02 21-3 32-8 - 0-06 0-13 nd. nd.
340-3  Micritic dolostone 2:93  0-01 0-10 0-03 21-5 317 - 0-04 009 nd. nd.
342-5  Sandy, sparry dolostone 169 1-65 0-23 0-04 169 260 - 0-47 006 nd. nd.
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Table 6 Continued
Sample Lithology Si0, ALO; Fe,O5, MnO% MgO® CaO% Na,O K,0 P,Os S, C,,
number
Unit VI, dolostone-dominated
342-8  Micritic dolostone 0-58 0-08 0-14 0-03 22:6 325 - 0-08 009 nd. nd.
3432 Sparry, allochemical dolostone 7-61 0-73 0-27 0-05 112 37-5 — 0-:06 006 n.d. nd.
343-3  Sparry, allochemical limestone 850 0-71 0-26 0-05 9-69 386 01 0-05 005 nd. nd.
343-6  Sandy, sparry, dolostone 316 221 0-59 0-02 10-8 24-6 - 0-51 - 009 -
Unit V*, mixed siliciclastic-dolostone
344-7  Sandy, micritic dolostone 274 231 0-24 0-03 14-6 219 014 099 006 n.d. nd.
3464  Sandy, sparry, allochemical dolostone 19-5 1-30 0-30 0-06 13-6 27-5 - 045 007 nd. nd.
349-3  Micritic, allochemical dolostone 543  0-89 0-72 0-15 19:6 304 - 047 009 n.d. nd.
Unit IV*, mixed siliciclastic-dolostone
355-5  Sandy, sparry limestone 285 492 1-53 0-15 9-93 272 008 205 061 017 -
355-55 Sandy, sparry limestone 436 476 1-26 0-11 5-28 22:7 029 124 031 014 —
357-1 Sandy, sparry dolostone 263 410 1-80 0-24 12-7 270 004 159 030 006 —
Unit 1I*, mixed siliciclastic-dolostone
3809  Sandy, micritic, allochemical dolostone 186 1-82 0-70 0-13 162 259 - 0-83 0-07 n.d. nd.
3811  Flat-pebble conglomerate 364 1-28 0-48 0-02 13-8 180 001 051 012 007 -
3812 Sandy, micritic, allochemical dolostone 412 340 0-83 0-02 119 164 005 189 003 009 -
381-4  Sandy, micritic, allochemical dolostone 251 2:23 0-84 0-14 14-3 236 - 090 009 n.d. n.d.
381-55 Flat-pebble conglomerate 251 1-76 0-63 0-12 139 24-8 - 0-83 007 n.d. nd.
381-6  Sandy, micritic, allochemical dolostone 24-3 2:27 0-87 0-11 12:0 259 - 1:04 008 n.d. n.d.
382:0  Sandy, micritic, allochemical dolostone 215 1-86 0-70 0-17 12-6 262 - 093 009 nd. nd.
382-1 Sandy, micritic, allochemical dolostone 304 1-02 0-31 0-08 10-6 253 003 065 002 nd -
384-8  Recrystallised, sandy dolostone 334 252 0-63 0-05 115 264 002 124 003 nd. -
386-1 Recrystallised, sandy dolostone 30-8 5-47 1-51 0-06 13-1 231 0-03 281 005 nd. -
387-6  Recrystallised, sandy dolostone 27-1 5-08 1-24 0-06 14-4 25-0 0-02 158 005 002 -

*Interbedded clastic rocks are characterised in Table 5.

% Acid-soluble MnO, MgO and CaO contents were determined by ICP-AES.

problem will be considered in a companion paper (Melezhik
et al. 2005).

9. Summary and conclusions

The KSF is a c. 150-m-thick siliciclastic-carbonate succession
accumulated between 2330 and 2060 Ma ago in a braidplain/
delta and lacustrine environment within a Palaeoproterozoic
intracontinental rift. The succession consists of the lower
Quartzite and upper Dolostone members, which can be
subdivided into 11 siliciclastic-dominated, mixed siliciclastic—
dolostone and dolostone-dominated units.

The succession exhibits many characteristics of non-marine
and lacustrine sediments. It rests on a palaeo-weathering crust
and is sealed between two subaerially erupted volcanic forma-
tions. It exhibits rapid variation of sedimentary facies in
vertical section marked by abundant flat-laminated microbial
mats, ‘red beds’, variegated and mottled rocks, travertines,
surface silicification, and dissolution cavities infilled with fine-
grained clastic material. All carbonate lithologies are highly
impure, sandy dolostones. In addition, the KSF rocks lack
tidal or other shallow marine features.

The lake was infilled during three successive depositional
phases. The initial phase was marked by accumulation of
siliciclastic-dominated, and mixed, siliciclastic-dolostone litho-
facies in fluviatile-shoreline and shallow-water lacustrine set-
tings under oxic conditions. Carbonates were precipitated
inorganically on a ponded shoreline environment. The second
phase was marked by biologically induced precipitation of
dolomite during lowstands when playa-like conditions existed
across major parts of the basin. The precipitation of carbon-
ates was additionally promoted by an arid to semi-arid climate.
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Ambient lake waters were influenced by hydrothermal springs,
which led to the formation of abundant travertines. The
terminal phase was manifested by renewed rift propagation
and voluminous volcanic eruptions.

The lake experienced several phases of emergence and
submergence marked by formation of dolocretes, silcretes and
solution surfaces. The rocks were affected by post-sedimentary
infiltration of reducing, H,S-free fluids, resulting in bleaching
and discoloration of ‘red beds’. Subsequently, the rocks
underwent greenschist facies metamorphism caused by the
c. 1850 Ga Svecofennian orogeny.
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