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1. INTRODUCTION

The Archaean to Proterozoic transition was manifested by significant environ-
mental disturbances triggered by the shift from anoxic to oxic surface environ-
ments during the Great Oxygenation Event (GOE) (Holland, 2006; Lyons et al.,
2014), which most probably occurred in successive stages (Holland, 2006;
Canfield et al., 2013; Lyons et al., 2014; Poulton et al., 2021). The timing of the
GOE is marked by the disappearance of sulphur isotope mass-independent
fractionation (MIF) when pO; reached values >10~ of Present Atmospheric Level
PAL (Luo et al., 2016) dated between 2502 and 2460 million years ago (Ma)
(Gumsley et al., 2017; Warke et al., 2020).

The onset of oxidative weathering is thought to have caused an extensive acid
attack in weathering environments due to oxidation of sulphide minerals in surface
rocks (Holland, 2006). A pulse of acidic weathering and element mobilization
following the GOE has been suggested based on Cr-enrichment in Palaeo-
proterozoic marine iron formations (Konhauser et al., 2011), an increase in
weathering intensity and inferred kaolinite richness (Hao et al., 2021) and
leaching of phosphorus in early Palaeoproterozoic palacosols (Hao et al., 2020).
Similarly, Mo and U, which are soluble under oxic conditions, show enhanced
mobility in Proterozoic palacosols (Murakami et al., 2016) and occur in elevated
concentrations in marine organic-rich Palacoproterozoic shales (Scott et al., 2008;
Partin et al., 2013; Mind et al., 2020).

However, there is no unequivocal evidence for an increase in chemical
weathering indices (e.g. CIA — chemical index of alteration; Nesbitt and Young,
1982) in marine or continental sediments following the GOE. This discrepancy
has been explained by limited data availability, while the expected trends are
much muted by differences in sediment sources, tectonic-depositional settings,
palaeogeography and post-sedimentary alteration between different rock succes-
sions (Gaschnig et al., 2014; Li et al., 2016).

Even more importantly, besides the purported effects of atmosphere oxy-
genation on weathering intensity, the atmospheric carbon dioxide concentration
controls Earth’s surface temperatures and weathering processes (Kasting, 1987;
Dessert et al., 2003; Broecker, 2018). High atmospheric CO; concentration lowers
the pH of meteoric precipitation and increases the temperature through the green-
house effect, whereas both phenomena lead to intensified weathering (Kanzaki
and Murakami, 2018a, 2018b). Chemical weathering itself has an important impact
on the evolution of the Earth’s surface environments by regulating atmospheric
CO; through a negative feedback mechanism (Walker et al., 1981; Kump et al.,
2000; Dessert et al., 2003) and release of bio-limiting nutrients into the ocean
(Filippelli, 2011; Hao et al., 2017).

Therefore, the palacosols and palacoweathering surfaces formed in contact
with ancient Earth’s surface environments and fine-grained terrigenous sediments
derived from weathering crusts are important sources of information on environ-
mental-climatic conditions prevailing at the time of their formation. Palaeosols



are especially valuable for providing insights into terrestrial conditions during
times of significant environmental changes.

The Fennoscandian Shield contains several well-preserved palacoweathering
profiles (regoliths and saprolites) developed on the Late Archaean granitoid
basement and early Proterozoic metasedimentary-metavolcanic complexes of the
Karelian formations (Kirsimée and Melezhik, 2013). A major unconformity with
weathering and denudation at the base of the Palaecoproterozoic sedimentary-
volcanic successions was developed on Archaean crystalline basement com-
plexes ca. 2.45 and 2.51 Ga in the Onega and Pechenga basins, respectively
(Martin et al., 2013a, 2015). Ojakangas et al. (2001) have suggested that the
Archaean—Palaeoproterozoic unconformity detected across the Fennoscandian
Shield developed likely as a peneplaned surface on the Archaean rocks iso-
statically uplifted into a subtropical climate or high-CO, environment between
2.4 and 2.2 Ga. The erosion of these rock and sediment suites fed the Karelia—
Kola sedimentary basins with weathered terrigenous material that potentially
capture the weathering conditions of the time.

The Imandra—Varzuga Greenstone Belt in the northern Fennoscandian Shield,
north-western Russia, Kola Peninsula, contains sedimentary units bearing the dis-
appearance of the sulphur isotope MIF signal in the lower part of stratigraphy
predating the GOE and the positive carbonate carbon isotope signal of the
Lomagundi—Jatuli Event (LJE) following the GOE in its upper part of the strati-
graphy (Warke et al., 2020). Therefore, geochemistry of samples from the Green-
stone Belt allows testing the weathering intensity changes across the GOE.

This thesis studies the latest Archaean—early Proterozoic weathering conditions
using the palacoweathering crust, the ca. 2.45 Ga Kuksha palaeosol formed on
the basaltic parent rock of the Kuksha Volcanic Formation, and the provenance
and weathering maturity of the Imandra—Varzuga sediments. The Kuksha
palaeosol was formed during the critical time interval just before the change from
anoxic to oxic atmospheric conditions, while the Palaeoproterozoic sedimentary
record of the Imandra—Varzuga Greenstone Belt contains one of the most
complete ca. 2450 and 2000 Ma successions potentially archiving the signatures
of the GOE, Huronian global glaciation(s) and the LJE (Karhu and Holland, 1996;
Melezhik et al., 1999; Ojakangas et al., 2001).

The main objectives of the thesis are:

— to characterize the Late Archaean—Early Proterozoic (ca. 2.5-2.44 Ga) palaco-
weathering crust developed on the basaltic parent rock of the Kuksha Volcanic
Formation in the Imandra—Varzuga Greenstone Belt of the Kola Peninsula;

— to model geochemical climofunctions (mean annual temperature, mean annual
precipitation) to determine environmental conditions during the formation of
the Kuksha weathering crust at the beginning of the GOE;

— to estimate the atmospheric pCO, concentrations at the time of the weathering
of the Kuksha palaeosol;



— to reconstruct the tectonic settings of deposition, source rock composition
(provenance), sedimentary recycling and the degree of chemical weathering
of the Imandra—Varzuga metasediments spanning across the Archaean—
Proterozoic transition by analysing the changes in silicate weathering intensity
related to the atmospheric oxidation of the Palacoproterozoic.

We propose the hypothesis that the transition from anoxic environment with high
pCO; to reactive oxic conditions should have increased the weathering intensity.
The oxidative weathering is thought to have caused extensive acid attack in
weathering environments due to oxidation of sulphide minerals occurring in
surface rocks, thus intensifying the weathering process itself.



2. GEOLOGICAL SETTING

The Fennoscandian Shield is a composite craton assembled of different Archaecan
to Palacoproterozoic greenstone and orogenic belts comprising metamorphosed
igneous and sedimentary rock units (Ojakangas et al., 2001). The north-eastern
part of the Fennoscandian Shield includes the Imandra—Varzuga Greenstone Belt,
a south-eastern segment of the ca. 800-km-long system of supracrustal belts
(Melezhik, 1996) extending from northern Norway and Finland to the Kola
Peninsula in north-western Russia (Figure 1). The 350-km-long and up to 10-50-
km-wide Imandra—Varzuga Greenstone Belt (Chashchin et al., 2008) has been
interpreted as a rift system which initiated around 2.5 Ga and was abandoned and
reactivated several times through the Palaeoproterozoic (Melezhik, 2013). The
major periods of tectonic activity of this belt are recorded at 2.44, 2.2, 2.1 and
1.97 Ga (Nykénen et al., 1994; Ojakangas et al., 2001).
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Figure 1. Locations of cores 14, 34 and 4A (denoted with red arrows) on the western
[flank of the Imandra—Varzuga Greenstone Belt. Modified after Melezhik et al. (2013).
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The Imandra—Varzuga Supergroup is subdivided into the Strel’na, Varzuga and
Tominga groups (Melezhik, 2013; Figure 2). The Strel’na Group comprises, from
base to top, the Purnach Formation tholeiitic basalts interlaced with sandstones
that are resting unconformably on the Archaean crystalline basement; the sand-
stone-greywacke-conglomerates of the Kuksha Sedimentary Formation and
tholeiitic basalts of the Kuksha Volcanic Formation; greywacke-shale and sand-
stones of the Seidorechka Sedimentary Formation, and lavas and tuffs of the
Seidorechka Volcanic Formation (Melezhik et al., 2013).

The overlying Varzuga Group is represented by three sedimentary-volcanic
units — the Polisarka Sedimentary and Volcanic formations, the Umba Sedimentary
and Volcanic formations and the [I’'mozero Sedimentary and Volcanic formations
(Melezhik, 2013). The Polisarka Sedimentary Formation is characterized by
polymict conglomerates, diamictites, varved siltstones with dropstones, shales,
marls and limestones followed by submarine volcanics including pillowed lavas
of the Polisarka Volcanic Formation. The diamictites of the Polisarka Sedi-
mentary Formation have been correlated with the Huronian glaciation (Ojakangas
et al., 2001; Melezhik, 2013; Gértner et al., 2014; Warke et al., 2020). The Umba
Sedimentary Formation consists of greywacke, sandstone-siltstone, shale,
dolostone and limestone.

The Umba Volcanic Formation is represented mainly by subaerial subalkaline
to alkaline basalts and tuffs emplaced in intracratonic rift settings (Melezhik,
2013). The II’'mozero Sedimentary and Volcanic formations are mainly turbiditic
greywackes, black shales with subordinate carbonate rocks and mafic tuffs, and
basaltic andesite lava flows, respectively (Melezhik, 2013).

The Varzuga Group is succeeded by the stratigraphically poorly defined
Tominga Group that consists of volcaniclastic greywacke, sandstones, schists,
carbonate rocks, tholeiitic pillow basalts, andesites, dacites and rhyolites
(Melezhik, 2013).

The Kuksha palaeosol is described in the Imandra—Varzuga Supergroup, in
the Strel’na Group on top of the Kuksha Volcanic Formation and is overlaid by
the sediments of the Seidorechka Sedimentary Formation (Melezhik et al., 2013).

The maximum depositional age of the Imandra—Varzuga sedimentary succes-
sions is constrained by zircon U-Pb ages 2501.5 + 1.7 and 2504.4 + 1.5 Ma of
gabbronorite intrusions into the Kuksha Sedimentary Formation (Amelin et al.,
1995). The upper age of the Seidorechka Sedimentary Formation is constrained
by the synvolcanic bodies of granophyre “imandrites” in the overlying Seidorechka
Volcanic Formation where baddeleyite and zircon U-Pb ages are dated as
2442.2 + 1.7 and 2441 £ 1.6 Ma, respectively (Amelin et al., 1995). These also
define the age of the Kuksha palacoweathering, suggesting that the maximum
weathering duration of the Kuksha weathering crust was ca. 60 Ma.

The Polisarka Volcanic Formation has been dated by zircon U-Pb age at
2434 + 6.6 Ma (Brasier et al., 2013) and is further constrained by Warke et al.
(2020) who delimited the depositional age of the Seidorechka Sedimentary
Formation between 2501.5 + 1.7 and 2441 + 1.6 Ma, and the Polisarka Sedimen-
tary Formation between 2441 + 1.6 and 2434 + 6.6 Ma. However, detrital zircon

12



U-Pb ages place the depositional age of the Seidorechka Sedimentary Formation
to around 2430 Ma, and the deposition of glacigenic rocks of the Polisarka
Sedimentary Formation to around 2411 Ma (Gértner et al., 2014).

The depositional age of the Umba Sedimentary Formation is poorly con-
strained. The maximum age is defined by the aforementioned stratigraphically
older Polisarka Volcanic Formation. The minimum age is given by the maximum
depositional age of the stratigraphically younger II’mozero Sedimentary Formation
at 2055.5 + 2.3 Ma by Pb—Pb ages of detrital zircons that are considered to be
derived from the Umba Volcanic Formation and thereby defining its age (Martin
etal., 2013a).

Carbonates in the Umba Sedimentary Formation are characterized by positive
8'3C values as high as +6.7%o (Melezhik and Fallick, 1996), typical of the
Lomagundi—Jatuli Event (LJE). Given that the onset of the LJE has been between
2306 = 9 and 2221 + 5 Ma (Martin et al., 2013b), the deposition of the Umba
Sedimentary Formation could have occurred at some point between 2306 + 9 and
2055.5 £ 2.3 Ma. The minimum age constraint is consistent with the age of the
stratigraphically coeval Kuetsjérvi Volcanic Formation in the Pechenga Green-
stone Belt—2058 = 6 Ma by Melezhik et al (2013) and 2056.6 + 0.8 Ma by Martin
et al (2013a).

The Imandra—Varzuga greenstone successions are overprinted by green-
schist facies metamorphism locally reaching amphibolite facies conditions at
2202 + 17 Ma, as suggested by titanite and rutile ages in the Seidorechka
Volcanic Formation (Chashchin et al., 2008).

13



3. MATERIALS AND METHODS

The material studied was sampled from cores 1A, 3A and 4A that were drilled in
2007 during the International Fennoscandian Arctic Russia — Drilling Early Earth
Project (FAR-DEEP) (Melezhik, 2013). Thirty-two samples from core 1A were
used for the palacoweathering research of the Kuksha palaeosol (Papers I and I1),
and altogether 182 samples were employed for the analysis of terrigenous
sediments (Paper III). The terrigenous sediment lithologies in drill cores 1A, 3A
and 4A were discriminated using Herron’s geochemical classification (Herron,
1988) where the log(Si/Al) threshold 0.7 for defining shales and siltstones was
used, instead of 0.6 as originally proposed by Herron (1988).

Fifteen 2 cm x 3 cm uncovered petrographic thin sections were analysed to
characterize the changes in the mineralogy and pedogenic structure of the early
Palaeoproterozoic weathering crust. Thin sections were studied both in plane-
polarized light (ppl) and cross-polarized light (xpl) using an Olympus BX51
petrographic microscope at Baylor University, U.S.A. To determine mineral
alteration, selected thin sections and polished slabs representing characteristic
lithologies from the parent basalt to strongly weathered intervals were examined
under the scanning electron microscope (SEM) using a ZEISS EVO MA15 SEM
equipped with Oxford AZTEC-MAX energy-dispersive (EDS) system.

The whole-rock mineralogy of the samples was studied in powdered, randomly
oriented samples by means of X-Ray diffraction (XRD). The XRD patterns were
measured using a Bruker D8 Advance diffractometer in the 2—70° 20 range. The
quantitative mineralogical composition was interpreted and modelled using the
Rietveld algorithm-based program Siroquant-3 (Taylor, 1991).

The whole-rock chemical composition, minor and trace element contents were
analysed in three sample sets. “FAR-DEEP” archive samples were measured at the
Geological Survey of Norway with a Philips PW 1480 X-ray fluorescence (XRF)
spectrometer. For major elements, Li-borate fused beads were prepared, whereas
minor elements were measured from pressed powder pellets. The detection limits
for major elements were generally below 0.02% and the typical precision (1o)
was ~2%. For minor elements, detection limits were <10 pg g'. The XRF spectro-
meter was calibrated using a set of ~120 internationally certified natural rock
standards as well as ~20 artificial standards provided by the XRF manufacturer.

The chemical composition of samples was analysed in ACME Laboratories,
Bureau Veritas Commodities Canada Ltd., via inductively coupled plasma optical
emission and mass-spectroscopy (ICP-OES/ICP-MS) from aliquots fused into a
LiBO; beads. Minor elements were digested using a mix of HNO3, HCIO4 and
HF and analysed via inductively coupled plasma mass spectrometry (ICP-MS).
The average relative standard deviation was less than 5% for all elements; accuracy
was monitored using OREAS 25a and OREAS 45¢ reference materials.

Element concentrations were measured at the Department of Geology,
University of Tartu, by using digested mix of HNO3, HCIO4 and HF and analysed
via ICP-MS Agilent 8800. External accuracy was assessed by measuring the
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geostandard BHVO-2, which showed a <10% relative difference between mea-
sured and known values for all elements.

The §'*0 and §"*C values were measured from micro-drilled samples of calcite
and siderite using a Thermo Fisher Scientific Delta-V-Advantage, continuous-
flow isotope gas-ratio mass-spectrometer, with an analytical precision (20) of
0.1%o, which was coupled with Gas Bench II. For carbonate §'°C analysis samples
were kept at 50 °C for 24 h in 99% ortho-phosphoric acid (H;PO4) for calcite (and
dolomite) dissolution. Thereafter samples were flushed with He for 5 min and
siderite was then dissolved at 70 °C for 72 h in ortho-phosphoric acid. The re-
producibility of repeated analyses was better than £0.1%o for §'*0 and +0.2%. for
§°C.

The 8" C values of organic carbon in the uppermost part of the palaeo-
weathered profile were measured by the Delta-V Plus instrument connected with
a Finnigan Flash HT via ConFlo IV in samples decarbonated with 10% v/v HCI.
The measured amount of organic carbon in the gas was below 0.2% and the
reproducibility of repeated organic carbon analyses was better than +0.5%o for
8'C. The results are expressed in per mil deviation relative to the Vienna Peedee
Belemnite (VPDB) scale for oxygen and carbon.

Mineralogical trends and chemical variability of the palacoweathering profile
and siltstone-shale lithologies in the Seidorechka, Polisarka and Umba Sedi-
mentary formations of the Imandra—Varzuga Greenstone Belt were analysed for
determining the weathering rate, and gains and losses of mobile elements. The
chemical index of alteration (CIA, Eq. (1)) (Nesbitt and Young, 1982), the chemical
index of alteration minus potassium (CIA — K, Eq. (2)) (Maynard, 1992), the mafic
index of alteration (MIA®), Eq. (3)), the mafic index of alteration minus potas-
sium (MIA®) — K, Eq. (4)) and the weathering index of Parker (WIP, Eq. (5);
Parker, 1970) were used. All the indices were calculated using molar proportions:

CIA = (A1203+Natléij(20+6a0*) +100 M

CIA—K = (AIZOS:I‘V’%) -100 @)

MIA®) = (Al203+Fe203(Toml;j—l1\2/1;30+Ca0*+Na20+K20) -100 ©)
MIAg) - K= (A1203+Fez03(T0tji:f;gO+CaO*+Na20) +100 )
- (255220252 22 1 0
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In these equations CaO* represents molar proportions of CaO bound into silicate
minerals. The CaO* correction was done using the method of McLennan et al.
(1993) (see for details Soomer et al., 2022 — PAPER III).

Mass-balance (1) calculations for the Kuksha palacoweathering crust were
performed according to Brimhall and Dietrich (1987), where the concentrations
(C) of particular elements (j) in the parent rock (p) and in weathered material (w)
are normalized vs. an immobile element such as titanium (Ti) (Eq. (6)):

((:;]_w/ Criw
— | Sie
Rl Bl R (6)

To estimate the palaco-pH values, an AlCa geochemical proxy (Eq. (7))
developed by Lukens et al. (2018) was used:

Al;03
Al,03+Ca0

Alca = ( )-100 @)
For mean annual precipitation (MAP) estimates, two different methods were
used. The first was the relationship between CIA — K and MAP (Eq. (8)) by
Sheldon et al. (2002), in which the standard error is £172 mm yr' and R? is 0.73
for the empirical fit:

MAP = 22160.0197(CIA—K) (8)

The palaeosol-palacoclimate model PPM1.0 (Stinchcomb et al., 2016) was also
used because it offers a more data-driven modelling approach using a wider
variety of soil types compared to CIA — K.

For mean annual temperature (MAT) estimates, the equations based on the
salinization index and clayeyness molecular ratios were used, along with the
output from PPM1.0. The relationship between MAT and salinization (Eq. (9))
was from Sheldon et al. (2002), where the standard error is £4.4 °C, R* is 0.37
and S = (Kzo + Na20)/A1203:

MAT = —185 xS+ 173 )

The relationship between MAT and clayeyness (Eq. (10)) is from Sheldon (2006),
where the standard error is 0.6 °C, R? is 0.96 and C = Al,03/SiOx:

MAT = 46.94 x C+ 3.99 (10)

Palacoatmospheric pCO, was estimated using the Sheldon (2006) method (Eq.
(11)), which evaluates total mass flux for CaO, MgO, Na,O and K;OcaLrc
(described in Medaris et al., 2015, 2018) during weathering. The calculation
assumes the parameters other than weathering duration remain constant during
the weathering period:
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= poos (5 2 o
Here M/t represents time-averaged flux of CO, required for the observed
weathering (mol cm 2 yr ). Its value depends on pCO, — the partial pressure of
atmospheric CO; (atm), Kco, — the Henry’s Law constant for CO», r — the rainfall
rate (cm yr'), K — a unit-conversion constant (1.43 x 103 s cm® mol™' yr ') equal
to seconds in a year divided by the molar volume of gas at standard temperature
and pressure, Dcoa — the diffusion constant for CO; in air (0.162 cm* s™') with a
being the ratio of the diffusion constant for CO, in soil divided by that in air and
L — the depth to the water table. We follow Sheldon (2006) in taking values of
0.034 mol atm™" for Kcog, 0.1 for a and an average of 100 cm yr' for the rainfall
rate r, depending on our MAP estimations using the CIA — K geochemical proxy
of Sheldon et al. (2002) and the PPM 1.0 model of Stinchcomb et al. (2016). Depth
to the water table (L) was placed at the saprolite-unweathered (or least-weathered)
protolith (or saprock) contact at 2 m. Estimates for the decompaction of the soil
were not used, as this unknown parameter would increase the uncertainties in the
outcome.

Additionally, the palacoatmospheric CO, concentrations were estimated by
assuming the isotopic equilibrium between §'°C pedogenic carbonate and soil
COs (Eq. (12)):

130s—1.0044 813C—4.4
STc.—s13C. (12)
813C,—813Cg

8
COz(atm) =5S(2)

Here S(z) is the contribution of soil-respired CO; as a function of depth (z); Cs,
C: and C, are 8"°C of soil CO, (calculated from pedogenic carbonate), soil-
respired CO» (measured from organic matter) and atmospheric CO, respectively
(Royer et al., 2001). For atmospheric CO; (C,) we used a §"°C value of —6.5%o,
as suggested by Friedli et al. (1986). The pCO, estimates are vs. present atmo-
spheric level (PAL) CO; levels of 300 + 10 ppm, as were used in other previous
studies (Lowe and Tice, 2004; Sheldon, 2006; Driese et al., 2011; Kanzaki and
Murakami, 2015). Commonly the carbonate-based pCO, estimates are based on
calcite 8"*C values, but some authors (Tabor et al., 2004; Feng and Yapp, 2009)
use an analogous proxy based on the ferric carbonate [Fe(CO3)(OH)] component
in goethite.

In addition, the sediment protolith composition and weathering intensity of the
fine-grained shale and shale-siltstone lithologies were simultaneously estimated
using a recent modelling approach developed by Lipp et al. (2020). They use the
centred log-ratio transformed composition (Aitchison, 1986) of major oxides
(S10,, Al,O3, Fe,03, MgO, NaO, CaO, K,0) where x’ is expressed as the sum of
a weathering vector, W, and a protolith vector, p’— both calculated using an R
script by Lipp et al. (2020, 2021) — relative to the composition of the upper
continental crust (UCC, Rudnick and Gao, 2014):

X' =UCC+ wW + yp + E (13)
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The coefficients of these vectors correspond to the weathering intensity ex-
perienced by sediment, ®, and its protolith composition, y, whereas E is the misfit
from the model (Lipp et al., 2020). Compared with the modern UCC the positive
or negative y values reflect more or less felsic composition for sediment protolith,
respectively. A Ca correction was applied according to the screening criteria given
by Lipp et al. (2021). Lipp et al. (2021) suggested that the protolith of the
Archaean sediments was more dacitic in composition than the modern UCC. We
tested the influence of the suggested Archaean protolith on the ® and y values of
the studied sediments; however, the differences from the estimates using the
modern UCC as a protolith are insignificant.

Europium (Eu) and cerium (Ce) anomalies in rare earth element (REE)
patterns were calculated on deviations from predicted values, as derived from the
chondrite-normalized (CN) abundances of neighbouring elements (Eqs (14) and

(15)):

Eu Eu
SN — CN (14)
Eucy Smcn+ Gden/2

CecN CecN
Pl p—— 15)
Cecn Lacn+ Pren/2
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4. RESULTS

4.1. Petrography, whole-rock mineralogy and
geochemistry, and isotope composition of carbonate
and organic carbon of the Kuksha palaeoweathering crust

The transition from the palacoweathering crust on top of the Kuksha Volcanic
Formation to the overlying sandstone-siltstone and shale (greywacke) of the
Seidorechka Sedimentary Formation is marked by an undulating erosional sur-
face. Weathered, redeposited material just above the palacoweathering crust sur-
face consists of chlorite, K-mica with some quartz and plagioclase, with trace
amounts of pyrite, titanite, ilmenite, and rare earth element (REE) carbonates and
REE-phosphates. The weathered upper part of the Kuksha Volcanic Formation is
mottled, characterized by dark greenish-grey and light grey chlorite-mica and
calcite-quartz patches and is crosscut by calcite and quartz veins. At a depth of
2.8 m below the palacoweathering surface the rock changes to more equally
distributed small lighter and darker patches, and further down the rock becomes
homogenously grey, with only slight hints of green (Figure 3). About 5.5-6 m
below the palacoweathering surface the alteration of the basalt is recognized only
along the joints until the end of the profile (Soomer et al., 2019 — PAPER I).

Figure 3. The appearance and texture of the Kuksha palaeoweathering crust in thin-
section samples in ordinary incident light. (A) intensely weathered rock at 1.8 m below
the weathering surface, (B) less altered rock at 5.2 m depth, (C) least altered parent rock
appearance at 11.5 m depth.
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The upper 1.5 m of the palacoweathering crust is characterized by the appearance
of siderite and kaolinite polymorph dickite (Figure 4). Siderite and dickite show
a gradual increase towards the top of the weathered section to ca. 17 and 7 wt%,
respectively. Siderite occurs at contacts with pyritic aggregates and as a cement,
whereas dickite is found as irregular to slightly plate-like grains. The matrix of
the weathered rock is composed of chlorite and K-mica intercalated by areas of
recrystallized quartz. Also, euhedral zircons and REE-phosphate, possibly
rhabdophane [(La, Ce, Nd) PO, nH,O] aggregates occur (Soomer et al., 2019 —
PAPER I).

Quartz  Chlorite  Albite Calcite Clino. Amphibol K-mica Siderite Dickite

02040600 2040 0 2040 0 2040 0 20400 20400 20400 20400 2040
bbb bwdogly bdoedn welooln Doodonl leodond [TTTITTI R VA

Figure 4. Changes in the mineralogy of the palaeoweathering profile with depth (relative
to the weathering surface). There is no dickite in the overlying sediments, and siderite is
absent above the zone probably representing the redeposited weathering crust. Clino. —
Clinozoisite, Amp. — Amphibolite. (A) EDS layered image of the parent rock. The main
mineral phases in the parent rock are represented by two types of amphibole — nearly
stoichiometric hornblende [Am (1)] and Ca, Si-depleted, Fe, Al-enriched variety [Am (2)]
together with plagioclase (Pl) and calcite (Ca) at 13 m depth below the weathering
surface, and (B) of dickite (dark green, Di) intergrown with K-mica (lighter green, K) in
the matrix of a mixture of siderite (Sid), chlorite (vellow, Cl) and K-mica lamella
intersected by rare titanite crystals (pink, Ti) and quartz grains (blue, Q) at the very top
of the palaeoweathering crust (depth 185.79 m).
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Chlorite, mica, albite, quartz and titanite are found in the deeper part of the
weathered profile (ca. 2 m below the weathered surface). The least weathered
parent rock at a depth of 14 m below the weathered surface consists of amphibole,
plagioclase, chlorite, clinozoisite and calcite, with minor quartz and titanite.
Amphibole occurs in two different compositions, hornblende and a Ca and Si-
depleted but Fe and Al-enriched phase that, along with chlorite and clinozoisite,
indicate at least partial weathering and/or hydrothermal overprinting in the parent
basalt. The results of XRD analysis (Soomer et al., 2019 — PAPER 1) indicate that
amphibole and clinozoisite disappear at depths of 9 and 4 m below the weathered
surface, respectively. K-mica appears and plagioclase shows about a two-fold
decrease from around 30 to 15 wt% at a depth of about 3 m below the weathering
surface (Figure 4).

Calcite is a common phase throughout the succession showing a significant
increase at depths between 1.5 and 2 m below the weathering surface but is nearly
absent in the uppermost part of the weathering profile. Also, the quartz content
rises from 10—15 wt% in the bottom of the core to around 30-35 wt% at the top of
the weathering surface. Chlorite is one of the prevalent phases (up to 40 wt%) in
the middle of the weathered interval.

The results of the whole-rock XRF analyses were used for the calculations of
mass-balance and weathering indices (Soomer et al., 2019 — PAPER I). Mass-
balance calculations of major oxides, normalized to Ti, have values similar to
slightly altered parent rock compositions up to 3 m below the weathered surface
while above Na, Ca, Mg are progressively depleted, and P is enriched. Si and Fe
display minor enrichment in the uppermost weathered zone. In contrast to the
other alkali elements, with respect to the parent rock, K is strongly enriched in
the weathering crust, showing enrichment over 100% in the interval above 2.5 m
depth and reaching values over 200% in the uppermost part of the weathered
section.

The CIA values increase from about 47 in the lower part of the profile to as high
as 85 in the uppermost 1.5 m of the profile in the weathering crust, whereas CIA —
K values reach up to 91 in the same interval (Figure 5; Soomer et al., 2019 —
PAPER I). The values of the MIA ) and MIA®) — K increase from around 25 up
to 42 for the MIAR) and 25-46 for MIA®)— K from parent rock to the most
weathered rock, respectively. The A-CNK-FM plot shows a typical weathering
trend with losses of Ca, Na, Mg and Fe along with accumulation of Al (see
Figure 9A in Soomer et al., 2019 — PAPER I). Compared to parent rock, the
uppermost part of the weathering crust shows Ba enrichment and Sr depletion
with Ba/Sr ratio reaching >10. The provenance proxy, expressed as the Ti/Al
molar ratio, has very low values typical for basaltic rocks that remain unchanged
throughout the profile (0.035 £+ 0.005), which suggests a uniform mafic parent
rock of the weathering profile.
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Figure5. (4) Comparative CIA (denoted by x) and CIA — K (denoted by a dot) displaying
a K-metasomatic overprint. The correlation over the shown profile between the CIA and
CIA—Kis R =0.89 (p < 0.05). (B) The A-CN-K triangular plot and overall CIA values.
The parent rock values are in the range of gabbro-basalt, whereas the weathered upper
part of the palaeoweathering crust is shifted towards the illite composition (A1,03-K,0
line), showing K addition.

Leaching effects under oxygenated conditions were evaluated with V/Aland V/Ti
ratios that show nearly constant values over the profile, while the Cr/Ti ratio
varying mostly between 0.023 and 0.039 shows lower values (0.017-0.018) in
the uppermost part of the profile. Also, both U and Th are enriched in the upper
part of the weathering crust, with U showing stronger enrichment as the U/Th
ratio increases from 0.15 in the lower part of the profile to 0.2—0.4 in the upper-
most 2 m of the palaeoweathering crust with a distinct maximum of 0.6-0.7 at
1 m below the weathering surface (Soomer et al., 2019 — PAPER I).

Two siderite samples from the uppermost 1.5 m thick part of the Kuksha palaeo-
weathering profile give §'°C values of —0.6%o and —3.3%o (Somelar et al., 2020 —
PAPER II). Calcite appearing below the siderite zone shows an increase in §'°C
values from —8.9%o at 1.8 m below the palacoweathered surface to —4.7%o at 14 m
depth. Trace amounts of organic carbon (0.22—-0.04 wt%) detected in the upper
part of the Kuksha palacoweathering profile have §"*C values from —21.8%o to
—23%o in samples with siderite in the uppermost 1.5 m thick part of the profile,
and —26.9%o to —28.5%0 at depths of 2—4 m below the palacoweathered surface
(Somelar et al., 2020 — PAPER 1I).
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4.2. Mineralogy and whole-rock geochemistry of the
Imandra-Varzuga Greenstone Belt metasediments

The Seidorechka Sedimentary Formation is the stratigraphically oldest unit studied
in the Imandra—Varzuga Greenstone Belt (Figure 2). This unit is represented by
the shale-siltstone, limestone-shale and sandstone succession in drill core 1A,
characterized by a quartz, plagioclase feldspar and phyllosilicate (chlorite and
K-mica) assemblage with varying amounts of carbonate phases (calcite and
dolomite), minor titanite, ilmenite and sulphides (Figure 6; Soomer et al., 2022 —
PAPER III). Quartz content is higher in the lower part of the succession, reaching
about 80 wt% in the Quartzite Member and decreasing to <20% in the uppermost
part of the Shale Member. The plagioclase feldspar increases opposite to quartz
gradually from 5-10 wt% in shale-siltstones of the lower part of the succession
to ca. 3040 wt% in the Shale Member. K-mica and chlorite are the major
phyllosilicates (ca. 30-60 wt%) but reach 80 to nearly 100 wt% in some samples
of the Shale Member. Calcite and/or dolomite content is low (<5%) except in the
Limestone-Shale Member and in a <I m thick carbonate bed defined as the
Dolostone Member (Melezhik et al., 2013) where the maximum values are 16
and 46 wt%, respectively (Soomer et al., 2022 — PAPER III).

Q+F

@ Seidorechka Fm
O Polisarka Fm
@ Umba Fm

Phy Carb

Figure 6. The mineralogical composition of samples obtained from the sedi-
mentary successions of three cores: Al — Seidorechka Sedimentary Formation
(blue dots), A3 — Polisarka Sedimentary Formation (vellow dots), A4 — Umba
Sedimentary Formation (brown dots). Q + F = Quartz + Feldspar, Phy =
phyllosilicates, Carb = Carbonates. Note that the more siliciclastic samples that
are later selected for further analysis are plotting at the Q + F — Phy line.
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The Greywacke-Diamictite and Limestone members of the Polisarka Sedi-
mentary Formation in drill core 3A are mainly characterized by quartz-feldspar-
phyllosilicate and calcite/dolomite assemblages, respectively. The quartz content
in greywacke is ca. 25-30 wt%, plagioclase feldspar ca. 20 wt% with 20-30 wt%
K-mica and ca. 15 wt% chlorite. The calcite content in carbonate rocks of the
Limestone Member varies from 32 to 80 wt% (Soomer et al., 2022 — PAPER I11).
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Figure7. Variation diagrams characterizing major element composition against SiQ; in

all cores.

The Umba Sedimentary Formation in drill core 4A is divided (from top to
bottom) into the Quartzite, Shale, Dolostone and Sandstone-Siltstone members.
The Quartzite Member has a quartz content >85 wt%. The Shale Member is
dominated by phyllosilicates typically with a content from 30 wt% to nearly
70 wt% and quartz (15-51 wt%), and minor K-feldspar/plagioclase. The dolomite
content in the Dolostone Member is commonly >65 wt% with calcite mostly
between 5 and 25 wt%. Shale beds in the Dolostone Member are characterized
by K-mica, quartz and feldspar. In the Sandstone-Siltstone Member quartz,
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K-feldspar and plagioclase make about 40—70 wt% and phyllosilicates (mainly
K-mica) 25-49 wt%. Dolomite and calcite are found in the carbonate-rich beds
in the lower part of the member.

The chemical composition of the studied formations corresponds to their
mineral composition (Figure 7). According to Herron’s geochemical classification
of siliciclastic sediments (Herron, 1988), most of the selected samples represent
shales and Fe-shales, and wackes with some quartz arenites (Figure 8).

3.
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Quartz Arenite
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Figure 8. Siliciclastic sediment classification (modified after Herron, 1988) for the
terrigenous sediments of the Seidorechka Sedimentary Formation (blue dots), A3 — Poli-
sarka Sedimentary Formation (vellow dots), A4 — Umba Sedimentary Formation (brown

dots). Herron classification was used for selecting out the shale and wacke samples for
further analysis.

The trace element composition of the shales and siltstone-shales present in the
Seidorechka Sedimentary and Umba Sedimentary formations is depleted with
respect to Post-Archaean Australian Shale (PAAS) (Taylor and McLennan, 1985)
in large ion lithophile (LIL) elements Rb, Sr and Cs (but not in Ba), and in high
field strength elements (HFSEs), such as Th, Nb and U except Zr showing values
around PAAS (see Figure 6a, b, ¢ in Soomer et al., 2022 — PAPER III). Mo, Cr,
Co, Ni and Sc are slightly enriched in the Seidorechka Sedimentary Formation but
somewhat depleted in the Umba Sedimentary Formation shales, indicating selec-
tive loss of the oxygen-sensitive elements in the Umba Sedimentary Formation
sediments. Also, the shales of the Seidorechka Sedimentary Formation have higher
mean values of transition elements like Cr, Co and Ni, whereas the average V
content of both formations is similar to PAAS. The chondrite-normalized REE
patterns (Taylor and McLennan, 1985) of selected representative shales of the
Seidorechka and Umba Sedimentary formations (Figure 9) show different
distribution patterns. The shales in the Seidorechka and Umba Sedimentary for-
mations show fractionation and enrichment of light rare earth elements (LREE)
expressed by chondrite-normalized (CN) Lacn/Yben ratios from 7.3 to 19 and from
17.5 to 49, whereas heavy rare earth elements (HREE) show flat patterns with
Gden/Yben values of 1.5-3.0 and 2.4-5.1 for the Seidorechka Sedimentary and
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Umba Sedimentary formations, respectively. Negative Eu anomaly (Eucv/Eu*cn)
is prominent in samples of both the Seidorechka Sedimentary and Umba Sedi-
mentary formations but there is no Ce anomaly and the Cecn/Ce*cn values aver-
age at 1.02 £0.05.
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Figure 9. The chondrite (Taylor and McLennan, 1981) normalized REE patterns.
A — Seidorechka Sedimentary Formation (this study) compared with the Kuksha Volcanic
Formation (data from Arzamastsev et al., 2020); B — Polisarka Sedimentary Formation
(data from Gdrtner et al., 2012) and the Seidorechka Volcanic Formation (data from
Arzamastsev et al., 2020); C — Umba Sedimentary Formation (this study) compared with
the Seidorechka and Polisarka Volcanic formations (data from Arzamastsev et al., 2020).
Note the more felsic composition of the Umba Sedimentary Formation compared to the
Seidorechka and Polisarka Sedimentary formations that have a mafic composition with a
possible signature of Archaean granitized gneisses.
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5. DISCUSSION

5.1. Kuksha palaeoweathering crust
5.1.1. Palaeoclimatic interpretation of the Kuksha palaeoweathering

The thickness of the Kuksha palacoweathering crust is about 10 m. The upper-
most 1.5-2 m part of the crust (interpreted as saprolite) is characterized by the
appearance of siderite and dickite, significant element mass-balance enrichment
of Si0», Fe»03 and P,Os and depletion of MgO and Na;O. The lower part of the
palacoweathering crust (interpreted as representing saprock) starts at 2 m below
the top of the palacoweathering surface. It extends to ca. 8 m below the top of the
palaecoweathering surface where nearly unweathered parent rock commences,
marked by the distinct appearance of amphibole.

The correlation between the CIA and CIA — K and the mass-balance calcu-
lations of the Kuksha palacoweathering crust show that the upper 3 m of the
weathering profile has suffered from metasomatic potassium overprint (Fedo et
al., 1995). This means that the interval now represented by K-rich micas most
likely had originally been rich in smectitic and kaolinite clays.

Nevertheless, the high CIA — K values in the uppermost part of the Kuksha
basalt in the weathered section reaches values up to 91, suggesting above-average
weathering intensity that is further supported by nearly complete weathering of
plagioclase and formation of clay/phyllosilicate minerals. Similarly, the mafic
index of alteration MIAr), applicable to mafic rock weathering in reducing envi-
ronments (Babechuk et al., 2014), shows an increasing trend from values around
25 (unweathered rock) to about 45 that is comparable to strongly weathered
Deccan basalts.

Intense weathering and leaching during the formation of the Kuksha palaeo-
weathering crust is in general agreement with other studies reporting strong
weathering at the Archaecan—Proterozoic transition (Lowe and Tice, 2007; Young,
2013). Typically, Al-rich clay materials such as kaolinite are formed under intense
weathering but kaolinite is not commonly preserved in Palacoproterozoic and
older weathering crusts, being rather replaced either by sericite (Rye and Holland,
2000; Nedachi et al., 2005), illite (Mohanty and Nanda, 2016) or illite-sericite
(Teitler et al., 2015). In the Kuksha palacoweathering profile the kaolinite seems
to be replaced by kaolinite polymorph dickite and muscovite-composition mica.
The latter can alternatively represent a recrystallized Al-rich smectite. The Fe-
rich chlorite in the weathering profile has probably developed at the expense of
Fe(Il)-rich vermiculite or smectite (Murakami et al., 2004).

Both the indications of intense leaching and formation of kaolinite-type clay
minerals in the Kuksha palacoweathering crust suggest acidic (low-pH) conditions
during weathering (Soomer et al., 2019 — PAPER I). Compared to the parent rock,
the Kuksha palacoweathering crust shows an abrupt increase in the Ba/Sr values
of >10 that are characteristic of weathering in a strongly acidic environment
(Retallack, 2001; Sheldon and Tabor, 2009). However, Ba can often be co-
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enriched along with K and Rb in metasomatized weathering crusts (Rye and
Holland, 2000). Hence the Ba/Sr ratio increase in the Kuksha weathering crust
carries a mixed signal of Sr depletion, indicating plagioclase loss during the
weathering and Ba-addition following a later K-metasomatism.

Nevertheless, the acidic, low-pH nature of the Kuksha palacoweathering crust
is further indicated by the palaco-pH proxy AlCa that is based on the acid sensi-
tivity of Ca cations (Lukens et al., 2018). The palaeco-pH values estimated using
the AlCa proxy define the parent rock as alkaline with the more intensely
weathered upper part where pH varies between 5.0 and 5.5. This model has been
previously successfully applied to the Triassic (Lukens et al., 2018) and more
recently to the ~600 Ma old Baltic palaeosol (Driese et al., 2018) and the ~1.7 Ga
Baraboo palaeosol (Medaris et al., 2017).

In addition, the Cr/Ti ratio showing preferential Cr loss with respect to parent
rock in the uppermost 0.5—1 m zone agrees well with the low-pH zone estimates
of the AlCa proxy. Chromite is a major carrier of Cr in ultramafic and mafic rocks
(Smit and Mezger, 2017) and its solubility is strongly pH-dependent. It becomes
dissolved at pH <6 (Oze et al., 2007), in the same range of pH conditions esti-
mated for the 2.50-2.44 Ga Kuksha palacoweathering crust. Furthermore,
Konhauser et al. (2011) demonstrated that Cr has been immobile on land prior to
2.48 Ga, whereas younger geologic samples show extensive leaching of Cr.

The development of weathering crusts is strongly dependent on the climate
including mean annual temperatures (MAT) and mean annual precipitation (MAP).
However, great caution needs to be taken when using MAT and MAP climo-
functions to characterize environmental conditions during the formation of ancient
palaeosols. Firstly, because most of the climofunctions employed in palaeosol
studies were developed for application to specific soil types and horizons (e.g.
Bw or Bt horizons). Thus, these proxies may not be directly applicable to other
or unspecified soil types and horizons. Secondly, the geochemistry of the palaeo-
weathering crust is generally altered by diagenetic and metamorphic processes
with the effect increasing with time (Sheldon and Tabor, 2009). For example, the
MAT estimation obtained using the salinization model (Sheldon et al., 2002) was
specifically developed for soils formed in arid-semiarid settings. This model does
not consider the effects of K-metasomatism as apparent in the Kuksha palaeo-
weathering profile (Soomer et al., 2019 — PAPER I). Similarly, the MAT esti-
mations obtained using the clayeyness model (Sheldon, 2006) have been mainly
applied to Quaternary, Miocene and Eocene—Oligocene palacosols (Sheldon, 2006,
2009; Hamer et al., 2007) and their suitability for Precambrian palacosols has not
been tested.

Despite these shortcomings, many different climofunctions are widely used in
palaeosol studies, including Precambrian palaeosols, in order to constrain the
climatic conditions during their formation (Retallack, 2008; Sheldon and Tabor,
2009; Driese et al., 2011, 2018; Liivamaégi et al., 2015; Medaris et al., 2018;
Retallack and Noffke, 2019). Given all these caveats, the estimates that can be
provided for Kuksha palacoweathering should be considered as indicative of
palaeoclimate conditions and thus first-order approximations.
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Therefore, using the average values of the upper 2.8 m of the Kuksha palaco-
weathering profile is not ideal as the PPM1.0, CIA — K and salinization based
paleoclimate models for that matter, were designed on the uppermost Bw or Bt
horizons geochemistry (Stinchcomb et al., 2016). The “Bw or Bt horizons”
method was chosen when building the PPM1.0 because: (1) subsoil horizons are
more frequently preserved in the rock record, (2) this subsoil zone reflected
weathering without anthropogenic alteration and (3) there were likely less con-
tributions of unaltered parent material sourced from the underlying weathered
parent material. However, it is difficult to assess which, if any, horizon in the
Kuksha profile is a Bw or Bt horizon.

To overcome the limitation with PPM1.0, we examined two well-studied
modern mafic weathering profiles having regolith thicknesses and total Fe con-
tents similar to those in the Kuksha profile (Kim et al., 2017; Stinchcomb et al.,
2018). These two weathering profiles have regolith thicknesses of 1.4-3.8 m and
modern MAP ranging from 1049 to 1146 mm yr' and MAT ranging from 11.5
to 12.6 °C. Furthermore, calcite was detected in these otherwise humid weathering
profiles (Bazilevskaya et al., 2015) at depth similar to the Kuksha palaeo-
weathering profile (Somelar et al., 2020 — PAPER II). The best estimates of MAP
and MAT for these profiles are higher but similar to modern-day climate esti-
mates. Although only two modern mafic weathering profiles were used, the
PPM1.0 results suggest that the mean regolith profile reflects, to a degree, the
climate under which it weathered. This provides us with some confidence when
using the “regolith averaging” approach, as done for calculating the Kuksha MAP
and MAT (Somelar et al., 2020 — PAPER 1I).

Considering the arguments above, we can suggest that the molecular palaco-
climate indices of the Kuksha palacoweathering crust show its formation in a
cool, temperate climate with mean annual temperatures of ~12.8+4.0°C
according to the PPM1.0 model, ~12.8 + 4.4 °C by the salinization model and
~12 £ 0.6 °C based on the clayeyness model. Moreover, if in the salinization
model K;Ocarc 1s used instead of measured K,O, the MAT estimate is the same
within £0.5 °C (Somelar et al., 2020 — PAPER II).

The MAP during the formation of the Kuksha palacoweathering crust can be
estimated between 600 and 1300 mm yr' (average 1100 mm yr') using the
CIA — K model and 396 and 1248 mm yr ' (best estimate 784 mm yr') by the
PPM1.0 model. In addition, the PPM1.0 best estimate is also consistent and
within the error of a more recently published random forest model for predicting
MAP (Lukens et al., 2019) — the RFMAP2.0 model — that yields average esti-
mates of 740 £ 209 mm (using K,O) and 679 = 209 mm (using K>Ocarc) (Somelar
et al., 2020 — PAPER 1I).

These climatic conditions roughly correspond to the modern Mediterranean
climate zone at 30—45° latitudes. The Mediterranean climate is characterized by
large seasonal contrast in temperature and rainfall (dry summer, cool wet winter).
The amount of precipitation falling during winter can be at least three times
greater than in summer. The mean annual precipitation varies between 300 and
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1500 mm and mean annual temperatures between 11 °C (central Spain) and 19 °C
(Cyprus) (Torrent, 2005).

Although Archaean to Palaeoproterozoic palacogeographic reconstructions of
Fennoscandia contain significant uncertainties due to a lack of high-quality palaeo-
magnetic data and poor dating results (e.g. Buchan, 2014), the palacomagnetic
studies of ~2.45 Ga rocks of the Kola and Karelian provinces support the
existence of a single craton and thus the Karelian and Kola cratons can be con-
sidered to have the same palacoposition (e.g. Mertanen and Pesonen, 2005;
Mertanen et al., 2006, 2011). Therefore, it is interesting that the predicted palaeo-
climatic conditions and expected latitudes are in agreement with the palaeo-
position of the craton within southerly palaeolatitudes between 20° and 40° at the
beginning of the Proterozoic at 2.5-2.4 Ga (Arestova et al., 2002; Mertanen and
Pesonen, 2005; Mertanen et al., 2006; Lubnina et al., 2017).

The Kuksha palacoweathering crust also shows an enrichment of siderite and
depletion of CaO in the upper part of the profile and the accumulation of calcite
below 1.5-2 m depth (Soomer et al., 2019 — PAPER I). Although petrographic
observations did not show the presence of typical caliche or pedogenic carbonate
microstructures, the development of a calcite-rich front at specific depths is
suggestive of climate seasonality, which suggests that the Kuksha palaeo-
weathering crust formed under semi-arid climate agreeing with the climatic
conditions based on climofunction estimates.

Moreover, compared to other Archaean—Proterozoic weathering crusts/
regoliths described in Fennoscandia, the Kuksha palacoweathering crust shows
higher weathering intensity. Laajoki et al. (1989) and Sturt et al. (1994) have
ascribed the formation of these regoliths to physical in situ weathering under an
arid to semi-arid palacoclimate. Nearly all weathering crusts at the base of the
Palaeoproterozoic sedimentary-volcanic units in Fennoscandia are characterized
by high abundance of carbonate, particularly in the uppermost zone of the
weathering crust and in the conglomerate units. According to Kirsimide and
Melezhik (2013), this indicates a caliche-type soil (Aridisol) evolution in arid or
semi-arid climate, where evaporation caused alkali supersaturation in soil solution.

Most modern calcic soils typically form at low latitudes in arid and semi-arid
climates where MAP is less than 800 mm yr', with some exceptions 800—
1000 mm yr~' (Mack and James, 1994). These soils are also formed where there
is seasonal difference in temperatures, e.g. hot summers and warm winters at low
latitudes and hot summers and cool winters at higher latitudes (Mack and James,
1994). Additionally, pedogenic carbonates characteristic of calcic soils typically
form in well-drained soils of sub-humid, semi-arid and arid climate (Srivastava
et al., 2002), whereas in poorly drained/waterlogged anoxic soil environments
pedogenic siderite (also characteristic of Kuksha palaeosol) is more common
(Ludvigson et al., 1998).
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5.1.2. pO; and pCO; estimation from the composition of
the Kuksha palaeoweathering crust

The formation of secondary mineral assemblages in weathering processes is
strongly defined by the oxidation state of the atmosphere, water—rock ratio and
pCO,. Typically, the most mobile elements in the Kuksha palacoweathering
crust, such as the alkali- and alkaline-earth elements, were removed from basaltic
parent rock consisting of pyroxene, olivine, amphibole and feldspars (Nesbitt et
al., 1980). Interestingly, the upper part of the crust shows an apparent enrichment
of Fe (t values of 25-30%). Unlike the alkali- and alkaline-earth elements, Fe is
redox-dependent during weathering. Reducing environments mobilize Fe*" and,
normally, it is leached out along with Mg, but under oxidative conditions in-
soluble Fe** is formed and accumulated together with Al (Babechuk et al., 2014).
The Fe-enrichment in the Kuksha palacoweathering crust is rather not connected
with oxidative conditions but results from rock leaching and Fe reprecipitation as
siderite in the upper 2 m of the preserved profile (Soomer et al., 2019 — PAPER 1I).
Therefore, following Rye and Holland (2000) and Ohmoto et al. (2004), it can be
suggested from the relative abundance of siderite together with the kaolin group
mineral dickite, traces of pyrite and the absence of Fe-oxide/oxyhydroxides in the
upper part of the studied palacoweathering section that the Kuksha weathering
crust formed in the absence of oxygen and under high partial CO, pressures
(above 0.1 atm) (Soomer et al., 2019 — PAPER I).

Indeed, anoxic conditions are also indicated by the presence of the mineral
rhabdophane [(La, Ce, Nd)PO4-nH,O] in the upper layers of the Kuksha palaeo-
weathering crust. Rhabdophane forms during the weathering process only when
reduced Ce(Ill), along with tri-valent La(IIl) and Pr(III), is available and Ce is
not oxidized into Ce(IV). The mineral is resistant to metamorphism (Banfield,
1989; Murakami et al., 2001), thus providing even more confidence in the inter-
pretation of anoxic conditions. In addition, redox-sensitive element ratios, such
as V/Al and V/Ti, have constant values throughout the Kuksha palacoweathering
crust, which shows that V was not leached and the environmental conditions
could have been anoxic at the time of weathering (Rye and Holland, 2000).

Ohmoto et al. (2004) have suggested that siderite formation indicates specific
environmental conditions with the very low pO, << 0.1 PAL, extremely high
pCO, > 100 PAL, slightly acidic to neutral pH (5.5-7.5) and high concentration
of Fe*". However, other studies have noted that siderite alone does not necessarily
indicate either the presence of low pO, or high pCO, atmospheric conditions as
siderite is common in modern soils forming in poorly drained/waterlogged anoxic
environments (Ludvigson et al., 1998). Hao et al. (2017) recently showed that the
redox states of Archaean surface environments were controlled by H» instead of
very low O, and pyrite and siderite are thermodynamically stable phases relative
to hematite over a wide range of pCO; (1 to >500 PAL) regardless of kinetic
effects. Additionally, using laboratory experiments to explain siderite formation
in sedimentary Banded Iron formations (BIF) of the Archaecan—Proterozoic, Gib
et al. (2017) suggested that siderite precipitation is not achieved at any specific

31



levels of pCO,, thus questioning the use of sedimentary siderite as an indicator
of palaeoatmosphere CO; levels. Instead, they suggested that bacterial influence
is needed for siderite to form (e.g. Sawicki, 1995; Kholodov and Butuzova, 2008).
Driese et al. (2010) drew the same conclusion for historical (<100 yr old) pedo-
genic siderite formed in association with accelerated bacterial degradation of
anthropogenic creosote and coal tar deposits. Therefore, siderite precipitation
requires neither extremely high CO; nor low O; levels and its presence alone
cannot be used as a clear indicator of high pCO, and low pO, environments.

Nevertheless, palacoatmospheric CO; levels can be estimated using a Pre-
cambrian palaeosol palacobarometer developed by Sheldon (2006). It is based on
the total mass flux of non-carbonate CaO, MgO, Na,O and K;Ocarc in the
weathering profile as a function of time and weathering conditions like duration,
rainfall rate and weathering depth. Assuming the maximum timeframe for the
weathering of the Kuksha palacoweathering crust of ca. 60 My (Soomer et al.,
2019 — PAPER 1), the estimates for palacoatmospheric pCO, suggest values
between 1.7 and 20 times PAL (Somelar et al., 2020 — PAPER II). Mean annual
precipitation estimates for the Kuksha palacoweathering crust based on CIA — K
are in the range of 800-1000 mm yr ', and the best estimates of MAP using
PPM1.0 (and upper 2.71 m of the regolith) are 763 and 783 mm yr', whereas the
latter value was obtained from geochemical assays that use K>Ocarc. The depth
of the groundwater table could be placed at ca. 2 m according to changes in
weathering intensity (CIA — K values) and carbonate accumulation.

The best guess for the pCO; levels of the Kuksha palacoweathering crust
would be between 2 and 10 times PAL, whereas the greater depth of the ground-
water level, e.g. at 4 m, would increase the pCO;, PAL estimate by a factor of two
and vice versa if the groundwater level was lower but the magnitude was in the
same range (Figure 10).

A similar range of the palacoatmospheric pCO; estimates is achieved using
the carbonate isotope-based CO, palacobarometer (Cerling, 1984; Ekart et al.,
1999) with the siderite "°C composition suggesting values of 0.1 and 4 PAL,
while pCO; estimates using 8'°C of calcite suggest values of 1.2-8.5 PAL (Somelar
et al., 2020 — PAPER II). These estimates are in good accordance with the pCO,
estimates using the mass-balance model though the pedogenic carbonate model
was developed on the basis of modern soil carbonate dynamics in arid and semiarid
climates where calcium carbonate precipitates in soil are common (Royer 1999,
2014). Also, this model has not been used extensively in palaeosols older than
Early Silurian, when supposedly modern soil carbon dynamics evolved (Cotton
and Sheldon, 2012). On the other hand, the primitive nature of dry, vegetation-
poor Aridisols would resemble the Precambrian palaeosols the most, as these are
believed to have had primitive ecosystems with low bioproductivity, and that
during carbonate formation the soil-respired CO, was mixed with the atmospheric
CO: in the open system (Sheldon and Tabor, 2009).
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Figure 10. Palaeoatmospheric pCO; esti-
mated using siderite 5'3C measured at 0
and 0.5 m depth and pCO; estimated using
683C of calcite measured at 1.5, 2.4 and
3.4 m depth. The shaded area represents
the best estimates of CO; levels (based on
assumed pre-industrial modern CO; levels
of 300 ppm). On the right modelled values
for pCO; according to different weath-
ering durations and groundwater levels.
Values are estimated using the mass-
balance method after Sheldon (2006). The
shaded area represents the best guess for
the Kuksha palaeoweathering crust.



The oldest palacosols containing pedogenic carbonate nodules that are known to
have been formed in situ are as old as 2.6 Ga, and geochemical evidence dates
the first terrestrial ecosystems also back as early as 2.6 Ga (Watanabe et al.,
2000). Homann et al. (2018) have shown that conglomerates and sandstones of
the 3.22 Ga Moodies Group, South Africa, contain putative fossilized terrestrial
microbial mats with average §'°C values of organic matter around —21.2%o.

Although based on different algorithms, both methods lead to the best pCO,
estimates in the same range between 1 and 10 times PAL. Therefore, the estimate
for the 2.44-2.5 Ga Kuksha palacoweathering crust is somewhat lower but in
general agreement with some recent atmosphere models, however, at least an
order of magnitude less than 160—490 PAL obtained by Kanzaki and Murakami
(2015, 2018Db) for ~2.46 Ga (Figure 11). Previously, Sheldon (2006) and Mitchell
and Sheldon (2010) have suggested CO, levels being below 20 PAL at 2.5-1.8 Ga
and dropping to 4-6 PAL between 1.8 and 1 Ga. Driese et al. (2011) calculated
pCO; levels at ca. 41 PAL in the 2.69 Ga Saganaga tonalite palacosol. Medaris
et al. (2017) estimated the pCO; level at ca. 5 PAL in the 1.7 Ga Baraboo palaeo-
sol. Very low pCO; levels of 2.1 £ 0.5 PAL were reported for a 3.7 Ga palaeosol
in the Isua Greenstone Belt by Retallack and Noffke (2019). Similarly, Alfimova
et al. (2014) suggest that the pCO, levels of the Neoarchaecan and Palaeo-
proterozoic were rather similar to those of the Phanerozoic, most likely not much
over 25 PAL. In contrast, Kanzaki and Murakami (2015) give CO, levels between
85 and 510 PAL for most of the Archaean and ca. 160490 PAL in the early
Palaeoproterozoic at ca. 2.46 Ga, whereas Ohmoto et al. (2004, 2014) have urged
that the pCO; levels before ~1.8 Ga had to have been well over 100 times PAL.
The Kanzaki and Murakami (2015, 2018b) model applies balanced calculation
between rock and water phases, charge balance in porewater and thermodynamics
of the weathering secondary minerals, and tends to overestimate the pCO- level
estimates based on mass-balance models (e.g. Sheldon, 2006). Interestingly, in
the Kuksha case the two models (mass-balance vs. carbonate isotope composition)
based on different principal assumptions give similarly low pCO, estimates.

If the palaeoatmospheric CO, levels of <10 PAL during the formation of the
Kuksha palacoweathering crust is considered in a global context, it should be
noted that this crust was developed at the time of the breakup of the Kenorland
(Superia) supercontinent dated at ca. 2.45 Ga (Ojakangas et al., 2001). It predates
the GOE at ca. 2.43 Ga (Gumsley et al., 2017) but coincides with the onset of a
series of large-scale Huronian glaciations (Young, 2019). Most likely, at that
time, the widespread production of basalts caused increased CO; inputs into the
atmosphere, which, in turn, were balanced by the emergence of continental cratons
above sea level and continental weathering causing drawdown of atmospheric
CO; that led to a reduced greenhouse effect. This process, in and of itself, could
have initiated glaciations that might have reached the snowball Earth state (e.g.
Kirschvink et al., 2000; Kopp et al., 2005; Hoffman et al., 2017). In this context
it is also important to mention that sulphur isotopes of sulphides in the Seido-
rechka Sedimentary Formation just above the Kuksha palacoweathering crust
show a weak mass-independent fractionation (MIF) signal (Warke et al. 2020)
that further supports the oxygen-depleted conditions during the Kuksha palacosol
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formation. However, if the MIF signal generally means that the pO, level was not
higher than 10> times PAL (Bekker et al., 2004), the weakened MIF signal in the
Seidorechka Sedimentary Formation could point, in this case, to the initiation of
planetary oxygenation or enhanced glacial activity, as was suggested for Huronian
glaciogenic sediments in the Transvaal and Huronian Supergroups (Kopp et al.,
2005).
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Figure 11. Calculated pCO; values over the history of the Earth. The pCO; estimations

from the Kuksha palaeoweathering crust are marked with red, and other estimates made
using the Sheldon (2006) mass-balance approach are denoted in white colour. The grey
colour represents other palaeosol-based model estimates obtained using reaction-
products and/or palaeosol mineralogy. Estimates are from: 1, Cerling (1992); 2, Driese
etal. (2018); 3, Kasting (1993); 4, Mitchell and Sheldon (2010); 5, Medaris et al. (2017),
6, Ohmoto et al. (2004); 7, Kanzaki and Murakami (2015),; 8, Rybacki et al. (2016);
9, Sheldon (2006), 10, Driese et al. (2011); 11, Hessler et al. (2004); 12, Retallack and
Noffke (2019); 13, Rosing et al. (2010); 14, Lowe and Tice (2004)

The Huronian-age glaciogenic sediments in the Imandra—Varzuga Greenstone
Belt are known from the Polisarka Formation above the Seidorechka Volcanic
Formation overlying the Kuksha Formation (Melezhik et al., 2013). The deposi-
tional age of the Polisarka Sedimentary Formation is constrained to 2434 + 6.6 Ma,
derived from andesitic tuff (Brasier et al., 2013). The Kuksha palacoweathering
crust, with its low pCO, level estimates, can thus represent a period of declining
CO; concentrations leading to the onset of cooling and initiation of Huronian
glaciation(s), and also correspond to a time when O; levels started to make a
change in the Earth’s redox system.
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5.2. Provenance and weathering intensity at the transition
to oxygenated surface environments as recorded from the
Imandra-Varzuga Greenstone Belt metasediments

5.2.1. Tectonic setting and provenance

The Imandra—Varzuga Greenstone Belt is the eastern part of the North Trans-
fennoscandian Greenstone Belt (Melezhik and Fallick, 1996). It contains sedi-
mentary units recording the disappearance of the sulphur isotope MIF signal in
the lower part of stratigraphy and the LJE carbonate carbon isotope signal in the
upper part (Warke et al., 2020), revealing thus the transition from anoxic to oxic
atmospheric conditions.

The interpretation of the geotectonic settings (see Figures 9-12 in Soomer
et al., 2022 — PAPER III) using different discrimination diagrams like La/Sc vs.
Ti/Zr relationships suggests predominantly oceanic island to continental island
arc setting for the Seidorechka Sedimentary and Polisarka Sedimentary formations
and a change towards a passive continental margin during the deposition of the
Umba Sedimentary Formation. A similar conclusion can be drawn from the Sc—
Th-Zr/10, Th—La—Sc and Co—Th—Zr/10 relationships where the Seidorechka and
Polisarka formation sediments show a predominantly oceanic island arc setting
and the sediments of the Umba Sedimentary Formation sediments formed in a
continental island arc setting. However, the discrimination plots distinguishing
between the collision-convergent, island or continental arc, and continental rift
tectonic zones by Verma and Amstrong-Altrin (2013) show that the low silica
samples (35-63 wt% Si0,), represented mainly by the Seidorechka and Polisarka
Sedimentary formations, range from island or continental arc settings to the
continental rift to collision-convergent tectonic setting. Most of the high silica
samples of the Umba Sedimentary Formation (63-95 wt% SiO,) plot in the
continental rift field close to the junction point with the island-continental arc and
collision-convergent tectonic setting fields (Figure 11 in Soomer et al., 2022 —
PAPER I1I).

The interpretation of the Umba Sedimentary Formation tectonic setting related
to the continental rifting agrees well with the general geotectonic model
(Melezhik and Sturt, 1994; Melezhik and Hanski, 2013). The development of the
Pechenga and Imandra—Varzuga Greenstone belts was initiated as an intra-
continental rift structure at ca. 2500—2400 Ma in association with the break-up of
the Archaean supercontinent (Skytté et al., 2019), and reached a major stage of
inversion prior to renewed rifting and deposition that started at ca. 2390 Ma.
Melezhik and Sturt (1994) suggested that the Pechenga and Imandra—Varzuga
Belts developed from the Afar Triangle—East African type rifting during the
deposition of the Seidorechka Sedimentary and Polisarka Sedimentary forma-
tions (ca. >2500-2100 Ma) to the Red Sea type rifting during the formation of
the Umba Sedimentary Formation (2100-1970 Ma), and the system was finally
commenced by a possible oceanic spreading phase at 1990-1970 Ma.
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The shale, shale-siltstone and greywacke lithologies in all formations have
AlLOs/TiO; ratio values reaching >20, suggesting provenance from mixed felsic
to intermediate rocks (Hayashi et al., 1997), with a few samples indicating an
intermediate and mafic source. However, in the provenance rock discrimination
diagram of Roser and Korsch (1988) most of the Seidorechka Sedimentary Forma-
tion samples are in the field of mafic igneous rocks and some samples (also samples
of the Polisarka Sedimentary Formation) plot close to or in the intermediate
igneous rocks field (Figure 12b in Soomer et al., 2022 — PAPER III). The Umba
Sedimentary Formation shales and shale-siltstones plot mostly in the fields of
felsic and quartzose provenance, whereas the quartzose recycled sedimentary field
represents quartzitic or weathered granitic-gneiss terrain or a recycled sedi-
mentary source with loss of feldspars and increase in quartz content (Mattos and
Batezelli, 2019).

The strong felsic provenance signature of the Umba Sedimentary Formation
is further supported by LREE enrichment (higher Lacn/Yben ratios) and flatter
HREE segments compared to those of the Seidorechka Sedimentary Formation
(see Figure 7 in Soomer et al., 2022 — PAPER III). In addition, the distinctly
different provenance of the Seidorechka and Polisarka, and Umba formations is
clearly evident from the nearly consistently positive sediment protolith y values
(Figure 12; Lipp et al., 2020) of the Umba Sedimentary Formation indicating a
more felsic source compared to the modern Upper Continental Crust (UCC),
whereas the Seidorechka Sedimentary Formation samples and most samples of
the Polisarka Sedimentary Formation show negative y values indicative of mafic
protolith (Lipp et al., 2020).
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Figure 12. Weathering intensity and provenance variation in the studied siliciclastic
samples after Lipp et al. (2020) indicating a more felsic composition for the Umba Forma-
tion compared to the Seidorechka and Polisarka Formations.
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Similarly, the TiO, vs. Zr plot (see Figure 12¢ in Soomer et al., 2022 — PAPER 1II;
Hayashi et al., 1997) suggests the intermediate igneous rocks provenance for the
Seidorechka Sedimentary and Polisarka Sedimentary formations and shows that
most of the Umba Sedimentary Formation sediments fall in the felsic igneous
rock field with strong Zr addition. Sediment recycling and clear Zr addition in
most of the Umba Sedimentary Formation samples is evident from the Th/Sc vs.
Z1/Sc plot (see Figure 8 in Soomer et al., 2022 — PAPER III). All samples from
the Seidorechka Sedimentary and Polisarka Sedimentary formations and only
some samples of the Umba Sedimentary Formation plot close to the crustal
compositional variation and suggest a limited recycling and/or sedimentary sorting,
but the pronounced Zr enrichment of the Umba Sedimentary Formation is likely
caused by sediment recycling due to several erosion-transport-deposition cycles.
The uplift and deep erosion at the boundary between the Seidorechka and
Polisarka—Umba Sedimentary formations marked by an erosional contact with
widespread regolith-type weathering crusts in the Pechenga and Imandra—
Varzuga Greenstone belts in eastern Finland and Karelia, including the Onega
Basin (Sturt et al., 1994; Laajoki, 2005; Kirsimie and Melezhik, 2013), is dated
between 2396 and 2330 Ma (Melzhik et al., 1994). The Polisarka Sedimentary
Formation, characterized by mafic-intermediate sediment protolith signatures, lies
unconformably on the Seidorechka Volcanic Formation. The basal conglomerate
of the Polisarka Sedimentary Formation contains variably weathered clasts of
dacites, andesites and basaltic andesites from the Seidorechka volcanic rocks
(Melezhik et al., 1982), suggesting together with geochemical signatures that the
Polisarka sediments mainly originate from the weathering and erosion of the
Seidorechka Volcanic Formation. This is further signified by detrital zircon U-
Pb ages in the Polisarka Sedimentary Formation diamictite (Gértner et al, 2014)
showing a bi-modal distribution with maxima at ca. 2450 Ma corresponding to
the age of the Seidorechka Volcanic Formation at ca. 2441 Ma (Amelin et al.,
1995) and the pronounced zircon population with 2600—2900 Ma ages. The last
population indicates an input from the weathering of the siliciclastic rocks in the
surrounding Archaean provinces (Kola and Karelian Province and Murmansk
Craton). This population is also the dominant detrital zircon age group in the
Seidorechka Sedimentary Formation with an average at ca. 2750 Ma (Gértner et
al., 2014; Smolkin et al., 2020). Other detrital zircon age groups in the Seido-
rechka Sedimentary Formation are at ca. 2850 Ma, and a younger subordinate
group between 2450 and 2500 Ma, possibly indicating the material eroded from
the underlying Kuksha volcanic rocks.

The Umba Sedimentary Formation that rests with a depositional contact on
volcanic rocks of the Polisarka Volcanic Formation (Melezhik et al., 2013) bears
a geochemically different signal and it has been suggested as derived from the
erosion of the Seidorechka volcanic rocks (Bekasova and Pushkin, 1977). While
the lower part of the nearly 3000-m-thick Seidorechka Volcanic Formation
(Melezhik and Strut, 1994; Chashchin et al., 2008; Hanski, 2013; Arzamastsev
et al., 2020) is composed of komatiitic basalts, basaltic and basaltic andesite
flows interbedded with gabbroic and pyroxenitic sills succeeded by subaerial
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amygdaloidal komatiitic basalts, basaltic andesites and andesites, the upper part
of the succession is represented by more felsic volcanics — dacites, dacitic
rhyolites and rhyolites intruded by the Imandra layered gabbro-norite lopolith
(Chashchin et al., 2008; Hanski, 2013; Arzamastsev et al., 2020). The uplift and
erosion of these felsic units, possibly mixed with erosion weathered Archaean
granitized gneisses of the Kola Province, served as a provenance for the Umba
Sedimentary Formation. This is apparent from REE distributions in the Umba
Sedimentary Formation showing increased LREE, a steep declining trend to low
HREE contents and only moderate negative Eu anomalies (see Figure 7 in
Soomer et al., 2022 — PAPER III).

The geochemistry of the Seidorechka, Polisarka and Umba Sedimentary
formations shows that the uppermost Umba Sedimentary Formation bears a felsic
(dacitic) signature and is compositionally different from the Seidorechka and
Polisarka Sedimentary formations that exhibit a more mafic/andesitic signature
with significant input from Archaean metamorphic terranes (Soomer et al., 2022 —
PAPER III).

5.2.2. Weathering intensity

The weathering trend of a given igneous protolith should be subparallel to the
A—CN axis in the A-CN—K plot (Figure 13) (Nesbitt and Young, 1984). Different
diagenetic and metamorphic effects, particularly the K-metasomatism, can cause
an offset from the theoretical weathering trend towards the K>O apex (Fedo et al.,
1995; Tosca et al., 2010; Bahlburg and Dobrzinski, 2011). The K-metasomatism
is governed either by illitization (K-uptake) of smectitic clay minerals (and
kaolinite) forming during the moderate-to-intensive weathering, or by plagioclase
replacement by K-feldspar. However, while the former causes a shift to
seemingly lower weathering intensity (e.g. leads to lower CIA values), the latter
does not affect weathering intensity estimate because of the mole-for-mole
substitution of K for Ca/Na (Bahlburg and Dobrzinsk, 2011).

The A-CN-K ternary plot of the Seidorechka, Polisarka and Umba
Sedimentary formations shales displays a linear weathering trend (Figure 13)
typical of sediments affected by K-metasomatism. The Seidorechka Sedimentary
Formation shales show the least inclined trend from the A—CN line and is farther
away from the K,O apex compared to shales of the Polisarka and Umba
Sedimentary formations indicating a lower effect of K-metasomatism (Fedo et
al., 1995; Bahlburg and Dobrzinsk, 2011).

The downward extension of the weathering trend line of the Seidorechka
Sedimentary Formation shales intersects with the Lower Continental Crust (LCC)
and/or mid-ocean ridge basalt (MORB) composition supporting the interpretation
of mafic/intermediate provenance. Shales of the Umba Sedimentary and Polisarka
Sedimentary formations show, however, a significant K-addition and the trend
line is significantly biased towards the K,O apex, whereas the intercept of the
trend is in agreement with sediment provenance of the upper continental crust
composition.
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Figure13. A—-CN-K ternary plot showing weathering trends and overall CIA values, and
compositional difference in the weathering protolith among the studied samples. Values
for the UCC are from Rudnick and Gao (2014), LCC from Rudnick and Fountain (1995)
and MORB from Gale et al. (2013).

The CIA values of 50-60 indicate low intensity of chemical weathering, while
values of 60—80 denote intermediate and those >80 extreme weathering (Nesbitt
and Young, 1984; Fedo et al., 1995). The weathering indices (CIA, CIA«x), WIP
and WIP)) of shale and shale-siltstone lithologies show on average intermediate
weathering intensity in all formations with CIA values from 52 to 80 (average 66)
in the Seidorechka Sedimentary Formation, from 49 to 63 in the Polisarka
Sedimentary Formation and from 47 to 75 in the Umba Sedimentary Formation
(see Fig. 15 in Soomer et al., 2022 — PAPER III). Correction for K-addition shifts
the index CIA«) to higher values but the weathering intensity still remains at a
moderate level. Moderate weathering is also indicated by the average WIP,
values: 47 in the Seidorechka Sedimentary Formation, 61 in the Polisarka
Sedimentary Formation and 48 in the Umba Sedimentary Formation.

Similar to the CIA, CIAx) and WIP, the average weathering coefficient ®
suggests moderate, and in only few samples intense silicate weathering with
o values varying around 1.09 £ 0.84, 0.40 £ 0.36 and 1.18 £ 0.68 in the Seido-
rechka, Polisarka and Umba Sedimentary formations, respectively (Figure 12;
Lipp et al., 2020, 2021). The weathering function ® value of the UCC is at 0;
o values 0—1 indicate low weathering intensity, values 1-3 intermediate intensity
and values >3 would suggest intensive silicate weathering (corresponding
CIA >80).

Surprisingly, the Seidorechka and Umba Sedimentary formations that deposited
before and after the GOE, respectively, show a similar moderate weathering
intensity (average CIA«) values 68), suggesting that (seemingly) there is no signi-
ficant effect from the onset of oxidative weathering on the overall weathering
intensity in the Palacoproterozoic. However, it should be taken into account that
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the intensity of chemical silicate weathering is highly sensitive to source rock
lithology, topography, climatic regime — precipitation and particularly to the
temperature (Marshall et al., 1988; Wilson, 2004; Hayes et al., 2020) and the
atmospheric CO; levels (Kump et al., 2000; Dessert et al., 2003; Beaulieu et al.,
2012; Winnick and Maher, 2018).

The provenance indicators of the source rocks of the Seidorechka Sedimentary
Formation point to a mafic protolith that is by far more susceptible to weathering
(e.g. Meunier et al., 2007) than the predominantly felsic protolith of the Umba
Sedimentary Formation. Assuming a comparable duration of weathering, the
similar weathering indices in both formations advocate a higher weathering
intensity in the latter. Moreover, the climatic conditions during the deposition of
the Seidorechka and Umba Sedimentary formations, deposited ca. 100-200 Ma
apart, might have been considerably different. Li and Yang (2010) reviewed the
variation in the weathering intensity indicator (CIA) in modern global drainage
basins and concluded that the global integrated weathering history is most
sensitive to land surface temperature, latitude at the river mouth and soil depth in
drainage basins, whereas the correlation to precipitation, runoff and elevation was
insignificant in most basins.

The soil depth drained on continents during the Palaeoproterozoic is difficult
to estimate. However, Somelar et al. (2020 — PAPER II) have suggested, from
the molecular palaeoclimate indices of the Kuksha palacoweathering crust which
developed right at the base of the Seidorechka Sedimentary Formation, that the
weathering occurred in a cool-temperate (possibly Mediterranean-type) climate
with mean annual temperatures ca. 12—13 °C and mean annual precipitation 600—
1300 mm yr'. This estimate is in agreement with the palacoposition of the Kola-
Karelia craton within southerly palaeolatitudes between 20° and 30° at the
beginning of the Proterozoic at 2.5-2.4 Ga (Arestova et al., 2002; Mertanen and
Pesonen, 2005; Mertanen et al., 2006; Lubnina and Slabunov, 2017). The palaeo-
position of the Kola—Karelia craton is poorly constrained at the time of the
deposition of the Umba Sedimentary Formation between 2306 and 2056 Ma.
However, according to Lubnina et al. (2017), the craton was located at ca. 40° to
45° latitudes or even higher by 1975 Ma. If their estimate is correct, the slightly
elevated weathering intensity, as recorded from the Umba Sedimentary Forma-
tion, was attained at higher latitudes and consequently at lower mean annual tem-
peratures compared to the Seidorechka Sedimentary Formation showing some-
what higher weathering intensity in oxygenated conditions in post-GOE time.

The oxygenation of the atmosphere resulted in significant changes in the
weathering chemistry (Hazen et al., 2008; Bahlburg and Dobrzinski, 2011). The
first, and most important effect was the change in the behaviour of redox-sensi-
tive elements (Fe, V, U, Mo, S, etc.; Hao et al., 2017) which possibly further
amplified the sulphuric acidic attack caused by (bacterially mediated) oxidation
of sulphide minerals and siderite present in surface rocks prior to the GOE
(Holland, 2006; Konhauser et al., 2011; Bachan and Kump, 2015). As an evidence,
the Cr-enrichment in Palacoproterozoic marine iron formations (Konhauser et al.,
2011) has been suggested, being caused by the acidic (pH <4) leaching of Cr from
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continental weathering crusts. Also, the distribution of intensely weathered
palacosol profiles in the post-GOE Palacoproterozoic (Hao et al., 2021) could
indicate the intensified acidic continental weathering and leaching following the
GOE. Intensive weathering possibly played a critical role in promoting supply of
essential nutrients for boosting the bioproductivity that further contributed to the
rise of the oxygen levels following the GOE (Mills et al., 2014; Laakso and Schrag,
2018; Crockford et al., 2019; Reinhard et al., 2020).

The weathering intensity is also controlled by concentration changes in atmo-
spheric CO; through the influence on the acidity of precipitation and more impor-
tantly, by the Earth’s surface temperatures over geological timescale (Mills et al.,
2019). Feedbacks between the Earth’s surface temperature and long-term carbon
cycle in response to atmospheric CO; levels operate typically over timescales of
>100 kyrs (Kasting, 1987). The high weathering intensity (CIA — K values of
>90) and development of Al-rich phyllosilicate in the uppermost part of the ca.
2504-2442 Ma Kuksha palaeosol (Soomer et al., 2019 — PAPER 1), and also in
other palacoweathering crusts predating the GOE such as the 2760 Ma Mt. Roe
palacosol (Teitler et al., 2015), most likely indicate the intensified weathering due
to more acidic rain- and river water (Hao et al., 2017).

As discussed above in the context of Kuksha palacoweathering, the palaeo
pCO; estimates for the GOE vary largely from over 400 PAL (Kanzaki and
Murakami, 2015) to 41 PAL (Driese et al., 2011) and to even as low as 1-10 PAL
recorded in the Kuksha palaeosol (Somelar et al., 2020 — PAPER II). Reasonably,
the last low values can be interpreted as resulting from the CO, drawdown prior
to the onset of the Huronian glaciation (Young, 2019). Further, this low pCO,
estimate agrees with mass-balance modelling studies of Sheldon (2006), Mitchell
and Sheldon (2010) and Medaris et al. (2017), suggesting that CO; levels dropped
below 20 PAL between 2.5 and 1.8 Ga and were only 4—6 PAL between 1.8 and
1 Ga. A direct consequence of lower pCO; at the Archaecan—Proterozoic transition
could be a progressively lower silicate weathering rate.

Given the decreasing atmospheric pCO, levels from the Archaean to the
Proterozoic—Phanerozoic, the chemical weathering intensity should have gradually
decreased over the time accordingly. Indeed, several earlier studies (Condie,
2001; Gonzalez-Alvarez and Kerrich, 2012) have demonstrated a steady secular
decrease in the CIA values in shales from an average of ca. 80 during the
Archaean (80—-100 in the Mesoarchaean and 80-90 in the Neoarchaean), ca. 75
in the Proterozoic (70-85) and ca. 70 for average Phanerozoic shales. This contro-
versy of significantly declining weathering intensity towards modern has also
been observed in glacial deposits (Li et al., 2016), where a similar secular trend
in fine fractions of glacial diamictites is apparent with CIA values decreasing
from 80 for the Archaean, 72 for the Proterozoic (74 in the Palaeoproterozoic, 74
in the Mesoproterozoic and 68 in the Neoproterozoic) to only 66 in the
Phanerozoic (Cenozoic) diamictites.

Nevertheless, the drastically lower weathering intensity in Cenozoic glacial
diamictites has been interpreted to reflect the removal of any weathered regolith
by preceding glacial events rather than changing weathering intensity (Li et al.,
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2016). A similar reasoning could be applied to the Umba Sedimentary Formation
sediments post-dating the global Huronian glaciacion(s) and lacking clear
evidence of enhanced weathering in post-GOE oxygenated environments. More
intriguingly, on the basis of thermochemical modelling, Fabre et al. (2021) recently
concluded that the weathering intensity over the Palacoproterozoic era was related
to the combination of the yet elevated pCO; and low pO, and was two orders of
magnitude greater than tropical present-day weathering intensity. However, they
suggest that, apart from the punctuated sulphuric acid intensification effect on the
weathering in the oxygenated atmosphere, the long-term influence of the atmo-
sphere oxygenation would have been the opposite as oxygen controls the pre-
cipitation of iron oxyhydroxide coatings on weathered minerals, which could
have inhibited their further dissolution (Fabre et al., 2021) causing a decrease in
overall silicate weathering intensity in Palaeoproterozoic times following the GOE.
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6. CONCLUSIONS

The palacoweathering crust developed on top of the basalts of the Kuksha
Volcanic Formation in the Palaeoproterozoic Imandra—Varzuga Greenstone Belt,
north-western Russia, ca. 2.44-2.50 Ga ago, predates the Great Oxygenation
Event. The most intensely weathered section extends about 1.5-2 m below the
palaecoweathered surface and is characterized by high values of CIA — K and
MIAR) — K, suggesting an above-average intensity of weathering. Intense
weathering is also supported by the nearly complete weathering of plagioclase
and the formation of Al-rich clay minerals in the uppermost part of the Kuksha
palaeoweathering crust. Unlike other metamorphosed-altered Archaean—(Palaeo)
Proterozoic weathering crusts, the Kuksha palacoweathering crust contains
preserved kaolinitic clay, along with a muscovite-composition mica that possibly
represents a recrystallized Al-rich smectitic phase precursor, and Fe-rich chlorite
that has developed at the expense of Fe(Il)-rich vermiculite and/or smectite.

The palaco-pH AlCa proxy, although not directly applicable to Precambrian
palaeoweathering crusts, exhibits pH values around 5.0-5.5 in the upper part of
the Kuksha palacoweathering crust. These indicate acidic weathering conditions
under low-oxygen conditions suggested by the presence of rare-earth-element-
rich phosphate rhabdophane and redox-sensitive element proxies.

The climofunctions suggest that the Kuksha palacoweathering crust formed
under cool temperate climate with mean annual temperatures ~12—13 °C and mean
annual precipitation between 700 and 1100 mm yr', roughly corresponding to
modern Mediterranean climate. These palacoclimate estimates agree with the
palacogeographic reconstructions of the Karelian craton between 30° and 40°
latitudes at 2.4 Ga.

Despite the high weathering rates in temperate climate, the best palaco-
atmospheric pCO, values estimated for the Kuksha palacoweathering crust range
only within 1-10 PAL. The low pCO» levels could also be linked to the emergence
of continental cratons above sea level, providing fresh basalts that sequestered
CO; through silicate weathering, thus lessening the greenhouse effect and through
that causing the initiation of the Huronian glaciation.

The Palaeoproterozoic sedimentary successions of the Seidorechka, Polisarka
and Umba Sedimentary formations in the Imandra—Varzuga Greenstone Belt,
northern Fennoscandian Shield, were deposited in continental rift setting.

Mixed mafic and Archaean granitized gneisses served as a provenance for the
Seidorechka and Polisarka Sedimentary formations, whereas the Umba Sedi-
mentary Formation is derived from more felsic provenance, possibly from the
felsic volcanics of the Polisarka Volcanic Formation and Archaean gneisses.

The Polisarka Sedimentary Formation that deposited during the Huronian
global glaciation is characterized by low chemical weathering intensity. Opposite
to what was expected, there is no difference in overall silicate weathering intensity
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indicators between the Seidorechka Sedimentary and Umba Sedimentary forma-
tions deposited, respectively, prior to and after the GOE and at the onset of
oxidative weathering.

The results of this study suggest that the punctuated (sulphuric) acidic
weathering, caused by oxidation of sulphide minerals that had accumulated on
the Earth’s surface under anoxic atmosphere, did not affect the long-term silicate
weathering intensity. Instead, it seems that the overall silicate weathering
decreased with dropping atmospheric pCO, levels during the Archaean—
Proterozoic transition.
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SUMMARY IN ESTONIAN

Paleomurenemine Arhaikumi-Proterosoikumi tGleminekul
Imandra-Varzuga rohekilda voondis Loode-Venemaal

Maa ajaloos maérgilise tihtsusega perioodi — Arhaikumi — Proterosoikumi iile-
minekut, ligikaudu 2,4 miljardit aastat tagasi — markeerib vaba hapniku ilmumine
Maa atmosfaéri. Seda stindmust nimetatakse Suureks Hapnikusiindmuseks (Great
Oxygenation Event — GOE, Holland, 2002). Hapnikulise atmosfaéri tekkimine t5i
kaasa pohimottelised muutused Maa geokeemilistes aineringetes ning sealhulgas
kiivitas laiaulatusliku kontinentaalsete kivimite oksiidatiivse murenemise.
Seniste seisukohtade pdhjal on arvatud, et anoksilistes tingimustes maapinnale
kuhjunud sulfiidsete mineraalide lahustumine ja oksiideerumine pohjustas hap-
nikuliste tingimuste tekkides intensiivse (vadvel-)happelise murenemisimpulsi,
mis omakorda kutsus esile erinevate toitainete plahvatusliku sissekande ookeani-
desse, soodustades seeldbi veelgi primaarproduktsiooni ning fotosiinteetilise
hapniku tootmist. Murenemisprotsessi intensiivsus soltub klimaatilistest tingi-
mustest (nt sademed, temperatuur jm.) ning eriti siisinikdioksiidi (CO,) osa-
kaalust atmosfadris, mis mojutab sademete happelisust ja kasvuhoone efekti
kaudu kaudselt kogu Maa kliimat. Seevastu aga geoloogilises ajaskaalas inten-
sitvsem kontinentaalne silikaatsete kivimite keemiline murenemine hoopis tasa-
kaalustab kasvuhoone efekti, sidudes CO, merelistesse karbonaatidesse ning
véhendades seeldbi CO; osakaalu atmosfééris.

Maa GOE jargsetes setendites/kivimites ja murenemiskoorikutes annavad
atmosfaédrse hapniku ilmumisest ja kontsentratsioonide jarkjargulisest kasvust
mérku paljude redutseeritud reaktiivsete mineraalide, nagu piiriidi (FeS.), urani-
niidi (UO») ja sideriidi (FeCO3) kadumine ning kolmevalentset rauda sisaldavate
mineraalide, nagu hematiit (Fe;Os) ja gotiit [Fe**O(OH)] ilmumine. Samas iiheks
olulisemaks vaba hapniku ilmumisele viitavaks tunnuseks on véavli isotoopide
massist sdltumatu fraktsioneerumise signaali (Mass-Independent Fractionation -
MIF) kadumine settekivimites, mis tekkisid 2,3 — 2,4 miljardit aastat tagasi. MIF
signaali kadumine markeerib madalat, kuid kindlat hapniku sisaldust atmosfééris,
mis on 0,001% ténapdevasest atmosféddri hapniku hulgast. Hapniku ilmumisega
seotud voimalikule happeriinnakule viitavad kivimis: ainult happelistes tingi-
mustes (pH <5) lahustatava Cr rikastumine Paleoproterosoikumi meresetetes,
redokstundlike elementide Mo ja U leostumine paleomuldadest merelistesse
savikivimitesse ja fosfori leostumine paleomuldadest ning paleomuldade/mere-
setete oletatav kaoliniidi rikkus. Ometigi ei ole tidnaseni selge kui laiaulatuslik oli
voimaliku GOE happeriinnaku moju, sest erinevused murenemiskoorikute ja
setete murenemisindeksites (nagu niiteks CIA — Chemical Index of Alteration)
enne ja parast GOE-d on viga viikesed v3i puuduvad hoopis. Selgete erinevuste
puudumist murenemisintensiivsustes on pohjendatud nii selle ajaperioodi sette-
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labildigete ebapiisava uuritusega, erinevustega lahtekivimi péritolus, tektooni-
liste ja paleogeograafiliste tegurite varieeruvusega kui ka settimisjargsete di-
geneetiliste ja moondeprosessidega.

Kuna paleomullad tekivad otseses kontaktis atmosfairiga, peegeldavad nad
tekkeaegseid keskkonnatingimusi, atmosfaéri koostist ja on ainsad otsesed allikad
kontinentaalsete murenemisprotsesside hindamiseks. Paleomuldade kaudu on
vOimalik hinnata murenemise intensiivsust, setendite kujunemise tektoonilist
situatsiooni, ldhtekivimi koostist. Klimaatilisi tingimusi on voimalik méérata ka
terrigeensete settekivimite abil, mis sisaldavad murenemise kdigus moodustunud,
erodeeritud, transporditud ja ladestatud setteosakesi.

Imandra-Varzuga rohekivimite voond (Imandra-Varzuga Greenstone Belt-
1VGB) paikneb Fennsokandia kilbi kirde osas, Loode Venemaal Koola pool-
saarel. [IVGB unikaalse geoloogilise 14bildike moodustavad kuni 3 km paksused
vulkaaniliste ja settekivimite kompleksid, sealhulgas hésti sdilinud murenemis-
profiilid, mis stratigraafiliselt esindavad ajaperioodi, kus atmosfdiri ilmus vaba
hapnik. Nimetatud kivimite kompleksid voimaldavad meil selgitada hapnikulise
atmosfédri tekkimise moju kontinentaalsele murenemisele.

Kéesoleva doktoritod eesmérgiks oli hinnata murenemise intensiivsust ja
keskkonnatingimusi (keskmine sademete hulk ja temperatuur) ja CO, kontsent-
ratsioon Kuksha paleomurenemiskooriku kujunemise ajal 2,5 — 2,44 miljardit
aastat tagasi ning hinnata kontinentaalse murenemise intensiivsuse muutuseid
enne ja parast hapnikulise atmosfadri kujunemist, kasutades IVGB geoloogilise
1abildike Seidorechka, Polisarka ja Umba kihistute savikiltade koostise analiiiise.
Doktoritd6s kasutatud geoloogiline materjal parineb 2007. aastal rahvusvahelise
kontinentaalse puurimisprojekti ,,Fennoscandian Arctic Russia- Drilling Early
Earth — FAR-DEEP* raames puuritud puursiidamikest, mille 1dbildigetes avatud
kivimid katavad stratigraafiliselt 2 — 2,5 miljardi aasta taguse ajavahemiku.

Doktoritd6 peamised tulemused néditavad, et vahetult enne hapnikulise atmo-
sfadri tekkimist kujunenud Kuksha murenemiskooriku enim murenenud osa (iile-
mised 1,5-2 m) on keskmisest intensiivsemalt murenenud ja seda iseloomustavad
korged murenemisindeksite CIA-K ja MIAr) vaértused (vastavalt kuni 91 ja 45).
Korge murenemisastmega on kooskdlas ka profiili iilaosas plagioklassi tiiiipi
pievakivide peaaegu tdielik kadumine ja laialdane Al-rikaste savimineraalide
esinemine. Erinevalt teistest Arhaikumi-Paleoproterosoikumi murenemiskoori-
kutest, mis on tiilipiliselt tugevalt mojutatud hilisematest moondeprotsessidest,
esineb Kuksha murenemiskoorikus endiselt kaoliniidi tiiiipi savimineraale koos
K-vilkude ning Fe-rikka kloriidiga. Viimased ilmselt esindavad vastavalt iimber-
kristalliseerunud Al-rikast smektiitset faasi ja Fe(Il) -rikka vermikuliiti ja/voi
smektiiti.

Erinevaid paleotemperatuuride ja -sademete hindamismudelite alusel saab
viita, et Kuksha murenemiskoorik kujunes jahedas ldhistroopilises kliimas, kus
aasta keskmine temperatuur oli ~12—-13°C ja keskmine aastane sademete hulk
700-1100 mm/a, mis ligikaudu vastab tdnapdevasele Vahemere piirkonna
kliimale. Sellist paleokliima interpretatsiooni toetavad paleogeograafilised rekon-
struktsioonid, mis viitavad, et Karjala kraaton paiknes 2,4 miljardi aasta eest
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ldunapoolkera 30°—40° laiuskraadidel. Paleo-pH hinnangud néitavad Kuksha
murenemiskooriku tilemises osas pH vaartuseks 5,0-5,5, mis on kooskdlas teiste
happelisele murenemisele viitavate markeritega, nagu korge Ba/Sr suhe, kao-
liniidi teke ja Cr leostumine.

Nii mass-tasakaalu kui ka stabiilsete isotoopide mudeli pdhjal oli Kuksha
murenemiskooriku tekkimise ajal hinnanguline paleoatmosfddri CO, osardhk
ainult 1-10 PAL (Present Atmospheric Level — vorrelduna tdnapdevase atmo-
sfadriga). Tiiiipiliselt on hinnatud, et Eelkambriumi atmosfairi CO, osarohk pidi
olema enam kui 100 PAL, et hoida Maa keskmisi temperatuure iile kiilmumis-
piiri, sest pdikesekiirguse intensiivsus oli Arhaikumi-Proterosoikumi piiril ligi-
kaudu 20-25% ndrgem tédnapdevasest. Samas Kuksha murenemiskoorik moodus-
tus ajaperioodil, kui kéivitus esimene globaalne Huroni jddaeg 2,46 — 2,426 mil-
jardit aastat tagasi. Huroni jddtumiste algust seostatakse Kernolandi super-
kontinendi lagunemisel laialdaselt moodustnud basaltsete laavakatede murene-
misega, mis pohjustas atmosfairi CO, taseme languse ning globaalse jahenemise.

Kuksha murenemiskoorikust stratigraafiliselt nooremate Paleoproterosoikumi
Seidorechka, Polisarka ja Umba kihistute setendid Imandra-Varsuga rohe-
kivimite voondis on tdendoliselt tekkinud kontinentaalsel riftistumisel avanenud
basseinides. Seidorechka ja Polisarka kihistute setendite ldhtekivimite hulgas
domineerisid erinevad aluselised vulkaanilised kivimid. Seevastu stratigraafi-
liselt noorima Umba kihistu setendid parinevad pohiosas korduvalt {imber-
tootatud happelisema koostisega ldhtekivimitest, mis voisid olla erodeerunud
Polisarka kihistu vulkaanilisest kompleksist ja Arhaikumi graniit-gneissidest.

Murenemisindeksite védrtuste jargi on Imandra-Varsuga rohekivimite voondi
1abildikes esindatud kolmest kihistust madalaima murenemise astmega Huroni
jédajal moodustunud Polisarka terrigeensed setendid (keskmine CIA véairtus 57).
Samas ei ilmnenud selget murenemisintensiivsuse erinevust Suurele Hapniku-
siindmusele eelnevates Seidorechka kihistu setendites (keskmine CIA 66) ja
sellel jérgnenud ajaperioodil eeldatavalt hapnikulistes tingimustes tekkinud
Umba kihistu murenenud setendite (keskmine CIA 64) vahel.

Seega voib viita, et hapnikulise atmosfaéri tekkimisega eeldatavalt sulfiidide
oksiideerumisega kaasnenud happelise murenemise impulss ei omanud mérkimis-
vadrset moju iildisele silikaatide murenemise intensiivsusele. Olemasolevad
andmed viitavad, et ndiv murenemisintensiivsus Arhaikumi ja Proterosoikumi
iileminekul pigem langeb koos atmosfddri CO, suhtelise sisalduse ja Maa
pindmiste keskkondade agressiivsuse (sademete happelisuse) vdhenemisega,
millega toendoliselt kaasnes {ildine kliima jahenemine.
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