ISSN 0869-5911, Petrology, 2021, Vol. 29, No. 2, pp. 175—194. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Petrologiya, 2021, Vol. 29, No. 2, pp. 172—194.

Sr- and C-Chemostratigraphy Potential of the Paleoproterozoic

Sedimentary Carbonates under Medium-Temperature
Metamorphism: the Ruskeala Marble, Karelia
A. B. Kuznetsov* *, I. M. Gorokhov?, P. Ya. Azimov4, and E. O. Dubinina®

4 Institute of Precambrian Geology and Geochronology, Russian Academy of Sciences, St. Petersburg, Russia

b Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry,
Russian Academy of Sciences, Moscow, Russia

*e-mail: antonbor9@mail.ru
Received May 20, 2020; revised June 15, 2020; accepted October 7, 2020

Abstract—Comprehensive petrological and isotope-geochemical study of marble was carried out in the upper
part of the Sortavala Group of the northeastern lense at the Ruskeala deposit in the Northern Ladoga area.
The petrological study showed that the carbonate rocks of the Sortavala Group underwent medium-tempera-
ture low-pressure amphibolite-facies metamorphism. The mineral assemblages of Ruskeala marbles were
formed at temperature of 550—600°C and pressure of ~3—5 kbar in equilibrium with a mixed water-carbon
dioxide fluid with X, co, ~ 0.5—0.8. Dolomite marbles contain admixture (up to 2%) of finely disseminated
carbonaceous matter and about 8—15% of calcite. Dolomites contain small amounts of Mn (70—110 ppm)
and Fe (1600—3600 ppm) and high content of Sr (122—256 ppm). The initial 8”Sr/3¢Sr ratio in the dolomites
is within 0.70465—0.70522, 8'3C values vary between +0.6...+1.9 %o, and §'80 within —13.2 ... —10.2%o0 (V-
PDB). Calcite marbles are free of carbonaceous matter, have very low contents of Mg (0.2—0.8%), Mn (10—
90 ppm) and Fe (160—640 ppm) and very high Sr concentration (850—2750 ppm). The initial 3Sr/3¢Sr ratios
in the calcite marbles range from 0.70482 to 0.70489, 8'3C from 1.5 to 2.1%o, and 8'30 from —10.9 to —8.1 %o
(V-PDB). Tremolite-bearing marbles have higher 87Sr/30Sr ratio (up to 0.70522), while their §3C and §'80
values decrease to 0.1%o0 and —12.2%o, respectively. The metamorphism of Ruskeala carbonate even under
medium-temperature amphibolite-facies conditions was essentially isochemical process, which retained the
unique Sr and C chemostratigraphic potential of calcite and dolomite marbles for the reconstruction of
87Sr/%¢Sr and §'3C in the Paleoproterozoic seawater. The ®7Sr/%Sr ratio in the 1.9—2.0 Ga Svecofennian
ocean was 0.70463—0.70492, and 8'3C value +1.5 & 1%o. New Sr-isotope data record an increase in radio-
genic Sr input in the ocean about 2 billion 3years ago, which was probably related to the growth of continental
crust and more intense weathering. The 8'°C in Ludicovian carbonates mark the beginning of C-isotope sta-
sis in ocean after the Lomagundi-Jatulian anomaly of *C_, .
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INTRODUCTION

Sedimentary and metasedimentary carbonate
rocks provide information on the chemical and iso-
tope composition of ocean in the geological past. This
information is of great fundamental significance
because the long-term isotope-geochemical variations
of seawater are controlled by changes in global inte-
grated fluxes into ocean. These changes were related to
the evolution of crust, hydrosphere, atmosphere, and
biosphere. A disturbance of balance within and
between the geospheres affected the composition of
ocean, in which chemogenic sediments have been
accumulated and recorded important isotope-geo-
chemical changes. In addition, obtained Sr and C iso-
tope variation curves in the ocean can be used as a new
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tool for dating and correlation of marine chemogenic
sediments, i.e., for isotope chemostratigraphy.

An idea to use 87Sr/%Sr ratio in marine chemogenic
sediments for geochronometry and chemostratigraphy
was proposed in the mid-20™ century (Wickman,
1948). It was based on the fact that the 8’Sr/*Sr ratio
in the ocean is formed during crustal weathering and
uniformly increases with time. First attempts to bring
this hypothesis into practice were based on studying
three samples of the Precambrian metacarbonate
rocks from the Bulawayan, Grenville, and Belt prov-
inces (Gast, 1955) and marbles of the Baltic Shield
(Ruskeala deposit in the Ladoga region and
Mramornyi Island in the White Sea) (Gerling and
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Shukolyukov, 1957). The pioneering studies showed
that the growth of 8Sr/%Sr in the chemogenic rocks of
the Earth is very insignificant and could not be mea-
sured accurately on mass spectrometers used at that
time. In addition, the authors assumed that Precam-
brian rocks were “contaminated by Sr of unknown ori-
gin”. This fact in combination with a poor knowledge
of strontium geochemical cycle in oceans and linked
marine basins has delayed for a long time the imple-
mentation of idea of isotope chemostratigraphy.

Several decades were required to reach sufficient
accuracy of mass-spectrometric measurements. It has
been established by that time that the 87Sr/3¢Sr ratio in
ocean shows no a monotonous increase, but is con-
trolled by two global fluxes from isotopically different
reservoirs: low ¥’Sr/%Sr mantle and high %Sr/%Sr
continental reservoirs (Spooner, 1976). First studies of
carbon isotope composition in the chemogenic sedi-
ments revealed the correlation of “C/!>C variations
with paleoclimatic, biotic, and volcanic events and
showed their chemostratigraphic potential (Galimov
etal., 1975; Schidlowski et al., 1976; Veizer and Hoefs,
1976; Scholle and Arthur, 1980; Veizer et al., 1980).

The reconstruction of the Precambrian (2—3 Ga)
history of oceans requires the study of mainly
metasedimentary carbonate rocks exposed on the
Archean—Proterozoic shields and orogenic belts. The
chemical composition of metamorphosed carbonates
represents not only characteristics inherited from pri-
mary carbonate sediments, but also features caused by
diagenetic and metamorphic recrystallization. The
transformation of sedimentary limestones and dolo-
mites into marbles occurs at high temperatures and
pressures, and fluid assistance and causes a change of
their texture and formation of new minerals. In order
to decipher the chemical and isotope composition of
seawater that precipitated the carbonates, it is neccas-
sary to undo this postsedimentation reworking.
Numerous works have demonstrated that metamor-
phosed carbonates and even marbles of the amphibo-
lite facies under certain conditions can retain Sr- and
C-isotope signatures of primary sediment up to the
present time (Ghent and O’Neil, 1985; Baker and Fal-
lick, 1988; Veizer et al., 1990; Boulvais et al., 1998;
Gorokhov et al., 1998, 2016; Melezhik et al., 2002,
2003, 2005; Bolhar et al., 2002; Ovchinnikova et al.,
2007; Dufour et al., 2007; Satish-Kumar et al., 2008;
Maheshwari et al., 2010; Frimmel, 2010; Kuznetsov
et al., 2010, 2018; Sial et al., 2019, and others).

In this work, we attempted to reconstruct the C-
and Sr-isotope characteristics of carbonate sediments
of the Svecofennian (Ludicovian) ocean using a com-
plex approach based on the (1) assessment and speci-
fication of metamorphic grade of the studied carbon-
ate sequence using mineral assemblages of silicate-
carbonate and silicate rocks associated with marbles;
and (2) identification of samples with least disturbed
isotope systems using geochemical criteria. The study
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was carried out for metamorphosed carbonate rocks of
the Sortavala Group, Northern Ladoga area—marbles
of the Ruskeala deposit. The Ruskeala marble was one
of the first sample used for the recovery of isotope
characteristics of an ancient ocean. Thus, this paper is
a continuation of study of our outstanding Russian
geologists E.K. Gerling and Yu.A. Shukolyukov
(1957).

GEOLOGICAL OVERVIEW

The Ruskeala marble deposit is located near the
town of Sortavala. This deposit is the oldest and largest
deposit of face marbles in the Northern Ladoga area.
Owing to the high decorative quality, Ruskeala mar-
bles have been widely used in architecture and home
décor since mid-17th century.

The Northern Ladoga area is located on the south-
eastern flank of the Raahe-Ladoga Suture Zone (Fig. 1),
which is a junction zone of two large structures of the
Fennoscandian Shield: Archean Karelian Craton and
Paleoproterozoic Svecofennian accretionary orogen
(Geologiya i petrologiya ..., 2000; Bushmin and Glebo-
vitsky, 2016). The lower structural-stratigraphic level
is made up of Archean granite gneisses of the Karelian
Craton margin, which are overlain by the Sortavala
and Ladoga groups. The Sortavala Group (Kratts,
1963; Svetov and Svridenko, 1992; Shuldiner et al.,
1996) consists predominantly of metamorphosed
mafic and occasionally intermediate lavas and tuffs,
which are alternated with two carbonate horizons
(Kratts, 1963; Kitsul, 1963) and thin terrigenous inter-
layers. The Ladoga Group consists mainly of metater-
rigenous rocks formed after greywacke—clayey turbid-
ite sediments (Demidov and Kratts, 1958).

The age of the Sortavala metavolcanic rocks is con-
troversial. Available age estimates vary from 1.96—1.99 Ga
(U-Pb zircon dates on Sortavala metadacites and
metagabbro dike considered as the conduit for the vol-
canics; Geologiya i petrologiya ..., 2000) to 2.05—2.10 Ga
(Sm-Nd whole-rock age of the volcanogenic rocks of
the group; Matrenichev and Matrenichev, 2010).
However, these publications do not provide the
description of the used geochronological techniques
and data on measured standard samples, which com-
plicates their correct interpretation.

According to geological data, the sediments of the
Sortavala Group (its larger upper part) are ascribed to
the Ludicovian Superhorizon of the Fennoscandian
Shield, which includes the Middle Paleoproterozoic
volcanosedimentary rocks enriched in disseminated
Cor, and sulfides (Sokolov and Galdobina, 1982;
Stratigrafiya ..., 1984; Svetov and Sviridenko, 1992).
At the Karelian Craton, the Ludicovian C,,-rich sed-
iments cover the sediments of the Jatulian Subhorizon
made up of red-colored stromatolitic carbonate and
hematite-bearing arenite (Kratts, 1963; Stratigrafiya ...,
1984). An important characteristics of the Jatulian
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carbonate rocks is their extremely high enrichment in
BC (Yudovich et al., 1990; Melezhik and Fallick,
1996; Karhu, 1993). This peculiarity is a marker of
Jatulian carbonate rocks over the entire Fennoscan-
dian shield, and coincides in time with a global posi-
tive carbon isotope excursion in the Paleoproterozoic
(Galimov et al., 1975; Schidlowski et al., 1976; Mele-
zhik, Fallick, 1996; Karhu, 1993; Melezhik et al.,
2007, 2013a; Maheshwari et al., 2010, and others).

The Jatulian dolomites of the Tulomozero Forma-
tion in the Onega region are dated at 2.09 £ 0.07 Ga
(Ovchinnikova et al., 2007), while the Ludicovi—Jatuli
boundary is constrained at 2.06 Ga by U-Pb data on
the Kuetsjarvi volcanics overlying the Jatulian dolo-
mites in the Pechenga trough, the northern Fennos-
candian shield (Melezhik et al., 2007, 2013a). The
upper age boundary of the Ludicovi and the rocks of
the Sortavala Group is constrained by ages of 1.99 +
0.03 and 1.99 % 0.06 Ga, which were obtained by Sm-
Nd and Pb-Pb isochron methods for a sill comagmatic
with Ludicovian lavas in the Onega Basin (Puchtel
et al., 1998, 1999).

The rocks of the Sortavala and Ladoga groups were
subjected to zonal regional andalusite-sillimanite
facies metamorphism at 1.85—1.89 Ga (Gorokhov
et al., 1970; Baltybaev et al., 2009). The metamorphic
grade increased from the greenschist facies near the
Karelian Craton margin to the high-temperature
amphibolite facies near the Mejeri thrust bordering
the Raahe-Ladoga Suture Zone from the south
(Geologiy i petrologiya ..., 2000). The outlines of the
metamorphic zones are conformable to the craton
margin, although have a more intricate configuration.
Under the epidote-amphibolite and low to medium-
temperature amphibolite facies, the mafic and inter-
mediate volcanic rocks were transformed into amphi-
bolites and amphibole schists; sandstones and gray-
wackes, into biotite and garnet-biotite schists; mud-
stones, into garnet-biotite schists with aluminous
minerals (staurolite, andalusite, cordierite, silli-
manite, and muscovite), while limestones and dolos-
tones were converted into calcite and dolomite mar-
bles. In the southern part of the zonal complex, the
schists grade into migmatized gneisses. The amphibo-
lite-facies metamorphism and linked shear deforma-
tions led to the formation of granite gneiss domes sur-
rounded by volcanosedimentary rocks of the Sortavala
and Ladoga groups (Geologiya i petrologiya ..., 2000).

The carbonate rocks of the Sortavala Group in the
Northern Ladoga region are mainly represented by
dolomite and calcite—dolomite, more rarely calcite
marbles (Kitsul, 1963). They also could contain Ca-Mg
silicates, mainly tremolite, diopside, or forsterite
depending on the metamorphic grade. The Ruskeala
marble deposit is located in the periclinal closure of
the Ruskeala uplift, where the rocks of the Sortavala
Group are extended as a wide band for approximately
13 km to the northwest from the Kirjavalahti dome.
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Fig. 1. (a) Raahe—Ladoga Suture Zone (R—L) in the sim-
plified tectonic scheme of the Fennoscandian shield
(Bushmin and Glebovitsky, 2016) and geological structure
of the Northern Ladoga area (b). Inset (b). Archean:
(1) Karelian Craton; (2) granite gneiss domes. Paleopro-
terozoic: (3) metavolcanic rocks and metasediments, Sor-
tavala Group; (4) metaterrigenous rocks, Ladoga Group;
(5) mafic-ultramafic intrusions; (6) metamorphic and
magmatic rocks of the Svecofennian orogen. Mesoprotero-
zoic: (7) rapakivi granite, Salmi massif. (8) Ruskeala mar-
ble deposit (studied area).
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Ruskeala marbles are ascribed to the upper carbonate
horizon (Kitsul, 1963; Karhu, 1993), which forms two
lenses up to 600 m thick in the Ruskeala area (Metzger,
1925). The rocks of the Sortavala Group are boudined
and folded, including isoclinal and sheath-like ones.
Banding of the marbles is caused by the alternation of
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Table 1. Analytical data on marbles of the Sortavala Group, Northern Ladoga area, Ruskeala quarry

E = =~ Q Q

& S| EE|E | |s L L | ¥alSa

— = = e :z & = = i 2 5 E | % £ |ow|w>
Dolomite marbles

K14-10| 1.6 | 11.5 80 | 1600 | 0.03 122 {049 | 0.66 | 13 0.0002 {0.70494| 0.70492 | 1.9 | —11.9

Ki4-11| 5.0 | 11.4 93 |3600 |0.11 178 10.52 | 0.52 | 20 0.0006 {0.70473|0.70468 | 0.6 | —12.9

K14-12| 1.9 | 10.8 95 | 1900 | 0.09 153 (045 | 0.62 | 12 0.0006 |0.70484(0.70479 | 0.9 | —13.2

K14-13| 5.5 | 11.2 110 2900 | 0.17 146 | 0.50 | 0.75 | 20 0.0012 {0.70495| 0.70486 | 1.5 | —10.5

Ki14-14| 5.5 | 11.4 86 | 3100 | 0.04 158 | 0.51 0.54 | 20 0.0003 {0.70465| 0.70463 | 1.1 | —12.8

K14-17| 6.8 | 10.5 72 12800 |0.22 256 |0.47 0.28 | 11 0.0009 |0.705290.70522 | 1.5 | —11.5
Calcite marbles

K14-15| 0.2 0.7 89 640 | 0.26 850 | 0.02 | 0.10 0.75] 0.0003 [0.70488|0.70485 | 1.5 -9.5

K14-16| 4.0 0.8 65 380 |0.14 924 |0.02 | 0.07 | 0.41| 0.0002|0.70490(0.70489 | 1.6 | —10.7

K14-18| 0.2 0.3 14 200 | 0.12 |2320 |0.01 0.01 0.09 | <0.0001 {0.70486|0.70486 | 1.9 —8.1

K14-19| 0.1 0.2 25 170 | 0.18 {2790 | 0.01 0.01 0.06 | <0.0001 {0.70483|0.70482 | 1.5 | —10.9

K14-20{ 0.1 0.3 10 160 | 0.10 | 1900 | 0.01 0.01 0.08 | <0.0001 [0.70485|0.70485 | 2.1 -9.6

K14-21| 9.1 2.8 | 150 | 1900 |0.20 405 [0.09 | 0.37 | 4.7 0.0005 {0.70486| 0.70482 | 0.1 | —12.2

* Initial 87Sr/86Sr ratios were calculated assuming that the age of the marbles is 2.0 Ga. I.R. is insoluble residue.

fine-grained gray (from light gray to almost black) and
coarse-grained white bands. The former consists
mainly of dolomite, and the latter are assentially cal-
citic. Their gray color is related to the admixture of
disseminated carbonaceous matter. Some marbles
contain small pale yellow or greenish lenses and vein-
lets consisting of tremolite, more rarely, diopside. The
central parts of these lenses occasionally contain
quartz, which has no contact with carbonate minerals.

ANALYTICAL TECHNIQUE

Marbles for isotope-geochemical and petrographic
study were collected in the northeastern quarry of the
Ruskeala deposit and include six samples of calcite
marbles and six samples of dolomite marbles. The Ca
and Mg contents in the carbonate component of the
marbles were analyzed by wet chemical method, while
Mn and Fe were determined by atomic absorption
after dissolution of powdered samples in 1 N HCI
(Table 1). The concentrations of chemical elements
are given in wt % or ppm.

Samples for Rb-Srisotope study were preliminarily
treated with 0.1 N HCI and dissolved in 1 N HCI. Rb
and Sr were extracted by ion-exchange method on a
Dowex AG50Wx8 cationite (Gorokhov et al., 1998,
2016). The concentrations of these elements were
determined by mass spectrometric isotope dilution
technique using a mixed 8’Rb-34Sr spike. The Rb and
Sr isotope compositions were determined in static
mode on the multi-collector Triton TI mass spec-
trometer. The average ¥Sr/%Sr ratios in the NIST
SRM-987 and USGS EN-1 standards normalized to

86Sr/38Sr = 0.1194 during measurements were, respec-
tively, 0.710281 = 0.000004 (26,, » = 26) and
0.709211 % 0.000005 (20,,, n = 20).

Carbonate rocks for C and O isotope analysis were
digested in the orthophosphoric acid at 95°C and then
analyzed using He-carrier gas on a Delta V+ (Thermo,
Germany) mass spectrometer coupled with a Gas-
Bench 1II peripheral unit equipped with a PAL auto
sampler (Dubinina et al., 2014). The accuracy of iso-
tope analysis was +0.1 and +0.2%o0 (26) for 8"*C and
880 values, respectively. The carbon and oxygen iso-
tope compositions are given relative to the interna-
tional V-PDB standard.

RESULTS
Chemical and Isotope Composition of Ruskeala Marbles

Various tints of Ruskeala marbles (white, light gray,
dark gray, and greenish) are caused by the admixture
of sedimentary carbonaceous matter and diverse met-
amorphic minerals. Structurally, the marbles are sub-
divided into banded and ornamented varieties. How-
ever, the major rock types are white calcite and dark
gray dolomite marbles.

The calcite marble is devoid of carbonaceous
admixture and consists mainly of coarse-grained cal-
cite with crystal size up to 3 mm (Fig. 2a). Most of the
studied samples have very low contents of Mg (0.2—
0.8%), Mn (10—-90 ppm), and Fe (160—640 ppm) at
high Sr (850—2750 ppm). Only one sample containing
small (up to 9%) amount of quartz and tremolite (Fig. 2b)
has the elevated contents of Mg (up to 2.8%), Mn (up
No. 2
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Fig. 2. Microphotos of marble thin sections (crossed nicols): (a) coarse-grained calcite marble; (b) tremolite veinlet in fine-
grained dolomite marble; (c) fine-grained dolomite marble with admixture of carbonaceous matter and silicate grains; (d) cal-
cite—dolomite marble with small lenses and veinlets of calcite and silicate mineral (tremolite) in fine-grained dolomite mass.

to 150 ppm), Fe (up to 1900 ppm), while the Sr con-
centration decreases to 405 ppm (Table 1) Measured
87Sr/30Sr isotope ratios are bracketed within 0.70483—
0.70490, and initial 8Sr/%Sr (calculated assuming the
marble age of 2.0 Ga) is 0.70482—0.70489. The &"*C
values in most calcite marbles vary from 1.5 to 2.1%o,
while 880 from —10.9 to —8.1%o0 (Table 1). The 6*C
and 80O values in the tremolite-bearing sample
decrease to 0.1%0 and —12.2%o0, respectively.

The dolomite marble is mainly finely crystalline
(Figs. 2c, 2d), more rarely medium-crystalline rock
(Fugs. 2c, 2d). It contains an admixture of finely dis-
seminated carbonaceous matter and scarce inclusions
of silicate minerals. The latter, usually tremolite, could
be disseminated in rock or restricted to thin veinlets
(Fig. 2d). The content of non-carbonate admixture in
the studied samples varies from 1.6 to 6.8%. The
Mg/Ca ratio (0.45—0.52) in the Ruskeala dolomite
marble is much lower than in stoichiometric dolomite
(0.61), which suggests the presence of ca. 8—15% cal-
cite. The dolomite marble has a relatively low content
of Mn (70—110 ppm) and Fe (1600—3600 ppm) and
high Sr (122—256 ppm). The high Sr content in these
rocks is not typical of dolomites and explained by the
presence of calcite. The measured and initial 8Sr/%¢Sr
ratios are within 0.70465—0.70529 and 0.70463—
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0.70522, respectively. The 6"3C values vary from 0.6 to
1.9%0, while 60 from —13.2 to —10.2%o0 (Table 1).

Estimation of the Metamorphic Conditions
Jfor Carbonate Rocks

Direct determination of P-T metamorphic condi-
tions of the studied Ruskeala marble samples is impos-
sible due to the absence of suitable mineral assem-
blages. However, the metamorphic conditions can be
estimated from petrogenetic grids for marbles. Kitsul
(1963) showed a change of mineral assemblages in
marbles of the Northern Ladoga area with increasing
metamorphic grade in zoned complex. The composi-
tion of most silicate-bearing marbles could be
described in the context of the CaO—MgO—FeO—
Si0,—H,0—-CO, (CFMASH—-CO,) system. The low
FeO content in Ruskeala marbles (<0.36% Fe) allows
a simplified calculation in the context of the CaO—
MgO-Si0,—H,0—-CO, (CMASH-CO,, Table 1)
system, omitting Fe—Mg solid solutions. Marbles
devoid of SiO, or MgO are excluded from the consid-
eration, since they are not suitable for metamorphic
estimates. Marbles with high Al,O5 are not discussed,
since they are rare in the Northern Ladoga metamor-
phic complex.
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Published petrogenetic grids for silicate—carbonate
rocks were calculated or obtained experimentally for
contact metamorphic conditions at 0.5—2 kbar (Metz
and Trommsdorff, 1968; Trommsdorff and Evans,
1977; Winkler, 1979; Eggert and Kerrick, 1981; Flow-
ers and Helgeson, 1983; Masch and Heuss-Assbichler,
1991; Bucher and Frey, 1994; Luttge et al., 2004, and
others). Since the pressure range does not correspond
to the metamorphic conditions in the Northern
Ladoga area, the published petrogenetic grids for our
case seemed to be noninformative.

In this work, petrogenetic grids were calculated for
0.5—10 kbar and 400—800°C in the CMASH—-CO,
system. To simplify calculations, solid solutions in the
calcite—dolomite solvus system were excluded,
because their mutual solubility under low and
medium-temperature metamorphic conditions is
insignificant. Petrogenetic grids were calculated using
a winTWQ 2.34 software (Berman, 2007) and the
JUNO92 thermodynamic dataset (Berman, 1988). Cal-
culation technique of these grids is considered in detail
in (Kerrick, 1974; Trommsdorff and Connolly, 1990;
Baker et al., 1991; Carmichael, 1991; Connolly and
Trommsdorff, 1991). A choice of the dataset was
caused by the presence of hydrous minerals, in partic-
ular, amphibole, in the marbles. Since the key vari-
ables during metamorphism of carbonate rocks are not
only temperature and pressure, but also fluid compo-
sition, the petrogenetic grids were constructed with P
versus T'for various X, values (CO, mole fraction) in

a fluid (polybaric grids) and with T versus X co, for var-
ious total pressure (isobaric grids). The thermody-
namic diagrams displayed results of calculation for
mineral equilibria in the silicate—carbonate system
Ca0O—MgO-SiO,—H,0-C0O, (CMASH-CO,) are
shown in Figs. 3—6. Reactions between Ca—Mg sili-
cate minerals (excluding solid solutions but with stoi-
chiometric dolomite) in the CMASH—CO, system at
two independent variables are monovariant.

According to (Kitsul, 1963), a general sequence of
mineral formation in marbles of the Northern Ladoga
area with increasing metamorphic degree is as follows
(mineral abbreviations after (Kretz, 1983)):

Dol (xCal) + Qtz — Dol (£tCal) + Tr —
— Dol (xCal) + Di — Dol (xCal) + Fo.

The major Ca—Mg silicate mineral in Ruskeala
marbles is tremolite (7r), while diopside (Di) is less
common. These minerals are usually yellowish or yel-
lowish-green, since they contain insignificant amount
of iron. Diopside is wider developed in the southern
part of the Ruskeala uplift. Forsterite (Fo) occurs only
in the southernmost part of the zonal metamorphic
complex. It is significant that the dolomite marbles of
the Northern Ladoga area contain no talc, which is
usually formed at the early stages of low-pressure con-
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tact-metamorphic transformation of silica (Qtz)-bear-
ing calcite—dolomite (Cal—Dol) rocks (Mason, 1990).

In the divariant CMASH—CO, system, diopside
and tremolite could coexist in marbles only with one
carbonate: either with dolomite without calcite or with
calcite without dolomite on the monovariant equilib-
rium curves (Fig. 7). The simultaneous occurrence of
diopside and tremolite with two carbonates (calcite
and dolomite) is possible only at increasing variance of
the system in the presence of divalent iron. In our case,
due to the low iron content (<0.36%), divariant fields
are extremely narrow and displacement of reaction
lines could be ignored. Tremolite and diopside could
coexist also in local carbonate domains containing
only one carbonate. The simultaneous disequilibrium
coexistence of several silicate minerals could be
caused by incomplete mineral reactions.

Analysis of calculated phase diagrams (Figs. 3—6)
shows that the sequence of mineral assemblages
changing observed in the zoned Northern Ladoga
metamorphic complex is in well consistence with
modeling results for pressure over 3 kbar and mixed
water—carbon dioxide fluid with X, ~ 0.5—-0.8. The
water presence in the fluid is imperative to provide the
tremolite stability in the carbonate rocks. At 3—5 kbar
typical of the Northern Ladoga metamorphic com-
plex, a transition from tremolite-bearing calcite dolo-
mite to the diopside-bearing marbles at given propor-
tions of water and carbon dioxide in the fluid occurs at
550—600°C, which corresponds to the staurolite sub-
facies of the amphibolite facies. These values are con-
sistent with metapelite assemblages of the Ladoga
Group in the Ruskeala area (Geologiya i petrologiya ...,
2000).

Thus, carbonate rocks of the Sortavala Group in
the Ruskeala area were metamorphosed under the
medium-temperature low-pressure amphibolite facies,
in the middle part of metamorphic zonality of the
Northern Ladoga metamorphic complex.

DISCUSSION

Isotope-Geochemical Indicators of Transformation
of Carbonate Sediments and Rocks

After precipitation, carbonate sediment is sub-
jected to some irreversible alterations: early lithifica-
tion, syngenetic (early) dolomitization, mechanical
compaction, mineral stabilization, late diagenetic
cementation, and dolomitization in burial environ-
ment, as well as the dissolution and cementation
during interaction with meteoric waters (Moore,
1989). A set of carbonate transformations from sedi-
mentation to metamorphism is referred to as “diagen-
esis” meaning “metamorphosis”. During diagenesis,
sediment reaches fully equilibrated state, is converted
in a rock, the composition of which is determined by
initial material and/or potential interaction with exter-
nal fluids. In these processes, Rb-Sr, C- and O-iso-
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Fig. 3. Polybaric P—T diagrams for silicate-carbonate rocks in the CMASH—CO, system with excess of calcite and dolomite over
silica and variable proportions of H,O and CO, in a fluid. Numbers of mineral reactions in the diagrams:

(1) 5Dol + 80tz + H,O = 3Cal + Tr + 7CO,
(2) 3Dol + 40tz + H,O = 3Cal + Tic + 3CO,
(3) Dol + 20tz = Di + 2CO,

(4) 3Cal + 2Tlc = Dol + Tr + H,O + CO,

(5) 3Cal + Tr = Dol + 4Di + H,0 + CO,

(6) 11 Dol + Tr=13Cal + 8Fo + H,O + 9CO,
(7) 3Dol + Di = 4Cal + 2Fo + 2CO,

(8) Dol = Cal + Per + CO,.

Details of diagram calculations in this and next figures (Figs. 4—6) are described in text. (Dol) dolomite, (Cal) calcite, (Qtz)
quartz, (7r) tremolite, (7lc) talc, (Di) diopside, (Fo) forsterite, (Per) periclase.

tope systems of carbonate rock show different behav-
ior, and only some of the aforementioned transforma-
tions in specific setting could lead to the disturbance of
Rb-Sr and C-isotope systems of primary carbonate
sediments.

During diagenesis, recrystallization is caused by
the partial dissolution and redeposition of initial sedi-
mentary carbonate in pore space of sediment.
Thereby, small crystals are more rapidly dissolved than
large crystals, leading, respectively to the more rapid
early diagenetic recrystallization of fine-grained sedi-
ments (carbonate ooze). During the early diagenetic
recrystallization, metastable modifications of CaCO;
(aragonite and high-Mg calcite) or CaCO; + MgCO;
(calcic dolomite or protodolomite) are converted into
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stable modifications: low-Mg calcite and dolomite.
The crystal chemical peculiarities of the mentioned
modifications result in principal differences of stron-
tium concentrations in primary carbonate sediments.
The strontium concentration in the present-day ara-
gonite marine sediments is an order of magnitude
higher than in magnesian calcites, while that in cal-
cium dolomites is an order of magnitude lower.
During the early diagenetic recrystallization, arago-
nite partially losses strontium, which saturates a pore
space and is incorporated into newly formed diage-
netic calcite. Similar loss occurs during transforma-
tion of high-Mg calcite into diagenetic calcite and
dolomite. Thereby, the 680 value of diagenetic dolo-
mite is determined by oxygen isotope composition in
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dolomitizing fluid. If this fluid differs in the oxygen
isotope composition from seawater and dolomitiza-
tion temperature differs from that of sedimentation
conditions, the 830 value of dolomite will differ from
that of primary sedimentary rock. In addition, it is
possible that calcite, dolomite, and fluid do not reach
isotope equilibrium during dolomitization (Faure,
1986). In spite of the partial strontium loss, strontium
in the diagenetic carbonate phases forming in a closed
pore space has the same isotope composition as pri-
mary phase. This general rule is also true for dolomiti-
zation: when the chemical equilibrium is attained
between sediment and pore waters, the newly formed
carbonate and host carbonate have the same strontium
isotope composition. Thus, the diagenetic recrystalli-
zation should lead to a shift in oxygen isotope system
whereas strontium isotope system of the rock remains
unaltered.

The initial isotope-geochemical characteristics of
carbonate rocks could subsequently shift during post-
sedimentary recrystallization depending on the com-
position of interacting solutions. The difference in
chemical composition between potential late diage-

netic solutions and seawater leads to the precipitation
of secondary carbonate generations, which are usually
enriched in Mn, Fe, and depleted in Sr compared to
the initial marine sediments (Veizer et al., 1990;
Gorokhov et al., 1995, 2016; Kuznetsov et al., 2006).
Main suppliers of Mn and Fe and radiogenic *’Sr in
late diagenetic fluids are silicate rocks, which are
enriched in these elements compared to carbonate
rocks. In most cases, diagenetic and metasomatic
solutions could penetrate in carbonate reservoirs
during burial and active tectonic settings. However,
geological setting and large thickness of carbonate
body (from a few tens to hundreds meters) at the
Ruskeala deposit could restrict an influx of external
fluids in the carbonate stratum, which would facilitate
the rock isolation at all diagenetic stages.

A review of published trace element data on lime-
stones and dolomites that preserved strontium isotope
composition of Archean and Paleoproterozoic seawa-
ter shows that many samples of this age are signifi-
cantly enriched in Mn and Fe compared to their recent
and Neoproterozoic analogues (Fig. 8). However,
Paleoproterozoic limestones have lower Mn and Fe
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(1) 3Dol + 4Qtz + H,0 = 3Cal + Tlc + 3CO,
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(5) 3Cal + Tr + 20tz = 5Di + 3CO, + H,0
(6) Cal + Qtz= Wo + CO,.

contents than Archean limestones (Veizer et al., 1990;
Farquhar et al., 2011). This difference is explained by
the chemical composition of ocean, which in the
Archean was notably depleted in free oxygen. For this
reason, the polyvalent Mn and Fe were in a semi-
reduced state and easily precipitated together with cal-
cite as isomorphic admixtures. Nevertheless, Paleop-
roterozoic carbonates with the lowest Mn/Sr and
Fe/Sr ratios in many instances have lower %’Sr/%Sr
ratios (Kuznetsov et al., 2013).

One of the geochemical indicators of diagenetic
and metamorphic transformations of carbonate rocks
is oxygen isotope composition, which depends on the
recrystallization temperature of carbonate sediment,
oxygen isotope composition of fluid, and water/min-
eral ratio. Since external fluids are usually depleted in
80 compared to seawater, the high temperatures of
metamorphic processes provide enrichment of diage-
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netic and metamorphic carbonate generations in light
160 (Faure, 1986; Moore, 1989; Banner and Hanson,
1990; Boulvais et al., 1998; Dubinina et al., 2020, and
others). According to numerous works, the 830 value
in the least altered Late Proterozoic marine carbon-
ates is usually —6.5 + 2.5%0 (Veizer and Hoefs, 1976;
Pokrovsky and Vinogradov, 1991; Podkovyrov et al.,
1998; Walter et al., 2000; Ray et al., 2003; Semikhatov
et al., 2004, 2009; Pokrovsky et al., 2006, 2012;
Kuznetsov et al., 2006; Melezhik et al., 2006, 2009,
2015; Frimmel, 2010; Khabarov and Varaksina, 2011;
Sial et al., 2019, and others). However, the average
680 values in the older Paleoproterozoic carbonates
applied for the reconstruction of Sr- and C-isotope
signatures of seawater are —8.1 £ 2.5%o0 in dolomites
and —10.2 * 4%o0 in limestones (Veizer and Hoefs,
1976; Veizer et al., 1990; Bekker et al., 2003a, 2003b;
Melezhik et al., 2004; Frauenstein et al., 2009). This
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Fig. 7. Mineral assemblages in the medium-temperature silicate—carbonate systems CaO—MgO—SiO,—H,0—-CO, (CMASH—

CO,) with different proportions of components. In such system, calcite coexists with diopside and tremolite only in the absence
of dolomite. (Mgs) magnesite.

difference could be caused by the higher temperature
of Paleoproterozoic seawater (Veizer et al., 1990), rocks in the diagenesis zone remains practically unal-
which led to the precipitation of carbonate sediments  tered due to the high carbon content in the mineral
with 880 values 2—3%o lower than those of Neopro- compared to the carbon concentration in diagenetic
terozoic and Phanerozoic oceans (Fig. 9). solutions (Moore, 1989; Banner and Hanson, 1990).

Initial 8"3C value in the carbonate sediments and
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Critical disturbances of initial C-isotope systems are
usually assisted by external heterogeneous aqueous-
salt and CO,-rich fluids. These fluids are supplied
along regional permeable zones at metamorphic peak
(Bushmin et al., 2020). The external fluid is either per-
colated in a dispersed state in a large rock volume, or
is supplied as a focused flux in a narrow shear zone.
The influx of external fluid leads to the disturbance of
the geochemical system of the rocks, in which new sil-
icate minerals are crystallized in thermodynamic equi-
librium with environment (Ivanov and Bushmin,
2021). In closed system, carbonate rocks metamor-
phosed under the amphibolite and even granulite
facies frequently well preserve the initial carbon iso-
tope composition (Baker and Fallick, 1989; Melezhik
et al., 2002, 2005, 2006). Nevertheless, a decrease of
81C value in marbles could be caused by isotope
exchange between carbonate minerals and light (3*C
—28 * 3%o0) organic carbon, which is formed after
decomposition of organic matter at temperatures
higher than 400°C, being converted in graphite. A shift
of 8C in the Proterozoic graphite—calcite marbles
metamorphosed at 650—780°C during Grenville orog-
eny at the Canadian Shield reached 3—4%o (Kitchen
and Valley, 1995). Such scenario is possible in rocks
with extremely high carbon content (10—25 mol %) in
the calcite—graphite system. Therefore, the use of pure
carbonate material devoid of organic matter (graphite)
minimizes the metamorphic disturbance of the iso-
tope-carbon system. The disturbance of the initial car-
bon isotope system is also possible during the partial
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decomposition of carbonates with equilibrium release
of gaseous CO, (so called decarbonization) and,
respectively, fluid enrichment in *C and 8O (Valley,
1986). However, this process leads not only to the for-
mation of specific mineral assemblages, but also
causes a consistent decrease of 8'*C and 630 values in
a residual carbonate material, which allows the reli-
able recognition of decarbonization in altered rocks in
the 8'"8*0—8"C coordinates.

Estimation of the Degree of the Isotope-Geochemical
Preservation of Ruskeala Marbles

Ruskeala marbles contain admixture (up to 2%) of
“dust-like graphite” equally distributed between car-
bonate crystals in fine-grained varieties (Kitsul, 1963).
Disseminated carbonaceous matter is buried residual
organic matter that avoided oxidation during diagene-
sis. Disseminated carbonaceous matter is widespread
component in the Precambrian metacarbonate and
metapelitic sedimentary rocks beginning from the
Archean (Schidlowski et al., 1976; Veizer et al., 1990).
The presence of biogenic decomposition products in
Ruskeala marbles clearly points to a primary sedimen-
tary origin of the metacarbonate rocks. Horizontal
interbedding of calcite and carboniferous dolomite
marbles suggests the preservation of relict primary lay-
ering in spite of strong deformations.

One more important distinctive feature of Ruskeala
metacarbonates is an extremely low content of silicate
admixture. The absence of terrigenous admixture sug-
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gests that the carbonate sediments were accumulated
at sizable distance from continental areas, large-scale
uplifts, and zones of abundant flux of detrital material.
In modern environment, such settings correspond to
shelf seas at the transgressive stage and the high rate of
carbonate accumulation.

The petrological studies of Ruskeala sedimentary
carbonates showed that they underwent amphibolite-
facies metamorphism under low pressures and
medium temperatures (550—600°C). Recrystalliza-
tion resulted in the formation of minor amount of typ-
ical metamorphic minerals, mainly tremolites formed
by the interaction of calcium-magnesian carbonates
with quartz likely of detrital origin. The absence of
other mineral assemblages excludes an external input
in the carbonate rock system. Moreover, high thick-
ness of the Ruskeala marble sequence (up to 600 m)
could prevent large-scale infiltration of external fluids
within the studied part of the deposit. Thus, there are
grounds to suggest that the recrystallization of sedi-
mentary carbonates was not assisted by external fluids,
but was mainly driven by elevated temperature and
pressure.

The high Sr concentration in calcite marbles (up to
2790 ppm) in combination with low Mg content
(<1%) testifies that an initial carbonate sediment
consisted of aragonite. Dolomite marbles of the
Ruskeala deposit comprise calcite admixture, which
represents either a primary relict or a secondary diage-
netic carbonate generation. The Sr concentration in
dolomite marbles is much lower than in pure calcite
marbles (122—256 ppm, respectively), but signifi-
cantly exceeds that of Riphean dolomites (Fig. 8). The

Mn (10—90 ppm) and Fe (160—640 ppm) contents in
most samples of calcite marbles are comparable with
those of the least altered Late Proterozoic limestones
and even modern carbonate sediments (Fig. 10).
Dolomite marbles have extremely low Mn content
(70—110 ppm), whereas Fe content increases up to
1600—3600 ppm. The 880 values in the most of calcite
marbles vary within —10.9...—8.1%o, but decrease to
—13.2...—10.2%0 in dolomite marbles and in a tremo-
lite-bearing calcite marble (Table 1). The observed
difference in 8'®0 value between calcites and dolo-
mites contradicts the cogenetic precipitation of calcite
and dolomite phases, since marine dolomites in equi-
librium with limestones have higher %0 (by 1—2%o0)
(Veizer and Hoefs, 1976). The elevated Fe content and
lowered 8'%0 values in the dolomites and tremolite-
bearing calcite sample indicate their more pervasive
late diagenetic (metamorphic) recrystallization.

The study of calcite marbles in the Norwegian
Caledonides showed that the rocks are able to preserve
the Sr isotope composition of protosediment even
under amphibolite-facies conditions (Melezhik et al.,
2002, 2003, 2013b). It is recommended to use rocks
with SiO, and Al,O; contents no more than 5 and 1%,
respectively, for the reconstruction of the Sr isotope
composition of sediment. Thereby, carbonate constit-
uent of sample should have >1000 ppm Sr, <50 ppm
Mn, >—8.6%0 6'%0, and Mg/Ca, Mn/Sr, and Rb/Sr
ratios are <0.02, <0.02, and <0.0001, respectively
(Melezhik et al., 2013b). These criteria are more strict
than those (Mg/Ca < 0.024, Mn/Sr < 0.2, and Fe/Sr <
5) used for the Rb-Sr systems of the least altered non-
metamorphosed limestones (Kuznetsov et al., 2014).
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Proposed critical 80 = —8.6%o for the Neoprotero-
zoic “best” marbles seems to be slightly overestimated
for Paleoproterozoic metasedimentary carbonate
rocks. As mentioned above, 830 values in Paleopro-
terozoic carbonate sediments could be 2—3%o lower
than in Neoproterozoic carbonates (Veizer et al.,
1990). This is also supported by 6'0 values in Ruske-
ala calcites with Mn/Sr < 0.1, which meet the criteria
of the least altered limestones (Fig. 11). The 8'30 val-
ues in such marbles vary within —8.1...—10.9%o0.

The most of calcite marble samples of the Ruskeala
deposit meet the isotope-geochemical criteria for the
preservation of the Rb-Sr systems in the non-meta-
morphosed limestones and only three samples (K14-15,
K14-18, and K14-20) correspond to the preservation
criteria for the “best” marbles (Fig. 10). Unfortu-
nately, some data required to estimate the preservation
of the Rb-Sr system, in particular, SiO, and Al,O,
contents in non-carbonate component of the marbles,
are absent. However, in case of small amount of non-
carbonate admixture in the mentioned samples (Table 1),
the role of these data is insignificant. It is pertinent to
mention that the initial 8’Sr/®Sr ratios in all calcite
marbles are well consistent with each other and fall
within 0.70482—0.70489. Hence, the calcite marbles
of the Ruskeala deposit can be used for determining
the Sr isotope composition of sedimentary environ-
ment of the Ludicovian carbonate sediments.

The range of initial ®’Sr/%¢Sr ratios (0.70463—
0.70492) in the studied dolomite marbles is only
slightly wider than that in calcite marbles (Table 1,
Fig. 11) and practically coincides with it. Only one
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dolomite sample with relatively high fraction of silicate
admixture (up to 7%) differs in the elevated %Sr/30Sr
(0.70529). These data are of interest due to the
absence of geochemical criteria for the preservation of
the Rb-Sr systems in dolomites. However, it should be
noted that the values of such important geochemical
parameter of the Ruskeala dolomites as the Mn/Sr
ratio (0.28—0.75) are well consistent with those in the
least altered Jatulian dolomites of the Tulomozero
Formation of the Karelian Craton (0.3—1.5,
Kuznetsov et al., 2010) and the Kuetsjarvi Formation
of the Kola Craton (0.3—0.5, Kuznetsov et al., 2011).
Similarly low Mn/Sr ratios (0.26—1.1) were noted in
the least altered dolomites of the Min’yar Formation,
which were used for the reconstruction of Sr isotope
composition of the Neoproterozoic ocean (Kuznetsov
et al., 2006). The Mn/Sr ratios in Ruskeala dolomites
are also much lower than those of the Paleoprotero-
zoic least altered dolomites of the Canadian Shield:
2.5 in the Nash Fork Formation (Bekker et al., 2003a)
and 2.7 in the Alder Formation (Kuznetsov et al.,
2003). The higher Mn/Sr ratios were observed in the
Early Riphean dolomites of the Anabar shield, the
8'3C and ¥7Sr/%Sr values in which were suitable for the
chemostratigraphic considerations (Pokrovsky and
Vinogradov, 1991; Gorokhov et al., 2018, 2019). Thus,
the 87Sr/3¢Sr ratios in Ruskeala dolomite marbles with
minor silicate admixture and low Mn/Sr ratio fit the
general Sr-isotope chemostratigraphic database on
Proterozoic oceans.

Lower ¥Sr/%¢Sr ratios in some dolomite samples
(0.70463—0.70492) compared to calcites (0.70482—
0.70489) are explained by either sedimentological or
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diagenetic factors. In the former case, the calcareous
and dolomitic sediments could represent different
lithological units and, respectively, their 37Sr/%°Sr
ratios reflect small-size short-term variations in the
paleobasin. The diagenetic (metamorphic) recrystalli-
zation follows from the absence of the oxygen isotope
equilibrium expected during cogenetic calcite—dolo-
mite precipitation. The recrystallization of dolomites
could occur in the presence of fluid, which repre-
sented seawater that interacted with mafic volcano-
genic matter of the Sortavala Group with low Sr/%Sr
ratio of 0.703—0.704. The existence of such formation
waters was described in the Mesozoic Alberta volca-
nosedimentary basin, Western Canada (Connolly
et al., 1990).

Alteration of initial 8*C in Ruskeala marbles was
likely controlled by metamorphic conditions and con-
tent of carbonaceous organic matter. Comparatively
low temperatures (550—600°C) and low pressures at
metamorphic peak did not lead to the formation of
crystalline graphite in the Ruskeala marbles, how it
happened in Grenville marbles of the Adirondack
Central. Carbonaceous matter in fine-grained dolo-
mite marbles preserved finely disseminated texture
close to the primary sedimentary state. Moreover, the
average content of organic carbon in the calcite and
dolomite marbles of the Ruskeala deposit was no more
than 1 mol %. Only several small units demonstrate an
increase of carbon content in the dolomite—graphite
system up to 8 mol % (Kitsul, 1963), which is much
lower than that of the Grenville marbles of Adirondack
(10—25 mol %, Kitchen and Valley, 1995). Thus, the
initial 8*C values in pure (silicate-free) carbonate

material with minor graphite admixture experienced
only minimum disturbance.

A review of 8BC variations in the least altered
Archean and Paleoproterozoic marine carbonate
rocks shows that most of them fall in rather narrow
range of 0 = 2%o (Fig. 9), except for the Paleoprotero-
zoic “Lomagundi—Jatulian” stage (Veizer al., 1990;
Yudovich et al., 1990; Karhu, 1993; Bekker et al.,
2003a, 2003b; Melezhik et al., 2004, 2007, 2013a;
Kuznetsov et al., 2019). This suggests that the 3'*C val-
ues in the Ruskeala unaltered carbonate rocks of the
Sortavala Group could be truly within +0.6...+2.1%eo.

Geochemical and Chemostratigraphic Significance
of Obtained Isotope Data

Ruskeala marbles are metamorphosed carbonate
sediments, which compose the upper part of the Ludi-
covian Sortavala Group in the Northern Ladoga area
(Kratts, 1963; Kitsul, 1963).

The Sr content in calcite marble sample from the
Ruskeala quarry was first determined by isotope dilu-
tion method (see Gerling and Shukolyukov, 1957,
sample 2). The Sr content in this sample was 0.17%,
which is consistent with the average Sr concentration
of 1530 ppm in calcite marbles obtained in this work
(Table 1) and indicates a high quality of analytical
investigation in the mid-20" century. The #’Sr/%Sr in
sample 2 from (Gerling and Shukolyukov, 1957) recal-
culated with regard for the fractionation effect on mass
spectrometer MC-2M and measured errors are
0.7034—0.7063 (Fig. 12a). These data were used for
the first Russian attempt to reconstruct the Sr isotope
composition in the Early Precambrian ocean while
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studying the Archean—Proterozoic carbonate rocks.
Unfortunately, the precision of mass spectrometers of
that time was poor to determine the Srisotope compo-
sition in Ruskeala marble with lower analytical error.
In opinion of the authors of this pioneering work, a
quite high %7Sr/%Sr ratio in marble suggests that the
rocks were “contaminated” by extraneous strontium.
This conclusion gave rise to temporal disappointment
in capability of marble for isotope chemostratigraphy.
However, it was established few decades later that the
obtained value is consistent with 8’Sr/%¢Sr range in the
Paleoproterozoic carbonate rocks (Veizer and Comp-
ston, 1976).

Comprehensive high-precision isotope-geochemi-
cal and petrological study of Ruskeala marbles per-
formed in this work made it possible to reveal few sam-
ples suitable for the reconstruction of Sr and C-iso-
tope signatures of the Paleoproterozoic ocean. The
initial ®’Sr/%°Sr ratios in marine carbonate sediments
of the Sortavala Group are constrained within
0.70482—0.70489 and did not fall beyond a narrow
range of 0.70463—0.70492 (Fig. 12a). It should be
noted that the Ruskeala marble is the third geological
object within the Fennoscandian Shield, which
included unaltered carbonate rocks suitable for recon-
structing the strontium isotope composition in the
Paleoproterozoic ocean. Two other points character-
ized the Juatuli Subhorizon in the Northern Ladoga
area (0.70343—0.70442, Tulomozero Formation,
Gorokhov et al., 1998; Kuznetsov et al., 2010) and
Pechenga Trough (0.70407—0.70431, Kuetsjarvi For-
mation, Melezhik et al., 2004; Kuznetsov et al., 2011).
Only one value of 87Sr/3¢Sr ratio available for calcite
nodule from the Zaonega volcanogenic-terrigenous
formation of the Karelian Craton allowed us to con-
strain the upper limit of this ratio (0.70534) in the
Ludicovian paleobasin (Kuznetsov et al., 2012).

The 87Sr/%0Sr values obtained for the Ludicovi Sub-
horizon in the Northern Ladoga area continue the
curve of ¥Sr/%¢Sr variations in Paleoproterozoic
ocean, which varied from 0.70302 to 0.70495 during
the 2.20—2.06 Ga Lomagundi-Jatulian stage (Gorok-
hov et al., 1998; Bekker et al.,, 2003a, 2003b;
Kuznetsov et al., 2010, 2018). In the terminal Jatulian
(2.06—2.09 Ga), the *’Sr/%Sr ratio in the ocean
reached minimum of 0.70343 and then rapidly
increased up to 0.70431 (Fig. 12a). With allowance for
our new data on the Sortavala carbonates, this ratio
increased in the Ludicovi (1.99—-2.06 Ga) up to
0.70463—0.70492. A drastic growth of the %Sr/36Sr
ratio in the ocean was caused by the attenuation of rift-
ing after the Kenorland supercontinent breakup at the
end of the Early Paleoproterozoic and likely an
increase of volume (“maturity”) of continental crust,
as well as by the intensification of continental weath-
ering at ca. 2 Ga due to the growth of free oxygen pro-
portion in Earth’s atmosphere at 2.32 Ga (Bekker
et al., 2004; Melezhik et al., 2013a). It is pertinent to
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mention that the Ludicovi became a crucial boundary,
after which %Sr/%¢Sr value did not decrease below
0.70460. Thus, this boundary marks a new episode of
the crustal growth, which produced crust that differed
in composition from the Late Archean and Early
Paleoproterozoic crust.

The 83C values in the most of Ruskeala marbles
vary from +0.6 to +2.1%0 (Fig. 12b), thus falling
within the range published previously for metacarbon-
ate rocks of this horizon (from +1.0 to +2.3%o0, Karhu,
1993). These data confirm a significant decrease of
83C,,, in the Ludicovian marine sediments at 2.06—
1.88 Ga stage, which followed the epoch of a global
Lomagundi-Jatulian positive 83C,,, excursion
(Schidlowski et al., 1976; Melezhik, Fallick, 1996;
Melezhik et al., 2007, 2013a).

CONCLUSIONS

The marbles of the Ruskeala deposit are the unique
geological object, which can be used for studying the
metamorphism of sedimentary carbonate rocks and
reconstructing the initial isotope-geochemical signa-
tures of the Paleoproterozoic ocean. The transforma-
tion of the Ruskeala sedimentary carbonate rocks into
marbles depended on the initial mineral composition
of carbonate sediment, sedimentary setting and burial
environment, presence of silicate admixture, and rock
permeability for external fluid.

Carbonate rocks of the Sortavala Group were
metamorphosed under staurolite (medium-tempera-
ture) subfacies of amphibolite facies. The calculated
pressure of 3—5 kbar and temperature of 550—600°C
for tremolite—diopside-bearing calcite—dolomite mar-
bles are consistent with metamorphic conditions of
metapelites of the Ladoga Group in the Ruskeala area.

The isotope-geochemical characteristics of calcite
and some dolomite marbles correspond to the geo-
chemical criteria for the preservation of Rb-Sr and
C-isotope systems of non-metamorphosed sedimen-
tary carbonate rocks. This fact and mainly isochemical
metamorphism reveal that Ruskeala marbles are suit-
able proxy to obtain the chemostratigraphic signatures
for carbonate sediments in ancient ocean.

Geochemical features of metacarbonate rocks of
the Sortavala Group (Ruskeala deposit) suggest that
the initial carbonate sediment is made up of aragonite
(protolith of calcite marbles) and high-Mg calcite
(protolith of dolomite marbles). Carbonate was accu-
mulated in wide paleobasin, far away from continental
area, at comparatively high sedimentation and burial
rate.

The isotope-geochemical study of Ruskeala mar-
bles (upper horizon of the Sortavala Group) allowed
us to estimate the "3C values and to obtain the first Sr
isotope data on the Svecofennian ocean, which sur-
rounded the Karelian Craton from the southwest (in
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the present-day coordinates). The 8"3C value in 1.9—
2.0 Gaocean was +1.5 + 1%o, at ¥Sr/%Sr 0f 0.70463—
0.70492. On a global scale, the obtained Sr-isotope
data demonstrate an increase of radiogenic ®’Sr pro-
portion in ocean at ca. 2 Ga after the Kenorland
Supercontinent breakup and intensification of weath-
ering. Based on 6C data, the Ludicovi defines the
beginning of C-isotope stasis in ocean that continued
for about one billion years up to the end of the Meso-
proterozoic.
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