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Abstract—Lithological characteristics and results of the lithofacies analysis of carbonate deposits in the most
complete section of the Upper Uk Subformation of the Riphean stratotype (northern part of the Bashkir
Anticlinorium, southern Urals) are presented. The subformation is divided into the following members or
sequences (from the bottom to top): Yuryuzan, Medved I, Manaysu, and Medved II. The subformation bot-
tom occurs at the base of a huge stromatolite buildup. The Yuryuzan member is characterized by the thin-
columnar branching stromatolites Patomella. The Medved I and Medved II members are represented mainly
by bioherms consisting of the columnar-branching stromatolites Linella, interbiohermal rocks, and local
packets of layered granular limestones found only in the lower member). The Manaysu member comprises
layered (mainly cyclic) deposits with abundant molar tooth (MT) structures. The growth of the Yuryuzan
member stromatolites occurred most likely in the upper subtidal-peritidal zone within the inner carbonate
ramp under the influence of siliciclastic-bearing currents. Stromatolite buildups in Medved I and Medved II
members were formed as a part of wide facies belts below the normal wave base (inner/middle ramp bound-
ary) but within the photic zone. Layered limestones in the Medved I member are periodic storm current
deposits. Environments of the inner ramp and upper middle ramp dominated during the deposition of Man-
aysu sediments with signatures of the influence of normal and storm waves. The sequence including the upper
part of the Lower Uk Subformation, as well as the Yuryuzan and Medved I members of the Upper Uk Sub-
formation, reflects a progressive deepening of the basin. The later slowdown in the rate of sea level rise (or
fall) fostered the change in facies and the formation of the shallow-water Manaysu member. Subsequently,
the transgressive trend appeared again, resulting in the formation of Medved II member. The upper boundary
of the Uk Formation corresponds to a major break in the geological record associated with global glaciation.
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INTRODUCTION
Late Precambrian carbonate platforms are charac-

terized by specific features discriminating them from
similar but noncoeval geological bodies. In particular,
it is believed that the Neoproterozoic is characterized
by carbonate ramps, diverse organogenic buildups,
specific assemblages of branching stromatolites, rocks
with giant ooids, and abundant calcimicrobes (Grot-
zinger and James, 2000 and references therein).

Upper Precambrian carbonate sections exposed on
the western slope of the southern Urals within the
Bashkir Anticlinorium (BA) include rocks with well-
preserved sedimentogenic structures, providing a
detailed insight into the ancient depositional environ-
ment. Such objects undoubtedly need a comprehen-

sive state-of-the-art study. The Upper Riphean (Neo-
proterozoic in the International Stratigraphic Chart)
Uk Formation is among such objects.

The Uk Formation crowning the Karatau Group
section in the Riphean stratotype (Bekker, 1961;
Maslov et al., 2001; Puchkov et al., 2017) lies above the
Min’yar Formation with a hiatus (Kuznetsov et al.,
2006, 2014; Maslov, 2020). It is divided into two sub-
formations: lower terrigenous-carbonate Kul’tamak
and upper carbonate-rich Aktash (Bekker, 1961;
Kozlov, 1982; Maslov et al., 2001, 2019; Stratotip …,
1983). The Uk Formation is as much as 450 m thick in
the most complete sections, according to (Kozlov,
1982).
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488 DUB, GRAZHDANKIN
The Uk Formation includes stromatolites Linella
ukka Krylov, Linella simica Krylov, Tungussia bassa
Krylov, and Patomella kelleri Raaben (Krylov, 1967;
Stratotip …, 1982). According to T. Jankauskas and
A. Veis, microbiota in the Uk Formation is character-
ized by the abundant Leiosphaeridia, Protosphaerid-
ium, and Siphonophycus typicum along with Palae-
olyngbya zilimica, Bavlinella faveolata, and Symplasso-
sphaeridium sp., as well as sheaths of Polytrichoides and
Tortunema (Sergeev, 2006; Stanevich et al., 2018; Stra-
totip …, 1982; Veis et al., 2003). According to (Sergeev
et al. 2010), this microfossil assemblage is marked by
low taxonomic diversity (relative to the Min’yar For-
mation) and wide stratigraphic distribution range.

Based on the glauconite dating by the Rb–Sr and
K–Ar methods, the Lower Uk Subformation is esti-
mated at 663 ± 9 and 669 ± 16 Ma (Zaitseva et al.,
2008). The geological data, however, suggest that the
Uk Formation is older than ~717 Ma (Maslov et al.,
2019). In particular, the Uk Formation shows struc-
tural features much more similar to the underlying
rocks than the unconformably overlying sequences,
and the overlying Bakeevo Formation is estimated at
642 ± 9 Ma (Zaitseva et al., 2019). In some geological
structures of BA (e.g., Tolparovo trough and Krivaya
Luka syncline), Uk Formation deposits are eroded
(Gorozhanin et al., 2019; Gosudarstvennaya …, 2013).
On the eastern limb of BA, the Karatau Group is over-
lain by the Arsha Group (Kozlov et al., 2011; Puchkov
et al., 2017), with the lower level of tillites formed
probably during the Sturtian Glaciation. In limestones
of the Upper Uk Subformation, the range of 87Sr/86Sr
values satisfying the geochemical criteria for isotope
system preservation is 0.70535–0.70611 (Kuznetsov et
al., 2006). Such isotope values are typical for the pre-
Cryogenian deposits, as suggested in (Zaky et al.,
2019). In addition, the Upper Uk Subformation is
characterized by a sequence with abundant molar
tooth (MT) structures that almost completely disap-
pear from the geological record after the Sturtian Gla-
ciation onset (Hodgskiss et al., 2018; Shields, 2002;
and others). Correspondingly, the Uk Formation
belongs more likely to the Tonian System in the Inter-
national Stratigraphic Chart.

OBJECT AND METHODS
One of the most complete and accessible sections

of the Uk Formation is represented by the Medved
section exposed on the slope of Mt. Medved in the
eastern outskirts of Ust-Katav (Shubino Settlement,
Chelyabinsk region) and assigned in terms of tectonics
to the western limb of the Suleimanov anticline in BA
(Fig. 1). Description of this section and the results of
previous studies are presented in (Bekker, 1961; Dom-
rachev, 1952; Kozlov, 1982; Krylov, 1967, 1975;
Kuznetsov et al., 2006; Maslov et al., 2001b; Putevodi-
tel …, 1995; Stratotip …, 1982, 1983; and others). In
recent years, we scrutinized the lithology and geo-
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chemistry of the Upper Uk Subformation in this sec-
tion. Main features of the dominating lithotypes and
carbonate facies were deciphered. Distribution of rare
elements revealed that the depositional environment
was depleted in oxygen. Information suggesting the
existence of prokaryotic and eukaryotic communities
in the paleobasin was obtained (Dub and Grazh-
dankin, 2018; Dub et al., 2019; Maslov et al., 2019;
Parfenova and Mel’nik, 2020).

The present communication addresses the follow-
ing issues: textures and structures of the Upper Uk
Subformation rocks; spatial distribution of different
microfacies; lithotypes and facies of limestones; archi-
tecture of the carbonate platform; and reconstruction
of the depositional environment and their evolution.
The lack of fractures and good exposure of the study
area made it possible to study the Uk Formation along
different cross-sections. It was revealed previously that
the Upper Uk Subformation is characterized by facies
heterogeneity. Therefore, its description along profiles
spaced apart for more than 10 m can differ signifi-
cantly (Dub and Grazhdankin, 2018). To compile a
comprehensive description of this section, we defined
the most contrast sequences during field works, mak-
ing it possible to scrutinize their lithology and trace
them along the lateral direction.

We took samples from all exposed lithotypes and
scrutinized transitions between them. We followed the
following concept of V. Frolov (1984): “lithotype” is a
typical rock (layer or group of similar layers) with a
stable assemblage of signatures testifying to its forma-
tion mechanism and conditions; “genetic type”
includes rocks formed by a specific mechanism (or
produced by a specified geological process); the term
“facies” is applied to rocks with signatures of the dep-
ositional environment but not to the environment
itself.

Laboratory studies after field works were devoted
mainly to the microfacies analysis (Flügel, 2010).
Identification of limestone texture was based the clas-
sification proposed by (Dunham, 1962) modified in
(Embry and Klovan, 1971; Lokier and Junaibi, 2016;
Wright, 1992). Since major features of the microfacies
are deciphered mainly during the petrographic exam-
ination of thin sections, microfacies represents the
smallest component of facies, and a specified layer in
the section can comprise one or several microfacies. In
practice, researchers usually deal with microfacies
types that are distinguished only based on the most
typical properties (Flügel, 2010) and, thus, are similar
to lithotypes in broad sense. Combination of the Rus-
sian and foreign methods made it possible to integrate
the cogenetic and similar microfacies into microfacies
types that commonly correspond to lithotypes.

The majority of lithotypes were identified during
field works. The facies were identified based on the
analysis of paragenetic associations of lithotypes.
Examination of facies assemblages, in turn, provided
AND MINERAL RESOURCES  Vol. 56  No. 6  2021
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Fig. 1. Boundaries of the Bashkir Anticlinorium along the top of Precambrian rocks (left) and location of the studied section in
the detailed geological map (right). (1) Sector provided with the detailed geological map, (2) coordinates, (3) area of Precambrian
rocks (except the Min’yar and Uk formations) in BMA, (4) area of undifferentiated Min’yar and Uk formations, (5) tectonic
boundaries, (6) rivers, (7) populated sites, (8) highways, (9) railways, (10) profile “Medved”. Stratigraphic subdivisions: (RF2)
Middle Riphean—(zg) Zigal’ga Formation, (zk) Zigaza–Komarovo Formation, (av) Avzyan Formation (Group); (RF2–3) Mid-
dle–Upper Riphean—(zl) Zil’merdak Formation (Group); (RF3) Upper Riphean—(kt) Katav Formation, (in) Inzer Formation,
(mn+uk) Min’yar and Uk formations; (RF4–V bk–bs) Terminal Riphean–Vendian Bakeevo–Basa formation interval; (D1–3 tk–zm)
Devonian Takata Formation–Zilim Group interval; (C) Carboniferous, (di) dolomite–limestone section, (tc) terrigenous–car-
bonate section, (ab) Abdrezyakovo Formation, (vs) Veselga strata; (C3–P1čg) Upper Carboniferous–Lower Permian Chigishan
Formation; (P1) Lower Permian, (us–kn) Uskalyk and Kurmain formations, (kr–kd) Karamura–Kondurovo formation interval,
(ak+bg) Aktasta and Baigendzha formations, modified after (Gosudarstvennaya …, 2013).
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insight into the functioning of sedimentary system of
the Uk Formation, and its temporal transformation
was traced based on the change of sequences along the
section.

DESCRIPTION OF THE UPPER UK 
SUBFORMATION SECTION

Overview of Sequences

The Upper Uk Subformation (about 150 m thick) is
represented in the Medved section mainly by gray,
light gray, and dark gray stromatolitic bioherm lime-
stones with lenses of the thin-layered micrograined
varieties, as well as layered packets of coarse-grained
limestones. Rocks are dolomitized to a variable extent.
Terrigenous–carbonate rocks are only typical for the
subformation bottom, whereas carbonate–argilla-
ceous varieties (usually green or dark gray, up to black
LITHOLOGY AND MINERAL RESOURCES  Vol. 56  N
in some places) occur as subordinate components at
higher stratigraphic levels. The subformation is divided
into four members (from the bottom to top): Yuryu-
zan, Medved I, Manaysu, and Medved II (Fig. 2a).

The upper part of the underlying Lower Uk Sub-
formation is represented by gray layered siltstones and
fine-grained sandstones with numerous interlayers of
micrograined, intraclastic, or containing abundant
MT structures limestones. Glauconite often confined
to the bedding surfaces.

Yuryuzan member (exposure on the right bank of
the Yuryuzan River above the Ust-Katav Settlement)
is transitional from the terrigenous–carbonate Lower
Uk Subformation to the carbonate-rich Upper Uk
Subformation. The lower boundary of the member is
established at the base of the massive limestones com-
posed mainly of columnar stromatolites Patomella and
lying above distinctly layered rocks of the Lower Uk
o. 6  2021
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Subformation (Fig. 2b). The rocks are intensely dolo-
mitized. The member is exposed fragmentarily, but all
outcrops are represented by the stromatolitic lime-
stones, probably, due to the existence of a single large
organogenic buildup. Thickness of the member is as
much as 25 m.

The thickest and well-exposed sequence in the
studied section is represented by Medved I member
named thus because of its location on the slope of Mt.
Medved. The sequence is composed of massive stro-
matolitic buildups separated from each other by the
layered rock packets or rare argillaceous–carbonate
rock interlayers traced along the lateral direction over
tens of meters or more. The organogenic buildups
comprise conjugated bioherms composed of columnar
stromatolites Linella (previously identified “species”
Linella ukka, Linella simica, and Tungussia bassa
should be considered as varieties of Linella). The
interbiohermal space in buildups is filled with micro-
grained limestone lenses sometimes with the clay
material admixture. The size (diameter and height) of
bioherms varies from tens of centimeters to a few
meters. In some places, they are separated by the car-
bonate–argillaceous rock strata or lenses, but more
often by surfaces emphasizing the rounded shape of
these bodies. Substrate for the bioherm growth was
represented by other bioherms or coarse-grained lime-
stone beds. The member base is drawn where the dom-
inant form of stromatolites changes (Fig. 2c). Carbon-
ate breccias were not found in the Medved member.
This sequence represents a giant biostrome including
local layered rock packets. Hierarchical relationships
of bodies therein can be presented in the following
scheme: (I) stromatolite columns, (II) stromatolite
bioherms (set of columns formed during the growth
and separation of one microbial colony), (III) organ-
ogenic stromatolite buildups (bioherm assemblages),
and (IV) huge organogenic stromatolite buildup
(together with the Yuryuzan stromatolite buildup).
The rocks are marked by a weak and irregular dolo-
mitization, and the micrograined interbiohermal
rocks are least dolomitized. Thickness of the member
is ~70–75 m.

Manaysu member. The most representative section
of the Upper Uk Subformation rocks, similar to rocks
of this member, is located 95 km southwest of Ust-
Katav near the Kulmasovo Settlement on the Basu
LITHOLOGY 
River 750 m below the Manaysu Creek mouth. The
member lies on an irregular surface (top) of the under-
lying sequence and is characterized by a layered struc-
ture (Fig. 2d). Based on lithology, it is similar to car-
bonate rocks in the upper part of the Lower Uk Sub-
formation. The Manaysu member is represented by
intercalation of distinctly-grained (coarse-grained)
and micrograined limestones, but some varieties are
dolomitized or weakly silicified. The member is char-
acterized by numerous MT structures, and stromato-
lites are virtually missing. The upper part (about 11 m)
of the member is recrystallized. Thickness of the Man-
aysu member varies from 22 to 28 m, decreasing on
ledges of the underlying organogenic buildups.

Medved II member is similar to Medved I. It is also
marked by the presence of stromatolite bioherms but a
scarcity of the layered coarse-grained limestones that
do not make up prominent packets. The sequence lies
above a relatively even top of the Manaysu member.
Rocks in the Medved member are considerably recrys-
tallized and dolomitized (Fig. 2e). Thickness is about
15 m.

The studied section is considered a proxy of the Uk
Formation (Maslov et al., 2019; Putevoditel …, 1995;
and others). Therefore, the proposed scheme of its
subdivision can be applied for a detailed correlation of
sections located in different tectonic areas (structural-
facies zones) of BA.

Yuryuzan Member

The framework of organogenic buildups in this
member (Fig. 3a) is composed of branching stromato-
lites Patomella. Thin (up to 1–2 cm across), sinuous
columns are arranged freely without any joints. The
columns include both subvertical and inclined (up to
50°–60°) individuals (Figs. 3b, 3c). Their cross-sec-
tion is marked by intricate morphology (Figs. 3d, 3e).
In some places, stromatolite columns are slightly
thicker, and they resemble stromatolites Linella in sec-
tors located immediately below the embranchment
level.

Stromatolites are characterized by the intercalation
of thin (<1 mm) dark gray cryptograined strata and
lighter, fine- to microcrystalline carbonates with an
admixture of the terrigenous material (Fig. 3f). The
intercolumnar space is filled with the carbonate mass
Fig. 2. Structure of the Medved section (Upper Uk Subformation). (a) Lithological column showing the proportion of different
lithotypes (stromatolites, cyclites, and structural components are out of scale): (1) siltstones (argillaceous and carbonate
included), (2) micrograined limestones, (3) granular (fine-grained to coarse-grained) limestones with rare larger clasts, (4) stro-
matolitic limestones with Linella, (5) stromatolitic dolomitic limestones with Patomella, (6) MT structures of different types;
(b) type of contact between the Lower Uk and Upper Uk subformations (distinctly layered deposits are replaced by the massive
variety (this member interval is exposed insufficiently); (c) Yuryuzan/Medved I member boundary based on change in the stro-
matolite complex; (d) inferred Medved I/Manaysu member boundary (a lenticular (?) stromatolite Linella bed (2 m thick)
detected 4 m above the level marked by the bend of the dashed line); (e) poorly exposed contact between the distinctly layered
sediments (Manaysu member) and massive stromatolites (Medved II member). Conditional boundaries of members are shown
by white dashed lines. Designations: (R3) Upper Riphean, (uk1) Lower Uk Subformation, (uk2) Upper Uk Subformation, (yur)
Yuryuzan member, (md) Medved member: (I) lower, (II) upper; (mns) Manaysu member; (MT) molar tooth structures. Ham-
mer length is 40 cm.
AND MINERAL RESOURCES  Vol. 56  No. 6  2021
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(micrite and sparite) and clastic terrigenous–carbon-
ate material. The rock is dominated by the sand- and
gravel-sized carbonate clasts–contiguous intraclasts
(Fig. 3g). The noncarbonate mass is represented by
the sandy–silty grains of quartz and feldspars, mica
flakes, glauconite, and clay minerals (Fig. 3h). Thus,
columns Patomella are composed of the thin-layered
bindstones, while the intercolumn space is filled with
the rudstone and packstone intraclasts.

Compact crypto- and microcrystalline dolomite
masses are widespread, and the euhedral orthorhom-
bic crystal dissemination is virtually absent. Probably,
dolomite occurs mainly in the stromatolite columns
and to a lesser extent in host rocks.

Medved I Member

It is composed mainly of stromatolite buildups
(Figs. 4, 5). Layered cyclic packets of granular lime-
stones (up to 12 m thick) that extend along the lateral
sublatitudinal direction over a small distance (up to 10 m)
are found locally (Fig. 4a).

Bioherms in this member are composed of differ-
ently oriented columnar stromatolites Linella, with the
central and peripheral parts dominated, respectively, by
the subvertical and subhorizontal individuals (Fig. 4b).
In some places, the bioherms are asymmetrical
because of the development of unidirectional subhor-
izontal columns. Distance between the columns in
bioherms varies, but usually does not exceed the diam-
eter of columns that are commonly located very close
to each other (Figs. 4b, 4c), serving as a fundamental
difference between Linella and Patomella.

Columnar stromatolites are composed of the lami-
nae of dark gray cryptocrystalline (pelitomorphic), as
well as light gray and gray microcrystalline, calcite. In
thin sections, one can see gradual transitions from the
light gray strata to darker varieties in some places.
Microcrystalline sectors occupy the largest volume in
columns, while the pelitomorphic calcite makes up
distinct laminae and lenses (in thin-layered bind-
stones) or makes up compact clusters associated with
fenestra (in nonlayered boundstones). Both varieties
can occur in the same column (Fig. 5a).

Clusters are relatively large (commonly <0.5 mm)
and most typical for the tilted thin stromatolite col-
umns. In the thicker subvertical individuals, they
occur mainly as low-angle irregular tubercles beneath
the upper boundaries of dark gray cryptocrystalline
masses. Clusters are prominent among the light gray
LITHOLOGY AND MINERAL RESOURCES  Vol. 56  N
microcrystalline carbonate in the overlying strata
(Fig. 5a). Such problematic structures can be defined
as calcimicrobes (Fig. 5b).

Organogenic buildups include the microgranular
limestone “bodies” delimited by the surrounding bio-
herm surfaces (Figs. 4d, 4e). They usually comprise
the homogeneous calcimudstones with rare thin (up to
0.5 mm) wackestone layers (Fig. 5c). These rocks
often contain a variable amount of the fine-dispersed
terrigenous admixture. The bedding-parallel fenestra
are observed in some places.

Interbiohermal deposits—previously interpreted
erroneously as stratified stromatolites or biolaminites
(Dub and Grazhdankin, 2018; Maslov et al., 2019)—
are characterized mainly by the horizontal-layered
and gentle cross-wavy structures (Fig. 4e).

Layered granular limestone packets, which delimit
the stromatolites (Figs. 4f–4h), include rocks with dif-
ferent grain sizes ranging from microgranular lime-
stones to calcirudites, are characterized by indistinct
graded bedding, and contain occasional f lat, differ-
ently oriented carbonate clasts of the gravel, pebble, or
larger size (Fig. 4g). If packstones (Fig. 5d) and rud-
stones (Fig. 5e) prevail, these packets also include
grainstones, wackestones, and calcimudstones. Very
diverse is the set of morphological elements repre-
sented mainly by intraclasts. They are composed of the
predominant aggregate grains (grapestones?) pro-
duced by the multiple reworking of carbonate mate-
rial; fragments of MT cracks (MT clasts) are wide-
spread; and stromatoclasts and peloids are found in
some places (Figs. 5d, 5e). The smallest clasts in the
aggregate grains are represented mostly by peloids or
peloidal packstones. The MT clasts are deciphered
easily in most cases based on the typical light homoge-
neous holocrystalline microsparite. In some places,
they are rounded and included in aggregate grains
(Fig. 5e). Some intraclasts and their clusters are often
surrounded by the isopachous cement rims of calcite
(Fig. 5e). Identification of stromatoclasts is based on
the inclusions of specific clusters and the lack of signs
of reworking. Homogeneous grains composed of the
dark micro- and cryptograined calcite are assigned to
peloids.

Components of granular limestones are poorly
sorted. The elongated morphological elements are
usually differently oriented with a predominance of
subhorizontal orientation on some sectors. The fine-
grained (more often, peloidal) limestones contain MT
cracks at some levels (Fig. 5f).
Fig. 3. Lithological characteristics of Yuryuzan member rocks. (a) General view of the section ((b) longitudinal section of the
stromatolite bioherm displaying different spatial orientation of columns; (c) sample 1701-32 with thin-columnar stromatolites
Patomella with polished surface inclined to the crosscut (bottom) and bedding (top); (d) transverse section of stromatolites Pato-
mella (subaerial exposure of the fresh surface over three years); (e) transverse section of stromatolites Patomella on the weathered
surface; (f–h) photomicrographs of thin sections (sample 1701-32, crossed nicols): (f) longitudinal section of the axial part of a
stromatolite column, (g) carbonate intraclasts and terrigenous–carbonate groundmass in the intercolumn space of bioherm, (h)
terrigenous sandy–silty grains f loating in the intercolumn space of stromatolites.
o. 6  2021
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Fig. 4. Lithological characteristics of Medved I member rocks. (a) General view of the section (arrows show the granular lime-
stone packets exposed as jutting rocks in the relief; (b) transverse section of a large bioherm Linella in the lower part of the section
(dolomitized sectors are confined to the intercolumn contact zones); (c) transverse section of a typical bioherm Linella with f la-
bellate axes of the branching columns shown by arrows (columns are often tightly spaced); (d) style of contact (dashed line) of the
stromatolitic bioherm with the interbioherm deposits; (e) typical structures of the interbiohermal microgranular deposits;
(f) fragment of a layered limestone packet and style of its contact (dashed line) with a large bioherm in the middle part of the sec-
tion; (g) detailed contact (dashed line) between stromatolites and granular limestones in the upper part of the section; (h) struc-
tural-textural features of the coarse-grained intraclastic limestones; (i) small stromatolite bioherm (outlined by dashed line)
inside the packet of granular limestones in the lower part of the section.
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(e) (f)
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Fig. 5. Lithological characteristics of rocks of the Medved I member in thin sections. (a, b) Laminated bindstones and calcimi-
crobial boundstones of the stromatolitic column Linella inclined to the normal: intercalation of the micro- and cryptocrystalline
varieties; calcimicrobes resemble renalcids; their clusters and orientation govern the general morphology of stromatolite laminae
and the direction of column growth; and fenestra are also seen (sample 18.18-3-2); (c) layered calcimudstones in the interbioherm
infill: homogeneous micrograined calcite dominates; some layers are represented by intraclastic-peloidal wackestones; and angle
between the upper and lower bedding surfaces is prominent (sample 18.18-3-9); (d, e) intraclastic packstones and rudstones of
layered packets; aggregate grains contain MT crack fragments, peloids, peloidal packstones or other aggregate grains (stromato-
clasts are not usually detected inside aggregate grains); the grains are marked by poor sorting and different orientations; the
cement/matrix ratio varies even within a single thin section: (d) sample 18.18-3-5, (e) sample 18.18-3-5а; (f) fine-grained peloidal
wackestones with MT cracks (sample 18.18-3-3). (ag) Aggregate grains, (calc) calcite cement, (clm) calcimicrobes, (crc) “crys-
talloclasts,” (dol) dolomite, (f) fenestra, (icc) isopachous calcite cement, (m) micrite, (MTc) fragments of MT cracks, (MTs) MT
structures in situ, (pel) peloids, (si) silica concretions, (str) stromatoclasts.
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The granular limestone packets are characterized
by a cyclic pattern that is not always prominent. The
bottom of cyclites is uneven, with erosion traces in
some places. The coarse-grained varieties are con-
fined usually to the lower parts of cyclites, whereas the
middle part is composed of the finer-grained rocks of
specific structures (with differently oriented cross-
wavy bedding) and crosscut by intricate MT cracks
(Fig. 5f). Small ripple marks are observed in the
microgranular rocks in the upper parts of cyclites. The
middle and upper elements of cyclites are often miss-
ing. Thickness of cyclites is variable but commonly not
more than 1 m. In some places, the granular limestone
packets contain small bioherms up to 40 cm high and
1 m long (Fig. 4i). Boundaries between the bioherms
and granular limestone packets are distinct in most
cases.

The granular limestone packets are exposed over a
limited area along the lateral direction and traced only
along the sublatitudinal direction over a few meters.
They were likely extended along the submeridional
direction or characterized by an intricate morphology.

Manaysu Member

In general, this member is lenticular-layered and
characterized by an appreciable diversity of microfa-
cies and lithotypes (Figs. 6, 7). Lithological properties
of rocks lying at the same level, relative to the Medved
I member top, change appreciably over a few tens of
meters, probably, due to an irregular seafloor relief at
the top of a huge stromatolite buildup and the conse-
quent dissimilar sedimentation depth. Upward the
section, the rocks become lithologically more consis-
tent.

In the eastern part of the studied profile, stromato-
litic bioherms in the Medved I member are overlapped
by the micrograined argillaceous–carbonate rocks
with specific loaf-shaped structures (Fig. 6a) resem-
bling a coarse lenticular bedding or lens-shaped con-
cretions. Upward the section, the member is marked
by the appearance of limestone beds with the sand-
and gravel-sized clasts (Fig. 7a) and a gradual increase
of MT cracks (Fig. 7b). Westward, rocks overlying the
stromatolitic bioherms become more diverse: in addi-
tion to the fine-grained limestones with numerous
MT cracks, the coarse-grained varieties are also devel-
oped here (Fig. 2d). Moreover, one can see a lenticular
stromatolitic limestone bed (about 2 m thick) overlain
by poorly sorted clastic rocks (Fig. 6b). Rocks under-
lying this stromatolite bed (Fig. 2d) can be considered
a transitional unit between the locally developed lay-
ered limestones of the underlying strata and the nor-
mal-layered rocks of the Manaysu member.

At some intervals, the member is characterized by a
prominent cyclic structure (Figs. 6c, 6d). Average
thickness of cyclites is about 15–20 cm, but some of
their elements are appreciably thicker. The complete
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elementary cyclite commonly comprises three ele-
ments: lower element with different size of grains;
middle element composed of not coarse well-sorted
material and with differently oriented intricate MT
cracks; and upper element composed of the finest-
grained material with mainly bedding-perpendicular
MT cracks. In some places, the cyclite bottom is
marked by gutter casts (Fig. 6e). The MT clasts are
abundant in the lower elements of cyclites. The shape
and distribution of such clasts suggest their redeposi-
tion in the immediate vicinity of the crack formation
site (Fig. 7c). In these coarse-grained rocks, the MT
carbonate can also play the role of matrix (Fig. 7d). The
middle element of cyclites is often characterized by the
hummocky cross-stratification complicated by local
deformations of the layer, and the bedding-parallel
MT cracks emphasize the primary structure of rocks
(Fig. 6f).

The member includes thin (<1 m) cross-layered
calcarenite units (Fig. 6g), with the very fine- to fine-
grained peloidal packstones and wackestones in some
places and a large amount of subrounded clasts com-
posed of the early diagenetic sparitic calcite cement
(Fig. 7e). The coarser-grained calcarenites are intra-
clastic grainstones (ranging to rudstones) with the
fine-crystalline mosaic cement. Allochems are repre-
sented by the aggregate grains composed of clasts of
this cement mass (“crystalloclasts”) as well (Fig. 7f).
In general, such rocks are not very widespread but
important for understanding the depositional environ-
ment of the sequence.

The Manaysu member is characterized by intense
dolomitization and weak silicification. The sorted
sandy and silty rocks (i.e., middle elements of cyclites)
underwent high degree of dolomitization, but it did
not affect the microsparite in MT structures.

The upper part of the member (~11 m) is almost
completely composed of intraclastic varieties (Fig. 6h)
subjected to intense postsedimentary transformation
(recrystallization), similarly as the Medved II member
(Fig. 8).

DISCUSSION
Morphology of Late Riphean Carbonate Platforms

and Organogenic Buildups

In the Late Riphean, the BA region represented the
proximal part of a passive margin of the East European
Platform (Baltica/Rodinia shelf) (Maslov et al., 2002;
Raaben, 2007), with an oceanic basin on the eastern
side (in modern coordinates) (Li et al., 2013). Such
environments (and geological bodies formed therein)
with very low gradient (<1°) of the basin f loor are
called “carbonate ramps” and considered as a type of
carbonate platforms (Ahr, 1973; Read, 1985). Pro-
cesses of sediment deposition on carbonate ramps are
influenced appreciably by transgressions and regres-
sions, since even low-amplitude variations of the rela-
AND MINERAL RESOURCES  Vol. 56  No. 6  2021



LITHOLOGY AND MINERAL RESOURCES  Vol. 56  No. 6  2021

CARBONATE SEDIMENTOLOGY OF THE UPPER RIPHEAN (NEOPROTEROZOIC) 497

Fig. 6. Lithological characteristics of rocks of the Manaysu member. (a) Micrograined argillaceous–carbonate rocks at the bot-
tom with lenticular structures; (b) coarse-clastic rocks immediately overlying the stromatolite bed in the lower part of the section;
(c) cyclic sequence inside the Manaysu member (boundaries of elementary cyclites are shown by dashed lines); (d) various types
of MT structures confined to different elements inside cyclites (see the text for explanation); (e) gutter casts at the base of an
almost completely eroded cyclite; (f) hummocky cross-stratification complicated by plastic deformations (convolution?) and
numerous differently oriented MT cracks; (g) cross-bedded calcarenites at one of the levels inside the member; (h) recrystallized
intraclastic carbonates making up the upper part of the Manaysu member.
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Fig. 7. Lithological characteristrics of rocks in the Manaysu member in thin sections. (a) Intraclastic packstone (sample 18.18-4-
8) (the intergranular space contains the sparitic cement; the MT carbonate serves as the groundmass); (b) autochthonous MT
structures in the micro- and fine-grained dolomitized rocks (sample 18.18-4-6); (c) MT clasts associated with the autochthonous
MT cracks surrounded by the dolomitized groundmass (sample 18.18-4-9); (d) intergranular components of the intraclastic rud-
stones: MT carbonate, sparitic calcite, nearly euhedral dolomite (sample 18.18-4-11); (e) “crystalloclastic”-peloidal wackstone
with silicified patches (sample 18.18-1-2); (f) intraclastic grainstone from the coarsest varieties of the cross-bedded calcarenites
(sample 18.18-1-5). The remaining legend as in Fig. 5.
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tive sea level induce a considerable lateral migration of
facies belts (Bertrand-Sarfati and Moussine-Pouch-
kine, 1988; Burchette and Wright, 1992). If reef
assemblages are developed, carbonate ramps can grad-
ually be transformed into rimmed shelves (carbonate
platforms with a subhorizontal f loor surface in back-
LITHOLOGY 
reef zones and steep slopes in the fore-reef zones)
(Barnaby and Read, 1990).

In the Archean, Paleo- and Mesoproterozoic, stro-
matolites could likely make up real reefs (Allwood
et al., 2006; Hoffman, 1989; Khabarov, 1999; and oth-
ers) that served as a carbonate platforms rim and bor-
AND MINERAL RESOURCES  Vol. 56  No. 6  2021
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Fig. 8. Lithological characteristics of Medved II rocks. (a) General view of the upper part of the section (Manaysu and Medved
II members); (b) outlier composed of stromatolites Linella located in the upper part of the Uk Formation section overlapped by
rocks of the Bakeevo Formation; (c) Linella-bearing stromatolitic limestones altered by secondary processes; (d) granular rocks
with different-size clasts and scattered silicification patches observed in some places within the stromatolite bioherm in the Med-
ved II member.

(а) (b)

(c) (d)
der with open marine basins. However, decrease of the
carbon dioxide concentration in the Early Neopro-
terozoic seawater provoked crisis in the stromatolitic
reef formation because of attenuation of the role of
chemogenic factor in the lithification of columns and
retardation of the stromatolite growth rate (Grot-
zinger, 1990; Riding, 2011b). Therefore, Neoprotero-
zoic carbonate platforms are represented mainly by
ramps (Grotzinger and James, 2000), and stromatolite
reefs are very scarce in the Tonian (Narbonne et al.,
2000; Thorie et al., 2020; Turner et al., 2000). How-
ever, the Tonian is a period of the distribution of calci-
microbial (trombolite) buildups formed on the outer
ramps. As real reefs, such buildups are marked by a
prominent relief and clastic aprons (Batten et al.,
2004; Turner et al., 1997). According to (Thorie et al.,
2020), only one example of the Tonian rimmed shelf is
known, whereas such geological structures are more
widespread in the Cryogenian and Ediacaran. Hence,
“stromatolitic meadows” (wide belts of organogenic
buildups without contrast relief) were more typical for
the Late Riphean carbonate platforms.

Modern marine stromatolites are detected mainly
within the intertidal, upper subtidal, and, to a less
extent, supratidal zones (Dill et al., 1986; Jahnert and
LITHOLOGY AND MINERAL RESOURCES  Vol. 56  N
Collins, 2012; Smith et al., 2018; and others) under
extreme (for invertebrate animals) environments
(Elliott, 1994; Garrett, 1970). Such environments,
however, could previously be confined to a wider
range of environment: the geological record includes
examples of columnar stromatolites formed in much
deeper waters (Bertrand-Sarfati and Moussine-
Pouchkine, 1988; George, 1999; Monty, 1971). Possi-
bility of a relatively deep-water genesis of many Pre-
cambrian and Phanerozoic stromatolites was sug-
gested by the prominent Soviet paleontologists I. Kry-
lov (1975) and S. Serebryakov (1975) almost half a
century ago. Therefore, the principle of actualism
turns out to be hardly suitable for reconstructing Neo-
proterozoic environments.

Composition of the Stromatolite-Forming Biota, 
Microstructures, and Shape of Stromatolites

Factors determining the shape of stromatolite col-
umns and buildups remain a highly debatable issue
(Awramik and Semikhatov, 1979; Dupraz et al., 2006;
Golubic, 1991). Generally, the discussion is focused
on the examination of two agents–hydrodynamics in
the depositional environment and composition of the
o. 6  2021
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stromatolite-forming biota. So far, it is impossible to
define reliably the main factor governing the morphol-
ogy of any stromatolite buildups in the geological past.

Microbial mats making up modern stromatolites
include both filamentary and coccoid cyanobacteria,
with the latter variety dominating in the columnar
stromatolites (Jahnert and Collins, 2012; Suosaari
et al., 2016). As noted by V. Maslov (1960), their
ancient analogs lack such forms, but preservation of
the morphology of cyanobacteria cells in stromatolites
is promoted in some cases by the early diagenetic
silicification (Golubic and Seong-Joo, 1999; Schopf,
2012). Alternation of the pelitomorphic and micro-
crystalline laminae manifested in stromatolites Linella
is likely a primary feature unrelated with the process of
irregular recrystallization, since such interlayering is
repeated regularly in all columns.

Thus, the certain prevalence of crypto- and micro-
crystalline carbonates in columns is the most promi-
nent microstructural feature of stromatolites Linella.
The sparitic calcite is confined mainly to scarce fenes-
tra, whereas allochems (mat-entrapped silt or sand-
sized carbonate clasts) are commonly missing. Hence,
we can make the following conclusions: (1) the forma-
tion of stromatolites was governed mainly by the
microbial-induced mineralization; (2) input of the
relatively coarse material in the stromatolite formation
zone was extremely limited. It has been established
that the Proterozoic was marked by a gradual decrease
of the chemogenic (sparry crust) carbonates in stro-
matolites and the simultaneous increase of the micro-
grained component produced by the vital activity of
cyanobacteria. Therefore, the “micrite-forming” or
fine-grained stromatolites are most typical for the
Neoproterozoic (Grotzinger and Knoll, 1999; Riding,
2011b). Probably, herein lies the main genetic distinc-
tion of the Neoproterozoic stromatolites from some
similar ones in Mesoproterozoic, described, e.g., in
(Tosti and Riding, 2017), where the fine-grained car-
bonate was accumulated due to the agglutination of
water-suspended particulates by the microbial mat. It
is also shown that the branching ability of some Neo-
proterozoic (850–750 Ma interval) stromatolites can
be suppressed by an intense input of carbonate clasts
(Planavsky and Grey, 2008)1. Interpolating this trend
onto the actively branching stromatolites Linella, one
can assume that development of the latter stromato-
lites can also be related to induced biomineralization
under a deficit of the mechanogenic material.

The following fact deserves special discussion: the
stromatolites include well-preserved cluster calcimi-
crobes of Renalcis-type. This feature was mentioned
by I. Krylov (1967) who described the genus Linella for
the first time, but did not provide the interpretation.
The revealed textures do not associate with diagenetic

1 More precisely, reduction of the allochem input volume
enhanced the role of autochthonous accumulation of the micritic
carbonate and initiation of the branching of stromatolites.
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alterations and are unrelated to the development of
stylolitic sutures, but they were certainly present in
ancient microbial mats. They are really calcimicrobes
and unrelated to random deformations of the weakly
lithified mats–this fact is supported by their regular
laminae-perpendicular orientation in columns.

It is believed that calcimicrobes appeared in the
geological record in the Mesoproterozoic (Kah and
Riding, 2007). In the Neoproterozoic, they could
make up autonomous organogenic buildups (similar
to the Phanerozoic mud mounds) in relatively deep
waters (Aitken, 1967; Batten et al., 2004; Turner et al.,
1997).

Given that the nonlayered sectors of calcimicrobial
boundstones in columns are interpreted as tromb-
olites, the Uk stromatolites should be considered as
trombolite-stromatolite structures (or calcimicrobial
stromatolites). Findings of calcimicrobes in the Pre-
cambrian stromatolites are known at present (Riding,
2011a; Turner et al., 2000). However, calcimicrobes in
the Uk Formation differ from the real Renalcis by the
absence of an explicit internal cavity.

Remains of Renalcis sensu stricto are considered
problematic, because their modern analogs are lack-
ing. We do not even know whether they are prokary-
otes or eukaryotes. Most commonly, they are identi-
fied as calcareous cyanobacteria (Riding, 2011a).
According to A. Zhuravlev, renalcids should be
assigned neither to the calcareous algae nor to cyano-
bacteria, and their microstructure is similar to that of
some sponges and cnidarians (Zhuravlev, 2001, 2013).
It is believed that this taxa only appeared in the end-
Vendian, and the older remains lack the specific
microstructure and “skeleton” (Zhuravlev, 2001).

The obtained data on the composition of biomark-
ers in the Upper Uk Subformation rocks indicate
unambiguously the eukaryotic communities existence
in the sedimentary basin (Maslov et al., 2019). Proba-
bly, the calcimicrobial microstructures observed in
stromatolites Linella belong to eucaryotes. Compared
with the spatial orientation of columns, analysis of
stromatolites in thin sections shows that the column
growth strategy was governed precisely by these organ-
isms (most probably, photosynthesizers).

MT Structures and Depositional Environments

The MT cracks are early diagenetic banded, ver-
micular, spindle-shaped or filamentary structures
composed of the uniform equant microspar. They rep-
resent a major component of Proterozoic deposits
(James et al., 1998; Kuang, 2014; Kuznetsov, 2005;
Pollock et al., 2006). Such structures show a rigorous
stratigraphic constraint (2600–717 Ma). With a few
exceptions,2 they are missing in rocks younger than the

2 They represent cap carbonates of the Marino Glaciation in
Namibia and one of the layers in the Ediacaran sequence in
Australia.
AND MINERAL RESOURCES  Vol. 56  No. 6  2021
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Cryogenian (Bishop and Sumner, 2006; Hodgskiss et al.,
2018; Shields, 2002). Though most widespread in
rocks of the tidal and subtidal zones, they are much
rarer within the lower (below the storm wave base)3

and supratidal zones (Kuang, 2014). Despite a vast
number of versions explaining the origin of MT cracks
(Petrov, 2011; Pratt, 1998; Smith, 2016), it is notable
that such structures are assigned commonly to car-
bonates containing the clay material admixture
(Hodgskiss et al., 2018).

In the Uk Formation, MT structures are most
widespread in the upper part of the Lower Subforma-
tion and in the Manaysu member of the Upper Subfor-
mation. In the Medved I member, they are very rare
and only confined to some levels within the granular
limestone packets. It is important that MT cracks are
missing in stromatolite bioherms Linella, although
examples of stromatolites complicated by such cracks
are known in the geological record (Kuang, 2014;
Petrov, 2011, p. 12). Such structures are also absent in
the interbiohermal lenses of micrograined sediments,
although the terrigenous mud is present in them.
Probably, this fact suggests the other geochemical
environments for the granular deposits generation.
The amount of MT structures is fundamentally differ-
ent in two adjacent members (Medved and Manaysu),
suggesting a distinct difference in depths of their for-
mation.

The lower part of the Manaysu member is charac-
terized mainly by the abundance and diversity of MT
structures. Among them, one can see both autochtho-
nous and allochthonous structures, indicating a per-
manent reworking of sediments. Probably, the redepo-
sition was provided primarily by storm activity,
because MT structures in the Uk Formation are asso-
ciated mainly with cyclic tempestites. Since cyclites
are lithologically heterogeneous (because of variable
hydrodynamics), MT cracks confined to different ele-
ments of cyclites also differ from each other in shape
and represent specific hydrodynamic setting indica-
tors: subnormal cracks suggest a passive or moderate
depositional environment, whereas the bedding-con-
formal or irregular cracks indicate that the environ-
ment was more active but weaker than the environ-
ment during the seafloor erosion and the MT clast for-
mation.

Storm Sedimentation on Carbonate Ramps

Depending on the hydrodynamics, any carbonate
ramp can be divided into three parts: inner, middle,
and outer. The upper boundary of the middle ramp is
defined by the normal wave base; the lower boundary,
by the storm wave base irrespective of the absolute
depth mark of basin (Burchette and Wright, 1992).

3 Some authors, e.g., Purkis et al. (2015), relate the upper/lower
subtidal (more precisely, shallow- and deep-water subtidal)
boundary to the normal wave base.
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Ramps are subjected to the influence of tidal, wave,
and storm activities. In particular, ramps dominated
by the storm sedimentation are typical for the Neopro-
terozoic (Grotzinger and James, 2000).

The formation of storm deposits (tempestites) is
attributed to both oscillatory and unidirectional
movements of water masses, whereas the latter can be
expressed as geostrophic and density (hyperpycnal)
flows (Myrow, 1992; Myrow and Southard, 1996; Sei-
lacher and Aigner, 1991). These deposits are marked
by the hummocky cross-stratification. The presence
of gutter casts, amalgamation of cyclites, and areal dis-
tribution of storm layers can be controlled by the shal-
low-water facies (Einsele and Seilacher, 1991). The
erosional bottom of cyclites and the gradational sort-
ing of material make these rocks similar to other event
deposits (first of all, turbidites). Both types of deposits
can be characterized by ripple marks (generated by
waves and currents) and plastic (soft-sediment) defor-
mation structures including the convolute bedding in
the middle part of cyclites (Chen and Lee, 2013; Ein-
sele and Seilacher, 1991; Molina et al., 1998).

Traditionally, proximal and distal tempestites are
recognized: increase of depth is correlating with grow-
ing volume of fine-grained material, thinning of
cyclites, and decrease of erosion marks amount at the
base (Einsele, 2000; Seilacher and Aigner, 1991). It
was shown recently that such model can be applied to
a relatively steep slope, whereas the low-gradient
ramps are characterized by a more complicated distri-
bution of tempestites (Jelby et al., 2020).

Researchers believe that the hummocky cross-
stratification is related to storm activity (Einsele, 2000;
Jelby et al., 2020; Myrow, 1992; Seilacher and Aigner,
1991; Swift et al., 1983; and others). According to
(Dumas and Arnott, 2006), such sedimentary struc-
ture indicates a depth interval between the normal and
storm wave bases. However, some works suggest that
sediments with this type of bedding can also be depos-
ited in the shallower-water environment within the
tidal activity zone (Basilici et al., 2012; Yang et al.,
2005). Moreover, signs of such activity are not always
identified easily in sediments of ramps (Vakarelov et
al., 2012). It is already proved now that the hummocky
cross-stratification is polygenous and can hardly serve
as an adequate indicator of the basin depth (Jelby et
al., 2020 and references therein).

In the Upper Uk Subformation, rocks with signs of
storm genesis are observed in the Medved I and Man-
aysu members. The Medved I member contains two
fundamentally different lithotypes influenced by the
storm activity to different extent: packets of intraclastic
layered limestones and interbiohermal micrograined
rocks. The formation of the first variety was likely
caused by unidirectional migrations of water masses;
the second is related to oscillatory movements in the
depositional environment. In contrast, tempestites in
the Manaysu member are characterized by the lateral
extension and prominent cyclicity.
o. 6  2021
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RESULTS OF THE DEPOSITIONAL 
ENVIRONMENT ANALYSIS

Yuryuzan Member

The Yuryuzan member formed near the coastal
zones with a sufficiently active or moderate hydrody-
namics, as suggested by the abundance of terrigenous
admixture and relatively large (>2 mm) carbonate
clasts in the intercolumn space of stromatolites (rud-
stones and packstones). According to (Kuang et al.,
2019), thin-columnar and branching stromatolites
similar to Patomella can be typical of the intertidal
zones. Stromatolite buildups in the member, however,
lack distinct signs of the subaerial exposure. At the
same time, abundance of the terrigenous admixture
can suggest proximity of the watercourse inflow into
the marine basin. This assumption is supported by the
detection of analogous stromatolites in the lower part
of the Lower Uk Subformation in the Akkostyak sec-
tion (Stratotip …, 1983; our observations) in associa-
tion with oolites and oncolites (i.e., at a lower strati-
graphic level in undoubtedly shallow-water deposits).
The Lower Uk stromatolites in the Akkostyak section
is marked by the following fundamental distinction:
stromatolitic columns are surrounded by the terrige-
nous material, while stromatolites Patomella in the
Upper Uk (Yuryuzan) bioherms are hosted in the car-
bonate deposits.

The obtained data on modern stromatolites
demonstrate that the oriented water f low produces not
only elongated stromatolite columns but also isomet-
ric structures. In addition, strong current is suggested
by a distinct intercolumn space (Bosak et al., 2013). It
is also known that the abundance of suspended parti-
cles in water column commonly suppresses the growth
of stromatolites (Krylov, 1975). Thus, stromatolite
buildups in the Yuryuzan member were formed likely
at depths corresponding to the upper subtidal-peritidal
zone, with some influence of currents generated by a
stream (river arm?) f lowing into the marine basin.

Medved I Member

The study of stromatolite buildups in the Medved I
member revealed that they did not belong to the tidal
zone, because rocks here lack desiccation cracks, evi-
dences of the presence of evaporites, oolites, teepee
structures, and other typical littoral signatures (Eriks-
son and Simpson, 2011; Semeniuk, 2019), but the
stromatolites often contain fenestra that are usually
considered indicators of the subaerial environment
(Flügel, 2010; Shinn, 1968). However, probably, this
sole sign cannot serve as a strong argument for recon-
structions, since fenestra are often associated with
microbial mats (Gerdes, 2007), irrespective of facies.

In general, the presence of large columnar stromat-
olites is considered indicator of a large volume of
accommodation space, as demonstrated with modern
Bahamian microbialites as example (Andres and Reid,
LITHOLOGY 
2006). Macroscopic observations of the Ust-Katav
section revealed that stromatolites in the Medved
member “tended” to occupy completely the surround-
ing space during the growth, possibly, because of
rivalry of the adjacent colonies for the access to light.
Evidently, they formed under stable conditions at
depths allowing free growth and lacking significant
obstructions (wave-swash activity or water level fall).

It is believed that lowering of the hydrodynamic
level should lead to decrease in the diameter of stro-
matolite columns (Bosak et al., 2013; Dupraz et al.,
2006). Such trend, however, is maintained not always,
because, in addition to hydrodynamics, rates of the
sedimentation and basin f loor subsidence can also
influence the stromatolite morphology (Serebryakov,
1975). For example, the Uk Formation shows a rela-
tive upsection decrease of the intercolumn space in
stromatolite bioherms, suggesting the transition to a
calmer water environment due to the basin deepening.
This trend is also indicated by a substantial decrease of
the terrigenous sandy–silty admixture in bioherms
Linella relative to bioherms Patomella.

Microfacies of the interbiohermal infill suggest a
low mobility of the depositional environment.
Another significant facies indicator is represented by
specific sedimentary structures of these rocks: some
cross-sections are dominated by the hummocky (but
small-scale) cross-stratification owing to storm activ-
ity (Dumas and Arnott, 2006; Jelby et al., 2020; Swift
et al., 1983). Undoubtedly, such micrograined rocks
with signs of the storm impact could only accumulate
in the normal wave-protected zones, probably, below
NWB. Probably, they represent suspended sediments
deposited in cavities inside the organogenic buildups.

An essential information is obtained from the
detailed lithofacies analysis of the packets of layered
limestones represented mainly by intraclast varieties.
Note that limestones in such packets were described as
“microphytolites” in previous works (Kozlov, 1982;
Stratotip …, 1982). A major part of intraclasts com-
prises aggregate grains of different genesis. By analogy
with the modern Bahamian grapestones, we can
assume that such morphological elements are formed
in an environment with moderate wave hydrodynam-
ics (Gischler, 2011)4. Evidently, the grains were rede-
posited several times until their burial at depths below
the normal wave base. At the same time, stromatolite
clasts in the granular limestones lack signs of rework-
ing. Therefore, they should be considered as “local”
material entrapped by the f low evacuating fragments
of the peloidal packstones and MT cracks (primary
components of aggregate grains) from the shallower
water zones to deep zones. Many grains are sur-
rounded by a crustification rim—early diagenetic

4 Analogy here can only be approximate, because modern grape-
stones are also formed with an active participation of green algae
that stabilize and micritize the sediment (Carbonate …, 1972 and
others).
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marine phreatic cement typical for the upper subtidal
environment (Grammer et al., 1999; Hosa and Wood,
2017). In addition, oolites (typical of the mobile shal-
low-water environment) are absent among the
allochems. In general, judging from the nature of
clasts, they were delivered mainly from relatively
calm-water sediments in the inner ramp.

These sediments were accumulated synchronously
with the growth of buildups but in a pulsed manner, as
suggested by the cyclic structure of packets, grada-
tional sorting of material in some beds, and rare ero-
sional marks at the bottom. In addition, granular lime-
stone packets lack signs of the wave reworking.
Assumption about the event sedimentation is sup-
ported by the findings of small stromatolite bioherms
within the layered packets. According to this scenario,
sediments were subjected to rapid lithification. There-
fore, the mechanogenic sediments served as a suffi-
ciently stable substrate for colonization by the stro-
matolite-forming biota. Early cementation was also
responsible for a scarcity of gutters at the bottom of
cyclites. In the middle or upper elements of cyclites,
MT structures are observed in some places, making
these sediments similar to cyclites in the overlying
Manaysu member.

Genetic fingerprints of these cyclites are typical for
both tempestites and turbidites, according to (Einsele
and Seilacher, 1991). On the one hand, layered pack-
ets are mainly composed of the allochthonous (relative
to the surrounding deposits) material, serving as argu-
ment in favor of their assignment to the latter category.
On the other hand, this material is sorted not very
well, and the cyclites lack explicit succession of ele-
ments typical for the Bouma Cycle. Most probably,
layered limestone packets represent the sedimentary
infill of channels passing the periodic f lows—water
masses induced by storms in the shoal zone, resulting
in erosion of the seafloor and unloading of sediments
at the return to deep zone. Such sedimentation model
is characterized by the tempestites (Myrow, 1992).
Configuration of the assumed north-to-south (in
modern coordinates) oriented channels apparently
contradicts the assumption of the west-to-east mate-
rial transport in the Late Riphean (from the shallow-
water zone to open sea) (Maslov et al., 2002). How-
ever, according to (Einsele, 2000; Myrow and South-
ard, 1996; Swift et al., 1983), modern storm-induced
geostrophic currents can deviate toward the meridio-
nal direction because of the Coriolis force.

Most probably, carbonate breccias, as well as calca-
renite sheets with the signs of wave hydrodynamics,
are not typical for the Medved I member. Therefore,
organogenic stromatolite buildups probably lacked a
high positive relief (typical of reefs sensu stricto).
Hence, the carbonate platform represents a ramp but
not rimmed shelf. At the same time, the Medved I
member is characterized by a rather great thickness.
Evidently, the long-term, relatively stable sedimentol-
LITHOLOGY AND MINERAL RESOURCES  Vol. 56  N
ogy in a large epiplatform basin could only be guaran-
teed by sufficient depths. Otherwise, sea level f luctua-
tions should be fixed somehow in the geological
record. Hence, stromatolite “meadows” formed below
the normal wave base (middle part of ramp or deeper)
within the photic zone (extending to a depth of several
decameters) are characterized by a deficit of the clastic
material and a slow sea level rise. At the same time,
such a facies belt was complicated by channels filled
with sediments during storms.

Manaysu Member

We analyzed structures and textures of rocks, as
well as the available general geological data, and iden-
tified facies nature of this member.

In contrast to intraclastic limestones in the Medved
I member, the cyclic architecture of rocks in the Man-
aysu member are traced along the lateral direction.
They comprised by “local” clasts with occasional signs
of the hummocky cross-stratification in combination
with plastic deformation structures, making it possible
to define them as tempestites. A small share of micro-
grained sediments in them and sufficient abundance
of gutter casts at the bottom indicate that they, proba-
bly, are not distal varieties. In addition, the member
includes micrograined argillaceous limestones with
specific lenticular structures (typical of rocks lying
immediately above the stromatolite buildups) that are
also produced by storm activity but, probably, in rela-
tively deeper zones.

The member includes not only deposits related to
storm waves, but also sediments deposited in the nor-
mal wave zone (cross-bedded calcarenites in the mid-
dle lower part of the member, as well as intensely
altered intraclastic limestones at upper intervals).
Therefore, we assume that sedimentation at this time
took place near the normal wave base, within the
upper part of the middle ramp and the lower part of
the inner ramp. One cannot rule out, however, that
some volume of sediments was deposited within the
peritidal zone, but reliable confirmations are miss-
ing—tidal processes within the carbonate ramps can
be camouflaged by the wave or storm activity (Vakare-
lov et al., 2012).

Rocks of the Manaysu member contain carbonate
“crystalloclasts”—clasts of the early diagenetic marine
cement composed of separate crystals or their aggre-
gates. The calcarenites include the mosaic calcite
cement with subeuhedral crystals. According to E. Flügel
(2010), the cement with such spatial characteristics are
formed both during the burial of sedimentary
sequences and during the initial postsedimentary
stages with the participation of meteogenic waters.
Since relation with the early diagenetic processes is
obvious in this case, we should admit that the forma-
tion of calcarenites could be fostered by an extremely
shallow-water environment.
o. 6  2021
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Fig. 9. Schematic profile of the carbonate ramp during the deposition of the Upper Uk Subformation sediments. (NWB) normal
wave base, (SWB) storm wave base.
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The entire upper part of the member comprises
intraclastic rocks composed mainly of aggregate
grains. By analogy with modern grapestones, we can
suppose somewhat conventionally a rather shallow-
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Table 1. Microfacies, lithotypes, genetic types, and facies typ
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with MT cr
ment of cyc

“Crystalloclastic”-peloidal packstones Calcarenite
cross-bedd“Crystalloclastic”-peloidal wackestones

Intraclastic grainstones
water environment protected from the active wave
hydrodynamics.

The mosaic facies pattern observed in the Manaysu
member is consistent with the assumed shallow-water
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depositional environment. Based on the example of
modern shelf basins, Purkis et al. (2015) demonstrated
convincingly that depths less than 40 m are character-
ized by a very wide range of lithotypes and facies. Dis-
tribution of storm deposits in the shoal zone supports
the conclusion about the lack of reef rim in the car-
bonate platform. A gradual deepening of the basin is
indicated by the facies homogeneity in the upper part
of the Manaysu member.

CONCLUSIONS

The model based on a detailed lithofacies analysis
of the sedimentary system in the Upper Uk Subforma-
tion is generally consistent with the earlier versions
proposed for Proterozoic carbonate platforms in other
regions (Bertrand-Sarfati and Moussine-Pouchkine,
1988; James et al., 1998; Khabarov, 1999; Petrov and
Semikhatov, 2009). Data on the facies distribution is pre-
sented in the general form in Table 1, schematic profile of
the carbonate ramp is shown in Fig. 9.

In general, the successive grading of coastal-
marine deposits of the Lower Uk Subformation into
the moderately shallow-water (Yuryuzan member)
and relatively deep-water (Medved I member) depos-
its fits the transgressive trend of the South Ural basin
evolution in the middle Neoproterozoic. The subse-
quent appreciable attenuation of the sea level rise (or
its lowering) provoked a drastic facies change and for-
mation of the shallow-water Manaysu member. It is
dominated by deposits of the inner–upper middle
ramp with traces of storm impact, as well as wave
reworking at some intervals. One cannot also rule out
the influence of tidal processes. Replacement of intra-
clastic limestones in the upper part of the Manaysu
member by stromatolite buildups in the Medved II
member reflects a new transgressive trend. It is diffi-
cult to infer steepness of the carbonate ramp and sce-
nario of the basin depth variation (or other conditions)
required for the termination or resumption of the stro-
matolite buildup growth.

The upper boundary of the Uk Formation corre-
sponds to a great hiatus in the geological record asso-
ciated with the onset of planetary glaciations.
Undoubtedly, this hiatus was accompanied by the ero-
sion of sedimentary strata in the upper part of the
Karatau Group, resulting in absence of the Uk Forma-
tion in several areas of BA.
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