
INTRODUCTION 

 
Ordovician sedimentary rocks record profound changes 
in the global abiotic and biotic realms. Comprehensive 
research during the last decades has led to the 
establishment of detailed chemo and biostratigraphic 
schemes through the entire Ordovician (e.g., Bergström 
et al. 2009, and references therein). Coupled with a 
longterm historic tradition of deciphering the strata with 
regard to lithological and paleontological properties, the 
Ordovician has emerged as one of the most dynamic and 
eventful periods of the Phanerozoic, comprising promi 

nent and widespread faunal diversifications, isotopic ex 
cursions, and ending with the first of the ‘Big Five’ 
Phanerozoic mass extinction events (e.g., Webby et al. 
2004; Harper et al. 2014). Still, our knowledge about the 
interconnection and interplay between life and the 
environment remains incomplete and is in need of detailed 
assessment of key outcrops. This, together with an overall 
limited understanding of how ancient epeiric seas 
behaved, provides incentive for further detailed work. 

The East Baltic area hosts numerous excellent 
outcrops of lower Paleozoic strata and the St Petersburg 
(temporarily Petrograd, Leningrad) region in Russia has 
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Abstract. The Ordovician Period has emerged as a highly dynamic time in Earth history. Comprehensive work on chrono, chemo 
and biostratigraphy has resulted in an overall wellconstrained systemic framework, but several local successions around the globe 
still await detailed analysis in many respects. Herein we perform a highresolution analysis of abiotic and biotic signals in the Lynna 
River section, a key locality in northwestern Russia. As this section has been pivotal in documenting the temporal evolution of the 
Great Ordovician Biodiversification Event on Baltica, the macroscopic and microscopic characteristics of the local succession reveal 
important paleoenvironmental information that ties into the global development during the Middle Ordovician. The results add par
ticularly to the understanding of the characteristics and largescale sedimentary ‘behavior’ of the Baltoscandian paleobasin. Micro
facies vary consistently with the macroscopic appearance of the rocks, with intervals characterized by competent limestone being 
associated with coarser carbonate textures and intervals dominated by marly beds associated with finer textures. Along with carbonate 
textures, fossil grain assemblages vary in a rhythmic (~cyclic) manner. The local rocks are commonly partly dolomitized, with the 
proportion of dolomitization increasing upsection. Regional comparisons suggest that the changes in overall macro and microfacies 
were strongly related to variations in sea level. New highresolution conodont biostratigraphic data largely confirm previous regional 
correlations based on lithostratigraphy and trilobite faunas, and enable more robust correlations worldwide. 
 
Key words: carbonate sedimentology, microfacies, paleoecology, sea level, Great Ordovician Biodiversification Event, St Petersburg 
region, Baltica. 
 
 
 



long held a prominent role in the scientific work 
concerning the Ordovician System (e.g., Pander 1830; 
Schmidt 1858, 1881, 1882; Lamansky 1905; Alikhova 
1960; Sergeyeva 1962). The regional sedimentary 
succession has become an important archive for the 
understanding of the paleontologic and paleoenviron 
mental development during the Great Ordovician 
Biodiversification Event (GOBE; e.g., Tolmacheva et al. 
1999; Hansen & Harper 2003; Rasmussen et al. 2007, 
2009, 2016; Koromyslova 2011; and references therein) 
and the strata even hold possible clues to events in our 
solar system (Korochantsev et al. 2009; Lindskog et al. 
2012; Heck et al. 2016, 2017). Recent global biodiversity 
data highlight the lowermost Darriwilian – the very 
interval covered by the succession at the Lynna River – 
as pivotal for the biotic development during the GOBE 
(Rasmussen et al. 2019). 

In this study, we document the biotic and sedimentary 
development in close detail through the exposed 
succession at the Lynna River, northwestern Russia, and 
investigate the local conodont fauna. The conodont 
zonation at the Lynna River has previously only been 
inferred from studies elsewhere in Baltoscandia, and the 
establishment herein of the local framework enables more 
robust regional and global correlations. This in turn en 
ables better assessment of local faunal diversity changes 
and environmental perturbations that hitherto have been 
problematic to compare with the global record at a high 
temporal resolution (Rasmussen et al. 2016; Lindskog et 
al. 2017). The collective data form the basis for the 
evaluation of the local depositional environment and 
connecting its temporal development across biozonal 
frameworks to coeval changes in the Middle Ordovician 
paleobasin of Baltoscandia. 
 
 
GEOLOGIC  SETTING 
 
Throughout the Ordovician, large parts of Baltoscandia 
(which in geologic terms includes westernmost Russia; 
historically referred to as Ingria) were covered by an 
epeiric sea, which left behind a laterally extensive, albeit 
typically thin, blanket of sedimentary rocks. Severely 
peneplaned land areas resulted in limited terrigenous 
input to the paleobasin and net sedimentation rates were 
typically on the order of millimeters per millennia (e.g., 
Männil 1966; Lindström 1971; Jaanusson 1973; 
Lindskog et al. 2017). The paleocontinent Baltica was 
situated in the southern hemisphere and on a move 
northward (Cocks & Torsvik 2006; Torsvik & Cocks 
2017). This continental drift is reflected in the regional 
geologic development, with the Ordovician succession 
showing a gradual transition from cold and coolwater 
(subpolar–temperate) into warmwater (subtropical–

tropical) deposits (see Dronov & Rozhnov 2007). During 
the Middle Ordovician, Baltica was situated in temperate 
latitudes. 

Cambrian and Ordovician rocks are exposed along the 
socalled Baltic–Ladoga Klint, a natural escarpment 
extending some 1200 km from the southern part of the 
Baltic Sea through the northern coast of Estonia and into 
western Russia (Fig. 1; e.g., Schmidt 1882). In the St 
Petersburg region, Ordovician rocks form a topographic 
high known as the Ordovician Plateau. The regional 
Ordovician succession is 100–200 m thick and mainly 
characterized by carbonate rocks. The rock successions 
record a northtosouth and westtoeast deepening of the 
shelf (or, carbonate ramp) and, thus, strata tend to thicken 
towards the east and south whereas they thin out towards 
the north and west. To the east of St Petersburg, several 
natural exposures have been cut into the Paleozoic rocks 
by rivers that drain into Lake Ladoga, offering ample 
opportunity for quarrying (e.g., Popov 1997; Dronov et 
al. 2005; Dronov & Mikuláš 2010). The many natural and 
manmade outcrops in the area have provided an excellent 
basis for a long tradition of scientific study of the regional 
rocks. Illustrative accounts of earlier scientific studies can 
be found in Raymond (1916) and Dronov & Mikuláš 
(2010). 

Just southsouthwest of the village of Kolchanovo, c. 
150 km east of St Petersburg, Middle Ordovician 
sedimentary rocks crop out along the Lynna River. An 
excellent exposure has long been known in the valley 
close to the mouth of the river, where it drains into the 
larger Syas River (WGS 84 coordinates 60.010833, 
32.563611). The local succession is c. 10 m thick and 
mainly characterized by alternation between limestone 
and variably silty–sandy calcareous mud (henceforth 
termed ‘marl’). It spans the uppermost middle Volkhov 
through middle Kunda regional stages (e.g., Dronov & 
Mikuláš 2010), corresponding to the uppermost Dapingian 
through lowermost middle Darriwilian global stages 
(Fig. 2). The succession is divided, in strati graphically 
ascending order, into the Volkhov, Lynna, Sillaoru and 
Obukhovo formations. The Volkhov Formation largely 
hosts beds of the eponymous Volkhov Regional Stage, 
whereas the overlying formations belong to the Kunda 
Stage (cf. Mägi 1984; Ivantsov 2003). The succession at 
the Lynna River is relatively expanded and 
stratigraphically more complete as compared to most 
other outcrops along the Baltic–Ladoga Klint (e.g., 
Lamansky 1905; Männil 1966; Raukas & Teedumäe 
1997). 

The strata at the Lynna River span a crucial phase of 
the GOBE (sensu Rasmussen et al. 2019), and locally 
collected faunal diversity, geochemical and paleoen 
vironmental data have added immensely to the 
understanding of this global phenomenon in the history 
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of life on Earth (e.g., Rasmussen et al. 2007, 2009, 2016; 
Trubovitz & Stigall 2016). As has been shown for coeval 
strata at various localities in Sweden (e.g., Schmitz et al. 
2003), and in South China (Cronholm & Schmitz 2010), 
beds near the lower–middle Kunda boundary at the 
Lynna River are enriched in chromite grains of extra 
terrestrial origin (Korochantsev et al. 2009; Lindskog 
et al. 2012; Meier et al. 2014). Together with numerous 
fossil meteorites recorded in Sweden, this abundance of 
extra terrestrial chromite has been associated with the 

catastrophic breakup of the L chondrite parent body in 
the asteroid belt close to this time (see Heck et al. 2016, 
2017; Lindskog et al. 2017; and references therein). 
 
 
MATERIALS  AND  METHODS 
 
After clearing a composite section, nearly the entire 
succession at the Lynna River was studied and sampled 
in situ; the basal beds of the local succession were 
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Fig. 1. A, map of the Baltoscandian region, with the approximate distribution of lower Paleozoic strata indicated by green shading; darker 
shaded areas indicate areas with significant outcrops of Ordovician strata (modified from Lindskog & Eriksson 2017, with additions after 
Jaanusson 1982a and Lindskog et al. 2018). The red rectangle indicates the outline of the map area in B. B, map of the St Petersburg 
region, with the distribution of rocks indicated (modified from Lindskog et al. 2012). C, map of the study locality and its surroundings.



consistently inaccessible due to high water levels (Figs 3, 
4). The base of a distinct bed with rusty red and poorly 
lithified marl, visibly strewn with limonitestained grains, 
was used as a reference (0 m) level during measurements 
(Figs 3D, 4). This level coincides with the boundary 
between the Asaphus expansus and Asaphus raniceps 
trilobite zones, as well as the boundaries between the 
Lynna and Sillaoru formations (e.g., Ivantsov 2003). 
Measurements above the reference level are given as 
positive numbers and those below as negative numbers. 
A total of 51 bulk rock samples were collected throughout 
the succession, giving an average sampling resolution of 
c. 20 cm. Sampling was concentrated to relatively 
competent limestone banks, but a few levels of largely 
unconsolidated marl were also targeted for comparative 
studies. 

Representative thin sections were produced from all 
limestone samples for qualitative and quantitative 
microfacies analyses (see Flügel 2010). The thin sections 
were analyzed quantitatively following the approach 
described by Lindskog & Eriksson (2017). In short, the 
carbonate texture of each thin section was determined by 
means of point counting using the grainbulk method (see 
Dunham 1962). A total of 600 (300 × 2) points were 
counted per thin section. In order for the data to better 
reflect the primary characteristics of the rockforming 
sediment (i.e. the depositional environment), areas with 
fabricdestructive recrystallization (see below) were 

omitted. Fossil grain assemblages within individual 
samples were characterized by the identification of 600 
(300 × 2) grains. Five separate grain categories were 
distinguished: Brachiopoda, Echinodermata, Ostracoda, 
Trilobita and Other (including minor, sometimes 
ambiguous, fossil components). Unidentifiable grains 
were counted separately, but not included in the visual 
data presentation herein; typically, 10–20% of the total 
grain assemblages represent such grains, most of which 
are small arthropod fragments (Arthropoda indet.) that 
clearly covary in abundance with trilobites and/or 
ostracods (see also Lindskog & Eriksson 2017; Lindskog 
et al. 2018). Carbonate textures and fossil grain 
assemblages vary somewhat between replicate samples 
(typically c. 5% in grain abundance), but the data 
nonetheless show consistent longerterm patterns and 
trends; smallamplitude fluctuations in relative abun 
dances should be interpreted with care (see van der Plas 
& Tobi 1965; Tolmacheva et al. 2001). The data set 
amassed during quantitative analyses comprises more than 
70 000 data points in total.  

Twentytwo kilogramsized samples were treated with 
buffered acetic acid for the retrieval of microfossils, 
according to standard procedures (e.g., Jeppsson et al. 
1999). After sieving the acidinsoluble residues, conodont 
elements were electrostatically handpicked from the 
>63 μm highdensity fractions (lightdensity materials 
were kept, but not studied herein). The resulting 
collections were studied with focus on biostratigraphically 
and paleoenvironmentally important taxa, in order to 
determine the biostratigraphic framework at the Lynna 
River. Photographs of conodont elements were produced 
with an Olympus SC30 digital camera attached to an 
Olympus SZX16 stereo microscope, using image stacking 
techniques via the software cellSens. 

All sample materials are stored at the Department of 
Geology, Lund University, Sweden. Figured conodonts 
belong to the type collection at the same department and 
have repository numbers LO (for Lund Original) followed 
by five digits and t for ‘type’. 
 
 
RESULTS 
 
Sedimentary  and  biotic  development  through  the  

Lynna  River  succession 
 
Field and thinsection observations are summarized in 
Fig. 4, together with a compilation of previously 
published geochemically, paleontologically and 
sedimentologically informative data. 

At the outcrop scale, the exposed succession is 
characterized by grayishbeige colored, in places 
distinctly redmottled, rocks showing alternation between 
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Fig. 2. The Middle Ordovician stratigraphic framework of the St 
Petersburg area with Baltoscandian and global stratigraphy for 
comparison (modified from Lindskog et al. 2012, with additions 
according to Bergström et al. 2009; Lindskog et al. 2017; 
Normore et al. 2018). The shaded area indicates the approximate 
stratigraphic range of the outcrop at the Lynna River.  
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Fig. 3. Field photographs. A, the outcrop along the Lynna River, view to the northnorthwest. Twometer measuring stick (white 
arrow) for scale, resting against the Volkhov–Kunda boundary beds. B, the exposed Volkhov Formation is characterized by 
alternation between limestone beds (typically discontinuous, lenslike) and soft marl. C, the beds surrounding the Volkhov–
Kunda boundary (stippled line) weather out distinctly, as they comprise relatively dense limestone. D, the Sillaoru Formation 
(basal A. raniceps Zone) is characterized by a succession of distinct, variably colored marl beds. The stippled line indicates the 
Lynna Formation–Sillaoru Formation boundary (A. expansus–A. raniceps boundary). E, the uppermost part of the succession 
(Obukhovo Formation) at the Lynna River is characterized by a change from limestone–marl alternation into dense, pale dolomitic 
limestone (traditionally referred to as the ‘White bed’). F, a laterally widely traceable surface in the upper Volkhov containing 
abundant Trypanites borings. G, closeup of the Volkhov–Kunda boundary beds; the stippled line at the boundary (A. lepidurus–
A. expansus boundary). H, closeup of the uppermost beds of the Lynna Formation (uppermost A. expansus Zone). Trilobites 
(arrows) occur abundantly in association with numerous hematitestained discontinuity surfaces (~hardgrounds). Articulated 
fossils are relatively common. I, closeup of the basal ‘White bed’, close to the top of the succession at the Lynna River. This 
bed is characterized by numerous round weathering cavities, some of which contain argillaceous matter (arrows). 
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relatively competent limestone and easily weathering marl 
(i.e. poorly lithified calcareous mud with variable amounts 
of silt–sandsized particles). A repetitive pattern of in 
tervals dominated by such limestone–marl alternation and 
intervals with dense limestone beds separated by thin 
shalelike horizons is apparent throughout the local 
sedimentary succession (Figs 3A, 4). The local fossil 
macrofauna is typically dominated by brachiopods and 
trilobites, both of which commonly occur articulated. 
Although articulated echinoderms are rare, such debris 
(mainly from pelmatozoans) is abundant in places, with 
the enigmatic Bolboporites (see Pander 1830; Rozhnov & 
Kushlina 1994) forming a characteristic component in the 
Volkhov beds. Trilobites are especially numerous in the 
upper Volkhov beds and in the Kunda A. expansus–A. 
raniceps boundary interval. Cephalopods occur through 
out, but are most numerous in the basal Kunda and the 
uppermost part of the succession. Several types of 
ichnofossils occur throughout the succession and include 
both soft and hardbottom forms of variable size. Among 
these, Thalassinoides and Balanoglossiteslike bur 
rows/borings, Arenicolites, Palaeophycus and 
Planolites are the most common, together with occa 
sionally dense populations of Arachnostega, Bergaueria, 
Chondrites and Trypanites (see Dronov & Mikuláš 2010; 
Knaust & Dronov 2013; Toom et al. 2019). 

At the microscopic scale, the local strata are mainly 
characterized by wackestone and packstone textures 
(Figs 4, 5). Cement typically occurs in areas with 
grainstone, in borings and burrows left unfilled by finer 
sediment and in sheltered rock portions (e.g., within and 
under grains). Fossil grain assemblages mainly consist of 
variably abraded fragments of trilobites, ostracods, 
echinoderms and brachiopods. Other fossil groups are 
poorly represented, but include mollusks (mainly 
gastropods and cephalopods), bryozoans, sponges 
(spicules), conodonts, agglutinating foraminifera and 
problematica. Bioturbation is typically extensive. Many 
beds are strewn with cryptocrystalline hematite ‘dust’ that 
gives the rock a pinkish–reddish hue. Dissolution seams 
filled with finegrained siliciclastic material occur, and 
abundantly so in marly beds. Apart from glauconite, 
siliciclastic content in the sandsized fraction is otherwise 
sparse, with wellrounded quartz being most common 
(such grains are relatively abundant in the uppermost 
Lynna and lower Sillaoru formations). Dolomite occurs 
throughout the succession and nearly every thin section is 
affected by dolomitization to some extent (Fig. 5). 
Dolomite crystals have mainly developed in the matrix, 
commonly within bioturbation structures, but also in 
skeletal grains (especially thinshelled taxa) and originally 
calcitic cement. The crystals are mainly subhedral to 
euhedral in shape, with the longest axes from a few 
micrometers to several hundreds of micrometers, and 

form planar textures (see Sibley & Gregg 1987). There is 
a distinct increase in the prevalence of dolomitization and 
related coarsecalcite recrystallization upward through the 
stratigraphy. Typically, c. 10% of the sample area in thin 
sections from the Volkhov beds is thoroughly affected by 
dolomitization (and related other recrystallization), but it 
increases to c. 30–40% in the uppermost (middle Kunda) 
beds (Fig. 4). Dolomitization broadly follows carbonate 
texture and argillaceous samples are typically more 
affected. Dolomitization is clearly associated with the 
destruction and obscuring of original fabrics, and grain 
loss (or, rather ‘assimilation’ due to recrystallization) is 
commonly extensive. Typically, the apparent grain 
abundance in strongly recrystallized areas of thin sections 
is about onethird to half of that of surrounding unaffected 
rock. Some skeletal grains are partly recrystallized into 
dolomite even in areas otherwise unaffected by 
dolomitization (Fig. 5I).  

The Volkhov Formation is clearly distinct from the 
overlying formations due to its high proportion of 
glauconite grains (Fig. 3B). For obvious reasons, this 
stratigraphic interval is commonly referred to as the 
‘Glauconite limestone’ in older literature (e.g., Schmidt 
1858, 1881, 1882; Lamansky 1905). Packstone and 
wackestone textures dominate, with patches of grainstone 
occurring mainly in bioturbation structures and as ‘lags’ 
on bedding surfaces (Figs 4, 5I). Glauconite occurs both 
as matrixstaining impregnation and discrete silt to sand
sized grains, which are typically subrounded to rounded 
(sensu Powers 1953) and commonly show clear signs of 
reworking (Fig. 5A, K, M). A particularly distinct green
colored bed occurs in the lowermost part of the succession 
(LY128/9, c. –5.5 m). In places, the upper surface of this 
bed is densely populated by Trypanites borings (Fig. 3F). 
This ‘Trypanites bed’ is laterally traceable through the 
entire exposure at the Lynna River and forms a good local 
and even regional marker level. It can be recognized in 
the Putilovo quarry, c. 70 km to the west, and belongs to 
the ‘Middle unit of intercalation’ of the Frizy Member 
(BIIγ; Dronov & Fedorov 1995). Some beds are rich in 
fossils, many of which are very well preserved and 
articulated. Fossil grain assemblages in the Volkhov 
Formation are variably dominated by arthropods and 
echinoderms, the relation (in terms of relative abundance) 
of which seems to vary rhythmically. Ostracods increase 
in number upward through the stratigraphy, whereas 
echinoderms decrease slightly. A trend of increasing 
thickness and lateral continuity of limestone beds is seen 
in the uppermost Volkhov succession, and the Volkhov–
Kunda transition is marked by a c. 1mthick dense 
limestone interval that lacks notable marl intercalations 
(Khamontovo Member of Ivantsov & Melnikova 1998; 
see also Iskyul 2004). This interval is distinct in the 
outcrop, as it is relatively resistant to weathering (Fig. 3C). 
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The limestone beds are characterized by glauconiterich 
grayishbeige packstone and grainstone. Individual beds 
are separated by rugged hematitestained discontinuity 
surfaces and the Volkhov–Kunda boundary is marked by 

a relatively distinct such surface that is overlain by a 
glauconite ‘lag’ (Figs 3G, 5B, N). Numerous grains have 
amassed within topographic lows in the boundaryforming 
discontinuity surface. Overall, glauconite concentrations 
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wane slowly through the Volkhov Formation, but a 
temporary increase embraces the Volkhov–Kunda 
boundary (Fig. 4). 

The basal Kunda beds consist of packstone and 
grainstone speckled with glauconite grains, but the amount 
of glauconite quickly decreases upsection (Figs 4, 5C, D). 
Echinoderms reach a temporary abundance peak among 
fossil grain components. A gradual change back into 
limestone–marl alternation is noticeable in the Lynna 
Formation and the limestone becomes distinctly argilla 
ceous, relatively soft and easily weathered. This change in 
lithology is associated with a distinct fining of carbonate 
textures and a subtle change of color into pinkish and 
reddish hues speckled with greenish reduction spots. Some 
beds in the middle Lynna Formation show laminationlike 
internal bedding (Fig. 5C). Dolomitization is occasionally 
significant. Some horizons contain numerous cephalopod 
conchs. In grain assemblages, echinoderms rapidly give 
way to ostracods and the latter reach an abundance acme 
that spans most of the lower Kunda. Limestone beds 
thicken and become more laterally continuous again in the 
uppermost Lynna Formation (the upper A. expansus Zone) 
and the strata return to a grayishbeige color. These beds 
are characterized by coarse carbonate textures (packstone–
grainstone) and numerous rugged and gently undulating 
hematitic discontinuity surfaces. Many skeletal grains are 
heavily fragmented, visibly eroded and stained by ironrich 
minerals, likely as a result of reworking from older beds 
and/or unusually long exposure at the seafloor. Brachiopods 
are common in the macrofossil assemblages and some beds 
are exceptionally rich in trilobites; many specimens are 
articulated and exceptionally well preserved, revealing 
also fine details of the carapace (Fig. 3H). Echinoderms 
once again dominate the fossil grain assemblages, but are 
outnumbered by trilobite grains upward. Brachiopods 
slowly but steadily increase in relative abundance. 

The boundary between the Lynna and Sillaoru 
formations (A. expansus–A. raniceps boundary) is marked 
by a distinct change in lithology, from dense limestone to 
poorly lithified rusty red marl strewn with limonitic grains 
(Fig. 3D). The top surface of the uppermost bed of the 
Lynna Formation contains numerous cavities (corroded 
burrows/borings?) filled with rusty red sediment 
stemming from the strata above (Fig. 5E). The bright color 
and distinct properties of the basal Sillaoru bed makes it 
an excellent reference level in the local stratigraphy. 

The thin Sillaoru Formation (Lower oolite bed in older 
terminology; Dronov & Mikuláš 2010) is characterized here 
by a succession of poorly lithified and variably colored marl 
beds that intercalate with argillaceous wackestone and 
packstone (Figs 3D, 4). The marly beds contain abundant 
fragmentary skeletal material and silt to sandsized 
dolomite crystals (see also Tolmacheva et al. 2001, 2003). 
The overlying Obukhovo Formation marks yet another 
return to limestone–marl alternation and finer carbonate 
textures, wherein reddish and greenish marl intercalates with 
vaguely yellowish argillaceous and dolomitic limestone 
(Fig. 3E). Echinoderms and brachiopods steadily increase 
in the fossil grain assemblages upward through the 
succession, while arthropods decrease in relative abundance. 
Echinoderms reach a distinct abundance maximum in the 
basal Obukhovo Formation. Cephalopod conchs become 
quite common, but many are poorly preserved due to 
significant diagenetic dissolution of original shell com 
ponents and distortion from compaction. A slight increase 
in the amount of glauconitic grains is seen, although these 
grains typically differ from those of underlying beds in that 
they mainly constitute shell fillings rather than discrete 
glauconitic sand grains. Spherical marcasite concretions, in 
places reaching centimetersize, with radial internal crystal 
structures occur frequently (Fig. 3I). The uppermost part of 
the exposed succession at the Lynna River is characterized 
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Fig. 5. Thinsection micrographs. Scale bars in A–H 5 mm (transmitted light; images to the same scale for direct comparison), I–P 
500 μm (planepolarized light). A, glauconitespeckled wackestone in the basal part of the exposed succession at the Lynna River 
(Volkhov Formation; sample LY1211). Note the distinct Ushaped burrow (~Arenicolites isp.; e.g., Dronov & Mikuláš 2010) in the 
center. B, glauconitic wackestone–packstone overlying the Volkhov–Kunda boundary (LY1214). C, wackestone in the lower Lynna 
Formation, showing laminationlike structure (LY1215). Note the abundance of ostracods (thin vaulted valves). D, mudstone–
wackestone in the middle Lynna Formation (LY1221). Bioturbation patterns are associated with dolomitization of the matrix. E, 
cavities in the uppermost (wackestone) bed of the Lynna Formation, filled with reddish material from overlying marl (LY1228). 
Note the presence of limonitic grains. F, wackestone in the Sillaoru Formation (LY1231). Small dolomite crystals are scattered 
throughout. G, dolomitic wackestone in the Obukhovo Formation (LY1237). H, wackestone–packstone in the uppermost part of 
the succession at the Lynna River (‘White bed’, Obukhovo Formation; LY1244). The left part of the image shows severe fabric
destructive dolomitization. I, a trilobite sclerite partly substituted with dolomite. Note bioerosion in grains (LY123). J, indistinct 
wackestone bedding surface (white arrow) overlain by dense packstone (LY125). K, various forms of glauconite grains. Note 
apparent ‘hollowingout’ (bioerosion?) of grain near center (LY126). L, closeup of heavily dolomitized marly limestone (LY127). 
M, glauconitic echinodermrich packstone (LY129). N, glauconiterich wackepackstone in the Volkhov–Kunda boundary interval. 
Note the general rounding of glauconite grains (LY1213). O, calcareous mudstone (LY1219). P, patches and streaks of finely 
crystalline calcite and dolomite tracing a burrow (LY1219). Q, echinodermrich grainstone (LY1224). R, eroded phosphate
impregnated hardground overlain by slightly dolomitic wackestone (LY1231). S, partly dolomitized wackepackstone. Note 
destruction of original fabrics and texture in the most heavily dolomitized portions (outlined, originally burrows/borings?; LY12
32). T, heavily dolomitized echinodermrich packstone (LY1236). 



by an interval of dense limestone beds that weather out 
distinctly as they are quite resistant. These beds, which are 
jointly referred to as the ‘White bed’ (Lamansky 1905), are 
pale and whitishbeige in color, sometimes with a tinge 
of purple. Numerous millimeter to centimetersized 
rounded/spherical cavities from the weathering of marcasite 
concretions occur, which in places are filled with a brownish 
flaky and poorly lithified argillaceous matter. The uppermost 
beds abound with large cephalopod conchs, most of which 
occur in a single horizon close to the top of the exposed 
succession. Recrystallization is extensive in the ‘White bed’ 
and large areas in thin sections consist of dense patches of 
grainy dolomite (Fig. 5H). 
 
Conodont  succession  and  zonation 
 
Results from the conodont studies are presented in Fig. 6 
and elements of key taxa are shown in Fig. 7. Conodont 
elements occur in large numbers (typically thousands of 
elements per kilogram of rock) throughout the succession at 
the Lynna River and most specimens are well to excellently 
preserved. Color alteration index (CAI) values of ~1 suggest 
negligible (<50–80°) heating of the rocks (Epstein et al. 
1977). The conodont fauna is dominated by Baltoniodus and 
Drepanoistodus associated with common occurrences of 
Microzarkodina, Scalpellodus and Semiacontiodus. The 
upper Volkhov and Kunda conodont zonation established 
for the inner and middle parts of the Baltoscandian platform 
by Zhang (1998b) and Löfgren (2000a, 2003, 2004) has 
mainly been followed in the present study. The Lenodus 
antivariabilisbearing interval is regarded as the L. 
antivariabilis Zone (see Bagnoli & Stouge 1997; Zhang 
1998a, 1998b), rather than a subzone of the Baltoniodus 
norrlandicus Zone as preferred by Löfgren (2000a, 2000b). 
 
The  Lenodus  antivariabilis  Zone 
 
The major part of the Volkhov Formation belongs to the 
Lenodus antivariabilis Zone (Fig. 6; e.g., Löfgren 2000b). 
Although confidently identified Lenodus antivariabilis 
specimens were observed only in the uppermost meter of 
the Volkhov strata, it is probable that also the underlying 
studied part of the Volkhov Formation belongs to the L. 
antivariabilis Zone. This correlation is especially based 
on the cooccurrence of B. norrlandicus (Fig. 7A, B), 
Microzarkodina bella, Microzarkodina parva and 
Scalpellodus gracilis (e.g., Löfgren 2000b), together with 
Parapanderodus sp. and Semiacontiodus davidi in the 
basal interval. 
 
The  Lenodus  variabilis  Zone 
 
The L. antivariabilis Zone is succeeded upward by the 
Lenodus variabilis Zone close to the Volkhov–Kunda 

boundary, as indicated by the appearance of the nominal 
species (Fig. 6). The L. variabilis Zone covers the very 
top of the Volkhov Formation and all of the superjacent 
Lynna Formation. The base of the zone is indicated by the 
first occurrence of L. variabilis (Fig. 7G–J) together with 
Semiacontiodus cornuformis (sensu lato, characterized by 
a central, posterior, longitudinal groove; Fig. 7E) and 
Parapanderodus quietus. Drepanoistodus stougei 
(Fig. 7C, D) occurs throughout the L. variabilis Zone. 
Microzarkodina hagetiana appears for the first time 
approximately one meter below the top of the zone.  
 
Uncertain  interval 
 
The Sillaoru and basal Obukhovo formations are of 
unclear zonal belonging. This c. onemeterthick interval 
contains Lenodus variabilis together with rare specimens 
of a species that contains a short posteriolateral process 
diverging from the middle part of the posterior process in 
the sinistral Pa element. This development is typical in Pa 
elements of Yangtzeplacognathus crassus, but because the 
angle between the two processes is wider here than in Y. 
crassus sensu stricto, we have assigned it as 
Yangtzeplacognathus? aff. crassus (Fig. 7L; e.g., Zhang 
1997, 1998a; Mellgren 2011). Other important species that 
occur for the first time in this ‘uncertain interval’ are 
Semiacontiodus cornuformis sensu stricto (Fig. 7F), 
Baltoniodus medius (Fig. 7Q–T) and Lenodus? n. sp. A 
(see Mellgren & Eriksson 2010, fig. 8AK), while 
Drepanoistodus balticus (also frequently named 
Drepanoistodus venustus or Venoistodus balticus; 
Fig. 7K) appears for the first time immediately below the 
base of the interval. A single specimen of Microzarkodina 
with two denticles in front of the cusp (M. aff. 
ozarkodella) was observed in the lower part of the 
interval, but it is by far outnumbered by specimens with 
only one anterior denticle. In approximately the same 
level, large, relatively shortbased, geniculate elements 
regarded as a variety of Drepanoistodus basiovalis were 
observed (Fig. 7V–W). 
 
The  Yangtzeplacognathus  crassus  Zone 
 
Confidently identified Yangtzeplacognathus crassus 
specimens (Fig. 7M–P) first appear in the basal Obukhovo 
Formation (Fig. 6). Specimens of this species, especially 
the Pa elements, are typically very small and/or poorly 
preserved in the Lynna River section, but contain 
diagnostic characteristics that separate them from other 
platform taxa (Zhang 1997; Löfgren & Zhang 2003). The 
species Y. crassus has been referred to the genus Lenodus 
by some authors (e.g., Rasmussen et al. 2013; Mestre & 
Heredia 2017). Originally, Zhang (1998a, 1998b) defined 
the Yangtzeplacognathus crassus Zone as a taxonrange 
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zone based on the occurrence of the nominal species. It 
may be argued, however, that the first occurrence of 
Lenodus pseudoplanus is a more reliable zonal boundary 
indicator than the last occurrence of Y. crassus (see 
below). As such, the base of the superjacent L. 
pseudoplanus Zone is here placed at the first occurrence 
of the nominal species. 
 
The  Lenodus  pseudoplanus  Zone 
 
The uppermost c. 0.5 m of the studied succession belongs 
to the Lenodus pseudoplanus Zone (commonly referred 
to as the Eoplacognathus pseudoplanus Zone). See Stouge 
& Bagnoli (1990), Löfgren & Zhang (2003) and Mellgren 
(2011) for discussions on the nominal species. The lower 
boundary of the zone is situated c. 2.8 m above the base 
of the Obukhovo Formation (Fig. 6). In addition to L. 
pseudoplanus (Fig. 7X–AA), Ansella sp. (Fig. 7AB) and 
Dapsilodus viruensis (Fig. 7AC) occur for the first time 
in this zone, where Baltoniodus medius, Microzarkodina 

hagetiana and Drepanoistodus balticus (Fig. 7K) are 
common. Altogether, this indicates that the uppermost part 
of the Lynna section belongs to the M. hagetiana Subzone 
of the L. pseudoplanus Zone (e.g., Löfgren 2004). 
 
 
DISCUSSION 
 
The Middle Ordovician carbonate rocks in the St Petersburg 
region have been interpreted as tempestites formed in a 
stormdominated shallowmarine ramp environment (e.g., 
Dronov 1997a, 1998; Dronov et al. 2002; Hansen & 
Nielsen 2003; Dronov & Mikuláš 2010). As such, indi 
vidual beds may have formed rapidly although net 
sedimentation rates were low. At the Lynna River, tem 
pestite characteristics are indicated by brachiopod biofacies 
data that exhibit mixing of shallow and deeper water faunas 
(Rasmussen et al. 2009). The collective data herein support 
a tempestitelike mode of formation for the local strata, but 
also show that the depositional environment varied more 
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Fig. 6. Lithologic profile together with ranges of conodont taxa and biozonation. For legend, see Fig. 4. 
 



than is immediately apparent to the naked eye. The strata 
at the Lynna River appear to record fluctuations in the 
paleoenvironment through changes in both macro and 
microfacies. As was documented and discussed in detail by 
Lindskog & Eriksson (2017; see further references therein), 
the microfacies characteristics of coeval strata of the Middle 
Ordovician ‘orthoceratite limestone’ in southern Sweden 
appear to have varied with relative sea level. In a fashion 
similar to siliciclastic sediments, the carbonate textures of 

these coolwater carbonates varied inversely with sea level, 
such that a relatively low sea level resulted in coarser 
textures and vice versa for a higher sea level. Moreover, the 
biota reacted to changes through migration and reorgan 
ization, as is recorded by the fossil grain assemblages 
through changes in the relative abundance of different 
faunal groups. The same is also seen among trace fossils, 
as has been well documented especially for the Volkhov 
interval (Dronov et al. 2002; Knaust et al. 2012). A similar 
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connection between sea level, carbonate microfacies and 
the fossil biota (including macrofossil assemblages; see 
Rasmussen et al. 2009) is suggested at the Lynna River 
(Fig. 4) and the perceived changes in sea level largely 
follow those documented by, for example, Dronov (1997b, 
1999), Dronov et al. (1998, 2001), Tolmacheva et al. 
(1999), Dronov & Holmer (2002), Rasmussen et al. (2009, 
2016), Knaust et al. (2012), Lindskog & Eriksson (2017) 
and Lindskog et al. (2018), although further detailed studies 
of East Baltic localities are needed in order to analyze 
possible variations in sedimentary ‘behavior’ across greater 
parts of the paleobasin. Some notable differences between 
the Lynna River and hitherto studied Swedish sections are 
that some of the coarsest carbonate textures at the first 
locality appear to correspond to relatively deep water 
(possibly due to related condensation; see below) and the 
most argillaceous limestone strata are associated with 
relatively shallow water. These observations hint at 
complex sedimentary dynamics at the regional scale, and 
further detailed sedimentologic studies may help solve 
longstanding contradictions between interpretations 
concerning sea level history (cf. Nielsen 2004, 2011; 
Dronov et al. 2011). Lateral, vertical and withinsample 
variations are more pronounced at the Lynna River than in 
coeval beds in Sweden, and glauconite concentrations in 
the Volkhov beds offset carbonate textures, as does 
abundant finegrained siliciclastic matter in the Kunda 
interval. Still, the main stratigraphic patterns, trends and 
‘event’ levels in the microfacies data are unmistakable, and 
the similarities in microfacies development between 
geographically distant localities are remarkable. It is unclear 
to what extent (if any) the limestone–marl alternation that 
characterizes much of the succession at the Lynna River is 
of primary origin (see, e.g., Westphal et al. 2008, 2010); 

any possible connection between the apparently repetitive 
changes in macroscopic bedding and highfrequency 
paleoenvironmental changes (such as due to Milankovitch 
cyclicity) require further detailed analyses of petrographic 
characteristics and careful con sideration of unstable 
sedimentation (see below). 

Overall, there is a distinct difference in both litho and 
biofacies between Russia and Estonia, and areas located 
further west and southward, indicating significant 
variations in the depositional environment at the regional 
scale (e.g., Männil 1966; Jaanusson 1976, 1995). This is 
reflected in microfacies characteristics, but more studies are 
needed in order to refine the largescale picture. Compared 
to data from southcentral Sweden (e.g., Olgun 1987; 
Lindskog & Eriksson 2017; Lindskog et al. 2018), it is 
obvious that western Russia represents a more consistently 
energyrich depositional environment that was closer to 
mainland weathering sources during the Ordovician. The 
carbonate ramp of the St Petersburg region faced a large 
embayment within the Baltoscandian paleobasin, the so
called Moscow Basin, which caught much of the 
weathering products from the surrounding land areas (e.g., 
Jaanusson 1973; Põlma 1982). This entailed distinctly 
argillaceous carbonates compared to those in much of the 
western parts of Baltoscandia, which were deposited in 
more distal (although not necessarily deeperwater) settings 
oceanward (see Kröger & Rasmussen 2014; Lindskog & 
Eriksson 2017; Rasmussen & Stouge 2018). 
 
Paleoenvironmental  development 
 
A relative sea level curve based on the collective macro 
and microfacies data is presented in Fig. 4. Overall, the 
curve agrees well with that produced by Rasmussen et al. 
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Fig. 7. Images of selected key conodont taxa, reflected light. Scale bar 200 μm (all elements to the same scale and with identical exposure 
time). A, Baltoniodus norrlandicus (Löfgren), Sc element (LY121, LO 12443t). B, Baltoniodus norrlandicus (Löfgren), Sb (LY122, 
LO 12444t). C, Drepanoistodus stougei Rasmussen (LY121, LO 12445t). D, Drepanoistodus stougei Rasmussen (LY1229, LO 12446t). 
E, Semiacontiodus cornuformis sensu lato (Sergeeva) (LY1229, LO 12447t). F, Semiacontiodus cornuformis sensu stricto (Sergeeva) 
(LY145, LO 12448t). G, Lenodus variabilis (Sergeeva), dextral Pa (LY1233, LO 12449t). H, Lenodus variabilis (Sergeeva), M (LY12
13, LO 12450t). Lenodus variabilislike M elements with a rounded carina instead of a sharp costa on the inner side of the base (occurring 
in samples LY121 and LY122) have been referred to Lenodus antivariabilis instead of L. variabilis (sensu Löfgren & Zhang 2003). I, 
Lenodus variabilis (Sergeeva), M (LY1226, LO 12451t). J, Lenodus variabilis (Sergeeva), sinistral Pa (LY1233, LO 12452t). K, 
Drepanoistodus balticus (Löfgren) (LY1233, LO 12453t). L, Yangtzeplacognathus aff. crassus (Chen & Zhang), sinistral Pa (LY12
29, LO 12454t). The sinistral stelliplanate Pa element is distinguished from Y. crassus sensu stricto by a wider angle between the posterior 
and posterolateral processes (45° vs 30–35°) and narrower platform ledges. M, Yangtzeplacognathus crassus (Chen & Zhang), dextral 
Pa (LY141, LO 12455t). N, Yangtzeplacognathus crassus (Chen & Zhang), sinistral Pb (LY141, LO 12456t). O, Yangtzeplacognathus 
crassus (Chen & Zhang), sinistral Pb (LY1237, LO 12457t). P, Yangtzeplacognathus crassus (Chen & Zhang), sinistral Pa (LY1234, 
LO 12458t). Q, Baltoniodus medius (Dzik), Sc (LY1233, LO 12459t). R, Baltoniodus medius (Dzik), Pa (LY141, LO 12460t). S, 
Baltoniodus medius (Dzik), Sb, advanced specimen (LY141, LO 12461t). T, Baltoniodus medius (Dzik), Sc (LY141, LO 12462t). U, 
Dzikodus hunanensis Zhang, dextral Pa (LY145, LO 12463t). V, Drepanoistodus basiovalis (Sergeeva), M (LY1231, LO 12464t). W, 
Drepanoistodus basiovalis (Sergeeva), M, pathological specimen with a damaged and selfrepaired cusp (LY1231, LO 12465t). X, 
Lenodus pseudoplanus (Viira), dextral Pa (LY1242, LO 12466t). Y, Lenodus pseudoplanus (Viira), sinistral Pb (LY1242, LO 12467t). 
Z, Lenodus pseudoplanus (Viira), sinistral Pb (LY1242, LO 12468t). AA, Lenodus pseudoplanus (Viira), M (LY1242, LO 12469t). 
AB, Ansella sp. (Löfgren), Sc (LY1242, LO 12470t). AC, Dapsilodus viruensis (Fåhræus), acodontiform element (LY1242, LO 12471t).



(2016), which was based on bedbybed macrofossil 
biofacies analyses and scaled in numeric terms by the 
tracking of limestone development in Baltoscandia. The 
glauconiterich strata of the Volkhov Formation at the 
Lynna River appear to represent relatively deep water, 
with overall ~normal marine conditions (Fig. 4), although 
the conditions were clearly shallower than is typical for 
the distal parts of the Baltoscandian platform (or, large
scale ramp). The Volkhov–Kunda boundary coincides 
with a marked gap in the local depositional record (Fig. 4). 
This surface has been interpreted as a sequence boundary, 
and the overlying glauconitespeckled beds can be 
interpreted as transgressive lag deposits (Dronov et al. 
1995; Dronov 1997c, 2013, 2017; Dronov & Holmer 
1999; Iskyul 2004). The change to distinctly argillaceous 
facies in the Kunda reflects a drop in sea level, as 
evidenced both by sedimentary and faunal data, with 
enhanced terrestrial weathering and subsequent seaward 
transport of terrigenous matter. Thus, this interval was 
characterized by extensive mudflatlike areas and 
intermittent and patchy carbonate production in the East 
Baltic while oceanward parts of the Baltoscandian basin 
saw the establishment of relatively stable carbonate 
production (e.g., Lindström & Vortisch 1983; Olgun 1987; 
Nielsen 2004; Hints et al. 2012; Pärnaste et al. 2013; 
Lindskog & Eriksson 2017). The change into more 
argillaceous strata is notably accompanied by an increased 
abundance of ostracods, which may represent meiofauna 
living in soft substrates and turbid conditions unsuitable 
for many other benthic organisms (e.g., Hulings & Gray 
1971). Perhaps there was some influence on the fauna also 
from changes in salinity due to freshwater dilution; the 
internal lamination seen in some beds suggests tidal 
influence and/or somewhat restricted conditions (see also 
Tolmacheva et al. 2003). 

Relatively low sea level appears to have persisted well 
into the Kunda and a distinct lowstand was reached in the 
upper A. expansus trilobite Zone. This is corroborated by 
multisection data on both facies and fossils from different 
parts of the Baltoscandian paleobasin, although details in 
relative sea level curves vary locally (e.g., Olgun 1987; 
Nordlund 1989; Nielsen 1995, 2004, 2011; Rasmussen & 
Stouge 1995, 2018; Karis 1998; Rasmussen et al. 2009, 
2016; Männik & Viira 2012; Lindskog 2014; Lindskog et 
al. 2014, 2018, 2019; Lindskog & Eriksson 2017; and 
references therein). Iskyul (2015) described the interval 
spanning the A. expansus and basal A. raniceps beds at 
the nearby Lava River as ‘ultra condensed’, and this 
interval is commonly (very) thin or missing at the regional 
scale (e.g., Lamansky 1905; Jaanusson & Mutvei 1951; 
Mägi 1984; Raukas & Teedumäe 1997; Viira et al. 2001; 
Löfgren 2003; Rasmussen & Harper 2008; Rasmussen et 
al. 2009; Hints et al. 2012; Pärnaste et al. 2013). Similarly, 
gaps and signs of condensation and low sea level 

characterize coeval successions in many areas globally 
(e.g., Bunker et al. 1988; Young 1992; Barnes et al. 1996; 
Haq & Schutter 2008; and references therein). The 
hematiteenrichment in the uppermost A. expansus Zone 
is a regionally developed feature, possibly caused by 
increased microbial activity during reduced sedimentation 
rates (Lindskog 2014; Rozhnov 2017; Lindskog et al. 
2018; and references therein). The boundary between the 
Lynna and Sillaoru formations clearly marks a break in 
sedimentation. This boundary has been interpreted as a 
transgressive surface and the boundary between the 
lowstand (BIIIα) and highstand (BIIIβ) systems tracts of the 
Kunda depositional sequence (Dronov & Holmer 1999; 
Dronov 2000, 2013; Rasmussen et al. 2009). The 
sedimentfilled cavities in the topmost bed of the Lynna 
Formation appear to have been secondarily corroded and 
are closely similar to such interpreted as epikarst in other 
rock successions (e.g., Calner 2002; Jarochowska et al. 
2016; and references therein). Hence, these features may 
be due to subaerial exposure, but unambiguous indicators 
of such conditions are missing and corrosion due to 
extended exposure at the seafloor cannot be excluded 
(whatever the case, the condensed nature of the rocks 
counteracts the preservation of many diagnostic features). 
The characteristics of overlying marl beds are in part 
similar to those of paleosols, but strong diagenetic 
alteration precludes detailed assessment (e.g., Tabor et al. 
2017). It has been suggested that the marl beds are related 
to volcanism, as is perhaps also the case for the 
ferruginous debris found in this interval (see Sturesson et 
al. 1999; Sturesson 2003). Volcanically derived deposits 
occur in coeval strata at least in Sweden (e.g., Bergström 
1989; Stouge & Nielsen 2003; Lindskog et al. 2017). The 
many hardgrounds and stained skeletal grains in the 
uppermost Lynna Formation and basal Sillaoru Formation 
indicate severe sedimentary condensation (sensu Föllmi 
2016) of this part of the rock succession, which may help 
to explain the exceptional amounts of extraterrestrial 
chromite and other heavy minerals found in these beds as 
compared to correlative beds at other localities (see 
Lindskog et al. 2012). There is a consistently strong and 
statistically significant correlation (r = 0.70 ± 0.02, 
p < 0.05) between different heavy mineral grain types, 
likely due to hydrodynamic concentration and sorting 
processes acting at the ancient seafloor (Fig. 4; ibid.). 
Similar covariance between extraterrestrial chromite and 
terrestrial heavy minerals is suggested in correlative strata 
at other localities (e.g., Schmitz & Häggström 2006; 
Häggström & Schmitz 2007), although this remains to be 
properly studied from sedimentologic perspectives (but 
see Alexeev 2014). 

Sea level increased again in the midKunda 
(transgression T3 sensu Rasmussen & Stouge 1995, 
transgressive systems tract sensu Dronov & Holmer 1999, 
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Basal Llanvirn Drowning Event sensu Nielsen 2004, initial 
Tableheadian transgression sensu Stouge et al. 2019) and 
brought with it a more stable marine environ ment. The 
‘White bed’ at the top of the succession at the Lynna River 
is somewhat enigmatic, as it contains a peculiar mixture 
of both deeper and shallowerwater indicators (possibly 
due to condensation; see Föllmi 2016). Comparisons at the 
regional scale suggest that these strata represent the onset 
of a distinct shallowing in sea level, and data from the East 
Baltic show this to represent the shallowest phase of all of 
the Middle Ordovician succession in Baltoscandia (and the 
greater part of the Ordovician System) which can be 
correlated globally (Haq & Schutter 2008; Rasmussen et 
al. 2016; Lindskog & Eriksson 2017). This interval, termed 
‘regression R4’ by Rasmussen & Stouge (1995), continued 
into the lower part of the Microzarkodina ozarkodella 
Subzone of the L. pseudoplanus conodont Zone on the 
distal part of the Baltoscandian shelf. The ‘White bed’ 
forms part of the highstand systems tract of the Kunda 
depositional sequence sensu Dronov & Holmer (1999). 
 
Conodonts,  and  their  paleoenvironmental  and  

regional  stratigraphic  significance 
 
The conodont fauna at the Lynna River clearly belongs to 
the Baltoniodus–Microzarkodina Biofacies of Rasmussen 
& Stouge (2018), which typified vast parts of the proximal 
Baltoscandian platform during the Middle Ordovician. 
Distal shelf or deepwater indicators such as Periodon, 
Nordiora, Gothodus, Costiconus and Protopanderodus are 
absent or very rare throughout the Lynna River section. 
Consequently, the very distinct changes in sea level that 
have been documented based on vertical variations in 
conodont biofacies from the Middle Ordovician 
succession on the distal parts of the Baltoscandian epeiric 
sea (Rasmussen & Stouge 1995) are not recognizable 
here. 

Nearly all of the outcropping Volkhov Formation at the 
Lynna River belongs to the Asaphus lepidurus trilobite 
Zone (~Megistaspis limbata Zone westward; Hansen & 
Nielsen 2003; Ivantsov 2003; Pärnaste et al. 2013), 
confirming that this at least in part overlaps with the L. 
antivariabilis Zone (and the Baltoniodus norrlandicus Zone 
sensu Löfgren 2000a). The base of the A. expansus trilobite 
Zone is the classic indicator of the base of the Kunda 
Regional Stage (e.g., Ivantsov 2003, and references 
therein). At the Lynna River, the base of the L. variabilis 
conodont Zone is placed very close to, but immediately 
below, the A. lepidurus–A. expansus boundary. This is in 
good agreement with the zonal relationship in coeval 
sections across Baltica, but it can be noted that it varies 
slightly between localities. For example, at Slemmestad, 
Oslo region, Norway, the base of the L. variabilis Zone was 
placed c. 50 cm below the base of the A. expansus Zone 

(Rasmussen 1991; Nielsen 1995; Rasmussen et al. 2013), 
at Lanna, Närke, Sweden, it is c. 30 cm below (Löfgren 
1995; Lindskog et al. 2018) and at Fågelsång, Scania, 
Sweden, it is c. 10 cm below (Stouge & Nielsen 2003). In 
several other localities, the base of the L. variabilis Zone 
closely overlies the base of the A. expansus Zone. For 
example, it occurs c. 15 cm above at Hagudden, Öland, 
Sweden (Stouge & Bagnoli 1990) and c. 10 cm above in 
the Finngrundet drill core, Sweden (Tjernvik & Johansson 
1980; Löfgren 1985). At Kinnekulle, Västergötland, 
Sweden, the L. variabilis Zone has uncharacteristically 
been placed nearly 2 m into the A. expansus Zone, which 
there has a similar thickness as at the Lynna River (Zhang 
1998b; Villumsen et al. 2001; Lindskog et al. 2014). The 
differences in the first occurrence of faunas typical of the 
A. expansus and L. variabilis zones between different 
localities may in large part be explained by variations in 
sample size and spacing, and/or local paleoenvironmental 
conditions. With regard to the latter and with specific 
importance for the eponymous zonal index taxa, it was 
indicated by Nielsen (1995), Hansen & Nielsen (2003) and 
Rasmussen et al. (2016) that Asaphus preferred relatively 
shallowwater conditions, and this was also clearly the case 
concerning Lenodus and Eoplacognathus during the early 
and middle Darriwilian as shown by Rasmussen & Stouge 
(2018). Hence, biozones defined on species belonging to 
these genera may be expected to vary stratigraphically to a 
certain degree from one locality to another, especially if the 
localities represent distinctly different paleoenviron mental 
conditions, and the common rarity and obviously 
diachronous appearance of the index taxa clearly illustrate 
the need to assess fossil faunas at the assemblage level to 
adequately tie strata together at the regional (and global) 
scale. Still, at least in the case of trilobite zones, the 
coincident patterns in the regional sedimentary devel 
opment (see above) indicate that the zonal boundaries are 
essentially coeval within the temporal resolution offered by 
the geologic record. Taking into account the obvious 
surface of nondeposition that marks the Volkhov–Kunda 
boundary (basal unconformity of the Kunda depositional 
sequence sensu Dronov & Holmer 1999) at the Lynna 
River, and its rough topography, the bases of the A. 
expansus and L. variabilis zones can be considered as 
coincident locally.  

The close coincidence between the base of the Y. 
crassus conodont Zone and that of the A. raniceps trilobite 
Zone is similar to what is seen in other places regionally; 
however, as is the case for the A. expansus and L. 
variabilis zones, the relative positions of the boundaries 
may vary slightly between localities (e.g., Nielsen 1995; 
Zhang 1997; Villumsen et al. 2001; Stouge & Nielsen 
2003; Wu et al. 2018). The species Y. crassus appears to 
be somewhat problematic to use for detailed correlations 
between localities, both within Baltoscandia and else 
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where, as this species was a temporary ‘visitor’ seemingly 
tracing transgressive strata (Stouge et al. 2019) and is 
ambiguous to identify (see Mellgren 2011). 

Overall, the identification of conodont taxa typical of 
the North Atlantic faunal realm enables more robust 
correlations at both the regional and global scales (e.g., 
Gradstein et al. 2012, and references therein). 
 
Dolomite  and  dolomitization 
 
The characteristics of dolomite crystals in the samples 
from the Lynna River indicate formation during low
temperature conditions (<~50°; e.g., Sibley & Gregg 
1987). In concert with the low CAI values of conodonts, 
and wellpreserved oxygenisotope and trace element 
concentrations in brachiopod shells (see Rasmussen et al. 
2016), this indicates that the rocks have endured little 
postdepositional heating. Dolomite formation in 
sedimentary environments remains a contentious issue 
that is well beyond the scope of this paper (e.g., Gregg et 
al. 2015, and references therein). Whatever process(es) 
was/were behind the dolomitization at the Lynna River, 
burrows and borings clearly formed loci and preferential 
conduits for solutions that precipitated dolomite and fine
grained siliciclastics likely helped supply necessary 
magnesium ions. The dolomitization of burrows may be 
a result of microbial activity (Gingras et al. 2004). There 
is no immediately obvious connection between 
dolomitization and other documented proxies, but the 
most heavily dolomitized beds tend to be those marking 
transgressive pulses (especially such following upon 
distinct lowstands) and/or intervals with decreased 
sedimentation rates, and the stratigraphic patterns appear 
rhythmic/cyclic (Fig. 4). Volcanism may have played an 
important part in the dolomitization of the rocks, as 
volcanic ash provided abundant material that released 
magnesium ions upon weathering and during diagenesis 
(see above; e.g., Callen & Hermann 2019). In general, the 
proportion of dolomitized strata tends to increase 
westward along the Baltic–Ladoga Klint, but this pattern 
does not extend into western Estonia and beyond (e.g., 
Zaitsev & Kosorukov 2008). The dolomitization of the 
regional rock succession has commonly been interpreted 
as a Devonian phenomenon, although detailed studies 
indicate that this recrystallization (at least locally) was 
early diagenetic and closely tied to the depositional 
environment (e.g., Selivanova & Kofman 1971; Teedumäe 
et al. 2006; Plado et al. 2010; and references therein). The 
selective and partly localized dolomitization at the Lynna 
River suggests an early diagenetic origin, but it may very 
well be that there were several phases of dolomitization 
throughout geologic time. Any deeper analysis of 
spatiotemporal patterns in dolomitization relative to 
paleoenvironmental and/or diagenetic variations requires 

more detailed studies of the dolomite characteristics and 
systematic collection of data also from other localities. 
 
Lynna  River  in  the  context  of  the  GOBE 
 
As already mentioned above, the sedimentary succession 
exposed at the Lynna River spans a key interval of the 
GOBE. Overall, at the global scale, the Volkhov–Kunda 
stages span a time when the socalled Paleozoic 
Evolutionary Fauna rapidly began to dominate eco 
systems worldwide (Sepkoski 1981, 1995; Webby et al. 
2004; Stigall et al. 2019; and references therein). The 
earliest Darriwilian was apparently characterized by an 
increased diversification rate among all metazoans 
(Kröger et al. 2019). This Middle Ordovician rise in 
biodiversity is notably evident within the suspension
feeding benthos, and particularly rhynchonelliformean 
brachiopods experienced a massive radiation at this time 
(Harper et al. 2013; Trubovitz & Stigall 2016; Colmenar 
& Rasmussen 2018; Hints et al. 2018). Rasmussen et al. 
(2007) constrained the main speciation phase among 
brachiopods to the late Dw1 and earliest Dw2 time slices 
(see Bergström et al. 2009), which translates into the A. 
expansus–A. raniceps interval of the regional trilobite 
zonation. However, much of these data originate from the 
significantly more condensed sections westward of the 
Lynna River (Lava River canyon and Putilovo Quarry), 
where the A. expansus Zone only reaches thicknesses of 
c. 0.5–0.7 m. The expanded Lynna River section, where 
this zone is more than 3 m thick, allows for a better
resolved stratigraphic/temporal understanding of the 
main phase of the GOBE. Brachiopod species level data 
at bedbybed resolution have been published separately 
for the Volkhov and Kunda parts of the local succession 
(Hansen & Harper 2003; Rasmussen & Harper 2008). 
These two data sets are combined herein, which allows 
for a rangeinterpolated brachiopod richness estimate 
through the Volkhov–Kunda transition and most of the 
succession at the Lynna River. Additionally, a range
interpolated species richness curve was compiled based 
on the conodont data presented herein (Fig. 6). For 
completeness, also a trilobite species richness curve was 
compiled based on data from Hansen & Nielsen (2003), 
although this only spans the Volkhov and basal Kunda 
beds. Together, these records enable direct comparisons 
of local species richness with other abiotic and biotic data 
at high stratigraphic resolution and provide added insight 
into the dynamics of the GOBE among key sessile 
benthos and nektobenthos. 

Brachiopods show relatively stable species richness 
through the upper Volkhov at the Lynna River, with a 
gentle longterm trend of declining species numbers in the 
basal Kunda (Fig. 4). Approximately 0.8 m into the A. 
expansus Zone, brachiopods show an increase in species 
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numbers of more than 30% across an interval spanning 
only a few beds in the local succession (c. 0.5 m). Species 
richness remains high in the basal A. raniceps Zone, where 
it declines somewhat; however, this trend is at least in part 
exaggerated due to the range interpolation of the data (i.e., 
the rangethrough calculations do not include ranges of 
taxa stratigraphically above, yielding an apparent loss of 
richness). Most of the brachiopod richness development 
can be described as due to successive accumulation of 
species through time, but a few levels and intervals stand 
out in terms of species appearance and/or disappearance 
locally (Fig. 4; see Hansen & Harper 2003, fig. 7; 
Rasmussen & Harper 2008, fig. 4). Excluding the 
lowermost and uppermost portions of the data (which are 
inherently skewed by the range interpolation), these are: 
(1) the Volkhov–Kunda boundary interval, with equal 
numbers among appearances and disappearances; (2) the 
~middlethird portion of the A. expansus trilobite Zone 
leading into the first species richness peak as discussed 
above, wherein a number of new taxa appeared whereas 
others disappeared; (3) the uppermost A. expansus Zone, 
characterized mainly by the appearance of numerous new 
species, but also the disappearance of others; (4) the basal 
A. raniceps Zone, wherein the disappearance of taxa 
clearly outpaces appearances. 

Overall, brachiopod species richness appears to have 
been influenced by facies and/or water depth, and a 
preference for relatively shallow water is suggested by the 
regional species richness patterns (see Rasmussen et al. 
2009). The interval that leads into the first main richness 
peak in the A. expansus Zone is characterized by 
contrasting signals in the inferred sea level curve based 
on different proxies at the Lynna River (about –2.25 to 
–1.75 m interval in Fig. 4). This is likely caused by mixing 
of faunal and sedimentary elements due to a minor gap or 
slowed sedimentation rates just prior to and during the 
onset of the positive species trend, as is revealed by the 
microfacies data through changes in the patterns of 
carbonate textures and fossil grain assemblages, and the 
amount of dolomitization (i.e. diagenetic influence on the 
strata). Hence, although the increase in brachiopod species 
richness was very rapid in terms of geologic time 
perspectives (e.g., Stigall et al. 2019), the apparent 
‘speciation’ rates (i.e., addition of taxa per time unit) at 
the onset of the high diversity interval at the Lynna River 
may be slightly exaggerated by condensation effects. 
Curiously, this interval is also marked by a dip in δ13C 
(possibly due to a significant proportion of ‘old’ carbon 
in reworked weathering materials). Regionally, a 
temporary break or change in the sedimentation rate at a 
closely coeval stratigraphic level, which coincides 
approximately with the peak of the basal Kunda 
transgression, is suggested by both macro and micro 
lithologic characteristics also at other localities. For 

example, at the Hällekis quarry, Västergötland, Sweden, 
a remarkably flat discontinuity surface is found in this 
interval, across which there is a notable change in 
microfacies characteristics similar to those at the Lynna 
River (Lindskog et al. 2014; Lindskog & Eriksson 2017). 
Prominent (and commonly ~planar) discontinuity surfaces 
occur at a similar stratigraphic level also at Hagudden 
(Nielsen 1995, and references therein), Gillberga (Löfgren 
2000b) and Grönhögen (Ahlberg et al. 2019), Öland, and 
Lanna, Närke (Lindskog et al. 2018), as well as other areas 
in Sweden (A. Lindskog, unpublished). Clearly, this 
stratigraphic level represents a time of significant changes 
in the regional succession. A lack of comparable high
resolution data from localities outside the East Baltic 
(Rasmussen et al. 2007) precludes any detailed discussion 
on regional brachiopod richness records, although the 
Kunda Stage is commonly associated with increased 
species richness compared to older strata (e.g., Lindström 
1971; Jaanusson 1982b; Jaanusson & Mutvei 1982; Hints 
et al. 2018). 

Conodonts show largely stable species richness values 
through the Volkhov and species numbers then increase 
close to the Volkhov–Kunda boundary at the Lynna River 
(Figs 4, 6). The initial increase in richness is in part 
artificial, however, due to the temporary occurrence of 
longranging taxa. Species richness remains relatively 
high through the L. variabilis Zone and in the ‘uncertain 
interval’, where maximum species richness was reached 
before declining markedly through the Y. crassus Zone 
and ultimately reaching an overall low. Three intervals 
stand out in the data set: (1) the basal L. variabilis Zone, 
wherein a number of new species appeared; (2) the basal 
‘uncertain interval’, where further new species appeared; 
(3) the Y. crassus Zone, which records a steady dis 
appearance of taxa leading to the lowest species richness 
numbers of the entire studied succession. 

In the East Baltic area, the upper Volkhov–middle 
Kunda interval appears to mainly be characterized by 
relatively low species richness among conodonts, but a 
longterm positive trend is then seen upward (e.g., Mägi 
1984; Männik & Viira 2012). Stratigraphic patterns in 
conodont species richness through the Volkhov–Kunda 
interval clearly vary between localities in Baltoscandia, 
suggesting a strong influence from facies, water depth and 
possibly ocean currents (compare with discussion on 
biozonation above; e.g., Mägi 1984; Zhang 1998b; Viira 
et al. 2001; Viira 2011; Eriksson et al. 2012; Hints et al. 
2012; Männik & Viira 2012; Rasmussen & Stouge 2018; 
Wu et al. 2018). At the global scale, conodont species 
richness began to rise early in the Ordovician and reached 
a distinct peak during the Floian, and a second less 
prominent peak occurred during the early to middle 
Darriwilian (Dw1–Dw2; e.g., Wu et al. 2012; Stouge et 
al. 2019; and references therein). 
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Trilobite specieslevel data from the Lynna River 
show relatively high richness through most of the A. 
lepidurus Zone (upper Volkhov), but a consistent 
decrease occurs through the uppermost c. 1 m of the zone 
and appears to continue into the A. expansus Zone (lower 
Kunda; Fig. 4). Unfortunately, there are not yet any 
detailed local data published from the Kunda interval and 
we therefore refrain from analyzing the trilobite data in 
any closer detail. At least among asaphids, the late 
Volkhov through Aseri interval is associated with a 
notable peak in overall richness and diversity in 
Baltoscandia (Pärnaste & Bergström 2013, fig. 5), and 
there was typically longterm increasing overall trilobite 
diversity during this time at the global scale (e.g., Adrain 
et al. 2004; Stigall et al. 2019). 

Lateral variations in species richness highlight the need 
for assessing local data, which is sensitive to, for example, 
environmental and depositional conditions and sampling 
resolution, against carefully timeresolved regional richness 
patterns in order to attain a more complete picture. The 
species richness data from the Lynna River vary between 
fossil groups and do not consistently track any of the 
proxies documented herein, but sea level seems to have had 
some firstorder influence on the local faunal development 
(Fig. 4). In light of the global boom in biodiversity during 
the studied time interval (e.g., Rasmussen et al. 2016, 2019; 
Kröger et al. 2019; Stigall et al. 2019), the overarching 
cause(s) of the species richness development (most 
apparent among brachiopods) is/are perhaps best sought 
beyond the local to regional scale. As discussed recently by, 
for example, Stigall et al. (2019), a number of factors and 
processes have been reasonably proposed to have had 
fundamental influence on biodiversity developments during 
the GOBE, including climate, oxygenation, volcanism, 
weathering and paleogeography. Kröger et al. (2019) 
showed that increased genus resilience was pivotal for 
stabilizing the ecosystems at this time so that biodiversity 
could begin to accumulate. Notably, the brachiopod species 
richness data from the relatively expanded succession at the 
Lynna River do not support any tangible connection 
between an enhanced influx of meteorites and biodi 
versification during the GOBE, as was speculated by 
Schmitz et al. (2008; cf. Lindskog et al. 2017) based on 
brachiopod diversity data from the East Baltic (Rasmussen 
et al. 2007) – the pronounced rise in brachiopod species 
richness in the early Kunda is clearly disjunct from the 
increase in extraterrestrial chromite close to the A. 
expansus–A. raniceps boundary, as well as from the 
Volkhov–Kunda boundary (Fig. 4; cf. Schmitz et al. 2008). 
Moreover, diachronous species richness patterns between 
and within faunal groups locally, regionally and globally 
are inconsistent with attribution to a discrete ‘event’. 
Whatever phenomena may have influenced the biodi versity 
development, and their possible relationship(s) inbetween, 

much scientific work remains to be done to further our 
understanding of this intriguing chapter in Earth history. 
 

 

CONCLUSIONS 
 
The macroscopic and microscopic characteristics of the 
strata at the Lynna River provide clues to the 
paleoenvironmental development during the Middle 
Ordovician. As it is relatively expanded, the local 
succession forms a key for more detailed comparisons to 
coeval strata outside the East Baltic. Microfacies com 
monly covary in a predictable manner with the 
macroscopic appearance of the rocks, with intervals 
characterized by competent limestone being associated 
with coarser carbonate textures and marlrich nodular 
limestone intervals associated with finer textures. The 
changes in facies were strongly influenced by changes in 
sea level and the main stratigraphic patterns and ‘event’ 
levels are (at least) regionally traceable. The collective 
data suggest a trend of shallowing sea level from the late 
Volkhov through midKunda interval (early Darriwilian), 
in agreement with regional and global scenarios. The 
local rocks are commonly partly dolomitized, but the 
precise timing and possible paleoenvironmental signifi 
cance of the dolomitization remain to be studied in closer 
detail. Based on the conodont data presented herein, the 
regional East Baltic macrofossil biozonation can now be 
tied more robustly to global biostratigraphic frameworks. 
The conodont biozonation at the Lynna River section 
agrees well with regional biostratigraphic correlations 
traditionally based mainly on trilobites. The compilation 
of new and previously published fossil data shows that 
the early Kunda (Darriwilian, middle Dw1–early Dw2) 
records increase in species richness among sessile 
suspensionfeeding benthos (brachiopods) and nekto 
benthos (conodonts). 
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KeskOrdoviitsiumi  karbonaatsete  faatsieste  areng,  konodontide  biostratigraafia  ja  
fauna  mitmekesisuse  mustrid  Lõnna  jõe  läbilõikes  LoodeVenemaal 
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Rasmussen 
 
Ordoviitsiumi ajastu on tuntud kui dünaamiline periood Maa ajaloos. Põhjalikud krono, bio ja kemostratigraafilised 
uuringud on loonud detailse ajalise taustsüsteemi, kuid mitmed kohalikud läbilõiked üle maailma alles ootavad 
analüüsimist. Käesolevas artiklis on esitatud LoodeVenemaa ühe tugiläbilõike, Lõnna jõe paljandi kõrglahutusega 
andmestiku analüüsi tulemused. Sellel läbilõikel oli juba varasemalt oluline tähtsus Ordoviitsiumi biomitmekesistumise 
kronoloogia dokumenteerimisel. Nüüd lisati sellele paleokeskkonna makro ja mikroskoopiline iseloomustus, mis haakub 
globaalse andmestikuga. Töö tulemused täiendavad arusaama Balti paleobasseini ehitusest ja arengust. Selgus, et 
mikrofaatsiesed varieeruvad koos kivimite makroskoopiliste tunnustega: puhtamad lubjakivid on jämedama struktuuriga 
ja savikamad intervallid peenemateralised. Koos kivimi terasuurusega varieerub rütmiliselt ka detriidi taksonoomiline 
koostis. Kivimid on osaliselt dolomiidistunud, dolomiitsus suureneb läbilõike ülemiste kihtide suunas. Regionaalne 
võrdlus näitas, et mikro ja makrolitoloogilised tunnused on seotud meretaseme muutustega. Kõrgresolutsiooniga 
konodontide biostratigraafia kinnitas varasemaid korrelatsioone, mis baseerusid trilobiitide biotsoonidel ja litoloogial, 
võimaldades täpsemat rööbistamist läbilõigetega mujal maailmas. 


