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Oxygen isotope palaeotemperature studies of Paleozoic limestones are based mainly on brachiopod shell material which is
resistant to diagenesis and generally precipitated in oxygen isotopic equilibrium with ambient sea water. Here we present
brachiopod C and O stable isotopic data from the Baltoscandian Ordovician-Silurian succession, and evaluate palaeo-
temperature and palaeoenvironmental variability during deposition of the Estonian Shelf facies. As the region has not been
influenced significantly by tectonic events or deep burial diagenesis, the carbonate rocks and fossils are well-preserved in
most of the locations studied. §'°0 values for the Ordovician and Silurian carbonates and brachiopods range between ~—7
and 0%o. High 820 values, locally accompanied by higher §'3C values, correspond to cooling if the isotope signal reflects the
original oxygen isotopic composition in sea water and vice versa. Several Ordovician-Silurian 8"%Curac €XCUrsions identified
on the Estonian Shelf reflect global palaeoenvironmental history and events, being synchronous with previously docu-
mented excursions in the bulk carbonate stable isotopic curves. Combining the published and new 8"%Chrac and 880y, data
allows us to address chemostratigraphic correlation of the interval from Lower Ordovician (Floian) up to the topmost Silurian
(PFidoli). The 8804 data corroborate warmer temperatures during Early Ordovician (Floian-Dapingian) and a cooling trend
into the Mid-Ordovician documented by previous studies in different palaeobasins. The Hirnatian isotopic carbon excursion
(HICE) episode reveals the minimum temperature in this interval and the post-HICE data suggest a rising temperature trend.
Another temperature minimum is evident in the strata reflecting the Ireviken Event (Sheinwoodian). Our study shows that
brachiopod §'%0 values from the Ordovician-Silurian carbonates may tentatively be interpreted as reflecting major tempera-
ture trends.
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INTRODUCTION of the Paleozoic Era as their low-Mg calcite shells are more re-
silient to diagenesis than high-Mg calcite shells, thus retaining

the primary isotopic signals much better (Azmy et al., 1998).

Stable oxygen isotopes in biogenic materials are precipi-
tated in equilibrium with ambient waters and provide valuable
information about water temperature, precipitation, and chemi-
cal composition. Although stable carbon isotopic curves ob-
tained from biogenic material generally reflect the change in the
marine carbon influx, the source material of primary data may
not be so strongly temperature-dependent (Epstein et al., 1951;
Brenchley et al., 2003; Shields et al., 2003). The challenge to
reliable oxygen isotope palaeothermometry of the Ordovician
and Silurian systems lies in the ambiguity of the stable oxygen
isotope composition of the ambient sea water and the diage-
nesis of fossils (Grossman, 2012). Brachiopods are considered
to be one of the most suitable groups for stable isotopic studies
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Relatively good preservation of the Paleozoic strata due to lim-
ited post-depositional tectonics and insignificant thermal alter-
ation makes Baltoscandia an ideal study area and a key region
for global Ordovician-Silurian chemostratigraphic correlation
(Ainsaar et al., 2010).

During the Ordovician and Silurian periods, dramatic clima-
tic changes took place. The Ordovician period was character-
ized by a substantial increase in marine biodiversity designated
as the Great Ordovician Biodiversification Event (GOBE), that
brought along the rise of a complex Paleozoic marine ecosys-
tem. As background, rapid sea level fluctuations and numerous
positive carbon isotope (8'°C) excursions have been docu-
mented. The Ordovician Period was terminated by a major ma-
rine extinction event (termed the Hirnantian event), the loss of
85% of marine animals (Sheehan, 2001; Trotter et al., 2008;
Bartlett et al., 2018), followed by a slow biotic recovery (Munne-
cke etal., 2010). The extinction is mostly regarded as the result
of an abrupt change in climate (Hirnantian glaciation) that
caused ice-sheet formation over the most of Gondwana and a
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global sea level fall; regions that were previously submerged
marine shelf thus became subaerial, exposing &'*C-enriched
carbonates (Brenchley et al., 2001; Trotter et al., 2008).

The beginning and duration of the Late Ordovician mass ex-
tinction (LOME), as well as its possible triggers and mecha-
nisms, have been hotly debated in the recent publications
(Hammarlund et al., 2012; Bond and Grasby, 2020; Zhang et
al., 2022 and references therein). Several papers have also
questioned the direct relationships between the LOME and the
Hirnantian glaciation (Bond and Grasby, 2020; Hints et al,,
2023 and references therein).

During the Darriwilian, substantial transformations occurred
within Ordovician ecosystems, marked by a gradual cooling
process that led to a significant decrease in sea-surface water
temperatures at low latitudes, comparable to recent equatorial
regions (Trotter et al., 2008). Recent insights indicate that the
transition from a greenhouse to an icehouse climate might have
taken place considerably earlier than previously suggested and
that Darriwilian continental ice sheets influenced global sea lev-
els (Rasmussen et al., 2016). Based on the Guttenberg isotopic
carbon excursion (GICE), this has been historically interpreted
as evidence of a prolonged Late Ordovician glaciation, com-
mencing during the latest Sandbian-early Katian interval (Saltz-
man and Young, 2005; Goldman et al., 2020). A brief cooling
phase, indicated by §'°0 values, has been linked to the GICE
and tentatively linked to the onset of Ordovician icehouse con-
ditions (Rosenau et al., 2012). However, a thorough investiga-
tion of both previous and recently collected conodont §'°0 data
from Laurentia, spanning the Sandbian-Katian boundary thro-
ugh the GICE interval, demonstrates an inconsistent warming
trend throughout the late Sandbian—early Katian, and shows no
evidence of cooling (Quinton et al., 2018). A §"®Ophos study of
the Sandbian-Katian interval suggests a slight rise in tempera-
ture and a gradual cooling during the late Katian, followed by an
abrupt decline in temperature during the latest Ordovician
(Hirnantian) and the glacially driven mass extinction (Buggisch
et al.,, 2010).

Following the late Ordovician—early Silurian glaciation, mul-
tiple small-scale climate cycles demonstrate a general warming
trend until the mid-Llandovery (early-mid Telychian), then a pro-
gressive cooling trend until the late Llandovery (Grossman and
Joachimski, 2020). Wenlock 6180ph03 excursions coincided clo-
sely with the Ireviken biotic event (Lehnert et al., 2010; Trotter
et al., 2016).

General understanding on the environmental history of
Baltica, however, has been based on palaeogeographic recon-
structions (Goldman et al., 2020; Meidla et al., 2023) which doc-
ument continental drift of Baltica from southern latitudes to the
proximity of equator during the Middle-Late Ordovician. Be-
cause of that, a gradual warming throughout the Ordovician
and Silurian, with a possible brief temperature decline during
the latest Ordovician glaciation, was proposed for Baltica in
many publications of the past decades (e.g., Nestor and
Einasto, 1997 and references therein) while actual temperature
data from the region were missing. The results of a pilot study
on pre-Hirnantian palaeotemperature changes based on
8"®0pnos (Mannik et al., 2021) has recently questioned this sce-
nario and makes a palaeotemperature reconstruction from dif-
ferent proxies particularly relevant in this area.

This study elaborates a tentative palaeotemperature curve
based on new and published 'O data from brachiopod shells
spanning from the Lower Ordovician (Floian) up to Pfidoli Ep-
och in the Baltoscandian region.

GEOLOGICAL SETTING

During the Paleozoic, present-day northern Europe was
covered by a widespread epeiric sea characterized by slow but
continuous carbonate deposition throughout the Middle to Late
Ordovician and the Silurian (Nestor and Einasto, 1997). On the
basis of the pattern of rock and faunal distribution along the fa-
cies gradient, from shallow-water to deeper basinal environ-
ments, three main facies belts have been distinguished in the
Baltoscandian basin (Fig. 1). The North Estonian Shelf and
Lithuanian Shelf Facies Belt (the Estonian and Lithuanian bas-
ins of Harris et al., 2004) were the shallowest parts of the
palaeobasin and were characterized mainly by carbonate de-
posits. The Central Baltoscandian Facies Belt (the Scandina-
vian Basin of Harris et al., 2004) stretched from present-day
southern Estonia to Latvia and Sweden, representing deeper
shelf conditions and being characterized by widespread argilla-
ceous limestones and mudstones. The Scanian Facies Belt in
southern Scandinavia (the Scanian Basin of Harris et al., 2004)
covers the deepest part of the basin characterized by wide dis-
tribution of graptolitic black shales (Kaljo et al., 2007).

The general stratigraphy of the Ordovician and Silurian sys-
tems in Baltoscandia is shown in Figure 2. Regional stages are
the primary unit in Estonian Paleozoic chronostratigraphic clas-
sification, defined historically on the basis of fauna and charac-
teristic lithology, rather than by boundaries (Mannik et al., 2021;
Hints et al., 2023: Meidla et al., 2023 and references therein).

The Early Ordovician strata comprise a relatively thin suc-
cession of clastic deposits. Sandstones, mudstones and clays
of the Pakerort and Varangu regional stages are overlain by
glauconitic sandstones and siltstones of the Hunneberg and
Billingen regional stages. The Billingen Regional Stage marks
the transition from siliciclastic to carbonate rocks (Meidla et al.,
2014).

Throughout the early Paleozoic, the climatic conditions in
Baltica were thought to have been influenced by gradual north-
wards drift, from high southern latitudes into subtropical and
tropical zones. The depositional history is generally character-
ized as an Early Ordovician cold-water siliciclastic ramp envi-
ronment (Tremadocian) replaced by a cool-water carbonate
(glauconite-rich) ramp with an extremely low sedimentation rate
(Floian). From the Darriwillian to Sandbian this evolved into a
temperate carbonate ramp and subsequently into a tropical car-
bonate shelf during the Katian to Hirnantian transition (Dronov
and Rozhnov, 2007). Carbonate production and sedimentation
rate on the carbonate shelf increased as a result of drift-induced
climate change throughout the Middle and Late Ordovician.
This all was happening, though, against a background of global
cooling as shown by a progressive decline in sea water temper-
atures during the Ordovician, with glacials and interglacials pos-
sibly starting in the late Middle Ordovician (Trotter et al., 2008;
Torsvik and Cocks, 2016; Rasmussen et al., 2016). The Silu-
rian succession represented by shallow-shelf limestones and
dolomites is rich in shelly faunas. Silurian deeper-water facies
from southwestern Estonia and Latvia are dominated by argilla-
ceous rocks, ranging from calcareous marlstones to black
shales. During the Silurian Period, the Baltica continent was lo-
cated in equatorial latitudes and drifted northwards (IVielchin
and Holmden, 2006). The pericontinental Baltic palaeobasin,
embracing the territory of Estonia, was characterized by a wide
range of tropical shelf environments and diverse biotas.


https://www.sciencedirect.com/science/article/abs/pii/S0921818122001849?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0921818122001849?via%3Dihub
https://dx.doi.org/10.1017/9781316225523
https://www.sciencedirect.com/science/article/abs/pii/S0031018215006677?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0031018215006677?via%3Dihub
https://www.science.org/doi/10.1126/science.1155814
https://www.science.org/doi/10.1126/science.1155814
https://www.science.org/doi/10.1126/science.1155814
https://doi.org/10.1130/G21219.1
https://doi.org/10.1130/G21219.1
https://doi.org/10.1016/j.palaeo.2011.12.003
https://www.nature.com/articles/srep18884
https://www.nature.com/articles/srep18884
https://doi.org/10.1017/S0016756817000589
https://doi.org/10.1144/sp532-2022-141
https://doi.org/10.1144/sp532-2022-141
https://www.tandfonline.com/doi/abs/10.1080/11035890601282173
https://doi.org/10.1016/j.palaeo.2021.110347
https://doi.org/10.1016/j.palaeo.2021.110347
https://doi.org/10.1016/j.palaeo.2007.03.023
https://doi.org/10.1016/j.palaeo.2006.02.020
https://doi.org/10.1016/j.palaeo.2023.111640
https://doi.org/10.1016/j.palaeo.2023.111640
https://doi.org/10.1016/j.palaeo.2023.111640
https://doi.org/10.1016/j.palaeo.2004.02.045
https://doi.org/10.1016/j.epsl.2012.02.024
https://doi.org/10.1016/B978-0-12-824360-2.00010-3
https://doi.org/10.1016/B978-0-12-824360-2.00010-3
https://doi.org/10.1016/B978-0-12-824360-2.00020-6
https://doi.org/10.1016/B978-0-12-824360-2.00020-6
https://doi.org/10.1130/G30577.1
https://doi.org/10.1130/0016-7606(2003)115<0089:HRSISO>2.0.CO;2

Bilal Gul et al. / Geological Quarterly, 2024, 68: 13 3

Eivere [
Lelle D-102

\

Belarus

Russia

sEEEENy
Lenntt "aa,
.® Ta,
0
.

"‘

Putllovo

Lynna .0
Or do \,\c\a

Pa\aeobas\ :

s
PR L T L L e

=== facies belt boundary
erosional boundary
outcrop
B drilicore

0 100 200 km

Fig. 1. Locality map showing the outcrops of Ordovician and Silurian rocks in the Baltic region and schematic configuration
of the Baltoscandian basin (modified from Harris et al., 2004)

The present study addresses the interval from the topmost
Lower Ordovician (Floian) up to the Pfidoli, beginning with the
first Ordovician carbonates. In northern and central Estonia, the
upper Floian and Dapingian are represented by the Toila For-
mation, of locally dolomitized glauconitic limestone (Nestor and
Einasto, 1997). The lower Darriwilian comprises the Pakri For-
mation in NW Estonia which is represented by sandy limestone
supplemented with kukersite kerogen and calcareous sand-
stone (Meidla et al., 2023). The Mid-Darriwilian-Mid-Sandbian
interval is not represented in the brachiopod dataset.

The Middle and Upper Ordovician comprises various cool-
water carbonates that are locally dolomitized and include thin
volcanic interbeds (K-bentonites) at several levels. The mid-
Katian comprises a package of intercalating micritic and argilla-
ceous bioclastic limestones (Cocks and Torsvik, 2005). The
Upper Ordovician reflects a change from cool water to tropical
carbonate sedimentation (Nestor and Einasto, 1997). The
basal Hirnantian is represented by the Arina Formation in north
Estonia, comprising poorly fossiliferous dolomites overlain by a
complex reef succession (reef bodies, fore-reef grainstones
and back-reef bituminous carbonates) and capped by oolitic
and/or sandy limestone barren of fossils (Kaljo et al., 2001).

The base of the Silurian is fixed in the Dobs Linn section at
the FAD of Akidograptus ascensus (Rong et al., 2008). Be-
cause of the scarcity of graptolites in the uppermost Ordovician
and lowermost Silurian transition interval in Estonia, the lower
boundary of the Silurian is tentatively drawn within the Varbola
Formation, based on chemostratigraphic evidence (see Meidla
et al., 2020 and references therein).

The Rhuddanian Stage begins within a unit of nodular argil-
laceous limestone (packstone; Varbola Formation) overlain by
massive coquinoid limestones with abundant Borealis borealis
brachiopods of the Tamsalu Formation (Ainsaar et al., 2015).
The topmost Rhuddanian to Aeronian consists of cyclical alter-
nation of limestones and lagoonal argillaceous dolomites, marl-
stones, and micritic and bioclastic limestones. The boundary
between the Llandovery and Wenlock is drawn within the Jaani
Formation (Fig. 2B) which consists mainly of marls and mud-
stones grading into limestones in its upper part (Mannik, 2014).
In southern Estonia, the equivalent strata are represented by
grey mudstone with graptolites. The overlying Sheinwoodian-
Homerian comprises bioclastic limestones and dolomites with
abundant bioherms grading eastwards into the dolomitised reef
succession of the Muhu Formation. The upper Wenlock and
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Ludlow are poorly fossiliferous, because of extensively devel-
oped very marginal-marine and lagoonal facies, and are there-
fore not represented in the data set. The PFidoli interval is repre-
sented in this study by the Ohesaare Formation, thin-bedded
bioclast-rich limestones and marls. All these rocks contain
well-preserved fossils, with brachiopods being common.

MATERIAL AND METHODS

A total of 62 brachiopod samples were collected for this
study from the 12 exposures in Estonia (Ohesaare, Abula,
Jaani, Paramaja, Undva, Porkuni, Hosholm, Saxby, Rakvere,
Ristna, Aluvere and Pakri; Fig. 1) irregularly spanning the Mid-
dle Ordovician to Pridoli interval. The new material covers
mainly the Katian-Sheinwoodian interval and some Dapingian
and Pridoli units. Previously published brachiopod isotopic data
was used for comparison and for filling in the stratigraphic inter-
vals not covered by the newly collected material (Heath et al.,
1988; Hints et al., 2010; Rasmussen et al., 2016; Kaljo et al.,
2017; Gul et al.,, 2021; see supplementary online data:
https://dx.doi.org/10.23673/re-351). Brachiopods collected at
exposures and from borehole cores were carefully removed
from the limestone matrix and cleaned. The state of the shells
and fragments did not generally allow identification of specific
families or genera due to their poor condition. For stable isotope
analyses, brachiopod shell powder was obtained by micro-drill-
ing, avoiding cement and matrix material. The powdered mate-
rial was analysed for stable isotopes (oxygen and carbon) using
a Thermo Scientific Delta V Advance continuous flow isotope
ratio mass spectrometer at the Department of Geology, Univer-
sity of Tartu. Delta V advantage (continuous flow) + GasBench
Il samples were dissolved (reaction time >8 hours) in H3PO,
(99%) at 25°C. About 0.5 mg of the powdered sample was
used. The results are reported as d notation in per mil relative to
Peedee belemnite (VPDB) for both oxygen and carbon, and
reproducibility of the results is generally better than £0.1 and
+0.2%o for carbon and oxygen (respectively). The international
laboratory standards (from IAEA) IAEA-60, NBS 18 and
LSVEC were used. For palaeotemperature estimates we calcu-
lated temperatures from 5180m values using the formula T°C =
17.3750—4.2535 (5c—-dw) +0.1473 (8c—dw)?, assuming possible
preservation of an original marine carbonate isotopic composi-
tion formed in sea water with 5'0 value —1%o (Brand et al.,
2019). Trace-element analysis (Ca, Sr, Mg, Mn, Fe) was ob-
tained from 12 brachiopod samples by electron microprobe
analysis operating at voltage of 20 kV, beam current 0.015 mA,
and 13 mm beam diameter (detection limits for Sr = 200 ppm,
Mg = 100 ppm, Mn =200 ppm, Fe =200 ppm), in order to evalu-
ate the preservation of the material and reliability of the stable
isotopic signal.

RESULTS

CARBON AND OXYGEN ISOTOPES

The 80 and §'°C values for Ordovician and Silurian
brachiopods used in this study range between ~-7 to 0%. and
—2.6 to +7.6%o respectively (Figs. 3 and 4). The individual val-
ues are widely dispersed across the succession but the princi-

pal trends are obvious and can be discussed based on the aver-
aged curve.

The carbonate rocks and fossils examined in the earlier
study show excellent preservation across most of the localities
studied in Estonia. This is due to low tectonic activity and limited
burial diagenesis in the area (Azmy et al., 1998). The evaluation
of diagenetic changes in carbonate isotopic composition can be
done by analysing the §'C—5'°0 cross-plot of brachiopod shell
material. According to Jacobsen and Kaufman (1999), the rela-
tionship between §'°C and §'®0 values in this plot indicates the
extent of meteoric diagenesis. However, the cross-plot of car-
bon and oxygen isotopic data of randomly selected samples in
our study shows no correlation between the §'°C and §'°0 val-
ues (R2 = 0.0072, as shown in Fig. 5). The values are closely
clustered without any extreme negative points on either axis,
which suggests that the preservation of the shells is relatively
good. Nevertheless, it still cannot be completely ruled out that
some secondary influence may have affected the primary sig-
nal in some samples.

Brachiopod shells have been widely used also to estimate
diagenetic alteration, with strontium (Sr) and manganese (Mn)
abundance ratio serving as key indicators (Brand and Veizer,
1980). Figure 6 illustrates the results obtained from 10 brachio-
pod shells that successfully passed the petrographic screening
tests. The Sr abundances range from 359 to 2159 ppm (mean:
898 ppm) whilst concentrations as low as 200 ppm have been
documented for modern brachiopods (Veizer et al., 1999;
Immenhauser et al., 2002). The manganese abundances range
from below the detection limit up to 58 ppm (mean: 28 ppm).
These values align with the range observed in modern low-Mg
calcite shells (Veizer et al., 1999), showing that their retained
values are close to their primary isotopic composition.

The Floian-Darriwilian 6130brac values are characterized by
an increasing-upwards trend on average from —1 to 0% (Fig. 3).
The Sandbian-Katian 8'C.s. values vary generally between 1
and 2%o, but the resolution is too low to recognize the well-
known isotopic excursions revealed in the bulk carbon data
(e.g., Ainsaar et al., 2020). The Ordovician succession is termi-
nated by a sharp increase in the §'>Ciysc Values up to +5—7%o in
the Hirnantian Stage (the HICE peak). The falling limb of the
HICE curve is marked by 8"*Chsc values returning to ~—1 to 0%o
in the topmost Ordovician.

The §"®0psc Vvalues in the Ordovician Baltoscandian suc-
cession generally increase from the Floian to the Hirnantian.
These values rise gradually from —6 to —5%o in the Floian-
Darriwilian interval but are more scattered in the Sandbian-
Katian interval (between —6 and —3%o), without obvious trends
or peaks (Fig. 4).

The Hirmantian §'°0 averaged brachiopod values show an
abrupt increase from roughly —4 to —2%o, with a maximum coin-
ciding with the Hirnantian glaciation event (Fig. 4), before re-
turning to the pre-shift plateau in the basal Llandovery beds.
This abrupt fall in 5'80p,ac Values marks a stratigraphic gap at
the boundary of the Porkuni and Juuru regional stages in this
area (Kaljo et al., 2001). The average §'®Op.s values in the Silu-
rian indicate a small rise in the upper Rhuddanian (Llandovery)
followed by a continuous decline up to the Telychian-Shein-
woodian boundary, in the range of ~—5.5 to —4.5%o. Throughout
the mid-Sheinwoodian, the average value of §'®Op.s shows an
increase up to —3.5%0. The 8180brac values in the Pridoli are
~—6%o (Fig. 4).

Secular trends in the §'*Cprac values in the Silurian part of
the succession may be divided into three intervals. A large
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Fig. 3. Summary figure showing the carbon isotope (brachiopod) trend through
the early Ordovician—late Silurian interval
The average curve comprises two-million-year segments with
a centred moving average computed every 0.5 My
aen 13 ipy s . .
positive 5 °C shift is recorded throughout the early Silurian DISCUSSION

(Rhuddanian-Aeronian interval) where §'>C values gradually
decrease up to +1%o. The second, Aeronian-Telychian interval
is characterized by stable values around +1%.. This is followed
by a continuous increase in the 8"Cprac values up to +3.5%o in
the Sheinwoodian interval, reflecting the global Ireviken Event
(Munnecke et al., 2010). There is no brachiopod data in our
dataset from Homerian to Ludfordian, partly due to wide distri-
bution of marginal marine carbonates in the Baltic outcrops
that are nearly barren of brachiopods. The 8"%Chrac values in
the mid-Pridoli interval are the lowest for the Silurian in this re-
gion (=0.7%o; Fig. 3).

Over the last few decades, the Ordovician and Silurian suc-
cession in Baltoscandia has attracted researchers because of
the many spectacular carbon isotope (5'>C) fluctuations that are
well-documented, mainly in the bulk carbonate record (Kaljo et
al., 2007; Ainsaar et al., 2010), and interpreted as markers of
global or regional environmental changes but also extensively
applied in regional stratigraphy. Numerous Ordovician positive
5"3C excursions in the Baltoscandian area have been described
from different borehole core sections (Kaljo et al., 2007; Ainsaar
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The average curve comprises two-million-year centred segments
with a moving average computed every 0.5 My

et al., 2010). Except for the HICE and the Ireviken Excursion,
where the 3'°C values reached up to +7%., all other excursions
show §"°C values of only between —1 and +2%.. The Ordovician

8'"°C excursions can be correlated across the Baltoscandian
palaeobasin and some of them across different palaeocontinents
(the HICE and also the Ireviken Excursion). The carbon isotopic
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curve obtained based on brachiopod data is gener-
ally in agreement with the curves based on the bulk
carbonate data (Heath et al., 1988; Hints et al., 2010;
Mannik et al., 2015; Rasmussen et al., 2016; Kaljo et
al., 2017; Meidla et al., 2020; Gul et al., 2021), e.g. it
contains the HICE and the Ireviken Excursion but in-
sufficiently reflects smaller excursions as the fre-
quency of brachiopod data is too low in these inter-
vals. Deviations between the local and regional val-
ues of §"°Crac may be due to differences in depo-
sitional environments, tectonic regimes or the impact
of diagenesis that may have affected the carbonate
material.

The upwards rise of the 8"C values in the
Floian-Dapingian interval resembles that in an Or-
dovician dataset from south China (Edwards and
Saltzman, 2014). The 8"Cirac curve from the Darri-
wilian interval of Baltoscandian sections includes
also the Mid-Darriwilian Carbon Isotope Excursion
(MDICE) documented in the Baltoscandian area
and worldwide in bulk carbonate data (Rasmussen
et al., 2016). The well-known HICE §'°C excursion
has been reported globally from different palae-
ocontinents (Kaljo et al., 2001). The beginning and
end of the HICE are not clearly defined. Within the
Metabolograptus extraordinarius Zone, there is a
gradual rise in §"Cyc values from the baseline,
which corresponds to the time of glaciation in the
early Hirnantian e.g. Wangjiawan North Section
(Chen et al., 2006; Gorjan et al., 2012). Previous
studies have recognized elevated §"*C values in the
Hirnantian in Estonia as well as in surrounding ar-
eas, corresponding to the HICE rising to a peak of
up to +7%o (Ainsaar et al., 2010; Gul et al., 2021). In
more complete sections, the rising and falling limbs
of the HICE curves display a similarity, i.e. both are
gradual as observed in other Baltic sections studied
using bulk rock samples, e.g. the Jurmala core
(Ainsaar et al., 2010) as well as in coeval sections
from several palaeocontinents e.g. south China
(Chen et al., 2006; Ling et al., 2007), North America
(Bergstrom et al., 2010) and elsewhere. The aver-
age 8" Cyrac cUrve is generally in agreement with the
trends described and the lack of data points in the
Porkuni-Juuru regional stage transition interval is
noteworthy (Fig. 3), because of both the gap and the
scarcity of fauna in this transition.

The potential of stable oxygen isotopic composi-
tion of sedimentary materials to reflect palaeotem-
peratures has long been recognized (Urey, 1947).
Brachiopod shells have been widely used in palaeo-
climatic studies of ancient carbonates because they
are relatively resistant to diagenetic change. Most
of the 8'®0yrac Values in the current study fall in the
interval of ~—7 to ~—0.5%o, implying some limited al-
teration by meteoric diagenesis. The current Balto-
scandian Ordovician 80 dataset is consistent with
the documented Ordovician pattern of increasing
80 values with decreasing age (Trotter et al,
2008; Grossman and Joachimski, 2020). The
8"®Oprac trends reflect multiple cooling events and
deglaciation throughout the Ordovician-Silurian
(Brenchley et al., 1994). The majority of the §"®Oprac
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shifts are interpreted as resulting from sea surface water tem-
perature changes as the critical factor that controls the oxygen
isotope changes is temperature (Trotter et al., 2016). Still, as
8'%0 variation can be influenced by several factors, including
the isotopic composition of sea water, salinity, pH changes,
source and composition of mud, vital effects and diagenetic al-
teration (Munnecke et al., 2010; Swart, 2015), the temperature
estimates are considered tentative.

The brachiopod calcite temperature values in this study
were calculated using the formula of Brand et al. (2019) assum-
ing possible preservation of original marine carbonate isotopic
composition formed in sea water with 530 value —1%o. The re-
sults obtained seem to be in a better agreement and are also

closer to modern temperatures, compared to values revealed
from bulk material in previous studies. If we would change the
sea water §'0 for the cooling episodes, then the change in 1%o
influences the temperature by up to 4°C. The curve could be
slightly shifted at some intervals, if the sea water composition
changed through time (e.g., during glacial episodes).

The temperature calculated from brachiopods from the
Floian-Dapingian stages range from ~36 up to 43°C (Fig. 7).
These values are clearly too high and seem to be unrealistic but
this is a well-known problem. Some authors suggest that pri-
mary sea water 8'0 values might have been different during
this time (Trotter et al., 2008). Although the Darriwilian sea wa-
ter 5'°0 values from Baltoscandia record imply that diagenesis
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Fig. 7. Summary figure showing temperature based on oxygen isotope data

Temperatures are calculated from brachiopod data by the formula of Brand et al. (2019),
assuming possible preservation of original marine carbonate isotopic composition

formed in sea water of §'®0 value —1%o
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may have altered some of the primary 820 ratios, the well-pre-
served samples still reveal near-primary long-time 8'%0 trends
(Edward et al., 2022). A decline in the temperature values can
be observed throughout the Darriwilian bringing the tempera-
ture values down into the interval of 32 and 38°C which is not far
from modern tropical temperatures. Multiple temperature fluc-
tuations ranging between ~25 and 37°C were calculated for the
pre-Hirnantian Upper Ordovician brachiopods (Fig. 7). Even
our maximum temperature of ~40°C, after adjusting for §'®0
seawater errors and an analytical of range +3°C, is basically
near the top limit of modern tropical temperatures.

With the start of HICE, the temperature drops to 27°C in the
strata that correspond to low sea level and a global regression.
Shortly after, there is an abrupt fall in temperature based on our
averaged dataset to ~22°C which corresponds to the Hirnan-
tian glaciation and this trend looks consistent with generally ac-
cepted Hirnantian scenarios (Brenchley et al., 2003; Trotter et
al., 2008; Finnegan et al., 2011). However, the true temperature
range is difficult to determine because of the ice-volume com-
ponent which was clearly significant during the Hirnantian and
had an impact on the sea water isotopic composition. The
Hirnantian cooling phase coincided with a regional extinction
(e.g., Meidla et al., 2020 and references therein).

The calculated post-HICE temperature shows a two-step
rise. The temperatures calculated from brachiopods from the
Rhuddanian mostly range between ~31 and 38°C, with few ex-
ceptions, possibly obtained from altered bioclasts (Gul et al.,
2021). Inthe overlying strata (Aeronian and Telychian), temper-
atures range between ~30 and 38°C (Fig. 7), not far from mod-
ern tropical temperatures. The brachiopod calcite temperature
values in the Sheinwoodian are distinctly lower, varying be-
tween ~25 and 38°C. The temperatures calculated for the
Pridoli (Ohesaare) Age range between ~39 and 43°C, being
slightly higher again in comparison to modern values. Our com-
piled data suggests a warming trend in the early Silurian
(Llandovery), followed by a return to colder temperatures in the
Sheinwoodian while a warmer climate is recorded in the PFidoli
time (Grossman and Joachimski, 2020).

During the previous decade, Trotter et al. (2008) and Finne-
gan et al. (2011) reconstructed temperature trends for the Or-
dovician-Silurian periods based on clumped isotope palaeo-
thermometry and 81soapatite. The results are comparable to
those derived from 8'®Opacn and §'®Opui values by Brenchley et
al. (2003) Our 5'80prach dataset suggests a steady cooling trend
for the Middle Ordovician which is nearly consistent with the
trends proposed by Grossman and Joachimski, (2020) and
Trotter et al. (2008). Following the relatively warm late Katian,
an abrupt worldwide climate cooling in the Hirnantian is obvious
in all comparative studies (Fig. 8; Trotter et al., 2008; Grossman
and Joachimski, 2020; Mannik et al., 2021). The Ordovician
and Silurian brachiopod temperature records agree with the
temperatures recorded from conodont apatite, considering the
low-temperature values representing the Hirnantian and early
Silurian. The early Silurian temperature values from this study
and from Grossman and Joachimski, (2020) are nearly consis-
tent with the Middle to Late Ordovician ranges, except for the

Rhuddanian temperature values reflecting climatic instability
before the return to equatorial temperatures comparable to the
present in the Wenlock (Fig. 8).

The absolute temperature values calculated from our data
may not be precise but the observed trends are in a good
agreement with generally accepted temperature and climatic
scenarios. For analysing finer-scale climatic variability through
the Ordovician-Silurian interval, much better sampling resolu-
tion would be required for several intervals.

CONCLUSIONS

The present study assesses Ordovician-Silurian brachio-
pod stable isotopic data and focusses on the climatic and envi-
ronmental changes during these periods in the Baltoscandian
palaeobasin. Several major 813Cbrac excursions identified in the
Ordovician-Silurian in the Estonian Shelf are consistent with
previously documented excursions in bulk carbonate stable iso-
topic curves. The oxygen isotope composition of fossil brachio-
pods shows a general secular trend from the Early to Late Or-
dovician towards heavier 80 values The Baltoscandian
8'80yrac data suggest warmer temperatures during the Early Or-
dovician (Floian) and a cooling trend towards the Middle Ordo-
vician, which agrees with the oxygen isotopic data from cono-
dont phosphate, as well as with the results of previous isotope
studies in Laurentia and other palaeocontinents. The Hirnantian
glaciation HICE episode corresponds to a minimum tempera-
ture. The post-HICE data suggest a rising temperature trend.
Another temperature minimum is evident in the strata reflecting
the Ireviken Event, correlated with the Jaani Regional Stage in
Estonia. The absolute temperature values calculated from our
data may not be precise but the trends observed are largely
parallel to known global temperature and climatic trends despite
the plate tectonic drift of Baltica from higher southern
palaeolatitudes to the tropical realm during this period. The re-
sults also show that the carbon and oxygen stable isotopic com-
position of Paleozoic brachiopods can tentatively be used for
palaeoenvironmental interpretation.

Supplementary online data. Supplementary material online
can be found at https://dx.doi.org/10.23673/re-351. It contains
the list of brachiopod samples, together with analytical results
(stable carbon and oxygen isotope ratios).
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