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Ox y gen iso tope palaeotemperature stud ies of Pa leo zoic lime stones are based mainly on brachi o pod shell ma te rial which is
re sis tant to diagenesis and gen er ally pre cip i tated in ox y gen iso to pic equi lib rium with am bi ent sea wa ter. Here we pres ent
brachi o pod C and O sta ble iso to pic data from the Baltoscandian Or do vi cian-Si lu rian suc ces sion, and eval u ate palaeo -
temperature and palaeoenvironmental vari abil ity dur ing de po si tion of the Es to nian Shelf fa cies. As the re gion has not been
in flu enced sig nif i cantly by tec tonic events or deep burial diagenesis, the car bon ate rocks and fos sils are well-pre served in
most of the lo ca tions stud ied. d18O val ues for the Or do vi cian and Si lu rian car bon ates and brachi o pods range be tween ~–7
and 0‰. High d18O val ues, lo cally ac com pa nied by higher d13C val ues, cor re spond to cool ing if the iso tope sig nal re flects the
orig i nal ox y gen iso to pic com po si tion in sea wa ter and vice versa. Sev eral Or do vi cian-Si lu rian d13Cbrac ex cur sions iden ti fied
on the Es to nian Shelf re flect global palaeoenvironmental his tory and events, be ing syn chro nous with pre vi ously doc u -
mented ex cur sions in the bulk car bon ate sta ble iso to pic curves. Com bin ing the pub lished and new d13Cbrac and d18Obrac data
al lows us to ad dress chemostratigraphic cor re la tion of the in ter val from Lower Or do vi cian (Floian) up to the top most Si lu rian
(Pøídolí). The d18Obrac data cor rob o rate warmer tem per a tures dur ing Early Or do vi cian (Floian-Dapingian) and a cool ing trend
into the Mid-Or do vi cian doc u mented by pre vi ous stud ies in dif fer ent palaeobasins. The Hirnatian iso to pic car bon ex cur sion
(HICE) ep i sode re veals the min i mum tem per a ture in this in ter val and the post-HICE data sug gest a ris ing tem per a ture trend.
An other tem per a ture min i mum is ev i dent in the strata re flect ing the Ireviken Event (Sheinwoodian). Our study shows that
brachi o pod d18O val ues from the Or do vi cian-Si lu rian car bon ates may ten ta tively be in ter preted as re flect ing ma jor tem per a -
ture trends.

Key words: sta ble car bon and ox y gen iso topes, sea level, brachi o pods, palaeotemperature, Or do vi cian, Si lu rian.

INTRODUCTION

Sta ble ox y gen iso topes in biogenic ma te ri als are pre cip i -
tated in equi lib rium with am bi ent wa ters and pro vide valu able
in for ma tion about wa ter tem per a ture, pre cip i ta tion, and chem i -
cal com po si tion. Al though sta ble car bon iso to pic curves ob -
tained from biogenic ma te rial gen er ally re flect the change in the 
ma rine car bon in flux, the source ma te rial of pri mary data may
not be so strongly tem per a ture-de pend ent (Ep stein et al., 1951; 
Brenchley et al., 2003; Shields et al., 2003). The chal lenge to
re li able ox y gen iso tope palaeothermometry of the Or do vi cian
and Si lu rian sys tems lies in the am bi gu ity of the sta ble ox y gen
iso tope com po si tion of the am bi ent sea wa ter and the diage -
nesis of fos sils (Grossman, 2012). Brachi o pods are con sid ered
to be one of the most suit able groups for sta ble iso to pic stud ies

of the Pa leo zoic Era as their low-Mg cal cite shells are more re -
sil ient to diagenesis than high-Mg cal cite shells, thus re tain ing
the pri mary iso to pic sig nals much better (Azmy et al., 1998).
Rel a tively good pres er va tion of the Pa leo zoic strata due to lim -
ited post-depositional tec ton ics and in sig nif i cant ther mal al ter -
ation makes Baltoscandia an ideal study area and a key re gion
for global Or do vi cian-Si lu rian chemostratigraphic cor re la tion
(Ainsaar et al., 2010).

Dur ing the Or do vi cian and Si lu rian pe ri ods, dra matic cli ma -
tic changes took place. The Or do vi cian pe riod was char ac ter -
ized by a sub stan tial in crease in ma rine biodiversity des ig nated
as the Great Or do vi cian Biodiversification Event (GOBE), that
brought along the rise of a com plex Pa leo zoic ma rine eco sys -
tem. As back ground, rapid sea level fluc tu a tions and nu mer ous
pos i tive car bon iso tope (d13C) ex cur sions have been doc u -
mented. The Or do vi cian Pe riod was ter mi nated by a ma jor ma -
rine ex tinc tion event (termed the Hirnantian event), the loss of
85% of ma rine an i mals (Sheehan, 2001; Trot ter et al., 2008;
Bart lett et al., 2018), fol lowed by a slow bi otic re cov ery (Munne -
cke et al., 2010).  The ex tinc tion is mostly re garded as the re sult 
of an abrupt change in cli mate (Hirnantian gla ci ation) that
caused ice-sheet for ma tion over the most of Gond wana and a
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global sea level fall; re gions that were pre vi ously submerged
ma rine shelf thus be came subaerial, ex pos ing d13C-en riched
car bon ates (Brenchley et al., 2001; Trot ter et al., 2008).

The be gin ning and du ra tion of the Late Or do vi cian mass ex -
tinc tion (LOME), as well as its pos si ble trig gers and mech a -
nisms, have been hotly de bated in the re cent pub li ca tions
(Hammarlund et al., 2012; Bond and Grasby, 2020; Zhang et
al., 2022 and ref er ences therein). Sev eral pa pers have also
ques tioned the di rect re la tion ships be tween the LOME and the
Hirnantian gla ci ation (Bond and Grasby, 2020; Hints et al.,
2023 and ref er ences therein).

Dur ing the Darriwilian, sub stan tial trans for ma tions oc curred 
within Or do vi cian eco sys tems, marked by a grad ual cool ing
pro cess that led to a sig nif i cant de crease in sea-sur face wa ter
tem per a tures at low lat i tudes, com pa ra ble to re cent equa to rial
re gions (Trot ter et al., 2008). Re cent in sights in di cate that the
tran si tion from a green house to an ice house cli mate might have 
taken place con sid er ably ear lier than pre vi ously sug gested and
that Darriwilian con ti nen tal ice sheets in flu enced global sea lev -
els (Ras mus sen et al., 2016). Based on the Guttenberg iso to pic 
car bon ex cur sion (GICE), this has been his tor i cally in ter preted
as ev i dence of a pro longed Late Or do vi cian gla ci ation, com -
menc ing dur ing the lat est Sandbian-early Katian in ter val (Salt z -
man and Young, 2005; Goldman et al., 2020). A brief cool ing
phase, in di cated by d18O val ues, has been linked to the GICE
and ten ta tively linked to the on set of Or do vi cian ice house con -
di tions (Rosenau et al., 2012). How ever, a thor ough in ves ti ga -
tion of both pre vi ous and re cently col lected cono dont d18O data
from Laurentia, span ning the Sandbian-Katian bound ary thro -
ugh the GICE in ter val, dem on strates an in con sis tent warm ing
trend through out the late Sandbian–early Katian, and shows no
ev i dence of cool ing (Quinton et al., 2018). A d18Ophos study of
the Sandbian-Katian in ter val sug gests a slight rise in tem per a -
ture and a grad ual cool ing dur ing the late Katian, fol lowed by an
abrupt de cline in tem per a ture dur ing the lat est Or do vi cian
(Hirnantian) and the gla cially driven mass ex tinc tion (Buggisch
et al., 2010). 

Fol low ing the late Or do vi cian–early Si lu rian gla ci ation, mul -
ti ple small-scale cli mate cy cles dem on strate a gen eral warm ing 
trend un til the mid-Llandovery (early-mid Telychian), then a pro -
gres sive cool ing trend un til the late Llandovery (Grossman and
Joachimski, 2020). Wen lock d18Ophos ex cur sions co in cided clo -
sely with the Ireviken bi otic event (Lehnert et al., 2010; Trot ter
et al., 2016).

Gen eral un der stand ing on the en vi ron men tal his tory of
Baltica, how ever, has been based on palaeogeographic re con -
struc tions (Goldman et al., 2020; Meidla et al., 2023) which doc -
u ment con ti nen tal drift of Baltica from south ern lat i tudes to the
prox im ity of equa tor dur ing the Mid dle-Late Or do vi cian. Be -
cause of that, a grad ual warm ing through out the Or do vi cian
and Si lu rian, with a pos si ble brief tem per a ture de cline dur ing
the lat est Or do vi cian gla ci ation, was pro posed for Baltica in
many pub li ca tions of the past de cades (e.g., Nestor and
Einasto, 1997 and ref er ences therein) while ac tual tem per a ture
data from the re gion were miss ing. The re sults of a pi lot study
on pre-Hirnantian palaeotemperature changes based on
d18Ophos (Männik et al., 2021) has re cently ques tioned this sce -
nario and makes a palaeotemperature re con struc tion from dif -
fer ent prox ies par tic u larly rel e vant in this area. 

This study elab o rates a ten ta tive palaeotemperature curve
based on new and pub lished d18O data from brachi o pod shells
span ning from the Lower Or do vi cian (Floian) up to Pøidoli Ep -
och in the Baltoscandian re gion. 

GEOLOGICAL SETTING

Dur ing the Pa leo zoic, pres ent-day north ern Eu rope was
cov ered by a wide spread epeiric sea char ac ter ized by slow but
con tin u ous car bon ate de po si tion through out the Mid dle to Late
Or do vi cian and the Si lu rian (Nestor and Einasto, 1997). On the
ba sis of the pat tern of rock and fau nal dis tri bu tion along the fa -
cies gra di ent, from shal low-wa ter to deeper basinal en vi ron -
ments, three main fa cies belts have been dis tin guished in the
Baltoscandian ba sin (Fig. 1). The North Es to nian Shelf and
Lith u a nian Shelf Fa cies Belt (the Es to nian and Lith u a nian bas -
ins of Har ris et al., 2004) were the shal low est parts of the
palaeobasin and were char ac ter ized mainly by car bon ate de -
pos its. The Cen tral Baltoscandian Fa cies Belt (the Scan di na -
vian Ba sin of Har ris et al., 2004) stretched from pres ent-day
south ern Es to nia to Lat via and Swe den, rep re sent ing deeper
shelf con di tions and be ing char ac ter ized by wide spread ar gil la -
ceous lime stones and mudstones. The Scanian Fa cies Belt in
southern Scan di na via (the Scanian Ba sin of Har ris et al., 2004)
cov ers the deep est part of the ba sin char ac ter ized by wide dis -
tri bu tion of grap to lit ic black shales (Kaljo et al., 2007).

The gen eral stra tig ra phy of the Or do vi cian and Si lu rian sys -
tems in Baltoscandia is shown in Fig ure 2. Re gional stages are
the pri mary unit in Es to nian Pa leo zoic chronostratigraphic clas -
si fi ca tion, de fined his tor i cally on the ba sis of fauna and char ac -
ter is tic li thol ogy, rather than by bound aries (Männik et al., 2021;
Hints et al., 2023: Meidla et al., 2023 and ref er ences therein). 

The Early Or do vi cian strata com prise a rel a tively thin suc -
ces sion of clastic de pos its. Sand stones, mudstones and clays
of the Pakerort and Varangu re gional stages are over lain by
glauconitic sand stones and siltstones of the Hunneberg and
Billingen re gional stages. The Billingen Re gional Stage marks
the tran si tion from siliciclastic to car bon ate rocks (Meidla et al.,
2014). 

Through out the early Pa leo zoic, the cli ma tic con di tions in
Baltica were thought to have been in flu enced by grad ual north -
wards drift, from high south ern lat i tudes into sub trop i cal and
trop i cal zones. The depositional his tory is gen er ally char ac ter -
ized as an Early Or do vi cian cold-wa ter siliciclastic ramp en vi -
ron ment (Tremadocian) re placed by a cool-wa ter car bon ate
(glauconite-rich) ramp with an ex tremely low sed i men ta tion rate 
(Floian). From the Darriwillian to Sandbian this evolved into a
tem per ate car bon ate ramp and sub se quently into a trop i cal car -
bon ate shelf dur ing the Katian to Hirnantian tran si tion (Dronov
and Rozhnov, 2007). Car bon ate pro duc tion and sed i men ta tion
rate on the car bon ate shelf in creased as a re sult of drift-in duced 
cli mate change through out the Mid dle and Late Or do vi cian.
This all was hap pen ing, though, against a back ground of global
cool ing as shown by a pro gres sive de cline in sea wa ter tem per -
a tures dur ing the Or do vi cian, with glacials and interglacials pos -
si bly start ing in the late Mid dle Or do vi cian (Trot ter et al., 2008;
Torsvik and Cocks, 2016; Ras mus sen et al., 2016). The Si lu -
rian suc ces sion rep re sented by shal low-shelf lime stones and
dolomites is rich in shelly fau nas. Si lu rian deeper-wa ter fa cies
from south west ern Es to nia and Lat via are dom i nated by ar gil la -
ceous rocks, rang ing from cal car e ous marlstones to black
shales. Dur ing the Si lu rian Pe riod, the Baltica con ti nent was lo -
cated in equa to rial lat i tudes and drifted north wards (Melchin
and Holmden, 2006). The pericontinental Bal tic palaeobasin,
em brac ing the ter ri tory of Es to nia, was char ac ter ized by a wide
range of trop i cal shelf en vi ron ments and di verse biotas.

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

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


The pres ent study ad dresses the in ter val from the top most
Lower Or do vi cian (Floian) up to the Pøidoli, be gin ning with the
first Or do vi cian car bon ates. In north ern and cen tral Es to nia, the 
up per Floian and Dapingian are rep re sented by the Toila For -
ma tion, of lo cally dolomitized glauconitic lime stone (Nestor and
Einasto, 1997). The lower Darriwilian com prises the Pakri For -
ma tion  in NW Es to nia which is rep re sented by sandy lime stone 
sup ple mented with kukersite kerogen and cal car e ous sand -
stone (Meidla et al., 2023). The Mid-Darriwilian-Mid-Sandbian
in ter val is not rep re sented in the brachi o pod dataset. 

The Mid dle and Up per Or do vi cian com prises var i ous cool-
 wa ter car bon ates that are lo cally dolomitized and in clude thin
vol ca nic interbeds (K-bentonites) at sev eral lev els. The mid-
 Katian com prises a pack age of in ter ca lat ing micritic and ar gil la -
ceous bioclastic lime stones (Cocks and Torsvik, 2005). The
Up per Or do vi cian re flects a change from cool wa ter to trop i cal
car bon ate sed i men ta tion (Nestor and Einasto, 1997). The
basal Hirnantian is rep re sented by the Ärina For ma tion in north
Es to nia, com pris ing poorly fossiliferous dolomites over lain by a
com plex reef suc ces sion (reef bod ies, fore-reef grainstones
and back-reef bi tu mi nous car bon ates) and capped by oolitic
and/or sandy lime stone bar ren of fos sils (Kaljo et al., 2001).

The base of the Si lu rian is fixed in the Dobs Linn sec tion at
the FAD of Akidograptus ascensus (Rong et al., 2008). Be -
cause of the scar city of graptolites in the up per most Or do vi cian
and low er most Si lu rian tran si tion in ter val in Es to nia, the lower
bound ary of the Si lu rian is ten ta tively drawn within the Varbola
For ma tion, based on chemostratigraphic ev i dence (see Meidla
et al., 2020 and ref er ences therein). 

The Rhuddanian Stage be gins within a unit of nod u lar ar gil -
la ceous lime stone (packstone; Varbola For ma tion) over lain by
mas sive coquinoid lime stones with abun dant Bo re alis bo re alis
brachi o pods of the Tamsalu For ma tion (Ainsaar et al., 2015).
The top most Rhuddanian to Aeronian con sists of cy cli cal al ter -
na tion of lime stones and la goonal ar gil la ceous dolomites, marl -
stones, and micritic and bioclastic lime stones. The bound ary
be tween the Llandovery and Wen lock is drawn within the Jaani
For ma tion (Fig. 2B) which con sists mainly of marls and mud -
stones grad ing into lime stones in its up per part (Männik,  2014).
In south ern Es to nia, the equiv a lent strata are rep re sented by
grey mudstone with graptolites. The over ly ing Shein woodian-
 Homerian com prises bioclastic lime stones and dolomites with
abun dant bioherms grad ing eastwards into the dolomitised reef
suc ces sion of the Muhu For ma tion. The up per Wen lock and
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Fig. 1. Lo cal ity map show ing the out crops of Or do vi cian and Si lu rian rocks in the Bal tic re gion and sche matic con fig u ra tion 
of the Baltoscandian ba sin (mod i fied from Har ris et al., 2004)
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Fig. 2B



Lud low are poorly fossiliferous, be cause of ex ten sively de vel -
oped very mar ginal-ma rine and la goonal fa cies, and are there -
fore not rep re sented in the data set. The Pøidoli in ter val is rep re -
sented in this study by the Ohesaare For ma tion, thin-bed ded
bioclast-rich lime stones and marls. All these rocks con tain
well-pre served fos sils, with brachi o pods be ing com mon. 

MATERIAL AND METHODS

A to tal of 62 brachi o pod sam ples were col lected for this
study from the 12 ex po sures in Es to nia (Ohesaare, Abula,
Jaani, Paramaja, Undva, Porkuni, Hosholm, Saxby, Rakvere,
Ristna, Aluvere and Pakri; Fig. 1) ir reg u larly span ning the Mid -
dle Or do vi cian to Pøidoli in ter val. The new ma te rial cov ers
mainly the Katian-Sheinwoodian in ter val and some Dapingian
and Pøidoli units. Pre vi ously pub lished brachi o pod iso to pic data 
was used for com par i son and for fill ing in the strati graphic in ter -
vals not cov ered by the newly col lected ma te rial (Heath et al.,
1988; Hints et al., 2010; Ras mus sen et al., 2016; Kaljo et al.,
2017; Gul et al., 2021; see sup ple men tary on line data:
https://dx.doi.org/10.23673/re-351). Brachi o pods col lected at
ex po sures and from bore hole cores were care fully re moved
from the lime stone ma trix and cleaned. The state of the shells
and frag ments did not gen er ally al low iden ti fi ca tion of spe cific
fam i lies or gen era due to their poor con di tion. For sta ble iso tope 
anal y ses, brachi o pod shell pow der was ob tained by mi cro-drill -
ing, avoid ing ce ment and ma trix ma te rial. The pow dered ma te -
rial was ana lysed for sta ble iso topes (ox y gen and car bon) us ing 
a Thermo Sci en tific Delta V Ad vance con tin u ous flow iso tope
ra tio mass spec trom e ter at the De part ment of Ge ol ogy, Uni ver -
sity of Tartu. Delta V ad van tage (con tin u ous flow) + GasBench
II sam ples were dis solved (re ac tion time >8 hours) in H3PO4

(99%) at 25°C. About 0.5 mg of the pow dered sam ple was
used. The re sults are re ported as d no ta tion in per mil rel a tive to
Peedee bel em nite (VPDB) for both ox y gen and car bon, and
reproducibility of the re sults is gen er ally better than ±0.1 and
±0.2‰ for car bon and ox y gen (re spec tively). The in ter na tional
lab o ra tory stan dards (from IAEA) IAEA-60, NBS 18 and
LSVEC were used. For palaeotemperature es ti mates we cal cu -
lated tem per a tures from d18Obrac val ues us ing the for mula T°C = 
17.3750–4.2535 (dc–dw) +0.1473 (dc–dw)2, as sum ing pos si ble
pres er va tion of an orig i nal ma rine car bon ate iso to pic com po si -
tion formed in sea wa ter with d18O value –1‰ (Brand et al.,
2019). Trace-el e ment anal y sis (Ca, Sr, Mg, Mn, Fe) was ob -
tained from 12 brachi o pod sam ples by elec tron microprobe
anal y sis op er at ing at volt age of 20 kV, beam cur rent 0.015 mA,
and 13 mm beam di am e ter (de tec tion lim its for Sr = 200 ppm,
Mg = 100 ppm, Mn = 200 ppm, Fe = 200 ppm), in or der to eval u -
ate the pres er va tion of the ma te rial and re li abil ity of the sta ble
iso to pic sig nal.

RESULTS

CARBON AND OXYGEN ISOTOPES

The d18O and d13C val ues for Or do vi cian and Si lu rian
brachi o pods used in this study range be tween ~–7 to 0‰ and
–2.6 to +7.6‰ re spec tively (Figs. 3 and 4). The in di vid ual val -
ues are widely dis persed across the suc ces sion but the prin ci -

pal trends are ob vi ous and can be dis cussed based on the av er -
aged curve. 

The car bon ate rocks and fos sils ex am ined in the ear lier
study show ex cel lent pres er va tion across most of the lo cal i ties
stud ied in Es to nia. This is due to low tec tonic ac tiv ity and lim ited 
burial diagenesis in the area (Azmy et al., 1998). The eval u a tion 
of diagenetic changes in car bon ate iso to pic com po si tion can be 
done by ana lys ing the d13C–d18O cross-plot of brachi o pod shell
ma te rial. Ac cord ing to Jacobsen and Kaufman (1999), the re la -
tion ship be tween d13C and d18O val ues in this plot in di cates the
ex tent of me te oric diagenesis. How ever, the cross-plot of car -
bon and ox y gen iso to pic data of ran domly se lected sam ples in
our study shows no cor re la tion be tween the d13C and d18O val -
ues (R2 = 0.0072, as shown in Fig. 5). The val ues are closely
clus tered with out any ex treme neg a tive points on ei ther axis,
which sug gests that the pres er va tion of the shells is rel a tively
good. Nev er the less, it still can not be com pletely ruled out that
some sec ond ary in flu ence may have af fected the pri mary sig -
nal in some sam ples.

Brachi o pod shells have been widely used also to es ti mate
diagenetic al ter ation, with stron tium (Sr) and man ga nese (Mn)
abun dance ra tio serv ing as key in di ca tors (Brand and Veizer,
1980). Fig ure 6 il lus trates the re sults ob tained from 10 brachi o -
pod shells that suc cess fully passed the petrographic screen ing
tests. The Sr abun dances range from 359 to 2159 ppm (mean:
898 ppm) whilst con cen tra tions as low as 200 ppm have been
doc u mented for mod ern brachi o pods (Veizer et al., 1999;
Immenhauser et al., 2002). The man ga nese abun dances range 
from be low the de tec tion limit up to 58 ppm (mean: 28 ppm).
These val ues align with the range ob served in mod ern low-Mg
cal cite shells (Veizer et al., 1999), show ing that their re tained
val ues are close to their pri mary iso to pic com po si tion. 

The Floian-Darriwilian d13Cbrac val ues are char ac ter ized by
an in creas ing-up wards trend on av er age from –1 to 0‰ (Fig. 3). 
The Sandbian-Katian d13Cbrac val ues vary gen er ally be tween 1
and 2‰, but the res o lu tion is too low to rec og nize the well-
 known iso to pic ex cur sions re vealed in the bulk car bon data
(e.g., Ainsaar et al., 2020). The Or do vi cian suc ces sion is ter mi -
nated by a sharp in crease in the d13Cbrac val ues up to +5–7‰ in
the Hirnantian Stage (the HICE peak). The fall ing limb of the
HICE curve is marked by d13Cbrac val ues re turn ing to ~–1 to 0‰
in the top most Or do vi cian.

The d18Obrac val ues in the Or do vi cian Baltoscandian suc -
ces sion gen er ally in crease from the Floian to the Hirnantian.
These val ues rise grad u ally from –6 to –5‰ in the Floian-
 Darriwilian in ter val but are more scat tered in the Sandbian-
 Katian in ter val (be tween –6 and –3‰), with out ob vi ous trends
or peaks (Fig. 4).

The Hirnantian d18O av er aged brachi o pod val ues show an
abrupt in crease from roughly –4 to –2‰, with a max i mum co in -
cid ing with the Hirnantian gla ci ation event (Fig. 4), be fore re -
turn ing to the pre-shift pla teau in the basal Llandovery beds.
This abrupt fall in d18Obrac val ues marks a strati graphic gap at
the bound ary of the Porkuni and Juuru re gional stages in this
area (Kaljo et al., 2001). The av er age d18Obrac val ues in the Si lu -
rian in di cate a small rise in the up per Rhuddanian (Llandovery)
fol lowed by a con tin u ous de cline up to the Telychian- Shein -
woodian bound ary, in the range of ~–5.5 to –4.5‰. Through out
the mid-Sheinwoodian, the av er age value of d18Obrac shows an
in crease up to –3.5‰. The d18Obrac val ues in the Pøidoli are
~–6‰ (Fig. 4). 

Sec u lar trends in the d13Cbrac val ues in the Si lu rian part of
the suc ces sion may be di vided into three in ter vals. A large
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pos i tive d13C shift is re corded through out the early Si lu rian
(Rhudda nian -Aeronian in ter val) where d13C val ues grad u ally
de crease up to +1‰. The sec ond, Aeronian-Telychian in ter val 
is char ac ter ized by sta ble val ues around +1‰. This is fol lowed 
by a con tin u ous in crease in the d13Cbrac val ues up to +3.5‰ in
the Sheinwoodian in ter val, re flect ing the global Ireviken Event
(Munnecke et al., 2010). There is no brachi o pod data in our
dataset from Homerian to Ludfordian, partly due to wide dis tri -
bu tion of mar ginal ma rine car bon ates in the Bal tic out crops
that are nearly bar ren of brachi o pods. The d13Cbrac val ues in
the mid-Pøidoli in ter val are the low est for the Si lu rian in this re -
gion (–0.7‰; Fig. 3). 

DISCUSSION 

Over the last few de cades, the Or do vi cian and Si lu rian suc -
ces sion in Baltoscandia has at tracted re search ers be cause of
the many spec tac u lar car bon iso tope (d13C) fluc tu a tions that are
well-doc u mented, mainly in the bulk car bon ate re cord (Kaljo et
al., 2007; Ainsaar et al., 2010), and in ter preted as mark ers of
global or re gional en vi ron men tal changes but also ex ten sively
ap plied in re gional stra tig ra phy. Nu mer ous Or do vi cian pos i tive
d13C ex cur sions in the Baltoscandian area have been de scribed
from dif fer ent bore hole core sec tions (Kaljo et al., 2007; Ainsaar
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Fig. 3. Sum mary fig ure show ing the car bon iso tope (brachi o pod) trend through 
the early Or do vi cian–late Si lu rian in ter val

The av er age curve com prises two-mil lion-year seg ments with 
a cen tred mov ing av er age com puted ev ery 0.5 My
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et al., 2010). Ex cept for the HICE and the Ireviken Ex cur sion,
where the d13C val ues reached up to +7‰, all other ex cur sions
show d13C val ues of only be tween –1 and +2‰. The Or do vi cian

d13C ex cur sions can be cor re lated across the Baltoscandian
palaeobasin and some of them across dif fer ent palaeo con tinents 
(the HICE and also the Ireviken Ex cur sion). The car bon iso to pic
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Fig. 4. Sum mary fig ure show ing ox y gen iso tope com po si tions rep re sent ing Baltica
dur ing the early Or do vi cian–late Si lu rian

The av er age curve com prises two-mil lion-year cen tred seg ments 
with a mov ing av er age com puted ev ery 0.5 My
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curve ob tained based on brachi o pod data is gen er -
ally in agree ment with the curves based on the bulk
car bon ate data (Heath et al., 1988; Hints et al., 2010; 
Männik et al., 2015; Ras mus sen et al., 2016; Kaljo et
al., 2017; Meidla et al., 2020; Gul et al., 2021), e.g. it
con tains the HICE and the Ireviken Ex cur sion but in -
suf fi ciently re flects smaller ex cur sions as the fre -
quency of brachi o pod data is too low in these in ter -
vals. De vi a tions be tween the lo cal and re gional val -
ues of d13Cbrac may be due to dif fer ences in depo -
sitional en vi ron ments, tec tonic re gimes or the im pact 
of diagenesis that may have af fected the car bon ate
ma te rial. 

The up wards rise of the d13C val ues in the
Floian- Dapingian in ter val re sem bles that in an Or -
do vi cian dataset from south China (Ed wards and
Saltzman, 2014). The d13Cbrac curve from the Darri -
wilian in ter val of Baltoscandian sec tions in cludes
also the Mid- Darri wilian Car bon Iso tope Ex cur sion
(MDICE) doc u mented in the Baltoscandian area
and world wide in bulk car bon ate data (Ras mus sen
et al., 2016). The well-known HICE d13C ex cur sion
has been re ported glob ally from dif fer ent palae -
ocontinents (Kaljo et al., 2001). The be gin ning and
end of the HICE are not clearly de fined. Within the
Metabolograptus extraordinarius Zone, there is a
grad ual rise in d13Cbrac val ues from the base line,
which cor re sponds to the time of gla ci ation in the
early Hirnantian e.g. Wangjiawan North Sec tion
(Chen et al., 2006; Gorjan et al., 2012). Pre vi ous
stud ies have re cog nized el e vated d13C val ues in the 
Hirnantian in Es to nia as well as in sur round ing ar -
eas, cor re spond ing to the HICE ris ing to a peak of
up to +7‰ (Ainsaar et al., 2010; Gul et al., 2021). In
more com plete sec tions, the ris ing and fall ing limbs
of the HICE curves dis play a sim i lar ity, i.e. both are
grad ual as ob served in other Bal tic sec tions stud ied
us ing bulk rock sam ples, e.g. the Jurmala core
(Ainsaar et al., 2010) as well as in co eval sec tions
from sev eral palaeocontinents e.g. south China
(Chen et al., 2006; Ling et al., 2007), North Amer ica
(Bergström et al., 2010) and else where. The av er -
age d13Cbrac curve is gen er ally in agree ment with the 
trends de scribed and the lack of data points in the
Porkuni-Juuru re gional stage tran si tion in ter val is
note wor thy (Fig. 3), be cause of both the gap and the 
scar city of fauna in this tran si tion.  

The po ten tial of sta ble ox y gen iso to pic com po si -
tion of sed i men tary ma te ri als to re flect palaeo tem -
peratures has long been rec og nized (Urey, 1947).
Brachi o pod shells have been widely used in palaeo -
climatic stud ies of an cient car bon ates be cause they 
are rel a tively re sis tant  to diagenetic change. Most
of the d18Obrac val ues in the cur rent study fall in the
in ter val of ~–7 to ~–0.5‰, im ply ing some lim ited al -
ter ation by me te oric diage nesis. The cur rent Balto -
scandian Or do vi cian d18O data set is con sis tent with
the doc u mented Or do vi cian pat tern of in creas ing
d18O val ues with de creas ing age (Trot ter et al.,
2008; Grossman and Joachimski, 2020). The
d18Obrac trends re flect mul ti ple cool ing events and
deglaciation through out the Or do vi cian-Si lu rian
(Bren chley et al., 1994). The ma jor ity of the d18Obrac
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Fig. 5. Ox y gen ver sus car bon iso to pic com po si tion mea sured 
from brachi o pod shell ma te rial in the strati graphic units stud ied
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Fig. 6. Stron tium and man ga nese abun dances in the brachi o pod shells
used in this study
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shifts are in ter preted as re sult ing from sea sur face wa ter tem -
per a ture changes as the crit i cal fac tor that con trols the ox y gen
iso tope changes is tem per a ture (Trot ter et al., 2016). Still, as
d18O vari a tion can be in flu enced by sev eral fac tors, in clud ing
the iso to pic com po si tion of sea wa ter, sa lin ity, pH changes,
source and com po si tion of mud, vi tal ef fects and diagenetic al -
ter ation (Munne cke et al., 2010; Swart, 2015), the tem per a ture
es ti mates are con sid ered ten ta tive. 

The brachi o pod cal cite tem per a ture val ues in this study
were cal cu lated us ing the for mula of Brand et al. (2019) as sum -
ing pos si ble pres er va tion of orig i nal ma rine car bon ate iso to pic
com po si tion formed in sea wa ter with d18O value –1‰. The re -
sults ob tained seem to be in a better agree ment and are also

closer to mod ern tem per a tures, com pared to val ues re vealed
from bulk ma te rial in pre vi ous stud ies. If we would change the
sea wa ter d18O for the cool ing ep i sodes, then the change in 1‰
in flu ences the tem per a ture by up to 4°C. The curve could be
slightly shifted at some in ter vals, if the sea wa ter com po si tion
changed through time (e.g., dur ing gla cial ep i sodes). 

The tem per a ture cal cu lated from brachi o pods from the
Floian- Dapingian stages range from ~36 up to 43°C (Fig. 7).
These val ues are clearly too high and seem to be un re al is tic but 
this is a well- known prob lem. Some au thors sug gest that pri -
mary sea wa ter d18O val ues might have been dif fer ent dur ing
this time (Trot ter et al., 2008). Al though the Darriwilian sea wa -
ter d18O val ues from Baltoscandia re cord im ply that diagenesis
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Fig. 7. Sum mary fig ure show ing tem per a ture based on ox y gen iso tope data

Tem per a tures are cal cu lated from brachi o pod data by the for mula of Brand et al. (2019), 
as sum ing pos si ble pres er va tion of orig i nal ma rine car bon ate iso to pic com po si tion 

formed in sea wa ter of d18O value –1‰
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Fig. 8. Ox y gen iso to pic tem per a tures com par i son of Or do vi cian-Si lu rian brachi o pods (cal cite)
(Grossmann et al., 2020) and cono donts (phos phate) (from Trot ter et al., 2008; Männik et al., 2021) 

as sum ing sea wa ter d18O of –1‰
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may have al tered some of the pri mary d18O ra tios, the well-pre -
served sam ples still re veal near-pri mary long-time d18O trends
(Ed ward et al., 2022). A de cline in the tem per a ture val ues can
be ob served through out the Darriwilian bring ing the tem per a -
ture val ues down into the in ter val of 32 and 38°C which is not far 
from mod ern trop i cal tem per a tures. Mul ti ple tem per a ture fluc -
tu a tions rang ing be tween ~25 and 37°C were cal cu lated for the
pre-Hirnantian Up per Or do vi cian brachi o pods (Fig. 7). Even
our max i mum tem per a ture of ~40°C, af ter ad just ing for d18O
sea wa ter er rors and an an a lyt i cal of range ±3°C, is ba si cally
near the top limit of mod ern trop i cal tem per a tures. 

With the start of HICE, the tem per a ture drops to 27°C in the
strata that cor re spond to low sea level and a global re gres sion.
Shortly af ter, there is an abrupt fall in tem per a ture based on our
av er aged dataset to ~22°C which cor re sponds to the Hirnan -
tian gla ci ation and this trend looks con sis tent with gen er ally ac -
cepted Hirnantian sce nar ios (Brenchley et al., 2003; Trot ter et
al., 2008; Finnegan et al., 2011). How ever, the true tem per a ture 
range is dif fi cult to de ter mine be cause of the ice- vol u me com -
po nent which was clearly sig nif i cant dur ing the Hirna ntian and
had an im pact on the sea wa ter iso to pic com po si tion. The
Hirnantian cool ing phase co in cided with a re gional ex tinc tion
(e.g., Meidla et al., 2020 and ref er ences therein). 

The cal cu lated post-HICE tem per a ture shows a two-step
rise. The tem per a tures cal cu lated from brachi o pods from the
Rhuddanian mostly range be tween ~31 and 38°C, with few ex -
cep tions, pos si bly ob tained from al tered bioclasts (Gul et al.,
2021). In the over ly ing strata (Aeronian and Telychian), tem per -
a tures range be tween ~30 and 38°C (Fig. 7), not far from mod -
ern trop i cal tem per a tures. The brachi o pod cal cite tem per a ture
val ues in the Sheinwoodian are dis tinctly lower, vary ing be -
tween ~25 and 38°C. The tem per a tures cal cu lated for the
Pøidoli (Ohe saare) Age range be tween ~39 and 43°C, be ing
slightly higher again in com par i son to mod ern val ues. Our com -
piled data sug gests a warm ing trend in the early Si lu rian
(Llandovery), fol lowed by a re turn to colder tem per a tures in the
Sheinwoodian while a warmer cli mate is re corded in the Pøidoli
time (Grossman and Joachimski, 2020).

Dur ing the pre vi ous de cade, Trot ter et al. (2008) and Finne -
gan et al. (2011) re con structed tem per a ture trends for the Or -
do vi cian-Si lu rian pe ri ods ba sed on clumped iso tope palaeo -
thermometry and d18Oap a tite. The re sults are com pa ra ble to
those de rived from d18Obrach and d18Obulk val ues by Bren chley et
al. (2003). Our d18Obrach dataset sug gests a steady cool ing trend 
for the Mid dle Or do vi cian which is nearly con sis tent with the
trends pro posed by Grossman and Joachimski, (2020) and
Trot ter et al. (2008). Fol low ing the rel a tively warm late Katian,
an abrupt world wide cli mate cool ing in the Hirnantian is ob vi ous 
in all com par a tive stud ies (Fig. 8; Trot ter et al., 2008; Grossman 
and Joachimski, 2020; Männik et al., 2021). The Or do vi cian
and Si lu rian brachi o pod tem per a ture re cords agree with the
tem per a tures re corded from cono dont ap a tite, con sid er ing the
low-tem per a ture val ues rep re sent ing the Hirnantian and early
Si lu rian. The early Si lu rian tem per a ture val ues from this study
and from Grossman and Joachimski, (2020) are nearly con sis -
tent with the Mid dle to Late Or do vi cian ranges, ex cept for the

Rhuddanian tem per a ture val ues re flect ing cli ma tic in sta bil ity
be fore the re turn to equa to rial tem per a tures com pa ra ble to the
pres ent in the Wen lock (Fig. 8).

The ab so lute tem per a ture val ues cal cu lated from our data
may not be pre cise but the ob served trends are in a good
agree ment with gen er ally ac cepted tem per a ture and cli ma tic
sce nar ios. For ana lys ing finer-scale cli ma tic vari abil ity through
the Or do vi cian-Si lu rian in ter val, much better sam pling res o lu -
tion would be re quired for sev eral in ter vals.

CONCLUSIONS

The pres ent study as sesses Or do vi cian-Si lu rian brachi o -
pod sta ble iso to pic data and fo cus ses on the cli ma tic and en vi -
ron men tal changes dur ing these pe ri ods in the Baltoscandian
palaeobasin. Sev eral ma jor d13Cbrac ex cur sions iden ti fied in the
Or do vi cian-Si lu rian in the Es to nian Shelf are con sis tent with
pre vi ously doc u mented ex cur sions in bulk car bon ate sta ble iso -
to pic curves. The ox y gen iso tope com po si tion of fos sil brachi o -
pods shows a gen eral sec u lar trend from the Early to Late Or -
do vi cian to wards heavier d18O val ues The Baltoscandian
d18Obrac data sug gest warmer tem per a tures dur ing the Early Or -
do vi cian (Floian) and a cool ing trend to wards the Mid dle Or do -
vi cian, which agrees with the ox y gen iso to pic data from cono -
dont phos phate, as well as with the re sults of pre vi ous iso tope
stud ies in Laurentia and other palaeoconti nents. The Hirna ntian 
gla ci ation HICE ep i sode cor re sponds to a min i mum tem per a -
ture. The post-HICE data sug gest a ris ing tem per a ture trend.
An other tem per a ture min i mum is ev i dent in the strata re flect ing
the Ireviken Event, cor re lated with the Jaani Re gional Stage in
Es to nia. The ab so lute tem per a ture val ues cal cu lated from our
data may not be pre cise but the trends ob served are largely
par al lel to known global tem per a ture and cli ma tic trends de spite 
the plate tec tonic drift of Baltica from higher south ern
palaeolatitudes to the trop i cal realm dur ing this pe riod. The re -
sults also show that the car bon and ox y gen sta ble iso to pic com -
po si tion of Pa leo zoic brachi o pods can ten ta tively be used for
palaeoenvironmental in ter pre ta tion.

Sup ple men tary on line data. Sup ple men tary ma te rial on line
can be found at https://dx.doi.org/10.23673/re-351. It con tains
the list of brachi o pod sam ples, to gether with an a lyt i cal re sults
(sta ble car bon and ox y gen iso tope ra tios). 
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