LUND UNIVERSITY

Early—Middle Ordovician biotic and sedimentary dynamics in the Baltoscandian paleobasin

Lindskog, Anders

2017

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):

Lindskog, A. (2017). Early-Middle Ordovician biotic and sedimentary dynamics in the Baltoscandian paleobasin.
[Doctoral Thesis (compilation), Department of Geology, Lithosphere and Biosphere Science]. Lund University,
Faculty of Science, Department of Geology, Lithosphere and Biosphere Science.

Total number of authors:
1

Creative Commons License:
Unspecified

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY
PO Box 117

221 00 Lund
+46 46-222 00 00

Download date: 07. Jul. 2025


https://portal.research.lu.se/en/publications/c902e969-4918-49ef-94f5-4f0492e423ad

Early—Middle Ordovician biotic

and sedimentary dynamics in the
Baltoscandian paleobasin

ANDERS LINDSKOG
LITHOSPHERE AND BIOSPHERE SCIENCE | DEPARTMENT OF GEOLOGY | LUND UNIVERSITY 2017







LITHOLUND THESES 29

Early—Middle Ordovician biotic and sedimentary
dynamics in the Baltoscandian paleobasin

Anders Lindskog

LUND

UNIVERSITY

Lithosphere and Biosphere Science
Department of Geology

DOCTORAL DISSERTATION
by due permission of the Faculty of Science, Lund University, Sweden.

To be defended at Geocentrum II, Sélvegatan 12, Lund, room Pangea,
on the 24™ of March 2017, at 13.15.

Faculty opponent
Prof. Dr. Axel Munnecke
Friedrich-Alexander-Universitit Erlangen-Niirnberg



© Anders Lindskog
Front cover: Artist’s impression of an Ordovician ecosystem. Illustration: Iris Lindskog (age four).

Back cover: The author excavating a section through the Lower—Middle Ordovician boundary interval at Kinnekulle,
Vistergotland, southern Sweden. Photo: Mats Eriksson (age forty-three).

Lithosphere and Biosphere Science
Department of Geology
Faculty of Science

ISBN 978-91-87847-30-1 (print)
ISBN 978-91-87847-31-8 (pdf)
ISSN 1651-6648

Printed in Sweden by Media-Tryck, Lund University, Lund 2017

N

=l§= 7// MY KLIMATKOMPENSERAT
N v"//// ftl FORPACKNINGS PAPPER

&TIDNINGS
Intertek 341900 INSAMLINGEN




Organization Document name

LUND UNIVERSITY DOCTORAL DISSERTATION
Department of Geology
Solvegatan 12

SE-223 62 Lund

Sweden

Date of issue: March 24, 2017

Author: Anders Lindskog Sponsoring organization: —

Title: Early-Middle Ordovician biotic and sedimentary dynamics in the Baltoscandian paleobasin

Abstract

The Baltoscandian region forms part of the paleocontinent Baltica, which was largely covered by a shallow epeiric sea through-
out much of the Ordovician (c. 485.5-444 Ma). This ancient sea is today recorded by a thin succession of sedimentary rocks.
During the Early-Middle Ordovician (c. 485.5-457.5 Ma), Baltica was situated in mid-latitudes on the southern hemisphere
and cool-water carbonates formed across large areas of the Baltoscandian paleobasin. The so-called orthoceratite limestone is the
most widely distributed rock type from the Early-Middle Ordovician in Sweden. It developed in a time-transgressive manner
geographically, but much of the Lower—-Middle Ordovician succession in the mainland of Sweden is typically characterized by
this lithology. The depositional environment of the ‘orthoceratite limestone’ has long remained poorly understood in many
respects. This is in large part due to a lack of analogous depositional environments in modern seas, but also due to remaining
gaps in our knowledge about the rock type in general. It has generally been agreed upon that the ‘orthoceratite limestone’ is a
cool-water deposit formed in a sediment-starved epeiric sea, but interpretations have differed widely with regards to prevailing
water depth.

The eight papers appended to this doctoral dissertation are based on various investigations of the ‘orthoceratite limestone’ in
Sweden and coeval rocks in surrounding countries. Detailed macroscopic and microscopic studies of the biotic and sedimentary
characteristics have added information about the Baltoscandian paleobasin and the biotic and paleoenvironmental development
during the Early-Middle Ordovician. It is concluded that the depositional environment of the ‘orthoceratite limestone’ varied
considerably through both space and time; it spanned from intertidal areas to settings many tens of meters deep. Variations in
the overall characteristics and fossil content of the ‘orthoceratite limestone’ and coeval regional rocks appear to mainly record
variations in (relative) sea level.

The collective results indicate that sea level varied significantly throughout the Early-Middle Ordovician, likely in large part
as a response to variations in climate and related changes in global marine water volume. The inferred variations are consistent
across multiple different proxies — abiotic and biotic alike — and cyclic patterns occur in the datasets. Geochemical data suggest
that the global climate changed considerably during the Early-Middle Ordovician, and that the climate ultimately entered an
‘Iechouse’-like state. The onset of the latter phase is recorded as a distinct drop in sea level during the Middle Ordovician. The
aforementioned changes reverberated through the marine realm and likely contributed to the rapid diversification that is seen
among fossils during the so-called Great Ordovician Biodiversification Event (GOBE). Based on a refined absolute and relative
time scale for the Middle Ordovician, the GOBE can be confidently shown to be unrelated to a prolonged meteorite bombard-
ment that occurred during this time interval.

The papers in the dissertation collectively show that a combination of approaches and analytic techniques leads to maximal
information output and confidence in interpretations. The use of state-of-the-art analytic and imaging techniques further allows
for the discovery of previously undocumented rock characteristics and fossils, and better description and understanding of such
documented before.

Key words: Ordovician; ‘orthoceratite limestone’; carbonate sedimentology; microfacies; paleoecology; paleoenvironment; paleontology; Baltoscandia

Classification system and/or index terms (if any): —

Supplementary bibliographical information: — Language: English
ISSN and key title: 1651-6648 LITHOLUND THESES ISBN: 978-91-87847-30-1
Recipient’s notes: — Number of pages: 132 Price: —

Security classification: —

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to all reference sources permission to publish and
disseminate the abstract of the above-mentioned dissertation.

-
Signature: % - ) Date: February 14, 2017



Till Mor och Far.



Contents

LIST OF PAPERS
1. INTRODUCTION
2. THE ORDOVICIAN
2.1. The Ordovician of Baltoscandia
2.2. The Great Ordovician Biodiversification Event
3. THE ‘ORTHOCERATITE LIMESTONE’
3.1. Characteristics and distribution
3.2. Depositional environment
4. SUMMARY OF PAPERS
4.1. Paper I, Lindskog 2014 (Lethaia)

4.2. Paper 11, Lindskog et al. 2014 (GFF)

4.3. Paper 111, Lindskog et al. 2015 (Palaeogeography, Palacoclimarology, Palacoecology)

4.4. Paper IV, Rasmussen et al. 2016 (Scientific Reports)

4.5. Paper V, Eriksson et al. 2016 (GFF)

4.6. Paper VI, Lindskog et al. 2017 (Nature Communications)

4.7. Paper VII, Lindskog & Eriksson 2017 (accepted for publication in GFF)

4.8. Paper VIIL, Lindskog et al. 2017 (in manuscript)
5. DISCUSSION
6. ACKNOWLEDGMENTS
7. REFERENCES

SVENSK SAMMANFATTNING

10
10
10
10
10
11
11
11

11

12

13

14

16



EARLY-MIDDLE ORDOVICIAN BIOTIC AND SEDIMENTARY DYNAMICS

List of papers

This dissertation is based on eight appended papers,
which are listed below. Paper I has been reproduced with
permission from John Wiley and Sons, Inc. Papers II and
V have been reproduced with permission from Taylor
& Francis Group. Paper III has been reproduced with
permission from Elsevier. Papers IV and VI have been
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1. Introduction

This dissertation is based on eight papers, which are
summarized and discussed below. The aim is to pres-
ent a broad perspective on the geologic evolution of the
Baltoscandian paleobasin during the Early to Middle
Ordovician (c. 485.5-457.5 Ma; Gradstein et al. 2012;
Lindskog et al. 2017a), and to increase our understand-
ing of the biotic and paleoenvironmental development
during this time interval. The dissertation is thus based
on a multi-proxy approach to the aforementioned theme.
Hence, the included papers deal with sedimentology, pal-
eoecology, paleontology, stratigraphy, geochronology and
related subdisciplines.

The studies vary in perspective and scale (both literally
and figuratively), and a range of methods, spanning from
the most basic field studies to state-of-the-art analytic
techniques, have been employed in an effort to interpret
events and developments during the Early and Middle
Ordovician. The dissertation mainly revolves around the
Baltoscandian region and particular focus has been put
on the so-called orthoceratite limestone (see below), es-
pecially that in the Kinnekulle area in the province of
Vistergotland, southern Sweden. During the course of
this project, a number of localities with outcropping
Ordovician strata in Sweden (the provinces of Nirke,
Vistergotland, Skane and the island of Oland), Estonia,
Norway and Russia have been visited and several drill
cores have been studied.

Both individually and collectively, the papers that
form the backbone of this dissertation have added some
pieces to the puzzle that is our distant past and hopefully
the results and interpretations will withstand the test of
time — at least for a while...

2. The Ordovician

The Ordovician Period, which spanned c. 485.5-444
million years ago (Fig. 1; Gradstein et al. 2012; Ogg et al.
2016), was characterized by record-high global sea level
and, thus, shallow epeiric seas covered vast areas of the
existing continents. Nearly all continents were situated in
the southern hemisphere, and the northern hemisphere
was mostly one big ocean (Cocks & Torsvik 2006). The
vast majority of the multi-cellular organisms were con-
fined to marine environments, although plants begun
to colonize land about halfway through the time period
(Rubinstein et al. 2010). Hence, marine sedimentary

ANDERS LINDSKOG
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Fig. 1. Global and Baltoscandian stratigraphic subdivision of the Or-
dovician System (after Bergstrém et al. 2009; Gradstein et al. 2012;
Lindskog et al. 2017a).

rocks form the main archive from which we extract infor-
mation about this time.

2.1. The Ordovician of Baltoscandia

The Baltoscandian region, which essentially includes
Scandinavia and the East Baltic countries (including
westernmost Russia), forms part of Baltica, a paleocon-
tinent that would later become a part of Eurasia (Cocks
& Torsvik 2005, 2006). Much of the paleocontinent was
covered by marine water, today recorded by a relatively
thin succession of sedimentary rocks (Fig. 2). Originally,
lower Paleozoic strata formed a broad blanket that cov-
ered most of the Baltoscandian region, but later erosion
has decreased the geographic distribution. Except for
strata in the west that became directly affected by the Cal-
edonian orogeny, the preserved Ordovician succession is
largely unmetamorphosed and undisturbed (e.g., Jaanus-
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Fig. 2. Map of southern Sweden and the surrounding Baltoscandian region. The distribution of lower Paleozoic rocks is indicated by green shad-
ing; areas with significant outcrops of Ordovician strata are indicated by darker shading (modified from Lindskog & Eriksson 2017).

son 1982a).

Throughout the Ordovician, Baltica drifted north-
wards from high into low southern-hemisphere latitudes
(Cocks & Torsvik 2005, 2006). The latitudinal voyage
of Baltica is reflected in the development of the region-
al geologic succession through a gradual change from
cool-water to warm-water sedimentary and paleontologic
characteristics (e.g., Jaanusson 1973). During the Early—
Middle Ordovician, the paleocontinent was situated in
mid-latitudes (on the southern hemisphere) and cool-wa-
ter carbonates formed across large areas of the paleobasin.

2.2. The Great Ordovician
Biodiversification Event

The fossil record shows that a remarkable rise in diver-
sity occurred among marine organisms during the Or-
dovician. This phenomenon has been termed the Great
Ordovician Biodiversification Event (GOBE; e.g., Webby
et al. 2004; Servais et al. 2009). Starting at the begin-
ning of the Ordovician and taking off in earnest during
the Dapingian, the GOBE ultimately resulted in an at
least threefold increase in biodiversity globally. Different

organisms began to diversify at different times, howev-
er, and diversification patterns varied through time. In
addition to this increase in diversity, the GOBE was as-
sociated with the expansion of marine organisms into
new environments, niches and life modes, and the estab-
lishment of more complex food webs (e.g., Harper et al.
2015). The cause(s) of the GOBE is still under debate,
and suggested drivers include climate change, high global
sea level, the presence of numerous separate continents,
tectonic and magmatic activity, ecologic interactions, and
extraterrestrial influence.

3. The ‘orthoceratite
limestone’

The so-called orthoceratite limestone forms a central
theme of this dissertation. Hence, the following sections
provide some background information about this litho-
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logic unit. Further information can be found in the ap-
pended papers and cited literature.

3.1. Characteristics and distribution

The ‘orthoceratite limestone’, which strictly is an infor-
mal geologic unit, encompasses a range of superficially
similar carbonate rocks that formed in the Baltoscandian
paleobasin during the Early-Middle Ordovician. These
rocks are typically grayish and/or reddish in color, with
subordinate yellowish and greenish hues (Fig. 3). Lith-
ologically, the ‘orthoceratite limestone’ consists of a var-
iably muddy matrix strewn with variable amounts of
skeletal grains. Some intervals further contain significant
amounts of authigenic mineral grains (such as glauco-
nite and limonite). Terrigenous components are overall
relatively scarce and net deposition of the ‘orthoceratite
limestone’ was on the order of millimeters per millennia
(e.g., Lindstrom 1971; Jaanusson 1973, 1982a; Lindskog
& Eriksson 2017).

The areal distribution of the ‘orthoceratite limestone’
largely runs meridionally along the mainland of Sweden,
where it is the dominant rock type in the Lower—Middle
Ordovician succession. The sediments that came to form
the ‘orthoceratite limestone’ were originally deposited
across large areas of Sweden, but today only patches oc-
cur as erosional remnants. Areas with notable occurrenc-

es of ‘orthoceratite limestone’” include Jimtland, Nirke,

Vistergotland, Oland and Ostergétland. Especially the

Fig. 3. Field photographs of select localities Wit}'; iower—Middle Ordovician ocks exposed. A. I\;Iiddle Ordovician ‘orthoeratite limestne’ and

ANDERS LINDSKOG

island of Oland in the Baltic Sea has become intimately
associated with the rock type, which is thus commonly
referred to as ‘Olandskall’ (‘Oland limestone’) regardless
of geographic origin. However, its traditional type area is
in the province of Vistergétland (Hisinger 1828; Jaanus-
son 1982b).

From a regional perspective, the ‘orthoceratite lime-
stone’ was mainly confined to the central parts of the
Baltoscandian paleobasin, but its areal distribution varied
through time. It appeared in a time-transgressive man-
ner during the Early Ordovician and attained its greatest
distribution in the Middle Ordovician (e.g., Jaanusson
1973; Nielsen 2004). At times, superficially similar facies
migrated into other parts of Baltoscandia that otherwise
host more argillaceous sediment. The Komstad Limestone
of Skéne represents a notable example (see Nielsen 1995).

3.2. Depositional environment

In large part due to a lack of recent analogues, the dep-
ositional environment of the ’orthoceratite limestone’
has been the subject of much scientific debate over the
years. While it has generally been agreed upon that the
rock represents a cool-water depositional environment
in a sediment-starved intracratonic setting, the depth of
deposition has remained a particular point of disagree-
ment. Widely different interpretations have been brought
forward in the literature, and estimates range from inter-
tidal (fluctuating near zero) to hundreds of meters (com-

overlying younger strata at the Hillekis quarry, Vistergtland (Kinnekulle), southern Sweden. B. Middle Ordovician ‘orthoceratite limestone’ at
the Tomten quarry, Vistergdtland (Falbygden), southern Sweden. C. Cambrian alum shale and Lower—Middle Ordovician ‘orthoceratite lime-
stone’ at the Lanna quarry, Nirke, southern Sweden. D. Middle Ordovician ‘orthoceratite limestone’ at the Killerdd quarry, Skine, southernmost
Sweden. E. Lower-Middle Ordovician strata at Uuga Cliff, Pakri Peninsula, northwestern Estonia. F. Middle Ordovician strata along the Lynna

River, St. Petersburg region, northwestern Russia.
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pare, e.g., Jaanusson 1973; Larsson 1973; Holmer 1983;
Nordlund 1989; Chen & Lindstrom 1991; Lindstrom
et al. 1996; Lindskog 2014; Lindskog & Eriksson 2017;
Lindskog et al. 2017). Summary accounts of the state of
the debate at different points in time can be found in
Lindstrom (1963), Jaanusson (1973), Chen & Lindstrém
(1991) and Lindskog (2014).

4. Summary of papers

The following papers form the basis of this dissertation.
They are arranged in order of date of publication and each
paper is accompanied by a summary of central results and
conclusions.

4.1. Paper |

Lindskog, A., 2014: Palacoenvironmental significance of
cool-water microbialites in the Darriwilian (Middle Or-
dovician) of Sweden. Lethaia 47, 187-204.

Numerous microbial structures (oncoids and stroma-
tolites) in the ‘orthoceratite limestone’ at Kinnekulle,
Vistergotland, southern Sweden, are described in detail
and interpreted in light of the paleoenvironmental condi-
tions in the study area. Together with associated sedimen-
tologic and ichnologic details, the microbialites indicate
that much of the studied succession was formed in rather
shallow water. The seafloor was largely within the photic
zone and water depth at most a few tens of meters. This
interpretation contrasts with some earlier ones wherein a
(very) deep setting was envisioned for the ‘orthoceratite
limestone’, with water depth even of some hundreds of
meters. A conspicuous acme in microbial structures is
seen in the “Tiljsten’ interval, which appears to record a
significant drop in sea level.

4.2. Paper 11

Lindskog, A., Eriksson, M.E. & Pettersson, A.M.L.,
2014: The Volkhov—Kunda transition and the base of the
Holen Limestone at Kinnekulle, Vistergotland, Sweden.
GFF 136, 167-171.

This paper was awarded for being among the best papers published in GFF
during 2014 (see Skovsted 2015).

Field and thin-section observations show that the tran-

10

sition between the Volkhov and Kunda Baltoscandian
stages is clearly expressed in the ‘orthoceratite limestone’
succession at Kinnekulle, Vistergotland, Sweden. The
boundary between the stages is marked by an abrupt
change from dense into marly limestone and a corre-
sponding fining of carbonate textures. Above this tran-
sitional fine-textured interval, the Kunda interval (Holen
Limestone) is characterized by coarser limestone than the
underlying Volkhov interval (Lanna Limestone). Similar
lithologic changes occur in large parts of Sweden.

4.3. Paper III

Lindskog, A., Eriksson, M.E., Tell, C., Terfelt, E, Martin,
E., Ahlberg, P, Schmitz, B. & Marone, E, 2015: Mollusk
maxima and marine events in the Middle Ordovician of

Baltoscandia. Palacogeography, Palacoclimatology, Palae-
oecology 440, 53—65.

Mollusk fossils vary distinctly in abundance throughout
the ‘orthoceratite limestone’. Field observations showed
that mollusk fossils are quite common in some intervals,
whereas they are largely missing in others. The studied
assemblages, which were previously largely undocument-
ed, are relatively diverse. Quantitative analyses of skeletal
grains in thin sections from Vistergétland (Hillekis, Kin-
nekulle) and Skane (Killeréd) in Sweden revealed rhyth-
mic fluctuations in the relative abundance of mollusk fos-
sils (mainly gastropods) in grain assemblages throughout
the studied successions. These fluctuations likely reflect
changes in relative sea level, with mollusks being most
common when water was relatively shallow. Comparison
to previously published literature shows similar strati-
graphic patterns in the abundance of mollusks across Bal-
toscandia.

4.4. Paper IV

Rasmussen, C.M.@., Ullmann, C.V., Jakobsen, K.G.,
Lindskog, A., Hansen, J., Hansen, T., Eriksson, M.E.,
Dronov, A., Frei, R., Korte, C., Nielsen, A.T. & Harper,
D.A.T., 2016: Onset of main Phanerozoic marine radia-
tion sparked by emerging Mid Ordovician icehouse. Sci-
entific Reports 6, 18884.

Isotope geochemistry (C, O, Sr), together with paleon-
tologic and sedimentologic data, indicates a marked shift
in the global climate during the Early and Middle Or-
dovician time interval. Based on geochemical data from
the East Baltic, the temperature dropped considerably
throughout the Floian—Dapingian and close to the tran-
sition into the Darriwilian the global climate inferably
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entered ‘icehouse’ conditions. Through influences on
oceanic and biogeochemical cycles, and subsequent feed-
back processes, climate change may have played a central
role in the overall biotic development during the Great
Ordovician Biodiversification Event.

4.5. Paper V

Eriksson, M.E., Lindskog, A., Servais, T., Hints, O. &
Tonarov4, P, 2016: Darriwilian (Middle Ordovician)
worms of southern Sweden. GFF 138, 502—509.

Acid-insoluble residues from a thin interval in the Middle
Ordovician ‘orthoceratite limestone’ at Kinnekulle (the
‘Tiljsten’) yielded numerous scolecodonts, which rep-
resent the jaws of polychaete worms. An assemblage of
scolecodonts, partial jaw apparatuses and teeth of putative
priapulids is documented. Albeit limited, the assemblage
described adds to the global scolecodont record, in which
data on Middle Ordovician and older specimens are still
rudimentary but of importance for understanding early
polychaete phylogeny. The documented specimens form
the first and only evidence of this animal group in the
studied strata, apart from trace fossils that may have been
produced by annelids.

4.6. Paper VI

Lindskog, A., Costa, M.M., Rasmussen, C.M.Q., Con-
nelly, J.N. & Eriksson, M.E., 2017: Refined Ordovician
timescale reveals no link between asteroid breakup and
biodiversification. Nature Communications 8, 14066.

While searching for microfossils and heavy minerals in
acid-insoluble residues from the ‘orthoceratite limestone’
at Kinnekulle, one sample was found to be extremely rich
in euhedral zircon grains. The circumstances indicate that
ash clouds generated by distal volcanic activity brought
the grains to the Vistergotland area. As zircon allows for
absolute dating, this provided the opportunity to put a
numeric age on meteorite-rich strata at Kinnekulle. Ura-
nium-lead (U-Pb) analyses gave an age of 467.50+0.28
Ma. Coupled with previously published cosmic-ray expo-
sure ages of fossil meteorites in the studied succession, the
U-Pb data constrain the breakup of the L chondrite par-
ent body to 468.0+0.3 Ma. Contrary to a previous claim,
the results reveal no connection between this breakup
event and biodiversification during the Great Ordovician
Biodiversification Event. A refined (absolute and relative)
time scale for the Middle Ordovician is introduced.

ANDERS LINDSKOG

4.7. Paper VII

Lindskog, A. & Eriksson, M.E., 2017: Megascopic pro-
cesses reflected in the microscopic realm: sedimentary
and biotic dynamics of the Middle Ordovician ‘orthocer-
atite limestone’ at Kinnekulle, Sweden. Accepted for pub-
lication in GFF.

The Middle Ordovician ‘orthoceratite limestone’ was
documented in detail in its traditional type area at Kin-
nekulle in Vistergotland, southern Sweden. Field and
thin-section observations at high stratigraphic resolu-
tion show that the characteristics of the ‘orthoceratite
limestone’ vary considerably throughout the succession.
Long-term changes in carbonate textures and fossil grain
assemblages, together with recurring cyclic patterns,
suggest a strong influence from sea level on microfaci-
es characteristics. The collective results indicate that the
cool-water ‘orthoceratite limestone’ behaved much like
‘model’ siliciclastic sedimentary systems, in that car-
bonate texture varied with depositional depth as particle
size of siliclastics does. Fossil grain assemblages appear to
record high-frequency cycles of changes in both sea level
and substrate conditions. A relative sea level curve based
on the microfacies data is presented. The most important
factor for the long-term establishment and regional dom-
inance of the ‘orthoceratite limestone” throughout much
of the Early and Middle Ordovician appears to have been
a limited terrigenous sediment input to the Baltoscandian
paleobasin. Hence, much of the regional facies zonation
reflects distance from weathering sources rather than wa-
ter bathymetric conditions.

4.8. Paper VIII

Lindskog, A., Pettersson, A.M.L., Johansson, J.V., Ahl-
berg, P. & Eriksson, M.E., 2017: The Cambrian—Ordo-
vician succession at Lanna, Nirke, Sweden: stratigraphy
and depositional environments. /n manuscript.

The Cambrian—Ordovician  (Furongian—Darriwilian)
strata at Lanna, Nirke, southern Sweden, were docu-
mented in detail. Field and thin-section observations at
high stratigraphic resolution show that sea level gradu-
ally fell during the late Cambrian, and the Lanna area
and much of Sweden eventually became subaerially ex-
posed. Stromatolites occur in the uppermost Cambrian
shale-dominated strata. Subaerial conditions appear to
have dominated in Nirke well into the Early Ordovician
(latest Tremadocian), when sedimentation recommenced.
The Early-Middle Ordovician ‘orthoceratite limestone’
shows widely varying microfacies characteristics, indi-
cating that the depositional environment underwent sig-
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nificant changes through time, largely due to changes in
sea level. A long-term trend of coarsening carbonate tex-
tures and more diverse fossil assemblages is seen upward
through the succession. Recurrent cyclic patterns in the
microfacies data appear to record high-frequency sea-lev-
el changes. Comparisons to other parts of Sweden and
Baltoscandia reveal remarkably consistent patterns in the
sedimentary development.

5. Discussion

The depositional environments and their biotas in the
Baltoscandian paleobasin underwent notable changes
during the Early-Middle Ordovician, likely in large part
due to changes in sea level (Lindskog 2014; Lindskog et
al. 2014, 2015, 2017b; Eriksson et al. 2016; Rasmussen
et al. 2016; Lindskog & Eriksson 2017; and references
therein). The inferred changes in the paleoenvironment
are typically quite consistent between geographic are-
as and different abiotic and biotic proxies, allowing for
relatively precise comparisons between datasets and con-
fident interpretations at the regional scale. Geochemical
data suggest that the changes in sea level were strongly in-
fluenced by changes in the global climate, which became
gradually cooler throughout the studied time interval
(see Rasmussen et al. 2016). Several proxies (both abiotic
and biotic) appear to record cyclic patterns, with vary-
ing amplitudes and frequencies, possibly reflecting Mi-
lankovitch cyclicity (see below). Consequently, inferred
sea-level curves to a large degree seem to reflect eustasy,
but some differences in the sedimentary development at
the regional scale suggest tectonic activity in the Baltos-
candian paleobasin (see Lindskog & Eriksson 2017). Cli-
mate change is likely to have played an important — even
crucial — role in the Great Ordovician Biodiversification
Event (GOBE), as marine environments and their eco-
systems benefited from better circulation of nutrients,
oxygen and other essential resources during cooler con-
ditions, and abiotic and biotic feedback processes thereby
were accelerated (Rasmussen et al. 2016).

Marked spatiotemporal variations in sedimentary and
paleontologic characteristics suggest that the ‘orthocer-
atite limestone’ does not represent one single and homo-
geneous depositional environment, at least not in terms
of water depth (e.g., Lindskog 2014; Lindskog et al.
2014, 2015, 2017b; Lindskog & Eriksson 2017). Rather,
this rock type represents a range of environments joined
together mainly by oligotrophic cool-water conditions
and a lack of terrigenous input to the depositional en-
vironment. The sediments that would come to form the
‘orthoceratite limestone’ were thus deposited at different
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water depths, which varied significantly both through
space and time. Much of the earlier debates concerning
the depth of deposition may have been misguided and
unnecessary, as different workers have concentrated on
different geographic areas and rock intervals — one in-
terpretation does not necessarily rule out another, unless
the interpretations differ for the same strata at the same
locality. In fact, the ‘orthoceratite limestone’ may very
well encompass nearly all depth settings envisioned by
different authors (see above), although depths of several
hundreds of meters appear exaggerated in light of the in-
tracratonic setting and the reactivity of the sedimentary
environments. Many oft-repeated generalizations about
the ‘orthoceratite limestone’ should be avoided in future
literature, as its characteristics are more variable than first
meets the eye.

Further detailed studies are needed in order to im-
prove our understanding of the paleoenvironmental de-
velopment during the Ordovician, and to enable more
precise correlations at the regional and global scale. Prob-
lems persist especially in the detailed correlation between
(paleo)continents, entailing difficulties in disentangling
isostatic and eustatic signals in the sea-level history (and
in extension the climate history). Accurate and precise
correlations are key to understanding abiotic and biot-
ic events and processes in any larger perspectives. Geo-
chemical proxies, mainly carbon isotopes, have become
important tools for global correlations, but some patterns
in the data appear to be significantly different between
geographic areas both at the regional and global scales.
These differences are typically left unexplained. Hence,
large gaps exist in the understanding of what drove geo-
chemical changes in these ancient marine environments.
During the course of this doctoral project, isotopic data
has been produced for some of the studied sections with
the aim to analyze the data in light of paleoenvironmental
proxies. These studies remain to be published.

The absolute (numeric) time scale for the Ordovician
is still poorly resolved in many respects. This presents
problems for the understanding of the timing and tempo
of events and processes during the studied time interval,
and it directly hinders confident testing of cyclic patterns
in light of Milankovitch cyclicity and other processes (see
Lindskog & Eriksson 2017). Much remains to be done in
the case of the lower Paleozoic time scale overall. As this
time interval records some of the arguably most impor-
tant phases of early evolution of the biosphere, it should
be in the interest of all to amend this situation.

In the case of the Baltoscandian sedimentary succes-
sion, it has become clear that at least the Swedish strati-
graphic framework for the Lower-Middle Ordovician
needs to be reviewed (see Kumpulainen 2017; Lindskog
& Eriksson 2017; Lindskog et al. 2017b). Large parts of
this interval comprise topostratigraphic units (see Jaanus-
son 1960), which must be substituted by formally ratified
lithoformations. However, more work needs to be done



LITHOLUND THESES 29

in order to solve this situation and enable the introduc-
tion of a practically useful framework. This may result in
a quite different subdivision of the Lower—-Middle Or-
dovician succession of Sweden than what has been used
previously.
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Svensk sammanfattning

Baltoskandien utgdr en del av paleokontinenten Baltica, vilken mestadels var tickt av ett grunt epeiriskt hav under den
ordoviciska tidsperioden (ca 485,5—444 Ma). Detta urildriga hav efterlimnade en tunn lagerfoljd av sedimentira ber-
garter. Under tidig-mellanordovicium (ca 485,5-457,5 Ma) befann sig Baltica vid tempererade breddgrader pa sédra
halvklotet och kallvattenkarbonater bildades 6ver stora omraden i den Baltoskandiska paleobassingen. Den si kallade
ortoceratitkalkstenen dr den mest vittspridda bergartstypen frin tidig—mellanordovicium i Sverige. Den spred sig
successivt geografiskt och stora delar av under—-mellanordovicium pé Sveriges fastland karaktiriseras av denna litologi.
”Ortoceratitkalkstenens” avsittningsmilj6é har linge varit ofullstindigt kind. Detta beror till stor del pi en avsaknad
av motsvarigheter bland nutida avsittningsmiljéer, men ocksé pa luckor i var kunskap om bergarten i allméinhet. Det
rader en generell enighet om att “ortoceratitkalkstenen” representerar en kallvattenkarbonat avsatt i ett epeiriskt hav
med mycket begrinsat sedimentinflode, men tolkningar angiende radande vattendjup har skiljt sig .

De atta artiklar som utgér grunden till den hir doktorsavhandlingen baseras pd olika undersékningar av “or-
toceratitkalkstenen” i Sverige och likaldriga lager i omgivande linder. Detaljerade makro- och mikroskopis-
ka studier av biotiska och sedimentira egenskaper har gett virdefull information om den Baltoskandiska pale-
obassingen samt den biotiska och miljémassiga utvecklingen under tidig-mellanordovicium. Resultaten visar
att “ortoceratitkalkstenens” avsittningsmiljé varierade avsevirt i bide rum och tid; den spinde fran intertidala
omraden till miljder med manga tiotals meter djupt vatten. Variationer i dvergripande egenskaper och fossilinne-
hall i “ortoceratitkalkstenen” samt likaldriga regionala lager tycks frimst avspegla variationer i (relativ) havsniva.

De sammantagna resultaten tyder pd att havsnivin varierade kraftigt genom tidig-mellanordovicium, sannolikt
som en f6ljd av klimatvariationer och relaterade forindringar i vattenmassorna globalt. De skdnjbara variationerna
dr samstimmiga mellan flera olika proxies — bade abiotiska och biotiska — och cykliska ménster féorekommer ofta.
Geokemiska data indikerar att klimatet férindrades avsevirt genom tidig—mellanordovicium och att det slutligen gick
in i en istidsliknande fas. Intridet i den senare fasen avspeglas i en tydlig sinkning av havsnivin under mellanordovici-
um. De tidigare nimnda férindringarna paverkade marina miljder och bidrog sannolikt till den snabba diversifiering
som skedde under den si kallade stora ordoviciska biodiversifieringen (fritt versatt frin engelskans Great Ordovician
Biodiversification Event). Forfinade absoluta och relativa tidsskalor for mellanordovicium visar att biodiversifieringen
var oberoende av ett utdraget meteoritbombardemang under detta tidsavsnitt.

Artiklarna i avhandlingen visar tillsammans att en kombination av infallsvinklar och analysmetoder ger maxi-
mal information och tolkningsférmaga. Anvindning av toppmoderna analys- och avbildningstekniker mojliggor nya
upptickter av tidigare okidnda bergartsegenskaper och fossil, samt battre beskrivning av och forstaelse f6r sidana som
varit kiinda sedan tidigare.
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This doctoral dissertation is based on eight papers that
provide new insights into the vast epeiric sea that co-
vered much of Baltoscandia in the Ordovician Period
(c. 485.5-444 million years ago). Together, the studies
represent a multi-proxy approach to unraveling the
biotic and palecenvironmental development during
the Early-Middle Ordovician (c. 485.5-457.5 million
years ago). In the course of the doctoral project, se-
veral areas with outcropping Ordovician strata have
been visited and the studies span basic field observa-
tions to state-of-the-art analytic techniques. Focus has
been put on the ‘orthoceratite limestone’, which is the
dominant lithology in Sweden from the studied time
interval.
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