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Abstract: Climate change has become an increasingly important subject in geological research as past climates can 
teach us about the global climate systems. This thesis is a literature study on natural climate archives with examples 
from the Late Ordovician Boda Event. The Ordovician Period represented a greenhouse world with atmospheric 
CO2 levels almost twenty times higher then today. The climate became cooler in the Late Ordovician and the period 
was terminated by a global ice-age in the Hirnantian. Much of the studies of Ordovician climate have focused on 
this glaciation. Recent studies have, however, revealed another drastic climatic change preceding the terminal Or-
dovician glaciation. In the pre-Hirnantian (latest Katian) there was an episode of increased carbonate deposition 
worldwide. Reefs and carbonate mud-mound developed in high latitudes in several areas that were previously asso-
ciated with siliciclastic sedimentation. There was a contemporaneous pole-ward migration of marine faunas, result-
ing in a breakdown of climatically controlled endemism. These drastic changes have been termed as the Boda 
Event by Fortey and Cocks (2005) who interpreted this as an episode of global warming. They argue that higher 
ocean temperatures would allow carbonate producers to spread into higher latitudes. Cherns and Wheeley (2007) on 
the other hand, suggested that the Boda Event represented a cooling event, resulting in lowering of global sea-level 
and increased oceanic circulation and overturn. This would oxygenise bottom waters and allow carbonate produc-
tion and faunal migration. In this thesis the contradicting theories are evaluated and exemplified by the Swedish 
Boda Limestone that formed during this time interval. 
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Klimatarkiv och det sen-ordoviciska Boda Event 
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Olsson, H., 2009: Klimatarkiv och det sen-ordoviciska Boda Event 
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Håkan Olsson, Geologiska institutionen, Centrum för GeoBiosfärsvetenskap, Lunds universitet, Sölvegatan 12, 223 

62 Lund, Sverige. E-post: holsson85@gmail.com 

Sammanfattning: Klimatförändringar har under de senaste decennierna blivit ett allt hetare forskningsämne och 
man har då även studerat hur klimatet förändrats genom årmiljonerna.  Ett spännande kapitel i jordens historia är 
ordovicium som karaktäriserades som en växthusvärld med koldioxidhalter nära tjugo gånger dagens. Denna varma 
period avslutades med en global istid som resulterade i ett av de största massutdöendena i Jordens historia där över 
80 % av alla arter dog ut. Mycket av klimatstudierna har fokuserat på denna del av ordovicium. Lika fascinerande 
är tidsavsnittet precis innan Hirnantian. Då skedde en klimatförändring som resulterade i uppkomsten av kalkstenar 
och rev världen över, t o m på höga latituder nära sydpolen, i dagens Nordafrika och Sydeuropa. Även i Sverige, 
som vid denna tid låg precis söder om ekvatorn, hade vi flera revliknande miljöer i både Siljansområdet och på Got-
land. Förutom ökad karbonatproduktion skedde en drastisk förändring i havens faunasammansätting. Faunor som 
dittills varit endemiska för enskilda regioner i låga latituder spreds plötsligt till höglatitudsområden. Den bakomlig-
gande orsaken till dessa händelser var enligt Fortey och Cocks (2005) en global uppvärmning som höjde havets 
temperaturer nära sydpolen. De namngav detta som Boda Event. Cherns och Wheeley (2007) hävdade det motsatta, 
att det var en kall episod innan Hirnantian-glaciationen som genom ökad cirkulation och syresättning i haven 
globalt främjade artspridning och kalkavsättning. I detta arbete diskuteras de två teorierna, bl.a. med exempel från 
Bodakalkstenen i Siljansområdet. 
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1  Introduction 
The use of many climate archives is limited by 
their range in time. Historical data goes back only 
as far as people have made and recorded observa-
tions whether it is temperature readings or sea-
level stands. Complete series of tree-rings go 
back as far as 12,460 years (Freidrich et al. 2004). 
The use of annual ice-layers in retrieved ice-cores 
from Vostok, Antartica provides a climatic record 
for the last 420 000 years (Petit et al. 1999). But 
many archives also provide information of the 
climate situation several hundreds of million 
years back in time. The use and interpretation of 
these form the basis of our understanding of past 
climates. 

This thesis addresses natural climate archives and 
the difficulties in reconstructing Palaeozoic cli-
mates. Focus will be on the Late Ordovician Boda 
Event, named by Fortey and Cocks (2005) after 
the Boda carbonate mud-mounds situated in the 
Siljan district, Sweden (Figs. 1, 2). This is an ex-
ample of a climatic perturbation that has been 
variously interpreted by different authors, using 
the same available climate archives. The primary 
character for this event is widespread deposition 
of limestone and build-up of reefs and carbonate 
mud-mounds in high latitudes of Gondwana, such 
as in North Africa, the Iberian plate, Sardinia and 
Armorica (Webby 2002; Villas et al. 2002) as 
well as in low latitudes, e.g. the Boda Limestone 
in Baltoscandia. The event corresponds to the 6a-
6b time slices according to Webby et al. (2004) or 
the Ka4 stage slice (Bergström et al. 2009). This 
makes it possible to correlate the event with a still 
un-named but prominent positive carbon isotope 
excursion between the Whitewater and HICE ex-
cursions sensu Bergström et al. (2009; Fig. 3). 

 

2 Material and methods 
This is primarily a literature study taking its start-
ing point in two publications that are central for 
interpreting the Boda Event: Fortey and Cocks 
(2005) and Cherns and Wheeley (2007). In addi-
tion, three core sections (KBH 1-3) have been 
briefly studied. These core sections, which goes 
through parts of the Boda mounds, were provided 
by Svenska Mineral and comes from an area near 
the town Boda in the eastern Siljan district (Fig. 
1B). 14 representative sections from the cores 
were polished and scanned in order to show the 
main facies types of the mounds. In addition, 13 
thin sections were produced to study grain types 
and fossils in better detail. The thin sections were 

prepared at Department of Geology, GeoZentrum 
in Erlangen, Germany. Macrofossils have been 
identified to a basic taxonomical level.  

 

3 Natural climate archives 
Natural climate archives can be grouped as physi-
cal, geochemical or biological and examples from 
these groups are listed below.  
3.1 Physical archives – Climate  

 specific facies 

 

A variety of facies can only be formed during 
specific climatic and environmental conditions. 
For this reason they provide a natural climate ar-
chive that can be used in climate reconstructions. 
The formation of clay minerals is often bound to 
special climatic conditions regarding temperature 
and precipitation. Kaolinite and bauxite are exam-
ples of minerals that can only be formed through 
chemical weathering processes in warm and wet 
areas. Chlorite on the other hand, is commonly 
found in polar-regions. The problem with using 
clay minerals as climatic indicators is that they 
may be reworked and therefore reflect weathering 
processes that took place during earlier times 
(Singer 1984). Evaporite minerals like halite or 
gypsum develop in lagoons, lakes and fluvial sys-
tems where evaporation is high, often indicative 
of arid climates. Due to their biological origin 
most carbonates are useful climate archives. 
These are discussed further in the section 
‘Carbonate sedimentation and climate’. Carbon-
ates formed through chemical precipitation, e.g. 
oolitic and calcite spar form in waters that are 
oversaturated with respect to CaCO3. For this to 
occur, the waters need to be subjected to high 
temperatures and evaporation-rates for the ions to 
precipitate spontaneously. As such, these type of 
carbonates as well as evaporites are frequently 
used in climate reconstructions e.g. Meng et al. 
(1997) and Sinha et al. (2006).  
Tillites and glaciomarine sediments containing 

drop-stones are associated with cold climate in 
near glacial settings and the abundance of such 
facies can be used to estimate the distribution of 
glaciations (Frakes et al. 1992).  
When climate specific facies is lacking, facies 

analysis can be an indirect method for interpret-
ing climate change. For example, karstification 
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and sharp erosional surfaces are interpreted as 
indicating regression of sea-level (e.g. Molina et 
al. 1999). Global sea-level falls can be the result 
of cooling climate as a result of oceanic water 
being trapped in growing ice-caps. 
Furthermore, when it comes to facies of bio-

logical origins things get more complicated. As 
the biological parameters changed through the 
process of evolution and extinctions, interpreting 
biofacies become more difficult as recent analo-
gous becomes rarer the further back in time we go 
(see further under ‘Migration patterns of tempera-
ture specific faunas’). 
This divides facies studies into two parts; one, 

the interpretation of physical processes, and two, 
the interpretation of biological processes, with the 
latter being more speculative.  
 

 

3.2 Geochemical archives – stable 
carbon and oxygen isotopes 

 

Since the 1940’s radiometric datings have been 
one of the most important tools in age determina-
tion of geological and archaeological materials. 
This method of dating is based on the half-life of 
radioactive or instable isotopes. But also stable 
isotopes have proven to be a valuable source of 
information. Not least for palaeoclimate studies. 
Different isotopes of the same element may have 
slight differences in their physical properties. In 
nature this may result in a fractionation of certain 
isotopes, either by biotic or abiotic processes.  
Fluctuations in the ratio between stable 12C and 

13C have proven to reflect major biological 
changes as the 12C is fractionated by living organ-

Fig. 1. Map of the discussed 
location and paleaeogeogra-
phy of Baltoscandia. A. The 
Siljan district of Dalarna, 
central Sweden. A continu-
ous record of Cambro-
Silurian sediments is pre-
served within the remnants 
of the Siljan crater. B. Close-
up showing the distribution 
major Boda and Kullsberg 
mounds and the town of 
Boda. C. Map showing the 
Baltoscandian Confacies 
Belts. Modified from Eb-
bestad et al. (2007). 
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isms. Major fluxes in the ratio are termed carbon 
excursions and are often presumed to be closely 
related to global climatic changes as they often 
are recorded globally. Thus they can be used as a 
complementary tool for correlation. 
The use of stable oxygen isotopes as a proxy-

method for reconstructing past ocean temperature 
or the amount of water trapped as glacier ice, 
have proven to be an extremely valuable tool for 
geological science. There are two common natu-
rally occurring stable oxygen isotopes that are 
used in theses studies; 16O and 18O. The ratio be-
tween these two isotopes in ocean waters differs 
from that of ice, since the heavier 16O is more 
susceptible to evaporation because of smaller 
mass. The ratio between these isotopes when 
measured in biological materials like shells and 
other hard parts was found to be proportional to 
the temperature of the surrounding waters where 
the organisms lived. Hard parts need to be resil-
ient to diagenesis and often comes from calcite 
shells from brachiopods and ostracodes or phos-
phatic conodont elements. Preferably, the same 
genus/group should be sampled when establishing 
an isotope curve. Although they can locally devi-
ate, these stable isotope ratios are generally the 

same on a global scale. Thus, by measuring stable 
oxygen isotopes in fossils we can get a very good 
estimation of changes in ocean temperature and/
or ice volume (Brenchley et al. 2003).  
 

3.3 Biological archives – Migration pat-
terns of climate specific faunas 

 
The use of fossils as climate archives is widely 
used in historical geology and palaeontology. By 
determining the climatic and environmental needs 
of a now living species we can apply this knowl-
edge to climate reconstructions, when finding the 
species as a fossil. Furthermore, migration pat-
terns of temperature dependent species can sug-
gest a change in climate, local, regional or global. 
A tropical species found in increasingly higher 
latitudes, indicates a warming trend as tempera-
ture rises and climate belts move pole-wards. The 
further back in time we go, however, the fewer 
recent species also occur in the fossil record. Yet, 
if an extant species is found associated with spe-
cies that also occur today, it can be assumed that 
it had similar environmental requirements and 
can thus be indicative of a certain climate. Fur-

Fig. 2. Late Ordovician correlation chart showing regional zonation of the Siljan district and international 
standard, time slices and stage names (from Ebbestad et al. 2007 with data from Calner et al. 2009). 
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thermore, groups that appear to have undergone 
only minor morphological and physiological 
changes can be assumed to have the same lifestyle 
as their now living counterparts. For instance, 
crocodiles and palm trees are indicative of warmer 
climates as neither can survive in freezing cli-
mates.  
Most modern corals are photozoans and often, 

but not exclusively, restricted to tropical and sub-
tropical regions. We can only assume that the ma-
jority of the reef-builders in the Palaeozoic, like 
the tabulate and rugose corals and the stro-
matoporoids, were mostly tropical photozoan spe-
cies as well. Of course many facts support this 
interpretation: they are generally found in low pa-
laeo-latitudes, presumably grow within photic 
depths and are often associated with high diversity 
communities. Yet, some modern reefs like the Lo-
phelia-reefs in Norway occur in deep and cool, 
nutrient-rich waters (Freiwald et a. 1999; Hovland 
et al. 2005). Kiessling (2001) compared the latitu-
dinal range of 2,910 Phanerozoic reefs with estab-
lished climatic curves. He concluded that there 
was no significant correlation between the global 

palaeoclimate and the latitudinal expansion/
contraction (width) of the tropical reef zone. 
Hence, it is difficult to correlate a species or as-
semblage to specific physical conditions such as 
sea-water temperature.  
 

4 Ordovician climate 
 
Studies have shown that CO2 in the atmosphere 
could have been as high as almost twenty times 
the present atmospheric levels (PAL; referring to 
pre-industrial levels), in the early Ordovician de-
creasing only slightly towards the end of the pe-
riod (Berner and Kothavala 2001, fig. 13; cf. devi-
ating data in Berner 1994). This trend is supported 
by the long-term evolution of stable oxygen iso-
topes, which indicate a cooling of sea-water 
through the Ordovician (Trotter et al. 2008).  
Ever since the discovery of glacial sediments in 

western Africa by Beuf et al. (1966, cited not 
seen) the state of the Upper Ordovician global cli-
mate has been debated. A late Ordovician glacia-
tion has for long times been known. During this 
time interval, western Gondwana was situated at 

Fig. 3. Ordovician global stages in relationship to a generalized δ13C curve. The stage 
slices are defined by the base of graptolite (g) and conodont (c) zones with the exception 
of Hi2, which is defined by the end of HICE. Modified from Bergström et al. (2009)  
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the South Pole (Fig. 4) and is 
thought to have undergone 
several glacial advances lead-
ing to global sea-level falls 
exceeding 30 meters (Caputo 
1998). The glaciation resulted 
in the emersion of land and 
palaeokarst morphologies de-
veloped in exposed limestone-
successions such as in the Cys-
toid limestone in the Iberian 
Chains of NE Spain (Villas et 
al. 2002). This Hirnantian gla-
ciation was first considered to 
be a short-lived period of ice-
house conditions in a longer-
term (~250 Myr) Greenhouse 
cycle (Fisher 1981). Brenchley 
et al. (1994, 2003), was of the 
same opinion and argued that the major glaciations 
where confined to the Hirnantian and only lasted 
0.5 – 1 Myr. They suggested that it was brought 
on by a lowering of atmospheric CO2. A possible 
CO2-sink that could explain such a lowering was 
suggested by Villas et al. (2002). They suggested 
that the extensive carbonate sedimentation that 
took place in the pre-Hirnantian would have 
trapped vast amounts of atmospheric CO2 in the 
form of carbonates. Frakes et al. (1992) suggested 
that this cooling spanned over a period of ~35 Myr 
starting in the earliest Late Ordovician and con-
tinuing into Early Silurian with cold conditions 
culminating in the Hirnantian. This was partially 
based on the occurrence and distribution of glacial 
deposits for this interval. More recently, Saltzman 
and Young (2005) proposed a ~10 Myr transition 
into icehouse conditions preceding the main 
Hirnantian glaciation. Hermann et al. (2004) used 
computer generated models to simulate Late Ordo-
vician climate in response to changes in atmos-
pheric CO2, sea-level and continental drift. They 
concluded that a drop in CO2 was not sufficient to 
trigger a glaciation. Combined with a sea-level 
fall, however, a major glaciation could develop 
since this would result in a decrease of oceanic 
heat transport into higher latitudes. 

It should be noted that the climatic changes at 
the end of the Ordovician resulted in one of the 
major extinction events of the Phanerozoic. Possi-
bly as much as 86% of all species became extinct 
during this event (Jablonski 1991). The extinction 
can be divided into two main phases, the first be-
ing caused by climate deterioration and the regres-
sion in the onset of the glaciation. The second ex-
tinction phase is associated with the deglaciation, 
resulting in continental flooding associated with 
anoxic waters (Brenchley et al. 2003). Yet, minor 
carbonate build-ups continued into the Latest Or-
dovician mostly represented by patch reefs and 
low relief mud-mounds (Copper 2001). 
A significant aspect of the Hirnantian climatic 

changes is the association to carbon isotope 
anomalies. Brenchley et al. (1994) presented iso-
topic data of what now have been termed as the 
Hirnantian carbon excursion (HICE). It is there-
fore intriguing that recent studies have revealed 
several additional major carbon isotope excursions 
in the Late Ordovician (Fig. 3). These are likely 
also the result of climatic perturbations. Facies 
evidence for sea-level changes associated with 
these isotopic excursions exists in several places in 
Baltoscandia: A regression that terminated the car-
bonate mud-mounds of the Kullsberg limestone 

Fig. 4. Palaeogeographical 
map showing the distribution 
of continents in the Late Ordo-
vician. Modified from Cocks 
and Torsvik (2002) and Tors-
vik et al. (2002) BATLAS.  



 

10 

(Fig. 2) follows immediately after the Guttenberg 
carbon isotope excursion (GICE). Another regres-
sion is indicated by palaeokarst morphologies in 
the Slandrom limestone. This limestone was de-
veloped close in time of the Waynesville positive 
carbon excursion. The cause of these regressions 
has been suggested to be falling global sea-levels 
brought on by glaciations (Calner et al. 2009).  
 

5  The Boda Event 
 
In 2003 it was suggested that there was a short-
lived warming event of pre-Hirnantian age 
(Boucot et al. 2003). This was based on dramatic 
changes in sedimentary facies and fossil associa-
tions in the Mediterranean region. The appearance 
of carbonate rocks containing fossils associated 
with warmer marine environments were found 
sandwiched between tillites and clastic sediments. 
Boucot et al. (2003) interpreted this as only a re-
gional event. Two following scientific papers, 
published by different research groups are of 
prime interest for interpreting this anomaly in the 
latest Katian. Fortey & Cocks (2005), who named 
this climatic anomaly the Boda Event, interpreted 

it as a global climatic warming event. Cherns & 
Wheeley (2007) has more recently made the oppo-
site interpretation, that the Boda Event was a 
global climatic cooling event. These two papers 
are discussed below although no final conclusions 
will be drawn as to what climatic explanation is 
correct. 
 
5.1 Fortey, R.A. and Cocks, L.R.M. 

(2005): Late Ordovician global 
warming – the Boda Event. Geol-
ogy 33, 405-408. 

 
Fortey & Cocks (2005) suggested a brief episode 
of global warming, preceding the end-Ordovician 
(Hirnantian) glaciation, which they termed the 
Boda Event. These authors showed that the in-
creased carbonate deposition was associated with 
a widespread breakdown of endemism as a result 
of faunal migrations. Benthic trilobites and 
brachiopods confined to lower latitudes progres-
sively spread into higher latitudes. This migration 
is shown as a pole-ward invasion into high latitude 
western Gondwana by hitherto endemic faunas 
originating from Laurentia, Avalonia, Baltoscan-

Fig. 5. The occurrence of reefs and carbonate mud-mounds in the Ordovician of southwestern and north-
ern Europe, the Urals and Siberia. Notice the dramatic increase of carbonate build-ups from reef forming 
phases 1-6 to 7 and 8, the latter representing the Boda Event. Modified from Webby (2002). 
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dia, South China and Kazakhstan. Fortey and 
Cocks (2005) suggests that this migration of tropi-
cal faunas from lower to high latitudes is indica-
tive of a breakdown of climatically controlled bar-
riers as a result of global warming. Before the 
Boda Event there were different endemic suites of 
taxa also in the high– and low latitudes of Gond-
wana itself. The occurrence of pan-Gondwanan 
species, capable of transgressing the climatic 
zones (e.g. the gastropod Peelerophon and the tri-
lobite Hungioides) shows that there was no physi-
cal barriers (e.g. Mountain chains) separating the 
faunas. Thereby, the tropical and boreal faunas 
before the event where likely separated by climatic 
differences (Fortey and Cocks 2003, 2005).  
     Fortey and Cocks (2005) reported a find of a 
stromatoporoid from the bryozoan-dominated 
mud-mounds at Khabt Lahjar, Anti Atlas Mo-
rocco, showing that this group could occur in envi-
ronments that are thought to have been situated 

less then 1000 km from the Ordovician South 
Pole. Stromatoporoids are usually associated with 
tropical latitudes and thereby indicate warm ma-
rine conditions (Webby 2002). Fortey and Cocks 
(2005) also refer to Boucot et al. (2003) who re-
ported Sudanese kaolinite and laterites that may 
have developed during the pre-Hirnantian, even 
though correlation is problematic.  
Fortey and Cocks (2005) also took other proc-

esses than climate into account to explain the 
widespread carbonate sedimentation: Carbonate 
production is usually hampered in regions with 
major clastic input (Hallock and Schlager 1986), 
and a decrease of such interference may very well 
allow carbonates, mud-mounds and reefs to de-
velop. However, the North Gondwana platform is 
calculated to have extended over 240,000 km2 
(Villas et al. 2002), and Fortey and Cocks (2005) 
argue that it seems unlikely that carbonate sedi-
mentation over such a vast area could be explained 

Fig. 6. Morphology of a typical carbonate mud-mound as demonstrated by a Boda-type mound. From 
Suzuki et al. (unpublished). 

Fig. 7. Photographs of the Katian Boda Limestone in the Siljan district (photos: Mikael Calner). A. View and 
stratigraphy of the tilted late Katian succession in the Osmundsberget quarry. B. Close-up of a tabulate 
coral in the Boda Limestone. Note petroleum trapped in the pores of the coral. Osmundsberget quarry.  
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by a decrease in clastic input rather then a climatic 
amelioration. 
As can be seen in Figure 5, the carbonate build-

up associated with the Boda Event is not limited to 
the regions of Western Gondwana, hence the ef-
fects the event seems to be global, thus demanding 
a global cause.  
Baltoscandia, migrating north and just barely 

reaching the equator at this time (Cocks and Tors-
vik 2002, 2005), housed a number of carbonate 
mud-mounds. These include the Boda Limestone 
of Sweden and the Pirgu mud-mounds of Estonia. 
The Boda mud-mounds in particularly demon-
strates high diversity faunas with trilobites and 
brachiopods some of which are endemic. One of 
the most diverse groups is the brachiopod super-
family Strophomenoidea represented by more then 
20 species (Cocks 2005). 
The distribution of deep-water faunas remained 

stable until the Hirnantian, when they finally were 
extinguished. This suggests that deep-water envi-
ronments were not affected by the warming event 
(Fortey and Cocks 2005). 
  
5.2  Cherns, L. and Wheeley, J.R. 

(2007): A pre-Hirnantian (Late Or-
dovician) interval of global cooling – 
the Boda Event re-assessed. Pa-
laeogeography, Palaeoclimatology, 
Palaeoecology 251, 449-460. 

 
Cherns and Wheeley (2007) presented an opposite 
interpretation of the Boda Event as an interval of 
global cooling. To support this they proposed a 
global model where the observed limestone depo-
sition and pole-ward migration are explained by 
polar ice expansion, eustatic sea-level fall and in-
tensified thermohaline circulation. Based on facies 
and faunal composition they suggest that lime-
stone and mud-mounds formed during the Boda 
Event have a dominantly cool water origin. In par-
ticular, the lack or scarcity of colonial corals and 
calcareous algae indicate a non-tropical environ-
ment. Bryozoan mud-mounds of Katian age in 
NW Libya demonstrate several similarities with 
Pleistocene bryozoan mud-mounds of the Great 
Australian Bight. In the latter area, cool water 
bryozoans flourished during the last glacial maxi-
mum at depths of 80-200 m. These mud-mounds 
where developed in cool-water zones of ocean cur-
rent up-welling (James et al. 2000, 2004). Cherns 
and Wheeley (2007) also put forward that there are 
facies evidence suggesting that the Katian lime-

stone and mud-mounds of Laurentia developed in 
upwelling-zones. These carbonates, which out-
crops in New Mexico, Texas and Oklahoma, are 
characterised by high contents of chert and phos-
phate, which suggest up-welling in this area.  This  
up-welling started already before the Boda event, 
at ca 454 million years ago (Pope and Steffen 
2003). Similar carbonates associated with mud-
mounds also began to develop along the Avalo-
nian margin, facing the Iapetus Ocean, meaning 
the Welsh Basin, Ireland and northern England, in 
Katian. Also in these areas, up-welling is indicated 
by the occurrence of phosphate and pyrite in the 
sediments (Cherns and Wheeley 2007). In the 
Welsh Basin late Katian carbonates are interca-
lated within dark shale and siltstone successions. 
These where deposited in deep dysoxic, yet eutro-
phic waters and the carbonate deposits have been 
attributed to falling sea-level. This shallowing 
would oxygenise the seafloor through oceanic 
overturn and up-welling (Brenchley and Pickerill 
1993; Zalasiewicz et al. 1995). A fall in global 
sea-level would then allow euthermal faunas to 
spread more easily across continents. Warm water 
carbonates associated with corals did develop in 
Avalonia but are explained as due to local warm 
surface waters in more shallow areas of the ramp 
setting according to Cherns and Wheeley (2007). 
Cherns and Wheeley (2007) further suggested that 
a reduction in clastic input into the margin high 
latitude western Gondwana was a response to re-
gression and expanding terrestrial ice. Such a re-
duction would facilitate the development of car-
bonate sediments. The growing ice-sheets would 
give rise to the “microbrecciated” facies (Cherns 
and Wheeley 2007, fig. 3) associated with the Lib-
yan carbonates which where suggested to possible 
be glacial diamictites by Buttler et al. (2007). 
 

6  Carbonate sedimentation and 
climate 

 
Based on the grain composition, carbonate sedi-
ments can be subdivided into two broad associa-
tions dependent on temperature. These are referred 
to the Foramol association (temperate waters) and 
the Chlorozoan association (warm waters) (Lees 
and Buller 1972). These associations were re-
defined as the Heterozoan (temperate waters) and 
Photozoan (warm waters) associations by James 
(1997). In modern times there is usually higher 
diversity at low latitudes then in higher. The situa-
tion can be assumed to have been similar in the 
Ordovician as well. Modern high diversity com-
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munities do, however, also occur in cold regions. 
Reef may develop in various environments neither 
associated with high temperatures or photic depths 
as demonstrated by the Sula-reef of the coast of 
Norway (Freiwald et al. 1999). Furthermore, harsh 
environments e.g. anoxic or hypersaline waters 
have generally low diversity faunas. As such, di-
rectly linking high diversity to warmer climate can 
be risky. But different communities can still be 
linked to specific environments. The organisms 
that we associate with carbonate production in 
warm Palaeozoic environments include stro-
matoporoids, rugose and tabulate corals as well as 
green calcareous algae while carbonates developed 
in cool waters are dominated by e.g. pelmatozo-
ans,  bryozoans and calcareous red algae (James 
1997; Pedley and Carannante 2006). None the 
less, factors like nutrient availability, salinity, oce-
anic circulation, water motion and depth also plays 
an important role in carbonate production. The 
growth of corals may be hampered by falling sea-
levels. A regression can lead to a reduction of wa-
ter transparency caused by increased water-motion 
steering up fine materials or by an increased input 
of eroded and transported siliciclastic material. 
The latter can also cause nutrient excess allowing 
other photozoan organisms take over and compet-
ing with corals (Hallock and Schlager 1986). Car-
bonate platforms can be killed off if they should  
be entirely emerged.  
     The growth of a carbonate build-up is limited 
by the accommodation space. Thus, reef growth 
and development of carbonate platforms is fa-
voured by rising sea-levels as the carbonate pro-
ducers race towards the water-surface to compete 
for light and available space. For instance Calner 
et al. (2009) suggested that the Kullsberg mounds 
formed during transgression and sea-level high-
stand. A rapid rise in sea-level may, however, kill 
of photozoan reef-builders if they are not able to 
grow up to reach photic depths (Hallock and 
Schlager 1986). Mound growth during transgres-
sion is also suggested by the sea-level curve in 
Villas et al. (2002) in which the Cystoid Lime-
stone and associated carbonate mud-mounds is 
indicated to have developed during rising and high 
sea-levels. These authors further suggests that the 
carbonates in western Gondwana where able to 
develop as a result of a deflection of a warm equa-
torial current into this region. They propose that 
this deflection was caused by the northward mi-
gration of Baltoscandia and its supposed docking 
with Avalonia. This explanation is somewhat 
speculative due to the uncertainties in geographi-

cal reconstructions of the Ordovician world. Even 
so it remains a potential cause that can account for 
the increased carbonate sedimentation in western 
Gondwana during the Boda Event. Furthermore, if 
we compare the patterns of migration as presented 
by Fortey and Cocks (2005, fig 1) with the pro-
posed oceanic currents in Villas et al. (2002, fig. 
2) these corresponds quite well to each other, sug-
gesting that faunal migration was assisted by 
ocean currents. 
 
5.1 Carbonate mud-mounds, general 

description 

 

The term reef basically refers to calcareous build-
ups consisting of sessile organisms that essentially 
grow in situ. Carbonate mud-mounds are distin-
guished from reefs in their lack of a skeletal 
framework composed of any sessile organisms. 
They are instead composed mainly of mudstone 
with only few grains mainly from benthic organ-
isms (Riding 2002). Otherwise, their morphology 
greatly resembles that of a bioherm-type reef. It 
should be noted, however, that carbonate mud-
mounds are sometimes included together with 
reefs in figures and dataset compilations (e.g. Ki-
essling 2001; Webby 2002).  
The majority of Lower Palaeozoic mud-mounds 

contain elements associated with warm-water tem-
peratures, such as corals, stromatoporoids and cal-
careous algae. The pelmatozoan/bryozoan domi-
nated mud-mounds of NE Spain and the associated 
carbonates of western Gondwana indicate cool/
temperate climate (Vennin et al. 1998; Cherns and 
Wheeley 2007).  
The distribution of Palaeozoic carbonate mud-

mounds is widespread as they have been reported 
from every modern continent except South Amer-
ica. They are also represented throughout Phanero-
zoic times. Their palaeographical distribution 
show that they occurred everywhere from the 
equator to the polar circle, but are more commonly 
found between 30o N and 30 o S (Krause et al. 
2004). 
One enigmatic feature of the carbonate mud-

mounds is the stromatactis structures found within 
the core facies. Many different origins have been 
suggested for these structures which will be dis-
cussed further under “Boda carbonate mud-
mounds”. 
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Fig. 8. Representative polished core slabs (capital letters) and thin sections (lower case letters) from the 
Boda carbonate mud-mounds in the Siljan district. Width is 4 cm in all samples. A and a’. Core facies 
with typical stromatactis structure showing clear cement zonation (KBH3). B and b’. Core facies with 
rounded stromatactis structures. (KBH3). C and c’. Flank facies with pelmatozoan fragments.D and d’. 
Flank facies with an abundance of skeletal grains (KBH3). 

Fig. 9. (facing page) Representative polished core slabs (capital letters) and thin sections (lower case let-
ters) from the Boda carbonate mud-mounds in the Siljan district. Width is 4 cm in all samples. A and a’. 
Core facies rich in brachiopods. Note geopetal structures and petroleum-filled cavities (KBH3). B and b’. 
Core facies showing large tabulate (halysitid) coral possible growing on top of favosites-type coral. Note 
also the crystal-like structures in the lowermost part (KBH3). C and c’. Flank facies rich in pelmatozoan 
debris (KBH2). D and d’. Core facies with a large brachiopod and stromatactis-like structures (KBH3). 
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7  The Siljan district 
 

The Lower Palaeozoic of the Siljan district is pre-
served in an astrobleme (Svensson 1971). The cra-
ter was formed during an impact event in the De-
vonian and has a diameter of 65-75 km (Henkel 
and Aaro 2005). Subsequently the sediments have 
undergone severe faulting and are as such tectoni-
cally tilted to various degrees (Fig. 7). Yet, the 
Ordovician succession remains practically unal-
tered and is remarkably complete. The Boda lime-
stone belongs to the Central Confacies Belt as de-
scribed by Jaanusson (1976) and about twenty 
mud-mounds are known in the area (Jaanusson 
1982; Suzuki and Bergström 1999). Other similar 
build-ups of equal age are also known from drill-
cores and seismic data from the Gotland-Estonia 
area (Suzuki & Bergström 1999; Tuuling and 
Flodén 2000; Bergström et al. 2004; Sivhed et al. 
2004). 
 
7.1  The Boda carbonate mud-mounds 

 
The Boda carbonate mud-mounds usually form 
great lens-like structures of various sizes, not sel-
dom reaching dimensions over 100 meters in 
height and 1000 meters across (Jaanusson 1982; 
Suzuki and Bergström 1999). Their internal struc-
ture and their relationship to Upper Ordovician 
stratigraphy have recently been outlined by Suzuki 
et al. (unpublished; Fig. 6). They subdivide the 
mounds into a core member, a flank member, and 
a terminal member, representing different facies. 
The core facies of the Boda mud-mounds consists 
of a grey to reddish mudstone, with only a scarce 
presence of identifiable grains of fossils. The fos-
sil fauna predominately represent benthic faunas 
such as trilobites (Fig. 8D), brachiopods (Fig. 9A-
D) and crinoids (Fig. 8C). At least three different 
species of corals have been observed, representing 
what appears to be isolated specimens (Figs. 7B, 
8D, 9B). One of these corals is associated with 
elongated calcite crystals that may represent re-
crystallised evaporate minerals (Fig. 9B; cf. Cal-
ner 2002, p. 397). Petroleum filled pores and cavi-

ties occur sporadically (Fig. 9A-B). The associ-
ated, pelmatozoan-rich flank facies, as well as any 
caverns and pockets in the mound core, displays 
high diversity in fossils (Suzuki and Bergström 
1999; Eriksson and Hints 2009). Hence, the envi-
ronments where build-ups develop often provide 
refugia for various organisms (Eriksson and Hints 
2009). For example, Suzuki and Bergstöm (1999) 
described a high diversity trilobite fauna of about 
90 trilobite species found in pockets and caverns 
within Boda mud-mound, a high number of spe-
cies, considering that the following Hirnantian 
Dalmanitina fauna only yield around 10 species. 
Contemporaneous mud-mounds are known from 
several locations in Baltoscandia, including sub-
surface Gotland (Sivhed et al. 2004) Estonia, Nor-
way, Novaya Zemlya, the Urals, and in the Avalo-
nian British Isles (Ireland and England) (cf. Cocks 
and Torsvik 2005, fig. 8). There are some impor-
tant differences between the mud-mounds of these 
areas. In Norway stromatoporoids and corals 
dominate as a diverse and common biota unlike 
those of Sweden where corals are scarce and stro-
matoporoids are possibly lacking (Webby 2002). 
Furthermore, the Avalonian mud-mounds are 
dominated by pelmatozoans, bryozoans and 
brachipods (Webby 2002) and associated beds 
also contain phosphatic materials and pyrite nod-
ules (Cherns and Wheeley 2007). Based on the 
polychaete assemblage, Eriksson and Hints (2009) 
argued that the subsurface mounds of Gotland de-
veloped in more shallow waters, placing them 
within the North Estonian Confacies Belt (Fig. 
1C). The stromatactis structures, being a typical 
feature associated with carbonate mud mounds 
around the world, have been greatly discussed 
since they were first described by Dupont (1881). 
An example of such a structure can be seen in Fig-
ure 8A-B. They are usually formed by cavity-
filled spars that often demonstrate clear stratifica-
tion. 

 
 
 
 

 

Fig. 10. (facing page) Representative polished core slabs (capital letters) and thin sections (lower case 
letters) from the Boda carbonate mud-mounds in the Siljan district. Width is 4 cm in all samples. A. Core 
facies (lower) with sharp erosional transition into fine-grained allochthonous facies (KBH1). B. Flank 
facies rich in pelmatozoan fragments (KBH2). C and c’. Fine-grained intermound(?) facies with stratifi-
cation (KBH1). D and d’. Terminal facies with large clast (top left) (KBH1). E and e’. Terminal facies 
with various clasts (KBH1). F and f’. Terminal facies with various clasts (KBH1). 
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7.2  Climatic implications 

 

The presence of corals in the Boda carbonate mud-
mounds indicates a warm, tropical to subtropical 
climate. Cherns and Wheeley (2007) pointed out 
that single specimens of warm water species may 
be overemphasized when interpreting climate. The 
occurrence of at least three different species of 
corals (Figs. 8D, 9B), however, suggests warm 
conditions. This is possibly augmented by the rich 
and diverse trilobite fauna. It is, however, also 
conceivable that this high diversity community 
could have occurred in cooler waters. 
Many suggestions have been made to the origin 

of stromatactis structures, but few have been 
widely accepted. Krause (2001) and Krause et al. 
(2004) proposed a frost heave originating from 
syn-sedimentary cryoturbation of gas clathrate.  
Should this be the case, mud mound would in fact 
have to be formed during cold conditions. Today 
gas clathrates occur in deep cold waters but in or-
der for them to form in shallow depths (~300 me-
ters) the water temperature must be close to the 
freezing point (Krause 2001). Baltoscandia was 
during this time just south of the equator (Cocks 
and Torsvik 2005). In low-latitude upwelling 
zones, water temperatures may be much lower 
then expected, but sediments formed in these 
zones are often associated with cherty carbonates 
and phosphate beds (Pope and Steffen 2003). Such 
sediments occur in Avalonia (Cherns and Wheeley 
2007) but are lacking in the Boda mounds. Car-
bonate mud-mounds where mainly formed in mid 
and outer shelf setting (Webby 2002; Cherns and 
Wheeley 2007). The lack of high energy facies 
and absence of clear stratification indicate depths 
below storm weather wave base (Suzuki and 
Bergstöm 1999). The presence of corals and bot-
tom-dwelling trilobites with well developed eyes, 
such as Illeanids (Suzuki and Bergstöm 1999), and 
calcareous algae suggest that the mud-mound was 
situated well within photic depths. These factors 
together makes it difficult to explain that stro-
matactis structures could develop in low latitude, 
warm and shallow conditions using the origin pro-
posed by Krause (2001). 
 

8  Discussion 
 
As the majority of modern carbonates and reefs 

are found in the tropical and subtropical regions, 
their occurrence in the fossil record has tradition-
ally been interpreted as indicative of warmer cli-
mates. Yet, cool water carbonates are known to 

develop in temperate zones, and reefs and mud-
mounds may also form in cold environments (e.g. 
Freiwald et al. 1999). We still don’t have a com-
plete understanding of carbonate production in 
modern times. Neither do we fully know the envi-
ronmental requirements of the different Ordovi-
cian faunas. The importance of factors like tem-
perature, depth, nutrient availability and water-
chemistry still is not fully understood. This makes 
past climates and drastic climatic shifts, like the 
Boda Event, difficult to interpret (e.g. Lindström 
1984). This is well exemplified by the completely 
opposite interpretations, based on the same facts, 
of the Boda Event by Fortey and Cocks (2005) and 
Cherns and Wheeley (2007). Much evidence can 
be said to directly contradict each other. In the 
case of the Boda mud-mounds the presence of cor-
als indicate tropical climate whereas stromatactis 
structures indicate cool conditions, if the interpre-
tation made by Krause (2001, 2004) is correct. 
Another problematic contradiction is the presence 
of the Sudanese kaolinites of possible late Katian 
age (Boucot et al. 2003). Considering all evi-
dences of glacial activity, e.g. tillites and striated 
pavements (Frakes et al 1992), the environmental 
requirements for kaolin to form, i.e. in wet and 
warm climates, seem unlikely to have persisted in 
Polar Regions. Boucot et al. (2003) pointed out 
that there is, however, great uncertainties in know-
ing the exact time when these kaolinites formed. 
An episode of global warming in the late Katian 
would explain how low latitude faunas where able 
to migrate into higher latitude through the break-
down of temperature barriers. During an event of 
global cooling it would be expected that faunas 
adapted to cooler climate could migrate towards 
the equator, which only occurred on a minor basis 
during this time interval. On the other hand the 
environments in and around Laurentia was rela-
tively cold to begin with, considering it was an up-
welling zone. Hence, the migrating faunas may 
already consist of several genera adapted to cool 
water settings. If a cooling event promoted in-
creased ocean circulation and bottom oxygenation, 
the Laurentian cool water faunas could migrate 
into western Gondwana. Furthermore, species de-
rived from warm waters could also migrate into 
higher latitudes if they required oxygenated, nutri-
ent-rich environments rather then being tempera-
ture dependent. The fact that the Hirnantian glacia-
tion resulted in such a great extinction might indi-
cate that the Boda Event was a warm period: If the 
pre-Hirnantian was cool/cold, the faunas at that 
time would already be adapted to lower tempera-
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tures, thus being less sensitive to the following 
glaciation. A warm-water fauna could be expected 
to be much more vulnerable to climate deteriora-
tions, going from warm to cold conditions. 

Green algae are associated with warm waters, 
e.g. the photozoan assemblage, which makes their 
presence or absence valuable when interpreting 
climate. In most publications algae is just referred 
to as calcareous algae and it is therefore impossi-
ble to judge weather it is green algae or red algae, 
which can indicate cool water, they refer to. 

One key factor in this discussion is how global 
sea level varied during this time interval. A rise in 
sea level would indicate warming due to melting 
of glacier ice and thermal expansion of ocean wa-
ters and thereby would a lowering of sea level in-
dicate a cooling. When facies changes from silici-
clastic sediments or organic shales to carbonate 
beds it is often interpreted as a fall in sea level. 
With more shallow conditions ocean bottoms may 
be oxygenated and phototrophic communities may 
be established. Even if carbonate precipitation is 
favored by warmer temperatures carbonates may 
develop in cooler environments especially in up-
welling zones. But the reef and mound build-ups 
associated with the Boda Event formed high relief 
structures occasionally over 100 meters in height. 
If sea-level dropped continuously the carbonates 
would surely expand horizontally and later mi-
grate outwards, rather then form build-ups grow-
ing towards the surface waters. In any case the 
timing and correlation of sea-level fluctuations 
during the Katian needs to be improved.  
Cherns and Wheeley (2007) proposed that the 

carbonates developed during the Boda Event in 
Laurentia, Avalonia, Baltoscandia and western 
Gondwana where cool-water carbonates. Those of 
Baltoscandia, however, demonstrate warm-water 
characteristics such as high diversity faunas, stro-
matoporoids, corals, calcareous algae and chemi-
cally precipitated spars (Webby 2002; Sivhed et 
al. 2004), suggesting a tropical, photozoan asso-
ciation. 
The carbonate mud-mounds of Baltoscandia and 

Avalonia demonstrate great variability. The rich 
coral diversity and abundance in Norway contrasts 
to the phosphate and chert associated beds in Ava-
lonia even if corals occurred in more shallow ar-
eas. The first seems to represent a fairly warm en-
vironment while the latter likely formed in cool 
up-welling waters. The Norwegian and Estonian 
carbonate mud-mounds contain stromatoporoids, 
which are lacking in the Boda mounds. Polychaete 

assemblage suggest the carbonate mud-mounds in 
sub-surface Gotland occurred in shallow to transi-
tional shelf settings much like those of nothern 
Estonia (Eriksson and Hints 2009). As mentioned 
earlier, the Boda mounds are situated in the Cen-
tral Confacies Belt and thus developed in deeper 
waters then the ones in northern Estonia (Fig 1C.). 
The lack of stromatoporoids in Boda mounds may 
then perhaps be seen as indicative to stromatopor-
oids being limited to more shallow conditions then 
corals?  
The carbonates of western Gondwana have a 

typical heterozoan faunal association, which sug-
gest temperate to cold environments. And unlike 
the carbonates that formed in Laurentia and Ava-
lonia, Cherns and Wheeley (2007) did neither re-
port any occurrence of phosphate, chert or pyrite 
associated with these carbonates. Such occur-
rences have been reported from the area but attrib-
uted to hiatuses rather than up-welling (Àlvaro et 
al. 2007). This may suggest that western Gond-
wana was a region associated with down-welling 
and that warm-water current into this region al-
lowed carbonates to develop even if they hade a 
heterozoan association.  
Cherns and Wheeley (2007) suggested that in 

response to regression and expanding terrestrial 
ice there was a reduction in clastic input into the 
high latitude western Gondwana margin. This is 
not an impossible scenario, with glaciofluvial ma-
terials being trapped on the emerged land between 
the basin and the glacier margin. It is, however, 
more likely that expanding glaciers can produce 
more melt-water, which would lead to more clastic 
material being transported into the basin.  
 

9  Further research 
 
Much more research needs to be done to fully un-
derstand the Boda Event as well as the climate 
during the Ordovician. This period in Earth’s his-
tory might have been much more oscillating than 
we previously thought, possibly with dramatic 
shifts between greenhouse and icehouse conditions 
which culminated with the Hirnantian glaciation 
and continued into the Silurian. 
     Since the main question now is whether Boda 
Event represents was warm or cold event, high 
resolution oxygen isotope studies needs to be done 
not only for this interval but the entire Katian as 
many facts points to earlier glacial events. Such 
studies need to be done for as many regions as 
possible to identify global events. We also need to 
improve our knowledge and understanding of the 
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ecology of the species and what faunal migrations 
can tell us. We  need a better understanding of the 
palaeogeography of the Ordovician to fully under-
stand oceanic currents and how they interact with 
climate. This is knowledge could help us to dis-
card or accept whether deflected equatorial cur-
rents could warm high latitude shelves.  
 

10  Conclusions 
 

During the Ka4 stage slice, there was a global in-
crease in carbonate sedimentation associated 
with extensive reef and mud-mound develop-
ment. This is thought to be caused by a global 
climatic shift and was termed the Boda Event 
by Fortey and Cocks (2005). The nature of 
this event remains disputed. 

The high diversity faunas and abundance of cal-
careous algae, corals and stromatoporoids 
across Baltoscandia indicate that these areas 
had a warm climate during the Boda Event. 

The scarcity of corals and calcareous green algae 
in western Gondwana during the Boda Event 
suggest temperate to cold environments for 
this region. Contemptuous carbonates in 
Laurentia and Avalonia where likely devel-
oped in up-welling zones as indicated by the 
presence of chert, pyrite and phosphate. 

The worldwide carbonate development during the 
Boda Event was a major sink of atmospheric 
CO2. This should have had a major impact on 
global climate and thus play an important role 
in the triggering of the Hirnantian glaciation.   

The carbonate production associated the Boda 
Event was most likely terminated by a global 
fall in sea-level caused by vast volumes of 
water being trapped in ice-caps during the 
Hirnantian glaciation. This seemed to have 
occurred also in the early and  middle Katian. 

 

Acknowledgement 
 
I thank Mikael Calner at the Department of Geol-
ogy, GeoCentrum in Lund, Sweden for his assis-
tance as supervisor of this thesis. I thank Oliver 
Lehnert from the Department of Geology, GeoZ-
entrum in Erlangen, Germany for preparing the 
thin sections used in this thesis. Jan Bergström, 
Stockholm, is kindly acknowledged for providing 
an unpublished figure (Fig. 6 herein).  

References 
 

Àlvaro, J.J., Vennin, E., Villas, E., Destombes, J., 
Vizcaïno, D., 2006: Pre-Hirnatian (latest Ordo-
vician) benthic community assemblages: Con-
trols and replacements in a siliciclastic-
dominated platform of the eastern Anti-Atlas, 
Morocco. Palaeogeography, Palaeoclimatol-

ogy, Palaeoecology 245, 20-36. 
Berner, R.A., 1994: GEOCARB II: A revised 

model of atmospheric CO2 over Phanerozoic 
time. American Journal of Science 294, 56-91. 

Berner, R.A., Kothavala, Z., 2001: GEOCARB III: 
A revised model of atmospheric CO2 over 
Phanerozoic time. American Journal of Science 

301, 182-204. 
Beuf, S., Biju-Duval, B., Stevaux, J., Kulbicki, G., 

1966: Extent of Silurian glaciation in the Sa-
hara: its influences and consequences upon 
sedimentation. Revue de le institut francais du 
petrole et annales des combustibles liquids 21, 
263-381. 

Bergström, S.M., Löfgren, A., Grahn, Y., 2004: 
The stratigraphy of the Upper Ordovician car-
bonate mounds in the subsurface of Gotland. 
GFF 126, 257-320. 

Bergström, S.M., Chen, X., Gutiérrez-Marco, J.C., 
Dronov, A., 2009: The new chronostratigraphic 
classification of the Ordovician System and its 
relations to major regional series and stages 
and to δ13C chemostrategraphy. Lethaia 42, 97-
107. 

Boucot, A.J., Jia-Yu, R., Xu, C., Scotese, C.R., 
2003: Pre-Hirnatian Ashgill climatically warm 
event in the Mediterranean region. Lethaia 36, 
119-131. 

Buttler, C.J., Cherns, L., Massa, D., 2007: Bryo-
zoan mud-mounds from the upper Ordovician 
Jifarah (Djeffara) formation of Tripolitania, 
north-west Libya. Palaeontology 50, 479-494. 

Brenchley, P.J., Pickerill, R.K., 1993: Animal-
sediment relationship in the Ordovician and 
Silurian of the Welsh basin. Proceedings of the 
Geologists Association 104, 81-93. 

Brenchley, P.J., Carden, G.A., Marshall, J.D., 
Robertson, D.B.R., Long, D.G.F., Meidla, T., 
Hints, L., Anderson, T.F., 1994: Bathymetric 
and isotopic evidence for a short-lived Late 
Ordovician glaciation in a greenhouse period. 
Geology 22, 295-298. 

Brenchley, P.J., Carden, G.A., Hints, L. Kaljo, D., 
Marshall, J.D., Martma, T., Meidla, T., Nõlvak, 
J., 2003: High-resolution stable isotope strati-
graphy of Upper Ordovician sequences: Con-



 

21 

straints on the timing of bioevents and environ-
mental changes associatedwith mass extinction 
and glaciation. Geological Society of America 

Bullitin 115, 89-104. 
Calner, M., 2002: A lowstand epikarstic intertidal 

flat from the middle Silurian of Gotland, Swe-
den. Sedimentary Geology 148, 389-403. 

Calner, M., Lehnert, O., Joachimski, M., 2009: 
Carbonate mud-mounds, conglomerates and 
sea level history in the Katian (Upper Ordovi-
cian) of central Sweden. Facies, in press 
[published online 15 May 2009]. 

Caputo, M.V., 1998: Ordovician-Silurian glaci-
ations and global sea-level changes. New York 
State Museum Bulletin 491, 15-25. 

Cherns, L., Wheeley, J.R., 2007: A pre-Hirnantian 
(Late Ordovician) interval of global cooling – 
The Boda Event re-assessed. Palaeogeography, 
Palaeoclimatology, Palaeoecology 251, 449-
460. 

Cocks, L.R.M., 2005: Strophomenate brachiopods 
from the late Ordovician Boda Limestone of 
Sweden: Their systematics and implications for 
palaeogeography. Journal of systematic palae-

ontology 3, 243-282.    
Cocks, L.R.M., Torsvik, T.H., 2002: Earth geogra-

phy from 500 to 400 million years ago: a faunal 
a n d  p a l a e o m a g n e t i c  r e v i e w .  
Journal of the Geological Society 159, 631-
644. 

Cocks, L.R.M., Torsvik, T.H., 2005: Baltoscandia 
from the late Precambrian to the mid-
Palaeozoic times: The gain and loss of a ter-
rane’s identity. Earth-science Reviews 72, 39-
66. 

Copper, P., 2001: Reefs during the multiple crises 
towards the Ordovician-Silurian boundary: An-
ticosti Island, eastern Canada, and worldwide  
Canadian journal of Earth sciences 38, 153-
171. 

Ebbestad J.-O.R., Wickström, L.M., Högström, 
E.S. (Eds.), 2007. 9th Meeting of the Working 
Group on Ordovician Geology of Baltoscandia 
(WOGOGOB), Field Guide and Abstracts. 
Sveriges geologiska undersökning, Rapporter 

och meddelanden 128, 1-110. 
Eriksson, M.E., Hints, O., 2009: Vagrant benthos 

(Annelida; Polychaeta) associated with Upper 
Ordovician carbonate mud-mounds of subsur-
face Gotland, Sweden. Geological Magazine 
246, 451-462. 

Fisher, A.G., 1981: Climatic oscillations in the 
biosphere. In M. Nitecki (ed.): Biotic crises in 

ecological and evolutionary times. New York 
Academy press, 103-131.  

Fortey, R.A., & Cocks, L.R.M., 2003: Palaeon-
tological evidence bearing on global Ordovi-
cian-Silurian continental reconstructions. 
Earth-science Reviews 61, 245-307.  

Fortey, R.A., & Cocks, L.R.M., 2005: Late Ordo-
vician global warming – the Boda Event. Geol-

ogy 33, 405-408. 
Frakes, L.A.,Francis, J.E., Syktus, J.I., 1992: Cli-

matic modes of the Phanerozoic. pp. 274. Cam-
bridge University Press, Cambridge. 

Friedrich, M., Remmele, S., Kromer, B. Hofmann, 
J., Spurk, M., Kreiser, K.F., Orcel, C., Küp-
pers, M., 2004: The 12,460-year Hohenheim 
oak and pine tree-ring chronology from central 
Europe-A unique annual record for radiocarbon 
calibrations and paleoenvironmental recon-
structions. Radiocarbon 46, 1111-1122.  

Freiwald, A., Wilson, J.B., Henrich, R., 1999. 
Grounding Pleistocene icebergs shape recent 
deep-water coral reefs. Sedimentary Geology 

125, 1-8. 
Hallock, P., Schlager, W., 1986: Nutrient excess 

and the demise of coral reefs and carbonate 
platforms. Palaios 1, 389-398. 

Henkel, H., Aaro, S., 2004: Geophysical investiga-
tions of the Siljan impact structure - A short 
review. In C. Koeberl, H. Henkel (eds.): Impact 

tectonics, 247-283, Springer Verlag, Berlin, 
Heidelberg, New York. 

Herrmann, A.D., Haupt, B.J., Patzkowsky, M.E., 
Seidov, D., Slingerland, R.L., 2004: Response 
of Late Ordovician paleoceanography to 
change in sea level, continental drift, and at-
mospheric pCO2: Potential causes for long-
term cooling and glaciation. Palaeogeography, 
Palaeoclimatology, Palaeoecology 210, 385-
401. 

Hovland M, Ottesen D, Thorsnes T, Fossa JH, 
Bryn, P., 2005: Occurrence and implications of 
large Lophelia-reefs offshore Mid Norway. 
Norwegian Petroleum Society, Special publica-

tion 12, 265-270. 
Jaanusson, V., 1976. Faunal dynamics in the Mid-

dle Ordovician (Viruan) of Baltoscandia. In 
M.G. Bassett (eds.): The Ordovician System: 

Proceedings of a Palaeontological Association 

Symposium, Birmingham September1974. Car-
diff, 301–326. 

Jaanusson, V., (1982) The Siljan district. In D.L. 
Bruton, S.H. Williams, (eds.): IV International 
Symposium on the Ordovician System. Field 



 

22 

excursion guide. Paleontological contributions 

from the University of Oslo 279, 15-42. 
Jablonski, D., 1991: Extinctions - a paleontologi-

cal perspective Science 253, 754-757. 
James, N.P., 1997: The cool-water deposition 

realm. In N.P. James, J.A.D. Clarke (eds.): 
Cool-water carbonates. Society of Economic 

Paleontologists and Mineralogists, Special 

publication 56, 1-20.                                                   
James, N.P., Feary, D.A., Surlyk, F., Simo, J.A.T., 

Betzler, C., Holbourn, A.E., Li, Q.Y., Matsuda, 
H., Machiyama, H., Brooks, G.R., Andres, 
M.S., Hine, A.C., Malone, M.J., 2000: Quater-
nary bryozoan reef mounds in cool-water, up-
per slope environments: Great Australian 
Bight, Geology 28, 647-650. 

James, N.P., Feary, D.A., Betzler, C., Bone, Y., 
Holbourn, A.E., Li, Q.Y., Machiyama, H., 
Simo, J.A.T., Surlyk, F., 2004: Origin of late 
Pleistocene bryozoan reef mounds: Great Aus-
tralian Bight. Journal of Sedimentary Research 

74, 20-48 
Kiessling, W., 2001: Paleoclimatic significance of 

Phanerozoic reefs. Geology 29, 751-754. 
Krause, F.F., 2001: Genesis and geometry of the 

Meiklejohn Peak lime mud-mound, Bare 
Mountain Quadrangle, Nevada, USA: Ordovi-
cian limestone with submarine frost heave 
structures – a possible response to gas clathrate 
hydrate evolution. Sedimentary Geology 145, 

189-213. 
Krause, F.F., Scotese, C.R., Nieto, C., Sayegh, 

S.G., Hopkins, J.C., Meyer, R.O., 2004: Paleo-
zoic stromatactis and zebra carbonate mud-
mounds: Global abundance and paleo-
geographic distribution. Geology 32, 181-184. 

Lees, A. and Buller, A.T., 1972: Modern temper-
ate water and warm water shelf carbonate sedi-
ments contrasted. Marine geology 13, 1767-
1773. 

Lindström, M., 1984: The Ordovician climate 
based on the study of carbonate rocks. In D.L. 
Bruton (ed.). Aspects of the Ordovician system, 
81-88.  

Meng, X., Ge, M.,Tucker, M. E., 1997: Sequence 
Sequence stratigraphy, sea-level changes and 
depositional systems in the Cambro-Ordovician 
of the North China carbonate platform. Sedi-
mentary Geology 114, 189-222 

Molina, J.M., Ruiz-Ortiz, P.A., Vera, J.A., 1999: 
A review of polyphase karstification in exten-
sional tectonic regimes: Jurassic and Creta-
ceous examples, Betic Cordillera, southern 
Spain. Sedimentary Geology 129, 71-84. 

Pedley, M., Carannante, G., 2006: Cool-water car-
bonate ramps: a review. Geological Society of 

London, Special Publications 255, 1-9 
Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. I., 

Barnola, J.M., Basile, I., Bender, Chappellaz, 
M. J., Davis, M., Delaygue, G., Delmotte, M., 
Kotlyakov, V. M., Legrand, M., Lipenkov, V. 
Y., Lorius, C., PÉpin, L., Ritz, C., Saltzman E., 
Stievenard, M., 1999: Climate and atmospheric 
history of the past 420,000 years from the 
Vostok ice core, Antarctica. Nature 399, 429-
436. 

Pope, M.C., Steffen, J.B., 2003: Widespread, pro-
longed late Middle to Late Ordovician upwell-
ing in North America: A proxy record of glaci-
ation? Geology 31, 63-66. 

Saltzman, M.R., Young, S.A., 2005: Long-lived 
glaciation in the Late Ordovician? Isotopic and 
sequence-stratigraphic evidence from western 
Laurentia. Geology 33, 109-112. 

Riding, R., 2002: Structure and composition of 
organic reefs and carbonate mud mounds: con-
cepts and categories. Earth-science Reviews 58, 
163-231.     

Singer, A., 1984: The paleoclimatic interpretation 
of clay minerals in sediments – a review. 
Earth-science Reviews 21, 251-293. 

Sinha, R., Smykatz-Kloss. W., Stuben, D., Harri-
son, S.P., Berner, Z., Kramar, U., 2006: Late 
Quaternary palaeoclimatic reconstruction from 
the lacustrine sediments of the Sambhar playa 
core, Thar Desert margin, India. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology 233, 
252-270. 

Sivhed, U., Erlström, M, Bojesen-Koefoed, J.A., 
Löfgren, A., 2004: Upper Ordovician carbonate 
mounds on Gotland, central Baltic sea: Distri-
bution, composition and reservoir characteris-
tics. Journal of Petroleum Geology 27, 115-
140. 

Suzuki, Y., Bergström, J., 1999: Trilobite taphon-
omy and ecology in Upper Ordovician carbon-
ate buildups in Dalarna, Sweden. Lethaia 32, 
159-172. 

Svensson, N.B., 1971: Probable meteorite impact 
crater in central Sweden. Nature 229, 90-92. 

Tuuling, I., Floden, T., 2000: Late Ordovician car-
bonate buildups and erosional features north-
east of Gotland, northern Baltic Sea  
GFF 122, 237-249.     

Trotter, J.A., Williams, I.S., Barnes, C.R., Lé-
cuyer, C., Nicoll, R.S., 2008: Did cooling 
oceans trigger Ordovician biodiversification? 



 

23 

Evidence from conodont thermometry. Science 
321, 550-554.  

Vennin, E., Àlvaro, J.J., Villas, E., 1998: High-
latitude pelmatozoan-bryozoan mud-mounds 
from the late Ordovician nothern Godwana plat-
form. Geological Journal 33, 121-140. 

Villas, E., Vennin, E., Àlvaro, J.J., Hammann, W., 
Herrera, Z.A., Piovano, E.L., 2002: The Late 
Ordovician carbonate sedimentation as a major 
triggering factor of the Hirnatian glaciation. Bul-
letin de la Societe Géologique de France 173, 
569-578. 

Webby, B.D., 2002: Patterns of Ordovician reef 
development. In W. Kiessling, E. Flügel,  J. 
Golonka, (eds.): Phanerozoic reef patterns. Soci-
ety of Economic Paleontologists and Mineralo-

gists 72, 129-179. 
Webby, B.D., 2004: Stromatoporoids. In B.D. 

Webby, F. Paris, M.L. Droser, I.G. Percival, 
(eds.): The great Ordovician biodiversification 

event. Columbia University Press 112-118. 
Zalasiewicz, J.A., Rushton, A.W.A., Owen, A.W., 

1995: Late caradoc graptolitic faunal gradients 
across the iapetus ocean. Geological Maga-



Tidigare skrifter i serien
”Examensarbeten i Geologi vid Lunds
Universitet”:

198. Brunzell, Anna, 2006: Geofysiska mät-
ningar och visualisering för bedömning
av heterogeniteters utbredning i en isälvs-
avlagring med betydelse för grundvatten-
flöde.

199. Erlfeldt, Åsa, 2006: Brachiopod faunal
dynamics during the Silurian Ireviken Event,
Gotland, Sweden.

200. Vollert, Victoria, 2006: Petrografisk och
geokemisk karaktärisering av metabasiter
i Herrestadsområdet, Småland.

201. Rasmussen, Karin, 2006: En provenans-
studie av Kågerödformationen i NV Skåne
– tungmineral och petrografi.

202. Karlsson, Jonnina, P., 2006: An
investigation of the Felsic Ramiane Pluton,
in the Monapo Structure, Northern
Moçambique.

203. Jansson, Ida-Maria, 2006: An Early Jurassic
conifer-dominated assemblage of the
Clarence-Moreton Basin, eastern
Australia.

204. Striberger, Johan, 2006: En lito- och bio-
stratigrafisk studie av senglaciala sediment
från Skuremåla, Blekinge.

205. Bergelin, Ingemar, 2006: 40Ar/39Ar geo-
chronology of basalts in Scania, S Sweden:
evidence for two pulses at 191-178 Ma
and 110 Ma, and their relation to the break-
up of Pangea.

206. Edvarssson, Johannes, 2006: Dendro-
kronologisk undersökning av tallbestånds
etablering, tillväxtdynamik och degene-
rering orsakat av klimatrelaterade hydro-
logiska variationer på Viss mosse och
Åbuamossen, Skåne, södra Sverige, 7300-
3200 cal. BP.

207. Stenfeldt, Fredrik, 2006: Litostratigrafiska
studier av en platåformad sand- och grus-
avlagring i Skuremåla, Blekinge.

208. Dahlenborg, Lars, 2007: A Rock Magnetic
Study of the Åkerberg Gold Deposit,
Northern Sweden.

209. Olsson, Johan, 2007: Två svekofenniska
graniter i Bottniska bassängen; utbredning,
U-Pb zirkondatering och test av olika
abrasionstekniker.

210. Erlandsson, Maria, 2007: Den geologiska
utvecklingen av västra  Hamrångesyn-

klinalens suprakrustalbergarter, centrala
Sverige.

211. Nilsson, Pernilla, 2007: Kvidingedeltat –
bildningsprocesser och arkitektonisk
uppbyggnadsmodell av ett glacifluvialt
Gilbertdelta.

212. Ellingsgaard, Óluva, 2007: Evaluation of
wireline well logs from the borehole
Kyrkheddinge-4 by comparsion to
measured core data.

213. Åkerman, Jonas, 2007. Borrkärnekartering
av en Zn-Ag-Pb-mineralisering vid Sten-
brånet, Västerbotten.

214. Kurlovich, Dzmitry, 2007: The Polotsk-
Kurzeme and the Småland-Blekinge Defor-
mation Zones of the East European Craton:
geomorphology, architecture of the
sedimentary cover and the crystalline
basement.

215. Mikkelsen, Angelica, 2007: Relationer
mellan grundvattenmagasin och
geologiska strukturer i samband med
tunnelborrning genom Hallandsås, Skåne.

216. Trondman, Anna-Kari, 2007: Stratigraphic
studies of a Holocene sequence from
Taniente Palet bog, Isla de los Estados,
South America.

217. Månsson, Carl-Henrik & Siikanen, Jonas,
2007: Measuring techniques of Induced
Polarization regarding data quality with
an application on a test-site in Aarhus,
Denmark and the tunnel construction at
the Hallandsås Horst, Sweden.

218. Ohlsson, Erika, 2007: Classification of
stony meteorites from north-west Africa
and the Dhofar desert region in Oman.

219. Åkesson, Maria, 2008: Mud volcanoes -
a review. (15 hskp)

220. Randsalu, Linda, 2008: Holocene relative
sea-level changes in the Tasiusaq area,
southern Greenland, with focus on the Ta1
and Ta3 basins. (30 hskp)

221. Fredh, Daniel, 2008: Holocene relative sea-
level changes in the Tasiusaq area,
southern Greenland, with focus on the
Ta4 basin. (30 hskp)

222. Anjar, Johanna, 2008: A sedimentological
and stratigraphical study of Weichselian
sediments in the Tvärkroken gravel pit,
Idre, west-central Sweden. (30 hskp)

223. Stefanowicz, Sissa, 2008: Palyno-
stratigraphy and palaeoclimatic analysis
of the Lower - Middle Jurassic (Pliens-



Geologiska institutionen
Centrum för GeoBiosfärsvetenskap

Sölvegatan 12, 223 62 Lund

bachian - Bathonian) of the Inner
Hebrides, NW Scotland. (15 hskp)

224. Holm, Sanna, 2008: Variations in impactor
flux to the Moon and Earth after 3.85 Ga.
(15 hskp)

225. Bjärnborg, Karolina, 2008: Internal
structures in detrital zircons from
Hamrånge:  a study of cathodolumine-
scence and back-scattered electron images.
(15 hskp)

226. Noresten, Barbro, 2008: A reconstruction
of subglacial processes based on a
classification of erosional forms at
Ramsvikslandet, SW Sweden. (30 hskp)

227. Mehlqvist, Kristina, 2008: En mellanjuras-
sisk flora från Bagå-formationen, Bornholm.
(15 hskp)

228. Lindvall, Hanna, 2008: Kortvariga effekter
av tefranedfall i lakustrin och terrestrisk
miljö. (15 hskp)

229. Löfroth, Elin, 2008: Are solar activity and
cosmic rays important factors behind
climate change? (15 hskp)

230. Damberg, Lisa, 2008:  Pyrit som källa för
spårämnen – kalkstenar från övre och
mellersta Danien, Skåne. (15 hskp)

331. Cegrell, Miriam & Mårtensson, Jimmy,
2008: Resistivity and IP measurements at
the Bolmen Tunnel and Ådalsbanan,
Sweden. (30 hskp)

232. Vang, Ina, 2008: Skarn minerals and
geological structures at Kalkheia,
Kristiansand, southern Norway. (15 hskp)

233. Arvidsson, Kristina, 2008: Vegetationen
i  Skandinavien under Eem och Weichsel
samt fallstudie i submoräna organiska
avlagringar från Nybygget, Småland. (15
hskp)

234. Persson, Jonas, 2008: An environmental
magnetic study of a marine sediment core
from Disko Bugt, West Greenland:
implications for ocean current variability.
(30 hskp)

235. Holm, Sanna, 2008: Titanium- and
chromium-rich opaque minerals in
condensed sediments: chondritic, lunar

and terrestrial origins. (30 hskp)
236. Bohlin, Erik & Landen, Ludvig, 2008:

Geofysiska mätmetoder för prospektering
till ballastmaterial. (30 hskp)

237. Brodén, Olof, 2008: Primär och sekundär
migration av hydrokarboner. (15 hskp)

238. Bergman, Bo, 2009: Geofysiska analyser
(stångslingram, CVES och IP) av lagerföljd
och lakvattenrörelser vid Albäcksdeponin,
Trelleborg. (30 hskp)

239. Mehlqvist, Kristina, 2009: The spore record
of early land plants from upper Silurian
strata in Klinta 1 well, Skåne, Sweden. (45
hskp)

239. Mehlqvist, Kristina, 2009: The spore record
of early land plants from upper Silurian
strata in Klinta 1 well, Skåne, Sweden. (45
hskp)

240. Bjärnborg, Karolina, 2009: The copper
sulphide mineralization of the Zinkgruvan
deposit, Bergslagen, Sweden. (45 hskp)

241. Stenberg, Li, 2009: Historiska kartor som
hjälp vid jordartsgeologisk kartering –  en
pilotstudie från Vångs by i Blekinge. (15
hskp)

242. Nilsson, Mimmi, 2009: Robust U-Pb
baddeleyite ages of mafic dykes and
intrusions in southern West Greenland:
constraints on the coherency of crustal
blocks of the North Atlantic Craton. (30
hskp)

 243. Hult, Elin, 2009: Oligocene to middle
Miocene sediments from ODP leg 159, site
959 offshore Ivory Coast, equatorial West
Africa. (15 hskp)

244. Olsson, Håkan, 2009: Climate archives and
the Late Ordovician Boda Event. (15 hskp)

245. Wollein Waldetoft, Kristofer, 2009: Sveko-
fennisk granit från olika metamorfa miljöer.
(15 hskp)


	Titelsida-nr244a.pdf
	exarb_244.pdf
	Titelsida-nr244b.pdf

