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ABSTRACT
“The Great Ordovician Biodiversification Event” (GOBE) 

was arguably the most important and sustained increase of 
marine biodiversity in Earth’s history. During a short time 
span of 25 Ma, an “explosion” of diversity at the order, fam-
ily, genus, and species level occurred. The combined effects 
of several geological and biological processes helped gener-
ate the GOBE. The peak of the GOBE correlates with unique 
paleogeography, featuring the greatest continental dispersal 
of the Paleozoic. Rapid sea-floor spreading during this time 
coincided with warm climates, high sea levels, and the larg-
est tropical shelf area of the Phanerozoic. In addition, im-
portant ecological evolutionary changes took place, with 
the “explosion” of both zooplankton and suspension feed-
ing organisms, possibly based on increased phytoplankton 
availability and high nutrient input to the oceans driven by 
intense volcanic activity. Extraterrestrial causes, in the form 
of asteroid impacts, have also been invoked to explain this 
remarkable event.

INTRODUCTION
Although the five major mass extinctions (in particular, the 

Permian-Triassic and the Cretaceous-Tertiary events) have 
been extensively documented, until recently, the major bio-
diversifications and radiations of life on Earth have attracted 
much less attention. The so-called “Cambrian explosion” is 
in many ways much better known than the Ordovician and 

Mesozoic-Cenozoic radiations of marine invertebrates. Although 
the Cambrian explosion resulted in a range of new and spec-
tacular animal body plans, mostly known from famous Fossil-
Lagerstätten, such as the Burgess Shale (Canada), Chengjiang 
(China), and Sirius Passet (Greenland), the Ordovician radia-
tion is dramatic in different ways (Droser and Finnegan, 
2003) and is evident in the “normal” shelly fossil record.

The term “The Great Ordovician Biodiversification Event” 
(GOBE) has been introduced to designate what is arguably 
the most important increase of biodiversity of marine life 
during Earth’s history (Webby et al., 2004). While the “Cam-
brian explosion” involved the origins of skeletalization and a 
range of new body plans, the Ordovician biodiversification 
generated few new higher taxa but witnessed a staggering 
increase in disparity and biodiversity (e.g., Harper, 2006).

Barnes et al. (1995) reviewed the global bio-events during 
the Ordovician, and two international research projects have 
since targeted the Ordovician biodiversification. International 
Geoscience Programme (IGCP) Project 410, “The Great Ordo-
vician Biodiversification Event” (1997–2002), resulted in a 
compilation of biodiversity curves for all fossil groups of the 
Ordovician biota (Webby et al., 2004). In this compilation, 
the dramatic increase of diversity of all groups at the specific 
and/or the generic level became obvious and confirmed the 
patterns based on previous diversity counts (e.g., Sepkoski, 
1981). IGCP 503 started in 2004 under the banner of “Ordovi-
cian Palaeogeography and Palaeoclimate” and has focused 
on the causes and the geological context of the Ordovician 
biodiversification, including radical changes in the marine 
trophic chains. Possible triggers of the GOBE may include 
the near-unique paleogeography, the distinctive paleo-
climate, the highest sea levels of the Paleozoic (if not the 
entire Phanerozoic), enhanced nutrient supply as a result of 
pronounced volcanic activity, and major ecological changes. 
In addition to these Earth-bound physical and biological 
drivers of biodiversity change, Schmitz et al. (2008) linked 
the onset of the major phase of the Ordovician biodiversifica-
tion with the largest documented asteroid breakup event 
during the past few billion years. It seems likely that the 
GOBE was linked to a variety of coincident and intercon-
nected factors. Here we review recent studies, ask “What 
generated the GOBE?” and indicate the perspectives for  
future research in this exciting and rapidly advancing field.
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THE GREAT ORDOVICIAN BIODIVERSIFICATION 
EVENT (GOBE)

The “Cambrian explosion” and the GOBE were the two most 
significant evolutionary events in the history of Paleozoic ma-
rine life. Most animal phyla were already present by the mid-
Cambrian, but a dramatic diversity increase at the order, family, 
and genus levels took place in the Ordovician, during which 
marine paleobiodiversity tripled (Harper, 2006). Based on multi-
variate statistical analyses, Sepkoski (e.g., 1981, 1991) defined 
three Evolutionary Faunas (EF—the Cambrian, Paleozoic, and 
Modern Evolutionary Faunas) and indicated that during the 
Ordovician, the Paleozoic EF, dominated by groups of suspen-
sion-feeding organisms, became the most significant compo-
nent of the marine shelf biotas (Fig. 1). In addition to the EFs, 
other authors have defined Ecological-Evolutionary Units 
(EEUs)—long intervals of Phanerozoic time during which ma-
rine communities maintained stable ecological structures. The 
12 EEUs, defined by Boucot (1983), were revised by Sheehan 
(1996, 2001a), who reduced their number to nine. Four EEUs 
are defined primarily on the Paleozoic EF, with two (P1 and P2) 
recognized in the Ordovician (Fig. 1A), and distinguished on 
the basis of taxonomic diversity, morphological disparity, and 
ecological change (Sheehan, 1996; Droser et al., 1997; Droser 
and Sheehan, 1997).

Several authors have considered the GOBE to be rooted in 
the 545–530 Ma Cambrian explosion (e.g., Droser and Finnegan, 
2003). Our knowledge of Cambrian faunas is enhanced by ex-
ceptionally preserved assemblages (e.g., the Burgess Shale) 
that allow a glimpse of the range of new body plans generated 
by the Cambrian explosion. Early molecular-clock data sug-
gested that animal lineages split some 800 Ma or more ago 
before their appearance in the fossil record (Wray et al., 1996), 
but this has been recalibrated to ca. 670 Ma (e.g., Peterson et 
al., 2005). After the Cambrian explosion, ~40–80 Ma passed 
before the diversity of the new phyla “exploded” during the 
Early and Middle Ordovician (485–460 Ma). This “explosion” in 
terms of diversity at the order, family, genus, and species level 
occurred during a short time span of only 25 Ma, which is why 
the GOBE is considered the most rapid diversity increase in 
marine life during Earth’s history. By the end of the Middle 
Ordovician, the so-called Paleozoic Plateau, evident in the di-
versity curves generated by Sepkoski, was reached, and it per-
sisted until the abrupt Permian-Triassic extinction ~200 Ma later 
(Fig. 1A). Even in the more recent biodiversity curves that take 
account of potential biases in the earlier analyses, the major 
biodiversification that occurred during the Ordovician is clear 
(e.g., Alroy et al., 2008).

ORDOVICIAN PALEOGEOGRAPHY
The Cambrian-Ordovician and the Mesozoic-Cenozoic in-

creases of marine diversity have long been related to large-
scale paleogeographical changes (e.g., Crame and Owen, 
2002; but see also Alroy et al., 2008, who considered the 
younger of the two diversifications to have culminated in the 
mid-Cretaceous). Valentine and Moores (1972) proposed a 
link between the break-up of the Neoproterozoic superconti-
nent (subsequently termed Rodinia or Pannotia) and the 
Cambrian-Ordovician diversification on the one hand, and 
the rifting of the Late Paleozoic supercontinent Pangea with 

the Mesozoic-Cenozoic radiations on the other. According to 
this model, geological intervals with supercontinents correlate 
with lower marine diversity, while periods with widely sepa-
rated continents and large numbers of microcontinents can be 
related to intervals of higher diversity (Fig. 1B).

The Ordovician had the greatest continental dispersal of the 
Paleozoic and was a time of rapid sea-floor spreading. A num-
ber of separate continents had emerged and separated after the 
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Figure 1. (A) The classical “Sepkoski” diversity curve of marine invertebrate 
families through Phanerozoic time, documenting the Cambrian, Paleozoic, 
and Modern Evolutionary Faunas, the Great Ordovician Biodiversification 
Event (GOBE), and the “Big Five” mass extinctions of marine invertebrates. 
Ecological-Evolutionary Units (EEUs) after Sheehan (1996): C1–2—Cambri-
an; P1–4—Paleozoic; M1–3—Modern. Geological periods, from left to 
right: C—Cambrian; O—Ordovician; S—Silurian; D—Devonian; C—Car-
boniferous; P—Permian; T—Triassic; J–Jurassic; C—Cretaceous; T—Tertiary. 
(B) Model of continental spreading with the supercontinents Rodinia and 
Pangea, based on Valentine and Moores (1972). (C) Phanerozoic global 
sea-level curve after Miller et al. (2005). (D) Abundance of tropical shelf 
areas over Phanerozoic time, after Walker et al. (2002).
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break-up of the Proterozoic Rodinia supercontinent, including 
Gondwana, South China, Laurentia, Baltica, and Siberia (Cocks 
and Torsvik, 2002, 2006). Rifting of the margins of Gondwana 
gave birth to a number of terranes and microcontinents, such 
as Avalonia, that drifted rapidly away. Magmatic and tectonic 
processes generated a number of archipelagos, such as those 
of the Celtic province (Harper et al., 1996). These paleoconti-
nents and additional minor terranes reached their maximum 
separation during the Ordovician (Fig. 2); this separation,  
differences in latitude, and changes in major ocean circulation 
currents brought about the greatest geographical differentiation 
of faunas on Earth. While the description of bioprovinces was 
originally limited to benthic fossil groups (see Fortey and Cocks, 
2003), faunal and microfloral provinces have subsequently also 
been recognized in many planktonic and nektonic organisms 
(Servais et al., 2003, 2005).

By the late Ordovician, several of these crustal blocks were 
moving toward each other again, with a consequent loss of 
biogeographical identity. Baltica and Laurentia, together with 
Avalonia, formed Laurussia during the Silurian. In the Devonian, 
Gondwana started to collide with Laurussia, and the Carbonifer-
ous amalgamation of all the continents led to the supercontinent 
Pangea, with a consequent reduction of flooded continental shelf 
areas (Cocks and Torsvik, 2006).

It is interesting to compare the Ordovician oceanic distribu-
tion with the modern-day oceans; today, the centers of marine 
diversification are in the tropical shelf sea areas of Southeast 
Asia and, to a lesser extent, the Caribbean Sea. The Ordovician 
was not only a period with the greatest continental separation 
but also the geological interval with the largest tropical shelf 
area in Earth’s history (Walker et al., 2002). The extent of glob-
al shelves increased from the Early Cambrian to a maximum 
during the Middle Ordovician; they decreased to their lowest 
levels at the Permian-Triassic boundary (Walker et al., 2002).  
A similar extent of global shelves was reached in the Late  
Cretaceous, but it was not as great in the tropics as it was  
during the Middle Ordovician (Fig. 1D).

ORDOVICIAN CLIMATE AND SEA LEVEL
A primary objective of IGCP 503 has been to understand 

the relationship between biodiversification of the different 
fossil organisms and changes in seawater temperatures, sea 
level, and atmospheric CO2. Until recently, the Ordovician 
was considered to be part of an extended greenhouse period, 
punctuated by the short-lived Late Ordovician Hirnantian gla-
ciation (e.g., Brenchley et al., 1994). This glaciation was a 
causal factor in the first of the five major mass extinctions in 
the Phanerozoic (Harper and Rong, 1995; Sheehan, 2001b) 
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Figure 2. Early Ordovician paleogeographical reconstruction, based on Cocks and Torsvik (2002).
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that severely interrupted the biodiversification process. The 
late Ordovician cooling is now recognized to have taken 
place over a more extensive period as a sequence of cooling 
and warming events that started during the Katian (mid- to 
late Caradoc) (e.g., Saltzman and Young, 2005) and culmi-
nated in the Hirnantian glaciation.

Saltzman (2005) argued that during the greenhouse period, 
which spanned most of the Cambrian and Ordovician, large 
positive δ13Ccarb excursions were absent, indicating a stable in-
terval between the Late Cambrian Steptoan and the Late Ordo-
vician isotope excursions. The stable conditions during most of 
the Early and Middle Ordovician may have been conducive to 
the development of the GOBE. However, Trotter et al. (2008) 
argued that a significant cooling of the Ordovician oceans trig-
gered the biodiversification. They used ion microprobe oxygen 
isotope analyses of Early Ordovician–Silurian conodonts to in-
dicate a steady cooling of the Ordovician tropical seawater 
from levels >40 °C in the lowermost Ordovician to values of 
28–32 °C by the Middle Ordovician, when the GOBE took 
place. These values correspond to temperature ranges in mod-
ern oceans. However, the Trotter et al. model contradicts previ-
ous temperature models (e.g., Veizer et al., 2000), and further 
investigations are needed to clarify whether conodont ther-
mometry is a reliable tool for inferring the seawater tempera-
tures of ancient oceans.

In terms of atmospheric CO2, the Cambrian-Ordovician levels 
of pCO2 are considered to be the highest in the Phanerozoic, 
reaching up to 15 times present day (Quaternary average) values 
(e.g., Berner and Kothavala, 2001). These high levels of pCO2 
were critical for maintaining a favorable climate for life, because 
solar luminosity was much lower than today (e.g., Gibbs et al., 
1997). The presence of a mantle superplume, as postulated by 
Barnes (2004b), could have contributed to high pCO2 levels but 
may also have increased seawater temperature.

During the dispersal of tectonic plates in the Ordovician, 
which resulted in abundant young oceanic crust, sea levels 
were high—possibly the highest in Earth’s history (e.g., Hal-
lam, 1992; Barnes, 2004a). There are few precise Ordovician 
sea-level curves, and intercontinental correlations remain 
speculative (e.g., Ross and Ross, 1992; Nielsen, 2004); however, 
there is a consensus that sea levels were on a rising trend, al-
beit interrupted by regressions, from the earliest Cambrian 
(when they were similar to those of the present day) to the Late 
Ordovician, when levels reached >200 m above present-day 
levels (e.g., Haq and Schutter, 2008). Sea levels decreased dur-
ing the latest Ordovician to reach a minimum during the gla-
ciation near the Ordovician-Silurian boundary before a further 
significant rise took place during the Llandovery. The Cam-
brian to mid-Ordovician interval, therefore, is characterized by 
a long-term sea-level rise that took place over 90–100 Ma. This 
sea-level rise can be correlated with an extended Cambrian-
Ordovician radiation. The sea-level fall in the latest Ordovician 
can be related to the first of the “Big Five” mass extinctions, 
while the subsequent sea-level rise in the Llandovery accom-
panied the post-extinction recovery (Fig. 3C). Smaller-scale 
sea-level changes of second or third order are difficult to  
interpret, and future research is needed to relate regional sea-
level curves with the biodiversification of fossil groups from  
individual paleocontinents.

ORDOVICIAN PALEOECOLOGY: REVOLUTION IN THE 
TROPHIC CHAIN?

Paleoecological changes can be considered at four hierarchical 
levels: (1) the appearance and/or disappearance of an ecosystem; 
(2) structural changes within an ecosystem; (3) community-type 
changes; and (4) community-level changes (Bottjer et al., 2001; 
Harper, 2006). Bottjer et al. (2001) identified changes at the sec-
ond, third, and fourth levels throughout the GOBE. The most 
obvious change is the transition from the trilobite-dominated 
Cambrian EF to the suspension-feeder–dominated Paleozoic 
EF. Other important changes in the benthos include the evolu-
tion of deep-mobile burrowers, above-substrate tiering, and 
the set-up of new reef communities based on stromatoporoids 
and corals.

Early work suggests that the increased presence of phyto-
plankton after the Late Cambrian stimulated the evolution of 
organisms to feed on this new food source and to extend their 
ranges into new benthic and pelagic habitats (Bambach, 1983, 
1993). A “phytoplankton explosion” may, therefore, have been 
a trigger for the GOBE (Vecoli et al., 2005; Lehnert et al., 2007). 
Servais et al. (2008) considered the major arrival of planktonic 
organisms during the GOBE as a revolution in the marine 
trophic chain. According to these authors, the Early Cambrian 
to Late Ordovician increase of sea level and the related expan-
sion of continental shelf areas to their maximum extent in the 
Middle to early Late Ordovician led to a slow but continuous 
increase in the diversity of organic-walled microphytoplankton 
(acritarchs). This is analogous to the development of the dino-
flagellates (now the dominant part of Recent organic-walled 
microphytoplankton), which reached their greatest diversity at 
the end of the Cretaceous, some 100 Ma after their first appear-
ance in the Triassic.

Servais et al. (2008) showed that the acritarch diversity in-
creased during the Early and Middle Ordovician to reach its 
highest Paleozoic values during the late Middle Ordovician 
(Fig. 3B). Similar high levels of acritarch diversity were main-
tained during the subsequent Silurian and Devonian “Paleozoic 
phytoplankton plateau.” The acritarchs probably represent an 
important part of the Paleozoic organic-walled microphyto-
plankton, but it is not possible to relate acritarch diversity di-
rectly to increased bioproductivity (abundance). It seems likely, 
however, that the increased presence of food in the water col-
umn promoted the expansion of suspension feeders in the 
benthos and the development of zooplanktic groups in the 
pelagic realm (e.g., Vannier et al., 2003).

The presence of dinoflagellate-like microphytoplankton in 
Ordovician seas thus not only led to the development of the 
suspension feeders that dominate the Paleozoic EF, but also to 
the rise of zooplanktonic organisms (graptolites, chitinozoans 
and radiolarians, etc.), which probably served as food for the 
many predators swimming freely in the water column. This 
“plankton revolution” fits with the development of above- 
substrate tiering (Ausich and Bottjer, 1982) and the view that 
the increased food supply in the water column was responsible 
for the rise of suspension feeders (Signor and Vermeij, 1994). 
Rigby (1997) noted that planktic groups mostly developed from 
the benthos; groups of animals with planktic larvae were able 
to become planktic adults by paedomorphosis. The migration 
to the planktic realm occurred throughout the late Proterozoic 
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and Phanerozoic and seems to have occurred randomly through 
time (Rigby, 1997); however, it is now evident that some groups 
already present in the Cambrian only diversified in the Ordovi-
cian, and this was possibly related to the increased presence of 
microphytoplankton (but possibly of picoplankton and bacte-
rioplankton as well) in the water column.

Interestingly, the plankton revolution is also observed 
within larval stages of various organisms. Planktonic feeding 

larvae developed after the Late Cambrian, possibly as an es-
cape strategy from increasing predation pressure due to the 
appearance of benthic suspension feeders (Signor and Ver-
meij, 1994). Nützel et al. (2006) found the first direct evidence 
for planktotrophy in gastropods at the Cambrian-Ordovician 
transition. Molecular-clock data and analysis of the fossil  
record also support this interpretation, with Peterson (2005) 
noting that planktotrophy evolved independently between 
the latest Cambrian and Middle Ordovician at least four dif-
ferent times in multiple lineages.

There is thus now enough evidence to suggest that the evo-
lution from the Cambrian EF to the Paleozoic EF, as recognized 
some 30 years ago, is the result of an important change in the 
base of the food chain between the Cambrian and Ordovician. 
While Precambrian and Cambrian communities were mostly 
limited to the sea bottom, the Ordovician radiation filled the 
water column as animals adapted to life in previously unoc-
cupied ecospace. Benthic organisms tiered higher above the 
substrate and increased burrowing depth while plankton  
increased dramatically. Furthermore, habitats that had been  
occupied in the Cambrian were invaded by new groups.

OTHER POSSIBLE TRIGGERS OF THE GOBE
Coupled with the movement of the continents and terranes, 

the Ordovician (together with the Cretaceous) saw the most 
extensive volcanism in the Phanerozoic (e.g., Bergström et al., 
2004; Barnes, 2004b), possibly including superplume activity 
during the main interval of the GOBE (Barnes, 2004b). As well 
as affecting global climate, volcanism would deliver large 
amounts of inorganic nutrient to the oceans, as would the  
erosional products of the mountain belts produced by collision 
of terranes with continental margins, such as the Caledonian- 
Appalachian orogen. It is likely that the abundant trace  
elements supplied to the oceans provided fuel for the GOBE.

A more spectacular but controversial proposal is that the 
GOBE is related to the 470 Ma disruption in the asteroid belt of 
the L-chondrite parent body, the largest documented asteroid 
breakup event in the past few billion years (Schmitz et al., 
2008). Parnell (2009) considered the Middle Ordovician mega-
breccias found on several palaeoplates and terranes to have 
formed as a result of seismic activity following a high influx of 
meteorites. Schmitz et al. (2008) recorded meteorites and cra-
ters from Baltoscandia together with extraterrestrial chromite 
and osmium isotopes in strata from Baltoscandia and China 
and suggested that the impacts on Earth of kilometer-sized  
asteroids accelerated the biodiversification. Paris (2008) pointed 
out that the major problem with the data set of Schmitz et al. 
(2008) is that the GOBE does not match the timing of the im-
pacts. However, Schmitz et al. (2008) noted that the global 
stratigraphic data set is too crude to test for correlation of the 
GOBE with the increased flux of meteorites and extraterrestrial 
chromite on Baltica, but where accurate faunal data are avail-
able, from, for example, western Russia (Rasmussen et al., 
2007), there is a precise match.

The asteroid impact hypothesis highlights two important 
points. First, bed-by-bed collection of data is necessary to test 
many of the emerging and provocative models for the GOBE. 
Second, some aspects of the GOBE are diachronous (e.g., Zhan 
and Harper, 2006); what may work for Baltica may not neces-

Figure 3. Correlation of diversity curves of (A) marine invertebrates (Webby 
et al., 2004, their figure 1.1.); (B) organic-walled microphytoplankton (Ser-
vais et al., 2008, their figure 1); and (C) the global sea level (Haq and Schut-
ter, 2008). M—Middle Cambrian; U—Upper Cambrian; T—Tremadoc; 
Ar—Arenig; Ln—Llanvirn; C—Caradoc; As—Ashgill; Ly—Llandovery (Brit-
ish series); 1—Tremadocian; 2—Floian; 3—Dapingian; 4—Darriwilian; 
5—Sandbian; 6—Katian; 7—Hirnantian (Global Stages); Sil.—Silurian.
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sarily apply in South China. This reinforces the plea by Miller 
(e.g., 1997, 2004) to dissect the global patterns of biodiversity 
change at smaller geographical scales and in different taxo-
nomic groups in order to understand them.

CONCLUSIONS
The GOBE may have had Cambrian roots and can be viewed 

as a follow-up to the Cambrian explosion. Body plans had to 
be in place before diversifications at lower taxonomic levels 
could follow. The “Cambrian explosion” and the GOBE seem 
indeed to be linked as part of a single, large-scale evolutionary 
package of marine life that developed over ~100 Ma, but the 
significant time lag between the two requires explanation. On 
the global scale, some of the terrestrial processes that may have 
promoted the GOBE were part of a continuum from the Cam-
brian into the Middle Ordovician: continental divergence and 
the development of new terranes with their own provincial 
structures, the increase in shelf area (including that in the trop-
ics), and climate and sea-level change. Volcanic activity and 
tectonism may have been more episodic as, certainly, was  
asteroid impact. Many of the terrestrial processes were inter-
related and impinged on both the benthos and the plankton, 
and the revolution in the latter probably had a major effect on 
the former. The GOBE probably had more to do with positive 
feedbacks and the crossing of thresholds than with abrupt trig-
gers. The recent international research effort has enhanced our 
understanding of many of the processes involved. The cumula-
tive effect of these processes was a massive increase in diver-
sity within the major clades that developed in the Cambrian 
explosion and set the scene for the rest of the Paleozoic.
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