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a b s t r a c t
Ordovician atmospheric CO2 level was an important inﬂuence on climate and life. However, modelled
estimates of Ordovician CO2 differ widely and, in contrast to much of the subsequent Phanerozoic,
they lack fossil proxy constraints. In vivo cyanobacterial sheath calciﬁcation, promoted by carbon dioxide
concentrating mechanisms (CCMs), creates distinctive microfossils. These provide a direct ecophysiological
link to ambient concentrations of CO2 and, to a lesser extent, O2 . Cyanobacteria do not calcify at high
CO2 concentrations. Experiments show that CCMs can be induced in present-day cyanobacteria at CO2
levels below ∼10 times present atmospheric level (PAL) and that this promotes sheath calciﬁcation.
We compiled a global database of cyanobacterial calciﬁcation in marine environments throughout the
Ordovician (485-443 Myr ago) and compared it with modelled estimates of atmospheric CO2 and O2 .
These data show that many genera of marine calciﬁed cyanobacteria reappeared from Cambrian Series 2
or ﬁrst appeared globally during the late middle to late Upper Ordovician (late Darriwilian to late Katian)
in carbonate platform facies, resulting in a previously unrecognized ten-fold increase in global diversity.
Such a large increase in calciﬁcation suggests widespread induction of CCM expression in cyanobacteria,
consistent with sustained decline in external CO2 concentrations below ∼10× PAL, together with increase
in dissolved O2 level, during the late Darriwilian, Sandbian and Katian stages, ∼460-445 Myr ago. These
cyanobacterial calciﬁcation fossil proxy data provide a ﬁrst order constraint on modelled estimates
of atmospheric CO2 for the Ordovician. Estimated CO2 outputs from COPSE and recent GEOCARBbased models are broadly consistent with this cyanobacterial calciﬁcation proxy for the Ordovician. In
view of the long history of cyanobacteria, the calciﬁed cyanobacterial proxy offers potential to assist
interpretation of CO2 deeper into geological time.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Atmospheric CO2 level is of wide interest as a driver of climate,
both for present-day conditions and in the geological past (Berner,
1991). CO2 level can be measured directly (e.g., from ice core) for
the past 800 thousand years (Lüthi et al., 2008). Prior to that,
over much longer timescales, atmospheric CO2 can be estimated
by geochemical modelling (e.g., Berner et al., 1983) or assessed indirectly from fossil and geochemical proxies (Royer, 2014). Proxies,
particularly those that are fossil-based, have been widely used to
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evaluate modelled estimates of atmospheric CO2 and O2 levels for
the past ∼420 Myr (Royer, 2014, ﬁg. 4; Foster et al., 2017). Each
proxy is likely to have its own advantages and limitations, such
as time span of application, estimation error, and sensitivity to
speciﬁc PCO2 level (Royer, 2014; Witkowski et al., 2018). Earlier
than this, during the late Cambrian and early Ordovician (∼500475 Myr ago (Ma), modelled estimates (e.g., Berner, 2008; Royer,
2014, ﬁg. 2a) suggest much higher CO2 levels. So far as we are
aware, fossil proxies have not yet been applied to modelled data
for periods older than the Upper Ordovician (Royer, 2014, ﬁg. 4;
Foster et al., 2017; Witkowski et al., 2018). Here we use a proxy
based on cyanobacterial photosynthesis to test modelled estimates
of atmospheric CO2 during the Ordovician.
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Estimates of atmospheric CO2 based on geochemical modelling
(and isotopic data, notably δ 13 C and δ 34 S) for the early Palaeozoic suggest ‘greenhouse’ conditions during the Cambrian fuelled
by elevated CO2 (Berner, 1990). More recent models indicate that
decline below ∼10× PAL CO2 might have occurred during the
Ordovician period (Berner, 2008). During the same interval, marine oxygenation is estimated to have increased (Lee and Riding,
2018) in response to increased atmospheric O2 (Edwards et al.,
2017), and also due to decline in sea-surface temperature (Trotter
et al., 2008; Mills et al., 2019, ﬁg. 4b) which favours O2 dissolution in water. Current perspectives suggest that the Ordovician
(485-443 Ma) was a period of signiﬁcant causally interconnected
changes in the Earth’s biotic, climatic, and environmental systems
(Servais et al., 2010). These include exponential increase in marine
animal genera described as the Great Ordovician Biodiversiﬁcation
Event (‘GOBE’, Webby et al., 2004). The relatively high temperatures promoted by elevated atmospheric CO2 levels (Berner, 1990)
that may have slowed marine diversiﬁcation during the middle and
late Cambrian (Gill et al., 2011), ameliorated during the Ordovician. The establishment of moderate sea-surface temperatures in
the middle Ordovician (Trotter et al., 2008) and increase in O2 (Edwards et al., 2017; Lee and Riding, 2018) have been suggested as
primary drivers of the GOBE. However, although cooling is likely
to have promoted ocean overturn and marine oxygenation (Kah
et al., 2016), it ultimately led to Hirnantian glaciation and endOrdovician Mass Extinction, terminating the GOBE (Trotter et al.,
2008; Vandenbroucke et al., 2010).
Thus, climate change in general and cooling in particular, linked
to atmospheric CO2 levels and marine oxygenation, are widely regarded as major controls on the signiﬁcant changes in marine
biodiversity reﬂected by both the GOBE and the end-Ordovician
Mass Extinction. However, absolute levels of atmospheric CO2 during the Ordovician remain uncertain, as shown by large differences
among current modelled estimates (e.g., Berner, 2008; Nardin et
al., 2011; Arvidson et al., 2013; Royer et al., 2014; Edwards et al.,
2017; Lenton et al., 2018). Here we apply a fossil proxy based
on cyanobacterial photosynthetic CO2 concentrating mechanism
(CCM) induction, inferred from their in vivo sheath-calciﬁcation,
for CO2 decline below ∼10× PAL. This is supported by presentday observations that, below this level of CO2 , bicarbonate uptake during cyanobacterial photosynthesis can induce calciﬁcation
that produces distinctive microfossils (Riding, 2006). To this end,
we comprehensively documented the global stratigraphic distribution of calciﬁed cyanobacteria throughout the Ordovician (486443 Ma). These data reveal large increase in cyanobacterial calciﬁcation ∼460-445 Ma, suggesting sustained decline in CO2 below
∼10× PAL during this interval. Some recent modelled estimates of
atmospheric CO2 are more consistent with this proxy-based interpretation than others.
2. Cyanobacterial calciﬁcation – a CO2 proxy
Cyanobacterial photosynthesis involves carbon dioxide concentrating mechanisms (CCMs) that are postulated to be a response
to lower levels of CO2 and higher levels of O2 than those encountered early in cyanobacterial evolutionary history (Badger and
Price, 2003; Price et al., 2008; Raven et al., 2008; 2017). Badger
and Price (2003) identiﬁed at least four modes of active inorganic
carbon uptake among CCM components: two bicarbonate transporters and two CO2 uptake systems associated with the operation
of specialized NAD(P)H dehydrogenase complexes. The ability to
utilize bicarbonate provides an additional, and in marine environments, abundant, source of inorganic carbon. However, in order
to be made available to the primary carbon-ﬁxing enzyme Rubisco (ribulose-1.5 biphosphate carboxylase-oxygenase), bicarbonate must ﬁrst be converted to CO2 . This transformation, catalysed

by carbonic anhydrases, results in cytoplasmic dehydration of the
bicarbonate and extracellular release of hydroxide (OH− ) (Cannon
et al., 2010). If ambient carbonate saturation is suﬃciently elevated
the resulting increase in pH can result in precipitation of CaCO3
minerals adjacent to the cell (Thompson and Ferris, 1990). For
example, in vivo sheath calciﬁcation in ﬁlamentous cyanobacteria
results in distinctive aseptate tubular calcareous microfossils such
as Girvanella (Riding, 2006). Estimates based on the CO2 concentration difference between the external bulk phase and the active site
of Rubisco suggest that ‘a CCM is needed to give half the rate of
CO2 -saturated photosynthesis in a cyanobacterium with the highest extant cyanobacterial Form IB Rubisco CO2 aﬃnity when the
atmospheric CO2 is <12 times present atmospheric level’ (Raven
et al., 2017). This is consistent with laboratory experiments indicating that CCM expression is induced when the external carbon
dioxide concentration is equivalent to partial pressure of CO2 less
than ∼10× PAL (Shibata et al., 2001; Badger et al., 2002, p. 169).
In essence, therefore, calciﬁcation in cyanobacteria can reﬂect
atmospheric CO2 due to their ability to actively import bicarbonate and intracellularly convert it to CO2 , thereby increasing pH
in their surrounding protective sheaths and promoting calciﬁcation when pCO2 is <∼ 10× PAL (Riding, 2006). It is important
to note that CCMs are induced only when CO2 is low, and that
this can result in calciﬁcation only if ambient carbonate saturation is suﬃciently elevated. Thus, based on current information,
these processes of bicarbonate import and associated pH increase
do not appear to occur if CO2 levels are much above the ∼10×
PAL threshold. In addition, at higher CO2 , DIC levels corresponding
to seawater pH ∼8, estimated for the Ordovician generally (e.g.,
Halevy and Bachan, 2017), would not be expected to buffer pH
suﬃciently to prevent sheath calciﬁcation. This has been shown
by Arp et al. (2001) who reported that signiﬁcant pH buffering
does not occur until pCO2 > 31.6× PAL. Such levels of CO2 are
well above the 10× PAL limit to cyanobacterial CCM induction. In
summary, at 31.6× PAL, there would be an ample supply of CO2
and cyanobacteria would have no need to deploy energy-expensive
CCMs to obtain CO2 , and would instead rely on passive CO2 diffusion. In these circumstances there would be no bicarbonate import
or other physiological effects promoting calciﬁcation, and sheaths
would remain uncalciﬁed.
In addition to the availability of dissolved inorganic carbon, the
functioning of Rubisco, and its ability to bind O2 as well as CO2 at
the same site, has also conditioned the development of CCMs (Kaplan et al., 1980). When O2 , as well as CO2 , is bound, oxygenase
activity competitively inhibits carbon ﬁxation, resulting in loss of
ﬁxed carbon from the cell by photorespiration. Oxygenase activity
increases with O2 and slows carbon ﬁxation. CCMs depress oxygenase activity by concentrating CO2 at the site of Rubisco in the
cell (e.g. Kaplan et al., 1980; Raven, 1997a; Kaplan and Reinhold,
1999).
Thus, decline in CO2 and increase in oxygenation are both implicated in cyanobacterial CCM induction which, if ambient carbonate saturation state (Supplementary Discussion) is suﬃciently
elevated, can promote in vivo sheath calciﬁcation (Riding, 2006).
Previously, the geological timing of cyanobacterial CCM induction has been inferred from modelled values of CO2 (e.g., Raven,
1997a; Badger et al., 2002; Giordano et al., 2005). Here, in contrast,
we use the geological occurrence of marine fossils produced by
in vivo cyanobacterial sheath calciﬁcation to indicate atmospheric
CO2 level (Riding, 2006; 2009; Kah and Riding, 2007). We term
this the ‘cyanobacterial calciﬁcation proxy’ and take it to broadly
reﬂect CO2 levels that were less than ∼10× PAL (Badger et al.,
2002, p. 169).
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3. Methods
3.1. Global database of calciﬁed cyanobacteria
Though calciﬁed cyanobacteria are common fossils in the Ordovician, detailed assessment of their diversity and distribution
have been hindered by diﬃculties in conﬁdently recognizing their
identities based on relatively simple and overlapping morphologies
(Nitecki et al., 2004). Recent advances in systematic studies of Ordovician calciﬁed cyanobacteria and their palaeoenvironmental and
stratigraphic distributions in China (Liu et al., 2016a; 2016b; 2017;
2019), have greatly clariﬁed identities, aﬃnities and facies occurrences. Accordingly, we carried out a detailed literature search to
compile comprehensive calciﬁed cyanobacteria genus occurrence
data for the entire Ordovician period by palaeogeographic region.
These were used to create an integrated diversiﬁcation curve accompanied by abundance data. We focused on genus-level to avoid
subjective identiﬁcation of these morphotypes at species-level. We
followed the following protocol.
(i) To ensure accuracy we critically evaluated taxonomic identities from the literature. These were checked and, where appropriate, re-identiﬁed based on distinct morphologic features (e.g.,
ﬁlament arrangement, branching pattern, and size) (Liu et al.,
2016a; 2019; Lee and Riding, 2016, and references therein). All reidentiﬁcations are noted in Table S1 and Supplementary Notes.
(ii) We only included taxa that could be conﬁdently conﬁrmed as calciﬁed cyanobacteria based on the presence of micriteimpregnated sheaths of cyanobacterial appearance relative to extant ﬁlamentous cyanobacteria in freshwater karstic creeks and
lakes (Arp et al., 2001; Riding, 2009; Lee and Riding, 2016; Liu et
al., 2016a; 2019). We separately noted and identiﬁed occurrences
of associated taxa of uncertain aﬃnity (e.g., Epiphyton, Garwoodia,
Renalcis, Wetheredella, and Rothpletzella) (Table S1) that have been
compared at various times with calciﬁed cyanobacteria, but which
lack features diagnostic of extant calciﬁed cyanobacteria, and/or
possess features atypical of extant calciﬁed cyanobacteria (Arp et
al., 2001; Liu et al., 2016a; 2019).
(iii) We checked the age assignments of all of the fossils we
recorded by reference to the original literature description, revising the age where appropriate (Table S1, Supplementary Notes).
Revised ages and related references are included in Table S1. Reports of the ages of the genera are marked by dots in the column
chart to at least stage-level.
(iv) To be aware of potential bias due to depositional environment, we investigated and noted, as accurately as possible,
the sedimentary facies of each of the occurrences of calciﬁed
cyanobacteria included in our data compilation (Table S1). Based
on similarities in the depositional records of facies types at different places and times (Flügel, 2004), we normalised these relative facies types as follows: reef (calcimicrobial reef, stromatolites,
metazoan-algal dominated reef), open platform, bank, lagoon, tidal
ﬂats, mixed-platform, and drowned platform. We conﬁrmed these
carbonate facies in studies based on lithology, sedimentary structures, and community components, as has been done previously
(Liu et al., 2017).
3.2. Dissolved oxygen estimates
We compared calciﬁed cyanobacterial genus data with the following estimates of atmospheric CO2 : GEOCARBSULFvolc (Berner,
2008, ﬁg 1b), GEOCLIM (Nardin et al., 2011, ﬁg. 4), MAGic (Arvidson et al., 2013, ﬁg 6A), GEOCARBSULF+GCM (Royer et al., 2014,
ﬁg 2A), updated GEOCARB (Edwards et al., 2017, ﬁg. S1A), and
COPSE (Lenton et al., 2018, ﬁg 13A); and of O2 : GEOCARBSULF revised (Berner, 2009, ﬁg. 2), MAGic (Arvidson et al., 2013, ﬁg. 9A),
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GEOCARBSULF+GCM (Royer et al., 2014, ﬁg. 2B), updated GEOCARB (Edwards et al., 2017, ﬁg S1B), COPSE (Lenton et al., 2018,
ﬁg. 13D), GEOCARSULFOR (Krause et al., 2018, ﬁg. 5), and photosynthetic fractionation effect model (Edwards et al., 2017, ﬁg.
S2). To convert modelled estimates of atmospheric O2 (%) to dissolved oxygen (μM) in seawater we used a method similar to those
described in Riding et al. (2019). Brieﬂy, using the modelled atmospheric oxygen estimates, we applied Henry’s law at 1 atmospheric
pressure (i.e., sea surface), 350 /00 salinity and estimated sea surface temperature (Trotter et al., 2008) ﬁtted by Pucéat et al. (2010).
According to Henry’s law, at constant temperature and pressure,
the amount of O2 gas that dissolves in water (C, μM) is directly
proportional to the partial pressure of O2 gas (pO2 ) in equilibrium
with water, i.e., C = KH × pO2 . Calculated KH values were given
previously (Riding et al., 2019) and are not repeated here.
4. Results
4.1. Secular distribution of Ordovician calciﬁed cyanobacteria
We compiled and examined global data in the Ordovician fossil record (Table S1) by comprehensively reviewing and critically
evaluating genus identiﬁcation and age (see Methods and Supplementary Notes). Subsequently, we analysed the stratigraphic distribution and diversity of calciﬁed cyanobacteria during this period.
During the Cambrian, calciﬁed cyanobacteria appeared early
in the period and reached an initial peak of diversity in Cambrian Series 2 (Riding, 2001). This includes nine genera (Girvanella,
Obruchevella, Razumovskia, Subtiﬂoria, Bija, Hedstroemia, Batinevia,
Botomaella, and Proaulopora) (Riding and Voronova, 1985; Riding,
2001). By the late Cambrian (Furongian) these appear to have been
reduced to a single genus (Girvanella) (Riding, 2001). Our data (Table S1 and supplementary notes) list a global total of 19 genera
of cyanobacteria that can be classiﬁed as oscillatorialeans (Fig. 1)
and nostocaleans (Fig. 2). They occur in Laurentia, North China,
South China, Tarim, Siberia, Gondwana, and Kazakhstan (Fig. 3a).
Their stratigraphic and facies occurrences are shown in Fig. 3b.
The diversity of calciﬁed cyanobacteria remained very low during
the early Ordovician, with only Girvanella (Fig. 1a) and Proaulopora (Fig. 2a), although Proaulopora – not recorded since Cambrian
Series 2 – is rare and only appears in open platform facies in
the Floian in the Tarim Basin (Fig. 3b). This changed with marked
diversity increase in the late Darriwilian when calciﬁed cyanobacteria became widespread in lagoon, open platform, and reef facies (Fig. 3b). In addition to Girvanella and Proaulopora, further
reappearances of Cambrian taxa were Hedstroemia (Fig. 2d) and
Subtiﬂoria (Fig. 1b) in the late Darriwilian, and Bija (Fig. 2e), Razumovskia (Figs. 1h, j), ?Batinevia (Fig. 1c), and Obruchevella (Fig. 1g)
in the late Ordovician (Fig. 3b). At the same time, there also
were signiﬁcant ﬁrst occurrences: Bevocastria (Fig. 1d), Zonotrichites (Fig. 2g), Ortonella (Fig. 2h), and Phacelophyton (Fig. 2b) in
the late Darriwilian; Cayeuxia (Fig. 2f), Acuasiphonoria (Fig. 1i) and
oscillatoriacean gen. indet 2 (Figs. 1l, m) in the Sandbian; and
Apophoretella (Fig. 2i), Gomphosiphon (Fig. 2c), Xianella (Figs. 1e, f),
and oscillatoriacean gen. indet 1 (Fig. 1k) in many shallow-water
facies in the Katian (Fig. 3b; Table S1). Several of these, such as
Girvanella, Subtiﬂoria, Ortonella, Hedstroemia, Zonotrichites, Cayeuxia,
Apophoretella and Bevocastria, have been recorded in younger strata
of Paleozoic and Mesozoic (Fig. 3b; Liu et al., 2016a). Overall, the
integrated diversiﬁcation data of calciﬁed cyanobacteria show four
stages: (I) very low values during the early Ordovician, and gradual
increase toward the middle Ordovician, (II) sharp increase from the
late Darriwilian (∼460 Ma) that quadrupled the number of genera,
and gradual increase to a peak in the early Katian (∼453-450 Ma),
(III) relatively steep and continuous decline from a peak to the end
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Fig. 1. Ordovician calciﬁed oscillatorialean cyanobacteria. a), Girvanella; b), Subtiﬂoria; c), ?Batinevia; d), Bevocastria; e), f), Xianella; g, Obruchevella; h), j), Razumovskia;
i), Acuasiphonoria; k), Oscillatoriaceae gen. indet. 1; l), m), Oscillatoriaceae gen. indet. 2 (c from Bian and Zhou, 1990; e, f from Lee and Riding, 2016; g form Mamet et al.,
1992; k from Li et al., 2015; l, m from Lee et al., 2014; others from Liu et al., 2016a).

of the Katian (∼445 Ma), with a loss of ∼60% of genera, (IV) low
diversity throughout the Hirnantian (∼445-443 Ma) (Fig. 3b).
4.2. Ordovician cyanobacterial calciﬁcation episode
Although crustal block position, monographic variations, and local sedimentary facies likely inﬂuence the calciﬁed cyanobacterial
diversity data we obtained (Supplementary Discussion), the genus
diversity trends based on the crustal blocks examined (especially
in Tarim, South China, North China, and Laurentia) all broadly
correspond in pattern of diversity increase from early to late Ordovician (Fig. 3b). Moreover, although the occurrences of calciﬁed
cyanobacteria are strongly related to sedimentary facies types, the
integrated global diversiﬁcation data largely exclude local facies

inﬂuences (Supplementary Discussion). Thus, our global diversiﬁcation curve reﬂects the best currently available global pattern of
cyanobacterial calciﬁcation for the Ordovician as a whole (Fig. 3b).
Riding (1992) recognized intervals of widespread abundance
of calciﬁed cyanobacteria in marine environments, termed them
cyanobacterial calciﬁcation episodes (CCEs), and tentatively recognized the Cambrian-early Ordovician as an intense CCE, and
the middle Ordovician-middle Devonian Stage as a reduced CCE.
Arp et al. (2001), documenting the Phanerozoic record of sheathcalciﬁed cyanobacterial fossils in more detail, conﬁrmed Riding’s
(1992) broad recognition of CCEs. From the data of Arp et al. (2001,
ﬁg. 3d), the late Ordovician Katian peak of abundance of calciﬁed
cyanobacteria, and also Hirnantian decline can be recognized. Our
data compilation reveals the scale of these changes more clearly.
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Fig. 2. Ordovician calciﬁed nostocalean cyanobacteria. a), Proaulopora; b), Phacelophyton; c), Gomphosiphon; d), Hedstroemia; e), Bija; f), Cayeuxia; g), Zonotrichites; h), Ortonella;
i), Apophoretella. (All from Liu et al., 2016a).

Following the early Ordovician- middle Darriwilian (stage I) reduced CCE, the late Darriwilian to late Katian (stages II-III) could
be classed as an intense CCE sensu (Fig. 4a), when many genera
reappeared since Cambrian Series 2 or ﬁrstly appeared during the
interval of late Darriwilian to late Katian (Fig. 3b).
4.3. Proxy comparison with modelled CO2 and O2 estimates
In view of the elevated ambient carbonate saturation state
throughout the Ordovician (Supplementary Discussion), the secular distribution of calciﬁed cyanobacteria suggests the following
changes in CO2 and O2 : (I) high CO2 in the early, and most of
the middle, Ordovician (and late Cambrian); (II)-(III) Subsequent
decline in atmospheric CO2 below ∼10× PAL, and probably also

increase in dissolved O2 level, during the late Darriwilian, Sandbian and Katian stages, ∼460-445 Ma; (IV) either CO2 increase
or another factor, such as loss of habitat, that caused decline in
cyanobacteria diversity during the late Katian and Hirnantian. Of
these two possibilities, our preferred interpretation is loss of habitat due to sea-level fall during the well-documented Hirnantian
glaciation (Supplementary Discussion). We have not studied Silurian calciﬁed cyanobacteria, but they are reportedly abundant,
although not especially diverse (Arp et al., 2001, Fig. 3D and supplementary data). Based on these limited data we would expect
CO2 to have remained near or below ∼10× PAL during the Silurian to maintain cyanobacterial calciﬁcation.
We applied the cyanobacterial calciﬁcation proxy (Fig. 4a)
to six modelled estimates of CO2 (Fig. 4b): GEOCARBSULFvolc

6

L. Liu et al. / Earth and Planetary Science Letters 530 (2020) 115950

Fig. 3. a), Ordovician palaeogeographic positions of paleocontinents (based on Huang et al., 2018, ﬁg. 4) with calciﬁed cyanobacteria occurrences. Laurentia includes North
America, Greenland, and slivers of crust in Norway and the British Isles; Gondwana includes South America, Africa, Antarctica, Australia and India (Servais et al., 2010). b),
Secular global stratigraphic and sedimentary facies distribution of Ordovician calciﬁed cyanobacteria, data from different regions illustrated by different shapes as marked in
Fig. 3a (basing on Table S1).

(Berner, 2008), GEOCLIM (Nardin et al., 2011), MAGic (Arvidson
et al., 2013), GEOCARBSULF+GCM (Royer et al., 2014), updated
GEOCARB (Edwards et al., 2017), and COPSE (Lenton et al., 2018).
In addition we compared the cyanobacterial calciﬁcation proxy
to data from seven estimates of atmospheric O2 (Fig. S1): GEOCARBSULF revised (Berner, 2009), MAGic (Arvidson et al., 2013),
GEOCARBSULF+GCM (Royer et al., 2014), updated GEOCARB (Edwards et al., 2017), COPSE (Lenton et al., 2018), GEOCARSULFOR
(Krause et al., 2018), and photosynthetic fractionation effect model
(Edwards et al., 2017), all of which we converted into dissolved O2
values (Fig. 4d) (see Methods).

4.3.1. CO2
The marked increase in calciﬁed cyanobacterial diversity, observed during the late Darriwilian, Sandbian and Katian stages,
∼460-445 Ma (Fig. 4a), suggests CCM induction in response to
decline in CO2 below 10× PAL (Fig. 4b). The expectation, therefore, is for a broadly inverse relationship between the trends of
CO2 and calciﬁed cyanobacterial abundance/diversity, with 10×
PAL CO2 as the fulcrum of change. Two estimates (MAGic, GEOCLIM) maintain CO2 above 10× PAL throughout the Ordovician,
and the remaining four estimates show CO2 crossing this level
from above to below (Fig. 4b). The crossing points are: 469.5 Ma
(early Dapingian) for GEOCARBSULFvolc; 466.3 Ma (early Darriwilian) for GEOCARBSULF+GCM; 459 Ma (late Darriwilian) for
updated GEOCARB; and 455.4 Ma (mid-Sandbian) for COPSE. Interestingly, as the publication date becomes younger, so does the
estimated age of the crossing point. Furthermore, the two most
recent publications, ‘updated GEOCARB’ and ‘COPSE’, which cross
the 10× PAL CO2 threshold in the late Darriwilian (∼460 Ma) and
mid-Sandbian (∼453 Ma) respectively, correspond most closely to
the time of marked diversity increase in calciﬁed cyanobacteria
(Fig. 4a).

4.3.2. O2
Increase in dissolved oxygen is thought to promote CCM induction (Kaplan and Reinhold, 1999; Giordano et al., 2005). Although we are not aware of an established threshold value, Badger et al. (2002, p. 169) suggested that near doubling of O2 ,
together with CO2 decrease, could trigger CCM induction. We
evaluated atmospheric O2 estimates from six geochemical models, and also from the photosynthetic fractionation effect model
(Fig. S1). Among the estimates of atmospheric O2 (Fig. S1), MAGic
does not show any increase during the upper half of the Ordovician whereas ‘GEOCARBSULF revised’ shows slight increase for
this interval, and three estimates show moderate increase in O2
(GEOCARBSULF+GCM, COPSE, and GEOCARSULFOR). The remaining two estimates that show steepest rise (discounting subsequent
decline) are ‘updated GEOCARB’ (Edwards et al., 2017) and the
photosynthetic fractionation effect model (Edwards et al., 2017).
In general, these estimated trends show atmospheric O2 either ﬂat
or rising during the Ordovician.
4.3.3. Dissolved O2
Temperature decline during the Ordovician (e.g., Trotter et al.,
2008; Fig. 4c) would allow more O2 to dissolve in water, increasing marine oxygenation. All the models considered here (Fig. 4d),
apart from MAGic, (i.e., GEOCARB-derived models and COPSE, particularly the more recently developed versions), indicate signiﬁcant
increase in oxygenation in the upper half of the Ordovician. For example, dissolved oxygen would be more than double its initial concentration based on the atmospheric estimates of O2 from ‘COPSE’
and ‘GEOCARBSULFOR’ (∼35 to 112 μM), and also from ‘updated
GEOCARB’ and the photosynthetic fractionation effect model (105
to 248 μM). During this interval calciﬁed cyanobacterial diversity
also increased sharply, but then declined in the late Katian and
Hirnantian.
Among the models considered here, COPSE (Lenton et al., 2018)
and those derived from GEOCARB (Berner, 2008; Royer et al., 2014;
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rises above 10× PAL during the Silurian, and GEOCLIM (Nardin
et al., 2011) which declines to near 10× PAL at the LlandoveryWenlock boundary, and then rises steeply. Edwards et al. (2017)
updated GEOCARB also rises above 10× PAL in the early Llandovery but shows no younger data.
5. Discussion
5.1. Sedimentary facies and CCM induction
CCM induction allows cyanobacteria to overcome not only
global reduction in CO2 levels, but also local environmental CO2
limitation at the scale of planktic blooms and microbial mat deposits (Raven, 1997b; Kaplan and Reinhold, 1999; Badger et al.,
2002; p. 169; Badger and Price, 2003). This accounts for the persistence of calciﬁed cyanobacteria during times when CO2 is thought
to have been globally elevated, e.g., late Cambrian (Riding, 2006,
p, 309). Our data show calciﬁed cyanobacteria in the early Ordovician were mostly limited to stromatolites (microbial mat carbonates) and metazoan reefs (Fig. 3b and Table S1), but subsequently
became widely distributed in a range of open marine platform environments where CO2 is not limited, such as calcareous algal and
metazoan reef, open platform and lagoon (Fig. 3b and Table S1,
Supplementary Discussion). This indicates that during the Darriwilian, Sandbian and Katian, CCM were widely induced in open
marine conditions. This supports interpretation that the intense
Darriwilian-Katian cyanobacterial calciﬁcation episode was a response to CCM induction linked global decline in atmosphere CO2
to below 10× PAL.
5.2. The 10 × PAL CO2 threshold

Fig. 4. Number of genera of calciﬁed cyanobacteria compared with estimated atmospheric CO2 , dissolved oxygen and sea surface temperature during the Ordovician
period. a), Number of genera of calciﬁed cyanobacteria and cyanobacterial calciﬁcation episode (CCE, this study). b), Estimated atmospheric CO2 (PAL): red, GEOCARBSULFvolc (Berner, 2008); yellow, GEOCARBSULF+GCM (Royer et al., 2014); green,
updated GEOCARB (Edwards et al., 2017); blue, COPSE (Lenton et al., 2018); purple,
MAGic (Arvidson et al., 2013); brown, GEOCLIM (Nardin et al., 2011). c), Estimated
sea surface temperature: ﬁlled circles (Trotter et al., 2008); solid line, the same data
ﬁtted using equation from Pucéat (2010) (Edwards et al., 2017); the arrow showing the initiation of major biodiversity pulses of the GOBE (Trotter et al., 2008).
d), Estimated dissolved oxygen (μM) based on modelled atmospheric O2 and sea
surface temperature (see Methods): red, GEOCARBSULF revised (Berner, 2009); yellow, GEOCARBSULF+GCM (Royer et al., 2014); green, updated GEOCARB (Edwards et
al., 2017); blue, COPSE (Lenton et al., 2018); purple, MAGic (Arvidson et al., 2013);
brown, GEOCARSULFOR (Krause et al., 2018); dashed green line, photosynthetic fractionation effect model (Edwards et al., 2017). (For interpretation of the colors in the
ﬁgure(s), the reader is referred to the web version of this article.)

Edwards et al., 2017), produce Ordovician CO2 values broadly consistent with the cyanobacterial calciﬁcation proxy, whereas MAGic
(Arvidson et al., 2013) and GEOCLIM (Nardin et al., 2011) do not.
With regard to dissolved O2 levels, all models (Berner, 2009; Royer
et al., 2014; Edwards et al., 2017; Krause et al., 2018; Lenton et al.,
2018) produce an upward trend during the second half of the Ordovician except MAGic (Arvidson et al., 2013), which shows weak
increase in dissolved O2 . At the same time, the more recent models
(Krause et al., 2018; Lenton et al., 2018) yield O2 levels generally lower (pO2 < 12%, D.O. <112 μM) than the earlier versions
(pO2 between 12 to 25%; D.O. between 104 to 248 μM). Overall,
of the models considered here, the outputs from COPSE and recent
GEOCARB-based models are most consistent with the cyanobacterial calciﬁcation proxy for the Ordovician. Of the modelled data
assessed, most show values falling below 10× PAL during the Silurian: the exceptions are GEOCARBSULFvolc (Berner, 2008) which

Once evolved, cyanobacterial CCMs are likely to have been retained and induced when necessary, depending on local as well as
global conditions. The timing of the origin of cyanobacterial CCMs
is poorly resolved (Burnap et al., 2015) but is inferred to reﬂect
long-term changes in CO2 and O2 concentrations at the Earth’s surface (Raven, 1991; 1997a; 1997b; Badger et al., 2002; Badger and
Price, 2003). Based on the current modelled values of O2 (Berner,
2001) and CO2 (Berner and Kothavala, 2001, GEOCARB III), Badger
et al. (2002, p. 169) suggested that ‘large decline in CO2 levels and
an almost doubling of the O2 concentration’ would have applied
pressure on photosynthetic organisms such as cyanobacteria to develop CCMs ∼400 Ma. They inferred that this might have been
the ﬁrst time that CO2 levels had ever been this low. However,
using the cyanobacterial calciﬁcation proxy, Riding (2006) inferred
CO2 below 10× PAL ∼800-700 Ma, and Kah and Riding (2007)
extended this date back to at least ∼1200 Ma. This is consistent
with estimates from palaeosol mass balance and C-isotope reservoir modelling that suggest CO2 of 7-10× PAL in the late Mesoproterozoic (Kah and Riding, 2007, ﬁg. 3). It therefore appears that
CO2 levels declined during the Proterozoic, leading to the ‘Snowball Earth’ glaciations ∼800-600 Ma, and to a cyanobacterial calciﬁcation episode that continued into the early Cambrian (Riding,
2006). CO2 levels then rose signiﬁcantly later in the Cambrian, as
indicated by modelling (e.g., Berner and Kothavala, 2001), before
declining again in the Ordovician, resulting in increased cyanobacterial calciﬁcation ∼460 Ma, as we suggest here (Fig. 4a).
The key assumption supporting these interpretations is the
threshold below which CCM induction would be necessary in
cyanobacteria, suggested by experiments to be ∼10× PAL CO2
(Shibata et al., 2001; Badger et al., 2002). Given its utility in assessing CO2 levels at much earlier times than other current fossil
proxies (Raven, 1997a; Raven et al., 2008), further work is needed
to constrain the calciﬁed cyanobacterial proxy, particularly recognizing that CCM induction is likely to differ not only according to
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habitat, but also taxonomically (Raven et al., 2017). Similarly, the
precise role of O2 , which is expected to increase selective pressure
on cyanobacteria to counter photorespiration (Kaplan et al., 1980),
in the evolution of CCMs also requires clariﬁcation (Giordano et
al., 2005; Riding, 2006; Raven et al., 2008). It is known to supplement the inorganic carbon signal in at least one cyanobacterium
(Woodger et al., 2005).
5.3. Comparative model evaluation
Long-term geochemical modelling of atmospheric CO2 and O2
endeavours to quantitatively deduce the production and cycling of
these gases near the Earth’s surface by applying the interactions of
the physical, chemical and biological processes involved (Berner et
al., 1983; Berner, 1999, 2006a,b; Mackenzie and Andersson, 2013;
Royer et al., 2014; Lenton et al., 2018). From its inception, it has
considered a wide variety of processes, such as solar radiation,
seaﬂoor spreading and sea-level change, chemical weathering and
erosion of carbonate and siliciclastic rocks, sedimentary rock formation, volcanic degassing, effects of land plants, and burial and
cycling of organic matter, etc. (Berner et al., 1983, Berner, 1991;
2003; Mackenzie and Andersson, 2013). This modelling work has
largely concentrated on all or part of the Phanerozoic Eon (the
past 541 Myr). GEOCARB (Berner, 1991), a long-established carbon
cycle model initially focused on CO2 , was developed from the earlier BLAG model (Berner et al., 1983), and extended to O2 by also
considering the sulphur cycle (Berner and Canﬁeld, 1989). There is
now a family of GEOCARB-derived CO2 and O2 models (see Royer,
2014, pp. 252-254). The largest subset of the models we compared
(Berner, 2008; Royer et al., 2014; Edwards et al., 2017; Krause et
al., 2018) are GEOCARB-derived. Three others (GEOCLIM, Nardin et
al., 2011; MAGic, Arvidson et al., 2013; COPSE, Lenton et al., 2018),
are not.
Except for GEOCLIM, all the geochemical models considered
here are non-dimensional box models, i.e., by placing C, S, etc. in
reservoirs representing ocean, land, atmosphere, the model performs time-dependent mass balance among the reservoirs using
material exchange (ﬂux). This long-term biogeochemical cycling
occurs through geological processes and geochemical reactions
moving constituents from reservoir to reservoir. For example, GEOCARB involves the transfer of C- and S- containing gases to the
atmosphere and oceans from deeply buried sedimentary rocks
(including thermal decomposition of organic matter and pyrite)
through diagenesis, metamorphism and volcanism. The C and S cycles are linked to oxygen since O2 is removed when it oxidizes
the reduced C and/or S-containing gases near the Earth’s surface
(Berner, 1999).
GEOCARB and its derivatives use a data-driven approach, in
which the rock record and isotope data (e.g., δ 13 C, δ 34 S, 87 Sr/86 Sr)
are used to constrain the models’ forcing functions and predict atmospheric CO2 and O2 . In successive revisions, the model incorporated additional factors to constrain the modelled ﬂuxes, with the
aim of progressively improving earlier assumptions. For example,
GEOCARB III (Berner and Kothavala, 2001), builds on GEOCARB II
by incorporating results from the General Circulation Model (GCM),
which couples CO2 to global mean surface temperature and runoff,
as well as solar radiation induced changes in temperature. Additionally, the model revision included, inter alia, (i) using Sr isotope
data to constrain global physical erosion rate, (ii) the effects of
large terrestrial plants on Ca-Mg silicate weathering, (iii) distinguishing volcanic weathering in subduction zones from the weathering of other silicates and seaﬂoor basalt weathering, and (iv) updating the δ 13 C values for limestones and organic matter.
Subsequent models also included tracking the transfer of carbon
and sulphur between Earth surface (atmosphere, ocean, soil, living
biomass) and rock reservoirs, both for reduced organic C and oxi-

dized carbonate C, and for reduced pyrite S and oxidized sulphate
S (Berner, 2006a). Other modiﬁcations have included explicit expression of volcanic silicate weathering (Berner, 2006b), and incorporating improved estimates of land area, runoff, and continental
temperature from the GCM (Royer et al., 2014). Thus, these models update process understanding through comparison with proxy
data, thereby reducing the uncertainty of modelled results as new
proxy data become available. Recently, Krause et al. (2018) attempted to predict Phanerozoic O2 by replacing the sulphur cycle
equations in GEOCARBSULF in line with forward modelling, utilizing an improved numerical scheme and the latest C isotope data.
This use of new isotope data and other proxy data to improve
modelling results is likely a key reason that these models yield
CO2 and O2 values that agree more closely with the cyanobacterial
calciﬁcation proxy.
In MAGic extensive inorganic reaction networks, coupling C to
ten other elements, are used to predict CO2 , O2 and seawater ionic
compositions. Unlike the other geochemical models, it has limited
treatment of biological processes, including organic matter. For example, P is considered in the model as a limiting nutrient for
marine organic matter, but land plants and their burial ﬂuxes are
assumed to be small. The modelled results are compared with δ 13 C
values, ﬂuid inclusion results and fossil records, but these data are
not used to correct model parameters. GEOCLIM is a 3-dimensional
(3D) model, using palaeogeographic information at a given geological time for ﬁve time slices in its modelling. It couples a 3D
ocean-atmosphere model with a model of biogeochemical cycles
of carbon and alkalinity. Although sophisticated, the omission of
certain processes in these two models (e.g., the roles of biological processes and land plants on weathering are ignored in MAGic)
could produce overall results that differ from our proxy data.
COPSE and MAGic, in comparison to the GEOCARB family, are
forward models, relying less on proxy data as input parameters.
However, these models adopt forcing functions from GEOCARB to
predict CO2 , O2 and seawater composition through time. In COPSE,
for example, the predicted outputs of CO2 , O2 , SO4 , δ 13 C data
are compared with known isotope, ﬂuid inclusion data and other
proxies, to test process understanding. As necessary, the forcing
functions are modiﬁed iteratively in these models. Again, these
progressive modiﬁcations, as seen in the latest iteration of COPSE
used here, bring the modelled data into closer agreement with
the calciﬁed cyanobacteria proxy. One recent development is the
use of a more robust degassing input, derived from subduction
zone length or ﬂux constrained by 87 Sr/86 Sr values to revise COPSE
and GEOCARBSULF (Mills et al., 2019). The new revisions improved
temperature, as well as CO2 predictions for 0-423 Ma, in which
proxy data are available.
Generally, models predicting the long-term evolution of C cycle
have improved with the incorporation of proxy data. Thus, iteration of models and new /or improved proxy data should enhance
conﬁdence in reconstructing past geochemical conditions of the
Earth’s surface.
6. Conclusions
Our CCM-based Ordovician cyanobacterial calciﬁcation proxy
supports modelled estimates from GEOCARB-based (Berner, 2009;
Royer et al., 2014; Edwards et al., 2017; Krause et al., 2018) and
COPSE models (Lenton et al., 2018) that show decline in CO2 below 10× PAL, together with increase in atmospheric O2 , between
the late Darriwilian and Katian stages, ∼460-445 Myr ago. It also
supports the suggestion that CO2 declined from 8× PAL in the
Sandbian to ∼5× PAL in the Hirnantian (Vandenbroucke et al.,
2010). The substantial increase in marine cyanobacterial calciﬁcation during the interval of late Darriwilian to late Katian are
consistent with long term reduction in sea-surface temperature
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(Fig. 4c; Trotter et al., 2008) and increase in marine oxygenation
(Fig. 4d; Edwards et al., 2017). Our ﬁndings strengthen the view
that these factors also promoted late Darriwilian to Katian invertebrate diversiﬁcation, major pulses of the GOBE (Fig. 4c; Trotter et
al., 2008; Edwards et al., 2017; Lee and Riding, 2018). In addition,
the subsequent reduction in diversity of calciﬁed cyanobacteria observed during the late Katian and Hirnantian is consistent with
continued decline in CO2 and temperature that can be expected
to loss of habitat during the Hirnantian glaciation, which is related to the end-Ordovician Mass Extinction – the most signiﬁcant
reduction in the Palaeozoic marine fauna prior to the late Permian. Our study also suggests that diversity rather than abundance
data may provide more effective recognition criteria for cyanobacterial calciﬁcation episodes. This application of a fossil proxy to
the elucidation of atmospheric CO2 level qualiﬁes modelled estimates and conﬁrms fundamental environmental inﬂuence during a
critical period in Earth’s biotic history. In view of the long history
of cyanobacteria, the calciﬁed cyanobacterial proxy offers unusual
potential to assist interpretation of CO2 deep into geological time
when other fossil proxies are lacking. It deserves further study, reﬁnement and application.
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