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ARTICLE INFO ABSTRACT

Keywords: We have compiled stratigraphic ranges of genera of calcareous nannofossils, calcispheres, planktonic foramini-
Plankton fers, larger benthic foraminifers, corals and rudists bivalves, and species of dasycladalean green algae. These taxa
Benthos comprise the main planktonic and benthic carbonate producers of the Cretaceous, a period of exceptionally high
Calcite . . .

Aragonite sea level and palaeotemperatures that was characterized by unique assemblages of benthic carbonate producers
Envzi;ronment and the significant rise in pelagic carbonate sedimentation. The autecology, physiological control on calcifica-
Diversity tion, and carbonate-production potential of these groups is summarized. The observed diversity patterns are

compared with proxy data of Cretaceous climate and seawater chemistry to elucidate the effect of environmental
change on carbonate production and sedimentation.

Two characteristic patterns are recognized. Diversity of calcareous nannofossils, calcispheres, planktonic
foraminifers and corals trace the evolution of Cretaceous sea-level, while the diversity of dasycladalean algae,
larger benthic foraminifers, corals and rudist bivalves show significant reductions at the level of oceanic anoxic
events (OAEs). Benthic carbonate producers except for corals thus appear to have been more vulnerable to
environmental change, and these general patterns appear to be unrelated to the autecology of the taxa inves-
tigated. The expansion of suitable habitats during episodes of high sea level and high temperatures appears to
have been a more important control of diversity in calcareous nannofossils, planktonic foraminifers, and corals
than changes in seawater chemistry. Aragonitic or aragonite-dominated benthic carbonate producers are most
affected during extinction events related to OAEs, and there is a general trend of decreasing aragonite dominance
throughout the Cretaceous. This is compensated by the extensive formation of calcitic hemipelagic chalk since
the Cenomanian. The trend of decreasing aragonite dominance is independent of the level of biological control
on calcification in the different taxa affected. The demise of aragonitic or aragonite-dominated carbonate pro-
ducers at OAEla (early Aptian) and OAE2 (Cenomanian-Turonian boundary interval) may be related to short
episodes of reduced seawater carbonate-saturation caused by short-lived injections of CO2 from large igneous
provinces that initiated OAEs. For OAEla, this scenario also explains the retreat of carbonate platforms to low
latitudes in the early Aptian, as sea-surface water typically has a higher carbonate saturation in warm, lower than
in cooler, higher latitude waters. The gradual decrease of aragonite throughout the Cretaceous matches model
simulations of seawater carbonate-saturation. An increase in the relative number of azooxanthellate coral genera
following OAEla and OAE2 suggests a disruption of photosymbiosis in the course of these global events due to
high temperatures. However, the relative numbers of azooxanthellate genera continued to increase during the
Late Cretaceous, when global temperatures declined. Due to the short residence time of major nutrients in
seawater, these may have affected carbonate-producing ecosystems regionally. The recent patterns of benthic
carbonate production being highest in oligotrophic environments cannot confidently be extrapolated to the
Cretaceous.

Our database records ranges of genera at the substage level. Higher-resolution stratigraphical studies of neritic
carbonate sequences are required to understand what aspect of environmental change in the sequence of events
that unfolded in the context of OAEs caused the demise of benthic carbonate producers.
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1. Introduction

The Cretaceous period (145-66 Ma) was an exceptional episode of
Earth history, with high average sea-surface temperatures (Friedrich
et al., 2012; Huber et al., 2018; Scotese et al., 2021), short periods of
extreme warmth (Foster et al., 2018), and the highest sea level of the
Phanerozoic (Miller et al., 2005). This coincided with widespread car-
bonate deposition both in pelagic and neritic environments.

The Cretaceous was the first period in Earth history when pelagic
carbonates show a near to global distribution, documented by the
widespread occurrence of limestones and chalks. In fact, the name
‘Cretaceous’ is derived from the Latin word ‘creta’, for chalk. The
deposition of these carbonates is closely linked to the evolution of
calcareous nannofossils, calcareous dinoflagellates and planktonic for-
aminifers. Calcareous nannofossils, which originated in the Late
Triassic, became the most important carbonate producers in the marine
pelagic realm where they constitute the most efficient carbonate rock-
forming organisms of Earth history (e.g., Falkowski et al., 2004; Bown
et al., 2004; Hay, 2004). Pelagic carbonate sedimentation also intro-
duced a new, effective buffering mechanism for the global biogeo-
chemical cycling of calcium carbonate through the dynamics of the
lysocline (Zeebe and Westbroek, 2003; Ridgwell, 2005).

While the biotic composition of reefal communities and their major
carbonate producers have remained remarkably similar since the mid
Palaeozoic, variations in the relative importance of certain groups
occurred (Stanley and Hardie, 1998). The Cretaceous was characterized
by the rise of rudist bivalves as major benthic carbonate producers
(Steuber, 2000), which dominated - or co-existed with - coral-algal-
microbial communities in tropical shallow-water environments (Scott
et al., 1990; Gili and Gotz, 2018). The Cretaceous record of these benthic
communities is punctuated by several episodes of demise and extinction
(Skelton, 2003; Skelton and Gili, 2012), which appear to have coincided
with recurrent episodes of oceanic anoxic events (OAEs). These were
related to the activity of large igneous provinces, short-term pulses of
increased atmospheric CO, concentrations, hyperthermals, and changes
in the carbonate saturation of seawater (e.g., Schlanger and Jenkyns,
1976; Erba, 1994; Weissert et al., 1998; Zeebe, 2001; Jarvis et al., 2002;
Leckie et al., 2002; Weissert and Erba, 2004; Erba et al., 2010; Jenkyns,
2010; Follmi, 2012; Mutterlose and Bottini, 2013; Bauer et al., 2017;
Foster et al., 2018; Matsumoto et al., 2022; Steuber et al., 2022). Most of
the geochemical proxies that have helped to decipher the sequence of
events during Cretaceous OAEs have, however, been derived from the
more continuous pelagic and hemipelagic sedimentary sequences (e.g.,
Erba et al., 2010; Jenkyns, 2018; Sullivan et al., 2020; Castro et al.,
2021). In contrast, and due to the rather discontinuous record of car-
bonate platforms, information about the precise timing and circum-
stances of the demise and recovery of Cretaceous carbonate platforms is
still rather limited (e.g., Philip and Airaud-Crumiere, 1991; Parente
et al., 2008; Follmi, 2012; Skelton and Gili, 2012; Amodio and Weissert,
2017).

Global cooling or warming, ocean anoxia and acidification, and
habitat loss related to sea-level change have been identified as the most
important drivers of extinction in the geological record (Harnik et al.,
2012). Some of these factors such as acidification can be triggered by
bolide impacts or episodes of intense volcanism, the latter resulting in
other perturbations of the carbon cycle causing global warming and
ocean anoxia. Several of such potential triggers of extinctions occurred
during the geologically short episodes of severe palaeoenvironmental
perturbations that punctuated the Cretaceous, although only the end-
Cretaceous mass extinction qualifies as one of the five great Phanero-
zoic extinction events. It significantly impacted almost all carbonate-
producing biota discussed here and caused the final demise of the rud-
ist bivalves. The end-Cretaceous extinction is not included in the present
study, which instead focuses on the groups of biota that are character-
istic for the unique types of Cretaceous carbonate sedimentation, and the
response of these biota to internal perturbation of Earth's systems.
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To test the response of major planktonic and benthic carbonate
producers to Cretaceous environmental change, we have compiled
stratigraphic ranges of genera of calcareous nannofossils (Fig. 1) and
calcispheres, planktonic foraminifers (Fig. 2), species of dasycladalean
algae (Fig. 3), genera of larger benthic foraminifers (LBFs, Fig. 4), corals
(Fig. 5), and rudist bivalves (Fig. 6). The taxa investigated include
photoautotrophic primary producers (calcareous nannofossils, calci-
spheres, dasycladalean algae), heterotrophic epifaunal suspension
feeders (rudist bivalves), as well as epifaunal detritus and suspension
feeders, and predators (LBFs, corals). Some groups were photosym-
biotic, such as many corals and LBFs, and possibly a few rudist bivalves,
with photosymbiosis being typically linked to high calcification rates.
Large differences among the groups studied also exist in the mode of
calcification. Therefore, different responses to changing environmental
conditions that affect the precipitation of aragonite, low-Mg and high-
Mg calcite must be expected. Here, the observed patterns of diversity
will be compared with records of Cretaceous environmental change,
aiming at the identification of potential drivers of the rise and demise of
Cretaceous carbonate producers and their characteristic depositional
systems. This addresses fundamental questions of biogeodynamics, e.g.,
to what extent geological process have affected the evolution of life and
vice versa (Spencer, 2022). Our data may also provide information to
evaluate future extinction risks of modern carbonate-producing biota,
specifically related to anthropogenic climate change and compositional
changes of seawater (Finnegan et al., 2015).

2. Methods

The datasets consist of ranges of genera for calcareous nannofossils,
calcispheres, planktonic foraminifers, LBFs, corals, rudist bivalves, and
species of dasycladalean algae. Methods used for the compilation of
stratigraphical ranges, defined by the first and last occurrences of
genera, are described separately for each group. All ranges and data
adopted from other sources are calibrated to the GTS 2012 time scale
(Gradstein et al., 2012). If applicable, ranges for taxa with skeletons,
shells, or tests of different original carbonate minerals (low-Mg calcite,
high-Mg calcite, aragonite) are distinguished, such as for LBFs and rudist
bivalves.

In contrast to other approaches to evaluate diversity patterns in the
fossil record that utilize large databases with heterogenous quality, we
did not apply methods such as random subsampling (e.g., Alroy et al.,
2001). Our data acquisition is based on an expert evaluation of available
occurrence data to construct taxon ranges that reflect the current state of
knowledge. As the range distribution of genera is quite different for the
taxonomic groups studied, we assume that the observed trends are
robust, and not the result of any preservation or sampling artifacts.
These have been shown to significantly affect raw diversity data (Raup,
1975), particularly on long, Phanerozoic time scales. The significantly
different sample sizes when comparing nannofossils (e.g., coccoliths),
microfossils (e.g., LBFs and dasycladalean algae), and macrofossils
(corals and rudists), renders uniform statistical approaches difficult
(Yasuhara et al., 2017) and may result in inappropriate manipulations of
true patterns.

2.1. Calcareous nannofossils, calcispheres

The term calcareous nannofossil includes two different taxonomic
groups, coccoliths and nannoliths. Coccoliths, which are produced by
haptophyte algae, consist of two different morphological groups, the
holococcoliths and the heterococcoliths. The latter are more common in
the fossil record. Nannoliths are calcareous skeletons of unknown
taxonomic affiliation with a diversity much lower than that of cocco-
liths. Classification and stratigraphic ranges of calcareous nannofossils
used here follow Perch-Nielsen (1985), the Nannotax3 database of
Young et al. (2021) and the Farinacci catalogue (Farinacci and Howe,
1969-2022). Calcispheres are calcitic cysts, attributed to
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Fig. 1. Cretaceous calcareous nannofossils. A. In the centre plan views of four nannoliths (Nannoconus) and rarer heterococcoliths (upper left, lower right), Bar-
remian of the North Sea; scale bar is 4 pm. B. Side views of four nannoliths (Nannoconus) and rare heterococcoliths, Barremian of the North Sea; scale bar is 4 pm. C.
Two heterococcoliths in the centre (Biscutum constans left, Zeugrhabdotus diplogrammus right), fragments of heterococcoliths, Barremian of the North Sea; scale bar is
2 pm. D. Two coccospheres (centre) and isolated coccoliths of heterococcoliths (Watznaueria barnesiae), Barremian of the North Sea; scale bar is 4 ym. E, F. Het-
erococcoliths (Rhagodiscus asper, Cretarhabdus conicus), Barremian northern Germany; scale bar is 10 pm (E) and 4 pm (F).



T. Steuber et al.

Fig. 2. Cretaceous planktonic foraminifers. A. thin section microphotograph of
Dicarinella asymetrica; Santonian, Dicarinella asymetrica Zone, Scaglia Bianca
Formation, Bottaccione section, Italy. Scale bar is 200 p. B. Globotruncanid
assemblage, including rare benthic foraminifers, washing residue; Campanian,
Globotruncana neotricarinata Zone, Shatsky Rise, Pacific Ocean. Scale bar is
1 mm.

dinoflagellates. The evaluation of calcispheres is based on the taxonomic
concept of Elbrachter et al. (2008) and an electronic index of fossil
dinoflagellate cysts — Dinoflaj3. The group ‘incertae sedis’ includes
calcareous tests of 80-200 pm size, which have been assigned to the
informal group ‘Gilianelles’ (Odin, 2011). Earlier, these micro-
problematica have been interpreted as dinoflagellate cysts.

2.2. Planktonic foraminifers

Ranges of genera of planktonic foraminifers are from Bown et al.
(2022) and reported here at the stage level. The trends resulting from
these data are similar to a more detailed compilation of numbers of
morphospecies binned to 1 myr intervals (Lowery et al., 2020).

2.3. Dasycladalean algae

The ranges of Cretaceous species of dasycladalean algae (order
Dasycladales Pascher, 1931) have been compiled starting from Granier
and Deloffre (1993) and updated based on a critical review of papers
published between 1993 and July 2021. Species instead of genera were
evaluated for this group, because many genera are monospecific, and
most others include very few species.
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2.4. Larger benthic foraminifers

Ranges of Cretaceous LBFs have been compiled based on the
monographs of Loeblich and Tappan (1988) and BouDagher-Fadel
(2018) and refined by incorporating data on the genus-level taxonomy
and on chronostratigraphic ranges based on a critical review of papers
published between 1988 and July 2021.

2.5. Corals

The ranges of genera are from the compilation of Loser (2016), and
based on material that was examined by HL. Material without an exact
stratigraphic control was not included. Uncertain taxa, for example
those lacking type material, or published illustrations and description
that did not allow unequivocal assignation to a genus, were excluded.
The ranges have been modified from Loser (2016) when new material
was available.

2.6. Rudist bivalves

Ranges of rudist genera (Hippuritida Newell, 1965) are adopted from
Steuber et al. (2016). This compilation is based on biostratigraphy,
graphic correlation, and strontium isotope stratigraphy, as described in
detail in Steuber et al. (2016).

3. Results
3.1. Calcareous nannofossils, calcispheres

The number of coccolith genera (heterococcoliths, holococcoliths)
shows a gradual increase throughout the Early Cretaceous, with a first
peak in the Albian (Fig. 7). This is followed by a minor decline in the
Cenomanian-Santonian. The number of genera reaches its Cretaceous
maximum in the Campanian, followed by a minor decline up to the late
Maastrichtian. The distribution of nannoliths closely resembles that of
the coccoliths. Their genera steadily increase in number in the Early
Cretaceous and reach a first peak in the Albian, followed by a minor
decrease in the Cenomanian. Numbers increase again in the Turonian
and are relatively stable up into the Campanian, followed by a minor
reduction in the Maastrichtian. The diversity pattern of calcareous di-
noflagellates (calcispheres) shows a very similar pattern. Following a
gradual increase throughout the Early Cretaceous, they reach a first
maximum in the late Albian. High values characterize the Cen-
omanian-early Campanian interval, followed by a mid-Campa-
nian—early Maastrichtian decline. Numbers increase again in the late
Maastrichtian. Incertae sedis, comprising the Gilianelloids occur in the
late Campanian and early Maastrichtian. There are no significant
changes in the number of calcareous nannofossil genera at the strati-
graphic levels of OAEs.

3.2. Planktonic foraminifers

The number of genera of planktonic foraminifers increases
throughout the Early Cretaceous and until the Coniacian (Fig. 7).
Following a minor decrease in the Santonian, numbers increase again to
reach the Cretaceous peak in the Campanian. This is followed by a minor
decrease in the Maastrichtian. The extinction event at the Cretaceous
Palaeogene boundary was sudden and catastrophic (Molina, 2015), and
the relatively high number of Danian taxa reflects recovery of diversity
during the earliest Palaeogene stage.
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Fig. 3. Thin-section microphotographs of Cretaceous dasycladalean algae; optical microscope, parallel nicols. A. Very rich assemblage dominated by Salpingoporella
annulata; Hauterivian, Monte Motola, southern Apennines, Italy. B. Monospecific assemblage of Salpingoporella dinarica, one of the few dasycladalean algae producing
a skeleton of low-Mg calcite; lower Aptian, southern Apennines, Italy. C. Morelletpora turgida; Albian, Monte Lo Cugno, southern Apennines, Italy. D. Very rich
monospecific assemblage of Linoporella capriotica; Hauterivian, Capri Island, Italy. Scale bar is 1 mm for all microphotographs.
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Fig. 4. Thin-section microphotographs of Cretaceous larger benthic foraminifers; optical microscope, parallel nicols. A. Dense accumulation of low-conical orbi-
tolinids; upper Aptian, “Orbitolina level”, Monte Coccovello, southern Apennines, Italy. B. Very rich and diverse assemblage with Cuneolina, Sellialveolina and
Pseudorhapydionina; middle Cenomanian, Monte Lo Cugno, southern Apennines, Italy. C. Very rich and diverse assemblage with Cisalveolina fraasi and Chrysalidina
gradata; upper Cenomanian, Monte Cerreto, southern Apennines, Italy. D. Platform margin microfacies with calcareous perforate larger benthic foraminifers
(Orbitoides and Siderolites) and fragments of rudists shells. Maastrichtian, Ciolo Cove, Salento peninsula, Italy. Scale bar is 1 mm for all microphotographs.
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Fig. 5. Outcrop photographs of Cretaceous corals. A. Massive coral colonies of the genus Thalamocaeniopsis within coral thickets of the genus Actinastraeopsis in live
position; Lower Albian, Cantandria, Cabo de Ajo, Spain. B. Dendroid growing, cerioid corals (Thalamocaeniopsis); Lower Albian, Alisitos Formation, Baja California,
Punta China, Mexico. C. Phaceloid corals (Apoplacophyllia); Lower Albian, Alisitos Formation, Baja California, Punta China, Mexico. D. Coral thickets, Actinastraeopsis
sp.; Aptian/Albian boundary interval, Pafs Vasco, Vizcaya, Gamecho, Playa de Laga, Spain.

3.3. Dasycladalean algae

The number of dasycladalean species increases during the Early
Cretaceous to form a broad peak during the Barremian—early Aptian,
and subsequently declines to a minimum in the Campanian, followed by
a minor increase in the Maastrichtian (Fig. 8).

3.4. Larger benthic foraminifers (LBFs)

The overall number of genera of LBFs (Fig. 8) increases throughout
the Early Cretaceous until a first peak in the early Aptian, with a minor
reduction in the Hauterivian. Numbers remain relatively low throughout
the late Aptian-Albian and increase again in the Cenomanian. A sharp
reduction occurs at the Cenomanian/Turonian boundary, followed by
an increase to the Cretaceous peak in genera numbers in the late Cam-
panian. Microgranular agglutinating taxa are dominant until the end of
the Cenomanian. Aragonitic hyaline genera occur in relatively small

numbers in the Early Cretaceous and disappear at the end of the Cen-
omanian. Low-Mg calcite hyaline taxa are represented by a few genera
in the Berriasian—early Aptian, appear again in the Cenomanian, and
reached highest numbers in the late Campanian. High-Mg calcite
porcelaneous genera increase from the Aptian-Cenomanian, followed
by a sharp reduction at the Cenomanian/Turonian boundary and an
increase to a maximum in the late Campanian.

Regarding their original test mineralogy, porcelaneous taxa are
considered as consisting of high-Mg calcite, based on analysis of recent
species (de Nooijer et al., 2009; Sadekov et al., 2014). Hyaline genera
are either calcite (lamellar rotaliids and “mono-crystalline” spirillinids)
or aragonite (trocholinids). Agglutinated Textulariida have a low-Mg
calcite cement (Dubicka, 2019).

3.5. Corals

Corals maintain a high number of genera throughout the Cretaceous
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Fig. 6. Cretaceous rudist bivalves. A. Bedding plane view of rudists in vertical live position, predominantly Dictyoptychus, with some Radiolitidae; Maastrichtian,
Jebel Sumeini, Oman. B. Hillslope covered with shells of Vaccinites, eroded from a c. 1 m thick lithosome exposed at the top of the hill; Saiwan, Oman. C. Reworked
shells of caprinid rudists, predominantly Offneria; well core of Lower Aptian Shu'aiba Formation, UAE. D. Reworked rudist debris, predominantly Radiolitidae,
hippuritid rudist in centre of photograph; Turonian, Kefalonia Island, Greece. See http://www.paleotax.de/rudists/ruform.htm for further images of rud-

ist formations.

(Fig. 8), with an overall trend of increasing numbers until the Cen-
omanian, followed by a moderate decline until the late Maastrichtian
(Fig. 8). Superimposed on this trend, moderate reductions occur in the
Berriasian, at the early/late Aptian boundary, in the early Turonian, and
early Campanian. Two of these reductions are stratigraphically related
to OAEla and OAE2. Azooxanthellate corals occur with only a few
genera until the early Aptian, increase substantially in the late Aptian
and again to a Cretaceous peak in the Maastrichtian.

3.6. Rudist bivalves

The number of rudist bivalve genera increases almost exponentially
until a peak in the late Campanian, and then moderately decreases until
the late Maastrichtian, followed by extinction at the K/P boundary
(Fig. 8). This overall pattern is punctuated by significant reductions in
the number of genera stratigraphically related to the Weissert event,
OAEla, and OAE2. Genera with calcite-dominated shells appeared first
in the Hauterivian, and increase in numbers until a peak in the late
Campanian. Calcite-dominated genera were not affected by the reduc-
tion in genera numbers in the Valanginian, at the early/late Aptian, and
the Cenomanian/Turonian boundary. Therefore, reductions in total
numbers of genera are exclusively caused by the demise of aragonite-
dominated genera, and taxa with no specific mineral dominance at the
Cenomanian-Turonian transition. Aragonite-dominated genera decrease
to <10% after the Weissert event and OAE2, and to 13% after OAEla.

3.7. General patterns

Comparing the general patterns in the evolution of the number of
genera, despite their different habitats, autecology, and shell miner-
alogy, similar trends are obvious for calcareous nannofossils, calci-
spheres, planktonic foraminifers, and corals. Reductions in the number
of genera are minor when compared to the other groups of organisms
studied here, and the overall trend broadly follows the evolution of sea
level (Fig. 7). All other groups (rudist bivalves, LBFs, dasycladalean
algae) show more accentuated changes in diversity, with periods of re-
ductions in the number of taxa related to periods of global demise of
carbonate platforms and oceanic anoxic events (Fig. 9). Those groups
that employed either calcite or aragonite (LBFs) or both minerals (rudist
bivalves) in calcification show a general reduction in the abundance of
aragonite during the Cretaceous. A significant decline of purely arago-
nitic or aragonite-dominant taxa is evident for the OAE intervals. Low-
Mg calcitic perforate and hyaline LBFs show no significant reduction,
and calcite dominated rudists increase in the number of genera during
these time intervals. The bi-mineralic rudists show the most pronounced
pattern of changing aragonite dominance.

The very different patterns of genus-level diversity of corals and
rudists may appear unexpected. Both are frequently considered to be
‘reef-building biota’, with rudists replacing corals in this role during the
Cretaceous. This view has been shown to be erroneous (Gili et al., 1995;
Skelton et al., 1997; Gili and Gotz, 2018), as rudist were gregarious
sediment dwellers, unable to construct frameworks that were
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substantially elevated above the sediment surface. Nevertheless, corals
and rudists frequently co-occur, although Early Cretaceous corals may
have preferred slightly deeper environments than rudists (Scott et al.,
1990). Neither group is restricted to carbonate-platform environments
and corals and rudists also occur or co-occur in mixed siliciclastic-
calcareous depositional systems. Therefore, other factors must be
considered to have controlled the different pattern of ranges of corals
and rudists.

For several of the groups studied here, patterns of taxonomic and
ecologic turnover have been recognized previously on a high-resolution
scale, below the substage level. In a high-resolution, species-level
analysis of calcareous plankton diversity, Lowery et al. (2020) noted
that extinction and turnover was decoupled from that of the benthos.
Species turnover in planktonic foraminifers around OAEla and OAE2
were related to changes in surface biological productivity, vertical
stratification, carbonate chemistry, and nutrients caused by eustatic sea-
level change (Kuroyanagi et al., 2020). Declines and shifts in the species
composition have been observed for calcareous nannofossils throughout
the Valanginian Weissert Event (Mattioli et al., 2014), at the onset of the
Aptian OAEla (Erba, 2004; Erba et al., 2010) and across the Cen-
omanian OAE2 (Leckie et al., 2002; Linnert et al., 2010). The declines
seem to be mainly driven by an increase of the nutrient supply. A sig-
nificant decline of the nannolith Nannoconus, a genus which became
extinct in the Albian, has been observed for the Weissert Event, OAE1la,
and OAE1D (latest Aptian; Leckie et al., 2002; Huber and Leckie, 2011),
suggesting bio-calcification crises. In addition to COz and nutrient
availability, bio-limiting metals may have played a role. Alternatively,
reduced preservation of calcareous nannofossils during OAEs may have
affected abundance patterns (Slater et al., 2022).

For LBFs a turnover has been described for the onset of OAE2
(Parente et al.,, 2008), and for rudist bivalves during OAEla
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(Strohmenger et al., 2010; Skelton and Gili, 2012) and OAE2 (Philip and
Airaud-Crumiere, 1991). These studies provide important clues for the
cause-effect relationships of these turnovers, and will thus be referred to
in the following discussion. Our data do not cover these specific intervals
in detail, they rather record the long-term evolution of Cretaceous car-
bonate production on a lower stratigraphic resolution on the substage-
level.

4. Discussion
4.1. Preservation and collection bias

In comparison to calcite, aragonite is more susceptible to diagenesis
and is either replaced by diagenetic calcite or dissolved, potentially
introducing a taphonomic bias (e.g., Wright et al., 2003). This bias is
obvious particularly on long Phanerozoic time scales, and such data
have been detrended to account for preferential preservation of origi-
nally calcitic fossils (e.g., Kiessling et al., 2008). Considering the
comparatively short duration of our records, and no evidence for a trend
of decreasing numbers of originally aragonitic taxa with time, we as-
sume that a preservation bias has not significantly affected our dataset
(cf. Foote et al., 2015; Eichenseer et al., 2019). It may have affected
corals, but the bi-mineralic rudist are typically preserved even if the
inner aragonitic shell layers are dissolved or calcitized. Aragonitic for-
aminifers presumably have a more incomplete preservation record than
calcitic taxa (Rigaud et al., 2021), but this potential bias cannot be
quantified reliably. Among the groups studied, the record of dasycla-
dalean algae was possibly most affected by a taphonomic bias, although
the number of species increases with increasing age. As facultative cal-
cifiers (Berger and Kaever, 1992), environmental factors and tapho-
nomic effects will have contributed to their fossil record. The
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preservation mode of the c. 3-6 pm sized calcareous nannofossils,
composed of low Mg-Calcite, is a standard issue addressed in many
nannofossil publications. Preservation may bias the taxonomic compo-
sition of nannofossil assemblages even in consecutive samples of strat-
igraphic sections due to carbonate dissolution or lithological changes.
Heterococcoliths are often better preserved than holococcoliths, due to
the different crystallographic architecture of these two coccolith types.
The near-to-global record for at least the Late Cretaceous sequences by
ODP/DSDP/IODP gives access to a robust dataset from time equivalent
locations around the world, excluding a diagenetic bias of the record
discussed here.

The broad pattern of generic diversity of calcareous nannofossils,
calcispheres, planktonic foraminifers, and corals traces the evolution of
sea level during the Cretaceous (Figs. 7, 8). This may reflect a sampling
bias as more marine rocks are preserved for sampling from episodes of
high sea level (e.g., Smith et al., 2001). Alternatively, flooded conti-
nental margins and marine gateways that developed during the Late
Cretaceous across north Africa, Eurasia, and north America resulted in
new dispersal routes and, combined with high sea-surface temperatures,
in the expansion of favourable environments.

There is considerable evidence that the observed variation in marine
diversity, particularly on long Phanerozoic time-scales, may be an arti-
fact of variation in the amounts of rock available for sampling (Peters
and Foote, 2001). Correcting occurrences for available rock volumes
would require complex estimates of largely unknown data. For example,
the available rock volume of ‘chalk’, typically the result of accumula-
tions of rock-forming quantities of coccoliths, would have no relation to
the occurrence of rudist bivalves. Considering the debate about artifacts
in the fossil record related to sampling and preservation biases (e.g.,
Raup, 1976; Jackson and Johnson, 2001; Peters et al., 2013), patterns of
proportional diversity as seen in our dataset, should not be affected
(Bambach et al., 2002).

4.2. Calcification and autecology

To evaluate the disparate patterns in the observed diversity dy-
namics, it is important to consider to what extent physiological pro-
cesses control the precipitation of skeletal carbonate formation in the
groups discussed here. This ranges from a minimum control in dasy-
cladalean algae, where calcification is extracellular and driven by
localized alkalinization by removal of CO5 during photosynthesis (Bor-
owitzka, 1986), to precipitation from an extrapallial fluid in bivalves. In
the latter, biological control facilitates chemical modification of the
extrapallial fluid, which is isolated from ambient seawater, and controls
the formation of various structures of bi-mineralic shells (aragonite and
low-Mg calcite). Calcification may be of different autecological signifi-
cance, ranging from facultative calcification in dasycladalean algae
(Berger and Kaever, 1992) to the complex bi-mineralic shell structures of
rudist bivalves that functioned to channel inhalant and exhalant water
current, provided protection against bioeroders, and were adapted to
clinging, recumbent, or elevator life habits (Gili and Gotz, 2018). The
groups investigated include autotrophs such as the calcareous nanno-
fossils and dasycladaleans, while all others are heterotrophs among
which some will have been mixotrophic, relying to varying degrees on
photosymbiosis for metabolism and calcification.

Previously, Bambach et al. (2002) introduced the concept of taxa
that are ‘buffered’ or ‘unbuffered' against physiological changes. Various
aspects of physiological stress must be considered that will not uni-
formly affect different taxa, such as the impact of high temperatures on
coral and LBF photosymbiosis and calcification, even at favourable
seawater aragonite saturation (Kawahata et al., 2019). There may also
be enhanced vulnerability when calcification is required at larval stages
(e.g., in bivalves; Byrne and Przeslawski, 2013). As background for
further discussion, we have summarized the main aspects of the
autecology and mode of calcification of Cretaceous carbonate producers.
Improved understanding of these aspects, particularly in taxa now
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extinct, will enhance future interpretations of the observed diversity
patterns.

4.2.1. Calcareous nannofossils, calcispheres

Calcifying haptophytes (coccolithophores) most likely originated in
the Triassic, with a diploid phase (heterococcoliths) and a haploid phase
(holococcoliths) producing morphologically different calcifying cells
during their life cycle. The calcification of heterococcoliths is a highly
complex biomineralization process, which clearly differs from that of
holococcoliths with respect to crystal nucleation and growth (Young
etal., 1999; Billard and Inouye, 2004). The calcification process reduces
the amount of OH™ ions generated during photosynthesis. Hetero-
coccoliths, which consist of variably shaped crystal units, are formed
inside the cell and are then extruded to form a complex exoskeleton,
with physiological effects on coccolith physicochemical composition
(Hermoso, 2015). Coccolith formation occurs in Golgi vesicles. Hol-
ococcoliths are composed of small, equidimensional calcite crystals, and
calcification is extracellular (Young et al., 1999). Nannoliths are a
taxonomically heterogenous group, having calcareous skeletons
different from those of hetero- or holococcoliths. Some nannoliths are
perhaps related to heterococcoliths, others to holococcoliths.

Calcispheres are the calcitic cysts of calcareous dinoflagellates. Bio-
mineralization takes place either externally on the substrate of the cell
surface or internally in vesicles (Elbrachter et al., 2008). Biominerali-
zation in calcareous dinoflagellates is strongly controlled at the cellular
level.

Global production of calcite in recent oceans by calcareous nanno-
fossils is not well constrained but they make up the major fraction of
carbonate in marine pelagic and hemipelagic sediments. Roughly half of
the oceanic CaCO3 exported from the sea surface is thought to be pro-
duced by calcareous nannofossils (Schiebel, 2002; Broecker and Clark,
2009).

4.2.2. Planktonic foraminifers

Planktonic foraminifers are omnivorous, heterotrophic protozoans.
Photosymbiosis is common among many modern taxa, but probably
developed only in the latest Cretaceous (D’Hondt and Zachos, 1998;
Houston and Huber, 1998; Bornemann and Norris, 2007).

Modern planktonic foraminifera show a distinctive biogeographic
provincialism with a bipolar distribution of specific species. The most
diverse modern assemblages are found in the subtropical and temperate
ocean (Schmidt et al., 2004). Exported carbonate production is linked to
trophic levels; oligotrophic waters of the subtropical gyres are charac-
terized by the lowest, and mesotrophic waters of temperate and subpolar
waters by the highest production, although diversity is highest in the
oligotrophic subtropical gyres (Schiebel and Hemleben, 2017). Ecolog-
ical conditions in modern eutrophic waters are more complex because of
the negative effects of high primary production on photosymbiotic
species. Vertical distribution of planktonic foraminifers depends on the
availability of food, and the requirement for light in photosymbiotic
taxa. Deep-dwelling planktonic foraminifers live well below the pyc-
nocline down to 400 m water depth, where they experience more stable
environmental conditions than shallow-dwelling taxa (Schiebel and
Hemleben, 2017). Mixed-layer to sub-thermocline depth habitats were
identified in different genera of Campanian-Maastrichtian planktonic
foraminfers by stable isotope analyses of test carbonate (Abramovich
et al., 2003). Most modern species are eurythermal, with an optimum
temperature of c. 10 °C (Lombard et al., 2011).

Tests of planktonic foraminifers are made of calcite and organic
layers. Test size of planktonic foraminifers is positively correlated with
mean annual water temperature. This general pattern is regionally
modified by trophic levels and surface water stratification (Schmidt
et al., 2004). Biomineralization is assumed extracellular, and calcite is
deposited on a primary organic membrane, which is secreted within a
cytoplasmic extension of the main cell mass that encloses seawater.
Vaterite has been shown to be the unstable precursor of calcite
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precipitation (Jacob et al., 2017). The bulk of the test mass, however, is
produced by the addition of calcite layers to the outer test surface (e.g.,
during the formation of new chambers and during gametogenesis). Test
mass is generally positively affected by high seawater alkalinity, pH and
temperature (Schiebel and Hemleben, 2017).

Langer (2008) reports that benthic and planktonic foraminifers
currently produce approximately 1.4 billion tonnes of calcium carbonate
per year, which ends up buried in oceanic sediments, representing
approximately 25% of the global-ocean carbonate production.

4.2.3. Dasycladalean algae

Recent dasycladalean algae are facultative calcifiers. In their natural
habitat some species produce a thick calcareous skeleton, while others
produce only a very thin coat, or may be uncalcified (Berger and Kaever,
1992). Calcification occurs mainly by extracellular precipitation of
aragonite on the mucilage, which is found between the lateral branches.
Some recent taxa are characterized by intracellular calcification of
reproductive organs (cysts; Berger and Kaever, 1992). Fossil remains of
dasycladalean algae are generally preserved as a mosaic of equant low-
Mg calcite, but an original aragonitic mineralogy is inferred, based on
the mineralogy of living representatives (Berger and Kaever, 1992) and
diagenetic fabrics. A few species are known to have produced skeletons
of low-Mg calcite (see review in Granier, 2012), but this character is
generally not given supra-specific rank. Most of these originally calcitic
species, which often show mass occurrences such as Clypeina sulcata and
Salpingoporella dinarica, occurred in the latest Jurassic-Early Cretaceous,
which was a time of ‘calcite seas’ (Stanley, 2008). However, in this same
time interval, aragonitic dasycladaleans were diverse and abundant,
which complicates the interpretation of the occurrence of calcitic spe-
cies. Aguirre and Riding (2005) concluded that changes in dasyclada-
lean diversity over the past 350 myrs show no straightforward relations
with calcite- and aragonite sea intervals, while they broadly reflect
global temperature and sea-level change. Dasycladales were prolific
carbonate producers in Early Cretaceous carbonate platforms even if
they did not attain the role of hypercalcifiers as in the Triassic (Stanley
and Hardie, 1998). Nowadays, they have been largely substituted by
Bryopsidales of the genus Halimeda as major carbonate producers in
subtropical shallow-water realms (Granier, 2012).

4.2.4. Larger benthic foraminifers (LBFs)

LBFs are an informal group characterized by large size (from 0.1 to
15 cm) and complex internal structures (Ross, 1974; BouDagher-Fadel,
2018). They are single-celled eukaryotic protozoans with an epifaunal,
motile or sessile life style. Living representatives are photosymbiotic but
occasionally feed from microalgae and bacteria (Lee, 2006). Photo-
symbiosis is inferred for fossil taxa, mainly based on their large size and
complex internal structures (Hottinger, 1982; Hallock, 1985; Lee and
Hallock, 1987). Composition and microstructure of the test are generally
used as the highest-rank character in the taxonomy of foraminifers (Sen
Gupta, 2003), although more recently this approach has been partly
questioned, based on the results of molecular phylogeny (Pawlowski
et al., 2013; Dubicka, 2019). Recent photosymbiotic LBFs are found in
two orders (Sen Gupta, 2003): Rotaliida, characterized by a hyaline test
of lamellar low- or variable Mg calcite (Raja et al., 2005), and Miliolida,
characterized by a porcelaneous test of high-Mg calcite. In Miliolida, the
main body of the wall consists of needle-shaped crystallites, formed in
the Golgi-vesicle and then transported to the outside of the test where
they are coated by an external layer of round nanograins, seemingly
formed by an organic membrane (Debenay et al., 2000; Parker, 2017;
Dubicka et al., 2018). In Rotaliida, calcification occurs by crystal
nucleation on an organic membrane, followed by addition of calcite on
both sides of the membrane (Erez, 2003; De Nooijer et al., 2014).

Cretaceous LBFs feature a much larger variety of test mineralogy and
microstructure than recent representatives. In addition to Miliolida (i.e.,
alveolinids and rhapydioninids) and Rotaliida (i.e., orbitoids and side-
rolitids), there are the Involutinida (i.e., trocholinids), secreting
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aragonitic tests, and Spirillinida (i.e., Neotrocholina and allied forms)
secreting non-lamellar tests of calcite. In agglutinated groups, tests are
made of sedimentary particles cemented by secreted calcite (Textular-
iida, i.e., orbitolinids and cuneolinids), or embedded in a proteinaceous
to mineralized matrix (Lituolida, i.e., cyclamminids and choffatellids).

Studies on recent benthic foraminifers indicate that Rotaliida and
Miliolida exert a strong control on biomineralization by enhancing pH
and regulating ion concentration at the site of calcification (Debenay
et al., 2000; de Nooijer et al., 2009). This conclusion can be confidently
extended by analogy to Cretaceous miliolid and rotaliid larger fora-
minifers. A strong control on biomineralization can be hypothesized also
for Cretaceous involutinids and spirillinids, based on their ability to
control the mineralogy of their secreted test. A low level of control on
biomineralization can be envisaged for agglutinating foraminifers, even,
if for some species of Textulariida, the secretion of calcite cementing the
grains could indicate a more direct control. Further indications can be
gained by experiments of biomineralization under controlled conditions
in laboratory and mesocosm experiments, and by field observations
along natural CO, gradients. Most laboratory experiments reported a
decrease of calcification at higher pCO, and lower pH in soritid porce-
laneous larger benthic foraminifers, while studies on hyaline rotaliid
species reported a variety of different responses, ranging from no change
to increased calcification (Doo et al., 2014). More recently, decreased
calcification rate under low pH was demonstrated for the hyaline larger
foraminifer Operculina ammonoides (Oron et al., 2020). Field studies
around natural CO seeps reported steep reduction in density and di-
versity of calcifying foraminifers, compared with a less steep reduction
of agglutinating taxa (Dias et al., 2010; Uthicke et al., 2013).

LBFs were abundant and diverse in the Cretaceous. Several groups
attained rock-forming significance, including for instance the orbitoli-
nids, alveolinids and orbitoids (van Gorsel, 1978; Vilas et al., 1995;
Schroeder and Neumann, 1985). Recent LBFs can produce up to 2.8 kg
CaCO3 m 2 year’1 in modern reefal environments (Hallock, 1981). They
contribute about 5% to modern reefal carbonate production, and are
considered as the third most important group of carbonate producers in
modern coral reefs, after corals and red algae (Hallock, 1981; Narayan
et al., 2022).

4.2.5. Corals

Recent zooxanthellate corals are attached, epifaunal, photosym-
biotic, and feed on pico- and nannoplankton. Calcification is extracel-
lular, with intermediate biological control but physiological control of
the extracellular calcifying medium (Allemand et al., 2004; Wang et al.,
2021). Scleractinian corals survive low-pH conditions and decalcifica-
tion (Fine and Tchernov, 2007), and have a continuous phylogeny
despite several ‘reef gaps’ in the geological record. Therefore, a calcar-
eous skeleton may not be a requirement for phylogenetic survival. Their
skeleton typically consists of aragonite, with very few exceptions (Sto-
larski et al., 2007). Diverse taxa such as Acropora have shown to be
unaffected by changes in seawater chemistry for the last 40 myrs (Sto-
larski et al., 2016).

Carbonate production in modern coral reefs ranges from 1 to 35 kg m
~2 a2 71 (Barnes and Chalker, 1990), but <2.0 kg m 251 appears to be
characteristic for most coral reef environments (Heiss, 1995). Azoox-
anthellate corals are predominantly solitary and small in size (rarely
exceeding 20 mm in diameter; Cairns and Kitahara, 2012) and do not
considerably contribute to carbonate production compared to zoox-
anthellate corals.

4.2.6. Rudist bivalves

Rudists lived as attached, epifaunal suspension feeders, but are not
considered reef-builders because of the absence of growth fabrics that
extended significantly above the sediment surface (Gili et al., 1995).
Very few genera may have been photosymbiotic (Gili and Gotz, 2018).
As in modern bivalves, biological control of calcification was strong, and
aragonite and low-Mg were precipitated from an extrapallial fluid,
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isolated from seawater. The composition of the extrapallial fluid is
controlled physiologically, to form multi-layered shells, protected by a
chitinous periostracum. All rudists had inner shell layers composed of
aragonite, including the myocardinal elements, and an outer shell layer
of calcite with variable thickness and structures (Skelton and Smith,
2000). Rudists have been grouped into taxa that are aragonite-
dominated, calcite dominated, or show no distinct dominance of one
polymorph (Steuber, 2002; Steuber et al., 2016). Various shell structures
developed among the rudist, and are related to palaeoecological mor-
photypes and feeding habits. The functional morphology of many of
these shell structures is still debated (for details, see Gili and Gotz, 2018;
Skelton, 2018). The average stratigraphic range of genera of rudist bi-
valves is 8.5 myrs, and aragonite-dominated genera have significantly
shorter average ranges (6.4 myrs) than calcite-dominated genera (10.8
myrs; Steuber et al., 2016).

Skeletal growth rates of rudist bivalves amounted to several cm/year
(Steuber, 1996; Steuber et al., 1998; Steuber et al., 2005). Carbonate
production by rudist bivalves has been estimated from skeletal growth
rates and found to be up to 28.5 kg CaCO3 m~2 year ! in dense growth
fabrics (Steuber, 2000), well within the range of modern coral reefs.

4.3. Chalks

Significant deposition of pelagic carbonate began in the Jurassic, and
the large-scale pelagic rain of carbonate into the deep sea, both in the
form of tests of planktonic foraminifers and skeletal elements of
calcareous nannoplankton, has continued ever since the Early Creta-
ceous (Hay, 2004; Suchéras-Marx et al., 2019). The global
Albian-Cenomanian sea-level rise caused the flooding of vast epiconti-
nental areas and a collapse of the shelf front. In combination with green-
house conditions and high atmospheric COy (Fig. 9), extensive, warm
seas prevailed over large epicontinental areas. Hemi-pelagic conditions
with water depths of a few hundred meters characterized the Western
Interior Seaway, North Africa and large parts of Europe. These areas
were characterized by a unique constellation in Earth history: a low
input of siliciclastics resulted in the deposition of pure carbonates, the
chalks. Chalks are here defined as biomicrites having a CaCO3 content of
90-100%, a particle size of <20 pm, and significant porosity. The main
components are calcareous nannofossils, calcispheres and planktonic
foraminifers (in descending order). Earliest chalk deposits, up to 20 m
thick, are known from the Barremian of the southern North-Sea area.
Throughout the Cenomanian-Maastrichtian, chalks form an up to 1000
km wide facies belt between latitudes of c¢. 37°-50° N. This chalk belt
extends from west of Ireland to the Caspian Sea in the east. In the
southern North Sea, the Chalk Group, which includes the Danian, is up
to 1500 m thick (Vejbaek et al., 2010). It reaches maximum thicknesses
of >1500 m in the Central Graben of the North Sea and > 2000 m in the
northern North Sea (Surlyk et al., 2003). Chalk is also documented from
the Santonian-Maastrichtian of the US Gulf Coast region (Austin Chalk,
max. 270 m thick), from the Western Interior (Niobrara Chalk, Con-
iacian-Campanian, max. 200 m thick; Selma Chalk, Santo-
nian-Maastrichtian, max. 400 m thick), from Egypt and the Near East
(Coniacian—Maastrichtian, max. 130 m thick) and Western Australia
(Miria Chalk, Maastrichtian, 2 m thick). OAE2 coincided with reduced
carbonate accumulation in epicontinental seas, and in pelagic environ-
ments (Ulicny et al., 1993; Paul and Mitchell, 1994; Voigt, 2000).

A comparison of Late Cretaceous calcareous nannofossils from
contemporaneous near-shore marls and off-shore chalks provides a
differentiated view of their diversity and abundance patterns (Piittmann
and Mutterlose, 2021). Highly diverse assemblages characterize the
shallow-marine nearshore setting (0-10 km off the coast, about 10-40 m
water depth). Diversities in the coastal area (species richness 50-81) are
significantly higher than those of the contemporaneous chalk facies
(species richness 43-53). At the same time, the abundances of the
nearshore assemblages are by a factor of 2-10 lower than those of the
chalk deposits. The “ecological deserts” of the chalk sea were thus
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dominated by a few r-selected opportunistic species. The high diversity
assemblages of the nearshore setting occur in strongly glauconitic,
marly—chalky intervals, likely resulting from elevated nutrient supply
(Piittmann and Mutterlose, 2021).

4.4. Sea-level change and global carbonate sedimentation

Trends in generic diversity of calcareous nannofossils, planktonic
foraminifers, and corals trace first-order Cretaceous sea-level change
(Figs. 7, 8). Relatively short episodes of high sea level, (i.e., the Hau-
terivian), are also characterized by slightly higher numbers of genera of
calcareous nannofossils and calcispheres. This is a common pattern
(species-area effect, e.g., Hannisdal and Peters, 2011; Close et al., 2020),
observed also in long-term Phanerozoic datasets of marine diversity, as
it reflects marine sediment extent as a proxy for potential habitat area.
The high Cretaceous sea level and extended epicontinental seas of the
Late Cretaceous, in combination with high temperatures in intermediate
and high latitudes, provided environments for geographic range
expansion of carbonate-producing biota. Notably, the widespread dis-
tribution of chalks initiated during the peak Cretaceous sea-level in the
Cenomanian (Fig. 7).

Pohl et al. (2020) compiled long-term neritic carbonate-preservation
rates for the Cretaceous (Fig. 9d). These correspond well with empirical
data (Bosscher and Schlager, 1993; Kiessling et al., 2000), which all
provide a low-resolution envelope with a broad maximum in the
Aptian—-Cenomanian for the more detailed, albeit qualitative record
(Fig. 9b, c) of Skelton (2003). Pohl et al. (2019, 2020), using clima-
te-carbon cycle and palaeoecological niche models to understand the
drivers of the observed trends, concluded that continental configuration,
including eustatic sea level, and volcanic degassing controlled first-
order variations in Cretaceous neritic carbonate sedimentation
(Fig. 9e). The models of Pohl et al. (2020), which address carbonate
sedimentation on the order of 10 myrs, do not account for large igneous
provinces, the presumed causes of OAEs, because the CO; degassing by
LIPS was short-term, on the time scale of a few myrs. These models only
considered extrinsic factors and explicitly excluded changing biota with
different carbonate-production rates. Dutkiewicz et al. (2019) recon-
structed neritic carbonate-accumulation fluxes using the extent of car-
bonate platforms (Kiessling et al., 2003; Fig. 9e), and preservation rates
of Bosscher and Schlager (1993). They suggested a different temporal
pattern, with highest rates in the Late Cretaceous and a late Campa-
nian-Maastrichtian maximum. These discrepancies highlight the prob-
lem of estimating such depositional fluxes. The quantitative and
qualitative estimates compiled here (Fig. 9b—e) provide the background
for the discussion of our palaeobiological data. Overall, estimates of
carbonate accumulation and preservation rates track sea level and
flooded continental areas (Fig. 9e), as compiled by Cao et al. (2017).

4.5. Oceanic anoxic events

Except for the calcareous nannofossils, calcispheres, and planktonic
foraminifers, all other groups of biocalcifiers considered here show
significant reductions in diversity during or before the two main
Cretaceous OAE:s (i.e., the early Aptian OAEla and the late Cenomanian
OAE2). The Valanginian Weissert event affected dasycladaleans and
rudist bivalves, but not LBFs and corals. Leckie et al. (2002) demon-
strated elevated rates of turnover (extinction and speciation) in the
planktonic foraminifers, and to a lesser extent the calcareous nanno-
fossils, associated with the mid-Cretaceous OAEs, particularly OAEla,
1b, and OAE2.

Increasing evidence indicates that OAE1a and OAE2 were caused by
intensive submarine volcanism of large igneous provinces (Matsumoto
et al., 2022), and followed similar sequences of events. An initial rise in
atmospheric CO2 concentrations during episodes of increased volca-
nism, with the possible contribution of methane release in the case of
OAE 1a (Erba, 2004; Weissert and Erba, 2004; Bodin et al., 2015; Adloff
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et al., 2020), resulted in climate warming and possibly reduction of sea-
surface carbonate saturation. This was followed by increased conti-
nental weathering, increased nutrient and carbonate-ion fluxes to the
oceans, resulting in increased marine production of organic matter. High
organic carbon burial may have been additionally facilitated by high
seawater temperature due to the CO5 greenhouse effect of LIP volca-
nism. The case is less clear for the Weissert event, for which a similar
sequence of events and relation to volcanic CO» injection has not yet
been unequivocally established (Follmi, 2012; Price et al., 2018; Cav-
alheiro et al., 2021). Despite these unknowns, all three events represent
short-term perturbations of variables of the atmosphere-ocean system
that may have affected carbonate producers: sea-surface carbonate
saturation, temperature, and nutrient fluxes. These variables are dis-
cussed here in separate sections. Oceanic anoxia occurred in basinal
intermediate and deeper waters, but there is no clear evidence for anoxic
sea-surface water to have affected carbonate platforms.

OAEla and OAE2, which are both documented in many sites by TOC-
rich black-shale intervals, are also characterized by a reduction of
pelagic biogenic carbonate production. In calcareous nannofossils, sig-
nificant declines of the heavily calcified nannoconids, a group of nan-
noliths, have been observed directly pre-dating the Weissert and the
OAEla events (nannoconid crisis; Erba, 1994; Erba et al., 2010), and the
latest Aptian OAE1b (Leckie et al., 2002; Huber and Leckie, 2011).
However, OAEla is preceded by a major speciation event, and does not
show significant extinctions of calcareous nannnofossils. The increase of
nutrients and atmospheric CO; across the OAEs possibly induced higher
abundances of shallow-dwelling heterococcoliths, which produced
small forms outcompeting the deep-dwelling nannoconids (Erba, 2004).

For an evaluation of the effects of environmental change related to
OAEs on carbonate producers, the precise timing of taxon originations
and extinctions is important, which is beyond the stratigraphic resolu-
tion of the current study. During the early Aptian most subtropical
carbonate platforms and their biota disappeared during, or shortly
before, the negative carbon-isotope excursion (CIE) at the onset of
OAEla that reflects the injection of large amounts of CO; into the ocean-
atmosphere system (Skelton, 2003). In lower latitudes, carbonate plat-
forms persisted and many rudist genera that previously disappeared
from higher latitudes survived the anoxic event and its positive CIE.
These taxa finally became extinct at the end of the early Aptian, possibly
related to a major sea-level fall (Strohmenger et al., 2010; Skelton and
Gili, 2012). In our dataset, the affected rudist genera range to the top of
the lower Aptian. However, the environmental perturbations of OAEla
caused a significant latitudinal range reduction in the palaeogeographic
distribution of rudists already in the earliest Aptian, during the initial
volcanic pulse that is believed to have initiated the OAE. Detailed pat-
terns of extinction have also been found in LBFs across OAE2 (Parente
et al., 2008), explained with changes in nutrient cycling, and correlated
to other environmental perturbations during the first phase of OAE2.
The recognition of such patterns on a high-resolution scale is important
to disentangle the cause-effect relationships of the various aspects of
environmental change related to Cretaceous OAEs that are discussed in
the following sections.

4.6. Sea-surface temperature

Cretaceous sea-surface temperatures (Fig. 9f) have been recon-
structed from organic geochemical proxies (Texgs), and stable oxygen
isotope values of planktonic foraminifers (O'Brien et al., 2017). Except
for a currently not well-defined drop in the Albian, high temperatures
prevailed until the Turonian, with a subsequent decrease until the end of
the Cretaceous. A short-lived maximum is evident in Texgg data for
OAEla, while the late Cenomanian and Turonian peak was more long-
lived (Forster et al., 2007; Friedrich et al., 2012; Huber et al., 2018).
Considering the short-term, but significant CO; increase at the onset of
Cretaceous OAEs, and the low resolution of geological records, the
temperature increase during such events is most likely underestimated
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(Kemp et al., 2015).

In the fossil record, turnovers frequently coincide with hyper-
thermals (Foster et al., 2018; Reddin et al., 2021). Hyperthermals,
including those of the early Aptian and Cenomanian/Turonian transi-
tion, affected photosymbiotic and aragonitic biota significantly (Reddin
et al., 2021). This is also reflected in our data for the LBFs, rudists, and
dasycladalean algae, and to a lesser extent in the total number of coral
genera. For the photosymbiotic Scleractinia, high temperatures may
have disrupted photosymbiosis, in analogy with current climate change,
although some modern Scleractinia have shown to adapt to high tem-
peratures (Hume et al., 2016). A mid-Cretaceous episode of a likely loss
of photosymbiosis in corals was proposed by Kiessling and Kocsis
(2015), based on a dataset with a stage-level stratigraphical resolution.
This agrees with a marked rise in the fraction of azooxanthellate genera
of all coral genera in the late Aptian (i.e., after OAEla; Fig. 10).
Following OAE2, the rise in the proportion of azooxanthellate genera is
only minor. Substantial increases in the relative number of azoox-
anthellate genera occurred in the Campanian and Maastrichtian, when
temperature and pCO; dropped. Disruption of photosymbiosis and
demise of zooxanthellate genera due to high temperatures thus may
have occurred in the context of OAEla. The significant rise in the rela-
tive number of azooxanthellate genera in the Campanian-Maastrichtian,
however, requires a different explanation.

Among the other groups considered here, the negative effect of high
temperature on photosymbiosis may apply to the LBFs. This is most
evident for OAE2, when all groups show significant declines, and
aragonitic hyaline taxa disappeared.

Global warming, which is related to the majority of extinction events
throughout Earth's history (Harnik et al., 2012), may be the result of
perturbation of the carbon cycle that triggered ocean acidification and
oceanic anoxia. However, it remains elusive, if such warming events had
been the trigger, or an outcome of other factors of environmental change
that caused mass extinctions. Harvey et al. (2013) have shown that
seawater warming and acidification together increase stress on modern
marine calcifiers, but affect taxa differently. Detrimental effects of high
temperatures combined with ocean acidification have also been docu-
mented for recent LBFs (Schmidt et al., 2014; Kenigsberg et al., 2022).

4.7. Nutrients

Phosphorous is an important nutrient for all organisms, and its
availability limits primary production in large parts of the ocean (Paytan
and McLaughlin, 2007). Unlike nitrogen, another limiting nutrient for
marine primary production that can be fixed from the atmosphere, the
only significant source of phosphorous to the ocean is from continental
weathering. In the modern ocean, the supply of new, weathering-
derived phosphorous (i.e., from riverine and atmospheric sources), is
negligible. It amounts to <0.5% of the ocean internal cycling within the
photic zone and by upwelling (Schlesinger and Bernhardt, 2020).
Therefore, phosphorous is considered to be the ultimate limiting
nutrient for marine ecosystems (Paytan and McLaughlin, 2007), and we
focus our discussion on available data for phosphorous accumulation
rates in marine sediments (Follmi, 1995) as a proxy for nutrient fluxes
during the Cretaceous.

As the residence time of phosphorous in seawater is relatively short
(20,000-100,000 years; Paytan and McLaughlin, 2007), the availability
of nutrients in sea-surface waters depends on ocean circulation (e.g.,
upwelling), local riverine input and atmospheric deposition. Therefore,
regional rather than global patterns are to be expected. Furthermore,
low oxygen concentration in deep water can promote release of phos-
phorous from sediments, which may result in a self-sustaining mecha-
nism of anoxic conditions (Watson et al., 2017), but this effect on the
long-term, internal phosphorous cycling of the ocean is controversial
(Beil et al., 2020).

The availability of nutrients had different effects on the different
groups of carbonate producers discussed here, characterized by
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heterotrophic, autotrophic, and mixotrophic autecology. Mixotrophic
organism, i.e., those with a combined heterotrophic and photosymbiotic
autecology such as corals and LBFs, have significant advantages in the
photic zone of oligotrophic environments (Hallock, 1981, 2001). In such
biota, ingested food provides nutrients, while energy is sourced from
carbohydrates provided by symbiotic algae (Pomar and Hallock, 2008).

The role of nutrients in modern carbonate-producing marine envi-
ronments is well established (e.g., Hallock and Schlager, 1986), and
reflected in marine biodiversity gradients (Hallock, 1987). Elevated
nutrient fluxes have been invoked to explain episodes of carbonate-
platform drowning in the geological record. Nutrients support primary
production so that heterotrophic organisms are able to outcompete the
frequently phototrophic prime carbonate producers (Hallock and
Schlager, 1986). This hypothesis is based on observations of modern
carbonate-depositional systems. Its application to the geological record
assumes that major carbonate-producing ecosystems of the past relied
on photosymbiosis and thus required oligotrophic environments (see
overview of classifications of neritic carbonates and nutrient levels in
Mutti and Hallock, 2003). However, symbionts of modern zoox-
anthellate corals may have only originated in the Eocene (Pochon et al.,
2006), and the coexistence of corals, rudists, sponges, stromatoporoids
and microbes on Cretaceous carbonate platforms questions the unifor-
mitarian paradigm of oligotrophy for corals, and carbonate-producing
ecosystems in general (Pomar and Hallock, 2008). Zooxanthellate
coral assemblages thriving in low-light and nutrient-rich environments
have been reported from, for example, the late Aptian, post-OAE1la de-
posits (Tomas et al., 2008).

Despite very limited, circumstantial evidence for photosymbiosis in
rudist bivalves (Gili and Gotz, 2018), these characteristic Cretaceous
bivalves are frequently considered to belong to the photozoan group of
carbonate producers, with the implicit similarity to modern coral reefs
and their environmental preferences (Follmi, 2012; Follmi and Godet,
2013). In view of these uncertainties, phototrophic communities may
not have been the most prolific carbonate producers in the Cretaceous,
and heavily calcified rudist bivalves as epifaunal suspension feeders
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must instead be assumed to have benefitted from elevated nutrient
fluxes. Even if nutrients may have adversely affected oligotrophic skel-
etal carbonate production on carbonate platforms, microbial or non-
skeletal carbonates may have become more abundant (Smith et al.,
2021), as postulated for Bacinella-rich carbonates during OAEla (e.g.,
Rameil et al., 2010; Huck et al., 2012).

Intuitively, autotrophic and heterotrophic planktonic organisms are
expected to benefit from high nutrient availability. However, eutrophic
environments are typically unstable, and the greater depth of the
euphotic zone in oligotrophic pelagic environments promotes diversifi-
cation of planktonic carbonate producers along large, depth-related
environmental gradients (Hallock, 1987). Coccolithophores were
found to be more diverse but less abundant in Late Cretaceous meso-
trophic to temporarily eutrophic nearshore settings when compared to
oligotrophic to temporarily mesotrophic, hemipelagic chalk environ-
ments (Piittmann and Mutterlose, 2021). This highlights the observation
that diversity is a weak indicator of carbonate-production potential, as
low-diversity assemblages - or even a single species - may locally or
regionally act as important carbonate factories (Pomar and Hallock,
2008). Nevertheless, a high diversity of specific groups of organisms
indicates favourable environmental conditions for the exploitation of
ecological niches, which will result in the evolution of taxa that may
thrive as major carbonate producers elsewhere. In this context, high
phosphorous accumulation rates in the Late Cretaceous (Fig. 7), coincide
with a high diversity of nannofossils and planktonic foraminifers. These
in turn go along with widespread chalk deposition, and the highest di-
versity of rudist bivalves and LBFs.

Elevated nutrient fluxes to the ocean as a result of increased conti-
nental weathering and an accelerated hydrological cycle due to global
warming are considered an important mechanism that resulted in
Cretaceous OAEs. In the compilation of phosphorous fluxes into marine
sediments (Follmi, 1995), a minor peak coincides with OAEla, but no
elevated flux coincides with OAE2 (Fig. 7). Due to the short residence
time of phosphorous in seawater, short-term peaks in phosphorous
fluxes during OAEs may not be reflected in the compilation of Follmi
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(1995), although these may have caused regional platform drowning.
Increased fluxes of phosphorous to the ocean by enhanced continental
weathering and seawater interaction with hot LIP basalts is implicated
by geochemical proxies for OAE1la (e.g., Lechler et al., 2015) and OAE2
(e.g., Yobo et al., 2021). For OAE1la, the demise of carbonate platforms
coincided with or preceded the initial negative CIE. The onset of
volcanism was followed by increased nutrient fluxes and organic carbon
burial, at a time when carbonate platforms had already retreated to low
palaeolatitudes, and ‘out-of-balance’ microbial carbonate producers
were abundant (e.g., Rameil et al., 2010; Amodio and Weissert, 2017).
The demise of carbonate platforms during OAE2 and their characteristic
carbonate producers such as rudists and LBFs appears to coincide with
the onset of the positive CIE (Philip and Airaud-Crumiere, 1991; Voigt,
2000). The extinction pattern of LBFs during this phase has been
interpreted to reflect an increasing nutrient flux (Parente et al., 2008).
However, the evolution of carbonate platforms during OAE2 appears not
to be linked to palaeolatitude (e.g., Philip et al., 1995; Drzewiecki and
Simo, 2000; Parente et al., 2008; Korbar et al., 2012; Navarro-Ramirez
et al., 2017).

Pohl et al. (2019) found a better match for the occurrence of Aptian
carbonate platforms in a low-productivity biogeochemical model sce-
nario than in high-productivity model runs. Upwelling zones modelled
for the north African continental margin during the Late Cretaceous
(Hay, 2009) coincide with the near absence of rudists and corals from
this palaeogeographic domain (Steuber and Loser, 2000). There is also a
remarkable match in the predicted distribution of low-latitude sites of
upwelling (Hay, 2009) and the absence of carbonate platforms in the
Early Cretaceous (Pohl et al., 2019). Our current database, however,
does not allow for a detailed evaluation of regional patterns of nutrient
fluxes and their contribution to the demise of neritic carbonate
production.

In summary, the effect of nutrient fluxes on carbonate production
remains difficult to evaluate. Due to biochemical constraints and the
short residence time of important nutrients in seawater, regional pat-
terns most likely controlled nutrient fluxes as a function of continental
weathering, volcanic input, and oceanic circulation. A comparison with
secular trends in the global distribution in the diversity of major car-
bonate producers is therefore not feasible. Another problem is the un-
known autecology of many Cretaceous taxa, and the extent to which
modern ecological patterns in the distribution of carbonate producers
can be extrapolated to the Cretaceous. In addition, diversity is not
necessarily connected to reef building capacity. Likewise, high diversity
and photosymbiosis do not translate into significant carbonate produc-
tion, if seawater chemistry and other environmental factors are not
adequate. However, there is a coincidence of Late Cretaceous chalk
deposits in the northern hemisphere with globally high phosphorous
accumulation rates (Fig. 7). The predicted upwelling zones in low-mid
latitudes are in regions from which major carbonate platforms are ab-
sent in the Early and Late Cretaceous.

4.8. Seawater chemistry

4.8.1. COy, pH, and the seawater carbonate system

The mid-Mesozoic expansion of pelagic carbonate producers that
shifted the dominant areas for carbonate deposition from the continental
shelves to the open ocean introduced a buffering mechanism for the
global biogeochemical cycling of calcium carbonate through the dy-
namics of the lysocline (Ridgwell, 2005). Therefore, the Creta-
ceous-Recent oceans were much better buffered against extreme
changes in carbonate saturation than those of the earlier Phanerozoic,
when carbonate deposition was largely restricted to continental shelves
(Ridgwell, 2005). Evaluation of past carbonate-seawater chemistry is
difficult, considering uncertainties of past major ion concentrations and
chemical equilibrium constants (Hain et al., 2015; Zeebe and Tyrrell,
2018, 2019). A multitude of papers has focused on the effect of rising
atmospheric pCO,, decreasing sea-surface pH (‘ocean acidification’),
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and of related changes in the marine carbonate system on marine cal-
cifiers (e.g., Ries et al., 2009; Leung et al., 2022). In various groups of
organisms, adverse effects such as reduced calcification, shell dissolu-
tion, altered shell structures, changes in carbonate mineralogy, and
other biological effects have been identified (Cameron et al., 2019).
Such effects, however, are not uniform, even between related genera,
and are assumed to relate to different calcification pathways (e.g., de
Nooijer et al., 2009).

The decrease in carbonate-ion concentration triggered by the rapid
injection of massive amounts of volcanogenic CO; at the onset of OAEs
probably inhibited biocalcification in calcareous nannofossils (Erba,
1994, 2004, 2006; Riebesell et al., 2000) and planktonic foraminifers
(Barker and Elderfield, 2002; Leckie et al., 2002; Huber and Leckie,
2011). The size decrease of calcareous nannofossils during the nanno-
conid crisis at the onset of OAEla may then be interpreted as a disso-
lution event, related to the LIP volcanic CO, release, methane release,
and changes in ocean water chemistry, or as a result of eutrophication
(Erba et al., 2010). High-resolution sedimentary and geochemical re-
cords from a low-latitude carbonate-ramp depositional system also show
a short-lived dissolution event coinciding with the peak negative CIE of
OAEla (Steuber et al., 2022). The absence of a negative CIE near the
base of the OAE2 suggests a volcanic CO, source without methane
release. In this case the substantial input of volcanic COs is seen as the
major factor limiting the calcification process of calcareous
nannofossils.

It is important to note that a reduction in pH values and elevated
atmospheric pCO; will only result in a reduction of carbonate saturation
of seawater if injection of COy occurs on time scales short enough to
prevent the dynamics of the lysocline to maintain carbonate saturation
(i.e., during less than c. 50 kyr; Zeebe, 2001; Honisch et al., 2012). On
longer time scales, low pH caused by elevated atmospheric CO3 is not
necessarily linked to reduced carbonate saturation because increases in
atmospheric CO3 result in an increase in total alkalinity. Geochemical
modelling based on carbon and osmium isotope data for OAEla has
shown that a short-lived (50 kyr) increase of volcanic CO, emission by a
factor of 6-10 will cause measurable acidification-related results, but
not carbonate undersaturation (Bauer et al., 2017). Such events of the
reduction of both, pH and carbonate saturation, have been discussed for
OAEla and OAE2, but the relevant geological evidence is still contro-
versially discussed (Erba et al., 2010; Gibbs et al., 2011; Honisch et al.,
2012; Steuber et al., 2022). Comparatively high seawater Ca®* con-
centration of Cretaceous seawater will also have contributed to buffer
carbonate saturation, as a relatively low carbonate-ion concentration is
required to maintain saturation (Demicco et al., 2005; Honisch et al.,
2012).

Aragonite saturation requires a higher solubility product than calcite
saturation, and saturation typically decreases with temperature and thus
latitude (Opdyke and Wilkinson, 1990). This may explain why the
numbers of genera of most aragonitic or aragonite-dominated carbonate
producers where decimated at OAEla and OAE2, and carbonate plat-
forms retreated to lower latitudes at the onset of OAEla (Strohmenger
et al., 2010; Skelton and Gili, 2012).

A comparison of the percentage of aragonitic or aragonite-dominated
genera of rudist bivalves, LBFs, and the number of genera and species of
dasycladalean algae shows remarkably similar patterns of an overall
decrease from the Early to the Late Cretaceous, punctuated by signifi-
cant decreases during OAEla and OAE2 (Fig. 10). Compared with model
reconstructions of long-term sea-surface carbonate saturation (Ridgwell,
2005) and atmospheric pCOy (Foster et al., 2017, 2018), aragonite
precipitation was more physiologically costly during the mid-Cretaceous
period of high atmospheric pCO, and reduced sea-surface carbonate
saturation, so that short lived, possibly more extreme reductions of
carbonate saturation at the onset of OAEs (Bauer et al., 2017), caused
extinction events among several groups of aragonitic carbonate pro-
ducers. For OAE2, the rise of the CCD (Fig. 10) at the Cen-
omanian-Turonian transition is also in line with a reduction in seawater
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carbonate saturation. Such data are not available for OAE1a, but there is
evidence for a shallowing of the CCD in the early Aptian (Thierstein,
1979; Wohlwend et al., 2017).

In contrast to aragonitic carbonate producers, the percentage of
agglutinating and microgranular foraminifers peaked during the Bar-
remian-Cenomanian. Orbitolinids, for example, globally characterize
carbonate-platform systems at the onset of OAEla (Amodio and Weis-
sert, 2017). Culture experiments (Dong et al., 2020) and studies in
natural environments (Dias et al., 2010) have shown that among modern
benthic foraminifers, those with agglutinating tests are not negatively
affected or even increase in test size with decreasing pH values of
seawater. It therefore seems plausible to assume that aragonitic or
aragonite dominated rudist bivalves, LBFs, and dasycladalean algae
were affected by changes in the marine carbonate system during the
mid-Cretaceous, which culminated in crises of carbonate saturation
during OAE1la and OAE2. Cretaceous corals were affected during OAE2,
but show only limited reductions in the number of genera during OAE1la.

According to the sequence of events that caused OAEla and OAE2,
global warming and elevated atmospheric pCO amplified the hydro-
logic cycle, thereby increased continental weathering, and resulted in an
alkalinity overshoot immediately following a short-lived episode of
reduced seawater carbonate saturation (e.g., Penman et al., 2016; Smith
et al., 2021). Evidence for such overshoots may be recorded in the Ca-
isotopic composition of marine carbonates (Fantle and Ridgwell,
2020), but should also be recorded in the geological record. Carbonate
platforms and carbonate producers recovered slowly, on much longer
time scale than an alleged alkalinity overshoot. Circumstantial evidence
for an alkalinity overshoot may be found in thick oolites that follow over
the deposits of OAE1a on Pacific guyots (Jenkyns and Wilson, 1999), in
the rapid aggradation of low-latitude carbonate platforms (Strohmenger
et al., 2010), or possibly in the abundance of chalk deposition after
OAE2.

4.8.2. Seawater Mg/Ca

Inorganic precipitation experiments have shown that the Mg/Ca
ratio of seawater affects the precipitation of CaCO3 polymorphs. A high
Mg/Ca ratio favours the precipitation of aragonite and high-Mg calcite,
while a low Mg/Ca favours the precipitation of low-Mg calcite (Morse
et al., 1997). Geochemical modelling and proxy data have shown that
during the Phanerozoic the Mg/Ca molar ratio of seawater has oscillated
on times scales of c. 100 myrs between values of c. 1 and 5 (Stanley and
Hardie, 1998; Lowenstein et al., 2001). This has resulted in the concept
of calcite and aragonite seas, with the skeletal mineralogy of major
carbonate producers generally matching these predicted long-term
trends (Sandberg, 1983; Stanley and Hardie, 1998). However, there is
no clear threshold between calcite and aragonite seas, considering the
effect of other parameters that control carbonate saturation, particularly
the latitudinal temperature gradient (Balthasar and Cusack, 2015). For
Cretaceous rudist bivalves, patterns of aragonite versus calcite domi-
nance have been reported previously (Steuber, 2002; Steuber et al.,
2016). The observed pattern is too complex as to be explained merely by
the seawater Mg/Ca ratio, which rose from low values of c. 1 during the
Early Cretaceous to values of c. 2 during the Late Cretaceous, and
continued to rise in the Cenozoic to the modern value of c. 5. As the
seawater Mg/Ca ratio was generally low during the Cretaceous, the
complete period was classified as a calcite sea (Stanley and Hardie,
1998).

The overall trend of decreasing aragonite versus calcite observed in
the Cretaceous carbonate producers matches observations of van de Poel
and Schlager (1994) on the bulk composition of skeletal carbonates. This
general pattern is, in fact, opposite of what should be expected from
inorganic precipitation experiments, as the proportion of aragonite-
dominated taxa is highest during the Early Cretaceous period of low
seawater Mg/Ca ratio, and declines with increasing Mg/Ca ratio during
the Late Cretaceous. Because of the long residence time of Mg and Ca in
seawater (c. 13 and c. 1 myrs, respectively, Broecker and Yu, 2011), the
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slowly changing ratio of these elements in seawater can only be
considered as a baseline parameter. It cannot be invoked to have caused
short-term pattern, such as the observed extinction events of aragonitic
or aragonite-dominated taxa.

Kiessling et al. (2008) examined preference for skeletal mineralogy
during the extinctions and recovery intervals of major Phanerozoic mass
extinctions, and observed variable patterns of mineral dominance. These
are, however, not consistent with the aragonite or calcite seas prevailing
during the events (e.g., aragonite extinction and calcite recovery during
calcite seas and vice versa). This lack of consistency argues for factors
other than Mg/Ca that affect carbonate saturation. While long-term
trends in skeletal mineralogy appear to reflect calcite and aragonite
seas (Stanley and Hardie, 1998), mass extinctions shape the dominance
more significantly, but with no clear relations of extinctions and origi-
nations to the seawater Mg/Ca ratio. Therefore, the direction of
mineralogical change after mass extinction cannot be predicted by the
prevailing seawater Mg/Ca ratio (Kiessling et al., 2008). The demise of
aragonitic biota during the Cretaceous crises of carbonate platforms is
similar to the pattern observed at the Triassic/Jurassic boundary
(Hautmann, 2004), but opposite to the pattern at the Permian-Triassic
boundary (Railsback and Anderson, 1987), although the latter two
major extinction events occurred during an episode of similar seawater
Mg/Ca ratios. Likewise, the Phanerozoic distribution of the few calcitic
species of dasycladalean algae is not linked to the seawater Mg/Ca ratio
(Granier, 2012).

Eichenseer et al. (2019) used Phanerozoic seawater Mg/Ca and
surface temperature models to calculate ‘aragonite sea intensity’ (ASI),
and found this index to correlate with the relative success of aragonitic
versus calcitic genera for the Ordovician-Triassic, but not thereafter.
This mismatch was attributed to the proliferation of calcareous plankton
in the mid-Jurassic, which fundamentally altered the internal buffering
of the carbonate system of the ocean (Ridgwell, 2005). In fact, according
to Eichenseer et al. (2019), the aragonite sea intensity reached its lowest
Phanerozoic value during the Early Cretaceous and rose to moderate
values during the Late Cretaceous, which cannot explain the opposite
trend observed in our dataset.

4.9. Contrasting response of diversity to environmental change

The flooding of continental areas and the expansion and demise of
carbonate platforms are reflected in the diversity patterns of the
carbonate-producing biota, similar to what has been identified as con-
trols on marine biodiversity on Phanerozoic time scales (Close et al.,
2020). However, the comparison of diversity patterns with aspects of
environmental change that are considered important for carbonate
precipitation, has revealed non-uniform and contrasting patterns.
Corals, planktonic foraminifers, and calcareous nannofossils, groups
with fundamentally different autecology, and precipitating different
carbonate polymorphs (aragonite and calcite, respectively), show
similar diversity patterns throughout the Cretaceous. Their distribution
predominantly reflects first-order sea-level change, with corals showing
variable reductions in the number of genera during carbonate platform
crises related to OAEs. It therefore appears plausible to assume that the
expansion of suitable habitats during episodes of high sea level and high
temperatures were more important controls of diversity in these groups
than changes in seawater chemistry. Compared to other calcareous
biota, Eichenseer et al. (2019) found the least impact of ‘aragonite sea
intensity’, calculated from seawater Mg/Ca ratio and palae-
otemperature, on scleractinian corals.

All other taxa investigated show more complex trends, closely
related to the waxing and waning of carbonate platforms, with a rela-
tively uniform pattern of decreasing aragonite abundance with time,
both in monomineralic and bi-mineralic taxa, and significant reductions
in aragonitic genera numbers at OAEs. There is some coincidence with a
mid-Cretaceous, relatively low seawater carbonate saturation and the
overall trend of decreasing aragonite at that time (Fig. 10), but model
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estimates of seawater carbonate saturation are only available at a low
temporal resolution. Short-lived, more severe reductions in carbonate
saturation may have occurred at the onset of OAEs (e.g., Bauer et al.,
2017), caused by volcanic CO, emissions that are believed to have
triggered OAEs. Such events, however, appear to have affected taxa with
a high biological control of carbonate precipitation such as rudists to the
same extent, or even more severely, as groups with a moderate or low
biological control on calcification, such as the LBFs and dasycladalean
algae.

4.10. Long-term versus short term effects

Our dataset reports the stratigraphic distribution of the taxa inves-
tigated at the substage level. Some of the proxies of environmental
change discussed, such as variations in sea level, palaeotemperatures,
and atmospheric pCO, are reconstructed at a similar or higher strati-
graphic resolution. Other important proxies, particularly those affecting
the seawater carbonate system, are only available at a much lower
temporal resolution. This makes the evaluation of cause-effect re-
lationships difficult. At the other extreme of relevant time scales (i.e., at
the level of individual life spans) numerous culture experiments with
artificial, modified seawater have shown variable effects on carbonate
producers. Such experiments do not take into account the time scales of
natural environmental change and the adaptive potential of calcifying
biota. On Phanerozoic time-scales such effects have been addressed by
normalization of available data, and some patterns appear to be evident,
such as the concept of calcite and aragonite seas (Stanley and Hardie,
1998), the observation of global warming being related to the majority
of extinction events (Harnik et al., 2012), or the effect of sealevel on
marine biodiversity (Close et al., 2020).

An example of the time scales involved in such analyses are data and
model-derived estimates of surface areas of carbonate platforms (Kies-
sling et al., 2003; Pohl et al., 2019), neritic carbonate-preservation rates
(Pohl et al., 2020), which reflect flooded continental areas (Cao et al.,
2017), and ultimately first-order Cretaceous sea level change (Figs. 7, 9).
The temporal distribution of these data and model estimates reflects
long-term environmental change during the Cretaceous. Their temporal
resolution, however, is too low to aid in the identification of drivers of
change in the observed diversity patterns of carbonate producers.
Qualitative estimates of the extent of global carbonate platforms (Skel-
ton, 2003) more closely resemble the temporal distribution of
carbonate-platform dwelling biota, but may involve a sampling bias
introduced by the stratigraphic records of Cretaceous carbonate
platforms.

On time scales of 100 s of myrs, Scleractinia and particularly a
photosymbiosis autecology exhibit a large ‘relative hyperthermal
vulnerability’ (Reddin et al., 2021), while epifaunal and suspension
feeding life habits had a lower vulnerability. This contrasts our data,
while the observation that aragonite skeletal mineralogy appears to
carry a larger hyperthermal extinction risk than low-Mg calcite, con-
forms with our observation. Such studies, however, cannot discern if
high temperature was the functional mechanism, or a reflection of other
perturbations of Earth systems, such as short-lived events of low
seawater carbonate saturation due to pulses of volcanic CO; release,
triggering OAEs. Considerable progress has been made recently to
decipher the sequence of events of OAEs such as the timing, durations
and amounts of COy emission, global warming, and effects on the
seawater carbonate system (e.g., Erba et al., 2010; Honisch et al., 2012;
Bauer et al., 2017; Kuhnt et al., 2017; Jenkyns, 2018; Beil et al., 2020;
Castro et al., 2021; Matsumoto et al., 2022). These studies typically refer
to hemipelagic deposits, where orbital chronology provides the time
frame to evaluate, for example, relatively short-term perturbations of
the carbon cycle that may have affected seawater-carbonate saturation.
Such high-resolution studies are relatively rare in carbonate-platform
deposits, where the distinct carbon-isotope pattern of OAEs typically
provide the best tool for correlation. Unfortunately, this tool is
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frequently affected by diagenetic alterations (e.g., Parente et al., 2008;
Huck et al., 2010; Strohmenger et al., 2010; Skelton and Gili, 2012;
Amodio and Weissert, 2017; Steuber et al., 2022). Although the tem-
poral record of carbonate platforms is rather fragmentary (Schmitt et al.,
2020), particularly during episodes of OAEs, these archives are impor-
tant to better understand the sequence of events that resulted in the
diversity patterns of major carbonate producers, and more high-
resolution studies across these intervals of crisis are required.

5. Conclusions

The compilation of the stratigraphic ranges of genera of important
Cretaceous planktonic and benthic carbonate producers reveals two
major, disjunct patterns in their evolution of diversity. Calcareous
nannofossils, calcispheres, planktonic foraminifers, and corals trace sea
level, flooded continental areas, and, to a lesser extent, neritic
carbonate-preservation rates, while larger benthic foraminifers (LBFs),
rudist bivalves, and dasycladalean algae trace the temporal distribution
of carbonate platforms.

OAEla and OAE2 are marked by pronounced extinction events of
rudists, LBFs, and dasycladalean algae, affecting predominantly arago-
nitic taxa. Corals show a significant reduction in genera in the aftermath
of OAE2, but only a minor reduction after OAla. These extinction epi-
sodes are characterized by short-lived, major increases in atmospheric
CO2 and the highest Cretaceous sea-surface temperatures. As the
autecology of rudists and LBFs relies significantly on calcification, the
observed patterns may be explained by intermittent stress due to
reduced carbonate saturation caused by spikes in atmospheric CO2
concentrations sufficiently short to have escaped the internal buffering
of seawater carbonate saturation by the dynamics of the lysocline. High
sea-surface temperatures associated with volcanic CO, emissions may
have disrupted photosymbiosis in corals and LBFs, but cannot explain
the significant reduction in aragonite-dominated rudists. The relative
number of azooxanthellate coral genera increases substantially after
OAEla, arguing for a disruption of photosymbiosis due to high tem-
peratures, but the continuous increase in the relative number of genera
of azooxanthellate corals in the Late Cretaceous cannot be explained
with temperature stress.

Phosphorous accumulation in marine sediments is considered here as
a proxy for nutrient availability. Due to the short residence time of
phosphorous and other important nutrients, these may have affected
carbonate producers regionally during times of increased continental
weathering following relatively short-lived episodes of increased at-
mospheric pCO5 that initiated OAEs. The absence of carbonate platforms
from Cretaceous upwelling areas is noted, but the ecological response to
nutrient availability of certain groups of Cretaceous carbonate pro-
ducers cannot confidently be extrapolated from their modern relatives.

Higher carbonate saturation is required for aragonite precipitation
than for calcite. This may explain the higher vulnerability of aragonitic
taxa during Cretaceous extinction episodes, and the contraction of car-
bonate platforms to lower latitudes during OAE1la. There is a distinct
long-term trend of decreasing aragonitic or aragonite-dominated taxa
until the Campanian, which agrees with model simulations of seawater
carbonate saturation. Such model simulations are, however, only
available with a very low temporal resolution.

The Mg/Ca ratio of seawater is not considered to have contributed to
the observed pattern, as it was relatively stable and low during most of
the Cretaceous, with a slow rise in the Late Cretaceous. The Cretaceous is
typically considered to be an episode of ‘calcite seas’, and the long-term
trend of decreasing aragonite among major carbonate producers is
opposite to what is expected due to the increase of seawater Mg/Ca in
the Late Cretaceous.

Proxies for Cretaceous environmental change are available at
different time scales, that is with different temporal resolutions. Events
of turnover and extinction among major carbonate producers may be the
results of events that unfolded on time scales of 10s-100s kyrs. While
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there is significant current progress in the identification, quantification,
and correlation of such events in hemipelagic environments, more work
is needed to achieve similar progress in the rather fragmentary archives
of Cretaceous carbonate platforms, which are more difficult to correlate,
but — by analogy to modern environments — were hotspots of marine
biodiversity. High-resolution stratigraphic studies are required to better
constrain the causal factor among the environmental perturbations that
occurred in the context of OAEs, and which resulted in the rise and
demise of major benthic carbonate producers.
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