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Abstract
Platform carbonates are a major component of the Earth system, but their spatial distribution through geological times is dif-
ficult to reconstruct, due to the incompleteness of geological records, sampling heterogeneity, and their intrinsic complexity. 
Beyond this complexity, carbonates are not randomly distributed in the world oceans, neither in the modern nor in the past, 
and thus, global trends exist. In the present review, we focus on the understanding of the spatial distribution of carbonate 
production at a global scale. We use a deterministic approach, which focuses on discriminating components, stratigraphic 
architectures, and environmental features to relate shallow-water carbonate production to oceanographic parameters. The work 
is based on extensive literature reviews on carbonate platforms. Ecological niche modelling coupled with deep-time general 
circulation models is used to calibrate a predictive tool of carbonate factory distribution. A carbonate factory function is set 
up that is based on sea-surface oceanographic parameters (temperature, salinity, and primary productivity). The model was 
tested using remote-sensing and in situ oceanographic data of Modern times, while outputs of paleoceanographic models 
are utilized for Lower Aptian (Cretaceous) modelling. The approach allows determining four neritic carbonate factories that 
are called the marine biochemical, photozoan, photo-C-, and heterozoan factories. The model finely simulates the global 
distribution of Lower Aptian and Modern carbonate platforms. Carbonate factories appear to thrive for specific ranges along 
the environmental gradient of carbonate saturation. This conceptual scheme appears to be able to provide a simple, universal 
model of paleoclimatic zones of shallow-water marine carbonates.
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Introduction

Local sedimentary processes and the stratigraphic response 
of carbonate systems are influenced by specific paleogeo-
graphic contexts and local-to-global forcings, e.g., climate, 
currents, organic matter cycle, topography, eustasy, and 
tectonics (Tucker and Wright 1990; Markello et al. 2008; 
James and Jones 2015). The interplay between these diverse 
controlling factors of carbonate sedimentation at different 

temporal and spatial scales leads to a “conundrum” (Pomar 
and Hallock 2008). Predicting carbonate systems through 
space and time is, thus, challenging (Kiessling et al. 2003; 
Markello et al. 2008). The complexity of carbonate predic-
tion is first related to the limitation of geological records due 
to both preservation and record, i.e., outcrop and subsurface, 
availability. This data limitation hampers straightforward 
analyses and interpretations of paleoecosystems and related 
sedimentation. Level of complexity also refers to the scale of 
observation. The study of local sedimentary records allows 
directly observing and analyzing sedimentary systems. 
Geological interpretations, however, have to face multiple, 
unconstrained parameters that affect the local sedimentary 
system, e.g., unrecorded sedimentary signatures of local 
hydrodynamics and paleotopography. By definition, global 
trends and models include large simplifications, but provide 
simple, efficient interpretative schemes (Lees 1975; Parrish 
1982; Parrish and Curtis 1982; Schlager 2005). Thus, global 

 *	 Julien Michel 
	 julien.michel@modis.com

1	 Aix Marseille Univ, CNRS, IRD, INRA, Coll France, 
CEREGE, Aix‑en‑Provence, France

2	 Department of Earth Sciences, University of California, 
Riverside, Riverside, CA, USA

3	 MODIS, Pau, 4 Rue Jules Ferry, Pau, France

http://orcid.org/0000-0002-3182-6919
http://crossmark.crossref.org/dialog/?doi=10.1007/s00531-019-01742-6&domain=pdf


1774	 International Journal of Earth Sciences (2019) 108:1773–1792

1 3

trends and models such as the carbonate factory model of 
Schlager (2000, 2003, 2005) are useful tools for the extrapo-
lation of sparse geological data. They enhance understanding 
of geological systems and bear some predictive power.

Such a global trend is that carbonates are not randomly 
distributed in the world oceans, neither in the Modern nor 
in the past (Lees 1975; Kiessling et al. 2003; Schlager 2005; 
Markello et al. 2008; Michel et al. 2018). In the Modern, the 
worldwide distribution of marine carbonates relates to global 
oceanic circulation (Lees 1975; Nelson 1988; Kleypas et al. 
1999; Schlager 2005). Beyond geodynamic, biotic, and cli-
matic evolution, the fundamental physico-chemical princi-
ples that govern both carbonate precipitation and oceanic 
circulation are expected to be valid throughout geological 
times (cf. Ridgwell and Zeebe 2005; Michel et al. 2018; 
Riding et al. 2019). Thus, understanding the influence of the 
global controlling parameters such as oceanography and cli-
mate appears critical to establish a simple conceptual model 
that relates carbonate production and environmental factors. 
The definition of such relationship would shed light on the 
distribution of ancient carbonate platforms (Opdyke and 
Wilkinson 1993; Pohl et al. 2019). In this review, we focus 
on the understanding of the spatial distribution of carbonate 
production that is controlled by sea-surface oceanographic 
parameters. This choice is motivated by the fact that such 
relationship between oceanography and carbonates provides 
a robust basis for the prediction of the shallow-water carbon-
ate distributions (Lees 1975; Opdyke and Wilkinson 1990, 
1993; Kleypas et al. 1999; Schlager 2005; Couce et al. 2012; 
Jiang et al. 2015; Pohl et al. 2019).

Sea-surface temperature was the first state variable of 
marine environments that was shown to control the global 
distribution of different carbonate grain associations (Lees 
and Buller 1972; Wilson 1975; Nelson 1988; Rao 1996; 
James 1997). Then, other environmental parameters of the 
marine realm such as salinity and marine productivity were 
shown to influence the global distribution of carbonates 
(Lees 1975; Henrich et al. 1995; Whalen 1995; James 1997; 
Wilson 2008; Westphal et al. 2010a, b). Other environmen-
tal parameters such as Ca:Mg ratio, pCO2, and pO2 display 
long-term influences on carbonate evolution, but were not 
shown to play any major role in the global distributional 
pattern of carbonate deposits at any given period of time 
(Stanley and Hardie 1998; Pomar and Hallock 2008; Riding 
et al. 2019).

Dealing with environmental controls of local case studies 
and evolution through time of carbonate sediments, complex 
models were developed to understand the occurrence and 
type of carbonate deposits (Tucker and Wright 1990; Mar-
kello et al. 2008; Pomar and Hallock 2008; James and Jones 
2015). In contrast, no simple conceptual model is available 
that provides a comprehensive picture of the spatial pattern 
of carbonates against an integrated environmental parameter 

trend at a global scale; with the exceptions of distributional 
studies of geological records (Opdyke and Wilkinson 1993; 
Kiessling et al. 2003; and Markello et al. 2008) and specific 
studies in the Modern about Mediterranean red algae (Martin 
et al. 2014) and about coral reefs (e.g., Kleypas et al. 1999; 
Couce et al. 2012; Jones et al. 2015). The early spatial models 
of Lees and Buller (1972) and Lees (1975), however, greatly 
started the challenging spatial modelling of different carbonate 
associations against marine environmental parameters that are 
temperature and salinity (also cf. Parrish et al. 1982; Parrish 
1995; for the approach). We here attempt to pursue the global 
spatial modelling effort to relate carbonate occurrences and 
environmental parameters. We build on the seminal work of 
Wilson (1975) about the fundamental requisite for carbonate 
precipitation that includes “warm waters, clear waters, water 
movement”. Thus, we aim at defining a conceptual framework 
that relates a one-dimensional environmental parameter pat-
tern with the occurrence of specific carbonate systems that 
are here referred to as carbonate factories. The conceptual 
framework aims to allow for the prediction of the global paleo-
distribution of shallow-water carbonate occurrences.

A carbonate factory is a carbonate precipitation mode that 
is defined by an ecosystem, i.e., organisms and environment, 
the sediments which are produced in situ and the early modi-
fication of these sediments (cf. James and Jones 2015). At 
the scale of the carbonate platform, Schlager (2005) described 
three carbonate factories based on stratigraphic and diagenetic 
principles, i.e., T/tropical or “top-of-the-water-column”, C/
cool-water, and M/microbial factories. We use a determinis-
tic approach, which focuses on discriminating components, 
stratigraphic architectures, and environmental features to relate 
shallow-water carbonate production to ambient oceanographic 
conditions. This approach allows determining different car-
bonate factories and classifying sedimentary case studies. 
The primary element of control of the different factories is 
the source of energy driving the ecosystems and processes of 
mineralization such as light or nutrient concentrations (also cf. 
Pomar and Hallock 2008; Hallock 2015; Michel et al. 2018). 
In turn, the source of energy directly relates to steering ocean-
ographic parameters that can be measured, estimated in the 
past and mapped, e.g., sea-surface temperature and carbonate 
saturation. Based on these concepts and using known oceano-
graphic parameters, four shallow-water carbonate factories 
are defined, whose scheme is designed to be applied in the 
geological record. Another two factories are mentioned but 
not studied in the following.

Approach

Based on the literature and existing models, a conceptual 
model is developed at a global scale that relates platform-
scale carbonate production and environmental parameters. 
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The main focus is the ecological requirements of carbonate 
systems to develop (e.g.. Wilson 1975). The approach of 
Lees and Buller (1972), Lees (1975), Opdyke and Wilkinson 
(1990, 1993), and Kleypas et al. (1999) is followed for the 
global approach relating carbonate associations and envi-
ronmental parameters. A comparable approach was used to 
study paleogeographic distributions of source rocks, evapo-
rites, and coals throughout the Phanerozoic (also cf. Parrish 
et al. 1982; Parrish 1995). The conceptual model is built 
upon scientific advances made by James (1997) for the dis-
tinction of phototrophic versus heterotrophic biota in car-
bonate grain associations, i.e., photozoan versus heterozoan 
association, respectively, Kiessling et al. (1999, 2003) for the 
global distribution approach, Schlager (2005) for the review 
of oceanographic controls on carbonates and the concept 
of platform-scale factories that is first used for a sequence 
stratigraphic purpose in the original work, and Pomar and 
Hallock (2008), Wilson (2012), Hallock (2015), and Michel 
et al. (2018) for the study of environmental parameters influ-
encing carbonate production. We integrate this knowledge to 
develop a deterministic approach and set up a global-scale 
framework that predicts platform-scale carbonate production 
and distribution based on the first-order controlling oceano-
graphic parameters.

The study follows the carbonate factory approach of 
Schlager (2000, 2003, 2005): “Each factory stands for a 
certain combination of environmental parameters, range 
of sediment composition, and depositional architecture” 
(Schlager 2003). The concept of the T-, C-, and M-factories 
comes from the definition of precipitation modes that show 
non-exclusive but characteristic grain associations for each 
carbonate factory. Each precipitation mode provides a spe-
cific production profile and sedimentary profile geometry 
that, in turn, show a specific conceptual model of strati-
graphic architecture for each carbonate factory. Focussing 
on oceanographic parameters, we aim to deepen the carbon-
ate factory classification. The conceptual approach strictly 
follows the one of Schlager (2005) and relates precipitation 
modes to non-exclusive but characteristic grain associations, 
sedimentary profiles, and stratigraphic architectures. These 
geological characteristics are the basis to classify geological 
case studies. The conceptual classification is then tested and 
validated using numerical paleoceanographic models.

Methods

This work results from extensive, including unpublished 
literature reviews on Phanerozoic carbonate platforms (cf. 
Michel et al. 2018, for Phanerozoic heterozoan carbonates; 
Pohl et al. 2019, for the lower Aptian period). Special focus 
was given to modern and paleoceanographic parameters that 
control carbonate production. Characteristics such as grain 

associations, ecological requirements, depositional profiles, 
stratigraphic architectures, terrigenous input, and oceano-
graphic and basinal contexts were used to study and classify 
the carbonate factories that are defined at the platform scale, 
i.e., a carbonate platform corresponds to a single carbonate 
factory that is exclusive (sensu Schlager 2000, 2003, 2005; 
also cf. above cited references).

The relationship between modern oceanographic param-
eters and carbonate platforms was analyzed globally by 
extracting sea-surface parameter values at 1° resolution pro-
vided by GLODAPv2 (Global Ocean Data Analysis Project 
version 2; Lauvset et al. 2016; Olsen et al. 2016) over the 
zones of carbonate platforms using ArcGIS. Modern ocean-
ographic parameters include sea-surface temperature (SST), 
sea-surface salinity (SSS), nutrient, i.e., PO4, NO3, and sili-
cate concentrations, aragonite saturation, total alkalinity, pH, 
and dissolved CO2 and O2. Carbonate platform occurrences 
were identified from multiple data sets and publications 
including Wells (1988a, b, c; https​://www.coral​.noaa.gov/
resou​rces/maps.html), Lokier et al. (2009), James and Bone 
(2011) and a direct observation of satellite images using 
Google Earth. Mapping of carbonate platforms was realized 
using ArcGIS taking into account the whole platform area 
around carbonate occurrences between 0 and 200 m water 
depths according to the GEBCO bathymetric grid release 
2014 (https​://www.gebco​.net/data_and_produ​cts/gridd​ed_
bathy​metry​_data/). A carbonate factory is assigned to every 
mapped platform area. Among the platform areas, a total 
of 80685 data points were obtained at a 0.08° resolution. A 
principal component analysis (PCA) was carried out on the 
measured variables (see Wold et al. 1987, for a complete 
description of the method) using the software R (R Core 
Team 2013). PCA and cross plots were used to highlight 
characteristic relationships between oceanographic param-
eters and global carbonate platform, i.e., carbonate factory, 
distribution.

Simulated environmental parameters representative of the 
Lower Aptian were used to compare our carbonate factory 
model against the rock record. An Aptian climatic simu-
lation was conducted at 560 ppm CO2 using the MITgcm 
ocean–atmosphere general circulation numerical model. A 
detailed description of the modelling setup is provided by 
Pohl et al. (2019). We used the Aptian (120 Ma) continental 
reconstruction of Scotese (2014a, b) that we slightly modi-
fied after the paleogeographic reconstruction of Getech, i.e., 
closure of the connection between the North Atlantic and 
Arctic Oceans (see, for instance, supplementary Fig. S1o of 
Lunt et al. 2016). The comparison of the simulated ocean 
temperatures with the recent proxy compilation of O’Brien 
et al. (2017) shows that such modelling setup provides cli-
matic fields in overall agreement with the current knowledge 
of the Aptian mean climatic state. Simulated fields of SST, 
SSS, and net primary productivity (NPP) were previously 

https://www.coral.noaa.gov/resources/maps.html
https://www.coral.noaa.gov/resources/maps.html
https://www.gebco.net/data_and_products/gridded_bathymetry_data/
https://www.gebco.net/data_and_products/gridded_bathymetry_data/
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used to successfully simulate the extent of the tropical car-
bonate platforms during the Aptian (Pohl et al. 2019). In this 
study, we use the same paleoclimate model to simulate newly 
defined, Lower Aptian carbonate factories. To compare the 
results of the present carbonate factory approach with the 
geological record, a database of Aptian neritic carbonates 
was compiled based on the PaleoReef database (https​://paleo​
-reefs​.pal.uni-erlan​gen.de/reefs​/searc​hreef​_publi​c.php) with 
additional information extracted from specific case studies 
(Busson et al. 1966; Busson and Albanesi 1967; Simo et al. 
1993; Gili et al. 2003).

Review of environmental controlling 
parameters of shallow‑water carbonates

Carbonates are produced by organisms that preferentially 
live under defined environmental conditions and by non-
skeletal grains that precipitate under specific physico-chem-
ical conditions. Thus, carbonate production should occur 
in defined ranges of environmental parameters including 
temperature, salinity, and nutrient concentrations. Because 
carbonates are produced by a large community of organ-
isms, the relationship between carbonate production and 
environmental parameters is not straightforward. General 
rules, however, are well established:

•	 Water temperature Most carbonates occur in warm waters 
in which carbonate saturation is high and in which the 
energetic costs of metabolic activities are reduced (Wil-
son 1975; Schlager 2005). Lethal temperature thresholds 
of certain organisms restrict the distribution of carbon-
ates. The paradigm of these lethal thresholds is the zoox-
anthellate corals, which thrive in most cases in water 
temperatures warmer than 18 °C year round (Veron 1995; 
Kleypas et al. 1999). This simple control on carbonate 
production helped constraining paleoclimatic interpreta-
tions, even though limitations exist (Henrich et al. 1995; 
Westphal et al. 2010a; Couce et al., 2012).

•	 Carbonate saturation This parameter was shown to con-
trol carbonate precipitation and distribution (Opdyke and 
Wilkinson 1990, 1993; Gattuso et al. 1998; Kleypas et al. 
1999; Riding and Liang 2005a, b; Jiang et al. 2015). In 
the modern world, the distribution of carbonate satura-
tion parallels the SST distribution (Kleypas et al. 1999; 
Jiang et al. 2015).

•	 Salinity Marine salinity influences the development of 
many organisms that might be either stenohaline or eury-
haline taxa. The distribution of carbonate associations 
was shown to be influenced by marine salinity in both 
arid and humid regions (Track 1936; Opdyke and Wilkin-
son 1990; Lees 1975; Wilson 2012).

•	 Alkalinity Continental carbonate studies show the major 
role of high alkalinities in carbonate precipitation (e.g., 
Arp et al. 1999, 2003). In the modern marine environ-
ment, the global distribution of alkalinities is similar 
to the distribution of SSS due to the major influence of 
freshwater input (Jiang et al. 2014; Carter et al. 2014). 
To our knowledge, marine alkalinities were not shown 
to influence the global distribution of neritic carbonates 
apart from river-infuenced and spring-fed local environ-
ments (Beckwith et al. 2019).

•	 Nutrient concentration Ecosystems are first structured by 
the food web among which nutrients control the primary 
productivity. Thus, nutrient concentration controls the 
development of the biota community (Birkeland 1987; 
Hallock and Schlager 1986; Wood 1993; Hallock 2001; 
Chazottes et al. 2008; Michel et al. 2011a). On one hand, 
nutrient input promotes planktonic productivity within 
the photic zone that inhibits light-related benthic organ-
isms such as zooxanthellate corals. On the other hand, 
nutrients through the development of organic matter rep-
resent the source of energy of heterotrophic biota. An 
excess of nutrients and associated productivity will also 
influence the oxic conditions of the water column that 
play a major role in the selection of biota development 
(Diaz and Rosenberg 1995; Nilsson and Rosenberg 2000; 
Riding et al. 2019). Upwelling occurrences, which con-
trol nutrient distribution in the ocean, play a key role in 
the east–west contrast in the distribution of carbonate 
platforms (Whalen 1995; James et al. 1999).

•	 Light As nutrient concentration, light is a major source 
of energy for primary producers such as algae and pho-
tosymbiotic biota including zooxanthellate corals and 
large benthic foraminifers. Thus, light availability, i.e., 
photosynthetically active radiation, controls the structure 
and bathymetric distribution of biological communities 
(e.g., Muir et al. 2015). Light through photosynthesis is 
also a key player of biogenic carbonate precipitation, i.e., 
light-enhanced calcification (Pomar and Hallock 2008; 
Tambutté et al. 2011).

•	 Hydrodynamics at a global scale, macrotidal such as 
open-ocean reefs and carbonate shelves versus microtidal 
regimes such as the Mediterranean Sea and gulfs (Bet-
zler et al. 1997; Pedley and Carannante 2006; James and 
Lukasik 2010; James and Jones 2015), control carbonate 
grain associations through oceanographic circulation and 
the action on the seafloor substrate. The paradigm of this 
control is the role of wave action in reef building. Water 
agitation promotes carbonate calcification locally through 
increased gaz exchanges at the sea-atmosphere interface, 
i.e., CO2 degassing, (e.g. Wilson 1975). Hydrodynamics 
also influence light and oxic conditions through oceanic 
restriction and residence time of the waters.

https://paleo-reefs.pal.uni-erlangen.de/reefs/searchreef_public.php
https://paleo-reefs.pal.uni-erlangen.de/reefs/searchreef_public.php
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•	 Other factors the marine Ca:Mg ratio and pCO2 influ-
ence carbonate sedimentation through accumulation and 
evolution (Stanley and Hardie 1998; Yates and Robbins 
2001; Pomar and Hallock 2008; Hallock 2015). In the 
current knowledge, these factors, however, do not appear 
to control the distributional pattern of carbonates at any 
given period of time.

Carbonate factory scheme

Relationships between parameters and global 
carbonate distribution

Sea-surface waters bathing modern carbonate platforms 
show specific trends in oceanographic conditions. As already 
explained by Jiang et al. (2015), SST and carbonate satura-
tion are positively correlated (Figs. 1, 2; see also Opdyke 
and Wilkinson 1990; Kleypas et al. 1999). This co-varia-
tion is opposed to the one of nutrients, oxygen, and pH. As 
already shown by, e.g., Carter et al. (2014) and Jiang et al. 
(2014), SSS and total alkalinity co-vary (Figs. 1a, 2), while 
global CO2 distribution tends to show a relatively independ-
ent trend from both carbonate saturation and total alkalinity.

Carbonate precipitates in specific marine environments, 
preferentially those characterized by “warmth, light and 
water movement” (Wilson 1975; cf. also Schlager 2005). In 
fact, “any process which removes CO2 from normal water 
(pH = 8.4), tending to change bicarbonate to carbonate ions, 
encourages carbonate precipitation” (Wilson 1975; also cf. 
Ridgwell and Zeebe 2005; the “kettle effect” of Skelton 
and Gili 2012). Such processes include water warming, 
i.e., temperature, evaporation, i.e., salinity, organic matter 
cycling, i.e., nutrients and carbonate cycling, i.e., normal-
ized potential alkalinity (cf. Carter et al. 2014). Water warm-
ing decreases CO2 solubility and, thus, increases carbonate 
saturation (Jiang et al. 2015). Then, increasing temperature 
increases the calcite and aragonite stability, thermodynami-
cally (Hallock 2015). Thus, if the distribution of carbonates 
and temperatures shows good agreements (Lees and Buller 
1972; Schlager 2005), it is because temperature is the first 
parameter that controls carbonate saturation and precipita-
tion at a global scale (Figs. 1, 2; Opdyke and Wilkinson 
1990; Kleypas et al. 1999; Carter et al. 2014; Jiang et al. 
2015). Beyond the temperature threshold of modern zoox-
anthellate coral development, i.e., minimum of ca. 18 °C for 
most species (Veron 1995), warm waters promote cementa-
tion processes (Opdyke and Wilkinson 1990; James 1997; 
Nelson and James 2000; Nelson et al. 2003).

Marine salinity is the other major parameter that con-
strains global carbonate distribution, especially within the 
tropics (Lees 1975; Wilson 2008). Indeed, marine salinity 
plays a large role in carbonate equilibrium and precipitation 

(Track 1936; Wilson 1975; Opdyke and Wilkinson 1990; 
Saraswat et al. 2015; Messabeb et al. 2016; Pace et al. 2016). 
The global distribution of marine salinity is related to the 
distribution of non-skeletal grains and carbonate reef cemen-
tation (Lees 1975 and Wasserman 2011; respectively). SSS 
of modern carbonate platforms co-varies with total alkalin-
ity due to the influence of freshwater influx and evaporation 
(Figs. 1, 2; Carter et al. 2014; Jiang et al. 2014). Therefore, 
at a global scale, the distribution of high alkalinities over 
carbonate platforms is related to the highly saline waters of 
the Mediterranean Sea, Red Sea, and Persian/Arabian Gulf 
(also cf. Brewer and Dyrssen 1985; Anderson and Dyrssen 
1994). These simple observations in relation with carbon-
ate chemistry kinetics explain that the coupling of tempera-
ture and salinity allows for a very fine modelling of modern 
carbonate occurrences at a global scale without explicitly 
accounting for the saturation state of the water (Lees 1975). 
Carbonate saturation is the main oceanographic parameter 
controlling carbonate sediment occurrences as testified by 
the presence of most carbonate accumulations in tropical 
waters (see Kleypas et al. 1999 for the Modern; Opdyke and 
Wilkinson 1990, 1993; Kiessling et al. 2003; and Markello 
et al. 2008 for the fossil record).

At a regional and local scale and away from major ter-
rigenous inputs, steering climatic, e.g., evaporation, oceano-
graphic, e.g., water movement, and biotic, e.g., photosynthe-
sis, parameters control the carbonate saturation of the waters 
and, thus, the possibility of massive carbonate production 
(Wilson 1975; Pomar and Hallock 2008; Tambutté et al. 
2011). While these multiple controls on carbonate precipi-
tation show a high complexity at a local scale, the integra-
tion of key environmental parameters at a global scale can 
produce a fair, simple model of the global distribution of 
carbonate occurrences. For instance, if nutrient concentra-
tions show diverse influences on carbonate-producing biotic 
communities at a local scale, the first-order global picture 
shows a consistent east–west contrast in carbonate platform 
distribution throughout geological times (James et al. 1999; 
Kiessling et al. 2003). Most tropical carbonate platforms 
occur on the western oceanic margins or equivalently east-
ern continental margins, e.g., West Atlantic and Indo-Pacific 
region (James 1997; Schlager 2005), while limited platform 
carbonates are found along the eastern Pacific and Atlantic 
margins, e.g., NW Africa (Summerhayes et al. 1976; Nelson 
1988; Whalen 1995; Kleypas 2015; Martindale et al. 2015). 
The latter carbonates are characterized by heterotrophic 
carbonate-producing biota (e.g., Michel et al. 2011b).

As a summary, Fig. 1b shows the overall combination of 
two large oceanographic trends related to the distribution 
of carbonate platforms (Fig. 1b). On one hand, carbonate 
platforms are distributed along a global circulation trend 
that is characterized by latitudinal and upwelling patterns 
(Fig. 1, see parameters SST, carbonate saturation versus 
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pH, oxygen and nutrients incl. phosphate, nitrate, and sili-
cate). On the other hand, carbonate platforms are distrib-
uted along a more regional oceanographic pattern that is 
characterized by increased SSS and total alkalinity towards 

marine restricted seas and arid subtropical regions, i.e., 
Mediterranean Sea, Persian/Arabian Gulf, and subtropical 
gyres including Caribbean and Brazil (Fig. 1).
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Carbonate factory definition

Four marine and neritic carbonate factories are defined in 
the following: the marine biochemical factory, the photozoan 
T-factory, the photo-C-factory, and the heterozoan C-factory 
(Fig. 3; Tables 1, 2). Another marine and neritic factory 
that is the automicrite or M-factory is not well constrained 
in the modern world and is not considered in the present 
analysis. The fluid-related, i.e., continental and seep, fac-
tory is excluded from the present analysis, because it is not 
related to global oceanographic parameters. Modern cold-
water corals are also excluded from the present analysis, 
because major deposits are found in deep waters outside the 
neritic zone (e.g., Freiwald et al. 2004). In terms of oceano-
graphic processes, cold-water corals are suspension feeders 
and relate to the heterozoan factory (Fig. 3).  

In the Modern, the marine environment of carbonate 
platforms appears to discriminate the different factories 
(Fig. 1b). The biochemical factory occurs within the warm-
est waters, i.e., Persian/Arabian Gulf (Fig. 2). The photo-
zoan, i.e., tropics, and photo-C, i.e., Mediterranean Sea, 
factories are well defined along gradients of temperature 
or carbonate saturation and salinity or alkalinity (Fig. 2). 
Apart from very low temperatures and very high nutrient 
concentrations, heterozoan factory platforms do not show 
any exclusive marine conditions (Figs. 1b, 2).

Definitions of factories come from the Modern but await 
their application in the geological past. Because carbonate 
factories are characterized by functional traits, i.e., eco-
logical functions, of biota and driven by universal physico-
chemical rules, they apply throughout evolutionary trends of 
biota and geological contexts, respectively. Types of biota 
and grains have changed throughout the Phanerozoic, but 
fundamental characteristics of factories such as oceano-
graphic drivers, ecological systems, and sedimentary behav-
iors remain valid. Hence, paleogeographic, paleoclimatic, 
and paleoceanographic variables are expected to control the 

global distribution and relative contribution of carbonate 
factories throughout the Phanerozoic (also cf. Stanley and 
Hardie 1998; Pomar and Hallock 2008; Riding et al. 2019).

Carbonate factories encompass every marine carbonate 
platform encountered in the modern world. These carbon-
ate factories can be characterized and discriminated by both 
sedimentary models and primary oceanographic parameters 
at a global scale. At a smaller scale, every type of carbonate 
factory production can occur in any platform (cf. “precipita-
tion mode” sensu Schlager 2005). We, therefore, use a deter-
ministic approach, which focuses on discriminating compo-
nents and environmental features, to assign a single factory 
per platform. For instance, the Great Bahama Bank shows 
a rimmed isolated bank, which corresponds to a photozoan 
T-factory. The rimmed margin isolates flat, super-saturated 
shallows where whitings occur and mud and non-skeletal 
grains are deposited; these interior shallows are typical of 
the biochemical factory. At the global scale, the warm, oli-
gotrophic, open-ocean setting combined with the presence 
of a significant shelf break at the platform margin assigns 
the Bahamas to the photozoan factory.

Photozoan factory

•	 Factory This factory corresponds to reefal platforms. 
General features of these platforms are described in the 
T-factory of Schlager (2005). The most typical charac-
teristic of this factory is an aggrading, buildup-shaped 
stratigraphic architecture. Excluding the biochemical 
factory, the photozoan factory represents the classical 
tropical carbonates (cf. Wilson 1975, “shelf margin com-
plexes at the edges of major basins or along margins of 
major offshore banks within such basins, areas of con-
siderable subsidence”) or photozoan carbonates (James 
1997).

•	 Depositional setting and components The photozoan fac-
tory typically corresponds to the tropical carbonate shelf 
or the detached rimmed platform that are characterized 
by phototrophic skeletal grains and reefs and the highest 
rates of carbonate production (“shelf margin complexes” 
of Wilson 1975; Tucker and Wright 1990; James 1997). 
This factory comprises corals, stromatoporoids, algae 
in particular green algae, sponges, and photosymbiotic 
benthic foraminifers (cf. James 1997). Because they are 
restricted to shallow tropical waters and occur within car-
bonate platforms that show platform margins and occur 
in rather oligotrophic oceanic regions (Föllmi et al. 2006; 
see Pohl et al. 2019 for more details), rudist-rich plat-
forms are included in the photozoan factory.

•	 Depositional environment and parameters Because light 
is the main source of energy controlling the develop-
ment of the photozoan factory, the distribution of the 
factory is restricted to low-latitude, warm, and clear oce-

Fig. 1   a Factor map of the sea-surface oceanographic variables from 
the principal component analysis (PCA) conducted over the shel-
fal marine zones that host the modern carbonate factories. Oceano-
graphic factors come from the GLODAPv2 dataset (Lauvset et  al. 
2016; Olsen et  al. 2016). b Factor map of the modern carbonate 
factories from the PCA of the sea-surface oceanographic parameters 
over the carbonate platform areas (see text for details). The carbon-
ate factory “possible heterozoan” corresponds to heterozoan carbon-
ates mapped in Lokier et al. (2009) for which no further bibliographic 
data were found. c Worldwide distribution of modern carbonate facto-
ries (modified from Laugié et al. pers. com.). The areal extent of car-
bonate factories is exaggerated for visualization purpose. Background 
bathymetric map comes from GEBCO 2014 release. d Global distri-
bution of parameters of the GLODAPv2 dataset (Lauvset et al. 2016; 
Olsen et  al. 2016). Distributional trends of sea-surface temperature 
(SST), sea-surface salinity (SSS), and nutrients (nitrate NO3 and sili-
cate) that are not shown broadly correspond to the ones of aragonite 
saturation, total alkalinity, and phosphate (PO4), respectively

◂
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anic waters. James and Bourque (1992) give a tempera-
ture range of occurrence of 18–36 °C with an optimum 
between 25 and 29 °C and a wide salinity range of 22–40 
psu (practical salinity units) with an optimum between 
25 and 35 psu (Fig. 2; also cf. chlorozoan grain associa-
tion of Lees 1975; Kleypas et al. 1999, for coral reefs). 
In the Modern, the photozoan factory shows particular 
adaptations for oligotrophic settings, i.e. < 0.3 mg Chl-
a m−3 (Hallock 2001). The coupling of photosynthesis 
and calcification is seen as the driving mechanism for 
high carbonate production rates that correspond to the 

photosynthetically enhanced calcification biological pro-
cess (e.g., Tambutté et al. 2011) throughout geological 
times (see Pomar and Hallock 2008). Relatively strong 
hydrodynamics and well-oxygenated waters are thought 
to control the reef or margin building capacity or accu-
mulation through winnowing and cementation processes 
(e.g., Perry and Hepburn 2008).

•	 Examples of the photozoan factory Modern platforms are 
found in the Caribbean, Red Sea, Indo-Pacific islands, 
and Great Barrier Reef. The modern distribution of this 
factory corresponds to the one of shallow-water coral 

Fig. 2   Relationship between 
sea-surface temperature and 
aragonite saturation (left) and 
sea-surface salinity and total 
alkalinity (right) of the sea-
surface waters over the carbon-
ate platform areas (see text for 
details). The carbonate factory 
“possible heterozoan” corre-
sponds to heterozoan carbonates 
mapped in Lokier et al. (2009) 
that remain bibliographically 
unconstrained. Oceanographic 
data come from the GLODAPv2 
data set (Lauvset et al. 2016; 
Olsen et al. 2016)

Trophic energyLight energyChemical energy

Continental
sedimentary behavior

T-factory
sedimentary behavior (cf. Schlager, 2005)

C-factory
sedimentary behavior (cf. Schlager, 2005)

Fluid-related factory

ε

Continental & seeps

Marine biochemical
T-factory
ε

ε

Tropical zones

Photozoan T-factory
Tropical zonesε

ε

Photo-C-factory
Warm-temperate zones

ε
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Tropical to polar zones

ε
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Fig. 3   General overview of the conceptual carbonate factory scheme 
that relates carbonate deposits and oceanographic parameters at a 
global scale. Heterozoan carbonates sensu James (1997) are split into 
two carbonate factories (i.e., heterozoan and photo-C-factories); pho-
tozoan carbonates sensu James (1997) are split into two carbonate 

factories (i.e., marine biochemical and photozoan T-factories). Seep 
and continental carbonates (fluid-related factory) that are not included 
in the present study are considered separately. Mineralization termi-
nology following Schlager (2005) and Dupraz et al. (2009)
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reefs (cf. Kleypas et al. 1999). Ancient examples are 
associated with rimmed shelves and aggrading build-
ups. Typical examples include Cenozoic platforms from 
South-East Asia and the Indian Ocean and Cretaceous 
rudist-rich platforms from Europe. A possible Paleozoic 
example of this photozoan factory is Carboniferous plat-
forms from Kazakhstan. Wilson (1975) also mentions 
Cretaceous to modern Bahamas, Cretaceous Valles, and 
Golden Lane platform from central Mexico, and Silurian 
pinnacle reefs from the Michigan Basin. Paleozoic exam-
ples might, however, include M-factory case studies (cf. 
Reijmer 2014).

Biochemical factory

•	 Factory This factory corresponds to the model of “shelf 
strata laid down across flat cratonic areas in clear epeiric 
seas, areas of moderate subsidence” of Wilson (1975), 
and includes the neritic lime-mud factory of Pomar and 
Hallock (2008), the peritidal factory (James and Jones 
2015), and several shallow-water, microbially induced 
carbonate precipitations such as the production of ooids 
and stromatolites (Pomar and Hallock 2008; also cf. 
organomineralization sensu Dupraz et al. 2009; Diaz 
and Eberli 2019). The most typical characteristic of this 
factory is an up-to-100 s-of-kms-wide, layer-cake strati-
graphic architecture.

•	 Depositional setting and components This factory is 
typically a tropical carbonate ramp characterized by a 
low-angle of repose, i.e., homoclinal ramp, and by non-
skeletal grains as characteristic components (cf. Opdyke 
and Wilkinson 1990). The platform of the biochemical 
factory comprises extensive evaporitic (sabkha), peri-
tidal, and shallow-water microbial deposits, e.g., stro-
matolites (cf. Dupraz et al. 2009), shells (especially mol-
luscs), ooids, peloids, algal mats, and muds. Whitings are 
typical features of this factory that also shows extensive 
grainy skeletal deposits, e.g., bivalves, in more distal set-
tings.

•	 Depositional environment and parameters including 
platform examples The biochemical factory occurs in a 
marine setting showing high temperatures and salinities 
(Fig. 2), a restricted oceanic circulation and relatively 
moderate-to-low hydrodynamics. This marine realm 
favors a very high carbonate saturation that is the driver 
of the biochemical factory (cf. the “kettle effect” process 
of Skelton and Gili 2012; Lowery and Rankey, 2017). 
The modern example of this factory is the Persian/Ara-
bian Gulf (cf. Purser 1973; Lees 1975; Wilson 1975; 
Tucker and Wright 1990; Riegl et al. 2010) that displays 
SSS up to > 40 psu and SST up to > 30 °C (Riegl et al. 
2010). While they are not considered as photozoan fac-
tories at the scale of the platform, the Shark Bay and Ta
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the top of the Great Bahama Bank represent additional 
examples of carbonate production and environmental 
conditions of the biochemical factory (cf. Opdyke and 
Wilkinson 1990; Lowery and Rankey 2017; Diaz and 
Eberli 2019).

•	 Examples of the biochemical factory Typical depositional 
environments through geological times include shallow, 
warm intracratonic basins, e.g., Paleozoic platforms from 
the North American craton, epicontinental platforms, 
e.g., Oligo-Miocene platforms from North Africa and the 
Cretaceous platforms from the northern Gulf of Mexico 
area, and foreland basins, e.g., Asmari Formation from 
the Zagros Basin. Wilson (1975) also mentions the Mis-
sissippian Williston Basin, the Central Montana high 
region, and Albian platforms from central Texas. Due to 
these paleogeographic characteristics and the higher oce-
anic carbonate saturations prior to the Mesozoic pelagic 
carbonate development (Ridgwell and Zeebe 2005), it is 
expected that the distribution of the biochemical factory 
was more widespread during the Paleozoic and Mesozoic 
periods (cf. Opdyke and Wilkinson 1990, 1993).

Photo‑C‑factory

•	 Factory This factory corresponds to the microtidal cool-
water factory of Pedley and Carannante (2006), the pro-
tected-setting type of the warm-temperate carbonates 
of Betzler et al. (1997; also cf. James and Jones 2015), 
the Mediterranean platform scheme of Pérès and Picard 
(1964), the photozoan–heterozoan transition of Halfar 
et al. (2004), and the subtropical carbonates of Bensing 
et al. (2008). This factory was described as red algae/sea-
grass platforms of oligo-mesotrophic, warm-temperate 
settings in Michel et al. (2018). Compared to the previ-
ously mentioned tropical carbonate factories, the photo-
C-factory shows much smaller carbonate accumulations 
that are characteristic of the C-factory in terms of strati-
graphic architectures (cf. Schlager 2005).

•	 Depositional setting and components The photo-C-
factory typically forms distally steepened ramps (Pomar 
2001) and comprises proximal seagrass-derived bioclas-
tic sediments (Perry and Beavington-Penney 2005; James 
et al. 2009a) and distal red algal accumulations, i.e., rho-
doliths and coralligenous (Pérès and Picard 1964; Bos-
ence and Pedley 1982; Bosence 1983). Red algal deposits 
can be absent from the photo-C-factory in which large 
benthic foraminifers characterize the sediment composi-
tion (Bensing et al. 2008). This factory shows a diverse 
bioclastic composition in which phototrophic large ben-
thic foraminifers and red algae form characteristic accu-
mulations (Pedley and Carannante 2006).

•	 Depositional environment and parameters The photo-
C-factory typically occurs in the warm-temperate or 

subtropical province, which shows a marked season-
ality, i.e., 10–25 °C, and a relatively low primary pro-
ductivity, i.e., < 1 mg Chl-a m−3 (Henrich et al. 1995; 
Betzler et al. 1997; Hallock 2001). This distribution is 
found at the outer limits of warm, well-saturated, tropi-
cal seas, which commonly show limited seasonal vari-
ations (Fig. 2). Light is the steering environmental fac-
tor controlling the factory distribution. Even though the 
photo-C-factory shows a greater tolerance to turbidity 
and marine productivity than the photozoan factory (cf. 
Hallock and Schlager 1986), deepest occurrences, and 
highest rates of production develop in well-illuminated 
settings. The photo-C-factory appears to be best adapted 
to moderate hydrodynamic settings (cf. Pérès and Picard 
1964; Henrich et al. 1995; Pedley and Carannante 2006; 
Dutertre et al. 2015).

•	 Examples of the photo-C-factory The Mediterranean 
Sea is the main representative marine realm of this 
factory (Pérès and Picard 1964; Henrich et al. 1995). 
Southern Australian Spencer and St Vincent gulfs also 
represent a typical environment of this factory (James 
and Bone 2011; O’Connell et al. 2016). Due to seagrass 
and red algae evolution (cf. Riosmena-Rodríguez et al. 
2017), this factory is expected to occur mostly during 
the Cenozoic period. Although coral reefs occur within 
carbonate associations, Oligo-Miocene ramps from the 
northern Mediterranean region show the characteristic 
features of the photo-C-factory, i.e., grain associations 
characterized by red algae and foraminifers (cf. Michel 
et al. 2018), ramp depositional profiles (cf. Pomar et al. 
2017), C-factory stratigraphic architectures (cf. Schlager 
2005), and relatively thin rock packages, i.e., typically 
tens-of-meters-thick, e.g., Castelcucco (Bassi and Nebel-
sick 2010), Porto Badisco (Pomar et al. 2014), and Sedini 
(Tomas et al. 2010). Formations from Italy, Cala di Labra 
Formation from France (Tomassetti and Brandano 2013), 
Amposta Limestone (Carannante et al. 1988), and Valen-
cia Trough (Bover-Arnal et al. 2017) from Spain and 
Lagos-Portimao Formation from Portugal (Brachert et al. 
2003). Permian subtropical ramps from the Barents Sea 
that show a large benthic foraminifer-rich carbonate grain 
association are part of this photo-C-factory (cf. Bensing 
et al. 2008).

Heterozoan factory

•	 Factory This factory corresponds to the heterozoan car-
bonates of James (1997) excluding the photo-C-factory 
(also cf. Halfar et al. 2004), the C-factory of Schlager 
(2005), and the so-called cool-water carbonates, in gen-
eral (e.g., Nelson 1988; Henrich et al. 1995; Rao 1996). 
This factory was described as heterotrophic biota plat-
forms of eutrophic settings by Michel et al. (2018). The 
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heterozoan factory sedimentation is first characterized 
by transport processes (cf. C-factory of Schlager 2005; 
Michel et al. 2018).

•	 Depositional setting and components The heterozoan fac-
tory forms ramps, the deposition of which is controlled 
by the coupling of initial topography and hydrodynam-
ics (Michel et al. 2018). This factory is characterized 
by heterotrophic biota such as bryozoan- and mollusc-
accumulations. Phototrophic biota and components of the 
biochemical factory can be present, in particular in well-
illuminated, super-saturated proximal settings (Klicpera 
et al. 2015; Lowery and Rankey 2017). Macroalgal kelp 
forests can be a structural element of the ecosystem 
(Henrich et al. 1995; James et al. 2013). The hetero-
zoan factory can occur in mixed carbonate-siliciclastic 
environments. It is worth noting that the “characteristic 
grains” of this factory are found in every sedimentary 
system, in every carbonate factory and siliciclastics.

•	 Depositional environment and parameters Marine pro-
ductivity as food is the source of energy driving the 
development of the heterozoan factory. Consequently, 
the factory occurs in nutrient-rich, organic-rich, and 
plankton-rich marine realms such as upwelling areas and 
coastal zones influenced by fluvial runoff, i.e., 1–10 mg 
Chl-a m−3 (Hallock 2001). The depositional environment 
of the heterozoan factory is characterized by high hydro-
dynamics (Michel et al. 2018).

•	 Examples of the heterozoan factory Modern examples 
are found in various highly mesotrophic to eutrophic 
settings including the Gulf of California (Halfar et al. 
2006), Yucatan (Lowery and Rankey 2017), Panama 
(Reijmer et al. 2012), Mauritania (Klicpéra et al. 2015), 
South Australia (James and Bone 2011), New Zealand 
(Nelson et al. 1988), and Norway (Henrich et al. 1997; 
Freiwald 1998). Ancient examples are associated with 
paleo-upwelling regions (Whalen 1995; Martindale and 
Boreen 1997; Franseen 2006; James et al. 2009b; Frank 
et al. 2012; Martindale et al. 2015). An exhaustive list of 
case studies is provided by Michel et al. (2018).

Automicrite factory

The microbial factory was defined by Schlager (2000, 2003, 
2005; M-factory; also cf. Reijmer 2014) and re-defined by 
Pomar and Hallock (2008) as the benthic automicrite fac-
tory. This factory typically produces cohesive sediments 
and builds carbonate platforms with very steep slopes. 
The automicrite factory is produced by microbial activity 
degrading large amounts of organic matter on the seafloor 
under sub-oxic conditions. This process of bacterial decay 
producing ammonia (cf. Wilson 1975) or sulfate reduction 
(cf. Schlager 2005) leads to a local increase of the carbon-
ate saturation of the seawaters. Production can occur from 

the euphotic to aphotic depths. Organic matter content and 
oxic conditions appear to constitute major drivers of this 
factory. No “environmental calibration”, however, is avail-
able for this factory due to the absence of such carbonate 
platforms in the modern world. The automicrite factory 
produced numerous carbonate platforms during the Early 
Mesozoic (Trias and Jurassic). Microbialites of the Tahitian 
reefs might represent a modern analog of automicrite pre-
cipitation which conditions of production, however, remain 
poorly constrained (e.g., Camoin et al. 2006).

Seep and continental factory

Seep carbonates are produced down to abyssal depths by 
microbial activity and chemosymbiotic organisms, e.g., 
bivalves and worms, using, for instance, methane as their 
source of energy (e.g., Case et al. 2015). This factory is 
not taken into account here, because it is not related to sea 
surface and global oceanographic processes.

Application of the conceptual scheme 
to the fossil record

The process-based conceptual scheme of carbonate facto-
ries first aims to identify global-scale processes that drive 
the production of specific types of carbonates, i.e., grain 
associations and carbonate architectures (cf. Schlager 2005). 
When combined with environmental constraints provided 
by numerical paleoclimatic simulations, the scheme further 
gains some predictive power. An attempt of such prediction 
of past carbonate occurrences and a description of the meth-
ods were proposed by Pohl et al. (2019). The latter study 
dealt with the prediction of the tropical carbonate platforms 
of the Lower Aptian. We here follow up on this study to 
propose the prediction of specific carbonate factories based 
on modelled paleoceanographic constraints.

Lower Aptian tropical platforms were shown to occur 
between the paleolatitudes 40°N and S and on the western 
margin of paleo-oceans (Fig. 4). These tropical carbonates 
were considered and modelled as a whole in the pioneer-
ing work of Pohl et al. (2019). In-depth, i.e., case by case, 
deterministic study of the geological database allows distin-
guishing three subgroups within these Lower Aptian tropical 
platforms: the photozoan, biochemical, and Orbitolinid fac-
tories; the three factories being mutually exclusive. Lower 
Aptian platforms of the biochemical factory are character-
ized by widespread supratidal, intertidal, and non-skeletal 
grains over very extensive attached ramps, i.e., dolomitic, 
tidal flat, lagoonal, and oolitic deposits (Bedout et al. 1981; 
Scott 1993; Wilson and Ward 1993; Lehmann et al. 1999). 
The platform margin also shows coral- and rudist-rich sedi-
ments (Scott 1993; Fritz et al. 2000). The photozoan factory 
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then corresponds to rudist-rich platforms that are character-
ized by skeletal grains. Due to limited data availability, no 
direct evidence of stratigraphic architecture differences was 
highlighted between both carbonate factories. The Orbitoli-
nid factory corresponds to limestone beds characterized by 
abundant Orbitolinid shells (e.g., Ethiopia, Bosellini et al. 
1999; Japan, Iba et al. 2011; Iran, Schlagintweit et al. 2013). 
Mollusc-rich sediment beds within siliciclastic successions 
are not considered here (e.g., Kazakhstan, Prosorovsky 
1990; Australia, Campbell and Haig 1999).

The comparison of the Lower Aptian occurrences of 
the biochemical factory with the simulated field of SST 
suggests that the latter occurrences are restricted to the 
warmest oceanic regions (n = 26/33; Fig. 4). Occurrences 
of the photozoan factory generally do not overlap with the 
biochemical factory (n = 13/100 of photozoan factory dis-
tributional overlap). These photozoan factories are mostly 
found within relatively low paleolatitudes away from high 
primary productivities (cf. Pohl et al. 2019) and from the 
warmest temperatures (Fig. 4). The southern Asian paleo-
region mostly shows opportunist-orbitolinid-rich limestone 
beds (Pittet et al. 2002; Föllmi et al. 2007; Embry et al. 
2010), the distribution of which is thought to rely primarily 
on the regional input of terrigenous material in the context 
of the extensive volcanic arcs (Takahashi 1983) rather than 
on specific oceanographic settings (see discussion by Pohl 
et al. 2019). The climatic control on the development of 

the Orbitolinid-rich association may be weak, thus explain-
ing why the latter distribution is difficult to predict at a 
global scale based on our paleoclimatic simulations. Since 
the photozoan and biochemical factories are related with 
key paleoceanographic parameters, global distributions of 
these carbonate factories can be predicted using paleocli-
mate models. Figure 4 shows such an attempt to identify the 
oceanic regions that are the most favorable to the biochemi-
cal factory based on a single binary mask on simulated SST 
maxima (green shading). Interestingly, this simple approach 
captures well the spatial occurrences of this biochemical 
factory at a global scale (Fig. 4).

The Lower Aptian application of the carbonate fac-
tory concept confirms that specific carbonate platforms 
are related to specific paleoceanographic and paleocli-
matic conditions (Fig. 5b). Shelf water bodies with high 
surface:volume ratios, i.e., homoclinal ramp system showing 
extensive platform extent and shallow water depths, within 
the arid tropical zone are subjected to strong heating and 
evaporation. Such a marine setting shows a specific car-
bonate production and associated evaporitic deposits, here 
referred to as biochemical factory, e.g., Gulf of Mexico. 
These areas are predictable at a global scale using paleocli-
mate models (Parrish et al. 1982). Away from these warmest 
zones, skeletal and reefal tropical platforms, here referred 
to as photozoan factory, develop in well-saturated, warm 
waters. No subtropical to warm-temperate carbonates were 

Biochemical factory
Photozoan factory
Orbitolinid limestone

Simulated Sea-Surface Temperatures (SST)
Maximum Summer & Winter SST

°C

Fig. 4   Prediction of the spatial occurrences of the Lower Aptian 
biochemical factory based on simulated fields of sea-surface tem-
perature (SST; 120 Ma; green shading). The green shading shows the 
areas of maximum simulated SST, which corresponds to boreal sum-
mer SST > 34.1 °C or austral summer SST > 31.4 °C. Carbonate fac-
tory dots (using larger dots for the biochemical factory) correspond 
to bibliographic reference points of marine carbonate platforms of 

the Lower Aptian period. Background shading is the mean annual 
SST simulated using MITgcm ocean–atmosphere general circulation 
model shown at the climate model resolution. Continental masses 
are shaded white. Note that most biochemical factory dots are found 
within the zones of maximum SST on platforms that are thought to 
show a high seawater surface:volume ratio
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identified during this greenhouse period. Apart from bioclas-
tic beds, i.e., Orbitolinids and molluscs others than rudists, 
i.e., heterozoan factory, which are often found within silici-
clastic and volcaniclastic successions, e.g., eastern Asia, 
no other significant shallow-water carbonate deposits were 
identified.

The same pattern is observed in the Modern considering 
two different basinal settings, oceanographic conditions and 
carbonate factories within the same climatic zone. The hot 
and salty ramp of the Persian/Arabian Gulf hosts a unique 
modern biochemical factory in a foreland basin show-
ing < 200 m maximum and 25 m mean water depths (Purser 
1973; Anderson and Dyrssen 1994; Riegl et al. 2010; Riegl 
and Purkis 2012). Under similar climatic conditions, the Red 

Sea shows narrow shelves and a deeper basinal context in 
a rift-related basin showing > 2000 m maximum and 490 m 
mean water depths (Anderson and Dyrssen 1994; Omer 
2010). The carbonate factory of the Red Sea is characterized 
by coral reefs and rimmed platform margins and is classified 
as photozoan (Purkis et al. 2012). Thus, on one hand, the car-
bonate production of the photozoan factory occurs in clear, 
warm waters, because photosynthetic processes are primar-
ily controlled by light energy (Wilson 1975; James 1997; 
Schlager 2005; Hallock 2015; also cf. Pomar and Hallock 
2008). On the other hand, the biochemical factory is found 
under the warmest and saltiest oceanic conditions, because 
carbonate precipitation of non-skeletal grains and microbes 
is primarily driven by biogeochemical processes (cf. Lees 
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Fig. 5   Global climatic zones and carbonate factories in the a Mod-
ern and b Lower Aptian (120 Ma). Carbonate factory areas (a) and 
dots (b) correspond to bibliographic reference points of marine car-
bonate platforms. Background oceanic shading is the summer sea-
surface temperature (SST) shown for each hemisphere. Summer 
SST corresponds to a the GLODAPv2 dataset (Lauvset et  al. 2016; 
Olsen et  al. 2016) and b climatic fields simulated using MITgcm 
ocean–atmosphere general circulation model shown at the climate 
model resolution (see “Methods” section for details). Continental 

masses are shaded white. Background continental shading represents 
the arid (yellow) and very humid (green) climatic zones; the Aptian 
equivalent of the modern equatorial and monsoonal climatic zone 
corresponds to the tropical rainforest and monsoon regime follow-
ing the Köppen classification (cf. Peel et  al. 2007). Aptian climatic 
fields were simulated using the FOAM model (Jacob 1997), because 
its atmospheric component is more sophisticated than the MITgcm 
model, thus providing more robust fields of surface temperature and 
precipitation
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1975; Dupraz et al. 2009; Schlager 2005; Bouton et al. 2016; 
Diaz and Eberli 2019; Fig. 5a). Environmental conditions 
of the biochemical factory, thus, relate to a restricted plat-
form and basinal context that shows high surface:volume 
ratio. This simple, global-scale scheme might be related with 
(a) saturation that increases with increasing temperatures 
and salinity and (b) alkalinity that increases with salinity 
(Wilson 1975; Opdyke and Wilkinson 1990; Kleypas et al. 
1999; Carter et al. 2014; Jiang et al. 2014; also cf. the “kettle 
effect” of Skelton and Gili 2012). Oceanographic conditions 
then derive from the direct relationship between climate and 
platform and basinal topography, which is controlled by geo-
dynamics (Fig. 5).

Environmental affinities that are defined based on modern 
representatives of the biochemical factory seem to equally 
characterize their deep-time counter-parts such as the Aptian 
Gulf of Mexico (also cf. “Biochemical factory” section. 
Examples of the biochemical factory). It can, thus, be argued 
that the global-scale paleo-distributions of the biochemical 
factory are predictable using paleoclimate models (cf. Par-
rish et al. 1982). A priori, paleoenvironments of the bio-
chemical factory are expected to occur on extensive ramps 
like epeiric seas and convergent tectonic settings such as 
foreland basins (cf. Burchette and Wright 1992) under arid 
tropical conditions. The Zagros Foreland Basin, e.g., Oligo-
Miocene Asmari Formation (Van Buchem et al. 2010) and 
North American craton, e.g., Albian central Texas and Mis-
sissippian Central Montana high (Wilson 1975) represent 
potential examples of such a platform paleoenvironment. 
By contrast, shallow-water carbonates show different facies 
and architectures under humid equatorial conditions at least 
during the Cenozoic (Wilson 2012). These humid equatorial 
settings show warm temperatures, together with common 
clastic, fresh water, and nutrient influx. In terms of grain 
association and sedimentary profiles, specific features of 
equatorial carbonates compared to more classical tropical 
carbonates include common occurrence of heterotrophs and 
calcitic dominant mineralogies, common association with 
clastics and lack of coated grains or aggregates and evapo-
rites (Wilson 2012). Beyond these differences, the photo-
zoan factory is the best model to characterize most of these 
equatorial carbonate facies and stratigraphic architectures as 
shown by the presence of many examples of thick, aggrading 
offshore buildups under these paleoclimatic conditions, e.g., 
Luconia (Wilson 2002).

In summary, it is possible to define global-scale climatic 
zones of shallow-water marine carbonates based on SST, 
SSS, the marine primary productivity, and the basin geome-
try (Fig. 5). The photozoan factory is found within equatorial 
and tropical latitudes, i.e., warm temperatures, on the eastern 
side of continents, i.e., low marine productivities, prefer-
entially in detached platform settings, i.e., away from ter-
rigenous input and under well-agitated oceanic conditions. 

The biochemical factory occurs in arid tropical regions, i.e., 
the warmest temperatures, within relatively oceanographi-
cally restricted platforms, i.e., water bodies showing high 
surface:volume ratios such as homoclinal ramps, high salini-
ties, and moderate hydrodynamics. The photo-C-factory, if 
present at all that is not the case during the Lower Aptian, 
is found in the subtropical and warm-temperate province 
(cf. Bensing et al. 2008; Michel et al. 2018). The hetero-
zoan factory is found in upwelling regions, high latitudes, 
and terrigenous-influenced settings that are characterized by 
high marine primary productivity levels.

Limitation of the approach

A deterministic approach is interpretative

A major challenge in classifying carbonate sedimentary 
records into carbonate factories is the geological uncertainty 
associated with both the very limited record availability, i.e., 
limited sampling of a limited available rock record of a lim-
ited preserved sedimentary record, and the interpretative 
dimension of paleoenvironmental reconstructions that are 
themselves based on these limited data. Consequently, the 
classifications of grain associations (see Kindler and Wil-
son 2010), platform profiles, i.e., ramp versus shelf (e.g., 
Lessini Shelf, NE Italy; Frost 1981; Pomar et al. 2017) and 
architectures, e.g., cool-water ramp versus lowstand wedge 
(Marion Plateau, NE Australia; Hallock et al. 2006; Eberli 
et al. 2010) necessarily remain open to discussion. How-
ever, global trends show that the deterministic approach of 
the carbonate factory scheme is robust and that it permits 
the first-order prediction of global shallow-water carbonate 
occurrences based on paleoenvironmental constraints pro-
vided by paleoclimate models (Pohl et al. 2019; see Fig. 4; 
also cf. Schlager, 2005).

Evolution and the need of carbonate factory 
calibration

The relationship between a carbonate factory and paleocean-
ographic parameters is based on ecological principles and 
environmental parameter ranges which allow for a biota to 
thrive. The main ecological and physico-chemical principles 
remain valid through time. However, biota and paleoclimatic 
conditions were different in the past, e.g., atmospheric CO2 
concentrations and Mg:Ca ratio (Stanley and Hardie 1998; 
Hallock 2015). The ranges of parameter values such as SST, 
SSS, and marine productivities that were optimum for spe-
cific biota development varied through time (cf. extinct rud-
ists in Pohl et al. 2019). Consequently, carbonate factories 
and especially grain associations have to be defined for each 
period of time (cf. James 1983; Kiessling et al. 2003). Then, 
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calibration of parameter value ranges for each carbonate 
factory is required and must be conducted using numerical 
modelling and based on reference points that are extracted 
from literature reviews (cf. Pohl et al. 2019).

Conclusions

We set the principles of a method that aims to consolidate 
the basics for spatial marine carbonate prediction at a global-
scale following up on the carbonate factory approach. The 
conceptual scheme tends to integrate knowledge, methods, 
and classifications that are commonly used for relating car-
bonate sedimentation and paleoceanographic parameters. 
The method has proven to provide interesting insights into 
the distribution of Lower Aptian and Modern carbonate plat-
forms. The conceptual scheme that is tested and validated by 
numerical modelling needs refinements and improvements, 
in particular considering that the carbonate factories and 
paleoceanographic parameter ranges have to be defined for 
each time period because of biota evolution and paleocli-
matic changes.

The model seeks for consistent principles at a global scale 
relating paleoceanographic parameters, i.e., environment, 
climate and chemistry, and carbonate production, i.e., food 
web, metabolic and chemical energy for grains, and biota to 
develop and thrive. The model is first based on carbonate 
saturation and the (in)dependence upon this carbonate satu-
ration by different carbonate factories. Carbonate saturation 
is estimated from SST and SSS. Carbonate factories appear 
to thrive for specific ranges along the environmental gradient 
of carbonate saturation. Marine primary productivity repre-
sents an additional oceanographic constraint on the global 
distributions of carbonate platforms. This conceptual scheme 
appears to be able to provide a simple, universal model of 
paleoclimatic zones of shallow-water marine carbonates.

Tectonic processes often stand as a local controlling fac-
tor that cannot be predicted at a global scale, e.g., initial 
topography, and creates large heterogeneities in sedimen-
tary profiles and stratigraphic architectures. An exception 
of this pattern is the biochemical factory for which tectonic 
processes, e.g., convergence zones, define the sedimen-
tary profile, e.g., homoclinal ramp of a foreland basin, and 
associated paleoceanographic conditions, i.e., carbonate 
production under relatively restricted paleoceanographic 
conditions.

Further studies are needed to go beyond the simple 
observations and understand the physico-chemico-ecolog-
ical processes that are involved in carbonate precipitation 
modes. For instance, the role of alkalinity, which is related 
to increased salinities, in controlling carbonate precipita-
tion modes at a basinal scale remains poorly constrained for 

different temperature-related carbonate saturation ranges, 
e.g., equatorial versus tropical versus warm-temperate 
regions.
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