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AB STRACT

The present study provides the baseline status of the spatial distribution of carbonate platforms for the Oligo-Miocene
interval. The resulting global trend quantitatively shows the decreasing growth potential of shallow-marine carbon-
ates toward higher paleolatitudes. Such a global trend provides a geological context and external constraints for local
and regional interpretations of specific case studies. Furthermore, the direct relationship between carbonate accumula-
tions and paleoclimatic regions shows that, using such a qualitative and quantitative data set for calibration, paleocean-
ographic models could be utilized for the prediction of the global distribution of carbonate stratigraphic architecture.

Online enhancements: appendix tables, appendix references.

Introduction

Outcrop and subsurface geological data are, as a
rule, a biased, incomplete and selective sample of
their mother population, which has limited access
and has been limited in preservation. In most sed-
imentary systems, uncertainties, which are related
to processes such as, but not limited to, erosion and
diagenesis, cannot be quantified (cf. Kidwell and
Bosence 1991; Wright and Burgess 2005). In such a
data-challenged context, statistical and geostatisti-
cal methods might not be relevant. To overcome
such data limitations, concepts and models of crit-
ical processes and controlling factors are always
utilized in sedimentary geology studies (Miall and
Miall 2001). Hence, deterministic but uncertain sci-
entific approaches are applied to identify spatial and
temporal trends and predict geological properties

(Borgomano et al. 2020). For instance, global spatial
trends of carbonates, the topic of the present article,
offer an independent tool to constrain local and re-
gional carbonate sedimentary models and to study
paleoclimate change (Lees and Buller 1972; Parrish
andCurtis 1982;Whalen 1995; Kiessling et al. 2003;
Markello et al. 2008). In addition, such works im-
prove our understanding of geological characteris-
tics and controlling parameters as well as global car-
bonate prediction (Wilson 1975; Davies et al. 2019;
Michel et al. 2019; Pohl et al. 2019).
Global paleoceanographic trends of shallow-

marine carbonateswere formalizedbytheconcepts
of photozoan-heterozoan grain associations (James
1997) and precipitation modes of carbonate factories
(Schlager 2003, 2005). In turn, these specific carbon-
ate production modes are associated with partic-
ular stratigraphic architecture and sequence strati-
graphic stacking that can be recognized using the
deterministic interpretation of outcrop and subsur-
face data. Simplistically, skeletal carbonate production
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can be classified into (1) photozoan associations
sensu James (1997) or T-factory sensu Schlager (2003,
2005),whichare characterizedby autotrophic,mainly
phototrophic, biota such as hermatypic corals,
show the highest growth potential, rapidly fill ac-
commodation space, and create flat-topped platforms
with relatively steep slopes—these associationswere
historically referred to as “tropical” carbonates; and
(2) heterozoan associations sensu James (1997) or
C-factory sensu Schlager (2003, 2005), which are
characterized by heterotrophic biota such as bryo-
zoans, show lower growth potential, do not fill ac-
commodation space, and build architecture which
resembles that of siliciclastic deposits—these asso-
ciations were historically referred to as “cool-water”
carbonates (cf. Schlager 2003, 2005, formore details).
In the modern era, the distribution of carbonate fac-
tories closely relates to oceanographic parameters
and in particular net primary productivity, sea-surface
temperatures, and sea-surface salinities (e.g., Lau-
gié et al. 2019). Such trends follow basic ecological
concepts showing the role of oceanographic patterns
in controlling carbonate production (Wilson 2012;
Hallock 2015) and can be quantified (Kleypas et al.
1999; Laugié et al. 2019). Paleoclimate modeling
shows the applicability of such concepts given the
consistency of physical and chemical principles (Da-
vies et al. 2019; Pohl et al. 2019). These applications
as well as global case study reviews (Kiessling et al.
2003; Michel et al. 2018) concern only carbonate
grain association or precipitation mode, not the as-
sociated stratigraphic architecture. Because James
(1997) and Schlager (2005) demonstrated that the
nature of carbonate grain associations can be linked
to paleogeography throughout most of the Phaner-
ozoic, in this article we test if carbonate factory mod-
els and their stratigraphic architecture can be reli-
ably predicted at a global scale.
The Oligo-Miocene interval was selected to im-

plement this approach because data are relatively
abundant and it is considered to exhibit well-
preserved and referenced paleoecological, paleoenvi-
ronmental, and stratigraphic attributes of carbonate
systems (e.g., Wilson 2002, 2015; Gatt and Gluyas
2012; Pomar et al. 2017). Nonetheless, beyond the
conceptual schemes of “tropical” versus “cool-
water” carbonates (T-factory or photozoan vs. C-
factory or heterozoan of Schlager 2005, and James
1997, respectively), no attempt has beenmade to un-
derstand global distributional trends of stratigraphic
architecture for the Oligo-Miocene interval. What
we are investigating in this article is the validity of
the spatial relationship between carbonates and paleo-
climatic regions in the rock record (Wilson 2008;
Michel et al. 2019). In particular, we propose to es-

tablish the spatial trends of stratigraphic architecture
in terms of overall depositional shape and thickness
that could be related to paleoenvironmental, mostly
paleoceanographic, parameters. These trends could
then be used as baseline status to study biotic and
paleoclimatic changes, which are not analyzed here.

Methods

An extensive bibliographic study reviewed 145 case
studies to classify and map outcrop and subsurface
carbonate accumulations of the Oligo-Miocene in-
terval excluding the Messinian stage (from 34 to
11 Ma; table A1 [tables A1–A3 are available online]).
Referenced bibliographic databases include theMed-
iterranean reviews of Esteban et al. (1996), Perrin and
Bosellini (2012) and Pomar et al. (2017), the South-
east Asia review of Wilson (2002), the global Paleo-
Reefs database of Kiessling and Flügel (2002), the
Caribbean review of Johnson et al. (2008), and the
Oligo-Miocene transition review ofMutti et al. (2010).
This compilation comprises 86 outcrops and 59 sub-
surface case studies. A remarkable gap in the present
data set is the Pacific region; apart from theMarshall
Islands and Midway Atoll, Oligo-Miocene shallow-
water carbonates appear to be poorly defined in terms
of sedimentology, morphology, or dating (e.g., Bou-
gainville Guyot2Vanuatu, Northern Line Islands,
andTuamotu; Bourrouilh-Le Jan andHottinger 1988;
Lyle et al. 2016; Ocean Drilling Program Reports)
or only detected in resedimented carbonate around
Malekula Island2Vanuatu, central Pacific, and Em-
peror Seamounts (Schlanger 1981). This gap high-
lights that the Pacific record of carbonate platforms
is certainly incomplete and underrepresented.
Grain association, sedimentary profile, and strati-

graphic architecture, the latter being defined by the
maximum thickness and geometric shape of the over-
all carbonate accumulation, were determined at the
platform scale following the conceptual schemes of
James (1997) and Schlager (2005). Platform profiles
were determined as ramp, distally steepened ramp,
or flat-topped platform (Read 1985; Pomar 2001). Be-
cause of lack of chronostratigraphic data,maximum
thickness is not well constrained andmight include
sediments other than Oligo-Miocene ones. A deter-
ministic approach was used to classify natural geo-
logical case studies into conceptual categories, which
are defined upon key criteria (cf. James 1997; Schlager
2005; Michel et al. 2019). Thus, specific biota, facies,
and geometric shape of the overall carbonate accu-
mulation were reported to classify each case study as
a unique carbonate system following the nomencla-
ture of Laugié et al. (2019) and Michel et al. (2019).
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The paleogeographic positions of the case studies
were reconstructed using the Scotese Paleomap Proj-
ect and the GPlates software (Müller et al. 2018).
Global patterns of carbonate accumulations were
then compared with paleoceanographic maps (von
der Heydt and Dijkstra 2006). No specific chrono-
stratigraphic studies were carried out to investi-
gate carbonate factory changeswithin case studies.
Neither biotic nor paleoclimatic changes were stud-
ied here; rather the baseline status of shallow-water
carbonate distribution of the entire Oligo-Miocene
interval is shown. Following up on the works about
carbonate reef and platform distributions of Kiess-
ling et al. (1999, 2003), we study the global spatial
trends of carbonate platforms.

Observations of Oligo-Miocene Global
Carbonate Distribution

A diverse array of carbonate systems developed
worldwide, ranging from skeletal andmixed carbonate-
siliciclastic accumulations of different geometries
to small and extensive ramp systems and isolated
carbonate platforms (figs. 1C, 2C). Out of 145 pos-
sibilities, data availability allowed us to convincingly
identify 133 case studies in terms of grain associa-
tions, 111 case studies in terms of sedimentary
profiles, 55 case studies in terms of stratigraphic ar-
chitectures, and 113 case studies in terms of car-
bonate factories (tablesA1,A2). To evaluate the size
of carbonate accumulations, 136 “maximum thick-
nesses” and 99 “widths along dip” were extracted
or extrapolated from available data. From these case
studies, maximum recorded thickness ranges from
2 to 2450 m (Santa Cruz in Argentina and Maldives,
respectively) and dip width displays values from less
than a kilometer to nearly 700 km (Aruba Island in
the Netherland Antilles and Murray Basin in Aus-
tralia, respectively; table A1).
Grain association shows a consistent global trend

with high paleolatitudes exclusively occupied by
heterozoan and mixed heterozoan-siliciclastic depos-
its (cf. James and Jones 2015; Michel et al. 2018).
Within the tropical to subtropical paleolatitudes, a
mixture of corals, red algae, and foraminifers char-
acterize most sedimentary deposits (“rhodalgal,”
“LB-foralgal,” and “coralgal” sensu Kindler and
Wilson 2010). The recorded abundances of corals
appear to show a global trend; greater abundances
of corals are mentioned in the literature at lower
latitudes. This trend, however, remains unquantified.
Shallow-water carbonate accumulations show a

great diversity of shapes and sizes (figs. 1C, 2C).
Nonetheless, a consistent global trend exists with

specific architectures occurring only in particular
regions (figs. 1, 2). The thickest, generally flat-topped
platform accumulations are found on the western
side of tropical oceans in the Caribbean, East Africa,
and Southeast Asia mainly. Extensive, thick carbon-
ate systems occur in the southern Mediterranean
region and in theMiddle East. Themid-paleolatitude,
northernMediterranean region generally hosts smaller
carbonate accumulations. Specific heterozoan sys-
tems showing significant thicknesses from 80 to
500 m are recorded in southern Australia and New
Zealand.
A large number of sedimentary profiles are inter-

preted in the literature and include ramps and flat-
topped platforms. In most cases, facies belt transi-
tions and original topographic slope angles cannot
be determined from the available rock record. Indi-
rect interpretations are based on specific grain asso-
ciations, localized depositional reliefs (e.g., reefs), and
type of basin margin. Of 145 case studies, 42 ramps,
14 homoclinal ramps, 2 seaways, and 53 flat-topped
platforms were defined in this study (table A1). No
consistent, straightforward global trend of facies belt
succession could be determined beyond classical
schemes (Wilson 1975; Buxton and Pedley 1989;
Brandano et al. 2017).

Oligo-Miocene Global Trend of Shallow-
Marine Carbonate Architecture

The thorough bibliographic review highlights the
fact that outcrop and subsurface data alone do not
allow defining the sedimentary characteristics of
carbonate systems. Each case study only offers very
limited data in comparison with the whole, orig-
inal carbonate system from the coastline to the
platform margin in terms of paleoecosystem, sedi-
mentary profile, and geometry. To fill this gap, only
the use of concepts and models that show consis-
tent geological trends allows placing into a paleo-
environmental context and thus constraining the
interpretation of sedimentary systems.
The growth potential of Oligo-Miocene shallow-

marine carbonates decreases toward higher paleo-
latitudes as shown by the nonexclusive trend of ac-
cumulation thickness records (figs. 1D, 2D). The
carbonate factory scheme of Schlager (2005) allows
understanding the processes controlling such a global
trend in terms of carbonate production, which fol-
lows simple paleoceanographic patterns (figs. 1A,
1B, 2A, 2B; cf. Schlager 2005; James and Jones
2015). Thick (hundreds of meters), flat-topped plat-
form accumulations (T-factory sensu Schlager 2005,
or photozoan-T-factory sensu Michel et al. 2019) are
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Figure 1. Global distribution of Miocene shallow-marine carbonates (cf. text and table A1 for related bibliographic
references and case study details). A, Conceptual scheme of global trend of carbonate factories in terms of carbonate
accumulation geometry and thickness (and width for the biochemical factory). B, Miocene case studies and main
carbonate paleoclimatic regions (paleogeographic map from Scotese Paleomap Project; paleo-sea-surface temperatures
from von der Heydt and Dijkstra 2006). C, Selected examples of carbonate stratigraphic architecture redrawn from lit-
erature. D, Median, maximum, minimum, and 75% and 25% quartile values of Miocene carbonate thickness through
paleolatitudes.
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Figure 2. Global distribution of Oligocene shallow-marine carbonates (cf. text and table A1 for related bibliographic
references and case study details). A, Conceptual scheme of global trend of carbonate factories in terms of carbonate
accumulation geometry and thickness (and width for the biochemical factory). B, Oligocene case studies and main
carbonate paleoclimatic regions (paleogeographic map from Scotese Paleomap Project; paleo-sea-surface temperatures
from von der Heydt and Dijkstra 2006; please note that alternative paleogeographic interpretation exists about the
eastern Mediterranean seaway opening and closure; e.g., Perrin and Bosellini 2012). C, Selected examples of carbonate
stratigraphic architecture redrawn from literature. D, Median, maximum, minimum, and 75% and 25% quartile values
of Oligocene carbonate thickness through paleolatitudes.
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found in oligotrophic tropical waters (figs. 1, 2). To-
ward higher paleolatitudes, shallow-water carbon-
ate systems tend to decrease in size. The tropical to
subtropical eastern Mediterranean region (Cyprus,
Israel, Lebanon, and Turkey) shows relatively thick
(100 m) but relatively small (kilometers lateral extent)
flat-topped accumulations (T-factory). The subtropical
to warm-temperate northern Mediterranean and
European region generally displays tens-of-meters-
thick deposits interpreted as ramp systems (photo-
C-factories sensu Michel et al. 2019).
Other paleoclimatic regions, which are character-

ized by different carbonate systems, do not fit into
this direct latitudinal and temperature-related thick-
ness trend of shallow-marine carbonates (figs. 1D,
2D). The southern Oceania region shows relatively
large “cool-water” carbonate systems (heterozoan
carbonates or C-factory; up to 500-m thick; Great
Australian Bight; table A1) that occur in diverse tec-
tonic and basinal settings (passive margin, enclosed
gulfs, and tectonically active settings). These car-
bonate systems are controlled by marine primary
productivity and/or subtropical to warm-temperate
paleoclimate (James and Jones 2015; Michel et al.
2018). The relatively large size of these systems re-
lates to a specific set of conditions that are (1) a rel-
atively warm nontropical paleoclimate (James and
Lukasik 2010), (2) occurrences of relatively high ma-
rine productivity that promotes a prolific hetero-
trophic biota development (James and Bone 2011),
and (3) very low terrigenous input during most of
the Cenozoic interval as a consequence of a veryflat
hinterland and overall arid paleoclimate (James and
Bone 2011).
The tropical to subtropical southern Mediterra-

nean and Middle East regions show some thick, par-
ticularly extensive systems (biochemical factories
sensu Michel et al. 2019; figs. 1, 2). These specific
regions are characterized by tectonic settings such as
foreland basin and passive margin that are located
in relatively enclosed paleogeographic zoneswith a
dry tropical paleoclimate. The resulting extensive,
flat platform paleophysiography (probably corre-
sponding toshallow, tensofmeterswaterpaleodepth)
favors evaporation and increasing water tempera-
tures and salinities. These specific paleoenviron-
mental conditions lead to the construction of strati-
graphic architectures that are not easily captured
due to low reliefs and extensive lateral extents (e.g.,
Asmari Formation, Iran; van Buchem et al. 2010).
Geometric shapes of carbonate systems result

from the complex interplay of diverse parameters in-
cluding carbonate production, tectonically induced
substratum movements, sea level variability, and
local parameters such as substrate paleophysiogra-

phy and hydrodynamics (e.g., wave height and in-
tensity). Each individual parameter can influence
a specific architecture in a certain direction but is
difficult to isolate and estimate. However, Oligo-
Miocene carbonates show a globally consistent, pre-
dictable signal of carbonate production and growth
potential beyond the specific role of other parameters
such as accommodation and preservation (figs. 1, 2;
tables A2, A3). Further studies of accommodation,
especially tectonic and basinal settings of case stud-
ies, would certainly add further constraints about
the observed global trend (cf. Bosellini 1989; Bosence
2005;Wilson andHall 2010).

Implications

The study of Oligo-Miocene shallow-marine carbon-
ates shows that, beyond the complexity of car-
bonate systems (e.g., Pomar and Hallock 2008), the
conceptual scheme of global distribution of carbon-
ate factories sensu Schlager (2005) can be quantified
in the sedimentary record. On the one hand, these
global trends of carbonate accumulations can serve
as a baseline to interpret specific case studies and
identify the role of more local controlling parame-
ters within specific tectonic, basinal, paleoceano-
graphic, paleoclimatic, and sea level contexts. This
general baseline status of carbonate platformdistribu-
tion furthermore constitutes a prerequisite knowl-
edge to study paleoclimate change throughout the
Oligo-Miocene interval.On theother hand, suchglobal
trends can be utilized for prediction in data-poor
areas. The thickness and geometric shape of Oligo-
Miocene carbonate accumulations are largely con-
trolled by the occurrence of the different carbonate
production modes. In turn, the global distribution
of carbonate production is related to primary paleo-
climatic and paleoceanographic patterns that can be
reconstructed using paleoclimate models (cf. Schlager
2005; Michel et al. 2019). The presented qualitative
and quantitative data set can then be compared with
paleoceanographic models to predict carbonate as-
sociation, thickness, and stratigraphic architecture
(e.g., Davies et al. 2019; Laugié et al. 2019; Michel
et al. 2019; Pohl et al. 2019).
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