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Abstract

Neritic carbonates (NC) were one of the most prominent facies of the Peri-Tethyan domain. From the
Moscovian to the end of Tertiary times, most parts of the area concerned were included in, or in the vicinity of, the
intertropical domain, favourable to the deposition of NC. These optimal latitudinal conditions were strengthened by
warm surface currents which globally ran from east westward in this part of the Tethyan realm. The settlement of NC
was enhanced by the existence of huge shallow marine platforms on the southern and northern Peri-Tethyan margins
and on isolated oceanic highs as well. Peri-Tethys atlas maps, explanatory notes and validation points have provided
data on the main biological, sedimentological, geographical, and environmental features of NC. Areas covered by NC
have been calculated from 20 maps encompassing the Moscovian to the Piacenzian/Gelasian, using an Image Analysis
Optilab system. The latitudinal distribution and the total area covered by NC for each time slice have been plotted
with reference to global factors driving the carbonate factory. Variations of areas through time have been analysed
and discussed with respect to regional palaeogeographic conditions. Global factors driving the NC sedimentation in
Peri-Tethyan areas have been successively examined. The dominant skeletal and non-skeletal mineralogy on carbonate
deposition has been evaluated. Photozoan organisms have been dominant contributors; however, deposition of
temperate Heterozoan carbonates in northern latitudes occurred during Artinskian, Wordian, Maastrichtian and
Tertiary times. Adverse conditions of siliciclastic inputs on carbonate deposition settled at certain periods but many
Peri-Tethyan NC areas faced without damage terrigenous belts. Sea level highstands generally allowed wide NC areas
to form, but certain time intervals had about the same amount of area covered by NC, despite opposite ^ low vs high
^ eustatic stillstand. Latitudinal enlargement of NC areas was enhanced during Mesozoic and Early Cainozoic
greenhouse regimes, while a latitudinal constriction occurred during Artinskian, Wordian and late Tertiary times, in
relation to an icehouse mode. During early Jurassic, middle Cretaceous and early Tertiary times, ocean circulation
seems to have controlled latitudinal shifts of the NC areas. Abrupt increases or reductions of areas covered by NC
coincided with the onset of atmospheric-controlling magmatic events or of sudden oceanic events with climatic
implications.
: 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Neritic carbonates (NC), also called shallow
marine carbonates, are de¢ned here as deposits
formed in the ocean environment between low
tide level and approximatively the continental
shelf edge. Obviously, the major biological con-
tent of NC is of benthic origin. They include fa-
cies originating from carbonate platforms or
ramps, which have formed belts along continental
margins, or were isolated on oceanic highs. In all
cases, the biological factory (reefs and/or diverse
benthic assemblages) plays a pre-eminent role in
carbonate deposition and facies zonation.

The Peri-Tethyan domain appears a privileged
palaeogeographic area for the setting up and the
thriving of NC sedimentation. Indeed, this area
was located in, or in the vicinity of, the intertrop-
ical domain, which o¡ered favourable conditions
for the deposition of reefal or perireefal carbon-
ates. Likewise, latitudinal conditions were opti-
mised by active warm surface currents which
globally moved from east to west in this part of
the Tethyan realm. Also, the settlement of NC
was enhanced by the existence of huge shallow
marine platforms on both sides of the Tethyan
area: the southern margin of the Eurasian craton,
and the northern margin of Gondwana. More-
over, carbonate facies developed on isolated highs
drifted away through time from the northern
Gondwana margin, such as the Apulian or
Mega Lhasa (Ricou, 1994) intraoceanic platform
areas.

The distribution through time of NC in the
Peri-Tethyan domain was in£uenced by many
physical, chemical and biological factors which
will be analysed below.

However, like for the recent counterparts, the
climatic factor had a pre-eminent e¡ect on the
composition of the biological carbonate factory,
as well as on the latitudinal zonation of the car-
bonate facies on marine shelves. Peri-Tethyan NC

consequently appear an important palaeoclimatic
witness.

According to James (1997) on the basis of sea
water temperature gradients, NC can be separated
into two biological associations.

(1) A Heterozoan association composed of mol-
luscs, bryozoans, echinoderms, foraminifera, rho-
dolites, linked to subtropical (18^22‡C) to subpo-
lar and cold (10^5‡C) bottom water temperatures.

(2) A Photozoan association constituted of
green algae, corals, rudists (in the Mesozoic), fu-
sulinids (in the Palaeozoic), oolites, peloids, which
correspond to tropical (s 22‡C) conditions.

In the shallow waters of the modern ocean,
Photozoan carbonates occur widely in the inter-
tropical domain (Habicht, 1979), in association
with warm surface currents, while Heterozoan
carbonates extend poleward from the limit of
the tropical factory (about 30‡) to polar latitudes;
but it also occurs in the thermocline waters of the
low latitudes (James, 1997; Schlager, 2000).

The latitudinal distribution and areas covered
by recent neritic sediments containing more than
50% carbonates (Fairbridge, 1967) show a dis-
tinctly bimodal pattern with peaks (approximately
1.8 million km2) centred at about 20‡N and S and
a strong constriction in the equatorial zone. Thus,
estimates of total areas covered today by coral
reefs only (Smith, 1978) provide much lower val-
ues, around 620 000 km2. Surfaces covered by NC
deposits dramatically decrease up to 30‡ latitude.
Moreover, it is generally admitted (Habicht, 1979)
that global climatic conditions (glacial vs non-gla-
cial periods) play a role in the latitudinal extent of
NC and reefs in recent seas. A constriction of the
domain covered by these sedimentary systems to-
ward the equator was generalised during glacial
periods, while it extends latitudinally during inter-
glacial or non-glacial periods.

In this paper we will analyse NC areal £uctua-
tions in the Peri-Tethys domain, from the Mosco-
vian to the Piacenzian/Gelasian, and we will suc-

Fig. 1. Late Cenomanian (94.7^93.5 Ma) palaeogeographical map of the Peri-Tethyan domain with main depositional environ-
ments and NC areas (modi¢ed from Philip et al., 2000).

PALAEO 3082 26-6-03 Cyaan Magenta Geel Zwart

J. Philip / Palaeogeography, Palaeoclimatology, Palaeoecology 196 (2003) 19^37 21



cessively examine: (1) the methods used to calcu-
late the areas covered by NC from the di¡erent
maps of the Peri-Tethys atlas, and accuracy of
the results ; (2) the latitudinal distribution of NC
and their total areal extent for each time slice
represented by Peri-Tethyan maps; (3) their rela-
tionships with the global factors driving the NC
factory; (4) the palaeogeographical and palaeo-
climatic signi¢cance of Peri-Tethyan NC.

2. Methods and accuracies

The documents elaborated in the framework
of the Peri-Tethys Programme have been used
as sources of data relative to NC. Maps (at
1/10 000 000 scale at the palaeoequator) provide:
(1) the latitudinal and geographical location of
NC; (2) the NC area (both for each latitudinal
belt and for the total covered domain); (3) the
dominant facies (bioclastic limestones, oolites,
bioherms, etc.) ; (4) the connections of the NC
with neighbouring palaeoenvironments, basin-
ward and landward.

Explanatory notes have given data on palaeo-
geographical conditions (eustasy, climate, tecton-
ics or magmatic activity) of NC areas at each time
slice. More precise data (such as sequences and
systems tracts, surfaces of non-deposition or ero-
sion, bio- and lithofacies) can be drawn from
some available validation points of the Peri-Te-
thys Programme mapping, and from the compila-
tion of published sections.

Areas covered by NC (expressed in millions of
square kilometres) have been calculated using Im-
age Analysis Optilab system X 2.01 on MC OS
8.5 with an error coe⁄cient of about 2%. For
reasons of homogeneity, only maps displaying
the totality of NC belts (on pericratonic margins
and on isolated Tethyan highs) have been taken
into account for accurate comparisons. As a re-
sult, data have been extracted from only 20 maps,
from the Moscovian to the Piacenzian/Gelasian.
Calculation of the areas covered by NC (shown in
a light blue colour on original Peri-Tethys maps)
has been made for each 5‡ palaeolatitudinal belt
where they are represented. On Peri-Tethys maps
(Fig. 1), the interval ranging between two palaeo-

latitudes is constant and its value corresponds to
550 km in the vicinity of the palaeoequator, pre-
cisely the area where NC developed. The rectilin-
ear projection systems used for mapping do not
imply important distortions of areas in the do-
main considered which does not go much beyond
30‡ latitude.

The area covered by NC corresponds to the
amount of light blue colour with respect to the
total area of each latitudinal belt represented on
the maps in the form of a rectangle.

A coe⁄cient of overestimate has been intro-
duced for latitudinal belts where areas covered
by NC are not justi¢ed by validation points or
known sections. In this case, calculated areas
have arbitrarily been a¡ected by a reduction co-
e⁄cient. Thus, for each map, the areas covered by
NC are quanti¢ed by an absolute value and a
corrected value (Fig. 3). The di¡erence between
both values measures the amount (in per cent)
of overestimated area covered by NC on each
map.

The latitudinal distribution and the total area
of NC for each time slice have been plotted with
reference to global factors having driven the car-
bonate factory.

(1) The dominant marine skeleton mineralogy,
calcite vs aragonite of the main hypercalcifying
organism producers (Stanley and Hardie, 1998).

(2) The dominant non-skeletal carbonate min-
eralogy (of oolite particles for instance) (Sand-
berg, 1983).

(3) The climatic global trend (icehouse vs green-
house conditions) as initially proposed by Fischer
(1981), with modi¢cations concerning the location
of the boundaries between the dominant climatic
systems during the time interval considered.

(4) The climatic global curve with special em-
phasis on ice sheet occurrences and episodes of
possible cooling at low latitudes as suggested by
Hallam (1985), Kemper (1987) and Price (1999)
for the Mesozoic.

(5) The global long-term eustatic curve as re-
cently traced by Hardenbol et al. (1998), with ad-
ditional data from Golonka and Ford (2000) for
the Late Palaeozoic.

(6) The global magmatic (e.g. traps, plumes and
superplumes) or oceanic (e.g. CH4 release) events
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Fig. 2. Latitudinal areas covered by NC at the di¡erent time slices, plotted with reference to global driving factors. Abbreviations used for stages: M = Moscovian;
Art = Artinskian; W = Wordian; O = Olenekian; E.L = Early Ladinian; L.N = Late Norian; L.S = Late Sinemurian; M.T = Middle Toarcian; M.C = Middle Callo-
vian; E.K = Early Kimmeridgian; E.T = Early Tithonian; E.H = Early Hauterivian; E.A = Early Aptian; L.C = Late Cenomanian; E.C = Early Campanian;
L.M = Late Maastrichtian; E.M.Y = Early Middle Ypresian; L.L = Late Lutetian; L.R = Late Rupelian; E.B = Early Burdigalian; E.L = Early Langhian; L.T = Late
Tortonian; P = Piacenzian/Gelazian. Cooling events of the climatic curve: Pl = Pliensbachian; B = Bajocian^Bathonian; V = Valanginian; A = Late Aptian; O = Oligo-
cene. Geochronological data from the Atlas Peri-Tethys (Dercourt et al., 2000). Numbers indicate the age of the lower boundary of each time slice.
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able to have in£uenced the CO2 content of both
the ocean and the atmosphere and, consequently,
the climate and the NC deposition.

3. Latitudinal distribution

The latitudinal distribution of the areas covered
by NC at each time slice, from the Moscovian to
the Piacenzian/Gelasian, i.e. a time span of 312
million years, is shown in Fig. 2. For each map,
a number indicates the latitudinal location of the
widest NC area in millions of square kilometres.
Starting from this value, the diagram shows the
amount of area covered by NC (see also the table
giving the calculated data, Appendix A) for each
5‡ latitudinal belt with respect to the widest one.

Fig. 2 displays three prominent facts. Firstly, it
is noticed that NC areas were reduced at the pa-
laeoequator at di¡erent time slices. Secondly, two
types of asymmetric distribution are distin-
guished: the ¢rst, as observed in the Moscovian
and the Artinskian, displays maximum areas cov-
ered by NC in the southern hemisphere; the op-
posite type was provided by the period ranging
between the Early Ladinian and the Middle Toar-
cian, and from the Late Maastrichtian to the Pia-
cenzian/Gelasian. Thirdly, periods of balance be-
tween both hemispheres occurred in the Wordian,
in the Late Jurassic, and in the Early Aptian.

3.1. Reduction of NC at the palaeoequator

The cause for this reduction seems to vary from
time to time.

The Artinskian map (Vai et al., 2000b) displays
a strong shortening of the Eastern European Ba-
sin (Chuvashov and Crasquin-Soleau, 2000) and a
dramatic reduction of the areas covered by NC at
the palaeoequator up to 25‡ north latitude. This
seems due to a wide retreat of the sea in this
territory and a settlement of shallow marine to
coastal siliciclastic environments on the southern
margin of the Eurasian craton (Vai et al., 2000b).
Similarly, evaporitic belts were moved to the
northern edge of the Baltic sea. These facies re-
placed a large part of the previous Russian and
Arctic Moscovian carbonate platform.

In the Early Ladinian (Gaetani et al., 2000b)
and in the Late Norian (Gaetani et al., 2000c),
the areas covered by NC were largely developed
in the northern hemisphere and reduced at the
palaeoequator and in the southern hemisphere.
In the Early Ladinian, evaporitic hypersaline en-
vironments developed around the palaeoequator
on the eastern margin of the Arabian craton;
this indicates that arid climatic conditions pre-
vailed in this region. In the Late Norian, terrige-
nous inputs were probably responsible for carbon-
ate platform shortening at the palaeoequator, east
of the Arabian shield. Indeed, a very wide delta
apron of siliciclastics £owing towards NNE was
present, in which both braided river and alluvial
meandering plain have been detected (Gaetani,
2000). Wet climatic conditions, providing silici-
clastic deposits to the sea, are here supposed to
have prevented carbonate deposition from thriv-
ing at the palaeoequator. Arid climatic conditions
resulting in the development of a hypersaline ba-
sin, located between 0 and 10‡ north latitudes,
and replacing partly NC, prevailed on the eastern
margin of the Arabian craton during Middle
Toarcian times (Thierry et al., 2000c).

The Early Tithonian map (Thierry et al., 2000e)
also displays a signi¢cant reduction of carbonate
platform areas around the palaeoequator, while
these latter were well represented in northern
and southern tropical realms. NC were replaced
by the huge Arabian evaporitic basin which indi-
cates arid conditions at the palaeoequator at this
time.

During the Late Rupelian (Meulekamp et al.,
2000c) up to the Piacenzian/Gelasian (Meulekamp
et al., 2000d), the reduction of the areas covered
by NC around the palaeoequator on the eastern
part of the African craton, Somalian Plateau,
seems to have been governed by siliciclastic del-
taic inputs due probably to wet climatic condi-
tions which prevailed throughout this period in
this domain.

3.2. Shift of NC maximum development from the
southern to the northern hemisphere

This change occurred around the Artinskian^
Wordian transition. Afterwards, and particularly
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during the Early Ladinian^Middle Toarcian peri-
od, NC sedimentation dominated on the northern
hemisphere. This fact was only due to the relative
position of the huge Northern Gondwana shelf
with respect to the palaeoequator. In the Mosco-
vian and in the Artinskian, the shelf was located
in the southern intertropical domain, while start-
ing from the Early Ladinian, this shelf drifted
away to the northern intertropical domain, fol-
lowing the northward drift of Pangaea. The
Mega Lhasa Transit plate bearing NC deposits
followed the same way. Thus, NC deposition on
this shelf became a permanent feature by around
the Palaeozoic^Mesozoic transition, due to con-
stant intertropical conditions. This event was en-
hanced by the development of NC on the south-
ern margin of the Eurasian craton.

3.3. Balance in the latitudinal NC deposition

In the Wordian (Gaetani et al., 2000a), Middle
Callovian (Thierry et al., 2000d), Early Kimmer-
idgian (Thierry et al., 2000a,b), Early Tithonian
(Thierry et al., 2000e), and Early Aptian (Masse
et al., 2000) times, a relatively symmetric and sig-
ni¢cant distribution of carbonate platforms north
and south of the palaeoequator up to 30 or even
35‡ latitude is noticed. Palaeoclimatic conditions
inferred from this distribution imply a weak con-
trast in latitudinal belts during these time inter-
vals, and similar climatic conditions, favourable
to NC deposition.

4. Areas covered by NC

In Fig. 3 is plotted the total area covered by
NC for each time slice in relation to the global
factors mentioned above.

The maximum area covered by carbonates is
10.44 million km2 in the Moscovian. The main
results are as follows: (1) occurrence of periods
of large development of areas covered by NC,
such as in the Moscovian, in the Wordian or in
the Late Lutetian; (2) occurrence of periods of
moderate development such as in the Middle
Toarcian or in the di¡erent stages of the Creta-
ceous; and (3) occurrence of periods of reduction,

or extreme reduction, in the Artinskian, Late Ru-
pelian or in the Neogene.

The reduction of areas covered by NC from the
Moscovian to the Artinskian was due to a demise
of the Russian carbonate platform and of the NC
belt southeast of the Eurasian craton. Carbonate
deposits were replaced by evaporitic or siliciclastic
facies.

The large increase of NC areas in the Wordian
can be interpreted mainly as the result of the set-
tlement of a huge carbonate belt south of the Eur-
asian craton and, in addition, the development of
a large carbonate platform on the Mega Lhasa
transit block (Ricou, 1994).

The northeastward migration of the Mega Lha-
sa up to 35‡ north latitude, and its collision with
the Eurasian plate in the Late Norian (Gaetani et
al., 2000c), seems the only cause of the reduction
of NC areas at this time when compared with the
Early Ladinian.

The opening of the proto-Atlantic gateway in
the Late Sinemurian (Thierry et al., 2000a) was a
favourable palaeogeographic event which en-
hanced the thriving of NC in this newly created
shallow marine area. In the Middle Toarcian
(Thierry et al., 2000c) the reduction of NC areas
resulted mainly from the demise of carbonate
platforms all around the western European craton
while the net increase of areas in the late Jurassic
was attributable to a new development of NC
belts in this region and in the peri-Caspian do-
main (e.g. in the Early Tithonian).

A limited demise of carbonate platforms in the
southern margin of the Eurasian craton appears
to cause the reduction of NC areas in the Early
Aptian (Masse et al., 2000), despite the fact that
shallow marine seas occupied this area.

The large development of NC areas in the Mid-
dle Ypresian (Meulekamp et al., 2000a) and in the
Lutetian (Meulekamp et al., 2000b) must be in-
terpreted as resulting from the growth of carbon-
ate belts on the southeastern margin of the Eur-
asian craton, on the Black Sea and peri-Caspian
regions.

A dramatic decrease of NC areas occurred in
the Late Rupelian (Meulekamp et al., 2000b) and
continued throughout the Neogene period. Car-
bonate platforms and belts migrated southward
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Fig. 3. Total areas covered by NC at the di¡erent time slices compared to global driving factors. Numbers indicated by arrows correspond to corrected area values
(see text for explanations). Same abbreviations and symbols as in Fig. 2.
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and were located on the northern and eastern
margins of the African^Arabian shield.

The average area covered by NC has been cal-
culated for the 20 maps examined and for each
5‡ latitudinal band (Fig. 4 and Appendix A).

The histogram is bimodal and strongly asym-
metrical. It displays an average area maximum of
development in tropical zones of the northern
hemisphere, while a reduction appears in the
equatorial zone and slightly less in tropical zones
of the southern hemisphere.

Of particular interest is the average carbonate
area maximum between 25 and 30‡ north latitude.
This observation leads to a suspicion of the im-
portance of Heterozoan producers during various
periods, such as in the Artinskian and the Late
Permian (Beauchamp and Desrochers, 1997) and
in the Ypresian (Plaziat and Perrin, 1992) at these
latitudes. Climatic conditions (excessive heating
or drying?) and/or terrigenous inputs seem to
have been inimical for carbonate producers in
the equatorial zones.

5. Factors driving the NC sedimentation through
time in Peri-Tethyan areas

5.1. Skeletal mineralogy

A look at the distribution of carbonate areas
(Figs. 2 and 3), compared with the dominant ma-
rine skeletal mineralogy trend of hypercalcifying
organisms (Stanley and Hardie, 1998), indicates
that no in£uence of typical skeletal mineralogy
could be invoked as a factor driving the rate of
carbonate deposition. Whatever the dominant
skeletal mineralogy was (aragonite or calcite dom-
inant), carbonate production reached high values
for all the considered time interval.

According to Stanley and Hardie (1998), £uc-
tuations of the predominant skeletal type of min-
eralogy during the Phanerozoic aeon depended of
the Mg/Ca ratio of the seawater, driven by
changes in spreading rates along mid-oceanic
ridges.

Thus, according to James (1997), seawater tem-

Fig. 4. Histogram of average area covered by NC in each latitudinal belt for the 20 studied time slices.
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perature also plays a role in the carbonate skeletal
mineralogy of neritic organisms. For instance, the
attribute of cool water carbonates is their pre-
dominantly calcite mineralogy. Accordingly, the
dominant skeletal mineralogy of neritic organisms
is not always easy to interpret in terms of climate
instead of seawater chemistry.

Calcite-secreting organisms such as fusulinids,
bryozoans, brachiopods, crinoids, cyanobacteria
and sponges were the main biological components
of NC during Moscovian and Wordian times.
Aragonite-dominated organisms (phylloid algae,
chaetetids, sphynctozoan and inozoan sponges,
Tubiphytes) were major contributors of reef build-
ing during the Late Carboniferous and the Per-
mian (Stanley and Hardie, 1998). This con¢rms
that equable climatic conditions and high Mg/Ca
ratios prevailed during these periods, which were
favourable to aragonite-secreting organisms thriv-
ing in both northern and southern tropical do-
mains. They were able to produce large amounts
of carbonate deposits. An elevated Mg/Ca ratio
could also have characterised early and middle
Triassic seawater and favoured the evolution of
aragonite faunas (Railsback and Anderson, 1987).

The onset of the calcareous plankton at the
Triassic/Jurassic turn and the possible control of
this ecosystem over oceanic calcium cycling seems
not to have a¡ected the budget of the NC depo-
sition during the Jurassic, especially from the Cal-
lovian to the end of the system. In fact, much of
the CaCO3 extracted by the plankton came to rest
in shallow water environments (Degens, 1989)
and probably contributed to the outer platform
carbonate sedimentation. However, a relative re-
duction of the NC budget is noticed in the Late
Cretaceous (especially in the Late Maastrichtian),
coincident with a widespread deposition of mas-
sive chalk deposits and a decline of aragonite cor-
als as reef builders (Stanley and Hardie, 1998),
while calcitic-dominant rudists £ourished. As sug-
gested by these authors, the pivotal fact of the
ascendancy of rudists on aragonitic corals in the
Late Cretaceous was probably a decrease in the
Mg/Ca ratio of seawater which predominantly af-
fected these latter. However, the hypothesis of an
excess of CO2 can also be considered, given that
calci¢cation rates of modern reef-building corals

are depressed by increased levels of CO2 (Gattuso
et al., 1998).

Despite rudist extinction at the end of the Cre-
taceous and the failure of aragonitic reef corals to
£ourish until Oligocene times (Stanley and Har-
die, 1998), NC were widespread during the Eo-
cene. This was due to the strong development of
rock-forming nummulitid foraminiferans in Peri-
Tethyan carbonate platforms, possibly enhanced
by warm temperatures at low latitudes (Pearson et
al., 2001), a high level of atmospheric CO2 and a
low Mg/Ca ratio in seawater.

The onset of aragonitic coral reefs on a global
scale at the Oligocene did not have a consistent
in£uence on Peri-Tethyan NC deposition, due to
the fact that the Peri-Tethyan domain was located
at relatively high latitudes and underwent pro-
gressive cooling. These conditions favoured bryo-
zoan and mollusc-rich NC deposition in the area
concerned.

5.2. Photozoan vs Heterozoan associations

Photozoan associations, including scleractinian
corals, stromatoporoids, chaetetids, green algae
and other subordinate organisms, played a dom-
inant role in the formation of Peri-Tethyan NC
during the time interval considered (Kiessling et
al., 1999).

Cretaceous rudist-bearing facies have generally
been interpreted as Photozoan intertropical car-
bonates (Philip, 1972; Masse and Philip, 1981).
The relevant arguments are based on the frequent
association of rudists with hermatypic corals (Ca-
moin et al., 1988; Scott et al., 1990; Skelton et al.,
1997), stromatoporoids, large foraminifera, green
algae, etc. Moreover, numerous genera of rudists
(Kau¡man, 1969; Philip, 1972; Vogel, 1975; Skel-
ton and Wright, 1987), if not the whole group
(Seilacher, 1998), have been suspected of having
harboured symbiotic algae in their tissues. Palaeo-
temperatures inferred from the oxygen isotopic
composition of Late Cretaceous rudist shells
from Greece and Turkey (Steuber, 1996) range
from 20.6‡C to 36.1‡C; these values are compat-
ible with intertropical climatic zones. According
to Steuber (1999), higher low-latitude sea surface
temperatures than the present ones existed during
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the Late Cretaceous. Peri-Tethys palaeogeograph-
ic Cretaceous maps (e.g. Fig. 1) display: (1) a
maximum area of development of NC ranging
from 25‡ south latitude to 30‡ north latitude in
the Early Aptian, and (2) a constriction toward
the palaeoequator of these areas during the Late
Cretaceous, especially the Maastrichtian. So, bio-
logical and palaeogeographical observations dis-
agree with the interpretation of the Late Creta-
ceous rudist-bearing carbonates of Sardinia and
south Italy (Carannante et al., 1997) as temperate
associations. As shown by the palaeogeographic
reconstructions, these regions were included with-
in the intertropical realm between 20‡ and 30‡
north latitude during Late Cretaceous times and
no indication of cooling can be detected from car-
bonate-associated facies. In contrast, rudist^cor-
al^chaetetid build-ups, referred to as Photozoan
associations, have been described in the lower Se-
nonian of Sardinia (Philip and Allemann, 1982).

However, during some periods, true Heterozo-
an associations seem to have contributed to the
formation of NC. Indeed, in the Late Palaeozoic,
bryonoderm carbonates, dominated by bryozo-
ans, echinoderms, brachiopods and siliceous
sponges, were abundant in northwest Pangaea
(Beauchamp and Desrochers, 1997). According
to these authors this assemblage indicates a cool
water regime. This regime could have prevailed in
north latitudes (up to 25‡N) during Artinskian
and Wordian times, giving birth to very few NC
deposits in Timan and northern Ural areas.

Likewise, probably Heterozoan bryozoan-rich
carbonates (Zijlstra et al., 1996) deposited in the
Uppermost Maastrichtian of the Limburg area
were located up to 35‡N at this time.

During the Ypresian, Solenomeris (Foraminif-
era) reefs developed at about 32‡ north latitude
and have been interpreted (Plaziat and Perrin,
1992) as ¢tting with the border of the subtropical
climatic belt. Accordingly, NC sedimentation,
which developed between 35‡ and 45‡ north dur-
ing the Early/Middle Ypresian in eastern Europe
and western Asia (Meulekamp et al., 2000a), can
be related to subtropical to temperate carbonates.
Indeed, NC contain a diversi¢ed faunal associa-
tion with molluscs, foraminifera (e.g. Nummu-
lites), echinoids and scarce corals. Nummulitic

limestones were also abundant during the Late
Lutetian at these latitudes. The Burdigalian and
Langhian NC, bearing a molluscan, echinodermal
and bryozoan-rich association, developed between
35‡ and 40‡ north latitude and were probably de-
posited under subtropical to temperate seawater
conditions.

5.3. Non-skeletal mineralogy

Referring to the non-skeletal mineralogy (Sand-
berg, 1983), Peri-Tethys maps indicate that wide
areas were covered by NC, regardless of the dom-
inant trend of the ocean chemistry: in£uencing
either aragonite deposition or calcite deposition
(Figs. 2 and 3). As re-emphasised by James
(1997), calcite seas appear to have been common
when the Earth was in greenhouse mode (high
atmospheric CO2 concentrations, e.g. the Mesozo-
ic); conversely, aragonite seas typi¢ed icehouse
periods when atmospheric CO2 was low (Late
Cainozoic, Late Palaeozoic). But Triassic times
are considered aragonite seas, despite the fact
that this period was of the greenhouse type.

The possibility of early aragonite dissolution in
ancient calcite seas has been supported by obser-
vations from Middle Jurassic submarine cemented
horizons in northwestern Europe, in which arago-
nite fossils have been dissolved out (Palmer et al.,
1988). If it existed, this process did not a¡ect the
rate of deposition of Late Jurassic NC which were
largely developed at these latitudes or, as a whole,
the amount of deposition and preservation of NC
during the Mesozoic, as the ocean was in calcitic
mode.

5.4. Siliciclastic inputs

Regional to local environmental pressures can
have signi¢cant impacts on reef growth patterns
by modulating global changes (Montaggioni,
2000).

As recalled by James (1997), carbonate sedi-
ments, both Photozoan and Heterozoan in origin,
accumulate in abundance where terrigenous clas-
tic sedimentation is arrested. Excess of nutrients
brought by increased detrital material can inhibit
thriving of carbonate producers. Wet or glacial
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conditions and sea level lowstands are favourable
to siliciclastic deposits on continental shelves and,
consequently, to a lesser development of NC.

Wet conditions which provided large amounts
of terrigenous clastics probably prevailed on the
eastern margin of the Arabian^African shield
around the palaeoequator in the Late Norian
and in the Late Rupelian to the Piacenzian/Gela-
sian (see above). Thus, di¡erent time slices of the
Peri-Tethys domain (e.g. Wordian, Early Aptian)
show that NC faced elongated and permanent
siliciclastic belts, without apparent damage. Prob-
ably, in this case, the corresponding shelves were
subjected to meso- or oligotrophic conditions, and
the rate of NC production was greater than the
rate of terrigenous clastic inputs. Likewise, some
important carbonate producers (e.g. hippuritid
rudists, in the Late Cretaceous; Philip, 1972)
were well adapted to resist terrigenous and/or nu-
trient inputs.

Mixed NC/terrigenous facies were also frequent
at relatively high latitudes, on shelves developed
between 40 and 50‡ north during the Early Ladi-
nian, the Early/Middle Ypresian and the Late Lu-
tetian.

5.5. Eustasy

NC deposits, and subsequently reefs, generally
thrive on carbonate shelves and oceanic highs
during periods of sea level highstands. Indeed,
transgressions increase surfaces where benthic or-
ganisms develop, enhance equable climatic condi-
tions and diminish terrigenous inputs; all these
conditions are favourable to NC production and
deposition. These considerations lead one to ex-
pect a large development of areas covered by NC
in the studied domain during episodes of sea level
highstand (most of the selected time slices) and an
areal reduction during lowstand episodes.

This roughly occurred through the time span
examined (Fig. 3). Indeed, periods of increasing
area covered by NC (e.g. Moscovian, Early Ladi-
nian, Early Kimmeridgian, Late Cenomanian,
Late Lutetian) were coeval with sea level high-
stands, even if the amplitude of the rise was di¡er-
ent from one period to another. Similarly, the
prominent decrease of NC areas beginning in

the Late Rupelian and ending in the Piacenzian/
Gelasian was correlated with a global sea level fall
during this period.

However, the net decrease of NC areas during
the Artinskian is coeval with a sea level highstand
as shown by the sea level curve in Golonka and
Ford (2000). In this case, a climatic in£uence re-
sponsible for the reduction of NC areas is sus-
pected (see below).

Another striking point is the similarity in the
amount of area covered by NC, irrespective of the
amplitude of the sea level highstand. As an exam-
ple, the Late Norian (Gaetani et al., 2000c) and
the Late Cenomanian (Philip et al., 2000) have
about the same area covered by NC despite a
low (100 m) vs high (250 m) eustatic stand, re-
spectively. In this case, the predominance of a
climatic factor can thus be suspected. Indeed, in
the Late Cenomanian, cool or temperate condi-
tions prevailed on the southern margin of Eur-
asian cratonic areas, preventing deposition of
NC facies (Fig. 1), although an important £ood-
ing of shelves and a setting up of shallow marine
conditions occurred.

Unfortunately, due to the selection of time sli-
ces, data are not available on the areas occupied
by the NC during some signi¢cant sea level low-
stands, such as the Palaeozoic/Mesozoic, Triassic/
Jurassic, Jurassic/Cretaceous boundaries.

5.6. Atmospheric and oceanic climatic factors

5.6.1. Atmospheric CO2, icehouse vs greenhouse
modes

As a whole, the latitudinal enlargement of NC
areas was enhanced by greenhouse modes which
reduced the climatic contrast between low and
high latitudes, whereas latitudinal constriction
might be expected during icehouse modes. The
alternation of icehouse and greenhouse modes
which characterised Phanerozoic times (Figs. 2
and 3) is generally interpreted as in£uenced by
the rate of CO2 present in the atmosphere. In-
deed, modelling of the level of atmospheric CO2

(Berner, 1990) indicates that the CO2 level was
high during the Mesozoic, and low during the
Permo^Carboniferous and the Late Cainozoic.

As shown by Peri-Tethyan maps, NC areas
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(Fig. 3) were widespread during Mesozoic and
Early Cainozoic greenhouse regimes, especially
in the Late Jurassic and in the Eocene, while a
dramatic reduction of NC areas occurred during
Artinskian, Wordian and late Tertiary times, in
relation to an icehouse mode.

A recent reconstruction of tropical sea surface
temperatures throughout the Phanerozoic aeon
(Veizer et al., 2000) indicates large oscillations,
in phase with cold^warm cycles, thus sustaining
the idea of climate variability as a global phenom-
enon. This reconstruction shows a marked de-
crease of pCO2 during Permo^Carboniferous gla-
ciations and a negative anomaly (about 3‡C) of
the tropical surface palaeotemperature at the end
of the Carboniferous.

If real, this temperature decrease did not a¡ect
the NC deposition in tropical zones as shown by
the Moscovian map (Vai et al., 2000a), and the
relatively large area (Fig. 3) covered by NC at this
time.

Another decrease of tropical surface tempera-
ture was inferred by Veizer et al. (2000) at the
end of the Jurassic and during the early Creta-
ceous (from 160 to 100 Ma). This assumption is,
in part, in disagreement with our data which in-
dicate a large development of NC in the late Ju-
rassic (Fig. 3). However, temperature variation
during the early Cretaceous and a relative cooling
during the earliest Hauterivian could have existed
in the northern hemisphere (Price et al., 2000),
resulting in a reduction of NC, replaced by silici-
clastic deposits. A global cooling is also inferred
for the late Aptian (Kemper, 1987), possibly re-
sponsible for the Tethyan demise of carbonate
platforms at this time.

As suggested by several authors (Frakes and
Francis, 1988; Price, 1999), Mesozoic and espe-
cially Jurassic and Cretaceous times were not
strictly in greenhouse mode. According to these
authors, there is a record of high-latitude ice raft-
ing during these periods, suggesting that ice was
present on Earth. Based on this evidence, a num-
ber of episodes of cold or sub-freezing polar cli-
mates during the Bajocian^Bathonian, Tithonian^
Volgian, Valanginian, Aptian and (with some un-
certainties) during the Pliensbachian are recog-
nised (Price, 1999) and correlated with coinciden-

tal falls of sea level and arid events (Figs. 2 and
3). According to Price (1999), glacial episodes
were associated with periods of aridity, partly
due to huge volumes of water being locked up
in polar ice caps. If a reduction of NC areas in
the Aptian can be considered to be in£uenced by
unfavourable cooling conditions (see above), our
results disagree with a hypothesis of cooling dur-
ing the Tithonian at low latitudes as shown by the
large development of NC at this time.

5.6.2. Magmatic events
Although a change from icehouse to green-

house conditions operated at the Triassic/Jurassic
transition as stressed by Fischer (1981), recent
works (e.g. Golonka and Ford, 2000) admit that
this change occurred at the Permian/Triassic
boundary, consecutive to a catastrophic discharge
of CO2 into the atmosphere from the eruption of
the Siberian traps. Areas and latitudinal distribu-
tion of NC deposits in the Early Ladinian and
also in the Late Norian are in agreement with
these conclusions. Indeed, the setting up of green-
house conditions at the Palaeozoic/Mesozoic
boundary could explain the northward latitudinal
shift of maximum NC deposition during the Early
Ladinian compared to the Wordian (Fig. 2).

It is also worth mentioning the onset of the
mid-Cretaceous superplume around 120 Ma,
which Larson and Erba (1999) have interpreted
as responsible for increasing CO2 in the atmo-
sphere and for initiation of a global warming
event. But, as shown by the Early Aptian map
(Masse et al., 2000) (Fig. 3), there was no net
increase of NC at this time. Thus, the warming
could have initiated by: increasing rainfall at the
equator and, consequently, terrigenous runo¡s,
especially in the southern margin; or an excess
of temperature which would have resulted in a
decay of NC producers.

Another global magmatic event is the appear-
ance of the Ethiopian Afar plume head at the
Earth’s surface at approximately 30 Ma (Hof-
mann et al., 1997) and active over a period of
1 Myr or less. This magmatic event was coeval
with the dramatic fall of NC deposition in the
Late Rupelian (Fig. 3). This was also the time
of a change to a colder and drier climate, of a
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major ice sheet advance in Antarctica, of the larg-
est Tertiary sea level drop and of a signi¢cant
extinction. Indeed, cooler winters at the Eocene/
Oligocene boundary have recently been suggested
from mean otolith oxygen isotope values (Ivany et
al., 2000).

To summarise, in opposition to Siberian traps,
the e¡ect of the Ethiopian Afar eruption was not
to increase the amount of CO2 in the atmosphere
but to inject massive, sulphur-rich aerosols and
dust, which could have accelerated global cooling
and aridity (Hofmann et al., 1997) and, conse-
quently, resulted in decreasing NC deposition.

5.6.3. Ocean circulation
Ocean currents can contribute to poleward

transport of heat from the intertropical domain
and consequently to increases in the surface of
oceanic sedimentary deposits linked to this do-
main. Such a mechanism was proposed by
Shackleton and Boersma (1981) for explaining
the unusual warmth of the Earth during the early
Tertiary. According to these authors, a global
geographical reconstruction for the past 50 Myr
shows that sea surface temperature at high lati-
tudes was about 10‡C and at low latitudes around
20‡C. Moreover, a recent work (Pearson et al.,
2001) indicates that for the Late Cretaceous and
Eocene epochs, tropical sea surface temperatures
were at least 28^32‡C. These values are more in
line with the greenhouse conditions inferred for
these periods and the results of climate models
with increased CO2. Indeed, tropical warming, in-
ducing poleward heat £ow, could be invoked for
explaining the prominent northward latitudinal
extent (up to 40‡ latitude) of NC deposits in the
Early^Middle Ypresian (Fig. 2).

Fluctuations of Cretaceous tropical carbonate
and reef boundaries have also been related to ma-
jor thermal changes resulting from ocean heat
transport (Johnson et al., 1996). These authors
attributed the collapse of Caribbean middle Cre-
taceous rudistid ecosystems to the cooling of the
tropics due to a poleward move of superheated
surface waters. Thus, in the studied area, no sig-
ni¢cant constriction of tropical carbonates ap-
pears in the Late Cenomanian, and the demise
of rudist carbonates in tropical zones took place

in the early Turonian only (Philip and Airaud-
Crumie're, 1991) possibly due to a seawater cool-
ing at this time (Kemper, 1987). The recovery of
tropical neritic rudist carbonates occurred quickly
in the Middle Late Turonian.

Compared to the Triassic, early Jurassic NC
deposits were less developed in the northern lat-
itudes. Unfortunately, the geographical extent of
NC during the Pliensbachian and the Bajocian^
Bathonian is not mapped. The relative northern
constriction of NC during the early Jurassic (Fig.
2) could be due to a cooling of the northwestern
part of the European domain, as a consequence of
the opening of the proto-North-Atlantic seaway
(Dore¤, 1991), rather than a global oceanic cool-
ing. Furthermore, no evidence of a particular
cooling event was recorded by NC in the area
concerned during late Jurassic and early Aptian
times, which appear to be periods of equable cli-
mate and low temperature gradient.

5.6.4. Oceanic events
A global oceanic event with climatic implica-

tions was recently typi¢ed (Weissert, 2000) by
the methane release from gas hydrates in oceanic
sediments after a global warming of the seawater,
probably as a response to an increase of volcanic
activity. Methane-derived CO2 led to ampli¢ca-
tion of greenhouse climate during a short time
(about 1 Myr). The biological carbonate pump
showed a negative shift of N

13C due to an excess
of the light carbon. This hypothesis also implies
that CO2 increase led to a carbonate crisis by
dissolution and leaching. Such a warming event
due to methane release in the ocean and the at-
mosphere was recently evidenced by Dickens et al.
(1995) for the Late Palaeocene^Eocene transition
55 Ma and by Hesselbo et al. (2000) for the Early
Toarcian.

Indeed, the Middle Ypresian map (Meulekamp
et al., 2000a), which spans a time interval from 55
to 51 Ma, shows an extreme northern occurrence
(from 35‡ to 45‡) of NC (Fig. 2). A diversi¢ed
faunal association including corals, echinids, mol-
luscs, foraminifera, nummulites, etc. is reported
from these latitudes. It clearly seems that optimal
warm climatic conditions prevailed at this time in
these areas. Possibly a link could be established
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with the global and sudden heating reported at
the Palaeocene^Eocene transition. However, a cri-
sis of NC deposition is not observed at this time
which would have resulted from dissolution and
leaching by CO2 excess.

Sudden seawater temperature increase was also
inferred due to a methane release event in the
Early Toarcian, about 180 Ma (Hesselbo et al.,
2000). Consecutive changes in the global thermo-
haline circulation have also been supposed. As
proposed by these authors, the supply of cool,
nutrient-rich bottom waters of northern origin
could explain the extraordinary nature of the or-
ganic enrichment in the northwestern European
seaway. It might be possible that this palaeoenvi-
ronmental change also explains the demise of NC
as recorded by the Middle (180^178 Ma) Toarcian
map (Thierry et al., 2000c) precisely in these
northwestern European areas (Fig. 2).

Moreover, the consequence of any sudden
warming due to methane release is not univocal ;
modulated by palaeogeographical conditions, it
could either enhance NC deposition or, on the
contrary, indirectly inhibit it by increasing eutro-
phic in£uxes.

6. Discussion

6.1. Comparisons with recent counterparts

The values obtained for areas covered by NC
for each time slice are not strictly comparable to
those of their recent counterparts for di¡erent rea-
sons. Firstly, the area mapped is not the exact
picture of the real initial distribution. Indeed, in
pericratonic margins, the boundaries of carbonate
belts often result from an erosion landward, and
are poorly de¢ned basinward. Secondly, in the
Tethyan domain, precise sizes of isolated carbon-
ate platforms cannot be known with accuracy due
to the fact that the areas in question have been
deeply modi¢ed by alpine tectonics. A third point
concerns the selection of the di¡erent time slices
which privileged sea highstand settings in order to
facilitate stratigraphic correlations.

But, from map to map the same types of un-
certainties are reproduced and thus comparisons

can be established between the relative values
of areas covered by NC in a geographical do-
main which, approximately, remained constant
throughout the considered period.

Areas covered today by intertropical NC be-
tween 0 and 200 m depth are evaluated at about
4.2 million km2 by Smith (1978), and 3.93 million
km2 by Kleypas (1997). Taking into account the
areas occupied by Heterozoan carbonates on
shelves (e.g. Eucla shelf), the total surface might
be evaluated at 5 million km2. The highest values
of NC areas recorded during, for instance, Mos-
covian, Early Kimmeridgian and Lutetian times
could be mainly due to the existence of wider
shelves than at present.

6.2. Reliability of the Peri-Tethyan NC

A question to be raised concerns the reliability
of areas covered by Peri-Tethyan NC with respect
to global carbonate deposits preserved within
each time slice, as they have been quanti¢ed, for
instance, at the scale of the entire Tethys (Philip et
al., 1995). The answer must be modulated accord-
ing to the period considered. Indeed, for late Pa-
laeozoic and Triassic times, wide carbonate plat-
forms thriving on South Asian cratonic areas or
on the Northern American craton have not been
taken into account. Similarly, huge carbonate
platforms from Caribbean and Central American
domains should be added, especially in the Creta-
ceous and in the Cainozoic.

Comparisons with data calculated for the entire
Tethyan domain (Philip et al., 1995) can be estab-
lished for various time slices. It appears that dur-
ing Triassic and Jurassic times, the Peri-Tethyan
regions were the main NC settings. Indeed, in the
Late Norian, Peri-Tethyan NC represented about
84% of the global NC and in the Middle Toarcian
90%. During the Cretaceous, NC enlarged in the
Caribbean and American provinces and, accord-
ingly, the amount of Peri-Tethyan NC dimin-
ished. For instance, it reached 62% for the Early
Aptian and 66% for the Late Cenomanian. Dur-
ing Tertiary times, Peri-Tethyan NC represented
88% of the global NC in the Lutetian and only
39% in the Late Rupelian. These remarks lead us
to regard variations of areas calculated herein as
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re£ecting a general climatic trend, but also pecu-
liar palaeogeographical conditions of the domain
considered.

6.3. Validity of NC area data

Due to a relative scarcity of validation points
on north and northeast Gondwana, Mega Lhasa
Block, and Praecaucasian orogenic belt areas, an
overestimate of areas is inferred for the Mosco-
vian, Artinskian, Wordian, Early Ladinian and
Late Norian times. More realistic values could
be obtained by withdrawing at least 50% of NC
areas in the latitudinal bands where validation
points are scarce or missing.

From this it results that, especially for the Mos-
covian, the Artinskian and the Wordian, the cor-
rected surfaces (Fig. 3) are more in agreement
with climatic and eustatic factors reconstructed
for these periods. The slight increase of NC areas
from the Wordian to the Ladinian seems due to
global warming and a sea level rise.

An underestimate is noticed for the Early/Mid-
dle Ypresian due to a lack of data in the Tethys
area. If this domain was taken into account, the
total area of NC for this map might probably be
close to that of the Lutetian map; this result does
not disagree with climatic and eustatic conditions
at this time.

7. Conclusions

(1) The history of the Peri-Tethyan NC has
been reconstructed with reference to regional pa-
laeogeographic conditions and to global driving
factors of the NC factory. Twenty time slices,
from the Moscovian to the Piacenzian/Gelasian,
have been investigated with special emphasis on
NC geographical location and latitudinal distribu-
tion.

(2) Peri-Tethyan areas represented the main
sites for the NC sedimentation during Triassic,
Jurassic and Palaeogene times. Warm equable cli-
matic conditions and wide shelves favoured peri-
ods of large development of areas covered by NC.
In contrast, periods of reduction of NC areas oc-
curred when extreme climatic and palaeoenviron-

mental conditions prevailed in the intertropical
domain (e.g. arid climate and hypersaline environ-
ment; wet climate and high terrigenous sedimen-
tation; excessive heating), or when blocks and
continents bearing NC drifted toward high lati-
tudes.

(3) Through all the analysed time intervals, the
average NC area maximum is found in the trop-
ical zone of the northern hemisphere whereas,
comparatively, a reduction existed in the equato-
rial zone and in the tropical zone of the southern
hemisphere. The shifting of the NC maximum de-
velopment between the southern and the northern
hemisphere took place at the Palaeozoic^Mesozo-
ic transition, as a consequence of the northward
drift of Gondwana and Mega Lhasa blocks. This
extension was ampli¢ed by the development of
NC on the southern margin of the Eurasian cra-
ton.

(4) The mineralogy of skeletal or non-skeletal
components seems not to have played any role in
the control of the rate of carbonate deposition
and distribution of NC areas. Regardless of the
dominant mineralogy of skeletal and non-skeletal
contributors, the carbonate production reached
high values for all the time intervals considered,
so much that climatic and palaeogeographical
conditions were favourable. Photozoan associa-
tions appear to be the main contributors to the
formation of Peri-Tethyan NC but, during vari-
ous periods (Artinskian, Maastrichtian, Lutetian),
Heterozoan producers have played a prominent
role in high latitudes of the northern hemisphere.

(5) As a whole, sea level highstands enhanced
the increase of NC areas on shelves, while sea
level falls led to a decrease of these areas. But,
occasionally (e.g. Cenomanian), unfavourable cli-
matic conditions could prevent NC deposition on
shelves, during a regime of highstand.

(6) Climatic variations at low latitudes, green-
house vs icehouse modes and oceanic circulation
in£uenced £uctuations of Peri-Tethyan NC areas.
The distribution of NC allowed climatic events to
be identi¢ed for the late Palaeozoic, the late Ju-
rassic, the early Cretaceous, and the early Terti-
ary. The spreading of NC was also governed by
global and sudden magmatic and oceanic events.
The warm event, recorded at the Palaeocene^Eo-
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cene transition, and interpreted as the result of
methane release in the ocean and the atmosphere,
seems to have contributed to the rapid increase of
NC deposition at this time.

Further palaeogeographic mapping, focused on
time slices not taken into account by the Peri-Te-
thys atlas, is required for a better understanding
of the history of NC and the role of driving fac-
tors.
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metres) covered by NC at the di¡erent time slices
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north. Black points indicate overevaluated values
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