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Abstract. — A new approach explaining the main forcing factor of Hirnantian glaciation is proposed herein. It follows
the models associating occurrences of continental glaciations with periods of low atmospheric CO, levels. The accumu-
lation of great volumes of carbonates during pre-Hirnantian late Ordovician, in regions where these deposits were previ-
ously absent, is suggested as a major sink of atmospheric CO,. This would have caused an important lowering of the
average temperature in the early Hirnantian, after CO, values had attained a certain threshold. This process was main-
tained by other positive feedbacks, such as the short-term carbonate weathering CO, sink. An increase of the direct flux
of CO, from the atmosphere to the oceans by means of dissolution would have been driven by the enhancement of car-
bonate deposition. The great inundation of the low latitude Laurentia craton during Cincinnatian times and the establish-
ment of a temperate-water carbonate sedlmentatlon on the North Gondwana margin during pre-Hirnantian Ashgill
allowed the burying of more than 840 x 10' kg (1.9 x 10' mol) of dissolved CO,. This mass is equivalent to nearly
350 times the present values of atmospheric CO,. This is important enough to have greatly altered the equilibrium be-
tween the CO, dissolved in the oceans and the partial pressure of CO, in the air, eventually causing an important reduc-
tion of the latter. The new model also offers a simple explanation for the end of the glaciation after a short time-span.
Glacioeustatic lowering of the sea level, concomitant with the glaciation, would have stopped the extra-sedimentation of
carbonate due to the retreat of the oceans from the platforms, closing this CO, sink. Pre-glacial CO, levels would then
recover, due to volcanic and metamorphic CO, outgassing. After subsequent melting of the ice cap, oceanic circulation
did not recover pre-Hirnantian Ashgill strength, resulting in a strong stratification of ocean waters and precluding the
recovery of an extensive carbonate deposition. The well-known positive shift in the 3"C at the base of the Hirnantian is
assumed to have been caused by weathering and dissolution of carbonates, relatively enriched in B, during the
glacioeustatic regression and exposure of the platforms.

La sédimentation carbonatée ordovicienne : un des principaux facteurs déclencheur de la
glaciation hirnantienne

Mots clés. — Carbonates, Glaciation, Puits de CO», Hirnantien, Gondwana septentrional.

Résumé. — Une nouvelle approche concernant le déroulement de la glaciation hirnantienne est proposée dans ce travail.
Elle s’intéresse aux principaux facteurs clés de cette derniére et associe les effets d’une glaciation continentale a une pé-
riode de bas niveau du CO, atmosphérique. L’accumulation d’un important volume de carbonates au cours de 1’Ordovi-
cien terminal pré-Hirnantien dans des régions ou ces derniers étaient antérieurement absents est considérée comme un
important puits de CO, atmosphérique. Cette accumulation pourrait étre la cause d’une baisse importante de la tempéra-
ture moyenne au début de I’Hirnantien a laquelle s’ajoute un autre processus de rétroaction tel que la météorisation des
carbonates. Une augmentation du flux de CO, de I’atmosphére vers les océans par dissolution devrait avoir été favorisée
par la précipitation de carbonates. L’importante inondation du continent Laurentia, situé a basse latitude au cours du
Cincinnatien, et I’implantation d’une sédimentation carbonatée tempérée sur la marge nord gondwanienne au cours de
I’ Ashgill (pre- H1rnant1en) ont favorisé I’enfouissement de plus de 840 x 10' kg (1,9 x 10" mol) de CO, dissous. Cette
masse représente environ 350 fois la valeur actuelle du CO, atmosphérique. Cette précipitation devrait avoir altéré forte-
ment 1’équilibre entre le CO, dissous dans les océans et la pression partielle de CO, dans 1’air, entrainant éventuelle-
ment une réduction de cette derniére. L’approche développée dans ce travail offre une explication simple pour la fin
accélérée de la glaciation. La baisse du niveau marin relatif, attribuée au glacio-eustatisme associée au recul de la ligne
de rivage des océans sur les plates-formes, devrait avoir provoqué I’arrét de la production de sédiments carbonatés et de
I’absorption de CO,. Le niveau de CO, préglaciaire devrait des lors se rétablir a la faveur du dégazage de CO, par volca-
nisme. Toutefois, apres la fonte des glaces, les circulations océaniques ne reprennent pas et I’absence des courants ins-
taurés lors de I’ Ashgill (pré-Hirnantien) par une importante stratification des eaux océaniques empéche la reprise d’une
importante sédimentation carbonatée. Les pics positifs blen connus du 8”C a la base de I’Hirnantien sont attribués au
lessivage et a la dissolution des carbonates enrichis en °C lors de I’importante émersion des plate-formes.
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INTRODUCTION

Hirnantian glaciation has aroused a keen interest during the
last decade due to its apparent anomalous occurrence during
times of very high levels of the greenhouse gas CO». These
levels, according to computer models of the long-term car-
bon cycle [Berner, 1990, 1992 ; Berner and Kothavala,
2001] and geochemical studies of paleosols [Yapp and
Poths, 1992], would have reached 14-18 times (14-18x) the
present atmospheric value. This estimate makes it difficult
to understand the onset of the Hirnantian glaciation, since
the former values represent an apparent anomaly for the
models associating occurrences of continental glaciations
with periods of low CO; levels, such as those recognized
during Carboniferous-Permian and late Cenozoic times
[Berner, 1992]. To reconcile the postulated CO; levels and
the well-characterized, short-lived Hirnantian glaciation,
Crowley and Baum [1991, 1995] used different energy bal-
ances and general circulation models. They estimated that
both of them would have been compatible with extreme val-
ues of the following parameters : a Gondwana margin adja-
cent to the South Pole, reduced patterns of solar luminosity,
an orbital configuration of minimum summer insolation re-
ceipt, and slightly elevated topography on high latitudes.
The abrupt changes in oxygen and carbon isotopes at the
base of the Hirnantian reported in several paleocontinents
[Marshall and Middleton, 1990 ; Middleton ef al., 1991]
were introduced into the general discussion by Brenchley et
al. [1994] : they interpreted the positive excursion of 8'3C
at the base of the Hirnantian as a consequence of the sudden
increment of organic productivity and/or carbon sedimenta-
tion. This increment would eventually have lowered the
level of atmospheric CO3, producing an icehouse effect. By
means of a series of experiments with general circulation
models, Gibbs et al. [1995] pointed out that a decrease of
the CO; level until 10x present values would be enough to
explain the known snow covered surface and the short dura-
tion of the late Ordovician glaciation.

However, CO> concentration should have been lower
than the one mentioned above if some of the parameters
considered in the postulated models had not been as ex-
treme as those envisaged : e.g., there is sedimentary and
faunistic evidence to suggest that the North Gondwana mar-
gin would not have been adjacent to the South Pole during
late Ashgill times as considered therein. According to the
paleogeographic reconstructions suggested by Beuf et al.
[1971], Robardet and Doré [1988], Brenchley ef al. [1991],
Paris and Robardet [1990] and Astini [1999], and also to
sedimentological and paleoecological evidence from the
remnants of the northern Gondwana margin [Vennin et al.,
1998], the late Ashgill South Pole would have been close to
the present Guinea Gulf, more than 2,000 km towards the
interior of emerged land. As a result, a model explaining the
fall of CO> levels even below those predicted in the experi-
ments of Gibbs et al. [1995, 1997] seems necessary.

Kump et al. [1999] proposed a new hypothesis suggest-
ing that an increment in silicate weathering during the late
Ordovician (related to the Taconic orogeny) was the main
cause of the long-term drawdown of atmospheric CO», di-
rectly inducing Hirnantian glaciation. The authors also ex-
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plain the &C positive excursion at the base of the
Hirnantian as a consequence of the weathering of carbonate
platforms during the Hirnantian sea-level lowstand. Never-
theless, the model fails to explain the end of the glaciation
since its forcing factor, the weathering after the orogeny,
presumably would have continued through the Silurian, as
Kump et al. [1999 : p. 184] themselves recognize. This is an
important limitation for the weatherability hypothesis since
geological evidence of global Silurian glaciations is absent.
Data from South America on the existence of Llandovery
diamictites [Grahn and Caputo, 1992 ; Grahn and Paris,
1992] could be better explained as the product of local
mountain glaciation according to Hambrey [1985, p. 282].
In addition, according to the ¥’Sr/*°Sr strong decrease from
the Cambrian to the Upper Ordovician rocks recorded by
Veizer et al. [1999], it can be concluded that mountain up-
lift and weathering decreased as well during the Ordovi-
cian, diminishing also plausibility of the weatherability
hypothesis by Kump et al. [1999].

If the coincidence of Hirnantian glaciation and high
levels of greenhouse gases seems a paradox, another further
perplexing phenomenon is the fact that glaciation suddenly
succeeded a climatic amelioration on the northern Gond-
wana margin, whose platforms are dispersed across south-
western Europe and North Africa. In this region, glaciation
took place immediately after deposition of disconnected
temperate bioclastic limestones and pelmatozoan-bryozoan
mud-mounds [Vennin ef al., 1998], of 0.1-300 m thick, and
overlying several thousand meters of Lower-Middle Ordovi-
cian siliciclastic sediments. The latter represent temperate
to cold environments which predominated during ca. 70 m.y.
and lack distinct episodes of carbonate production. In this
paper, we document and discuss evidence that the sharp
Ashgill climatic amelioration of the Mediterranean region
and the abrupt onset of a short glaciation period were di-
rectly related. A preliminary discussion of the proposed hy-
pothesis was presented in Villas et al. [2001].

OUTLINE OF THE GEOCHEMICAL CYCLE OF
CARBON

The burial of carbonate is well known as the most important
CO> sink on earth and responsible for about 80 % of the
carbon deposited on the ocean floor [Berner and Lasaga,
1989]. The carbon dioxide can be taken from the atmo-
sphere during the weathering of silicate rocks, a process in-
troduced by Berner et al. [1983], Berner and Lasaga [1989],
Berner [1991] and Berner and Kothavala [2001] in their
computer models of the geochemical carbon cycle as the
main carbon flux from the atmosphere to the ocean. This
process was also considered by Kump et al. [1999] as the
main forcing factor of glaciation. However, there is also a
direct flux of carbon from the atmosphere to the oceans by
means of CO» dissolution, producing bicarbonate ions and
eventually precipitation of carbonates [Bakwin, 1999]. The
concentration of dissolved CO; in seawater depends on the
partial pressure of CO; in air. The direct flux of carbon
from the atmosphere to the oceans is considered by far the
most important of all the fluxes of the natural carbon cycle
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[Holser et al., 1988 ; Faure, 1991 ; Tans, 1998]. As a result,
it can be supposed that a strong increment of carbonate sed-
imentation and subsequent burial would reduce the concen-
tration of bicarbonate ions in the seawater [CO2 + H2O +
CaCO3; — Ca’" + 2HCO5 ]. Subsequently, the lowering in
the concentration of bicarbonate ions will lower the concen-
tration of the dissolved carbon dioxide [CO; (aq) + H,O — H*
+ HCO3™, where CO» (aq) is the dissolved CO2]. Eventually,
more carbon dioxide will be taken from the atmosphere by
dissolution, until a new equilibrium dependent on the partial
pressure of CO; in air is reached, leading to a significant
impoverishment of that gas in the air.

According to the natural processes of the geochemical
carbon cycle, it is possible to evaluate the CO2 mass ex-
tracted from the ocean during a period of time, estimating
the mass of carbonate buried during that time in a similar
way to that followed by Budyko and Ronov [1979], Ronov
[1980] and Hay [1985] in their studies of the carbonate and
CO; accumulated during the whole Phanerozoic. In this
way, it can be directly tested if an extra-amount of carbon-
ates deposited during the late Ordovician can account for
the predicted lowering of atmospheric CO; levels during the
same epoch : from 14-18x present atmospheric level during
most of the Ordovician [Berner, 1994 ; Yapps and Poth,
1992 ; Berner and Kothavala, 2001] to 10x present atmo-
spheric level during the Hirnantian [Gibbs et al., 1997], or
even lower values.

THE LATE ORDOVICIAN CARBONATE
SEDIMENTATION

An important amount of carbonates were deposited during
late Ordovician times in some regions previously character-
ized by predominantly siliciclastic sedimentation and/or
emerged lands. If this extra-sedimentation of carbonates
(compared to the Ordovician average) was not accompanied
by an increment of the CO> degassing due to igneous and
metamorphic activities, the lowering in CO; that seemingly
accompanied the Hirnantian glaciation could broadly be es-
timated. This premise seems certainly adequate in view of
the decline in volcanic activity described for the late Ordo-
vician [Kump et al., 1995], after the important volcanic
outgassing associated with eruption of Caradoc bentonites
along the magmatic arc of eastern Laurentia [Huff et al.,
1992, 1993 ; Lavoie, 1995]. Although a global evaluation
of the whole Upper Ordovician carbonates recorded all over
the world is beyond the scope of this work, we can propose
a preliminary approximation by estimating the carbonate
mass deposited during that time span in two key regions
where the increment in carbonate sedimentation was partic-
ularly important : the northern Gondwana margin and
Laurentia. These two areas are considered as key represen-
tatives of the whole late Ordovician carbonate platforms,
but further global estimates of the total increment in car-
bonate sedimentation during this time span must be made to
test and refine the proposed model.

North Gondwana

A drastic change from siliciclastic to carbonate-dominated
sedimentation took place during earliest Ashgill times on
the platforms bordering the northern Gondwana margin,
which went on until the Hirnantian glacioeustatic drop. The
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thickness of these carbonates is generally not significant,
but their lateral distribution was important. The extent of
this carbonate platform is evidenced by the occurrences of
Ashgill bioclastic limestones and dolostones in the Iberian
Peninsula [Hafenrichter, 1979], the Armorican Massif
[Paris ef al., 1981], the southern Montagne Noire [Havlicek,
1981], Sardinia [Leone et al., 1991], the Carnic Alps
[Dullo, 1992 ; Schonlaub, 1988 ; Serpagli, 1967 ; Vai,
1971], Thuringia [Ferretti and Barnes, 1997 ; Kniipfer,
1967] and Libya [Bergstrom and Massa, 1991 ; Buttler and
Massa, 1996]. The lateral extent of the carbonate margin
suggested by these remnants would extend across more than
2,000 km. A N-S transect would reach at least 1,200 km,
considering its relics in Central Europe (southern Germany,
Carnic Alps) and North Africa (Libya), and even ignoring
the superposed Hercynian tectonic shortening. Thus, the to-
tal surface of the carbonate platform on the northern Gond-
wana margin can be estimated as 2.4 x10° km? as a
minimum.

The evaluation of the average thickness of carbonates
deposited on this margin is difficult as the thickness of the
sedimentary successions is extremely variable, and some of
those carbonates were totally eroded during the Hirnantian
low-stand (fig. 1). The lowest thickness corresponds to the
Kalkbank Limestone of Thuringia (Germany), which is only
0.1-0.4 m thick [Ferretti and Barnes, 1997 ; Kniipfer, 1967],
and the highest one to the Laquiana Limestone of
north-western Spain which reaches a thickness of up to
300 m [Pérez Estatin, 1978]. Between both extreme values,
thickness ranges from 10-100 m of the Djeffara Formation
in Libya [Buttler and Massa, 1996], nearly 60 m of lime-
stones of an unnamed unit overlying the Bryozoan Shales in
north-western Anatolia [Sayar, 1984], 6-20 m of the
Wolayer and Uggwa limestones in the Carnic Alps
[Schonlaub, 1998], up to 20 m of calcareous mudstones
with thin encrinitic and micritic limestone beds of the Punta
S’Argiola Member of the Domusnovas Formation [Ferretti
and Serpagli, 1991] and up to 50 m of marls and limestones
of the Tuviois Formation [Loi, 1993] in Sardinia, more than
7 m of massive bioclastic limestones at the top of the Rosan
Formation in the Armorican Massif [Paris et al., 1981], and
up to 50 m of bioclastic limestones changing laterally into
12-25 m of marls and limestones in northeastern Spain
[Hammann, 1992 ; Vennin et al., 1998]. According to these
greatly variable thicknesses, an average thickness for the
complete carbonate deposits can be estimated to be at least
10 m. This estimate is very conservative considering the
thicknesses listed above, but it is adequate because some
carbonates display incomplete mixtures with siliciclastic
sediments.

According to the evaluation of the extent of the North
Gondwana platforms (2.4 x 10° km?), and the estimated av-
erage of the carbonate thickness (10 m), the approached to-
tal volume of pure carbonate accumulated in the region
during the pre-Hirnantian Ashgill would be 24 x10'? m?.
Considering the mean density of limestones, 2,550 kg/m’
[Telford et al., 1990], the mass of the total carbonate vol-
ume would be about 60 x 10" kg. In this estimate the fact
that some of the original limestones were transformed into
dolostones during the glacioeustatic Hirnantian fall or sub-
sequent hydrotermal processes during the Hercynian and
Alpine orogenies is ignored. The changes of volume in the
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FIG. 1. — Suggested correlation of the Ashgill limestone units from selected regions of the northern Gondwana platforms, based on original stratigraphic
columns by Paris e al. [1981] and Mélou [1987] (1), Robardet and Doré [1988] (2), Gutiérrez-Marco et al. [2002] (3), Vennin et al. [1998] and Gutiér-
rez-Marco et al. [2002] (4), Buttler and Massa [1996] (5), Leone ef al. [1991] (6), Schonlaub [1998] (7), and Ferretti and Barnes [1997] (8).

FIG. 1. — Proposition de corrélation des unités calcaires d’dge ashgill a partir de différents domaines choisis sur la partie nord de la plate-forme gondwa-
nienne et basée sur les travaux de stratigraphie de Paris et al. [1981] et Mélou [1987] (1), Robardet et Doré [1988] (2), Guttiérrez-Marco et al. [2002]
(3), Vennin et al. [1998] and Guttiérez-Marco et al. [2002] (4), Buttler et Massa [1996] (5), Leone et al. [1991] (6), Schonlaub [1998] (7), et Ferretti et

Barnes [1997] (8).

original limestones due to these processes would have been
minimal and are not considered in the above estimates.

Although the weathering process of silicates is not re-
garded herein as the main CO; sink during the late Ordovi-
cian, the reactions below which describe this process are
useful to calculate the equivalence between the mass of at-
mospheric CO> and the mass of sedimented carbonates

CaSiO; + CO, — CaCO; + SiO; [1]
MgSiO; + CO; — MgCO3+ SiO, (2]

Applying stoichiometry, a mass of 440 gr of CO> corre-
sponds to 1,000 gr of CaCOs.

According to the above calculations, a minimum CO»
mass of 26 x 10" kg (59 x 10'® mol) buried in the northern
Gondwana platforms during Ashgill times due to carbonate
sedimentation can be estimated. This is about 10 times the
present mass of CO; in the atmosphere reported as 2.43 x
10 kg (5.5 x 10'6 mol) by Khalil [1999]. Thus, despite the
reduced estimated surface of the northern Gondwana car-
bonate margin and the conservative estimate of the average
carbonate thickness, the CO; mass buried during the
pre-Hirnantian Ashgill reaches a remarkable magnitude,
enough to be considered when analyzing a possible late Or-
dovician alteration of the carbon cycle.
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Laurentia

Laurentia is another site where a sudden change from
siliciclastic to carbonate sedimentation took place during
the late Ordovician and, as suggested below, could have fa-
voured a sharp increase in carbonate sedimentation. The
sedimentary turnover coincided with the highstand sea-level
patterns that flooded the North American cratonic plat-
forms, reported as the most extensive flooding event re-
corded in the Paleozoic for North America [Ross and Ross,
1995]. Much of those deposits, Cincinnatian (late Caradoc-
Ashgill) in age, consist of dolostones, especially across
widespread areas of the Canadian Shield, which completely
covered the Transcontinental Arch [Ross, 1976].

The extraordinary transgression that started in the
Mohawkian but reached its maximum in the Cincinnatian
permitted that, at least, a surface of 6.5 x 10® km? changed
from being emerged or under siliciclastic sedimentation
during the Mid Ordovician to a continuous carbonate pro-
ductivity leading to thick successions of dolostones and
limestones [see correlation chart by Ross et al., 1982]. This
surface has been estimated according to the paleo-
enviromental maps of Ross [1976] and Elias [1991]. How-
ever, the Laurentian carbonate surface could even be 50 %
larger as these authors did not include in their studies the
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Canadian Arctic and Greenland, which also suffered the
Cincinnatian transgression [Jin, 1999]. Nevertheless, we
prefer to make a conservative estimate because, during the
highstand, some regions previously under carbonate sedi-
mentation, as those peripheral to the North American
craton, changed into siliciclastic sedimentation. This is also
true for the Quebec Basin, affected by the Queenston delta
complex, related to the Taconic Orogeny [Barnes et al.,
1981]. The areal loss of carbonate production in the periph-
eral sites would approximately compensate the
infravaloration of areal increment of carbonate sedimenta-
tion on the craton. Obviously, more precise estimates of this
areal increment will allow refining the evaluation on the ex-
tra-burial of CO» presented below.

The thicknesses of the Cincinnatian carbonate succes-
sions from North America are much higher than those re-
ported above for the northern Gondwana Ashgill. Most of
the pre-Hirnantian Cincinnatian reference successions
across North America are thicker than 100 m: e.g., the
Hanson Creek Formation in Nevada [166 m thick ;
Merriam, 1940], the Ely Spring Dolomite in Nevada and
Utah [150 m thick ; Droser and Sheehan, 1995], the Drakes
and Ashlock Formations in central Kentucky [more than
120 m thick ; Weir ef al., 1984], the Red River and Stony
Mountain Formations in the Willinston Basin (more than
180 m thick), the Montoya Group in southern New Mexico
and westernmost Texas (130 m thick), and the Beaverfoot
Formation in British Columbia and Alberta (120 m thick)
[Elias, 1991]. Thus, an average thickness for the
pre-Hirnantian Cincinnatian carbonates on the North Ameri-
can craton of at least 100 m can be estimated. According to
the above estimate of surface (6.5 x 10° km?), the total vol-
ume of carbonates would reach at least 650 x 10'2 m?>.

Simplifying the problem, we consider that limestones
and dolostones were in about equal proportions within
that carbonate volume. Considering also a density of
2,630 kg/m> for the mixture of dolostone + limestone [Tel-
ford et al., 1990], a total mass for those carbonates of 1,710
x 10" kg can be calculated. Following the stoichiometric
laws, the molecular weights of both CO; and of a mixture of
CaCO3 + MgCOs, and considering the above reactions [1]
and [2], 48 % of that carbonate mass (816 x 10! kg = 18.5
x10"® mol) may represent the CO, mass buried on the
Laurentia epicontinental seas during the Cincinnatian. This
extra-burial of CO», equivalent to about 335 times the pres-
ent values of atmospheric CO2, and much more important
than the estimated burial for the northern Gondwana plat-
forms during the pre-Hirnantian Ashgill, should have
greatly altered the equilibrium between the CO» dissolved
in the oceans and the partial pressure of CO in the air,
eventually causing an important reduction of the latter.

THE FORCING FACTORS OF THE CARBONATE
SEDIMENTATION ENHANCEMENT

Even accepting that the main sink of the atmospheric CO2,
which eventually induced the Hirnantian glaciation, is re-
presented by the Upper Ordovician carbonate rocks of
North Gondwana and Laurentia, it is still necessary to iden-
tify the forcing factors that conditioned such an important
change in sedimentation patterns. Although a precise analy-
sis of these factors is not intended here, we describe a possi-
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ble scenario interrelating different phenomena that eventu-
ally led to the optimal environmental conditions for the sed-
imentation of an important carbonate mass in a short time
interval.

The late Ordovician transgression

It is implicit in the proposed model that the early
Cincinnatian transgression that flooded the North American
craton was one of the main forcing factors. The transgres-
sion, which started during the early Caradoc and progressed
until the well-established Hirnantian fall of the sea level, is
globally recognized in different paleocontinents, such as
Baltica, Laurentia and Gondwana [see a summary in
Brenchley et al., 1994]. The transgression could mainly be
related to increments in plate accretion, since there is no ev-
idence of Middle Ordovician continental ice caps responsi-
ble for a subsequent sea-level rise under warming
conditions. The main effects of the sea-level rise can be rec-
ognized in the lower Ashgill deposits of North Gondwana
as the beginning of an important carbonate productivity, and
the generalized immigration of subtropical faunas
[Havlicek, 1981 ; Villas, 1985 ; Hammann, 1992].

The latitudinal position of the North Gondwana plat-
forms

The widely admitted equatorial location of Laurentia during
the Ordovician accounts for the optimal temperature condi-
tions for carbonate deposition. In addition, the latitudinal
position of the northern Gondwana platforms should also
have been adequate for carbonate sedimentation (fig. 2).
The facial features of the limestones described by
Hafenrichter [1979], Dullo [1992] and Vennin et al. [1998]
can hardly be understood in latitudinal positions close to
80° S, as suggested by some paleogeographic reconstruc-
tions [Scotese and McKerrow, 1990]. A high-latitude set-
ting fits in well with siliciclastic sedimentation and
low-diverse faunistic associations that thrived in the region
during early and mid Ordovician times, but contrast with
the development of carbonate sedimentation. According to
an actualistic oceanographic configuration, a latitude up to
50° S for the northern Gondwana platforms would make the
arrival of warm subequatorial currents possible. But the lati-
tude could have been even lower than this, considering that
a faster spinning earth during the Ordovician would have
generated a displacement toward the equator of subtropical
high-pressure and temperate low-pressure zones, affecting
the course of the oceanic currents [Christiansen and Stouge,
1999].

A continental mass placed at intermediate latitudes, to
the northwest of the northern Gondwana margin, could have
deflected southward the South Equatorial current, enabling
it to reach the margin. The envisaged paleogeographic re-
construction strongly resembles the present geography of
the South Pacific, where Australia deflects the warm South
Equatorial current towards New Zealand [Nelson et al.,
1988 ; Whalen, 1995]. This deflection leads to the present
sedimentation of briomol/bryonoderm-type, non-tropical
limestones on the shelf surrounding these islands at lati-
tudes 45-50° S [Nelson et al., 1988] and has contributed ep-
isodically to warm and wet conditions in southern Australia
and New Zealand [McGowran et al., 1997]. The continental
mass that could have deflected an equivalent South Equato-
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FIG. 2. — Distribution of the major carbonate platforms during the late
Ordovician (ca. 445 Ma.) in the southern hemisphere. Palaeogeographic
map according to reconstructions of Ross [1976], Erdtmann [1982], Neu-
man and Harper [1992], Vennin et al. [1998] and Gutiérrez-Marco et al.
[2002].

FIG. 2. — Répartition des principales plates-formes carbonatées au cours
de I’Ordovicien terminal (445 Ma) dans |’hémisphére sud. Carte paléogéo-
graphique selon les reconstitutions de Ross [1976], Erdtmann [1982],
Neuman et Harper [1992], Vennin et al. [1998] et Guttiérrez-Marco et al.
[2002].

rial current during Ashgill times toward North Gondwana
could be identified as Baltica, after the accretion of
Avalonia. Warm subtropical ocean waters, generated in
sub-equatorial latitudes, would flow southward along the
eastern coasts of Baltica and, therefore, its supposed
subequatorial position could well have enabled it to play the
oceanographic role of the present Australia (fig. 2). The
proposed deflection of a warm current towards the northern
Gondwana margin would simultaneously account for the
sudden and massive immigration of a distinct benthic fauna
previously restricted to Baltica and Laurentia [Hammann,
1992], such as the brachiopod Nicolella community
[Havlicek, 1981].

The increase in oceanic circulation and nutrient input

An adequate influx of nutrients is an important ecological
control over the proliferation of life and carbonate produc-
tivity in the oceans [Hallock et al., 1988]. Calcium and
magnesium are among the most important elements control-
ling the deposition of late Ordovician carbonates.
Upwelling of waters saturated in CaCO3 and rich in nutri-
ents increases the rate of carbonate production and pre-
serves cold-water carbonates [Prasada Rao, 1981]. Such an
increment in the influx of nutrients was suggested by
Brenchley et al. [1994] for the early Hirnantian, as a result
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of an increase in the circulation of cold bottom waters and
upwelling. However, even accepting the general model pro-
posed by these authors, the precise timing can be discussed
and the process anticipated. According to Wilde [1991], the
Upper Ordovician upwelling would have been promoted by
the development of sea ice that initiated cold down-welling
currents in the polar region. This author relates the enhance-
ment of oceanic circulation with the known facies succes-
sion in Dob’s Linn (Scotland), pointing out the sedimentary
change from anoxic black shales during pre-Ashgill times
to more oxidized muds during the late Ordovician. Accord-
ingly, in this peripheral site of the tropical Laurentia, the
ventilation of middle depths by vertical advection would
have been initiated in Ashgill times, coinciding with the
first deposits of the lower Ashgill Upper Hartfell Shale [the
complanatus biozone, Barnes and Williams, 1988]. The
strong increment of oceanic circulation is also recognized
during early Ashgill in the North Gondwana margin with
the record of carbonate sedimentation. The large volumes of
organic matter that must have accompanied the enhance-
ment of oceanic circulation and biogenic carbonate produc-
tion were not buried in this region ; neither do they appear
to be an important part of the preserved early Ashgill global
sedimentary record. Consequently, their contribution to a
long-term drawdown of CO; during this period, in compari-
son with that of the carbonate sedimentation CO> sink, must
have been small.

THE EMERSION OF THE CARBONATE
PLATFORMS AND THE END OF THE
GLACIATION

The proposed model, relating the Hirnantian glaciation to
the CO; sink on widespread Ashgill carbonate platforms,
carries an implicit mechanism eventually marking the end
of the glaciation after a short time-span. The glacioeustatic
lowering of the sea level during glaciation made the sea re-
treat from the platforms, stopping carbonate sedimentation
and closing the CO; sink. In fact, the glacioeustatic lower-
ing of the sea level and the closing of the carbonate sedi-
mentation CO; sink are so intimately related that the
described mechanism would never have triggered a steadily
progressing glaciation. If the CO» sink caused by carbonate
sedimentation and the concomitant lowering of temperature
were lineally correlated with ice cap growth and
glacioeustatic sea-lowering, both phenomena would be mu-
tually controlled and glaciation could never have progressed
in this way. However, the model works if both phenomena
were not lineally correlated and the temperature lowered
very quickly after attaining a certain CO; threshold [as sug-
gested by Gibbs et al., 1997], triggering the quick growth of
the ice cap.

Once the ice cap started to grow and the global regres-
sion to advance, a second CO> sink would have started to
function, feeding back the glaciation and making it progress
more rapidly. The second sink would be related to the
weathering of carbonates, previously deposited, which were
emerging with the global regression. This CO; sink was al-
ready envisaged by Kump et al. [1999] among other posi-
tive feed-backs of the Hirnantian glaciation. The emersion
that led to the weathering and karstification of the carbonate
platforms is well known from different paleocontinents
[Carls, 1975 ; Brenchley and Newall, 1980]. The weather-
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FIG. 3 — Upper Ordovician succession in the Iberian Chains (NE Spain), with environmental, oceanographic, climatic and atmospheric interpretations. The
relative sea level curve responds in general to global eustatic fluctuations, but is also affected by isostatic phenomena of the northern Gondwana margin.

FIG. 3. — Succession de ['Ordovicien supérieur dans les Chaines ibériques (NE Espagne), et interprétations environnementales, océanographiques, clima-
tiques et atmosphériques. La courbe de variations relatives du niveau marin répond en général a des fluctuations eustatiques mais est également affectée

par des phénomenes isostatiques sur la marge nord du Gondwana.

ing of carbonate works only as a short-term CO» sink
[Berner and Lasaga, 1989], but it would have been enough
to enhance the CO» uptake during the early Hirnantian
when the platforms began to emerge, accelerating the glaci-
ation. As the glaciation advanced, this enhancement of car-
bonate weathering would have decreased with the fall of the
average temperatures and of the atmospheric partial pres-
sure of CO», also decreasing its importance as a CO» sink.

Finally, with the carbonate sedimentation CO> sink al-
most totally closed due to the glacio-eustatic regression and
the carbonate weathering CO> sink attenuated, volcanic and
metamorphic CO> degassing would have equalled and sur-
passed the atmospheric CO> uptake, allowing a recovery of
pre-glacial CO; levels, the raising of average temperatures,
and the melting of the ice-cap. After this melting, oceanic
circulation did not recover pre-Hirnantian Ashgill strength,
resulting in a strong stratification of ocean waters and pre-
cluding the recovery of the extensive carbonate deposition.

On the other hand, the 8"°C strong positive shift during
the early Hirnantian was interpreted by Brenchley et al.
[1994] as a consequence of a sudden increment in produc-
tivity and/or sedimentation of organic carbon. Certainly,
burying of this supposedly increased mass of organic car-
bon would have been necessary to account for a long-term
alteration in the carbon cycle. However, the Hirnantian
stratigraphic record is not especially characterized by high
organic carbon contents. Although positive shifts in 8'3C
are usually related to increments in production and burial of
organic carbon, the early Hirnantian shift has been inter-

preted as the expected response to increased rates of car-
bonate-platform weathering during glacioeustatic sea-level
lowstands [Kump et al., 1999], an interpretation accepted
herein. Finney et al. [1999] also explain the early
Hirnantian positive shift in 8'°C as the result of glaciation
and sea level fall. The carbon isotope fractionations associ-
ated with the precipitation of carbonate are small, but can
raise the 8'°C of carbonates about 1 per mil above that of
the dissolved HCO3™ [Karhu, 1999]. The weathering and
dissolution of the widespread carbonate platforms that
emerged during the Hirnantian glacioeustatic event would
have relatively enriched the marine shallow waters in '°C.
This would ultimately have influenced the 8'°C of the ma-
rine carbonates [as those analyzed by Kump ef al., 1999 ;
Kaljo et al., 1999, 2001], as well as the 8">C of the calcite
shells of the organisms thriving in those environments, as
displayed by the Hirnantian brachiopods analyzed by
Brenchley ef al. [1994]. The synchronous rise in both oxy-
gen and carbon isotope curves [Brenchley et al., 1994 ;
Heath et al., 1998] supports the above explanation, since ice
growth is also expected to be synchronous with sea-level
lowering and the start of the weathering of carbonate plat-
forms.

DISCUSSION AND CONCLUSIONS

A model relating the sharp Ashgill climatic amelioration re-
ported in the Mediterranean region (related to broad carbon-
ate deposition) and the abrupt onset of a short glaciation
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episode is proposed in this paper (see fig. 3). The onset of
the latter is explained as a result of the accumulation of
great volumes of carbonates during the pre-Hirnantian late
Ordovician, in regions where these deposits were previously
absent. These carbonates are considered as the sink of the
atmospheric CO;, which was extracted from the late Ordo-
vician atmosphere, causing a remarkable lowering of its
values at the beginning of the Hirnantian. This model fol-
lows Brenchley et al. [1994] in considering that the
Hirnantian glaciation was intimately related to changes in
the carbon cycle, but differs from these authors in the sink
considered for the atmospheric CO>. Brenchley ef al. [1994]
proposed an earliest Hirnantian increment in production
and/or sedimentation rates of organic carbon as the major
sink for the atmospheric CO». In contrast, an alternative hy-
pothesis is proposed herein, in which the main sink for the
atmospheric CO2 would be the carbonate sedimentation
throughout the pre-Hirnantian late Ordovician. The esti-
mated mass of CO; buried in the Laurentia and the northern
Gondwana platforms during the pre-Hirnantian late Ordovi-
cian, nearly 350 times the present values of atmospheric
CO», is important enough to have greatly altered the equilib-
rium between the CO» dissolved in the oceans and the par-
tial pressure of CO; in the air, eventually causing an
important reduction of the latter.

The new hypothesis on the triggering factor of the
Hirnantian glaciation agrees with that by Kump et al.
[1999] on the timing of the forced extraction of atmospheric
COg, shifting it from the early Hirnantian to late Caradoc-
early Ashgill times, although it radically changes the main
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CO2 sink from silicate weathering to carbonate sedimenta-
tion. While the weatherability hypothesis of Kump et al.
[1999] fails to explain the end of the glaciation, since the
corresponding CO; sink presumably would have remained
open throughout the Lower Silurian, the new carbonate sed-
imentation hypothesis offers a simple explanation for the
end of the glaciation. The glacioeustatic lowering of the sea
level, concomitant with the glaciation, would have stopped
the extra sedimentation of carbonate due to the retreat of the
oceans from the platforms, closing this CO2 sink simulta-
neously with the development of the ice cap. The pre-gla-
cial CO; levels would then have been recovered, due to the
volcanic and metamorphic CO» outgassing. After the subse-
quent melting of the ice cap, the oceanic circulation did not
recover the pre-Hirnantian Ashgill strength, resulting in a
strong stratification of ocean waters and precluding the re-
covery of an extensive carbonate deposition.

Further studies should analyze the forcing factors and
the timing of the development of coastal ice on the northern
Gondwana platform across the Caradoc-Ashgill transition,
since this seems to have triggered the increase in oceanic
circulation that greatly enhanced the Ashgill carbonate sedi-
mentation.

Acknowledgements. — Thanks are due to Juan Mandado Collado (Zaragoza
University) for fruitful discussions and Emma Hammann for English cor-
rection. Assistance in the production of figures was provided by Isabel Pé-
rez Urresti and library assistance by Roberto Soriano Garcia. Florentin
Paris and an anonymous reviewer provided referee comments on the origi-
nal manuscript. This work benefited from their remarks. This paper is a
contribution to the projects 31PRO/00 of the AECI, PB98-1625 of the
DGESIC, and 410 and 421 of the IGCP.

References

ASTINI R. (1999). — The late Ordovician glaciation in the Proto-Andean
margin of Gondwana revisited : geodynamic implications. —
Acta Univ. Carolinae-Geologica, 43 (1/12), 171-173.

BAKWIN P.S. (1999). — Carbon Cycle. /n : C.P. MARSHALL & R.W. FAIRBRIDGE
Eds., Encyclopedia of geochemistry. — Kluwer Academic Pu-
blishers, Boston, 65-67.

BARNES C.R., NORFORD B.S. & SKEVINGTON D. (1981). — The Ordovician
System in Canada. Correlation chart and explanatory notes. —
Internat. Union Geol. Sci. Publ. 8, 1-27.

BARNES C.R. & WiLLiaMs S.H. (1988). — Conodonts from the Ordovi-
cian-Silurian boundary stratotype, Dob’s Linn, Scotland. In :
L.R.M. Cocks & R.B. RickARDs Eds., A global analysis of the
Ordovician-Silurian boundary. — Bull. Br. Mus. nat. Hist.
(Geol.), 43, 31-39.

BERNER R. A. (1990). — Atmospheric carbon dioxide levels over Phanero-
zoic time. — Science, 249, 1382-1386.

BERNER R.A. (1991). — A model for atmospheric CO; over Phanerozoic
time. — Am. J. Sci., 291, 339-376.

BERNER R.A. (1992). — Palaeo-CO> and climate. — Nature, 358, 114.

BERNER R.A. (1994). — GEOCARB II: a revised model of atmospheric
CO3 over Phanerozoic time. — Am. J. Sci., 294, 56-91.

BERNER R.A. & KOTHAVALA Z. (2001). — GEOCARB III : a revised model
of atmospheric CO2 over Phanerozoic time. — Am. J. Sci., 301,
182-204.

BERNER R.A. & LasaGa A.C. (1989). — Modeling the geochemical carbon
cycle. — Scientific American, march, 74-81.

BERNER R.A., LASAGA A.C. & GARRELS R.M. (1983). — The carbonate-sili-
cate geochemical cycle and its effect on atmospheric carbon
dioxide over the past 100 million years. — Am. J. Sci., 283,
641-683.

Bull. Soc. géol. Fr., 2002, n° 6

BERGSTROM S.M. & Massa D. (1991). — Stratigraphic and biogeographic
significance of Upper Ordovician conodonts from northwestern
Libya. /n : M.J. SALEM, M.T. BUSREWIL & A.M. BEN ASHOUR
Eds., The geology of Libya. — Elsevier, Amsterdam, 1323-1342.

BEeur S., Buu-DuvaL B., DE CHARPAL O., ROGNON P., GARIEL O. & BENNA-
CEF A. (1971). — Les gres du Paléozoique inférieur au Sahara.
Sédimentation et discontinuités. — Evolution structurale d’un
craton. — Publ. Inst. Fr. Pétrole, 18, 464 p.

BRENCHLEY P.J., MARSHALL J.D., CARDEN G.A.F., RoBErRTSON D.B.R.,
LonG D.G.F., MEIDLA T., HINTS L. & ANDERSON T. F. (1994). —
Bathymetric and isotopic evidence for a short-lived late Ordovi-
cian glaciation in a greenhouse period. — Geology, 22, 295-298.

BRENCHLEY P.J. & NEWALL. G. (1980). — A facies analysis of the Upper
Ordovician regressive sequences in the Oslo region, Norway — A
record of glacio-eustatic change. — Palaeogeogr., Palaeoclima-
tol., Palaeoecol., 31, 1-38.

BRENCHLEY P. J., RomMaNO M., YOUNG T.P. & STORCH P. (1991). — Hirnan-
tian glaciomarine diamictites — evidence for the spread of gla-
ciation and its effect on Upper Ordovician faunas. /n: C.R.
BARNEs & S.H. WiLLiaMs Eds., Advances in Ordovician geolo-
gy. — Geol. Surv. Canada Paper, 90-9, 325-336.

Bubpyko M.I. & RoNov A.B. (1979). — Chemical evolution of the atmos-
phere in the Phanerozoic (in Russian). — Geokhimiya, 5,
643-653. (Geochem. Int., Eng. Transl, 15, 1-9, 1979).

BUTTLER C. & MassA D. (1996). — Late Ordovician bryozoans from carbo-
nate buildups, Tripolitania, Libya. /n: D.P. GORDON, A.M.
SMiTH & J.A. GRANT-MACKIE Eds., Bryozoans in space and
time. — Proceedings of the 10" International Bryozoology confe-
rence, Wellington, New Zealand, 1995. — National Institute of
Water & Atmospheric Research Ltd, Wellington, 63-68.



LATE ORDOVICIAN SEDIMENTATION IN THE HIRNANTIAN GLACIATION

CARLS P. (1975). — The Ordovician of the eastern Iberian Chains near Fom-
buena and Luesma (Prov. Zaragoza, Spain). — Neues Jahrb.
Geol. Paldontol., Abhandlungen, 150, 127-146.

CHRISTIANSEN J.L. & STOUGE S. (1999). — Oceanic circulation as an ele-
ment in palaeogeographical reconstructions : the Arenig (early
Ordovician as an example). — Terra Nova, 11, 73-78.

CROWLEY T.J. & BAuM S.K. (1991). — Towards reconciliation of late Ordo-
vician (~440 Ma) glaciation with very high (14x) CO; levels. —
J. Geophys. Res., 96, 597-610.

CrowLEY T.J. & Baum S.K. (1995). — Reconciling late Ordovician
(440 Ma) glaciation with very high (14x) CO; levels. — J. Geo-
phys. Res., 100 (D1), 1093-1101.

DROSER M.L. & SHEEHAN P.M. (1995). — Paleoecology of the Ordovician
radiation and the late Ordovician extinction event: Evidence
from the Great Basin. /n : J.D. CooPErR Ed., Ordovician of the
Great Basin. — Fieldtrip Guidebook and Volume for the Seventh
International Symposium on the Ordovician System. — The Paci-
fic Section Society for Sedimentary Geology, Fullerton, 63-106.

Durro W.C. (1992). — Mikrofazies und Diagenese der oberordovizischen
Cystoideen-Kalke (Wolayerkalk) und ihrer Schuttfazies
(Uggwakalk) in den Karnischen Alpen. — Jahrb. Geol. Bund.
135, 317-333.

Erias R.J. (1991). — Environmental cycles and bioevents in the Upper
Ordovician Red river-Stony Mountain solitary rugose coral pro-
vince of North America. /n: C.R. BARNES & S.H. WILLIAMS
Eds., Advances in Ordovician geology. — Geol. Surv. Canada
Paper, 90-9, 205-212.

ERDTMANN B.D. (1982). — Palacobiogeography and environments of plank-
tic dictyonemid graptolites during the earliest Ordovician. —
Nat. Mus. Wales, Geol. Ser., 3, 9-27.

FAURE G. (1991 ). — Principles and applications of inorganic geochemistry.
— MacMillan Publishing Company, New York, 626 p.

FERRETTI A. & BARNES C.R. (1997). — Upper Ordovician conodonts from
the Kalkbank Limestone of Thuringia, Germany. — Palaeontolo-
gy, 40 (1), 15-42.

FERRETTI A. & SERPGAGLI E. (1991). — First record of Ordovician cono-
donts from southwestern Sardinia. — Riv. It. Paleont. Strat., 97
(1), 27-34.

FINNEY S.C., BERRY W.B.N., CoopPER J.D., RipPERDAN R.L., SWEET W.C.,
JACOBSON S.R., SOUFIANE A., ACHAB A. & NOBLE P.J. (1999). —
Late Ordovician mass extinction : A new perspective from stra-
tigraphic sections in central Nevada. — Geology, 27, 215-218.

GiBBs M.T., BARRON E.J., CROWLEY T.J. & Kump L.R. (1995). — Model
sensitivity of the late Ordovician climate to atmospheric pCOx.
In : 1.D. CoOPER, M.L. DROSER & S.C. FINNEY Eds., Ordovician
Odyssey. — Short Papers for the 7" Int. Symp. Ordovician Sys-
tem. — Pacific Section, Society for Sedimentary Geology, Fuller-
ton, CA, 297-298.

GiBBs M.T., BARRON E. J. & Kump L.R. (1997). — An atmospheric pCO>
threshold for glaciation in the late Ordovician. — Geology, 25
(5), 447-450.

GRAHN Y. & CAPUTO M.V. (1992). — Early Silurian glaciations in Brazil. —
Palaeogeogr., Palaeoclimatol., Palaeoecol., 99, 9-15.

GRAHN Y. & Paris F. (1992). — Age and correlation of the Trombetas
Group, Amazonas Basin, Brazil. — Rev. Micropal., 35(3),
197-209.

GUTIERREZ-MARCO J.C., ROBARDET M., RABANO I., SARMIENTO G.N., SAN
Jost LANCHA M.A., HERRANZ ARAUJO P. & PIEREN PIDAL A.P.
(2002). — Ordovician. /n : T. MORENO & W. GIBBONS Eds., The
geology of Spain. — Geol. Soc. Spec. Publ., London (in press).

HAFENRICHTER M. (1979). — Palidontologisch-Okologische und Lithofa-
zielle Untersuchungen des “Ashgill-Kalkes” (Jungordovizium)
in Spanien. — Arb. Paldontol. Inst. Wiirzburg, 3, 139 p.

Harrock P., HINE A.C., VARGO G.A., ELROD J.A. & Jaap W.C. (1988). —
Platforms of the Nicaraguan rise : examples of the sensitivity of
carbonate sedimentation to excess trophic resources. — Geology,
16, 1104-1107.

HAMBREY M.J. (1985). — The late Ordovician-Silurian glacial period. — Pa-
laeogeogr., Palaeoclimatol., Palaeoecol., 51, 273-289.

HAMMANN W. (1992). — The Ordovician trilobites from the Iberian Chains
in the province of Aragén, NE-Spain. The trilobites of the Cys-
toid Limestone (Ashgill Series). — Beringeria, 6, 219 p.

HAVLICEK V. (1981). — Upper Ordovician brachiopods from the Montagne
Noire. — Palaeontolographica, Abt. A, 176, 1-34.

577

Hay W.W. (1985). — Potential errors in estimates of carbonate rock accu-
mulating through geologic time. /n: E.T. SubqQuisT & W.S.
BROECKER Eds., The carbon cycle and atmospheric CO> : natural
variations Archean to Present. — Geophys. Monograph, 32,
573-584.

HEATH R.J., BRENCHLEY P.J. & MARSHALL J.D. (1998). — Early Silurian car-
bon and oxygen stable-isotope stratigraphy of Estonia : implica-
tions for climatic change. /n : E. LANDIN & M.E. JouNnsoN Eds.,
Silurian cycles : linkages of dynamic stratigraphy with atmos-
pheric, oceanic and tectonic change. — New York State Museum
Bull., 491, 313-327.

HoLseEr W.T., SCHIDLOWSKI M., MACKENZIE F.T. & MAYNARD J.B. (1988). —
Geochemical cycles of carbon and sulfur. /n: C.B. GREGOR,
R.M. GARRELS., F.T. MACKENZIE & J.B. MAYNARD Eds., Chemi-
cal cycles in the evolution of the Earth. — John Wiley & Sons,
New York, 105-173.

Hurr W.D., BERGSTROM S.M. & KorATA D.R. (1992). — Gigantic Ordovi-
cian volcanic ash fall in North America and Europe : Biological,
tectono-magmatic, and event-stratigraphic significance. — Geo-
logy, 20, 875-878.

Hurr W.D., KoLATA D.R. & BERGSTROM S.M. (1993). — Possible climatic
impact of the Middle Ordovician Millbrig-Big Bentonite ultra-
plinian volcanic eruption. — Geol. Soc. Amer., Northeastern Sec-
tion, Abstr. with Progr., 25, 25.

JIN J. (1999). — Evolution and extinction of the late Ordovician epiconti-
nental brachiopod fauna of North America. — Acta Univ. Caro-
linae-Geologica, 43 (1/2), 203-206.

Kavio D., HINTs L., HINTS O., MARTMA T. & NOLVAK J. (1999). — Carbon
isotope excursions and coeval environmental and biotic changes
in the late Caradoc and Ashgill of Estonia. — Acta Univ. Caro-
linae-Geologica, 43 (1/2), 507-510.

Kario D., HINTS L., MARTMA T. & NOLvVAK J. (2001). — Carbon isotope
stratigraphy in the latest Ordovician of Estonia. — Chem. Geol.,
175, 45-59.

KARHU J. (1999). — Carbon isotopes. /n : MARSHALL C.P. & FAIRBRIDGE
R.W. Eds., Encyclopedia of geochemistry. — Kluwer Academic
Publishers, Boston, 67-72.

KHALIL MLA K. (1999). — Earth atmosphere. /n : C.P. MARSHALL & R.W.
FAIRBRIDGE Eds., Encyclopedia of geochemistry. — Kluwer Aca-
demic Publishers, Dordrecht, 143-145.

KNUPFER J. (1967). — Zur Fauna und Biostratigraphie des Ordoviziums
(Grifenthaler Schichten) in Thiiringen. — Freib. Forschung.,
C 220, Paldontologie, 119 p.

Kump L.R., ARTHUR M.A., PATzowsky M.E., GiBBs M.T., PiNnkus D.S. &
SHEEHAN P.M. (1999). — A weathering hypothesis for glaciation
at high atmospheric pCO; during the late Ordovician. — Palaeo-
geogr., Palaeoclimatol., Palaeoecol., 152, 173-187.

Kump L.R., GiBBS M.T., ARTHUR M.A., PATZKOWSKY M.E., SHEEHAN P.M.
(1995). — Hirnantian glaciation and the carbon cycle. In : J.D.
COOPER., M.L. DROSER & S.C. FINNEY Eds., Ordovician odys-
sey. — Short Papers for the 7 Int. Symp. Ordovician System. —
Pacific Section, Society for Sedimentary Geology, Fullerton,
CA, 299-302.

Lavolik D. (1995). — A late Ordovician high-energy temperate-water carbo-
nate ramp, southern Quebec, Canada: implications for late
Ordovician oceanography. — Sedimentology, 42, 95-116.

LEONE F., HAMMANN W., LASKE R., SERPAGLI E. & ViLLaAs E. (1991). — Li-
thostratigraphic units and biostratigraphy of the post-sardic
Ordovician sequence in southwestern sardinia. — Boll. Soc. Pa-
leont. Ital., 30 (2), 201-235.

Lor A. (1993). — Sedimentological-petrographical study and paleogeogra-
phical approach of the Upper Ordovician of the central southern
Sardinia. — Eur. J. Min. “Plinius”, 9, 81-86.

MARSHALL J.D. & MIDDLETON P.D. (1990). — Changes in marine isotopic
composition and the late Ordovician glaciation. — J. Geol. Soc.
London, 147, 1-4.

McGowRAN B., QianYu L1 & Moss G. (1997). — The Cenozoic neritic re-
cord in southern Australia : the biogeohistorical framework. —
SEPM, Spec. Publ., 56, 185-204.

MELou M. (1987). — Découverte de Hirnantia sagittifera (M’Coy, 1851)
(Orthida, Brachiopoda) dans I’Ordovicien supérieur (Ashgillien)
de I’extrémité occidentale du Massif armoricain. — Geobios, 20
(5), 679-685.

Bull. Soc. géol. Fr., 2002, n° 6



578

MERRIAM C. W. (1940). — Devonian stratigraphy and paleontology of the
Roberts Mountains Region, Nevada. — Geol. Soc. Amer. Spec.
Pap., 25, 114 p.

MIDDLETON P.D., MARSHALL J.D. & BRENCHLEY P.J. (1991). — Evidence for
isotopic change associated with late Ordovician glaciation, from
brachiopods and marine cements of central Sweden. In : C.R.
BARNES & S.H. WiLLiAMs Eds., Advances in Ordovician geolo-
gy. — Geol. Surv. Canada, Paper, 90-9, 313-323.

NELsON C. S., KEANE S.L. & HEeaD P.S. (1988). — Non-tropical carbonate
deposits on the modern New Zealand shelf. /n: C.S. NELSON
Ed., Non-tropical shelf carbonates — Modern and Ancient. — Se-
diment. Geol., 60, 71-94.

NEUMAN R.B. & HARPER D.A.T. (1992). — Paleogeographic singnificance
of Arenig-Llanvirn Toquima-Table Head and Celtic brachiopod
assemblages. /n : B.D. WEBBY & J.R. LAURIE Eds., Global pers-
pectives on Ordovician geology. — Balkema, Rotterdam,
241-254.

PARiS F., PELHATE A. & WEYANT M. (1981). — Conodontes ashgilliens dans
la formation de Rosan, coupe de Lostmarc’h (Finistere, Massif
armoricain). Conséquences paléogéographiques. — Bull. Soc.
géol. minéral. Bretagne, 13 (2), 15-35.

Paris F. & ROBARDET M. (1990). — Early Palacozoic palaeobiogeography
of the Variscan regions. — Tectonophysics, 177, 193-213.

PEREZ ESTAUN A. (1978). — Estratigrafia y estructura de la Rama Sur de la
Zona Asturoccidental-Leonesa. — Mem. Inst. Geol. Min. Espaiia,
92, 150 p.

PrAsADA Rao C. (1981). — Criteria for recognition of cold-water carbonate
sedimentation : Bierriedale Limestone (Lower Permian), Tasma-
nia, Australia. — J. Sediment. Petrol., 51 (2), 491-506.

ROBARDET M. & DORE F. (1988). — The late Ordovician diamictic forma-
tions from Southwestern Europe : North Gondwana glacioma-
rine deposits. — Palaeogeogr., Palaeoclimatol., Palaeoecol., 66,
19-31.

Ronov A.B. (1980). — The earth’s sedimentary shell (quantitative patterns
of its structures, compositions and evolution) (in Russian). /n :
A.A. YArOSHEVSKIY Ed., The 20th V.I. Vernadskiy Lecture,
March 12, 1978. — Nauka, Moscow, 1-80. (Int. Geol. Rev. 1982,
Engl. transl., 24, 1313-1363, 1365-1338 ; Am. Geol. Inst. Re-
print ser. 1983, 5, 1-73).

Ross R.J.Jr. (1976). — Ordovician sedimentation in the western United Sta-
tes. In: M.G. BASSETT, M.G. Ed., The Ordovician System. —
Proceeding of a Paleontological Association symposium, Bir-
mingham, September 1974. — University of Wales Press and Na-
tional Museum of Wales, Cardiff, 75-105.

Ross R.J.JR., ADLER F.J., AMSDEN T.W., BERGSTROM D., BERGSTROM S.M.,
CARTER C., CHURKIN M., CrRESSMAN E.A., DErRBY J.R., DUTRO
J.T. Jr., ETHINGTON R.L., FINNEY S.C., FisHER D.W., FISHER
J.H., HArRrIS A.G., HiINTZE L.F., KETNER K.B., KoraTA D.L.,
LANDING E., NEUMAN R.B., SWEET W.C., POJETA J.JR., POTTER
A.W., RADER E.K., REPETSKY J.E., SHAVER R.H., THOMPSON T.L.
& WEBERS G.F. (1982). — The Ordovician System in the United
States. Correlation chart and explanatory notes. — Infernat.
Union Geol. Sci., Publ. 12, 1-73.

Ross C. A. & Ross J.R.P. (1995). — North American Ordovician depositio-
nal sequences and correlations. /n : J.D. COOPER, M.L. DROSER
& S.C. FINNEY Eds., Ordovician odyssey : short papers for the
7' Int. Symp. Ordovician System. — Pacific Section, Society for
Sedimentary Geology, Fullerton, CA, 309-314.

Bull. Soc. géol. Fr., 2002, n° 6

E. VILLAS et al.

Savar K. (1984). — Istanbul ¢evresinden Ordovisiyen Brakiyopodlari
(Ordovician Brachiopods from Istanbul, Turkey). — Bull. Geol.
Soc. Turkey, 27, 99-109.

ScHONLAUB H.P. (1988). — The Ordovician — Silurian boundary in the Car-
nic Alps of Austria. /n : L.R.M. Cocks & R.B. RickarDSs Eds.,
A global analysis of the Ordovician Silurian boundary. — Bull.
Br. Mus. nat. Hist. (Geol.), 43,107-116.

ScHONLAUB H.P. (1998). — Review of the Paleozoic paleogeography of the
southern Alps — The perspective from the Austrian side. — Gior-
nale di Geologia, ser. 3¢, 60, Spec. Issue, ECOS VII Southern
Alps Field Trip Guidebook, 59-68.

ScoTEesE C. R. & McKErRrROW W. S. (1990). — Revised World maps and in-
troduction. /n : W.S. McKERROW & C.R. ScOTESE Eds., Palaeo-
zoic palacogeography and biogeography. — Geol. Soc. Mem.,
12 1-21.

SERPAGLI E. (1967). — I conodonti dell’Ordoviciano Superiore (Ashgillia-
no) delle Alpi Carniche. —Boll. Soc. paleont. ital., 6, 30-11.

SURLYK F. (1997). — A cool-water carbonate ramp with bryozoan mounds :
late Cretaceous-Danian of the Danish basin. — SEPM, Spec.
Publ., 56, 293-308.

TANs P.P. (1998). — Why carbon dioxide from fossil fuel burning won’t go
away. /n : MACALADY D. Ed., Perspective in environmental che-
mistry. — Oxford University Press, New York, 271-291.

TELFORD W.M., GELDART L.P., SHERIFF R.E. & KEevys D.A. (1990). —
Applied geophysics, 2" edn. — Cambridge University Press, 742

p.
Va1 G.B. (1971). — Ordovicien des Alpes carniques. — Mém. BRGM, Paris,
73, 437-450.

VEIZER J., ALA D., Azmy K., BRUCKSCHEN P., BUHL D., BRUHN F., CARDEN
G.A.F., DIENER A., EBNETH S., GODDERIS Y., JASPER T., KORTE
C., PAWELLEK E., PDLAHA O.G., STRAUSS H. (1999). — 87S1/80Sr,
8'3C and 8'%0 evolution of Phanerozoic seawater. — Chem.
Geol., 161, 59-88.

VENNIN E., ALvARO I.J. & ViLLAS E. (1998). — High-latitude pelmatozoan-
bryozoan mud-mounds from the late Ordovician North Gondwa-
na platform. — Geol. J., 33, 121-140.

ViLras E. (1985). — Braquidpodos del Ordovicico medio y superior de las
Cadenas Ibéricas orientales. — Mem. Mus. Paleont. Univ. Zara-
goza, 1, 223 p.

ViLLas E., VENNIN E., Arvaro J.J., HAMMANN W. & HERRERA Z.A. (2001).
— The Middle Ashgill carbonate sedimentation on high-latitude
Gondwana margins : a crucial clue to understand the Hirnantian
glaciation. — Early Palacozoic Palaeogeographies and Biogeo-
graphies of Western Europe and North Africa. September’2001,
Lille. Abstracts, 72.

WHALEN M.T. (1995). — Barred basins, a model for eastern ocean basin car-
bonate platforms. — Geology, 23, 625-628.

WEIR G.W., PETERSON W.L. & SwADLEY W.C. (1984). — Lithostratigraphy
of Upper Ordovician strata exposed in Kentucky. — Geol. Surv.
Prof. Paper, 1151-E, 121 p.

WILDE P. (1991). — Oceanography in the Ordovician. /n : C.R. BARNES &
S.H. WiLLiamMs Eds., Advances in Ordovician geology. — Geol.
Surv. Canada Paper, 90-9, 271-282.

Yaprps C.J. & PoTHs H. (1992). — Ancient atmospheric CO; pressures infer-
red form natural goethites. — Nature, 355, 342.



