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ABSTRACT: We present a new approach for analyzing the turnover rates of Cretaceous radiolarians recorded in pelagic sequences of
western Tethys. The-analysis of major extinction-radiation events-and the fluctuation of diversity aré compared with major paleoceano-
graphic events and variation of diversity in dinoflagellates, calcareous nannoplankton and ammonites. There is an extraordinary correla-
tion between biotic changes and sea level changes, temperatures, O, C-and Sr isotopes, phosphorus accurmulation rates and anoxic
episodes. This reveals a predominantly abiotic control on the evolution of radiolarians. The rate of tunover and the diversity threugh
time of two major orders of radiclarians (nassellarians and spumeliarians) exhibits (1) the quasi-paraliclism of their diversity curves, ex-
cluding adirectcompetition between them, (2) greater resistance of spumellarians to extinction during the early stage of extinction inter-
vals and (3) a stronger post-extinction recovery of nassellarians. Evolutionary rates of radiolarians can be a good means of monitoring
global envirenmental changes and allowing us to understand more clearly the relationship between plankton evolution, climate and

palecceanographic processes.

INTRODUCTION

Several recent textbooks are devoted to the study of problems
related to extinctions {e.g. Chaloner and Hallam 1994; Larwood
1988; Donovan 1989; Kauffman and Walliser 1990; Lawton
and May 1995; Hart 1996). Most authiars who have worked on
extinction and origination descriptions have studied the varia-
tions of those two parameters separately. Such approaches do
not allow a precise discussion of the relationships between
sub—cgntemporaneous extinctions and originations in the fossil
record.

The aim of the present paper is twofold: firstly, we attempt to
describe a new and different approach for analyzing the radio-
larian faunal turnover rates discernible in the fossil record and,
secondly, to analyze the paleobiclogic and paleoceanographic
reasons for such turnovers.

DATA AND METHODS

The methodological approach followed is to make a quantita-
tve study of the relationship between extinctions and
oniginations occurring within the shortest biochronological in-
tervals defined by cancurrent ranges within very precise bio-
Stratigraphic data sets (see Guex 1991 and below). Qur method
allows us to make a distinction between extinction and diversity
&umma, which are generally used to define extinction events in
rafi‘rfcefm htegatm:e. We will demonstrate that Cretaceous

tolarian extinction events precede the diversity minima
peaks during major crisis periods.

The data apal
Tithonian to
terval of ab,

yzed here cover the stratigraphic distribution of
Turonian radiolarians in western Tethys, a time in-
out 50 My. These data have been published in two

micropa.‘eomolagy.

very detailed monographs concerning the Tithonian to
Barremian (Jud 1994) and Aptian to Turonian (O’Dogherty
1994) intervals. More than 430 radiolarian species are described
in these monographs and the two biostratigraphic data sets have
been merged in the present paper with minor revisions to ho-
mogenize the taxonomy around the stratigraphic interval where
the two studies overlap.

Two complementary zonations (Tithonian-Barremian by Jud
1994 and Aptian-Turonian by O’'Dogherty 1994) were estab-
lished from these data by means of Unitary Associations (UAs;
Guex 1991) and using the BioGraph computer program (Savary
and Guex 1991} which allows us to construct the UAs. This
method. is well-known to radiolarian specialists thanks to the
work of Baumgartner {1984), Baumgartner et al. (1995),
Gorican (1994), O'Dogherty (1994), Jud (1994), Carter (1993),
Carter et al. (1998) and has also been used to construct
biochronological scales in micromammals (Martinez and Guex
1996), dinoflagellates (Edwards and Guex 1996), nanno-
plankton (Boulard 1993), and ammonites (Dommergues and
Meister 1987).

This biochronological method is designed to construct a se-
quence of inter-species coexistence intervals of shortest dura-
tion. All such intervals are strictly distinct from each other and
the sequence itself is used as a biochronological referential to
assign relative ages to the fossiliferous stratigraphic levels (see
Guex 1991 for mote theoretical details).

A synthesis of our biochronological results is presented in
text-figure 1. The range chart consists of 53 Unitary Associa-
tions, which are calibrated to the standard geological time scale
and stages on the basis of works of Jud (1994) and O'Dogherty
(1994).
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Mendacastrum n. gen. and Domuzdagia n. gen.,
two Jurassic spherical Spumellaria (Radiolaria)

with hagiastrid medullary shell

Paulian Dumitrica' and Peter Ziigel®
'Instirut de Géologie of Paléontologie, BFSH2, UNIL, CH-101S Lawsanne, Switzerland.
Mgr'ﬁng address: Dennigkafenweg 33, 3073 Gimfigen BE, Swirzeriand
~Geologiseh-Paldontologisches fnstime, . W. Goethe-Universitar,

Senckenberganfage 32-34, D-60054 Frankfit am Main, Germany

ABSTRACT: Two new spumeliarinn ndiolarinn pences, Wendacasirim and Donmizdagia, nre described from the lower Tithoniar and
lower Pliensbachian respeclively. Both bave o spherical cortical shell of acrinnmmid type and o sphericsl or subspherical double
medultary shell with the inner medullacy shell of hagiasteid 8.1 type. The inner medullury shell of Mendacasirm is of dactyliosphaerid
ar higumasirid s. sir. type, whereas that ot Dosiwzdagia is of angulobracchiid type, Since they cinnot be assigned to any described Mesan
zoic pytoniocean Tamilies, they are cansidered ns type genesa of two new familics: Mendacastridoe and Domuzdngiidae respeceivaly,

INTRODUCTION

In o series of contributions, the senior author has insisted epon
the fact that the natural systematics of spumellarion and
entactinarian Radiolaria at the generic and suprageneric level
must be based primarily upon the structure of the innermost
skeleton; this skeleton is built first and is the most conservative.
The new Jurassic geners, Mendacastriom and Domidagia, de-
seribed in the present paper are good exemples of this premise.

The genus Mendacastrunt n, gen, comes from a rich sample
(Mue 22) collected by the junior author from a lower Tithanian
cherty limestone of the Miihlheim Member of the Mdmshgim
Formation (Hybonaticeras hyk Zone of ites} out-
cropping in the old Schaudiberp quarry. The quamry is Lkm

‘south of Mithlheim, a small village about 4km south of the town

of Solnhofen, southem Germany {text-fig. 1) (Zigel 1997,
Dumitrica and Ziigel 1998). The sample was laken from the
lopmost Sem of a partly silicified Bmestone bed 28¢m thick,
about Zm above the base of the Muhlheim Member. The lime-
stone bed is distinetly laminated and contains coarse debris with
abundant spange spicules at its base, Radiolarians are restricted
1o three levels of this bed, each one about Zem ihick. Silicifiea-
tion is strongest in the radiolarian-bearing levels, but still al-
lows isolution of radiolarian tests by using hydrochloric acid.

The radiofarian fauna is very well preserved at this level and
contains about 500-600 speciss, most of them new. Il is & pecu-
liar fauna that coatains many radiolarian species and genera un-
known until present in the Tithonian faunas of Tethys. By its
character it is  low or middle latitude fauna lacking Parvi-
cingnla Pessagno, but containing uiso very rare Risiola
P“FBEH_O and Whalen and panianelliids. The most abundant
radiolarians are spumellarians (Triacroma and groups of species
telated (o it, diverse spherical forms, and hagiasinids) one sev-
:;11 tens of entactinarian genera; nasseliarians are relatively

micropal
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The genus Mendacastrmm 1. gen. is one of the most frequent
spumellarians. Externolly, or ar least superficially, it could be
considered an actinommid laving three concenuic shells: a cor-
tical shell with three-bladed or needle-shaped main spines and
by-spines, and a double medullary shell, both connected by a
lavge number of radial bars, some aligned with the main spines.
Hewever, if we look in detail and from different pesitions at the
innennost medullary shedl we see that itis not spherical, as is the
case of mast Actinommidae, but fat in lateral view and square
in axial view (pl. 1-4}. More detailed examination of the shell
proves that il represents the first system of girdles of a hagiasind
test vonsisiing of o Lypical microsphere, or first girdle, with two
opposite four-piliaced cupolas and four primary beams in the
equatarial plane {pl. |, figs. 1, 4): a cross-shaped second givdle
built in harizontal and veriical planes in the divections of the
four primary beams {pl. 1, fig. 2):and & third girdle built in the
equatarial plane (pl. L, fig. 3}, This canstruction leaves four
gates or lage pores {G) on either face of the first system {pl. |,
Fig. 3). In this genus the {our gates ure partly obscured by a less
regular construction representing the first girdie of the second
systenl.

The geous Domusdagio n. gen. was found in the lower
Pliensbachian sample 1662D collected by A. Poisson from the
Damuy. Dug Massif, Turkey, ond partly studied by Pessagno and
Poisson (1981) and De Wever (1981a, 1981b, 1982). The sam-
ple is from the lower member (Radiolaria Wimestones) of the
Stgitlidere Formation, an alternating sequence of 10-20cm
thick limestanes beds and 1-10cm thick marls. This member is
overliin by the upper member {(the Ayiburu tepe limestones), a
condensed “ammenitico rosso™ facies whose oldest level is
middle Domerian in age (Marearitatus Zone of ammonites)
(Pessngna and Poissan 1981},

Sample 16620 contains an extremely diverse radiolarian faunn
with several hundred species of which only o very small number
were deseribed in the papers mentioned above. The genus
Domuzdagia is very rare, bul very inleresting by its structure

ag, §, 2002, pp. 23-34, rexsfigures 122, plares 14, 2002 3
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Range chast showing th distibutionof 43 | radictaniun species inthe Titt Turonian of i Tethys. Gatput of the BioGraph computer program

{Savary and Guex 1591),

Fanual taynover rates In the western Tethyan Cretaceoas

From the range chart {text-fig: 1) we construct a bivadate graph
relating the number of species origimting and disappedring in.
each UA, Such a graph expresses the viriation in favnal turn-
over rates und the succession of bigh diversification phases:
{great cumulated number of sppearances versus Jow number of
disappearances) following high extinclion phases {gicat cumu-
lated number of disappearances versus low number of appear:
ances) during the interval of time studied {text-fig. 2, redrawn
from O*Dogherty et al. 1997}, In text-figwe 2 horizontal parts
of the curve indicate high origination rates aad the vertical parts
indicate high extinetion rates. In other words, our extinction
avents we identified by the sieep parts-of the curve and the di-
versification episodes are indicated by the fIat parts of the
curve.

Variations in the slope of the global curve sre expressed by cil-
culating the number of disappearances divided by the number
of ooginations in each UA (see bottomn of wxt-fig. 24}, These
variations show peaks which comresgond to extiniction pafliates
in the vriginal range char; five major extingtion events are rec-
agnized throughout the interval. For example, 52 extinctions
andt only one origination necur in UA 31: that extinction event
{noted sg B2 in text-fig. TAY sppears 2s & peak in the turva illus
trated ot the bottom of the curve (Slope af the curve).

The beginning and the cad of such a curve are biased by the faet
that the brse and the w0p of the origingl range chart only recard
truncated criginations and disippearances, sespectively. These
paets of the eurve must obvicusly be ignored. The curves illus-
trated here show five extinction events followed by diversificn-
tion periods, These evens are nuned B1 to ES aad will be
discussed helow (Wexi-Tig, 2). We note that the wrnover curye

i XY

made for radiplarizn gepera alone (text-fig, 2B) is almost
identical to the general cusve where all spesies are taken into
consideration (fext-fig. 2A). This implies great taxonomical ho-
mogeneity of the data used in the prasent paper, as well a3 a val-
idaiion of the extinction amplitude not only af species but also‘at
generic level,

Before proceeding we recall that radiolarians are classically
subdivided inte pwo main groups based on their growth pattern
and initied spicules: nassellarians and spumellarians, Nassel-
Javians consist of forms; which are generally conicai-shsped
with an egg-shaped ceniral capsule, and a single pore Jocated st
one pole. Spumallarians are considered to be-among the most
primuitive radiolarians {Dumitrica st al. 2000), and sre generaily
sphecical or mult-armed and possess a finely parforated sphe-
roidial contral capsule, To facilitate the evolutionary intespretn-
tion, we have caleulated separately the sequences of UAs
generated respéctively by nassellarians (235 species) and by
spumellarians (196 species). The caleulstion produces a se-
quence of 40 nassellarisa UAs.and a sequence of 34 spumel-
lanians TJAs (uxi-fips. 2C apd 2D). (NB: the difference in the

number of {As is produced by the difference in the number of

spacies; corelation amongst the three. scales and former
radilarian zonatjons for the western Tethys is given in
ext-Hgure 3),

In order to analyze the fluctuation of vadiclarian diversity dur-
ing the radiation-extinction intervals we have alsy plotied varie-
tions of the siope of the global curve (ie, satio of number of
diseppearances to number of eriginations in each UA; see
text-fig, 2A} pgainst the temporal varation of the o) diversity
(rumberafspecies per UA) (lext-fig. 4A), These parameters are
plotted separaiely for the nasseliarians and spumellarians
(rext-figs. 4B-4D),
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Before analyzing the means of such #xtinzton episodes and di-
versity fluctuation, it is interesting 1o note that extinction and

sm of diversity do not coincide in eny of the extinction
events: the diversity always reaches a minimum following the
initia] extinction peak (iext-fig. 5. curves 1-2 and 10).

Radlolarian extinction events, variations in the diversity and
i aphic sipoals doring Crets radiolarian

Radinlarian Zones for the Western Tethys
Stages
AH species {M; Spumelian Zones
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TEXT-FIGURE 3

Comelation between the 3 UA scales discussed in tha toxt correlated with
the western Tethys radiofadan zenation (Jud 1994 and O'Dogherty
1994) and standard geological stages. LeR-hand calumn shows standard
geological stages; all species column = UA caloulated using all species
in radioluriun zonations of Jud (19%4) and O'Dagherty (1994)
Nagsellarion column = UA valculated using Narians alanc!
Spurmellariuns column = UA calculnted ysing spumellanans atone;
right-hand column = radiolarian zenes from westem Tethys (Jud 1994;
O'Dogherty 1994).

faunal turnovers

In the past two decades much discussion has focused on diver-
sity fluctuation in pelagic systems, os well as its origin and eco-
logical significance (see Hag 1973; Tappan and Loeblich 1973;
Lipps 1986; Roth 1987; Knoll (989, Collom 1990, Han 1998,
Bown el al. 1991; Swain 1992). All these papers stressed the
role of ahtotic factors versus biotic ones in the evolution of ma-
rine plankton and its importance in the paleabiology of the ex-
tinction episodes, Since the work of Tappan (1968) and Tappan
and Locblich {1973) a model for the evalution of pelagic sys-
tems in which biota ar¢ intimately refated with continental phys-
jography, sea-level fuctuations, climatic changes, availability
of nutrients, ntmospheric oxygen and COz levels has acquired
great necepiance, In this model global tectonics ultimately con-
trol the evolutionary changes. The analysis of these parameters
in the sedimentary record is a keystone which enables us to
make paleoceanographic and paleoenvironmental interpreta-
tions through gealogical time and eads vs to better understand-
ing of the evolution of oceanic plankton, Here we synthesized
the main stratigraphic correlation of radiolarian diversity and
extinction events with other morine biotic events: diversity of
dinoflageliaies, ammenites and nannoplankton; abundance of
planktonic forsminifers, radiolarians etc., as well as the correla-
tion between faunal changes and major palecceanographic
events: s2a level fluctution, anoxic events, isotopic variations
and stratigraphic and sedimentological crisis (text-figs. 5 snd
6). The relationships between isotapic variations (37S¢/%Sr,
813¢, 8'80), the phosphorus content of sediments, sea level
fluctuations znd episodes of anoxia in the Cretgceous have been
discussed at length in recent publications (Hallam 1984; Arthur
etal. 1990 Arthur and Sageman 1394; Follmi 1996; Hallam and
Wignall 1997). The correlations between these parameters and
their palecenvironmental meaning are as follows:

1} There is a calncidence between anoxia and positive §13C
peaks generated by the burial of arganic carbon (Jenkyns 1980;
Scholle and Arthur 1980: Schlanger ¢t al. 1987; Weissert and
Channcll 1989). Carbon is a fundamental requirement for the
support of life anywhere on the earth, but the availability of dis-
solved carbon s not a livniting factor in biclogical production,
Nevenheless, the carbon isotopic ratio has provided the most
relevant information about the primary productivity of past
ocesns. A positive shift in 8'2C is an indicator of sequestvation
of isotopically light organic metter (depleted in 13C). However,
a negative shift of §3C in carbonate deposits should rot neces-
sarily be interpreted as a decline in surface productivity, but as
showing a net flux of carbon from the total organic reservoir (o
the rotal carbonate reservoir (Hallam and Wignall 1997).

2} Oxygen isotopes have been widely used for paleoremperarure
analysis where a negative shift in 8'%0 indicates warmer tem-
peratures, However, interpretation of 880 frequently remains
diffieult due to (a) the uacertainty of the 8'%0 of Cretaceous sea
water, (b} modification of the origiral 8'%0 during diagenesis,
and () the Fact that $1%0 can reflect local instead of global wm-
perature changes. Other methods for estimating paleotempera-
tures, such as pollen and facies analysis, are necessary (o
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Extinction peaks {bottam curve) s verigtion of te diversity through time. A Global carves; B) Radiolarian diversity ploited uguinst nusseliorian and
spumelarian diversities from range chart in text-igure 1: upper curve =overll mdivlarian diversiry, lower curve (salid) = spumellarian diversity, lower
curve {dotted) = nasscllarian diversity: C) Mussellarian diversity curve, same date a3 used in text-figure 2C und ) Spumellinian diversity curve, same
dara as used jn (ext-figure 2D. From tha aumerical outpat of the BioGph computer program, tool BG-TOS.

correhorate the resalts, Relatively low species diversity hes
commanly besn azsociated with lower temperatures, because it
may be invelved as a disturbance factor in the energy flow and
community function; however temperature per se is not the ba-

?iggc;)usc of extinction in the marine biota (Lipps 1986: Clarke

3) A correlation also exists between ransgressive events and
Widespread anoxic layers (Schlanger and Jenkyns 1576;
Scho]lc and Arthur 1980; Hallam 1984; Hallam 1987; Arthur
and bygz:;mm 1994'. Wignall 1994), There are many black shale
deposits In the initia] stages of the transgression on tap of ero-
s;:rul' or hiatal surfaces (Hallam 1984: Jenkyns 1988), but black
:e:‘ecsoaljo gccur at the mnxi‘rnum of iransgression and repre-
b ndensed section associated with basin starvation during
igh stand of sca level (Arthur et al. 1987; Leckic et al, 1992},

4 : : . .
0; ':'rl’\;re isa relcfuans.hlp berween Ihe widesprend development
Tic-dysoxic episodes and most marine extinction events

(Mart and Leary 1990: Hallam and Wignall 1997}, The
uorralation of mid-Cretazeous radiolarian extincton events with
oeganic anoxic events has been established and discussed by
O’ Dogherty (1994, see also Lambert and DeWever 1996;
Erhacher and Thilcow 1997).

5) There is alsa a correlation between eustatie vabation and ma«
jor bio-events in the biosphere. Peritds of sea level fall correlate
with episodes of endemicity and extinclions in the marine biotg
{Hallam 1984, Hellam 1989, Kouffman and Hart 1996),
whereas times of sea level rise are associated with episodes of
expansion and diversification of favorable ecospace and Tajor
evolutionary radiation in the history of the carth (Hallam 1984
Taylor and Larwood 1990}. It is imporant to recogmaze that the
general sea level rise of the mid-Cretaceous seems (o have oc-
cured through changes in the volume of the ocean basins (vari-
ation due for example to mid-oceanic flood hasalis ur (o the
closure of the Alpine Tethys), which were gencrally more im-
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portant than glaciation and deglaciation in controlling pre-
Quaternary sea-level. The volume variation of these basins was
also extremely important, as it was responsible for the oceano-
graphic. dynamic of water masses in the absence of avthenric
cold polar waters during the Cretaceous (Hallam 1984).

6) Strontium is fess sensitive to short term paleoenvironmental
changes than carbon or oxygen isotopic curves and the comela-
tion berween the trend of *S1/858r seg-water content and sea
level is difficulr, at least, during the Cretaceous. Classically the
815e/36Sr ratio of sea-water is used as an indicsior.of uplife rates
and continental weathering since the late Crotaceaus (Hallam
1984; Veizer 1989; Bralower et al. 1997;Veizer &t al. 1997)
(there exists a reverse correlation between the trend of ¥Sr/858r
and long term sea level changes). The 3St¥Sr curves reflect
the changing balance between radiogenic strontium delivered
from continental weathering (higher 87Sy®Sr ratios) and reta-
tively non-radiogenic strontivin injeeted by mid-oceanic ridge
hydrothermal fluids into oceans (lower ¥7Sr/868; ratios). Well
marked short-term excursions towards lower values during the
Cretaceous are interprated &s important pulses of sea-floor hy-
drotherma{ activity (Jones et al. 1994),

7) Phosphorus 18 an essential notrient for organic productivity
in the marine biosphere; its relative abundance in sea water cor-
relates specifically with atime of rlative sea tevel rise (Haltam
1984; Folimi 1996). Although carben is & fundamental require-
ment, more important constraings are the intensity of illumina-
don, the supply of oxygen and the availability of nirate,
phosphate and silica. The availability of biolimiting constitu-
ents (such as phosphates, nitrates and silica) controls the bio-
togical primary production in surface waters, where nuirients
are most heavily. utilized. Continental weathering is the most
important original source of phosphate, although the location of
the most important reservoir of phosphate is found below the.
photic environment. Approximately 95%. of phosphorus is
re-introduced (o the photic zone by upwelling processes and
tence re-utilized by marine ecosystems ensuring photosyn-
thetic primary. production (Fillmi 1996). There is.alsa a come-
lation of the Cretaceous OAE's with brief periods of decrense in
phosphorus burial rates. This is substantially lowered during
widespréad oceanic anoxia due to the decreased capacity of
sediments to hold back phosphates (Ingall et al. 1993: Van
Cappellen and Ingall 1994). Such postulates have also been
used to support arpuments for a genaral negative carrelation of
the phosphorus and carbon cycles (Arthur and Jenkyns 1981;
Delaney and Filippelli 1994),

Tear-figure & shows a tendency towards an inverse long-term
correlation between the 393C curve and the phosphorus burial
curve during the Cretaceous. There is a comelation between
phases of incipient drowning of helvetic platforms (eurrophi-
cation, platform destruction, condensation, and phaspho-
genesis) and several periods of relative sea level rise ranging
from late Valanginian to eartiest Albian (Follmi et al, 1994;
Follmi 1996). These phases of widespread breakdown in shal-
low-water carbonate production appear to coincide with phases
of increased organic-carbon bugial and with pusitive excursion
of 83C record (Follmi et al. 1994; Weissert et al. 1998). A
causal link has also been observed between widespread oceanic
anoxia and Cretaceous platforms drowning (Schliger and
Philip 1990). The same episodes of platform drowning have
been also reported in the late Albian (Schlager 1981) and late
Cenomanian (Jenkyns 19%1) of the northern European masgin.

A distinct change in the radiolarian fauna, not analyzed in this
paper, lakes place in the early Tithonian and has been discussed
in other studies (Bawmgartner 1987; Jud 1994), This change in-
volves the transition from Jumssic te Cretaceous radiolarian
morphotypes and coincides approximately with the appearance
of calpionellids. During the latest Jurassic, calcareous nanno-
plankton become abundant and hence for the first time plank-
tonic limestones replace mdiolarites in western Tethys: this is
the transition from radiolarian chert to Maiolica fimestone type
facies (Baumgartner 1987), This major palecceanographic
change is related to changes in surface water productivity from
high to low-medium fertility, probably controlled by fluctuation
in atmospheric CO2 concentrations and by the transition from a
Jurassic monsoonsl climate to = Cretaceous zonal climate
(Weissert and Mohr 1996).

The synthesis presented in text-figures 5 and 6 confirms these
classical corvelations and illustrates some new: relationships be-
rween variations in diversity and radiolsrian faunal fumover re-
lated 1o major paleoceanographic evenls during Cretaceons
time. We will first discuss the extinction events (El to ES) and
the vaniations in the diversity in relation o the major pale-
oceanographic changes during this period (text-figs. § and 6).

Extinction event E1 (early Valanginiaa)

Extinction event E] occurs during the garly Valanginian to early
late Valanginian, It starts ‘with a drop in diversity in the
nassellarian fauna, but is not observed in spumellarians
(text-fig. 5, curves | and 2). The extincrion event correlates with
3 major regression of shallow epicontineatal seas, as can be
traced by the progradation of the carbonate platform in westarn
Tethys. This drop in diversity is correlated with the beginning of
thin and discrete Jaminated organic-rich sediments and also co-
incides with a temperature: minimum as- indicated by pollen
analysis (cold period of supercycle A, Kemper 1987) and by
paleotemperatures based on oxygen isotopes (Polsak 1976),
This fall in diversity preceded the climatic turnover towards
warmer and more humid climates characteristic of late
Valanginian-Hauterivian times (Weissert and Lini 1991, van der
Schootbrugge etal. 2000). Recendy, Stoll and Schrag (1996) ar-
gued in favor of rapid glacio-eustatic control of the main Early
Cretaceous: variations in sea level (in spite of the generally
warm climate) as indicated by §'80 of bulk carbonates. These
authors analyzed the high-frequency vesiations of §'%0 PDB
values (0.5 to 1.7%c) in several DSDP sites of the Early Creta-
ceous and found good correlation between periods of low lem-

perature (high ice volume) recorded by increased 6130 values:

and episodes of low sea level (reflected by high Sr concentra-
tions).

The spumellarian turnover was less striking than that of
nagseliarians during the fall in diversity displayed by the pro-
gressive incresse in the spumellarian/nassellarian diversity ra-
tio, Minimum radiolarian diversity coincides with maximum
values in 8'3C (3.2%o) in the late Valanginian {CM11 polarity
chron). Then diversity increases between the latest Valan-
ginian-Hauterivian, in paralle]l with enhanced atmospheric and
oceanic temperatures (Douglas and Savin 1975; Polsak 1976).
This increase is concomitunt with a transgressive sea level
trend, a makjor increase in the phosphorus burial record, de-
creases of §'*C, and the development of a belter-oxygenated en-
vironment

The cessation of platform-carbonate progradation during the
late Valanginian-eailiest Huuterivian in several areas of western
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black shele degasition (secJud 1994 and O*Dogherty 1994 foramaore.

Tethys seems 10 have been diachronous and related to various
Tapid episodes of relative third-order sea-level rise (peri-
Vocontian platforms Arnaud-Vanneaw =t al, 1982; Helveriz
plntfom Follmi exal. 1994). During this episode of platform
drowning (incipient phase D1 in Fisllmi et al. 1994) the period
of maximum phasphogenesis coincides with the highest 5'3C
values and is synchronous with 2 major hiotic ¢risis observed in
deep and shallow-water eavironments. This phosphogenic epi-
sode i also documented in pelagic swells of the Betic Cordil-
L‘-f"‘ b){ phosphatic microcrusis and oncoids encrusting the
discontinuity surface in a thin ‘condensed bed of latest Valang-
Toian-early Houterivian age (Vera and Martin-Algams 1994),

The late Valanginisn-carly Hauterivian has beea considered as
4n episade of significant carbon burial as indicated by the high-
g‘;.t values of the 51°C (3.0-3.2%e) and represents the beginming

8 WYor wrmover in the Cretaceous climate {Weissert and Lini

1991; Lini et al, 1992). The simultaneous positive excussion in
BUC values of carbonate and organit matter was interpreted as a
major perturbation of the global carbon cycle to elevated atmo-
spheric COz concentrations, where the response of the biota was
the acceloration of carbon export from ceeanic to burial yeser~
voir (Lini et -al. 1992). This large emission of COz has been fe-
lated to an important puise of sea-floor spreading in the
Volangioian (Larson 1991), whith in turn, forced the climarte to-
ward a greenhouse mode during the lute Valangiaian, Evidence
for this is the progressive increase of ¥75y/%8r ratio-of sea water
during the late Valanginisn-eacliest Aptian, which is related to
intense continental weathering as & response 10 the acceleration
of water cycling during a greenhouse climate {Weissert nad
Mahr 1996). Another indication of intensified weathering is the
increasing frequency of laminated organic-rich deposits of ter-
testeial ovigin found in Maiolica-type facies of the North and
Saouth Adantic marging duting the late Valanginian-Hauterivian
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{Stein 1991; Lini et al. 1992). This has been related in the North
Atlantic area to intensified continental runoff under 8 warm and
humid climate, as signified by the presence of bauxites, coals,
and abundant fluvial deposits (Hallam 1987).

Extinction event E2 {late Hauterivian-Barremian)

Radiolarian extinction event E2 gccurs at the boundary between
the Hauterivian and Barremian and is located immediately pre-
ceding the first major Cretaceous anoxic event in western
Tethys (known as the “Faraoni level™ in Italian sections, Angufi-
casiata smmonite Zone, Channell €t al, 1993; Coccioni et al.
1998). Throughout the Jatest Hauterivian-Barremian, the wide-
spread deposition of thin laminated -organic-rich shales coin-
cides with a period of relatively high sea level and the start of a
short-term positive §'7C excursion that precedes the strong pos-
itive values of the late early Aprian excursion (Weissert and
Lini 1991; Lini et al. 1992). The extinction phase EZ is ex~
trernely strong in both groups of radiclarians, as well as in
dinoflagellate and ammonite fauna (text-fig. 5, curves 1-4), and
led to the most dramatic decrease in diversity in the Cretaceous,
This interval is characterized by the extinction of several
radiolarian genera, mostly inherited from the Jurassic, and the
disappearance of seventy species {diversity falls by ca. 60%); in
addition, an extremely poor faunal replacement occurs progres-
sively up to the Barremian-Aptian boundary (only 4 new taxa),
It is interesting to note that although 51 radiolarian species
cross this boundary, approximately 95% go extinct between the
Aptian and early Albian. The spumellarian/nassellarian diver-
sity ratio-stays relatively balanced at the Barremian-Aptian
boundary, related probably to the special nanice of the extinc-
tion {gradual disappearance of taxa during a relatively long in-
terval). Here we note that the huge and very slow drop in
diversity is not an artifact due to the fossil record because pres-
ervation before, during and after the extinction event is excel-
lent (Tud 1954, O'Dogherty 1994), This extinction occurs
essentially within the uppet pan of the Maiolica Formation (e.g.
standard levels 821 to 895 of Gorpo a Cerbara; 580 to 617 of
Fiume Bosso in Jud 1994 and 0" Dogherty 1994) and is not cor-
related with a change in lithology. Therefore we can conclude
that the drop in diversity is & direct consequence of the extine-
tion and ean not be related to prescrvational problems,

Open ocean-dwelling plankionic foraminifers initially became
established in the early Valanginian, but an explosive develop-
ment of very small and simple planktonic foraminiferan indi-
viduals (mostly Hedbergellidge) occurred in the Barremian.
The loss of radiolarian diversity is concomitant with this prolif-
eration of surface-dwelling morphotypes, which probably op-
portunistically occupied the ecological niche left by the gradual
elimination of radiolarians under the progressive environmental
deterioration.

The dramatic drop in diversity in this extinction eveat is tenta-
tively correlated with a more continuous input of shales into the
basins, which could be related to a cooling of the climate during
the low stand of séa level in the Barremian-early Aptian. Evi-
dence for this relative sea level fall is the incsease in terrigenous
input recorded in some deep-sea basins due to the re-activation
of numerous turbiditic systems in western Tethys (Subbetic ba-
sin, Vera 1988; Martin-Algarra et al. 1992); sl the same time
progradation and platform-carbonate production were intensi-
fied (Helvetic domain, Follmi et al. 1994). Moreover the ex-
tremely sharp fall of ocean-crust production must have played a
major role in global eustasy (Larson 1991), which in turmn led to
a relative increase in the ¥Sr/%9Sr mtio. The high abundance of

with global paleoceanographic events

thin black shale containing type Iff kerogen in this interval is
characteristic of black shales dominated by terrestrial organic
matter (Stein 1991). An exception is the Farsoni level (CM4 po-
larity chron, late Hauterivian) where black shales contain type I
kerogen (Coceioni et al. 1998) and record a positive 5'°C
(2.4-2.5%o, Lini ¢t al. 1992). These valoes can be used as an in-
dicator of elevated productivity, as has been observed in other
Cretaceous QAE's developed during early stages of transgres-
sion. Concomitant with the ‘onset of this early oceanic anaxic
event, another incipient phase of platform drowning and
phosphogenesis occurs in the Helvetic realm (phase D3 of
Follmi et al. 1994}, which correlates well with the early stage of
our extinction event. Similar synchronicity has been found be-
rween biatic and sedimentological erisis of carbanate platforms
in SE France {Amaud-Vanneau et al. 1982). This phase of plat-
form destruction is interpreted as a probable result of several
tmnsgressive phases (Follmi et al. 1994; Weissent et al. 1998),

The latest Hauterivian-Barremian recorded the transition to-
wards cooler sea waler temperatures (Kemper 1987; Frakes and
Francis 1990). The radiolarians have s serious drup in
nassellarian and spurnellarian diversity, which reaches a mini-
mum during the latest Barremian (text-fig. 5). Other groups
such as ammoniles and Jarge benthic foraminifers also record a
major tumover in the lale Barremian (Amaud-Vanneau et al.
1982; Collom 1990). The deterioration observed abave in the
structure of pelagic ecosystems denrotes important changes in
the marioe environment around the Barremian/Aptian boundary
{Kemper 1995), which is also manifested in a major change in
the stratigraphic record i.e. the disapp € of the Maiolica

type facies in Mediterranean areas during the earliest Aptian
(i.e, Vern 1988; Coccioni et. al. 1992). This synchionicity of bi-
atic events seems not casval, but may correspond to the pre-
dicted Barremian mass extinction event in Raup and Sepkoski's
extinction curves (1986).

Finally, the recovery of the mdiolacian fauna starts with a slight
increase in diversity within the MO polarity chron {eacliest
Aptian, Chaanell et al, 2000) up to the Iatest early Aptian and
reaches a maximum prior to the QAE-1a.

Extinction event E3 (late early Aptism-eacly Alblan)

Recently Knuffman and Hart (1996) have considered the lsta
Aptian-early Albian as a mass extinction episode and place the
beginning of this extinction near the end of OAE-1a. Among
major faunal turnovers that have been well documented in the
marine ecosystems are: ostracods (Whatley 1986; Swain 1992),
dinoflagellates (Bujak amd Williams 1979; Powell 15992),
ammonites (Kemper 1987; Collom 1990) and planktonic
foraminifers (Jarvis et al, 1988; Bréhéret and Delamette 1989);
the observations presented below support this consideration.

The decline in diversity in this extinction shows some different
steps: a very weak initial drop in OAE-1a (“Selli level” in Teal-
ian sections, Coccioni et al. 1990, Coccioni et al. 1992 or
“Niveau Goguel” in SE France, Vocontian basin, Weissert and
Bréhéret 1991), a second falling within the G. algerianus Zone,
and a third which becomes maximal in the latest Aptian-early
Albian around OAE-1b (“Urbine level” in lwaliag sections,
Coccioni et al. 1990). The stepwise decline in diversity is proba-
bly related 1o drastic rhythmic changes in the environment, from
well-oxygenated to hypoxic or even anoxic conditions recorded
throughour this interval.
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(Heg et al. 1988); 3. Composiie smoothed oxygen isolapic temperaturs ebrve from the Exrly Cretaceous of Dinasids and the Slovenian Alps (Polsak
1976) and the mid-Cretaceaus of ihe Nocthem Apennines (Corfield et al. 1991; Jenkyns et-al, 1994, Stoli and Schrag 1996, 2000); 4, Climatic curve
based on polica (Kemper 1987y, 5 'So/%Sr isotopie curve (Jones et al. [994; Bralower e1 21, 1997); 6, Carbon isotopie curve 8'°C (%e) for the linlian
Apennines (nfter Weissert and Channell 1989; Weissert and Lisi 1994 Lini et al. 1992; Jenkyns et al. 1994; Erbacher et ol, 1996: Wrissen and Mohr
1996; Stall & Schrag 2000); 7. Marine phesphorus accumulotion eurve from synthesis of variaiss DSDP-ODP sites (Folimi 1396), 8, Swafigmphic posi-
tion of pelagic stromatolites in the Betic Comdillera {Vera and Martin-Algarm 1994); 9. Periods of platform drowning in tie Helvetic platforms (lute
Valimglrugn to early Albian, from Filmi eral. 1994; Weissertet b 1998), Enstem Alps plutforms (Tate Albian, from Schiager 1981; Grasch ezal. 1993)
and Dinarid Platform (late Cenomanian, from Jeakyas. 1991); 1. Steatigeaphic position of major Cretateous discontinuilies in the Betic Cordillera.

The cumulative effect of these successive drops in diversity al-
temating with minor radiations led to the almost complete re-
newsl of the radiolurinn fauna (anly 7 species originating prior
to the Barremian still ocour in the late Albian). This may be
mnstde'md 4 major transition between the important late
Bm_-emlan'cxm}clion and the huge radiation of the middle
ﬁbnm. This period together with the late Cenomanian records
- Dlgf the major Cretaceous turmovers of marine taxa (Jaevis et
& 88: Bréhéret and Delamette 1989; Hart end Leary 1991;
(;"JPET 1995} that coincide with: (1) major changes in sea level
im?xq etal, 1988), (2) developmient of an expanded oxygen min-
Imkmnzgo?; Bln~ the world ocean (Schlanger and Jenkyns 1976;
highvm 0y Asthur et al. 1987, Arther et al. 1990) and (3)
o tlues in 81C (Arthur et al. 1987; Hart and Leary 1991;
issert and Lini 1991, Hochuli et al. 1999),

Subsequent o the Barremian faunal erisis {extinction of mone
than half of the species}, the earliest Aptian is characterized by a
moderate and slow recovery (only 30% of the fsuna is re-
newed)., During this interval the recovery is much more pro-
nounced in nassellnrians os indicated by the diversity ratio of
spumeliarians to nasseBasians (text-fig, 7). The initial extine-
tion event is practically undifferentiated both in the gensral di-
versily curve and in the ndssellacian one, only being observed as
a minor drop in the spamellanian diversity curve (text-fig. 5,
curve 2). However, the impartance of this inilial decline in di-
versity is justified by its location shortly before QOAE-1a, which
precedes Lhe long crisis thet occurred through the late
Aptian-early Albian interval, The most striking biotic aspect is
the apparent absence of radiolarian extinetions within OAE- 1a;
only 7 species (of a total 68) become extinct immediately before
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or during the anoxic event. In spite of the great similarity to the
Inte Cenomanian OAE-2 (identical sedimentological and
chemostratigraphic characteristics, similar stratigraphic se-
quence, thickness. fossiliferons content, ete.) the absence of
major extinctions within OAE- |a iy puzzling, inasmuch as in
the former miogt planktonjc foraminifers &nd radialarians disap-
pear. The anly explanation may be the relatively low tate of
radiolarian fauna] turnover close to OAE-la (3 extinctions
against 8 originations) which cannot be regarded as artifact due
1o presecvational problems (68 species survive OAE-1a). Plank-
lonte foruminifers are represented near OAE-1a by large number
of small-sized morphotypes (globigerinelloids snd hedberg-
ellids} which increase tn abundance and diversification. This is
probably related to the opportunistic occupation of the niche
left open by the extensive elimination of numerous geners and
species of radiolarians in the latest Bamemian.

The weak initial decrease of spumellarien diversity occurs at
the top of the Glohigerinelloides blowd Zone of planktonic
foraminifers and seems synchronous with the nanacconid erisis
(Erba 1994). This later group of nannofossils went through a
drastic production crisis in the early Aptian immediately pre-
ceding the QAE-la (Muniertase 1992; Erba 1994). The nanna-
conid crisis may reflect a competition betwesn phytoplankton
groups for nutrienis or more likely, competition between differ-
ent calcareous nanncplankton {(Erba 1994). This could result in
a chunge in the strucwre of the surface waters caused by the
superplume volcanic episode proposed by Larson (1991).

Early Aptian sediments in QAE-1a display a high content of or-
ganic matter of marine origin {type II kerogen, Coccioni-et al.
1992; Erbacher ex al. 1996). Thesc sediments were probably de-
posited during the initial stage of the wansgression, postdating
the major sea Jevel fall of the earliest Aptian {text-fig. 6, curve
2). Spwnellarian diversity decreases during OAE-1a and corre-
Jates with the beginaing of a strong positive §3C shift (1.8 to
4.2%q) located in the upper part of the Globigerinelioidey blawi
Zone (Weissert and Lini 1991; Weissert and Bréhéret 1991,
Erbacher et al. 1996; Erba et al. 1999). The marine origin of the
orgnnic matier and the srong positive shift of 3'3C recorded in
OAE-Ia suggest an imensified productivity, which in tum wg-
gered the accumnulation of organic matter.

The OAE-1a seems also to coincide with an incipient episode of
platform drowning on the basts of the highly condensed succes-
sion resulting from relative sea level rise. The tme span esti-
mated {or this drowning unconformitly is the equivalent of &
supersequence, but highly condensed (Féllmi et ul. 1994). The
phosphorus burial curve (text-fig. 6, curve 7) shows a relatively
high ratio during the eatliest Aptian, which decreases to reach &
relative minimum during the development of the anoxic sedi-
menis.

Non-anoxic sediments abruptly succeed OAE-1a in the North-
¢rn Apennines ranging between the Lewpoldina cobri and the
middle part of the Ticinella bejaouensis zones. In this interval
rdictarian diversity increased following OAE-1a to reach arel-
ative peak in both groups of mdiolarians within the Globi-
geringfloidex algerianus Zone of planktenic foraminifers in
parallel with decreasing 5'°C valucs (down rapidly from 4.2 to
1.0%e). Simullaneously, the first oceurrence of normal-size
morphotypes of planktonic formminifers is recorded. Coinci-
dentally, the proliferation and radintion of these morphotypes is
again determined by the drop in radiolarian diversity, as ou-
curred in late Barremian time. It secims obyious that during ex-
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tinction event E3 the biotic interactions between planktonic
foramirifers and radiolarians were decisive in the evolution of
both groups but were ultimately modulated by progressive envi-
ronmental detedoration.

ln the Northem Apennines a characteristic clay level within the
Ticinella bejaouensis Zone (Coceioni et al. 1990) murks the re-
turn to anoxic conditions and the beginming of the long late
Aptian-easly Albian anoxic episede. The biotic response seems
to occur shartly before. this time, as shown by the general fall in
radiolarian diversity (text-fig. 5, curve 2), We note the spectacu-
lar vise of the spumellarian/nassetiarian diversity mtio as the fre-
quency of nnoxic levels increases up to the Ticinella breggiense
Zone (text-fig. 7). where black shales hold a high content of or~
ganic matter of marine origin (type I kerogen). This is inter-
preted os indicative of increased fertilization and productivity
during initial transgression. Simultaneous with the drop in
radiolarian diversity, a major positive excursion of 83C
(3.3-4.2%2) oceurs, which was direetly calibrated with plankronic
foraminifers (Planomalina cheniourensis-Ticinella beji X

zones} by Weissert and Lini ([991) in the Southern Alps and
Northerm Apennines (Erbacher et al. 1996) or in its counterpart
anoxic event “Niveau Jacob™ in the Vocontan basin (Weissert
and Bréhéret [991),

Among planktonic forominifers, this fall in rediclarian diversity
5 recognized when Tieinelle and normal-sized forms of
Hedbergefla disappear and only minute hedbergellids survive
{Bréhérel and Delamette 1989). This foraminileral decline in
the Northem Apennines represents an extreme scarcity of
planktonie forms ranging exactly from the 113 [evel to the fol-
lowing anoxic level OAE-1h. The planktonic crisis correlates
with cold temperatres (text-fig. 6, curves 3-4) as indicated by
palynomearphs (Kemper [987) and oxygen-isoiapes.

Radiolarian faunal change seems to be coincident with OAE-1b
of Jenkyns (1980}, which records relatively high values of 8C
{2.3-2.7%o0, Weissert and Bréhéret 1991, Erbacher et a1, 1996).
This turnover i$ remarkable for the grant number of extinetions
(32 species), and the origination of a few imporiant genera and
specics from which new phyletic lineages develop.

The spumellarian/nassellarian diversity ratio acains a maxirium
{text-fig. 8) within QAE-1b. This black shale interval is located
within the Ticinetla primula Zone and is approximately equiva-
fent to the “Niveau Paquier” in the Vocontion basin (Weissert
and Bréhéret 1991). The deposition of organic-rich facies dur-
ing OAE-1b is linked to the transgressive phase characterized
by high 8'7C values (Jenkyns 1980). During this part of extinc-
tion event E3, the radiolarian fuuna has the lowest diversity of
the Cretaceous, which could be correlated with the transition to
warmer temperaturcs as deduced from §'%0 values {Douglas
and Savin 1975: Palsak 1976; Corfield et al. 1991) and
palynomorphs (Kemper 1987),

The top of the late Aptiun-early Albian anoxic episode corre-
sponds to QAE- Ic (known ss "Amadeus segment” in the North-
ern Apennines, Coccloni et al. 1998, equivalent to Niveau
Breistroffer in SE France, Bréhéret and Crumiére 1989). During
OAE-lc 813C attnins values of 2.2-2.3%« (Erbacher et al. 1996;
Stoll and Schrag 2000), radiclarians attain minimum diversity
and planktonic foraminifers become progressively more abun-
dant and diverse, This anoxic episode is characterized by thin
black shales with a high content of terrestrial organic matter
(type LI kerugen) interpreted as leaching of lowland areas dur-
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:ng either a maximum floading surface or high stand of sea
evel,

Afinal phase of platform destruction in the Helvetic domain oc-
curred in the latest Aptian-earfiest Albian {phise D5 of Follmi
eral. 1994) after a bricf period of platform regenevation that co-
incides approximutely with the brief non-snoxic interval in
which radiolurian diversity increased. The phosphorus burial
curve (text-fig. 6, curve 7) shows relatively low values during
this phase of condensation which coincides approximately with
the initial development of the long late Aptian-garly Albian
anoxic episode, and is tentatively sitwated prior @ OAE-1b,

Thwoughout extinction imterval E3 (late carly Aptian-early
Albian) a decrease in #78r/58r ratio is recorded, which is re-
Iafed to the increased rates of hydeothermal activity nssociated
‘1*5“1 enhanced rates of oceanic crust production {Jones ct al,
1994). The large production of mid-piate voleanic plateaus and
;?S'E“S"d fidge-crest crustal production could have resulted
c‘mr:‘ t:n f“Pel'Plupw episode, which coincides with a period of
1991 u:rl;itgm:llc polarity during the 1n1d-Crelaceou§ (Larson
qucné ft‘.m Aa‘nd Erba 1999). The paleoceanographic conse-

¢ of this large superplume is the rapid decrease of

751865y values in seuwater by an sceelerated oceanic ridge
vrustal production associated with targe emissions of COz. It is
likely that the emission of large volumes of COz1 may be the
most danaging inherited conseguence of the inlense volcanismm
that occurred during the superplume episode (Caldeira and
Rampino 1995; Larson 1997; Larson and Erba 1999), Higher
€0; in the mid-Creteceous atmnsphere led to a natuml green-
hpuse effect and then to global warming (Caldeira and Ramping
1991; Weissert and Lini 1991). The onset of the short-teom ex-
cursion (owards lower ¥81/88; corvelates well with the deposi-
tian of organic-rich sediments of OAE-fa (Bralower e al.
1994), sugpesting 1be existence of 4 possible link amang extine-
tions, anoxic events, decrense in ¥Sy4Sy ratio and voleanism
{Bralower et ol. 1994; lones and Jenkyns 1995, Wignall and
Twitchewt 1996).

Finally, the middle-late Aibian radiolarian radiation is shown by
the tong flat part of the faunal turmover curve (texi-fig, 2) w gi-
ther generic or specific level, and the divessity curve shows a
progressive tendency to higher values reaching a maximum
peak within the Remalipora ticinensiy Zone of planktonic
foraminifers {text-fig, 6, curve 1). This diversification period
coincides with low 8'C values, high marine phosphorus burial
rates, non-anoxic watews, and the major Albian wransgression.
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Extinction event E4 (late Alhian)

During the long period of progressive sea level rise of the mid-
dle-late Albian, the major Cretaceous mdiolarian radiation oc-
curred (165 new species arose and 75% of the fauna completely
tenewed). The marked tendency of sea level rise is well moni-
tored by the strontium sea water curve, which shows higher, but
constant, values of ¥SrASr during the middie Albian-Ceno-
manian, however there is no common explanation due to ele-
vated oceanic crust production at this time (Larson 1991;
Brulower et al. 1994). It seems most probable that the effect of
hydrothermal activity was balanced by a constant fluvial weath-
ering flux with minimal variations in runoff input (Jones et al.
1994). A period of a progressive sea level rise (Hag et al. 1988;
House 1929) and higher mperatures are compatible with the
long negative excursion of §'80 (-2.5 to -3.5%e, Jeakyns ct al.
1994; Stoll & Schrag, 2000). It seems evident tha this sieady
scenario favored the rapid development of new niches in a
well-oxygenated environment, which were of extreme impor-
tance in the diversification 6f new genera and families of radio-
larians during most of the Albian. Planktonic foraminifers also
recorded a major evolutionary radiation with the appearance of
keeled morphotypes characteristic of progressively deeper-

dwelling environments as a consequence of increased ecospace:

{Hast 1990). In general, the mid-Cretaceous is an interval when
one of the mast spectacular and explosive diversifications
among fossil groups took place. This coincides with the largest
sca level rise recorded since the mid-Paleozoic (Hallam 1984),
Soon after, the major radiation that gave rise to the origination
aof new phyletic lineages of Radiclaria was suddenly reversed.

Extinction event E4 is linked with late Alhian post-regressive
anoxia. The drop in diversity shortly precedes the OAE-1d
anoxi¢ event (also called “appenninica event”, Gréish et al.
1993), which is loeated 4t the base of an important drap in
nassellarian diversity (text-fig. 5, curve 1), This relative diver-
sity minimum is well correlated with the positive excursion of
84C (2.5-2.7%) which occurred within the Rotalipora
appenninica Zone (Jenkyns ei al. 1994; Erbacher et al, 1996;
Gale et al. 1996). After the anoxic event, nassellarian diversity
falls rapidly throughout the early Cenomanian, but spumel-
larian diversity remains stable, Diversity displays a similar
nassellarian-pattern dirinishing up to the middle Cenomanian,
then is seabilized prior to the late Cenemanian crisis. From the
beginning of this crisis the carbon isctope curve displays a pro-
gressive tendency (o heavy values, coinciding with the gradual
drop in radiolarian diversity throughout the late Albign-
Cenomanian (text-fig. 6, curves 1 and 6). This short anoxic epi-
sode pecurs in a whitish-gray limestone succession having thin
black shales with considerable levels of marine crgenic matter
(type II kerogen) and moderate values of §13C; both signals
may indicate moderate productivity during the initial phases of
sen level rise.

The drop in faunal diversity could be reluted to 8 second-order
relative sea-level fall during the latest Albian-Cenomanian
(Hag et al. 1988; House 1989), In pelagic swells of the Betic
Cardillera v discontinuiry surface located within the Roralipora
ticinensis Zone has been correlated to one of these regressions
(text-fig. 6, curve 8). The basal sequence boundary is character-
ized by a striking paleckarstic surface covered by sn important
phosphatic stromatolite belt concurrent with most of the
Roralipora appenninica Zone {Vera and Martin-Algarra 1994),
This phosphogenic episode has been described in several aréas
of the Alps and may be also related to a major episode of plat-
form drowning in carbonate sequences of the Austroalpine do-
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main. This drowning episode is concomitant with widespread
anoxic conditions (OAE-1d) in pelagic deposits {Grétsch et al.
1993). Throughout the latest Albian-Cenomanian the phospho-
rus burial record curve displays a relative long-term decrease
(text-fig; 6, curve 7).

Around the traditional division between the Early and Late Cre-
taceous the existence of an abrupt change in the marine biotas is
widely accepted (Kauffman and Hart 1996). The late
Albian-Early Cenomanian interval in Italian sections records a
positive excursion of 8480, indicating lower temperatures in the
R. brotzeni-R. richiy planktonic foraminifera zones (Cornfield
et al, 1991; Jenkyns et al. 1994; Stoll and Schrag 2000). This
temperature decline seems to be at least eoncurrent with, if not
the origin of, the abrupt decrease in-diversity of radiolarians.

Extinction event ES (late Cenomanian)

Extinction event ES is characterized by an accelerated decrease
in the number of species and illustrates the transition of radio-
larians from the Cenomanian to Turonian, with the consequent
drastic radiolarian faunal change that takes place around this
boundary. This serves as the starting point for several typical
Late Cretaceous radiolarian lineages (O*Dogherty 1994).

Extinction event ES accurs during the transgressive anoxie. of
the topmost Cenomanian and js ¢learly correlated to OAE-2. A
typical characteristic of this level as in ather Cretaceous OAE's,
is the occurrence of alternating laminated black shales and
radiolaritic levels (blackish radiclarites rich in marine organic
matter, known as phtanites) which are generally thought o be
the result of high planktonic productivity (De Wever and
Baudin 1996). The Cenomanian-Turonian interval is widely sc-
cepted as ong of the most important high stands of sea level in
earth history, although detiled sequence stratigraphy has
placed the stage boundary within a transgressive phage (Haq et
al. 1988). Therefore the deposition of black shales is related 1o
the initial stage of transgression following & minar sea level fall
occurring in the upper part of the Rotalipora cushmani Zone.
Carbon and oxygen isotope curves have been used in the strati-
graphic definition of this oceanic anoxic svent. The 813C shows
a rapid and strong positive shift {from 2.5 up to 4.5%) at the top
of the Rotalipora cushmani Zone (Jarvis et al. 1988; Jenkyns €t
al. 1994) and a decrease of 2% in the Dicarinelly hagni Zone.
The same positive excursion has been well documented in the
Northern Apennines (Scholle and Arthur 1980; Jenkyns et al.
1994; Erbacher et al. 1996) and in SE Fraoce ("Nivesu
Thomel”, Bréhéret and Crumidre 1989), Oxygen isotope analy~
sis estimates the temperature reached a peak of 28%C (negative
excursion 80 PDB of -2.9 to -3.7%.) within the anoxic inter-
val {Jenkyns et al. 1994),

Anulysis of the radiolarian fauna reveals that after a brief period
of subility during the middle Cenomanian, diversity falls again
simultaneous with the beginning of a strong positive carbon iso-
tope excursion (lext-fig. 6, curves | and 6), This drop in diver-
sity represents the start of this important extinction event that
led to the disappearance of 60% of the radiolarian fauna. Al-
though the majority of Cenoinanian extinctions occur beneath
QAE-2, faunal turnover occurs within this anoxic interval
{O'Dogherty 1994) with the recovery being relatively impor-
tant: 23 species fade out within the lower part of OAE-2 and 35
new taxa arise within the upper part. It is worth noting that out
of a total of 65 species of radiolarians crossing OAE-2 approxi-
mately 75% are spumellatans (47 species). Although the most
severe extinclions occurred prior to or during Lhe anoxic epi-

sode, a few meters immediately above the anoxic interval 20%
of species become extincl and this seems (o coincide with a rel-
ative decrease in lemperatures {a decrease of 5°C, Jenkyas et al.
1994). Finally, o smatl recovery follows the major nassel-
ladan-spumetladian diversicy minimum (ext-fig. §, curves 1
and 2).

The beginning of OAE-2 coincides with the maximum values
of 813C, the start of the major transgression, and approximately
with the disappearance of the plankionic foraminifer genus
Rotatipora (Piergiovanni 1989; Hart and Leary 1991), although
in other areas this genus becomes extinct precisely within the
anoxic event (Jarvis et al. 1988), We postulate that the Faunal
turnover undoubtedly occurs within OAE-2 but the drop in
radiolarian diversity proceeded stepwise earlier, at the same
time as the first occurrence of discrete laminated hemipelagic
black shales, in the middle Cennmanian.

Simultaneous with the widespread occurrence of the late
Cenomanian anexic event, a drowning of the Dinarid platform
has been related to a rapid relative sga level rise (Jenkyns 1991),
A similar link between faunal crisis and dysoxia during a
deowning episode is summarized by frame-building corals and
rudists, which were seriously damaged during the rapid change
of sea level that exceeded the rate of upward reef framework oo
cretion. The late Cenomanian extinction affected not only shat-
low-water taxa, such as corals or rudists, but also caused a crisis
for many deeper waler groups such as radiolarians, dinoflagel-
lates and planktonic foraminifers.

The late Cenomanian OAE-Z was due to strong intensification
and expansion of the oxygen minimum zone, as a result of in-
tense coastal upwelling at imes of enhanced primacy productiv-
ity along the shell margios and preferentially in mid-water
settings. This scenario led to the deposition of laminated black
shales containing IT tygc kerogen {marine organic matter) and
showing a positive 8/3C (Jenkyns et al. 1994, Erbacher and
Thiirow 1997). These chemical signaly exclude riverine input as
4 source for the large supply of nutrients and hence allermative
paleaceanographic models were presented to explain the origin
of this elevated primary productivity. Arthur and Premali-Silva
(1982) proposed that the intense evaporation in tow-latitude
platforms favored the development of warm-saline bouom wa-
{ers as transgression evolved, This cusTent system intensified
the upwelling and Favered highly productive surface waters
{widespread radiolarian and dinoflagellate blooms). Recently,
Kerr (1998) proposed that the anomalous volcanism that oc-
curred during the late Cenomanian-Turonian played a decisive
role in worldwide environmental disturbance. The extensive
melting of hat mantle plumes and the development of vast oce-
anic platequs in the Pacific and lodian oceans resulted in the
emission of large quantities of CO2 into the ntmosphere, leading
1o greenhouse effect and global warming, Indivect support for
this volcano%cnic hydrothermal input is found in the shor-term
decrease in ¥75/895r senwater ratio dround the Cenomanian-
Turonian boundary (Jones et al. 1994: McArthur et ul. 1994;
Bralower et al, 1997), In short, the eruption of these large igne-
Cus provinces was responsible for the disturbance of the bio-
sphere, directly, due to sca level trensgression (increasing
shallow water cvaporation) and disrupted circulation patierns
(generatipg warm-saline bortom waters), and indirectly, due
large emission of CO: to the atmosphere (incréasing tempera-
tures). The intensification of upwelling systems, as well as the
increased CQy, led to enhanced primary praductivity up to
cutrophic levels in the open oceans and hence increased organic
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Biveriate diagram showing diversity and rate of radiolarian founal tum-
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carbon burial rates. Anoxia plus eutrophication triggered the
ecolopical sress forcing the stepped mass extinction of the late
Cenomanizn.

Radiolarian turnever refated ta other biotic events occurring
in the plaaktonic realm

A first glance at text-figure 5 reveals a strong correlation among
the diversity curves of different fossil gronps, The comparison
between the nassellarian-spumellarian diversity curves end the
nannoplankton diversification rate shows an inverse correlation
{text-fig. 5 eurves |, 2, 5}, High rates of nannoptankton
speciation coincide with widespread black shales and when
radictarian diversity drops the nannoplankion reaches & maxi-
mum peak in diversification. This inverse correlation may be
explained by nutrient availability in the oceanic surface waters.
In this sense plankionic blooms in the oceanic structure would
depend on the positien of the nwwricline within the photic zene.
This mechanism was argued by Erba (1994) o explain the pos-
sible comgpetition occurring betwesn namoconids and
coccolithophorids during the Cretaceous. It is suspected that
radiolarians and their dinoflagellate symbicnts had the same
preferences for the lower guphotic zone between 80-150m (see
Petrushevskaya 1971, Casey et al. 1979, Tukahashi 1991) as
nannoconids, whereas coccolithophorids and other nanno-
plunkton were restricted to the upper euphotic zone. The abrupt
increase in nutrjent avaitability in the surface waters {(shallow
position of natricline) induced o rapid bloom of coccolithe-
phorids having low speciation, and & decreased production of
nannoconids, This mechanism may have had the same result in
the radiolarian-dinofiagellate couple, their diversities being se-
verely reduced during periods of nannoplankton diversilication,
It seems probaile that s shallow nutricline favors the rapid
speciation of radiolarians while a deeper position of the
nutricline increases the speciation of coccolithaphorids. These
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adaptive strategies pursued by planktonic organisms faced with
different trophic sesource regimes seem to have played a major
role in their diversity regulation; periods of diversification may
be associated with lower resource levels, whereas pelagic ex-
tinction are linked with higher resource Jevels {Casey and Sloan
1971: Valentine 1971). In this sense radiolarian diversification
seems o have oceurred duning periods of constant food source
in oligotrophic conditions in a stuble physical environment.

We aiso note that the calpioneilid extinction and the progressive
diminution in the abundance of nannoconids {Roth 1978) accur
during the radiolarian diversity mirimum in the late Valang-
intan. This fall in nannoconid diversity ends in the nannoconid
erisis (Erba 1994), which vecurs after the radiolarian diversity
minimum abserved at the lowermost Aptian,

The first occurrence of Cretaceous “primitive” and small plank-
tonic¢ foraminifers, the Hedbergellidae, oecurs near extinction
event E] (early Valanginian) and the explasive development of
these small forms is concomitant with radiclaran extinetion
event E2 (lale Hauterivian, text-fig. 5, curves 8, 7). The origina-
tion of the first Cretaceous large plankionic foraminifers coin-
cides with the diversity minimum which occurred in the early
Aptian and the explosion of these forms {mainly hedbergellids
and ticinellics) immediately follows the E3 extinction event.
Small primitive planktonic morphatypes reappear during the
early Alhian, The subsequeat diversification of these forms in
the middle-late Albian coincides with the highest diversity of
the radiolarian fauna during Cretaceous tme. In strat immedi-
ately adjacent to, and within, OAE-1b, only small primitve
hedbergellids-are found. According to Bréhéret and Delamette
(1989) this is due to.a major expansion of the oxygen minimum
zone restricting plankkonic foraminifers to the surfice waters,
which wiggers an unstabl in marine envire In the
opinion of Guex (1992, 1993) periods of increased ecological
stress favor the repetitive appearance of simplified forms of
small size and of very primitive aspact. Some of these end-
forms can generate, in extreme cases, new simplified groups
which are often at the origin of new evolutive lineages. The
pressure of environmental stress is manifested in the Jate Albian
by a general decrease in hedbergellid size and simplification in
morphology (reduction of chambers, globigerinelloids-type).
This hypothesis may explain the iterative occurrence of small
planktanic foraminifers probably thraughout the Cretaceous.

Al the Cenomanian-Turonian boundary we note that the major
foraminiferal and radiolarian ES extinctions are simultaneous.
Jarvis et al, (1988} recorded a bloom of small planktonic forms
in OAE-2 (late Cenomanian) which is exactly parullel 1 that
described above.

Finally it is interesting to note that the Berriasion, late
Valonginian and late Hauterivian-Barremian radiolarian abun-
dance peaks coincide with episodes of law diversity within this
group. In other words, the periods of radiolarian low diversity
are exceedingly rich in individuals.

Evolutionary pattern of radiolariuns in the Cretaceous

In generml, patterns of evolution can be considered in terms of
successive extinction and radiation periods. An excellent ex-
ample of this is the evolution of the radiolarians throughout
the Cretaceous. The importance of biotic interactions in the
structure of planktonic communities and the simultaneity of bi-
otic ¢crses during the Cretaceous point to a first-control by the
physical environment. In thiy sense, the high sensiivity of
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radiclarians (o external change enables us (o analyze their pale-
oceanographic and paleoclimatic meening during episodes of
radiolarian tumover.

Following detailed analysis of text-figures 5 ond 6. the extine-
tion-radiation pattern of the radiolarian faunal tumover can be

d in four successive phases which are summarized in
text-figure 7. This evolutionary process occurred several times
throughout the Cretaceous period following approximately the
same pattern as that deseribed below:

Phase 1. Radlolarlan extinction event

Times of relative sea level fall mean times of restriction and de-
terioration of the neritic habitat, such ss the increase in tempera-
ture and salinity gradients (Hallam and Wignall 1997). During
falls of sea level the thermal gradients become sharper as in-
ferred from climatic deterioration observed in fauna and floras.
The relative cooling (rend observed in particular episodes dur-
ing the Cretaceous seems to correspand to periods of decreased
volcanic degassing (deceleration in oceanic crustal prodoction)
unel hence lower atmospheric CO; concentrations. During sea
level falls platforms are submerially exposed, sediments are re-
distributed and in tum, there is & moderate increase in the nuiri-
ent supply (o the open ocean. This distribution leads to a
tlecrease in the productivity of epicontinental seas {as nutrient
transfer in these areas decreases), whereas productivity in the
open ocean (helped by reactivating deep sea system correnis) is
slightly enhanced. Consequently, the pelagic environmenr may
reach mesotrophic water conditions. The combination of these
components in a progressively narrower neritic habitat leads to
a gradual increase in ecological stress, We observe that diversity
falls during a period of platform progradation and a decrease in
the marine phosphorus burial rates,

The sbrupt drop in bicdiversity coincides with the beginning of
positive 813C excursions, Some discrete short anoxic episodes
may occur in bemipelagic ond pelagic environments as indi-
cated by organic matter of terrestrial origin. Thereafter,
radiclarian diversity falls rapidly, but intraspecific variability is
progressively enhanced. During these initial perods of eaviron-
mental instability, the strong extinction resistance of
spumcllsrians leads 10 a noticeable increase in the diversity ratio
of spumellarians to nassellanans (lext-fig. 8). The progressive
environmental deterioration has imporiunt consequences in
other planktonic taxa like plunktonic foraminifers or calcoreous
nannoplankton. In this way the ecological niche left by the grad-
val elimination of radiolarians induces the opportunistic prolif-
eration of small planktenic foraminifers several times during
the mid-Cretaceous. Simultaneously, we observe s progressive
increase in nannoplankton diversity. It seems likely that the as-
saciation between poor to moderate resources and unstable cn-
vironment constitites a causal link with the observed decline of
diversity.

Phase 2, Lowest radlolarian dlversity

Lowest radiolarian diversity is reached at times of a low stand of
sea level and the initial stages of transgression. The progressive
decline in diversity is sertously deteriorated by the development
of anaxic water during the initial stages of wansgression. We ob-
serve that minimum diversity peaks comelate well with occanic
anoxic events. The strong alliance between sea level change and
oceanic anoxic phases is the most reliable mechanism for
radiolarian extnetion in the Cretaccous, The deposition of lami-.
nated organic-rich shales of OAE's occurs during an early stage
of the transgressive cycle when warm saline bottom waters er~

hance deep water renewal and allow the transit of organic mat-
ter from productive surface to bottom sediments and hence
carbon preservation.

Another interesting observation is the coincidence of lowest
radiolanion diversities and maximum valves in 81°C (text-fig.
6). There is general agreement that strong positive 33C excur-
sions are indicators of high primery productivity in the oceans;
this is attributed to the increased preservation of *C in organic
matter during anoxia in periods of rapid warming.

Caldeira and Rampino (19%91) have signaled ihe importance of
episodes of inlense flood-baselt volcanism as mischanisms lead-
ing to large degassing rtes. of COy. The huge amount of volca-
nic CO2 and 5Q2 oniginating in such events leads to episodes of
rapid global warming and humid climate. In this scenorio inten-
sified water cycling is triggered by elevared COn concentrations
in the atmosphere (Weissert and Mohr 1996). This warm and
humid climaie intensified the chemical weathering, increasing
runoff and nutrient transfer. In fact, the diseppearance of nutri-
ent barriers {lowland river plaing and estuaries) doring rapid
transgression led to most nutrients being trunsported directly
into the ocean and advected far along platform margins (Félimi
et al. 1994).

The Faunal tumover also occurs at time of drowning in neigh-
boring carhonate platforms {platform destruction, condensation
and phosphogenesis), The sl 1 875¢853r ratio of sea-water
indicates intense continental weathering during these periods,
favoring strong continental input and the consequent leaching
of many uutrients to the basin (basically phosphate, aitrate and
silica), As a conseguence, on importanl nutrient mobilization
starts in the oceanic waler masses characterized by a homoge-
neous water column (poorly stratified), The swiace waler be-
comes well-mixed and degper {(due to relative cooling of the
surfaee) with high turbulence, probably wind-induced by heavy
rainfall and coastal upwelling. The organic matter must have
partially decomposed in these relatively shallow and turbutent
waters, thus encouraging plankton bloormns {Ittekkot et al. 1992).
However most organic matter produced by phytoplankton pho-
tosynthesis is rapidly stored. The origination of biogenic parti-
cle aggregates (fine particles and freshly photosynihesized
arganic matter) facilitate rapid removal. These biogenic aggre-
Bates possess rapid sinking speeds, which make their dissolu-
ton in the water column difficult {poor recycling of nutrients).
The intensity of vertical mixing (flow of nutrients into the
photic zone) is largely a funetion of atmospheric and oceanic
circelation, and strang upwaelling during the transition from low
stand o transgressive periods, triggers primary and secondary
producers. The explanation wmay be found in the drastic over-
tum ocm_nrring in the oceanic circulation induced by intense
€vaporation during warm ard humid periods, increasing the
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Benerdtion of wurm saline bottom waters (Asthur and
Premoli-Silva 1982),

'll;lh:: hr;nzmalmus input of nutrients leads to eutrophic conditions,
e cl lthe amount of plankton production increases linearly
e ﬂr\’e where some of the essential nutrients become limit-
plgr‘lki;'(er this point the productivity gradient fades and the
" elscdgcosgstem becorne:s highly unstable. In these circurn-
i s iversity falls ;md favors the emergence of opportusnis-
of llﬁ‘:- a;\sn These environments are highly productive in terms
but whe mun( of organic matter produced by photosynthesis,
the b © phytoplankton bloom exhausts essential nutrients,

cterial decompasition of large amounts of organic matter

depletes the available oxygen and penerates widesprear anoxic
conditions. These periods coincide with & short decrease in ms-
rine phospharus burial rates.

To summarize, periods of Tawest diversity coincide with high
nutrient concentrations in surface water and consequently are
highly productive of organic matter graduced by phytoplankton
photosynthesis. This high biological production and peor nutri-
ent recycling favored the storage of organic matter in the deep
ocean. This seenario cbviously favored the expansion and |nten-
sification of the oxygen minimum zone {OMZ) and hence the
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widespread bceanic anoxic episode. This represents the final
stage in radiolarian faunal turnover and gives rise to a subse-
quent mdiation episode.

Periods of maximum ecclogical stress, in which the dramatic
increase in fertilization collapses primary productvity, are
characterized by: a) lowest radiolarian diversity; b) increased
radiclarian and dincflagellate abundances (high number of op-
portunistic individuals); c a balanced ratio of spumellarians to
nassellurions, 85 spumellarian diversity progressively declines;
angt d) high rates of nannoplankton speciation. Basically,
radiolarian faunal turnover events ogewr at times of rich re-
sources and extreme environmental siress resulting in assem-
blages of the lowest diversity.

Phase 3. Radlolurian radiation event

The radiolarian radiation event starts within the transgressive
ses level rise immediately after the snoxia, Le, during
well-oxygennted periods where the recovery of neritic hobitat is
favored by an increase in speciation. Slow rates of deep sea cir-
culation lead to a drastic reduction of the oxygen minimum
zone and CCD falls enhonce deposition of casbonate in
hemipelagic setlings. Marine circulation becomes less intense
during the radiation of new taxa as inferred from paleo-
bingeographic patterns; a noticeable disappearance in the pro-
vincialism of pelagic microfossils is observed during these
cpisodes favored by the weakeniog of oceanic therma! gradients
{climatic amelioration),

During transgressive sea level change the re-activation of
sarficial system currents takes place, favaring a constant flow
of nutrients which, by efficient recyeling, leads to & consequent
decrease in carbon export {rom the oceanic to the sedimeniary
reservoir, and 1o progressively lower §'2C values. This moder-
ate productivity, as inferred by the carbon signal, is indicative
of mesotrophic to oligotrophic water regimes in the open ocean.
The slow rate of deep-sea circulation and the surface-reduced
OMZ favor the widespread development of well-oxygenated
conditions through the water columnn biasing (he storage of oe-
ganic matter in the deep ocean. At this time, phosphorus accu-
mulation rates display a progressive increase probably due to
the efficient oxidation of organic marine matter in the deep-sea
environment,

Periods of radiation of this planktonic biota also coincide with
periods of regeneration in adjacont carbonate platforms and are
characterized by a progressive increase in radiolarian diversity
(as well as dinoflagellates); concomitantly the divemification
rate of caleareous nannoptankton drops. The rapid decrease in
the spumellarian/nasseliarian diversity ratio is noticeable due to
the effectiveness of nassellarian recovery. Radiolarian diversity
increases but intraspecitic variability is relatively weak to mod-
erate (typical for stable environments). To sum up, a constant
flux of resources together with a stable environment leads to an
increase in diversity,

Phase 4. Highest radiolarian diversity

Phases of high radiolarian diversity correspond with periods of
u relatively high stand in sen level (ie. early late Albian, see
text-fig. 6). These accur during climatic wansition from warmer
to cooler periods. At such times, a poor and debilitated decp
oceanic circulation leads to a well-stratified water column with
poorly mixed surface waters, The minimized runoff and nutri-
ent supply together with the probable inflow of nutdent-poor
low salinity waters leads to more rapid nutrient depletion of
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surfictal waters, resulting in low primary production. These lay-
ers are gravitationally stable and notrients below the surficial
layers have low sinking speeds, which favor their dissolution in
the water column. This ensures rapid and effective recycling of
nutrients in oligatrophic regimes, The poor preservation of or-
ganic matter leads to relatively low §72C and the deceleration of
the oceanic biological COz pump (increase in the ratio of or-
ganic carbon to carbonate carbon).

Relative high sea level is the transition period for carbonate
platform aggradations and for the restoration of oligatrophic re-
gimes. The highest radiolarian diversity coincides with rela-
tively high values of phosphorus burial rates or in the shift
toward lower values.

In the open ocean oligotrophic regimes are characterized by a
fow concentration of essential natrients and therefore low pri-
mary productivity: but from an ecological point of view they
represent stable environments. At sach times, radiolarian diver-
sity reaches maximum values and a balanced spumellarian to
nassellarian ratio is obliterated. Simulianeously, caicareous
nannoplankton show low rates of speciation, The combination
of very poor resources and stable environment leads to highest
radiolarian diversity.

Radiolarian evolution: Relative extinction resistance of
spumeltarians versus nassellarians

‘The spumellarian/nassellarion diversity etio doas not vary con-
siderably throughout the interval studied. The quasi-parallelism
observed between diversity curves of the two groups during
most of the Cretaceous (text-figs. 4B and 3, curves 1-2) means
that there was no direct competition between them. However,
we note that post-extinction recovery capacily is stronger in
nossellarians than in spumellarians, Text-figure 4B shows a
very strong increase in nassellarian diversity following extinc-
tion events El to E4.

Text-figures 2 and 4 illustrate that spumellarians are more resis-
tant to extinction than nassellarians. For example, extinction
events E1, E3 and E4 are clearly discernible in the extinction/re-
covery diagram of nassellarians (text-figs. 2B and 2C) but are
indistingwishable in the diapram concerning spurmellarians
(text-figs, 2B and 2D}. An identical conclusion can be drawn by
examining the diversity and extinction peuk diagrams of the two
groups (text-figs. 4C and 4D): the five extinction peaks EI to ES
are ohvious in text-figure 4C (nassellarians) but only E2, E4 and
ES are discernible in lext-figure 4D (spumellarians). The
Tithonian-Barremion interval corresponds to a more oxic oce-
anic environment, except far very limited and thin levels of
black shales (Lini ¢t al. 1992; Jud 1994). Text-figure 4B demon-
strales that the late Valanginian nassellarian extinetion (EL) is
clearly marked in the stratigraphic record but the same event is
indiscernible in spumellarians. In contrast, the Aptian-Turonian
period is punctuated by large and widespread anoxic events
which are clearly responsible for extinetions B3 to ES and show
clearly that nassellarians are much more affected by the anoxic
evenls OAE-1a to OAE-2 (extinction events E3 to E5) than
spumellarians,

Another way of demonstruting extinction-resistance of
spumellarians is to plot the rate of radiolurian faunal turnover
against the spumellarian/nassellarian diversity ratio (text-fig. 8).
The twa curves in this text-figure show that high S/N diversity
ratios coincide with typical periods of lower nassellarian divet-
sity following extinction event peaks. In centrast, during the ini-

tial siages of tadiation, nasselladan recovery is noticeably
stonger than spumellarian recovery (lowest SN diversity ta-
tios), but as global diversity increases, radiolarinn diversity rap-
idly balances.

It is interesting to recall that nassellarians probably derived
from spumellarians during the Early-Middle Triassic. In the
Late Triassic nassellarians were very diverse. However, most
radiolarians surviving the Triassic-Jurassic boundary erisis
were spumeliarians (Carter 1994; Hori 1997). Cur own obser-

vations show that spumellarians are more opportunisiic thao

nassellarians, For example in the Jurassic it is well known that
spumellarian genera such os Pancanelfium Pessagno (Pessagno
etal. 1987) and Vallupus Matsuoka (Marsuoka 1996) are oppor-
wnistic, From the beginning of the Jurassic, nassellarians de-
veloped very high taxonomic diversity and during the Jurassic
and Cretaceous they are numerically equal with their amcestral
group (about the same number of species in both groups), This
observation shows that the evolutionary rate of nassellarians
was greater than that of the spumeilarians following extinction
periods, The passellarians have a mean relative life span of 11
UAs (Unitary Associations) compared with that of 12 UA's for
the spumellarians (about 10% more).

The greater evolutionary potential of nassellarians is strongly
cotrelated with a high sensitivity to external events generating
extinctions. This is confirmed by the survivorship curves shown
in text-figure 9 where the time component is expressed in aum-
ber of UAs {each UA has a mean estimated duration of about |
million years). Survivorship curves plot the number of
radiolarian species surviving for different limes; most still sur-
vive after a short time, but as time passes the members of the
onginal ssmple drop out one by one. The siope of the
survivorship curves measures the evolution rates for the group
(curves fall rapidly for groups evolving quickly). These curves
are similar but show that shori-lived nassellarians (text-fig. 9B}
are more nbundant than short lived spumeilarians {text-fig. 3C).
The general curve (text-fig. 9A) shows that about half our Cre-
taceous radiolarian species have quite a shou life; therefore this
group of microlossils has an excellent biochronological power
of resolution.

We disngree with the common belief that abundani spumel-
larfans are diagnostic of shallow waters and abundant nassel-
larians are characleristic of deep waters (e.g. Casey 1971, 1993
MeMillen 1579; Takahnshi and Honjo 1981 Premoli Silva et al.
1999). According to Hollande and Cachon-Enjumet {1963), liv-
ing spumellarians are commonly found at a depth of 1000 me-
ters. As another example, the deep water sediments of the major
mass extinetion at the Triassic-Jorassic boundary contain up 1
93% spumellarinns (Carter 1994; Hori 1997). Koutsoukos et al.
(1989) have shown the good ecophenatypic adaptation of the
Plankmniq foraminifers Fuvusefla (o high salinity and shallow
Water environments duting the mid-Cretaceous. Some samples
from shallow environments contain abundant specimens of this
disaster foruminifer and are also very rich in spongy
Spumellarians (O'Dogherty, personat dlata). In other words we
behevg that the spumellarian/ I dance ratic is
?r:m; likely a potential indicator of ecological stress than of liv~
ingmﬁl’;h».The spumellarian/assellarian ratio is highly varied
o 0l 1t:.nu: samples; this is certainty due to preservational fac-
Pomz‘fmas selective dissolution in the water column during
pn;.se *M sinking and in the sediment. Such differences in

Tvation could be generated by variations in robustness,
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ehemistry of the skeletons, and disselution during acid process-
ing (Blome and Reed 1993},

Nasseltarizns start from a very simple initial gpicule and appar-
ently have a large degree of freedom o diversify following ex-
tinction periods. The iitiaf structures of spumellarians are
usually much more complex and they may lack such freedom.
Thiz is probably why the \axonomic diversification rate of
nasselfarians is higher than that of spumellarians following ex-
tinction episodes.

CONCLUSION

Our new paleontological approach to snalyzing faunsl (wnover
rates of Cretaceous radiolarians leads us to several new
paleobiclogical conclusions. We observe that under conditions
of gcological stress, the biotic response of the group seems to be
different in nassellerions and spumellarians. The spumellarians
are much more extinction-resistant during episodes of critical
environmental deterioration. However, we observe that nassel-
lartans possess a relmively higher evolutionary rte than
spuniellarians during periods of cadiation, i.e. immediately after
the group attains lowest diversity values, These two points
mean that nasselnrians have a relatively higher biechrono-
logical power of resolution than spumellarians, In addition, the
diversity ratio berween spumellarian/nassellarian can be used as
an indicator of climatic deteriorarion or an index of ceological
stress.

Carrelations of Cretaceous radiolarian extinetion and diversity
evenls with paleoceanography and ather biofic events {text-Tigs.
5-7} tend w confirm several conclusions of authors working on
other geoups of fossils, The different diversity curves show that
the largest biotic response usuaily occurred dunng the early
stages of climate change, ag indizated by the coincidence of
radiolarian diversity minima, hesvy 81°C volues, overturn of
temperature, and widespread oceanic anoxia, In general, there
exists a fong-term correlution between sea level, tempermture,
carbon isotopes, the phosphorus buricl curve, and faunal diver-
sity.

The estinction mechanism involves the succession of Iwo major
paleoceanographic contrals in the evalution of the mdiclarians
during Lhe Cretaceous; 1} the sea level regression, probably in-
duced by tectenic recrganization, teads to a drastic drop in di-
versity os o response to changes in ocean woter irculation; and

'2) the reduction in habitat caused by the widespread develop-

ment of oceanic anoxic water masses during post-regressive pe-
riods leads (o diversity minima and triggers faunal twnover,
From an evolutionary point of view, enhanced envitonmental
stress ulimately produces assemblages of the lowest diversity
and large population size, in which new stmplified morphotypes
may be generated that frequently represent the source of o new
evalutionary lineage,
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