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Abstract 

Thc Cretaceous-Palaengcne (K/P) boundary, unlil recenlly k1ww11 as 
the "Crdaceous-Tertia1-y'' or K/T bnumlary , is well expnsed at A'ln 
Sellara in the Kabal Se11a11 a1·ea (Central Tunisia), 50 km south uf thc 
El Kersection. Micropalaeontological ami geoche111ical studies lcd In 
the identification of six main foatu1·es tentatively namccl "evcnts", 
which cha1·actcrise the K/P boumhtry i11terval, •rnd nfwhich at least twu 
( B and C) lwve global sign i líc;111ce. The lowcrmosl evcnt A lucatccl at 
about 14 cm belnw the base of lhc Dar~ Bounclary Clay is rnarkecl by 
;1 sudden incrcase in tiny bioturbalions, by small noclules and a íew 
111;1crofossils, a 50'Vu drnp in calcareous nannofossi l abundance andan 
incre<1se in Scytinascias (t1rga11ic linings of foraminirera) . lt is thm1ght 
to witness a slowdcnvn in scd i111e11tatio11. Event B is characterised by a 
bu1Towcd surfoce, separating the ca flO-cm thick Dark 1:3oundary Clay 
frnm thc umlerlyi ng A'in Scttara marl s. lt indicatcs an episode of 11011-
dcpos ilion, just bdme a 111ajo1· changc in lithology f'rnm nwrls to clays, 
corresponding to a majtir ílomling. No substanti;il palaco111ological 
changes havc bcen recorded in relation tn this cvc:nt. Evcnt C is char
acterised by 111a.xi111um Cllllcentrations of Ir and Ni-rich spinel s, which 
havc been observed in platy 110dulcs, similar to the levc:I al El Kcf(K/P 
bllund;u·y scnsu OLJIN, 1992). lt coincides wilh a major extinction in 
pl:111ktonic forarniniferal species (7 l'X>) anda 60'% drc1p in 11 ;111nofossil 
abundance. Thc ehange in lithology (occuITence of sma ll ripplcs and 
channel-likc st ructurcs) recordccl at evc11t D, a few c111 up-sectinn , 
111ight be 1·c laled to a locally 1·ccorded sto r111 activily. Cvents E ::iml F, 
which are situated higher up in the Da1·k 8oundary Clay , are mainly 
determined by palaeonlological chang<;:s (paly110111orphs and 11annofos
sils), probably 1-¡;sulling fro111 small se;1-lcve l var ialions. The co inci
dence ol' the cosmic markcrs with the 111::i_jo1· biotic changes al event C 
pleads i(H· lhe asternid i111pacl hypothesis. Their clisjunction l'rnm thc 
base oí the Dark 8oundary Clay shows that the change of lithology 
usu:tlly used t(1 detcnninc lhc K-P bounclary is dislind from the 111ajo1· 
exti11ctio11 (in the planktonic rcal111), classic<1lly rcl'e1Ted to lhis bound
;iry ami linked to lhe 11rese11ce of cosmic markcrs. These 1\;sults mgue 
the need for lhc rcvaluatiDn of thc K-P buundary (jSSP at El Kc.:f. lt is 
suggcsted to redefine thc K-P bounclary at the leve! of coincidence of 
thc major biotic cha ngcs a11d the cosmic markers. 

Kcy worcls: K/P bou11da1·y , A'ln Sellara , Tunisia. liLhology , 
micropalaeon lology, ge,1che111 istry 

R(•sumé 

L:1 limite Crl:t:1cl:/Paléogc11c (K/1'), co1111ue jusqu';'¡ mainten:111t comme 
la limite "('rélacé/Tcrtiairc" (K/T) cst particuliércmc11t bien cxposéc it 
l'A'in Sclt;ira tbns la 1·l:gio11 de Kalaal Se11;111, quc.:lqucs 50 km au sud de 
b scctilln typc d'CI Kcl'. llnc étude plu1·idiscipli11ai1\.~ 111icropaléo11tolo-

gique d géochimique de l'interva lle de la limite K/ P aboutil ú l'idcnli
fü:ation de six événements, par111i lesquels deux au 111oi11s (B et C) 011t 
une sig11ificatio11 gl(>balc. Le plus inférieur, l'événement A, lncalisé ;\ 
14 cm en dessous ele la limite K/P, est marqué par quclques pctites 
concrétion s et ele rares petits 1nacrofossiles, 11ar une chute de 50% de 
l'abo11da11ce des 11a1111olóss iles calcaires et par une aug111e11tatio11 des 
Seyli11asci;1s (rcslcs orga11iqucs de fora111i11iteres). 11 est rap1mrté il une 
réduction du laux de séelimentation elnnt l 'originc reste _jusqu 'it préscnt 
inccrlaine. L'évé11cment B, a 3 c111 en dcssous de la limite K/P, est 
caractérisé par une surfacc biutmbéc qui séparc les 60 cm de l'Arg il e 
Limite des mames elc J'Aln Sellara sous-jacentes. 11 indique un épisn
dc de 11011-dépót, précéda11t immédiatcment le début d'unc tra11sgres
sinn 111a_jcu1·e, globalcment 1·ccon11ue. Aucu11 ehangemcnl paléontolo
giq ue n" est cnregist ré ú ce 11iveau. L'événement C csl car:1ctérisé par 
des concentrations 111ax i111ales d ' iridium et de spinellcs nicke lifi:rc:s 
appara issant dans les nodules jarositiqucs aplatis qui 111a1·quent 1<1 lill1i
te K/P cn111111e au Kef(la limite K/P ,1·e11su ODIN, 1992). 11 co'incide avec 
une: cxli11ction ma_jeu1-.: des cspeces de foraminifi:rc:s pla11ctoniquc:s 
(71%) et avcc une chute ele 60% de l' abondance eles 11:11111ofossiles. Le.: 
cha11gc111e11t lithologique (petits chenaux et rieles) enrcgisu·é par J'évé
ncment D, quelques ern plus haut, esl 1\-:lié it u11 dépót de tem péle de 
signifü:alion locale. Les évé11e111e11ts E et F, qui prc-:nncnl 11lacc plu s 
haut d:111s l'Argile Limite sont esscnticllement rcvclés p<ir des 111mlitl
catio11s pa léonto logiques (paly n,Hnorphes et nannofossilcs) et résultcnl 
prnbablernent ele légéres flucluations du 11ive;1u 11rnri11. La coú1cidence 
des 111arqucurs cosmiqucs avec les drn11geme11ts biotiques majeurs ú 1:1 
limite K/P de l'A'l11 Sett;wa plaide pour l'hy1wthi:sc de l'impacl 111étéo
ritique. Leur séparatill11 par rappmt :'t la base; de l'Argile Limite indique 
que Ja succc.:ssion est légére111cnt plus co111plete qu ' au Ket: ce qui justi
í1erait une réévalu'1tio11 clu strnlllLy11e de la limite K/P el du Poinl 
St1·atoty11e (jlobal (PS(j), JI paralt mai11tc11ant op1mrtu11 de 1\;défü1i1· b 
limite K/P au 11iveau 0(1 ctú'ncidenl les changc:mc:nls biutiques majeurs 
el les marquc:urs cosmiques. 

Mots-clcf.~ : la limite K/P, J\'i'11 Settarn, Tu11isi e, litlwlogie, micrnpa
léo11tolugie, géochi111ie 

Introduction 

After 20 years of intensivc research , much debate and 
controversy, the Alvarez irnpact hypothesis (Ai.VAREZ et 
u!., 1980, 1982) has been widely accepted to cxplain the 
anomalously high abundances of iridiurn ami the rnass 
extinctions rccorded in sorne rnicrofossil groups at the 
palaeontologically idcntified Cretaceous/ Palaeogene 
(K/P) boundary, until recen ti y known as the K/T bound
ary (SMIT & HERTOGFN, 1980; KLLLEI~ & BARREI~/\, l 990 ; 
severa! papers in SILVER & Scr1unz, 1982, in SHARl'TON 
& W ARO, 1990 and in R vorn et al., 1996; Rocc111/\ & 
Ror3rN, 1998). However, otbcr phenornena, such as 
the suddcn releasc of largc amounts of volcanic ashes 
and gasses and major sea-levcl changcs, have also 
bcen invokcd fm mass extinctions (CouRTILLOT, 1994; 
GLAsriv & KuN/.FNDOlff, 19% ). Thc discovcry of Ni-rich 



170 Christian DUPUIS et al. 

60° 

30° 

30° 

120° 90º 60º 30º Oº 

ocean basins 

30° 

l. Brazos River• 9. El Kef 
2. Site 605 1 O. Israeli Sections• 
3. Site 384 11. Site 356 
4. Stevns Klint 12. Site 516 
5. Lattengebirge 13. Sites 524-5, 527-8* 
6. Zumaya, Sopelana, Biarritz* 14. Site 465a 
7. Gubbio 15. Site 577 
8. Agost, Caravaca* 16. Flaxbourne River 

60° 

1~1 Primary K/P boundary section. 
• Locality contains more than one measured section 

e Aln Settara section (Tunisla) 

90º 120º 150° 180º 

continental platfonns land 

PI ate 1 - Loca ti o ns of the most fornous K/P boundary sections worldwidc, incl uding the Ain Settara section, plotted on a palaeo
geographic reconstruction of continental positions at thc time ofthc K/P boundary (65.0 Ma) (after MACLEOIJ & KELUóR, 
1991 ). 

spinel, a mineral fonned by fusion and oxidation in the 
atmosphere ofmeteoritic objects (KYTE et al., 1980; SMIT 
& KYTE, 1884; KYTE & SMIT, 1986; Rü BIN et al., 1991, 
1992; RoccHI A et al .. 1996; RoBtN & Rocc1-11A, 1998) and 
of shocked minerals at the K/P boundary (Bo110R, 1990; 
GRIEVE et al., 1996; CL/\EYS et al., 1998), seem to be in 
favour of the asteroid impact hypothesis. 

During the last decade, cornpared to other famous K/P 
boundary sections worldwide (GARTNER, 1996; see also 
PI. 1 ), most attention has been paid to the El Kef section 
in northwest Tunisia (KELLER et al., 1996; ÜLSSON, 1997 
and SMIT & NEDERBRA<iT, 1997), because it includes the 
formally accepted Boundary Stratotype and Global 
Stratotype Section and Point (= GSSP) for the 
Cretaceous/Palaeogene Boundary (Minutes CUGS, 1991 , 
p. 23). The base of the Dark Boundary Clay at El Kef, 
represented by a rusty-coloured !ayer (BEN ABDELKADER 
& ZARGOUNI, 1995, figs 1 & 2) in which the maximum 
concentration of Ir and Ni-rich spinels (Ros1N et al., 
1991; RocCH JA et al., l 998) and the major species extinc
tion in planktonic forarninifera (KELLER et al., 1996) were 
observed, is the accepted boundary criterion (OotN, 1992, 
p. 13), in spite of problerns related to the exact location 
and preservation of the original GSSP locality (REMANE 
et al., 1999, p. 48). 

During their fieldwork campaigns in the Kalaat Senan 
area the present authors recorded an orange-coloured 
leve! at Ain Settara, which they associated with the rusty
colourecl leve! occurring at the base of the boundary clay 
in the El Kef reference section. However, at Ai'J1 Settara, 
situated in the same basin as the El Kef section ("le Sillon 
tunisien": ROBASZYNSKI et al. , l 993b, fig. 2), although 
somewhat more proximally (50 km southward), this 
coloured !ayer did not coincide with the base of the e lay, 
but occurred a few cm higher up. In arder to solve the dis
crepancies between the El Kef and the A'in Settara sec
tions it was decided to set up a multidisciplinary investi
gation at Ain Settara, including micropalaeontological 
(planktonic foraminifera, calcareous nannofossils , 
dinoflagellate cysts), mineralogical and geochernical 
analyses. 

Geological setting 

A five thousand meter thick, fossiliferous and predomi
nantly marly sequence is outcropping in Central Tunisia, 
in the region between Kalaat Senan, Tajerouine and 
Kalaa Khasba (Fig. 1). This sequence, which ranges in 
age from the Aptian to the middle Ypresian, was meas-
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ured ami sampled during the last decade by RcmASZYNSJ(J, 
Dur u1s, CAJWN and STELJRBAUT. The Ccnomanian to 
Maastrichtian sequenccs were rcported in RcrnASZYNSKJ 
et al. ( 1990, l 993a, l 993b, 1993c, 2000) ami HARDENl3üL 
et al. ( 1993 ), the Danian/Selandian boundary interval in 
STEURBAUT et al. (2000). 

At Aln Settara, thc Dark Boundary Clay lies within the 
lowcr part of the 111arly El Haría Formation, at about 180 
111 above the top of the lirncstone-rich Abiod Formation, 
ami 400 111 below the base of the carbonate and phos
phate-rich Metlaoui For111ation (Fig. 1). For a dcscription 
of these formations the readcr is refcrred to B UROLLET 
( 1956). Thc El Haría Formation consists of severa] (at 
least 5) 111appablc, Jithologically and faunally distinct 
units. Two ofthese units, located within the middle ofthe 
E l Haría Formation, are exposed at Ai'n Settara (Fig. 2): 
thcy are the 150 111 thick Sidi Nasseur mads, consisting of 
altcrnating blue grey rnarls and thin whitish limestone 
bcds, and the underlying Ain Settara rnarls which are 
composcd of dark grey jarositic rnarls, with alternating 
0.2 to 0.8 m thick whitish more carbonate-rich beds (car
bonate content between 25 and 50'Yo). The Jower part of 
the Sidi Nasseur marls is marked by two dark claycy lay
ers, of wh ich the Jowerrnost represents the " Dark 
Boundary Clay" ami encompasses the K/ P boundary. 

The K/P boundary is exposed in a l 00 111 high very 
steep tlank of a deeply incised gully at about 80 m abovc 
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thc base of the gully, ami horizontally traceable over 
more than 200 m. There is alrnost no vcgetation on this 
steep slope and therefore exposure is cxcellent (Pis 2 & 
3). 

Samplcs and methods 

Sarnples, Jabcled STW (Settara Wcst), werc taken at 2 to 
S m interva ls in the !00 111 vertical section along the west
ern Jlank ofthc gully (Fig. 2). Thc 1 111 thick K/P bound
ary section was studied at severa! points along the out
crop in ordcr to unrave l the stratigraphic succession and 
its lateral variations. 

Minemlogy allll geochemistrv 

Carbonate content was determined with a Bernard cal
cimeter on 42 samples (Fig. 2), among which 21 were 
focused to the l m thick section spanning the K/ P bound
ary (Fig. 3). Analytical precision is about YX" 

Geochcrnical analyses havc been carried out on the 
detailed section (Fig. 3 and Table !). Major elemcnt and 
trace clcment contcnts werc determincd using SEM-EDS 
analysis upon pressed powder and lCP spectrometry, 
respectively (Table 2). Thc precision of the SEM-EDS 
analysis is 3-5°/ii for major elements whosc abundance 
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Fig. 1 - Local ion maps ami general stratigraphical contcxt of lhc studied intcrvals. Thl: Abiod Forrnation is composed of limes
tonl:s ( l ). Thl: El Hari~1 Formal ion is dorninanlly rnarly, sometimcs claycy, with l'cw calearcous bcds (~). Thc Metlanui 
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cxceeds 5'%, 5-1 O'Yo for minor elements whose abundance 
is 1-SCX" For ICP spectrometry, the studied sediments 
were analysed after dissolution of 200 mg sample with 2 
mi HF plus 2 mi l-ICI04 plus 5 mi l-IN03. The precision 
of the mcthod is 1-10%, depending on the elemcnt 
analysed. Rock Eva! pyrolysis has been performed upon 
bulk rocks. Rock Eva! parameters, including the total 
organic carbon (T.O.C.), the Hydrogen Index (l-II) and 
Tmax, as defincd in EsPIT/\LJl'é (1993), havc been meas
urcd. 

Ten samplcs werc Laken and proccssed for cosmic 
marker analysis (Fig. 4). lridium was rneasured by 
Instrumental Ne utrnn Activation Ana!ysis (lNAA), fo]-

lowing thc mcthod descrihcd hy M1 ·:vu~ et uf. ( 1993 ). 
About 100 mg of ground m1d homogcnised wholc-rnck 
samplc was dried, scakd in pure quartz vials, ami then 
irradiated for 4 hours in the 1Ol4 neutrons cm-2 .s-1 ílux of 
the OS!RIS reactor at the Piel'l'e Süe Laboratmy, Saclay. 
J\ftcr 1 month cooling, iridium was measured at Gif-sur
Yvettc, with a yy; spectrometcr detecting, without anti
Compton devicc, the 316-468 keV y-ray coincidence 
resulting from the decay of 1921r. The dctection limit of 
the instrument is lower than 0.05 ng.g- 1• Ni-rich spinel 
was measured following thc procedurc describcd by 
RoBI N et ul. ( 199 l ). About 1 to 2 g of whole sample was 
trcated with 1 O % hydroch loric acid ami the rnagnetic 
fraction was separated from thc aqueous suspension in a 
Frantz magnctic separator and subsequcntly dispcrsed on 
a nuclepore filter. Thc composition of individual mineral 
grains thus recovered was dctcrmined by X-ray rnicro
analysis, using a high purity germanium detector and dig
ital pulse processing frorn Princeton Gamma-Tech (PGT) 
attached to a JEOL .ISM 840 scanning electron micro
scope. Ni-rich spinel crystals larger than 0.5 µm are 
counted and sorted according to their size with an auto
matic search routine supplied by PGT. The detection limit 
depcnds on thc abundance of other magnctic grains but is 
generally lowcr than O. 1 spinel crystal mg- l. 

Planktonic .finw11ini(em, colcareous llllllllofóssi/.1· (ff1(/ 

p< tl )111<1111< >rphs 

A total of 24 samples were analysed for the study of 
the planktonic foraminifera (Figs 5 and 6). Ali samples 
were disaggregated in tap water and diluted H20 2, then 
washed through a 63 µm sieve and dried at 50ºC. 
Quantitative analyses were based 011 representative splits 
of 300 or more specirnens from the size fraction larger 
than 63 µm, obtained using a modified Otto micro-split
tcr. Ali the rcpresentative specimens were pickcd, identi
fied aml mounted on micro-slidcs for a pcrmanent recmd. 
The rernaining samplc was scanned for rare spccies in 
different fractions largcr than 63, 100 and 150 µm . The 
tables including detailed quantitative data are prescnted 
eJsewhere (MOLINA et al., 1998). 

Fomteen samples were processed for calcareous nan
nofossil investigations ( Fig. 7). Smcar-slides were 1nade 
following standard procedures and examined with the 
light microscope at 1250 magnification . Each sample was 
also analysed on a semi-quantitative basis (magnitication 
1000 x), based on the method described by BMXMAN & 
S1 IACKL ETO N ( 1983 ). Various samples from unit 6 and the 
base of unit 7 were studied with thc scanning electron 
m1croscope. 

Fowteen samp\es were processed for palynology using 
the standard procedure of the "Laboratoire de Palyno
\ogie de l' lnstitut de Géologie de Strasbourg" ( R/\usu-1 rn 
& SCllMITT, 1990; R/\ USCllER et al., 1992). 

Lithology 

The K/P boundary interval is marked by a !ayer of yel
lowish, jarnsitic platy nodules, 2 to 5 cm long and a fcw 
mm thick in which cosmic markers were found. This 
layer lies approximately 3 cm abo ve the base of tbe ca 60 
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Plate 2 - The Aln Settara section, looking northwest, with location of the K/P boundary. The rocks of the left upper comer are 
capping the Ain Settara spring. 

cm thickjarosite-rich Dark Boundary Clay (= DBC). The 
base of the latter is located at 83.445 m in the section at 
the base of the Sidi Nasseur marls (Figs 2 and 3). 

Eight lithological units are identified in the approxi-

Plate 3 - The Ain Settara section, looking north, with in the 
background the nurnmulitic limestone cliffs of Sidi 
Nasseur. 

mately 1 m thick K/P boundary interval (Figs 3 and 4). 
Sorne of these ( especially units 3 and 4) are locally miss
ing. Units 1 to 6, which are dark-coloured and charac
terised by low carbonate content (less than 10%), consti
tute the DBC (PI. 4). The lowermost unit O, which con
sists of blue grey bioturbated mar!, represents the top of 
the Aln Settara marls. Its carbonate content ranges 
between 35 and 45% and equals that of the underlying 
Maastrichtian marls. A few small nodules, bivalves, bra
chiopods, and solitary corals occur at about 14 cm below 
the top of unit O. The upper contact of unit O is strongly 
burrowed. The burrows, a few cm long and 0.5 cm wide 
are flattened by compaction. They are filled with dark 
clayey material from tbe overlying unit 1. The latter is a 
2 to 3 cm thick, slightly bioturbated dark clay, heavily 
burrowed into the underlying unit O. 

Unit 2, which yields the cosmic markers, consists of 
very thin (a few mm), 2 to 5 cm long, yellowish to 
orange-coloured platy nodules made up of jarosite, gyp
sum, and iron oxides (goethite and hematite of low crys
tallinity), resulting from pyrite oxidation. The overlying 
part of the DBC is lithologically complex, and includes 
three thin beds. At the base occurs dark brown clay, O to 
3 cm thick (= unit 3), overlain by a discontinuous pale 
grey carbonate-rich (40%) silt, deposited in channel-Jike 
structures and containing rare pyritised molluscs (= unit 
4). This silt is covered with unit 5, consisting of hetero
geneous breccia-Iike brown clay forming small elevations 
(ripples?). Units 4 and 5 are interpreted as a single storm 
deposit. Units 3 and 4 can be locally missing due to rav
ination. This heterogeneous cornplex is characterised by 
very low carbonate contents (4 to 5%, Figs 3 and 4), 
except unit 4. It is covered by an almost 55 cm thick 
jarosite-rich dark clay, in which the carbonate content is 
slightly increasing upwarcl from 5 to 20% (= unit 6) (Fig. 
3). The base of unit 7, which marks the top of the DBC, 
is represented by light grey mar! showing a strong 
upward increase in carbonate content (35% at 85 m, Fig. 
2). There is a slight increase in the total organic carbon 
content (= T.O.C.) in unit 3, as well as in unit 5, just 
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Fig. 3 - Description of the Dark Bounclary Clay. Carbonate and total organic carbon (T.O.C.) contcnts. 

above the K/P boundary (from 0.5 to 0.8<%) (Fig. 3). 
From this leve! to approxirnately 1 O cm above the base of 
unit 6 the T .O.C. progressively decreases to about O.Y%, 
from which it rapidly rises again to ca 1.2°/., at the base of 
unit 7. 

Cosmic markers 

The stratigraphic distributions of iridium ami Ni-rich 
spinel are displayed in Fig. 4 and Table 2. A maxirnum 
concentration of 2.7 ng.g-1 of Ir is observed in the 
jarositic ]ayer (unit 2 ). Thc Ir contcnt decreases rapidly 
ami almost symmctrically on both sides of this !ayer, 
reaching a value of 0.2 ng.g- 1 at about 1 O cm below and 
abovc it. The Ir flux integrated over the 20 cm of section 
studied here is 35 ng.cm-2. This value is about 2 times 
lowcr than these mcasured in the K D ami KR sections at 
El Kef (80 and 70 ng.cm-2, respectively, see Rocrn1A et 
o/., 1998 ), which are located about 50 km Northeast of 

Ain Settara. However, at El Kcf, as at many K/P bound
ary sites, the Ir peak is superimposed on a low-amplitude 
shoulder (Ir concentrations of l 00-200 ng.g-1 ), extending 
ovcr 1-2 rn in the Danian and the Maastrichtian, and con
tributing to more than 40 wt'Y.J of thc total Ir flux 
(RO<..:ClllA et al .. 1987; ROBI N et al .. 1991; RoCCH IA & 
RoBIN, 1998). Supposing a similar contribution of the 
lr shoulder at Ain Settara, we can expect a minimum 
value of 60 ng.cm-2 for the total Ir flux. This value is 
close to the total Ir fluxes measured in many other K/P 
sections. 

The stratigraphic distribution of Ni-rich spinel is a 
pulse-like function, with a maximum abundance in the 
jarositic !ayer (unit 2). Spinel is almost absent (lcss than 
0.1 spinel mg- 1) below and above this laycr ( unit l ). The 
abundance and total flux of spinel (about l 50 crystals mg-
1 and 5.1 o4 crystals cm-2, respectively) is comparable to 
thc abundance ami total flux of this mineral al El Kef 
( about 200 crystals mg-1 and 4. 1 ()4 crystals cm-2 , respec
ti vely, sec R<mlN et al., 1991 ; Rol31 N & Rocn11 A, 1998). 
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Fig. 4 - Detailed lithological succession of the K/P boundary interval. Carbonate content and stratigraphical distribution of the 
cosmic markers. 

Plate 4 - The K/P boundary interval in the AYn Settara section, with the lateral distribution of the different units (O = top Ain 
Settara rnarls; 1-6 = Dark Boundary Clay, including unit 2 with the cosrnic rnarker bearing, orange-coloured platy 
nodules). 
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Table 2 - Cos111ic 111arke r. iridit1111 nnd Ni-spincl contcnts in 
the AYn Sellara 1\. / 1' bou11da1·y intcrva l. Lcvcl in m 
is 1-dcrrcd to Fig. 4. 

S:111~li11g kvél (cm) lrillium 111,¿. ~ ') 'ii-rich spi11c·I me:' 
8353.5 o . ~ 1 :i. ±11.091 

8Y'1.5 il. lfl±ll.11) 
835 J.IJ 0 .560.58 

5 1'350,7 l),h38±0,()h4 

5 8350.0 0.760.50 
4 8349. ll 1.392±0.1)% 0 .09±0.IHi 
4 8348.5 0.05±0.06 

8347,) 0.03±0.03 
3 8347.ll ll.7!J4±1J.l)li7 1.1 l ±0 .81i 
3 8345.3 11.88+0.39 
3 83.JS .O 2.714±0.247 
3 834.J .7 SU.44±8.87 

8344.5 2.68 7±0.21 3 154.85±5 3 
8344.3 2. 86 :!:0 . 13 r 'l ,93±3.CJ9 
8343.8 ll. 72±0. 19 
8343 .ll 0 .3,+0.34 
8342 .5 1.295±0. 121 

f) 8338 .5 O. J .~ 7±0 . 127 

Geochcm istry and depositional conditions 

Mujor elemen ts 

The samples studied show ve ry monotonous distribu
tions for the Si /Al , !(!A l, Mg/AI and Ti/Al ratios 
(Table 1 ). The Si/Al ratio revea ls no variation neither 

rn t he si 1 iccous prnductivity ( d iatoms, radiol~iri~111s) nor 
1ll the grain-sizc distribution. Thc most variable scdi
rn ent componen! sccrns lo be the carbonate contcnt. The 
Mg/Ca ratio docs not al low the di fferentiation of 
dolomite or Mg-calcitc. The vertical distribution of the 
va lues of thc Mg/Ca ratio ami of thc Ca content 
revea ls that thcsc two data are negativcly cohelated. 
This indicates that thc Mg input is diluted by the car
bonate flux , and that most of the Mg content is prob
ably land dcrivcd. Rock Eval pyrol ysis shows that organ
ic matter (OM) is present in low amounts. T.O.C. values 
do not excccd 1.2 wt'X, but are generally much below 1 
wt'% (Table 1). The values of the Tmax ami Hl indices 
show that thc K/P samples contain immatme type 111 
org<1nic mattcr, which according to Esl'ITJ\LIÉ ( 1993) is 
bel ieved to be !ami derived, as con firrncd by the pa lyno
facies analyscs. 

Trace demenf.1· 

The samples from the K/ P boundary interval do not 
revea] strong variations in their chcmical composi tion 
(Table 1 ). The Th/K and Th/ Al ratios (V i\N Buc1wM 
et al., 1992) do not show any tendeney that could be 
interpreted in terms of grain-size variation within the 
sedirnent rnatrix. Rclative to earth crust abundances, 
the sarnples appear to be depleted in sorne trace ele
ments , e.g. V, Mo, Cr, Cd, Ni, Cu, Mn, Ba ancl P, 
except for samples (STW 1 to 4 for Ni and STWA 40-42 
for Cr). Assuming that sulfur is only present in the 
form of iron sulfide, a nonnative calculation allows to 

Tabk 1 - Geoche111ical contcnt of the sedirnents across the K/P bounda ry in thc Aln Settara scction. [ l] - H 1 is expresscd in 111g 
hydrocarbon pcr g T.O.C. Fe':' content w~1s dcterrnin e d with IC P-OES. DOP ' = Degree of pyritization, i.e. the pyrite 
Fe/total Fe ratio. Molybdc nium ami cadrnium contcnts rneasured but the valucs were be lnw the dctcction thresholds . 

Lil/10/. Samp/es s101 T\02 Al203 Feü MgO Ca O Na20 . K,.o l'il;, --s-- V Cr Til Ni Cu M11 Fe' Ba r 
UllilS wt% wt º/., wt% wt% wt% wt % wl% wt% wt% wt% ppm ppm pm ppm ppm ppm wt% PPlll ppm 

Unit 7 STW 84 45.08 O.BG 24.63 5.27 2.00 10.64 0.[38 1.23 º·ºº 0.46 193 138 12 62 15 123 4 52 90 1598 
Unit 6 STWA 40-42 46.86 1.07 24.98 5.75 2.18 ll 66 1,08 1 :l8 0.69 0.53 204 189 12 65 15 119 4.47 93 1768 
Unit 6 STWA 20-22 47.70 0.85 25.06 6 .16 2.14 8,37 o 84 1 42 o 47 0.41 194 112 12 56 15 158 4.50 90 1331 
Unit 6 STWA 8-10 52.04 1.44 28.22 6 ,66 2.06 3 86 o 77 1 54 000 o 39 221 89 13 68 19 99 4 36 102 1005 
Unil6 STWA 3-5 51 .61 1.11 27 63 7,01 2 03 4 Hl o CJ7 1 58 0.00 066 224 106 12 75 19 65 4.31 117 824 
Unit 5 STWA5 50.88 0 .99 27.3 6.09 1,81 5.27 o 94 1 57 o 00 o 9:1 206 107 13 101 20 86 4.54 98 722 
Un il 4 STWA4 33 .79 0 .61 18,09 4.97 1.34 21 53 0,A5 1 02 º·ºº 0.87 123 A9 A 189 14 409 :l 47 57 441 

PI Unit 3 STWA3 44.58 1.01 24 62 B 51 1,93 8.07 o 81 1.22 0.00 2.90 165 112 10 209 26 116 4.77 310 575 
K I Unil 1 STWA 1 39, 12 o 69 20 78 7.46 1 55 15 24 o 00 1 18 º·ºº 1 99 162 119 10 176 23 109 4 81 91 f'l:l'.l 

Unit O STWA 0-3 33.88 0 .79 17 ,77 4 95 1,31 21 ,91 o 57 o 98 o 00 o 63 142 ílA 8 77 14 PO 3 46 70 743 
Unit O STWA 5-7 33.17 0 ,97 17.81 5 27 1 67 21 75 0.82 0.91 0.00 0.54 135 70 g 56 15 126 '.l 36 67 789 
Unit O SlWA 12-14 39.11 0.82 20 ,31 6,12 1,60 29 RO () 00 1 03 0,00 0,7íl 120 94 7 43 13 129 3 56 GO 1240 
Unit O STW 83 37.43 0 .76 17,09 5, 12 1,84 19.77 o 00 1 20 º·ºº 0.12 102 72 7 43 13 111 3 41 67 721 

Uthol. Samples VIAi 1 Cr/AI J Th/AIJ Th/K I !'Ji/Al 1 Cu/All Mn/All Ba/AIJ P/AI S\/A1KIAl1 Mg/ATTl/AI DOP' TOCIJ\II!m<ix 
l/llÍ/S X 104 X 104 X 104 X 104 X 104 X 104 X 104 X 1 o' X 1 a4 wt% [1] ·e 

Unit 7 STW84 14.78 10.57 0.91 11 .61 4 79 1.15 9.43 6.93 122.62 1.62 0.06 0 .09 o 04 o 12 1.20 102 429 
Unit 6 STWA 40-42 15.41 14,28 0,90 10,37 4.91 1.13 8 99 7 03 13157 1,66 o 04 o 10 o 05 0.30 o 93 "lB 427 
Unit 6 STWA 20-22 14.60 8.43 0.91 10.30 4.22 1.13 11 ,89 6.78 ~:JO 20 1.69 0,04 o 10 0 ,04 o 30 0.50 52 425 
Unit 6 SlWA B-10 14.77 5.95 o 86 10 09 4 55 1.27 6.62 6.82 fl7 19 1.64 0.04 o 08 0.06 0.20 0 .57 56 423 
Unit 6 STWA 3-5 15.30 7.24 0.85 9.47 5 12 1.30 4.44 7.99 56.27 1.66 0.05 o 08 0.05 0.17 0.68 71 424 
Uni l 5 STWA5 14 20 7,30 o 87 9.65 6 96 1 38 5.93 6.76 49.78 1.65 0.05 o 08 o 04 o 14 0.79 79 426 
Unil 4 STWA4 12,83 9 .28 o 81 9,17 19.71 1 46 42.66 5,95 46 ºº 1,66 0 ,04 o 08 o 04 0,10 0 .52 RO 426 

P I Uni t 3 STWA3 12.64 8 .58 0.73 9.36 16.01 1.99 8 íl9 23 75 44 06 1.61 0,04 o 09 0.05 o 11 0.75 90 425 
K I Unit 1 STWA1 14.71 10.01 o 91 10 24 15.9A ;¡ 09 9.90 íl .26 57 48 1.67 0 .04 o 08 o 04 o 07 0.52 60 4/1 

Unit O STWA 0-3 15,07 9 .34 0.88 10.19 A.17 1.49 12 ,74 7 43 78 87 1.69 o 04 o 013 o 05 o 14 o 51 70 424 
Unit O STWA 5-7 14.30 7.42 o 96 12 01 5 93 1,59 13.35 7.10 83.60 1.65 0.04 0. 11 0.06 0.07 0 .46 63 422 
Unit O STWA 12-14 11 .15 8.73 0.63 7 98 4.00 1.21 11 99 5 57 115 21 1 71 0 .04 o 09 o 05 o 10 o 39 69 424 
Un it O STW 83 11 .29 7 97 0.81 7 35 4 77 1.47 12.25 7 42 79 71 1,94 0,11 o 12 0.05 o 12 o 54 50 427 
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infer tbe proportion of iron trapped as pyrite. The pyrite 
Fe/total Fe ratio may thus be looked at as a simplifíed 
expression of the dcgree of pyritisation, as defíned by 
BERNLR (1970). This pennits to envision in how far iron 
was sequcstcrcd as sulfídcs, of wb ich low values are 
observed hcre. 

Nickcl and copper are present in weak proportion. A 
small rclative Ni enrichrnent may be seen at the K/P 
boundary s.s. (samples STW J to 5), accornpanicd by 
sorne rclatively higher Cu content (Cu remains howcver 
depleted relative to average proportions in the earth 
crust). This may be accounted for by the presencc of 
sorne typc IJ1 organic matter (i.e. land derived ). 

f ni erpretu tililz 

The Al-normalised abundances of Si, K, Mg, Ti and Tb 
bear witness of the very hornogenous na tu re of the terres
trial supply. The trace clements studied rnay provide 
inforrnation about the palaeoenvironmental conditions 
during deposition and early diagenesis. Ni and Cu rnay 
rdlect the presence of sedimentary organic matter. Other 
clements, such as V, Mo, Cr, Cd and Mn may help to 
decipher the palaeo-redox conditions. Lastly, Ba and P 
may represent palaeoproductivity. Ali of this is detailed 
in CALV ERT & PEDERSEN ( 1993), ÜJSNAR ( 1980), 
BRlJMSACK (1986), 8R[IT & WANTY (1991 ), ÜYMOND et 
al. ( 1992) and references thercin. Here, the depletion in 
V, Mo and Cd for ali samples indicates that depositional 
conclitions (bottom/interstitial waters) were not reducing. 
This is confírmed by the low values ofthe Fepyrite/Fetotal 
ratto. 

Two samples (STW 1 and 3) show a highcr S content 
than the others (ca 2 and 3'% respectively). Taking into 
account the Mo and Cd absence and the V depletion , this 
relative S enrichment cannot be accountcd for by sulfíde 
precipitation during early diagcncsis (it rnust have 
occurred during Jater diagenesis). 

For what the Ba ami Mn content is concerned, some 
samples show extremely high values (samples STW 3 for 
Ba, and STW 4 for Mn, see Table l ). These rclatively 
high values may be interpreted as the result of rernobili
sation-migration processes under reducing conditions, 
followed by trapping of tbe rnigration front when oxidis
ing conditions werc rnet. lf that were thc case, it would 
have been refkcted by the contents in V and Mo. 
However, this is not so, and, as the result, this hypothesis 
has to be rejected. Tberefore, the anomalics in Ba and Mn 
must also have a late diagenetic origin. As a conclusion, 
one can put forward that the gcochcmical contents of the 
sediments across the K/P bounclary do not provide evi
dence thal the depositional conditions were anoxic at Ain 
Settara at this time. 

Jarosite nodules (hydrous irnn sulfate) are frcquently 
occurring in the studicd section. Thesc concretions con
tain no carbonate and are devoid of idenlifiable fossil 
remains. They probably result from the weathering of 
pyrite nodules ami reflect rcdox conditions, allowing sul
fidc precipitation. This could be interpreted as the devel
opment of reducing conditions at the K/P boundary ( unit 
2 ), as gcncrally stated in lhc litcrature for this boundary. 
1-lowcver, such reducing conditions are nol echocd al ali 
in the adjaccnt unils (0, J, 3, 4 , 5, 6). Actually , the argu-

rnents dcrivcd from trace clcment distribution (see abo ve) 
support 11011-reducing conditions for these units. As a con
sequence two interpretations may be put forward: ( 1) 
reducing conditions did occur, but only for the short time 
interval during which the nodules formed. This episode 
would not have left any geochemical witness in the sedi
ment containing the nodules . (2) The nodules may have 
formed later during diagencsis . Diagcnetic nodules gen
erally occur during the sulfate-reduction diagenetical 
stage or the anaerobic methane oxidation stage (RAIS
WELL, l 988). The fírst hypothesis is unlikely in the pres
ent case because sulfate reduction would have left an 
imprint upon the sediment, recordccl by the trace element 
distribution and the Fepyrite/Fetotal ratio C~able l ). The 
second 1s more plausible: nodule forrnatton <loes not 
imply that the conditions wcre reducing during deposi
tion, and its forrnation can occur without any other geo
chemical echo within the sediment. However, sorne secli
ment feature rnust explain tbe Jocation of the nodules at 
the K/P boundary. Thc methanc must have been trapped 
there for a long time, cnough to be bacterially degraded 
(anaerobic methanc oxidation). In conclusion, the pres
ence of the _jarosite nodules rnight witness episodes of 
reducing palacoenvironmental conditions at the K/P 
boundary, although no strong evidence for this is avail
able. J-Jowever, the trace element content indicates that 
the environment was not reducing and, thercforc, the nod
ules should rather be linked up with a subsequcnt diage
netic event. 

Planktonic foraminifera 

B io::onation 

LUT ERBAC HER & PR [MOLI SILVA (1964) bcgan to study 
tbe K/P boundary in a high resolution way. Ncvertheless, 
the K/P boundary remained not completcly zoned in the 
classical biozonation of BoLLI (1966). BER(iCIR EN ( 1969, 
l 971) proposed to use a biostratigraphical systern of 
nurnerical nomcnclature for the biozones, which has been 
usecl and modificd by different authors (BLOw, 1979; 
SMIT, 1982; KELLF:R, 1988, 1993; 81'.R<JCiRLN el al. , 1995; 
KELL ER et al., 1996). This numerical system can be con
fusing ami we prefer to use the classical systcm of 
nomenclature biozonation. Thus, in this study the follow
ing biozones have been recognised: 
- Plu111111eritu lwntkeninoides Biozone (= Pl11m111CT"ifa 
reicheli subzone in Rol3ASZY NSKI el al., 2000): this bio
zone was defíned by ION ( 1993) in Romania ami has al so 
been recognised by PAIWO et al. (1966) in the Agost sec
tion in Spain. This biozone is dcfíncd by the total range 
of P/11111111crita lwntkeninoides and is used in this paper 
beca use of the scarcity of Ahatho111plwl11s 11wyame11si.1· in 
the terminal Maastrichtian . Nevertheless, in thc upper
rnost Cretaceous sample ( unit 1 J sorne specirncns of A. 
mayaroensis have been found. Almost all large tropical 
Cretaceous taxa suddenly disappcar at the top ofthis bio
zone in the Aln Scttara section (Fig. 5). 
- Guembelitriu crefacrn Biozone: SMIT ( 1982) dcfincd 
this biozone in the Caravaca scction (Spain) to rcplace his 
formcr unnamcd "intcrrnediatc'' zone (SM IT, 1977). The 
base of this zone, wbich is considercd to rcprcscnt thc 
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R. pennyi Ge. fodina 
Pv. sa bina 

~·arca Gb. irregularis . scotti Pv. u morica A. blowi Pv. cf. theodosica 
{;h?unctulata Ge. ex.tensa 

. e!egans Ge. cf. frinR! 
Ptx. nuttaW Ge. minutu - - - ~tx. intermedia W. claytonensis 

. palpebra Pv. eugubina 
t-- p· costellifera W. hornerstownensi5 

. excolata Ch. morsei - G. cuvillieri 
P. acervulinoides 
P. carseyae 
P. ITlllrícamerata 

1- -- - P. rranuelensis 
R. fructicosa 
R. powelli 

1- -G. rosebudensis 
1- - G. multispina "'= G. havanensi5 ~ G . petaloidea 

- G. pschadae 2 - A. rrayaroensis 
~ R. rugosa 

R. hexacarrerata ~ 
R. rotundata e 
R. rmcrocephala 2 
R. reicheli -P. hantkeninoides \) 

-1 S. n1.1 l!ispinata 
~ P. hariaensis e 

-1 
G . aegyptiaca 

~ G. rosetta 
G. rmríei 
G. stuarti 3: G. stuartifonnis 

- -1 G. insi~nis -2 G. dup eublei -G. fareedi ~ - 8· canica ~ -- --' . elevata 
:::r:: 1-- - - ~ G. fabocakarata 

C. contusa ;:-.. 
-- - - C. pateiliformis -- - C. w alfc;ch en sis - G. subcarinatus - P. kempensis - H. la be llosa 

P. costuhta H. pulchra --
H. glabrans 

G. minuta 
G.volutus -- G . caravacaensi5 
H . glanata 
H. olmldensis 
H . minmouthcnsis 

- G. prniriehillensis 
H . na varroensis - G. vaucoenslS 
H. globulosa 
Gb . cretacea 
Gb . trifolia 
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K/P boundary, is correlated with the "red oxidized 
Jayer" present in many sections worldwide (SMIT & HER
TOCiEN, l 980; SMIT, 1982, 1990; Sc!-JMIT7:, 1994; KELLEI~, 
1994; Lc'lPFZ-ÜLI VA & KELLER, 1996 ). In the Ai'11 Settara 
scction it spans the interval bctween the last appearance 
datum ( LAD) of Plummerita hantkeninoides, and the first 
appearance datum (F AD) of Parvulamgoglobigcrirw 
eug11bina, and is thus cquivalent to Zone PO of KELLER 
( 1988, 1993), KELLER l'I al. ( 1996) and PARDO et al. 
( 1996). At Ain Settara it coincides with the jarositic !ayer 
(unit 2), containing thc cosmic markers, and not with thc 
base of the Dark Boundary Clay. Carbonate dissolution is 
only notable in the basal layers ofthe DBC (units 3 to 5). 
The remaining part of thc DBC (unit 6), which contains a 
very well preserved autochthonous fauna, is entircly 
attributable to the C. cretacea Biozone. The first Tertiary 
planktonic foraminifcra are present in the lower half of 
this biozone. 
- Parvularugoglohig<'l'ina euguhina Biozone: This bio
zone was defíncd by LUTERUACl-IER & PREMOLI SILVA 
( 1964) by thc total range of the norninate taxon, but in 
this paper it is used as the interval between thc P. eugu
hilw F AD and the Parnsuhhot ina psewlolmlloides F AD, 
which is cquivalent to Zone P 1 a(l) of KFI.LER ( 1993 ), 
KELLER & VON SALIS PERCl-1-NI ELSEN ( l 995) and KELLLR 
et al. ( 1996). 

Fauna! t11rnover and u111ses of' extinction 

The Ain Settara section appears to be continuous, becausc 
ali the planktonic biozones are present and the 
"Tertiary" species appear sequentially. Thc thickncss of 
the C. cretacea Biozone or PO Zone at Ain Settara (55 
cm) equals that at El Kef (55 cm and 65 cm respectively 
at El Kef 1 and El Kef II, KELL.ER et al., 1996, p. 225). It 
clearly exceeds that at Cara vaca ( 16 cm) and at Agost (14 
cm) (CA NLJDO et al., 1991; ARENILLAS, 1996; MoLINJ\ et 
ar,' 1996, 1998 ), that are among the most complete scc
tions known worldwide ( MAC "LLOD & KELLER, 1991; 
KELLER et al. , 1996). 

During the tropical to subtropical climate of the latest 
Maastrichtian, <leposition at Ain Settara took place on an 
outer platform, deep enough to yield a very diversified 
planktonic foraminiferal fauna of 64 species. Never
theless, the index spccies A. mayumensis is absent in thc 
upper 14 rn of the section ( Rol3ASZYNsr.:.1 et al., 2000), 
with the exception ofthc uppermost Cretaceous samplc in 
unit 1. The temporary absence of this decp dwclling 
species may be due to a sea-leve! foil (KELLFR, 1988, 
l 989a,b, 1993; I-ILJl3ER, 1990; ARZ et al., 1992; KELL l'.R & 
STINNESRECI\., 1996 ). The scarcity of other deep dwellers 
( Cont11sotn111cmw contusa, C. plica ta, Cuhlerina cu vil
li <!l'i, C fo/Jof /'l //1('{/ ni tll fúf.w IC(( {Cl//'ll fU, p la nogf< 1/J11 lillll 
carseyae, etc.) may also be related to the relative shallow 

~ 
Fig. 5 - Stratigraphical ranges of planktonic foraminifera 

acruss the K/P boundary at Ain Sellara and correla
tion with other bio:w11~1tions established in different 
sectinns. Thick lincs indicate presence in quantitati
vc splits and thin lines prcscncc in thc rcmaining 
sarnplc. 

deposition depth at Ain Settara. The rcappcarance of A. 
maya roe ns is j ust below thc K/P boundary could be asso
ciated with a sca-\cvel rise during the last 50 ky of the 
Maastrichtian (KELLER et al., 1993; PARDO et al., 1996; 
STINNESliFCK & KFLLFR, 1996 ), which seems to coincide 
here with the major flooding at the base ofthe DBC. 

Only one species, Rugoglohigerina pennyi, disappears 
within the 4 m interval studied for the uppermost 
Maastrichtian, whereas a total of 45 large low latitudc 
species disappear at the cosrnic rnarker yielding jarositic 
K/P boundary !ayer (unit 2). The presence of rare spccics 
was investigated by intensively scanning the residue of 
ali samples of different size fractions (it is easier to find 
the rare larger species in the fractions larger than 100 and 
150 µm than in the fraction larger than 63 µm). We 
believe that this search minirnizes the SIGNOR-Llrrs 
( 1982) effect, which may suggest that rare species 
becorne extinct befare their real moment of extinction. 
However, it is not possible to eliminate the Signor-Lipps 
effect completely and therefore we cannot be surc that R. 
pennyi really becomes extinct below the K/P boundary. 
Alternatively, we cannot exclude thc possibility that 
sorne very rare specimens may be reworkcd. 

Quantitative planktonic foraminifcral analysis of the 
uppermost 45 cm of thc Cretaccous at Ai'n Settara shows 
little variation among the relative abundances of different 
spccics (Fig. 6; ARFNTLLAS et al., 2000). The detailed 
sampling ( 18 samples in a 80 cm thick interval spanning 
the K/P boundary, Fig. 5) ami intensive search for rarc 
species in every sample indica te that 45 species suddcnly 
disappeared at the jarositic K/P boundary Jayer. This 
extinction event represents 71 % of the species, although, 
they account for only about 20% of thc population in the 
fraction largcr than 63 µm (Fig. 5). 

The cxtinction of 71 'Yo of the species of the 
Maastrichtian assemblage exactly coincides with thc 
!ayer containing the cosmic markers (unit 2). At prcsent, 
it is generally assumed that a meteorite impactcd at the 
K/P boundary, which probably caused thc mass extinc
tion in planktonic foraminifera (AL v J\REZ et al., 1980, 
1982; SMtT & HERTO(i EN, 1980; SMIT, 1982, 1990, 1994; 
D'HONDT, 1994; LJU & ÜLSSON, 1994; MOLINA, 1994, 
1995; MüU NA et al., l 996, 1998; ARENILLAS, 1996; ARZ, 
1996; ARZ & ARl'.NILLAS, 1996; ARCNILLAS et al., 1998). 
Nevertheless, the hypothesis of a single catastrophic 
impact event as sole cause for the mass extinction is still 
controversia! and various studies propose scenarios in 
which climate, volcanism ami an impact may account for 
the extinction pattern in planktonic foraminifcra (KFLLER 
1988, l 989a,b, 1993 , 1994, 1996; KELLFR et al., 1993 , 
1996; MAcLEOD & KELLFR, 1991, 1994; PARDO et ul. , 
1996). 

In the Early " Tertiary " the small, cosmopolitan forms 
were very abundant ( e.g. 1-!eterohelix glolmlosa and H. 
11uw1rroe11sis). The guembeli trids ( Cucmhe/itria trifi1lia 
::md C. C/'e/oceo) are rare in the Uppcr Crctaccous but are 
vcry abundant in thc lowcrmost ''Tcrtiary' ', just after the 
nrnin planktonic foraminiferal extinction event. ln the C. 
cretocea ami P. rng11hi11a Biozones a total of 18 small 
Cretaccous spccics are prescnt thal can be considered 
Crelaceous survivors ( KELLER, 1988, l 989a,b, 1993; 
Mi\CLLOD & KLLLLR, 1994; KLLLLIZ el ul., 1993, 1996; 
Mo1 IN/\ et al., 1996; AR7:, 19%). The possible 



180 Christian DUPUIS <!tal. 

.MAASTRICHTIAN 

P. hantkeninoides 

. . . . . . . . . -.. , . :· : ~:. >:.: 4~·: .. ~ 
• • • • t • . I •• • t. 1 . :1·:. ~· ,. : . >:.:.: ·'~ 
. • • • .•.• . •. ! .••• ·'. 

G. cretacea 

1 

~ 

45 species 
G. subcarinatus 
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LITHOLOGY 
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t---------- - !{ Jabellosa 
P. costulata 

- H.pulchra 
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G. minuta 
-------t G.volutus 

1---------------1 G. caravacaensis 
H.planata 1------""'""i _____ _.---;-------------; H. holmlelensis ti------..,.¡ ----------t"-------------; H. m:mrmuthensis 
G. prairiehillen sis 

-+--------------1 H. navarroensis 

G. yaucoensis 

....... ---'1---------.. ---~H. gbbubsa 

Gb. cretacea 

.............. - ....... .,.-------------., Gb. trifolia ---------,..-------------t Gb . alabarrensis ----------1-------------¡ Gb. danica 

-----......... ----------, Ge. con usa 

Pv. longiapertura 

Ge. fodina 

Pv . sabina 

------~---------------1Gb. irregularis 

-----r--------------; Pv . uirbrica ----r------------· Pv. cf. theodosica 
--... ll"f"-................. .., Ge.extensa 

---¡-............... Ge. cf. fringa 
Ge. minutula 

1--------------t W. claytonensis 

¡-......... ----·· Pv. eugubina 
-----t W. homerstownensis 
-----t Ch. nursei 
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Crctaceous survivors disappcarcd gradually during the 
carly Danian, whereas at the same time "Tertiary" 
species evolved ( Figs 5 ami 6). 

The qucstion of how rnany species survived the K/P 
boundary event constitutes one of thc most controversia] 
torics. According to SMIT ( 1982, 1990) only G11embe
Litrio cretaceo survived. In contrast, KELLER ( 1988, 
l 989a,b, l 994 ), MACLEOD & KELLER ( 1994) ami KELLFR 
et al. (l 996) reported tbat about 1/3 of the species sur
vived. Historically, most of the micropaleontologists 
assumed that almost ali planktonic foraminifera became 
extinct at the K/P boundary and, consequently, they con
sic\erec\ ali Cretaceous specimens found in the basal 
Danian as reworkec\. However, isotopic analyses of 
Heterohelix globulosa, H. navarroensis, Guemhelitria 
danirn, G. cretacea, G. trifólia and Chiloguemhelina 
woiparaensis present in earliest Palaeogene sec\iments 
allowed BARR 8Ri\ anc\ KELLER ( 1990, 1994 ), KELLER et 
al. (l 993) and KELLFR ( l 993) to conclude that these 
species are Cretaceous survivors. Furthennorc, they 
assumec\ that othcr species consistently prcsent in 
"Tcrtiary" sedimcnts are survivors as well, based on 
their constant presence in severa] samples and their geo
graphic distribution in other sections (KELLER, 1988, 
l 989a,b, 1993; CAN U DO et al., 1991; KELLER et al., l 993; 
MAcLEOD & KFLLCR, 1994). Not ali Cretaceous speci
mens present in earliest ''Tertiary'' samples can be con
sidered survivors. For example, in samplcs from the basal 
Danian wc found sorne isolated globotruncanid speci
mens with different prcservation, which are very proba
bly reworked. Other Cretaceous spccies that are prcsent 
in severa] sarnples ami are frequcnt can be considcred as 
autochthonous, but isotopic analyses of the rarc species 
( Pseudoguemhelina costufata, P. kempensis, Heterohelix 
glahrans, etc.) are necessary to demonstratc that they al so 
are survivors. Recently, sorne foraminiferal specialists 
that havc criticisec\ the Cretaceous spccies survivorship 
data, are now accepting that certain species, such as 
Hedhcrgella holmdefensis ami H. 11w11mm1thensis, sur
vivcd in addition to G11e111hefitria cretacea (L1u & 
Or.ssoN, l 994). SMIT (l 994) also accepts sorne, "unim
portant' ', survivorship above the K/P boundary and 
believes that thc tina\ extinctions may havc lingered on 
for a while. 

In conclusion, the model of extinction in planktonic 
foraminifera is composcd of two superimposed patterns 
( MOLINJ\, l 994, 1995; MOLINA et al., 1996): a gradual 
extinction pattern of less than 30'Yri of the species (small 
cosmopolitan), which mainly became extinct in thc carly 
Danian and the catastrophic mass extinction pattcrn of 
more than 70% of the species (large tropical) at the 
K/P boundary. The sudden pattcrn of extinction of 45 
species at A'in Settara section exactly coincides with the 
!ayer containing the cosmic markers and is the major 
extinction event in the history ofplanktonic foraminifera. 
Consequently, this major pattern of cxtinction at thc K/ P 
boundary is very compatible with tbe catastrophic effects 

~ 
Fig. 6 - · Relative abundance nf pla11kto11ic l'oraminifcr~1 in 

pcrccnt acrnss the i<. / r bou11dary al thc A'ln Settara 
section. 

of a Jarge meteorite impact. Thc gradual pattern of extinc
tion in the early Danian, althougb it should be compatible 
with a less sudden cause, could also be thc long-term 
effect of the mctcori te i mpact. 

Calcareous nannofossils 

Biostratigmphy 

The biozonation used in this paper is that of BtUNKHUIS 
et al. (1994), which is based 011 PERCH-NIELSJ::N (1981, 
1985) (Fig. 7). Units O and 1, which directly underiie the 
K/P boundary layer (unit 2), are attributable to the upper 
part of S!SSINGH 's nannofossil zone ce 26 (the Miculu 
prinsii subzone) beca use of the co-occurrence of Miculu 
prinsii (2 to 3%), Lithraphülite.1· l/Ulldratus ( 1 to 2%) and 
sporadic Nephrolitlws .fi·equens. Consequentl y, they rep
resent the terminal Maastrichtian. 

Severa! nannofossil events have been recognised above 
the K/P boundary. Among thesc are a slight increase in 
abundance of calcareous dinoflagellate cysts (from less 
than O. l º/., to 2%) at 3 cm above the base of unit 6 (STW 
3-5 ), the FO of Neohisrntwn cf. romeinii (slightly to 
moderately c\issolved and recrystallised specimens) and 
of Braarudmphaera higelowii 5 cm higher up in unit 6 
(STW 8-1 O) and the absence of Cr1tcipfucolith11.1· primus 
and Neohisc11t11m pllrvulum in the uppermost sample 
studied (STW 84, Fig. 7). These data suggcst that units 6 
and the base ofunit 7 be long to the Neohisrntwn romeinii 
subzone or subzone CP 1 b of BRIN~HUlS et al. ( 1994), 
which is of Early Danian age. The underlying units 4 and 
5 are marked by poor and slightly dissolved nannofossil 
assemblages, exclusively consisting of Cretaceous coc
coliths, including M. prinsii and N. fi·equens. But, as the 
lowermost Danian un i t 3 contains a few ObliqwjJit /io
n el la opercufatu (formerly Tlwraco.1p/wera opcrc11lota, 
for an ovcrview see W1LLEMS, 1996), tbese three units 
should be attributed to subzone CP 1 a or the Ohliquipi
t/wnella operculata subzone. 

Afoin charoctcristics of' tlze 1wnnoflom 

Calcareous nannofossils occurring across thc K/P bound
ary have traditionally been classified into three broad 
groups: a Cretaceous assemblage, a "survivor" assem
blage, and a "Tertiary" assemblage (PERCH-NIELSJ::N et 
al., 1982, p. 355; .liANU & GA1nNER, 1986, p. 236; 
Post'IC!-IJ\L., 1994, p. 100 and 1996, p. 344). These corre
spond rough ly to the three groups commented on by 
GARTNr::R ( 1996), respectively the assemblage of declin
ing species, the assernblagc of persistent species and the 
assernblage of incorning species. 

The nannofossil assemblages of the basal Danian units 
3, 4 , 5 and the extreme base of 6 are dominated by 
Cretaccous taxa (generally over 99.9%) (Fig. 7) . There is 
an abrupt decrease of these taxa at 8 cm abo ve thc base of 
unit 6 (from 98 % to 64 %). This decrease progressively 
continues up-scction to about 3 7'% at 60 cm abo ve the 
K/P boundary. The abunclance pattem o f Mirnlu clec11ssu
tu ( 1 O to 20%) and Wot::11a11eriu humc.1·uc (generally 
between 5 and 10'%) is a lmost identical in thc lower parl 
of thc scction (unit O to base unit 6). These pattcms are 
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Fig. 7 -- Abundance patterns of calcarcous nannofossils. 

strongly diverging higher up, probably becausc of selec
tive dissolution. The rnarker species Micula prinsii and 
Litlm1phidites 1¡u({(lratu.1· disappear almost simultaneous
ly' within the lower part of unit 6 (between 8 ami 20 cm 
ubove its base). 

Most of the calcareous dinoflagellate cysts, until 
recently rcfcrred to as Thoracosph({(:rn spp., and the 
nannofossil spccics Markaliu.1· inversus and Cvclagelo
splwaa reinhardtii are traditionally considered to repre
sent survivor taxa. They are extremely rare in units O to 5 
(less than O. J % ). Calcareous dinotlagellate cysts, includ
íng Ohliq11ipit!wnellu operculata, are consistently occur
ring with frequencies higher than 2% from the base of 
unit 6 onwards. They do not make up more than 10%, and 
hence may not represent real blooms. Thc other survivor 
forms, known from unit 6 onwards are less common (gen
crally less than 2 °/ri). 

Neobiscutum cf. !'omeinii ami Braarudosplwe/'o 
higelowii, which are generally considered to represent 
"Tertiary" forms ( KELl .ER & VON SALIS PERCl-l-NIELS EN, 
1995, fig. 4.5), tirst occur at ca 8 cm abovc thc K/P 
bounclary !ayer in the Ain Settara section. High frequen
cies of Bmumdosp!wera higelowii, which rnay indicatc 
an episodc of shoaling (STEU RB AUT & K1NG, 1994), are 
recorded in thc lower part of unit 6 (32 (X, at 20-22 cm 
above the K/P boundary), j ust befo re thc a eme of N. cf. 
mmeinii (Fig. 7 ). 

Su!'vivorship o( Cretaceous taxa 

Cretaccous coccoliths are prescnt in variable quantitics 

<:: 

above the K/P boundary in every section studied up to 
now (PF:RCH-NIELSEN et ul., 1982; SMIT & RoMEIN, 1985; 
KcLLF:R & voN SAus PcRCH-N IELSEN, 1995; Posr1c1-1AL, 
1996). Sta ble isotope studies of bulk samples from vari
ous K/P boundary sections have shown that the 
Cretaceous coccoliths above the K/P boundary have iso
topic values that are significantly different from those 
below the boundary. Based on these results it was con
cluded that Cretaceous nannofossils must have survived 
thc K/ P boundary events and ha ve continued to reproduce 
in the earliest "Tertiary" occans (PERCl-1-NIF:LSEN et al., 
1982). These conclusions have been contested by 
Posr1c1-1AL ( 1994, 1996), who, based on studies of the 
El Kef section, suggested that the presence of 
Cretaceous coccoliths in Early Danian deposits is entire
Jy dueto reworking and that thcre is no evidence for sur
vivorship. 

Thc nannofossil data from thc Ain Settarn section do 
not support Posr1CHAL's theory of reworking. lf ali the 
supra-boundary Cretaceous taxa are reworked, one 
should expect to find Micula prinsii and Lithrnphidites 
1¡11adrutus, just like the other Cretaceous forms, through
out the section, up to the base of unit 7, anc\ not to have 
disappeared in the Jower part of unit 6. Thcse disappear
ances are not believcd to result from selective dissolution, 
bccause otherwise both specics should reappear in thc 
better-prcscrved assemblage of the topmost sample. 
Moreover, as it is generally assumed that rcworking pre
vails during shallowing conditions, one should tind max
imum percentages of Cretaceous laxa in sample 20-22, 
which accord i ng to the acme of Braarudosplweru 
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higdowii rctlects the most proximal conditions. As this is 
not so, it is suggcsted that a substantial number of 
Cretaccous specics could survive into the"Tertiary". 
Howcver, the abundance pcaks of W. harnesae, M. prin
sii ami Arkhangelskiel!a spp. in units 4 and 5 and at the 
base of unit 6, just abovc the K/P boundary (Fig. 7), 
rnight be duc to reworking. 

J11terpretatir1n 

On the wholc, the calcarcous nannofossil distribution in 
thc K/P boundary interval of the Ain Settara section is 
vcry similar to that recorded at El Kef (PERCIJ-NJELSEN, 
1981 ), up to now considered to yield one of the most 
complete K./P boundary scquences (K.Eu_ m~ & VON SALIS 
PERCH-NIELSEN, 1995, fig. 4.3; KELL ER ('/ ul., 1996). The 
minar differences in nannotlora of both sections (e.g. 
absence of nannofossils in the basal 7 cm of the boundary 
clay at El K.ef, dueto a presumably more pronounced dis
solution; absence of B. higelowii and occurrcnce of 
blooms of calcareous dinotlagellate cysts in tbe N 
rmneinii subzone at El Kef; data frorn PlRCil-NJF:LS EN, 
198 l , fig . 2) are intcrpretecl as the result of palaeoenvi
ronmental differenccs, El Kef occupying a more distal 
position in the basin. The nannofossil data suggest that 
the K/P boundary interval at Ain Settara is at least as 
complete as that of El Kef. 

In the Ain Settara section there is a stcpwise reduction 
in nannofossil abundance across the K/P boundary, 
including a first drop in abundance during the latest 
M.aastrichtian (50% reduction), a second and major drop 
at the K./P boundary (60'Y,, reduction) and a third drop 
slightly above the boundary (50% reduction between 
units 3 and 4). These abundance drops do not rcsult frorn 
a single cause (e.g. successivc sea-leve] changes), 
because they do not always coincide with the major 
lithologieal ehangcs. The major shifts in hthofacies, 
located respectively at the base of the boundary clay 
and at the base of unit 7, had no apparent effect on the 
nannoplankton. The carbonate abundance pattern mirrors 
nearly exactly that of the nannofossil abundance, except 
for the carbonate peak in unit 4 (compare Fig. 3 with 
Fig. 7). As a consequence the carbonate content may be 
an indication of biotic surface productivity. The anom
alous carbonate peak in unit 4 is probably thc result of 
huge quantities of minute calcitic material (present in 
the nannofossil fraction), brought in the deposition arca 
by currents. 

The Late Maastrichtian nannofossil asscrnblages are 
very rich ami diversified, rdlecting a high biotic surface 
productivity. Thcse favourable and stable conditions cli s
appeared near the K/P boundary. The nannofossil assem
blages from the oldest Danian laycrs (units 3 to 5) are 
poor. They are entirely made up of Cretaceous coccoliths 
ami this is assumed to result, at \cast partly, frorn rework
ing. Thc Cretaceous taxa up-section are belicved to have 
survived into the Palaeogcnc, although gcnerally witb 
rapidly declining numbcrs ( Fig. 7 ). The earlicst new 
Palaeogenc species sccm to appear at about 4.000 to 
5.000 ycars above the K/P boundary, if onc assumes that 
the 60 cm thick DBC represents deposition over about 30 
ky ( interval K/ P boundary to FO of Parvt1larugoglohigc
ri11a c11g11hi11a; sce Br:R<i<iJUoN et o/. 1995, p. 146). 

Palynology 

General comments 

Ali studicd sarnples are sufficiently fossil-rich to support 
quantitative analysis of tbe successive palynological 
associations. Organic-walled microfossils are well pre
served. Four main groups are recognised: (1) pollen and 
spores (sorne rare Normapolles and more often spores), 
(2) dinoflagellate cysts, (3) acritarchs ("lciospheres" and 
Micrhystridium) and (4) Scytinaseias (= organic linings 
of foraminifera sí'ns11 CouRTINAT, 1989). Palambages 
(algac), tasmanitids and scoleco<lonts are also sporadical
ly present. 

The relative proportions of the 4 main groups reported 
in Fig. 8 allow the following remarks: l) the marine con
stituents, dinoflagellatc cysts, acritarchs and Scytinascias 
always domínate ovcr the continental oncs (pollen and 
spores); 2) the continental input of pollcn-spores (with 
abundant cuticular and lignitic debris) is weakly repre
sented, reaching a maximum (7 %) j ust below the DBC 
(83.39 m); 3) thc number of dinoflagellate cysts incrcas
es progressively across the K/P boundary (83.27 m to 
83.49 m) and then decreases up to 83.61 m, whcreas 
Scytinascias shows an opposite trcnd. 

The organic-walled microfossils in the studied inter
val are mainly of marine origin, just as in the 
Maastrichtian and the Danian marls not studied here. No 
major pollen and spore maximurn was observed. This 
rnight be surprising consideri ng the organic geochemistry 
data that revea! a type lJ1 and occasionally a type 11 
organic matter (Table 1 ). However, this can be easily 
cxplained taking into account that tbc organic-wallcd 
microfossils only represent a very small part of the total 
organic matter. The amorphous organic matter constitutes 
the major part of the insoluble residues ami is of conti
nental origin according to thc organic geochemistry (see 
a hove). 

Di110/logcllate cyst distrihution 

Thc di notlagellatc cysts represent thc most di versificd 
group among thc organic-walled microfossils studied 
here. Fifty-scvcn taxa were identified in the K/P bound
ary interval , bctween 83 m and 84 m. According to their 
respective distribution they can be assernbled into three 
rnain groups, rcspectively consisting of - l: ubiquitous 
taxa, occurring throughout the entire Ain Settara section, 
such as Sjn)11ferites and Achomo.1plwem which are more 
or less regularly present in the association; - 2: taxa with 
a more restricted distribution, ranging from the lower part 
of the section and overstepping the K/P bounda ry , su ch as 
Filmilystu liciu (last appearance at 83 .46 m ), A !ldolu
siel/a gahoncnsis, Ccrodinium diehe/ii, Crihroperidinium 
('?) pyr11111, Di11og)!1111ú11111 spp., Di.1phueroge!la cwpo
s¡Jhacropsis, Exocl111s¡1!wcridi11111 hi/idum. Glaphyrocysta 
spp., Mo11u111icl/u scdandicu, Phelodi11iw11 11wg11ific111n: 
- 3: taxa appearing just before, or just after the K/P 
boundary ami cxlending a Jittlc bigher in the section: 
/{e 11 lcyi a, Cord< 1s¡7hueridi11111 ji:h1 ·o.1p in os 11111 , Te 111yo
sphuff id iu 111 xunthioJJyxidcs, Diphycs s¡1i1111/11m, Damas
sw/inium. Fibrolysta spp. ( exccpt F. licia) , /1/isocvsta 
circumtohulata, D11osp/weridiu111 rngo.rnm and Er:oscho-
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sphaeridium phragmites. The two last specics appear 4 m 
above the top of the studied section (88 m). 

From thc qualitative and quantitative distribution of the 
dinoflagellatc cysts along the Al!1 Settara section (Fig. 8) 
it is quite clear that the K/P boundary events did not affect 
their distribution. Not a single species disappears at this 
limit. Sorne first appearances have been recorded slightly 
below (Ken.levia 1111da = Carpatcf/a com11ta, K. lopho
plzom) or just abo ve the K/P boundary. H owever, the 
analysis of thc palynomorphs of the entire Aln Settara 
section has led to the identification of a major change in 
the composition of the assemblages, from associations 
with abundanl Spúúferites-Achomn.1plwem and Gla¡1/Jy
rocysta , to associations dominated by Fihrocvsta and 
Exoc/Josp/weridiltm phrugmites. This substantial change 
does not occur at the limit itself, but a few meters higher 
up, in thc Lower Danian. 

Completeness of tlze Aii1 Settara KIP howulwy scctüm 

BRlNKI llJIS & ZACHARIA SSE (1988) and BRINKHUIS & 
LEEREVELD ( 1988) sampled ami analyscd a 1 O m thick 
interval of the El Kcf type section, from ca 4.5 111 below 
to about 5 m above thc K/P boundary. There are sorne 
similarities in thc palynomorph sequencc of both the El 
Kef and the Ain Settara sections, arnong which thc 

increase in sporomorphs just below the K/ P boundary 
(Ain Settara sample at 83.39 111 and sample 540 at El Kef) 
and the absence of a break in the dinocyst distribution 
across the boundary. On the basis of palynornorphs it is 
possible to correlate samples taken from 83 111 and 84 m 
at the Ain Settara section with respectively samples 538 
ami sarnples 552-553 from El Kef. The main differcnce 
bctween the two sections concerns the slightly earlicr 
appcarnnce of Kcnleyia (K. nuda = Cwpate!lo cornuta, 
K. lo¡1hophora) in the Ain Scttara section (at 83 .39 m, a 
fcw cm below the K/P boundary, Fig. 8). At El Kef, thcse 
species appear only 20 cm above this boundary. These 
earlier occurrences are easy to explain bearing in mind 
thc occurrence oflithological units in the Ain Settara sec
tion which have not been reported frorn El Kef (unit l) 
and assuming that the uppermost part of unit O, contain
ing thc first Kenleyia at Ain Settara, is missing at El Kef. 

The A'in Settara K/P boundary sequence 

Main fealurc.1· 

Lithological , geochemical ami palaeontological data 
highlight the interest of tbc Ain Settara section which 
exhibits a well exposcd ami expanded K/ P boundary 
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intervaL e lose to the well known E l Kcf reference section. 
Because of its almost continuous and complete clcposi
tional history the Ai'n Settara scction allows us to differ
cntiate cliscrete cvents and to clarify ancl refine parts of 
the palaeobiologic record. 

Six major geological events, labeled A to F in ascend
ing orcler, havc been identificd in the studiecl 1 m thick 
K/P boundary interval, demonstrating important 
palaeoenvironmental changes ( Fig. 9). Thcse events are 
of diversc magnitude and origin. Thrcc of these events 
(D, E and F) seem to be minor. Event D had only little 
effect on the palaeontolog ical s igna!, despite a clear litho
logical expression. On the contrary, events E ami F, 
which are evidenced by substantial palaeontological 
changes, are not characteri scd by promincnt lithological 
shifts. Event D is characterised by an abrupt changc in 
lithology (income ofsilt in channcl-like structurcs) ami a 
drop in nannofossil abundance. The occurrence of micro
channels and ripples might refer to a storm deposit that 
occurred in the earl iest Danian. Evcnt E, located at about 
22 cm abovc the K/P boundary, within thc lower part of 

unit 6, is dcfined by a substantial increase in the abun
dance of Bmarudosphaera hig<!lowii (from ca 2'% to 
32'%) (Fig. 7). This might reflect an episode of shallow
ing. The changes in thc Palaeogene nannofossil-assem
blage (rise in Ncohisrntum cf. romeinii, drop in B. 
higelowii) marking cvcnt F are believecl to result from a 
deepening of the c\cpositi onal environrnent. 

Comparison with other K/P boundary scctions (K i::LLt::R 
& VON SALIS PERCH-N1 1'LSEN, 1995 ; ST!NNESBECK & KEL
LER, 1996; ADATTE et al., 1996; G/\RTNER, 1996) suggests 
that at lcast two of the three lowermost events (B and C) 
have a global significance. Event A, at about 14 cm 
below the K/ P boundary, is marked by a sudc\en substan
tial increase in tiny bioturbations anc\ by the occurrence 
of small nodulcs and a few macrofossils ( bivalves, bra
chiopods, so\itary corals, but no ammonites). This event, 
which coincides with a substantial drop in nannofossil 
abundance (50'Yt,), scems not to have affccted the plank
tonic foramin i feral abundance ami specics richness ( only 
Rugoglohigerino pcnnyi apparently disappeared ). The 
major increase in Scytinascias at this leve! ( from 30% to 
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93%1) prohnbly results from ti rnajor enrichmcnt in benth
ic forarninifera. Ali these data refer to a slowdown in sed
irnentation ratc, of which the origin is not clearly undcr
stood up to now. The fírst appearance of the Daninn 
dinotlagellate cyst taxa Ken/e)'ia 1111da and K. lophopho
m definitely lics just above this junction, and, thus, is of 
terminal Maastrichtian age. At about 3 cm below thc K/P 
boundary occurs a burrowed surface, separating undcrly
ing carbonatc-rich marls (35%) from grey poorly calcare
ous clays. lt rcpresents an episode of 11011-deposition, 
referred to as event B. This junction , which forms the 
base ofthe ca 60 cm thick Dark Boundary Clay (DBC), is 
believcd to correspond to a major tlooding surface. No 
substantial palaeontological changes bavc bccn observed 
~1t this leve[ (no abundan ce drops nor cxlinclions). The 
reappcarance of the planktonic foraminifcrid Ahat/wm
plwl11s mayuroensis just above the junction is probably 
relatcd to a substantial dcepening of thc depositional 
env ironment. 

Evcnt C is marked by a bed of platy orange-coloured 
jarositi~ nodules, _in which rclativel(, high maximurn c.on
centrat1ons of 1nd1um (2.7 ng.g- ) and N1-nch sp111el 
(about 150 crystals mg-1) ha ve been recordcd (PI. 4). 
These Ni-rich spinel and Ir spikes, which characterise the 
K/P boundary, are coinciding with major biotic changes: 
major extinction in planktonic foraminifera, mainly com
plex forms adapted to deep and intermediate cnviron
rnents (71 'Yc1 ofthc species) anda 60% drnp in calcareous 
nannofossil abundance. This mass extinction cannot be 
caused by anoxia, because no unequivocal evidcnce for 
anoxia has becn found in the DBC. As a conscquence, 
event e has to be rclated to the well-known impact event 
that occurred at the end of the Cretaceous period. 

The "K/P houndwy" i11 the Aiú Settara .1·1!Ction: a reflec
tion 

In the El Kef reference section the cosmic rnarkers are 
includcd in the"red clay !ayer" (sic), a jarositic !ayer, 
which coincides with the base of the boundary elay. In 
the auxiliary seetion of Ain Settara (REMANE et al., 1999), 
the cosmic markers imbedded in platy jarosite nodules 
( event C) are loeated a few cm above the decply bur
rowed surface which clearly rnarks the base of thc bound
ary clay. In both sections extinetions are linked to the cos
rnie rnarker bearing jarositic !ayer. At El Kef, the "K/P 
boundary" is marked by thc coineidence ofthrec geolog
ieal distinet phenomena: a change in Jithology (base of 
the boundary clay), a geochernieal-mineralogical signa! 
(pyrite-derivcdjarositic !ayer with the lr-anomaly and Ni
spinels) and biotic events ( extinctions of planktonic taxa). 
In the Ain Settara section only the geochemical-miner
alogieal and biotie criteria coincide. The base of the 
boundary clay oecurs a few cm bclow the cosmic marker 
bcaring jarositic !ayer and is, as a consequence, definite
ly older. Thus, following the concept of Cow1E et al. 
( 1986), the base of the Dark Boundary Clay at Ain 
Settara, which represents the K-P boundary at El Kef, is 
hence separatc from the two other "diagnostic" criteria. 
Thcrefore, placemcnt of the K-P boundary at Ai'n Scttara 
should takc into accounl the concornilanl cosmic and 
biotic events, instead of thc lithological changc at the 
base ofthe "Dark Boundary Clay". 

Thc discrcpancics betwecn the lwo sections c~rn be 
explained as resulting frorn minute diffcrences in the sed
imcnlary record. As slalcd abo ve, the base of the bound
ary clay (event 8) is interprcted as a short 11011-deposition 
interval , which duration could ha ve been a littlc bit longer 
in the El Kefsection. The deposition ofthe boundary clay 
could have begun lateral El Kcf, where the impact prod
ucts were sprinkled directly on the undcrlying marls. 
lndccd, at El Kef, immediately below the "red !ayer" we 
have frequently observed burrows fillcd with black clay 
that are equivalent with the ones at Ain Settara ( "event 
B' ' ) but less developed or eroded. lt is belicved that these 
burrows, well reprcscntcd in the Ain Settara section, are 
only preserved in thc uppermost part of the underlying 
Maastrichtian marls in the El Kef scction. This observa
tion confüms our interpretation that these burrows are 
cquivalent to "event B" ofthe unit l. Consequently, we 
are convinced that thc Ain Settara is more complete than 
the others known sections in Tunisia not in the lowermost 
Danian but in thc uppermost Maastricbtian. 

The concomitant biotic ami cosmic signa Is are bel ieved 
to be indicative for the K/ P boundary, because they can 
be considered as independent indicators of the global 
cvcnt (this in contradiction to the sedimentological varia
tions). The adoption of these two coinciding phenomena 
as boundary criteria is justified because it remains con
sisten\ with the current general agrecment of the causal 
relationship between impact and extinction. 

Conclusions 

High-rcso lution lithological, micropalaeontological ami 
geochemical investigations at Ain Settara have led to the 
identification of six events witbin the studied l m thick 
K/P boundary interval. The base of this interval, lying in 
the topmosl parl of the Ain Settara marls at about 45 cm 
below the K/P boundary, falls within the Plummerita 
ha11tke11i11uides and the Mirnlo prinsii biozones, and is of 
terminal Maastrichtian age. The top of the studied inter
val, located at about 55 cm abovc thc K/P boundary, just 
above the top ofthc Dark Boundary Clay, lies at the base 
ofthe Pan 111lorugoglohigi!rilw rnguhina biozone (= P la l 
or Pa) and within the Nrnhisc11t11111 romei11ii nannofossil 
subzone (= CP 1 b), and is dated as Early Danian. 
Comparison with otber K/P boundary scctions suggests 
that at least two of the three lowermost events ( 8 and C) 
have a global significnnce. The three uppermost events 
(D, E and F), which are located in the Dark Boundary 
Clay, seem to have only local or regional significance. 

The study of thc stratigrapbic distributions of iridium 
and Ni-rich spinel shows that the cosmic imprint reported 
worldwide at the K/P boundary is also recorded in the 
Ain Scttara section. The stratigraphic coincidence of the 
spinel and Ir peaks and thc major extinction of plankton
ic foraminifcral species clearly establish a causal link 
between the K/P biological crisis rn1d the cosmic event. 
Their disjunction from the base of the Dark Boundary 
Clay shows that the change of lithology usually used to 
determine the K/P boundary is distinct from the major 
extinction (in thc planktonic rcalrn ), classical ly referred 
to this boundary and linked to the prcscnce of cosmic 
markers. These results argue thc need for thc rcvaluation 
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of thc K/P boundary GSSP at El Kef. It is suggested to 
redefine the K/P boundary at the leve! of coincidence of 
the major hiotic changes and the cosmic markers. This 
coincidence is not fortuitous sincc it has now been 
observed in many K/P boundary sites all around the 
globe. Thc Ai'n Settara data support the view of a giant 
asteroid impact triggering the global mass extinction at 
the end of the Cretaceous. 
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