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P R E F A C E  

I n  the present b o d  e n t i t l e d  "Terminal Eocene Events" the main r e s u l t s  

achieved by P ro jec t  no 174 on "Geologica l  Events a t  the Eccene-Oligocene 

boundary" of tk I n t e r n a t i o n a l  Geologica l  C o r r e l a t i o n  Program (IGCP), sponsored 

by UNESCO dur ing i t s  f i v e  year d u r a t i o n  are presented. 

The aim o f  the P ro jec t  was a7 one s ide an exhaustive inventory  and d e s c r b -  

t i o n  of the most complete sedimentary sequences across the Eccenealigocene 

boundary frcm a l l  over the world, and on the other  s ide  a synthesis o f  the 

b i o t i c  and chemico-physical events detected a t  the Eocenealigocene t r a n s i t i o n .  

These two aspects o f  the research are t r e a t e d  i n  the second and t h i r d  p a r t s  of 

the volume, respec t i ve l y .  

The p r i n c i p a l  mot ivat ions o f  t h i s  research may be summarized as f o l l o w s  : 

the Eocenealigocene boundary appeared as one of tk most important breaks 

w i t h i n  the Cenozoic, even more impor tant  t k n  the Paleogene-Necgene boundary. 

Moreover, continuous sequences a t  the Eocenealigocene t r a n s i t i o n  were r a r e l y  

described i n  the l i t e r a t u r e  f r a n  t e r r e s t r i a l  and f r a n  deep-sea deposits. Par- 

t i c u l a r l y ,  the deep-sea sediments, which were expected t o  con ta in  a ccmplete 

record, appeared t o  be f requen t l y  a f f e c t e d  by s t rong d i s s o l u t i o n  and/or rework- 

i n g  i n  t h i s  i n t e r v a l .  

Despi te  such a b ias,  apparent ly  cmt inuous  sequences through the Eocene- 

Oligocene boundary were recovered a t  o few places,mainly frcm the open marine 

realm b u t  a l so , to  a minor extent ,  i n  n e r i t i c  f a c i e s .  A synthesis o f  the 

successions i nves t i ga ted  f r a n  the var ious l oco t i ons ,w i th  t h e i r  sedimentary, 

b i o l o g i c a l ,  geochemical, and phys i ca l  c h r a c t e r s  i s  shown i n  Table 1 .  Among 

these, the sequences which appear t o  be use fu l  f o r  recons t ruc t i ng  the succession 

of events a t  the Eocenealigocene boundory are from c e n t r a l  I t a l y  (Gubbio, 

Visso), southern Spain (Fuente Caldera), Barbados (Bath C l i f f ) ,  Armenia 

( L a n d z k r ) ,  and New Zealand (Cape Foulwind) i n  the pe lag i c  realm; Alabama 

(St  Stephen Quarry), A u s t r a l i a  ( P o r t  Wil lunga), and Rcmania (Brebi )  i n  n e r i t i c  

facies; and f i n a l l y , n o r t h e r n  I t a l y  (Priabona) and Borneo (Melinau) i n  shallow 

water carbonate p l a t f o r m  fac ies .  No ccmplete sequences s t r a d d l i n g  the Eocene- 

Oligocene boundary are recorded from South America, wh i l e  the A f r i c a n  sequences 

exposed i n  Tanzania ( L i n d i  area), Libya, Tunisia, and Morocco need s t i l l  

t o  be i n v e s t i g a t e d  i n  d e t a i l .  
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Among the deep-sea s i t e s  (see Table 2) the most important f o r  the purpose 

o f  t h i s  P r o j e c t  are S i t e s  516, 522 and 523 i n  the South A t l a n t i c ,  S i t e  549 A 

and Eureka 67-128 i n  the Nor th  A t l a n t i c ,  S i t e s  277, 292 and 592 i n  the South 

and Equa to r ia l  P a c i f i c .  

T h e  sect ions f r a n  Alabama, Barbados, Umbria ( I t a l y ) ,  and southern Spain have 

been v i s i t e d  by severa l  members p a r t i c i p a t i n g  t o  t h i s  P ro jec t  dur ing three 

f i e l d  t r i p s  i n  1982 (USA and Barbados) and i n  1984 (Europe). T k  r epo r t s  of 

those t r i p s  were i nc luded  i n  eleven Newsletters (TEE News) a v a i l a b l e  f r a n  

the P r o j e c t  leader  along w i t h  repo r t s  on other meetings and general a c t i v i t i e s  

of the var ious working grcups p a r t i c i p a t i n g  i n  the P r o j e c t ,  

"The Eocenealigocene t r a n s i t i o n  : events and boundury" co-authored by 

Ch. P m e r o l  and I .  Premoli S i l v a  and t r e a t e d  i n  the f i r s t  p a r t  o f  t h i s  volume 

represents a synthesis o f  a l l  the data c o l l e c t e d  by the numerous p a r t i c i p a n t s  

i n  the P r o j e c t  implemented w i t h  duta de r i ved  from the recent l i t e r a t u r e .  A f t e r  

f i v e  years o f  studies, t ak ing  i n t o  account a l l  the i nves t i ga ted  aspects (sedi -  

men tology, b ios  t ra t igraphy,  biogeography, c k m i o s  t r a t i g r a p  hy, magne t as t r a t  i- 

graphy, paleooceanography and tec ton i cs )  , i t  r e s u l t s  t h o t  : 1 )  the Eocene- 

Oligocene boundary considered as a major evo lu t i ona ry  break of the Cenozoic 

i s  cha rac te r i zed  by a gradual, and no t  abrupt, environmental change which 

s t a r t e d  i n  the Middle Eocene and cont inued i n t o  the e a r l i e s t  Oligocene f o r  

sane 300,000 years.2) There i s  n o t  a s ing le  te rm ina l  Eocene event, b u t  a 

se r ies  o f  events concentrated c lose t o  the Eocene-Oligocene boundary as t e s t i -  

f i e d  by an acce le ra t i on  o f  the r a t e  o f  over turn among most o f  the taxonomic 

groups, by an i n t e n s i f i c a t i o n  o f  the c l i m a t i c  d e t e r i o r a t i o n  and by a major 

reo rgan iza t i on  o f  the oceanic water masses. 

The f i n a l  meeting of the P ro jec t  was h e l d  i n  P a r i s o n  March 28-29, 1985 

and was attended by 50 p a r t i c i p a n t s  fran ten countr ies.  Our warm thanks are 

extended t o  a l l  the s c i e n t i s t s  who c o n t r i b u t e d  wi th their  work and/or support 

t o  the success of the p ro jec t ,  

committee f o r  t h e i r  f i n a n c i a l  c o n t r i b u t i o n .  

t o  the IGCP B w r d  and t o  the French IGCP 

Ch. POMEROL and I .  PREMOLI-SILVA 

Manuscript de l i ve red  t o  the pub l i she r  on 
December 16, 1985. 

Addresses o f  authors miss ing cn t h e i r  paper 
are g iven a t  the end o f  the volume. 



I
1

 

< 
P

' 
P

. 
3

 
I 

-
 

a
 
EN
VI
RO
NM
EN
T 

LA
RG
ER
 

FO
RA
MI
NI
FE
RA
 

x
 
BE
NT
HI
C 

FO
RA
MI
NI
FE
RA
 

PL
AN
KT
ON
IC
 

FO
RA
MI
NI
FE
RA
 

CA
LC
AR
EO
US
 

I NAN
NO
FO
SS
IL
S 

OS
TR
AC
OD
A 

DI
NO
FL
AG
EL
LA
TE
S 

RA
DI
OL
AR
IA
 

x 
OX
YG
EN
 
1
8
 

x 
CA
RB
ON
 
1
3
 

X
 
TR
AC
E 
EL
EM
EN
TS
 

VO
LC
AN
IC
S 

PA
LE
O.
NA
GN
ET
IS
M 

TE
KT
IT
ES
 

IR
ID
IU
M 

RA
DI
OM
ET
RI
C 

DA
TI
NG
 

V
II

 

~ i 



V
II

I 

c
(
 z
 z 

W
 
D
 c1 

D
 

-I
 

I-
 % -I
 

Y
 

n
 

0
 

n
 

rn
 
D
 
z
 

rn
 

C
 

m
 

I 
I 

r
 

n
 



IX 

CONTENTS 

PREFACE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PART I - THE EOCENE-OLIGOCENE TRANSITION: EVENTS AND BOUNDARY 
Ch. Pomerol and I. Premoli-Silva . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PART I1 - INVESTIGATIONS ON EOCENE-OLIGOCENE SEQUENCES: EUROPE, ASIA, 
NEW ZEALAND, AUSTRALIA, AFRICA, NORTH AND SOUTH AMERICA AND DEEP 
SEA SITES 

The Eocene-Oigocene boundary in  the Umbrian pelagic sequences, Italy 
M. Nocchi, G. Parisi, P. Monaco, S. Monechi, M. Madile, G. Napoleone, M. Ripepe, M. Orlando, 
I. Premoli-Silva and D.M. Bice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A. Montanari, R .  Drake, D.M. Bice. W. Alvarez, G.H. Curtis, B.D. Turrin and D.J. De Paolo . . 

Priabonian-type section 
V. Barbin and G. Bignot.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

boundary in Spain: Fuente Caldera section 
E.Molina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Biostratigraphy of Fuente Caldera section by means of calcareous nannofossils 
S.Monechi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Geochemistry of the Fuente Caldera, Spain 
F. Berthenet, S. Clauser and M. Renard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Biostratigraphic correlation between the Central Subbetic (Spain) and Umbro-Marchean (Italy) 
pelagic sequences a t  the Eocene-Oligocene boundary using Foraminifera 
E. Molina, P. Monaco, M. Nocchi and G. Parisi . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D. Curry and E.A. Hailwood. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Europe 
CI. Caveliqr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The Kallo Well and i t s  key-position in  establishing the Eocene-Oligocene boundary in  Belgium 
E. Steurbaut. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Eocene-Oligocene boundary in Western Germany 
F. Gramann, H. Hagn, S. Ritzkowski and V. Sonne. . . . . . . . . . . . . . . . . . . . . . . . .  

Upper Eocene and Oligocene in Yugoslavia 
R .  Pavlovec, K. Drobne and L. Sikic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The Eocene-Oligocene boundary in Hungary 
A. Nagymarosy, T. Baldi and M. Horvath . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The Eocene-Oligocene boundary from Eastern Rhodopes, Bulgaria 
A. Goranov, G. Atanasov and E. Belmustakov. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

On the boundary Eocene-Oligocene in NE Bulgaria 
V. Sapoundjieva. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Eocene-Oligocene boundary in Romania - Present-day state of investigation 
G.Bombita . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Terminal Eocene geological events in Turkey 
S.L.GokCen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Radiometric dating of the Eocene-Oligocene boundary a t  Gubbio, Italy 

New proposal for an Eocene-Oligocene boundary according to microfacies from the 

Description and biostratigraphy of the main reference section of the Eocene-Oligocene 

English reference sections which span the Eocene-Oligocene boundary 

Correlations and biostratigraphic events at the Eocene-Oligocene boundary in France and in 

V 

1 

25 

41 

49 

53 

65 

71 

75 

a7 

91 

97 

101 

109 

113 

117 

119 

121 

129 



X 

Section Landzhar (USSR, South Armenia) 
V.A. Krasheninnikov, S.M. Grigorian, Yu A. Martirosian, A.E. Ptuchian and 
N.I. Zaporozhets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  133 

V.A. Krasheninnikov. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  137 

M.A. Akhmetiev, B.A. Borisov, V.S. Erofeev and Yu. G. Tsekhovsky . . . . . . . . . . . . . . .  141 

M. Ya. Serova . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  147 

The Kuban River sequence (USSR, North Caucasus) 

The Kiin-Kerish section (USSR, South-Eastern Kazakhstan, the Lake Zaisan basin) 

Karaginsky section (USSR, Karaginsky Island, East Kamchatka) 

Eocene-Oigocene boundary in Mongolia 

The best section representing the Eocene/Oligocene boundary in  Japan 

The main reference section for the Eocene-Oligocene boundary in New-Zealand 

Eocene-Oligocene boundary, Adelaide region, South Australia 

Eocene-Oligocene boundary in Libya 

The Eocene-Oligocene passage zone in  Northern Morocco 
H. Feinberg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  177 

Upper Eocene and Lower Oligocene strata in Southwestern Alabama, U.S.A. 
E.A.Mancini. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  181 

The Eocene-Oligocene boundary in Mexico 
P.U. Salmeron. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  189 

The Eocene-Oligocene boundary in the Bath Cliff section, Barbados, West lndies 
E. Muller-Merz and J.B. Saunders. 193 

Terminal Eocene events in Venezuela 
M.L. Diaz de Gamero. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  199 

The Eocene-Oligocene boundary in deep sea deposits 
D.G. Jenkins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  203 

Eocene-Oligocene boundary reference sections in the Pacific 
G .Ke l l e r . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  209 

D. Dashzeveg and E.V. Devyatkin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  153 

K.Kaiho,H.OkadaandY.Takayanagi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  159 

R.H. Hoskinsand H.E.G. Morgans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

J.M. Lindsay and B. McGowran . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  165 

161 

A.A.Butt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  175 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PART Ill - BIOSTRATIGRAPHICAL, GEOCHEMICAL, GEOPHYSICAL, SEDIMENTOLOGIC, 
TECTONIC AND COSMIC EVENTS 

Terminal Eocene events: planktonic Foraminifera and isotopic evidence 

Eocene-Oligocene Atlantic paleo-oceanography, using benthic Foraminifera 

Larger Foraminifera and events at the Eocene-Oligocene boundary in the Indo-West Pacific 

A. Boersma and I. Premoli-Silva . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  213 

A.Boersma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  225 

region 
C.G. Adams, J. Butterlin and B.K. Samanta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  237 

W.R. Riedel and A. Sanfilippo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  253 
Radiolarian events and the Eocene-Oligocene boundary 

Distribution of Ostracoda at the Eocene-Oligocene boundary in deep (Barbados) and shallow 
marine environment (Gulf of Mexico) 
W.A. van den Bold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  259 

palaeoenvironments 
Ostracods at the Eocene-Oligocene boundary in the Aquitaine basin. Stratigraphy, phylogeny, 



XI 

0. Ducasse and J.P. Peypouquet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  265 
Calcareous nannofossil events at the Eocene-Oligocene boundary 

Information f rom d iatom analysis concerning the Eocene-Oligocene boundary 

Evolut ion of the microf lora and dinocysts at the Eocene-Oligocene boundary i n  Western 

K .  Perch-Nielsen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  275 

J.Fenner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  283 

Europe 
J.J. Chateauneuf . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  289 

J . R i v e l i n e . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  295 

and Asia 
D.E. Russell and H. Tobien . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  299 

o f  the faunal alterations 
J.CI. Rage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  309 

Isotopic events at the Eocene-Oligocene transit ion. A review 
C. Vergnaud-Grazzini and H. Oberhaensli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31 1 

Geochemical events (trace elements and stable isotopes) recorded on  bu lk  carbonates near the 
Eocene-Oligocene boundary. Application to  the Contessa section (Gubbio, Umbria, Italia) 
M .  Renard, F. Berthmet. S. Clauser and G. Richebois . . . . . . . . . . . . . . . . . . . . . . . .  331 

W.A. Berggren. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  349 

W.Lowr ie  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  357 

R.C. Thunell  and B.H. Corliss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  363 

H.Chamley . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  381 

Eocene-Oligocene boundary 
L.E. Ricou, B. Mercier de Lepinay and J. Marcoux.  . . . . . . . . . . . . . . . . . . . . . . . . .  387 

B.P. Glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  395 

G.Kel ler  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  403 

Charophyta at the Eocene-Oligocene boundary i n  Western Europe 

Mammalian evidence concerning the Eocene-Oligocene transit ion in Europe, Nor th America 

The amphibians and reptiles at the Eocene-Oligocene transit ion in  Western Europe: an outl ine 

Geochronology o f  the Eocene-Oligocene boundary 

Magnetic stratigraphy o f  the Eocene-Oligocene boundary 

Late Eocene-Early Oligocene carbonate sedimentation in the deep sea 

Clay mineralogy at the Eocene-Oligocene boundary 

Evolut ion o f  the Tethyan seaways and implications fo r  the oceanic circulation around the 

Late Eocene microtekti tes and clinopyroxene-bearing spherules 

Late Eocene impact events and stepwise mass extinct ions 

A D D I T I O N A L  L IST  OF ADDRESSES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  413 



This Page Intentionally Left Blank



PART I 

THE EOCENE-OLIGOCENE TRANSITION: EVENTS AND BOUNDARY 



This Page Intentionally Left Blank



1 

THE EKENE-OLIGEENE TRANSITION : EVENTS AND BOUNDARY 

Charles POMEROL' and I s a b e l l a  PREMOLI SILVA 

1 )  Lab. de Geolcgie des Bassins Sgdimentaires 

2 )  U n i v .  deg l i  S tudi  d i  Milano, Diportimento d i  Scienze d e l l a  Terra, Via 

e t  UA/CNRS no 319, 
U n i v .  P a r i s  VI, 4, place Jussieu,  75252 - P a r i s  Cedex 0s - (France) 

Mangiagolli 34, 20133 - MILANO - . ( I t a l y  ) .  

BIOSTRATIGRAPHIC EVENTS 

Plank tonic  F oramini f e ra 

Several e x t i n c t i o n s  and or ig ina t ions  among the planktonic  Foraminifera 

occurred during the Late Eocene, w i t h  e a r l i e r  Eocene spec ies  and/or genera 

gradually replaced by new forms which would continue i n t o  the  Oligocene. Some 

of those events  have proven t o  be s t r a t i g r a p h i c a l l y  useful  and can be used  f o r  

world-wide c o r r e l a t i o n .  The most important and widespread events a r e  ( f r a n  

older t o  younger ): 

1 ) t h e  LO of Morozovella, Acarinina ( including Truncorotaloides) ,  and Plano- 

r o t o l i t e s ;  

2 )  the FO of  Globigerinatheko semiinvoluta; 

3)  the FO of Turborotal ia  cocoaensis; 

4 )  the LO of G .  semiinvoluta and Turbarotal ia  pomeroli; 

5 )  the LO of Globigerinatheka index assoc ia ted  with a marked decrease i n  

abundance of a l l  Globigerinatheka; 

6 )  the LO of the Turborotal ia  cer roazulens is  group ( including T .  cunia lens is ) ;  

7) t h e  LO of Hantkenina, Cribrohantkenina, large-s ized Pseudohastigerina micra, 

and P .  Qnvi l lens is ;  

8 )  the FO of "Globigerina" tapur iens is ,  assoc ia ted  w i t h  an increase i n  abun- 

dance of Turborotal ia  ampliapertura, followed by the FO of _"Globigerina" 

pre saepi s .  

Events 1 )  and 7 )  have been used t o  def ine the lower and upper boundaries of 

the Late Eocene, respec t ive ly .  E v e n t  1 )  a l s o  def ines  t h e  base of Zone P15, 

whereas Event 7 )  i s  suggested by Nocchi e t  a l .  

of Zone P17 and is  corroborated by the co-occurrence of pr imit ive 1'Globigerina" 

tapur iens is  with t h e  l a s t  Eocene taxa.  I t  i s  worth mentioning tha t  i n  h i s  o r i -  

g ina l  d e f i n i t i o n  Blow (1969 and 1979) dated the en t i re ty  of Zone P17 a s  l a t e s t  

Eocene and not a s  Late Eocene t o  Early Oligocene a s  l a t e r  reported by several  

authors (see a l s o  Berggren e t  a l . ,  1985). T h i s  mis in te rpre ta t ion  probably 

occurred because of the disappearance of the  hantkeninids i n  the middle of 

( t h i s  volume) t o  def ine the  top 
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Zone P17 i n  t h e  L i n d i  s e c t i o n s  o b s e r v e d  by B l o w  (1969) .  I t  h a s  now been demon- 

s t r a t e d  t h a t  t h e  T .  c e r r o a z u l e n s i s  g r o u p ( % l o b o r o t a l i a  c e n t r a l i s  of B l o w  1969)  

d i s a p p e a r  p r i o r  t o  t h e  LO of  t h e  l a n t k e n i n i d s ,  which l a t t e r  t a x a ,  however, may 

be  m i s s i n g  b e c a u s e  of t h e i r  r a r i t y  a n d / o r  d i s s o l u t i o n  removal .  

The i d e n t i f i c a t i o n  of  Zone P16 p r e s e n t s  s e v e r a l  p roblems.  T h i s  z m e  i s  

d e f i n e d  by t h e  t o t a l  r a n g e  of C r i b r o h a n t k e n i n a  i n f l a t a .  T h i s  t a x o n ,  however ,  

i s  m i s s i n g  i n  s e v e r a l  c o n t i n u o u s  s e c t i o n s ,  or when p r e s e n t ,  i s  rare p a r t i -  

c u l a r l y  i n  t h e  l o w e r  p o r t i o n s  of i t s  r a n g e .  A s  ment ioned  by Blow (1969)  t h e  

LO of G .  s e m i i n v o l u t a  occurs s l i g h t l y  a f t e r  t h e  FO of C .  i n f l a t a .  So, i n  t h e  

o b s e n c e  of  t h e  nominate  t a x o n ,  t h e  LO of G . s e m i i n v o l u t a  would allow placement  

of  t h e  b a s e  o f  Zone P16 j u s t  below i t  a n d ,  a c c o r d i n g  t o  t h e  d a t a  f rcm S p a n i s h  

s e c t i o n s  (Mol ina  e t  a l . ,  t h i s  volume),  a f t e r  t h e  FO of  I s t h o l i t h u s  r e c u r v u s  

( c a l c a r e o u s  n a n n o f o s s i l )  . 
C o n c e r n i n g  t h e  u p p e r  boundary,  t h e  FO o f  S u b b o t i n a  g o r t a n i i  c a n n o t  be  u s e d  

as a s u b s t i t u t e  f o r  t h e  LO of C.  i n f l a t a  b e c a u s e  S .  g o r t a n i i  i s  s t r o n g l y  l a t i -  

t u d i n a l l y  c o n t r o l l e d  (Boersma a n d  P r e m o l i  S i l v a ,  t h i s  volume) and  a t  m i d d l e  

l a t i t u d e s  e v o l v e s  f rom S u b b o t i n a  p r a e t u r r i t i l i n a  much earlier w i t h i n  Zone P16 

( s e e  a l so  Keller, 1 9 8 5 ) .  Data  f rom S p a n i s h  s e c t i o n s  s u g g e s t  t h a t  t h e  LO of 

G . i n d e x  a n d  t h e  s t r o n g  d e c r e a s e  i n  abundance  of G l o b i g e r i n a t h e k a  (Event  5 )  

a p p r o x i m a t e  t h e  Zone P16 upper  boundary b e t t e r  t h a n  t h e  FO of S .  g o r t a n i i .  

Based on p l a n k t o n i c  f o r a m i n i f e r a 1  e v o l u t i o n ,  t h e  E o c e n e 4 l i g o c e n e  boundary 

s h o u l d  b e  p l a c e d  a f t e r  t h e  e x t i n c t i o n  l e v e l  of t h e  las t  Eocene t a x a ( = E v e n t  7 ) .  

Event  6 (=LO of T .  c e r r o a z u l e n s i s  g r . )  t h e n  o c c u r s  p r i o r  t o  t h e  Eocene-  

O l i g o c e n e  boundary as d e f i n e d  above .  T h e  a g e - d i f f e r e n c e  between E v e n t s  6 

and  7 r a n g e s  f rcm a b o u t  0 . 3  m.y. i n  Barbados ,  t o  0.13 m.y. i n  Umbria a n d  t o  

less t h a n  0.1 m . y .  i n  s o u t h e r n  S p a i n  ( s e e  Sounders  e t  a l . ,  1985; Mol ina  e t  a l . ,  

t h i s  volume; Nocchi  e t  a l . ,  t h i s  vo lume) .  The o l d e r  a g e ,  e s t i m a t e d  f o r  Event  

6 i n  Barbados ,  i s  p r o b a b l y  t h e  resul t  of poor  s e d i m e n t  p r e s e r v a t i o n .  Conse-  

q u e n t l y ,  t h e  c h o i c e  o f  t h e  LO of  T . c e r r w z u l e n s i s  g r .  t o  i d e n t i f y  t h e  Eocene- 

O l i g o c e n e  boundary,  p a r t i c u l a r l y  i n  t h e  p r e s e n c e  of even  s l i g h t l y  d i s s o l v e d  

s e d i m e n t s ,  i s  i n c o r r e c t .  

Event  5 d e s e r v e s  some canments .  I t  a p p e a r s  t h o t  G l o b i g e r i n a t h e k a  i n d e x  

became e x t i n c t  a t  h i g h  l a t i t u d e s  i n t h e  S o u t h  P a c i f i c  much la ter  t h a n  i n  t h e  

m i d d l e  l a t i t u d e s  or t h a n  i n  t h e  A t l a n t i c  Ocean.  J e n k i n s  a n d  Hoskins  a n d  

Morgans ( b o t h  t h i s  volume) e q u a t e d  t h e  Eccene-Ol igocene  boundary t o  t h e  LO 

of  G .  i n d e x .  On t h e  other hand,  Lindsay  and  Mc G w r a n  ( t h i s  volume) s t a t e d  t h a t  

G .  i n d e x  i n  s o u t h e r n  Australia d i s a p p e a r s  much earlier t h a n  t h e  Eocene-Ol igKene  

boundary,  which  a c c o r d i n g  t o  them i s  b e t t e r  a n d  more e a s i l y  i d e n t i f i e d  by t h e  
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LO of Glcbigerina l i n a p e r t a .  The l a t t e r  taxon was a l s o  used t o  def ine the 

Eccene4l igocene boundary i n  the Tasman Sea by Jenkins and Srinivasan ( i n  

Kennett e t  a l . ,  1985) 

v e r t i c a l  range of G .  index can be a t t r i b u t e d  t o  t h e  paleooceanographic con- 

d i t i o n s  of t h i s  c r i t i c a l  area c lose  t o  Antarct ica  (see Murphy and Kennett, i n  

p ress ) .  Unfortunately, no independent way e x i s t s  t o  check how these events i n  

the a u s t r a l  region c o r r e l a t e  with the record f r u r  lower l a t i t u d e s  of e i t h e r  

the P a c i f i c  o r  the At lan t ic .  Current ly ,  no paleomagnetic s t ra t igraphy i s  a v a i l -  

able  a t  any of the loca t ions  stu’died f r m  t h a t  region. 

Benthic Foraminifera 

(see a l s o  Keller, t h i s  volume). Discrepancies i n  the  

No major change i n  small benthic Foraminifera i s  assoc ia ted  w i t h  the  plank- 

tonic  foraminifera1 ex t inc t ions  a t  the Eocene-Oligocene boundary. Small deep- 

water benthic  faunas undergo graduai turnover f r m  the Middle Eocene up t o  the 

Early Oligocene. C o r l i s s  e t  a l .  (1985) s t a t e d  t h a t  the major faunal  change i n  

deep benthic  Foraminifera during the Middle t o  Late Eocene i s  assoc ia ted  w i t h  

a migration t o  g r e a t e r  depths of the e a r l i e r  Eocene abyssal  taxa, whose a v a i l -  

able  niches were colonized by new abyssal ,  lcmg-ranging, cosmopolitan forms 

through the Late Eocene. 

Several ex t inc t ions  and or ig ina t ions  occurred f r a n  Late Eocene through 

Early Oligocene. Nut ta l l ides  truempyi, Alabamina d issana ta ,  Cl inaper t ina  ssp . ,  

Abyssarnrnina s s p . ,  and Aragonia ssp. a r e  k n w n  t o  disappear before the Eocene/ 

Oligocene boundary, balanced by th l a t e r  appearances of new species  of the 

genera Uvigerina, Pul len ia ,  Lat icar inina,  and Spaeroidina. Boersma ( t h i s  

volume) pointed out t h a t  most of these evolutionary events occur c lose  t o  or 

a t  the oxygen isotope excursion which, via  paleomagnetic c a l i b r a t i o n ,  i s  

e a r l i e s t  Oligocene i n  age. 

By cont ras t  the l a r g e r  Foraminifera, which inhabi t  shallow water carbu-tate 

platforms, underwent mass e x t i n c t i o n s  a t  the Eocene-Oligocene boundary, which 

seems t o  coincide w i t h  t h a t  based on planktonic Foraminifera. A s  shown by 

Adams ( t h i s  volume), very few Late Eocene species  continued i n t o  the Oligocene 

and Early Oligocene species  or ig ina ted  predominantly above the boundary. So, 

Late Eocene faunas have l i t t l e  i n  ccinrnon w i t h  those of the Early Oligocene 

from e i t h e r  the American or Indo-Pacific (including the Mediterranean) bio- 

province. 

Adams ( t h i s  volume) a l s o  reported t h a t  i n  carbonate f a c i e s  disconfonnities, 

unconformities and marked l i t h o l o g i c  ctwnges which terminate Eocene limestones 

a r e  c m a n  f e a t u r e s  a t  t h e  Eoceneal igocene boundary. In  the  few places  where 

apparently continuous sequences were deposited across  the boundary, such a s  

Melinau (Borneo) and Priabona ( I t a l y ) ,  Late Eocene limestones containing l a r g e r  
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Foraminifera pass upwards i n t o  a l g a l - r i c h  limestones lacking age-diagnostic 

Foraminifera a t  the  base, but within which the t y p i c a l  Oligocene faunas gra-  

dual ly  appear ( see  a l s o  Barbin and Bignot, t h i s  volume). Although the incan- 

p le teness  of the sedimentary sequences acrass  the Eocene-Oligocene boundary 

may emphasize the d r a s t i c  c b n g e  i n  l a r g e r  f oraminiferal  faunas, the appar- 

e n t l y  ccmplete records from Melinau and Pr iabma demonstrate t h a t  no Oligocene 

spec ies  o r i g i n a t e s  during tk Late Eocene. Because a similar change occurred 

a t  the Middle t o  Late Eocene boundary, i t  appears that shallow water la rger  

Foraminifera behave d i f f e r e n t l y  than the o ther  groups and undergo t r u e  mass 

e x t i n c t i o n s  a t  these times, For example, during the  Late Eocene planktonic 

foramini fe ra l  faunas a r e  progressively enriched i n  new Oligocene species  which 

replace t h e  a lder  Eocene representa t ives  (see Bcersma and Premoli S i lva ,  t h i s  

volume); such changes a r e  much l e s s  rap id  than among the l a r g e r  Foraminifera. 

Corre la t ion  between carbonate sequences and open marine successions 

remains uncertain because of the lack of age-diagnostic planktonic organisms 

i n  most carbonate f a c i e s .  Paleomagnetic measurements of three sec t ions  f r m  

t h e  Priabona area  f a i l e d  t o  provide r e l i a b l e  da ta .  A l l  magnetic s igna ls  ob- 

ta ined were v e r y  v i t i a t e d  a t t r i b u t a b l e  t o  s t rong leaching of sediments i n  

t h a t  a rea  (Rcggenthen, personal c m u n i c a t i a n ,  1984). Using the most accepted 

c o r r e l a t i o n s  f r m  the l i t e r a t u r e  (Cavelier and Pmerol ,  1986), i t  seems t h a t  

the major ex t inc t ion  events among l a r g e r  Foraminifera c o r r e l a t e  with the  

ex t inc t ion  levels of the l a s t  warm water-preferr ing and/or s p e c i f i c  oxygen- 

n u t r i e n t  r e l a t e d  water-preferr ing species  i n  any given p l a n k t m i c  foramini- 

f e r a l  fauna. The Middle t o  Late Eocene overturn i n  l a r g e r  foramini fe ra l  faunas 

can be c o r r e l a t e d  w i t h  the ex t inc t ion  l e v e l  of the l a s t  w a r m  Morozovella and 

Acarinina. Larger foraminiferal  mass ex t inc t ions  a t  the Eocene-Oligocene 

boundary seem t o  coincide w i t h  the  ex t inc t ion  of b n t k e n i n i d s ,  cr ibrohant-  

keninids, l a rge  pseudohast iger ininids ,  and the  v e r y  l a s t  Glabigerinatheko. 

Radiolar ians  

A high degree of b i o t i c  overturn among rad io la r ian  faunas punctuate the 

e n t i r e  per iod from t h e  l a t e s t  Middle Eocene i n t o  the e a r l i e s t  Oligocene 

r e s u l t i n g  i n  a high s t r a t i g r a p h i c  reso lu t ion .  A s  well documentedinBarbados 

(Mueller-Merz and Sounders, t h i s  volume), i n  the  o lder  part of t h i s  i n t e r v a l  

up t o  the middle of the  Late Eocene 

la rge ly  exceeded e x t i n c t i o n s  (by 7 t o  2 ) .  Later i n  the  Late Eocene close t o  

the Calocyclas bandyca/Cryptoprora ornata  zonal boundary r a d i o l a r i a n s  under- 

went  somewht mass e x t i n c t i o n s .  There i n  a very short  i n t e r v a l  ten species  

became e x t i n c t  and no or ig ina t ions  of n e w  species  were recorded. Final ly ,  

Calocyclas bandyca Zone or ig ina t ions  
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or ig ina t ions  and e x t i n c t i o n s  were equal i n  the i n t e r v a l  from just  a f t e r  the 

LO of h n t k e n i n i d s  t o  the p o s i t i v e  oxygen isotope s h i f t  i n  the  e a r l i e s t  O l i -  

gocene. A s  c l e a r l y  shown i n  Barbados (Mueller-Merz and Sounders, t h i s  volume), 

few b i o s t r a t i g r a p h i c  events  among rad io la r ian  faunas occurred a t  the same l e v e l  

0s those e i t h e r  among planktonic Foraminifera or calcareous nannofossi ls .  In 

most of the cases ,  rad io la r ian  events  a l t e r n a t e d  w i t h  calcareous plankton 

events throughout the measured sequence. I f  nme of the ex t inc t ions  among 

radiolar ians  appear t o  occur within the microtekt i te-bear ing layer ,  f i v e  radio- 

l a r i a n  species  simultaneously became e x t i n c t  w i t h i n  an i r idium-rich level i n  

the e a r l i e s t  C. ornata  Zone of the  Late Eocene (Sanf i l ippo  e t  a l . ,  1985). 

Ostracodes 

Ostracode faunas exhib i t  only minor phylcgenetic c h n g e s  a t  the Eocene- 

Oligocene t r a n s i t i o n  and the majori ty  of them do not coincide w i t h  the  LO of 

h n t k e n i n i d s .  T h i s  statement a p p l i e s  t o  e i t h e r  shallow or deep marine environ- 

ments. However, according t o  van den Bold ( t h i s  volume), Haplocytheridea mont- 

ganerensis  became e x t i n c t  a t  the Eoceneal igocene boundary i n  shelf  a reas  of 

the US Gulf C o a s t  assoc ia ted  w i t h  the  almost t o t a l  disappearance of the genus 

Haplocytheridea. I n  other shallow areas ,  such a s  the Aquitaine basin, os t ra -  

code faunal  renewal i n  the Early Oligocene i s  thought t o  be r e l a t e d  t o  l o c a l  

environmental changes due t o  a decrease i n  temperature and an increase i n  h u m i -  

d i t y  (lower s a l i n i t y )  (Ducasse and Peypouquet, t h i s  volumep 

In the deep-sea environment, a moderate overturn s t a r t i n g  i n  the l a t e  Middle 

Eocene acce lera ted  i t s  r a t e  c lose  t o  the end of the Eocene when a t  lower 

bathyal depths "psychrospheric" ostracodes replaced the  older ,  deeper thermo- 

spheric  faunas (Benson and Peypouquet, 1983). T k  a r r i v a l  of the new forms i s  

expected t o  be diachronous i n  d i f f e r e n t  basins  when cold waters began t o  form 

because of the presence of thresholds  i n  Southern A t l a n t i c .  I t  appears t h a t  

the break-down of the Rio Grande Rise through the Vema C h n n e l  allowed the 

cold bottom water f r a n  Antarc t ic  region t o  flow i n t o  the northern basins  

(Benson and Peypouquet, 1983). Then, by the end of the Eocene, "psychrospheric" 

faunas were widespread i n  the e n t i r e  A t l a n t i c  and entered a l s o  t h e  Mediterra- 

nean Tethys (see Bensm i n  Nocchi e t  a l . ,  t h i s  volume). 

Calcareous Nannof o s s i l s  

There a r e  few events ,  e i t h e r  ex t inc t ions  or or ig ina t ions ,  among calcareous 

nannofossi ls  f r a n  Middle Eocene through Early Oligocene and none tha t  corres-  

ponds a t  t h e  Eocene-Oligocene boundary based on planktonic  Foraminifera 

(Perch-Nielsen, t h i s  volume). Sane c h n g e s ,  however, occur w i t h i n  the calca-  

reous nannofossi l  assemblages, which through the  Late Eocene loose the warm- 

water rosette-shaped d i s c w s t e r s  and becane enriched i n  cool-water ind ica tors ,  
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such 0s I s t h o l i t h u s  recurvus, even a t  low l a t i t u d e s .  By the end o f  the Eocene 

the nonnofloro e x h i b i t s  o much cooler  aspect than a t  the beginning o f  the 

Late Eocene. Becouse the forms mentioned above are l a t i t u d i n a l l y  con t ro l l ed ,  

t h e i r  appearances and/or disappearances are t ime-tronsgressive through l o t i -  

tude (Cavel ier ,  1979; C o r l i s s  e t  ol., 1985). 

The FO of I. recurvus ond the LO o f  the rosette-shaped Discoaster  barba- 

d iens i s  and D. saipanensis de f i ne  b i o s t r a t i g r o p h i c a l l y  the beginning of Zone 

CP 15b (= Zone NP 19 of M o r t i n i ,  1971) ond o f  Zone CP 160 (=  Zone NP 2 1 ) ,  

r espec t i ve l y .  Becouse o f  t h e i r  s t r a t i g r o p h i c  impprtonce, i t  i s  impor tant  t o  

t r y  t o  est imote the d i f f e r e n c e  i n  age o f  o s i n g l e  event fran higher  t o  lower 

l o t i t u d e s  r e l a t i v e  t o  the Late Eocene p lank ton ic  fo ramin i fe ra1  events ond t o  

the mognetic sequence. 

I n  the Contesso H i g h o y  sec t i on  Discoaster  borbadiensis and D. soiponensis 

disappear contemporaneously, obout 0.78 m.y. before the hantkenin id  e x t i n c t i o n .  

I n  Barbodos b o t h  rosette-shaped d iscoasters  disappeor obout 0.46 m.y. before 

the l o s t  Eocene p lank ton ic  Foraminifera. A t  S i t e  522 i n  the South A t l a n t i c ,  

only D. barbadiensis disappears a t  a l e v e l  coevol wi th t h o t  i n  the Contesso 

Highway section, whereas the LO o f  D. saiponensis occurs l a t e r ,  obout 0 .5  m.y. 

p r i o r  t o  the Eocene-Oligocene boundary (Bockmon, pers.com., 1985). Tk LO 

of rosette-shaped d i sccas te rs  i n  the Contesso Highway sect ion l i e s  wi th in 

mognetic C h r m  13r ond corresponds t o  the I11 normal event o f  Nocchi e t  01. 
( t h i s  volume). No c o r r e l a t i o n  o f  t h i s  event t o  the magnetic sequence i s  a v o i l -  

ab le a t  any of the other  l o c a t i o n s  t o  t e s t  the est imated ages repor ted above. 

Whatever the estimated age o f  the LO of D. borbodiensis and D. soiponensis 

one uses, i t  i s  c l e o r  t h o t  both toxo disappeor w e l l  before the e x t i n c t i o n  

o f  the hantkeninids; therefore, t h i s  o r  these event(s)  cannot be u t i l i z e d  

f o r  i d e n t i f y i n g  the Eocene-Oligocene boundary. 

To estirnote the age-d i f ference through l a t i t u d e  o f  the FO of I. recurvus 

i s  somewhat more d i f f i c u l t  becouse o f  the l a c k  of p rec i se  t i e - p o i n t s  t o  e i t h e r  

the p lank ton ic  f o r o m i n i f e r o l  succession or t o  the magnetic sequence. 

I .  recurvus seems t o  occur i n  the Contessa Highway sec t i on  a t  o l e v e l  about 

2 .0  m.y. p r i o r  t o  the han tken in id  e x t i n c t i o n  l e v e l  and a t  the top of C h r m  

16n, w k r e o s  recent i n v e s t i g a t i o n s  by Backman (pers.canm. , 1985) suggest t h a t  

a t  S i t e  523 i n  the South A t l a n t i c  I. recurvus i s  recorded s ince Chron 16r, 

da t i ng  the oppeorance of t h i s  toxon about 2.8 m.y. o lder  than the Eocene- 

Oligocene boundary. Thrargh i t s  range I. recurvus also e x h i b i t s  u s e f u l  f l u c -  

t ua t i ons  i n  abundance. S p e c i f i c o l l y ,  o s h i f t  i n  abundance from r o r e  t o  more 

canmon seems t o  occur j u s t  a f t e r  the LO o f  rosette-shaped d iscoasters  i n  the 
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Contessa Highway sec t ion .  Monechi ( i n  p ress )  demonstrated t h a t  the abundance 

increase of I .  recurvus occurs a t  several  s i t e s  i n  the At lan t ic  a s  well a s  

i n  southern Spain and appears t o  be coeval w i t h  t h a t  i n  the  Contessa sec t ion .  

The duration of t h i s  so-cal led acme is  approximately 1 m . y . ,  and i t  s t raddles  

the Eccene-Oligccene boundary. 

Diatoms 

Evolutionary speaking, planktonic diatoms changed v e r y  l i t t l e  a t  the  Eocene- 

Oligocene t r a n s i t i o n .  Few a r e ,  i n  f a c t ,  the  species  t h a t  o r ig ina ted  or became 

e x t i n c t  e i t h e r  i n  the  Late Eocene or i n  the  Early Oligocene. However, diatom 

f l o r a s  markedly changed across  t h e  Eccene-Oligocene boundary. F i r s t l y ,  the  

abundance of diatoms per g of sediment decreased about one order of magni- 

tude f r a n  the l a t e s t  Eocene t o  the Early Oligocene. Seccndly, species  charac- 

t e r i s t i c  of the Late Eocene d e c r e a s e d s t r m g l y i n  abundance c lose  t o  the Eocene- 

Oligocene boundary and t h e y  became a minor cmponent of the Early Oligocene 

assemblages. F ina l ly ,  s p e c i f i c  d i v e r s i t y  among d ia tan  f l o r a s  increased sub- 

s t a n t i a l l y  through the l a t e s t  Eocene and reached i t s  maximum i n  correspondence 

w i t h  t h e  p o s i t i v e  6180 s h i f t  i n  the  earliest  Oligocene. The increase i n  diver-  

s i t y ,  however, i s  la rge ly  r e l a t e d  t o  an increased abundonce of n e r i t i c  species .  

A t  DSDP S i t e  366 on S i e r r a  Leone Rise assoc ia ted  w i t h  the  l a t t e r  event, there  

was an increase  e i t h e r  i n  occurrence or i n  abundance of f r e s h  water diatoms 

and phyto l i ths ,  both of t e r r e s t r i a l  o r ig in .  According t o  Fenner ( t h i s  volume) 

the occurrence of t e r r e s t r i a l  forms m u s t  be r e l a t e d  t o  an increase i n  wind 

i n t e n s i t y  and possibly a r i d i t y  on the nearby African cont inent  by t h a t  time. 

Because the turnover among diatoms occurred world-wide including high and 

low l a t i t u d i n a l  b e l t s  ( C a r l i s s  e t  a l . ,  1984), changes i n  s p e c i f i c  d ivers i ty ,  

abundance and assemblage canposi t ion of diatom f l o r a s  through the l a t e s t  

Eocene-Early Oligocene i n t e r v a l  appear t o  be cont ro l led  by the i n t e n s i t y  o f t h e  

surface water cur ren ts  and by the  a v a i l a b i l i t y  of nu t r ien ts ,  p a r t i c u l a r l y  a t  

lower l a t i t u d e s ,  r a t h e r  than by surface water temperature. 

Dinof lage l la tes  

Bios t ra t igraphic  resolut ion based on dynocysts i s  v e r y  poor c lose t o  the  

Eocene-Oligccene boundary being biased by absence i n  severa l  l o c a l i t i e s  

( i . e .  Par i s  Basin, southern England, most of the I t a l i a n  s e c t i o n s ) ,  when 

present by the occurrence of a t y p i c a l ,  cmmonly monospecific, assemblages 

(southern England), and, f i n a l l y ,  by several  sedimentary gaps i n  the  sequences. 

According t o  Chateauneuf ( t h i s  volume) the most r e l i a b l e  b i o s t r a t i g r a p h i c  data 

res ide  i n  t h e  f a c t  t h a t  1 )  several  species  which appeared earlier i n  the 

Eocene disappeared during the Late Eocene, 2 )  Wetzel ie l la  g o c h t i i  seems t o  

appear only i n  the Early Oligocene, and f i n a l l y ,  3 )  E a r l y  Oligocene assem- 
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blages a r e  poorly d i v e r s i f i e d  i n  comparison with the high d ivers i ty  of the 

Eocene dynocyst assemblages. 

Moderately r ich  dinof l a g e l l a t e  assemblages have been recovered f ran the 

topmost por t  of the Vissa North sec t ion  (Umbria, I t a l y ) .  According t o  B i f f i  

( i n  Nocchi e t  a l .  , t h i s  volume), four  d inof lage l la te  spec ies  c t -uracter is t ic  

of the Eocene disappeared a t  the  same leve l  a s  th hantkeninids. W .  g o c h t i i  

was not found higher i n  the sequence. 

C harop hy t es 

Detai led inves t iga t ions  c a r r i e d  out on charophytes f r a n  northwestern Europe 

(see Riveline, t h i s  volume) demonstrated t h a t  t h i s  group underwent a gradual 

chclnge through the  Late Eoceneal igocene t r a n s i t i o n .  Forty-seven charophyte 

species  a r e  recorded i n  the Late Eocene, but only s ixteen 

occur i n  the  Early Oligocene. The species  which became e x t i n c t  a r e  those which 

appeared i n  la te  Middle or i n  e a r l y  Late Eocene. Several new species  originated 

gradually, replacing the e x t i n c t  formstand which would continue i n t o  the O l i -  

gocene. Although the degree of overturn among the  chorophytes could not be 

exact ly  quant i f ied ,  i t  appears t h a t  the  s t r a t i g r a p h i c  resolut ion which can 

be reached w i t h  t h i s  group i s  one order h i g k r  than a n y  other i n  the  continen- 

t a l  realm, being very c lose  t o  t h a t  obtained w i t h  marin plankton. According t o  

Riveline ( t h i s  volume), the Eocene-Oligocene boundary should be placed between 

the  Stephanochara vec tens is  ( l a t e s t  Eocene) and the  Stephanochclra pinguis 

( e a r l i e s t  Oligocene) Zones. 

Vegetation 

of them s t i l l  

Generally speaking, b i o s t r a t i g r a p h i c  events among land vegetat ions have a 

s ign i f icance ,  i f  not l o c a l ,  a t  most on a regional  s c a l e .  Since the d i s t r i b u -  

t i o n  of vegetat ion i s  s t rongly l a t i t u d i n a l l y  and longi tudina l ly  cont ro l led  even 

during times of equable c l imate ,  the  evolutionary pa t te rns  f r a n  one area can- 

not be appl ied t o  another a rea  e v e n  i f  the  l a t t e r  belongs t o  a s imi la r  l a t i -  

tud ina l  b e l t  , but t o  a d i f f e r e n t  cont inent .  The s p e c i f i c  canposition of the 

f l o r a s  a t  the two l o c a l i t i e s  may be d i f f e r e n t .  Moreover, the f l o r a l  record 

through geologic  time i s  ra re ly  continuous and, i f  present ,  was ra re ly  exhaus-  

t i v e l y  s tud ied .  

F l o r a l  changes a t  t h e  Eoceneal igocene t r a n s i t i o n  a r e  known f r a n  few areas ,  

i . e .  the North American cont inent  (Wolfe, 1978 cum l i t . ) ,  northwestern 

Europe (Chateauneuf, t h i s  volume) , and t o  a l e s s e r  degree f ran Asian USSR 

(Krasheninnikov e t  a l .  , A k h n e t i e v  e t  a l . ,  both t h i s  volume). 

A cmmon f e a t u r e  i n  the  f l o r a l  evolut ion a t  the Eocene4ligocene boundary 

f r a n  so  d i s t a n t  and l a t i t u d i n a l l y  widely ranging regions i s  t h a t  the  vegetat ion 
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morkedly c k n g e d  worldwide a s  o consequence of o c l imat ic  cooling event, one 

of the most important of the e n t i r e  T e r t i a r y .  A t  t h e  end of the Eocene, w i t h i n  

o geological ly  short per iod of time, mid and high l a t i t u d e  a reos  i n  North 

Americo t h a t  hod been occupied by brood-leaved evergreen f o r e s t  become 

occupied by temperature brood-leaved deciduous f o r e s t .  A &cl ine  i n  ineon 

onnuol temperoture of about 12-13OC o t  60" l o t i t u d e  t o  about 10-ll°C a t  45' 

l a t i t u d e  wos est imated f o r  northwestern America assoc ia ted  w i t h  a s t rong i n -  

crease i n  t h e  temperoture onnuol gradient  (mean annual range of f r m  3-5OC 

the Middle Eocene t o  a t  l e a s t  2 1 O C  i n  the Early Oligocene) (Wolfe, 1978). 

i n  

I n  western Europe, the Eoceneal igocene boundary i s  c t a r o c t e r i z e d  by the 

disappearance of o la rge  number of thermophile tax0 through the  Lote Eocene 

reploced a t  the end of the Eocene by a coniferous and herbaceous f l o r a ,  i n d i -  

cat ing a d r i e r  ond cooler  climote. I n  western Europe, the FO oE Boehlensipollis 

- hohli  seems t o  be a r e l i a b l e  b ios t ro t igraphic  event .  T h i s  taxon appeared j u s t  

a f t e r  the notable  increase  i n  abundance of coni fe rs  i n  the  Par i s  basin and i n  

t h e  southern Rhine graben o s  well os a f t e r  the Nmmulitic Limestones i n  

southern France. 

I n  southeastern Kazakhstan the apparently continuous sequence f r m  t h e  Loke 

Zoison Basin c m p r i s e s  several  l e v e l s  which yielded r i c h  f l o r o s  assoc ia ted  

and/or interbedded w i t h  ver tebrate-bear ing loyers .  Tkre,  c lose  t o  t h e  Eocene 

termination the subt ropica l  "Poltava" f l o r o l  elements were groduolly reploced 

by the temperate "Turgoi" f l o r o l  elements. T h i s  change is  in te rpre ted  a s  a 

s ignol  of a general ized c l imat ic  cooling ossocioted w i t h  a decrease t o  almost 

a d e f i c i t  of moisture (Akhet iev  e t  a l . ,  t h i s  volume). 

The gradual c l imat ic  de te r iora t ion  reg is te red  by tk vegetat ion a t  the 

Eocene-Oligocene t r a n s i t i o n  could be c a l i b r a t e d  t o  the calcareous plonkton 

evolutionary sequence i n  south Annenio (Krosheninnikov e t  o l . ,  t h i s  volume), 

There, i n  the  apparently continuous Landzhar sect ion,  r i c h  spore and pol len 

assembloges were recovered from the some loyers  os the  calcareous plonkton. 

Three cont inenta l  microf lorol  assemblages c lose  t o  the Eoceneal igocene 

boundary were i d e n t i f i e d  : 1 )  t h e  older  assemblage, f r a n  the Lote Eccene P15 

t o  middle P 16 zonol i n t e r v a l  (planktonic  Foraminifera), charocter ized by 

8 . 5  t o  1 6  % of subtropical  spores, by less than 50 % of -, 20 t o  50 % of 

Cedrus, up t o  20 % of Ephedra, and up t o  12 % of Taxodiaceae among the 

gymnosperms, and by 5 t o  24 % of angiosperm pol lens .  Subtropical  forms present  

throughout t h i s  i n t e r v o l  o r e  Quercus, Costanopsis, Palmae, Nissa, Rhus,Magno- 

l iaceae  and Myrico. 2 )  a second assembloge, f r m  the upper par t  of the Lote 

Eocene Zone P 1 6  t o  the lower par t  of the Early Oligocene Zone P18, characte-  

r ized  by very few angiosperm pol lens  (2%) and o la rge  amount of Pinus (70 t o  

--- 
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75 %)whereas the  other  gymnosperm species  decreased i n  abundance. By the end 

of the l a t e s t  Eocene Zone P17 Pinus_ percentages markedly decreased t o  55 %. 

3)  l a t e r  i n  the  Early Oligocene ( l a t e  Zone P18) palyno-assemblages contained 

a well d i v e r s i f i e d  and canmon angiosperm pol lens  w i t h  w, w k ,  and cl-estnut 

(up t o  24 %) and a high t o t a l  gymnosperm content (70-90%) in which, however, 

- Pinus had l o s t  i t s  previous importance (down t o  30-55%). 

Based on t h i s  f l o r a l  succession, i t  appears t h a t  the  cooling episode s tar ted 

i n  the middle of the Late Eocene Zone P16 and reached i t s  maximum a t  the end 

of Zone P17 beginning of Zone P18  i n  the very l a t e  Emeve-ear l ies t  Oligocene. 

V E R T E B R A T E S  

Russell and Tobien i n  t h e i r  review f o r  t h i s  volume s t a t e d  thatNorth American 

mammal faunas underwent high r a t e s  of change over a period of a t  l e a s t  10 

m.y. which included the EmeneGligocene boundary. Among the European mammal 

faunas, o r ig ina t ions  exceeded ex t inc t ions  f r a r  the Middle t o  Late Eocene 

through the Early Oligocene i n t e r v a l  except during the Late Eocene w k n  the 

t rend was reversed. The r a t e  of or ig ina t ions ,  however, markedly increased i n  

t h e  Early Oligocene (almost twice tha t  i n  e a r l i e r  t imes) ,  so S t e h l i n ' s  

"Grande Coupure" appears t o  concern more the appearance of new taxa than 

t h e  disappearance o f  those already i n  place ; 

pat te rns  a t  the Eocene-Oligocene t r a n s i t i o n  a r e  recorded among t h e  Eurcpean 

amphibians and r e p t i l e s  (see Rage, t h i s  volume), except f o r  the t u r t l e s ,  which 

seem t o  c ross  the Eocene-Oligocene boundary without any apparent change. Asian 

mammal faunas exhib i ted  major changes i n  the Middle Eocene and 

extent  i n  the  Late Eocene, whereas the Emene-Oligccene boundary i s  marked 

by a much 

equal i n  number. Nevertheless, Dashzeveg and Devyatkin ( t h i s  volume) suggested 

t h a t  the appearance of the genera Entelodon, Bothriodon and Brachyodus charac- 

t e r i z e d  the beginning of the Oligocene i n  c e n t r a l  Asia. 

GEKHEMICAL EVENTS 

s imilar  evolut ionary 

t o  a l e s s  

lower turnover i n  which or ig ina t ions  and e x t i n c t i o n s  were almost 

T h i s  chapter  deals  w i t h  s t a b l e  i so topic  events ( &180 and 313c) and 

changes i n  t r a c e  elements ( S r  or Mg). 

Stable  isotope e v e n t s  

T h e  i s o t o p i c  analyses  a r e  mostly based m monospecific samples of benthic or 

planktonic Foraminifera. In a f e w  cases  ( s i t e  522, Contessa Quarry of Gubbio) 

maqnetostratigraphy provides a prec ise  cont ro l  f o r  t h e  i so topic  events .  
The 618 i so topic  e v e n t  0 - 

Since the l a t e  Early Eocene 618 values became gradual ly  mare pos i t ive  t o  0 
about 1,5 * / o o  culminating i n  a sharp pos i t ive  s h i f t  of "& i0 close t o  t h e  
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E/O boundary ; t h i s  was observed a t  several  DSDP Sites i n  a l l  t h e  oceans 

and a t  Barbados (Saunders e t  a l . ,  1984). Spec i f ica l ly  t h i s  sharp pos i t ive  s h i f t  

i s  c a l i b r a t e d  t o  magnetostratigraphy a t  S i t e  522 ( S o u t h  A t l a n t i c )  where i t  

s t raddles  the Chron 13 2 - Chron 13 n boundary. Bios t ra t igraphicol ly  the sharp 

pos i t ive  oxygen s h i f t  occurs a f t e r  t h e  ex t inc t ion  leve l  of the hontkeninids 

ond other Eocene planktonic Foraminifera. The same succession of e v e n t s  was 

observed a t  Barbados and the Fuente Caldera Section (South S p a i n )  (Berthenet 

1985), whereas the oxygen isotope s h i f t  was not evidenced a t  Gubbio (Contessa 

sec t ion)  (Renard e t  a l .  t h i s  volume). A t  Barbados (Bath C l i f f  section,Saunders 

e t  a l . ,  1984) the 6180 s h i f t  occurs 3-4 m obove t h e  l a s t  occurrence of Hant- 
kenina, which means some 200,000 t o  300,000 years l a t e r  t h a n  the foraminifera1 

event, according t o  the est imated accumulation r a t e  a t  t h i s  l o c a l i t y  above 

t h e  E/O boundary. The some order  of durat ion was a l s o  ca lcu la ted  a t  the other  

mentioned l o c a l i t i e s .  The radiometric dat ing is approximately 35.6 Ma 

(Montanari e t  a l . ,  t h i s  volume) and the durat ion of the s h i f t  is  approxima- 

t ive ly  100,000 years. 

The amplitude of the 6180 s h i f t  recorded by benthic Foraminifera i s  about 

1 '/,' . Based on planktonic Foraminifera the 6180 s h i f t  decreases when 

passing frcm high l a t i t u d e s  ( 0 , 8  '/") t o  middle l a t i t u d e s  (0,6 %) and t o  low 

l a t i t u d e s  (0 .4  t o  0 '/,,). 

The deep bottom water drop i n  temperature was of 2' t o  5' C, worldwide. 

Surface water coolinq occurs i n  high and mid l a t i t u d e s ,  but we can 

not exclude t h a t  low l a t i t u d e s  experienced a temperature increase.  A s  a conse- 

quencejthe l a t i t u d i n a l  temperature grad ien t  may hove increased considerably 

from Eocene t o  Oligocene time (Vergrmud - Grazzini  and Oberhtlnsli, t h i s  

volume). 

The most widely accepted i n t e r p r e t a t i o n  of t h i s  major cooling event i s  

the i s o l a t i o n  of Antarct ica  and the  formation of cold bottom water frcm 

the Antarct ic  cont inent  (Shackleton and Kennett 1975). The drop i n  temperature 

i s  r e l a t e d  t o  sea i c e  formation or perhaps t o  

r e s t r i c t i o n  of the east-west Tethyan sea-way i n  the Middle East, hypothezed by 

Ricou e t  a l .  

climate. 

cont inenta l  g l a c i a t i o n .  The 

( t h i s  volume), may a l s o  have pushed the system towards a cooler  

The 613 i s o t o p i c  event - c  
T h e  Eocene-Oligocene t r a n s i t i o n  corresponds t o  a pos i t ive  culmination of 

t h e  t rend of ~ 1 3 ~  curve (Renord e t  a l . ;  Vergnaud - Grazzini e t  a l . ,  both t h i s  

volume). 6 1 3  increases  a t  1 o / o o  frcm Early Eocene t o  Late Eocene and C 
i t  decreases a t  0.75 '/,,during the Oligocene. Close t o  the Eocene-Oligocene 
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boundary we observe a decrease of 613c planktonic values of 1,5 o / o o  and the 

613 gradient  among the planktonic Foraminifera s t rongly decreased t o  2 C 
about one f o u r t h  of the grad ien t  previously reg is te red  up t o  Zone P 1 6 .  Coeval 

w i t h  the  ~ 1 8 ~  s h i f t  the carbon isotope values of benthic  Foraminifera 

a p p r c a c k d  the carbon isotope planktonic values (Boersma and Premoli-Silva, 

t h i s  volume; Saunders e t  a l . ,  1984). The very low in te r -spec i f ic  gradient  

among planktonic Foraminifera a t  the  termination of t h e  Eocene and continuing 

through the Oligocene may represent  a decrease i n  oceanic product ivi ty  asso- 

c i a t e d  w i t h  a major reorganizat ion of the water masses (Boersma, t h i s  volume). 

- Truce Elements events  

Chemical ana lys i s  of bulk pelagic  carbonates frcm oceanic s i t e s  and land 

sec t ions  allowed the reconstruct ion of the f l u c t u a t i o n s  i n  abundance through 

time of sane t r a c e  elements, Strontium and magnesium content have been measured 

a t  the Eocene-Oligocene boundary. 

The strontium event 

According t o  Renard e t  a l .  ( t h i s  volume) long-term f luc tua t ions  of S r  a r e  

r e i a t e d  t o  var ia t ions  i n  oceanic r idge hydrothermal a c t i v i t y .  During high 

a c t i v i t y  periods Ca input i n  t h e  ocean increases  and Sr/Ca r a t i o  of sea water 

decreases .  Short term var ia t ions  r e l a t e d  t o  t ransgression-regression cycles  

a r e  superimposed. During t ransgression Ca and S r  a r e  trapped i n  platform car-  

bonates, but because oceanic residence of Sr is  6 times grea te r  than t h a t  of 

Ca, the Sr/Ca r a t i o  increases .  Short term v a r i a t i o n s  were used t o  e s t a b l i s h  a 

chemiostratigraphy (see c o r r e l a t i o n  w i t h  b ios t ra t igraphy i n  Cavelier and 

Pmierol 1 9 8 6 ) .  

The low S r  values of the Early-Middle Eocene (400 t o  900 ppm) correspond 

t o  a period of high hydrothermal a c t i v i t y  of the oceanic r idges.  To explain 

the high values (1000-1300 ppm) c lose  the  Eoceneal igocene boundary Renard 

t h i n k s  t h a t  "hydrothermal a c t i v i t y  and 

slakened a t  the end o f  Middle Eocene and increases  again a t  the end of the 

Late Eocene". In the Contessa Quarry sec t ion  a rapid excursion (negative s h i f t  

followed by a p o s i t i v e  one) occurs a t  t h e  top of Chrm 13  n .  The four small 

negative s h i f t s  observed a t  the E a e n e a l i g o c e n e  t r a n s i t i o n  during a period o f  

general  t rend o f  increasing Sr/Ca r a t i o s  a r e  due t o  small regressive episodes,  

sea-floor spreading was considerably 

The magnesium event 

In the Cantessa sec t ion  an important negative s h i f t  (700 ppm) occurs i n  the  

ear ly  Late Eocene. I t  i s  followed by a gradual  increase of Mg up t o  1750 ppm 

c lose  t o  the top o f  Chron 13 n. Such an increase  in Mg content cotncides  with 

the Sr  excursion c m s i d e r e d  above. I t  is  worth mentioning thut, s ince  the 
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Cencinanian, S r  and  Mg c o n c e n t r a t i o n s  f l u c t u a t e  i n  a n  o p p o s i t e  way. By 

Late Eocene t i m e , h o w e v e r , S r  a n d  Mg c o n t e n t s  b e g i n  t o  f l u c t u a t e  i n  a similar 

way. Accord ing  t o  Renard (1984) mast of these f l u c t u a t i o n s  are c o n t r o l l e d  

t h e  v a r i a t i o n s  i n  t h e  h y d r o t h e r m a l  a c t i v i t y  of t h e  ocean  r i d g e s .  

GEKHRONOLOSY 

Dur ing  t h e  l a s t  decade  numerous d a t e s  have been proposed  f o r  t h e  Eocene- 

O l i g o c e n e  boundary ,  i n  a r a n g e  from 32 to  38 Ma. The more r e c e n t  i n v e s t i g a -  

t i o n s  s l i g h t l y  reduced  t h e  r a n g e  f rcm ,33 to  37 Ma. Accord ing  t o  Odin '  (1982) 

" a n  a g e  of 33+2 Ma seems a p p r o p r i a t e ,  An a g e  o l d e r  t h a n  35 Ma can d e f i n i t e l y  

be  e l i m i n a t e d .  A f t e r  M o n t a n a r i  ( t h i s  volume) t h e  u n a l t e r e d  v o l c a n i c  b i o t i t e  

f r m  t h e  C o n t e s s a  S e c t i o n  n e a r  Gubbio  p r o v i d e s  a n  i n t e r p o l a t e d  a g e  of t h e  

Eocene-Ol igocene  boundary of 35.7 - 0.4 My c a l i b r a t e d  t o  t h e  b i o s t r a t i g r a p h y  

and magne t o s  t r a t i g  raphy . 

by 

-1 

+ 

The a g e  of t h e  m i c r o t e k t i t e  layer of Bath  C l i f f  S e c t i o n  (Barbados)  was 

c a l c u l a t e d  as 35.5 - 0 .4  Ma ( G l a s s ,  t h i s  v o l u m e ) .  T h i s  l e v e l  i s  s i t u a t e d  26 m 

below t h e  LO of h a n t k e n i n i d s .  Based on a s e d i m e n t  a c c u m u l a t i o n  r a t e  of 27 m/ 

My e s t i m a t e d  by Sounders  e t  a l . ,  1984, f o r  t h e  Bath  C l i f f  s e c t i o n  t h e  a g e  of  

t h e  E/O boundary and of  t h e  E a r l y  O l i g o c e n e  p o s i t i v e  s h i f t  of ~ 1 8 ~  would be 

34.5-  0 .4  Ma and 34.2 Ma r e s p e c t i v e l y .  

A t  t h e  end o f  h i s  r e v i e w  Berggren  ( t h i s  volume) p o i n t s  o u t  t h a t  v a l u e s  

+ 

+ 

between 35-37 Ma would a p p e a r  t o  more a c c e p t s b l e  f o r  t h e  E/O boundary .  

He n o t e s  t h a t  t h e  p o t e n t i a l  s o u r c e s  of e r r o r  are m u l t i p l e  and s u g g e s t s  a n  

i n t e g r a t e d  o p p r o a c h , i . e .  magneto-bio-radiochronology,like i n  t h e  Umbria area 

( I t a l y ) .  

Another  result  of t h e  i n v e s t i g a t i o n s  of Montanar i  e t  a l .  i s  a n  u n e x p e c t e d l y  

young oge  of 36.4 - 0 . 3  Ma f o r  t h e  e a r l y  Late Eocene Zone 15 f rom t h e  C m t e s s a  

Q u a r r y  ( t o p  of t h e  Chron 17 n 

T h i s  d a t e  makes t h e  d u r a t i o n  of  t h e  P r i a b o n i a n  a b o u t  1 Ma i n s t e o d  of 3,5 Ma as 

p r e d i c t e d  by o t h e r  time s c a l e s .  T h i s  c o n s i d e r a b l e  s h o r t  d u r a t i o n  of t h e  L a t e  

Eocene would imply  a s t r o n g  a c c e l e r a t i o n  of t h e  sea f l o o r  s p r e a d i n g  rate as 

s u g g e s t e d  by Renard and  c h a l l e n g e d  by B e r g g r e n .  I f  one a c c e p t s  s u c h  a younger  

a g e  f o r  t h e  Zone P 15 t h e  s e d i m e n t s  

t h e  Late Eocene would h a v e  been  a c c u m u l a t e d  a t  a rate t h r e e  times h i g h e r  t h a n  

i n  t h e  o t h e r  p o r t i o n s  of  t h e  S c a b l i a  F o r m a t i o n s .  S c a g l i a  a c c u m u l a t i o n  rate 

+ 

i n  t h e  lower p a r t  of  t h e  P r i a b m i a n  s t a g e ) .  

a t  t h e  C o n t e s s a  Q u a r r y  s e c t i o n  d u r i n g  

t h r o u g h o u t  t h e  whole T e r t i a r y  i s  a b o u t  6m My. 

I n  c o n c l u s i o n ,  our f e e l i n g  i s  t h a t  t h e  a g e  of t h e  Eocene-Ol igocene  boundory 

is p r o b a b l y  b r a c k e t e d  between 34 and 36 Ma (see a l so  C a v e l i e r  and Pcmerol  

1977).The d o t e s  p r o v i d e d  by f i s s i o n - t r a c k  and  K-Ar i n  m i c r o t e k t i t e s  (34.5 Ma) 

and K-Ar and  Rb-Sr on b i o t i t e s  (35.7 Ma) a r e  w i t h i n  t h e  s u g g e s t e d  r a n g e  w i t h  
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o time log of 1 . 2  Ma between the  two measurements. 

MAGNETOSTRATIGRAPHIC EVENTS 

Three importont results have recent ly  been obtained i n  t h i s  f i e l d .  F i r s t l y ,  

p rec ise  cor re lo t ion  has been es tab l i shed  between magnetic l i n e a t i o n s  and bio- 

s t rot igrophy a t  the  Eocene-Oligocene t r a n s i t i o n .  There o r e  three l o c a l i t i e s  

where t h i s  cor re lo t ion  could be demonstrated : a t  DSDP S i t e s  522  and 523 (pars )  

i n  the  South At lan t ic  (Touxe e t  o l . ,  1984), i n  the Valle d e l l a  Contesso 

(Gubbio) i n  the  Contessa Quorry and Contessa Highay  sect ions (Lowrie e t  o l . ,  

1982; Nocchi e t  a l . ,  t h i s  volume), ond i n  t h e  Visso North sec t ion  (Cascio a r e a )  

(Nocchi e t  01. , t h i s  volume). I n  the l a t t e r  l o c o l i t y  the magnetostratigrophic 

record i s  l imi ted  t o  o shor t  i n t e r v a l  and i s  somewhat poor (Nocchi e t  o l . ,  

t h i s  volume). 

Secondly, a s  pointed out by Lowrie ( t h i s  volume), a t  Si te  5 2 2  and i n  the  

Contessa Highway sec t ion  the  well i d e n t i f i e d  Chron 13r contains  three  d i s c r e t e  

almost equal ly  spoced normol events .  I t  a l s o  contains  the Eocene-Oligocene 

boundary 0s defined by planktonic Foraminifera, t h u s  confirming the  observa- 

t ions  of Lowrie e t  a l .  (1982), which boundary f a l l s  j u s t  above the youngest 

normol event i n  the  upper par t  o f  Chron 13r (=Even t  1 of Nocchi e t  o l . ,  op. 

c i t . )  i n  both the Contesso Highway sec t ion  and S i t e  522 .  And f i n o l l y ,  t h e  

oxygen isotope s h i f t ,  r e l a t e d  by severa l  authors  t o  a major cooling episode 

(Motthews ond Poore, 1980; Shackleton e t  a l . ,  1984; Oberhansli e t  o l . ,  1984), 

occurs w i t h i n  the  e a r l i e s t  par t  of Chron 13n , Therefore, i t  m u s t  be dated 

a s  e a r l i e s t  Oligocene i n  age and does not coincide w i t h  the  Eocene-Oligocene 

boundary based on planktonic Forominifera (Oberhansly and Toumarkine, 1985). 

SEDIMENTOLOSIC EVENTS 

The moin sedimentologic events a t  the Eocene-Oligocene boundary ore  : 

1 )  the  increose i n  calcium carbonate accumulation, 

2 )  the  deepening of t h e  CCD, 

3) t h e  s c a r c i t y  of s i l i c e o u s  sediments, 

4 )  a progressive increose o f  i l l i t e ,  c h l o r i t e ,  and i n  some place 

kool in i te ,  and a concani tant  decrease of smect i tes  and f ibrous  cloy,  

5 )  the development o f  hiatuses  and sediment reworking. 

I t  appears they ore  the consequence of : 

- an occelerot ion of deep seo cold, oxygenated water cur ren ts ,  

- a global  cooling, 

- modifications i n  surfoce water product ivi ty ,  

- o regression well documented i n  Europe, Aus t ra l ia ,  Afr ica ,  

Gulf Coast . . , , but of o minor magnitude. 
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I n  a general  way the  Late Eocene was a time charac te r ized  by a low accu- 

mulation r a t e  of carbonates, whereas the Early Oligocene was one of higher 

accumulation. Close t o  the Eocene-Oligocene boundary, the continuous sequences 

exhib i t  a marked carbonate d isso lu t ion  f a c i e s .  According t o  T h u n n e l  and 

C o r l i s s  ( t h i s  volume) these changes a r e  re la ted  t o  f luc tua t ion  i n  productivity, 

which would a l s o  apply t o  the  d i f f e r e n t  loca t ions .  T k  t r e n d  towards an 

increasing of the amount of carbonate sediments a t  depth continued through 

the Oligocene. 

The dramatic deepening of t h e  CCD 'at the Eocene-Oligocene t r a n s i t i o n  has 

been demonstrated by van Andel (1975) (see T h u n n e l l  and C o r l i s s ,  f i g .  6 ,  t h i s  

volume). The decl ine is  abrupt i n  the  P a c i f i c  (4200 m )  (mainly equator ia l  

P a c i f i c  5000 m )  and more gradual, towards 4200 in i n  the At lan t ic  and Indian 

been developed by Berger Oceans. An  explanation of the CCD f l u c t u a t i o n s  has 

and Winterer (1974) and S c l a t e r  e t  a l . ,  1979. According t o  t h e i r  mode1,during 

t ransgress ions  the CCD is  r e l a t i v e l y  shallow because carbonate deposi t ion i s  

concentrated on the  shelves .  Al te rna te ly ,  during regressions the CCD is 

depressed and the deep oceans become the major s i t e  o f  carbonate sedimentation. 

On the other  hand the development of sea i c e  around Antarct ica  increases  the 

turnover of bottom waters and provides more oxygenated water, w i t h  r e l a t i v e l y  

lower concentrat ion of C02 and therefore  lower a c i d i t y  which favoured the 

preservat ion o f  carbonates i n  the deeper bosins (Berger 1973). 

The s i l i c e o u s  sediments a r e  l e s s  represented i n  the Late Eocene than i n  

the Middle Eocene when cher t  

North A t l a n t i c .  Poverty of s i l i c e o u s  sediments was r e l a t e d  t o  a decrease of 

primary product iv i ty .  

l ayers  (= horizon A )  were widespread a l s o  i n  t h e  

According t o  Clnrnley (1985) t h e  clay mineral t rend  a t  the  Eocene-Oligocene 

t r a n s i t i o n  i s  character ized by a progressive increase of i l l i t e ,  c h l o r i t e ,  

i r r e g u l a r  mixed-layers and sometimes k a o l i n i t e  and a concanitant decrease of 

smect i te ,  f ib rous  clay and of ten k a o l i n i t e .  The cause would be the  Cenozoic 

worldwide cooling favoring cn land t h e  physical  a l t e r a t i o n  process ins tead  o f  

t h e  chemical ones. 

T h e  number of sedimentary hiatuses increase around the  Eocene-Oligocene 

boundary both on shelf  and i n  acean bas ins .  Continuous sequences across  the 

Eocene-Oligocene boundary a r e  r a r e l y  recorded e i t h e r  i n  a n e r i t i c  environment 

(except  i n  some places  of Aus t ra l ia ,  Alabama,Borneo, I t a l y )  or i n  the  pelagic  

environment (some OSDP sites and i n  I t a l y ,  Spain, Barbados, New-Zealand). 

Hiatuses on t h e  shelves  may be r e l a t e d  t o  low stand of sea level and/or 

tec tonics .  I n  the oceanic basin we have seen t h a t  deep water cur ren ts  became 
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more vigorous a t  the  termination of the Eocene. T h e  acce lera t ion  of the deep 

sea c i r c u l a t i o n  caused submarine erosion and therefore  widespread h ia tuses .  

The number of hiatuses and t h e i r  durat ion depended upon t h e i r  geographic 

loca t ion .  For example,in the South At lan t ic  Ocean t h e y  l a s t e d  longer i n  the  

western par t  because of the deviat ion towards the  west of the Antarct ic  

bottom cur ren t  ( f i g .  1 ) .  

Fig. 1 .  Tentat ive reconstruct ion of sur face  (doshed l i n e )  and bottom ( s o l i d  
l i n e )  c i r c u l a t i o n  of the Southern Ocean during the  Eocenealigocene t r a n s i -  
t ion  ( a f t e r  Haq, 1980 and Kennett, 1982, modified) F.  Falkland Plateau; 
R . G .  Rio Grande Rise; W .  Walvis Ridge. 

Thiede e t  a l . ,  1981, recorded the occurrenceof reworked and displaced 

f o s s i l s  i n  the  Mesozoic and Cenozoic of the Central  P a c i f i c  Ocean. The maxi- 

m u m  age d i f fe rence  between o ldes t  reworked f o s s i l  canponents and the host 

sediment increased from the Maastrichtian t o  the Eocene-Oligocene boundary. 

Suddenly, 

Such o high age d i f fe rence  appears t o  be coeval with the maximum d i s t r i b u t i o n  

of the e ros iona l  h ia tuses  and resu l ted  f r m  the acce lera t ion  of the oceanic 

bottom c i r c u l a t i o n .  

TECTONIC AND VOLCANIC EVENTS 

a t  t h a t  time, the age d i f fe rence  reached i t s  maximum of 70 Ma. 

Three major tec tonic  events  occurred a t  the Eocene-Oligocene t r a n s i t i o n :  

the  opening of the Tasmanian sea-way, a strong ccmpressive Alpine phose, and 
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the r e s t r i c t i o n  o f  the Tethys. During the Mesozoic through the Middle Eocene 

A u s t r a l i a  and A n t a r c t i c a  were connected; r e l a t i v e l y  warm waters were then 

reaching h igh  l a t i t u d e s  i n  the southern hemisphere. By Late Eocene, the Tasmanian 

seaway opened and a t  the same t ime a poss ib le  surface connection was created 

between A t l o n t i c  and P a c i f i c  Ocean through the Drake passage ( f i g .  1 ) .  

I t  resu l ted  i n  a thermal i s o l a t i o n  of A n t a r t i c a  which l ead  t o  the development 

of a c i rcum-Antarct ic  c u r r e n t .  Consequently coo l  sur face waters from h igh  

l a t i t u d e s  o f  the Southern Ind ian  Ocean would have been t ranspor ted around 

An ta rc t i ca  and may have t r i g g e r e d  sea- i te  format ion and product ion o f  c o l d  

bottom waters i n  the wor ld  Ocean (Kennett 1982) .  The sea-ice and perhaps the 

i c e  cop on An ta rc t i ca  increased the olbedo and con t r i bu ted  t o  occelerote the 

drop o f  temperatures. 

T h e  T r i a s s i c  break up of the Pangea had created an East-West seoway which 

e n c i r c l e d  the e a r t h  a t  low l a t i t u d e s  (Tethyan Ocean). During the Late Eocene, 

the c o l l i s i o n  between A f r i c a  and Eurasia i n  the Middle East c u t  o f f  the deep 

l a t i t u d i n a l  c i r c u l a t i o n  a t  l e a s t  i n  the depths between the Ind ian  and the 

A t l a n t i c  0cean.This f a c t  con t r i bu ted  t o  the c l i m a t i c  d e t e r i o r a t i o n  of the e a r t h .  

Moreover, i t  was a t  t h a t  t ime t h a t  the b a r r i e r  erected by the Rio Grande 

Rise and Walvis Ridge system brdce down through the Vema C k n n e l  and the 

Faros-Shetland Channel i n  the Northern A t l a n t i c .  Consequently, the deep co ld  

waters t h a t  o r i g i n a t e d  a t  h i g h  l a t i t u d e s  could f l ow  and reached the deep 

basins a t  lower l a t i t u d e s .  They are a l s o  thought t o  be responsible f o r  the 

frequent hiatuses and increased reworking of the pe lag i c  deposits. 

Close t o  the tocene-Oligocene boundary a l s o  occurs one of' the paroxysmal 

orogenic compressive a l p i n e  phase (Pyrenean o r  I l l y r i o n  orogenic pt-use) which 

have r e s u l t e d  from c o l l i s i o n  between A f r i c a - I n d i a  and Eurasian p la tes .  This 

orogeny expla ins the f requent  and widespread h ia tuses and d i scon fo rm i t i es  i n  

n e r i t i c  environment between Late Eocene and Oligocene formations. As a poss i -  

b l e  consequence of t h i s  orogenic phase, one would expect an increase o f  the 

emerged areas t o  c o n t r i b u t e  t o  the acce le ra t i on  o f  the c l i m a t i c  d e t e r i o r a t i o n  

( increase o f  a l t i t u d e s  and a lbedo) .  

A t  the some t ime a pulse o f  vo lcanic  a c t i v i t y  i s  observed i n  New Zealand, 

Aus t ra l i a ,  Japan, Ph i l i pp ines ,  Peru, . . . which resu l ted  from the development 

o f  an A u s t r a l i a n / P a c i f i c  p l a t e  boundary and f r o m  the g rea tes t  Late Phanero- 

z o i c  change i n  P a c i f i c  p l a t e  motion, associated with widespread tectonism 

throughout the P a c i f i c  region. 

A number o f  pa le  green vo lcanic  laminae are recorded a t  s i t e  592 and 593 

(Tasmian Sea reg ion)  du r ing  the Late Eocene-Early Oligocene. They i n d i c a t e  

i n t e n s i f i e d  volcanism i n  the New Zealand reg ion (Kennett e t  a l . ,  1985). 



18 

In the Umbrian sec t ions  and p a r t i c u l a r l y  i n  the  Gubbio a rea  severa l  layers 

of marly limestone contain bentoni te  l a y e r s  which provided abundant euhedral 

b i o t i t e  f l a k e s  used by Montanari e t  a l .  ( t h i s  volume) f o r  radiometric da t ing .  

According t o  these authors  the  b i o t i t e  and the  volcanic quartz  and fe ldspar  

assoc ia ted  with i t  have been t ransported by wind frcm the Alps i n t o  the Umbrian 

basin.  

COSMIC EVENTS 

Several cosmic events have been suggested f o r  explaining the Eocene-Oligo- 

cene t r a n s i t i o n  such as a g i a n t  meteo'ritic impact followed by a darkening due 

t o  atmospheric dust (HSLJ, 1980) or t o  the formation of a r ing  canparable t o  

those of Saturn 

sunl ight  (0 '  Keef e 1980). 

Although the cause of the Eocene-Oligocene cosmic events  i s  unknown the 

enc i rc l ing  the e a r t h  and resu l t ing  i n  t h e  screening of 

occurrence of a l a r g e  strewn f i e l d  of micro tek t i tes  i n  North America (micro- 

t e k t i t e  strewn f i e l d )  (Gulf of Mexico, Caribbean Sea, Barbados and i n  the 

equator ia l  western A t l a n t i c )  speaks i n  favour of an e x t r a t e r r e s t r i a l  input  

(Glass, t h i s  volume). The s t r a t i g r a p h i c  pos i t ion  of the micro tek t i te  bearing 

layer  i s  d i f f i c u l t  t o  prec ise .  I t  i s  c lose  t o  the top of the  e b i g e r i n a t h e k a  

semiinvoluta Zone (P 15) or i n  the  Turborotal ia  cerroazulensis  Zone (P 1 6 ) .  

According t o  Kel ler  ( t h i s  volume) three micro tek t i te  horizons a r e  present  i n  

Late Eocene sediments - one i n  the UpperG,semiinvoluta Zone, and two closely 

spaced layers  i n  the  lower par t  of T .  cer roazulens is  Zone. This assumption i s  

chollenged by Glass  ( t h i s  volume). For the l a t t e r  author there  i s  only one 

micro tek t i te  l a y e r .  "Later  occurences or  horizons, appear t o  be due t o  rework- 

ing f r m  t h e  North American micro tek t i te  layer" .  A s  mentioned obove the Bath 

C l i f f  micro tek t i te  layer ,  s i t u a t e d  26 m below the LO of hantkenines i s  proba- 

b l y  1 M Y  o lder  than the  Eocene-Oligocene boundary. 

Clinopyroxene-bearing spherules and iridium anmaly  

Clinopyroxene-bearing spherules (cpx spherules)  were found associated w i t h  

the  North American micro tek t i tes  or j u s t  below the micro tek t i te  l a y e r f 2 5  cm ) 

i n  core RC9-58 from the Caribbean Sea. Cpx 

the equator ia l  P a c i f i c  and i n  the  eastern Indian Ocean ( t o t a l  mass estimated 

a t  10 g metric t o n s ) ( f i g .  2 ) .  An iridium anomaly is  associated w i t h  the  cpx 

spherule layer  which provides f u r t h e r  support f o r  the impact or igin 

spherules .  

spherules a r e  a l s o  found across  

of these 

I n  Borbados t h e  tpx spherule layer  hos not been found, but there ,  an i r i -  

dium oncmaly occurs 27 cm below tk micro tek t i te  layer  and i t  i s  about10,OOO 

years o lder .  The ex t inc t ion  of severa l  species  o f  rad io la r ians  occurs i n  the  
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Fig.  2 .  The microtekt i tes and the clinopyroxene-bearing spherule strewn f i e lds  
(the l a t t e r  about 10000 years older)  occur 1 My 

bouncbry, f ran the Caribbean Sea ( including t o  Barbados and Georgia t o  the 
eastern Indian Ocean (a f te r  Glass, 1979, modif ied). 

cpx spherule layer  and/or i n  the associated i r i d ium anomaly layer  (Glass and 

Zwart, 1977).  

coNcLusIoNs 

before the Eocene-Oligocene 

T h e  Events 

On the basis o f  the review presented i n  the previous pages and on the 

papers included i n  the bock implemented by 

can make the fol lowing conclusions : 

1) the Eocene-Oligocene boundary i s  not characterized by a single event e i ther  

catastrophic or other i n  or ig in;  

2 )  most of the numerous and important changes that choracterized the Eocene- 

Oligocene t rans i t i on  have t h e i r  o r i g in  as f a r  back as the l a t e  Middle Eocene 

or the ear ly  Late Eocene; 

3)  such a chonge occurred gradually, but i t s  

the termination o f  the Late Eocene; 

4 )  a general ized event was a marked cool ing registered i n  a l l  realms which 

culminated i n  a drop of temperature on the order of 5OC same 500,000 y. l a t e r  

than the ex t i nc t i on  l e v e l  among the Eocene planktonic Foraminifera. I t  i s  

t e s t i f i e d  by a pos i t i ve  s h i f t  of ~ 1 8 ~  i n  the Oceans ( f i g .  3 ) .  

5 )  the v e r t i c a l  and l a t i t u d i n a l  thermal gradients gradually decreased during 

the Late Eocene-Early Oligocene i n t e r v a l  and resul ted i n  a reduced upwelling 

rate i n  the oceans (Lipps and Mitchel l ,  1976); 

6)  a more rap id  decrease of the 613c v e r t i c a l  gradient s ta r ted  j u s t  p r i o r  t o  

the hantkeninid ex t i nc t i on  l e v e l  and culminated i n  an overa l l  gradient reduced 

t o  about one-half that previously knwn  i n  the l a t e  Eocene, i n  correspondence 

recent ly published works, one 

rate accelerated approaching 
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IKREASE OF DEEP WATER REGRESS ICN EXCURSICNS 
REWRKED t- C I  RCULAT ICN SEA LEVEL 
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ICE SEA I K R E A S I N ;  
AN) ICE CAP ALBECO 
BUILDIN; ( 1 )  

FAUNAL AN) FLORAL E X T I K T I C N  , LWER PROWCTIVITY 

F i g .  3. Proposed r e l a t i o n s h i p  between cosmic, tecton ic ,  volcanic, sedimento- 
l o g i c a l ,  geochemical, faunal, f l o r a l ,  oceanographic and c l i m a t i c  events a t  
the Eocene-Oligacene t r a n s i t i o n  ( a f t e r  Cave l i e r  e t  a l . ,  1980, cunpleted and 
mod i f i ed ) .  I t  i s  ev ident  t h a t  a l l  these events a re  n o t  coeval. For example 
the g l o b o l  coo l i ng  i s  i n i t i a t e d  a t  the Late Middle Eocene and the 6180 
increase occurs i n  the e a r l i e s t  Oligocene (see t e x t  and f i g .  4 ) .  

t o  the 6180 s h i f t  of the e o r l i e s t  Oligocene. 

7 )  a gradual  decrease o f  the f e r t i l i t y  i n  the oceons ( i n c l u d i n g  the carbonate 

p l a t f o r m  environment) a f f e c t e d  by the end o f  the Eocene 011 the  t r c p h i c  l e v e l s  

(L ipps and M i t c h e l l ,  1976; Lipps, 1986; Boersma and Premoli  S i l va ,  t h i s  

volume) ; 

8)  I n  r e l a t i o n  t o  the changes p rev ious l y  mentioned, a major reo rgan iza t i on  

o f  the watermasses occurred. Ocean waters cooled fran the bo t tun  t o  the sur- 

face; near-surface water homogenized as t e s t i f i e d  by the low oxygen i so tope  

g rad ien t  between near-surface and deeper dwel l ing p lank ton ic  Foraminifera.The 

near-surface a t  the Eocenealiqocene t r a n s i t i o n  contained a low p r o d u c t i v i t y a n d  

only moderately oxygenated zone o v e r l y i n g  an e s s e n t i a l l y  thermal ly  uniform, 

w e l l  mixed, low n u t r i e n t  and low oxygen subsurface. The deeper oxygen minimum 

and subsurface oxygen maximum were e l iminated.  

9) Major t e c t o n i c  events con t r i bu ted  t o  c rea te  and/or empks ize  sane o f  the 

environmental changes c lose t o  the end o f  the Eocene. 

- The separat ion o f  A n t a r c t i c a  from A u s t r a l i a  f o l l o w i n g  the opening of the 

Tasmian Seaassociated wi th a poss ib le  sur face cu r ren t  through the Drake 

Passage caused coo le r  cond i t i ons  i n  the  A n t a r c t i c  region. 

- The breok-down of the Rio Grande Rise through the Vema Channel al lowed the 
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Fig .  4 .  S i g n i f i c a n t  s t r a t i g r a p h i c  e v e n t s  a t  t h e  E o c e n e a l i g o c e n e  boundary 
p l o t t e d  a g a i n s t  t h e  magnetic sequence. T i m e  s c a l e  a f t e r  La Brecque e t  a l . ,  
1977 ( A ) .  R a d i a n e t r i c  ages  a f t e r  Montanari  e t  a l .  ( B )  and Glass ( C ) ,  both 
t h i s  volume. 

deep c o o l  waters f r m  t h e  A n t a r c t i c  region t o  flow n o r t h  i n t o  t h e  North 

A t l a n t i c  bas in ,  i n c r e a s i n g  e r o s i o n  a t  t h e  b o t t a n  and thus  h i a t u s e s  and/or  

reworking. 
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- The r e s t r i c t i o n  o f  the Tethys sea way i n  the Middle East as a consequence o f  

the A f  r ican-Asian c o l l i s i o n  i n t e r r u p t e d  a t  l e a s t  a t  depth the impor tant  cu r ren t  

system f l o w i n g  c i r c u m t r o p i c a l l y  since the Mesozoic, causing a major reorgani- 

z a t i o n  o f t h e  oceanic c i r c u l a t i o n .  

- F i n a l l y ,  the major A lp ine  t e c t o n i c  phase which occurred p r i o r  t o  the Eocene- 

Oligocene boundary poss ib l y  increased the land/ocean r a t i o ,  then the increased 

albedo r e s u l t e d  i n  i nc reas ing  coo l i ng .  

10) E x t r a t e r r e s t r i a l  events t e s t i f i e d  by the occurrence of m i c r o t e k t i t e - r i c h  

l aye rs  and/or i r i d i u m  anomaly a re  no t  associated w i t h  any of the major chclnges, 

e i t h e r  b i o l o g i c  o r  chemicophysica1,except i n  r a d i o l a r i a n s  among which severa l  

species disappear a t  the l e v e l  o f  the i r i d i u m  anomaly i n  Barbados. They may 

have helped i n  acce le ra t i ng  sane processes, but  they do not  appear t o  be so 

e s s e n t i a l .  

1 1 )  The major coo l i ng  ( &la0 s h i f t )  i n  the e a r l i e s t  Oligocene, poss ib l y  asso- 

c i a t e d  w i t h a  g l a c i a t i o n  i n  An ta rc t i ca ,  seems t o  p a r t i a l l y  reverse the t rend  as 

t e s t i f i e d  by a deepening of the Carbcnate Cmpensation Depth and h igher  car-  

bonate accumulation i n  the deep sea basin, whereas the  carbonate p l a t f o r m  

canmunity s t a r t e d  Once again t o  d i v e r s i f y .  

The Eocene-Oligocene boundary 

The succession o f  the major b i o s t r a t i g r a p h i c  events used i n  the l i t e r a t u r e  

t o  p lace the Eocene-Oligocene boundary,plotted against  the rnagnetostrat igra- 

phy and other  chemico-physical events, i s  summarized i n  f i g u r e  4. I t  i s  worth 

n o t i c i n g  t h a t  the hantkenin ids and associated forms are the l a s t  Eocene 

c h a r a c t e r i s t i c  taxa t o  becme e x t i n c t .  The  LO of the Tu rbo ro ta l i a  c e r r w z u l e n z  

- s i s  group i s  f rm almost 0.1 My t o  0.3 My o lder  than the LO of hontkeninids, 

wh i l e  the  e x t i n c t i o n  l e v e l  o f  the rosette-shaped d iscoasters  precedes t h a t  o f  

hantkenin ids frm 0.46 My a t  low l a t i t u d e s  t o  0.78 My a t  h igher  l a t i t u d e s .  

Moreover, the p o s i t i v e  &180 s h i f t ,  corresponding t o  the major coo l i ng  event, 

i s  some 0 . 3  My younger than the hantkenin id  e x t i n c t i o n .  Whotever b i o s t r a t i -  

graphic  event among those mentioned above w i l l  be chosen f o r  use i n  the f u t u r e  

t o  d e f i n e  the Eccene-Oligocene boundary, they all occur w i th in  the magnetic 

Chron 13r. 

According t o  the data presented i n  t h i s  volume, i n  our opinion, i t  appears 

t h a t  the LO o f  hantkeninids, o f  the l a s t  Globiger inatheka ond Pseudohastigerina 

d a n v i l l e n s i s  (Event 7 among p lank ton ic  Foramin i tera)  i s  apparent ly  the most 

r e l i a b l e  b i o s t r a t i g r a p h i c  event u p m  which t o  de f i ne  the Eocene-Oligocene 

boundary. I t  f a l l s  j u s t  above the younger normal event i n  l a t e  Chron 13r 

(Nocchi e t  a l . ,  t h i s  volume), dated, according t o  M m t a n a r i  e t  a l .  t h i s  volume, 

a t  35.7 0 .4  Ma. 
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I n  t e r m s  of h i s t o r i c a l  stages the Eocenealigocene boundary can be placed 

between the top of the Priabonian and the base of the Stampian, or of the 

Rupelian s.1. inc luding the l a t e  Tongrian a t  i t s  base. 

I t  w i l l  be a duty of the In te rna t iona l  Subcanmission on Paleogene S t r a t i -  

graphy t o  decide which one of these events could be the most useful  t o  define 

the Eocene-Oligocene boundary and t o  choose the stratotype section. 
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INTRODUCTION 

D e t a i l e d  b i o s t r a t i g r a p h i c  and pa leomagnet ic  s t u d i e s  on Eocene-Oligocene p e l -  

a g i c  sequences from Umbria ( C e n t r a l  I t a l y )  r evea led  t h a t  d e p o s i t i o n  a c r o s s  t h e  

Eocene-Oligocene boundary was cont inuous  and und i s tu rbed  i n  t h a t  a r e a .  The aim 

of t h e  p r e s e n t  pape r  i s  t o  s y n t h e t i z e  t h e  d a t a  from 8 s t r a t i g r a p h i c  sequences  

spanning t h e  i n t e r v a l  from t h e  Ea r ly  t o  Middle Eocene boundary through t h e  Ear  

l y  Ol igocene  wi th  s p e c i f i c  emphasis on t h e  e v e n t s  a t  t h e  Eocene-Oligocene boun - 
dary .  The r eade r  can r e f e r  t o  Nocchi e t  a l .  and t o  Premoli  S i l v a  e t  a l .  ( b o t h ,  

i n  p r e s s )  f o r  a more complete d e s c r i p t i o n  o f  each  s e c t i o n  s t u d i e d .  

P e l a g i c  b i o m i c r i t i c  sed iments  are widespread i n  t h e  Umbrian r e g i o n .  They 

c o n s i s t  p r i m a r i l y  of c a l c a r e o u s  mar l s  and marly l i m e s t o n e s ,  fo rmer ly  nanno-fo- 

r a rn in i f e ra l  o o z e s ,  of t h e  S c a g l i a  Formation, which changes c o l o r  from dominan- 

t l y  p ink- red  ( i n  t h e  Eocene) t o  g ray  ( i n  t h e  Ol igocene ) .  I n  t h e  sou the rn  p a r t  

of U m b r i a  (V i s so  and Casc ia  a r e a ) ,  c a l c a r e o u s  t u r b i d i t e s  r i c h  i n  shallow-water 

s k e l e t a l  d e b r i s  a r e  in t e rbedded  w i t h i n  t h e  p e l a g i c  sequence ;  t h i s  c h a r a c t e r i z e s  

t h e  s o - c a l l e d  "sud-umbrisches f a c i e s "  of Renz (1936) .The source  a r e a  o f  t h e  

s k e l e t a l  d e b r i s  w a s  i d e n t i f i e d  a s  t h e  Abruzzi ca rbona te  p l a t f o r m  l o c a t e d  sou th -  

e a s t  of t h e  s t u d i e d  s e c t i o n s  (Baldanza e t  a l . ,  1982) . 
Since  Renz ( 1 9 3 6 ) ,  s e v e r a l  a u t h o r s  s t u d i e d  i n  d e t a i l  t h e  Umbrian S c a g l i a  

Formation ( i . e .  Luterbacher  and Premoli  S i l v a ,  1962, 1964; Lu te rbache r ,  1964) .  

Baumann and Roth (1969) and Baumann (1970) were t h e  f i r s t  t o  c a r r y  o u t  d e t a i l e d  

s t u d i e s  of t h e  c a l c a r e o u s  n a n n o f o s s i l s  and p l ank ton ic  Foramin i f e ra  on t h e  Eoce- 

ne-Oligocene boundary. The i r  i n v e s t i g a t i o n s  r evea led  t h a t  s ed imen ta t ion  was 

con t inuous  a c r o s s  t h i s  boundary i n  s e v e r a l  s e c t i o n s  from bo th  no r the rn  and 

sou the rn  Umbria. More r e c e n t l y  ( s t a r t i n g  i n  1 9 7 4 ) ,  b i o s t r a t i g r a p h i c  s t u d i e s  a t  
1 cm i n t e r v a l s  were made on t y p i c a l  S c a g l i a  sequences i n  o r d e r  t o  c a l i b r a t e  

t h e  La te  Cre taceous  through Paleogene magnetic r e v e r s a l  sequence near  Gubbio 

(Alvarez  e t  a l . ,  1977; Lowrie e t  a l . ,  1982; Napoleone e t  a l . ,  1983) .  Among t h e  

Gubbio s e c t i o n s  a l r e a d y  i n v e s t i g a t e d ,  o n l y  t h e  Contessa Quarry s e c t i o n  ex tended  

from t h e  Eocene i n t o  t h e  Ol igocene ,  b u t  s e v e r a l  me te r s  of s e c t i o n  a r e  miss ing  

a t  t h e  Eocene-Oligocene boundary because  o f  a minor f a u l t .  

In  o r d e r  t o  have a complete b i o s t r a t i g r a p h i c  and  paleomagnetic r e c o r d ,  t h e  

Contessa Highway s e c t i o n  was sampled upwards i n t o  t h e  nor th-wes tern  q u a r r y  - 
which m i r r o r s  t h e  Contessa  Quarry  o f  Lowrie e t  a l .  (1982) - where t h e  Eocene- 



Oligocene boundary i s  und i s tu rbed .  Because of i t s  completeness ,  t h e  Contessa 

Highway s e c t i o n  i s  h e r e  chosen a s  t h e  r e f e r e n c e  s e c t i o n  t o  which a l l  t h e  o t h e r  

s e c t i o n s  are c o r r e l a t e d  ( s e e  F ig .  1 ) .  

L i t h o l o g i c a l l y ,  t h e  Scag l i a  Formation i s  very monotonous excep t  f o r  t h e  

major c o l o r  changes mentioned above. Visual  c o r r e l a t i o n s  between s e c t i o n s  are 
l i m i t e d  t o  minor changes which are n o t  e a s i l y  d e t e c t e d .  Some of  t h e s e  changes,  

however, appear t o  be of l a r g e r  ( n o t  l o c a l )  s i g n i f i c a n c e .  They a re ,  from bottom 

t o  t o p :  

1 )  The presence of c h e r t  i n  t h e  Ea r ly  and e a r l y  Middle Eocene i n t e r v a l ,  i d e n t -  

2 )  The b i o t i t e - b e a r i n g  l a y e r s  which b r a c k e t  t h e  Eocene-Oligocene boundary. 

i f i e d  as t h e  "che r ty  member" by Lowrie e t  a l .  (1982) ; 

Maximum c o n c e n t r a t i o n s  of  b i o t i t e  f l a k e s  occur  some 10 below and about  6 m 
and 9 m above t h e  boundary ( s e e  a l s o  Montanari e t  a l . ,  t h i s  volume); and 

boundary and i n c l u d e s  one of t h e  b i o t i t e - b e a r i n g  l a y e r .  

The l a s t  two l i t h o l o g i c  f e a t u r e s  have been u s e f u l  f o r  l o c a t i n g  t h e  Eocene- 

3) The l a s t  r ed  c o l o r e d  l a y e r  which occur s  a t  6 m below t h e  Eocene-Oligocene 

Oligocene boundary on t h e  f i e l d .  

MAGNETOSTRATIGRAPHY 

1.  Contessa Highway s e c t i o n  

Previous s tudy of t h i s  s e c t i o n  (Lowrie e t  a l . ,  1982) included t h e  161 m abo- 

ve t h e  Cre t aceous -Ter t i a ry  boundary which h a s  been c o r r e l a t e d  t o  e q u i v a l e n t  

s e c t i o n s  e lse  where i n  t h e  Contessa Val ley and t o  t h e  Bottaccione sequence a t  
Gubbio (Napoleone e t  a l . ,  1 9 8 3 ) .  The upward c o n t i n u a t i o n  h a s  been sampled i n  

t h e  nearby qua r ry  t h a t  c o n t a i n s  t h e  complete Scag l i a  above meter 161. Therefore  

t h e  magnetic p o l a r i t y  sequence and i t s  a s s o c i a t e d  l i t h o l o g i c  l o g  shown i n  Figu- 

re 1 are composite from two a d j a c e n t  s e c t i o n s  along t h e  Contessa Highway. The 

connect ion of t h e  two s e c t i o n s  w a s  accomplished by matching both t h e  base  of 

Zone P16 ( =  T. cerroazuZensis) and t h e  t o p  of magnetic Chron 16n between t h e  

two s e c t i o n s .  Thus,  t h e  composite Contessa Highway sequence c o n t a i n s  no gaps or 
ove r l aps  i n  t h e  b i o s t r a t i g r a p h y  o r  magne tos t r a t ig raphy .  

The average sampling i n t e r v a l  i s  spaced about  0 . 7  m ,  ranging between 0.1 t o  

2.0 m ,  i n  a uniform l i t h o l o g y  una f fec t ed  by t e c t o n i c  d i s t u r b a n c e  o r  weathering 

(see  Premoli  S i l v a  e t  a l . ,  i n  p r e s s . ) .  Magne tos t r a t ig raph ica l ly ,  a l l  t h e  s a m -  
p l e s  were q u i t e  v i a b l e ,  be ing  wel l  c l u s t e r e d  on t h e  s t e r e o p l o t s  and very con- 

s i s t e n t  on t h e  Z i j d e r v e l d  diagrams.  The re fo re ,  t h e  p o l a r i t y  i n t e r v a l s  marked 

by t h e  VGP sequence were w e l l  d e f i n e d .  

The e n t i r e  Contessa Highway s e c t i o n  r eaches  meter 199.5 above t h e  Cretac-  

eous -Ter t i a ry  boundary where it i s  suddendly i n t e r r u p t e d  by a s i g n i f i c a n t  

f a u l t ,  t h a t  c u t s  t h e  f a c i n g  Contessa Quarry s e c t i o n  a t  lower l e v e l  ( s e e  a b o v e ) .  

By c o r r e l a t i n g  a l l  t h e  magnetozones i d e n t i f i e d  i n  t h e  Scag l i a  Cinerea (g ray  

S c a g l i a )  t o  those  of t h e  f a c i n g  Contessa Quarry s e c t i o n  n o t  a f f e c t e d  by t h e  

f a u l t  a t  t h i s  l e v e l ,  it appears  t h a t  t h e  Highway s e c t i o n  i s  missing 36 m of  

t h e  Oligocene. 

As it has  been deviced s i n c e  t h e  f i r s t  magnetostrat igraphy a t  Gubbio, t h e  

p o l a r i t y  sequence a t  t h e  Contessa Highway has  been l i n k e d  t o  t h e  sea - f loo r  

anomaly sequence by usingbiostratigraphictie-points. We u s e  t h e  same b i o s t r a -  

tigraphic tie-pointsin t h e  8 s e c t i o n s  r e p o r t e d  i n  t h i s  paper  t o  c o n s t r u c t  t h e  

magne tos t r a t ig raph ic  sequence f o r  our  s e c t i o n s .  Moreover, t h e  geochronological  

i m p l i c a t i o n s  a l r e a d y  e s t a b l i s h e d  f o r  Gubbio (Napoleone e t  a l . ,  1983) are as- 
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sumed f o r  our  sequences i n  o r d e r  t o  i d e n t i f y  t h e  sedimentat ion r a t e s  f o r  each 

biozone and q u a n t i f y  t h e  sedimentary even t s  i n t e r r u p t i n g  normal p e l a g i c  depo- 

s i t i o n .  

sence of 3 we l l -de f ined ,  s h o r t ,  normal p o l a r i t y  e v e n t s ;  and b )  t h e  b i o s t r a t i -  

g raph ic  Eocene-Oligocene boundary. 

In a d d i t i o n ,  two major even t s  were found i n  p o l a r i t y  zone 13 r ,  a )  t h e  p re -  

2 .  Visso North s e c t i o n  

The magnetostrat igraphy of t h e  Visso North s e c t i o n ,  shown i n  F i g .  1 ,  i s  
based on measurements of 4 1  samples from a 30 m p o r t i o n  of t h e  s e c t i o n .  Due t o  

t h e  weathered deformational  f a b r i c  i n , t h e  Scag l i a  Cinerea a t  t h i s  l o c a l i t y , m o s t  

samples y i e l d e d  on ly  one measurable specimen, and t h e  sampling i n t e r v a l  was 
c o n s t r a i n e d t o m o r e  competent l e v e l s .  The presence of magnet i te  as  t h e  c a r r i e r  

of t h e  magne t i za t ion  i s  i n d i c a t e d  by s t u d i e s  of t h e  a c q u i s i t i o n  of an i s o t h e r -  

m a l  remanent magnet izat ion a t  room temperature  as w e l l  as t h e  behavior  upon 

thermal demagnet izat ion.  Hematite i s  p r e s e n t  i n  a few samples,  based on dema- 

g n e t i z a t i o n  c u r v e s ,  b u t  t h e  d i r e c t i o n s  recorded by t h e  hemat i t e  a r e  bo th  normal 

and r e v e r s e d ,  and so  t h e  hemat i t e  component i s  no t  a r e c e n t  a d d i t i o n .  Thermal 

demagnet izat ion above 350OC shows no s i g n  of t h e  expected dehydrat ion of geo- 

t h i t e  t o  hemat i t e  as  d i s c u s s e d  by Lowrie and He l l e r  ( 1 9 8 2 ) ,  so g e o t h i t e  does 

no t  appear  t o  be p r e s e n t  i n  t h e s e  l imes tones .  

5 mT and 10 mT s t e p s ,  o r  t he rma l ly  up t o  6 5 0 T  i n  50°C s t e p s .  The c h a r a c t e r -  

i s t i c  sample d i r e c t i o n s  were then  used t o  c a l c u l a t e  v i r t u a l  geomagnetic p o l e  

l a t i t u d e s ,  from which t h e  sequence of  r e v e r s a l s  w a s  determined.  The d a t a  as a 
group a r e  roughly a n t i p o d a l ,  and a r e  t h u s  t aken  t o  be  o r i g i n a l  d i r e c t i o n s  of 

magne t i za t ion .  However, two samples r eco rd  anomalously shal low VGP l a t i t u d e s .  

These samples may r e f l e c t  a c q u i s i t i o n  of magnet izat ion during o r  nea r  t h e  t i m e  
of a r e v e r s a l ,  o r ,  a l t e r n a t i v e l y ,  t hey  may r e s u l t  from errors i n  t h e  o r i e n t -  

a t i o n  of  t h e  c o r e s .  

The samples were demagnetized i n  e i t h e r  a l t e r n a t i n g  f i e l d s  up t o  100 mT i n  

BIOSTRATIGRAPHY 

Calcareous n a n n o f o s s i l s  and p l a n k t o n i c F o r a m i n i f e r a a r e t h e m a j o r  f o s s i l  corn 

ponents  of t h e  Scag l i a  Formation. Benthic  Foraminifera  are p r e s e n t  throughout ,  

b u t  t h e y ,  as w e l l  a s  t h e  os t r acodes ,occur  i n  very low pe rcen tages .  Autochtho- 

nous megafoss i l s  are a b s e n t ,  whereas d i s p l a c e d  and/or reworked l a r g e  ForaminL 

f e r a  a s s o c i a t e d  with shallow-water s k e l e t a l  d e b r i s  occur  i n  t h e  in t e rbedded  

c a l c a r e n i t i c  l a y e r s  i n  s e c t i o n s  belonging t o  t h e  southern Umbrian f a c i e s .  

B i o s t r a t i g r a p h i c  s t u d i e s  were c a r r i e d  o u t  on ca l ca reous  p l ank ton  which pro-  

duced a ve ry  cont inuous r eco rd .  R a d i o l a r i a n s ,  p r e s e n t  on ly  i n  t h e  s h o r t  Ea r ly  

t o  e a r l y  Middle Eocene i n t e r v a l  ( =  c h e r t y  member) could n o t  be used f o r  zoning 

most of t h e  sequences.  

Th i r ty - s ix  b i o s t r a t i g r a p h i c  even t s  based on ca l ca reous  n a n n o f o s s i l s  and 

p l ank ton ic  Foraminifera  were recognized i n  t h e  8 Umbrian sequences i n  t h e  i n t e r  

v a l  spanning t h e  Ea r ly  - Middle Eocene boundary t o  t h e  Ea r ly  Oligocene. 

1 .  P l ank ton ic  Foraminifera  

The success ion  o f  even t s  recognized i n  t r o p i c a l  a r e a s  a r e  w e l l  r ep resen ted  

i n  t h e  Urdorian sequences,  with a few minor d i f f e r e n c e s .  Blow’s 1969 p lank ton ic  

fo ramin i f e ra1  zona t ion  ( s e e  a l s o  Berggren e t  a l . ,  1985) could be a p p l i e d  t o  t h e  



s t u d i e d  i n t e r v a l  i n  most of t h e  cases  ( s e e  F ig .  1). 

a r i e s .  
They have been so lved  i n  t h e  fol lowing ways: 

1 )  I n  t h e  absence of Orbulinoides beckmanni, t h e  index s p e c i e s  of  Zone P13, 
t h i s  s h o r t  zone may be recognized i n d i r e c t l y  because of a )  t h e  appearance 
of Turboro fa l ia  cer roazu lens i s  s .  s t r .  i n  t h e  middle o f  zone; b )  t h e  e x t i n c  
t i o n  of Acarinina bu l lbrook i  g r .  c l o s e  t o  t h e  base  of  t h e  zone; and i n  ad- 

d i t i o n  t o  t h e  l a t t e r  e v e n t ,  c )  marked dec rease  i n  abundance of  MorozovelZa 
spinulosa.  Moreover, h igh - sp i r ed  subbo t in ids  of  t h e  S. corpulenta g r .  become 
f r e q u e n t  j u s t  a f t e r  t h e  e x t i n c t i o n  of 0 .  beckrnanni. 

2)  The P14/~15 zonal  boundary,  h e r e  equated t o  t h e  Middle t o  L a t e  Eocene bound- 
a r y ,  i s  p laced  a t  t h e  e x t i n c t i b n  l e v e l  of t h e  l a s t  sp inose  a c a r i n i n i d s  and o f  
t h e  smooth wa l l ed  Planoro ta l i t e s  ( i . e .  P .  subsc i tu lus  g r . )  . Globigerinathe- 
k a  semiinvoluta appea r s  j u s t  a f t e r  t h e  l a t t e r  e v e n t .  

3 )  The i d e n t i f i c a t i o n  of  boundaries  o f  Zone P16 i s  somewhat i n d i r e c t  because of  
t h e  absence o r  r a r i t y  o f  t h e  index s p e c i e s  Cribrohantkenina i n f l a t a  i n  t h e  
Umbrian sequences.  As r e p o r t e d  i n  Molina and Molina e t  a l .  ( b o t h ,  t h i s  v o l ~  

m e ) ,  Zone P16 was i d e n t i f i e d  i n  t h e  Spanish s e c t i o n s  based on t h e  t o t a l  ran-  
ge of C. i n f l a t a .  There ,  t h e  appearance of  t h e  l a t t e r  taxon occur s  s l i g h t l y  
b e f o r e  t h e  e x t i n c t i o n  l e v e l  of  TurborotaZia pomeroli and Globigerinatheka 
semi invo lu fa ,  and a f t e r  t h e  appearance of Isthrnolithus recurvus ( c a l c a r e o u s  
n a n n o f o s s i l ) .  The e x t i n c t i o n  of  C. i n f l a t a  s l i g h t l y  p o s t d a t e s  t h e  e x t i n c t i o n  
of  Globigerinatheka index .  

t h e  l a t e s t  Eocene with i t s  lower boundary a s  mentioned above,  and t h e  upper 
boundary a s  de f ined  by t h e  e x t i n c t i o n  of  Cribrohantkenina, Hantkenina and 

t h e  ve ry  l a s t  Globigerinatheka t r o p i c a l i s .  Such a new d e f i n i t i o n  i s  sup- 

p o r t e d  by t h e  o v e r l a p  of p r i m i t i v e  "Globigerina" t a p u r i e n s i s ,  t h e  index spe- 

c i e s  o f  Zone P18, with t h e  l a t t e r  Eocene t a x a .  
The Eocene-Oligocene boundary i s  h e r e  p l aced  t o  c o i n c i d e  with t h e  P17/P18 
zonal  boundary above t h e  e x t i n c t i o n  l e v e l  o f  t h e  l a s t  Eocene t axa  mentioned 

above. 
5 )  I n  t h e  Umbrian sequences Zones P18 and P19 could n o t  be s e p a r a t e d ,  whereas 

t h e  e x t i n c t i o n  of t h e  l a s t  r e p r e s e n t a t i v e s  of Pseudohastigerina iP. nague- 
w ich iens i s  and P .  barbadoensis) marked t h e  P19/P20 zonal  boundary. 
Seve ra l  o t h e r  e v e n t s  a l lowed u s  t o  r e f i n e  t h e  b i o s t r a t i g r a p h i c  r e s o l u t i o n  

U n c e r t a i n i t i e s  p r i m a r i l y  involve Zone P13 and t h e  Late  Eocene zonal  bound- 

4) According t o  t h e  Umbrian d a t a ,  Zone P17 of  Blow (1969) must be confined t o  

and,  t h u s ,  t o  i n c r e a s e  t h e  number of  c o r r e l a t i o n  p o i n t s .  They are as f o l l o w s ,  
from bottom t o  t o p :  
1 - F O  ( f i r s t  occu r rence )  of  Turborotal ia  cer roazu lens i s  s .  st r .  wi th in  Zone 

2 - FO of Globigerinatheka index towards t h e  t o p  of Zone P14. 
3 - FO of Turborotal ia  cocoaensis i n  middle Zone P15 (as  de f ined  h e r e ) .  
4 - FO of  Turborotal ia  cun iazens i s  i n  middle Zone P16 (as  d e f i n e d  h e r e ) .  
5 - LO ( l a s t  occur rence )  of Globigerinatheka index  i n  t h e  upper p a r t  of Zone 

6 - FO of Turborotal iu  arp l iaper tura  wi th in  t h e  upper h a l f  of  Zone P16. 
7 - FO o f  Subbotina g o r t a n i i  i n  Zone P17 p r i o r  t o  t h e  LO o f  t h e  T .  cerroazulen 

8 - L o  of hrrboro ta l ia  cer roazu lens i s  g r .  s l i g h t l y  p r i o r  t o  t h e  e x t i n c t i o n  

P13. 

P16. 

sis g r .  

l e v e l  of  han tken in ids  and of t h e  l a s t  Globigerinatheka, as  a l r e a d y  men- 
t i o n e d  by Baumann (1970). 



33 

9 - LO of Pseudohastigerina d u n o i l l e n s i s  and of l a r g e  s i z e d  (>125 pm) P .  micra 

I t  i s  worth mentioning t h a t  t h e  r anges  of G .  i n d e z  and T. c u n i a l e n s i s  over -  

l a p  f o r  some t i m e  l a t e  i n  Zone P16. Nocchi e t  a l .  ( i n  p r e s s )  f a v o r  t h e  f o r m a l i  - 

z a t i o n  o f  a subzone on t h e  b a s i s  o f  t h e  concur ren t  range o f  t h e s e  two t a x a .  

a t  t h e  same l e v e l  a s  t h e  h a n t k e n i n i d s .  

2 .  Ca lcareous  Nannofoss i l s  

Calcareous  n a n n o f o s s i l s  i n  a l l  i n v e s t i g a t e d  s e c t i o n s  a r e  abundant and assem - 
b l a g e s  a r e  we l l  d i v e r s i f i e d ,  a l though  sometimes ve ry  poor ly  p re se rved  due t o  
r e c r y s t a l l i z a t i o n  and/or  d i s s o l u t i o n .  Reworking i s  a minor problem involv’ing 

only  a few L a t e  Cre taceous  t o  E a r l y  Eocene spec imens .  

The success ion  of e v e n t s ,  known from t h e  t r o p i c a l  a r e a s ,  has  been recognized  

i n  a l l  t h e  Umbrian sequences  with a few minor d i f f e r e n c e s .  The ca l ca reous  nanno 

f o s s i l  zona t ion  by Okada and Bukry (1980)  r a t h e r  t h a t  by Mar t in i  (1971) was ap-  

p l i e d  i n  t h e s e  sequences .  In a few c a s e s  t h e  zonal  boundar i e s  were i d e n t i f i e d  

a s  f o l l o w s :  

1 - t h e  lower boundary of Zone CP13 was de f ined  by t h e  appearance  o f  r e p r e s e n t 5  

- 

t i v e s  of t h e  genus Nanno te t r ina .Poor  p r e s e r v a t i o n  p reven ted  i d e n t i f i c a t i o n  

a t  t h e  s p e c i f i c  l e v e l ,  so t h e  index s p e c i e s  N. f u zgens  cou ld  no t  be d e t e r -  

mined. 

2 - The f i r s t  occu r rence  o f  Ret i cuSo fenes t ra  urnb i l i ea ,  marking t h e  lower boun- 

dary of  Zone CP14 (=NP16/NP17), o c c u r s  i n  t h e  c o r r e c t  o r d e r  w i th in  t h e  up- 

pe r  p a r t  of p l a n k t o n i c  f o r a m i n i f e r a 1  Zone P11 (=Anomaly 20)  i n  a l l  t h e  se- 

quences excep t  t h e  Co l l eg iacone  s e c t i o n  (PMIV) where a h i a t u s  i s  p r e s e n t .  

Berggren e t  a l .  (1985)  r e p o r t e d  t h e  FO of R .  umbilica much h ighe r  w i th in  

t h e  upper p a r t  of Zone P12 and Chron 1 8 r .  Such a d i sc repancy  i s  r e l a t e d  t o  

t h e  d i f f e r e n t  i n t e r p r e t a t i o n  of t h i s  taxon by v a r i o u s  a u t h o r s .  

dosphe res ,  i n c l u d i n g  K. g Z a d i u s ,  could  n o t  be  i d e n t i f i e d .  

3 - In t h e  Umbrian sequences  because  of t h e  heavy d i s s o l u t i o n ,  t h e  d e l i c a t e  r h a b  

it:; a r e  very r a r e  i n  a l l  s e c t i o n s .  The e x t i n c t i o n  o f r .  gran- 

base  of Zone CP15a (=NP18) ,  and s c c u r s  a t  t h e  t o p  of p l a n k t o n i c  forarn in i fe  - 
r a l  Zone P14 i n  t h e  South v i s s o  s e c t i o n .  I n  s e v e r a l  o t h e r  s e c t i o n s ,  however, 

C. ,:;rot:dlc d i s a p p e a r s  a t  t h e  base  of Zone P14. 

with t h e  f i r s t  occu r rence  of C. oamuruerm~s d e f i n e s  t h e  

Seve ra l  e v e n t s  proved  impor t an t  f o r  c o r r e l a t i n g  wi th in  t h e  Middle Eocene- 

Ea r ly  Ol igocene  i n t e r v a l .  They a r e :  

1 )  t h e  coeva l  l a s t  occu r rences  of LJlscoastcra btrrbadieneis and D. saipunensis  
which c o i n c i d e  wi th  t h e  l a s t  occu r rence  of G~obi~jerinatheica i n d e z .  Moreover, 

t h e  l a t t e r  evencs  occur  a t  an  o l d e r  l e v e l  t han  t h e  l a s t  occu r rence  o f  t h e  

T. c~c-:rroaauZensis g r .  and t h e  h a n t k e n i n i d s .  T h e r e f o r e ,  t h e  d i s c o a s t e r  e x t i n c  - 
t i o n s  occur  p r i o r  t o  t h e  Eocene-Oligocene boundary based  on p l ank ton ic  Fora- 

m i n i f e r a .  

2 )  I s 1  L h s  mcknrvv..;, a c o l d  water  i n d i c a t o r ,  i n c r e a s e  i n  abundance a f t e r  

t h e  l a s t  occu r rence  of UIseoaster  ba~bad~enais and D. saipanenuis .  This  

even t  was a l s o  noted  i n  low l a t i t u d e  s i t e s ,  where ,  however, it d i r e c t l y  p r e  

cedes  t h e  e x t i n c t i o n  of rose t t e - shaped  d i s c o a s t e r s .  T h e r e f o r e ,  t h e  abundance 

peak of l. r’ecurvus a l lows  u s  t o  conf i rm t h a t  t h e  l a s t  occu r rence  of t h e  

rose t t e - shaped  d i s c o a s t e r s  i s  de layed  a t  low l a t i t u d e s ;  fu r the rmore ,  it ap- 

p e a r s  t o  be  a p o t e n t l a l l y  r e l i a b l e  s t r a t i g r a p h y  even t  ( s e e  Monech i , i np res s )  . 
3 )  F,’r,ic:;onfa foPmo.su s l i g h t l y  d e c r e a s e s  i n  abundance a f t e r  t h e  l a s t  occu r rence  

of rose t t e - shaped  d i s c o a s t e r s .  

- 
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4 )  Lanterni thus m i n u b s  s l i g h t l y  i n c r e a s e s  i n  abundance a f t e r  t h e  abundance 
peak of I .  recurvus,  b u t  p r i o r  t o  t h e  Eocene-Oligocene boundary. 

5 )  F i n a l l y ,  an  acme o f  Ericsonia O b m t a  was observed  a f t e r  t h e  Eocene-Oligoce - 

ne boundary a:id ex tend ing  up t o  Zone CP16c (=NP22).  

CALIBRATION OF MAGNETIC REVERSAL SEQUENCE 

A s  shown i n  F igu re  1 ,  t h e  c o r r e l a t i o n  between b i o s t r a t i g r a p h y  and magneto- 

s t r a t i g r a p h y  proposed by Lowrie e t  a l .  (1982)  and by Napoleone e t  a l .  (1983)  

i s  h e r e  confirmed and complemented by t h e  a d d i t i o n a l  d a t a .  The more impor t an t  

r e s u l t s  a r e ,  Prom bottom t o  t o p :  

1) The base  of Zone CP14 c o r r e l a t e d  with t h e  base  of Chron 20n. 
2 )  Tne s h o r t  f o r a m i n i f e r a l  Zone P13 s t r a d d l e s  t h e  Chron 18r /18n .  

3 )  The Middle t o  Late  Eocene boundary, equa ted  t o  t h e  P14/P15 f o r a m i n i f e r a l  

4 )  The base  of  t h e  n a n n o f o s s i l  Zone CP15b c o r r e l a t e s  with t h e  t o p  o f  Chron 1611. 

5 )  The LO of Piscoaster  barbadiensis  and LJ .  snipanensis (=base  of Zone CP16a) 

zonal  boundary ,  o c c u r s  a lmost  a t  t h e  t o p  of Chron 18n. 

and of Globiyer inadwkci  index c o r r e l a t e  wi th  t h e  3 "  normal e v e n t  w i t h i n  

Chron 1 3 r .  

even t  w i t h i n  Chron 1 3 r .  

l e n s i s ,  equa ted  t o  t h e  Eocene-Oligocene boundary, occu r s  j u s t  above t h e  1' 

normal e v e n t  c i t e d  above w i t h i n  a r e v e r s e d  i n t e r v a l  of Chron 13r. 

6 )  The L O  of :brborotal!h cerroaaulensis  g r .  o c c u r s  j u s t  p r i o r  t o  t h e  1' normal 

7 )  The LO of t h e  h a n t k e n i n i d s ,  Globigerinatheka,  and Pseudohastigerina d a n v i l -  

8 )  The acme of Ericsonia Gbrkca (=base  of Zone CP16b) c o r r e l a t e s  wi th  t h e  base  

of Chron 1311. 

9) The LO of Ericsonia formosa o c c u r s  a t  t h e  t o p  of Chron 13n. 

From t h e  Umbrian d a t a ,  it appea r s  t h a t  t h e  c o r r e l a t i o n s  proposed  by Berggren 

e t  a l .  (1985) need t o  be  r e c o n s i d e r e d ,  s p e c i f i c a l l y  around t h e  Eocene-Oligocene 

boundary .  

RADIOMETRIC DATING 

Radiometr ic  d a t i n g  with K-Ar  and Rb-Sr methodswas a t t empted  on t h e  b i o t i t e s  

i s o l a t e d  from s e v e r a l  l a y e r s  i n  t h e  s t u d i e d  s e c t i o n s .  The most r e l i a b l e  ages  

were o b t a i n e d  by Montanari  e t  a l .  ( t h i s  volume) on  m a t e r i a l  from t h e  Contessa  

Quarry s e c t i o n  (Lowrie e t  a l . ,  1 9 8 2 ) .  An age of 35.7 + 0.4  m.y. was e s t i m a t e d  

f o r  t h e  Eocene-Oligocene boundary .  
- 

BENTHIC ORGANISMS 

1. Deep water  b e n t h i c  assemblages  

T h i s  s e c t i o n  focuses  on t h e  smal l  b e n t h i c  f o r a m i n i f e r a l  assemblages from t h e  

Vi s so  e Casc ia  a r e a  and with os t acode  f aunas  from t h e  upper p a r t  of t h e  North 

Visso  and C o l l e c a s t e l l a n o  s e c t i o n s .  

1 . 1 .  Benth ic  Foramin i f e ra  

The d i v e r s i t y  of b e n t h i c  f o r a m i n i f e r a l  assemblages w a s  low through Zone PY 

and most of Pl0,butbyZonePllincreases due t o  t h e  a d d i t i o n  of a number of 

l a r g e  HeteroZepa and Cib ic ido ides .  This  i s  a n  even t  of worldwide s i g n i f i c a n c e .  

From Zone P13, a t  a l e v e l  cor responding  t o  t h e  appearance  of TurborotaZia cer- 
roazu%ensis  s .  s t r .  up t o  t h e  base  of Zone P15, b e n t h i c  f o r a m i n i f e r a l  assembla- 

g e s  were changed, c o n t a i n i n g  f r e q u e n t  PleurostomeZZa, Heterolepa gr imsda le i ,  H .  



tuxpamensis, Karreriel  l a  ckapapotensis ,  Globoeassidulina globosa,  and Anomali- 
noides c a p i t a t a .  Uvigerina (U. m u l t i s t r i a t a  and U. r i p p e n s i s )  i s  more abundant 

than Bolivina a s s o c i a t e d  with BuZimina. In  Zones P15andP16 BoZivina(B.antegressa 
and B. nobil is ibecomesmore abundant whereas Uvigerina dec reases  conve r se ly .  

Close t o  t h e  Eocene-Oligocene boundary a t  t h e  e x t i n c t i o n  l e v e l  of  Turborota 
Zia c u n i a l e n s i s ,  t h e  average s i z e  of  t h e  b e n t h i c  Foraminifera  dec reases  sha r -  

p l y ,  a l though d i v e r s i t y  remains a t  t h e  r a t h e r  h ighe r  va lues  a t t a i n e d  i n  t h e  

underlying l e v e l s .  

of CSclamina and o t h e r  a g g l u t i n a t e d  forms (Haplopkragrnoidesl and a bloom of 

small  - s i zed  Bolivina ( t 1 2 5  pm) a s s o c i a t e d  with t h e  d i sappea rances  of N u t t a l l -  
ides kruempyiand Alabamina d i s sona ta  and with t h e  appearance of Anomalinoides 
osmpl! ioides .  

s p e c i e s  t o  t h e i r  normal s i z e s  i n  Zone P18, ben th ic  Foramin i f e ra  regained t h e  

normal s i z e s  and once more i lvigerina became f r e q u e n t  and dominated over  t h e  

much r a r e r  BcZiv ina .  

lower t o  middle-lower b a t h y a l  environment.  

1 . 2 .  Ostracodes ( R .  Benson, pe r sona l  communication) 
Ostracode f a u n a s w e r e p r e l i m i n a r i l y  examinedin some samples from t h e  Visso North 

and C o l l e c a s t e l l a n o  s e c t i o n s .  They a r e  never abundant ,  bu t  t h e y  g i v e  some i n d i  

c a t i o n s  of t h e  paleoenvironment .  

4byscocythere,  Agrenocytkere,  Cy there l la ,  and Oxycytkereis .  This  fauna i s  

c h a r a c t e r i s t i c  of t h e  lower t o  middle b a t h y a l ,  open oceanic  environment.  I t  i s  
s i m i l a r  t o  t h e  f aunas  desc r ibed  from t h e  Upper Eocene of Moravia by Pokorny 

(1975, 1977) , f rom T r i n i d a d  and i n  many DSDP c o r e s ,  and was found a l s o  i n  n o r t h  

e rn  I t a l y  (Benson, not  p u b l . ) .  I t  belongs t o  t h e  e s s e n t i a l l y  "modern" psychro- 

sphe r i c  fauna i n  i t s  formative s t a g e .  

The e s t i m a t e d  paleodepth a t  t h e  two l o c a t i o n s  considered i s  from 1500 t o  

2COO TI. The absence of Agenocythere,  a common form of t h e  shal lower Priabonian 
s e c t i o n s  such a s  Possagno, a l s o  sugges t s  a1 lower ba thya l  more t h a n a m i d  or 
upper b a t h y a l  environment f o r  t h e  S c a g l i a  basin. F i n a l l y ,  t h e  presence of  Abys- 
cocylherie, which i s  common i n  t h e  A t l a n t i c ,  would i n d i c a t e  an oceanic  connec- 

t i o n  at depth without  r e s t r i c t i v e  t h r e s h o l d s .  

men each of Hornibroockella and Act inocy tkere i s  i n  t h e  C o l l e c a s t e l l a n o  s e c t i o n .  

- 

TWO o t h e r  even t s  a s s o c i a t e d  with t h e  dec rease  i n  s i z e ,  a r e  t h e  occurrence 

A f t e r  t h e  Eocene-Oligocene boundary, coeval  with t h e  recovery of p l a n k t o n i c  

Benthic  assemblages c o n s i s t  of cosmopolitan s p e c i e s  and a r e  i n d i v a t i v e  of  a 

The assemblages p r i m a r i l y  c o n t a i n  forms belonging t o  t h e  gene ra  K r i t k e ,  

Displacement from shal lower dep ths  i s  i n d i c a t e d  by one a l loch thonous  s p e c i -  

2 .  S a l l o w - w a t e r  t o  o u t e r  s h e l f  d i s p l a c e d  s k e l e t a l  d e b r i s  

A s  shown i n  F igu re  1 ,  t h e  s e v e r a l  ca l ca reous  t u r b i d i t e s  s c a t t e r e d  throughout  

t h e  sou the rn  Umbrian sequences f i r s t  occur  i n  Zone P10. Those resedimented 

l a y e r s  a r e  l a r g e l y  composed of b i o c l a s t s  de r ived  from a shal low water ca rbona te  

p l a t fo rm,  t h e  Abruzzi-Lazio p l a t fo rm l o c a t e d  t o  t h e  south and se (Baldanza e t  

a l . ,  1 9 8 2 ) .  Coarser  f r a c t i o n s  of t h e  t u r b i d i t e  beds y i e l d e d  abundant ,  age-di-  

agnos t i c  l a r g e r  Foraminifera  a s s o c i a t e d  with r ed  a l g a e ,  some c o r a l s ,  and 

bryozoans.  

s i s t s  l a r g e l y  of reworked forms ranging i n  age from Maas t r i ch t i an  through Late  

Paleccene.  The a s s o c i a t e d  d i s c o c y c l i n i d s ,  ?JumuLites ex N .  burd iga lens i s  g r .  

The o l d e s t  assemblage,  occu r ing  i n  t h e  P10 through P 1 2  zonal  i n t e r v a l ,  con- 
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and common,poorlycutFascioZites may have a n a g e  c l o s e r  t o  t h a t  of t h e  accompany- 
ing  p l a n k t o n i c  f a u n a s .  

A second (younger) assemblage was i d e n t i f i e d  from t h e  t o p  of ZoneP12through 

Zone P14. In  a d d i t i o n  t o  abundant d i s c o c y c l i n i d s , l a r g e  A'umrnlites of t h e  1"J. 
millecaput g r .  and  N. perforatus, and Fabian iacass i s  c h a r a c t e r i z e  t h i s  assem- 

b l a g e .  A lveo l in ids  t e n d  t o  dec rease  i n  abundance upwards. In Zone P14 a s i n g l e  

specimen of Beterostegina (Grzybowskia-type) i s  recorded  a t  Visso  Nor th .  Re- 

working from o l d e r  l e v e l s  a p p a r e n t l y  i s  less impor t an t  i n  t h i s  i n t e r v a l .  

By Zone P15 t o  t h e  end o f  t h e  Eocene ( acco rd ing  t o  t h e  p l a n k t o n i c  ForaminL 

f e r a l ,  l a r g e r  f o r a m i n i f e r a 1  assemblages change markedly.  Assoc ia t ed  with d i s c o  - 

c y c l i n i d s ,  s p e c i f i c a l l y  wi th  abundant ksterocyclina, and wi th  a l a r g e  amount of 

r e d  a l g a e ,  t h e r e  a r e  s e v e r a l  new gene ra  among which a r e  abundant Chapmanina g a s  
sinensis, Heterossegina s .  s t r . ,  Sp i roc lypeus  is .  grasulosus), PeZlatispira 
iP. mandaraszij, abundant Gypsina linearis, and Baculogypsinoides. The few Num- 
mulites a r e  mainly o f  small s i z e  and are i d e n t i f i e d  as N .  incrassatus, N .  cha- 
vannesi. Represen ta t ives  of t h e  t;, fabianii l i n e a g e  a r e  ve ry  r a r e  and mainly 

be long  t o  t h e  N .  r e t i a t u s  s t a g e .  The l a t t e r  taxon o c c u r s  from Zone P16 upwards. 

Reworked s p e c i e s  a r e  common i n  some l a y e r s ;  t hey  be long  t o  t h e  genera  Fasciol i -  
Zes, GrbCtoZizes, A s s i l i n a ,  w h a 7 , o c y c h . s  and r a r e  l a r g e  W m I ~ t e s  01. mi":e- 
caput g r . ) .  

The same assemblage i s  found a l s o  above t h e  Eocene-Oligocene boundary, b u t  

it i n c l u d e s  much o l d e r  e lements  reworked from Paleocene-Ear ly  Eocene and Maa- 

s t r i c h t i a n  p l a t f o r m s .  The on ly  new taxon recorded  j u s t  a f t e r  t h e  boundary a t  

Visso North i s  a s i n g l e  specimen o f  Borelis, p o s s i b i l ,  B. vonderschmitti (Sch- 

w e i g h a u s e r ) .  Spec ie s  i n d i c a t i v e  of an Ea r ly  Oligocene a g e ,  such a s  t h e  r e t i c u -  

l a t e  Nwmmtlites dntermedius o r  f 'merhapyd ion ina ,  were n o t  found. The re fo re ,  it 

seems t h a t  a t  t h e  end o f  t h e  Eocene t h e  ca rbona te  p l a t f o r m  s topped  growing o r  

i t s  l a t e r a l  e x t e n t  was reduced .  During t h e  Ea r ly  Ol igocene ,  t h e r e f o r e ,  on ly  e l -  

ements of t h e  o l d e r  p l a t fo rm were e roded  and r e d e p o s i t e d  i n  t h e  sou th  Umbrian 

b a s i n .  

Although reworking s t r o n g l y  masks t h e  s t r a t i g r a p h i c  s i g n a l ,  it appea r s  t h a t ,  

a t  l e a s t  i n  some c a s e s ,  t h e  ages  i n f e r r e d  from t h e  l a r g e r  Foramin i f e ra  a r e  con 

s i s t e n t  w i th  those  based on c a l c a r e o u s  p l a n k t o n ,  t h u s  conf i rming  most of t h e  

c o r r e l a t i o n s  proposed i n  l i t e r a t u r e .  

- 

PALYNOMORPHS (U. B i f f i ,  pe r sona l  communication) 

Forthy-seven samples from t h e  Visso  North s e c t i o n  were processed  f o r  pa ly -  

n o l o g i c a l  a n a l y s e s  us ing  t h e  s t anda rd  p r e p a r a t i o n  method. Most of them r e s u l -  

t e d  b a r r e n  of palynomorphs. Only s i x  samples c o l l e c t e d  c l o s e  t o  t h e  Eocene-011 

gocene t r a n s i t i o n  y i e l d e d  asserrhlages modera te ly  r i c h  i n  d i n o f l a g e l l a t e s .  The 

t h r e e  samples cor responding  t o  t h e  uppermost two meters  of t h e  sequence below 

t h e  e x t i n c t i o n  l e v e l  o f  han tken in ids  c o n t a i n  t h e  fo l lowing  age -d iagnos t i c  t a x a :  

h'eospherid.ium m~2ticcrn;itmi Eaton ,  A. U P c u a E u m  Eaton ,  Cordcsphasr 
Laturn Morgenroth, and Heteruu~,uracystn ? l c p t c r k a  Eaton ,  of a La te  Eocene age .  

Because a l l  t h e  l a t t e r  forms a r e  a b s e n t  i n  t h e  ove r ly ing  samples ,  i t  appears  

t h a t  t h e  Eocene-Oligocene boundary might be  p l aced  above t h e i r  e x t i n c t i o n  l eve l .  

Such a l o c a t i o n  i s  c o n s i s t e n t  with t h a t  i n f e r r e d  from t h e  p l a n k t o n i c  Foramini fe  

r a .  

Other d i n o f l a g e l l a t e  s p e c i e s  a r e  recorded  i n  t h e  recovered  assemblages .  The 

most common a r e  h'yste 

-. 

- 

S p  i 11 ifera 5 %. es  
s p p ,  , Plemzsocphaerop r9 ~ e l n . : i c a  
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( E i s e n a c k ) ,  and Deflandrea phosphoritica Eisenack .  

a t ed  with s c a t t e r e d  Class ipo l2 i s  spp .  and C a l l  i a l a s p o r i t e s  dampieri reworked 

from Ear ly  Cre t aceous .  

The c o n t i n e n t a l  e lements  a r e  r e p r e s e n t e d  by r a r e  d i s a c c a t e  p o l l e n s  a s s o c i -  

EVOLUTION OF CALCAREOUS PLANKTON AND PALEOENVIRONMENTAL INTERPRETATION 

P lank ton ic  f o r a m i n i f e r a l  assemblages i n  t h e  e a r l y  Middle Eocene a r e  domi- 

nated by a c a r i n i n i d s ;  A. b,illbrooki i s  ve ry  f r e q u e n t  and i s  a s s o c i a t e d  with 

cc;runon n o r o z o v e l l i d s  and a few s u b b o t i n i d s .  Soon a f t e r  t h e  appearance  of Bans- 
k e l i n u ,  low-spi red  s u b b o t i n i d s  i n c r e a s e  i n  number,morozovellids d e c r e a s e ,  whe- 

recis a c a r i n i n i d s  remain abundant .  In Zone P11, a f t e r  t h e  appearance o f  medium- 

si;:ed G l g b i 3 e r i x a t h e k g  (C. k ~ g l e r - L , ,  ! ' h roeove%~,a  aragonezsis becomes ve ry  rare 

be!-ore g e t t i n g  e x t i n c t .  In  Zone P12 MorozoveZla sp inu losa ,  Hanzkeninu, and 

C'ZirVigerineZZa become more f r e q u e n t  and o c c a s i o n a l l y  common. A c a r i n i n i d s  and 

t e (  with r a r e  t o  few t u r b o r o t a l i i d s  and r a r e  Cutapoydrax .  
,Cyeriruzhek! occur  i n  t h e  same abundance a s  i n  Zone P11, bu t  a r e  a s s o c i a -  

By t h e  P 1 2 / ~ 1 3  zonal  boundary l a r g e  Globiyerinatheka a s s o c i a t e d  with O r b u l i  
de;. beckman?.:, l a r g e  s u b b o t i n i d s  wi th  a b o r t i v e  chambers ( S .  c o r p u l e n t a l ,  

and Cutaspgdrax become impor t an t  components o f  t h e  p l a n k t o n i c  f aunas .  From t h e  

mlddle of Zone P I 3  up t o  t h e  lower p a r t  o f  Zone P 1 4 ,  Turborota%ia pomeroli  and 

Y ' .  c e r roazu lens i s  s .  s t r .  a r e  common, whereas t h e  morozovel l ids  become r a r e .  

Acizrinina bu l lbrook i -  A .  s p i n u l o i n f l a t a  a lmost  d i s a p p e a r  r ep laced  by small- 

s i z e d ,  round a c a r i n i n i d s  and by Truncorotaloides  r o h r i .  P k n o r o t a l i t e s  i s  abun 

dant  i n  t h e  smal l  f r a c t i o n .  

P l ank ton ic  f o r a m i n i f e r a l  f aunas  change markedly through Zone P I 4  when h igh-  

' r e d  s u b b o t i n i d s  ( S . p r a e t u r r i t i l i n a ) ,  l a r g e  Globiyerinatheka (G. luterba- 
ril, and t u r b o r o t a l i i d s  g r a d u a l l y  i n c r e a s e  i n  impor tance ,  whi le  a c a r i n i n i d s  

dec rease .  Planorwtal i tes  i s  s t i l l  common. Both sp inose  a c a r i n i n i d s  and Planoro 
tcll,ites d i sappea r  a t  t h e  base  of Zone P15. 

From Z0r.e P15 up t o  t h e  base  of Zone P16 p l a n k t o n i c  assemblages c o n t a i n  f r e -  

quent t u r b o r o t a l i i d s  of t h e  T. cerroazulensis  l i n e a g e ,  common Catapsydrax, and 

ch i loguembe l in ids .  Pseudohactigerina barbadoensis and Turborotalia increbescens 
appear .  Hantkenin ids  a r e  always r a r e  and Glcbigerinatheka s e m i i n v o l u t a i s n e v e r  
abundant.  

\ 

- 

- 

Close t o  t h e  base  o f  Zone P16, however, IsLhniolithuu recurvus,  a c o l d  water 
i n d i c a t o r  among t h e  c a l c a r e o u s  n a n n o f o s s i l s ,  appea r s .  Through Zone P16 t h e  Tur- 
boro ta l ia  cerroazuZensis l i n e a g e ,  always f r e q u e n t ,  r eaches  t h e  s t a g e  o f  T. co- 
eLaencis, and f i n a l l y  of T .  c u n i a l e n s i s ;  t h i s  l a t t e r  s p e c i e s  i s  always l e s s  

a tundant  t han  t h e  former .  Towards t h e  t o p  of t h e  zone s e v e r a l  t a x a  s u c c e s s i v e l y  

become e x t i n c t  s t a r t i n g  with T .  ponieroli and G .  semiinvoluta,  t hen  G .  luterba- 
d e r i ,  and G .  i ndex .  

r e r e  specimens o f  G. t r o p i c a l i s  con t inue  till t h e  end o f  t h e  Eocene. Moreover, 

a f t e r  t h e  e x t i n c t i o n  of G .  i n d e x ,  han tken in ids  become more f r e q u e n t ,  Pseudoha- 
E:igerina miera and P .  danvi l lens is  i n c r e a s e  t h e i r  s i z e  t o  > 125 Vm, whereas 

h igh-sp i red  s u b b o t i n i d s  c o n t i n u e  t o  i n c r e a s e  i n  abundance a s s o c i a t e d  wi th  Sub- 
bcltina yeguaensis and "Globoquadrina" g a l a v i s i .  I n  t h i s  i n t e r v a l  c a l c a r e o u s  nan 

n o f o s s i l  assemblages l o o s e  t h e  warm-water, ro se t t e - shaped  d i s c o a s t e r s ,  whereas 

t h e  cold-water 1. recurvus undergoes an i n c r e a s e  i n  abundance. 

ah rup t ly  d i s a p p e a r ,  j u s t  a f t e r  having dec rease  markedly i n  s i z e .  Converse ly ,  

Th i s  l a s t  even t  c o i n c i d e s  wi th  a s t r o n g  d e c r e a s e  o f  Globigerinatheka; on ly  

- 

Close t o  t h e  t o p  o f  Zone P17 t u r b o r o t a l i i d s  of t h e  T .  ce r roazu lens i s  l i n e a g e  



LrurborotalSa pseudoarpLiapertura, T. increbescens and Globiger ina  s p .  1 become 
common. T. arrpliapertt!ra i s  s t i l l  r a r e .  In  cor r i spondence  wi th  t h e  e x t i n c t i o n  

of T. ce r ronzu lens i s  g r . ,  t h e r e  i s  a l a r g e  bloom of Subbotina y o r t a n i i  a s s o c i a  - 
t e d  wi th  a l a r g e  v a r i e t y  of abortive-chambered h igh - sp i r ed  s u b b o t i n i d s .  A t  t h e  

end of Zone ~ 1 7 ,  equa ted  t o  t h e  end of t h e  Eocene, a t  t h e  same l e v e l  a s  t h e  

e x t i n c t i o n  of  h a n t k e n i n i d s ,  of t h e  ve ry  l a s t  G. ~ropicalis, and of P. danvillcn - 
sio, Pseudohas t i reg ina  micra d e c r e a s e s  i n  s i z e  t o  less than  125 u m .  

cene  boundary. P l ank ton ic  f o r a m i n i f e r a 1  assemblage a t  t h e  boundary c o n s i s t s  O f  

ve ry  l a r g e - s i z e d ,  h igh - sp i r ed  s u b b o t i n i d s  a s s o c i a t e d  wi th  forms of a q e n e r a l -  
i z e d  s m a l l e r  s i z e  t h a n  below o r  above. Pseudohnstigerina nayuewichienz;is and 

1'. barbadoens i s  r e p l a c e d  P. m i e r a  which becomes r a r e .  Chi loguembel in ids  a r e  
ve ry  abundant :  t e n u i t e l l i d s  an6 Globcrotahides  uilsoni a r e  common. 

r i e n s i s  d i s p l a y  t y p i c a l  morphology, and h igh - sp i r ed  subbo t in inds  dec rease  i n  

impor tance ;  wiiereas 2'. pseu.doar?Tjliapertvra, T. i nc rebcscens ,  and T. ampl iaper tu  - 
ra become f r e q u e n t  a s s o c i a t e d  wi th  common CaLapsydraz and a few "Glcbiqer ina"  

p r e s a e p i s .  In  t h e  smal l  f r a c t i o n  abundant ch i loguembe l in ids ,  t e n u i t e l l i d s  and 

p s e u d o h a s t i g e r i n i d s  a r e  a s s o c i a t e d  wi th  r a r e  Cass iger ine l la .  
These p l a n k t o n i c  f aunas  con t inue  t o  t h e  t o p  o f  Zone P19, where pseudoas t ige -  

r i n i d s  become rare and then  d i s a p p e a r .  

The major changes i n  t h e  p l a n k t o n i c  Foramin i f e ra  c o r r e l a t e  wi th  t h e  major 

o v e r t u r n s  i n  t h e  b a t h y a l  b e n t h i c  assemblages a s  w e l l  a s  t h e  shallow-water com- 

m u n i t i e s ,  a l t hough  i n  t h e  l a t t e r  t h e  s i g n a l s  a r e  s t r o n g l y  b i a s e d  by reworking .  

The e v o l u t i o n a r y  t r e n d s  d e s c r i b e d  from Umbrian sequences  e x a c t l y  compare wi th  

e v o l u t i o n  i n  a r e a s  o u t s i d e  t h e  Medi te r ranean  area and are of g l o b a l  s i g n i f i -  

cance .  Th i s  becomes p a r t i c u l a r l y  e v i d e n t  when comparing t h e  e v o l u t i o n a r y  t r e n d s  

of p l a n k t o n i c  Foramin i f e ra  from t h e  Umbrian sequences with those  from t h e  At lan  

t i c  Ocean ( s e e  Boersma and Premoli  S i l v a ,  1985, i n  p r e s s ) .  According t o  t h e  

p a l e o c l i m a t i c  framework i n f e r r e d  f o r  tine A t l a n t i c ,  t h e  Umbrian sequences were 

l o c a t e d  w i t h i n  t h e  warm t o  tempera te  l a t i t u d i n a l  band .  Th i s  assumption i s  
suppor ted  b y  t h e  f a c t  t h a t  1) d i v e r s i t y  w a s  h igh  a l l  way th rough ;  and 2 )  a f t e r  

Zone P12, t h a t  means a f t e r  t h e  f i r s t  impor t an t  c o o l i n g ,  s p e c i e s  c h a r a c t e r i s t i c  

of mid l a t i t u d e  assemblages  such a s  t h e  s u b b o t i n i d s  become more abundant e a r -  

l i e r  than  i n  t h e  e q u a t o r i a l / t r o p i c a l  r e g i o n .  The same p a t t e r n s  a r e  recorded  by 

t h e  c a l c a r e o u s  n a n n o f o s s i l s ,  a s  sugges ted  by t h e  e a r l i e r  d i sappea rance  of t h e  
rose t t e - shaped  d i s c o a s t e r s  o r  t h e  l a r g e r  number o f  Isthmolithus recurviis i n  t h e  

Umbrian s e c t i o n s  wi th  r e s p e c t  t o  t r o p i c a l  s i t es .  

A smal l  i n c r e a s e  inabundance  o f 1 . r e c u r d u s  occur s  j u s t p r i o r  t o t h e  Eocene-Oligo 

Above t h e  base  o f  Zone PI8 p l a n k t o n i c .  s p e c i e s  r e g a i n  normal s i z e ,  "G." tap? 

- 
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ABSTRACT 

U n a l t e r e d  v o l c a n i c  b i o t i t e  h a s  been e x t r a c t e d  from f i v e  b e n t o n i t e  l e v e l s  i n  

t h e  upper  Eocene-Oligocene p e l a g i c  c a r b o n a t e  sequence  o f  t h e  Contessa  q u a r r y ,  

n e a r  Gubbio.  The K-Ar and Rb-Sr a g e  d e t e r m i n a t i o n  of  t h e  b i o t i t e  s e p a r a t e s  a r e  

used h e r e  t o  c a l i b r a t e ,  w i t h  c l o s e l y  spaced  p o i n t s ,  t h e  l a t e  Pa leogene  b i o s t r a -  

t i g r a p h i c  and m a g n e t o s t r a t i g r a p h i c  t i m e  s c a l e s .  Two samples  from t h e  upper  

Eocene have y i e l d e d  u n e x p e c t e d l y  young a g e s  making t h e  d u r a t i o n  o f  t h e  P r i a -  

bonian  a g e  0 .8  2 0 . 4  m.y., i n s t e a d  o f  3.5 m.y. a s  p r e d i c t e d  by o t h e r  t i m e  

s c a l e s .  The i n t e r p o l a t e d  age  o f  t h e  Eocene-Oligocene boundary i s  35.7 m.y. 

w i t h  a 2 - s t a n d a r d - d e v i a t i o n  u n c e r t a i n t y  o f  0 . 4  m.y. 

I N T R O D U C T I O N  

The l a t e  P a l e o g e n e  sequence  o f  f o s s i l i f e r o u s  p e l a g i c  c a r b o n a t e s  c o n t i n u o u s l y  

exposed i n  v a r i o u s  s e c t i o n s  i n  t h e  Contessa  q u a r r y  n e a r  t h e  c i t y  o f  Gubbio have  

been s t u d i e d  i n  d e t a i l  by Lowrie and o t h e r s  ( 1 9 8 2 ) ,  who provided  a t i g h t  c o r r e -  

l a t i o n  between m a g n e t o s t r a t i g r a p h i c  z o n e s  and f o r a m i n i f e r a 1  and nannoplankton  

z o n e s ,  The b i o s t r a t i g r a p h y  o f  t h e  same sequence  h a s  been d e f i n e d  i n  numerous 

o t h e r  e x p o s u r e s  i n  t h e  Umbria and Marche Apennines  by Baumann and Roth ( 1 9 6 9 1 ,  

and Baumann ( 1 9 7 0 ) .  In  more r e c e n t  y e a r s  Perch-Nie lsen  and o t h e r s  ( t h i s  

v o l u m e ) ,  and N o c c h i  and o t h e r s  ( t h i s  volume) have  f u r t h e r  r e f i n e d  t h e  b i o s t r a -  

t i g r a p h y  and t h e  m a g n e t o s t r a t i g r a p h y  o f  t h e  Contessa  s e c t i o n s  and o f  o t h e r  sec-  

t i o n s  i n  s o u t h e r n  Umbria. Because o f  a l l  t h e s e  s t u d i e s ,  t h e  Contessa  s e c t i o n s  

a r e  c o n s i d e r e d  t h e  b e s t  c u r r e n t l y  a v a i l a b l e  m a g n e t o s t r a t i g r a p h i c  and b i o s t r a t i -  

g r a p h i c  m a r i n e  r e c o r d  f o r  t h e  l a t e  Pa leogene .  Whi le  s t u d y i n g  t h e  s e c t i o n  i n  t h e  

s o u t h e a s t e r n  f a c e  o f  t h e  q u a r r y ,  Lowrie  and co-workers  d i s c o v e r e d  s e v e r a l  

l a y e r s  o f  m a r l y  l i m e s t o n e  c o n t a i n i n g  abundant  e u h e d r a l  b i o t i t e  f l a k e s .  Through 

f u r t h e r  f i e l d  work,  we h a v e  found b i o t i t e - r i c h  l a y e r s  i n  o t h e r  s t r a t i g r a p h i c  

l e v e l s  i n  t h e  same s e c t i o n ,  and on d i f f e r e n t  c o r r e l a t i v e  s e c t i o n s  exposed i n  

t h e  Contessa  q u a r r y .  The b i o t i t e  i s  a c t u a l l y  c o n c e n t r a t e d  i n  t h i n  b e n t o n i t e  

l a y e r s  and is  s p r e a d  i n t o  t h e  p e l a g i c  m a r l y  l i m e s t o n e s  i m m e d i a t e l y  above  and 
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below by b i o t u r b a t i o n  m o s t l y  r e p r e s e n t e d  by Zoophycos and P l a n o l i t e s  ichno-  

f o s s i l s .  The s p o r a d i c  o c c u r r e n c e  o f  e u h e d r a l  b i o t i t e  f l a k e s  i n  d e e p  water  sed- 

i m e n t s  and t h e  r e l a t i v e  s c a r c i t y  o f  e q u a n t  s i l i c a t e  g r a i n s  o f  v o l c a n i c  o r i g i n  

a s s o c i a t e d  w i t h  them ( m o s t l y  q u a r t z  g r a i n s ,  m i c r o c r y s t a l l i n e  v o l c a n i c  r o c k  

f r a g m e n t s ,  and minor  amounts  o f  p l a g i o c l a s e  and K-fe ldspar  g r a i n s )  s u g g e s t  t h a t  

t h e  b i o t i t e  and t h e  b e n t o n i t e  l a y e r s  a r e  d i s t a l  a i r - f a l l  d e p o s i t s  o f  p y r o c l a s -  

t i c  m a t e r i a l  s e l e c t i v e l y  t r a n s p o r t e d  by wind t o  t h e  Apennine p e l a g i c  b a s i n .  The 

l a t e  Eocene and O l i g o c e n e  volcanism a s s o c i a t e d  w i t h  t h e  o r o g e n e s i s  i n  t h e  Alps 

i s  by f a r  t h e  b e s t  c a n d i d a t e  f o r  t h e  s o u r c e  o f  t h i s  m a t e r i a l .  However, f u r t h e r  

geochemica l  i n v e s t i g a t i o n  i s  needed f o r  a p r e c i s e  i d e n t i f i c a t i o n  o f  t h e  

v o l c a n o ( e s )  t h a t  produced t h e  Contessa  b i o t i t e s .  N e v e r t h e l e s s ,  t h i s  v o l c a n i c  

m a t e r i a l  o f f e r s  t h e  unique  o p p o r t u n i t y  t o  r a d i o m e t r i c a l l y  d a t e  w e l l  d e t e r m i n e d  

b i o s t r a t i g r a p h i c  l e v e l s  and geomagnet ic  c h r o n s  from t h e  b a s e  o f  t h e  P r i a b o n i a n  

t o  t h e  lower  C h a t t i a n .  I n  t h e  p r e s e n t  paper  we w i l l  p r e s e n t  and d i s c u s s  t h e  

a n a l y t i c a l  d a t a  and t h e  K-Ar and Rb-Sr a g e  d e t e r m i n a t i o n s  o f  u n a l t e r e d  b i o t i t e  

s e p a r a t e s  from t h e  Contessa  q u a r r y  and t h e  Massignano s e c t i o n .  As w i l l  be  shown 

i n  a f u t u r e  p a p e r ,  b i o t i t e s  p a r t i a l l y  a l t e r e d  t o  v e r m i c u l i t e  y i e l d e d  a g e s  

i n c o n s i s t e n t  w i t h  t h o s e  o f  t h e  u n a l t e r e d  b i o t i t e s  e x t r a c t e d  from t h e  same l a y e r  

a t  d i f f e r e n t  s i t es  i n  t h e  Contessa  q u a r r y .  T h i s  e x p e r i e n c e  h a s  c l e a r l y  shown 

t h a t  a l t e r e d  b i o t i t e  can  n o t  b e  used a s  a r e l i a b l e  geochronometer .  

POTASSIUM-ARGON A N D  RUBIDIUM-STRONTIUl.1 D A T I N G  

The a n a l y t i c a l  d a t a  i n  T a b l e  1 were o b t a i n e d  from b l a c k ,  s h i n y ,  p u r e  b i o t i t e  

s e p a r a t e s  c a r e f u l l y  e x t r a c t e d  from t h e  r o c k  and c o n c e n t r a t e d  by m a g n e t i c  and 

w e t - s i e v i n g  t e c h n i q u e s .  No h y d r o c h l o r i c  a c i d  was used t o  b r e a k  down t h e  c a r -  

b o n a t e  m a t r i x  o f  t h e  b i o t i t e - r i c h  r o c k  s a m p l e s .  The r o c k  was c r u s h e d  and pu l -  

v e r i z e d  m e c h a n i c a l l y  t o  p r e v e n t  p o s s i b l e  l e a c h i n g  o f  po tass ium and loss o f  

a r g o n  from t h e  b i o t i t e .  Loss o f  a r g o n  was a l s o  p r e v e n t e d  by d r y i n g  t h e  m i n e r a l  

s e p a r a t e s  a t  t e m p e r a t u r e s  l e s s  t h a n  6OoC. I n  t h e  l a s t  s t e p  o f  t h e  s e p a r a t i o n  

p r o c e d u r e ,  t h e  b i o t i t e  c o n c e n t r a t e s  were b a t h e d  i n  d i l u t e  10% HC1 f o r  30 

s e c o n d s  o r  less ,  j u s t  enough t o  e l i m i n a t e  unwanted r e s i d u a l  c a l c i t e .  The 

p o t a s s i u m  c o n t e n t  o f  e a c h  sample was o b t a i n e d  by d u p l i c a t e  f l a m e  photometry  

a n a l y s i s  u s i n g  a l i t h i u m  i n t e r n a l  s t a n d a r d ,  f o l l o w i n g  t h e  p r o c e d u r e s  d e s c r i b e d  

by Carmichae l  and o t h e r s  ( 1 9 6 8 ) .  Argon e x t r a c t i o n s  and i s o t o p i c  a n a l y s e s  were 

c a r r i e d  o u t  u s i n g  s t a n d a r d  i s o t o p i c  d i l u t i o n  methods  and a 10 cm Reynolds- type 

g a s - s o u r c e  mass s p e c t r o m e t e r  a c c o r d i n g  t o  t h e  p r o c e d u r e s  d e s c r i b e d  by Dalrymple 

and Lamphere ( 1 9 6 9 ) .  The argon e x t r a c t i o n  l i n e  h a s  been  c a l i b r a t e d  by measur- 

i n g  a i r -Ar  r a t i o s ,  and c r o s s - c a l i b r a t e d  w i t h  a n  i n t e r n a l  b i o t i t e  s t a n d a r d  and 

t h e  i n t e r n a t i o n a l  s t a n d a r d  m u s c o v i t e  P2-07. 

With modern h i g h - p r e c i s i o n  mass s p e c t o m e t r i c  measurement  o f  87Sr /86Sr  r a t i o s  
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it  i s  p o s s i b l e  t o  o b t a i n  v e r y  p r e c i s e  a g e s  o n  T e r t i a r y  b i o t i t e s  i f  t h e  i n i t i a l  

87Sr/86Sr r a t i o s  o f  t h e  b i o t i t e s  c a n  b e  e s t a b l i s h e d .  I n  an a t t e m p t  t o  d o  t h i s  

we have  measured t h e  87Rb/86Sr r a t i o  and t h e  87Sr/86Sr r a t i o  i n  HC1-insoluble  

r e s i d u e s  from each  o f  t h e  l a y e r s  from which b i o t i t e  h a s  been s e p a r a t e d  and 

measured ( T a b l e  2 ) .  

TABLE 1 .  A n a l y t i c a l  d a t a  f o r  40K-40Ar  d a t e s  o f  b i o t i t e  s e p a r a t e s  from v o l c a n i c  
b e n t o n i t e s  i n  t h e  l a t e  Pa leogene  p e l a g i c  s e q u e n c e s  o f  t h e  Contessa  q u a r r y  and 
Massignano s e c t i o n .  

K "Ard Bioslraligrdphlc and Sdmple 
SJnlPlr Wriyhl Ir 10 I '  "Ar' Aye * 20 Magneloslraugrdphic Locdtion 
Ndn" brilnts) molriyrrm) (5) (m y ) after Lowie and others (1982) 

5rmple 
Numbcr 

CONTESSA QUARRY 

2 MI;II~} Cinerea-C 

KA 4485 CQ/83-OUI 
KA 4279R CB182-178 

cytnz-232 

KA 4491 CQ/83-ETT 

I ]  6.7 I 8  0.28625 

0.22007 

:: :::::)6.058 
0.17995 7.237 
0.24316 6.940 

0.03009 6.462 

o lit105 0 1  15470) 6 .  841 
0.13128 6.617 

MASSIGNANO SECTION 

32.99 
33.05 

39.02 
40.56 

41.81 
42.50 
45.19 
43.60 

41.76 

43.22 
43.84 
42.25 

42.01 
42.42 

40.53 
44.00 
41.51 
41.38 

81.9 2 8 . 1  t 0 . 3  
66.0 28.2 0.6 } 
75.4 31.4 2 0.6 
67.5 32.6 2 0.9 ] 
78.2 34.8 2 0 . 3  
63 .5  35.4 5 0.5 
77.5 35.7 2 0.7 
70.0 35.9 2 0 . 3  

39.0 36.9 2 1.3 

76.2 36.1 2 0.5 
68.8 36.6 5 0 . 5  
76.8 36.5 2 0.7 

87.0 33.7 2 0.4 
67.4 34.0 2 0.8 } 
68.3 33.2 2 0 .5  
80.0 36.1 2 1.0 
53.4 35.1 0.8 
75.8 34.7 2 0.9 

upper Globororolio oprmo opimo. 
upper NP23 (NP24?), upper CP18, 
lower anomaly 9N 

rmd Globigenna ampkaprrum and 
Cassigerinellcr chrpolensis. lower 
NP23, lower CP18, upper anomaly 12R 

Pseudohasrigerrno mrcm. 
upper NPZI. upper CP16b, 
top anomaly 13N 

upper Clobigennorheko sernrmvolufa. 
upper NP18, upper CPISa, 
lop anomaly 16N 

lower Glob,gerinorheko semiinvoluro, 
between NPl8 and NPIJ. mid CPISa, 
upper anomaly IJN 

~lO5lrdllprdphlC LOCdllOn 
dlter thumann (1970) 

upper Cluboroulrp CerrMzuknsis 

lower Cloborokdm cerrmuknnr 

Celcul.1tim5 dre bascd on the radio-sctivc decny lor 40K1!4; 4 961 a 10' ' lyr. '  

and A c  t A e ,  = 0 581 a 10.lOyr.l and on the 15oloplc abundancL K = 001 16J1X1 u i  total K. 

Note . The rddiomelric ages of the Masrignano blotnes were no1 used 10 dale the Eocene. 
Oligocene boundary because of stratigraphic uncertainty (see text lor explanation). 

The b i o t i t e - r e s i d u e  p a i r s  t h e n  e f f e c t i v e l y  make a " two-poin t  i sochronl '  t h a t  

g i v e s  t h e  a g e  o f  t h e  v o l c a n i c  m a t e r i a l .  The i n s o l u b l e  r e s i d u e s  c o a r s e r  t h a n  

64um a r e  m o s t l y  made o f  v o l c a n i c  r o c k  and m i n e r a l  f r a g m e n t s ,  b u t  a l s o  c o n t a i n  

some minor amounts  o f  T e x t u l a r i i n a  s h e l l  f r a g m e n t s  ( t h e s e  a r e  b e n t h o n i c  foram- 

i n i f e r s  which b u i l t  t h e i r  s h e l l s  b y  a g g l u t i n a t i n g  s i l t - s i z e d  p a r t i c l e s  o f  h a r d  

s i l i c a t e  m i n e r a l s  such  a s  q u a r t z  and f e l d s p a r ) .  I n  o r d e r  t o  c h e c k  t h e  common 
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o r i g i n  o f  t h e  r e s i d u e s  and t h e  b i o t i t e s ,  we have  d e t e r m i n e d  t h e  i n i t i a l  

143Nd/144Nd r a t i o s  o f  b o t h  ( g i v e n  i n  terms o f  parameter  CNd i n  T a b l e  2; De 

P a o l o  and Wasserburg ,  1978) .  I d e n t i t y  o f  t h e  i n i t i a l  CNd v a l u e s  i s  good e v i -  

dence  t h a t  t h e  HC1-insoluble  r e s i d u e  c o a r s e r  t h a n  64um and t h e  b i o t i t e  i n  t h e  

same b e n t o n i t e  l a y e r  a r e  d e r i v e d  from t h e  same magma. T h i s  i s  t h e  c a s e  f o r  

samples  CQ/83-GAR and CQ183-ETT which show e x c e l l e n t  agreement  between t h e  

b i o t i t e  and t h e  r e s i d u e  CNd v a l u e s .  Somewhat p o o r e r  agreement  was o b t a i n e d  f o r  

sample  MAS/83-2. The low Nd c o n c e n t r a t i o n s  o b t a i n e d  f o r  t h e  r e s i d u e s  ( e x c e p t  

MAS/83-2) a r e  a s  e x p e c t e d  f o r  m a t e r i a l s  dominated by f e l d s p a r  or a f e l d s p a r -  

q u a r t z  m i x t u r e .  

TABLE 2. Rb-Sr and Sm-Nd i s o t o p i c  d a t a  on  b i o t i t e  s e p a r a t e s  and a s s o c i a t e d  in-  
s o l u b l e  r e s i d u e s  from b e n t o n i t e s  o f  t h e  Contessa  CQ and Massignano s e c t i o n s .  

C Q / 8 3 - C A K  (8 )  1 .121 0 .1117 -6 .4  ? 0 . 5  33 .30  29.390 0.717256 + 34 
CQ/83-W (I) 4.301 0.1053 -6.5 2 0 . 4  11,200 0.0082 0.708029 31) 2 7 * 8  

CQI83-ETT (8) 1.914 0.1196 - 7 . 3  2 0.4 53.9 1 8 . 3 7  0.717358 + 28 
CQ/83-ETT ( I )  1.419 0,0950 -7 .6  t 0.4 1,413 0.0371 0.708142 2 8 1  3 5 * 4  O" 

Eus/83-1 (8)  2.295 0.0964 -8 .4  2 0 . 4  14.60 14.73 0.746447 2 44 36.0 5 0 . 5  
HASI83-1R (8) 1.493 0.0973 -1.7 5 0 . 5  14.39 74.76 0.746860 t 17 36.5 ? 0 . 6  

HASl83-2 
HAsl83-2 

2.556 
30.41 

0.1039 
0.1123 

-7 .9  0 . 4  
-9 .2  0.4 

16.96 
127.8 

65.39 
2.685 

0.741716 t 2 5  
0 . 7 1 1 0 5 0 ~  3 1 1  34.4 5 0 . 2  

For Ihe slralihraphic localion of lhese simples, see Table I 
( 8 )  Biolile; (1) Insoluble residue; 

' lnilial value calculaied usiny delermined aye and 147Sm/144Nd 

** Uncertainly IS the mrximum dlowed by the hnalylical uncerlainlies on Ihe measuremenis or 
87Sr186Sr and 87Rb/86Sr. The uncertainly on lhe laller is aboul 0.5%. The unceruiniy givcn 

does no1 include any error in the "Rb decay conslant ( I  42 a 101'yr.l). For umple 
MAS183-I the inilinl 87Sr186Sr ratio is assumed lo be 0.7082i0.0003. 

One p r o b l e m a t i c  a s p e c t  of  t h e  d a t a  i s  t h e  anomalous ly  h i g h  Sr  c o n c e n t r a t i o n  

measured i n  t h e  r e s i d u e  from sample CQ/834AR. T h i s  c o u l d  b e  an a r t i f a c t  caused  

by poor  mixing  between t h e  Sr i n  t h e  sample  and t h a t  added i n  t h e  m o n o i s o t o p i c  

t r a c e r .  I f  t h e  c o n c e n t r a t i o n  g i v e n  i s  i n c o r r e c t ,  and t h e  true c o n c e n t r a t i o n  

were to  be  10 t o  20 t i m e s  l o w e r ,  i t  would y i e l d a n  i n c r e a s e  o f  t h e  a g e  b y  0.1 t o  

0.2 m.y. A s i m i l a r  s i z e  a d j u s t m e n t  c o u l d  a l s o  a p p l y  t o  sample  CQ/83-ETT. 

DISCUSSION A N D  CONCLUSIONS 

The r a d i o m e t r i c  a g e s  o f  u n a l t e r e d  v o l c a n i c  b i o t i t e s  r e c o v e r e d  from t h e  l a t e  

P a l e o g e n e  p e l a g i c  sequence  o f  t h e  n o r t h e r n  Apennines  ( T a b l e s  1 and 2 )  pose two 

major  problems i n  t h e  a t t e m p t  t o  d a t e  t h e  Eocene-Oligocene boundary.  
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The f i r s t  problem comes from t h e  s i g n i f i c a n t  d i f f e r e n c e  between t h e  d a t e s  

o b t a i n e d  from t h e  Contessa  s a m p l e s  and t h o s e  o b t a i n e d  from t h e  Massignano sam- 

p l e s .  The i n t e r p o l a t e d  a g e  f o r  t h e  boundary  from t h e  Contessa  b i o t i t e s  i s  35.7 

- + 0.4  m.y., w h i l e  a t  Massignano t h e  r a d i o m e t r i c  a g e  f o r  t h e  l a t e s t  Eocene i s  

34.0 L 0 . 2  m.y. 

The second problem d e a l s  w i t h  t h e  u n e x p e c t e d l y  young a g e s  o f  t h e  l a t e  Eocene 

samples  from t h e  Contessa  q u a r r y .  These d a t e s  would r e d u c e  t h e  d u r a t i o n  o f  t h e  

P r i a b o n i a n  a g e  from 3 . 5  m.y. -- a s  p r e d i c t e d  by w i d e l y  a c c e p t e d  t i m e  s c a l e s  

( i . e .  Ness and o t h e r s ,  1980) -- t o  0.8 5 0 . 4  m . y .  

In  o r d e r  t o  f i n d  a r e a s o n a b l e  s o l u t i o n  t o  t h e s e  p r o b l e m s ,  i t  i s  n e c e s s a r y  t o  

e v a l u a t e  t h e  u n c e r t a i n t i e s  i n  t h e  s t r a t i g r a p h i c  a n a l y s i s  o f  t h e  Massignano and 

Contessa  s e c t i o n s .  The s t r a t i g r a p h y  o f  t h e  Contessa  q u a r r y  i s  based  on com- 

b ined  l i t h o l o g i c ,  n a n n o p l a n k t o n i c ,  f o r a m i n i f e r a 1  , and pa leomagnet ic  a n a l y s e s  o f  

c l o s e l y  spaced  s a m p l e s  from t h r e e  c o r r e l a t i v e  s e c t i o n s .  These a r e  t h e  CH s e c -  

t i o n  a l o n g  t h e  highway,  t h e  CQ s e c t i o n  on t h e  s o u t h e a s t e r n  f a c e  o f  t h e  q u a r r y ,  

and t h e  CB s e c t i o n  on  t h e  n o r t h w e s t e r n  f a c e  o f  t h e  q u a r r y .  On t h e  o t h e r  hand ,  

t h e  s t r a t i g r a p h y  a t  Massignano i s  based  o n l y  on  p l a n k t o n i c  f o r a m i n i f e r a 1  iden-  

t i f i c a t i o n  i n  s a m p l e s  c o l l e c t e d  a t  i n t e r v a l s  o f  a b o u t  2 . 5  m (Baumann, 1970) .  

For t h i s  r e a s o n ,  an a c c u r a t e  c o r r e l a t i o n  w i t h  t h e  Contessa  s e c t i o n s  i s  ques-  

t i o n a b l e .  Al though we can  n o t  s a y  a p r i o r i  t h a t  Baumann's b i o s t r a t i g r a p h i c  

d e t e r m i n a t i o n  i s  e r r o n e o u s ,  i t  d e f i n i t e l y  c o n t a i n s  more u n c e r t a i n t y  t h a n  t h e  

d e t a i l e d  m u l t i - d i s c i p l i n a r y  s t r a t i g r a p h i c a l  a n a l y s i s  o f  t h e  Contessa  s e c t i o n s  

c a r r i e d  o u t  b y  Lowrie  and o t h e r s  ( 1 9 8 2 ) .  T h e r e f o r e ,  t h e  r a d i o m e t r i c  a g e s  o f  

t h e  b i o t i t e s  from t h e  Massignano s e c t i o n  can  n o t  b e  used t o  c a l i b r a t e  t h e  

Eocene-Oligocene boundary  u n t i l  m a g n e t o s t r a t i g r a p h i c  and f u r t h e r  m i c r o p a l e o n t o -  

l o g i c  a n a l y s e s  a r e  c a r r i e d  out  w i t h  t h e  same methodology used f o r  t h e  s t r a t i -  

g r a p h i c  s t u d y  o f  t h e  Contessa  s e c t i o n s .  

A r e s o l u t i o n  t o  t h e  second problem,  which a r i s e s  from t h e  u n e x p e c t e d l y  young 

r a d i o m e t r i c  a g e  d e t e r m i n a t i o n  o f  t h e  lower  upper  Eocene b i o t i t e  samples  from 

t h e  Contessa  q u a r r y ,  can  be  provided  by i n v o k i n g  a r g o n  l o s s  d u r i n g  d i a g e n e s i s .  

I t  m u s t  b e  p o i n t e d  o u t ,  however ,  t h a t  t h e  two samples  a t  t h e  bot tom o f  t h e  

sequence  ( s e e  T a b l e  1 )  have  been r e c o v e r e d  from d i f f e r e n t  t y p e s  o f  r o c k  a t  t h e  

same b i o t i t e - r i c h  l e v e l :  sample  CQ/84 210.5 comes from a s o f t  b e n t o n i t e  l a y e r ,  

w h i l e  sample CQ/84 210.58 h a s  been e x t r a c t e d  from t h e  i n d u r a t e d  m a r l y  l i m e s t o n e  

i m m e d i a t e l y  above  t h e  b e n t o n i t e  l a y e r .  Because o f  t h i s  l i t h o l o g i c  d i f f e r e n c e ,  

i t  seems u n l i k e l y  t h a t  d i a g e n e s i s  would have  had e x a c t l y  t h e  same a l t e r a t i o n  

e f f e c t  on t h e s e  two b i o t i t e  s a m p l e s ,  l e a d i n g  t o  an i d e n t i c a l  loss  o f  a r g o n .  The 

a b s e n c e  o f  m i n e r a l  a l t e r a t i o n  i n  t h e  b i o t i t e ,  a s  c o n f i r m e d  by X-ray a n a l y s i s ,  

and t h e  h i g h  c o n t e n t  o f  p o t a s s i u m  f u r t h e r  s u p p o r t  t h e  i n f e r e n c e  t h a t  no a r g o n  

l o s s  can b e  a t t r i b u t e d  t o  d i a g e n e t i c  p r o c e s s e s .  U n c e r t a i n t y  may s t i l l  e x i s t  i n  



t h e  c o r r e l a t i o n  between t h e  upper  Eocene m a g n e t o s t r a t i g r a p h i c  zones  o f  t h e  

Contessa  sequence  and t h e  m a r i n e  m a g n e t i c  a n o m a l i e s  r e c o r d e d  on t h e  bot tom o f  

t h e  o c e a n s .  An i n d e p e n d e n t  t e s t  t o  e v a l u a t e  t h i s  u n c e r t a i n t y  i s ,  however ,  d i f -  

f i c u l t  s i n c e  t he  Contessa  sequence  i t s e l f  h a s  been used t o  c a l i b r a t e  t h e  m a r i n e  

m a g n e t i c  a n o m a l i e s ,  and n o t  t h e  o t h e r  way a r o u n d .  

A s y n t h e s i s  o f  t h e  p r e s e n t  work i s  shown i n  F i g u r e  1 .  Here t h e  K-Ar and Rb- 

S r  a g e s  o f  u n a l t e r e d  b i o t i t e s  from t h e  Contessa  q u a r r y  a r e  compared w i t h  magne- 

t o s t r a t i g r a p h i c  time s c a l e s  p u b l i s h e d  i n  r e c e n t  y e a r s ,  and w i t h  r a d i o m e t r i c a l l y  

d e t e r m i n e d  a g e  c a l i b r a t i o n  p o i n t s  f o r  t h e  l a t e  Pa leogene  proposed by Curry  and 

Odin ( 1 9 8 2 ) .  Wi th in  t h e  2 - s t a n d a r d - d e v i a t i o n  u n c e r t a i n t y  i n  t h e  a n a l y t i c a l  

e r r o r ,  t h e  a g e s  o f  O l i g o c e n e  s t r a t i g r a p h i c  l e v e l s  i n  t h e  Contessa  s e q u e n c e  a r e  

c o n s i s t e n t  w i t h  most o f  t h e  t i m e  s c a l e s  p u b l i s h e d  i n  t h e  l a s t  f i v e  y e a r s .  How- 

e v e r ,  t h e  a g e s  f o r  t h e  l a t e  Eocene o b t a i n e d  from t h e  Contessa  samples  a r e  s i g -  

n i f i c a n t l y  younger t h a n  t h o s e  i n c l u d e d  i n  t h e  e n v e l o p e  i n  F i g u r e  1 .  T h i s  a g e  

e n v e l o p e  r e p r e s e n t s  time s c a l e s  c o n s t r u c t e d  on r a t h e r  u n c e r t a i n  b a s e s ,  s u c h  a s  

t h e  assumpt ion  o f  c o n s t a n t  s e a - f l o o r  s p r e a d i n g  r a t e  t h r o u g h  p e r i o d s  o f  time i n  

t h e  o r d e r  o f  10 m . y ,  (Ness and o t h e r s ,  1980; P a l m e r ,  1983; H s B  and o t h e r s ,  

1 9 8 4 ) ,  a t t r i b u t i o n  o f  a b s o l u t e  a g e s  t o  b i o z o n a l  b o u n d a r i e s  ( A l v a r e z  and Lowrie ,  

1981 ) ,  and i n t e r p r e t a t i o n  of  t h e  p a l e o m a g n e t i c  r e c o r d  i n  t e r r e s t r i a l  d e p o s i t s  

( P r o t h e r o  and o t h e r s ,  1982)  which a r e  t y p i c a l l y  c h a r a c t e r i z e d  by f r e q u e n t  s e d i -  

m e n t a r y  h i a t u s e s .  The r a d i o m e t r i c  a g e s  f o r  t h e  l a t e  Eocene proposed by Curry  

and Odin ( 1 9 8 2 )  a r e  c o n s i s t e n t  w i t h  o u r  d a t e s  even  though t h e y  b e a r  l a r g e r  

u n c e r t a i n t i e s  i n  t h e i r  a n a l y t i c a l  and s t r a t i g r a p h i c  d e t e r m i n a t i o n s .  

In  c o n c l u s i o n ,  t h e  r a d i o m e t r i c  a g e s  o f  t h e  v o l c a n i c  b i o t i t e s  from t h e  

Contessa  q u a r r y  p r e s e n t e d  i n  t h i s  paper  c o n s t i t u t e  t h e  most  a c c u r a t e  and pre-  

c i s e  c h r o n o s t r a t i g r a p h i c  r e c o r d  f o r  t h e  l a t e  Pa leogene  a v a i l a b l e  t o d a y .  The 

i n t e r p o l a t e d  a g e  f o r  t h e  b i o s t r a t i g r a p h i c a l l y  and m a g n e t o s t r a t i g r a p h i c a l l y  

d e f i n e d  Eocene-Oligocene boundary  i s  35.7 m.y. w i t h  a 2-s tandard  d e v i a t i o n  

u n c e r t a i n t y  o f  0 .4  m.y. The u n e x p e c t e d l y  young a g e s  f o r  t h e  upper  Eocene 

b i o t i t e  samples  a t t r i b u t e  a d u r a t i o n  o f  o n l y  0 . 8  5 0 . 4  m.y. 

a g e .  T h i s  c o n s i d e r a b l e  s h o r t e n i n g  of t h e  l a t e  Eocene seems t o  imply  an 

anomalous ly  h i g h  s e a - f l o o r  s p r e a d i n g  r a t e  o f  t h e  o c e a n s  i n  t h e  p e r i o d  o f  t i m e  

between anomaly 13 and anomaly 17. A s h o r t e r  d u r a t i o n  o f  t h e  l a t e  Eocene would 

a l s o  p u t  a c o n s t r a i n t  o n  t h e  a t t e m p t  t o  u n d e r s t a n d  t h e  p o s s i b l e  cause-and- 

e f f e c t  r e l a t i o n s h i p  among t h e  s o - c a l l e d  t e r m i n a l  Eocene e v e n t s ,  which i n c l u d e  

m a r i n e  and t e r r e s t r i a l  b i o l o g i c a l  e x t i n c t i o n s ,  a world-wide c o o l i n g  e v e n t ,  o n e  

o r  more e x t r a t e r r e s t r i a l  i m p a c t s ,  and o t h e r  geochemica l  a n o m a l i e s  r e c o r d e d  i n  

mar i n e  sed imen t s . 

t o  t h e  P r i a b o n i a n  
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F i g .  1 .  Radiometr ic -age  c a l i b r a t i o n  o f  f i v e  s t r a t i g r a p h i c  l e v e l s  i n  t h e  compo- 
s i t e  m a g n e t o s t r a t i g r a p h i c  s e q u e n c e  o f  t h e  Contessa  q u a r r y  ( s e c t i o n s  CQ, C H ,  and 
C B ) .  The a g e s  o f  m a g n e t i c  r e v e r s a l s  1 1 ,  12 and 1 6 ,  and o f  t h e  b i o s t r a t i g r a p h i -  
c a l l y  d e f i n e d  Eocene-Oligocene boundary  h a v e  been i n t e r p o l a t e d  between t h e  r a -  
d i o m e t r i c  d a t e s  shown i n  t h e  p l o t  ( d a s h e d  l i n e s ) .  The K-Ar and Rb-Sr a g e s  o f  
t h e  b i o t i t e s  a r e  i n d i c a t e d  by a r r o w s ,  and compared w i t h  r e c e n t l y  p u b l i s h e d  nu- 
m e r i c a l  t i m e  s c a l e s  and r a d i o m e t r i c  c a l i b r a t i o n  p o i n t s  f o r  t h e  l a t e  Pa leogene .  
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N E W  PROPOSAL FOR A N  EOCENE-OLIGOCENE BOUNDARY ACCORDING TO MICRO- 
FACIES FROM THE PRIABONIAN-TYPE SECTION 
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Universith P. & M. Curie - Dhpartement de Ghologie Shdimentaire. Laboratoire de Strati- 
graphie (UA 319) du C.N.R.S. - 4, place Jussieu - 75230 Paris chdex 05 (France). 

ABSTRACT 

The position of eocene-Oligocene boundary in Mesogea goes through stratotypical 
Priabonian knowledge. The analysis of Priabona lflectostratotypelf microfacies led us 
to put this boundary above Bryozoan marls and limestones, and beds with small Nummu-  
lites (N. fabianii, N. rosai) and below recif limestones with Praerhapydionina delicata 
and Peneroplis evolutus. This boundary does not show any significant paleogeographical 
event. 

The Priabonian stratotype and the main references sections are situated in Nor- 

thern Italy, Vicentin, more precisely in the Lessini (Granella, Bressana, Buco della Rana ... ) 
and in the Colli Berici (Brendola ... ) (1). 

The observed succession a t  the top of the Priabona section, above Bryozoan Marls, 

shows five carbonated formations which each present, when examined, through thin 

sections, well characterized microfacies. From top to bottom : 

1) Bryozoan limestones (3m) : biosparite (packstone) with bioclasts (more than 

90% can be attributed to Bryozoan) broken, rolled, classed up and in successive lami- 

nas disposed. 

2)  Massive limestones with small Nummulites and Bryozoan : biosparite (pack- 

stone) beginning with a sudden apparition of plenty of small Nummulites from N. rosai 

Tellini, 1888 group and N. fabianii (Prever, 1905). The association has still small-sized 

Chapmanina c f .  gassinensis (Silvestri, 1931) often broken, as a lot of Bryozoan and Coral- 

linacean fragments. Bioclasts are sorted out and classed up like preceding microfacies. 

3) Thin calcareous bed (0,04 to  0,lOm). Biopelmicrite (wackestone) only present 

in t h e  Priabona section, offering a particular microfacies with pellets, Corallinacean 

thalli and some Miliolidae. Bryozoans and Nummulites have disappeared. 

4)  Massive limestones with rhodoliths and corals (5m). Beside a lot of rhodoliths 

and corals, we found, in this biolithite (floatstone), rare broken and undetermined Num- 

mulites, accompanied by gasteropods and prisms of Pinnidae. 

5)  Massive limestones with porcelaneous Foraminifera (5m). Biosparite (grain- 

stone-packstone) giving plenty of porcelaneous Foraminifera, Miliolidae, Spirolina cylin- 
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MICRO r-T-T- FAC I ES 
UNITS L I THOLOGY 

1;lg. 1 : 1:oceric-oligoccne boundary i n  the 
I'riabonian-type section. 

dracea Lamarck, 1804, Peneroplis 

ssp. of which P. evolutus Henson, 

1950, Praesorites sensu Henson, 

1950, Praerhapydionina delicata 

Henson, 1950, Auslrotrillina (?) 

SP. 

The section is going on 

until top of Monte Cassaron through 

an alternance of units 4 and 5.  

Such a succession is widespread 

in all the country, in  particular 

in  Buco della Rana. In Bressana 

(also called Ghenderle) and 

Brendola, the passage is occuring 

within marls truncated in their 

upper part by a channels system 

and topped with a reef calcareous 

mass. The carbonate interbeded 

in marls show microfacies which 

are not fundamentally different 

from those described in Priabona. 

Considered as the last 

Eocene stage, the eocene-Oligocene 

boundary has by definition to 

be placed a t  the top of the 

Priabonian stratotype. 

Its interest justified plenty of works : 

The eocene-Oligocene boundary was first fixed by Bayan (1870) between 

Bryozoan Marls and Rhodoliths Limestones which he called then "Nullipores". These 

last over being for h i m  partly comparable with Latdorf formations. In 1893, Munier- 

Chalmas and de Lapparent define Priabonian stage in using two sections, chosen in the 

Lessini : Granella for the base and Priabona for the median part. Thanks to a third section, 

the Brendola one, situated a t  a distance of 20  kilometers, the authors f ix  their top of 

their new stage and eocene-Oligocene boundary within the Brendola Marls. 

Correlating these Brendola Marls to Priabona Bryozoan Marls without 

evidence, Fabiani (1915) put the Eocene limit a t  the top of those marls. Schweighauser 

(1953) doesn't agree with him and places Bryozoan hlarls in  Oligocene. 

Determining Nummulites intermedius i n  the last levels of Cranella section, 
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Roveda (1961) thought he could so attribute them to Oligocene. Since then, this spe- 

cies was never found again and i t  was established that last Granella levels can be corre- 

lated Priabona nodular limestones sections, situated far under Bryozoan Marls and Aste- 

rodiscus beds. Roveda's ideas who attributed stratotypical Priabonian upper part to 

Oligocene must therefore be abandoned. 

Shortly after Cita and Piccoli (1964) present some conclusions not far 

from Fabiani in placing eocene-Oligocene boundary in Bryozoan Marls. 

Finally proposing Priabona section as "type section of Priabonian stage" 

during Paris Colloquium on Eocene (19681, Hardenbol permitted to bring out a general 

agreement in  order to put the boundary a t  the top of Bryozoan Marls. This opinion was 

adopted by Setiawan (1983) who, by another way, maintains that small Nummulites 

and Bryozoan limestones give a small Nummulites association which !'has an Oligocene 

aspect". We dont think so for the association has, a t  least, one species (N. fabianii) which 

doesn't exceed Eocene, and none typical of Oligocene. Therefore, small Nummulites 

and Bryozoan limestones have to be attributed to Priabonian. 

The thin level no 3 does not contain any significant information. Considering 

its thinness and feeble extension, it seems to  us it was overlooked. 

Praerhapydionina delicata and Peneroplis evolutus being in unit n o  5 limestones 

involve an Oligocene age (2).  These species and those which accompany them indicate 

that the sediment containing them has settled in a perirecifal environment of lagoon 

type. Although situated underneath, without any stratigraphically significative fossils, 

formation n o  4, because of corals and rhodoliths it contains, seems to represent a lateral 

equivalent to  formation n o  5 .  Consequently we propose to place eocene-Oligocene 

boundary between small Nummulites and Bryozoan limestones (formation n o  2 )  on one 

hand and recifal limestones with calcareous red algae and with porcelaneous Foraminifera 

(formations no 4 and 5)  on the other hand. 

The Priabonian stratotype contains a succession of facies which fits in quite 

well with the Arni's model (1965), though the difficulty there is to recognize a real 

"Nummulites bank". The paleogeographical evolution during Priabonian times is divided 

into two phases : a transgression which favours the installation of a "Nummulites bank" 

followed by a slight regression with a reduction of the detritic deposits which allows 

the installation of a "lens-shaped to dome-shaped coral reef type" in the Colli Berici 

(Geister and Ungaro, 197'7). Real reefs are missing in Priabona and the observed deposits 

seem to have taken place in a patch-reef lagoon (Frost, 1981). The facies change a t  

the eocene-Oligocene boundary could testify to a simple biotope shift in  a shallow 

rr.argina1 basin. 

(1) The precise geographical location and detailed sections are given in a memoir under 
publication (Barbin, 1985). 

( 2 )  These two species are known i n  the Tunisian off-shore, on Lampione islot, inside 
limestones that Bonnefous and Bismuth (1982) attribute, we don't think with any deci- 
sive evidence. to Priabonian. 
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DESCRIPTION AND BIOSTRATIGRAPHY OF THE MAIN REFERENCE SECTION OF 
THE EOCENE / OLIGOCENE BOUNDARY IN SPAIN: FUENTE CALDERA SECTION 

Eustoquio MOLINA 
* 

1 INTRODUCTION 
The Eocene-Oligocene boundary has been acknowledged in different 

Spanish regions, being located as much in continental as in conti- 
nuous marine series. 

In the North of Spain the limit is situated in continental faci- 

es. In the Pyrenees region of Arag6n and Navarra thick sections 

crop out that show clearly that Eocene marine facies last as long 
as the Late Eocene in certain cases, with the Eocene/Oligocene li- 

mit in continental facies. In most of Catalonia and Navarra conti- 
nental basins there are thick evaporitic formations that reached 

the top of the Eocene (Reguant, 1984). Therefore, these deposits do 
not allow a good biostratigrafic study of such a boundary. 

In the South of Spain, geologically corresponding to the Betic 

Cordillera, many continuous successsions at the Eocene-Oligocene 

boundary can be found in marine facies. The island of Mallorca, ho- 

wever, is an exception: the boundary shows carbonaceous deposits 

with shallow marine intervals interbedding. In the region of Levan- 
te, more precisely in the area around Alicante, a continuous marine 

section has been quoted (Cremades, 1981) but this section does not 
seem to offer good possibilities due to its reduced thickness and 
inappropiate lithology. 

The best continuous marine sections can be found in the central 

sector of the Betic Cordillera, more precisely in the North of the 
province of Granada. Most of these sections have been described by 

Martinez-Gallego (1977) and Molina (1979) in their doctoral theses 
respectively. The upper Eocene and lower Oliqocene have been recog- 

nized in the sections of the Navazuelo, the Pinarejas and others. 
Among these, the most outstanding due to their important thickness 
and good exposure are: the Torre Cardela section, published by Mar- 

tinez-Gallego and Molina (1975), the Molino de Cob0 section, and 
the Fuente Caldera section, the best found so far. 

*Department of Paleontology 
University of Zaragoza (Spain) 
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2 LOCATION 

The Fuente Caldera section is geographically located in the 

Gavilan ravine, in the township of Pedro Martinez (province of 

Granada), 6.5 km NE from the village itself and 1 km NE from the 

Fuente Caldera farmhouse. It can be found in the sheet of Huelma 

20-39 (970) of the Spanish military map 1:50,000. The U.T.M. co- 
ordinates of the points delimiting the section are; base: 

30SVG836571 and top: 30SVG835575. The section is accessible by a 

path from the road between Pedro Martinez and Villanueva de las 

Torres, which leads to the farmhouse of Fuente Caldera. 

Geologically, the Fuente Caldera section is located in the Betic 

Cordillera that is the most western mountain system of the European 

L -  I 

Fig. 1. Geological sketch map showing the situation of Fuente Cal- 
dera section: 1)Tabular cover of the Hercynian massif of the Mese- 
ta (Triassic and Jurassic); 2)External Prebetic; 3)Internal Prebe- 
tic; 4)lntermediate Units (or intermediate realm) ; 5 )  External Subbe 
tic; 6)Median Subbetic; 7)Internal Subbetic; 8)Penibetic; 9)Ultra� 
internal Subbetic and units of dorsalian affinities and flysch sub 
stratum: 10)Tectonically underlyinu Campo de Gibraltar Units; 11) 
Campo de Gibraltar Units; 12)Rondaides or Betic dorsal; 13)Malagui- 
de; 14)Alpujarride (p:peridotites); 15) Nevado-Filabride; 16)Upper 
Miocene-Pliocene-Quaternary (r.v.: volcanic rocks) : 17)Guadalquivir 
allochtonous units (Olisthostromes of Subbetic origin inside Mioce- 
ne materials). 

- 
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alpine chains. It ranges all along the S and SE region of the Ibe- 

rian Peninsula, with a general WSW-ENE direction. They extend along 
600 Km with a variable width of about some 200 Km and it is boun- 
ded northwards, from W to E, by the Guadalguivir Basin, the tabular 
cover of the Hercynian massif in the Meseta and the Iberic Cordillg 
ra. Generally, the importance of folding decreases from S to N, so 

that in the septentrional realm (Prebetic) overthrusts cannot be ic 
dividualized. Two main units can be identified from S to N: Inter- 
nal Zones (or Betic Zone s. str.) and External Zones (Subbetic and 

Prebetic Zones). 
The Fuente Caldera section is situated in the External Zones of 

the Betic Cordillera, more precisely within the Median Subbetic re- 
alm, which appears to be a subsident trough during the Eocene. The 

Palaeogene - lower Miocene marine materials are laid down in that 
realm and may reach up to more than 1,000 m in thickness. 

The sediments of the Fuente Caldera section correspond to the 
Caiiada Formation (Eocene-Aquitanian) of the Cardela Group establis- 

hed by Comas (1978) as formal lithostratigraphical units for Median 
Subbetic sequences of the Montes Orientales. The Caiiada Formation, 
which may range up to a thickness greater than 500 m, is composed 

in general by detritic limestones of turbiditic origin interbedding 
rhythmically with hemipelagic marly levels. 

3 LITHOLOGY AND STRUCTURE 
On the flanks of the Gavilan ravine there is a thick series of 

materials comprised between the uppermost part of the lower Eocene 
and the Aquitanian. The exposure of the strata is excellent, espe- 

cially in the interval corresponding to the upper Eocene and lower 

Oligocene, which allows a very good sampling of the boundary. 
The materials of the Eocene-Oligocene boundary as a whole are ge 

nerally made up of a rhythmic succession of bioclastic calcarenites 

and calcirudites alternating with marls, which are the predominant 

lithology. This light grey-greenish marly sediment shows a concoi- 
dal fracture in balls and they are easily disinteqrated by the lab2 
ratory washing. The last appearance of the typical Eocene plankto- 

nic foraminifera do not correspond to any sudden lithological chat 
ge - 

Although less freauently there are also certain levels of marly 
limestones and thin calcareous conglomerate, as we go further on iz 



56 

to the Oligocene, where an olisthostrome is located. It involves ma 

terials of different lithologies, including volcanic rocks as well. 
The series this paper is concerned with, offers in its top a ma- 

inly calcarenitic interval, which is not totally included here be- 
cause it already belongs to the middle Oligocene. 

The section here considered for studying the Eocene/Oligocene 

boundary is 200 m thick and shows an almost vertical dip, forming 
the North flank of a wide syncline of a general ENE-WSW direction, 
with its nucleus located 1 km south and delimited by two hil1s:Ce- 

rro Caldera and Maguina. This syncline leans on pink and white mag 

ly limestones dated as Paleocene and Late Cretaceous. 

4 SEDIMENTOLOGY 

The Fuente Caldera section is of great interest from the sedimen 
tological point of view (Comas, Martinez-Gallego and Molina, 1981), 

due to the presence of different facies of turbidites and pelagic 
sediments. In this sequences the autochthonous marly interval is 

largely developed and they show very little reworking. 
The major facies in the allochthonous interval is made up of cal 

careous turbidites where Bouma a interval can be recognized and so- 
metimes a bioclastic-calciclastic coarse-grained layer appears un- 

der it, corresponding to a grain-flow episode. The bioclastic calca 
renites generally range from coarse to fine types: wakestone, pack- 

stones or pseudograinstone. They show micrite intraclasts in a pro- 
portion between 3 and 20% in respect to the fragments of calcareous 
algae and macroforaminifera. The medium size of the grains in the 

basal interval is usually larger than 2 mm., and that is why they 
should be considered as fine calcirudites. 

The recognized sequences are of the Tabade, Tab/e, Ta/c/e, types 

and some of them of the Tbc/e type. They show basal flat surfaces 
with a development of only a few sole marks: some grooves, load and 
tool marks. The calciruditic-calcarenitic beds are usually between 

30 and 180 cm thick. For some of very incomplete sequences their 
thickness decreases to 7 cm. Every turbiditic bed is interhedded 

between marl intervals whose thickness ranges between 50 cm and 5 
m, therefore autochthonous pelagic sediments are dominant. If the 
large quantity of interturbiditic materials alone is considered he- 

re as a indicative parameter of distality, they should consesuently 
be considered as distal turbidites. 
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The origin and direction of the paleocurrent is difficult to es- 

tablish due to the scarcity of structures they display, which seem 

to have come from the W. The place of deposit for these associated 
facies would be a submarine talus or slope, probably in relation to 
a large submarine fan. 

In the upper part of the series an eight-metre thick olisthostro 
ma is located, which is included in the biozone of G. t a p u h i c n n i n .  

It is formed by a chaotic conglomerate mass, blocks and pebbles, 

that is the result of agravity flow of a considerable volume, invol 

ving materials of various lithologies and origins. Taking into 
account the regional data, it may be assumed that the olisthostroEe 
must have fallen from the NE. 

5 GEOCHEMISTRY, MAGNETOSTRATIGRAPHY AND RADIOMETRIC DATING. 

The geochemical study of the pelagic carbonates of this series 

have been carried out by Berthenet  e t  a l . ,  t h i s  volume . They have 
ana lyzed  the fluctuation of the chemical composition of the ocea- 
nic water, with the aim of determining the main geochemical events 
during the Eocene/Oligocene boundary, concluding that there is a g o  

od concordance between the chemiostratigraphy and the bioestratigra 

In the Fuente Caldera section five main geochemical events can 
PhY - 

18 be recognized. The event G 1 well marked by the &I3C and 0 and 

moderately marked by the Sr correspond to the boundary of the for2 
miniferal zones. P.  ocmiinvaeuta/C. i n d l a t t a .  The event G 2, very 
neat for the Sr and moderate for the 6l8O corresponds 

of the nanno-zones NP 20/NP 21. The event G 3 (very strong for the 
6 C and the Sr) are situated at the boundary of the foraminifera1 

zones C .  inaLatalC. eazzahii. The event G 4 (d  C and Sr) corres- 
ponds to the boundary E/O defined by the extinction of the typical 

Eocene planktonic foraminifera. The event G 5 (6I3C and &180, Sr) 
is situated in NP 21 and could eventually correspond to the bounda- 

ry CP 16a/CP 16 b. 

lowed by a study of the magnetization intensity in roder to deter- 

mine the real possibilities of this section, was carried out in 
1982 by Rasplus who observed a remanent mangnetization. Consequen- 

tly, the Fuente Caldera section allows the establishment of a magne 

tostratigraphy. 

6 

to the limit 

13 
13 

Concerning the magnetostratigraphic study, a first sampling fol- 



No studies directed towards radiometric datings have been under- 

taken so far. Therefore, the real possibilities of the Fuente Calde 

ra section in this sense are still unknown. 

6 FLORAL AND FAUNAL CONTENT 
The Fuente Caldera section is remarkable for its fossil content, 

mainly microfossils. However, the macrofossils such as Equinoderms 

Bivalves and others are very difficult to identify due to the massi 

ve fragmentation they have undergone. They appear in small propor- 

tion in the calcarenitic strata, associated with Coralline algae, 

Bryozoa and macroforaminifera. 

The macroforaminifera forming part of this association in the 

turbi.ditic levels are mainly the following: D i o c o c ~ ~ c l i n u  h p . ,  A n t e -  

kccL icL ina  4 p , ,  A k t i n c ~ c g c l i n a  n p . ,  N u m m u l i t e 6  n p . ,  O p e t i c u l i n a  n p . ,  

H e t c h o s t e g i i i a  s u . ,  S ]34hCJC2?gpCUn n p . ,  A m p h i b h ~ g i n a  n p . ,  and G y p n i n a  

5 p .  It must necessarily be emphasized that the percentape of the tu 

pica1 Eocene Discocyclinidae decreases gradually towards the upper 

part of the series, but nevertheless, they are still well represen- 

ted in the biozone of G. b a p u , t i e i ~ n i n .  

The autochthonous marly intervals contain an extraordinarily va- 

ried quantity of calcareous nannoplankton, planktonic foraminifera, 

small benthonic foraminifera and some ostracoda as well. These sedL 

ments are very rich in calcareous nannoplankton and, although their 

preservation is not ideal, it is good enough to allow a detailed 

study and to establish an accurate biozonation. 

The rich calcareous nannofossil content allows Monechi to recog- 

nize several events from Late Eocene to Early Oligocene. The zona- 

tion of Bukry and Okada (1980) with the designation CP were used. 

The zonation of Martini (1971) with the designation NP was also re- 

ported for correlation .(Monechi, t h i s  volume). 

To demonstrate the variation in the abundance of the most impor- 

tant species a semiquantitative ana lys i s  was carried out and it has 

been possible to identify a succession of events. The last occurren 

ce of C. ~ , ~ ~ J ~ O U Y I H U B C L  and C. k ~ t i c u ~ ? a t u m  takes place before the ex- 

tinction of the rosette shaped discoasters. The synchronous extinc- 

tion of D .  b a h b a d i e n , i n  and D .  n a i p a n e n n i n  at the same level of the 

LO of G. i n d e x .  A small increase in the abundance of the I .  / r e c u t -  

w u b ,  cold water indicator, was observed between the LO of r o s e t t e  

shaped discoasters and the E/O boundary defined by planktonic fora- 
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minifera. The species E .  
shaped discoasters. 

6ohmobU decreases around the LO of rosette 

The planktonic foraminifera are especially abundant reaching 85% 

in almost all the samples of the marly intervals. They are quite 

well preserved although the chambers are filled in with sediments. 
They usually show no deformation whatsoever. 

Taking into account the fossil content and sedimentation, it may 
be assumed that the paleoenvironment would be an open marine basin 

that would correspond to an almost 2.000 m deep bathyal zone, situa 
ted in a subtropical or temperate area. 

7 BIOSTRATIGRAPHY BY MEANS OF PLANKTONIC FORAMINIFERA. 

The biozonation established for the Oligocene (Molina, 1979) is 
still mantained in its general outline. But, nevertheless, a more 

detailed study is attempted in this paper, in order to determine mg 
re accurately the range of the different species and to extend the 
study to include the upper Eocene as well. 

The vertical ranue of the main species, from the biostratigraphL 

cal point of view, has been shown in Figure 2 .  Some other species 

have also been identified and some of them are very abundant, but 

most of them appear along the whole Eocene-Oligocene transition. 
The following ones have been recognized among them: G L a b i g e h i n u  t h i  

p a h t i t a  Xoch, G L a b i g e h ~ n a  w e n e z u e L a n a  Hedberg, G l u b i g e h i n a  a n g i p o -  

h o i d e n  Hornibrook, G L o b i g e h i n a  g d a w i b i  Bermudez, G L o b i g e h i n a  c o h p u  

t e n t u  Subbotina, G l o b i g e h i n a  u d d i c i n a L i . 4  Subbotina G L o b i g e h i n a  phaq 

b u k L o i d e n  Blow, G L o b o h o t a L i a  ( T . )  u p i m a  n u w  Bolli, G L o b u h o t a l o i d e b  

4 u X e h i  Bolli, C a t u p b y d h a x  u n i c u u u b  Bolli, Loeblich and Tappan, c h i -  
L o g u e m b e L i n a  c u b e n n i n  (Palmer), C h i L o g u e m b e L i n a  w i c t a h i a n u  Beckmann, 
G L o b i g e h i n a  o u a c h i f f a e n n i n  Howe and Wallace, and G L c b o h o f f a L i a  ( T .  1 
i n c h e b e b c e n n  (Bandy). 

the upper Eocene. The author would rather consider these forms at 
the species level because of the different morphology between the 
more primitive and the evolutionary ones. In the interval studied, 
G .  ( T . 1  p o m e 4 o L i  became extinct at the same time as P .  4 e m i i n w o L u X a ;  

later G . I T . 1  c e h ~ o a z u l e n n i n  became extinct after the disappearance 
of G .  i n d e x .  Finally, G .  I T . )  COCOcleMhib and G .  ( G . )  C U n i a f e n h i 4  beca 
me extinct simultaneously. G . [ G . )  c u n i u L e n n i n  is the worst represen 

ted since it is very difficult to find good keeled specimens and it 

The G L o b o h o t a L i a  c e h h o n z u L e n b i n  group is very common throughout 
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appears only in the uppermost Eocene. 

The Hanthenina and Chibhohantkenina genera are frequent in most 
of the samples. The second one is well represented by the species 

C. indlata, C .  lazzahii and probably a third one, as was pointed 
out by Dieni and Proto Decima (1964) in Italy. C .  indLata has more 
inflated chambers than C. Lazzahii which have almost triangular cham 
bers with a rough surface and a few more chambers in the last whorl: 

In the Spanish sections the PA eudohantigehina micha (Cole) extin 
ction is a very clear datum plane. However, the ranae of this spe- 
cies does not overlap wiht that of Cannigehinella chipolensin Cush- 
man and Ponton) as was pointed out in other reaions of the world 

(Bolli, 1957,661. The explanation for such an event could be: 

(1) P. michu extinction in low latitudes could be prior to that in 
mid-latitudes. 

( 2 )  C. chipotennio appearance in low latitudes could be prior to 
that in mid-latitudes. 

(3) P. micha could be found reworked after its last extinction or 
could be confused with P. n.nagueuichienni6 and P. n.bahbadoen- 
n i b ;  these two subspecies are less compressed and smaller than 

P. micha a species typically larger than 150 microns. The small 
ones are very frequent from the uppermost Eocene to the lower - 
Oligocene.Recently, these forms larger than 150 microns have be 
en regarded by Blow (1979) , as belonqing to P . d a n v i t L e n 4 i ~  Howe 
and Wallace, 1932) but I would rather keep considering it as ju 

nior synonyms of P. m i c h u  (Cole, 1927) like Cordey, Bergqren 
and Olsson (1970). 
The species C u f u p b  ydhiax dibnimitin (Cushman and Bermudez) has be- 

en found only in the Oligocene, contrary to that which some specia- 

lists indicated for other regions of the world. In Spain C . d .  d i 4 4 i  

m i L i n  appears in the upper part of the G.g.5ohAanii zone and C . d .  
cipehvenni~ evolves from the former in the top of the G. tapuhien- 
b i b  zone. 

The following biohorizons have been considered as the most impor 

tant and used to establish the biozonation: extinction of P o h t i c u -  

L a n p h u e h a  nemiinuotuta (Keijer) , extinction of Chibhvhanthenina i n -  
hLccta (Howe) , extinction of Chibkuhantkenina tazzuhii (Pericoli) , 
first appearance of GLobigehina tapuhivnbi4 Blow and Banner, first 
appearance of Gtobigehina nelkii (Borsetti). 
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Similarly, the following biohorizons can be considered clear on 

the scale of this particular central sector of the Betic Cordille- 

ra: extinction of GLc~bigehinatheka b a h h i  Bronnimann, extinction of 

G!obigefiapnin i n d e x  (Finlay), simultaneous extinction of H u n t k e n i -  

via bhevinpinu Cushman, Gtv b c ~ h u t a t i u  I T .  I c u c c a e n n i b  Cushman and 

G L o b o f i o t a l i u  [ G , )  c u n i a l L e n n i h  Toumarkine and Bolli, being followed 

inmediately by the extinction of P n e u d o h a n t i g e h i n a  micha (Cole) at 

the same time as Chibohuntkeninu Luzzahii (Pericoli) . 
The Eocene/Oligocene boundary has been sampled in detail (see 

Fig. 3) and therefore it has been possible to conclude that the ex_ 

tinction of the typical Eocene species is not simultaneous. The sc 
me conclusion has also been reached in the Torre Cardela section 

(Martinez-Gallego & Molina, 1975). As the Pne.udohant ige.hina micaicc 
and Chibohantkenina . t !azzuhi i  are the last typical Eocene species 

to became extinct, they have been chosen as the datum plane to mark 

out such a boundary. 

The biozonation established in this paper has been correlated to 

that which offers more similarities (Blow, 1 9 7 9 1 ,  but there are s o  

me important differences; so, the top of the G. bemiinwolLuta zone, 

is delineated by the last appearance of the nominal species inste- 

ad of by the first appearance of C .  i n d l a t t a .  The zone P 17 of Blow 
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Fig. 3. Column showing a detailed sampling of the Eocene/Oligoce- 
ne boundary in Fuente Caldera section. 
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has been divided into two zones:C. Luzzuhii and G. g. gohLanii. The 
latter is an interval zone situated between the extinction of C .  L u  
z z u t i i i  and the first appearance of G. ~ u p f A . t i e v l h i h .  Here the plankto 

nic foraminifera bear affinity to those of the Oligocene: and the 
species G.g.gakAanii has been found throughout the upper Eocene and 
Oligocene, contrary towhat Blow pointed out. 

Finally it should be noted that some biohorizons, such as G. ta- 
P U h i e M h i h  and G. h e L L ? i i  that have been used in the biozonation, 
show a very gradual appearance. On the other hand, many extinction 
biohorizons seem very instantaneous. The typical Eocene species 

stand out clearly in this sense. Nevertheless, when the Eocene/Oli- 
gocene boundary is being sampled in detail, it can be observed that 
the extinction of the typical Eocene forms are not all simultaneous, 

as it could appear. Besides that, no lithological change is obser- 

ved. Consequently, it can be said that there is a transition of big 
logical and sedimentological events at the Eocene-Oligocene in the 
Fuente Caldera section. 
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BIOSTRATIGRAPHY OF FUENTE C A L D E R A  SECTION BY MEANS OF C A L C A R E O U S  NANNOFOSSILS 

S .  M O N E C H I  

Dipartimento di Scienze clella Terra ,  Via La Pira 4 ,  50121 Firenze ( I t a l y )  

The calcareous nannofossil assemblage i s  very abundant and well d i v e r s i f i -  

ed; preservat ion var ies  from poor t o  moderate. Reworking i s  an important phe- 

nomenon present throughout the sect ion and i s  character ized by Late Cretaceo- 

us and  Early Eocene specimens. The r ich calcareous naqnofossil content allows 

t o  recognize several events from Late Eocene t o  Early Oligocene. 

The zonation of Bukry and Okada (1980) with the designatioq C P  was used. 

The zonation of Martini ( 1 9 7 1 )  with the designation NP was a l s o  reperted f o r  

c o r r e l a t i o n .  

I n  Fig. 1 the  v e r t i c a l  d i s t r i b u t i o n  of the  most important species and the 

recognized biozones a r e  reported.  The base of the I._ recurvus Subzone (CP 15a) 

i s  n o t  p resent .  The Late Eocene assemblage i s  character ized by the presence 

of __ C .  pelagicus (Wall ich) ,  C .  . -  f lor idanus (Roth and Hay), D .  bisec_t_us (Hay, 

Mohler and  Wade), E .  formosa (Kamptner), i, minutus Stradper ,  _Z, bi-$Jgatus 

(Deflandre and F e r t )  ; by common rosette-shaped d i s c o a s t e r s ;  by common Helico: 

sphaera such as  _ _  H .  __ euphra t i s  Haq, H .  compacta Bramlette and Wilcoxon. The ge- 

nus Sphenolithus i s  common and character ized by S .  m 0 r i f o E . s  (Bronnimann a n d  

S t r a d n e r ) ,  S .  p red is ten tus  ._ Bramlette and Wilcoxon and  sporadic forms o f &  

pseudoradians Bramlette and Wilcoxon. Few species  of C .  oamaruensis (Deflan- 

dre  and F e r t )  a r e  present throughout the sec t ion .  

- 

I n  order  t o  ev ident ia te  the var ia t ions  in  the abundances of the  most impor 

t a n t  species  around the  E / O  boundary a semiquant i ta t ive ana lys i s  was car r ied  

out .  The methodology dsed i s  t h a t  described by Backman a n d  Shackleton (1983). 

The abundance i s  expressed as number of specimens per square mil l imeter .  The 

counts were done on about 100 view-fields a t  magnification 1250. 

From these data  i t  has been possible  t o  i d e n t i f y  a succession of events :  

- the  l a s t  occurrence ( L O )  of  C .  protoannula Gartner and C .  re t iculatum Gart- 

ner and Smith occurs before the  ex t inc t ion  of  the  r o s e t t e  shaped discoasters .  
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- the  synchronous ex t inc t ion  of D.  barbadiensis Tan Sin Hok and 0. saipanensis  

Bramlette and Riedel a t  t h e  same level  a s  the  LO of G .  index. This event has 

been a l s o  recognized i n  several i t a l i a n  sec t ions  and i n  many o ther  E / O  bou! 

dary sec t ions .  

- a small increase in  t h e  abundance of I .  recurvus Deflandre and F e r t ,  cold 

water i n d i c a t o r ,  i s  observed between the  L O  of the  rosette-shaped discoas- 

ters and the E/O boundary defined by planktonic foraminifera  through the  ex 

t i n c t i o n  of P .  micra and C .  l a z z a r i i .  

- E.  formosa decreases around the  L O  o f  rosette-shaped d i s c o a s t e r s .  

E .  obruta ( i . e .  E .  subdis t icha or E .  f e n e s t r a t a  according t o  other  authors)  

i s  r a r e  in  the  Late Eocene an3 becomes common in the  upper par t  of the  NP 21 

Zone. I n  t h i s  sec t ion  i t  has not been possible  t o  i d e n t i f y  the Subzone C P  16b 

defined by the  end of the  acme of E .  subdis t icha ( E .  obruta)  because the  end 

of the  acme of E.  obruta overlaps t h e  LO of E .  formosa. 

I n  the  Oligocene the  assemblage i s  s t i l l  r i c h  and does n o t  d i f f e r e n t i a t e  

from the  one already described f o r  the  Late Eocene. The LO of I .  recurvus, 

event found i n  the  i t a l i a n  sec t ions  coincident  with the  LO of R .  umbilica (Le 

v i n ) ,  occurs i n  t h i s  sec t ion  before the  L O  of E .  formosa. The LO of R .  umbi- 

l_ica, marker of the  Zone C P  17, and B .  se r raculo ides  ‘Gartner occurs a t  sample 

16.5 , Few species  of I .  recurvus, R .  umbilica and B .  serraculoides  were fo- 

und i n  sample 1 7  and a r e  considered reworked. 

The f i r s t  occurrence (FO)  of ,S. d i s t e n t u s  (Mar t in i ) ,  marker of the  base 

of the  Zone CP 18, i s  found i n  the  upper par t  of the  sec t ion .  

and Z .  b i juga tus ,  usual ly  common throughout the  sec t ion ,  decrease abrupt ly  

in  abundance i n  the  l a t t e r  zone. 

L .  minutus 

As a conclusion, we can summarize the  previous r e s u l t s  s t a t i n g  t h a t  the  

E / O  boundary i s  not marked by a d r a s t i c  change i n  the  calcareous nannofossil 

assemblage, b u t  i s  r a t h e r  character ized by sequential ex t inc t ions  of C .  pro- 

toannula, C .  re t iculatum, 0.  barbadiensis ,  0. saipanensis  and var ia t ions  i n  

the abundances of i.-rec>t~yus and E .  formosa ( Nocchi e t  a l .  (1985), Perch- 

Nielsen e t  a l .  (1985) ) .  

~ 
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GEKHEMISTRY OF THE FUENTE CALDERA SECTION (Spain) .  

F .  BERTHENET ’, S.  CLAUSER ’-’/ and M. RENARD’ 

’Dept. Geol. Sed. and LA CNRS 319, Univ. P .  & M. Curie, 4, Place Jussieu,  
75252 - PARIS Cedex 05 - (France). 

’BRGM, BP 6009, 45060 ORLEANS Cedex (France). 

The geochemical inves t iga t ion  was performed on the same samples s tudied by 

Molina ( t h i s  volume) f o r  the determination of the planktonic Foraminifera and 

by Monechi ( t h i s  volume) f o r  the Nannofossils. 

The c h a r a c t e r i s t i c s  and d e t a i l s  of t h i s  sect ion can be found i n  Molina 

( t h i s  volume). 

I - STABLE ISOTOPES ( f i g .  1 )  

A )  Carbon 13 

Following a c e r t a i n  s t a b i l i t y  ( 613c + 1,50 o / o o )  during the P.semiinvoluta 

Zone, the  613c s t rongly decreases i n  the  course of the C. i n f l a t a  Zone and 

drops t o  a m i n i m u m  ( 613c = 0 o / o o )  a t  the base of the C. l a z z a r i i  Zone. 

The s igna l  remains very low throughout the  major par t  of t h i s  zone. An abrupt 

pos i t ive  s h i f t  appears a t  the top of the C. l a z z a r i i  Zone ( 9 2  m ) ,  j u s t  below 

the Eocene-Oligocene boundary. The 613 s l i g h t l y  and progressively increases  C 
w i t h i n  the  base of the G .  g o r t a n i i  Zone ( w i t h  a maximum of + 1,50 o / o o )  and 

reaches a s t a b l e  high level a t  the  top of the sec t ion .  

A t  f i r s t  approximation, the f luc tua t ions  of the 613c a r e  l inked t o  the 

var ia t ions  of ths primary product ivi ty ,  which i n  turn c o r r e l a t e  according t o  

the Brcecker model (1982) w i t h  transgressive/regressive cyc les .  T h  correlot icn 

between regression and low l e v e l s  of 613c i n  pelagic  carbonates hos been demon- 

s t r a t e d  by Renard (1984) f o r  the main regressive p k s e s  s ince the Late Jurass ic .  

Assuming the model t o  be c o r r e c t  two major events could be i n f e r r e d  i n  the 

v i c i n i t y  of the Eocene-Oligccene boundary i n  t h i s  sec t ion .  

1 )  The maximum of regression would be located a t  85 m (below the  Eocene-Oligo- 

cene boundary). Taking i n t o  account the ra ther  bad sampling, t h i s  event might 

coincide w i t h  the  l i m i t  between the  C. i n f l a t a  and C. l a z a r i i  Zones. 

2 )  A sudden t ransgress ive  pulse  might take place around 92 m j u s t  below the 

E ccene-Olig ocene boundary. 

Hence there  is  good agreement between 613c and planktonic Foraminifera 

zoning, s ince  the boundaries of the zones P .  semiinvoluta/ C. i n f l a t a ,  
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Fig. 1 .  S table  isotopes and strontium contents  of bulk carbonates f r a n  t h e  

F u e n t e  Caldera sec t ion .  

C. in f la ta /C.  l a z z a r i i  and C .  l azzar i i /G.  g o r t a n i i  a r e  w e l l  obvious i n  geoche- 

m i s t r y .  However, t h e  major event concerning 613c seems located a t  85 m 

( t r a n s i t i o n  between t ransgress ive  and regressive overlap) a t  the l i m i t  of 

C. in f la ta /C.  l a z z a r i i  zones ra ther  than a t  the Eocene-Oligrxene boundary. 

Conversely, nannof o s s i l  zoning appears t o  be rather  independent of gecckmistry.  

B)  Oxygen 18 

T h e  618 f i r s t  increases  f r a n  negative values ( -  0,80 o/.,o) t o  reach a 0 
maximum (+0,25 o / o o )  a t  the t r a n s i t i o n  f r a n  the P .  semiinvoluta t o  the 

C .  i n f l a t a  Zones. T h e  i so topic  r a t i o  then decreases grea t ly  a s  f a r  a s  110 m. 

In  f a c t ,  t h e  decrease mainly takes  place within the f i r s t  par t  of tk C.  i n f l a -  

t a  Zone, whence the 6 1E0 f l u c t u a t e s  around - 0,75 o / o o .  Quenching of the 

values occurs around the l i m i t  NP 20/NP 21. 
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A sudden p o s i t i v e  excursion operates between 110 m and 120 m and r e s u l t s  

i n  a change of 0 ,8  from - 1 o / o o  t o  0,30 o / o o .  

The present study t h u s  confirms the  lag  of the oxygen s h i f t  w i t h  respect t o  

the Eocenealigocene boundary (VergnaudCrazzini e t  a l . ,  t h i s  volume). 

During the Oligocene the values remain high and f l u c t u a t e  around 0 o / o o .  

After an i n i t i a l  phase of cooling during the L s e m i i n v o l u t a  Zone, warming 

during t h e  C. i n f l a t a  and C. l o z z a r i i  Zones and the base of t h e  G .  g o r t a n i i  

Zme i s  observed. A ra ther  sudden drop of temperature s t a r t s  n e x t ,  leading t o  

the low values of the Oligocene. I t  is however not easy t o  account s p e c i f i c a l l y  

f o r  the inf luences of c l imat ic  f l u c t u a t i o n s  and f o r  modifications of the 

oceanic c i r c u l a t i o n  on t h e  evolut ion of the 6180 (Renard t h i s  volume). 

I1 - STRONTIUM ( f i g .  1 )  

The short-term evolut ion of t h i s  s igna l  i s  more or  less d i r e c t l y  l inked 

w i t h  t ransgression and regression cycles  (Renard 1984). 

Following high values (1050 ppm around 10 m ) ,  the  Sr concentrat ions decrease 

w i t h i n  t h e  P .  semiinvoluto and C. i n f l a t a  Zone (down t o  900 p p )  and reincrease 

up  t o  o maximum a t  45 m .  They then drop suddenly ( S r = 8 8 0  p p )  a t  the v i c i n i t y  

of the C .  i n f l a t a /  C .  l a z z o r i i  l i m i t .  They remain low w i t h i n  the  C .  l o z z a r i i  

zone and reincreose prcgressively t o  reach a maximum (1100 p p )  a t  115 m .  

The l i m i t  C .  l a z z a r i i  - G .  g o r t a n i i  i s  c h r o c t e r i z e d  by depression of the 

Sr  content .  The values f l u c t u a t e  l a t e r  on around 1000 ppn. during the L w e r  

01 ig oce ne . 

CONCLUSION : 

Figure 2 summarizes t h e  evolut ion of the 3 geochemical markers s tudied.  T k  

main geockrnical events  a r e  indicated by s t a r s ,  the number of which underlines 
the importance of the event .  F i v e  geochemical breaks a r e  observed : 

- Boundary G 1 ,  strcmgly indicated by 613c and 618 and t o  a l e s s e r  extent  0 
by Sr, corresponds t o  the l i m i t  of foraminiferan P .  semiinvoluta/C. i n f l a t a  

Zones. 

- Boundary G2 i s  prcrninent f o r  Sr and medium f o r  6180; it corresponds t o  

- Boundary G3 (very strong f o r  613c and S r )  includes the  l i m i t  of the 

- Boundary G4 ( 613c and S r )  i s  the Eocene-Oligocene boundary. 

- Boundary G5 ( 613c, 6180 and Sr) is  within NP 21 and might correspond 

the l i m i t  of NP 20/NP 21 Nannozones. 

forominiferon C. i n f l a t a  and C. l a z a r i i  Zones. 

t o  CP 16A/CP 168 nannozone t r a n s i t i o n .  

T h e  present study confirms the s a t i s f a c t o r y  agreement between chimiostrat igra-  

phy and b ios t ra t igraphy.  

The Eoceneal igocene boundary i s  loca ted  i n  the middle of a sequence of 

geockrnical events  which a f f e c t  the  ocean a l l  over the world and i t  i s  not 
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easy t o  s t ress  one o f  them. 

Hwever, a t  f i r s t  approximation and a l though f i n a l  conclusions are presently 

impossible because of tk small number of cbservations, i t  appears t h a t  the 

l i m i t s  o f  Nannozones c o r r e l a t e  p r e f e r e n t i a l l y  w i th  geochemical events which 

occur around the maximum o f  t ransgress ive p k s e s ,  whereas the l i m i t s  o f  plank- 

t o n i c  Foramin i fera zones c o r r e l a t e  p r e f e r e n t i a l l y  w i t h  g e o c k m i c a l  events 

l i n k e d  t o  regressions. 
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BIOSTRATIGRAPHIC CORRELATION BETWEEN THE CENTRAL SLIBBETIC (SPAIN) AND UMBRO- 
MARCHEAN (ITALY) PELAGIC SEQUENCES AT THE EOCENE/OLIGOCENE BOUNDARY U S I N G  
FORAMINIFERA. 

EUSTOQUIO MOLINA" , PAOLO M O N A C O * * ,  M A R I S A  NOCCHI**and GUIDO P A R I S I " "  

ABSTRACT 

The most s i g n i f i c a n t  events ,  which occu r red  d u r i n g  t h e  t ime  i n t e r v a l  spanning 

from the  La te  Eocene t o  t h e  E a r l y  Ol igocene, a r e  p reserved i n  t h e  cont inous  

p e l a g i c  sequences o f  t h e  Subbet ic  bas in  (Spa in)  and Umbro-Marchean bas in  ( I t a l y ) .  

A compara t ive  a n a l y s i s  has been c a r r i e d  o u t  between events  common t o  bo th  areas, 

based on p l a n k t o n i c  and b e n t h i c  f o r a m i n i f e r a .  

The r e l a t i o n s h i p  between Hantken in idae and o t h e r  s e l e c t e d  taxa  were used t o  

i d e n t i f y  and c o r r e l a t e  t h e  biozones i d e n t i f i e d  i n  t h e  two areas .  We show t h a t  

below t h e  Eocene/Oligocene boundary seve ra l  success ive  e x t i n c t i o n s  occur  i n  t h e  

same o r d e r  bo th  i n  Spain and i n  I t a l y .  P a r t i c u l a r l y ,  t h e  T u r b o r o t a l i a  cer roazu-  

l e n s i s  group e x t i n c t i o n  i s  s l i g h t l y  p r i o r  t o  t h e  Hantken in idae and l a r g e  Pseudo- 

h a s t i g e r i n a  e x t i n c t i o n s ,  which l a t t e r  mark t h e  Eocene/Oligocene boundary. 

I N T R O D U C T I O N  

Th is  paper dea ls  w i t h  the  comparison o f  t he  b i o s t r a t i g r a p h i c  da ta  concern ing  

the  Eocene/Oligocene t r a n s i t i o n  f rom southern  Spain (Mo l ina  e t  a1 ., t h i s  volume) 

and Umbro-Marchean r e g i o n  ( I t a l y )  (Nocchi  e t  a l . ,  t h i s  volume).  Such a compari-  

son i s  one o f  t h e  r e s u l t s  o f  t h e  s t r i c t  c o l l a b o r a t i o n  among s c i e n t i s t s  f rom 

d i f f e r e n t  c o u n t r i e s ,  which occu r red  under sponsorship o f  I G C P  P r o j e c t  174 on 

"Terminal  Eocene Events" .  

The sequences here  cons idered,  f rom bo th  Spain and I t a l y ,  a r e  w e l l  exposed, 

cont inous ,  p e l a g i c  and o f f e r  a good b i o s t r a t i g r a p h i c  r e s o l u t i o n .  Sec t ions  o f  

t h i s  type  and age a r e  seldom found i n  t h e  Med i te r ranean area because o f  t h e  gene- 

r a l  r e g r e s s i v e  t r e n d  r e l a t e d  t o  t h e  A l p i n e  orogenes is .  

The s t r a t i g r a p h i c  i n t e r v a l  s t u d i e d  extends f rom t h e  M idd le  Eocene/Upper Eocene 

boundary t o  t h e  Lower 01 igocene/Middle 01 igocene boundary, f rom P14/P15 t o  P20/P21 

o f  B low 's  (1969) b i o z o n a t i o n .  T h i s  compara t ive  s tudy  based m a i n l y  on p l a n k t o n i c  

f o r a m i n i f e r a ,  a l l owed  us t o  recogn ize  many events common t o  bo th  sequences and 

t o  demonstrate a c l o s e  i soch rony  between Spanish and I t a l i a n  f o r a m i n i f e r a 1  events.  

8 Department o f  Pa leonto logy ,  U n i v e r s i t y  o f  Zaragoza, 50009 Spain.  
*Department o f  E a r t h  Sciences, U n i v e r s i t y  o f  Perugia,  06100 I t a l y .  
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T h i s  compar i son  p e r m i t s  t o  r e s o l v e  some b i o s t r a t i g r a p h i c  p r o b l e m s  c o n c e r n i n g  

t h e  c o r r e l a t i o n s  be tween  M e d i t e r r a n e a n  s e c t i o n s  and  t h e  s t a n d a r d  b i o z o n a t i o n  o f  

B low ( 1 9 6 9 ) .  

GEOLOGICAL SETTING AND LITHOSTRATIGRAPHY 

The Umbro-Marchean and S u b b e t i c  sequences ( s e e  f i g . 1 )  c o n s i s t  o f  deep w a t e r  

m a r l s  and c a l c a r e o u s  m a r l s .  These p e l a g i c  and h e m i p e l a g i c  s e d i m e n t s  c o n t a i n  

i n t e r c a l a t i o n s  o f  c a l c a r e o u s  t u r b i d i t e s  d e r i v e d  f r o m  a d j a c e n t  c a r b o n a t e  p l a t f o r m s  

i n  b o t h  a r e a s .  

The Span ish  sequences o f  F u e n t e  C a l d e r a ,  M o l i n o  de Cob0 and  T o r r e  C a r d e l a  

b e l o n g  t o  t h e  CaTada F o r m a t i o n  o f  t h e  C a r d e l a  g r o u p  d e f i n e d  b y  Comas ( 1 9 7 8 ) .  

The s e d i m e n t s  o f  t h i s  f o r m a t i o n  w e r e  d e p o s i t e d  i n  t h e  P e d i a n  S u b b e t i c  t r o u g h ,  

w h i c h  was s u b s i d i n g  d u r i n g  t h e  Eocene. T h i s  t r o u g h  b e l o n g s  t o  t h e  e x t e r n a l  Zone 

o f  t h e  B e t i c  C o r d i l l e r a ,  w h i c h  r e p r e s e n t s  t h e  wes te rnmos t  m o u n t a i n  sys tem of  t h e  

European A l p i n e  c h a i n .  

The c o e v a l  Umbro-Marchean sequences o f  C o l l e c a s t e l l a n o ,  V i s s o  and M. Cagnero 

s e c t i o n s ,  b e l o n g  t o  t h e  i n f o r m a l l y  named " S c a g l i a  v a r i e g a t a "  and " S c a g l i a  c i n e r e a "  

u n i t s .  The M. Cagnero s e c t i o n  was p r e v i o u s l y  s t u d i e d  by Baumann and Ro th  ( 1 9 6 9 )  

and was r e v i s i t e d  t o  c a r r i e d  o u t  t h e  p r e s e n t  c o m p a r i s o n .  

D u r i n g  t h e  Eocene and  O l i g o c e n e ,  t h e  Umbro-Marchean a r e a  was c h a r a c t e r i z e d  b y  

a sys tem o f  b a s i n ,  seamounts and p l a t f o r m s  c o n n e c t e d  t o  t h e  A d r i a t i c  p romon to ry ,  

w h i c h  was p a r t  o f  t h e  A f r i c a n  p l a t e  (Channel  e t  a l . ,  1 9 7 9 ) .  

t h e  edge o f  w h i c h ,  i n  s o u t h e r n  p a r t ,  t h e  c a l c a r e o u s  t u r b i d i t e s  i n t e r c a l a t e d  

t e s t i f y  t h e  v i c i n i t y  o f  t h e  L a t i u m - A b r u z z i  c a r b o n a t e  p l a t f o r m .  

and  h e m i p e l a g i t e s .  I n  t h e  Umbro-Marchean sequences t h e  p e l a g i c  1 i m e s t o n e s  and 

m a r l s  a r e  r e d d i s h  and g r a y  i n  t h e  Upper  Eocene, and  g r a y  a t  t h e  t o p  o f  t h e  Eocene 

and  i n  t h e  Lower O l i g o c e n e  ( s e e  Monaco e t  a l . ,  i n  p r e s s ) ,  w h i l e  Span ish  sequences 

c o n s i s t  e n t i r e l y  o f  g r a y  m a r l s .  I n  a d d i t i o n ,  t h e  s e d i m e n t s  o f  t h e  S p a n i s h  sequen- 

m a r l y  i n t e r v a l s  have v a r y i n g  amounts o f  m i c r o f o s s i l s  as w e l l  as r a r e  g l a s s y  

s p h e r u l e s .  The p l a n k t o n i c  f o r a m i n i f e r a  a r e  w e l l  p r e s e r v e d  and  abundan t ,  c o s t i t u -  

t i n g  85% o f  a l m o s t  a l l  t h e  washed samp les .  

P e l a g i c  sed imen ts ,  r i c h  i n  c a l c a r e o u s  p l a n k t o n ,  a c c u m u l a t e d  i n  t h e  b a s i n  a t  

The d o m i n a n t  l i t o t y p e s  o f  t h e  " S c a g l i a "  and Cazada F o r m a t i o n  a r e  p e l a g i t e s  

ces c o n t a i n  more c l a y  and l e s s  c a r b o n a t e  t h e n  t h e  I t a l i a n  s e c t i o n s .  The S u b b e t i c  

BIOSTRATIGRAPHIC ANALYSIS 

The s t r a t i g r a p h i c  i n t e r v a l  i n  t h i s  s t u d y  e x t e n d s  f r o m  t h e  M i d d l e  Eocene/Upper 
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Fig.1. Geological sketch maps o f  Betic Cordillera and Umbro-Marchean area and 
location of the sections studied. A): TO: Torre Cardela section; MC: Molino de 
Cob0 section; FC: Fuente Caldera section. B ) :  C A :  M. Cagnero section; PM 11: 
North V i s s o  section; PM I: Collecastellano section. 
A)- 1 )  Guadalquivir allochtonous units; 2 )  Intermediate units; 3) External Sub: 
betic; 4) Median Subbetic; 5)  Internal Subbetic; 6) Rondaides or Betic dorsal; 
7) Malaguide; 8) Alpujarride; 9) Nevado Filabride; 10) Upper Miocene-Pliocene- 
Qua t e rn a ry . 
B ) -  1) Mesozoic and Cenozoic pelagic successions and flysches in the Umbro- 
Marchean basin; 2) Miocene-Pliocene late-orogenic successions; 3) Latium-Abruz- 
zi carbonate platform; 4) Marine and continental Plio-Pleistocene post-orogenic 
successions; 5) Vulcanites o f  Tuscan-Latium system; 6) Overthrusts; 7 )  Fault. 
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F i g . 2 .  M a i n  p l a n k t o n i c  f o r a m i n i f e r a  e v e n t s  i n  t h e  S p a n i s h  and  I t a l i a n  
s e c t i o n s .  The d a s t e d  l i r$e  i n d i c a t e s  t h a t  t h e  t a x o n  i s  rare. 

i;. A s  r e p o r t e d  by B e r g q r e n  e t  a1 . , ( 1  9 8 3 ) .  
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Eocene boundary to just below the Lower Oligocene/Middle Oligocene boundary, and 
thus encompasses Blow’s (1969) biozones P14 to P20. The Middle Eocene/Upper 
Eocene boundary has not been studied in the Italian sections. A synthesis of our 
data and a summary of the main planktonic foraminifera1 events are indicated in 
fig.2. This figure shows the biozones from the Italian and Spanish sections, as 
well as the stratigraphic thickness of each biozone. These biozones are corre- 
lated to those defined by Blow (1969), which were plotted as having the same 
thickness, thus distorting their chronostratigraphic extent. 

A comparison of the same biostratigraphic interval between the Spanish and 
Italian sections reveals that the Subbetic sequences are thicker then the Umhro- 
Marchean ones. The thickness ratio, calculated between LO of Globigerinatheka 
semiinvoluta and the Eocene/Oligocene boundary, ranges from 5/1 to 8/1. Conse- 
quently the biostratigraphic events are more diluted in the Spanish sections and 
the rnicrofauna are better preserved in these more argillaceous sequences. 

The LO of G. semiinvoluta is the first event that was considered because it 
can be indirectly used for identifying the P15/P16 zonal boundary. The identi- 
fication of this boundary is based on the FO of Cribrohantkenina inflata (Blow, 
1969). In the Spanish sections the latter taxon overlaps for few meters with 
semiinvoluta, but it is rare in the lower portion of its range while in the 
upper part is more common. Cribrohantkeninas are rare or absent in the Umbro- 
Marchean sections except at the top of the Upper Eocene. Molina et al., (this 
volume) in the Late Eocene retained a lower G. semiinvoluta Zone corresponding 
to the total range of the nominal taxon, according to the Bolli’s (1957a) 
original definition, overlain by the C. inflata Zone, the interval from the 
extinction of G. semiinvoluta to the extinction of G. inflata, which, consequen- 
tly, results to be shorter than Blow’s (1969) Zone P16. Based on the Spanish 
data, in the Urnbrian sections the P15/P16 boundary was located just below the LO 

of G. semiinvoluta. 
The next event in this study is the FO of Turborotalia cunialensis (Globoro- 

talia cunialensis sensu Molina) that occurs just above the LO of G. semiinvoluta. 
This event is less evident in the Spanish sections than in the Italian sections. 
It should be noted that this event always is within P16. 
- Globigerinatheka index (Globigerapsis index sensu Molina) is common from the 

base of the sequences in both area. Its extinction is distinct and occurs after 
the appearance of T. cunialensis and before the extinction of C. inflata. This 
event always falls within P16 and G. index and T. cunialensis coexist in each 
section examined. The disappearance of G. index is accompanied by a very strong 
decrease in abundance of all Globigerinathekae. In the Italian sections, only 
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rare forms o f  Globigerinatheka tropicalis continue up to the Eocene/Oligocene 
boundary, where they become extinct. 

The P16/P17 boundary is defined by the LO of C. inflata that occurs above the 
LO of G. index. 

At the top of the Upper Eocene there are further extinctions of the most 
typical Eocene forms, but they are not simultaneous. The extinction of the Turbo- 
rotalia cerroazulensis group coincident with the LO of Hantkenina brevispina in 
Spain, occurs before LO of Hantkeninids and Pseudohastigerinids with subacute 
margins and greater then 150 microns in diameter. These last events are conside- 
red to characterize the Eocene/Oligocene boundary. 

The P17/P18 boundary is not clearly defined. In the Umbro-Marchean sections, 
we have specimens attributed to "Globigerina" tapuriensis at the Eocene/Ol igocene 
boundary while in Spain this taxon, in agreement with Blow (1979), appears above 
the boundary. After the Eocene/Oligocene boundary the FO of Catapsydrax d. dis- 
similis occurs in both areas. 

Cassigerinella chipolensis has not been found in the lowermost Oligocene in 
either area. In Spain, this form appears close to the boundary P18/P19 which is 
later than has been reported by Bolli (1957b). 

The small Pseudohastigerinids, P. naguewichiensis and P. barbadoensis, which 
are present since the top of the Upper Eocene, continue into the Lower Oligocene, 
while larger forms (greater then 150 microns), named P. micra by Molina et al. 
(this volume) and P. danvillensis by Nocchi et al. (this volume) disappear at 
the Eocene/Oligocene boundary. 

revealed some similarities. Benthic microfauna are always subordinate to the 
planktonic one. Nuttallides truempyi is present but discontinous at the top of 
Eocene, and disappears before the Eocene/Oligocene boundary. In the Fuente Calde- 
ra section, the latter taxon disappears simultaneously with the T. cerroazulen- 
- sis group; in the Italian sections N. truempyi disappears slightly before the 
T. cerroazulensis group. 

Anomalinoides pompilioides and the LO of Alabamina dissonata. After the LO of 
C. inflata there is in both areas, the occurrence of small forms of Bolivinids 
(Bolivina antegressa gr., B. floridiana and B. obscuranta) which characterize 
the fractions smaller than 150 microns. After the boundary P15/P16 Aragonia, 
represented mainly by ~ A. janoscheki, disappear although they are already rather 
scarce since P15. After the FO of T. cunialensis we find the occurrence o f  large 
agglutinated foraminifera such as Cyclammina acutidorsata and Haplophragmoides 
sp.. Differences between the two areas concern the Uvigerinids, which are more 

The comparison of deep water benthic foraminifera from the two areas has 

After the disappearance of the T. cerroazulensis group, we find the FO of 



a b u n d a n t  in  the I t a l i a n  sect ions a f t e r  the Eocene/Oligocene boundary, whi 

Spain they remain subordinate t o  o ther  forms. I n  the  Upper Eocene the  Uv 
nids a r e  represented by U.  r ippens is ,  U.  m u l t i s t r i a t a  and U .  havanensis; 

the boundary U.  eocaena i s  common. I n  the  Upper Eocene of the  I t a l i a n  se 
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e in  

ger i  - 
a f t e r  

t ions  

Cibicidoides and Heterolepa a r e  more prevalent  then Anomalinoides a n d  Lent icu l i -  
- na, whereas the  opposite i s  found in  the  Spanish sec t ions .  

The deep water assemblages i n  Spain a r e  much r a r e r ,  however, they exhib i t  

some s i m i l a r i t y  t o  those of the  I t a l i a n  basin considered in  t h i s  work .  

The shallow water microfaunas, which a r e  found in  the c a l c i r u d i t i c  and ca l -  
c a r e n i t i c  l e v e l s ,  a r e  sometimes sca t te red  i n  the marls, t h u s  recording the  pre- 

sence of s imi la r  n e r i t i c  source areas  adjacent  t o  the basins in  both a reas .  The 

assemblages a r e  general ly  character ized by Discocyclinidae a n d  red algae.  A t  the 

top of the  Eocene, Aster iger ina ro tu la  and Gypsinidae become more common, while 

Nummulites a r e  r a r e .  I n  b o t h  a reas ,  r a r e  Cretaceous forms a r e  sometimes present 

c lose t o  the Eocene/Oligocene boundary. 

Upper Eocene shallow water microfaunas continue upward in t o  the portion o f  

the Oligocene studied here. Rotalidae (mainly Pararo ta l ia  spp.)  a r e  the  common 

forms a t  the base of the Oligocene in  both a r e a s .  I n  the  Fuente Caldera and Mo- 
l ino de Cob0 sect ions of Spain, the f i r s t  occurrence of Lepidocyclina i s  above 

the interval  s tudied here, near the boundary between P20 and P 2 1 ,  before the FO 

of Globigerina a n g u l i s u t u r a l i s .  

C O N C L U S I O N S  

The comparison between the Subbetic and Umbrian areas  has allowed us t o  reco- 

gnize b ios t ra t igraphic  events common t o  both areas  occurring in  the same ver t ica l  

order as  shown in f i g . 2 .  

Isochronous ex t inc t ions  of G .  index and Discoaster barbadiensis and D .  sa ipa-  

nensis have been recognized by Nocchi e t  a l .  ( t h i s  volume) and  by Molina e t  a l .  

( t h i s  volume). I n  absence of C .  i n f l a t a  these l a t t e r  events were used t o  ident i -  

fy  with same uncertainty the P16/P17 boundary in  I t a l y .  The comparison car r ied  

o u t  in t h i s  work c l e a r l y  shows t h a t  the events mentioned above occur below the 

L O  of C .  i n f l a t a .  Therefore, the  P16/P17 boundary must be drown above the  LO o f  

G .  index and  n o t  equated t o  i t .  

I n  the Spanish sect ions Hantkeninidae a r e  common or abundant and continously 

present, while in  the I t a l i a n  sec t ions  an increase in  Hantkeninidae occurs a f t e r  

the disappearance of G .  index. Moreover, i t  has been confirmed t h a t  the  ex t in-  

c t ion of T .  cerroazulensis  group occurs s l i g h t l y  before the Hantkeninidae ex t in-  

c t ion ,  represented mainly by Cribrohantkenina l a z z a r i i  in  both a reas .  The l a s t  

occurrence of Pseudohastigerina with a diameter grea te r  then 150 microns cor- 



responds to the Hantkeninidae extinction which indicates the Eocene/Oligocene 
boundary. 

lations with reworked skeletal debris coming from a carbonate platform. The 
similar faunal content points out that in the Late Eocene there was an adjacent 
neritic environment with a high organic activity in both areas. In the lower 
planktonic biozones of the Oligocene Discocyclinidae are dominant. Chapmanina 
and Pellatispira, which are taxa characteristic of the Upper Eocene, have been 
found in both the Spanish and Italian sections while Lepidocyclinidae are absent 
and appear much later in the Late Oligocene. 

The Subbetic sections and some Umbrian sections contain calcarenitic interca- 
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P L A T E  1 

1 .  C r i b r o h a n t k e n i n a  l a z z a r i i  (PERICOLI). Sample FC 1 3 , 8  S p a i n .  Zone o f  C .  

2 .  C r i b r o h a n t k e n i n a  i n f l a t a  (HOWE). Sample FC 1 2  S p a i n .  Zone o f  C . i n f l a t a  
l a z z a r i i .  x 100 ( a , b ) ,  x 50 ( c ) .  

x 100. 
3 .  Hantkenina  b r e v i s p i n a  CUSHMAN. Sample FC 7 S p a i n .  Zone o f  P . s e m i i n v o l g  

4 .  P s e u d o h a s t i g e r i n a  n a g u e w i c h i e n s i s  (MYATLIUK). Sample TC 9. Zone o f  G .  
t a .  x 100 ( a ) ,  x 50 ( b ) .  

q .  q o r t a n i i .  x 200. 
5 .  p s e i d o h a s t i g e r i n a  m i c r a  ( C O L E ) .  Sample FC 1 2  S p a i n .  Zone o f  C .  i n f l a t a  

x 200 ( a ) ,  x 100 ( b ) .  
6 .  P o r t i c u l a s p h a e r a  s e m i i n v o l u t a  (KEIJZER). Sample FC 7 S p a i n .  Zone o f  P .  

s e m i i n v o l u t a .  x 1 0 0 .  
7 .  G l o b i g e r i n a  t a p u r i e n s i s  BLOW & B A N N E R .  Sample FC 17  S p a i n .  Zone o f  G .  

t a p u r i e n s i s .  x 100.  

PLATE 2 

1 .  T u r b o r o t a l i a  c u n i a l e n s i s  ( T O U M A R K I N E  & BOLLI). Sample PMI 0 I t a l y .  Zone 
P 16.  x 100.  

2 .  P s e u d o h a s t i g e r i n a  d a n v i l l e n s i s  ( H O W E  & W A L L A C E ) .  Sample PHI  26 I t a l y .  
Zone P 1 7 .  x 100 ( a , b ) .  

3 .  G l o b i g e r i n a t h e k a  t r o p i c a l i s  ( B L O W  & BANNER). Sample PMI 7 I t P l y .  Zone 
P 1 6 .  x 1 0 0 .  

4 .  B o l i v i n a  g r . a n t e g r e s s a  SUBPOTIPIA. Sample PMI 26 I t a l y .  Zone P 17 .  x 100.  
5 .  B o l i v i n a  g r . a n t e g r e s s a  SUBBOTINA. Sample PMI 26 I t a l y .  Zone P 1 7 .  x 100.  
6 .  U v i g e r i n a  s p .  Sample PMI 37 I t a l y .  Zone P 18 .  x 100.  
7 .  Llviger ina m u l t i s t r i a t a  H A N T K E N .  Sample PMI 37 I t a l y .  Zone P 1 8 .  x 75.  
8 .  l l v i g e r i n a  c f  m u l t i s t r i a t a  H A N T K E N .  Sample FC 1 3 , 8  S p a i n .  Zone o f  C .  l a z  - 

z a r i i .  x 50. 
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ENGLISH REFERENCE SECTIONS WHICH SPAN THE EOCENE/OLIGOCENE BOUNDARY 

2 
D. CURRY’ and E.A.HAILWOOD 

’Geology Dept., University College, Gower St., London WClE 6BT (England) 

20ceanography Dept. , Southampton University, Southampton SO9 5NH (England) 

INTRODUCTION 

Sections spanning the Eocene/Oligocene boundary occur in England in the 

Hampshire Basin on the Isle of Wight and the nearby Hampshire coast. They are 

well-exposed in sea-cliff sections and have been studied for over 150 years. 

They are for the most part continental in origin and overlie a dominantly 

marine sequence without obvious major hiatuses which commences in the latest 

Palaeocene, the whole having been deposited in a gently subsiding basin. 

Criteria for the identification of the Eocene/Oligocene boundary are not yet 

internationally agreed but all workers would accept that, in the English 

sequences, this boundary must lie within the Solent Group of Daley and Insole 

(1984)  (Headon, Osborne, Bembridge and Hamstead Beds of early authors). This 

unit has a total thickness of some 180 m and represents a time-span of about 

5 m.y. Basic data in relation to the sequences are summarised in the notes 

which follow. The most important sections ( s e e  Figure 1) are at Whitecliff Bay 

(SZ6486) ,  Bouldnor (SZ 3991)  and Headon Hill (SZ306860)  in the Isle of Wight; 

and Hordle Cliff (SZ264922) ,  near Christchurch, Dorset. The two first of these 

sections have been selected (see Table 1) to typify the English succession. 

STRATIGRAPHY 

Lithol-ogy, sedimentology and structure 

The sequences are of unconsolidated clays with subordinate fine sands and 

discontinuous beds of limestone. They are mostly horizontal, but locally are 

involved in the Isle of Wight monocline along the southern edge of the outcrop. 

For details see White (1915) and Daley & Insole ( 1 9 8 4 ) .  Little has been 

published on the heavy minerals, clay minerals or geochemistry of the 

sequences. 

Palaeomagnetism 

Studies are in progress on the rock sequences illustrated in Table 1 under 

the direction of one of the present authors (EAH). The remanent magnetism of 

much of the sequence appears to be stable, and initial results suggest a 

dominant normal polarity throughout the Headon beds and a reverse polarity 

throughout much of the Bembridge Marls and the lower Hamstead Beds. 
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PALAEONTOLOGY 

The mollusc and o s t r a c o d  faunas  i n d i c a t e  t h a t  t h e  sequences  were f o r  t h e  

most p a r t  l a i d  down i n  f r e s h  water. The on ly  f u l l y  marine sequence is t h a t  

of t h e  Brockenhurs t  Beds (Middle Headon Beds) and ( p o s s i b l y )  t h e  t o p  o f  t h e  

:<amstead Beds. R e s t r i c t e d  marine faunas  a r e  p r e s e n t  i n  most o f  t h e  remainder 

o f  t h e  Middle Headon Beds,  t h e  Bembridge Oys te r  Beds and t h e  Upper Hamstead 

3eds .  However i n d i c a t i o n s  o f  mesohaline c o n d i t i o n s  a r e  p r e s e n t  a t  l e v e l s  

s c a t t e r e d  throughout  t h e  sequences ( s e e  schemat ic  i n d i c a t i o n s  i n  Table  1 ) .  

i40 1 l u s c a  

The marine fauna  o f  t h e  Brockenhurs t  Beds i s  matched most c l o s e l y  i n  t h e  

Grimmertingen sands  o f  Belgium and t h e  Latdor f  beds ( t y p e  L a t t o r f i a n )  o f  

Germany (Curry 1967) .  That o f  t h e  Upper Hamstead Beds resembles  t h a t  o f  t h e  

rype Sanno i s i an  of t h e  P a r i s  Bas in .  The success ion  o f  faunas  of  c o n t i n e n t a l  

!no l luscs  can be matched a t  s e v e r a l  l o c a l i t i e s  i n  France (Rey 1966) .  

Os t racoda  

See Keen (1977, 1978) .  About 40 s p e c i e s  a r e  known from t h e  Middle Headon 

i3eds and 15 each  from t h e  Bembridge Oys ter  Beds and Upper Hamstead Beds. 

There a r e  good p o s s i b i l i t i e s  of c o r r e l a t i o n  wi th  c o n t i n e n t a l  Europe. 

i3ammals .~ 

Over 90 s p e c i e s  i n  a l l  are known, from s i x  main l e v e l s  (Hooker & I n s o l e  

L980). Comparison wi th  French l o c a l i t i e s  shows t h a t  t h e  fauna  o f  t h e  Lower 

Ileadon Beds i s  somewhat o l d e r  t han  t h a t  o f  Euze t ;  t h a t  from t h e  Upper Headon/ 

Osborne Beds may equa te  t o  t h a t  o f  La Debruge; t h e  Bembridge Limestone fauna  

c?quates t o  t h a t  o f  Montmartre (Haute Masse ) ,  and t h e  Lower Hamstead Beds y i e l d  

e lements  of t h e  Ronzon fauna .  

Nannoplankton 

See Aubry ( 1 9 8 3 ) .  The Brockenhurs t  Beds have y i e l d e d  I s t h m o l i t h u s  r e c u r v u s ,  

I l i s coas t e r  s a i p a n e n s i s  and p. s, and so have been r e f e r r e d  t o  Zone NP19-20. 

Nannoplankton have n o t  been recorded  a t  l e v e l s  above t h e  Middle Headon Beds. 

I’alynology 

See Machin ( 1 9 7 1 ) ,  Chateauneuf (1980) .  The sequences a r e  i n  a f a c i e s  

l-avourable f o r  p r e s e r v a t i o n ,  and p o l l e n  i s  common. D i n o f l a g e l l a t e s  have been 

lfound a t  a few l e v e l s  and c h a r a c t e r i s e  t h e  c l a t h r a t a  and g o c h t i  Zones. 

Seeds and l e a v e s  

Remains, e s p e c i a l l y  o f  w a t e r - p l a n t s ,  occur  throughout  t h e  success ion .  

Charophytes 

See Fe i s t -Cas t e1  ( 1 9 7 7 ) ,  R i v e l i n e  ( 1 9 8 4 ) .  About 30 s p e c i e s  have been 

1-ecognised and a success ion  of  fou r  f l o r a l  zones has  been de f ined  based  on t h e  

EJnglish success ions  ( s e e  Table  1 ) .  
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CONCLUSION 

English sections across the Eocene/Oligocene boundary are very accessible; 

the strata are little altered and are very fossiliferous, with few or no 

important hiatuses. The sequences are not suitable for the definition of an 

international boundary standard, however, because of the small representation 

of marine beds. Nevertheless the presence of rich sequences of mammals and 

charophytes and (potentially) of pollen in indisputable chronological sequence 

makes the English area a good reference section against which to correlate the, 

mostly scattered, occurrences of continental beds in Western Europe in general. 
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CORRELATIONS AND BIOSTRATIGRAPHIC EvEc\pTS AT THE ECCENE4LIGOCENE BOUNDARY IN 
FRANCE AND IN EUROPE 

By Claude CAVELIER + 

INTRODUCTION 

The Late Eocene and Early to Middle Oligocene sedimentary series, with which 

volcanic rocks are locally asscciated, are well represented in France, whether 

in the broad sedinaentary basins of Paris and Aquitaine, in the external parts 

of the young orqenic belts of the Alps and the PyTenees, or again in the nume- 

rous tensional troughs that affect in particular eastern France - those of Al- 
sace, Lirmgne, Bresse, Bas Dauphine, Provence and Languedoc, but also occur in 

the west, as at Remes and Saint Maixent. 

Because of the extremely varied character of the sedimentary environments 

and facies represented, ranging frm deep open marine to frankly continental, 
in a geographic d m i n  extending frm the northern margin of Tethys to the 

southern confines of the "northern" seas, an important part is played by the 

French series, which are generally highly fossiliferous and well catalogued, in 

establishing correlations between southern and northern Europe (Cavelier, 1979). 

Many sections that cross the Eocene-Oligocene boundary are known, not only 

in the Paris Basin, where the Ludian and Stampian stages have been defined, but 

also in Alsace, in the Rennes basin, in Limgne, in Aquitaine and in the fxter- 

nal Alpine domain, frm the Alps Maritimes to Haute Savoie. 

even in the Alps and in Aquitaine, where the deposits are marine, none can 

claim, in our present state of knowledge, to act as a standard reference for 

the Eocene4ligccene boundary. 

CORRELATIONS 

Nevertheless, 

The biostratigraphic content of the various Middle Eocene to Oligocene depo- 

sits in France, mre and mre closely inventoried, has enabled scales of refe- 

rence to be established for the principal faunal and floral groups, whether 

marine or continental. Since the author’s cmpilation was presented (Cavelier, 

1979) these scales have been largely ccsnpleted for the calcareous nannoplank- 

ton (Aubry-Bergreen, 1983), the pollens, spores and dinoflagellates (Chateau- 

neuf , 1980) , the planktonic foraminifera (Toumarkine , 198 3) , the charophytes 
(Feist-Castel, 1976; Riveline, 1984) , the large mammals (Brunet, 1979) , the 
rdents (Vianey-Liaud, 1979), the Artidactyla (Sudre, 1977), the Creodonts 

+ Direction de la Golcqie - Service geolcqique national - B.R.G.M. - BP 6039 
45060 ORLEANS - France 



92 

(Lange-Badrii, 1979), the Marsupials (Crochet, 198O), the Insectivora and Chirop- 

tera (Sigii, 1976), the Serpents (Rage, 1976) and the Chelonians (de Broin, 1977). 

Together, these works have defined certain age attributions and correlations 

between French and other European basins, but thev have above all shown the 

irnprtance and defined the characteristics of the proposed Eocene-oligocene 
boundary at the base of the Stampian (Cavelier, 1979) and, incidentally, those 

of the break between the Bartonican and the Priabonian-Ludian. The groupe fran- 

Fais d’Etude du Pal6cqGne has,mreover, finally accepted this break as the boun- 

dary hetween the Middle and Late Eocene (Cavelier, 1984), following the example 

of the specialists in the intertropical Paleogene. 

The abundance of continental deposits in France and western Europe, in m y  

places intercalated with marine deposits, as in the Paris Basin, Aquitaine, 

Alsace and the western Alps, and the generally unreworked and highly evolved 

nature of their fossil content (e.g. mammals and charophytes), or its excellen- 

ce as a climatic indicator (spores and pollens) have led to their being widely 

used for correlation between marine deposits of "northern" and Tethyan affini- 

ties. In this respect, attention must be drawn to the recent results of the 

faunal study of La Montagne du Charbon, in Savoie (Herb et al., 1984), which 

correlate the late Ludian, attested by mamnals of Saint Capraise age and by Cha- 

rophytes, with the late Priabonian, dated by Nmlites and by molluscs of the 

"Cer i t hiurn d i a b  01 i" association. 

BIOSTRATIGRAPHIC EVENTS MARKING THE EXCNE-OLI~ENE BOUNDARY 

All the animal and vegetable groups mderwent mcdification, in s m  instances 

very considerable ones, during the Late Eocene and Early Oligocene, to the ex- 
tent that Middle Oligocene populations have in general very little in camnon 

with those of the Middle Eccene, or even Late Eocene. 

Not only the qualitative aspect of these mcdifications, at the level of fami- 

lies, genera and species, but also their breadth is remarkable, so that the prin- 

cipal characteristic of the Oligocene populations is their limited diversity and 
great hcmogeneity canpared with the exuberance and wide variability of those of 

the Middle and Late Eocene. 

In other terms, the passage from the Eocene to the Oligocene is marked essen- 

tially by disappearances. 

marked not only in thw - at the end of the Bartonian, during the Priabonian, at 
the beginning of the Stampian and during the early Stampian - but also in space. 

In fact, a paleolatitudinal gradient can be seen, particularly well defined at 

the base of the Stampian, so that in western Europe the Eocene-oligocene bounda- 

ry is much mre sharply defined in the "northern" than in the Tethyan regions, 

and it is of course in the tropical d m i n  that the phenamenon is least well 
marked. 

These occurred by stages, certain of which are well 
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It has been clearly demmstrated (Cavelier, 1979; Cavelier et al., 1981) that 
the disappearances during the period straddling the Eocene-Oligocene boundary 
were related to a global lowering of the average temperatures of the oceans, 

which occurred in several stages, culminating at the very beginning of the Stam- 
pian. It has also been s h m  that the cooling of the ocean waters at this per- 

i d  was coupled with a sharp cooling of the terrestrial climate, which was res- 
ponsible for significant changes in the vertebrate fauna (the "Grande Coupure") 

and in the flora, among which the temperate elements knm as "Arcto-Tertiary’’ 

became daminant in middle latitudes. 
The negative climatic aspect of the events that affected both land and sea 

around the Eocene-Oligocene boundary imposed a severe breaking effect on evolu- 
tion. 

the majority of groups, and restricted to the mre resistant elements (Mamnals). 

Populations were mllest at the Eocene-Oligocene boundary fixed at the base of 
the Stampian (Cavelier et al., 1981). Persistence was greatest in the tropical 

domain, where species which formerly occurred in higher latitudes took refuge, 
as examplified by the migration, at the beginning of the Stampian, of residual 

elements of the Eccene Latdorfian fauna to the northern Tethys. 

The rate of appearance of new species was generally very l m  to nil in 

Nevertheless, whether in the regions influenced by the Tethys or in middle 

latitudes, it can be seen that the break corresponding to the boundary at the 

base of the Stampian and above the Priabonian is sufficiently w e l l  defined to 
have been noticeable to the geologists who constructed the regional stratigra- 
phic columns: 

of the "Latdorfiano" in Italy, the Khaddan in Russia, the Vicksburgian in the 
southeastern USA, the Zmrrian in California and the Whangaroan in New Zealand, 

to name only sane of the mre important examples. 

the base of the Stampian correlates in practice with the base 

Although clearly visible on the regional scale, the biostratigraphic events 

that mark the limit between the Eocene and the Oligocene are less readily dis- 
cernible on the global scale, due essentially to their negative nature (dis- 

appearances) and to diachronim caused by the late Eocene episcdes of cmling. 

This is the case for the disappearance of the Discoaster barbadiensis and 
D. saipanensis which occurred much earlier in high and middle latitudes than in 

tropical regions, so also for all the Nummulites and Discoasters, no longer pre- 

sent in middle latitudes at the end of the Eocene, whereas they persisted and 
continued to evolve into the Oligocene in tropical zones (Cavelier, 1975, 1979). 

Because of the climatic zoning that pertained throughout the world in the 
Paleogene and became accentuated at the Eocene-Oligocene boundary it seems vain 
to look for global biostratigraphic events marking this limit - the reverse, it 
appears, of the inprint left by natural p h e n m a  in the fields ofchemiostrati- 
graphy and mgnetostratigraphy. 
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Among the biostratigraphic events that can be most widely recognized in the 
tropical domain and its northern margin are: 
Open sea/ocean 

The disappearance of the Hantkenines and the Turborotalia gr. cerroazulensis 
in general later than that of the rosette shaped Discoasters (D. saipanensis and 
D. barbadiensis), which was mre or less synchronous with the appearance of 
Cassigerinella chiplensis and even Globigerina tapuriensis. 

Platform 
The disappearance of the Discmyclines and numerous species of Nmnulites, 

the Lockartia, Fabiania, Orbitolites, the genus Spircclypeus gr. granulosus 

and Pellatispira madaraszi among others, followed, in the early Stampian, by the 

appearance of Nmlites intennedius and N. vascus, of Peneroplis m r i c a  and 

relative forms. Among the Mollusca, forms of the genus Ampullinopsis appeared 
widely from Indonesia to the east coast of the USA (A. crassatinus, A. vicksbur- 

gensis) in the earliest Stampian, and among the Echinderms representatives of 

the genus Parmulechinus (Scutellidae) appeared in Tethyan Europe and North Afri- 
ca. Similarly, among the Dinoflagellates, Wetzeliella gcchti appeared at the 
opening of the Stampian. 

Continental 
The Vertebrates, in particular the Y m l s ,  show greatly renewed develo-t 

at the Eocene-Xigocene boundary in western Europe, where it is well dccmented 
(the "Grande Coupe" of Stehlin, see Rage, 1984) , in Asia, and again, though 
with distinctive characteristics due to their isolation, in North America. In 
Europe the composition of the terrestrial floras was regionally affected, at the 

end of the Priabonian and in particular at the opening of the Stampian, by the 
broad southward transgression of the "Arcto-Tertiary’’ species, or the Turgai 
association, that largely supplanted the "paleotropical" species. A similar 

phencmnon is h a m  from North America. 

In western Europe this modification of floras at the Eccene4ligccene boun- 

dary takes the form of the appearance of several markers in the spre and p1- 
len spectra, such as Boehlensipllis hohli. 

In the fresh water and littoral rmrgin environments the European fauna 

(Mollusca) and flora (Charophytes) show a similar evolution with, in particular, 

the extinctionrat the Eccene-Oligccene boundary, of species persisting since 
the Middle Eocene and the early part of the Late Eccene, and on the contrary 
the persistence of part of the species which originated in the second half or 

at the end of the Late Eocene, such as Nystia duchasteli, N. plicata, and 3- 
dccyrena wnvexa, or again Harrisichara tuberculata, Rhatdochara stockmansi, 

etc.. 
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CONCLUSIONS 
Deposits close to the Eocenealigocene boundary at the base of the Stampian 

in France have been mre and mre closely calibrated, thanks mainly to interca- 

lations of continental beds, containing marranals, molluscs and charophytes in 

particular, that are free of reworking and above all independent of the paleo- 
geographic traits that affect the Tethyan and "northern" maritime damins. It 

has thus been possible to correlate the sequences with each other and with 

those of neighbouring regions, so enabling this boundary to be recognized and 
its characteristics in Europe to be determined (Cavelier, 1979). 

As far as biostratiqraphy is concerned, the Eocenealigocene boundary has 
the characteristics of a break that occurred not instantaneously, but during a 

brief pericd of time. 

appeared in the Middle Eocene and in the early part of the Late Eocene, whereas 
those which survived it were a part, varying in size according to group, of the 

"young" forms that originated in the second half of the Late Eocene. 

rance of new species was exceptional during the critical perid but occurred 
slightly or palpably after it, in the "basal" or Early Stampian. 

Most of the species which disappeared at this time had 

The appea- 

These negative phenamena (disappearances and lack of evolution) together 

constitute a great break that forms a boundary between the Eocene and the Oli- 

gocene ccnparable to, though lesser in degree than that which separates the 

Cretaceous frm the Tertiary. 

It can be seen, nevertheless, that the negative biostratigraphic events (dis- 

appearances) of the Eocenealigocene boundary had in fact been in preparation 

since the end of the Middle Eocene, and lasted through the beginning of the 
Oligocene, during which pericd evolution occurred in successive stages that 
were probably related to climatic "jumps". 

This observation enables us to conclude that the events of the Eocene-Oligo- 

cene boundary were not, sensu stricto, catastrophic, and to look for their ori- 

gin in the coincidence of various climatic and tectonic p h e n m a  that affect- 
ed both continents and oceans and whose driving force was probably located in 
the oceans. 
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THE KALLO WELL AND ITS KEY-POSITION IN ESTABLISHING THE EO-OLIGO- 
CENE BOUNDARY IN BELGIUM 

E. STEURBAUT 
Laboratorium vmr Paleontolcgie, State University Ghent, Krijgslaan 281/S8, 
B9000 Gent (Belgium) 

The Eo-Oligocene boundary-sequence in Belgium is represented by 

S1, a2, S2,  a3 and S 3 ) ,  an alternation of clays and fine sands ( a  

known as the "Kallo complex" (GULINCX, 1969a, b). This sequence, 

encountered in boreholes of northern Belgium, was established in 

the Kallo well, 10 km west of Antwerp, where it is best preserved 

and most complete (map-sheet 15/2, co-ordinates x = 144.86, y = 

217.84). JACOBS (1978) redefined the "Kallo complex" in the Meet- 

jesland region, some 50 km west of Kallo. It was subdivided in a 

lower Meetjesland Formation and an upper, thinner Zelzate Formation 

comprising the Bassevelde Sand and the Watervliet Clay Members. The 

presence of those units in the Kallo well has been established 

only recently (STEURBAUT in press: see also table). In this paper, 

STEURBAUT redefines the Zelzate Formation to include the Basse- 

velde Sand Member ( =  S 7 )  

the Fuisbroek Sand Nemher ( =  S4) as a new subdivision. 
The Kallo well boundary-sequence is of shallow marine origin 

and characterized by very low deposition rates and several breaks 

in sedimentation. Until now, nothing has been published on the 

heavy minerals, clay minerals, geochemistry or palaeomagnetism of 
this sequence, but various palaeontological aspects have already 

been described. The units intermediate between the Wemmel Sand 

Member and the Boom Clay Member were investigated for foraminife- 
rids (DROOGER, 1969:interval 87 to 178 m; HOOYBERGHS, 1967:inter- 

Val 92 to 110 m), dinoflagellates (CHATEAUNEUF, 1980:4 samples in 

the interval 86 to 160 m; DE CONINCK, work in progress) and pollen 
and spores (ROCHE & SCHULER, 1980). Calcareous nannofossils were 

studied by MARTINI (1969) (4 levels in the interval 82.70 to 

174.00 m). The nannofossil results were discussed by CAVELIER (1979). 

Regarding the Eo-Oligocene boundary in Belgium, three major theo- 

ries have been proposed. The first was formulated by GULINCK (1969a) 

on the base of sedimentological features and was recently adopted 

the Watervliet Clay 14ember ( =  a4) , and 
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IISTRIBUTION OF CALCAREOUS NANNO 
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and slightly refined by GAEMERS (1984). According to these authors, 

the Zomergem Clay Member ( =  a,) is the lateral equivalent of the 
Grimmertingen Sand Member and represents the basal part of the 

Lower Oligocene. Both other interpretations are supported by pa- 

laeontological data and suggest that the Grimmertingen Sand Member 
correlates with the Bassevelde Sand Member ( =  S3). The age of both 
units, however, is still controversial. CAVELIER (1979) and 
CHATEAUNEUF (1980) suggested an Eocene age, while others (e.9. 
MARTINI, 1969 and ROCHE & SCHULER, 1980) proposed an Oligocene 

age. 
The re-investigation of the Kallo well calcareous nannoflora 

(STEURBAUT in press, see also table) provides additional evidence 
for the identification of the Eo-Oligocene boundary in Belgium. It 
shows that during the interval Late Middle Eocene to Middle Oligo- 

cene a progressive impoverishment in nannospecies occurred, mainly 

due to a progressive decrease in temperature of the surface waters. 
A major change in nannoflora is recorded between the Late Eocene 

Bassevelde Sand Member ( =  NP 20) and the Early Oligocene Ruisbroek 
Sand Member ( =  NP 2 2 ) .  Between the middle part of the former, at 

-124  m, and the middle part of the latter, at -106 m, 18 m of de- 
calcified clays and clayey sands occur, straddling the Eo-Oligo- 

cene boundary. This boundary lies within the Zelzate Formation, 

but, because of decalcification no precise limit aan be drawn. Li- 
thologically however, there is a break in sedimentation between 
the Watervliet Clay Member and the Ruisbroek Sand Member at -109 m 
(presence of a fine gravel layer), which might be connected indi- 

rectly with the Eo-Oligocene transition. 

Correlation of the different members of the Zelzate Formation 
with the Lower Tonqrian deposits of Eastern Belgium remains specu- 

lative. On the basis of its nannoflora, the Grimmertingen Sand 

Member has to be placed in the interval comprising the middle part 
of the Bassevelde Sand Member to the middle part of the Ruisbroek 
Sand Member. To what it corresponds exactly can be established 
only through the detailed analysis of the dinoflagellate associa- 

tions (J. DE CONINCK, work in progress). 
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EOCENE/OLIGOCENE BOUNDARY I N  WESTERN GERMANY 

F.  GRAMANN, H .  HAGN, S .  R I T Z K O W S K I ,  V .  SONNE 

NORTHWEST GENTANY 

Impor t an t  s t r a t i g r a p h i c  gaps a r e  widespread i n  NW-Germany c l o s e  

t o  t h e  Eocene-Oligocene Boundary. But t h e r e  a r e  a l s o  r e g i o n s  w i t h  

more o r  less u n d i s t u r b e d  marine s e d i m e n t a t i o n .  

Most of t h e  complete  s e c t i o n s  have been obse rved  i n  t h e  e a s t e r n  

p a r t  of  Lower Saxony (see F i g .  5 ) .  I n  t h e  o u t c r o p  a r e a ,  i n  t h e  

Helmstedt r e g i o n ,  abou t  30 m of  d e c a l c i f i e d  g l a u c o n i t i c  s a n d s  of  

t h e  Gehlberg Formation a r e  i n t e r c a l a t e d  between Annenberg Forma- 

t i o n  o f  NPl5 and NP16  and S i l b e r b e r g  Formation w i t h  N P 2 1  nanno- 

f l o r a .  F u r t h e r  t o  t h e  n o r t h ,  i n  t h e  Wolfsburg-Gifhorn-Hankensbuttel 

a r e a  and i n  t h e  w e l l  Wettenbosten Z 1 ,  beds w i t h  T u r b o r o t a l i a  cer- 

r o a z u l e n s i s  c e r r o a z u l e n s i s  o r  N P 1 9 / 2 0  Nannof lo ra  have been obse r -  

ved a s  l a t e s t  mar ine  Eocene. S l i g h t l y  o l d e r  beds w i t h  markers  of  

Chiasmoli thus oamaruensis  Zone (NP18) have been r e c o r d e d  from t h e  

Eldingen 1 w e l l .  A t  l e a s t  i n  p a r t  of t h i s  a r e a ,  t h i s  L a t e  Eocene 

i s  covered by f i n e g r a i n e d  marine sed imen t s  w i t h  S i l b e r b e r g  Forma- 

t i o n  f auna  and NP21 n a n n o f l o r a ,  a s  f i r s t  obse rved  from Hankens- 

b u t t e 1  Sud 32 w e l l  (see F i g .  4 ) .  S i l b e r b e r g  Formation i s  r ega rded  

a s  l a t e r a l  e q u i v a l e n t  of t h e  L a t d o r f i a n  S t a g e  due t o  f a u n a l  and 

nannof lo ra  s t u d i e s .  Marine beds w i t h  NP21 n a n n o f l o r a  a r e  known a s  

t r a n s g r e s s i v e  n e a r - s h o r e  sed imen t s  i n  t h e  Osnabriick-Bunde r e g i o n ,  

vhe re  a complete  sequence of marine Oligocene r o c k s  i n c l u d e s  Sep- 

t a r i a  c l a y  fo rma t ion  and t e r m i n a t e s  w i t h  C h a t t i a n  S t a g e  c a l c a r e  - 
n i t e s . 0 t h e r  r e g i o n s  of Lower Saxony, e s p e c i a l l y  i n  t h e  no r thwes te rn  

p a r t ,  show t r a n s g r e s s i v e  Rupel ian Clay ( S e p t a r i a  Clay F o r m a t i o n ) ,  

u s u a l l y  w i t h  NP23 n a n n o f l o r a ,  on t o p  of much o l d e r  T e r t i a r y ,  v e r y  

o f t e n  d a t e d  a s  L a t e  Middle Eocene NP15 o r  N P 1 6 .  

The b a s a l  Neuengamme Sand Member of  t h e  S e p t a r i a  Clay Formation, 

i f  developed,  i s  u s u a l l y  fo l lowed  by Rupel ian Clay o f  NP23 nanno- 

f l o r a .  Modern i n v e s t i g a t i o n s  sugges t  a d i ach ronous  age s h i f t  i n  t h e  

Wendland a r e a  i n  t h e  n o r t h e a s t  of Lower Saxony. So Neuengamme Sand 

Member and even t h e  lowermost p a r t  of t h e  Rupel ian c l a y  p r o p e r  seem 

t o  commence t h e r e  w i t h  N P 2 2  n a n n o f l o r a ,  i n s t e a d  w i t h  t h e  NP23 

assemblage as u s u a l .  
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Fig .  1: S t ruc tu re -zones  o f  t h e  Bavarian Alps and t h e i r  f o r e l a n d .  

F ig .  2 :  Sketch-map of l o c a l i t y  "Katzenloch" i n  t h e  Eas t e rn  bavar ian  Alps.  

F ig .  3:  Cre taceous  t o  Ol igocene  s t r a t i g r a p h y  of the H e l v e t i c  and Molssse 
zones i n  Bavar ia .  
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HESSIAN DEPRESSION 

I n  t h e  H e s s i a n  D e p r e s s i o n  t h e  T e r t i a r y  s e d i m e n t a t i o n  s t a r t s  i n  

Eocene t i m e  w i t h  c o n t i n e n t a l  f o r m a t i o n s :  t h e  w e a t h e r i n g  h o r i z o n  o f  

t h e  Mardorf ore i s  f o l l o w e d  by t h e  l i g n i t e s  of Borken and a k a o l i -  

n i t i c  c l a y  sequence .  They are  o v e r l a i n  by limnic and  b r a c k i s h -  

water s e d i m e n t s  o f  t h e  Melan ia  c l a y  f o r m a t i o n  and by t h e  mar ine  

c l a y  o f  R u p e l i a n  age .  

The f o l l o w i n g  zones  o f  c a l c a r e o u s  nannop lank ton  have been  p ro -  

ved  ( M u l l e r ,  1 9 7 1 ;  M a r t i n i ,  o r a l  corm.):  

NP22 i n  t h e  Melan ia  c l a y  h o r i z o n  D ,  

NP23 i n  t h e  lower  and m i d d l e  p a r t  o f  t h e  R u p e l i a n  c l a y ,  

N P 2 4  i n  t h e  uppe r  p a r t  o f  t h e  Rupe l i an  c l a y  and  t h e  C h a t t i a n .  

The l i g n i t e  of Borken h a s  been  d a t e d  a s  uppe r  L u t e t i a n  due t o  a 

Lophiodon c f .  c u v i e r i  Watelet (Tob ien ,  1 9 6 1 ) .  Accord ing  t o  R u s s e l l  

e t  a l .  (1982)  a l a t e  Eocene age  ( A u v e r s i a n ,  M a r i n e s i a n )  c o u l d  be  

t a k e n  i n t o  c o n s i d e r a t i o n .  M i c r o m a m m a l s  of t h e  v e r t e b r a t e  zone  of 

F r o h n s t e t t e n  w e r e  d e s c r i b e d  by Tobien  ( 1 9 7 1 ,  1972) f rom t h e  l e v e l  

C o f  t h e  M e l a n i a  c l a y  f o r m a t i o n  from N e u s t a d t  and  Nordshausen .  

All c h a r o p h y t e s  which have been  found  by F e i s t - C a s t e 1  and  Rive- 

l i n e  i n  t h e  Melan ia  c l a y  f o r m a t i o n  be long  t o  t h e  zone o f  Bembridge 

( F e i s t - C a s t e 1  , 1 9 7 7 ) .  Gyroqona caelata  and G .  w r i q h t i  a p p e a r  a l -  

r e a d y  i n  t h e  zone  o f  Verzenay .  H a r r i s i c h a r a  t u b e r c u l a t a ,  Sphaero-  

c h a r a  s u b q l o b o s a  and  P s i l o c h a r a  d i v .  s p .  a l low a compar ison  w i t h  

t h e  Bembridge marls .  T h e r e f o r e  t h e y  i n d i c a t e  t h e  zone  of H .  t u b e r -  

c u l a t a  and  S t e p h .  v e c t e n s i s  a c c o r d i n g  t o  R i v e l i n e  ( 1  983) . 
The o s t r a c o d e s  o f  t h e  b r a c k i s h  water b e d s  o f  t h e  M e l a n i a  c l a y  

f o r m a t i o n  ( i . e .  l e v e l  C )  are s i m i l a r  t o  t h o s e  o f  t h e  L a t d o r f  beds  

o f  NW-Germany: H a z e l i n a  i n d i q e n a  MOOS,  He rman i t e s  t r i e b e l i  S t che -  

p i n s k y ,  Herman i t e s  camelus  MOOS, He rman i t e s  came lus  t u r g i d u s  MOOS,  

S c h u l e r i d e a  ( A . )  p e r f o r a t a  c o g n a t a  Moos. T h e r e f o r e  it can  be  con- 

c l u d e d  t h a t  t h e  L a t d o r f i a n  sea h a s  p e n e t r a t e d  i n t o  t h e  Hess i an  

d e p r e s s i o n .  M e l a n i a  c l a y  f o r m a t i o n  and L a t d o r f  b e d s  have  t h e  same 

age .  F u r t h e r m o r e  H a z e l i n a  i n d i q e n a  i s  a c h a r a c t e r i s t i c  f o s s i l  o f  

Keen’s  (1978)  o s t r a c o d e  zone 1 2  from t h e  uppe r  B a r t o n i a n  Brocken- 

h u r s t  bed .  

Numerous small b e n t h i c  f o r a m i n i f e r a  a p p e a r  i n  t h e  l e v e l  B,  C 

and D of t h e  Melan ia  c l a y  f o r m a t i o n .  They are a s s o c i a t e d  w i t h  d i n o -  

c y s t s .  They i n d i c a t e  t h e  m a r i n e  i n f l u e n c e  which  i s  assumed t o  come 

from t h e  L a t d o r f i a n  sea i n  t h e  Nor th .  

The “Borken  B i l d ”  h a s  been  d e f i n e d  by t h e  m i c r o f l o r e s  o f  t h e  

l i g n i t e  o f  Borken, t h e  “Heskem B i l d ”  by a l i g n i t i c  bed  of t h e  M e -  



Fig. 5: Reference sect ions of Eocene-Oligocene sequences 
i n  Lower Saxony and southern Denmark. 
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l a n i a  c l a y  fo rma t ion .  Chateauneuf (1980: 9 2 6 )  compares t h e  k a o l i n i -  

t i c  c l a y  of  Borken w i t h  t h e  Bar ton ian .  On t h e  o t h e r  hand t h e  micro- 

f l o r a s  of l e v e l  B, C and D of  t h e  Melania c l a y  f o r m a t i o n  a r e  con- 

s i d e r e d  t o  be e q u i v a l e n t  t o  t h o s e  of  t h e  marnes sup ragypseuses  from 

t h e  P a r i s  Basin (v .d .  B r e l i e ,  1 9 6 9 ;  S c h u l e r ,  i n  p r e p . ) .  I n  c o n t r a s t  

l e v e l  D shows an i n c r e a s e  i n  C o n i f e r a e ,  A r a l i a c e a e  and c a s t a n o i d s  

C u p u l i f e r a e  (Chateauneuf ,  S c h u l e r ,  i n  p r e p . )  l i k e  t h e  marnes v e r -  

t es  de Romainvi l le  ( S a n n o i s i a n )  of  t h e  P a r i s  Basin.  I n  t h e  upper- 

most bed of  t h e  Melania c l a y  fo rma t ion  ( " l e v e l  E " )  and i n  t h e  Ru- 

p e l i a n  c l a y  B o e h l e n s i p o l l i s  h o h l i  has  been proved by S c h u l e r  f o r  

t h e  f i r s t  t i m e .  

Up t o  now t h e r e  i s  o n l y  one r a d i o m e t r i c  ( K - A r )  age from glauco-  

n i t e s  of t h e  base  of t h e  Rupel ian c l a y :  29.8 ? 0 , 5  My 

Ritzkowski)  . 
(Kreuzer  and 

According t o  t h e  o r i g i n a l  d e f i n i t i o n  (Beyr i ch ,  1 8 5 4 )  t h e  Eocene/ 

Oligocene boundary shou ld  be drawn a t  t h e  base  of t h e  La tdor f  

s t a g e .  I n  t h e  Hessian d e p r e s s i o n  t h i s  boundary l i e s  a t  t h e  base  of  

t h e  Melania c l a y  fo rma t ion .  The Ludien/Stampian boundary of  t h e  

P a r i s  Basin might  be drawn between l e v e l  C and D of t h e  Melania 

c l a y  f o r m a t i o n .  

UPPER R H I N E  GRABENAND M A I N 2  BASIN 

I n  t h e  Upper Rhine Graben and Mainz Basin c o r r e l a t i o n  by means 

of p l a n k t o n i c  f o s s i l  zona t ion  i s  o n l y  p o s s i b l e  i n  t h e  F o r a m i n i f e r a  

Marls  (NP23) and Middle Pechelbronn Beds ( N P 2 2 ) .  The age o f  t h e  

remaining f o r m a t i o n s  canno t  be d e f i n e d  p r e c i s e l y .  

The Eocene B a s i s  Clay i s  -- a t  l e a s t  t o  a l a r g e  p a r t  -- o l d e r  

t h a n  L u t e t i a n .  However it might  a l s o  have been formed i n  younger 

s t a g e s .  

The Lymnaea Marls  may have been d e p o s i t e d  d u r i n g  Middle and L a t e  

Eocene and E a r l y  Oligocene ( L a t d o r f i a n ) .  Likewise s e d i m e n t a t i o n  of 

t h e  Lower Pechelbronn Beds cou ld  e x t e n d  from t h e  L a t e  Eocene up 

i n t o  E a r l y  Oligocene.  S i n c e  Limnaea Marls  and Lower Pechelbronn 

Beds have n o t  been found i n  t h e  Mainz Basin t h e  Eocene B a s i s  Clay 

t h e o r e t i c a l l y  cou ld  a l s o  have been formed i n  t h e  E a r l y  Oligocene 

h e r e  as w e l l .  

The brackish-marine Middle Pechelbronn Beds a r e  d a t e d  by c a l c a -  

r eous  nannoplankton (NP22). They c o n t a i n  a r i c h  o s t r a c o d e  f auna  

(S tchep insky ,  1 9 6 0 ; ,  T r i e b e l ,  1963; Malz and T r i e b e l ,  1 9 7 0 ;  Malz, 

1973) ,  f u r t h e r m o r e  phy top lank ton ,  Characean and Bryozoan communi- 

t i e s .  I n  some beds a r i c h  p l a n k t o n i c  f o r a m i n i f e r a  f auna  i s  found. 
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I t  i s  u n c e r t a i n  wheather  t h e  Upper Pechelbronn Beds s t i l l  belong 

t o  Zone NP22 ,  bu t  it a p p e a r s  p r o b a b l e .  They a r e  found e x c l u s i v e l y  

i n  t h e  Upper Rhine Graben. 

The marine F o r a m i n i f e r a  Marls  occur  d i s c o r d a n t l y  i n  t h e  Mainz 

Basin as i n  t h e  Upper Rhine Graben. 

TilS BAVARIAN A L P I N E  FORELAND 

The most v a l u a b l e  i n f o r m a t i o n  on t h e  Eocene/Oligocene boundary 

i n  t h e  Bavarian a l p i n e  f o r e l a n d  i s  s u p p l i e d  by t h e  s o u t h e r n  seg- 

ment o f  t h e  H e l v e t i c  Zone (see F i g .  1 ) .  I n  t h e  Limestone Alps and 

n e a r  t h e  Un te r sbe rg  ( S a l z b u r g )  d e p o s i t s  of  L a t e  P r i a b o n i a n  and of 

E a r l y  Oligocene o n l y  o c c u r  a s  a l l o c h t h o n o u s  pebb les .  

I n  t h e  lower p a r t  of t h e  Katzenloch Graben (see F i g .  2 )  t h e  Eo- 
cene/Oligocene boundary can be p l a c e d  a t  t h e  c o n t a c t  between t h e  

S t o c k l e t t e n  and Schonecker F i s c h s c h i e f e r  (Hagn e t  a l . ,  1981: 1 2 2 -  

1 2 5 ) .  The g l o b i g e r i n a - b e a r i n g  m a r l s  of t h e  S t o c k l e t t e n  a r e  charac-  

t e r i z e d  by G l o b i g e r i n a  eocaena Gumbel, G.  a m p l i a p e r t u r a  B o l l i ,  G.  

g o r t a n i  p r a e t u r r i t i l i n a  (Todd) .  The o s t r a c o d e  genus Agrenocythere  

( d e t .  Malz) i n d i c a t e s  a g r e a t  wa te r  d e p t h .  The r i c h  c a l c a r e o u s  

nannoplankton ( d e t .  M a r t i n i )  can be a s s i g n e d  t o  Zone N P 1 9  (Isthmo- 

l i t h u s  r ecu rvus -Zone) .  

A s  a r e s u l t  of t e c t o n i c  r e d u c t i o n  Zone NP20  canno t  be proved. 

The Schonecker F i s c h s c h i e f e r  i s  a s t r i k i n g  30 m t h i c k  member, 

which i s  a l s o  v e r y  s i m i l a r  t o  Molasse d e p o s i t s .  The f o r a m i n i f e r a 1  

f auna  i s  p r i m a r i l y  composed of  g l o b i g e r i n i d s .  Among t h e  Metazoan 

swimming o rgan i sms  predominate .  P t e ropods  (Limacina)  cove r  many 

bedding s u r f a c e s .  F i s h  remains o f  Elasmobranchian and Ac t inop te ry -  

g i a n  f a u n a  r i c h  i n  s p e c i e s  and specimens ( d e t .  P f e i l )  a r e  e x t r a -  

o r d i n a r i l y  f r e q u e n t .  The abundant c a l c a r e o u s  nannoplankton ( d e t .  

M a r t i n i )  c o n t a i n s  among o t h e r s  R e t i c u l o f e n e s t r a  i n s i g n a t a  Roth and 

Hay, R. umbi l i ca  (Lev in )  and S p h e n o l i t h u s  pseudorad ians  Bramle t t e  

and Wilcoxon. The f a u n a  and f l o r a  can be p l a c e d  i n  t h e  La tdor f  

S t age  (Zone N P 2 1 ) .  

The G l o b i g e r i n a  Marls  o f  P r i a b o n i a n  age  can be d i f f e r e n t i a t e d  

i n  terms of f a c i e s ,  f auna  and by t h e  g r e a t  d e p t h  of d e p o s i t i o n  

from t h e  L a t d o r f i a n  F i s c h s c h i e f e r .  These d i f f e r e n c e s  a r e  due t o  

t e c t o n i c  e v e n t s  i n  t h e  a l p s  a t  t h e  Eocene/Oligocene boundary. 

E q u i v a l e n t s  t o  t h e  Schonecker F i s c h s c h i e f e r  a r e  found i n  t h e  

f o r e l a n d  of  t h e  Grunten (Al lgau )  and n e a r  T e i s e n d o r f .  Thus, t h e r e  

i s  a connec t ion  w i t h  G l a r n e r  F i s c h s c h i e f e r  of t h e  S w i s s  Alps  and 

t h e  M e n i l i t  S l a t e  of  t h e  C a r p a t h i a n s .  
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The close r e l a t i o n s h i p  be tween the He lve t i cum and t h e  F o r e l a n d  

Molasse, which  r e s u l t s  from t h e  s t e p w i s e  s h i f t i n g  o f  t h e  b a s i n  

a x i s  t o  t h e  N o r t h ,  i s  v i s i b l e  i n  t h e  L i t h o t h a m n i a n  l i m e s t o n e .  The 

s o - c a l l e d  " G r a n i t m a r b l e "  o f  t h e  n o r t h e r n  He lve t i cum and t h e  simi- 

la r  r e d - a l g a l  l i m e s t o n e s  o f  t h e  F o r e l a n d  Molasse w i t h  D i s c o c y c l i n a  

and Gyps ina  l i n e a r i s  (Hanzawa),  which  have  been  e n c o u n t e r e d  i n  nu- 

merous o i l  d r i l l i n g s ,  are p l a c e d  i n  t h e  L a t e  Eocene ,  whereas  t h e  

n o r t h e r n  e q u i v a l e n t s  w i t h o u t  t h e s e  f a u n a l  e l e m e n t s  e x t e n d  i n t o  t h e  

E a r l y  Ol igocene .  

REFERENCES 

Benedek, P.N.v. and  Miiller, C . ,  1976. D i e  Grenze  U n t e r - / M i t t e l -  
O l i g o z a n  am Doberg b e i  Biinde/Westfalen.  Phyto-  und Nannoplank- 
t o n .  N .  J b .  Geol. P a l a o n t .  Mh. 1 9 7 6 :  1 2 9 - 1 4 4 .  

Buchholz ,  P . ,  1984. S e d i m e n t a t i o n  and Diagenese  d e s  Li thotharnnien-  
k a l k e s  d e r  o s t b a y e r i s c h e n  Molasse. D i p l o m a r h e i t ,  Braunschweig 
( u n p u b l i s h e d )  , : 146 pp. 

Cha teauneuf ,  J.-J., 1980. P a l y n o s t r a t i q r a p h i e  e t  p a l g o c l i m a t o l o g i e  
de  1 'EocSne  s u p g r i e u r  e t  d e  l ' O l i g o c & e  du B a s s i n  de P a r i s  
( F r a n c e ) .  Mgm. B .R .G.M. ,  1 1 6 :  360 pp. 

F e i s t - C a s t e l ,  M . ,  1 9 7 7 .  E v o l u t i o n  o f  t h e  Charophy te  f l o r a s  i n  t h e  
Upper Eocene and Lower O l i g o c e n e  of t h e  I s l e  o f  Wight.  P a l a e o n t .  
A S S . ,  20 :  143-157. 

Hagn, H. e t  a l .  , 1981. D i e  Baye r i schen  Alpen  und i h r  Vor l and  i n  
m i k r o p a l a o n t o l o g i s c h e r  S i c h t .  G e o l o g i c a  B a v a r i c a ,  82: 408 pp. 

Kreuzer ,  H. and  R i t z k o w s k i ,  S . ,  1982. NDS 217. I n :  G.S. Odin 
( E d i t o r )  , Numerical d a t i n g  i n  S t r a t i g r a p h y .  pp .  894-895. 

Malz, H.  , 1971. O s t r a c o d e n  a u s  dem S a n n o i s  und j i ingeren  S c h i c h t e n  
d e s  Mainze r  Beckens , 3: Ehemal ige  "Cy the r idea ' l -Ar t en  und - V e r -  
wandte.  N o t i z b l .  h e s s .  L . -Amt  Bodenfo r sch . ,  101  : 188-201. 

Miil ler,  C . ,  1 9 7 1 .  Nannoplankton-Gemeinschaften a u s  dem W-deutschen 
M i t t e l - O l i g o z a n .  N o t i z b l .  h e s s .  L.-Amt Bodenfo r sch . ,  99: 43-53. 

R i v e l i n e ,  J . ,  1983. P r o p o s i t i o n  d ' u n e  k c h e l l e  z o n a l e  de  Charophy tes  
pour  l e  T e r t i a i r e  (Danien  d B u r d i g a l i e n )  d e  1 ' E u r f p e  o c c i d e n -  
t a le .  C . R .  Acad. S c i .  P a r i s ,  2 9 6 :  ( 1 8 . 0 4 . 1 9 8 3 ) ,  ser.  11, 1077- 
1080. 

Russe l ,  D . E . ,  1982. T e t r a p o d s  o f  t h e  Nor thwes t  European  T e r t i a r y  
Bas in .  Geol. J b . ,  A 60: 5-74. 

S p i e g l e r ,  D. , 1985. G l i e d e r u n g  d e s  n o r d w e s t d e u t s c h e n  T e r t i a r s  
( P a l a o g e n  und Neogen) a u f g r u n d  von p l a n k t o n i s c h e n  F o r a m i n i f e r e n .  
In :  H .  Tob ien  ( E d i t o r )  , The Nor thwes t  German T e r t i a r y  Bas in  
( i n  p r e s s ) .  

Tobien ,  H. , 1 9 6 1 .  E in  Lophiodon-Fund ( T a p i r o i d e a ,  Mamm. ) a u s  den  
n i e d e r h e s s i s c h e n  Braunkohlen .  N o t i z b l .  h e s s .  L . -Amt  Bodenforsch .  
89: 7 - 1 6 .  

Tobien ,  H . ,  1971. Mikromammalier a u s  dem a l t t e r t i a r e n  Melan ien ton  
von Nordhessen ,  T e i l  1: M a r s u p i a l i a ,  I n s e c t i v o r a ,  P r i m a t e s .  
N o t i z b l .  h e s s .  L.-Amt B o d e n f o r s c h . ,  99: 9-29. 

Tobien ,  H . ,  1 9 7 2 .  T e i l  2 :  R o d e n t i a ,  B i o s t r a t i g r a p h i e ,  B i o s t r a t o -  
nomie. N o t i z b l .  h e s s .  L.-Amt Bodenfo r sch . ,  100: 7 -40 .  



This Page Intentionally Left Blank



109 

UPPER EEENE AND OLIGCCENE I N  YUGOSLAVIA 

R .  PAVLOVEC 
Odsek za geologi jo ,  Univerza E .  Kardel ja ,  61001 L jub l jana,  
Askerceva 12, pp 311, YU. 
K .  DROBNE 
I n s t i t u t  za p a l e o n t o l c g i j o  Z K  SAZU, 61001 L jub l jana,  Novi  t r g  5,pp 311, YU.  
L. SIKIC 
Geoloski zavod, 41000 Zagreb, Sachsova 2, YU. 

A very b r i e f  desc r ip t i on  of beds i s  g iven c m t a i n i n g  c e r t a i n  f o s s i l s  found 

close t o  the Eocene-Oligocene boundary. I t  must be mentioned tha t  the t r a n s i -  

t i o n  o f  beds a t  the boundary E/O have no t  y e t  been descr ibed w i t h  c e r t a i n t y .  

A t  the western margin of tk Pannonian bas in the Late Eocene beds a t  Makole 

and on Ravna Gora (mountain) were deposited d iscmformably  an o lder  rocks 

( f i g .  1 )  (s ' ikic '  e t  01.,1976, Drobne e t  o l . ,  1979). They cons is t  o f  shallow 

reef  f ac ies .  Also, the Oligocene beds on the western border o f  the Pannonian 

bas in disconformably o v e r l i e  o lde r  beds. T h e i r  basal l aye rs  cons is t  o f  c m -  

g l m e r a t e s  o r  r e e f  and near-reef deposits. Less developed o re  f resh-water beds 

I n  the area of Slovenia most probably e x i s t e d  a connection between the sea i n  

Transdanubia and i n  nor thern I t a l y  (Cinerman, 1979, Drcbne e t  a l . ,  1985a, 

1985b, k k i c ' ,  1985). 

I n  nor thern Bosnia (Majevica Mountain), on the margin of the Pannonian 

basin, the t r a n s i t i o n  f r a n  the Late Eocene i n t o  the Oligocene most probably 

consis ts  o f  f l y s c h  beds. South o f  Belgrade are known Late Oligocene beds w i th  

a Zizyphus zizyphoides f l o r a .  I n  Macedonia (Ovce po l j e ,  TikveZ and Kmonovo 

basins), sondstones and f l y s c h  were deposited i n  the Late Eocene ( f i g .  1 ) .  I n  

these beds occur numerous c o r a l s  (Lemoine, 1977). Oligocene beds a t t a i n  ccn- 

s iderable thicknesses. A l te rna te  marine, f r e s h  water and c o n t i n e n t a l  deposits 

occur. 

I n  the Outer Dinar ides along the A d r i a t i c  coast were deposited Late Eocene 

and Oligocene c l a s t i t e s .  I n  the youngest Late Eocene or a t  the t r a n s i t i o n  

between the Eocene and Oligocene occurs G lob ige r ina  corpulenta. The presence 

of the Oligocene has been proved a t  Dugi otok i s l a n d  i n  of f -shore boreholes 

(Jenko and B i s t r i E i d ,  1978). The molasse Pranina bedh i n  Dalmatia are p a r t l y  

Late Eocene and p a r t l y  Oligocene. I n  them a re  found Nummulites f a b i a n i i ,  

D iscocyc l ina p r a t t i  and Globiger ina corpulenta (Krazeninikov e t  a l . ,  1969, 

Muldini-Mamugid, 1971 ) . I n  Hercegovina these beds have no t  been s tud ied w e l l  

enough ye t .  I n  them i s  an abundant macrofauna ( f i g .  1 ) .  
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F i g .  1 .  L o c a l i t i e s  o f  f o r a m i n i f e r a  o f  Upper Eocene and O l i g o c e n e  age. 
E x p l a n a t i o n  o f  numbers d e s c r i b i n g  l o c a l i t i e s  on T a b l e  1 and 2 .  
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Nummulites fobimii 
N. VOICUS incrmlotus 
Oprculina olpina 
Dircocyclina protli 
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Choprranino goisinensir 
kddonio heiuingi 
kterigerim rotdo 
Pellotispim mdarorr i  
Gyroidinello m g m  
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G .  off icimlir  
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G. pwmnii 
Gmprydmx diuimilir 
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Tritoxio szoboi 
"Peneroplir" prirco 
Astcrigerino b i m m m t .  
Halkyordio m x i m  
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Cbpmnina prrinensis 
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I n  Montenegrohave been determined Nwnmulites f a b i a n i i  and Opercul ina o l p i n a  

i n  Late Eocene c l a s t i t e s  (Pavic', 1970). I n  the easternmostpart o f  Yugoslavia 

i n  the Carpatho-Balkanids ccnl, o i l  shales and other  e c o n m i c a l l y  important 

rocks are c t -u rac te r i s t i c  f o r  the Late Eocene and Oligocene beds. 

Mammal remains are extremely ra re  i n  the Paleogene o f  Yugoslavia. The 

remains described up t o  now mostly belong t o  the group o f  anthracother ids 

(Anthracother i idae)  . Anthracotherium magnum and Microbunodon minus have been 

discovered i n  the coo l  basins o f  Bogovina (eastern Serbia), U g l j e v i k  (nor thern 

Bosnia), Promina (Dalmat ia) ,  In the Pranina beds P rm ina the r ium dalmatinum was 

found. I n  Middle Oligocene beds o f  Slovenia Anthracotherium i l l y r i c u m  and 

Meninatherium t e l l e r i  were found ( f i g .  1 ) .  
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THE ECCENE/OLIGOCENE BOUNDARY IN HUNGARY 

A. NAGYMAROSY, T. B~LDI , M. HORV~TH 
Etvos University, Dept. of Geology, Museum Krt. 4, H.1088, BUDAPEST, Hungary 

Though the position of the Eocene-Oligocene boundary in Hungary has been 

multilaterally examined, yet it is a hotly debated question. The main cause 

of the discussion lays in two important motives : 

1) There is no unambigous agreement in the special literature of this problem, 

which biostratigraphical or chronostratigraphical event must be used for 

defining the E/O boundary and which environmental change resulted in changing 

the vertical distribution of living organisms. Some authors suspect a sudden 

"revolution", others a slow "evolution" of the environmental factors at this 

boundary. 

2 )  Only a minor part of the biostratigraphical datums at the E/O boundary can 

be traced in the transitional E/O sequences in Hungary. The effect of the 

altered conditions does not appoint a well recognizable, sharp level. 

The late Priabonian - Early Oligocene evolution of the Paleogene basin in 

Hungary was described in details by Kazmer, 1983, Baldi, 1984, and Baldi et al, 

1984. The Priabonian transgression from the SW flooded over the Transdanubian 

Central Mountains and North Hungary until the Bukk Mts. The Buda Marl repre- 

sents the uppermost part of the Late Eocene sequence. The offshore sediment 

consists of marl, calcareous marl and allodapic limestone intercalations with 

graded texture. The material of the allodapic limestone derives from the 

shallow margins of the basin, so containing the skeletons of shallow water 

dwelling organisms at bathyal depositional depth. 

The Buda Marl is overlain by the Early Oligocene Tard Clay Formation, 

whose lower, marine member demonstrates an increased extension of the sea 

and additional deepening of the sedimentary basin between the Bukk Mts. and 

the so called Buda-line/paleotectonical line between Budapest and Romh&y in 

a SSW-NNE direction, see Bildi, 1984. The fact of the transgression is in 

contradiction with the global eustatic regressional trend, showing the mobile 

position of the Hungarian Paleogene basin between orogenic belts. 

In the higher part of the Lower Tard Clay the frequent laminated inter- 

calations, the mixed faunas and the increased quantity of terrigenous material 

indicates a varying salinity and developing euxinic conditions. At the top of 

the lower member two mass-extinctions of =iratellas(Pteropodas) were observed 

together with the endemic, brackish water Cardium lipoldi assemblage. The 
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upper member of the Tard Clay (NP 2 3  nannoplankton zone) was deposited in a 

totally euxinic environment. 

The sedimentation in the west side of the Buda line ended after the 

earliest Oligocene and the following denudation covered up the continuous 

sequences across the E/O boundary in Transdanubia. Thus, continuous sediment- 

ation persisted only east of the Buda line, in North Hungary. 

Detailed investigations were carried out on the material from several 

drill-notes and outcrops : petrographic parameters, macro- and’ 

microfossils, ostracods, plant remains were examined and Marton, 1981, 

measured the magnetic anomalies of the Kiscell-1 (Budapest) borehole profile. 

Summarizing the results of these investigations the following important state- 

inents can be made : 

- The fixing of the E/O boundary by using planktonic organisms is rather un- 

certain in Hungary. The index fossils are rare because of their climatic 

dependence, and the permanent reworking makes the extinction datums obscure. 

- One possibility is to set the E/O boundary at the top of the NP 20 nanno- 

plankton and the Globorotalia cerroazulensis planktonic foraminifera zone. 

This horizon occurs in the uppermost strata of the compact, calcareous Buda 

Marl in Hungary (see fig. 1). The figure also shows, that these zone bound- 

aries fall into the C 15 N magnetostratigraphic chron, i.e. these extinction 

datums are earlier in Hungary than in the tropical areas (see Cavelier, 

1979). The later occurence of some index nannofossils in this profile may be 

caused by reworking. 

- ’The last occurences of Nummulites fabianii fall into the NP 21 nannoplank- 

ton zone and P 17/18 plankton foraminifera zone, regularly. It may be due to 

the persistence of N. fabianii throuth NP 20/21 boundary on the one hand, 

and to the reworking of the older non-consolidated shallow water sediments 

into the younger layers of the deep basins. 

- A significant increase in the abundance of the cold water nannoplankton 

species Zygrhablithus bijugatus, Lanternithus minutus and Isthmolithus 

recurvus at the NP 20/21 boundary reflects the influence of cold water masses, 

though the general aspect of the nannofloras and foraminifera1 assemblages 

did not change. The carbonate content - as a function of bioproduction - also 

does not show a sudden drop, but it decreases gradually upwards. 

- The main event in Hungary, that changed the sedimentation and the distri- 

bution of living oi-ganisms essentially was the separation of the Paratethys 

from the world ocean and the developing of a series of euxinic basins 

(see Baldi, 1984). The Spiratella horizons at the NP 21/22 boundary and in 
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The log of the Kiscell-1 (Budapest) borehole, with the distribution of 
some important planktonic organisms. The calcareous Buda Marl is overlain 
by the marls, clayey marls and laminated clays of the lower member of the 
Tard Clay formation . Key to the symbols : A = Variamussium fallax, S = 
Spiratella horizon, C. 1. = Cardium Lipoldi assemblage, MS = magnetostrati- 
graphic chrons. 
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the P 1 8  zone can be regarded as the first sign of euxinic conditions. The 

appearance of the endemic Cardium lipoldi fauna and Transversopontis fibula 

Gheta nannoplankton species at the NP 2 2 / 2 3  boundary already reflects the 

total separation of the euxinic-brackish water basin. 

The evidences f r m  E/O sequencesin Hungary do not prove sudden and sharp 

changes at the boundary. Our investigations outline a gradual evolution of the 

environmental factors, which affected only a minor part of the living 

organisms by extinctions. Conditions differing essentially from that of the 

Eocene have been established and became permanent only in the higher part of 

the Early Oligocene. 
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THE EOCENE-OLIGOCENE BOUNDARY FROM EASTERN RHODOPES, BULGARIA 

A. GORANOV , G. ATANASOV , E. BELMUSTAKOV 

’Geological Institute, Bulgarian Academy of Sciences, Sofia (Bulgaria) 

*Faculty of Geologt, University of Sofia "Clement Ohridsi" (Bulgaria) 

1 2 2 

The Paleogene from Eastern Rhodopes in Bulgaria is a part of the sediments 

of a Tethyan gulf which covers also large areas in Turkish and Greek Thracia 

(Doust and Arikan, 1974; Kopp, 1965). 

The block disintegration of the Rhcdope crystalline basement which began 

during the Paleocene (Atanasov and Goranov, 1984) governed the diverse 

development of the Paleogene basin in individual parts and the differences 

in the sedimentation regime in them. Synsedimentary medium-acid and acid 

volcanic activity was also an important factor in the Paleogene evolution. 

These two factors determine the varied character of the Eocene-Oligocene 

boundary (Atanasov et al, 1972). Several types are distinguished : 

1. Transgressive transition 

orphic 
en t 

2. Sharp lithologic transition 
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3. Gradual lithological transition 

pg3 
- - -  . . . . .  - - -  

--- . .  - - -  . . .  

These types of boundaries are divided on the basis of three main features : 

structural, lithologic and faunistic. The structural features are expressed 

in the transgressive position of the Oligocene upon a basement of different 

aye (including also Precambrian metamorphic rocks) as well as in local 

angular unconformities. The lithologic variations are fixed in abrupt changes 

of contrasting types of sedimentary rocks and in the first occurences of acid 

volcanism which usually marks the beginning of the Oligccene. The Eocene- 

Oligocene boundary is well defined faunistically (including also the places 

with lithologic transition). It is fixed above sediments with Nummulites 

fabianii and below sediments with Nummulites intermedius, above sediments 

containing g. Discocyclina and below sediments which do not contain the 

latter. The lowermost Oligocene sediments contain index from : Ampullinopsis 

crassatina (Lamarck) , Globularia (Crommium) angustata (Grateloup) , Miltha 
aliformis (Mayer), Levicardium comatulum (Brongniart). 

All these data show that the boundary betkeen the Eocene and the Oligocene 

is a period of rather intensive paleogeographic(read]ustment) of the East 

Rhodope Paleogene depression. 
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ON THE BOUNDARY EOCENE - OLIGOCENE IN NE BULGARIA 

V. SAPOUNDJIEVA 

GCological Laboratories, Nassar Str. 16, 1113 Sofia 

Oligocene sedimentsin NE Bulgaria follows as a narrow band the outlines of 

the present Black Sea coast north of Bjala. Surface outcrops are found in 

Kamchija Valley and Momino Highland. 
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Fig. 1 

The distribution of Oligocene sediments in NE Bulgaria marks the location 

of a Paratethyan gulf. In its peripheral parts the Oligocene locally overlies 

different stages of the Eocene. Thus in most cases the Eocene-Oligocene 

boundary is lithologically distinct and may be fixed by well-logging diagrams, 

petrographic studies and paleontologic data. 

The Eocene marls include the index species Propeamussium fallax Korob., 

characteristic of the Upper Eocene, and Limopsis scalaris Sow., Venericardia 

hortensis (V. de Regny), Thyasira ignota Korob., T. dagestanica Korob. 

The lithologic variations upwards in the section are insignificant and 

the marls with P. fallax gradually grade into silty clays with Spiratella 

(Oligocene age). The intermediate ten meters of sediments only contain 

spicules, fish scales and rare, small brachiopds. 

The Oligocene deposits are a monotonous sequence made up mainly of clays 

with irregular content of carbonates to carbonate-free silty rocks. In the 

lower part there are tuffs and kin mineralizations. In the middle part the 

clays are purer, carbonate-free with pyrite and glauconite. Fish scales, 

spicules and carbonized plant remains also occur. The lithologic and paleon- 

tologic data witness periodical intoxications with H S and hampered gass 2 
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exchange. 

The Spiratella beds contain the characteristic Lucina batalpaschinica 

Korob. , a single L. tenuistriata Heb., Pterolucina heberti (Desh.), 

Dentalium novaci Koen., and D. acutum Heb.. Above them follows a Mn-bearing 

horizon with Venericardia orbicularis tuberculata Miinst., V. kickxi Nyst, 

Nuculata comta Goldf. Upwards a bed with Spiratella and Astarte kickxi Nyst, 

Lucina gracilis Nyst, Dentalium kickxi Nyst, etc ... occurs once again. Above 
the overlaying "marl horizon" only rare Nuculana westendorpi (Nyst) and a 

tooth of Odontaspis actussima Ag. have been found. 

~ 

According to the faunistic features, the Oligocene sediments in NE Bulga- 

ria show affinities with the Paratethys, being similar to the Borisphensk 

Formation, including the Rubanian and Nikopol Subformations (Veselov, 1979). 

They correlate well with the base of Tard Clay in Hungary (Baldi, 1984) and 

Mera Beds in Transilvania (Rusu, 1983). They contain also mollusks similar to 

those from the Northern bioprovince specifically to Rupelian. Beside the 

latter character, the beginning of a cold climate is witnessed also by the 

occurrence of radiolarite-diatomitic interbeds and by the palynological 

content. 

In Upper Thracia the Oligocene beds with Nucula comta also belongs to the 

Paratethys. These threefold subdivision (Kojumdgieva, Sapoundgieva, 1981) 

are well correlated with the known phases at the development of the Paratethys. 
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EOCENE/OLIGOCENE BOUNDARY IN ROMANIA. PRESENT-DAY STATE OF INVESTIGATION 

GEORGE BOMBITA 

Institute of Geology and Geophysics, Bucharest (Romania) 

INTRODUCTION 

Thepresent note is a summary of most recent investigations 

regarding two representative sections at the Eocene/Oligocene boundary in 

Romania. It offers complementary data, considering that the reader interested 

in the study of this boundary in the Romanian Carpathians has also become 

acquainted with our first note (Bombita and RUSU, 1981 - a review of data 
available by the end of 1979). 

This second information is also exclusively of biostratigraphic nature. It 

concerns both Transylvania Basin and the Outer Zone of East Carpathian Flysch 

(Fig. 1). 

Fig. 1. Areas of Paleogene 

outcrop in Romania : A, East 

Carpathians; B, "Nummulltlque 

Gbtique"; C, Transylvanian 

Basin. Location of the two repre 

sentative sections : Brebi-Jol] 

in Transylvania and Tazlau-Soimu 

in the East Carpathians. 

In 1854 Beyrich introduced the notion of Oligocene related to the trilogy 

Septarienton sandwiched between the Magdeburg sands and the Cassel sands with 

their stratotypes in Germany and Belgium, that is in Northern Europe. 

In Transylvania the Oligocene was first used by Austrian geologists : Hauer 

and Stache (1863) had timidly applied this new name and pointed to some litho- 

logical resemblance between the Septaria clay and the shale bearing fish 

remnants at Ileanda: in 1879 and 1887 Hofmann established the classical divi- 

sion of Paleogene formations in Transylvania using firmly the notion Oligocene. 



Later on, Koch (1894) and his paleogenists successors during this century made 

detailed stratigraphic studies and enriched substantially the paleontologic 

inventory. 

In the East Carpathians the Oligocene was used based on a petrographic anal- 

ogy too. Cobalcescu (1883) assigned this Series the rock sequence in mainly 

euxinic facies which succeeds to the Eocene flysch, by considering the resem- 

blance between the "Menilitic Sistema" and Ileanda Beds in Transylvania. 

The scarcity of fossil remnants has long time been discouraging. In exchange, 

the lithostratigraphy has been accelerated either by the attraction to the 

study of complicated alpine structures or by the interest aroused by oil inves- 

t igat ions. 

H. Renz (1939) delimited the so-called "Uebergangsniveau Eozan/Oligozan" 

with double lithological affinities. I. Atanasiu (1943) recognized within this 

interval of continuous and graded transition some mixed, alternating Oligocene- 

Eocene members which were later thoroughly differentiated, described and named 

by Stoica (1944), Dumitrescu (1952) and Ionesi (1971). 

The last decades are characterized by a real progress achieved by biostrati- 

graphic studies. 

It is to mention that the Paleogene evolution of the Carpathian territory 

includes, at the end of the Priabonian, a "moment" of connection with the large 

Mesogean domain, when the sedimentation processes and, implicitly, the pelagic 

microorganism contents were directly influenced by the ocean. 

This short paleogeographic link is represented in Transylvania by the Brebi 

Marls and in the East Carpathians by the Globigerina Marls. As it will be shown 

below, both stratigraphic units yielded essential material to the recent bio- 

stratigraphic studies. 

According to present-day conception, the radical change of lithology at the 

Eocene/Oligocene boundary corresponds to the parting of the Carpathian area 

from the Old Mediterranean Sea and its joining the north European basins. 

In Romania the Oligocene is of generally regressive character. 

TRANSYLVANIA 

In the north-western sector of the intermountainous basin of Transylvania 

the micropaleontologic inventory at the Eocene/Oligocene boundary is well 

known, so the problems of zonation, boundaries and synchronization are not too 

controversial for the time being. 

The most representative section is located in the Salaj district, east of 

the Brebi village situated on a asphalted secondary road south of the national 

road 28 almost at mid-distance between the towns of Zalau and Jibou. The out- 

crop from which Iva and Rusu (1982) collected and studied a suite of samples 

is some 700 m north of the road, on the right slope of Jolj valley. 
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Here, at their stratotype, the Brebi Marls crop out on almost all their 

thickness (60 m) between Nummulites fabianii level and the Hoia Beds (Fig. 2 ) ,  

and consist of grey-yellow-cream marls with siltic and calcareous layers, 

splintered, whitish and dusty when dry. 

The formation is fossiliferous containing : molluscs, echinoids, bryozoans, 

ostracods, micro and macroforamifera, nannoplankton. 

About 40 planktonic foraminifer taxons belong to two biozones (Iva and Rusu, 

1. c.) (Fig. 2 )  : Priabonian Globorotalia cerroazulensis zone (1, Glr. c. 

cocoaensiss subzone t 2 ,  Glr. c. cunialensis subzone) and Lower Oligocene 

Globiqerina ampliapertura/Pseudohastigerina micra zone. The Eocene/Oligocene 

boundary is marked by the disappearance of Glr. cerroazulensis group and its 

replacement by Glg. arnpliapertura. 
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Fig. 2. Eocene/Oligocene boundary in Transylvania : Brebi village, Jolj valley 

(after Iva and RUSU, 1982, simplified). 
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Within the uniform sequence of Brebi Marls this boundary is also marked by 

the mollusc Pycnodonte gigantica located in th? upper third of the Priaborlian. 

The latest study of nannoplankton (Gheta, 1984) confirmed at the P- 

giqantica level the disappearance of cyclococcolithus formosus. The last occur- 

rence of this species is considered as the upper boundary of NP 21 zone (Eric- 

Sonia subdisticha). Above the Pycnodonte gigantica, species belonging the NP 22 

zone (Helicopontosphaera reticulata) as for exemple Reticulofenestra retiformis, 

Transversopontis zigzag, Cyclicargolithus rupeliensis etc. occur. 

The equivalence Lattorfian = Upper priabonian and, implicitly, placing of 

the Eocene/Oligocene boundary between NP 21/NP 22, respectively P 1 7 / P  18 zones 

are solutions successfully applied in Transylvania by Rusu (1977). In his opin- 

ion it is not advisible to place the Eocene/Oligocene boundary in Transylvania 

between the zones NP 20 and NP 2 1  because it would mean to place in Oligocene 

the Brebi Marls, that is a good part of the Nummulites fabianii zone. 

EAST CARPATHIANS 

The investigations regarding the Eocene/Oligocene boundary in the East 

Carpathians Outer Flysch followed a more sinuousway. This was obviously due to 

the peculiar sedimentary conditions in the Carpathian geosyncline, character- 

ized by mainly detrital-terrigenous sequences of turbiditic genesis. 

The lithostratigraphic succession at the Eocene/Oligocene boundary was 

concisely presented in another note (Bombita and RUSU, 1981). 

The Upper Eocene formations are represented by the quasiheteropic trilogy 

Pcdu Secu Beds to the west, Plopu Beds, Bisericani Beds to the east the top of 

which consists of the well known member of Globigerina Marls, less than 50 m 

thick, with interbedding of Lucacesti Sandstone. 

The Lucacesti Sandstone is in fact the first element which, from facies 

point of view, may be considered of "Oligocene" type. Being present or absent 

in places, it has led to a certain confusion as regards the lithostratigraphy. 

The Globigerina Marls are overlain by the Linguresti Beds. These are repre- 

sented by slate shale, marl or clay, grey-brown in colour and slightly bitumi- 

nous, 5-25 m thick in the Outer Flysch, which may have or not interbedding of 

Fierastrau Sandstone confounded with the Lucacesti Sandstone. 

The Lower Menilite (fetid opal cherts), which grades upwards into Bitumi- 

nous Marls (5-50 m thick) and then into the Lower Dysodilic (papiraceous) Shale, 

marks the final settlement of typical Oligocene Carpathian facies. 

Two sections situated in the Vrancea and Bistrita half-windows were studied 

by 0. Dicea and Marieta Dicea (1980). The authors placed the Eocene/Oligocene 

boundary between the nannoplankton zones NP 20 and NP 21, that is below the 

Ericsonia subdisticha zone. On one of the two sections this index species 
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occurs in reduced amounts in the Linguresti shales (with Fierastrau sandstones). 

According to Ionesi (1982) and Florea (1982) the Eocene/Oligocene boundary 

would be placed between zones NP 21 and NP 22 which would occur within Lower 

Menilite. This conclusion was based on the presence of Globigerina assemblage 

characteristic of the Globiqerapsis index zone within the pelitic joints among 

sandstone layers which are western lateral equivalents of the Lucacesti Sand- 

stone; on a population of N. fabianii and A s s .  exponens ( ! )  in the Lucacesti 

Sandstone; and on a nannoplankton assemblage of the NP 21 zone (including 

Reticulofenestra oamaruensis, Isthmolithus recurvus and Ericsonia ? subdisticha) 

in the lower half of Lower Menilite. 

A section outcropping next to Tazlau village, on the Soimu brook and yielding 

an interesting nannoplankton content has been recently studied by Micu and Gkta 

(1984, in press) (Fig. 3 ) .  

The locality of Tazlau, in the Neamt district, may be reached from the 

national road 15 between the towns of Piatra Neamt and Buhusi. A by-road devi- 

ates south of the Roznow locality and after 23 km reaches the Tazlau village. 

The outcrop lies on the left slope of Soimu brook, at its confluence with 

the Tazlau valley and at some 6 km upstream the Tazlau village. Here all the 

formations implied in the Eocene/Oligocene boundary crop out continuously. 

The study by Micu and Gheta points out two significant elements : 

1, the Globigerina Marls has a trizonal nannoplankton content (NP 21 t NP 22 

+ NP 23); 2, the reworked nature of some nannoplankton species of the Eocene 

Carpathians flysch is mentioned for the first time and, as a consequence, the 

past tendency of considering them older than they are in reality. 

The first 15-17 m of the Globigerina Marls (Fig. 3), overlaying the Biseri- 

cani Beds, contain the last specimens of Cyclococcolithus formosus. The disap- 

pearance of this species marks the boundary between the zones NP 21 and NP 22. 

On the following 10 m of Globigerina Marls Chiasmolithus alatus and Crucipla- 

colithus tarquinis appear and simultaneously Reticulofenestra umbilica disap- 

pears. Do to this fact the authors assign the top of the Globigerina Marls to 

NP 22 zone (Helicopontosphaera reticulata). 

The last level (4 m) of the Globigerina Marls contain Sphenolithus distentus 

a representative of NP 23 zone (Sphenolithus predistentus), also present in 

overlying Lower Menilite and Bituminous Marls. 

According to Micu and Gheta, from biostratigraphic point of view the Oligo- 

cene starts in the median part of the Globigerina Marls. The authors note that 

representatives of the Globigerina gortanii, Glg. tripartita and Glg. tapurien- 

sis planktonic microforaminifera assemblage P 18 in Blow) are also present in 

the Globigerina Marls usually assigned to Upper Eocene. 
- 
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Fig. 3. Eocene/Oligocene 

boundary in the East Carpa- 

thians : Tazlau village, Soimu 

brook (after Micu and Gheta, 

1984, adapted) . 

Here are three studies the results of which are not concordant yet. The 

micropaleontologic inventory in the East Carpathian and, above all, its criti- 

cal analysis become tasks for the years to come. 
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TERMINAL EOCENE GEOLOGICAL EVENTS IN TUQKEY 

SUNGU L. GOKCEN 
Cukurova university, Department of Geology, Adana-Turkey 

I N T R O D U C T I O N  

Results of the geological studies in Late Eocene-Early Oligocene 

sequences of Turkey revealed that the terminal Zocene events in the 

country are closely related to the "Alpine Pyrenean Phase" and three 

main types of sedimentation could be classified as follows: (i) a 

continuous marine sedimentation occurs throughout the Late Eocene 

and Early Oligocene in the intermontaine flysch basins, (ii) in the 

tectonically active evaporitic basin marine Eocene sediments gradu- 

ally pass into transitional and continental environments of Oligoce- 

ne/Vio-Pliocene ages, (iii) the transgressive Oligocene rests uncon- 

formably on the eroded surface of Yiddle Eocene or older rocks in 

the orogenic belts. 

EOCENE-OLIGOCENE BOUNDARIES 

In northern Thrace the Eocene-Oligocene boundary can be easily 

followed along the foothills of the Istranca Massive. In this region 

the Nummulites gizehensis and Nummulites fahianii bearing line- 

stones and sandstones of Middle-Upper Eocene are overlain by Nummu- 

lites intermedius and ?Jummulites vascus containing marly 

limestones of Lower Oligocene (GOKCEN 1975; KESKtN 1974). In the 

southern border of the region, contrary to the north, the turbiditic 

fining upward sequence of Kegan Formation of Upper Eocene-Lower 

Oligocene age represents the thickest marine sedimentation (ATA-MAAN 

and GdKCEN 1975). This formation is divided into two mapable units 

on the basis of lithology, stratigraphy and sedimentary features. 

The lower unit-Cinarlidere Pilember-of Upper Eocene, composed of rhyth- 

mic turbidites intercalated with volcanics. The Lower Oligocene 

Upper unit-Saplidere Member-is composed of three types of turbidite 
alternations. The enclosed figure represent the geological details 

of the Kegan Formation being one of the best Eocene-Oligocene tran- 

sitions in the country. In western Anatolia, in the iYu4la and Deniz- 

li areas, the flysch type clastic sediments occur in the uppermost 

levels of Eocene as well as the Oligocene. These sequences are main- 

ly composed of sandstone, mudstone and marl alternations. Deposits 

of the Burdur-Acigol area in the same region, containing Nummulites 

_- --__ 
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intermedius in the Oligocene part of the sequence, represent the 
characteristic continuous Eocene-Oligocene sedimentation. In the 
Antalya region, the Beydaglari and Lyciennes Nappes of Late Eocene 
sandy flysch or marine carbonate deposits conta in  the late Occvrence 

of Globorotalia cerroazulensis and conformably overlain by Early 
Oligocene thick sandy conglomerates (BIZON et al. 1974; KOCYIGIT 

1984; P O I S S O N  et al. 1984). The Bolkardaglari and Ere?jli-Uluki$la 
basins of SW and S Anatolia, are shallow marine Eocene deposits 
conformably overlain by evaporites and lacustrine limestones 
(DEMTRTASLI et,al. 1984; OKTAY 1982). In the Erzincan-Refahiye area 

of Eastern Anatolia, Eocene shales containing Globigerinatheka 

semiinvoluta and Globigerina eocanea are concordantly overlain by 
sandstone, mudstone and limestones of Oligocene, bearing Hemicypri- 

-- deis oertli and Hemicyprideis moyesi (GdKCEN 1974). 
In the Cankiri-Corum and the Kastamonu basins of Anatolia the 

continuous sedimentation occurred during the Early Eocene-Oligocene 

(NORMAN et a l .  1980; YILMAZ 1980). Preceeding accumulation of shal- 
low marine carbonates and clastics of Eocene; conglomerates, sand- 

stones and mudstones of Oligocene were deposited in an alluvial 
environment. In the Ankara-Haymana Basin the Middle Eocene sequence 
is composed of slumps, debris flows and turbidites containing Assi- 

lina granulosa, Nummulites atacicus and Globigerinatheka index.Later 
the area was uplifted and eroded throughout the Upper Eocene and 

Oligocene (GdKCEN 1976). Around Kirikkale, near Ankara, the marine 

conditions ended after the Yiddle Eocene, when a gradual uplift 
started with a regression. Reddish conglomerates and marls, lacus- 

trine limestones, gypsiferous shales and lagoonal deposits of Oligo- 
cene covered the older formations (NORMAN et al. 1980). In the Sivas 
basin the 2700 m thick Eocene-Oligocene sequence is composed of 

thick bedded turbidites and olistostromes of slump origin being 

Eocene flysch, overlain disconformably by sandy and calcareous mo- 
lassic Middle Oligocene deposits (GBKCEN and KELLING 1985). 

Northeast of Elazig-SE Turkey-transgressive Oligocene sequence 
composed of conglomerate, sandstone, marl and nummulitic limestone 
layers, overlie unconformably the Upper Cretaceous Ophiolitic Melan- 

Nummulites vascus, and Nummulites interme- 
-- dius are the most characteristic species of this unit (STREL et al. 

1975). The Agri-Karakose and Mug region-E Turkey-Oligocene sand- 

stones, marly limestones containing Nummulites intermedius 

ge . 

overlie unconformably the flysch sediments of the 
Yiddle Eocene. 
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CONCLUSION 

It could be concluded that in the northern, central and southern 

as well as some parts of eastern Anatolia, the Late Eocene flysch 

sediments were uplifted, eroded and overlain disconformably by 

gypsum intercaleted biogenic limestones, red beds and conglomerates 

of shallow marine to continental origin. The continuous marine sedi- 

mentation from Late Eocene to Early Oligocene in Turkey appears 

typically in the northern and southern edges of Turkish Thrace and 

in the borders of the Taurus Orogenic Belt. Eventually, throughout 

the country, these events occurred and are af fected by the Alpine Pyre- 

nean orogenic phase. 
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F i g ,  1 . Simplified composite sedimentary geological columnar sec- 
tion of the KeSan-Yenimuhacir (Eocene-Oligocene) Formations of the 

Western Turkish Thrace (After ATAMAN and GOKCEN 1975, p.83, Fig.2). 



133 

SECTIOk LANOZWAR [?1SSR, SOUTH ARMENIA) 

V , A. KR A Sr EN I li’l I <3V, S , M I  GR I S O 9  IAN, Y u , A, MART I RO S I AN, A. E , PTUCH IAN, 

N.I.ZAPOROZHETS 

On the southern slope of the L e s s e r  Caucasus the Paleogene is widely distri- 

buted in the Yerevan-Ordubad structural-facies zone [the right banK of the Araks 

River], being composed of thick carbonate, clayey, tufogeneous-sedinen~ary, and 

partly sandy-argillaceous rocks. The taxonomic composicion of planktonic forani- 

nifers, nummulites and mollusks indicates that this territory was attributed to 

the Southern [Yediterraneanl Faleobiogeographic province. 

The most complete section of Upper Eocene and Lower Oligocene sediments is 

near the village of Lavdzhar (Eiraloul, approximately at 100 km eastward of 

Yerevan. H e r e  the transition from the Middle Eocene,the Truncorotaloides rohr i  

zone to the clpper Focene is very gradual. 

UpDer Eocene deposits and those of the Lower Oligocene Globigerina tapurien- 

sis zone are represente* by a pile of pale-grey and greenish-grey rnarls and 

calcareous clays with rare and thin interbeds of calcareous sandstones; thick- 

ness is about 100 m. In the lower part there occurs a member of more compact 

pale-grey limestones and narls with nummulites [layers with !Vut?imuZiteS rnilleca- 

p u t l ,  10 m thick. In the Eocene light marls are predominant, whereas calcareous 

clays of a darker colour prevail in the Oligocene. Nevertheless, the Eocene - 
3ligocene boiindary is not pronodnced lithologically. This interval is characte- 

r i s e d  by a c o m p l e t e  o u t c r o p p i n g .  Only a t  t h e  c o n t a c t  o f  t h e  Gtobigehina b p u -  

hienAL5 and Globiguina  A d t i 4  z o n e s  is a member of rocks, 7 t o  1 0  m t h i c k ,  is 

n o t  e x p o s e d .  

The Lower O l i g o c e n e  GCobigettina A e l C i i  zone  i s  r e p r e s e n t e d  by a d i f f e r e n t  

complex o f  d e p o s i t s  - a l t e r n a t i o n  of  y e l l o w  s a n d s t o n e s  w i t h  s u b o r d i n a t e  i n t e r -  

l a y e r s  of  s l i g h t l y . c a r b o n a t e  y e l l o w i s h  a r e n a c e o u s  c l a y s ;  t h i c k n e s s  is 1 5 0  m.  A t  

t h e  b a s e  t h e r e  i s  a member of a r e n a c e o u s  l i m e s t o n e s  and s a n d s t o n e s  w i t h  nummu- 

l i t e s  [ t h i c k n e s s  13  m ) .  
When j u d q e d  by p l a n k t o n i c  f o r a m i n i f e r a ,  t h e  Upper Eocene is s u b d i v i d e d  i n t o  

The Globigerapsis serni invohta zone with rare specimens of the index-species 

Three zones: 

and aogndant G. t r o p i c a l i s ,  G .  index,  GZobigerina corpulenta,  G .  t r i p a r t i t a ,  

G .  g a l a v i s i ,  G.  sub tr i locul inoides  , Globorotalia c e n t r a l i s ,  G.  cerroazulensis ,  

iiantkenina auprasutural is ,  ?seudohastigerina micra; 

GlobiguapnL5 derniinwok?ub i s  m i s s i n g ) .  Along w i t h  them, Chibhohantkenina i n -  
&Uk, Gtobohotdia cocoaenah and r a r e  G.cunia&nAiA were i d e n t i f i e d .  

The GCobohotdia cocoaerdA zone  w i t h  t h e  numerous s p e c i e s  g i v e n  above  ( o n l y  
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assemblage incorporating numerous GZobigerina corpulenta, G. galauisi, G.tripar- 

tita, G. ouachitaensis, G. praebuZZoides, Pseudohastigerina micra, rarer GZobo- 
rotalia centralis, GZobigerina gortanii and sporadic Hantkenina suprasuturalis 

and GZoborotaZia cunialensis. They a r e  accompanied by rare, recognized for the 

first time GZobigerina officinaZis, G. prasaepsis, G. amplinpertura, Globoro- 

taZia permica. Representatives of GZobigerapsis and Cribrohantkenina, as well 
as GZoborotaZia cerroazu2ensi.s and G. cocoaensis are missing. 

The following zones were identified in the Lower Oligocene by means of 

planktonic foraminifers: 

The Globigerina tapuriensis zone with abundant and perfectly preserved 
G. tapuriensis, G. ampziapertura, G. prasaepis, G. officinalis, G. praebuZZoides, 

G. gaZavisi, G. tripartita, G. ouachitaensis, G.angustiumbiZicata, Cassigeri- 
nelZa chipolensis, GZoborotaZia nana, G. permiera, G. gema, Pseudohastigerina 
nicra, Ps. barbadoensis, ChiloguembeZina cubensis; 

The GZobigerina seZZii zone,incorporating together with the above mentioned 
species, sporadic specimens of this index species. The foraminifera1 assemblage 

is impoverished due to arenaceous sediments prevailing here. 

Considering nannoplankton, the Upper Eocene deposits correspond tc the DiS- 

coaster barbadiensis zone, where, along with the index species, there occur 
D.szlinanensis, D. tani, D. nodifer, Reticulofenestra bisecta, Corannulus ger- 

manicus, Lanternithes minutus. The appearance of sporadic IsthmoZithus recurvus 
enables to single out lower ChiasrnoZithus oamaruensis and the upper IsthmoZi- 
thus recuruus subzones, the boundary between which coincides with the base o f  

the GZoborotalia cocoaensis zone. The boundary betweer1 the Discoaster barbadi- 
ensis and Ericsonia subdisticha zones where Discoaster barbadiensis and D. sai- 
panensis disappear, is at 3-4 meters above the base of the Globigerina tapuri- 
ensis zone. Consequently determination of the Eocene-Oligocene boundary by 
means of plankotic foraminifers ano nannoplankton is practically identical. 

Laree foraminifers are associated with two strarigraphic levels. I n  the 

lower part of the GZobigerapsis semiixvoZuta zone (Upper Eocene1 there occur 

7mulites miZZecaput, ii. fabianii, Ti. striatus, X .  incrassatus and discocyc- 
lines ( t h e  NwnmuZites fabianii zone). In the base of GZobigerina sellii zone 

[Lower Oligocene I !/mulites intermedius, J .  fabiaiiii retiatus, h’. inerassatus, 

N .  uascus initiaZis were identified (the Nmulites intermedius zone]. 
The alteration of palynoflora along the section proceeos very gradually. 

The levels o f  these alterations do not coincide with zonal boundaries identi- 

fied b y  planktonic foraminifers, The first palynocomplex characterizes the 

Globigerapsis semiinuoluta zone and the lower Globorotalia cocoaensis zone. 

Content of angiosperm pollen varies from 5 to 24%; invariably present are 

subtropical QuCAcu4, Cu.&anop4A, Pdmae ,  NA4a. R h o .  Maanoliacea, and Muhicd 
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C o n t e n t  o f  gymnosperm p o l l e n  i s  r e l a t i v e l y  l o w :  Pinus - b e l o w  50%, Cedrus - 
20-50%, Ephedra - up t o  20%, Taxod iaceae  - up t o  12%.  C o n t e n t  o f  s u b t r o p i c a l  

sOores  v a r i e s  f r o m  8.5  t o  1 6 % .  

The second  :a lynocomplex c o r r e s p o n d s  t o  t h e  u p p e r  Globorotal ia  cocoaensis 

zone - t h e  1 G w e r  Globigerina tapuriensis zone.  The amount o f  a n g i o s p e r m  p o l l e n  

[decreases t o  2 % .  T h e  c o n t e n t  o f  Pinus p o l l e n  r e a c h e s  i t s  inaxirnum [ u p  t o  7 0  - 
75%1 w i t h  r e d u c t i o n  o f  Cedrus, Epkedra and T a x o d i a c e a e  p o l l e n .  A l m o s t  c o m p l e t e  

r e d u c t i o n  o f  a n g i o s p e r m  p o l l e n  ,and s p o r e s  w i t h  a p p r e c i a b l e  i n c r e a s e  o f  gymno- 

sperms r e f l e c t s  t h e  c o o l i n g  o f  t h e  L a t e s t  Eocene - E a r l i e s t  O l i g o c e n e  w i t h  t h e  

i a x i m u n  i n  t n e  Globorotaliu centra l i s  - GZobigerina gortani i  zone and t h e  b a s a l  

ZZObigerina tapuriensis  zone, ti;ough t h e  c l i r i a t e  r e m a i n e d  s u b t r o p i c a l ,  t r a n s i -  

t i o n a l  t o  t e m p e r a t e .  The E o c e n e - O l i g o c e n e  b o u n d a r y  i s  p r a c t i c a l l y  n o t  expr,usseci 

by a change o f  p a l y n o f l o r a s ,  o n l y  t h e  c o n t e n t  o f  Pinus p o l l e n  a t  t h e  base  of t h e  

Globigerina tapuriensis  zone  r e d u c e s  f r o m  7 4  t o  55%.  

The t h i r d  p a l y n o c o m p l e x  o r i g i n a t e s  f r o m  t h e  u p p e r  Globigerina t a p m i e n s i s  

zone, where  t h e  d i v e r s i t y  and amount o f  a n g i o s p e r m  p o l l e n  [Fagus, oak, c h e s t n u t ]  

i n c r e a s e  [ u p  t o  24%1, t h e  t o t a l  gymnosperm c o n t e n t  b e i n g  h i g h  [70-90%1. The role 

o f  Pinus a p p r e c i a b l y  d i m i n i s h e s  [down t o  30-55%1, w i t h  v a r y i n g  amounts o f  Cedrus 

p o l l e n  [ 8 - 2 7 % 1 ,  Apkedra [5 -20%1 and  i n s i g n i f i c a n t  p a r t i c i p a t i o n  o f  T a x o d i a c e a e  

( u p  t o  521. 

The T o d r t h  comp lex  c h a r a c t e r i z e s  t h e  CZobigerina seZZii zone,  where  t h e  con-  

t e n t  o f  s n g i o u p e r m  p o l l e n  i n c r e a s e s  up t o  6 2 % .  Among s p o r e s  P o l y p o d i a c e a e  and 

Ligodium a r e  p r e d o m i n a n t .  7 hP t o t a l  gyi ' , i lo ;pcr~ p o l l e n  c o n t e n t  r e d u c e s  t o  10 -27%,  

t h a t  of Ephedra - t o  4-7%, and  Cedrus - t o  ' j % ,  The r i s e  o f  a n g i o s p e r m  d i v e r s i t y  

i n  t h e  GZobigerina s e Z l i i  zone  can  b e  r e g a r d e d  as a n  i n d i c a t i o n  o f  some warm ing  

o f  t h e  c l i m a t e  i n  t h e  second  h a l f  o f  t h e  E a r l y  O l i g o c e n e .  

The chenge o f  pa ie - tw i r .o r - l v i . sn t ,  f a u n a  a n d  f l o r a  at t h e  E o c e n e - O l i g o c e n e  boun-  

d a r y  [ b a s e  o f  t n e  Globigerina tcrpuriensis z o n e l  o v e r  t h e  S o u t n  A rmen ia  t e r r i t o -  

r y  can  oe  p r e s e n t e d  3s  f o l l o w s :  t h e  t e c t o n i c  r e g i m e  r e m a i n e d  t r a n q u i l :  c a l c a -  

r e o u s  s e d i m e n t s  were g r a d u a l l y  s u b s t u t u t e d  b y  a r g i l l a c e o u s  ones .  I n t e n s i f i c a -  

t i o n  o f  t e c t o n i c  movements and appearance  o f  t h i c k  p i l e s  o f  s a n d s t o n e s  t o o k  

a l a c e  i n s i d e  t h e  Lower O l i g o c e n e  [ t h e  Globigerina seZZii z o n e ) .  On t h e  who le ,  

p l a n k t o n i c  f o r a m i n i f e r s  changed s i g n i f i c a n t l y ,  b u t  t h i s  change t o o k  p l a c e  a t  t w o  

s t a g e s :  many s p e c i a l i z e d  Eocene forms [SZobigerapsis, CYibrOhantkenina, t h e  

CloborotaZia cerroazuensis g r o u p 1  d i s a p p e a r  n e a r  t h e  b a s e  o f  t h e  GZoborotaZia 

centra l i s  - GZobigerina gortani i  zone: above  t h e  t r p  o f  t h i s  zone  a t y p i c a l  Oli- 

gocene complex o f  f o r a m i n i f e r s  i s  w i d e l y  d i s t r i b u t e d ,  O i s c o a s t e r s  [D.barbadien- 
sis, D. saipanensisl i n  t h e  zone c o n c e r n e a  a r e  s p o r a d i c ,  t h e i r  l a s t  spec imens  

d i s a p p e a r  i n  t h e  b a s a l  l a y e r  of t h e  GZobigerina tapuriensis  zone.  The p a l y n o -  

complexes t e s t i f y  t o  b e g i n n i n g  o f  t h e  c o o l i n g  i n  t h e  m i d d l e  o f  t h e  GZoboroeaZia 

cocoaensis zone  w i t h  i t s  maximum i n  t h e  GZoborotaZia centra l i s  - GZobigerina 
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gor tani i  [ U p p e r  Eocene1 zone, and t h e  lower GZobigerina tapuriensis zone  ( O l i -  

g o c e n e ] .  I n  t h e  Globigerina s e l l i i  zone  ( O l i g o c e n e !  t h e  warm ing  can  be o b s e r -  

v e ~ ,  b u t  i t  does  n o t  r e a c h  t h e  Llpper Eocene v a l u e s .  
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T H E  KUBAN FIVER SEQUENCE [USSR, N O R T H  CAUCASUS) 

V.A.KSASkiENINNIKOV 

On t h e  n o r t h e r n  s l o p e  of  t h e  C a u c a s u s  t h e  P a l e o g e n e  d e p o s i t s  o u t c r o p  i n  

a form of a c o n t i n u o u s  band d i p p i n g  by a n  a n g l e  of 3-5' t o  t h e  n o r t h .  They 

crop o u t  i n  t h e  v a l l e y s  of many r i v e r s .  A s e q u e n c e  on t h e  l e f t  bank of t h e  

Kuban R i v e r  n e a r  t h e  town of C h e r k e s s k  is  t h e  b e s t  known. 

T h e  Upper Eocene d e p o s i t s  i n  t h i s  s e q u e n c e  c o n f o r m a b l y  o v e r l i e  brown and 

g r e y  t h i n - l a y e r e d ,  somet imes  l e a f - l i k e  m a r l s  w i t h  a b u n d a n t  f i s h  s c a l e s  of  Lyro- 

&?pis caucasica ( M i d d l e  E o c e n e ] .  T h e  s e d i m e n t s  i n c l u d e  numerous GZobigerina 

turcmenica, G. praebul loides ,  G. incretacea,  G .  sub tr i locul inoides ,  Fseudohasti- 

gerina miera, Acarinina rugosoacuZeata, ChiZoguembelina s p .  [ t h e  GZobigerina 

turcmenica z o n e ) ,  and  n a n n o p l a n k t o n  o f  t h e  Discoaster saipanensis zone  and of 

t h e  lowermost  p a r t  o f  t h e  Chiasmolithus oamaruensis s u b z o n e .  The s e o i m e n t s  w i t h  

such  p e c u l i a r  p l a n k t o n  were a c c u m u l a t e d  i n  t h e  b a s i n  w i t h  abnormal  h y d r o l o g i c a l  

e n v i r o n m e n t  I h y d r o s u l p h u r i c  c o n t a m i n a t i o n ) ;  no b e n t h i c  m i c r o f a u n a  i s  p r e s e n t  

h e r e .  The brown l e a f - l i k e  m a r l s  o f  t h e  Yuma  f o r m a t i o n  [ o r  Buraya  /Erown/ f o r n a -  

t i o n )  e x t e n d  f rom B u l g a r i a  up t o  C a s p i a n  Sea and s e r v e  a s  a n i c e  marking  h o r i -  

zon.  

Upper Eocene d e p o s i t s  a r e  i n c l u d e d  i n  t h e  B e l a y a  S l i n a  [ W h i t e  Clay1  f o r n ; a t i o n  

and c o n s i d e r a b l y  d i f f e r  l i t h o l o g i c a l l y  f r o m  t h e  u n d e r l y i n g  s e d i m e n t s .  They a r e  

r e p r e s e n t e d  by m a s s i v e  t h i c k - l a y e r e d  c l a y e y  l i m e s t o n e s  and rnar l s  o f  w h i t e ,  

l i g h t - g r e y  and l i g h t - g r e e r  c o l c u r  a b c u t  1 C . O  r~ t h i c k .  T h e  t o p  of  t h e  f o r m a t i o n  

i n c o r p o r a t e s  a member ( 4 - 5  ml o f  g r e y - g r e e n  m a r l s  w i t h  s c a t t e r e d  p y r i t e .  

By p l a n k t o n i c  f o r a m i n i f e r s  t h e  Upper Eocene i s  s u b d i v i d e d  i n t o  two z o n e s :  

- t h e  Globigerapsis t r o p i c a l i s  and l a r g e  GZobigerina z o n e ,  where GZobigerap- 

sis tropicaZis ,  G.  index, GZoborotaZia c e n t r a l i s ,  GZobigerina corpulenta, G.  ga- 

Zavisi, Pseudohastigerina miera were  f o u n d .  T h i s  z o n e  c o r r e s p o n d s  t o  t h e  GZobi- 

gerapsis semiinvoluta and GZoborotaZia cocoaensis z o n e s  of t h e  t r o p i c a l  r e a l m .  

I d e n t i f i c a t i o n  o f  t h e  l a t t e r  o n e s  i s  i m p o s s i b l e  here a s  a riumber o f  t r o p i c a l  

s p e c i e s  o f  p l a n k t o n i c  f o r a m i n i f e r s  a r e  a b s e n t  d u e  t o  p a l e o c l i m a t i c  c o n d i t i o n s .  

- t h e  GZoborotaZia centraZis - GZobigerina gor tani i  zone ,  where t o g e t h e r  

w i t h  above-ment ioned  s p e c i e s  were f o u n d  GZobigerina corpuzenta, G. gaZavisi and 

r e l a t i v e l y  r a r e  - G .  o f f i c i n a l i s ,  G. ampZiapertura, GZoborotaZia permicra wide-  

s p r e a d  i n  t h e  O l i g o c e n e .  T h e  r e p r e s e n t a t i v e s  o f  Globigerapsis a r e  c o m p l e t e l y  

a b s e n t .  T h e  h i g h - c o n i c  GZobigerina gor tani i  B o r s e t t i ,  1 9 5 9  i s  p r o b a b l y  a syno-  
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nym o f  Globigerina rubriformis [ S u b b o t i n a l ,  1 9 5 3 .  

A c c o r d i n g  t o  n a n n o p l a n k t o n  t h e  Upper Eocene d e p o s i t s  o f  t h e  Kuban r i v e r  sequ- 

ence c o r r e s p o n d  t o  t h e  Discoaster barbadiensis zone s u b d i v i d e d  i n t o  t h r e e  sub-  

zones - Chiasmolithus oamaruensis, Isthmolithus recurvus, Sphenolithus pseudo- 

radians. 

M a r l s  ano l i m e s t o n e s  o f  t h e  B e l a y a  G l i n a  [ W h i t e  C l a y 1  f o r m a t i o n  c o n t a i n  nuwe- 

r o u s  b e n t h i c  f o r a m i n i f e r s  - Bolivina antegressa, B. n o b i l i s ,  B.  budensis, Bifa- 

r ina millepunctata, Neobulimina j'raudulenta, Uuigerina cos te l la ta ,  U. jacksonen- 

sis, Bolivinoides re t icu la tus ,  Bulimina s c u l p t i l i s ,  B .  aksuatica, Vaginulina me- 

xicana, Saracenaria arcuata, Frondicularia budensis, Siphonodosaria volgensis ,  

S .  e x i l i s ,  S .  spinescens, Nodosaria bacillum, Dentalina inornata, Marginulina 

b e h i ,  M .  fragaria, Lent icul ina Zimbosa, L .  Zaticostata, Va ltrulineria iphigenia, 

Cassidulina globosa, Planulina costata,  Anomalina acuta, Cibicides pigmeus and 

many o t h e r s ,  The uppermost  p a r t  o f  t h i s  f o r m a t i o n  ( 5 - 7  m) i s  p a r t i c u l a r l y  r i c h  

i n  b e n t h i c  f o r a r r i n i f e r s ;  t h i s  member i s  c a l l e d  " l a y e r s  w i t h  Bolivina antegrcssa". 

The l a y e r s  i n  q i i e s t i o n  c o n t a i n  a l s o  d i f f e r e n t  s p e c i e s  o f  m o l l u c s  - Var~amus- 

siwn f a l l a x ,  Amussiwn serniradiatum, Palliolwn meyeri, Spondy lus buchi, Nuculana 

peroval is ,  Pholadomya subalpina, e t c .  They a r e  used  t o  be  c o n s i d e r e d  as a f a u n a  

o f  L a t t o r f i a n  t y p e .  

O l i g o c e n e  d e p o s i t s  f o r m  t h e  Plaikop s e r i e s  and a r e  r e p r e s e n t e d  b y  q u i t e  d i f f e -  

r e n t  s e d i m e n t s  - d a r k  n o n c a r b o n a t e  c l a y s .  The boundary  w i t h  t h e  B e l a y a  G l i n a  

[ W h i t e  C l a y )  f o r m a t i o n  i s  v e r y  sha rp ,  b u t  no t r a c e s  of a h i a t u s  or ou twash  have 

been f o u n d  . The r e p l a c e m e n t  o f  l i g h t  m a r l s  and c l a y e y  l i m e s t o n e s  b y  d a r k  

c l a y s  t a k e s  p l a c e  w i t h i n  a bed o f  a b o u t  1 m e t e r  t h i c k .  

The Lower O l i g o c e n e  c o r r e s p o n d s  t o  t h e  Khadum f o r m a t i o n , 3 5  m t h i c k .  I t  i n c l u -  

des brown, d a r k  g r e y  and b l a c k  l e a f - l i k e  c l a y s  w i t h  f i s h  r e m a i n s .  A t  t h e  base  o f  

t h e  f o r m a t i o n  t h e  c l a y s  a r e  w e a k l y  c a l c a r e o u s  and upward t h e  sequence b e c a e s  

c o m p l e t e l y  n o n - c a l c a r c o u s  w i t h  j a r o s i t e  s p o t s .  

The p l a n k t o n i c  f o r a m i n i f e r s  a r e  deve loped  o n l y  i n  t h e  b a s a l  c a l c a r e o u s  c l a y s  

- abundan t  Globigerina o f f i c i n a l i s ,  G. praebulloides, G .  ampliapertura, G .  pra- 

saepis, G. ouachitaensis, Globorotalia permicra, G. gema,  Pseudohastigerina 

rnicra, Ps. barbadoensis. They a r e  i n d i c a t i v e  o f  t h e  Lower O l i g o c e n e  age o f  s e d i -  

ments, b u t  t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  p e r s i s t e n c e  o f  t h e  sequence, t h e  Khadum 

f o r m a t i o n  b a s a l  l a y e r s  can  be  i n c l u d e d  i n  t h e  Globigerina tapuriensis  zone.  

N a n n o p l a n k t o n  h e r e  i s  a l s o  p o o r  - d i s a p p e a r a n c e  o f  Discoaster saipanensis and 

D. barbadiensis shows, t h a t  t h e s e  d e p o s i t s  b e l o n g  t o  t h e  Ericsonia subdisticha 

zone. I n  t h e  o v e r l y i n g  n o n - c a r b o n a t e  c l a y s  n a n n o p l a n k t o n  is a b s e n t .  

The l o w e r  p a r t  o f  t h e  Khadum f o r m a t i o n  c o n t a i n s  a l s o  m d l u S C S  - Nucula compta, 

Corbuta conglobata, Pseudmussiwn cossmani, Cassidaria buchi, Natica n y s t i ,  e t c  . 
The Khadum c l a y s  a r e  o v e r l a i n  b y  t h e  O s t r a c o d a  bed - w h i t e  and g r e y  m a r l s  w i t h  

abundan t  t h i n - w a l l e d  o s t r a c o d s ,  up t o  5 m t h i c k .  T h i s  bed i s  t r a c e d  t h r o u g h o u t  
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t h e  n o r t h e r n  s l o p e  o f  t h e  Caucasus [ s e v e r a l  hundred  kml and s e r v e s  as a good r e -  

g i c n a l  m a r k i n g  h o r i z o n .  

Thus, t h e  Kuban r i v e r  sequence shows c o n t i n u o u s  s u c c e s s i o n  o f  t h e  Upper  Eoce- 

ne - Lower 3 l i g o c e n e  d e p o s i t s .  A t  t h e  Eocene - O l i g o c e n e  b o u n d a r y I t o p  o f  t h e  

GZoborotaZia centra l i s  - GZobigerina gortani i  zone b y  f o r a m i n i f e r s ,  t o p  o f  t h e  

Discoaster barbadiensis  zone by  n a n n o p l a n k t o n )  t h e  p r o c e s s  o f  s e d i m e n t a t i o n  was 

s h a r p l y  changed - c a l c a r e o u s  s e d i m e n t s  were r e p l a c e d  b y  n o n - c a r b o n a t e  ones, i . e .  

t h e  l i t h o l o g i c a l  boundary  c o i n c i d e s  w i t h  t h e  c h r o n o s t r a t i g r a p h i c  one. I t  s h o u l d  

oe  n o t e d  t h a t  i n  t h e  a d j a c e n t  r e g i o n s  o f  t h e  N o r t h  Caucasus s t u d i e s  f r e -  

q u e n t l y  f i x  a h i a t u s  a t  t h e  l e v e l  u n d e r  c o n s i d e r a t i o n .  Fauna and f l o r a  a t  t h e  

Eocene - O l i g o c e n e  boundary  i n  t h i s  r e g i o n  were  changed s t r o n g l y ,  b u t  t h i s  e v e n t  

idas errphasized b y  a s h a r p  chaoge i n  f a c i e s .  The l a t t e r  does n o t  p e r m i t  

t h e  r e a l  e v o l u t i o n  o f  f a u n a  and f l o r a  t o  be t r a c e d .  
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THE KIIN-KERISH SECTION [USSS, SOUTF-E4STERY KAZAKHSTAN, THE LAKE ZAISAN BASIN1 

AKHKETIEV M.A., a O R I S D V  B.P, . ,  EROFEEV V.S . ,  TSEKHOVSKY Yu.G. 

The Lake Zaisan basin is filled by Cenozoic lacustrine-alluvial deposits with 

a total thickness of up to 2 000 m. It separates the South Altai and Saur- 

Tarbagatai mountains (see fig.l).The Kiin-Kerish section with remains of 

r e p r e s e n t a t i v e s  b e l o n g i n g  t o  d i f f e r e n t  groups '  o f  c o n t i n e n t a l  b i o t a  was selec-  

t e d  f o r  d e s c r i p t i o n  o f  Eocene-O l igocene  boundary  d e p o s i t s .  I t  occupies t h e  n o r t h -  

e a s t  o f  t h e  Lake Z a i s a n  d e p r e s s i o n .  The d e p o s i t s  o f  boundary  i n t e r v a l  compose 

two units (see Figs. 2 , 3 ) .  The lower Turangin formation ( 2 0  m) is represented by 

sands, siltstones and rarely clays. It is characterized by a limonitization, re- 

sulting from oxidation of sulphides scattered in the deposits. The formation’s 

section is topped by the marking layer "A" - spotty-coloured pink siltstones 

(0.5-1.5 m). In the upper Tuzkabak formation (50 m) clays and silts predominate 

with lenses and interlayers of quartzic sands and calcareous sandstones. The 

specificity of the unit is expressed in an abundance of concretions and pseudo- 

morphs of calcite with an admixture of siderite (10-15%) and goethite. 

The Turangin formation with erosional surface overlies Paleocene - Middle 
Eocene ( ? )  deposits and i s  subdivided into four members. 

1. Sands with oblique waving or horizontal lamination 3-4 m. In the sands a 

jaw was found of the Paroxyclaenid Ki inker i she l la  zaisanica Gab. e t  Bir., and in 

the roof an incomplete skeleton Zaisanamynodon bor i sov i  Bel. 

2 .  Siltstones with clay interlayer (0.5 m) in the middle part. In the roof 

quartzic sands in places. In it was found a jaw of Amynodontidae ...... 4-5 m. 
3. Alternation of siltstones and clays with fossil plants .......... 7-8 m. 

The flora changes throughout the member. In the basal "Salvinia" layer remains 

of water plants predominate - Sa lv in ia  rnildeana Goepp., S .  m i r a b i l i s  Iljinsk., 

::elz.vbo sp., monocotyledones - Zir2ibcr<:es borea l i s  (Palib.) Iljinsk., dicoty- 

ledones - L ' ~ A s  sp. and "2ibiscs.s" neuburgae Iljinsk. Poor complex of pollen and 

spores with r'inus, Taxodiaceae, Cupressaceae, Palmae, C o r y l u s ,  Quercus. Upward 

in the clays predominate Alnus ex gr. subcordata May, Ulmus spp., Populus arna- 

udii (Sap.) Iljinsk., "Hibiscus" neuburgae Iljinsk., cf. Cupanites formosus 

' They were s t u d i e d  by Gabunia L.K., E i r y u k o v  M.D. and B e l i a e v a  E . I .  
rna ls) ,  Shevy reva  N.S .  [ r o d e n t s ] ,  Ef i rnov Y . V .  and Chkh ikvadze  ( r e p t i l e s  and am- 
p h i b i a n s ] ,  Sychevskaya E.K. [ f i s h e s ] ,  T o l s t i k o v a  N.V .  [ f r e s h - w a t e r  m o l l u s k s l ,  
I l j i n s k a y a  I . A . ,  Rornanova E.V., Akhmet iev  M.A. ,  [ p l a n t  r n e g a f o s s i l s ) ,  2 z n a n n i k o -  
va L.N., Panova L.A., S o t n i k o v a  M.A. ,  and Z a p o r o z h e t s  N . I .  [ p o l l e n  and s p o r e s ) .  

( l a r g e  rnarn- 
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B e r r y ,  Rare  - Lindera vassiZenkoi I l j i n s k . ,  ZeZkova zeZkovifofoia [Ung. I B u i e k  

e t  K o t l a b a ,  ~ ~ ~ c a , D r y o p h y z Z w n , , l e a v e s  and f r u i t s  of Leguminosae !Minosi tes ,  So- 

phora),  l e a v e s  of  Magnolia, StercuZia,  ApocynophyZZwn, V y r t a c e a e .  I n  pa lyno-  

complex p r e d o m i n a t e  AZnus and UZrnus ( u p  to 60 % ) ,  Juglandaceae (Juglam, 

Carya, Pterocarya, PZatycarya) ( u p  t o  l o % ) ,  Hamamelidaceae (HamameZis, Fother- 

giZ2.a) [ u p  t o  5%1, ZeZkova, PZanera, CeZtis .  S i n g l e  p o l l e n  o f  Pa lmae ,  SaZix,  

Myrica, Cory Zus, Ostrya, Quercus 14. graciZis, &. graciliformis, 4. c f .  s ib i r i -  

c a ) ,  Castanopsis, Magnolia, Liquidmbar zaisanica Pan., AZtingia,  Laurus, Tro- 

chodendroiz, A r a l i a c e a e .  P o l l e n  o f  gymnosperms - 8 % :  ?inus ( u p  t o  6%1,  Ginkgo, 

Picea, Abies,  T a x o d i a c e a e ,  C u p r e s s a c e a e .  spores of Polypodiaceae (1%). I n  the 

sample  f rom t h e  same l e v e l ,  b u t  o u t s i d e  t h e  f l o r a - b e a r i n g  l e n s e  - T a x o d i a c e a e  

!up t o  50";1, TiZia ,  L i l i a c e a e .  I m p r i n t s  o f  c y c a d s  and  mollusks[Contradens c f .  

compressopsis T o l s t i k .  and o t h e r s ) ,  mammals: Ardynomys glambus, c f .  Anthracothe- 

rim, Eoentelodon s p . ,  Gobiohyus s p ,  1 .  

4 .  S i i t s t o n e s  and  c l a y s  w i t h  lenses of  quartz and sands at t h e  b a s e .  Abun- 

d a n t  l i m o i i t i z a t i o n .  O i r e c t l y  u n d e r  t h e  marking  l a y e r  " A "  - t h e  lensa o f  w h i t e  

f l o r a - b e a r i n g  c l a y s  ................................................... 2-6 m 

Predominant are the narrow-leaved DhyOphyL~Um CUJt2%t&kKAt Sap.tt Mar.,D.dt- 

walquei S a p .  e t  Mar., D. krysh to fov ich i i  I l j i n s k . ,  Myrica acwninata Ung., Myri- 

c;! c f .  l i g n i t w n  [dng. I Sap., PopuZits a m a u d i i  I l j i n s k . ,  ?. krysh to fov ich i i  

I l j l n s k . ,  r a r e  Taxodium dubiim ( S t e r n b .  1 Heer, Lindera vassizenkoi  I l j i n s k . ,  

ZeZkom z e l k o v i f o l i a  [Ung.l B G i e k  e t  K o t l a b a ,  Ampelopsis s c h i s c h k i n i i  I l j i n s k . ,  

Srarcinzis Y P . .  Astronium ninae I l j i n s k .  e t  Akhmet. and o t h e r s .  Here o c c u r  a l s o  

m o l l u s k s  from e c o z o n e  Contradens comprsssopsis (C. compressopsis T o l s t i k . ,  P t i -  

chorjnchoidens Longiusculus T o l s t i k .  and  o t h e r s .  

The Tuzkabak f o r m a t i o n  i n c l u d e s  5 members: 

i. C l a y s  and  s i l t s t o n e s  w i t h  i n t e r l a y e r s  o f  s a n d s  and  s a n d s t o n e s ,  I n  t h e  

r o a f  - n a r k i n g  l a y e r  "B" - s i l t s t o n e s ,  b l a c k  manganese ................. 4-6 m 

In t h e  lowermost  p a r t  o f  member 5 w e r e  f o u n d  rodents - C y l i n d r o d o n t i d a e  and 

Eowyidas s e n .  e t  s p .  n..upward in the section,in t h e  member 5 and  at the base 

are vertebrates: mammals-Amynodon sp. ,Rhachyodu~ sp., Anchatornuqx sp. ,croco-  

d i l e s  - A i l i g a t o r i n a e ,  [ ? I  Tornistoaa s p . ,  t u r t l e s  Chrysemys s p .  and  "PZastome- 

n:!srf minusculus Chkhik . ,  v e r t e b r a e  3 f  s a l a m a n d e r s  and ooze  f i s h e s  (Arnia barroi- 

si Leiricti., A .  robusta P r i m . ) .  

5. S i l t s t o n e s ,  s a n d s  and  s a n d s t o n e s ,  c a r b o n a t e ,  manganese  ........... 8-12 m 

7.clays spotty-coloured w i t h  l e n s e s  o f  c a r b o n a t e  s a n d s t o n e s  a n d  i n t e r c a l a t i n g  

c l a y s  a n s  s i l t s t o n e s  ................................................... ~ 5 - I 6  m 

Marnm3ls: Arnynodonsp ., Amphechinus sp. ,  Cadurcodon c f .  zaisanensis  Eel., Bo- 

thriodon s p . ,  A n t h r a c o t h e r i i d a e  I c f .  Brachyodusl. EnteZodon s p . ,  ArtiodactyZa 

( c f .  E-umergx, c f .  Miomeryx), c r o c o d i l e s  - AZZigatorinae, Tornistoma s p . ,  t u r t l e s  

- Chrysernys index C h k h i k . ,  ffPZastomenus" minuscuzus C h k h i k . ,  CheZydropsis rninax 
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Chkhik.  

8. C l a y s  w i t h  ferruginous-carbonate c o n c r e t i o n s  w i t h  i n t e r l a y e r s  o f  s i l t s  

and  s a n d s .  I n  t h e  b a s e  - t r a c e s  of  erosional surface (in places) .... 10-12 m. 
I n  t h e  m i d d l e  p a r t  o f  t h e  member - m o l l u s k s  o f  e c o z o n e  Rectidens asiat icus  (R.  

asiaticus T o l s t i k . ,  Ctenodesma subfoliaceae T o l s t i k . ,  Margaritonopsis infans 

T o l s t i k . ,  Nannonaia pucla T o l s t i k . ,  Oxynaia subcultus Mart. e t  T o l s t i k . ,  0. f er -  

rata T o l s t i k . ,  Rectidens kustovicus T o l s t i k . ,  Physunio Zaeviusculus T o l s t i k . a n d  

o t h e r s ,  

In the upper part of the member the turtle armour Trionyz zaisanensis Chkhik. 

was found. At the boundary of the members 7 and 8, in the lens of white clays 

plants were found. 

schischkini i  I l j i n s k . ,  Quercus s p p .  [ 3  s p e c i e s ) ,  Castanea ant ipov i i  [ K r y s h t l  

I l j i n s k . ,  Alnus neuburgae ( B a i k l  I l j i n s k  ., PopuZus arnaudii I l j i n s k . ,  Ailanthus 

confucii Ung., more r a r e  - Liquidambar zaisanica Akhmet., PZatanus vass iZ jev i i  

I l j i n s k . ,  Eucomia palaeoulmoides Baik., Pis tacia zaisanica I l j i n s k . ,  Rhus ki in-  

kerischica A k h m e t . ,  Astroniwn ninae I l j i n s k .  e t  A k h m e t . ,  kcer c f .  tataricwn L.  

and o t h e r s ,  

9 .  C l a y s ,  gypsum-bear ing ,  v a r i c o l o u r e d  ............................. 6-10 rn 

They are overlainby s a n d s  and  s i l t s  of  t h e  Upper O l i g o c e n e .  

Due to the difficulties of correlation between the regional scale and the 

planktonic scales, the position of the Eocene-Oligocene boundary in the Kiin- 

Kerish section can be established only within an interval. The finds of such 

archaic forms as Kiinhehhhel la ,  Zahanamynodon, Gobiohyuo, Eoentelodon and a 
form close to An.thacothe;rium (the representative of Antracotheriidae), permit 

one to include the mb 1-3 in the Upper Eocene. The presence of "Hibbcuo" 

neubwigae in combination with typical subtropical plants in the complex of the 
member 3 as well as finds i.n the palynocmplex of Q U U C U d  g / i U C i b b  Boitz. are 

also indicative of an Eocene age. The appearance of temperate Alnuo, Utmuo and 
others results from local conditions : closeness of mountains and the situation 
of the Zaisan basin bottom above sea level. 

V e r t e b r a t e s  complex o f  member 6 , w i t h  Amynodant idae,  A n t h r a c a t h e r i i d a e  (Both- 

riodon,Brachyodus a n d  o t h e r s  , a s  wel l  a s  f l o r a  complex b e l o n g i n g  t o  t h e  T u r g a i  

t y p e  of  t h e  member 7 a r e  i n d i c a t i v e  of O l i g o c e n e  a g e  o f  e n c l o s i n g  r o c k s .  T h i s  

enables us  to consider that the Eocene - Oligocene boundary lies in the interval 

of the members 4-5. 

C o n c l u s i o n s .  

11 I n  t h e  s e c t i o n  K i l n - K e r i s h ,  Eocene  - O l i g o c e n e  boundary  i n t e r v a l  i n c l u d e s  

members 4 and  5 .  As a p r e l i m i n a r y  v a r i a n t ,  t h e  boundary  be tween t h e  Eocene and 

O l i g o c e n e  c a n  b e  drawn a t  t h e  c o n t a c t  be tween T u r a n g i n  and  Tuzkabak f o r m a t i o n s .  

21  T h e  n a t u r e  o f  s e d i m e n t a t i o n  i n  t h e  boundary  i n t e r v a l  d o e s  n o t  e s s e n t i a l l y  

change. There was only the change in the major paragenetic assemblages: the 
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clay-siderite-pyrite assemblage was replaced by a ferruginous-carbon one. No 

considerable hiatuses in sedimentation have been registered. Composition of 

t h e  f o s s i l  complexes  o f  organisms i s  a l s o  c h a n g i n g  g r a d u a l l y .  

3 )  The c o o l i n g o f  t h e  t e r r i t o r y  o f  t h e  Z a i s a n  Basin at t h e  end o f  L a t e  Eocene 

anc  t h e  b e g i n n i n g  o f  O l i g o c e n e  l e d  t o  a g r a d u a l  elimination of s u b t r o p i c  

"Poltava" elements from the vegetation and their replacement by temperate 

"Turgai" elements accompanying a general reduction of moisture. 

F i g . 1  I n d e x  map. showing 
K i i n - K e r i s h  
1 - X i i n - K e r i s h  s e c t i o n  

F i g . 2  [ b e l o w ]  G e o l o g i c a l  map 
[ b y  E r o f e e v  V . S . 1  
1 - c l a y s  o f  t h e  Upper P a l e o -  
cene-Eocene ( P q  -P2 1 .  Upper 
Eocene  and Lower 6 l i g o c e n e  
d e p o s i t s .  2 , 3  - TUranEin 
f o r m a t i o n  (P3-P1 I: 2- member 
1 ;  3-  meniberg 2?4; 4 , 5  - t h e  
Tuzkabak f o r m a t i o n  (P;-P$l: 
4- members 5-7 ;  5- members 
8 . 9 ;  6- U p p e r  O l i g o c e n e  (P21; 
7-  c u a t e r n a r y  d e p o s i t s :  8-?he 
marking h o r i z o n  " A " ;  9 - f a u l t s ;  
1 C -  s t r a t i g r a p h i c  c o n t a c t s ;  
1 1 -  d i p  o f  s t r a t a ;  12-  l o c a -  
l i t i e s  o f  f l o r a ;  13- l o c a l i -  
t i e s  o f  v e r t e b r a t e s .  
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Fig .  3 Upper Eocene - Lower Oligoce- 
ne Kiin-Kerish s e c t i o n .  
1 - q u a r t z i c  s ands ;  2 - q u a r t z i c  sand- 
s t o n e s  w i t h  c a rbona te  cement; 3 - s i l t s  
4 - c l a y s ;  5 - marking horizon " A " ;  
5 - marking horizon "6"; 7 - numbers 
o f  members i n  t h e  s e c t i o n ;  8 - con- 
t a c t s  w i t h  e r r o s i o n a l  s u r f a c e ;  
B - conformable c o n t a c t s ;  1 0  - o x y d i -  
z ing  su lph ides ;  11 - ca rbona te  concre-  
t i o n s ;  1 2  - iron-manganese conc re t ions ;  
1 3  - l o c a l i t i e s  o f  f o s s i l  p l a n t s ;  
1 4 , 1 5  - major  a n d  i s o l a t e d  l o c a l i t i e s  
o f  v e r t e b r a t e s ;  16,17 - mollusks o f  
t h e  ecozones Contradens compressopsis 
and Rectides as ia t icus .  
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KARAGINSKY SECTIljiL [ i iSSR, KARAGINSkY ISLAND, EAST KAMCHATLAI 

?l.Ya.SEROVA 

M a r i n e  and c o n t i n e n t a l  Upper  Pa leogene  d e p o s i t s  a r e  w i d e s p r e a d  w i t h i n  t h e  

n o r t h - w e s t e r n  part o f  t h e  P a c i f i c  Ocean (West  S a k h a l i n  , West and E a s t  Kam- 

c h a t k a  and a d j a c e n t  i s l a n d s ] .  They are present also in several depressions ofthe 

Sou th -Eas t  S a k h a l i n ,  K o r y a k  h i g h - l a n d ,  Anadyr-Penzha d e p r e s s i o n  and on t h e  Ko-  

mandor I s l a n d s .  Eocene-O l igocene  boundary  l a y e r s  a r e  r e p r e s e n t e d  h e r e  by p redo-  

m i n a n t l y  m a r i n e  t e r r i g e n o - v o l c a n o g e n i c  s a n d y - c l a y e y  c a r b o n a t e - f r e e  d e p o s i t s  up 

t o  s e v e r a l  t housands  km t h i c k .  I n  some r e g i o n s  t h e y  a r e  c o a l  b e a r i n g .  

L a t e  Pa leogene  d e p o s i t s  o f  t h e  F a r  E a s t  r e g i o n  a r e  r i c h  i n  f o s s i l s - b e n t h i c  

f o r a m i n i f e r s ,  m o l l u s k s ,  f l o r a ,  spo res ,  and p o l l e n .  However, t h e y  a r e  p r a c t i c a l l y  

f r e e  o f  c a l c a r e o u s  p l a n k t o n  [ p l a n k t o n i c  f o r a m i n i f e r s ,  n a n n o p l a n k t o n l .  On t h e  

o t h e r  hand, s i l i c e o u s  p l a n k t o n  i s  r a t h e r  abundan t  but p o o r l y  p r e s e r v e d .  There -  

f o r e ,  t h e  b e n t h i c  f o r a m i n i f e r s  and m o l l u s k s  a r e  t h e  m a j o r  g r o u p s  f o r  s u b d i v i -  

d i n g  sequences and f o r  i n t e r r e g i o n a l  c o r r e l a t i o n s .  The comp lexes  o f  b e n t h i c  f o -  

r a m i n i f e r s  a r e  p r a c t i c a l l y  f r e e  o f  endemic f o r m s  and g i v e  t h e  o p p o r t u n i t y  t o  

c o r r e l a t e  t h e  b i o s t r a t i g r a p h i c  s u b d i v i s i o n s  o f  t h e  F a r  E a s t  s c a l e  w i t h  t h e  s t a g e  

and z o n a l  s c a l e  o f  C a l i f o r n i a ,  elaborated on t h e  b a s i s  o f  b e n t h i c  f o r a m i n i f e r s  

and m o l l u s k s  w h i c h  f o r  t h e  l a s t  f e w  y e a r s  was e s s e n t i a l l y  c o r r e c t e d  i n  d e f i n i -  

t i o n  of  age oy p l a n k t o n i c  f o r a m i n i f e r s  [ L i p p s ,  1967;  k r a s h e n i n n i k o v ,  'i973, and 

o t h e r s 1  and n a n n o p l a n k t o n  [Warren.  Yewe l l ,  19751.  

The Eocene-O l igocene  boundary  i s  drawn on t h e  b a s i s  o f  c o m p l e t e d  w i d e  c o r r e -  

l a t i o n s  and a complex o f  b i o s t r a t i g r a p h i c ,  c l i m a t o l o g i c a l  d a t a  and f e w  measure-  

men ts  o f  a b s o l u t e  age:  i n  West Kamchatka - between K o v a c h i n s k y  and Amansko-Gan- 

k h i n s k y  h o r i z o n s ,  i n  t h e  s o u t h e r n  p a r t  o f  t h e  K o r y a k  h i g h - l a n d  [ t h e  I l p i n s k y  

P e n i n s u l a 1  - between t h e  K o v a c h i n s k y  and A l u g i n s k y  h o r i z o n s ,  i n  E a s t  Kamchatka 

( t h e  K a r a g i n s k y  I s l a n d ]  - between t h e  f o r m a t i o n  o f  t h e  m o u n t a i n  Peresheek  and 

I l k h a t u n s k y  f o r m a t i o n ,  on t h e  c o a s t  o f  t h e  Penzha bay  - between t h e  I r g i r n i n s k y  

and R a t e g i n s k y  f o r m a t i o n s .  

The K a r a g i n  I s l a n d  sequence was i n t e r p r e t e d  as t y p i c a l  f o r  t h e  Eacene-O l igo -  

cene b o u n d a r i e s .  I t s  b r i e f  d e s c r i p t i o n  i s  g i v e n  b e l o w . [ F i g .  11. 

The boundary  d e p o s i t s  h e r e  a r e  r e p r e s e n t e d  b y  t h r e e  f o r m a t i o n s :  t h e  Cape Tons, 

t h e  m o u n t a i n  Peresheek,  and t h e  I l k h a t u n s k a y a  one [ F i g .  2 1 .  

The Cape Tons f o r m a t i o n  is r e p r e s e n t e d  b y  t u f f - b r e c c i a s  and t u f f  conglome- 

r a t e s  w i t h  i n t e r l a y e r s  o f  t u f f - s a n d s t o n e s  and t u f f  c l a y s t o n e s  i n c l u d i n g  s h e l l s  
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of m o l l u s k s  and f o r a m i n i f e r s ,  

The m o u n t a i n  Peresheek  f o r m a t i o n  c o n s i s t s  o f  dense sandy c l a y s t o n e s  w i t h  

r o u n d  l o a f - l i k e  c o n c r e t i o n s ,  s c a t t e r e d  f i n e  p e b b l e s  and g r i t  and m o l l u s k  s h e l l s .  

lJpper p a r t  o f  t h e  f o r m a t i o n  has i n t e r l a y e r s  o f  f i n e - p l a t y c a l c a r e o u s  c l a y s t o n e s  

w i t h  abundan t  a c c u m u l a t i o n s  o f  f i s h  r e m a i n s .  T h i c k n e s s  [ v i s i b l e )  - 80 m. 

The i l k h a t u n s k a y a  f o r m a t i o n  o v e r l a y i n g  w i t h o u t  v i s i b l e  u n c o n f o r m i t y  t h e  moun- 

t a i n  Peresheek  f o r m a t i o n  i s  r e p r e s e n t e d  by an a l t e r n a t i o n  between sands tones ,  

s i l t s t o n e s  and c l a y s t o n e s .  The s i l t s t o n e  

of c a l c a r e o u s  c o n c r e t i o n s ,  and a d m i x t u r e  o f  p e b b l e  and g r i t ,  a s  w e l l  as abun- 

d a n t  m o l l u s k  s h e l l s  w i t h  p redominance  o f  t h e  YoZdia genus. T o t a l  t h i c k n e s s  i s  

700 -1000  m. 

members a r e  c h a r a c t e r i z e d  b y  p r e s e p c e  

The bodndary  d e p o s i t s  o f  t h i s  sequence were d e s c r i b e d  by t h r e e  d i f f e r e n t  f o -  

r a m i n i f e r a l  complexes,  The f i r s t  [Upper  Eocene)  one i s  a s s o c i a t e d  w i t h  Cape Tons 

f o r m a t i o n .  m o u n t a i n  Peresheek  f o r m a t i o n  and l o w e r m o s t  p a r t s  [ b e l o w  40 m l  o f  t h e  

I l k h a t u n s k a y a  one. Plectofrondicularia,  GZobulimina, VaZvulineria,  Caucasina a r e  

? redominan t  there. T y p i c a l  s p e c i e s  o f  t h e  complex a r e :  Plectofrondicularia pa- 

ckardi packardi,  P .  packardi muZtiZineata, P. srnithi, Gyroidina condoni, H .  ob- 

liquecamerates. i n  t h e  m o u n t a i n  Peresheek  - Uvigerina garzaensis nudorobusta, 

BuZimina s c u l p t i l i s ,  AZabamina kernensis ,  Valvul ineria involu ta ,  Caucasina 

schwageri, Caucasina eocaenica kamchatica a r e  dominant. 

The n o l l u s k s  a r e  r i c h  i n  number o f  i n d i v i d u a l s  and i m p o v e r i s h e d  in s y s t e -  

m a t i c  c o m p o s i t i o n ,  S p e c i e s  c o m p o s i t i o n  does  n o t  p r a c t i c a l l y  change upwards 

e x c e p t  o n l y  changes i n  c o m p o s i t i o n  o f  t h e  complex r e s u l t e d  f rom a change i n  se-  

d i m e n t  l i t h o l o g y .  The f i n e r  ( b y  c o m p o s i t i o n  o f  r o c k s )  s i l t s t o n e s  and c l a y s t o n e s  

a r e  c h a r a c t e r i z e d  b y  abundan t  s m a l l  f i n e v a l v e  s c a l l o p s  o f  t h e  Var~amussiwn t y p e ,  

f i s h  r e m a i n s  and c r u s t a c e a n s ,  stems o f  sea a l g a e .  The g r i t s t o n e s  a r e  r e p r e s e n -  

ted by f ewer  d e e p - w a t e r g r o u p s -  Yoldia,  L ima ,  Maactra and o t h e r s .  T y p i c a l  a r e  

s p e c i e s :  Variamussiwn p i l l a r e n s e ,  V. omactisensis, V .  a f f .  i n o l l e i ,  Lima (Acestal 

makusens is ,  YoZdia watasei (G ladenkov ,  1 9 7 2 ) .  T h i s  l a s t  s p e c i e s  i s  most  abun- 

Aant  i n  t h e  complex o f  t h e  m o u n t a i n  Peresheek  f o r m a t i o n .  The complex i s  

- l o s e  t o  t h e  f a u n a  o f  t h e  Sakasegava f o r m a t i o n  i n  Japan [ S e r o v a  e t  aZ., 1 9 7 5 3 .  

The f o r a m i n i f e r a 1  and molluscan complex o f  t h e  I l k h a t u n s k a y a  f o r m a t i o n  d i f -  

-Fers c o n s i d e r a b l y  in c o m p o s i t i o n  and s t r u c t u r e  f r o m  t h e  complexes o f  t h e  Cape 

Tons and m o u n t a i n  Peresheek  f o r m a t i o n s .  The mos t  d i v e r s i f i e d  f o r a m i n i f e r a 1  assem- 

b l a g e  c h a r a c t e r i z e s  t h e  l o w e r  p a r t  o f  t h e  f o r n a t i o n  ( w i t h o u t  l owermos t  40 m l .  

I t  i s  r e p r e s e n t e d  b y  more t h a n  4 0  s p e c i e s  o f  p r e d o m i n a n t l y  c a l c a r e o u s  p e r f o r a t e  

f o r a m i n i f e r s ,  The p e r c e n t a g e  o f  s p e c i e s  passed  f r o m  t h e  u n d e r l y i n g  d e p o s i t s  i s  

i n c o n s i d e r a b l e .  New e l e m e n t s  exceed 80%. The m a j o r  backg round  i s  composed of  Ci- 

bic ides  and among them t h e  s p e c i e s  Cibicides  coazingensis  i s  most  numerous. Be- 

s i d e s  t h i s  s p e c i e s  t h e r e  a r e  p r e s e n t :  Cibicides  americans, C. crass i sep tus ,  C .  

hodgei, C. a h a e n s i s  t o g e t h e r  w i t h  Eponides f r i z z e l l i ,  Melonis shimokinense, 
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Cribroe Zphidiwn steZZigemm, Lagena, costata,  NonioneZla t a t m i ,  Siphonodosaria 

f r i z z e l l i ,  and a l s o  s i n g l e  BuZirnina scuZpt i l i s ,  Caucasina schwageri, GZobuZirnina 

iZpinica, CycZmina p a c i f i c a ,  C.incisa. I n  t h i s  complex s i n g l e  Pseudohastigeri- 

~2 .lic?ra [ C o l e ]  is p r e s e n t  a l s o .  

T h e  u p p e r ,  l a r g e r  by t h i c k n e s s  p a r t  of  t h e  I l k h a t u n s k a y a  f o r m a t i o n  i s  d e s -  

c r i b e d  by i m p o v e r i s h e d  complex o f  a g g l u t i n a t e d  f o r a m i n i f e r s :  HapZophragmoides 

ZatissimisuturaZis, H .  asagaensis, Asanospira carinata, BudashevaeZZa deserta, 

C .  incisa, C. concellata obesa, MartinotieZZa a f f .  comunis  and o t h e r s .  T h e  c a l -  

c a r e o u s  f o r a m i n i f e r s  i n  t h i s  p a r t  of  t h e  s e c t i o n  a r e  v e r y  r a r e ,  

T h e  m o l l u s k s  o f  t h e  I l k h a t u n s k a y a  f o r m a t i o n  c o n s i d e r a b l y  d i f f e r  f rom t h e  

complex o f  t h e  mounta in  P e r e s h e e k  and  Cape Tons f o r m a t i o n s .  Among YoZdia here 

t o g e t h e r  w i t h  YoZdia watasei, YoZdia Zongissirna p r e d o m i n a t e s ,  and i n  t h e  u p p e r  

member t h e  s p e c i e s  YoZdia n i t i da  i s  a b u n d a n t .  They a r e  accompanied  by AciZa 

praedivariccta, A .  get tysbwgensis ,  MaZZetia SF., LaternuZa besshoensis, Macoma 

srvnizuensis, Trominia japonica, Ancis trolepis  s p .  [Gladenkov,  1 9 7 2 1 .  

The g r e a t e s t  c h a n g e  i n  t h e  m o l l u s k  a n d  f o r a m i n i f e r a l  a s s o c i a t i o n  o c c u r s  a t  

t h e  b a s e  of t h e  I l k h a t u n s k a y a  F o r m a t i o n .  I t  t a k e s  place s l i g h t l y  h i g h e r  t h a n  

t h e  b o u n d a r y  of c h a n g e  i n  l i t h o l o g i c a l  c a n p o s i t i o n  of t h e  rocks, i . e .  above  t h e  

b o u n d a r y  be tween t h e  P e r e s h e e k  Mounta in  and  I l k h a t u n s k a y a  F o r m a t i o n s .  

The a b o v e  d e s c r i b e d  f o r a m i n i f e r a l  a s s o c i a t i o n s  a r e  a l i k e  b a E h  by s y s t e m a t i c  

c a n p o s i t i o n  a n d  by t h e  s t r u c t u r e  f o  t h e  E/O boundary  d e p o s i t  c o m p l e x e s  

o f  t h e  P a c i f i c  c o a s t  of  N o r t h  America w i t h  w h i c h  t h e y  were c o r r e l a t e d .  T h e  

A r o i o - e l - B u l i t o  s e q u e n c e  i n  C a l i f o r n i a  [ K l e i n p e l l ,  Weaver, 19631  i s  most  i n t e -  

r e s t i n g  i n  t h i s  r e s p e c t .  T h i s  s e q u e n c e  n e a r  t h e  t y p e  s e c t i o n  o f  R e f u g i a n  s t a g e  

i n  t h e  u p p e r  p a r t  o f  t h e  S a k a t e  f o r m a t i o n  c o n t a i n s  n a n n o f o s s i l s  o f  t h e  ChiaSt-  

molithus camaruensis s u b z o n e  o f  L a t e  Eocene  Discoaster barbadiensis zone .  In 

t h e  f o r m a t i o n  G e v i o t a ,  w h i c h  by i t s  b e n t h i c  f o r a m i n i f e r s  b e l o n g s  t o  R e f u g i a n  

s t a g e , n a n n o p l a n k t o n  o f  t h e  IstmoZithus recurvus s u b z o n e  o f  t h e  Discoaster bar- 

badiensis zone  was found.  

T h e  E a r l y  Zemorrean i s  c o n s i d e r e d  by n a n n o p l a n k t o n  a s  t h e  E a r l i e s t  O l i g o c e n e  

(Warren ,  Newell, 1 9 7 6 1 .  In t h e  Upper Eocene  p a r t  o f  t h i s  s e c t i o n  [ t h e  G e v i o t a  

f o r m a t i o n 1  a s  i n  t h e  d e p o s i t s  o f  t h e  Cape Tons and mounta in  P e r e s h e e k  forma-  

t i o n s  t h e  m a j o r  b a s i s  o f  t h e  f o r a m i n i f e r a l  a s s o c i a t i o n  i s  composed o f  t h e  f o l -  

lowing  s p e c i e s :  EuZirnina scuZptiZis, Cibicides haydoni, PZectofrondicuZaria pa- 

chardi packardi, .?. smithi .  Cibicides americanus crassiseptus ,  C .  hodgei, 

Eponides fr izzeZZi  and o t h e r s  p r e d o m i n a t e  i n  t h e  l o w e r  p a r t  of  Zemorrean s t a g e  

[ u p p e r  p a r t  o f  t h e  A l e g r i a  f o r m a t i o n l ,  a s  we l l  a s  i n  t h e  I l k h a t u n s k a y a  forma- 

t i o n .  

The a b o v e  g i v e n  d a t a  show t h a t  w i t h i n  t h e  F a r  E a s t  r e g i o n  a t  t h e  Eocene  - 
3 l i g o a e n e  boundary  o c c u r  t h e  most e s s e n t i a l  c h a n g e s  i n  b e n t h i c  f o r a m i n i f e r a l  

a s s o c i a t i o n s  b o t h  i n  s y s t e m a t i c  c a n p o s i t i o n  a n d  i n  t h e  s t r u c t u r e  of t h e  c a n p -  
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l exes ,  i . e .  c o n s i d e r a b l e  d e c r e a s e  i n  amount o f  c a l c a r e o u s  o e n t h o s  and s h a r p  i n -  

c r e a s e  i n  a number o f  a g g l u t i n a t e d  f o r a m i n i f e r s  w i t h  g r e a t  d i v e r s i t y  i n  syste- 

matic c o m p o s i t i o n .  A s imi la r  t r e n d  of t h e  c h a n g e  i n  t h e  b i o t a  is  marked a t  t h e  

t o c e n e  - O l i g o c e n e  boundary  i n  t h e  a d j a c e n t  a r e a s  o f  t h e  P a c i f i c  p r o v i n c e  - 
N o r t h  Amer ica ,  J a p a n  and  o t h e r s .  T h e s e  c h a n g e s  a r e  i n  c l o s e  r e l a t i o n s h i p  w i t h  

o t h e r  g e o l o g i c a l  e v e n t s ,  s u c h  a s  c l i m a t e  c o o l i n g ,  w h i c h  began a t  t h e  end of  t h e  

Eocene and  markedly  p r c g r e s s e d  i n  t h e  C l i g 3 c e n e ;  v s l z a n i c  a c t i v i t y ,  a l s o  

s t a r t e d  i n  t h e  Y i d d l e  Eocene .  S h a r p  d i s t r o p h i c  e v e n t s  e m b r a c i n g  t h e  whole 

r e g i o n  a t  Eocene - Lll igocene boundary  have  n o t  been r e g i s t e r e d .  T h i s  i s  c o n f i r -  

med by a b s e n c e  o f  l a r g e  h i a t u s e s  i n  s e d i v e n t a t i o n .  
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EOCENE - OLIGOCENE BOUNDARY IN MONGOLIA 

O.OASHZEVEG, E.V.DEVYATKIN 

The Central Asian regions including the South-East Gobi and adjacent a reas  of 

North China offer the best perspective for defining the position of the Eocene-. 

Oligocene boundary in continental deposits. These regions were stuc’led by expe- 

ditions of the American Museum of Natural History (Berkey, Morris, 1927), the 

Mongolian Paleontological Expedition of the USSR Academy of Sciences (Efremov, 

1954), later by the Mongolo-Polish Paleontological Expedition (Kielan-Jaworowska, 

Dovchin, 1968), and starting from the middle 60-es by the Soviet-Mongolian 

Paleontological and Geological Expedition of the USSR Academy of Sciences and 

Mongolian Academy of Sciences (Dashzeveg, 1966; Janovskaja e t  al,., 1977; 

Devyatkin, 1981). 

The South-East Gobi territory is a gently hilly plateau with moderate moun- 

tain massifs oriented to the south-east and separated by wide flat depressions. 

Eocene and Oligocene deposits filling these depressions are represented by 

lacustrine and lacustrine-alluvial facies - vari-coloured clays, quartzic sand- 

stones, gritstones, pebble beds with interlayers of carbonate sediments and 

horizons of fossil soils. These deposits a r e  fragments of lacustrine-alluvial 

Plains spreading to the adjacent territory of China. Eocene and Oligocene depo- 

sits are about 120-140 m thick. 

By now in the South-East Gobi 5 key sequences of  the range between the E3ce- 

ne and Middle Oligocene have been studied in detail (Fig.11, and the succession 

of their suites, beds and the enclosed fauna of mammals have been revealed 

[Table 1 ) .  

The lowermost horizons of the Eocene were recognizednear the Dzamyn-Ude; 

further to the west towards Frghylin -Ozo the total Paleogene sequence 

extends up to the Middle Oligocene inclusively. 

The Erghylin-Ozo suite sequences are the most conpleze and best studied. 

The Erghylin-Dzo cscarpnen: is a single system of sequences with latitudinal 

orientation, traced along the plateau margin over m o r e  than 50 km. The history 
of research in stratigraphy and paleontology of these sections is given 

in t h e  article by N.M.Janovskaya e t  aZ., 1977. Recent interpretation o f  already 

known and new materials from the Erghylin-Dzo region is given below. Other 

sections are supplemental. 

The Middle Eocene deposits of the Mergen sequence are represented by light- 

grey sands, red-brown sandstones a n d  clays up to’10 r? thick. They a r e  overlain 



154 

by washed-out  l i g h t  g r a v e l  s a n d s  a n d  g r e e n - g r e y  c l a y s  ( u p  t o  10 m t h i c k )  u n i -  

t ec  i n t o  t h e  Tsagan-Obo s u i t e  c o n t a i n i n g  t h e  mammal f a u n a  o f :  Lophialetes (?) 

minutus, L .  expedi tus ,  Bumys sp . ,  ShamoZagus o r  Gobilagus sp. ,  and TripZophus 

i?) p r o f i c i e n s .  T h i s  f a u n a  p e r m i t s  c o r r e l a t i o n  of t h e  Tsagan-Obo s u i t e  w i t h  t h e  

Irdyn-Manha F o r m a t i o n  ( C h i n a ) .  

The lowermost  p a r t  o f  t h e  Upper  Eocene  i s  s i n g l e d  o u t  a s  t h e  Badrakh  s u i t e  

i n  Rlag-Tsav  s e q u e n c e .  The s u i t e  i s  r e p r e s e n t e d  by g r e e n  and r e d  c l a y s , i n  t h e  

uppermost  p a r t s  by g r a y  s a n d s  w i t h  g r a v e l  up t o  1 8  m t h i c k .  I n  t h e  s u i t e  t h e r e  

wer4 f o u n d :  Archaeomeryx optatus ,  M c g d m g n a d o n  sp. ,  Hyaenodon s p .  

The Khubsugul  l a y e r s  occupy t h e  ' lowermost  s t r a t i g r a p h i c a l  p o s i t i o n  i n  g e n e r a l  

seo'dience o f  Erghyl in-Dzo s u i t e ,  They a r e  r e p r e s e n t e d  by r e d ,  h o r i z o n t a l l y  l a y e r e d  

c l a y s  (up  t o  1 6  m )  w i t h  g r e e n  i n t e r l a y e r s  n o t  d e s c r i b e d  p a l e o n t o l o g i c a l l y .  They 

a r e  o v e r l a i n  by t h e  Dzangut  b e d s  w h i c h  are  w e l l  s i t u a t e d  i n  t h e  Khoer-Dzan 

s e q u e n c e ,  where  t n e y  a r e  r e p r e s e n t e d  by g r e e n i s h  c l a y s  w i t h  w h i t e  c a r b o n a t e  con-  

c r e t i o n s  a t  t h e  b a s e ,  r e p l a c e d  upwards by g r e y  s a n d s t o n e s  and f i n e  g r a v e l s  ( u p  

t c  ? O  rn t h i c k ) .  I n  Erghyl in-Dzo r e g i o n  t h e  Dzangut  b e d s  p o s s i b l y  d r o p  o u t  of 

t h e  g e n e r a l  s e q u e n c e  o f  t h e  s u i t e .  The o v e r l y i n g  S e v k h u l  b e d s  a r e  r e p r e s e n t e d  

by ' q u a r t z i c  l i g h t  s a n d s ,  loose c o n g l o m e r a t e s ,  replaced upwards  by w h i t e  a n d  

g r e e n i s h  c a r b o n a t e ,  h o r i z o n t a l l y  l a y e r e d  c l a y s  w i t h  s a n d s t o n e  i n t e r l a y e r s .  The 

t o t 3 1  t h i c k r i e s s  of  l e p o s i t s  i s  1 5 - 2 5  m .  

I n  a number of s e c t i o n s  a b o v e  t h e  S e v k h u l  b e d s  t h e  r e d  c l a y s  c a n  be  t r a c e d  

a n d  a r e  i n d i v i d u a l i z e d  a s  t h e  Shavag  b e d s  ( u p  t o  4 m ) .  They d o  n o t  have a 

p a l e o n t o l o g i c  b a s i s  b u t  s e r v e  l i t h o l o g i c a l l y  a s  a marking  h o r i z o n .  

I n  a l l  s e q u e n c e s  t h e  E r g h y l i n  b e d s  a r e  o v e r l a i n  w i t h  outwash .  They c o n s i s t  

o f  a l l u v i a l  c o a r s e - g r a i n e d  yel low-brown c r o s s -  bedded  g r a v e l  s a n d s t o n e s  ( u p  t o  

15-29  m l .  I n  t h e s e  b e d s  E a r l y  O l i g o c e n e  key g e n e r a  o f  rnanrnals a p p e a r  f o r  t h e  

f i r s t  t ime. 

The Khetsu-Tsav b e d s  a r e  t h e  y o u n g e s t  s t r a t i g r a p h i c  s u b d i v i s i o n  o f  t h e  E r -  

ghyl in-Dzo s u i t e .  They t e r m i n a t e  t h e  a l l u v i a l  c y c l e  and a r e  r e p r e s e n t e d  by g r a -  

v e l  and p e b b l e  c o n g l o m e r a t e s  w i t h  i n c o n s i d e r a b l e  t h i c k n e s s  ( f r o m  1-5  t o  1 0  m ) .  

I n  p l a c e s  t h e y  a r e  s e p a r a t e d  f rom t h e  u n d e r l y i n g  S e v k h u l  b e d s  by h o r i z o n s  of 

f o s s i l  s o i l s .  I n  Khetsu-Tsav  b e d s  t u r t l e  r e m a i n s  p r e d o m i n a t e ,  E'i~~ilerriys inso- 

l i t u s ,  w i t h  few f i n d s  o f  Cadurcodon ardynensis t e e t h .  

T h e  Shand-Go1 s u i t e  d e p o s i t s  t e r m i n a t e  t h e  P a l e o g e n e  s e q u e n c e  of  S o u t h - E a s t  

Gobi ,  Tney a r e  r e p r e s e n t e d  by red-brown c l a y s  and s a n d s t o n e s  ( u p  t o  1 5  m )  and 

c o n t a i n  r e m a i n s  o f  Ardynia c f .  praecoz and Tsagonornys s p .  

P a l e o g e n e  s e q u e n c e s  of  t h e  a d j a c e n t  N o r t h  China  t e r r i t o r y  a r e  r a t h e r  we l l  

s t r a t i g r a p h i c a l l y  and l i t h o l o g i c a l l y  c o r r e l a t e d  w i t h  t h e  s t u d i e d  s e q u e n c e s  of 

S o u t h - E a s t  Gobi. 

The Eocene-Cl igocene  boundary  drawn i n  c o n t i n e n t a l  d e p o s i t s  i s  b a s e d  on t h e  

p r i n c i p l e  o f  r a p i d  deve lopment  and w i d e s p r e a d  d i s t r i b u t i o n  o f  n e w  mammal f o r m s  
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TABLE 1 

Distribution o f  mammalian fauna in the Upper  Eocene and Oligocene key  

sections of South-Eastern G o b i ,  Mongolia 

Stratigraphic 

subdivisions 

*\ 

' -, 
\, 

-'\ 

Eucricetodon SP. 

nesmatolagus robustus 
Ardynomys o lsani  
Tsaganomys sp. 
Pterodon ezploratus 
Fterodon (? )  niongoliensis 
Pterodon sp. 
.Yyaenodon eminus 
Hyaenodon incortus 
Hyaenodon gigas 
fidaenodon s ; l .  
Ardynict is  furunculus 
Cynodon sp.  
!v'imravus mongoZiensis 
Epimanteoceras robustus 
Parabrontops gobiensis 
Metatitan r e l i c t u s  
Protembo Lot h e r i m  e fremovi 
hbolo ther ixm erg i l iense  
Embolotherium andrewsi 
Embolotheri;vn grangeri 
Embolotherim s p a  
S c h i z o t h e r i m  avitwn 
Eomoropus s p . 
TeZeoZophus magnus 
Deperetella sp. 
CoZodon inceptus  
Ardynia praecox 
ArcZynia cf. praecox 
Prohyracodon meridionale 
Frohyracodon sp .  
Forstereooperia e r g i l i i n e n s i s  
I n d r i c o t h e r i m  (? )  
Amynodon lunanensis 
Cadurcodon ardynensis 
G i  gantamy nodon cessator  
Eoente lodon t ro f imovi  
Entelodon o r i e n t a l i s  
Bothriodon sp.  
Miomeryx a l ta icus  
Lophiomeryx angarae 
Lophiomeryx gobiae 

Upper  Eocene I Oligocene 

suite Erghilin-Dzo I 

+ 

+ 

+ 
+ 
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+ 
+ 
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in a process of their adaptive radiation. On this basis we can suggest that the 

appearance of Entelodon, Yothriodon, Brachyodus and other genera in Paleogene 

sequences of Central Asia defines the lower boundary of the Oligocene. 

In the Erghylin-Dzo sequence in Mongolia the essential change in ecological 

dominancy occurs between the Sevkhul and Erghylin layers. For the first time in 

E r g h y l i n  beds appear  t h e  genera  o f  Entelodon, Bothriodon, Cynodon, Nirnravus. 

They a r e  accompanied b y  p r o g r e s s i v e  f o r m s  o f  EmmboZotkerium e r g i l i e n s e ,  Forster- 

cooperia sp. and o t h e r s ,  

I n  N o r t h  Ch ina  t h e  Lower O l i g o c e n e  f o r m s  o f  mammals appear  i n  Barun  Sog for- 

m a t i o n  and i t s  s t r a t i g r a p h i c  ana logues ,  I n  t h i s  h o r i z o n  Entelodon sp., (=Arhae- 

theriwn ordosius), Indricotheriurn, Cadurcodon ardynensis and o t h e r s  were found. 

T h i s  f o r m a t i o n  i s  c o r r e l a t e d  w i t h  E r g h y l i n  beds f r o m  M o n g o l i a .  

Thus, the E/O boundary in the continental deposits of Central Asia is traced 

below the Erghylin beds (Mongolia) and the Barun Sog Formation (North China). 

It is overlain by outwash at the base of the Lower Oligocene deposits as well as 

b y  f i n e  l a c u s t r i n e  c l a y s  and sands r e p l a c e d  i n  sequence b y  c o a r s e  a l l u v i a l  

pebble beds. Activation of tectonic movements and a tendency to aridification of 

the climate are probable in the Lower Oligocene. 
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THE BEST SECTION REPRESENTING THE EOCENE/OLIGOCENE BOUNDARY IN 
JAPAN 

KUNIO KAIHO*, HISATAKE OKADA* and YOKICHI TAKAYANAGI** 

The best section containing the Eocene/Oligocene boundary in 

Japan is a composite section exposed along the course of Kumano- 

sawa and Yubari River in the Yubari area, central Hokkaido (Fig. 1 ) .  

The Kumanosawa section represents the upper portion of the Poronai 

Formation whereas the Yubari River section comprises the top level 

of the Poronai Formation and the conformably overlying Momijiyama 

Formation. The upper portion of the Poronai Formation exposed along 

this combined section measures 480 m in thickness and consists 

principally of dark-gray massive siltstone intercalated with 5 cm 

to 1 0  m thick sandy tuff layers with scattered calcareous concre- 

tions. The Momijiyama Formation approximately 400 m thick is com- 

posed of volcanic sandstone and dark- 

gray tuffaceous sandy siltstone in 

the lower part (Jusanmairu Sandstone 

Member) and is tuffaceous sandy silt- 

stone intercalated with fine tuff 

layers in the upper part (Fig. 2). 

The sequence is generally homoclinal 

with variable dips of between 1 2 '  and 

60’ and seems to represent a shallow- 

ing facies in a somewhat restricted 

inland basin of middle bathyal to 
outer neritic environments. 

This sequence is rich in molluscs, 

crustaceans and benthic foraminifers 

whereas planktonic microfossils are 

rather scarce. It represents the 

upper two zones of the nine meqa- 

43'0" 

0 1  km 

KUMANOSAWA 

MOMIJIYAMA 

Fig. 1 .  Map showing the fossil zones established in the location of the Kumanosawa 
Poronai Formation (Fig. 2 ) ,  and the and Yubari River sections. 

*Department of Earth Sciences, Yamagata University 
**Institute of Geology and Paleontology, Tohoku University 
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upper three zones of the six benthic 

foraminiferal assemblage zones recog- 

nized in the Poronai and Momijiyama 

Formations (Kaiho, 1984a, b). The 

palynological evidence indicate a cool- 

temperate climate with progressive 

cooling through this sequence. 

A key nannofossil species Isthmo- 

lithus recurvus occurs exclusively in 

the upper part of the Poronai Forma- 

tion indicating the I. recurvus Sub- 
zone (CP15b) of the latest Eocene and 

possibly a part of the Coccolithus 

subdistichus Subzone (CPI 6a) of the 
earliest Oligocene. The Momijiyama 

Formation is barren of nannofossils. 
Chiloguembelina cubensis characterizes 

the planktonic foraminiferal fauna in 

the upper part of the Poronai Forma- 

tion. Although it commonly occurs in 

Oligocene sediments worldwide, its 

earlier range in the upper Eocene is 

an unsettled question. Globorotalia 

insolita which is an upper Eocene spe- 

cies of New Zealand is observed in the 

middle part (zone F) of the Poronai 

Formation and supports the age indi- 

cated by nannofossils. 

Although no radiometric data are 

available for this sequence, the 

middle part of the Nuibetsu Formation 

e 
0 

0 
Q 

.- 
U 

m 

LJ I I  

Fig. 2. Lithology and bio- 
zones of the Kumanosawa and 
Yubari River sections. 
Explosive upward increase 
of calcareous foraminifers. 

in eastern Hokkaido, which is correlatable with the Momijiyama For- 

mation by means of benthic foraminifers, gives a K-Ar data of 32.6 

2 1.7 Ma. 
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THE M A I N  REFERENCE SECTION FOR THE EOCENE/OLIGOCENE BOUNDARY I N  
NEW ZEALAND 

R.H.HOSKINS and H . E . G .  MORGANS, N e w  Zea land  G e o l o g i c a l  Survey  
PO Box 30368, L o w e r  H u t t ,  N e w  Zea land .  

LOCATION 

The main r e f e r e n c e  s e c t i o n  i n  N e w  Zea land  i s  t h e  Gibsons  Beach 

s e c t i o n  a t  Cape Foulwind ,  W e s t p o r t ,  on t h e  West C o a s t  o f  t h e  Sou th  

I s l a n d .  The s e c t i o n  i s  1 2  k i l o m e t r e s  due  w e s t  of t h e  town o f  

W e s t p o r t  and i s  a c c e s s i b l e  from a car p a r k  a t  t h e  end of Cape 

Foulwind Road (see l o c a t i o n  map, f i g .  1) .  A t r a c k  l e a d s  down t o  

t h e  s e c t i o n  which  c r o p s  o u t  i n  c l i f f s  b a c k i n g  a beach .  The 

sequence  youngs t o  t h e  e a s t  and  i s  1 0 0 %  exposed .  L o c a t i o n  c a n  b e  

a i d e d  by N e w  Zea land  Map S e r i e s  2 6 0  map " K 2 9  W e s t p o r t . "  The l a t e s t  

g e o l o g i c a l  map o f  t h e  area i s  by Na than ,  1976.  

Two f u r t h e r  Eocene/Ol igocene  boundary  s e c t i o n s  a r e  b e i n g  

s t u d i e d :  (1) The P o i n t  E l i z a b e t h  s e c t i o n  75 km t o  t h e  s o u t h - w e s t  

of Cape Foulwind  h a s  482 metres o f  muds tones  c o n t a i n i n g  a b e t t e r  

p l a n k t i c  f o r a m i n i f e r a 1  f a u n a  d e p o s i t e d  i n  more p e l a g i c  p a l e o -  

e n v i r o n m e n t s ,  b u t  h a s  a problem o f  i n t e r m i t t e n t  s and  b u i l d - u p  on 

t h e  beach  p l a t f o r m .  S e v e n t y - n i n e  samples  f o r  b i o s t r a t i g r a p h y  and 

s t a b l e  i s o t o p e  s t r a t i g r a p h y  are a v a i l a b l e  f o r  s t u d y .  

( 2 )  The Kakanui R i v e r  mouth s e c t i o n ,  230 km s o u t h - w e s t  from 

C h r i s t c h u r c h ,  i s  a sequence  o f  marls 2 4  metres t h i c k .  Twen ty - f ive  

i n t e g r a t e d  m a g n e t o s t r a t i g r a p h i c ,  b i o s t r a t i g r a p h i c  and s t a b l e  

i s o t o p e  s t r a t i g r a p h i c  s i t e s  have  been  c o l l e c t e d .  

LITHOLOGY AND STRUCTURE OF CAPE FOULWIND SECTION 

The 105  metre t h i c k  s t r a t i g r a p h i c  c l i f f  s e c t i o n  o f  mass ive  

muds tones  and  muddy s i l t s t o n e s  b e g i n s  w i t h  m a s s i v e  micaceous  d a r k  

brown muds tones  w i t h  i n t e r m i t t e n t  d i s c o n t i n u o u s  a l g a l  l i m e s t o n e  

bands .  The m i d d l e  of  t h e  s e c t i o n  i s  p o o r l y  bedded w i t h  t h e  uppe r  

s e c t i o n  becoming more c o n c r e t i o n a r y ,  more c a l c a r e o u s ,  s a n d i e r  and 

e v e n t u a l l y  becoming w e l l  bedded .  The s t r a t a  have  a 0 2 0 '  s t r i k e  

and a s o u t h - e a s t  d i p  o f  1 2 - 1 9 ' .  Only one  ma jo r  f a u l t  w i t h  unknown 

throw h a s  been  o b s e r v e d .  
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I n t e r n a t i o n a l  Epochs EOCENE ( p a r t )  

N e w  Zea land  S t a g e s  Runangan 

MICROFOSSILS 

P r e v i o u s  b i o s t r a t i g r a p h i c  and p a l e o e c o l o g i c a l  s t u d i e s  c a r r i e d  

o u t  on t h i s  s e c t i o n  i n c l u d e  t h o s e  by S r i n i v a s a n  (1966,  1968)  , 
S r i n i v a s a n  and  V e l l a  ( 1 9 7 5 )  and MacGregor ( 1 9 8 3 ) .  

One hundred  and t h r e e  b i o s t r a t i g r a p h i c  samples  have  been  

c o l l e c t e d .  

s u g g e s t  a s h e l f  env i ronmen t  f o r  t h e  s t r a t a  across t h e  boundary .  

Good b e n t h i c  f o r a m i n i f e r a l  f a u n a s  w i t h  r a r e  p l a n k t i c s  

OLIGOCENE ( p a r t )  

Whaingaroan 

Han tken ina  a l a b a m e n s i s  Cushman 

G l o b o r o t a l i a  c e n t r a l i s  Cushman 
and Bermudez 

G l o b i g e r i n a  G n a p e r t a  F i n l a y  

G l o b i g e r i n a t h e k a  i n d e x  ( F i n l a y )  

G l o b o r o t a l i a  gemma J e n k i n s  

G l o b i g e r i n a  b r e v i s  J e n k i n s  

G l o b i g e r i n a  a m p l i a p e r t u r a  B o l l 1  

- G .  a n g i p o r o i d e s  Horn ib rook  

- G .  e a p e r t u r a  J e n k i n s  

C i b i c i d e s  p a r k i  F i n l a y  

U v i g e r i n a  bor t o  t a r a  ( F i n  l a y  ) 

B o l i v i n a  p o n t i s  F i n l a y  

B o l i v i n a  r e t i c u l a t a  Hantken 

I I 

F LAD of 5. i n d e x  
d e f i n e s  Runangan/ 
Whaingaroan 
boundary  

Sediment  r e p r e s e n t e d  a t  
Cape Foulwind  

The l a s t  o c c u r r e n c e  of t h e  p l a n k t i c  f o r a m i n i f e r a 1  s p e c i e s  

G l o b i g e r i n a t h e k a  ( G l o b i g e r a p s i s )  i n d e x  ( F i n l a y )  i s  u s e d  t o  d e f i n e  

t h e  Runangan/Whaingaroan boundary  i n  N e w  Zea land .  The Eocene/ 

O l igocene  boundary ,  i f  b a s e d  on t h e  l a s t  o c c u r r e n c e  o f  g. i n d e x  

( F i n l a y ) ,  i s  a b o u t  55 metres above  t h e  b a s e  of t h e  s e c t i o n  and 

o c c u r s  w i t h i n  a mass ive  non-bedded s i l t y  mudstone w i t h  c o n t i n u o u s  

e x p o s u r e  and  no  l i t h o l o g i c a l  v a r i a t i o n  or  a n g u l a r  d i s c o r d a n c e  

across t h e  boundary .  
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Fig .  1 S t r a t i g r a p h i c  column for Cape Foulwind "Gibsons Beach" 
s e c t i o n  and l o c a t i o n  map. 
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The l a s t  o c c u r r e n c e  o f  t h e  n a n n o f o s s i l  Discoaster s a i p a n e n s i s  

B r a m l e t t e  and R i e d e l ,  o c c u r s  1 6  metres lower t h a n  t h e  l a s t  

o c c u r r e n c e  o f  g. i n d e x  ( D r  T. Morgan p e r s .  comm. Amoco P r o d u c t i o n  

Coitqany, T u l s a ,  Oklahoma, USA) . 

GEOCHEMISTRY 

One hundred  and  t h r e e  samples  have  been  c o l l e c t e d  f o r  geo- 

c h e m i s t r y / s t a b l e  i s o t o p e  s t r a t i g r a p h y .  The o n l y  g e o c h e m i s t r y  

p r e s e n t l y  a v a i l a b l e  i s  an  oxygen i s o t o p e  s t u d y  by Burns  and  Nelson  

(1981)  on 11 samples  o r i g i n a l l y  c o l l e c t e d  by S r i n i v a s a n .  The 

i s o t o p i c  a n a l y s e s  were on b e n t h i c  f o r a m i n i f e r a  w i t h  g r o u p i n g s  a t  

t h e  f a m i l y  and g e n e r i c  l e v e l  w i t h  some m o n o s p e c i f i c  a n a l y s e s .  

They i n t e r p r e t e d  t h e  r e s u l t s  t o  i n d i c a t e  a t e m p e r a t u r e  d e t e r i o r -  

a t i o n  t h r o u g h  t h e  l a t e  Eocene ,  w i t h  t w o  d i s t i n c t  e v e n t s  i n  t h e  

l a t e  Eocene and  t h e  lowest  t e m p e r a t u r e  o c c u r r i n g  i n  t h e  ea r l i e s t  

O l i g o c e n e .  Tempera tu res  t h e n  i n c r e a s e d  i n  t h e  e a r l y  O l i g o c e n e .  

The r a t e s  of t e m p e r a t u r e  i n c r e a s e  and  d e c r e a s e  may have  been  

s i m i l a r .  

MAGNETOS TRATI GRAPHY 

N o  m a g n e t o s t r a t i g r a p h y  i s  y e t  a v a i l a b l e .  T h i r t y - n i n e  s i t e s  

were c o r e d  f o r  m a g n e t o s t r a t i g r a p h y  i n  November 1984 by a combined 

J a p a n e s e  and  N e w  Zea land  g e o l o g i c a l  f i e l d  p a r t y  (see f i g .  1). 

RAD I OMETRI C DATING 

No r a d i o m e t r i c  d a t e s  have  been  t a k e n  f rom t h i s  r e f e r e n c e  s e c t i o n .  
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EOCENE/OLIGOCENE BOUNDARY, ADELAIDE REGION, SOUTH AUSTRALIA 

1 2 
J. MURRAY LINDSAY and BRIAN McGOWRAN 

’South Australian Department of Mines and Energy, P.O. Box 151, Eastwood, 
South Australia, 5063. Published with the permission of the Director-General. 

’Department of Geology and Geophysics, The University of Adelaide, G.P.O. Box 
498, Adelaide, South Australia, 5001. 

On the basis of foraminifera1 biostratigraphy and as previously indicated 

(Lindsay, 1967, 1969, 1970, 1985), the Eocene/Oligocene (E/O) boundary is 

interpreted to occur within the lower part of the Port Willunga Formation, in 

coastal outcrop south of Adelaide at Port Willunga (Figs 1-3, 5-7) and at Port 

Noarlunga (Figs 2, 7); and correspondingly subsurface elsewhere in the eastern 

St Vincent Basin (Figs 2, 4). 

Fig. 1. View of coastal exposures at Port Willunga, looking south. Port 
Willunga Formation (here latest Eocene and Oligocene) in lower part of cliff, 
dips gently southwest and is overlain with low-angle unconformity by flaggy 
Hallett Cove Sandstone (Late Pliocene), white earthy Burnham Limestone and 
slope-forming mottled clay and sand (Plio-Pleistocene), capped by middle 
Pleistocene calcrete. The basal (pale-colored) hard band of the Ruwarung 
Member of Port Willunga Formation forms the roof of the caves visible at 
centre: this is approximately the stratigraphic level of the interpreted 
E/O boundary. 
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Fig. 2. Locality plan and regional stratigraphic setting of E/O boundary 
sections in outcrop of Port Willunga Formation at Port Willunga and Port 
Noarlunga, south of Adelaide, St Vincent Basin (after Lindsay, 1 9 8 5 ) .  
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STRATIGRAPHIC UNITS COLUMNAR SECTION 

l L L E T T  COVE SANDSTONE 
Janiukian unil 

I 

RUWARUNG MEMBER 

:z 
3" i AlOlNGA MEMBER 

is, PLRKANA MEMBER 1 I I 
Hard  ! $ i i i ca  w h l  and soll !carbonate rich1 l s y e r i  

Cross bedded w i n i  send 

Fig. 3 .  Interpreted E/O boundary within stratotype Port Willunga Formation, 
in relation to composite columnar section of outcropping Tertiary Units, 
Maslin Bay - Port Willunga, eastern St Vincent Basin, S.A. (after Lindsay 
- in Daily ete., 1976; McGowran and Beecroft, in press, a). 

Coastal outcrops at the type section, Port Willunga, and at Port Noarlunga, 

have excellent exposure and accessibility. They display no discernible re- 

working, no major hiatus, and little deformation, in keeping with the tectonic 

setting of the St Vincent Basin near the passive margin of the Australian Plate. 

The basin has always been in temperate latitudes and somewhat restricted in 

access to the open ocean, so planktonic numbers are low (Fig. 6 )  and correlation 

with standard P. zones is generally indirect (Figs 5, 7 ) .  

Several foraminifera1 datums suggest that the E/O boundary lies near the top 

of the Aldinga Member of Port Willunga Formation (Figs 4-7). 
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E O C E N E  ,OLIGOCENE: MIOCENE 

Id La te  ~ Early , M i d d l e  
EPOCH, SERIES 

AUSTRALIAN STAGE 

STRATIGRAPHIC UNIT 

Fig. 4. Composite ranges of some foraminifera (mid-Tertiary outcrop and 
subsurface), eastern St Vincent Basin, S.A. (after Lindsay, 1985). 

1. The St Vincent Basin has a good record of early Cassigerinella 

chipolensis (Cushman and Ponton), whose first appearance near the top of the 

Aldinga Member, in the presence of continuing C. winniana (Howe) (=C. eocaenica 
Cordey), seems to correlate most directly with the base of the Pseudohastigerina 

a / C .  chipolensis Zone’(Bolli, 1966), a well-accepted E/O boundary marker. 
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STRATIGRAPHIC UNITS 

RUWARUNG 
MiMBER 

ALOINGA 
MEMBER 

COLUMNAR SECTION 

- - H a r d  yellow l i m e ~ t o n ~  

PSlP #ley blown mudr lone 'ca lcaren i le  wilh bands 
01 cheny nodules 

Fig. 5. Composite columnar section, type section of Port Willunga Formation, 
Port Willunga; stratigraphy, forminiferal events, and correlations, in 
relation to interpreted E/O boundary (after Lindsay, 1967, 1985). 

2. In such facies, the last appearance of carefully-discriminated Subbotina 

linaperta (Finlay) in populations of Subbotina, is considered (Lindsay, 1985) 

a better indicator of the E/O boundary in the Austral Region than the last 

appearance of rare and sporadic single-apertured Globigerinatheka index (Finlay), 
although the two are reported to disappear together at the top of the Runangan 

Stage in New Zealand, near the E/O boundary (Jenkins, 1966, 1971; Srinivasan, 

1968; Hornibrook and Edwards, 1971). 

3 .  The first appearance of Turborotalia ampliapertura (Bolli) in the presence 

of continuing T. increbescens (Bandy) occurs in the middle of the Aldinga Member 

at Port Willunga (Lindsay, 1967) (Fig. 5). The biostratigraphic context suggests 

that this appearance is time-correlative with that of Late Eocene age (Bolli, 

1966) recorded at base Zone P.17 (Blow, 1969), and high in the N.Z. Runangan 

Stage (Jenkins, 1966, 1971; Srinivasan, 1968; Hornibrook and Edwards, 1971). 

4. A benthonic fauna with Linderina, Crespinina, Halkyardia, Maslinella, 

and Quasibolivinella (Lindsay, 1967; cf. Quilty, 1981) makes its local final 
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Fig. 6 .  Note 
levels of samples, and variations in percentage scales. 
Hollow symbols: top T .  aculeata is a well-marked local event, but not the final extinction (cf. Fig. 4); base 
C. winniana marks a migrational return, not a speciation (cf. Fig. 4); base Guembelitria is base of more or 
less continuous range (see below). Plots of agglutinated forms, Cibicididae, and Uvigerinidae, from McGowran 
and Beecroft (in press, a). Counts of plankton are from McGowran and Beecroft (1985). Although total plank- 
ton varies from low to vanishingly low, well-marked spikes of Guembelitria can be correlated with parallel 
spikes in more open neritic facies in the Otway Basin. 
Chiloguembelina and Guembelitria. 

Summary of quantified foraminifera1 data in relation to E/O boundary section at Port Willunga. 
Datum levels at left: solid symbols are conventional. 

Note that dots record the presence of rare 
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NORTH SOUTI 
PORT WILLUNGA PORT NOARLUNGA 

SOUTH (TYPE SECTION) 
WILLUNGA EMBAYMEN1 NOARLUNGA EMBAYMENT 

IGRAPHIC UNITS 

Jsniukian unit 

IUWARUNG MEMBER 

ALOINGA MEMBFR 

L-- 
CHINAMAN GULLY 

FORMATION 

Fig .  7 .  Composite columnar s e c t i o n s  showing c o r r e l a t i o n s  between P o r t  Willunga 
Formation a t  P o r t  Willunqa and P o r t  Noarlunga i n  r e l a t i o n  t o  t h e  i n t e r p r e t e d  
E/O boundary. 

appearance i n  t h e  lower p a r t  of t h e  Aldinga Member ( F i g s  5 ,  7 ) ,  cor responding  

t o  t h e  youngest of t h e  Eocene warm ep i sodes  ( e x t r a t r o p i c a l  excur s ions  of 

l a r g e r  benthonic  f o r a m i n i f e r a )  no ted  by Lindsay (1976) and McGowran (1978, 

1979) .  L inde r ina ,  a t  l e a s t ,  became e x t i n c t  i n  t h e  Indo-West P a c i f i c  Region 

p r i o r  t o  t h e  end of t h e  Eocene (Adams, 1970) .  

Spec ie s  d i v e r s i t y ,  s p e c i e s  incoming, and s p e c i e s  outgoing ,  demonst ra te  
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(Fig. 6) that any catastrophic ’Terminal Eocene Event’ had little impact on 

the local inner-neritic community (McGowran and Beecroft, in press, b). The 

conformable change to nodular cherty lithology at about this time here 

(Ruwarung Member) may relate to the oceanic cooling, circulation changes, and 

mild eustatic sea-level fall, all reported at about the E/O boundary (Kennett 

and Shackleton, 1976; Vail and Hardenbol, 1979; Keigwin, 1980; Burns and 

Nelson, 1981; Loutit and Kennett, 19811, as may the local efflorescence of 

Guembelitria (Fig. 6; McGowran and Beecroft, 1985). Current local palyno- 

logical biostratigraphy involving spores, pollen, and dinoflagellates (Harris, 

1985) cannot resolve the boundary. 
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EOCENE-OLIGOCENE BOUNDARY I N  LIBYA 

A . A .  BUTT 

Oasis  O i l  Cy of L i b y a ,  Geology L a b o r a t o r y ,  P.O. Box 395,  T r i p o l i .  

T h e r e  a r e  t w o  a r e a s  i n  n o r t h e r n  Libya  which  c o m p r i s e  c o n t i n u o u s  s u c c e s s i o n  

a c r o s s  t h e  Eocene-Ol igocene  boundary ,  namely,  t h e  S i r t e  B a s i n  ( t h e  A u g i l a  

f o r m a t i o n  o f  L a t e  Eocene a g e  and t h e  A r i d a  F o r m a t i o n  of  E a r l y  O l i g o c e n e  a g e  

i n  s u b s u r f a c e  s e c t i o n s )  a n d  t h e  n o r t h e a s t e r n  L i b y a  (Darnah F o r m a t i o n  of Late  

Eocene a g e  and  t h e  A 1  Bayda F o r m a t i o n  o f  E a r l y  O l i g o c e n e  a g e ) .  A t  b o t h  l o c a -  

t i o n s ,  t h e  s e q u e n c e  is d e v e l o p e d  as  a s h a l l o w - w a t e r  f a c i e s ,  b u t  t h e  boundary  

c a n  be b e t t e r  e v a l u a t e d  i n  t h e  n o r t h e a s t e r n  Libya  on t h e  b a s i s  of  p a l e o n t o l o -  

g i c a l  r e c o r d  of l a r g e r  b e n t h i c  f o r m a m i n i f e r a .  

The g e o l o g i c a l  work of Z e r t  (1974)  h a s  b r o u g h t  t o  l i g h t  t h e  most r e c e n t  

s t r a t i g r a p h i c  d e t a i l s  a b o u t  t h e  n o r t h e a s t e r n  L i b y a ,  s p e c i f i c a l l y  t h e  r e g i o n  

of J a b a l  A 1  Akhdar ( f i g .  l o c a t i o n  map) .  A c o n t i n u o u s  s e c t i o n  t h r o u g h  t h e  

Eocene-Ol igocene  boundary  i s  d e v e l o p e d  as  a s h a l l o w - w a t e r  c a r b o n a t e  f a c i e s  i n  

Wadi Darnah  s e c t i o n ,  2 k i l o m e t e r s  s o u t h  of t h e  town Darnah h a v i n g  a l i m i t e d  

g e o g r a p h i c a l  e x t e n t  ( f i g .  1 ) .  I n  Wadi Darnah t h e  Darnah F o r m a t i o n  ( t h i s  forma- 

t i o n a l  name combines  t h e  Derna Limes tone  and t h e  S l o n t a  Limes tone  of  G r e g o r y ,  

1911,  which  a r e  d i f f i c u l t  t o  s e p a r a t e ,  e s s e n t i a l l y  a n u m m u l i t i c  l i m e s t o n e ,  is 

a b o u t  1 4 0  m e t e r s  t h i c k  and c o n t a i n s  t h e  f o l l o w i n g  c h a r a c t e r i s t i c  l a r g e r  f o r a -  

m i n i f e r a  i n  t h e  m i d d l e  and upper  p a r t ,  and some c a l c e r e o u s n a n n o f o s s i l s  i d e n -  

t i f i e d  by H a n z l i k o v a  ( i n  Z e r t ,  1 9 7 4 ) :  

Nummulites g i z e h e n s i s  F o r s k a l ,  N .  q i z e h e n s i s  L y e l l i  d ' A r c h i a c  and Haime, 

N .  i n c r a s s a t u s  d e  l a  Harpe ,  N. s t r i a t u s  B r u g i b r e ,  N. beaumont i  d ' A r c h i a c ,  

N .  c h a v a n n e s i  d e  l a  Harpe ,  N .  e x  g r .  f a b i a n i i  P r e v e r ,  N .  p u l c h e l l u s  d e  l a  

Harpe ,  H e t e r o s t e g i n a  (Grzybowskia)  r e t i c u l a t a  ( R u t i m e y e r ) ,  O p e r c u l i n a  P y r a -  

midum E h r e n b e r g ,  D i s c o c y c l i n a  v a r i a n s  (Kaufmann) ,  D .  p r a t t i  ( M i c h e l i n ) .  

C a l c e r e o u s  n a n n o f o s s i l s  : D i s c o a t e r  d i s t i n c t u s  M a r t i n i ,  D. k u e p p e r i  ( S t r a d n e r ) ,  

L o p h o d o l i t h u s  r e n i f o r m i s  B r a m l e t t e  and S u l l i v a n .  

The Darnah F o r m a t i o n  h a s  been a s s i g n e d  a P r i a b o n i a n  a g e  ( L a t e  Eocene)  on 

t h e  b a s i s  of f o r a m i n i f e r a 1  e v i d e n c e .  

The A 1  Bayda F o r m a t i o n  ( f o r m e r  "Cyrene  Format ion"  of  G r e g o r y ,  1 9 1 1 ,  w i t h  

two members, t h e  S h a b a t  Mar l  and A l g a l  L i m e s t o n e )  is a l s o  d e v e l o p e d  a s  a 

c a l c a r e o u s  f a c i e s  o v e r l y i n g  t h e  Darnah F o r m a t i o n .  I t  h a s  been r e p o r t e d  t o  

c o n t a i n  t h e  f o l l o w i n g  i m p o r t a n t  l a r g e r  f o r a m i n i f e r a  i n d i c a t i v e  of  O l i g o c e n e  
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age : Nummulites cf. fichteli Michelotti, N. ex gr. hantkeni Engelberts, 

N. incrassatus de la Harpe, N. bouillei de la Harpe, Lepidocyclina (Eulepidina) 

dilatata (Michelotti) , (Eulepidina) ephippiodes (Jones & Chapman) . 
In the present opinion, the faunal change across the boundary in a shallow 

neritic environment is characterized by changes within the Nummulites fauna, 

by the disappearance of the discccylinids and by a later appearance of Eule- 

pidine and Lepidocyclinids. It is believed that the standard zonation across 

the boundary based upon the Nummulites fabianii/fichteli lineage can be used 

here (see Paleogene Stratigraphical Correlation Scale of Cavelier and Pomerol, 

1985). 

Fig. 1. Stratigraphic 
l oca l i t y :  Wa'diOarnah [Nor th )  Coord ins tes :  32'44' 47" N l d t  

D e s c r i p t i o n  

22"37’24" 6 long. Section along the 
~. ' Eocene-Olisccene 

230m 

220 

2'0 

200 

Clay, g r e e n i s h - g r e y  ~ _ _ _ -  1 of the town Darnah 

190 -, 

i o  

"O i 
14 0 

60 

so 

’O 0 L 

1 after Zert (1974). 
I 

i 1 %  Co/c i /ut i fe  Io calcoreni te  a l te rnof ing  w i t h  1 
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THE EOCENE-OL IGOCENE PASSAGE ZONE I N  NORTHERN MOROCCO 

Hugiies FEINaERG - I.P.G. PalEornayn6tisme. 4, P1.3ussicu - 75230 P A R I S  

1YTRIJ l )c lC  [IIJV 

The c x t e r i i a l  zoril: o f  the  R i f  sha i i i  r ep resen ts  the  anc ien t  s l o p e  o f  t he  A f r i c a n  

p l a t e .  D i ~ r i i i g  the c o l l i s i o n  w i t h  I b e r i a n  and A lboran p l a t e s  the  Nor thern  margin 

o f  A f r i c a  ha:; been inori: o r  less des t ruyed  and pijshed Southwards. F o r  t h a t  reason 

WL: can !see now i n  the P r e r i f i a n  zone ivit.nesses o f  a cont inuous  marine 

sed t i i ie r i ta t  ion d u r i n g  iieiir l y  a1  1 t he  Ccnozo i c .  

aef r i re  Lhe Upper i4iix:cni: tec t .on ic  c l m a x  t.hi:r;e d e p o s i t s  havc been l i g n t  1y 

a f f e c t e d  by tect  iniiic ,no\.i:)nents d ~ ~ i i i g  t.hc M idd ie  Coc:i?rie (Pyreileati pliosi?) arid 

.3lso by pa1i:ogi:ii~~rnpIiii: chaiii3c:s towards thi: end o f  ! IL ig i~cenc  bu t  the  

Cor:i:ne/Ol iigo~:i:iie boundary s e m s ,  UP t o  now, a very qEiet p o r i o d .  In t h i s  

gcc ie ra l i y  f avou rab lc  enviroi i incnt for a detat1i:d study o f  the i i i cene- f l l i gocenc  

boundary soine d i f  f i c u l t  tes lhowcvi?r have t o  be t a k e n  into consideration: 

Th'2 f i r s t  coi iceros the  e f f e c t s  o f  Miocei ie  tectonic:  and t r x t  olio-scdiinentary 

pheiioineria which yavi; a very co inp l i ca ted  s t r u c t u r e .  

Secotidary it. a p p e a r s  k e r y  d i f f i c u l t  t o  s e l e c t  re fu rcnce  se'zkioiis, easy to reach 

and sample iii a r e g i o n  devo id  o f  road c u t s  aiid q u a r r i e s .  

GENEIIAL S E I r I N G  OF I H E  SECTIONS 

The zone where Oligo-Miocene sections are , 
the more frequent has a crescentic &ape 

of nearly 200 km from east to west and 

ahuidt 30 kill o f  w id t l i .  About 40% o f  t h i s  

r e g i o n  has b c c n  r e c e n t l y  rnappcij i i i  de- 

t a i l  a i id  r i q u l a r  qi:oLogicat maps ( ! ; C H ~ C :  

1/50 (Iflo) Are available. For a rouqh 

se.li?ct tori o f  t i i c  r x c t  ions  t . i x  gi:iicrr21 

(nap o f  the  K i f  c I ia i i i  a t  l /S00 Oflo  

(Suti:r,1982) is also vcry  useful. The 

reg io r i a l  t e c t o n i c  sty l i :  correspor ids  t.o i i  

" t l l e d  s t r u c t h r e "  buL the  occurrence of 

scditncritary k l i p p c s  i s  a l s o  frequent. Iii 

ti715 cr) l I text  t h e  Pa1uogi:lle ~;l:dtrncrlt 5 
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make u n i t s  of v a r i o u s  s i z e  ly ing  on t h e  i4iocene with f l a t  f a u l t e d  c o n t a c t s .  

From a lithologic point of view the Eocene-Oligocene boundary is located in thick 

monotonous sequences of mar ls  w i t h  in te rbedded  sands tones  which q u a n t i t y  could  

vary l r l  a l a r g e  way.In t h e s e  sed iments  t h e  l o c a t i o n  of t h e  Eocene-Oligocene 

boundary is clearly indicated by planktonic foraminifera and calcareous 

nanr iofoss i l s  which a r e  both abundant.North of tile cons idered  a r e a ,  t he  F lysch  

type  u n i t s  (Numidian, Bbni - Ider )  a r e  r e p r e s e n t i n g  deep sea  fan d e p o s i t s  and 

ev iden t  l y  c o n t a i n  very poor planktonic micro and nannofoss i l s .  On the  o t h e r  hand 

s h e l f  d e p o s i t s  belonging t o  t h e  Upper Eocene o r  Oligocene a r e  colnpletely unknown 

i n  t h e  Rif cha in .  

T w o  s e c t i o n s  r e s p e c t i v e l y  loca ted  Nort-n o f  FES and West. from TAZA have already 

been duscr tbed  in  the  poin ted  out a r e a  ( i c i n b e r g , 1 9 8 4 ) .  We will  now d e s c r i b e  

another  secttor1,casy t o  r each ,  and loca ted  N . - E .  froin TAZA.  

SII)I  MAATOUG S E C T I U N  

The s e c t i o n  is Located i n  the  va l l cy  o f  t he  Msoun r i v e r  c l o s e  t.o t he  narrow road 

which j o i n s  t h e  Secondary road r? 312 aiid t h e  road from i4SOUN t o  M E Z G U I T E M .  

The Eocene-Oliqocene 

transition outcrops 

in gooC conditions 

on the East flank of 

a large syncline cut 

by the Msoun valley. 

The narrowing of 

this valley related 

to basaltic outcrops 

(see Fig. 1) makes 

the place easy to 

recognize in the 

landscape. The beds 

are strongly dipping 

(45") in the W-Sw 

direction and the 

lithology is very 

uniform during the 

passage from Eocene 

to Oligocene. 

QUATERNARY 

Fig. 1: I-ocatiori of t h e  S. Maatoug s e c t i o n .  S o l i d  t i n e s  r ep resen t  gecilogical 
contours ;  d n t t c d  and dashed l i n e s  cor respond r e s p e c t i v e l y  t o  massive sands tone  
and sync1 i n a l  a x i s ,  



179 

The sequence is mainly marly, interbedded with thin layers (10-20 cm) of sand- 

stone, each 3 or 4 meters. The color of the marls is blue or grey and the sand- 

stones are brown. In the Oligocene unit the sandstones become more important and 

draw up lines of hill summits. This is indicated by dotted lines on the sketch 

map. 

PRELIMINARY STUDIES 

Pre l iminary  sampling have been performed each f i v e  meters .  The planktonic 

orgariisins a r e  dominant i n  a moderatly deep env i rmment  of 600 t o  1000 m.(W.  

Rerggren pe r sona l  communication). Near t h e  boundary planktonic foraminifera show 

a g radua l  ext inct  ion:Hantkeii inids f i r s t  d i sappea r  followed by t h e  G loboro ta l i a  

of t he  c e r r o a z u l e n s i s  group. Examination of Nannofoss i l s  assemblages r e v e a l s  

t h a t  t he  cx t  inc t ior i  of Hc l iod i scoas t i ? r id s  occur s  p r i o r  to the extinction of 

t he  l a s t  Eoccrie planktonic foraminifera. This f a c t  has  been po in ted  oJt. i n  o t h e r  

sixt iorls of t h e  Eoccrie-Oligocene passage  sampled i n  North Af r i ca  

(Magnf ,Pc rch -~ ie l se r i  ct  Fe inberg ,1982) .  

The Natura l  Remancrit Magiietization of Lhc rnarls var ies  froin 0.5 t o  2 

UiM/cm3. 

COWLUSION 

A d e t a i l e d  s tudy  of t h e  S. Maatoug s e c t i o n  is needed. The moderate dcpth  arid t h e  

l o c a t i o n  of t he  Moroccan s e - t i o n  i n  tho  s u b t r o p i c a l  zonc a t  t he  j u n c t i o n  between 

the Tethysian and Atlantic Oceans will provide information on both planktonic 

and benthic foraminifera and will give opportunity for accurate comparison with 

re fcrcr icc  s e c t  ions  lnca t ed  i n  d i f f e r e n t  env i r ,mnun t .  

I n  t h i s  way i t  w i l l  be probably p o s s i b l e  t o  i d e n t i f y  t.he e f f e c t s  of Inca1 

c o n t r o l  on t h e  apparent  ranyes  o f  Lhc d i f f e r e n t  f o s s i l  g roups  du r ing  t h e  

iocenc-Illigocerie passage. 
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UPPER EOCENE AND LOWER OLIGOCENE STRATA IN SOUTHWESTERN ALABAMA, U.S.A. 

Ernest A. Mancini, Geological Survey of Alabama and University of Alabama, 
Tuscaloosa, Alabama, U.S.A. 

INTRODUCTION 
The upper Eocene and lower Oligocene section of southwestern Alabama has 

been of particular interest to stratigraphers over the years because these 
strata represent one of the most complete exposed marine Eocene-Oligocene sec- 
tions in North America. The Eocene-Oligocene contact is excellently preserved 
in a limestone quarry (St. Stephens Quarry), northeast of St. Stephens, 
Alabama, and along Little Stave Creek, north of Jackson, Alabama (Fig. 1). 

St. Stephens Quarry (Lone Star Cement Company Quarry) is located on the west 
bank of the Tombigbee River, Washington County. The route to the quarry 
involves turning right (northwest) off County Highway 34 at St. Stephens United 
Methodist Church and Cemetery onto a paved road and then turning right (north) 
on a gravel road 0.1 mile from the junction of County Highway 34 and the paved 
road. The quarry gate is about 1.5 miles from the junction of the paved road 
and the gravel road. The St. Stephens Quarry measured section (Fig. 2) is about 
0.25 mile from the west bank of the Tombigbee River in section 32, Township 7 
North, Range 1 West, on the Saint Stephens, Alabama, 7.5-minute quadrangle. 

The quarry is located near the Hatchetigbee anticline. The strata strike 
about N 70" W and dip 2 to 2.5" SSW (Glawe, 1967). The section exposed in the 
north quarry includes over 14 feet of upper Eocene (Priabonian) strata and over 
25 feet of lower Oligocene (Rupelian) strata. 

Little Stave Creek is a tributary of Stave Creek which flows southwestward 
to the Tombigbee River about 3 miles west of Jackson, Clarke County, Alabama. 
The route to Little Stave Creek involves turning left (west) off U.S. Highway 
43, 0.35 mile from the junction of County Highway 10 and U.S. Highway 43, onto 
West Point Drive within the city limits of Jackson, and continuing to the end 
of West Point Drive about 0.3 mile. Park at the large oak tree at the dead end 
of West Point Drive and then walk along the gravel road and foot path to the 
southwest for about a mile until the path intersects Little Stave Creek at a 
large waterfall. The Little Stave Creek measured section (Fig. 3) continues 
upstream for over a mile in sections 19, 20 and 21, Township 7 North, Range 2 
East, on the Jackson, Alabama, 7.5-minute quadrangle. 

The direction of dip is attributable to the Hatchetigbee anticline located to 
The strata exposed along Little Stave Creek dip to the east at 1.5 to 2". 
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F ig.  1.--Location map f o r  S t .  Stephens Quarry  and L i t t l e  Stave Creek measured 
sect ions,  southwestern Alabama, U.S.A. 

Oligocene 
Marianna Limemme 13’ feel1 

LEGEND L~mertone. very p i le  orange I IOYRBIZ I .  a r g ~ l l a c e o ~ ~ .  s i l l y ,  gla~coni l ic .  l o r r i l i f e rou r  

Marl. yellowish gray f 5 Y S / l l ,  arg~llaceour. I l l i y ,  glaYcOnlOC PyrIOC. f O f i l l i f e l O U I  

Irregular lower co”lac1 

P Eocene Ollgosene boundary recognized on  the ball9 01 PllnklDnlC foramlnlferd 

NP = Eocene Oligocene boundary recognized on the balls of CalCl reo~L  nannoplankior 

E i  

Fig. 2.--St. Stephens Quarry  measured section, sec t i on  32, Township 7 North, 
Range 1 West, Washington County, Alabama. 
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t he  northwest (Bandy, 1949). Approximately 500 f e e t  o f  sur face displacement i s  

ev ident  on the  Jackson F a u l t  a t  t h i s  l o c a l i t y .  Eocene-Oligocene s t r a t a  are 

exposed on the  upthrown s ide  o f  t he  f a u l t .  The sec t i on  inc ludes over 61 f e e t  o f  

upper Eocene (Priabonian) s t r a t a  and over 14 f e e t  o f  lower Oligocene (Rupelian) 

s t ra ta .  

The l i t h o s t r a t i g r a p h i c  u n i t s  exposed a t  S t .  Stephens Quarry  and along L i t t l e  

Stave Creek i n  ascending order  inc lude the  Moodys Branch Formation, t h e  North 

Twistwood Creek Clay Member, Cocoa Sand Member, t he  Pachuta Marl Member, and 

the  Shubuta Clay Member o f  t he  Yazoo Clay, t h e  Red B l u f f  Clay/Bumpnose 

Limestone, t he  Forest H i l l  Formation/Red B l u f f  Clay, and the  Marianna Limestone 

(Fig. 4). 

PLANKTONIC FORAMINIFERAL BIOSTRATIGRAPHY 

The Paleogene p lank ton ic  fo ramin i fe ra1  zonat ion u t i l i z e d  i n  t h i s  study was 

f i r s t  estab l ished by B o l l i  (1957; 1966; 1972) and l a t e r  modi f ied by S t a i n f o r t h  

e t  a l .  (1975) and S t a i n f o r t h  and Lamb (1981). Th is  zonat ion has been used 

widely  as an accepted b i o s t r a t i g r a p h i c  standard f o r  warm water areas o f  t he  

world, i n c l u d i n g  the Gu l f  Coastal P l a i n  region.' 

Barker, i n  Blow (1979) t o  the  upper Eocene (Bartonian) Truncorotaloides rohri 

I n t e r v a l  Zone (Fig. 4). 

The North Twistwood Creek Clay Member, i n  pa r t ,  and the  Cocoa Sand Member o f  

t he  Yazoo Clay a t  L i t t l e  Stave Creek were placed by Barker, i n  Blow (1979) i n  

the  upper Eocene (Priabonian) Globigerinatheka semifnvoluta I n t e r v a l  Zone (Fig. 

4). The presence o f  Globorotalia cerroazulensis cerroazulensis (Cole) and the  

absence o f  Globorotalia cerroazulensis cocoaensis Cushman and Cribrohantkenina 

inflata (Howe) i n  the  North Twistwood Creek i n  southern M i s s i s s i p p i  support 

t h i s  zone assignment. 

The Pachuta Marl and Shubuta Clay Members o f  the Yazoo Clay a t  S t .  Stephens 

Quarry  and L i t t l e  Stave Creek have been assigned by Mancini (1979) and Waters 

(1983) t o  the upper Eocene ( P r i  abonian) Globorotalia cerroazulensis (s. 1. ) 
I n t e r v a l  Zone (Fig. 4). Hantkenina alabamensis Cushman and subspecies o f  

Globorotalia cerroazulensis, including Globorotalia cerroazulensis cocoaensis, 

occur i n  the  Pachuta and Shubuta (Bandy, 1949; Deboo, 1965; Mancini, 1979; 

Waters, 1983). The l a s t  occurrences o f  Hantkenina alabamensis and subspecies o f  

Globorotalia cerroazulensis t h a t  are considered autochthonous a re  i n  t h e  

Shubuta (Deboo, 1965; Mancini, 1979; Waters, 1983). Bybel l  and Poore (1983) 

suggested t h a t  some o f  the Hantkenina alabamensis found i n  the  Shubuta a t  

L i t t l e  Stave Creek are reworked based on t h e i r  study o f  t he  calcareous 

nannoplankton species t h a t  occur w i t h i n  the  t e s t s  o f  these fo ramin i fe ra .  Also, 

The Moodys Branch Formation a t  L i t t l e  Stave Creek was assigned, i n  p a r t ,  by 
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Fig. 3.--Little Stave Creek measured section, sections 19, 20 and 21, Township 
7 North, Range 2 East, Clarke County, Alabama. 
1 egend. 

See Fig. 2 for lithologic 
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Fig. 4.--Upper Eocene and lower Oligocene lithostratigraphy and planktonic 
foraminifera1 biostratigraphy for southwestern Alabama. 
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Keller (1985) based on the abundance distribution of dominant planktonic 
foraminifera species occurring in the Yazoo Clay believed that the specimens of 
ffantkenina spp. and Globorotalia cerroazulensis subspecies found in the upper 
Shubuta are reworked. However, no sedimentologic evidence was observed in these 
sections to support the contention that the specimens found in the upper 
Shubuta are reworked. In addition, there is question as to the accuracy of unit 
thickness and/or sample location in the St. Stephens and Little Stave Creek 
sections pub1 ished by Kel ler (1985). 

and Marianna Limestone have been assigned by Mancini (1979), Hazel et al. 
(1980) and Stainforth and Lamb (1981) to the lower Oligocene (Rupelian) 
Pseudohastigerina micra Interval Zone (Fig. 4). Pseudohastfgerina micra (Cole) 
and Globigerina ampliapertura Bolli occur in the Red Bluff Clay/Bumpnose 
Limestone (Mancini, 1979; Waters, 1983) and in the Marianna Limestone 
(Stainforth and Lamb, 1981). 

Oligocene boundary, as recognized on the basis of planktonic foraminifera, 
occurs at or near the top of the Shubuta Clay Member of the Yazoo Clay.The 
Eocene-Oligocene boundary is defined worldwide on the basis of the change in 
planktonic foraminifera1 assemblages across this datum. Uppermost Eocene marine 
strata contain an assemblage consisting of ffantkenina, Cribrohantkenina, 
Globorotalia cerroazulensis subspecies, and Globigerina species having large 
tests (Stainforth et a1 . , 1975). Lowermost 01 igocene marine strata are usually 
characterized by an assemblage predominated by Clobigerina ampliapertura, 
Clobigerina gortanii (Borsetti ) , Globorotalia increbescens (Bandy), and 
Pseudohastigerina species. The Eocene-Oligocene boundary is drawn worldwide at 
the top of the Globorotalia cerroazulensis (s.1.) Interval Zone (Stainforth et 
al., 1975), which at St. Stephens Quarry and Little Stave Creek closely 
approximates the contact of the Shubuta Clay Member of the Yazoo Clay with the 
Red Bluff Clay/Bumpnose Limestone. 

boundary at St. Stephens Quarry could be placed at the disconformity in the 
Pachuta Marl Member (Fig. 2) and at the top of the Pachuta Marl Member of the 
Yazoo Clay at Little Stave Creek (Fig. 3). The last occurrences of Discoaster 
barbadiensis Tan Sin Hok, Discoaster saipanensis Bramlette and Riedel, and 
Retfculofenestra retfculata (Gartner and Smith) are reported by Bybell (1982) 
at these horizons. Cheetham (1963) using primarily cheilostome bryozoans also 
placed the Eocene-Oligocene boundary near the top of the Pachuta Marl Member in 
southwestern Alabama. Huddlestun and Toulmin (1965) based on macrofossi 1s 
defined the boundary at the top of the Shubuta Clay Member of the Yazoo Clay. 

The Red Bluff Clay/Bumpnose Limestone, Forest Hill Formation/Red Bluff Clay 

At St. Stephens Quarry (Fig. 2) and Little Stave Creek (Fig. 3), the Eocene- 

As recognized on the basis of calcareous nannoplankton, the Eocene-Oligocene 
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Therefore, the Eocene-01 igocene boundary at St. Stephens Quarry (Fig. 2) 
based on planktonic foraminifera is 8 feet higher in the section than where the 
boundary could be recognized on the basis of calcareous nannoplankton. The 
epoch boundary at Little Stave Creek (Fig. 3) based on planktonic foraminifera 
is 12 feet higher in the section than where the boundary could be recognized on 
the basis of calcareous nannoplankton. The difference in elevation in placement 
of the Eocene-Oligocene boundary is not unusual. In fact, as reported by 
Gartner (1971), Stainforth and Lamb (1981) , Poore et al. (1982) , and Snyder et 
al. (1984), the boundary as defined by planktonic foraminifera occurs at a 
higher stratigraphic elevation in coreholes drilled in the Gulf of Mexico and 
the Atlantic Ocean than it would be if recognized on the basis of calcareous 
nannoplankton in these coreholes. 
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THE EOCENE-OLIGOCENE BOUNDARY I N  MEXICO 

P .  SALMERON U . ( * )  

ABSTRACT 

The Eocene-Oligocene boundary in Wxico is characterized by the extinction of 

the G l o b o h o t c L i u  c m o u z d e M h d  Group and of the species of the genera Huntksni- 

nu and Chibhohantkel.tinu. biozones =re established in  t h i s  boundary: the GLo - 

b o h o t c d h  c ~ o u z d s M h d  s.1. Biozone of the Late Eocene, that  underlies the 

CubL.sOigehiiz&u ckipolenb~-PPneudohuA~gehi lzu michu Biozone of the Early Oligoce- 

ne. Up t o  now, the only area where the Eocene-Oligocene boundary has been found 

conformably is  the  Tertiary Basins of Southeastern Wxico, especially the Nicapa 

and Wno Pelado Sections, lccated in the area between pa ra l l e l s  17°15'00" and 

17°30'00" North and 93°25'00" and 93O35'00" West. In  the rest of Mexico, t h i s  

limit i s  unconformble or  i s  not represented. 

INTRODUCTION 

The geological and biostratigraphic studies that are car r ied  out mainly by Pg  

troleos Mexicanos and the Ins t i t u to  Mexican0 de l  Petroleo, in order t o  support 

the o i l  exploration in the s e d i m n t a q  basins with economic potential ,  have pro- 

vided important information concerning the Eocene-Oligocene boundary. 

The rocks of t h i s  stratigraphic leve l  are widely distributed in the coastal  

plain of the Gulf of Mexico; on the other hand, t h e i r  distribution is very limi- 
ted in the Pacific Ocean slope. 

Based on the study of planktonic f o s s i l s  the author only found conforrrably 

the Eocene-Oligocene boundary in  the subprovince belonging t o  the Tertiary Ba- 

sins of Southeastern Mexico, mainly i n  the Nicapa and mno Pelado Sections, 

which are located in the State of Chiapas; in the rest of Mexico t h i s  l i m i t  i s  

unconforrrable o r  i s  not present. 

B I OSTRAT I G RAPHY 

The following r e su l t s  concerning the Eocene-Oligocene boundary are based on 

the study of the planktonic fos s i l s  found in the Tertiary sedimentary basins of 

Mexico. 

S a h r B n  (1971) studied the materials of the Nicapa Section, and established 

the conformity of the Eocene-Oligocene boundary i n  southeastern Mexico, based on 

the G!obonot&u c e , ~ ~ c ~ u z d s M h d  s.1. Biozone of the Late Eocene and the CuAhige-  

h i i z e l l c t  ck ipa .ee rzn . i n -Pbeudohub~ t i~~ i i u  michu Biozone of the Early Oligocene, 

( * )  Ins t i t u to  Wxicano de l  PetrBleo, Bploraci6n. 
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The GlabokaLw5.a cc%tauzdenhh s.1. Biozone was determined in the  Late Eixg 

ne. In  the upper par t  of t h i s  biozone, the  species of the Group Glabokotcu% 

c m o u z d e n h h  and the species of Hunthertinu and Chibkohu&kertinu were extingull 

shed. The most important species of the  planktonic foraminifera of t h i s  biozone 

are the following: Huntkeninu ahbumen&&, Chibkaha&ke.vtinu behmudezi, G L o b i g t -  

hi.nLta c i iAb ,hd i ,5 ,  G l a b i g e n i d  u.vticc~vc(, PbeudohccnLLgdnu micha, G l o b i g d n a  

p ~ e u d o w n p f i u p ~ ~ ,  G l a b i g d n u  venezu&unu, G l o b i g d n u  yeguuenhd. The bent2 

nics species are: Bulimina duzunen i lh ,  OnungLLecvLia cURte,t, GlobocaniduRina 

hubgloboha, Batkiniphon eocearticun, Plunw5nu wu&mtok&L. 

PbeudobLLgeninu miaa Biozone w a s  determined, and it over l ies  the  above E n -  

tioned biozone. The following species are c o m n l y  found i n  this biozone: G L o b i  - 

g Zh-inu pbeudoampfiupeh.tuha, G l o  b i g  &nu cunp&peh.tul~u, Ph eudo hccnLLgdna micku, 

CcCnnigehineReu ck ipo lemd ,  C i b i c i d e n  pneudoungehianui, Cibiciden mexicaizui, C& 

b i c i d a  p d u c i d u i ,  AmmobpipihcLta mexicuna, Uvigehina mexicanu, Ammadcncui i n -  

ceh.tu~ and NodoAmiu  1ongAcda .  

I n  the lower par t  of the Early Oligocene, the C a h i g e h i n ~ U c c  ck ipolenhh-  

When S a h r 6 n  (1972) studied the materials of the Wno Pelado Section, he es 
tablished tha t  the boundary between the Eocene and the Oligocene w a s  represen- 

ted by the GLobokotd'iu ceAhouzden4d Biozone s.1. of the  Late Eocene, which 

is  overlaid by the CcLLSOigehind~u c ~ U p o ~ e . 1 ~ d - P P o e u d o h r ~ ~ g d i i c c  miau Biozone 

of Early Oligocene age. The species of G!oboko~&a c e h h o u z d e a b  s.1. and the 

species of Ha&kerinct and ChibmluunLkeninu were extinguished in  the Late Eocene. 

S a h r 6 n  (1973) a l so  studied the mterials of the Amates Section, i n  the sam 

area, and found tha t  the Eocene-Oligocene boundary is  unconfo-le, t h a t  is ,  

rocks of the Middle Eocene (OkbuRinoidcn beckmunni Biozone) are overlaid by ro- 

cks of the Middle Oligocene (GLobigehinu ump&upehttuu Biozone) . 
Butterlin (1961) determined the Eocene-Oligocene boundary, based on the mcrg 

foraminifera of the Rio Palizada 2 w e l l ,  which i s  located i n  the boundary bet- 

ween the  Macuspana-Caqxche Basin and the Plataform of Yucatan. H e  mentions the 

following species of Late Eocene age: A ~ t ~ n o c i j c f i i ~ c ~  t n in imc t ,  Lepidocyc&nu ( Ne- 

pktioLepidina) chupehi , Lepidocyc&izu (Nco tepidii ict)  tnctcdonctBdi, Lepidocyckiia 

(Neokepidinu) puitu8ohU, H e R i c o P ~ p i d i i ~ ~  i i o h t o o i ,  M t m t n u c n  i t o f i L d e n 4 b ,  N u m m u k  -. 

2&5 &'thu&Xen5d, and LepidocycLinct ( Eutepidinrt) $UUObCL ( = L .  ( E )  . uiidohu) of 

the Oligocene. 

Therefore, it is possible that the Eocene-Oligocene boundary Ent ioned  by 

Butterl in i s  not conformble, because he does not report charac te r i s t ic  species 

in the lower pa r t  of the Lower Oligocene. On &e other hand, Lepidocycfiiia (Eu te  - 

pidinul undonu has a range up t o  the Early Miocene-Aquitanian? according Butter 

l i n  (1981). 

S a k r 6 n  (1969) found the Eocene-Oligocene boundary unconformable i n  the San- 

t a  Isabel 1 w e l l ,  which i s  i n  the vic in i ty  of the Rio Palizada 2 w e l l ,  t ha t  i s ,  
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the Upper m e n e  rocks [GlobohotuLLu c m o u z d e n ~ h  s.1.) are  overlaid by the 

Middle Oligocene rocks ( G C o b i g e h i ~ c l  cunp.!?hperttuhu Biozone) . The following form: 

nifera of Ute Eocene age were found: G l o b o h ~ t ~ L L u  c ~ o u z d e i ~ A  s.l., Gl 'ob ige -  

h i ~ u  ur~p.e-iupehtwric, G L o b i g  Qhinu pneudaump&pehtwta, P ~ E U ~ U ~ Z I L . S ~ ~ ~ ~ / L L ~ J Z C C  michu, 

G t o b i g e h i n L t u  din~hndh, Hamthenha d u m b l e i ,  HavLtheiunu a.ktbiunei lhh,  Rnggiitu 

c v j h w w m h ,  RotcfiaLinn mexicuna, i)buiigt&L&% mex.Lccuu, RuZhni~lCl b ErnicobtcLtcl. 

Associated with the above mentioned species, the following allochthonous 

of macroforaminifera w e r e  found, which although they are not characteristic of 

the depositional environment above rrentioned, they are of the same age; the mst 

significant forms are the following: H&coo&ginct p a l y g h d h ,  H&colepidinu 

nohtonL,  S p l i u U o g p b i n u  pdLc&A, Lepidocyctirla [ NeoLepicLinu) p U n ~ L h J b U  pUntURobCt, 

AbtemcycRinct m i h u ,  NummuRLteten d L o ~ d e n ~ h ,  He.Ltehooteginu o c d c ~ ~ c r  and Fabianiu 
CCUb.i&. 

In  the Jonuta 1 w e l l ,  which i s  located a t  7900 m S R3'E of the Church of Jonc 

t a  in the Sta te  of Tabasco, S a h r 6 n  (1969) established tha t  the Upper Eocene is 

overlaid unconformably by d e t r i t i c  rocks of the Lower Miocene. The rocks of the 

Upper Eocene are very recrystall ized and s o m t b s  poorly compacted l b s t o n e s ,  

i n  which the following species of macroforaminifera were identified: Lep.docyc& 

nu [NeoLepidinuJ p u h t d o n c c  puhtu..tobu, F u b h d u  c a n h ,  Amph.in.teginu p~'~vLLea, He- 

LLcoLepidiriu nohtoni, He.Lenooteginu ocdunu,  AbtenocgcLLnu m i h u  and OpehcuLLnu 

m d e n n e a A .  

In the Mompuyil 2 w e l l ,  which is  located a t  a p p r o x h t e l y  2920 m S 25’ E of 

the I%rpuyil 1 w e l l ,  t h i s  author found that  the Upper Eocene outcrops on the s c  
face, or sometks it m y  be covered by Recent a l luv ia l  deposits. The Upper Fccg 

ne is determined by OpehcuXincc muhiennenbh, NwnniuRita w d l c o x i ,  N w l i m u R i t a  

L i d E Y a h .  

In  the Tampico-Misantla Basin, located i n  the eastem-central  par t  of Mexico, 

and i n  the Burgos Basin, in northeastern area, a s  w e l l  a s  in the Peninsula of 

the Baja California in the northwest, the Eaene-Oligmene boundary has been re- 

ferred t o  as unconformable. The de ta i l s  concerning t h i s  boundary are 

a separate paper. 
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THE EOCENE-OLIGOCENE BOUNDARY IN THE BATH CLIFF SECTION, BARBADOS, 

WEST INDIES 

E. MiiLLER-MERZ and J.B. SAUNDERS 

The study of a section of deep sea sediments that crosses the 

Eocene-Oligocene boundary and is exposed in Bath Cliff, Barbados, 

resulted in a paper published as Saunders et al. (1984). It was a 

co-operative project by the co-authors whose names are given in the 

bibliographic reference. The following report lists findings from 

this joint work that are particularly relevant to the epoch bounda- 

ry. The data on which the conclusions are based will be found in 

the cited paper. The present summary enables us to make alterations 

to the original text figures some of which have become possible due 

to later findings reported in Sanfilippo (1985). Comparisons bet- 

ween radiolarian events near the boundary as seen in Bath Cliff are 

compared with their equivalents in cores from widely spaced Deep 

Sea Drilling sites by Riedel and Sanfilippo (this Volume). 

The Bath sediments are indurated biogenic oozes with additional 

disseminated volcanogenic fragments and discrete ash beds. They 

span a time interval from the Middle Eocene Podocyrtis goatl;ecci.ia 

radiolarian Zone to the Early Oligocene T h e o c y r t i s  t u b e r o s a  radio- 

larian Zone (Fig. 1). The biogenic fraction is predominantly sili- 

ceous with only a minor calcareous component. The total carbonate 

fraction for the Late Eocene is only about 2 0 % ;  the input of volca- 

nic ash is a little above 8%, the remaining 7 2 %  consisting of the 

siliceous biogenic component + quartz and clay minerals. 
The linear sedimentation rate for the Late Eocene interval gives 

a value of 2 7 . 1  m/m.a., uncorrected for compaction. This corres- 

ponds to a bulk mass accumulation rate of 3.58 g/cm /10 yr. This is 

approximately 18 times faster than the rate at DSDP Site 5 4 3  east 

of the toe of the Barbados accretionary prism, and 11 times faster 

than the rate at DSDP Site 149 in the Venezuela Basin. The expanded 

nature of the section suggests accumulation in an area of greater 

than usual siliceous biogenic productivity. 

2 3  
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The benthic foraminifera suggest a paleowater depth greater than 

2000  meters, and probably more than 2 8 0 0  meters. The calcareous 

fauna would indicate that the site of deposition was never far from 

the CCD. In the Eocene, the planktic/benthic ratio points to a loss 

of calcareous fauna varying from 90 to 100%. Shortly after the 

Eocene/Oligocene boundary, the site of deposition diverged from the 

CCD and this is shown by a higher planktic/benthic ration sugges- 

ting a loss of the calcareous fauna closer to 5 0 % .  

Figure 2 summarises the sequence of the more important events as 

they occur in the Bath Cliff section. Those that occur close to the 

epoch boundary are, in ascending order: last occurrence (LO) disc- 

shaped discoasters, LO Nuttallides truernpyi; LO Turborotalia ceqro- 

azulensis s.1.; LO Hantkenina; evolutionary transition of the 

Lithocyclia aristotelis group to L. angusta. Following convention, 

we draw the boundary at the last occurrence of the genus Hantkenina. 

The radiolarian studies show that the Theocyrtis bromia radiola- 

rian Zone of the Late Eocene can be replaced by 3 new zones. From 

top to bottom these are: Cryptoprora ornata Zone, CaZocyclas 

bandyca Zone and "CarpocanistrumN azyx Zone. 

The nannofossil studies confirm that it is difficult to sub- 

divide the Late Eocene in a low latitude oceanic section as the 

markers used for the standard zonations prefer high latitudes 

and/or hemipelagic environments. Regarding topmost Eocene, it was 

found that, even in the absence of the usual markers IsthmoZithus 

recurvus and Sphenolithus pseudoradians, it is possible to assign 

samples to this level if they have disc-shaped discoasters but lack 

Chiasmolithus g r a n d i s  and Cribrocentrum reticulatum. 

The impoverishment of the calcareous fauna due to deposition 

close to the CCD has given a somewhat spotty distribution to the 

planktic foraminifera, particularly the marker species which are 

susceptible to solution. However, a small group of samples all of 

which contain Hantkenina and Cribrohantkenina, followed upwards by 

continuing richly calcareous samples without these marker forms has 

led us to draw the Eocene-Oligocene boundary here (sample 4328  on 

Fig. 1). The highest occurrence of the Turborotalia cerroazulensis 

group including T. cerroazulensis cunialensis (Toumarkine & Bolli) 

occurs approximately 8 m below (sample 4 2 6 5 )  and, although the 

interval between suffered badly from solution, the absence of the 
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B C  95 Fig. 2 .  Most important events in order in 
which they occur in the Bath Cliff section. 

88 

7 F O  Sphenolithus distentus 

F O  Lithocyclia crux 
Artophormis barbadensis - A.  gracilis 

LO Dictyoprora p w m  

L 0 Spiroplec tammina tr im ta tensis 

7 6 ''0 increase for Oridorsalis uniboiiatus 

JS :A -f- I 1 1 r LO Anomalinotdes cf. A. bilateralrs 

LO Lynchnocanoma amphitrjte 

Lithocyclia artstorelis + L angusta 
LO Lophocyrtis lacchia 

FO Cassigerinella chipolensis 

LO Hantkenina aiabamensis 

LO Turborotalia cerroazuiensis s.1 
LO Nuttallides trumpyi 
LO Cibtcidoides cf. C. pseudoungerianus 

LO dix-shaped dixoasters 

FO Globtgerma arnpliapertura 

4283 

100m- 70 & r-- Microtektite horizon 
69 

I LO caiocvclas turris 
LO Thyrsocyrtis bromia 
LO Thyrsocyrtts rhizodon 
LO Carpocanisrrum azyx 
LO Thyrsocyrtis tetracantha 

LO Thyrsocyrtis lochites 
Lo Calocyclas bandyca 
LO Calocyclas hispida 
LO L ychnocanoma bellum 

64 LO Thyrsocyrtis triacantha 

FO Theocyrtis tuberom 
F 0 Cibicidoides pseudoungerianus 

60 F 0 Sphenoiithus pseudoradians 

LO Eusyringium fistuligerum 

LO Abyssamma quadrata 

FO Calocyclas bandyca 

50rn- 53 

52 

5 1  
F 0 Lophocyrtis jacchia 

F O  Lynchnocanoma amphitrite 
47 LO Chiasmolithus grandis 
46 

Calocyclas hispida- C. turris 

FO Carpocanistrum azyx 
41 LO Rhopalocanium ornatum 

40 FO Thyrsocyrtis bromia 

38 
- LO Globigerina senni 

FO Thyrsocyrtis tetracantha 
7 LO Chiasmolithus solitus 
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TurborotaZia group from the samples containing the youngest occur- 

rences of Hantkenina leads us to believe that T. cerroazulensis 

does become extinct before Hantkenina and Cribrohantkenina in the 

Bath Cliff section. 

In the benthic foraminifera, there is a decrease in numbers of 

Nuttallides truernpyi during the Late Eocene with an increase in 

numbers of Cibicidoides pseudoungerianus and C. perlucidus. The 

more diverse agglutinated fauna seen in the Late Eocene becomes a 

great deal poorer in the Oligocene. SpiropZectarnmina trinitatensis 

is the main constituent of the fauna in the Eocene but disappears 

just above the epoch boundary and therefore can be used as a local 

marker. 

The oxygen-isotope record across the Eocene-Oligocene boundary 
0 suggests a drop in bottom water temperature of 5-6 C and of deeper 

surface water of 3-4 C with no measurable change in surface water 

temperature. 

0 

A layer with scattered microtektites occurs approximately 100 m 

above the base of the Bath Cliff section. Details of the occurrence, 

which is thought to be part of the ’North American’ strewn field, 

are given in Sanfilippo et al. (1985). The microtektite-bearing 

interval is approximately 2 0  cm above the last occurrences of 

Thyrsocyrtis tetracantha, Thyrsocyrtis rhizodon, Thyrsocyrtis 

brornia, CaZocycZas t u r r i s  and nCarpocanistrumn azyx whose extinc- 

tions are virtually simultaneous. The intervening 20cmof indurated 

sediment is thought to represent 13,000-14,000 years which contra- 

dicts any causal relationship between the extinctions and the 

microtektite event. However, the extinctions are coincident with 

an iridium-rich level that is described in the same paper. The 

microtektite layer falls slightly less than 26 m below the last 

occurrence of Hantkenina which would represent approximately one 

million years. 

Throughout the time span of the section there is a gradual 

change in both floral and faunal composition. Although several 

events are clustered around the boundary, their separation suggests 

that they are not due to a catastrophic situation. 
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TERMINAL EOCENE EVENTS IN VENEZUELA 

MARIA L. DIAZ DE GAMER0 

The Cenozoic geologic history of Venezuela is usually subdivided 

into two complex sedimentary cycles, separated by an important tec- 

tonic event starting in the Late Eocene (Gonzdlez de Juana et. al., 

1980). 
This event is particularly marked in Western Venezuela where, 

after a brief but very widespread marine transgression during the 

late Middle Eocene, corresponding to the Orbulinoides beckmanni and 

Truncorotaloides rohri zones (Walton, 1966; Furrer, 1971; Hunter, 

1974), there is no sedimentation until the Middle Miocene, with a 
short marine invasion in the Maracaibo Dasin. The terminal Eocene 

geological events in this region are dominated by the initial emer- 

gence of the Merida Andes, the northeastern tip of the Andes range. 

Some sedimentary units of fluvio-lacustrine origin might have been 

deposited during this time in the area south of the present Lake of 

Maracaibo, which seems to have been a depression all through the Ce- 

nozoic, and indeed up until modern times (Gonzdlez de Juana et al., 

1980). Outside this region, an important regional unconformity se- 

parates the Middle Eocene sequences from the Miocene and younger 

rocks in all Western Venezuela (see Fig. 1). 

In a geologically different area, the Falc6n Dasin, situated in 

Northwestern Venezuela, the youngest Eocene sediments are of Late 
Eocene age, belonging to the Globigerinatheka semiinvoluta Zone 

(Hunter, 1974), and are found in an anticlinal structure in the south- 

eastern part of the basin. Except for a few sandy intervals of Mio- 

cene age, the bulk of the sedimentation in the eastern Falc6n Basin 

is composed of marls and clays deposited mostly at bathyal depths, 

with no obvious break in sedimentation. There have been no reports 

of early Oligocene faunas anywhere in this area, the oldest dated 

Oligocene being from the Globorotalia opima opima Zone (Diaz de Ga- 

mero, 1982). The interval from the latest Eocene to this level is 

apparently barren of calcareous foraminifera, the only microfaunas 

studied to date. It is still undecided whether there is a hiatus 

at the Eocene-Oligocene boundary, as in all the rest of Western Ve- 
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nezuela or, perhaps, the marine sedimentation was continuous, with 

a change in the physicochemical characteristics of the water mass. 
Within the Eastern Venezuela Basin, the Eocene-Oligocene bounda- 

ry is, again, essentially marked by a hiatus. The youngest Eocene 
sedimentation in the basin, dated by planktonic foraminifera, is of 

latest Middle Eocene age (Hunter, 1 9 7 4 ) ,  but the Globigerinatheka 

semiinvoluta Zone of the Late Eocene has been recognized locally 
(Furrer, personal communication, 1 9 8 4 ) .  Unconformably above these 

sediments a thin clastic sequence, devoid of fossils, is followed by 
a marine shale with microfaunas belonging to the Globoortalia opima 
opima and Globigerina ciperoensis zones of the Oligocene (Lamb, 1 9 6 4 )  

In short, with the possible exception of the deep marine sequence 
of the easternmost part of the Falc6n Basin and some non marine se- 

dimentation preserved locally in downfaulted or subsiding blocks, 

the Eocene-Oligocene boundary event was one of general uplifting and 
erosion in Venezuela, north of the stable craton of the Guayana 

Shield. The uplift was relatively short in Eastern Venezuela, but 
of a much longer duration, and accompanied by structural deformation 

in Western Venezuela. 
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THE COCChC/OLTGOCCNE BOUhDARY 1'd DCEP SCA DEPOSITS 

D .  GRAHAM JENKINS 

INTRODUCTION 

Ever s ince the o r i g i n a l  d e f i n i t i o n  o f  the Oligocene b y  Beyrich (1854), the 

placement of the Eocene/Oligocene boundary has been t i e d  t o  i l l -der ined  Stage 

boundaries i n  various par t s  of Europe (Berggren eta., 1985 i n  p ress ) ,  and 

pressure t o  progress beyond t h i s  s t a t e  of  confusion led some workers to  tenta- 

t ive ly  def ine the boundary w i t h o u t  reference t o  the exact Stage boundaries i n  

Europe. T h u s ,  Bol l i  (1957) working i n  Trinidad placed the boundary a t  the 

ex t inc t ions  of Hantkenina, and Globorotalia cerroazulensis  (= G. ce i i t ra l i s  and 

- G .  cocoaensis) ,  between the G. cocoaensis and G. ampliapertura Zones. I n  

c o n t r a s t ,  the boundary was positioned a t  the ex t inc t ion  of Globiaerinatheka 

index i n  New Zealand between the  two loca l  s tages  Kaiatan and Khaingaroan by 

Finlay and Marwick (1940); the warmer water species  used i n  Trinidad were 

e i t h e r  absent or  had become e x t i n c t  much ear l . ier  (Jenkins ,  1971). 

DEEP SEA DEPOSITS 

I n  the 15 years of the Gloinar Challenger phase of the Deep Sea D r i l l i n g  

Project  (1968-1983) only a few continuous sec t ions  were found where the boun- 

dary could be i d e n t i f i e d  b y  means of  microfossi ls .  Some s i t e s  were round  t o  

have been af fec ted  b y  d i sso lu t ion  (e .g .  S i t e  77) while a t  other  s i t e s  the 

boundary was within an unconformity (e.g. S i t e  608); the loca t ions  of these 

two, p l u s  s i x  other  s i t e s  i n  the  P a c i f i c  and At lan t ic  a r e  given i n  Table 1. 

TABLE 1 : Locations of DSDP S i t e s  

S i t e  Lat i tude Longitude 

77 00" 28.90'N 133" 13.70'ii 
277 52" 13.43 's  166" 11.48'E 
516 30" 16.59's 35" 17.11'W 
522 26' 06.80 's  05' 07.80'W 
549 49" 05.29'N 13" 05.81'W 
574 03" 59.24'N 134" 08.53'12 
592 36" 28.40's 165' 26.53'E 
608 42' 50.21" 23" 05.25'W 
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Pacific 

At Site 277 in the Southwest Pacific, Shackleton and Kennett (1975) and 

Kennett and Shackleton (1976) showed that the beginning of a temperature drop 

of 4-5°C in bottom water coincided with the extinction of G. index. 
work on this site has shown that there is an important time-sequence of 

events: namely the extinction of 5. index at a peak of species diversity, 
followed by rapid reduction in diversity and then the 4-5°C drop in bottom 

water temperature (Figure 1). 

there is an improvement in the calcareous nannofossil flora and the following 

sequence has been observed: the extinctions of Discoaster saipanensis, 

barbadiensis and 2. reticulatum followed by the extinctions of Globanomalina 
m, Globigerina linaperta, Globorotalia insolita and c. index, and then the 
drop in bottom and surface water temperatures (Kennett ct. in press). 
Although there is a similar sequence of fossil extinctions at site 593 a little 

further south in the Tasman Sea the drop in temperature is seen to begin at or 

is slightly before the extinction of G. i n d e x .  (Kennett g G. in press). 

Further 

Further north, at site 592 in the Tasman Sea 

Figure 1. Species diversity, and paleotempernture based on oxygen isotope 
analysis, benthonic foraminifera (dotted) and planktonic foraminifera (solid 
line) at Site 277 (afLer Kennett and Shackleton 1976). 

In the Eastern Equatorial Pacific Site 77 Keigwin and Keller (1984) placed 

the boundary slightly after the beginning of the drop in temperature, and at 
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the nearby Site 574, Miller and Thomas (1985 in press) placed the boundary in a 

similar position. 

It should be noted that not one of the sites in the Pacific has any paleo- 

magnetic control across the boundary. 

Serggren 

Atlantic 

The best Eocene/Oligocene boundary in deep sea deposits was found at the 

South Atlantic Site 522, where there is both a good paleomagnetic and oxygen 

isotope record (Poore and Matthews 1984; Poore et&., 1982). Here the 

sequence of events is, anomaly 15, followed by the extinctions of Globigerina- 

theka, g. barbadiensis, G. cerroazulensis and Hantkenina, then the drop in 
temperature during anomaly 13 (Figure 2). 

2 Lat. 26’s Lat. 30’s 

I I SOUTH ATLANTIC 
SCALE POLARITY 

NORTH 
ATLANTIC 

Lat.49'N 

549 

C 
T 

SOUTH WEST PACIFIC 6’’ O(%o) 

Lat. 52% 

277 

Lat. 43% 

Figure 2. DSDP Sites in the Atlantic and Pacific; paleomagnetic and isotopic 
records from Site 522; there is some paleomagnetic control at Site 516 
(Berggren gt. 1983) and none at Site 277, 549 and 592, but from the oxygen 
isotopic records the extinctions occurred before the drop in temperature during 
anomaly 13; C = 5. cerroazulensis, G = Globigerinatheka, H = Hantkenina, I = 
- G. insolita, DB = 2. barbadiensis, DS = g. saipanensis, R = reworked? 

At the North Atlantic Site 549 there is no paleomagnetic record but the 

sequence of events is: the extinctions of Globigerinatheka, 2. saipanensis and 
- D. barbadiensis, G. cerroazuelensis and Hantkenina followed by the drop in 
water temperature (Snyder &. 1984). 

EXTINCTIONS 

According to Van Valenb rule, extinctions of related species within an 

adaptive zone occur as random events and over a long period of time the extinc- 

tion rate is constant (Van Valen, 1973; Raup, 1975). Van Valen used Blow’s 
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(1969) data to show that the extinction rate for the warm water planktonic 

foraminifera in the Middle Eocene-Pleistocene was 0.14 species per million 

years, and the extinction rate for all of the Cenozoic species in New 

Zealand is the same (Jenkins, 1985 in press). Any change in species diversity 

within a given time interval is dependent on 3 components: numbers of long 

ranging species, extinctions, and the appearance of new species, Analysis of 

New Zealand data across the Eocene/Oligocene boundary shows that the drop in 

species diversity (Figure 1) was not brought about by an increase in the rate 

of extinction, but was due to a drop in the number of initial appearances 

(Jenkins, 1973). 

CONCLUSIONS 

There is now a well established sequence of events across the Eocene/Oligo- 

cene boundary in deep sea deposits: starting at the bottom with anomaly 15, 

there follow the extinctions of species of calcareous nannofossils and plank- 

tonic foraminifera followed by the drop in temperature during anomaly 13. The 

sequence of extinctions appears to be latitudinally controlled by original 

paleotemperature and water-mass (Figure 2). 
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EOCENE-OLIGOCEliE B O U N D A R Y  R E F E R E N C E  SECTIOPiS IN THE PACIFIC 

G E R T A  K E L L E R  

Dept. of Geological and Geophysical Sc iences ,  Pr ince ton  Un ive r s i ty ,  P r ince ton ,  
NJ 08544 

In over  15 y e a r s  of deep-sea d r i l l i n g  the Eocene-Oligocene boundary was 

recovered in  r e l a t i v e l y  few DSDP s i t e s  i n  t h e  P a c i f i c  Ocean loca ted  p r i m a r i l y  

i n  the e q u a t o r i a l  reg ion  and t h e  southwes t  P a c i f i c  (F igu re  1 ) .  

s i t e s  which recovered  t h i s  boundary, f o u r  have p r i m a r i l y  s i l i c e o u s  ooze 

sed iments  ( S i t e s  69A, 70A, 166, 291) and i n d i c a t e  depos i t i on  a t  o r  below t h e  

ca lc ium ca rbona te  compensation depth  ( C C D ) .  Poor ca rbona te  p r e s e r v a t i o n  near  

t h e  Eocene-Oligocene boundary a f f e c t s  s i x  s i t e s  ( S i t e s  77R, 305, 310, 315A, 462, 

574) presumably due t o  f l u c t u a t i n g  C C D  and l y s o c l i n e .  

s i t e s  w i th  good ca rbona te  p r e s e r v a t i o n ,  t h r e e  a r e  i n  t h e  middle and high 

l a t i t u d e  southwes t  P a c i f i c  ( S i t e s  277, 592, 593) and one of t hese  ( S i t e  593) 

has a 15 m sequence of l i t h i f i e d  v o l c a n o c l a s t i c  b recc ia  preceding  t h e  Eocene- 

Oligocene boundary. 

middle l a t i t u d e  S i t e  592 than i n  the high l a t i t u d e  S i t e  277. S i t e  592 r ep re -  

s e n t s  thus the only  wel l -preserved  r e f e r e n c e  s e c t i o n  f o r  t h e  l a t e  Eocene t o  

e a r l y  Oligocene ca l ca reous  b i o s t r a t i g r a p h y  i n  middle l a t i t u d e s  o f  t h e  south-  

wes tern  P a c i f i c  (Kennet t  e t  a l ,  1 9 8 5 ) .  

I n  the e q u a t o r i a l  r eg ion ,  o f  t h r e e  deep-sea s i t e s  wi th  good ca rbona te  pre- 

s e r v a t i o n ,  S i t e  167 has poor c o r e  recovery ;  S i t e  3178 has good co re  recovery ,  

b u t  Blow (1969)  and Bol l i  (1966) zones were found t o  be over lapping  by Kaneps 

(1976) .  The t h i r d ,  S i t e  292, has been e x t e n s i v e l y  s t u d i e d  and r e p r e s e n t s  t h e  

b e s t  r e f e r e n c e  s e c t i o n  f o r  the low l a t i t u d e  P a c i f i c  Ocean. Deep-sea d r i l l i n g  

s i t e s  which recovered  l a t e  Eocene t o  e a r l y  Oligocene sediments i n  t h e  P a c i f i c  

a r e  i n d i c a t e d  in  F igure  1 a long  w i t h  Eocene-Oligocene s e c t i o n s  s t u d i e d  i n  t h e  

A t l a n t i c  and Indian  Oceans. 

Of 16 deep-sea 

Of t h e  remaining s i x  

Of the remaining two s i t e s  co re  recovery  i s  b e t t e r  i n  t h e  

DSDP S i t e  292 

S i t e  292 i s  l o c a t e d  on Benham Rise  in  the West P h i l l i p p i n e  Basin a t  2943 m 

depth  (15'49.11 '14, 124'39.05'E).  

c o n s i s t  o f  c l a y - r i c h  nannofoss i l  cha lk  w i t h  about  2% r a d i o l a r i a  and t h i n  beds 

of v o l c a n i c  a sh .  Sediments a r e  l i g h t  t o  dark  gray i n  c o l o r ,  modera te ly  mot t l ed  

and b i o t u r b a t e d .  Pe rcen t  ca rbona te  i s  g e n e r a l l y  h i g h  averaging  between 80-85% 

w i t h  the excep t ion  o f  s h o r t  i n t e r v a l s  a t  two m i c r o t e k t i t e  hor izons  i n  Zones P16 

and P15 where ca rbona te  drops  t o  40%. 

Upper Eocene t o  lower Oligocene sed iments  

Anomously high i r id ium was d i scove red  
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a t  the lower micro tek t i te  horizon in  Zone P15 (Kel ler  e t  a l ,  in  preparat ion)  

a t  38.2 Ma based on  sediment accumulation r a t e s .  

60'1 1 3bo doo 9b' l;Oo l i o n  l ioo l;oo i;o0 9 2  6bo 30' 0' 

Location map of Late Eocene t o  Early Oligocene DSDP cores and sect ions F i q .  1 .  
s tudied.  
391.9 - Ma, Mistast in  3854 Ma and Wanapitei 3722 Ma (Grieve, 1982). 

S ta rs  mark locat ions of impact c r a t e r s  of Late Eocene age, Popigai 

Glass and  co-workers (1982, t h i s  volume) consider these two micro tek t i te  

layers  as the same layer  as Zone P16 micro tek t i tes  which they consider t o  

represent  upward reworking of the  lower layer .  
s t r a t i g r a p h i c a l l y  in  terms of foraminifera  a n d  rad io la r ia  t h a t  the  lower layer  

a t  S i t e  292 i s  indeed o lder  a n d  o f  Zone P 1 5  age and the upper Zone P16 layer  

corresponds in age t o  the  Caribbean micro tek t i te  layer .  Moreover, geochemically 
the Zone P15 micro tek t i tes  a r e  s i g n i f i c a n t l y  d i f f e r e n t ,  primarily in t h e i r  

higher CaO a n d  MgO contents ,  from the Caribbean micro tek t i tes  (Kel ler  e t  a l ,  in 

preparat ion) .  

foraminifera (Kel le r ,  1983, Fig. 1 ,  t h i s  volume; Corl iss  e t  a l . ,  1984), 

calcareous nannofossils ( E l l i s ,  1973), and s t a b l e  isotopes (Keigwin, 1980). 

Radiolaria a r e  a l s o  present ,  b u t  no de ta i led  ana lys i s  has been published s ince 

the  i n i t i a l  report  by Ling (1973). 

However, i t  can be shown 

For f u r t h e r  discussion o f  t h i s  problem see Keller, t h i s  volume. 
S i t e  292 has been extensively s tudied in terms o f  planktonic and  benthonic 

All foraminifera1 species  ex t inc t ions  a n d  o r ig ina t ions  c h a r a c t e r i s t i c  of 

the Late Eocene t o  Early Oligocene a r e  present and appear t o  be isochronous 

when compared with o ther  s i t e s .  

spot ty  due t o  frequent carbonate d isso lu t ion  i n t e r v a l s .  The nannofossil 

Late Eocene occurrences, however, may be 
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Discoaster barbadiensis is last observed in Core 36cc and D. saipanensis in 
Core 36-2 (Ellis, 1973) and hence the CP15/CP16 boundary occurs before the E/O 
boundary as observed by the extinction of planktonic foraminifera (Globorotalia 
cerroazulensis, G1. cocoaensis, G. cunialensis, and Hantkenina alabamensis) 
which is generally observed in the deep sea. Unfortunately, poor core recovery 
provides for an imcomplete Early Oligocene record in Site 292. 

DSDP SITE 592 
Site 592 is located on the southern Lord Howe Rise at 1098 m depth 

(36"28.4O’Sy 165’26.53’E). Late Eocene sediments consist of chalk and calca- 
reous ooze with numerous volcanic ash layers. Planktonic foraminifera and 
nannofossils are well preserved. 
latitudes the Eocene-Oligocene boundary is also marked by the extinction of 
the Globorotalia cerroazulensis - G1. cocoaensis and Hantkenina groups when 
present, as in low latitudes. But, in addition, Globigerinatheka index, 
Globigerina linaperta and G. insolita also become extinct at the Eocene/ 
Oligocene boundary and these species are the primary marker species in higher 
latitudes (Figure 2). In low latitudes sites Gr. index disappears earlier in 
the Globigerapsis semiinvoluta Zone whereas Globigerina linaperta ranges into 
the Oligocene, basal Globorotalia opima zone, and G. insolita is not recognized. 

In the southwest Pacific middle to high 

> VOLCANIC A S H  
C A L C  

N A N N O  F O R A M  
DSDP SITE 592 2 (I~,!"~~&) 

400- 
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Fig. 2. Selected foraminifers and nannoplankton species ranges, volcanic ash 
intervals and oxygen isotope data of planktonic and benthonic foraminifera of 
Site 592 (from Kennett et a1 , 1985). 
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Similar  t o  low l a t i t u d e s ,  however, the  nannofossils Discoaster saipanensis 
and D. barbadiensis disappear before the  ex t inc t ion  of the foraminifera1 
Eocene-01 igocene boundary marker species  (Kennett e t  a1 , 1 9 8 5  

The differences in  species  ranges c l e a r l y  ind ica te  the  necessi ty  for 
separate  high and l o w  l a t i t u d e  reference sec t ions  and a means of c a l i b r a t i n g  

them independent of microfossi ls  which i s  possible  f o r  the  Eocene-Oligocene 

boundary by using the  oxygen isotope record. 
f o s s i l  preservat ion,  b ios t ra t igraphic  and s t a b l e  isotope s tudies  S i tes  292 a n d  

592 represent  the best  candidates f o r  Eocene-Oligocene reference sect ions t o  
date  f o r  the  equator ia l  and southwest Pacif ic .  

) .  

Thus, based on core recovery 
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TERMINAL EOCENE EVENTS: PLANKTONIC FORAMINIFERA AND ISOTOPIC EVIDENCE. 
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INTRODUCTION 

The f a c t  t h a t  p l a n k t o n i c  f o r a m i n i f e r a l  assemblages from t h e  l a t e  Middle 

Eocene a r e  markedly d i f f e r e n t  from t h o s e  o f  t h e  Ear ly  Oligocene has  been 

known f o r  over  twenty y e a r s  ( C i f e l l i ,  1 9 6 7 ) .  Such d i f f e r e n c e s  may be desc r ibed  

a s  t h e  development of an Ea r ly  Ol igocene  assemblage r i c h  i n  s imple ,  g lob ige r -  

ina-shaped  forms r e p l a c i n g  an assemblage wi th  a v a r i e t y  of d i f f e r e n t  morpho- 

l o g i e s  inc lud ing  t h e  subquadra te  a c a r i n i n i d s ,  g loboro ta l id - fo rms  such a s  t h e  

t u r b o r o t a l i i d s ,  and t h e  han tken in ids  wi th  t h e i r  t u b u l o s p i n e s .  The aim of t h e  

I G C P  P r o j e c t  No 1 7 4  w a s  t o  demonst ra te  i n  d e t a i l  how such changes took p l a c e .  

To e x p l a i n  t h e s e  e v e n t s  w e  have a t tempted  f i r s t  t o  document t h e  types  and 

sequence of t e rmina l  Eocene e v e n t s  among p lank ton icForamin i f e ra .  Our approach 

has  t 'nenbeen t o  compare synop t i c  measurements of e s t ima ted  nea r - su r face  pa leo-  

t empera tu res  and mer id iona l  and v e r t i c a l  thermal  and carbon i s o t o p e  g r a d i e n t s  

th rough t h e  water  column, t o  t h e  s p a t i a l  and tempora l  d i s t r i b u t i o n  p a t t e r n s  of 

t hose  p l a n k t o n i c  Foramin i f e ra .  

Desp i t e  t h e  e f f o r t s  o f  s e v e r a l  s c i e n t i s t s  t o  document evo lu t iona ry  p a t t e r n s  

among t h e  p l a n k t o n i c  Foramin i f e ra  a c r o s s  t h e  Eocene/Oligocene boundary, ve ry  

few s e c t i o n s  con ta ined  complete enough r e c o r d s  f o r  t h i s  t a s k .  Other s e c t i o n s ,  

a l though  r e l a t i v e l y  comple te ,  were s t r o n g l y  a f f e c t e d  by reworking and/or  sub-  

s t a n t i a l  d i s s o l u t i o n .  The few, r e l a t i v e l y  complete and u t i l i z a b l e  s e c t i o n s ,  

a l s o  summarized by J e n k i n s  ( t h i s  vo lume) ,  i n c l u d e  l and  s e c t i o n s  from Barbados 

(Saunders  e t  a l . ,  19851, A u s t r a l i a  (Lindsay  and McGowran, t h i s  vo lume) ,  New 

Zealand (Hoskins and Morgans, t h i s  vo lume) ,  t h e  sou the rn  Spanish Fuente Ca lde  

r a  (Molina,  t h i s  vo lume) ,  t h e  Hungarian Buda mar l s  ( N a g p a r o s y  e t  a l . ,  t h i s  

vo lume) ,  t h e  I t a l i a n  Umbrian bas in  (Nocchi e t  a l . ,  t h i s  vo lume) ,  and v a r i o u s  

Deep Sea D r i l l i n g  s e c t i o n s  i n c l u d i n g  S i t e s  516, 522, 592, 277, and 548 from 

A t l a n t i c  and P a c i f i c  Oceans. Such l o c a l i t i e s  a r e  w e l l  d i s t r i b u t e d  through 

l a t i t u d e  and so should  a l low r e c o n s t r u c t i o n  o f  p l a n k t o n i c  f o r a m i n i f e r a l  e v o l u t  

i ona ry  e v e n t s  bo th  s p a c i a l l y  and t empora l ly  ( F i g u r e  1 ) .  

De ta i l ed  s t u d i e s  of t h e  b iogeographic  p a t t e r n s  of L a t e  Eocene p l a n k t o n i c  Fo 

r a m i n i f e r a  (Haq e t  a l . ,  1 9 7 7 ;  Boersma and Premoli  S i l v a ,  1985, i n  p r e s s )  have 

demonst ra ted  t h e  l a t i t u d i n a l  dependence of p l a n k t o n i c  f o r a m i n i f e r a 1  e v e n t s  and 

t h e  d iachronous  ranges  o f  s e v e r a l  s o - c a l l e d  b i o s t r a t i g r a p h i c  index  s p e c i e s .  

Such s p e c i e s  included:Cribrohantkeninainflata, Globigerinatheka index ,  Subbo- 
t i n a  l i naper ta ,  and t h e  Turborotalia cer roazu lens i s  group,  among o t h e r s .  The 

d iachronous  r anges  o f  o t h e r  t a x a  may r e s u l t  from t h e i r  r a r i t y  i n  many samples 

and/or  t h e i r  very  smal l  s i z e .  

- 
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PLANKTONIC FORAMINIFERAL EVOLUTION 

P lank ton ic  f o r a m i n i f e r a l  o r i g -  

i n a t i o n s  and e x t i n c t i o n s  punc tua te  

t h e  e n t i r e  p e r i o d  from t h e  l a t e s t  
Middle Eocene i n t o  t h e  Ea r ly  Oligo- 

cene .  Based on ou r  composite range 

c h a r t  summarizing p l a n k t o n i c  forami; 

i f e r a l  r anges  through t h e  Eocene a t  

Deep Sea D r i l l i n g  s i t e s  from t h e  

A t l a n t i c  (Haq e t  a l . ,  1977) and from 

numerous l and  s e c t i o n s  (Boersma and 

Premoli  S i l v a ,  i n  p r e s s )  i nc lud ing  

s e v e r a l  d i s c u s s e d  i n  t h i s  volume w e  
e s t i m a t e d  t h e  deg ree  o f  b i o t i c  o v e r  

t u r n  among p l a n k t o n i c  Foramin i f e ra .  

Because e v o l u t i o n  t e n d s  t o  occur  i n  

p u l s e s  (Gould, 1977) w e  do n o t  f e e l  

c o n s t r a i n e d  t o  c o r r e c t  ou r  e v e n t s  

f o r  t h e  d u r a t i o n  of  each zone. O r i g  

i n a t i o n s  exceeded e x t i n c t i o n s  i n  

Zone P16 of t h e  La te  Eocene. I n  

Zone P15 e x t i n c t i o n s  and o r i g i n a -  

t i o n s  were n e a r l y  equa l  i n  number, 

4 e x t i n c t i o n s  and 5 o r i g i n a t i o n s .  

Zone P17, a s s o c i a t e d  wi th  t h e  Eoce- 

ne /Ol igocene  boundary, was t h e  only  

t i m e  when e x t i n c t i o n s  exceeded o r i g  - 

Y9 4 

n. rig. 1 .  Loca t ions  of s i t e s  i nc luded  i n  

t h i s  s tudy  (modi f ied  from Boersma and 

Premol i  S i l v a ,  1 9 8 3 ) .  

i n a t i o n s  by 7 t o  1 (Table  1 ) .  

Comparison of t h e  numbers o f  

e x t i n c t i o n s ,  o r i g i n a t i o n s  and t h e  

amount o f  e v o l u t i o n a r y  o v e r t u r n  

between t h e  zones o f  t h e  La te  and Middle Eocene demonst ra tes  t h a t  excep t  i n  

Zone P16 e v o l u t i o n a r y  e v e n t s  were much fewer i n  number du r ing  t h e  Late  Eocene. 

PLANKTONIC FORAM OLIGOCENE 

BIOZONES REPRESEN- 
DIVERSITY ORIGINATIONS EXTINCTIONS OVERTURNS 

TATIVE S 
~ ~~ ~~ ~ ~~~ 

~ 1 4  56 13 18 31 2 2  

P15 43 5 4 9 2 5  

P16 51 12 9 21 35 

P17 43 1 7 8 36 

e a r l y  P18 42 6 1 7 - 

TABLE 1 .  P l ank ton ic  f o r a m i n i f e r a l  d i v e r s i t y ,  o r i g i n a t i o n s ,  e x t i n c t i o n s  and 

t h e  numbers o f  e v e n t s  combined t o  be  termed b i o t i c  o v e r t u r n .  
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To a c e r t a i n  degree  e v o l u t i o n  slowed down d u r i n g  t h i s  t i m e  e s p e c i a l l y  among 

t h e  o l d e r  Eocene g roups .  A s  i n d i c a t e d  by C o r l i s s  e t  a l . ,  (1984) t h e  Eocene/ 

Ol igocene  boundary w a s  n o t  a mass e x t i n c t i o n  e v e n t .  In  a d d i t i o n ,  t h e  La te  
Eocene was n o t  even a t i m e  of mass e x t i n c t i o n s  when compared wi th  o t h e r  i n t e r  

v a l s  of t h e  Middle Eocene o r  t h e  Pa leocene  (Boersma and Premoli  S i l v a ,  1983) .  

W e  wish t o  stress t h a t  t e rmina l  Eocene e v e n t s  i nvo lve  approximate ly  equa l  

A l a r g e  number o f  t y p i c a l l y  Oligocene p l a n k t o n i c  Foramin i f e ra  f i r s t  evolve  

numbers of  o r i g i n a t i o n s  and e x t i n c t i o n s  among t h e  p l a n k t o n i c  Foramin i f e ra .  

i n  t h e  Eocene; t h i s  e v o l u t i o n  i s  a c c e l e r a t e d  i n  t h e  Middle Eocene Zones P13- 
P14 with t h e  appearance  o f  t h e  g loboquadr in ids ,  and s p e c i e s  of Catapsydrax, 
Globigerina, Subbotina, and Turborotalia (T. pseudoampliapertura and T. amplig 
perturaJ. 

These o r i g i n a t i o n s  took  p l a c e  l a r g e l y  i n  t h e  t r o p i c a l  and s u b t r o p i c a l  b e l t s ;  

f o r  example, t h e s e  s p e c i e s  have p r e v i o u s l y  been recorded  from T r i n i d a d ,  Cuba, 

Mexico,and Barbados .Because in the  l a t e s t  Eocene a n d O l i g o c e n e t h e t u r b o r o t a l i i d s  
and g loboquadr in ids  occupy s i m i l a r  l a t i t u d e s t o t h e  midEocene morozovel l ids  and 

a c a r i n i n i d s ,  a n d a l s o  r e g i s t e r  some ofthewarmestpaleotemperatures i n  t h e  samples 

where they  have been ana lyzed  (Douglas and Sav in ,  1978; Boersma and Shackle ton ,  

1977; Matthews and Poore,  1984) we assume t h a t  t hey  r ep laced  t h e  morozovel l ids  

and a c a r i n i n i d s  a s  t h e  low l a t i t u d e ,  warm w a t e r - p r e f e r r i n g  index  groups .  

BIOGEOGRAPHIC PATTERNS OF LATE EOCENE PLANKTONIC FORAMINIFERA 

By t h e  beginning  of t h e  La te  Eocene (Zone P14/P15 zonal  boundary) t h e  Ea r ly  

t o  Middle Eocene warm water p l a n k t o n i c  Foramin i f e ra  had d i sappea red .  They f i r s t  

c o n t r a c t e d  t h e i r  r anges  from middle t o  lower l a t i t u d e s ,  dec reas ing  i n  o v e r a l l  

abur.dance, and then  d i sappea red  a l t o g e t h e r .  I n  many c a s e s  t h e s e  forms d i sap -  

peared  n e a r l y  0 . 5  m.y. e a r l i e r  from t h e  middle than  from t h e  lower l a t i t u d e s  

(Boersma and Premoli  S i l v a ,  1983; i n  p r e s s ) .  In  t h e  e a r l y  L a t e  Eocene, lower 

l a t i t u d e  f aunas  a r e  dominated by forms such as GZobigerinatheka, t h e  complete 

group of SLibbstina, Pseudshas t iger ina ,  and r e p r e s e n t a t i v e s  of t h e  T%rbcrota'sia 
Zerrcazuiessis l i n e a g e ,  a l l  forms p r e v i o u s l y  t y p i c a l  of middle l a t i t u d e s  and 

of t h e  gy re  margins .  P r e s e n t  a l s o ,  a l though  i n  very  smal l  numbers, a r e  t h e  

g loboquadr in ids  and t u r b o r o t a l i i d s  which w i l l  become t h e  low l a t i t u d e  index 

forms of t h e  l a t e s t  Eocene and e a r l i e s t  Ol igocene .  Higher l a t i t u d e  assemblages 

c o n s i s t  l a r g e l y  of h igh - sp i r ed  s u b b o t i n i d s ,  Catapsydrax, Gioboro ta lc ides ,  and 

smal l  g l o b i g e r i n i d s .  The low-spi red  s u b b o t i n i d s ( S .  eoeaena g r . )  t y p i c a l  of 

h igh  l a t i t u d e  r e g i o n s  i n  t h e  e a r l i e r  Eocene, had d i sappea red  and by t h e  Late  

Eocene s. l i n a p e r t a  s .  s t r .  was more t y p i c a l  of middle t o  lower l a t i t u d e  

a r e a s .  Higher l a t i t u d e  index  forms,  such a s  Catapsydrax and Glcborotaloides ,  
n e v e r t h e l e s s  occur  a t  a l l  l a t i t u d e s .  

change was concen t r a t ed  i n  t h e  Titrbcrotclia cerroazulensis l i n e a g e  and among 

t n e  c r i b r o h a n t k e n i n i d s .  H ighes t - sp i r ed  forms, n o t  p r e s e n t  p r e v i o u s l y ,  f i r s t  

appeared i n  Zone P16. B iogeograph ica l ly ,  t h e  m a j o r i t y  of gene ra ,  a s  wel l  a s  

many s p e c i e s ,  become cosmopol i tan .  G l o b i g e r i n a t h e k i d s ,  inirborotalia cerroazuler, 
S i S  s .  s t r . ,  globoquadrinids,hantkeninids, and Tz*rborotaliz ampliapertura pene- 

t r a t e d  a s  f a r  n o r t h  a s  Rockal.1 Bank (DSDP S i t e  1 1 6 ) ,  and 7'. arnpldapertura even 

e n t e r e d  t h e  North Sea .  Pseudohastigerina appea r s  t o  be conf ined  t o  t h e  west.ern 
s i d e  of  t h e  A t l a n t i c  (DSDP S i t e  112) , b u t  i t s  absence i n  t h e  no r theas t a tDSDP S i t e  

116 may be  an a r t i f a c t  of poor sediment p r e s e r v a t i o n .  The h igh - sp i r ed  subboti- 

n i d s ,  t e n u i t e l l i d s ,  Catapsydrax, Globorotaloides, b i s e r i a l h e t e r o h e l i c i d s ,  and 

Seve ra l  impor tan t  e v e n t s  occur  du r ing  t h e  cour se  of Zone P16. Evolu t ionary  
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LATITUDE 

MIDDLE 

N .  A t l a n t i c  

biconvex morozovel l ids  

smooth a c a r  i n  i n  i d s  

PLanorotaZites 

Subbotina Zinaperta a r e  p r e s e n t  a t  a l l  l a t i t u d e s .  Th i s  r e s u l t e d  i n a  s o r t o f h o m g  

g e n i z a t i o n  of f aunas  through l a t i t u d e .  Fur thermore ,  t h e  numbers of h i g h e r ,  

middle and lower l a t i t u d e  index  s p e c i e s  occur  i n  n e a r l y  equa l  p r o p o r t i o n s  i n  

many f aunas  a t  lower and middle l a t i t u d e s , a  f u r t h e r  a s p e c t  o f  t h i s  f aunas  hom- 

o g e n i z a t i o n .  Higher l a t i t u d e  f aunas  con ta ined  a l a r g e  p r o p o r t i o n  o f  b i s e r i a l  

h e t e r o h e l i c i d s  a f t e r  t h i s  t i m e .  

H I G H  

W.North A t l a n t i c  

smooth a c a r i n i n i d s  

Globigerinatheka 
s u b b o t i n i d s  

TABLE 2 BIOGEOGRAPHIC I N D E X  GROUP 

PLANKTONIC 

FORAM-BIOZONE 

Middle Eocene 

Pl l /P14  

La te  Eocene 

A t  lower la1 

LOW 

ornamented 

a c a r  i n  i n i d s  

Morozovellae 
Hantkeninae 

Globigerina Lheki 
t u r b o r o t a l i i d s  

Cassigerinel l a  
g loboquadr in ids  

S .  A t l a n t i c  

low-spired s u b b o t i n i d s  

smooth a c a r i n i n i d s  

Acarinina sp in i t lo in-  
f Z a t a  

Globigerinatheka 
t u r b o r o t a l i i d s  

h igh - sp i r ed  subbo t i -  

n i d s  

E.North A t l a n t i c  

h igh - sp i r ed  s u b b o t i  

n i d s , b i s e r i a l  

h e t e r o h e l i c i d s  

sp inose  a c a r i n i n i d s  

b i s e r i a l  h e t e r o -  

h e l i c i d s  

Ca tapsy  drax 
Globorota loider. 
t e n u i t e l l i d s  

t udes  t h e  b i s e r i a l  h e t e r o h e l i c i d s  and p s e u d o h a s t i g e r i n i d s  

occur  a l t e r n a t e l y .  Whenpseudohas t iger in ids  a r e  rare,  b i s e r i a l  h e t e r o h e l i c i d s  

may be a s  abundant as t h e y  had become a t  h i g h e r  l a t i t u d e s .  

and they  became a ve ry  minor component of t h e  f aunas .  Converse ly ,  h a n t k e n i n i d s ,  

l a rge - s i zed  p s e u d o h a s t i g e r i n i d s  and h igh - sp i r ed  s u b b o t i n i d s  i n c r e a s e d  i n  abuz  

dance a t  lower ,  and e s p e c i a l l y ,  a t  middle l a t i t u d e s .  

By a lmost  t h e  end of Zone P17 t h e  TurboroLalia cerroazulensis  group became 

e x t i n c t .  S h o r t l y  a f t e r ,  t h e  ve ry  l a s t  Globigerinatheka tropicalis d i sappea red  

t o g e t h e r  w i th  a l l  han tken in ids ,  Pseitdohastigerina danvillenis, and l a r g e - s i z e d  
P. rnicra. This  l a t e r  group o f  e v e n t s  is  equated  t o  t h e  Eocene/Oligocene bound 

a r y .  The on ly  d e f i n i t e  o r i g i n a t i o n  du r ing  t h i s  t ime involved  t h e  appearance of 

p r i m i t i v e  "GZobigerina" tapuriensis. This  form evo lves  i n  t h e  ve ry  h i g h e s t  

l a y e r  t h a t  can  be a t t r i b u t e d  t o  t h e  Eocene. 

t a x a  can  be r e c o n s t r u c t e d ,  a s  shown i n  Table  2 .  

By t h e  end o f  Zone P16 Globigerinatheka decreased  d r a m a t i c a l l y  i n  abundance 

From t h e s e  d i s t r i b u t i o n  p a t t e r n s ,  t h e  b i o p r o v i n c i a l  p r e f e r e n c e s  of many 

EVENTS I N  COMPLETE ECCENE/OLIGOCENE BOUNDARY SEQUENCES 

The a c t u a l  sequence o f  t h e s e  f i n a l  Eocene e v e n t s  i s  u s u a l l y  d i f f i c u l t  t o  02 
s e r v e  due t o  t h e  l a r g e  numbers o f  h i a t u s e s  and d i s s o l u t i o n  ep i sodes  which cha ra  - 
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c t e r i z e  t h e  Eocene/Oligocene t r a n s i t i o n .  Where t h i s  c r u c i a l  i n t e r v a l  i s  p re -  

s e rved ,  it i s  c h a r a c t e r i z e d  by s t r o n g  f l u c t u a t i o n s  i n  t h e  abundance of t hose  

groups  which do c r o s s  t h e  boundary. Two o f  t h e  b e s t  examples o f  sequences con- 

s i d e r e d  t o  be complete a r e  found i n  t h e  Medi te r ranean  r e g i o n ,  an a r e a  which 

belonged t o  t h e  s u b t r o p i c a l  c l i m a t i c  p rov ince .  The sequence o f  e v e n t s  and abup 

dances  o f  p l a n k t o n i c  Foramin i f e ra  from t h e  I t a l i a n  Umbrian r eg ion  and from t h e  

Fuente  Ca lde ra  s e c t i o n  i n  Southern  Spain  a r e  shown i n  F i g u r e  2 .  Above t h e  boup 

dary  faunas  c o n s i s t  o f  about  30% b i s e r i a l  h e t e r o h e l i c i d s ,  about  20% h igh - sp i r ed  

s u b b o t i n i d s  ( S .  gortanii and r e l a t e d  forms) and 25% Catapsydraz. Except f o r  

5�. gortanii which i s  ve ry  l a r g e ,  a l l  o t h e r  p l a n k t o n i c  Foramin i f e ra  a r e  small 

s i z e d .  Th i s  un ique  f auna ,  which has  been found a l s o  a t  S i t e  5 2 2  i n  t h e  South 

A t l a n t i c  and i n  t h e  Gulf o f  Mexico (Boersma, 1985 i n  p r e s s ) ,  c o n t i n u e s  f o r  a 
s h o r t  i n t e r v a l  i n  t h e  e a r l i e s t  Ol igocene .  By Anomaly 13 t i m e ,  c o i n c i d e n t  w i th  a 

p o s i t i v e  excur s ion  i n  oxygen i s o t o p e s  (Oberhans l i  and Toumarkine, 1985, i n  

p r e s s )  t h e  S. gortaniii group becomes l e s s  abundant and o t h e r  s p e c i e s  have re- 
t u r n e d t o t h e i r m o r e u s u a l  s i z e s . I n t h e s e  f aunas  Catapsydraz,biserialheterohelicids, 

F i g .  2 .  Abundance of some p l a n k t o n i c  f o r a m i n i f e r a 1  groups  a c r o s s  t h e  Eocene/ 

Oligocene boundary from t h e  Umbrian and Subbet ic  a r e a s .  Magnetic r e v e r s a l  

sequence and c a l c a r e o u s  p l ank ton  e v e n t s  a f t e r  Nocchi e t  a l . ,  t h i s  volume. 

and Globorotaloides a r e  s t i l l  common, whi le  t e n u i t e l l i d s ,  t u r b o r o t a l i i d s  ( T .  
arnpliapertura, T. increbescens, and T. pseudoampliapertura) i n c r e a s e  i n  abun 
dance .  P s e u d o h a s t i g e r i n i d s  a r e  r e p r e s e n t e d  by P. barbadoensis and P. nagueug 
chiensis, r a t h e r  than  P. rnicra which had become ve ry  r a r e .  Globoquadr in ids  

and l a r g e  g l o b i g e r i n i d s  a r e  on ly  a minor component of t h e s e  f aunas .  

TEMPERATURE STRATIFICATION PATTERNS OF PLANKTONIC FORAMINIFERA 

The r e l a t i v e  tempera ture  s t r a t i f i c a t i o n  p a t t e r n s  o f  e x t i n c t  p l a n k t o n i c  FO- 

r a m i n i f e r a  a r e  de te rmined  by t h e i r  oxygen i s o t o p i c  v a l u e s  which i n c r e a s e  ( a r e  

h e a v i e r )  f o r  forms dwe l l ing  i n  c o o l e r  wa te r s .  Measurement of a l a r g e  number 

o f  La te  Eocene t o  Ea r ly  Oligocene age samples i n d i c a t e s  t h e  fo l lowing  r e l a t i v e  

t empera tu re  r ank ings  from warmest t o  c o o l e s t  (Tab le  3 )  : b i s e r i a l  h e t e r o h e l i c i d s  

and p s e u d o h a s t i g e r i n i d s  o v e r l i e  t u r b o r o t a l i i d s  and g l o h i g e r i n a t h e k i d s ,  high- 
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Globigerinatheka 

Hant kenina 

s p i r e d  s u b b o t i n i d s ,  some small  g l o b i g e r i n i d s ,  Globorotaloides, and Catapsydrax. 
Following t h e  Eocene/Oligocene boundary e x t i n c t i o n s  which e l imina ted  s e v e r a l  of  

t h e  the rmoph i l i c  dwell ing s p e c i e s ,  t h e  r e l a t i v e  temperature  o rde r ing  w a s :  Cassi 
gerinelZa,biserialheterohelicids, t h e  Cligocene t u r b o r o t a l i i d s ,  globoquadrinids,  
h igh - sp i r ed  s u b b o t i n i d s ,  l a r g e  g l o b i g e r i n i d s ,  small  g l o b i g e r i n i d s ,  Globorotaloi 
des, and Catapsydrax. These s t r a t i f i c a t i o n  p a t t e r n s  a r e  d i f f i c u l t  t o  confirm 

i n  t h e  Ea r ly  Oligocene because of t h e  ve ry  small  thermal  c o n t r a s t  between the  

w a r m e s t  and c o o l e s t  s p e c i e s  o u t s i d e  of  t h e  t r o p i c a l  zone, and because of  con- 

f u s i n g  va lues  which probably r e f l e c t  a well-mixed near  s u r f a c e  zone. 

TABLE 3 

- 

18 
PLANKTONIC FORAMINIFERAL STRATIFICATION ACCORDING TO 6 0 ORDERING CORROBORATED 

13 
BY 6 C ORDERING 

Middle Eocene 

Morozovella 

Acarinina 

Early Late  Eocene 

Globigerinatheka 

t u r b o r o t a l i i d s  

Hantkenina 

b i s e r  . h e t e r o h e l i -  

c i d s  

Globigerina 

Globorotaloides 

Ca taps y drax 

Late Eocene 

b i s e r - h e t e r o -  

h e l i c i d s  

Pseudohastige- 
rina 

Globigerinatheka 

t u r b o r o t a l i i d s  

G. index 

Hantkenina 

Globigerina 

subbo t in ids  

Globorotaloides 

Cataps y drax 

Base Oligocene 

b i s e r  . he t e ro -  

h e l i c i d s  

Cassigerine lla 

t u r b o r o t a l i i d s  

Globoquadrina 

l a r g e  g l o b i g e r i -  

n i d s  

h-spired subbo t i  

n i d s  

small g lob ige r in ids  

G loboro ta loides 

Catapsydrax 

- 

CARBON ISOTOPIC STRATIFICATION OF PLANKTONIC FORAMINIFERA 

Dur ing the  Late  Eoceneplanktonic  fo ramin i f e ra1  s p e c i e s  r e g i s t e r  r e l a t i v e l y  c o n s i s t  - 
entcarbonisotopicvalues.Amongthep1anktonicsthe o v e r a l l  t r e n d i s  towards l e s s  

p o , s i t i v e v a l u e  a n d a  d e c r e a s i n g g r a d i e n t o f v a l u e s b e t w e e n t h e w a r m e s t a n d c o o l e s t p r e  

f e r r i n g  s p e c i e s .  In Zone P15 t h e  i n t e r - s p e c i f i c  g r a d i e n t  average about 2 . 7 7 -  
1 .92%,,  by Zone P16 va lues  a r e  similar,  about 2.77-1.92%,,but i n  Zone P17 

va lues  drop t o  1.35-1.19%0 and t h e  o v e r a l l  g r a d i e n t  dec reases  by about one- 

h a l f .  I n  Ea r ly  Oligocene Zone P 1 8  coeval  w i th  t h e  oxygen i s o t o p e  excur s ion ,  

i n  a r e a s  n o t  o v e r l a i n  by upwell ings t h e  carbon i s o t o p e  va lues  a t  t h e  bottom 

become s i g n i f i c a n t l y  more p o s i t i v e  while  t h e  s u r f a c e  changes l i t t l e , n e v e r t h e -  

l e s s  r e s u l t i n g  i n  a dec rease  i n  t h e  s u r f a c e  t o  bottom carbon i s o t o p e  g r a d i e n t .  

S imi l a r  d e c r e a s e s  i n  t h e  carbon i s o t o p i c  g r a d i e n t s  among p l a n k t o n i c  Foramini- 

f e r a  occur  a t  t h e  Cre t aceous /Te r t i a ry  (Boersma e t  a l . ,  1979) and a t  t h e  Paleo- 
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cene/Eocene boundaries  (Shackleton and H a l l ,  1984; Boersma, 1984) and have been 

i n t e r p r e t e d  t o  r e p r e s e n t  a breakdown i n  ocean ic  primary p r o d u c t i v i t y  and carbon 

c y c l i n g .  The very low i n t e r - s p e c i f i c  g r a d i e n t  a t  t h e  t e rmina t ion  of t h e  Eocene 

and con t inu ing  through t h e  Ea r ly  Oligocene may r e p r e s e n t  a s i m i l a r  dec rease  i n  

oceanic  primary p r o d u c t i v i t y .  

A s  shown i n  Table 4 i n d i v i d u a l  s p e c i e s  c o n s i s t e n t l y  demonstrate  h ighe r  o r  

lower carbon i s o t o p e  v a l u e s .  Recent and P l e i s t o c e n e  p l ank ton ic  Foraminifera  

a l s o  demonstrate  c o n s i s t e n t l y  h igh  o r  lower carbon i s o t o p e  va lues  which corre- 
l a t e  with a near  s u r f a c e  o r  deeper  h a b i t a t .  One s p e c i e s ,  Globorotalia s c i t u l a ,  
r e g i s t e r s  t h e  lowest  carbon i s o t o p e  va lues  and has  been confirmed t o  i n h a b i t  an 

oxygen minimum l a y e r  (Shackleton and Vincent ,  1 9 7 8 ) .  Miocene b i s e r i a l  he t e ro -  

h e l i c i d s  a l s o  r e g i s t e r  ve ry  low carbon i s o t o p e  va lues  and a r e  i n t e r p r e t e d  t o  

i n h a b i t  anoxygenminimumhabitat  (Resig and Kroopnick, 1 9 8 2 ) .  Paleocene b i s e r i a l  

h e t e r o h e l i c i d s  a l s o  r eco rd  lowest  carbon i s o t o p e  va lues  and have been i n t e r p r e t  

ed t o  i n h a b i t  t h e  oxygen minimum zone i n  t h e  Paleocene (Boersma e t  a l . ,  1979; 

Boersma and Premoli  S i l v a ,  1 9 8 3 ) .  

The carbon i s o t o p e  o rde r ing  of  s p e c i e s  can a l s o  be confirmed by t h e  oxygen 

i s o t o p e  o r d e r i n g .  Spec ie s  which demonstrate  more p o s i t i v e  carbon i s o t o p e  va lues  

should a l s o  r e g i s t e r  l i g h t e r  oxygen i s o t o p e  i n d i c a t i n g  t h a t  they e x i s t e d  a t  

warmer t empera tu res ,  shal lower i n  t h e  water column. Despi te  a high degree of  

v a r i a b i l i t y  i n  t h e  Late Eocene d a t a ,  t h e s e  o r d e r i n g s  are confirmed and f u r t h e r  

suggest  t h a t  t h e  r e l a t i v e  carbon i s o t o p e  v a l u e s  are n o t  simply a func t ion  of  

d i s e q u i l i b r i u m  p r e c i p i t a t i o n  of  carbonate  and/or t h e  presence of symbionts 

(Hemleben and S p i n d l e r ,  1983) .  

Assuming t h a t  high o r  low carbon i s o t o p e  v a l u e s  of  s p e c i e s  r e p r e s e n t  some 

f e a t u r e  of t h e i r  h a b i t a t ,  then L a t e  Eocene s p e c i e s  can be ca t egor i zed  a s  e i t h e r  

high carbon i s o t o p e  o r  low carbon i s o t o p e  s p e c i e s .  But what d i d  high o r  low 

v a l u e s  o f  i n d i v i d u a l  s p e c i e s  s i g n i f y ?  According to Broecker (1974) and l a t e r  

workers,  t h e  carbon i s o t o p i c  composition o f  ocean ic  s u r f a c e  waters i s  modified 

by t h e  c y c l i n g  of  l i g h t  carbon through b i o l o g i c  systems.  Higher i n  t h e  water  

column where l i g h t  and n u t r i e n t s  a r e  more p l e n t i f u l  and primary product ion 

g r e a t e r ,  l i g h t  carbon i s  p r e f e r e n t i a l l y  removed thus  en r i ch ing  t h e  water  i n  

heavy carbon.  P l ank ton ic  Foraminifera  which s e c r e t e  t h e i r  t e s t s  i n  equ i l ib r ium 

with waters a t  t h e s e  l e v e l s  should g i v e  heavy carbon i s o t o p e  v a l u e s .  S l i g h t l y  

deeper i n  t h e  near  s u r f a c e  zone where n u t r i e n t  l e v e l s  a r e  lower,  primary pro-  

duc t ion  is  n o t  o c c u r r i n g ,  and t h e r e f o r e  l i g h t  carbon i s  no t  being inco rpora t ed  

i n t o  b i o l o g i c  systems,  b u t  be ing  r e t u r n e d  t o  t h e  water  v i a  t h e i r  o x i d a t i o n .  

Planktonic  Foraminiferawhich s e c r e t e  t h e i r  tes ts  a t  t h e s e  l e v e l s  record l i g h t e r  

carbon i s o t o p e  v a l u e s ,  

From t h e  r e l a t i v e  carbon i s o t o p e  va lues  of  t h e  L a t e  Eocene p l a n k t o n i c s  we 

hypo thes i ze  t h e  fo l lowing  h a b i t a t  p r e f e r e n c e s ;  h i g h e r  n u t r i e n t  h a b i t a t s  a r e  

p r e f e r r e d  by Globigerinatheka and t o  a lesser degree ,  by f i r b o r o t a l i a .  The taxa  

of t h e  T .  ampliapertura group appear t o  l i k e  w a r m  h a b i t a t s ,  b u t  appear t o  be 

pre-adapted t o  t h e  lower n u t r i e n t  l e v e l s  a t  t h e s e  w a r m  temperatures  t h u s  f i t -  

t i n g  them f o r  t h e  lower p r o d u c t i v i t y  Oligocene ocean.  Forms l i v i n g  i n  an oxy- 

gen minimum s i t u a t i o n  inc lude  t h e  b i s e r i a l  h e t e r o h e l i c i d s ,  p seudohas t ige r in ids ,  

and p o s s i b l y  han tken in ids .  The b i s e r i a l  h e t e r o h e l i c i d s  and pseudohas t ige r in ids  

appear t o  l i v e  i n  a warmer ( sha l lower )  oxygen minimum s i t u a t i o n  than  do t h e  

han tken in ids .  

The h a b i t a t  of  t h e  b i s e r i a l  h e t e r o h e l i c i d s  dese rves  s p e c i a l  mention. These 

forms r e g i s t e r  t h e  lowest  carbon i s o t o p e  v a l u e s  of  a l l  p l a n k t o n i c s  du r ing  most 

of  t h e  Paleocene,  Ea r ly  and Middle Eocene. However, as t h e  carbon i s o t o p e v a l u e s  



a t  t h e  s u r f a c e  become more nega t ive  and t h e  i n t e r - s p e c i f i c  g r a d i e n t s  dec rease ,  

t h e  b i s e r i a l  h e t e r o h e l i c i d s  change t h e i r  h a b i t a t .  They move from in t e rmed ia t e  

t o  w a r m e s t  t empera tu res  and no longer  r e g i s t e r  t h e  lowest  carbon i s o t o p e v a l u e s .  

They demonstrate  t h i s  same t r e n d  a t  t h e  Cre t aceous /Te r t i a ry  boundary when t h e  

carbon i s o t o p i c  g r a d i e n t  among t h e  p l a n k t o n i c s  a l s o  is  very low (Boersma and 

Shackleton,  1981) .  

BIOGEOGRAPHY OXYGEN RATIOS CARBON RATIOS SPECIES/GENUS 

middle l a t i t u d e  low high Globigerinatheka 
gyre  margin 

middle l a t i t u d e  in t e rmed ia t e  

t o  s u b t r o p i c s  

low Hantkenina 

middle l a t i t u d e  v a r i a b l e  va r i a b  1 e b i s e r i a l  
he t e r o h e l  i c  i d s  

low-middle l a t i t u d e  medium low medium high T. cerroazulensis 
9 r .  

middle l a t i t u d e  in t e rmed ia t e  low-intermed- high-spired 

s l o p e  s p e c i e s  i a t e  subbo t in ids  

middle l a t i t u d e  l o w  low Pseudo7iastigerina 

TABLE 4.  Biogeographic i n d i c a t i o n s  of  6 genera and/or s p e c i e s  of La te  Eocene 

p l a n k t o n i c  Foramin i f e ra  p l o t t e d  bes ide  t h e i r  c h a r a c t e r i s t i c  oxygen and carbon 

i s o t o p i c  r a t i o s .  LOW oxygen i s o t o p e  r a t i o  s p e c i e s  l i v e  a t  w a r m  t empera tu res .  

Low carbon i s o t o p e  r a t i o  s p e c i e s  may l i v e  i n  an oxygen minimum s i t u a t i o n  

(Boersma e t  a l . ,  1979) .  B i s e r i a l  h e t e r o h e l i c i d s  r e g i s t e r  lower oxygen i so tope  

va lues  i n  t i m e s  of  l o w  carbon i s o t o p e  g r a d i e n t s  through t h e  water  column and/ 

o r  among t h e  p l a n k t o n i c  Foraminifera.Conversely,during t imes of  h i g h e r  carbon 
i s o t o p i c  g r a d i e n t s ,  b i s e r i a l  h e t e r o h e l i c i d s  r e g i s t e r  i n t e rmed ia t e  oxygen i s o -  

t ope  v a l u e s .  Carbon i s o t o p i c  va lues  of t h i s  group a r e  lower i n  t imes of a 

h igh  s u r f a c e  t o  bottom g r a d i e n t  i n  carbon i s o t o p e s ,  and h i g h e r  du r ing  t imes  of 
a l o w  s u r f a c e  t o  bottom g r a d i e n t .  

CONCLUSIONS AND SPECULATIONS 

t t  
1 )  

7) 

W e  conclude t h a t  t h e  key t e r m i n a l  Eocene t o  Ea r ly  Oligocene even t s  among 

Inc reas ing  abundance of b i s e r i a l  h e t e r o h e l i c i d s  o f t e n  a l t e r n a t i n g  with t h a t  

of  Pseudohastigerina i n  f i n e  f r a c t i o n s ;  

The e v o l u t i o n  and spread of t h e  h ighes t - sp i r ed  subbo t in inds  i n  Zone P16; 

The diminished adundance of GZobigerinatheka a t  t h e  t o p  of  Zone P16; 

The homogenization of assemblages through l a t i t u d e  du r ing  Zone P16; 

The e x t i n c t i o n  of Turborotalia cerroazulensis group i n  Zone P17 j u s t  p r i o r  

t o  t h e  Eocene/Oligocene boundary; 

The f i r s t  occurrence of  �G1obigerinaff tapuriensis overlapping with t h e  l a s t  

Eocene t a x a ;  

The e x t i n c t i o n  of  Globigerinatheka and han tken in ids  d e f i n i n g  t h e  Eocene/Oli  

gocene boundary a t  t h e  t o p  of Zone P17; 

ie p l ank ton ic  Foraminifera  are:  
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8)  The bloom of  b i s e r i a l  h e t e r o h e l i c i d s  and sma l l - s i zed  p l a n k t o n i c s  a s s o c i a t e d  

wi th  l a r g e - s i z e d  Subbotina gortanii i n  e a r l i e s t  Zone P18. 

We sugges t  t h a t  t h e s e  e v e n t s  were t h e  r e s u l t  o f  t h e  m o d i f i c a t i o n  and/or  e l l  

mina t ion  of s p e c i a l i z e d  h a b i t a t s  which Middle Eocene p l a n k t o n i c  Foramin i f e ra  

p r e v i o u s l y  and p r e f e r e n t i a l l y  occup ied .  In g e n e r a l  t h e  f a u n a l  homogeneity o f  

t h e  L a t e  Eocene r e f l e c t s  t h e  g r a d u a l l y  dec reas ing  thermal  c o n t r a s t s  and lower- 

i ng  f e r t i l i t y  o f  o c e a n i c  s u r f a c e  wa te r s  as t h e  ocean cooled  from t h e  bottom. 

Near t h e  beginning  o f  t h e  La te  Eocene forms which occupied a low oxygen hab i -  

t a t  b u t  had l a r g e  t empera tu re  ( d e n s i t y )  t o l e r a n c e s  moved t o  t h e  ocean s u r f a c e  

i n d i c a t i n g  t h e  development o f  a t  least  modera te ly  low oxygen c o n d i t i o n s  a t  t h e  

sha l lowes t  (warmest)  l e v e l s  occupied  by t h e  p l a n k t o n i c  Foramin i f e ra .  The gradual 

coo l ing  and spread  throughout  t h e  ocean  o f  t h e  c o n d i t i o n s  o f  a sha l low nea r -  

sho re  h a b i t a t  sugges ted  by t h e  i n c r e a s i n g  import of t h e  h igh - sp i r ed  subbo t in ids ,  

p a r t i c u l a r l y  a t  middle l a t i t u d e s .  The c o o l ,  low oxygen h a b i t a t  p rev ious ly  occu- 

p i e d  by t h e  han tken in ids  was e l i m i n a t e d  a l t o g e t h e r  a t  t h e  Eocene/Oligocene boun 

d a r y .  The warm, high n u t r i e n t  near  s u r f a c e  h a b i t a t  o f  Globiger inatheka  and of  

t h e  T .  ce r rcazu lens i s  group w a s  f i r s t  r e s t r i c t e d ,  t h e n  e l i m i n a t e d  a t  t h e  t e r -  

mina t ion  o f  t h e  Eocene. 

We have specu la t ed  e l sewhere  (Boersma and Premoli  S i l v a ,  1985, i n  p r e s s ) t h a t  

t h i s  f a u n a l  r e o r g a n i z a t i o n  w a s  t h e  r e s u l t  o f  t h e  t r a n s i t i o n  from a w e l l - s t r a t i  

f i e d  ocean coo l ing  from t h e  bottom and d e c r e a s i n g  i n  f e r t i l i t y  t o  one wi th  

homogeneous, well-mixed s u r f a c e  zone o f  low f e r t i l i t y .  The dec reas ing  f e r t i l i t y  

may be  r e l a t e d  t o  t h e  lock-up o f  n u t r i e n t s  on t h e  s h e l v e s  du r ing  t h e  Middle 

through L a t e  Eocene h igh  s t and  of s ea  l e v e l  o r ,  a t  t h e  ve ry  end o f  t h e  Eocene, 

by dec reas ing  i n  upwel l ing  (Fenner ,  t h i s  volume; L ipps ,  1970, 1 9 8 6 ) .  The evo l -  

u t i o n  t o  a well-mixed ocean by t h e  end o f  t h e  Eocene e l i m i n a t e d  s p e c i f i c  oxy- 

g e n - n u t r i e n t  r e l a t e d  water  l a y e r s  i nc lud ing  t h e  c o o l ,  deepe r  oxygen minimum and 

t h e  subsu r face  oxygen maximum. In  middle l a t i t u d e s  t h e  near  s u r f a c e  a t  t h e  Eo- 
cene/Ol igocene  t r a n s i t i o n  con ta ined  a low p r o d u c t i v i t y  and on ly  moderately oxy  
gena ted  zone ove r ly ing  an  e s s e n t i a l l y  the rma l ly  uniform, w e l l  mixed, low n u t r i  - 
e n t  and low oxygen subsu r face .  These oxygen lows were t h e  r e s u l t  no t  o f  ox ida-  

t i o n  of o r g a n i c  m a t t e r ,  b u t  a l ack  o f  v e n t i l a t i o n .  The dec reased  s t r a t i f i c a t l o n  

of t h e  s u r f a c e  zone may have developed ,  i n  p a r t  because  o f  a dec rease  i n  a s a -  

l i n e  Tethyan Medi te r ranean  ou t f low which had c o n t r i b u t e d  t o  t h e  s t r a t i f i c a t i o n  

of A t l a n t i c  wa te r s  p r e v i o u s l y  i n  t h e  Eocene. 
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Eocene/Oligocene Atlantic Paleo-Oceanography 

Using Benthic Foraminifera 

Anne Boersma, Microclimates. Box 404 RR1, Stony Point, N.Y. 10980 

Abstract 

Benthic foraminifera1 paleoenvironmental indices demonstrate 

that from late Eocene into earliest Oligocene time the Atlantic 

Ocean gradually became more corrosive and less fertile, from abyssal 

depths up to the slope. Development of glacial conditions in the 

early Oligocene (early in Anomaly 13 time) reversed the process; 

the CCD dropped, fertility increased, and higher levels of residual 

organic carbon were distributed from the slope to the lower bathyal 

zone. 

Introduction 
Through the past 10 years study of open ocean, Eocene/Oligocene 

age benthic foraminifera has been directed towards several key 

areas: 1) establishment of indices for interpreting past 

environmental conditions (Gernant and Kessling, 1966; Boersma, 1977, 

198423, 1985a,b,c; Grunig and Herb, 1980; Douglas and Woodruff, 1980 

Tjalsma and Lohmann, 1983; Corliss and Keigwin, 1985; 

2) determination of diversity and evolutionary overturn to assess 

the so-called catastrophic nature of the Eocene/Oligocene boundary 

event ( Corliss, 1981; Tjalsma, 1983; Parker U., 1984; Corliss 

et al., 1984); 3) establishing accurate biostratigraphic ranges of 

species whose endpoints have been associated with the Eocene/ 

Oligocene boundary (Proto Decima and Bolli, 1978; Schnitker, 1979; 

Corliss, 1979, 1981; Douglas and Woodruff, 1980; Tjalsma and 

Lohmann, 1983; Tjalsma, 1983; Clark and Wright, 1984; Boersma, 

1984a, 1985b,c; Corliss et., 1984; Saunders U., 1985); 

4) factor analytic study of species distribution patterns through 

space and time ( Schnitker, 1979; Tjalsma and Lohmann, 1983); 

5) recognition of environmental index faunas based on analogy to 

where (under what unique conditions) the species in the fauna were 

first described (Berggren and Aubert, 1976; Gradstein and Berggren, 
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1981; Tjalsma and Lohmann, 1983; Clark and Wright, 1984; Boersma, 

1985a); 6) detailed ’event stratigraphy’ closely tied to high 

resolution biostratigraphy and/or chronostratigraphy, involving 

benthics through the Eocene/Oligocene transitional interval (Monaco 

et al., 1984; Saunders et &I.., 1985; Boersma, 1985a,c); and 7) use 

of benthics in conjunction with stable isotopic analyses to 

interpret paleoclimate and paleo-oceanography ( Shackleton and 

Kennett, 1975; Boersma and Shackleton, 1917; Vernaud Grazzini .eL 

&., 1980; Keigwin, 1980, 1983; Oberhansli, 1982; Miller and 

Curry, 1983; Oberhansli et al., 1984; Shackleton U., 1984; 

Saunders et al., 1985; Boersma, 1985a,c; Corliss and Keigwin, 

1985; Keigwin and Corliss, 1985. Discussion of all this data is 

beyond the scope of this paper; much of the recent general 

oceanographic interpretive work is summarized in Corliss and 

Keigwin, 1985. Therefore, only the major features of benthic 

biostratigraphy and the several environmental index species, some 

deriving from factor analytic studies, will be summarized here. 

Biostratiqraphy 
Despite the large number of studies documenting the strati- 

graphic ranges of benthic foraminifera across the Eocene/Oligocene 

boundary, relatively few species’ endpoints have been found to 

characterize this interval. Open marine bathyal to abyssal species 

which become extinct through this interval include, inter a l h ,  

PlectofrondicUia lirata. U v i q e r i n n e n s i s .  A l a k m L ~  

gissonata. Abvssamina SPP.1 c:blcldQ;Ldes tr- icidoides 

this transitional interval are !Jviaerh pvgalaea. Hopklnslna 

. . .  . - - . . ,  . 
and N u t t u d e s  tr- ' .  Species which originate during 

. ,  

I ,  , .  
I ro- b u u e s .  RectuvluerLDa Drisca. Latlcarlnlna 

alto-camerata. and . Most of these evolutionary 

events are concentrated at the oxygen isotope excursior., now 

calibrated with magnetic Anomaly 13 in the early Oligocene (Tauxe 

et al., 1983; Oberhansli and Toumarkine, 1985;) rather than to the 

actual Eocene/Oligocene boundary located slightly below. Corliss 

(1981) , Parker et al. (1984) , and Corliss and Keigwin (1985) have 

therefore concluded that this is not a period of catastrophic 

extinctions among bathyal or abyssal benthic foraminifera and that a 

26 my cyclicity of extinctions is not upheld at the Eocene/Oligocene 

boundary. 
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Paleodepth Index Species 

Because of extensive migration through depth (Douglas, 1973) 

many benthic foraminifera1 species cannot be used to interpret 

paleodepths except in the broadest terms. For example, Nuttall ides 

umbonifera, usually an index for abyssal and lower bathyal depths 
(Tjalsma and Lohmann, 1983)in some areas migrates upslope to depths 

as shallow as 1,000 meters during glacial episodes and/or where an 

overturn displaces bottom waters and associated conditions in the 

sediment, to shallower depths (Boersma, 1985a, b, c). 

Nevertheless,there are some Eocene/Oligocene species with restricted 

depth ranges in the open ocean and these are shown in Table 1. 

Table 1 
Paleodepth Range Species Site/Reference 

no>than 1,000 m Bulimina sculptilis, B. jacksonensis(<600 m) 

large costate uvigerinids, rectuvigerinids 

Cibicidoides truncanus, C. parki, Cibicides spp. 

large, ornamented lenticulinids and nodosarids 

Rotaliatina, Palmula, Amphycornya, Dyocibicides spp 

abyssal Abyssammina spp., Glomospira spp. 

no > than lower Cibicidoides mexicanus, ornamented cibicidids 

bathyal Bulimina alazanensis, B. macilenta, 

B. glomarchallengeri 

strongly evolute rotaloid species 

52 

(1) (2) 

(2) (3) 

52, 526593 

(1) 

522,528,550 

116,549,593 

~~ ~~ 

Table 1: depth indications of selected late Eocene/Oligocene benthic 

foraminifera in the Atlantic Ocean. References: (l)Boersma, 1984a; (2)Boersma, 

198513; (3)Tjalsma, 1983; (4) Tjalsma and Lohman, 1983. 

Paleoenvironmental Index Species 

Determination of most Eocene/Oligocene paleoenvironmental 

index species has been based on analogy with the environmental 

preferences of that taxon or a related group in the Recent or 

Pleistocene. Indices for various environmental variables currently 

being appraised and/or applied are shown in Table 2 .  
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Table 2 
Paleoenvironmental Feature Species Reference 

high salinity Trifarina spp. (1) 

cool, corrosive, high nutrient, 

oxygenated bottom water Nuttallides umbonifera 

low oxygen environment Bolivina spp. ( 3 )  

oxygen not less than 0 . 2  ml/l invertebrate activity 

high residual organic carbon in sediments Uvigerina spp. 

( 3 )  

( 3 )  

Tethyan ecophenotypes found in Atlantic sites 

Uvigerina bortotara, Cibicidoides parki (4) 

Heronallenia, Siphotextularia aurora (5) (6) 

Brizalina reticulata, Rectuvigerina prisca(4) 

very low oxygen, corrosive sediment Gyroidina spp., Glomospira ( 7 )  

poor ventilation, non-corrosive Gyroidina spp. with Hoeglundina ( 7 )  

’old’,nutrient rich watermassUvigerina,Planulina,miliolids,Hoeglundina(2) 

South Atlantic/ equatorial intermediate water Uvigerina spinulosa ( 8 )  

North Atlantic/ Gulf of Mexico intermediate water Uvigerina mexicana ( 8 )  

high nutrient, low oxygen around outfalls Bulimina, Bolivina spp. (9) 

most tolerant of low oxygen Bolivina spp. 

low ph mineral, kaolinite Articulina, other miliolids 

(10) 

(7) 

terrigenous, not marine, organic matter cibicidids replace eponidids (11) 

low sedimentation rate, corrosive Glomospira charoides (11) 

oxygen minimum, not organic carbon maximum Brizalina aenariensis (12) 

high rates of sediment accumulation Uvigerina spp ( 4 )  

Table 2 :  Eocene/Oligocene paleoenvironmental indications of benthic foraminifera 

primarily based on analogy to Recent distribution patterns. References: (1) 

Oberhansli, 1962; (2)Bremer and Lohman, 1982; (3)Douglas, 1982; (4)Boersma, 

1985b; (5)Tjalsma, 1983; (6)Proto Decima and Bolli, 1977; (7)Cita and Zocchi, 

1978; (8)Boersma, 1984b; (9)Seiglie, 1959; (10) Boltovskoy and Wright, 1976; 

(11) Poag, 1 9 8 2 ;  (12) Saunders et al., 1985). 
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Eocene/Oligocene Benthic Paleo-Oceanography 

Determination of these index groups from a large number of open 

Atlantic ocean sections in many of which the stable isotopes also 

have been analyzed (Proto Decima and Bolli, 1977; Boersma, 1977; 

Schnitker, 1979; Corliss, 1981; Tjalsma and Lohmann, 1983; 

Tjalsma, 1983; Clark and Wright, 1984; Boersma, 1984a, 1985a,b,c in 

press; Corliss et al., 1984; Corliss and Keigwin, 1985 in press) 

suggests the following scenario in the open ocean from the latest 

and during 

(lower 

cating a 

Eocene (Zone P16/17) into the early Oligocene (Zone P17 

the earliest Oligocene benthic oxygen isotope excursion 

Anomaly 13 time, Zone P18) currently interpreted as ind 

glacial (Mathews and Poore, 1980). - 
Benthic faunas and sediment indicate extensive dissolution of 

Atlantic Ocean carbonates at depths from over 3,000 (Sites 550, 528, 

522) to close to 1,800 (Site 357) meters paleodepth. In the 

abyssal eastern and western South Atlantic (Sites 522, 528, 

V20-220) faunas are low in diversity and numbers of benthics, very 

similar in species content, have index species which suggest low 

oxygen conditions and intense carbonate dissolution, and include 

very large sized, highly ornamented, redeposited shelf/slope 

benthics in pulses. Such faunas and sediment have been interrpeted 

to indicate the presence of a cool, corrosive (C02-rich) Antarctic 

-derived bottom water type. The redeposited shelf-slope species 

suggest the presence of vigorous mid ocean intermediate depth 

current activity and sediment undermining at slope depths along the 

Walvis Ridge and Rio Grande Rise. Abyssal faunas of the 

northeastern Atlantic in the Bay of Biscay(Site 550, V27-134) are 

strongly dissolved and are similar to those of the southeast 

Atlantic, but lack the redeposited slope benthics. 

Lower bathyal faunas are much higher in diversity, benthics are 

larger sized and more numerous. At these depths in the southeast 

Atlantic(Site 529) dissolution is moderate, but mixing of sediment 

is intense. Hiatuses and extreme dissolution, accompanied by index 

species for corrosive bottom conditions, span most of the latest 

Eocene. At intermediate depths in the eastern South Atlantic(Sites 

359, 526) faunas are rich in large sized benthics, include large 

numbers of high organic carbon index species, demonstrate some 

dissolution, but are terminated by a hiatus spanning the remainder 
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of t h e  Eocene. I n  t h e  wes te rn  South  A t l a n t i c ,  uppe r  middle  b a t h y a l  

d e p t h  s i t e s  ( S i t e  516,< 1 , 0 0 0  meters) are  somewhat d i s s o l v e d ,  b u t  

are c o n s i d e r e d  c o n t i n u o u s  a c r o s s  t h e  boundary .  Faunas  are  r i c h  i n  

i n t e r m e d i a t e  d e p t h  s p e c i e s  t y p i c a l  o f  t h e  Gulf o f  Mexico and 

Car ibbean ,  b u t  l a c k  t h e  h i g h  o r g a n i c  ca rbon  i n d e x  s p e c i e s .  S i t e  516  

f a u n a s  s u g g e s t  t h a t  s u r f a c e  p r o d u c t i o n  a n d / o r  p r e s e r v a t i o n  of 

o r g a n i c  ca rbon  a t  t h e  bot tom n e a r  from 5 0 0 - 1 , 0 0 0  m e t e r s  p a l e o d e p t h  

was g r e a t e r ,  and  subsequen t  c u r r e n t  a c t i v i t y  o r  d i s s o l u t i o n  was 

more v i g o r o u s  i n  t h e  s o u t h e a s t e r n  t h a n  i n  t h e  sou thwes te rn  A t l a n t i c ,  

where d i s s o l u t i o n  a n d / o r  e r o s i o n  was more e f f e c t i v e  a t  g r e a t e r  

d e p t h s ,  c l o s e r  t o  2 , 0 0 0  meters. That  i s ,  i n  b o t h  b a s i n s  

d i s s o l u t i o n  a n d / o r  e r o s i o n  were g r e a t e r  a t  t h e  d e p t h s  where 

s o u t h e r n - d e r i v e d  c u r r e n t s  were f l o w i n g  towards  t h e  e q u a t o r .  T h e  

e a s t e r n  s i d e  o f  t h e  ocean  was a l s o  c o o l e r  t h r o u g h  most o f  t h e  Eocene 

( S h a c k l e t o n  and  Boersma, 1 9 8 1 ) .  

The c a r b o n a t e  r e c o r d  o f  t h e  l a t e s t  Eocene i s  m i s s i n g  i n  most of 

t h e  s l o p e  t o  a b y s s a l  d e p t h  s i t e s  o f  t h e  no r thwes t  and no r the rnmos t  

A t l a n t i c  (Tucholke  and Vogt, 1 9 7 9 ) .  A t  i n t e r m e d i a t e  d e p t h s  i n  De 

S o t o  Canyon i n  t h e  n o r t h e a s t e r n  Gulf o f  Mexico(E67-128) f a u n a s  

i n c l u d e  h i g h  abundances  o f  r a d i o l a r i a n s ,  sponge s p i c u l e s ,  and h igh  

o r g a n i c  ca rbon  b e n t h i c  f o r a m i n i f e r a 1  i n d e x  s p e c i e s  a l l  of which 

s u g g e s t  h i g h  s u r f a c e  water p r o d u c t i v i t y  and  r e s i d u a l  o r g a n i c  c a r b o n .  

P u l s e s  o f  low oxygen s p e c i e s  which a r r i v e  j u s t  b e f o r e  t h e  e x t i n c t i o n  

o f  Hantkenlna ' accompany a d e c r e a s e  i n  t h e  h i g h  o r g a n i c  carbon 

s p e c i e s  and  i n  b o t h  t h e  r a d i o l a r i a n s  and t h e  sponge s p i c u l e s .  These 

f a u n a l  changes  s u g g e s t  e i t h e r  t h e  development o f  an  oxygen minimum 

s i t u a t i o n  i n  t h e  canyon a n d / o r  o x i d a t i o n  o f  t h e  o r g a n i c  carbon 

accompanying a s l i g h t  d e c r e a s e  i n  s u r f a c e  w a t e r  p r o d u c t i v i t y  a t  t h e  

v e r y  end  o f  t h e  Eocene .  Moderate amounts of canyon c h a n n e l l i n g  o f  

s h a l l o w  water s p e c i e s  and mixing  o f  sed iment  a r e  a l s o  e v i d e n t .  

In  t h e  Bay of B i scay  i n t e r m e d i a t e  d e p t h  s i t e s ( S i t e  5 4 8 )  do n o t  

c o n t a i n  h i g h  abundances  of h i g h  o r g a n i c  carbon s p e c i e s ,  b u t  

f o r a m i n i f e r a  a r e  b a d l y  c o r r o d e d  and f ragmented  and v e r y  l a r g e  

numbers of i n v e r t e b r a t e  f r agmen t s  a r e  p r e s e n t .  T h i s  was a p p a r e n t l y  

an a r e a  of a c t i v e  p r e d a t i o n ,  s u g g e s t i n g  a t  l e a s t  modera te  l e v e l s  of  

d i s s o l v e d  oxygen a t  t h e  bo t tom.  The p r e s e n c e  o f  b e n t h i c  morphotypes 

t y p i c a l  o f  t h e  Te thys  and o f  t h e  Med i t e r r anean  s l o p e  b a s i n s  s u g g e s t s  

a l i n g e r i n g  i n f l u e n c e  of t h e  Med i t e r r anean  (Te thyan)  o u t f l o w  i n  

B i scay  n e a r  t h e  end  of t h e  Eocene .  P r i o r  t o  t h e  e x t i n c t i o n  of 

Hmtke- however, t h e  i . n f lux  o f  a new i n t e r m e d i a t e  d e p t h  index  
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more t y p i c a l  of t he  e q u a t o r i a l  A t l an t i c  and eas t e rn  Caribbean, 

suggests  t h a t  waters impinging a t  intermediate  depths i n  Biscay may 

no longer  be formed from t h e  Tethyan outflow, but  t o  t h e  south i n  

t h e  equa to r i a l  convergence zone. 

-liest Oliaocena 
Following t h e  e x t i n c t i o n s  of Hantkenlna ' and T u r b o r o t a l k  

cerroazulens1s cun la l ens r s  ' d i s so lu t ion  becomes even more extreme a t  

most s i t e s ,  removing a l a rge  proport ion of t h e  coarse  f r a c t i o n  

f o s s i l s .  Few s i t e s  conta in  a continuous record through t h i s  

i n t e r v a l .  Residues conta in  intermediate  s i zed  benth ic  and 

p lanktonic  foramini fe ra ,  and l a rge  amounts of very small  planktonic  

spec ie s .  Benthics a r e  smal le r  s i z e d  and l e s s  abundant a t  a l l  but  

in te rmedia te  depths .  High organic  carbon index spec ies  decrease i n  

abundance o r  disappear  a l toge the r  from most open ocean s i t e s  except 

i n  a r eas  of high sedimentat ion r a t e s ( S i t e s  2 7 7 ,  5 9 3 )  and/or high 

sur face  production(E67-128) a s  i nd ica t ed  by t h e  p lanktonic  s i l i c e o u s  

f o s s i l s .  High organic  carbon index spec ies  occur i n  abundance only 

i n  s lope  and ou te r  she l f  despos i t s  (J2, Vicksburg faunas)  of t h i s  

age.  

A t  abyssa l  s i t e s  (522, V 2 0 - 2 2 0 )  most carbonate i s  d isso lved ,  

t h e  redepos i ted  s lope  benth ics  become r a r e ,  benth ics  a r e  smaller  

s i zed ,  r a r e r ,  and spec ies  t o l e r a n t  of very low l e v e l s  of oxygen o r  

i n d i c a t i v e  of cor ros ion  increase  i n  abundance. Because these  

spec ies  a r e  a l s o  d i s so lu t ion  r e s i s t a n t ,  i n t e r p r e t a t i o n  of t h e i r  

i nc rease  i s  not c l e a r .  

A t  in te rmedia te  depths d i s so lu t ion  a l s o  inc reases .  I n  t he  G u l f  

of Mexico(E67-128) redepos i t ion  decreases ,  t h e  high organic  carbon 

ind ices  and the  amounts of s i l i c e o u s  f o s s i l s  decrease i n  abundance. 

The coarse f r a c t i o n s  a r e  not iceably  d isso lved ,  leaving mostly 

in te rmedia te  and small  s i zed  f o s s i l s .  The index f o r  cor ros ive  

condi t ions  a t  t h e  bottom, usua l ly  found a t  abyssa l  and lower bathyal  

depths ,  occurs f o r  t he  f i r s t  time a t  in te rmedia te  depths near 1 , 0 0 0  

meters i n  t h e  Gulf of Mexico ( and i n  t h e  high middle l a t i t u d e s  of 

t he  Tasman S e a ) .  These faunas suggest a decrease i n  p roduc t iv i ty  

and a shallowing of t h e  carbonate ly soc l ine  and/or o f  watermasses 

r i c h  i n  C 0 2  t o  shallow depths ,  from 600-1 ,000  meters,  j u s t  above 

the  Eocene/Oligocene boundary. 
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Although t h e  oxygen i s o t o p i c  excursion s i g n a l l i n g  g l a c i a l  

condi t ions  has been measured a t  a l a rge  number of s i t e s ,  t h e  

e a r l i e s t  Oligocene i s  most o f t e n  missing and t h e  excursion simply 

tops  t h e  h i a t u s  i n  most a r e a s .  A t  a l l  s i t e s  conta in ing  t h i s  

i n t e r v a l ,  p reserva t ion  improves. Abyssal sediments of t h e  

southeas te rn  and southwestern A t l a n t i c ( S i t e s  522 ,  V 2 0 - 2 2 0 )  rega in  

coarse  f r a c t i o n  f o s s i l s ,  s i z e  and d i v e r s i t y  of benth ics  inc rease ,  

and the  cor ros ion  and low oxygen index spec ie s  a r e  joined by a new 

faunal  element which appears  t o  have migrated downdepth from lower 

ba thya l  a r e a s  of t he  mid ocean r idges .  A s i m i l a r  downdepth faunal  

migrat ion occurred i n  t h e  Bay of B i scay (S i t e s  4 0 0 , 4 0 1 )  a t  t h i s  t ime.  

Thus faunas and sediment both appear t o  r e f l e c t  t he  drop i n  t he  CCD 

(Van Andel, 1975; Melguen, 1 9 7 7 )  i n  both the  North and South 

A t l a n t i c s  with the  development of g l a c i a l  cond i t ions .  

A t  s e v e r a l  lower and middle ba thya l  s i t e s ( S i t e s  529, 363) high 

organic  carbon ind ices  rega in  t h e i r  import and suggest increased 

de l ive ry  and/or  preserva t ion  of organic  carbon a t  g r e a t e r  oceanic 

depths .  S i l i ceous  f o s s i l s  increase  again i n  t h e  Gulf of Mexico De 

Soto Canyon where, however, with the  development of t h e  g l a c i a l ,  

the  sponge sp icu le s  a r e  more common and suggest heightened 

p roduc t iv i ty  a t  t he  bottom r a t h e r  than a t  t he  su r face .  Because the 

s l i g h t  sea  l e v e l  drop a t  t h i s  time could be r e l a t e d  t o  t h e  g l a c i a l  

episode (Hardenbol, personal  communication, 1985) , de l ive ry  of 

n u t r i e n t s  of f  t h e  she l f  may have s t imula ted  product ion a t  t he  

canyon bottom. 

Summary 

From the  l a t e s t  Eocene t o  the  e a r l y  Oligocene A t l a n t i c  Ocean 

benth ic  faunas i n d i c a t e  t h e  gradual  updepth expansion of cool ,  

cor ros ive  condi t ions  from t h e  abyssa l  a r eas  t o  t h e  lower ba thya l  

zone, and f i n a l l y  i n t o  in te rmedia te  depths .  Accompanying t h i s  

expansion was a decrease i n  sediment e ros ion  and redepos i t ion  t o  

abyssa l  a r e a s  and an apparent  decrease i n  t h e  Mediterranean outf low.  

Delivery and/or preserva t ion  of r e s i d u a l  organic  carbon i n  t he  

sediments a l s o  decreased through t h e  l a t e s t  Eocene, f i r s t  a t  lower 

ba thya l  then a t  mid ba thya l  depths .  By e a r l y  Oligocene time high 

organic  carbon ind ices  were loca l i zed  on the  s lopes  and she lves .  

With t h e  development of t he  e a r l y  Oligocene g l a c i a l  episode i n  

Anomaly 13 t ime, t he  CCD dropped, sediment preserva t ion  improved 
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throughout depth and most faunas moved downslope. Oceanic 

f e r t i l i t y  increased  with renewed upwelling i n  boundary cu r ren t s  and 

de l ive ry  of n u t r i e n t s  of fshore ,  and higher  l e v e l s  of r e s idua l  

organic  carbon again cha rac t e r i zed  t h e  she l f / s lope  t o  the  lower 

ba thya l  zone. 

These f e r t i l i t y ,  d i s so lu t ion ,  and c i r c u l a t i o n  p a t t e r n s  

represent  t h e  t r a n s i t i o n  from a vigorously c i r c u l a t i n g ,  cool ing 

ocean absorbing more C 0 2  and thermally homogenizing from the  bottom 

updepth with the  decrease of t he  Mediterranean source of 

in te rmedia te  and/or deep water formation.  Following t h i s  

homogenization process ,  decreasing f e r t i l i t y  r e s u l t e d  from 

decreased upwelling, t h e  lock-up of n u t r i e n t s  onshore, and possibly 

from the  a l k a l i n i t y  of su r face  waters .  Accompanying the  subsequent 

g l a c i a l ,  t h e  drop i n  t h e  CCD, and enhanced oceanic  f e r t i l i t y ,  South 

and/or e q u a t o r i a l  A t l a n t i c  source waters were compartmentalized i n  

t he  South A t l a n t i c  and eas t e rn  North At l an t i c ;  North A t l a n t i c  source 

water was compartmentalized i n  t h e  western bas in  and produced the  

ubiqui tous e ros ion  su r faces  of t he  f a r  northern and western North 

A t l a n t i c  . 
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I N T R O D U C T I O N  

The changes undergone by t h e  l a r g e r  f o r a m i n i f e r a  a t  t h e  Eocene/ 

Oligocene boundary have long  been known t o  be of  c o n s i d e r a b l e  

s t r a t i g r a p h i c a l  s i g n i f i c a n c e .  Y e t  whether  t h e y  r e p r e s e n t  p u r e l y  

p a l a e o n t o l o g i c a l  phenomena o r  s i g n i f y  a major g e o l o g i c a l  e v e n t  

which had a marked - even c a t a s t r o p h i c  - e f f e c t  on t h e  f a u n a s ,  h a s  

never  been de te rmined .  

S i n c e  T e r t i a r y  l a r g e r  f o r a m i n i f e r a  a r e  used t o  d a t e  shal low- 

w a t e r  c a r b o n a t e s ,  c r i t i c a l  sequences of La te  Eocene l i m e s t o n e s  i n  

t h e  Indo-West P a c i f i c  r e g i o n  a r e  h e r e  reviewed w i t h  t h e  o b j e c t  of 

e s t a b l i s h i n g  t h e  n a t u r e  of  t h e  f a u n a l  change (sudden o r  g r a d u a l )  a t  

t h e  Eocene/Oligocene boundary and of  l i n k i n g  it w i t h  any g e o l o g i c a l  

f e a t u r e s  of  r e g i o n a l  importance which may be a p p a r e n t  from t h e  

s u c c e s s i o n s  themse lves .  The ev idence  f o r  mass e x t i n c t i o n  i s  

c o n s i d e r e d  i n  r e l a t i o n  t o  p o s s i b l e  p h y s i c a l  c a u s e s ,  i . e . ,  e u s t a t i c  

movements such a s  t h o s e  p o s t u l a t e d  by V a i l  e t  a l .  ( 1 9 7 7 )  and 

t e m p e r a t u r e  v a r i a t i o n s  deduced by Shack le ton  ( 1 9 8 4 ) .  Shallow- 

wa te r  c a r b o n a t e s  l e n d  themse lves  t o  i n v e s t i g a t i o n s  o f  t h i s  kind 

s i n c e  t h e y  (and t h e i r  f o r a m i n i f e r a 1  f a u n a s )  a r e  p a r t i c u l a r l y  

s e n s i t i v e  t o  p h y s i c a l  changes i n  t h e  environment .  

SUCCESSIONS AND FAUNAS 

Eocene and Ol igocene  l i m e s t o n e s  a r e  numerous i n  t h e  Indo-West 

P a c i f i c  r e g i o n ,  and a g r e a t  d e a l  is known abou t  t h e i r  f a u n a s .  

There is, however, v e r y  l i t t l e  p u b l i s h e d  i n f o r m a t i o n  on t h e  

boundary i t s e l f ,  and o n l y  a t  Melinau,  Sarawak, have Eocene and 

Oligocene l i m e s t o n e s  been found a t  o u t c r o p  i n  an a p p a r e n t l y  
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F i g .  1 .  G e o g r a p h i c a l  l o c a t i o n  of  s t r a t i g r a p h i c a l  s e q u e n c e s  shown 
i n  F i g .  2 .  

unbroken  s e q u e n c e .  Seemingly  c o n t i n u o u s  s u c c e s s i o n s  a c r o s s  t h e  

boundary  o c c u r  e l s e w h e r e ,  e . g .  Meghalaya and i n  t h e  d e e p e r  p a r t s  o f  

t h e  Bengal  and  Cambay b a s i n s ,  b u t  t h e s e  a r e  n o t  w h o l l y  d e v e l o p e d  i n  

c a r b o n a t e  f a c i e s .  An e x c e p t i o n  may be  t h e  c o m p l e t e ,  b u t  v e r y  

p o o r l y  f o s s i l i f e r o u s ,  c a r b o n a t e  s u c c e s s i o n  t h o u g h t  t o  s t r a d d l e  t h e  

boundary  i n  t h e  e a s t e r n  p a r t  of t h e  Bombay O f f s h o r e  B a s i n .  

The d i s t r i b u t i o n  o f  t h e  p r i n c i p a l  c a r b o n a t e  s u c c e s s i o n s  known t o  

s p a n  t h e  Eocene /Ol igocene  boundary  i s  shown i n  F i g .  1 .  T h e r e  a r e ,  

of c o u r s e ,  o t h e r s ,  b u t  t h e s e  e i t h e r  d u p l i c a t e  t h e  i n f o r m a t i o n  by 

t h e  p r i m a r y  s u c c e s s i o n  o r  a r e  t o o  poor1.y d e s c r i b e d  t o  b e  c o n s i d e r e d  

h e r e .  The s u c c e s s i o n s  a r e  c o r r e l a t e d  i n  F i g .  2 ,  n o t e s  and r e f -  

e r e n c e s  b e i n g  p r o v i d e d  i n  t h e  Appendix .  Age d e t e r m i n a t i o n s  a r e  n o t  

n e c e s s a r i l y  t h o s e  o f  t h e  o r i g i n a l  a u t h o r s ,  b u t  are  based  on  t h e  

scheme o u t l i n e d  be low (Adams, 1 9 7 0 ) ,  which  w a s  i t s e l f  d e r i v e d  from 

t h a t  p r o p o s e d  by van d e r  V l e r k  (1955). 

Mid O l i y o c e n e .  A s s o c i a t i o n  o f  L e p i d o c y c l i n a  ( E u l e p i d i n a  o r  

N e p h r o l e p i d i n a )  spp  w i t h  Nummulites f i c h t e l i  a n d / o r  N .  v a s c u s .  

E a r l y  O l i g o c e n e .  Occur rence  o f  p12 f i c h t e l i  a n d / o r  N .  v a s c u s  ( o r  

o t h e r  s m a l l  s t r i a t e  nummul i t e s )  w i t h  o r  w i t h o u t  B o r e l i s  pvgmaeus 

and B .  i n f l a t a .  L e p i d o c y c l i n a  a b s e n t .  

- L a t e  .- Eocene .  O c c u r r e n c e  o f  B i p l a n i s p i r a  s p p ,  P e l l a t i s p i r a  s p p ,  
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reticulate nummulites of the & fabianii/retiatus group, striate 
nummulites such as chavannesi and pengaronensis, 

Spiroclypeus gdopustula and & vermicularis, with or without 
Asterocyclina, Discocyclina, Fabiania and other genera indicating a 

general pre-Oligocene age. 

Other taxa may also be used, but the presence of one or more of 

the above is usually considered to be essential for the recognition 

of each subepoch. Ttis scheme, with few modifications, can be 

applied in the Mediterranean region, but in the Americas different 

criteria have to be employed. See Fig. 4. 

The principal additions to knowledge of Tertiary carbonate 

successions and faunas since the last regional review (Adams, 1970) 

have come from oil and gas exploration around the coasts of India 

and from surface exposures in Meghalaya and Sarawak. This new in- 

formation may be summarized as follows: 

Mohan and Kumar (1985) have shown that only one supposedly 

complete succession of shallow-water carbonates is known to span 

the Eocene/Oligocene boundary in offshore areas of India, although 

continuous sequences certainly exist in deeper-water marls and 

clays. Throughout the Indian region (see "Notes on successions"), 

shallow-water carbonates are largely confined to zones P15 and P16. 

Larger foraminifera characteristic of Zone PI7 are known with 

certainty only from N.E. India and, by inference, from Sarawak and 

the Marshall Isles. Elsewhere this zone is represented by a dis- 

conformity which in most areas extends down at least into Zone P16. 

A review of the numerous samples colleced across the Eocene/ 

Oligocene boundary in the Melinau Limestone (north faces of the 

Melinau and Medalam gorges), Sarawak, based on material described 

or referred to by Adams (1965, 1970) and on additional samples 

recently collected by the Malaysian Geological Survey, has 

confirmed that a thick sequence of algal-rich limestones separates 

the last age-diagnostic Eocene and first datable Oligocene faunas. 

The Early Oligocene faunas are unusual only in respect of the 

presence of Fallotella m e l i n a u e e  (Adams), a species known also 

from the Bukit Sarang Limestone, some 240 km to the S.W. (Adams, 

1964). In other respects the assemblages are similar to those 

found in the Oligocene part of the Kirthar Limestone, Gaj River, 

Pakistan (Khan, 1967) . 
The uppermost part of the Eocene at Melinau is developed in 

virtually a single carbonate facies and carries a restricted 

foraminifera1 fauna. Only five age-diagnostic taxa have been found 
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Fig. 2. Representative shallow-water carbnate successions spanning the Fccene/Oligccene boundary in the Indo-West Pacific 
region. Swtions other than 7 and 9 are ccxnpsite, schematic, and not exactly to scale. Section 6, although not wholly 
cxbnate, is included because it has yielded important Eocene and Oligocene assemblages. Note widespread hiatus at b u n -  
dary. Mher disconformities not shown except in 7. Sources: 1. Azzaroli (1952, 1958); 2. Montenat et al. (1977) and m- 
published data; 3 .  Khan (1967), Williams (1959) and unpublished data; 4. Western India, including Bombay Offshore, Mohan 
et al. (1982), Mohan and K u m a r  (1985), Pandey (1982), and ?!ohan (pers. cam.): 5. Pbhan and Kum~r (1985): 6. Meqhalaya, 
Nagappa (1959), Samanta and Raychaudhari (1983) , Mohan and K m a r  (1985), !.3han (pers. cm.) ; 7. Mclinau Limestone (Adams, 
1965, 1970); 8. Hashinoto et al. (1977) and unpublished data; 9. Chimbu Limestone, kin and Binnekamp (1973); 10. Eniwetok, 
C o l e  (1 958a) . 
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in the highest beds, and these cannot be regarded as fully 

representative of the region as a whole. It is nevertheless 

clear that Discocyclina, Fabiania saipanensi., Pellatispira, 

Spiroclypeus vermicularis and at least one species of 

Nummulites, disappeared within a short space of time, and 

that the succeeding Oligocene fauna appeared gradually - 
apparently as new elements were introduced into the area. 

A survey of shelf carbonates in other parts of the region 

has revealed that Eocene limestones are always terminated 

by disconformities, unconformities, marked lithological 

changes, or faunal evidence for shallowing (Fig. 2). Only 

at Melinau and perhaps Chimbu, New Guinea, is there any strong 

indication that deposition might have been continuous across 

the boundary, and in both areas the limestones above the 

youngest datable Eocene are algal. There may, of course, be 

places in Kalimantan and Irian Jaya where continuous 

carbonate sequences include the boundary, but if so they have 

not yet been adequately described. There are certainly a 

few areas, e.g., southern Java (Baumann et al., 1972) and off 

Tarapur, western India (Mohan et al., 1982; Mohan and Kumar, 

1985) where shallow-water Eocene limestones are succeeded by 

deeper water marls, but they have never been adequately 

described or dated, and their significance remains uncertain. 

Mohan and Kumar (1985) mention a miliolid dominant zone, 

possibly in the basal Oligocene part of Well GI Dahanu 

Depression, off Tarapur. 

Collation of all the published evidence suggests that 

the ranges of age-diagnostic Late Eocene and Early Oligocene 

taxa are as shown on Fig. 3. A comparison of this figure 

with the range chart for the Americas (Fig. 4), shows that 

although the faunal change was apparently equally dramatic 

in both regions, different taxa were involved. It should 

be noted that the faunal changes at about the end of P I 6  

times were also considerable. 

A regional faunal discontinuity can be demonstrated for the 

Americas and an actual physical break shown to occur. Olsson 

et al. (1980) have demonstrated the existence of an hiatus in 

sediments extending along the eastern seaboard from Long Island to 
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F i g .  3 .  C h a r t  showing t h e  r a n g e s  o f  some a g e - d i a g n o s t i c  t a x a  i n  
t h e  Indo-West P a c i f i c  r e g i o n .  The s c a l e  of t h e  f a u n a l  
d i s c o n t i n u i t y  i s  e v i d e n t .  S o l i d  l i n e s  mark known r a n g e s ;  b roken  
l i n e s  i n d i c a t e  u n c e r t a i n t y .  (CGA & BKS) 

C a r o l i n a ,  and Hunter  ( 1 9 7 8 )  h a s  shown t h a t  a s imi l a r  b r e a k  e x i s t s  

t h r o u g h o u t  t h e  s o u t h e r n  C a r i b b e a n .  The f a u n a l  d i s c o n t i n u i t y  i n d i -  

c a t e s  t h a t  t h i s  h i a t u s  must a l s o  o c c u r  t h r o u g h o u t  t h e  s o u t h e r n  p a r t  

o f  t h e  U n i t e d  S t a t e s .  

N o  c o n t i n u o u s l y  d e p o s i t e d  s u c c e s s i o n  o f  sha l low-wa te r  c a r b o n a t e s  

across t h e  Eocene /Ol igocene  boundary  h a s  been  d e s c r i b e d  from t h e  

Middle E a s t ,  a l t h o u g h  Bizon e t  a l .  ( 1 9 7 2 :  F i g s  1 ,  2 )  i n d i c a t e d  t h a t  

such  a s e q u e n c e  migh t  e x i s t  t o  t h e  N . N . W .  o f  E s t e h b a n a t ,  I r a n .  

S i m i l a r  s e q u e n c e s  have n o t ,  however,  been  r e p o r t e d  from o t h e r  p a r t s  

o f  t h i s  a r e a .  

The o n l y  p l a c e  i n  t h e  M e d i t e r r a n e a n  r e g i o n  where  d e p o s i t i o n  

seems t o  have  been  c o n t i n u o u s  across t h e  Eocene /Ol igocene  boundary 

i s  P r i a b o n a  i n  n o r t h e r n  I t a l y .  Here, Eocene  l i m e s t o n e s  w i t h  l a r g e r  

f o r a m i n i f e r a  and b ryozoa  p a s s  upwards i n t o  a l g a l  l i m e s t o n e s  w i t h i n  

which t h e  t y p i c a l  O l i g o c e n e  f a u n a  g r a d u a l l y  a p p e a r s .  See  Barb in  

and B igno t  ( t h i s  vo lume) .  
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EOCENE 

Late 

OLIGOCENE 

Early Middle 

I' 

P 

P 

Lepidocyclina (Nephrolepidina) chaperi (1) 
Asterocyclina minima 
Helicolepidina ncirtoni (2) 
Asterocyclina asterisca 
Heterostegina ocalana 
Fabularia verseyi var 2 ( 3 )  

Lepidocyclina (Neolepidina) macdonaldi ( 4 )  

Pseudophragmina (Proporocyclina) flintensis 
Nummulites floridanus 

pus tu 1 osa 

" striatoreticulatus ( 5 )  

Di ctyoconus flori danus 
Heterodictyoconus cooki 
Helicostegina polygyral is 
Pel 1 at i spi re1 1 a ma tl eyi 
Lepidocyclina (Neolepidina) pustulosa tobleri 
Fabiania cassis 
Amphi s tegi na parvul a 
Yaberinella jamaicensis (7) 
Cyclorbiculinoides jarraicensis (8) 
Nummulites trinitatensis (9) 
Pseudophragmina (Pseudophragmina) advena (10) 

L. (Lepidocyclina) yurnagunensis 
Lepidocyclina (Eulepidina) undosa 
Nunmulites dia ( 1 1 )  
L. (Lepidocyclina) mantelli I 

F i g .  4 .  Ranges o f  some a g e - d i a g n o s t i c  l a r g e r  f o r a m i n i f e r a  i n  t h e  
Americas . 
t h e y  became e x t i n c t  a t  t h e  end  o f  Eocene t i m e s ,  and  ( b )  t h e i r  
known o c c u r r e n c e s  i n  t h e  Upper Eocene .  I t  s h o u l d  b e  n o t e d  t h a t  
L .  (L.) m a n t e l l i  i s  r e l a t i v e l y  r a r e  i n  Lower O l i g o c e n e  s t r a t a .  

( 1 )  There  i s  some d o u b t  a b o u t  t h e  f i r s t  a p p e a r a n c e  l e v e l  o f  

T h i s  a r r angemen t  of s p e c i e s  r e f l e c t s  ( a )  t h e  p r o b a b i l i t y  t h a t  

L .  (N.) c h a p e r i .  Accord ing  t o  Robinson  ( 1 9 7 4 ; -  1977)  
H e t e r o d i c t  oconus  a m e r i c a n u s  d i s a p p e a r e d  a l i t t l e  above t h e  f i r s t  
appea rancez%F-z rne  v a r i a n t s  o f  F a b u l a r i a  v e r s e y i  which  he  p l a c e s  
a t  t h e  t o p  of t h e  Middle  Eocene ( b e g i n n i n g  o f  Zone 4 ) .  For  
Robinson  t h e  f i r s t  a p p e a r a n c e  o f  L . -  ( N . )  c h a p e r i  i s  much h i g h e r  i n  
Jamaica a l t h o u g h  McFarlane (1977)  i n d i c a t e s  a n  " o v e r l a p  o f  t h e  
s t r a t i g r a p h i c a l  r a n g e s "  of H .  amer i canus  and  L .  c h a p e r i ,  and  
B u t t e r l i n  ( u n p u b l i s h e d )  h a s  c o n f i r m e d  t h i s  a s s o c i a t i o n  i n  H a i t i .  
Moreover,  Woodring (1957:  17-20) r e p o r t e d  L.  (N.) c h a p e r i  w i t h  
G l o b i g e r i n o i d e s  mexicanus  and G .  o u a c h i t e n s i s  i n  Panama, an  
a s s o c i a t i o n  which  c h a r a c t e r i z e s  t h e  zone  of G l o b i g e r i n a t h e k a  
s e m i i n v o l u t a  (P15-Pl6 pars). 
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( 2 )  C o l e  (1962)  p l a c e d  H e l i c o l e p i d i n a  n o r t o n i  i n  synonymy w i t h  

( 3 )  F a b u l a r i a  v e r s e y i  h a s  been  r e p o r t e d  o n l y  from Jamaica .  
( 4 )  C e r t a i n  a u t h o r s  (Rob inson ,  1968 - J a m a i c a ;  Pecheux,  1984 - 

- H .  s p i r a l i s ,  a v i ew n o t  s h a r e d  by B u t t e r l i n  ( 1 9 8 1 ) .  

Mexico; A n d r e i e f f ,  p e r s .  comm. - H a i t i )  c o n s i d e r  t h a t  L .  ( N p . )  
macdona ld i  f i r s t  a p p e a r e d  i n  t h e  uppe r  Middle Eocene (Zone P I 3  o r  
P 1 4 ) .  

( 5 )  Pecheux (1984)  r e g a r d e d  s t r i a t o r e t i c u l a t u s  as a j u n i o r  
synonym o f  N, w i l l c o x i ,  b u t  t h e y  a re  f r e q u e n t l y  found i n  a s s o c i a -  
t i o n  and a re  v e r y  d i f f i c u l t  t o  d i s t i n q u i s h .  

( 6 )  E l i c o c y c l i n a  p a u c i s p i r a  w a s  c o n s i d e r e d  a j u n i o r  synonym of  
- H e l i c o s t e g i n a  p o l y r a l i s  by Cole ( 1 9 6 0 b ) ,  b u t  t h i s  h a s  been  
c o n t e s t e d  by some l a t e r  a u t h o r s ,  e .q .  C a u d r i  ( 1 9 7 5 ) .  

( 7 )  Y a b e r i n e l l a  j a m a i c e n s i s  i s  !&own o n l y  f rom Jamaica, Costa 
R i c a  ( B u t t e r l i n ,  u n p u b l i s h e d )  and Panama. Robinson (1968 :  1 9 2 )  
c o n s i d e r e d  t h i s  s p e c i e s  ( a n d  i t s  synonym, t r e l a w n y e n s i s  Yaughan) 
t o  o c c u r  o n l y  i n  t h e  Middle  Eocene  o f  J a m a i c a ,  b u t  it h a s  a l s o  been  
found i n  t h e  Upper Eocene o f  Panama ( C o l e ,  1952)  a n d ,  t o g e t h e r  w i t h  
G2 lEpz) macdona ld i ,  i n  C o s t a  Rica ( B u t t e r l i n ,  u n p u b l i s h e d ) .  

( 8 )  C, i a m a i c e n s i s  h a s  been  r e c o r d e d  o n l y  from Jamaica. 
( 9 )  I f  Co le  (1958b)  w a s  c o r r e c t  i n  r e g a r d i n g  & k u g l e r i  as a 

synonym o f  N, t r i n i t a t e n s i s ,  it r a n g e s  t o  t h e  t o p  o f  t h e  Eocene i n  
T r i n i d a d  and H a i t i  ( B u t t e r l i n ,  u n p u b l i s h e d ) ,  b u t  n o t  i n  F l o r i d a  
(Cole ,  1 9 4 5 ) .  

synonymies p roposed  by Co le  ( 1 9 6 9 )  [ c f .  B u t t e r l i n ,  1 9 6 7 1 .  I t s  
s t r a t i g r a p h i c a l  d i s t r i b u t i o n  i s  t o  t h i s  e x t e n t  u n c e r t a i n .  Cole 
( 1 9 6 9 )  t h o u g h t  t h a t  it had t h e  same r a n g e  a s  P.  ( P . )  f l i n t e n s i s  
(P12-PI  7 ) .  

( 1 0 )  P .  ( P . )  advena  p o s e s  a problem o f  d e f i n i t i o n  owing t o  _-___  

( 1 1 )  Some a u t h o r s  ( e . g . ,  Pecheux ,  1984 and A n d r e i e f f ,  1985)  
c o n s i d e r  & de t o  be  a synonym o f  N_, panamens i s .  (JB) 

POSSIBLE EVENTS 

The major  change  which  eve rywhere  a f f e c t e d  l a r g e r  f o r a m i n i f e r a  

a t  o r  t o w a r d s  t h e  end o f  Eocene t imes seems t o  have been  marked by 

a d i s t i n c t  d e p o s i t i o n a l  h i a t u s  i n  most a r e a s  o f  sha l low-wa te r  car- 

b o n a t e  s e d i m e n t a t i o n .  The c a u s e  c o u l d  have  been  a g l o b a l  f a l l  i n  

s e a  l e v e l  which exposed  many i n n e r  s h e l f  c a r b o n a t e s  t o  e r o s i o n .  

Only  i n  t h o s e  p l a c e s  where l o c a l  s u b s i d e n c e  k e p t  p a c e  w i t h ,  o r  

e x c e e d e d ,  t h e  e u s t a t i c  f a l l ,  c o u l d  l i m e s t o n e s  have  been  d e p o s i t e d  

c o n t i n u o u s l y  across t h e  boundary .  V a i l  e t  a l .  ( 1 9 7 7 )  p o s t u l a t e d  a 

t e r m i n a l  Eocene f a l l  o n  seismic e v i d e n c e ,  and t e n t a t i v e l y  e s t i m a t e d  

i t s  o r d e r  a s  35 m .  T h i s  would s c a r c e l y  have been  enough t o  have 

had a c a t a s t r o p h i c  e f f e c t  o n  t h e  f o r a m i n i f e r a 1  f a u n a s .  On t h e  

o t h e r  hand ,  a f a l l  o f  50-70 m would have exposed  a s u f f i c i e n t  a r e a  

o f  s h e l f  c a r b o n a t e s  t o  p r o d u c e  a g l o b a l  d i s c o n f o r m i t y  and  t o  a l t e r  

t h e i r  f a u n a l  c o m p o s i t i o n .  

S e v e r e  c l ima t i c  d e t e r i o r a t i o n  would a l s o  p r o d u c e  a marked f a u n a l  

change ,  and some a u t h o r i t i e s  b e l i e v e  t h a t  t h i s  o c c u r r e d  d u r i n g  t h e  

E a r l y  O l i g o c e n e .  S h a c k l e t o n  (1984)  h a s  g r a p h e d  t h e  c a l c u l a t e d  

t e m p e r a t u r e  v a l u e s  f o r  T e r t i a r y  s u r f a c e  waters a t  two p o i n t s  i n  low 
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and mid l a t i t u d e s ,  b u t  h i s  o v e r a l l  f i g u r e s ,  a l t h o u g h  i n  k e e p i n g  

w i t h  most ea r l i e r  es t imates ,  a r e  r a t h e r  low. H i s  p o s t u l a t e d  

a v e r a g e  t e m p e r a t u r e  o f  a round  1 8 ° C  f o r  low l a t i t u d e  s u r f a c e  w a t e r s  

would n o t  m a i n t a i n  t h e  p r e s e n t - d a y  d i s t r i b u t i o n  o f  t r o p i c a l  l a r g e r  

f o r a m i n i f e r a ,  much less  would i t  a c c o u n t  f o r  t h e  e x p a n s i o n  o b s e r v e d  

a t  t imes  d u r i n g  t h e  T e r t i a r y .  Most l i v i n g  l a r g e r  f o r a m i n i f e r a  need  

mean a n n u a l  s u r f a c e  t e m p e r a t u r e s  i n  e x c e s s  o f  1 8 ° C  t o  s u p p o r t  

r e p r o d u c t i o n  (Horn ib rook ,  1 9 6 8 ;  Murray, 1 9 7 3 ) ,  and i t  i s  no tewor thy  

t h a t  T e r t i a r y  forms  a c h i e v e d  t h e i r  maximum l a t i t u d i n a l  d i s t r i b u t i o n  

(Alaska  t o  s o u t h  o f  N e w  Zea land)  i n  Mid t o  L a t e  Eocene t i m e s  when 

t e m p e r a t u r e s  were p resumab ly  h i g h e r  t h a n  t h e y  a r e  t o d a y .  I t  i s  

d i f f i c u l t  t o  see how t h e y  c o u l d  have  been  some 1 0 ° C  lower  a s  

s u g g e s t e d  by S h a c k l e t o n .  

C o o l i n g  o f  t h e  o c e a n s  would be  u n l i k e l y  t o  p roduce  sudden  

e x t i n c t i o n s  on a l a r g e  s c a l e .  R a t h e r  would t h e y  t e n d  t o  be  p ro -  

g r e s s i v e ,  e x t e n d i n g  g r a d u a l l y  from h i g h  t o  l o w  l a t i t u d e s  and 

a f f e c t i n g  f i r s t  o n e  t a x o n  t h e n  a n o t h e r .  I n  t h i s  c o n n e x i o n ,  i t  i s  

w o r t h  n o t i n g  t h a t  t h e  g e n e r a l  c o o l i n g  t r e n d  p o s t u l a t e d  by 

S h a c k l e t o n  ( 1 9 8 4 )  f o r  t h e  g r e a t e r  p a r t  o f  t h e  O l i g o c e n e  a p p e a r s  t o  

be i n c o n s i s t e n t  w i t h  t h e  i n c r e a s i n g ,  d i v e r s i t y  s e e n  amongst t h e  

l a r g e r  f o r a m i n i f e r a  o f  E a r l y  t o  Mid O l i g o c e n e  times. 

Two t e n t a t i v e  c o n c l u s i o n s  may b e  drawn f rom t h i s  r e v i e w .  F i r s t ,  

t h a t  e x t i n c t i o n s  a f f e c t i n g  t h e  l a r g e r  f o r a m i n i f e r a  a t  t h e  Eocene/ 

O l i g o c e n e  boundary  c o n s t i t u t e d  a sudden  e v e n t  t h e  wor ld  o v e r ,  

a l t h o u g h  t h e  number of t a x a  i n v o l v e d  i s  d i f f i c u l t  t o  d e t e r m i n e  

owing t o  t h e  p a u c i t y  of  c o n t i n u o u s l y  d e p o s i t e d  c a r b o n a t e  s u c c e s s -  

i o n s  across t h e  boundary .  Second,  t h a t  t h e  e x t i n c t i o n s  c o u l d  have 

been  c a u s e d  by a g l o b a l  f a l l  i n  sea l e v e l  which  p roduced  t h e  de- 

p o s i t i o n a l  h i a t u s  i n  s h a l l o w - w a t e r  c a r b o n a t e  s e d i m e n t s  now t race-  

a b l e  t h r o u g h o u t  t h e  c i r c u m t r o p i c a l  r e g i o n .  The e u s t a t i c  f a l l  might  

have  been  a s s o c i a t e d  w i t h  c l ima t i c  d e t e r i o r a t i o n  and  c o o l i n g  o f  t h e  

s u r f a c e  waters of t h e  o c e a n s .  

The p o s s i b i l i t y  t h a t  t h e  f a u n a l  change  o b s e r v e d  a t  t h e  Eocene/  

O l i g o c e n e  boundary  may be  a n  a r t i f a c t  r e s u l t i n g  f rom o u r  l i m i t e d  

knowledge o f  Zone P I 7  f a u n a s  h a s  t o  be  r e c o g n i z e d .  But t h e  e x i s t -  

e n c e  o f  a n  h i a t u s  i n  a l l  b u t  a few o f  t h e  known c a r b o n a t e  sequences  

i n  t h e  Indo-West P a c i f i c  r e g i o n ,  t o g e t h e r  w i t h  t h e  s imi la r  changes  

s e e n  i n  t h e  American ( F i g .  4 )  and M e d i t e r r a n e a n  ( B a r b i n  and B i g n o t ,  

t h i s  v o l . )  s u c c e s s i o n s  and f a u n a s ,  s t r o n g l y  s u g g e s t s  t h e  e f f e c t  o f  

a g e o l o g i c a l  e v e n t  w i t h  world-wide r e p e r c u s s i o n s .  
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APPENDIX Notes  on  i m p o r t a n t  c a r b o n a t e  s u c c e s s i o n s  ( F i g .  2 ) .  

The s u c c e s s i o n s  l i s t e d  below are  b e l i e v e d  t o  be r e p r e s e n t a t i v e  

o f  t h e  Indo-West P a c i f i c  as a who le .  For  l o c a t i o n s  see F i g .  1 .  I t  

s h o u l d  be n o t e d  t h a t  o n l y  t h e  o f f s h o r e  I n d i a n  s e q u e n c e s  and t h o s e  

from Meghalaya have  been  d a t e d  i n  p a r t  by p l a n k t o n i c  f o r a m i n i f e r a .  

Soma1 i Repub& 

The r e l e v a n t  s u c c e s s i o n s  were d e s c r i b e d  by A z z a r o l i  (1952., 1958),  

and a l t h o u g h  he  (1958:  125)  s t a t e d  t h a t  t h e r e  was no a p p a r e n t  b r e a k  

be tween t h e  Eocene and O l i g o c e n e ,  h i s  f a u n a l  l i s t s  i n d i c a t e  t h e  

p r e s e n c e  o f  a major  d i s c o n f o r m i t y  which c u t s  o u t  mos t ,  i f  n o t  a l l ,  

of t h e  Upper Eocene. I d e n t i f i c a t i o n s  o f  t h e  key t a x a  (Nummulites 

f a b i a n i A  and P e l l a t i s p i r a  t u d e n s i s )  are  q u e s t i o n a b l e ,  and associ-  

a t e d  s p e c i e s  ( e . g . ,  O r b i t o l i t e s  c o m p l a n a t u s ,  D i c t y o c o n o i d e s  

k o h a t i c u s  and Dic tyoconus  a f r i c a n u s )  s t r o n g l y  s u g g e s t  t h a t  t h i s  

p a r t  o f  t h e  sequence  s h o u l d  be  a s s i g n e d  t o  t h e  Middle Eocene. 

A r a b i a  (Oman) 

The c o a s t a l  l i m e s t o n e s  a r e  known t o  i n c l u d e  Middle Eocene s t r a t a  

o v e r l a i n  b y  r e e f a l  l i m e s t o n e s  o f  Mid O l i g o c e n e  t o  E a r l y  Miocene a g e  

(Montenat e t  a l . ,  1 9 7 7 ) .  Exposures  o f  L a t e  Eocene l i m e s t o n e  a l s o  

o c c u r  b u t  a r e  n o t  i n  c o n t i n u o u s  sequence  w i t h  t h e  o l d e r  and younger 

c a r b o n a t e s .  

P a k i s t a n  

Khan ( 1 9 6 7 )  showed t h a t  t h e  t y p e  s e c t i o n  o f  t h e  K i r t h a r  L i m e -  

stome ( G a j  R i v e r ,  S i n d )  i n c l u d e s  a n  E a r l y  O l i g o c e n e  f o r a m i n i f e r a 1  

f a u n a  which  unconformably  o v e r l i e s  L u t e t i a n - b a s a l  Auver s i an  l i m e -  

s t o n e  y i e l d i n g  b o t h  l a r g e r  and  p l a n k t o n i c  f o r a m i n i f e r a .  Only i n  a 

few p l a c e s  i n  P a k i s t a n ,  e . g .  Zinda P i r ,  w e s t e r n  P u n j a b ,  are  L a t e  

Eocene s e d i m e n t s  w i t h  P e l l a t i s p i r a  m a d a r a s z i  and B a c u l o g y p s i n o i d e s  

- t e t r a e d r a  known t o  o c c u r  ( E a m e s ,  1952;  Samanta ,  1 9 7 8 ) .  I n  no 

sequence  h a s  c o n t i n u o u s  c a r b o n a t e  s e d i m e n t a t i o n  a c r o s s  t h e  boundary  

been  d e m o n s t r a t e d ,  a l t h o u g h  i n  some l o c a l i t i e s  ( e . g . ,  Mardan R i v e r ,  

J ahan  area)  L a t e  Eocene s h a l e s  a r e  i n t e r p o s e d  between o l d e r  Eocene 

and younger  O l i g o c e n e  l i m e s t o n e s  ( u n p u b l i s h e d )  . 

Western  I n d i a  

Onshore  s u c c e s s i o n s  i n  Kutch ,  S u r a t  and Broach a re  i n c o m p l e t e  

and  a lways  show a b r e a k  be tween t h e  y o u n g e s t  exposed  Eocene and  t h e  
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o l d e s t  O l i g o c e n e  o r  Miocene. I n  Kutch t h e  Middle  Eocene F u l r a  

Limes tone  i s  o v e r l a i n  d i s c o n f o r m a b l y  by t h e  Maniyara  F o r t  Forma- 

t i o n  o f  E a r l y  O l i g o c e n e  a g e  (Biswas  and R a j u ,  1 9 7 1 ) .  I n  S u r a t  and 

Broach  t h e  uppermost  Eocene l i m e s t o n e s  c o n t a i n  B a c u l o g y p s i n o i d e s  

t e t r a e d r a ,  Nummulites f a b i a n i i ,  and P e l l a t i s p i r a  c r a s s i c o l u m n a t a  

(Samanta ,  1 9 7 8 ) .  I n  t h e  o f f s h o r e  area,  Zones P I 5  and P I 6  a re  w e l l  

r e p r e s e n t e d  by sha l low-wa te r  c a r b o n a t e s ,  b u t  P I 7  i s  known ma in ly  

f rom d e e p e r - w a t e r  s e d i m e n t s  which  o c c u r  i n  t h e  s o u t h e r n  p a r t  o f  t h e  

Cambay B a s i n .  O v e r l y i n g  N .  f i c h t e l i - b e a r i n g  l i m e s t o n e s  a r e  n o t  

d a t e d  i n  terms of  p l a n k t o n  and may t h u s  be  P I 8  o r  P I 9  i n  a g e  

(Mohan and Kumar 1 9 8 5 ) .  Some s p e c i a l i s t s  ( e . g . ,  Mohan and Kumar, 

1985) b e l i e v e  t h a t  uppermost  Eocene c a r b o n a t e s  i n  t h e  s o u t h e r n  p a r t  

o f  t h e  Cambay Bas in  y i e l d  N .  r e t i a t u s  and N .  f a b i a n i i ,  b u t  t h i s  h a s  

n o t  y e t  been  c o n f i r m e d .  

S o u t h e a s t e r n .  I n d i a  

N o  c o m p l e t e  s u c c e s s i o n  i s  known on  l a n d ,  and a l t h o u g h  t h e  o f f -  

s h o r e  s e q u e n c e  i n  t h e  Kr i shna -Godava r i  Bas in  i s  p r o b a b l y  comple t e  

i n  a r e a s  o f  deep-wa te r  s e d i m e n t a t i o n ,  it i s  n o t  known t o  b e  con- 

t i n u o u s  a c r o s s  t h e  boundary  i n  w e l l s  which p e n e t r a t e d  sha l low-  

w a t e r  l i m e s t o n e s .  

The o n l y  sha l low-wa te r  c a r b o n a t e  s u c c e s s i o n  so  f a r  known t o  

i n c l u d e  t h e  boundary  i s  t h a t  e n c o u n t e r e d  i n  a Well i n  t h e  s o u t h e r n  

p a r t  o f  t h e  Cauvery B a s i n  (Ramnad-Palk Bay D e p r e s s i o n )  where ,  a 

l i m e s t o n e ,  a t  l e a s t  4 0  m t h i c k ,  h a s  y i e l d e d  a w e l l - d i v e r s i f i e d  

l a r g e r  f o r a m i n i f e r a 1  f a u n a .  Al though t h e  boundary  w a s  n o t  c o r e d ,  

it is  c l e a r  from t h e  f a u n a l  e v i d e n c e  t h a t  a n  h i a t u s  o c c u r s  (Mohan 

and Kumar, 1 9 8 5 ) .  I n d e e d ,  t h e  c o n t a c t  be tween Eocene and O l i g o -  

c e n e  s e d i m e n t s  i s  now b e l i e v e d  t o  b e  unconfo rmab le ,  d e s p i t e  a 

s u g g e s t i o n  t o  t h e  c o n t r a r y  by Raju  ( 1 9 7 1 ) .  An o f f s h o r e  w e l l  i n  

t h i s  a r e a  p e n e t r a t e d  o n l y  5 m o f  s t r a t a  t e n t a t i v e l y  a s s i g n a b l e  t o  

t h e  L a t e  Eocene ( E a r l y  P 1 7 ) .  S e e  Mohan and Kumar ( 1 9 8 5 ) .  

N . E .  I n d i a  and  B e n g a l  - __ - - 
The h i g h l y  f o s s i l i f e r o u s  l i m e s t o n e s  o f  t h e  P rang  Format ion  a r e  

f o l l o w e d  by s h a l e s  and t h i n l y  bedded  l i m e s t o n e s  o f  t h e  K o p i l i  

Format ion  (Nagappa, 1 9 5 9 ) .  P l a n k t o n i c  and l a r g e r  f o r a m i n i f e r a  

t y p i c a l  o f  zones  P I4  t o  P I 7  have been  r e c o r d e d  (Samanta ,  1 9 7 1 ) .  

Zone P17,  known o n l y  from w e l l s ,  c o n t a i n s  Z s c o c y c l i n a  (Samanta ,  

1 9 7 1 ) .  The K o p i l i  Fo rma t ion  p a s s e s  upwards i n t o  t h e  d e l t a i c  

" B a r a i l  Group".  Accord ing  t o  Mohan ( C G A :  p e r s .  comm.) t h e  Eocene/ 
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Oligocene boundary is marked by a well-diversified planktonic for- 

aminiferal fauna, above which &, fichteli occurs. One well in the 

Bengal Basin (Mohan and Kumar, 1985) shows that Discocyclina 

locally ranges slightly higher than Pellatispira. 

Java and Sumatra_ 

Few marine Eocene sequences are known from these islands (van 

Bemmelen, 1949), and no described shallow-water carbonate success- 

ions include the boundary. Baumann et al. (1972) reported marls 

overlying Discocyclina limestones in southern Java, and these 

presumably indicate a local deepening of the sea towards the end 

of Eocene times. 

Borneo 
_____I 

Although van Bemmelen (1949: 139) reported Tc limestones over- 

lying Tb carbonates in three areas of Kalimantan, the sequences 

concerned seem never to have been described. The succession at 

Melinau, Sarawak, was described by Adams (1965) who reported a 

thick development of shallow-water, algal-rich limestone (lacking 

age-diagnostic foraminifera) between the youngest datable Eocene 

and oldest definite Oligocene beds. Subsequent work on the 

succession in the Medalam gorge, some 1 0  km to the N.E. of the 
Melinau section, has suggested that these algal limestones may be 

thinner (20-50 m only) than was estimated originally. Unfortun- 

ately, there is no planktonic control over this part of the 

sequence. In both the Melinau and Medalam successions the Oligo- 

cene fauna appears gradually, beginning with the occurrence of 
Nummulitis fichteli Michelotti and Borelis inflata (Adams) and/or 

B. pygmaeus Hanzawa. - 

Phi 1 ipp ine s, 

indicate that no sequence of carbonates is known to span the 

boundary in this area although both Late Eocene and Early Oligo- 

cenelimestones occur. The Lutak Hill Limestone could be important 

-__ 
Recent reviews by Hashimoto et al. (1977) and Hashimoto (1981) 

for regional correlation (see Adams, 1984). 

New Guinea 

Visser and Hermes (1962) indicated that the Eocene/Oligocene 

boundary occurs in the New Guinea Limestone, but that its nature is 



249 

not known. It may, however, be that the succession seen in the 

Chimbu Limestone of the Central Highlands (Rickwood, 1955; Bain and 

Binnekamp, 1973) is typical. Only about 12 m of Late Eocene lime- 
stone has been recognised in the Chimbu succession, but it is 

separated from the earliest datable Oligocene by some 60 m of algal 

limestone devoid of age-diagnostic fossils. 

Marshall Islands 

The only known sequence thought possibly to be continuous across 

the E/O boundary in the western Pacific is that described by Ladd 

et al. (1953) and Cole (1958) from the Marshall Isles. Boreholes 

on Eniwetok Atoll penetrated 93 ft (28.4 m) of carbonates of inde- 

terminate age between the lowest recognisable Late Oligocene (TelW4) 
in drill-hole F-I and the highest definite Eocene in hole E-1. 

Other areas 

The boundary must also be present in Saipan (Hanzawa, 1957; 

Cole, 1957); the Moluccas (Bursch, 1947); Misool (van Bemmelen, 

1949), and Fiji (Cole, 1960a), to name but a few of the places 

where Eocene and Oligocene limestones have been recorded in close 

proximity, but in none of these areas have samples been collected 

from continuous sequences. 
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R A D I O L A R I A N  EVSNTS AND THE EOCENE - O L I G O C E N E  BOU9DARY 

W . R .  R I E D E L  and ANNIKA SANFILIPPO 

Because  r a d i o l a r i a n s  a r e  n o t  p r e s e n t  i n  t h e  s t r a t o t y p e s  of 

s t a g e s  used  t o  d e f i n e  t h e  Eocene-Ol igocene  boundary ,  t h i s  mic ro -  

f o s s i l  g roup  c a n n o t  be  used  i n d e p e n d e n t l y  t o  d i s t i n g u i s h  l a t e  

Eocene from e a r l y  O l i g o c e n e .  T h i s  epoch  boundary  can  be  r e c o g n i s e d  

o n l y  v i a  t h e  c a l c a r e o u s  m i c r o f o s s i l  g r o u p s .  R e c e n t l y  it h a s  become 

p o s s i b l e  t o  p l a c e  t h e s e  c a l c a r e o u s  m i c r o f o s s i l  b o u n d a r i e s  w i t h i n  a 

c o n t e x t  of r a d i o l a r i a n  e v e n t s .  We h e r e  d e s c r i b e  t h e  r a d i o l a r i a n  

s t r a t i g r a p h y  a round  t h e  Eocene-Ol igocene  boundary  a t  t h r e e  w i d e l y  

s e p a r a t e d  Deep Sea  D r i l l i n g  P r o j e c t  s i t e s  (no .94  i n  t h e  Gulf of 

Mexico, no.462 i n  t h e  w e s t e r n  t r o p i c a l  P a c i f i c  and no .366  i n  t h e  

e a s t e r n  t r o p i c a l  A t l a n t i c ) ,  and compare them w i t h  t h e  s u c c e s s i o n  

a t  3 a t h  C l i f f ,  Ba rbados .  

Al though t h e s e  DSDP s i t e s  are t h e  b e s t  a v a i l a b l e  f o r  t h i s  s t u d y ,  

i n  t h a t  t h e y  sample  a p p a r e n t l y  c o n t i n u o u s  s e q u e n c e s  of c a l c a r e o u s -  

s i l i c e o u s  s e d i m e n t s  s p a n n i n g  t h e  d e s i r e d  s t r a t i g r a p h i c  i n t e r v a l ,  

t w o  of them have  s u b s t a n t i a l  d e f i c i e n c i e s .  A t  S i t e  9 4  t h e  Eocene- 

O l i g o c e n e  boundary  o c c u r s  i n  a c o r i n g  gap  (Worze l ,  Bryan t  e t  a l . ,  

1 9 7 3 ) .  And a t  S i t e  4 6 2  many o l d e r  m i c r o f o s s i l s  a r e  reworked i n t o  

younger  s e d i m e n t s  ( L a r s o n ,  S c h l a n g e r  e t  a l . ,  1 9 8 1 )  - b u t  a n a l y s i s  

of t h e  r e l a t i v e  abundances  of s t r a t i g r a p h i c a l l y  s i g n i f i c a n t  s p e c i e s  

a l l o w s  u s  t o  "see th rough"  t h i s  o b s c u r i n g  f a c t o r .  A t  S i t e  366 

( L a n c e l o t ,  S e i b o l d  e t  a l .  , 1 9 7 8 ) ,  t h e  P a l e o g e n e  r a d i o l a r i a n  assem- 

b l a g e s  have  a c o l d e r - w a t e r  a s p e c t  t h a n  a t  t h e  o t h e r  t r o p i c a l  s i t e s .  

T h i s  p r e s e n t s  some d i f f i c u l t i e s  f o r  c o r r e l a t i o n s ,  b u t  on t h e  o t h e r  

hand p r o v i d e s  i n f o r m a t i o n  h e l p f u l  f o r  e s t a b l i s h i n g  l i n k s  w i t h  h igh -  

e r  l a t i t u d e s .  The s e c t i o n  on Barbados  h a s  none o f  t h e s e  drawbacks ,  

and  moreover accumula t ed  more r a p i d l y  t h a n  most deep- sea  s e q u e n c e s ,  

t h u s  p e r m i t t i n g  h i g h e r  s t r a t i g r a p h i c  r e s o l u t i o n  ( S a u n d e r s  e t  a l . ,  

1985; S a n f i l i 2 p o  e t  a l . ,  1 9 8 5 ) .  

I n  t h e  c o r r e l a t i o n  d i ag ram,  e v e n t s  are  shown a s  Tm ( l a t e s t  oc- 

c u r r e n c e  o f  m o r p h o t y p e s ) ,  3 m  ( e a r l i e s t  o c c u r r e n c e  of m o r p h o t y p e s ) ,  

and e v o l u t i o n a r y  t r a n s i t i o n s  i n d i c a t e d  by a r rows .  Approximate 

t h i c k n e s s e s  o f  s e q u e n c e s  are  i n d i c a t e d  by t h e  m e t e r - l e v e l s  n e a r  

t h e  t o p  and  bo t tom o f  e a c h  box. Ver t i ca l  d imens ions  of t h e  l e t t e r -  

e d  r e c t a n g l e s  show t h e  i n t e r v a l  o f  u n c e r t a i n t y  i n  t h e  p l acemen t  o f  
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e a c h  e v e n t :  t h e i r  t r a n s v e r s e  d i m e n s i o n s  a r e  a mat te r  o f  d r a f t i n g  

c o n v e n i e n c e .  S o l i d  l i n e s  c o n n e c t  e v e n t s  t h a t  a r e  c o n f i d e n t l y  loc-  

a t e d ,  a n d  d a s h e d  l i n e s  i n d i c a t e  e v e n t s  less c o n f i d e n t l y  p o s i t i o n e d .  

F o r  e x a m p l e ,  e v e n t  C ( l a t e s t  o c c u r r e n c e  o f  i n o r p h o t y p e s  of L i t h o -  

~ _ _  c y c l i a  c r u x )  i s  r e c o g n i z e d  more c o n f i d e n t l y  a t  S i t e s  94 a n d  356 

t h a n  i n  t h e  o t h e r  two s e q u e n c e s ,  b u t  a t  S i t e  94 i t  o c c u r s  i n  a l o n g  

g a p  b e t w e e n  cores.  T h i s  same c o r i n g  g a p  may b e  r e s p o n s i b l e  for t h e  

a p p a r e n t l y  a n o m a l o u s l y  e a r l y  t r a n s i t i o n  f rom A r t o p h o r m i s  b a r b a d e n -  

- s i s  t o  A. g r a c i l i s  ( e v e n t  B )  a t  S i t e  94 .  A l t h o u g h  t h e  y o u n g e r  

m o r p h o t y p e s  p r e d o m i n a t e  i n  t h e  t w o  samnles e x a m i n e d  b e l o w  t h i s  g a p ,  

t h i s  p r e d o m i n a n c e  may o s c i l l a t e  b a c k  a n d  f o r t h  b e t w e e n  t h e  a n c e s t -  

r a l  a n d  d e s c e n d a n t  f o r m  i n  t h e  p a r t  of t h e  s e q u e n c e  n o t  c o r e d .  The 

E o c e n e - O l i g o c e n e  b o u n d a r i e s  b a s e d  on  f o r a m i n i f e r a  a n d  n a n n o f o s s i l s  

( e v e n t s  B a n d  I ,  r e s p e c t i v e l y )  a r e  p l o t t e d  a c c o r d i n g  t o  t h e  i n t e r -  

p r e t a t i o n s  i n  t h e  DSDP I n i t i a l  R e p o r t s  c i t e d .  

The d a t a  on  w h i c h  r a d i o l a r i a n  c o r r e l a t i o n s  o f  t h e  DSDP s i t e s  a re  

b a s e d  a r e  p r e s e n t e d  i n  t h e  t a b l e s ,  a n d  t h o s e  f o r  B a t h  C l i f f  c a n  b e  

f o u n d  i n  o u r  c i t e d  p u b l i c a t i o n s .  Abundance5  a r e  g i v e n  as  p e r c e n t -  

a g e s  o f  t h e  t o t a l  r a d i o l a r i a n  a s s e m b l a g e s  coarser t h a n  4 4  or 6 3  

m i c r o n s .  Xumbers i n  i t a l i c s  r e p r e s e n t  es t imates  d e r i v e d  f r o m  o u r  

o r  i3 .P .  F o r e m a n ' s  p u b l i s h e d  r e c o r d s  o f  a b u n d a n c e s  i n  terms s u c h  a s  

'I common" , " few" , I' rare" , e t c .  

The c o r r e l a t i o n  d i a g r a m  shows t h a t  t h e r e  a r e  f o u r  r a d i o l a r i a n  

e v e n t s  ( D - G ,  t h e  l a s t  n o t  c o n f i d e n t l y  l o c a t e d  i n  S i t e  4 6 2 )  a p p r o x -  

i m a t e l y  c o i n c i d e n t  w i t h  t h e  E o c e n e - O l i g o c e n e  b o u n d a r y  d e f i n e d  on  

t h e  b a s i s  .of f o r a m i n i f e r a .  W e  know o f  n o  r a d i o l a r i a n  e v e n t s  c o i n -  

c i d e n t  w i t h  t h e  b o u n d a r y  d e f i n e d  on  t h e  b a s i s  o f  c a l c a r e o u s  nanno-  

f o s s i l s ,  b u t  a t i g h t  g r o u p  of f i v e  u p p e r  l i m i t s  of t a x a  o c c u r s  

a b o u t  h a l f  a m i l l i o n  y e a r s  b e f o r e  i t  ( u s i n g  t h e  s e d i m e n t  accumu- 

l a t i o n  r a t e  e s t i m a t e d  b y  S a u n d e r s  e t  a l . ,  1 9 8 5 )  - e v e n t s  J-N on 

t -he c o r r e l a t i o n  d i a g r a m .  
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DISTRIBUTION OF OSTRACODA AT THE EO - OLIGOCENE BOUNDARY IN DEEP 

(BARBADOS) AND SHALLOW MARINE ENVIRONMENT (GULF OF MEXICO) 

W. A. van den Bold 
Louisiana State University 

Baton Rouge 

INTRODUCTION 
The distribution of ostracodes in relation to the Eo-Oligocene 
boundary was studied in deep marine deposits (Oceanic Formation, 
Barbados, and Chapapote, Horcones and Palma Real Formations, Mexi- 
co) and in shallow marine deposits (Tantoyuca, Huasteca and Meson 
Formations, Mexico, and Pachuta, Shubuta, Red Bluff, and Marianna 
Formations, U. S. Gulf Coast). The Ostracoda of this age were 
tabulated and described by Deboo (1969), Hazel et al. (1980), Howe 
(1977), Howe and Howe (1973, 1975), Howe and Chambers (1935), Howe 
and Law (1936) and Huff (1970) in Alabama, Mississippi and Louisi- 
ana; in Mexico by Bold (1978), Carrezo (1980, 1984), Laurencich 
(1969) and Palacio-Fest (1982), in Barbados especially by Steineck 
et a1 (1984) Furthermore I have used my studies on Trinidad 
(Bold, 1960), Cuba (Bold, 1946, 1973), Haiti (Bold, 1981) and un- 
published information, as well as Steineck’s (1981) work on Jslmaica. 

SHALLOW MARINE ENVIRONMENT 
According to the ostracode distribution this is a continental shelf 
environment, probably between 30 and 100 m water depth. Among the 
52 species present close to the Eo-Oligocene boundary in Alabama 
and Mississippi (Table l), there are 32 species crossing this boun- 
dary (as established on the basis of planktonic foraminifera). 
Several Eocene species disappear somewhat below the boundary, and 
some Oligocene species appear a little above it. However, some of 
the latter species are known from Eocene deposits in neighboring 
areas, e g Trach leberidea blan iedi, Ju osoc thereis vicksbur- 
gensis, and ma%bdotus v&ee TEblesY2 and 3). 
Euc there shu utaensis, Trac e eris mont omer ensis, Occulto- & robussar i, and a k:i 
exsis disabppear atdthe bounbdary ; i&toiia xu:eridapp-for 
t h e i r s t  time In general we see, that,insublittoral environ- 
ment of the U s. Gulf Coast,there are only minor phvlogenetic 
changes near the Eo-Oligocene boundary and that the majority of 
them does not take place at the boundary itself. Nevertheless, 
there is the total extinction of Haplocytheridea montgomeryensis 
and the almost total disappearance of the genus Haplocytheridea, 
which dominates this environment in the Eocene. In Mexico (Table 
2 )  the faunal development is very similar. There is a greater per- 
centage of species that do not cross the boundary, but there areat 
least 10 that do. This is probably the result of a small hiatus 
between the Tantoyuca and Horcones formations. Note also the 
absence of E.  montgomeryensis in the Upper Eocene. 

DEEP MARINE ENVIRONMENT 
The fauna of the continental slope is dominated by species of the 
subfamily Krithinae, and here we see differences between the 
ranges of species reported from different parts of the Caribbean 

Only 
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and Mexico, The t o t a l  r a n g e  of t h e  s p e c i e s  i s  a s  f o l l o w s :  K r i t h e  
c a n c u e n e n s i s :  Pa l eocene  - end of Eocene; K. r o l i x a :  from Upper 
Eocene upward; 5. g u a t e m a l e n s i s :  P a l e o c e n e  -‘Upper Eocene; K .  E- 
b e n s i s :  Upper Eocene - Lower Miocene; K. c r a s s i c a u d a t a :  Elidale Eo- 
cene ;  5. morkhoveni:  from Ol igocene  upward; K. s a u n d e r s i :  Upper 
Eocene - Upper O l i g o c e n e ;  K .  h iwanneens i s :  Upper Eocene - Lower 
Miocene; K. vandenbo ld i :  from Upper Eocene upward; K .  t r i n i d a d e n -  
s i s :  from Oligocene upward; P a r a k r i t h e  e l o n  a t a  M i a d l e o c e n e  - 

n e l l a  o v a t a :  Upper Eocene - Lower Ol igocene ;  M. u a n a j a p e n s i s :  
Lower m G c e n e  upward ( b u t  r e p o r t e d  by Steineck’et a l .  1984 , i n  
t h e  Eocene o f  Barbados ) .  The r a n g e s  of t h e  s p e c i e s  of t h e s e  t h r e e  
gene ra  cannot  b e  used f o r  i ndependan t  z o n a t i o n  u n t i l  a l l  a u t h o r s  
have r eached  an agreement  on t h e i r  e x a c t  r a n g e s .  I n  t h e  c a s e  o f  
s p e c i e s  of K r i t h e  t h e  d i f f e r e n c e  i s  p r o b a b l y  caused  by a d i s a g r e e -  
ment abou t  t h e  b a s i s  of s p e c i f i c a t i o n ;  f o r  m e ,  t h i s  i s  t h e  p o s i -  
t i o n  of normal and m a r g i n a l  p o r e s  i n  t h e  a n t e r i o r  p a r t  o f  t h e  
c a r a p c e ,  i ndependan t  o f  t h e  shape o f  t h e  v e s t i b u l e  (Bo ld ,  1966,  
1968) K g s n c u e n e n s i s  seems t o  d i s a p p e a r  a t  t h e  Eo-Oliocene 
boundary: 5 .  morkhoveni and K. t r i n i d a d e n s i s  a r e  r e p o r t e d  imme- 
d i a t e l y  above t h e  boundary i n  Barbados,  b u t  a r e  n o t  found u n t i l  
t h e  Upper Ol igocene  i n  o t h e r  a r e a s  o f  t h e  Car ibbean .  Agreno- 
c y t h e r e  a n t i q u a t a  i s  r e p o r t e d  i n  t h e  Lower Oligocene i n  Mexico. 
A_. h a z e l a e  i s  n o t  r e p o r t e d  t i l l  t h e  Upper O l i g o c e n e .  

CONCLUSIONS 
I n  t h e  Gulf Coast  t h e  s h a l l o w  mar ine  environment  p e r s i s t s  from t h e  
Eocene i n t o  t h e  Ol igocene  and t h e  f a u n a  does n o t  show any change 
a t  t h e  g e n e r i c  l e v e l  w i t h  t h e  o n l y  e x c e p t i o n  of t h e  n e a r  e x t i n c -  
t i o n  o f  H a p l o c y t h e r i d e a  and i t s  r ep lacemen t  by t h e  r e l a t e d  genus 
H e m i c y p r i d e i s .  Moreover most o f  t h e  appea rances  and d i s a p p e a r -  
ances  o f  s p e c i e s  t a k e  p l a c e  a l i t t l e  above o r  below t h e  boundary 
( a s  e s t a b l i s h e d  by t h e  d i s t r i b u t i o n  of p l a n k t o n i c  f o r a m i n i f e r a ) .  
I n  Barbados t h e  environment  remained deep ( c o n t i n e n t a l  s l o p e )  
d u r i n g  Eocene and O l i g o c e n e .  Faunas are  less  d i v e r s e  t h a n  i n  t h e  
s u b l i t t o r a l  environment  and h e r e  a l s o  most changes i n  f auna  t a k e  
p l a c e  above o r  below t h e  boundary ,  where o n l y  K. cancuenens i s  d i s -  
a p p e a r s .  I n  t h e  deep environment  o f  Mexico we-find v e r y  much t h e  
same, w i t h  M. o v a t a  d i s a p p e a r i n g  a t  t h e  Eo-Oligocene boundary .  I n  
o t h e r  areas-of t h e  Car ibbean  t h e  s t u d y  o f  o s t r a c o d e s  i s  hampered 
by 1) absence  o f  Lower Ol igocene  b e d s ;  2 )  p r e s e n c e  o f  mass ive  
l i m e s t o n e s  i n  t h e  Upper Eocene.  I n  T r i n i d a d  t h e  p r e s e n c e  o f  a 
w i l d f l y s c h  f a c i e s  h a s  t h e  e f f e c t  o f  p roduc ing  i n t e n s e  r ework ing  
n e a r  t h e  Eo-Oligocene boundary .  
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OSTRACODS AT THE EENE4IGCCENE BOUNDAITl IN THE AQUITRINE BASIN. STRATIGRAPHY, 
PHYLCGENY, PALAMlENVIRDNMENTS 

0. Pucccnne and J.P. P t g p v u q u ~ t  

UniversitB de Bordeaux I, D6partement de G4olcgie et OcBanographie, Avenue des 
Facult& - 33405 Talence CBdex (France) 

z4BsmxT 

Eccene/Oligccene boundary ostraccds in the Aquitaine Basin m y  serve as 
good regional stratigraphic markers of the margino-littoral environment. At 
this time there occurred renewal of microfauna and structural readjustment 
within the populational settlements. Paleoenvironmental conditions were dif- 
ferent between the upper Eccene and beginning of the lmer Oligccene fran 
the littoral to the bathyal dmins. 

1. llmaxcncN 
The ostraccd fauna at the Ekcene-Oligccene boundary in the Aquitaine 

Basin has been the subject of intricate studies for deep water as well as 

shallm (littoral) water. The principal studies being those of Deltel (1961, 

1962),  lXlcasse (1969, 1974, 1975, 1981, 1983) , Ducasse and Moyes (1971) , 
Ducasse and Peypuquet (1978, 19791, Ducasse and Rousselle (1978, 1979a, b), 

Keij (1955) , Peypouquet (1979) , Peypuquet and al. (1980, 1981).  

2. rn mTI-c RESULTS 

2.1. Margino-littoral environment 

In the middle part of the Medoc (Fig. 1)  , Ducasse, LBtB, RDusselle (in 
press) have carried out an inventory of the ostraccd fauna and a canplanen- 

tary study of populations for sane species. 
The authors have sham that the faunal asscciations follw one another 

through time and p e d t  a separation of 5 biozones characteristic of esta- 
blished stratigraphic horizons belonging to the early, middle and late 
Upper Emene, and early Oligccene. 

study of populations. It is based on their structure, their abundance and 

changes through time in relation to the environment (Fig. 2) . 

An evolutionary scheme has been proposed for each of the species after a 

Those examples of phylogeny danonstrate a rapide evolution of 

"equilibrating" pattern (Ducasse et al., 1983).  They reflect a clear evol- 
ving polarity and the different established adaptive stages represent good 

lccal stratigraphic markers and excellent indicators of palaeohydrological 
evolutions. 

The Eccene-oligocene boundary appears then as an important break easily 
noticeable through the ostracod fauna. It is translated by an important 

qualitative renewal of the ostraccd fauna (Ducasseandal., 1985) and by a 
major structural readjustment within populations (Fig. 2 ) .  
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Fig. 1 - b a t i o n  of the studied zone in  the Northern Aquitaine Basin 

outcrops of the  Medcc 

h e  can see : 

- the decrease or the disappearance of numerous Eocene species, in par t i -  

cu la r  : P a k a h n y e A k  wen-thicona, P. m a y u i ,  C y t h m e t t a  wdgahin,  Legumiw-  

c y t h e h d  d i w  . op. ,  H i a u t o c y t h e h e  h o ~ ~ u c e n n ,  C y u m a c y t h e k d e a  a6 6 .  h e i z e -  

Lei lnh,  S c k i z a c y t h e r i e  a p p e n d i c d c L t a ,  S. tUbe.&'bta, E c h i n a c y t h u d  n e p t e n -  

R h i a n a U ,  M u i l n m h b i L L a  . t , vkbcQi ,  P a m c y t h & d e a  g h i g n o n e n n h ,  CytheheL- 

Loidea d a m e m k c e n n h  ; 

- the developnent of Oligocene species such as : C y t h u e t t a  n a g h i ,  Quadha- 

c y t h u e  machapom,  C y a m a c y t h e k d e a  in&ub., P o k a h n y d L a  c&x and P. 

l i m b &  ; 

- the  weakening of polymorphism within species and the  relay of morphs 
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Fig. 2 - Population structures of scone species at the Eocene-Oligocene 
boundary in the M e d c c .  
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within S c h u L d d Q a  peqjohdta,  Quadtiacythme can idea ,  Hammatocythene 

o e h t e i i .  The new morphs, due t o  selection effect  caused by the environment, 

show a strong demographic inf la t ion ; 

- the trend towards "deqradation" of shel ls  fo r  sane species such as 

Hummatocythue v e M ,  Cq,thehe,tak wdgahin,  Q u u h c y t h m e  cannideu. 

2.2.  Deep environment 

This type of environment has been recognized in the A q u i t a i n e  Palaecgene 

for numerous sites localised in  the central  par t  and the southern portion 

of the Aquitaine Basin a s  well as  in the Gasccqne Gulf. 

The ostraccde fauna there i s  hmogeneOus, dul l  and consisting essentially 

of CythehQRLa connuuta, C .  .thanhWChla, K h i t h e  d i w .  np. ,  Ruhi/tdia cnebtia, P m -  
k O U h c j i & k t C i U  u n g d a t a ,  tfenhyhow&a anpehhima, Pontocyphdla atuhica. Con& 

&~Lcan&ta, Cuhdvbaifidia dukgenb, RcLihdia cymbda ,  Tmchylebehidea p a a t -  
wichiana, Aghenocgthehe ohdina.ta, CyAhefioptehan d i u .  np. can be added t o  

the previously mentioned species. They present strong tethysian a f f in i t i e s .  

Populations studies done on species belonging t o  the genera CythmeRea 

and Phoiutou.hgZLoecia in  the cores taken offshore Antares 101 (Ducasse, 

1981, 1983) have shown tha t  they were mintaining a nearly constant stmc- 

ture  through time. W e  have there an evolutive stage covering a long 

period of time which c m o t  provide adequate stratigraphic markers and, 

even a m j o r  cut ,  such as  the Eocene-Oligocene boundary, is d i f f i c u l t  t o  

determine - 
On the other hand, i n  the deepest environment i n  the Gasccqne Gulf 

(Ducasse and Peypouquet, 1978, 1979), and i n  the b k a l l  Region, a signi- 

f icant change appears i n  the fauna a t  the end of the upper b e n e  

( W k a l l )  or a t  the beginning of the Lmer 9ligocene (Gascogne Gulf) .  
It is  characterized by "psychrospheric" forms (Benson, 1975) with essen- 

t i a l l y  the genera P a o c i d c ~ n a m i c ~ ,  Rtiadee.ya, Agfie.nocy,the.m. 

3. EVOLUTION OF THE HYDR0IM;ICAJ- ENVIFCWEKC AT !FE ECCENE/OLIGEENE 

BOUNDAElY IN NOF?"  AQUI'JNNE AND THE NORTH ATLANTIC. 

The evolution of the hydrological environment a t  the bene/Oligmene 

boundary, based on ostraccds, has been d m m t e d  i n  the publications of 

PeVpousuet (1977, 1979) , Peypuquet and a l .  (1980, 1981, 1982) , Ducasse 

and Peypuquet (1978, 1979). 

Various environmental types have been considered (Peypouquet and a l . ,  

1982) in an attempt t o  dis t inrpish the changes and evolutions of the envi- 

ronment which present a local o r  regional aspect ccmpared to  those which 
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result  frcm a more general phencmen~n. 

W e  s m r i z e  here the main results obtained during the preceding years. 

W e  w i l l  show especially that the behaviour of the ostraccd fauna and the 

structural changes of the ppulations are bound t o  very precise constraints 

of the enviromnt  and that we can now discern with m r e  precision the 

impact of the physiographical, climatical and especially hydrological 

changes on the evolution of the ostraccd microfaunas. 

3.1. In the lagoon-marine bay environment 

The first important point worth mentioning is the appearance in 

Northern Aquitaine of a mre or less  closed marine bay enviromnt  from 

the Upper Eocene. This is caused by a regression a t  the end of the Middle 

Eocene and by the last orogenic mwements of the Fyrenees. 

In the Medoc, the ostraccd microfauna first of a l l  t es t i f ies  of a marine 

environment, typical of a bay which is w e l l  sheltered (biozone 1 ) - 
The continental influences with a fluvial  supply beccmes very signifi- 

cant afterwards. One can see the deve lopa t  of f o m  such as Cqamacqxhehi- 
decl and Hammatacy.th&te forme " c m e "  (biozone 2 ,  Fig. 2 ) .  

The biozone 3 (Fig. 2 )  , shows that the marine environment i s  

intensified during the cccurrence of the last Eocene transgression phase 

and it undergoes the effects of intense evaporation, and of a ceasure of 

continental supply. Frcm this hypersaline conditions result  : S o / o o  > 38 
/ 

t o  40 o/oo and a more important bioprecipitation of calcium carbonate on 

the ostraccd shells ( a l l  Hummatocytherie species are "agraded") . 
With biozone 4 ,  and especially biozone 5, the environments show meso- 

haline aff ini t ies  coupled with a temperature decrease. Those changes cause 

a qualitative renewal of the ostraccd fauna and a "degraded" type on the 

shells of Hamatocy.th&te (Peypucpet e t  a l .  , 1980, 1981) ,  of CythmeLta 

and QuadrracyXherie (Ducasse and a l . ,  1985, in press).  

These phencmena occur with a general decrease of the marine level which 

i s  sham by emersions in the most oriental zones of the bay and in the 

shoals (Gayet, 1980). 

3.2. On the continental platform 

The evolution of environments iscontrolledby the progradation of the 

Aquitaine continental margin. This phenawnon is  du t o  the proximity of 

important deltak environment (Pepucpet ,  1979) t o  the east and which 

supply a considerable mount of de t r i t i c  and organic material. 

In the area such as that of Labouheyre (Peypouquet and a1.t 1982) I 



270 

there is  a progressive change frm a epibathyal environment a t  the end of 

the Middle EOcene, t o  a high energy l i t t o ra l  one a t  the end of the Lower 

Oligccene. When de t r i t i c  supplies are  more important, phencmena associated 

to  a halccline and a pycnocline appear and they require the developnent of 

an obvious zone with oxygen minimum layer 2 < 02 < 3 d/l a t  the edge of 
the continental plateau. This is  precisely the case a t  the mene/Oligccene 

boundary. 

3.3. In the deep environment 

The influence of detr i t ic  supplies on the continental slope is still 

shel f  , especially a t  the Eocene/ very important f a r  away frcm the 

Oligocene boundary. 

Independently frm th i s  phenanenon, the deep water ostracods show, 

without any doubt, that  two oceanic water masses were one on top of the o- 

ther i n  the Gascogne Gulf. A tethysian 

warm and not affected by the Eocene/Oligccene climatic change, lies on top 

of a deep bot tm water mass which is  largely renewed. a t  the bqinning of 

the Lower Oligccene. This is due to  the setting of younger and colder 

waters probably originating fran the Antarctic Realm, which brings a 

series of so-called "psychrospheric" ostracods : see Benson (1975) : 

Bk~dDeyu, Aghenucqthehe, Pu~&iduncunLcicu~. 

in termediate water mass, r e l o t i v e l y  

TO summarize results in  the Aquitaine Basin, the Eocene/Oligccene 

boundary is seen differently depending on the palaeqeography of the 

studied sites. 

- Inthe margino-littoral environment, there i s  a major hydrological change 

(To decrease, Salinity decrease), follming an important climatic change 

(increased rate of humidity and temprature decrease). 

- 
tal margin interferes w i t h  the c l i m t i c  change and we need more data t o  reach 

In the open marine environment the continual shoaling of the continen- 

a final conclusion. 

- In the deep epi-mesobathyal environment, there i s  no noticeable hydro- 

logical change ; the observed faunal perturbations are brought by a conti- 

nental terrigenous supply. 

- In the meso-infrabathyal environment, the arrival of young deep and 

cold water originating from high latitudes considerably mcdifies the micro- 

fauna, either a t  the end of the Upper Eocene or a t  the very beginning of 

the Lower Oligocene. 
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4 .  GETEFAL CONCLUSION 

This study, covering the Eocene/Oligmene boundary, shms that the 

influence of the environment has a very important effect  on the qualita- 

t ive and quantitative behaviour of the ostraccd fauna. 

A t  that t i m e ,  when the environment is unstable (margino-littoral or 

very deep realm), the selective pressure caused by variations of environ- 

mental conditions w i l l  stimulate faunal reactions (apparance - 
disapmrance of species, structural readjustments within Inpulations, 

monanorphism or polymorphism, phencanena of agradation - degradation). 

The mene/Oligccene boundary is  then reflected through an imprtant 

ren-1 of the ostraccd fauna and can be eas i ly  distinqdshed. 

On the other hand, when the physico-chemical p a r m t e r s  of the envi- 

ronment are mre stable (epi-mesobathyal realm), the same faunal type 

persists through time and the bene/Oligccene boundary can hardly be 
placed. 

In consequence, and th i s  i s  true for a l l  the benthos, the studies 

limited t o  s t r a to typs  appear insufficient for an interpretation of the 

stratigraphicboundary, because they only give a punctual, and often lcca- 
l ised version of the phenanenon. In order t o  knm the different ways 
through which the boundary can be represented, it i s  necessary t o  

enlarge the f ie ld  of investigations and follow the modifications of the 

environments and the fauna over an area as large as  possible. 

Benson, R.H., 1975. The origin of the Psychrosphere as recorded in  
changes of deep sea os t racde  assemblage. Lethaia, 8, 69-83. 

Benson, R.H. et  Pepuquet ,  J.P., 1983. The upper and mid-bathyal Cenozoic 
ostracde faunas of the Rio Grande Rise found on leg 72, Deep Sea D r i l -  
ling Project. Barker, P.F., Carlson, R.L., Johnson, D.A. e t  a l . ,  
In i t ia l  Report of the DSDP, vol. LXXII, Washington, p. 805-818, 5 pl .  

Deltel, B., 1961. Les ostracdes du Pal6oghe myen e t  superieur d'Aqui- 
taine &ridionale. Thbse 3e cycle, Bordeaux, no 95 (ronkot&e), 215 p., 
19 pl . ,  24 tabl . ,  2 cartes. 

M6mires BRGM (1964) ,  Collque sur le  Paleoghe, Bordeaux, 1962, no 28, 
t. 2, p. 1041-1048. 

Deltel, B., 1962. Les ostxacdes du Palkogbne d'Aquitaine &ridionale. 

Ducasse,O., 1969. Etude micropleontologique (ostracdes) de 1'Eoche nord- 
aquitain. Interpretation biostratigraphique et  paleqecgraphique. Thbse 
de Doctorat Sciences Naturelles,Bordeaux, no 240 ( ron6otde)  , 381 p. ,  

Ducasse,O., 1974. Quelques remarques sur l a  faune d 'ostracdes des facibs 

57 tabl., 20 pl .  

profmds du Tertiaire aquitain. Bull. Inst. Gal. Bassin d'Aquitaine, 
Bordeaux 16, p. 127-135, 2 tabl., 3 cartes. 



272 

DucaSSe,O., 1975. Les associations fauniques d’ostraccdes de 1’Eockne 
moyen et sugrieur dans le Sud du Bassin d’Aquitaine. Distribution 
schhtique et valeur pal6dcolcgique. Bull. Inst. Gol.  Bassin 
d’Aquitaine, Bordeaux 17, p. 17-26, 4 fig. 

Ducasse,O., 1981. Etude populationniste du genre CythemLtu (ostraccdes) 
dans les faciks bathyaux du Pal6oghe aquitain. Inter& dans la re- 
constitution des pal6cenvironnements. Bull. Inst. Gal. Bassin d’Aqui- 
taine, Bordeaux, no 30, p. 161-185. 

Ducasse,O., 1983. Etude de populations du genrePkotoc~kg.LUoech (ostra- 
ccdes) dans les facies bathyaux du Paleoghne aquitain : deuxihe test 
effectu6 en dmine profond. Canparaison avec le genre Cgthe,u&k. 
GbbiOS, no 16, fasc. 3, p. 273-283, Lyon, Juin 1983. 

paleontologique d’une crise pal6cghne : paulations d’ostraccdes 2 
la limite Eockne/Oligockne dans le M6dcc (Gironde). A paraitre. 

pal6og4a~raphique du Tertiaire nord-aquitain. Symp. "Pal6dcologie 
Ostraccdes", Pau, 1970. Bull. Centre Rech. Paul SNPA 1971, 5 suppl., 
p. 489-514, 11 fig., 6 tabl. 

palkog6ographique et paleohydrologique des mrges continentales de 
1’Atlantique nord-oriental pendant le C6nozoique. Bull. Soc .  Gal. 
France, 1978, (71, t. XX, no 4, p. 441-452. 

Ducasse, 0. et Peypouquet, J.P., 1979. Cenozoic ostraccda, their hqX)r- 
tance for bathymetry, hydrology and biogeography. IPOD Leg 48. In 
Montadert, L. et Roberts, K.J. eds. Initial Reports of Deep Sea Dril- 
ling Project, 48, p. 343-363 (U.S.Gavement Printing Office). 

Ducasse, 0. et Rousselle, L., 1978. HurnrncLtocy.thetie o e W  (Ducasse) 
(ostraccdes) : esgce polymorphe de l’Eoc&ne du Blayais. Bull. Inst. 
G o l .  Bassin d’Aquitaine, Bordeaux, 24, p. 3-35. 

Ducasse, 0. et musselle, L., 1979a. Les Hctniniu-tacythete (ostraccdes) de 
1’Oligcchne aquitain. Bull. Inst. G o l .  Bassin d’Aquitaine, Bordeaux, 
25, p. 221-255. 

Ducasse, 0. et Rousselle, L., 1979b. L’apprcche populationniste chez les 
HumtncLtacythae du Pal6ogene aquitain. Une miere de suivre leurs 
"r6pnses" a m  fluctuations du milieu. Incidences taxinaniques et bio- 
stratigraphiques. VIIe International Symposium on ostraccdes, Belgrade, 

Ducasse, O., Rousselle, L. et Peypuquet, J.P., 1983. Prccesses of evolu- 
tion in mrginal-cmstal and bathyal ostraccds, Paleogene of Aquitaine r 

France. Applications of ostraccde (R.F. Mddccks, ed.) , Proceedings of 
the Eight International Symposium on ostraccde, July 1982, miv. 
Houston, Geosc. 1983, p. 605-611. 

un rnodgle de platefome mrine stable B s6dimentation carbonatke. 
Thgse Doctorat d’Etat, Universite de Bordeaux I, no 676, 2 tanes. 

Peypuquet, J.P., 1977. Les ostraccdes et la connaissance des paledlieu 
profonds. Application au CenozoIque de 1’Atlantique nord-oriental. 
lhhse Doctorat d’Etat, 1977, no 552, Universite de Bordeaux I, 443 p. 

application aux dmines profonds du C6nozoYque. Bull. B m r  1979 
(2e &riel, section Iv , p. 3-79, 34 fig. 

Pepquet, J.P., Ducasse O., Gayet, J. et Pratviel, L., 1980. "Agradation 

Ducasse, 0 . r  L6t6, C. et Rousselle, L., 1985. Contribution 2 l’etude 

Ducasse, 0. et byes, J., 1971. Int6rGt des ostraccdes dans une esquisse 

Ducasse, 0. et Peypousuet, J.P., 1978. Les ostraccdes et 1’6volution 

1979, p. 185-190. 

Gayet, J., 1980. L’ensemble des environnmts oligccgnes nord-aquitains : 

Peypuquet, J.P., 1979. Ostraccdes et pal6cenvironnments. M6thcdologie et 



213 

et d6qradation" des tests d'ostraccdes. Intkrdt pour l a  connaissance de 
l'kvolution palkohydrolcgique des d m i n e s  mrqino-littoraux carbnatks. 
Actes &union "Cristallisation - S f o m t i o n  - Dissolution des 
carbonates", Bordeaux, 17-18 N o v .  1980, 13 p. 

P e p q u e t ,  J .P. ,  IXlcasse, 0. et  Rousselle, L.,  1981. Wrphogenesis and 
environment. Theoretical and practical aspect fran Hammatacgthottre : 
Paleogene ostraccda of the Aquitaine basin. Inter. Symp. Concept 
Meth. Paleo., Barcelone, p. 173-187. 

Peypuqet ,  J.P., IXlcasse, 0. et  Gayet, J., 1982. Les ostracodes e t  l a  
pal6cgkographier la palkohydrologie et  l a  pal6cclimatologie lors de 
la cr ise  "Eoc5ne/Oliqcc&ne" dans 1 ' A t l a n t i q e  nord-oriental. Paleon- 
tology, essential of historical  geology/paleontologia cane Scienza 
geostorica. I Internat. Meeting on "Paleontology, Essential of 
Historical Geology", Venise, Juin 1981 , p. 97-1 21 . 



This Page Intentionally Left Blank



275 

CP Okada & Bukry (1980) M a r t i n i  (1971) NP 

23 
18 Sphenolithus distentus 
17 Sphenolithus predistentus 

16 b Ericsonia formosa 

15 b Isthmolithus recurvus Discoas ter 

C Reticulofenestra hillae Relicosphaera 2 2 '  
reticulata 21 

20 
19 
18 

a Ericsonia subdisticha 

barbadiensis --I a Chiasmolithus oamaruensis 

CALCAREOUS NANNOFOSSIL EVENTS AT THE EOCENE/OLIGOCENE BOUNDARY 

K. PERCH-NIELSEN, Geol. I n s t .  ETH-Z, CH-8092 Zur ich ;  w i t h  c o n t r i b u t i o n s  from 

L.M. BYBELL, J .  BACKMAN, M. MADILE, S. MONECHI, C. MUELLER, A. NAGYMAROSY, 

E. STEURBAUT 
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ABSTRACT 

The f o l l o w i n g  sequence o f  LO ( l a s t  occur rences)  i s  u s u a l l y  observed around 

t h e  Eocene/Oligocene boundary: Cribrocentrum reticulatum, Discoaster barbadien- 

sis, D. saipanensis and Ericsonia formosa. Other u s e f u l  events  which need 

f u r t h e r  i n v e s t i g a t i o n  a r e  t h e  LO o f  Calcidiscus protoannula (near  t h e  LO O f  C. 

reticulatum ? ) ,  t h e  LO of Bramletteius serraculoides, and t h e  abundance peaks Of  

Isthmolithus recurvus and t h e  Ericsonia subdisticha-group. The Lo o f  I. returns 

has been r e p o r t e d  f rom b e f o r e  t h e  LO o f  E. formosa t o  a f t e r  t h e  LO o f  Reticulo- 

fenestra umbilica which has been found t o  o v e r l a p  w i t h  Sphenolithus distentus 

making t h e  s u b d i v i s i o n  o f  t h e  Lower/Middle O l igocene d i f f i c u l t .  

i s  no i n d i c a t i o n  o f  a mass m o r t a l i t y  o r  mass e x t i n c t i o n .  

INTRODUCTION 

Calcareous nanno foss i l s  d isappear  one by  one around t h e  E / O  boundary. There 

I t was c l e a r  f r o m  t h e  i n v e s t i g a t i o n s  pub l i shed  b e f o r e  t h e  es tab l i shment  o f  

I G C P  174 t h a t  t h e  Eocene/Oligocene boundary i s  n o t  marked by a d r a s t i c  change 

i n  t h e  ca lcareous  n a n n o f o s s i l  assemblage (Beckmann &.a1 J981) .  The sequence o f  

FO ( f i r s t  occur rences)  and LO o f  t h e  few marker spec ies  a few m i l l i o n  years  

be fore  and a f t e r  t h a t  boundary were q u i t e  w e l l  known ( F i g .  1 ) .  

1 FO EVENTS: ~ 

5. distentus 
R. umbilica, R. hillae 
E. formosa 
Acme E. subdisticha 
D. barbadiensis D* saiPanens 
C. reticulatum’ 

I. recurvus 
C. qrandis 2 C .  oamaruensi 

i i y .  1. Calcareous n a n n o f o s s i l  zona t ions  and events  around t h e  E / O  boundary 

wh ich  i s  u s u a l l y  drawn between PP 20 and NP 21 (CP 15/16) o r  w i t h i n  NP 21. 

Our tasks  then were 

1) a s s i s t  t h e  s tudy  o f  s e l e c t e d  sec t i ons  which may be chosen as boundary 

2) e s t a b l i s h  f i r s t  hand c o r r e l a t i o n s  between ca lcareous  nanno foss i l  events 

s t r a t o t y p e  s e c t i o n  (Barbados, Hungary, I t a l y ,  Spain, USA G u l f  Coast)  
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and paleomagnetic records 

around the E/O boundary as possible substitute markers in sections where the 
classic markers are very rare or absent 

4 )  gather quantitative or semiquantitative data about the abundance of 
marker species around the E/O boundary 

*Sections were sampled by I G C P  excursions and studied by one or several 
participants. Their results have been or will be published in detail. In this 
contribution we give an overview of our observations in the various regions 
and a not complete summary over published DSDP and other reports. 

USA GULF COAST* 

3) keep looking for FO and LO of other species than the classic markers 

Bybell & Poore (1983) published a composite range chart for 6 localities in 
--__ Alabama and ---- Mississijpl showing the consecutive LO of Chiasmolithus titus, Pernma 
papillatum, Pedinocyclus larvalis, Calcidiscus protoannula, Sphenolithus pseudo- 

radians, S. tribulosus, Isthmolithus recurvus, Bramletteius serraculoides and 
Coronocyclus serratus before the Lo Of Reticulofenestra umbilica and Ericsonia 
formosa and the FO of Sphenolithus distentus but after the here contemperaneous 
Lo Of Discoaster barbadiensis, D. saipanensis and Cribrocentrum reticula tun^. The 
assemblages of these shelf environment sections are richer than those of the 
open sea environment both in the Upper Eocene and in the Lower Oligocene. A s  in 
Barbados, the range of E.  formosa was found to overlap with that of s. distentus, 
a constellation which causes problems with the zonal assignment of the higher 
parts o f  the Oligocene. See also Bybell (1982) and Siesser (1983). 

BARBADOS* 
The sequence of events in the Oceanic Formation of the Bath-Cliff-Section is 

presented in Saunders et al. (1984). Very detailed sampling around the Ni.' 20/21 

boundary revealed the LO of c. reticulatum below the LO of D. barbadiensis and 
D. saipanensis. The latter two species are still few to common just above the 
LO of c. reticulatum but become very rare towards their here contemperaneous LO. 

S. distentus overlaps with E. formosa and R. umbilica. Most assemblages of this 
section are heavily affected by dissolution, the sediments having been deposited 
close to the CCD. I. recurws and s. pseudoradians occur too sporadically to be 
used for the subdivision of the Upper Eocene, whereas the LO of Chiasmoliths 
grandis is a useful datum level. The NP 20/21 boundary occurs several 100 000 

years after the deposition of a tektite horizon but slightly before the LO of 
18 

Turborotalia cerroazulensis cunialensis, the LO of Hantkenina sp. and the 5 0 

shift to more positive values. 
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ATLANTIC OCEAN 

The E/O boundary was missed a t  many OSDP S i t e s  and cored  i n  a few. The bes t  
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i n v e s t i g a t e d  S i t e s  a re  522/523 on Walv is  

-- RidgE i n  t h e  South A t l a n t i c  ( P e r c i v a l ,  

1984; Backman, i n  p r e s s ) .  The c o r r e l a -  

t i o n  o f  t h e  LO w i t h  t h e  paleomagnet ic 

r e c o r d  i s  shown i n  F i g .  2 t oge the r  w i t h  

t h e  s e m i q u a n t i t a t i v e  d a t a  on t h e  disapea- 

rance o f  t h e  discshaped d i s c o a s t e r s  and 

t h e  s t a b l e  i so tope  da ta .  A s  i n  Barbados 

(Saunders e t  a l . ,  1984), t h e  6 l 8 0  s h i f t  

occured i n  NP 21, s h o r t l y  a f t e r  t h e  be- 

g i n n i n g  o f  t h e  normal p o l a r i t y  i n t e r v a l  

o f  Chron 13. 

(DSDP S i t e s  On t h e  F a l k l a n d  P la teau  - - _ _ _ _ - - -  
511, 513, 330) , c. r e t i c u l a t u m  d isappears  

about 3 m below t h e  LO of D. saipanensis. 

A ba r ren  i n t e r v a l  separa tes  t h i s  p a r t  of 

t h e  s e c t i o n  f rom NP 21 w i t h  common I. r e -  

curvus and few E .  formosa. W i t h i n  NP 22 

Wise (1983) no ted  t h e  LO o f  Chiasmol i thus 

oamaruensis f o l l o w e d  by t h e  LO o f  I. re -  
l 

F i g .  2. Summary o f  events,  paleomagne- 
tic record, s tab le  isotopes (A=stilo- curvus and Ericsonia suhdisticha s.ampl. 

s tomel la  Spp. , E’Catapsydrax d i s s i m i -  ( h i s  Clausicoccus fenes t ra tus )  a t  S i t e  
l i s ,  C’Globigerina venezuelana and C U -  

mulative % of discoasters. Comoiled 511. A t  S i t e  513A t h e  LO of E .  formosa 

from Eackman, i n  p ress  and Oberhans l i  
& Toumarkine, i n  p ress ,  f o r  DSDP 
Sites 522 and 523 on Walvis Ridge, 
---- South A t i a L t i c  

i s  f o l l owed  by t h e  LO o f  I. recurvus, E. 

subd is t i chaand  R. umb i l i ca ,  w h i l e  C. oa- 

maruensis i s  i n t e r m i t t e n t l y  p resen t  a l s o  

h i g h e r  up. 

_ - _ _ _ -  

No d e t a i l s  a re  e x t r a c t a b l e  about t h e  d i s t r i b u t i o n  and abundance o f  marker 

spec ies  a t  DSDP S i t e s  366 and 369A i n  t h e  --- Wester! ------- Cent ra l  A t l a n t L c  where t h e  

NP 20/21 boundary i s  rep resen ted  i n  Cores 10 and 32 r e s p e c t i v e l y .  

A t  DSDP S i t e  549 i n  t h e  Layo-f-ELsLay t h e  LO o f  c. re t i cu la tu rn  was found 

s l i g h t l y  below t h e  here  contemporaneous LO o f  D. saipanensis and D. barbadiensis 

which occur red  about 9 m below t h e  LO o f  G.C. cunialensis, G.C. cocoaensis and 

h’antkenina sp. (Snyder, M u l l e r  & M i l l e r ,  1984).  The 6 0 s h i f t  was found 

another  2 m h i g h e r  up by  these au thors .  A t  S i t e  401, t h e  NP 20/21 boundary 

l i e s  between Cores 2 and 3. A t  o t h e r  S i t e s  p a r t  o f  t h e  Upper Eocene i s  miss ing .  

18 
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At high northern latitudes, discshaped discoasters are absent. At DSDP Site 
is used to define the 336 on the Iceland-FaLoe?Riclgg the LO of c. r e t i c u l a t u r n  

NP 20/21 boundary. Here and at Site 349 on the AaE-iaXen Ridge, r. r e c u r v u s ,  as 
a species typical of the Late Eocene and Early Oligocene, is present over about 
150m of sediments which are characterised by low diversity of calcareous nanno- 
fossils and barren intervals. E .  forrnosa is very rare or absent in Eocene 
samples at these Sites and at Site 112 in the Labrador Sea- and Sites 116 and 
406 at &oLkill. In the latter two areas discshaped discoasters and c. r e t i c u -  

l a t u m  are present (Muller, 1979; Perch-Nielsen, 1972). 

NORTHERN EUROPE 
In SeLminL, assemblages assignable to F.IP 19/20 with D. s a i p a n e n s i s ,  D. barba- 

d i e n s i s ,  I. r e c u r v u s  and c. r e t i c u l a t u r n  are present in the Gehlberg Formation 

at Helmstedt and NP 21 and 22 were reported from the Latdorf Formation at Do- 
berg/Piepenhagen and in the Silberberg Formation a t  Helmstedt (type Latdorfian; 
Martini & Ritzkowski, 1968; Roth, 1970; Haq, 1971; Martini, 1971). 

------ In Denmark, the E/O boundary has been studied in the cores of the Viborg 
boring. Rich assemblages with D. s a i p a n e n s i s ,  I. recurvus and C. r e t i c u l a t u r n  

(NP 19/20) in the Sovind Marls are overlain by the poorer assemblages of the 
Viborg Clay which contain no discshaped discoasters but reworked Eocene and 
Cretaceous coccoliths. The E/O bd was usually set at the bd between the two 
formations (Dinesen, 1972; Thiede et al., 1980). The NP 20/21 bd could, however, 
be set within the Sovind Marls above the LO of D. s a i p a n e n s i s  and c. r e t i c u l a -  

turn in sample 137 of Thiede et al. (1980). The higher occurrences of c. r e t i c u -  

l a t w n  in samples 109 and 110, which both include considerable reworking from 
Middle and Upper Eocene, could be considered reworked. This interpretation is 
supported by the results of Dinesen (1972) who reported the LO of G l o b i g e r a p s i s  

cf. G. i n d e x  from sample 139. G. i n d e x  is known to disappear near the LO of the 
discshaped discoasters and c. r e t i c u l a t u r n  in many E/O boundary sections. 

In BelgiuE, NP 20 with C. r e t i c u l a t u r n ,  D. s a i p a n e n s i s  and S .  p s e u d o r a d i a n s  

but without I. r e c u r v u s  was found in the type area of the Bassevelde Sand Mem- 

ber. ?he stratotype section of the overlying Grimmertingen Sand Member can be 
assigned to NP 21 and includes I. r e c u r w s  and E .  forrnosa but no C. r e t i c u l a t u r n  

or D. s a i p a n e n s i s .  The LO of I. recurvus was found above the LO of R. urnb i l i ca  

(Steurbaut, in press). 
Aubry (1983) found NP 19/20 with I. recurvus, D. s a i p a n e n s i s  and C. r e t i c u l a -  

tun in the Brockenhurst Beds at Ehitecliff-Ba-yLiK,No assemblages of NP 21 age 
were reported by Aubry (1983) from southern Lnqland or ErinLe, Also Lezaud 
(1967) described no assemblages with r. r e c u r w s  but without D. s a i p a n e n s i s .  
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ALPS AND CARPATHIANS 
Charollais et al. (1980) have shown that the G l o b i g e r i n a  Flarls in the Ergnsh- 

- Ales-are of Early Oligocene age. Discshaped discoasters are absent and I. recur- 

vus ,  8. f o r m o s a  and R.  u m b i l i c a  occur only sporadically. Herb (personal comm. 
1985) knows of no good section from the Eocene G l o b i g e r i n a  Marls to the Oligo- 
cene shales in LwLtz-eIl?ni. 

Aubry (in Van Couvering et al., 1981) reported NP 19/20 and (questioned) NP 
21 i n  the G l o b i g e r i n a  Marls of southern Poland, from where also Radomski (1968) 
described rich assemblages including discshaped discoasters, I. recuryus, c. re- 

t i c u l a t u m  and  ora annulus g e r m a n i c u s .  The overlying Flenilitic Clay is barren or 
includes only a very impoverished assemblage without discshaped discoasters. 

HUNGARY* 
The E/O boundary lies within the Buda Marl Fcrmation which was deposited at 

depths of 100-200 m and contains only few calcareous nannofossils. Reworking 
of Eocene forms poses problems for the zonation. Fig. 3 showing results from 
the Kiscell 1 borehole stands for other boreholes across the boundary. For de- 
tails see B’aldi et al. (1984) and Nagymarosy (1983). Note the increase in abun- 

dance of L. m i n u t u s  and Z .  

b i j u g a t u s  (and I .  r e c u r v u s  

in other holes) at the NP 
20/21 bd. The distribution 
of C .  o a m a r u e n s i s ,  C. gran-  

d i s ,  C. r e t i c u l a t u m  and 5. 
pseudoradians is too spora- 
dic to furnish any base for 
a zonal subdivision of the 
Upper Eocene. The LO of the 
Acme of E. s t i b d i s t i c h a  is 
used in some sections as a 
substitute for the LO of E. 
formosa for the NP 21/22 
boundary. 

The presence of Pteropods 
(P) and c a r d i u m  l i p o l d i ( C 1 )  

is indicated in Fig. 3, too. 
Fig. 3. Summary of ranges, paleomagnetic record and 
zonations in Kiscell (KL)-1 borehole in Budapest 
after Nagymarosy (personal comm., 1985). For a 
different interpretation see DISCUSSION 
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Chr. NP P 
.I. recurvus 23 

19 
18 

12 h : , R .  unbilica 

E l3a; Acme E. obruta 
0 

..D. sai anensis 
,- *I1 Z 7 ' . D .  bargadiensis 

E. fornosa 

21 17 ~ 

19/20 16 
I. recurvus __ .. ~ - -- 

I I;; 
assemblages are very similar. A 

slight increase in I. recurvus was 
noted just above the LO o f  o. bar- 

badiensis and D .  saipanensis. E. 

fornosa decreases around the LO o f  
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ITALY * 
At LriakoIaL the type section of the Late Eocene Priabonian has been studied 

recently by Jossen (1982) and Verhallen & Romein (1983). The latter suggested a 

combined NP 20/21 Zone from the FO of S p h e n o l i t h u s  p r e d i s t e n t u s  to the Lo of E .  

f o r m o s a .  The calcareous nannofossils are poorly preserved. 

Several sections were visited by the IGCP group and studied from the g m ~ r ~ a ~  

Bgnnines (Lowrie et al., 1982; Monechi & Thierstein, in press; Madile g, Monechi, 

in press). The first authors presented first hand correlations of planktic fos- 

sils with the paleomagnetic record. Improved data are presented in Fig. 4. 

Late Eocene and Early Oligocene 

assemblages are very similar. A 

slight increase in I. r e c u r v u s  was 

noted just above the LO o f  o. bar-  

b a d i e n s i s  and D. s a i p a n e n s i s .  E. 

formosa decreases around the LO o f  

the discshaped discoasters. E .  o- 

b r u t a  ( E .  s u b d i s t i c h a  Or E .  f enes t -  

r a t a  of other authors) is rare in 

the Upper Eocene and becomes common 

in the upper part o f  NP 21. c. rc- 

Fig. 4. Summary o f  events, paleomagnetic 
record and zonations in the c_On_tte_ssya 
Highway section after kladile ((i Monechi 
(in press i r i  Nochi et al., this volume) 

t i c u l a t u m  is rare and only discontinuously present in NP 19/20. 
SPAIN* 

---- 

Two sections in S Spain, NE of Granada, were investigated (Molina, this vol.). 

At !oli_?p_de LokoL reworking poses 
serious problems to the recogni- 

tion of any boundaries based on LO. 

At fugnie Caldera_(Fig. 5), the 

NP 20/21 boundary is suggested 

after the drastic decrease o f  the 

discshaped discoasters , where a1 so 

an increase in I . r e c u r v u s  could be 

observed, and where G. i n d e x  has 

its LO. As in Italy, E .  o b r u t a  is 

common in the upper part of NP 21. 

C. p r o t o a n n u l a  and C .  r e t i c d a t u m  
10 30 5 1  
~pecjmens/25 fields 09 view decrease before the discshaped 

discoasters. See also Madile & 

Molina, this volume. 

samples 

Fig. 5. Semiquantitative data o f  the distribu- 
tion o f  7 Species at Fuente-Ca-lieLaL After 
Monechi (personal comm. ,1985) & P-N, unpub. 
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CRIMEA AND CAUCASUS 

Zones NP 20 and NP 21 were found i n  t h e  Almian Stage on t h e  Crimea ( l o c a l i t y  

F 3 of t h e  F i e l d  Guide o f  t h e  X I1  Europ. M ic ropa l .  Co l l . ,  1971).  D .  s a i p a n e n s i s  

and D. b a r b a d i e n s i s  a r e  p resen t  i n  t h e  lowermost 2 samples taken f r o m  t h e  " G .  

i n d e x  and l a r g e  G l o b i g e r i n a  Zone", which c o n t a i n  no t y p i c a l  C. r e t i c u l a t u m .  The 

o v e r l y i n g  samples f r o m  t h e  B o l i v i n a  Zone i n c l u d e  o n l y  v e r y  r a r e  E .  formosa, few 

t o  common E .  o b r u t a  and few I .  r e c u r v u s  among o t h e r  species,  ass ign ing  them t o  

NP 21. 

R i c h  assemblages ass ignab le  t o  NP 19/20 were desc r ibed  f r o m  t h e  NW Caucasus 

by Hay e t  a l .  (1966) and i n c l u d e  r .  r e c u v u s ,  D .  s a i p a n e n s i s  and c. g e r m a n i c u s ,  

a spec ies  a l s o  found j u s t  below and above t h e  NP 20/21 boundary i n  t h e  Crimea 

and o t h e r  sec t i ons .  

I N D I A N  O C E A N  

The NP 20/21 boundary was cored  a t  seve ra l  DSDP S i t e s ,  b u t  o n l y  l i t t l e  de- 

t a i l e d  i n f o r m a t i o n  i s  a v a i l a b l e  p r e s e n t l y .  A t  S i t e  253 on Ninetyeast-RidieA t h e  

NP 20/21 boundary l i e s  i n  t h e  uppermost p a r t  o f  Core 253-13 o r  between t h i s  core  

and 253-12CC, i n  an i n t e r v a l  o f  about 2 m f r o m  where no samples were s tud ied .  

Rare D. s a i p a n e n s i s  a r e  accompanied by  common I .  r e c u r v u s  a t  t h e  t o p  o f  NP 20. 
A t  S i t e  267 a t  59' southern  l a t i t u d e  S o f  SE Lniicn-RiciieL seve ra l  samples w i t h  

common I .  r c c u r v u s ,  v e r y  r a r e  E .  formosa and common C h i a s m o l t i h s u  s p .  could,  a t  

t h i s  h i g h  l a t i t u d e ,  be assigned NP 19/20 o r  NP 21. They were recovered j u s t  

above basement. The NP 20/21 boundary was recovered a t  S i t e s  214, 216 and 217 

i n  t h e  Las-tgr-2 LngiAn-OLea-nA D .  s a i p a n e n s i s  d isappears  w i t h  o r  j u s t  above D. 

b a r b a d i e n s i s  and c. r e t i c u l a t u m .  R .  u n i b i l i c a  i s  v e r y  r a r e  o r  absent i n  m s t  

samples around t h e  E / O  boundary. The LO o f  E .  fo rmosaco inc ides  w i t h  t h e  LO of 

B .  s e r r a c u l o i d e s  a t  S i t e  214, i s  about 1 m above i t  a t  S i t e  216 and about 9 m 

above i t  a t  S i t e  217, where t h e  LO o f  E. formosa occurs  about 1.5 m below t h e  

Lo o f  D. s a i p a n e n s i s  (Gar tner ,  1974).  N e i t h e r  I .  r e c u r v u s  n o r  C h i a s m o l i t h u s  

were found.  A t  S i t e s  219, Z O ? ,  223 and 224 i n  t h e  ~ r ~ b ~ a ~ ~ e ~ ,  Boudreaux (1974)  

observed t h e  LO o f  D. s a i p a n e n s i s ,  P. barbadiensis t oge the r  w i t h  t h e  LO o f  E .  

f o r m o s a  and/or C y c l v c o c c o l i t h u s  l u s i t a n i c u s .  Since t h e  two spec ies  a re  U s u a l l y  

cons idered synonymous, one o f  them may be C. r e t i c u . l a t u m .  I. r e c u r v u s  was o n l y  

found a t  S i t e  219 ( 2 . s p . c f . 1 .  r e c u r v u s ) .  A t  S i t e  282 EeLt-of.LaLmcnLaL t h e  LO o f  

C. r e t i c u l a t u n i  i s  f o l l o w e d  by a sharp i nc rease  i n  I .  z c c u r v u s  and E .  o b r u t a .  

Only s i n g l e  specimens o f  u.  s a i p a n e n s i s  were recovered above t h e  LO o f  C. ret i -  

c u l a t u m .  

PACIFIC OCEAN 

A t  S i t e  445 i n  t h e  Philipei;e-SgaA common c. r e t i c u l a t m  d isappear  about 1.5 
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rn below common D. s a i p a n e n s i s  and rare D. b a r b a d i e n s i s  also disappear. S. d i s -  

t e n t u s  overlaps with E. formosa and R .  umbilica which are both considered re- 
worked by Okada (1980). The LO of B .  s e r r a c u l o i d e s  occurs 3 m above the LO of 
E .  formosa (considered reworked), if one considers the occasional higher occur- 
rences as reworked. R. umbi l ica  disappears before 6. formosa and I. r e c u r v u s  i s  

rare throughout its range. No Chiasmol i thus  were found. Renewed study of Site 
277 on ~ a ~ p ~ e ~ l - P ~ a ~ e ~ i r - r e v e a l e d  very rare c. re t icula turn in Core 277-21CC. The 
LO of D. s a i p a n e n s i s  in Sample 277-21-3,110cm is followed at the base of Core 
277-20 by an increase in abundance of I. r e c u v u s ,  which is rare to very rare in 
NP 19/20 below. E .  obruta becomes more common in Core 277-19, where the s 0 
shift was found by Shackleton & Kennett (1975). c. oamaruensis is common in most 
samples of this interval while E .  formosa has no t  been found. 

18 

DISCUSSION 
Preparing this overview has again revealed that the sequence o f  events around 

the E/O boundary is usually, but not always, the same. It has also shown that 
none of the events is associated with volcanic activities, extraterrestrial 
impact(s) or & 0 shift. Reworking and environmental limits to the distribution 
of the marker species still pose problems to the zoning of this interval. Com- 
paring correlations o f  calcareous nannofossil events with paleomagnetic records 
in "complete sections" (Figs 2,4,5) should help us to better understand the 
distribution of FO and LO in time and space while still leaving room for indi- 
vidual interpretations: 

Site 522 Chron 12R Chron 12R 
Italy 13N upper part 12R 
Hungary 13N basal part (according t o  Nagymarosy’s 12N or above 

18 

Lo Of E .  formosa LO of I. r e c u r v u s  

interpretation, that higher 
occurrences are due to reworking) 

12R (if high occurrences are considered in place) 
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INFORMATION FROM DIATOM ANALYSIS CONCERNING THE EOCENE - OLIGOCENE BOUNDARY 

J. FENNER 

Diatom analysis of Eocene and Oligocene DSDP Sites in the Atlantic and Paci- 
fic Oceans showed basic differences in the response of planktic diatom assembla- 
ges in the high southern and in the low latitudes to the tectonic, oceanographic 
and climatic changes near the Eocene - Oligocene boundary. These differences can 
be demonstrated using the results from DSDP Site 366, on the Sierra Leone Rise 
in the eastern low latitude Atlantic, and DSDP Site 511, on the Falkland Plateau 
in the southwestern Atlantic Ocean. 

At DSDP Site 366 (Fig.1) a ca. 90 m long, continuously cored sediment 
sequence through the Late Eocene and Early Oligocene was recovered, in which 
both siliceous and calcareous microfossil groups could be used throughout to 
provide stratigraphic framework (Cepek et a1.,1978),- and in which no hiatus was 
detected. 

Starting in the - G.centralis Zone the abundance of diatoms per g sediment de- 
creases in the Early Oligocene about one order of magnitude. This decrease does 
not seem to be due to dissolution, but rather due to a decrease in productivity 
as the preservation of diatoms remains good and the relative abundance of the 
more dissolution resistant radiolaria and sponge spicules does not increase. The 
decrease in abundance of diatoms is even more severe if one considers that the 
sediment accumulation rates decrease while the calcium carbonate content 
increases. 

The interval in the latest Eocene and earliest Oligocene, for which strongly 
fluctuating b 0 values are measured (Vergnaud-Grazzini and Rabussier-Lointier, 
1980), is characterized by a maximum in diatom diversity ( H  calculated using the 
Shannon-Wiener equation), and an increase in the occurrence and abundance of 
freshwater diatoms and phytol iths. (All samples analyzed for diatom abundance 
were also analyzed for freshwater diatoms and phytoliths.) Both of these compo- 
nent groups are of terrestrial origin and must have been transported by wind to 
the Sierra Leone Rise, which is topographically isolated from the continental 
margin by a trough. Thus the increase in these terrestrial biosiliceous compo- 
nents represents an increase in wind intensity and probably in aridity in low 
southern latitude Africa during this interval. 

neritic species (e.g. Chaetoceros resting spores) and high southern latitude 
species (e.g. Pyxilla reticulata), as well as due to a greater abundance of 
species characteristic for oceanic fronts (e.g. Rhizosolenia hebeta?? group). 

18 

The increase in diatom diversity is due to a stronger lateral input of 
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These compositional changes in the diatom assemblage indicate stronger surface 
currents during this interval. 

of Cestodiscus spp., a group which becomes dominant in the Early Oligocene 
together with species of the genus Coscinodiscus (e.g. 5. excavatus). On the 
other hand a large number of species characteristic for the Late Eocene decrease 
strongly in abundance near or at the Eocene - Oligocene boundary, but become 
extinct only much later: during the Oligocene. This turnover in the composition 
o f  the diatom assemblages is very distinct and was found in all low latitude 
sites in the Atlantic and Pacific Oceans (Corliss et al., 1984). 

The oxygen isotope curve seems to be inversely correlated with the abundance 

In the ca. 180 m long Late Eocene - Early Oligocene sediment sequence of the 
high southern latitude DSDP Site 511 (Figs. 2,4)  such a turnover in the diatom 
assemblage composition is not present. Only few "Eocene" species disappear near 
the Eocene - Oligocene boundary. And these species were warm water loving and of 
subordinate prevalence already in the Late Eocene (e.9. Skeletonema barbadense). 
Few species have their evolutionary first occurrence i n  the Early Oligocene. 
Neither these nor those existing already in the Late Eocene became dominant in 
the Early Oligocene. The abundance and diversity of planktic diatoms at this 
site, which is characterized by high accumulation rates, do not show a special 
trend, but fluctuate. The three maxima of abundance and diversity of diatoms: 
one in the latest Eocene, two in the Early Oligocene, are correlated with an 
increased abundance of neritic species. 

It seems that the changes in abundance, diversity, and assemblage composition 
of the planktic diatoms in the Late Eocene to Early Oligocene are not so much 
controlled by surface water temperature, which changes least in the low 
latitudes and strongest in the high southern latitudes, but rather by the 
intensity of the surface water currents and the availability of nutrients. It is 
probable that nutrients were not a limiting factor in the high southern 
latitudes but that they were in the low latitudes, where regression, increased 
aridity, and stratification of the water column all worked towards restricting 
the inDut of nutrients into the surface water of the oceans. 
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Fig .  1 .  DSDP S i t e  366.618 0 o f  t h e  t o t a l  ca rbona te  f r a c t i o n  (Vergnaud-Grazzini 
and Rabuss i e r -Lo in t i e r ,  1980) .  P lankt .  Foram. Zones (Krasheninnikov and 
Pflaumann, 1978) ,  Rad io la r i a  Zones ( Johnson,  1978) ,  Diatom Zones (Fenner ,  1984) 
The Eocene - Oliqocene  boundary i s  p laced  a t  t h e  l a s t  occu r rence  o f  
- 0. barbad iens i s  ( l a n c e l o t  e t  a l - . ,  1978) .  
F ig .  2 .  
Ca lca r .  Nannof. Zones (Wise, 1983) ,  Diatom Zones (Fenner, 1984).  The Eocene- 
Ol igocene  boundary i s  placed a t  t h e  l a s t  occur rence  o f  !. s a i p a n e n s i s  
(Wise, 1983) .  

DSDP S i t e  5 1 1 . d 1 8 0  o f  the p l a n k t i c  fo ramin i f e ra  (Muza e t  a l . ,  1983) .  
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Fig. 3. Percent abundance of diatom species and species groups of the total 

diatom assemblage through the Late Eocene and Early Oligocene of DSDP Site 366 ,  
correlated with the oxygen isotope curve. 
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EVOLUTION OF THE MICROFLORA AND DINOCYSTS AT THE EOCENE-OLIGOCENE BOUNDARY I N  
&STERN EUROPE 

JJ. CHATEAUNEUF 

-1 INTRODUCTION 

I n  t h e  Ang lo-Par is  B a s i n  and more g e n e r a l l y  i n  Western Europe t h e  Eocene- 

Ol igocene boundary i s  b e t t e r  marked by the  e v o l u t i o n  o f  t h e  m i c r o f l o r a  than by 

t h a t  o f  t h e  d inocys ts .  Th i s  i s  due t o  the  f a c t  t h a t  t he  sediments depos i ted  i n  

these r e g i o n s  towards the  end o f  t h e  Eocene and i n  t h e  e a r l i e s t  Ol igocene have 

a marked tendency t o  be c o n t i n e n t a l  or  l agoona l ,  and have y i e l d e d  a s s o c i a t i o n s  

e s s e n t i a l l y  o f  spores and p o l l e n s .  The d inocys t  popu la t i ons ,  g e n e r a l l y  poor o r  

even monospec i f i c ,  seldom a l l o w  p r e c i s e  comparison w i t h  t h e  much more complete 

ones t h a t  have been desc r ibed  from oceanic sec t i ons .  I t  i s  t h e r e f o r e  necessary,  

near t h i s  boundary, t o  compare d i scon t inuous  sedimentary a s s o c i a t i o n s  ex tend ing ,  

i n  terms o f  nannoplancton, f rom zone NP 19-20 t o  zone NP 23.  

- 2  THE EVOLUTION OF POLLENS AND SPORES AT THE EOCENE-OLIGOCENE BOUNDARY 

Th is  boundary i n  t h e  P a r i s  Bas in  i s  marked by a d e t e r i o r a t i o n  o f  c l i m a t e  

( C a v e l i e r  e t  a l . ,  1981),  and t h e  changes i n  t h e  v e g e t a t i o n  t h a t  occur a t  t h i s  

s tage a re  more a p t l y  termed r e g r e s s i o n  o r  degrada t ion  than e v o l u t i o n .  The 

commonly r i c h  thermoph i le  f l o r a s  t h a t  occupied the  bo rde rs  o f  t he  b a s i n  

d u r i n g  the  Eocene were rep laced  towards the  end o f  t he  Lud ian  ( =  P r iabon ian )  by 

a c o n i f e r o u s  and herbaceous f l o r a ,  i n d i c a t i n g  a d r i e r ,  c o l d e r  c l i m a t e .  Th is  can 

be seen f o r  example i n  t h e  P a n t i n  Mar l s  and t h e  Roma inv i l l e  Green c l a y ,  

f o rma t ions  t h a t  l i e  on each s i d e  o f  t he  boundary. A f t e r  t h e  d e p o s i t i o n  o f  t h e  

Orgemont Pebble Beds, immedia te ly  above t h e  Green Clay an improvement i n  t h e  

c l i m a t e  (p robab ly  i n  terms o f  r a i n f a l l )  enabled a few o f  t h e  Eocene thermoph i le  

taxa  t o  r e t u r n ,  though most had permanent ly disappeared from t h e  P a r i s  Basin.  

The a c t u a l  boundary i s  thus  marked e s s e n t i a l l y  by t h e  e x t i n c t i o n  o f  genera o r  

spec ies  (Chateauneuf, 19BO), and i s  l o c a t e d  a t  t h e  top  o f  t h e  T h i c o L p o k o p o L L e -  

n i t e b  aaguhnennib zone and the  base o f  t h e  P i t q o b p o h i t e b  329  ( a  form s i m i l a r  t o  

the  modern genus Cathaya). 
8oeh&?MnipaLLib h o h l i ,  t h e  c l a s s i c  marker o f  t h e  Stampian, which appears a t  

t h i s  l e v e l  more or less  t h roughou t  Eu rope(S i t t 1e r  e t  Schu ler ,  1975) i s  known i n  

t h e  P a r i s  Bas in  o n l y  f rom t h e  Orgemont Pebble Beds onwards. 

I n  t h e  Armorican Mass i f ,  t h e  lower  saprope ls  o f  t h e  Rennes Bas in  have 

y i e l d e d  a few examples o f  BoehLennipoLLb h o h f i ,  w h i l e  t h e  S t r i a t e l l e  M a r l  o f  
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t h e  Landean Bas in  and t h e  Mohnia Clay o f  t h e  Rennes Bas in  c o n t a i n  T f i i c o t p o h a p o L -  

Len i t eo  mguhnenn in .  These m i c r o f l o r a s  u n f o r t u n a t e l y  do n o t  come from t h e  same 

l o c a l i t i e s  and have n o t  been seen i n  s u p e r p o s i t i o n  ( O l l i v i e r  - P i e r r e ,  1980).  

The Eocene-Oligocene boundary can thus  be p laced  somewhere between t h e  

d e p o s i t i o n  o f  t h e  S t r i a t e l l e  M a r l  and t h a t  o f  t h e  lower  saprope ls .  The p o s i t i o n  

o f  t h e  S t  Jacut-du-Men6 Clay and t h e  G u i l e r s  Sands ( regarded as i n t e r m e d i a t e )  

remain u n c e r t a i n  i n  t h e  absence o f  e i t h e r  o f  t he  above markers.  

O n  a wider sca le ,  a p a l y n o - s t r a t i g r a p h i c  syn thes i s  o f  t h e  Paleogene b a s i n s  

of Western Europe has been made i n  t h e  con tex t  o f  I G C P  P r o j e c t  124 ( T e r t i a r y  

Bas ins  o f  N o r t h  Western Europe).  I t  i s  concerned i n  p a r t i c u l a r  w i t h  t h e  

d i s t r i b u t i o n  o f  Paleogene m i c r o f l o r a  i n  France, Southern England, Belgium, 

Germany and the  Nor th  Sea. The o n l y  impor tan t  event  t h a t  has been demonstrated 

a t  t he  Eocene-Oligocene bcundary was t h e  appearance of  t h e  two taxa  Boehtensi-  

p o L L i A  h o h t i  and S L o t ~ u k i i p o t L L n  h ippophaeoided .  A t  t h e  same t i m e  o the r  taxa  such as 

Dico tpopo&! in  K o c h e t i  and Scubhut f i icoLpo&iten  cy t inda icun  appeared more l o c a l l y  

(Roche and Schu ler ,  1980). More r e c e n t l y ,  i n  t h e  South o f  t h e  Rhine graben ( t h e  

Plulhouse po tash b a s i n ) ,  Schu ler  (1982) has shown an impor tan t  change i n  t h e  

m i c r o f l o r a  i n  the  midd le  s a l i f e r o u s  zone, where Roeh teno ipo t t in  h o h l i  appears 

immedia te ly  a f t e r  a n o t a b l e  development o f  c o n i f e r s  a t  t he  t o p  o f  t he  lower 

s a l i f e r o u s  zone, a change t h a t  i s  e n t i r e t y  comparable w i t h  t h a t  occu r ing  a t  t h e  

end o f  t h e  Lud ian  i n  the  P a r i s  Basin.  The Eocene-Oligocene Boundary i s  s i m i l a r y  

marked by the  appearance o f  BoehLennipoLfin h o h t i ,  i n  t h e  e x t e r n a l  A l p i n e  

mass i fs ,  immedia te ly  above t h e  P r iabon ian  Nummul i t i c  l imestone,  a t  t h e  base o f  

t h e  F o r a m i n i f e r a 1  M a r l ,  or i n  an i n t e r v a l  o f  ca lcareous  sandstone c o n t a i n i n g  

l a r g e  arenaceous f o r a m i n i f e r a  between these two fo rma t ions .  

. 3  THE EOCENE-OLIGOCENE BOUNDARY I N  DINOFLAGELLATE TERMS 

As was s t a t e d  i n  t h e  i n t r o d u c t i o n ,  t h e  e v o l u t i o n  o f  d i n o c y s t s  (or c y s t s  o f  

d i n o f l a g e l l a t e s )  a t  t h e  l e v e l  o f  t h e  Eocene-Oligocene boundary i s  p o o r l y  known 

i n  Europe because o f  t h e  numerous gaps d u r i n g  t h i s  pe r iod .  

Thus, i n  the  Paris Bas in  t h i s  boundary cannot be de f i ned  on t h e  b a s i s  o f  

d inocys ts  as no a s s o c i a t i o n  i s  known i n  the  upper Lud ian .  The m idd le  Lud ian  

KihAeLouiu ctathtiutu angutonu a s s o c i a t i o n  i s  rep laced  a t  t he  base o f  t h e  Green 

Clay (basa l  Stampian o f  t h e  Sanno is ian  f a c i e s )  by t h e  Phthattapekidiniwi umoenum 

Phthanopehidinium { L e b i t h  a s s o c i a t i o n ,  immedia te ly  p reced ing  t h e  c l a s s i c  

European e a r l y  Ol igocene Wetze t ieLLa g o c h t G  zone(Chateauneuf, 1980).  

In Southern England (Hampshire and t h e  I s l e  o f  Wight )  t h e  boundary i s  

s i m i l a r y  lliar'.eu oy mergences ,  w i th  l i t t o r a l  and l a c u s t r i n e  fac ies .  i n  t h e  l a t e  

Eocene, t h e  d inocys t  a s s o c i a t i o n s  o f  t he  Brembridge M a r l s  (Oys te I  beds) l i k e  

those o f  t he  basa l  O l igocene o f  t he  Lower Hamstead beds (Nematura beds) ,  a r e  
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a t y p i c a l  and commonly monospec i f i c  ( L i e n g j a r e r n  e t  a l . ,  1980).  Thus, GLuphyhia- 

c+ta rniolra6ened&utu i s  t h e  o n l y  spec ies  rep resen ted  a t  c e r t a i n  l e v e l s  i n  t h e  

Oyster Beds. However t h e  Phthunopehidiniurn maenurn and dLebiLin zone r e c u r s  

above these fo rmat ions  i n  the  E a r l y  Ol igocene (upper Hamstead Beds), p reced ing  

t h e  W e t z e L i t U u  g o c h t i i  zone. 

The Eocene-Oligocene boundary i n  Belgium l i e s  between t h e  Neerrepen Sands 

and t h e  Henis Clay ( these  fo rma t ions  have been d e f i n e d  i n  q u a r r i e s ) .  D inokys ts  

a r e  abundant i n  t h e  Neerrepen Sands , where a d i v e r s i f i e d  a s s o c i a t i o n  belongs 

t o  t h e  KiAAeLOUia cLathhutu unguhhu zone d i s t i n g u i s h e d  i n  the  Lud ian  o f  t h e  

P a r i s  Bas in .  The Henis Clay c o n t a i n s  a few c y s t  forms t h a t  precede t h e  

appearance o f  Wetzee ie l lu  g v c h t i i  a t  t h e  l e v e l  o f  t h e  Boom Clay ,  b u t  which do 

n o t  s t r i c l t y  be long t o  t h e  Phthunvpehidinium umvenum zone d e f i n e d  i n  the  P a r i s  

Bas in .  

I n  Nor the rn  Germany and i n  t h e  Rhine graben t h e  fo rma t ions  c l o s e  t o  t h e  

boundary a r e  very  poor i n  d inocys ts .  The L a t d o r f i a n  Sands o f  L e h r t e  and 

He lmsted t ,  which have y i e l d e d  a feiu examples o f  Kibhe&~wiu  ctu.thhutu and Rhorn- 

bodinium p2)z~ahutwn can be equated w i t h  t h e  Lud ian  o f  t h e  P a r i s  bas in .  

The Rupe l ton ,  which o v e r l i e s  these sands a l ready  c o n t a i n  a C h A o p t e ~ d i w n  puh- 

t h p ~ n u t u m  and C.  Labahpinohum a s s o c i a t i o n  known from t h e  l a t e  E a r l y  Stampian 

o f  t h e  P a r i s  Bas in  (Fon ta ineb leau  Sands). 

I n  the A l p i n e  domain, t h e  base o f  t h e  Ol igocene i s  p o o r l y  c h a r a c t e r i s e d  i n  

respec t  o f  d inocys ts .  The Pr iabon ian  rnar ls o f  S c a f f a r e l s ,  Grane l la ,Pr iabona 

and Brendo la  however (Nannoplancton zone NP 19-20 and base NP 21) c o n t a i n  the  

success ion  Rhombvdiniwn pehda)zutwn - Kihne&wiu c t u t h m t u .  
I n  the  c o n t e x t  o f  t h e  v a r i o u s  s t u d i e s  under taken by European and Nor th  

American researchers  f o r  IGCP P r o j e c t  no 124 ( s t r a t i g r a p h y  o f  t h e  T e r t i a r y  

bas ins  o f  Nor thwestern  Europe), a s y n t h e s i s  o f  t h e  s t r a t i g r a p h i c  d i s t r i b u t i o n  

o f  d inocys ts  has been made which a l s o  i n c o r p o r a t e s  t h e  r e s u l t s  o f  research  i n  

t h e  N o r t h  Sea and t h e  n o r t h e r n  p a r t  o f  t h e  A t l a n t i c  Ocean. The Paleogene i s  

d i v i d e d  i n t o  15 d inocys t  zones, and t h e  Eocene-Oligocene boundary i s  marked by 

t h e  disappearance o f  t h e  spec ies  Phthunape~d in ium eckinuturn, AwanphumLdium 

diktyvpLakun, Rhornbadinim pe)z6o)zutwn, and by the  appearance o f  Phthunupehid i -  

nium umaenum and WetzeLieLlu g a c h a .  

Th is  zona t ion  i s  neve r the less  somewhat a r t i f i c i a l  i n s o f a r  as i t  a t tempts ,  on 

the  b a s i s  o f  a c a l i b r a t i o n  aga ins t  t h e  Nannoplancton zones, t o  i n t e g r a t e  t h e  

r e s u l t s  o f  zona t ions  i n  m idd le  and n o r t h e r n  l a t i t u d e s  which have d i f f e r e n t  key 

spec ies .  Thus t h e  zona t ions  e s t a b l i s h e d  by W i l l i a m s  ( 1 9 7 5 )  i n  t h e  eas t  

Canadian o f f s h o r e  depos i t s ,  by Costa and Downie (1979) a t  R o c k a l l ,  by Manum 

(1976)  i n  the  T e r t i a r y  o f  Norway and Greenland c o n t a i n  o n l y  very  f e u  W e t z e l i e l -  

laceae and apparen t l y  none o f  t h e  known markers o f  t h e  Lud ian-Pr iabon ian  and 
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Stampian i n  the  Ang lo-Be lg ian  and P a r i s  Bas ins .  The two spec ies  Rhombodinium 
peh~ohia.tum and Uetzelieeta g o c h ~  on t h e  o t h e r  hand seem t o  have a f a i r l y  

wide ex tens ion  i n  m idd le  l a t i t u d e s .  They have b o t h  been found i n  the 

Carpath ians  (Van Couver ing e t  a l . ,  19811, and t h e  l a t t e r  has been found i n  t h e  

Thrac ian  B a s i n  o f  Turkey (Ed ige r ,  1981).  

.4 CONCLUSIONS 

There i s  no u n i v e r s a l  s c a l e  nor wide ly  d i s t r i b u t e d  markers by which t h e  

Eocene-Oligocene boundary i n  ldestern Europe can be c h a r a c t e r i z e d  on a b a s i s  o f  

spores,  p o l l e n s  o r  d inocys ts .  There was neve r the less  an impor tan t  c l i m a t i c  

change a t  t h i s  t ime,  c l e a r l y  marked i n  t h e  e v o l u t i o n  o f  t h e  m i c r o f l o r a  by t h e  

disappearance o f  a l a r g e  number o f  t he rmoph i l e  taxa .  I n  a d d i t i o n ,  t h e  Species 

B o e h L e n h 4 p o L t h  huh& appears more o r  l e s s  th roughout  Europe a t  t h e  base o f  

t h e  Ol igocene. The scenar io  i s  very  s i m i l a r  as f a r  as  t h e  d i n o c y s t s  a r e  

concerned, w i t h  t h e  common disappearance o f  a v a r i e t y  o f  spec ies  a t  t h e  t o p  o f  

t h e  Eocene, and the  appearance o f  Wetzeliettu g o c h t i i  a t  t h e  base o f  t h e  

Ol igocene. A c l e a r  impress ion  i s  g i v e n  t h a t  c l i m a t i c  m o d i f i c a t i o n s  a t  t h e  

Eocene - Ol igocene boundary p layed  r e g u l a t i n g  r o l e  i n  l e v e l l i n g  t h e  

m i c r o f l o r a l  a s s o c i a t i o n s  o f  t he  Ol igocene r e l a t i u e  t o  t h e  much more 

d i v e r s i f i e d  ones o f  t h e  Eocene. 
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CHAROPHYTA AT THE EOCENE-OLIGOCENE BOUNDARY IN WESTERN EUROPE 

J. RIVELINE 

Lab. de GCol. des Bassins SGdimentaires, UA 319, Universit6 Pierre et Marie 

Curie, 4 ,  Place Jussieu, 7 5 2 3 0  Paris Cedex 0 5 .  

ABSTRACT 

The detailed study of different localities in the Paris Basin and South 

Hampshire shows that the Charophyta evolution during the Upper Eocene and 

the Lower Oligocene does not display any important break but, on the contrary, 

gradual change. 

Charophyta argue for setting the position of the Eocene-Oligocene boundary 

between the Bembridge Beds and the Hamstead Beds in South Hampshire or between 

The Marnes supragypseuses and 1’Argile Verte de Romainville in the Paris Basin. 

That point of view is built on : 

- the persistence in the Bembridge Beds and in the Marnes supragypseuses of 

some Eocene species; 

- the disappearance in the Hamstead Beds and in the Argile Verte de Romain- 

ville ... of nearly all the Eocene species and the appearance in those forma- 
tions of many forms which will be abundant in younger formations. 

____-__--------------- 

Among the different Western European basins, those of Paris and South 

Hampshire are the most interesting for the study of floristic variations at 

the Eocene-Oligocene boundary. It was in those regions that Caste1 (1968) and 

Grambast ( 1 9 7 2 )  specified the position of that boundary based on Charophyta 

and placed it at the bottom of the Bembridge Beds (Hampshire) correlated with 

the Premiere Masse de Gypse (Paris Basin). They observed a specific flora in 

the Bembridge Beds (type-formation of the Bembridge Charophyta zone, the first 

one attributed to the Oligocene). This flora shows evidence of considerable 

renewal, compared with that observed in the Lower Headon Beds (Hampshire) or 

in the Marnes de Verzenay (Paris Basin). The Lower Headon Beds and the Marnes 

de Verzenay are the type-formations of the Verzenay Charophyta zone, consid- 

ered by Grambast as the last one which can be established in the Eocene. 

Besides, the Bembridge Beds flora persists up to the Lower Hamstead Beds 

(Hampshire), the Bande Blanche (Paris Basin), the Marne a Chara of Hmgbutsel 

(Belgium) or the Ronzon Level (’Jelay, France) without any change. 
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In 1977 Feist-Caste1 again took up investigations in the English formations. 

She found that the floristic break between the Verzenay and the Bembridge asso- 

ciations is not so strongly marked. She indicated a floristic change in the 

Upper Headon Beds, marked by the disappearance of the greatest part of the Lower 

Headon Beds species and the appearance of Sphaerochara subglobosa (Groves) Horn 

of Rant. Also, she located the Eocene-Oligocene boundary at the base Of the 

Middle Headon Beds. That point of view is built on the distribution of Harrisi- 

chara vasiformis-tuberculata. This species is a transition form between Harri- 

sichara vasiformis (Reid and Groves) Gramb, known from the Verzenay Charophyta 

zone, and Harrisichara tubercu2ata (Lyell) Gramb which appears in the Bembridge 

Charophyta zone. 

We have recently again undertaken investigations on the English and French 

formations. Our research has indicated that : (Riveline 1984 a and b) : 

a) The change between the Verzenay and the Bembridge flora is more gradual 

that Feist-Caste1 thought. The Lower Headon Beds species does not disappear, 

as a whole, in the Upper Headon Beds. We observed progressive extinctions from 

the Middle Headon Beds up to the top of the Bembridge Beds. If the extension of 

Gyrogona tuberosa Gramb seems limited to the Lower Headon Beds, Chara antennata 

Gramb persists up to the Upper Headon Beds, Psilochara bitruncata (Reid and 

Groves) Feist-Caste1 and Psilochara repanda Gramb has still been observed in the 

Osborne Beds. All those disappearances are compensated by many appearances, such 

as Sphaerochara subglobosa at the top of the Lower Headon Beds, Rhabdochara 

altilis Feist-Caste1 and Psilochara aff conspicua Gramb in the Upper Headon Beds 

or Harrisichara tuberculata and Rhabdochara stockmansi Gramb in the Bembridge 

Beds. 

b) It is possible to divide the Bembridge Charophyta zone (characterized by 

the presence of Harrisichara tuberculata and Rhabdochara stockmansi) into two 

sub-zones : 

. A lower sub-zone established on the Charophyta observed in Southern Paris 
Basin limestones, the Marnes supragypscus-s and the Bembridge Beds. This sub- 

zone is distinguished by : 

- some particular species such as Stephanochara vectensis (Groves) Gramb, 

Nitellopsis (T) wonnacotti Gramb. 

- some species known from the Verzenay Charophyta zone or even before. 
- precursory forms of some species which will be abundant in younger formations, 

as Chara aff media Gramb or Sphaerochara aff hirmeri (Rasky) Madler. 

. An upper sub-zone established on Charophyta observed in the Argile Verte de 
Romainville, the Calcaire de Brie and the Hamstead Beds. This sub-zone is distin- 

guished by : 
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- the disappearance of nearly all the Eocene species, with the possible excep- 

tion of Grovesichara distorta (Reid and Groves) Horn of Rant. 

- some particular species, such as Stephanochara pinguis Gramb. 

- the appearance, at the top, of some forms considered as characteristic of the 

Stampian Fontainebleau Charophyta zone, such as Gyrogona rnedicaginula lamk or 

Psilochara acuta Gramb. 

The slight renewal observed between the Verzenay and the Bembridge Charo- 

phyta zone is not a conclusive clue to the position of the Eocene-Oligocene 

boundary at the base of the Bembridge Beds. The presence of some species that 

appeared during the Eocene in the Lower Bembridge sub-zone argues for setting 

that lower sub-zone in the Eocene. The absence of Eocene species and the abun- 

dance of some forms which will be developed during the Stampian argues for 

placing the upper sub-zone in the Oligocene. 

Charophyta evolution during the Upper Eocene and the Lower Oligocene does 

not show any important break but, on the contrary, gradual change. Among the 

47 species inventoried during the Upper Eocene, 31 do not survive through the 

Eocene-Oligocene boundary, as identified with the �Grande coupure de H.G. 

Stehlin�. The species which disappear with the Oligocene are those that 

appeared during the Middle Eocene (Bartonian) or during the Late Upper Eocene. 

Only the forms having appeared during the Early Middle Ludian, in the same way 

as the Molluscs and the Planktonic foraminifera (Cavelier 1979), survive 

through the Eocene-Oligocene boundary. 
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MAMMALIAN EVIDENCE CONCERNING THE EOCENE-OLIGOCENE TRANSITION I N  EUROPE, NORTH 
AMERICA AND ASIA 

b y  Dona ld  E. RUSSELL and H e i n z  TOBIEN 

INTRODUCTION 

The m u l t i p l e  p rob lems  t h a t  a r e  c o n t a i n e d  i n  t h e  T e r m i n a l  Eocene Even t 'was  en-  

v i s a g e d  as w o r t h y  o f  a p l u r i d i s c i p l i n a r y  p r o j e c t  i n  1980 when t h e  " e v e n t "  was 

p r e s e n t e d  a t  t h e  2 6 t h  I n t e r n a t i o n a l  G e o l o g i c a l  Congress i n  P a r i s .  The Grande Cou- 

p u r e ,  a c o n c e p t  d a t i n g  f r o m  1909,  c a n  be c o n s i d e r e d  as s o m e t h i n g  o f  an a n c e s t o r  

t o  t h e  TEE. As has been n o t e d  many t i m e s ,  t h e  phenomenon o f  t h e  Grande Coupure 

was r e c o g n i z e d  i n  Europe by t h e  g r e a t  Sw iss  p a l e o n t o l o g i s t  H.G. S t e h l i n  who ob- 

s e r v e d  a s t r i k i n g  change o f  f a m i l i a l  c h a r a c t e r  i n  t h e  a r t i o d a c t y l s  and p e r i s s o -  

d a c t y l s  i n  p a s s i n g  f r o m  Eocene f a u n a s  t o  t h o s e  o f  t h e  O l i g o c e n e .  I n  t h i s  r e v i e w  

t h e  Grande Coupure i s  taken, i n  a c o n v e n t i o n a l  sense ,  t o  r e p r e s e n t  t h e  Eocene- 

O l i g o c e n e  boundary ,  f o l l o w i n g  C a v e l i e r ,  1979. 

D I S C U S S I O N  

P e r i s s o d a c t y l s ,  f r o m  an  e a r l y  dominance among Eocene European u n g u l a t e s ,  d i m i -  

n i s h  i n  i m p o r t a n c e  and v a r i e t y  t o w a r d  t h e  end o f  t h a t  epoch;  t h e  numerous p a l a e o -  

t h e r e s  t h a t  c h a r a c t e r i z e  t h e  m i d d l e  and l a t e  Eocene e s s e n t i a l l y  d i e  o u t  b e f o r e  

t h e  O l i g o c e n e ,  w i t h  o n l y  a few  s t r a g g l e r s  s u r v i v i n g  a f t e r  t h e  Grande Coupure. 

R h i n o c e r o t o i d s  t y p i f y  O l i g o c e n e  faunas  and t h e  newcomers a r e  presumed t o  have  

o r i g i n a t e d  i n  As ia .  

cene a r t i o d a c t y l s  were  w i d e l y  d i v e r s i f i e d  and e m i n e n t l y  s u c c e s s f u l  i n  Europe.  

W h i l e  4 f a m i  l . i es  became e x t i n c t  (Choeropo tamidae ,  M i  x t o t h e r i  i d a e ,  X i  p h o d o n t i d a e ,  

and H a p l o b u n o d o n t i d a e ) ,  5 p e r s i s t e d  i n t o  t h e  O l i g o c e n e  w i t h  o n l y  few  r e p r e s e n t a -  

t i v e s  ( D i c h o b u n i d a e ,  Cebochoer idae ,  D a c r y t h e r i  i d a e ,  A n o p l o t h e r i  i d a e  and C a i n o t h e -  

r i i d a e ) .  Amph imeryc ids ,  g e l o c i d s  and a n t h r a c o t h e r e s ,  however ,  a r e  l a t e  Eocene 

i m m i g r a n t s  and i n d i c a t e  t h a t  t h e  i n v a s i o n  began w e l l  b e f o r e  t h e  Grande Coupure. 

New O l i g o c e n e  g roups  ( f r o m  A s i a )  a r e  t h e  e n t e l o d o n t s ,  s u i d s ,  l e p t o m e r y c i d s  and 

t r a g u l i d s .  The change i s  r a d i c a l  b u t  n o t  o f  a c a t a s t r o p h i c  n a t u r e .  

The e v o l u t i o n  o f  r o d e n t s  has been p a r t i c u l a r l y  w e l l  s t u d i e d  i n  Europe w i t h  

t h e  r e s u l t  t h a t  t h e i r  h i s t o r y  i n  t h i s  a r e a  i s  f a i r l y  w e l l  e s t a b l i s h e d  ( H a r t e n b e r -  

g e r ,  1 9 7 3 ;  V i a n e y - L i a u d ,  1979) ,  as w e l l  as t h e  t i m e  and r o u t e s  o f  p r o b a b l e  m i g r a -  

t i o n  ( V i a n e y - L i a u d ,  i n  p r e s s ) .  W i t h  r e s p e c t  t o  t h e  l a t t e r ,  a c e r t a i n  deg ree  o f  

p r e c i s i o n  i s  p o s s i b l e  i n  some cases  ; f o r  example,  t h e  f i r s t  i m m i g r a n t s  f r o m  A s i a  

( i n  t h e  e a r l y  O l i g o c e n e )  a r e  documented - r e a s o n a b l y  enough- e a r l i e r  i n  s o u t h e r n  

The p i c t u r e  i s  more complex as concerns  a r t i o d a c t y l s .  L a t e  m i d d l e  t o  l a t e  Eo- 
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Germany than  i n  t h e  western p a r t  o f  Europe ( S c h m i d t - K i t t l e r  and Vianey-Liaud, 

1975). 

r e t a i n  a r e l a t i v e l y  minor  r o l e  f rom t h e  m idd le  Eocene on th rough t h e  Eocene-Ol i -  

gocene t r a n s i t i o n ,  where a few genera a r e  found bo th  b e f o r e  and a f t e r  t h e  Grande 

Coupure. Much more impor tan t  a r e  t h e  Theridomyidae. From a s i n g l e  genus p resen t  

i n  t h e  e a r l y  m idd le  Eocene t h e y  progress  t o  a t t a i n  a maximum o f  numbers and d i -  

v e r s i t y  toward t h e  end o f  t h a t  epoch. I n t e r e s t i n g l y ,  9 o f  t h e  14 genera p resen t  

i n  t h e  l a t t e r  a l s o  occur  i n  t h e  e a r l y  Ol igocene, w i t h  t h e  a d d i t i o n  o f  two new 

forms. Based o n l y  on t h e  above ev idence i t  would appear t h a t  r e l a t i v e l y  l i t t l e  

change took  p lace  among t h e  roden ts  d u r i n g  t h e  t r a n s i t i o n ,  b u t  t h e  genera l  cha- 

r a c t e r  o f  t h e  Ol igocene fauna i s  fundamenta l l y  changed by t h e  a r r i v a l  ( f r o m  a 

Nor th  America o r i g i n )  o f  t h e  ap lodon t ids ,  s c i u r i d s  and eomyids, and ( f rom As ia )  

of  t he  c r i c e t i d s  and c a s t o r i d s .  As was demonstrated by t h e  a r t i o d a c t y l s ,  t h e  0- 
l i g o c e n e  i s  c h a r a c t e r i z e d  by t h e  a r r i v a l  o f  new groups superimposed on those 

t h a t  s u r v i v e d  t h e  Eocene-Oligocene t r a n s i t i o n .  A ma jo r  d i f f e r e n c e ,  however, i s  

t h a t  t h e  new rodents  appeared a f t e r  t h e  Grande Coupure whereas some o f  t h e  a r t i o -  

d a c t y l  immigran ts  a r e  a l ready  p resen t  i n  Europe be fore .  

f i r s t  a r e  p resen t  i n  smal l  numbers a f t e r  t h e  Grande Coupure (Lopez and Tha le r ,  

1974). 

Ischyromyoids,  a f t e r  an e a r l y  hegemony, d isappear  i n  t h e  l a t e  Eocene; g l i r i d s  

Also c o n t r i b u t i n g  t o  t h e  Ol igocene fauna a r e  t h e  lagomorphs, o f  which t h e  

Creodonts a re  d i v e r s i f i e d  i n  t h e  m idd le  Eocene; r e d u c t i o n  o f  t h e  number o f  t a -  

xa occurs  d u r i n g  t h e  l a t e  Eocene bu t  t h e  Asian immigrants Pterodon and Hyaenodon 

a re  p resen t  th roughout  t h e  l a t t e r  p e r i o d  w i t h  Hyaenodon a l s o  ex tend ing  th rough 

t h e  Ol igocene (Lange-Badre, 1979). A t  t h a t  t ime  c reodonts  fo rm o n l y  a minor  p a r t  

of  t h e  assemblage. 

The h i s t o r y  o f  t h e  ca rn i vo res  i s  n e a r l y  t h e  r e v e r s e ;  represented  i n  t h e  Eocene 

by a few genera o f  m iac ids ,  t hey  v i r t u a l l y  exp lode a t  t h e  beg inn ing  o f  t h e  O l igo -  

cene w i t h  t h e  appearance o f  f e l i d s ,  v i v e r r i d s ,  m u s t e l i d s ,  p rocyon ids ,  u r s i d s ,  

and many amphicyonids. M iac ids  have disappeared. The e v o l u t i o n a r y  stages l e a d i n g  

t o  t h i s  e x p l o s i o n  remain,  i n  l a r g e  p a r t ,  s t i l l  t o  be exp la ined .  

l i t t l e  r e a c t i o n  t o  events a t  t h a t  t ime  (Crochet ,  1980). I n  c o n t r a s t ,  o u t  o f  t h e  

f a i r l y  numerous taxa  o f  l a t e  Eocene p r ima tes  o n l y  one produced an Ol igocene des- 

cendant and none invaded t h e  apparen t l y  h o s t i l e  European environment.  

To conclude, i t  must be admi t ted  t h a t ,  d e s p i t e  some fauna l  ove r lapp ing ,  t h e  

r e a l i t y  of  t h e  Grande Coupure i n  Europe i s  unden iab le ;  faunas immedia te ly  prece- 

d i n g  i t  a re  r e a d i l y  d i s t i n g u i s h a b l e  f rom those immedia te ly  f o l l o w i n g .  We have 

here  ev idence o f  a ma jor  event  t h a t  s e r i o u s l y  d i s r u p t e d  t h e  gradua l  p r o l o n g a t i o n  

o f  Eocene mammalian f a m i l i e s  i n t o  t h e  Ol igocene and imposed upon Europe a h o s t  

of elements t h a t  o r i g i n a t e d  on o t h e r  c o n t i n e n t s .  However, as shown above, t h e  

Conserva t ive  d i d e l p h i d  marsup ia l s  s u r v i v e  t h e  Grande Coupure w i t h  apparen t l y  
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t r a n s i t i o n  was not e n t i r e l y  bru ta l .  Moreover, the  time in te rva l  of maximum change 

i n  faunal cons t i tuants  i s  not always easy t o  determine with precis ion.  B u t  even 

with these r e s t r i c t i o n s  i t  i s  possible  t o  say t h a t  the  Grande Coupure represents  

the p o i n t  of maximum e f f e c t  heralding the  end of the  Terminal Eocene Event. 

s i t i o n  a r e  those character iz ing the  Uintan, Duchesnean a n d  Chadronian land-mammal 

ages. Much discussion has taken place,  however, concerning which one o r  how much 

o f  each age i s  re ferab le  t o  e i t h e r  the  Eocene or the  Oligocene. A consensus does 

not yet  e x i s t .  Probably i t  could be sa id  t h a t  most North American mammalian pa-  

l eonto logis t s  regard the  major faunal "break" as occurring in the middle of the 

Duchesnean ; t h i s  rupture would represent  the Eocene- Oligocene l i m i t .  Unfortuna- 

t e l y ,  n o t  much i s  known of the  mammals of t h a t  time a n d  a n  element of imprecision 
i s  f o r  the moment inevi tab le .  Di f f icu l ty  i n  cor re la t ing  with the  c l a s s i c  t e r r e s -  

t r i a l  faunas of Europe and with the  world-wide marine biozones accounts f o r  a n  
addi t ional  la rge  amount o f  uncertainty.  Radiometric dat ing s t i l l  remains ra ther  

unstable. 

I n  North America the  mammalian faunas of the  l a t e  Eocene-ear ly  Oligocene tran- 

Since the  "key" land-mammal age i s  the Duchesnean we wil l  examine i t s  problems 

i n  some d e t a i l .  No o ther  "age" in  North America i s  so weakly substant ia ted ( fos-  

s i l s  a r e  extremely r a r e  i n  the  Duchesne River Formation) and few have been so con- 

t e s t e d ,  both with regards t o  i t s  v a l i d i t y  and t o  i t s  a t t r i b u t i o n  t o  e i t h e r  the 

Eocene or  the Oligocene. The fauna of the  lower part of the formation i s  qu i te  

s imi la r  t o  t h a t  of the upper par t  of the  U i n t a  Formation a n d  i s  even considered 

of Uintan age by some s p e c i a l i s t s  (Tedford, 1970) ;most of the Duchesnean f o s s i l s  

have been col lected in  t h i s  lower par t .  The meager fauna of the upper par t  of the  

Duchesne River Formation i s  very close in  nature t o  t h a t  of the Chadronian and i s  

d i s t i n c t l y  d i f f e r e n t  from t h a t  of the Uintan. I t  has been recent ly  reviewed by 

Wilson (1984). Emry (1981) has suggested t h a t  the  Chadronian could begin with 

t h i s  upper Duchesnean fauna. I f  the  opinions of such workers as Tedford and Emry 
were followed the  Duchesnean would not e x i s t .  Others, however, r e t a i n  the term 

b u t  consider t h a t  the  Eocene extends i n t o  the  base of the Chadronian (Berggren 

e t  a l . ,  1978; McKenna, 1980). The fami l ia r  quandry of concepts and def in i t ions  i s  

a l l  too present here. 

As noted by many workers ( s e e  Li l legraven,  1979, f o r  a general review of  the 

quest ion)  the  l a t e  Eocene and  e a r l y  Oligocene of North America was marked by i n -  

creased r a t e s  of ex t inc t ions  and faunal replacements i n  many groups  of organisms. 

Also a t  t h i s  time occurred the  s t ronges t  in te rcont inenta l  migration s ince t h a t  o 
the Wasatchian. 

I n  the  l a t e  ( b u t  not terminal)  Eocene Uintan "age" a n  explosive taxonomic ra- 

d ia t ion  of a r t i o d a c t y l s  and rodents was already underway. I n  f a c t ,  the  ar t iodac-  

t y l s  had by t h i s  time replaced per issodactyls  as the dominant ungulates on the 

cont inent .  Both the  bunodont and  the selenodont a r t iodac ty ls  expanded in  divers i  
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during the  Uintan;  whether o r  not some o r  a l l  of the  selenodont groups ( t h e  Hy- 

per t ragul  idae ,  Agriochoeridae and Oromerycidae) were immigrants i s  s t i  1 1  debated 

(Golz, 1976 ; Webb and Taylor, 1980). Camelids a l s o  appear, and dichobunids become 

e x t i n c t .  Except f o r  the  l a t t e r ,  a l l  the  groups continued i n t o  the  Orellan ; e n t e -  

lodonts appeared i n  t h e  Duchesnean and three  new fami l ies  ( tayassuids  , anthraco- 

t h e r i i d s  and merycocoidodontids) 

element of the  Oligocene fauna. 

According t o  Wilson (1980) Uintan rodents a r e  simple descendants of Bridge- 

r i a n  ones. Most of the  change i n  charac te r  of North American rodent groups occur- 

red between the  Uintan and the  Orellan "ages". The l a r g e s t  par t  of t h i s  turnover 

took place within the Duchesnean and the  f i r s t  par t  of the  Chadronian, b u t  con- 

s iderable  ambiguity remains with respect  t o  the  place of or ig in  of many fami l ies .  

Lagomorphs make a timid appearance in  the Uintan and  expand i n t o  the Oligoce- 

ne, b u t  several archaic  orders (Taeniodonta, Dinocerata ( u i  n ta theres)  and Condy- 

l a r t h r a  (hyopsodontids and mesonychids) became e x t i n c t  with the  close of Uintan 

time. 

in  the  Chadronian, completing the  ar t iodactyl  

From an abundance in  the  Uintan, primates decrease markedly in  the Duches- 

Creodonts decl ine even before the  Uintan and with the Duchesnean are  repre- 

nean b u t  nevertheless survive i n t o  the Chadronian. 

sented only by the probable Asian immigrants Pterodon and Hyaenodon ; t h e  l a t t e r ,  

however, continued t o  t h r i v e  throughout the Oligocene. Miacids somewhere under- 

went a n  evolutionary development t h a t  was responsible  f o r  the appearance in  the 

Chadronian of the  modern famil ies  of carnivores:  Canidae, Fel idae,  Viverridae 

and Ursidae, as well as the e x t i n c t  Nimravidae and Amphicyonidae. Detai ls  of t h i s  

evolution a r e  p a r t i c u l a r l y  obscure as no miacids have as ye t  been found i n  the  
Duchesnean ; t h e  

survivor in  the 

the modern carn 

ex t inc t ion  of o 

subs tan t ia te  i t  

Peri ssodacty 

family i s  well represented i n  the Uintan a n d  i s  k n o w n  by a l a s t  

Chadronian. Radinsky (1982) has suggested t h a t  the  appearance of 

vore groups might be subsequent t o ,  and not responsible f o r ,  the 

der forms. While t h i s  i s  probable the  f o s s i l  record does n o t  

s a l so  underwent a profound change during t h i s  per iod,  b u t  cont i -  

nue t o  cons t i tu te  an important par t  of the  fauna, desp i te  the increase in  diver-  

s i t y  of the a r t iodac ty ls .  Isectolophids  and chal icotheres  disappear with the U i n -  

t a n ,  b u t  most of the  other  famil ies  continue a t  l e a s t  t h r o u g h  the  Chadronian, 

when the brontotheres disappear. A t  t h a t  time an inf lux  of rhinocerot ids  assumes 

a cer ta in  dominance, which p e r s i s t s  i n t o  the  Orellan. 

I n  summary, a noteworthy change in  the cons t i tu t ion  of l a t e  Eocene- ear ly  Oli- 

gocene faunas i s  well documented in  North America. Art iodactyls  exhib i t  the  chan- 

ge on  a family level  a f t e r  the Duchesnean, as  did rodents ,  carnivores a n d  per i s -  

sodactyls .  The evidence, then,  ind ica tes  the  presence of an important event a f -  

fec t ing  the mammalian b io ta ,  during the Duchesnean, t h a t  produced a Chadronian 
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fauna significantly different from that o f  the Uintan. Although precision in in- 
tercontinental correlation is still lacking, if the TEE was a world-wide pheno- 
menon, one is tempted to conclude that it coincided with the Duchesnean "age" in 
North America. 

Information from Asia is less abundant than it is from Europe or North Amer 
ca, but considerable progress has been made in recent years. Russell and Zhai 
(in press) have compiled a comprehensive review of Asian Paleogene localities 
and the mammalian taxa they have yielded. 

Perissodactyls in the Paleogene of Asia display an abundance, in both numbe S 
and taxa, that is unequaled elsewhere. This is particularly true of the middle 
Eocene ; i n  the late Eocene they diminish somewhat but still retain a diversity 
that is superior to that of the artiodactyls. Among the dominant forms, bronto- 
theres maintain an important place in the faunas from the middle Eocene through 
the early Oligocene ; paralleling their evolution in North America, they suddenly 
become extinct before the middle Oligocene. However, they show evidence of a 
greater change between the middle and late Eocene than there was between the la- 
te Eocene and the early Oligocene. Other perissodactyls (Lophialetidae, Chalico- 
theriidae, Helaletidae and Deperetellidae) also diminish in numbers more or less 
dramatically in passing from the middle to the late Eocene, decreasing in any 
case more than at the Eocene-Oligocene limit. Hyracodontidae and Amynodontidae, 
however, display a reversal of this trend and increase gradually through the mid- 
dle Oligocene. The amynodonts seem to have found conditions at the Eocene-Oligo- 
cene transition particularly well suited to their needs ;they increase from 8 
genera in the late Eocene to 1 1  in the early Oligocene, of which 5 are new but 
nearly all of the rest are survivors from the late Eocene ;with the middle Oligo- 
cene they undergo a virtual extinction. What is especially intriguing about their 
history is that many of them are purportedly semi-aquatic in habits, which con- 
trasts with the generally cold and dry climate proposed for the Terminal Eocene 
Event. A single (and different) genus of rhinocerotid occurs in the early and 
in the middle Oligocene. 

Among the artiodactyls, helohyids and leptomerycids undercjo a decrease in di- 
versity in passing from the late Eocene to the early Oligocene. Entelodonts are 
present already in the middle Eocene ; Eoentelodon persists into the early Oligo- 
cene where it is joined by the typical Oligocene form, Entelodon. Anthracotheres 
are the dominant artiodactyl during this period in Asia, with a maximum of gene- 
ra in the late Eocene. A strong reduction is recorded at the Eocene-Oligocene 
transition when 4 new families make their appearance. 

Modern groups of rodents (cricetids and dipodids) are first seen in the late 
Eocene and pass (with generic change) into the early Oligocene where they are 
joined by the cylindrodonts, immigrants from North America. The period o f  grea- 
test modification, as concerns the rodent population, occurred in the middle 
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O l i g o c e n e  w i t h  t h e  a r r i v a l  o f  4 new f a m i l i e s  and t h e  f l o w e r i n g  o f  t h e  c t e n o d a c t y -  

l i d s .  

L e p o r i d  l agomorphs  show a r e d u c t i o n  i n  c r o s s i n g  t h e  Eocene-O l igocene  boundary ,  

a l t h o u g h  t h i s  i s  a c h i e v e d  b y  a s i n g l e  genus. O c h o t o n i d s  appear  i n  t h e  e a r l y  O l i -  

gocene and d i v e r s i f y  g r e a t l y  d u r i n g  t h e  m i d d l e  O l i g o c e n e .  

P r i m a t e s  a r e  l i t t l e  known i n  t h e  Pa leogene  o f  A s i a  b u t  a s c e n a r i o  s i m i l a r  t o  

t h a t  c i t e d  i n  Europe and N o r t h  Amer i ca  a p p a r e n t l y  p r e v a i l e d  : e x t i n c t i o n  o c c u r r e d  

a t  Eocene-O l igocene  boundary.  

T y p i f y i n g  t h e  c r e o d o n t s ,  Hyaenodon o c c u r s  as e a r l y  as t h e  m i d d l e  Eocene and,  

w i t h  a p p a r e n t  e q u i n i m i t y ,  t r a v e r s e d  a l l  p e r i o d s  o f  p o s s i b l e  c r i s i s  up  i n t o  t h e  

m i d d l e  O l i g o c e n e .  As a f a m i l y ,  however ,  h y a e n o d o n t i d s  d e c r e a s e  s l i g h t l y  d u r i n g  

t h i s  t i m e .  

T r u e  c a r n i v o r e s  a r e  r e p r e s e n t e d  i n  t h e  m i d d l e  Eocene b y  m i a c i d s ,  c a n i d s  and 

f e l i d s  ; t h e y  a r e  accompanied i n  t h e  l a t e  Eocene b y  v i v e r r i d s  and u r s i d s  and a l l  

f o u r  p e r s i s t  i n t o  t h e  m i d d l e  O l i g o c e n e ,  when m u s t e l i d s  a r e  added. There  i s  no ap- 

p r e c i a b l e  e v i d e n c e  o f  a f a u n a l  b r e a k  i n  t h i s  sequence. Times o f  p r i n c i p a l  change 

a r e  t h e  l a t e  Eocene ( w i t h  2 new f a m i l i e s )  and t h e  m i d d l e  O l i g o c e n e  ( w i t h  one new 

f a m i l y  and e x p a n s i o n  o f  t h e  c a n i d s  and f e l i d s ) .  

r e d u c t i o n  between t h e  m i d d l e  and l a t e  Eocene and d i e  o u t  i n  t h e  e a r l y  O l i g o c e n e  ; 

t h e  same i s  t r u e  f o r  t h e  c o r y p h o d o n t i d  p a n t o d o n t s .  T a e n i o d o n t s  become e x t i n c t  du-  

r i n g  t h e  l a t e  Eocene. 

Taken t o g e t h e r ,  t h e  d a t a  f r o m  A s i a  do n o t  i n d i c a t e  t h e  same i m p o r t a n c e  o f  f a u -  

n a l  r u p t u r e  a t  t h e  Eocene-O l igocene  l i m i t  as do t h o s e  f rom Europe o r  N o r t h  Amer i -  

ca. I n  f a c t ,  t h e  s h i f t s  i n  c o m p o s i t i o n  t h a t  appear  b o t h  between t h e  m i d d l e  and 

l a t e  Eocene and between t h e  e a r l y  and m i d d l e  O l i g o c e n e  a r e  a l s o  o f  s i g n i f i c a n t  

a m p l i t u d e .  And l a t e  Eocene genera  t h a t  e x t e n d  a c r o s s  t h e  boundary  i n t o  t h e  e a r l y  

O l i g o c e n e  a r e  numerous. Ve ry  f e w  f a m i l i e s  become e x t i n c t  a t  Eocene-O l igocene  li- 

m i t  a l t h o u g h  p r i m a t e s  and t a e n i o d o n t s  do among t h e  o r d e r s .  Viewed f rom t h e  a s p e c t  

o f  f a u n a l  r e n e w a l ,  t h e  e a r l y  O l i g o c e n e  was n e v e r t h e l e s s  n o t e w o r t h y  f o r  t h e  appea- 

r a n c e  o f  many new f a m i l i e s .  

CONCLUSIONS 

W i t h  r e g a r d  t o  o t h e r  o r d e r s  o f  mammals, mesonych id  c o n d y l a r t h s  show a m a j o r  

I n  t h e  c h a r t s  p r e p a r e d  by Savage and R u s s e l l  (1983) on  f a u n a l  t u r n o v e r  a p a r -  

t i c u l a r l y  h i g h  number o f  genera  b o t h  appeared  and d i s a p p e a r e d  i n  t h e  t i m e  t h a t  

e l a p s e d  between t h e  b e g i n n i n g  o f  t h e  U i n t a n  and t h e  end o f  t h e  Chadron ian  i n  N o r t h  

A m e r i c a ;  t h a t  p e r i o d  i s  u n i q u e  i n  t h e s e  r e s p e c t s  f o r  t h e  e n t i r e  T e r t i a r y  o n  t h a t  

c o n t i n e n t .  

I n  Europe,  a peak o f  new genera  o c c u r r e d  between t h e  l a t e  Eocene and t h e  e a r l y  

O l i g o c e n e ,  w i t h  t h e  t r e n d  c o n t i n u i n g  t o  a l e s s e r  d e g r e e  i n t o  t h e  m i d d l e  O l i g o c e n e .  

A l t h o u g h  r e l a t i v e l y  h i g h ,  e x t i n c t i o n  r a t e s  r e m a i n  much be low t h o s e  f o r  new a r r i -  

v a l s  and a c t u a l l y  d e c r e a s e  f r o m  t h e  l a t e  Eocene t o  t h e  m i d d l e  O l i g o c e n e .  The Eu- 
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s i s  o f  f a m i l y  change, however, t h e  m i d d l e - l a t e  Eocene break and t h a t  o f  t h e  l a t e  

Eocene-ear ly Ol igocene bo th  show approx ima te l y  t h e  same degree o f  appearance and 

disappearance. 

I n  conc lus ion ,  mammalian e v o l u t i o n  i n d i c a t e s  t h a t  i n  Nor th  America p a r t i c u l a r -  

l y  h i g h  r a t e s  of change were ma in ta ined  ove r  a p e r i o d  o f  a t  l e a s t  10 m i l l i o n  

years  ; t h e  Eocene-Oligocene boundary was s i t u a t e d  near  t h e  m idd le  o f  t h i s  t ime.  

I n  Europe a peak o f  e x t i n c t i o n s  occur red  i n  t h e  l a t e  Eocene (as i t  d i d  i n  As ia )  ; 

a f t e r  a low p o i n t  i n  t h e  l a t e  Eocene ( a l s o  as i n  As ia )  a maximum o f  new genera 

appeared i n  Europe w i t h  t h e  e a r l y  Ol igocene. 

a t ime  o f  g r e a t  change, bu t  i t  u n d e r l i n e s  t h e  f a c t  t h a t  t h i s  was n o t  a b r i e f  pe- 

r i o d  o f  i n t e n s e  b iogeograph ic  a c t i v i t y .  I n  a l l  t h r e e  c o n t i n e n t s  s t u d i e d  i t  had a 

d u r a t i o n  o f  f rom 10 t o  15 m i l l i o n  years .  The Terminal  Eocene Event was n o t  punc- 

t u a l  i n  i t s  e f f e c t s  on mammals. 

What t h e  above s ta tements  p o i n t  o u t  i s  t h e  presence on a wor ld -w ide  s c a l e  o f  
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THE AMPHIBIANS A X D  REPTILES A T  THE EOCENE-OLIGOCENE T R A N S I T I O N  IY WESTERN 
EUROPE: AN OUTLINE OF THE FAUtLAL ALTERATIOUS. 

by Jean- Claude RAGE 

L a b o r a t o i r e  de p a l 6 o n t o l o g i e  des VertBbrgs,  U n i v e r s i t d  P a r i s  V I ,  4 p lace  
Juss ieu ,  75230 P a r i s  cedex 05, F ra rce .  

INTRODUCTION 

I n  Ver teb ra te  pa leon to logy ,  when s t r a t i g r a p h y  o f  t he  Cenozoic i s  concerned, 

a t t e n t i o n  i s  t u rned  c h i e f l y  t o  mammals and the  o t h e r  groups a re  g e n e r a l l y  ne- 

g lec ted .  However, amphibians and r e p t i l e s  can p r o v i d e  i n t e r e s t i n g  i n f o r m a t i o n s .  

U n f o r t u n a t e l y ,  thorough s t u d i e s  o f  Cenozoic amphibians and r e p t i l e s  have been 

undertaken o n l y  i n  Europe and Worth America. Moreover, w i t h  rega rd  t o  Eocene 

and Ol igocene t imes,  these faunas a r e  w e l l  known o n l y  from France and t o  a les- 

ser e x t e n t  from Belgium and England. S p e c i f i c  works from those areas show t h a t  

t he  t e r m i n a l  Eocene events  s t r o n g l y  a f f e c t e d  them. From Nor th  America, i t  i s  

o n l y  known t h a t  e x t i n c t i o n s  o f  snakes occur red  a t  t h e  end o f  t he  Eocene (Holman, 

1979).  There fore ,  o n l y  an o u t l i n e  o f  t he  amphibian and r e p t i l e  h i s t o r y  a t  t h e  

Eocene-Oligocene boundary i n  France, Belgium and England i s  g i ven  here .  

THE LATE EOCENE FAUNAS 

Dur ing  t h e  l a t e  Eocene ( i . e . ,  t h e  Lud ian)  e x t i n c t i o n s  a f f e c t e d  bo th  amphi- 

b i a n s  and r e p t i l e s .  On t h e  whole, e x t i n c t i o n s  t h a t  concerned these groups were 

n o t  very  numerous (Rage, 1984) whereas mammals have been markedly t r o u b l e d  by 

such a phenomenon (Har tenberger ,  1973).  On the  o t h e r  hand, d u r i n g  t h e  l a t e r  

p a r t  o f  l a t e  Eocene, t h e  number o f  amphibians and r e p t i l e s  inc reased.  Th is  

migh t  be an a r t i f a c t  o f  f o s s i l i z a t i o n  b u t ,  even i f  f o s s i l i z a t i o n  took  a p a r t  i t  

probab ly  cannot account f o r  a l l  o f  t h i s  inc rease.  However t h a t  may be, t he  l a t e  

Lud ian  amphibians and r e p t i l e s ,  c h i e f l y  t h e  l a t t e r ,  were r a t h e r  d i v e r s i f i e d  and 

f l o u r i s h i n g .  Th is  i s  somewhat s u r p r i s i n g  because a genera l  c o o l i n g ,  i n i t i a t e d  

by t h e  beg inn ing  o f  t h e  Lud ian ,  more or l e s s  g r a d u a l l y  i nc reased  u n t i l  t h e  mar- 

ked d e t e r i o r a t i o n  o f  t h e  c l i m a t e  a t  t h e  end o f  t h i s  s tage (Pomerol, 1985).  Thus, 

apparen t l y ,  t h e  more t h e  c o o l i n g  inc reased,  t h e  more amphibians and r e p t i l e s  

were numerous, which i s  a l l  t h e  more a s t o n i s h i n g  t h a t  t h i s  fauna i s ,  a t  l e a s t  

p a r t l y ,  o f  a t r o p i c a l  t ype .  Anyhow, whatever t h e  causes o f  t h i s  i n c r e a s i n g  may 

b e ,  about f o r t y  t a x a  a re  known from the  uppermost Lud ian .  

THE EOCENE-OLIGOCENE T R A N S I T I D t L  

From t h e  lowermost Ol igocene, less than  t e n  taxa  have been recorded.  They 

a re  e i t h e r  Eocene forms t h a t  have s u r v i v e d  beyond the  Eocene-Oligocene boundary 
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o r  asiatic immigrants. Thus, more than three fourths of the uppermost Eocene 

fauna died out by the Eocene-Oligocene transition. This phenomenon, called the 

"Grande Coupure", affected numerous land Vertebrates; it represents the major 

break in the amphibian and reptile Cenozoic history. It should be noted that, 

apart from the terrestrial faunas, an aquatic (including marine biotas) family 

of snakes, the Palaeopheidae, known since the late Cretaceous and widely dis- 

tributed, disappeared during the late Eocene. 

T H E  OLIGOCENE FAUWA 

The very poor fauna of the lowermost Oligocene iias followed by a richer but 

still rather poor assemblage. Besides, the amphibians and reptiles from the Oli- 

gocene are never well diversified. The settlement of Western Europe during the 

Oligocene is apparently the result of arrivals of oriental immigrants that 

occupied this area which was poorly populated after the Eocene-Oligocene 

boundary. 

COUCL us I ONS 

The Eocene-Oligocene boundary corresponds to a faunal turnover, the "Grande 

Coupure", that has been prominent for amphibians and reptiles in France, Bel- 

gium and England. However, tortoises appear to have not been affected by this 

event. The phase that preceded the Eocene-Oligocene boundary is characterized 

by both extinctions and diversification of faunas. Extinctions may be the conse- 

quence of the deterioration of climatic conditions. Concerning the crocodiles, 

the reduction of their population might be only an aggravation of a process 

previously initiated (Buffetaut, 1982). The diversification of the fauna is 

rather surprising and remains unexplained. Few Eocene forms survived beyond the 

Eocene-Oligocene boundary. During the early Oligocene, some oriental immigrants 

settled in Western Europe and their arrival probably contributed to the extinc- 

tion of the Eocene autochthonous forms. Therefore, the "Grande Coupure" appears 

as the result of several causes. Although it is not simple, it is a stratigra- 

phically wel l  marked event that corresponds to the Eocene-Oligocene boundary 

in Western Europe. 
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ABSTRACT 
Ver naud Grazzini, C .  and OberhBnsli, H . ,  1985. Isotopic  events a t  the Eocene/ 

j l igocene t r a n s i t i o n .  A review. 

Oxygen and carbon s t a b l e  isotope records a t  the  Eocene-01 igocene t r a n s i t i o n ,  
documented in  land based sec t ions  and deep sea d r i l l i n g  cores  in  the At lan t ic ,  
a n d  Pac i f ic  Oceans (Bath C l i f f  Sect ion,  Core E-67-128, DSDP S i t e s  119, 401, 
366, 522, 529, 511, 516, 292, 277) a r e  discussed and compared. 

The oxygen isotope record displays a rapid s h i f t  towards increasing values ,  
a t  the  t r a n s i t i o n  between Zones P 17  t o  P 18 ( =  within Zone NP 2 1 ) ,  in  the 
e a r l y  Oliqgcene time. Recent radiometric d t ings  suggest a n  age around 35 Ma 
f o r  t h i s  
The exact  amplitude of the 6 0 increase i s  not easy t o  e s t a b l i s h  because of 
d i f f e r e n t  sampling d e n s i t i e s  a t  the  studied s i t e s ,  varying f rac t iona t ion  fac tors  
of the  d i f f e r e n t  species  with time, diagenet ic  a l t e r a t i o n s  a n d  possible  changes 
in  the  water masses which occupied the  s i t e s  a t  t h a t  time. For  benthic forami- 
n i f e r s ,  t h i s  6 I 8 O  increase ranges between +0.8°/oo and + I  .2"/,,. For planktonic 
foraminifers  the 6l80 increase ranges from +0.8°/,,  i n  high l a t i t u d e s  t o  +0.6-  
0.4°/00 in low l a t i t u d e s ,  suggesting a n  increase in  the  l a t i t u d i n a l  temperature 
gradient  from Eocene t o  Oligocene time. Because no convincing evidence from 
f a u n i s t i c  or  sedimentological s tud ies  appears t o  support the hypothesis of  a 
s i g n i f i c a n t  build u p  of i c e  caps a t  t h a t  precise  time, we favour the in te rpre-  
t 

0 event. A durat iqg of about 1 0  8 years i s  postulated by many authors .  

ion t h a t  a temperature change in mid a n d  high l a t i t u d e s  was the cause of the 

Carbon isotope values correspond t o  the maximal peak values of the second 

6 a8 0 increase.  

major cycles  of the Ter t ia ry  1 %  record. Changes in  the  volume or the  1 3 C / 1 2 C  
r a t i o  of some t e r r e s t r i a l  or oceanic reservoi r  may explain t h i s  maximum, while 
changes in the r a t e  o f  production of At lan t ic  a n d  Pac i f ic  deep waters may 
explain very local ized opposite t rends i n  the  I 3 C  records,  a t  some of the s i t e s .  

INTRODUCTION 

Thanks t o  the deep sea d r i l l i n g s  revealing long continuous sedimentary re- 

cords ,  the invest igat ions t h a t  have been car r ied  over the  l a s t  15  years have 

permitted t o  reconstruct  t h e  cl imate  of the  Ter t ia ry  with considerable accuracy. 

Among the  too ls  which a r e  useful in  such recons t ruc t ions ,  oxygen a n d  carbon 

s t a b l e  isotopes s tud ies  of s h e l l s  of foraminifera or  calcareous nannofossils 

provide informations on changes i n  i c e  volume and temperature, global carbon 

reservoi rs  a n d  abyssal c i r c u l a t i o n s .  

towards higher values with decreasing ages. This general trend i s  strengthened 

Oxygen i so topic  records of Ter t ia ry  calcareous s h e l l s  display a general trend 
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by subs tan t ia l  s h i f t s  towards higher ~ 3 ~ ~ 0  values over r e l a t i v e l y  short  time 

i n t e r v a l s .  I n  high l a t i t u d e s  these s teps  a r e  recorded by both planktonic a n d  

benthic organisms. I n  low l a t i t u d e s  they may be recorded only by benthic o r g a -  

nisms. 

Carbon i so topic  records of Ter t ia ry  calcareous s h e l l s  display cyc l ic  var ia -  
13 t i o n s .  Three major cycles  can be dis t inguished with maximal values of 6 C 

corresponding t o  : ( 1 )  the  l a t e  Paleocene (biozones P5-P6), ( 2 )  the  Eocene- 

01 igocene boundary (biozones P17-PI8)  a n d  ( 3 )  the  middle Miocene (biozones N9- 

N11) .  Secondary cycles a n d  very local ized s h i f t s  (such as  the 6.2 Ma s h i f t )  a r e  

superimposed on the  major cycles .  These changes, when recorded by both plankto- 

nic  and benthic organisms r e f l e c t  global changes in  the 13C budget. Furthermore, 

comparisons between benthic I 3 C  records from d i f f e r e n t  ocean basins permit t o  
i s o l a t e  global changes from abyssal c i r c u l a t i o n  changes a n d  synoptic o f f s e t s  in 

6 C values between basins can be used t o  i n f e r  abyssal c i r c u l a t i o n  (Kroopnick, 

1974) .  

13 

A n  important s tep  in  the oxygen i so topic  record of the Ter t ia ry  i s  located 
j u s t  above the  l a s t  occurrence of l lantkenina a n d  the  base of the planktonic fo- 

ramini f e r a l  zone Cnss iger ine l la  chipolensis /Pseudohast iyerinu inicra,  within 

Zone NP 21. 

I n  the  l a s t  15 years ,  a c e r t a i n  number of s tud ies  have been published which 

focused mainly on the i d e n t i f i c a t i o n  of t h i s  l 8 0  event used as  a s t r a t i g r a p h i c  

marker f o r  the Eocene-Oligocene boundary. Following the spadeworks of Savin a n d  

Douglas in  the equator ia l  Pac i f ic  (Douglas a n d  Savin, 1971, 1973, 1975 ; Savin, 

1977 ; Savin e t  a l . ,  1975) a n d  those of Shackleton a n d  Kennett in the Southern 

Ocean (Shackleton and Kennett, 1975 ; Kennett a n d  Shackleton, 1976) a number of 

r e s u l t s  have been published ; they concern deep At lan t ic  s i t e s  a s  well a s  land 

outcrops : DSDP s i t e s  116, 119, 400-401, 366 or  398 f o r  the North At lan t ic  a n d  

DSDP s i t e  357 i n  the  South At lan t ic .  B u l k  carbonates from land sect ions such a s  

the Cachaou sect ion near B i a r r i t z  i n  the  Gulf of Biscay (Rabussier Loin t ie r ,  

1989) or marine molluscan s h e l l s  (Buchardt, 1978) from the  North Sea have been 

analysed in order t o  c a l i b r a t e  the amplitude of the I 8 O  change a t  the  Eocene- 

Oligocene t r a n s i t i o n .  All these inves t iga t ions ,  which preceeded the  use of the 

hydraulic pis ton core system, pr ior  t o  DSDP leg 68, correspond t o  a f i r s t  phase 

a n d  a r e  reported in Table 1.  This f i r s t  phase i s  character ized by the  f a c t  t h a t :  

( 1 )  The non-continuous a n d  incomplete recovery o f  the  sedimentary sequences 

caused the  imprecision in  the loca l iza t ion  of the oxygen-isotopic s h i f t s  which 

might appear non isochronous ( a s ,  f o r  instance,  in  the P a c i f i c )  and, in  some 

s t u d i e s ,  led t o  a n  a r t i f i c i a l l y  increased pos i t ive  s h i f t  in i so topic  r a t i o s  due 

t o  the  widely spaced sampling. T h u s ,  the  beginning of the  s h i f t  was dated t o  

s t a r t  a t  some s i t e s  a s  e a r l y  a s  t h e  l a t e  Middle Eocene. 
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(2) Stable isotope analyses were performed on bulk carbonates or mixed 

(3) The most attention was paid to the I8O event and very few comments 
species of benthic or planktonic foraminifers. 

concern the 13C event. 

TABLE I 
DSDP sites and calcareous material used for the Eocene-Oligocene I80 event 
identification. 

Location and depth (m) 

Extrapolated depth, interval DSDP Sites Present depth ( . . )  Coordinates Biostratigraphic Species analysed Ail’O ym 

PACIFIC 

305 (11 

167 (1) 

(2) 

( 3 )  

171 ( 2 )  

44 (2) 

277 (41 

ATLANTIC 

116 (5) 

398 (6) 

366 (5) 

Shatsky Rise (2903) 

Central Equatorial 
(3176) 3363 

North (2283) 

Central North (2478) 

Campbell Plateau 
(1214) 

North Rockall 
Plateau (1151) 

North West Portugal 

Sierra Leone Rise 
(2953) .E 

119/401 ( 7 )  Gulf of Biscay 
(4447-2395) 37cc 

32’00.1’N/ P10-P18 -----> 
157’jI .C’E 

7"04 N/ P18-Pl9 -----> 

P14-Pl7 -----> 

P16-PI8 - - - - -> 

19’07.8’N/ P12-Pl8 -----> 
169"27.6’W 

19’1E’N/ P16-Pl9 -----> 
169"09’W 

52°13.43’S/ Eocene- 
166"11.4E1E Oligocene -----> 

167"49.5’W 

----_ 

-____ 

57’29.76’N/ P16-PI7 -----> 
1 5 ° 5 5 . 4 6 1 W  

40°57.6’N/ P13-Pl6 -----> 
10043’1’w p15-p16 - - - - -> 

05’40.7"/ PIh-Pl5 - - - - ->  
19"51.1’W 

45’02.3’N/ Plh-PI7 -----> 
C7058.8’W 

Calc. nannofossils t 1.30 

Calc. nannofossi’ls + 0.90 

Planktonic foram. + 1.08 

Benthic foram. t 1 . 0 3  

Planktonic foram. t 1.31 

Benthic Poram. t 1.17 

Planktonic foram. + 1.5’2 

Benthic forarn. t 1.25 

Planktonic forarn. + 2.03 

Benthic foram. t 2.90 

Calc. nannofossils t 1.06 

Planktonic foram. t 2.00 

Benth.ic foram. t 2 . 0 c  

Calc. nannofossils + l.:5 

Zalc. nannofossils t 1.50 

(1)  Douglas and Savin (1975) ; (2) Savin (1977) ; (3) Savin et al. (1975) ; 
(4) Kennett and Shackleton (1976) ; (5) Cavelier et al. (1981) ; (6) Vergnaud 
Grazzini (1979) ; (7) Miller and Curry (1982). 
* Extrapolated depths, following the determinations of Keigwin and Corliss (in 
press) 

Only beginning with DSDP leg 68, the use of hydraulic piston coring initiates 
a second phase in the investigations dealing with isotopic changes at the 
Eocene-01 i gocene boundary. 
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The o b j e c t i v e s  o f  t h i s  s t u d y  a r e  t o  e s t a b l i s h  t h e  t i m i n g  and t h e  a m p l i t u d e  

o f  Eocene-O l igocene  s t a b l e  i s o t o p i c  changes w h i c h  emerged f r o m  a l l  d a t a  r e c e n t -  

l y  p u b l i s h e d  and t o  p r e s e n t  some p a l e o - e n v i r o n m e n t a l  h y p o t h e s i s  c o n c e r n i n g  such 

changes ( S i t e s  p l o t t e d  i n  F i g .  1). 

w I. \h 

526 0 

529 

277 

F i  , 1. L o c a t i o n  map o f  t h e  s i t e s  d i s c u s s e d .  ( 0 )  : s i t e s  p l o t t e d  i n  F i g .  2 t o  4; (+3 : s i t e s  m e n t i o n n e d  i n  t h e  d i s c u s s i o n  ; ( 6 )  B a t h  C l i f f  S e c t i o n ,  Barbados W . I .  

THE LATELY PUBLISHED ISOTOPIC DATA 

The l a s t  f i v e  y e a r s  s e v e r a l  h i g h  r e s o l u t i o n  s t u d i e s  on  t h e  Eocene-O l igocene  

e v e n t s  have been p u b l i s h e d .  These i s o t o p i c  a n a l y s e s  a r e  m o s t l y  based on  mono- 

s p e c i f i c  samples o f  f o r a m i n i f e r s .  I n  a f e w  cases  m a g n e t o - s t r a t i g r a p h y  p e r m i t s  a 

p r e c i s e  c o n t r o l  f o r  t h e  s i n g l e  i s o t o p i c  e v e n t s .  S i t e s  w h i c h  have been used  r e -  

c e n t l y  a r e  l i s t e d  i n  T a b l e  2. I s o t o p i c  r e s u l t s  o f  t h e  mos t  c o m p l e t e  r e c o r d s  a r e  

p l o t t e d  i n  F i g .  2 and  3. By now t h e  i s o t o p e  e v e n t  a t  t h e  Eocene /O l igocene  boun- 

d a r y  i s  b e s t  documented i n  t h e  A t l a n t i c  Ocean. 

I n  t h e  f o l l o w i n g  d i s c u s s i o n ,  we w i l l  r e p o r t  t h e  e x t e n t  o f  t h e  s h i f t  a s  t h e  

d i f f e r e n c e  between ave rage  p o s t - s h i f t  6 

ave rage  l a t e s t  Eocene 6I8O v a l u e s .  

O l i g o c e n e  i n t e r v a l ,  s p e c i f i c  f r a c t i o n a t i o n  may f u r t h e r  be  a s o u r c e  o f  u n c e r t a i n -  
18 13 t i e s .  S y s t e m a t i c  d i f f e r e n c e s  i n  6 0 and  6 C v a l u e s  have been r e g i s t e r e d  f o r  

b o t h  p l a n k t o n i c  and  b e n t h i c  f o r a m i n i f e r s  (e .g .  Doug las  and S a v i n ,  1978 ; S h a c k l e -  

t o n  and V i n c e n t ,  1978 ; B e l a n g e r  e t  a l . ,  1981 ; W o o d r u f f  e t  a l . ,  1980 . B e r g e r  

e t  a l . ,  1981 ; Graham e t  a l . ,  1981). Most  w o r k e r s  c o n s i d e r  o b s e r v e d  6 0 v a l u e s  

of  p l a n k t o n i c  f o r a m i n i f e r s  as e q u i l i b r i u m  v a l u e s .  The i s o t o p i c  r a n k i n g  f r o m  a 

18 0 v a l u e s  o f  t h e  E a r l y  O l i g o c e n e  and  

I n  s t u d i e s  w h i c h  d e a l  w i t h  i s o t o p i c  d a t a  o f  d i f f e r e n t  s p e c i e s  i n  t h e  Eocene- 

i8 
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TABLE 2 

Location of the s i t e s  where new iso topic  d a t a  have been obtained f o r  the 
Eocene/Ol igocene boundary. 

la0 increase 
LDcation 

Species analyaed a t  the Eocene/ 
Coordinates Leg-HolB- Present  d e p t h [ . . )  

Oligocene =t-pOlated d e p t h 2  p a ~ e o ~ a t i t u d e a  [ ) 

1121 t r a n s i t i o n  
s e c t i o n  a t  the  mcene/ 

Oligocene t i m e  1121 

277 I 1 1  

1121 

292 (1) 

1121 

363 I21 

511 (31 

516F Ill) 

522 14) 
15) 

523 15) 

529 I61 

540 171 

EUZekB 
67-128 

Campbell Plateau 
Southern ocean 

112111 

West h o p i c a l  Ph i l ipp ine  
Sea 129431 1068 

Southeastern At lant i c  
WalYiB Ridge 
122481 2216 

Southwest At lant i c  
murice wing Bank 

12589) 

R i o  Grande Rise 
113171 

South At lant i c  
(44411 

2500-3000 2693 - _  
South Atlant i c  
(4572) 2300 

South At lant i c  
Walvis Ridge 
130351 2362 

Gulf Of nexico 
129261 

Gulf Of M x i c o  
11494) 

549 I81 I91 Gulf of Biecay 
125381 2386 

Bath Cliff Barbados-West Indies-  
Sec t ion  1101 Land Gutcrop 2500 

52’13143"S/ 
166’11.48’E 

159’s) 

15"19.11’N/ 
124’39.05’E 

16") 

19’38.75’S/ 
9’2.8’E 

(30’s) 

5l0O0.28’S/ 
46’58.30’W 

159051 

30°25’S/ 
35’15’E 

26*06.8’s/ 
5 0 0 7 . ~ 1 ~  

135’s) 

ze033.i3’s/ 
0 2 ' 1 5 . 0 8 ' Y  

28’55.83’S/ 
02’46.08’E 

140’Sl 

23’49.73’N/ 
84°22.25’W 

IZO’NI 

125.N) 

49’05.23’N/ 
13’05.89’W 

OrtdoFeoLie 

Globigerina ongipomidea 

Globocneeidulina subgloboarj 

Chiloguembetino a p p .  

m-idoraolis 

G. ompliappertum 

c. ungerionus 
G. ompliopertum 

Mixed benthic  foraminifers 

l l lxed planktonic species 

Cibicidee 

Sti loetomella 

Catapeydmz d iee imi l i s  

G. veneauetano 

0. wnbOMtU8 

Clobigerinothako mezicana 

Vexious benthic  species 

Various planktonic species 

C i b i e i h i d e e  ~ p p .  

Bulimina alainnenaie 

C .  mnpliapertum, 
Chiloguembetino epp. 

PtnlUli"0 

+ 0.80 

+ 0.80 

+ 0.85 

+ 0.50 

+ 1.00 

+ 0.40 

1 0.45 

+ 0 . 5 0  

+ 2.50 
+ 1.30 

i 1.00 

1 1.30 

+ 1.20 

i 0.50 

+ 1.10 

+ 0.60 

0.50 to 0.80 

+ 0.75 

+ 0.05 

t 0.80 

+ 1.22 
C. diseimilia + 1.00 

( 1 )  Keigwin (1980) ; (2) Corl i ss  e t  a l .  (1984) ; ( 3 )  Muza e t  a l .  (1983) ; ( 4 )  
Poore a n d  Matthews (1984) ; (5)  Oberhansli e t  a l .  (1984) ; ( 6 )  Shackleton e t  a l .  
(1984) ; ( 7 )  Belanger and Matthews (1984) ; ( 8 )  Mil ler  e t  a l .  (1984) ; ( 9 )  Sny- 
der e t  a l .  (1984) ; ( 1 0 )  Saunders e t  a l .  (1984) ; ( 1 1 )  Vergnaud Grazzini and 
Sal iege (1985) ; ( 1 2 )  Keiswin a n d  Cor l i ss  ( i n  p r e s s ) .  

s ing le  sample i s  mostly explained by the f a c t  t h a t  the d i f f e r e n t  taxa l i v e  a n d  

form t h e i r  t e s t  a t  d i f f e r e n t  d e p t h  leve ls  of the surface water column. Our d is -  
cussion i s  based on i so topic  values of t h e  following planktonic foraminifers  

(Table 2) : Chiloguembelina S p p . ,  Globigerina ampZiapertura, GZobigerina vene- 

zuelana, GZobigerina angiporoides and Catapsydrax dissimiZis. Based on the model 
of depth ranking, G. ampZiapertura and G. venezuelana, with l i g h t  values (Poore 

and Matthews, 1984), ind ica te  shallow water condi t ions.  ChiZoguembeZina spp. a r e  
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probably shallow to intermediate dwellers. G. angiporoides and C. dissimiZis 
report on intermediate and deep surface water conditions, respectively. 

Cib ic ido ides  

thic species are out of isotopic equilibrium. OridorsaZis and Cibicidoides  are 
consistently offset from equilibrium values by lo/oo.(6 C) and 0.5’/,, (6 0) 
respectively, whereas EuZimina secrets its test probably close to equilibrium 
conditions (Shackleton et al., 1984). 

In this work, isotopic data of the benthic foraminifersOridorsaZiswflbonatus, 

sp. and EuZimina sp. are interpreted. Apparently many of the ben- 

13 18 

Isotopic signals at North Atlantic sites 
The most recently published results are based on studies of DSDP Site 549 

from the Bay of Biscay and the Bath Cliff Section in Barbados, as well as of 
DSDP Site 540 and the core Eureka-67-128, both located in the Gulf of Mexico. 

A rapid increase in 6180 is observed at Site 549 (Miller et al., 1984) and 

18 Fig. 2. 6 0 plot of selected Atlantic and Pacific sites (Eocene-Oligocene 
transition). 
DSDP Site 549 : monospecific samples of Cib ic ido ides  sp. (Miller et al., 1984) ; 
DSDP.Sites 119+401 : Cib ic ido ides  sp. (Miller and Fairbanks, 1983) ; Bath Cliff 
Section : UridorsaZis wnbonatus, C. venezueZana, calcareous nannofossil s (Saun- 
ders et al., 1984) ; DSDP Site 529 : BuZimina spp., CZobigerinatheka spp. (Lower 
Eocene), Catapsydraz spp. (Early Oligocene) (Shackleton et al., 1984) ; DSDP si- 
te 516 : Cib ic ides  spp. (Vergnaud Grazzini and Saliege, 1985) . DSDP Site 
277 : UridorsaZis sp., G. angiporoides  (Keigwin, 1980) ; DSDP S;te 292 : Oridor- 
saZis sp., G. ampZiapertura (Keigwin, 1980). (1)  Berggren et al. (1985) . 
(2) Martini (1971) ; (3) Blow (1969) and Berggren and Van Couvering (1974). 
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a t  B a t h  C l i f f  S e c t i o n  (Saunders  e t  a l . ,  1984) .  I t  c u l m i n a t e s  i n  Zone P 18 

( F i g .  2 ) .  I n  t h e  b e n t h i c  r e c o r d  t h e  a m p l i t u d e  o f  t h e  s h i f t  i s  0.8"/,, a t  S i t e  

549 (C ib ic ido ides  s p . )  and 1.22°/,, a t  t h e  B a t h  C l i f f  S e c t i o n  (OridorsaZis UP- 

bonatms) .  A t  S i t e  540 (C ib ic ides  sp., B e l a n g e r  and Mat thews,  1984)  and c o r e  E-  

67-128 (BuZimina a h a n e n s i s ,  K e i g w i n  and C o r l i s s ,  i n  p r e s s )  t h e  s h i f t  i s  0.5"/, 

and l.Oo/,, r e s p e c t i v e l y .  6 0 v a l u e s  o f  t h e  deep d w e l l i n g  p l a n k t o n i c  s p e c i e s  

(Catapsydraz dissimilis) i n c r e a s e  b y  a b o u t  l o / o o  a c r o s s  t h e  P17-PI8 t r a n s i t i o n  

a t  t h e  B a t h  C l i f f  S e c t i o n .  However t h e  s h a l l o w  d w e l l e r s  (GZobigerina uenezuela- 

nu, G. ampliapertura, ChiZoguembeZina cubensis ( ? ) )  and m i x e d  n a n n o f o s s i l  s f r o m  

t h e  B a t h  C l i f f  S e c t i o n  and c o r e  E-67-128 do n o t  d i s p l a y  any s i g n i f i c a t i v e  t r e n d  

a c r o s s  P17-PI8 zones boundary  ( u p p e r  p a r t  o f  Zone NP 2 1 ) .  A t  t h e  e q u a t o r i a l  

S i t e  366, however ,  d 0 v a l u e s  o f  b u l k  c a r b o n a t e  i n c r e a s e  b y  more t h a n  lo/,o 

t h r o u g h  P17-Pl8 t r a n s i t i o n .  D i a g e n e t i c  a l t e r a t i o n s  may p r o b a b l y  a c c o u n t  a t  l e a s t  

f o r  p a r t  o f  t h e  s h i f t .  

C d a t a  a t  S i t e s  540 and  549 do n o t  show any  coniparable t r e n d s .  The ben- 

t h i c s ,  a t  S i t e  549, r e a c h  maximum v a l u e s  i n  t h e  l o w e r  p a r t  o f  Zone P 18 ( F i g .  3 )  

w h i l e  a t  S i t e  540, t h e  maximal  6 

18 

18 

13 d 

13 
C v a l u e s  a r e  l o c a t e d  a t  t h e  Eocene /O l igocene  

F i g .  3 .  6 ' > C  p l o t  o f  s e l e c t e d  A t l a n t i c  nd  P a c i f i c  s i t e s  (Eocene-O l igocene  t r a n -  
s i t i o n )  ; t h e  l i n e s  i n d i c a t e  ave rage  dT4C c o m p o s i t i o n s  o f  b e n t h i c  and p l a n k t o n i c  
r e c o r d s .  F o r  f u r t h e r  d e t a i l s ,  see l e g e n d  t o  F i g .  2. 
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13 13 boundary. After w h a t ,  6 C values decrease a t  b o t h  s i t e s .  'The 6 C record of 

the  bulk carbonate a t  S i t e  366 does not show any t rend.  I t  appears t h a t  the I 3 C  

record a t  the Eocene-Oligocene t r a n s i t i o n  i s  located a t  the  maximal I 3 C  enr ich-  

ment of the  second major cycles  of the Ter t ia ry .  

Isotopic  s igna ls  a t  South At lan t ic  S i t e s  
Oxygen a n d  carbon i so topic  records from the  Walvis Ridge (DSDP S i t e s  363 a n d  

529), the  Angola basin ( S i t e  5 2 2 ) ,  the  Rio Grande Rise ( S i t e  516) a n d  the F a l k -  

land Plateau ( S i t e  511) a r e  discussed (Fig.  2 and 3 ) .  

I n  the  low resolut ion i so topic  record of S i t e  363 (Cor l i ss  e t  a l . ,  1984), a n  
increase of about 0.5"/,, in  6 0 values of G. ampliapertura and Chiloguembelina 

spp. i s  recorded, while the benthic foraminifer  Cibicides mger ianus  records 
only a 0.45'/,, change. These increases  a r e  recorded a t  the  t r a n s i t i o n  between 

Zones Turborotalia cerrouzu2ensi.s and P. miera (Keigwin and Corl i s s ,  in press ) .  

A t  S i t e  529 (Shackleton e t  a l . ,  1984), oxygen i so topic  analyses of  Bulimina 

spp., Globigerinatheka spp., Catapsydraz spp. r e s u l t  in a l o / o o  increase located 

between the  upper par t  of Zone P 1 7  a n d  the lower part of Zone P 18. The s h i f t  

observed i n  the  surface water i s  most probably enhanced because Globigerinatheka 

spp. (measured i n  Eocene sediments) a n d  Catapsydrax spp. (01 igocene record) had  

d i f f e r e n t  depth habi ta t s .  A h ia tus  a t  the  t r a n s i t i o n  between P 17 and P 18 se-  

parates  most probably minimal from maximal values (Fig.  2 a n d  3 ) .  

A t  S i t e  522  (Fig.  4 )  a high resolut ion record has been generated f o r  the time 

interval  o f  Zones NP 20 and NP 21  (Oberhansli e t  a l . ,  1984). The benthic forami- 

n i fe ra]  species  StiZostomeZZa spp. and the  planktonic species  G. venezuelana and 

C. dissiailis were analysed. I n  the  uppermost par t  of Zone NP 20.  the  5 0 va -  
lues  of benthic and planktonic foraminifers  s t a r t  t o  increase s t e p l i k e .  The 

maximum increase i s  recorded s l i g h t l y  beyond the Eocene-Oligocene boundary. The 

overal l  increase i s  a r o u n d  0.5"/ , ,  f o r  the  shallower planktonic species  a n d  over 

l . O o / , o  f o r  the  benthic spec ies .  

the  benthic foraminife- 

ra l  species  Cibicidec spp. has been analysed (Fig.  2 and 3 ) .  A s t e p l i k e  increase 

towards higher 6I8O values s t a r t s  as  e a r l y  as  Zone P 14. The f i r s t  maximal v a -  
lues  a r e  obtained in  Zone P 18. The average increase of 6 I 8 O  values ,  between 

Zones P 1 7  and P 18 corresponds t o  approximately l,Oo/oo. 

blages (Muza e t  a l . ,  1983). An increase in  6 0 values by approximately 2 " / , , ,  

however, i s  a l s o  recorded between the LAD of Discoaster saipanensis a n d  the  

uppermost p a r t  of foraminifera1 zone Gzobigerina brevis. The amplitude of t h i s  

s h i f t  i s  considerably higher than expected. I t  i s  probably d i s t o r t e d  because 

analyses have been performed on mixed assemblages. 

18 

18 

A t  S i t e  516 (Vergnaud Grazzini and Sa l iege ,  1985), 

A t  DSDP S i t e  5 1 1 ,  i so topic  analyses were performed on mixed species  assem- 
18 
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Fig. 4. 6I8O and 5I3C plot of the South Atlantic DSDP Site 522 (Oberhxnsli and 
Toumarkine, 1985). (1) Martini (1971) ; (2) Bolli et al. (1985) ; (3) Blow 
(1969) and Berggren and Van Couvering (1974) ; (4) Hsij et al. (1984) ; (5) Berg- 
gren et al. (1985). 

At Sites 516 and 529 (Fig. 3) and 363 (Keigwin and Corliss, in press) maximum 
6 C values for benthic and planktonic foraminifers are reached at the transition 
of Zones P 17 to P 18. At Site 522 (Fig. 4) the & C record for surface and bot- 
tom water inhabitants increases steadily throughout Zone P 17 and reaches maxi- 
mum values within Zone P 18. During this change, the vertical 6 C gradient 
remains stable. 

13 
13 

13 

Isotopic results from Pacific Ocean sites 

published by Keigwin (1980) using monospecific samples of foraminifers. Both the 
planktonic species C. ang iporo ides  and the benthic species Oridorsoli's sp. dis- 
play a similar 6I8O increase (around 0.8"/,,) at the transition from Zones P 17 

At Site 277 from the southern Ocean, high resolution isotopic study was 
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and P 18 ( F i g .  2 ) .  More r e c e n t  measurements ( K e i g w i n  and  C o r l i s s ,  i n  p r e s s ) ,  

however ,  i n d i c a t e  an  i n c r e a s e  o f  a b o u t  0.5"/,, i n  t h e  6 0 v a l u e s  o f  t h e  p l a n k -  

t o n i c  ChiZoguernbeZina spp., w h i l e  t h e  b e n t h i c  s p e c i e s  GZobocassiduZina subglo- 

bosa r e c o r d s  an  i n c r e a s e  o f  t h e  6 0 v a l u e s  b y  0.85"/,, ( K e i g w i n  and  C o r l i s s ,  i n  

p r e s s ) .  

A t  t h e  t r o p i c a l  S i t e  292 f r o m  t h e  P h i l i p p i n e  Sea, t h e  b e n t h i c  f o r a m i n i f e r  

O r i d o r s a Z i s  sp. d i s p l a y s  a 6 0 i n c r e a s e  o f  a b o u t  lo/oo w h i l e  t h e  p l a n k t o n i c  

G. ampliapertura r e v e a l s  an  i n c r e a s e  o f  l e s s  t h a n  0.4"/,, f rom Zones P 17 t o  

P 18. 

m i n i f e r s  become h i g h e r  ( F i g .  3). D u r i n g  t h i s  change t h e  v e r t i c a l  I 3 C  g r a d i e n t  

does n o t  v a r y  s i g n i f i c a n t l y .  

18 

18 

18 . 

18 13 C o e v a l l y  w i t h  t h e  6 0 s h i f t ,  t h e  6 C v a l u e s  o f  b e n t h i c  and p l a n k t o n i c  f o r a -  

THE TIMING AND THE AMPLITUDE OF THE ISOTOPIC EVENTS AT THE EOCENE-OLIGOCENE 

TRANSITION 

The t i m i n g  o f  t h e  oxygen i s o t o p i c  e v e n t  

B i o s t r a t i g r a p h i c a l  ass ignemen ts  f o r  t h e  s i t e s  d i s c u s s e d  a r e  a v a i l a b l e  f rom 

s t u d i e s  p e r f o r m e d  b y  M i l l e r  ( S i t e  549, M i l l e r  e t  a l . ,  1984), P l i i l l e r  ( S i t e  

366, R a b u s s i e r  L o i n t i e r ,  1980), Boersma ( S i t e  529, Boersma, 1984), P u j o l  

( S i t e  516, P u j o l ,  1983), J e n k i n s  (1975) and  Edwards and P e r c h - N i e l s e n  ( S i t e  277, 
Edwards and  P e r c h - N i e l s e n ,  1975), U j i i e  (1975) and E l l i s  ( S i t e  292, E l l i s ,  1975), 
Toumark ine  and P e r c i v a l  ( S i t e  522, O b e r h a n s l i  and Toumark ine ,  1985 ; P e r c i v a l ,  

1984) and  P e r c h - N i e l s e n  and  Saunders ( B a t h  C l i f f  S e c t i o n ,  Saunders e t  a l . ,  1984). 
F o r  o u r  p u r p o s e s  ( F i g .  2-4) we a d a p t e d  t h e  d i f f e r e n t  z o n a t i o n  schemes used  

f o r  p l a n k t o n i c  f o r a m i n i f e r s  and c a l c a r e o u s  n a n n o f o s s i l s  t o  t h e  z o n a l  scheme o f  

B low (1969), B e r g g r e n  and Van C o u v e r i n g  (1974 : P-Zones) and M a r t i n i  (1971 : 
NP-Zones). I n  t h e  p r e s e n t  s t u d y  we p l a c e  t h e  Eocene-01 i g o c e n e  boundary  t e n t a t i -  

v e l y  a t  t h e  l e v e l  o f  t h e  l a s t  spec imens o f  XrborotaZia cerroazulensis .  I n  r e l a -  

t i o n  t o  t h e  c a l c a r e o u s  n a n n o f o s s i l s  t h e  epoch b o u n d a r y  i s  l o c a t e d  s l i g h t l y  above 

t h e  NP 20/NP 21 Zone boundary .  

G e n e r a l l y  t h e r e  i s  a good agreement  i n  t h e  t i m i n g  o f  t h e  I8O e v e n t  i n  r e c o r d s  

w i t h  a s u f f i c i e n t l y  h i g h  r e s o l u t i o n .  The Eocene-01 i g o c e n e  ’*O e v e n t  c o r r e s p o n d s  

i n  f a c t  t o  a r a p i d  s h i f t  t o w a r d s  h i g h e r  v a l u e s  m a r k i n g  a s t e p  i n  a g l o b a l  i n -  
18 c r e a s i n g  t r e n d  i n  6 0 v a l u e s .  T h i s  g l o b a l l y  r e c o r d e d  t r e n d  o f  i n c r e a s i n g  v a l u e s  

s t a r t s  as e a r l y  a s  t h e  l a t e  E a r l y  Eocene ( S h a c k l e t o n  e t  a l . ,  1984). A d u r a t i o n  

o f  a b o u t  10 y e a r s  f o r  t h e  I8O e v e n t  a t  t h e  Eocene-O l igocene  t r a n s i t i o n  has been 

p o s t u l a t e d  b y  many a u t h o r s  (e .g.  K e n n e t t  and S h a c k l e t o n ,  1976). 

Zones P 17 t o  P 18 ( =  w i t h i n  NP 21). T h i s  c o r r e s p o n d s  i n  f a c t  t o  t h e  E a r l y  O l i -  

gocene t i m e .  A l s o  a t  DSDP 529, where an  i m p o r t a n t  h i a t u s  i s  n o t e d  w i t h i n  t h e  

upper  p a r t  o f  Zone P 17, t h e  6 

5 

The Eocene-O l igocene  boundary  e v e n t  i s  l o c a t e d  a t  t h e  t r a n s i t i o n  between 

18 0 v a l u e s  r e c o r d e d  a t  t h e  base  o f  Zone P 18 a r e  
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by 0.8"/,, h i g h e r  f o r  p l a n k t o n i c s  and by l.Oo/,, h i g h e r  f o r  b e n t h i c s  than t h e  

6 0 va lues  recorded below t h e  h i a t u s ,  suggest ing  t h a t  t h e  s h i f t  occur red  some- 

where between Zone P 17 and t h e  base o f  Zone P 18. 

18 

The b e s t  p r e c i s i o n ,  however, f o r  t h e  t i m i n g  o f  t h e  event  i s  p rov ided  by t h e  

h i g h  r e s o l u t i o n  r e c o r d  ob ta ined  a t  DSDP S i t e  522 ( F i g .  4 ; OberhB'nsli and Tou- 

markine, 1985). A t  t h i s  s i t e ,  t h e  magne tos t ra t i g raph ic  r e c o r d  i n d i c a t e s  t h a t  t h e  

s h i f t  i s  e x a c t l y  l o c a t e d  i n  magnetochrone 13, w i t h i n  t h e  i n t e r v a l  o f  C 13 N2 t o  

C 13 R2. 
The t ime  s c a l e  o f  t h e  r a d i o m e t r i c  age used i n  F i g .  2 and 3 i s  t h a t  o f  Berg- 

g ren  e t  a l .  (1985) . I n  F i g .  4, two a l t e r n a t i v e  t i m e  sca les  a re  g i ven  (Hsi 
e t  a l . ,  1984 and Berggren e t  a l . ,  1985). Recent da ta  (Montanar i  e t  a l . ,  t h i s  

volume) suggest t h a t  t h e  r a d i o m e t r i c  age o f  t h e  Eocene-Oligocene boundary m igh t  

be younger than  i n d i c a t e d  on F i g .  2-4 and c o u l d  be approx ima te l y  35.7 Ma w i t h  a 

2 s tandard -dev ia t i on  u n c e r t a i n t y  o f  0.4 Ma. From t h e  o t h e r  da ta  f rom t h e  same 

authors ,  we may a l s o  deduce t h a t  t o p  o f  Anomaly 13 N i s  da ted  around 35 Ma. It 

fo l l ows  t h a t  t h e  6 0 event  shou ld  be b r a c k e t t e d  by these two dates : 35 Ma and 

35.7 Ma. 

18 

The ampl i tude o f  t h e  oxygen- isotope s h i f t  
The e x t e n t  o f  t h e  i nc rease  i n  6’ 0 va lues  recorded by b e n t h i c  f o r a m i n i f e r s  

ranges between +0.8"/,, (DSDP S i t e  549) and +1.22°/,o (Bath  C l i f f  S e c t i o n ) .  A t  

DSDP S i t e  516, a s t e p l i k e  i nc rease  o f  occurs  between Zones P 17 and P 18, 
b u t  t h e  s h i f t  l o c a t e d  a t  t h e  base o f  Zone P 18 accounts o n l y  f o r  a 0.6"/,, i n -  

crease. There does n o t  appear t o  be any r e l a t i o n  between t h e  e x t e n t  o f  t h e  6I8O 
s h i f t  and t h e  paleodepths o f  t h e  v a r i o u s  s i t e s  ; t h e  e x t e n t s  o f  t h e  6 0 s h i f t s  

however may p robab ly  n o t  be s t r a i g h t f o r w a r d  compared because of  d i f f e r e n t  sampl- 

i n g  d e n s i t i e s  a t  t h e  s t u d i e d  s i t e s  and p o s s i b l y  v a r y i n g  f r a c t i o n a t i o n  f a c t o r s  of 

t h e  d i f f e r e n t  spec ies  w i t h  t ime.  

Concerning t h e  p l a n k t o n i c  f o r a m i n i f e r s ,  i t  may be observed, as a f i r s t  appro- 

x ima t ion ,  t h a t  t h e  ampl i tude o f  t h e  180 s h i f t  decreases when pass ing  from h igh  
18 l a t i t u d e  (A6 0 +0.8"/,, a t  DSDP S i t e  277, 52" South) t o  mid  and low l a t i t u d e s  

(0.6"/,, a t  DSDP S i t e  522, 26" South, and 0.4"/,, a t  DSDP S i t e  292, 15" N o r t h ) .  

A t  t h e  Bath C l i f f  Sec t ion ,  which i s  e q u a l l y  a l ow  l a t i t u d e  s i t e ,  t h e  I8O r e c o r d  

o f  t h e  sha l low d w e l l i n g  G. venezueZanashows no s h i f t  a t  a l l .  

8 

18 

The carbon i s o t o p i c  event  
Carbon i s o t o p e  reco rds  a r e  n o t  easy t o  compare i n  such a l i m i t e d  t ime  span 

because they  make p a r t  o f  a more g l o b a l  c y c l e .  I n  t h e  d iscussed s i t e s ,  maximal 

va lues  a r e  l o c a t e d  i n  t h e  second ma jo r  c y c l e  o f  t h e  T e r t i a r y  I3C reco rd ,  d i s -  

p l a y i n g  a maximum w i t h i n  Zones P 1 7 - P  18. 
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The varying posi t ions of the I 3 C  maximal peak (upper par t  o r  lower par t  of 

Zone NP 2 1 )  r e s u l t  in  negative cor re la t ions  between some o f  the  records, such 

a s  those of S i t e s  277 a n d  516 or  529. 

remains more o r  l e s s  constant (DSDP S i t e s  292 a n d  522). A t  o ther  s i t e s  t h i s  ver- 

t i c a l  gradient  may change from the l a t e  Eocene t o  the e a r l y  Oligocene (DSDP S i t e  

2 7 7 )  or f l u c t u a t e s  (DSDP S i t e s  522 a n d  529) ,  suggesting t h a t  local fac tors  may 

have addi t iona l ly  influenced the I 3 C  pa t te rn  in  surface and b o t t o m  waters. 

A t  some s i t e s ,  the  I 3 C  gradient  between surface and bottom water inhabi tants  

THE MEANING OF STABLE ISOTOPE EVENTS AT THE E O C E N E - O L I G O C E N E  TRANSITION 

The oxygen isotope s h i f t  

I 8 O  enrichment i s  t h a t  i t  r e f l e c t s  a major cooling of a n t a r c t i c  surface water 

(and thus of deep bottom water worldwide). 

Shackleton and Kennett (1975) have in te rpre ted  the  dramatic cooling as  the 

crossing of some c r i t i c a l  threshold not ye t  i d e n t i f i e d  b u t  in some way re la ted  

t o  the  gradual i s o l a t i o n  of Antarct ica .  Although no cont inental  i c e  sheet  had 
ye t  formed, these authors  argued t h a t  the planktonic i so topic  paleotemperatures 

d r o p  implied sea-level g lac ia t ion  and t h a t  benthic paleotemperatures indicated 

the onset  of deep water c i r c u l a t i o n  dominated by the  formation of cold bottom 

waters around the  Antarct ic  cont inent .  For o ther  au thors ,  however, t h i s  tempe- 

ra ture  d r o p  i s  not re la ted  t o  any sea ice  formation (Savin, 1977). Kvasov and 

Verbitsky (1981) s t a t e d  t h a t  deep c i r c u l a t i o n  south of Tasmania began 38 Ma ago 

and caused the  a b r u p t  cooling. However they c i t e  no supporting evidence f o r  t h i s  

assumption. 

The scenario proposed by Thiers te in  a n d  Berger (1978) i s  based on the  assump- 

t ion  t h a t  the  Arct ic  Ocean became hyposaline due t o  a t r a n s i e n t  c losing of the 

Labrador passage sometimes during the Eocene. The introduct ion o f  a low s a l i n i t y  

surface water layer  on the world oceans would temporarily obs t ruc t  the  heat ex- 

change between deep and shallow water layers .  Thus the  moderating influence of 

the  ocean on climate was reduced. As a consequence seasonal i ty  increases .  Tem- 

perature  in  low l a t i t u d e  surface water r i s e s  due t o  the  s t a b l e  s t r a t i f i c a t i o n  

of the  watermasses. Transport of humidity t o  high l a t i t u d e  areas  may have been 

enhanced. According t o  Thiers te in  a n d  Berger (1978) the  terminal Eocene in jec-  

t ion  event could have been a t r i g g e r  f o r  covering Antarctica with s u f f i c i e n t  

snow t o  move the  polar f r o n t  o u t  of the  she l f  which would have been crucial  f o r  

the formation of cold bottom water. 

t i n e n t a l  g lac ia t ion  (Platthews and Poore, 1980). Forming cont inental  i c e  caps, 

the  sea water i s  depleted in  I6O. As a consequence t h e  6 

The temperature e f f e c t .  The most widely accepted i n t e r p r e t a t i o n  of the  rapid 

An a l t e r n a t i v e  i n t e r p r e t a t i o n  of the I 8 O  record i s  given by the  model of con- 

18 0 values of s h e l l s  
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i nc rease  d u r i n g  these i n t e r v a l s .  Desp i te  t h e  l a c k  o f  independent evidences f o r  

such i c e  fo rma t ion  on A n t a r c t i c a  d u r i n g  t h e  Eocene-Oligocene t r a n s i t i o n ,  t h i s  

hypothes is  cannot  be dismissed. I n  favour o f  t h - i s  model a r e  t h e  obse rva t i ons  

r e p o r t e d  by C o r l i s s  (1981).  A t  DSDP S i t e  277, ben th i c  f o r a m i n i f e r a 1  assemblages 

do n o t  d i s p l a y  any major  change a t  t h e  Eocene-Oligocene boundary and thus  would 

n o t  j u s t i f y  a c o o l i n g  of  3°C o r  even more. C o r l i s s  concluded t h a t  e i t h e r  t h e  fo-  

r a m i n i f e r a  possess wide env i ronmenta l  t o le rance ,  o r  t h e  drop i n  temperature was 

l e s s  than 3°C. I n  conc lus ion  p a r t  o f  t h e  i s o t o p i c  s h i f t  c o u l d  be due t o  an ac- 

cumula t ion  o f  c o n t i n e n t a l  i c e .  T h i s  was a l s o  s t a t e d  by Snyder e t  a l .  (1984).  

between A n t a r c t i c a  and A u s t r a l i a  began a t  t h e  Eocene-Oligocene boundary a t  

app rox ima te l y  38 Ma ago. Accord ing  t o  these au tho rs  t h e  r e s u l t a n t  c o o l i n g  on 

t h e  A n t a r c t i c  c o n t i n e n t  may i n i t i a t e  the  growth o f  ma jor  i c e  f i e l d s  on severa l  

mountain massi fs i n  Eas t  A n t a r c t i c a  i n  about  100,000 years ,  which would be 

c o n s i s t e n t  w i t h  t h e  d u r a t i o n  o f  t h e  i s o t o p i c  event  (Kennet t  and Shackleton, 

1976).  

As ment ionned above, Kvasov and Verb i t sky  (1981) s t a t e d  t h a t  deep c i r c u l a t i o n  

Kennet t  e t  a l .  (1975) and Weissel e t  a l .  (1977) however b e l i e v e  t h a t  t h i s  

More r e c e n t l y  Keigwin and C o r l i s s  ( i n  p ress )  r e v i s e d  a s e r i e s  o f  m idd le  Eo- 

c i r c u l a t i o n  d i d  n o t  s t a r t  u n t i l  30-25 Ma ago. 

cene t o  e a r l y  O l igocene s t a b l e  i s o t o p e  da ta  f rom A t l a n t i c ,  P a c i f i c  and I n d i a n  

ocean l o c a t i o n s .  They i n t e r p r e t e d  a 0.45°/,, i nc rease  i n  6 I 8 O  va lues  o f  su r face  

d w e l l i n g  f o r a m i n i f e r s ,  recorded a t  a l l  l a t i t u d e s  i n c l u d i n g  those i n  t h e  t r o p i c s ,  

as an evidence f o r  i c e  accumula t ion  on t h e  c o n t i n e n t s ,  d u r i n g  t h e  e a r l i e s t  O l i -  

gocene. These au tho rs  a l s o  eva lua ted  t h e  average inc rease  i n  6I8O va lues  o f  

b e n t h i c  f o r a m i n i f e r s ,  as 0.6"/,,. So t h a t ,  w i t h  a sea water  compos i t ionna l  e f -  

f e c t  o f  0.4"/,, t h e  deep sea coo led  i n  t h e  e a r l y  O l igocene t ime  by as much as 

2°C a t  some l o c a t i o n s  and 1 ° C  o v e r a l l .  Furthermore, t hey  d i d  n o t  n o t e  any change 

i n  t h e  p l a n e t a r y  temperature g r a d i e n t  f rom Eocene t o  O l igocene t ime.  

h i g h  as 0.4"/,,. Th is  va lue  rep resen ts  t h e  minimal i nc rease  i n  6I8O va lues  of 

sha l l ow  d w e l l i n g  p l a n k t o n i c s  recorded a t  some o f  t h e  low l a t i t u d e  s i t e s .  A t  t he  

Bath C l i f f  Sec t ion ,  however, t h e  sur face-water  d w e l l i n g  G. venezueZana does n o t  

show any p o s i t i v e  oxygen s h i f t  w i t h i n  t h e  ques t i onab le  t ime  i n t e r v a l ,  a l t hough  

we may n o t  exc lude y e t  t h e  scenar io  t h a t  low l a t i t u d e s  exper ienced a tempera- 

t u r e  i nc rease  when h i g h  l a t i t u d e s  s u f f e r e d  a c o o l i n g  and i c e  caps formed on 

A n t a r c t i c a  . 
By now we do n o t  have any independent evidence f rom f a u n i s t i c  o r  sedimento- 

I n  ou r  o p i n i o n  a g l a c i a l  e f f e c t  cannot be e n t i r e l y  exc luded and m igh t  be as 

l o g i c a l  s t u d i e s  which would suppor t  a s i g n i f i c a n t  b u i l d  up o f  i c e  caps w i t h i n  

Zone NP 21. There fo re  we f a v o r  t h e  i n t e r p r e t a t i o n  t h a t  t he  o x y g e n - s h i f t  reco rd -  

ed w i t h i n  t h e  upper p a r t  o f  Zone NP 21 i s  based m a i n l y  on a tempera ture  change 
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i n  h i g h  and m i d  l a t i t u d e s .  As  a consequence t h e  l a t i t u d i n a l  t e m p e r a t u r e  g r a -  

d i e n t  may have  i n c r e a s e d  c o n s i d e r a b l y  f r o m  Eocene and O l i g o c e n e  t i m e .  

The c a r b o n  i s o t o p e  e v e n t  

The maximum i n  6 C v a l u e s  o f  p l a n k t o n i c  and b e n t h i c  f o r a m i n i f e r s  w h i c h  i s  

r e c o r d e d  w i t h i n  Zone NP 21 makes p a r t  o f  m a j o r  g l o b a l  changes.  

Changes i n  t h e  6 C o f  f o r a m i n i f e r a 1  s h e l l s  a r e  u s u a l l y  t a k e n  t o  r e f l e c t  

changes i n  t h e  i s o t o p i c  c o m p o s i t i o n  o f  t h e  d i s s o l v e d  c a r b o n  i n  t h e  w a t e r  s u r -  

r o u n d i n g  t h e  s h e l l .  

C v a l u e s  o f  t h e  o c e a n i c  C02 may r e s u l t  f r o m  a chan-  

ge i n  t h e  s i z e  o f  o t h e r  c a r b o n  r e s e r v o i r s  such a s  t h e  atmosphere,  t h e  b i o s p h e r e  
5 ( f o r  r a p i d  changes )  o r  c a r b o n a t e  s e d i m e n t s  ( f o r  changes l a s t i n g  a b o u t  1.8  x 10  

y r s ) ,  o r  r i v e r i n e  b i c a r b o n a t e ,  o r  changes i n  t h e  r a t i o  o f  c a r b o n  b u r i e d  as 

CaC03 t o  c a r b o n  b u r i e d  as o r g a n i c  c a r b o n .  G l o b a l  changes may a l s o  r e s u l t  f r o m  

t h e  changes i n  t h e  § I 3 C  v a l u e s  o f  some c a r b o n  r e s e r v o i r s .  
13 C v a l u e s  o f  t h e  deep C02 o f  d i f f e r e n t  o c e a n i c  

b a s i n s  a r e  r e l a t e d  t o  t h e  a p p a r e n t  oxygen u t i l i z a t i o n  ( A . O . U . )  and i n d i c a t e  

d i f f e r e n c e s  i n  t h e  a g i n g  o f  w a t e r  masses and, t h u s ,  i n  a b y s s a l  c i r c u l a t i o n .  

i n  t h e  6 C v a l u e s  r e c o r d e d  i n  h o l o c e n e  sed imen ts .  S h a c k l e t o n  e t  a l .  (1984) 

r e l a t e  i t  t o  an  i n c r e a s e  i n  a t m o s p h e r i c  pC02 d u r i n g  d e g l a c i a t i o n  ; e v i d e n c e s  

f o r  a t m o s p h e r i c  pC02 changes were r e c e n t l y  made a v a i l a b l e  t h r o u g h  t h e  s t u d y  o f  

p o l a r  i c e  c o r e s .  O t h e r  mode ls  - t h e  phospha te  e x t r a c t i o n  model ( B r o e c k e r ,  1982),  

t h e  c o r a l - r e e f  model ( B e r g e r ,  1982 ; B e r g e r  and K i l l i n g l e y ,  1982),  t h e  d e n i t r i -  

f i c a t i o n  model ,  t h e  C / P  model ,  t h e  d e g l a c i a l  f o r e s t  b u i l d - u p  ( S h a c k l e t o n ,  1977)- 

have been d i s c u s s e d  b y  B e r g e r  and K e i r  (1984).  I n  a l l  t h e s e  mode ls ,  t h e  g l a -  

c i a t i o n  a l s o  appears  t o  be a s s o c i a t e d  w i t h  a l o w e r  a t m o s p h e r i c  pC02 and a l o w e r  

I3c o c e a n i c  c o n t e n t .  

ges i n  613C v a l u e s  i n d i c a t i n g  e i t h e r  t h a t  l a r g e r  vo lume changes o c c u r r e d  i n  

some o f  t h e  c a r b o n  r e s e r v o i r s  o r  i n  t h e  r a t i o  o f  i n p u t / o u t p u t  c a r b o n  f r o m  r e -  

s e r v o i r s  w i t h  h i g h l y  d i f f e r e n t  S I 3 C  v a l u e s  - as,  f o r  i n s t a n c e ,  t e r r e s t r i a l  o r -  

g a n i c  m a t t e r  ( - Z o o / , , )  v e r s u s  m a r i n e  o r g a n i c  m a t t e r  ( - 2 5 " / , , ) .  Very  r e c e n t l y ,  

V i n c e n t  and B e r g e r  ( i n  p r e s s )  d e m o n s t r a t e d  t h a t  t h e  mid-Miocene oxygen  i s o t o p e  

s t e p  o c c u r r e d  w i t h i n  a s u b s t a n t i a l  1 $ I 3 C  e x c u r s i o n  t o w a r d  h e a v i e r  v a l u e s ,  w h i c h  

t h e y  c a l l  " t h e  Mon te rey  c a r b o n  i s o t o p e  e x c u r s i o n " .  T h i s  l a r g e  e x c u r s i o n  r e p r e -  

s e n t s  t h e  l a s t  o f  t h e  m a j o r  I 3 C  c y c l e s  o f  t h e  T e r t i a r y .  It s i g n i f i e s  excess  

e x t r a c t i o n  o f  o r g a n i c  m a t t e r  above t h e  no rma l  l o n g - t e r m  c o n d i t i o n s  o f  dynamic 

e q u i l i b r i u m .  E x t r a c t i o n  o f  o r g a n i c  m a t t e r  i n  M iocene  i s  m a i n l y  t h e  f a c t  o f  

i n c r e a s i n g  e q u a t o r i a l  u p w e l l i n g  and  c o a s t a l  u p w e l l i n g  i n  t h e  P a c i f i c ,  a t  t h e  

13 

13 

13 G l o b a l  changes i n  t h e  6 

D i f f e r e n c e s  between t h e  6 

V a r i o u s  mode ls  have r e c e n t l y  been p u b l i s h e d  w h i c h  e x p l a i n  a 0.7"/,, i n c r e a s e  
13 

The t h r e e  m a j o r  c y c l e s  o f  t h e  T e r t i a r y ,  however ,  c o r r e s p o n d  t o  l a r g e r  chan-  
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same t i m e .  The r e s u l t i n g  i n c r e a s e s  i n  c a r b o n  d e p o s i t i o n  m i g h t  have e x e r t e d  a 

c o n s i d e r a b l e  " p u l l "  i n  t h e  ocean-atmosphere r e s e r v o i r  : t h i s  p u l l  m i g h t  i n  t u r n  

have l o w e r e d  t h e  a t m o s p h e r i c  pC02 and t h e n  t h e  g l o b a l  t e m p e r a t u r e .  

A l t h o u g h  one c o u l d  o b s e r v e  t h a t  t h e  p o s i t i v e  I 3 C  e x c u r s i o n  w h i c h  c u l m i n a t e s  

a r o u n d  t h e  Eocene-O l igocene  boundary  i s  l i k e l y  f o l l o w e d  by a c e r t a i n  amount o f  

i c e  s t o r a g e  (6 0 i n c r e a s e  d u r i n g  Zone P 2 1 ) ,  we do n o t  have any f u r t h e r  e v i -  

dence f o r  a h i g h e r  o r g a n i c  p r o d u c t i o n  a t  t h a t  t i m e .  The c o l l a p s e  o f  a c a r b o n  

r e s e r v o i r  w i t h  a h i g h  I 3 C / l 2 C  r a t i o  o r  t h e  b u i l d - u p  o f  a r e s e r v o i r  w i t h  a l o w  

1 3 C / 1 2 C  r a t i o  may have o c c u r r e d  a t  t h a t  t i m e .  

The o p p o s i t e  t r e n d  o b s e r v e d  between t h e  I 3 C  r e c o r d s  o f  S i t e  277 and o t h e r  

s i t e s ,  w i t h i n  b i o z o n e  NP 21, however ,  m i g h t  have been t h e  r e s u l t  o f  a change i n  

t h e  r a t e  o f  p r o d u c t i o n  o f  P a c i f i c  and A t l a n t i c  b o t t o m  w a t e r s  o r  r e f l e c t a  s u p p l y  

of I 3 C - e n r i c h e d  b o t t o m  w a t e r s  i n  A t l a n t i c  and N o r t h  P a c i f i c  a r e a s  a t  t h a t  t i m e .  

18 . 

CONCLUSIONS 

The r e v i e w  o f  t h e  mos t  c o m p l e t e  s t a b l e  i s o t o p e  r e c o r d s  a t  t h e  Eocene-O l igo -  

cene t r a n s i t i o n  documented i n  l a n d  based s e c t i o n s  as w e l l  as i n  deep sea d r i l -  

l i n g s  o f  t h e  A t l a n t i c  and  P a c i f i c  Oceans, l e a d s  t o  t h e  f o l l o w i n g  c o n c l u s i o n s  : 

1 ) The o x y g e n - i s o t o p e  e v e n t  a t  t h e  Eocene-01 i g o c e n e  t r a n s i t i o n  c o r r e s p o n d s ,  
18 i n  f a c t ,  t o  a r a p i d  s h i f t  t o w a r d s  h i g h e r  6 0 v a l u e s  m a r k i n g  a s t e p  i n  a g l o b a l  

i n c r e a s i n g  t r e n d .  The I 8 O  e v e n t  i s  l o c a t e d  a t  t h e  t r a n s i t i o n  between Zones P 17 

t o  P 18 ( = w i t h i n  Zone NP 21 )  ; t h i s  c o r r e s p o n d s ,  i n  f a c t ,  t o  t h e  e a r l y  O l i g o -  

cene t i m e .  The b e s t  t i m i n g  o f  t h e  I 8 O  e v e n t ,  however ,  i s  p r o v i d e d  by t h e  h i g h  

r e s o l u t i o n  r e c o r d  o b t a i n e d  a t  DSDP S i t e  522, where m a g n e t o s t r a t i g r a p h y  i n d i c a -  

t e s  t h a t  t h e  s h i f t  i s  e x a c t l y  l o c a t e d  i n  magne toch rone  13 w i t h i n  t h e  i n t e r v a l  

o f  C 13 N2 t o  C 13 R2. Recen t  r a d i o m e t r i c  d a t i n g s  l e a d  t o  p ropose  an  age a round  

35 Ma f o r  t h i s  e v e n t .  A d u r a t i o n  o f  a b o u t  10 y e a r s  has been p o s t u l a t e d  b y  many 

a u t h o r s .  

5 

18 2 )  The a m p l i t u d e s  o f  t h e  6 0 s h i f t  c a n n o t  be  s t r a i g h t f o r w a r d  compared be- 

cause of  d i f f e r e n t  s a m p l i n g  d e n s i t i e s  a t  t h e  s t u d i e d  s i t e s  and p o s s i b l y  v a r y i n s  

f r a c t i o n a t i o n  f a c t o r s  o f  t h e  d i f f e r e n t  s p e c i e s  w i t h  t i m e  ; f u r t h e r m o r e ,  a t  some 

s i t e s ,  d i a g e n e t i c  a l t e r a t i o n s  may p r o b a b l y  a c c o u n t  f o r  p a r t  o f  t h e  s h i f t .  

F o r  b e n t h i c  f o r a m i n i f e r s ,  t h e  I8O s h i f t  r a n g e s  between 0 . 8 " / " "  and 1.22"/,,. 

F o r  p l a n k t o n i c  f o r a m i n i f e r s ,  i t  appears ,  a s  a f i r s t  a p p r o x i m a t i o n ,  t h a t  t h i s  

a m p l i t u d e  dec reases  when p a s s i n g  f r o m  h i g h  l a t i t u d e s  ( A  0 = +0.8°/oo) t o  m i d  

and l o w  l a t i t u d e s  (+0.6 t o  +0.4°/,,). 

3) A l t h o u g h  a maximal  g l a c i a l  e f f e c t  o f  a b o u t  0.4"/,, c o u l d n ' t  be e n t i r e l y  

e x c l u d e d ,  no i n d e p e n d e n t  e v i d e n c e  f rom f a u n i s t i c  o r  s e d i m e n t o l o g i c a l  s t u d i e s  

w o u l d  s u p p o r t  t h e  h y p o t h e s i s  o f  a s i g n i f i c a n t  b u i l d - u p  o f  i c e  caps w i t h i n  t h e  

t i m e  i n t e r v a l  c o r r e s p o n d i n g  t o  Zone NP 21. T h e r e f o r e ,  t h e  p r e s e n t  a u t h o r s  f a v o u r  

18 
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the interpretation that the oxygen isotopic shift recorded in the upper part of 
Zone NP 21 is based mainly on a temperature change in high and mid latitudes. 

4) & C values display a maximum within Zones P 17-P 18, which corresponds 
to the peak-values of the second major cycles of the Tertiary I3C record. Local 
factors may have additionally influenced the I3C pattern in surface and deep 
waters. 

5) Maximal 6I3C values may have resulted either from the collapse of a car- 
bon reservoir with a high 13C/12C ratio or the build-up o f  a reservoir with a 
low 13C/12C ratio. The opposite trends observed between the North Pacific, the 
Atlantic and the South Pacific I3C records at the Eocene-Oligocene transition 
may indicate a change in the rate of production of Pacific and Atlantic 
bottom waters ; they may also reflect a supply of I3C enriched bottom waters in 
Atlantic and North Pacific areas, at that time. 

13 

A better understanding of  the isotopic events recorded at the Eocene-Oligo- 
cene transition requires that, in the future, continuous sedimentary sequences 
be recovered in "key areas" such as high, low and mid latitudes in all oceans, 
at different longitudes ; it also necessitates the magnetostratigraphic control 
of the sequences and a denser sampling to obtain a high resolution biostrati- 
graphic and isotopic record. In this article, we have tried to point to the 
facts which limit the paleoclimatic interpretations and prevent from any global 
reconstruction in the paleocirculations. 
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GEKHEMICAL EVENTS (TRACE ELEMENTS AND STABLE ISOTOPES) 
RECORDED ON BULK CARBONATES NEAR THE ECCENE-OLIGCCENE BOUNDARY. 
App l i ca t i on  t o  the Contessa sec t i on  (Gubbio, Umbria, I t a l i a ) .  

M .  RENARDl, F. BERTHENETl, S .  CLAUSER"', and G. RICHEBOIS 1 

'Dept. Geol. Sed. and LA CNRS 319, Univ. P. & M .  Curie, 
4, place Jussieu, 75252, PARIS Cedex 05, (France). 

'BRGM, BP 6009, 45060 ORLEANS Cedex, (France). 

The purpose of t h i s  paper i s  t o  t r y  t o  c k r a c t e r i z e  the Eccene-Oligocene 

boundory by a geochemical way or more p r e c i s e l y  t o  t e s t  of t h i s  boundary is 

r e l a t e d  t o  a s i n g l e  d r a s t i c  phenanenon a r  takes p lace during a p e r i o d  of 

p r q r e s s i v e  ctnnge i n  the phys i ca l  and chemical cond i t i ons  of the world. 

Recently, we have proposed (Renard 1984, 1985) g l a b a i  e v o l u t i o n  curves 

of S r  and Mg contents  and s tab le  isotopes of bu l k  pe lag i c  carbonates since 

140 Ma. T h s e  curves are founded an thz chemical ana lys i s  of more 1500 

samples f r a n  var ious oceanic s i t e s  and pe lag i c  l and  sect ions.  Sample ages 

are based on the r a d i a n e t r i c  t ime scale o f  Odin (1982). We sku11 lo& how 

these curves i l l u m i n a t e  the problem o f  Eccene-Oligocene boundory l o c a t i o n .  

I - STRONTIUM CONTENTS OF PELAGIC CARBCNATES 

We have shown (Renard 1984, 1985) t h a t  the v a r i a t i o n s  of pe lag ic  carbonate 

S r  contents was not  reduc ib le  t o  d iagenet ic  phenanena bu t  r e f l e c t ,  f o r  the 

main pa r t ,  f l u c t u a t i o n s  of sea water Sr/Ca r a t i o .  

The long  term f l u c t u a t i o n s  of S r  contents are r e l a t e d  t o  oceanic r idge 

h y d r o t h e n a l  a c t i v i t y  v a r i a t i o n  which leads t o  a more or l e s s  important i n p u t  

o f  Ca i n t o  the ocean (Sr  content of sea water remains constant bu t  i t s  i s o t o -  

p i c  r a t i o  f l u c t u a t e s ) .  Thus, dur ing hydrothermal h i g h  a c t i v i t y  periods, Ca 

i n p u t  i n t o  the ocean increases and Sr/Ca r a t i o  o f  sea water (and consequently 

of pe lag i c  carbonates) decreases. As the oceanic residence time of Ca i s  about 

2 Ma, pe lag i c  carbonates reco rd  these v a r i a t i o n s  w i t h  a sane order delay. 

Dur ing low a c t i v i t y  periods, Ca inpu t  decreases and Sr/Ca r a t i o  of sea water 

and pe lag i c  carbonates increases. Short term v a r i a t i o n s  are superimposed on 

that ;  they are r e l a t e d  t o  a l t e r n a t i o n  of transgression-regression cyc les which 

r e s u l t  i n  the t rapp ing  of a more o r  l e s s  important q u a n t i t y  of Ca and S r  i n  

p l a t f o r m  carbonates (but as oceanic residence time of S r  i s  g rea te r  (12  Ma), 

the e f f e c t s  of i t s  v a r i a t i o n s  a re  more delayed than those of Ca). Thus, 

pe lag i c  carbonates synthet ized dur ing t ransgress ion present h i g k r  S r  contents 



332 

thon those produced during regression. These short  tern v a r i a t i o n s  were used 

t o  e s t a b l i s h  a geochemical s t ra t igraphy (chemiostratigraphy) but i n  sane p a r t s  

of the global  curve (and espec ia l ly  near the Eoceneal igocene boundary) i t  i s  

not always easy t o  separate  long and short  term f l u c t u a t i o n s  ( f i g .  1 ) .  After  

low values during Middle Eocene (400 ppn .< Sr  \c 900 ppn), S r  contents  increase 

during the Late Eocene t o  reach about 1000-1300 ppn a t  the  Eocene4ligocene 

boundary. Then values s l i g h t l y  decrease (900-1100 ppn) during the end of the 

Early Oligocene and the Late Oligocene. They increase again during the  Miocene 

(1200-1700 ppn near 12 Ma). In c m t r a s t  t o  tk pr inc ipa l  s t r a t i g r a p h i c  breaks 

of the Cenozoic (such a s  Moastrichtian-Danian, Paleocene-Eocene or Oligocene- 

Miocene boundaries), the  Ecceneal igocene boundary is  not chclracterized by a 

d r a s t i c  negative 

importont w i t h  regard t o  S r  geochemistry. 

s h i f t  and the Middle Eocene-Late Eocene boundary seems more 

10 20 30 

A G E  Ma 

L A T E  MIDDLE E A R L Y  

E O C E N E  
1 " " I  

40  50 

Fig. 1 .  Relationship between pelagic  carbonate S r  c a t t e n t  and hydrothermal 
a c t i v i t y .  
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I f  we lo& a t  the phenomena t h a t  produce s u c h  S r  v a r i a t i o n s  (see above), 

we can admit ( f i g .  1 )  tha t  a per iod of high hydrothermal a c t i v i t y  of mid 

oceanic ridges ( therefore ,  i n  f i r s t  approximotion, a period of rapid sea- 

f l o o r  spreading) occurs during the Early Eocene and leads t o  Sr-poor carbona- 

tes . To explain the increase  of S r  content during the Late Eocene, w e  m u s t  

conclude that hydrothermal a c t i v i t y  (and sea-f loor  spreading) was considembly 

slakened a t  the end of Middle Eocene. Sea-floor spreading ra te  should ,in- 

crease again a t  the  end of the Late Eocene and during the main par t  of the 

Early Oligocene t o  explain the  decrease of S r  c m t e n t  during the Early O l i -  

gccene. Final ly ,  hydrothermal a c t i v i t y  w i l l  s t r m g l y  decrease f r m  the  end of 

the Early Oligocene t o  the Late Miocene and t h i s  leads t o  the h i g h s t  S r  

contents  which can be &served s ince the Late Miocene. In  a global  way, this  

i n t e r p r e t a t i o n  agrees  w i t h  geophysical data  and i n  d e t o i l s ,  an accelarat ion 

of sea-floor spreading during the  Late Eocene i s  a l s o  assumed by Montanari 

e t  a l .  ( t h i s  volume) on the b a s i s  of radiometric ages of b i o t i t e s  f r m  the 

Contessa sec t ion .  

I1  - MAGNESIUM CCNTENTS OF PELAGIC CARBCNATES 

Magnesium content evolut ion curve ( f i g .  2 )  i s  less conclusive during t h i s  

period than S r  evolut ion curve. T h i s  is due, i n  p a r t ,  t o  the s e n s i t i v i t y  of 

Mg i n  e a r l y  diagenesis and problems that e x i s t  f o r  samples f r a n  s i t e  390-390A 

which present  contents  higher t h a n  those of other  s i t e s  (3000 aga ins t  1500 

ppn). A par t  of t h i s  d i f ference may be due t o  e i t h e r  contamination by Mg-rich 

i n t e r s t i t i a l  water or  the  presence of t r a c e s  of dolcmite (not reccgnized by 

XR d i f f r a c t i o n ) .  Bios t ra t igraphic  p r h l e m s  a s  i n  t h e  Late Eocene of s i t e  516F 

a l s o  play a par t  and introduce more t roubles  than f o r  Sr. In sp i te  of these 

d i f f i c u l t i e s ,  we can observe t h a t  the general  evolut ion curve of pelagic car-  

bonate Mg content f luc tua tes ,  on a l a r g e  scale ,  i n  a n  opposite way f ran  the 

S r  curve (1200-2100 ppn during the Early-Middle Eocene (up t o  3000 ppn w i t h  

s i t e  390), 900-1800 ppn during the  Early Oligocene and 600-120 ppn during 

t h e  Miocene). 

A s  i n  the case of S r  and f o r  the same reasons, the long-term evolut ion of 

Mg contents  may not be a f f e c t e d  by l a t e  b u r i a l  diagenet ic  influence (argu- 

ments f o r  t h i s  can be found i n  Rerard 1984). These f l u c t u a t i o n s  a r e  a l s o  

cont ro l led  by tl-e var ia t ion  i n  hydrothermal a c t i v i t y  on mid-ocean r idges.  B u t  

t h i s  i s  more i n t r i c a t e  t h a n  f o r  S r  because hydrothermalism hos a double 

inf luence : i t  l i b e r a t e s  Ca and i t  takes  up Mg f r m  the  ocean (50 % of the 

Mg outf low).  Hwever, a s  the oceanic residence times are very d i f fe ren t  

(Ca = 2 Ma and Mg = 40 Ma), e f f e c t s  are delayed i n  time. An attempt of 

modelization can be found i n  Rerard 1984 and 1985. 
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Fig. 2 .  Evolution w i t h  time of pelagic carbonate Mg contents .  

I11 - OXYGEN ISOTOPIC CCMPOSITION IN THE PELAGIC CARBONATES 

Th use of i so topic  canposition i n  carbonates a s  a geothermmeter and a 

s t r a t i g r a p h i c  tool  has now becane c l a s s i c  i n  sedimentary geology (see 

Vergnauddrazzini  e t  Oberhausli,  t h i s  volume). However, due t o  the e f f e c t s  of 

la te  b u r i a l  diagenesis ,  measures on bulk carbonates are more or  l e s s  obsolete .  

We have shown (Renard, 1984, 1985) that although diagenesis  may be a major 

f a c t o r  cont ro l l ing  oxygen i so topic  r a t i o  i n  bulk pelagic  carbonates, the long- 

term evolut ion of t h i s  s igna l  is  not exclusively the r e s u l t  of diagenesis .  

Canparison of the curves obtained f ran i s o l a t e d  planktonic Foraminifera and 

f r a n  b u l k  carbonate (Ki l l ing ley  1983, Renard 1984) shows thot  these two types 

of ana lys i s  a r e  not a s  d i f f e r e n t  as i s  usually acknowledged : 

- (i) The global  t rend  i s  the same. 
- (ii) The amplitude of var ia t ion  between the  Late Paleocene and the 

Early Quaternary i s  cmparable  (-1 t o  + 4 o / o o  f o r  our data, -2 

t o  + 3 o / o o  f o r  S k c k l e t o n  and Kennett (1975) cbta a t  s i t e s  277, 

279 A and 281). 

(iii) Major i so topic  s h i f t s  occur a t  the same time. - 

Diagenssis does not remove th or ig ina l  environmental s igna l  f r a n  e i t h e r  

Foraminifera or f r m  bulk carbonatej  and f r m  the Late J u r a s s i c  there  a r e  

numerous s h i f t s  i n  the  618 curve i n  bulk carbonates corresponding t o  the 

record of c l imat ic  and/or paleooceanographic f l u c t u a t i o n s  by pelagic carbonates. 
0 
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6 c  

One of these s h i f t s  i s  loca ted  near the  Eocene-Oligocene boundary or more 

prec ise ly  i n  t h e  e a r l i e s t  Oligocene ( f i g .  3 ) .  After  a progressive increase 

(of about 1,5 o / o o )  during the Middle and the Late Eocene, an important posi- 

t i v e  s h i f t  (of about 1,5 - 1,7 o / o o )  occurs between 34.5 t o  33 Ma i n  s i t e  

516F (South A t l a n t i c )  and s i t e  116  (North A t l a n t i c ) .  In cont ras t ,  i n  the  

Tethym sec t ion  of the Contessa, the Eccene-Oligocene boundory pos i t ive  

excursion i s  lower (of about 0 ,5  o / o o ) .  

Y G E N E  1 8  / D X Y G E N E  1 6  

L R  CONTE r 
I IC 20 I 1 30 

E a t .  nor 

40 

EOCENE. INF 

S I T E  3 9 0 -  
L 3 9 0 R  

3 0 T T R C I O N E  

5G 

Fig. 3 Evolution w i t h  time of bulk carbonate ~ 1 8 ~  i n  various DSDP s i tes .  

D e t a i l s  of the various hypothetic explanat ions of t h i s  pos i t ive  s h i f t  (tempe- 

ra ture  e f f e c t ,  va i ra t ion  of s a l i n i t y ,  bui lding of a l a r g e  amount of i c e  on 

Antarct ica  . . . )  can be found i n  VergnaudGrazzini and Oberhtlusli ( t h i s  volume). 

Numerous s tudies  hove attempted t o  explain t h e  Eccene-Oligccene boundory 

6180 s h i f t  amplitude d i f fe rence  observed between various s i tes .  For plank- 

0 ton ic  Foraminifera there  i s  no re la t ionship  between the extent  of the 618 

s h i f t  and paleodepth of the s i t e  but, a s  a f i r s t  approximation, we can observe 

t h a t  the amplitude of the 6!80 s h i f t  decreases when passing frcm high l a t i t u -  

des t o  mid and low l a t i t u d e .  T h i s  may be r e l a t e d  t o  an increase of the l a t i -  

tud ina l  temperature grandient a t  t h a t  time i n  the world Ocean (Vergnaud- 
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G r a z z i n i  and OberMus l i ,  t h i s  volume). However, we think t h a t  world-wide 

paleooceancgraphic chonges which occur a t  t h a t  t ime p lay  an important r o l e  i n  

the c o n t r o l  of the 6 1e0 excursion ampli tude. A canparison o f  the bulk  carbo- 

nate 618 0 
the Late Jurassic (Renard 1984) is conclus ive.  Fran the Cenananian t o  the 

Eocene ( f i g .  4)  there i s  a d i f f e r e n c e  o f  about 2 o / o o  between the 6180 of car-  

bonates f r a n  Tethys-South A t l a n t i c  s i t e s  (about 0 t o  + 0.5 '/,,,,) and those 

f r a n  the Nor th  A t l a n t i c  (and probably P a c i f i c )  s i t e s  ( - 2  t o  -2.5 '/,,,,). This 

d i s p a r i t y  does not  show any c o r r e l a t i o n  w i t h  d iagenet ic  parameters (microfa-  

cies, sedimentary overloud . . ., Renard e t  a l . ,  1982, 1983). 

curve f r a n  Tethyan, South A t l a n t i c  and Nor th  A t l a n t i c  s i t e s  since 

This d i f f e r e n c e  of about 2 o / o o  suggests a v a r i a t i o n  of temperature close 

t o  10°C between Tethys-South A t l a n t i c  sur face waters (warmer) and Nor th  At lan-  

t i c  surface waters (co lder) ;  b u t  the d i f f e r e n c e  may not  f u l l y  depend on tempe- 

r a t u r e  as the 6 180 of water may have been r e l a t i v e l y  d i f f e r e n t  i n  the two area. 

However i t  may be, t h i s  shows t h a t  canmunication was very r e s t r i c t e d  between 

Nor th  and South A t l a n t i c  dur ing t h i s  time; on the contrary ,  excknges between 

Tethys and the South A t l a n t i c  was eas ie r .  

ACE Ma 13 20 33 40 53 62 7 0  83 PO 13s 112 123 110 140 

F i g .  4 .  Long-term e v o l u t i o n  o f  6180 i n  P a c i f i c - N o r t h  A t l a n t i c  area and South 
A t lan t i c -Te thy  s area, 

T k  6180 curves ( f i g .  4) can be used t o  describe the geodynamic evo lu t i on  

o f  the Tethys area. During the Ear l y  Cretaceous, canmunications w i t h  the 

Nor th  A t l a n t i c  Seem r e l a t i v e l y  open. A f i r s t  phase of i s o l a t i o n  occurs dur ing 
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the  Aptian and Early Albian but i so topic  curves a r e  again s imi la r  during the 

Late Albian. The second phase of i s o l a t i o n  occurred during the Cenomanian and 

exchanges between the two oceans were v e r y  r e s t r i c t e d  during the  Late Creta-  

ceous and the Early Paleocene. During the Late Paleocene (inducing by a 

p a r t i a l  recovery of canmunicotions and by i n s t a l l a t i o n  of a dominant north- 

south c i r c u l a t i o n  system i n  At lan t ic  Ocean a t  the  expense of previous e a s t -  

west s y s t e m )  i so topic  curves tend t o  becme s imi la r  again.  Tk exchange r a t e  

increased during the Eocene between the South Atlantic and the Tethys (Gubbio 

and s i te  516F i so topic  curves increase t o  North At lan t ic  va lues) .  Fran the 

Middle Eocene and espec ia l ly  f r a n  the  Late Eocene, the evolut ion of oxygen 

i so topic  r a t i o  curves i s  d issoc ia ted  f o r  s i t e  516F (which cames c loser  and 

c l o s e r  t o  those of North At lan t ic  s i t e s )  and f o r  Gubbio (which remains s tab le) .  

After  a weak attempt of communication during the Early Eocene, At lan t ic  Tethys 

canmunications a r e  again r e s t r i c t e d .  This reconstruct ion of Tethys evolut ion 

f ran oxygen i so topic  r a t i o  curves agrees  w e l l  w i t h  geodynamic recmst ruc t ions  

( B i j u - D u v a l  e t  a l .  1977, Bi juDuval  1980, Lancelot 1980, Ricw 1985, t h i s  vo- 

lume). 

I so topic  evolut ion a t  s i t e  516F a l s o  shows d i f f i c u l t y  i n  dis t inguishing,  i n  

the  case of only m e  s i te  study, l o c a l  and global  pknanena.  T h u s  the Eocene- 

Oligocene boundary is  i 

1 . 7  o / o o )  but a p a r t  of 

described above. On the 

sec t ion  (about 0 . 5  o / o o  

t r i c  ted.  

o topica l ly  w e l l  marked i n  t h i s  s i t e  ( increase of about 

t h i s  canes f ran the  paleooceanograpkic modifications 

contrary,  i so topic  s h i f t  i s  s l i g h t e r  i n  the  Cantessa 

because Tethys-Atlantic cmmunications remain res-  

IV - 1513~ IN PELAGIC CARBONATES 

Tk 613c is  one of tk most useful  paleooceanographic and s t r a t i g r a p h i c  

t o o l s .  T h i s  i s  due t o  : 

- ( i )  I t s  thermodependence is very weak and thus i t s  evolut ion curve 

is ,  i n  the oceanic realm, p r a t i c a l l y  independent of b u r i a l  diagenesis .  

- (ii) T k  " v i t a l  e f f e c t "  is s l i g h t e r  f o r  calcareous nannoplanktan 

than f o r  Foraminifera. 

- (iii) I t s  evolut ion curve w i t h  time shows numerous s h i f t s  which h v e  

s t r a t i g r a p h i c  s ign i f icance .  T k  most known a r e  loca ted  a t  the Creta-  

ceous Ter t ia ry  boundary, a t  the  Paleocene-Eocene boundary and i n  the 

Late Miocene near 6 . 2  Ma. 

- (iiii) Pelagic  carbonate 613c seems t o  be, more o r  l e s s  d i r e c t l y ,  a 

paleodept h ind ica tor  : 

. A l l  the negative s h i f t s  occur during regressions,  a l l  the  pos i t ive  

ones during t ransgressions (Leto l le  & Renard 1980) . T h u s  the global  
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evo lu t i on  curve 0 f ~ 1 3 ~ / ~ 1 2 ~  (Cavelier e t  01.1981) i s  p a r a l l e l  t o  

those o f  the sea l e v e l  v a r i a t i o n s  o f  V a i l  e t  a l .  

For a g iven period, there i s  a p o s i t i v e  r e l a t i o n s h i p  between 

the mean value o f  g13c and the paleodepth of the s i t e  (Renard 

e t  01. 1982, Renard & L e t o l l e  1984). 

(1977). 

Explanation long term e v o l u t i o n  o f  tk 613c can be found i n  Rerard (1984- 

1985) and VergnaudCrazz in i  and O b e r b u s l i  ( t h i s  volume). Three major f a c t o r s  

p lay  a p a r t  : 

- ( i )  Oceon-atmosphere excknges.  

- ( i i )  V a r i a t i o n s  o f  organic carbon/carbonate carbon r a t i o .  

- ( i i i )  Va r ia t i ons  of oceanic p a l e o c i r c u l a t i o n s  and deep water/ 

surface water excknges.  

These d i f f e r e n t  mechanisms are not  independent and explanat ion o f  pe log ic  

carbonate 6 13c cannot be unicausal. 

curve presents numerous second order v a r i a t i o n s  which 

seem t o  be synchronous ( f i g .  5 ) .  They may be r e l a t e d  t o  regress ive/ t rans-  

gress ive cyc les (Cavel ier  e t  a l .  1981). The modeling of Broecker (1982) may 

exp la in  these r e l a t i o n s h i p s  by v a r i a t i o n s  o f  phosphorus t rapp ing  on the c m t i -  

n e n t a l  s h e l f  (which l ead  t o  v a r i a t i o n s  of production r a t e  of organic ma t te r )  

dur ing t ransgress ive and regress ive per iods.  

The pe lag i c  613 
C 

I n  con t ras t  t o  other Cenozoic breaks such as the Cretaceous/Tert iary 

Eocene, Oligocene-Miocene boundaries, the Eoceneqligocene boundary does not  

c o h c i d e  w i t h  a major negative s h i f t  i n  the 6 13c curve ( f i g .  5 ) .  This boundory 

corresponds t o  a reve rsa l  of the t r e n d  of 613c curve. A f t e r  a p e r i o d  of in- 

creas ing 513c (Ear ly  Eocene (+ 0,75 o / o o  t o  + 1/25 %) t o  Late Eocene 

(+ 1.25 o / o o  t o  + 2.25 X) ),  values decrease dur ing the Oligocene (+ 0 , 7 5 ° / 0 0  

t o  + 1,50°/.,) near the Miocene-Oligocene boundary. 

However, superposed on t h i s  l ong  term evolut ion,  we can observe o minor 

negative s h i f t  (o f  about 0.25 t o  0.50 o / o o  amplitude) l oca ted  a t  the Eocene- 

Oligocene boundary. 

I n  conclusion, the Eoceneqligocene boundary does not  correspond t o  a major 

geochemical break i n  the Cenozoic. However, numerous geoct-emical c h n g e s  occur 

during t h i s  p e r i o d  and have s t r a t i g r a p h i c  s ign i f i cance .  We s h a l l  t r y  now t o  

use them i n  a p rec i se  study of tk Contessa sec t i on  (Umbria, I t a l y ) .  

V - APPLICATION TO THE CONTESSA SECTION 

T h e  Contessa sec t i on  (Gubbio, Umbria, I t a l y )  prov ides an oppor tun i ty  f o r  

p rec i se  c o r r e l a t i o n  between bio, magneto and c k m i o s t r a t i g r a p h y .  Samples 

analysed correspond t o  whose o f  Lowrie e t  a l .  (1982) study (Contessa Quarry 

sec t i on ) .  D e t a i l s  o f  l oca t i on ,  sedimentology b ios t ra t i g raphy  and magneto- 
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F i g .  5 .  613 e v o l u t i o n  i n  var ious DSDP s i t e s .  

s t ra t i g raphy  can be found i n  t h i s  paper. 

C 

A l l  a n a l y t i c a l  r e s u l t s  can be found i n  Renard (1984) or are a l s o  ava i l ab le  

on request. 

A )  Stront ium ( f i g .  6) 
T h e  s t ront ium curve i s  very conclus ive.  The base of the Middle Eocene i s  a 

S r  low p e r i o d  ( [Sr ]  lower than 600 ppm). The upper p a r t  of the Middle Eocene, 

the Late Eocene and the E a r l i e s t  Oligocene correspond t o  an important increase 

f r a n  540 ppm a t  185 m t o  1050 ppm a t  225.05 m. T h e  beginning of tk increose 

of the S r  content i s  more or l e s s  synchronous w i t h  the CP13/CP14 nannozone 

boundary, the end, more o r  less, i s  w i th  the Eocene-Oligocene boundary. This 
increase i s  brdcen by two negative s h i f t s ;  the f i r s t  occurs a t  the L a t e M i d d l e  

Eocene boundary (205 m, base of 16/17 magnetozone), the second a t  215 m. 

Dur ing the Ear l y  and Middle Oligocene the S r  concentrat ion s l i g h t l y  increases 

f r a n  1050 a t  225.05 m t o  1200 ppm a t  264.50 m. A negative s h i f t ,  f o l l owed  by 

a r a p i d  increase, breaks t h i s  t r e n d  a t  233.30 m (NP21/NP22 boundary) and an 

other  negat ive s h i f t  ends t h i s  e v o l u t i o n  a t  267.10m(950 ppn). Then, S r  contents 
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remain more or less constant  t o  about 1000 ppm t o  292.35 m .  Afterward, S r  

conten ts  decrease, a t  f i r s t  s l o w l y  (820 ppn a t  303.25 m )  then rapidly a t  the 

Oligocene-Miocem boundary (470 ppm a t  307.30 m ) .  

B) Magnesium ( f i g .  6) 

For magnesium the Middle Eocene i s  a l s o  a low concentration period 

( [Mg) about 1000 ppm). An important negative s h i f t  coincides  w i t h  the  

Middle-Late Eocene boundary (about 700 ppn a t  207.5 m )  and the Mg content 

remains very low during the lower par t  of the Late Eocene. An important geo- 

chemical event occurs a t  215 rn, the S r  and Mg concentrations, wkich f l u c t u a t e  

i n  an opposite way s ince the Cencmanian, begin t o  f l u c t u a t e  i n  a p a r a l l e l  way. 

Mg contents rapidly increase t o  reach 1750 ppn a t  233.90 m .  T h e  Eccene-  

Oligocene boundary i s  r e l a t i v e l y  well obvious i n  the  Mg curve ( increase of Mg 

c o n t e n t ) .  In cont ras t ,  a negative s h i f t  occurs a t  the top of the NP 21 nonno- 

zone (233.30 m ) .  

Mg concentrat ions decrease frcm 1750 ppn a t  233.90 m t o  1120 ppn a t  245 m 

(near  the CP17/CP18 boundary) t h e n  increase t o  reach 1880 ppm a t  289.10 m .  A 

negative s h i f t  occurs a t  261,25 m (1260 p p n ) .  During the Late Oligocene, Mg 

concentrat ions decrease, a t  f i r s t  progressively (1300 ppn a t  300 m ) ,  then 

abrupt ly  (830 ppn a t  303.25 ppm) . 
C) _II ( f i g .  7)  

I t  i s  more d i f f i c u l t  t o  i n t e r p r e t  Fe and Mn curves because t h e i r  global  

evolut ion curves a r e  not as w e l l  known a s  those of Mg and S r .  The major 

f a c t o r s  wkich play a ro le  a r e  (Andrianiazy and Renard 1984) : 

- (i)  The production r a t e  of Mn and Fe by mid-oceanic r idges.  

- (ii) The production r a t e  of Mn and Fe by cont inental  weathering. 

- (iii) T h e  redox condi t ions of the ocean. 

- (iiii) T h e  paleodepth of the s i t e  and i t s  dis tance frcm the mid-  

oceanic ridge. 

Af te r  a F e  low period during the  Middle Eocene (350 ppn a t  193 rn), the  

concentrat ions g r e a t l y  increase t o  reach 1460 ppn a t  232.40 ppn i n  the  Early 

Oligocene. Three negative s h i f t s  occur during t h i s  increase .  T h e  f i r s t  a t  

215 m, the second a t  218.50 m (NP18/NP19 boundary) and the t h i r d  coincides  

w i t h  the  Eocenealigocene boundary. 

An important negative s h i f t  ends t h i s  evolut ion (930 ppr a t  233.90 m )  

and corresponds t o  the NP 21/NP22 nannozone boundary. Then,the general  t rend 

i s  a decrease of concentrat ions t o  720 ppn a t  251.50 m, followed by an i n -  

crease t o  1350 ppm a t  256.35 m .  A new decrease occurs during the Middle O l i -  

gocene (810 ppm a t  283.40 m ) .  The Late Oligocene begins by an increase of 

Fe content t o  reach 1150 ppm a t  300 m and the OligoceneMiocene boundary 
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corresponds t o  a rapid decrease of Fe 

D) Morlganese ( f i g .  7 ) 
(370 ppn a t  307.30 m ) .  

Fran the Middle Eocene t o  the  Earliest Oligocene, there  i s  an increase of 

iron concentrat ion f r a n  390 ppn a t  178.5 m t o  1350 ppn t o  236.40 m. Four nega- 

t i v e  s h i f t s  break t h i s  general  t rend.  The f i r s t  corresponds t o  the Middle-Late 

Eocene boundary (860 ppn a t  205 m, 740 ppn a t  207.50 m), the second occurs 

a t  218.5 m (880 ppn), the t h i r d  coincides  w i t h  the  Eoceneal igocene boundary 

(1300 ppn a t  221.50 m, 640 ppn a t  225.50 m) and the f o u r t h  w i t h  NP21/NP22 
nannozone boundary (680 ppn a t  233.9 m) , 

T h e  end of the Early Oligocene corresponds t o  a decrease of Mn content f ran  

1350 ppm a t  236.40 m t o  about 600 ppn between 281.5 and 256.35~1. Then concen- 

t r a t i o n s  abrupt ly  increase t o  1100 ppn a t  259 m and progressively decrease t o  

the Middle-Late Miocene boundary (220 ppn a t  277.75 m ) .  The Late Oligocene i s  

a Mnlow period ( Mn < 400 ppm). 

E )  Oxygen isotopes ( f i g .  8 ) 

The Middle Eocene i s  a per iod o f  increasing 6180 ( f ran  -1,68 '/,, a t  

178.60 m t o  - 1.30 '/,, a t  200 m ) .  A negative s h i f t  seems t o  occur at  the  

Middle-Late Eocene boundary, but due t o  a bad sampling i t  i s  d i f f i c u l t  t o  eva- 

luate i t s  importance (-1.30 '/,, a t  200 m; -1.81 '/,, a t  211.80 m ) .  Fran the 

Late Eocene t o  the Early Oligocene t h e  6180 progressively increases  f ran  

- 1.80 '/,, a t  218 m t o  1.21 o / o o  a t  254 m. A s l i g h t  pos i t ive  excursion occurs 

i n  the  upper par t  of the NP21 nonnozone and corresponds t o  the " s o  ca l led"  

Eocene-Oligocene boundary 18 s h i f t  (-1.46 '/,, a t  279.70 m t o  - 1.35 '/,, 
a t  232.40 m, see above). 

6 0  

The 6180 remains more or less constant t o  283.40 m ( -  1.20 '/,,). Three 

negative s h i f t  occur a t  : 

- 248.05 m : - 1.60 o / o o  

- 259 m : - 1.57 '/,, 
- 274.75 m : - 1.54 o / o o  (corresponds t o  t h e  Middle-Late Oligocene 

boundary). 

During the Late Oligocene, the 6180 decreases p r q r e s s i v e l y  f r a n  - 1 .20°/,, 
a t  283.40 m t o  - 1.84 '/,, a t  300 m. A pos i t ive  s h i f t  occurs a t  303.25 m 

( -  1.4 o / o o )  followed by an important decrease a t  the OligoceneMiocene 

boundary ( - 2.61 '/,, a t  307 30 m ) .  

F )  Carbon isotopes ( f i g .  8 )  

The 613c increases  f r a n  the Middle Eocene (+ 1.66’/,, a t  178.60 m )  t o  the 

E a r l y  Oligocene (+ 2.14 '/,, a t  227.40 m ) .  A negative s h i f t  occurs near the 

Eccene/Oligocene boundary (1.44 '/,, a t  223.30 m ) .  The 613c decreases during 

the moin par t  of the Oligocene from 2,14 '/,, a t  227.40 m t o  + 0,82 '/,, a t  
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292.35 m. Two negatives s h i f t s  occur a t  the NP 21/NP 22 nannozones boundary o t  

233.90 m (1.47 a / a a )  and a t  267.10 m (0.89 Dur ing the Latest  Oligocene, 

the i s o t o p i c  r a t i o  o f  carbon increases t o  + 1.48 O / a a  a t  303.25 m .  T k  O l i go -  

cenediocene boundary co inc ides w i t h  an impor tant  negat ive s h i f t  (+ 0.55 a / a o  

a t  307.30 m). 

G) Conclusions 

This  study of Contessa sec t i on  pe lag i c  carbonate g e o c k m i s t r y  shows t h o t  : 

1 ) Numerous geochemical events occur dur ing Eocene-Oligocene times. 

2) Many of t k s e  events are synchrmous wi th b i o s t r a t i g r a p h i c  events. 

3) For  severa l  g e o c k m i c a l  events we observe a progressive evo lu t i on  

dur ing the Late Eocene-Early Oligocene t imes and i t  i s  d i f f i c u l t  

t o  p u t  one o f  these g e c c h m i c a l  events forward as a major s t r a t i -  

graphic  break . 

We hove t r i e d  t o  est imate ( f i g .  9 ) the r e l a t i v e  importance of each g e o c k -  

mica1 event by a semi-quant i ta t ive es t ima t ion  (a s t a r  f o r  a s l i g h t  event, f i v e  

s t a r s  f o r  a s t rong event) ,  The r e l a t i v e  importance i s  g iven by the t o t a l  of 

s ta rs .  

Seven major events occur between the Middle Eocene and the E a r l i e s t  

Miocene : 

- The event 1 i s  l oca ted  i n  the Middle Eocene a t  the CP13/CP14 nannozme 

boundary and corresponds t o  s l i g h t  events f o r  S r  and 

f o r  Fe, Mn and ~ 1 3 ~  ( t o t a l  = 9 s t a r s ) .  

medium f o r  S r  and t h  and s t rong f o r  Mg and &1e0 ( t o t a l  13 s t a r s ) .  

i s  a s t rong event f o r  S r  and 613c medium f o r  Mg and Fe, s t r cng  f o r  Mn ( t o t a l  

19 s t a r s ) .  

and medium events 

- The event 2 which co inc ides w i t h  the Middle (Late Eocene boundary) i s  

- T h  event 3 corresponds t o  the c l a s s i c a l  Eocene-Oligocene boundary. I t  

- The event 4 i s  the most important g e o c k m i c a l  event thut occurs dur ing 

t h i s  pe r iod .  I t  i s  l oca ted  a t  the NP21/NP22 nannozme boundary and i t  is a 

st rong event f o r  S r ,  Mg, Mn, Fe,613C and medium f o r  6180 ( t o t a l  23 s t o r s ) .  

- T h  event 5 occurs dur ing the 12 magnetozme time and i s  more or l ess  

synchronous w i t h  the base of th G l o b o r o t a l i a  opima Zone and the E a r l y M i d d l e  

Oligocene boundary. I t  i s  s l i g h t  f o r  S r ,  medium f o r  the 61e0 

f o r  Mn ( t o t a l  12  s t a r s ) .  

~ 1 3 ~  and s t rong , 

- T k  event 6 (Latest  Oligocene) i s  synchrcnws w i t h  the NP25/NN1 

boundary; i t  is medium f o r  Sr,  Fe, 61e0 and s t rong f o r  Mg ( t o t a l  13 s t a r s ) .  

S l i g h t l y  l a t e r  a s t rong event f o r  61e0 and 613c occurs ( t o t a l  7 s ta rs ) .  

- The event 7 co inc ides w i t h  th Oligocene-Miocene boundary. I t  i s  a 

s t rong event f o r  Fe, ~ 1 8 ~  , 613c and medium f o r  S r  ( t o t a l  18 s t a r s ) .  
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A t  the end o f  t h i s  study, many remarks are imperat ive : 

1 )  The c l a s s i c a l  Eocene-Oligocene boundary (event 3 )  does no t  correspond 

t o  the most important geochemical event occu r r i ng  dur ing these t imes. The 

event 4, which co inc ides w i t h  the NP21/NP22 nannozone boundary, i s  the most 

important geockmico l  break. Event 2 (Middle-Late Eocene boundary) i s  a l s o  on 

important break. I n  ccn t ras t  t o  the Eocene-Oligocene boundary the Oligocene- 

Miocene boundory i s  geochemically w e l l  obvious. 

2) Numerous d iachronic  geochemical events occur dur ing Middle and Late 

Oligocene times b u t  the Middle-Late boundory i s  no t  w e l l  marked g e o c k m i c o l l y  

(a l though i t  correspcnds t o  a major break f o r  Mn). 

3 )  The succession o f  geochemical events between the Middle Eocene and the 

Eor l y  Oligocene i l l u m i n a t e s  problems of Eocenealigocene boundary l o c a t i o n  and 

f o r  the choose of s t ra to types  : 

- Event 1, more or less, corresponds t o  the base o f  the Bartonion s t r a -  

to type.  

- Event 2 i s  c lose t o  the base of the Pr iabonian s t ra to type .  

- Event 3 i s  c lose t o  the base o f  the Stampian s t ra to type .  

- Event 4 i s  c lose t o  the base o f  the Rupelian s t ra to type .  

Thus numerous chemical events occur i n  the ocean dur ing these t imes. I n  the 

e p i c c n t i n e n t a l  area, r e l a t e d  t o  l o c a l  condi t ions,  sediments reco rd  these 

events w i t h  mare or l e s s  s t rength.  This leads t o  the displacements i n  t ime of 

var ious s t ra to types  and s t r a t i g r a p h i c  breaks. 
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GEOCHKONOLOGY OF THE EOCENE/OLIGOCENE BOUNDARY 

W. A .  Berggren 

ABST KACT 

C u r r e n t  aye es t ima tes  f o r  t h e  Eocene/Ol igocene boundary range f rom -33 Ma 

t o  -38 Ma. 

d e r i v i n g  these ages. I n t e g r a t e d  s tud ies  employing t h e  combined techn iques  o f  

b i o - ,  magneto-, and iso. tope chrono logy  suggest a va lue  between 36-37 Ma; t h a t  

p r e f e r r e d  here  i s  35.6: Ma. 

A rev iew i s  p resented  o f  t h e  na tu re  and methods employed i n  

I NTKOOUCT I O N  

C u r r e n t  age es t imates  o f  t t ie  Eocene/Oligocene boundary range from <33 Ida 

(G lass  and Crosbie,  1982) t o  "38 Ma ( L o w r i e  and A lva rez ,  1981; Lowr ie  e t  a l . ,  

1982).  

Odin, 1982) arid 36-37 !,la (P ro t i i e ro  e t  a l . ,  1982, 1983; P r o t h e r o  and 

Arment rou t ,  1985; Berggren e t  a l . ,  1985a) m a y  a l s o  be found i n  t h e  l i t e r a t u r e .  

Tile methods employed i n  d e r i v i n g  these age es t ima tes  vary  cons ide rab ly  and i t  

i s  impor tan t  t o  understand how they  have been de termined i n  any d i scuss ion  o f  

t t ie  age o f  t n i s  boundary. I n  t h e  f o l l o w i n g  d i scuss ion  t h e  reader  i s  r e f e r r e d  

t o  F i g u r e  1. 

In te rmed ia te  values c e n t e r i n g  on  33-34 Ma (Odin,  1982; Cur ry  and 

-- 
-- 

D I S C U S S I O N  

Potassium argon dates,  p redominant ly  on g l  auconi t es ,  and predominant ly  

f rom NW Europe (see  c o m p i l a t i o n  o f  dates i n  Odin, ed., 19821 have l e d  Cur ry  

and Odin (1982) t o  suggest an age o f  34 (+2 , -1 )  Ma f o r  t h e  Eocene/Oligocene 

boundary ( c o r r e l a t e d  w i t h  t h e  base o f  t h e  L a t d o r f  Sands i n  Germany and t h e  

Gri inmert ingen Sands i n  Belgium, t h e  Brockenhurs t  Beds i n  England, and the  

Mdrries a Luc ines  o f  t h e  P a r i s  Bas in ) .  T h i s  boundary i s  n o t  e q u i v a l e n t  t o  

t h a t  used by Berggren e t  a l .  (1985a) i n  t h e i r  s t u d i e s  o f  Paleogene geo- 

c i i rono loyy .  They use t h e  bdse o f  t h e  Rupe l ian  = Stampian as t h e  base of  t h e  

Ol igocene, f o r  which Cur ry  and Odin (1982) suggest dn age o f  33 ( + 2 ,  -1) Ma. 

I n  t n e  Gu l f  Codstdl  P l a i n  a number o f  K - A r  dates ( o n  l ow  potassium 

g laucon i tes  and b i o t i t e s )  have y i e l d e d  va lues  between 36.7-38.5 Ma 

(unco r rec ted )  f o r  upper Eocene l e v e l s  i n  t t ie  Jackson Format ion  (Ghosh, 1972) 

which, t oge the r  N i t h  a number o f  s i m i l a r  g l  aucon i te  da tes  on s t r a t i g r a p h i c a l l y  
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1 Dates 01 32 4 Ma (Ash J)  and 34 6 Ma (Ash F) on 
Chrons C17N and Ct3N. respectively Used as 
Calrbralm pDrnlS m Rerggren Ken1 and Flynn 
I19851 Ash F subsequently Shown to bC in lowcr 
Ct2R 

2 34 2 Ma and 36 t Ma dates on Ash R (Chrun 
Ct3N) are on biotite and sandme. repectivPly 
Latter dale 15 COn5~stenl Wllh stratigraphic pos8Imn 
and used by most workers 

3 
Of Viela GrOlrp Is hghly Subjectwe bill cons~stenl 
wilh vertebrate paleontology and stralqrapl~ic 
POSIIIUII 

4 38 5 I 6 Ma date on Lincoln Creek Fm IS on 
basalt. )us1 below basal R e l u g ~ a n ~ G a l v m i ~ n  
Stages. Porter Blull SectlOn. which can be 
biostratigraphically correlated IOJUSI below Chron 
ct5 

5 N o r t h  American tek t i t es  c o r r e l a t e d  
pelrographically and chemically l o  Caribbean- 
Gull 01 Mexico microtektites which occur 8n upper 
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correlated lo Chron C15 

7 Radiometric dates on Chrons C12N and Ct3N 
from GUbblO are COnS~Slent with thuse from 
Flagstaff Rim. Wyoming (see t 2) Note however 
large discrepancies between values on Chron 
C 16-17 at Gubbio. arid other dates on Chron C13H 
(3). C15 (5.61 and Chron Ct6 (4) 

Paleomagnetlc (re) lnterpretatlOn 01 1uwer parts 

w 
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Figure 1. Biostratigraphic and/or magnetostratigraphic control o f  some late Eocene - early 
Oligocene isotopic dates. 
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c o r r e l a t i v e  l e v e l s  i n  NW Europe, l e d  Hardenbol and Berggren (1978) t o  es t ima te  

dn age o f  37 Ma f o r  t h e  Eocene/Oligocene boundary. 

Tne age es t ima ted  by Glass  and Crosb ie  (1982) of  32.5t0.9 Ma f o r  t he  E / O  

oounddry i s  a b i o c n r o n o l o g i c  es t ima te  based on sediment r a t e  c a l c u l a t i o n s  f o r  

t n e  dge o f  t h e  b i o s t r a t i g r a p h i c a l  l y  c o r r e l a t e d  boundary l e v e l  i n  severa l  DSDP 

cores  u s i n g  an average d a t e  (based on 9 specimens) o f  34.2i0.6 Ma f o r  t h e  

N o r t h  American t e k t i t e  s t r e w n f i e l d  ( F i g .  1). These t e k t i t e s  a re  i n t e r p r e t e d  

t o  be  p e t r o l o g i c a l l y  and chemica l l y  s i m i l a r  t o  t h e  m i c r o t e k t i t e s  found i n  t h e  

upper Eocene o f  severa l  DSDP cores.  

even t  has been recorded i n  t h e  Bath  C l i f f  and Gay ' s  Cove s e c t i o n s  o f  Barbados 

(Saunders e t  a l . ,  1984; S a n f i l i p p o  e t  a l . ,  1985).  A K - A r  da te  o f  35.3i0.5 Ma 

tias been fiiedSUred ( 8 .  Glass,  o r a l  communication, I G C P  174 meet ing,  P a r i s ,  29 

I Idrch 1985) on the  Barbados m i c r o t e k t i t e s .  The m i c r o t e k t i t e  l e v e l  i s  s i t u a t e d  

approx imate ly  7 m - below t h e  FAD o f  G l o b i g e r i n a  ampl iaper tu ra ,  -13 m below t h e  

LAD o f  r o s e t t e  shaped d i scoas te rs ,  -18 m below t h e  LAD o f  G l o b o r o t a l i a  
c e r r o a z u l e n s i s  and N u t t a l l i d e s  t ruempyi and -26 m below t h e  LAD o f  Hantkenina. 

Trte l a r g e  01' s h i f t  t o  p o s i t i v e  values, elsewhere c h a r a c t e r i s t i c  o f  Chron 

C13N, occurs 3-4  in - dbove t h e  LAD o f  Hantken ina  (Saunders e t  a l . ,  1984).  

m i c r o t e h t i t e  l e v e l  can be b i o s t r a t i g r a p h i c a l  l y  c o r r e l a t e d  t o  a l e v e l  w i t h i n  

Cnron C15, o f  l d t e  Eocene age. 

More r e c e n t l y  t h e  l a t e  Eocene t e k t i t e  

-- 

The -- 

A s e r i e s  o f  h i g h  tempera ture  r a d i o m e t r i c  da tes  a t  F l a g s t a f f  R i m ,  Wyoming, 

b r d c k e t i n g  t h e  i n t e r v a l  f rom Chron C12N t o  C13N (P ro the ro  e t  a l . ,  1982, 1983; 

P ro tne ro ,  1985) i n  t h e  V i e j a  Group, Trans  Pecos, Texas (op. c i t . )  p r o v i d e  

i m p o r t a n t  d a t a  f o r  age es t ima tes  o f  t h e  Eocene/Oligocene boundary ( F i g .  1 ) .  

Dates o f  32.4 Cla and 34.6 Ma on  ash beds J and F, r e s p e c t i v e l y ,  were used as 

c d l i b r d t i o n  p o i n t s  f o r  t h e  younger l i m i t s  o f  Chrons C12N and C13N by Berggren 

-- e t  a l .  (1YtlS). 

( 3 4 . 6  Ha) i s  a c t u a l l y  s i t u a t e d  w i t h i n  t h e  lower  h a l f  o f  Chron C12R. The dates 

from F l a g s t a f f  R i m  suggest t h a t  t h e  Eocene/Oligocene boundary i s  o l d e r  than  

36 .1  Fla ( s a n i d i n e  da te  on lower  p a r t  o f  Chron C13N). T h i s  i s  supported by t h e  

37.4t l . i :  Ma and 37.7h1.2 Ma dates on t h e  pa leomagne t i ca l l y  r e i n t e r p r e t e d  C13R 

i n t e r v d l  of  t h e  l ower  p a r t  o f  t h e  V i e j a  Group, Trans  Pecos, Texas (P ro the ro  

-- e t  al . ,  1982, 1983; Pro thero ,  1985).  

Subsequent work has shown (Pro thero ,  1985) t h a t  ash bed F 

More r e c e n t l y  P ro the ro  and Arment rou t  (1985) have i d e n t i f i e d  a magnet ic 
p o l a r i t y  s t r a t i g r a p h y  cor respond ing  t o  Chrons C15R t o  C6C i n  t h e  L i n c o l n  Creek 

Format ion  of Washington ( F i g .  1 ) .  The Nar i z ian /Re fug ian  b e n t h i c  f o r a m i n i f e r a 1  

"Stage" bouitdury occurs w i t h i n  Chron C15R. A h i g h  temperature b a s a l t  da te  o f  
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38.5fl.b; Ma a t  o r  j u s t  below t h i s  boundary a t  t h e  P o r t e r  B l u f f  s e c t i o n  can be 

c o r r e l a t e d  t o  a l e v e l  j u s t  below Chron C15, suggest ing  an age o f  about 38 Ma 

f o r  Chron C15R, and an age o f  36-37 Ma f o r  t h e  Eocene/Oligocene boundary 

( P r o t h e r o  and Armentrout,  1985).  

A s e r i e s  o f  4oK-39Ar dates (on  b i o t i t e s )  spanning Chrons C9N t o  
C16-17 have been r e c e n t l y  measured i n  t h e  Contessa Quar r i es ,  Gubbio, i n  

n o r t h e r n  I t a l y  (Montanar i  , o r a l  communication, IGCP 174 meet ing,  P a r i s ,  29 

March 1985; Montanar i  e t  a l . ,  1985).  Rad iomet r ic  da tes  on Chrons C12N 

(32.0t0.8 Ma) and C13N (35 .4 i0 .4  Ma) a re  c o n s i s t e n t  w i t h  those f rom F l a g s t a f f  

R im,  Wyoming (P ro the ro  -- e t  a l . ,  1982, 1983; Pro thero ,  1985) .  

36.0f0.4 Ma and 36.4f0.3 Ma on Chron C16N and i n d i s t i n c t  Chrons C16-17N, 
t e s p e c t i v e l y ,  a re  seen t o  c o n t r a s t  s i g n i f i c a n t l y  w i t h  those o f  38.5t1.6 Ma on 

Chron C16 c o r r e l a t i v e  i n  t h e  southern  Olympic Peninsula,  Washington (P ro the ro  

and Armentrout,  1985) and w i t h  da tes  o f  37.4f1.2 Ma and 37.7f1.2 Ma on t h e  

lower  p a r t  o f  t h e  V i e j a  Group, Trans Pecos, Texas, r e i n t e r p r e t e d  as Chron 

C13K (P ro the ro  e t  a l . ,  1982, 1983; Pro thero ,  1985).  The d i f f e r e n c e  o f  o n l y  

1 my between K - A r  dates on Chrons C13N and C16-17N (an  i n t e r v a l  cons idered t o  

span 4-5 my or1 s e a - f l o o r  anomaly t ime  sca les )  has impor tan t  i m p l i c a t i o n s  f o r  

g l o b a l  mar ine  geo tec ton ics  ( i . e . ,  r a p i d  i nc rease  i n  s e a - f l o o r  spread ing  

r a t e s ) ,  b u t  i t  i s  beyond t h e  scope o f  t h i s  paper t o  cons ide r  t h a t  s u b j e c t  

here.  S u f f i c e  t o  observe t h a t  comparison o f  t h e  r a t i o  o f  magnet ic anomaly 

spacings on d i f f e r e n t  spread ing  c e n t e r s  i n  d i f f e r e n t  ocean bas ins  o f  t h e  

w o r l d  i n d i c a t e s  re1  a t i v e l y  cons tan t  g l o b a l  spread ing  r a t e s  d u r i n g  t h e  1 a te  

Paleoyerie atla e d r l y  Neogene ( K l i t g o r d ,  persona l  communication, May, 1985).  

The dates o f  

The Paleoyene magnetobiochronologic sca les  o f  L o w r i e  and A lva rez  (1981)  

dtld Lowr ie  e t  a l .  (1982) and t h a t  of  Berggren e t  a l .  (1985a) used d i f f e r e n t  

r a d i o m e t r i c  c a l i b r a t i o n  p o i n t s  and d i f f e r e n t  methods o f  d e r i v i n g  t h e  

cnrono loyy  i t s e l f .  Lowr ie  and A l v a r e z  (1981) f i x e d  t h e  ages o f  9 l e v e l s  i n  

t h e  1 a te  Cretaceous t o  01 igocene-Miocene p o r t i o n  o f  t h e  geomagnetic r e v e r s a l  

sequence on t h e  b a s i s  o f  magne tob ios t ra t i g raph ic  c o r r e l a t i o n s  i n  t h e  Gubbio 

s e c t i o n  o f  t h e  Umbrian Apennines, i n  I t a l y .  The age o f  38.0 Ma f o r  t h e  
Eocene/Ol iyocene boundary was bdsed upon an e a r l i e r  e s t i m a t e  o f  37.0 Ma 

(Hdrdenbol and Berggren, 1978) .  The l a t e r  age e s t i m a t e  was s imp ly  r e c a l -  

c u l d t e d  u s i n g  updated decay cons tan ts  by Ness e t  a l .  (1980).  

use o f  c a l i b r a t i o n  t i e - p o i n t s ,  however, i nc reases  t h e  p o s s i b i l i t y  o f  

i n t r o d u c i n y  as an a r t i f a c t  appdrent a c c e l e r a t i o n  i n  s e a - f l o o r  spread ing  as 

t l i e  number o f  c a l i b r a t i o n  t i e - p o i n t s  i nc reases  w i t h i n  a f i n i t e  t ime  i n t e r v a l  
T h i s  i s  l i k e l y  t o  occur  because t h e  i n h e r e n t  e r r o r s  i n  t h e  age es t imates  o f  

-- -- 

Such s t r i n g e n t  -- 
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t t ie  c a l i b r a t i o n  p o i n t s  become more impor tan t  i n  c a l c u l a t i n g  i n t e r v a l  spreading 

r a t e s  as t h e  c a l i b r a t i o n  p o i n t s  used i n  t h i s  manner become more C l o s e l y  

spaced i n  t ime.  

An d l t e r n a t i v e  method employed by Berggren e t  a l .  (1985a,b) assumes a 
minirnum number of changes i n  s e a - f l o o r  spread ing  r a t e s  t h a t  w i l l  s t i l l  s a t i s f y  

t t i e  c o n s t r a i n t s  o f  t h e  c a l i b r a t i o n  t i e - p o i n t s .  L i n e a r  segments, each 
encompassiny s i g n i f i c a n t  p o r t i o n s  o f  t h e  magnet ic r e v e r s a l  sequence are  thus  

i d e n t i f i e d  dtid a chrono logy  i s  determined by l i n e a r  r e g r e s s i o n  ana lys i s .  I n  

t h e  yenerd l  p o l a r i t y  t ime  sca le  o f  Berggren e t  a l .  (1985a,b) t h e  f o l l o w i n g  

c d l i b r a t i o n  p o i n t s  were used: a) 3.40 Ma - anomaly 2A o r  Gauss /Gi lber t  

bounddry; b j  8.87 Ma - anomaly 5N; c )  32.4 Ma - anomaly 12 (Chron C12N); 

d j  34.6 Md - anomaly 13 (Chron C13N, s i n c e  shown t o  be l o c a t e d  i n  C12R); 

e )  4Y.5 Ma - anomaly 2 1  (Chron C21); f )  84.0 Ma - anomaly 34 (Chron C31). 

Three l i n e a r  c a l i b r a t i o n  dge-apparent segments r e s u l t  w i t h  i n f l e c t i o n  p o i n t s  

a t  dnomalies 5 arid 24. 

c a l c u l a t e d  accord ing  t o  l i n e a r  r e g r e s s i o n  o f  these t h r e e  segments. 
Eocene/Oligocene boundary, l o c a t e d  i n  Chron C13R, has an es t ima ted  age of 36.6 

Ma on t h i s  sca le .  

d e r i v i r i y  a maynetob iochrono log ic  t ime  sca le  i s  p resented  i n  Berggren _et a1 . 
(1985a).  

Ages f o r  magnet ic p o l a r i t y  i n t e r v a l s  o r  chrons were 

The 

A more d e t a i l e d  d i s c u s s i o n  o f  t h e  methods and problems o f  

I t  i s  impor tan t  t o  remember t h a t  age es t ima tes  o f  geo log i c  epoch 
boundar ies  d re  by now d i f f i c u l t  t o  d e r i v e  comple te ly  independent ly .  

r e s u l t s  f rom t h e  f a c t  t h a t  rocks  developed elsewhere than  on t h e  ocean f l o o r  

p r o v i d e  da tes  f o r  c a l i b r a t i o n ,  and w i t h  c o r r e l a t i o n  t o  t h e  geomagnetic 

r e v e r s a l  sequence dnd assessment o f  t h e  da tes  themselves are  o f t e n  developed 

w i t t i i n  a D i o s t r a t i y r d p h i c  framework. T h i s  l a c k  o f  independence i s  p a r t i c u -  

1 a r l y  r e l e v a n t  i n  t h e  Neogene where age es t ima tes  o f  i m p o r t a n t  boundar ies a re  

o f t e n  a l ready  ob ta ined  i n  c l o s e  c o n j u n c t i o n  w i t h  c o r r e l a t i o n s  t o  t h e  geomag- 

n e t i c  t ime-sca le  (e.g., Ryan e t  a l . ,  1974).  
devo id  o f  f o s s i l s  b u t  p o s s i b l e  t o  da te  r a d i o m e t r i c a l l y ,  a re  found (see f o r  

i ns tance ,  McDougall -- e t  al . ,  1984) o r  a r e l i a b l e  method i s  developed t o  da te  
ocednic c r u s t a l  rocks ,  a c e r t a i n  degree o f  c i r c u l a r  reason ing  ( o r  more 

o p t i m i s t i c d l  l y  p o s i t i v e  feedback) i s  v i r t u a l l y  i n e v i t a b l e .  Never the less ,  

t h e r e  i s  an i m p e l l i n g  m o t i v a t i o n  and j u s t i f i c a t i o n  f o r  c o n s i d e r i n g  bo th  d a t a  

s e t s  s imu l taneous ly  because t h e  h i g h l y  developed c o r r e l a t i o n  between b i o -  and 

rnagnetos t ra t ig raphy  demand a s e t  o f  ages c o n s i s t e n t  w i t h i n  b o t h  frameworks. 
Thus any change on t h e  es t ima ted  ages w i t h i n  one framework a u t o m a t i c a l l y  
i m p l i e s  a cor respond ing  change i n  t h e  o t h e r ,  un less  t h e  c o r r e l a t i o n s  can be 

T h i s  

Unless l o n g  l a v a  sequences, 
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snowri t o  be incor rec t  ( f o r  a good example of t h i s ,  see  the  recent  change t o  

middle Miocene magnetobiochronology made by Mil ler  e t  a l . ,  1985; Berggren 
a1 ., 1985b). - 

CONCLUSIONS 

Eocene/Ol igocene bounddry. 

bio-radiochronology, b u t  the potent ia l  sources of e r r o r  are mu1 t i p l e :  
precis ion iri dat ing ( g l  auconites vs. high temperature minerals; f i s s i o n  t rack 

vs. K-Ar, e t c . ) ,  i d e n t i f i c a t i o n  of magnetostratigraphic pa t te rns ,  b i o s t r a t i -  
graphic accuracy and resolut ion.  

cur ren t ly  suyyested ( -  33-34 Ma and -. 38 Ma) f o r  t h e  Eocene/Oligocene boundary 
cdn be  considered unlikely. 

acceptable. That preferred here i s  36.6 Ma ( s e e  Berggren e t  a l . ,  1985a,c). 

Additional work i s  needed t o  resolve problems o f  the  geochronology of the 
A n  in tegra ted  approach i s  required,  i .e . ,  magneto- 

I t  would appear t h a t  the  extreme values 

Values between 35-37 Ma would appear t o  be more 
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MAGNETIC STRATIGRAPHY OF THE EOCENE/OLIGOCENE BOUNDARY 

W. LOWRIE 

I n s t i t u t  f i r  Geophysi  k ,  ETH-Honggerberg, 8093 Z u r i c h ,  S w i t z e r l a n d  

INTRODUCTION 

D e t a i l e d  i n t e r d i s c i p l i n a r y  m a g n e t o s t r a t i g r a p h i c  and b i o s t r a t i g r a p h i c  

i n v e s t i g a t i o n s  o f  t h e  Eocene /O l igocene  boundary  were f i r s t  r e p o r t e d  f o r  t h e  p e l a g i c  

c a r b o n a t e  r o c k s  o f  t h e  Umbr ian sequence i n  t h e  N o r t h e r n  Apenn ines  o f  C e n t r a l  I t a l y  

( L o w r i e  e t  a l . ,  1982). The ma in  f e a t u r e s  o f  t h i s  r e s e a r c h  were c o n f i r m e d  i n  

sed imen t  c o r e s  f r o m  s i t e s  522 and 523 on  Leg 73 o f  t h e  Deep Sea D r i l l i n g  P r o j e c t  

(Tauxe e t  a l . ,  1983) .  

RESULTS FROM THE UMBRIAN SEQUENCE 

I n  t h e  Umbr ian sequence o f  p e l a g i c  c a r b o n a t e  r o c k s  t h e  L a t e  Cre taceous  t o  Eocene 

S c a g l i a  Rossa l i m e s t o n e  g rades  i n t o  t h e  g r e y  O l i g o c e n e  S c a g l i a  C i n e r e a  m a r l s t o n e .  

The v a r i c o l o r e d  t r a n s i t i o n a l  i n t e r v a l  i s  sometimes d e s i g n a t e d  t h e  S c a g l i a  V a r i e g a t a  

and c o r r e s p o n d s  t o  t h e  upper  Eocene. 

f r i a b l e  g r e y  beds n e a r  t h e  base o f  t h e  S c a g l i a  C i n e r e a .  The l i t h o l o g y  o f  t h i s  

m a r l y  f o r m a t i o n  i s  m e c h a n i c a l l y  weak and mos t  o u t c r o p s  a r e  s t r o n g l y  sheared  by 

t e c t o n i c  d e f o r m a t i o n .  They a r e  so f i s s i l e  t h a t  a c c u r a t e  p a l e o m a g n e t i c  s a m p l i n g  i s  

d i f f i c u l t .  However, u n u s u a l l y  c o n t i n u o u s ,  f r e s h  o u t c r o p s  exposed i n  a c t i v e  

q u a r r i e s  on b o t h  s i d e s  o f  t h e  Con tessa  v a l l e y  n e a r  Gubbio have g i v e n  good 

m a g n e t o s t r a t i g r a p h i c  r e s u l t s .  

The Eocene /O l igocene  boundary  f a l l s  i n  t h e  

The m a g n e t i c  p r o p e r t i e s  o f  f r e s h  S c a g l i a  C i n e r e a  samples a r e  c o m p a r a t i v e l y  

s t r a i g h t f o r w a r d .  A s t a b l e  p r i m a r y  component o f  remanent  m a g n e t i z a t i o n  can  be 

d e f i n e d  b y  p r o g r e s s i v e  a l t e r n a t i n g  f i e l d  (AF) o r  t h e r m a l  d e m a g n e t i z a t i o n  ( L o w r i e  e t  

a l . ,  1982) .  However, t h e  m a g n e t i c  b e h a v i o r  o f  wea the red  samples i s  a k i n  t o  t h a t  o f  

S c a g l i a  V a r i e g a t a ,  i n  w h i c h  a p e r s i s t e n t  s e c o n d a r y  component c a r r i e d  b y  h e m a t i t e  

can o n l y  be removed s a t i s f a c t o r i l y  b y  t h e r m a l  t r e a t m e n t .  

s e c t i o n  ( L o w r i e  e t  a l . ,  1982)  was e v a l u a t e d  u s i n g  a C o m b i n a t i o n  o f  AF and t h e r m a l  

d e m a g n e t i z a t i o n .  The s t a b l e  remanen t  m a g n e t i z a t i o n  d e f i n e s  d i s c r e t e  magnetozones 

o f  u n i f o r m  p o l a r i t y  ( F i g .  1 ) .  The s a m p l i n g  i n t e r v a l  o f  30-60 cm e n s u r e d  t h a t  mos 

magnetozones a r e  r e p r e s e n t e d  b y  s e v e r a l  samples each, b u t  a few  o f  t h e  s h o r t e r  

zones i n  t h e  upper  O l i g o c e n e  a r e  d e s c r i b e d  b y  o n l y  a s i n g l e  sample. 

The Con tessa  q u a r r y  

The b i o s t r a t i g r a p h y  o f  t h e  Con tessa  q u a r r y  s e c t i o n  was based on  p l a n k t o n i c  

f o r a m i n i f e r a  and c a l c a r e o u s  n a n n o f o s s i l s .  

were abundan t ,  t h e y  were g e n e r a l l y  p o o r l y  p r e s e r v e d .  A l l  Eocene and O l i g o c e n e  

A l t h o u g h  t h e  m i c r o f a u n a  and m i c r o f l o r a  
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Fig. 1. Magnetostratigraphic and biostratigraphic results from the 
Contessa Quarry s e c t i o n .  
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f o r a m i n i f e r a l  zones were r e c o g n i z e d  b u t  i n  some p a r t s  n e i g h b o r i n g  p a l e o n t o l o g i c a l  

zones were n o t  d i f f e r e n t i a t e d  and some z o n a l  b o u n d a r i e s  were l o c a t e d  o n l y  

a p p r o x i m a t e l y .  F o r a m i n i f e r a 1  p r e s e r v a t i o n  was p o o r  a r o u n d  t h e  Eocene/Ol i g o c e n e  

boundary  and t h e  l o w e r  O l i g o c e n e  c o u l d  n o t  be zoned. However, a n a n n o f o s s i l  

z o n a t i o n  was o b t a i n e d  i n  t h i s  i n t e r v a l .  A l t h o u g h  heavy  o v e r g r o w t h  p r e v e n t e d  

i d e n t i f i c a t i o n  o f  some s p e c i e s ,  t h e  c a l c a r e o u s  n a n n o f o s s i l  z o n a t i o n  complemented 

t h e  p l a n k t o n i c  f o r a m i n i f e r a l  r e s u l t s  and r e i n f o r c e d  t h e  i n t e r p r e t e d  s t a g e  boundar)  

l o c a t i o n s .  

X r o a z u l e n s i s  f o r a m i n i f e r a l  zone were o b s e r v e d  t o  be u n u s u a l l y  t h i n ,  s u g g e s t i n g  

t h a t  a f a u l t  m i g h t  have c u t  o u t  p a r t  o f  t h e  s e c t i o n  ( L o w r i e  e t  a l . ,  1982) .  

o t h e r  s m a l l  f a u l t s  appear  n o t  t o  have d i s t u r b e d  t h e  m a g n e t i c  p o l a r i t y  sequence o r  

b i o z o n a t i o n s  g r e a t l y  ( F i g .  1 ) .  

The uppermos t  Eocene c o c c o l  i t h  zones NP19/20 and t h e  c o r r e s p o n d i n g  

S e v e r a l  

The Con tessa  q u a r r y  s e c t i o n  p r e s e r v e d  an e x c e l l e n t  r e c o r d  o f  geomagne t i c  

p o l a r i t y  h i s t o r y .  Cox (1982)  s u g g e s t e d  a p r a c t i c a l  n o m e n c l a t u r e  f o r  i d e n t i f y i n g  

t h e  m a g n e t i c  p o l a r i t y  c h r o n s  i n  t h e  sequence i n t e r p r e t e d  f r o m  o c e a n i c  m a g n e t i c  

anoma l ies .  W i t h  t h i s  n o m e n c l a t u r e  t h e  Con tessa  q u a r r y  s e c t i o n  c o r r e l a t e s  w i t h  

c h r o n s  6C t o  20 and t h e  Eocene /O l igocene  boundary  f a 1  1s  w i t h i n  r e v e r s e d  p o l a r i t y  

c h r o n  13 r ,  between no rma l  c h r o n s  13 and 15 ( F i g .  1 ) .  

RESULTS FROM DSDP LEG 73 

The s e d i m e n t  c o r e s  a t  DSDP s i t e s  522 and 523 were t a k e n  w i t h  a h y d r a u l i c  p i s t o r  

c o r e r  w h i c h  causes  m i n i m a l  d i s t u r b a n c e  o f  t h e  sed imen t  o r  i t s  m a g n e t i c  p r o p e r t i e s .  

M a g n e t i c  c l e a n i n g  o f  p i l o t  samples showed good s t a b i l i t y ,  w i t h  a p a r t i a l  o v e r p r i n t  

i n  some samples t h a t  c o u l d  be removed b y  A F  o r  t h e r m a l  d e m a g n e t i z a t i o n .  

sed imen t  r e c o v e r y  i s  o f t e n  i n c o m p l e t e  and o n l y  t h e  i n c l i n a t i o n s  o f  a z i m u t h a l l y  

u n o r i e n t e d  c o r e s  can be used f o r  p a l e o m a g n e t i c  i n t e r p r e t a t i o n s .  The r e s u l t s  a t  

s i t e s  522 and 523, based p r i m a r i l y  on s h i p b o a r d  AF d e m a g n e t i z a t i o n ,  ag reed  w e l l  

w i t h  t h e  p o l a r i t y  sequence f o r  c h r o n s  6C t o  1 6  a t  s i t e  522 and c h r o n s  12 t o  20 a t  

s i t e  523 (Tauxe e t  a l . ,  1983) .  The Eocene /O l igocene  boundary,  p l a c e d  a t  t h e  t o p  o f  

n a n n o f o s s i l  zone NP20, c o r r e l a t e d  w i t h  r e v e r s e d  c h r o n  1 3 r ,  as i n  t h e  Con tessa  

q u a r r y  s e c t i o n .  

DSDP 

COMPARISON OF BIOCHRONOLOGICAL DATUM PLANES 

O l i g o c e n e  f i r s t  appearance datum ( F A D )  and l a s t  appearance datum (LAD) l e v e l s  i n  

DSDP Leg 73 h o l e s  and t h e  Gubb io  Con tessa  s e c t i o n  ( F i g .  2 )  somet imes had d i f f e r e n t  

c o r r e l a t i o n s  w i t h  t h e  m a g n e t i c  p o l a r i t y  t i m e  s c a l e  (Poore  e t  a l . ,  1982) .  

N a n n o f o s s i l  d i s c r e p a n c i e s  appear  t o  be l a r g e r  t h a n  t h o s e  o f  p l a n k t o n i c  

f o r a m i n i f e r a .  

0 .18  Ma ( s t a n d a r d  e r r o r  0 .26 )  and i s  n o t  s i g n i f i c a n t  s t a t i s t i c a l l y .  

F o r  14 datum l e v e l s  t h e  ave rage  d i f f e r e n c e  i n  e v e n t  c h r o n o l o g y  i s  

However, i f  
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t h e  6 FAD e v e n t s  a r e  c o n s i d e r e d  s e p a r a t e l y ,  a s i g n i f i c a n t  d i f f e r e n c e  i s  f ound .  

DSDP ages a v e r a g e  0.45 Ma ( s t a n d a r d  e r r o r  0.39 Ma) o l d e r  t h a n  t h e  Con tessa  ages. 

The 8 LAD e v e n t s  d i f f e r  even more s i g n i f i c a n t l y ;  t h e  DSDP ages ave rage  0.57 Ma 

( s t a n d a r d  e r r o r  0.28 Ma) younger  t h a n  t h e  Con tessa  ages. 

t h a t  s p e c i e s  appeared  sooner  and d i s a p p e a r e d  l a t e r  i n  t h e  Sou th  A t l a n t i c  t h a n  i n  

t h e  s o u t h e r n  Te thys .  The p a l e o n t o l o g i c a l  i n v e s t i g a t o r s  e n c o u n t e r e d  d i f f i c u l t i e s  

w i t h  f o r a m i n i f e r a 1  and n a n n o f o s s i l  p r e s e r v a t i o n  i n  t h e  DSDP s i t e s  and Con tessa  

q u a r r y  s e c t i o n .  

datum l e v e l  under  such c o n d i t i o n s ,  r a t h e r  t h a n  an e v o l u t i o n a r y  d i f f e r e n c e  

(LaBrecque  e t  a1 . , 1983). 

The 

These r e s u l t s  may i m p l y  

The d i f f e r e n c e  may r e p r e s e n t  t h e  r e s o l u t i o n  o f  a p a l e o n t o l o g i c a l  

C A L C A R E O U S  P L A N K T O N I C  

N A N N O F O S S I  LS FOR AM1 NIFERA 

Contessa 
4 Quar ry  
0 

D S D P  Contessa 
5 2 2 1 5 2 2 A  1 Quarry 

Cyc l i ca rgo l i t hus  
a b i s e c t u s  

2 5 ,  

D ' ~ : : ~ : ~ ~ c ' t e '  
S p h e n o l i t h u s  
c iperoensis  

1 Spheno l i t hus  
c ipe roens is  

3 0 ]  ,o ~ S p h e n o l t t h u s  d i s t e n l u s  

S p h e n o l i t h u r  
d i s t e n t u s  

l s t h r n o l i l h u s  
r e c u r v u s  

E r i cson ia  
l o r m o s a  

35 

D 1 s c o a s l  er 

I s th rno l i  t h u s  

b a r b a d l e n s i s  

C a b i s c c l u s  a 
Ret l cu lo fenes t ra  

b i s e c t a  

G l o b o r o t a l i a  
op i rna  

1 S p h e n o l i l h u s  
d i s t e n l u s  

, Spheno l i t hus  
c i p e r o e n s i s  

G l o b i g e r i n a  
a rnp l i ape r lu ra  . S p h e n o l i  t hus  

Cyc lococco l i t hus  

I d i s len tus  

I forrnosus 

' I  r e c u r v u s  

G l o b o r o t a l i a  

H a n  t k e n i n a  

G l o b i g e r i n a t h e k a  

I l s th rno l i t hus  
recurvus 

D S D P  
5 2  21 5 2 2  A 

Glob ige r ino ldes  
J 

J G l o b o r o t a h a  
k u g l e r i  

1 G l o b o r o t a l i a  
op i rna  

1 G l o b i g e r i n a  
a rnp l i ape r tu ra  

, H a n t k e n i n a  

G te r roazu lens i s  
I S  1 I 

G l o b i g e r i n a t h e k a  

F i g .  2. Compar ison o f  FA0 and LAD l e v e l s  i n  t h e  Con tessa  Q u a r r y  and 
DSDP S i t e  522/522A w i t h  t h e  LaBrecque e t  a l .  (1977)  m a g n e t i c  
p o l a r i t y  t i m e  s c a l e  ( a f t e r  Poore e t  a l . ,  1982) .  
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SHORT MAGNETIC EVENTS 

DSDP s i t e s  522 and 523 show s e v e r a l  s h o r t  magnetozones f o r  w h i c h  t h e r e  a r e  no 

c o r r e s p o n d i n g  o c e a n i c  m a g n e t i c  a n o m a l i e s  (Tauxe e t  a l . ,  1983) .  Some zones a r e  

r e p r e s e n t e d  b y  o n l y  one sample w h i c h  c o u l d  be a c c i d e n t a l l y  m i s o r i e n t e d ,  b u t  o t h e r  

s h o r t  magnetozones a r e  documented b y  m u l t i p l e  samp l ing .  A t  DSDP s i t e  522, r e v e r s e d  

c h r o n  1 3 r ,  t o  w h i c h  t h e  Eocene /O l igocene  boundary  i s  c o r r e l a t e d ,  c o n t a i n s  t h r e e  

s h o r t  p o s i t i v e  magnetozones. The r e c o v e r y  o f  t h e  c h r o n  1 3 r  i n t e r v a l  a t  s i t e  523 

was i n c o m p l e t e ,  b u t  t h e r e  i s  a s i n g l e - s a m p l e  p o s i t i v e  magnetozone w i t h i n  t h e  l o n g e r  

n e g a t i v e  magnetozone. 

The Con tessa  q u a r r y  s e c t i o n  c o n t a i n e d  no magnetozones w i t h o u t  a c o u n t e r p a r t  i n  

t h e  o c e a n i c  m a g n e t i c  r e c o r d ,  a l t h o u g h  t h e  s e d i m e n t a t i o n  r a t e  and s a m p l i n g  i n t e r v a l  

were s i m i l a r  t o  t h e  DSDP s i t e s .  

a f a u l t  i n  t h e  1 3 r  i n t e r v a l  ( F i g .  1 ) .  

f a u l t i n g .  

m a g n e t o s t r a t i g r a p h i c a l l y  w i t h  r e v e r s e d  p o l a r i t y  c h r o n  1 3 r  ( N o c c h i  e t  a l . ,  t h i s  

volume:,;  t h r e e  s h o r t  no rma l  magnetozones a r e  f o u n d  w i t h i n  r e v e r s e d  p o l a r i t y  

ch ro r fozone  1 3 r  i n  t h i s  s e c t i o n  and t h e  Con tessa  Highway s e c t i o n .  

The absence o f  s h o r t  m a g n e t i c  e v e n t s  may be due t o  

A q u a r r y  a c r o s s  t h e  v a l l e y  i s  f r e e  o f  t h i s  

It g i v e s  a c o m p l e t e  Eocene /O l igocene  boundary  s e c t i o n  c o r r e l a t e d  

The e x i s t e n c e  o f  s h o r t  m a g n e t i c  " e v e n t s "  has i m p o r t a n t  consequences f o r  some 

t h e o r e t i c a l  a n a l y s e s  of t h e  s t a t i s t i c a l  b e h a v i o r  o f  geomagne t i c  r e v e r s a l s  and f o r  

t h e  c o r r e s p o n d i n g  p r o c e s s e s  i n  t h e  e a r t h ' s  c o r e  ( L o w r i e  and Kent ,  1983) .  It i s  

i m p o r t a n t  t h a t  t h e  e x i s t e n c e  o f  s h o r t  magnetozones i n  m a g n e t o s t r a t i g r a p h i c  s e c t i o n s  

be v e r i f i e d  t h o r o u g h l y  b y  m u l t i p l e  samp l ing ,  d e t a i l e d  d e m a g n e t i z a t i o n  and r o c k  

m a g n e t i c  a n a l y s i s .  

D I S C U S S I O N  

M a g n e t o s t r a t i g r a p h i c  and b i o s t r a t i g r a p h i c  r e s e a r c h  have r e s u l t e d  i n  improved  

c o r r e l a t i o n  o f  t h e  Pa leogene  s t a g e  b o u n d a r i e s  t o  t h e  o c e a n i c  m a g n e t i c  p o l a r i t y  

sequence ( L o w r i e  and A l v a r e z ,  1981; LaBrecque e t  a l . ,  1983) .  The Eocene /O l igocene  

boundary  has been l o c a t e d  r e l a t i v e  t o  t h e  o c e a n i c  m a g n e t i c  p o l a r i t y  sequence i n  

s e v e r a l  s t u d i e s .  It l i e s  w i t h i n  r e v e r s e d  c h r o n  1 3 r ,  between no rma l  c h r o n s  13 and 

15, w h i c h  may a l s o  c o n t a i n  a f e w  v e r y  s h o r t  no rma l  p o l a r i t y  c h r o n s .  FAD and LAD 

l e v e l s  i n  t h e  DSDP s i t e s  and Con tessa  s e c t i o n  have been c o r r e l a t e d  t o  t h e  m a g n e t i c  

p o l a r i t y  t i m e  s c a l e  w i t h  an ave rage  d i s c r e p a n c y  o f  a round  0.5 Ma. T h i s  f i g u r e  can 

h o p e f u l l y  be improved  a t  s i t e s  w i t h  b e t t e r  p r e s e r v e d  b i o s t r a t i g r a p h i e s  and good 

m a g n e t i c  s t r d t i g r a p h y .  
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LATE EOCENE-EARLY OLIGOCENE CARBONATE SEDIMENTATION IN THE 
DEEP SEA 

.L 

ROBERT c. THUNELL"’ AND BRUCE H. CORLISS" 
ABSTRACT 

Calcium carbonate accumulation rate patterns for the late 
Eocene-early Oligocene interval in 12 DSDP sites show inter- and 
intra-basin variations. Significant increases in calcium carbon- 
ate accumulation at the Eocene/Oligocene boundary are seen at 

Sites 77B, 292, 289 (Pacific Ocean), and Sites 214 and 219 
(Indian Ocean), whereas a decrease is observed at Site 516F 

(South Atlantic). In contrast, no major changes are seen at 
Sites 73 and 277 (Pacific Ocean) or at Sites 363, 366 and 360 

(Atlantic Ocean). Intra-oceanic variation in the accumulation 
records from the Pacific is observed as well. In comparison to 

Sites 292, 289 and 77B, Sites 73 and 277 show no change at the 
boundary. Instead increases are observed in Site 277 during the 
late Eocene and in Site 73 at the early/late Oligocene boundary. 

In general, the observed changes in carbonate accumulation 
rates follow the patterns established for fluctuations in the 

position of the CCD across the Eocene/Oligocene boundary. The 
Pacific CCD undergoes the greatest drop at the boundary and the 
greatest increase in accumulation rates occurs in this ocean as 

well. The Indian Ocean is characterized by an intermediate 
change in both the depth of the CCD and carbonate accumulation 

rates at the Eocene/Oligocene boundary, while the South Atlantic 
records only a small change in accumulation rates and an interme- 
diate change in the depth of the CCD. 

The inter-ocean differences in both accumulation rate pat- 
terns and changes in the position of the CCD argue against a 

global causal event, such as a change in sea level, to account 
for the observed sedimentation changes. Instead, this variabil- 
ity may best be explained by changes in surface water productiv- 

ity and bottom water circulation patterns. The intra-ocean var- 
iability in the Pacific can be explained by these variables as 

well. 

-1. 

"Addresses: R. Thunell, Dept. of Geology, Univ. of South 
Carolina, Columbia, South Carolina 29208; B. Corliss, Dept. of 
Geology, Duke University, Durham, North Carolina 27706 
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INTRODUCTION 
Changes in global climatic conditions and ocean basin configu- 

ration during the Cenozoic are responsible for the evolution of 
the modern oceanic environment. The transformation from a "ther- 
mospheric" ocean in late Cretaceous time to the present day 

"psychrospheric" state (Brunn, 1957) has occurred through a 
series of distinct steps or events (Berggren and Hollister, 1977; 
Kennett, 1977; Berger et al., 1981). 

One of the most dramatic of these steps occurred near the 
Eocene/Oligocene boundary (Corliss et al., 1984). Based on a 
turn-over in deep-sea ostracode assemblages, Bens,on (1975) 
suggested that the deep oceans became filled with cold bottom 
waters at this time. Kennett and Shackleton (1976) subsequently 

estimated that bottom water temperatures dropped by 4-5 C within 
a period of less than 100,000 years near the Eocene/Oligocene 

boundary. More recent oxygen isotopic studies have confirmed 
that a major change occurred at that time in the vertical temper- 
ature structure of the oceans (see Corliss and Keigwin, 1985 for 
a review). In addition, isotopic studies of planktonic foramini- 
fera (Keigwin, 1980) suggest that latitudinal temperature gradi- 

ents were enhanced around the Eocene/Oligocene boundary and this 
is reflected in a reorganization of plankton biogeographic pro- 

vinces (Haq et al., 1977; Kennett, 1978; Sancetta, 1979; Haq, 
1981) and a decrease in planktonic microfossil diversity 
(Berggren, 1969; Ciffelli, 1969; Lipps, 1970; Frerichs, 1971; 
Thunell, 1981; Corliss et al., 1984). Recent studies indicate 
that the marine faunal and floral response to the changing 
climatic and oceanographic conditions near the Eocene/Oligocene 
boundary was gradual (Corliss, 1981; Corliss et al., 1984; Snyder 
et al., 1984), rather than catastrophic (Alvarez et al., 1982; 

Ganapathy, 1982). 
Sedimentation in the deep sea was also impacted by this global 

cooling around the Eocene/Oligocene boundary. The onset of cold, 

bottom water production at this time in high southern latitudes 
resulted in an invigoration of deep sea circulation which caused 
substantial submarine erosion and widespread hiatuses (Kennett et 
al., 1972; Rona, 1973; Davies et al., 1975; Moore et al., 1978). 

This was accompanied by a basic change in ocean chemistry which 

resulted in a dramatic deepening of the carbonate compensation 
depth (CCD) in the Pacific, with a lesser drop occurring in the 
other oceans (Heath, 1969; Berger and von Rad, 1972; Berger, 1973 

0 
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and 1978; Van Andel and Moore, 1974; Van Andel, 1975; Van Andel 

et al., 1975 and 1977; Tucholke and Vogt, 1979; Thiede et al., 
1980). Based on a synthesis of the results of the early legs of 
the Deep Sea Drilling Project (DSDP), Davies and Supko (1972) 

demonstrated that there was a major change in the lithology of 

deep sea sediments between the Eocene and Oligocene, with Oligo- 

cene sediments containing a much higher calcareous component. 
This is consistent with the above mentioned trend in the CCD,*and 
the fact that much of the carbonate deposited during Eocene time 
was sequestered on continental shelves (Worsley and Davies, 1979; 
Davies and Worsley, 1981). 

In the present study we attempt to quantitatively estimate 
late Eocene and early Oligocene carbonate accumulation rates at 

various DSDP locations in the Atlantic, Pacific and Indian 
Oceans. Our objective is to compare detailed carbonate accumula- 

tion records from each of the oceans and evaluate these records 
in terms of changing oceanographic conditions. 

SEA LEVEL FLUCTUATIONS AND DEEP SEA SEDIMENTATION 
Eustatic changes in sea level are very important in control- 

ling sedimentation in the deep sea (Berger, 1970; Rona, 1973; 
Davies et al., 1977; Hay and Southam, 1977; Worsley and Davies, 

1979a and 1979b; Davies and Worsley, 1981). The supply of both 
clastic and dissolved material to the oceans is a function of the 

amount of exposed continental land mass. During high stands of 

sea level, most of the clastic input is trapped on the shelves 
and very little reaches the deep sea. In contrast, during low 

stands of sea level, the shelf tends to be bypassed and terrige- 
nous material is carried directly to the deep sea. Carbonate 

sedimentation in the oceans follows a similar basin-shelf frac- 
tionation pattern related to sea level change (Berger, 1970; 

Davies and Worsley, 1981; Kendall and Schlager, 1981). During 
times of high sea level and extensive submerged shelves, much of 

the calcium carbonate entering the oceans in the dissolved state 

is sequestered on the margin, leaving little available for accu- 

mulation in the deep sea. Conversely, the bypassing of the 
shelves during regressions changes the predominant site of 
carbonate deposition from the shelves to the deep sea. 

According to Fischer and Arthur (1977), sea level is also an 

important factor in controlling the fluctuation between an 

"oligotaxic" and a "polytaxic" marine environment. "Polytaxic" 
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episodes are times of high sea level, sluggish circulation, a 

shallow CCD, widespread chert deposition, and high diversity in 
pelagic biotas. These should also be times of decreased pelagic 

productivity, since the shelves are acting as a sink for the 
biolimiting nutrients (Berger, 1970; Fischer and Arthur, 1977; 
Broecker, 1982). 

"Oligotaxic" episodes are characterized by lowstands of sea 
level, highly convective oceans, a deep CCD and low taxonomic 

diversity. These should also be times of increased fertility and 
productivity in the open ocean (Fischer and Arthur, 1977). Nu- 
trients trapped on the shelf during sea level highstands will be 
eroded and carried into the open ocean resulting in higher 

productivity and an increase in the flux of biogenic material to 
the seafloor (Berger, 1970; Broecker, 1982). 

DATA BASE 

Twelve DSDP sites (Table 1) were selected for this study, and 
their approximate positions during late Eocene-early Oligocene 

time are indicated on the 40 million year paleogeographic recon- 
struction of Barron and others (1981) (Figure 1). These twelve 

sites were chosen on the basis of having fairly good stratigraph- 
ic continuity and core recovery. Two additional Indian Ocean 

sites (242 and 253) were initially considered in this study, but 

were later eliminated because of the presence of major unconform- 

ities at the Eocene/Oligocene boundary. For each site, a late 

Eocene-early Oligocene (-38 Ma) paleodepth was calculated using 
the technique outlined in Berger and Winterer (1974) (Table 1). 
We have assumed that those sites located on aseismic ridges 

(Sites 214, 253 and 516) have subsided at rates comparable to 
that for normal oceanic crust (Detrick et al., 1977). 

Time series records of carbonate accumulation at each site 

were generated using the following equation: 

ARCaCO3= %CaC03(D-1.025 P) SR 

2 3  where AR = accumulation rate of carbonate (gm/cm /10 yrs.) 
3 D = wet bulk density (gm/cm ) 

P = porosity (vol. percent) 
3 SR = sedimentation rate (cm/lO yrs.) 

Carbonate content of individual samples was determined using a 
gasometric method similar to that described in Jones and Kaiteris 
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TABLE 1. Site locations. 
WA'L'EK YALEU- 
DEPTH DEPTH 

SITE LAT. LONG. (Present Day) (40ma)  

A .  Eastern Pacific 
1. Site 7 3  
2 .  Site 77B 
3.  Site 1 6 7  

B. Western Pacific 
1. Site 277 
2 .  Site 289 
3 .  Site 292 

C. Indian Ocean 
1. Site 214 
2 .  Site 219 

D .  South Atlantic 
1. Site 3 6 0  
2 .  Site 3 6 3  
3 .  Site 366 
4 .  Site 516F 

0 1 ' 5 4 . 5 8 ' s  
0 0 ' 2 8 . 9 0 ' N  
0 7 ' 0 4 . 1 0 ' N  

5 2 ' 1 3 . 4 3 ' s  
0 0 ' 2 9 . 9 2 ' s  
1 5 ' 4 9 . 1 1 ' N  

1 l 0 2 O . 2 1 ' S  
0 9 ' 0 1 . 7 5 ' N  
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Fig. 1. Locations of DSDP . ;es used in this study plotted on the 
40 million year paleogeographic reconstruction of Barron and 
others ( 1 9 8 1 ) .  
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(1983). Wet bulk density and porosity data are routinely gen- 

erated for all DSDP core material and are available through the 
Information Handling Group at DSDP in La Jolla, California. 
Sedimentation rates were estimated using available 

biostratigraphic data from the Initial Reports and from Keller 
(1983), together with the timescale of Hardenbol and Berggren 

(1978). A more in-depth discussion of the procedure for 
calculating accumulation rates is available in Van Andel and 
others (1975). 

The advantage of using carbonate accumulation rates instead of 

simple carbonate content data is that the accumulation rate 
calculation removes the effect of dilution by non-calcareous 
material. As a result, variation in carbonate accumulation 

through time can be attributed only to changes in supply (produc- 
tivity) or dissolution. 

RESULTS 
Western Pacific 

The carbonate accumulation records for the three western 
Pacific sites all show the same basic pattern during the late 
Eocene-early Oligocene (Fig. 2). Late Eocene accumulation rates 

are lower than those for the early Oligocene, with the shift from 

low to high values occurring close to the Eocene-Oligocene bound- 
ary in Sites 289 (Ontong Java Plateau) and 292 (Philippine Sea). 

The calculated accumulation rates for Sites 289 and 292 are also 
very similar in absolute value: late Eocene carbonate accumula- 
tion rates are approximately 2.5 gm/cm /10 years, dropping to 

about 2.0 gm/cm /10 years across the boundary, and then rising 
to 3.5 gm/cm /10 years in the early Oligocene. 

2 3  
2 3  

2 3  

At Site 277 on the Campbell Plateau, late Eocene carbonate 
accumulation rates are negligible below 230 m sub-bottom depth 

and then rise to greater than 4.5 gm/cm /lo3 years. However, 
the increase in carbonate accumulation at this site occurs in the 

late Eocene and not at the Eocene/Oligocene boundary as observed 
at Sites 289 and 292. Thus, although there is a basic similarity 
in the patterns at all three sites, the timing of the increase in 

carbonate accumulation appears to be diachronous between the high 
latitude site (277) and the lower latitude sites (289 and 292). 

2 
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Fig. 2. Late Eocene-early Oligocene carbonate accumulation 
records for Western Pacific DSDP sites. 

Eastern Pacific 
The eastern Pacific sites (73, 778 and 167) have carbonate 

accumulation patterns (Fig. 3) that are variable, with the Site 
77B record being similar to that observed for the western Pacific 
(Fig. 2). In particular, Sites 77B and 167 contain increases in 
carbonate accumulation in the earliest Oligocene. In contrast, 
there is no change in carbonate accumulation rate across the 
Eocene/Oligocene boundary in Site 73, but there is an abrupt 
increase in accumulation at the base of the late Oligocene. This 
event is also evident in the Site 77B record. At Site 167 an 
increase in carbonate accumulation occurs at the Eocene/Oligocene 
boundary, but the early Oligocene values are similar to those 
found in the middle and early Eocene part of the section. At all 
three sites, late Eocene carbonate accumulation rates are less 
than 1.0 gm/cm /10 years. These rates are also less than 2 3  
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those estimated for the three western Pacific sites and may be 

due to slightly poorer preservation since the eastern Pacific 
sites examined are all deeper than the western Pacific sites 

(Table 1). 

EASTERN PACIFIC 

SITE 73  SITE 778 SITE 167 

0 0  1 0  2 0  3 0  4 0  

Fig. 3. Late Eoc ne-e 

- 
1.0 1 5 2 0  2.5 

CaC03  ACCUMULATION 

(grn/cm2/1O3 yrs )  

rly Oligocene carbonate accumulation 
records for Eastern Pacific DSDP sites. 

Indian Ocean 
The Two Indian Ocean sites examined (Sites 214 and 219) dis- 

play increases in carbonate accumulation near the Eocene-Oligo- 
cene boundary (Fig. 4 ) .  Both of these sites also indicate that 

carbonate accumulation was relatively low throughout the late 

Eocene-early Oligocene interval in this region (less than 1.0 
grn/cm / 1 0  years). The very shallow paleodepths for these sites 
(Table 1) would suggest that these low accumulation rates are not 
an artifact of dissolution. 

2 3  

South Atlantic 

Th.e South Atlantic carbonate accumulation records are somewhat 

more ambiguous with regards to change near the Eocene-Oligocene 
boundary than those from the Indian and Pacific Ocean (Fig. 5). 
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Fig. 4 .  Late Eocene-early Oligocene carbonate accumulation 
records for Indian Ocean DSDP sites. 

The records for Sites 363 and 366 are quite similar, with a 
slight increase in carbonate accumulation occurring in the early 
Oligocene. At both sites carbonate accumulation tends to be 
relatively low,  fluctuating between 0.5-1.0 gm/cm2 /lo3 yrs. 
throughout the late Eocene-early Oligocene interval (Fig. 5). 

The site 516F record shows a decrease in carbonate accumula- 
tion across the boundary, dropping from around 3.0 gm/cm2 /lo3 
yrs. in the late Eocene to about 2.0 gm/cm /10 yrs. in the 
early Oligocene. Finally, the record for Site 360 displays a 
high degree of variability in the late Eocene, and combined with 
a limited number of early Oligocene data points makes it diffi- 
cult to evaluate any changes across the boundary. 

2 3  
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Fig. 5. Late Eocene-early Oligocene carbonate accumulation 
records for the South Atlantic DSDP sites. 

INTER-BASIN COMPARISON 
Timing of Accumulation Rate Changes 

It is important to determine if the observed changes in 
carbonate accumulation in each of the ocean basins are isochro- 

nous or diachronous. If these late Eocene-early Oligocene accu- 
mulation rate changes were primarily controlled by sea level 
induced changes in basin-shelf fractionation patterns (Berger, 
1970), then we would expect the major changes in accumulation to 

be synchronous both within and between basins. However, a com- 
parison of the accumulation rate patterns presented here and 
published sea level curves (Vail et al., 1977; Vail and Harden- 

bol, 1979) does ncc support such a simple scenario. 
The late Eocene 2arly Oligocene (Priabonian-Rupelian; approxi- 

mately 40 Ma to 32 l ,a  according to Hardenbol and Berggren, 1977) 

is basically a long transgressive interval, that is not punctu- 
ated by any major eustatic events (Vail and Hardenbol, 1979). 
With regards to the Eocene-Oligocene boundary, Vail and others 
(1977) reported a small regression, while Loutit and others 
(1983) have suggested that sea level actually rose across the 
boundary. Although the sea level record during the late Eocene- 
early Oligocene is not clear at this time, the interpretations do 
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not suggest a dramatic change in sea level (either up or down) 
which would cause major changes in sediment accumulation in the 
deep sea. More importantly, a comparison of the carbonate accu- 

mulation records indicates that there are distinct intra- and 
inter-basin differences in the timing and direction of the major 

changes in these records (Figs. 2-5). In the western Pacific 
there is a significant increase in carbonate accumulation in the 
earliest Oligocene at the two low latitude sites (Sites 289 ,and 

292), while a similar change occurs earlier (late Eocene) at the 
higher latitude Site 277 (Fig. 2). A similar situation exists in 

the eastern equatorial Pacific. Site 77B records an increase in 
carbonate accumulation in the earliest Oligocene, while the only 
significant increase in accumulation at Site 73 occurs near the 

early-late Oligocene boundary (Figure 3). The other eastern 

equatorial site, Site 167, shows an increase in accumulation at 

the boundary, but only to values found previously in the late 
Eocene. Both of the Indian Ocean sites (214 and 219) examined 

contain a major increase in carbonate accumulation at the 

Eocene/Oligocene boundary (Fig. 4 ) .  In contrast, Site 516F from 
the South Atlantic records a decrease in accumulation across the 

boundary (Fig. 5). Thus, although each of the ocean basins 

examined reveals, to a varying extent, major changes in carbonate 
accumulation during the late Eocene-early Oligocene period, these 

changes are not necessarily synchronous or unidirectional. This 
suggests that the observed changes in carbonate accumulation may 

be the result of a number of independent or regional paleoceano- 
graphic changes, rather than a single global event which would 

have resulted in an isochronous response throughout all of the 
oceans. 

Dissolution vs. Productivity 

The rate at which carbonate accumulates on the seafloor is a 
function of the net difference between the supply rate and the 
recycling rate. The observed changes in late Eocene-early Oligo- 

cene carbonate accumulation rates can therefore be attributed to 

changes in productivity and/or dissolution, although distinguish- 
ing between these is not always straightforward. The paleodepths 
for many of the sites studied were well above the CCD throughout 
the entire late Eocene-early Oligocene interval (Table 1). This 
is particularly true for Sites 214, 219, 277 and 516F, which are 

all located on topographic highs and had very shallow paleodepths 
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(less than 1500m). Even in the late Eocene when the CCD was very 
shallow, the carbonate being deposited at these sites would not 

have been subjected to a substantial amount of dissolution. 
It has been well documented that a significant deepening of 

the CCD occurred near the Eocene/Oligocene boundary (Fig. 6), 

although the magnitude of this drop appears to have varied from 

ocean to ocean (Heath, 1969; van Andel and Moore, 1974; van 
Andel, 1975; van Andel et al., 1975 and 1977). During the late 
Eocene, the CCD was at a depth of 3800 m or shallower in all of 
the ocean basins. In the early Oligocene the CCD dropped over a 

1,000 rn in the Pacific and between 600 to 700 m in the Indian and 
Atlantic Oceans to a depth of between 4,000 and 4,500 m. This 

drop in the CCD had the obvious effect of greatly increasing the 
area of seafloor on which carbonate could accumulate without 

being totally dissolved. If the observed changes in carbonate 

accumulation during the late Eocene-early Oligocene were due 
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solely to this global deepening of the CCD, we would expect the 
changes to be in the same direction at all of the sites. Specif- 

ically, all of the records should indicate an increase in carbo- 
nate accumulation near the Eocene/Oligocene boundary. As pre- 

viously mentioned, this is not the situation. 
This would seem to suggest that changes in surface water 

productivity may have been the primary factor responsible for the 
observed changes in these late Eocene-early Oligocene carbonate 

accumulation records. Since productivity is a function of local 
or regional hydrographic conditions, it is not unreasonable to 
consider that different sectors of the ocean basins may have been 

subjected to very different patterns of productivity during this 

late Eocene-early Oligocene period. If this were the case, it 
becomes much easier to explain the inter- and intra-basin differ- 

ences in carbonate accumulation patterns. For example, the late 

Eocene increase in carbonate accumulation at Site 277 in the 
south Pacific may have been due to a local increase in productiv- 

ity that is totally independent of and unrelated to a later 
increase in productivity found near the Eocene/Oligocene boundary 
in Sites 73 and 167. 

LATE EOCENE - EARLY OLIGOCENE DEPOSITIONAL ENVIRONMENT 
Late Eocene - early Oligocene oceanographic conditions and 

associated depositional environments were the result of interplay 

between global climatic change and more local tectonically in- 

duced changes in basin configuration, and as such would have 
varied considerably from region to region. The depositional 
sequence found at Site 277 on the Campbell Plateau reflects the 

tectonic evolution of the southwest Pacific. Following initial 
rifting between Antarctica and Australia in the early Cenozoic 

(Weissel and Hayes, 1972), continued seafloor spreading gradually 

produced an open ocean environment in this region and terrigenous 

sediments were replaced by biogenic oozes (Kennett, 1977). The 
late Eocene increase in carbonate accumulation at Site 277 is 

considered to be due to an associated increase in open ocean 
productivity, possibly related to upwelling over this topographic 
high. Similar lithologic changes are found throughout the 

Southern Ocean, although the timing of these changes is diachro- 

nous due to different ages of formation of the various 
sedimentary basins (Kennett et al., 1975). 
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Dramatic changes in deep water circulation conditions near the 
Eocene/Oligocene boundary are inferred from a variety of 
sedimentological, paleontological and geochemical data. Changes 

in deep-sea ostracode assemblages (Benson, 1975) and an enrich- 
ment in benthic foraminifera1 oxygen isotopes (Kennett and 

Shackleton, 1976) led to the suggestion that the development of 
the psychrosphere took place near the Eocene/Oligocene boundary 
in response to a decrease in Antarctic surface water tempera- 

tures. Initiation of North Atlantic deep water circulation at 
this time has also been suggested as an important component in 

the deep thermohaline circulation based on seismic stratigraphic 
data (Miller and Tucholke, 1983). The deep circulation event at 

the Eocene/Oligocene boundary was suggested to have been one 
component of a series of bottom water changes occurring in the 

middle to late Eocene (Corliss, 1981). Recent isotopic studies 
have corroborated this interpretation by showing that bottom 

water coolings in the deep ocean occurred at different times 
during the Eocene (Keigwin and Corliss, 1985). 

Surface circulation changed markedly near the Eocene/Oligocene 

boundary as well. Biogeographic patterns of calcareous nanno- 

plankton and planktonic foraminifera (Haq and Lohmann, 1976; Haq 

et al., 1977; Sancetta, 1979) show changes across this boundary 

which were interpreted as reflecting a cooling of surface 
waters. Detailed time-series studies of these microfossil groups 
show the Eocene/Oligocene boundary cooling to be part of a 

longer term cooling trend that began in the middle Eocene 

(Keller, 1983). 
The micropaleontological and isotopic data indicate that sur- 

face water temperature gradients increased near the 

Eocene/Oligocene boundary and that surface and deep water circu- 
lation became more vigorous. The greater mixing of the oceans is 

reflected in the sediment record as well, with the occurrence of 
a large number of hiatuses near the boundary (Rona, 1973; Davies 
et al., 1975; Moore et al., 1978). 

The increased accumulation of CaC03 can be related to an 

intensification of surface and deep circulation in two ways. 
Increased atmospheric circulation caused by enhanced latitudinal 
temperature gradients would result in an increase in upwelling of 

nutrient-rich near-surface water which would lead to higher sur- 

face water productivity. Secondly, the preservation of carbonate 
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would be enhanced by the formation of young bottom water with 
relatively high amounts of oxygen and low C02 concentrations. 

SUMMARY 

A model has been developed for the global carbon cycle which 
suggests a close interrelationship between depth of the CCD, 
height of sea level and basin-shelf fractionation of carbonate 

sediments (Berger 1973 and 1977; Berger and Winterer, 1974; 

Sclater et al., 1979). According to this model, during high 
stands of sea level the CCD is relatively shallow and carbonate 

deposition is concentrated on the shelves. Alternately, during 

low stands of sea level the CCD is depressed and the deep oceans 
become the major site of carbonate deposition. This simple model 

cannot adequately explain the inter- and intra-ocean variability 
observed in this detailed study of late Eocene-early Oligocene 

carbonate accumulation patterns in the deep sea. 
Although the CCD dropped significantly in all of the ocean 

basins near the Eocene/Oligocene boundary, there was no major 
regression associated with this drop and hence no reason for 
there to be a significant change in basin-shelf carbonate frac- 

tionation patterns. If the drop in CCD near the Eocene/Oligocene 
boundary was the primary factor affecting the accumulation of 

carbonate in the deep sea at this time, then we would expect all 
of the records to display an increase in carbonate accumulation 

in the early Oligocene. The data presented here shows that this 

was not the situation, since the timing of the major changes in 
these accumulation records is not synchronous from site to site. 

We believe that the variability observed in these late Eocene- 

early Oligocene carbonate accumulation records is a reflection of 
global climatic change with more local paleogeographic changes. 

Differences in surface water productivity both in space and time 

appear to be the most viable explanation for the site to site 

variability in carbonate accumulation patterns. 
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CLAY MINERALOGY AT THE EOCENE/OLIGOCENE BOUNDARY. 

Hervb CHAMLEY 

S6dimentologie et Gbochimie, Universitb de . Lille I, 59655 

Villeneuve d’Ascq, France. 

1 INTRODUCTION 

Clay mineralogical investigations have been carried out in 

many Paleogene series dominated by terrigenous influences. Eocene- 

Oligocene series have been peculiarly investigated in the Atlantic 

and Western Pacific Oceans, by X-ray diffraction, electromicros- 

copy and atomic absorption analyses. Studies concern also some 

european and north-american land sections. As in the whole Ceno- 

zoic columns, the clay assemblages chiefly reflect changes in 

the continental paleoenvironment, and only local volcanogenic 

influences and diagenetic recristallizations occur (e.g. Chamley, 

1981 ; Desprairies, 1981 : Robert, 1982 ; Holtzapffel et al., 

1985). Our purpose is to summarize the main data and interpreta- 

tions available, by considering the clay successions at three 

different time scales. 

2 CENOZOIC 

Most Cenozoic series of the world ocean show a step-by-step 

increase of illite, chlorite and associated quartz, feldspars 

and heavy minerals, and a concomitant decrease of smectite, 

fibrous clays and often kaolinite (e.g. Chamley, 1979, 1981). 

This general change reflects, in a tectonically-stable context, 

the decrease of the rock-derived supply and the increase of 

the soil-derived supply to the ocean. ’The cause is the Cenozoic 

world-wide cooling, favoring the physical alteration processes, 

instead of the chemical ones, and permitting better latitudinal 

water exchanges. The phenomenon starts close to the Eocene-Oligo- 

cene passage, and the clay assemblage behaviour parallels those 

of many other climate-induced sedimentary markers (e.g. forami- 

nifera, palynomorphs, stable isotopes ; see this vol.). 

3 EOCENE AND OLIGOCENE 

In a general way, the mineralogical trend recorded for the 

whole Cenozoic is confirmed when focusing the investigations 

on the Eocene-Oligocene period. Numerous data are provided by 
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Robert (1982) in the South Atlantic. For instance Site 366 DSDP, 
on the Sierra Leone Rise, reveals a very progressive increase 

of illite, chlorite, irregular mixed-layers and feldspars, star- 

ting in the Late Eocene (Fig. 1). At the same time the non-clay 

Fig. 1. Eocene and Oligocene 
clay mineralogy at Site 366, 
Sierra Leone Rise (from 
Robert, 1982). 

and probably to more regular rainfall 

early diagenetic minerals 
disappear (opal, clinopti- 

lolite), while kaolinite 
and iron oxides tend to 

develop, suggesting pro- 
gressive more humid condi- 

tions in West Africa (re- 
working of upstream and 
well-drained soils). Simi- 

lar data are recorded on 

the eastern flank of the 
Mid-Atlantic ridge 
(Karpoff, 1984). On the 
Walvis Ridge (Site 528) 
the same trend occurs, but 

chlorite appears in the 
Middle Eocene and kaoli- 

nite in the Late Eocene, 
while palygorskite amount 

irregularly decreases from 
the Early Eocene upwards. 

All these data, which 
point to cooler climate, 

conditions, can be precisely 
expressed by the smectite/illite ratio, whose decrease roughly 

parallels the oxygen-isotope signal (e.g. sites 14 and 19 DSDP, 
South of Brazil Basin ; in Robert, 1982). 

Peculiar situations occur sometimes. At Site 20 DSDP ( N E  

of Rio Grande Rise ; Robert, 1982), a very rapid increase of 
the illite group corresponds to a hiatus in the sedimentation 
during the Late Eocene-lowermost Oligocene, which results from 
increased bottom circulation and not from a strong climatic 

change. The importance of sedimentary gaps in the North-East 
Atlantic between the Early Eocene and the Middle Miocene is 

also hydrodynamically controlled and prevents the obtention 
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of a suitable climatic record (Latouche and Maillet, 1980). 

At the Angola Basin/Walvis Ridge junction (Site 363), chlorite 

appears in the Early Eocene, while illite and palygorskite abun- 

dance does not significantly change until the uppermost Eocene, 

what probably results from local petrographic, eustatic and 

tectonic conditions (Robert, 1982). On Lord Howe Rise, in the 

South-West Pacific, the fast increase and then decrease of the 

illite group at the Eocene-Oligocene transition correlates with 

extensive tectonic activity in New Zealand, hidding the climatic 

effects (Robert et al., in press). On Goban Spur off the Armorican 

margin the Late Eocene locally corresponds to condensed volcanic- 

sedimentary sections, allowing the development of authigenic 

zeolites, badly-crystallized smectites, Fe-Mn oxides and nodules : 

only few mineralogical and geochemical characters still reflect 

the climatic cooling (Karpoff, 1984). 

4 EOCENE-OLIGOCENE TRANSITION 

Different sections have been studied in Rumania, Slovakia, 

Sicily, Barbabos, Alabama (USA), at the precise passage between 

Eocene and Oligocene (sampling Ch. Pomerol). Clay mineral assem- 

blages generally show changes of a small amplitude, with different 

trends. For instance the Brebi section in Rumania, which corres- 

ponds to a carbonate platform environment, is characterized 

by a temporary appearance of chlorite in traces, the appearance 

of kaolinite and low increase of illite (see smectite/illite 

and smectite/kaolinite ratios), and the increase of quartz and 

feldspars (Fig. 2 ) .  These changes parallel those recorded at 

a less-detailed scale (see above, 5 3 ) ,  and suggest climatic 

conditions getting cooler and a bit more humid (increase of 

rock-derived and well-drained soil-derived minerals). 

The Runcu section is also located in Rumania, and corresponds 

to flysch facies. The Eocene-Oligocene transition shows opposite 

clay mineralogical changes as in Brebi. Illite and kaolinite 

abundances decrease compared to smectite, and certainly reflect 

changes in erosion processes due to a tectonically instable 

environment (Fig. 3). Slovakia samples show random and fairly 

important fluctuations at the biostratigraphic boundary while 

Sicily, Barbados and Alabama sections reveal no significant 

or only very small changes. Thus the clay mineralogy at the 

Eocene-Oligocene boundary seems to depend rather on local condi- 

tions than on global ones. 
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Fig. 2. Brebi section, Rumania - Clay mineralogy at the Eocene- 
Oligocene boundary. 

~UNCUSECTION/ C L A Y  M i N E R  A L o G Y n, ~~.IECTITE/K~CLINIT 

la l lb ,  Glyr Somp 

I7 0.1 0 6  0 8 

Fig. 3 .  Runcu section, Rumania. Clay mineralogy 
Oligocene boundary. 

5 CONCLUSION 

at the Eocene- 

The clay mineral successions recorded at the Eocene-Oligocene 
transition in various sea and land sections express a world 

cooling, inserted in the general Cenozoic glacial hist.ory, and 
caused by a general increase in physical alteration processes 
on land-masses. This cooling, moderately marked when compared 
to some ones occurring later on (Miocene, Pliocene), seems to 
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be associated with a more regular annual humidity and an increase 

of the North-South marine circulation in the ocean. The climatic 

change may be hidden by regional pecularities, such as tectonic 

activity, volcanism or active diagenesis. 

The climatic change is gradual, and only the sections marked 

by a sedimentary gap give the impression of a strong break. 

The phenomenon usually starts in the latest Middle Eocene-earliest 

Late Eocene. At the Eocene-Oligocene biostratigraphic boundary 

properly, the mineralogical evolution can be parallel, opposite 

or unrelated to the global one, according to the sections conside- 

red. The more detailed is the scale, the more local are the 

paleoenvironmental influences and significance. From a clay 

mineralogical point of view, the Eocene-Oligocene boundary is 

a transition rather than a sharp limit. 
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Abstract. 
The geometric evolution of the Tethyan basins during the Eocene- 

Oligocene period is reviewed in order to check how far their 
closure could have modified the circulation of oceanic water and 
thus participated to the Eocene/Oligocene events. At that time the 
Himalayan Tethys is already closed but the corresponding seaway is 
simply shifted South of India. A possible major change in the 
Caribbean Tethys is poorly documented. The critical area is the 
Mediterranean Tethys where fast-going collision between Africa and 
Eurasia is likely to have put an end to the circumterrestrial 
low-latitude circulation which existed since the breakup of the 
Pangea. 

This seaway between the Indian and Atlantic oceans was not 
completely cut off before the Miocene but suffered a drastic 
narrowing during the Eocene which reduced the westward flux of warm 
water to a non-significant amount. Moreover it is suggested that, 
due to intense evaporation in the Mediterranean Sea, an interme- 
diate stage took place during which water from both oceans flowed 
toward the Mediterranean. 

INTRODUCTION. 
The study of the Eocene/Oligocene events, either progressive or 

catastrophic (Pomerol, 1 9 8 5 )  cannot be separated from the study of 
the reorganisation of the continental and oceanic areas which 
occured simultaneously. As pointed out by Shackleton and Kennett 
( 1 9 7 5 )  and Haq ( 1 9 8 1 )  the important climatic change which occured 
at the same time must be linked with a major modification of the 
oceanic currents. 



During the Cretaceous, the thermal gradient was low and relati- 
vely warm water reached high latitudes. The breakup of the Pangea 
had created an East-West seaway which encircled the Earth along the 
low latitudes, the Tethyan ocean. During the Cenozoic, this seaway 
became interrupted between India and Eurasia, Africa and Eurasia, 
South America and North America, while the Atlantic ocean opened 
northward and a circum-antarctic circulation was established. The 
circulation of warm water at the low latitudes is now restricted to 
separated basins. This present-day organisation of the oceanic 
currents, which is accompagnied by formation of ice caps and 
migration of cold water away from the high latitudes appeared 
around the Eocene-Oligocene boundary ( Shackleton and Kennett, 
1 9 7 5 ;  and Haq, 1 9 8 1 ) .  

It is clear that the disappearance of the Tethyan seaway played 
a major role in the process but this disappearance was a multi-step 
phenomenon which began long before the Eocene-Oligocene boundary 
and was completed only a long time after. 

It is thus necessary to check which step could have played the 
major role and to review the geometrical history of the three 
segments of the seaway which have been closed successively, i.e. 
the Himalayan, the Mediterranean and the Caribbean parts of the 
Tethys. 

THE HIMALAYAN TETHYS. 
The closure of this seaway is clearly older than the Eocene- 

Oligocene events. The paleomagnetic data favor a collision since 
the late Paleocene (Patriat and Achache, 1 9 8 4 ) .  The speed of 
relative motion between India and Eurasia was drastically reduced 
around anomaly 23 (52 Ma) and this is taken as evidence for a 
complete collision (Besse et al., 1 9 8 4 ) .  Moreover, the stratigraphic 
data show that marine deposits ceased at the end of Early Eocene 
(Van Haver et al., 1 9 8 4 ) .  

However, this closure of the Himalayan seaway was compensated by 
the coeval widening of the Indian ocean. An east-west seaway at the 
low latitude still persisted. It had simply shifted South of India. 
It is thus unlikely that this Himalayan collision could have 
destroyed the Tethyan type of water exchange which could still 
persist south of India and reach the seaway between Africa and 
Eurasia. 



THE MEDITERRANEAN TETHYS. 
From the western Mediterranea to Iran, the whole area is 

affected during the Eocene-Oligocene epoch by strong compressive 
tectonics, while the speed of relative motion between Africa and 
Eurasia neatly slows down, the overall situation indicating a 
general collision (Ricou et al., 1 9 8 5 ) .  

More precisely, the Oligocene mean speed of relative motion is 
reduced by a factor of 2 to 3 with respect to the Eocene*mean 
speed; moreover the motion became strongly oblique and the normal 
component of the relative speed has been reduced by a factor of 5 

to 10 (Savostin et al., 1 9 8 5 ) .  It means that the major narrowing of 
the seaway occured during the Eocene. 

However, a marine connection allowing faunal exchange with the 
Indian ocean persisted till the early Miocene (Adams et al., 1 9 8 3 )  

while the connection between the Mediterranean Sea and the Atlantic 
ocean was interrupted only during the Wessinian. A set of paleogeo- 
graphic maps illustrating the alpine evolution of the Mediterranean 
Tethys (Dercourt et al., 1 9 8 5 )  allows a more precise approach. 

At the beginning of the Cenozoic (fig.1) three major groups of 
basins are fully interconnected: the triangular remnant of the 
Triassic Tethys still widely open eastward, the south-european 
marqinal basins (the future miocene Paratethys) and the Pre- 
Mediterranean basins. An oblique barrier extends from the Alps to 
the Arabian promontory but it is largely submerged and the submer- 
sion will increase during the Eocene transgressions. Being very 
long (more than 3000 km) this submerged barrier leaves enough space 
for a significant water flow over it. The system communicates with 
the Atlantic ocean through a deep and 400 km wide passage establi- 
shed upon an old (Jurassic) oceanic crust. 

The major part oE the system is situated in the trade-wind 

latitudes and a westward flow toward the Atlantic is likely 
(Berggreen and Hollister, 1 9 7 4 ;  Arthur and Jenkins, 1981 ;  Pomerol, 
1 9 8 5 ) .  The Maestrichtian to Eocene phosphate deposits of NW Africa 
appear linked through upwelling to this Mediterranean westward 
current (Arthur and Jenkins, 1 9 8 1 ) .  The same remark can apply to 
the coeval phosphates of Lybia and Syria, all located along the 
upwelling flank (i.e. left in the Northern Hemisphere) of the 
wind-driven current. 

The Eocene rapid narrowing led to considerable changes in the 

central and eastern parts of the system. At the Eocene-Oligocene 
boundary (fig. 2 )  the submerged oblique barrier has evolved into a 
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F i g .  1 Lowermost T e r t i a r y  ( a f t e r  Dercour t  e t  a l .  1985) 

F i g .  2 Eocene - Ol igocene ( i b i d . )  
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mountain chain. The Paratethys is almost isolated, the remaining 
outward links beeing: a) in the French Alps, along a filling-up 
flysch basin; b) across the Eastern Alps, through the shallow and 
discontinuous slovenian seaway: c) south of the Black sea and 
Caspian sea, across an arc of volcanic isles. Data on the basin 
itself led Baldi ( 1 9 8 4 )  to date back its first isolation at the 
very beginning of the Oligocene. The Mediterranean basins are still 
linked with the Atlantic ocean but their links with the Indian 
ocean are now restricted to the north arabian passage. 

This passage has been described by Bizon et al. ( 1 9 7 2 )  as two 
paralllel seaways separated by a longitudinal high showing frequent 
emersions. The southern seaway was established upon the Arabian 
Platform. At the beginning of the Tertiary it showed an axial low 
(low-energy mudstone deposits) bordered by two shoal zones (high- 
energy limestones). Submitted to progressive reqression, its two 
shoals merged together on the Qatar transverse at the beqinning of 
the 01 igocene and the marine connection disappeared at the begin- 
ning of the Miocene. The history of the northern seaway is more 
difficult to decipher as large parts of it have disappeared below 
Neogene thrusts. Along its whole length Eocene marine deposits and 
transgressive lower Miocene limestones followed by a poorly dated 
flysch are known. In between, a pelagic Oligocene is documented in 
its iranian part (e on fig. 2 ) ,  but no marine Oligocene is known 
from its turkish part (f on fig. 2 ) .  From these data we deduce that 
most probably any Oligocene marine exchange between the Mediterra- 
nea and the Indian ocean had to flow over the shoals of the 
southern seaway. The water flow was certainly drastically lower 
during the Oligocene than during the Eocene. These data furnish 
only a general frame and we cannot point out the precise moment (if 
any) when the reduction of the Indian-Atlantic circulation through 
the Mediterranean Tethys led to a renewal of the global oceanic 
circulation. Probably any eustatic drop of the sea level would have 
precipitated the event. Moreover, this reduction probably led to a 
deficit of water in the Mediterranean basins and thus to pre- 
closure stage during which the Tethyan westward circulation would 
have been replaced by a double input from both Atlantic and Indian 
oceans. Actually, these basins were situated at the latitude of the 
present Sahara (20’-30’N) and we must assume a strong evaporation 
while the input from the Paratethys basins and the Indian ocean was 
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strongly reduced. The exchange with the Atlantic ocean would have 
then foreshadow the present situation notwithstanding the persis- 
ting marine links with the Indian ocean. 

THE CARIBBEAN TETHYS. 
The Caribbean seaway between the Pacific and Atlantic oceans 

lasted till the Pliocene (Keigwin, 1 9 7 8 ) .  For the Eocene-Oligocene 
epoch, all the cinematic reconstructions (e.9. Burke et al., 1 9 8 4 )  

show that the total width between South and North Americas was 
reduced by a factor of 2 .  This only reduction could not lead to a 
significant drop of water exchange. What in probably more relevant 
to our problem is the middle-late Eocene birth of the volcanic 
outer arc of Lesser Antilles which reached a noticeable develop- 
ment during the Early Oligocene (Martin-Kaye, 1 9 6 9 )  . It probably 
constituted a barrier, at least for deep water circulation. 
However, our knowledge is insufficient to discard the hypothesis of 
eventual breaks through this barrier. 

CONCLUSION. 
Accepting after Haq ( 1 9 8 1 )  that the Eocene/Oligocene boundary 

event is linked with a reorganisation of the water masses in the 
world ocean, this review shows in turn how the tectonic evolution 
of the Tethyan basin played an important role in this reorganisa- 
tion. 

As a matter of fact, there are two major events during the 
alpine history of the Tethys for what concerns the oceanic circula- 
tion: the breakup of Pangea which allowed a Tethyan circulation 
encircling the globe at the low latitudes: the closure of the 
Tethyan seaways which put an end to this circulation. 

The eocene closure of the Himalayan Tethys could not play this 
role as it was compensated by the widening of the Indian Ocean 
south of India. There are some indications that the Carribean 
Tethys could have been dammed at the end of the Eocene by a 
transverse volcanic arc, but the efficiency of this barrier remains 
questionable. 

The Tethyan circulation has been cut off in the Mediterranean 
Tethys between Africa and Eurasia and we can propose the followina 
scenario: 1 )  during the Eocene an active circulation from the 
Indian ocean towards the Atlantic ocean through the Mediterranean 
basins participated through upwelling to the important phosphate 
deposits; 2 )  while shoals progressively invaded the Eastern 
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.lassage, a double input towards the strongly evaporating Mediterra- 
nean basin took place; 3) the marine links through the eastern 
passage disappeared during the Lower Miocene. The transition 

between 1) and 2) marks the death of the Tethyan circulation. The 
geometrical analysis of the system cannot by itself tell us 

precisely when this event took place. It can be bracketted between 

the Middle Eocene and the Early Oliqocene as the compared situa- 

tions for these two epochs are drastically different and as the 

fastest narrowing evolution of the systeinm occurred during the 
Eocene. 
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LATE EOCENE MICROTEKTITES AND CLINOPYROXENE-BEARING SPHERULES 
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Geo logy  Depar tment ,  U n i v e r s i t y  o f  Delaware,  Newark, DE 19716 

ABSTRACT 

f i e l d ,  have been f o u n d  i n  t h e  G u l f  o f  Mexico,  Car ibbean  Sea, on Barbados, and 
i n  t h e  w e s t e r n  A t l a n t i c .  
t o  be a s s o c i a t e d  w i t h  any m a j o r  e x t i n c t i o n s  o r  c l i m a t i c  changes; however, a 
s l i g h t l y  o l d e r  l a y e r  ( ~ 1 0 , 0 0 0  y r s .  o l d e r )  o f  c l i n o p y r o x e n e - b e a r i n g  s p h e r u l e s  
appear  t o  be  a s s o c i a t e d  w i t h  an i r i d i u m  anomaly and t h e  e x t i n c t i o n  o f  s e v e r a l  
r a d i o l a r i a n  s p e c i e s .  The c l i n o p y r o x e n e - b e a r i n g  s p h e r u l e s  have been f o u n d  i n  
t h e  e a s t e r n  I n d i a n  Ocean and e q u a t o r i a l  P a c i f i c ,  as w e l l  as, t h e  G u l f  o f  Mex ico  
and Car ibbean  Sea. The N o r t h  Amer i can  t e k t i t e s  and m i c r o t e k t i t e s  have K-Ar ,  
A r -40 /A r -39 ,  and f i s s i o n - t r a c k  ages o f  34 t o  35 m.y. E x t r a p o l a t i o n  f r o m  t h e  
m i c r o t e k t i t e  l a y e r  t o  t h e  o v e r l y i n g  Eocene /O l igocene  boundary  i n d i c a t e s  an age 
of  33-34 m.y. f o r  t h e  Eocene /O l igocene  boundary .  

L a t e  Eocene m i c r o t e k t i t e s ,  b e l o n g i n g  t o  t h e  N o r t h  Amer ican t e k t i t e  s t r e w n  

The N o r t h  Amer ican m i c r o t e k t i t e  l a y e r  does n o t  appear  

INTRODUCTION 

M i c r o t e k t i t e s  a r e  m i c r o s c o p i c  ( < 1  mm d i a . )  t e k t i t e s  ( G l a s s ,  1967; G l a s s  e t  

a l . ,  1 9 7 9 ) .  T e k t i t e s  a r e  g l a s s  b o d i e s  s i m i l a r  i n  appearance and c o m p o s i t i o n  t o  

v o l c a n i c  g l a s s  ( o b s i d i a n ) ,  b u t  can  be  d i s t i n g u  shed f r o m  v o l c a n i c  g l a s s  by 

t h e i r  l o w  w a t e r  c o n t e n t ,  h i g h  FeO/Fe203 r a t i o ,  l a c k  of m i c r o l i t h s ,  and p resence  

o f  l e c h a t e l  i e r i t e  ( S i 0 2  g l a s s )  (Chao, 1 9 6 3 ) .  

t e k t i t e s  a r e  t e r r e s t r i a l  s u r f i c i a l  d e p o s i t s  m e l t e d  and s p l a s h e d  o u t  b y  an 

i m p a c t  e v e n t  (e .g. ,  T a y l o r ,  1973; K i n g ,  1977) ;  however, some a u t h o r s  (e .g. ,  

O 'Kee fe ,  1976)  s u p p o r t  a l u n a r  v o l c a n i c  o r i g i n .  

s t r e w n  f i e l d s .  

c o m p o s i t i o n s  and a r e  b e l i e v e d  t o  b e l o n g  t o  a s i n g l e  s t r e w n  f i e l d - - t h e  N o r t h  

Amer ican.  

sugges t  t h e y  wea the red  o u t  of t h e  l a t e  Eocene Jackson F o r m a t i o n  (Barnes ,  1951; 

K i n g ,  1962) .  K-Ar, 4 0 A r -  

Amer i can  t e k t i t e s  were f o r m e d  li 34 m.y. (e.g. ,  Z a h r i n g e r ,  1963; S t o r z e r  and 

Wagner, 1971; B o t t o m l e y  e t  a l . ,  1977) .  

N o r t h  Amer ican m i c r o t e k t i t e s  have been f o u n d  i n  l a t e  Eocene deep-sea 

d e p o s i t s .  

o c c u r s  i n  deep-sea d e p o s i t s ,  b u t  t h e r e  a r e  no p u b l i s h e d  d a t a  t h a t  s u p p o r t  t h e  

h y p o t h e s i s  o f  m u l t i p l e  l a t e  Eocene t e k t i t e  e v e n t s .  

Most  i n v e s t i g a t o r s  b e l i e v e  t h a t  

T e k t i t e s  a r e  f o u n d  s c a t t e r e d  o v e r  r e g i o n s  o f  t h e  E a r t h ' s  s u r f a c e  c a l l e d  

T e k t i t e s  found i n  Texas and G e o r g i a  have s i m i l a r  ages and 

The N o r t h  Amer i can  t e k t i t e s  a r e  n o t  f o u n d  i n  s i t u ,  b u t  f i e l d  s t u d i e s  

A r ,  and f i s s i o n - t r a c k  d a t i n g  i n d i c a t e  t h a t  t h e  N o r t h  

-- 

39 

A s l i g h t l y  o l d e r  l a y e r  o f  c l i n o p y r o x e n e - b e a r i n g  s p h e r u l e s  a l s o  
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NORTH AMERICAN MICROTEKTITES 

Geographic D i s t r i b u t i o n  and Mass 

La te  Eocene m i c r o t e k t i t e s  have been found i n  t h e  G u l f  o f  Mexico, Caribbean 

Sea, western e q u a t o r i a l  A t l a n t i c ,  and on Barbados (Donne l ly  and Chao, 1973; 

Glass e t  a l . ,  1973; Glass and Zwart, 1979; Saunders e t  a l . ,  1984; S a n f i l i p p o  e t  

a l . ,  1985) (Tab le  1 ) .  The t o t a l  mass o f  l a t e  Eocene m i c r o t e k t i t e s  i s  es t imated  

t o  be ~ 1 0  m e t r i c  tons  (G lass  and Zwart, 1979). 9 

TABLE 1 

La te  Eocene m i c r o t e k t i t e  and c l i nopy roxene-bear ing  spheru le  occurrences. 

S i t e *  Loca t ion  Depth** Reference 2 Comments 

Nor th  American M i c r o t e k t i t e s  
DSDP 94 G u l f  o f  Mexico 14-1, 109 cm 1 reworked 
DSDP 94 G u l f  o f  Mexico 15-3, 110 cm 2, 3 
DSDP 149 Caribbean Sea 31 - 1 ,  t o p  2, 3 
DSDP 543 western A t l a n t i c  27? 4 no pub l i shed  da ta  
E67-128 G u l f  o f  Mexico 1581.9-1587.8 m 1, 5 r a r e ,  s c a t t e r e d  
RC9-58 Caribbean Sea 254 cm 6, 7 
Barbados western A t l a n t i c  - - - - - - -  4, 8 

C l inopyroxene-bear ing  Spherules 
DSDP 65 e q u a t o r i a l  P a c i f i c  15 5 r a r e ,  s c a t t e r e d  
DSDP 69A e q u a t o r i a l  P a c i f i c  9-5, 30 cm 3 
DSDP 70A e q u a t o r i a l  P a c i f i c  27-3, 30 cm 3 r a r e  
DSDP 94 G u l f  o f  Mexico 15-3 o r  4 5, 9 l a y e r  i l l - d e f i n e d  
DSDP 149 Caribbean Sea 31-1, 5 cm 9 
DSDP 161A e q u a t o r i a l  P a c i f i c  10-5 & 6 3 r a r e ,  s c a t t e r e d  
DSDP 162 e q u a t o r i a l  P a c i f i c  4 5 s c a t t e r e d  
DSDP 166 e q u a t o r i a l  P a c i f i c  12-6, 45 cm 3 
DSDP 167 e q u a t o r i a l  P a c i f i c  28-1, 35 cm 3 
DSDP 216 eas te rn  I n d i a n  Ocean 16-2, 5 cm 3 
DSDP 292 western P a c i f i c  36 1 ,  3 reworked 
DSDP 292 western P a c i f i c  38-2, 80 CM 1, 3 peak a t  35 cm 

accord ing  t o  ( 1  ) 
RC9-8 Caribbean Sea 280 cm 7 

* DSDP = Deep Sea D r i l l i n g  P r o j e c t  S i t e s ;  E67-128 = S h e l l  O i l  Company core;  
RC9-58 = Lamont-Doherty co re  

** Depth o f  La te  Eocene m i c r o t e k t i t e  o r  c l inopyroxene-bear ing  spheru le  l a y e r .  
Depth f o r  DSDP s i t e s  i n d i c a t e d  by co re -sec t i on ,  depth  (cm) 

- t 1)  K e l l e r  e t  a l .  (1983),  2)  Glass and Zwart (19791, 3) Glass and Crosb ie  
(1982), 4) S a n f i l i p p o  e t  a l .  (19851, 5 )  Th is  paper, 6 )  Glass e t  a l .  (19731, 
7) Glass e t  a l .  (19821, 8) Saunders e t  a l .  (19841, 9 )  Zwart (1977) 

I d e n t i f i c a t i o n  

The l a t e  Eocene m i c r o t e k t i t e s  found i n  t h e  G u l f  o f  Mexico, Caribbean Sea, 

and on Barbados have major  ox ide  compos i t ions  s i m i l a r  t o  each o t h e r  and t o  t h e  

Nor th  American t e k t i t e s  found i n  Texas and Georgia (Donne l ly  and Chao, 1973; 

Glass e t  a l . ,  1973; Glass and Zwart, 1979; S a n f i l i p p o  e t  a l . ,  1985). Ngo 
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et al. (in press) found that the Barbados microtektites (and tektite fragments) 
have Sm and Nd isotopic ratios indistinguishable from North American tektites. 

39 Furthermore, the Barbados tektite fragments have a 40Ar- Ar age that is, 
39 within statistical error, the same as the K-Ar and 40Ar- Ar age o f  the North 

American tektites (York and Hall, personal communication, 1985). Thus, based 
on the above data, it appears that the late Eocene microtektites belong to the 
North American tektite strewn field. 

Implications for Age of the Eocene/Oligocene Boundary 
Based on data published in the Initial Reports of the Deep Sea Drilling 

Project, the sediments containing the North American microtektite layer occur 
in the Thyrsocyrtis bromia radiolarian Zone. 
are absent or poorly preserved at most of the North American microtektite- 
bearing sites, it appears that the North American microtektite layer occurs 
within the Discoaster barbadiensis calcareous nannofossil Zone or at the base 
of the Isthmolithus recurvus or CP15b calcareous nannofossil Zone (Glass and 
Crosbie, 1982; Keller et al, 1983). It also appears to be at the top of the 
P15 or - Globigerinatheka semiinvoluta planktic foraminifera Zone (Glass and 
Crosbie, 1982; Keller et al., 1983); however, at Bath Cliff, Barbados, it 
appears to be within the Turborotalia cerroazulensis Zone rather than the G. 
semiinvoluta Zone (Saunders et al., 1984). Thus, it is clear from the 
biostratigraphy that the North American microtektite layer occurs in sediments 
of late Eocene age. 

One of the most widely accepted Paleogene time scales is that by Hardenbol 
and Berggren (1978). 
has an age of 37 m.y. Therefore since the North American microtektite layer 
occurs in late Eocene deposits, t should be older than 37 m.y.; but North 
American tektites are well-dated at 34-35 m.y. based on the K-Ar, 4oAr-39Ar, 
and fission-track methods (e.g., Zahringer, 1963; Storzer and Wagner, 1971; 
Bottomley et al., 1977). 

Glass and Crosbie (1982) estimated an age of 32.5 - + 0.9 m.y. for the 
Eocene/Oligocene boundary by extrapolation from the North American micro- 
tektite layer using sediment accumulation rates. More recently, tektite 
fragments recovered from the North American microtektite layer at Bath Cliff, 
Barbados, have been dated at 35.5 - + 0.4 m.y. using 40Ar- Ar (York and Hall, 
personal communication, 1985). At Bath Cliff the North Americn microtektite 
layer is %,26 m below the Eocene/Oligocene boundary (Saunders et al., 1984). 
According to Saunders et al. (1984), the late Eocene section at Bath Cliff has 
a sediment accumulation rate of 27 m/m.y. This would indicate an age of %34.5 
- + 0.4 m.y. for the Eocene/Oligocene boundary. 

Although calcareous microfossils 

- 

According o these authors the Eocene/Ol igocene boundary 

39 

This is older than the age of 
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32.5 m.y. proposed by Glass and Crosbie (1982), but still significantly younger 
than the age of 37 m.y. proposed by Hardenbol and Berggren (1978). 

MULTIPLE LATE EOCENE MICROTEKTITES HORIZONS? 
Keller et al. (1983) have suggested that there were multiple late Eocene 

tektite events based on their discovery of multiple "microtektite" horizons. 
However, Keller et al. (1983) did not present the data to support such a con- 
clusion (Glass, 1984) nor did Keller et al. distinguish between microtektites 
and clinopyroxene-bearing (cpx) spherules. A reexamination of all the 
"microtektite-bearing" sites reported by Keller et al. (1983) (except for St. 
Stephen quarry, Alabama) indicates that there is only one microtektite layer 
and it is part of the North American tektite strewn field. Later occurrences, 
or horizons, appear to be due to reworking from the North American microtektite 
layer or the cpx spherule layer (Glass, 1984; Glass et al., in preparation). 

CLINOPYROXENE-BEARING SPHERULES (CPX SPHERULES) 
Geographic Occurrence and Mass 

Glassy spherules containing clinopyroxene have been found closely associated 
with the North American microtektites at two sites in the Caribbean Sea (RC9-58 
and DSDP 149) and at one site i n  the Gulf of Mexico (DSDP 94) (John and Glass, 
1974; Glass and Zwart, 1979) (Table 1). At these two DSDP sites the micro- 
tektites and cpx spherules are intermixed, but in core RC9-58 from the Carib- 
bean Sea, the cpx spherules occur in a separate layer with a peak abundance 
~ 2 5  cm below the peak abundance of the microtektites (Glass et al., 1982). 
Cpx spherules have also been found in several equatorial Pacific sites and in 
an eastern equatorial Indian Ocean site. The cpx spherule layer thus appears 
to extend at least half-way around the earth; and Glass et al. (in preparation) 
estimate a total mass of %lo metric tons for the spherules in the cpx layer. 9 

Description and Origin 

microtektites. 
phases). 
ules appear to be completely glassy. 
the cpx layer have compositions similar to the cpx spherules. 
the cpx layer can generally be distinguished from the North American micro- 
tektites by their higher MgO and CaO and lower Ti02 and A1203 contents for a 
given Si02 content (Glass et al., in preparation). 

should not be referred to as microtektites, which by definition are essentially 
devoid of crystalline material. 

The cpx spherules are generally opaque and smaller than the North American 

Some of the spher- 
Some of the spherules in the cpx layer have a missing phase (or 

In some cases only a glassy groundmass remains. 
However, most of the glassy spherules in 

The spherules in 

Because of the presence of crystalline phases in the cpx spherules, they 

However, their widespread distribution and 
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unusual composition indicate that they, like the microtektites, were probably 
formed by an impact event. The differences in crystallinity between the cpx 
spherules and microtektites is probably due to differences in cooling history 
and/or composition. 

Associated Iridium Anomaly 

1982; Asaro et al., 1982; Alvarez et al., 1982; Glass et al., 1982). The 
associated iridium anomaly provides further support for the impact origin of 
these spherules. 

An iridium anomaly is associated with the cpx spherule layer (Ganapathy, 

Associated Radiolarian Extinctions 
The extinction of several species of Radiolaria (e.g., Thrysocyrtis bromia, 

- T. tetracantha, - T. rhizodon, Calocyclas turris) is closely associated with the 
North American microtektite/cpx spherule layer in the Caribbean and Gulf of 
Mexico sites (Maurrasse and Glass, 1976; Glass and Zwart, 1977; Glass and 
Zwart, 1979). These same species became extinct near the cpx spherule layer in 
the Pacific and Indian Ocean sites (Glass and Crosbie, 1982). Detailed work at 
Barbados shows that the extinctions occur below the North American microtektite 
layer (Sanfilippo, 1985). 
sites, but an iridium anomaly is associated with the radiolarian extinctions. 
This suggests that the extinctions are associated with the cpx spherule layer, 
rather than with the North American microtektite layer as previously thought. 

No cpx spherules have been found at the Barbados 

Age 
The cpx spherule layer is closely associated with the North American micro- 

tektite layer in the Caribbean and Gulf of Mexico and therefore occurs in the 
same biostratigraphic interval. 
layer is % 25 cm below the North American microtektite layer; but the sediment 
accumulation rate for that core is not known, and, therefore, the age differ- 
ence cannot be determined. 
iridium anomaly indicates where the cpx layer should have been. 
in the Barbados sections is probably due to destruction by groundwater solu- 
tion. 
abundance o f  North American microtektites. The sediment accumulation rate for 
the late Eocene section at Bath Cliff is estimated to be 
(Saunders et al., 1984). 
microtektite layer and the iridium anomaly and, therefore, the cpx layer is % 

10,000 yrs. 
20 m/m.y. and obtained an age difference of 13,500 m.y.1 

In core RC9-58 from the Caribbean Sea, the cpx 

The cpx spherules are not found on Barbados, but an 
Their absence 

At Bath Cliff the and iridium anomaly occurs % 27 cm below the peak 

27.1 m/m.y. 
Thus the age difference between the North American 

[Sanfilippo et al. (1985) used a sediment accumulation rate of 
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DISCUSSION AND CONCLUSION 

A t  t h e  p r e s e n t  t i m e  t h e r e  i s  e v i d e n c e  f o r  o n l y  one l a t e  Eocene m i c r o t e k t i t e  

l a y e r  a n d . i t  b e l o n g s  t o  t h e  N o r t h  Amer i can  t e k t i t e  s t r e w n  f i e l d .  L a t e r  o c c u r -  

r e n c e s  i n  t h e  l a t e  Eocene appear  t o  be  due t o  r e w o r k i n g .  S e v e r a l  a u t h o r s  have 

sugges ted  (e.g., O 'Kee fe ,  1980; G lass ,  1982; Ganapathy, 1982; A l v a r e z ,  1982)  

t h a t  t h e  N o r t h  Amer ican t e k t i t e  e v e n t  m i g h t  have been a s s o c i a t e d  w i t h  mass 

e x t i n c t i o n s  and/or  c l i m a t i c  changes a t  t h e  end o f  t h e  Eocene; however, a t  t h e  

p r e s e n t  t i m e  t h e r e  i s  no e v i d e n c e  i n  t h e  deep-sea r e c o r d  f o r  e x t i n c t i o n s  o r  

c l i m a t i c  changes a s s o c i a t e d  w i t h  t h e  N o r t h  Amer ican m i c r o t e k t i t e  l a y e r .  

c i a t e d  w i t h  t h e  N o r t h  Amer i can  m i c r o t e k t i t e s  i n  t h e  Car ibbean  and G u l f  o f  

Mexico;  however, i n  c o r e  RC9-58 f r o m  t h e  Car ibbean ,  t h e y  o c c u r  i n  a l a y e r  abou t  

25 cm be low t h e  N o r t h  Amer i can  m i c r o t e k t i t e  l a y e r .  

f o u n d  a c r o s s  t h e  e q u a t o r i a l  P a c i f i c  and i n t o  t h e  e a s t e r n  I n d i a n  Ocean. The cpx  

s p h e r u l e  l a y e r  i s  a s s o c i a t e d  w i t h  t h e  e x t i n c t i o n  o f  s e v e r a l  s p e c i e s  o f  Rad io -  

l a r i a  and w i t h  an i r i d i u m  anomaly. The cpx  s p h e r u l e  l a y e r  has n o t  been f o u n d  

a t  any o f  t h e  Barbados s i t e s ;  however, based on  an i r i d i u m  anomaly i t  appears 

t h a t  t h e  cpx  s p h e r u l e  l a y e r  s h o u l d  have been "U 27 cm be low t h e  peak abundance 

o f  N o r t h  Amer i can  m i c r o t e k t i t e s  a t  B a t h  C l i f f .  

s p h e r u l e  e v e n t  p receded  t h e  N o r t h  Amer ican t e k t i t e  e v e n t  b y  a b o u t  10,000 y r s .  

The re  i s  no  e v i d e n c e  f o r  a c l i m a t i c  change a t  t h i s  t i m e ,  b u t  no  d e t a i l e d  

s t u d i e s  have been made a c r o s s  e i t h e r  t h e  cpx  o r  t h e  N o r t h  Amer ican m i c r o t e k t i t e  

1 a y e r .  

C l i n o p y r o x e n e - b e a r i n g  s p h e r u l e s  ( c p x  s p h e r u l e s )  a r e  f o u n d  c l o s e l y  asso-  

Cpx s p h e r u l e s  a r e  a l s o  

T h i s  i n d i c a t e s  t h a t  t h e  cpx  
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LATE E O C E N E  IMPACT EVENTS AND STEPWISE MASS EXTINCTIONS 

G E R T A  K E L L E R  

Department of Geological a n d  Geophysical Sciences, Princeton University, 
Princeton, NJ 08544 

ABSTRACT 

Late Eocene ex t inc t ions  a r e  ne i ther  ca tas t rophic  nor mass ex t inc t ions ,  b u t  

occur stepwise in  a sequence of four s teps  over a period of 3.4 million years .  
Closely associated with two of the stepwise ex t inc t ion  events a r e  three micro- 

t e k t i t e  horizons; one in  the upper p a r t  of Globigerapsis semiinvoluta Zone a t  
38.2 Ma, a n d  two closely spaced layers  in the lower p a r t  of 
azulensis  Zone a t  37.3 and 37.2 Ma, Species ex t inc t ions  a n d  r e l a t i v e  species  

abundance decl ines  a r e  c losely associated w i t h  micro tek t i te  layers  a n d  suggest ,  

b u t  do not prove, a cause-effect  re la t ionship  between impact events and  some 
of the  stepwise mass ex t inc t ions .  

I N T R O D U C T I O N  

Paleontological research has made i t  increasingly c l e a r  t h a t  b o t h  evolution 
a n d  c l imat ic  changes a re  character ized by long periods of s t a b i l i t y  separated 
by br ie f  episodes of rapid faunal turnover and c l imat ic  o s c i l l a t i o n s .  
Eocene represents  such an episode b u t ,  contrary t o  repeated claims of mass 

ex t inc t ions  a t  the  Eocene/Ol igocene boundary t h i s  faunal turnover occurs in  a 

s e r i e s  of d i s c r e t e  s teps  over a period of about 3 million years  beginning in 
the  l a t e  Eocene a n d  culminating i n  the ear ly  Oligocene. 

te r ized  by successive replacement of t rop ica l  marine faunas and f l o r a s  by 
cooler subtropical  and temperate elements as  observed by Haq and Lohmann (1976), 
Kennett (1977, 19781, Keller (1983a,b) and Corl iss  and  Keigwin ( i n  press ) .  

i s  the  close associat ion of a t  l e a s t  th ree  impact events with t h i s  stepwise 
faunal turnover, 

faunas? Is  there  a cause-effect  re la t ionship  between impact events a n d  faunal 
turnovers? 

Not a l l  workers agree, however, t h a t  there  i s  evidence of mult iple  impact 

events i n  the  form of miLrotekt i tes  in  l a t e  Eocene sediments. Glass a n d  co- 
workers ( t h i s  volume, in  press )  bel ieve t h a t  only one micro tek t i te  layer  e x i s t s  
in  l a t e  Eocene sediments. 

microtekt i tes  and  p a r t l y  on disagreement of s t r a t i g r a p h i c  posi t ion a n d  the 
geochemical nature  of micro tek t i tes .  

The l a t e  

Each s t e p  i s  charac- 

What makes the l a t e  Eocene d i f f e r e n t  from other  faunal turnovers ,  however, 

bJhat e f f e c t  did these impact events have on planktonic marine 

Are cl imat ic  changes t r iggered by impact events? 

Their argument r e s t s  p a r t l y  on the def in i t ion  of  
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The f i r s t  par t  of t h i s  repor t  wil l  address the  controversy of mult iple  l a t e  

Eocene impact events .  Due t o  space l i m i t a t i o n s ,  however, the geochemical and  

s t r a t i g r a p h i c  data  a r e  presented elsewhere (Kel ler  e t  a l ,  in  prep.; Keller, in 

prepara t ion) .  The second part wil l  discuss  the nature of stepwise ex t inc t ions  

both i n  terms of species  ex t inc t ions  and faunal abundance changes and  explore 

questions of cause and e f f e c t  between stepwise ex t inc t ions  a n d  impact events. 

MULTIPLE IMPACT EVENTS: THE C O N T R O V E R S Y  

The recent  discovery of a t  l e a s t  th ree  impact events i n  deep-sea sediments 

i n  t h e  form of micro tek t i tes  by Kel ler ,  D'Hondt and Val l ie r  (1983) as  well as 

anomalously high iridium concentrations by Ganapathy (1982), Alvarez and others  

(1982) and Keller and others  ( i n  prepara t ion) ,  has again raised the spec t re  of 

ca tas t rophic  ex t inc t ions  near the Eocene/Oligocene boundary. 

micro tek t i te  horizons suggest t h a t  the  ear th  was in  the  path of a comet shower 

l a s t i n g  about 1 t o  2 mil l ion years  ( H u t  e t  a l ,  in  preparat ion) .  Three impact 

c r a t e r s  with l a t e  Eocene K/Ar ages a r e  known: Popigai, S iber ia ,  USSR 3929 Ma; 
Mistast in ,  Labrador, Canada 3824 Ma; Wanapitei , Ontario, Canada 3722 Ma ( see  
Figure 1 ,  Kel ler ,  t h i s  volume). 

Glass and co-workers (1982, in  press ,  t h i s  volume) bel ieve,  however, t h a t  

only one l a t e  Eocene micro tek t i te  layer  i s  present s t r a t i g r a p h i c a l l y  near the 

ex t inc t ion  of four  rad io la r ian  species  a t  the  Subzone Calocyclas bandyca/ 

Cryptopora ornata (b /c )  boundary of Thyrsocyrtis bromia Zone a n d  in  the lower 

p a r t  of foraminifera1 Zone P16. This micro tek t i te  layer  corresponds t o  the 

uppermost of th ree  layers  recognized by Keller and co-workers (1983, in  prepara- 

t i o n ) .  However, Glass and co-workers (1982) have a l s o  d i f f e r e n t i a t e d  a second 

layer  of cl inopyroxene (cpx) bearing spherules about 25cm below the uppermost 

micro tek t i te  layer  in the Caribbean Core RC9-58, which they ascribed t o  
d i f f e r e n t i a l  s e t t i n g s  of the  upper layer .  They now consider t h i s  cpx-bearing 

spherule  layer  t o  represent  a second impact events (Glass e t  a l ,  in  press ,  
t h i s  volume). Because a l a r g e r  percentage of these spherules contain clinopyro- 

xene c r y s t a l s  ( m i c r o l i t e s )  which a r e  not p a r t  of the  or ig ina l  def in i t ion  of 

micro tek t i tes ,  they label  them "cpx-bearing spherules"  instead of microtekti t es .  

Nonetheless, they agree t h a t  cpx-bearing spherules ,  l i k e  micro tek t i tes ,  a re  
impact derived a n d  n o t  a product of t e r r e s t r i a l  volcanism; hence, with respect  

t o  mult iple  "micro tek t i te  layers"  as  evidence of mult iple  impact events ,  we are  

deal ing f i r s t  with a problem of semantics. 

(obsidians)  in  i t s  lower water content and o ther  v o l a t i l e s  and  i t s  general ly  

amorphous s t r u c t u r e .  

o r  microscopic c r y s t a l s  whereas t e k t i t e s  have " e s s e n t i a l l y  none" ( 0 '  Keefe, 1976, 
p . 1 ) .  We have found, however, t h a t  spherules with m i c r o l i t e s  a r e  commonly 

The closely spaced 

Tekt i te  or micro tek t i te  g lass  d i f f e r s  from t e r r e s t r i a l  volcanic glasses  

Under the  microscope obsidians have abundant mi crol i t e s  
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found among spherules without micro l i tes  as  f o r  instance a t  S i t e s  315A, 69A a n d  

RC9-58 as  a l s o  observed by Glass e t  a l ,  in  press. Moreover, the  glassy matrix 

of spherules with micro l i tes  appears chemically undifferent ia ted from micro- 

t e k t i t e s  without micro l i tes  of the  same layer  (D'Hondt, Kel ler ,  a n d  S t a l l a r d ,  

in  preparat ion) .  Therefore, the or ig ina l  def in i t ion  of micro tek t i tes  should be 

expanded t o  include a l l  impact derived spherules ,  whether or  n o t  they contain 

micro l i tes .  Based on t h i s  revised def in i t ion  of micro tek t i tes ,  the cpx-bearing 

spherules of Glass and o thers  (1982) a r e  included in  our second l a t e  Eocene 

micro tek t i te  layer  and impact event, 

Keller a n d  others  (1983, in preparat ion)  have found evidence of a s t i l l  
e a r l i e r  t h i r d  micro tek t i te  l a y e r ,  located s t r a t i g r a p h i c a l l y  in the  upper fo ra -  
miniferal Zone P15 of S i t e  292, Core 38-2 (75crn) (Figure 1 ) .  Scat tered micro- 

t e k t i t e s  were o r i g i n a l l y  reported by Glass and  Crosbie (1982) in  S i t e  2 9 2 ,  

Core 36-4 and 36-2 of  Zone P16 a n d  considered as p a r t  of the North American 

strewn f i e l d  (our uppermost micro tek t i te  l a y e r ) ;  b u t  now they consider the 

Core 38-2 layer  as p a r t  of the  North American strewn f i e l d  and the  Core 36 

micro tek t i tes  as  upward reworking. This  i n t e r p r e t a t i o n  has a t  l e a s t  two severe 

and f a t a l  problems, one s t r a t i g r a p h i c  a n d  one geochemical. 

S t r a t i g r a p h i c a l l y ,  Core 38-2 of S i t e  292 i s  in  the  upper part of foranini-  
f e r a l  Zone P15 whereas Core 36 i s  within the lower part of Zone P16. 

the two micro tek t i te  occurrences a r e  nearly 20 m a p a r t ;  hence reworking would 

have t o  come from a nearby eroded exposure of the  lower micro tek t i te  layer ,  
b u t  without deposi t ing the  c h a r a c t e r i s t i c  Zone P15 fauna associated with t h i s  

layer  - a prac t ica l  improbability. Furthermore, rad io la r ian  s t ra t igraphy a l so  

places the  Core 36-4 micro tek t i tes  as coeval with the  uppermost Caribbean layer  
a t  the  Subzone C. bandycalC. ornata boundary o f  T. bromia Zone (Figure 1 ) .  

Thus, ne i ther  foraminifera1 nor rad io la r ian  s t ra t igraphy i s  in  agreement with 

Glass and co-workers' assumption t h a t  Core 38-2 of S i t e  292 i s  coeval with t h e i r  
Caribbean microtekti t e  layer .  

s c a l e ,  the Core 38-2 layer  i s  38.25 m.y. old and the sca t te red  micro tek t i tes  
in  Core 36-4 and 36-2 a r e  37.30 and 37.25 m.y. old respect ively (Figure 2 ) ,  

s i m i l a r  t o  the  ages of the  upper two layers  in  the  Caribbean and equator ia l  

Pac i f ic  cores .  T h u s ,  s t r a t i g r a p h i c a l l y  the  micro tek t i te  layer  of Core 38-2 

cannot be coeval with e i t h e r  of the  two Caribbean micro tek t i te  layers ,  bu t  Core 

36 i s  coeval. The f a c t  t h a t  only s c a t t e r e d  micro tek t i tes  were found in  Core 36 

could be due t o  d is tance  from source of impact, reworking, o r  removal by bottom 

currents  which i s  common a t  t h i s  s t r a t i g r a p h i c  interval  (Kel le r ,  in preparation). 

Moreover, 

Based on sediment accumulation r a t e s ,  using the Berggren e t  a1 (1985) time 
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F i g .  1. S e l e c t e d  f o r a m i n i f e r  and  r a d i o l a r i a  s p e c i e s  ranges ,  r e l a t i v e  s p e c i e s  
abundance o f  dominan t  s p e c i e s  and  oxygen i s o t o p e  d a t a  o f  p l a n k t o n i c  and b e n t h o -  
n i c  f o r a m i n i f e r a 1  s p e c i e s  o f  S i t e  292. B l a c k  i n t e r v a l s  i n  c o r e - s e c t i o n  i n d i c a t e  
n o  c o r e  r e c o v e r y .  
i n c r e a s e d  c a r b o n a t e  d i s s o l u t i o n  marked  b y  d i a g o n a l  l i n e s .  

M i c r o t e k t i t e  h o r i z o n s  marked  b y  b l a c k  d o t s  and i n t e r v a l s  o f  

A G E  ( M a )  

3,4 3'5 3'6 3,7 318 

SITE 2 9 2  

F i g .  2. Sediment  a c c u m u l a t i o n  c u r v e  o f  s i t e  292 based on  f o r a m i n i f e r a 1  ( F ) ,  
n a n n o p l a n k t o n  ( N )  and r a d i o l a r i a n  ( R )  datum e v e n t s .  Time s c a l e  a f t e r  Be rgg ren  
e t  a1 (1985) .  A s t e r i s k  marks l a s t  abundance peak o f  Globiyerapsis. L o c a t i o n  of  
t h e  Core 38-2 m i c r o t e k t i t e  l a y e r  (MT) and s c a t t e r e d  m i c r o t e k t i t e s  o f  Core  36-4 
and 36-2 i n d i c a t e d  b y  a r r o w s .  T r i a n g l e  shows t h a t  s t r a t i g r a p h i c a l l y  t h e  Core 
35-2 m i c r o t e k t i t e  l a y e r  i s  n o t  e q u i v a l e n t  i n  age t o  t h e  N o r t h  Amer i can  s t r e w n  
f i e l d  as c l a i m e d  b y  G lass  e t  a1 ( t h i s  volume, i n  p r e s s ) ,  

Recen t  geochemica l  a n a l y s i s  o f  S i t e  292 m i c r o t e k t i t e s  as w e l l  as m i c r o t e k -  

t i t e s  f r o m  many o t h e r  s i t e s  c l e a r l y  show Core 38-2 m i c r o t e k t i t e s  t o  be  s i g n i -  

f i c a n t l y  h i g h e r  i n  CaO and PlgO t h a n  t h o s e  o f  t h e  uppermos t  Car ibbean  l a y e r  

(D 'Hond t ,  K e l l e r  and S t a l l a r d ,  i n  p r e p a r a t i o n ) .  Thus, s t r a t i g r a p h i c  and geo- 

c h e m i c a l  a n a l y s e s  show S i t e  292 Core 38-2 m i c r o t e k t i t e s  t o  be b o t h  o l d e r  and 

g e o c h e m i c a l l y  d i f f e r e n t  f r o m  t h e  u p p e r  and y o u n g e r  t w o  m i c r o t e k t i t e  l a y e r s .  

w h e t h e r  t o  a r b i t r a r i l y  d e f i n e  m i c r o t e k t i t e s  as s p h e r u l e s  w i t h o u t  m i c r o 1  i t e s  
even  t h o u g h  i t  c a n  be  shown t h a t  o t h e r w i s e  s i m i l a r  s p h e r u l e s  w i t h  and w i t h o u t  

m i c r o l i t e s  o c c u r  w i t h i n  t h e  same l a y e r ;  and ( b )  t h e  e x i s t e n c e  o f  a t h i r d  
i m p a c t  e v e n t  i n  Zone P15. We a g r e e ,  however ,  on t h e  p r e s e n c e  o f  two  c l o s e l y  

spaced i m p a c t  e v e n t s  i n  Zone P16. 

I n  summary, t h e  G l a s s - K e l l e r  c o n t r o v e r s y  b o i l s  down t o :  ( a )  seman t i cs ,  i . e .  
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STEPW I SE MASS EXTINCT IONS 

Contrary t o  repeated claims of ca tas t rophic  or mass ex t inc t ions  a t  the  

Eocene/Ol igocene boundary, t h i s  faunal turnover occurs over a period of  3-4 

mil l ion years  beginning in  the l a t e  Eocene a n d  culminating in the  ear ly  Oligo- 

cene. Corl iss  and o thers  (1984) have shown t h a t  during t h i s  time a n  average of 

2 t o  4 (6-12%) species  become e x t i n c t  per mil l ion years  and an equal number of  

species o r i g i n a t e  among three  microfossi l  groups  (benthic  and planktonic fora- 
mini fe rs¶  nannofossi ls) .  

o r ig ina t ions  i s  observed in rad io la r ians  (Saunders e t  a l ,  1985; Sanfi l ippo e t  

a l ,  1985). 
t o n  every 1 m.y. in te rva l  and can hardly be construed as mass ex t inc t ion .  

ex t inc t ions  occur abrupt ly  during shor t  s t r a t i g r a p h i c  in te rva ls  creat ing a 

stepwise ex t inc t ion  e f f e c t  (Figure 3)  and s t e p s  a r e  separated by r e l a t i v e l y  

s t a b l e  o r  quiescent periods (Kel le r ,  1983, in prep . ) .  Each s t e p  i s  marked by 

ex t inc t ion  of 3-5 species  ( <  15%) usually associated with one t o  several 
o r ig ina t ions  over a few tens t o  a few 100,000 years  and represents  an accele- 

ra ted faunal turnover. Such accelerated stepwise ex t inc t ions  occur near the 

Truncorotaloides rohri /Globiqerapsis  semiinvoluta, Gr. semiinvoluta/Globorotalia 
cerroazulensis ,  G 1 .  cerroazulensis/Pseudohastigerina n i c r a y  a n d  the  G 1 .  ampli- 

apertura/Gl. opima Zone boundaries (Figure 3) .  

t ion  occurs in  the  l a t e  Gr. semiinvoluta Zone a t  38.3 Ma (Figure 3) .  Although 
the number of species  e x t i n c t  a t  each stepwise ex t inc t ion  event i s  l e s s  than 

15%, the  sum t o t a l  of the l a t e  Eocene stepwise ex t inc t ions  over a 3.4 million 

year  in te rva l  (40.0-36.6 ) la)  r e s u l t s  in a near complete faunal turnover with 

only about 20% of the  species  surviving i n t o  the Oligocene where they become 
e x t i n c t  in  the  ear ly  G 1 .  opima Zone (Figure 3 ) .  

When population dynamics in  terms of r e l a t i v e  numbers of individuals  per 

species  i s  considered, the faunal changes a t  each stepwise ex t inc t ion  event 

appear more d r a s t i c .  Planktonic foraminiferal  populations a r e  usually 

dominated by about 6 t o  7 spec ies ,  or about 20% of the species  population, ye t  

they comprise a b o u t  80-90% of the  individual members of the population (Figure 

1 ) .  Hence, 80% of the species  make u p  only 10-20% of the individual members of 

the t o t a l  population. Extinction of several of these r a r e  species  wil l  have a 
minor impact on the t o t a l  population as  t h e i r  combined species  abundances a r e  

n o t  l i k e l y  t o  exceed 2-10%. 

A n  equal ly  low number of species  ex t inc t ions  and 

This represents  a maximum o f  6-12% species  e x t i n c t  in marine plank- 

Close examination o f  the  species  record indicates  t h a t  successive periods of 

I n  addi t ion ,  a stepwise ext inc-  

Extinction of one or more o f  the  dominant species ,  

Fig. 3. 
mass ex t inc t ions  and  hiatuses  of the  l a t e  Eocene t o  ear ly  Oligocene. 
mark l a s t  abundance peak of foraminiferal  spec ies ,  
e t  a1 (1985). 

Microplankton zonat ions,  datum events ,  micro tek t i te  horizons, stepwise 
Asterisk 

Time s c a l e  a f t e r  Berggren 
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however, wil l  have a major e f f e c t  as  they may comprise 50% o r  more of the t o t a l  
population. 

Species abundance p lo ts  of S i t e  292 (Figure 1 )  i l l u s t r a t e  t h a t  stepwise 

ex t inc t ions  a f f e c t i n g  major population s h i f t s  occurred near times of impact 
events. A cause-effect  re la t ionship  i s  suggested, however, between the & 

i i n v o l u b  (P15) Zone impact event and the  terminal population dec l ine  o f  . .  

the  Globigerapsis group. 
may be obscured by carbonate d isso lu t ion  a t  both times o f  impacts ( f o r  f u r t h e r  

discussion see Kel ler ,  in  preparat ion) .  

I t  must be noted, however, t h a t  the  ex t inc t ion  record 

DISCUSSION 

Are these periods of accelerated faunal turnovers ,  o r  stepwise mass ext inc-  

t ions  r e a l l y  per iodic  occurring every 26 mil l ion years  as  Raup and Sepkoski 

(1984) claim? The Cenozoic record does not show a per iodic i ty  in the range of  
26-32 may. Population changes in  the magnitude of the l a t e  Eocene stepwise 

mass ex t inc t ions  occur in  the e a r l y  Miocene (19-22 Ma) ear ly  l a t e  Miocene (10- 

12  Ma) and l a t e  Oligocene (28-32 Ma) (Kel le r ,  1981, 1983a) and quant i ta t ive  

faunal analysis  wil l  undoubtedly discover f u r t h e r  stepwise ex t inc t ion  events. 

Based on analysis  of 16 l a t e  Eocene marine sec t ions  the  answer i s  a qua l i f ied  

no f o r  the 2 c lose ly  spaced upper impact events ,  and a qua l i f ied  yes f o r  the  

lower impact event (Kel le r ,  in  prep.) .  The answer i s  qua l i f ied  because there  

i s  some ambiguity in  the  sec t ions  s tudied due t o  CaC03 solut ion a t  the micro- 

t e k t i t e  horizons, A t  the  upper two micro tek t i te  layers  both species  ex t inc t ions  

and species  abundance decl ines  appear t o  antedate  the l a t e  Eocene impact events 

a t  3 7 . 3  a n d  37.2 Ma. A cause-effect  re la t ionship  i s  suggested, however, between 

the Zone P15 impact event and the terminal population dec l ine  of the Glob ige rag  

- sis group. 

appears t o  be a twofold CaC03 so lu t ion  p r o f i l e ,  one o s c i l l a t i n g  between 70-90% 

CaC03 a f f e c t s  primarily solut ion prone species;  the  second in  the range of 0-40% 

CaC03 i s  associated w i t h  micro tek t i te  horizons (Kel ler  e t  a l ,  in prep.). The 
l a t t e r  removes nearly a l l  species  a n d  may be due t o  a short l ived lowered 

product ivi ty  a t  the time of the  impact. 
f e r t i l i t y  and/or increased production of young corrosive bottom water during 
global cooling. 

However, even i f  i t  could be shown t h a t  two of t h e  l a t e  Eocene stepwise 

ex t inc t ions  were caused by impacts, another causal mechanism would s t i l l  by 

necessary f o r  t h e  stepwise ex t inc t ions  a t  the  middle/ la te  Eocene boundary f o r  

which no evidence o f  an impact has been found t o  date .  

Can we invoke impacts as  causal e f f e c t s  t o  stepwise mass ex t inc t ions?  

The record may be obscured however by solut ion of species .  There 

Carbonate solut ion may be due t o  lower 
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Al though i t  appears t h a t  impact events  may have acce le ra ted  p o p u l a t i o n  

changes a l ready  i n  p rogress ,  and i n  some cases caused t h e  demise o f  spec ies  

popu la t i ons ,  t h e  u l t i m a t e  cause o f  t h e  l a t e  Eocene s tepwise  mass e x t i n c t i o n s  

must be looked f o r  i n  t h e  l o n g  range p a l e o c l i m a t i c ,  paleooceanographic and 

t e c t o n i c  changes o f  t h e  m idd le  Eocene t o  e a r l y  Ol igocene. These changes a r e  

most c l o s e l y  r e l a t e d  t o  t h e  development o f  t h e  c i r cum-An ta rc t i c  c i r c u l a t i o n ,  

subsequent c o o l i n g  o f  A n t a r c t i c a  f o l l o w e d  by p r o d u c t i o n  o f  A n t a r c t i c  bo t tom 

wa te r  which u l t i m a t e l y  l e d  t o  t h e  permanent bo t tom wa te r  tempera ture  drop  a t  

t h e  Eocene/Oligocene boundary. 
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