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ABSTRACT

During the Late Paleocene Thermal Maximum (LPTM)

be nthic fbraminif'era at rniddle bathl'al and greater

depths suffered extinct ion of 30-507c of species dul ing a

lew thousand ycars. Extinct ion was less sevcrc at neri t ic
to upper bathyal depths, where temporary changc-s in
launal composit ion prevai led. Preextinct ion dcep-sea
taunas were cosmopoli tan and diverse. and contained
heavi ly calcif ied species. Imrnediate postextinct ion fau-

nas were more variable geographical ly, exhibited low di-
l 'ersity. and were donrinated by thin-walled calcareous
or agslut inated taxa, possibl l ,  because CaCO, dissolu-
t ion increased global ly l iom nerit ic to abyssal dcpths
just bcfbre the extinct ion. Thcse assernbla-ges were dont-
inatcd either by long-lived taxa sLrch as Nuttttllide.r
truerrtpt ' ior by bul irninid taxa. the latter accompanicd by
a-uglut inants in somc areas.

Faunas donrinated by N. tmentpri rvere contnton in the
Sor.rth Atlantic and at lower bathl'al through upper
abyssal depth in the lndian Ocean. and might incl icate
ol igotrophic condit ions as well  as incrcased corrr)si \L--
ness. Bul iminid-dominated launas might indicate high
rates of deposit ion of organic matter or lor. l-oxygen con-
dit ions. Such l lunas werc common globl l ly along conti-
nental rnargins. and locallv co-occun'ed u'ith sedimcnto-
logic or planktonic taunal indicators of high procluct ivi tr .

In the bathyal central Pacif ic. however. bul iminid-domi-
nated faunas co-occun'ed with planktonic faunas sug-
gestins ol i-sotl 'ophi ' .  and thev could ref lect low-oxygen
condit iorrs lesult in-u from sluggish ocean circulat ion. ox-
idation of cl issociated methanc hydrates. or r larming ol '

bathl 'al  i rbyssal waters caused by a chan-ge in deep-sea
circr.r lat ion. Alternatively, they could indicate that thc

t iact ion ol 'organic matter rcaching the seafl(x)r in-

creased as a rcsult  of decreased occanic oxygenf,t ion.
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The latest Paleocene benthic ext inct ion thus was corn-
plex. and factors such : is changes in deep-sea circulat ion,
increased CaCO. corrosiveness. increased lemperatures,

decreased oxygenation. and changes in the patterns of

high productivi ty may have contr ibutcd to i ts sevcri ty.

Environmental  Sett ing

The late Paleocene and early Eocene were the warmest
epochs of the Cenozoic Era: polar ice caps were almost
certainly absent. and shallow seas covered large parts of
all continents. During these epochs, major changes oc-
cured in 

-elobal 
climate and in the carbon cycle on

scales of rnil l ions to thousands of years. Long-term
warming of the deep oceans started in the mid-Pale-
ocene Epoch (Mi l ler  et  a l .  1987a; Shackleton 1987;
Kennett and Stott 1990; Zachos et al. 1992. 19931 Seto
199-5). Warm-water pelagic marine organisms pene-
trated to polar latitudes by the end of the Paleocene
Epoch (Stott and Kennett 1990; Premoli Silva and
Boersma 1984: Boersma et  a l .  1987: Aubry 1992;
Berg-{ren 1992). Thermophil ic vertebrates occurred in
the Arct ic (Estes and Hutchison 1980: McKenna 1980t
Markr.r ' ick 1994). with vegetation and soil types indi-
cating warrn clirnates (Kemp 1978: Nilsen and Kerr
1978:Wolf 'e 1994: Basinger et  a l .  1994: Manum 199,1).
Clay mineral associations in oceanic sediments at high
to midlatitudes indicate high humidity and intensc-
chemical weathering (Antarctic. Robert and Kennett
1992; New Jersey margin.  Gibson et  a l .  1993; New
Zealand. Kaiho et al. 1996). Oxygen isotope clata sug-
gest that latitudinal temperature gradients were ver)/
shal low (Shackleton and Boersrna 198 l :  Stot t  et  a l .
1990: Barrera and Huber 199 l :  Zachos et  a l .  199,1:
Bralower et  a l .  1995a, 1995b; Lu and Kel ler  1995b).
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Rates of species origination and diversity were high fbr
ten'estr ia l  vertebrates and f lora (Hooker 1991;Col l in-
son 1983:Rea et  a l .  1990:Wing et  a l .  1991, 1995; Maas
et al .  1995).  as wel l  as fbr  pelagic oceanic organisms
(Romein 1979: Boersma et  a l .  1987: Boersma and Pre-
rnol i  Si lva 199 l :  Corf ie ld and Shackleton 1988: Mc-

Gowran 199l ;  Aubr1,  19921 Berggren 1992: Corf ie ld
1993: Kel ly et  a l .  1996).  The late Paleocene and ear l iest
Eocene epochs thus constitute a time of major innova-
t ion of  the biosphere (Br iggs 1995 ) .

The unusual warmth of these epochs has been conl-
rnonly explained by high atmospheric pCO, concentra-
tions. probably ciiused by'plate tectonic processes such
as massive volcanism in the North Atlantic Volcanic
Province during init ial opening of the North Atlantic.
decarbonation of l imestone or oxidation of organic-rich
sedirnents during the beginning of the India-Asia conti-
ncntal coll ision. and high hydrothermal activity along
nridoceanic ridges (see Thomas and Shackleton 1996

tbr a review). Proxy data for atmospheric 7rCO. levels

tenttrt ively support higher values than todav (Cerling

199 l :  Freernan and Hayes 1992).  a l though this rematns

debatable (Stott 1992). Clirnate modelin-e indicates that

at such CO. lcvels tropical temperatures would be much

higher than deduced fiorn oxygen isotope data. and
mechanisms for highly incrensed heat transport f iorn

krr,i, to high latitudes at the low latitudinal temperature
gradients remain r.rnexplained (Sloan et al. 1995: Sloan
and Rea 199-5 ) .

In the latest Paleocene Epoch the world warmed even
more fbr a short t ime (Kennett and Stott 199 l: Pak and

Miller 1992: Thornas and Shackleton 1996). which has

been named the Late Paleocene Thermal Maximum

TLPTM: Zachos et al. 1993). This event occurred rvithin
paleomagnetic Chron C2:1r. in nannofbssil Biochron
NP9 (= Biochron CPt3), and befbre the last appearance
datur-n (LAD) of the planktonic fbraminif-er Mr.,rrr-

.ot'ella veluscoen.si.s (Aubry et al. 19961 Berggren and

Aubry 1996). Oxygen isotope data indicate that inter-
mediate to deep ocean waters globally warmed by'1 to

6" C over less than a f 'ew thousand years (Kennett and

Stott 199 l: Thomas and Shackleton 1996). but tropical
to subtropical surface to nerit ic temperatures remained
constant (Stot t  1992; Bralower et  a l .  1995a. 1995b1 Lu

and Kel ler  1995b: Schmitz et  a l .  1996).  This rapid

warming of the deep ocean has been explained bi' a

change in deep- to intermediate-water circulation. dur-

ing which the dominant sources of deep and interrnedi-
ate waters shifted from high to subtropical latitudes
(Kennett  and Stot t  199 l :  Pak and Mi l ler  1992: Thomas
and Shackleton 1996).

Coeval with this short-term warming was a shifi in

carbon isotope values by about -2'/rr, in surface and

deep waters of all oceans (Kennett and Stott 199 l: Pak

and Mi l ler  1992 Lu and Kel ler  1993. 1995a, 1995b;
Canudo et al. 1995: Aubry et al. 1996: Thomas and

Shackleton 1996: Schmitz eL al. 1996). superimposed
on a long-term decrease in values that started in the
middle Paleocene Epoch (Shackleton and Hall 1984;
Shackleton 1986. 1987: Corf ie ld et  a i .  l99l ;  Corf ie ld
and Cartl idge 1992 Corfield 1995). An isotope excur-
sion similar in magnitude and estimated duration oc-

curred in the tooth enamel of herbivores and in carbon-
ate concretions on land (Koch et al. 1992. 1995: Stott et

al. 1996). and in terrestrial-derived organic matter in a

New Zealand marine section (Kaiho et al. 1996). The

'uvhole atmospheric-oceanic reservoir thus undervu'ent a

rapid. negative shift in carbon isotope values during the
LPTM. the duration of which has been estimated at be-
tween 50 kyr (Thornas and Shackleton 1996) and 200

kyr (Kennett  and Stot t  l99l  ) .
Mass balance equations show that this carbon isotope

ercursion was so large that it probably could not have

been caused by transf'er of terrestrial bionlass into the

ocean-atmosphere system or by eruption of volcano-
genic CO.: it was so rapid that it probably could not

have been caused by a change in deposition or eroslon

rates of carbon in carbonate as compared to carbon in

organic matter (see Thomas and Shackleton 1996. fbr a

review). This leaves f 'ew explanations open. and re-

centlir it has been speculated that this unusual, negative

carbon isotope excursion could have been caused by

massive dissociat ion of  ( isotopical ly extremely l ight t

oceanic methane hydrates as a result of the deep-ocean
warming (Dickens et  a l .  1995: Kaiho et  a l .  1996).

Benthic Foramini fera

The latest Paleocene benthic fbraminif 'eral extinction
has been described from land sections and at oceantc

dril l  sites. at depths ranging from outer nerit ic to

abyssal  (appendices 12.1 and 12.2:  f igure l2. l ) .  This

extinction was rapid: it afl-ected benthic fbranlinif'eral
faunas catastrophically worldwide. and it occurred dur-

ing or close to the beginning of the LPTM and the
ne-eatir, 'e excursion in carbon isotopes. just before the

Paleocene/Eocene Epoch boundary as most commonly
defined (Thomas 1989. 1990b: Stott and Kennett 1990;

Nomura 199 I in combination with Seto et al. 1991 : Pak

and Mi l ler  1992; Bralower et  a l .  1995a, 1995b; Canudo
et al. 1995 in combination with Ortiz 1995: Aubry et al.

1996: Thomas and Shackleton 1996: Kaiho et  a l .  1996).
This major break in deep-sea benthic foraminiferal

lbunas occuned between the Paleocene and Eocene

epochs if Viewed at coarse timescales. whereas plank-

tonic foraminifera i.rnderu'ent a major extinction at the

end of the Cretaceous Period (Cushman 1946; Beckmann

1960: von Hil lebrandt 1962). After the late Paleocene
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[:1::':ii;i,,T::il]li:,:llljH;'il...,1jp,;T,i:::"""'as described in appendices r2 r and r2 2: nun,bers (driil sites)and rerters
Thc paleoge ogr.phl  r f  the con r ine n r :  in rhe ,atr '  pureue ene Epoch is af icr  Zach.s et  a l .  (  I  99.r  ) .

benthic extinction faunas were predominantly of lclw
diversity throughout the bathyal and abyssal regrons of
the oceitns. whereas coeval planktonic organtsms
showed high rates of species turnover. hi-eh rates of
specres ori-eination. and hi-gh diversity (Shacileton et al.
198-5; Boersma et al. 19137: Corfieia ana Shackleron
1988; Boersma ancl  prentol i  Si lva l99l :Hal lock et  a l .
l99l :  Aubry 1992; Corf ie ld ancl  Cart l idge l99l ;  Cor_
l ie ld 1993; Lu and Kei ler  1993. tSgSa. tbq-rU: Kel ly et
al .  1996).  Major ext incr ions of  p lanktonic and benthic
organisms in the oceans thus appear to have been de_
coupled (e.g. ,  Thomas 1990b: Kaiho l99zlb).

The rapidity of the extincrion makes it diff lcult to
compare rmmecriate postextinction f 'aunas at dif ' fbrent
locations. especially because many sectlons contaln un_
confbrrnit ies in the interval stracldling the extinction
(Aubry et al. 1996). Only fbr high_resolution data sers
can_we know that postextinction faunas were indeed co_
eval, because we can compare I 'aunas that co_occumed
with the short-term negative carbon isotope event. Fau_
nal comparisons may be more diff icult because of dif,-
f-erences in taxonomic concepts of different authors and
because of the difference in size fiaction being studied,
varrying between 63 and 150 pm in most ."r. i, (opp.n_
dices l2. I  ancl  12. \ .

High-resolution faunal data and carbon rsotope
analyses are available fiom Ocean Dril l ing progritm

(ODPI Sites 689 and 690 (Wed<tell Sea: Thomas and
Shackleron 1996). South Atlantic (Walvis Ridge) Deep
Sea Dri l l ing project  (DSDp) Si tes 525 and 527
(Thomas and Shackleton 1996). and equatorial pacific
ODP Site 86-5 (Bralower er al. 1995a. 199-5b: Thomas
unpublished data). Detailed data are also available fbr
the Zurnaya and Caravaca land sections rn Spain
(Canudo et al. 199-5; Ortiz 1995) and fbr rhe .Iawanui
section in New Zealand (Kaiho et al. 1993, 1996). The
short-term carbon isotope anomaly has been recognizecl
in nerit ic Egyptian secions (Schinitz et al. 1996.), but
benthic fbraminif 'eral data have not yet been published

ij. l lgh 
resolution (Speijer 199,1; Sperjer er al. 1996a,

1?.96b). Isorope records for ODp Site Z:g re-ristered the
6rrC excursion (Lu ancl Keller 1993). but o-nty timitea
datar on the benthic f'aunas are available (Nomura and
Kennett. personal cornmunication 1995: Thornas. un_
published data). Faunal data fbr equatorial paciflc
DSDP Sire -577 and Bay of Biscay DSDP Sire ,l0l (pak
and Miller 1992) probably do not cover the time inter_
val directly after the extinction because the rnagnrtude
of the 6lrC anomaly is much smaller at these sites than
at others, suggesting that its minimum value (and thus
the details of the benthic fbraminif-eral extincrron) oc_
cured between samples.

Most authors concluded that a change in cleep_water
circulation played a major role in the extinctron. that
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' t  o1' the deep to intermediate waters of all oceans
'::rcci at least fbr some time at subtropical latitudes.

-l that decreased levels of deep-sea oxygenation re-
.rnc fiom the increased temperature of these waters

: : .J r l  causol  factor (e.g. .  Mi l ler  et  a l .  1987b: Thomas
-.9 1990b, 1992' .  Katz and Mi l ler  l99l ;  Pak and

' . l  lcr  1992, \995 Kaiho 1991. l99zlb:  Nomura l99l :
, i rorr i  et  a l .  1991, Ort iz 1995; Spei  jer  et  a l .  1996b).
r-.1-r\. however. suggested that the patterns of f 'aunal

, .nction vary geographically and that their complex-
' . - ' . lnnot be explained by decreased oxy_senation only
: , : . .  Nomura 199 l :  Coccioni  et  a l .  1994: Thornas and

. , , . 'k leton 1996).
r:r this chapter. I f irst erplore postextinction benthic
:',:rninif-eral fhunal patterns fbllowing the extinetion
. : rg high-resolut ion data l iom the si tes ment ioned
- re.  Then I  use l i terature data ( f igure 12.1.  appen-

.  - : .  l l . l  and 12.21 to t ry to evaluate oceanic envlron-
.:rt;r l changes between late Paleocene and early

-.ne times. to deterrnine the biogeographic pattern of
: :rt inction. and to speculate on its possible causes.

Methods

Srnple Preparat ion and Strat igraphic Framework

' : .  High-Resolut ion Study

. . i irs chapter new data are presented from ODP Site
'-5. and a f-ew additional sanrples from ODP Sites 689

.i 690 and DSDP Site -527 lf igures 12.2 and 12.3), as
,  : rpared to data in Thomas and Shackleton (1996).
\.,rrples fbr benthic fbraminif 'eral faunal and isotope
. ..: lr sis were taken fl 'om DSDP Site 527 (Walvis

:,.Jge. South Atlantic), ODP Sites 689 and 690 (Maud

< .c. Weddell Sea). and ODP Site 86-5 (equatorial Pa-
, 1r t. They were dried overnight at 50" C and weighed.
:.:n soaked overnight in disti l led water. Most samples
, 'rrggregated reardily and could be washed over a 63-
,:: screen. Benthic fbraminifera fbr fhunal analysis

:r 'e picked fiom the >63 prrn size fiaction. fbllowing
lh,rmas ( 1990a). All specirnens were picked and
': ,rLrnted in cardboard slides. All samples contained suf:

- . ient  specimens for analysis (>250).  Taxonomy is as
:: Thorras ( 1990a) and Thon.ras and Shackleton ( 1996).

,,:rd largely fbllows van Morkhoven et al. (1986). The

-,rr 'Cies richness was used to calculate species richness
r a sample of 100 specimens usin-s rarefaction
Sanders 1968).

I use the integrated magnetobiochronologic fiame-
'.r.rrrk of Berggren et al. (1995), which is based on the
:eomagnetic polarity t irnescale of Cande and Kent
1992) and modif ied by Cande and Kent (1995).  For

ODP Site 690, I use the biostratigraphic interpretction
,i Ar-rbry et al. ( l996). givin-e an age of -55.-5 Ma to the

benthic extinction event and 55 Ma to the NP9/NPlt)
biochronal boundary. I derive numerical ages fbr ODP
Site 690 assuming constant sedimentation rates be-
tween the benthic extinction and the NP9NP10 zonal
boundary. and betwcen the benthic ertinction and the
top of Chron C25. For samples fiom DSDP Sites ,525
and 527 and ODP Sites 689 and 865 I  assign numerical
ages according to Ber-ugren et al. ( 199,5) to daturr levels
in Thornas et  a l .  (1990).  Shackleton et  a l .  (198.1).  and
Bralower et  a l .  (1995b).  Final ly.  I  revise the numerical
ages at these fbur sites unti l the benthic fbraminifcral
carbon isotope curves agree with that fbr ODP Site 690
(Thornas ancl Shackleton 1996) in order to correct opti-
mally for .",arying sedirr.rentation rates. especially fbr the
dissolution zone at Sites 525 and 527 and fbr the inter-
val with very low sedin.rentation rates just above the ex-
t inct ion at  Si te 86-5.

Selection of Literature Data Sources

Appendices 12.1 (DSDP and ODP si tes) and 12.2 ( land

sections) l ist sites fbr which data are available that
straddle the extinction level: hence only a lew sitr 's
fiom T.jalsrna and Lohmann ( 1983) are included (figure

l2. l ) .  Data on sect ions in the Norwegian Greenland
Sea and Labrador Sezr were nclt included because in
n.rany of the sections sedirnentation probably started
after the ext inct ion event (FIulsbos et  a l .  1989: Karr in-
ski et i.r l. 1989). Data on agglutinatecl faunas were
mostly not included. e\ren thou-eh they suggest that
changes clccun'ed in agglutinated faunas at the end of
the Paleocene Epoch (e.-s.. Geroch and Novak 1984:
Kuhnt and Karninski  1990: Kaminski  et  a l .  1996).  be-
cause exact data and precise correlations are diff icult in
the absence o1'carbclnate and thus of isotope data. Data
fiom the North Sea region are included becausc detailed
stratigraphic data are available (Gradstein et al. 199:l).

Ferv papers on nerit ic faunas are included because
benthic faunas at these depths are more geographically
variable and planktonic zonation is con.rmonly diff icult:
therefbre. it is not possible to detenxine whether ob-
served taunal change can indeed be correlated to the
late Paleocene extinction in the deep sea. For instance.
papers on nerit ic to brackish water Paleogene faunas
fiom the northern North Atlantic were not included
(Berggren 1974a: Murray 1989). Data on nerit ic sections
in E-eypt (Sperjer 199,1; Speiier et al. 1996a.b) were in-
cluded because detailed carbon isotope data are avail-
able (Char is i  and Schmitz 1995: Schmitz et  a l .  1996).
Data trorr.r Spain (Molina et al. 1992 Ortiz and Mc-
Dougall I 991 ) were tentatively included because plank-
tonic fbrarniniferal data suggest that benthic extinctions
were at least close in time to the extinction in the deep
sea. Data fiom coastal New Jersey were tentatively
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N. truempyi, "/.
10 20

inc luded (Olsson and Wise 1987; Gibson et  a l .  1993:

Gibson and Bybell 1994) because the clay mineral
record at these sites may be a means of correlation to

ODP Site 690 (Robert and Kennett 1994).

Results

H igh-Resolut ion Studies

At ODP Sites 689 (paleodepth l l00 rn) and 690 (1900

m), DSDP Sites -525 (1600 rn) and 521 (3400 m). and

ODP Site 865 (1300-1500 m) benthic foranini l -eraldi-
versity dropped precipitously at the extinction level.

with 35 to 5OC/c of species becoming extinct (f igures

12.2 and 12.3). This percentage is a minimutn estimirte

because several nodosariid species are rare, so their

ranges cannot be determined with accuracy. Some no-

dosariids are absent in the interval conesponding to the
LPTM, but reappear higher in the section at varyinq

levels throughout the lower Eocene section.
At both Walvis Ridge sites the extinction occurs just

above the base of a level with severe dissolution. al-

though benthic fbraminit-era were well preserved:
planktonic tbraminifera show severe dissolution and

fiagmentation (Thomas and Shackleton 1996). No low-

ering of the CaCO, percentage of the sediment occuned

at Sites 689 and 865. but faunas at these sites show

more etching and are less well preserved just above the

30
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Figure 12.2 Contparison of the spccies r ichness and relat i" 'e abundance of signif icant taxa at the t ime ol ' the late Paleocene ben-

thic lbranriniferal ext inct ion. See text f i rr  clerivation ol ' thc' age moclel.

Data f irr  DSDP Sites 515 and 517 and ODP Sites 6lJ9 and 690 al lcr Thotttrs ancl Shacklcton
689. and 690: data fbr ODP Site 865 lra\e not 1ct bcen published.
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Figure 12.3 (a) Species r ichness at 100 specimens, (b) benthic foraminiferal accumulation rates (BFAR). and relat ive abundances

Lrf (c) bul iminid taxa. (cl) Cibit i t loicle.s spp.. and (e\ Nuttal l ides rruentpt ' i  at equatorial Pacif ic Site 865.

\urnerical age s accurding to C--ande and Kcnt ( 1 995 ): age rnodel atier Bralou er et al. ( I 995a. I 995 b )

extinction level. At Site 690 similar slight dissolution
occurs in the faunas, and CaCO. values decrease just

below the extinction level (O'Connell 1990; Thomas

t992).
At all sites. Gavelinella beccariifonnls has its upper-

most occurrence at the extinction level of several other

taxa (see below). Our data confinn the observation by

Katz and Mi l ler  (1991) that  th is species is most com-

mon at higher-latrtude sites: it never reaches abun-

dances higher than about 5% at equatorial Pacific Site

865. Other species that have their highest occurrence at

this level include several large agglutinated species with

calcareous cement (Dorothia ox\:('otto. Tritario ltura-

rtensis. and Trita.ria pttleocenicci) and calcareous
species such as Arugortict t,elasr:oen.sis. Bolit ' inoide.s

tlelit'rttulu.s. Bulimina mitlvruven.si:;. Bulimina thatrcte-
nis, Neoflabellina reticulctttt. Neoeponitles hillebrandti.
Neoeponicles lmntu, and Pullenia c'on'elli.

Immediately above the extinction level, speclnlens

are smaller and have thinner walls than below. even

specimens of species that straddle the extinction inter-
val (e.g., Oridorsali.s umbonatus and Nuttallitles

tuempti). At ODP Sites 689 and 865 the change to

smaller and thinner-walled taxa occurs a f-ew centtme-
ters below the highest occurrence of G. bet'ctrriifitrni's'
possibly because of bioturbati on. Tappanirn selmertsis
and Aragonier aragonensis are at all sites more common

above the extinction level than below (as also observed

by Boersma 198,1b: Speijer 1994), but their relative

abundances vary strongly between sites. Tappcutina scl-

rnensis reaches up to 40% at the Maud Rise sites. up to

l5c/c at the Walvis Ridge sites. and up to 25Vc at Pacific

Site 865. At all sites. peak occurrences of T. selmensis

occur directly above the extinction level, whereas those

of A. ctrttgorten.rl.s occur at the top of the LPTM interval.

Despite these similarit ies, postextinction faunas are

most notable for the major difl'erences between sites.

especially in the abundance patterns of buliminid

species, Ntrttallides truempti, Oridorsali.s ttntbottatus,

Cibit ' idoides spp., and abyssaminid species (Thomas

and Shackleton 1996; appendix 12.1).  The postext inc-

tion faunas diftbr much more from site to site than the

preextinction faunas, which are comparable to Velasco-

type f'aunas at all five sites (see also Berggren and

Aubert 1975; Kaiho 1988). These postextinction f 'aunal

differences cannot be completely attributed to the pres-

ence of stratigraphic gaps and comparison of noncoeval

f 'aunas. because faunas at all f ive sites were coeval with

the short-term carbonate isotope excursion. Data were

collected by one researcher. so there is homogeneity in

the database with regard to taxonomic concepts and size

fiaction. Postextinction f'aunas differ rnore by geo-

graphic region than by depth; f'aunas fiom the two

Walvis Ridge sites and the two Maud Rise sites are

quite similar despite large difl 'erences in depth,
At the Walvis Ridge sites. postextinction faunas are

donrinated by lV. truempt'i, O. urnbonatu's, and abyssa-

minid species: the latter are especially abundant at the

3a JC
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deepest site (f igure 12.21. Abyssaminids (.Abt"tstttrt itttt

pottgi. Abt'ssrttrt itttr clutrdrorrl. and Clinttpertinu pluni-

.qrriz) increase in relative abundance postextinetion at

MaLrd Rise. bLlt much less than at the Walvis Ridge

sites. At Pacific Site 86,5 these species have very low

abundances throughout, with a slight further decrease at

tlre extinction leve l. Nuttall i t les tntemPti declines
strongly in relative abundance at andjust above the ex-

tinction level at the Maud Rise sitcs as rvell as at Site

865. in stron-q contrast with the situation in the South

Atlantic. At the Walvis Ridge sites the postextinction ly'.

tnternpt' i specirnens are smaller and have thinner '"r 'alls
than preextinction specirnens. but are much more nu-

merous than in preextittction fhunas.
At the extinction level the relative abur.rdance of the

buliminid species 
-eroup 

decreases at Site 527. does not

change at Site 525. but increascs strcxgly at both Maud

Rise si tes and Si te 86-5 ( f igure 12.2).  Above the ext i t . tc-

tion level this group is dorrinated by snlirl l  species such

as T. seltnensi.s, Bolivinrtrrft'^s sp. cf . B. decoralc, and

Bulinina sirnple.r. At the Maud Rise sites Siphttgeneri-
noicla.s ltrevi.slt ittosu is contmon (up to 40%) across the

ext inct ion level ,  at  the Walvis Ric lge s i tes i t  is  n luch less

conrnon (up to l -5%).  and at  Si te 865 i ts abundance rs

similar to that at Walvis Rid-ee. br-rt the species has its

lrighest occun'ence at the extinction level. Bulintirttt

,semitostcrtcr is abundant at Pacitic Site 865 iust above

the extinction level. then decreases in abr-rndance but re-

mains present throughout the lou'er and middle Eocene

Series. At the Maud Rise sites this species appears cl.rly

in Zone NPl2 (51-52 Ma. Berggren et  a l .  1995).  In the

lcrwermost postextinction specirnens of B. setrtit 'rtsttrtrt

at site u65 the costae on the lower part of the test. typi-

cal lbr this species. are unusuallv thin and the speci-

rleus are srnall; possibly the species ori-einated at this

time from a noncostate. trihedral Bulitninu specles.
At Si te U65 the predominance of  bul iminid species

appears to have lasted fbr a shorter t in.re than at the

Maud Rise si tes.  At  th is s i te the interval  of  bul i rn in id

clominance is only l5 cnt  th ick.  represent ing about l0

kyr in our age rnodel. where as it is about -500 cnl thick.

representing about 100 kyr. at the Maud Rise sites.

Above the buliminid-dominated interval at this site fall-

nas are dominated by Cibit-idoirft ' .s spp. up to a level in

Zone NPI I  (zonal  assi-snment in Bralower et  a l .  1995b;

52.U5 53.61 Ma in Berg-eren et  a l .  1995; f i -eure 12.3) '

where the relative abundance t'tf N. trLtemp.r'r increases

to l2-25c/c. At none of the othcr sites is there an interval

dorrrinated by Cibicidoirle.i species (up to 307c). Ihe

taxonomy of these Cibicit loit les species is sti l l  under in-

vestigation: they resemble lar-ee. f lat shallow-water Eu-

ropean species such as C. pntprius (Brotzen 1948).
A detailed record of planktonic fbraminif 'era and iso-

tones is available from southern Indian Ocean ODP Site

738 (Lu and Keller 1993), but the benthic fbrarninif 'eral

record is l imited. lmmediate postextinction faunas are

very poorly preserved because the extinction occurs
r,r, ' i thin a layer rvith very strong dissolution. I observed
very common smal l .  bul i rn in id species ( including I  . ie1-

ntensi.s and ,8. .simple.r) just above the extinction level.

suggesting that the faunal patterns at this site resen-rble

those at Maud Rise.
Detailed clata on faunars u'ith age control by thc

LPTM carbon isotope excursion are available firr the

Zur-naya and Caravaca sections in Spain (Canr-rdo et al.

1995: Ort iz 199-5;  appendix 12.2).  In both seet iotrs
stron-g dissolution occllrs at the extinction level. as indi-

cated by thc presence of dark gral'. larninated shales'

Faunas just above the extinction level of G. beccati-

ifttnnis are dominated by the agglutinated species HaTr-

lophnrgrrtoitles retrosept(t At Zunaya. above the dissc'l-

lution interval there is a thin interr"al r, 'u' ith commot.t

Bulinrirtcr tu.rpumettsi.; (Bulitnirttt spp. Assernblage):

higher N. tntempt'i is dorlinant. At Caravaca ,V.

truemltvi is not as comrnon as at Zumirya, and it is ac-

corrpanied by Anornttlinrtitle.s cctpitcrttt.s and Oritlorsuli's

ttmbortttttts. The Bulinina spp. Assenrblage n.ray have

persisted sontewhat longer at the someu'hat shallower

Carar.'aca sectiolt than at Zut.naya. but fbr this part of the

section age control is not as precise, and short-terrn

changes in sedimentation rates nlay obscure the pattern.

In the Tawanui Section (Neu' Zealand; Kaiho et al.

1993, 1996; appendix 12.2) the benthic ext inct ion oc-

curs in larninated. dark gray. organic carbon-rich shales.

Age control is provided bv recogniticln of the LPTM

6lrC excursion in terrestrial or-uanic matter. Within a
.l-cm intern'al directly above the hi-ghest occurrence of

G. bet'cctri i ft,nrlr. i taunas are dominated lry Btrl intitttt

ttr,tltcntensis and Prtteglrtbobulimirtcr pupoides. Above

the Buliminu spp. Assernblage there is an -S0-cm-thick
interval with r, 'ery strong dissolution. in which faunas

are dominated by a-eglutinant taxa (Rhubdutntrtirr.r spp..

Cottotntchtunntirtu depres.ra. and Reoplta.r regularis\.

Higher in the section faunas arc lnore diverse. with

conlmon Cibic' idoitle.E spp.. Arnnttt l inoides spp.. and

B. Iurpanren.si.s.
We can conclude fiom these hi-sh-resolution studies

that postextinction f 'aunas are characterized by low di-

t,ersity. and that geographic ditterences cannot be at-

tributed to insufficient age control. dif l 'ering taxonornic

concepts, or differing size fracticlt ls str.rdied. With this in

mind. we can try to evaluate the lower-resolution data

available in the l iterature.

Literature Data

Beckmann (1960) was the first author to recogni/e the

imoortance of the benthic fbraminit 'eral ertinction at the
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end of the Paleocene Epoch. based on his study of the
hathyal Lizarcl Springs Formation (Trinidad). His clara
tas given in Bol l i  et  a l .  199,1) show a very str .on-{  in_
crease in highest occurrences as well as a decrease in
lowest occurrences of benthic foran-rinif-era in the Lrpper
Paleocene Moro:.ot,ella velct,st'oensis Zone. close to the
Paleocene/Eocene Series boundary (Boll i et al. 199.1).
Benthic fbraminif 'eral faunas in the overlyin-s,:l zone hat'e
,r nruch lower dil 'ersity. There are more last appearances
,)t agglutinated. noclosariid. and rotarl i id taxa than of bu-
l r rn in id taxa ( f igure 12.4).  Another ear ly recogni t ion of
ihe irnportance of a late Paleocene benthic fbrantinif-eral
3\ t inct ion event was by von Hi l lebrandt (1962).  who
lr)ticed a strong drop in diversity of benthic tbramini-
ierirl faunas toward the top of his M. t 'elct.scoen.sis Zone
Zone F) in the Reichenhall-Salzburg Basin (figure
i l.-5). In these sections. however. rotali id taxa appearecl
' ,  he the ntore eotnnton \urvi \  r ) rs.

The irnportance of the benthic fbraminif-eral extinc-
i.n was recognized by many later authors (appendices
1.1 and 12.2) in studies of  land sect ions as wel l  as of

DSDP and ODP si tes in al l  oceans. High-resolut ion

studies demonstrate that the extinction was a very short-
term event, so contparison of faunal events between
sites is problernatic fbr data that are so disparrte in
chronologic resolution, a-qe control. taxonomic concepr.
and size fiaction studied, as presented in the appen-
dices. However. some overall conclusions can be drawrr
fion.r these diita. especiallv in contbinaticln with the
high-resolution data.

In the first place. the extinction \\ 'as se\ere at midclle
bathyat through abyssal depth. with extinction of
species ran-eing between 30 and -507c. At upper bathyal
through nerit ic depths the ertinctions were much less
severe. but faunal composition changes r.vere highly sig-
nificant. These corrpositional changes were temporiiry
and many species returned to the sites (Speijer 199:t;
Gibson and Bybel l  199,1).

Second. preextinction Paleocene faunas were re-
markably cosmopolitan, extending over a wide depth
range (Brotzen 1948: Berg-uren 1911a. lgllb: Ber-ugren
and Aubert 1975). The larter authors distinguishecl a
continental shelf fauna (Midway-type) and a lou,er con-
tinental slope and abyssal plain fauna (Velasco-tvpe).
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Figure 12,5 Numbers of species of the four most inrporlant
groups of species in the Reichenhall-SalzbLrr-e Basin (von
Hillebrandt 1962). The vertical l ine shows the level of the
benthic extinction.

although several species (e.g., Bulimina ntit lv'atensi.s
and Con'phostonn midv'avensr.r) occur in both faunas
(e.g. .  Kaiho 1988, l99l :  Nomura 1991; Kaiho et  a l .
1993; Sperjer 199.1: Coccioni et al. 1994). The Midway
Ihuna typically contains more Cibic'idoirle.i and espe-
ctally Anonuilinoide.s species, whereas the Velasco
fiiuna has A. velu.sc'oensis, Gyroidinoide,s spp.. N.
truempti. and agglutinant taxa such as Dorothia o.tt '-
contt, Guudn'ina lnev'igata, Trita,rio lnvanen.si.s. and
Tritcr-riu puleocenico. The common species N. truenrytti
generally is considered typical fbr the Velasco f 'auna
(below about -500 n). Tapparina selmensis occurs fiom
the shelf (about 100 m) down to abyssal depths. but is
rare in bathyal-abyssal faunas below the level ofthe ex-
tinction. Both Midway and Velasco faunas are charac-
terized by extremely high diversit ies. the occurrence of
many rare taxa (especially nodosariids). and thick-
walled calcareous taxa.

Third. there were geographic differences in faunal
assemblages in spite of the cosmopolitan occurrence of
many species. Gavelinellu becc'uri ifrtrntis, fbr instence,
appears to be more common at high-latitr.rde than low-
lat i tude si tes (Katz and Mi l ler  199 l ) .  a l though i t  was
also common in the Tethys (Speijer 1994\. Arugonia ye-

lascoen.sis is extremely rare at both Maud Rise sites.
whereas S. breyi.spinosa is abundant at these sites. but
shows large fluctuations in relative abundance (Thomas
1990a. 1990b). The geographic differences have not
been well evaluated; the availabil ity of more oceanrc
dril l  sites in depth transects would help in separating
depth frorn geographic effects. and in distinguishing
Paleocene biogeographic provinces, possibly similar to
those in the latest Cretaceous Period (Widmark 1995).

Fourth. this high degree of faunal cosrnopolitanism
ended with the late Paleocene extinction (Kaiho 1988;
Thomas 1992: Thomas and Shackleton 1996). This ap-

parent difference in provinciality between late Pale-
ocene and early Eocene faunas might be thought to re-
sult at least partly frorn the lack of a monograph on the
early Eocene benthic fbraminiferal taxonomy compara-
ble to that of Berggren and Aubert (1975) for the late
Paleocene Epoch. so that there are greater differences in
taxonomic concepts between authors. This cannot be the
full explanation, however. because greater difTerences
between early Eocene faunas fiorn diffbrent locations
have been observed in faunas studied by one investiga-
tor (Tjalsma and Lohmann 1983: Kaiho 1988; Katz and
Mil ler  l99l) .

Finally, postextinction faunas were of low diversity
and high dominance, in stark contrast with the highly di-
verse. low-dominance preextinction faunas. The postex-
tinction community thus hiis er structure typical for fau-
nas afTected by a major environmental perturbance (e.g.,
Pearson and Rosenberg 1978). In these perturbed com-
munities the species T. selntensis and A. (rragorren.ri.s are
comrnon to abundant everywhere below shelf depths
(appendices 12. I  and 12.21 Boersma 1984a).

Otherwise. f'ew thunal observations are valid on a
worldwide basis. The postextinction pattern as seen by
Tjalsma and Lohmann (1983) and Katz and Mi l ler
(199 l). i.e., dourinance by 1/. tntempt'i with survivor
species such as O. umhrnatu.r. appears to be typical for
the South Atlantic and possibly Gulf of Mexico;
abyssaminid taxa are common below about 2-500 m in
this type of assemblage. Thomas (1990a. 1990b) sug-
gested that this association might be seen only in studies
using the large size tiaction (>150 pm) because many of
the buliminid taxa are small. High-resolution data in
Thomas and Shackleton (1996) and this chapter (f igure

12.2) show that this is incon'ect. and that faunas are
dominated by N. truenrpli and abyssaminids even
though the >63-pm fiaction is studied. as was also ob-
served by Mtil ler-Merz and Oberhiinsli ( 1991).

Patterns in the North Atlantic are more variable. Most
North Atlantic data are from the Goban Spur-Bay of
Biscay Sites, and postextinction faunas vary from buli-
minid dorninated to N. truentpti dominated. Possibly,
the two types of faunas can be differentiated by depth:
Buliminid-dominated faunas appear to occur at rniddle
bathyal and shallower bathyal depths (DSDP Sites 5218,
549; Reynolds 1992; Boltovskoy et al. 1992), whereas
N. truentpt'i-dominated faunas occur at lower bathyal
throu-eh abyssal sites (Schnitker 1979 Pak and Miller
1992; appendix I 2. I ). All these sites. however, show in-
creased dissolution and occumence of unconformities in
the lower Eocene stratigraphic record. which makes
faunal comparisons more difl icult (Aubry et al. 1996).

Bathyal land sections close to the Bay of Biscay
(Coccioni  et  a l .  1995; Ort iz 1995) show bul iminid-
dominated postextinction f'aunas, although the pattern is
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corlplicated by the occurrence of agglutinated taunas in
an interval of severe dissolution. In New Jersey margin
DSDP Site 605 N. trtrentpti-dominated faunas occur
above the extinction level (Hulsbos 1987; Thomas un-
published data). Shelf faunas (Olsson and Wise 1987:
Gibson et al. 1993) in the region show common Epis-
tominello, Pulsiphonina. and Tunil ina, and cannot eas-
ily be compared to the deeper faunast coastal sections
generally have unconfbrmities at the extinction level
(Gibson and Bybell 1994). The postextinction faunas
fiom Trinidad are buliminid dominated (Beckmann

1960: Bol l iet  a l .  1994r.
In conclusion, we can speculate that the northern

Atlantic abyssal to lower bathyal faunas were similar
to South Atlantic faunas (N. truempv-dominated).
whereas they were buliminid dominated in the upper- to
mid-bathyal reaches. We cannot be certain. however.
that we are indeed comparing coeval faunas because
t l issolut ion and unconformit ies are common.

The bathyal faunas in the North Sea (depths

750-1000 m) were dominated by noncalcareous agglu-
tinated taxa through the late Paleocene and early
Eocene epochs (Charnock and Jones 1990; Gradstein et
al. 1994). These agglutinated taxa underwent a period
of severe ertinction close to the Paleocene/Eocene
Epoch boundary. after which extremely impoverished.
low-diversity. ag-tlutinant faunas remained (e.9..
Charnock and Jones 1990; King 1989: Gradstein et  a l .
1994). Direct postextinction sediments indicate stron-q
CaCO. corosiveness and dysoxic to anoxic conditions
(Charnock and Jones 1990; Schroeder 1992). At some-
what shallower levels (100-500 m) calcareous taxa (in-

cluding G. beccuriifonzl.i) were present durin-e the
Paleocene Epoch (King l9u9). These faunas were re-
placed by extremely low-diversity agglutinated f 'aunas
similar to those frorn deeper regions. The timing of the
disappearance of the calcareous taxa is diff icult to es-
tablish because of the biostratigraphrc complexity of the
North Sea region (Gradstein et al. 1994; Berggren and
Aubry 1996). The local North Sea disappearance of G.
becc'uri iJonms probably did not predate the global ex-
tinction ol C. beccariijormis at the LPTM by very much
time because it can be correlated to the lower part of di-
noflagellate Zone D5 (King 1989). which has been cor-
related to just below the middle part of nannofbssil
Zone NP9. Palynological studies indicate the occur-
rence of a peak warm period somewhere in dinoflagel-
late Zone D-5 (thus Zone NP9; Schroeder 1992). which
might possibly be correlated to the LPTM in mid-
Biochron NP9 (Aubry et al. 1996).

Tethyan faunas are known fiom land sections only
(appendix 12.2). Sections in the eastern Tethys (Speijer
l99ul) from a depth range of 500-1000 m show postex-
tinction faunas with common N. truemot'i. Anomali-

noides species, and Cibicidolrle.s. Shallower faunas
(100-300 m) contain more buliminids, but on the shelf
Cibic'idoide.s spp. and especially Anomalinoitle.s aegt'1t-
l lacr.s dominate. Sections in Spain (Ortiz 1995) and
Italy (Braga et  a l .  1975; Di  Napol i  et  a l .  1910:

-500-1500 m depth) show stronglv increased percent-
ages of buliminids above the extinction level, including
Bulirninct semicostattt. Faunas from the Reichenhall-
Salzburg Basin (von Hil lebrandt 1962; 200-800 m)
show increased abundance of rotali id taxa. but detailed
stratigraphy is not available fiom these sections. We can
conclude tentatively that western Tethys faunas were
similar to North Atlantic fhunas fiom the same depth.

In the Indian Ocean, no simple faunal pattern can be
extracted. particularly because many DSDP and ODP
sites have records with poor recovery and unconfbrmi-
ties. Faunas at some lower bathyal-abyssal sites (ap-
pendix 12.1) seem to resemble South Atlantic faunas
(N. truempt'i-dominated), but abyssarninids are much
less common or absent. possibly because no lower
abyssal sites are available. Other taxa in the postextinc-
tion f'aunas are mostly lon-e-term survivors such as O.
Ltmbonatu.s, although B. sentic'o.stato may be present
above the extinction level. Faunas at upper and middle
bathyal sites (appendix l2.l) have very different pos-
textinction faunas. dominated by Lenticulinn species
(Mackensen and Berggren 1992) or by Anonutlirnides
species (similar to fhunas in the eastern Tethys: Speijer
1991). Such f aunas dominated by Artomalinoides
species have been interpreted as indicating low-oxygen
conditions or high productivity (Speijer et al. 1996b;
Nomura and Kennett. personal communication 1995).
At all these sites. however. core recovery was poor and
the existence of the LPTM 6lrC excursion has not been
fully documented. High-latitude ODP Site 738 (1350

m), however. where the carbon isotope excursion is pre-
sent (Lu and Keller 1993). has the buliminid-dominated
pattern of  the Maud Rise si tes.

Data on the Pacific Ocean are available from few
sites only at bathyal depths. Northern Pacific ODP Site
883 (Pak and Miller 1995; 1000-2000 m) has a poor
upper Paleocene record and an unconformity, but its
postextinction faunas appear to be of the N. truentpt,i-
dominated type. Faunas at DSDP Site 577 (Pak and
Mil ler  1992; Kaiho in press;  1800-2100 m) have com-
mon Bttl intirtu semic:ostulrr above the extinction level,
although bulirninid percentages are much lower than at
Site 865. At this site. however. a 0.-5-rn section in the
crit ical interval was not recovered (between Cores 9 and
l0 in Hole 577), and the section probably contains un-
confbrmities (Aubry, personal communication 199-5).
Sites 577 and 865 (described above) thus have bulim-
inid-dominated f 'aunas. Land sections in Japan and New
Zealand (500-1500 m: Kaiho 1988: Kaiho et al. 1993.
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1996) show buliminid-dominated f 'aunas. although
cornplicated by dissolution intervals with ag-ulutinated
taxa.

Data on the nerit ic thunas do not indicate a relation-
ship between the benthic extinction (thus the LPTM)
and changes in sea level. The cxtinction event occumed
during the second order supercycle TA2 of Haq et al.
(1987), and might have been ccleval with part of short-
term third-order cycle 2.3. in mid-nannofbssil Biochron
NP9. Spei . jer  (199/+) and Spei jer  et  a l .  (1996b) did not
observe significant sea-level efl 'ects in nerit ic seetious
in Egypt. European and North Anrerican sections have
many Llnconfbrrnit ies in their upper Paleocene-lower
Eocene stratigraphic record (e.-e., Olsson and Wise

1992; Gibson and Bybell 1994; Berggren and Aubry
1996). su-e-eesting that sea level was relatively low at
the tirne. In the northern Spanish sections the benthic
extinction event has been correlated to a lowstand
(Pujalte et al. 1995). lt lras been proposed. however. that
sea-level trends in the North Atlantic reflected the de-
velopment and collapse of the Iceland Plume under the
North Atlantic Volcanic Province, and thus were re-
gional rather than global (Nadin and Kusznir 1995 ).

Discussion and Speculat ion on CaCO,
Dissolution, Productivity, and O, Levels

CaCO, Dissolut ion

The global data set on the benthic fbrantinif'eral extinc-
tion event is incomplete and requires high-resolution
studies to describe in detail the events that occurred dur-

in-e the LPTM. Data are needed fiom sites located on
depth transects in order to discrin-rinate between depth
and geographic efl'ects. Most infbrmation is fiorn sites at
lower bathyal depths (figure 12.6a). with f-ew data l iom
abyssal depths. Geographically. most data are fiont the
North and South Atlantic oceans. Coverage in the Pacific
Ocean is extremely poor. data being atvirilable only tion.t
middle to lower bathyal depths (fi-eure 12.6b). Coverage
is slightly better for the Indian Ocean, but recovery is
poor at rnany sites. In addition. taxonomic coneepts ft-rr

the postextinction f-aunas. specifically for Bulinrittrr spp..
Cibit idoides spp.. and Anonralinoicle.t spp., needs to be

unifbrrnized between researchers befbre global patterns

can be established with any degree of confidence.
Combining l ithological and paleontological datir in

this incomplete set. however. sug-qests that a ren.rarkable
global episocle of carbonate dissolution occurred at least
partially coeval with the LPTM (figure 12.7). In the
North Sea region calcareous species occuned only in

the shallowest nerit ic areas of the time (Kin-e 1989:

Gradstein et al. l99zl). This severe dissolution has com-

rronly been attributed to lctcal f 'actors such as basin r..-
striction. which certainly rnay have contributed. but t i:-
severe dissolution occurred synchronously with worlc-
wide dissolution. In the eastern Tethys (Egypt). Speile
(1994) observed dissolution layers over a wide dep'l:.
range. Benjamini ( 1992) reported sr.rch layers fiont t it.
north central Negev (lsrael). and Berg-eren and Aubr.
(1996) t iom the Khieu River sect ion in Georgia (N\\

Caucasus).  Simi lar  d issolut ion intervi t ls  occur in lan.-
sections in Spain (Tethys and Atlantic sicles: Coecioni e:
al .  1994: Canudo et  a l .  199-5).

Dissolution is more cLfficult to trace in DSDP an.:
ODP sites than in land sections because poor recover\
is a problem. A thin laver (<,50 cnt) of sedinrent mav no:
be recovered. and therefore many sites are l isted as "n,

data" in fi-ture 12.7 and appendix 12.1. We catlnot b.'
sure of the tir l l  geographic and bathyrretric extent trl
carbonate dissolution. but it was extensive in antl

around the Atlantic Ocean. as well as at least in parts t, l

the Indian Ocean, along the Tethys margin. and alon-c
the Pacific margins. We have no data on the Pacifrc deep
basin floors. which were probably below the CCD clLrr-
ing most of the Paleocene and Eocene epochs (e.g.. a:

shown by red clays in Cole LL,I,I-GPC 3. Rea 199-1 l.
We cannot be sure about the exact t irr.ring of the init ir-

t ion of this increased dissolution. but it may have
started slightly befbre the LPTM (Thomas l99l:
Thomas and Shackleton 1996: Kaiho et  a l .  1996).

The occurence of such widespread CaCO., dissoltt-

t ion during a period of warming is unexpected because
rising ternperatures alone would result in ciecreased sol-

ubil it5r of calcite (e.g.. Broecker and Peng 1984). There-

fbre. the occurrence of widespread dissolution strongh
indicates massive addition of carbon to the ocean-at-
mosphere reservoir. and the pattern of dissolutiotr (rnore

severe around the Atlantic. less in the Pacific) resembles
that predicted to result fiom n.rassive burnin-e of fbssil
fuel and defbrestation (e.g.. Walker and Kastin-s 1992).

The occurence of the extremely negative carbon iso-

tope anomaly in this interval of dissolution suggests
that the added mass of carbon must have been isotopi-

cally unusually l ight. The amount of biosphere-derived
organic carbon needed to cause such a large rsotopie

anomaly would have to be reflected in widespread de-
struction of land biomass. which does not agree with
paleontolo-tical evidence (Thornas and Shackleton
1996). Therefbre. widespread carbonate dissolution as-

sociated with the 6lrC excursion slrpports the specula-

tion that dissociation of methane hydrates (and their ox-
idation of methane to CO.) may have been involved
(Dickens et  a l .  1995; Kaiho et  a l .  1996).  This specula-

tion implies that the temperature increase of the deep

waters preceded the carbon isotope excursion slightly.

in agreenrent with Thomas and Shackleton ( 1996).
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Such an increase ofthe ocean-atrnosphere carbon reser-
voir is in contradiction with Stott 's interpretation (1992)

of data on the carbon isotopic composition of organic
matter in foraminif'eral tests. although such data cannot
be easily interpreted (Goericke and Fry 1994: Hinga et
al .  1994).  Stot t 's  data (1992) might be explained by
many factors. such as species-specific eff'ects. diage-
netic efl 'ects. effects of varying temperature. or salinity.
More problematic for the methane hydrate hypothesis
might be the precise timing and sequence of events dur-
ing the LPTM: dissolution appears to have preceded the
61rC anornaly.

Dissolved Oxygen Levels and Productivity

What caused the benthic fbraminiferal extinction. and
what can explain the biogeographic patterns observed?
This is a diff icult question to answer because there is no

agreement on the interpretation of Recent benthic fau-

nas (see e.g., Gooday 1994, Schnitker 1994. fbr re-
views). There is no modern analog for faunas domi-
nated by N. truem1tt'i because this species became
extinct in the late Eocene Epoch. Its modern relative,
Nuttallitles wnbonif'era, is common to abundant in

CaCO.,-corrosive waters, and specifically in Antarctic
bottom water (e.g., Bremer and Lohmann 1982:

Schrniedl 1995). Others. however. have described N.

untbonifera as a typically oligotrophic species (Loubere

1991, 1994; Gooday 1993, 199.1).  Possibly,  the waters

in which N. urnbonifera is common are CaCO. corro-
sive because of the presence of abundant dissolved CO.

derived fiom oxidation of or-eanic matter, leaving little

food fbr benthic faunas. thus cornbining oligotrophy
and corosiveness. Some support for the view that .ly'.

truentpt' i  rnay have been an oligotrophic indicator may

be seen in its Eocene distribution pattern: This species
had its highest abundance during the middle Eocene
Epoch (e.g., f igure 12.3; Kaminski et al. 1989; Berggren

and Miller 1989; Miller et al. 1992). It then declined in

abundance and became extinct during the late Eocene
Epoch, at a time when global productivity rnay have in-

creased considerably (e.g., Hallock 1987; Hallock et al.
199 1; Aubry 1992; Brasier 1995; Thornas and Gooday
1 996).

In the Recent oceans, low-diversity faunas dominated
by small, thin-walled specimens belonging to the buli-
minid group commonly occur in low-oxygen envlron-
rnents (e.g. .  Bol tovskoy et  a l .  199 l :  Sen Gupta and
Machain-Cast i l lo 1994: Kaiho 1994a).  Such environ-
ments usually occur below a well-developed oxygen
minimum zone, where oxygen levels are low because of

enhanced productivity and oxidation of organic matter,

and where CaCO. dissolution may be severe because of

the high concentrations of dissolved CO. resulting fiom

this oxidat ion (e.g. ,  Mul l ins et  a l .  19851 Hermel in and

Shimmield 1990: Levin et  a l .  1991; Schmiedl  199-5:
Wishner et al. 1995). There is considerable discussion
whether such benthic faunas reflect the low oxygen ler'-

els or the high food supplies (e.g., Corliss et al. l9U6r
Linke and Lutze 1993: Miao and Thunell 1993; Lou-
bere 1994: Rathburn and Corliss 19941 Jorissen et al.
1995). Recent species of Bulimina are particularly com-
mon in areas with high rates of deposition of nonde-
graded organic matter (Corliss and Chen 1988; Caralp
1989; Cor l iss 1991 ;  Mackensen et  a l .  1993).  Addi t ional
factors of importance might be the lack of metazoan
predators under low-oxygen conditions (Wishner et al.
1995). and some thin-walled taxa have been described
as being opportunistic taxa rather than directly l inked to

high productivity or low oxygen (Alve 1994; Goodal
I  994).

We thus cannot determine fiom the benthic f-aunas

alone whether the buliminid-dominated postextinctiort

faunas primarily reflect low-oxygen conditions. hish-
productivity conditions, stressed conditions. or hi-ch

CaCO., corrosiveness. Similarly. we cannot determine
whether the N. truempll-dominated fauna reflects the

occurrence of CaCO,-corrosive waters or low produc-

tivity. We need to consider evidence from co-occuring
planktonic organisms and sedimentary and iscltopic evi-

dence in order to evaluate the most probable causes for

the extinction. and compare data on dissolution with

those on benthic faunas (figures 12.7 and 12.8).
It appears probable that the occurrence of small and

thin-walled benthic foraminif 'era following the benthic

extinction primarily reflects increased CaCO., corro-

siveness of deep waters because both dissolution and

thin-walled tests occurred at almost all locations (figure

12.7). and the association of thin-walled tests with cor-

rosive waters is well documented (Boltovskoy et al.

1991). Proxies for high productivity or lower dissolved
oxygen levels are not as common as for dissolution. and

thus neither can be seen as the dominant f'actor control-
l ing the occurrence of the thin-walled taxa (hgure 12.8).

In addition. ostracodes. which are complex metazoans,
became thin-walled during the LPTM at ODP Site 689

ert the same time as the benthic foraminifera (protistans)

did. Ostracodes have been shown to form such "de-

graded" tests in hydrochemical regimes unfavorable

to biomineralization. i.e., in CaCO.,-corrosive waters
(Steineck and Thomas 1996).

Increased corrosiveness thus probably played a role

in the extinction. It has been hypothesized that the ben-

thic foraminif'eral extinction was largely caused by de-

creased levels ofdissolved oxygen (Thomas 1989), and

a parallel has been established with the Cretaceous

anoxic oceanic events. although of lesser intensity
(Kaiho 1994b). The LPTM benthic extinction occurred
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Figure 12.8 Occunence ofbenthic l 'aunas suggesting either lovn-oxy-een condit ions or increased productivi ty by (a) depth and (b)

::rrgraphic locationl si tes l isted in appendices I 2. I  and I 2.2. depth categories as in f igure I 2.6.

-iurin-e rapid warming of the deep waters, possibly

- rlLlsed by a switch to dominant tbrrnation at subtropical
..Ltitudes of warm and saline deep to intermediate wa-
:L ' rs (e.9. .  Thomas 1989: Kennett  and Stot t  199 l :  Pak
.,nd Miller 1992. 199,5). Warmer deep waters can be
:redicted to have a lower oxygen content because of the
.trong decrease in solubil ity of oxygen at higher tem-
:reratures (Thomas 1989, 1990a: Kaiho l99 l ) .  I f  the
.peculation about dissociation of methane hydrates is

-'rrrrect (Dickens et al. 1995: Kaiho et al. 1996). oxida-
:ron of these compounds would have used large
,rrrounts of oxygen and thus have contributed to the cre-
.rt ion of low-oxygen environments. There is no agree-
nrent between the distribution of dissoluticln and that of
1ou'-oxygen conditions and/or high prodr.rctivity with
rcqard to depth and paleogeography (figures 12.7b and
[. t3b).

The buliminid-dominated faunas. however. did not
rrccur 

-rlobally. 
Faunas indicating either high productiv-

it1'or low oxygen contents were most cornmon in the
\orth Atlantic over a wide ran-qe of depths (with possi-
ble exception of abyssal sites). along Tethys. alon-{ the
\ntarctic continent, in the central Pacific. and at upper
to rniddle bathyal depths in the Indian Ocean (figure
12.8). Faunas dorninated by N. tntemp,r' l  were common
rn the South Atlantic. and occurred in the northernmost
Paciflc and at middle to lower bathyal depths in the In-
dian Ocean. It is ditf icult to interpret such patterns be-
cause of the small number of localit ies to compare: The
North Atlantic DSDP sites. fbr instance. are all close to

the continents (Bay of Biscay. New Jersey ntargin),
whereas the South Atlantic sites are mainly along
oceanic ridges and rise (figures 12.1 and 12.6; appendix
12. l). We thus cannot determine whether the differ-
ences in distribution patterns between the North and the
South Atlantic are true geographic differences between
deep waters in these basins. or the difl'erences between
open ocean and margin. The lack of indications that
South Atlantic waters were especially low in oxygen
content. however, may sug-qest that warm and saline
waters did not dorninantly flow fiom subtropical re-
gions of Tethys into the Atlantic. If Tethys functioned as
a source area. the more probable region of outflow was
the eastern Tethys, in agreement with carbon isotope
data (Seto 1995). On the other hand. agglutinated ben-
thic fbrarniniferal assemblages do support a Tethys-
Atlantic connection (Kaminski et al. 1996).

It remains that faunal pattems were not globally the
same. and. consequently, decreased oxygen content as a
result of global deep-water rvarming does not fully ex-
plain the faunal changes and the benthic extinction.
Thomas and Shackleton (1996) used carbon isotope
data to interpret the postextinction. buliminid-domi-
nated f 'aunas at the Maud Rise sites as indicative of a
high rate of supply of organic matter to the seafloor.
This hypothesis appears to be in contradiction with the
vier.l' that the Paleocene long-terrn carbon isotope
record reflects a decrease in productivity (e.g.. Shackle-
ton et al. 1985: Shackleton 19t16; Corfield and Shackle-
ton 1988: Corfield and Cartl idge 1992: Corfield 1995),
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a view that is in agreement with bio-qeographical pat-
terns of planktonic microfbssils (e.g.. Hallock 1987:
Boersma et  a l .  l9u7: Hal lock et  a l .  199 l :  Ottens and
Nederbragt 1992; Brasier 199,5). Theoretically, one
would expect extrernely low productivity during the
LPTM. when temperature gradients were shallow, so
that wind velocities over the equatorial regions were
very low and upwelling and nutrient supply to the sur-
f 'ace waters were almost null (chapter' 9). In addition,
benthic fbraminifera have higher metabolic rates at
higher temperatures and increased temperatures thus
lead to oligotrophy.

Thomas and Shackleton ( 1996), however, argued that
global productivity might have declined. but that the
carbon isotope records at the Maud Rise sites suggested
increased local upwellins. and thus possibly enhanced
local productivity. Along other continental margins pro-
ductivity might have also increased during the LPTM.
possibly caused by changed patterns of Lrpwell in-e as a
result of changing patterns of deep-intermediate water
circulation. High abundances of chiloguembelinid plank-
tonic fbraminif 'era in lowermost Eocene sedin.rents in
the Bay of Biscay and along the New Jersey ntargin
have been interpreted as indicating increased local pro-
ductivity and an expanded oxygen minimum zone
(Saint-Marc l99la,  l99lb:  Pardo et  a l .  1997).  Produc-
tivity may also have increased locally in the eastern
Tethys, where typically a "flood of radiolarians" occurs
in the dissolution layer (Benjamini 1992: Berggren and
Aubry 1996).  At  Indian Ocean Si tes 138.152, and162
the abundance of chiloguernbelinid planktonic fbra-
minif 'era also increases above the extinction level (No-

rnura and Kennett. persclnal communication 1995). In
other eastern Tethys sections, however. benthic faunas
suggest low-oxygen conditions as well as increased
product iv i ty (Spei jer  et  a l .  1996b).

Local increased productivity during the LPTM in
spite of the decreased temperature gradients could have

resulted from an increased influx of nutrients fiom the

continents. An increased abundance of kaolinite in the

sediments deposited during the LPTM indicates en-

hanced precipitation and chernical weathering around

the world (e.g.. Robert and Kennett 199,1; Gibson et al.

1993: Kaiho et  a l .  1996).  in agreement wi th c l imate

rnodeling (chapter 9). The higher raintall could have led

to increased runofT and nutrient supply to coastal wa-

ters: the increased influx of f iesh water could also have

increased water stratif ication and caused local shelf or

s lope anoxia (Malone 199 l ;  van der Zwaan and Jor is-
sen 1991).

Increased productivity cannot be seen as the cause of

all occurences of buliminid-dominated faunas: at equa-

torial Pacitic ODP Site 865 planktonic fbraminif 'eral
f 'aunas and coccolithophorids indicative of extreme

oligotrophy occur in the same samples as buliminid-
dorninated benthic faunas (Kelly et al. 1996). At suclr
sites the faunas probably reflect low-oxygen conditions
in the water column. Such low-oxygen waters in the ba-
thyal open Pacific rnay have resulted fiom the high tem-
peratures (e.g.. Thomas I 990a: Kennett and Stott 199 I t.
their fbrmation possibly exacerbated by sluggish circu-
lation dr-re to the ertremely lou'temperature gradients. It
may also be possible. however. that the buliminid-dom-
inated faunas reflect the input of a larger proportion of
organic matter on the seafloor under lorver oxygen con-
ditions, as supported by the strong increase in benthic
fbraminif-eral accumulation rates at the level of extinc-
tion at Site 865 (figure 12.3: Herguera and Berger
r99r) .

The peak abundance in buliminid species at ODP Site
u6-5 is just below a peak abundance of CiLticitloitles
species that was not observed at other sites. The Cibici-
dctide.s specirnens resemble the Recent species C.
v"'ueller.storJi. which l ives on elevated supports above
the sediment-water interface and is most comnton in re-
gions with active bottom cuffents (Linke ernd Lutze
1993). If the earliest Eocene Cibicicloide.s had a similar
habitat. its high abundance might inclicate increased
botton.r current activity and winnowing, as also indi-
cated by increased percentages of material in the
>63-um size fiaction. lor'v accumulation rates, and in-
tensive reworking of planktonic fbraminif 'era (Kelly et
al .1996).

The widespread occumence of the //. trtretnltt i-
abyssaminid faunas can be tentatively explained as re-
flecting increased comosiveness of botton waters. as
shown by the occurrence of widespread CaCO., dissolu-
tion (figure 12.6). These faunas. however. might also re-
flect an overall decline in open-ocean productivity dur-
ing the LPTM. The pattern observed by Tjalsma and
Lohmann (1983), that l/. tmempt'i-don.rinated faunas
migrated to shallower depths in the oceans during the

late Paleocene Epoch. could be explained by the hy-

pothesis that organic matter derived fiom the surf-ace

waters became exhausted at shallower and shallower

levels in the oceans because of the declinin-e productiv-

ity. as also suggested by agglutinated microfaunas
(Karninski et al. 1996). This pattern was not global' and

was not observed, tbr instance. at Falkland Plateau Sites

698-102 (Katz and Miller 1991 .;.
The question remains open concernin-e the srgnifi-

cance of faunas containing common to abundant Zlp-

lttrtt ino .selmensis, a species that occurs in postextinction

f'aunas worldwide over a large depth range but was

common only at neritic to upper bathyal depths befbre

the extinction. Although it might be seen as a part of the

buliminid-dominated faunas. this is not a satisf 'actory

explanation because the species occurs in N. tntetnpti-
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clominated assemblages as well. At ODP Site 689 it is
nrost abundant together with an ostracode fauna domi-
nated by taxa related to the present-day proponto-
cyprids (Steineck and Thomas 1996). Propontocyprids
are opportunistic forms that l ive dominantly in nerit ic
environments. They are confined in the deep sea to
$'ood-based and hydrothernal vent communities that
fbrm in transient, food-rich environments. I therefore
suggest that Z selmensis, originally described fiorn
shallow-water regions, was l ikewise an opportunistic
taxon rather than a low-oxygen indicator, similar to
nrodern taxa such as Stoinfctrthiu ffusiforml.s (Alve
199,1).

In conclusion. I suggest that the latest Paleocene ben-
thic fbraminif 'eral extinction was a complex phenome-
non. Factors that contributed to the extinction may have
been the global increase in CaCO-, corrosiveness and
the global decrease in oxygenation of nerit ic through
abl,ssal waters as a result of increased temperatures.
The average oceanic productivity may have declined.
br-rt slu_ugish circulation and low oxygenation could
have led to the sequestering of or-eanic matter in the
cleep sea. The upwelling of such nutrient-enriched deep
\\'aters. possibly in combination with an increase in nu-
trient-carrying runoff along continental margins. mty
have caused increased local productivity. leading to the
erpansion of the trophic resource continuum. i.e.. the
occurrence of highly oligotrophic as well as highly eu-
trophic condi t ions (Hal lock 1987; Hal lock et  a l .  199 I  ) .
Benthic faunas can then be seen as reflecting both
exh'emes, with the buliminid-dominated faunas at the
eutrophic end. the |,,tr. truempti-dominated faunas at
the oligotrophic end. with patterns complicated by the
occurrence of opportunistic taxa such as Tltpptutintt
.seltnen,sis.

During the LPTM, benthic foraminif'eral faunas at ntid-
dle bathyal and greater depths exhibited high rates of
extinction (30 to -50% of species). whereas at upper ba-
th1,al through nerit ic depths extinction was less severe
and faunas showed significant but temporary changes in
species composi t ion.

After the extinction deep-sea benthic foraminiferal
tl iunas were typical for perturbed communities (low-di-
r,ersity, high-dorninance). Strong CaCO, dissolution oc-
curred worldwide. resulting in thin-walled faunas; this
dissolution might have resulted from the addition of
carbon to the atmosphere-ocean system through disso-
ciation of methane hydrates.

Two widely occurring postextinction assentblages
at bathyal through abyssal depths are M trtretnpt,i-
dominated and buliminid-don-rinated. In regions where
both assemblages occurred, the 1/. truempt'i-dorninated
assemblage lived deeper (lower bathyal-abyssal.).

Productivity may have decreased globally during the
LPTM. but this efTect could have been counteracted lo-
cally by lower oxygen levels in the water column. re-
sulting in delivery of a larger fraction of clrganic matter
to the seafloor. Productivitv may have increased along
continental margins as a result of increased continental
runoff and upwelling of nutrient-enriched deep waters.

Speculatively, N. truentpt,i-dominated faunas may be
seen as indicators of highly oligotrophic conditions on
the seafloor. and bulirninid-dontinated faunas as indica-
tors of eutrophic conditions. The occurrence of both
f-aunas after the extinction suggests an expansion of the
trophic resource continuum.
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Appendix 12. I

Recovert,/

Si te Locat ion Ref-erence Depth Resolut ion r-pnr 6rrC Size Unconfbrmitr

Soutlt Atlutttit'

I  .  I  oop 689 Weddcl l  Sea Thomas 1990a1 I  I  (X) Hich Ycs >63 Medir . rnr

Thornas and ultcontof lnr t \

Shackleton 1 996

1.2 onp 690 Weddell  Sea Thomas 1990a: 1900 Hi-sh Yes >63 Good
Thomas and
Shackleton 1996

2.1 oDp 698 Falklancls Katz and 800 900 Lor.r '  No > 150 Poor
Platcar.r Mil lcr 199 I

2.) onp 702 Falklands Katz and I 700- 1800 Low No > l-50 Poor
Plateau Mil ler. lc)9 |

2.3 ot)p 7(X) Falklands Katz and 2l-50 2600 Low, No > l-50 Poor'
Plateau Mi l ler  199 I

2..1 osor'  329 Falklancls Tjalsrra 19771 17-10 l7. l-5 Low No > 150 Mcdiurn
Platciru Tjalsnra and

Lohmann 1983

3. I  nsop 20C Mid-Atlantic l  jalsma and l l7-5 3000 Lou No > 150. Poor'
Ridge. west Lohrlann 1983:

> l -50.
>63

ln core

ln cofe

Puci.ftc Ot eart

5 oot '883 North Paci f ic  Pak and Mi l lcr  1000-2000 Lou No >150 Poor/

199-5 uncontornri tr

Mii l ler-Merz ancl >63
Oberhi insl i  199 |

3.2 osop -5 16 Rio Grande Dailey 1983: 1000-2000 Lo* No >l-50. Goocl
Risc Tjalsma 1983:

Boltovskov et
al .  1995

-+. I DsDp -52:l \\alvis Ridge Clark and Wli-sht 3-500-.1000 Lou, No > 150 Poor
198'11 Hsu ct  a l .
I  98.11 Parker cr
al.  I  98-1

1.2 osop -525 Walr, is Ridge. Thomas and 1600 High Ycs >63 Poor' /r .p lrr
Shackleton 1996:
Boersrra 198-l:
Boltol skov and
Boltovskoy 1989

-+.3 trsop 527 Walr ' is Ridge. Thomas ancl - i .+00 High Ycs >63 Poor/rplrr
Shacklcton 1996
Boersma 198.1

6 osop -577 Subtrt ' rpical North Mil lcr ct al.  1987b: I  Sm-l100 High/ Part im > 150 Good/gap
Pacif ic Pak and Mi l le l  l99lr rneclium unconlonnl t \

Kaiho in press

7 ttop 865 Equatorial Pacif ic Bralower et al.  1300 l-500 High Yes >63 Good/
lc)9-5a.b: Thomas.
unpubl ished data.
this chapter

unconfbrrnifi'.)
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Appendix 12. I

. - t  r . t inct ion

Low Ol/

High

Productivi t l '  Dissolr.rt ion
Postextinct ion/

Slrort-Te rnr

P()stextinct ion/

Long-Terrn

r  t  t t r i i f  ornt is,  IJ.  rn idtraten.si . i ,  I  selrnensi .s,  B.  s inple.r .  Bul iminids (8.  .setni t 'ost t r t t r ) .  Yes Sl ight

rt'mpti, B. tlttnelen.si.s, A. urttgonensis, S. brevisltirtrt.str S. elegurtta, N. truentpti.

ltrtnitle.s spp.. 5. brzll.r1ruro.r'rr O. urrthttnutus

t  cur i i . fbr t r t i .s ,  R. turpent ierue, T.  sel l rc l ,s is,  B.  s i rnple.r ,  Bul i rn in ids (8.  .serniL-tL.str t tu) .  Yes Yes

ipetensis,  N. t ruentpt ' i  abyssaminids.  S.  brevis l t i r tost i  5.  e legurt t t t ,  N. t r t tet t tpt ' i

' . , t r t r i i l r t rn is.  Ci l t ic idoidas spp..  Cibic i t lo i t lcs spp.N truerr t | t t i ,  No' l

ncl l i ,  ln l imini t l . t  O. unt lxtnrt t t ts

-.. L t ttri{forni.s. Gt ntidinoitle.s spp.. N. tnrenpti, bulinlinids. No'l

-  i r1oir le.r  spp. Lent icul inu spp .  o rurtbottatus

-. t t t t r i i fornt is,  P.  cortel l i .  Ab1'ssaninids.  Cihi t i t lo ide.s spp..  No' l

.  l .1r( . )er?r i . r ,  Neoaponi t les spp. hul iminids.  N. f ruent1t t ' i

. , ,1 L t t r i4fr t r r t r i .s ,  P.  cr t r t ' t ' l l i ,  Ab1'ssaminids.  N. t ruempt ' i ,  N.  lntenpt ' i ,  O. unbotkt lus,  No' l

- - . rLt inants.  Gtnt i t l i r to ide. t  spp. A. t t rug,ortr l ls is 
' f .  sel tnerts is,  A.  t ra,qortert ; is ,

B. ; t t t t i t t ' . : !Lt l , t

. , tcur i1fplr t i5,  bul i rn in ic ls.  Ab-vssaminids.  N. t ruempt ' i ,  Abyssarrr i r r ids.  N. t ruentpt i ,  No' l

'  . t t lo i t le.s spp..  agglut inants ,1.  t rntgurcnsis A. urugonetts i i ,  bul i rn in ids

Yes

Yes' t 'L tur i i fbnt t is .  P.  tonal l i ,  l

.  / r r i t  oal ists,  S.  l t revis l t i t t t ts t t .

: t ' I i t  t t tuIus,  N. tnternTtt i

,t t t uriilrtrnri.s, Ncoeponitle.s spp.. 'l

- : .  Lr t inants

N. truentpti ,  O. tortbonutus, No' l

,\. unt,qurcn.si.s, P. proli.ut

N. Iruentpri ,  abyssan'r inids. Yes

Il. t ri h ed ru. 7'. se I ntettsi.s

Yes'l

: .LL tar i | lonni .s,  N. t ruernpt i .  N. t ruempt i .  abyssanr in ic ls.  N. t ruentpt ' i ,  bul iminids.

-- : lut inants.  Neoeponit lcs spp..  T. .sehnen.sis,  A.  r t r t rgorten.si .s Cibi t i t lo l r le.r  spp.
:'r, llolrlr,s spp.

i , t t  cor i i fornr i .s.  A.  t 'e l t tst t tensis.  N. t r t ternpt i ,  abyssaminids.  N. t r t tctnpt i .  bul i rn in ids.  No Ycs

:r t rern1tt i ,  B.  thuneten.si .s T. .sel t t tensis Ci l t ic idt t ides spp

: bat ( t r r i i fbrrnis.  B.  rn idt tutcr t .s is.  I  N. l ruentpt ' i ,  A.  urugonerts is.  No' l  ' l

- r lut inants.  I ' .  tor t 'e l l i  lb.vssarninids

:  hct 'crrr i | f l t rnr is,  P.  conel l i ,  ' !  T. .selrr tensi .s,  A.  urugttnen.si . i ,  N.  tntempyi .  bul in l in ids Yes Sl ight

' , t , l r t . t t 'oensi .s.B.rni t l tovert . t i .s  Ncrteporrrr l t ' . tspp.

:  l r t ,ct t t r i i forrru.r , . l .  r ' t ,1a.r t r ; r , r r . r l . r ,  T ' .selmen.si . t ,  B.  sent i (o. \ l ( t t ( t  Ci l t i t i t lo i t ie.s spp. N. l r r rerr lTr,r ' i ,  Yes Sl ight

.  \ ( ,nt i (  r ibr( iug ag,t lut inants bul i rn in ids ( I l .  sot t i t t t .st t r t t r \

YesNo
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Recovery/

Si te Locat ion Ref 'erence Depth Rcsolut ion lpr l r  6 l rC Size Unconformity

Indiun Oceart

8.1 oopJlJ Kerguelen Mackensen and 2000-3000 Low No >l-50 good/
Berggren 1992 unconformit l

8.2 oop 7,18 Kerguelen Mackensen and 600-2000 Low No >150 Poor
Berggren 1992

9 oup 738 Kerguelen Lu and Keller 1993; 13.50 High Ycs >150. poor/
Nomura and Kennctt >63 lprlt in
personal comnruni- core
cationl Thomas
unpublished data

l0 osop 2:15 South Madagascar Sigal 197'1 600-1000 Low No >150 Poor
Basin

I I  osop 237 Mascaren Plateau Vincent and Brt in 600 2500 Low No > 150 Poor
191 I

12 osop 2l-5 Ninetyeast Ridge McGowran l97,l l  600-2500 Low No >150 Good/lprivt
Hovan and Rea not tn core l
1992

13 oop 752 Kerguelen Nornura l99l ;  -500- 1000 High/ Part im > 150 Poor

Nonrura and Kennett medium
personal communl-
cation

l, t  r : tov762 Eastern Indian Nonrura and Kcnnett 1000-1500 High/ Part irn >150. Poor/

Ocean pcrsonal comnruni- medium disturbed
cation: Thomas un- >63
published data:
Thomas et al.  1992

North Atlantic

l-5.1 osop -5:19 Bav of Biscay/ Reynolds 1992: 600-1500 Lol 'n'  Yes/no >l-50 Good/
Goban Spur Berggren and Aubry benthics unconlormtty

l 996

15.2 DSDp:101 Bayof Biscay PakandMil ler  1992: 1800 HiglV Part im/ >1.50 Good/
Schnitker 1979: Saint medium no/ r.rnconlormity

Marc l99la.  199 lb;  no
Pardo et al.  in press yes

15.- l  rrsr;r '  '1004' Bay of Biscay Schnitker 1979 3100 .+2(X) Low' No > l  -50 Poor

15..1 r;sop 5:1[J Goban Spur/ Boltovskoy et al.  600-2000 Medium No >6] good/post

Bay of Biscav 1992

l6 nsor,605 New Jcrsey Hulsbos 1987: Saint 1800-2300 Low/high No >150. Good/

margin Marc 19871 l99lb: uncontblrrrrt l '
Thomas, unpublished >6-l
data
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\ppendix l2.l ( tontinuetl )

: ' : .c -Extinct ion

T.rra

Postextinct ion/

Short-Term

Postextinct ion/

Long-Tcnl

Low O2l

High

Productir,'ity Dissolutitttt

' i. bet'carii. ortni.s, Cilticidoide.r spp.. 'l

P conel l i ,  N.  I ruerr tpt i

'  
j .  beccur i i lomrrs,  bul i rn in ids ?

N. truentpti. Cibit'idoitle.s spp.. No'l

,'. bet'curii.forntis. N. truentpti. 7'. selntensis. buliminids N. truentpti, buliminicls.

No' l

Yes

3. t  I  uneten.si.s, agglut inands Cibicidoide.s spp

G. bel tor i i lormi.s,  A.  t 'e lu.st 'oensis.  ' )  T.  .selntensis,  A.  onL,e.utert .s is,  Yes' l

) .  wel ler i ,  B.  thutetensis N trr terr t l ' t  i

j. hettttriifitrmis, N. truentp.t I N. truentpti. Attontttlinttitles spp. No'l

.. lt t' t t'u ri i.lb rnt i.s, N. t ruentpti,

. . : ! lut inants

r ' .  bectar i i . fornis,  P.  toryeI I i ,
(  i l , i r i r l , t i le. t .pp. .  N. In!( t t t l t \  i .

bul i rn in ids

Cibicidoide.s spp.. N truenrytt'i, l
abyssanrinids. G: rr t i tl i r to i tl e s spp.

No data

A. t 'e I  a scoe nsi .s,  B.  nt i  t l t tuye n.s t  s

P. t t  t  ne I  I  i ,  agglut inants

O. Ltmborttttus

Stilosttntellu spp.

Lenti<'ulirut spp.

T. selntensi.s, Arugoria spp. Yes'l

N. truenrytvi, Atromulirutitles Yes'.)
durt i t ' t rs, O. rurtbortatus

Cibicidoides spp.. Aragonia Yes
a ru gortettsi.s. C i bit' ido i de s spp.

T. selnrcrtsi.s, S. brevi.spirto.s u, N. truentpt'i, buliminids. Yes

abyssaminids.  T.  se I  t t te r ts is,

bul i rn in ids (B. se tn i t  ostu)

:

Yes

G. bet.r.urii.fbnni.t, N. truentpt'i, N. truentpti, B. sentito.slttttt N. Iruentpti, buliminids.

Cibicidctitle.s spp.. B. thanetensis, Cibitidoides spp.. Cibicidrtides spp., A. azr-

B. tlelitunilu.s 'l'. .selntensis grrtrerisis, O. ruttbttrtcttus

G. b e c c a r i i.fonnrs, a-e-ulutinants Bulinrinids. T. se I tne rt .s i .s Yes l

G. bet'turiiforni.s, C. lrt'plnlu.r. ') N. truentpti, ab1'ssaminicls. N. lruempti, abvssaminids. Ycs Yes
(1. nt i t lxut 'ettsis, B. del i tutulus, bul iminids (8. senricostutu) bul inrinids. Cibici t l t t ides spp.

N e o e port i c! e.s spp.. G r ro i d i r u t i d e.r

No

Ycs

A. uragonertsis, B.
seilltcostutu

Cihi t  i t l t , i t l t ' r  :pp.

G. beccuriilortni.s. Cibititloide.! spp.. 'l Probabll' unconformtty N. trtrenpti. Cibit'idoide.s spp.. Yes

Yes

Yes

Yes'l
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Appendix 12.2

Section/

Country Formation

LPTM

References Depth Resolution 6llc Size Lithology

North Atlartt i r '
A.l Spain Llmaya(Atlantic) Ortiz 1995; Canudo et al. 600-1500 High Yes >63 Marl' calcarenite

1995: Molina et al '  turbidites

199'11 von Hillebrandt
1965

A.2 Spain Trabakua Pass. Coccioni et al. 1994: Orue- 800-1000 High No >100 Limestones/marls

Ermua. west Extebania et al in press

Pyrenees

A.3 Spain 'l'remp/Campo Molina et al. 1992: Ortiz ?50-500 Low/ No >150 Maris

(Ilerdian stratotype) and McDougall l99l ; medium

von Hillebrandt 1965

B France Paris Basin Le Caivez 1970 10-200 Low No >150 ClaYs/si l ts

c Trinidad Lizard Springs Beckmann 1960; Bol l i  500-t500 Low No >150 Marls

Formation et al' 1994

D.I usA New Jersey; Gibson et al.  1993: Gibson 50-200 Low No >63 Clayey sands/

Vincentown and BYbell  1995 claYs

Manasquan
Formattons

D.2 USA New Jersey; Olsson and Wise 1987 50-250 Low No >150 Sil ty sands/clays

Vincentown
Manasquan
Formattons

E.l NW North Sea region King 1989 100-500 Low No >150 Sand/clays

Europe

8.2 NW North Sea region Gradstein et al.  1994 750-1000 Low No >150 Sand/clays

Europe

Tetht's

F Spain caravaca (Tethys) ortiz 19951 Canudo et 500-1000 High Yes >63 Marls' limestone

al .  1995

G Israel Nahal Avdat (Negev) Speijer 199'1

H Egypt Abu Rudeis - Wadi Speijer 1994

Nukhl (Sinai)

500-700 Low No >125 Marls/limestone

500-700 Low/ No >125 Marl/limestone

medium

I. l  Egypr GebelAweina Speijer 1994: Speijeretal.  100-150 Low/ Yes >125 Marl/ l imestone

1996a: Charisi et al' medium

1995: Schmitz et al '  1996

1.2 Egypt Bir lngl isi  = Gebel Speijer 1994; Speijer et al.  50-200 Low/ No/ >125 Marl/ l imestone

Duwi 1996b; rnedium

Schmitz et al.  1996 Yes

J. l l ta lvBel lunoDiNapol ietal . lgT0500_1500LowNo>l50Marls/scagl ias
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Appendix 12.2

. : :-Extinct ion Taxa

Low O./

Postextinction/ HighPostextinction/

Short-Term Long-Term Productivity Dissolution

. utccariifonnis, Cibici.doides, First agglutinants, O. umbonatus, M truempyi, abyssaminids, Yes Yes
- - rnrinids, P. con'elli Ihen B. tu.rpanten.si.s O. ttmbonutus, buliminids

. ueccrtriiJbrmis, N. truempl.i. Rare agglutinants. then small A. di.ssonata, N. trttemp.vi, Yes Yes

,:: lut inants, bul iminids, bul iminids. N. truempt' i  bul iminids. O. umbonattrs

- , tnal inoidesv'el ler i

. ,:rbigirtosus, Bulimina trigonalis, Cibicidoides spp., Ut,igerina . ? '!

: ,,r'telli, agglutinants spp., Hanzuv'ttia spp

.. ,telphidiunt, pulsiphottina, Buliminids, Cibicides suc'-. Yes? ?
;.t, idoides, buliminids cedens, Bolitintt spp.

- . r'lnscoensis, B. mitlwayensis, N. truempyi, T. seltnensis, Yes? '!

- . , .rnrinids, Cibicidoides spp. B. semicostata (bul iminids)

..:. elinella spp.. Cibit:itloidas spp.. T. selmensis, Epistominellu sp.A T. selmensis, Pulsiphonina Yes Yes

- : 'tualinoides spp., Ut'igerina A., buliminids, Pseudouviger- prima, Arutmalinoid€.t spp..

ina spp. EPistominelln

:... elinellcr spp., Anomalinoides spp., Agglutinants, T. selmensis
- :':cidoides spp.

Epistominella sp., T. robertsi, Yes Yes

N. truempti

;.et.t'ttriiformis, B. mitlw'atensis, Low-diversity agglutinants T. brevispira, Gttudryina hilter- Yes Yes

' ' inincr trigonalis, Cibicidoides mcrzni, buliminids

- .htntmina ruthyenmurrd)'i, Low-diversity agglutinants T. ntbertsi, R. amplectens, Yes Yes

' - ::, tilrrythragtniunt paupera, R' intermedia assemblage

,.. :nrblage (agglut inant) (agglut inant)

: ;,t'c't'ttriifonnis, A. t,elascoensis, Rare Haplophrugmoides (barren), Buliminids, N. truempti, Yes Yes
: ,.t-r.elli, Gt,roidinoides spp. T. selmensis, buliminids. Anomalinoides spp.

A. aragonensts

: ueccrrriifolnls, agglutinants, M truempt'i, Cibicidoides Yes? Yes
: ,,nelli, buliminids, Cibicidoides spp.

' i i

: ht't.t.uriiJormis, agglutinants, (?) Anomolinoides spp., vagin- T. truempti, Cibicidoides spp., Yes Yes
: . , ,r ' t 'el l i ,  bul iminids, ul inids, Stainforthia spp., T selmensis, bul iminids

.- "icidoides spp. buliminids

.- iit'irloitles spp., lagenids, C. mid- (?) B. callahani, Cibicidoides spp.. Buliminids, Cibicidoides spp., Yes Yes

,;rgrr.sis, A. avnimelechi A. aragctnensis. P. v'ilcoxensis Artornalinoides spp.

:,:rtnalinoitles, spp., Valvulinerla spp., Anomalinoides aegrptai(us, Vtlt'ttlineria scrobiculata, Yes Yes

-. ,.tttstomoide.s ctpplinae Lenticulina spp., L. applinae Cibicidoides spp., Anomalin-
oide.s spp., B. .fo raJraens i s

:.:gltiinants, N. truempti, G. bec- I B. semicostata, B. trinitatettsis N. truempti, Anomalinoides Yes? ?

.;rii.fctnnis, buliminids, A. velusco- spp., buliminids

, ' : i l i .  P con-elLi
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Appendix 12.2 ( corttirtuetl )

Sect ion/  LPT\I

Country Format ion Ref 'erences Depth Resolut ion bl ' rc Size Li thologl

J.2 Italy Possagno Braga ct al.  197-5 500-1500 Lor' , '  No >l-50 Marls

K Austr ia Reichenhall  von Hil lebrandt 1962 200-800 Lo',v No >l-50 Si l ts/marls

Salzburg Basin

Pat'i.fic

L New Tawanui Hornibrook et al.  1989: -500-1500 High No >63 Sil tstone. si l tr

Zealand Kaiho et al.  1993. in press l imestone

M Japan Hokkaido. Tokachi Kri iho 1988 500 1000 Low No >63 Sil ty marls

distr ict
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\ppendix 12.2 ( c ont inue d )

Pr.'-Extinction Taxa

Postexti  nct ion/

Short-Term

Low O,/

Postextinction/ High

Long-Term Productivity Dissolution

' i  bc<curi i fornt is, N. truetrr l t t l ,  M tntetnpti ,  O. tonbonutus N. truem1tt ' i ,  B. senicostutu, Yes? Yes
.,_rglut inants. bul iminids, A. yelas- bul iminids
,,ertsis, P. coryel l i

\uglut inants. bul iminids. nodosari ids. Agelut inants. Anomalinoides ? ?

- 'nt icul inids rubiginosus

,i. betcuriifbrnrl.s. agglutinants. First: rg. tu.rptunen.sis. agglutinants Cibicidoide,s spp.. O. umltona- Yes Yes
t--.  tnidwoyensis, A. ruhigirtosus Second: a-ggl lr t inants only lrr .r ,  agglut inants

\ velleri, agglutinants. B. Agglutinants. buliminids Yes Yes

' l  t  t / r |dt 'e l is ts


