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Abstract

Stratigraphic, faunal and isotopic analyses of the Maastrichtian at DSDP sites 525A and 21 in the South Atlantic
reveal a planktic foraminiferal fauna characterized by two major events, an early late Maastrichtian diversification and
end-Maastrichtian mass extinction. Both events are accompanied by major changes in climate and productivity. The
diversification event which occurred in two steps between 70.5 and 69.1 Ma increased species richness by a total of
43% and coincided with the onset of major cooling in surface and bottom waters and increased surface productivity.
The onset of the terminal decline in Maastrichtian species richness began at 67.5 Ma and the first significant decline in
surface productivity occurred at 66.2 Ma, coincident maximum cooling to 13°C in surface waters and the reduction of the
surface-to-deep temperature gradient to less than 5°C. Major climatic and moderate productivity changes mark the mass
extinction and the last 500 kyr of the Maastrichtian. Between 200 and 400 kyr before the K-T boundary surface and
deep waters warmed rapidly by 3—4°C and cooled again during the last 100 kyr of the Maastrichtian. Surface productivity
decreased only moderately across the K-T boundary. Species richness began to decline during the late Maastrichtian
cooling and by K-T boundary time, the mass extinction had claimed 66% of the species. Viewed within the context of
Maastrichtian climate and productivity changes, the K-T mass extinction could have resulted from extreme environmental
stress even without the addition of an extraterrestrial impact. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction The last 500 kyr of the Maastrichtian are marked
by a short-term warm event followed by rapid cool-
ing across the Cretaceous—Tertiary (K-T) boundary

and major mass extinction (Stott and Kennett, 1990;

Stable isotope studies from southern high lati-
tudes reveal that Maastrichtian clirate was not as

equably warm as generally assumed, but was marked
by gradual cooling and low temperatures that suggest
Antarctic ice formation (Barrera, 1994). Two major
cool events at 71 and 68 Ma are accompanied by two
third-order sea-level regressions (Haq et al., 1987).

* Correspoﬁding author. Fax: +1 609 258 1274. E-mail: liangli
@geo.princeton.edu

Barrera, 1994). Little information exists on Maas-
trichtian faunal changes in planktic foraminifera. In
southern high latitudes, species diversity increased
slightly during the early-late Maastrichtian transi-
tion (Huber, 1990, 1992), whereas in the low and
middle latitudes, species diversity increased sig-
nificantly during the same interval (e.g., Boersma,
1981, 1984a; Caron, 1985). Increased species di-
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versity during the early—late Maastrichtian transi-
tion was also observed in ammonites and bivalves
(Ward et al., 1991; Stinnesbeck, 1996), though in-
oceramids and rudists suffered a major decline fol-
lowed by extinction (Ward, 1990; MacLeod and
Ward, 1990; MacLeod, 1994; Johnson and Kauff-
man, 1996). The suspected cause for inoceramid and
rudist extinctions, as well as the evolutionary di-
versification among other invertebrates and planktic
foraminifera, is climate change However, no studies
to date have demonstrated a cause-and-effect rela-
tionship between these faunal turnovers and climate
changes. The objective of this study is to examine
Maastrichtian climatic and faunal changes in plank-
tic foraminifera in an effort to determine the nature
of each record and their possible relationship.

No quantitative studies of Maastrichtian plank-
tic foraminifera together with isotope analysis have
been published to date, though excellent isotope
records exist from ODP Site 690C and 750 (Stott
and Kennett, 1990; Barrera and Huber, 1990; Bar-
rera, 1994). The present study was undertaken to fill
this gap. DSDP Site 525A on Walvis Ridge was cho-
sen because of its excellent paleomagnetic record,
very good foraminiferal preservation and apparently
continuous and high sediment accumulation rates.
DSDP Site 21 on Rio Grande Rise was chosen as
control site to evaluate whether faunal events ob-
served at Site 525A are local artifacts or widespread
oceanographic events. This study addresses the fol-
lowing major objectives: (1) Document the strati-
graphic occurrences of planktic foraminifera and
develop a high resolution planktic foraminiferal bio-
zonation. (2) Document faunal turnovers based on
first and last appearances and relative abundance
changes of individual species. (3) Conduct stable
isotopic measurements on monospecific benthic and
planktic foraminifera in order to evaluate climatic
and productivity changes through the Maastrichtian
and relate these to faunal turnovers.

2. Material and methods

This study is based on sedirnent samples for the
Maastrichtian interval from the South Atlantic DSDP
Site 525A (Walvis Ridge, Fig. 1) and DSDP Site 21
(Rio Grande Rise). During the Maastrichtian, Site
525A was at 36°S paleolatitude and at lower to upper

bathyal paleodepth (Moore et al., 1984). From Site
525A, 57 samples were analyzed between cores 40
and 51 at 1.5 m intervals, providing an average of
one sample every 140 kyr. From Site 21, 22 samples
were analyzed between cores 3 and 6 with sample
intervals ranging from 1.5 to 6 m. Sediment recovery
during coring was good with 74% recovery for Site
525A and nearly 100% for Site 21.

Site 525A was located in an area where pelagic
sediments are dominated by biogenic carbonate, with
accumulation rates controlled by surface productivity
and dissolution as well as detrital influx (Shackleton
et al., 1984). Dissolution appears to have been rel-
atively minor at Site 525A, where preservation of
planktic foraminifera is generally good in cores 41
to 51 and moderate in core 40 (see Plates 1 and
II). Significant carbonate dissolution was observed
only in one sample in Core 47-1 (100-102 cm). At
Site 21, preservation is very good and no significant
dissolution was observed in the examined interval.

Samples were disaggregated in water and washed
through a 63 pm sieve for Site 525A and a 106 um
sieve for Site 21. This process was repeated until
a clean sample was obtained. Population counts for
each sample are based on random splits (using an
Otto micosplitter) of 300 or more specimens in the
size fractions >63 um for Site 525A and > 106 um
for Site 21. The smaller size fraction was analyzed
for Site 525A to evaluate relative abundances of
very small species (e.g., globigerinellids, hedbergel-
lids and small heterohelicids). The size difference
resulted in relatively small changes in the overall
species populations, although rare occurrences of
small taxa were found to be more likely represented
in the >63 pm size fraction. This problem was gen-
erally circumvented by examining the coarser size
fraction for rare species. All specimens were picked
from each sample split, identified and mounted on
microslides for a permanent record. The general
taxonomy in this study follows Robaszynski et al.
(1983, 1984) and Nederbragt (1989). Species iden-
tification was aided by publications by Smith and
Pessagno (1973), Robaszynski et al. (1983, 1984),
Caron (1985) and Nederbragt (1989, 1991). Relative
percent abundances of picked specimens are listed in
Table la and b for Site 525A and Table 2 for Site
21

Stable isotope analysis was conducted on planktic
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Fig. 1. Geographic location of DSDP sites 525A and 21 in the South Atlantic Ocean and other localities discussed.

and benthic foraminifera from Site 525A. For a sur-
face water record, about 30 average-sized (150-250
um) adult tests of the surface water dweller Ru-
goglobigerina rugosa were picked from each sample
and analyzed for oxygen and carbon isotopes. For
a bottom water record, about 20 adult tests (150-
250 pm) of the benthic species Anomalinoides acuta
were analyzed from each sample. Stable isotopes
were measured at the stable isotope laboratory of
Princeton University using a VG Optima gas source
mass spectrometer equipped with a common acid

bath. Isotopic results were calibrated to the PDB
scale with a standard error of 0.07% for §'%0 and
0.03%¢ for 8'3C (Table 3). Paleotemperature esti-
mates follow the study of Erez and Luz (1983) with
seawater 8'50 = —1.0%0 (Shackleton and Kennett,
1975), assuming no major vital effects.

The preservation of foraminiferal species at Site
525A is generally good with only minor calcite over-
growth and without significant dissolution (Plates I
and II). Thus, alteration of oxygen isotopic values
may not have been significant in foraminifera at
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20 microns ——— 20 microns

Plate I

All specimens from DSDP Site 525A. Scale bar = 100 um.

1-2. Rugoglobigerina rugosa Bronnimann, Sample 45-4, 100-102 cm.

3. High magnification of broken surface of R. rugosa in 2. Note that there is little or no calcite encrustation on the inner parts of
chambers and chamber walls are not recrystallized.

4. Anomalinoides acuta (Plummer), Sample 45-4, 100-102 cm.

5. Broken chamber surface of A. acuta, Sample 45-4, 100-102 cm. Note that chamber walls are not recrystatlized.

6. High magnification of broken chamber walls of A. acuta in 5. Note that the inner parts of chamber wall are encrusted with secondary
calcite.

Plate I

All specimens from DSDP Site 525A, excep: for 16 which is from DSDP Site 21. Scale bar = 100 pm.
1. Pseudoguembelina hariaensis (Nederbragl), Sample 41-4, 100-102 cm.

2-3. Pseudoguembelina palpebra Bronnimann and Brown, Sample 42-4. 100102 cm.
4, 8. Racemiguembelina fructicosa (Egger), Sample 42-4, 100102 cm.

5-6. Globotruncana linneiana (4’ Orbigny), Sample 45-4, 100-102 cm.

7. Pseudotextularia intermedia (De Klasz), Sample 42-4, 100-102 cm.

9-11. Rosita contusa (Cushman), Sample 43-4, 100-102 cm.

12. Gansserina gansseri (Bolli), Sample 45-4, 100-102 cm.

13-14. Globotruncana aegyptiaca Nakkady, Sample 45-4, 100-102 cm.

15. Globotruncanella subcarinatus (Bronnimann), Sample 45-4, 100-102 cm

16. Globotruncanita calcarata (Cushman), Sample 6-4, 16 cm.
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Site 525A. This is also suggested by ¥’S1/%¢Sr val-
ues. Sugarman et al. (1995) determined Sr isotopic
records for the Maastrichtian samples at Site 525A
and concluded that these values are consistent with
those of well-preserved foraminifera from other sites
where diagenetic alteration was considered insignif-
icant (Hess et al., 1986; Martin and MacDougall,
1991). Another source that may affect the original
stable isotopic signals are foraminiferal vital effects,
including different test sizes of a single species (Erez
and Luz, 1983; Spero and Williams, 1988, Spero et
al., 1991; Spero, 1992). In this study, we attempted
to minimize such vital effects by analyzing narrowly
constrained size fractions (150-250 pm) for both
planktic and benthic foraminifera.

3. Biostratigraphy

The Maastrichtian stage is still poorly de-
fined. Though everyone agrees that the Cretaceous—
Tertiary boundary marks the top of the Maas-
trichtian, there is still no formal agreement as to the
placement of the Campanian—-Maastrichtian bound-
ary. At a recent meeting in Brussels, the Maas-
trichtian Working Group of the Subcommission
of Cretaceous Stratigraphy reached the following
conclusion: “the Campanian/Maastrichtian boundary
will be proposed at a precise poirt in the disused
quarry at Tercis (Landes, France) at the immediate
proximity of the level where the oldest Pachydiscus
neubergicus (Von Haner, 1858) have been found”
(Odin, 1996, p. 111). The stratigraphic relationship
of this ammonite datum event to the commonly used
planktic foraminiferal datum of Globotruncanita
calcarata (LA = last appearance) or Gansserina
gansseri (FA = first appearance) is still unknown.
Correlations suggest that the G. gansseri FA is sig-
nificantly younger than the P. neubergicus FA and
that the G. calcarata LA may be somewhat older
(Stinnesbeck, pers. commun., 199€). However, am-
monite and planktic foraminiferal datums have yet
to be studied and calibrated within the same section.
With these constraints, we have coatinued the prac-
tice of placing the Campanian—Maastrichtian bound-
ary at the G. calcarata FA following Robaszynski et
al. (1983, 1984) and Caron (1985).

At the same meeting in Brussels it was recom-
mended that the Maastrichtian stage be formally di-

vided into two substages (lower and upper), though,
“there was no agreement on the boundary-criterion
for the base of the Upper Maastrichtian. Possible cri-
teria mentioned included: the extinction of rudistid
reefs, the extinction of the majority of inoceramids,
the lowest occurrence of a calcareous nannofossils
species or the ammonite Pachydiscus freshvillen-
sis” (Odin, 1996, p. 115). It was suggested that
the problem be further studied. Planktic foraminif-
eral workers have generally placed the lower—upper
Maastrichtian boundary at the FA of G. gansseri
(Robaszynski et al., 1983, 1984; Caron, 1985) or
at the FA of Abathomphalus mayaroensis, which
is diachronous and occurs earlier in high latitudes
(Fig. 2; Boersma, 1984a; Huber, 1990). In this study
we followed the practice of informally placing the
lower—upper Maastrichtian boundary at the FA of G.
gansseri, which is at Site 525A is close to the FA of
A. mayaroensis (Fig. 2).

Fig. 2 shows commonly used Maastrichtian
planktic foraminiferal zonations for low and high lat-
itudes. In low latitudes, the zonation by Caron (1985)
is generally employed. This zonal scheme divides
the Maastrichtian into four zones: Globotruncanella
havanensis, Globotruncana aegyptiaca, Ganssering
gansseri and Abathomphalus mayaroensis. Little
work has been done to date in high latitude Maas-
trichtian sequences except for Huber (1990) who di-
vided the Maastrichtian into two zones: Globotrun-
canella havanensis and Abathomphalus mayaroen-
sis. Earlier work at DSDP Site 525A by Boersma
(1984a) also employed only two zones, Globotrun-
cana tricarinata for the lower Maastrichtian and
Abathomphalus mayaroensis for the upper Maas-
trichtian (Fig. 2). Based on our faunal and bios-
tratigraphic analysis of DSDP sites 525A and 21.
We propose to divide the Maastrichtian into eight
biozones (labeled CF for Cretaceous Foraminiferal
zones). This new biozonation provides a signifi-
cantly higher biostratigraphic resolution than previ-
ous zonal schemes (Fig. 2).

An excellent Maastrichtian paleomagnetic record
at Site 525A (Chave, 1984) provides the basis for
estimating absolute ages for the new biozones. Our
age estimates are based on magnetochron ages by
Berggren et al. (1995), the assumption of constant
sedimentation rates for each paleomagnetic period
and extrapolation of ages for each datum event and






