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ABSTRACT

Differences in regional responses to climate fluctuations are well documented on short
time scales (e.g., El Nifio—Southern Oscillation), but with the exception of latitudinal tem-
perature gradients, regional patterns are seldom considered in discussions of ancient
greenhouse climates. Contrary to the expectation of global warming or global cooling
implicit in most treatments of climate evolution over millions of years, this paper shows
that the North Atlantic warmed by as much as 6 °C (1.5%0 decrease in §'80 values of
planktic foraminifera) during the Maastrichtian global cooling interval. We suggest that
warming was the result of the importation of heat from the South Atlantic. Decreasing
North Atlantic 180 values are also associated with increasing gradients in planktic 513C
values, suggesting increasing surface-water stratification and a correlated strengthening
of the North Atlantic Polar Front. If correct, this conclusion predicts arctic cooling during
the late Maastrichtian. Beyond implications for the Maastrichtian, these data demonstrate
that climate does not behave as if there is a simple global thermostat, even on geologic

time scales.
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INTRODUCTION

The extent to which low-latitude conditions
affect and are affected by temporal climate
patterns is a recurring question in climate and
paleoclimate studies (e.g., Cane et al., 1997;
Molnar and Cane, 2002; Huber and Caballero,
2003). Climate models predict that for green-
house high latitudes to have been as warm as
data indicate, the tropics should have been
hotter than most data have suggested (e.g.,
Huber et al.,, 2000). This mismatch implies
some combination of error in paleotempera-
ture estimates and lack of understanding of
greenhouse climate dynamics. Studies indicat-
ing that greenhouse tropics were cooler than
the modern tropics (e.g., D’Hondt and Arthur,
1996) included geographically widespread
sites and analyses of the best-preserved ma-
terial then available. A growing data set,
though, undermines conclusions regarding
cool tropics. Paleotemperatures calculated
from the 880 values of exquisitely well pre-
served tropical samples (those where recrys-
tallization or overgrowths are demonstrably
absent at the submicron scale) are 0-8 °C
warmer than the modern tropics and 7-15 °C
warmer than many paleotropical estimates
(e.g., Pearson et al., 2001; Norris et al., 2002).
These newer results suggest that a pervasive
diagenetic overprint shifted all but the best-
preserved tropical material toward cooler ap-
parent temperatures. In addition to providing
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a potential resolution of the cool tropics par-
adox, by confirming model predictions about
tropical temperatures, evidence for hot green-
house tropics increases confidence in other
predictions of greenhouse climate models.
This study examines one of those predictions.

Model-predicted greenhouse temperatures
are warmer than the control runs for the pres-
ent among regions as well as across latitudes,
implying that warming to or cooling from
greenhouse conditions is a truly global pro-
cess. However, models simulate conditions
during geologic instants and have generally
not been run for closely enough spaced time
slices to simulate how greenhouse climates
evolve on million-year time scales. Similarly,
data from exquisitely preserved samples have
too limited a geographic and stratigraphic cov-
erage for analyses of them to provide empir-
ical control on regional and/or temporal pat-
terns of climate change. That is, neither the
models nor the new tropical temperature es-
timates test whether different regions have
congruent patterns of change. From the per-
spective of effects on contemporary biota and
for understanding climate dynamics, regional
and temporal trends are at least as important
as absolute temperatures (e.g., Peters and
Sloan, 2000; Poulsen et al., 2003). Fortunate-
ly, trends are more often preserved than are
original values. The Maastrichtian data set
contains multiple high-quality isotopic records
and paleontological temperature estimates
from widespread sites (Fig. 1), and is unusu-

ally well suited to test whether regionally di-
vergent patterns are a feature of greenhouse
climate evolution.

MAASTRICHTIAN CLIMATE TRENDS

The Maastrichtian (the last ~6 m.y. of the
Cretaceous) was a time of widespread cooling.
In addition, a brief warming pulse during the
last ~0.5 m.y. of the Maastrichtian is well
documented (e.g., Li and Keller, 1998; Wilf et
al., 2003), and an earlier warming pulse ca. 69
Ma has been proposed (Nordt et al., 2003).
Evidence for the ca. 69 Ma event has some
shortcomings, including poor control on
chronostratigraphy in the terrestrial section
studied, lack of consistent evidence for a glob-
al warming pulse (e.g., a negative 820 ex-
cursion in benthic foraminifera from South
Atlantic Hole 525A was cited as evidence for
Southern Hemisphere warming, but planktic
data from the same samples do not show a
parallel shift; see plot reproduced in Fig. 2),
large uncertainties in modeled pCO,, and
complexity related to the many factors that
affect the 880 values of pedogenic calcite.
Possible short-term excursions notwithstand-
ing, diverse data demonstrate long-term Maas-
trichtian cooling throughout the Southern
Hemisphere—as much as 6 °C in mid- to high
southern latitudes and as much as 2 °C in the
tropical Pacific (Fig. 1).

In the Northern Hemisphere, general cool-
ing from a Turonian maximum (~25 m.y. ear-
lier) through the end of the Cretaceous is well
documented (e.g., Jenkyns et al., 1994; Huber
et al., 2002), but Maastrichtian trends are not
well established. In the North Atlantic and
Tethys, various data (leaf physiognomy—
Wolfe and Upchurch, 1987; 880 values of
foraminifera—Corfield and Norris, 1996;
Barrera and Savin, 1999; Frank and Arthur,
1999; MacLeod et al., 2000; 3180 of bulk
carbonate—Spicer and Corfield, 1992) hint at
long-term warming. Low temporal resolution,
diagenetic concerns, and the well-established
evidence for Maastrichtian cooling elsewhere
tend to undermine the case for North Atlantic
warming. However, no counterexamples (i.e.,
evidence for long-term cooling in the North
Atlantic or long-term warming elsewhere)
have been reported.
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Figure 1. Maastrichtian paleogeography (Ziegler and Rowley, 1998; http:/
pgap.uchicago.edu/PGAPhome.html) showing approximate locations of sites with evidence
for cooling (blue) or warming (orange). Dark orange circle marks Blake Nose. Except for
warming pulse during last 0.5 m.y. of Maastrichtian (see text), we know of no data sug-
gesting long-term warming outside region demarked by orange symbols or data suggesting
long-term cooling within that region. Symbols: circles—5'%0 of foraminifera; diamonds—
520 of bulk carbonate; triangles—leaf physiognomy; squares—paleobiogeographic shifts.
Localities (followed by parenthetical literature citations): AP—Antarctica Peninsula (Francis
and Poole, 2002); BN—Blake Nose (Sites 390/1049, 1050, 1052) (MacLeod et al., 2000;
MacLeod and Huber, 2001; this study); FP—Faukland Plateau (Sites 327, 511) (Huber and
Watkins, 1992); GR—Georgia Rise (Sites 698, 700) (Huber and Watkins, 1992); OJ—Ontong
Java Plateau (Sites 288, 289, 807, 1183, 1186) (MacLeod and Bergen, 2004); MR—Maud Rise
(Sites 689, 690) (Huber and Watkins, 1992; Barrera and Savin, 1999); RG—Rio Grande Rise
(Sites 356, 357, 516) (Huber and Watkins, 1992; Barrera and Savin, 1999; Frank and Arthur,
1999); SI—Seymour Island (benthic data only) (Barrera et al., 1987); SE—southeast United
States (Wolfe and Upchurch, 1987); B—Botticione Gorge (Spicer and Corfield, 1992); num-
bers are Ocean Drilling Program and Deep Sea Drilling Project sites—Site 305 (Barrera and
Savin, 1999), Site 384 (Corfield and Norris, 1996; Barrera and Savin, 1999), Site 463 (Barrera
and Savin, 1999), Site 548 (benthic data only) (Frank and Arthur, 1999), Site 525 (Huber and
Watkins, 1992; Li and Keller, 1998), Site 750 (Huber and Watkins, 1992; Barrera and Savin,
1999; MacLeod and Huber, 1996), Site 752 (Seto et al., 1991; Huber and Watkins, 1992), and
Site 761 (MacLeod and Huber, 1996; Barrera and Savin, 1999).

MATERIALS AND METHODS

To determine Maastrichtian climate trends
in the North Atlantic more rigorously, we ex-
amined 3'80 and 3'3C values in three Ocean
Drilling Program (ODP) and Deep Sea Dril-
ling Project (DSDP) sites on Blake Nose
(ODP Site 390-DSDP Site 1049, DSDP Sites
1050 and 1052; Fig. 1). Because a hiatus lim-
its potential resolution at Site 390-1049, we
concentrated on Sites 1050 and 1052. We an-
alyzed ~300 new samples (not including rep-
licates), increasing the stratigraphic and taxo-
nomic database for this area by about five
times. Coring gaps and slumping are a prob-
lem at Sites 1050 and 1052 (MacLeod et al.,
2003), but a new age model incorporating Sr
isotopic data (see GSA Data Repository')
demonstrates that the samples available from

IGSA Data Repository item 2005084, age model
(including tables and figures) and Tables DR1-DR3, is
available online at www.geosociety.org/pubs/ft2005.
htm, or on request from editing@geosociety.org or
Documents Secretary, GSA, PO. Box 9140, Boulder,
CO 80301-9140, USA.
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Blake Nose provide better than million-year
resolution throughout the Maastrichtian (i.e.,
we can distinguish between the relatively brief
warming pulses discussed here and trends
spanning millions of years).

Samples were processed by using standard
procedures. Oxygen and carbon isotopic ratios
of fine fraction carbonate (<63 pm) and size-
sorted specimens of selected foraminifera free
of adhering matrix were measured on a
Kiel III carbonate device—-ThermoFinnigan
DeltaPlus isotope ratio mass spectrometer. Re-
sults are reported in standard & notation rela-
tive to the Vienna Peedee belemnite standard.
External precision of <0.02%c and <0.06%o
for 313C and 3!80 (1o standard deviation) is
estimated from results for the NBS-19 stan-
dard run concurrently. Preservation in these
samples is generally very good to excellent
(D’Hondt and Arthur, 1996; MacLeod et al.,
2001; Rudnicki et al., 2001); many foraminif-
eral tests preserve primary shell microstruc-
ture and are translucent. Scanning electron
microscope images show micron-scale re-

crystallization, but this degree of recrystalli-
zation should not compromise our analysis;
we are concerned with the direction of pri-
mary isotopic trends through the sections, not
with the precise initial values, and the avail-
ability of correlative samples from three sites
representing different burial histories allows
possible diagenetic artifacts to be evaluated.

RESULTS

At all three sites, planktic 3180 values de-
crease by 0.5%0—1.5%c between 71 and 66
Ma—a change that is similar in magnitude to,
but opposite in direction from, trends in many
Southern Hemisphere sites (Fig. 2; Data Re-
pository Tables DR1-DR3 [see footnote one]).
Stratigraphic resolution is limited at Site 390,
but at Sites 1050 and 1052, the decrease is
gradual over a stratigraphic interval repre-
senting several million years. Over the same
interval, within-sample planktic 8'3C gradi-
ents increase from ~1%ec to ~2%e. A short-
term excursion ca. 65.5 Ma that is superim-
posed on the long-term negative trend in 3!30
is most obvious in the benthic data for Hole
1050C (Fig. 2).

DISCUSSION

If primary, the ~1.5%c decrease in planktic
3180 values suggests as much as 6 °C of sur-
face warming or a 3-5 ppt salinity decrease
across the Maastrichtian (MacLeod and Huber,
1996). Distinguishing between temperature
and seawater evaporation and/or dilution ef-
fects on measured 8'20 values is not easy, but
potential diagenetic concerns can be empiri-
cally addressed.

Potential Artifacts

The timing and magnitude of the short-
term, negative 330 excursion to benthic val-
ues of ~—0.5%c at 65.5 Ma (Fig. 2) likely
represent the well-documented, globally rec-
ognized pulse of warming (e.g., Li and Keller,
1998; Wilf et al., 2003, and references there-
in). Preservation of this excursion demon-
strates that diagenesis has not obscured pri-
mary foraminiferal 3'%0 trends on Blake
Nose. We think that diagenesis has preferen-
tially lowered 8'30 values in the oldest sam-
ples from Hole 1052E. These samples contain
foraminifera with only good preservation and
with 3180 values almost [%o lower than val-
ues in correlative samples at the other two
sites. A negative diagenetic overprint is ex-
pected with deep burial. However, because it
lowers 8!80 values in older (more deeply bur-
ied) samples, the shift toward lower values we
see in younger (less deeply buried) samples at
each site is not explained by this process.

Early diagenetic alteration also fails to ex-
plain the observed trends. Although diagene-
sis in relatively cool bottom waters or near-
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bottom pore waters could create a cool bias in
paleotropical temperature estimates (e.g.,
Schrag et al., 1995; Pearson et al., 2001), the
three Blake Nose sites were as far north of the
equator during the Maastrichtian as Site 525
and the Rio Grande Rise sites were south (Fig.
1). Data for Site 525 are representative of the
South Atlantic; they show similar benthic val-
ues and the same range of planktic §'80 val-
ues, but the temporal trends in planktic 8180
values are opposite of those seen at Blake
Nose (Fig. 2). Further, to cause a decrease in
3180 upsection, either the extent of the early
diagenetic alteration would have had to de-
crease consistently at the three Blake Nose
sites or bottom-water—pore-water temperatures
would have had to rise through time. If any-
thing, though, benthic 880 curves at the
Blake Nose suggest slight cooling of local
bottom waters from 69 to 66 Ma when plank-
tic values suggest warming, and the three sites
represent different water depths and different
burial depths (i.e., different diagenetic histo-
ries). Thus, we are confident that the observed
pattern of decreasing planktic 8180 values up-
section at Blake Nose is a reliable paleoenvi-
ronmental signal.

North Atlantic Stratification

Correlative with decreasing planktic 380
values, the local water column became in-
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creasingly stratified. Increased stratification is
demonstrated particularly well by the increase
in the within-sample 313C gradient from ~ 1%o
at 70 Ma to ~2%o at 66 Ma (Fig. 2), and is
apparent in the 880 data from Hole 1050C.
Increasing stratification is also supported by
diversification among planktic foraminifera
from the early to the late Maastrichtian in
Hole 390A (MacLeod et al., 2000). It seems
unlikely that consistent signals in three differ-
ent data types (8'3C, 880, and foraminiferal
diversity) would all be artifacts.

Maastrichtian Paleoceanography

The magnitudes of the 8§30 and 3'3C sig-
nals observed indicate a significant paleocean-
ographic modification of the North Atlantic
during the Maastrichtian, and this modifica-
tion occurs over several million years. Bio-
stratigraphy, magnetostratigraphy, and che-
mostratigraphy (age model; see footnote one)
demonstrate that there are samples from
1050C and 1052E that fall both on the warm-
ing trend proposed herein and between the
warming pulse in the last ~0.5 m.y. of the
Maastrichtian (e.g., Li and Keller, 1998; Wilf
et al., 2003) and the proposed 69 Ma warming
pulse (Nordt et al., 2003).

Previous studies have suggested that the
North Atlantic became an intermediate or
deep-water source during the Maastrichtian

(e.g., Frank and Arthur, 1999; D’Hondt and
Arthur, 2002), and if subsurface waters ex-
ported from the North Atlantic were replaced
by surface waters flowing north from the
South Atlantic, the resulting heat piracy would
explain divergent 8'30 trends between the two
Atlantic basins (e.g., Crowley and North,
1991; Seidov and Maslin, 2001; Fig. 2). That
warming is the dominant cause of planktic
3180 trends observed at Blake Nose is con-
sistent with leaf data from the southeast Unit-
ed States (Wolfe and Upchurch, 1987), with
the distance to the Cretaceous shoreline mak-
ing a freshwater cap an unlikely possibility
(MacLeod et al., 2001), and with the presence
of taxonomically similar, diverse foraminiferal
assemblages throughout the Maastrichtian im-
plying normal marine conditions (MacLeod et
al., 2000, 2001). The lack of a big change in
North Atlantic salinity is more a prediction of
this study than it is a conclusion constrained
by data.

A second prediction of our analysis is cool-
ing in the Maastrichtian arctic. Increased strat-
ification of the Blake Nose water column sug-
gests a more strongly developed thermocline,
which would result from an intensification of
the North Atlantic polar front. This conclusion
is supported by many single-specimen analy-
ses from Hole 1050C (Isaza et al., 2004). A
stronger polar front might also reduce oceanic
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and atmospheric heat transport into the arctic,
leading to arctic cooling and reinforcing North
Atlantic downwelling. If suitable Maastrich-
tian arctic sections can be sampled, the pre-
diction of cooling should be easily testable.

CONCLUSIONS

Factors operating at the scale of ocean ba-
sins and over geologic time led to large re-
gional differences in the expression of Late
Cretaceous global cooling. In the North Atlan-
tic, the regional expression of the Maastrich-
tian cooling trend was decreasing 3!%0 values
(apparent warming) and increased water-
column stratification. We suggest that an im-
portation of heat from the South Atlantic and
a strengthening of the North Atlantic polar
front explain these results and predict correl-
ative cooling in the arctic. Such regional dif-
ferences are clearly important in decadal-scale
climate fluctuations today and should be con-
sidered in studies of ancient greenhouse cli-
mates as well.
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