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ABSTRACT 
The oxygen isotope composition of fossil fish teeth, a paleo- 

upper ocean temperature proxy exceptionally resistant to diagenetic 
alteration, provides new insight on the evolution of the low- to middle- 
latitude thermal gradient between the middle Cretaceous climatic 
optimum and the cooler latest Cretaceous period. The new middle 
Cretaceous low to middle latitude thermal gradient agrees with that 
previously inferred from planktonic foraminifera 8lsO recovered 
from Deep Sea Drilling Project and Ocean Drilling Program drill- 
ing sites, although the isotopic temperatures derived from 8lsO offish 
teeth are uniformly higher by -3-4 °C. In contrast, our new latest 
Cretaceous thermal gradient is markedly steeper than those previ- 
ously published for this period. Fish tooth 8lsO data demonstrate that 
low- to middle-latitude thermal gradients of the middle Cretaceous 
climatic optimum and of the cooler latest Cretaceous are similar to the 
modern one, despite a cooling of 7 °C between the two periods. Our 
new results imply that no drastic changes in meridional heat trans- 
port are required to explain the Late Cretaceous climate. Based on 
climate models, such a cooling without any change in the low to mid- 
dle latitude thermal gradient supports an atmospheric C02 decrease 
as the primary driver of the climatic evolution recorded during the 
Late Cretaceous. 
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INTRODUCTION 
The warm Cretaceous Period underwent a long-term climatic cooling 

from the middle (late Albian-Turonian) to latest Cretaceous (Campanian- 
Maastrichtian) (Huber et al., 1995; Puceat et al., 2003). Climate models 
using different levels of atmospheric carbon dioxide predict that a global 
cooling should be associated either with an increase of the equator to pole 
thermal gradients or with conservation of this gradient, depending on the 
growth or absence of ice sheets at high latitudes (Huber and Sloan, 2001; 
Otto-Bliesner et al., 2002; Pierrehumbert, 2002). The Late Cretaceous 
interval therefore presents a peculiar situation, because the latitudinal sea 
surface temperature (SST) gradient is thought to have been steeper dur- 
ing the climatic optimum of the middle Cretaceous than during the cooler 
latest Cretaceous (D'Hondt and Arthur, 1996; Bice and Norris, 2002; 
Puceat et al., 2003). If recent data indicate warmer low latitude SSTs for 
the middle Cretaceous (Bice and Norris, 2002; Norris et al., 2002), the 
latest Cretaceous still exhibits, with few exceptions, markedly cooler than 
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modern tropics, despite high latitude temperatures warmer than present 
(Spicer and Parrish, 1990; D'Hondt and Arthur, 1996). This evolution of 
the latitudinal thermal gradient has been taken to indicate a reorganiza- 
tion in ocean-atmosphere dynamics involving increased meridional heat 
transport rather than a direct response to a pCO, decrease (D'Hondt and 
Arthur, 1996; Huber and Sloan, 2001; Otto-Bliesner et al., 2002; Pierre- 
humbert, 2002). 

Most quantitative determinations of seawater paleotemperatures 
were derived from 180/l60 ratios of planktonic foraminiferal tests recov- 
ered from marine Cretaceous sediments sampled during Ocean Drilling 
Program (ODP) cruises (Huber et al., 1995; D'Hondt and Arthur, 1996; 
Crowley and Zachos, 2000; Bice and Norris, 2002; Norris et al., 2002). 
The reliability of the recent middle Cretaceous data, recovered from pris- 
tine foraminifera in clay-hosted sediments, has not yet been questioned. 
By contrast, most available latest Cretaceous planktonic foraminiferal iso- 
tope data have been obtained from ooze and chalk-hosted foraminifera. 
Doubt has been cast on the reliability of these last SST estimates, because 
they may have been significantly modified by diagenetic alteration occur- 
ring in contact with cooler bottom water (Pearson et al., 2001; Bice and 
Norris, 2002; Norris et al. 2002). Pearson et al. (2001), using planktonic 
foraminifera shells from hemipelagic clays in southern coastal Tanzania, 
showed that latest Cretaceous tropical temperatures may have been at least 
as warm as today. However, whether a flat thermal gradient applies to the 
latest Cretaceous is debated (Zachos et al., 2002), primarily because of the 
rarity of clay-hosted pristine foraminifera from other locations. Therefore, 
there is clearly a need for new reliable 8l80-derived sea surface paleotem- 
perature estimates, particularly for the low and middle latitude regions. 

The 8I80 signal preserved in apatite is considered less prone to dia- 
genetic alteration than that in skeletal calcite. The oxygen in biogenic 
apatite is very tightly bound to phosphorus and is relatively insensitive to 
dissolution-reprecipitation processes (Kolodny et al., 1983; Lecuyer et al., 
1999). In addition, a unique fractionation equation is applicable to all fish 
species and therefore can be used for extinct species (Kolodny et al., 1983; 
Vennemann et al., 2001), and fish remains can be collected over a large 
range of latitudes. Therefore, fish tooth 8180 is especially valuable as an 
independent proxy to discuss the issue of the Late Cretaceous meridional 
thermal gradients. Here we combined 42 new fish tooth 8I80 analyses with 
existing fish tooth data from the literature to infer the Late Cretaceous low 
to middle latitude (10°-50°) thermal gradient evolution. 

MATERIAL AND METHODS 
The analyzed teeth belong to the order of Lamniforms (families Mit- 

sukurinidae, Odontaspididae, Cretoxyrhinidae, and Anacoracidae) (see 
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GSA Data Repository Table DR1 ')• All the studied specimens come from 
faunal associations that were deposited in open-platform environments 
with a water column <200 m deep (Noubhani and Cappetta, 1997; Antunes 
and Cappetta, 2002). This ensures that the analyzed samples recorded the 
temperature and 8180 of upper (0-200 m) ocean waters. However, the 
relevance of using temperatures from shelf environments to reconstruct 
a global latitudinal thermal gradient may be questioned. Comparison of 
available modern mean annual SSTs from coastal environments to those 
from the open ocean shows that the surface temperatures from both envi- 
ronments are similar (Fig. DR1; see footnote 1). This allows comparison 
of the temperature estimates obtained in this study to previously published 
SST estimates from open-ocean environments. 

Substantial age differences can exist among the collection of samples 
used to reconstitute the middle (Cenomanian-Turonian) or latest Creta- 
ceous (Campanian-Maastrichtian) gradient. However, focusing this study 
to more narrowly defined Cretaceous time intervals would result in a data- 
base too restricted to define ocean temperature gradients. Our compila- 
tion and analyzed samples recovered from various locations within the 
10°-50° range of paleolatitude (Table DR1) ensure that data are widely 
distributed among ocean basins (Fig. 1). 

Despite the very good resistance of biogenic apatite to diagenesis, 
a postmortem modification of the isotopic signal may occur, though still 
rarely, in the most porous and less mineralized parts of the teeth. For this 
reason, enamel was separated from the dentine except in the case of the 
smallest teeth, for which only bulk analyses are available (Table DR1). 
Phosphate from biogenic apatites was isolated as Ag3P04 crystals follow- 
ing the procedure of Lecuyer et al. (1993). The CO, was extracted from 
silver phosphate using the graphite method (O'Neil et al., 1994), and ana- 
lyzed with a GV Isoprime• mass spectrometer at the PEPS laboratory 
in Lyon. Oxygen isotope compositions are reported in the delta notation 
relative to standard mean ocean water (SMOW). Repeated analyses of 
phosphorite NBS120c give an average 8I80 value of 21.7%o and external 
reproducibility is better than ±0.2%o. 

Calculation of paleotemperatures from phosphate 8180 requires an 
assumption made on the oxygen isotope composition of the Cretaceous 
seawater. To account for changes in ice mass balance, a 818Oseawaler of-l%o 
SMOW is generally assumed for the Cretaceous Period (Shackleton and 
Kennett, 1975). We subtracted an additional 0.25%o to this ice-free ocean 
value, to account for long-term ocean 8I80 changes resulting from inter- 
actions of seawater with the oceanic crust at low and high temperatures or 
from continental weathering (Wallmann, 2001). In addition, by analogy 
with the modern ocean (Zachos et al., 1994), an isotopic correction was 
performed that takes into account average latitudinal variations in the 
evaporation-precipitation balance, a process controlling the 8180 of sea 
surface waters. Although the assumption of a 818Oseawatel. gradient similar 
to that of present day can be criticized, it allows taking into account first- 
order latitudinal variations in the salinity of the open ocean. 

RESULTS AND DISCUSSION 
The fish tooth 8180 data present a large scatter (as high as 3.4%o; 

Table DR1 [see footnote 1]) for both periods. Because fish are swimming 
organisms and a fish tooth grows over several weeks to several months 
depending on species, part of this scatter arises from vertical (within the 
0-200 m depth range) and horizontal migration of fish and from seasonal 
thermal variations. At a result, SlsO values can typically differ from 0.6%o to 

1 GSA Data Repository item 2007031, Figure DR1 (comparison of modern 
SSTs from the open ocean to that from coastal environments, and of surface air 
temperature from low altitude environments), Table DR1 (oxygen isotope com- 
positions of fish teeth measured in this study and compiled from the literature), 
and Table DR2 (outputs of the statistical model), is available online at www. 
geosociety.org/pubs/ft2007.htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. 
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Figure 1. Locations of samples analyzed in this study and of data 
gathered from literature (Maastrichtian palaeogeographic map from 
Vrielynck and Bouysse, 2003). 

1. l%c between different teeth from a single modern shark (Vennemann et al., 
2001). Rapid temperature variations within the time interval considered 
for the reconstruction of the gradient may also contribute to the observed 
scatter (Norris et al., 2002; Huber et al., 2002). The inferred temperature 
variability (up to -15 °C; Fig. 2) is, however, congruent with the disper- 
sion observed in the modern distribution of SSTs (Fig. 3). Because of this 
scatter, we assess the quality of the statistical fit by estimating the p-values 
for different linear models. The statistical model used in this work is detailed 
in Table DR2 along with its outputs. With respect to the p-value criterion, 
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Figure 2. Comparison of low to middle latitude thermal gradient 
inferred from fish tooth §1sO with that based on planktonic forami- 
nifera 61sO recovered from deep-sea sediment cores for middle 
Cretaceous (A) and latest Cretaceous (B). Fish tooth S1sO data are 
from this work and from literature and are detailed in Table DR1 
(see footnote 1). Middle Cretaceous foraminifera §1sO data are from 
Bice and Norris (2002) and Huber et al. (2002) for Cenomanian and 
Turonian. Latest Cretaceous foraminifera S1sO data are from compi- 
lation of Puceat et al. (2003) for Maastrichtian. Fractionation equa- 
tions from Kolodny et al. (1983) and Erez and Luz (1983) were used 
to calculate seawater temperatures from fish tooth 61sO and plank- 
tonic foraminifera §1sO, respectively. To facilitate comparison of two 
proxies, 818Oseawater of -1%« standard mean ocean water, constant with 
latitude, was used for calculation of paleotemperatures. Bold gray 
lines and dotted black lines represent best fit of fish tooth data and 
planktonic foraminifera data, respectively, simulated by statistical 
model used in this work (Table DR2; see footnote 1). Vertical lines 
represent range of isotopic temperatures inferred from exceptionally 
preserved rudists (gray; Wilson and Opdyke, 1996; Steuber et al., 
2005) and Maastrichtian planktonic foraminifera (dotted black; Pear- 
son et al., 2001). Error bars on fish tooth data include uncertainties 
arising from reproducibility of S1sO measurements and from choice 
of fractionation equation (Table DR1; see footnote 1). 
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three points can be firmly supported (Table DR2): (1) the slope of the low 
to middle latitude thermal gradient inferred from fish tooth 8180 is similar 
to that inferred from planktonic foraminifera 8180 for the middle Creta- 
ceous (p-value of 9.34e-ll); (2) these gradients have two different slopes 
for the latest Cretaceous (p-value <2.2e-16); and (3) the middle Cretaceous 
and latest Cretaceous low to middle latitude thermal gradients derived from 
fish tooth 8180 have a similar slope with the latest Cretaceous temperatures 
~7 °C cooler than that of the middle Cretaceous (p-value <2.2e-16). 

Although the slopes of the reconstructed middle Cretaceous gra- 
dients from both organisms resemble each other, the fish teeth tend to 
indicate higher temperature estimates than those of foraminifera (3^1 °C 
warmer in average). Differences in neritic versus pelagic depositional 
environments and slight underestimation of SSTs by planktonic forami- 
nifera (yielding isotopically derived temperatures that are 0-5 °C cooler 
than those of surface waters; Savin and Douglas, 1973) may account for 
this disparity between the temperatures inferred from fish teeth and forami- 
nifera. By contrast, for the latest Cretaceous, if temperatures derived from 
foraminifera remain coherent with those derived from fish teeth for the 
middle latitudes, the low latitude temperatures inferred from the fish teeth 
are as much as 7-8 °C higher on average than those inferred from car- 
bonates from ODP and Deep Sea Drilling Project sites. We argue that this 
is best explained by a partial recrystallization of the low latitude (5-10°) 
foraminiferal tests from the latest Cretaceous at lower temperatures in 
deep waters, as suggested by Pearson et al. (2001). This is supported by 
the consistency of our estimates with those inferred from exceptionally 
well preserved planktonic foraminifera and rudists from low latitude loca- 
tions (Wilson and Opdyke, 1996; Pearson et al., 2001; Steuber et al., 2005) 
(Fig. 2). The difference in reliability between the 5I80 values of middle 
Cretaceous and latest Cretaceous foraminifera may be explained by two 
factors. (1) It could result from a different preservation state (amount of 
recrystallization and diagenetic isotopic exchange) of the low latitude 
foraminifera calcite between the middle and latest Cretaceous. This 
hypothesis is supported by evidence for some shell recrystallization in all 
Campanian-Maastrichtian foraminiferal samples from low latitude deep- 
sea sites (Huber et al., 2002). By contrast, middle Cretaceous low latitude 
temperature estimates rely on more recently published data (e.g., Wilson 
et al., 2002; Norris et al., 2002), established after the work of Pearson 
et al. (2001), in which more attention has been paid to fine-scale recrystal- 
lization of planktonic foraminifera. (2) The 8I80 or temperature of pore 
waters at the seafioor may have changed between the middle and latest 
Cretaceous. A cooling of deep-water temperatures from 12 to 20 °C in the 
middle Cretaceous to 9-12 °C in the latest Cretaceous has been inferred 
from benthic foraminifera (Huber et al., 2002). This deep-water cooling, 
however, does not necessarily involve an increase of the vertical tempera- 
ture gradient, as this study suggests that low latitude upper ocean waters 
also cooled by a comparable amount (7 °C; Fig. 3). 

Nevertheless, the similarity between reconstructed gradients based 
on fish teeth and planktonic foraminifera for the middle Cretaceous con- 
firms that the 8lsO of planktonic foraminifera is trustworthy for paleocli- 
matic studies when carefully checked for microrecrystallization; however, 
the use of different and independent paleotemperature proxies, such as 
fish tooth, foraminiferal, and rudist 8lsO, represents the best way to estab- 
lish reliable ancient ocean water temperatures. 

When an adjustment for latitudinal variation in the surface water 
SlsO is considered, the middle and latest Cretaceous low to middle lati- 
tude thermal gradients are increased (Fig. 3). Maximum recorded middle 
Cretaceous temperatures are as high as 36 °C, challenging the frequently 
assumed existence of a tropical "thermostat" (Ramanathan and Collins, 
1991; Crowley and Zachos, 2000). By contrast, most of the latest Creta- 
ceous temperatures are included in the envelope defined by the modern 
SSTs, which suggest that the latest Cretaceous latitudinal temperature 
distribution was not markedly different from that of the modern between 
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Figure 3. Evolution of meridional upper ocean temperature gradi- 
ents between middle and latest Cretaceous. Paleotemperatures were 
calculated from fish tooth 81sO using equation from Kolodny et al. 
(1983). Dotted lines represent middle Cretaceous (orange) and lat- 
est Cretaceous (blue) gradients estimated using 818Oseawater of -1%„ 
standard mean ocean water (SMOW) (for ice-free Earth; Shackleton 
and Kennett, 1975) constant with latitude. Dotted lines represent 
best fit of fish tooth data for middle Cretaceous and latest Creta- 
ceous, respectively, simulated by statistical model used in this work 
(Table DR2; see footnote 1). Plotted data and gradients represented 
by solid lines (orange—middle Cretaceous; blue—latest Cretaceous) 
have been inferred using 818Oseawater of -1.25%« SMOW and latitude- 
dependent adjustment. Modern sea surface temperature (SST) 
gradient (mean annual temperatures averaged over longitude and 
hemispheres) is represented by solid bold gray line. Gray envelope 
represents maximum range of modern seasonal SST when whole 
range of longitude is considered. Modern SSTs are from database 
LEVITUS94 (1994). Black dashed line—air temperatures inferred 
from 51sO of late Campanian-middle Maastrichtian vertebrate phos- 
phate recovered from coastal lowland environment (Amlot et al., 
2004). Error bars as in Figure 2. 

10° and 50° of latitude. When corrected for latitudinal variations of sur- 
face seawater 8I80, our latest Cretaceous low to middle latitude gradient is 
very similar to that of Amiot et al. (2004), inferred from 8I80 of phosphate 
measured in late Campanian-middle Maastrichtian terrestrial vertebrates 
recovered from coastal lowland environments (Fig. 3). Although the tem- 
peratures reconstructed by Amiot et al. (2004) are mean air temperatures, 
the similarity of modern shelf SSTs to air temperatures in coastal lowland 
environments allows comparison of the two proxies (Fig. DR1; see foot- 
note 1). The similarity of the two gradients adds to the robustness of the 
Late Cretaceous climatic features we depict. 

PALEOCLEVIATIC IMPLICATIONS 
The new documented middle Cretaceous and latest Cretaceous low 

to middle latitude upper ocean temperature gradients have implications for 
understanding the evolution of the Cretaceous greenhouse climate. First, 
previously published flat thermal gradients in greenhouse climates had been 
claimed to be a reflection of: (1) high latitude cloud feedback, which would 
help to warm the high latitudes without overheating the equator (Sloan and 
Pollard, 1998); (2) increased oceanic heat transport; and (3) increased atmo- 
spheric heat transport. These arguments were discussed in detail (Huber and 
Sloan, 2001; Pierrehumbert, 2002) and, except for 1, which remains highly 
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model dependent, no satisfactory physical mechanism has been provided to 
support 2 or 3. This calls into question both the validity of climate models to 
reproduce past warm climates and our understanding of these periods. Our 
new thermal gradients, which appear quite similar to that of the modern, 
allow reconciliation of the geologic proxy record with our current knowl- 
edge of the global climate system. Notably, our 8180 records imply that the 
Cretaceous climate can be explained without resorting to extreme changes 
in meridional heat transport compared with the modern day, at least for low 
to middle latitudes. Second, comparison of the middle and latest Cretaceous 
thermal gradients indicates a latitudinal homogeneous ~7 °C cooling of the 
marine surface waters. This feature is consistent with global circulation 
model experiments predicting a uniform cooling at low and middle latitudes 
with decreasing atmospheric C02 levels, while a larger cooling can occur at 
high latitudes due to the ice albedo feedback (e.g., Fig. 4 in Otto-Bliesner 
et al., 2002). Our results therefore support a decrease of atmospheric CO, 
level as the principal driver of the Late Cretaceous long-term cooling, and 
imply that no drastic change in the global heat transport is required between 
the middle and latest Cretaceous. 
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