High-resolution stable isotope records from the Upper Cretaceous rocks of
Italy and Spain: Glacial episodes in a greenhouse planet?
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INTRODUCTION of the past 200 m.y., when the potential for polar

ice caps may have been the most remote. Pelagic

ABSTRACT

High-resolution 3'3C and &'%0 records
from upper Albian to lower Santonian pe-
lagic carbonates of the Contessa Quarry sec-
tion in Italy exhibit large positive oxygen
isotopic excursions of ~1%e. in the lower Cen-
omanian and upper Turonian—Coniacian
strata. Within the uncertainties of biostrati-

The longstanding view of Cretaceous time as@arbonate sediments from the Contessa Quarry
period of warm and equable climate presentssection in Italy are ideal for high-resolution sta-
paradox in light of sequence stratigraphic evible isotopic study because they accumulated con-
dence for rapid sea-level changes. Sequentiruously in a deep open-ocean setting, they are
stratigraphic sea-level curves for Cretaceous timighologically homogeneous, and tight biostrati-
infer multiple episodes of sea level falling andyraphic control facilitates correlation with the se-
rising 50 to 100 m in <1 m.y. (Haq et al., 1987)guence-stratigraphic sea-level curve of Haqg et al.

graphic correlation, these positive excursions while the warm Cretaceous climate is thought t(1987). Using data from the Contessa section, we
appear to correspond to times of large sea- have precluded the development of continentahow that eustatic sea-level regressions correlate
level regressions in global sequence strati- ice sheets, the only accepted mechanism for largéth large positived'80 excursions, which may
graphic sea-level curves. Several lines of evi- global sea-level changes on such short time scategord episodes of global cooling associated with
dence suggest that the majod'80 excursions (Barron et al., 1984; Schlanger, 1986). ice ages. However, we also investigate the possi-
in Contessa reflect episodes of global cooling Paleontological evidence for Cretaceousility that oxygen isotopic excursions result from
and not differential diagenesis. Numerical warmth includes the poleward expansion of floratlifferential diagenesis. Using numerical models
models of oxygen isotope exchange during di- provinces and coral reefs by as much as 1%f diagenesis, we assess the likelihood that dif-
agenesis show that a high contrast in the de- (Habicht, 1979; Vakhrameev, 1975), along wittferential alteration is responsible for the observed
gree of alteration would be required to pro- high-latitude occurrences of dinosaurs (Colbersignals. Evaluating the reproducibility of the ma-
duce these signals as artifacts of diagenesis,1973) and diverse floral assemblages (Krassilojgr isotopic variations in a second section from

and lithological data provide no evidence for
such large contrasts in the degree of alter-
ation. Furthermore, although precise corre-
lation with a section in the south of Spain is
hampered by stratigraphic complexities, the
general sequence of major positivé'0 ex-
cursions is reproduced. It is unlikely that dif-
ferential diagenesis would produce similar
artifacts in multiple sites. One explanation
for the link between episodes of global cool-
ing and sea-level falls is that global cooling
events led to polar ice-sheet accumulation,
lowering sea level. Although ice-free condi-
tions have been inferred from evidence for a
much warmer climate in Late Cretaceous
time, our results suggest that the relationship
between continental high-latitude ice sheets
and overall climatic warmth warrants fur-
ther examination.

1981). Warm climates may have resulted from atme south of Spain provides additional informa-
enhanced greenhouse effect, as extensive Cretian on the role of diagenesis in generating the
ceous volcanism and more rapid sea-floor spreasignals, as it is unlikely that diagenesis would
ing rates likely resulted in increased mantle ouproduce the same artifacts in two different sites.
gassing of CQ(Berner et al., 1983; Arthur et al., We reevaluate the strength of evidence for ice-
1985). These data, typically with resolution offree conditions in Cretaceous time and the poten-
1-20 m.y., document the overall warmth of theial for periodic episodes of glaciation.
Cretaceous Period. Only recently has higher reso-
lution paleoceanographic work begun to explor8ITE SELECTION
climatic variability over time scales of several
million years and less (e.g., Jenkyns et al., 199€riteria for Extraction of Paleoclimate
Weissert and Lini, 1991; Kemper, 1987). Information Using Stable Isotopes

In this study we used high-resolution stable iso-
topic data to investigate the variability of Creta- The utility of oxygen isotopic variations in in-
ceous climate and its relation to eustatic sea-levetstigating Cretaceous climatic variability de-
changes. In particular, we investigate whether thends heavily on the characteristics of the section
amplitude of climatic variability in the Cretaceousn which the isotopic measurements are made. As
may have been sufficient to facilitate periodidor most paleoclimatic studies, the section must
formation of polar ice sheets during brief episoddse stratigraphically continuous through the inter-
of climatic cooling, which in turn may have causedial studied, uninterrupted by faults, slumps, or
the large rapid Cretaceous sea-level changésds, and without hiatuses. The section must also
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*focus on the upper Albian to lower Santoniarigh resolution in order to correlate multiple sec-

strata, believed to record the warmest time intervéibns and relate the oxygen isotopic data to the se-
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guence stratigraphic sea-level curve. Biostratighe Los Canutos section in Spain (Stoll, unpukfalls may also have subjected them to alteration
raphy also enables the application of a numerickshed data), a section composed almost excliyy meteoric waters, resulting in localized precip-
time scale to investigate the frequency and duraively of nannofossils with negligible cementitation of isotopically light cements. H. Jenkyns
tion of climatic variations. To be suitable for oxy-(R. Aguado, personal commun.). Portions of theqd 999, personal commun.) noted that lighter oxy-
gen isotopic study, the section must have reldrighly reactive chalks have apparently exchangegen isotopic ratios in the English Chalk corre-
tively homogeneous lithology. Sharp contrasts iheavily with soil waters and have highly variablespond with lowstands identified by sequence
lithology may produce more complicated anatarbon isotopic compositions ranging from —3%stratigraphy. The high reactivity of the exposed
less readily quantifiable diagenetic effects. Fato +2.5%0 Pee Dee belemnite. In contrast, lithisediments may also makes them susceptible to
oxygen isotope study, the section should also refied Cretaceous sediments 40 m upsection havecent alteration by meteoric waters.

resent exclusively pelagic sedimentation in a retarbon isotope values of + 1.5%. to + 2.5%o., con-

atively deep environment, free of turbidites andistent with values in other sites of similar ageContessa Quarry Section, Italy

neritic communities (which induce lithologic het-

erogeneity). More important, the section shoul&revious Stable Isotopic Study of Upper The upper Albian to Santonian sequence of the
also have remained a submerged environment Gfetaceous Sections Contessa Quarry section fulfills all of the afore-
pelagic accumulation during syndepositional mentioned criteria as an ideal section for isotopic

sea-level falls. In shallow sections, meteoric ce- The most detailed published stable isotopstudy. The Contessa Quarry and dirt road below
ments of more negative composition may precipstudy of Upper Cretaceous sediments is that tfie quarry, near the town of Gubbio in the Italian
itate when unconsolidated sediments are exposéenkyns et al. (1994) on the carbon and oxygeékpennines (Fig. 1), splendidly expose the upper
by sea-level falls, drastically altering the isotopiésotope stratigraphy of the English Chalk and\lbian to Santonian Scaglia Blanca and Scaglia
record of climate change. Finally, the sectioiBottacione section in Italy. The Bottacione secRossa Formations. This exposure is free of faults
should preserve primary variations in the isotopition fulfills the criteria as an ideal section for ap-or slumps and no hiatuses have been identified by
composition of carbonates. Although unaltereglication of oxygen isotopes to investigate cli-detailed biostratigraphy. The section is carbonate
carbonates of Cretaceous age are not likely to exate, although the average sampling resolutiaich, with CaCQ averaging 80%-90% over the
istin any environment, in the past decade a nurof 1 m in Jenkyns’s study may not sufficiently destudied interval (Arthur, 1979); silica is the dom-
ber of studies have led to a quantitative undefine the most rapid climate variations. Unfortuinant noncarbonate component in these sections.
standing of the effects of early burial diagenesisately, in Jenkyns’s study, only the carbon isoThe average sedimentation rate for the section is
on the elemental and stable isotopic compositidopic record of the Bottacione record is utilized12 m/m.y., uncorrected for compaction. The sed-
of carbonates (e.g., Richter and DePaolo, 198% document the potential 8t°C variations as a iments were deposited at depths of 1500-2500 m
1988; Richter and Liang, 1993; Richter, 1996¢orrelative tool. Interpretation of climatic varia-(Kuhnt, 1990) in an open Tethyan ocean setting
Schrag et al., 1992, 1995). The consequencestains is derived exclusively from the oxygen isoand are free of turbidites. With the exception of
diagenesis are best understood in sections thapic record of the English Chalk, which fails tothe meter-thick organic-rich black shale of the
achieved most of their recrystallization and lithiimeet several of the criteria described here. ThHgonarelli Horizon and occasional centimeter-
fication in the sea-floor burial environment. Dur-chalk was deposited in a very shallow environthick lenses of chert, the lithology is remarkably
ing diagenesis, primary calcite dissolves and iment characterized by shallow benthic communhomogeneous thick- to thin-bedded limestones.
replaced by secondary calcite, which forms ities such as echinoderms, bivalves, and brachiDetailed lithological descriptions were given by
isotopic equilibrium with the sediment pore fluids;pods, and sponge beds. The presence of erosiremoli-Silva and Sliter (1994) and Arthur (1977,
for the sea-floor burial environment, the equilibsurfaces and hardgrounds may have resultd®79); the generalized lithology is presented
rium composition of secondary calcite can be prérom subaerial exposure or lapses of sedimentalong with the biostratigraphy in Figure 2. Nu-
dicted. Although recrystallization may shift thetion during sea-level lowstands. Episodic expomerous workers, beginning with Renz (1936),
meand!80 value of carbonate by several per milsure of sediments during Cretaceous sea-levieve studied the biostratigraphy of the sequence.
making interpretations of absolute temperature

meaningless, high-frequency variations will he

preserved, although partially attenuated, as Ic b E doe 160 | L
as recrystallization rates are relatively unifor N faon EW ow oW
over moderate length scales (Schrag et al., 1¢ A

1995). Consequently, records of high-frequer
changes in temperature and 8420 of seawater
can be extracted from recrystallized carbona
unless the oxygen of the carbonate has been ¢
pletely exchanged with a fluid. The most difficu
sediments for extraction of paleoclimatic info
mation may be those that have undergone ¢ |—s0n
minimal sea-floor burial diagenesis and lithifici
tion. Such sediments of high diagenetic poten
(very susceptible to recrystallization), once €

posed to surface conditions, may undergo m o C:-_:Z

extreme alteration because even small amot | >0 " Tk o [3°N 0 km 400
of recrystallization in meteoric or soil water env.
ronments may produce a large isotopic shift. Th  Figure 1. Location of studied Contessa Quarry section near Gubbio, Italy, and Santa Ines sec-
problem is evident in isotopic data collected frontion near Caravaca, Spain.
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The most recent detailed biostratigraphic stud D.asymet.
the planktonic foraminiferal study of Premol 70 ~hrTm 86— '
Silva and Sliter (1994) on the Bottacione secti N AT
~4 km from the Contessa Quarry. We apply tl 60 e
biostratigraphic scheme to the Contessa sec oy Pooncay.
by translating the depths of biostratigrapt 50—
boundaries using the base of the Bonarelli hc  QON
zon as a reference level. High-resolution bios! 40— | e
tigraphy is facilitated by the small average sa T o
pling interval (0.75 m) in the Premoli-Silva ar 30 —prpg M sed
Sliter (1994) study. TUR T femg )
We collected 1100 samples at intervals of 10 20 —
through the Cenomanian and Turonian anc rzrx |H helvet.
20 cm intervals in the upper Albian and Coniacié 10 “Hrok
Santonian strata for isotopic study. Recent gt oo WQZ —
rying provided fresh exposure and efforts we 0 =G D 5 =
made to obtain the freshest material possit e
away from veins and fractures and beneath -10 s
surface weathering rind.
CEN -20 —rm
Santa Ines Section, Spain T!': R cushm.
-30 2
The Cenomanian to Santonian sequence of L
Santa Ines section fulfills many of the criteria f 40 —HErd 945
ideal extraction of isotopic climate records, t 95
. . . —_— o | R brotz.
stratigraphic complexities make the Santa Ir -50 T [ 96
section less |d_eal for paleocl_lmate _study thgn ALB A |R appen
Contessa section. We use this section to verify -60 LT 97 o
major features seen in the isotopic data from 58 (R ticinen,
Contessa section. Cenomanian to Santonian -70 ™98~ e
iments of the Capas Blancas and Capas R« R bregg. | . | 1
Formations are exposed on steep slopes be Ll
the Cortijo de Santa Ines ranch near the towr 15 2 25 3 -4 35 -3 -25
Caravaca in the Spanish Betic Cordillera (Fig. 13¢ (o 1 o
Like the Contessapsection, the Santa Ine(s sge( 52C (/Oo PDB) 5 80 (/oo PDE)
represents continuous pelagic carbonate-rich ¢
imentation in a deep setting (1500—-2500 m; Kut
1990) in an open Tethyan ocean environme @ 2 %
The Santa Ines section is relatively uniform lith : =SS :
logically, consisting of nodular, thin- and thick Limestone  Marly Nodular  giliciclastic
bedded limestones with occasional chert ba limestone  fimestone
from the uppermost Cenomanian through the ¢ — A

niacian strata (Fig. 3), but is much less silicec
than the Contessa section. The average sedir
tation rate for the section is 10 m/m.y., uncor Figure 2. Generalized lithologic columns, biostratigraphy, and stable isotopic records from
rected for compaction. Ferromanganese nodulthe Contessa Quarry section. Biostratigraphy on nearby Bottacione section is from Premoli-
are prevalent in the Cenomanian and early TuSilva and Sliter (1994); ages of biostratigraphic zone boundaries are those of Haq et al. (1987).
onian rocks, and siliciclastic turbidites are presd'®0 data represent a five-point running mean. In the Contessa record, 32 analyses WifO

ent at the base of the section. The section is muratios < —4.25 were discarded as altered and are not included in the smoothed data. PDB—
more poorly exposed than the Contessa QuarPeedee belemnite; SAN—Santonian; CON—Coniacian; TUR—Turonian; CEN—Cenoman-
and stratigraphically more complex. In severéian; ALB—AlIbian; D. convav.—D. concavatahelvet.—helvetica R. cushm.—R. cushmanj
places, slumps and faults result in displacemerR reich—R. reicheli R brotz—R. brotzenj R bregg.—R. breggiensis

of as much as a few meters in the section. No m

jor hiatuses have been identified biostratigraph

cally. The resolution of biostratigraphy available

for this site is much lower than for the Contessstratigraphic data were collected. The section wainty of 8 m due to a covered interval of 8 m
section, with an average sampling distance of 8 sampled is ~75 m south of the biostratigraphithickness above the last chert in the section used
over the sampled interval. In addition, because skction. We relate the biostratigraphy to our seder biostratigraphy.

overgrowth and changing land use, we were ution by correlating the stratigraphically highest Samples were collected at intervals of 0.3—0.5m
able to resample in the exact location where bi@hert layer, which induces a maximum uncerin the Cenomanian strata, as exposure permitted; a

Shale Chert
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-20 — ing Pleistocene time (Steinmetz and Anderson,

T [Dasymet. 1984; Anderson and Steinmetz, 1981; Anderson

-10 —po and Cole, 1975) and for most of Cenozoic time

SAN I (iisel (Margolis et al., 1975) despite changes in the
0 - abundance of the dominant taxon.

10 ﬁ b.concay. Isotopic data were collected on a gas source

mass spectrometer at Princeton University and
Harvard University. Approximately 2 mg of bulk
sediment was loaded into a stainless steel capsule
and placed in a drying oven for 48 hr at 50 °C.
Samples were dissolved on line in a common
acid bath of orthophosphoric acid at 90 °C. Preci-
sion (10) averages 0.07%. for oxygen and 0.05%o

CON 20 “PPFE figgy

30 T A [D. primi

40 — BN

50 T 92,5 for carbon.
cen O TR STABLE ISOTOPIC DATA
_ R cushm.
7o T The carbon and oxygen isotopic results for the
g0 —frrd [ 945% Contessa section are shown in Figure 2. The car-
e R grgbh bon isotopic record is characterized by maximum
90 T |g prots 313C values in a broad positive excursion during
= 96 late Cenomanian and early Turonian time, as well

ALB 100 —gwwy as multiple positivéd'3C excursions of 0.5%o—
Lo . \ , \ ,  L1.5%o, lasting 0.5-2 m.y. The pattern of carbon
1 15 2 25 3 _45 _4 -35 -3 -_og Isotopicvariationisobserved ina numberof Cre-
taceous sections (e.g., Jenkyns et al., 1994; Gale
513C (%o PDB) 8180 (%o PDB) etal., 1993) and its reproducibility in Contessa is
further confirmation of the completeness of the

Figure 3. Generalized lithologic columns, biostratigraphy, and stable isotopic records from Contessa section.
the Santa Ines section. Biostratigraphy is from Aguado (1994); ages of biostratigraphic zone The oxygen isotopic record is characterized
boundaries are those of Haq et al. (1980 data represent a five-point running mean. Thick- by a long-term decrease from late Albian to mid-
ness of biostratigraphic boundaries reflects uncertainty given as the square root of the averagalle Turonian time. Several positive excursions of
biostratigraphic sampling interval. Lithologic symbols and abbreviations as in Figure 2. 0.75%0—1.5%0 over 0.5—1 m.y. are superimposed

on pervasive higher frequency, lower amplitude
variations. A plot of smoothed0 records
few poorly exposed intervals resulted in sampling One concern often raised about the use of bufhows these excursions more clearly (Fig. 2).
gaps of 1-2 m. Turonian through middle Sanearbonate is that different species show a rangeAfarge 1.5 m.y. positive excursion is seen in the
tonian sediments were sampled at 25 cm intevital effects, and as a result, bulk carbor@@f® lower Cenomanian record. The middle Ceno-
vals. During sampling, we attempted to compenecords may not perfectly record the temperatureanian through middle Turonian interval is one
sate for displacement over faults and slumps arthd'80 of seawater where microfossil compo-of relatively stabled'80 ratios, followed by a
sought to obtain the freshest material possibleents are changing. However, changes in specigsir of prominent positivé®0 excursions of
composition, dissolution intensity, and relative~1%o in the upper Turonian—Coniacian interval.
METHODS abundance of nannofossils do not appear to oBeveral smaller excursions of 0.5%. follow in the
scure significant trends in the temperature arldwer Santonian interval.

We measured stable isotopes of bulk carbo®*®0 of seawater in bulk carbonate records. Com- Thed'®0 record is compared with the sea-level
ate, which facilitates rapid analysis of a larg@arisons of bulk carbonate and single species fartrve of Haq et al. (1987) in Figure 4. The two
number of samples and requires very little sanaminiferal3'80 records have demonstrated thatecords appear to exhibit similar patterns of varia-
ple material. Although less-altered microfossib®0 values of bulk carbonate accurately recortions, although precise correlation of the records
components (e.g., foraminifera) are often seshanges in sea-surface temperaturedf@ of is uncertain due to complications of biostratigra-
lected in attempt to circumvent complications ofeawater over glacial cycles (Shackleton et apbhy. In particular, there is uncertainty about how
diagenesis, alteration in foraminifera separate®93; Schrag et al., 1995). In the Contessa sediell the facies defining onlap and offlap records
may be nearly as extreme as in bulk sedimentsents, calcareous nannofossils contribute 90% oén be correlated to planktonic foraminiferal zo-
(Barerra et al., 1987). Furthermore, it is more difthe carbonate (Arthur and Fisher, 1977). Differemations. In general, positi@80 excursions ap-
ficult to quantify the extent of diagenetic alter-species of modern calcareous nannofossils gpear to correspond to sea-level regressions in the
ation in foraminiferal tests than in bulk carboncharacterized by different vital effects on oxygetaq curve, and periods of more staBfO ratios
ate because the recrystallization rate cannot is®tope fractionation (Dudley et al., 1980). How-correspond to more constant sea level. 8@
calculated directly, as done by Richter (1996) foever, in polyspecific assemblages of calcareowscursion at the top of thHe. brotzenzone and
bulk carbonate. Analysis of bulk carbonate alsnannofossils, oxygen isotopic variations paralldbottom of theR. cushmantone may correspond
facilitates rapid analysis of a large number othose of monospecific planktonic foraminiferal into the large sea-level fall at the bottom of the
samples and requires very little sample materighe surface ocean photic zone. assemblages dBr-cushmarzone in the sea-level curve. The up-
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r300

250
Sea level (m)
200

r150
Figure 4. Correlation of sea-
level curve with Contessad'®0
data. Top curve, sea level from
Hag et al. (1987); numbers 1-9
show the positions of biostrati-
graphic boundaries identified in
ordinate axis. Lower curve,5%0
data for Contessa Quarry plotted
on biostratigraphic scale. Note
that the scale ford180 is inverted.
Abbreviations as in Figure 2.

100

-2
9 8 7 6 5 4 3 2 1
D. D. M. H. W.| R. |R. brotz| R, R.[R.
asymet. | concavata Isigali |helvetica lar.! cushm IR.reich|appen tic. bregg.
C
saN  |o| TUR | cEN | A8
N

per R. cushmanithrough upperH. helvetica tains several positive carbon and oxygen isotoprelation of regression events in the sea-level curve
zones, which contain no major regression eventsxcursions. In both the Contessa and Santa Inegth positive oxygen isotopic excursions may
contains no major excursions in €0 record. records, the large&t3C excursions are in the up-indicate a link between climate and sea-level
The largesb!0 excursions in th®l. sigaliand per Cenomanian and uppermost Turonian straizhanges, possibly through control of sea level by
lower D. concavatazones may correspond to thelt is likely that the other maja'3C excursions buildup of continental ice sheets during episodes
largest sea-level regressions in the uppdrel- are also reproducible in the two sections, but thaf climatic cooling. Apparent diachroneities be-
veticaandM. sigalizones. Smaller sea-level fallsthe relationships are more difficult to recognizéween sea-level changes and isotopic excursions
during theR. breggiensifo R. reichelizones may due to stratigraphic complexities and imprecisiom the Contessa record are generally half a bio-
have counterparts in the oxygen isotope curve, biut the biostratigraphy of the Santa Ines sectiozone or less and likely result from problems in
these signals are difficult to identify because thi§hed'3C excursions over 100 k.y. are likely to bebiostratigraphic correlation. The difficulties of
time interval is characterized by lower isotopiglobally synchronous steady-state variations (e.g:orrelation are underscored by a comparison of
sampling resolution and smaller excursions adéump, 1991), and their reproducibility in numer-independently derived sea-level curves from the
more difficult to separate from the longer ternous European and North American sites has beehS. Western Interior (Weimer, 1984) and British
trends in thé'80 record. Early Santonian time, adocumented (e.g., Jenkyns et al., 1994; Gale et akgion (Hancock, 1990). Although both curves are
second period of more constant sea level in tH993). In the case of oxygen isotopic variationgienerally quite similar to that of Haq et al. (1987),
Hagq curve, is characterized by higher amplitudgsis impossible to evaluate the reproducibility othe timing of events is often slightly diachronous
and more rapid!®0 fluctuations than the late oxygen isotopic records between the Santa Inégcause of problems with biostratigraphic bound-
Cenomanian period of stable sea levels. and Contessa sites without a more detailed corraries. For example, the middle Turonian sea-level
We do not observe any strong correlation bdation of the two sites, which we undertake in @eak is half a biozone earlier in the Haq et al.

tween our carbon isotopic record and the sesubsequent section.

guence stratigraphic sea-level curve, or between

the carbon isotopic record and oxygen isotopiDISCUSSION

records of Contessa where there is no uncertainty

due to correlation (Fig. 2). Although the early CenRelation of Stable Isotopic Excursions and
omanian oxygen isotopic excursion correspondsea-Level Changes

to lower carbon isotopic values, the late Turonian

record than in the British record, which Hancock
(1990) attributed to problems with biostratigra-
phy. Furthermore, the dependence of the global
sea-level curve on biostratigraphic correlation of
multiple records of regional sea-level variations
means that the global sea-level curve may not be
capable of resolving sea-level events of very

to earliest Santonian excursions correspond to Despite uncertainties in the precise correlatioghort duration (several hundreds of thousands of

positived!3C excursions.

of isotopic excursions and sea-level changes, tlyears) and may smooth over shorter composite

The carbon and oxygen isotopic results for theorrespondence between the sea-level curve sda-level events.
Santa Ines section are shown in Figure 3. Like th#aq et al. (1987) and the oxygen isotopic record The lack of any systematic correlation between
Contessa record, the Santa Ines record also cari-Contessa is compelling. In particular, the corearbon isotopes and the sea-level curve is not
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likely to result from uncertainties in biostrati-smaller change in tR&80 of seawater for a given and transport in deep-sea sediments and pore flu-
graphic correlation, but may reflect the complexvolume of ice. In addition, any Cretaceous iceids show that rates of bulk carbonate recrystal-
ity of numerous factors controlling the carbornvolume changes were probably smaller than lateation decrease exponentially by 1-2 orders of
isotopic ratio of seawater. Previous workers sugsenozoic ice-volume changes. Consequently, tieagnitude within 10—20 m.y. following burial
gested that a buildup of ice sheets might also lagument for Cretaceous ice ages rests on the éRichter and DePaolo, 1987, 1988; Richter and
responsible for a general correlation between sesertion that it would be an unlikely coincidence.iang, 1993; Richter, 1996). These results also
level lowstands and negative carbon isotopic exhat both multiple episodes of extreme coolingndicate that at different sites, carbonate sedi-
cursions observed in pelagic sections from thand large sea-level regressions, as well as time peents of the same age may recrystallize at differ-
Aptian of northern Italy (Weissert and Lini, 1991).riods of relative climatic and sea-level stasisgnt rates. The origin of different rates between
However, the interpretation of positive carborwould independently coincide for a 12 m.y. timesites presumably results from differences in the
isotopic excursions as times of accelerated canterval. It would seem more likely that periodicreactivity of the sediments but has not been rigor-
bon cycling, increased atmosphepiCO,, and  ice ages would provide a mechanistic link beeusly evaluated.

warm climates, and negative excursions as timéseen global cooling and sea-level regressions. As long as sediments from the same section
of decelerated carbon cycling, IQpC0O,, and Fortunately, we can investigate more rigorare comparably reactive and follow the same trend
cooler climates, which may include ice ages, isusly the possibility that the observed oxygewof decreasing carbonate recrystallization rate with
probably oversimplified. Furthermore, in Ceno-sotopic excursions are not records of primaryime, all will contain approximately the same
zoic time, the opposite relationship is observedlimatic variations, but artifacts of differential al-amount of secondary calcite (the difference in
Jenkyns et al. (1994) presented a detailed revigeration of sediments during diagenesis. We usamount of secondary calcite added between 86
of the issue, concluding that while there may b&wvo approaches to evaluate whether the positiad 98 Ma is minimal). Consequently, although
some links between sea level and the fraction 680 excursions in the Contessa record represehie meard!®0 will have shifted, primary varia-
carbon burial in organic form, the mechanismgrimary climatic variations or whether they ardions will be preserved, although partly attenu-
for such links are complicated and may be moréely due to differential diagenesis. In the first apated. We demonstrate this scenario in the follow-
closely tied to rates of transgressions than s@aoach, we numerically model the consequencésg section with a numerical simulation of the
level per se. The relationship between climate amaf diagenesis in the sediments to assess whetltensequences of burial diagenesis on the oxygen
sea-level changes and the kinds of carbon cydlds reasonable for the largest posith’O ex- isotope record of Contessa sediments.

variations recorded by carbon isotopes requireaursions to be produced through differential al- Differential alteration of sediments within the
more sophisticated analysis and probably more deration of the sediments. Second, we test whethg&zction may result in a potentially more problem-
tailed modeling of the carbon cycle before it camajor isotopic excursions are reproduced at thagic consequence of diagenesis, the creation of
be used to enhance our understanding of clima®anta Ines site, as differential alteration is unlikeligh-frequencyd!®0 variations where none ex-
changes in Cretaceous time. Consequently, we fim be the same in multiple sites of differing sediisted in the primary sediment. Such differential

cus on the oxygen isotopic record, which recordsient character and burial histories. alteration would require variation in the character
climatic information directly, as the primary tool or reactivity of the sediments, so that for a given
for investigating Cretaceous climate variationsDiagenetic Effects on Oxygen Isotopes in age, some sediments recrystallize more rapidly,
The correlation of sea-level regressions anDeep-Sea Sediments and hence to a greater extent, than adjacent sedi-
positive 3180 excursions is what we would ex- ments. Schlanger and Douglass (1974) suggested

pect to see if sea-level regressions were causedExchange of oxygen isotopes between carbothat the reactivity, or diagenetic potential, of car-
by the buildup of continental ice sheets duringtes and pore fluids can potentially alterd#® bonate sediments is likely to be controlled by the
episodes of climatic cooling. Alternatively, theof carbonates during diagenesis. Following buriatglative contributions of different nannofossil and
isotopic excursions may record episodes of cogbrimary calcite dissolves and is replaced by semicrofossil assemblages as well as by the amount
ing without ice ages, in which case the correlaandary calcite, which forms in equilibrium with of dissolution the sediment had undergone prior
tion with sea-level regressions is merely coincithe temperature and oxygen isotopic compositicio burial. These lithological factors are known to
dence, as there is no other reasonable mechanishisediment pore fluids. TR&80 of pore fluidsis  vary between sites, and may explain the different
for linking sea level and global climate on thidower than that of seawater due to low-temperaverage recrystallization rates measured by Richter
time scale. A third possibility is that the positiveture alteration of the underlying basement rock1996). It is also possible that these factors vary
isotopic excursions were caused by differentidlvith increasing depth, the geothermal gradient ebver short length scales within a single site, caus-
alteration of the sediments during diagenesis, amyates sediment temperatures above sea-surféwg variation in recrystallization rates. In the fol-
that the correlation with the sea-level curve isemperatures recorded by planktonic carbonatdewing section we use a numerical model of dia-
largely coincidence. Consequently, th&'0 of secondary calcite is fre- genesis to investigate whether it is likely that the
If the oxygen isotope variations do reflect pri-quently more negative than the primary calcitemajord'80 excursions in the Contessa record re-
mary climatic variations, it is not possible to disHowever, in low-latitude sites, bottom water andsulted from differential diagenesis due to litho-
tinguish whether ice-sheet buildup accompanieshallow pore-fluid temperatures are cooler thalogical variations.
apparent episodes of global cooling in Cretaceossirface-water temperatures, and secondary calcite
time on the basis of the oxygen isotopic evidendermed in the first few hundred meters of buriaModeling Diagenesis in Contessa Sediments
alone. It is likely that oxygen isotopic excursionsnay have &0 higher than the primary calcite.
are primarily due to large temperature changds either circumstance, the extent to which the We develop a numerical model that simulates
and not large ice-volume effects. The ice-volum&80 of primary carbonate is altered depends amxygen isotope exchange during deposition and
effect would have been minimal because witthe extent of carbonate recrystallization. compaction of sediment on the sea floor, based
overall warmer Cretaceous temperatures, the iso-Carbonate recrystallization in deep-sea sedon models described by Schrag et al. (1992, 1995).
topic composition of ice would have been lesments does not proceed at a constant rate witlne model includes time-varying sedimentation
depleted than in Quaternary time, producing progressive burial. Models of strontium exchangeates based on the biostratigraphy and numerical
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age assignments to biozone boundaries. Numekiiang, 1993; Richter, 1996). Hereafter, we refetude of isotopic excursions. The largest excursion
cal ages are assigned to the Contessa sectiontbyhe recrystallization/age relation definecohy in the measured record is 1.25%o; correcting for
linear interpolation between the ages of the big3, andy as the recrystallization rate trajectory othe slowest recrystallization rate trajectory ampli-
events, assuming constant sedimentation ratége sediments. We use a range of recrystallizatidies the excursion to 1.5%., while correcting for
between age tie points. Burial of the Contesgate trajectories calculated by Richter (1996). Fdhe fastest recrystallization rate trajectory ampli-
section is also simulated by time-varying sedieur first exercise, in which we assume that afies the excursion to 1.9%.. Calculated primary
mentation rates based on the biostratigraphicalyontessa sediments follow the same recrysta#®0 values for Contessa sediments range from
calculated accumulation rates of the latest Crethization trajectory, we run a simulation using both-—3%. to —5%0 Pee Dee belemnite; these values
ceous and Cenozoic portions of the Umbriahis lowest rated =0.001,8=0.016, an¢y=8.5) are not unreasonable for tropical sea-surface tem-
Marche sequence of the Italian Apennines. Urand a simulation using his highest rate ( peratures of 25-35 °C, assuming “ice free” sea-
compacted sediments are deposited and sedimer2.004,3 = 0.067, and/ = 2.1). For the second waterd0 of —1%o.
compaction during burial follows typical poros-exercise, in which sediments follow different re- In the second exercise, we investigate whether
ity-depth relationships of DSDP sites. crystallization trajectories, the slowest recrystallithological variations in the Contessa sediments
In the model simulation, we fix the oxygenlizing sediments follow the lowest rate of Richtermay have caused sediments to follow different re-
isotopic composition of the pore fluids at the sed:1996) and the rate of the most rapidly recrystatrystallization rate trajectories, leading to differ-
iment-basement interface at a constant value lifing sediments is a fit parameter used to inducential alteration and artifacts in tB&0 record.
—8%o, the lowest value estimated for basal porexygen isotopic excursions comparable to thodRather than allowing recrystallization rate trajec-
fluids. We fix the isotopic composition of porein the Contessa record. tories to vary with a single lithological character-
waters at the sea floor ab¥0O value of —1%o, The model calculates th&®0 value and istic (e.g., percent CaCfpand comparing the re-
our best estimate for seawater in an “ice freedmount of secondary calcite that precipitates dusult to measured isotopic excursions, we solve for
world. We assume that diffusion creates an ajng sediment burial. Measuré®O values can the variations in recrystallization rate trajectories
proximately linear gradient in sediment porethen be corrected to give primadfO values that would be required to produce the major ex-
waterd!80 between these boundaries. This treafrom the conservation relationshifg:0 cursions in the Contes840 record entirely as a
ment of pore-wate¥ %O values is consistent with = (3*%0, caqured = 8" ®Osecondarfseconda) ~ CONSEQueNce of differential diagenesis, assuming
results of modeling studies, which demonstratéd — X.;,nqad, that the primanp!®0 record was relatively fea-
that the pore-fluid composition is controlled pri- In the first set of simulations, we demonstratéureless. We then see if the pattern of required
marily by low- temperature alteration of underly-the effect of homogeneous diagenesis on the Corariation in recrystallization rate trajectories is
ing basement, not by carbonate recrystallizatiolessa sediments by assuming that all sedimersimilar to the variation in any lithological factor
(Schrag et al., 1992). Because the Contessa séalfow the same recrystallization rate trajectoryand assess whether the magnitude of required
tion is underlain by 2-2.5 km of carbonate sedidig. 5). Note that to simplify the figure, we havevariation is reasonable. This latter approach
ments, pore-wate¥80 values for Contessa sed-decreased the number of data points plotted anthkes more efficient use of the model and pro-
iments never reach very low values. that the smoother record is not a result of diaddes a more complete answer to the question of
The most difficult model parameter to con-genetic effects. Correcting the Contessa recowhether the observel®O excursions are likely
strain is the geothermal gradient during accumdier the model-calculated addition of secondaryhe result of differential diagenesis. Because the
lation and burial of Contessa sediments. Paleogetarbonates yields primary oxygen isotopic valuesiodel solves the diagenesis problems in the in-
graphic reconstructions indicate that the westetthat are more negative than the measured valugsyse direction—by calculating the amount and
Tethys was the site of active rifting and spreadinigecause secondary calcite is isotopically heavieomposition of secondary calcite and subtracting
during Early and early Late Cretaceous time (Dethan measured values. Secondary calcites atérom the measuredt®O to estimate the primary
court etal., 1986). This situation most likely led heavier than primary calcites because Contes&#0—we are in fact seeking the amount of vari-
to high geothermal gradients, of about 60°/km, asediments are not deeply buried (700 m at mosgtion in recrystallization rate trajectories required
measured near modern active spreading centeasd are almost always recrystallizing in pore wae eliminate the major excursions from the model-
During Campanian and Maastrichtian time, acters that are cooler than the tropical sea-surfacalculated primary€0 record. We accomplish
tive spreading and rifting ceased, and subductidemperatures in which the primary calcite wathis by allowing each meter of sediment to follow
had initiated along the northern Tethyan margiprecipitated. Th&'0 of pore waters in which a different recrystallization rate trajectory, so that
by the end of Cretaceous time (Dercourt et althe Contessa sediments recrystallize are ondfter the ~100 m.y. of the simulation the sedi-
1986). We assume that this led to a gradual dslightly more negative than seawater becausengents have altered to varying extents.
crease in the geothermal gradient to ~30°/km Ithick sequence of carbonates separates these sedn Figure 6, we plot the variation in the amount
50 Ma. We assume a constant geothermal gradirents from the underlying basement rock wheref secondary calcite that would be required to
ent of 30°/km since 50 Ma. Bottom-water temiow &80 pore waters are produced. More rapigroduce the major positivd'®0 excursions
perature in the simulation is set at 8 °C, based @ates of recrystallization produce greater amounfairely as a consequence of differential diagene-
estimated polar sea-surface temperatures froofirelatively heavy secondary calcite and thus insis. The amount of secondary calcite produced
the least altered Late Cretaceous foraminifenaly even lighter primary oxygen isotope values. Anust vary by a factor of three. If we fix the mini-
from Antarctica (Barrera et al., 1987). higher geothermal gradient would imply lightermum amount of secondary calcite by using the
Following previous studies, we describe thesecondary carbonate and thus slightly heavier ptewest recrystallization rate trajectory of Richter
exponential decrease in the recrystallization rateary compositions. For example, a 10 °C/km inf1996), the amount of secondary calcite varies
of sediments with age with an equation of therease in the geothermal gradient results in pfirom 19% to 59% of the total carbonate. The pos-
form R =a + B &%, where R is the fraction of mary &'80 values 0.25%. higher for the fasteritive excursions could also be eliminated by a sim-
primary sediment dissolving and reprecipitatingecrystallization rates. In addition to changing théar contrast at higher recrystallization rates, for
per million years, and, 3, andy are constants absolute values, correcting the isotopic record f@xample a range of 30%—90% secondary calcite.
(Richter and DePaolo, 1987, 1988; Richter anthe effects of diagenesis also increases the amptiowever, the primary isotopic composition re-

primary
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580 (PDB) possibility that there may be contrasts in the de-

gree of alteration, but contrasts of the magnitude

-5.5 415 -35 25 required to produce the oxygen excursions as di-
1 1

I agenetic artifacts seem highly unlikely.
Reproducibility of Oxygen Isotope Variations

SAN Assessing whether the Contessa oxygen iso-
topic excursions are reproduced in the Santa Ines
section in Spain is a second approach to examine
CON the probability that the positive excursions are di-
T agenetic in origin. In order to compare the oxygen
isotopic records from the Contessa and Santa Ines
sections, we must first correlate them with an un-
certainty better than the time scale of the events
we are interested in comparing. The stratigraphic
complexity and lower biostratigraphic sampling
resolution make it difficult to correlate the Santa
Ines section with the Contessa Quarry section.
Biostratigraphy has traditionally been the founda-
tion for correlation between sites but has a preci-
sion limited by the consistency of microfossil zone
CEN assignments by different workers, and by the ac-
tual synchroneity of microfossil first and last ap-
— pearances as well as the biostratigraphic sampling
resolution. Correlation based &KC variations
may be more precise when geochemical sam-
pling resolution is very high, because signals last-
ing 1@ yr are likely to be globally synchronous
ALB steady-state variations (e.g., Kump, 1991), and
there is no subjectivity involved in their quantifi-
Figure 5. Plots of measured!80 for selected samples from Contessa Quarry and their model- cation. HoweveB!3C excursions are not unique,
calculated primary 30 after correction for diagenesis, assuming constant recrystallization tra- and can only be used for finer scale correlation
jectory for the sediments. The number of data points for the Contessa section has been reducedithin an existing biostratigraphic framework.
by a factor of 15 to simplify the plot and does not represent smoothing from diagenesis. ThinOur approach is to combine these methods by
black line is measured>€0 vs. age for Contessa Quarryd!0 data as in Figure 2. Thick gray matchingd*3C excursions that are biostratigraph-
line is model-calculated primary3'€0 for slow recrystallization trajectory (a = 0.001, b = 0.015, ically closest in age. We check this approach by
g = 8.5). Thick black line is model-calculated primaryd®0 for fast recrystallization trajectory  confirming that the apparent diachroneity of mi-
(2a=0.004, b =0.067, g =2.1). Abbreviations as in Figure 2. crofossil events does not exceed the uncertainty
inherent in biostratigraphic correlation or the un-
certainty in the position of bioevents in our sec-
quired by such high recrystallization rates wouldariations in the degree of alteration does not céion (due to biostratigraphic sampling resolution
seem to imply sea-surface temperatures that aneide with lithologic variations in the Contessaand uncertainty translating the biostratigraphy to
too high. The high degree of lithification of Con-sediments (Fig. 6; data from Premoli-Silva an@ur new section).
tessa sediments need not imply large degreesSifter, 1994, Arthur, 1979). Variations inthe CaCO  The isotopic data from Santa Ines are plotted
carbonate recrystallization but may instead reflecontent of Contessa sediments are minimal (e&s a function of depth in Figure 3. When com-
silicification. cept at the Bonarelli horizon) and do not coincidpared with the isotopic data from the Contessa
The required contrast in recrystallization ratewith either episode of enhanced alteration. AlQuarry (plotted in Fig. 2), a number of similari-
within the Contessa section is larger than that okhough there are variations in the abundance tiés emerge. Both the Santa Ines and Contessa
served between different DSDP sites measurgaianktonic foraminifera, large planktonic forami-records show maximu®-3C values in a large
by Richter (1996). Variations between the maxinifera, benthic foraminifera, and radiolaria, thergositive excursion during late Cenomanian time.
mum and minimum recrystallization rate trajecis no consistent change in any one of these vati addition, both records contain multiple posi-
tories for different carbonate-rich deep sea sitexbles over either interval of enhanced alteratiotive 33C excursions of 0.5%o—1.5%o, lasting 0.5—
measured by Richter (1996) yield only a factor ofntervals of positive oxygen isotopic excursion® m.y.; the general pattern of peaks and shoulders
two variation in the amount of secondary carbordo not correspond to episodes of primary dissin these smaller excursions is also reproduced in
ate after 100 m.y. (Fig. 6). lution of foraminifera (Fig. 6) or to changes in theboth records. Our proposed correlation of the
One would expect that a significant change ibedding thickness. Thus the available sedime®!3C records is shown in Figure 7A. Although the
lithology would have been required in order tdary data do not provide evidence for large corcorrelated records are similar, there are differ-
cause such large contrasts in the extent of setfiasts in lithology and the degree of alteration aénces in the relative amplitudes of peaks and de-
ment alteration. However, the required pattern a€ontessa sediments. This does not rule out tigeee of peak separation between the records. The
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Model-required

fraction of secondary Lithology
calcite
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Foraminiferal Radiolaria
CaCOz% abundance abundance

Benthic, large planktonic, planktonic

Figure 6. (Left) Variation in amount of secondary calcite produced from varying recrystallization rate trajectories in the sedients, expressed
as percent of total calcite that has recrystallized. Thick line is variation in amount of secondary calcite required to produgejor positive 580
excursions through differential diagenesis. Thin line is variation in amount of secondary calcite when recrystallization rat@jectories vary be-
tween maximum and minimum of Richter (1996). (Center and right) Variation in CaCQxb (Arthur, 1979) and foraminiferal and radiolarian
abundance and dissolution events (Premoli-Silva and Sliter, 1994). Abundance data represent a five-point running mean belovBtearelli hori-
zon and a three-point running mean above it. R—rare, F—few, C—common, A—abundant, AA—very abundant. Large planktonic foraminifera
= 250um. Abbreviations as in Figure 2.

much lower amplitude of the Cenomanian-Turlinearly between ties, assuming constant sediainties in the position of bioevents due to 8 m av-
onian boundary excursion in the Contessa recordentation rates. The potential for variation irerage biostratigraphic sampling resolution and
probably reflects diagenetic attenuation of theedimentation rates between ties is one factor ttat maximum uncertainty in translating the bio-

Contessa signal by isotopically light organic matreduces slightly the precision of our correlationevent levels to our new section. Horizontal un-
ter in the Bonarelli horizon (Jenkyns et al., 1994)which we estimate to be several hundred thowertainty bars of 2 m.y. represent the maximum
Other discrepancies in the records most likely resand years. The 14 tie points used to correlate thge errors due to actual diachroneities of bio-
sult from the stratigraphic complexities of theSanta Ines section to the Contessa section aeents and/or differences in designations by dif-
Santa Ines section. Despite these complexitiespmpared with location and ages of bioevents aferent biostratigraphers. Our proposed correla-
the overall pattern @*3C variations with time is  cording to the Haq et al. (1987) time scale in ation is in all cases within the uncertainties of the
similar and suggests that within the stratigraphiage-depth plot in Figure 7B. Sedimentation ratdsiostratigraphy. The sedimentation rates implied
uncertainties we have obtained the best possitdead maximum estimated uncertainties on thiey our correlation are also reasonable, ranging
correlation between the sites. For both the Santéostratigraphy are also shown. Vertical uncerfrom 2 to 20 m/m.y. (uncorrected for compac-

Ines and Contessa sections, we interpolated agasty bars of 16 m represent maximum uncetion). The slowest rates likely reflect stratigraphic
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Contessa Quarry

Santa Ines

longer term trend of increasidégfO values. The
most salient discrepancy in the records is the ear-
lier onset of late Turoniad 80 excursions in the
Santa Ines section. In the carbon isotope record,
the 91-89.5 Ma interval is also a period of poor
agreement, implying that stratigraphic complica-
tions such as nonlinear sedimentation rates or
postdepositional displacements may be partially
responsible for the discrepancy. Although there
are some similarities between the Contessa and
Santa Ines records, given the stratigraphic com-
plications in the Santa Ines record, we would ide-
ally like to reproduce the Contessa isotopic varia-
tions in an additional site.

Despite the stratigraphic complications of the
Santa Ines section, tlé80 record from Santa

SAN |CON| TUR CEN ALB )
Ines reproduces the major features of the Con-
_40 tessad'®0 record, suggesting that the major ex-
B cursions reflect primary variations in the temper-
ature an@'®0 of seawater and are not artifacts of
=20 1 diagenesis. Furthermore, laf€O variations do
not occur throughout the section, resulting in a
04 clear distinction betweed'®O events and the
lower amplitude, high-frequency background
e variability that may be in part due to diagenesis.
E 204 Slight differences in th&'80 signals between the
g records may result from differences in the rela-
8 404 tive contribution of temperature and seawater
5180 changes or from different diagenetic histo-
60 ries. However, as emphasized previously, diagen-
esis is not likely to be responsible for the similar
pattern of variation in the records, probably due
80 to primary oceanographic signals.
100 ——77——7— Cretaceous Ice Sheets
84 86 88 90 92 94 96 98
Age (Ma) Evidence suggests that the ma}8io excur-

sions in Contessa reflect episodes of global cool-
ing and not differential diagenesis. Although we

Figure 7. (A) Correlated '3C data plotted vs. age for Santa Ines and Contessa Quarry sec-have no way to directly prove that ice-sheet accu-
tions. Age assignments as described in text. Abbreviations as in Figure 2. (B) Age/depth plot fomulation accompanied episodes of global cool-
Santa Ines showing tie points used for correlation with Contessa record VI°C stratigraphy
(circles). Squares represent biostratigraphic boundaries identified by Aguado (1994) as indi-provide a mechanism linking global cooling and

ing, it seems more likely that periodic ice ages

cated in Figure 4. Vertical uncertainty bars of 16 m represent maximum uncertainties in the po- sea-level regressions, and less likely that multiple
sition of bioevents due to 8 m average biostratigraphic sampling resolution and 8 m maximumepisodes of extreme cooling and large sea-level
uncertainty in translating the bioevent levels to our new section. Horizontal uncertainty bars of falls independently coincided for 12 m.y. in Late
2 m.y. represent the maximum age errors due to actual diachroneities of bioevents and/or dif-Cretaceous time. The issue of ice-sheet accumu-
ferences in designations by different biostratigraphers. Sedimentation rates are given for eachation during Cretaceous time is nonetheless diffi-
interval (uncorrected for compaction). cult to reconcile with the current view of the Cre-
taceous Period as a time of continuous climatic
warmth. We need to reexamine evidence for Cre-
complexities that may have eliminated small porterval of both sections is one of more sta@bf® taceous warmth and carefully assess whether it is
tions of the section. ratios, followed by several prominent positivecompatible with periodic episodes of polar ice-
Correlated®'80 records from Santa Ines ap-6%0 excursions of ~1%o in late Turonian—earlysheet accumulation.
pear to reproduce several of the largest excursioBantonian time. Although the relative amplitudes Numerous sources of climatically sensitive
observed in the Contessa record, although theoé late Turonian—Santonia?®0 excursions dif- paleontologic data provide evidence for much
are significant differences between the recordsr, the general pattern of peaks and troughs is iearmer temperatures and reduced equator to
(Fig. 8). The early Cenomanian positive excursioproduced in both sections after late Turonian timg@ole temperature gradients during Cretaceous
may be reproduced in the Santa Ines record. Thé&e apparently larger amplitude of the Santa Inggne. Floral provinces and coral reefs expanded
middle Cenomanian through middle Turonian ind*0 variations in the Santonian may be due topoleward by as much as 15° (Habicht, 1979;
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Vakhrameev, 1975), dinosaurs were found nol
of the Arctic circle (Colbert, 1973), and divers
floral assemblages characterize several high-l;
tude sites (Krassilov, 1981). Although some mo 2.5
recent evidence suggests that high-latitude te QO

peratures may have been cooler and latitudii ® -3 1
gradients steeper than previously estimated (e «©

Pirrie et al., 1995; Sellwood et al., 1994; Parris —3.54

Contessa

and Spicer, 1988), the mean Cretaceous clim ooo

is still generally thought to have precluded the € , —

istence of ice sheets. ‘ Santa Ines L 35 ‘=
Nonetheless, mean Cretaceous climate

not be the most appropriate context in which ‘ - —4

consider the feasibility of ice sheets. Our pr

posed ice-sheet link between sea level and «

matic variations does not require the persister

of ice sheets throughout Cretaceous time, or SAN kON‘ TUR ‘ CEN ALB

their periodic buildup and subsequent decay d

ing interludes of climatic cooling. Paleontologi

data for Cretaceous warmth are inherently of lov ~ Figure 8. Measuredd'®0 data plotted vs. age for Santa Ines and Contessa Quarry sections.

resolution, and while they provide a general pic3'80 data represent a five-point running mean. Abbreviations as in Figure 2.

ture of the mean climatic state over periods ¢

tens of millions of years, climatic excursions of ¢

few million years or less could be easily missetb the model, Antarctic temperatures are belowecord from the south of Spain. A reasonable ex-

or averaged out in these data sets. Furthermofesezing year round at an altitude of 700—800 rplanation for the link between episodes of global

direct geological records of Cretaceous glacigalthough this calculation does not include theooling and sea-level fall is that periodic episodes

tion, such as tillites, would be generally inaccesslight rise in freezing level from increased suref global cooling led to polar ice-sheet accumu-

sible because any ice-sheet buildup would mogice heating). Recent thermochronology in thiation, lowering sea level. Given abundant evi-

likely have occurred on Antarctica, which wasTransantarctic Mountains reveal an Early Cretadence for overall warmth in Late Cretaceous time,

situated over the South Pole at the time. Thus,deous episode of rapid denudation of 1-2 kraur data cannot be interpreted as proof that ice

is conceivable that climatic fluctuations may(Fitzgerald and Stump, 1997), which implies thexisted during that time. However, our results

have permitted episodic formation of ice sheetsxistence of significant topography on Antarctic@mphasize the need for further examination of

even though mean Cretaceous climate did nat Cretaceous time. Even if Antarctic topographyhe relationship between continental high-lati-

support it. could not permit large-scale ice-sheet accumul&ide ice sheets and overall climatic warmth.
Recent General Circulation Model (GCM) ex-tion in the Cretaceous mean climate state, it would

periments for Late Cretaceous time (Bush anidcrease the continent’s sensitivity to temperatulRCKNOWLEDGMENTS

Philander, 1997) provide an additional perspeasariations. Consequently, episodes of cooling,

tive on the feasibility of Cretaceous ice sheetgqerhaps tied to changes in the carbon cycle, could This work was partially supported by graduate
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