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beta catalyst, only the corresponding lactone is produced, while Ti-
zeolite beta catalyst produced epoxide product and the correspond-
ing diols, and the peracid (mCPBA) yielded a mixture of lactone,
epoxide and epoxylactone.

Our infrared observations (see Supplementary Information)
imply that the ®rst step of the reaction involves the activation of
the carbonyl group of the ketone on the Sn atoms of the Sn-zeolite
beta. To elucidate the reaction mechanism further, we used 2-
methylcyclohexanone labelled with 18O (18O content 89%) as reac-
tant; monitoring the products with gas chromatography±mass
spectrometry established that the Baeyer±Villiger oxidation leads
to incorporation of all labelled oxygen into the lactone product as
carbonyl oxygen, and that none is present as ring oxygen (see
Supplementary Information). The Baeyer±Villiger oxidation in
our catalytic system therefore proceeds via a `Criegee' adduct,
where H2O2 adds to the ketone activated by the Sn-zeolite beta,
and the formation of dioxiranes or carbonyl oxides as intermediates
can be excluded (compare ref. 2). The complete mechanistic cycle is
depicted in Fig. 1. Although coordination of the hydrogen peroxide
to the Sn centre and subsequent activation by deprotonation cannot
be excluded, diffuse-re¯ectance±ultraviolet±visible spectroscopy
failed to detect the Sn±O±O±H species that may be expected in
such a mechanism. M
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The middle of the Cretaceous period (about 120 to 80 Myr ago)
was a time of unusually warm polar temperatures1, repeated reef-
drowning in the tropics2 and a series of oceanic anoxic events
(OAEs) that promoted both the widespread deposition of organic-
carbon-rich marine sediments and high biological turnover3±8.
The cause of the warm temperatures is unproven but widely
attributed to high levels of atmospheric greenhouse gases such
as carbon dioxide7±12. In contrast, there is no consensus on the
climatic causes and effects of the OAEs, with both high biological
productivity and ocean `stagnation' being invoked as the cause of
ocean anoxia3±8. Here we show, using stable isotope records from
multiple species of well-preserved foraminifera, that the thermal
structure of surface waters in the western tropical Atlantic Ocean
underwent pronounced variability about 100 Myr ago, with maxi-
mum sea surface temperatures 3±5 8C warmer than today. This
variability culminated in a collapse of upper-ocean strati®cation
during OAE-1d (the `Breistroffer' event), a globally signi®cant
period of organic-carbon burial that we show to have fundamen-
tal, stratigraphically valuable, geochemical similarities to the
main OAEs of the Mesozoic era. Our records are consistent with
greenhouse forcing being responsible for the warm temperatures,
but are inconsistent both with explanations for OAEs based on
ocean stagnation, and with the traditional view (reviewed in ref.
12) that past warm periods were more stable than today's climate.

Diverse sets of biotic and marine geological data provide con-
vincing evidence that the mid-Cretaceous oceans were both ex-
tremely warm by today's standards and prone to repeated
widespread OAEs (Fig. 1). Debate surrounding black-shale forma-
tion during OAEs has traditionally been divided along two main
lines6. (1) `High productivity' models invoke rapid supply of organic
carbon to the sea ¯oor, initiated by strong upwelling or monsoon
overturning, to promote porewater anoxia. (2) `Ocean stagnation'
models invoke slow renewal of deep water to promote anoxia.
Suggested mechanisms for stagnation include the development of
intense vertical gradients of temperature and salinity, as in Plio-
Pleistocene Mediterranean sapropel formation, and are rooted in
the perception that mid-Cretaceous warmth must have been
accompanied by slow ocean circulation and limited ventilation of
intermediate and deep waters. In turn, extreme mid-Cretaceous
warmth is commonly ascribed to high partial pressures of atmos-
pheric greenhouse gases7±12. Yet, our persistent inability to recon-
struct the basic properties of Cretaceous sea water has severely
limited our capacity to test these hypotheses.

In particular, we need to improve existing d18O-derived palaeo-
temperature records, which are based largely on measurements of
bulk carbonates and/or sampling at very low temporal resolution. A
handful of studies provide reliable d18O-derived temperatures in
support of extreme mid-Cretaceous high-latitude warmth (for
example, sea surface temperatures, SSTs, of about 15 8C in the
Late Albian Antarctic)13, but with few exceptions, d18O records
suggest that contemporaneous low-latitude SSTs were generally no
warmer or signi®cantly cooler (by up to ,12 8C) than today11,12,14.
Such cool tropical SSTs are problematic, because general circulation
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model (GCM) experiments suggest that the high values of carbon
dioxide partial pressure (2±4 times the present values) needed to
explain mid-Cretaceous polar warmth should also have promoted
low-latitude warming (tropical SSTs about 2±5 8C warmer than
today)9±12.

Ocean Drilling Program (ODP) Site 1052 provides an expanded
record (sedimentation rates, ,9±10 cm kyr-1) through the core of
the inferred mid-Cretaceous greenhouse climate (late Albian to
early Cenomanian, approximately 100 Myr ago). This site is located
in the western North Atlantic (palaeolatitude, ,23 8N; Fig. 1) and
consists of approximately 210 m of predominantly carbonaceous
mudstones with a cyclical series of laminated black shales and clay-
rich carbonates, with occasional thin limestone beds (Fig. 2). The
shale±carbonate cycles correspond to pronounced cycles in sedi-
ment colour, neutron porosity and resistivity. Sediments from
Site 1052 contain exceptionally well preserved foraminifera
(having transparent shells with empty chambers and detailed
microstructure) that co-exist with ammonite shells that retain
primary nacreous metastable aragonite15. We attribute such remark-
able preservation to the clay-rich lithologies sampled. We have taken
care to avoid analysis of less well preserved material from the few
thin limestone `stringers', but nevertheless have sampled across
enough carbonate±shale couplets to ensure that our results are
not strongly biased towards the different environments represented
by these lithologies.

The black-shale cycles in ODP Site 1052 are remarkably similar in
appearance and biostratigraphically correlative to those in the
Vocontion basin (eastern North Atlantic) that have been used, in
conjunction with increased turnover rates in planktic foraminifera
and radiolaria, to infer16 the existence of a latest Albian Breistroffer
event or OAE-1d. Our site-by-site compilation con®rms this view
(Fig. 1). However, we need to know whether OAE-1d mirrors its
precursor early Albian OAE-1b (recently interpreted as a regional
`̀ mega-sapropel''17) or, alternatively, represents a major perturba-
tion to the global carbon cycle like the giant Mesozoic Cenomanian/
Turonian, Aptian and Toarcian OAEs5,18±20.

We have developed a chronology for the mid-Cretaceous
sequence from Site 1052 using an orbital cyclostratigraphy sup-
ported by foraminifer and calcareous nannofossil biostratigraphy.
The neutron porosity down-hole log delineates a regular 1.8±2.3-m
cycle of clay-rich carbonate (or limestone) and shale superimposed
upon a 9±10-m cycle in shales and thin clayey carbonate (or
limestone) couplets (Fig. 2). A distinctive 5:1 bundling of lime-
stone±shale cycles near the Albian/Cenomanian boundary is
reminiscent of the 21-kyr orbital precession cycle bundled into
,100-kyr eccentricity cycles (Fig. 2). Assuming that the ,9±10-m
cycle corresponds to the short (100-kyr) orbital eccentricity cycle,
we estimate that the interval between the ®rst appearances of
the foraminifer Rotalipora appenninica and the calcareous nanno-
fossil Eiffellithus turriseiffelii in Site 1052 represents ,1.3 Myr,
comparing favourably with the biostratigraphic estimate
(1.4 Myr)21.

To reconstruct surface hydrography, we analysed narrow size-
fractions (212±300 mm) of planktic foraminifera for which we have
already determined15 depth habitats. Records of d13C for surface and
deeper dwelling species are notably consistent (Fig. 2). This result
may indicate that these foraminifera inhabited waters with a weak
vertical d13C gradient or re¯ect the absence of photosymbiotic
species15. The coherency of the signal among species (Fig. 2) suggests
that change in ocean chemistry, rather than foraminifer habitat,
must dominate the record. Accompanying d18O records give a
clear demonstration of depth habitat strati®cation among species.
Surface dwellers show pronounced variability (,0.5±1.25½ versus
PDB) compared to their deeper-living counterparts (Fig. 2). This
variability must re¯ect changes in primary d18O values (rather than
differential diagenetic alteration) given the exceptional preservation
of the foraminifera. The large magnitude of the variations in the
surface record compared to the `thermocline' record (Fig. 2) and the
open ocean setting (Fig. 1) suggest that most of the signal is caused
by changes in surface temperature (rather than seawater d18O) at the
site. Assuming reasonable, conservative estimates for seawater d18O
(see Fig. 2 legend) and sources of error22, we estimate that Albian
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Figure 1 Reconstruction of the mid-Cretaceous (Albian)27 period, showing the global

location of sites with well-dated sections correlative to the upper Albian Breistroffer

oceanic anoxic event. This event, OAE-1d, is de®ned by the Rotalipora appenninica

planktonic foraminifera zone. Solid circles, sites that show some lithological expression of

OAE-1d (from subtle lamination through dark carbonaceous mudstones to well-developed

black shales, total organic-carbon contents up to ,25 wt%; ref. 28). Open circles, sites

that show no obvious lithological expression of OAE-1d. Numbers refer to Deep Sea

Drilling Project and Ocean Drilling Program Sites.
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SSTs in the western tropical Atlantic underwent signi®cant varia-
tion, with maximum changes of at least 6 8C on ,10-kyr timescales.
To our knowledge, the minimum d18O values in our surface records
(approximately -3.5½ to -4.0½ versus PDB) are signi®cantly
lower than any previously published data for unquestionably well
preserved mid-Cretaceous foraminifera. These d18O minima yield
peak temperatures (about 32±33 6 3 8C) that are signi®cantly
warmer than average warm-season SSTs recorded near ODP Site
1052 today (about 26±28 8C) or anywhere else in the modern open
ocean.

Our data provide detailed geochemical support for the existence
of increased SSTs at low latitude during a past interval of pro-
nounced polar warmth. This result helps to reconcile long-standing
discrepancies between palaeoceanographic records, biotic data sets
and the predictions of general circulation model (GCM) experi-
ments. If substantiated by data from other low-latitude sites, our

®nding would lend support to the widely suggested role of green-
house-gas forcing as one of the main contributors to global warmth
during the mid-Cretaceous. However, the short-term changes in
SST indicated by our data contradict the traditional view of relative
climate stability during inferred greenhouse periods.

Comparison of our surface temperature records with tempera-
ture estimates from thermocline-dwelling fauna allows us to eval-
uate the history of upper-ocean strati®cation and to test competing
models for OAEs (Fig. 2). Thermocline temperatures show a steady
long-term increase during the latest Albian, accompanied by pro-
nounced variations in both SST and the vertical temperature
gradient in the upper ocean. Intervals of high SST correspond to
periods of strong strati®cation (temperature gradients across the
upper thermocline < 6 8C), whereas cool SSTs correspond to inter-
vals of weak strati®cation (gradients ( 2 8C). The oscillations in
strati®cation culminate in the near-elimination of the vertical d18O
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porosity log. Intervals with black-shale cycles are denoted by black bars. Pronounced

cycles from clay-rich carbonate and limestone (low neutron counts) to shale (high neutron

counts) in the R. appenninica planktonic foraminifera zone are the lithological expression

of the latest Albian OAE-1d. The age model was created from the neutron log (see text),

assuming that the age of the Albian/Cenomanian boundary is 98.9 Myr (ref. 21). Tuning

the log to orbital precession reveals the twin 19- and 23-kyr precession cycles and the

100-kyr eccentricity cycle. Isotope data were generated using pristine planktonic

foraminiferal calcite (see text). Solid lines, 100 kyr to in®nity ®lter ®t (blue, thermocline;
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ODP Site 1052 today. All temperatures are calculated using equation (1) of ref. 29, to

which we assign an error estimate (63.0 8C) based on the recent discussion of ref. 22.

This equation, the outcome of a recent thorough re-evaluation of d18O-palaeothermo-

metry in planktonic foraminiferal calcite, represents the most suitable choice for our non-

symbiont bearing fauna15, and yields very similar temperatures in our dynamic range to

those calculated using historically favoured equations for SST estimation from

foraminiferal calcite. Following refs 15, 22 and 30, our best estimates for mid-Cretaceous

temperatures are those that employ a regional, rather than global, estimate for

contemporaneous seawater d18O, dw, and we use a conservative value (0.5½),

calculated29 in a recent GCM evaluation of the problem. A slightly higher value for dw

(0.78½) is calculated using an equation based on modern surface ocean dw gradients in

the South Atlantic22 and yields correspondingly slightly warmer temperatures (for

example, peak SSTs of 33 8C instead of 32 8C). c.p.s., counts per second.
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gradient coincident with the onset of OAE-1d and cyclical black-
shale development (,99.2 Myr ago) that is re¯ected in all fauna
(Fig. 3). This signal is distinct from previous events (Fig. 2), because
it involves not only an abrupt collapse in SSTs but also a marked
increase in thermocline temperatures (Fig. 3). Shifts in foraminifera
depth habitats are unlikely to explain the collapse in d18O gradient
because this would require that surface and thermocline fauna
migrated in opposite directions. Thus, the signal appears to re¯ect
a genuine collapse in the upper-ocean thermal gradient, an increase
in the depth of the mixed layer and/or a shift in the gradient or
seasonality of the thermocline. One possibility is that strati®cation
variability is related to local changes in the in¯uence of proto-
western boundary current waters versus subtropical gyre waters.
Yet, global anoxia is dif®cult to explain by local changes in hydro-
graphy or upwelling23. It also seems unlikely that the close correla-
tion between strati®cation collapse and OAE-1d black shales is
coincidental. We suggest that these events involved an increase in
deep winter mixing and reduced summer strati®cation analogous to
the modern seasonal cycle in the subtropics. Similar changes in
hydrography and productivity are inferred from Neogene records,
and have been shown to be orbitally paced24.

The late Albian Breistroffer OAE-1d (,99 Myr ago) differs
markedly from its early Albian precursor, the `Paquier' OAE-1b
(,121 Myr ago). The Paquier event is now thought to have been a
regional (North Atlantic-western Tethys) `mega-sapropel' that was
associated with intense vertical strati®cation and did not involve a
signi®cant disruption of the global geochemical carbon cycle17. In
contrast, we have shown that the Breistroffer OAE-1d was a global
event (Fig. 1) that involved the collapse of upper-ocean strati®ca-

tion, at least in the western tropical Atlantic (Fig. 3). Moreover,
OAE-1d must represent a signi®cant perturbation to the global
carbon cycle, because the main phase of black-shale deposition in
Site 1052 is associated with a pronounced (. 2½) positive d13C
excursion that appears correlative to lower-resolution bulk d13C
records from European sections25,26. This result provides a valuable
chemostratigraphic marker for the boundary between the Lower
and Upper Cretaceous.

Positive d13C excursions are now well documented across several
major Mesozoic carbon-cycle perturbations (Toarcian, Aptian and
Cenomanian/Turonian boundary OAEs)5,24±26, and are thought to
re¯ect the response of the inorganic carbon reservoir to global
burial of 13C-depleted organic carbon. In addition, the Aptian and
Toarcian OAEs are associated with short-term negative d13C excur-
sions and lags between deposition of organic carbon and the onset
of positive d13C excursions18±20. OAE-1d displays similar behaviour,
suggesting that some source of 13C-depleted carbon or isotopic
fractionation effects act19 to suppress or override the response of the
seawater carbon reservoir to organic-carbon burial in the core of
OAE-1d (,99.1 Myr ago, Fig. 2). These similarities imply that
common linkages exist between three of the most prominent
rapid carbon-cycle perturbations of the past 200 Myr of Earth's
history. Our d18O records for OAE-1d provide, to our knowledge,
the ®rst quantitative constraints on the physical structure of the upper
ocean through any of these perturbations, and are fundamentally
inconsistent with `ocean stagnation' models for their inception
(whatever the inferred mechanism for restricted O2 supply). More
generally, our records are consistent with the `greenhouse' hypothesis
for the climates that favoured these extreme carbon-cycle perturba-
tions, but we ®nd no evidence to support the view that such climates
were in any way more stable than today. M
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Figure 3 Expanded (550-kyr) d18O and temperature records from ODP Site 1052. These

records show the structure of the collapse in upper-ocean strati®cation that is associated

with black-shale deposition during OAE-1d. This event is distinct from previous events

(Fig. 2) because it involves both a collapse in SSTs and also a marked increase in

thermocline temperatures (and therefore cannot readily be explained in terms of shifting

foraminiferal depth habitats, see text). Instead, we suggest that this strati®cation collapse

involved an increase in the depth of the mixed layer and/or shift in the gradient or

seasonality of the thermocline, possibly related to some combination of an increase in

deep winter mixing and reduced summer strati®cation (see text). The fact that one or two

data points for Costellagerina lybica (epipelagic species) plot with outlying low d18O values

in the OAE-1d interval strengthens the case that the inferred strati®cation collapse is a real

hydrographic feature that is seasonally modulated. Replacement of the ticinellids by

Planomalina buxtor® and C. lybica as the epipelagic fauna through time in the record

represents global biostratigraphic turnover (rather than local environmental exclu-

sion)21,25. Symbols are the same as in Fig. 2.
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Did dinosaurs grow in a manner similar to extant reptiles,
mammals or birds, or were they unique1? Are rapid avian
growth rates an innovation unique to birds, or were they inherited
from dinosaurian precursors2? We quanti®ed growth rates for a
group of dinosaurs spanning the phylogenetic and size diversity
for the clade and used regression analysis to characterize the
results. Here we show that dinosaurs exhibited sigmoidal growth
curves similar to those of other vertebrates, but had unique
growth rates with respect to body mass. All dinosaurs grew at
accelerated rates relative to the primitive condition seen in extant
reptiles. Small dinosaurs grew at moderately rapid rates, similar
to those of marsupials, but large species attained rates comparable
to those of eutherian mammals and precocial birds. Growth in
giant sauropods was similar to that of whales of comparable size.
Non-avian dinosaurs did not attain rates like those of altricial
birds. Avian growth rates were attained in a stepwise fashion after
birds diverged from theropod ancestors in the Jurassic period.

Attempts to quantify dinosaurian growth rates have focused on
the analysis of bone microstructure, but because dinosaur bones are
uniquely composed of tissues with both slow-growing reptilian and
rapid-growing avian/mammalian attributes, the results have been
inconclusive3±11. In addition, the same bone tissue can form at

substantially different rates12,13 and the relationship between local-
ized measures of tissue formation rates and overall body growth are
untested for nearly all skeletal elements14. Broader studies have
combined histological age assessments with size indices, but lacked
reliable means to evaluate developmental body mass15.

In most extant animals, mass changes with respect to age show
sigmoidal patterns16. Standardized comparisons of maximum
growth rates among phylogenetically and morphologically diver-
gent taxa can be made using values from the exponential stage of
development17,18. Analyses of exponential growth among the major
groups of extant vertebrates indicate that rates absolutely increase
with respect to body mass and that each clade has characteristic
rates17.

To compare whole-body growth rates between the Dinosauria
and extant vertebrates, similar quanti®ed data are needed. This
requires growth series representing the full range of dinosaur size,
shape and phylogeny, and accurate age and mass assessments at all
ontogenetic stages. To our knowledge, no study of growth rates has
fully met these requirements. However, recent merging of bone
histology and scaling principles has provided the requisite tools and
data for a single dinosaur (Psittacosaurus mongoliensis)14. At last, the
pieces are in place to assess how dinosaurs really grew.

We studied genera of non-avian dinosaurs that span a diversity of
phylogeny, size and shape (Fig. 1). We included representatives from
most major dinosaurian clades, as well as taxa ranging in size from
tiny bipedal theropods to enormous quadrupedal sauropods.
Notably, our sample also spans nearly the entire temporal range
for non-avian dinosaurs, with the inclusion of taxa from the
Early Jurassic to Late Cretaceous periods. We previously gener-
ated histological samples and longevity data for two dinosaurs
(Apatosaurus excelsus6 and Psittacosaurus mongoliensis14), and
supplemented these data with histological growth series from
the literature (Syntarsus rhodesiensis3, Massospondylus carinatus4

and Maiasaura peeblesorum7). We also generated a histological
growth series for Shuvuuia deserti, a small, highly derived
maniraptoriform theropod (Fig. 1)19. We assessed age from
growth lines in histologically prepared specimens (Fig. 1) and
obtained mass estimates through the application of scaling
techniques (see Methods). A sigmoidal equation was used to
model the growth of each species and least-squares regression
analysis was used to ®t the curves to these data. Exponential
stage growth rates were converted to daily growth rates using the
appropriate number of days in the Mesozoic era20. A regression
line was ®tted to the maximum growth rates for the dinosaurs to
enable comparisons with data from the literature for extant
vertebrates17,18.

Our analysis revealed that sigmoidal equations (Fig. 2) accu-
rately describe the growth data for the six dinosaurs we tested
(0.885 # r2 # 1.0). Exponential-stage growth rates ranged from 3.4
to 14,460 g day-1, with values positively correlating with increased
adult mass (Fig. 3). No taxon substantially deviated from the general
dinosaurian trend (r2 = 0.96). The length of the exponential growth
stages ranged from about 1 to 6 years (Fig. 2). The onset of somatic
maturity occurred between the ages of 3 and 13 years, with values
positively correlating with increased body size (Fig. 2).

This research brings us considerably closer to understanding
dinosaur biology. It is now possible to quantify dinosaur growth
and evaluate the ®t of hypotheses regarding maximum dinosaurian
growth rates; to address how some dinosaurs attained giant propor-
tions; and to elucidate how and when extremely rapid growth
evolved in avian dinosaurs.

Heated debates among palaeontologists and physiologists have
revolved around whether the Dinosauria grew like extant reptiles
scaled up to giant proportions21, like extant birds and/or
mammals22, or had growth rates intermediate between these
major groups11. The results from our study suggest that none of
these models is correct. All dinosaurs grew at rates more rapid than
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