Oxygen isotopes of East Asian dinosaurs reveal
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Early Cretaceous vertebrate assemblages from East Asia and parti-
cularly the Jehol Biota of northeastern China flourished during a
period of highly debated climatic history. While the unique charac-
ters of these continental faunas have been the subject of various
speculations about their biogeographic history, little attention has
been paid to their possible climatic causes. Here we address this
question using the oxygen isotope composition of apatite phos-
phate (3'80,) from various reptile remains recovered from China,
Thailand, and Japan. §'80, values indicate that cold terrestrial cli-
mates prevailed at least in this part of Asia during the Barremian—
early Albian interval. Estimated mean air temperatures of about
10 4+ 4°C at midlatitudes (~42°N) correspond to present day cool
temperate climatic conditions. Such low temperatures are in agree-
ment with previous reports of cold marine temperatures during
this part of the Early Cretaceous, as well as with the widespread
occurrence of the temperate fossil wood genus Xenoxylon and
the absence of thermophilic reptiles such as crocodilians in north-
eastern China. The unique character of the Jehol Biota is thus
not only the result of its evolutionary and biogeographical history
but is also due to rather cold local climatic conditions linked to
the paleolatitudinal position of northeastern China and global
icechouse climates that prevailed during this part of the Early
Cretaceous.
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Since the last decade, continuous discoveries of Early Cretac-
eous invertebrates, plants and vertebrates in East Asia, and
more particularly exceptionally preserved specimens in north-
eastern China belonging to the Jehol Biota, have fed numerous
current evolutionary debates (1, 2). This latter assemblage is
preserved in the lacustrine and volcanic sediments that mainly
constitute the Yixian and Jiufotang formations of Liaoning Pro-
vince. The peculiar character of the Jehol Biota, with “unusual”
forms such as feathered dinosaurs, is clearly in part a result of the
exceptional preservation of many fossils which show well pre-
served integumentary structures seldom preserved in other local-
ities. However, it has been suggested that the Jehol Biota show
peculiar floral and faunal compositions, which may, for instance,
be indicative of a “relict” character (3) although this interpreta-
tion has been disputed (1). To date, possible relations between
global climatic conditions and the taxonomic composition of
the Jehol Biota have not been investigated, and no quantitative
local climate reconstruction has been proposed so far. In the mar-
ine record, cold climatic intervals have been recognized during
the Early Cretaceous period, with two major events occurring
(i) during the early Valanginian, and (if) from the late Barremian
to the early Albian (4, 5). The most recent “°Ar/*°Ar dating of
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sanidine crystals from tuff beds within the Yixian Formation
and the base of the overlying Jiufotang Formation gave an age
bracket of 129.7 + 0.5 Ma to 122.1 + 0.3 Ma for the deposition
of the Yixian Formation (6). These ages correspond to a Barre-
mian to early Aptian age interval which is encompassed by the
second cold interval. We have estimated water 8'0 values and
related mean air paleotemperatures at eight contemporaneous
localities covering a large range of paleolatitudes in order to
define a latitudinal climatic gradient and its influence upon the
geographic distribution of East Asian fauna and flora.

Results and Discussion

We have used 99 new and 17 published [(7-9); Table S1] oxygen
isotope compositions of apatite phosphate (6'8Op) measured on
dinosaurs, tritylodont synapsids, and freshwater crocodilian
teeth, as well as turtles shell bones. These apatitic remains were
recovered from deposits of the Yixian Formation and seven other
Early Cretaceous formations in China, Japan, and Thailand.
All these deposits are dated from the Barremian to the Aptian-
Albian intervals and cover palaeolatitudes ranging from 21.0+
7.2°N to 43.2 £ 8.0°N (Table 1 and Fig. 1). Oxygen isotope com-
positions of apatite phosphates were measured using the proce-
dure described in the Analytical method section, and are reported
on in Table S1.

Preservation of the Original Oxygen Isotope Compositions. Secondary
precipitation of apatite and isotopic exchange during microbially
mediated reactions may alter the primary isotopic signal (10, 11).
However, apatite crystals that make up tooth enamel are large
and densely packed, and in the absence of high temperature
conditions which Kolodny and others argue that they enable
microbial mediated reactions to reset the bone phosphate oxygen
isotopic signal, isotopic exchange might not affect the oxygen
isotope composition of phosphates even at geological time scales
(12, 13). Turtle shell and dinosaur bones should be more suscep-
tible to diagenetic alteration because hydroxylapatite crystals
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tation suggests that the distribution of choristoderes cannot be
used as an indicator of warm climates simply on the basis of a
supposed ecological analogy with crocodilians.

The relatively cold climatic conditions under which the forma-
tions containing the Jehol Biota were deposited may partly
explain their singularity, notably by comparison with assemblages
from other parts of Asia, which during the Early Cretaceous
were located farther South. Such comparison applies, in particu-
lar, to the Barremian (?) Sao Khua and Aptian Khok Kruat
formations of northeastern Thailand, which have yielded abun-
dant vertebrate remains, and for which isotopic data are available
(7). Although there are a few faunal elements shared by the Jehol
Biota and the Khok Kruat Formation, such as the ceratopsian
dinosaur Psittacosaurus (37), faunal similarities between the
two formations seem to be very limited. Such differences may
partly be owing to different depositional environments between
the fluvial Thai formations and the largely lacustrine formations
of northeastern China, with consequences in both composition
and preservation. However, the different climatic conditions,
themselves linked to geography, may have played a major role
by preventing forms restricted to warm environments from enter-
ing northeastern Asia during part of the Early Cretaceous. More
globally, the palaeotemperatures estimated from the oxygen iso-
tope compositions of Jehol Biota fossils support previous claims
that “icehouse” events took place during the Early Cretaceous,
resulting in climatic conditions that might have been close to pre-
sent day global climate but with a lesser extent of polar ice caps
(5). The peculiar composition of the Jehol Biota may therefore
largely reflect relatively cold climatic conditions in northeastern
Asia during part of the Early Cretaceous, which contrasts with the
usual “greenhouse” conditions under which many Mesozoic eco-
systems flourished. A climatic gradient similar in some respects
to the present one may at least partly explain the differences
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between the Jehol Biota and floral and faunal assemblages from
regions located farther South.

Analytical method. Measurements of oxygen isotope compositions
of apatite phosphate consist in isolating phosphate ions using acid
dissolution and anion-exchange resin, according to a protocol
derived from the original method published by Crowson et al.
(38) and slightly modified by Lécuyer et al. (39). Silver phosphate
was quantitatively precipitated in a thermostatic bath set at a tem-
perature of 70 °C. After filtration, washing with double deionised
water, and drying at 50 °C, 15 mg of Ag;PO, were mixed with
0.8 mg of pure powder graphite. Oxygen isotope ratios were mea-
sured by reducing silver phosphate to CO, using graphite reagent
(40, 41). Samples were weighed into tin reaction capsules and
loaded into quartz tubes and degassed for 30 min at 80 °C under
vacuum. Each sample was heated at 1,100 °C for 1 min to pro-
mote the redox reaction. The CO, produced was directly trapped
in liquid nitrogen to avoid any kind of isotopic reaction with
quartz at high temperature. CO, was then analyzed with a Ther-
mo-Finnigan MAT253 mass spectrometer at the Institute of
Geology and Geophysics, Chinese Academy of Sciences. Isotopic
compositions are quoted in the standard § notation relative to
V-SMOW (Vienna Standard Mean Ocean Water). Silver phos-
phate precipitated from standard NBS120c (natural Miocene
phosphorite from Florida) was repeatedly analyzed (8'30 =
21.7 £ 0.2%o0; n = 37) along with the silver phosphate samples
derived from the fossil vertebrate remains.
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