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Jurassic climates as inferred from the sedimentary
and fossil record

A. HALLAM
School of Earth Sciences, University of Birmingham, Birmingham B15 2TT, U.K.

SUMMARY

A review is presented from the Jurassic terrestrial and marine fossil record, and the record of sediments
and clay minerals, insofar as it bears on the two principal climatic parameters, temperature and
precipitation. It is shown that there is a generally good agreement between palaeoclimatic data derived
from fossils and rocks and the results of modelling experiments, provided a substantially higher
atmospheric content of carbon dioxide is assumed for Jurassic times. The Jurassic world was relatively
equable compared with the present day, but there were probably strong seasonal contrasts of
temperature within the large continental arecas, as well as some polar ice. Monsoonal effects were
dominant on the continents and rainfall in low and mid latitudes was probably strongly seasonal, with
arid conditions prevailing at low latitudes. Significant changes of temperature through the course of the
period cannot be discerned, but some evidence tentatively favours a slight increase. A notable spread of
aridity in southern Eurasia in the late Jurassic can be related to orographic effects. Some minor cyclicity
in the sedimentary sequence may relate to orbital forcing.
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There has been a general consensus for many years
that the climates of the Jurassic, like those of the
Cretaceous, were appreciably more equable than
today, to the extent that there were evidently no polar
icecaps, and cold-intolerant organisms apparently
extended over a wider range of latitude (Frakes 1979;
Hallam 1975, 1985). The use of the term equable to
characterize the climate as a whole has, however,
recently been called into question (Crowley & North
1991). In particular, a large supercontinent such as
Pangaea, which was coherent for much of the period,
is likely to have experienced a considerable seasonal
range of temperature.

Although less attention has been paid to Jurassic
climates than those of the Cretaceous, both in terms of
data gathering and modelling, a substantial body of
knowledge exists from which to make reasonably
confident statements about general patterns at least.
Of the two major climatic parameters, temperature
and precipitation, temperature has received the
greater attention, but a great deal can be learnt also
about the distribution of rainfall on the continents. In
the following account the distribution of climatically
significant flora and fauna will be reviewed first,
followed by the distribution of climatically significant
sediments and clay minerals, and brief attention also
paid to oxygen isotope data on fossil shells. Subse-
quently changes through time of inferred Jurassic
climate are considered, and the article concludes with

Among the ferns there are abundant widespread
genera whose living relatives cannot tolerate frost. In
the Lower Jurassic there is a northern floral zone
embracing Greenland, northern and central Europe,
Siberia and Japan, and a southern zone extending
from Mexico to the Middle East and southern China
(Barnard 1973; Wesley 1973). These zones could
reflect a degree of latitudinal differentiation, but
Barnard (1973) considers that the difference might
relate in part to the continentality of the climate, i.e.
to the degree of contrast between seasons.
Cycadophytes are latitudinally restricted to a belt
more or less corresponding to the more southerly floral
zone among the ferns (Vakhrameev 1964, 1991;
Wesley 1973). Passing northwards into Siberia, the
cycadophyte and conifer floras are much lower in
diversity and are instead dominated by ginkgophytes.
According to Vakhrameev this signifies a latitudinal
climatic gradient in Eurasia significantly less than
today, with winter temperatures in Siberia probably
never falling below 0°C. The climate of this northern
zone appears to have been humid and moderately
warm, while that of the southern zone compares with
the present humid tropical zone. Vakhrameev
detected a slight northward shift of the boundary
between the two floral provinces from the early to the
mid Jurassic and an appreciably greater northward
shift from the mid to the late Jurassic (figure 1). The
conifer pollen Classopolis is evidently most common in

association with evaporites and hence its abundance
has been used as an indicator of arid climate.

a discussion of the relationship between empirical and
theoretical studies.
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Figure 1. Distribution of Jurassic reefs. Simplified from Fliigel & Fligel-Kahler (1992). Also shown is the shift in the
boundary of the Indo-European and Siberian floral provices in Eurasia from the early (1) and mid (2) to late (3)

Jurassic. Adapted from Vakhrameev (1964).

According to Vakhrameev (1981) it is most abundant
in Upper Jurassic sediments, thereby indicating the
late Jurassic as a time of maximum aridity during
the period. This confirms inferences derived from the
sedimentary record (see below).

Turning to the Southern Hemisphere, the floras
which contain Dictyophyllum differ considerably from
those of the Northern Hemisphere, and appear to
mark a separate floral province. The wide distribution
of this genus between palaeolatitudes 50° and 60°N
and S is to Barnard (1973) a strong argument in
favour of a relatively warm and equable world. A
differentiation between the Northern and Southern
Hemispheres has also been recognized among the
conifers (Florin 1963) but this is unlikely to relate
simply to climate, because climatic control should
have given rise to a symmetrical latitudinal pattern of
zones with respect to the equator. It is more likely to
be due to the increasing separation of Laurasia and
Gondwanaland by the Tethys, and inability of pollen
to cross the ocean. The Indian floras are significantly
different from those in adjacent Eurasia, which pre-
sumably relates to the subcontinent’s northward
migration in post-Jurassic times.

Growth rings of fossil tree trunks also provide
valuable climatic indicators. The formation of unin-
terrupted secondary wood is generally correlated with
a uniform, essentially seasonless climate. Wood en-
tirely lacking growth rings is broadly confined to those
areas in the tropics in which the climate is relatively
seasonless. In a global analysis of fossil wood ranging
in age from Lower Jurassic to Lower Tertiary, Creber
& Chaloner (1984) were able to recognize a broad
equatorial zone ranging in latitude from approxima-
tely 30°N to 30°S, in which annual growth rings are
either absent or very weakly developed. To the north

Plul. Trans. R. Soc. Lond. B (1993)

and south of this zone, pronounced annual growth
rings are well developed and are thought to have
formed in strongly seasonal climates. This is consistent
with broad temperate climatic belts between the poles
and 30°N and S. A similar conclusion is drawn by
Epshteyn (1978) for the Jurassic floras of northern
Asia, where the woods have annual rings indicating a
clearly defined seasonal climate.

3. FAUNAL DISTRIBUTIONS

A tropical belt is also clearly recognizable from the
distribution of (presumed) hermatypic corals, rudistid
and other large, thick shelled bivalves, lituolacean
foraminifera and hydrozoans, together with abundant
and diverse dasycladacean algae (Hallam 1984a).
This is well illustrated by a map of the distribution of
coral-dominated reefs (figure 1). The only places
where they extend well beyond 30°N are in western
North America and eastern Asia, but these are in
areas of displaced terranes, which have been moved
significant distances northward as a result of post-
Jurassic tectonic activity (Hallam 1986a).

The interpretation of the well known Tethyan-
Boreal provinciality among the ammonites and belem-
nites is more controversial. The traditional interpreta-
tion is that, since the boundary between the two
realms roughly follows latitude (figure 2) the Boreal
Realm signifies a cooler climate. There are, however,
a number of arguments against this (Hallam 1975,
1984a; Doyle 1987). The taxonomic diversity is not
significantly reduced towards the poles, unlike at the
present day, and among the belemnites at least
appears to increase northwards from the Boreal-
Atlantic to the Arctic Province (Doyle 1987). Doyle
also records that Arctic endemic belemnites are not
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Figure 2. The approximate boundaries of the Tethyan and Boreal realms at different times in the Jurassic. After
Hallam (1975).

strictly confined latitudinally, extending down the
western side of North America as far as Mexico, mixed
with Tethyan ammonites.

The absence of an austral fauna matching the
boreal one, argues against a climatic interpretation for
the provinciality but Crame (1986) has suggested that
the distribution of certain late Jurassic bivalves,
including Buchia, Retroceramus and Arctotis, is bipolar.
Most occurrences of Buchia are north of 30°N palaeo-
latitude, and in the Spiti Shales of India, located
south of 30°S in late Jurassic time. Buchia is common
in the Antarctic, becoming less common into Andean
South America. However, the relevant bivalves have a
circum-Gondwanaland distribution, and Buchia occurs
commonly in North American cordilleran terranes as
far south as northern Mexico. Probably palaecogeo-
graphic factors including water depth were more
significant than temperature. Palaeogeographic re-
strictions are also invoked by Doyle (1987) to account
for the relatively low diversity of belemnites in the
Boreal-Atlantic Province of Europe (cf. Firsich &
Sykes 1977). Further north and south (the Arctic Sea,
Tethys) more stable habitats allowed a higher diver-
sity, and more open seaways may have persisted
between the Arctic and Pacific. Whatever the reasons
for the origin and maintenance of the Tethyan-Boreal
provinciality, and it probably involves a complex
interplay of factors, it seems evident that the provin-
ciality gives us no information on climate that is not
better deduced on other grounds. If, despite the
evidence to the contrary, some sort of latitudinal effect
is thought to be paramount, seasonal changes in
illumination or solar radiation could have been pos-
sible controlling factors (Reid 1973).

Schaeffer (1970) has discussed the evidence of

Phil. Trans. R. Soc. Lond. B (1993)

Jurassic marine fish and concluded that the extensive
north—south distribution of ceratodontids and certain
actinopterygian groups must signify an essentially
uniform climate embracing all the continents. Thus
ceratodontid lung fishes have been found in England,
the United States, China, Madagascar and Australia.
Their living relatives are confined to the tropics and
subtropics.

Dinosaurs are the best known of the terrestrial
vertebrates. The richest faunas occur in the Upper
Jurassic of the United States Western Interior and
Tanzania, but scattered occurrences have been
recorded over a wide latitudinal range, from the
United States, Europe and China to Patagonia and
Australia. Charig (1973) was unable to recognize
genuine provinciality and several families were cosmo-
politan. If dinosaurs were ectothermic, like other
reptiles (implying the requirement of an external heat
source for their temperature regulation), the wide
latitudinal distribution of dinosaur genera would
appear to reinforce that of marine fish in implying
relative equability.

4. SEDIMENTS

The most important sedimentary rocks that have been
used in palaeoclimatic interpretation are limestones,
tillites, evaporites and coals, which will be considered
in turn, together with a number of other criteria such
as clay minerals, ironstones and calcretes.

(a) Limestones

Ziegler et al. (1984) have drawn attention to the fact
that most shallow shelf carbonates in the Mesozoic


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

290 A. Hallam  Jurassic climates

and Cenozoic occur within the subtropics, 5-35°N
and S; 999%, of occurrences are within 45° of the
equator. The carbonate belt evidently did not expand
polewards during warmer intervals, suggesting that
temperature is not the limiting factor. Year-round
light refraction falls markedly at about 35° from the
equator, the present poleward limit of Bahamian-type
environments. This depositional system relies on algal
fixation of CaCOs, either directly or indirectly. There-
fore light penetration appears to be the latitude-
limiting factor influencing carbonate distribution. The
lack of high-latitude Jurassic limestones cannot be
accounted for by high rates of siliciclastic sedimen-
tation. Thus the non-calcareous deposits of the Rus-
sian Platform signify very low sedimentation rates, as
evidenced by thin ammonite zones and abundant
glauconite and phosphorite.

(b) Tillites and dropstones

Older claims of Jurassic tillites in Antarctica and
Patagonia have been decisively refuted (Hallam 1975)
but more recently the interpretation of a number of
pebbly mudstones in the Arctic borderlands of northern
Siberia as including glacial dropstones (Epshteyn
1978) has attracted some attention (Brandt 1986;
Frakes & Francis 1988; Frakes et al. 1992). The
deposits in question extend between the West Siberian
lowlands and Kamchatka, with examples recorded
from the Liassic, Aalenian, Bajocian, Callovian, Kim-
meridgian and Volgian. They are described as unstra-
tified, with individual beds ranging from fractions of a
metre up to 5-7 m in thickness. Randomly distributed
clastic material ranges from sand to gravel, pebbles
and even occasional cobbles. Professor L. A. Frakes
(personal communication) has personally examined
some of these deposits at seven localities concentrated
near the headwaters of the Kolyma River and con-
siders that only a Bathonian (or possibly Callovian)
example sufficiently satisfies the criteria for identifying
a genuine glacial dropstone. Evidently one needs to
accept the possibility of some high-latitude ice in the
Jurassic, as in the Cretaceous (Frakes & Francis
1988). It could have disappeared in the summer,
however, and there is no justification whatever for
postulating the existence of polar icecaps substantial
enough to generate glacioeustatic changes of sea level
(Brandt 1986).

(¢) Evaporites, coals and aeolian sandstones

The distribution of Jurassic evaporites and coals,
long established as criteria for the recognition of
precipitation patterns, has been plotted by Parrish e
al. (1982) and Hallam (1975, 19844), the former for
two stage intervals, the Pliensbachian and Volgian
and the latter for the three subsystems, Lower, Middle
and Upper. The area covered by evaporite deposits is
second only to that of the Triassic (Gordon 1975), but
the geographic range does not seem to have been
significantly different from that at the present day.

The only region where reasonably well authenti-
cated Jurassic aeolian sandstones are known is the

Phil. Trans. R. Soc. Lond. B (1993)

United States Western Interior, namely the Navajo
and Nugget Sandstones of Lower Jurassic age. Part of
the Callovian Entrada Sandstone is also apparently of
aeolian origin. The measurements on dune bedding
orientations are broadly consistent with the region
lying in a trade wind belt at the time (Poole 1964;
Tanner 1965).

(d) Other climatic criteria

Compared with evaporites and coals, clay minerals
have the advantage of being almost ubiquitously
present in sedimentary sequences of a wide range of
facies, thereby allowing a much fuller monitoring of
changes through time and space. It is generally
accepted that kaolinite forms most readily under
intensive leaching conditions in acid soils in a climate
combining high temperature and precipitation. The
climatic significance of this and other clays in fully
discussed by Hallam et al. (1991) and Sellwood &
Price (this volume), who also mention the complica-
tions of burial diagenesis.

Ancient soils can be climatically revealing but little
attention has been paid to pedogenic deposits in the
Jurassic. Deposits of calcrete, signifying formation in
warm, semi-arid conditions, have been reported,
however, from the Lower Jurassic of New England
(Hubert 1978) and the Oxfordian of Portugal (Wright
& Wilson 1987).

Wignall & Ruffell (1990) have inferred a change
from a humid to a semi-arid style of deposition in the
Upper Kimmeridge Clay of southern England using a
variety of criteria. A decline in kaolinite abundance is
matched by a decline in offshore sedimentation rate,
softground fauna being replaced by hardground fau-
nas and dolostones formed in the mechanogenic zone
giving way to calcite nodules. Their inference is
supported by palynological data. The work of Wignall
& Ruffell is a good example of using data from a
multiplicity of sources to infer a history which could
not be safely inferred from one criterion alone.

5. OXYGEN ISOTOPIC COMPOSITION OF
SHELLS

Serious doubt has been cast on the adequacy of
oxygen isotope measurements obtained from Jurassic
marine shells because of the problems of ‘vital effects’
and meteoric diagenesis (e.g. Hallam 1975; Epshteyn
1978). Some more recent work is, however, rather
encouraging. The excellent preservation of calcareous
invertebrates and phosphatic vertebrates in the Callo-
vian Lower Oxford Clay of central England offers
good possibilities for reliable palaecotemperature deter-
minations. The mean 3'*0 values for oysters, pendent
bivalves and belemnites (all calcitic) and nuculacean
bivalves (aragonitic) correspond to precipitation at
isotopic equilibrium with non-glacial seawater at
temperatures of 15-18°C. The mean isotope palaeo-
temperature for ammonites (aragonite) is slightly
higher (20°C) but is probably not significantly
different from those of other calcareous macro-
invertebrates. Preliminary oxygen isotope results on
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phosphate extracted from bones, teeth and gill rays
correspond to palaeotemperatures of 12-20°C (Hud-
son & Martill 1991; Anderson et al. 1992). These
results are in good agreement with palaeotemperature
estimates based on Jurassic biotic distributions, and
tentatively suggest also the likelihood of temperature
stratification of the water column, at least for part of
the year.

6. CHANGES IN JURASSIC CLIMATES
THROUGH TIME

The dramatic disappearance of reefs from the Aus-
trian Alps at the end of the Triassic has been used to
argue for a significant fall of temperature at this time.
This interpretation is not borne out, however, by
oxygen isotope analysis of a well dated and apparently
complete carbonate sequence across the Triassic-
Jurassic boundary in the Salzkammergut, which indi-
cates no detectable temperature change (Hallam &
Goodfellow 1990).

There is no convincing evidence of any notable
global temperature change through the course of the
Jurassic. The best evidence available concerns the
areal distribution of terrestrial plant provinces in
Eurasia. Vakhrameev (1964) detected a slight north-
ward shift of a boundary between northern and
southern floral provinces through the period, continu-
ing into the Cretaceous (figure 1), which implies a slight
warming trend. As opposed to this, it could be argued
that the ocurrence of glacial dropstone deposits in
northern Siberia marks the beginning of a cooler time
from the mid Jurassic onwards. This was in fact done
recently by Frakes et al. (1992). These authors maintain
that the Siberian dropstones recorded by Epshteyn
(1978) signify a relatively cool interval extending from
the Bajocian to the Albian. Actually Epshteyn cites
work mentioning Liassic dropstones in addition, but in
view of the scepticism now expressed by Frakes there is
bound to remain some doubt about the reality of the
supposed cool interval. Furthermore it needs to be
borne in mind that the late Jurassic marked a time of
significant geographic spread of carbonates and asso-
ciated reef deposits (Hallam 1975). Clearly further
evaluation is required of both the palaeobotanical and
sedimentological evidence.

The distribution of evaporites, coals and other
climatic criteria reveals a Jurassic world in which the
western part of Pangaea in low to mid latitudes
experienced an arid climate. The more easterly parts
of Laurasia and Gondwanaland were more humid, at
least seasonally, and high latitudes were persistently
humid. The principal change took place towards the
end of the period, when arid conditions extended
across southern Eurasia (Hallam 1984, 1985; figure 3).

The general pattern of this change is outlined by
Hallam (19844) and a more detailed study of Jurassic—
Cretaceous boundary beds in western Europe, using
the proportion of kaolinite in the clays as the most
continuous monitor, was undertaken by Hallam et al.
(1991). The kaolinite proportion works quite well as
a correlation tool within south eastern France and
Switzerland but breaks down in detail over a more
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Figure 3. Continental humid and arid belts in the Jurassic.
(a) Early Jurassic; (6) Late Jurassic. After Hallam (1985).

i

extensive region. Thus a shift in age of the inception of
kaolinite depletion from late Oxfordian-Kimmerid-
gian in south eastern France to late Kimmeridgian—
Portlandian in Dorset suggests some diachronism in
the onset of arid conditions, beginning earlier in the
south and slowly moving northward. The Lower
Purbeck beds marks the maximum development of the
Tithonian arid phase, with kaolinite disappearing
completely and palygorskite occurring as well as
evaporites. The co-existence of evaporites with coni-
ferous trees and abundant insects and molluscs sug-
gests a highly seasonal, Mediterranean-type climate
(Francis 1984). Whereas the onset of more arid
conditions in southern England can be dated as Upper
Kimmeridgian fudlestoni zone (Wignall & Ruffell
1990) it occurred slightly later in north eastern
Scotland, in the rofunda zone (Wignall & Pickering
1993).

The wide extent of arid conditions in western
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Pangaea is readily explicable by reference to high
pressure trade wind belts in conjunction with a huge
landmass. The late Jurassic spread of arid conditions
in southern Eurasia is most probably an orographic
effect rather than due to a southward shift of Eurasia,
a rain shadow resulting from the collision of the
Cimmerian landmass and concomitant disappearance
of Palaeotethys (Hallam 1984b; Sengér ef al. 1988;
figure 4).

Cyclicity

In view of the current interest in orbitally forced
climatic rhythms it is only natural that small-scale
cyclicity in the Jurassic should be attributed to this (e.g.
House 1985; Hallam 1986¢). However, as Algeo &
Wilkinson (1988) point out, cycles in the Milankovitch
range can be produced by a variety of mechanisms
independent of orbitally modulated climatic change. In
the absence of a clearly defined mechanism for
translation of orbital variations into cyclic sedimen-
tation during non-glacial times, orbital forcing cannot
be assumed. :

A promising beginning, using some form of time-
series analysis, has nevertheless been made in a few
cases. Olsen (1986) has studied a series of lacustrine
strata in the Newark Supergroup (Upper Triassic-
Lower Jurassic) in the north eastern United States.
These are characterized by repetitive sequences
known as Van Houten cycles. In general, a Van
Houten cycle consists of an ordered series of facies
indicative of lake deepening and shallowing. Olsen has
calibrated continuous sections with both radiometric
dates and varve counts to obtain an average value for
cffective accumulation rates. Fourier analysis indicates
that the sections are dominated by periodicities that
correspond well to the orbital theory of climatic
change.

The gamma method is a new method for testing
periodicity within cyclic strata (Kominz & Bond
1990). Time-thickness relations of the facies within
individual cycles are used to estimate ages. It is thus
possible to address quantitatively the question of
whether the cycles that make up these strata are
periodic. In the Newark Supergroup, it is claimed that
both precessional and eccentricity cycles are recorded
(Kominz & Bond 1990; Kominz ef al. 1991).

Weedon (1985) applied Walsh power spectrum
analysis to the limestone-shale sequence of the Blue
Lias (Hettangian-Lower Sinemurian) of southern
England, but was criticized for underestimating the
disturbing cffects of diagencsis (Hallam 19866). The
slightly younger Belemnite Marls of the samec region
have a comparable facies apparently less affected by
diagenesis. Weedon & Jenkyns (1990) believe that
they may record precessional cycles, but cycle bundles
cannot be linked to changes in eccentricity. Rather
they apparently record irregular large-amplitude
climatic variations with periods of a few hundred
thousand years. In a further study, Weedon (1989)
used the same method of analysis to examine three
Liassic limestone-shale sequences in Switzerland. He
claimed to detect the 21 ka precession cycle in all
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three cases, the 100 ka eccentricity cycle in two and
the 41 ka obliquity cycle in one.

In 1990 the Ocean Drilling Program succeeded in
recovering the oldest sediments in the Pacific, extend-
ing back in age to the mid Jurassic. The reddish-
coloured clayey and cherty sediments from low
palaeolatitudes consist of rhythmically bedded layers,
alternating in enrichment or depletion of radiolarians,
relating presumably to episodes of upwelling and
surface fertility of the tropical ocean. The finest scale
cycles have a possible periodicity of 20 ka, consistent
with precessional control (Shipboard Scientific Party
1990).

A scrious problem with all such studies in rocks of
Jurassic age is the imprecision of absolute dating, such
that the degree of confidence with which one can
recognise Milankovitch cycles of a particular type is
necessarily limited.

7. COMPARISON OF DATA AND MODELS

The most important advance in recent years in the
study of Jurassic climatology has been a number of
attempts to introduce modelling for a world of very
different geography from that of the present day.

The global climatic model experiments of Kutzbach
& Gallimore (1989) for the early Mesozoic (Triassic)
Pangaca predict that it would have experienced a
strongly monsoonal climate, involving alternating
circulation between high pressure in winter and low
pressure in summer. Rainfall in consequence is likely
to have been strongly seasonal. Most of the landmass
at latitudes of less than 40° would have been relatively
dry. This modelling is well supported by data on the
distribution of coals and evaporites. Parrish el al.
(1982) utilised two alternative rainfall models to
account for such distributions for a number of time
intervals in the Mesozoic and Cenozoic. The zonal
model predicts coals occurring within latitudes 15°N
to 15°S and 45-75°N and S, and evaporites between
15° and 45°N and S. The circulation model takes
account of strong seasonality and a monsoonal regime.
It is more successful than the zonal model for the
Pliensbachian and Volgian, the two Jurassic stages
that were studied, a result which is unsurprising
bearing in mind that a monsoonal influence has a
considerable perturbing effect on latitudinal climatic
zones. According to Manabe & Wetherald (1980)
large-scale monsoonal circulation is a powerful mech-
anism for transporting large amounts of latent heat
poleward, where high rainfall is to be expected. This
could account for the high-latitude coals of the
Mesozoic.

Crowley & North (1991) point out that modelling
studies indicate that a very large seasonal cycle, with
probable winter cooling, is an inescapable feature of
Pangaean climates, and they contest the world ‘equable’
to describe them. A large seasonal cycle might still
result even if the snow cover were reduced, because
soil moisture depletion leads to the land being heated
up faster. Heat loss in continental interiors would
occur at a greater rate than could be compensated for
by transport from the oceans. The larger the land-
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(b)

PACIFIC
OCEAN NEO- K
TETHYS ?

Figure 4. Sketch diagrams to illustrate the collision of the Cimmerian continent with Eurasia in the late Jurassic,
with concomitant destruction of Palaco-Tethys. A, Early Triassic; B, Late Jurassic. Simplified from Sengor et al.

(1988).

mass, the larger the discrepancy in the energy budget
of continental interiors. If at least some of the
purported glacial dropstones in northern Siberia can
be adequately substantiated it would indicate the
existence of high latitude ice, though probably seaso-
nal and in relatively small quantities, in view of all the
counter evidence from the distribution of flora and
fauna. The presence of such ice would certainly be
consistent with a whole series of modelling experi-
ments which suggest that the problem is more to
account for the absence rather than the presence of
substantial polar ice during geological history (Donn
& Shaw 1977; Barron et al. 1981; Hunt 1984).
Currently the most popular way of accounting for a
more equable world at certain times in the past is to
invoke the greenhouse effect caused by greater con-
centrations of carbon dioxide in the atmosphere.

Phil. Trans. R. Soc. Lond. B (1993)

Berner (1991) put forward an isotopic mass balance
model for the whole Phanerozoic, expanded to include
the effects of changing continental palaeogeography
and seafloor area generation rate, together with the
changing relative importance of deep sea versus
shallow platform carbonate deposition insofar as they
affect global degassing. The amount of atmospheric
COy was calculated from a weathering feedback
function for silicates.

Berner’s best estimate of COg for the Jurassic
fluctuates around four times the present value, with a
slight rise from mid Jurassic times onward and a more
marked fall to three times the present value at the
Jurassic-Cretaceous boundary. Cerling (1991) argues
that the isotopic composition of soil carbonate
recorded in calcrete is a faithful monitor of the
concentration of atmosphere COz. His 3'3C results
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from Lower Jurassic calcretes in Connecticut are in
good agreement with Berner’s predictions.

Moore et al.’s (1992a) analysis of the late Jurassic
(Kimmeridgian-Tithonian) world used a general cir-
culation model with two seasonal simulations, one
with 280 p.p.m. atmosphere COg concentration (the
pre-industrial modern value) and the other four times
this value, like Berner’s (1991) figure. The 280 p.p.m.
simulations produced too cold a world for environ-
mentally sensitive organisms and rocks, but the
1120 p.p.m. simulation fits the stratigraphic record
quite well, suggesting in support of Berner that the
late Jurassic world possessed an enhanced greenhouse
effect. The splitting of Pangaca and flooding of large
parts of Eurasia would profoundly have altered the
climate, but the three major continental blocks were
extensive in area, with interiors whose climate was
harsh and arid but not overwhelmingly equable. The
distribution of sea ice in the 1120 p.p.m. simulation is
largely offshore of the continents and fits the strati-
graphic record of no land-based tillites. Moore el al.
recognize also a massive summer monsoonal circula-
tion that focuses heavy precipitation on south east
Asia; there is fairly good agreement between evaporite
and coal distributions and rainfall precipitation maps.

There is also gencrally good agreecment between
geological and palacontological data and a relatively
detailed, high resolution climatic model produced for
the Kimmeridgian by Valdes & Sellwood (1992). Their
system predicts no permanent ice cover near either
pole but surface temperatures over Siberia and south
east Gondwanaland fall below zero for a significant
part of the winter, a challenge to Vakhrameev’s
(1964) interpretation based on fossil plants. The
expectation from theory and models is for a moister
climate than geological data suggest, which indicate a
more arid climate than at present. The reason put
forward is that total rainfall was greater but dominant
over the oceans. The large-scale, as opposed to
convective, rainfall was less, and it is this component
that primarily affects the land. Higher surface tem-
peratures in the model were counteracted by increased
cloud cover due to a warmer and moister atmosphere.

Topography influences many climatic parameters
to varying degrees. The sensitivity tests undertaken
both by Moore ¢t al. (1992b) and Valdes & Sellwood
(1992) indicate that, without realistic palacotopo-
graphy, flat or idealized continents surrounded by
bodies of water do not produce realistic palacoclimate
results. Therefore in palacogeographic reconstructions
the location and extent of mountain ranges and
highlands should be established if possible and,
ideally, given suitable elevations consistent with their
plate tectonic origins, scttings and age.

Modelling of the orographic cffect on patterns of
rainfall and aridity has been undertaken by Hay et al.
(1982, 1990). In the late Triassic and early Jurassic a
complex of rifting-produced half grabens bordered the
site of the future central Atlantic. Within the rift
complex, the occurrence of evaporites indicates ex-
tremely arid conditions along the eastern edge of the
central rift, in contrast with synchronous lacustrine,
playa and coal deposits in the west, indicating more

Phil. Trans. R. Soc. Lond. B (1993)

humid conditions. The observed pattern is generally
very similar to that predicted by a topographically
controlled climatic model (Hay e/ al. 1982). As air
rises it cools and becomes saturated with water;
the concomitant rise of relative humidity leads to
increased precipitation. As air descends leeward of
mountains it warms and the relative humidity dimi-
nishes. Air would not have become saturated if the
western rift margin had been less than 1.5 km eleva-
tion. In this case the entire rift valley might have been
arid.

Orographic effects were explored more generally in
a series of simulations of the effect of changes in
palacotopography, using an idealised pole-to-pole
sector continent 105° of longitude in width (Hay e/ al.
1990). Of the four models run, only elevation of
mountains on the eastern border of a continent caused
aridity. This result is perhaps relevant to the spread of
aridity in western Europe in the late Jurassic. Whereas
the Cimmeride mountain collision with Eurasia could
account for the aridity further cast, by a rain shadow
cffect, it seems puzzling that western European land-
masses enveloped by sea should be similarly affected.
Bearing in mind the results of the modelling experi-
ments, it is conceivable that the Cimmerides had the
effect of partly isolating Europe from the nearest
major body of ocean water, the Tethys.

It would be instructive to model the effects on
continental climates of low versus high sea-level stands,
such as between the Hettangian and Kimmeridgian,
and test the results against the geological record.
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Discussion

J. A. CraME (British Antartic Survey, Cambridge, U.K.).
Professor Hallam has cast doubts on both the exis-
tence of bipolar molluscs, and their palaeoclimatic
significance. The genus Buchia, however, is of particu-
lar note, occurring both in the northern and southern
palaeo-hemispheres, and with an amphitropical distri-
bution (generally not occurring in association with
typical Tethyan benthos). The palaeoclimatic signifi-
cance of such distributions should not be over-empha-
sized, however.

Phil. Trans. R. Soc. Lond. B (1993)

M. O. ManceRbo (La Plata Natural Sciences Museum,
Argentina). 1 wish to draw attention to the possible
existence of a Southern Hemisphere Austral Realm, in
terms of molluscan distributions (both bivalves and
ammonites).

A. Harram. The comments of Dr Crame and Dr
Manceifiido concerning the possible existence of bi-
polar elements in Jurassic bivalve faunas are in-
triguing and I would not wish to deny this possibility.
I fail to see, however, that it has much bearing on the
question of Jurassic climates, because no-one denies
that the temperatures at the poles were cooler than in
the tropics. The only interesting question in this
respect is the degree of equability.

J. Francis (Department of Earth Sciences, University of
Leeds, U.K.). The part of Mesozoic Antarctica which
would have been located in the continental interior of
Gondwana (and most likely experienced seasonally
extreme temperatures, as the models suggest) is at
present covered by thick ice. Palaecoclimatic evidence
is, at present, unavailable. Early Cretaceous sediments
on the eastern side of Antarctia are arc-related and in
facies unsuitable for glendonite preservation.

A. Harram. I thank Dr Francis for her explanation of
the apparent absence of Mesozoic glendonites from
Antarctica.

J. T. Parrisa (University of Arizona, U.S.A.). Unpub-
lished data suggest a bimodal distribution of dinosaur
diversity by latitude (maximum diversity in northern
and southern mid-latitudes with an equatorial mini-
mum and peri-polar decline). If the pattern is not
monographic it might reflect low-latitude dryness.

A. Harram. I welcome the possibility of bimodal
dinosaur distribution as being consistent with a likely
paucity of food for large herbivores in low latitude
regions, at least during the Jurassic.
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