Climatic ups and downs in a disturbed Jurassic world
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ABSTRACT

The tropical, warm, and equable climate of the Jurassic world is regularly challenged by
geoscientists, especially since oxygen isotopes (8'*0) of fossil hardparts have been used to
reconstruct the paleotemperature history of seawater. By applying the innovative “SiZer” (sig-
nificant zero crossings of the derivatives) statistical approach to a newly compiled §'*0O data-
base for the Jurassic, we demonstrate the occurrence of major and multiscale 5'*0 changes
mainly related to climate disturbances. For the first time, two long-term anomalies in 8O are
identified during the Toarcian and the Late Jurassic, in conjunction with intensive volcanism
in large igneous provinces. These results support a strong influence of repeated volcanic pulses
on the modulation of pCO,, temperatures, and polar ice cap volumes over protracted periods.
At shorter time scales, 13 relatively rapid (0.5-1 m.y.) and significant warming and cooling
events are identified, the causes of which include transient fluctuations in greenhouse gas con-

centrations related to still-debated mechanisms.

INTRODUCTION

In the context of current global warming,
reconstruction of climate history based on
sedimentary archives, isotope geochemistry,
and numerical modeling is of major interest
because it allows comparison with current cli-
mate change in terms of rapidity, magnitude,
origin, and potential consequences. During the
past two decades, oxygen and carbon isotope
analyses (60 and 8“C) performed on well-
preserved marine fossils have highlighted major
changes in seawater temperature, carbon cycle,
and polar ice volume during the Phanerozoic
(e.g., Zachos et al., 2001). For example, 8'0
data measured on biostratigraphically well-
dated bivalves (Brigaud et al., 2008), belemnites
(van de Schootbrugge et al., 2005), brachiopods
(Suan et al., 2010), ammonites (Wierzbowski
and Joachimski, 2007), and fish teeth (Dera et
al., 2009b; Lécuyer et al., 2003) from European
domains have challenged former views of an
equable and warm Jurassic climate with a low
latitudinal gradient (Frakes et al., 1992). How-
ever, paleoclimatic changes inferred from isoto-
pic records data may be questioned because, in
spite of noisy 8'°0 time series, the trends were
never statistically tested. In addition, oxygen
isotope signals measured on various biological
hardparts may be discordant owing to nonequi-
librium oxygen isotope fractionation of extinct
organisms and/or differences in paleoecologi-
cal behaviors of taxa (McArthur et al., 2007).
Studies embracing the entire Jurassic interval
(200-145 Ma) are scarce (Jenkyns et al., 2002),
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although they are required to identify the pro-
cesses responsible for long-term 6'*0 variations
during this time period characterized by conti-
nental break-up and major volcanic events.

MATERIAL AND METHODS

We present an extensive 8O database cov-
ering the entire Jurassic and we use statistical
methods, rarely applied to geochemical time
series, both to test the robustness of warming
and cooling events suggested in previous stud-
ies and to identify possible longer term climate
trends. Our data set is based on an exhaustive
compilation of 2809 published oxygen and car-
bon isotope values measured on various pristine
fossil shells (see the GSA Data Repository!).
All shells derive from the European realm rep-
resenting shallow epicontinental seas (<200 m
in depth) of the subtropical northwest Tethyan
area. The data set was supplemented by 127 new
analyses performed on Pliensbachian—Toarcian
belemnites and Tithonian oysters from north-
ern and eastern France (see the Data Reposi-
tory). The geochemical data are constrained to
the ammonite biozone resolution (~0.5 to 1 m.y.
on average) to generate reliable temporal series
calibrated to numerical ages of the time scale
of Ogg et al. (2008). For paleoclimate recon-
structions, only 80 data measured on well-
preserved belemnite rostra (n = 1926) and cal-

!GSA Data Repository item 2011085, new data, sta-
tistical method, additional references, and Table DR 1
(Jurassic geochemical database), is available online at
www.geosociety.org/pubs/ft2011.htm, or on request
from editing @ geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.

citic bivalve shells (n = 759) were considered,
as these data sets constitute the most continu-
ous geochemical records. The “SiZer” statisti-
cal approach (significant zero crossings of the
derivatives; Marron and Chaudhuri, 1998) is
used to compare 8'30 patterns of the two organ-
isms and to detect significant climatic trends
(see the Data Repository). This method is based
on the construction of curves fitting time series
using different levels of smoothing (/). The first
derivatives of each curve (i.e., the slopes) are
simultaneously computed with their 95% confi-
dence intervals, allowing the signs of derivative
estimates to be statistically tested. The results
of multiple tests are then reported under the
form of SiZer maps with different colors that
enable simultaneously significant features to be
identified at different time scales (Fig. 1). This
includes rapid 6'%0 variations (0.5 <z < 1 m.y.),
as well as middle- to long-term trends spanning
several million years. Features detected below
the temporal resolution boundary (<0.5 m.y.)
are not considered.

COMPARISONS BETWEEN
ORGANISMS

Independently of the smoothing resolution,
the SiZer maps based on belemnite and bivalve
880 values depict significant trends that,
despite differences in absolute 8'30 values and
the amplitude of major variations (Fig. 1A), are
fairly concordant during overlap intervals such
as the Middle and Late Jurassic (Figs. 1B and
1C). Some divergence can be observed during
the late Kimmeridgian and Tithonian, possibly
because the data are too sparse. At high fre-
quency (0.5 <& <1 m.y.), only three short events
(periods f, k, m; Fig. 1) are not recorded by
belemnite rostra. Except during the Tithonian,
belemnites generally display higher 8'*0 values
than bivalves (with an offset varying between
0.5%¢ and 1.5%0) and lower amplitudes in 'O
fluctuations. This difference may be related to
the ecological behavior of Jurassic belemnites,
which are generally considered as nektobenthic
cephalopods that were able to swim in deeper
and cooler waters less affected by temperature
fluctuations (e.g., Wierzbowski and Joachimski,
2007). Bivalves were sessile molluscs living in
warmer and shallow (0-50 m) platform or ramp
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Figure 1. Evolution of belemnite and bivalve §'®0O values and respective SiZer (significant zero crossings of the derivatives) maps (in oppo-
site view to better compare short-term trends). A: Smoothed curves and 95% confidence intervals calculated for belemnite and bivalve §'°0
time series are generated using Kernel regressions with a bandwidth (h) of 0.5 m.y. representing maximal time resolution; §'°O variations
are converted into relative changes in seawater temperature using calcite fractionation equation of Anderson and Arthur (1983). Abbrevia-
tions: PDB—Peedee belemnite; HETT.—Hettangian; PLIENSBA.—Pliensbachian; AALEN—Aalenian; BAJO—Bajocian; BATHO—Bathonian;
CALL—Callovian; KIMM.—Kimmeridgian; TITHON.—Tithonian (E—early, M—middle, L—late). B, C: Gray bands depict significant and rela-
tively rapid 8'®0 variations (0.5 < h < 1 m.y.) identified using letters a—m.

environments, in waters prone to evaporation or
dilution by riverine runoff. Similarly to belem-
nite and fish tooth 80 signals observed during
the Pliensbachian—Toarcian interval (Dera et al.,
2009b), the discrepancy between the two 80O
time series could reflect a temperature gradi-
ent and/or difference in seawater 8'O due to
a change in salinity in the water column. The
similarity in SiZer maps for organisms with dis-
tinct modes of life points to a primary control
of paleoenvironmental factors (not biotic) on
Jurassic geochemical trends.

LONG-TERM CHANGES IN 580

The SiZer analysis of both data sets attests to
the occurrence of middle- to long-term varia-
tions in 80 (~2-10 m.y.), including a signifi-
cant 8'°0 decrease during the Early Jurassic, a
progressive increase during the Middle Jurassic,
and a second decrease during the Late Jurassic
(Figs. 1B and 1C). These changes are related to
two phases with relatively homogeneous 80
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values of —2%o during the Toarcian (belemnites)
and the late Oxfordian—early Tithonian interval
(bivalves), separated by steady high 830 values
of ~0%o during the Middle Jurassic (Fig. 1A).
It is interesting that time intervals characterized
by negative 3'®0 values roughly correspond to
periods of protracted and intensive magmatism
in the Karoo-Ferrar (Jourdan et al., 2007) and
northeast Asian igneous provinces (Wang et al.,
2006) (Fig. 2E). By promoting high pCO, lev-
els, repetitive volcanic pulses could have both
maintained warmer climatic conditions over rel-
atively long time periods and favored high fresh-
water runoffs, leading to regional water fresh-
ening and low seawater 830 values reflected
in biogenic calcite 8'80. These increases in
riverine inputs are supported by contemporary
rises in ¥’Sr/%Sr ratios, indicating relatively high
continental weathering rates during the Toar-
cian and the Late Jurassic (Fig. 2C). Conversely,
high-latitude glacial deposits such as tillites,
dropstones, and glendonites are reported during

episodes of relative volcanic quiescence (Price,
1999), in conjunction with high 3'*0 values
(Fig. 2D). This congruence points to the pos-
sible waxing of polar ice caps over long periods,
enriching seawater in '*O. In relation with global
temperature modulation, changes in ice volume
could in part explain the major shifts in 'O
before and after the Toarcian and late Oxford-
ian—early Tithonian anomalies. Nevertheless,
mechanisms related to the incipient opening of
the central Atlantic and Ligurian Oceans at the
end of the Toarcian cannot be excluded as an
explanation for Middle Jurassic high 'O val-
ues. Enhanced production of oceanic crust may
have induced high-temperature alteration pro-
cesses and hydrothermal venting, and contrib-
uted to high seawater 60 values (Jaffrés et al.,
2007). Both scenarios imply that the calculation
of absolute paleotemperatures using a constant
seawater 8'®O for the Jurassic is problematic,
owing to the complexity of processes modulat-
ing seawater 'O variations.
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Figure 2. Comparison between oxygen, carbon, and strontium isotope records and Jurassic paleoenvironmental events. ¢’Sr/®Sr data and
polar ice records are from Jones et al. (1994) and Price (1999). (For references concerning paleoenvironmental, oceanic, and magmatic
events, see the Data Repository [see footnote 1]). Width of features representing volcanic events is roughly proportional to volume of
erupted volcanic rocks. Abbreviations as in Figure 1.

SHORT-TERM CHANGES IN §*0

In parallel, the SiZer maps computed for 8'*0
time series of both fossil organisms allow a sta-
tistical evaluation of 13 rapid 8'O changes (0.5
< h < 1 m.y.) previously reported by different
studies (e.g., Jenkyns, 2003) (Figs. 1B and 1C).
These include transient decreases in 8'°O during
the early Pliensbachian (a), early Toarcian (c),
early Bajocian (f), Bathonian-Callovian transi-
tion (h), early-middle Oxfordian (j), and late
Oxfordian (1), as well as rapid 8'°O rises during
the late Pliensbachian (b), middle-late Toarcian
transition (d), Toarcian-Aalenian transition (e),
late Bajocian—early Bathonian (g), middle-late
Callovian (i), middle Oxfordian (k), and middle-
late Toarcian transition. Other changes in oxy-
gen isotopes, such as the decrease in 8O in
the late Toarcian (Gomez et al., 2008), are not
statistically validated and require further investi-
gation. Small but significant variations of 0.5%c—
1%0 (ie., a, b, d, g, h, k) correspond, if solely
explained in terms of temperature, to changes
in seawater temperature of 14 °C (Fig. 1A).
In contrast, changes in 8'®O recorded during
the early Toarcian, Toarcian-Aalenian transi-
tion, middle-late Callovian, late Oxfordian, and
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Tithonian (i.e., ¢, e, 1, 1, m) appear more drastic,
with calculated temperature variations exceed-
ing 8 °C. Such climatic changes are unlikely
for subtropical environments, which are usually
less sensitive to temperature fluctuations than
polar areas. As proposed here and in previous
work (Saelen et al., 1996; Suan et al., 2010),
disturbances of the global water cycle, includ-
ing enhanced freshwater inputs, strong evapo-
ration, and the waxing and waning of ice caps,
could have induced regional or global changes
in seawater 8'30, resulting in underestimations
or overestimations of temperature fluctuations.
Independent of recorded oxygen isotope fluc-
tuations, higher abundances of kaolinite, a clay
mineral typical of tropical, warm, and humid
conditions, have been reported in marine sedi-
ments in parallel with transient decreases in 6'*0
(Dera et al., 2009a). Most of the inferred climatic
changes are also mirrored in latitudinal migra-
tions of marine faunas in the northwest Tethys
(Dromart et al., 2003; van de Schootbrugge et
al., 2005). This correspondence between geo-
chemical, faunal, and mineralogical proxies sup-
ports a climatic interpretation for the 8'30 varia-
tions recorded in the northwest Tethyan domain,

therefore excluding major biases related to dia-
genesis or paleoenvironmental and bathymetric
changes. Data from other domains such as the
Panthalassa and Arctic seas are, however, crucial
to decipher the global versus regional scale of
changes (Price and Rogov, 2009), as well as to
evaluate paleoclimatic gradients.

ORIGINS OF RAPID WARMING AND
COOLING EVENTS

The brief duration of climatic changes
(0.5-1 m.y.) in the Jurassic implies relatively
short-lived paleoenvironmental disturbances at
geological scale. Among the principal causes
of warming events, rises both in atmospheric
pCO, and other greenhouse gases have been
suggested, mostly in relation with the destabili-
zation of methane gas hydrates (Jenkyns, 2003).
These processes were put forward by the iden-
tification of transient negative carbon isotope
excursions observed in most carbonate reser-
voirs (e.g., Hesselbo et al., 2007; Padden et al.,
2001) during the early Toarcian, early Bajocian,
and middle Oxfordian (Fig. 2B; yellow arrows).
However, as these anomalies mostly occur at the
end of warming trends (i.e., c, f, j), we suggest
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that the destabilization of clathrates may rather
represent a consequence of previous warming
events. As several transient magmatic events
occurred during the Jurassic (Fig. 2E), the fre-
quency of volcanic pulses could explain the
rhythm of pCO, increases and related warm epi-
sodes, at short and long time scales. To test for
this causal relationship, it is crucial to obtain fur-
ther radiometric dating of volcanic events well
calibrated with an improved biostratigraphic
framework. However, not all warming events
seem to be linked to carbon cycle disturbances
as, based on the evidence of neodymium isotope
data, variations in oceanic currents linked to
the break-up of Pangea could explain changes
in seawater temperature at the end of the early
Pliensbachian (Dera et al., 2009b) (Fig. 2F).
The causes of Jurassic cooling events are still
obscure. By analogy with major Phanerozoic
glaciations, lowering of atmospheric pCO, may
be invoked. As supposed for the late Callovian
cold interval (Dromart et al., 2003), elevated
silicate weathering rates, nutrient influxes, high
primary productivity, and organic matter burial
during warm intervals are often considered rel-
evant mechanisms to promote subsequent CO,
drawdown. These feedback models seem con-
vincing, since most Jurassic cold phases were
preceded by warm conditions favoring black
shale or coal deposition and, as a consequence,
positive carbon isotope excursions (Fig. 2B).
However, quantification of carbon storage and
numerical modeling are required to confirm this
scenario, as well as calculations integrating the
role of changes in carbonate production rate.

CONCLUSIONS

The SiZer method identifies statistically
significant 'O variations during the Jurassic
at various time scales. We interpret these fluc-
tuations as the result of long- and short-term
climate changes, including both temperature
and water cycle parameters. We also suggest
that protracted magmatic activity in the Karoo-
Ferrar and Asian igneous provinces could have
promoted prolonged climate disturbances dur-
ing the Toarcian and the late Oxfordian—early
Tithonian interval, reflected by the absence of
polar ice caps.

ACKNOWLEDGMENTS

We thank B. Opdyke and the three reviewers for
their constructive comments. We are also grateful to
C. Chateau-Smith for help with English.

REFERENCES CITED

Anderson, T.F., and Arthur, M.A., 1983, Stable iso-
topes of oxygen and carbon and their applica-
tion to sedimentologic and paleoenvironmental
problems, in Arthur, M.A., et al., eds., Stable
isotopes in sedimentary geology: Society of
Economic Paleontologists and Mineralogists
Short Course 10, p. 1-151.

Brigaud, B., Pucéat, E., Pellenard, P., Vincent, B.,
and Joachimski, M.M., 2008, Climatic fluctua-

218

tions and seasonality during the Late Jurassic
(Oxfordian—early ~Kimmeridgian) inferred
from 3'*0 of Paris Basin oyster shells: Earth
and Planetary Science Letters, v. 273, p. 58-67,
doi: 10.1016/j.epsl.2008.06.015.

Dera, G., Pellenard, P, Neige, P, Deconinck, J.-F.,
Pucéat, E., and Dommergues, J.-L., 2009a,
Distribution of clay minerals in Early Jurassic
Peritethyan seas: Palacoclimatic significance in-
ferred from multiproxy comparisons: Palacogeog-
raphy, Palaeoclimatology, Palaeoecology, v. 271,
p- 39-51, doi: 10.1016/j.palaco.2008.09.010.

Dera, G., Pucéat, E., Pellenard, P., Neige, P., Delsate, D.,
Joachimski, M.M., Reisberg, L., and Martinez,
M., 2009b, Water mass exchange and variations
in seawater temperature in the NW Tethys during
the Early Jurassic: Evidence from neodymium
and oxygen isotopes of fish teeth and belem-
nites: Earth and Planetary Science Letters, v. 286,
p- 198-207, doi: 10.1016/j.epsl.2009.06.027.

Dromart, G., Garcia, J.P., Picard, S., Atrops, F,
Lécuyer, C., and Sheppard, S.M.F., 2003, Ice age
at the Middle-Late Jurassic transition?: Earth
and Planetary Science Letters, v. 213, p. 205-
220, doi: 10.1016/S0012-821X(03)00287-5.

Frakes, L.A., Francis, J.E., and Syktus, J.I., 1992,
Climate modes of the Phanerozoic: Cambridge,
UK, Cambridge University Press, 274 p.

Goémez, J.J., Goy, A., and Canales, M.L., 2008, Sea-
water temperature and carbon isotope varia-
tions in belemnites linked to mass extinction
during the Toarcian (Early Jurassic) in central
and northern Spain. Comparison with other
European sections: Palaeogeography, Palaeo-
climatology, Palaeoecology, v. 258, p. 28-58,
doi: 10.1016/j.palaeo.2007.11.005.

Hesselbo, S.P., Jenkyns, H.C., Duarte, L.V., and
Oliveira, L.C.V., 2007, Carbon-isotope record
of the Early Jurassic (Toarcian) Oceanic An-
oxic Event from fossil wood and marine car-
bonate (Lusitanian Basin, Portugal): Earth and
Planetary Science Letters, v. 253, p. 455470,
doi: 10.1016/j.epsl.2006.11.009.

Jaffrés, J.B.D., Shields, G.A., and Wallmann, K.,
2007, The oxygen isotope evolution of seawa-
ter: A critical review of a long-standing contro-
versy and an improved geological water cycle
model for the past 3.4 billion years: Earth-Sci-
ence Reviews, v. 83, p. 83-122, doi: 10.1016/j.
earscirev.2007.04.002.

Jenkyns, H.C., 2003, Evidence for rapid climate
change in the Mesozoic—Palacogene green-
house world: Royal Society of London Philo-
sophical Transactions, ser. A, v. 361, p. 1885—
1916, doi: 10.1098/rsta.2003.1240.

Jenkyns, H.C., Jones, C.E., Grocke, D.R., Hesselbo,
S.P,, and Parkinson, D.N., 2002, Chemostratig-
raphy of the Jurassic System: Applications, limi-
tations and implications for palaecoceanography:
Geological Society of London Journal, v. 159,
p- 351-378, doi: 10.1144/0016-764901-130.

Jones, C.E., Jenkyns, H.C., Coe, A.L., and Hesselbo,
S.P., 1994, Strontium isotopic variations in Ju-
rassic and Cretaceous seawater: Geochimica et
Cosmochimica Acta, v. 58, p. 3061-3074, doi:
10.1016/0016-7037(94)90179-1.

Jourdan, F., Féraud, G., Bertrand, H., Watkeys, M.K.,
and Renne, PR., 2007, Distinct brief major
events in the Karoo large igneous province clari-
fied by new “Ar/*Ar ages on the Lesotho ba-
salts: Lithos, v. 98, p. 195-209, doi: 10.1016/
lithos.2007.03.002.

Lécuyer, C., Picard, S., Garcia, J.P., Sheppard, S.M.E,,
Grandjean, P., and Dromart, G., 2003, Thermal
evolution of Tethyan surface waters during
the Middle-Late Jurassic: Evidence from 83O

values of marine fish teeth: Paleoceanography,
v. 18, PA1076, doi: 10.1029/2002PA000863.

Marron, J.S., and Chaudhuri, P., 1998, When is a fea-
ture really there? The SiZer approach, in Firooz,
A., ed., Automatic target recognition VII: Pho-
tooptic and Industrial Engineering Proceedings,
v. 3371, p. 306-312.

McArthur, J.M., Doyle, P, Leng, M.J., Reeves, K.,
Williams, C.T., Garcia-Sanchez, R., and How-
arth, R.J., 2007, Testing palaco-environmental
proxies in Jurassic belemnites: Mg/Ca, Sr/Ca,
Na/Ca, 6'*0 and 8"C: Palaeogeography, Pal-
aeoclimatology, Palacoecology, v. 252, p. 464—
480, doi: 10.1016/j.palae0.2007.05.006.

Ogg, J.G., Ogg, G., and Gradstein, EM., 2008, The
concise geologic time scale: Cambridge, UK,
Cambridge University Press, 177 p.

Padden, M., Weissert, H., and de Rafelis, M., 2001, Ev-
idence for Late Jurassic release of methane from
gas hydrate: Geology, v. 29, p. 223-226, doi:
10.1130/0091-7613(2001)029<0223:EFLJRO
>2.0.CO;2.

Price, G.D., 1999, The evidence and implications of
polar ice during the Mesozoic: Earth-Science
Reviews, v. 48, p. 183-210, doi: 10.1016/
S0012-8252(99)00048-3.

Price, G.D., and Rogov, M.A., 2009, An isotopic ap-
praisal of the Late Jurassic greenhouse phase
in the Russian Platform: Palacogeography, Pa-
laeoclimatology, Palacoecology, v. 273, p. 41—
49, doi: 10.1016/j.palaeo.2008.11.011.

Saelen, G., Doyle, P., and Talbot, M.R., 1996, Sta-
ble-isotope analyses of belemnite rostra from
the Whitby Mudstone Fm, England: Surface
water conditions during deposition of a ma-
rine black shale: Palaios, v. 11, p. 97-117, doi:
10.2307/3515065.

Suan, G., Mattioli, E., Pittet, B., Lécuyer, C., Su-
chéras-Marx, B., Duarte, L.V., Philippe, M.,
Reggiani, L., and Martineau, F., 2010, Secu-
lar environmental precursors to early Toarcian
(Jurassic) extreme climate changes: Earth and
Planetary Science Letters, v. 290, p. 448-458,
doi: 10.1016/j.epsl.2009.12.047.

van de Schootbrugge, B., Bailey, T.R., Rosenthal, Y.,
Katz, M.E., Wright, J.D., Miller, K.G., Feist-
Burkhardt, S., and Falkowski, P.G., 2005, Early
Jurassic climate change and the radiation of or-
ganic-walled phytoplankton in the Tethys Ocean:
Paleobiology, v. 31, p. 73-97, doi: 10.1666/0094
-8373(2005)031<0073:EJCCAT>2.0.CO;2.

Wang, E., Zhou, X.-H., Zhang, L.-C., Ying, J.-F,,
Zhang, Y.-T., Wu, F-Y., and Zhu, R.-X., 2006,
Late Mesozoic volcanism in the Great Xing’an
Range (NE China): Timing and implications
for the dynamic setting of NE Asia: Earth and
Planetary Science Letters, v. 251, p. 179-198,
doi: 10.1016/.epsl.2006.09.007.

Wierzbowski, H., and Joachimski, M., 2007, Recon-
struction of late Bajocian-Bathonian marine
palacoenvironments using carbon and oxygen
isotope ratios of calcareous fossils from the Pol-
ish Jura Chain (central Poland): Palacogeogra-
phy, Palacoclimatology, Palacoecology, v. 254,
p. 523-540, doi: 10.1016/j.palae0.2007.07.010.

Zachos, J.C., Pagani, M., Sloan, L., Thomas, E.,
and Billups, K., 2001, Trends, rhythms, and
aberrations in global climate 65 Ma to pres-
ent: Science, v. 292, p. 686-693, doi: 10.1126/
science.1059412.

Manuscript received 16 July 2010
Revised manuscript received 23 September 2010

Manuscript accepted 6 October 2010

Printed in USA

GEOLOGY, March 2011



