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A B S T R A C T

A study is conducted to supplement the uppermost Lower Jurassic–lowermost Cretaceous marine strontium
isotope dataset and to present new statistical fits of the Middle–Late Jurassic seawater strontium isotope curve
based on a numerical time scale and a detailed biostratigraphical zonal scheme. The use of the stratigraphical
scheme allows reduction of dating errors related to uncertainty of numerical age determinations. The presented
correlation charts enable direct calibration between strontium isotope stratigraphy and regional biostrati-
graphical frameworks. New strontium isotope data have been obtained from well-preserved Lower Bajocian,
uppermost Callovian, Oxfordian, Kimmeridgian, and Upper Volgian belemnite rostra.

The presented seawater 87Sr/86Sr curve is characterized by reliable 95% confidence limits (mean width
of± 0.000007), which take into account precision of dating of particular data points. A decrease of seawater
87Sr/86Sr ratio, from ca. 0.70730 to ca. 0.70683, is observed throughout the Middle Aalenian–Early Oxfordian
(172.1–160.8 Ma ago). The steepest Phanerozoic fall of the ratio, with a rate of change of up to 0.00015 per
1 Ma, is recorded in the Bajocian segment of the strontium isotope curve. The Phanerozoic minimum of the
marine 87Sr/86Sr ratio occurred at the Early–Middle Oxfordian transition. The 87Sr/86Sr ratio increased starting
from the Middle Oxfordian till the end of the Jurassic (160.8–145.7 Ma) reaching a value of ca. 0.70720 at the
Jurassic–Cretaceous transition. The Middle–earliest Late Jurassic decrease in seawater 87Sr/86Sr ratio is inter-
preted as a result of the increased hydrothermal activity of the seafloor during the breakup of Gondwana, and the
formation of new Atlantic–Tethyan oceanic basins. The successive rise of the ratio is probably related to the
decelerated hydrothermal venting of the oceanic crust although a partial increase in radiogenic strontium input
from continental weathering cannot be excluded.

1. Introduction

Strontium isotope composition of seawater and most polyhaline
brackish waters is uniform due to high strontium concentrations, long
residence time of strontium in oceans (1 to 5 ∗ 106 years), and short
mixing time of oceanic water masses (1 to 1.5 ∗ 103 years; cf. Elderfield,
1986; Faure, 1986; McArthur, 1994; Bryant et al., 1995; Basu et al.,
2001; Jones and Jenkyns, 2001; Krabbenhöft et al., 2010; Kuznetsov
et al., 2012; Wierzbowski, 2013). The seawater strontium isotope
composition has varied during geologic history of the Earth owing to
changing inputs of strontium from three major sources. Non-radiogenic
strontium of low 87Sr/86Sr ratios (~0.703) is delivered by hydro-
thermal fluids from oceanic ridges and hot spots, radiogenic strontium
of high 87Sr/86Sr ratios (~0.711) is contributed by rivers, and

groundwater from continental weathering, and strontium of inter-
mediate 87Sr/86Sr ratios (~0.709) is derived from submarine dissolu-
tion and re-crystallization of sediments (cf. Elderfield, 1986; Faure,
1986; McArthur, 1994; Jones and Jenkyns, 2001; Davis et al., 2003;
Krabbenhöft et al., 2010; Peucker-Ehrenbrink et al., 2010;
Wierzbowski, 2013; Pearce et al., 2015).

Normalization procedure used during strontium isotope measure-
ments (cf. Nier, 1938; Korte and Ullmann, in press) removes any effects
of biological fractionation and laboratory purification methods on the
87Sr/86Sr ratio of carbonates and phosphates. Therefore, marine car-
bonates and phosphates can be used as a direct proxy for the strontium
isotope composition of ancient seawater.

A temporal seawater strontium isotope curve shows several maxima
and minima. The Middle–Late Jurassic part of the curve is characterized
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by very low 87Sr/86Sr ratios, and comprises the deepest Phanerozoic
trough of the curve (cf. McArthur et al., 2012; Korte and Ullmann, in
press). The Middle–Late Jurassic strontium-isotope trends based on
data from well-preserved belemnite rostra and oyster shells are pre-
sented by Jones et al. (1994b), Jenkyns et al. (2002), and McArthur
et al. (2001, 2012). The published Jurassic strontium isotope trends
show different scatter of data points, and temporal resolution; the curve
of McArthur et al. (2001, 2012), which is established on the basis of
statistical methods, is characterized by the highest resolution, and given
95% confidence limits.

The Middle–Upper Jurassic strontium isotope stratigraphy has a
great potential because of significant variations in the seawater
87Sr/86Sr ratios, common occurrences of well-preserved belemnite
rostra and oyster shells, and its potential applicability to dating of hy-
drocarbon source rocks. Since high-resolution Middle–Late Jurassic
strontium isotope curve of McArthur et al. (2001, 2012) is related to
absolute time frames only, direct data translation into standard bios-
tratigraphical units may, however, introduce some errors related to
uncertainty of radiogenic dating, and gradual modifications of accepted
numerical ages of stage boundaries (cf. Gradstein, 2012). In addition,
crucial strontium isotope data are still lacking for the Oxfordian–Kim-
meridgian, and some other intervals of the Middle–Upper Jurassic,
which makes difficulties in the precise determination of seawater
strontium isotope ratios during these periods.

The current study aims at the presentation of new, reliable stron-
tium isotope data from poorly studied intervals, and the construction of
the high-resolution Middle–Late Jurassic seawater strontium isotope
curve, which is based on both the numerical time scale of the Jurassic,
and the detailed biostratigraphical zonal scheme. Dating errors of the
curve based on the stratigraphical scheme are limited due to direct
calibration to regular ammonite units. In addition, interregional cor-
relation charts are presented to allow biostratigraphical dating of de-
posits from various biogeoprovinces, where regional ammonite zonal
schemes are applied.

2. Material

New strontium isotope analyses of archival and newly collected
belemnite rostra have been conducted to obtain additional data points
for the calibration of the Middle–Late Jurassic strontium isotope curve.
Archival materials, studied previously for oxygen and carbon isotope
compositions, are derived from the Smolegowa Limestone Formation of
the Kamienka section in the Pieniny Klippen Belt, northern Slovakia
(Lower Bajocian; cf. Segit, 2010; Arabas, 2016), from the Jasna Góra
and the Zawodzie limestone members of the Częstochowa Sponge
Limestone Formation, which outcrop in several sections in the Polish
Jura Chain, central Poland (uppermost Callovian–lowermost Kimmer-
idgian; cf. Wierzbowski, 2002, 2015; Wierzbowski et al., 2014), from
the Impressamergel and the Wohlgeschichteten-Kalken formations of
the Plettenberg section in the Swabian Alb, southern Germany (low-
ermost Kimmeridgian; Schweigert and Callomon, 1997, Wierzbowski,
2004, 2015; Wierzbowski et al., 2014), and from clays of the Mikha-
lenino section, Kostroma Region, Russian Platform (Lower Kimmer-
idgian; Głowniak et al., 2010; Wierzbowski et al., 2013; Table 1). New
strontium isotope measurements of samples from the Jurassic–Cretac-
eous boundary interval of the Maurynya section (Western Siberia) are
also presented (cf. Shurygin et al., 2015; for position of data points, and
trace element contents see Dzyuba et al., 2013, and Table 1).

New belemnite samples have been collected from clays and marls of
the Tarkhanovskaya Pristan' section, Tatarstan, Russian Platform
(Lower–Upper Kimmeridgian boundary), and the Karamyshevskaya
Naberezhnaya section, Moscow, Russian Platform (Upper Volgian;
Table 1). The biostratigraphy of the Tarkhanovskaya Pristan' section
has been studied by Shchepetova and Rogov (2013), Rogov et al.
(2014), and Rogov et al. (in press). The section comprises Lower–Upper
Kimmeridgian boundary beds (Divisum and Mutabilis zones). The

biostratigraphy of the Karamyshevskaya Naberezhnaya section has
been studied, in details, by Rogov and Starodubtseva (2014). The sec-
tion comprises the Middle–Upper Volgian (Virgatus to Catenulatum
zones).

The new strontium isotope dataset has been supplemented with
published data of Jones et al. (1994a, 1994b), Callomon and Dietl
(2000), McArthur et al. (2000), Jenkyns et al. (2002), Gröcke et al.
(2003), McArthur et al. (2007), Page et al. (2009), and Wierzbowski
et al. (2012), all of which are derived from well-preserved and strati-
graphically well-dated belemnite rostra and oyster shells.

3. Methodology

Thin sections prepared from newly collected belemnite rostra were
studied by means of cold-cathode cathodoluminescence microscopy.
The rostra were cleaned, using a microdrill, from adherent sediment,
apical-line areas, alveolar fissure infillings and, if necessary, narrow
luminescent rims (cf. Wierzbowski and Joachimski, 2007; Wierzbowski
et al., 2009; Wierzbowski, 2015). Fragments of newly studied belemnite
rostra comprising most growth rings, and derived from the rostrum so-
lidum (cf. Sælen, 1989) were powdered and homogenized to get average
isotope values (the sample size was 100–300 mg). Aliquots of the same
carbonate powders were used for chemical and strontium isotope
analyses.

Ca, Mn, Fe, and Sr concentrations were determined by the ICP-OES
(Inductively Coupled Plasma Optical Emission Spectrometry) method
using Thermo iCAP 6500 Duo system in the Polish Geological
Institute–National Research Institute in Warsaw after dissolving the
carbonate powders in 5% (v/v) hydrochloric acid. Reproducibility of
chemical analyses (2 SD) was controlled by multiple analyses of mea-
sured samples and averages 1.0% for Ca, 0.8% for Mn, 2.7% for Fe, and
2.2% for Sr. Repeated analyses of calcite and dolomite reference ma-
terials: JLs-1 and JDo-1 (cf. Imai et al., 1996) gave accuracy of mea-
surements better than 3.5% for Ca, 4.0% for Mn, and 1.0% for Sr. The
accuracy of Fe analyses cannot be given precisely owing to the em-
ployed dissolution method in weak hydrochloric acid, which is not
relevant for the determination of non-carbonate iron compounds pre-
sent in both references.

Analyses of strontium isotope composition of 50 archival and new
samples were performed at the Cracow Research Centre, Institute of
Geological Sciences, Polish Academy of Sciences. Powdered belemnite
rostra were dissolved in 0.5 M acetic acid. After dissolution, samples
were centrifuged and solution was evaporated to dryness. Strontium
was separated from matrix in two steps by means of ion exchange
chromatography. Initial purification took place on an ion-exchange
resin (Bio-Rad 50 W-X8), which was followed by separation on a Sr-
spec resin (Eichrom). The purified strontium fraction was evaporated
and re-dissolved in 2% HNO3 for mass spectrometric analyses.
Measurements were carried out using the multi collector ICP-MS
Neptune in a static mode. Instrumental mass bias was corrected using
86Sr/88Sr ratio of 0.1194 applying exponential law (cf. Nier, 1938;
Russell et al., 1978). Reproducibility of 87Sr/86Sr ratio of SRM 987 re-
ference standard over two periods of analyses, in years 2014 and 2016,
were 0.710260 ± 0.000012 (n = 11), and 0.710254 ± 0.000006
(n = 9), respectively. Errors are given as two standard deviations (SD).
The obtained results were normalized to the recommended SRM 987
87Sr/86Sr ratio of 0.710248 (McArthur, 1994; McArthur et al., 2001,
2012). Total strontium blank was below 20 pg compared to> 20 μg
strontium in analysed samples, and thus its influence on the measured
isotopic ratios was negligible.

Strontium isotope analyses of 23 belemnite rostra, collected at the
Western Siberian section (see Dzyuba et al., 2013; Shurygin et al.,
2015), were carried out at laboratory of the Institute of Precambrian
Geology and Geochronology, Russian Academy of Sciences. Sample
fragments were cleaned in ultrasonic bath with deionized water, and
subsequently dissolved in 0.5 N HCl (cf. Kuznetsov et al., 2012).
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Strontium was extracted on an ion-exchange resin Dowex AG50Wx8
(200–400 mesh) using 2.5 N HCl as eluent. Strontium isotopic compo-
sition was measured on the multicollector thermal ionization mass
spectrometer Triton TI in a static collection mode using rhenium

filament ion source. Reproducibility of 87Sr/86Sr ratios of NIST SRM
987 and USGS EN-1 standards, normalized to 86Sr/88Sr = 0.1194, was
0.710275 ± 0.000008 (2SD, n = 36) and 0.709202 ± 0.000006
(2SD, n = 16), respectively. Data normalization procedures were the
same as described above.

The biostratigraphical scale of the diagrams is based on the assumed
equal duration of ammonites subchrons, which are counted successively
starting from the base of the studied interval, i.e. the Insigne Subzone of
the Dispansum Zone of the uppermost Toarcian (Fig. 1). A few non-
subdivided chrons are assumed to be equal to single subchrons. The
time scale of the chronological diagram is based on published, nu-
merical ages determined using radiometric methods and cyclostrati-
graphical scaling of ammonite chrons (after Ogg et al., 2012, 2016).
The published chronological data have been interpolated into the
subchron level (assuming equal duration of each subchron), and if ne-
cessary re-adjusted to the correlation between different ammonite zonal
schemes (see Figs. 2–5).

The strontium isotope curve was estimated using the locally
weighted scatterplot smoothing (LOWESS) regression model (cf.
Cleveland, 1979). Results of LOWESS regression depend on chosen
smoothing parameter (span). The span parameter is defined as a frac-
tion of the total number of data points (n) used for the calculation of the
model value at a given point. An appropriate span value is chosen using
trade-off between goodness-of-fit at local, and global scales (cf.
Howarth and McArthur, 1997). The chosen span value allows estima-
tion of the less smoothed model which is robust against bias coming
from outliers. Two variables i.e. age and 87Sr/86Sr ratio need to be
taken into account by the estimation of a reliable LOWESS model
(Hercman, 2009). MOD-AGE algorithm based on the Monte Carlo
method is used to solve this problem (cf. Hercman and Pawlak, 2012).
The MOD-AGE algorithm has allowed us to estimate 95% confidence
intervals for data series. Owing to the fact that uncertainties of mea-
surements of 87Sr/86Sr ratios are almost constant confidence limits of
marine 87Sr/86Sr curve reflect uncertainties of stratigraphical and nu-
merical dating of samples and density of data points.

4. Temporal trends and stratigraphical correlations

The samples, whose 87Sr/86Sr ratios are used for the construction of
isotope curve, are dated according the biostratigraphical zonal schemes
specific for their area of origin (cf. Jones et al., 1994a, 1994b;
Schweigert and Callomon, 1997; Callomon and Dietl, 2000; McArthur
et al., 2000; Jenkyns et al., 2002; Wierzbowski, 2002, 2004, 2015;
Gröcke et al., 2003; Page et al., 2009; Głowniak et al., 2010; Segit,

Fig. 1. Ammonite-based zonal and subzonal scheme of the uppermost Lower
Jurassic–lowermost Cretaceous adopted for the construction of seawater strontium iso-
tope curves. Applied ammonite divisions are as follows: (1) for the Upper Toarcian is used
the standard North-Western Europe zonation (cf. Simms et al., 2004); (2) for the Aale-
nian–Lower Bajocian is used a modified version of the standard Mediterranean zonation
presented by Sandoval et al. (2002); (3) for the Upper Bajocian–Bathonian is used the
standard Mediterranean zonation as presented by Groupe Français d'Étude du Jurassique
(1997), Rioult et al. (1997), and Matyja and Wierzbowski (2000a), (4) for the Calo-
vian–Lower Oxfordian is used the standard (Sub)Boreal zonation (cf. Groupe Français
d'Étude du Jurassique, 1997); (5) for the Middle–Upper Oxfordnian is used the Sub-
mediterranean zonation of the peri-Carpathian Poland presented by Głowniak (1997,
2000, 2002); (6) for the Lower Kimmeridgian is used the standard Submediterranean
zonation (cf. Groupe Français d'Étude du Jurassique, 1997); (7) and for the Upper Kim-
meridgian–Ryazanian is employed the Boreal zonation of the Russian Platform (cf. Rogov,
2004, 2010a, 2014; Schnabl et al., 2015; Shurygin and Dzyuba, 2015; Rogov et al.,
2015b). For precise correlations between regional ammonite zonal schemes see text and
Figs. 2–5. The biostratigraphical scale is based on the assumed equal duration of am-
monites subchrons, which are counted successively starting from the base of the studied
interval. The numerical time scale is based on published radiometric and cyclostrati-
graphical data (marked with asterisks; after Ogg et al., 2012, 2016). The published
chronological data have been interpolated into the subchron level assuming equal
duration of each subchron, and if necessary re-adjusted to the correlation between various
ammonite zonal schemes (see Figs. 2–5).
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2010; Wierzbowski et al., 2012, 2013; Rogov, 2014; Rogov and
Starodubtseva, 2014; Arabas, 2016).

Although the uppermost Toarcian–Lower Kimmeridgian ammonite

zonation used in the present study (see Fig. 1) is transregional and
preferred for European parts of the (peri)-Tethyan and Subboreal pro-
vinces some differences exist in terms of the duration of the

Fig. 2. Correlation between Submediterranean am-
monite zonal schemes of the Middle–Upper Oxfordian
of Europe (after Głowniak, 2006; modified). Position
of the base of each stratigraphical division is given in
subchron unit scale according to Fig. 1. L.O. – Lower
Oxfordian.

Fig. 3. Correlation between Submediterranean and Boreal ammonite zonal schemes of the uppermost Callovian–lowermost Kimmeridgian of the peri-Carpathian Poland and the Russian
Platform (after Głowniak et al., 2010; and Wierzbowski et al., 2013; modified). Position of the base of each stratigraphical division is given in subchron unit scale according to Fig. 1.
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Middle–Upper Oxfordian ammonite zones recognized in different areas.
The Submediterranean Middle–Upper Oxfordian zonation currently
employed is after Głowniak (1997, 2000, 2002), and based on the de-
tailed study of perisphinctid ammonite fauna from the peri-Carpathian
Poland. Its detailed correlation with the Western European

Submediterranean zonal schemes has, recently, been presented (see
Głowniak, 2006; and Fig. 2).

It is important to note that significant differences exist between the
Submediterranean stratigraphical divisions of the Middle–Upper
Oxfordian and the Lower Kimmeridgian and the (Sub)Boreal ammonite

Fig. 4. Correlation between Submediterranean and Subboreal ammonite zonal schemes of the Lower–Upper Kimmeridgian of Europe and the Russian Platform (after Matyja and
Wierzbowski, 2000b and Scherzinger et al., 2016). Position of the base of each stratigraphical division is given in subchron unit scale according to Fig. 1.

Fig. 5. Correlation of the Volgian zonal scheme of the Russian Platform with biostratigraphical subdivisions of other areas of the Boreal province, the Bolonian–Portlandian of England, N
France, and North Sea as well as the Tithonian–Early Berriasian of SW Germany, N Italy and Spain (after Zeiss, 2003; Rogov and Zakharov, 2009; Rogov, 2014; Vašiček and Skupien,
2014; Shurygin and Dzyuba, 2015; Pszczółkowski, 2016). Position of the base of each stratigraphical division is given in subchron unit scale according to Fig. 1.
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zonal scheme, based on cardioceratid ammonites. Because of the dif-
ferences the boundary of the Oxfordian and the Kimmeridgian stages
was placed in different chronostratigraphic equivalents in the (Sub)
Boreal and Submediterranean bioprovinces (cf. Matyja and
Wierzbowski, 1995). A new recommendation of the Kimmeridgian
Working Group of the International Subcomission on Jurassic Strati-
graphy is to use in the (Sub)Boreal definition of the Oxfordian–Kim-
meridgian boundary, which is an equivalent of the boundary between
the Submediterranean Hypselum and Bimammatum zones (cf. Ogg
et al., 2012; Wierzbowski and Matyja, 2014; Wierzbowski et al., 2016).
Precise correlation of the Boreal ammonite zonal scheme of the Ox-
fordian and the Lower Kimmeridgian of the Russian Platform with the
Submediterranean zonation of the peri-Carpathian Poland is given on
Fig. 3 to clarify any doubts concerning dating of strontium isotope
variations in this interval.

The most important differences exist, however, in the strati-
graphical zonal schemes of the latest Jurassic and the earliest
Cretaceous (Upper Kimmeridgian–Beriassian). They result from sig-
nificant provincialism of ammonite faunas in this period. The (Sub)
Boreal Upper Kimmeridgian–Ryazanian ammonite zonation of the
Russian Platform is employed in the current study owing to the area of
origin of the majority of the strontium isotope data (cf. Gröcke et al.,
2003; Rogov and Starodubtseva, 2014; Rogov et al., 2014, Rogov et al.,
2015b; see also Fig. 1).

Subboreal Upper Kimmeridgian zonal scheme of the Russian
Platform is similar to the British ammonite zonation, and the same
subzones as in NW Europe are applied for the subdivision of the
Mutabilis and Eudoxus zones in this area. The Autisioderensis and the
Irius subzones of the Autissiodorensis Zone in the NW Europe are,
however, not clearly defined. Accepting the First Appearance Datum
(FAD) of Gravesia, which is nearly coincides with the FAD of
Aulacostephanus mammatus, as a marker for the base of the NW Europe
Irius Subzone (=Mammatus Subzone sensu Van der Vyver, 1986), it is
necessary to place this boundary slightly below the boundary between
the Subborealis and Fallax subzones of the Autissiodorensis Zone in the
Russian Platform (cf. Rogov, 2010a). Correlation between the Sub-
mediterranean and the Subboreal ammonite zonal schemes of the
Lower–Upper Kimmeridgian, as presented by Matyja and Wierzbowski
(2000b), and Scherzinger et al. (2016), is given on Fig. 4.

Kimmeridgian–Volgian and Kimmeridgian-Tithonian boundaries
are coincident, and well-marked by the total disappearance of aula-
costephanids, in both the Mediterranean and the Boreal bioprovinces
(cf. Rogov, 2011, 2014; Gallois, 2011, 2012). An additional evidence
for the correlation of the base of the Volgian Stage with that of the
Tithonian is the similarity of Neochetoceras ammonite succession in
both bioprovinces (Rogov, 2010a; Fig. 5).

Correlation of the Lower Volgian succession with the Tithonian one
is possible based on occurrences of ammonites of Submediterranean
affinities in the Lower Volgian of the Polish Lowland (Kutek and Zeiss,
1997) and the Volga area (Rogov, 2004, 2010a, 2014). However, above
the neoburgense horizon of the Lower Volgian Pseudoscythica Zone,
only rare ammonites of Submediterranean origin occur in the Russian
Platform (mainly Haploceras sp., see Rogov, 2013, 2014), and above the
Middle Volgian Panderi (=Scythicus) Zone these ammonites totally
disappear. The correlation of the Lower and the Upper Tithonian
boundary with the Boreal ammonite zonal scheme has been, however,
recently documented by the occurrence of chitonoidellids of the low-
ermost Upper Tithonian in the uppermost part of the Panderi Zone in
central Poland (cf. Lakova and Petrova, 2013; Matyja and Wierzbowski,
2016; Pszczółkowski, 2016).

Correlation of the majority of the Middle and the Upper Volgian
ammonite zonal boundaries with the Tithonian and the Berriassian ones
remains tentative. It is principally based on palaeomagnetic data,
mainly from the Nordvik section (Northern Siberia; Houša et al., 2007;
Bragin et al., 2013, Rogov, 2014; Schnabl et al., 2015; Shurygin and
Dzyuba, 2015), and only some correlations based on ammonite

successions of the Northern Siberia and the Russian Platform are pos-
sible (Rogov, 2010b). It is important to note that a recently proposed
position of the Tithonian–Berriassian boundary (by the Berriasian
Working Group of the International Subcomission on Jurassic Strati-
graphy), is defined on the basis of calpionellid fauna, and lies at the
base of the calpionellid Alpina Zone. Its time equivalent in the J-K
Boreal auxiliary stratotype – the Nordvik section is devoid of ammo-
nites (Rogov et al., 2015a). Preliminary palaeomagnetic data derived
from highly condensed Kashpir section (Middle Volga area) suggest that
at such definition the base of the Berriasian lies within the Boreal No-
diger ammonite zone (Baraboshkin et al., 2016), whose lower boundary
is coincident with that of the Taimyrensis Zone of the Northern Siberia.
Recent state of knowledge on the correlation of the Volgian ammonite
zonal scheme of the Russian Platform with biostratigraphical subdivi-
sions of other areas of the Boreal province, the Bolonian–Portlandian of
NW Europe and the Tithonian–Early Berriasian of SW Germany, N Italy,
and Spain, as based on studies of Zeiss (2003), Rogov and Zakharov
(2009), Rogov (2014), Vašiček and Skupien (2014), Shurygin and
Dzyuba (2015), and Pszczółkowski (2016) is presented on Fig. 5.

The correlation of the Ryazanian ammonite zonation of the Russian
Platform with that of the Northern Siberia and the Berriasian one is also
unclear and based on ammonite and palaeomagnetic data (cf.
Baraboshkin, 1999; Mitta, 2005, 2007; Shurygin and Dzyuba, 2015;
Rogov et al., 2017). We follow, for the studied parts of the Ryazanian,
known information on the correlation between Russian Platform and
Northern Siberia ammonite zones (cf. Rogov et al., 2015b), and recent
correlations between the Boreal-Siberian and the Mediterranean am-
monite zonal schemes presented in Shurygin and Dzyuba (2015) and
Rogov et al. (2017).

Another important question concerns a need of re-positioning of
some published strontium isotope data from the Russian Platform in the
stratigraphical chart as based on the improved stratigraphical dating of
some parts of the sections studied previously. The dating of some
samples of Podlaha et al. (1998) and Gröcke et al. (2003) derived from
the sections: Gorodishchi (=“Gorodische”), Kashpir, Peski, Rybinsk –
Ioda river (=“Jaroslawskaja”) has been revised according to the new
stratigraphical data of Smirnova et al. (1999), Kiselev (2003),
Vishnevskaya and Baraboshkin (2001), Bragin and Kiselev (2013),
Rogov et al. (2015b; see also: Głowniak et al., 2010; Wierzbowski et al.,
2013).

5. Diagenetical alteration

Strontium isotope composition of marine carbonates is susceptible
to the alteration in burial and meteoric environments. Diagenetic al-
teration often results in simultaneous variations in isotope ratios, and
elemental concentrations in calcite (cf. Veizer, 1983; Banner and
Hanson, 1990; Banner, 1995). Marine shells are characterized by cer-
tain Mn, Fe, and Sr concentrations; measurements of concentrations of
these elements in fossils allow, therefore, screening for their preserva-
tion state (Veizer, 1974, 1983; Brand and Veizer, 1980; Marshall, 1992;
Ullmann and Korte, 2015). Mn2+ ions are an activator of orange-red
cathodoluminescence in calcites, which is indicative of the alteration
under reducing conditions (Marshall, 1992; Savard et al., 1995).

Non-luminescent parts of newly collected belemnite rostra have
only been sampled (Fig. 6). Accepted limits of Mn, Fe, and Sr con-
centrations in well-preserved Jurassic carbonate fossils differ depending
on sedimentary settings and opinions of researchers (cf. Veizer, 1974;
Jones et al., 1994a; Nunn et al., 2009; Alberti et al., 2012; Wierzbowski,
2013, 2015; Ullmann and Korte, 2015). To be in line with previous
studies of Jones et al. (1994a, 1994b) and Wierzbowski et al. (2012) we
follow, in the present contribution, accepted upper limits of Mn
(50 ppm) and Fe (150 ppm) in well-preserved belemnite rostra and
oyster shells. Lower limits of Sr concentration (800 ppm) in belemnite
rostra have been accepted in agreement with the suggested con-
centration of strontium in well-preserved material from the Russian
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Platform (cf. Wierzbowski et al., 2013). The accepted elemental con-
centrations in pure calcites are equivalents of Mn/Ca, Fe/Ca and Sr/Ca
ratios of 0.09, 0.27 and 0.91 mmol/mol, respectively. Elemental ratios
have been calculated for belemnite samples studied (Table 1). The
given above thresholds of elemental ratios, or concentrations (if Ca
content is not given) have been also applied for the selection of well-
preserved samples from the datasets published previously. Un-
fortunately, not all the given criteria may be applied for some published
datasets due a lack of information on some elemental concentrations.
The preservation state of such samples is determined on the basis on
available chemical proxies. An exception is also well-preserved be-
lemnite material of McArthur et al. (2000), whose elevated Fe con-
centrations are linked the disseminated pyrite or iron oxides.

87Sr/86Sr ratios of samples considered as diagenetically altered tend
to plot above adjacent data points, although this is not a strict rule
(Fig. 7). Higher 87Sr/86Sr ratios of diagenetically altered samples
probably results from the post-depositional equilibration with diage-
netic fluids enriched in radiogenic strontium (cf. Veizer, 1983; Banner
and Hanson, 1990; Jones et al., 1994a, 1994b; Banner, 1995). This
confirms the necessity of the elimination of diagenetically altered va-
lues from the strontium isotope dataset used for the construction of the

Middle–Late Jurassic seawater curve.

6. Results

Seventy three new strontium isotope measurements (Table 1; cf.
Wierzbowski et al., 2014; Shurygin et al., 2015) along with two hun-
dred thirty seven published results of Jones et al. (1994a, 1994b),
Callomon and Dietl (2000), McArthur et al. (2000), Jenkyns et al.
(2002), Gröcke et al. (2003), McArthur et al. (2007), Page et al. (2009),
Wierzbowski et al. (2012), which are derived from well-preserved and
stratigraphically well-dated belemnite rostra and oyster shells, have
been used for the determination of changes in seawater 87Sr/86Sr ratio
during the Middle and the Late Jurassic (Fig. 7). The strontium isotope
data of Podlaha et al. (1998), and the data of Vollstaedt et al. (2014),
which are characterized by significant scatters, probably due to in-
accurate dating, have been eliminated from this dataset. The same
applies for data points from the “Oxfordian” subset of New Zealand
samples of Gröcke et al. (2003), which are located distinctly below
other coeval strontium data points. Most of New Zealand samples of
Gröcke et al. (2003) are dated tentatively, and seem to be not suitable
for the construction of temporal trends of variations in seawater
strontium isotope ratio (Fig. 7).

The non-parametric LOWESS statistical functions based on the
biostratigraphical and the numerical age time scales show variations of
seawater 87Sr/86Sr ratio during the Middle–Late Jurassic (Figs. 8, 9).
The seawater 87Sr/86Sr ratio was close to 0.70730 at the Toarcia-
n–Aalenian transition, and throughout the Early Aalenian. It decreased
a little starting from the Middle Aalenian, and reached a value of ca.
0.70729 at the Aalenian–Bajocian transition (Fig. 8). A rapid decrease
of the seawater 87Sr/86Sr ratio is observed during the Bajocian. The
ratio reached a value of ca. 0.70715 at the Early–Late Bajocian transi-
tion, and a value of ca. 0.70705 at the Bajocian–Bathonian transition.
The seawater 87Sr/86Sr ratio still decreased in the course of the Bath-
onian, and the Early–Middle Callovian, reaching values of ca. 0.70704
at the Early–Middle Bathonian transition, ca. 0.70701 at the Mid-
dle–Late Bathonian transition, ca. 0.70695 at the Bathonian–Callovian
transition, ca. 0.70687 at the Early–Middle Callovian transition, and ca.
0.70685 at the Middle–Late Callovian, and during the Late Callovian
(Fig. 8). The lowest 87Sr/86Sr ratio of seawater is noted at the Ear-
ly–Middle Oxfordian transition (ca. 0.70683). It was a turning point of
the seawater strontium isotope curve and the ratio gradually increased
during the rest of the Late Jurassic. The strontium isotope ratio of
seawater reached the value of ca. 0.70687 at the Oxfordian–Kimmer-
idgian transition, according to the currently redefined biostrati-
graphical position of this boundary. A gradual increase of the ratio is
observed during the Early Kimmeridgian and a more rapid increase
starting from the Late Kimmeridgian. The ratio reached values of ca.
0.70694 at Early–Late Kimmeridgian transition, ca. 0.70705 at the
Kimmeridgian–Volgian (=Kimmeridgian–Tithonian) transition, ca.
0.70711 at the Early–Middle Volgian transition, and ca. 0.70717 at the
Middle–Late Volgian transition (ca. 0.70712 at the Early–Late Titho-
nian transition). During the Nodiger Chron of the Boreal Late Volgian,
where is placed the Jurassic–Cretaceous transition defined according to
the calpionellid zonal scheme, the 87Sr/86Sr seawater ratio was close to
0.70720 and increased further during the latest Volgian–Ryazanian
(=Berriasian; Fig. 8).

The diagram based on the numerical time scale reveals non-sym-
metrical character of the Middle–Late Jurassic trough of the curve of
the seawater 87Sr/86Sr ratio (Fig. 9). The ratio decreased relatively fast
from ca. 0.70730 to ca. 0.70683, during the Middle Aalenian–Early
Oxfordian, since 172.1 to 160.8 Ma ago (i.e. for 11.3 Ma). The non-
complete recovery of the ratio during the Middle Oxfordian–Ryazanian
(=Middle Oxfordian–Berriasian), to a value of ca. 0.70725, lasted,
however, since 160.8 Ma to 140.9 Ma, i.e. its duration was 19.9 Ma.
The seawater strontium isotope curve based on absolute time scale
(Fig. 9) is similar to the LOWESS fit of the curve presented by McArthur

Fig. 6. Cathodoluminescence images of newly collected belemnite rostra from the
Tarkhanovskaya Pristan' section, Tatarstan, Russian Platform (Divisum Zone, Lower
Kimmeridgian). A. Non-luminescent belemnite rostrum with drilled, and partially lumi-
nescent rim. Sample RT21. B. Non-luminescent belemnite rostrum with luminescent in-
filling of the alveolar fissure. Sample RT4.
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et al. (2012), which is based on GTS2012 time scale. Slight differences
exist, however, between both curves. According to the new fit of the
curve higher seawater 87Sr/86Sr ratios, than those predicted by
McArthur et al. (2012), occurred during the Early–Middle Aalenian,
and at the Jurassic–Cretaceous transition. Lower 87Sr/86Sr ratios are, in
turn, determined for the Oxfordian–earliest Middle Volgian (=Oxfor-
dian–Early Tithonian) interval (Fig. 9). The mean 95% confidence
limits (2σ) of the current seawater 87Sr/86Sr curves are close
to± 0.000007 (Fig. 10), and take into account dating precision of some
data points, which is of particular importance for relatively purely
studied intervals. For such intervals, i.e. the Early–Late Bajocian tran-
sition, and the Early–Middle Volgian (=Early Tithonian–earliest Late
Tithonian) the confidence limits of the curve are higher (up
to± 0.000035, or± 0.000039 for stratigraphical scale and numerical
age curve, respectively; Fig. 10), and higher than the confidence limits
of the curve presented by McArthur et al. (2012; see Fig. 9).

7. Discussion

7.1. Revised Middle–Late Jurassic 87Sr/86Sr curve

The revised curve allows precise dating of variations of seawater
87Sr/86Sr ratio during the latest Early Jurassic–earliest Cretaceous. The
verification of previously poorly known changes of seawater 87Sr/86Sr
ratio during the Late Jurassic is essential for the chemostratigraphical
use of the data (Figs. 7–9). This has been done by employment of strict
criteria for the selection of reliable data points derived from published
datasets, and by new measurements of strontium isotope ratios of

numerous, well-preserved, and well-dated samples from the Oxfor-
dian–Kimmeridgian and Jurassic–Cretaceous boundary interval.

The use of the regional (Tethyan to Boreal) biostratigraphical zonal
schemes specific for the area of sample origin has enabled strict posi-
tioning of data points. The use of both biostratigraphical and numerical
age scales have allowed precise dating of variations in the seawater
87Sr/86Sr ratio (Figs. 8, 9). Construction of the time-independent stra-
tigraphical strontium isotope diagram is also important for the reduc-
tion of dating errors related to gradual modifications of the published
numerical time frames of the Jurassic (cf. Gradstein et al., 2004;
Gradstein, 2012; Ogg et al., 2012, 2016).

Thanks to the attached datasets (Tables S1 and S2) and the corre-
lation tables (Figs. 1–5), any geological samples can be dated precisely,
based on measured 87Sr/86Sr ratios, to the regional biostratigraphical
framework i.e. particular zones and subzones of the uppermost Lower
Jurassic–lowermost Cretaceous or to numerical ages. The current data
impose re-definition of some published strontium isotope dating, e.g.
the Oxfordian samples from the Cabaços, the lower part of the Cabo
Mondego, and the upper part of the Cabo Mondego formations of
central Portugal, dated previously, based on 87Sr/86Sr ratios, to the
Bimammatum–Platynota zones, Plicatilis Zone, and the Bimamma-
tum–Hypselocyclum zone, respectively (cf. Schneider et al., 2009)
should be re-dated to the Planula–Platynota, Cordatum–Plicatilis, and
the Bifurcatus–Hypselocyclum zones. This is due to a slightly different
shape of the currently presented strontium isotope curve, compared to
that of McArthur et al. (2001, 2012), and different position of the
turning point of the Jurassic strontium isotope minimum.

Although the seawater 87Sr/86Sr ratio curve presented by McArthur

Fig. 7. Available strontium isotope data from the uppermost Lower Jurassic–lowermost Cretaceous. Well-preserved and well-dated samples – blue symbols; poorly-dated samples – dark
red symbols; poorly-preserved samples – orange symbols. Data points derived from poorly-preserved samples tend to plot above general strontium isotope trend. The horizontal scale of
the diagram is based on the biostratigraphical zonal scheme (see Fig. 1). Dating errors higher than one subchron are marked.
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et al. (2012) has in many intervals lower width of confidence limits,
than the new one, it seems to be an artefact owing to the under-
estimation of dating errors of data points used for the construction of
the McArthur et al.'s curve (cf. Figs. 9, 10). Therefore, the width of 95%
confidence limits (2σ) of the newly presented curve is considered to
show realistic uncertainties in the estimation of Middle–Late Jurassic
strontium isotope trends. Similar differences between a new fit of
strontium isotope curve for the Permian and the curve presented by
McArthur et al. (2012) have recently been shown by Korte and Ullmann
(in press). This may only emphasise a role of numerous and well-po-
sitioned data points for the precise construction of the seawater
87Sr/86Sr curve.

7.2. Cause of variation of seawater 87Sr/86Sr ratio during the Middle–Late
Jurassic

Continental weathering rates are often considered to have had a
minor effect on the seawater strontium isotope pool during the
Jurassic–Cretaceous (Jones and Jenkyns, 2001). Mesozoic seawater
87Sr/86Sr ratios are also postulated to be directly related to variations in
subduction zone length (van der Meer et al., 2014). In addition, si-
multaneous changes in seawater 87Sr/86Sr and Sr/Ca ratios during the
Early–Middle Jurassic point to predominant oceanic fluxes of strontium
in this period (Ullmann et al., 2013). A Middle–earliest Late Jurassic fall

in marine 87Sr/86Sr ratio is, therefore, interpreted as a result of the
increased input of non-radiogenic, hydrothermal strontium to the sea-
water (Jones et al., 1994a; Wierzbowski et al., 2012). The 87Sr/86Sr
ratio fall, which started at the Early–Middle Aalenian transition
(172.1 Ma ago), despite the presence of a relatively low ratio of ca.
0.70730, and lasted till the Early–Middle Oxfordian transition
(160.8 Ma ago) i.e. until a Phanerozoic seawater 87Sr/86Sr minimum of
ca. 0.70683, is unusual. Although its magnitude (87Sr/86Sr ratio change
of 0.00047) is not the greatest, it is the steepest fall of the seawater
strontium isotope ratio during the Phanerozoic (cf. McArthur et al.,
2012), with the noted highest rates of change, of 0.00015, and 0.00009
per 1 Ma, during the mid-Bajocian (170.0 Ma ago), and at the Bath-
onian–Callovian transition (166. 1 Ma ago; Fig. 11), respectively. The
enhanced hydrothermal strontium input to Middle Jurassic seawater
was likely a consequence of the rapid acceleration of the volcanic ac-
tivity of the oceanic crust. It may have been associated with the onset of
seafloor spreading in the central Atlantic and the western Tethys, as
well as the final breakup of Gondwana. All the processes are well-re-
cognized, and dated mostly to the Bajocian–Callovian, based on
ophiolites, and their sedimentary cover, rhyolitic magmas, stratigraphic
sequence analyses, and palaeomagnetic studies (cf. Gradstein et al.,
1991; Brassier and Geleta, 1993; Féraud et al., 1999; Bill et al., 2001;
Parada et al., 2001; Hunter et al., 2004; Bortolotti and Principi, 2005;
Lewandowski et al., 2005; Cordey and Bailly, 2007; Danelian et al.,

Fig. 8. Strontium isotope variations in the latest Early Jurassic–earliest Cretaceous. The Lowess curve (solid line), with given 95% confidence limits (dashed lines) is fitted to strontium
isotope dataset of well-preserved fossils. The horizontal scale of the diagram is based on the biochronostratigraphical zonal scheme (see Fig. 1). Dating errors higher than one subchron are
marked.
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2008; Galoyan et al., 2009; Meijers et al., 2010; Bertok et al., 2011;
Rubio-Cisneros and Lawton, 2011). The acceleration of spreading rates
during the Middle Jurassic is confirmed by available geophysical data
from the oceanic crust (Sheridan, 1997; Labails et al., 2010).

The pulse of volcanic activity of the ocean crust culminated in a
well-documented global sea-level rise at the Middle–Late Jurassic
transition, which is linked to the tectonic uplift of oceanic ridges, and
the reorganization of the seafloor (Norris and Hallam, 1995; Jacquin

Fig. 9. Strontium isotope variations in the latest Early Jurassic–earliest Cretaceous. The Lowess curve (solid line), with given 95% confidence limits (dashed lines) is fitted to strontium
isotope dataset of well-preserved fossils. The numerical time scale of the diagram is based on the data of Ogg et al. (2012, 2016). Dating errors higher than one subchron are marked. Dark
grey dotted curve with light grey 95% confidence envelope – Sr isotope curve, version 5 of McArthur et al. (2012).

Fig. 10. Full-width of the 95% confidence limits (2 ∗ 2σ) of the
fitted Middle–Late Jurassic seawater 87Sr/86Sr curve based on the
biostratigraphical scale.
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et al., 1998; Hallam, 2001; Wierzbowski et al., 2009). The tectonically
induced global sea-level rise, along with opening of new seaways,
contributed, in turn, to the worldwide demise of carbonate platforms
(Dromart et al., 2003; Donnadieu et al., 2011), common occurrences of
gaps in the sedimentary records (Rais et al., 2007; Wierzbowski et al.,
2009), and unification of marine faunas over vast areas during the
Middle–Late Jurassic transition (Matyja and Wierzbowski, 1995;
Marchand and Thierry, 1997; Wierzbowski et al., 2013). Another un-
expected result of the activity of the oceanic crust during the Middle
Jurassic, and the Middle–Late Jurassic transition may be a recently
recognized monster shift (30°) of a palaeopole occurring between 160
and 145 Ma (Kent and Irving, 2010; Kent et al., 2015). The shift was
likely triggered by major mass redistribution on the Earth geoid (Kent
et al., 2015), and might have been connected with the reconfiguration
of spreading, and subduction zones owing to the breakup of Gondwana,
and the formation of new oceanic basins.

A Late Jurassic increase in the seawater 87Sr/86Sr ratio from
0.70683 at the Early–Middle Oxfordian transition (160.8 Ma ago) to
0.70720 at the Jurassic–Cretaceous transition (145.7 Ma ago) is char-
acterized by a moderate rate of change of up to 0.00006 per 1 Ma
(Fig. 11). The rate of change was likely the highest during the Late
Kimmeridgian–Middle Volgian (=Late Kimmeridgian–earliest Late Ti-
thonian; 154.5 to 146.8 Ma ago), but non-linearity of this segment of
the strontium isotope curve may point to some problems with numer-
ical time scale or its biostratigraphical calibration (Fig. 9). It is worth
noting that the rise of marine 87Sr/86Sr ratio continued till the earliest
Late Barremian (129.0 Ma ago), where a maximal ratio of 0.70749 was
reached (McArthur et al., 2012). The increase may result from the de-
celeration of the spreading rate and the hydrothermal activity of the
oceanic crust after the initial breakup of Gondwana, and the formation
of new oceanic basins. In fact, available geophysical data point to a
gradual decrease of spreading rates in the Pacific Ocean during the Late
Jurassic (Nakanishi et al., 1992; Ogg, 2012). The decrease in the
spreading rate is also observed in the Central Atlantic starting from the
Tithonian (Labails et al., 2010). Nevertheless, the Late Jurassic–Early
Cretaceous rise in the seawater 87Sr/86Sr ratio is also postulated to be a
result of enhanced continental weathering, due to an early uplift and
erosion of the North America Western Cordillera (cf. Gröcke et al.,
2003). Recent modelling of Kristall et al. (2017) also shows that the rise
may be interpreted as resulting from increasing input of radiogenic,
continental strontium.

Departures from linearity of apparently straight parts of the nu-
merically calibrated Middle–Late Jurassic strontium isotope curve, e.g.
in the Early–Middle Bathonian, and in the latest Early–Middle Volgian
(=latest Early–earliest Late Tithonian) may result from wrong esti-
mates of the duration of some chrons or subages assigned by the
GTS2012 scale (cf. Fig. 9; see also discussion in McArthur et al., 2016).
This may point to the necessity of verification of some numerical data,
however, the effect of potential dating problems on a general shape of
the Middle–Late Jurassic seawater strontium isotope curve seems be
minor and negligible for analysis of its causal factors.

8. Conclusions

The present estimation of the marine 87Sr/86Sr curve, using a sta-
tistical LOWESS method, is established on both the biostratigraphical,
and numerical age time scales. Due to the high reliability of the curve,
and presented stratigraphical charts with interregional correlations, the
data may be used for precise dating of marine sediments in various
biogeoprovinces. Precision below an ammonite zone level
(or< 0.2 Ma) is obtained for steeper parts of the Middle–Late Jurassic
strontium isotope curve.

The Middle–Late Jurassic marine strontium isotope curve is trough-
shaped (Figs. 8, 9). The seawater 87Sr/86Sr ratio remained close to
0.70730 at the Toarcian–Aalenian transition and started to fall in the
Middle Aalenian. The rate of the fall was the largest in the Phanerozoic
history of the Earth during the Bajocian (up to a 0.00015 87Sr/86Sr ratio
change per 1 Ma). The Phanerozoic minimum of the seawater 87Sr/86Sr
ratio with the value of ca. 0.70683 is noted at the Early–Middle Ox-
fordian transition. This period was followed by a gradual increase of the
ratio (up to ca. 0.70720 at the Jurassic–Cretaceous transition).

The Middle–Late Jurassic trough of the seawater strontium isotope
curve is linked to the enhanced hydrothermal venting of the oceanic
crust during initial, and relatively fast breakup of the Gondwana, and
the formation of new Atlantic–Tethyan oceanic basins. The onset and
acceleration of all the tectonic processes is deduced from ophiolites,
rhyolitic magmas, stratigraphic data, and palaeomagnetic studies.
Minimal values of seawater 87Sr/86Sr ratio at the Middle–Late Jurassic
transition coincide with a global sea-level rise, and prominent pa-
laeooceanographical and palaeoenvironmental changes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2017.06.015.

Fig. 11. Absolute rate of a change of seawater 87Sr/86Sr ratio per
1 Ma during the Middle–Late Jurassic. Running values calculated
for seawater 87Sr/86Sr curve based on the numerical time scale.
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