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ABSTRACT

Palaeo- and rock-magnetic investigations of the St Bertrand’s Spring (Le Ravin de
Font de St Bertrand) locality in France were carried out in order to contribute to, and
improve, the stratigraphy of the Jurassic-Cretaceous boundary interval. Magnetic
susceptibility shows slightly diamagnetic behaviour in the lowermost part of the profile
and an increase (paramagnetic) towards its middle and upper parts. Rock-magnetic
measurements throughout the section show magnetite as the main magnetic fraction,
together with traces of hematite. Additionally, thermal demagnetization indicates the
presence of goethite. Our magnetostratigraphy indicates three normal/reversed polarity
sequences, possibly encompassing the magnetozones M19r to the MI17n. This suggests
that the St Bertrand section straddles the Tithonian/Berriasian boundary and reaches the
middle Berriasian sensu lato.

Keywords: rock magnetism, magnetostratigraphy, Jurassic-Cretaceous boundary,
palacomagnetism, St Bertrand
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1. INTRODUCTION

The Jurassic-Cretaceous (J-K) transition has puzzled the stratigraphic community for
generations. Due to the extreme heterogeneity of facies and biota, the effect of global sea
level change and regression, and high provincialism - the major ocean of Tethys, where
most J-K studies have been focussed, had only transient or no connections with boreal and
austral regions; the global definition of a J-K boundary has been difficult to distinguish
(Wimbledon et al., 2011). Improving correlations in the J-K boundary interval in Tethys,
as well as providing better correlations between Tethys and high-latitude regions, and
non-marine areas, has been the focus of the Berriasian Working Group (BWG) since 2008
(Wimbledon et al., 2013; Michalik et al., 2016; Wimbledon, 2014).

Biostratigraphy has made significant advances, notably with calpionellids, and an
easily recognizable magnetozone pattern across the J-K boundary interval has been
identified in biostratigraphically calibrated sections mostly in (i) Tethyan marine profiles
in Austria (Lukeneder et al., 2010), Crimea (Guzhikov et al., 2012), France (Wimbledon et
al. 2013), Hungary (Grabowski et al., 2010a), Italy (Housa et al., 2004; Ogg and Lowrie,
1986; Channell et al., 2010; Ogg et al., 1991; Satolli et al., 2015), Slovakia (Housa et al.,
1999; Michalik et al., 2009, 2016; Grabowski et al., 2010b), Poland (Grabowski and
Pszczotkowski, 2006), Spain (Ogg et al., 1984; Pruner et al., 2010), but also (ii) in the
Boreal: Nordvik, N. Siberia (Housa et al., 2007; Bragin et al., 2013; Dzyuba et al., 2013,
Guzhikov, 2013; Zakharov et al., 2014), as well as non-marine facies (Ogg et al., 1991).
Even though the base of the Alpina Subzone has now been fixed by the BWG to be the
primary marker for the J-K boundary, magnetostratigraphy remains an indispensable tool
in providing worldwide correlations around the boundary.

To better document sequences that cross the system boundary, further determine the
boundaries of magnetozones and the thin reversed subzones, and contribute to global
definition of the J-K boundary, several ‘old’ and ‘new’ marine profiles across the Europe
have been (re)visited. This paper presents palaeo- and rock-magnetic research results from
an ‘old’ Drome ammonite locality, but one never before studied for palacomagnetism: Le
Ravin de Font de St Bertrand (St Bertrand’s Spring, hereafter called St Bertrand).

2. St BERTRAND SECTION

The StBertrand locality (Fig. 1; longitude 5°37'00"E, latitude 44°42'09"N; Les
Combes in Frau et al., 2016a) is situated north of the hamlet of Les Combes, in a cliffed
upper valley of the Grimone stream, on the northern side of the Ravin de St Bertrand’s
Spring. The section is almost 60 m thick and consists of three lithological parts.
(1) Stacked lime-mud to wackestone-limestones make up the lower part of the section.
According to Frau et al. (2016a) Delphinella delphinense and Proniceras pronum appear
in the upper portion of this interval. The lowermost part is followed by (ii) well-bedded,
ammonite-bearing limestones with thin marly interbeds. The lower portion of the interval
is dominated by Pseudosubplanites. Strambergella carpathica and Strambergella jacobi
occur in the upper part of this zone and correlate well with the lowermost Calpionella
elliptica Subzone and uppermost Remaniella ferasini Subzone of the standard Calpionella
Zone (Frau et al., 2016a). (iii) The upper half of StBertrand section comprises
continuous marl-limestone alternations.

il Stud. Geophys. Geod., 62 (2018)
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Regionally, the St Bertrand site is a part of the succession of the Vocontian trough (see
Wimbledon et al., 2013). A sequence of deeper-water pelagic and hemipelagic sediments
are found in the Jurassic-Cretaceous transition with alternating periods of marl and
limestone deposition. In some areas, particularly in the north, it contains marginal marine
or terrestrial Purbeck facies (Détraz and Mojon, 1989; Wimbledon et al., 2013). The
sedimentation of the basin was restricted by the Cévennes massif in the west and Les
Maures in the south. Eastwards the basin was open to the ocean of Tethys.

3. SAMPLING AND METHODS

Pilot sampling of the St Bertrand section was carried out in two stages: the samples
from upper part (SP) and middle part (SPL) were collected in 2011, and lower part (SPm)
in 2015 (Fig. 2). Additional sampling was undertaken in autumn 2016 to fill in the data
gaps and verify the preliminary results. Only limestones were collected and recorded by
bed number (Fig. 1). The vertical scale (as in Frau et al., 2016a) starts at the bottom of the
section, below the first prominent bedded layer (0.5 m thick). Below that, the rocks are
profoundly shattered and weathered with no detectable bedding structure.

Each sample was prepared as several cylindrical (diameter of 2.5 cm) or cubic (8 cm?)
specimens and subjected to palaeo- and rock-magnetic investigations in the Laboratory of
Palacomagnetism, Institute of Geology of the Czech Academy of Sciences.

The progressive thermal (TD) demagnetization, from 80°C to 560°C (occasionally
640°C) in 40°C intervals, was carried out using the MAVACS (Magnetic Vacuum Control
System; Prihoda et al, 1989). The remanence (e.g., natural remanent magnetization
NRM) was measured using a 2G Superconducting Rock Magnetometer 755 (2G SRM).
The magnetic susceptibility (x) was measured with an AGICO KLF—4A Automatic
Magnetic Susceptibility Meter after each demagnetizing step. Alternating field (AF)
demagnetization, up to 100 mT in 5-10 mT intervals, was carried out using a 2G SRM.
Results derived from the palacomagnetic measurements were analysed with Remasoft
software (Chadima and Hrouda, 2006).

Rock-magnetic measurements, e.g., temperature dependence of mass-specific
magnetic susceptibility (y-7) and acquisition of isothermal remanent magnetization
(IRM), were carried out on selected samples. The temperature dependence of magnetic
susceptibility was measured using an AGICO MFK1 kappabridge. Measurements were
carried out in an argon atmosphere over a temperature range of —192° to 700°C. After AF
demagnetization, several samples were also progressively magnetized up to 1 T or 2 T
using a Magnetic Measurements pulse magnetizer (MMPMI10) and then stepwise
demagnetized (<100 mT) wusing a LDA-3. The resulting saturation remanent
magnetization was measured with an AGICO JR-5 spinner magnetometer.

4. RESULTS

The magnetic susceptililities (x) and natural remanent magnetization (NRM) of the
St Bertrand specimens are presented in Fig. 3 and average values of each sample bed
summarized in Table 1. Based on measured data, the lowermost part (SPm; 0-20 m) of
the section shows mainly diamagnetic behaviour, whereas the rest of the section (SP and

v Stud. Geophys. Geod., 62 (2018)
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SPL) consists of paramagnetic samples (Fig. 3). Additionally, the frequency dependence
of magnetic susceptibility (FD) was measured; however, the samples are not sufficiently
strong to gain enough reliable FD results.

Curie temperatures (7c) were determined from temperature-dependent measurements

of the mass-specific magnetic susceptibility (-7 curves) (Fig.4). Throughout the
sequence rock-magnetic properties show magnetite (7: 450-580°C) as the main

Fig. 2. Examples of the upper (SP), middle (SPL) and lower (SPm) part of St Bertrand section.
SPL part of the section got recently destroyed.

Stud. Geophys. Geod., 62 (2018) A\
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magnetic fraction. Many p-7 curves indicate also a minor fraction with 7¢ over 600°C,
which is typical for a hematite-like phase, and in few specimens a fraction with
T ~300-350°C. The latter can be an indicator of several minerals, including sulphides,
maghemites, titano-magnetites. One sample has a heating curve (Fig.4 right) that
indicates also a fraction with a possible T~ over the measured temperature range (700°C).

The Verwey transition was not observed in any samples. The y in low temperatures
decreased until —80°C, after which it increased again until room temperature close to its
initial value. All samples display irreversible behaviour in their heating-cooling cycles,
with formation of new magnetite or a magnetite-like phase (7¢ ~ 450-590°C; Fig. 4), in
some case also a fraction that has a T~ over 600°C.
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Fig. 3.
St Bertrand section.
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Magnetic susceptibilities (x) and natural remanent magnetization (NRM) of the
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Table 1. Average values of magnetic susceptibility (x) and natural remanent magnetization (NRM)
of the St Bertrand section. Only limestones were sampled. 7 - number of specimens.

Sample Lithology n K NRM Sample Lithology " K NRM

(Frau et al., 2016)| " |[10~6 S| [mA/m] (Frau et al,, 2016)|" [1070 SI]| [mA/m]
SP111 4] 945 | 0.05 [SP006 4] 9.00 | 013
SP110 3] 11.75 | 0.06 |SP004 1| 7.00 | 026
SP109 6/ 8.08 | 0.08 |SP003 1| 330 | 0.10
SP106 2| 850 | 0.06 |SP002 2| 613 | 014
SP104 2| 12.15 | 0.09 [SPLI8 2] 438 | 0.16
SP101 2| 10.10 | 0.06 [SPL16 " 3] 520 | 0.13
SP099 g 1| 890 | 0.07 |SPL14 g . 3 467 | 013
SP097 £ 1| 1560 | 0.10 |SPLI12 773 4] 1391 | 025
SP096 > 2| 25.44 | 0.13 |SPLI11 = 2] 11.19 | 0.25
SP094 ! 2| 1065 | 0.07 |SPLIO o E 2| 565 | 0.06
SP091 g 1| 713 | 0.08 [SPmO06 §% 2] 256 | 0.04
SP082 z 2| 419 | 0.12 |SPmo8 2 g 4| =2.99 | 0.07
SP080 E 4| 3.53 | 009 |SPmll S= 2| 456 | 0.15
SP078 D 2| 2.80 | 0.03 |SPmI3 8§ 3] -095 | 0.05
SP076 § 3| 677 | 0.07 |SPml4 §§ 50 3.05 | o0.10
SP066 = 2| 413 | 028 |SPmI6 S 20 375 | 012
SP062 g 2| 890 | 059 |SPmIS o 2| 875 | 0.80
SP054 £ 2| 8.00 | 030 |SPm20 2| 350 | 0.04
SP052 g 4] 1272 | 033 |SPm22 4] -1.68 | 0.02
SP050 = 30 11.73 | 0.14 |SPm24 1| =230 | 0.03
SP049 8| 742 | 034 |SPm25 8| —2.61 | 0.03
SP045 2| 725 | 023 |SPm27 2| —3.46 | 0.06
SP041 1| 7.60 | 0.12 Average 4.74 0.14
SP039 2| 10.80 | 0.04 [SPm29 4] =390 | 0.04
SP037 6| 1342 | 037 |SPm30 8 8| =5.10 | 0.03
SP032 2| 713 | 0.07 |SPm32 ) 4| —4.60 | 0.06

Average 9.29 | 0.17 |SPm33 £ 6| —6.53 | 0.05
SP030 4] 599 | 0.13 |SPm34 n 6| —6.59 | 0.09
SP028 " 3| 723 | 024 |SPm36 2 2| -5.14 | 0.14
SP026 g 2] 3.60 | 022 |SPm39 S 2| =575 | 0.86
SP024 73 4| 6.13 | 025 |SPm40 < 2| -5.63 | 024
SP022 T 2] 1036 | 022 |SPm42 g 6| -5.81 | 0.12
SP021 Eoé 3 992 | 0.16 |SPm44 e 2| -638 | 0.07
SP018 g2 4] 1020 | 0.23 |SPmd6 - 71 =534 | 0.26
SP016 8 g 3] 520 | 0.13 |SPm47 2 2| =512 | 030
SPO15 &g 70 497 | 0.16 |SPm48 . 2| -499 | 025
SP014 §= 3| 1530 | 0.19 |SPm49 2 2] =350 | 1.18
SP012 §§ 2| 569 | 0.09 |SPm50 E 3] -3.83 | 039
SP009 s 2| 7.63 | 0.17 |SPm51 - 4| =550 | 0.17
SP008 o 3| 513 | 028 |SPm52 4| -4.63 | 0.17
SP007 1| 820 | 0.05 Average -5.31 0.19
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Fig. 4. Examples of temperature dependence of magnetic susceptibility for upper (SP08), middle
(SPL10) and lower (SPm33) part of St Bertrand section.
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Fig. 5. Examples of acquisition (full symbols) and demagnetization (open symbols) of isothermal
remanence for upper (SP8), middle (SPL10) and lower (SPm50) part of St Bertrand section.

The determined remanence values show generally low NRM through the entire
St Bertrand profile (Fig. 3). The NRM values decrease in the lowest beds as well as in the
upper part (between 0 and 20 m and 40 and 60 m, respectively), with an increasing trend
within the 20-40 m interval.

The acquisition of isothermal remanence (Fig.5) indicates 2 distinct magnetic
fractions: of low and high coercivity. The first fraction gains its saturation by 100 mT,
which is typical behaviour for magnetite, whereas the second (magnetic saturation not
reached by 1-2T) may indicate either goethite (the possible carrier of TD low
temperature remanence; Fig. 6) or hematite (seen in y-T curves; Fig.4). Additional
Lowrie test (Lowrie, 1990) indicates the presence of magnetite, hematite and,
occasionally, goethite.

AF demagnetization of the samples showed that remanence of the SPm is mostly
completely removed by 50 mT (medium demagnetizing field < 10 mT), which indicates
that the low coercivity fraction, such as magnetite, is the carrier of the remanence.
Occasionally > 20% of remanence remains by 100 mT. However, samples from the upper
part of the sequence are (with exception of samples in the 29-32 m interval) more
resistant to alternating field and are not demagnetized by 100 mT (> 40% of remanence

viii Stud. Geophys. Geod., 62 (2018)
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remains and, hence, AF data is not here used in the component analysis and
magnetostratigraphy). This is possibly due to high coercivity minerals, such as goethite or
hematite. Thermal demagnetization (TD; Fig. 6b) of the samples establishes that most of
the remanence is removed between 100 and 300°C, occasionally also by temperatures up
to 500°C (especially in the lowest 11 m of the section; samples SPm39-50). A shallow
increase and consequent decrease of magnetization occurs within the 200-600°C interval,
showing the presence of a remanence component carried by magnetite throughout the
section. In most samples, the changes in mineral phase, as displayed by the rise of
magnetic susceptibility, occur between 300-500°C in SPm and above 500°C in SPL and
SP.

Characteristic remanent magnetization (ChRM; Fig. 6a) was determined using
principal component analysis (PCA) (after Kirschvink, 1980). On average, the ChRM
occurs within temperature range of 280-500°C (5-8 steps; occasionally up to 600°C) for
reversed polarity and 160-360°C (4—6 steps; occasionally up to 520°C) for the normal
polarity component. The difference in temperature range of ChRM is caused by the
presence of additional low temperature (up to 240°C) B-component in the reversed
polarity samples. This component (declination D =3°, inclination /= 65° in situ
coordinates) is very close to the present earth field for this locality. The palacomagnetic
results (Table 2) of 46 samples with normal polarity and 33 reversed, out of 250
specimens, were combined to construct a magnetostratigraphy. All the AF demagnetized
specimens were disregarded because of their potential content of secondary goethite (see
above). Many TD specimens had remanent magnetization that was too low or unstable to
be interpreted correctly and, hence, these were also discarded. Furthermore,
approximately 20 of the TD specimens were not used because of the low intensity of their
signal, increase of x during the thermal treatment or sample disintegration in the oven, and
27 samples could be interpreted, but only by using the Fischer (1953) mean above 320°C.

Three normal and three reverse polarity zones have been identified (Fig. 7). The first
magnetozone (Mzlr) is based on only 2 specimens, the component was counted using the
Fisher (1953) mean and the 95% confidence angle «gs exceeds 20°. The next
magnetozone (Mzln) is approximately 20 m in thickness. The lower part is composed of
several ‘well behaved’ samples, with relatively high magnetization, and low maximum
angular deviation (MAD). However, the upper part of the zone consists of samples with
very weak remanent magnetization and an increasing x in the high temperatures. This
causes uncertainties in interpretation, and therefore we mark the interval in grey.
Magnetozone Mz2r is based on 4 specimens (mean directions calculated, as above, by the
Fisher mean). The next magnetozone (Mz2n) starts with samples that have normal
polarity, but ends with a long transitional interval where the polarity seemingly changes
several times due to low and unstable primary magnetization (grey interval in Fig. 7). The
upper magnetozones (Mz3r and Mz3n) comprise samples with higher remanent
magnetization and a low MAD angle. Mz3r contains three samples with the negative
magnetic inclination and a magnetic declination facing north, and one normally
magnetized sample that we decided to disregard in further evaluation.

Stud. Geophys. Geod., 62 (2018) X
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Table 2. Palacomagnetic data of the St Bertrand section. D - declination; / - inclination; a 95 - 95%

confidence limit; k& - precision parameter; n - number of specimens; T - average temperature range of
characteristic remanent magnetization; N - normal polarity; R - reversed polarity.

. . No Structural Tilt Correction
= Structural Tilt Correction (In Situ Directions)
E . v
& | Mean Directions | 4 s f Mean Directions | 5 ¢ f [°C]
D[l | 1] | [F] D[] | I | [
N | 329.1 548 | 7.1 9.79 13.8 510 | 6.6 11.13 46 160-360
R | 1353 | -588 | 9.2 8.32 178.5 | -48.2 | 8.2 10.23 33 280-500

The sampled beds in St Bertrand are tilted without folding. However, the bedding
surfaces undulate and this lead to lower precision when measuring the dip of the strata. As
a result, the angle ags for the tilt-corrected data is slightly larger than that from in-situ
coordinates. For all the normally and reversely polarized samples, the angle between the
Fisher mean is 171.1°, and the directions of samples are antipodal. The angle between
estimated mean vectors is 8.5°, compared with the critical value 11.4°, estimated using the
hypothesized Fisher distribution. The palacomagnetic data passed the reversal test and
was classified as C according to the method of McFadden and McElhinny (1990).

5. DISCUSSION

A detailed ammonite distribution together with preliminary results on the calpionellid
zonation for St Bertrand is given in Frau et al. (2016). These data indicate that base of the
Calpionella alpina Subzone lies in the middle of our magnetozone Mzln. Furthermore,
the first appearance of the calcareous nannofossil species Nannoconus wintereri occurs
within this interval. This suggests that the magnetozone Mz1n could be either the M19n or
M19n.2n. Comparison with other sections (Fig. 8) shows that the J-K boundary according
to calpionellids (base of Alpina Subzone) and nannoplankton (FO of Nannoconus
wintereri) is usually in the middle of normal polarity zone (M19n2n). As further evidence,
M19n.2n records the acme of the ammonite genus Delphinella at Le Chouet, as at
St Bertrand (Frau et al., 2016a, b). In the lowest part of the St Bertrand section, there are
two samples that seemingly have reversed polarity. Based on the identification of Mzln
zone as M19n (see above), we believe that Mzl1r corresponds to the top of the reversed
zone M19r. Comparison of the rest of the site’s pattern of magnetozones (Mz2r-Mz3n)
with the Geomagnetic Polarity Time Scale (GPTS) and with preliminary calpionellid
stratigraphy (e.g., placement of Ferasini/Elliptica Subzones (Frau et al., 2016a; Fig. 8))
reveals that the long reversed zone Mz3r can be only M17r. The interpretation is
supported by situation of the B. jacobi/T. occitanica auctorum ammonite zonal boundary
in this magnetozone (Frau et al., 2016a; Gradstein et al., 2012). According to our
observations the base of Elliptica Subzone probably occurs slightly lower than reported by
Frau et al. (2016a). To verify both the lower and upper boundary of this subzone

Stud. Geophys. Geod., 62 (2018) xi
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Fig. 8. Magnetostratigraphy (current work) and biostratigraphy (after Frau et al., 2016) of
St Bertrand section, and comparison with other European sections (redrawn after Wimbledon et al.,
2011) and with Geomagnetic Polarity Time Scale (GPTS; after Gradstein et al., 2012).

the new samples have been collected. Thus, the StBertrand section most probably
contains magnetozones from the upper Tithonian (M19r) up to middle Berriasian (M17n).
This interpretation implies a large increase of sedimentation rate between magnetozones
M17r (10.6-13.7 m/My) and MI17n (>39 m/My), which is also visible from the
lithological log (Fig. 1) where marl interbed thicknesses increase. The Brodno subzone
(M19n.1r) has not been recognized.

Magnetic susceptibility is usually interpreted as a proxy of detrital input towards the
basin and, thus, is increasingly used as a palacoenvironmental and climatic proxy as well
as a high resolution intercontinental correlation tool (e.g., Ellwood et al., 1999; Grabowski
et al., 2013; Da Silva et al., 2013). Based on our data, magnetic susceptibility (Fig. 3)
increases from the lowermost part of the section, of Tithonian age (M19r), to the middle
Berriasian. This trend is opposite to that seen in other Tethyan sections. Usually x decline
is observed between the Tithonian and middle Berriasian, and is related to a relative
decrease of lithogenic input and increased carbonate productivity (Housa et al., 1999,
Grabowski et al., 2010a, 2013; Michalik et al., 2016). The trend of « in the St Bertrand
sequence is rather similar to the trend found in the Hlboca section in the Western
Carpathians (Grabowski et al., 2010b). At Hlboca, the « increase is accompanied by
presence of superparamagnetic magnetite (op. cit.). The increase in x in the upper part of
the St Bertrand’s section clearly corresponds to lithological changes, from pure massive

Stud. Geophys. Geod., 62 (2018) xiii



T. Elbra et al.

limestones into well-bedded limestones with marl intercalations, and thus
a palaecoenvironmental change. As the section exhibits primary magnetization it is rather
unlikely that x is significantly influenced by secondary ferromagnetic minerals.
Furthemore, even in partially remagnetized carbonates the x can still preserve primary
paleoenvironmental information (Da Silva et al., 2013). It should be noted that our study
is the first detailed x record in the middle Berriasian of the Vocontian Basin. The nearby
Le Chouet section terminates in M19n, still in the Alpina Subzone (Wimbledon et al.,
2013). Therefore, it is not clear whether the x increase between magnetozones M19n and
MI17r-M17n is a regional trend characteristic for the entire Vocontian Basin or that it
represents just a local feature. Significant intensification of terrigenous input in the
Vocontian Basin is usually observed higher in the Berriasian in calpionellid zone D
(Calpionellopsis Zone) (Morales et al., 2013).

6. CONCLUSIONS

The magnetostratigraphy of the St Bertrand section documents three normal/reversed
polarity zones which have upper Tithonian (M19r) to middle Berriasian (M17n) ages.
Magnetic susceptibility shows an increasing trend from the Tithonian into the Berriasian,
contrary to other Tethyan sections. Based on rock-magnetic measurements, magnetite is
shown to be the main magnetic mineral and carrier of characteristic remanence
components throughout the sequence. Goethite and/or traces of hematite are also found.
The new data obtained during this study in combination with biostratigraphy (combining 4
major markers of the J-K boundary: magnetostratigraphy, calpionellids, nannoplankton,
and ammonites), gives new insights into the J-K boundary in the Vocontian Basin and, in
this way, contributes to the dataset for the definition of a global J-K boundary.
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