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Abstract The Miocene epicontinental Paratethys Sea of central Eurasia has experienced multiple restric-
tion and reconnection events to the open ocean. Magnetostratigraphy is an important dating tool to better
understand the temporal and spatial paleoenvironmental variations associated with these changes. Magne-
tostratigraphy in the Paratethys domain, however, is complicated by the presence of greigite (Fe3S,). Here
we report rock magnetic and X-ray fluorescence data of the Tisa section (Romania) which was previously
magnetostratigraphically dated at the middle Miocene (base at 12.8 Ma and top at 12.2 Ma). This section
comprises the Badenian Sarmatian Extinction Event (BSEE), which is marked by a major salinity change from
marine to brackish environments, related to the opening of the connection between the Central and the
Eastern Paratethys basins. In the marine Badenian sediments below the BSEE, the pyritization process is
shown to be complete because of abundant sulfate supply. In the brackish Sarmatian deposits, four intervals
with early diagenetic greigite are observed, and linked to insufficient sulfate in the water column. These
four greigite intervals appear to correspond to maxima in the ~100 kyr eccentricity cycle. We propose that
increased fresh water from the Eastern Paratethys basin during eccentricity maxima restricted the sulfate
availability in the Tisa area, leading to a reduced HS™ production and enhanced greigite preservation. The
early diagenetic formation of greigite enables a quasi syn-depositional recording of the paleomagnetic field,
which allows reliable paleomagnetic dating in this section. Our results further suggest greigite as a potential
indicator for salinity changes during marine/brackish transitions.

1. Introduction

The Paratethys Sea is the large epicontinental sea of central Eurasia that originated in Eocene-Oligocene
times from the collision of the Indian and Arabian plates with Eurasia [Laskarev, 1924; Rogl, 1999; Schulz
et al., 2005]. With its extension from central Europe to western China, the Paratethys represents an ideal nat-
ural laboratory to explore links between sea-land distribution, climate change, and biological migration
[e.g., Harzhauser and Piller, 2007; Karami et al., 2011; Ramstein et al., 1997]. Orogenic processes in the Alpine-
Himalayan mountain belt combined with global eustatic sea-level changes repeatedly restricted, isolated,
and reconnected, the various Paratethyan subbasins from and to the open ocean, resulting in extreme pale-
oenvironmental changes from hypersaline and anoxic to brackish and fresh water conditions. The Parate-
thys is divided into three paleogeographic units, named Western, Central, and Eastern Paratethys. The
Central Paratethys was located in the present central Europe, while the Eastern Paratethys covered the
region of present-day Black Sea, Caspian Sea, and Aral Sea.

The dominantly endemic faunal assemblages and the scarcity of volcanic ash layers suitable for radioisotopic
dating hamper the construction of robust time frames for the Paratethyan basins. Precise correlation to the
global geological time scale is therefore not straightforward. Magnetostratigraphy could be a suitable dating
technique, but the common presence of the magnetic iron sulphide greigite (FesS,) in the Paratethys compli-
cates the interpretation of the paleomagnetic records [e.g., Hsii and Giovanoli, 1979; Krél and Jelenska, 1999;
Babinszki et al., 2007; Sant et al., 2015]. Previous studies have shown that late diagenetic greigite with its inher-
ent remagnetization can originate from multiple mechanisms [Roberts and Weaver, 2005]. This may involve
various geological processes such as percolation of oxic fluids and/or sea-level changes [Jiang et al., 2001;
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Oda and Torii, 2004; Rowan and Roberts, 2006; Sagnotti et al., 2010]. However, high-resolution magnetostrati-
graphic studies on the late Miocene sedimentary successions in Romania [Vasiliev et al., 2004, 2005] and in
the Black Sea basin [Kriigsman et al., 2010; Chang et al., 2014; van Baak et al., 2016] resulted in straightforward
correlations to the Geomagnetic Polarity Time Scale (GPTS) and confirm the reliability of these greigite-based
magnetostratigraphic time frames. In these sections, the magnetic signal is carried by biogenic greigite of pri-
mary origin (generated intracellularly by magnetotactic bacteria) and/or authigenic greigite of secondary ori-
gin that formed by early diagenetic processes [Vasiliev et al., 2007, 2008]. Therefore, assessment of the
greigite formation mechanism on a case-by-case basis is necessary for robust magnetostratigraphic dating in
the Paratethys region [e.g., Aben et al., 2014].

Since organic matter and sulfate availability are indispensable for greigite production, the occurrence of
greigite in geological records was used to reflect variations in organic matter [e.g., Blanchet et al., 2009] and
salinity changes [Reynolds et al., 1998; Reynolds and Rosenbaum, 2005]. Greigite preservation in the Parate-
thys sediments has also been shown to be environmentally/climatically controlled by cyclostratigraphic cor-
relation to astronomical curves. In their study of the Miocene Black Sea sediments, Chang et al. [2014]
linked the diagenetic greigite formation in brackish environments to variations in terrigenous input, while
in fresh water to the variations in the concentration of dissolved pore water sulfate. These results demon-
strate the potential of greigite as an indicator to better understand paleoenvironmental changes.

The Badenian-Sarmatian Extinction Event (BSEE) is one of the most dramatic paleoenvironmental changes
in central Europe, with 588 last occurrences of gastropods species and 121 last occurrences of foraminifera
species [Harzhauser and Piller, 2007]. The Badenian and Sarmatian are regional stage names in the Parate-
thys realm. The Badenian refers to a stage equivalent to the late Langhian and early Seravallian while the
Sarmatian refers to a stage during the late Seravallian. The BSEE is assumed to have been triggered by the
activation of the gateway between the Central Paratethys and the Eastern Paratethys Basin (Figure 1), gen-
erating a sudden transition from open marine to brackish conditions in the Central Paratethys [Palcu et al.,
2015]. The only robust magnetostratigraphic BSEE record is from the Tisa section in Romania, which dates
the event at 12.65 Ma [Palcu et al.,, 2015]. Other sections that contain the BSEE have paleomagnetic signals
that are difficult to interpret due to the presence of multiple magnetic components [de Leeuw et al., 2013]
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Figure 1. Geological background of the study site. (a) Location of the Tisa section (red square) shown together with the Black Sea, the
Mediterranean, and the Carpathian Foredeep. Figures 1b and 1c are paleogeographic maps before and after the Badenian-Sarmatian
Extinction Event. The Central Paratethys Basin where the Tisa section is located, changes from an open marine setting in the Badenian to a
brackish setting in the Sarmatian by water influx through the Barlad Strait [Palcu et al., 2015]. The Eastern Paratethys Basin remains in
brackish conditions throughout this period because it contains a much larger water volume than its central counterpart.
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or late diagenetic greigite components [Sant et al., 2015]. The paleomagnetic signal of the interval strad-
dling the BSEE in the Tisa section shows a mixture of samples dominated by magnetite and/or greigite
[Palcu et al., 2015].

In this study, we perform a combined environmental magnetic and X-ray fluorescence (XRF) study on the
Badenian and Sarmatian sediments of the Tisa section (~12.79 to ~12.20 Ma) of the Carpathian Foredeep.
By identifying the magnetic mineral formation mechanism, we aim to clarify the changes in redox condi-
tions and sulfate concentrations across the BSEE. Moreover, our results are tentatively correlated with orbital
parameters suggesting a possible climatic and hydrologic driver on the magnetic mineral variations in the
Tisa section.

2. Geological Setting, Sampling, and Chronology

The Tisa section (45°17.565'N, 26°29.567'E) is located in southeastern Romania, in the vicinity of the bend
area of the Carpathian Mountains. During the middle Miocene, it was located in the southeastern part of
the Carpathian Foredeep Basin, in the vicinity of the Barlad Strait—the gateway linking the Central Parate-
thys with the Eastern Paratehtys (Figure 1). The proximity of the gateway makes it an appropriate section to
study the connectivity changes responsible for the BSEE.

The lower part (Badenian) of the Tisa section (Figure 2a) mainly comprises gray marls interbedded in sand-
stones. The middle part, including the BSEE, consists of essentially homogenous marls with occasional
sandy laminae. The upper part (Sarmatian) shows an irregular alternation of gray marls and sandstones,
while homogeneous gray marls dominate the top of the succession again.

A collection of oriented samples (labeled TS) was drilled in 98 stratigraphic levels in the Tisa section in 2012,
which cover 223 m stratigraphy. For a more detailed research of the Badenian-Sarmatian boundary, another
128 samples (labeled VT) were taken in higher resolution between 39 and 91 m in 2014. The age framework
of the Tisa section is based on magnetostratigraphic dating combined with high-resolution biostratigraphy
on calcareous nannofossils and foraminifera [Palcu et al., 2015]. Correlation of the polarity pattern to the
GPTS yields four tie points corresponding to the normal polarity chron boundaries of C5Ar.1n and C5An.2n
(at 12.272, 12.474, 12.735, and 12.77 Ma). By extrapolation, the base and top of the section were put at
12.79 and 12.21 Ma, respectively. The Badenian-Sarmatian boundary is located at ~68 m and has an inter-
polated age of 12.65 == 0.01 Ma. Fauna analyses in Tisa section indicate a major shift from marine to brackish
water conditions coinciding with the Badenian-Sarmatian boundary [Palcu et al., 2015].

3. Methods

Room temperature hysteresis loops, back-field demagnetization of saturated isothermal remanent magneti-
zation (SIRM) were measured with a Princeton Measurements Corporation MicroMag 2900 alternating gradi-
ent magnetometer (AGM, noise level 2 X 1072 Am?). Hysteresis loops (sample mass 60-90 mg) were
acquired between —1 and 1 T with a field increment of 10 mT. The saturation magnetization (M), the satu-
ration remanent magnetization (M,), and coercivity (B.) were acquired after correction for the paramagnetic
slope (at 70% of the maximum field). Back field demagnetization of SIRM was performed after saturating
the sample in a field of 1 T to determine the remanence coercivity (B.,). For first-order reversal curves
(FORCs), 150 reversal curves were obtained for each sample with a field increment of 1.5 mT. FORC dia-
grams were calculated using the FORCme software package [Heslop and Roberts, 2012]. All the measure-
ments on AGM were performed with an averaging time of 500 ms.

High-temperature thermomagnetic measurements of the induced magnetization (J-T curves) were per-
formed in air with a modified horizontal translation-type Curie balance with a sensitivity of ~5 X 10~ ° Am?
[Mullender et al., 1993]. About 100 mg powdered sediments were held in place by quartz wool in a quartz
glass holder. The applied field was cycled between 100 and 300 mT or between 150 and 300 mT depending
on the intensity of the magnetization. Multiple heating and cooling runs were performed between room
temperature, 150, 250 350, 450, 500, and 700°C. The heating rate was 6°C/min and the cooling rate was
10°C/min.
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Figure 2. Stratigraphic variations in the magnetic and geochemical parameters of the Tisa section. (a) Lithology of the Tisa section. Figures 2b and 2c are mass normalized magnetic sus-
ceptibility (y) and mass normalized saturation isothermal remanent magnetization (SIRM), respectively. The magnetic susceptibility data are from Palcu et al. [2015]. (d) Ratio of remanent
saturation magnetization (M,,) to saturation magnetization (Mj). (e) Ratio of remanence coercivity (B,) to coercivity (B,). Figures 2f and 2g are ratios of elemental concentration from X-
ray fluorescence (XRF). The dashed line represents the Badenian-Sarmatian boundary. The gray bars denote intervals with early diagenetic greigite.

In addition, elemental changes were analyzed using a handheld Thermo Scientific Niton XL3t XRF Analyzer.
Measurements were performed in the so-called Mining mode (Cu/Zn) under a steady flow of helium gas.
Samples were measured after a flat fresh surface was cut by a plastic knife on the cored samples. A standard
sample was repeatedly measured between every 10 measurements to check the reproducibility. The data
are semiquantitative suited to track the elemental trends through the sequence rather than the absolute
elemental concentrations.

4, Results

4.1. Stratigraphic Trends in Magnetic and Geochemical Parameters
Figure 2 shows variations of magnetic parameters (Figures 2b—2e) and XRF data (Figures 2f-2g, original XRF
data with error bars are shown in supporting information Figure S1). Consistent variations in 7 and SIRM
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indicate that the low and high mag-
H L netic fluctuations are controlled by
%  TS80-98(201-223m) TS64-79(176-200m) magnetic concentration rather than
« TS56-63(155-169) ¢ TS52-55(129-151m) magnetic grain size.
TS42-51(111-126m) TS38-41(100-108m) We divide the magnetic data into two
s TS32-37(84.5-99m) + TS1-31(0-82.5m) groups: The low magnetic samples
1 : have y of less than 1077 m> kg™’

[Palcu et al, 2015] and SIRM around
10~* Am? kg~ ', which is low for sedi-
ments. These samples have low ratios
of M,/M; (<0.2) and corresponding
high ratios of B./B. (>2.8). They
almost all fall in the pseudo-single
domain (PSD) area of the Day Plot
(Figure 3, original hysteresis parame-
ters can be found in supporting infor-
mation Table S1) [Day et al, 1977;
Dunlop, 2002]. The high magnetic
samples have high ratios of M, /M
(>0.2, mostly >0.4) and correspond-
ing low ratios of B./B. (<2.8). On the
Day plot, they cluster in or near the
SD area following the SD + SP mixing
line. The Badenian (0-68 m) is domi-
nated by low magnetic samples. In
the Sarmatian (68-220 m), four low

0.01 4

1 2 3 4 5 6 7 8910
Bcer/Be

Figure 3. Magnetic hysteresis parameters on a Day plot [Day et al., 1977]. The mag- magnetic and four high magnetic
netite single domain (SD), pseudo-single-domain (PSD), and multidomain (MD) units occur aIternater.

grains areas are indicated by the dashed lines, and mixing lines for SD + SP (super-

paramagnetic), SD + MD1, SD + MD2 particles are shown by dotted lines, accord- Stratigraphic  elemental variations,
mg'to Dunlop [2002]. H s'tands for the high magnetic samples in the Sar.mat|an, represented by the ratio of Ca to Al
which almost all cluster in or near the SD area. L stands for low magnetic samples

in the Sarmatian and all Badenian samples. and that of Rb to Sr, are plotted with

ratios of magnetic parameters for the

high (Figures 4a-4d) and low (Figures
4e-4h) magnetic units, respectively. Assuming that sedimentary Al is contained in silicates of detrital origin
and Ca comes from biogenic calcium carbonate, the Ca/Al ratio represents the contribution of carbonate
production in the ocean over terrigenous input [e.g., Jaccard et al., 2005]. Similarly, given that Sr can be
leached much easier than Rb, a higher Rb/Sr ratio implies more weathered terrigenous detritus [e.g., Chen
et al., 1999]. Their anti-phase variation (Figures 2f-2g) testifies to the robustness of these two ratios. Despite
the fluctuations in both ratios, however, barely any correlation is found between the elemental changes
and the magnetic parameters. The coefficient of determination (R?) is smaller than 0.091 for the low mag-
netic units and smaller than 0.124 for the high magnetic units (Figure 4).

4.2. Magnetic Properties of Representative Samples

Representative samples from the low and high magnetic units show distinctive magnetic properties in both
room temperature (Figure 5) and high-temperature measurements (Figure 6). Samples from the high mag-
netic units have open hysteresis loops, with coercivity and remanence coercivity as high as ~45 and ~60
mT, respectively. Their FORC distribution is similar to those previously reported for SD diagenetic greigite
[Roberts et al., 2011, 2006]. The diagrams have classic SD-like contours centered on B, ~ 60 mT. Consider-
able magnetic interaction is indicated by the large vertical spread. The central peak is not symmetrical with
respect to the B, axis but shifted to the negative area below B, = 0. For the J-T curves, all the high magnetic
samples show an irreversible decrease in magnetization between 200°C and 350°C, which is typical of grei-
gite [e.g., Dekkers et al., 2000]. Pyrite also exists in these samples, indicated by the magnetization increase
after 400°C (due to its oxidation via magnetite ultimately to hematite) [Passier et al., 2001].
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Figure 4. Correlation between different magnetic and elemental variations for the (a—d) low magnetic samples and (e-h) high magnetic samples, respectively. The red lines are fit on
the premise of a linear correlation. The low coefficients of determinations (R?) point to the absence of a significant correlation between the magnetic properties (alternation of greigite
and pyrite in the sediments) and variations in Ca/Al ratios (indicative of biogenic production in the ocean) and Rb/Sr (terrigenous input from the continent).

Magnetization (10 Am?)

Magnetization (10¢ Am?)

On the other hand, the low magnetic samples are dominated by paramagnetic minerals, suggested by the
essentially linear magnetization curve before paramagnetic correction. After correction, the samples show a
low coercivity below 10 mT and, correspondingly, a low remanence coercivity of ~30 mT. Due to its low
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Figure 5. Rock magnetic results of two representative samples. TS48 is from the high magnetic units and TS7 from the low magnetic units. (a) and (d) Blow ups of the central portions of
hysteresis loops (measured to a maximum field of =1 T). The green lines and red lines indicate results before and after paramagnetic corrections, respectively. (b) and (e) IRM acquisition

and back field demagnetization curves; central portions of 0.3 T for clear view. Samples were measured up to 1 T. (c) and (f) First-order reversal curve (FORC) diagrams were generated
with smoothing factor (SF) of 3. Black line in Figures 5¢ and 5f indicates 95% confidence level [Heslop and Roberts, 2012].
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Figure 6. Dependence of magnetization on temperature during repeated thermal runs on Curie Balance. The low and high magnetic samples show distinct behavior. For each sample,
the plot on the left shows results of the whole heating and cooling process, and the plot on the right is an enlarged view of variations below 400°C. Legends for the temperature inter-
vals are shown at the bottom. The irreversible decreases in magnetization between 200°C and 350°C are typical for greigite [e.g., Dekkers et al., 2000]. Magnetization increases after
400°C are likely due to oxidation of pyrite to magnetite [Passier et al., 2001].

intensity (two orders of magnitude lower than the high magnetic samples), only a weak FORC distribution is
observable, centered on B.< 10 mT. This may origin from a very low amount of magnetite (supporting
information Figure S2), which is also responsible for the hysteresis and the weak NRM. The low amount of
magnetite in diagenetic sediments is probably residing in inclusions in silicate hosts [Chang et al., 2016].
The J-T curves of these low magnetic samples are reversible during thermal runs below 400°C. The large
increases after 400°C indicate large amounts of pyrite in these samples which oxidize to magnetite causing
the peak at 450-500°C in J-T curves. Abundant pyrite in these samples is also consistent with the low inten-
sity and subtle hysteresis since pyrite is paramagnetic.
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5. Discussion

5.1. Mechanism for Greigite Formation

Iron sulfides like greigite and pyrite form in reducing sedimentary environments. Major factors that control
iron sulfide production (actually the supply of Fe?" and HS™) are the amount of organic matter, the amount
and reactivity of iron-bearing minerals in the sediments, and the availability of dissolved sulfate [Berner,
1984]. Since it takes twice the amount of elemental sulfur to convert greigite (FesS,) into pyrite (FeS,) than
to form greigite from mackinawite (FeS) [Fu et al., 2008], in case of a surplus of Fe?* over HS ™~ pyritization
process will be arrested and greigite as an intermediate will be preserved [Kao et al., 2004]. Blanchet et al.
[2009] invoked the availability of organic matter as the controlling factor of greigite preservation in Santa
Barbara Basin (California, USA), based on the correlation of greigite-enriched layers with low organic matter
content. A similar mechanism was proposed in the Miocene Black Sea where greigite was preserved in
organic-poor sedimentary layers with high terrigenous input [Chang et al., 2014]. On the contrary, for the
same section when the depositional environment switched from a marine to a lake setting, dissolved sulfate
concentration and biogenic productivity was identified as the limiting factor that results in the formation of
greigite rather than pyrite [Chang et al., 2014].

In the Tisa section, the greigite layers correlate neither with high continental input (represented by high
ratios of Rb to Sr) nor with high biogenic production (represented by high ratios of Ca to Al). Therefore, we
exclude organic matter as the predominant controlling factor for greigite formation. The absence of greigite
in the marine Badenian and its preservation in the brackish Sarmatian sediments implies a salinity influence
on the magnetic mineralogy. According to Berner [1984, references therein], bacterial sulfate reduction is
efficient enough to provide abundant HS™ in marine settings where sulfate concentrations are high. Fresh
waters generally have a lower sulfate content which could lead to greigite preservation. The hypothesis
that greigite represents increased freshness in the otherwise saline water column was proposed by Reynolds
et al. [1998] in their study of Owens Lake (California, USA). An analogy to this salinity-related greigite forma-
tion hypothesis was also reported by Reynolds and Rosenbaum [2005] in the Bear Lake watershed (Utah,
Idaho and Wyoming, USA).

During the Badenian, the local paleoenvironmental conditions in the Tisa section are fully marine, because
of an open connection with the Mediterranean [Palcu et al., 2015]. Therefore, the abundance of HS™ leads
to full pyritization and no greigite is preserved in the Badenian (Figure 7a). After the Badenian-Sarmatian
transition at ~12.65 Ma, the newly activated Barlad Gateway gradually connects the Central Paratethys with
the brackish water domain of the Eastern Paratethys basin (Figure 1). Fauna analyses in Tisa section indicate
a major shift from marine to brackish water conditions coinciding with the Badenian-Sarmatian boundary
[Palcu et al., 2015]. We therefore attribute the greigite occurrences in the Sarmatian deposits of the Tisa sec-
tion to insufficient sulfate supply due to enhanced freshwater input from the Eastern Paratethys basin,
which significantly reduced the salinity in the Central Paratethys (Figure 7b).

5.2. Correlation of Greigite Layers with Eccentricity Maxima: Tentative Orbital Forcing

The age model of the greigite-bearing layers in the Tisa section was constructed by linear interpolation of
paleomagnetic polarity tie points. The greigite layers in the Sarmatian occur at 12.24, 12.36, 12.47, and 12.57
Ma suggesting a linkage, within error, to the eccentricity maxima in the LA04 insolation curve [Laskar et al.,
2004] (Figure 8). We thus propose a tentative 100 kyr eccentricity forcing of the greigite formation in Tisa.

The 100 kyr eccentricity cycles have been often reported to dominate late Pleistocene climate records [e.g.,
Hays et al., 1976; Raymo, 1994; Kukla et al., 1988]. Since the changes in total received insolation due to changes
in eccentricity can vary by no more than 0.2% around the long-term mean [Ruddiman, 2014], it is difficult to
explain this periodicity in terms of a direct response to the eccentricity forcing. Imbrie et al. [1993] ascribed
this periodicity to the large northern hemisphere ice sheets and to the coupled air-sea-ice system as a nonlin-
ear amplifier. These 100 kyr eccentricity cycles have also been recovered during the Miocene before the for-
mation of northern Hemisphere ice sheets. Fluctuations of the Antarctic ice sheets instead of their northern
hemisphere counterparts were proposed as a linkage [Beaufort, 1994; Nie et al., 2017].

The 100 kyr cycles in the Tisa section may also origin from eccentricity-driven sea-ice relation. During the
eccentricity maxima, shrinking Antarctic ice sheets release water into the ocean. The ensuing high sea level
enhances the exchange through the Barlad Gateway, which brings additional fresh water from the Eastern
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(a) Limited mixing setting - Sarmatian Eccentricity minima and Badenian

Central Paratethys Eastern Paratethys

Barlad
Strait

(b) Efficient mixing setting - Sarmatian Eccentricity maxima

Central Paratethys Eastern Paratethys

open marine  brackish greigite pyrite magnetite initial sea-level

Figure 7. Conceptual model of greigite formation in the Tisa section. (a) During the low magnetic Sarmatian units with eccentricity minima
and the Badenian. In a marine setting or a periodical high-salinity settings, the sulfate concentration in the water column in Central Parate-
thys is high enough for complete pyritization. (b) During the high magnetic Sarmatian units with eccentricity maxima. Fresher and lighter
water from the Eastern Paratethys flows into the Central Paratethys (indicated by the yellow arrow from the east to the west), lowering the
salinity in the Central Paratethys. Reduced sulfate availability results in insufficient HS~ compared to Fe?*. Pyritization is arrested and
therefore greigite is preserved in the sediments.

Paratethys to the Central Paratethys. This will reduce the sulfate availability in the sedimentary environment,
which limits the production of HS™. Therefore, local starvation of sulfide will lead to incomplete pyritization
and results in the preservation of greigite. During the eccentricity minima, on the contrary, an increasing
Antarctic ice sheet size lowers the sea level. Reduced infilling of fresh water leads to water conditions with
higher salinity and higher sulfate availability. This facilitates sulfate reduction, and thus sufficient HS™ over
Fe’" is available to form pyrite. The greigite-pyrite indicator is probably more sensitive to detect (small)
changes in salinity than faunal assemblages, because the 100 kyr variations are not clearly expressed in the
fossil record of Tisa [Palcu et al., 2015].

Although this model is deemed plausible, presently we cannot exclude other factors which may also play
an important role. For example, Nie et al. [2017] includes atmospheric CO, concentration as a possible cause
for the eccentricity cycles in East Asian summer monsoon in the Miocene. To disentangle the effects of
these factors, independent proxies for atmospheric CO, concentration are needed. Our current results can-
not further distinguish between these factors.

6. Conclusions

Standard rock magnetic and XRF studies suggest that the greigite layers in the Tisa section correlate neither
with terrigenous input nor with within-basin biogenic production. We tentatively link the periodical greigite
occurrence to the 100 kyr eccentricity cycles. The greigite layers are formed due to insufficient sulfate when
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Figure 8. Comparison of magnetic mineral alternations in Tisa with eccentricity. Magnetostratigraphy from Palcu et al.[2015] is plotted on
the left. The dashed line shows the Badenian-Sarmatian boundary. The greigite-rich layers (indicated by gray bars) broadly coincide with
eccentricity maxima, which implies a possible orbital driver of the envisaged fresh water plumes to the Central Paratethys from the Eastern
Paratethys.

freshwater flowing into the basin reduced the salinity. During the marine Badenian, abundant sulfate supply
enables a surplus of HS~ over Fe*" and thus production of pyrite. During the Sarmatian, periodic plumes
through the Barlad Gateway bring fresh water from the Eastern Paratethys. During eccentricity maxima,
infilling freshwater into the Central Paratethys reduced the sulfate availability and limits the HS™ produc-
tion. Insufficient HS ™ therefore leads to preservation of greigite in the sediments. We tentatively relate the
eccentricity cycles to Antarctic ice sheet driving. Yet our results do not exclude other possible mechanisms
such as CO, concentration being the driver. Overall, our results suggest the potential of greigite as an indi-
cator of salinity changes, at least during transitions from marine to lacustrine conditions in the Central
Paratethys.

Early diagenetic greigite in the Tisa section documents a quasi-primary paleomagnetic signal which yields
reliable magnetostratigraphy [Palcu et al., 2015]. Since many magnetostratigraphic data in the Paratethys
realm come from greigite-bearing sediments, we suggest that a detailed investigation into greigite’s origin
be performed on a case-by-case basis. Greigite that forms during the early diagenesis, as shown in this
study, can yield reliable ages and paleoenvironmental implications. A detailed investigation of the greigite
formation mechanism, a good correlation with the global geomagnetic polarity time scale, and positive
paleomagnetic field tests can constrain the reliability of paleomagnetic dating.
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