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The Early Miocene lacustrine sediments of the Most Basin in the Czech Republic preserve a European continental
paleoenvironmental archive. A number of paleoenvironmental and magnetostratigraphic studies have been
carried out on sediment cores from boreholes due to ongoing coal mining in the basin. However, the magnetic
carriers of the studied sediments have not been identified clearly. Here, we present a detailed paleo-rock mag-

Greigite . L . o . . . .

Magietite netic study from the Burdigalian sediments near the Bilina mining area, Most Basin. The studied clay sediments
Magnetofossils cover the period of local lakes and a basin-wide lake above the main coal seam. Our results suggest that the
Rock magnetism magnetic carriers of the studied section in the Most Basin are mixtures of authigenic greigite and magnetite
Magnetostratigraphy magnetofossils with overlapping magnetic signatures. Greigite is formed by migration of pore water through the

sediment column, where iron from siderite grains reacts with these fluids with limited H,S, which then favors
greigite precipitation. The co-existence of greigite and magnetite indicates a partial dissolution of magnetofossils
due to HsS deficiency. Diagenetic greigite has been problematic in paleomagnetic studies due to an unknown
time lag between the depositional remanence and the chemical remanent magnetization (CRM). A ghost polarity
interval reveals that greigite acquired at least ~45 kyr delayed CRM. The revealed timing of remanence
acquisition brings a new perspective to the chronostratigraphic structure of the Most Basin.

Beside characterizations of the environmental and climatic conditions,
magnetostratigraphic studies (Matys Grygar et al., 2014, 2017a, 2017b,

1. Introduction

The Most Basin is an 870 km? large substructure of the Eger Graben
(Rajchl et al., 2009) located in north-western Czech Republic, Central
Europe (Figs. 1a and b). The Early Miocene lacustrine sedimentary infill
of the Most Basin is a well-preserved European continental paleoenvir-
onmental archive (Matys Grygar and Mach, 2013; Mach et al., 2014;
Matys Grygar et al.,, 2014, 2017a, 2017b, 2019) that was deposited
through the onset and during the Miocene Climatic Optimum (MCO,
16.9-14.7 Ma; Kochhann et al., 2016) (Fig. 1c). Sediments of the Most
Basin have been studied for >150 years due to ongoing coal mining.

2019, 2021) have been conducted in the basin. Those studies mainly aim
on age determinations and correlating sediment cores from different
boreholes that span the magnetic polarity zones from C5Dr.2r (18.007
Ma; Ogg, 2020) to C5Cn.1n (16.261 Ma; Kochhann et al., 2016)
(Fig. 1c). Despite these generally accepted results, the magnetic carriers
of the studied sediments have not been identified clearly with a
comprehensive rock magnetic investigation. The only attempt to iden-
tify the magnetic carriers was made by Matys Grygar et al. (2014) who
based their findings on the S-ratio and reported a mixture of low,
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Fig. 1. Location of the study area in (a) Central Europe and Bohemian Massif. Geological map of the Eger Graben in (b) shows the location (solid circles) of the drill

cores RL8 (this study, shown in red), HK591 (Matys Grygar et al.,

2014, 2017a, 2017b, 2019), ZUSA (Matys Grygar et al.,

2017b), A24 (Matys Grygar et al., 2017b),

DO565 (Matys Grygar et al., 2019), MR93 (Matys Grygar et al., 2021), LB432 (Matys Grygar et al., 2021) in the Most Basin (modified after Rajchl et al., 2008, 2009;

Matys Grygar and Mach, 2013; Mach et al.,

2021). Bilina mine is shown in black rectangle. (c) Stratigraphical units and magnetostratigraphy of the Most Basin

(modified after Mach et al., 2014, 2021; Matys Grygar et al., 2014, 2019). The time scale is from Matys Grygar et al. (2021) according to the geomagnetic polarity
time scale (GPTS) 2020 (Kochhann et al., 2016; Ogg, 2020). Fm: Formation, Mb: Member. (d) Lithological units of the studied cores in RL8 borehole (red rectangle in
(c)). mbs: meters below surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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medium, and high coercivity magnetic minerals (e.g., magnetite,
maghemite, and hematite). In particular, the presence of coal seams,
preservation of plant fossils (Matys Grygar and Mach, 2013), the dark
color of the Most Basin sediments (Mach et al., 2014, 2021; Matys
Grygar and Mach, 2013; Matys Grygar et al., 2017b) and the occurrence
of greigite within more than a 100 m thick strata in the other Miocene
subbasins (Sokolov and Cheb basins, and Chomutov area in Fig. 1b; Krs
et al., 1990, 1991, 1992, 1993) of the Eger Graben caution against the
possibility that diagenetic iron sulfides could be part of the mineral
magnetic assemblage. Thus, from a paleomagnetic point of view, the
question of the reliability of the magnetic signals used for magnetic
polarity stratigraphy in the Most Basin is not conclusively resolved. This
is important because the time lag between acquisition of the primary
depositional remanent magnetization (DRM) and the secondary chem-
ical remanent magnetization (CRM) could affect the interpretation of
the paleomagnetic records. This issue has been reported in a large
number of studies, especially when greigite is involved (e.g., Snowball
and Thompson, 1990; Roberts, 1995; Snowball, 1997a; Liu et al., 2004;
Demory et al., 2005; Rowan et al., 2009; Roberts et al., 2011; Fu et al.,
2015; Nowaczyk et al., 2021). Greigite (FesS4) is a ferrimagnetic iron
sulfide mineral with an inverse spinel crystal structure in which sulfur
atoms replace oxygens in magnetite (Fe3O4) in a close-packed arrange-
ment (Hoffmann, 1992; Dekkers et al., 2000; Chang et al., 2008; Roberts
et al., 2011). Diagenetic greigite is a common recorder of Earth’s mag-
netic field in freshwater sediments (Snowball and Thompson, 1990;
Roberts et al., 1996; Torii et al., 1996; Snowball, 1997a) and has been
reported frequently in Miocene lake sediments around the world
(Babinszki et al., 2007; Vasiliev et al., 2007; Nowaczyk et al., 2012;
Chang et al., 2014; Fu et al., 2015; Scheidt et al., 2017; Mandic et al.,
2019; Marton et al., 2022). As a precursor to pyrite (FeSy), greigite may
form during early diagenesis (Roberts et al., 2011) and gives rise to a
paleomagnetic signal that is equivalent to that acquired by detrital
magnetic particles. On the other hand, substantial evidence exists for
remagnetization of sediments resulting from later diagenetic greigite
formation (Sagnotti et al., 2005). Thus, a CRM recorded by diagenetic
iron sulfides in reducing environments can preserve younger paleo-
magnetic directions than the surrounding sediment by 10’s to 100’s of
kyr (Rowan et al., 2009). Therefore, knowledge of magnetic carriers,
chemical stability, age of magnetization, and their ability to preserve a
geologically stable remanent magnetization is important for both mag-
netostratigraphic and paleoenvironmental studies.

Here, we present a detailed paleomagnetic and rock magnetic study
of a Most Basin sediment core section to identify the magnetic carriers
and to understand the mechanism and timing of the remanence
acquisition.

2. Geology of the Most Basin

The Most Basin formed during the Tertiary as part of the Eger Graben
(Rajchl et al., 2009). The Early Miocene Most Formation in the Bilina
area is a 150-400 m thick sequence of monotonous, macrofossil-barren
fluvio-deltaic and lacustrine clastics overlying a lignite seam with coal
and clayey coal, and fluvial to deltaic clastic sediments (Fig. 1c; Rajchl
et al., 2008; Matys Grygar and Mach, 2013; Matys Grygar et al., 2014).
During the main peat swamp period, the basin was mostly supplied by
water and clastics from the Zatec River, which later changed its course
from the Zatec delta to the Bilina area (Fig. 1b; Rajchl et al., 2008; Matys
Grygar and Mach, 2013). Flat peat-forming swamps changed into tem-
porary lakes during periodical flood episodes of wet climate conditions
(Mach et al., 2014). Finer-grained mudstones (Fig. 1c; Holesice clay,
middle Holesice Member) just above the coal seam (Fig. 1c; lower
Holesice Member) are occasionally laminated (Matys Grygar and Mach,
2013) and were deposited in local lake phases (Matys Grygar et al.,
2014). Lacustrine clastic strata just above the coal seam compacted the
underlying peat producing vertical accommodation space for further
fluvial clastics (Matys Grygar et al., 2017b and references therein).
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Above these sediments, an additional deltaic deposit formed near Bilina.
The rivers mixed clastic sediments derived from the Palaeozoic and
Cretaceous sediments of the Bohemian Massif and Oligocene volcanic
rocks (Matys Grygar and Mach, 2013; Matys Grygar et al., 2014). The
Bilina delta has a heterolithic composition made from laminated mud-
stones, siltstones, or fine to coarse sands (Fig. 1c; Matys Grygar and
Mach, 2013; Mach et al., 2014; Matys Grygar et al., 2017a, 2017b). The
Brestany clay (thickness up to 15 m), which is kaolinite-rich fine
mudstone with occasional siderite cementation, and common plant
fossils, occurs at the top of the Holesice Member in the Bilina area,
immediately above the uppermost Bilina delta heteroliths (Fig. 1c;
Matys Grygar and Mach, 2013; Matys Grygar et al., 2017b). The Bres-
tany clays represent a lake expansion phase (Mach et al., 2021). This
unit is overlain by monotonous lacustrine grayish to brownish mud-
stones (Libkovice Member). These are the thickest member of the
Miocene infill (Fig. 1¢; Matys Grygar and Mach, 2013; Matys Grygar
et al., 2014, 2021). Mach et al. (2021) reported a *°Ar/*°Ar date for
magmatic biotite from an ash layer in the Libkovice Member as 17.37 +
0.04 Ma (Fig. 1c). The Libkovice Member was deposited in a perennial
basin-wide lake (Matys Grygar et al., 2014). Subsequent coalescence of
dispersed lakes occurred with increased water level resulting in the first
basin-wide freshwater lake (Matys Grygar et al., 2017a). Northwest
Europe experienced an increased mean annual precipitation from ca.
17.8 Ma to the Miocene maximum at ca. 17.0 Ma (Matys Grygar et al.,
2017b). The basin-wide lake in the Most Basin, thus, formed during
these conditions of enhanced precipitation. The Libkovice (or Bilina;
Mach et al., 2014) paleolake could have had an area of 1000 km? be-
tween ~17.5 Ma and 16.5 Ma (Matys Grygar et al., 2019) during the
MCO onset in the latest Early Miocene and is overlain by the Lom and
Osek members (Fig. 1c¢; Mach et al., 2014; Matys Grygar et al., 2014,
2017b). The Most Basin was hydrologically open and overfilled, with no
evidence of dry periods (Mach et al., 2021). For example, even during
peat-forming periods, the water inflow into the basin was in equilibrium
with the outflow (Mach et al., 2021).

3. Materials and methods
3.1. Sediment material and sampling

Sediment cores in RL8 borehole (256 m depth) were taken using a
rotary drilling system with wireline extraction near the opencast mine in
Bilina town of the Czech Republic (50.56°N, 13.63°E; Fig. 1b) by the
PKU state enterprise for hydrogeological research of the main coal seam
waters. The cores were not oriented azimuthally. A total of 27 m of
sediment were recovered in 1-m core subsections between 157 and 172
m and 204-216 m depths (Fig. 1d). Sediment cores between 172 and
204 m were not available for investigation due to other research pur-
poses. The cores obtained between 204 and 216 m correspond to the
Holesice clay (middle Holesice Member) of the Most Formation, while
those between 166 and 172 m correspond to the Brestany clay in the
uppermost Holesice Member (Fig. 1d). The sediments between 157 and
166 m are from the Libkovice Member (Fig. 1d).

Overall, the sediments lack macrofossils yet there are signs of
lacustrine life with two kinds of microscopic trace fossils (ichnofossils)
(Mach et al., 2021). Planolites montanus (Mikulas et al., 2003) occur as
tube-like structures with a diameter of 0.5-2 mm and are interpreted as
marks left by small invertebrates that lived in the lake bottom sediment
(Mach et al., 2021). Abundant thin sulfidic (pyritic) hairy fibers
“fossilized bioelectric wires” of Trichichnus (Kedzierski et al., 2015) are
products of anaerobic bacterial activity in redox conditions (Mach et al.,
2021). This sulfidic occurrence is a typical feature of the sediment cores.
Fresh sediments are greenish gray and turn brownish gray within a few
days due to surficial oxidation. This color change likely indicates that
sulfides are not only concentrated in the form of the “bioelectric wires”
but are also finely dispersed throughout the clay matrix. To minimize
oxidation and preserve the natural remanent magnetization (NRM) of
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the sediments until subsampling, the cores were covered with poly-
ethylene foil and stored in a sunless and cool cellar (Supplementary Fig.
S1).

Before core opening the individual core sections were placed hori-
zontally on a table and compacted on both sides with wooden boards on
a vice. The cores were split in half with a ceramic knife and discrete
subsampling was carried out by pushing plastic sample boxes (standard
plastic boxes with an internal volume of 7 cm?) into the sediment with
an average spacing of 6.7 cm. The pushing method only deflects the
magnetic remanence by <5% (<2.5°% Ucar et al., 2021). A total of 400
oriented paleomagnetic samples resulted from the available core mate-
rial; downcore direction was used for sample orientation. Deformed core
parts caused by drilling operation have been detected visually, espe-
cially on the cores between 209 m and 211 m, and samples from this
interval show odd orientations in low-field anisotropy of magnetic sus-
ceptibility (AMS) measurements (Yang et al., 2019).

For high and low-temperature magnetic susceptibility (y(T)) and
magnetic hysteresis and back-field demagnetization measurements
~0.5 g and ~0.2 g powdered samples were used, respectively. For op-
tical and geochemical analyses, approximately 5 g of sediment from
each one-meter core section was sieved using 150 pm, 75 pm, and 45 pm
plastic meshes. The finest fractions (<45 pm) were homogenized in
distilled water in a plastic container and were extracted magnetically
using a neodymium magnet enclosed in a heavy duty ziploc plastic bag.

3.2. Optical and geochemical analyses

X-ray fluorescence (XRF) data were collected from all discrete sam-
ples with a 60 s measurement time using an Olympus Vanta XRF
analyzer equipped with a 50 kV workstation at the Institute of Hydro-
geology, Engineering Geology and Applied Geophysics, Charles Uni-
versity. Carbon coated magnetically extracted grains were imaged using
a Tescan Vega scanning electron microscope (SEM) (operated at 15 kV)
with back-scattered electron (BSE) and secondary electron (SE) de-
tectors and were analyzed using energy dispersive spectroscopy (EDS)
(X-Max 50 and Ultim Max 65 from Oxford Instruments) attached to the
SEM at the Institute of Petrology and Structural Geology, Charles Uni-
versity and the Institute of Geology, the Czech Academy of Sciences. The
atomic ratio values (at.%) were calculated from the average of several
EDS analyses on each grain and are given with their standard deviations.
The magnetic extracts and bulk sediment samples were analyzed by X-
ray diffraction (XRD) using an X’Pert Pro X-ray diffractometer (PAN-
alytical, Netherlands) at a scanning speed of 0.05°/s, with a 20 range
from 3 to 60° at the Institute of Geochemistry, Mineralogy and Mineral
Resources, Charles University.

3.3. Rock magnetic and paleomagnetic analyses

AMS measurements were performed on all samples using an auto-
matic 3D rotator on an MFK1-FA Kappabridge (AGICO, Brno, Czech
Republic) operating at 200 A/m applied field and 976 Hz frequency.
AMS mean susceptibility values were used as the low-field magnetic
susceptibility (yif). The frequency dependence of magnetic susceptibility
was obtained from measurements at 976 Hz and 15,616 Hz in a 200 A/m
applied field using the same system. The frequency dependence
parameter (ypp) was calculated using the formula of Dearing et al.
(1996) and expressed in percentage. Note that the percentages provided
by Dearing et al. (1996) refer to the MS2 Bartington sensor. This dif-
ference has been considered here. High and low-temperature y(T) curves
were measured using a CS4 and CS-L apparatus attached to the MFK1-FA
Kappabridge. The temperature increased at 14°/min rate, between
—194 °C and 700 °C with a constant 200 A/m applied field. High-
temperature repeated cycles were obtained at 50 °C steps up to 700 °C
with intervening cooling to room temperature. All heating/cooling
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experiments were conducted in an argon atmosphere to limit oxidation.

Hysteresis loop and stepwise back-field demagnetization measure-
ments were performed on 20 samples using a vibrating sample magne-
tometer (VSM) EV9 (MicroSence, Massachusetts, USA) in a 1 T
maximum field at room temperature at the Laboratory of Rock Magne-
tism, Institute of Geophysics, the Czech Academy of Sciences, Prague.
Hysteresis measurement of one sample was performed after heating the
sample to 700 °C and cooling it to room temperature using the MFK1-FA
system. Easy VSM software (MicroSense LLC) was used to determine
hysteresis parameters after high field (>400 mT) slope correction. The
shape factor (onys) of hysteresis loops proposed by Fabian (2003) was
calculated using the HystLab 1.1.2 software (Paterson et al., 2018). The
coercivity of remanence (B.;) was determined from backfield demag-
netization curves in fields up to 300 mT.

First order reversal curve (FORC) measurements of sample
HB161-15 were performed with a Lake Shore Cryotronics 8600 VSM at
the laboratory of material magnetism of GeoSphere Austria, using the
following protocol parameters: 0.4 mT field step size (701 curves),
maximum coercivity (Bemax) = 140 mT, lower limit of bias field (By,min)
= —49.8 mT, upper limit of bias field (Bymax) = +80.2 mT, and satu-
ration field (Bsa) = 350 mT. A stepwise approach to the reversal field
(By) (Wagner et al., 2021) was used to ensure a precise field control
(better than 0.05 mT) and the avoidance of measurement artifacts along
the left limit of the FORC space. Due to the extreme weakness of the
ferrimagnetic signal and a strong paramagnetic overprint (saturation
magnetization to maximum magnetization ratio Ms/Mmpax = 0.005), 18
identical FORC sequences have been acquired, for a total measurement
time of ~718 h, to obtain a sufficient signal-to-noise ratio for further
processing. Results have been stacked with VARIFORC v5.0 (Egli, 2013;
https://zenodo.org/record/7953336) and processed using the following
parameters (see Egli, 2021, for definitions): so = 12 (smoothing factor at
the origin), 4 = 0.18 (smoothing factor increase rate), s.; = 6 (vertical
smoothing factor limit across the central ridge), sq = 6 (smoothing factor
limit at zero applied field (B = 0)), s; = 6 (smoothing factor limit at B =
—B; = Bcr)-

NRMs of all samples were measured using a 2G Enterprises Model
755 superconducting rock magnetometer with integrated alternating
field (AF) demagnetizing unit. AF demagnetization experiments
involved 15 steps up to a peak field of 100 mT. The characteristic
remanent magnetization (ChRM) directions were determined by prin-
cipal component analysis (PCA) (Kirschvink, 1980) on Zijderveld dia-
gram (Zijderveld, 1967) using the Remasoft 3.0 software (AGICO,
Chadima and Hrouda, 2006) with at least 4 continuous demagnetization
data points trending towards the origin. The fitting was not anchored to
the origin. Following the methods of McFadden and Reid (1982), we
used the inclination values from “n” number of specimens to calculate a
mean inclination and a dispersion estimate (k) for each magnetic po-
larity zone, which then allowed the calculation of the ags confidence
ellipse about the mean inclination value.

An anhysteretic remanent magnetization (ARM) was imparted on all
samples using the anhysteretic magnetizer mode (PAM1) of a LDA5 AF
demagnetizer (AGICO, Brno, Czech Republic) with the same steps as
NRM demagnetization up to 100 mT with a uniaxial 50 pT steady direct
(DC) bias field. AF demagnetization of ARM was performed using the AF
demagnetizer mode of the LDA5 system with the same demagnetization
steps. ARM susceptibility (yarm) was calculated by normalizing ARM
with the applied DC field 39.79 A/m (50 pT). Subsequently, an
isothermal remanent magnetization (IRM) was imparted with 38 DC
field steps up to 2 T using an MMPM10 pulse magnetizer (Magnetic
Measurements, Lancashire, UK). Coercivity components were obtained
from unmixing of IRM acquisition data using MAX UnMix web appli-
cation (Maxbauer et al., 2016). AF demagnetization of IRM was per-
formed using the LDAS system with the same steps as NRM and ARM
demagnetization. A second IRM was imparted with a 2 T DC field (SIRM)
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and then a 0.3 T DC back-field for S-ratio (S_g37) determination
(Bloemendal et al., 1992). Sample magnetizations were measured after
each step using a JR-6A spinner magnetometer (AGICO, Brno, Czech
Republic) equipped with a Helmholtz coil system. All of the above-
mentioned measurements, except VSM measurements, were performed
at the Laboratory of Paleomagnetism, Institute of Geology, Czech
Academy of Sciences, Pruhonice.
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4. Results and interpretation
4.1. Optical and geochemical analyses
SEM images of magnetic extracts reveal different phases of iron
sulfides with sizes <1 pm. The sulfides in Figs. 2a and b occur in fram-

boidal and irregular aggregates which are both typical growth forms of
greigite and pyrite (Roberts et al., 2011). Greigite grains generally occur
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Fig. 2. SEM images of (a) framboidal aggregate of greigite grains (G) from samples between 157 m and 212 m depth, and (b) irregular aggregates of a mixture of
greigite (G) and pyrite (P) grains from samples between 213 m and 216 m depth. SE: secondary electrons, BSE: backscattered electrons. (c, d) EDS analyses of G and
P, respectively. (e) XRD pattern of the analyzed samples. See section 4.1 for a detailed explanation.
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with sizes <1 pm and have a darker contrast in SEM images, while pyrite
grains are larger (Jiang et al., 2001; Roberts and Weaver, 2005; Vasiliev
etal., 2007; Roberts et al., 2011; Chen et al., 2021). Also, greigite grains
with 43% Fe and 57% S differs from pyrite grains with 33% Fe and 67%
S (Fu et al., 2015). The finer and darker grains in Figs. 2a and b have
39.3% Fe and 60.7% S (+4.2%) (Fig. 2c) indicating greigite. The coarser
and brighter grains in Fig. 2b have 33.6% Fe and 66.4% S (+0.4%)
(Fig. 2d) indicating pyrite. The Fe/S ratios for pyrite grains are 0.5 +
0.01 (Fig. 2d) while greigite grains display values around 0.7 + 0.1
(Fig. 2¢), which is closer to the ratio of greigite (0.75) but higher than
that of pyrite (0.5) (Roberts et al., 2011; Chen et al., 2021). Greigite and
pyrite grains often occur next to each other to give mixed analyses (Chen
et al., 2021). Iron sulfide minerals can also be distinguished by their
distinct morphologies: greigite grains tend to be octahedral and occur in
isolation as small or framboidal aggregates (Roberts and Weaver, 2005;
Vasiliev et al., 2007; Roberts et al., 2011). The octahedral morphology is
visible in framboidal greigite aggregate in Fig. 2a. Overall, analyses
indicate greigite grains in samples from depths between 157 m and 212
m and a mixture of greigite and pyrite grains in samples from depths
between 213 m and 216 m. A mixed iron oxide (possibly magnetite) and
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fine greigite (sub-pm) composition has also been detected in all depth
intervals (Supplementary Fig. S2).

XRD analyses of bulk sediment material in Fig. 2e indicate siderite
(see section 5.2 for discussion). Iron sulfides and other ferrimagnetic
minerals could not be detected due to the mineral detection limit of XRD
analysis (at least 5%; Roberts et al., 2011).

4.2. Bulk rock magnetic analyses

Irreversible heating and cooling y(T) curves in Fig. 3a indicate
thermal alteration of the initial magnetic minerals. This irreversible
behavior is typical of iron sulfides and happens due to the thermal
breakdown upon heating to temperatures above 200-350 °C (Snowball
and Thompson, 1990; Krs et al., 1992; Fassbinder and Stanjek, 1994;
Dekkers et al., 2000; Roberts et al., 2011; Fu et al., 2015). The large yif
increase during heating (>2 orders of magnitude), is caused by the
conversion of paramagnetic iron sulfides (e.g., pyrite) into iron oxides
(e.g., magnetite and hematite). The release of HyS during this reaction
was evidenced by the characteristic “rotten egg” smell between 250 °C
and 400 °C. On further heating above 450 °C, the rotten egg smell was
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Fig. 3. (a-b) Representative thermomagnetic curves. Red (blue) curves represent heating (cooling). The heating curve below 300 °C is enlarged in the inserted small

figure. (c-d) IRM acquisition curves, with (e-f) corresponding IRM unmixing results.

(g-h) Hysteresis curve before and after heating to 700 °C. The inserted small

figure in (g-h) represents hysteresis curve before removal of the paramagnetic contribution. (i) Day diagram showing M/M; vs. Be/B.. (j) P;j vs. depth. (k) Ste-
reographic projection of AMS principal axes. (1) Relation between P; and yy. (m) T vs. P;.
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replaced by a sharp burning smell due to oxidation of organic matter at
high temperatures. The samples converted into a coal-like dark black
material after the measurements. A yellowish dust of sulfur condensates
was observed in the part of the sample tube where the temperature is
cooler while brownish moisture formed below (higher temperature)
since sulfur turns into a reddish color liquid and gains more viscosity
upon heating. Similar behavior were reported in published studies
(Spender et al., 1972; Krs et al., 1992; Duan et al., 2017).

The low temperature y(T) curve in Fig. 3b contains a faint trace of the
Verwey transition (Ozdemir et al., 1993) at ~ —165 °C, indicative of the
presence of fine-grained magnetite. The origin of the sharp drop below
~ —185 °C is likely caused by the evaporation of paramagnetic liquid
oxygen. Greigite does not undergo any low temperature transition
(Spender et al., 1972; Dekkers et al., 2000; Chang et al., 2008; Roberts
et al., 2011) and is therefore not identifiable in y(T) measurements.

The AMS fabric is dominated by paramagnetic minerals. The cor-
rected anisotropy degree (P;) values of AMS range between 1.02-1.10
and are positively correlated with yjf that range between 1.4 and 43 x
107® m3/kg (Figs. 3j, 1 and 4h). Overall low P; values are typical of
unconsolidated sediments (Snowball et al., 2019). The shape parameter
(T) ranges between 0.35 and 0.95, and the T-P; plot (Jelinek, 1981)
indicate oblate ellipsoids (Fig. 3 m) (Hrouda, 1982; Tarling and Hrouda,
1993). Magnetic fabric directions in most of the samples are charac-
terized by a shallow maximum (k; = 2.2°) and intermediate (kz = 0.4°)
axes, and steep minimum axes (kg = 87.8°) (Fig. 3 k). This fabric is
compatible with compaction, since k; and k3 are parallel and perpen-
dicular to the bedding plane, respectively (Tarling and Hrouda, 1993;
Sier et al., 2017). Similar normal AMS fabric has been reported in fine
greigite-bearing marine sediments from New Zealand (Rowan and
Roberts, 2006), where it is dominated by paramagnetic clay minerals
rather than by greigite (Roberts et al., 2011). These results indicate a
non-disturbed magnetic fabric (Duan et al., 2017). ks inclinations in
some depth intervals show deviations from a perfectly horizontal
bedding (see AMS data for rejected samples in Supplementary Fig. S3)
(Tarling and Hrouda, 1993).

The dominance of soft magnetic carriers such as magnetite and
greigite to saturation remanence (M) is indicated by S_q 31 values be-
tween 0.93 and 0.98 expressing a saturation of the IRM acquisition
curves to 93-98% at 300 mT (Figs. 3¢, d and 4e). However, due to full
saturation of IRM acquisition curves only between 500 and 700 mT low
quantities of magnetic minerals with intermediate coercivity may also
be present. IRM component analysis yields evidence for two compo-
nents. The main component C#1 of the samples carries 81-90% of the
total IRM (OC) and is characterized by median coercivity values (Bh) of
54 mT to 58 mT and a dispersion parameter (Dp) between 0.30 and 0.35
(Figs. 3e and f). This coercivity range may indicate different magnetic
minerals including magnetite, titanomagnetite, and greigite (Scheidt
et al., 2017 and references therein). The Dp value corresponds roughly
to the logarithmic standard deviation of the coercivity distribution that
is influenced by many factors such as grain sizes, grain shapes and
oxidation states of magnetic minerals (Egli, 2004a). Since SEM analyses
and y(T) measurements demonstrate the presence of greigite and
magnetite, it is likely that C#1 consists of different magnetic compo-
nents with undistinguishable Bh and Dp values. The second component
C#2 is a low-coercivity component that might represent ultrafine grains
(Egli, 2004b) or deviations of the major IRM component from a
lognormal coercivity distribution (Chang et al., 2014).

M; and M,s values range between 4 and 26 x 10~* Amz/kg and
0.3-3.3 x 107 Amz/kg, respectively (Figs. 4a and b), while B, and B,
values are comprised between 26 and 63 mT and 3-14 mT, respectively
(Figs. 4c and d). Corresponding M;s/M; and B./B. values range between
0.04 and 0.13 and 3-14, respectively (Fig. 3i). Difference between the
hysteresis parameters before (Mys = 2.7 x 10~% Am?/kg, M; = 2.6 x
1073 Am?/kg, Bey = 63.3 mT, Be = 14.1 mT, Mys/Ms = 0.1, Bey/Bc = 4.4)
and after heating (Mys = 3.1 x 1071 Amz/kg, M;=1.6 Amz/kg, B, =29
mT, B, = 15 mT, Mys/Ms = 0.19, By/B. = 1.9) a sample indicate an
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increase in the ferrimagnetic content, which supports the oxidation of
paramagnetic minerals to iron oxides upon heating during high-
temperature y(T) measurements. Hysteresis parameters in the Day dia-
gram (Day et al., 1977) fall on 5 nm and 10 nm superparamagnetic and
single domain (SP + SD) mixing lines (Dunlop, 2002; Roberts et al.,
2006, 2018), respectively (Fig. 3i). This result seems to be supported by
typical values of opys of about —0.25 (Fig. 3 g) that also indicate a mixed
SP/SD composition (Fabian, 2003). However, the Day plot as well as onys
parameter are meant to be applied to magnetite bearing samples and not
to multi-component magnetic mineral compositions (Fabian, 2003;
Roberts et al., 2019), and must therefore be interpreted with caution.
Nevertheless, there are comparative values in literature. The Day dia-
gram presented by Scheidt et al. (2021) for natural magnetite-bearing
samples containing magnetofossils and partially interspersed with
greigite has a distribution similar to the values in this study, with B,
values comprised between 47 and 67 mT and M,;/M; values between
0.24 and 0.35 within the greigite influenced part. In contrast, greigite
bearing sediments in Scheidt et al. (2017) and Roberts et al. (2011)
indicate SD to SP grain size in the Day plot with M;s/M; of up to ~0.6
and ~0.8, respectively. However, Roberts et al. (2011) also report
comparable B, values of 46-62 mT for natural greigite-bearing samples,
while Dekkers and Schoonen (1996) found values as low as 37 mT for
hydrothermally synthesized greigite consisting of mixture of SP and SD
or small pseudo-single-domain (PSD) grains. The latter study also
highlights an extensive overlap of the hysteresis parameters of greigite
with those of magnetite. Thus, the range of B, and M;s/M; values of our
samples fits well into greigite-bearing samples that include magnetite, as
also suggested by the low-temperature y(T) curve and SEM analyses.

ARM and SIRM values range between 0.1 and 3.8 x 10® Am?/kg
and 2-86 x 107% Am?/kg, respectively (Figs. 4f and g). The yapm/IRM
ratio is a sensitive proxy for the domain state of remanence carriers.
Non-interacting SD magnetite particles are characterized by values be-
tween ~2 mm/A and ~5 mm/A (Egli and Lowrie, 2002; Egli, 2004a),
compared to <0.25 mm/A for particles whose size exceeds the stable SD
range. Magnetostatic interactions between SD particles drastically
reduce yary/IRM already at small concentrations, e.g., by a factor of 5
for a 1% magnetite dispersion (Egli, 2006). yarm/IRM values in Fig. 4i
are comprised between ~1.0 and ~1.9 mm/A: these values fall within
the gap between non-interacting SD and non-SD particles pointing either
to a mixture of domain states, or to SD particles affected by magneto-
static interactions. This range of values is intermediate between yarm/
IRM values reported for fully preserved magnetofossil-bearing sedi-
ments (2-4 mm/A) and magnetite-depleted, greigite-bearing layers
(~0.5 mm/A) (Fu et al., 2008). Its overlap with yarm/IRM values of
sediments that have undergone reductive diagenesis while still preser-
ving magnetofossil signatures (Egli, 2004a) suggests a magnetic signa-
ture dominated by mixtures of magnetofossils and authigenic greigite.
Finally, the increasing trend in the 157-172 m depth interval, which is
not reflected by other domain state sensitive parameters such as Mys/Mj,
might be explained by an increasing degree of magnetite preservation.
The lower depth interval, on the other hand, does not show any signif-
icant trend.

Frequency-dependent magnetic susceptibility is a sensitive indicator
for the presents of fine SP grains (Chang et al., 2009; Hrouda and
Pokorny, 2011). The ypp has a non-monotonic dependence on grain size
distributions, with maximum values of up to 20% for narrow distribu-
tions peaking at the lower SD stability range (~20 nm for magnetite and
greigite), and lower values for finer or larger grains, respectively (Worm,
1998). The ypp values of the analyzed sediments in this study range
between 0.6% and 7.0% (Fig. 4j), indicating a highly variable content of
SP particles. The combination of relatively large yarm/IRM values,
which points to a significant contribution of SD particles, and M;s/Ms
values <0.1 for most samples further supports the presence of a SP
contribution.
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4.3. FORC

The hysteresis loop of HB161-15 is dominated by a paramagnetic
contribution (Fig. 5a), with Mp.x measured in +£220 mT being ~200
times larger than M. After removing the paramagnetic contribution,
FORC measurements reveal a typical SD signature (Fig. 5b) with hys-
teresis parameters listed in Table 1. The FORC diagram resembles those
obtained for magnetofossil-rich sediments, with a pronounced central
ridge surrounded by oval contours, and a negative region in the lower-
left part of the diagram (Fig. 5¢). This signature has been described in
Amor et al. (2022) as the result of a mixture of single- and multistranded
fossil magnetosome chains. Both types of chains contribute to the central
ridge, while transition between flux-closure and SD-like magnetic states
in multistranded chains produce additional contributions above and
below the central ridge. In magnetofossil-rich sediments, the ratio M.,/
M;s between the central ridge magnetization M., and the saturation
remanence M, amounts to 0.37-0.65% of M,s (Amor et al., 2022). In
HB161-15, M../M;; is close to the lower limit (Table 1), which means
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that FORC contributions above and below the central ridge are larger
than the typical magnetofossil average. These contributions, which
correspond to hysterons with a horizontal offset produced by internal
fields in the Preisach-Néel model of the FORC function (Egli, 2021), are
expected to lower yarm/IRM below the range expected for non-
interacting SD particles (e.g., magnetofossils) associated with the cen-
tral ridge. Indeed, yArm/IRM = 1.35 mm/A for this sample is about half
of the value expected for magnetofossils (Egli, 2004a). On the other
hand, FORC signatures typical of non-SD detrital minerals, in the form of
triangular contour lines diverging towards zero coercivity (B, = 0)
(Roberts et al., 2017; Egli, 2021) are absent. Along with M;s/M; =~ 0.4,
these properties confirm the SD nature of the low-coercivity minerals
contributing to the ferrimagnetic signature. This signature is retained
throughout the sediment profile, despite a ~1 order of magnitude
decrease of the SIRM below ~162 m, which means that the magnetic
contribution of detrital minerals is either negligible, or it varies pro-
portionally to the authigenic component, which, in the case of greigite-
bearing sediment, can only originate from the reductive dissolution of
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Fig. 5. (a) Stacked FORC measurements of sample HB161-15. (b) Same as (a) after subtracting the paramagnetic contribution M = yu¢ B with the high-field sus-
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Table 1
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Hysteresis and FORC properties of HB161-15 and HB162-38, compared to corresponding properties for the CBD-extractable fraction of a magnetofossil-rich sediment
(“Mf-EM”, from Ludwig et al., 2013), Pleistocene sediments containing greigite framboids (“UN080-22", from Scheidt et al., 2017), two greigite-bearing horizons in
Holocene sediments (“o” and “p”, from Ohneiser et al., 2024), and the corresponding central-ridge-free endmember representing authigenic greigite (“AGr-EM”). Moy,

total FORC magnetization; Mygrey: total magnetization.

Parameter Mf-EM HB161-15 HB162-38 UN080-22 « B AGr-EM
ane (1078 m3/kg) 3.25 10.55 17.83 4.88 5.93 11.54 6.54
Jni/Ms (1075 m/A) 0.44 99 451 0.78 1.55 0.94 0.72
M, (mAm?/kg) 7.373 0.107 0.0395 6.3 3.818 12.28 9.06
M, (mAm?/kg) 3.293 0.0426 0.0167 2.391 1.968 4.962 3.304
M, (mAm?/kg) 2.143 0.0154 n/a 0.0435 0.129 0.109 0

B (mT) 20.78 15.94 13.44 23.71 33.42 34.66 34.33
B (mT) 32.93 38.26 37.1 63.56 62.51 62.52 58.27
Bei/Be 1.585 2.4 2.758 2.681 1.87 1.804 1.697
M,/M 0.447 0.4 0.421 0.379 0.498 0.404 0.365
Mis/Miore 0.992 0.98 n/a 0.864 0.88 0.9 0.895
Me:/Mq 0.653 0.36 n/a 0.018 0.068 0.022 0
Marev/Miore 0.134 0.143 n/a 0.191 0.175 0.161 0.237

magnetite. The presence of a well-defined Verwey transition (Fig. 3b)
excludes this hypothesis, enabling us to conclude that the FORC signa-
ture of HB161-15, one of the samples with largest M is purely
diagenetic. The apparent lack of a detrital contribution can be explained
by the dilution effect of carbonate precipitation and the simultaneous
conversion of non-magnetic forms of iron into magnetic ones through
reductive diagenesis.

An important difference between HB161-15 and magnetofossil-rich
sediments is related to the coercivity distribution of the central ridge
(for). In the case of magnetofossils, f.; peaks at 25-50 mT starting from
almost zero at B, = 0. The absence of SD switching processes near B, =
0 is due to the strong uniaxial anisotropy of magnetosome chains
(Ludwig et al., 2013; Heslop et al., 2014; Amor et al., 2022). On the
other hand, the main peak of f,, in HB161-15 is located at B, = 0, fol-
lowed by a steep decrease over the 0-5 mT interval, a plateau extending
to ~25 mT, and finally an exponential-like decrease up to ~110 mT
(Fig. 5c¢). This shape of f.; has been fitted with a linear combination of
four component: a one-sided exponential function of the form exp.(B./
Bo)/By, and three skewed generalized Gaussian (SGG) functions (Egli,
2003) with the average properties of the coercivity components ‘extra-
cellular magnetite’ (EX), and ‘biogenic soft’ (BS) and ‘biogenic hard’
(BH) magnetofossils (Egli, 2004a). The noisy character of the central
ridge did not enable to optimize the shape parameters of EX, BS, and BH;
nevertheless, data are well fitted with the predefined parameters over
the 0-110 mT interval (Fig. 5d, Table 2). The exponential function ac-
counts mainly for the 0-5 mT decrease of f.;. On a logarithmic field
scale, it is well approximated by SGG(log10(B), log10(Bp) — 0.157, o, q, p)
with 6 = 0.666, ¢ = 0.495, p = 2.33. On a linear field scale, the SGG
approximation diverges for B < 0.1By, which means that the coercivity
component represented by exp.(B./By)/By is intrinsically different from
the other components in being the only one that describes SD switching
processes with zero coercivity. This component is responsible for the
discontinuous slope increase of all FORC measurements at B
0 (Fig. 5b). Detection of slope discontinuities in magnetization curves,
including the one caused by the central ridge, requires high-resolution
measurements with elevated signal-to-noise ratio and a limitation of

Table 2

the smoothing factor over the corresponding field ranges (Egli, 2021).
These conditions are seldomly met by published data; therefore, we
cannot assess whether this feature, which has not been reported before,
is a common occurrence in sedimentary materials.

EX and exp.(B./By)/By contribute to a low-coercivity component, LC,
which accounts for ~60% of M.,.. The second most important contri-
bution to the central ridge is that of component BS (~31.5%), followed
by BH (~8%). Components BS and BH are usually associated with
equidimensional and elongated magnetofossils, respectively (Egli,
2004a; Amor et al., 2022). According to the above analysis, HB161-15
appears to be a mixture of three types of SD particles: two types of
conventional magnetofossils contributing to the central ridge and oval
contours around it, and the LC component, which appears mainly in the
central ridge, as seen by the lack of vertical spread of the FORC function
near B. = 0. FORC signatures similar to component LC have been re-
ported for sediments that experienced early stages of authigenic greigite
formation (Rowan et al., 2009), where most greigite particles are SP at
room temperature. The room temperature M; of these sediments is ~1
order of magnitude smaller than that of typical magnetofossil-bearing
sediments, but still ~10 times larger than the magnetization of the LC
component in HB161-15 (Table 1). The FORC diagrams of the greigite
formation zone shown by Rowan et al. (2009) are dominated by a
central ridge peaking at or very close to B, = 0, and a vertical ridge along
B. = 0 in the lower half of the FORC space. This ridge is a characteristic
signature of viscous SD particles (Pike et al., 2001): its amplitude is
proportional to the relative proportion of particles with unblocking
times comparable with the time required to acquire the first few points
in each magnetization curve (Egli, 2021). A prominent vertical ridge is
thus associated with grain size distributions peaking at or near the lower
SD stability threshold (~25 nm for magnetite and greigite), as seen for
instance in the case of pedogenic magnetite (Egli, 2021). The almost
complete lack of a vertical ridge in HB161-15, along with M,s/M; values
close to the expected value for stable SD particles, indicate that the LC
component is associated with magnetic particles with a size distribution
almost completely comprised within the SD stability range, that is,
~25-60 nm for equidimensional magnetite particles (Muxworthy and

Parameters of the magnetic components used to fit the central ridge coercivity distribution. Numbers in italics refer to fixed values coinciding with the average of

parameters reported in Egli (2004a).

Parameter exp(B./Bo)/Bo EX BS BH
M/M,;, HB161-15 0.098 0.506 0.315 0.082
M/M,,, magnetofossils 0.00596 0.29 0.587 0.117
By (mT), HB161-15 3.44 - - -

" - 1.261 1.643 1.856
4 - 0.346 0.187 0.107
q - 0.607 0.739 0.703
p - 2.04 2 2

10
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Williams, 2009) and ~ 25-80 nm for equidimensional greigite particles
(Muxworthy et al., 2013). This tight size constraint appears to be barely
compatible with the usually broad size distribution of inorganically
precipitated nano-magnetite crystals (e.g., Faivre et al., 2004), but the
possibility of special formation pathways leading to tightly controlled
sizes exist (Arato et al., 2005).

SD greigite with a narrow size distribution and FORC properties
similar to those of the LC component, especially after oxidation in air,
has been produced from a lepidocrocite precursor (Roud et al., 2022). In
this example, hysteresis parameters follow a SP-SD mixing line on the
Day plot, but FORC diagrams measured at room temperature lack a
central ridge, similarly to the case of HB161-15. SP-SD mixing trends in
the Day plot are characterized mainly by an increase of B.,/B. above the
typical value of ~1.2 reported for fully blocked SD magnetite particles
(Dunlop, 2002). However, the exact value of B./B. for blocked SD
particles depends on the width of their coercivity distribution. Distri-
butions containing significant near-zero coercivity contributions such as
the LC distribution, yield B../B. values of ~2 or larger. This is because
the hysteresis of particles with small B, resembles that of SP particles
even when their magnetization is fully blocked. A non-viscous magnetic
component with the characteristics of LC has never been reported
before. Limited or absent magnetostatic interactions, which is evident
for the 0-10 mT range of B, implies that LC particles in this coercivity
range are well dispersed in the sediment matrix, with reciprocal dis-
tances several times larger than their size. This excludes the clustered SD
greigite particles of Fig. 2 as possible candidates for the LC component,
since the combination of magnetic interactions and magnetic viscosity
leads invariably to FORC contributions with a diverging vertical spread
near B, = 0, as seen in spin glasses (Katzgraber et al., 2007).

We are therefore left with the problem of identifying the magnetic
signature of SD greigite clusters detected with electron microscopy in
the FORC diagram, keeping in mind that the images of Fig. 2 do not
provide any information about the relative contribution of these clusters
to the total remanent magnetization. Sediments with dominant authi-
genic SD greigite content are characterized by FORC signatures with a
central maximum at B, = 40-60 mT and B, ~ —5 mT, surrounded by
oval contour lines, and sometimes superimposed with faint traces of a
central ridge (Rowan and Roberts, 2006; Vasiliev et al., 2007; Chang
et al., 2009; Egli et al., 2010; Roberts et al., 2011). The central ridge
turns out to be unrelated to authigenic greigite, as discussed later. The
authigenic greigite endmember signature (Ohneiser et al., 2024) is

() Mf-EM (b)

HB161-15
L L L L 1
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clearly distinct from that of non-central ridge FORC contributions from
magnetofossils (Fig. 6a, c), albeit the oval contours are typical for
interacting SD particles in both cases. A distinctive feature of magnetite
magnetofossils is the abrupt termination of the contours at the high-
coercivity end of the upper quadrant (UT in Fig. 6a), which is also
observed in micromagnetic simulations of multistranded magnetosome
chains (Amor et al., 2022). Oval FORC contours in the authigenic grei-
gite endmember are slightly stretched along the dashed diagonals
depicted in Fig. 6¢ (feature MFI). This feature, along with the negative
vertical offset of the central maximum, is reminiscent of the diagonal
ridges caused by positive mean field interactions (e.g., Fig. 31 in Egli,
2021), overlapped with the classical Preisach signature of SD magnetic
particles with strong magnetostatic interactions (Carvallo et al., 2005).
These features are compatible with dense clusters of touching particles,
such are greigite framboids. The authigenic greigite endmember also
contains a vertical ridge along B. = 0 (VS in Fig. 6¢), which extends
mainly over the lower quadrant. In the case of non-interacting, viscous
SD particles, this ridge extends over the lower quadrant only (Lanci and
Kent, 2018), because particles with initial positive saturation are not
switched in B; = B, > 0. Extension of VS over the same positive range of
B, as the central peak can be explained by a positive bias of the
switching field of viscous particles by local magnetostatic interactions.

The FORC signature of HB161-15 appears to be very close to that of
the magnetofossil endmember (Fig. 6a). Nevertheless, there are hints
pointing to a contribution from the authigenic greigite endmember,
which include lack of the UT feature, and the added contribution from
MFI and VS (arrows in Fig. 6b). Principal component analysis of FORC
diagrams (FORC-PCA) could be used to infer the relative contribution of
the magnetofossil and authigenic greigite endmember; however, the
ferrimagnetic contribution is too weak to perform the required mea-
surements on several samples (Section 3.3). Here, we avoid these limi-
tations of FORC-PCA by using the existing FORC signatures of
magnetofossil and authigenic greigite in Fig. 6a,c as endmembers
contributing to HB161-15. This sample is expected to contain the
following magnetic components: (1) magnetite magnetofossils, (2)
greigite magnetofossils, (3) authigenic greigite. Greigite magnetofossils
are expected to have similar properties as magnetite ones, with a central
ridge contribution (Chen et al., 2014; Bai et al., 2022). This contribution
is visible in all FORC measurements of greigite-bearing sediments in case
of sufficient measurement quality. Magnetofossils can have variable
proportions of central ridge and non-central ridge contributions,
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Fig. 6. Comparison between the FORC signatures of magnetofossils (a), sample HB161-15 (b), and authigenic greigite (c), after removing the central ridge when
present. (a) was obtained from the difference between identical measurements of a magnetofossil-rich carbonate sediment, performed before and after chemical
dissolution of the fine (mainly SD) magnetite fraction (data from Ludwig et al., 2013). “UT” is the abrupt termination of contours at the high-coercivity end of the
upper quadrant, as predicted by Amor et al. (2022). (c) is the central-ridge-free FORC endmember obtained from two greigite-bearing lake sediment samples
(Ohneiser et al., 2024). The dashed lines labelled with “MFI” highlight deviations from perfectly oval contours by the signature of positive mean field interactions.
Quantile contours as in Fig. 5. Arrows in (b) indicate deviant features of HB161-15 with respect to (a), caused by the presence of authigenic greigite.
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depending on the relative abundance of multistranded and fold-
collapsed magnetosome chains (Amor et al., 2022). This additional de-
gree of freedom in the magnetofossil signature can be eliminated by
considering FORC diagrams where the central ridge has been removed
with the procedure described in Egli (2013, 2021), as shown in Fig. 6. In
this case, we assume that the central-ridge-free FORC function p of
HB161-15 is a linear combination am¢ pmf + dagr Pagr Of the magnetofossil
and authigenic greigite endmembers and calculate the corresponding
coefficients ams and aug, by linear regression. The solution ap,¢ = 0.0120
and a,g = 0.00398 provides a reconstruction of p with a mean root
square error of only ~2%. Accordingly, the authigenic greigite compo-
nent accounts for ~31% of the total saturation remanence of HB161-15.

4.4. Paleomagnetism

4.4.1. NRM and ChRM

NRM values range between 1.5 and 85 x 10~% Am?/kg (Fig. 8c).
These for sediments quite low values express a generally low concen-
tration of ferromagnetic minerals. AF demagnetization to 50 mT
removed, on average, 70% of NRM (Fig. 7). Secondary viscous remanent
magnetization components were removed by 10 mT AF (e.g., Fig. 7b and
d). Some samples acquired a gyroremanent magnetization (GRM) (see
section 4.4.2). The median destructive field values (MDF) range between
5 and 85 mT (Fig. 8d). Demagnetization data for all samples are shown
in Supplementary Table S1 (accepted samples) and S2 (rejected
samples).

All ChRM directions were determined generally between AF steps of
20-40 mT (Fig. 7). Since the sediment cores are not azimuthally ori-
ented, declination data is not interpretable. To evaluate the quality of
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the paleomagnetic data we use five selection criteria based on estab-
lished procedures: i) maximum angular deviation (MAD) <15°
(Kirschvink, 1980; Pick and Tauxe, 1993), ii) ChRM inclination
>expected geocentric axial dipole (GAD) inclination at the site 67.6° —
45° cut off (McElhinny et al., 1996), iii) same magnetic polarity in
neighboring samples except magnetic polarity transition zones, iv) NRM
intensity difference of neighboring samples smaller than an order of
magnitude, and v) ks inclination >75° (Hrouda and Kahan, 1991;
Snowball et al., 2019). Samples that did not pass any of these criteria
and yielded a scattered demagnetization behavior were excluded from
further measurements and interpretation. ChRM inclination values from
accepted samples (Fig. 8a) indicate two intervals with normal polarity
between 163.2 and 165.5 m depth and 211.9-216 m depth, and reversed
polarity in the remaining part of the core (see section 5.4 for discussion
on polarity zones). The clear identification of different polarity intervals
is considered to demonstrate the correct choice of quality criteria. MAD
values of the accepted data are comprised between 2.1° and 14.9°
(Fig. 8b). Kirschvink (1980) recommended samples with MAD <15° to
be considered paleomagnetically reliable. McElhinny and McFadden
(1999) considered samples with MAD <10° to be of good quality, while
MAD <5° has been suggested for high-quality data (Johnson et al.,
1998). In total, 48% and 10% of the accepted samples are characterized
by MAD <10° and MAD <5°, respectively.

4.4.2. GRM acquisition during AF demagnetization

The acquisition of GRM in AF fields >40 mT was discovered during
static AF demagnetization of NRM (e.g., Figs. 7a, c and d). In a large
number of studies, this observation is interpreted as an evidence for the
presence of greigite (e.g., Snowball and Thompson, 1990; Snowball,
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Fig. 7. (a-f) AF demagnetization curves, Zijderveld diagrams, and stereographic projections of representative samples. Red data points with AF demagnetization
level (in mT) indicate the coercivity spectrum chosen to determine ChRM directions. Orange lines in Zijderveld diagrams show the principal component. Full (empty)
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Fig. 9. (a) Changes in Fe and S content in XRF data. The average value for each
one-meter sediment core section was used for the elemental compositions (Fe
and S) due to fluctuations. (b) Representative sketch for iron sulfide formation
in the Most Basin sediment (~157-212 m depth) with greigite dominance.
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1997a, 1997b; Hu et al., 1998; Fu et al., 2008; Roberts et al., 2011; Duan
et al., 2017, 2020; Caricchi et al., 2019; Just et al., 2019; Maffione and
Herrero-Bervera, 2022). Although fine (titano)magnetite particles can
also carry a GRM, the presence of greigite appears to be essential for the
acquisition of a GRM in sediments (Duan et al., 2020). GRM is acquired
by magnetic particles possessing multiple SD magnetic states that are
sub-parallel to the main anisotropy axis (Potter and Stephenson, 2005).
In greigite-bearing sediments, GRM is acquired mainly above B, (Ste-
phenson, 1993; Hu et al., 1998). The acquired GRM vector is perpen-
dicular to the last demagnetized axis (Snowball, 1997a; Sagnotti and
Winkler, 1999), which is y-axis in our case (Supplementary Fig. S4).
Consequently, the magnetization vector resulting from the superposition
of a GRM to the remaining NRM deflects away from the origin or passes
parallel to it (Finn et al., 2021).

GRM can be quantified using the AGRM/ANRM ratio of Fu et al.
(2008). This ratio normalizes the difference between final value (FV)

Table 3
List of relevant quantities deduced from elemental and magnetic data.
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and minimum value (MV) of the magnetization with the difference be-
tween the initial value (IV) and MV. The AGRM/ANRM values are
highly variable and generally comprised between 0 and 0.25 (Fig. 8e),
compared to 0.2-0.8 for greigite-bearing horizons in Fu et al. (2008).
Lower AGRM/ANRM values in our samples can be explained by a mixed
magnetite/greigite composition, as discussed in Section 4.3, where
greigite is the main GRM contributor.

Remarkably, our samples show no GRM during AF demagnetization
of ARM and IRM. While the absence of GRM during IRM demagnetiza-
tion might be explained by masking by the ~10° times larger IRM (Duan
etal., 2020), the lack of GRM acquisition in AF demagnetization of ARM
curves is somewhat unexpected. A possible explanation might be that
the relative contribution of greigite to the NRM, which can be seen as a
CRM, is larger than that of the ARM. In this case, the central ridge, which
is the part of the FORC diagram contributing to large yary/IRM values,
must be associated mainly with SD magnetite. The dominant contribu-
tion of greigite to the NRM is indirectly supported by the opposed trends
of NRM intensity and yarm/IRM over the 167-172 m interval: if large
xarv/IRM values are associated with magnetite contributions to the
central ridge, the relative contribution of greigite decreases with depth,
producing a decrease in NRM intensity if the NRM acquisition efficiency
of greigite is larger than that of magnetite. This difference in NRM
acquisition intensity can be expected if greigite acquired a CRM, whose
intensity is comparable to that of an ARM (Pick and Tauxe, 1991), and
magnetite a DRM, which is much smaller than an ARM (e.g., Ouyang
et al., 2014).

5. Discussion
5.1. Magnetic mineralogy

The analyses presented in section 4 reveal a low concentration of
magnetic minerals in the sediments. y(T) measurements, provide evi-
dence for sulfides and for a small fraction of magnetite. SEM/EDS ana-
lyses show closely packed greigite and pyrite aggregates indicating their
diagenetic origin in a reducing sedimentary environment (Snowball,
1997a; Weaver et al., 2002; Rowan and Roberts, 2006; Larrasoana et al.,
2007; Vasiliev et al., 2007; Rowan et al., 2009; Roberts et al., 2011; Fu
et al., 2015; Scheidt et al., 2017; Li et al., 2019; Ebert et al., 2020; Ahn
etal., 2021; Liu et al., 2021). In addition, the acquisition of GRM during
AF demagnetization of NRM of bulk sediment samples points towards
the presence of greigite. Finer greigite and magnetite crystals also
contribute significantly to the magnetic signature of samples. The lack of
FORC signatures typical of larger particles indicates the magnetic
properties to be dominated by SD minerals. Three magnetic components
occur as isolated particles or chain of particles in the sediment matrix
and contribute to the central ridge: in order of decreasing coercivity
these are elongated magnetofossils (BH), equidimensional magneto-
fossils (BS), and unidentified non-viscous low-coercivity particles (LC)
with small or vanishing single-particle anisotropy. The LC component is
distinct from authigenic irregular-shaped magnetite particles with broad

Quantity Value Assumptions
7hein HB161-15 10.55 x 10~8 m%/ (measured)
kg
e from total [S] assuming 100% pyrite 0.004 x 1078 m%/
composition kg
n from total [Fe] assuming 100% siderite 12 x 108 m®/kg
composition FeCOs.
M in HB161-15 0.107 mAm?%/kg (measured)

M; from total [S] assuming 100% greigite 16 mAm?/kg
composition

[S] from greigite in HB161-15 0.5 ppm or 40 pM

(dry sediment)

[Fe] from magnetite and greigite in HB161-15 1.2 ppm

Ine = 7.2 x 1078 m®/kg for pure pyrite

(Dahlin and Rule, 1993) and [S] = 240 ppm (Fig. 9a) entirely from pyrite

Jhe = 126 x 108 m3/kg for pure siderite (Jacobs, 1963) and [Fe] = 45,000 ppm (Fig. 9a) entirely from
M; ~ 31 Am?/kg for sedimentary greigite (Chang et al., 2008)

Dry bulk density of sediment: 2.5 g/cm® (Dadey et al., 1992)

M; = 92 Am?/kg for magnetite, 35% of the magnetization is carried by greigite
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Fig. 10. Schematic representation of sequential magnetite and greigite formation in sediments with increasing degree of diagenesis. Dots represent the samples listed

in Table 1 (not to scale).

size distributions encountered in soils (Geiss et al., 2008; Egli, 2021) and
sediments (Gibbs-Eggar et al., 1999), which, unlike LC, are significantly
viscous. Frequency dependencies of susceptibility mainly around
1.5-2.0% indicate a minor SP contribution in most samples; while the SP
content deduced from the Day diagram (Fig. 3i) is largely overestimated,
owing to the large B,,/B. values associated with component LC.

The FORC diagram of Fig. 5 bears the typical signature of
magnetofossil-bearing sediments. The presence of authigenic greigite is
not evident but hinted by a careful comparison with typical endmember
signatures taken from the literature. The concentration of magnetic
minerals is too weak to obtain specific endmembers from the sediment
profile using FORC-PCA; however, the only available FORC diagram is
precisely reproduced by a linear combination of magnetofossil (Ludwig
et al., 2013) and authigenic greigite (Ohneiser et al., 2024) endmember
signatures. Accordingly, the authigenic greigite contribution to M is
~31%. Additional contributions from greigite magnetofossils are barely
distinguishable from those of magnetite magnetofossils and cannot be
quantified. The presence of a Verwey transition excludes the complete
dissolution of magnetite. The mixed mineralogic composition of sec-
ondary magnetic minerals is also supported by (1) ARM data, with in-
termediate yapm/IRM values being compatible with a mixture of
magnetofossils and SD particles with magnetostatic interactions, such as
framboidal greigite, (2) GRM data, with AGRM/ANRM values being
lower than those reported for sediments composed solely from greigite,
and (3) SEM/EDS analyses showing mixture of magnetite and fine
greigite.

This analysis suggests that magnetite magnetofossils and authigenic
greigite can coexist to a certain extent, despite the fact that greigite
diagenesis is invariably accompanied by the dissolution of fine magne-
tite particles (Rowan and Roberts, 2006; Fu et al., 2008).

5.2. A possible scenario for iron sulfide formation

Authigenic greigite formation is associated with sulfate-reducing
bacteria (SRB) under anaerobic conditions at the sediment-water
interface and/or below the sediment surface (Berner, 1984; Hoffmann,
1992; Chang et al., 2008; Roberts et al., 2011). The end product of
sulfate respiration is hydrogen sulfide (H,S or HS; Sagnotti et al., 2005)
which causes the dissolution of iron oxides (Berner, 1984). The dissolved
Fe ions react with HyS to produce paramagnetic pyrite as the end
product of the reaction (Berner, 1984). Greigite is the intermediate
product that forms as a precursor of pyrite (Roberts, 1995; O’Reilly
et al., 2000; Liu et al., 2004; Chang et al., 2008, 2014; Roberts et al.,
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2011). Co-existence of magnetic iron oxides (magnetite magnetofossils)
and diagenetic greigite in the Most Basin sediment core might indicate
that magnetite dissolution was only partial (Fig. 9b). The partial
magnetite preservation imposes an upper limit to the sulfide concen-
tration [Sz’], which depends on the specific surface area A of the
magnetite particles and a reaction rate k for pyrite-coated magnetite
(Canfield and Berner, 1987; Canfield et al., 1992). Using the data in Egli
(2004b), the maximum sulfide concentration must not exceed ~1 pM for
partial magnetofossil preservation over tens of years. This is several
orders of magnitude less than the total sulfur concentration in the
analyzed sediment (~240 ppm or 20 mM, Fig. 9a), meaning that only a
negligible fraction of the total sulfur concentration in sediment must
have been available as dissolved S2~. The lack of pore water HoS might
explain the preservation of magnetite. Interestingly, the upper limit for
[S27] deduced from the estimated greigite content of sample HB161-15
(Table 3) comes closer to 1 pM, especially when considering that greigite
did not precipitate instantaneously.

As far as Fe is concerned, only a vanishingly small fraction of it is
associated with magnetic minerals (Table 3). This means that practically
all Fe sits in paramagnetic minerals and contributes to the high-field
susceptibility (ynf). Pyrite does not contribute significantly to ynr
measured in sample HB161-15, due to the limited sulfur concentration
and its small yps. Typical yu¢ values of the order of 1 x 1078 mg/kg for
clay minerals (Potter et al., 2019) are also insufficient to explain our
measurements. On the other hand, siderite (FeCO3) with an Fe con-
centration corresponding to the XRF measurements of Fig. 9a yields a
result that matches the measured yns in HB161-15 (Table 3). Siderite
usually forms in environments with abundant dissolved iron and car-
bonate, but with small residual amounts of pore water HyS (Sagnotti
etal., 2005). The reduced iron from partially dissolved magnetite cannot
react to form pyrite due to HyS deficiency, accumulates in pore spaces,
and reacts with carbonate to form siderite at depth (Sagnotti et al.,
2005). In this case, iron sulfides were found to form after siderite
(Fig. 9b). Since diagenetic mineral formation depends on the balance
between reactive iron and sulfur (Berner, 1984; Roberts et al., 1996; Kao
et al., 2004), the smaller amount of iron and increasing S content in the
deepest part of the sedimentary section may have allowed the formation
of larger pyrite crystals and smaller greigite framboids below 212 m
depth. In contrast, the larger amount of reactive dissolved iron and the
scarcity of sulfur between 157 m and 212 m depth, might have favored
the precipitation of authigenic greigite over pyrite. The distribution of
greigite in sediment must be patchy, because of the large random
downcore variations of AGRM/ANRM (Fig. 8e). This is another property
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Fig. 13. Diagram describing the acquisition of a primary DRM and a late CRM at two different times causing a ghost polarity. See section 5.4 for a detailed

explanation.

typical for the geochemical conditions described in Sagnotti et al.
(2005).

5.3. Biogenic and authigenic greigite

Greigite-bearing sediments are usually characterized by the typical
authigenic FORC signature of Fig. 6¢. This signature is compatible with
SD particles characterized by strong magnetostatic interactions and
positive mean field interactions arising from magnetic exchange at
contact points. These conditions are expected in framboidal greigite
aggregates. Good-quality FORC measurements of greigite-bearing sedi-
ments often contain faint traces of a central ridge (e.g., Rowan and
Roberts, 2006; Vasiliev et al., 2008; Ohneiser et al., 2024), which might
be interpreted as the signature of greigite magnetosomes (Vasiliev et al.,
2008), if one assumes that magnetite magnetosomes get completely
dissolved during mature stages of reductive diagenesis. The M contri-
bution of this central ridge is of the order of 2-7% (Table 1), compared
to >50% in the case of magnetofossil-bearing sediments. Interestingly,
the absolute magnetization M, of the central ridge within the sediment
profiles with highly variable authigenic greigite concentrations appear
to be relatively constant, as shown by the example of lake sediment
samples o and p in Table 1. The coexistence of magnetite magnetofossils
and authigenic greigite discussed in section 5.2, and the presence of a
relatively constant contribution of greigite magnetofossils in sediments
characterized by increasing authigenic greigite contributions can be
explained with the magnetite and greigite formation stage shown in
Fig. 10.

Stage I is characterized by the formation of magnetite magneto-
fossils. The magnetofossil abundance depends on many factors,
including the availability of assimilable Fe through the sedimentary iron
cycle. This cycle is driven by organic matter, whose consumption creates
a redox gradient. As sulphate reduction conditions are approached,
magnetotactic bacteria species producing magnetite and greigite mag-
netosomes, or solely greigite magnetosomes, start to appear, leading to
Stage II. Magnetite magnetosome production likely reaches a plateau at
this stage. Direct precipitation of iron sulphides, including greigite, be-
comes possible at a later stage (Stage III), leading to the coexistence of
biogenic and authigenic greigite. The presence of free HS™ and S2™ ions
start to dissolve fine-grained magnetite, including magnetite magneto-
fossils. As reductive diagenesis progresses, dissolution of fine-grained
magnetite becomes complete, while greigite and other Fe sulphides
continue to precipitate (Stage IV). Stage I samples are characterized by
the typical magnetofossil signature in Fig. 6a. This signature is main-
tained during Stage II, because greigite magnetofossils are hardly
distinguishable from magnetite ones. Furthermore, greigite magneto-
fossils appear to be much less abundant than magnetite ones, judging
from the >1 order of magnitude lower central ridge magnetizations in
greigite-bearing sediments (Table 1I). Sample HB161-15 is
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representative for Stage III, where magnetofossil and authigenic greigite
signatures coexist. Depending on pH, dissolution of magnetite magne-
tofossils progresses more or less rapidly, and might be completed when
authigenic greigite starts to precipitate (dashed line in Fig. 10). Sedi-
ments from Stage IV are dominated by the signature of authigenic
greigite: since magnetite magnetofossils are completely dissolved, the
presence of a minor central ridge contributions is due to the preservation
of greigite magnetosomes produced during stages I and III. Accordingly,
the relative contribution of the central ridge is inversely proportional to
the amount of authigenic greigite produced during this stage. Samples
UNO080-22, «, and p with decreasing M./M;s values (Table 1) clearly
represent this progression.

5.4. Ghost polarity as the evidence for timing of greigite formation

ChRM inclination values (Fig. 8a) reveal three magnetic polarity
transition zones. The correlation of the core of the RL8 borehole to other
cores of the Most Basin allows to link our paleomagnetic results to those
of previous studies (Matys Grygar et al., 2017a, 2017b, 2019, 2021;
Mach et al., 2021). Matys Grygar et al. (2017a) showed that Sr anom-
alies are easiest to use for the correlation between individual core pro-
files in the Most Basin. In particular, a sharp Sr anomaly just on the
lithological boundary between the Holesice and Libkovice members is
used to correlate the drilling depths of the sediment core from this study
(Fig. 11a) with the other cores (Figs. 11b-h) in the basin. The correlated
magnetostratigraphic data suggests that two of these magnetic polarity
intervals belong to the C5Dr.1n normal polarity chron and C5Dr.1r
reversed polarity chron (Fig. 12). In addition, another normal polarity
interval occurs between 163.2 m and 165.5 m depth during the C5Dr.1r
(Fig. 12a). The normal polarity interval does not correlate with the
previous magnetostratigraphic data in the Most Basin (Figs. 12b-i) nor
does it correspond to any magnetic polarity zone in GPTS 2020 (Ogg,
2020). The data from this normal polarity interval spans a time period of
~15 kyr (according to 13.5 cm/kyr sedimentation rate; Matys Grygar
et al., 2017a, 2017b) eliminating the possibility of the occurrence of a
magnetic excursion which is expected to show a faster (2-5 kyr) full
reversal behavior (Ogg, 2020). Musgrave and Kars (2016) and Fu et al.
(2015) reported ‘ghost polarity zones’ caused by a later authigenic
greigite growth that produces intervals up to 5 m in length (depending

Table 4

Mean inclination values from each magnetic polarity zone calculated using the
inclination-only method of McFadden and Reid (1982). I: inclination, n: number
of samples, k: dispersion estimate, ags: confidence ellipse.

Polarity n 1(°) k o5 (°)
Ghost 8 24.1 1.9 59.5
C5Dr.1r 92 —43.9 12.2 4.3
C5Dr.1n 33 38.8 3.0 17.5
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on sedimentation rate) that mimic an opposite polarity but up to 20 m
below a real polarity transition. One possibility is that this may be due to
a later diagenetic pore water migration event (Sagnotti et al., 2005)
through the sediment column where abundant iron from siderite grains
reacts with these fluids containing limited H»S as discussed in section
5.2 (Fig. 9b). This mechanism possibly caused the formation of a
diagenetic greigite considerably below the sulfate reduction zone. The
timing of greigite formation may have created a complex mixture of a
primary DRM (magnetite magnetofossils) with reversed polarity from
the C5Dr.1r and a diagenetic CRM (greigite) with normal polarity from
the following normal polarity zone (C5Dn, shown with blue color in
Fig. 12). The combination of the two may result in ‘transitional’ di-
rections (Liu et al., 2004; Rowan et al., 2009; Lucifora et al., 2012) in the
magnetic moment sum of the grains that acquired a DRM and a CRM at
two different times (Fig. 13). The resultant vector is highly variable from
sample to sample, dependent on what proportions of primary magnetite
and diagenetic greigite were present in a particular sample. Therefore,
this smoothing effect of a late greigite growth may have caused a shal-
lower mean inclination value of 24.1° (Table 4) for the ghost polarity
interval that explains higher MAD values and higher rejection rate of the
samples between 163 m and 166 m depth (Figs. 8a and b). Considering
~6 m sediment thickness (between 157 and 163.2 m depth) above the
ghost polarity zone, diagenetic greigite may have formed at least ~45
kyr after magnetite magnetofossils (according to 13.5 cm/kyr sedi-
mentation rate).

Additionally, the inclination values for the C5Dr.1n and C5Dr.1r
fluctuate around mean values of +38.8° and —43.9°, respectively
(Table 4). Considering that most of the samples are from polarity tran-
sition zones, the mean inclinations are expected to be lower than the
GAD value. Furthermore, the inclination-only method of McFadden and
Reid (1982) is expected to bias the mean to lower values than those
calculated using Fisher (1953) statistics. However, the main reason for
shallower mean inclinations is the smoothing effect of greigite discussed
above. The steeper inclinations in some depth intervals may be related to
local non-dipole field during the time of the mineral formation. Standing
non-dipole field at mid-latitudes causes deviations from GAD value in a
steeper direction especially in reversed polarities (Cox, 1975; Schneider
and Kent, 1988).

6. Conclusions

Our results suggest that the NRM of the studied section in the Most
Basin is carried by SD magnetite and authigenic greigite. Magnetic
mineral characterization with FORC diagrams is particularly chal-
lenging, due to a strong paramagnetic background produced by siderite.
High-precision FORC measurements of one sample revealed a pure SD
signature with the following components: (1) magnetofossils with
coercivity components similar to the BS and BH components previously
found in magnetofossil-rich sediments, (2) a low-coercivity component
with a signature similar to that of pedogenic magnetite, but with no
magnetic viscosity and no magnetostatic interaction, which contains
contributions from SD particles with virtually no magnetic anisotropy,
which has never been observed before, and whose origin is unknown,
and (3) authigenic greigite. Components (1) and (3) have overlapping
FORC signatures and can be disentangled only with a quantitative
analysis of the FORC diagram. Magnetite is likely associated with
component (1), although greigite magnetofossils have been shown to
have a compatible signature. Our measurements show that in case of
samples containing magnetite and greigite, the fastest and easiest
detection criterion for greigite is the GRM appearing in AF demagneti-
zation curves of NRM. As revealed by the presence of component (2),
caution should be used when interpreting SP + SD mixing lines in the
Day plot, as the presence of magnetic components with vanishing
coercivity tends to increase B.;/B. values regardless of the domain state.

Siderite usually forms in environments with abundant dissolved iron
and carbonate, but with a lack of dissolved pore water HyS. In this case,
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greigite is formed after siderite, with a patchy distribution that is re-
flected by the large random downcore variations of AGRM/ANRM.

The timing of remanence acquisition due to at least ~45 kyr late
CRM recorded by diagenetic greigite creates a shift in the paleomagnetic
data. This shift may cause magnetic polarity transition zones to appear
in greater depths than the original depth, resulting in possible ghost
polarities. The new magnetostratigraphic data provided detailed insight
into the chronostratigraphy of the Most Formation. In addition, the new
paleomagnetic record of the Early Miocene period from Central Europe
is a significant contribution to the global geomagnetic data in terms of
understanding the Earth’s magnetic field behavior from iron sulfide-
bearing sedimentary records acquiring a delayed CRM.
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