
1. Introduction
Most of the Arctic lies inside the tangent cylinder of the inner core (>69.5°N) and thus dominantly records 
magnetic fields generated by convection in the northern magneto-hydrodynamically closed compartment 
of the outer core. These fields are decoupled and probably behave partly independent from the global secu-
lar variation (St-Onge & Stoner, 2011). Our understanding of the interplay between dipolar and non-dipolar 
components of the Earth’s magnetic field (EMF) can be improved by analyzing records from sedimentary 
archives. Yet, most Arctic Ocean records have low temporal resolution and are also biased by diagenetic 
processes coupled to water depth and climatic conditions (Wiers et al., 2019, 2020). On the other hand, 
terrestrial records extending back beyond the Last Glacial Maximum are exceptionally rare throughout the 
complete Arctic Circle. Therefore, observation-based reconstructions of the evolution of features, such as 
the Siberian flux lobe (Figure 1a), are so far not possible in the Eurasian Arctic. Levinson-Lessing Lake in 
the Russian Arctic is best suited for providing a long-range high-resolution record. It is the deepest lake 
at the Taymyr Peninsula, following a tectonic trench that was reshaped by glacial erosion during early 
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the first evidence of the suitability of the lake′s sediments for paleomagnetic analyses using the 
46-m-long core Co1401. Although the lowermost 8 m are disturbed, the upper 38 m of Co1401 provide 
the preconditions for an exceptional, high-resolution paleomagnetic record located within the tangent 
cylinder of the inner core. High-resolution analyses of magnetic susceptibility, anhysteretic remanent 
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mineral magnetic properties. First-order reversal curves indicate magnetite particles in pseudo-single 
domain state are the main remanence carrier, supplemented by single-domain particles, originating likely 
from magnetotactic bacteria. Above 6.7 m, the bulk magnetic mineralogy is slightly harder than below and 
initial greigite formation occurs. However, the main remanence carriers are still of detrital origin.

Plain Language Summary Levinson-Lessing Lake in northern Central Siberia is a 
sedimentary archive characterized by continuous, widely constant sedimentation at high rates (0.7 m ka−1 
for >32 ka). Because lakes with such long-term constant properties are extremely rare throughout the 
Arctic Circle, the 46-m-long sediment core Co1401 recovered in 2017 provides an exceptional archive 
for climate and environmental changes of the past, but also for recordings of the evolution of the Earth’s 
magnetic field (EMF) in this region. This study tested the suitability of Co1401 for paleomagnetic analyses 
using hundreds of samples and various analytical approaches. Although the lowermost 8 m are shown to 
be disturbed, the upper 38 m of Co1401 provide an unusual homogeneous mineral-magnetic composition 
and properties. In the uppermost 6.7 m, the magnetic mineralogy is slightly different with greigite as 
additional component. The presence of this mineral can be a problem in paleomagnetic studies, as it 
overprints the primary information recorded in the archive. In this case, the formation is only initial and 
thus not an issue. Overall, Co1401 provide ideal preconditions for a paleomagnetic archive. Thus, an 
upcoming paleomagnetic-based chronology will unlock this archive for future studies on paleoclimate, 
paleoenvironment, and the evolution of the EMF.
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Weichselian (Niessen et al.,  1999). Its sedimentary record is a target for paleoenvironmental and paleo-
climatic studies since the 1990s. First coring in 1995 provided a ∼22-m-long sediment core (PG1228) that 
revealed a continuous, rather constant, and high sediment accumulation (∼0.70 m ka−1) throughout the 
last ∼32 ka (Andreev et al., 2003; Ebel et al., 1999). Seismic surveys presented the prospect of up to 115 m 
of undisturbed sediments (Lebas et al., 2019).

In 2017, a new 46-m-long sediment core (Co1401) was recovered by the Russian-German project PLOT 
(Paleolimnological Transect) close to PG1228 (Figure 1b; Text S1). Because paleomagnetic measurements 
have not been performed, the usability of Co1401 for paleointensity estimations was first tested with whole-
core measurements; then, high-resolution discrete samples were taken. This study discusses the whole-core 
measurements and further mineral magnetic investigations, as a first step towards unlocking an exceptional 
sedimentary archive that has the potential to become a paleomagnetic key archive for the Eurasian Arctic. 
Comparable study sites are not available within a radius of >1,500 km.

2. Materials and Methods
2.1. Core Description

The composite core Co1401 has a cumulative length of 45.95 m and gaps of 2–36 cm between the 24 core 
sections (Text S1). The sediment record consists of hemipelagic silty sediments irregularly interrupted by 
turbidites, reflecting pseudo-continuous event-based sedimentation. The turbidites are up to 8 cm thick 
and show fining upward of grain size with fine sand as maxima at the base. However, most turbidites are 
much thinner than 1 cm and composed from fine sand and silt. The total organic carbon content (Text S2) 
is generally low (0.6%–3.7%) with highest values restricted to the uppermost ∼7m correlated depth (mcd, 
Figure 2). Above 38 mcd, most of the sediment sequence is finely laminated without signs of deformation 
or bioturbation. Below 38 mcd, in contrast, no lamination is visible, and the consistency is significantly 
softer than above.

2.2. Whole-Core Measurements and Sample Preparation

Whole-core measurements of magnetic susceptibility (κrel) were performed with a loop sensor (Magnon 
VFSM susceptibility bridge). The natural remanent magnetization (NRM), and the remanence after alter-
nating field (AF) demagnetization were measured using a 2G 760R-SRM (Text S2). Afterward, the cores 
were split lengthwise and geochemical and sedimentological analyses were performed. Gaps caused by core 
loss or gas expansion were closed by upward displacement of the remaining sediment. For further magnetic 
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Figure 1. Location of the Levinson-Lessing Lake in Siberia and of the drill sites. (a) Present geomagnetic field intensity 
over Siberia (field lines in nT) and location of Levinson-Lessing Lake on the Taymyr Peninsula (b) Coring sites Co1401 
(74°27′54″N, 98°39′58″E) and PG1228.
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analyses, 903 samples in 6 cm3 plastic boxes were sampled. In addition, 124 gel-capsule samples and six 
magnetic extracts (Text S3) were prepared.

2.3. Discrete Sample Measurements

The NRM, anhysteretic remanent magnetization (ARM), and isothermal remanent magnetization (IRM) 
were measured for all 903 samples using a 2G Enterprises SQUID SRM and subsequently stepwise AF 
demagnetized (Text S4). The temperature dependent magnetic susceptibility κ(T) was determined for six 
samples using an Agico MFK2 (Text S3).

The hysteresis and backfield curves of 124 gel-capsular samples were measured using a Lakeshore 8604 
VSM, following the protocol described in Fabian  (2003). Saturation magnetization (Ms) and high-field 
susceptibility (χhf) were calculated from hysteresis data using the approach to saturation model of Fabi-
an  (2006), while the saturation remanence (Mrs) and coercive force (Hc) were obtained from the cross-
ing points of hysteresis with the magnetization and field axes, respectively. The coercivity of remanence 
(Hcr) was determined from the backfield of remanence curve by linear interpolation. Five to six identical 
high-resolution first-order reversal curve (FORC) measurements (Pike et al., 1999) were performed for six 
representative samples. FORC data were stacked and processed using the VariForc software (Egli, 2013). 
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Figure 2. Lithology and downcore plots of magnetic properties. Results of whole-core measurements (left): natural 
remanent magnetization (NRM), NRMAF15, κrel, NRM Inclination (NRM Inc.), NRMAF15 Inc. The blue vertical dashed 
line marks the 82.1° inclination expected for a geocentric axial dipole. Discrete sample measurement results (right): 
NRM, χ, isothermal remanent magnetization (IRM), anhysteretic remanent magnetization (ARM). Note the logarithmic 
scale for NRM. Samples shown in Figure 4 are marked by orange horizontal dashed lines. Gray background >38 mcd.
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Coercivity distributions were obtained from the processed data according to Egli and Winklhofer (2014) and 
analyzed as described in Egli et al. (2010). See Text S5 for further details about VSM measurements.

3. Results and Discussion
3.1. Downcore Magnetic Properties

Below 38 mcd, the magnetic susceptibility (κrel) and inclinations determined by whole core measurements, 
as well as the mass-specific susceptibility (χ), ARM, and IRM values of discrete samples, show the low val-
ues of the uppermost core meters at the top and transition to higher values toward the bottom (Figure 2). 
This observation, along with the lack of stratification and soft consistency, strongly argues for disturbance 
of the sediments during coring operation. It seems that the core chambers erroneously collected sediment 
on its way to coring depth. Results from measurements below 38 m are, therefore, not further discussed.

Above 38 mcd, the whole-core measurements of κrel, NRM, and the remanence remaining after 15 mT AF 
demagnetization (NRMAF15) furthermore show a systematic drop at the ends of core sections, which results 
from the ∼10  cm wide response functions of the measuring devices. For the same reason, the signal is 
smoothed within core sections. Nevertheless, limited NRM variations along the core axis (2.5–24.7 mA m−1) 
suggest a quite homogeneous recording efficiency. The differences between the NRM and the NRMAF15 are 
marginal and suggest a small amount of viscous magnetized particles. Compared to the NRM, κrel exhibits 
larger fluctuations and shows large-amplitude variations. A whole-core relative paleointensity (RPI) has 
been calculated using the ratio NRMAF15 and κrel. Hereby, it is assumed that the response functions of the 
two measurement devices do not differ widely. Apart from the uppermost 7 m, the whole-core RPI shows 
only minor fluctuations. This result can be explained by a relative homogenous magnetic mineralogy. The 
whole-core inclinations measured before and after 15 mT AF demagnetization are very similar. Shallowest 
inclinations coincide frequently with core section ends. This is a known phenomenon and most likely due 
to the compression of the core ends during transport. The overall mean inclination of 82.1° coincides with 
the value expected by a geocentric axial dipole (GAD). These results suggest that Co1401 is suited for further 
paleomagnetic studies.

The NRM values obtained from discrete samples show a much higher variability than those of whole-core 
measurements. Since the strongest NRM fluctuations occur in sections where the concentration-dependent 
parameters χ, ARM, and IRM are stable, the lower remanences may have been acquired during periods of 
a weak EMF. The logarithmic scale necessary to plot all NRM values in Figure 2 prevents large amplitude 
variations from being detected. However, the trend is as for χ, ARM, and IRM with higher values between 
∼7–17 mcd and ∼32–38 mcd. Because previous studies suggested the Pleistocene-Holocene transition to be 
at about 7 m (Andreev et al., 2003; Ebel et al., 1999), the change in ∼7 mcd depth in Co1401 is likely related 
to climatic and environmental changes (Andreev et al., 2003). The ranges of whole-core NRM, κrel, NRM, χ, 
ARM, and IRM with respect to depth level are given in Table S1.

3.2. Magnetic Mineralogy and Magnetic Granulometry

The hysteresis loops are similarly shaped for all samples (Figure  S1). Hysteresis parameters from 38 to 
∼6.7 mcd and from 6.7 mcd to the top form two slightly overlapping clusters in the pseudo-single-domain 
(PSD) range of the Day plot (Day et al., 1977; Figure 3a). Tight clustering of hysteresis parameters in the 
lower of these sections, along with the stable values of Hc and Hcr (Figure 3b) suggest a consistent magnetic 
mineralogy. The ratio of the energy ΔE enclosed between the Msi(B) curve and the upper branch of hyster-
esis, and the energy Ehys of the whole hysteresis indicate low proportions of multi-domain (MD) particles 
larger ∼5 µm in this depth range (Fabian, 2003). Thus, ΔE/Ehys confirm the PSD indication in the Day plot 
by excluding mixtures of single-domain (SD) and MD particles. The differentiation of the sections above 
and below 6.7 mcd is also evident from the κ(T) measurements (Figures 3c and S2). However, all measure-
ments show a major decrease in susceptibility at about ∼585°C, the Curie temperature of magnetite. The 
moderate decrease between ∼320°C and 585°C may be determined by Ti-magnetite, which show a wide 
range of Curie temperatures depending on composition and oxidation state (Nishitani & Kono, 1983). How-
ever, the heating curve also resemble that of natural maghemite (Gehring et al., 2009), a mineral formed 
by low-temperature oxidation of magnetite and in soil-formation processes (Liu et al., 2010). Especially the 
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wedge-shaped final section of the heating curve points towards thermally induced conversion of magnetite 
via maghemite to hematite. The drop at ∼400°C visible at samples 011-2 and 031 is attributed to the de-
composition of greigite (Minyuk et al., 2013) and leads to the exceeding of the cooling curve over the heat-
ing curve by neoformation of magnetite and maghemite (Figure S2). While the magneto mineralogy and 
grain-sizes appear consistent, the concentration of the magnetic fraction varies between 38 and ∼6.7 mcd, 
as documented by Mrs and Ms (Figure 3b), and by χ, ARM, and IRM (Figure 2). Variations in the relative 
concentration of magnetic minerals might be caused by different sediment sources, or by a sorting effect. 
Different lithogenic sources, in particular basalts and sandstones from the catchment (Text  S6 and Fig-
ure S2), would be characterized by contrasting values of the χhf, which represent the para- and diamagnetic 
mineral fraction. The nearly constant χhf values thus, point to changes in the selective transport of magnetic 
minerals. For samples from the upper ∼6.7 mcd, a refinement of magnetic particles is indicated by the Day 
plot (Figure 3a) and by a significant decrease in ΔE/Ehys (Figure 3b). Additionally, hysteresis parameters 
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Figure 3. Biplots and downcore graphs visualizing mineral magnetic properties using VSM (a), (b), Kappabridge (c), and cryogenic magnetometer (d)-(f) data. 
(a) Hysteresis parameters in the Day plot. (b) Downcore variations. Ms, Mrs, Mrs/Ms, Hc, Hcr, and Hcr/Hc normalized to the respective maximum. ΔE/Ehys and χhf 
in absolute numbers. (c) Heating curves of κ(T). (d) Biplot of grain-size indicators. (e) Plot of anhysteretic remanent magnetization (ARM) fraction remaining 
after 60 mT demagnetization versus ARM fraction demagnetized below 10 mT. (f) Isothermal remanent magnetization versus ARM.
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are highly variable. This change in magnetic properties, might be caused by different sources of magnetic 
minerals or by diagenetic overprinting. Notwithstanding these differences, bulk rock magnetic parameters 
point systematically to the PSD size range for ferrimagnetic mineral fractions throughout the core (Fig-
ure 3d). Only few samples are characterized by elevated IRM/χ values typical for smaller particles and/or 
the iron sulfide greigite (Roberts et al., 1996). Biplots in Figures 3e and 3f support the above conclusions. 
In particular, Figure 3e indicates that the remanence carriers of the upper section are magnetically harder 
than those from below.

FORC diagrams confirm the findings deduced from bulk magnetic parameters and provide a more specific 
insight into subtle changes in magnetic grain-size and mineralogy (Figure 4). All diagrams are dominated 
by a typical PSD signature, given by contour lines that diverge almost linearly towards Bc = 0 and by a small 
indent of low-amplitude contours over the lower quadrant (Egli & Winklhofer, 2014; Lascu et al., 2018; 
Muxworthy & Dunlop, 2002; Roberts et al., 2000). In accordance with ΔE/Ehys, the increase of the vertical 
spread, the shift of the central peak towards lower Bc values, and the appearance of a negative region in the 
lower quadrant around Bc = 100 mT indicate a slightly coarser magnetic grain-size of samples shown in 
Figures 4e and 4f compared to the other FORC diagrams. In addition to the PSD signature with a coercivity 
range consistent to magnetite, all diagrams contain a central ridge, which is typical for non-interacting SD 
particles, or isolated chains of such particles from fossil remains of magnetotactic bacteria (magnetofossils) 
(Egli et al., 2010). The existence of such SD particles is also confirmed by the negative FORC amplitudes 
in the lower quadrant near Bc = 0. These negative amplitudes are caused by the reversible rotation of SD 
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Figure 4. High-resolution first-order reversal curve (FORC) diagrams. (a)–(f) Contour lines represent the 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% 
quantiles of the total FORC magnetization. The area enclosed between two successive contour levels thus represents 10% of the total FORC magnetization.
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magnetic moments in the applied field (Newell, 2005). The contribution of the central ridge to the bulk 
magnetization, obtained by integrating the isolated ridge over Bc and Bu, is comprised ∼3%–8% of Mrs. Much 
larger relative contributions, often exceeding 50%, are observed in magnetofossil-rich sediments (Ludwig 
et al., 2013). Few terms of comparison are available for lithogenic SD particles: the central ridge of SD mag-
netite contained in silicate host minerals has been shown to contribute to ∼3% of Mrs in pelagic carbonates 
from the Pacific Ocean (Ludwig et al., 2013).

The FORC signature of Co1401-031 (∼3 mcd) is clearly distinct from that of the other examples (Figure 4b); 
contours are more oval-shaped, the central ridge peak is shifted towards higher coercivities, and the nega-
tive contribution associated with SD particles is much more pronounced. This is a typical signature of greig-
ite-bearing sediments (Egli et al., 2010; Roberts, et al., 2011; Rowan & Roberts, 2006; Vasiliev et al., 2008). In 
this case, it is superimposed with the PSD signature of lithogenic minerals, recognizable from the low-am-
plitude contours in the upper quadrant. Greigite is a byproduct of reductive diagenesis, which leads to the 
dissolution of ultrafine magnetite particles, including those contributing to the central ridge (Rowan & Rob-
erts, 2006). The coexistence of greigite and SD magnetite in lake sediments suggests that the dissolution of 
SD magnetite was incomplete (Egli, 2004a, 2004b). It is also possible that greigite magnetofossils contribute 
to the central ridge (Chen et al., 2014).

Further insight into the nature of the SD and PSD signatures in the FORC diagrams are provided by co-
ercivity distributions. Figure 5a shows the coercivity distributions fdcd obtained from DC demagnetization 
curves in a subset of FORC measurements. These coercivity distributions have different amplitudes that 
reflect concentration changes. The peak of sample 031 at ∼60 mT is typical of greigite-bearing sediments. 
The intermediate shape of sample 011-2 might be explained by a minor greigite contribution that is not eas-
ily identifiable in the corresponding FORC diagram. A coercivity analysis of fdcd is not possible because all 
curves are truncated at ∼125 mT, far from saturation. However, potential high-coercivity components are of 
minor importance since they are not present in sufficient quantity to significantly affect the hysteresis data.
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Figure 5. Coercivity distributions of first-order reversal curve (FORC) diagrams. (a) Coercivity distributions fdcd 
obtained from DC demagnetization curve data contained in the FORC measurements. (b) Central ridge coercivity 
distributions fcr. Localized peaks for sample 011-2 at ∼50 mT and sample 151 at ∼70 mT are probably associated with 
correlated measurement noise. (c) Same as (b) after normalizing fcr with fdcd(0). (d) Coercivity analysis of the fcr stack 
obtained with samples 079 and 335. The legend of (a)–(c), and (d) are next to (b) and (d), respectively.
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The downcore shift of the fdcd peak towards lower coercivities, from ∼20 to ∼15 mT confirms the grain-
size trend observed in the FORC diagrams. The coercivity distributions fcr associated with the central ridge 
(Figure 5b) share a similar shape, which is distinct from that of fdcd, up to sample 011-2, which might be 
affected by a larger amount of noise. All fcr distributions collapse onto a single curve when normalized by 
fdcd(0) (Figure 5c), but not by other normalizations (e.g., Mrs or Ms). This means that the central ridge mag-
netization (Table S2) does not correlate with Mrs (Mcr/Mrs: ∼3%–8%), χhf (Mcr/χhf: ∼3–6 T−1) or Ms (Mcr/Ms: 
∼1.0%–1.6%), as expected from a source that is independent from the detrital input. The good correlation 
between Mcr and the contribution fdcd(0) of the backfield distribution at H = 0 (Figure 5c) is probably due to 
the causal cancellation of concentration and grain-size trends affecting fdcd(0).

The central ridge distributions of samples 079 and 335 were of sufficient quality and similarity to stack 
them and perform a coercivity analysis (Figure 5d). Because fcr is entirely controlled by non-interacting 
SD particles or isolated chains of such particles (Egli et al., 2010), it was fitted by a linear combination of 
coercivity components attributed to SD particles with large ARM/IRM ratios in Egli (2004a). The low-coer-
civity component LC corresponds to the components D and EX in Egli (2004a), which have been associat-
ed with well-dispersed, nearly equidimensional magnetite particles of pedogenic or diagenetic origin. The 
components BS and BH, on the other hand, are exclusively associated with magnetofossil-rich sediments 
and have been interpreted as originating from chains of equidimensional (BS) and elongated (BH) magne-
tosomes (Egli, 2004a, 2004b; Heslopet al., 2014). The existence of the component BH, which appears exclu-
sive of magnetite magnetofossils (Chen et al., 2014) excludes significant reductive dissolution of biogenic 
and detrital magnetite particles. The lower magnetofossil concentration of 0.2–0.4 mA m2 kg−1 compared 
to 2.2 mA m2 kg−1 in a magnetofossil-rich pelagic carbonate (Ludwig et al., 2013) can be explained by a 
dilution effect due to the much higher sedimentation rates. This assumes that the growth of magnetotactic 
bacteria is limited by the supply of organic material and not by iron. Since the sediment is low in organic 
material, it is reasonable to assume that this is the limiting factor.

4. Conclusions
We have characterized the mineral magnetic properties of the 46-m-long core Co1401 from Levinson-Less-
ing Lake in northern Siberia. Because of core disturbances, only the top 38 mcd were usable for analyses. 
However, above 38 mcd, Co1401 is characterized by an exceptionally homogeneous magnetic mineralogy, 
especially between 6.7 and 38 mcd. The main remanence carrier is PSD magnetite, ∼5 µm in size or less, 
complemented by SD particles (up to 8%), probably mainly of biogenic origin. The contribution of MD 
particles, if existing, is generally low. Magnetic mineral analyses suggest a division of samples derived from 
above and below 6.7 mcd. Above ∼6.7 mcd, the bulk magnetic mineralogy is harder and the bulk magnetic 
grain-size decreases. Greigite is present between ∼1 and 5 mcd, indicating reductive conditions. However, 
the persistence of a central ridge in a sample from ∼3 mcd, where the greigite concentration is maximal, 
excludes the onset of reductive magnetite dissolution.

The homogeneous magnetic mineralogy carried dominantly by particles in PSD state, combined with the 
reported high sedimentation rates represent ideal prerequisites for paleomagnetic studies. A comparable 
study site that enable to obtain a reliable and high-resolution record of the EMFs changes is not available in 
the Eurasian Arctic within a radius of more than 1,500 km. Besides, we illustrate the high potential of core 
Co1401 for a multi-proxy approach to decipher the climatic and environmental conditions in the vicinity of 
Levinson-Lessing Lake.

Data Availability Statement
Datasets for this research are available in Scheidt et al. (2021).
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