
1.  Introduction
Greigite (Fe3S4) is an inverse iron thiospinel with a ferrimagnetic structure similar to that of magnetite (Fe3O4) 
(Chang et al., 2008; Chang, Rainford, et al., 2009; Skinner et al., 1964). Greigite is common in natural environ-
ments and occurs in two main modes: (a) formed inorganically through microbially mediated sulfate-reduction, 
referred to as “diagenetic greigite” (e.g., Berner, 1984; Rowan & Roberts, 2006); and (b) formed biogenically 
by intracellular biomineralization in sulfidic magnetotactic bacteria, referred to as “biogenic greigite” (Farina 
et al., 1990; Mann et al., 1990). Diagenetic greigite has been widely identified and carries important paleomag-
netic and environmental information (see Roberts et al., 2011 and references therein). Fossilized biogenic greigite 
in sediments can be used as a reliable paleomagnetic recorder and paleoenvironmental proxy in anoxic environ-
ments (Chang et al., 2014; Reinholdsson et al., 2013; Vasiliev et al., 2008).

Interpreting paleomagnetic records carried by greigite can be problematic: greigite can grow authigenically any 
time after sediment formation, as long as suitable bio-geochemical conditions prevail leading to partial or fully 
remagnetized strata (Roberts & Weaver, 2005; Sagnotti et al., 2005). In some cases it is difficult to distinguish late 
diagenetic greigite growth from quasi-syn-sedimentary greigite formation (Rowan & Roberts, 2005). Anomalous 
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multipolarity magnetization is often seen in published thermal demagnetization data for greigite-bearing sedi-
ments (e.g., Florindo & Sagnotti, 1995; Horng et  al., 1998; Liu et  al., 2014; Rowan & Roberts, 2005, 2006; 
Turner, 2001), but the cause of this anomalous paleomagnetic behavior is not well understood. Multiple mech-
anisms have been proposed, including remagnetization due to late diagenetic greigite growth (e.g., Rowan & 
Roberts, 2005, 2006), magnetic mineral mixtures (e.g., Turner, 2001), and possible self-reversal (Florindo & 
Sagnotti, 1995; Horng et al., 1998). Each mechanism would imply a different cause and timing of natural rema-
nent magnetization (NRM) acquisition that hinders correct interpretations of magnetostratigraphic and environ-
mental records of greigite-bearing sediments.

Recently, anomalous paleomagnetic signals were observed in drill cores from the Pannonian Basin (Hungary); 
they were interpreted to be due to a mixture of framboidal greigite and greigite in silicates with different timing 
(Kelder et al., 2018). Here, we perform combined paleomagnetic, rock magnetic, and electron microscopic analy-
ses to investigate the origin of the multipolarity remanence in these greigite-bearing sediments. The link between 
NRM behavior, rock magnetic properties, and microscopic magnetic mineral populations is unveiled, result-
ing in a new model of NRM acquisition that can explain the anomalous magnetization commonly observed in 
greigite-bearing sediments.

2.  Samples and Methods
Greigite-bearing gray mudstones were sampled from the drill core PAET-34 in the Pannonian Basin (Hungary) 
following standard paleomagnetic procedures (Kelder et al., 2018; Magyar et al., 2019). Fourteen samples with 
distinct stepwise thermal demagnetization behavior were scrutinized. Remanence after thermal and alternating 
field (AF) demagnetization was measured on a 2G Enterprises cryogenic magnetometer at Utrecht University 
(The Netherlands), and at Peking University (PKU, Beijing), respectively. Hysteresis loops, first-order reversal 
curve (FORC) diagrams (Roberts et al., 2000), isothermal remanent magnetization (IRM) acquisition and back-
field demagnetization curves, and low-temperature magnetic properties were measured, using a Princeton Micro-
Mag 3900 vibrating sample magnetometer at the Research School of Earth Sciences, the Australian National 
University (Canberra), and a Quantum Design magnetic property measurement system (model MPMS3) at the 
School of Physics, PKU. IRM acquisition and backfield curves were measured in 80 logarithmically spaced steps 
up to 1 T. FORC settings of 500 mT saturation field, 200 ms averaging time, ±60 mT Bu, 150 mT Bc, and 150 
FORCs were used. Classic low-temperature cycling (LTC) of a room-temperature saturation IRM (SIRM), and 
SIRM warming curves after field-cooling (FC) treatment in a 2.5-Tesla field were measured with a 2-K/min rate. 
Magnetic susceptibility κ was measured using an AGICO Kappabridge (model MFK-1FA) at PKU.

Rock thin sections were imaged with a FEI QUANTA-650FEG field-emission (FE) scanning electron micro-
scope (SEM). Energy dispersive spectra (EDS) were measured as single points and maps. Transmission electron 
microscope (TEM) thin-film samples were prepared in situ on rock thin sections using a FEI Helios G4 focused 
ion beam (FIB) system operating at 30 kV. Bright-field TEM imaging, lattice fringes, selected-area electron 
diffraction (SAED), and EDS analyses were performed to quantify microtextures and mineral phases with a FEI 
Tecnai F20 FE-TEM operating at 200 kV. All microscopic analyses were made at PKU.

3.  Paleomagnetic and Rock Magnetic Data
Three main groups of thermal demagnetization behavior can be distinguished according to the nature of antipar-
allel remanence components (Kelder et  al.,  2018): “single-polarity” (S-type), “multi-polarity” (M-type), and 
“transitional-polarity” (T-type) (Figure  1a–1c; Figures S1a–S1c in Supporting Information  S1). The S-type 
samples have one major characteristic remanent magnetization (ChRM) component demagnetized between 
∼100° and 420°C and a minor viscous remanent magnetization (VRM) overprint demagnetized below ∼100°C 
(Figure 1a). The M-type samples have composite multipolarities with antiparallel NRM components (Figure 1c): 
low-temperature, medium-temperature, and high-temperature components with characteristic demagnetization 
ranges of ∼100° to 230°–250°C, 230°–250° to 300°–310°C, and 300°–310° to 350°C, respectively. The T-type 
samples have demagnetization behavior between the S- and M-type samples: they exhibit the antiparallel compo-
nents of remanence, but the antiparallel component is much smaller than that in the M-type samples and the 
demagnetization track does not cross quadrants in the vector component diagrams (Figure 1b). Most samples 
show a nearly complete demagnetization at 420°C. Only some S-type samples have a minor contribution from 
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Figure 1.
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higher temperature remanence component (∼500°–580°C) to the NRM (Kelder et al., 2018). AF demagnetization 
of an S-type sample (Figure S2a in Supporting Information S1) indicates gyroremanent magnetization (GRM) 
with increasing remanence at ∼60–80 mT AF field commonly observed in diagenetic greigite (Fu et al., 2008; 
Snowball, 1997). It was recognized by Kelder et al. (2018) that the multipolarity components cannot be resolved 
by AF demagnetization because of significant coercivity overlap (Figure S2 in Supporting Information S1).

The S-type samples have high Bc (∼37–43 mT), high Bcr (∼54–59 mT), high Mrs/Ms (∼0.41–0.52), and high SIRM/κ 
values (∼36–141 × 10 3 A/m; Table S1 in Supporting Information S1), and FORC diagrams of high-coercivity 
concentric contours (Bc peaks at ∼40–60 mT) with a large vertical spread (Figure 1d). Their major IRM component 
has median acquisition coercivity (B1/2) values of ∼70–80 mT and narrow dispersion parameters (DP) of ∼0.16–0.19 
(Figure 1g; Figures S1, S3, Table S2 in Supporting Information S1). Those features are typical of strongly interact-
ing single-domain (SD) assemblages reported for diagenetic greigite (Chang et al., 2014; Roberts et al., 2000, 2011; 
Vasiliev et al., 2008). Compared to the S-type samples, the M-type samples have lower Bc (∼14–25 mT), Mrs/
Ms (∼0.21–0.32), and SIRM/κ values (∼7–13 × 10 3 A/m; Tables S1, S2 in Supporting Information S1), FORC 
diagrams of low-coercivity (peak of ∼10–20 mT) interacting assemblages (Figure 1f), and a major IRM component 
with decreased coercivity (B1/2 of ∼40–53 mT) and distinctly larger DP values of ∼0.30–0.44 (Figure 1i; Figures 
S1, S3, Table S2 in Supporting Information S1). Rock magnetic properties for the T-type samples (Figures 1e 
and 1h; Figures S1 and S3 in Supporting Information S1) show a mixture of the S-type and M-type samples: FORC 
diagrams contain a low-coercivity and a high-coercivity components (Figure 1e); IRM gradient curves are fitted 
with a broader low-coercivity component overlapped with a narrower high-coercivity component (Figure 1h). Some 
T-type samples show complex mixture behavior and have medium coercivity values between the S- and M-type 
samples (Figures S1 and S3, Tables S1 and S2 in Supporting Information S1). Magnetic properties for the studied 
samples here are also different from those of typical biogenic greigite which have a central-ridge FORC signature 
(Bai, Chang, Pei, et al., 2022; Chang et al., 2014; Chen et al., 2014; Reinholdsson et al., 2013).

Low-temperature magnetic measurements were performed to investigate the magnetic minerology for the three 
sample types based on characteristic low-temperature phase transitions. The presence of stoichiometric magnetite 
in the S-type samples can be ruled out because of the absence of the Verwey transition (TV) (Figure 1j; Figures 
S1j and S4a in Supporting Information S1), which is consistent with the dominant presence of greigite without 
any known low-temperature transition (Chang, Roberts, et  al.,  2009). Low-temperature data for some S-type 
samples show the Morin (1950) transition in hematite (α-Fe2O3) (Figure 1j). LTC curves and SIRM warming 
curves for the M-type and T-type samples indicate a phase transition temperature of ∼30–32 K (Figure 1l, Figure 
S4 in Supporting Information S1) associated with monoclinic pyrrhotite (Fe7S8) (Rochette et al., 1990) and a 
broad TV (Figure 1l) in partially oxidized magnetite (Özdemir et al., 1993).

Plots of IRM gradient curves (Figure  1m), hysteresis loops (Figure S5a in Supporting Information  S1), the 
SIRM/κ-Bcr plot (Figure S5b in Supporting Information S1), the Day plot (Day et al., 1977), and the Néel (1955) 
diagram (Figures 1n and 1o) indicate a magnetic softening trend from the S-type to the T- and M-type samples: 
data move from the high-coercivity interacting SD region to the low-coercivity region with more superparamag-
netic (SP) and/or vortex grains.

4.  Electron Microscopic Observations and Possible Reaction Pathways of Greigite 
Alteration
SEM observations reveal abundant authigenic greigite and pyrite (FeS2) in all studied samples (Figure 2) with 
characteristic microtextures of framboids, euhedral crystals, and greigite grown in silicate cleavages (e.g., Kelder 
et  al.,  2018; Roberts & Weaver,  2005; Rowan & Roberts,  2005, 2006). The sulfide grains of the S-type and 

Figure 1.  (a–l) Paleomagnetic and rock magnetic results of representative samples with “single-polarity” (S-type), “transitional-polarity” (T-type), and “multi-polarity” 
(M-type) behavior, and (m–o) trend of hysteresis properties. (a–c) Vector component diagrams with the corresponding remanence decay curve during stepwise thermal 
demagnetization produced using the software PuffinPlot (Lurcock & Wilson, 2012). Temperatures of most thermal demagnetization steps are indicated on the vector 
component diagrams. (d–f) FORC diagrams processed using the FORCinel version 3.06 (Harrison & Feinberg, 2008) with a smoothing factor (Roberts et al., 2000) 
of 6. (g–i) Unmixed IRM gradient curves following the procedure of Kruiver et al. (2001) using the software BatchUnMix (Bai, Chang, Xue, & Wang, 2022). (j–l) 
Low-temperature cycling curves of a saturation remanence. The cooling and warming curves are indicated by blue and red arrows, respectively. Derivatives are shown 
in the background with the low-temperature phase transition temperatures of constituent magnetic minerals marked. (m) The first derivatives of isothermal remanent 
magnetization acquisition curves. (n) Day plot (Day et al., 1977) with Dunlop (2002) mixing lines for reference. (o) Néel (1955) plot with micromagnetic interpretations 
for magnetite calculated by Tauxe et al. (2002) for reference. SP = superparamagnetic, SD = single domain, MD = multidomain, CSD = cubic single domain, 
USD = uniaxial single domain. Gray arrows in (m–o) indicate data trends with increasing alteration.
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Figure 2.
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M-type samples appear to show distinct oxidation levels: the S-type samples contain nearly stoichiometric greig-
ite and pyrite (Figures 2a–2c), whereas the iron sulfide crystals (bright particles in Figures 2d–2i) in the M-type 
and T-type samples were altered or partially altered to iron oxides (gray particles in Figures 2d–2i). The oxidation 
degree appears visually to be grain-size dependent, where very fine grains were converted completely to iron 
oxides and larger particles typically have oxidation shells (Figures 2d–2l). This grain size-dependent oxidation 
is confirmed by EDS mapping (Figures 2j–2l) and EDS point analysis (Figure S6 in Supporting Information S1) 
on a large number of crystals in the M-type samples (Figures 2m–2o). It can be explained by a tendency for fine 
particles to be affected more by alteration due to their larger surface area to volume ratios.

TEM observations on a FIB milling sample with M-type behavior (sample “PAP 441”) reveal grain clusters 
with variable sizes (Figures 3a–3e). EDS mapping indicates the common occurrence of core-shell structure with 
oxygen-enriched shells surrounding iron sulfide grain cores (Figures 3g, 3k, and 3s), suggesting pervasive altera-
tion of iron sulfides. High-resolution TEM imaging and SAED patterns of the altered iron sulfide grains suggest 
complex crystalline materials (Figures 3m–3q). The mineral phases in the altered shells can be confidently deter-
mined to be pyrrhotite (yellow in Figures 3m and 3n) and magnetite (red in Figure 3p) from a combination of 
electron diffraction and EDS analysis (Figure 3). The randomly distributed lattice fringes (Figures 3m and 3p) 
and ring-like diffraction patterns (Figure 3n) indicate that the pyrrhotite and magnetite shells are typically poly-
crystalline. For larger iron sulfide grains (Figure S7 in Supporting Information S1), lattice fringes and diffraction 
patterns typically show a crystal structure of pyrite (blue in Figures S7b, S7c in Supporting Information S1), 
mostly with surficial alteration (Figures S8g, S8k in Supporting Information S1).

Possible reaction pathways for magnetite formation involve (e.g., Wang & Chang, 2022):

Fe2+ + 2OH
−
→ Fe(OH)2� (1)

Fe3+ + 3OH
−
→ Fe(OH)3� (2)

Fe(OH)3 → 𝛼𝛼FeOOH + H2O� (3)

Fe(OH)2 + 2 𝛼𝛼FeOOH → Fe3O4 + 2H2O� (4)

A possible transformation reaction of greigite into pyrrhotite can be described:

7 Fe3S4 → 3 Fe7S8 + 4 S0� (5)

The inward alteration of iron sulfide grains is topotactic where the original iron sulfide microtextures and crystal 
morphologies are mostly preserved (Figures 2d–2i, 3b-3e). The smaller unit cell of magnetite in comparison 
to greigite (Chang, Rainford, et  al., 2009; Chang et  al., 2008; Skinner et  al., 1964), and the distinctly differ-
ent crystal structure of pyrrhotite can explain the polycrystallinity of the neoformed magnetite and pyrrhotite 
(Figures 3m–3p).

5.  A New Multi-Phase Self-Reversed Chemical Remanence Magnetization Mechanism 
Involving Greigite Alteration
The co-occurrence of greigite alteration, magnetic softening, and multipolarity NRM behavior suggests that the 
antiparallel remanence components in these greigite-bearing samples are caused by greigite alteration to magnet-
ite and pyrrhotite. Here we propose a new self-reversal explanation for the antiparallel remanence in diagenetic 
greigite, where a surface-grown chemical remanent magnetization (CRM) is acquired in the opposite direction 
to the primary remanence residing in the parent greigite core (Figures 3u–3x). Stoichiometric greigite acquires 
a near-primary CRM with a single-polarity (Figure 3u). As alteration proceeds, expanded magnetite/pyrrhotite 

Figure 2.  Backscattered electron (BSE) images (a–i) and energy dispersive spectra (EDS) mapping (j–l) of microtextures in S-type samples PAP-204 (a–b) and 
PAP-390 (c), (d–f) a T-type sample PAP-301, and (g–i) an M-type sample PAP-441. (j–l) EDS mapping of Fe, O, and S distributions in the sample area (i). Distortion in 
the upper part of (j–l) is caused by instrumental drift. (m–o) Statistics of single-point EDS data from an M-type sample PAP-441. All presented data are based on EDS 
atom percentages. The grain size is the diameter of the measured grains obtained from BSE images using the software ImageJ (Schneider et al., 2012). (m) Fe/S ratio 
equals 0.5 for sulfide grains above ∼0.5 μm, indicating a chemical composition of pyrite (FeS2). For grains below ∼0.5 μm, the sulfur content decreases, leading to an 
increased Fe/S ratio. (n) All except one measured iron sulfide grains contain at least 10% oxygen, and the oxygen content steadily increases for grains with sizes below 
∼1.5 μm. (o) The Fe/(S + O) ratios are mostly around a hematite-like and magnetite-like cation-to-anion matching. Blue dots and numbers indicate the EDS data points 
in Figure S6 of the Supporting Information S1. Pyrite: Py.
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Figure 3.
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shells result in a stable self-reversed magnetization (Figures 3v and 3w) as explained next. Surface oxidation/
alteration of greigite crystals provides an atomic contact interface between two ferrimagnetic phases: the greigite 
core and the magnetite/pyrrhotite shell. Ferrimagnetic phases across the phase boundary in partially altered 
greigite are coupled through an antiparallel remanence ordering (Figures 3v and 3w). The proportion of such 
self-reversed remanence component to the total remanence would increase as greigite alteration proceeds. But we 
suspect that this self-reversing component would not grow to a completion, because at some stage the decreas-
ing magnetic energy of the greigite core would not be large enough to overcome the magnetic energy needed to 
magnetize the newly formed magnetic shell, resulting in a multipolarity remanence. Kelder et al. (2018) showed 
that the self-reversed component in some samples is stronger than the initial magnetization, but it is not known 
when the self-reversal magnetization process stops as alteration proceeds.

Néel (1951) originally proposed two classes of self-reversal models for thermoremanent magnetization (TRM): 
single-phase and multi-phase. The single-phase self-reversal model was used to explain the acquisition of antipar-
allel remanence in titanomagnetites with high Ti substitutions and high oxidation states during cooling of igneous 
rocks (Doubrovine & Tarduno,  2004; Verhoogen,  1956). Cation substitution (i.e., Ni) was reported for natu-
ral greigite (Chang et al., 2014; Van Velzen et al., 1993). SEM- and TEM-based EDS analyses, however, did 
not reveal detectable cation substitutions in the studied iron sulfides and their oxidized counterparts. There is 
also currently no known N-type ferrimagnetic behavior, where the saturation magnetization—the net sublattice 
magnetization—changes sign in comparison to the stoichiometric phase for any oxidized phases of magnetite or 
greigite. So, the single-phase model of Néel (1951) is less likely to explain the suggested self-reversal for greigite, 
where significant cation substitution in greigite would be required.

The antiparallel components of remanence behavior in the greigite-bearing samples studied here can be better 
explained using the multi-phase self-reversal model of Néel (1951). The multi-phase model deals with TRMs and 
involves two (or more) interacting ferro- or ferrimagnetic phases with different blocking temperatures during cooling. 
First, the high-blocking temperature phase acquires a TRM in the direction of the external geomagnetic field. The 
low-blocking temperature phase then acquires a TRM that is antiparallel to the TRM direction of the high-blocking 
temperature phase, through antiparallel coupling facilitated either by magnetostatic interaction or exchange inter-
action that produces much stronger local fields than the external magnetic field (Figure 3x). Here, we extend this 
multi-phase self-reversal model for TRMs to CRMs, where the late formation of a magnetically softer magnetite/
pyrrhotite shell on the surface of the magnetically harder greigite core can in principle acquire a self-reversed CRM 
component of the shell. Acquisition of this self-reversed CRM is analogous to the self-reversed TRM of the lower 
blocking-temperature phase with respect to an earlier TRM of the higher blocking phase during cooling of igneous 
rocks (Dunlop & Özdemir, 1997; Krása et al., 2005). Our model also shares similarities to the core-shell “nanophase” 
self-reversal model for the ilmenite-hematite solid solution (Prévot et al., 2001). Micromagnetic simulation indicates 
that magnetostatic interaction coupling of two-layered magnetic phases is able to produce a self-reversed TRM of the 
oxidized shell (Krása et al., 2005). We suspect that magnetostatic interaction between the shell magnetic phase and 
the magnetic core in altered greigite is more likely to explain the self-reversal CRM acquisition (Figure 3x).

6.  Geochronological, Tectonic, and Paleoenvironmental Implications
The alteration mechanism with different oxidation/alteration degree of greigite could explain the observed anom-
alous paleomagnetic remanence with variable polarity components of opposite direction in greigite-bearing sedi-
ments (Figures 1 and 3u–3x). The low-(un)blocking temperature and high-(un)blocking temperature components 
were interpreted to be a quasi syn-depositional remanent magnetization carried by early diagenetic greigite (Kelder 
et al., 2018). For the medium-(un)blocking temperature remanence component, unlike the interpretation of remagnet-
ization due to late greigite growth in silicate sheets by Kelder et al. (2018), we here interpret this opposite remanence 
component is a self-reversed magnetization acquired during surface alteration of greigite into ferrimagnetic magnetite 

Figure 3.  (a–t) Transmission electron microscopic (TEM) analyses for a “multi-polarity” sample PAP-441, and (u–x) proposed self-reversal mechanism during 
progressive greigite alteration. (a) Overview of the focused ion beam (FIB) milled sample and (b–e) mineral aggregates with various grain sizes. Pink (f, j, r), yellow (g, 
k, s), and red (h, l, t) dots indicate the distribution of the elements Fe, O, and S. White, orange, and red Miller indices (hkl) and arrows in (m, n, p, q) indicate greigite, 
4C monoclinic pyrrhotite, and magnetite, respectively. Schematic illustration of the self-reversal mechanism: (u) stoichiometric diagenetic greigite without alteration, 
(v) acquisition of a small portion of self-reversed magnetization of the surface magnetic phases (red-orange arrows) with respect to the more primary chemical 
remanent magnetization (CRM) carried by the parent greigite core (blue arrows), (w) acquisition of a large self-reversed CRM component with extensive alteration, (x) 
acquisition of a self-reversal CRM in a partially altered greigite crystal facilitated by the magnetostatic interaction field of the greigite core that exceeds the external 
fields, and/or the strong exchange interactions across the alteration interface.
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and pyrrhotite. The medium-temperature remanence component with a typical demagnetization range of 230°–250°C 
to 300°–310°C is broadly consistent with the unblocking temperature for monoclinic pyrrhotite with a Curie temper-
ature (TC) of 320°C and nanophase magnetite with reduced blocking temperature compared to the 580°C TC of bulk 
magnetite. This could explain why the later-acquired, self-reversed component often resides in the middle part of the 
blocking temperature spectrum that is lower than the blocking temperature of early diagenetic greigite.

Alteration of greigite and pyrite in the sedimentary environments may be related to percolation of oxic fluids 
in different geological settings (e.g., Huang et al., 2017; Rowan & Roberts, 2006) to produce magnetite, or at 
specific temperature, pH and redox conditions, to produce pyrrhotite (e.g., Dinarès-Turell & Dekkers,  1999; 
Larrasoaña et al., 2007). Thus, specific post-depositional sedimentary conditions can cause remagnetization and 
multipolarity remanence in diagenetic greigite. The self-reversal mechanism as argued for here, provides a radi-
cally new view on the cause and timing of remanence acquisition in greigite-bearing sediments, which is critical 
for correct interpretations of paleomagnetic signals from greigite-bearing sedimentary strata for geochronologi-
cal, tectonic and paleoenvironmental implications.

The self-reversal mechanism is suggested to explain some paleomagnetic records of igneous rocks (Doubrovine 
& Tarduno, 2004; Dunlop & Özdemir, 1997; Krása et al., 2005; Prévot et al., 2001; Swanson-Hysell et al., 2011), 
but it is very rarely reported in sedimentary records. Sedimentary examples include possible self-reversal in 
Arctic sediments due to seafloor oxidation of titanomagnetite (Channell & Xuan, 2009), and self-reversed CRM 
carried by Al-substituted hematite in red soils (Liu et  al.,  2022). Recognition of self-reversed remanence in 
greigite had so far not been proven but is important for paleomagnetic interpretations. We therefore suggest 
that the antiparallel remanence in greigite-bearing sediments from thermal demagnetization, particularly with a 
small heating step in the 230–310°C temperature range, should be investigated for a possible self-reversal. With 
the typical 30°C or larger temperature steps in the 200–350°C range, the self-reversed component may have 
been overlooked in some previous paleomagnetic studies on greigite-bearing sediments. Possible diagnostics of 
self-reversal in greigite include: (a) antiparallel remanence component in the demagnetization temperature range 
of 230°–250°C to 300°–310°C, (b) magnetic softening with reduced coercivity, Mrs/Ms, SIRM/κ values, and 
absence of GRM behavior compared to typical SD diagenetic greigite, (c) grain surface alteration of greigite into 
pyrrhotite/magnetite under TEM/SEM observations.

7.  Conclusions
The present study investigates the origin of the antiparallel NRM components in greigite-bearing sediments 
from the Pannonian Basin (Hungary), and a novel case of self-reversed magnetization is proposed to explain the 
long-standing enigma of anomalous remanence carried by greigite. Integrated paleomagnetic, rock magnetic, and 
electron microscopic analyses indicate that the “multi-polarity” samples with opposite NRM components contain 
abundant altered iron sulfides, mostly with polycrystalline magnetite and pyrrhotite shells in contact with greigite 
cores, whereas the “single-polarity” samples contain nearly stoichiometric greigite and pyrite without significant 
alteration. The alteration (i.e., oxidation and pyrrhotization) is topotactic, and the oxidation extent of the iron 
sulfides is grain-size dependent, with higher oxidation degree for smaller greigite and pyrite grains because of 
their larger surface area to volume ratio.

A new self-reversal model is proposed to explain the observed multipolarity magnetization in greigite-bearing 
sediments, where the surficial magnetite or pyrrhotite acquired a later CRM that is coupled in the opposite 
direction with the (quasi-)primary remanence of the greigite core. The antiparallel remanence coupling in the 
alteration interface is more likely facilitated through magnetostatic interaction (and less likely through exchange 
interaction). That is, the local magnetic field in the shell region produced by the greigite core is much stronger 
than the external geomagnetic field. This multi-phase self-reversal model is directly supported by TEM-based 
chemical mapping and electron diffraction analyses. Future work, including nanoscale magnetic imaging and 
micromagnetic simulation will help to assess and validate this proposed grain-growth self-reversal model.

Recognition of a self-reversal mechanism in greigite-bearing sediments has profound implications for under-
standing the long-standing problem of their anomalous remanence behavior. Realization of the environmental 
cause and timing of the antiparallel remanence acquisition is important for a correct interpretation of paleomag-
netic records from greigite-bearing sediment sequences that are widely used for geochronology, tectonics, and 
paleoenvironmental reconstructions.

 19448007, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
103885 by U

trecht U
niversity, W

iley O
nline L

ibrary on [23/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

CHANG ET AL.

10.1029/2023GL103885

10 of 11

Data Availability Statement
Paleomagnetic and rock magnetic data, magnetic parameters, and fitted coercivity of remanence component 
parameters, and energy dispersive spectra data for the studied samples can be downloaded from the Zenodo 
repository (https://doi.org/10.5281/zenodo.7925726).
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