
1. Introduction
The anhysteretic remanent magnetization (ARM) is a laboratory-imparted artificial remanence that is used widely 
in mineral magnetic studies (Dunlop & Özdemir, 1997). An ARM is usually imparted by exposing a sample to an 
alternating field (AF; e.g., ∼100 mT) with a superimposed small direct current (DC; e.g., ∼50 μT) bias field. The 
bulk ARM is given as the sum of the ARM of each component (Egli, 2004a, 2004b; Fabian & Leonhardt, 2009):

𝑀𝑀𝑎𝑎𝑎𝑎 = 𝐻𝐻𝑑𝑑𝑑𝑑

∑𝑁𝑁

𝑖𝑖=1
𝑀𝑀𝑎𝑎𝑟𝑟𝑖𝑖𝜘𝜘𝑖𝑖, (1)

where Mar is the bulk ARM imparted with a DC field Hdc for a sample containing N magnetic components with 
saturation remanence Mrs and component-specific ARM ratios, 𝐴𝐴 𝜘𝜘𝑖𝑖 = 𝜒𝜒𝑎𝑎𝑖𝑖∕𝑀𝑀𝑟𝑟𝑟𝑟𝑖𝑖 , where 𝐴𝐴 𝜘𝜘𝑖𝑖 is the ratio of the ARM 
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susceptibility 𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎 to Mrsi for the ith component. Stable single domain (SD) particles acquire a larger ARM than 
multi-domain (MD) particles (Maher, 1988). ARM is also an important parameter for normalizing the natural 
remanent magnetization (NRM) to estimate the geomagnetic relative paleointensity (RPI) using NRM/ARM 
(Channell et al., 2014, 2018; Johnson et al., 1975; King et al., 1983; Levi & Merrill, 1976; Macrì et al., 2005; 
Pan et al., 2001; Richter et al., 2006; Stoner et al., 2000, 2003; Tauxe et al., 1995; Tauxe & Yamazaki, 2015; 
Yamamoto et al., 2007; Yamazaki & Yamamoto, 2018; Zhu et al., 2000). In this case, ARM provides a measure 
of the concentration of NRM carrier particles in a sample so that NRM/ARM is used as a measure of ancient 
geomagnetic field strength variations (e.g., King et al., 1983; Roberts et al., 2013; Tauxe, 1993). The ratio of 
ARM to bulk susceptibility or to isothermal remanent magnetization (IRM) is also used commonly in magnetic 
studies (Arnold et al., 1995; Banerjee et al., 1981; Channell et al., 2016; Dunlop & Özdemir, 1997; Evans & 
Heller, 2003; Florindo et al., 2013; Ge et al., 2012; Hunt et al., 1995; King et al., 1982; Larrasoaña et al., 2012; 
Maher, 2011; Nie et al., 2013; Thompson & Oldfield, 1986; Torrent et al., 2007). The ARM to isothermal rema-
nent magnetization (IRM) ratio can be expressed as due to N components:

𝑀𝑀𝑎𝑎

𝑀𝑀𝑟𝑟𝑟𝑟

= 𝐻𝐻𝑑𝑑𝑑𝑑

∑𝑁𝑁

𝑖𝑖=1
𝑀𝑀𝑟𝑟𝑟𝑟𝑖𝑖𝜘𝜘𝑖𝑖

∑𝑁𝑁

𝑖𝑖=1
𝑀𝑀𝑟𝑟𝑟𝑟𝑖𝑖

. (2)

Depending on which component dominates the magnetic mineral assemblage, Ma/Mrs might be controlled by 
grain size (e.g., sediments dominated by a detrital component; Banerjee et al., 1981; Dunlop & Özdemir, 1997; 
King et  al., 1982; Thompson & Oldfield, 1986), magnetostatic interactions (e.g., among magnetic inclusions 
within silicate host minerals; Chang, Roberts, et al., 2016), configurational anisotropy (e.g., magnetofossils with 
different chain structures; Amor et  al.,  2022; Li et  al.,  2012; Moskowitz et  al.,  1993; Pan et  al.,  2005), or a 
combination of these factors. ARM-related parameters can, therefore, provide considerable magnetic and envi-
ronmental information from natural archives. It is necessary to understand the magnetic components responsible 
for ARM changes before interpreting such information.

Globally distributed marine sediments are an important target of paleomagnetic and environmental magnetic 
studies. Vali et al. (1989) studied sediments from the Pacific and Atlantic Oceans to explore magnetic mineral 
compositions related to ARM variations. By comparing ARM demagnetization curves and their gradients, 
they defined three groups of ARM carriers. SD magnetofossils were the main ARM carrier, while volcanically 
sourced vortex state/MD magnetite-titanomagnetite within rock fragments, and a group with a distribution of 
vortex state/MD detrital phases with intermediate magnetic properties between those of the first two groups 
were identified as the main ARM carriers. In the western equatorial Pacific Ocean (ODP Site 805), biogenic 
magnetite near the Fe-redox boundary was verified to be the main ARM carrier by coercivity analysis (Tarduno 
et al., 1998). Egli (2004a) performed a more detailed analysis of ARM and IRM demagnetization curves using 
model functions on samples from various environments (i.e., lacustrine and marine sediments, limestone, loess, 
soils, and eolian dust). Eight magnetic component groups were identified by unmixing ARM demagnetization 
curves, including: low- and high-coercivity biogenic magnetite, low-coercivity detrital particles (D) and extracel-
lular magnetite (EX), a pedogenic component (PD), urban pollution (UP), and high-coercivity maghemite (eolian 
dust, ED) and imperfect antiferromagnetic components (H). Detrital particles and fine extracellular magnetite 
(D+EX), with two biogenic magnetite components were identified by Egli (2004a) in a marine sediment sample 
(pelagic carbonate, ODP Leg 182). Complicated magnetic mineral assemblages, with nine particle classes iden-
tified by electron microscope observations in equatorial Atlantic Ocean sediments, also provide information on 
ARM-related parameter variations, including the effects of mineralogy and source-to-sink processes (Franke 
et al., 2007). These studies demonstrate that identifying ARM carriers and interpreting ARM signals are not 
straightforward for magnetically multi-component marine sediments.

Fossilized biogenic magnetite (Kirschvink & Chang, 1984; Larrasoaña et al., 2012; Roberts et al., 2011; Vali 
et al., 1989; Yamazaki, 2012) produced in situ by magnetotactic bacteria (MTB) (Bazylinski & Frankel, 2004; 
Faivre & Schüler, 2008; Kopp & Kirschvink, 2008; Vali et al., 1987; von Dobeneck et al., 1987) occurs within the 
narrow SD grain size range. Hence, ARM is highly sensitive to magnetofossils. Although SD biogenic magnetite 
is an ideal ARM carrier, magnetofossil ARM characteristics can also be influenced significantly by the shape and 
collapse of their chain structures (Amor et al., 2022; Berndt et al., 2020; Li et al., 2012; Moskowitz et al., 1993; 
Pan et al., 2005), which complicates ARM interpretation.
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Marine sediments contain complex magnetic mineral mixtures with different origins and magnetic properties 
(e.g., Egli, 2004a; Franke et al., 2007; Li et al., 2020). Magnetic unmixing is often used to identify the remanence 
carrier for each component (e.g., Heslop, 2015). ARM demagnetization and component analysis are effective for 
this purpose (Egli, 2004a; Tarduno et al., 1998; Vali et al., 1989). First-order reversal curve (FORC) diagrams 
(Pike et al., 1999; Roberts et al., 2000) provide further information to discriminate among magnetic particles with 
different domain states (superparamagnetic, SD, vortex state, and MD) and origins (e.g., biogenic and detrital). 
Quantitative information about these magnetic mineral types can be obtained from FORC-principal component 
analysis (FORC-PCA) (Harrison et  al.,  2018; Lascu et  al.,  2015). Due to its numerical stability (as a linear 
spectral method) and use of a 2D parameter space, FORC-PCA has become a preferred method for numerical 
magnetic unmixing of marine sediments (Channell et al., 2016; Inoue et al., 2021; Qian et al., 2020; Roberts 
et al., 2018; Wagner et al., 2021; Yamazaki et al., 2020; Zhang et al., 2021).

In this study, we seek to identify ARM carriers in marine sediment cores from the Eastern Pacific Ocean, the 
Antarctic margin, the Arctic Ocean, and the South China Sea (Figure 1). We present ARM component analysis, 
FORC-PCA, transmission electron microscopy (TEM), and IRM unmixing results for samples from these cores. 
By comparing variations over tectonic and orbital timescales, we clarify magnetic component variations respon-
sible for ARM changes in these samples.

Figure 1. Location map of cores studied here. Also shown are sites from which magnetofossil records have been reported, including Sites 4 and 6 (Yamazaki 
et al., 2019), core KR13-02-PC06 (Yamazaki et al., 2020), IODP Hole U1365A (Yamazaki & Shimono, 2013), cores KR0515-PC2 and PC4 (Yamazaki & 
Horiuchi, 2016), core MR1402-PC1 (Sakuramoto et al., 2017), ODP Hole 805C (Tarduno et al., 1998), cores 182/184-KL (Vali et al., 1987), core MD00-2361 (Heslop 
et al., 2013), core M063-05 (Li et al., 2019), core E39.72 (Hesse, 1994), core CHAT-1K (Lean & McCave, 1998), IODP Sites U1334 and U1335 (Channell et al., 2013), 
IODP Hole U1337A (Yamazaki, 2012), core RR0603-03 (Chen et al., 2017), Site SBB (Santa Barbara Basin) (Stolz et al., 1986), core CD143-55705 (Chang, Heslop, 
et al., 2016), ODP Hole 711A (Chang et al., 2012), core MR03K04-PC5 (Yamazaki & Ikehara, 2012), ODP Site 738 (Larrasoaña et al., 2012; Roberts et al., 2011), and 
ODP Hole 885A (Zhang et al., 2021). Details of the studied cores are indicated in the inset table.
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2. Materials and Methods
2.1. Materials

In this study, 86 discrete sediment samples were analyzed from Eastern Pacific Ocean Drilling Program (ODP) 
Hole 1218A (Lyle et al., 2002), Antarctic margin core P4-1 (Wu et al., 2017), Arctic Ocean core ARC5-ICE4 
(Liu et al., 2019), and South China Sea core L07 (Wang et al., 2020). Relevant details for each sediment core are 
shown in Figure 1.

2.2. Methods

An ARM was imparted to samples from ODP Hole 1218A and cores P4-1 and ARC5-ICE4 in a 100-mT AF 
with a superimposed 50 μT DC bias field using a 2-G Enterprises Model 760-R cryogenic magnetometer with 
inline demagnetization system in a shielded room. ARM data for core L07 are from Wang et  al.  (2020). AF 
demagnetization of ARM is based on Egli (2004a), with 54 stepwise increasing peak AFs applied up to 100 mT 
along the same direction to which the ARM was imparted. The steps are distributed on a nearly logarithmic scale 
(1 mT steps for 0−20 mT, 1.5 mT steps for 21.5–26 mT, 2 mT steps for 28−72 mT, 3 mT steps for 74−80 mT, 
5 mT  steps for 85−100 mT). ARM AF demagnetization curves were then analyzed using the MAG-MIX software 
(Coercivity Distribution Analyzer (CODICA) and Generalized Coercivity Analyzer (GECA)) in Mathematica 
(Egli, 2003, 2004a).

FORCs were measured for all samples using a Princeton Measurements Corporation MicroMag 3900 vibrating 
sample magnetometer (VSM), with 100 FORCs measured per sample, a 500 ms averaging time, and 1 T maximum 
applied field. For Hole 1218A samples, Bc ranged between 0 and 150 mT and Bu between −40 and +40 mT. For 
cores P4-1 and ARC5-ICE4, Bc ranged between 0 and 200 mT and Bu between −80 and +80 mT. For core L07, 
Bc ranged between 0 and 150 mT and Bu between −60 and +60 mT. FORC data were imported into the FORCinel 
software (version 3.06; Harrison & Feinberg, 2008) for FORC-PCA with VARIFORC smoothing (Egli, 2013). 
Quantitative FORC analyses (quantile contours and coercivity distributions) were produced for extracted FORC 
EMs using VARIFORC (Egli, 2013, 2021). IRM curves for representative samples were measured with the VSM. 
IRM unmixing was then conducted with the MAG-MIX software (Egli, 2003, 2004a).

Magnetic minerals were extracted from representative bulk sediments following Zhang et  al.  (2018). Micro-
scopic analysis of magnetic extracts and magnetofossil identification were performed with a TEM following Li 
et al. (2020). Two-dimensional morphologies of targets were imaged and recorded with a JEOL 2100 TEM at 
200 kV. The chemical composition and mineralogy of individual particles were analyzed with energy-dispersive 
X-ray spectroscopy (EDXS) and selected area electron diffraction (SAED), respectively.

3. Results
3.1. ARM Variations

Bulk ARM variations for samples from each core are shown in Figures 2a-1 to 2d-1. For the longer and older 
Eastern Pacific Ocean Hole 1218A record, the mean ARM value (72.61 × 10 −5 Am 2/kg) is much higher than 
in the other cores, with a decreasing trend and high-amplitude fluctuations since the late Miocene (ARMBulk, 
Figure 2a-1). For Antarctic margin core P4-1, ARMBulk has characteristic glacial-interglacial variations over the 
past 500 ka and a 19.2 × 10 −5 Am 2/kg mean value (Figure 2b-1). For Arctic Ocean core ARC5-ICE4, the mean 
ARMBulk value is 4.77 × 10 −5 Am 2/kg for the past 2.6 Ma. ARMBulk increased gradually from 2.6 to 1.0 Ma, 
and then dropped between 1.0 and 0.4 Ma; thereafter, it rose again (Figure 2c-1). For South China Sea core 
L07, ARMBulk has a generally increasing trend over the past 40 ka with a mean value of 9.25 × 10 −5 Am 2/kg 
(Figure 2d-1).

3.2. ARM Component Analysis

ARM component analysis results for each core are shown in Figure  3. All samples in the four cores can be 
modeled with four magnetic components. The first is a low-coercivity (LC) component with magnetic properties 
close to those of the mixed detrital and fine-grained extracellular magnetite (D + EX) of Egli (2004a), which 
cannot be disentangled, due to their similar coercivity distributions. The second and the third components have 
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Figure 2. Comparison between ARM component analysis results and bulk ARM (ARMBulk). (a-1 to d-1) Variation of ARMBulk, ARM carried by MBS + MBH 
(ARMMBS+MBH), and low-coercivity (ARMLC) components. (a-2 to d-2) Variations of component proportions obtained from ARM coercivity spectra. (a-3 to d-3) 
Correlation plots of ARMMBS+MBH versus ARMBulk and ARMLC versus ARMBulk. The correlation coefficient is r. Red triangles on the age axis indicate samples for 
which FORC diagrams are shown in Figure 5.
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Figure 3. ARM component analysis results. The data were analyzed using the MAG-MIX software (CODICA and GECA). (a-1 to d-1) Normalized ARM 
demagnetization curves. (a-2 to a-4, b-2 to b-4, c-2 to c-4, d-2 to d-4) Coercivity distributions of ARM. The low-coercivity (LC), MBS, MBH, and high-coercivity (HC) 
components are labelled with pink, green, yellow, and gray, respectively. The sum coercivity distributions (blue) are plotted together with their confidence limits. The 
median destructive field (MDF) and relative contribution (Rel.) are shown in the respective tables. Information for HC is not shown here due to its incomplete definition 
due to the limited maximum AF used.
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similar coercivity distributions to those of the BM (biogenic marine) and BI (biogenic intermediate) components 
identified in Southern Ocean (ODP Leg 182) pelagic carbonates by Egli (2004a). BM and BI are the marine coun-
terparts of BS (biogenic soft) and BH (biogenic hard) from freshwater sediments, respectively; their 30% smaller 
MDFs are interpreted as due to differences in the magnetite produced by freshwater and marine magnetotactic 
bacteria strains (Egli, 2004a). To make it more specific, we use the terms marine biogenic soft (MBS) and marine 
biogenic hard (MBH) to refer to the BM and BI components, respectively, of Egli (2004a). The fourth component 
contains a variable high-coercivity (HC) contribution, which is more evident in core L07 (Figures 3d-2 to 3d-4). 
The HC component is unsaturated in the 100 mT maximum AF amplitude, especially for core L07; thus, separa-
tion of HC is poorly conditioned mathematically, which hampers its precise definition.

3.3. TEM Observations

TEM images of magnetic extracts from bulk sediments in each core are shown in Figure 4. Magnetofossils with 
equant and elongated morphologies are identified in Hole 1218A (Figures 4a-1 to 4a-6). From EDXS results, 
the magnetofossils contain Fe and O with no impurity elements (Figures 4a-7 to 4a-9) and corresponding SAED 
patterns (inserted diffraction diagrams in Figures 4a-1 and 4a-2) are consistent with the presence of magnetite. In 
this hole, equant magnetofossils are dominant compared to elongated forms (Figures 4a-10 to 4a-12). Abundant 
magnetofossils have been reported from Cenozoic eastern equatorial Pacific Ocean pelagic sediments (Channell 
et al., 2013; Chen et al., 2017; Yamazaki, 2012), where low organic carbon burial prevents reductive diagenesis, 
which aids bacterial magnetite preservation (Channell et al., 2013). The low organic carbon contents and oxic 
conditions are validated by the lithostratigraphy and pore water geochemistry at Site 1218 (Lyle et al., 2002).

For core P4-1, beside biogenic magnetite (Figures 4b-1 to 4b-5), submicron detrital minerals are detected in 
TEM observations (Figure 4b-6), which may be (titano)magnetite as indicated by the SAED pattern (diffrac-
tion diagram inset in Figure 4b-6) and elemental compositions (Figure 4b-9). Antarctic margin magnetofossil 
records have been obtained from Paleocene-Oligocene sediments at ODP Site 738, southern Kerguelen Plateau 
(Larrasoaña et al., 2012; Roberts et al., 2011). We detect magnetofossils from even closer to the Antarctic conti-
nent in late Pleistocene sediments from core P4-1, Prydz Bay. Core P4-1 is located far from submarine canyons, 
so sediments are not affected by turbidity or debris flows, which ensures reasonably stable sedimentation (Wu 
et al., 2017). This condition is conducive to biogenic magnetite preservation.

The two magnetofossil types (Figures 4c-1 to 4c-5, 4d-1, 4d-2, 4d-4 to 4d-6) and submicron detrital (titano)
magnetite (Figures  4c-6 and  4d-3) are also identified in cores ARC5-ICE4 and L07. No obvious diagenetic 
reduction has been identified in these two cores (Liu et al., 2019; Wang et al., 2020), and magnetofossils are well 
preserved. Core ARC5-ICE4 provides the first magnetofossil record from Arctic marine sediments. The core is 
from the eastern Lomonosov Ridge, central Arctic Ocean. Although there is less knowledge of the Cenozoic pale-
oceanography of the central Arctic Ocean than for any other ocean basin (Coakley et al., 2016), our results reveal 
that even polar environments provide suitable conditions for MTB biomineralization, and extend the reported 
geographical distribution of magnetofossils.

Elongated magnetofossils have been proposed to have higher coercivities than equant types (Chang et al., 2018; 
Egli, 2004a; Yamazaki et al., 2019, 2020; Zhang et al., 2021). Direct observation of these two magnetofossil types 
supports our ARM component interpretation. It also supports the interpretation that the coercivity of magnetite 
produced by marine MTB strains is smaller than that produced by freshwater strains (Egli, 2004a).

3.4. FORC-PCA

FORC diagrams for representative samples and FORC-PCA results are shown in Figure 5. For Hole 1218A, all 
FORC diagrams have characteristic central ridges with narrow vertical distributions (Figures 5a-4 to 5a-6). Two 
end members (EMs) with marked central ridges are evident in FORC-PCA results (Figures 5a-2 and 5a-3). Two 
EMs explain ∼81% of the data variance. The Bc distribution of EM1 peaks at ∼15–20 mT and extends to ∼60 mT 
(Figure 5a-2), while that of EM2 peaks at ∼30 mT and extends to ∼80 mT (Figure 5a-3). FORC diagrams for 
these two EMs are typical of those for magnetostatically noninteracting SD particles (Egli et  al.,  2010; Pike 
et al., 1999; Roberts et al., 2000) associated with magnetofossils, as determined from selective chemical extrac-
tion (Ludwig et  al.,  2013) and micromagnetic calculations (Amor et  al.,  2022; Chang et  al.,  2019). The two 
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Figure 4. Transmission electron microscope (TEM) images for (a) Hole 1218A, and cores (b) P4-1, (c) ARC5-ICE4, and (d) L07. TEM images are shown in a-1 to a-6, 
b-1 to b-6, c-1 to c-6, and d-1 to d-6. Insets are selected area electron diffraction (SAED) patterns for the corresponding analysis points. Respective energy-dispersive 
X-ray spectroscopy (EDXS) results are shown in a-7 to a-9, b-7 to b-9, c-7 to c-11, and d-7 to d-9. Si and Cu signals are from nearby silicate particles and Cu grid, 
respectively. Magnetofossil size distributions are shown in a-10 to a-12, b-10 to b-12, c-12, and d-10 to d-12, where yellow and green symbols denote magnetofossils 
with elongated (width/length <0.75) and equant (0.75 < width/length < 1) crystals, respectively (Kopp & Kirschvink, 2008); pie charts are the corresponding statistics.
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Figure 5. FORC-PCA results for (a) Hole 1218A (VARIFORC (Egli, 2013) smoothing parameters are: Sc0 = 4, Sb0 = 3, and Sc1 = Sb1 = 7); (b) core P4-1 (Sc0 = 4, 
Sb0 = 3, and Sc1 = Sb1 = 7); (c) core ARC5-ICE4 (Sc0 = 5, Sb0 = 4, and Sc1 = Sb1 = 7); and (d) core L07 (Sc0 = 6, Sb0 = 5, and Sc1 = Sb1 = 9). Principal component (PC) 
scores are shown for the samples in a-1 to d-1. End member (EM) FORC diagrams are shown in a-2, a-3, b-2, b-3, c-2, c-3, c-4, d-2, d-3, and d-4. FORC diagrams for 
representative samples are shown in a-4 to a-6, b-4 to b-6, c-5 to c-7, and d-5 to d-7.
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Figure 6. IRM unmixing results. The data were analyzed using the MAG-MIX software (CODICA and GECA). (a-1 to d-1) Normalized IRM acquisition curves. 
(a-2 to a-4, b-2 to b-4, c-2 to c-4, and d-2 to d-4) Coercivity distributions of IRM. The low-coercivity (LC), MBS, MBH, high-coercivity (HC), and hematite (H) 
components are labelled with pink, green, yellow, gray, and brown, respectively. The sum of coercivity distributions (blue) are plotted together with their confidence 
limits. The median destructive field (MDF) and relative contribution (Rel.) are shown in the respective tables.
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magnetofossil EMs differ mainly in their coercivity distributions and can be 
related to the MBS and MBH components, respectively (Egli, 2004a). There 
is no evidence for single-vortex particles in this hole.

For core P4-1, FORC diagrams contain mixed central ridge and vertically 
extended signals (Figures  5b-4 to  5b-6). Two EMs are defined from the 
FORC-PCA results (Figures 5b-2 and 5b-3), which explain ∼85% of the data 
variance. The FORC diagram for EM1 contains an obvious central ridge with 
∼30 mT peak coercivity that extends to ∼100 mT and triangular contours 
that diverge toward Bc = 0 (Figure 5b-2). For EM2, the FORC diagram has 
a ∼5 mT peak coercivity and wide vertical spreading (Figure 5b-3), which is 
likely to be due to a mixture of vortex state and MD grains (Egli, 2021; Lascu 
et al., 2018; Roberts et al., 2017, 2018).

For core ARC5-ICE4, mixed central ridge and vertically extended signals 
are also detected in FORC diagrams (Figures  5c-5 to  5c-7). Three EMs 
are identified in FORC-PCA results (Figures 5c-2 to 5c-4), which explain 
∼85% of the data variance. FORC diagrams for EM1 (Figure 5c-2) and EM2 
(Figure 5c-3) both contain obvious central ridges and vertical distributions. 
The Bc distributions of EM1 and EM2 peak at ∼20 and ∼40 mT and extend 
to ∼60 and ∼80 mT, respectively. The FORC diagram for EM3 has distinct 
vertical spreading parallel to the Bu axis with peak Bc at ∼10–15 mT and 
extended Bc distributions along the Bu = 0 axis to higher fields (Figure 5c-4).

For core L07, central ridges and vertically spreading contributions are also observed in FORC diagrams 
(Figures 5d-5 to 5d-7). Three EMs are identified in the FORC-PCA results (Figures 5d-2 to 5d-4). Three EMs 
explain ∼63% of the data variance. FORC diagrams for EM1 (Figure 5d-2) and EM2 (Figure 5d-3) both have 
distinct central ridges with vertical extensions. The Bc distribution for EM1 has a peak at ∼20 mT and a tail to 
∼50 mT, and that of EM2 peaks at ∼40 mT and extends to ∼100–120 mT. Compared to the vertical spread in 
EM1 and EM2, the non-central ridge feature indicated by triangular contours diverging toward Bc = 0 is more 
conspicuous in EM3 (Figure 5d-4).

3.5. IRM Unmixing

To evaluate the influence of magnetofossil chain structures, IRM unmixing was conducted for representative 
samples to obtain the IRM of the MBS and MBH components and to calculate χARM/IRM for biogenic compo-
nents. IRM unmixing results are shown in Figure 6. Five components, including the LC, MBS, MBH, HC, and 
hematite (H) components were modelled for the four cores. χARM/IRM values are listed for MBS, MBH, and LC 
in Table 1 for the four cores. For MBS and MBH, Hole 1218A has the highest values, and ARC5-ICE4 and L07 
have relatively low values.

4. Discussion
4.1. Hole 1218A

For Eastern Pacific Hole 1218A, a consistent relationship between bulk ARM (ARMBulk) and ARM carried by 
biogenic components (ARMMBS+MBH) is found over the last 11 Ma (Figure 2a-1) with correlation coefficient, 
r = 0.98 (Figure 2a-3). ARMBulk correlates less well with the LC component (Figure 2a-3). A marked LC peak 
occurs at 3.2 Ma (Figure 2a-2), where a sharp ARMBulk drop (Figure 2a-1) may be caused by the lower χARM/SIRM 
of this component in this hole (Table 1). The LC peak might be caused by an increased detrital contribution to the 
LC component, which led to dilution of the magnetofossil signal (e.g., Heslop et al., 2013).

Quantile contours provide an objective measure of vertical spread in FORC diagrams and of the relative central 
ridge contribution (Egli, 2021). Quantitative analyses of FORC EMs based on quantile contours and coercivity 
distributions enable deeper interpretation of FORC-PCA results and provide unbiased EM representations. As 
shown in Figures 7a-1 and 7a-2, the EM1 and EM2 FORC diagrams with quantile contours contain central ridges 
and negative regions in the lower quadrants, which are typical of uniaxial non-interacting SD (UNISD) particles 

Core
Sample 

age
MBS-χARM/

IRM (mm/A)
MBH-χARM/

IRM (mm/A)
LC-χARM/

IRM (mm/A)

1218A 3.2 Ma 2.48 2.41 2.34

4.7 Ma 2.16 2.12 2.08

10.4 Ma 2.12 1.97 2.14

P4-1 77.6 ka 1.25 1.23 2.12

241.1 ka 1.33 1.20 1.77

365.9 ka 1.10 1.20 3.08

ARC5-ICE4 0.4 Ma 0.35 0.26 0.54

1.0 Ma 0.56 0.53 1.21

1.9 Ma 0.41 0.43 1.46

L07 5.1 ka 0.76 0.81 7.89

18.1 ka 0.66 0.65 4.56

35.2 ka 0.68 0.61 3.94

Table 1 
χARM/IRM for MBS, MBH, and LC Components Based on ARM Component 
Analysis and IRM Unmixing
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and magnetofossil chains (Egli et  al.,  2010; Heslop et  al.,  2014; Roberts et  al.,  2012). The central ridges of 
EM1  and EM2 are surrounded by two asymmetric lobes; the upper one terminates sharply at Bc ≈ 30 mT (EM1, 
the outermost 30% quantile contour in the upper quadrant of Figure 7a-1) and ∼50 mT (EM2, the outermost 30% 
quantile contour in the upper quadrant of Figure 7a-2), which are a characteristic signature of multi-stranded 

Figure 7.
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(or fold-collapsed) magnetosome chains (Amor et  al.,  2022). The lobes around the central ridge are caused 
by nucleation and annihilation of flux-closure (FC) magnetic states, which can form in multi-stranded (or 
fold-collapsed) chains, but not in single-stranded ones (Amor et al., 2022; Egli, 2021). Single- and multi-stranded 
(or fold-collapsed) chains contribute differently to the ARM. For single-stranded chains, ARM represents the 
room-temperature thermodynamic equilibrium between two symmetric SD states (with all magnetic moments 
parallel or antiparallel to the chain axis) in a decaying AF, as is the case for UNISD particles (Egli & Lowrie, 2002). 
Corresponding χARM/IRM values of 2–3 mm/A (Moskowitz et al., 1993) depend only on the energy barrier of 
a thermally activated transition between SD states. In multi-stranded (or fold-collapsed) chains, FC states are 
selected because of their smaller energy, so that the corresponding ARM is associated with the energy barrier 
of FC denucleation, which is similar to that of FC states in single-stranded chains (Amor et al., 2022). However, 
because of the small or vanishing magnetic moment of FC states, χARM/IRM of multi-stranded (or fold-collapsed) 
chains is considerably smaller (Pan et al., 2005). Multi-stranded (or fold-collapsed) chains also contribute to the 
BS and BH components, so that lower-than-usual χARM/IRM values for these components (e.g., Egli, 2004c), can 
be explained by a higher proportion of multi-stranded (or fold-collapsed) chains.

For Hole 1218A, elevated χARM/IRM values for biogenic components (MBS and MBH) (Table 1) and good corre-
lation between ARMBulk and the EM1 + EM2 magnetizations (MagEM1+EM2) (Figure 8a-3) confirm that magneto-
fossils (mainly single-stranded chains), control ARM variations. Even so, quantile contours in the EM1 and EM2 
FORC diagrams contain distinct multi-stranded (or fold-collapsed) chain signatures, so we try to quantify their 
fractions as follows. The largest χARM/IRM values encountered for BS and BH coercivity components are close to 
5 mm/A (Egli, 2004a). Multi-stranded chains lower χARM/IRM, so it can be assumed that a maximum of 5 mm/A 
corresponds to cases where single-stranded chains are dominant. This value is larger than the 3.4 mm/A average 
for cultured MTB (see Table 1 in Amor et al. (2022)); however, cultured MTB samples are usually concentrated 
so that magnetostatic interactions become important. The MBH-χARM/IRM average value of three samples in Hole 
1218A is 2.167 mm/A (Table 1). Assuming that multi-stranded (or fold-collapsed) chains do not contribute to 
the ARM, the maximum relative fraction of single-stranded chains is 2.167/5 = 43%. Consider now the EM2, 
where the central ridge contributes ∼64.3% of the total FORC magnetization (the number comes from separating 
the  central ridge and calculating the integral of the separated central ridge (Egli, 2013, 2021)). For comparison, 
the micromagnetically modelled mean central ridge contributions of single-stranded and multi-stranded (double 
or fold-collapsed) chains are rss = 93% and rms = 50%, respectively (see Table 3 in Amor et al. (2022)). Assum-
ing p and 1 − p to be the fractions of single-stranded and multi-stranded (or fold-collapsed) chains, the relative 
contribution of the central ridge to the total FORC magnetization is given by:

(

���

�forc

)

�������
= ���� + (1 − �)���. (3)

Solving with respect to p gives:

� =

(

���
�forc

)

�������
− ���

��� − ���
. (4)

The above estimate gives p = 33% in the EM2. Hence, two independent single-stranded chain fraction estimates 
yield consistent values of 43% and 33%. Thus, it can be inferred that the multi-stranded (or fold-collapsed) chain 
fractions (∼57 and 67%) are relatively stable and non-negligible.

The correlation coefficient between ARMMBH and MagEM2 (r = 0.94, Figure 9a-2) is higher than that between 
ARMMBS and MagEM1 (r = 0.80, Figure 9a-1). For pure magnetofossils, a central maximum in FORC diagrams 

Figure 7. Quantitative analyses of FORC EMs for Hole 1218A based on quantile contours (a-1 and a-2) and coercivity distributions (b-1, b-2, c-1, c-2). Coercivity 
distributions plotted on (b-1 and b-2) linear and (c-1 and c-2) logarithmic field scales. The two scales are useful for detecting different features. Depending on 
coercivity component overlaps, some components are more visible on either a linear or a logarithmic scale. Three coercivity distribution types can be obtained from 
FORC measurements: fhys is the derivative of the irreversible component of the ascending hysteresis loop branch (red curves), fdcd is the derivative of DC (backfield) 
demagnetization of Mrs (blue curves), and fcr is the coercivity distribution of the central ridge (green curves). Red curves (fhys) over negative fields correspond to 
non-central ridge features in the FORC diagram upper quadrant. Bulk EM properties can be obtained: EM1: Mrs/Ms = 0.335, Mcr/Mrs = 0.775, and non-central ridge 
contributions (22.5%) in the upper quadrant are limited to Bc = 30 mT. EM2: Mrs/Ms = 0.400, Mcr/Mrs = 0.670, and non-central ridge contributions (33%) in the upper 
quadrant are limited to Bc = 50 mT. Mcr, Ms, and Mrs are the central ridge magnetization, saturation magnetization, and saturation remanence in magnetization units of 
the EM components, respectively.
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Figure 8. Comparison between ARM and FORC-PCA results. (a-1 to d-1) Variations of EM proportions obtained from FORC-PCA. (a-2 to d-2) Variations of ARMBulk 
and magnetization (Mag) carried by EMs from FORC-PCA. (a-3 to d-3) Correlation diagrams between EM magnetizations and ARMBulk. The correlation coefficient is 
r. Red triangles on the age axis indicate samples for which FORC diagrams are shown in Figure 5.
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should be detached from the Bc = 0 axis (Amor et al., 2022; Chang et al., 2019; Ludwig et al., 2013). However, 
the maximum is close to Bc = 0 in the EM1 central ridge (Figure 5a-2). Hence, some non-magnetofossil SD 
contributions (i.e., LC components) may be present in EM1. This can be confirmed by quantitative analysis. 
For example, the FORC contours of both EMs merge with Bc = 0, which lowers Mrs/Ms below the expected 

Figure 9. Comparison between ARM components and FORC-PCA endmembers. All horizontal axes represent the ARM 
carried by either MBS or MBH from ARM component analysis. All vertical axes represent the magnetization carried by EMs 
identified from FORC-PCA. The correlation coefficient is r.
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magnetofossil value. This is also due to central ridge LC contributions. More limitations of FORC-PCA can 
also be seen in the following case. The EM1 and EM2 central ridge coercivity distributions both contain three 
components at ∼10, ∼27, and ∼50 mT (green curves, Figures 7c-1 and 7c-2), which correspond to the LC, MBS, 
and MBH components. This means that FORC-PCA did not separate magnetofossil signatures completely in 
terms of coercivity, nor in terms of single-vs. multi-stranded (or fold-collapsed) chains. Nevertheless, LC is most 
pronounced in EM1 (Figure 7c-1) and MBH is most pronounced in EM2 (Figure 7c-2), which indicate that EM2 
contains most if not all of the MBH component, while EM1 contains more of the LC component. Incomplete 
separation of non-central ridge signatures in FORC-PCA results might be because EM1 and EM2 are close to 
the limits of PC1 variability, and thus to the natural sample variability, which lack cases with only one coercivity 
component or only one magnetofossil chain type. Pushing EM1 and EM2 further apart in PC space could result 
in better separation, although choosing EMs that are far from samples in PC space can amplify noise and produce 
unmixing artifacts.

4.2. Core P4-1

For Antarctic margin core P4-1, magnetofossils contribute most of the ARMBulk (Figure 2b-2), which is domi-
nated by ARMMBS+MBH since 500 ka (Figures 2b-1 and 2b-3). Correlation between ARMBulk and ARMLC is better 
for core P4-1 than for Hole 1218A, which means that the LC component also contributes to ARM in core P4-1. 
ARMBulk has no clear relationship with MagEM2 (Figure 8b-3), which means that coarse vortex state (or) MD 
particles contribute little to ARM variations in this core. EM1 has a marked central ridge (Figure 5b-2), although 
correlation between ARMBulk and MagEM1 is comparatively poor (r = 0.72; Figure 8b-3). χARM/IRM for the MBS 
and MBH components for core P4-1 (Table 1) is lower than for single-stranded magnetofossil chains (2–3 mm/A; 
Moskowitz et al., 1993). Hence, vertical spreading of the non-central ridge contribution in EM1 may be partly 
caused by multi-stranded (or fold-collapsed) chains, which could be responsible for poor correlation between 
ARMBulk and MagEM1 (Figure 8b-3).

Constraints on FORC EM and ARM interpretations can be further obtained from quantile contour and coercivity 
distribution analysis. A central ridge and negative region in the lower quadrant are evident from FORC quantile 
contours for EM1 (Figure 10a-1), which is typical of single-stranded magnetofossil chains. The positive bulge in 
the lower quadrant at Bc = 100 mT is not typical of magnetofossils and might be an unmixing artifact, or part of 
a HC contribution (e.g., Roberts et al., 2021). The EM1 backfield coercivity distribution is bimodal with peaks at 
∼45 and ∼100 mT (blue curves, Figure 10c-1). The ∼45 mT peak represents the main central ridge magnetofossil 
contribution. The other peak at ∼100 mT may indicate the HC contribution. Overall, EM1 contains overlapping 
magnetofossil and lithogenic signatures. EM2 contains a minor central ridge contribution, especially in the LC 
range (up to ∼20 mT, Figure 10a-2). A central ridge tail extending to >100 mT might be associated with a BH 
contribution. EM2 also contains a vertical ridge and triangular contours in the Bc < 20 mT range, which are 
typical of large vortex state to MD particles. This contribution is absent in EM1. The low Mrs/Ms of EM2 is due 
to the lack of a major central ridge contribution and the presence of a MD signature. The backfield coercivity 
distribution of EM2 is apparently unimodal with a main peak at ∼100 mT (blue curves, Figure 10c-2), which 
reflects the main HC contribution. On a linear scale, this includes a LC component (Figure 10b-2), which is 
associated with large vortex state to MD particles. A small central ridge contribution is mainly concentrated in 
the LC range (Bc < 20 mT), which is also the Bc range of the MD FORC signature. The sharp LC central ridge 
termination is unnatural (green curves, Figure 10b-2) because the LC component (Egli, 2004a) is characterized 
by progressive decay to Bc ≈ 100 mT. Therefore, this termination is likely associated with imperfect central ridge 
isolation due to low measurement resolution and the large smoothing needed to suppress noise. This interpreta-
tion is supported by the fact that the central ridge is offset upward for Bc < 20 mT, with an abrupt width decrease 
at Bc ≈ 20 mT. Central ridges are usually offset upward due to thermally activated switching (Berndt et al., 2018; 
Pike et al., 2001).

Overall, FORC-PCA results partially separate biogenic (EM1) and lithogenic (EM2) components in core P4-1. 
Traces of a lithogenic component are present in EM1, and traces of a magnetofossil component are present in 
EM2. This incomplete separation and the influence of multi-strained (or fold-collapsed) chains may contribute 
to the lower positive correlation between ARMBulk and MagEM1 (Figure 8b-3). Incomplete FORC-PCA separation 
of magnetofossil and lithogenic components might be related to the fact that EM1 and EM2 lie relatively close to 
each other in PC space. Both endmembers also contain unmixing artifacts, so that selecting EMs that are further 
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Figure 10. Quantitative FORC EM analyses for core P4-1 based on quantile contours (a-1 and a-2) and coercivity distributions (b-1, b-2, c-1, c-2). Coercivity 
distributions plotted on a (b-1 and b-2) linear field scale and (c-1 and c-2) logarithmic field scale. Bulk EM properties can be obtained: EM1: Mrs/Ms = 0.356, Mcr/
Mrs = 0.471, and non-central ridge contributions (52.9%) are only slightly asymmetric and reflect the central ridge coercivity distribution. EM2: Mrs/Ms = 0.224, Mcr/
Mrs = 0.072, and non-central ridge contributions (92.8%) dominate with a significant HC fraction.
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apart in PC space would exacerbate this issue. Unmixing artifacts are likely due to the fact that part of the sample 
variability is not described by PC1.

4.3. Core ARC5-ICE4

For Arctic Ocean core ARC5-ICE4, correlation coefficients between the biogenic/low-coercivity components 
and ARMBulk are both high (Figure 2c-3). This reflects considerable magnetofossil and LC (i.e., mixed D + EX) 
contributions to ARM. Although EM1 and EM2 (Figures 5c-2 and 5c-3) have similar Bc distributions to those 
from Hole 1218A (Figures 5a-2 and 5a-3), non-central ridge contributions in EM1/EM2 for core ARC5-ICE4 
have vertical spreading, which means that the two EMs cannot be interpreted as simply as for Hole 1218A. 
Low amplitude FORC contours tend to be oval for pure magnetofossil components (Amor et al., 2022; Chang 
et al., 2019; Ludwig et al., 2013) and triangular for vortex state particles (Lascu et al., 2018). The EM1 and 
EM2 coercivity distributions, with maxima close to Bc = 0, are not typical magnetofossil features (Figures 5c-2 
and 5c-3). Hence, non-magnetofossil contributions are likely present in EM1 and EM2. χARM/IRM for MBS and 
MBH in core ARC5-ICE4 is much smaller than for single-stranded magnetofossil chains (Table 1), which implies 
that multi-stranded (or fold-collapsed) chains may contribute significantly to the biogenic components. Further 
information is evident from the quantitative FORC EM analyses below.

All EMs with quantile contours contain central ridges in core ARC5-ICE4 (Figures 11a-1 to 11a-3). Non-central 
ridge EM2 contributions are slightly asymmetric (Figure 11a-2), with 30% and 40% quantile contours indicating 
the sharp termination expected for magnetofossils (Amor et  al.,  2022). In the lower quadrant, EM1 contains 
features along the descending diagonal (Figure 11a-1), which include negative amplitudes, which are often asso-
ciated with vortex state and MD particles (Egli, 2021). The backfield coercivity distribution for EM1 is bimodal 
with peaks at ∼50 and ∼100  mT (blue curves, Figure  11c-1), while the central ridge coercivity distribution 
features three distinct peaks at ∼10, ∼40, and >120 mT (green curves, Figure 11c-1). The latter peaks are appar-
ently associated with narrow coercivity distributions. The sharp LC component termination at ∼20 mT is unnat-
ural (green curves, Figure 11b-1) because such a component is expected to decay exponentially to ∼100 mT 
(Egli, 2004a). Therefore, sharp separation of the three central ridge peaks must be due partially to unmixing 
artifacts. Overall, EM1 has mixed features expected for biogenic and lithogenic particles, which is consistent 
with our interpretations above. EM2 (Figure 11a-2) contains typical magnetofossil signatures described by Amor 
et  al.  (2022), including asymmetric non-central ridge contributions with a sharp upper quadrant termination. 
Unlike micromagnetic simulations of single- and multi-stranded (or fold-collapsed) chains, the EM2 FORC 
contours intersect the Bc = 0 limit. This is also due to a LC component. The EM2 backfield coercivity distribution 
is unimodal and skewed (blue curves, Figure 11c-2). These properties are shared by the central ridge distribution, 
with a main peak at ∼45 mT (green curves, Figure 11c-2). FORC contours for EM3 (Figure 11a-3) converge grad-
ually to the central ridge in the high-coercivity range, with contributions beyond ∼150 mT. These characteristics 
are similar to those of silicate-hosted magnetic minerals (Chang, Roberts, et al., 2016). The EM3 backfield coer-
civity distribution is bimodal with peaks at ∼30 and ∼90 mT (blue curves, Figure 11c-3), and a pronounced HC 
contribution. The central ridge contribution ends abruptly at ∼75 mT (green curves, Figure 11c-3) and is likely 
affected by noise or unmixing artifacts. Nevertheless, the lack of HC contributions indicates that the central ridge 
and remaining contributions have a different origin.

In summary, magnetofossil signatures are visible in EM1, but are unclear due to overlap with lithogenic 
signals. The magnetofossil component is mainly captured by EM2 along with a LC component. These are likely 
responsible for the worse correlation between MagEM1 and ARMMBS (Figure 9b-1) than between MagEM2 and 
ARMMBH (Figure 9b-2). This incomplete separation also leads to the less positive relationships between MagEM1/
MagEM2 and ARMBulk (Figure  8c-3). The EM3 FORC signature appears to be the sum of LC and HC litho-
genic contributions, and is probably a mixture of fine-grained silicate-hosted magnetic minerals (Chang, Roberts, 
et al., 2016) and larger vortex state to MD particles. Vortex state to MD (titano)magnetite has been reported in 
core ARC5-ICE4 sediments (Liu et al., 2019). The lithogenic origin of EM3 is also confirmed by its negative 
correlation with ARMBulk (Figure 8c-3). Abundant coarse (titano)magnetite might have a strong diluting effect 
(Heslop et  al.,  2013) that lowers ARMBulk. Incomplete lithogenic and biogenic separation in this core might 
be caused by unmixing artifacts due to the large distance of EMs from the PC region covered by the samples 
(Figure 5c-1), which amplifies small FORC variations. The data scatter suggests no distinct mixing triangle, 
which can lead to arbitrary EM placement in PC space (Figure 5c-1). Furthermore, EMs might not be fixed over 
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time, as suggested by the two linear trends over the positive PC1 range (Figure 5c-1). Adding more EMs would 
add noise and unmixing artifacts. The separated EMs are obviously contaminated for core ARC5-ICE4, which is 
a limitation of the FORC-PCA approach.

4.4. Core L07

For South China Sea core L07, the correlation coefficient between ARMBulk and ARMMBS+MBH (Figure 2d-3) 
is lower than those for the other three cores (Figures  2a-3,  2b-3, and  2c-3). This may be related to the HC 
component, which is larger in core L07 (Figures 3d-2 to 3d-4). Regardless, the magnetofossil and LC compo-
nents both contribute significantly to ARM variations in this core (Figure 2d-2). ARMBulk and MagEM1/MagEM2 
(Figure 8d-3), ARMMBS and MagEM1 (Figure 9c-1), and ARMMBH and MagEM2 (Figure 9c-2), all correlate rela-
tively poorly, which reflects the complexity of EM representation for core L07. Quantitative FORC EM analysis 
provides better insight into this issue.

Figure 11. Quantitative analyses of FORC EMs for core ARC5-ICE4 based on quantile contours (a-1, a-2, and a-3) and coercivity distributions (b-1, b-2, b-3, c-1, 
c-2, c-3). Coercivity distributions plotted on (b-1, b-2, and b-3) linear and (c-1, c-2, and c-3) logarithmic field scales. Bulk EM properties can be obtained: EM1: Mrs/
Ms = 0.286, Mcr/Mrs = 0.327, and non-central ridge contributions (67.3%, noisy). EM2: Mrs/Ms = 0.290, Mcr/Mrs = 0.486, and non-central ridge contributions (51.4%) 
are asymmetric with upper quadrant termination at ∼55 mT, similar to the magnetofossil signature calculated by Amor et al. (2022), with unmixing artifact along 
the central ridge above 100 mT. EM3: Mrs/Ms = 0.225, Mcr/Mrs = 0.111, and non-central ridge contributions (88.9%) over the upper and lower quadrant are nearly 
symmetric.
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Interpretation of EM1 (Figure 12a-1) is difficult because of noise and unmixing artifacts (e.g., the positive verti-
cal “ridge” in the upper quadrant and its negative counterpart in the lower quadrant are the complements of 
vertical ridges in EM2 and EM3). Furthermore, large negative field contributions to the coercivity distribution 
obtained from hysteresis reflect significant lithogenic contributions to EM1 (red curves, Figure  12b-1). The 
EM1 backfield coercivity distribution is bimodal, with two components at ∼50 and ∼100 mT to form a broad 
maximum (blue curves, Figure 12c-1). In contrast, the central ridge coercivity distribution terminates sharply and 
unnaturally at ∼45 mT (green curves, Figure 12c-1). This confirms the noise and unmixing artifacts associated 
with EM1, which are further revealed by the lack of correlation between MagEM1 and ARMBulk (Figure 8d-3). 
EM2 (Figure 12a-2) has a typical magnetofossil signature with strong non-central ridge contributions (45.7%, 
compared to 22.5%–33% in EM1 and EM2 of Hole 1218A), which are consistent with micromagnetic simula-
tions of multi-stranded (or fold-collapsed) chains (Amor et al., 2022). Low χARM/IRM values in core L07 further 
confirm this conclusion (Table 1). EM3 (Figure 12a-3), on the other hand, contains typical vortex state signals, 
apart from an unmixing artifact near the origin, which splits the central peak. The EM2 and EM3 backfield 
coercivity distributions are unimodal and peak at ∼50 mT (blue curves, Figures 12c-2 and 12c-3); however, 
the magnetic particles that produce these distributions are completely different. The coercivity distribution for 

Figure 12. Quantitative analyses of FORC EMs for core L07 based on quantile contours (a-1, a-2, and a-3) and coercivity distributions (b-1, b-2, b-3, c-1, c-2, c-3). 
Coercivity distributions plotted on (b-1, b-2, and b-3) linear and (c-1, c-2, and c-3) logarithmic field scales. Bulk EM properties can be obtained: EM1: Mrs/Ms = 0.286, 
Mcr/Mrs = 0.328, and non-central ridge contributions (67.2%; noisy and affected by unmixing artifacts). EM2: Mrs/Ms = 0.324, Mcr/Mrs = 0.543, and non-central ridge 
contributions (45.7%; noisy and affected by slight unmixing artifacts). EM3: Mrs/Ms = 0.197, Mcr/Mrs = 0, and unmixing artifact near the origin.
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EM2 is due to magnetofossils, while for EM3 it is due to single vortex magnetite. The significant lithogenic 
contribution to EM3 is indicated by the large hysteresis coercivity distribution at negative fields (red curves, 
Figure 12b-3). Core L07 is located in the northwestern South China Sea sub-basin, where the main sediment 
source is the Pearl River (Clift et al., 2002; Li et al., 2003; Wan et al., 2007). Hence, the negative correlation 
between ARMBulk and MagEM3 (Figure  8d-3) can be attributed speculatively to fluvial dilution of the in situ 
magnetofossil signal. Furthermore, the oval-shaped FORC data cluster in PC1-PC2 space (Figure 5d-1) means 
that the vertices of the triangle defined by EM1 to EM3 are poorly constrained, as are the EM characteristics. 
Thus, the empirically obtained EMs are probably linear combinations of physical EMs, with magnetofossil EMs 
containing detrital contributions. Therefore, lack of complete separation of biogenic and lithogenic contributions 
leads to the poor correlations discussed (Figures 8d-3, 9c-1, and 9c-2).

4.5. Limitations of FORC-PCA

Incomplete component separations in the FORC-PCA results discussed here, especially for cores ARC5-ICE4 
and L07, reveal the limitations of FORC-PCA for natural samples. These limitations are evident as: (a) difficulty 
in unmixing magnetofossil components with significant contributions from multi-stranded (or fold-collapsed) 
chains, where non-central ridge contributions lack fixed characteristics; (b) poorly conditioned unmixing, with 
individual samples dispersed in PC space (e.g., cores ARC5-ICE4 and L07), which contributes to poor definition 
of the polygon spanned by EMs, and thus the EM characteristics; (c) noise amplification due to extrapolation of 
measurements over PC regions that are far from measured data, and (d) violation of the assumption of PCA that 
FORC results are linear combinations of a fixed set of invariable PCs. Biogenic and lithogenic components might 
be affected by natural variations that require additional, small-amplitude PCs. Adding PCs creates two main prob-
lems: they also capture measurement noise, and define additional EMs with no physical meaning.

Quantitative FORC-PCA EM analyses based on quantile contours and coercivity distributions are extremely 
useful for interpreting FORC-PCA results. Valuable insights are obtained on the nature of PCA endmembers and 
about unmixing artifacts, which otherwise go undetected in FORC-PCA studies. Stratigraphic or sedimentolog-
ical information may be helpful for constraining the limitations of FORC-PCA results. All of these quantitative 
analyses are conductive to improving ARM data interpretation in marine sediments.

4.6. Discussion of ARM Carriers

Magnetofossils are the dominant ARM carrier in the four studied sediment cores. For quantitative ARM interpre-
tation, let us formulate the contributions from different components as follows:

���� = ������ +������ +�������� , (5)

where χARM is the bulk ARM susceptibility, Mi is the saturation remanence of component “i” with “mf” = magneto-
fossils, “sd” = non-magnetofossil SD particles (e.g., silicate inclusions or pedogenic magnetite), “nsd” = non-SD 
particles (e.g., vortex state, not associated with multi-stranded (or fold-collapsed) magnetofossil chains), and 

𝐴𝐴 𝜘𝜘𝑖𝑖 = (𝜒𝜒𝐴𝐴𝐴𝐴𝐴𝐴∕𝐴𝐴𝑟𝑟𝑟𝑟)𝑖𝑖 is the ARM ratio of component “i”. As discussed by Amor et al. (2022), 𝐴𝐴 𝜘𝜘𝑚𝑚𝑚𝑚 of single-stranded 
chains corresponds to the value expected for UNISD particles (Egli & Lowrie, 2002). The same is true for 𝐴𝐴 𝜘𝜘𝑠𝑠𝑠𝑠 
if particles are non-interacting, as appears to be the case for pedogenic magnetite (Egli, 2004a, 2021), which 
can enter the sediment pool as a detrital component. A component similar to pedogenic magnetite can also be 
produced by bacteria (i.e., extracellular magnetite) through biologically induced mineralization where bacteria 
modify their local extracellular environment to create chemical conditions suitable for magnetite precipitation 
(Moskowitz et al., 1993). There is no strict biological control over particle synthesis, so extracellular magnetite 
has broad grain size distributions and rounded shapes (Sparks et al., 1990). Finally, 𝐴𝐴 𝜘𝜘𝑛𝑛𝑛𝑛𝑛𝑛 is controlled strongly by 
grain size. Magnetostatic interactions and grain size variations affect the ARM, so we can rewrite Equation 5 in 
a more practical form:

���� = ������������ +����������, (6)

where the subscript “unisd” refers to UNISD particles and systems of SD particles with two SD-like stable states 
(Egli et al., 2010), and “rest” puts all remaining contributions together. 𝐴𝐴 𝜘𝜘𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 is a nearly fixed quantity determined 
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by the thermodynamic equilibrium between two magnetic states (Egli & Lowrie, 2002), while 𝐴𝐴 𝜘𝜘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is affected by 
several non-quantifiable parameters. If 𝐴𝐴 𝐴𝐴𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑀𝑀𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢∕𝑀𝑀𝑟𝑟𝑢𝑢 is the relative fraction of UNISD particles in terms of 
contributions to the saturation remanence, it can be obtained easily from IRM unmixing. In this case, Equation 6 
becomes:

���� = ��������������� +���(1 − ������)�����. (7)

In the limit case where ������������ ≫ (1 − ������)����� , ARM is proportional to the UNISD component. In all 
other cases, ARM is not a pure proxy for a magnetic component. The above condition can be rewritten as 
������ ≫ �����∕(������ + �����) . 𝐴𝐴 𝜘𝜘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is typically about one order or magnitude smaller than 𝐴𝐴 𝜘𝜘𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (Egli, 2004a), so 
ARM is a direct proxy of the UNISD component as long as 𝐴𝐴 𝐴𝐴𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ≫ 0.1 . For the four studied magnetofossil-rich 
sediment cores, the relative contributions of biogenic components (MBS and MBH) are much larger than 
10% (Figure 6). Hence, the dominance of magnetofossils as the main ARM carrier in the studied sediments is 
confirmed by the above formulations.

Sediments contain mixtures of magnetic particles with different primary (e.g., lithogenic magnetite-bearing miner-
als; Chang, Roberts, et al., 2016; Vali et al., 1989) and secondary origins (e.g., diagenetic processes and biomin-
eralization; Fortin & Langley, 2005; Franke et al., 2007; Just et al., 2012; Lovley et al., 1987; Miot et al., 2009; 
Oldfield, 2007). All examples presented here contain significant non-interacting SD particle contents, isolated 
or as magnetofossil chains, which permit identification of ARMBulk variations with corresponding ARM compo-
nents and FORC endmembers. This is because of the extremely high selectivity of ARM to non-interacting SD 
particles. Magnetofossil dominance is a special case that will not apply when non-SD or interacting SD particles 
are the main remanence carriers. When non-SD particles dominate, ARM will be grain-size dependent. Even so, 
our results associate ARM variations with FORC-PCA endmembers for the first time, similar to that done for 
coercivity components (Egli, 2004a), which provides detailed information about sedimentary ARM carriers. The 
integrated approach presented here should help to clarify ARM interpretations in future studies.

5. Conclusions
We analyzed marine sediments from the Eastern Pacific Ocean, the Antarctic margin, the Arctic Ocean, and the 
South China Sea. The sampling locations span polar to tropical regions, continental margin to pelagic environ-
ments, and timescales of up to millions of years. We analyzed bulk magnetic properties and microscopic features 
of magnetic minerals using ARM component analysis, FORC-PCA, TEM observations, and IRM unmixing. 
Bulk ARM variations are evidently controlled mainly by the biogenic magnetite abundance in the four sediment 
cores studied here — both on long tectonic and shorter orbital timescales. Low coercivity particles (detrital and 
fine-grained extracellular magnetite) also contribute to ARM variations. Our results indicate that magnetofossil 
chain structure has a significant influence on ARM interpretation. Quantitative FORC-PCA endmember analyses 
based on quantile contours and coercivity distributions provide valuable information on the nature of endmem-
bers and aid ARM interpretation.

Data Availability Statement
The data presented in this paper have been uploaded to the Mendeley Data repository (http://dx.doi.
org/10.17632/2khtrkdfgp.1).
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