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Abstract Magnetite and hematite mixtures occur widely in nature. Magnetic unmixing of the signals
recorded by these minerals can be important for assessing the origin of their respective paleomagnetic
remanences and for extracting geological and paleoenvironmental information. However, unmixing
magnetic signals from complex magnetite and hematite mixtures is difficult because of the weak
magnetization and high coercivity of hematite. We assess here the relative effectiveness of first-order
reversal curve (FORC) and extended FORC-type diagrams, FORC-principal component analysis (PCA),
isothermal remanent magnetization (IRM) curve decomposition, and PCA of remanent hysteretic curves
for unmixing magnetic components in samples from the magnetically complex Inuyama red chert, Japan.
We also further characterize the domain state and coercivity distributions of both magnetite and hematite
with FORC-PCA and IRM acquisition analysis in the red chert. We show that IRM curve decomposition
can provide valuable component-specific information linked to coercivity, while FORC-PCA enables
effective magnetic domain state identification. PCA of remanent hysteretic curves provides useful
information about the most significant factors influencing remanence variations and subtle coercivity
changes. To identify components in complex magnetite and hematite mixtures, we recommend PCA
analysis of remanent hysteretic curves combined with FORC analysis of representative samples to identify
domain states and coercivity distributions.

1. Introduction

Paleomagnetic and environmental magnetic investigations typically involve analysis of geological samples
that contain complex mixtures with different particle size components of the same magnetic mineral, or
mixtures of magnetic minerals and particle size distributions. For example, pelagic marine carbonates, de-
spite their often nearly pure white color, are generally magnetically complex and tend to contain mixtures of
four components (Roberts et al., 2013): detrital magnetite, biogenic soft and hard (cf., Egli, 2004) magnetite,
and detrital hematite. Terrigenous sediments also often contain complex magnetic mineral mixtures (e.g.,
Egli, 2004).

Comprehensive understanding of the magnetic signals recorded by natural samples requires use of suitable
tools for quantitative identification of the contribution of each magnetic component. In environmental
magnetic studies, it is valuable to understand such contributions because magnetic mineral components
within mixtures can have multiple origins and/or represent multiple environmental processes. Unmixing
helps to extract information on specific environmental and climate processes and sometimes unlocks quan-
titative interpretation of the respective magnetic components (e.g., Channell et al., 2016; Deng et al., 2006;
Heslop & Roberts, 2012; Hunt et al., 1995; Larrasoafa et al., 2003; Maxbauer et al., 2017; Roberts et al., 2018).
In paleomagnetic studies, quantitative evaluation of the contribution of different magnetic components is
undertaken less frequently, but it can be important. For example, regionally or globally coherent relative
paleointensity (RPI) signals can be recorded by sediments (e.g., Channell et al., 2009; Valet et al., 2005;
Yamazaki & Oda, 2005; Ziegler et al., 2011), although the co-occurrence of biogenic and detrital magnet-
ite with different recording efficiencies can complicate RPI signal recording (Chen et al., 2017; Ouyang
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et al., 2014; Roberts et al., 2012). Thus, magnetic mineral unmixing is important for both paleomagnetism
and environmental magnetism.

Many techniques have been developed to enable magnetic mineral unmixing. Paleomagnetic studies of-
ten exploit Curie temperature or thermal demagnetization of isothermal remanent magnetization (IRM)
(Ando et al., 2001; Jiang et al., 2017; Lowrie, 1990; Oda & Suzuki, 2000). Other approaches make use of IRM
curve analysis (e.g., Egli, 2003; Heslop & Dillon, 2007; Heslop et al., 2002; Kruiver et al., 2001; Maxbauer
etal., 2016; Robertson & France, 1994; Zhao et al., 2018), alternating field (AF) demagnetization characteris-
tics of isothermal and anhysteretic remanent magnetizations (ARMSs) (Egli, 2004; Lagroix & Guyodo, 2017;
Liu et al., 2002), a combination of hysteresis and ARM parameters (Lascu et al., 2010), and hysteresis loop
unmixing (Heslop & Roberts, 2012). First-order reversal curve (FORC) unmixing has become possible (Las-
cu et al., 2015), and the improved algorithm of Harrison et al. (2018) enables solution of the linear mixing
equation that facilitates identification and quantification of linearly additive magnetic components.

Hematite often carries important environmental information (Abrajevitch et al., 2014, 2018; Jiang
et al., 2017), and separating hematite signals from those of ferrimagnetic minerals can be crucial for inter-
preting environmental change (Abrajevitch et al., 2013). Quantifying contributions from hematite within
artificial magnetite/hematite mixtures is challenging. Hejda et al. (1994) found that the overall hysteresis
loops for magnetite and hematite mixtures do not represent a simple sum of contributions corresponding to
individual components. Muxworthy et al. (2005) measured FORC diagrams for artificial magnetite/hema-
tite mixtures and found critical concentrations at which the magnetite signal swamped the hematite signal,
rendering the hematite undetectable. They found that when hematite was less than ~81% of the mixture
by mass, it was barely detectable using FORC diagrams. Similarly, by combining numerical micromagnetic
simulations and FORC measurements for magnetite/hematite mixtures, Carvallo et al. (2006) found that
hematite must comprise >88% of a mixture by mass to be detectable. Frank and Nowaczyk (2008) under-
took magnetic measurements on magnetite/hematite mixtures and concluded that the contribution of he-
matite to the magnetic fraction must exceed 95 wt-% to visibly influence commonly used magnetic grain size
and coercivity parameters. Ahmadzadeh et al. (2018) concluded that it is challenging to identify hematite
using hysteresis loops, FORCs, or thermal demagnetization when magnetite contributes more than 5 wt-%
to the mixture. Ahmadzadeh et al. (2018) suggested that IRM demagnetization curves are the most effective
technique to quantify hematite in mixtures. Liu et al. (2019) studied mixtures of single domain magnetite
and hematite with a broad grain size distribution and demonstrated that for hysteresis parameters and
FORC measurements, hematite must be present in high concentrations (>90 wt-%) to be detectable, while
at least 30 wt-% hematite is needed to be detectable in IRM or backfield IRM curves.

Magnetite-hematite mixtures pose a stringent test of the limitations of unmixing methods, which is why
we seek here to test the effectiveness of different magnetic unmixing approaches for natural magnetite-he-
matite mixtures. We also assess the potential to combine unmixing methods because any approach that can
improve diagnosis of magnetite-hematite mixtures should become widely useful for magnetic unmixing of
geological samples.

Rhythmically bedded cherts provide a record of pelagic deep-sea environments from the Ordovician to the
early Late Cretaceous (Jones & Murchey, 1986). The presence of datable microfossils and a paleohorizontal
reference provided by well-developed bedding surfaces makes bedded chert sequences indispensable for
reconstructing the tectonic histories of Paleozoic and early Mesozoic oceans. Mdssbauer spectroscopy of
Permian to Triassic Japanese cherts has revealed the presence of hematite, pyrite, and goethite, with hema-
tite being the main iron-containing mineral (Matsuo et al., 2002). If it is only present in low concentrations,
magnetite can be difficult to detect using Mossbauer spectroscopy. In contrast, magnetite can be detected
readily even at low concentrations with magnetic techniques. Previous paleomagnetic studies of the Inuy-
ama red cherts revealed both hematite and magnetite as the main natural remanent magnetization carriers
(Ando et al., 2001; Oda & Suzuki, 2000; Shibuya & Sasajima, 1986) based on their unblocking temperatures.
Electron probe microanalysis of representative microspherules in red cherts indicates that magnetite is
present, with compositions similar to those in cosmic microspherules from other regions and to magnetite
grains in carbonaceous chondrites (Iwahashi et al., 1991). Based on detailed rock magnetic characteriza-
tions, including IRM unmixing, Abrajevitch et al. (2011, 2013) inferred the presence of detrital and biogenic
magnetite and pigmentary hematite. The complex mixture of magnetite and hematite in red cherts provides
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an opportunity to assess the effectiveness of magnetic unmixing methods. In this study, we use FORC dia-
grams, IRM acquisition curve decomposition, FORC-principal component analysis (PCA) unmixing, and
PCA of remanent hysteretic curves to reveal magnetic mineral assemblages in red chert samples from Inuy-
ama, Japan. At the same time, we assess the effectiveness of these advanced techniques for characterizing
complex mixtures of magnetite and hematite.

2. Materials and Methods

The studied rocks consist of rhythmically interbedded cherts (1-10 cm in thickness) and shales (1-3 mm
in thickness) that accumulated at equatorial latitudes in the Panthalassa Ocean (Ando et al., 2001). The
studied sequence contains a Triassic-Jurassic boundary (Figure S1b), which was accreted onto the Asian
margin during the Jurassic and is exposed as a highly deformed but coherent thrust sheet in the Inuyama
area, about 30 km north of Nagoya, Japan. The red chert samples used in this study are from the study of
Oda and Suzuki (2000). Alternations of cherts and clastic rocks in the field are regarded to represent a pile
of stacked thrust sheets that were emplaced during Jurassic accretion (Kimura & Hori, 1993). Beside these
lithological repetitions, the stacked thrust sheets have been folded in the Sakahogi Synform to produce
westward plunging fold axes (Kondo & Adachi, 1975). The Inuyama red chert is composed mainly of cryp-
tocrystalline quartz with minor Fe-bearing minerals, such as illite, chlorite, smectite, hematite, and magnet-
ite (Nakada et al., 2014). Red cherts were sampled at nine sites along Kiso River (Figure S1a); six at the Kat-
suyama (KA1-KA6, 35°25'21"N, 136°58’16"E), two at the Unuma (UN1, UN2, 35°23'54”N, 136°57'33"E),
and one at the Momotaro (MO1, 35°24'16”N, 136°57'48"E) sections, respectively. At each site, 2-10 samples
were chosen from those taken by Oda and Suzuki (2000) from a single chert bed forming a mesoscopic fold
(several meters of wavelength) and cut into fresh rectangular samples with 4 X 4 X 2 mm dimensions. We
analyzed 48 red chert samples in total.

All samples were measured with an alternating gradient magnetometer (Micromag 2900 AGM; Prince-
ton Measurements Corporation) at the National Institute of Advanced Industrial Science and Technology,
Tsukuba, Japan. Magnetic hysteresis loops were measured up to 1.4 T at 2.5 mT field steps with a 100 ms
averaging time. For weakly magnetized samples, hysteresis loops were measured 3-5 times and averaged.
We measured 120 FORCs per sample up to 1.4 T for all 48 samples using the irregular grid measurement
protocol of Zhao et al. (2015). An irregular grid was used for FORC measurements because it allows meas-
urement to 1.4 T while maintaining high-measurement resolution in the low-coercivity range. Importantly,
the irregular grid protocol also reduces measurement time, thus diminishing the detrimental effects of
measurement drift. Along with conventional FORC measurements (Pike et al., 1999; Roberts et al., 2000),
we measured remanent FORC (remFORC) data, which allowed calculation of transient FORC (tFORC),
and induced (iFORC) distributions to provide additional valuable information for domain state and mag-
netic mineral identification (Hu et al., 2018; Roberts et al., 2019; Zhao et al., 2017).

Conventional FORC datasets were imported into FORCinel (Harrison & Feinberg, 2008) and were pro-
cessed with the VARIFORC smoothing algorithm (Egli, 2013), with resampling on a 2-mT grid. PCA was
used to select end-members with the algorithm of Harrison et al. (2018) that employs combined feasibility
metrics to ensure saturation and monotonicity and to avoid solutions in which FORCs cross each other.

Red chert samples are weakly magnetic, and the remanent magnetization is difficult to measure for small
samples on an AGM. Although a long averaging time (5 s) was used, IRM acquisition curves were still too
noisy for high-resolution decomposition analyses. The measured hysteresis loops were slope-corrected, nor-
malized, and fitted with HystLab (Paterson et al., 2018). Under the assumption that hysteresis loops for ge-
ological materials exhibit inversion symmetry (Jackson & Solheid, 2010), the upper M*(B) and lower M (B)
branches of a slope-corrected and normalized loop can be used to estimate the induced hysteretic, M;, and
remanent hysteretic, My;, curves (Rivas et al., 1981), which can be considered as backfield demagnetization
curves. We calculated both M;, and M;;, curves from fitted hysteresis loops. The S ratio was also calculated
using the M,;, curve, where S_zp0 = (1 — IRM_309 ;m1/IRM 47)/2 and S_;gp = (1 — IRM_; 9 m1/IRM 47)/2 (Bloe-
mendal et al., 1992). PCA was carried out on the My, curves, which were transformed to represent IRM
acquisition and then unmixed using the MAX Unmix software (Maxbauer et al., 2016), which employs a
skewed-normal distribution (Wuertz & Chalabi, 2015) to represent individual coercivity components.
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Figure 1. Measured hysteresis loops (without high-field slope correction) for selected red chert samples (maximum applied field is 1. 4 T). The inset in each
figure is for the expanded low field range from —200 to 200 mT to demonstrate the wasp-waisted form of the hysteresis loops.

3. Hysteresis Loops and Irregular FORCs

Hysteresis loops for selected red chert samples are illustrated in Figure 1. Variable loop shapes are ob-
served, such as narrow loops for samples KA1-2B-1 and KA6-9B-1, an S-shaped loop for sample KA1-9B-1,
and constricted loops for samples KA6-2L-B-1, KA1-1B-1, and KA1-2A-1. The loop shapes indicate diverse
paramagnetic, most likely clay minerals, and diamagnetic (quartz) contributions to the red chert samples.
None of the measured loops close until fields >700 mT or higher. Based on previous red chert studies, this
is most likely due to hematite. Moreover, loops are clearly wasp-waisted (Figure 1). The hysteresis shape
parameter, o, calculated following Fabian (2003) using HystLab (Paterson et al., 2018), is a quantitative
indicator of wasp-waisted or potbellied loops, with ¢ > 0 for wasp-waisted loops and <0 for potbellied
loops. The logarithmic definition of o is intended to obtain a measure of shape variation from potbellied
to wasp-waisted loops (Fabian, 2003). Red chert samples have high positive o values (0.97-2.65), which are
indicative of strongly wasp-waisted behavior. Wasp-waisted loops result from subpopulations of magnetic
grains with widely different coercivities, which can arise from mixtures of grain sizes of a single mag-
netic mineral or from a combination of magnetic minerals with markedly different coercivities (Roberts
et al., 1995; Tauxe et al., 1996). Here, the significant contribution from hematite, mixed with magnetite,
explains the wasp-waisted loops. However, mixtures of grain sizes of magnetite or/and hematite could also
contribute to the wasp-waisted behavior.

Conventional FORC, remFORC, iFORC, and tFORC diagrams are shown in Figures 2 and 3 for four rep-
resentative red chert samples. Most Triassic red chert samples have similar FORC distributions to sample
KA1-1B-1 (Figures 2a-2d), which has dominantly stable single domain (SD) behavior, as indicated by the
“negative-positive-negative” iFORC pattern (Figure 2c) (Hu et al., 2018; Zhao et al., 2017) and a significant
hematite contribution with coercivity up to 1.2 T in conventional and remFORC diagrams (Figures 2a and
2b). The low-coercivity component has a positive peak at B, ¥ 10 mT (Figure S2). Signals due to particles
with viscous magnetizations near the superparamagnetic (SP) to stable SD threshold size are also present
in the remFORC diagram, as indicated by a positive region along the B; < 0 axis (Figure 2b). The presence
of vortex state particles is confirmed by the tFORC diagram, which has two positive lobes along the B; axis
(Hu et al., 2018; Zhao et al., 2017).
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Figure 2. (a), (e) Conventional FORC, (b), (f) remFORC, (c), (g) iFORC, and (d), (h) tFORC diagrams for Triassic red
chert samples KA1-1B-1 and KA1-2A-1. Dashed green lines represent the 0.05 significance level calculated following
Heslop and Roberts (2012).
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Figure 4. FORC-PCA results for the whole applied field range (0-1.2 T) for Inuyama red chert samples. FORCs were mass normalized and smoothed using
VARIFORC parameters; Seg = 4, Se; = 4, Spo = 4, Sp1 = 4, A = 0.3, and 4, = 0.3. (a) PC score plots for a ternary mixing space between EM1, EM2, and EM3.
Diamonds represent the scores of individual samples. Contour lines represent the combined feasibility metric for the saturation, monotonicity, and crossing
metrics. (b)-(d) Reconstructed FORC diagrams for EM1, EM2, and EM3, respectively, derived from the whole measured applied field range.

Only a few Triassic samples have FORC diagrams similar to that of KA1-2A-1, which is a dominant vortex
state signal illustrated by the “negative—positive-negative—positive” pattern in the iFORC diagram (Fig-
ure 2g). Hematite makes a weak contribution to the magnetization of this sample, which also contains
particles near the SP/SD threshold size (Figure 2f). Noninteracting SD behavior with a central ridge signa-
ture starts to dominate in upper Triassic sample UN2-9B-1 and Jurassic sample KA6-2L-B-1, together with
a hematite contribution (Figures 3a, 3b, 3e, and 3f). For UN2-9B-1, viscous SP/SD and vortex state signals
are also present in the remFORC and tFORC diagrams, respectively (Figures 3b and 3d), while KA6-2L-B-1
is dominated by SD features (Figure 3g). The low-coercivity components for both samples also have peaks
at B. ~ 10 mT (Figure S2).

4. FORC-PCA

Data for 37 samples were analyzed using FORC-PCA; 11 datasets, mainly for weakly magnetized samples
were excluded due to noisy data with large measurement drift. Initial FORC-PCA was performed for the
0-1.2 T field range (Figures 4a-4d), followed by FORC-PCA for the range 0-0.12 T (Figures 5a-5d). A trian-
gular region in the PC1-PC2 plane defines a three end-member (EM) system, where FORC diagrams for the
three EMs are shown in Figures 4b-4d. The triangle that defines the three EM mixing system falls within
a broader zone enclosed by shaded feasibility contours, which define an area with physically meaningful
FORC diagrams (Harrison et al., 2018). To capture the high-coercivity hematite signal, a relatively large
VARIFORC A value is used for smoothing, which may lead to distortion in the low-coercivity range of the
FORC diagram. Therefore, we discuss details of low-coercivity features in Figure 5.

EM1 contains a high-coercivity ridge and a low-coercivity multidomain (MD) component (Figure 4b). Giv-
en that the ferrimagnetic signal is expected to dominate at lower coercivities and hematite would need to be
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Figure 5. FORC-PCA results for the 0-0.12 T applied field range for Inuyama red chert samples. (a) PC score plots for a ternary mixing space between EMsl,
EM;52, and EMg3. Diamonds represent the scores of individual samples. Contours represent the combined feasibility metric for the saturation, monotonicity,
and crossing metrics. (b, d, f) Reconstructed FORC diagrams for EMs1, EMs2, and EMg3, respectively, from the low coercivity applied field range compared with
FORC diagrams for samples (c) KA4-2C-1, (e) KA1-2A-1, and (g) UN2-9B-1. FORCs were mass normalized and smoothed using Scy = 2, S¢1 = 2, Spo = 2, Sp1 = 2,
A. = Ay = 0 for FORC-PCA and a smoothing factor of two for high-resolution FORCs.

larger than ~100 um to have a coercivity of ~10 mT (Ozdemir & Dunlop, 2014), this MD component is likely
to be MD magnetite/maghemite. EM2 contains low-coercivity SD particles and a smaller high-coercivity
contribution (Figure 4c). EM3 has SD features, a vortex state component that spreads across the B, axis and
an apparently weaker hematite contribution (Figure 4d).

S ratios are also employed as a means to quantify the relative hematite contribution to each end-member
identified in the FORC-PCA. The S ratios of red chert samples range from 0.40 to 0.85 for S_zy and 0.23
to 0.74 for S_;00. A negative relationship is observed between the EM1 contribution and both S_;oy and
S_100 (Figures 6a and 6d) and negative and low S ratios occur as EM1 becomes dominant (Figures 6b
and 6c¢). This is because EM1 represents a high-coercivity hematite contribution. EM3 is dominantly a
low-coercivity component, which has a positive relationship with the S-ratio values (Figures 6¢ and 6f).
The observation that S_;,, correlates linearly with EM3, in addition to S_s, suggests that hematite also
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exists in the lower coercivity component (i.e., 100-300 mT), which is confirmed by PCA analysis of M,
curves presented below.

FORC-PCA was performed for the low field range from 0 to 120 mT to determine the domain state of the
ferrimagnetic mineral fraction (Figures 5a-5d). Three EMs are identified, which we refer to as EMs1, EMs2,
and EMg3, respectively. The high-resolution FORC diagrams of samples close to each EM are also provided
in Figure 6. EM1 has low B, with vertical spreading along the B, axis (Figure 5b), which corresponds to the
MD feature of EM1. The high-resolution FORC of KA4-2C-1 shows mixed features of coarse and SD parti-
cles (Figure 5¢). When moving toward EM;1, the SD signal gradually decreases and the MD features remain
as EMgl. EMg2 represents a vortex feature which is also confirmed by the high-resolution FORC of KA1-
2A-1 (Figure 5e). EMg3 has a noninteracting SD central ridge with maximum at 15 mT (Figure 5f), which
is shown more clearly in the high-resolution FORC of UN2-9B-1 (Figure 5g). Abrajevitch et al. (2011, 2013)
interpreted the FORC central ridge signature to represent biogenic magnetite in the Inuyama red chert.

5. Remanent Hysteretic Curve PCA

Hysteresis loops were processed using HystLab (Paterson et al., 2018) for loop centering and drift correc-
tion, and were fitted following similar procedures to Von Dobeneck (1996) and Jackson and Solheid (2010).
The fitted magnetizations were normalized by their maximum values. The symmetry of hysteresis loops
implies that there exist correspondingly symmetric curves M, and M;,, the remanent hysteretic and in-
duced hysteretic magnetizations (Jackson & Solheid, 2010), which are calculated as M,,(H) = (M (H) - M~
(H))/2 and My,(H) = (M*(H) + M (H))/2, respectively, where M"(H) and M~ (H) are the upper and lower
hysteresis loop branches. Paramagnetic and diamagnetic contributions to hysteresis loops are typically
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Figure 7. PCA results for My, curves. (a) Percentage of total variance represented by different numbers of PCs; (b) biplots of PC1 and PC2 scores; (c) four
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i) PC2 variation with applied field for My, curves, reconstructed normalized IRM acquisition curves for PC2, and corresponding gradient variation in log scale;

PC1 was set to zero for each sample.

corrected by subtraction of a straight-line component estimated at high fields. In the presence of an un-
saturated hematite component, however, such a correction is inappropriate. The significant hematite
content in the red chert samples, thus, makes simple high-field slope correction infeasible. Therefore,
PCA was performed solely on M,;, curves to avoid the slope correction issue and to reveal more detailed
information concerning remanent magnetization variations. M, curves have even symmetry, so we per-
formed PCA only on the positive field M;, branch. PC loadings were calculated as a function of applied
field (Figures 7d and 7g). Reconstructed M., curves were calculated for each PC (Figures 7e and 7h) and
then transformed to represent IRM acquisition curves. We chose a model with two principal components,
where PC1 accounts for ~95% of the variance (Figure 7a). Four representative samples along the PC1 and
PC2 axes are chosen to illustrate variation of each PC (Figure 7b), with corresponding reconstructed IRM
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Figure 8. Example model fits for representative red chert samples. Coercivity distribution (gray circles are measured
data). Shaded areas represent 95% confidence intervals. Blue, purple, green, and red lines represent fitted components
1, 2, 3, and 4, respectively. Yellow lines are the sum of the model components.

acquisition curves (Figure 7c). Sample KA6-2L-B-1, which has the highest PC1 score when PC2 = 0, has a
magnetite-dominated IRM acquisition curve. However, the IRM acquisition curve does not saturate even
at 1.4 T, which indicates the presence of hematite. In contrast, sample KA5-4C-1, which has the lowest
PC1 score, has a gradually increasing IRM acquisition curve until 1.4 T, which suggests a significant he-
matite contribution. For samples MO1-5C-1 and KA1-2D-1, which have the maximum and minimum PC2
scores in proximity to PC1 = 0, the biggest difference occurs at ~300 mT. Samples with higher PC2 scores
have a larger contribution of a softer component (H,, < ~300 mT) and a smaller contribution of a hard
component (H,, > 300 mT). Variation of each PC is illustrated in Figures 7d-7i. Variation along PC1 with
magnetic field (PC2 fixed to zero), is shown in Figure 7d. Corresponding reconstructed IRM acquisition
curves and their gradients are shown in Figures 7e and 7f, respectively. The same process was carried out
for PC2 (Figures 7g-7i).

For PC1, magnetization varies for both low-coercivity (<~100 mT) and high-coercivity components (Fig-
ures 7e and 7f). Importantly, the low-coercivity and high-coercivity components do not have fixed coercivity
distributions (Figure 8f); rather, they vary for both components among samples. The relative contributions
of low-coercivity and high-coercivity components are shown by PC1, as illustrated by solid and dashed lines
for samples with high-PC1 and low-PC1 scores, respectively (Figure 7f). For PC2, two peaks with opposite
variations are present (Figure 7g). Coercivity distribution variations are observed in reconstructed IRM ac-
quisition curves and their gradient (Figures 7h and 7i). For samples with low-PC2 scores (blue dashed line),
the soft component peak shifts to higher values while the coercivity peak for the hard component shifts to
lower values, which results in a larger intermediate coercivity contribution (~100 mT < B, < ~300 mT)
(Figure 7i) and vice versa (Figure 7i). These changes are clearly evidenced as two trends in reconstructed
IRM acquisition curves (Figure 7h).

Based on the above observations, PC1 for the M,; curves represents relative variations between low-coer-
civity and high-coercivity components, which explains most (~95%) of the data variability. PC2 variations
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reflect subtle coercivity shifts of the low-coercivity component and covariations between intermediate-co-
ercivity (100-300 mT) and high-coercivity components, which suggest different mineral origins or transfor-
mation from one group to another (e.g., oxidation).

6. IRM Acquisition Curve Unmixing

IRM acquisition curve decomposition reveals the presence of 3-4 components (see Table S1 for all samples).
When fitting these models, our strategy was to keep each component within a relatively constant coercivity
range throughout the sample set. For example (Figure 8), IRM curves are fitted with three components for
UN2-9B-1 and KA6-9B-1, while four components are needed for UN1-4B-1 (see Figure S3 for 2-component
and 3-component fits). Each component is described by its characteristic median coercive field (By,), dis-
persion parameter (DP; one standard deviation in log;, space), and skewness. Four typical types of fits are
obtained (Figure 8). A low-coercivity component (C1) has By, of 14-34 mT and DP of 0.23-0.34. Mean B, for
another low-coercivity component (C2) is higher than C1, and ranges from 42 to 90 mT with a smaller DP
(0.14-0.28). C3 is an intermediate-coercivity component with By, of 133-314 mT, and a wider DP (0.10-0.35).
Lastly, a high-coercivity component (C4) has mean By, of 357-1056 mT and DP of 0.21-0.38.

The coercivity of magnetite varies with domain state and particle size (Dunlop & Ozdemir, 1997; Lee
et al., 2015; Maher, 1988). Coercivity increases with grain size for SD magnetite, and then decreases with
increasing MD size. Considering its low coercivity and large DP, C1 is interpreted to represent detrital mag-
netite, most likely in an MD or vortex state. C2 also represents a ferrimagnetic phase, with larger coercivity
and narrow distribution, which suggests SD behavior.

From its coercivity, C3 can be interpreted to represent fine-grained hematite or oxidized magnetite, or a
mixture of both. Its dispersion is generally <0.20; the relatively narrow coercivity distribution probably
suggests a secondary origin for C3. C4 is interpreted as hematite due to its high coercivity up to 1 T. C4
is the main remanence carrier for most samples (Figure 8a), and accounts for ~50% or more of the total
remanence. Samples from the oldest Anisian period (KA1, UN1; Figure S1b) have highly variable relative
contributions of components; most samples have a lower C4 contribution (Figure 8b). Upper Triassic sam-
ple UN2-9B-1 has the largest contribution from C2 and less from C4. Magnetite is the dominant magnetic
mineral for Jurassic sample KA6-9B-1, and no C4 is detected. However, this sample is red, which indicates
that hematite also contributes to C3. This is consistent with the observation that hematite nanoparticles
have low coercivity and bright red color (Cornell & Schwertmann, 2004, p. 664; Ozdemir et al., 2014).

7. Discussion
7.1. Deciphering Complex Magnetic Mixtures Using Multiple Unmixing Techniques

By combining unmixing and PCA results, we provide new evidence concerning the magnetic domain state
and interrelationship among coercivity components within the Inuyama red chert. The domain state of
magnetic minerals is assessed directly by extended FORC-type diagrams and by FORC-PCA. Previous in-
terpretations of FORC results focused on the noninteracting central ridge signal for magnetite (Abrajevitch
et al., 2011, 2013). We used applied fields up to 1.2 T and irregular grid measurements, which also enables
detection of hematite. Hematite is clearly evident as an extended positive signal along the B, axis up to the
maximum field in both FORC and remFORC diagrams (Figures 2a, 2b, 3e, and 3f). Most samples have dom-
inantly SD behavior with a vortex state component, as evidenced by the negative—positive-negative feature
in iFORC diagrams (Figures 2c, 3c, and 3g) and two positive lobes along the B; axis of tFORC diagrams (Fig-
ures 2d and 3d) (Hu et al., 2018; Zhao et al., 2017). A few samples have dominant vortex state behavior that
is evident as a negative—positive-negative—positive feature in iFORC diagrams (Figure 2g) (Hu et al., 2018;
Zhao et al., 2017). Vertical distributions along the negative B; axis in remFORC diagrams (Figures 2b and
3b) indicate that viscous SP/SD particles are widely present in red chert samples (Hu et al., 2018; Zhao
et al., 2017).

FORC-PCA provides further domain state indications for EMs in red chert samples, which suggests a link
among magnetic particles with different domain states. Hematite has SD behavior and appears to co-occur
in EM1 with vortex state/MD ferrimagnetic minerals (Figure 4b), which likely represents a detrital input.
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Figure 9. Comparison of FORC-PCA, IRM acquisition unmixing, and M,, PCA results along the PC1 axis of the FORC-PCA solution. (a) PC space for the
FORC-PCA solution; (b), (e) reconstructed FORC diagrams using two PCs for illustrated samples KA4-2C-1 and MO1-2C-1 for the full applied field range; and
(c), (f) reconstructed FORC diagrams using the two PCs for samples KA4-2C-1 and MO1-2C-1 for the low field range from 0 to 120 mT. (d), (g) IRM acquisition
unmixing results for samples KA4-2C-1 and MO1-2C-1. Blue, purple, green, and red lines represent components C1, C2, C3, and C4, respectively, and the yellow
line represents the total magnetization. (h), (i) Magnetization gradients of PC1 and PC2 from PCA analysis of My, for all studied samples; blue and red lines
represent results for samples KA4-2C-1 and MO1-2C-1, respectively.

As suggested by Abrajevitch et al. (2011), hematite contents in claystone layers are a few times higher than
in adjacent chert layers, which points to a detrital hematite source. M,;, curve PCA reveals that magnetite
and high-coercivity components (mainly hematite) explain most of the remanence variation. In addition,
inverse variation of the 100-300 mT coercivity range and the high-coercivity component suggests that these
two components have different origins or that the magnetite was oxidized to hematite.

7.2. Comparison of Unmixing Techniques

By comparing unmixing techniques and PCA results, the main magnetic property variation relates to
coercivity, domain state, and the linked variation among coercivity components. Results of FORC-PCA,
IRM acquisition unmixing, and PCA of M, curves are combined and illustrated in Figures 9 and 10.
Extended FORC diagrams for these samples are shown in Figures S4 and S5 for reference. The PC space
for FORC-PCA results for the whole field range from 0 to 1.2 T is shown in Figure 9a, along with recon-
structed FORCs for samples that lie closest to the ends of the PC2 axes to illustrate PC1 variations across
the sample set. Data for sample KA4-2C-1 lie on the left-hand end of the PC1 axis, where SD, vortex state,
and hematite signals are evident in the FORC diagram for the entire applied field range (Figure 9b),
while for the low field range the low-coercivity component is defined more reliably, with a dominant SD
feature and a less significant vortex state background (Figure 9c). Four components are identified with
IRM acquisition unmixing, where hematite makes the largest contribution to remanence (Figure 9d). For
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Figure 10. Comparison among FORC-PCA, IRM acquisition unmixing, and M;, PCA results along the PC2 axis of the FORC-PCA solution. (a) PC space for
the FORC-PCA solution; (b), (e) reconstructed FORC diagrams using two PCs for the whole applied field range for samples KA1-2D-1 and UN2-9B-1; (c), (f)
reconstructed FORC diagrams using two PCs for samples KA1-2D-1 and UN2-9B-1 for the 0-120 mT range; and (d), (g) IRM acquisition unmixing results for
samples KA1-2D-1 and UN2-9B-1. Blue, purple, green, and red lines represent components C1, C2, C3, and C4, respectively. The yellow line represents the total
magnetization. (h), (i) Magnetization gradient of PC1 and PC2 from M,, PCA; brown and green lines represent results for samples KA1-2D-1 and UN2-9B-1,

respectively.

PC1 from M,, curve PCA, hematite also makes a larger contribution than magnetite (Figure 9h). When
moving from left to right on the FORC PC1 axis, data for sample MO1-2C-1 have more significant vortex
behavior and a smaller SD signal (Figure 9f). Correspondingly, in IRM decomposition spectra, C1 has
a larger contribution and a wider distribution at low coercivities (blue component, Figure 9g). In My,
PCA results, MO1-2C-1 has larger soft components than KA4-2C-1 (Figure 9h). However, hematite is
still present in sample MO1-2C-1 and its relative contribution does not change significantly (Figure 9h).
Therefore, for FORC-PCA, PC1 mainly represents a domain state change in the low-coercivity compo-
nents, from SD behavior to a more vortex state behavior, which suggests either a coarsening process or a
decrease in SD ferrimagnetic mineral content.

Magnetic property changes along the FORC-PCA PC2 axis are shown in Figure 10. Data for sample KA1-
2D-1 lie at the lower end of the PC2 axis and are dominated by hematite. Its ferrimagnetic component has
lower coercivity (Figures 10b and 10c). When moving to the upper end of the PC2 axis, sample UN2-9B-1
has a strong noninteracting SD signal with a minor hematite contribution (Figures 10e and 10f). From M,
curve PCA results, the largest difference between KA1-2D-1 and UN2-9B-1 is the relative contribution from
high-coercivity and low-coercivity components (Figure 10h). Moreover, sample UN2-9B-1 also lacks the
intermediate-coercivity component (100-300 mT), which is clear in PC2 of the M, curve PCA results (Fig-
ure 10i) and C3 is absent in IRM acquisition curve decomposition (Figure 10g). Therefore, PC2 of FORC-
PCA mainly represents a change in the relative contribution of low and higher coercivity minerals, and a
change in the intermediate-coercivity component.
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The comparison above indicates that FORC-PCA, IRM acquisition unmixing, and M,, curve PCA results
relate to each other. When combined, they provide a clear interpretation of domain state and coercivity
distributions for complex magnetic mineral mixtures.

7.3. Advantages and Challenges for Magnetic Unmixing Techniques

Magnetic mineral mixtures generate inevitable difficulties for rock magnetic studies, especially because of
the contrast between weak and strong intrinsic magnetizations of hematite and magnetite. In this study,
FORC diagrams, FORC-PCA, IRM acquisition curve unmixing, and PCA of hysteresis loops and M,;, curves
are demonstrated to be valuable for detecting hematite signals and for deciphering complex magnetic mix-
tures. However, these methods emphasize different aspects of magnetic properties and have their respective
strengths and limitations.

FORC diagrams provide diagnostic information about the domain state of magnetic particles and about mag-
netostatic interactions that are not assessed as reliably with other approaches. A key advantage of the rem-
FORC, iFORC, and tFORC diagrams of Zhao et al. (2017) is that they provide improved domain state speci-
ficity for magnetic mineral assemblages with mixed domain states (e.g., Hu et al., 2018; Roberts et al., 2019).
For example, sample KA1-1B-1 would usually be interpreted as SD; however, a viscous SP/SD component is
highlighted in the remFORC diagram, while the two positive lobes along the B; axis in the tFORC diagram
also confirm a vortex state component (Figures 2b and 2d). For sample KA1-2A-1, we observe both vortex state
and SD signals with the conventional FORC diagram, but the negative—positive—negative—positive feature in
the iFORC diagram suggests that the low-coercivity component is dominated by vortex state behavior. FORC
analyses can be valuable for identifying hematite with large field ranges (Figures 2-4). When dealing with he-
matite and magnetite mixtures, use of an irregular grid (Zhao et al., 2015) aids efficiency by focusing measure-
ments on regions where the magnetization changes most. This enables capturing of both magnetite and hema-
tite signals with reasonable measurement times and avoiding excessive instrument drift during measurement.

FORC-PCA is a valuable approach for unmixing samples with mixed domain states. The FORC-PCA algo-
rithm of Harrison et al. (2018) performs PCA on local polynomial regression coefficients rather than on the
processed FORC diagram, which provides consistent representation of reversible and irreversible compo-
nents to enable unbiased quantification of MD and viscous SP/SD components. In our analysis, FORC-PCA
is more sensitive to ferrimagnetic minerals. PC1, which accounts for 60% of the total variance in the dataset,
mainly represents domain state changes in ferrimagnetic minerals. This is because hematite and goethite
are less sensitive to domain state change and interactions have less influence because the anisotropy is high-
er and the spontaneous magnetization is weaker for hematite and goethite compared to magnetite (Mux-
worthy et al., 2005). Nevertheless, FORC-PCA enables interpretation of FORC behaviors from independent
components and provides a better understanding of domain state variations within groups of samples. A
single PC may not reflect variations in a single factor; a PC can indicate factors that are affected by the same
mechanism or that have the same background, which is valuable for deciphering geological and environ-
mental influences. As is the case for all EM unmixing approaches, individual EMs can represent mixtures
and the extent to which such mixed EMs can be separated depends on the parsimony of the adopted inter-
pretation and whether the EM represents a naturally produced mixture that cannot be split apart. Elements
of subjectivity exist with EM definition because EM placement can be flexible. The feasibility metrics of
Harrison et al. (2018) provide a visual guide for EM selection to keep users from straying into regions where
FORCs become physically unrealistic. However, nonunique EMs can give rise to nonunique results. The
long measurement times required for FORC measurements also means that they are most likely to be used
only for a subset of representative samples.

Decomposition of IRM acquisition or backfield curves enables component-by-component specificity that is
not achieved as effectively with other approaches. The principal limitations are the nonuniqueness of solu-
tions and selection of appropriate mathematical functions for fitting (e.g., Roberts et al., 2019). To minimize
or avoid nonuniqueness, independent magnetic component identification is needed to provide supervised
unmixing (e.g., Heslop, 2015).

M, PCA has key advantages. First, it only requires hysteresis measurements, which can be made rapidly on
large sample sets. Second, the analysis is objective; PCA results indicate the main contributors to remanence
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Figure 11. (a) Variation of PC scores from M,, PCA and the contributions of the four magnetic components identified from IRM acquisition unmixing within
the red chert samples. Gray bars separate samples from different geological time periods; the horizontal axis represents increasing geological age, where KA6
is the youngest (early Jurassic) and KA1 is the oldest sample (middle Triassic). (b) Relationship between EC1 + EC2 from IRM acquisition unmixing and PC1
from M,, PCA (correlation coefficient R = 0.85, p < 0.001; this linear correlation is significant at the 0.01 level); (c) weak negative correlation between the PC2
score from M,;, curve PCA and the EC2/EC3 value from IRM acquisition unmixing (R = 0.43, p = 0.004; the correlation is significant at the 0.01 level). The
dashed line is a fit without the four points with low-PC2 scores (R = 0.41, p = 0.007; the correlation is also significant at the 0.01 level).

variations and subtle coercivity changes can be revealed. Unmixing using PCA of M,, and IRM acquisition
curves is based on remanent magnetizations. PC1 from M., PCA follows C1 plus C2 variations from IRM
acquisition unmixing (Figures 11a and 11b), which confirms that PC1 represents the relative contribution
of low-coercivity and high-coercivity components. PC2 from M, curve PCA makes a minor contribution
to the remanent magnetization, and yet tends to decrease with increasing EC2/EC3 (Figure 11c). This phe-
nomenon indicates that PC2 may be related to the relative abundance of C2 and C3, which could result from
mineral input variations or transformation from one component to another. For instance, higher PC2 could
represent oxidation of magnetite to hematite resulting in lower C2 but higher C3. Therefore, My;, curve PCA
provides reliable and objective coercivity distribution information and connects coercivity components that
cannot be retrieved from IRM acquisition curve unmixing. However, My, curve PCA does not provide direct
domain state diagnosis either.

Based on the above results and discussion, for complex magnetite-hematite mixtures, PCA analysis of My,
is recommended for large sample sets to retrieve valuable information on coercivity components and their
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interrelations. FORC-PCA provides the best method for domain state unmixing, but it is less sensitive to
hematite when magnetite is present. Extended FORC-type diagrams provide unambiguous magnetic do-
main state diagnosis that is suitable for analysis of selected samples. IRM acquisition curve decomposition
provides coercivity-based unmixing, but its subjective and nonunique nature should always be considered
when interpreting results.

8. Conclusions

Complex magnetic mineral mixtures in red chert have long been a barrier for making detailed paleomagnet-
ic and environmental magnetic interpretations. Using a combination of IRM acquisition curve unmixing,
FORC-PCA unmixing and M,;, PCA, we describe an improved approach for discriminating hematite and
magnetite in red chert. PCA helps to detect linkages between different magnetite and hematite components.
Coarse magnetite varies with hematite, which suggests that they have the same detrital origin while inter-
mediate-coercivity components compete with hematite, which probably indicates an oxidation process or a
different formation mechanism for the intermediate-coercivity component.

The usefulness of various magnetic techniques is assessed here for unmixing complex mineral magnetic sig-
nals in red cherts. FORC diagrams can enable detection of hematite signals when using larger field ranges and
efficient measurement protocols. FORC-PCA is valuable for unmixing domain states. Domain state changes
are less important for hematite compared to magnetite; therefore, the usefulness of FORC-PCA is best illus-
trated with magnetite-dominated samples. IRM acquisition curve and end-member related unmixing provides
component-specific results, but they need independent evidence to guide robust end-member selection. PCA
on My, curves enables rapid, objective remanence analysis for large samples sets, which provides useful infor-
mation about the most significant factors influencing remanence variations and subtle coercivity changes. A
FORC diagram contains all information that is contained in a hysteresis loop and IRM curve. It is, therefore,
a more diagnostic tool for identifying mineral magnetic components. However, FORCs are sensitive to noise
and take longer to measure. Therefore, logistical constraints tend to outweigh the usefulness of this technique
for separating magnetic components. When considering magnetically weak natural magnetite—-hematite mix-
tures, such as in the studied red chert, PCA is useful and time efficient. Selective measurement of extended
FORC-type diagrams can provide further detailed information on the domain states present.

Data Availability Statement
Dataset is uploaded to the PANGAEA data publisher (https://www.pangaea.de/?t=Geophysics).
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