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Abstract Hematite is a canted antiferromagnet with reddish color that occurs widely on Earth and

Mars. Identification and quantification of hematite is conveniently achieved through its magnetic and color
properties. Hematite characteristics and content are indispensable ingredients in studies of the iron cycle,
paleoenvironmental evolution, paleogeographic reconstructions, and comparative planetology (e.g., Mars).
However, the existing magnetic and color reflectance property framework for hematite is based largely on
stoichiometric hematite and tends to neglect the effects of cation substitution, which occurs widely in natural
hematite and influences the physical properties of hematite. Thus, magnetic parameters for stoichiometric
hematite are insufficient for complete analysis of many natural hematite occurrences and can lead to ambiguous
geological interpretations. Remagnetization, which occurs pervasively in red beds, is another ticklish problem
involving hematite. Understanding red bed remagnetization requires investigation of hematite's formation

and remanence recording mechanisms. We elaborate on the influence of cation substitution on the magnetic
and color spectral properties of hematite, and on identifying hematite and quantifying its content in soils and
sediments. Studies of remagnetization mechanisms are discussed, and we summarize methods to discriminate
between primary and secondary remanences carried by hematite in natural samples to aid primary remanence
extraction in partially remagnetized red beds. Although there remain unknown properties and unresolved
issues that require future work, recognition of the properties of cation-substituted hematite and remagnetization
mechanisms for hematite will aid identification and interpretation of the magnetic signals that it carries, which
is environmentally important and responsible for magnetic signals on Earth and Mars.

Plain Language Summary Hematite is red in powdered form and is a common magnetic mineral
on Earth and Mars. It carries significant information on ancient climates and environments. Well-dated
terrestrial hematite records enable detailed monsoon reconstructions while hematite occurrences on Mars

tend to be interpreted as associated with the former presence of water. Hence, hematite-bearing regions are
considered key to the search for potential ancient life on Mars. Hematite can have stable magnetizations, so
hematite-bearing rocks are key targets for tectonic reconstructions. Identification and quantification of hematite
is conveniently achieved through its magnetic and color properties. However, two major hurdles in hematite
studies include cation substitution and remagnetization. The former can strongly affect its physical properties,
while the latter evidently complicates geological interpretation of the natural remanent magnetization carried
by hematite. Here, we review the influence of cation substitution on the magnetic and color spectral properties
of hematite and summarize methods for its identification and quantification in nature by combining magnetic
and color spectral analyses. In addition, we summarize remagnetization mechanisms and illustrate methods to
discriminate primary and remagnetized remanences carried by hematite. Finally, current challenges pertaining
to hematite research on Earth and Mars are highlighted along with discussion of future avenues for how to
resolve these issues.
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1. Introduction

Hematite (a-Fe,O,) derives its name from the Greek haimatite meaning blood-like, which refers to its distinct red
color (Morrish, 1994). Hematite is one of the most widely occurring iron oxides on Earth, Mars, the Moon, and
some asteroids (S. Li, Lucey, et al., 2020; Y. Li, Yang, et al., 2020), and is significant in environmental studies
of soils and sediments (Barrén & Torrent, 2013; Colombo et al., 2017; Cornell & Schwertmann, 2003; Deng
et al., 2006; Schwertmann, 1985, 1988, 1993; Torrent et al., 1980). It is also responsible for the natural remanent
magnetization (NRM) carried by most “red beds”—the red sandstones and shales that have been a major paleo-
magnetic data source in classic plate tectonic reconstructions (Collinson, 1966, 1974; Lgvlie & Torsvik, 1984;
Walker, 1967a, 1967b; Walker et al., 1981). In addition, hematite is the dominant iron oxide in subducted
rocks at depths of 300-600 km (Kupenko et al., 2019) when magnetite has decomposed thermally (Woodland
et al., 2012). This observation is relevant when inverting geomagnetic data in crustal magnetic anomaly studies
(Y. Li & Oldenburg, 1996), especially in studies of planetary bodies that no longer have a dynamo, such as Mars
(Stevenson, 2001). Hematite is also abundant as a nanophase reddish pigment that covers much of the surface of
Mars (Allen et al., 2001, 2004; Christensen, Bandfield, Clark, et al., 2000; Christensen et al., 2001; R. V. Morris
& Golden, 1998; R. V. Morris et al., 1993) and as coarse-grained crystalline gray specular hematite that is an
important contributor to magnetic anomalies on Mars (Catling, 2004; Chan et al., 2004; R. Morris et al., 2005).

Hematite formation is controlled largely by surface environmental conditions (e.g., temperature, humidity/aridi-
ty; Dong et al., 2009; Schwertmann & Cornell, 2000; Schwertmann & Murad, 1983; Subrt et al., 2000; Sugimoto
& Wang, 1998). Thus, concentration and magnetic property variations of hematite are important proxies for
geological processes and environmental evolution (Balsam et al., 2004; Ji et al., 2004; Jiang et al., 2012; Jiang,
Liu, Dekkers, et al., 2014; Z. Liu et al., 2013). This makes hematite a critically important mineral in paleoen-
vironmental, iron cycle, tectonic, and comparative planetology studies (Bailey et al., 2011; Dunlop & Kletet-
schka, 2001; Ge et al., 2017; Kletetschka et al., 2000a, 2000b, 2000c; K. P. Kodama, 2012; Q. Liu et al., 2012;
Tan et al., 2003).

Hematite has a hexagonal crystal structure in which alternating planes contain Fe’* ions that are magnetized
in almost opposite directions (Dzyaloshinsky, 1958; Moriya, 1960). Slight departure (~0.065°) from perfectly
antiparallel spins, or spin canting, gives rise to its magnetization (Morrish, 1994). This changes hematite from an
ideal antiferromagnetic mineral with no net magnetization to an imperfect antiferromagnet with a weak spontane-
ous magnetization of ~0.4 Am? kg~! and a Curie temperature of ~675°C (Aharoni et al., 1962; Lin, 1959, 1960;
Morrish, 1994). Thus, although its magnetization is more than 200 times weaker than that of magnetite, the
contribution of hematite to magnetic anomalies cannot be ignored (Dunlop & Kletetschka, 2001; Kletetschka
et al., 2000a, 2000b, 2000c). In addition, hematite has characteristic color reflectance properties, that is, peaks
in diffuse reflectance spectroscopy (DRS) second derivative curves (Torrent & Barrdn, 2003, 2008; Torrent
et al., 1983). As instrument precision increases, considerable attention has been paid to understanding magnetic
and color information carried by hematite on Earth and Mars (Fabian et al., 2011; Jacob & Abdul Khadar, 2010;
Lu & Meng, 2010; Ozdemir & Dunlop, 2014; Reufer et al., 2011; Suber et al., 2010; Tadié et al., 2011), which
is valuable for understanding magnetic properties, structure, identification, and quantification of hematite in
environmental, tectonic, and planetary studies (Allen et al., 2001; Bercoff & Bertorello, 2010; C. Liu, Deng,
et al., 2007; Chan et al., 2004; Hargraves et al., 2000; Harrison et al., 2010; Jacob & Abdul Khadar, 2010; Kle-
tetschka & Wasilewski, 2002; R. Morris et al., 2005; Ozdemir & Dunlop, 2005, 2006; Ozdemir et al., 2008; Rob-
inson et al., 2002; S. Ono et al., 2004, 2011; S. A. McEnroe, Robinson, & Panish, 2001). However, much of this
magnetic property framework is based on stoichiometric hematite. In natural hematite, other cations (e.g., Al, Ti,
etc.) are invariably present in either single crystal or polycrystalline particles (Cornell & Schwertmann, 2003; Na-
gata & Akimoto, 1956). Furthermore, the color and magnetic properties of hematite may change, either slightly or
significantly, depending on the substituted cation and on the parameter of interest (Barrén & Torrent, 1984; Jiang,
Liu, Colombo, et al., 2014; Jiang, Liu, Dekkers, et al., 2016; Jiang et al., 2012, 2013; Liu, Roberts, et al., 2007;
Morrish, 1994; Wells et al., 1999). Typical magnetic and color parameters for “pure” hematite do not apply read-
ily to cation-substituted hematite and may lead to ambiguous geological interpretations (Jiang, Liu, Colombo,
et al., 2014; Jiang, Liu, Dekkers, et al., 2014; Jiang et al., 2012; P. Hu et al., 2016; Q. Liu et al., 2011).

In addition to issues involving the usefulness of the existing magnetic parameter framework for studying natural-
ly variable hematite, remagnetization is a further issue in research involving hematite. Remagnetization can be
pervasive in red beds and complicates the geological interpretation of paleomagnetic data (Creer, 1968; E. Cox
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etal., 2005; Kent et al., 1987; McCabe & Elmore, 1989; Van der Voo & Torsvik, 2012). In red beds and some he-
matite-bearing carbonate rocks, hematite has two modes of occurrence: fine-grained pigment and coarser detrital
(specular) particles. The former is the most frequent carrier of a chemical remanent magnetization (CRM) in red
beds and can overprint a detrital remanent magnetization (DRM) carried by primary hematite and lead to remag-
netization (Tauxe & Kent, 1984; Tauxe et al., 1980). Therefore, discriminating between DRM and CRM is central
to red bed paleomagnetism (losifidi et al., 2010; Jiang, Liu, Dekkers, et al., 2015; Jiang et al., 2017; Van der Voo
& Torsvik, 2012). However, to develop methods to recognize and isolate different NRM types, the hematite for-
mation process and accompanying remanence recording processes should be investigated. In addition, hematite
formation mechanisms, magnetic recording, and shock impact effects on its magnetic properties are significant
for paleoclimatic, magnetic field, and tectonic studies of Mars. Hematite studies have, thus, been extended to
Martian environments to assess the presence of water and potential for life and a former Martian magnetic field
and dynamo action expressed by crustal magnetic anomalies (e.g., Fraeman et al., 2013; Grotzinger et al., 2015;
Haberle et al., 2017; Mangold et al., 2016; R. Morris et al., 2005; Sato et al., 2018; Thomas et al., 2018).

To address many of the issues listed above, we combine chemical synthesis, magnetic, and color reflectance meth-
ods with systematic investigation of synthetic and natural hematite samples (Jiang, Liu, Colombo, et al., 2014;
Jiang, Liu, Dekkers, et al., 2014; Jiang, Liu, Dekkers, et al., 2015; Jiang, Liu, Dekkers, et al., 2016; Jiang, Liu,
Zhao, et al., 2015; Jiang, Liu, Zhao, et al., 2016; Jiang et al., 2012, 2013, 2017, 2018). It is now timely to provide
a detailed overview of the magnetic and color spectral properties of hematite. We elaborate systematically on
the influence of cation substitution on the magnetic and color reflectance properties of hematite and summarize
methods to identify and quantify hematite in soils and sediments by combining magnetic and color reflectance
properties. In addition, remagnetization mechanisms of red beds are discussed based on laboratory modeling and
natural sample analyses, with a summary of the methods available to discriminate between CRM and DRM or
thermal remanent magnetization (TRM) carried by hematite in natural samples. This is critical for extracting pri-
mary NRM signals from (partially) remagnetized red beds. Also, the high-pressure magnetic behavior of hematite
from laboratory experiments is assessed in relation to impacts of cosmic material on Mars. Based on all of the
above, the implications of signals due to hematite in environmental, tectonic, Earth interior, and planetary (par-
ticularly Mars) studies are discussed. Finally, we discuss remaining unknown properties and issues concerning
hematite that require future work. For example, is hematite on Earth and Mars comparable? Is hematite on Mars
also cation-substituted? If so, how can we quantify cation contents? Can this be done with a color reflectance
spectrometer on a Mars lander or orbiter? Are weak magnetic anomalies on Mars due to a former weak dynamo
field or did they result from impact demagnetization? We summarize progress on these issues and focus on major
outstanding questions associated with hematite in environmental magnetism, paleomagnetism, tectonics, paleo-
climate, soil science, and comparative planetology.

2. Hematite Occurrences and Formation on Earth and Mars

Hematite and other ferric iron oxides and oxyhydroxides occur widely on Earth and Mars and form via diverse
processes. Understanding hematite formation pathways is critical for interpreting information carried by hematite
in terms of climate, environment, tectonics, and planetary evolution. Hematite occurrences and formation path-
ways are, thus, discussed at length throughout the rest of this section.

2.1. Forms of Iron Oxyhydroxide (FeOOH) and Fe,O,

In nature, there are six polymorphs of iron oxyhydroxide (FeOOH) and three of Fe,O,; the oxyhydroxides can
be dehydroxylated to their oxide counterparts (Cornell & Schwertmann, 2003). The dominant oxyhydroxides
include: goethite (a-FeOOH), akaganéite (f-FeOOH), lepidocrocite (y-FeOOH), feroxyhyte (6-FeOOH), ferrihy-
drite (Fe;HO, - 4H,0), and green rusts (Fe3+xFez+y(OH)3X 12yAA7),), where A'is Cl, CO;7, or SO4>". Goethite is
one of the thermodynamically most stable iron oxides at ambient temperatures, and it is either the first well-crys-
talline oxide to form or the final product after many transformations. Pure goethite powder is typically yellow
and is responsible for the yellowish color of many rocks and soils (Hao et al., 2009). Fine grained goethite is
beige-brown, while Mn substituted goethite can be blackish (Cornell & Schwertmann, 2003). Orange-colored
lepidocrocite occurs in rocks, soils, and rust, and is often an oxidation product of Fe?* bearing minerals (Schw-
ertmann & Cornell, 2000). Akaganéite occurs rarely in nature and is found mainly in Cl-rich environments such
as hot brines and in rust in marine environments (Bishop et al., 2015; Remazeilles & Refait, 2007). In contrast,
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the reddish-brown ferrihydrite is widespread in surface environments (Jambor & Dutrizac, 1998). It exists ex-
clusively as nanocrystals; unless it is stabilized in some way, it transforms with time into more stable iron oxides
(Hiemstra, 2018). Ferrihydrite is, thus, an important precursor of more stable, more crystalline Fe oxides (Jiang
et al., 2018). Green rusts form as corrosion products and are a group of Fe oxides consisting of layers of Fe>*OH
octahedra in which some Fe?* is replaced by Fe**. To maintain charge neutrality, anions, especially C1~ and
S0,27, are bound between layers (Génin et al., 2002).

The dominant Fe,O; polytypes are hematite (a-Fe,0,), maghemite (y-Fe,0,), and &-Fe,O; (Cornell & Schwert-
mann, 2003). Hematite is extremely stable and is often the end member of transformations of other iron oxides.
Maghemite has a cubic crystal structure and occurs in soils as a weathering product of magnetite (Fe,O,) or as a
heating product of other Fe oxides, usually in the presence of organic matter. e-Fe,O, occurs in disordered pure
forms and in ordered forms along with hematite or maghemite. -Fe, O, is orthorhombic (Tronc et al., 1998) and
has a broad geographical distribution in bricks and baked clays (McIntosh et al., 2011) with high coercivity and
low Curie temperature (Lopez-Sanchez et al., 2017; Mclntosh et al., 2007). e-Fe,O, can transform to hematite at
500°C-750°C depending on the preparation method.

2.2. Hematite Occurrences on Earth and Mars

Hematite is one of the most widely occurring iron oxides in nature; it is distributed widely in red soils, red
beds, marine sediments, and wind-blown dust on Earth and Mars (Figure 1). On Earth, hematite is abundant in
many aerobic soils under warm, humid climates or in sediments of various ages in tropical and subtropical areas
(Figures 1b—1d; Van Houten, 1968, 1973; Walker, 1967a; Walker et al., 1981). Hematite also occurs in Archean
and Paleoproterozoic banded iron formation (BIF; Figure le) sediments that record evolution of Earth's early
atmosphere and ocean (Cloud, 1973; Hoashi et al., 2009; Klein, 2005). Moreover, hematite is the dominant
pigment in oceanic red beds (Figure 1a), which are reddish to pinkish pelagic marine sedimentary rocks (Wang
et al., 2004, 2005) that document global oceanic and climate changes during the Cretaceous greenhouse world
(X. Hu, Scott, et al., 2012). High pressure and temperature experiments on hematite and its polymorphs suggest
that they can be dominant magnetic carriers down to ~600 km depth, that is, in (cold portions of) subducted slabs
(Ferré et al., 2021; Kupenko et al., 2019). Two dominant kinds of hematite, specular grains and red pigment,
occur in soils and red beds. Fine-grained chemically formed hematite pigment is responsible for the characteristic
red bed color; it is the dominant magnetic carrier in some red beds in warm, humid climates (Robb, 1949; Tor-
rent & Schwertmann, 1987; Van Houten, 1968; Walker, 1967a). Detrital hematite, black specularite, is typically
coarser-grained and may record the primary NRM of certain red beds (Van der Voo & Torsvik, 2012).

Hematite is the most common pigment and magnetic mineral on the surface of Mars and is responsible for its
nickname as the “Red Planet.” Hematite on Mars occurs in three forms with different physicochemical and
spectral properties: nanophase, red crystalline, and gray crystalline hematite (R. V. Morris et al., 1985, 1989).
The former two are the dominant contributors to the eye-catching color of bright regions of Mars (Figure 1f;
R. V. Morris et al., 1989, 1993, 1997). In contrast, gray hematite is absent in visible/near-IR (VNIR) spectra
for Fe3*-containing bright regions on Mars. Significant gray hematite deposits are inferred to exist from spec-
tra from Sinus Meridiani (2°S and 4°W), Aram Chaos (2°N and 21°W), and numerous smaller areas in Valles
Marineris, covering areas of >175,000, ~5,000, and 25-800 km?, respectively (Figure 2; Christensen, Bandfield,
Clark, et al., 2000; Christensen, Bandfield, Hamilton, et al., 2000; Christensen, Bandfield, Smith, et al., 2000;
Christensen et al., 2001). Two other small gray hematite-rich regions have been identified at Aureum (4.4°S and
333.0°E) and Iani (2.0°S and 342.3°E) Chaos using thermal emission spectroscopy (TES) and Thermal Emission
Imaging System data (Glotch & Rogers, 2007). In situ images from the Mars Exploration Rover “Opportunity”
indicate that hematite in Sinus Meridiani occurs as spherical balls, typically a few millimeters in diameter and
embedded in rock outcrops like “blueberries in muffins” (Figure 1g; Catling, 2004; Chan et al., 2004). Specifi-
cally, hematite has been detected by miniature TES in spherical particle accumulations on a sulphate-rich outcrop
surface and in channel lag deposits in Meridiani Planum (Bell et al., 2004; Christensen et al., 2004; Herkenhoff
et al., 2004; Squyres et al., 2004). Spherules embedded in the outcrop have a 4.2 + 0.8 mm mean diameter
(McLennan et al., 2005). Gray hematite consists of crystalline particles >10 pm in diameter or polycrystalline
aggregates of such particles (R. V. Morris et al., 1989), and is distributed throughout the spherules rather than
forming concentric surface shells (McLennan et al., 2005).
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Figure 1. Hematite-rich environments on Earth and Mars. (a) Late Cretaceous red beds from Fenghuoshan Group in the Hoh
Xil Basin, Tibetan Plateau (provided by Dr. Chunsheng Jin); (b) iron oxides in leachates from acid mine drainage, Rio Tinto,
Spain (provided by Vidal Barrén); (c) Weinan loess/paleosol profile, Chinese Loess Plateau (provided by Dr. Chunsheng
Jin); (d) iron oxide enriched horizons in an Acrisol, Spain (provided by Vidal Barrdn); (e) banded iron formation, Mamatwan
Manganese Mine, Hotazel, Northern Cape Province, South Africa (from Posth et al. (2011)); (f) Martian red soils (from
NASA) and (g) hematite spherules (from Bell et al. (2004)); (h) red beds from a mosaic image, El Capitan (from Squyres

et al. (2004)); and (i) clinoform sandstones from an ancient lake deposit, Gale crater, Mars (from Grotzinger et al. (2015)).

2.3. Hematite Formation Cycle on Earth and Mars

On Earth and Mars, three dominant pathways occur for hematite formation (Figure 3). The first is crystallization
from solution (labeled 1 in Figure 3), which can occur by (a) direct precipitation from hydrolysis of Fe3*- or Fe?*-
rich fluids (Schwertmann & Cornell, 2000) or (b) hydrothermal transformation of precursor ferrihydrite in soils
(Cornell & Schwertmann, 2003), aerobic sedimentary environments (Drodt et al., 1997; Eren & Kadir, 1999;
Spencer & Percival, 1952; Van der Zee et al., 2003), iron-rich waters, which are typical of BIFs (Klein, 2005;
Posth et al., 2011), or hot spring deposits (Wade et al., 1999). The second pathway is dehydroxylation of Fe
oxyhydroxides at high temperatures (labeled II in Figure 3), for example, during lava baking, burning of coal
measures (de Boer, Dekkers, & Van Hoof, 2001), or forest fires (Iglesias et al., 1997; Ketterings et al., 2000;
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Figure 3. Schematic illustration of formation and transformation pathways of common iron oxides, where therm. dehydr. and hydrotherm. transform. are abbreviations

for thermal dehydroxylation and hydrothermal transformation.
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Nornberg et al., 2009). The third pathway is via magnetite oxidation or maghemite inversion at ambient tempera-
tures (labeled III in Figure 3), which occurs widely in soils and sediments (e.g., Chen et al., 2005, 2010; Dunlop
& Ozdemir, 1997). Hematite formation is controlled by many geological processes, so its abundance and mag-
netic and color properties are important proxies in studies of geological and environmental processes. Therefore,
determining its properties is useful in studies of paleoenvironmental evolution, the iron cycle, marine biology,
tectonics, and comparative planetology.

2.3.1. Hematite Formation From Hydrolysis of Iron-Rich Solutions

Precipitation of ultra-fine hematite from iron-rich solutions in the pore spaces of clastic sediments produces the
distinctive purple to red hues of red beds (Dunlop & Ozdemir, 1997; Walker, 1967a). In deep-sea sediments,
hematite occurs mainly in oxidizing environments, so it is a useful indicator of such conditions, and it eventually
dissolves in reducing conditions (Roberts, 2015). Its abundance decreases from typically ~20 wt% of the total
Fe-oxide population near the sediment surface to about zero at the Fe3*-Fe?* redox boundary, which results in
a sediment color change from brown/red to green (Drodt et al., 1997; Eren & Kadir, 1999; Lyle, 1983). Pre-
cambrian BIFs formed via diagenesis (biologically driven and below 120°C) and by subsequent metamorphism
(abiogenically at higher temperatures; Klein, 2005; Kohler et al., 2013; Konhauser et al., 2005; Posth et al., 2013;
Rasmussen et al., 2014). Deposition of Fe-rich layers in BIFs requires certain geochemical conditions and pro-
cesses to have occurred in Archean-Paleoproterozoic oceans. Fe** is poorly soluble in oxic seawater at circum-
neutral pH, so ancient oceans must have been anoxic to transport significant dissolved Fe>* to BIF deposition sites
(Cornell & Schwertmann, 2003; Halama et al., 2016). On the Martian surface, most hematite is thought to have
been formed from Fe-rich aqueous fluids under ambient conditions or from hydrothermal fluids. The presence
of crystalline hematite has been suggested to provide evidence for aqueous environments on Mars (Christensen,
Bandfield, Clark, et al., 2000; Christensen et al., 2001; Yoshida et al., 2018).

Once Fe** ions appear in solution due to dissolved Fe?* oxidation, they are likely to form poorly crystalline hy-
drous ferric oxide gels or ferrihydrite through hydrolysis (Figure 3; Burns, 1993a; Schwertmann & Cornell, 2000).
Subsequently, the gels age to different crystalline phases depending on the oxidation rate of dissolved Fe?* to
Fe*, Fe* ion concentration, the nature of anions present, pH, temperature, and aging time (Galvez et al., 1999;
Schwertmann & Cornell, 2000; Schwertmann & Murad, 1983; Schwertmann et al., 2000; Torrent et al., 1982).
Ferrihydrite forms initially by hydrolysis of Fe>* ions and ages to form goethite, hematite, or mixtures of the two,
depending on pH, temperature, and soil moisture (Guyodo et al., 2003; Schwertmann & Murad, 1983). Hematite
formation is favored at elevated temperatures, low water activity, and neutral pH, whereas goethite predominates
at both low temperature and high pH. Ambient magnetic fields can also play a role in hematite versus goethite
growth from ferrihydrite. Hematite and goethite mixtures are obtained in fields <~60 pT; higher fields favor he-
matite formation by accelerating magnetic ferrihydrite aggregation (Jiang, Liu, Dekkers, et al., 2016). Carbonate
can enhance ferrihydrite transformation to hematite by buffering the pH at ~7-8, which is critical for understand-
ing the fate and transport of carbonate and Fe3*-bearing mineral transformation (Y. Li, Yang, et al., 2020).

Investigations of hematite formation have proposed a transformation pathway of ferrihydrite — a maghemite-like
mineral — hematite (Barrén & Torrent, 2002; Gutiérrez et al., 2016; L. Cao et al., 2017; Michel et al., 2010; Q.
Liu et al., 2008). The intermediate ferrimagnetic maghemite-like phase (originally proposed to be hydromaghe-
mite) was considered an important contributor to soil magnetic enhancement (Barrén et al., 2003). However, it
was later suggested to be a ferrimagnetically ordered ferrihydrite (Michel et al., 2010), or a core-shell structured
ferrihydrite (Hiemstra, 2018; L. Cao et al., 2017). Torrent et al. (2006, 2007) ascribed correlation between the
amount of the pedogenic maghemite-like phase and hematite contents to multiple factors, including prevailing
climate, chemical environment (e.g., sorbed ligands and organic acids), and degree of weathering. Concentra-
tion variations of these two minerals are, therefore, used widely as climatic or environmental proxies (J. M. Sun
et al., 2008; Z. Liu et al., 2013). However, the results of Jiang et al. (2018) suggest that this ferrihydrite-hema-
tite conversion is not a simple three-stage process, but a more complex five-stage process. The five stages are:
(I) formation of magnetically ordered (or core-shell structured) superparamagnetic (SP) ferrihydrite, (II) rapid
hematite formation from SP ferrihydrite, (II) relative hematite stabilization, (IV) maghemite nanoparticle ne-
oformation, and (V) complete transformation from maghemite to hematite (Figure 4). Unlike previous models
in which pedogenic maghemite forms mainly in stages I and II, it forms dominantly in stage IV of the model of
Jiang et al. (2018). Iron oxide growth under natural conditions occurs mainly via an aggregation-based nucleation
pathway (Banfield et al., 2000). Recrystallization and transformation are enhanced by particle aggregation, which
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Figure 4. Five-stage model for transformation of ferrihydrite to hematite from magnetic susceptibility (y) versus aging time
(from Jiang et al. (2018)). The initial solution contains fresh ferrihydrite aggregates. Stage I: fresh ferrihydrite is magnetically
ordered and transforms into ferrimagnetic ferrihydrite. Stage II: magnetically enhanced ferrihydrite particles convert abruptly
to SD hematite. Stage III: massive SD hematite formation. Stage IV: the remaining ferrihydrite transforms to ultrafine
maghemite. Stage V: maghemite transforms ultimately to fine-grained hematite after strong weathering (stage V). Stage V is
inferred and was not detected directly by Jiang et al. (2018) (dashed line in the magnetic susceptibility aging curve).

is controlled by many factors, for example, initial precipitate content, ligands, pH, temperature, oxygen, etc.
(Burns, 1993a; Penn, 2004; Schwertmann et al., 1999). In near-neutral and alkaline solutions, reaction kinetics are
so rapid that dissolved Fe** is removed almost instantaneously. Therefore, in early stages, abundant ferrihydrite
forms in aggregates with sizes of a few nanometers and recrystallizes to form ferrimagnetic ferrihydrite, which
dehydrates rapidly to larger hematite particles (Michel et al., 2010). Hematite is produced in larger quantities
when ferrihydrite supply is abundant in stages I and II of Jiang et al. (2018), which is consistent with results for
soils where the parent material determines the amount of magnetic mineral produced during pedogenesis (Boyle
et al., 2010). However, after stage III of Jiang et al. (2018), few ferrihydrite clusters remain and ferrimagnetic
ferrihydrite transforms preferentially into ultrafine maghemite rather than hematite. Maghemite concentration
builds up rapidly with a decreasing precursor concentration (Ayyub et al., 1988) because less entropy is needed
for ultrafine maghemite formation compared to hematite, which may be the reason why maghemite exists as ul-
trafine particles (McHale et al., 1997; Navrotsky et al., 2008). This is why maghemite particles are also produced
during nanocrystalline hematite synthesis (Ayyub et al., 1988). However, maghemite will transform to hematite
eventually because of its metastability (Ozdemir & Dunlop, 1988). This transformation pathway provides clues
for maghemite and hematite co-formation on Earth and Mars.

2.3.2. Hematite Formation via Dehydroxylation of Fe Oxyhydroxide (FeOOH)

The second hematite formation pathway is by thermal dehydroxylation or mechanochemical decomposition
of a precursor Fe oxyhydroxide (i.e., 2FeOOH — Fe,O, + H,O; Figure 3), which is considered the main he-
matite formation pathway in sedimentary rocks during burial and metamorphism (de Boer & Dekkers, 2001;
Dekkers, 1990; Gendler et al., 2005; Gonzalez et al., 2000; Rendén et al., 1983). Goethite is thermodynamically
less stable than hematite, and is expected to dehydroxylate to hematite during burial (Langmuir, 1971). At mod-
erate depths (e.g., 5 km), water is either bound in chemical compounds or adsorbed onto grains within sediments.
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All compounds that consist of a combined volatile and solid phase exert a vapor pressure as a function of tem-
perature, pressure, and grain size. Goethite dehydroxylation and hematite recrystallization will occur at a depth
where the geotherm intersects the dehydration line for bound water (Catling & Moore, 2003). High temperatures,
such as those experienced during wildfires or movement of hot lava flows (on Earth and Mars), can also trigger
goethite dehydration to hematite (Iglesias et al., 1997; Ketterings et al., 2000; Nornberg et al., 2009). In addition,
mechanical grinding can induce goethite transformation to hematite through the impact of forces, attrition, shear,
and compression (e.g., Gonzalez et al., 2000; Lemine, 2014; Rendén et al., 1983).

Despite the above, intricacies of the dehydration process remain disputed. At low pressures (<1 kbar), temper-
atures between 70°C and 130°C are sufficient for goethite to transform to hematite in the presence of saturated
water vapor (Bischoff, 1969; Johnston & Lewis, 1983), which is consistent with temperatures deduced for coarse
hematite formation in the best-preserved ancient terrestrial BIFs. The transition temperature differs from the
dehydration temperature required to transform a dry goethite powder into hematite because in aqueous systems,
crystal growth lowers the transition temperature (Pollack et al., 1970; R. V. Morris & Lauer, 1981). Differential
thermal analysis and differential scanning calorimetry results indicate a conversion temperature of 175°C—400°C
or higher, which depends on cation substitution in goethite (e.g., Al substitution stabilizes goethite; Fey & Dix-
on, 1981), while Gialanella et al. (2010) found that recrystallization and partial sintering of hematite occurs only
>800°C, with coarser crystalline material reacting at higher temperatures.

In addition, goethite dehydr(oxyl)ation involves removal of hydrogen and one-quarter of the oxygen, with-
out disturbing the network of remaining oxygen, and atomic rearrangement of Fe**, to form hematite:
2a-FeOOH — a-Fe,0, + H,0. Watari, Delavignette, and Amelinckx (1979) proposed, based on X-ray diffrac-
tion (XRD) data, that this transformation involves direct goethite dehydration to hematite without an intermediate
phase. Walter et al. (2001) argued that the so-called intermediate hydrohematite described in the literature (e.g.,
Gualtieri & Venturelli, 1999; Wolska & Schwertmann, 1989) does not exist as a discrete intermediate during
dehydration from goethite to hematite; instead they observed a dependence of the dehydration mechanism on
particle size. Prasad et al. (2006) and W.-J. Zhang et al. (2010) confirmed that no intermediate phase exists dur-
ing the transformation through in situ Fourier transform infrared spectroscopy analysis and molecular dynamics
simulations, respectively. However, Ozdemir and Dunlop (2000) found that an intermediate magnetite forms
during the transformation. Thus, formation of intermediate products in the goethite-hematite reaction remain
disputed. These studies were conducted on pure goethite without considering other ions, for example, Al, which is
ubiquitous in nature and can significantly influence the behavior of newly formed minerals (Jiang, Liu, Colombo,
et al., 2014; Jiang et al., 2012).

In contrast to the goethite-hematite transformation, there is consensus on the mechanism for lepidocrocite trans-
formation. Clear phase transformations occur as follows: lepidocrocite — maghemite — hematite (Ozdemir &
Dunlop, 1993). This pathway has been cited as a possible explanation for magnetic enhancement of Chinese pale-
osol/loess samples during heating at ~280°C (Deng et al., 2001). It is also considered to be the dominant mode
of maghemite and hematite formation in Martian soils (Torrent & Barrén, 2000). Gendler et al. (2005) showed
that some maghemite transforms rapidly to hematite, so the intermediate phase production/destruction is a dy-
namic simultaneous rather than consecutive process. Acicular hematite formation from goethite or lepidocrocite
dehydroxylation has received much attention due to its application in materials science (Watari, Delavignette,
& Amelinckx, 1979; Watari, Van Landuytet al., 1979; Watari et al., 1983). Acicular hematite has a substantial-
ly higher coercivity and lower magnetization compared to chemical precipitates from solution (Dekkers, 1990;
Dunlop, 1971; Jiang et al., 2012).

2.3.3. Hematite Formation via Oxidation of Ferrimagnetic Phases

The third hematite formation pathway involves low and high temperature oxidation (Figure 3). Magnetite oxida-
tion and maghemite transformation are ubiquitous in soils and igneous rocks. Hematite particles that preserve the
characteristic (1 1 1) planes of magnetite after pseudomorphous transformation to hematite are named martite
(e.g., Steiner, 1983). Low temperature oxidation of magnetite to maghemite is a topotactic reaction, as is the sub-
sequent inversion of maghemite to hematite (Dunlop & Ozdemir, 1997). This has been confirmed experimentally
where hematite forms first on edges and surfaces of maghemite formed by oxidation of eolian magnetite in a
mature paleosol (Chen et al., 2005). Transmission electron microscope (TEM) and XRD results for loess/paleosol
samples from the Chinese Loess Plateau (CLP) indicate that magnetite oxidation is stronger in paleosols than in
loess, even though it also occurs in source areas before loess transportation and deposition (Chen et al., 2010).
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Titanomagnetite is the dominant magnetic mineral in most igneous rocks. In terrestrial igneous rocks, hematite is
usually a late-stage oxidation product that forms during hydrothermal oxidation or low-temperature (LT) surface
oxidation (Catling & Moore, 2003). Deuteric titanomagnetite oxidation is considered a two-stage process that
often occurs during initial lava cooling. The first deuteric oxidation stage (exsolution) involves development of
oriented ilmenite lamellae along (1 1 1) planes in host titanomagnetite. The second stage involves magnetite and
ilmenite replacement by hematite and pseudobrookite, respectively (H. Li & Beske-Diehl, 1991). Low-Ti hema-
tite produced by deuteric oxidation of iron silicates does not contribute significantly to the magnetization of these
basalts. Magnetic remanence intensity and stability should increase when Ti moves out of the titanomagnetite
lattice and ilmenite lamellae form, which subdivide the grain during deuteric oxidation. Subdivision of a large
mineral by lamellae effectively decreases the magnetic crystal size, which influences profoundly its magnetic
stability (Feinberg et al., 2006; Tauxe, 2010). Also, magnetic exchange interactions among atoms at lamellar
interfaces can give rise to so-called lamellar magnetism (Harrison et al., 2010; Robinson et al., 2002, 2004).
Upon further oxidation, magnetic intensity should correlate inversely with oxidation state as strongly magnetic
titanomagnetite is oxidized to weakly magnetic hematite.

2.3.4. Hematite Formation in Banded Iron Formations

BIFs are sedimentary rocks that contain >15 wt% iron, with alternating iron-rich and iron-poor (usually sili-
ca-rich) layers. Specularite occurs frequently in terrestrial BIFs (Halama et al., 2016; Katsuta et al., 2012). In
the consensus model of terrestrial BIF genesis, Fe** was exhaled into Earth's early oceans from seafloor vents
and circulated to continental shelves where it was oxidized and deposited as BIFs (Holland, 1984; Klein, 2005).
BIF banding records changing atmosphere-hydrosphere interactions near the ancient sea surface (Klein & Beu-
kes, 1989), which induced dissolved Fe?* oxidation, precipitation of insoluble ferric oxides and silica, and regu-
lation of oxygen in Earth's early atmosphere (Holland, 1984; Kasting, 1987).

In standing water bodies, iron precipitates as fine-grained reddish hematite, not as gray crystalline hematite.
There are three ways in which the Fe?* could be precipitated initially: chemical oxidation, oxygenic photosyn-
thesis, or biologically mediated oxidation (e.g., Klein & Beukes, 1989; Konhauser et al., 2002; Rasmussen
etal., 2014). Fe** oxidation in solution proceeds via an intermediate amorphous, insoluble red-brown ferrihydrite
gel. Ferrihydrite is unstable and converts irreversibly to goethite, which may in turn convert to hematite depend-
ing on environmental conditions and the presence of other dissolved species. Hematite may form directly from
ferrihydrite, competing with goethite. In general, goethite formation is favored in alkaline solutions at moderate
temperatures. Hematite is dominant at near-neutral pH and higher temperatures. Iron oxides in BIFs could also
be photo-oxidized abiotically. Initial sedimentary Fe3* deposition in BIFs is thought to have been likely, with
microbes providing the oxidizing power to change soluble Fe?* to insoluble Fe** (e.g., Konhauser et al., 2002).
For example, some purple bacteria can couple Fe** oxidation to CO, reduction during anoxic photosynthesis
(e.g., Cloud, 1973; Holland, 1984; Posth et al., 2013). However, the hematite that forms via the three sedimentary
oxidation processes is reddish and fine-grained. Temperatures of ~100°C or more are needed to form large platy
hematite crystals. To convert sediments to lithified BIFs, fine-grained iron oxide-rich sediments were likely later
altered at depth by burial metamorphism or by hydrothermal activity. Thermal processing converted microcrys-
talline or amorphous iron oxides to coarse crystalline hematite (Barley et al., 1999; D. Taylor et al., 2001; Powell
et al., 1999). If coarsely crystalline hematite on Mars started with aqueous deposition in a standing water body,
this must have been followed by either deep burial or some other large-scale thermal perturbation due to igneous
activity.

2.3.5. Reduction of Hematite to Magnetite During Burial

Hematite can be reduced to magnetite when environments are sufficiently reducing. Hematite reduction is an
important process that gives rise to magnetite formation in surface soils or sediments (Bloemendal & Liu, 2005;
Gedye et al., 2000; Geiss et al., 2008; Kletetschka & Banerjee, 1995; Tite & Mullins, 1971). For example, wild-
fires can heat the topmost centimeters of organic-rich soils to 800°C and produce reducing soil-pore atmospheres,
for example, mixing CO and CO, (Haliuc et al., 2016; Tunstall et al., 1976), which causes hematite and/or goethite
to transform to magnetite (C. Zhang et al., 2012; Jiang, Liu, Zhao, et al., 2015; Swann & Tighe, 1977). Hematite
also forms as an intermediate phase during reduction of goethite to magnetite (e.g., Till et al., 2015) and during
underground burning of peat or coal seams, which can reach temperatures >2,000°C (de Boer & Dekkers, 2001).
In addition to hematite and goethite, ferrihydrite and siderite can transform into magnetite or maghemite in the
presence of organic matter during soil and sediment heating (Hanesch et al., 2006). Clay minerals can also lead
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to reduction of hematite to magnetite by releasing Fe>*; details of the chemical reactions involved require further
study (C. Zhang et al., 2012; Jiang, Liu, Zhao, et al., 2015).

Neoformed magnetite has also been detected in fault gouge (Hirono et al., 2006; Mishima et al., 2009; R. Han
et al., 2007; Tanikawa et al., 2007; Yang et al., 2012, 2020) produced by frictional heating generated during large
earthquakes (Scholz, 2002). Rapidly elevated temperatures (flash heating to >1,000°C) within fault slip zones
induce thermochemical reactions, such as hematite and clay mineral decomposition (Ferré et al., 2005; Tanikawa
et al., 2007, 2008), where temperature depends on the distance to the slip surface (Yang et al., 2016). Jiang, Liu,
Zhao, et al. (2016) found that magnetite formed via high temperature conversion can inherit the parent hematite
morphology. Moreover, some magnetite samples that transformed from hematite may have surficial micro-pores
that may be due to structural water release during heating (Jiang, Liu, Zhao, et al., 2016). Surface micro-pores
could, thus, serve as a practical fingerprint of fire or other high-temperature (HT) mineralogical alteration pro-
cesses in natural environments.

2.3.6. Hematite Formation on Mars

Understanding the origin of Martian hematite is essential to unravel its geologic, aqueous and, possibly, even its
climatic history. Due to the rarity of Martian samples (e.g., from Martian meteorites), it is difficult to investigate
hematite formation mechanisms on Mars, so we must rely on appropriate Earth analogs. The formation process
for coarsely crystalline hematite is also different from the oxidative weathering that ubiquitously forms the famil-
iar red, fine-grained hematite. Therefore, to consider Martian hematite, we address first the formation pathway of
nano-phase hematite before discussing formation of so-called gray hematite, which is distinctly coarser.

2.3.6.1. Nano-Phase Hematite

Newsom (1980) and Allen et al. (1982) suggested that nanophase hematite in Martian soil could be an erosion
product of hydrothermally altered impact melt sheets. This hematite type corresponds to hematite pigment on
Earth of which the Manicouagan impact melt sheet (Canada) is a terrestrial analog. Crystalline hematite with sub-
ordinate nanophase iron oxide are the primary iron-bearing oxidized alteration products of hydrothermal altera-
tion due to impact melting (R. V. Morris et al., 1995). Burns (1993a) proposed that iron formations on Mars could
have formed similarly to Archean BIFs. Iron-rich aqueous or hydrothermal environments, including water-filled
basins rich in basaltic sands, are plausible candidate settings for these deposits on Mars (Bandfield, 2002). Bell
et al. (1993) inferred that crystalline hematite can form naturally from palagonitic tephra by heating and sug-
gested this can occur on Mars by impact heating. Hematite with a narrow size distribution can precipitate from
aqueous solutions in the laboratory. Hematite with specific morphologies can also form during forced hydrolysis
at ~100°C in the presence of additives and/or by altering reaction conditions (Schwertmann & Cornell, 2000;
Sugimoto & Sakata, 1992; Sugimoto & Wang, 1998; Sugimoto et al., 1993, 1996, 1998). For example, chloride
in acidic solutions can promote formation of spherical hematite particles with sizes of ~0.05-0.5 pm (Sugimoto
et al., 1998). Phosphate, which has high concentrations (~3 g/kg) in Martian soils (e.g., Dreibus et al., 1999),
favors hematite over goethite formation (Gélvez et al., 1999; Ren et al., 2020; Torrent & Barrén, 2000). Alteration
of jarosite (KFe,;(SO,),(OH),) to hematite under low temperature acidic conditions is a further mechanism for
nanophase hematite formation on Mars, which suggests a transient period with liquid water at Meridiani Planum
(Barrén et al., 2006).

2.3.6.2. Gray Hematite Spherules (Hematite “Blueberries”)

Limited gray hematite spherule occurrences on Mars suggest that its formation required a restricted combina-
tion of abundant water, temperature, pH, Eh, and rock composition conditions that may have been rare through
Martian history. Crystalline gray hematite is uncommon on the Martian surface, yet in all known occurrences it
is associated with layered, sedimentary units (Christensen et al., 2001). Most proposed formation mechanisms
for these gray hematite spherules include: (a) direct precipitation from standing, oxygenated, iron-rich water
(Herkenhoff et al., 2004; Squyres et al., 2004); (b) precipitation, oxidation, and crystallization from iron-rich hy-
drothermal fluids (Golden et al., 2008); (c) LT dissolution and precipitation through mobile groundwater leach-
ing (McLennan et al., 2005); (d) sulfur-bearing water reaction of volcanic ash and basaltic pyroclastic deposits
(Hynek et al., 2002); (e) oxidation of jarosite or other iron sulfide/sulphate minerals (Squyres & Knoll, 2005); (f)
accretionary lapilli from an impact surge (Knauth et al., 2005); (g) fine hematite coatings (Kirkland et al., 2004);
and (h) diagenesis of hematite-rich spherules following sediment transport and deposition (Fan et al., 2010).
Association with layered deposits and strong correlation with these geological units led Christensen et al. (2001)
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Figure 5. Similarity of hematite-bearing concretions on Earth (Utah and Mongolia) and Mars (Meridiani Planum), which
occur dominantly in the upper part just above a bleaching front. From Yoshida et al. (2018).

to favor precipitation from Fe-rich water, either in a LT subaqueous environment or a hydrothermal system. The
strongest hematite signature occurs adjacent to a paleolake basin, which supports the role of water in hematite
formation. Water could have been responsible for hematite formation in several ways, including deposition in
lakes, and precipitation as surface coatings due to groundwater wetting (Newsom et al., 2003). Abundant Fe>*
as electron acceptors and abundant H, as electron donors would have provided favorable redox environments for
simple life on Mars if it ever arose.

Hematite “blueberries” on Mars are strikingly similar to the larger hematite “marbles” found in Utah, Mongolia
(Figure 5), and Australia (Bowen et al., 2008; Chan et al., 2004; Potter et al., 2011; West et al., 2010; Yoshida
et al., 2018). These terrestrial hematite concretions are examples of early diagenetic formation in acid and saline
conditions that may be analogous to past conditions on Mars (e.g., Bowen et al., 2008; McLennan et al., 2005;
West et al., 2010; Zolotov & Shock, 2005). However, Martian hematite is pure, crystalline, and gray. In contrast,
the Utah concretions are mostly quartz, with a secondary brownish-black hematite cement (Catling, 2004). It
is, therefore, reasonable to ask whether the Utah concretions are a good analog for those on Mars. On Mars,
acidic water probably mobilized iron (Burns, 1993a; Clark & Van Hart, 1981) compared to reducing, hydrocar-
bon-rich fluids in Utah. Regardless, formation of spherical hematite concretions requires a permeable host rock,
ground-water flow, and a chemical reaction front (Chan et al., 2004). Therefore, Chan et al. (2006) proposed
a conceptual Fe redox cycling model for Fe oxide concretion formation. Early hematite grains are present as
coatings in original red sandstone, which were reduced to Fe?* by fluids that bleach buried sandstone. Bleached
sandstone pores were then saturated with Fe?*-containing reduced waters. Then, oxidizing groundwater influx
created a redox front where concretions precipitated. Concretions formed along a reaction front with organized
distribution and spherical shape. However, this model does not explain development of spherical concretions with
Fe-rich crusts. Loope and Kettler (2015) proposed a siderite formation and microbial oxidation model (Table 1)
in which a spherical concretion is both an Fe source and a precursor of a spherical Fe-oxide encrusted concretion.
If a siderite concretion undergoes oxidative dissolution, which is possibly microbially mediated, it provides an
internal Fe?* source for a Fe’*-oxide crust to form on the concretion exterior. However, no siderite concretions
have been identified, either in outcrop or in deeper environments in Utah or Mongolia. Yoshida et al. (2018)
then proposed different stages of calcite and Fe-oxide concretion formation in Utah and Mongolia. First, calcite
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Table 1
Comparison of Formation Models for Gray Hematite
Fe-oxide Fe
Model Precursor  Reaction fluid/liquid mineralization state Equation Reference
Redox-oxic None Buoyant, reducing Precipitation of Fe?* 2Fe’ + 0.50, + 3H,0 = 2FeOOH + 4H* Chan et al. (2004)
reaction fluid due to goethite
model hydrocarbons
Siderite Siderite Reducing Internal Fe source Fe**  4FeCO, + O, + 10H,0 = 4Fe(OH), + 4HCO,~ + 4H* Loope and
formation groundwater with (siderite) Kettler (2015)
& microbial dissolved methane
oxidation
model
Calcite-acid Calcite Penetration of CO,- Inward precipitation Fe’* CaCO, + 2H* = Ca>* + H,0 + CO,; Yoshida
reaction charged acidic of goethite by Fe- Fe** + 2H,0 = FeOOH + 3H* et al. (2018)
model groundwater rich acidic water

from outside

concretions with different sizes and shapes formed from carbonate-saturated groundwater within buried eolian
sandstones, and then acidic water penetration episodes dissolved the calcite concretions. Mobile Fe in acidic
waters precipitated on preexisting calcite concretion surfaces due to increased pH, thereby producing outer rinds
consisting of FeEOOH. When FeOOH-encrusted calcite was exposed at the surface by erosion, any remaining cal-
cite was dissolved to preserve Fe-oxide-encrusted concretions. This model explains why many Fe-oxide-encrust-
ed concretions are observed near bleached fronts. Similarity between Fe-oxide concretions on Earth and hematite
spherule occurrences in Meridiani Planum, combined with evidence of acid sulphate-bearing water influence on
Mars, suggest that the hematite spherules also formed from dissolution of preexisting carbonate spherules pos-
sibly in a dense early Martian CO,-rich atmosphere, the process of which has been well studied for hematite ore
bodies formed from a siderite precursor on Earth (e.g., Kim et al., 2013; Loope & Kettler, 2015; Seguin, 1966).

As illustrated above, hematite can form via several mechanisms, most of which involve water. Although a fully
defined hematite formation pathway has yet to be discerned for Mars, the origin of crystalline hematite can pro-
vide chemical clues about the early Martian environment, especially pertaining to the existence of (liquid) water,
which is an indispensable requirement for evolution and sustenance of life.

3. Magnetic Structure and Properties of Hematite

Hematite carries potentially valuable signals about climate, environments, tectonics, and planetary evolution on
Earth and Mars. Knowledge of the pathways by which hematite forms, as discussed above, can be important for
interpreting such signals, which requires robust methods for identifying its presence both from direct measure-
ments and through remotely sensed spectroscopic measurements. In this section, we discuss magnetic and color
spectroscopic methods for identifying hematite. This requires understanding of its crystal structure and physical
properties, which provide a starting point for understanding how magnetism and color spectroscopy are used to
identify hematite.

3.1. Crystal Structure of Hematite

Hematite can be indexed with a hexagonal unit cell, with a three-fold symmetry axis perpendicular to the basal
plane, which is sometimes called the principal crystal plane (Blake et al., 1966; Pauling & Hendricks, 1925;
Smith, 1916). Hematite (a-Fe,0,) and corundum (a-AlLO,) share the same crystal structure, so hematite is often
said to have the corundum structure. The hexagonal unit cell has parameters a = b = 5.038 Aandc=1377 A
and contains six formula units (Blake et al., 1966; Figure 6). The hematite structure consists of hexagonally close
packed oxygen ion arrays stacked in the [0 O 1] direction. Two-thirds of the octahedral lattice interstices are filled
with Fe3* ions that are arranged regularly with two filled sites followed by one vacant site along the [0 0 1] axis to
form six-fold rings in the (0 O 1) plane. The cation arrangement produces pairs of adjacent Fe(O), octahedra. Each
octahedron shares edges with three neighboring octahedra in the same plane and one face with an octahedron in
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Figure 6. Crystallographic and magnetic structure of hematite below (T < T,,) and above (7' > T,,) the Morin transition
temperature (7,,). The unit cell is hexagonal with @ = b = 5.038 A and ¢ = 13.77 A (Blake et al., 1966). Spins are aligned
parallel to the c axis [0 0 1] below T, and lie in the (0 0 1) plane; spins lie in the (1 1 1) plane above T),.

an adjacent plane, which is responsible for distortion of the cation arrangement from ideal hexagonal packing
(Cornell & Schwertmann, 2003).

3.2. Magnetic Structure of Hematite

Magnetic moments of Fe** ions in hematite are arranged in almost opposite directions in alternating lattice planes
(A and B sublattices), so that the spins in adjacent layers largely cancel each other. Such an arrangement leads
to no net macroscopic magnetization in a perfect antiferromagnetic structure (Appendix A). Early explanations
attributed the weak ferromagnetism of hematite to crystal defects (e.g., crystal dislocations; Néel, 1955) or to
pinning of domain wall magnetizations by lattice imperfections (Y. Y. Li, 1956). However, these mechanisms
employ crystal inhomogeneities, which means that the net magnetism is not an intrinsic property of hematite and
would disappear in an ideal crystal. Dzyaloshinsky (1958) showed that canting of spin sublattices within the basal
plane can produce an anisotropic moment, and Moriya (1960) demonstrated that the canting is produced by ani-
sotropic exchange interaction. Thus, in the Dzyaloshinsky-Moriya model, hematite is a canted or imperfect anti-
ferromagnet. Hematite is considered to have an archetypical canted antiferromagnetic structure (Morrish, 1994).

3.3. Key Magnetic Properties of Stoichiometric Hematite

3.3.1. Weak Magnetism

As an imperfect antiferromagnetic mineral, hematite has a weak spontaneous magnetization (M, = 0.4 Am?kg™!)
at room temperature. Above the Morin transition temperature (7)), this weak magnetism is an intrinsic feature
that arises from canting of spin moments in hematite. Below 7, spin canting should vanish and with it the weak
magnetism (Figures 6 and 7). However, a small magnetic moment survives (Figure 7), which is generally ascribed
to distortion of the hematite spin structure by lattice defects and is referred to as the defect moment. As defined
by Ozdemir and Dunlop (2006), the defect moment is responsible for the remanent magnetization below T,, The
defect moment also contributes to the magnetization of hematite above T, ; it is sometimes named the isotropic
moment (Gallon, 1968a; R. Smith & Fuller, 1967). The total magnetization of hematite is, thus, a combination of
spin-canted and defect moments. The defect moment can be altered by stress or heating and may record unstable
paleomagnetic information (Dunlop, 1970). NRM stability in hematite depends on its imperfect antiferromagne-
tism. The saturation remanent magnetization (M, ) of hematite is particle size dependent. It increases with particle
size from 30 to 500 nm and then remains almost stable with further particle size increase (Figure 8a).
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Figure 7. Temperature dependence of magnetization for hematite (data from Jiang et al. (2012)) normalized to the room-
temperature value (~0.085 Am? kg™!).

3.3.2. High Coercivity

A distinctive characteristic of hematite is its strong resistance to alternating field (AF) demagnetization, that is,
its high coercivity. For particles <20 pm, the coercive force (B,) can be hundreds of mT (Figure 8b), which means
that the NRM cannot be removed easily with AF demagnetization. Some synthetic and natural hematite pigments
do not saturate magnetically even in 4-5 T inducing fields (Abrajevitch et al., 2018; Jiang et al., 2012). This
makes hematite the most stable paleomagnetic carrier. Dunlop (1970) suggested that the defect remanence of
fine-grained hematite is magnetically softer than the spin-canted remanence, which can be annealed out by heat-
ing. Dekkers and Linssen (1989) also found that the coercivity can increase by hundreds of mT after annealing;
Abrajevitch et al. (2018) reported a ~1 T coercivity increase after annealing. Annealing largely removes defect
moments, so the high coercivity does not result from defects.

Generally, coercivity originates from shape, magnetoelastic, and/or magnetocrystalline anisotropies (Dunlop &
Ozdemir, 1997). The weak magnetization of hematite means that shape anisotropy (which is proportional to
M) is irrelevant, and magnetocrystalline anisotropy cannot explain the high coercivity of hematite (Flanders &
Schuele, 1964). Urquhart and Goldman (1956) reported a magnetostrictive effect in hematite crystals, so Stac-
ey (1963) proposed that magnetoelastic anisotropy arising from internal strain (Dunlop, 1971; Porath, 1968) is
responsible for high coercivities in SD hematite. The saturation magnetostriction for hematite, 1, is ~8 x 1075,
so the coercivity B, can be estimated by (Dunlop & Ozdemir, 1997):

B. =34,P/(2M,), (1)

where P is the internal stress. A B, value of 500 mT can be obtained using P = 100 MPa, which is expected in
the vicinity of dislocations (Dunlop & Ozdemir, 1997). The spin-canted magnetic moment in fine-grained natural
hematite is harder than the defect moment and is dominated by uniaxial magnetoelastic anisotropy.
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B, in hematite is also grain size dependent, with values decreasing from ~600 mT at ~1-10 pm to 3 mT at
~2 mm (Figure 8b). B —grain size trends for diverse synthetic and natural hematites (Bao et al., 2011; de Boer,
Mullender, & Dekkers, 2001; Dekkers & Linssen, 1989; H. Cao et al., 2008, 2006; Halgedahl, 1995, 1998; Jiang,
Liu, Colombo, et al., 2014; Jiang et al., 2012; Jiao & Jiao, 2009; Kletetschka & Wasilewski, 2002; L. Sun, Cao,
et al., 2010; Ozdemir & Dunlop, 2014; Q. Liu, Barrdn, et al., 2010; Q. Sun, Lu, et al., 2010; Rath et al., 1999;
Tadi¢ et al., 2011; Y. C. Zhang et al., 2008; Zhu et al., 2011) indicate that B, first increases with increasing
grain size, reaching a maximum between 1 and 3 pm, and then decreases slowly as grain size increases to 2 mm
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(Figure 8b). The reason for this size dependence is increased thermal stability as SP behavior gives way to stable
SD behavior over a broad size range, which is followed by increased thermal instability with the transition into
the coarser MD state. Furthermore, different hematite synthesis methods lead to wide variations in crystal shape,
morphology (e.g., rods, cubes, plates, disks, pod-like, shuttle-like, and trapezoidal), and degree of crystallinity,
which contribute to considerable B, dispersion for particles of nominally the same size (Figure 8b).

3.3.3. Morin Transition

The Morin transition is named after Morin (1950) who reported an abrupt magnetic susceptibility decrease in
a hematite polycrystalline powder below 250 K (Figure 7). Powder neutron diffraction studies demonstrated
that this magnetic transition is caused by a change in spin moment alignment of Fe* ions in the hematite lattice
(Shull et al., 1951). Dzyaloshinsky (1958) predicted this spin-flop transition at 250 K from thermodynamic
calculations using group theory, where spins are aligned parallel to the crystallographic ¢ axis [0 0 1] below T,
where the weak magnetism of hematite vanishes, and above T, spins lie in the (0 O 1) plane, perpendicular to
the [0 O 1] axis (Figure 6; Dzyaloshinsky, 1958; Moriya, 1960). The Morin transition has been identified with
diverse methods, including domain observations (Gallon, 1968b; Williams et al., 1958), magnetic remanence
(Lin, 1959, 1960, 1961), and Mossbauer spectroscopy (K. Ono & Ito, 1962). This magnetic transition results
from competition between the local single-ion anisotropy and a long-range dipolar anisotropy. These two aniso-
tropy terms have comparable magnitude with opposite signs and different temperature dependencies such that
they cross at the Morin transition temperature, at ~250 K for well-crystalline stoichiometric hematite (Artman
et al., 1965; Levinson et al., 1969; Ozdemir & Dunlop, 2006). The sign of the overall anisotropy constant changes
at T),, which induces a spin flop from the basal plane to an orientation along the crystallographic ¢ direction
(Artman et al., 1965; Levinson et al., 1969).

When hematite is given a M, at room temperature that is cycled through T, in zero field, it loses much of its
remanence during cooling and regains a fraction of M during heating (Haigh, 1957). Something must be guiding
the spin-canted magnetization into a given easy direction in the basal plane as it re-nucleates during warming
through 7,; the only likely candidate for this so-called “memory” is the defect magnetization that survives below
T,, (Gallon, 1968b). Ozdemir and Dunlop (2006) compared memory ratio and defect magnetization values in
submicron and millimeter size crystals and found that high M memory ratios are associated with higher defect
moments. They suggested that the defect moment of these spins serves to restore preferred spin directions and
magnetic domains during zero-field warming through 7),. The defect moment is, thus, responsible for the mem-
ory phenomenon.

The Morin transition is sensitive to variations in applied field, pressure, grain size, impurities, and lattice strain
originating from crystal defects, which all affect the balance between single-ion and long-range dipolar anisotro-
pies. Based on magnetic studies of hematite with 70-602 nm particle sizes, Amin and Arajs (1987) provided an
empirical relation between T, and particle size: T,, = 264.2-2.194/d, where d is the particle diameter expressed
in A and where the unit for T,,is K. Furthermore, the Morin transition does not occur in non-substituted hematite
particles <~8 nm. Zysler et al. (2003) showed that T, increases for increasing crystallite size from 36 to 159 nm,
which indicates that this variation is mainly driven by surface effects. Ozdemir et al. (2008) summarized literature
T,, values and found two clear trends. T,, has a positive relationship with grain size for mean sizes between ~30
and 100 nm, with values from 230 to 165 K (Figure 8c). However, for samples with mean sizes above 100 nm, T,
values hover between 250 and 260 K and do not vary significantly. Therefore, except for the finest SD samples,
which likely include a <100 nm fraction, T, values between 250 and 260 K seem to be an intrinsic hematite prop-
erty that depends only on the spin orientation and is independent of domain structure. In addition, a field applied
along the basal plane stabilizes its weak magnetism, which causes T, to decrease linearly with increasing field
(Amin & Arajs, 1987; Bhowmik & Saravanan, 2010; Goya et al., 2005; Muench et al., 1985; Suber et al., 2010).
Therefore, for comparable results, T,, should be measured in or extrapolated to zero field (Ozdemir et al., 2008).

3.3.4. High Néel and Blocking Temperatures

A further noteworthy characteristic of hematite is its high T, of ~675°C-690°C (Figure 7). This means that he-
matite NRMs can survive significant metamorphic heating that would reset the NRM of other magnetic minerals
(Dunlop & Ozdemir, 1997). Hematite-bearing sedimentary rocks were, therefore, favored in early paleomagnetic
studies and yielded some of the first convincing paleomagnetic data (Irving & Major, 1964).
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The blocking temperature (7)) is the temperature at which a remanent magnetization disappears (Butler, 1992).
T, for natural hematite varies up to ~600-675°C (i.e., <T,) and increases with particle size throughout the SD
size range (Dunlop & Ozdemir, 1997). However, for SP particles, T, correlates positively with particle size be-
low 16-17 nm and then has a negative relationship with particle size between 17 and 25 nm, which is explained
as follows. From Néel theory (Dunlop & Ozdemir, 1997; O’Reilly, 1984), the relaxation time 7 of a magnetic
particle is given by:

7 = 1oexp (KV [x,Tp), 2

where K is the anisotropy constant (in J/m?), V is grain volume (in m?), k, is the Boltzmann constant
(1.380649 x 10-2 J/K), and t,, is the so-called attempt frequency or pre-exponential factor, which typically has
values of 1078 to 109 s~1. 7, (in K) is related positively to V because the anisotropy constant K is assumed to be
constant for SD particles. However, this is not entirely correct for SP particles. The total anisotropy is due to sur-
face and magnetoelastic anisotropy contributions. The former was proposed by Néel (1954) as the magnetocrys-
talline anisotropy of surface regions where spins deflect from that of the bulk particle due to broken chemical
bonds and surface irregularities (e.g., R. Kodama, 1999). As a result, SP hematite has enhanced anisotropy com-
pared to bulk samples because the surface area to volume ratio is much larger than for coarser particles. Further-
more, for particle sizes below 16—17 nm, the anisotropy is primarily thought to be controlled by the surface layer
Fe3* content, while bulk properties dominate particles >17 nm. A low surface layer Fe3* content would result in
a low surface anisotropy for particles <16—17 nm. As particle size increases, long-range spin coupling extends
over more Fe** jons so that the anisotropy energy increases. T, will, therefore, increase with increasing particle
size for samples with sizes <17 nm. However, at some size the surface layer contribution becomes small and
bulk spin properties become dominant. Once particle size exceeds a critical value (i.e., here 17 nm) the surface
anisotropy becomes less pronounced, and the total anisotropy decreases (Jiang, Liu, Dekkers, et al., 2014). Thus,
T, has different trends with increasing particle size. It will not continue decreasing in large grains: at some point,
T, rises abruptly because the surface contribution is insignificant and particles have constant bulk anisotropy. 7,
will continue to increase with grain size.

3.4. Grain Size Thresholds for the SP/SD and SD/MD Transitions in Hematite

The magnetic properties of hematite are particle-size and domain state dependent. Banerjee (1971) estimated a
stable SD grain-size range from 27.5 + 5 nm (SP/SD threshold size) to 15 pm (SD/MD threshold size) based
on compiled data (Figure 8b). The SP threshold is defined by the sharp M, decrease to zero at 27.5 nm (Ba-
nerjee, 1971), while the SD threshold size, where B, and B_ have maximum values, is from the hysteresis data
of Chevallier and Mathieu (1943) without slope correction. Dekkers and Linssen (1989) argued that the SD
threshold size depends on hematite crystallinity; crystalline hematite has a larger SD threshold size. Microcrys-
talline natural hematite has an upper boundary for the SD size range at ~1 pm. Furthermore, Kletetschka and
Wasilewski (2002) argued that the SD to MD transition in hematite can extend to ~100 pm, based principally on
a break slope in B, data at ~100 pm. However, Ozdemir and Dunlop (2014) suggested that evidence for a SD/
MD transition from B, data is tenuous (Figure 8b), and that it would be more useful to identify this boundary
with direct domain observations. The wide size range for SD behavior in hematite means that natural hematite
is expected to be dominantly in the SD state. SD hematite records stable NRMs in red beds (Collinson, 1966;
Jiang et al., 2017; Tan & Kodama, 2002; Walker et al., 1981; Z. Sun et al., 2006) and red soils (C. Liu, Deng,
et al., 2010; Deng et al., 2007), which makes it paleomagnetically useful (C. Liu, Deng, et al., 2010; Dekkers &
Linssen, 1989; Ozdemir & Dunlop, 2002). Also, although MD hematite is magnetically less stable than SD he-
matite, it can carry a stronger NRM than MD magnetite, which may be significant for Martian magnetic anomaly
analysis (Clark, 1983; Dunlop & Kletetschka, 2001; Kletetschka et al., 2000b, 2000c; Ozdemir & Dunlop, 2005).

3.5. Color Reflectance Properties of Hematite

The most eye-catching color characteristic of hematite is its conspicuous red hue (3.5R-4.1YR; Figures 9a
and 9b), which contributes dominantly to the typical yellow-red to purple-red colors of red beds and red soils
(Cornell & Schwertmann, 2003). Redder hematite hues are due to its face-sharing octahedra with Fe-Fe distance
of only 0.29 nm. This strongly enhances electron pair transitions (EPTs). In contrast, other iron oxide minerals,
for example, goethite contains only edge- and corner-sharing octahedra and Fe-Fe centers are 0.30-0.33 and
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Figure 9. Color spectral characteristics of hematite. (a) Image of hematite pigment; (b) color parameters for hematite

(P = purple, R =red, and Y = yellow), where red dots represent data for individual samples; (c) raw diffuse reflectance
spectroscopy (DRS) data; (d) transferred F(R) from DRS data based on the function F(R) = (1 — R)*/2R, where R is the
reflectance of a thick sample layer; (e) first derivative curve of F(R); and (f) second derivative curve of F(R).

0.35 nm apart, respectively, which leads to yellow hues. In contrast, the black color of magnetite is because its
structure contains both Fe?* and Fe**, which causes intervalence charge transfer (Cornell & Schwertmann, 2003).

Redness has been used to quantify soil hematite contents (Barrén & Torrent, 1986; Torrent et al., 1983). Hematite
powder color varies with particle size. Hematite suspensions with particle sizes <0.1 pm are orange, while sus-
pended 0.1-0.5 pm particles are red, and those with >1.5 pm sizes are purple (Kerker et al., 1979). Thus, hematite
spectra have increased reflectance in the red range as particle size decreases from 0.48 to 0.11 pm (Hund, 1981).
Red hematite can be converted to purple hematite, for example, by heating to >800°C because oriented aggre-
gates of small, platy, hematite crystals can cause a shift toward purple hues (Torrent & Schwertmann, 1987).

DRS in the visible (VIS, ~400-700 nm) and near infrared (NIR) ranges (~700-2,500 nm) has been used to
obtain color information for hematite (Figures 9¢-9f; e.g., Cornell & Schwertmann, 2003; Torrent & Bar-
rén, 2002, 2008). Reflectance in soils and sediments includes two components, specular and diffuse reflectance.
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When an incident light beam impinges on a powder surface, a small fraction is reflected specularly (specular
reflectance); the rest penetrates the mass as wavelength-dependent absorption within colored materials or is
scattered (as multiple reflections, refractions, and diffractions in all directions). Part of this radiation ultimately
leaves the material in all directions and constitutes diffuse reflectance (Torrent & Barrén, 2002, 2008). The color
of hematite is related to the position and/or intensity of the main visible spectrum absorption bands. To enhance
characteristic reflection identification, Deaton and Balsam (1991) calculated the first derivative of a measured
DRS curve (Figure 9¢) and obtained characteristic peaks for goethite (primary peak: 535 nm and secondary peak:
435 nm) and hematite (575 nm), the intensity of which can be used to estimate goethite and hematite contents.
However, Kosmas et al. (1984, 1986) and Scheinost et al. (1998) used the second derivative of raw spectra and
the Kubelka-Munk (K-M) function (F(R) = (1 — R) /2R, where R is the reflectance of a thick sample layer),
respectively, to detect and quantify soil and sedimentary iron oxides (Figure 9f). The K-M function is a proxy for
the typical absorption spectrum, which can be approximated for a soil sample by the absorption coefficient in the
K-M function. As illustrated in Figure 9f, the characteristic hematite (Ps;,) and goethite (P,,5) peak positions can
be used to identify these minerals; the ordinate difference between the minimum and the next longer wavelength
maximum (band intensity) of the second derivative curve is used as a proxy for true band amplitude. Band am-
plitudes at ~425 nm (/,,5) and ~535 nm (/) are proportional to the goethite and hematite concentration, respec-
tively (Figure 9f), and are used as proxies for their relative mass concentration changes (Scheinost et al., 1998).
Torrent et al. (2007) proposed empirical equations for hematite and goethite quantification through I,,5 and I,
as discussed in Section 5.

3.6. Spectral Characteristics of Hematite on Mars

Constrained by sparse direct surface measurements of Mars, the foremost methods to characterize the three
Martian hematite forms are optical, X-ray spectrometer, VNIR spectra, and TES, which are often acquired via
remote sensing. Instruments include Earth-based telescopes, the imaging spectrometer for Mars (ISM; Mustard
& Bell, 1994), and the TES instrument deployed on the Mars Global Surveyor (MGS) spacecraft (Christensen,
Bandfield, Clark, et al., 2000) and Mars Surveyor Lander (Grotzinger et al., 2015; R. Morris et al., 2006). Based
on telescopic and ISM data, a composite spectrum for the Olympus-Amazonis region has a shallow band mini-
mum near 860 nm, a reflectivity maximum near 740 nm, a distinct inflection near 600 nm, and a shallow absorp-
tion edge from ~400 to 740 nm (Figure 10a; Mustard & Bell, 1994). The presence of red hematite in this region is
deduced from spectral results of laboratory simulations, for example, spectral analysis on known nanophase ferric
oxide plus subordinate red hematite mixtures (R. V. Morris et al., 1997), hematite, and goethite (R. V. Morris &
Golden, 1998). The 600-, 740-, and 860-nm features are associated with red hematite. A conservative upper limit
for the red hematite content of the optical surface of Mars is 5%, while the typical Fe content of Martian rocks
is 100 g/kg (Rieder et al., 1997; R. V. Morris et al., 1997). Hematite could also account for much or all spectral
behavior of the Martian surface in the 0.4—1.0 pm region (Bell et al., 1990). The degree of crystallinity and parti-
cle diameter of hematite can be detected by comparing TES results and available Hubble Space Telescope VNIR
multispectral data with corresponding data for nanophase, red, and gray hematite, although detailed interpretation
will likely require sample return to Earth.

Nanophase hematite (<5-10 nm in size) is X-ray amorphous. The reddish color of the surface and sky of Mars is
due to the optical properties of finely or poorly crystalline hematite on the surface and in airborne dust. Nanosized
samples have neither a well-defined reflectivity maximum near 750 nm nor a well-defined reflectivity minimum
near 860 nm in VNIR spectra (R. V. Morris et al., 1989). In addition, they do not have well-developed absorption
bands above noise level (~1%) in the 450700 cm™! region, which is consistent with the properties of SP hematite
on Earth (Christensen, Bandfield, Clark, et al., 2000).

Red hematite consists of crystalline particles ~10 nm to ~5—41 pm in diameter, which have a well-defined
reflectivity maximum and minimum near ~750 and ~860 nm, respectively. Crystalline red hematite is a minor
component of VNIR spectral observations (<5 wt%) in certain Martian bright regions such as Olympus andAm-
azonis (Figure 2). Together with nanophase ferric oxide particles, it gives these regions their conspicuous red
color (Bell et al., 1990; R. V. Morris et al., 1997). Spectral data of the Martian bright regions have a shallow band
minimum near 860 nm, a reflectivity maximum near 740 nm, a distinct inflection near 600 nm, and a shallow
absorption edge from ~400 to 740 nm. These responses are attributed to nanophase ferric oxide plus subordinate
red hematite (Figure 10a). Even though the red hematite is extremely fine grained, which results in low spectral
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Figure 10. Spectral characteristics of the Martian surface. (a) Telescopic and imaging spectrometer for Mars (after Mustard and Bell (1994)); (b) thermal emission
spectroscopy results for Sinus Meridiani, Mars, and for hematite as a function of particle diameter and packing (from Christensen, Bandfield, Clark, et al. (2000)).

contrast, TES data have discernable absorption features at 450 and 550 cm~!. Nanophase and red hematite de-
tected in high-albedo regions are mainly thought to form by weathering and alteration processes, that is, they are
considered erosion products of hydrothermally altered impact melt sheets (R. V. Morris et al., 1995).

Unlike fine-grained hematite, gray hematite is spectrally neutral (nearly flat reflectivity) at visible wavelengths
(400700 nm; R. V. Morris et al., 1989), and is not detected in color spectra from Fe3*-bearing bright regions
on Mars (Lane et al., 2002). Gray hematite also has distinct TES features with minima at about 300, 450, and
>525 cm™! and maxima at about 375 and 500 cm~! (Figure 10b), which results from the ordered symmetry of
FeOy octahedra. Detailed hematite TES features for the Sinus Meridiani region (Figure 2) indicate that the spec-
trum is consistent with emission dominated by the crystallographic c-faces of platy hematite (Lane et al., 2002),
which suggests that platy grains dominate the hematite particle suite. These hematite plates are inferred to have
formed by low-grade metamorphism (Lane et al., 2002).

4. Complex Properties of Cation Substituted Hematite

The discussion so far has focused mainly on stoichiometric hematite. However, in natural single crystal or poly-
crystalline hematite, cations other than Fe’* (e.g., AI**, Ti**, and Mn?*) are always present to some extent (Mor-
rish, 1994; Wells et al., 1999). Aluminum is abundant in Earth's crust. It substitutes easily for Fe in natural
hematite to form Al-hematite because Fe’* and AI** have a roughly similar ionic radius: 0.65 A for Fe3* versus
0.53 A for AIP* (Morrish, 1994; Morrish & Eaton, 1971; Schwertmann et al., 1977). Although it is not common in
magmatic or metamorphic rocks, Al-hematite occurs widely in Al-rich tropical and subtropical soils, for example,
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Brazilian and South African oxisols (Curi & Franzmeier, 1984, 1987; Fitzpatrick & Schwertmann, 1982; Fon-
tes et al., 1991; Fontes & Weed, 1991; Zeese et al., 1994), and red soils in West Java, Indonesia (Prasetyo &
Gilkes, 1994), and South China (Deng et al., 2007; Jiang, Liu, Zhao, et al., 2015). In these warm and humid
environments, Al is easily incorporated into iron oxides during chemical weathering, so Al-hematite is usually
of chemical origin. Long-weathered, often polygenetic soils typically have variable Al-substitution levels within
profiles that reflect their Fe mobilization and precipitation stages. However, the hematite-corundum (a—Al,O;)
series is not a complete solid-solution series. Al substitution is limited in hematite, with maximum values of
15-18 mol.% (Schwertmann & Murad, 1988).

Magnetic and other physical properties of hematite change with cation substitution, such as unit cell parame-
ters (e.g., Schwertmann et al., 2000; Stanjek & Schwertmann, 1992; Vandenberghe et al., 2001), T,, (De Grave
et al., 1988, 2002; Svib & Krén, 1979; Van San et al., 2001; Vandenberghe et al., 2001), T, (Krén et al., 1974),
crystalline field (Morrish, 1994), and coercivity and magnetization (Jiang et al., 2012; Liu, Roberts, et al., 2007;
Roberts et al., 2006; Wells et al., 1999). Thus, studies of hematite properties with diverse cation substitution
levels are important and discussion of the magnetic and color reflectance properties of hematite must consider
the effects of cation substitution. Natural or synthetic doped hematite samples can provide insights into the extent
of such variations.

4.1. Al Substitution
4.1.1. Influence of Al on the Unit Cell Parameters of Hematite

Cell edge lengths a and ¢ decrease consistently with increasing Al substitution to follow Vegard's rule (Fig-
ures 11a and 11b; Barrén et al., 1984; R. Taylor & Schwertmann, 1980; Schwertmann et al., 1979; Stanjek &
Schwertmann, 1992). The smaller ionic radius of AI**+ (0.53 A) compared to Fe** (0.65 A) controls this behavior.
As smaller AI** jons are incorporated and occupy Fe®* positions, the internal balance of (Fe, Al)O, octahedra
adjusts by shrinkage and distortion to produce a disordered lattice with low crystallinity and smaller crystals
(Cornell & Schwertmann, 2003).

Al substitution inevitably leads to macroscopic morphological changes. Hematite particle size (from TEM obser-
vations) decreases from several hundreds of nm to tens of nm with increasing Al substitution (Figure 11c). Thus,
Al retards hematite particle growth, but this effect does not apply similarly to all crystal axes (Barrén et al., 1984;
Cornell & Schwertmann, 2003; Schulze, 1984). For hematite grown from a ferrihydrite suspension, the length in
the [1 0 4] direction increases with Al substitution (Jiang et al., 2012); while in the [1 1 0] direction it decreases
with Al substitution. This is manifested in a larger radius but smaller hematite platelet thickness with increasing
Al content. Highly substituted hematite particles have ~3 times larger platelets than non-substituted hematite
while, in contrast, their thickness can decrease by ~25% (Barrén et al., 1984).

4.1.2. Influence of Al on the Magnetic Properties of Hematite

The magnetic properties of hematite depend on its crystallinity, particle size, and crystal morphology (Cornell &
Schwertmann, 2003; Dunlop, 1971). Al substitution exerts a profound influence on the crystallinity and crystal
habit of hematite. Therefore, the magnetic properties of hematite vary systematically with Al content.

For stoichiometric hematite without cation substitution, the SP/SD threshold size at room temperature is
27.5 + 5 nm, and the upper SD limit is >15 pm (Banerjee, 1971; Dunlop & Ozdemir, 1997; Kletetschka &
Wasilewski, 2002). However, based on the grain size-dependence of B, M,,, and T, for Al contents >16 mol.%,
the SP/SD threshold is lowered to 17 nm (Jiang, Liu, Dekkers, et al., 2014; Figure 12). As particle size decreas-
es, room temperature hysteresis loops narrow (Figure 12a), which reflects a change from solely SD, to SP/SD
mixtures, to an entirely SP assemblage (Evans & Heller, 2003; Roberts et al., 1995). Simultaneously, the Morin
transition becomes weaker, T, shifts to lower temperatures, and the isothermal remanent magnetization (IRM)
imparted at 10 K (/RM ;) is no longer temperature-independent but decreases with increasing temperature (Fig-
ure 12b), which leads to curling of low temperature curves with increasing SP behavior. The Morin transition dis-
appears in a sample with 23.5 nm mean particle size, but IRM,, remains after warming to 300 K, which demon-
strates the existence of SD particles (Figure 12b). For samples with mean particle size below 17 nm, IRM, is
nearly zero at 300 K, which indicates a dominance of SP particles. Room temperature B, and M approach zero at
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Figure 11. Dependence of unit cell parameters and particle size on Al content. (a) Unit cell parameter a; (b) unit cell parameter c; and (c) grain size, all with respect
to Al content in mol.%. The left-hand axis is for data from Jiang et al. (2012); the right-hand axis is for data from Anand and Gilkes (1987) and Vandenberghe
et al. (2001). The dashed lines with arrows represent overall data trends.

~17 nm, while T, drops from 800 to 200 K at the same size, which defines the SP/SD threshold size for Al-Hm
with Al content above 16 mol.% at room temperature (Figure 12c¢).

Magnetic parameters for hematite also depend on the amount of Al-substitution (Figure 13). T, is controlled by
the magnetic energy and magnetic exchange interaction of Fe ions (O’Reilly, 1984). Substituting nonmagnetic Al
ions decreases the exchange interaction energy, so less thermal energy is needed to overcome the magnetic ener-
gy. Therefore, T, decreases continuously with increasing Al substitution. Magnetic susceptibility (y) and coerciv-
ity have different trends. For Al contents <~8 mol.%, y correlates negatively with Al content, while it increases
for higher Al contents (Figure 13a; Jiang, Liu, Colombo, et al., 2014; Jiang et al., 2012; Wells et al., 1999). In
contrast, compared to y, B, has an opposite relationship with Al content (Jiang, Liu, Dekkers, et al., 2014; Jiang
et al., 2012; Liu, Roberts, et al., 2007; Roberts et al., 2006; Wells et al., 1999). For Al contents <~7-8 mol.%, B,
increases steadily and non-linearly with increasing Al content from several tens of mT for pure hematite to several
hundreds of mT (Figure 13b). For Al contents >8 mol.%, B, correlates negatively with Al content (Figure 13b).
This could be due to continuously dropping T,,. Thus, Al-substitution magnetically hardens hematite but lowers
its T, at the same time. At low substitution levels, hardening dominates but for higher levels the effects of falling
T, dominate. Unlike y and B, M decreases continuously with Al substitution (Figure 13c). T,, decreases linearly
with increasing Al substitution (Figure 13d; da Costa et al., 2002; De Grave et al., 2002; Jiang, Liu, Dekkers,
et al., 2014; Jiang, Liu, Zhao, et al., 2015; Jiang et al., 2012; Krén et al., 1974; Srivasta & Sharma, 1972; Svib &
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Figure 12. Particle size dependence of magnetic parameters for Al-substituted hematite (from Jiang, Liu, Dekkers, et al. (2014)). (a) Room temperature hysteresis
loops for Al-substituted hematite with particle sizes ranging from 14.2 to 123.9 nm; numbers below loops indicate the average particle size and Al content in samples;
(b) warming curves (from 10 to 300 K) of an isothermal remanent magnetization imparted in a 5 T field at 10 K (/RM ) after zero-field cooling from 300 to 10 K; and

(c) particle size dependence of B, M, and T,. The shaded area represents the particle size at which the three parameters decrease abruptly. Blue solid circles are data

for pure hematite from Banerjee (1971).

Krén, 1979; Vandenberghe et al., 2001; Van San et al., 2001). In addition, the amount of “spin flopping” during
the Morin transition decreases with increasing Al substitution (Svab & Krén, 1979).

In summary, Al substitution influences the magnetic properties of hematite mainly by modifying its crystallinity
and particle size. When Al replaces Fe in the hematite structure, then some Fe-O bonds are replaced by Al-O
bonds (Cornell & Schwertmann, 2003). The symmetrical octahedral hematite structure is distorted, which en-
hances internal strain. Thus, magnetoelastic anisotropy arising from internal strain increases, which increases
coercivity in Al-hematite (Jiang et al., 2012, 2013). Also, nonmagnetic Al ions are incorporated randomly into
A and B layers of the hematite structure (Ruan & Gilkes, 1995), so Fe ions are diluted, which decreases its mag-
netism (e.g., ¥, M, ) with increasing Al content (Jiang, Liu, Zhao, et al., 2015; Jiang et al., 2012, 2013). However,
for higher Al levels, B, decreases and y increases (Figures 13a and 13b) as the Al-hematite particle size shifts
from the SD to SP state with Al substitution (Figure 11c).

4.2. Ti Substitution
4.2.1. Magnetic Properties of Titanohematite as a Function of Ti Content

Ti can also substitute for Fe in the hematite lattice to form titanohematite (Fe,  Ti, O;) for which a complete solid
solution series exists between hematite (a-Fe,0,) and ilmenite (FeTiO,) (Bozorth et al., 1957; Hunt et al., 1995;
Nagata & Akimoto, 1956; Thorpe et al., 1977). Titanohematite occurs widely in rapidly cooling extrusive rocks
(Kent et al., 1978; Kletetschka et al., 2002; S. A. McEnroe, Brown, et al., 2004; S. A. McEnroe et al., 2009).
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Ti** not only replaces Fe3*, but another Fe** ion must be converted to Fe?* to preserve charge balance (Bayer
etal., 1972; Nagata & Akimoto, 1956), which makes Ti substitution different from Al substitution (Hartstra, 1982).

Unlike Al substitution, the unit cell parameter a increases approximately linearly with Ti content, which is attrib-
uted to the larger ionic radii of Ti*+ (0.74 A) and Fe>* (0.78 A) compared to Fe3* (0.65 A) (Thorpe et al., 1977).
Magnetic parameters also vary with Ti incorporation (Figure 14). The T, of titanohematite decreases linearly
with Ti content and drops below room temperature at y = 0.75 (Burton et al., 2008; Hunt et al., 1995; Nagata &
Akimoto, 1956). However, T. or T}, can change with annealing for 10! to 103 hr at 350°C—400°C due to high
temperature cation reordering in Fe-Ti oxides (Bowles et al., 2012, 2013). Moreover, B, values for titanohematite

increase for y = 0-0.22 and then decrease as Ti content increases (Nagata & Akimoto, 1956), which is similar to
the B, trend with increasing Al substitution (Figure 13b).

M, varies with increasing Ti content in three stages (Bozorth et al., 1957). For 0 < y < 0.55 (stage I), Fe?*,
Fe3*, and Ti** are distributed randomly over the titanohematite A and B sublattices, which leads to a weak net
magnetism. These compositions are antiferromagnetic like endmember hematite with nearly zero M, (Nagata &
Akimoto, 1956; Robinson et al., 2002). Starting at y = 0.55, stages II and III have an ordered cation distribution
across the A and B sublattices with Fe?* and Fe’* layers alternating with Fe** and Ti** layers. All Fe** occurs
selectively in either the A or B sublattice, which leads to an appreciable net magnetic moment (Figure 14d).
M_ increases abruptly at y = 0.55 and has its largest value (~40 Am? kg~!) at y = 0.67 (stage II) (Dunlop &
Ozdemir, 1997; Hunt et al., 1995). For higher Ti contents, M drops again because T lowers with increasing Ti
(Figure 14c) and drops below room temperature at y > 0.75. This marks stage III with M dropping to zero as
titanohematite becomes paramagnetic at room temperature with 7, around 56 K (Hunt et al., 1995). Below T,
stage III Ti-bearing hematite is purely antiferromagnetic with spins parallel to the basal plane even at low tem-
perature, with the Morin transition eliminated (e.g., Harrison et al., 2010; Morrish, 1994). Thus, ferrimagnetic

Ti-rich titanohematite has a distinctly stronger M, than pure hematite while retaining the high coercivity and
thermal properties of SD hematite.
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4.2.2. Lamellar Magnetism

Hematite and ilmenite intergrowths occur in some slowly cooled igneous and metamorphic rocks. Exsolution
lamellae with thicknesses from 100 pm to ~1 nm can carry an unusually strong and stable remanent magnetiza-
tion (Robinson et al., 2002, 2004; McEnroe, Harrison, et al., 2001; McEnroe, Robinson, & Panish, 2001; McEn-
roe et al., 2016). A ferrimagnetic substructure is created by reduced charge balance along Fe?*-Fe* interfaces
between antiferromagnetic hematite and paramagnetic ilmenite (Fabian et al., 2008; Robinson et al., 2002, 2004).
For ultrafine lamellae with an odd number of Fe-layers, spins are uncompensated and locked to the hematite
structure, which produces a large magnetic moment within the interface that cannot be demagnetized. The he-
matite host contains a lamellar NRM that is inclined at 30° with respect to the hematite basal plane (0 0 1)
(Robinson et al., 2017). Titanohematite with abundant nanoscale ilmenite exsolution (lamellar magnetism) is,
thus, a major contributor to crustal magnetic anomalies, for example, the area of negative remanent magnetiza-
tion near Modum, Norway (Langlais et al., 2004; S. McEnroe, Langenhorst, et al., 2004). McEnroe et al. (2009)
proposed that lamellar magnetism is a potential large remanent magnetic anomaly source on Mars, which has no
present-day magnetic field.

4.2.3. TRM Self-Reversal in Titanohematite

Titanohematite is often a deuteric oxidation product of titanomagnetite (e.g., H. Li & Beske-Diehl, 1991), which
can carry a self-reversed TRM. Self-reversal occurs when a mineral is magnetized antiparallel to the ambient
magnetic field direction (e.g., Nagata, 1952; Nagata & Uyeda, 1959). This phenomenon has been studied widely
in natural and synthetic samples (Burton et al., 2008; Doubrovine & Tarduno, 2004; Fabian et al., 2008; Garming
et al., 2007; Heller et al., 1986; Hoffman, 1992; Ozima et al., 2003; Sprain et al., 2016; Westcott-Lewis, 1971;
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Yoshikazu & Yasuhiko, 1963). Titanohematite was studied intensively after discovery of reversed TRM in the
Haruna dacite tuff from Japan (Nagata, 1952), which complicated early recognition of geomagnetic polarity re-
versals (A. Cox et al., 1963; McDougall & Tarling, 1963). The primary control on self-reversal in titanohematite
appears to be the coexistence of two phases in a crystal (ordered and disordered ferrimagnetic phases, respective-
ly) and their exchange interactions, rather than interactions between repeating, geometric microstructures (e.g.,
Hoffman, 1992; Nagata & Uyeda, 1959; Sprain et al., 2016). If ordered and disordered regions are both in the SD
state, cation moments in the ordered phase couple antiparallel to, and outweigh, the weak moments of disordered
domains, resulting in self-reversed TRM. Therefore, micro-intergrowths of ordered and disordered phases pro-
mote self-reversal (Dunlop & Ozdemir, 1997).

4.3. Substitution of Other Cations

Some other cations can also substitute into the hematite lattice (e.g., Cr, Ni, Mn, and V). Such substitutions are
less relevant in natural environments and are significant in materials science, for example, ceramic properties can
be modified by various substitutions (Sileo et al., 2007; Varshney & Yogi, 2011, 2013; Yogi & Varshney, 2013).
Unit cell parameters for hematite with Mn**, Cr3*, or V3* substitutions follow Vegard's rule, and decrease with
increasing dopant content because the doped ions have smaller ionic radii (Mn>*: 0.645 A; Cr**+: 0.615 A; and
V3+: 0.64 A) than Fe** (0.65 A) (D. E. Cox et al., 1962; Sileo et al., 2007; Varshney & Yogi, 2011, 2013; Yogi
& Varshney, 2013). Unit cell parameters become larger for Ni>* substitution because it has a larger ionic radius
of 0.69 A (Wells et al., 1999, 2001). In contrast to Al-for-Fe substitution, Cr, Ni, or Mn substitution enhances the
magnetization of hematite (Figure 15), which is due to the magnetic moment of these doped ions. When these
dopants (e.g., Cr** with net moment of 3 Bohr magnetons (j,)) are incorporated into hematite, Fe**, with 5 p,
moment, is replaced to produce a higher uncompensated moment than that due to spin-canting (Jiang, Liu, Zhao,
et al., 2016). For Al substitution, dilution dominates because Al** is not magnetic. For all substitutions (i.e.,
including Ti** and AI**) T}, decreases linearly with increasing substitution, but at a different rate for each cation
(Figures 13d, 14c and 15d; D. E. Cox et al., 1962; Sileo et al., 2007; Svab & Krén, 1979) because anisotropic cell
contraction provokes Fe-O angle and bond length changes that affect superexchange (Catti et al., 1995).

4.4. Influence of Cation Substitution on Hematite DRS Properties

Replacement of Fe by other metals can modify the color and DRS properties of hematite. Structural Al does not
significantly influence the hue and chroma of synthetic Al-hematite, although crystals become lighter (Barrén
& Torrent, 1984; Kosmas et al., 1986). The Al dependence of DRS characteristic peak positions and amplitudes
for hematite are summarized in Figure 16. P, and I, correlate negatively with Al content, decreasing to lower
wavelengths with increasing Al content. This is similar to the Al dependence of P,,5 and I,,5, the characteristic
peaks for goethite (Jiang, Liu, Colombo, et al., 2014). Al incorporation in hematite is, therefore, an important
factor for its DRS properties.

Al substitution influences the DRS properties of hematite in two ways. With increasing substitution, FeO octa-
hedra in hematite are increasingly replaced by AlO octahedra. Thus, Al incorporation changes Fe**-Fe’* mag-
netic coupling between face-sharing octahedra, thereby decreasing the EPT band energy (Kosmas et al., 1986;
Scheinost et al., 1999; Torrent & Barrén, 2003). Linkages between smaller AlO, octahedra and larger FeO,
octahedra will also produce lattice distortions. Octahedral distortions alter Fe-O distances, which in turn alter
the ligand field and shift the energy transition band positions (Burns, 1993b; Sherman & Waite, 1985). Hematite
particle size also changes with Al incorporation (Figure 11c), which shifts the characteristic peak from 530 to
570 nm (Torrent & Barrdén, 2003). Therefore, cation substitution should be considered when interpreting DRS
data for hematite.

5. Hematite Identification and Quantification From Magnetic and DRS Properties

Based on the above-discussed crystallographic and physical properties of hematite, and key controls on their
variations (e.g., particle size and cation substitution), we now explore how hematite can be identified and quan-
tified. The main magnetic and color reflectance properties of hematite, as outlined above, are exploited for these
purposes in the methods discussed below.
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Figure 15. Relationship of unit cell and magnetic parameters versus cation substitution. (a) a and (b) ¢ versus cation content, where Cr data are from Sileo et al. (2007)
and Varshney and Yogi (2013), Mn data from Varshney and Yogi (2011, 2013) and Wells et al. (1999), Ni data from Wells et al. (1999), and V data from Cox

et al. (1962). The right-hand vertical axis is for V, while the left-hand vertical axis is for Cr, Mn, and Ni; (c) M, versus cation content, where Cr data are from Yogi

and Varshney (2013), Mn data are from Wells et al. (1999), and Ni data are from Wells et al. (1999). The right-hand vertical axis is for Mn and Ni, while the left-hand
vertical axis is for Cr; (d) T), versus cation content, where Cr data (left-hand vertical axis) are from Sileo et al. (2007) and Svab and Krén (1979), and V data (right-hand
vertical axis) are from Cox et al. (1962).

5.1. Hematite Identification in Natural Samples

XRD is the most direct and effective method for identifying crystalline structures. However, its detection limit
is high (~2%) for fine particles. Thus, in many geological materials, where hematite is often fine-grained and
occurs in trace amounts, hematite identification is not straightforward for bulk samples. Therefore, XRD analysis
to determine the presence of hematite (and other iron(oxy)(hydr)oxides) is often carried out on magnetic extracts.
However, hematite is magnetically weak, which makes it difficult to raise its concentration in magnetic extracts to
enable identification with XRD. If adequate hematite concentrations are obtained, XRD enables its identification.
Likewise, scanning electron microscope (SEM) or TEM observations coupled with X-ray microanalysis enable
hematite identification.

Magnetic techniques have been used widely to identify hematite. The two most typical characteristics of hema-
tite are its high T, (670°C-690°C), which is noticeably different from other magnetic minerals, and the Morin
transition at ~250-260 K. In addition, DRS can be advantageous because its detection limit is ~0.5% (Kosmas
etal., 1984, 1986; Torrent et al., 1983). The typical peak and amplitude at ~535 nm (P, and /) in DRS second
derivative curves (Figure 9f) is used widely to identify and quantify hematite in soils and sediments (e.g., Lepre
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Figure 16. Diffuse reflectance spectrum parameters versus Al content for hematite. (a) Characteristic peak position (Ps;;);
and (b) characteristic peak amplitude (/;5), both versus Al content. All data are from Jiang (2014) and Q. Liu, Barrén,
et al. (2010). Different colors indicate hematite formation with various complexes in solution.

& Olsen, 2021; Q. Zhang et al., 2018; Torrent et al., 2007, 2010a, 2010b). Therefore, combined use of magnetic
and DRS measurements is ideal for identifying hematite in natural samples.

Hematite is weakly magnetic and stable SD particles have high coercivity, so it can be easily confused with
goethite based on magnetization and coercivity parameters, although goethite is magnetically weaker with gen-
erally considerably harder coercivity than hematite (Table 2; Reynolds et al., 2014; Rochette et al., 2005; Till
et al., 2015). Moreover, the Morin transition is suppressed by small grain sizes, crystal defects, and cation sub-
stitutions. Hematite nanoparticles occur commonly in both the magnetically unstable SP state and in the mag-
netically stable SD state, so that use of SD-indicative parameters will underestimate its presence (e.g., Roberts
etal., 2020). In addition, cation substitution affects the magnetic and DRS properties of hematite. For example, Al
substitution can lower the coercivity of hematite to tens of mT or even a few mT. Similarly, T, decreases to 850 K
(~580°C) for a ~10% Al content, so that it could be mistaken for magnetite or maghemite (Jiang, Liu, Zhao,
et al., 2015; Jiang, Liu, Zhao, et al., 2016; Jiang et al., 2012). Also, Ti incorporation can enhance the magnetiza-
tion of hematite to 40 Am? kg~!, which complicates differentiation from other ferrimagnetic minerals in igneous
rocks based only on magnetization. Simultaneously, hematite color varies; for example, Mn or Ti incorporation
may make hematite black. Cation substitution can, therefore, cause potential confusion between hematite and
magnetite or maghemite, so that discriminating between these minerals is not straightforward.

To resolve such ambiguities, a flowchart for combined methods (magnetic, DRS, etc.) is presented in Figure 17.
Its eye-catching red color provides the most direct initial evidence to identify hematite. Hematite (Hm) and
maghemite (Mh) are red or brown-red, while magnetite and titanohematite (Ti-Hm) or Mn-hematite (Mn-Hm)
are black, which divides these magnetic iron oxides into two branches (Figure 17). DRS can discriminate be-
tween Hm and Mh because the former has a characteristic peak at ~535 nm (Ps;5) while the peak for the latter
is <500 nm (Scheinost et al., 1998). What is left is to distinguish stoichiometric from Al-substituted hematite.
Key characteristics of SD and MD stoichiometric hematite are its T, at ~680°C and T, at ~255 K (e.g., Lagroix
& Guyodo, 2017). If both parameters decrease simultaneously to lower temperatures, Al-hematite is indicat-
ed (Figure 13d). Then, for phases with black colors, the Verwey transition is the most characteristic signature
of magnetite, although it is not always observed in low temperature curves when magnetite is fine-grained or
partially oxidized (Chang et al., 2013; Ozdemir & Dunlop, 1993). In addition, the T, of Ti-Hm can decrease to
580°C; nevertheless, B, for such titanohematite is higher than for magnetite. Thus, combining B, and T, can help
to distinguish between magnetite and Ti-Hm.

5.2. Hematite Quantification in Natural Samples

The abundance of hematite in natural environments makes its quantification important in paleoenvironmental
studies of soils and sediments. The main challenge for quantifying hematite is its weak spontaneous magnetization
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Table 2

Summary of Magnetic and DRS Methods for Hematite Identification and Quantification

Purpose Method

Parameter

Advantage(s)

Disadvantage(s)

Additional information

Identification Magnetic methods

DRS

Quantification Magnetic methods

DRS

Ty

Morin transition

M

s’

B, and B,

Positions of characteristic
DRS (Ps;5) peaks

HIRM

S-ratio

H{1\/[0.9T @ AFI 20 mT

Remanence after TD, ..
and AF,,

13-03T[RM cycling:
300-400-300 K

Redness ratings

Calibrated DRS functions

L5 and I3

Not sensitive to non-
magnetic matrix; no
grain size control

Clear indicator of the
presence of hematite

Rapidly measured

Lower detection limit, rapid
measurement

Estimate of absolute
hematite concentration

Estimate of relative hematite
concentration

Decreases strong magnetic
background; isolates
weak imperfect
antiferromagnetic signal

Useful for u-channel samples

Removes goethite and
soft ferrimagnetic
contributions

Removes goethite
and ferrimagnetic
contributions

Rapidly and easily measured

Effective for Chinese loess/
paleosol samples

Low detection limit; rapidly
measured

Time-consuming and destroys
samples

Suppressed by fine grain sizes,
crystal defects, and cation
substitution

Indicator of hematite, although
goethite can have similar
properties

Influenced by non-magnetic
matrix and grain size;
cannot discriminate between
specularite and pigment

Cut-off field of 300 mT can be
ambiguous for separating
ferrimagnetic minerals with
coercivity tail >300 mT and
hematite softer than 300 mT

Sensitive to applied field errors

Ambiguous when soft goethite is
present

Soft hematite fraction will also be

demagnetized

Magnetically soft nanohematite
particles (<~200 mT) may
also be demagnetized;
time-consuming

Influenced by other red or brown
magnetic minerals, for
example, maghemite

Influenced by other red or
brown magnetic minerals,
for example, maghemite; not
proven for other regions

Influenced by non-magnetic
matrix

Insensitive to non-
magnetic matrix;
lower limit exists
for detecting weak
magnetic phases;
detects both
pigmentary and
specular hematite

Rapidly measured;
sensitive to matrix
composition;
effective in soil
and sediment
(lacustrine, eolian,
marine) studies

Note. DRS, diffuse reflectance spectroscopy.

(M, = ~0.4 Am?/kg) compared to ferrimagnetic minerals (e.g., magnetite, M, = 92 Am?*/kg), so hematite informa-
tion must be extracted from a potentially strongly magnetic background. It is also often poorly crystalline, which
poses challenges for mineralogical, spectroscopic, and magnetic identification. Many parameters have been pro-
posed to quantify hematite by magnetic or color reflectance methods, as summarized by Roberts et al. (2020).

5.2.1. Hard Isothermal Remanent Magnetization (HIRM) and S-Ratio

Hematite can have such high coercivity that it is difficult to saturate without specialized magnetic instruments,
while strongly magnetic ferrimagnetic minerals have low coercivity and tend to dominate magnetic measure-
ments. Use of magnetic properties to extract information about hematite usually exploits distinct coercivity dif-
ferences between hematite and ferrimagnetic minerals. As detailed by Roberts et al. (2020), the S-ratio and
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Figure 17. Flow chart for identifying hematite (Hm), magnetite (Mt), and maghemite (Mh) by combining color
characteristics and magnetic properties.

HIRM have limitations for quantifying hematite without independent constraints on the magnetic mineralogy.
Nonetheless, we detail here the ideas behind use of these parameters and highlight their value and limitations.

Collinson (1968) reported that IRM acquisition in direct current (DC) fields above 300 mT is effectively due to
hematite-type minerals only, so this field is used as a cutoff to separate IRM acquisition due to hematite compared
to magnetically “soft” minerals. The S-ratio (S = —IRM_,,.t/M,,) was proposed to calculate the relative propor-
tions of magnetically “soft” versus “hard” minerals in samples (Bloemendal, 1983; Bloemendal et al., 1988; J. W.
King & Channell, 1991; Robinson, 1986). An alternative formulation was proposed by Bloemendal et al. (1992):
S-ratio = [(=IRM_,, .,t/M,,) + 11/2. Users should be aware of which S-ratio version is used when comparing data
between studies. S-ratios vary between +1 and —1 in the former definition and between +1 and O in the latter. A
value of +1 is interpreted to indicate that only ferrimagnetic minerals (e.g., magnetite) are present. In contrast, low
or negative values indicate that significant hematite contributions are likely. Robinson (1986) also suggested that
the remanence that remains unreversed after applying a DC backfield of —300 mT is carried by the magnetically
hard minerals, hematite and goethite. Therefore, he proposed the “hard” IRM (HIRM = (M + IRM _,, ..1)/2)
to express the difference between the backfield magnetization at —300 mT and the initial M, of a sample to
quantify hematite or goethite contents. Goethite is far from saturation even in a 57 T field (Rochette et al., 2005),
so HIRM can be a quantification proxy for hematite concentration that is largely saturated in ~3 T applied
fields (Dunlop, 1971) and has been used extensively and valuably for this purpose (Abrajevitch et al., 2018;
Bailey et al., 2011; Bloemendal & Liu, 2005; Hao et al., 2009; Larrasoaiia et al., 2003; Lyons et al., 2010; Nie
et al., 2010; Yamazaki & Ioka, 1997). However, it should be remembered that phases such as pyrrhotite, partially
oxidized magnetite, greigite, and titanomagnetite can have a coercivity tail above 300 mT and that some hematite
will be softer than 300 mT.

5.2.2. Residual Remanent Magnetization After Demagnetization

The magnetization of natural samples is often dominated by the strong magnetism of ferrimagnetic minerals
(magnetite and maghemite). Detecting weakly magnetic antiferromagnetic minerals (hematite and goethite), thus,
becomes more challenging. To remove interference from strongly magnetic minerals, Liu et al. (2002) proposed
a method to separate a weak imperfect antiferromagnetic signal from a strong ferrimagnetic background signal
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by measuring M, a residual or final remanence after hysteretic demagnetization of M. The hysteretic demag-
netization process includes imparting a saturation IRM (SIRM) in a 1 T or 2 T field using a vibrating sample
magnetometer, then subjecting samples to successive reversed fields with decreasing peak levels to mimic a low
frequency AF demagnetization with an alternating DC field. The maximum demagnetization field then provides
a measure of the remanent coercivity of the undemagnetized magnetic mineral assemblage within a sample. This
treatment almost completely removes signals due to strongly magnetic minerals and leaves information due to
hematite. Compared to classic AF demagnetization (with typical maximum peak fields of ~100-120 mT), higher
fields can be used for hysteretic demagnetization (e.g., up to ~1-2 T) with this approach. Compared to HIRM,
M, is the residual SIRM after direct demagnetization, so no errors are propagated by subtracting terms. Hysteretic
demagnetization decreases the effects of a strongly magnetic background, for example, initial non-zero HIRM
offsets for partially oxidized magnetite, to enable isolation of the weak imperfect antiferromagnetic signal.

Additionally, unreliable IRM, , + and IRM_ , 1. values can be obtained for u-channel samples because IRM in-
tensities often exceed the dynamic range of the SQUID magnetometers used for such measurements (Weeks
et al., 1993). To avoid this and other uncertainties related to HIRM calculation (Q. Liu et al., 2002), Larrasoafia
et al. (2003) developed a hematite concentration proxy (IRM, , ;@AF,,, 1) by AF demagnetizing the IRM,, 1
at 120 mT, which removes contributions due to magnetite. They used this parameter to investigate Saharan dust
input to eastern Mediterranean sediments and found that IRM, , @AF ,, . is a useful hematite concentration
proxy that correlates with an acknowledged eolian proxy (Ti/Al). Combined with the different LT magnetic be-
havior of hematite and goethite (i.e., hematite IRM is temperature independent below the Morin transition, while
goethite IRM increases almost linearly to 4 K), this approach has value in identifying and separating magnetic
contributions due to hematite and goethite (Maher et al., 2004). K. P. Kodama and Dekkers (2004) proposed that
hematite remanences can be isolated by thermal demagnetization at 120°C to remove goethite contributions, fol-
lowed by AF demagnetization to remove soft ferrimagnetic contributions, although a soft hematite fraction will
also be demagnetized by this procedure. Separating signals due to goethite and hematite is important for isolating
hematite contributions. Carter-Stiglitz et al. (2006) proposed a parameter named '**3TIRM to quantify hematite
using a two-step procedure with a superconducting magnet and magnetometer system: (1) samples are magnet-
izedin a 0.3 T direct field, partially AF demagnetized with a 0.2 T field, and the remanence is measured; (2) then
it is remagnetized in a 1.5 T field followed by partial demagnetization as in step 1 and the resulting '>-%3TIRM is
measured. A 300 — 400 — 300 K thermal cycling in zero field will then thermally demagnetize any goethite, so
that '>-93T[RM is due solely to hematite. Lagroix and Guyodo (2017) used an oscillation mode to sweep the field
to make a coarse effective AF demagnetization without sample removal to allow continuous temperature cycling.
Bilardello (2019) summarized this approach and outlined caveats that inhibit separation of contributions to -03TIRM.
For example, nano hematite can have softer coercivity than larger SD grains and can be demagnetized below
200 mT. Such grains will generally be attributed to the soft magnetite fraction. Also, some maghemitized grains
can survive 200 mT AF demagnetization but lose part of their remanence by 400 K, which affects determination
of the relative contributions of all phases. This parameter and related tests are generally useful for soils and sed-
iments, although the above caveats should be considered.

5.2.3. Redness Ratings

Hematite is the most important pigmenting agent in organic-poor soils and sediments, so color is useful for ap-
proximating hematite contents in soils and paleosols (Torrent et al., 1980). Redness ratings (RR) from visual or
spectroscopic measurements correlate with hematite content and are used for hematite quantification (Torrent
et al., 1983). The RR is defined as:

_(10-H)xC
- Vv

RR , 3)
where C and V are numerical values of the Munsell chroma and value, respectively, and H (hue) is the number
preceding YR in the Munsell color coding scheme. For example, H is 10 for 10YR and H is O for 10R. This

parameter provides discrimination between yellowish brown and red colors. Another redness index (RI, Torrent
et al., 1983) is defined as:

_ (x—035)

T (y-035Y ° @
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where x and y are the chromaticity coordinates, and Y is the luminosity based on the des Séances (1931) defi-
nition. The 0.35 subtracted from x and y are the x, y values of the Munsell color 10YR 7/2.3 (very pale brown),
which is typical of a hematite-free reference soil. Both RR and RI correlate linearly with hematite content in
European soils (Torrent et al., 1983).

5.2.4. Diffuse Reflectance Spectroscopy

Magnetically “hard” goethite and hematite coexist in many terrestrial environments, so it is difficult to exclude
goethite when using magnetic methods to quantify hematite. Also, the large fields required to magnetically sat-
urate hematite and goethite, and their relatively weak magnetizations, make it difficult to estimate their absolute
abundances accurately with magnetic methods. DRS in the VIS (~400-700 nm) and NIR (~700-2,500 nm)
ranges is more suited to identification and semi-quantitative determination of goethite and hematite abundance
in soils (Balsam et al., 2004; Cornell & Schwertmann, 2003; Ji et al., 2004; Torrent et al., 2007) and sediments
(Balsam & Deaton, 1996; Y. G. Zhang et al., 2007). Iron oxides have different colors and reflectance (Scheinost
& Schwertmann, 1999). Thus, DRS analysis is useful for identifying and characterizing iron oxides, especially
hematite and goethite.

5.2.4.1. Calibrated DRS Functions

Color spectra can be divided into six bands: violet = 400-450 nm, blue = 450-490 nm, green = 490-560 nm,
yellow = 560-590 nm, orange = 590-630 nm, and red = 630-700 nm (Judd, 1952). Total sample reflectance or
brightness is calculated by summing reflectance values from 400 to 700 nm (Balsam et al., 1999). The reflectance
percentage in these standard color bands is calculated by dividing the reflectance percentage in a given color band
by the total sample reflectance. Ji et al. (2002) produced a natural matrix material to which hematite and goethite
were added in known weight percentages to produce calibration standards. The reflectance of standard color
bands and brightness were measured to provide independent variables for multiple linear regression analysis. The
next empirical calibration functions were then used to estimate hematite and goethite contents in Chinese loess/
paleosols (Figure 18a):

Hematite (%) = —1.261 — 0.0791 x green (%) + 0.208 X blue (%) + 0.103 X orange (%) )
— 0.0863 x violet (%) (R> = 0.985),
and Goethite (%) = —10.6 + 1.084 X yellow (%) — 0.718 X orange (%) ©)

+ 0.34 x red (%) (R* = 0.938).

The reliability of these empirical equations has been demonstrated with Chinese loess/paleosol samples, which
indicates that the hematite/goethite ratio is higher in paleosols than in loess because of their redness (Balsam
et al., 2004; Ji et al., 2004). However, these equations are only applicable to loess and paleosol samples because
each sample type requires its own set of standard samples.

5.2.4.2. DRS Derivative Curves

The color of hematite is related to the position and intensity of the main absorption bands in the visible light
spectrum. To enhance the resolution of reflectance features, Deaton and Balsam (1991) calculated the first de-
rivative of a DRS curve to obtain characteristic goethite (primary and secondary peaks at 535 and 435 nm) and
hematite peaks (prominent peak at 575 nm), the intensities of which are used to measure their contents. However,
to improve resolution compared to raw DRS curves and their first derivative, Kosmas et al. (1984, 1986) and
Scheinost et al. (1998) used the second derivative of raw spectra and the K-M function (Section 3.5), respectively,
to detect and quantify iron oxides in soils and sediments. The ordinate difference between a minimum and the
next maximum at a longer wavelength (band intensity) is used as a proxy for band amplitude (Figure 9f). Work
on natural soil samples indicates a significant correlation between hematite content and /5,5 and goethite content
and I,,5, where hematite and goethite contents were determined by differential XRD (Figure 18b). Therefore, 1,5
and I, are proportional to goethite and hematite concentrations, respectively, and serve as proxies for their mass
concentration changes (Scheinost et al., 1998). Second derivative curves of DRS spectra are, thus, used widely
to “fingerprint” iron oxides in soils and sediments (Balsam et al., 2004; Hao et al., 2009; Q. Zhang et al., 2018;
Torrent et al., 2007).
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Figure 18. (a) Hematite measured from diffuse reflectance spectroscopy (DRS) versus hematite mixed in the matrix (Ji

et al., 2002); (b) relationship between hematite/(hematite + goethite) as determined by differential X-ray diffraction, and
I535/(I535+1,,5) determined by DRS (Scheinost et al., 1998); (c) L-ratio versus B, for Al-hematite (Liu, Roberts, et al., 2007);
and (d) L-ratio versus HIRM for samples from ODP 967, eastern Mediterranean Sea (Liu, Roberts, et al., 2007). Blue and
orange shaded areas indicate samples for which HIRM cannot and can be used, respectively, to estimate hematite concentration.

Based on DRS band intensity (/5 and I,,5), the hematite to goethite ratio (Hm/Gt) is determined as Iy;5/1,,s.
However, it is difficult to obtain the absolute hematite concentration. To address this issue, Torrent et al. (2007)
used citrate-bicarbonate-dithionite (CBD)-extractable Fe (Fe,) to aid DRS quantification, in which Fe is extract-
ed with a CBD reagent at 25°C for 16 hr. Fe, is assigned to the combination of Fe in stoichiometric hematite and
goethite (Q. Liu et al., 2004; Torrent et al., 2007). Then, the following two empirical equations were obtained:

Y = —0.133 +2.871X — 1.709 X2, and @)
Feq = Hm/1.43 + Gt/1.59, ®8)

where Y is the Hm/(Hm + Gt) ratio and X is I;5/(I,,5 + L5;5). Hematite and goethite concentrations can be calcu-
lated from these equations. DRS has been used widely to quantify hematite in Chinese loess/paleosol units (P. Hu
et al., 2013, 2015) and European soils (Buggle et al., 2014; Torrent et al., 2010a, 2010b).

5.2.5. Limitations of Hematite Quantification Methods and Ways Forward

Despite widespread use of the above quantitative parameters in environmental magnetism, their interpretation is
not straightforward because the magnetic and color properties of hematite are controlled by both grain size and
cation substitution. The advantages and disadvantages of magnetic and DRS methods for hematite identification
and quantification are summarized in Table 2. As reviewed by Roberts et al. (2020), HIRM, S-ratio, IRM ;¢ i
and other parameters all exploit hematite coercivity based on the assumption that hematite does not make large
contributions to remanence below the 300 mT cutoff field (Table 2). However, cation-substituted hematite
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(e.g., Al-hematite) is widespread in nature and its coercivity ranges from several tens of mT to several T (Jiang,
Liu, Dekkers, et al., 2014; Jiang et al., 2012, 2013; Wells et al., 1999), which may partially overlap with that of
ferrimagnetic minerals. Thus, a considerable portion of hematite IRM can reside in particles with coercivity
<300 mT in pure and natural hematite samples (Roberts et al., 2020). The remanence of hematite is also lowered
by cation substitution (Figure 13c; Jiang et al., 2012; Liu, Roberts, et al., 2007), which makes it difficult to dis-
criminate between low hematite concentrations and widespread cation substitution. The same ambiguity exists
in DRS proxies because the DRS bands at 425 and 535 nm (/,,5 and I5,) are also influenced by the degree of Al
substitution (Figure 16) and hematite surface area (Jiang, Liu, Colombo, et al., 2014; Q. Liu et al., 2011; Torrent
& Barrén, 2003). Therefore, these parameters should be interpreted with caution.

To circumvent these issues and to trace coercivity variations, Liu, Roberts, et al. (2007) defined the L-ratio, which
is the ratio of two remanences after AF demagnetization of an IRM imparted in a 1 T field with 100 and 300 mT
peak AFs: IRM,, ;6300 mi/IRMp@ 100 mr- If the L-ratio is close to 1, HIRM and S-ratio reflect hematite concentra-
tion changes. Conversely, L-ratio fluctuations indicate variable coercivities that can reflect wide grain size ranges
or cation substitution in hematite (Figures 18c and 18d). Thus, the L-ratio reduces ambiguities associated with in-
terpretation of widely used parameters such as the HIRM and S-ratio (Hao et al., 2008, 2009; Lyons et al., 2010).
Additionally, contributions to remanence below the 300 mT cutoff field can be tested using the median coercivity
and width of the IRM acquisition peak (dispersion parameter; see Figure 7 of Abrajevitch et al. (2009)).

In addition, to reduce ambiguities caused by variable cation substitution, Liu et al. (2011) and Jiang, Liu, Colom-
bo, et al. (2014) proposed parameters to indicate Al substitution, for example, T or T, which vary linearly with
Al content. Based on this, Hu et al. (2016) tested the feasibility and limitations of estimating Al-hematite and
Al-goethite concentrations by combining DRS and magnetic analyses. They found that for limited Al substitution
(Al mol.% < ~8%), DRS amplitudes can provide reliable Gt/Hm estimates. Empirical relationships between
DRS band intensity ratio and the true Gt/Hm concentration are, thus, proposed: Gt/Hm = 1.56 X (I,,5/I555) or Gt/
Hm = 6.32 X (I,5//5;5)) (P. Hu et al., 2016). Therefore, combining DRS and magnetic analyses can aid hematite
quantification, along with knowledge of the Al substitution level.

6. Natural Remanent Magnetizations Recorded by Hematite

In addition to identifying hematite and quantifying its content to understand natural environmental processes,
hematite is paleomagnetically important. Complexities associated with magnetic remanence acquisition must be
considered to understand its recorded paleomagnetic signals.

6.1. Different Magnetic Remanence Types in Hematite

The NRM in most red beds and soils is due to a combination of detrital hematite, also termed specularite, and
authigenic, pigmentary hematite (Collinson, 1966, 1974; Tauxe et al., 1980). The former records a DRM while
the latter records a CRM. Authigenic hematite may have formed long after red bed deposition (Van der Voo &
Torsvik, 2012). In such cases the red beds record a CRM that may partially or completely overprint a prima-
ry DRM, thus markedly complicating paleomagnetic interpretation (e.g., Dekkers, 2012; Deng et al., 2007; K.
Huang & Opdyke, 1996; Stearns & Van der Voo, 1987), although this distinction is not absolute. For example,
martite is a form of hematite that results from chemical conversion of magnetite. Even though it forms chemically,
it is a specularite and is assumed to carry a DRM if it is deposited as martite (e.g., Steiner, 1983). Conversion
from magnetite to martite can also occur in situ after DRM acquisition (e.g., Reynolds, 1982; Walker et al., 1981)
and hematite can form at high temperatures to carry a TRM. MD hematite carries a comparable TRM to that of
MD magnetite (Dunlop & Kletetschka, 2001; Kletetschka et al., 2000c), which has been suggested to make it an
important contributor to magnetic anomalies on Mars. These remanence types are discussed in more detail below.

6.1.1. DRM in Hematite

Detrital hematite grains, released from their parent rock by weathering, and then transported and incorporated
within sediments, can have their magnetic moments align partially with the ambient geomagnetic field during
deposition or shortly after, thus contributing to a DRM, which is a statistical ensemble of partially aligned grains.
DRMs carried by hematite have been identified in paleomagnetic studies of red beds from the Tibetan Plateau
(Tan et al., 2003; Yan et al., 2006), Northwest China (Z. Sun et al., 2006), South China (Faure et al., 2016; K.
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Huang & Opdyke, 1991, 1993, 1998; K. Huang et al., 2000), North Ameri-
ca (Elston & Purucker, 1979; Kent & Opdyke, 1985; Kodama, 1997; Stein-
er, 1983; Swanson-Hysell et al., 2019; Walker et al., 1981), and Europe
(losifidi et al., 2010; Kruiver et al., 2000), and provide important data for
chronological and tectonic reconstructions. Detrital hematite may be of HT
origin with unblocking temperatures up to T,. Therefore, to isolate a pri-
mary red bed DRM, best practice is to undertake detailed stepwise thermal
demagnetization to >600°C, or even >650°C (Swanson-Hysell et al., 2019).
DRM-carrying hematite consists of relatively large particles that yield a
block-shaped unblocking spectrum with limited unblocking below 600°C.
Such a block-shaped unblocking spectrum can then be related to the hematite
deposition mode in red beds because hydrodynamic sorting associated with
detrital hematite transportation will generally produce a narrower and coarser
grain size distribution (Swanson-Hysell et al., 2019). Authigenic pigmentary
hematite is fine grained with a broad size range and wide remanence un-
blocking spectrum.

For a hematite DRM, inclination shallowing caused by either flattening of
hematite plates into the bedding plane or burial compaction during deposi-
tion is unavoidable. It has been detected in many studies, including of Mio-
cene Siwalik Group red beds, Pakistan (Tauxe & Kent, 1984), Cretaceous and
Early Tertiary rocks of Western China (Dupont-Nivet, Butler, et al., 2002;
Dupont-Nivet, Guo, et al., 2002; Gilder et al., 2003; Tan et al., 2010; Yuan
et al., 2020), central Asia (Gilder et al., 2001), Pennsylvanian Mauch Chuck
Formation red beds, USA (Bilardello & Kodama, 2009, 2010), Permo-Car-
boniferous sediments, Ukraine (losifidi et al., 2010), and in laboratory re-
deposition experiments (Bilardello et al., 2012; Tan et al., 2002). Hema-
tite-bearing rocks appear to be more affected by inclination shallowing than
magnetite-bearing rocks with 25°-30° shallowing often observed (Figure 19;
Gallet et al., 2012; Iosifidi et al., 2010; K. P. Kodama, 2012). This could be
due to particle shape differences between the two minerals. For magnetite,

Figure 19. Contrasting magnetic easy axes and paleomagnetic inclination
shallowing for hematite and magnetite (from Kodama (2012)). (a) Easy
magnetic axes for hematite hexagonal plates and for magnetite particles.
Oblate and prolate ellipsoids graphically represent orientation distributions of
particle magnetic easy axes. (b) Inclination shallowing magnitude for typical
magnetite and hematite-bearing sedimentary rocks.

magnetic “easy” axis alignment is controlled by particle shape anisotropy
that lies parallel to particle long axes. Easy axis directions are controlled
crystallographically in hematite, and typically lie in the basal crystallograph-
ic plane. However, particle shape is still important. If hematite plates are
present, they will flatten into the bedding plane, which contributes to greater
inclination shallowing than is the case for magnetite (Figure 19). The degree
of flattening depends on inclination, as given by (R. F. King, 1955):

tan I, = f tan Iy, )

where 1, and I, are the observed and applied field inclinations, respectively, and f is the so-called flattening
factor. Bilardello and Kodama (2010) summarized reported f factors for hematite-bearing rocks from which
inclination-shallowing corrections have been made. For 15 studies, they found an average f of 0.59. Inclination
shallowing does not occur in all red beds. For example, Z. Sun et al. (2006) compared results from Cretaceous
red beds and basalts from the Qaidam Block, China, and found no inclination shallowing in the red beds. Thus,
while inclination shallowing is common in hematite-bearing sedimentary rocks, it is not universal and needs to
be assessed case by case.

6.1.2. CRM in Hematite

CRM is acquired during mineral growth below T or T, within an ambient magnetic field. This can occur dur-
ing crystallization, weathering, diagenesis, or metamorphism. Two CRM types are distinguished: (a) growth-
CRM (g-CRM), which results from hematite crystal growth through its blocking volume; and (b) alteration-CRM
(a-CRM), where hematite forms from parent minerals, for example, by oxidation (e.g., Haigh, 1958; Stokking &
Tauxe, 1990a). Stable CRM acquisition requires magnetic mineral growth through the SP threshold size. Once
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Figure 20. Equal area stereographic projections of magnetic directions for a starting chemical remanent magnetization (CRM), applied magnetic field (red star), and
characteristic remanent magnetization (ChRM) isolated after stepwise thermal demagnetization (from Jiang, Liu, Dekkers, et al. (2015)). Green and blue triangles are
mean CRM and ChRM directions, respectively; ellipsoids represent 95% confidence limits (as). D and I represent declination and inclination of remanence.

particles grow into stable SD sizes, they lock in the ambient magnetic field direction and any external field direc-
tion and/or intensity changes have little or no effect on the recorded CRM.

CRM acquisition by hematite in laboratory experiments (Bailey & Hale, 1981; Gendler et al., 2005; Hedley, 1968;
Ozdemir & Dunlop, 1993; Stokking & Tauxe, 1987, 1990a, 1990b) reveals different behaviors for the CRM types.
For hematite crystals grown on a substrate in an aqueous ferric nitrate solution in ambient magnetic fields, the
g-CRM direction is essentially parallel to the applied field direction (Stokking & Tauxe, 1987). However, a-CRM
acquired by submarine basalts during laboratory heating in air in a 50 pT field recorded a direction between
that of the ambient field and the pre-existing NRM (Bailey & Hale, 1981). When two perpendicular fields were
applied during hematite growth in two stages, CRM behavior becomes complex (Stokking & Tauxe, 1990b).
Also, CRM acquisition has been investigated either at certain field values or over a range of strong fields up to
7.5 mT (Stokking & Tauxe, 1987, 1990b). No study has investigated CRM acquisition systematically in Earth-
like magnetic fields.

Jiang, Liu, Dekkers, et al. (2015) synthesized hematite in controlled Earth-like fields (<100 pT). Recorded CRM
directions closely track the growth field orientation for field intensities >~40 pT (Figure 20). Hence, CRM
recorded shortly after deposition can record an ambient field direction and will be suitable for paleomagnetic
studies. However, for applied fields <~40 pT, the recorded CRM does not track the applied field direction (Fig-
ures 20c and 20d). This deviation may be due to the synthesis route from ferrihydrite, which mainly involves
dehydration and solid-state rearrangement but not dissolution followed by precipitation. Alternatively, it could
be caused by inefficient magnetization alignment at such low applied fields. This could be an underappreci-
ated uncertainty source in red bed paleomagnetic studies. Some intervals of stable polarity in red bed magne-
tostratigraphic studies appear to record randomly oriented directions, particularly in paleosols (e.g., Tauxe &
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Figure 21. Chemical remanent magnetization (CRM) intensity versus applied field (after Jiang, Liu, Dekkers, et al. (2015)). (a) CRM data from Stokking and
Tauxe (1990a)) versus applied field (10-7,500 puT); (b) CRM intensity versus applied field from Jiang, Liu, Dekkers, et al. (2015); (c) CRM/IRM g, 51 IRM g, 57
isothermal remanent magnetization acquired in a 2.5 T field; red dots, from Jiang, Liu, Dekkers, et al. (2015)) or CRM/ARM (green dots, from Stokking and
Tauxe (1990a)) versus applied field.

Opdyke, 1982), which could be due to organic activity (e.g., worms, etc.) that disturb grain arrangements. Poor
CRM directional recording in fields <~40 pT is also a possible contributor.

CRM intensities in hematite are related almost linearly to applied field intensity from 0.015 to 7.5 mT (Fig-
ure 21a; Stokking & Tauxe, 1990a). Jiang, Liu, Dekkers, et al. (2015) compared their results from 10 to 100 pT
with those of Stokking and Tauxe (1990a) and found that CRM normalized to IRM@2.5 T (CRM/IRM, 5 1)
increases linearly with applied field from ~0 to 100 pT (Figures 21b and 21c), which is consistent with expecta-
tion. CRM of hematite could, in principle, be used for relative paleointensity studies in Earth-like fields. Howev-
er, interpretation of CRM records in terms of relative paleointensity must consider potentially prolonged CRM
growth. Undefined growth timespans represent a significant uncertainty; red bed relative paleointensity records
could represent a time-averaged field that will average out short-lived intensity variations (Deenen et al., 2011).
Also, multiple growth stages complicate interpretation (Stokking & Tauxe, 1990b). SEM analyses of the Moen-
kopi Formation, USA, indicate multiple secondary hematite growth periods (Walker et al., 1981). Meaningful
red bed CRM interpretation in terms of relative paleointensity should require identification of dominantly early
diagenetic hematite growth.

6.1.3. TRM in Hematite

In volcanic and high-grade metamorphic rocks, primary hematite typically acquires a TRM upon cooling through
T, (675°C-690°C) in Earth's magnetic field. Theoretically, TRM should be lower for MD grains because of do-
main interactions (Dunlop & Ozdemir, 1997). For example, an average TRM is three orders of magnitude larger
in SD (~10 kA/m) than in MD magnetite (~0.01 kA/m) (Kletetschka et al., 2000a). In contrast, hematite acquires
a more intense TRM in MD than in SD particles (Clark, 1983; Hartstra, 1982). Kletetschka et al. (2000c) showed
that hematite has an inverse grain size dependence for TRM, with MD hematite acquiring a TRM comparable
to that of sub-micron magnetite and only an order of magnitude less than SD magnetite (Figure 22). Two factors
have been proposed to explain the high TRM intensity in MD hematite. First, the demagnetization energy of
hematite has a lower influence on domain wall pinning energy at temperatures almost up to 7, (Dunlop & Kle-
tetschka, 2001). Second, magnetostatic energy is more important in an applied field, which dominates the total
energy at high temperatures (Kletetschka et al., 2000c). The internal demagnetizing energy, which is proportional
to M, is much lower for MD hematite and allows it to approach saturation in weak fields. The low demagnetizing
energy of hematite can also approach the domain wall pinning energy, so defects can control the magnetization
and allow local magnetic minima close to M, which causes MD hematite to stay in a SD-like state (Kletetschka
et al., 2000c; Stacey, 1958). Consequently, metamorphic MD hematite formed in the lower and middle crust may
contribute significantly to an NRM (e.g., Moskowitz et al., 2015), as observed in Labrador, Canada (Kletetschka
& Stout, 1998), and Norway (Schlinger & Veblen, 1989) where hematite or titanohematite are dominant rema-
nence carriers. Hematite is also a candidate source for Martian crustal anomalies based on magnetic observations
from the Viking and Pathfinder missions (Madsen et al., 1999). TES measurements from the MGS mission reveal
that areal hematite abundances vary with particle size, with some areas dominated by coarse hematite (>30 pm;
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Figure 22. Characteristics of thermoremanent magnetization (TRM) for different magnetic minerals. (a) TRM intensity ranges acquired in the geomagnetic field
(~50 pT; from Kletetschka et al. (2000c)); and (b) comparison of the grain size dependence of the weak-field TRM in hematite and magnetite (from Kletetschka

et al. (2000c)).

Christensen, Bandfield, Clark, et al., 2000) that might be in the MD state. Thus, a MD hematite TRM might be a
significant magnetic anomaly source on Mars (Dunlop & Kletetschka, 2001).

6.2. Identifying Red Bed Remagnetization: Separating DRM From CRM

A central aspect of red bed paleomagnetic studies is to discriminate CRM from DRM to discern the primary NRM
component—if possible (e.g., Collinson, 1965a, 1965b; K. P. Kodama & Dekkers, 2004; Kruiver et al., 2000).
Recognition of the remanence type residing in hematite (DRM or CRM) would substantiate paleomagnetic in-
terpretation of red bed data. In general, a CRM is associated with LT hematite authigenesis, whereas detrital
hematite can record a DRM with an original HT origin. The magnetic behavior of hematite depends on its thermal
history. Thus, rock magnetic analysis of red beds has potential for recognizing CRM and DRM. The magnetic
properties of HT hematite are relatively well established from fine-grained hematite synthesized between 400°C
and 600°C. Based on this, Tauxe et al. (1980) identified these two hematite types in Siwalik red beds (Pakistan).
Red pigment has a lower and comparatively broad T, spectrum and higher coercivity, while black specular hema-
tite has higher 7, and lower coercivity. The former can be removed by chemical dissolution and was interpreted
to record a CRM, while the latter most likely carries a DRM (Tauxe et al., 1980). However, a near-primary CRM
also records the magnetic field direction faithfully. When a DRM is overprinted by a CRM, it is difficult to in-
terpret the resulting magnetization as a geomagnetic record (Deng et al., 2007; Iosifidi et al., 2010; McCabe &
Elmore, 1989) because of the composite nature of the magnetization. More robust separation of DRM from CRM
carried by hematite is indispensable and is more complex than identifying fine pigmentary and larger specularite
(or martite) particles; it can also depend on the age and polarity of each remanence type.

Dekkers and Linssen (1989) proposed that TRM and CRM in hematite can be discriminated with annealing ex-
periments. Coercivity and LT behavior differences can be related to thermal history in hematite. TRM has a HT
origin, whereas CRM has a LT origin. Hematite with HT features in sediments can then be assigned to a DRM.
B, of LT hematite is lower than for HT hematite with similar grain size. The former has a smeared or no Morin
transition, while the latter has a much sharper transition. In addition, B, increases and M, decreases after thermal
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Figure 23. Stepwise thermal demagnetization curves for a (a) detrital remanent magnetization (DRM) and (b) chemical
remanent magnetization (CRM; from Jiang, Liu, Dekkers, et al. (2015)). Pink and blue areas indicate the general shapes of
DRM and CRM demagnetization curves, respectively.

treatment. Therefore, different remanent coercivity parameters before and after thermal treatment can provide
clues to discriminate between TRM (DRM with HT origin) and CRM (LT origin) in red beds.

McClelland-Brown (1982) used T, spectra to discriminate between TRM and CRM in hematite. Jiang, Liu,
Dekkers, et al. (2015) built on this result by summarizing stepwise thermal demagnetization curves for synthet-
ic samples and natural red beds (Figure 23), where data are normalized to the remanence after demagnetiza-
tion at 300°C to remove viscous magnetization influences. The respective thermal decay curves have different
shapes. DRM demagnetization curves generally have a convex shape and drop to zero at ~670°C—680°C (Cogné
et al., 1999; Josifidi et al., 2010; Lgvlie et al., 1984; S. H. Li et al., 2013; Tauxe et al., 1980; Yan et al., 20006;
Figure 23a). CRM demagnetization curves have a concave shape and decay to zero gradually by 600°C-650°C,
which is the maximum 7, for a hematite CRM (Figure 23b). CRM has more distributed 7, spectra (~200°C to
600°C-650°C) than DRM (mostly 600°C-680°C). Also, CRM unblocking spectra can overlap with DRM spectra
and extend to near T,. Thus, to isolate a primary NRM in red beds, best practice is to use detailed thermal de-
magnetization steps above 600°C to >650°C (Jiang, Liu, Dekkers, et al., 2015; Jiang et al., 2017; Swanson-Hysell
etal., 2019). The differences between CRM and DRM can be attributed to grain size and crystallinity differences,
which provide clues to distinguish CRM from DRM in red beds, for example, Tibetan red beds (Bian et al., 2020;
Meng et al., 2017; W. Zhang et al., 2020) and North American red bed intraclasts (Swanson-Hysell et al., 2019).
Although T, spectra of CRM recorded by coarse particles will overlap with those for DRM and complicate their
distinction as NRM components (e.g., Abrajevitch et al., 2014; Whidden et al., 1998), this observation can still
be used as a supporting line of evidence to discriminate between red bed CRM and DRM. Paleomagnetic field
tests remain the most effective methods to discriminate primary and secondary magnetizations: reversal and fold
tests are used often, with occasional use of conglomerate and baked contact tests (Butler, 1992). In the absence
of field tests, demagnetization patterns provide circumstantial rather than definitive evidence. For example, pro-
tracted hematite pigment growth spanning one or several geomagnetic polarity reversals can record antipodal
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magnetizations that pass the reversal test, which has been reported for remagnetized hematite-bearing rocks (e.g.,
Abrajevitch et al., 2014; Derder et al., 2001; Henry et al., 2004). Alternatively, credible magnetostratigraphic
records from red beds can fail a reversal test, with polarity bias resulting from imperfect removal of normal
polarity overprints in some samples despite extensive demagnetization treatment (e.g., Ao et al., 2016; Charreau
et al., 2005; Dupont-Nivet et al., 2007; Xiao et al., 2012). These issues should be considered when assessing red
bed paleomagnetic records. It is desirable to combine multiple approaches when possible.

6.3. Inclination Shallowing Correction in Hematite-Bearing Rocks

DRM carried by detrital hematite can be affected by inclination shallowing. This produces erroneous paleolat-
itude estimates that strongly affect tectonic reconstructions (e.g., Bilardello & Kodama, 2010; Tan et al., 2007;
Tauxe & Kent, 1984). Significant inclination shallowing is particularly evident in central Asia where many pale-
omagnetic studies have been conducted on Cretaceous-Cenozoic sediments to quantify tectonic shortening asso-
ciated with India-Eurasia collision (e.g., Dupont-Nivet, Butler, et al., 2002; Dupont-Nivet, Guo, et al., 2002; Du-
pont-Nivet, Lippert, et al., 2010; Dupont-Nivet, van Hinsbergen, et al., 2010; Lippert et al., 2011; Tan et al., 2010;
Yi et al., 2011; Yuan et al., 2020). To maximize the value of such studies, inclination shallowing corrections are
needed.

Two dominant inclination shallowing correction methods have been developed. The first is based on magnetic
remanent anisotropy measurements (M. J. Jackson et al., 1991; Tan & Kodama, 2002, 2003; Tan et al., 2007;
Vaughn et al., 2005), and the second is based on geomagnetic secular variation models (elongation/inclination
[E/I] method; Tauxe & Kent, 2004). Anisotropy-based corrections assume that the easy-axes of sedimentary
magnetic particles are distributed nearly isotropically soon after deposition and that a bedding-parallel foliated
anisotropy is acquired during burial compaction (K. P. Kodama, 2012). Jackson et al. (1991) provided a theo-
retical basis for this method by assuming that magnetic moments of individual magnetic particles lie parallel to
their long axes, which is the case for magnetite-bearing rocks (Figure 19). However, different factors emerge for
hematite: its magnetization is controlled by crystal structure rather than grain shape. Hematite nanoparticles have
a plate-like habit with the basal plane magnetization confined to the flakes. Tan and Kodama (2003), therefore,
modified the approach of Jackson et al. (1991) to include an orientation distribution of disk-shaped grains with
magnetizations confined to the disk plane. They derived a new expression for the flattening term fin tan I = ftan
I, (R. F. King, 1955) used for anisotropy correction:
2a+ 1)Kpin — 1

/= Q2a+ DKmae — 1 10

where a is the individual particle anisotropy, which for hematite is typically ~1.4-1.45 (Kodama, 2009), and K,

and K, are the minimum and maximum principal remanence anisotropy axes used for inclination correction of
hematite-bearing rocks.

The E/I method gives similar inclination corrections that are independent of anisotropy measurements (Tauxe
& Kent, 2004). The elongation of an unflattened distribution and its mean inclination are plotted for different f
values from f'= 1 toward f'= 0. Each f'value creates a different E/I pair that plots as a point on an E/I graph. These
points are connected to form a curve. The corrected inclination and f factor are determined from the intersection
of the E/I curve with the TKO3 geomagnetic field model (Figure 24). This method assumes that geomagnetic
secular variation has had essentially the same character throughout geological time as for the past 5 Myr. The E/I
method uses the sedimentary paleomagnetic site mean distribution to detect and correct inclination shallowing.
Paleomagnetic directions will be elongated in a N-S direction during periods long enough to average secular vari-
ation. A major difference between the E/I and anisotropy methods is that the E/I method does not use information
about the magnetic behavior of analyzed sedimentary rocks; rather, different f factors are used to numerically
unflatten the site mean distribution. The E/I method has been used successfully in Tibet (Tan et al., 2010; Yan
et al., 2005; Yuan et al., 2020), the Mediterranean, and North America (Tauxe et al., 2008). However, paleomag-
netic data are needed for many independently oriented specimens (>100-150) per location/site, which is typically
satisfied in magnetostratigraphic studies (Tauxe & Kent, 2004).
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Figure 24. Application of the E/I correction to red bed data from Tibet (from Yuan et al. (2020)). (a) Paleomagnetic
directional data; (b) elongation/inclination as a function of f; and (c) cumulative corrected inclination distribution from
bootstrapped data.

7. Geological Applications of Hematite Occurrences

Hematite occurrences in the geological record are used to study many processes, including environmental and
climate variations, development of crustal magnetic anomalies, and for assessing the potential for life on Mars.
The methods discussed above can be used to analyze such processes of interest, which we now discuss below.

7.1. Environmental and Climatic Implications of Hematite Formation

Climate governs the pedogenic formation rate of iron oxides and the hematite to goethite content ratio (Hm/Gt)
because these minerals form under different climatic conditions with competitive processes (Schwertmann, 1993).
Goethite is favored in cool, moist soils that rarely experience prolonged aridity. By contrast, hematite is more
abundant in subtropical, Mediterranean, or tropical soils with frequent prolonged dry episodes (Cornell & Schw-
ertmann, 2003; Kampf & Schwertmann, 1983; Schwertmann & Murad, 1988). Soils with near-neutral pH and
low organic content tend to favor hematite formation over goethite, and vice-versa (Maxbauer et al., 2016; Schw-
ertmann & Murad, 1983). Therefore, the Hm/Gt ratio is an important paleoenvironmental indicator of iron oxide
formation (Deaton & Balsam, 1991). This ratio remains stable for long periods, so it provides important soil
moisture information related to climate changes unless either phase is dissolved reductively (Balsam et al., 2004;
Ji et al., 2004; Kampf & Schwertmann, 1983; Schwertmann et al., 1987; Y. G. Zhang et al., 2007).

7.1.1. Hematite Content in Soils: A Precipitation Proxy

Precipitation plays an important role in pedogenesis besides temperature, bed rock, and slope conditions, so pa-
rameters related to pedogenesis can be used as precipitation proxies (Maxbauer et al., 2016), including geochem-
ical weathering indices (e.g., Rb/Sr and Fe /Fe ; Sheldon & Tabor, 2009)). y is used as a precipitation proxy due to
the positive correlation between pedogenic ferrimagnet formation and annual rainfall (Balsam et al., 2004, 2011;
Geiss et al., 2008; J. M. Han et al., 1996; Maher et al., 1994, 2003). Therefore, most precipitation studies have fo-
cused on ferrimagnetic minerals, and have neglected the magnetic properties of hematite and goethite. Neverthe-
less, antiferromagnetic minerals provide more robust climatic information than ferrimagnets and form over a wid-
er climate range (Cornell & Schwertmann, 2003). Based on the ferrihydrite — hematite transformation pathway,
short periods of seasonal rainfall, <350 mm/yr under warm conditions, are sufficient to form significant hematite
(Maher, 1998). Balsam et al. (2004) found high hematite concentrations and low to moderate y values for moder-
ate precipitation of 550-600 mm/year in loess/paleosol sequences on the CLP. Absolute y in CLP soils is affected
by initial eolian input and climatic factors, so C. Liu, Deng, et al. (2007) suggested a hematite/ferrimagnet ratio
as a rainfall proxy. The ratio of hematite concentration (Hm) to the frequency dependence of magnetic suscepti-
bility (y,, expressed as the absolute value between low and high frequency measurements) relates to mean annual
precipitation (MAP) in six loess/paleosol profiles from five CLP locations (Torrent et al., 2006). For CLP data,
Hm content and y,/HIRM reach maxima for rainfall of 550-600 mm/yr (Figure 25a; Balsam et al., 2004), and
~1,000 mm/yr (Figure 25c), respectively (Balsam et al., 2011; J. M. Han et al., 1996; Z. Liu et al., 2013).
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Figure 25. Relationship between hematite content parameters and mean annual precipitation (MAP) used for hematite paleoprecipitation proxies. y, is frequency
magentic susceptibility. Data are from Balsam et al. (2004), Long et al. (2011), Liu et al. (2013), and Hyland et al. (2015).

Liu et al. (2013) later proposed y;/HIRM (Figure 25c), which is the slope in a bivariate plot of y;; versus HIRM,
as a precipitation proxy and established a paleoprecipitation transfer function by combining both ferrimagnet-
ic and antiferromagnetic parameters. Ferrimagnetic particles appear to form more rapidly than hematite and
goethite, so y;/HIRM increases with MAP first; when MAP exceeds the thresholds mentioned above, magnetic
depletion occurs due to dissolution. Magnetite and maghemite dissolution are much more rapid than for hematite
and goethite in soils (e.g., Long et al., 2011; P. Hu et al., 2013). Therefore, the positive relationship between
Xio/HIRM and MAP breaks down at a turning point. jy; /HIRM reflects pedogenic partitioning of iron between
ferrimagnets and hematite, which removes the need to construct an enhancement ratio, and can partly eliminate
the effects of parent material, wildfires, and human activity (Maxbauer et al., 2016; Z. Liu et al., 2013).

Long et al. (2011) quantified relationships between precipitation and hematite and goethite abundances in soils
with high rainfall (up to 3,000 mm/yr) based on the hematite and goethite concentration ratio (Hm/Gt) calculated
from DRS data. For high rainfall, pedogenic ferrimagnetic mineral dissolution is often accompanied by a pedo-
genic hematite decrease while goethite increases (Figure 25b). Competition between hematite (warm and dry)
and goethite (cold and wet) formation means that relative goethite and hematite proportions depend on environ-
mental hydration; higher Hm/Gt ratios represent a drier environment (Cornell & Schwertmann, 2003). Hyland
et al. (2015) calculated Gt and Hm abundances using the remanence unmixing method of Kruiver et al. (2001)
by inputting the IRM acquisition curve from 0 to 4.7 T, saturation IRM, mean coercivity, and the IRM distribu-
tion width or dispersion. From literature and measured Gt/Hm ratios and MAP estimates for globally distributed
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Figure 26. Comparison of hematite and goethite content variations and
marine 8'0 over different time scales: (a and b) 0-14 ka (D. Hu, Boning,

et al., 2012; Dykoski et al., 2005); (c and d) 0-800 ka (Ao et al., 2020; Lisiecki
& Raymo, 2005); (e and f) 0-2.6 Ma (Ji et al., 2007; Lisiecki & Raymo, 2005);
and (g and h) 0-25 Ma (Clift et al., 2014) with Sr/®Sr.

modern soils, Hyland et al. (2015) found a strong linear relationship between
Gt/Hm of soil B horizons and MAP that can be used to estimate paleoprecip-
itation for diverse climatic regimes (MAP 100-3,300 mm/yr) and soil types
(Figure 25d). However, Maxbauer et al. (2016) noted several inherent chal-
lenges to the analytical approach of Hyland et al. (2015). First, minor cation
substitution (e.g., Al) in goethite or hematite can dramatically alter coercivity
(Jiang, Liu, Colombo, et al., 2014; Jiang et al., 2012; Q. Liu et al., 2006; Rob-
erts et al., 2006), so identified magnetic components may not represent true
goethite or hematite concentrations. In addition, converting magnetic mo-
ments to moles remains a challenge. Thus, proxy-based MAP estimates must
be reported with realistic uncertainty estimates (Heslop & Roberts, 2013;
Maxbauer et al., 2016). Integration of magnetic and DRS approaches is an
attractive theme for future research.

7.1.2. East Asian Monsoon Variations

The Hm/Gt ratio is a sensitive East Asian Monsoon (EAM) dry/wet indica-
tor for the CLP and marine sediment records (e.g., Ao et al., 2020; Balsam
et al., 2004; Clift et al., 2008, 2014; Hao et al., 2009; Ji et al., 2004; Torrent
et al., 2007; X. Hu, Scott, et al., 2012). A Hm/Gt record from ODP Site
1144, South China Sea (SCS), tracks summer rain intensity since the last
glacial maximum, particularly monsoon strengthening between 11 and 18 ka,
which correlates well with speleothem records, most notably Dongge Cave,
SW China (Clift et al., 2014; X. Hu, Scott, et al., 2012; Figures 26a and 26b).
Hm/Gt from the Binxian section, CLP, over the last 800 Kyr matches ma-
rine benthic 8'%0 glacial-interglacial cycles (Ao et al., 2020). Higher Hm/
Gt values in interglacial red paleosol layers than in glacial yellow loess lay-
ers indicate stronger interglacial summer and weaker winter monsoons (Ao
et al., 2020; Figures 26¢ and 26d). Hm/Gt in the Luochuan section (CLP) has
decreased continuously since 2.6 Ma, which indicates a wetter environment
and periodic (400-500 Kyr) EAM enhancement since 2.6 Ma (Ji et al., 2007;
Figures 26e and 26f). Hm/Gt variations at SCS ODP Site 1148 indicate EAM
strengthening over the 22-18 Ma interval, followed by an extended mon-
soon maximum between 18 and 10 Ma. The summer EAM may have also
strengthened since 3—4 Ma after reaching an early Pliocene minimum (Fig-
ures 26g and 26h; Clift et al., 2014). Hm/Gt correlates well with 87Sr/%6Sr
variations, which indicates stronger weathering linked to greater monsoon
seasonality. However, goethite and hematite have different stability to reduc-
tive diagenesis, with pedogenic hematite dissolving preferentially compared
to other iron oxides in Chinese loess/paleosol samples (P. Hu et al., 2013),
while goethite is more sensitive to dissolution than hematite in marine sedi-
ments (e.g., Abrajevitch et al., 2009). These differences are attributed to their
different origins, with pedogenic minerals more easily dissolved than detrital
ones. Dissolution is also size dependent and removes finer grains first. Dis-
solution, therefore, influences absolute Gt/Hm contents, which can be traced
by magnetic methods but not DRS. Thus, when using Hm/Gt from DRS to
study climatic conditions in source areas, it is advisable to combine DRS
and magnetic measurements to investigate whether results are influenced by
diagenetic changes (e.g., Abrajevitch et al., 2015).

Hematite in pelagic sediments usually has a detrital origin (e.g., Roberts
et al., 2013), and hematite contents often reflect continental source area aridi-
ty and can be used as eolian tracers (Larrasoafia et al., 2003; Maher, 2011). In

the North Pacific Ocean, eolian dust from arid parts of Asia are a major pelagic clay source (Blank et al., 1985).
Yamazaki and Ioka (1997) measured HIRM for five pelagic-clay cores from the central North Pacific Ocean.
Increasing HIRM and decreasing SIRM is recorded since 2.5 Ma, which indicates the increasing presence of hard
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Figure 27. Magnetic characteristics of typical remagnetized red beds (from Jiang et al. (2017)). (a) Characteristics of completely remagnetized samples. The primary
remanence is not extracted even after chemical-thermal demagnetization. (b and c¢) Characteristics for incompletely remagnetized samples. The primary remanence
(670°C—-690°C) is extracted after chemical-thermal demagnetization.

magnetic minerals (Hm and Gt) and decreasing ferrimagnetic mineral contents. Here, HIRM mainly represents
Hm because Gt contributes little to an IRM imparted with a 1 T field due to its high coercivity and weak magneti-
zation (Rochette et al., 2005). In addition, 2.5 Ma is close to the intensification of northern hemisphere glaciation
and Chinese loess deposition. Therefore, in North Pacific sediments, HIRM is a proxy for Asian eolian dust. Like-
wise, Mediterranean sediments record details of Plio-Pleistocene eolian fluxes from North Africa (Larrasoana
et al., 2003, 2015). As is the case for North Pacific dust flux archives, HIRM is a key magnetic parameter that
records varying eolian hematite inputs. In the Mediterranean, hematite content variations reflect African sum-
mer monsoon evolution, with flux minima associated with processionally driven monsoon intensification; dust
maxima correspond to northern hemisphere insolation minima, and weakened monsoon intensity (Larrasoafia
et al., 2003). Thus, hematite contents effectively document African monsoon evolution over different timescales.

7.2. Hematite and Remagnetization

As discussed above, hematite can reliably record paleomagnetic information. However, remagnetization is possi-
ble, and is a key challenge in paleomagnetic studies, including for hematite-bearing rocks where discriminating
primary from secondary NRM s is critical. The shape of thermal demagnetization curves (see Section 6.2) can help
to discriminate a primary DRM from a secondary CRM (Figure 23; Jiang, Liu, Dekkers, et al., 2015). Also, use
of improved thermal demagnetizers and magnetometers can help to overcome such challenges (Qin et al., 2020).
For example, measurement limitations prevented primary NRM identification in Triassic red beds from South
China (Kent et al., 1987). By combining chemical and thermal demagnetization, Jiang et al. (2017) removed a
remagnetized component and obtained primary NRM information from the 670°C—690°C interval (Figure 27).
Ultralow field thermal demagnetizers can also help to obtain low-noise results for weakly magnetic samples (Qin
et al., 2020), including Cretaceous oceanic red beds from the Tibetan Plateau (e.g., Yuan et al., 2020). A primary
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NRM carried by hematite was demonstrated, which provides evidence for rapid northward drift of the Tethyan
Himalayan terrane before the India-Asia collision (Yuan et al., 2020). From thermomagnetic behavior, W. Huang
et al. (2019) also suggested that goethite can be used to diagnose red bed remagnetizations from integrated rock
magnetic, Mossbauer spectroscopic, and petrographic methods. Moreover, W. Huang et al. (2020) proposed that
diagenetic alteration induced by heating and/or fluid circulation is probably the main cause of Tibetan Plateau red
bed remagnetizations. They used secondary paleomagnetic components to provide information about coeval field
and hydrothermal activity. Secondary remanences, thus, provide important evidence for prevailing geological
processes, along with paleolatitude estimations.

7.3. Implications of Hematite for the Presence of Water and Life on Mars

Based on known hematite formation mechanisms, Martian hematite could be associated with the presence of
surface water or groundwater (Burns, 1993a; Catling & Moore, 2003; Chan et al., 2006). If the hematite had
an aqueous origin, then the possibility of initiation and sustenance of prebiotic or biotic processes exists (Allen
et al., 2001) because water is a key ingredient for life (Newsom et al., 2003). Also, several proposed mechanisms
for terrestrial hematite formation may include microbial mediation (e.g., R. C. Morris, 1993), such as in BIFs,
hydrothermal deposits, iron-rich laterite and ferricrete soils, and rock varnish (Barley et al., 1999; Klein, 2005),
which can provide clues about Martian hematite formation. Therefore, Martian hematite deposits may be signif-
icant in the search for evidence of extraterrestrial life.

Aqueous Fe?* oxidation is a dominant hematite formation pathway (e.g., Cornell & Schwertmann, 2003). Iron-
rich basaltic rocks erupting onto the Martian surface would produce abundant dissolved Fe?*, and dissolved oxy-
gen could be produced by photolysis of atmospheric water vapor and CO, (Burns, 1993a). The strongest hematite
signature on Mars is adjacent to a paleolake basin in southern Arabia Terra, which supports the role of water
in Martian hematite formation (Newsom et al., 2003). Water could have been responsible for Martian hematite
formation in several ways, including deposition in lakes, and precipitation as surface coatings due to groundwater
wetting (Newsom et al., 2003). The occurrence of diagenetic hematite suggests low pH environments because Fe
transport is enhanced in low-pH fluids (L’Haridon et al., 2020; McLennan et al., 2005). On Earth, aqueous Fe?*
oxidation reaction kinetics are so rapid at near-neutral pH, particularly in warm surface waters, that Fe>* oxidation
would have effectively removed dissolved oxygen from surface waters to maintain low oxygen levels in Earth's
Archean atmosphere (Holland, 1984). Thus, Precambrian BIFs might have regulated terrestrial atmospheric pO,.

It is worth considering whether biological actors could have been involved in redox reactions on Mars. Life
thrives via redox chemistry, so it will inevitably leave a large redox imprint on its surroundings (for example,
Earth's O,-rich atmosphere and ocean are the result of photosynthesis, e.g., Leféebvre and Krasnopolsky (2017)).
So, life could provide an oxygen source for Fe** oxidation. The most significant biochemical implication of Mar-
tian hematite concentrations is that Fe** was being generated in an environment where liquid water and reductants
were also readily available. Fe** and H, form an excellent redox couple for most primitive lifeforms without
complex enzymes (e.g., Catling & Moore, 2003).

7.4. Piezomagnetic Behavior: Magnetic Anomaly Implications on Earth and Mars
7.4.1. Pressure Demagnetization Behavior of Hematite

The piezomagnetic behavior of hematite has a bearing on our understanding of Earth's interior and on the magnet-
ic expression of impact craters. Under pressure in a magnetically shielded environment, the remanent magnetiza-
tion of hematite undergoes marked reduction. A 1.44 GPa pressure reduces the IRM by 50% (Jiang et al., 2013;
Figure 28a). Repeated loading cycles further reduce the IRM (Bezaeva et al., 2007, 2010; Gilder et al., 2006).
Almost 38% of the IRM is lost at 1 atm pressure after the first loading cycle, and a further 18% is lost during a
second cycle (Figure 28b).

The pressure dependence of the Morin transition has been investigated theoretically (Searle, 1967) and with
diverse techniques such as nuclear magnetic resonance (Wayne & Anderson, 1967), neutron scattering (Klotz
et al., 2013; Parise et al., 2006; Umebayashi et al., 1966; Worlton et al., 1967), Mossbauer spectroscopy (Vaughan
& Drickamer, 1967), and static magnetic measurements (Bezaeva et al., 2015; Kawai & Ono, 1966). T,, in-
creases with increasing pressure at a rate of ~30-40 K/GPa (Searle, 1967; Umebayashi et al., 1966; Wayne &
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Figure 28. Pressure dependence of hematite remanence and Morin transition temperature. (a) Residual isothermal remanent magnetization (IRM; normalized with
initial IRM) under applied compressive pressure (from Jiang et al. (2013)); (b) data for two compression cycles for hematite (from Jiang et al. (2013)); (c) Morin
temperature (7,) and Verwey transition temperature (7) versus applied pressure; T,, data are from Klotz et al. (2013), Bezaeva et al. (2015), and Worlton et al. (1967);

T, data are from Coe et

al. (2012); and (d) correlation between the pressure demagnetized degree and B,, for different magnetic minerals (from Jiang et al. (2013)).

Anderson, 1967; Worlton et al., 1967). This behavior contrasts with that of the Verwey transition temperature in
magnetite, which decreases with increasing hydrostatic pressure at about —3 K/GPa (Coe et al., 2012). Bezaeva
etal. (2015) found that T, changes with pressure at 25 K/GPa. T,, thus reaches room temperature at 1.38-1.61 GPa
(Figure 28c). Thus, applied pressures result in a perfect antiferromagnetic state with no net magnetization in he-
matite at ambient temperatures with spin alignment along the crystallographic c-axis. The magnetic properties of
meteorites, which are commonly shocked to pressures well above 1 GPa (e.g., Martian meteorites) may, therefore,
not be representative of the magnetic properties of their parent bodies (Gattacceca et al., 2007, 2010).

To quantify pressure effects on magnetic minerals, Jiang et al. (2013) proposed the parameter P,
by (IRMji — IRM, o/ IRM; i X 100%. For each iron mineral, P, correlates linearly and inversely with
log (B,,) with a different rate (Figure 28d). Magnetite/titanomagnetite and maghemite have higher slopes and
hematite and pyrrhotite have lower slopes. Each of these mineral groups has similar trends. This dichotomy

which is given

can be attributed to crystal structure differences. Magnetite/titanomagnetite and maghemite have cubic crystal
structures (Figure 28d; Cornell & Schwertmann, 2003; Dunlop & Ozdemir, 1997), while hematite and pyrrhotite
have rhombohedral structures (Cornell & Schwertmann, 2003; Dunlop & Ozdemir, 1997; Morrish, 1994; Pauling
& Hendricks, 1925). Trends of P, versus log (B,,) behavior may, thus, be controlled by the crystal structure of
the respective mineral. A clear conclusion from Figure 28 is that hematite is by far the most pressure sensitive
mineral in the SD state.
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Magnetically soft MD particles (lower B_) are also demagnetized more easily by pressure than magnetically
harder SD particles. Domain wall movement in MD particles also influences pressure demagnetization behavior
(Bezaeva et al., 2007, 2010, 2007; Gilder, 2007; Gilder et al., 2002, 2004, 2006, 2011; Jiang et al., 2013; K. Lou-
zada et al., 2007; K. L. Louzada et al., 2010; M. Jackson et al., 1993; Rochette et al., 2003). In addition, higher
B_, can inhibit spin rotation under compression, and decrease pressure demagnetization sensitivity. Moreover, Al
substitution may also increase the resistance to pressure effects by decreasing particle size and generating lattice
defects that increase coercivity. The Al-substituted hematite samples of Jiang et al. (2013) have a significantly
higher P for the same B, in the SD state as the hematite of Bezaeva et al. (2010) (Figure 28d). In summary, P, is
controlled by multiple factors, such as mineralogy, crystal structure, domain state, and B,,. This makes it difficult
to directly compare P, for different minerals, but P, can be quantified using the relationship between P, and log
(B,).

7.4.2. Implications for Magnetic Anomalies on Mars

Martian crust has experienced large meteoroid impacts after the demise of an early planetary magnetic field at
least at 4 Ga or earlier (e.g., Acufia et al., 1999; Stevenson, 2001; Lillis et al., 2008, 2013). Impact craters mostly
coincide with regions of low or no crustal magnetization (e.g., Acuifia et al., 1999), which is likely due to ancient
crust modification in impact basins, although no association between individual craters and magnetic sources has
been found (Acuiia et al., 1999). As discussed above, hydrostatic pressure significantly affects the magnetic prop-
erties of rocks and minerals (Bezaeva et al., 2007, 2010; Gilder et al., 2002, 2004, 2006; Rochette et al., 2003).
The most relevant hydrostatic pressure range for terrestrial and Martian crustal conditions is up to 1.5 GPa (Bez-
aeva et al., 2015). Hematite-bearing rocks or regolith will be strongly pressure demagnetized, or remagnetized in
an ambient field, even for modern impacts. No magnetic signals have been detected over Tharsis, Elysium, Valles
Marineris, or any other major Martian volcanic edifice (Figure 29; Acuiia et al., 1999; Lillis et al., 2004, 2008).
The large impacts that formed the Hellas and Argyre basins are thought to have formed in the early Noachian
epoch (~4 Ga) and are not associated with magnetic sources. The absence of crustal magnetism in these impact
basins and their surroundings implies that the Martian core dynamo had already ceased to operate when the ba-
sins formed at ~3.9 Ga (Acuia et al., 1999; Lillis et al., 2008). Impacts that occurred after dynamo cessation only
modified the ancient, magnetized, thin crust. Therefore, magnetic anomalies observed above impact basins may
provide clues for the presence or absence of an active dynamo at the time of impact.

8. Conclusions and Future Work

Our knowledge of the magnetic and spectroscopic properties of hematite has increased considerably in recent
years, which has significant applications for studies on Earth and Mars. For example, terrestrial hematite provides
information about monsoon evolution and paleoenvironments, while on Mars hematite provides tantalizing in-
dicators of the former existence of water. However, the properties of hematite vary with grain size, grain shape,
and cation substitution, which increase the complexity of geological interpretations based on hematite contents
and properties. Recent studies indicate that cation substitution markedly changes the magnetic and spectroscopic
properties of hematite by modifying the grain size, crystal strain, and magnetic ion dilution, which complicates
identification and quantification of hematite. However, combining magnetic and DRS methods can help to over-
come such issues and enable hematite quantification. Furthermore, with improved instrumentation and protocols,
future progress is expected in identifying remagnetized NRMs in red beds. The following topics are particularly
attractive for future research.

8.1. Environmental Magnetic Ambiguities: Is Hematite Cation Substituted?

Magnetic and color parameters that relate to hematite content (HIRM, S-ratio, I5;/I,,5) are important for as-
sessing paleoenvironmental trends, for example, paleoprecipitation, aridity, monsoon evolution. However, cation
substitution in hematite can strongly affect magnetic and color parameters and have a bearing on interpretations.
Although general trends are known, and combining magnetic and color parameters is powerful (Jiang, Liu, Co-
lombo, et al., 2014; P. Hu et al., 2016; Q. Liu et al., 2011), full parameter space variability has not been explored
sufficiently. Therefore, informed judgment of possible cation substitution is required to avoid ambiguity in envi-
ronmental studies involving hematite.
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Figure 29. Distribution of crustal magnetic field sources superimposed on a map of Mars with >15 km diameter craters and
the dichotomy boundary (solid line) from (a) Acuiia et al. (1999) and (b) Lillis et al. (2008).

8.2. Identifying CRMs Carried by Hematite

CRM formation by hematite is a prominent cause of remagnetizations in red beds, soils, and carbonates. Labora-
tory CRM acquisition experiments constrain interpretation of the NRM record of rocks. However, the laboratory
set-ups used for these experiments underestimate natural environmental complexity. For example, the effects of
pressure, temperature, and cation substitution on CRM acquisition in hematite deserve investigation to provide
better insights into remagnetization mechanisms.

8.3. Developing a Reflectance Spectral and Magnetic Parameter Database for Hematite on Earth and
Mars

Although terrestrial hematite has been investigated systematically, a database for hematite properties does not
exist. Furthermore, due to the scarcity of Martian meteorite samples, it remains difficult to investigate hematite
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from Mars. Thus, the main ways to measure hematite on Mars involve optical, XRD, VNIR spectra, and TES
observations. Instruments include Earth-based telescopes (Bell et al., 1990), the ISM (Mustard & Bell, 1994),
and TES deployed on the MGS spacecraft (Christensen, Bandfield, Clark, et al., 2000; Christensen, Bandfield,
Hamilton, et al., 2000; Christensen, Bandfield, Smith, et al., 2000) and the Mars Surveyor lander (Grotzinger
et al., 2015; R. Morris et al., 2006). Systematic studies of the properties of terrestrial hematite are indispensa-
ble to provide an interpretive framework for Martian hematite. However, hematite properties are complex and
depend critically on formation conditions. Key questions are: how comparable is hematite on Earth and Mars?
Is hematite on Mars cation-doped? If so, how can cation content be quantified? Can this be done with color re-
flectance measurements? A robust database of these hematite properties on Earth and Mars is required to inform
such questions along with a full understanding of its formation mechanisms. Integrated analysis should provide
significant reference data for future studies of Martian soils or rocks. For example, by comparing with Al-substi-
tuted terrestrial reference hematite, it may be deduced whether hematite on Mars is also Al-substituted. This will
provide necessary ground-truthing for spectral and other remote Martian surface observations.

8.4. Origin of Weak Magnetic Anomalies on Mars

Martian magnetic anomalies are often weak, especially around large impact craters. This raises the question of
whether the magnetic signal is due to a weak (or non-existent) early dynamo field or to high-pressure impacts.
Therefore, the crust in these magnetic minima needs to be dated precisely. Paleomagnetic analysis of Martian
rocks and dynamo modeling will also be indispensable for understanding dynamo evolution.

Appendix A
Al. Magnetic Terms
Al.1. A and B Sublattices

Two magnetic sublattices with oppositely directed spins and magnetic moments, with negative interaction.
Al.2. Alternating Field (AF) Demagnetization

Progressive demagnetization of samples by exposing them to a sinusoidally alternating magnetic field of grad-
ually decreasing magnitude in the presence of a zero-direct field. This treatment is used to identify different
magnetic components with variable coercivities. However, it is less effective for magnetically hard minerals, for
example, hematite or goethite.

A1.3. Antiferromagnetism

A magnetic material in which alternating planes (A and B sublattices) contain the same number of Fe* ions with
equal and opposite magnetic moments, so that there is no net M. Hematite and goethite are imperfect antiferro-
magnets. For hematite, slight departure (~0.065°) from antiparallel spin alignment (Spin canting) gives rise to its
magnetization. This changes hematite from an ideal antiferromagnetic mineral with no net magnetization to an
imperfect antiferromagnet with a weak spontaneous magnetization of ~0.4 Am? kg~!.

A1l.4. Bohr Magneton (p,)
An expression for an electron's magnetic moment, or the strength and orientation of the magnetic field produced

by an electron. Due to its spin, the magnetic moment of the electron is approximately one Bohr magneton, the
value of which is 9.274 x 1072* Am?.

Al.5. Chemical Remanent Magnetization (CRM)

The remanence produced by magnetic mineral formation at any temperature below the Curie temperature in the
presence of an ambient magnetic field, either by nucleation and growth to a stable blocking volume V, (growth
CRM) or through alteration of an existing magnetic phase (alteration CRM).

A1.6. Detrital Remanent Magnetization (DRM)

Detrital grains are released from their parent rock by weathering, and are then transported and incorporated with-
in sediments. Their magnetic moments can align partially with the ambient geomagnetic field during deposition
or shortly thereafter to produce a DRM.
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Al.7. Exchange Interaction

When magnetic atoms or ions are incorporated into a crystal lattice they may cooperate to produce an ordered
array of magnetic vectors throughout large lattice regions. The mechanism for this cooperation is the exchange
interaction resulting from orbital overlap of nearest neighbor atoms or ions.

A1.8. Ferrimagnetism

An antiferromagnetically coupled material with A and B sublattices that contain different numbers of cations, so
that the sublattice magnetizations M, and M, are not equivalent, which leads to a net spontaneous magnetization
M

A1.9. Hysteresis Parameters

When an applied field is decreased to zero, the magnetization M of a magnetic material does not decrease to zero.
This magnetic hysteresis leaves a sample with a permanent magnetization, or magnetic remanence. If the field
is increased in the opposite direction, M gradually decreases to zero and then reverses and eventually saturates
again. Cycling of the applied field from positive to negative and back traces a hysteresis loop. After application
of a sufficiently high field, the sample acquires its saturation magnetization (M,). Removal of this field leaves the
sample with its saturation remanence (M,,). Application of a reversed field eventually leads to the point where
the overall magnetization is zero. The field necessary to achieve this is called the coercivity (B,). To reach zero
remanence after field removal, a somewhat stronger negative field is required. This point is called the coercivity
of remanence (B_,). These four hysteresis parameters are used widely to understand magnetic recording.

A1.10. Hysteretic Demagnetization

Involves use of a vibrating sample magnetometer to subject the IRM of a sample to cyclical reversed DC fields
with decreasing peak levels from a starting state (typically 1-2 T) to mimic a low frequency AF demagnetization.

Al.11. Lamellar Magnetism

A ferrimagnetic substructure that occurs between ilmenite (FeTiO,) and hematite lamellae at contact layers par-
allel to (0 0 1). The intensity of lamellar magnetism depends on the proportion of lamellae with parallel magnetic
moments. A lamellar magnetic material could have a saturation magnetization up to 28 Am?kg, which is 70 times
stronger than for pure hematite, while retaining the high coercivity and thermal stability of SD hematite.

A1.12. Magnetic Exchange Interaction Energy

The exchange interaction between an atom i and its neighbor j can be described by the magnetic exchange inter-
action energy, E, = —2J,SXS,, where J is the exchange energy constant, which has a positive or negative sign to
indicate parallel or antiparallel coupling. At finite temperatures, thermal vibrations cause the orientation of spin
vectors to make random excursions away from the energy minimum. At high enough temperature, thermal vi-
brations provide the work needed to rotate one spin vector against the other and the disordering effect of thermal
energy (kT) will overcome the ordering exchange force. The temperature at which the spin structure is destroyed

is the Curie temperature for ferrimagnetic minerals, and the Néel temperature for an antiferromagnet.
A1.13. Magnetic Susceptibility (y)

In small fields, magnetization changes approximately linearly with increasing applied field, M = kH. «, the vol-
ume magnetic susceptibility, is dimensionless. Mass-specific susceptibility (y) is the magnetic moment per unit
mass divided by the field strength, with units of m*kg~!. y depends on the type, grain size, and concentration of a
magnetic mineral, and the measurement field and frequency.

Al.14. Multidomain (MD)

With increasing grain size, the magnetostatic energy of a magnetic particle increases. To minimize this energy, a
particle begins to nucleate domain walls at a critical grain size threshold. These walls divide the particle into two
or more magnetic volumes or domains. The magnetization is uniform in each domain, but it differs in direction
from domain to domain. The transition between small grains with only one domain (termed SD) and MD grains
is not sharp; a size range exists with a noncollinear spin structure or vortex structure that may contain a few
domains.
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A1.15. Magnetostriction

A property of magnetic materials that causes shape changes when subjected to a magnetic field. The effect was
first identified by James Joule in nickel. A magnetostrictive material deforms mechanically when subjected to an
external magnetic field. This phenomenon is attributed to the rotation of small magnetic domains, which are ori-
ented randomly when the material is not exposed to a magnetic field, but become oriented in an applied magnetic
field to create a strain field. As the magnetic field intensity increases, more domains become oriented so that their
principal anisotropy axes are aligned with the field until magnetic saturation is achieved.

A1.16. Morin Transition

A magnetic phase transition named after Morin (1950) who reported an abrupt magnetic susceptibility decrease
in a hematite polycrystalline powder below ~255 K. Above the Morin transition temperature (7,,: 255 K), anti-
ferromagnetic ordering is reorganized from a perpendicular alignment to the crystallographic c axis to a parallel
alignment. Below 7, spin canting and the weak magnetism should vanish.

A1.17. Natural Remanent Magnetization (NRM)

The magnetic remanence of a geological sample prior to laboratory treatment. The NRM is typically composed
of more than one component acquired at different times during a sample's history, which can be identified in the
laboratory using various stepwise demagnetization procedures.

A1.18. Néel Temperature (T,)

As temperature increases in antiferromagnetic substances, interatomic distances increase, and the magnetic ex-
change interaction becomes weaker. At T,, thermal energy overcomes the exchange energy and magnetic mo-
ments become independent so that the material becomes paramagnetic. For ferrimagnetic minerals, this tem-
perature is known as the Curie temperature (7). In practice, the terms Curie and Néel temperature are used
interchangeably. T\, and T, are named after the French physicists Louis Néel (1904-2000) and Pierre Curie
(1859-1906), respectively.

A1.19. Remagnetization

A phenomenon by which NRM is acquired in an ambient magnetic field at a much younger age than of the
surrounding rock or sediment, which complicates paleomagnetic data interpretation from rocks, soils, and sedi-
ments. Remagnetizations are generally carried by a CRM acquired long after deposition.

A1.20. Single Domain (SD)

A uniformly magnetized magnetic particle with a single magnetic domain. Noninteracting SD grains are ideal
recorders of paleomagnetic information.

A1.21. Superexchange

In magnetic oxides and sulfides, iron atoms are never close enough for direct exchange interaction. Instead, there
is an indirect exchange interaction of 3d electrons of Fe?* or Fe** through overlap with 2p orbitals of intervening
oxygen ions or 3p orbitals of sulfur ions, which is known as superexchange.

A1.22. Superparamagnetism (SP)

A term used to describe the magnetic behavior of particles above their blocking temperature or below their block-
ing volume. These particles act like paramagnetic atoms, with atomic magnetic moments aligning in a magnetic
field to produce a strong induced magnetization that is destroyed rapidly by thermal vibrations soon after remov-
ing the applied field.

A1.23. Thermoremanent Magnetization (TRM)

When magnetic minerals cool in a weak magnetic field H, from above their Curie temperatures, they acquire
TRM in the direction of H, with an intensity proportional to H. TRM is the primary NRM of igneous rocks and
some metamorphic rocks.
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A1.24. Thermal Demagnetization

Demagnetization carried out by heating magnetic minerals to elevated temperatures below 7., then cooling to
room temperature in zero field. The remanent magnetization of magnetic grains with T, less than or equal to
the demagnetization temperature is randomized by heating. Stepwise increasing temperatures to 7, enable pro-
gressive remanent magnetization removal. Heating can thermally alter constituent minerals and obscure results.
Nevertheless, thermal treatment is used to demagnetize high-coercivity minerals such as hematite and goethite,
which usually cannot be achieved by alternating field (AF) demagnetization.

A1.25. Unblocking Temperature (7))

The temperature during warming at which thermal energy overcomes the magnetic exchange energy and the
magnetization “unblocks.” At this temperature, the magnetic relaxation time decreases so that the particle has SP
behavior rather than stable SD behavior (Butler, 1992).

A2. Nonmagnetic Terms

A2.1. Banded Iron Formations (BIFs)

Distinctive sedimentary rock units consisting of alternating iron oxide and iron-poor chert layers. They can be up
to several hundred meters thick and extend laterally for several hundred km. Almost all BIFs are of Precambrian
age and are thought to record oxygenation of Earth's oceans.

A2.2. Differential XRD

A diffraction pattern for iron minerals in a sample is obtained by subtracting the pattern for a sample free of iron
oxides, after appropriate intensity adjustment, from that of an untreated sample.

A2.3. Diffuse Reflectance Spectroscopy

Reflectance in soils and sediments includes two components, specular and diffuse reflectance. When an incident
light beam impinges on a powder surface, a small fraction is reflected specularly (specular reflectance); the rest
penetrates into the mass as wavelength-dependent absorption within colored materials or is scattered (as multiple
reflections, refractions, and diffractions in all directions). Part of this radiation ultimately leaves the material in
all directions as diffuse reflectance. Diffuse reflectance spectroscopy in the visible (VIS, ~400-700 nm) and near
infrared (NIR, ~700-2,500 nm) ranges is used to obtain color information and characteristic bands for different
minerals. Color can be calculated from these spectra and absorption band positions may be extracted mathemat-
ically from spectra to enhance the resolution of broad, overlapping bands.

A2.4. Imaging Spectrometer for Mars

ISM, which operated in the NIR range, is the first flown in space for planetary observation. With a 0.76-3.14 pm
spectral range, its main goals were to obtain mineralogical composition information from the surfaces of Mars
and Phobos, and information on the composition and spatial and temporal variations of the Martian atmosphere.

A2.5. Munsell Hue, Chroma, and Value

Color system developed in the early 1900s by the artist A. H. Munsell. A color point in this system is defined
by three parameters: hue, value, and chroma. Hue refers to the spectral colors red (R), yellow (Y), green (G),
blue (B), purple (P), and their intermediates (e.g., YR or RP). These 10 major hues are arranged in a 100° circle
divided in 1° steps (e.g., 10YR). Chroma refers to color intensity, increasing from 0 in steps of one. The third pa-
rameter, value, defines lightness, and extends perpendicular to the hue-chroma plane, with its greatest extension
from O (black) over shades of gray to 10 (white).

A2.6. Redness Rating (RR)

An index expressed as RR = [(10 — H) X C]/V, where V and C are the numerical values of the Munsell value and
chroma, respectively, and H is the figure preceding YR in the Munsell hue (Torrent et al., 1983). RR is used to
obtain semiquantitative hematite measurements in soils.
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A2.7. Thermal Emission Spectrometer (TES)

A Michelson interferometer/spectrometer that covers the ~6-50 pm (1,655-200 cm™!) wavelength range at mod-
erate spectral resolution (5 and 10 cm™). It was designed to study the composition and physical properties of the
Martian surface, the composition and abundance of atmospheric aerosols and condensates, the three-dimensional
atmospheric temperature field structure, and polar region energy balance and processes. TES entered Mars orbit
on board the Mars Global Surveyor (MGS) spacecraft on 11 September 1997.

A2.8. Thermal Emission Imaging System (THEMIS)

A camera on board the 2001 Mars Odyssey orbiter. It imaged Mars in the visible and infrared parts of the electro-
magnetic spectrum to determine surface thermal properties and to refine the mineral distribution on the Martian
surface with the TES. It also helps to understand how the mineralogy of Mars relates to its landforms to search
for subsurface thermal hotspots.

A2.9. x,y,and Y

Three color coordinates based on the des Séances (1931). In the CIE-Yxy space, all colors lie within a plane
resembling a shoe sole. An arbitrary point B within that plane is defined by the Cartesian coordinates x and y,
where the redness increases with x, and greenness increases with y. The lightness Y, is perpendicular to x and y
out of the plane.
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