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[1] The ‘‘hard’’ isothermal remanent magnetization (HIRM) and the S-ratio are widely used in
environmental magnetism to quantify the absolute and relative concentrations, respectively, of
antiferromagnetic minerals (hematite and goethite) in mineral mixtures. We demonstrate that synthetic
Al-substituted hematite and goethite exhibit a wide range of coercivities, which significantly influences the
HIRM and S-ratio. These parameters are therefore not necessarily straightforward indicators of the absolute
and relative concentrations of hematite/goethite. To circumvent this problem, we propose a new parameter
(the L-ratio), which is the ratio of two remanences after alternating field (AF) demagnetization of an IRM
imparted in a 1 T field with a peak AF of 100 mT and 300 mT: IRMAF@300mT/IRMAF@100mT. These
parameters are easily measured using modern vibrating sample or alternating gradient magnetometers.
Changes in HIRM only reflect changes in the absolute concentration of hematite and/or goethite if the L-ratio
is relatively constant. Conversely, L-ratio fluctuations indicate variable coercivities that possibly reflect
changes in the source of hematite/goethite. Corresponding HIRM and S-ratio variations should be
interpreted with caution in such cases. The L-ratio can be determined using equivalent terms depending on
available instrumentation and measurement protocols. For example, the HIRM is equivalent to
IRMAF@300mT. Likewise, 0.5 * (SIRM + IRM

�100mT), where IRM
�100mT represents the remanent

magnetization obtained by first saturating the sample in a high field and then applying a back-field of
�100 mT, is equivalent to IRMAF@100mT. The HIRM/[0.5 * (SIRM + IRM

�100mT)] ratio is therefore a
suitable substitute for the L-ratio when measurements are made with a long-core magnetometer. The newly
proposed L-ratio is straightforward to measure on a wide range of instruments and can provide significant
new insights and reduce ambiguities associated with interpretation of two widely used parameters in
environmental magnetism, the HIRM and S-ratio.
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1. Introduction

[2] Hematite (a-Fe2O3) and goethite (a-FeOOH)
have been the subject of many studies because they
are important constituents of soils and sediments.
For example, they can adsorb significant amounts
of phosphate and other ions, thus affecting water
quality and soil fertility [Barrón et al., 1988;
Schwertmann, 1988; Colombo et al., 1994]. They
are also important carriers of natural remanent
magnetization in rocks and sediments [e.g.,
Stokking and Tauxe, 1990]. Moreover, the presence
and preservation of hematite and goethite in soils
and sediments are related to environment, so these
minerals can provide a variety of environmental
magnetic signatures [Thompson and Oldfield,
1986; Verosub and Roberts, 1995; Evans and
Heller, 2003]. The concentration of goethite and
hematite in soil/loess samples can be semi-quanti-
tatively determined by different methods, such as
X-ray powder diffraction, Mössbauer spectroscopy
and diffuse reflectance spectroscopy [Scheinost et
al., 1998]. Rock magnetic methods can also pro-
vide powerful tools for analysis of natural samples
because they are rapidly applied, efficient, and
highly sensitive. The ‘‘hard’’ isothermal remanent
magnetization (HIRM) is commonly used to esti-
mate the absolute concentration of hematite and/or
goethite in mineral mixtures that also contain
magnetite/maghemite. The HIRM is defined as
0.5 � (SIRM + IRM

�300mT), where IRM
�300mT

represents the remanent magnetization obtained by
first saturating the sample in a high field (e.g., 1 or
1.5 T), and then applying a back-field of �300 mT
to reverse the saturation isothermal remanent mag-
netization (SIRM) contributed by magnetite/
maghemite. Theoretically, the HIRM eliminates
contributions from the strongly magnetic but low-
coercivity ferrimagnetic minerals because theymag-
netically saturate at fields below 300mT. TheHIRM
therefore reflects the magnetic signal carried by the
weakly magnetic but high-coercivity antiferromag-
netic minerals [Robinson, 1986; Thompson and
Oldfield, 1986]. Relative abundance variations of
ferrimagnetic and antiferromagnetic minerals are
commonly quantified using the S-ratio, which is
given by �IRM

�300mT/SIRM. When the S-ratio

approaches unity, low-coercivity minerals, such as
magnetite and maghemite, are interpreted to mag-
netically dominate samples. In contrast, when the
S-ratio is close to zero or if it has negative values,
contributions from hematite and/or goethite will be
significant. The HIRM and/or the S-ratio have been
successfully used as proxies for variations in hema-
tite/goethite-bearing eolian dust input into the
North Pacific Ocean [Yamazaki and Ioka, 1997],
the Atlantic Ocean [Maher and Dennis, 2001], and
the Mediterranean Sea [Larrasoaña et al., 2003a].

[3] Despite widespread use of these parameters in
environmental magnetism, interpretation of HIRM
and S-ratio is not straightforward. Liu et al. [2002]
pointed out that HIRM can be problematic when
the remanence carried by hematite/goethite is com-
pletely masked by a strongly magnetic background
signal because the HIRM can have similar magni-
tude to the measurement errors. The basic assump-
tion underlying the use of HIRM is that hematite
and goethite both have a saturation field >300 mT
[e.g., Dankers, 1981], and contributions from mag-
netite and maghemite are therefore cancelled when
calculating HIRM. However, the magnetic proper-
ties of hematite and goethite are controlled by both
grain size [Dekkers, 1989; de Boer and Dekkers,
1998] and isomorphic cation substitutions [Mathé
et al., 1999;Wells et al., 1999; Liu et al., 2004]. We
demonstrate in this study that the coercivities of
aluminous hematite and goethite range widely, as
do the corresponding HIRM and S-ratio values. We
systematically investigated a set of hydrothermally
synthesized fine-grained aluminous hematite and
goethite samples to elucidate the mechanisms that
cause large variations in the HIRM and S-ratio of
these two minerals. We then propose a new param-
eter to determine whether samples contain hematite
and goethite with variable coercivities in mixtures
with strongly magnetic minerals. Finally, two case
studies are presented to further illustrate the useful-
ness of these magnetic parameters in interpretation
of environmental changes.

2. Samples and Methods

[4] We analyzed samples of synthetic Al-hematite
[Barrón et al., 1988; Colombo et al., 1994; Roberts
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et al., 2006] and Al-goethite [Schulze and
Schwertmann, 1984, 1987; Torrent et al., 1987;
Liu et al., 2004] with a wide range of Al mol%
(Figure 1) and crystal properties. The synthesis
procedures and main physical and magnetic prop-
erties of these samples are described by Barrón et
al. [1988], Colombo et al. [1994], Liu et al. [2004],
and Roberts et al. [2006] (see also Table 1). These
samples are useful for understanding natural envi-
ronments because they have Al contents (Figure 1)
within the range found in soils [Torrent et al.,
1980].

[5] Hematite/goethite powders (�10 mg mass)
were prepared by dispersing them in a CaF2 matrix.
The room-temperature magnetic hysteresis loops of
hematite/goethite samples were measured using a
Princeton Measurements Corporation vibrating
sample magnetometer (VSM, maximum applied
field = 1 T). Hysteresis parameters (saturation
magnetization, Ms; and saturation remanence,
Mrs; coercive force, Bc) were obtained after cor-
recting the high-field slope. To obtain the coerciv-
ity of remanence (Bcr), samples were remagnetized
from +1 T using backfields up to �1 T. Alternating
field (AF) demagnetization of the IRM imparted in
the 1 T field was also performed using the VSM.
The decay rate of the AF is 2% per cycle. Hereaf-
ter, the residual remanence after AF demagnetiza-

tion is denoted as IRMAF@xmT, where x mT is the
peak AF. The Néel temperature (TN) of Al-goethite
samples is <400 K, therefore Ms is controlled not
only directly by the Al content, but also by
associated changes in TN with respect to the Al
content. To minimize the latter effects and to
highlight the Al-dependence of Ms, hysteresis
loops of the Al-goethite samples were analyzed
again at 20 K using a Quantum Designs Magnetic
Properties Measurement System (MPMS). The
saturation field was 5 T, but it should be noted
that even such a high field cannot magnetically
saturate goethite [Rochette et al., 2005]. Therefore
the hysteresis loops measured for the Al-goethite
samples are only minor loops and the magnetiza-
tion at 5 T is named M5T rather than Ms.

3. Magnetic Properties of the Studied
Al-Hematite and Al-Goethite Samples

3.1. Magnetic Properties of Al-Hematite

[6] The Al-dependence of the magnetic properties
for the studied Al-hematite and Al-goethite sam-
ples is shown in Figure 1. For the two pure
hematite samples (Al mol% = 0), Ms ranged
between �0.22 and �0.26 Am2 kg�1 (Figure 1a),
which is consistent with previous studies [Dunlop

Figure 1. Magnetic properties of different (a–c) Al-hematite and (d–f) Al-goethite samples: (a and d) Ms, (b and e)
Bcr, and (c and f) IRM100mT, all versus mol% Al. In Figure 1f the TN of Al-goethite samples (open circles) is also
presented (data from Liu et al. [2004]). The dashed line is the linear trend between TN and Al content. Data in Figure
1d represent M5T rather than Ms and were measured at 20 K to avoid effects of TN, while those in Figures 1a–1c, 1e,
and 1f were measured at room temperature.
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and Özdemir, 1997]. For the whole set of samples,
there is no straightforward relationship between Ms

and Al mol% (Figure 1a). This observation is
explained below.

[7] Within the basal plane of the hematite structure
(space group R3c), the two adjacent Fe layers are

arranged with opposite spin directions. The overall
magnetization is therefore antiferromagnetic. Upon
cooling, hematite undergoes a spin-flip transition at
the Morin temperature, TM (�236 K for pure
hematite). Above TM, the magnetically ordered
spins lie in the basal plane. When the applied field

Table 1. Methods Used to Synthesize the Studied Hematite and Goethite Samples

Mineral Sample Al mol%
Procedure and
Solutions Used Alkali Added

Final [OH]
or pH Reference

Hematite CB22 0 200 mL 0.5 M Fe(NO3)3 2 M KOH 0.9–1.35 Torrent et al. [1990]
35/3 4.9 1.5 L 0.5 M Al(NO3)3

+ 900 mL 5 M KOH
+ 225 mL 1 M Fe(NO3)3
for 1310 days at 25�C

5 M KOH �12 Schulze and Schwertmann
[1987]

CB3 5.9 100 mL 1 M Fe(NO3)3
+ 0 to 75 mL 0.5 M Al(NO3)3
at 323�C

5 M KOH 0.6–1.2 Torrent et al. [1990]

CB16 6.5 100 mL 1 M Fe(NO3)3
+ 0 to 75 mL 0.5 M Al(NO3)3

3 M KOH 0.6–1.35 Torrent et al. [1990]

53/6 7.7 solutions of Al(NO3)3, Fe(NO3)3,
and KOH. Detailed procedure
not recorded

KOH �12 -

34/7 10.9 mixtures of Fe(NO3)3 and AlCl3
solutions stored for 14 days
at 70�C

0.3 M KOH �12 Schulze and Schwertmann
[1987]

35/5 11.6 1.5 L 0.5 M Al(NO3)3
+ 900 mL 5 M KOH
+ 225 mL 1 M Fe(NO3)3
for 1310 days at 25�C

5 M KOH �12 Schulze and Schwertmann
[1987]

53/7 12.2 solutions of Al(NO3)3, Fe(NO3)3,
and KOH

KOH �12 -

CB4 12.9 100 mL 1 M Fe(NO3)3
+ 0 to 75 mL 0.5 M Al(NO3)3
at 298�C

5 M KOH 0.6–1.2 Torrent et al. [1990]

53/8 14.9 solutions of Al(NO3)3, Fe(NO3)3,
and KOH

KOH �12 -

CB19 17.3 100 mL 1 M Fe(NO3)3
+ 0 to 75 mL 0.5 M Al(NO3)3

3 M KOH 0.6–1.35 Torrent et al. [1990]

Goethite CT1 0.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 9.5 Colombo et al. [1994]a

HC1 0.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 8.0 Barrón et al. [1988]b

TR2 0.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 9.0 Colombo et al. [1994]
OX1 0.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 5.0 Colombo et al. [1994]
CLB1 3.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 5.5 Colombo et al. [1994]a

HE1 4.1 solutions of Fe(NO3)3 + Al(NO3)3 KOH Barrón et al. [1988]b

OX3 5.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 6.0 Colombo et al. [1994]
TR4 7.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 8.0 Colombo et al. [1994]
HC2 7.5 solutions of Fe(NO3)3 + Al(NO3)3 KOH 8.0 Barrón et al. [1988]b

HE2 7.8 solutions of Fe(NO3)3 + Al(NO3)3 KOH Barrón et al. [1988]b

OX5 8.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 6.5 Colombo et al. [1994]
CLB3 9.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 6.0 Colombo et al. [1994]a

HC4 10.2 solutions of Fe(NO3)3 + Al(NO3)3 KOH Barrón et al. [1988]b

CT4 12.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 10 Colombo et al. [1994]a

HE3 12.6 solutions of Fe(NO3)3 + Al(NO3)3 KOH Barrón et al. [1988]b

CLB5 13.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 6.5 Colombo et al. [1994]a

TR6 13.0 solutions of Fe(NO3)3 + Al(NO3)3 KOH 9.0 Colombo et al. [1994]
HC3 14.2 solutions of Fe(NO3)3 + Al(NO3)3 KOH Barrón et al. [1988]b

a
Samples were named without the ‘‘CL’’ prefix in this paper.

b
Samples were named without the ‘‘H’’ prefix in this paper.
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is parallel to the basal plane, the two groups of
antiferromagnetic sublattice moments orient them-
selves almost perpendicular to the field direction
but with a small angle between two sublattice
moments, which results in a net canted antiferro-
magnetism along the field direction. The existence
of vacancies or impurities in the crystal lattice will
also produce unbalanced sublattice moments with-
in the basal plane for hematite. With increasing Al
mol%, the imbalance in the sublattice moments
will increase, resulting in an increase in the bulk
Ms. However, at a critical Al content, dilution
effects resulting from increasing Al versus Fe
contents gradually become dominant, and Ms will
begin to decrease. This pattern is supported by the
trends for the TR, CLB and OX sample series in
Figure 1a. The coercivity of Al-hematite is domi-
nantly controlled by internal stress, which increases
with increasing Al content. For the respective
sample series, which were produced using different
synthesis methods, a clear trend toward higher
coercivities is observed with higher Al substitution
(Figure 1b). However, for similar Al contents,
coercivities vary significantly among different
sample series due to non-uniformity of Al substi-
tutions within the crystal lattice. For natural sam-
ples, the bulk remanence often consists of
contributions from both antiferromagnetic and
strongly ferrimagnetic minerals (e.g., magnetite
and maghemite). To eliminate contributions from
strongly ferrimagnetic minerals such as magnetite,
SIRMAF@100mT is used to enhance the antiferro-
magnetic contributions (Figure 1c).

3.2. Magnetic Properties of Al-Goethite

[8] Al-goethite has more complicated magnetic
behavior than Al-hematite (Figures 1d–1f). Goe-
thite has uniaxial antiferromagnetism (TN �

395�400 K) [Özdemir and Dunlop, 1996], in
which the spins for the two sublattices couple
along the crystallographic c-axis [Forsyth et al.,
1968]. Unlike the canting mechanism for remanen-
ces carried by hematite, the antiferromagnetism of
goethite is unbalanced by different numbers of
spins in the two sublattices (A or B) due to the
presence of defects and/or isomorphous cation
substitutions in the crystal lattice [Özdemir and
Dunlop, 1996]. Generally, with increasing Al-sub-
stitution (up to 10�15 mol%), Al ions preferen-
tially cluster along the same sub-lattice where the
earlier substitutions of Al ions occurred [Pollard et
al., 1991], thus the bulk Ms due to the unbalanced
moments steadily increases with increasing Al
content (Figure 1d).

[9] Goethite has a TN just above room temperature;
therefore slight changes in TN due to Al substitu-
tion can significantly affect the room-temperature
Ms. However, this problem can be avoided if Ms is
measured at 20 K. Similar to the Al-hematite
samples, due to non-uniformity of Al substitution,
the M5T values of the Al-goethite samples fall on
two major trends. The ‘‘53’’ sample series has much
lowerM5T values than the other samples. Neverthe-
less, it is clear that M5T increases with increasing
Al mol% (Figure 1d). Bcr decreases almost
linearly with increasing Al mol% because of the
dominant effect of TN on the room-temperature
magnetic properties of Al-goethite (Figure 1e). For
Al-goethite, IRMAF@100mT has low values for
Al mol% <�5 mol% (Figure 1f); it then increases
by at least an order of magnitude when Al
content increases to about 12 mol%. After that,
IRMAF@100mT decreases again due to the effects of
thermal agitation as TN gradually approaches room
temperature with increasing Al substitution
(Figure 1f). Therefore only goethite with interme-
diate Al content (�5–12 mol%) has IRMAF@100mT

values comparable to Al-hematite that can therefore
significantly contribute to the bulk sedimentary
remanence.

4. S-Ratio and HIRM Behavior and a
New Parameter, the L-Ratio

[10] The Bcr values of the studied Al-goethite
samples are >300 mT, which will produce negative
S-ratio values (Figure 2a). However, this will rarely
be the case with natural samples because of con-
tributions to the bulk remanence from other mag-
netic minerals with lower Bcr values. For the
studied Al-hematite samples, the S-ratio usually
ranges between 0 and 1, depending on the
corresponding Bcr values (Figure 2a). Substantial
variations in coercivity of Al-hematite make it
unwise to use the S-ratio alone for quantifying
the relative contributions of magnetite and hematite
in natural samples. HIRM has been widely inter-
preted as a proxy for the absolute concentration of
antiferromagnetic minerals in samples. However,
as shown in Figure 2b, HIRM values for Al-
hematite are controlled by its coercivity. Therefore
HIRM cannot be used alone as a proxy for the
absolute concentration of antiferromagnetic miner-
als if the coercivity values of the antiferromagnetic
minerals are unknown. Magnetic signals carried by
antiferromagnetic minerals are often masked by the
strongly magnetic background due to the presence
of magnetite and maghemite, therefore it is not
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easy to directly determine the coercivity values of
these antiferromagnetic minerals in natural samples
by traditional methods.

[11] In order to determine cases where the HIRM
and S-ratio might continue to be useful in environ-
mental magnetic studies, we propose a new param-
eter, the L-ratio, which is defined as IRMAF@HmT/
IRMAF@LmT, where the subscripts HmT and LmT
denote the high and low peak AF (units are in mT),
respectively. In this study, we used 300 and 100 mT
for HmT and LmT, respectively. The L-ratio ena-
bles semi-quantitative identification of the presence
of Bcr variations in samples, which would clarify
the interpretation of HIRM and S-ratio, even in the
presence of a strong ferrimagnetic background
signal. The remanence carried by strongly ferri-
magnetic minerals can be generally removed by
AF demagnetization at 100 mT. Thus variations in

the L-ratio will dominantly reflect the relative Bcr

distribution of the constituent antiferromagnetic
minerals within a suite of samples. The gradual
decay of remanence upon AF demagnetization for
all of the studied samples indicates a continuous
coercivity distribution (Figure 2c). However, sam-
ples with higher Bcr values are more resistant to the
maximum AF. Thus, with increasing Bcr, the L-ratio
gradually approaches 1 (Figure 2d). The L-ratio is
useful for constraining interpretation of HIRM and
S-ratio values. In cases where the L-ratio is constant
for a suite of samples, HIRM and S-ratio can be
safely interpreted in the traditional way. The L-ratio
is useful when hematite is the major antiferromag-
netic phase in samples. In contrast, when goethite
has a significant influence on the bulk remanence,
interpretation of the L-ratio is less straightforward
because the relationship between Bcr and rema-
nence is non-linear with respect to Al mol%

Figure 2. (a) S-ratio and (b) HIRM against Bcr for the studied hematite (open circles) and goethite samples (solid
circles). The dashed curve in Figure 2a indicates a second-order polynomial trend, and the dashed line in Figure 2b is
a linear trend for hematite samples. In Figure 2b, only the data for samples with Mrs/Ms > 0.5 are used to avoid the
effects of significant superparamagnetic behavior in samples. HIRM carried by goethite does not follow this trend
because its remanence is not a linear function of Al content. (c) AF demagnetization spectra for selected Al-hematite
and Al-goethite samples (see Figure 1 for other properties of the same samples). (d) Correlation between the L-ratio
and Bcr for the studied Al-hemat ite and Al-goethite samples (the dashed curve in Figure 2d is a power law fit).
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(Figures 1e and 1f). If the Al content is constant,
then interpretation of the L-ratio in goethite-bearing
samples can be straightforward.

[12] The L-ratio defined above can be easily mea-
sured for discrete samples with an automated
VSM. For continuous u-channel sample measure-
ment [Weeks et al., 1993], the maximum applied AF
is generally <150 mT. However, in practice, as
demonstrated in Figure 3, HIRM is equivalent to
IRMAF@300mT. Furthermore, 0.5 * (SIRM +
IRM

�100mT), where IRM�100mT represents the rem-
anent magnetization obtained by first saturating the
sample in a high field and then applying a back-
field of �100 mT, is equivalent to IRMAF@100mT.
The HIRM/(0.5 * (SIRM + IRM

�100mT) ratio is
therefore a suitable substitute for measurements
made with a long-core magnetometer.

5. Case Studies

[13] To examine the usefulness of the L-ratio, two
case studies are illustrated in Figure 4. The first
deals with long-term paleoclimatic changes
recorded in sediments (between 75.46 revised
meters composite depth (rmcd) and 87.23 rmcd,
corresponding to �2.4 –2.9 Ma) from ODP
Site 967 from the eastern Mediterranean Sea
[Larrasoaña et al., 2003a]. The magnetic measure-
ments were made at 1-cm intervals. Detailed rock
magnetic results demonstrate that hematite is the
dominant magnetic mineral responsible for the
high coercivity magnetic signal. The L-ratio

(defined as HIRM/IRMAF@120mT) is almost inde-
pendent of HIRM for this data set (Figure 4a), as
indicated by the fact that most of the data fall
within a narrow shaded area with reasonably
constant L-ratio. This suggests that the HIRM
changes are dominantly controlled by fluctuations
in the concentration of hematite. Larrasoaña et al.
[2003a] concluded that the hematite particles in the
studied eastern Mediterranean sediments originated
dominantly from a single source in the northeastern
Sahara desert. Nevertheless, a correlation between
the L-ratio and HIRM is observed for some of the
data, which reveals a secondary linear trend
(Figure 4a). Stratigraphic intervals in which the
L-ratio is most variable are restricted to organic-
rich sapropels where magnetic minerals have un-
dergone diagenetic dissolution [Larrasoaña et al.,
2003b]. The data in Figure 4a confirm the inter-
pretation of Larrasoaña et al. [2003a] that diagen-
esis has not significantly influenced the hematite
signal in sediments between the sapropel layers for
the studied interval of ODP Site 967. In contrast,
large changes in the L-ratio within the sapropel
layers indicate significant fluctuations in the coer-
civities of hematite particles, which might have
been caused by diagenetic dissolution of some of
the eolian hematite.

[14] The second case study deals with the HIRM
record for a sediment core from the western Phil-
ippine Sea [Horng et al., 2003], which received
eolian input dominantly from China, but also from
other sources, e.g., possibly southern Asia and
Australia [Stancin et al., 2006]. The studied inter-

Figure 3. AF demagnetization spectra of IRM (solid circles), IRM
�300mT (solid triangles), and the calculated HIRM

(open triangles), IRM
�100mT (solid rectangles), and the calculated 0.5 * (SIRM + IRM

�100mT) (open rectangles) for
Al-hematite samples HE2 (Al = 7.8 mol%) and HE3 (Al = 12.6 mol%). The HIRM values were calculated after each
AF demagnetization step. The vertical dashed lines indicate the value of IRMAF@100mT and IRMAF@300mT. The data
demonstrate that the HIRM and 0.5 * (SIRM + IRM

�100mT) values are comparable to IRMAF@300mT and
IRMAF@100mT, respectively. This indicates that the L-ratio can be equivalently determined using different parameters
depending on the available instrumentation and measurement protocols adopted.
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val is the uppermost 8.89 m of the core (�300 ka)
with an average sampling rate of �7.6 cm. The
L-ratio and HIRM have an excellent linear corre-
lation, which indicates that the observed HIRM
changes are controlled by changes in the coercivity
distribution rather than by the concentration of the
antiferromagnetic minerals (Figure 4b). This is a
clear case where parameters such as the HIRM and
S-ratio do not provide useful quantitative informa-
tion about variations in the absolute or relative
concentration of antiferromagnetic minerals. Nev-
ertheless, identification of variations in the L-ratio
is useful because it probably indicates variability in
eolian sources. Comparison of absolute L-ratio
values for the eastern Mediterranean Sea with those
from the western Philippine Sea is also useful
because it indicates that the hematite particles
that originated from the northeastern Sahara desert
are magnetically harder than those derived from
eastern Asia.

6. Further Evaluations of the L-Ratio

[15] Coercivity spectra of magnetic minerals are
related to magnetic mineralogy, grain size, and
other factors (non-stoichiometry, defect density,
etc). Different minerals and size fractions will

therefore have overlapping coercivity spectra.
Unmixing algorithms [e.g., Egli, 2004] or first-
order reversal curve diagrams [e.g., Roberts et al.,
2006] can be used to isolate different magnetic
components, but application of these methods to
large numbers of samples is not usually feasible
because they require detailed and time-consuming
measurements. Rough-cut parameters such as the
HIRM and S-ratio are therefore widely used. In
these parameters, the IRM is divided into three
fractions, which are conventionally referred to as
the soft (Msoft, <100 mT), intermediate (Mintermediate,
100–300 mT) and hard (Mhard, >300 mT) compo-
nents. The newly proposed L-ratio uses the same
strategy to aid interpretation of these widely used
parameters. Simplistic interpretations of these
parameters often ignore the fact that the three
remanence fractions cannot be strictly translated
into clearly demarcated mineral components or size
fractions. The intermediate fraction and even the
soft fraction may originate mainly in ‘‘hard’’ carriers
like hematite, as shown in this paper. Similarly, the
intermediate and hard fractions can also contain
significant or even dominant contributions from
‘‘soft’’ ferrimagnets, as shown by Liu et al.
[2002]. Ambiguities resulting from coercivity over-
laps [e.g., Roberts et al., 2006] in mixed mineral

Figure 4. Correlations between the L-ratio and HIRM for samples from (a) ODP Site 967 from the eastern
Mediterranean Sea [Larrasoaña et al., 2003a] and (b) core MD972143 from the western Philippine Sea [Horng et al.,
2003]. In Figures 4a and 4b the HIRM values for samples along the linear trends are controlled by variations in
coercivity distribution rather than by changes in concentration of hematite and/or goethite. The gray shaded area in
Figure 4a indicates a subset of data for which HIRM and L-ratio are not correlated. The stable L-ratio indicates that
variations in HIRM are dominantly caused by changes in the concentration of hematite. In contrast, the correlation
between the L-ratio and HIRM in Figure 4b indicates that variations in the HIRM are caused by variations in the
coercivity of hematite and/or goethite. In such cases, HIRM cannot be used for traditional purposes. Nevertheless,
large fluctuations in the L-ratio could be sensitive indicators of changes in eolian source. The arrow beside Figure 4a
indicates that a higher L-ratio value corresponds to magnetically harder minerals. N indicates the total number of data
points shown in each plot.
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assemblages can often be efficiently removed
using a range of thermomagnetic techniques
[e.g., Larrasoaña et al., 2003a]. Remaining am-
biguities can be resolved using auxiliary rock
magnetic and other analyses [e.g., Evans and
Heller, 2003].

[16] The L-ratio is therefore another way of using
standard measurements to compare the three coerciv-
ity fractions (L-ratio = Mhard/[Mhard + Mintermediate])
that control the S-ratio and HIRM to enable more
rigorous interpretation of these parameters. Once it
is demonstrated that Mintermediate and Mhard are
carried by hematite, using constraints from ther-
momagnetic and other analyses, it can be concluded
that variations in the L-ratio reflect changes in the
coercivity of hematite. As we have demonstrated
above, coercivity variations reflect an intrinsic prop-
erty of hematite that is associated with stoichiome-
try, defect density and/or grain size, which will be
closely related to the environment in which the
hematite formed. Variations in the L-ratio can there-
fore provide a means to detect the possibility of
variable hematite provenance in a sedimentary
sequence.

[17] In summary, the L-ratio provides useful con-
straints to enable correct interpretation of the S-ratio
and HIRM without involving a large amount of
extra work. Additionally, it has the potential to
enable monitoring of changes in hematite prove-
nance, as demonstrated in the case studies outlined
above.

7. Conclusions

[18] Large changes in the coercivity of hematite
and goethite grains in mineral assemblages with
different origins mean that HIRM and S-ratio alone
cannot be simply interpreted in terms of the abso-
lute and relative changes, respectively, in the
concentration of antiferromagnetic minerals. How-
ever, this problem can be partially circumvented by
using a new parameter, the L-ratio, which is
defined as the ratio of two residual remanences
after AF demagnetization of an IRM imparted in a
1 T field with a peak AF at 100 mT and 300 mT
(IRMAF@300mT/IRMAF@100mT). The HIRM only
represents absolute changes in the concentration
of antiferromagnetic minerals when the L-ratio is
relatively constant. Large fluctuations in the L-ratio
point to significant changes in the coercivity of
antiferromagnetic minerals, which, in turn, implies
variations in sediment provenance. The L-ratio is
therefore an important new parameter in environ-

mental magnetism because it provides crucial
ground-truthing for the long-used HIRM and S-ratio
parameters, as well as providing information
concerning potential variations in provenance of
antiferromagnetic minerals.
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