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SUMMARY

Detailed rock magnetic investigations were carried out on a set of samples with defined
ratios of haematite and magnetite. The measured parameters provide a reference for interpret-
ing common rock magnetic parameters in investigations of sediments. The contribution of
haematite to the magnetic fraction must exceed 95 wt-% of the magnetic fraction when mixed
with magnetite in order to visibly influence grain size and coercitivity indicative magnetic
parameters. Coercivity of remanence (Bcr) and coercive force (B¢) do not change in the same
way with increasing haematite content, which results in a peak Bcr/B¢ value at around 99.5
wt-% haematite. Variations in haematite content can be ignored when interpreting most rock
magnetic parameters, especially grain size indicative parameters for samples where haematite
contents range from 0 to 98 wt-%. The S-ratio is still the most sensitive parameter for esti-
mating the relative amount of haematite in magnetite/haematite mixtures. A combination of
S-ratio, the saturation isothermal remanent magnetization divided by the low field magnetic
susceptibility (SIRM/«Lr) and Bcr is the most effective way to identify haematite in natural
samples, Our results agree with literature data and fill the gap between results obtained either
from pure magnetite or haematite with comparable grain sizes.

GJI Geomagnetism, rock magnetism and palaeomagnetism

Key words: Rock and mineral magnetism.

INTRODUCTION

Haematite is a common magnetic mineral in sediments and rocks. Its
presence is often inferred from rock magnetic measurements includ-
ing isothermal remanent magnetization (IRM) acquisition curves,
the S-ratio and the ‘hard’ IRM (HIRM). Examples are given by
Liu et al. (2003), Geiss et al. (2003), Larrasoafia et al. (2003),
Wang et al. (2004), Inoue et al. (2004), Kumar et al. (2005) and
Demory et al. (2005). Although the magnetic characteristics of pure
haematite have been well studied (e.g. Dankers 1981; Dekkers &
Linsen 1989; Roberts et al. 2006), relatively little is known about the
varying contributions from haematite to the magnetic characteristics
of bulk sediments in which (Ti-) magnetite is the dominant magnetic
mineral. Bloemendal ez al. (1992) and Roberts et al. (1995) anal-
ysed samples with variable, but well defined, haematite/magnetite
concentrations and with different magnetite grain sizes. FORC
(first-order reversal curve) diagrams on haematite/magnetite mix-
tures have been measured by Muxworthy et al. (2005) and Carvallo
et al. (2006). Based on known parameters for haematite, theoretical
predictions were also made (Roberts e al. 1995), but these are to
sparse to enable interpretation of rock magnetic results from natural
samples, let alone the innumerable possible combinations within
variations in grain size and concentrations. In addition, the lin-
ear additivity of remanences and coercitivity dependent parameters
samples mixed from different magnetic minerals, as presented here,
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could not be demonstrated (Roberts et al. 1995; Carter-Stiglitz et al.
2001; Carvallo et al. 2006), in contrast to samples mixed from mag-
netite with different grain sizes (Lees 1997; Muxworthy et al. 2005;
Carvallo et al. 2006). Thus, rock magnetic parameters predicted for
magnetic mineral mixtures will suffer from large errors (Roberts
et al. 1995). The intention of this study is to give a visual im-
pression of how the standard rock magnetic parameters, especially
the anhysteretic remanent magnetization (ARM) and the grain size
indicative rock magnetic parameter ratios, are influenced by varying
haematite contents and laboratory procedures. The results presented
here were obtained from a series of experiments on artificially mixed
samples with known contributions from technically produced mag-
netite and haematite with constant grain sizes but with varying
magnetite/haematite ratios.

METHODS

The studied haematite and magnetite powders were produced by
Alfa Aesar® GmbH & Co KG (Karlsruhe, Germany), with a spec-
ified purity of 99.945 per cent for Fe,O3 and 99.997 per cent for
Fe;04. The grain sizes of the Fe,0; and Fe;04 powders are <5
and 2 pm, respectively. Samples were prepared by mixing weighed
quantities of haematite and magnetite powders, together with Al,0;
powder as a non-magnetic matrix, and epoxy resin for mechani-
cal stabilization. The mixtures were stirred with a glass stick for
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Table 1. Rock magnetic analyses carried out on samples with different magnetite/haematite mixing ratios.

Analyses

Instrument

Remarks

Number of samples

Measurement of low-field magnetic
susceptibility (kLr)

Imparting of an anhysteretic
remanent magnetization (ARM)

Measurement and demagnetization
of ARM

Imparting of a saturation isothermal
remanent magnetization (SIRM)

AGICO Kappabridge MFKL1

2G Enterprises 600 single-axis
demagnetizer including an
ARM-coil (max. static field 1 mT)

2G Enterprises cryogenic
magnetometer (2G-755-SRM)

2G Enterprises 660 pulse Magnetizer
(max. amplitude 2.7T)

Operating frequency 875 Hz

Produced along positive z-axis static
field: 0.5 mT, peak AF amplitude:
100 mT

10 steps: 0, 5, 10, 20, 30, 40, 50, 65,
80 and 100 mT

Produced along positive z-axis peak
fieldof 1.0, 1.5Tand 2.0 T

46 samples (6 cm?)

46 samples (6 cm?)

46 samples (6 cm?)

46 samples (6 cm?)

Measurement of SIRM Molyneux Minispin Fluxgate
magnetometer (Minispin)

Micromag Alternating Gradient
Magnetometer (Princeton
Measurements Corporation)

MicroMag

Measurement of hysteresis
parameters M's, M sr, Bc and Bcr

Imparting of complete
IRM-acquisition curves

46 samples (6 cm?)

Max. field 500 mT 104 pellets weight: 3—60 mg

61 logarithmic equidistant steps from
02t020T

92 pellets

several minutes until a homogenous colouring was observed. They
were then poured into standard palacomagnetic plastic boxes with
a volume of 6 cm® (2.0 x 2.0 x 1.5 cm). Forty-six samples
were prepared with a haematite concentration ranging between 0
and 100 wt-% of the total magnetic fraction. Small (3—60 mg)
pellets were also prepared for measurement with a Princeton
Measurements Corporation Alternating Gradient Magnetometer
(AGM). For every defined magnetite/haematite ratio, three pellets
were analysed to monitor for sample inhomogeneity. For compari-
son, four larger samples were prepared by mixing either haematite
or magnetite, together with small quantities of Al,O; powder and
glue in 6 cm® plastic boxes. The remaining volume was filled with
non-magnetic plastic foam. The ‘natural’ remanent magnetization
(/NrMm), acquired during hardening of the resin and the glue, was
measured with a cryogenic magnetometer (2G-Enterprises Model
755SRM), and then demagnetized at 50 and 100 mT to minimize its
contribution to the subsequently imparted artificial magnetizations.
All samples were then subjected to a set of standard measurements
using equipment and parameter settings as listed in Table 1. In gen-
eral, the field settings chosen for the laboratory induced magneti-
zations correspond to those typically selected for sediment samples
containing mainly (Ti-) magnetite. This was done to enable compar-
ison with results from rock magnetic studies on natural sediments.
High-temperature saturation magnetization measurements were
made in an argon atmosphere for four resin-free samples containing
variable amounts of magnetite, hematite and Al,O3 powder. Mea-
surements were performed with a variable field translation balance
(VFTB) with an applied field of 550 mT and at temperatures of up
to 700 °C, with heating/cooling rates of 40 °C min~'. S-ratios were
calculated for different magnetizing fields (SIRM) and backfields
(IRMR), following the procedures used by both Bloemendal et al.
(1988) {S-ratio = 0.5 x [1 — (IRMr/SIRM)]} and King & Channell
zeichen (1991) [S-ratio = —-IRMg/SIRM]. The hard IRM (HIRM)
was calculated following King & Channell (1991) [HIRM =
0.5 x (SIRM — IRMg)]. Hysteresis parameters were calculated
after paramagnetic slope correction. The ARM intensity, J arn, Was
divided by the strength of the applied steady field (50 uT), and is
expressed as anhysteretic susceptibility, « srm.

RESULTS AND DISCUSSION

High-temperature saturation magnetization measurements of a 100
wt-% magnetite sample reveal that maghaemite has formed by low-

temperature oxidation during the 7 yr of storage of the magnetite
powder (Fig. 1a). The maghaemite starts to invert to haematite
at around 350 °C, which lies within the wide range (250-900
°C) reported in the literature (Dunlop & Ozdemir 1997, and ref-
erences therein). Based on the observed difference in magne-
tization between the heating and the cooling curve at 70 °C,
about 20 per cent of the saturation magnetization is carried by
maghaemite (Fig. 1a). The curvature of the heating and cooling
curves, and a Curie temperature of 680 °C obtained from the
sample containing 100 wt-% haematite powder (Fig. 1d) corre-
spond to those expected for non-saturated, pure and ‘defect-pure’
haematite with a paramagnetic contribution of around 30 per cent
to the initial total magnetization (Boer & Dekkers 1998). There
is also evidence for the presence of magnetite and maghaemite in
the haematite samples. The latter is again identified by the inver-
sion temperature of 350 °C, with a small loss of magnetization at
580 °C indicating the presence of magnetite (Fig. 1d). The
purity of the Fe,O; powder is 99.945 per cent, so it can be as-
sumed that up to 0.055 per cent of the magnetic fraction was
originally composed of magnetite, which would contribute around
10 per cent of the total magnetization, based on a saturation magne-
tization (Ms) of 480 and 2.5 kAm~' for magnetite and haematite,
respectively (Thompson & Oldfield 1986). Magnetic parameters for
maghaemite are similar to those for magnetite, so we do not treat
the maghaemite separately, but hereafter refer to the ferrimagnetic
component as ‘magnetite’. The results of high temperature runs of
magnetite/haematite mixtures, with haematite carrying about 5 and
30 per cent of the magnetization, respectively, are presented in
Figs 1(b) and (c) .

The dependence of mass-normalized magnetic concentration-
related parameters, « arm, low-field magnetic (bulk) susceptibility
(xLr) and IRM on haematite concentration is shown in Fig. 2 and
Table 2. The Mg of the magnetite powder is 150 times higher
than that of the haematite powder. That is distinctively lower
than the value of 192 as given in the literature (Dunlop &
Ozdemir 1997), and must be attributed to the impurity in the
studied haematite sample. Remarkably, there is no real difference
between IRM acquired with fields of 1.0, 1.5 or 2.0 T (Fig. 2). A
factor of around 450 is obtained for x ary (Mt 100 Wt-%)/k Arm
(Ht 100 wt-%) because the haematite was not saturated during
ARM aquisition. Dividing «r measured for 100 wt-% magnetite
by that for 100 wt-% haematite, the calculated factor of 670
is 30 per cent lower than literature values (Soffel 1991). This
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Figure 1. High-temperature measurements of the saturation magnetization
for samples prepared with different magnetite/haematite ratios and Al,O3
as a non-magnetic matrix, measured with a variable field translation balance
(VFTB). Red diamonds denote heating curves and blue diamonds denote
cooling curves. Determinations were carried out on about 0.1-0.2 cm® of
powder mixtures.
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Figure 2. Variations of mass-normalized concentration dependent magnetic
parameters for variable mixtures of haematite-magnetite: susceptibility of
the anhysteretic remanent magnetization (k Arm), low-field magnetic sus-
ceptibility (x r) and isothermal remanent magnetization (IRM) are plotted.
Determinations were carried out on 6 cm® samples. The insets are enlarge-
ments of the lower rigth end of the curves.
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Table 2. Results of standard rock magnetic measurements for different magnetite/haematite mixing ratios.

Haematite (wt-%) MDF pArm (mT) K ARM (g’l) IRM 57 (mA m-1 g’l) KLF (g’l)
0 28.2 168.67 1467.01 67.98
0 28.8 177.87 1493.89 67.32
0 27.8 174.03 1452.98 66.86
0 28.4 172.88 1452.21 65.47
8.44 (8.44) 27.8 156.61 1339.20 61.68
21.87 (21.85) 27.8 134.65 1145.83 53.50
28.9 (28.89) 27.0 113.55 1034.01 48.18
39.3(39.28) 28.3 106.90 914.12 41.92
50.35 (50.32) 27.9 86.61 750.73 35.26
59.73 (59.69) 27.8 64.72 567.41 26.28
69.9 (69.87) 28.5 53.92 462.40 21.21
80.15 (80.11) 28.1 35.74 314.96 13.90
82.88 (82.84) 28.8 29.12 254.97 11.47
84.67 (84.62) 29.3 28.08 236.59 10.62
87.35 (87.31) 28.5 22.35 201.77 8.97
88.8 (88.759 28.7 20.16 173.61 7.98
90.19 (90.14) 29.3 18.02 159.15 6.88
91.75 (91.7) 28.7 14.58 129.96 5.75
92.72 (92.67) 29.4 13.26 118.96 5.13
94.92 (94.87) 30.0 9.69 86.50 3.65
96.16 (96.1) 29.9 7.41 69.31 2.79
97.48 (97.43) 30.7 5.03 50.31 1.85
97.65 (97.6) 31.9 4.95 48.10 1.77
98.05 (98.0) 30.0 3.71 40.16 1.45
98.5 (98.45) 30.5 2.98 35.24 1.15
98.54 (98.48) 30.8 3.07 35.50 1.15
98.96 (98.91) 33.5 2.32 27.68 0.81
98.98 (98.93) 34.1 2.42 27.88 0.82
99.1 (99.05) 30.0 1.85 26.36 0.68
99.2 (99.15) 28.5 1.28 22.04 0.57
99.3 (99.25) 38.1 1.86 21.99 0.51
99.35(99.3) 44.6 1.86 20.17 0.48
99.48 (99.43) 34.8 1.28 20.05 0.45
99.57 (99.52) 394 1.27 18.85 0.38
99.69 (99.64) 39.4 1.04 16.78 0.29
99.75 (99.69) 425 0.95 17.35 0.28
99.8 (99.75) 34.8 0.64 15.87 0.25
99.83 (99.78) 39.8 0.68 15.34 0.22
99.87 (99.82) 49.1 0.68 14.73 0.18
99.9 (99.85) # # 14.41 0.18
99.93 (99.88) # # 13.96 0.15
99.96 (99.9) 48.7 0.49 13.69 0.14
99.99 (99.94) 77.6 0.69 12.58 0.10
100 (99.945) 85.0 0.59 12.48 0.10
100 (99.945) # # 12.41 0.10
100 (99.945) 67.6 0.41 12.44 0.10
100 (99.945) 58.5 0.32 8.09 0.07

Note: # no ARM-data available. k Arm, IRM st and « r are normalized for the mass of the total magnetic
fraction. The numbers in brackets denote the haematite content after correction for a magnetite impurity. For

detailed explanation, see text.

is probably because of magnetite contamination in the haematite
powder, as discussed above. In order avoid this problem, the mass
values of the haematite component in the samples were corrected,
assuming that the known impurity of 0.055 wt-%, as given by the
producer of the Fe,O; powder, is all magnetite (Table 2).
Alternating field (AF) demagnetization of the ARM (6 cm® sam-
ples), IRM acquisition and hysteresis loops (pellet samples), for
10 selected mixtures are shown in Fig. 3. The most remarkable re-
sult of these analyses is that the haematite content must exceed
80 wt-% of the magnetic mineral fraction, that is ~2 per cent
of the total magnetization, before it becomes visible in the IRM
acquisition curves (Fig. 3d). To obtain an IRM that is carried equally

(50:50) by magnetite and haematite, 99.5 wt-% of the magnetic frac-
tion must be composed of haematite (Fig. 3h).

ARM demagnetization and hysteresis loops are relatively un-
affected by haematite admixtures with magnetite. The haematite
content must climb above 90 wt-% to start to have a visible im-
pact on results and the results are only markedly affected above
99 wt-% haematite (Fig. 3). This corresponds to the observations
made using FORC-diagram (Muxworthy et al. 2005; Carvallo et al.
2006). Wasp-waisted loops, as described for samples with contribu-
tions from high- and low coercitivity minerals (Roberts ez al. 1995;
Tauxe et al. 1996), are only observed for mixtures containing >99.5
wt-% haematite (Figs 3h—j ). This observation must be interpreted

© 2008 The Authors, GJI, 175, 449-461
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Figure 3. AF-demagnetization curves of the anhysteretic remanent magnetization (ARM, left-hand panels), acquisition curves and acquisition rates per field
step (bars) of the isothermal remanent magnetization (IRM, middle panels), and hysteresis loops (right-hand panels) measured for ten samples with different
magnetite/haematite ratios. The hysteresis loops are corrected for the paramagnetic slope. The ARM was measured on 6 cm’ cubes, whereas the other
parameters were determined on small (5-60 mg) pellets. Htc denotes the hematite content after correction for a magnetite impurity. For detailed explanation,

see text.

with care, however because wasp-waistedness can occur when the
components are not saturated.

The relationship between haematite content and the median
destructive field of the ARM (MDF sgy) is shown in Fig. 4. Sam-
ples containing only magnetite have a MDF sgy of 28 mT (Figs 3
and 4, Table 2), which corresponds to the values measured for
synthetic magnetite with a grain size of 2 um (Maher 1988).
For samples with >99 wt-% haematite, the MDF sy markedly
increases with increasing haematite content. Two of the investigated
99.945 wt-% haematite samples have MDF ry values of 68 and 85
mT (Table 2). The MDF sy values are scattered for haematite con-
tents >99 wt-% because haematite is far from saturated in the field
used for ARM acquisition (Table 1).

Similar results were obtained when plotting the coercivity of
remanence (Bcr) and coercive force (Bc), and the ratios of sat-
uration remanence to saturation magnetization (Mgs/Ms) and
Bcr/Bc versus haematite content (Fig. 5, Table 3). Again a marked
increase is observed in these parameters when >92 wt-% of

© 2008 The Authors, GJI, 175, 449-461
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the magnetic fraction is haematite, except for the Bcr/Bc ra-
tio which has a local maximum at haematite contents of 99—
99.8 wt-% (Fig. 5). The mean Bcr/B¢ value obtained for four
99.945 wt-% haematite samples is 1.42, which is distinctively
lower than the value (1.62) obtained for the 100 wt-% mag-
netite samples. When plotting the Mrs/Ms versus Bcr/Bc (Day
et al. 1977), the samples divide into two roughly linear trends,
but with different gradients (Fig. 6). The reasons for these differ-
ences relates to the mixture of magnetic minerals with different
coercitivities. Roberts e al. (1995) showed that in magnetic mix-
tures Bc is controlled by the magnetically soft component (mag-
netite) and Bcg by the magnetically hard component (haematite),
which can result in wasp-waisted hysteresis loops if the two compo-
nents have strongly contrasting coercitivities. Some of the data from
Roberts et al. (1995) is shown in Fig. 6 for comparison. The rela-
tionship between the hard (soft) component and Bcr (Bc) changes
when the magnetization carried by haematite exceeds the magnetite
magnetization; at this point haematite also controls B¢. This change
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Figure 3. (Continued).

is also visible in Fig. 6, where B¢ and Bcr are plotted versus
Mys/Ms. The slope of the linear distribution of B¢ values abruptly
decreases (on the basis of available data) for B¢ > 45 mT, corre-
sponding to a haematite concentration >99.5 wt-%, whereas the
slope for Bcg undergoes two abrupt changes.

All M s, Mg, Bc and B¢g values determined from measurements
with a maximum field of 0.5 T and those measured with a 2 T field
increase with increasing maximum field, but to different extents.
The increase in Bcg and B¢ values varies between 5 and 20 per
cent, causing non-systematic changes in the Bcgr/Bc ratio (Fig. 7).
In contrast, M s and Mg increase between 20 and 100 per cent and
10 and 80 per cent, respectively. The increase in Mgs for a given
sample is constantly lower than for Mg, which results in a distinct
shift to lower Mgrs/Ms values when using a 2T maximum field
(Fig. 7). The distribution pattern of the data remains the same, with
a change in the trend at 99.5 wt-% haematite.

The widely applied parameter for estimating the relative con-
centration of haematite the S-ratio, using the different formulars of
Bloemendal et al. (1988) and King & Channell (1991), is shown
against haematite concentration in Figs 8(a) and (b), respectively.
Different saturation fields and backfields, as typically used in differ-

Acquisition field (mT)

Field (T)

ent laboratories were used to calculate the S-ratios in order to obtain
a wide range of data for comparison. As shown in Fig. 2, differences
in IRM obtained with different peak fields (1.0, 1.5 and 2.0 T) can be
ignored. Thus, the calculated S-ratios are mainly controlled by two
parameters: haematite content and the applied backfield. Following
the definition by Bloemendal ez al. (1988), the lowest S-ratios with a
mean value of 0.1 are obtained with a backfield of 0.1 T and a satura-
tion field of 1 T for the four 99.945 wt-% haematite samples (Fig. 8).
For a backfield of 0.3 T (saturation field 1.5 T), the mean S-ratio is
0.56 for the same samples. Grain size variations of the magnetite
also affect the S-ratio, as indicated by the results of Bloemendal
etal. (1992) in Fig. 8. It should be noted that the reference has been
modified because the sample containing 100 per cent haematite
was, for technical reasons, originally presented as 1 per cent mag-
netite (Bloemendal, personal commmunication, 2007). Using the
formula of King & Channell (1991) similar results are obtained; the
99.945 wt-% haematite samples have the lowest values. The ideal
S-ratio of 0 (—1) for pure haematite samples will not be achieved
due to the low coercitive component of the haematite, as observed in
the IRM acquisition curves (Figs 3h, i and j). Regardless, whether
the applied backfield is 0.1, 0.2 or 0.3 T, the haematite content
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Figure 4. Relationship between median destructive field of the ARM
(MDF srm) and haematite/magnetite content. Determinations were carried
out on 6 cm? cubes.

must exceed S0 wt-% before it has a notable effect on the S-ratio
(Fig. 8).

A second well known and widely used parameter for quantify-
ing the contribution of high coercivity magnetic minerals is the
HIRM. The advantage of this parameter is that it enables the cal-
culation of the absolute concentration of haematite and/or goethite
because, theoretically, the major difference in remanence between
the SIRM and the backfield will be due to imperfect antiferromag-
nets such as goethite and haematite (Robinson 1986; Thompson &
Oldfield 1986). The HIRM value like the S-ratio depends on the
backfield-chosen (Fig. 9). The samples were weighed to maintain
constant mass, therefore the HIRM values progressivly increase
with haematite concentration. The biggest increase is from 0 to 90
wt-% haematite, with a more gentle increase from 90 to 99.945
wt-%. Problems for interpretation of the HIRM (and S-ratio), as
summarized by Liu et al. (2007) are avoided in this study because
we used the same technically produced Al-free haematite for the
entire study. The major limitation of parameters such as HIRM and
the S-ratio relate to the simplistic assumption that haematite starts
to saturate at fields above 300 mT, which is obviously not true (Figs
3h—j). Use of a backfield of 200 mT for HIRM calculation unsur-
prisingly leads to higher absolute remanence values (Fig. 9), but
this will partially involve contributions from magnetite as well as
haematite. Additionally, Liu ez al. (2002) demonstrated that the pres-
ence of a strong magnetic background (e.g. magnetite/maghaemite)
can lead to high random and systematic errors in HIRM calculation
that may distort the weak haematite signal. The values obtained
for the 100 wt-% magnetite samples which should be zero, are
probably affected by increasing inaccuracy of the Molspin spinner
magnetometer with increasing attenuator scale, but it also reveals
the problems pointed out by Liu et al. (2002).

Another motivation for this study was to estimate the influ-
ence of haematite content on some standard ‘grain size’ indicative
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Table 3. Coercive force (Bc) and remanence
coercitivity (Bcr) values for different mag-
netite/haematite mixing ratios.

Haematitec

wt-% Bcr(mT) Bc(mT)
0 34.06 21.19
0 33.54 20.89
0 34.18 21.15
8.44 34.19 21.7
8.44 32.26 20.51
8.44 34.98 21.88
21.58 33.5 21.33
21.85 33.25 21.01
21.85 34.55 21.74
28.89 35.19 21.88
28.89 35.09 21.75
28.89 34.64 21.95
39.28 33.36 20.94
39.28 32.37 20.43
39.28 34.69 21.82
50.32 32.85 20.56
50.32 33.81 21.11
50.32 353 21.76
59.69 33.02 21.03
59.69 34.05 21.52
59.69 33 20.97
69.87 34.92 21.88
69.87 33.96 21.35
69.87 353 22.02
80.11 34.66 21.46
80.11 349 21.54
80.11 34.96 21.62
82.84 33.84 21.33
82.84 34.06 21.05
82.84 34.34 21.44
84.62 36 22.43
84.62 34.89 21.51
84.62 34.27 21.33
87.31 36.4 22.68
87.31 37.18 23.61
87.31 35.72 22.12
90.14 36.08 22.23
90.14 34.7 21.58
90.14 35.27 21.56
92.67 35.74 22.02
92.67 37.43 23.05
92.67 36.4 22.19
94.87 37.82 23.37
94.87 37.39 22.81
94.87 38.44 23.48
97.43 41.85 25.44
97.43 42.17 25.02
97.43 45.77 27.28
98.0 45.21 26.92
98.0 50.35 28.85
98.0 44.04 25.89
98.45 50.32 28.81
98.45 49.83 28.14
98.45 48.76 28.27
98.91 58.97 31.58
98.91 55.16 31.02
98.91 61.18 32.76
99.05 69.04 31.88
99.05 82.68 36.34
99.05 68.97 31.98
99.15 62.26 30.63

Table 3. (Continued.)

Haematitec

wt-% Bcr(mT) Bc(mT)
99.15 140.1 479
99.15 105 42.19
99.25 101.4 38.34
99.25 130.2 474
99.25 102 39.41
99.3 106.6 39.72
99.3 107.4 40.39
99.3 98.8 38.24
99.43 90.12 40.94
99.43 93.24 41.36
99.52 134.3 45.17
99.52 126.7 44.85
99.52 145.5 51.32
99.64 159.5 58.2
99.64 137.9 50.65
99.64 142.6 52.8
99.75 149.8 64.86
99.75 131.2 64.75
99.75 139.7 66.4
99.78 160.8 81.14
99.78 142.2 65.53
99.78 153.6 76.43
99.82 161.3 67.92
99.82 167.8 95.53
99.82 167.1 93.17
99.85 173.1 103.4
99.85 179.2 109
99.82 166.3 93.95
99.88 171.5 107.5
99.88 168.9 105.9
99.88 187.6 108.9
99.9 178.8 115.2
99.9 182.6 114.4
99.9 178.8 112.7
99.94 222.3 131.1
99.94 220.2 131.7
99.94 216.4 128.2
99.945 192.2 141.9
99.945 194.1 142.4
99.945 203.1 141.7
99.945 223.7 144.1

Note: Measurement was performed on small
pellets with a MicroMag AGM. Haematitec
denotes the hematite content after correction
for impurity. For detailed explanation, see
text.

parameter ratios. That is, how much will the presence of haematite
bias interparametric ratios such as the anhysteretic susceptibility
over (low-field) bulk magnetic susceptibility (k arm/kLF), anhys-
teretic susceptibility over saturation magnetization (k arm/SIRM),
as well as saturation magnetization over bulk magnetic suscepti-
bility (SIRM/kr)? These results are shown in Fig. 10 together
with the base parameters k arm, «Lr and SIRM. In general, the
haematite content must exceed 90-95 wt-% of the magnetic frac-
tion before a notable change is observed in all three parameters.
This corresponds to the results of Bloemendal ez al. (1992), who also
stated that k arm/k Lr 1 relatively insensitive to increasing haematite
contributions compared to magnetite grain size dependency (Fig.
10). Comparing the interparametric ratio curves with the single
parameter curves, it is evident that changes in x Arm/SIRM and
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SIRM/k L are essentially generated by a reduced decrease in SIRM
for >99 wt-% haematite.

High values of SIRM/« L are not only indicative of haematite but
also of greigite (Snowball & Thompson 1990; Roberts & Turner
1993; Roberts 1995; Dekkers & Schoonen 1996) and increases
in greigite content are also associated with increases in k srm/K L Ta-
tios (Dekkers & Schoonen 1996; Frank et al. 2007; Ron et al. 2007).
Several biplots of different magnetic parameters versus haematite
content are therefore also used in Fig. 11 to provide a better overview
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of how variations in haematite content influences various rock
magnetic parameters/parameter ratios. The main outcome is that
variations in haematite content can be ignored when interpreting
most of the rock magnetic parameters, especially « arm/kLr and
Kk arm/SIRM, for samples with S-ratio > 0.88 (1.5 T saturation field,
0.3 T backfield), where haematite content is from 0 to 98 wt-% (cf.
Fig. 8a). In samples with higher haematite contents the MDF srym
and SIRM/k  values drastically increase. This parameter combi-
nation along with the S-Ratio is therefore ideal for identification
of the presence of significant concentrations of haematite in natu-
ral samples. Additional confirmation of significant concentrations
of haematite can be obtained using Bcg, if measured, as shown in
Fig. 12. Literature data for other minerals are taken from the com-
pilation by Peters & Dekkers (2003). The data obtained from the
haematite-magnetite mixtures in this study fit well within the gap
between literature values for magnetite and haematite.

CONCLUSION

The intention of the present systematic study was to produce a stan-
dard set of rock magnetic parameters and parameter ratios from
artificial samples with known magnetite/haematite ratios as a ref-
erence to aid interpretation of results from lacustrine and marine
sediments. The simple approach used here demonstrates that the
influence of haematite on most rock magnetic results can be widely
ignored for haematite contents below 90-95 wt-% of the magnetic
mineral fraction, when magnetite is also present. This is valid for
the coercitivity-indicative parameters S-ratio, MDF srm, B¢ and
Bcr, which are more sensitive to haematite. However, ARM-based
parameters suffer from data scatter due to incomplete saturation of
haematite in standard ARM acquisition fields. To identify haematite
in natural samples, it is useful to combine the S-ratio and SIRM/k ¢
and, if available, Bcr. The S-ratio clearly distinguishes haematite
(low S-ratio) from greigite (high S-ratio), although we did not at-
tempt to determine any information on how this magnetic parame-
ter changes in a three-mineral-mixture. The S-ratio and the HIRM
values presented display a range of values for samples containing
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only haematite or magnetite, which limits their use for quantitive es-
timation of haematite contributions. Much higher variability in these
and the other parameters presented must therefore be expected when
analysing mixtures with different magnetic grain sizes and/or cation
substitution which affects the coercivity-dependent parameters. The
absolute values presented here are therefore strictly only valid for
the grain sizes and compositions of the magnetic minerals used in
this study. However, the trends are likely to be similar for magnetite
and haematite with other grain sizes and compositions. Further
research should either concentrate on mixtures with different grain
sizes, or new mixtures should be prepared with other common mag-
netic minerals such as goethite and/or greigite. The present study
on mixtures of haematite and magnetite with constant grain sizes

© 2008 The Authors, GJI, 175, 449-461
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but variable concentration variations represents the ‘tip of the ice-
berg’ regarding the large number of possible relative combinations
of magnetic minerals of various grain sizes to the magnetization of
natural samples.
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