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Abstract

Haematite and goethite are significant magnetic components both of marine and terrestrial sediments. Variable magnetic

behaviour in haematite and goethite has been reported, reflecting variations in grain size, crystal defects, nonstoichiometry and

mode of formation. Here, we provide new data, first, for a range of synthetic haematite and goethite powders of known grain

size and, second, for a variety of haematite- and goethite-bearing natural samples, including red bed samples and modern and

fossil soils. Based on the synthetic data, we identify two high-field parameters which may be of value in identifying and

characterizing the high-coercivity components of natural environmental samples (even when these are dominated magnetically

by the presence of trace concentrations of ferrimagnets). H% indicates the proportion of the room temperature (RT) remanence

acquired in fields from 2 Tesla (T) up to 7 T and Hcool% indicates the increase or decrease in high-field remanence upon cooling

in zero field to 77 K (LT). Used in tandem, these parameters can differentiate between goethite-dominated, and haematite-

dominated samples, and indicate differences in haematite grain size. H% values for the synthetic haematites vary between 27%

and 38%, with some apparent grain size-dependence, and for the goethites, between 84% and 92%. Hcool% values range from

+130% to +157% for the goethites and �75% to �95% for those haematites of grain size N100 nm.
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1. Introduction

Haematite (aFe2O3) and goethite (aFeOOH), both

weakly magnetic, high-coercivity minerals, are

formed in terrestrial environments, as a result of

oxidative weathering and soil formation—they are the
tters 226 (2004) 491–505
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two most common and abundant iron oxide and

oxyhydroxide minerals in soils [1]. Formation of

haematite, the most highly oxidized form of iron, is

favoured by higher soil temperatures, lower moisture

content, lower organic matter content and pH values

around 7–8 [1]. Goethite occurs much more widely

than haematite and is favoured by moister, more

acidic soil conditions. The presence of detrital, aeolian

haematite in deep-sea sediments has been identified

from high-field magnetic measurements (e.g. [2–4]),

X-ray diffraction analysis of magnetic extracts [5] and

reflectance spectrophotometry (e.g. [6]). Evidence for

the presence of goethite in marine sediments (reported

to be equivocal by Schmidt et al. [4]), was presented

by Robinson [7] on the basis of Mfssbauer spectro-
scopy. Identification of the fluxes of aeolian-derived

haematite and goethite through both time and space is

a key environmental task, as it potentially provides

information on palaeowinds and changing patterns of

aridity and iron supply to the oceans [3,8]. Haematite

and goethite have also been recognized as significant

magnetic components of various terrestrial sediments,

such as the loess sequences of China (e.g. [9]),

lacustrine sediments (e.g. [10,11]) and speleothems

[12,13].

The magnetic behaviour of haematite and goethite

has been reported to be variable, reflecting variations

in grain size, crystal defects, nonstoichiometry and

mode of formation. In the case of haematite, these

complexities gave rise within the palaeomagnetic

context to the so-called dred bed controversyT—
whether haematite offers a faithful syn-depositional

carrier of natural remanence or a source of poorly

constrained, post-depositional remanence due to later

authigenesis. In the context of environmental magnet-

ism, non-destructive, magnetic differentiation of

these minerals in natural sediments presents the

opportunity to identify pedogenic processes, and

aeolian sources and pathways. Recent studies have

investigated the room and low-temperature rema-

nence properties of natural and synthetic haematites

(e.g. [14]), goethites [10,15–17] and maghemitised

magnetites [14]. Various methods for identifying

haematite and goethite and their relative contributions

have been proposed recently, based on a combination

of high-field acquisition, orthogonal demagnetisation

and cooling and heating of isothermal remanent

magnetisation (IRM) [10,11] or on quantitative
analysis of IRM components [17], most recently

combined with spectroscopic and voltametric analy-

sis [18].

High-coercivity magnetic components have pre-

viously been characterized routinely through meas-

urement of a dhigh-field isothermal remanenceT
(HIRM). In the case of many magnetic laboratories,

the maximum dc field available for remanence

acquisition has been of the order of 1 Tesla (T).

The dHIRMT has thus often been reported as the

remanence acquired between either 100 milliTesla

(mT) or 300 mT and the dsaturatingT field of 1 T (e.g.

[19]). However, the value of this parameter has been

called into question by recent studies. For example,

Liu et al. [14] reported significant IRM acquisition by

partially oxidized magnetite at fields in excess of 300

mT; this dhigh-fieldT remanence was not, in fact,

magnetically hard but could be demagnetized com-

pletely at ac fields of 100 to 300 mT. Further, in the

case of goethite, Heller [20] and Rochette and Fillion

[16] reported either no or negligible IRM acquisition

in applied fields of less than 3 and 4 Tesla (T),

respectively. France and Oldfield [10] reported IRM

saturation fields of 3 T (and, in one case, 5 T) for

synthetic haematites and a variety of soils and

sediments, and IRM saturation fields of 2 to N7 T

for synthetic goethites and goethite-rich natural

samples.

The aims of this study are to study the room

temperature (RT) and low temperature (LT) rema-

nence and demagnetization properties of synthetic

goethite and haematite samples of known grain sizes,

and of natural goethite- and haematite-bearing

samples (red beds, soils, and dust-dominated marine

sediments), to explore different methods for discrim-

inating between these two minerals in natural

samples.
2. Samples and instrumental techniques

2.1. Synthetic samples

Five iron oxide powders (samples G-03, 2087,

8087, Hmt, and FH) were obtained as commercial

paint pigments. Analysis by X-ray diffraction

(XRD) indicated that samples G-03, 2087, and

8087 consist of pure goethite, and samples Hmt



Table 2

Sample information for the natural haematite- and goethite-bearing

samples

Sample Sample code Description Source

Red beds MS-5 Mid

Triassic

Sidmouth,

S. Devon

LP-55 Late

Triassic

Seven Sisters

Bay, S. Wales

HC-109 Late

Triassic

Haven Cliff,

Devon

R-1 Late

Triassic

Fleming

Fjord Fm.,

S. Greenland

WBS-R,

WBS-W

Devonian Wood Bay

Series,

Spitzbergen

RBS-V Devonian Red Bed

Series,

Spitzbergen

Red soils Sampford,

GB-4

Valley Farm

palaeosol

(luvisol)

Barham,

East Anglia

Slapton Bst,

Slapton B/C

Modern soil

(cambisol)

Slapton,

S. Devon

Tun7, Mor2,

Mor3

Modern

soils

N. Africa

Goethite-rich

soils

US S-03,

US S-10,

US S-12,

US S-40

Goethitic soil S. Brazil

Dust-dominated

deep-sea

sediments

K2, K3 Present day

sediment off

N. Africa

N. Atlantic

Australian

sediments

S2-C2, C5,

C7, C13, C16

Holocene fen

sediment

Caladonia fen,

E. Victoria,

Australia
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and FH of haematite (Fig. 1, in the online version of

this paper). Their grain sizes were determined from

transmission electron micrographs and resultant

histograms of grain size distribution (Figs. 2 and 3,

in the online version of this paper; Table 1). The

haematite grains were observed to be equidimen-

sional, whereas the goethite grains typically display

elongate, lath-like morphologies. Two more synthetic

haematites (S-04 and S-02) were produced from a

fine-grained (50 nm) synthetic magnetite, by heating

in air at 500 and 700 8C, respectively, for a period of

4 days. Finally, the finest-grained haematite sample,

HM-4, was kindly provided by Dr. H. Stanjek,

Institut fqr Mineralogie und Lagerst7ttenlehre,
Aachen.

2.2. Environmental samples

A range of goethite- and haematite-bearing

natural samples, including red beds from the UK,

Greenland and Spitsbergen, red soils from the UK

and North Africa, goethite-rich modern soils from

Brazil [21] and dust-dominated, present day deep-sea

sediments [22] was also examined (Table 2). Of the

redbed samples, one group of samples from the UK

(MS-5 from the Triassic red beds of Devon) was

previously reported to contain superparamagnetic

(SP) haematite [23]. The N. African (Tunisian and

Moroccan) soil samples represent potential source

regions for aeolian dust [24]. The goethite-rich soils

were obtained in light of previous reports that most
Table 1

Mineralogy and grain sizes of synthetic samples

Sample

code

Grain size

width/length

(nm)

Range

(nm)

Grain shape

Synthetic

goethites

G-03 55/350 130–260/

110–710

Acicular

2087 90/580 20–230/

180–1010

Acicular

8087 190/980 30–470/

190–3080

Acicular

Synthetic

haematites

HM-4 25/14

S-04 100 50–175 Polyhedral

Hmt 150 4–350 Polyhedral

S-02 190 80–420 Polyhedral

FH 400 130–800 Polyhedral
soil goethites have particle sizes considerably smaller

than ~75 nm [1]. Finally, a number of haematite-

bearing Holocene fen sediments, from Victoria, Aus-

tralia were subjected only to high-field, low-temper-

ature measurements.

2.3. Methods

IRM acquisition experiments were carried out

initially at fields of up to 1 T, using an electromagnet

(Newport Instruments) and fluxgate spin magneto-

meter (Molspin). After each acquisition step from

100 mT onwards, the samples were subjected to 100

mT af, using a tumbling Molspin Demagnetizer, and

the IRM remaining after this treatment measured. For
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IRM acquisition experiments at fields N1 T, ~100 mg

of each iron oxide powder were tightly wrapped in

plastic film and wedged inside 0.5�1.4 cm gelatin

capsules. Magnetic remanences were measured in

fields from 0 to 7 T and at temperatures between 293

and 77 K (with an accuracy of ~0.5 K) on a single-

axis MPMS XL magnetometer (Quantum Design).

As the high-coercivity minerals were our primary

interest, stepwise acquisition of IRM was performed

in fields of 1, 1.5, 2, 3, 4, 5, 6 and 7 T, both at 293

K and 77 K. The magnet was quenched before each

IRM measurement; the residual dzeroT field achieved

was ~0.1 mT. The thermal behaviour of the room

temperature-IRMs acquired at 2 T and at 7 T was

monitored whilst cooling samples to 77 K and

warming back to 293 K. The temperature depend-

ence of the high-coercivity portion of the IRM

(HIRM7–2 T) was then calculated by subtraction of

the IRM2 T from the IRM7 T curves. This method

precludes contribution to the measured remanences of

any low-coercivity impurities within the samples (for

similar reasons, the low-field susceptibilities were not

measured).
3. Results

3.1. Room temperature HIRMs up to 1 T

Fig. 4a (insert) shows the IRM acquisition, in

applied fields up to 1 T, by sample Hmt, a pure

haematite powder of 150 nm mean grain size. At

low fields, there is little evidence of a significant

low-coercivity, ferrimagnetic contribution in this

sample. It acquires only 7% of its IRM1 T value

by 100 mT and continues to acquire remanence

steadily up to 1 T. As expected for SD haematites

with high coercivity [25], the sample is not

demagnetized with an af treatment of 100 mT

(Fig. 4a). However, it is notable that between

successive IRM acquisition steps (above 100 mT),

some of the HIRM gained is lost upon af demagnet-

ization at 100 mT. As much as ~25% of the HIRM1–

0.1 T is lost upon this treatment. Fig. 4b shows the

same experiment for a pure goethite sample (G-03).

The concave form of its remanence acquisition curve

reflects the recalcitrant nature of its magnetization;

the rate of IRM acquisition increasing only at fields
beyond 700 mT. At each 100 mT af step, a much

smaller proportion (~11%) of the HIRM1–0.1 T is

lost. In contrast, Fig. 4c shows the behaviour of a

fully maghemitised ultrafine magnetite powder

(MT26, from Maher’s original synthetic samples

[26]). This (slightly viscous) ferrite sample displayed

continued acquisition of IRM above 100 mT and

even up to ~300 mT. However, less than 1% of the

resultant HIRM1–0.1 T survived the af treatment.

These data thus support Liu et al.’s [14] findings, of

some dhigh-fieldT remanence acquisition by such

maghemitised ferrites, a remanence which is, how-

ever, totally lost upon af treatment.

The synthetic haematite samples, S-02 and S-04

(produced by heating of fine magnetite), also display

significant IRM acquisition in low fields. About

~40% of their IRM1T is acquired by 100 mT (Fig.

4d). These data indicate that these synthetic samples

consist of a mixture of haematite and a low-coercivity

ferrite, probably due to incomplete conversion of the

original source material. Consequently, a large pro-

portion of the HIRM1–0.1 T of these samples was

removed by the af demagnetization treatment. Sim-

ilarly, the synthetic goethite samples, 2087 and 8087,

also demonstrate significant IRM acquisition at low

fields, again indicating the presence of some ferrite

contamination (i.e. at concentrations below the level

of detection, ~2%, by XRD). These synthetic mix-

tures can, however, still be used in our high-field (N1

T) experiments, where the contribution of any low-

coercivity components is effectively precluded. The

magnetic behaviour of these synthetic mixtures is also

of relevance when we consider the low- and high-

field IRM behaviour of our range of goethite- and

haematite-bearing natural samples. Fig. 4e shows the

acquisition of remanence by one of the British red bed

samples (LP-55), and Fig. 4f that of one of the red

soils (from S. Devon). Whereas all the red bed

samples show very little low-field remanence acquis-

ition (they behave very similarly to the synthetic

haematite sample shown in Fig. 4a), the soil, in

common with all the red and yellow soils examined

here, displays behaviour indicative of a mix of low-

coercivity ferrites and high-coercivity minerals. Table

2 summarises a range of dHIRMT measurements for

our range of applied fields, both for the synthetic

minerals and a representative subset of the natural

samples.



Fig. 4. IRM acquisition curves (shown as inserts) and the stepwise acquisition (open circles) and af demagnetisation (at 100 mT, closed circles)

of IRMN0.1 T for: synthetic haematites (a, d), goethite (b), maghemite (c) and British red bed (e) and red soil (f).
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3.2. Room temperature HIRMs in applied fields up to

7 T

Following the initial 1 T experiments, the MPMS

was then used in order to examine the magnetic beha-

viour of our synthetic and natural samples at signi-

ficantly higher applied fields. When subjected to fields

of up to 7 T, the synthetic goethites exhibited con-

tinuous, steady acquisition of IRM (Fig. 5a). The hae-
matites—including both the synthetic powders and the

haematite-bearing red bed samples—also continued to

acquire remanence up to 7 T, but at a much lower rate

(Fig. 5b,c). One way to quantify this contrast in rema-

nence behaviour between the goethites and haematites

is to identify the proportion of the total HIRM7–1 T that

is acquired above 2 T (Fig. 5 and Table 3):

H %ð Þ ¼ HIRM7�2 T=HIRM7�1 Tð Þ4100



Fig. 5. HIRMN1 T acquisition in fields up to 7 T; (a) goethites, (b) haematites, (c) red beds, and (d) red and yellow soils.
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H% values for the synthetic haematites (Fig. 5b)

vary between 27% and 38%, with some apparent

grain size-dependence; the coarser the grain size, the

smaller is the H% value (Table 3). The goethites

(Fig. 5a), on the other hand, maintained or even

increased their rate of HIRM acquisition up to 7 T.

Their H% values are thus much higher, between

84% and 92%. For our environmental samples, the

red beds (Fig. 5c) display H% values of between

31% and 50% (i.e. equal to or higher than those of

the synthetic haematites). The high-field acquisition
behaviour of our range of red and yellow soils,

shown in Fig. 5d, is characterized by steady

acquisition of remanence up to the maximum applied

field. Their H % values range widely, from 29% to

60% (Table 3).

3.3. Low-temperature behaviour of room-temperature

HIRMs

The low-temperature behaviour of the IRM2 T

and the IRM7 T acquired at room temperature, and



Table 3

Room temperature HIRM values in fields up to 1 T, and HIRM1–0.1 T

after af demagnetization at 100 mT

Sample Mineralogy HIRM1–0.1 T

(mAm2/kg)

HIRM1–0.3 T

(mAm2/kg)

HIRM1–0.1 T

after 100mT af

(%)

G-03 g. 1.28 1.23 89.2

2087 g.+f. 0.85 0.14 11.8

8087 g.+f. 3.17 0.88 27.7

HM-4 h.+f. 0.44 0.27 62.3

S-04 h.+f. 120.9 29.9 18.4

Hmt h. 132.3 69.7 76.0

S-02 h.+f. 47.8 14.2 31.7

FH h. 109.9 57.3 74.1

MS-5 red bed 1.77 0.66 73.3

LP-55 red bed 3.10 2.00 79.0

WBS-W red bed 1.79 1.33 91.9

Sampf. red soil 0.56 0.36 80.8

Slapton

Bst

red soil 1.58 1.19 78.1

US S-03 yellow soil 0.32 0.10 37.2

K2 Atlantic sed. 0.93 0.31 39.3

Note the low HIRM values shown by the finest-grained synthetic

haematite sample (HM-4), which is below the haematite SP grain

size threshold given by Banerjee [33]. g.—goethite, h.—haematite,

f.—ferrimagnet.
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of the calculated temperature-dependent HIRM7–2 T,

differs markedly for the two sets of synthetics. (We

use HIRM7–2 T in order to preclude entirely any

ferrimagnetic contribution). The behaviour of the

HIRM7–2 T upon cooling to liquid nitrogen temper-
Fig. 6. Low-temperature behaviour of the mass-specific HIRM7–2 T, illustra

The arrow marks the RT value of the HIRM7–2 T.
ature (LT, 77 K) can be described by a parameter,

Hcool (Fig. 6), as:

Hcool ¼ RT HIRM7�2 T � LT HIRM7�2 Tð Þ

The normalized version of this parameter, which

removes its dependence on the concentration of the

high-coercivity contributors, is Hcool%:

Hcool% ¼ Hcool=RT HIRM7�2 Tð Þ4100

Upon cooling, each of the synthetic goethites

exhibits an almost linear rise in their HIRM7–2 T,

with some apparent dependence on grain size (Fig. 7).

The coarsest-grained sample (8087) displays an

Hcool% of 130%, whilst that of the finest-grained

goethite powder (G-03) is 157% (Table 3).

For the synthetic haematites (Fig. 8), all samples

with grain sizes N100 nm exhibit, upon cooling, the

Morin transition (TM) at temperatures between 238

and 241 K. They thus display negative values of

Hcool%. The Morin transition is a first order magnetic

transition in haematites, from a weak ferromagnetic

state above TM (with antiferromagnetic spins lying in

the basal plane of the crystal) to an antiferromagnetic

state with spins ordered along the c-axis below TM

[27]. The Morin transition was also observed in the

cooling HIRM curves of many of our natural,

haematite-bearing samples. The Morin transition is

observable, for all but the finest-grained synthetic

haematite, both in the 2 and 7T IRM runs and in the
ting the typical linear rise for goethites, and the new parameter, Hcool.



Fig. 8. 2 and 7 T RT IRM cooling curves and HIRM7–2 T for synthetic haematites.

Fig. 7. 2 and 7 T RT IRM cooling curves, from 293 down to 77 K and the calculated HIRM7–2 T for synthetic goethites. Each sample was

subjected to the following sequence of treatments: 2 T at RT; cooling to 77 K; warming to RT; 7 T at RT; cooling to 77 K; warming to RT. Only

every third measurement point, at 7.5 K intervals, is shown, for clarity.
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Table 5

Room and low-temperature properties of HIRM7–2 T for the

synthetic haematites and goethites

Sample Size H HIRM7–2 T

(nm) (%)
at RT at LT Hcool Hcool

(mAm2/

kg)

(mAm2/

kg)

(mAm2/

kg)

(%)

G-03 55�350 83.9 46.31 118.88 72.58 156.7

2087 90�580 91.7 1.88 4.50 2.62 139.2

8087 190�980 85.0 2.28 5.26 2.98 130.4

HM-4 25�14 60.2 0.11 0.14 0.03 27.1

S-04 100 38.4 2.72 0.02 �2.69 �99.2

Hmt 150 27.6 2.81 0.29 �2.52 �89.8

S-02 190 35.1 1.78 0.09 �1.69 �94.7

FH 400 28.1 3.61 0.31 �3.30 �91.5

MS-5 50.1 0.27 0.72 0.46 170.7

MS-5 htd 21.7 0.06 0.05 �0.01 �15.9

LP-55 36.1 0.31 0.70 0.39 126.0

WBS-W 28.9 0.47 0.46 �0.01 �0.6

Sampf. 57.1 0.27 1.37 1.09 399.9

Slapton Bst 37.6 0.45 0.72 0.26 58.1

US S-03 60.0 0.08 0.29 0.22 285.8

K2 55.6 0.13 0.36 0.22 170.2
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HIRM7–2 T, giving rise to Hcool% values of between

�75% and �95% (Table 3; Fig. 8). For the synthetic

haematites N100 nm grain size, the temperature of the

TM shows no relationship with grain size, being nearly

constant at 238–241 K (Table 4). These values are

lower than that—263 K—proposed previously for

bulk haematite [28]. Low TM’s (166 K for haematite

powders with mean grain diameters of 52.5 nm) were

reported by Schroeer and Nininger [29]. However,

their haematite powders had been annealed prior to

measurement. Our measured TM values also show no

apparent grain size dependence, in contradiction to the

relationship proposed by Amin and Arajs [28], again

for annealed haematites. An additional possible factor

in determining the TM in haematite is the role of

crystal morphology. According to Mossbauer obser-

vations, TM is lower for plate-like and polyhedral

haematites (as here), and higher for needle-like and

disc-shaped haematites [30].

Our coarser-grained haematite powders display

neligible defect moment below TM [31]: 10% or less

of the room temperature HIRM value (Table 5; Fig.

8). The measured defect moment increases with

decreasing grain size, to 24% of the room temperature

HIRM in sample S-04 (100 nm) and 125% in sample

HM-4 (25�14 nm). For the latter sample, the finest-

grained of our synthetic haematites, the Morin

transition is observable only in the IRM runs, and

not in the HIRM. The HIRM displays a slight linear

increase upon cooling, thus giving rise to a small but

positive Hcool% value. Upon cycling back to room

temperature, the haematites show varying amounts of
Table 4

Characteristics of the Morin transition in the synthetic haematites

Sample Size

(nm)

TM

(K)

DTM

(K)

S-04 100 240 12

Hmt 150 238 21

S-02 190 241 13

FH 400 238 21

HM-4 25�14 146 83

Following Muench et al. [27], the temperature of the transition was

defined as that at which a straight line through the steepest part of

the transition intersects a straight line through the (defect)

antiferromagnetic portion of the curve. The width of the Morin

transition, DTM, was determined as the region of deviation of the

magnetisation from its smooth pattern before and after TM [34].
magnetic memory, recovering between 30 and 50% of

their room temperature remanence.

For the natural samples, while the red bed samples

from Spitsbergen (Fig. 9d) display the Morin tran-

sition in their HIRM2 T, HIRM7 T and HIRM7–2 T

cooling curves, it is notable that the British redbed

samples (Fig. 9a and b) exhibit no Morin transition

upon cooling but rather a linear increase in their

HIRM7–2 T. This increase is even larger than that

shown by our synthetic goethite samples, resulting in

positive Hcool% values of between 126% and 171%.

The question thus arises whether the British redbed

samples contain traces of goethite in their otherwise

haematite-dominated, high-coercivity fraction. The

presence of goethite in redbeds has been reported

previously (e.g. [32]) but, on the basis of mixing

experiments, France and Oldfield [10] suggested that

the goethite:haematite ratio needs to be ~50:1 in order

for the Morin transition to be suppressed and the

characteristic low-temperature increase in remanence

of goethite to be observed. To check for the possible

presence of goethite in the redbed samples, a

subsample of MS-5 was heated for 25 min., at 350

8C. As a result of this heating, the HIRM increased

threefold (Fig. 9c). The previously observed linear

increase in HIRM7–2 T upon cooling disappeared and,

instead, signs of a Morin transition appeared, with a



Fig. 9. 2 and 7 T RT IRM cooling curves and HIRM7–2 T for red beds from Britain and Spitzbergen.

B.A. Maher et al. / Earth and Planetary Science Letters 226 (2004) 491–505500
very slight decrease in HIRM7–2 T upon cooling.

These changes in magnetic behaviour upon heating

may reflect conversion of an existing goethite

component to magnetically stronger but softer hae-

matite and/or possible effective formation of dlargerT
haematite grains (e.g. by crystal coalescence [34]).

Post-heating, this redbed sample demonstrates some-

what similar magnetic behaviour to the finest-grained

synthetic haematite, HM-4 (Fig. 8c).

All the modern and fossil soils, both the red soils

from England and Africa and the goethite-rich soils

from Brazil, exhibited linear increases, upon cooling,

of their original room temperature HIRMs and their

HIRM7–2 T values (Fig. 10). Indeed, the largest

Hcool% value, ~500%, was observed for a reddened

palaeosol sample from the UK (Fig. 11).
4. Discussion

Even when the maximum dc field available is

of the order of 1 T, the IRM acquisition and

demagnetization behaviour of goethites, haematites

and maghemitised magnetites is distinctive. As

reported previously, each of these mineralogies
displays acquisition of remanence at room temper-

ature in dc fields beyond 0.1 and 0.3 T (albeit at

varying rates). The response of each mineral to af

demagnetization of the resultant dHIRMT appears

diagnostic. Irrespective of their grain size, the

goethites retain most (~90%) of their dHIRMT; for

the haematites, the dHIRMT loss is as much as ~25%;

while the softest, maghemite sample relinquishes

virtually all (~99%) of its dHIRMT. Thus, the mass-

normalised HIRM1 T (100 mT af) may provide the

simplest means of estimating the remanence con-

tributed by the high-coercivity minerals.

Where it is possible to generate applied dc fields in

excess of 1 T, further distinguishing magnetic

characteristics can be observed for the high-coercivity

minerals. First, due to their pronounced magnetic

hardness, the synthetic goethites display higher H %

values than do the haematites (although the latter do

show some continuing, if minor, IRM acquisition at

fields above 2 T). Second, where the change in

HIRM7–2 T upon cooling, Hcool, shows a linear

increase, then this mass-normalised parameter may

provide an estimate of the content of goethite and/or

ultrafine-grained (b~25 nm) haematite. As previously

concluded by France and Oldfield [10], Dekkers [15],



Fig. 10. 2 and 7 T RT IRM cooling curves, from 293 down to 77 K and HIRM7–2 T for a range of red and yellow soils. The Verwey transition in

magnetite, at around 120 K, is clearly evident in the IRM curves but is removed in the HIRM curve for the samples shown in (b) and (e).
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Rochette and Fillion [16] and Heller [20], monotonic

linear increases in IRM upon cooling are displayed by

pure goethite samples. Our synthetic goethites dis-

played Hcool% values of up to 158%. Dekkers [15]

explains such increases in terms of the decreased

thermal randomisation of the magnetic moments at

low temperature, also pointing out that the strength of

the effect is positively (although not linearly) corre-

lated with the degree of aluminium substitution,

which may also have the effect of reducing the grain

size of the goethite.

Combining our H % parameter and Hcool%

parameter into a single biplot, populated both by our

synthetic goethites and haematites and range of

haematite- and goethite-bearing natural samples
(Fig. 11), suggests that they can be used as a means

of distinguishing the presence of goethite, haematite

and SP haematite in environmental samples (even

when the latter are dominated magnetically by

ferrimagnetic components). The synthetic goethites

and the goethite-bearing soils are characterized by

moderate to high values of H% and moderate values

of Hcool%, which are always positive. They thus plot

mostly to the right of the haematite and haematite-

bearing samples. For the synthetic haematites, the

coarser-grained samples have lower values of H %

and high and negative Hcool% values. The finer-

grained haematites demonstrate suppression of the

Morin transition, and so have low but still negative

Hcool% values. The finest haematite powder (25�14



Fig. 11. Biplot of H% versus Hcool% for all synthetic and natural samples. The strong viscosity (at 293 K) in the finest synthetic haematite, HM-

4, made it difficult to calculate its H% value.
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nm) does not display the Morin in its HIRM7–2 T, but

instead exhibits a low but positive Hcool%. The

natural, haematite-bearing samples plot in an appa-

rently systematic line, stretching from the coarsest-

grained synthetic haematite (with high, negative

Hcool% and low H%) to one of the British palaeosol

samples (with very high, positive Hcool% and higher

H%). Along this line, all the redbed samples plot at

some distance from the coarsest-grained haematite.

The Greenland and Spitsbergen redbed samples fall

closest to the finest-grained synthetic haematite, HM-

4. Compared with these rocks, the British redbed
samples display higher Hcool% values. Extreme

Hcool% values are shown by two of the reddened

fossil soil samples. We suggest that this line indicates

changes in haematite grain size. The Greenland and

Spitsbergen redbeds would thus be inferred to be close

in grain size to our finest-grained synthetic sample

(i.e. slightly coarser than ~25 nm), whilst the British

redbed samples can be inferred to be of significantly

finer grain size. The extreme behaviour of the

reddened palaeosol samples suggests they are much

finer-grained than any of our other environmental

samples, and likely to be approaching the super-
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paramagnetic boundary. Either a mix of interacting

SP/SD grains or collective magnetic behaviour in

truly SP grains could account for the observed

remanence characteristics. Hence, we suggest that

linear increases in HIRM upon cooling are a feature

not only of goethite-bearing samples but also of

samples containing ultrafine-grained haematite. To

substantiate this suggestion requires investigation of

even finer-grained haematite and goethite powders, of

controlled grain size (i.e. down to ~8 nm [28]).

Using our H% and Hcool% parameters, our ability

to differentiate between goethite- and haematite-
Fig. 12. Biplot of H% versus Hcool%, showing envelopes of values for syn

sediments added. The dashed line indicates the suggested decreasing tren
dominated materials is hindered only for that central

area of the biplot (H% 30–60%; Hcool% 150–220%),

where the two mineralogies intersect. The modern N.

African soils (Tunisia and Morocco) and the present-

day, dust-dominated N. Atlantic sediments both fall

within this area, as do the British redbed samples.

Nevertheless, as shown in Fig. 12, some natural

samples locating within this area also span the

haematite trend, as demonstrated by our Holocene

fen sediments from Australia. We infer from this that

these sediments contain haematite covering a range of

different grain sizes.
thetic and natural sample mineralogies, and Australian Holocene fen

d in haematite grain size, towards the SP boundary.
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5. Conclusions
(1) Goethite, haematite and maghemitised magnetite

each acquire remanence at room temperature in

fields beyond 100 mT. Thus, to exclude the

possibility of a ferrimagnetic contribution to a

dHIRMT0.1 or 0.3 – 1 T, af demagnetision of the

HIRM (at 100 mT af) is required. Goethite is

resistant to demagnetization by such treatment.

Maghemitised magnetite is completely demag-

netized. Intermediate behaviour is shown by

haematite, which can lose up to 25% of the

remanence acquired at 1 T.

(2) None of our synthetic haematite powders are

saturated in a field of 2 T. They continue to

acquire remanence in applied dc fields of up to 7

T, although at a much lower rate than that of

goethite. The proportion of the total HIRM7–1 T

acquired above 2 T, the H%, appears to be

indicative of the relative proportion of haematite

and goethite present in a sample.

(3) Upon cooling the goethites in zero field to 77 K,

the HIRM acquired between 2 and 7 T (Hcool)

shows large increases, with some apparent

dependence on grain size (i.e. larger increases

in smaller grain sizes). Normalising this increase

to the original room temperature HIRM7–2 T, to

give the Hcool%, the synthetic goethites show

positive values of up to 158%.

(4) Polyhedral, non-annealed haematites, larger than

100 nm, display a Morin transition at the

relatively low temperature of ~240 K, with no

apparent dependence on grain size. Their Hcool%

values range from �75% to �95%.

(5) Ultrafine synthetic haematite grains, of ~25 nm

grain size, do not show the Morin transition in

their HIRM7–2 T.

(6) A range of natural, haematite- and goethite-

bearing samples, including redbeds and modern

and fossil soils, display H% values ranging from

30% to 60%, and, with the exception of the non-

British redbeds, positive Hcool% values ranging

from 140% to 500%. The Spitsbergen and

Greenland redbed samples display the Morin

transition upon cooling and thus have negative

Hcool% values.

(7) From the behaviour of both the synthetic and

haematite-bearing samples, linear increases in
HIRM upon cooling appear to be a feature not

only of goethite-bearing samples but also of

samples containing ultrafine-grained haematite.

(8) In combination, it may be possible to use the H%

and the Hcool% parameters to distinguish the

presence of goethite, haematite, and haematite of

grain size close to the superparamagnetic boun-

dary, in a range of different environmental

materials (soils, sediments, rocks). Such infor-

mation is of key environmental value, especially

in identifying the sources of aeolian and other

terrigenous inputs to the deep-sea sedimentary

record.
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