


GEOLOGICA ULTRAIECTINA
 

Mededelingen van het
 
Instituut voor Aardwetenschappen der
 

Rijksuniv~rsiteit te Utrecht
 

No. 51
 

SOME ROCKMAGNETIC PARAMETERS
 
FOR NATURAL GOETHITE,
 

PYRRHOTITE AND
 
FINE-GRAINED HEMATITE
 



SOME ROCKMAGNETIC PARAMETERS
 
FOR NATURAL GOETHITE,
 

PYRRHOTITE AND
 
FINE - GRAINED HEMATITE
 

GESTEENTE-MAGNETISCHE PARAMETERS
 
VOOR NATUURLIJKE GOETHIET,
 

PYRRHOTIEN EN
 
FIJNKORRELIGE HEMATIET
 

MET EEN SAMENVATTING IN HET NEDERLANDS 

PROEFSCHRIFT 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR AAN
 
DE RUKSUNIVERSITEIT TE UTRECHT, OP GEZAG VAN
 
DE RECTOR MAGNIFICUS, PROF. DR. lA. VAN GINKEL,
 

INGEVOLGE HET BESLUIT VAN HET COLLEGE VAN DEKANEN
 
IN HET OPENBAAR TE VERDEDIGEN OP 27 JANUARI 1988
 

DES NAMIDDAGS TE 2.30 UUR
 

DOOR
 

MARINUS JACOBUS DEKKERS 

GEBOREN OP 3 DECEMBER 1956 TE WILLEMSTAD (CURA~AO)
 

1988
 
OFFSETDRUKKERIJ KANTERS B.Y., ALBLASSERDAM
 



PROMOTORES: PROF. DR. IDA ZllDERVELD 
PROF. DR. R.D. SCHUILING 



san mijn grootouders 



SUMMARY 

The increasing importance of sediments for paleomagnetic research 
prompted a study of rockmagnetic parameters of natural goethite, pyrrho
tite and hematite. Grain-size dependent behaviour of such parameters is 
poorly known for goethite and pyrrhotite as well as for fine-grained 
hematite. Data of hematite indicate a complex rockmagnetic behaviour. 
Existing data seem to be contradictory in many aspects. The rockmagnetic 
parameters reported in the present thesis for the natural goethite and 
pyrrhotite samples comprise twelve grain-size fractions from 250 micro
meter down to <5 micrometer. For the natural hematite sample, which has 
a low-temperature origin, the <5 micrometer fraction was divided into 
six grain-size fractions down to <0.25 micrometer. 

Goethite literature data are reviewed in Chapter 1. In order to keep 
close to the paleomagnetic reality, natural goethites from different 
supergene geologic origin were selected for investigation: two marine 
sedimentary goethites, a fluviatile replacement goethite, a goethite 
from a gossan and a caprock goethite from a siderite ore. Their chemical 
and X-ray characteristics as well as the preparation method of the 
artificial samples are described in Chapter 2. 

In Chapter 3 the grain-size dependence of room temperature hysteresis 
parameters in magnetic fields up to 16*10 6 Am- 1 (20 Tesla) is described. 
The relation between the goethite rockmagnetic parameters and its 
chemical composition is discussed. The magnetic properties of the micro
crystalline goethites are best understood when crystallite size and 
crystallite exchange interaction are taken into account. 

The behaviour of a thermoremanent magnetization during continuous and 
stepwise thermal demagnetization, alternating field demagnetization and 
low-temperature treatment is discussed in Chapter 4. The maximum 
blocking temperature of goethite appears to be gouverned by the amount 
of isomorphously sUbstituted cations in the goethite lattice. The goe
thites are extremely hard with respect to alternating field demagnetiza
tion. Only in extremely fine-crystalline goethite (with crystallite 
sizes close to the superparamagnetic threshold size) alternating field 
demagnetization results in a noticeable remanence decay. During low
temperature treatment, a goethite remanence continuously increases with 
decreasing temperature with a rate depending on the goethite chemical 
composition. Goethite is unique in showing such behaviour. Low-tempera
ture treatment is an useful technique for the determination of goethite 
without the need to heat a sample. 

Goethite dehydrates to hematite in a temperature range 250-350 C 
(differential scanning calorimetry). The magnetic impact of the goethite 
dehydration reaction during stepwise thermal demagnetization is dis
cussed in Chapter 5. The initial susceptibility slightly decreases 
during the dehydration reaction. As a consequence of the goethite de
hydration A flux of water vapour is released within the goethite grain. 
This promotes recrystallization of traces hematite already present in 
the original goethite concentrates, resulting in a bending point in the 
thermal decay curves. This bending point is thus not related to the 
maximum blocking temperature of another magnetic mineral phase. At 
temperatures above 400·C the initial susceptibility increases con
siderably due to the creation of small quantities of a magnetite(-like) 
phase. The rockmagnetic characteristics of hematite and magnetite, ori
ginating from goethite, strongly depend on their thermal history. A 
self-reversal can be observed during stepwise thermal demagnetization 
above 600 ·C. 

i 



Pyrrhotite literature data are reviewed in chapter 6. Pyrrhotite 
samples from various ore-parageneses were selected for rockmagnetic 
experiments; one from an orthomagmatic Fe-Ni-Cu-ore, two from magnetite
pyrrhotite skarns and one from a chalcopyrite-bearing pyrometasomatic 
ore. Their chemical composition and XRD-features as well as the prepara
tion techniques for the artificial samples are discussed in chapter 7. 

Pyrrhotite room temperature hysteresis parameters are discussed in 
chapter 8. Compositional differences hardly show up in the remanent 
coercive force versus grain size trend. Hysteresis parameters of pyrrho
tite are compared with those of magnetite. The ratio of the saturation 
isothermal remanent magnetization and the initial susceptibility appears 
to be larger than the remanent coercive force for pyrrhotite, whereas 
the opposite applies for magnetite. 

The behaviour of the thermoremanence and isothermal remanent satura
tion magnetization during stepwise and continuous thermal demagnetiza
tion and low-temperature treatment is dealt with in chapter 9. Conti
nuous thermal demagnetization reveals virtually identical decay curves 
for all fractions. The saturation isothermal remanence differs before 
and after thermal treatment due to partial preservation of high-tempe
rature pyrrhotite phases during cooling. Decay curves of the saturation 
isothermal remanent magnetization have a slightly less steep approach to 
the maximum blocking temperature than decay curves of the thermorema
nence. The specific thermoremanence decreases with grain size. Stepwise 
thermal demagnetization of the thermoremanence shows that the remanence 
is for its major part removed between 300 and 325 ·C. Stepwise thermal 
demagnetization of the saturation isothermal remanent magnetization 
reveals a different behaviour for coarse- and fine-grained fractions of 
the same sample. The former decrease monotonously up to the maximum 
blocking temperature; the latter show a larger decay at moderate tempe
ratures followed by a partial remanence ~ecovery before complete removal 
at the maximum blocking temperature. The remanence behaviour during low 
temperature treatment is related to the strong temperature dependence of 
the pyrrhotite anisotropy constants. 

Some rockmagnetic parameters for extremely fine grain-size fractions 
(10 micrometer down to <0.25 micrometer) of a natural hematite of low
temperature origin are discussed in chapter 10. The magnetic properties 
appear to be strongly dependent on the thermal history of the hematite. 
Prior to thermal treatment, the hematite shows no Morin transition, 
indicating that the remanence is carried by the "defect moment". The 
remanent hysteresis parameters reveal a maximum in the 1.0-0.5 micro
meter fraction. After thermal treatment, the hematite does show a Morin 
transition and it has become considerably harder; the maximum in rema
nent hysteresis parameters have shifted to 2.1-1.0 micrometer fraction. 
Rockmagnetic parameters obtained from hematites synthesized at high 
temperatures are thus not representative for natural low-temperature 
hematite. The observed differences in magnetic behaviour prior to and 
after thermal treatment might provide a basis for the discrimination of 
DRM and CRM in hematite-bearing sediments. 
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SAMENVATTING 

Het toenemende belang van sedimentaire gesteenten voor paleomag
netisch onderzoek maakt een studie naar de gesteentemagnetische parame
ters van natuurlijke goethiet, pyrrhotien en hematiet noodzakelijk. Voor 
goethiet en pyrrhotien is de korrelgrootte-afhankelijkheid van deze 
parameters is slechts zeer ten dele bekend. De hematietgegevens wijzen 
op een gecompliceerd gesteentemagnetisch gedrag en bestaande gegevens 
lijken elkaar op vele gebieden tegen te spreken. De gesteentemagneti
sche parameters in dit proefschrift zijn bepaald voor twaalf korrel
grootte fracties van natuurlijke goethiet en pyrrhotien monsters varie
rend van 250 micrometer tot <5 micrometer. Voor het natuurlijke hematiet 
monster dat een laag-temperatuur oorsprong heeft, is de <5 micrometer 
fractie opgedeeld in zes fracties tot <0.25 micrometer. 

In Hoofdstuk 1 wordt een literatuuroverzicht van goethiet gegeven. Om 
zo dicht mogelijk bij de paleomagnetische realiteit te blijven, z1Jn 
natuurlijke goethiet monsters van supergeen geologische oars prong uit
gezocht voor het onderzoek: twee marien sedimentaire goethieten, een 
fluviatiele "replacement" goethiet, een goethiet uit een gas san en een 
goethiet uit de oxidatiezone boven een sideriet erts. Hun chemische en 
rontgenografische karakteristieken worden in Hoofdstuk 2 beschreven, 
evenals de gevolgde methode voor het vervaardigen van kunstmatige 
monsters. 

In Hoofdstuk 3 wordt de korrelgrootte-afhankelijkheid van de hyste
rese parameters in magnetische velden tot 16*10 6 Am- 1 (20 Tesla) en 
gemeten bij kamertemperatuur, beschreven. De relatie tussen de gesteen
temagnetische parameters van de goethieten en hun chemische samenstel
ling wordt besproken. De magnetische eigenschappen van de microkristal
lijne goethieten kunnen het best beschreven worden, indien de kristal
lietgrootte en "exchange" interactie in mede beschouwing worden genomen. 

Het gedrag van een thermoremanente magnetisatie gedurende continue en 
stapsgewijze thermische demagnetisatie, wisselvelddemagnetisatie en 
laag-temperatuur behandeling wordt beschreven in Hoofdstuk 4. De maximum 
"blocking" temperatuur van goethiet blijkt bepaald te worden door de 
hoeveelheid isomorfe substitutie in het goethiet rooster. De goethiet 
magnetisaties vertonen een extreme hardheid ten opzichte van wisselveld
demagnetisatie. Slechts extreem fijn-kristallijne goethiet (met een 
kristallietgrootte zeer dicht bij de grens waaronder superparamagnetisch 
gedrag optreedt) vertoont een afname bij wisselvelddemagnetisatie. Bij 
afkoeling vanaf kamertemperatuur in een veldvrije ruimte neemt de rema
nentie van goethiet geleidelijk toe. De toename hangt af van de chemi
sche compositie van de goethiet. Dit gedrag kenmerkend voor goethiet. 
Laag-temperatuur behandeling is een goede manier am de aanwezigheid van 
goethiet vast te stellen zander een monster te moeten verhitten. 

Goethiet dehydrateert naar hematiet in een temperatuur traject van 
250 tot 350·C ("differential scanning calorimetry"). De invloed van 
deze dehydratie op het magnetische gedrag van de monsters gedurende 
stapsgewijze thermische demagnetisatie wordt behandeld in Hoofdstuk 5. 
De initiele susceptibiliteit neemt in geringe mate af tijdens de dehy
dratiereactie. De dehydratie resulteert in een flux van waterdamp in de 
goethiet korrel. Deze flux bevordert de rekristallisatie van sporen 
hematiet die reeds aanwezig waren in het oorspronkelijke goethietconcen
traat. Dit resulteert in een knikpunt in afnamecurves dat niet gerela
teerd is aan de maximum "blocking" temperatuur van nag een magnetisch 
mineraal. Vanaf 400 ·C neemt de initiele susceptibiliteit aanzienlijk 
toe ten gevolge van de vorming van kleine hoeveelheden van een magne
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tiet-achtige fase. De gesteentemagnetische eigenschappen van de gevormde 
hematiet en magnetiet hangen sterk samen met hun thermische geschiede
nis. Een "zelf-omkering" van de remanentie kan worden waargenomen tij
dens de stapsgewijze thermische demagnetisatie in het temperatuurbereik 
boven 600 ·C. 

Een overzicht van de literatuurgegevens van pyrrhotien wordt gegeven 
in Hoofdstuk 6. pyrrhotien monsters afkomstig uit diverse erts-paragene
sen zijn geselecteerd voor het onderzoek: een uit een orthomagmatisch 
Fe-Ni- Cu erts, twee uit magnetiet-pyrrhotien skarnen een uit een pyro
metasomatisch chalcopyriet erts. Hun chemische compositie en kristallo
grafische eigenschappen worden beschreven in Hoofdstuk 7, evenals de ge
volgde methodiek voor het vervaardigen van de kunstmatige monsters. 

De korrelgrootte-afhankelijkheid van de hysterese parameters, gemeten 
bij kamertemperatuur. wordt beschreven in Hoofdstuk 8. Verschillen in 
chemische samenstelling van de pyrrhotien monsters komen nauwelijks tot 
uiting in de korrelgrootte-trend van de remanente coercitiefkracht. De 
pyrrhotien hysterese parameters worden vergeleken met die van magnetiet. 
Voor pyrrhotien blijkt de verhouding van de isothermale remanente verza
digingsmagnetisatie en de initiele susceptibiliteit groter te zijn dan 
de remanente coercitiefkracht, terwijl voor magnetiet het omgekeerde 
geldt. 

Het gedrag van de thermoremanente magnetisatie en de isothermale 
remanente verzadigingsmagnetisatie tijdens stapgewijze en continue ther
mische demagnetisatie en laag-temperatuur behandeling wordt beschreven 
in Hoofdstuk 9. Continue thermische demagnetisatie resulteert in nage
noeg dezelfde afnamecurves voor iedere fractie. Doordat bij afkoeling 
hoog-temperatuur modificaties van pyrrhotien gedeeltelijk behouden 
blijven, verschilt de isothermale remanente verzadigingsmagnetisatie 
voor thermische behandeling met die van erna. Afnamecurves van de iso
thermale remanente verzadigings magnetisatie vertonen een iets minder 
steile nadering tot de maximum "blocking" temperatuur dan die van de 
thermoremanente magnetisatie. De "specifieke" thermoremanente magne
tisatie neemt af met de korrelgrootte. Stapsgewijze thermische demagne
tisatie van de thermoremanente magnetisatie laat zien dat de het groot
ste deel van de remanentie wordt afgebroken bij temperaturen boven 
300 ·C. Stapgewijze thermische demagnetisatie van de isothermale rema
nente verzadigings magnetisatie toont verschillen in gedrag tussen 
grove en fijne fracties. De eerstgenoemde vertonen een constante afname 
tot de maximum "blocking" temperatuur; de laatstgenoemde nemen sterker 
af bij matige verhitting waarna een gedeeltelijk herstel van de rema
nentie waargenomen wordt, voordat deze geheel wordt afgebroken bij de 
maximum "blocking" temperatuur. Het gedrag van de remanentie tijdens 
laag-temperatuur behandeling kan aannemelijk gemaakt worden door de 
sterke temperatuursafhankelijkheid van de anisotropieconstanten van 
pyrrhotien. 

Enige gesteentemagnetische parameters voor extreem fijne korrel
grootte-fracties (van 10 micrometer tot <0.25 micrometer) van een na
tuurlijke hematiet van laag-temperatuur origine worden behandeld in 
Hoofdstuk 10. De magnetische eigenschappen blijken sterk van de ther
mische geschiedenis van de hematiet af te hangen. Veer thermische behan
deling vertoont de hematiet geen Morin transitie. De remanentie in deze 
hematiet wordt gedragen door het "defect moment". De remanente hysterese 
parameters vertonen een maximum in de 1.0-0.5 micrometer fractie. Na 
thermische behandeling vertoont de hematiet weI een Morin transitie. De 
remanentie van de hematiet is aanzienlijk harder geworden; het maximum 

iv 



in de hysterese parameters is opgschoven naar de 2.1-1.0 micrometer 
fractie. De gesteentemagnetische parameters van hematiet, gesyntheti
seerd bij hoge temperaturen, zLJn derhalve niet representatief voor 
natuurlijke hematiet van laag-temperatuur oorsprong. De waargenomen 
verschillen in magnetische eigenschappen voor en na thermische behande
ling zouden een basis kunnen verschaffen voor het onderscheid tussen 
depositionele remanente magnetisatie en chemisch remanente magnetisatie 
in hematiet-dragende sedimenten. 
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GENERAL INTRODUCTION 

The natural remanent magnetization (NRM) of rocks resides in titani
ferous iron-oxides (titanomagnetite, titanomaghemite, hematite), iron
hydroxides (goethite) or iron sulfides (pyrrhotite). These minerals 
constitute only a very small part of the rock volume, usually far below 
one percent. (Titano-)magnetite and hematite are the most important 
magnetic minerals. (Titano-)maghemite, goethite and pyrrhotite are the 
so-called minor magnetic minerals. 

The part of the NRM acquired by rocks during or shortly after their 
formation is referred to as the primary remanence. The direction and 
intensity of this remanence are related to the local geomagnetic field 
at the time of formation. Geologic processes (e.g. burial, diagenesis, 
metamorphism, intrusive activity or weathering), which may have occurred 
any time during the geologic history of the rock, often add secondary 
remanence components to the primary component. A secondary remanence 
component may also originate from viscous remanence acquisition of the 
magnetic particles without being related to one of the geologic pro
cesses listed above. A secondary component may partly overprint as well 
as replace the primary component. 

The main object of paleomagnetic research is to isolate the primary 
remanence component for geotectonic, magnetostratigraphic or geomagnetic 
interpretations. This can be achieved by so-called progressive demagne
tization. A rock specimen is subjected to increasing alternating fields 
or it is stepwise heated to increasing temperatures. After each step, 
the alternating field is removed or the specimens are cooled to room 
temperature. Both procedures are carried out in a field-free space and 
the remanence of the rock specimens is measured after each step. This 
procedure yields a string of remanence vectors representing the various 
NRM components in the rock specimen. A single-component remanence shows 
a linear decay and mUlti-component remanences usually show up by linear 
segments connected by curved parts, because of the partial overlap of 
the coercive force or blocking temperature spectra of the different 
components. Although progressive demagnetization is rather simple and 
straightforward from the experimental point of view, the geological 
interpretation of its results is often difficult. In quite a number of 
cases it appears to be hardly possible to label a specific remanence 
component as primary remanence. 

These difficulties arise from the complex magnetic properties of the 
remanence carriers in natural rocks, which determine the behaviour of 
the natural remanent magnetization during progressive demagnetization. 
Apart from being obviously dependent on the type of magnetic mineral, 
the magnetic properties of each individual mineral type are strongly 
dependent on their mode of formation, particle size, amount of iso
morphous substitution, amount of defects in the crystal lattice and 
exsolution phenomena. The magnetic mineral content of natural rocks 
usually is a composite of different magnetic minerals with for each 
magnetic mineral a specific grain-size range. Although the number of 
natural magnetic minerals is fairly limited, combination of the factors 
mentioned above may lead to very complex magnetic properties for natural 
rocks. 

The results of rockmagnetic studies of magnetic mineral properties 
as function of grain size, chemical composition etc., allows a more 
reliable determination of the magnetic minerals in natural rocks. This 
enhances the insight in the timing and stability of the various NRM 
components. 
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Most rockmagnetic studies are devoted to (titano-)magnetite (e.g. 
Parry, 1965; Day et al., 1977; Hartstra, 1982; O'ReillY, 1984; Dunlop, 
1986; Worm and Markert, 1987; Heider et al., 1987) and (titano-)maghe
mite (e.g. Ozdemir and O'Reilly, 1982; Nishitani and Kono, 1983; Ozdemir 
and Banerjee, 1984; Moakowitz, 1987). (Titano-)magnetite is the most 
common terrestrial natural magnetic mineral, so the relevance of know
ledge of its magnetic properties is beyond discussion. Titano-maghemite 
widely occurs in oceanic basalts. However, rockmagnetic data on the 
other magnetic minerals (hematite, goethite and pyrrhotite) are scarce, 
despite their relevance especially for sedimentary rocks. 

The present thesis intends to contribute to the knowledge of the 
rockmagnetic properties of natural goethite, natural pyrrhotite and 
fine-grained natural hematite. 

The magnetic properties of hematite (with obvious relevance to red 
beds) are complex (e.g. Haigh, 1957; Smith and Fuller, 1967; Dunlop, 
1971; Dankers, 1978, 1981; Hartstra, 1982; O'ReillY, 1984) and data are 
contradictory (e.g. Dunlop, 1971; O'Reilly, 1984; Vincenz, 1987). For a 
correct understanding of the understanding of the hematite rockmagnetic 
properties, more data are needed. Particularly studies of the behaviour 
of extremely fine-grained low-temperature hematite are of importance for 
paleomagnetic research on sediments. 

Pyrrhotite is regarded as a minor magnetic mineral because of its 
assigned limited occurrence in direct spatial relation with sulphidic 
ores. It is, however, nowadays apparent that its occurrence is not 
restricted to such ores: pyrrhotite may occur in igneous rocks (e.g. 
Soffel, 1977), metamorphic rocks (e.g. Carpenter, 1974; Rochette, 1987) 
and also sediments (e.g. Kligfield and Channell, 1981; Freeman, 1986). 
Hence, pyrrhotite is a much more common magnetic mineral than previously 
assumed. Although much study was devoted to its intrinsic properties 
(cf. reviews by Ward, 1970; Schwarz, 1975), grain-size dependence of its 
hysteresis properties is up to now only recently reported by Clark 
(1984). 

Goethite is usually regarded as a minor magnetic mineral carrying 
only secondary remanences related to weathering. However, one should 
realize that the goethite occurrence is not restricted to a specific 
rock type: goethite can be an accessory constituent of virtually all 
rocks, especially sediments. Besides being related to weathering it can 
also be precipitated from circulating ground water giving rise to a 
secondary remanence of much older age. Goethite often occurs intimately 
intergrown with hematite. Grain-size dependence of goethite rockmagnetic 
parameters was unknown before the present study was started. 

Knowledge of goethite magnetic properties contributes to the under
standing of the magnetic behaviour of finely crystalline goethite-hema
tite intergrowths. 

Secondary remanence components with directions different from the 
present geomagnetic field, i.e. not related to present day weathering, 
may also yield useful paleomagnetic information. 

Goethite dehydrates to hematite at 250-400 C. The goethite dehydra
tion reaction may influence the magnetic properties of other magnetic 
minerals present in the sample. Study of this dehydration reaction is 
therefore highly relevant for the interpretation of thermal demagneti
zation diagrams of especially sediments. For a good evaluation of the 
impact of the goethite dehydration reaction, the rockmagnetic properties 
of goethite have to be known. 

xx 
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CHAPTER 1 

GOETHITE: SYNOPSIS OF SOME RELEVANT LITERATURE 

1 INTRODUCTION 

1.1 The a to 6-FeOOH series 

Goethite, which is the natural magnetic mineral to be investigated in 
the first part of this thesis, is one of the four known polymorphs of 
iron-oxyhydroxide (FeOOH). Three of those: goethite, akaganeite and 
lepidocrocite (resp. a, a and V-FeOOH) are naturally occurring minerals. 
The fourth, 6-FeOOH, is only known as synthesized at low temperatures in 
the laboratory. It is a rather poorly characterized phase, considered as 
metastable. 

The goethite structure is based on hexagonal close-packed oxygen 
layers. Fe 3 + occupies octahedrally coordinated sites between the layers. 
The (slightly distorted) octahedra form strips of two-octahedra wide, 
running parallel to the c-axis (cf. Fig. lA; Ewing, 1935; Deer et a1., 
1962). A projection onto the a-b plane is shown in Fig. lB. Each unit 
cell contains four iron ions. Goethite and lepidocrocite are ortho
rhombic. The difference between the two polymorphs lies in the packing 
of the oxygen atoms: goethite has a hexagonal close-packed and lepido
crocite a cubic close-packed structure. Akaganeite is tetragonal and 
6-FeOOH is hexagonal. The crystal structures of the four polymorphs are 
compiled in Table I. Cell constants are listed in Table II. 

Table I: Crystal structures 01 FeOOH polymorphs 

Pol ymorph Mineral name Crystal structure Neel point I)
 

0.' FeOOH goethite orthorhombic Pbnm 127 'C
 

~·FeOOH akagane I Ie tetragonal 141m 17 'C
 

y. FeOOH lepidocrocite orthorhombic Cmcm -200 'C
 

5-FeOOH hexegonal P3121
 

1) after Johnson (1969) 

Table II: Cell constants of FeOOH polymorphs 

Pol ymorph Crysta I axes reference
 

0.- FeOOH a= 4.602 b= 9.952 c= 3.021 I, 2,
 

~- FeOOH a= 10.48 b= 10.48 c= 3. 02 4
 

y-FeOOH a= 3.88 b= 12.54 c= 3. 07 5,
 

5-F eOOH a= 2.94 b= 4.49 c= 4. 49 7
 

diaspore a= 4.40 b= 9.42 c= 2. 84 8
 

References: 1) Goldstaub (1935), 2) Sampson (1969), 3) Han Ison et 01. (1975), 4) Mackay (1960), 5) 

Rooksby (1951), 6) Peacock (1942), 7) Bernal et al. (1959), 8) Ewing (1935). 

The lattice parameters refer to ideal mineral compositions. In all 
minerals the octahedra are known to be slightly distorted and there can 
be isomorphous substitution. Diaspore (a-AlOOH) has the same lattice 
structure as goethite_ This allows for considerable isomorphous substi 
tution of aluminum in goethite leading to smaller lattice constants, 
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(e.g. Norrish and Taylor,proportionally with the aluminum content 
1961; Thiel, 1963). 

Fig. IA. Pictorial representation of the goethite structure (after Ewing, 1935). fe3+-centered 

(slight Iy distorted) octahedra form chains of two octahedra wide along the c·axis. 

0 Fe 

0 0 1 

0 all 

0 H 

b1 

a 

Fig. 18. The goethite structure projected on 001. The c·axis is perpendicular to the plane of the page. 

The iron atoms are numbered, the signs denote their antiferromagneti'c coupling (cf. Fig. 7). Oxygen 

atoms with heavy and light I ines are on the mirror planes with c= +1/4 and c= -1/4 respectively. 
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1.2 Geological modes of occurrence of goethite 

Goethite is a typical low-temperature mineral. At temperatures above 
80 to 140 ·C (the former at 1 bar, the latter at 4 kbar) it is thermody
namically calculated to convert to hematite (e.g. Langmuir, 1971, 1972; 
Wefers, 1966). Goethite usually coexists in nature with hematite (a
Fe203), lepidocrocite, and (iron-rich) clay minerals. Intimate inter
growths may occur. 

Paleomagnetic interest for goethite-bearing rocks had been raised 
already a few decades ago since goethite may be a constituent of the 
hematite-rich red beds which are important for paleomagnetic research. 
In a later stage, when the sensitive cryogenic magnetometers became in 
vogue, it appeared that the weakly magnetic goethite could be present in 
trace amounts in virtually all sediments. Predominantly four types of 
goethite can be distinguished genetically: 

1) sedimentary deposited 
2) originated through replacement processes 
3) as a soil constituent, formed during weathering 
4) in low-temperature hydrothermal (telethermal) veins. 

1)	 The sedimentary goethite type is found predominantly in the oOlithic 
iron ores, which have been an important source of iron in the past. 
The ore layers are iron-enriched strata up to a few meters thickness 
in calcareous rocks. The exact mode of formation as well as the 
source of the iron are not known in detail, but all evidence points 
to a synsedimentary deposition or iron-enrichment (and oolith forma
tion) shortly after deposition. Generally, the ores are low grade 
iron ores. Besides goethite, hematite and chamosite are important 
constituents. In Mesozoic ores goethite is predominant over hematite 
whereas in Paleozoic ores the reverse is true (e.g. James, 1966). 

2)	 Goethite-rich ores may also be formed long after the formation of the 
host rock as so called replacement ores (e.g. Robe River, Western 
Australia, Harms and Morgan, 1964). These ores have oolithic and 
pisolithic zones. Solution of iron from iron-rich silicates is 
thought to be the source of iron for the goethite in the replacement 
ores. 
Epigenetic goethite is related to replacement goethite. It is preci
pitated in small quantities from circulating groundwater in the pores 
of sedimentary (e.g. calcareous) rocks without actual replacement of 
the host-rock minerals. 

3)	 Perhaps the most important mode of occurrence of goethite is that of 
the weathering zone. Goethite can be formed through weathering of Fe
bearing silicates, but also by oxidation of magnetite, Fe-bearing 
sulfides and carbonates and hydration of hematite. As such, goethite 
may be a constituent of soils, but it is also known to be an impor
tant mineral in numerous gossans above sulphidic and carbonaceous 
ores (e. g. Zitzmann, 1978). 

4)	 Goethite can be a constituent of low-temperature (telethermal) hydro
thermal veins. Localities are known in the Harz (West Germany) and 
Cornwall (England). This goethite type is usually well-crystallized 
(e. g. Govaert et al., 1976A). 

2 PREPARATION OF GOETHITE 

Natural goethite is, despite its simple ideal formula, a complex 
mineral phase. Various elements can be isomorphically substituted in the 
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goethite lattice and sorption onto the goethite surface may amply occur. 
Knowledge of goethite growth mechanisms and of the influence of isomor
phous substitution and sorption on the characteristics of the formed 
goethite can be obtained by studying simple well-defined experimental 
systems. These experimental data can be extended to existing natural 
goethite and, as such, form a framework for the understanding of the 
properties of the sampled natural goethite. 

Synthetic goethite is prepared by aging of amorphous ferri-hydroxide 
(Fe(OH)3) solutions, also referred to as ferrihydrite. Generally, aging 
takes place at high pH. However, examples of aging in acid solutions are 
known (van der Woude and de Bruyn, 1983; van der Woude et al., 1983, 
1984) . 

Aluminous goethite may be obtained by aging aluminous ferri-hydroxide 
solutions - formed by coprecipitating iron(III)nitrate and aluminum ni
trate bearing solutions in an alkaline environment - under hydrothermal 
conditions (Thiel, 1963; Goodman and Lewis, 1981) or under atmospheric 
conditions (Lewis and Schwertmann, 1979A). Aluminous goethite can also 
be obtained by aging freshly prepared ferri-hydroxide in an aluminate 
solution (Atkinson et a!., 1968; Lewis and Schwertmann, 1979B). 

Alternatively, (aluminous) goethite can be obtained by oxidation 
starting from iron(II)-bearing solutions (Derie et al., 1975; Goodman 
and Lewis, 1981). The oxidation may take place in acid or alkaline 
environments. The acid process is generally slow, it involves oxidation 
(mostly by air) of Fe(OH)2 in the presence of Fe 2 - in solution. In the 
alkaline processes an iron(II)hydroxide suspension is oxidized by air in 
(considerable) excess alkali; these processes are much faster. Depending 
on the starting material the reaction rate in both groups is different 
and sometimes besides goethite, lepidocrocite or maghemite (¥-Fe203) 
are obtained. 

Goethite forms through dissolution of ferrihydrite and crystalliza
tion of goethite from solution; hematite has its precursor in ferrihy
drite aggregates with nucleation taking place within these aggregates 
(Fischer and Schwertmann, 1975; Lewis and Schwertmann, 1979B). The 
conversion rate of ferrihydrite to goethite decreases as the aluminum 
concentration increases (Lewis and Schwertmann, 1979A). The goethite 
crystallites are increasingly smaller when more aluminum is incorporated 
in the goethite lattice (e.g. Landa and Gast, 1973). Aluminum substitu
tion in goethite is proportional with log [AI] in solution (Lewis and 
Schwertmann, 1979A, 1979B). The degree of AI-substitution in goethite 
appears not to be influenced by the presence of salts in the initial 
solution. The degree of AI-substitution is not affected whether one 
starts with an Al-ferrihydrite or with ferrihydrite in an aluminate 
solution (Lewis and Schwertmann. 1979A). 

The solubility of ferrihydrite increases with increasing [OH]. There
fore goethite formation is favoured by increasing [OH]. Hematite forma
tion is promoted by increasing [AI] (aluminum in solution retards goe
thite nucleation) and temperature (Lewis and Schwertmann, 1979B). In 
general hematite formation is promoted by low pH, Mg2-. Ca 2+ and A13+; 
high pH, C03 2-, S04 2- and Fe 2- favour goethite crystallization. Crystal
lization is retarded or inhibited by silicate (Schwertmann and Taylor, 
1972), phosphate, oxalate (Fischer and Schwertmann, 1975) and other 
organic compounds (Landa and Gast, 1973 and references therein). Retar
dation can be overcome by seeding with goethite crystals. 
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All experimental results indicate that goethite formation and charac
teristics are extremely sensitive to the experimental conditions. The 
presence of species in solution promoting or retarding crystallization 
is of major importance in obtaining (aluminous) goethite in model sys
tems. Besides goethite, hematite, lepidocrocite or maghemite may form 
simultaneously even in well-characterized experimental systems. a- to y
FeOOH and Fez03 have amorphous precursors in ferrihydrite systems. The 
aging process is dependent on local conditions within the amorphous 
aggregates, which can result in intimately intergrown goethite and 
hematite. Natural systems, which obviously are more complex than experi
mental ones, will be (considerably) more difficult to characterize in 
detail. It is apparent that (minor) changes in physical and chemical 
conditions during goethite growth process have impact on the kinetics of 
this process and may result in widely different goethites with respect 
to their chemical composition and crystallite size. 

3 THERMODYNAMIC STABILITY OF GOETHITE 

The relative thermodynamic stabilities of goethite and hematite re
presented in the reaction goethite = hematite + water have been the 
subject of considerable study (e.g. Schmalz, 1959; Wefers, 1966; Berner, 
1969; Langmuir, 1971, 1972). Langmuir's work is the only study which 
takes into account the effects of particle size on the equilibrium. The 
PHzO vs. temperature stability regions of goethite and hematite in 
Fig. 2 are from Langmuir (1971). 

4000 ,---------,-----------" 40 

3000 
30 

PH 
2
0 Depth 

Temperature (C) 

Fig. 2. pH20-T diagram illustrating the grain size Influence on the goethite = hematite + H20 equili

brium (alter Langmuir, 1971). Equilibrium curves for goethite grains 01 0.1 micrometer and hematite 

grains) 1 micrometer and for both phases) 1 micrometer are shown. The posilion of the curve for 

hematite with small grain size (0.1 micrometer) and goethite) 1 micrometer Is in between the two 

curves. close to the left curve. 

He concludes that fine-grained goethite « 0.1 micrometer) is ther
modynamically unstable with respect to coarse-grained hematite (> mi
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crometer) under geologic conditions. Coarse-grained goethite () 1 mi
crometer) would be stable up to about 80 C at 1 bar. This conclusion 
refers to the pure goethite/hematite system. 

In natural samples, goethite coexists often with hematite, chamosite 
and sometimes with lepidocrocite. In the presence of organic matter it 
may react to maghemite instead of hematite (Van der Marel, 1951; 
Schwertmann, 1959). 

Langmuir (1971) pointed out that, because of sluggish kinetics, the 
goethite dehydration reaction may in fact take place at much higher 
temperatures as one would expect on thermodynamical grounds. The goe
thite stability field is enlarged with a metastable region for kinetic 
reasons. When heating goethite in DTA runs the transformation to hema
tite takes place at some 300 - 400·C depending on its particle size, 
indeed a higher temperature than one would expect on thermodynamical 
grounds. 

Apart from kinetic reasons, a straightforward application of thermo
dynamic data of the pure 'goethite = hematite + water' system to natural 
systems, is hindered by the chemical composition and the adsorbing 
capacity of goethite under natural conditions. Considerable sUbstitution 
of Al and also some Si is observed in natural goethite (e.g. Norrish and 
Taylor, 1961; Norrish, 1975). In synthetic goethite up to 33 mol% Al can 
be isomorphically incorporated in the structure (Thiel, 1963; Franz, 
1978). Experiments referring to the Si content contained in goethite 
have not been found by the present author. Goethite can adsorb for 
instance P04, C02 and organic compounds. This is also expected to have 
some influence on the goethite stability field, since the goethite 
surface structure is altered by sorption. 

Regarding the influence of isomorphous sUbstitution, Yapp (1983) 
calculated the stability of aluminous goethite with respect to hematite 
(with and without AI-substitution) according to the same reaction as in 
the pure system. He treated the goethite-diaspore solid solution as 
ideal. Though this is certainly an oversimplification (since solid 
solution only exists up to 33 mol% diaspore), trends found in the cal
culations are applicable. He concluded that fine-grained aluminous goe
thite is considerably more stable with respect to hematite than in the 
pure system and that it could well be stable under geologic conditions. 

4 DETERMINATION OF GOETHITE 

Apart from standard microscopical observation (transmittent and re
flected light) and chemical analysis (obtained by microprobe or with 
classical wet chemical methods), goethite may be determined by means of 
X-ray diffraction analysis (XRD), infrared absorption spectroscopy 
(IRS), electron microscope observations, differential thermal analysis 
(DTA) and Mossbauer spectroscopy. 

4.1 X-ray diffraction analysis 

Goethite is easily determined with X-ray diffraction (XRD) analysis; 
its strongest reflection 110 has a d-value of 4.18 A. A diffractogram of 
well-crystallized goethite is depicted in Fig. 3. Wolska (1977) 
mentioned that 3% goethite in a hematite matrix could be determined in 
X-ray diffractograms. Due to similar lattice spacings - the positions of 
some strong hematite reflections coincide with goethite reflections 
the determination of traces hematite in a goethite-rich matrix is less 
easy. Tests carried out for the present research showed that 5% hematite 
in a goethite matrix was well detectable in Debye- Scherrer films 
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(standard addition, Debye-Scherrer camera; Fe K~-rays). The 
determination of 2% hematite was tentative. 

~ o 

5 15 25 35 45 55 

degrees 2 theta 

Fig. 3. Oilfractogram of a well crystallized goethite (Cornwall, England). The hkl indices lor each 

reflection are indicated. The vertical scale is arbitrary. 

The position of the goethite III reflection appears to be dependent 
on the amount of AI-substitution. This is observed in natural (e.g. 
Norrish and Taylor, 1961) and in synthetic goethites (e.g. Thiel, 1963). 
It has become common practice to determine the aluminum content in 
goethite by the position of the III reflection (e.g. Schellman, 1964; 
Jonas and Solymar, 1970; Murad, 1979; Lewis and Schwertmann, 1979A, 
1979B; Golden et a!., 1979; Goodman and Lewis, 1981; Fysh and Clark, 
1982). In synthetic systems this method is simple and straightforward. 
However, in the more complex natural systems, several isomorphous 
substitutions may act together and their combined influence on the 
lattice spacing is not exactly known. Isomorphous substitution of si 4 + 
is known to occur in goethites (Norrish, 1975). The effect of the small 
Si 4 + (0.42 A) ion on the goethite lattice is similar to that of A13+ 
(0.51 A) when replacing Fe 3 + (0.64 A). The larger difference in ionic 
radius between Si 4 + and Fe 3 + than between A13+ and Fe 3 + probably limits 
possible substitution far more than the better known AI-substitution 
(Schwertmann and Taylor, 1977). 

Goethite grains (both synthetic and natural) may consist of aggre
gates of small crystallites, usually much smaller than the grain size. 
The fine crystallites show broad reflections in an X-ray diffractogram. 
The average size of these (goethite) crystallites may be calculated from 
the line width at half peak height in X-ray diffractograms. This proce
dure is referred to as crystallite size determination derived from X-ray 
line broadening. A correction for the instrumental line width has to be 
applied (Klug and Alexander, 1974). When dealing with goethite, the 
latter is usually approximated by the line width of a well-crystallized 
goethite specimen. The correction for the observed line width for the 
instrumental line width has to be done for each reflection separately. 
The size of the crystallites (usually in A) in the direction 
corresponding to the d-value of each reflection can be calculated from 
the corrected line widths. Despite sometimes rather large uncertainties 
in the instrumental line width estimation, this procedure leads to 
reasonable estimates for the average crystallite size: M¢rup et al. 
(1983) claim that the crystallite size determinations of their goethite 
with electron microscope observation was consistent with their crystal
lite size determinations derived from XRD line broadening. 

Because absolute values of crystallite sizes are influenced by 
approximations for the instrumental line width, sometimes the line width 
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in degrees 28 is given as a measure for the average crystallite size 
(e.g. Lewis and Schwertmann, 1979A, 1979B; Murad, 1982). Also the peak 
area is sometimes used for an estimate of the crystallite size (large 
peak areas indicate a small crystallite size; e. g. Lewis and 
Schwertmann, 1979A). 

Natural goethite can have excess water in its structure. Then it is 
referred to as hydrogoethite. The difference between goethite and hydro
goethite can not be established by means of XRD. 

4.2 Infrared absorption spectrometry 

The presence of goethite can easily be established by infrared 
absorption spectrometry (IRS). Typical spectra of goethite and hematite 
are in Fig. 4 (after van der Marel and Beutelspacher, 1976). 
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Fig. 4, Infrared spectrograms of nalural hemalile and goethite (after van der Marel and Beutelspacher. 

1976), Q denotes a quartz absorption peak, The vertical scale is arbitrary. 

The absorption bands at approximately 800 and 890 cm- 1 are 
characteristic for goethite (Marshall and Rutherford, 1971; absorption 
bands are observed for akaganeite at 680 and 805 cm- 1 and for 
lepidocrocite at 730 and 1025 cm- 1 

). Hematite shows absorption peaks at 
approximately 485, 550 and 585 cm- 1 (e.g. Bentley et al., 1968). These 
absorption lines are bulk absorption lines related to bending and 
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stretching of bonding in the molecules under influence of the infrared 
light. 

Traces hematite in a goethite matrix are difficult to detect. With 
the standard addition method it turned out that 5% hematite can be 
detected if absorption spectra are recorded (instead of the more 
routinely obtained transmission spectra). 

Adsorption onto the goethite surface (which is not extraordinary) may 
be revealed by infrared studies. Suchlike studies focus on the high wave 
numbers (roughly 4000 cm- 1 to 2000 cm- 1 ) where these absorption peaks 
are observed. Studied are for instance adsorption of phosphate 
(Atkinson et al., 1974; Parfitt et al., 1976), sulphate (Parfitt et al., 
1977) and carbondioxide (Russell et al., 1975). Two types of surface 
hydroxyl groups are reported (Russell et al., 1974; Parfitt et al., 
1976). Their interaction with 020 is studied by Rochester and Topham 
(1979). The goethite surface structure is of importance for growth and 
aging mechanisms. The adsorbed species may influence the goethite stabi
lity field. 

4.3 Electron microscope observations 

Goethite crystals, either synthetic or natural, are reported as 
acicular, lath-shaped, star-shaped or irregular (e.g. Mackenzie et al., 
1971; Sudo and Takahashi, 1971). 

Natural goethite often occurs in ooliths. Oolithic goethite may have 
a considerable variation in their habitus. Vernet and Ferrari (1969) 
describe them as stocky prisms with diameters between 0.02 - 0.05 micro
meter and heights between 0.03 and 0.08 micrometer, whereas goethite as 
flakes of 0.01 - 0.03 micrometer thickness with hexagonal outline is 
known in German (Dogger) and Turkish ooliths (Radszewski and Scheider
hahn, 1962; Izgiz et al., 1972). Also goethite flakes with sizes of 1 
2 micrometer and approximately 0.1 micrometer thickness occur; they are 
polycrystalline aggregates (Rohrlich, 1975). 

Synthetic goethites, obtained by aging ferric hydroxide solutions, 
are needles of about 1 micrometer long and 0.04 micrometer wide with no 
evidence of granular material which was present in the freshly prepared 
amorphous gel (Landa and Gast, 1973). Sometimes a platy habitus is 
observed. Lewis and Schwertmann (1979A) prepared aluminous goethites at 
room temperature consisting of thin elongated plates of approximately 
0.1 micrometer length with serrated edges and reduced growth in the 
direction of the crystallographic a-axis. They produce the usual aci
cular needles at higher temperatures. The substitution of aluminum in 
goethite leads to more defects and lowers the crystal ordering. 

Composite goethite crystals consist of highly coherent intergrown 
crystallites as was revealed by high resolution electron microscopy and 
electron diffraction patterns (Cornell et al., 1983). Small crystals up 
to 0.03 * 0.1 micrometer are perfect single crystals; larger crystals 
(0.1 * 1 micrometer) often show striations, extinction contours and a 
stepped appearance in the [001] direction. Their composite nature can 
best be visualized through the development of fissures on the (100) face 
in acid media (Cornell et al., 1974). The perfect monocrystalline 
crystallites may be misoriented to each other by a few degrees; a narrow 
disorderded region may exist between them. 

4.4 Differential thermal analysis 

Pure, well-crystallized goethite has an endothermic peak at about 
400 °c in differential thermal analysis (DTA) runs (e.g. Kulp and 
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Trites, 1951; Smykatz-Kloss, 1974), when it reacts to hematite. However, 
natural and synthetic goethites may dehydrate at considerably lower 
temperatures, down to 270·C (e.g. Banerjee, 1970; Singh et aI., 1977; 
Murad, 1979; Maeda et al., 1974; Lewis and Schwertmann, 1979A). Examples 
of goethite DTA profiles are presented in Fig. 5. Occasionally a double 
peak is observed (Fig. 5B). 

----~_---

A-~: 
B 

200 400 300 400 

T in DC 

Fig, SA, OTA profiles of a nalural goethite showing lhe influence of sample treatment (after Murad, 

1979), Curve a: unground sample; curve b: same sample broken, but not ground; curve c: same sample 

ground; curve d: same sample ground and corroded with HCI. The scale of the ordinate is arbitrary, 

Fig. 58. OrA profi Ie of a synthet ic goethite; the dehydration react ion takes place in two steps 

resulting in two peaks (afler Maeda el aI., 1974), The scale 01 Ihe ordinale i. arbitrary, 

The lowering of the dehydration temperature is generally attributed 
to impurity content and/or particle size effects. Relatively broad peaks 
indicate a relatively large crystallite size spectrum. Murad (1979) 
points towards inhibition of the dehydration reaction in unground 
samples. If a sample is thoroughly ground, dehydration may take place at 
lower temperatures due to the presence of more escape conduits for the 
liberated water. 

A goethite with a double peak DTA curve was studied by Maeda et al. 
(1974). They showed that both hematite and goethite exist during the 
temperature interval of the intermediate region between the two peaks. 
The dehydration process, which depends on the goethite structure, takes 
place in two steps. 

Alternative explanations for small shoulders on the goethite DTA peak 
are advocated by Banerjee (1970) and Lewis and Schwertmann (1979A). 
Banerjee attributed the shoulder to excess water in the goethite and 
Lewis and Schwertmann to a sharp exothermic peak of ferrihydrite super
imposed on the endothermic goethite peak. 

Thermogravimetric analyses (TGA) indicate also that the water loss 
takes place during a temperature interval rather than at a specific 
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temperature (e. g. Forsyth et a1., 1968; Bagin et a1., 1976; Govaert et 
al., 1976A). The temperature interval of the dehydration reaction is 
small if well-crystalline goethite is dehydrating. Moreover, TGA curves 
point generally to an excess water in the goethite structure. Bagin et 
a1. (1976) term this goethite type hydrogoethite. When the goethite is 
well-crystalline, its excess water is minimal. Such a goethite contains 
approximately 10.1 weight percent water (recalculated to an equivalent 
molar amount hematite this is 11.2 weight percent). 

4.5 Mossbauer spectroscopy 

Goethite, which usually exhibits typical asymmetrically broadened 
Mossbauer spectra (cL Fig. 6A), has been investigated by many 
researchers (e. g. Forsyth et a1., 1968; Govaert et a1., 1976A; Murad, 
1979; Golden et al., 1979; Goodman and Lewis, 1981; Fysh and Clark, 
1982; M~rup et al., 1983). Well-crystalline goethite shows, below its 
Neel point, a well resolved spectrum of six (almost) completely sym
metric peaks (cf. Harz and Loswithiel goethite in Fig. 6A). 
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Fig. 6A. Mossbauer spectra al room temperature of some natural goethites (cf. Govaert et ai., 1976A). 

Oifferences in crystallite size and sUbstitution between the goethites give rise to differences in the 

asynmetrically broadened spectra. Well crystallized goethites (Harz, Loswithiel) show well defined 

speclra with narrow lines, whereas soil goethites (Horhausen, Opbrakel) show a paramagnetic doublet due 

to extremely small crystallite size and/or considerable substitution. 

Fig. 68. Influence of temperature (K) lowering on Mossbauer spectra, demon'lrated on two samples of 

Fig. 6A. When the temperature is lowered the amount 01 asynmetrlc broadening docreases (cf. Govaert et 

al., 19768). 

90 
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With decreasing crystallite size the peaks in the Mossbauer spectrum 
become increasingly asymmetrically broadened and with extremely fine 
crystallite size the spectrum evolves into a paramagnetic doublet. A 
paramagnetic doublet is also observed when the temperature at which the 
Mossbauer spectrum is recorded, is above the (goethite) Neel point. When 
the temperature at which the spectrum is recorded, is lowered, the 
asymmetry of the peaks of a given goethite decreases (Fig. 6B). 

The existence of a paramagnetic doublet in ultra-fine goethite crys
tallites is due to the extremely small relaxation time of their magnetic 
structure, which is then smaller than the time needed for the V-rays to 
decay from a nuclear excited state to the ground state (approximately 
10-6 sec.). Isomorphous substitution lowers the goethite Neel point and, 
at a given temperature below the Neel point, will lower the relaxation 
time of the magnetic structure. Thus, both a small crystallite size and 
an increase of isomorphous substitution contribute to increasingly 
asymmetrically broadened Mossbauer spectra of goethite. The asymmetry of 
a Mossbauer spectrum of a goethite sample is thus the result of its 
crystallite size distribution and isomorphous substitution (Murad, 1979, 
1982; Johnston and Norrish, 1981). Explanations which take only crystal
lite size effects into account (Govaert et al., 1976A, 1976B, 1977) are 
an oversimplification of the real situation. 

M~rup et al. (1983) report theoretical calculations on Mossbauer 
spectra of microcrystalline goethite and conclude that they are best 
described when magnetic exchange interaction between crystallites is 
taken into account. Hence, Mossbauer results do not only indicate that 
the goethite crystallite size and the amount isomorphous substitution 
are of importance for the understanding of its magnetic properties, but 
also that exchange interaction between crystallites can be important. 

5 MAGNETIC PROPERTIES OF GOETHITE 

Goethite has an uniaxial anti ferromagnetic structure with collinear 
c-axis parallel spins (cf. Fig. 7). The iron atoms related by the 'b' 
glide planes are coupled ferromagnetically (resp. numbers 1 and 3; 
numbers 2 and 4). Antiferromagnetic coupling exists between neighbour 
atoms (resp. numbers 1 and 2; numbers 3 and 4). The chemical and magne
tic unit cells are the same as was retrieved from single crystal Moss
bauer and neutron diffraction studies (Forsyth et al., 1968). 

- - -- -- - - - - ... - ---- - - - - -- - - - - - -, - - - 
: :- - - - - - - - - -, - - - - , - - - - - - - - - 
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Fig. 7. Magnel ic ,truclure of goethite (after forsyth et aI., 1968). Only the iron atoms are shown for 

clarily. Their numbering corresponds to that in Fig. I. The arrows indicate the orientation of the 

,pin, (c-axls directed). Atom 1 is coupled antiferromagnetic_lly with atom 2; _tom 3 with alom 4. 
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This structure poses some problems concerning the capability of 
goethite in carrying remanent magnetizations, since ideal antiferromag
netic materials cannot carry any remanence. Creer (1962) assumed initi
ally that goethite has no spontaneous magnetization, but reported none
theless that fine-grained goethite particles had high susceptibilities. 
Indeed, it turned out that goethite had a spontaneous magnetization, as 
Strangway et al. (1967, 1968) showed that goethite may carry a stable 
thermoremanent magnetization (TRM) when cooled through its Neel point in 
the geomagnetic field. This TRM was extremely weak and in some cases 
larger inducing fields than the geomagnetic field were necessary to 
produce any measurable remanence. The authors attributed the remanences 
to unbalanced spins in the goethite structure. Banerjee (1970) showed 
that in a single crystal the TRM was along the c-axis, the axis of 
antiferromagnetic alignment. In polycrystalline material the TRM would 
be due to "alignment of moment-carrying links" which is easy to achieve 
just below the Neel point. Hedley (1971) showed that with increasing 
A13+ substitution the saturation magnetization increases, giving rise to 
higher remanences than in non-substituted material. The weak net-ferro
magnetic moment could be correlated with the AI-substitution. 

Well-crystalline goethite has a Neel point of approximately 120 ·C 
(e.g. Hedley, 1971). The Neel points of natural goethites, however, vary 
with substitution, crystallinity and excess water in the crystal 
structure. This makes the wide variety of Neel points reported plau
sible. More substitution, lower crystallinity and higher excess water 
give rise to lower Neel points. Hedley (1971) reports an interval 
between 80·C and 117 ·C. Szytula et al. (1966) showed that a synthetic 
goethite has a Neel point as low as 60 ·C; their fibrous mineral sample 
has a Neel point of 70 ·C. Banerjee (1970) mentions 100 ·C and 115 ·C 
depending on the crystallinity. Strangway et al. (1968) report natural 
goethites with Neel points varying from 63 to 97 ·C. Bagin et al. (1976) 
showed that the Neel point of goethite decreased from 110 to 58 ·C with 
increasing excess water. Heller (1978) demonstrated that the maximum 
temperatures in a goethite IRM blocking spectrum during continuous 
thermal demagnetization were approximately 90 ·C. A remanence carried by 
goethite can be removed by heating up to above the maximum Neel point 
(approximately 120 ·C) in a field free space. 

A goethite remanence shows considerable hardness with respect to 
alternating field (AF) demagnetization (Strangwayet al., 1968; Baner
jee, 1970; Hedley, 1971; Ryabushkin et al., 1976) due to its antiferro
magnetic character with high exchange energies of the sUblattices. The 
hardness is demonstrated as well by acquisition curves of the isothermal 
remanent magnetization (IRM acquisition curves or remanent acquisition 
(RA) curves). Goethite shows widely different RA curves. Occasionally, 
goethite RA curves are very similar to hematite RA curves, but in other 
cases saturation of the IRM is sometimes not reached in applied fields 
of 5 Tesla (Heller, 1978; Lowrie and Heller, 1982). The contribution of 
goethite to the IRM is small in fields lower than 1.5 Tesla. Thompson 
(1986) shows that IRM saturation is not achieved in a 20 Tesla field for 
a well-crystallized goethite. 

The coercive force (He) of synthetic goethite is reported by Banerjee 
(1970) to be depending upon the goethite structure (He values of 
<0.4*10 4 Am- 1 for an antiferromagnetic goethite of high purity and 
approximately 2*10 4 Am- 1 for a less well-crystalline goethite). 

The goethite saturation magnetization (J.) is one to three orders of 
magnitude smaller than reported J. values for hematite. Bagin et al. 
(1976) measured values of 0.025 to 0.15 Am 2 kg- 1 increasing with more 
excess water in the structure. Pastrana and Hopstock (1977) give values 
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of 0.014 and 0.026 Am2 kg-'. Morris et al. (1985) report J~ values of 
0.06 and 0.10 Am 2 kg-' for commercial goethite powders. Hedley (1971) 
reports values increasing from practically zero to 1 Am2 kg-' with rising 
aluminum content in the goethite. His upper limit of J. is the most 
extreme reported. 

Goethite initial susceptibilities are approximately 0.4*10-6 m3 kg-' 
(Creer, 1962; Strangway et al., 1968; Forsyth et al., 1968). Banerjee 
(1970) reports figures of some 1.0*10-6 m3 kg-'. 

Goethite low-temperature behaviour is investigated by Heller (1978) 
and Lowrie and Heller (1982). Jr. curves showed a continuous increase 
with lowering temperature. Heller (1978) studied the rockmagnetic fea
tures of goethite-bearing limestone during thermal treatment at progres
sively higher temperatures. He concluded that hematite was formed at the 
expense of goethite at approximately 300°C and that traces magnetite 
were created above 550 ·C. 

6 IMPLICATIONS FOR THE PRESENT STUDY 

From the foregoing it is apparent that many magnetic parameters of 
natural goethite are rather poorly known, such as the coercive force 
(He), remanent coercive force (Her) and isothermal remanent magnetiza
tion (Jr.). There is a great variety in reported values for the satura
tion magnetization (J.), so that a similar variety in the other para
meters may exist as well. About the behaviour of goethite rockmagnetic 
parameters in a grain-size dependent framework, hardly anything is known 
at all. KnOWledge of grain size dependence of magneto-mineralogical 
parameters may contribute to a better understanding of the mechanism by 
which goethite exhibits a magnetic remanence. Chemical differences in 
goethite may also result in differences in magneto-mineralogical para
meters (e.g. the J. dependence on AI-substitution). 

The goethite of which the magnetic behaviour during low- and high
temperature treatment is reported in Heller's (1978) and Lowrie and Hel
ler's (1982) papers, is rather poorly defined with respect to its che
mistry and grain size. Thermal experiments with well defined goethite 
samples are desired as an extension of Heller's experiments to achieve a 
better interpretation of thermal demagnetization curves of goethite
bearing rock samples. This is especially important because goethite is 
known to decompose to hematite at temperatures of 200 to 350 ·C. It 
produces new magnetic grains in the sample which may carry a spurious 
remanence. 

To study the processes involved, artificial samples containing 
natural goethites were prepared according to the procedure described by 
Dankers (1978) and Hartstra (1982). Details on the chemical and mineral
ogical characterization of the goethites and on the preparation of the 
artificial samples are presented in chapter 2, variations in isothermal 
(remanent) magnetization properties are treated in chapter 3, low- and 
high-temperature features in chapter 4 and the decomposition behaviour 
of goethite during annealing up to 700 ·C in chapter 5. 
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CHAPTER 2 

GOETHITE: SEPARATION PROCEDURE, CHARACTERISTICS AND PREPARATION 
OF THE ARTIFICIAL SAMPLES 

INTRODUCTION 

The magnetic experiments, discussed in the next three chapters, were 
carried out with natural goethites, to enhance the interpretative value 
of their results for paleomagnetic applications. Goethites of non
hydrothermal origin were selected for the present investigation, because 
the predominant occurrence of goethite is in sedimentary rocks. The 
importance of sediments for paleomagnetic research is evident: sediments 
offer the most detailed record of the geomagnetic field for magnetostra
tigraphic and geomagnetic studies. Soil-goethite was not sampled, the 
other non-hydrothermal goethite types (section 1.2 of chapter 1) are 
represented in the five natural goethites studied. Investigated are two 
oolithic marine sedimentary goethites (from Kahlenberg and Blumberg, 
both in Western Germany), a pisolithic fluviatile replacement goethite 
(from the Robe River mining district, Western Australia), a caprock 
goethite (from the Menera mining district, Spain) and a gossan goethite 
(from Sain Bel, France). 

Goethite-rich rocks from Kahlenberg, Blumberg and Sa in Bel were 
collected in October-November 1983 during the sampling campaign for this 
study. The Robe River and Menera samples were commercial iron ore con
centrates put kindly at our disposal by Hoogovens Ltd. IJmuiden (The 
Netherlands). The Kahlenberg, Blumberg, Sain Bel, Menera and Robe River 
samples are labelled respectively: MKB, MBL, FSB, MEN and RR. 

A concise description of the goethite concentrates, which have been 
mixed with a non-magnetic matrix in order to obtain artificial samples, 
is given in chapter 3. The reader is referred to appendix 1 for general 
information concerning sampling sites, their geology and mining history 
(the samples are all 'ore-grade' goethite-rich rocks). The goethite 
separation procedure with purity controls of its products, some chemical 
and mineralogical characteristics of the goethite concentrates and the 
preparation methods of the artificial samples are discussed in the 
present chapter. 

2 SEPARATION PROCEDURE 

The raw samples were not monomineralic and goethite had to be sepa
rated from these raw samples. Preliminary optical investigation (trans
mittent and reflected light) combined with XRD examination showed that 
goethite was indeed a major constituent of the sampled material. Besides 
goethite, varying amounts of hematite, calcite, quartz and clay minerals 
were present. These minerals were frequently intimately intergrown as 
shown by microscopical observations. Literature study (cf. chapter 1 
sections 1.2 and 3) indicated that goethite usually occurs in this way. 

This implies that one has to take special care to remove as much as 
possible these intergrowths from the goethite concentrate. The preva
lence of goethite to occur intimately intergrown made it very difficult 
to remove all other minerals completely. Consequently, small amounts of 
hematite, quartz and clay minerals in the goethite concentrates cannot 
be avoided. 

The goethite was upgraded from the raw samples after establishing 
whether its amount in the raw sample was sufficient for the desired 
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rockmagnetic experiments. The procedure applied by Dankers (1978) and 
Hartstra (1982) to achieve high purity mineral concentrates of a well
defined grain size was for the greater part retained. This procedure 
consisted of five steps, schematically outlined below. 

Crushing 
Sieving step one 
Heavy liquid separation 
Magnetic separation 
Micro-precision sieving (sieving step two) 

2.1 Crushing 

The samples were crushed by hand in a copper mortar to prevent magne
tic contamination. This is important because goethite has only a very 
weak magnetic moment. 

2.2 Sieving step one 

Since the results of heavy liquid and magnetic separation consi
derably improve if the grain-size interval to be processed is not too 
large, the crushed samples were sieved before subsequent separation 
steps. A.S.T.M. specified sieves with pore sizes of 250 micrometer, 
149 micrometer, 105 micrometer, 75 micrometer, 53 micrometer and 37 mi
crometer were used. Wet sieving was performed to make the amount of 
adhering small particles as small as possible. Acetone was used as 
flushing fluid. 

2.3 Heavy liquid separation 

Heavy liquid separation was carried out only on the MKB and MBL 
fractions, since in the other samples the content of light minerals was 
negligible. The separation was executed by the mineral separation labo
ratory at the Institute of Earth Sciences of the State University of 
Utrecht. A laboratory overflow centrifuge according to the design of 
IJlst (1973) was used. To remove intergrowths with a large quartz or 
calcite content the density of the separating bromoform-diiodoethane 
mixture was set at 3.15 g/cm3 (natural goethite is reported with a 
density interval of 3.2 g/cm3 to 4.2 g/cm3 ). The smallest fraction 
«37 micrometer) yielded unsatisfactory results in trial runs, so on 
this fractions no heavy liquid separation has been performed. 

2.4 Magnetic separation 

Magnetic separation was carried out by means of a Frantz isodynamic 
separator (Hess, 1956) adapted for separation in a liquid medium (modi
fied after Greene and Cornitius, 1971). The iron block is set at an 
angle of 45 degrees to the horizontal plane with the slit between the 
pole shoes in vertical position facing down (cf. Fig. 1). A glass tube 
with three stopcocks (the so called separation tube, ST) is filled with 
alcohol and attached to the device between the pole shoes. The upper 
side of the ST consists of an opening through which the sample grains 
can be introduced. Grain supply for the separation of the coarse frac
tions (the grain size fractions of 250-149, 149-105, 105-75, 75-53 and 
53-37 micrometer) was achieved with the' standard automatic feeder. 
Grain supply for the separation of < 37 micrometer fractions was 
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achieved in a different way, because application of the standard feeder 
did not result anymore in a regular supply for these fine fractions. 
Therefore, a sample supply was created in suspended form in alcohol. The 
developed system (Fig. 1; see also Dekkers et al., in prep.) consists of 
a storage vessel where the suspension is vigorously stirred. A tube 
leads to the ST, which is actually a bypass in a closed pumping system. 
A widening just before the ST slows down the stream velocity of the in
coming suspension. A small part of the incoming suspension settles down 
in the ST for magnetic separation, a much larger part is directly pumped 
back into the storage vessel by a nitrogen gas driven airlift. A closed 
system is created in this way. A regular supply of sample material is 
guaranteed, which leads to a considerable improvement of separation 
results. A small flow in the ST considerably enhances the separation 
capacity without damaging the quality of its results. 

storage vessel 
with suspension 

- _- _- 0 to be separated 
-----0-- --

_-=-:0_-_- _ 
_---0 _ 

-_-0-_-_-_ 
~o- oq- - -- - ~ 

flow speed 
regulation cock 

Fig. L Schemalic picture of the device for the magnetic separation of flne·gralned «37 micrometer) 

particle. (after Dekker. et al.. in prep.). 

2.5 Micro-precision sieving (sieving step two) 

Micro-precision sieving was the final step in the separation proce
dure. The applied sieves are photo-etched sieves manufactured by Huikes
hoven Ltd. (The Netherlands) with pore sizes of 250, 150, 100, 75, 55, 
40, 30, 25, 20, 15, 10 and 5 micrometer. The procedure consisted of two 
steps: 
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1)	 Wet sieving with the aid of a Fritsch Analysette vibrating device. 
Acetone is used as flushing fluid; one sieve is used at a time. 

2)	 Ultrasonic sieving to remove the last adhering particles from the 
material. This is carried out by placing the sieves one by one in an 
ultrasonic bath (Fig. 2); acetone is used as flushing fluid. When 
sieving batches for the first time, the acetone colours immediately 
brown. It is replaced by fresh acetone and the same batch is treated 
again. The procedure is repeated until the acetone stays clear after 
some 30 seconds ultrasonic treatment (requires sometimes up to five 
times acetone replacement). Since the acetone ultimately stays 
transparent, the ultrasonic damage to the goethite grains is 
apparently minor and a finite process. The grain-size intervals are 
optically controlled (transmitted light). 

flushing fluid 
(acetone) 

micro sieve 
I 

glass vessel 

water 

Fig. 2. Schematic representation of the micro-precision sieving device. 

3 PURITY CONTROLS 

3.1 Heavy liquid separation 

The results of the heavy liquid separation were checked with a 
binocular. The amount of intergrowths of goethite with light minerals 
was low in the heavy mineral fraction (d > 3.15 g/cm3 ). 

3.2 Magnetic separation 

The results of the magnetic separation cannot be checked by simple 
optical examination since goethite and hematite look similar under a 
microscope. Separation results were checked predominantly with XRD ana
lysis. Also IRS analysis was applied. 

Before magnetic separation was carried out, each sample was examined 
with XRD analysis and IRS analysis. By comparing XRD films and IRS 
spectra before and after a magnetic separation step, the separation 
results can be checked. When necessary, the current in the Frantz device 
can be adapted or a run can be repeated. XRD analysis was done by means 
of a Debye-Scherrer camera (diameter 114.6 mm,. Fe K~-rays); IRS 
measurements were performed on a Perkin-Elmer 580 Infrared Spectrophoto
meter. Prior to magnetic separation, besides goethite, minor quartz is 
present in all samples. Hematite is a minor constituent of the MKB, MEN, 
FSB and RR samples; in the MBL sample no hematite could be detected with 
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XRD or IRS analysis. Minor calcite is present in the MKB fractions (IRS 
analysis). Magnetite or maghemite were never detected in any sample with 
XRD or IRS analysis. 

The magnetic separation was performed in two steps: in the first step 
hematite (which has a slightly higher magnetic susceptibility than 
goethite) was removed from the raw sample. Goethite and the non-magnetic 
minerals stayed together in the remaining batch. The non-magnetic mine
rals (quartz, calcite) were extracted in the second step. In the RR 
fractions an extremely magnetic impurity appeared to be present in trace 
amounts. It was removed from the sample in an extra run in thp Frantz 
device before removing the hematite from the goethite. The magnetic 
impurity and hematite could not be removed in a single run, because of 
clogging of the ST due to the magnetic impurity. 

The appropriate currents in the Franz isodynamic separator for each 
step were determined in trial runs. After each trial run the result was 
checked with XRD and IRS analysis. The detection limit for hematite in a 
goethite-rich matrix was estimated by standard addition at approximately 
4-5%; quartz and calcite are detectable down to approximately 2%. In the 
ultimately obtained grain-size fractions small amounts of hematite and 
quartz remain present due to intergrowths. 

4 SOME CHARACTERISTICS OF THE GOETHITE CONCENTRATES 

4.1 Chemical characteristics 

Wet-chemical (WC) and microprobe (MP) analyses of the goethite con
centrates are presented in Table I. Because optically homogeneous parts 
of goethite grains were selected for the microprobe analyses, the dif
ference between wet-chemical and probe analyses is due to the presence 
of intergrown quartz, calcite and clay minerals. The microprobe analyses 
are averages based on some 25 spot analyses of different goethite 
grains. From the chemical variation in the spot analyses it is concluded 
that the FSB, RR and MEN goethites are more homogeneous than the ooli
thic MKB and especially MBL goethite. The grains of the MBL goethite 
were difficult to polish and gave a large scatter in the microprobe 
analyses. The hematite content cannot be estimated from the differences 
between wet-chemical and microprobe analyses, because iron is trivalent 
in both goethite and hematite. 

The pure goethite composition is best approximated by the MP analysis 
(the goethite crystallite size is smaller than the spot size of the 
microprobe, cf. section 4.2.3). In the MP analysis contents below 0.5 
percent can be regarded as insignificant. Besides Fe, Si is present in 
all goethites (Si02 between some 2.5 and 5 weight percent). The Al 
content is varying from insignificant amounts (FSB) up to some 7 weight 
percent A1203 (MBL). Goethite is known to show isomorphous substitution 
and for its adsorbing capacities (cf. chapter 1). The aluminum is 
isomorphously substituted in the goethite lattice. The silica is at 
least for its majority sorbed or dispersed between the goethite crystal
lites for reasons pointed out later. 

RR goethite contains besides Fe, Al and Si, no other elements in 
significant amounts. FSB goethite (with the smallest crystallite size 
cf. 4.2.3) contains 4 weight percent S03, as sulphate sorbed onto the 
goethite or due to jarosite intergrowths. MEN goethite contains approxi
mately one weight percent MnO and MgO. Mn can form a large number of Mn
bearing minerals in a supergene environment. Mn-oxyhydroxides have simi
lar structures as corresponding Fe-oxyhydroxides (the manganese a-form 
has the mineral name groutite; the ¥-form is termed manganite). Hence, 
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isomorphous substitution of trivalent Mn may well occur in goethite. 
Substitution of Mg in goethite is never described, so one may safely 
assume that, whenever it occurs, the substituted amount will be low. Mg 
has to be considered as a constituent of minerals intergrown on a 
microscale with goethite and/or is sorbed onto the goethite in the MEN, 
MBL and MKB goethite samples. The P20~ in MKB and MBL goethite is as 
phosphate probably sorbed onto the goethite. 

Table I: Wet·chemical (WC) and microprobe (MP) analyses 01 the goethite concentrates. 

MKB MBl MEN FSB RR 

WC MP we MP WC MP we MP WC MP 

Si02 7.20 2.51 6. 72 4.89 7.68 3.05 6.88 3.27 5.44 2.80 
Ti02 O. 33 0.02 O. 54 0.44 0.09 0.02 O. II 0.01 0.23 0.02 
AI 203 7.77 2. g6 9.32 7. 16 4.61 0.84 2.06 0.34 3.81 2.15 
V203 nd 0.10 nd nd nd 0.04 nd 0.03 nd 0.04 

Fe203 61. 82 76.32 66. 19 68.44 67.62 79.55 71. 95 gO. 58 77. 58 79.33 
FeO 0.31 nd O. 53 nd <d I nd 0.26 nd 0.12 nd 

MnO 0.20 0.24 O. 13 0.06 2.88 0.93 <d I 0.02 0.12 0.05 
MgO I. 13 0.92 0.85 0.86 0.98 0.95 0.09 0.10 0.12 0.09 
CaO 5.45 0.27 O. 57 0.26 0.24 0.17 0.07 0.08 0.14 0.07 

Na20 0.08 O. 13 0.04 nd 0.02 0.09 0.01 0.03 0.02 0.02 
K20 O. 53 0.07 0.47 nd 0.60 0.01 0.25 0.02 0.02 0.02 
P205 I. 31 I. 79 O. 74 0.84 0.23 0.28 O. 17 0.07 0.12 0.07 
H2O 13. 17 nd 13.43 nd 14.09 nd 17.68 nd 11.79 nd 

S03 nd 0.81 nd 0.36 nd 0.31 nd 4.20 nd 0.33 
to t a I 99.30 86.10 99.53 83. 34 99.04 86.29 99. 53 88.77 99.89 85. 16 

Cu 60 10 58 885 28 
ln 280 395 110 460 142 
Co 65 70 58 <d I 20 

Ni 177 235 180 40 52 

Pb 90 90 52 690 40 

Contents above the dashed I ine in weight percentages; below the dashed I ine in ppm; nd = not deter· 

mined; <dl = below detection limit. Iron in the microprobe analyses is calculated as Fe203' Wet· 
chemical analytical methods are for total Iron (as Fe203). Si02, Ti02, P205 and AI 203 colorimetry, for 

FeO tilr/metry (titration with K2Cr207; Fe203 in Table IV = total iron· FeO·I.II), for MnO, MgO, CaO, 
K20 and Na20 atomic absorption (air·acetylene flame). for H20 the Penfield method and for trace 
elements atomic absorption (air'acetylene flame; Pb f1ameless). Wet·chemical analysos were done by the 
Service laboratory of the Institute of Earth Sciences al the State University of Utrecht. Microprobe 
analyses were carried out on a TPO (Technlsch Physische Dienst) microprobe fitted with a TRACOR 

Northern Energy Dispersive (ED) system. Operating conditions were 15 keV and 2 . 3 nA. lAF malri, 

correct ion was appl ied. 

The isomorphous substituted amount of tetravalent Si will be low in 
these goethites, because, apart from the rather deviating Si 4 

+ ionic 
radius (only 0.42 A; that of Fe 3 + is 0.66 A), one would expect a similar 
molar amount of divalent ions also substituted in the goethites in order 
to maintain electric neutrality. Inspecting the analyses, an amount of 
divalent ions to compensate for tetravalent Si is never present. Also 
the presence of ferrous iron for this compensation can be rUled out, 
because wet-chemical analyses show that the amount ferrous iron is 
insignificant (even for the total sample). One has to conclude that at 
least the majority of Si will be sorbed onto or dispersed between the 
goethite crystallites. 

24 



The marine sedimentary goethites (MKB, MBL) have the highest amount 
of isomorphous substitution approximated by the total Al plus Mn 
amount (only MEN goethite has a significant Mn-content) - followed by RR 
and MEN goethite and finally by FSB in which hardly any isomorphous 
substitution occurs. RR and MEN goethite have the least sorbed or 
dispersed impurities - approximated by the quantities of the remaining 
non-Fe elements - followed by MKB, MBL and finally FSB goethite. 

Trace-element contents are low, only the FSB goethite concentrate 
contains more Cu, Zn and Pb than the others indicating its origin from 
chalcopyrite-bearing pyritic ores. 

The wet-chemical analyses show more Si and Al than corresponding 
average MP analyses. Intergrowths with goethite are predominantly 
quartz-rich, because the Si02 difference is the largest. This agrees 
with the presence of quartz in the goethite concentrates (XRO determina
tion). The high CaO content of MKB goethite is due to carbonate because 
IRS analysis indicate C03-bonding absorption peaks. The high water con
tent of FSB goethite is in fact a combined water + sulphur content, 
since S02 condenses with water when cooling the hot gases liberated from 
the samples (annealed at 900 ·C, Penfield method). 

The RR goethite seems to be the most homogeneous goethite concen
trate because the difference between the MP and WC analysis is minimal. 
Also its water content approaches most closely that of 'ideal' goethite 
(10.1 weight percent). The higher Mn-content of MEN goethite in the WC 
analysis than in MP analysis indicates that, besides substituted Mn, 
also intergrown Mn-bearing minerals occur. 

4.2 XRO characteristics 

4.2.1 Unit cell calculatiDns 

The goethite unit cell parameters are calculated for each sample from 
the position of the goethite peaks in a Oebye-Scherrer film (Fe K~-rays) 

with the help of an interactive computer program (Strom, 1976). The 
reflectiDns used in the calculation are listed in Table II. 

Table II: Goethite reflections selected for unit cell calculation. 

MKB MBl MEN fSB RR
 
hk I 46 hk I 46 hk I 46 hk I 46 hk I 46
 

020 45.63 020 45. 36 020 45.22 020 45. 12 020 45.21 

110 54. 14 110 53.97 110 53.73 110 53. 74 110 54.21 

120 66.89 

130 84.66 130 84.72 130 84.44 130 84.26 130 84.82 

021 88.76 021 88. 72 021 88.55 021 88.26 021 88.62 

101 90.96 101 90.66 101 91. 02 

111 94.06 III 93.93 111 93.35 III 93.36 III 93.92 

121 102. 54 121 102.05 121 102.42 

140 105.85 140 105.26 140 105.52 

211 130.98 

221 138.20 221 137.99 221 137.37 221 137.29 221 137.63 

240 140.60 240 139.97 240 139.59 240 140.23 

231 149.40 

160 154.21 
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The 48 values for each reflection were corrected for shrinkage of the 
film. Uncertainty in each reflection is estimated at 0.05 degrees; each 
reflection was given the same weight in the computation. The program 
computes the optimal unit cell by least square fitting. The unit cell 
parameters in Table III. 

Table I II: unit cell parameters of the natural goethites 

axis MKB MBL MEN FSB RR 

4. 585:1:0. 003 4.586:1:0.004 4.612:1:0.004 4.611:1:0.004 4. 596:1:0.004 

9.908:1:0.007 9.884:1:0.008 9.920:1:0.008 9. 962:1:0. 009 9.909:1:0.008 

2.995:1:0.002 3.000:1:0.002 3.011:1:0.002 3.008:1:0.003 2.998"'0.002 

Vo I. 136.06 136.00 137.76 138. 17 136.53 

Lengths of the crystal axes in A; volume (Vol.) In A3 

The FSB goethite approaches best the 'ideal' goethite cell parameters 
(e.g. Sampson, 1969; Harrison et al., 1975). This is a further indica
tion that Si4 

+ will be for the majority dispersed between the goethite 
crystallites. The other goethites have smaller unit cells proportionally 
with the amount of other elements substituted in the lattice (predo
minantly AP+). 

4.2.2 Aluminum content from the position of the III reflection 

The d-value of the III reflection for each goethite sample is listed 
in Table IV. 

Table IV: Comparison of the aluminum content of goethite derived from the position of the (III) 

reflection with that determined by microprobe analyses. 

28 mol" AIOOH mol" AIOOH + MnOOH Ce II vo I ume 

XRO I XR02 MP 

MKB 47.032 2.428 19.5 24 5.8 ( 5.5 O. 3) 136. 06
 

MBL 46.965 2.431 17.5 19 14.2 (14. I O. I) 136.00
 

MEN 46. 674 2.445 6.5 5 2.9 ( I. 6 I. 3) 137.76
 

FSB 46.681 2.445 6.5 5 0.7 ( O. 7 0.0) 138.17
 

RR 46.959 2.431 17.5 19 4. I ( 4. I 0.0) 136.53
 

Debye·Scherrer camera, Fe !\X' rays. XRD = X·ray diffraction; MP = microprobe; the first column between 

parentheses refers to the percentage AIOOH, the second to the percentage MnOOH. Cell volumes are in A3. 
The first column molar percentages A/OOH (XRO I ) is based on the calibration curye of Thiel (1963); the 

second column (XR02 ) on that of Norrish and Taylor (1961). The calibration curve of Norrish and Taylor 

is based on natural goethite; that of Thiel on synthesized goethite. 

Comparison of the molar percentages AIOOH according to the different 
methods in Table IV leads to the conclusion that there is only moderate 
agreement between the two methods. The general trend (smaller d-values 
with higher aluminum contents) is reflected, but there are clear dif
ferences between the aluminum contents determined by XRn and microprobe. 
This is partly due to isomorphous sUbstitution of other ions than A13+ 
(predominantly Mn3 + and a very limited amount of Si4 +, which can not be 
totally excluded) in the goethite lattice. The effect of combined 
SUbstitution on the lattice parameters is not known. A second cause for 
the moderate agreement is the unknown impact of the dispersed and/or 
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sorbed ions, which may lead to (a slight?) distortion of the goethite 
lattice itself, when it occurs in a goethite with isomorphous substitu
tion. It is an oversimplification to attribute the smaller unit cell 
sizes in natural goethite solely to increasing aluminum contents. 

4.2.3 Crystallite-size determination 

The impurity contents and the presence of intergrowths implies that 
the crystallite size of the goethite samples is smaller than the grain 
size. To get an impression of the crystallite size and to determine the 
crystallite-size order of the samples, the line width at half peak 
height (B1/z) of selected goethite peaks was measured in diffractograms 
(Cu K~-rays, recording velocity one degree 28 per minute). Correction 
for the instrumental line (b,/z) width was made by subtracting the line 
width of corresponding reflections of a well-crystalline goethite. The 
average line widths of two well-crystalline goethites (from Loswithiel, 
Cornwall and from Pikes Peak, USA) were used. The two goethites revealed 
(nearly) identical line widths for corresponding reflections. The 
assumption is made that these goethites are single crystals, so that the 
line width of their reflections is only caused by instrumental 
broadening. This assumption may be not quite correct, but can surely be 
regarded as a good approximation (the calculated goethite crystallite 
sizes will be slightly too small). The relative crystallite- size order 
of the goethites will not be influenced by this procedure. The 
correction for the line width of the sample goethite is: 

S,/Z = B1/z - b,/z (Klug and Alexander, 1974) 

which is generally valid for low angle and back reflections. The crys
tallite sizes (d-values of reflections) are computed with 

(Klug and Alexander, 1974) 

K is a constant with an empirical value of 0.9 for line widths at 
half peak heights. ~ is the wavelength of the X-rays in A, consequently 
dhk1 is also in A. Crystallite sizes perpendicular to 020, 110, 021, 
111, 121 and 221 are computed. The results are listed in Table V. 
Because of the estimated instrumental line broadening, the presented 
crystallite sizes have to be regarded as somewhat approximate. 

Tab I e V: Crystallite sizes of selected dhkl spacings of some natural goethites 

hk I MKB MBl MEN FSB RR 
. - ..... -..... -.... -.... -... -...... -.. ~ 

020 250 170 200 135 230 

110 425 290 290 160 280 

021 440 360 640 310 695 

111 525 335 465 225 495 

121 845 425 385 445 

221 405 370 260 220 255 

alJ er, 480 325 370 240 400 

Crystallite sizes in A; "aver." refers to the average crystailit. size in .ach goethite sample. The' 

indicates that due to peak-overlap a proper measurement was impossible. 

The crystallite sizes are considerably smaller than the grain sizes, 
so each goethite grain consists of many crystallites. It appears from 
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Table V that reflections with a non-zero "1" index generally have larger 
crystallite sizes than others, implying some elongation 
in the direction of the crystallographical c-axis in 
numerous EM-observations of goethite crystallites. 
results in the following crystallite size order: 

of the 
agree

Sample 

crystals 
ment with 

ranking 

FSB < MBL < MEN < RR < MKB 

4.3 DTA-characteristics 

Differential scanning calorimetry (DSC) runs (Dupont 1090 DSC cell) 
for each 
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goethite sample are given in Fig. 3. 
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fig. 3. Diff.rential scanning calorim.try (DSC) runs of th. nalural goothit.s invesligat.d. H.ating 
rat. 01 tho go.thit. is 10 'Cmin- 1 (in air). 

There are distinct differences between the goethites. Relatively 
sharp singular peaks occur (MKB and FSB goethite), a broader singular 
peak (RR goethite), a peak with a small shoulder developed on its low 
temperature side (MBL goethite) and a curve with two maxima (double 
peak, MEN goethite). Despite large differences in the shape of the DSC 
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curves, the first signs of the onset of the endothermic goethite 
dehydration reaction already shows up at approximately 200'C in all 
samples. The shape of DTA curves (and curves obtained with similar 
thermal techniques, as DSC) is dependent on sample preparation (e.g. 
Murad, 1979). The differences in the present DSC curves are due to 
different properties of the goethites themselves, since all samples 
underwent exactly the same preparation procedure. 

The temperature at which the relative sharp peaks of MKB and FSB 
goethite occurs, is lower in the FSB sample. The relatively sharp peaks 
indicate that in both samples the crystallite-size spectrum is relati
vely small. The average crystallite size of the FSB would be smaller 
than that of MKB. This is indeed the case (cf. section 4.2.3), but the 
higher decomposition temperature of the MKB goethite can also be due to 
its higher AI-content. This will be pointed out later. 

RR goethite, with a broader peak than the aforementioned two goe
thites, has a larger crystallite-size spectrum. Its average crystallite 
size is close to that of MKB goethite (cf. section 4.2.3). The shoulder 
on the MBL curve and the two-peak MEN curve indicate that the dehydra
tion reaction in those samples occurs in two stages; in the intermediate 
region both hematite and goethite will be present (e.g. Maeda et al., 
1974). It could be that in MBL and especially in MEN goethite two 
crystallite types exist; one is dehydrating at a distinctly lower tempe
rature than the other, resulting in a shoulder or in a two-peak curve 
depending on the sample abundances of each type. The presence of two 
goethite crystallite types did not show up in the XRD determination. 

Regarding the high temperature of the MKB goethite DSC peak, it is 
remarkable that MBL goethite also displays its peak in an identical 
temperature interval, despite its smaller crystallite size (cf. section 
4.2.3). In fact, the crystallite size of MBL goethite approaches that of 
FSB goethite most of all samples. The MBL goethite has also a high 
amount of substituted Al. Yapp's (1983) thermodynamic calculations indi
cate that Al-goethite is considerably more stable with respect to hema
tite plus water than Al-free goethite (in agreement with the fact that 
diaspore has a much larger thermal stability than goethite). This is in 
excellent agreement with the observed DSC curves. The general observa
tion that AI-bearing goethite should dehydrate at lower temperatures 
than Al-free goethite (e.g. Smykatz-Kloss, 1974) is thus not due to the 
Al content of the goethite but to its smaller crystallite size (general
ly Al-goethite has a small crystallite size). 

Thermogravimetric analysis (TGA) showed that water-loss starts even 
below 100 'C; the temperature interval of the dehydration reaction it
self closely corresponds with that determined by DSC. The TGA curves are 
indicative for a rather low crystallite size which is in agreement with 
XRD-broadening determinations. 

4.4 Determination of the hematite content 

The hematite content of each microprecision-sieved fraction was esti
mated magnetically. Acquisition curves of the isothermal remanent magne
tization (RA curves) for each fraction were determined in applied fields 
up to 16*10 6 Am-' (20 Tesla). All magnetic minerals (goethite, hematite 
and maghemite) were saturated in this field (in some RR fractions the 
goethite was not entirely saturated, however, since it was close to 
saturation, the magnetic percentage of the non-goethite minerals is only 
slightly biased). The fractions were subsequently thermally demagnetized 
at 150 ·C. The goethite remanence is completely removed and the re
maining magnetic moment is attributed to hematite (multiplied by 1.11 to 
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correct for the part of the hematite which is also thermally demagne
tized; the correction factor is derived from thermal decay curves of 
hematite saturation remanences, cf. Dankers, 1978). Taking a saturation 
remanence of 0.2 Am"kg-< for hematite (e.g. Dankers, 1978, 1981; Hart
stra, 1982) the measured hematite-moment is recalculated to a corres
ponding hematite weight. Results are compiled in Table VI. 

Table VI: Magnetically determined hemat i te per cent ages 

MKB MBl MEN FSB RR 
-_ ....................... -_.- ..............
 

250 150 6 <2 6 3
 
150 100 4 <2 6 4
 
100 75 6 <2 7 2
 

75 55 6 <2 7 3
 
S5 40 S <2 11 4
 
40 30 5 <2 13 4
 
30 25 5 <2 15 5
 
25 20 4 <2 14 6
 
20 15 3 <2 14 6
 

15 10 2 2 16 g. 
10 5 <2 2 17 7. 

< 5 3 2 14 7 

In the RR fractions maghemite appears to be present in trace amounts; comparison of RA curves of the RR 

fractions with fractions of the other samples revealed that the maghemite magnetic percentage is 

reasonably es'timated by half of Ihe non·goethite remanence. Because of its high saturation remanence 

compared to thaI of hematite, the maghemlte weight content can be ignored compared to that of hema· 

tlte. The smallest two fracllons (10·5 and < 5 micrometer, indicated with an asterisk) contain a 

higher (trace) amount of maghemlte. Therelore the magnetically estimated hematlle content has unfor

tunatelya larger error. 

5 PREPARATION OF THE ARTIFICIAL SAMPLES 

5.1 Samples for high-temperature measurements 

The non-magnetic matrix should meet the following characteristics 
(after Dankers, 1978): 
1) A low magnetic signal. 
2) It has to withstand temperatures from -200 C to +700 ·C. 
3) Homogeneous dispersion of the magnetic grains in the matrix has to 

be achieved. 
4) The magnetic grains should remain fixed in the matrix during the 

experiments in order to retain the random orientation. 
5) No reaction of the magnetic material should take place with the 

matrix, at least at room temperature. 

Because goethite has a very low magnetization, the non-magnetic 
matrix has to be extremely pure to obtain interpretable results. It 
turned out that the original Al,,03 matrix applied by Dankers (1978) and 
Hartstra (1982) produced too much magnetic noise. After some trial runs 
it was decided to take a calcareous matrix for two reasons: 
1) Its extremely low magnetic noise level (saturation remanence ap

proximately 7*10- 6 Am"kg-<, some 200 times lower than the Al,,03 
matrix used before). 

2) The possibility to simulate processes in calcareous rocks during 
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thermal demagnetization. Calcareous rocks form a large part of the 
sediments suitable for paleomagnetic research. 

As a rule, approximately 400 mg goethite powder was put in each 
specimen to ensure reliably measurable magnetic signals. The manufacture 
of the artificial samples was carried out as follows. Sample moulds of 
25 mm height and one inch inner diameter were prepared of a perspex 
tube. The bottom consisted of a piece of PVC which was glued to the 
perspex cylinders. Analytical grade CaC03 (Merck, Fe < 0.001%) was mixed 
with some 10% analytical grade A1203 (Baker, Fe < 0.01%). Before water
glass was added the CaC03-A1203 mixture was stirred in the sample mould 
with the magnetic grains to a homogeneous mixture. The sample mould was 
filled to the desired level by adding appropriate' amounts of CaC03 and 
waterglass while stirring. Waterglass was added in small amounts because 
the mixture had to remain extremely viscous during the hardening to pre
vent settling of the magnetic grains. Hardening was done in a field-free 
space to prevent the acquisition of a post-depositional remanent magne
tization (PORM) in the specimens. After two weeks the bottom was removed 
and the samples were hardened further upside down for another two weeks. 

A1203 was added because it is rather coarse-grained. During trial 
runs it appeared that the CaC03 was too fine-grained to obtain hardening 
within a reasonable time. The hardened part of the sample formed a 
fleece enclosing the rest from the air thus preventing its hardening. By 
adding coarse-grained A1203 the fleece was not formed and hardening of 
the specimen was achieved in four weeks. 

The hardening of waterglass (Na-silicate.nH20) may be compared with 
the aggregation of silica from a supersaturated sOlution. The precipi
tation of silica occurs by neutralizing the sodium silicate solution 
with an acid. Colloidal particles will form, which are flocculated by 
the sodium ions in solution. The aggregation and flocculation rates are 
determined by kinetical factors (Iler, 1976). At approximately pH 6 
rapid coagulation occurs. C02 is a weak acid Which lowers the pH of the 
waterglass - a base substance - at the reaction zone, so that coagula
tion i.c. hardening occurs. Test runs carried out in a C02 atmosphere 
showed indeed that hardening was achieved in two days instead of four 
weeks. However, the specimens were too friable to withstand magnetic 
measurements in routine equipment. 

The sample moulds are greased with vaseline to prevent water absorp
tion by the perspex. The first series specimens with non-greased perspex 
holders was hardened concentrically from the edge Which resulted in 
considerably more shrinkage in their inner parts. 

5.2 Samples for room temperature high-field measurements 

The size of samples for high-field measurements was dictated by the 
sample-holder size of the magnetometers available at the High Field Mag
net Laboratory, Faculty of Physics, University of Nijmegen (The Nether
lands). Maximum sample sizes are cylinders with a diameter of 4.5 mm and 
a height of 5 mm. Because no thermal experiments had to be carried out 
on these samples (only moderate heating to 150 ·C) an epoxy resin (Aral
dit D with hardener HY 956, Cyba-Geigi) was selected as non-magnetic 
matrix. Its magnetic noise level is an order of magnitude lower than 
the calcareous waterglass matrix described in the previous section. The 
araldit-hardener mixture was already hardened for 60 to 75 minutes in a 
sample mould to an extremely viscous paste before adding the goethite 
grains. Settling of the grains was thus prevented. 20-30 mg goethite was 
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put in each sample. Grains with low remanences such as goethite, have 
such a low magnetic interaction that the packing density has no detect
able influence on the magnetic signal as Dunlop (1971) showed in experi
ments with hematite. 
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CHAPTER 3 

MAGNETIC PROPERTIES OF NATURAL GOETHITE 

PART I 

GRAIN-SIZE DEPENDENCE OF SOME LOW- AND HIGH-FIELD RELATED
 
ROCKMAGNETIC PARAMETERS MEASURED AT ROOM TEMPERATURE
 

Abstract 

Five goethite concentrates, separated from natural samples of 
different supergene geological origin, are sieved in twelve well-defined 
grain-size fractions ranging from 250 micrometer down to <5 micrometer. 
The goethites show differences in their isomorphous substitution and in 
their contents of dispersed non-Fe elements. The crystallite size ranges 
from 240 A to 480 A, which is considerably smaller than the grain size 
of even the smallest fraction. Nevertheless grain-size dependent trends 
are present in the derived rockmagnetic parameters. Grain-size 
dependence is reported for the initial susceptibility (X~n), the high 
field susceptibility (Xh~), the saturation magnetization (J.), the 
saturation remanence (Jr.; acquired in fields of 16*10 6 Am- 1 or 
20 Tesla), the coercive force (He), ferromagnetic coercive force 
(He ~.rr.), remanent coercive force (Her) and the remanent acquisition 
coercive force (Her')' Xh~, He and Her decrease with grain size for each 
sample. A tendency to decrease with grain size is observed for Jr •. X~n 

shows a weak maximum in the intermediate grain-size range. He ~_rr. is 
approximately constant in the coarse grain-size fractions; it falls in 
the same grain-size range as X~n rises. No grain-size dependence of J. 
is observed. Her' does not show a straightforward grain size dependence: 
in three samples it is grain-size independent and the other two it 
decreases with grain size. 

There is a great variety between the samples in the absolute figures 
of J. (30-450*10- 3 Am2 kg- 1 ), Jr. (15-115*10- 3 Am2 kg- 1 ), He (2-20*104 

Am- 1 ), He ~.rr. (2-70*10 4 Am- 1 ), Her (40-320*104 Am- 1 
) and Her' (100

550*104 Am- 1 ). X~n shows smaller differences (0.50-1.50*10- 6 m3 kg- 1 ) and 
Xh~ is approximately equal for all samples (varying from 0.40*10- 6 
m3 kg- 1 down to 0.20*10-6 m3 kg- 1 with decreasing grain size). Sample 
differences and some ratios of these parameters are discussed in terms 
of different goethite chemical composition, crystallite size and the 
presence of intergrowths. The magnetic properties of microcrystalline 
goethite are best understood by taking into account crystallite size and 
exchange interaction amongst crystallites. 

1 INTRODUCTION 

The increasing importance of sedimentary rocks for paleomagnetic 
research requires a better knOWledge of rockmagnetic parameters of 
goethite (a-FeOOH), which is generally thought to be the source of 
disturbing secondary magnetizations in sediments. The interest of paleo
magnetists for goethite has already been raised since the early sixties, 
because goethite can be a constituent of red beds. Goethite is certainly 
not specifically associated with red beds: it may occur in trace amounts 
in virtually all sediments. Goethite may in principle carry a thermore
manent magnetization (TRM) as was first established by Strangway et al. 
(1967, 1968), but most goethite remanences carried in natural rocks are 
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considered to have been acquired below its Neel point by growth of 
goethite through its blocking volume, which makes it a chemical remanent 
magnetization (CRM) (e.g. O'ReillY, 1984). Goethite Neel points are 
reported to vary from 55 to 130 ·C (e.g. Strangway et al., 1968; Hedley, 
1971; Bagin et al., 1976), depending on crystallinity, isomorphous 
substitution and content of excess water. Well-crystalline goethite has 
a Neel point between 120 and 130 ·C. 

Goethite is an uniaxial antiferromagnetic mineral; spin-coupling is 
collinear and parallel to the c-axis (Forsyth et al., 1968). Since an 
ideal antiferromagnetic mineral can not carry a magnetic moment. the 
observed goethite remanence is due to deviations from the perfect anti
ferromagnetic structure. which result in a weak ferromagnetism. Various 
explanations for the weak ferromagnetism have been advocated: it would 
be caused by imperfect coupled spins, vacancies, impurities, crystal 
defects or an odd number of spins in very small goethite grains. A 
definitive explanation has yet to be given. It could well be possible 
that the weak ferromagnetism observed is caused by a combination of the 
above mentioned factors. 

Goethite rockmagnetic parameters are sensitive to defects and iso
morphous substitution in the crystal lattice. Hedley (1971) showed that 
the weak ferromagnetic moment increases when the aluminum content of the 
goethite increases. There is a great variety in reported figures for the 
saturation magnetization (J.) of natural goethite as well as commercial 
goethite powders, from practically zero to 1 Am2 kg- 1 (e.g. Hedley, 1971; 
Pastrana and Hopstock, 1977; Morris et al., 1985). Saturation remanence 
(Jr.) is only a slight fraction of the observed J. figures. Initial 
susceptibility is reported to be some 0.4*10- 6 m3 kg- 1 (Creer, 1962; 
Strangwayet al., 1968; Forsyth et al., 1968). Other rockmagnetic 
parameters are rather poorly known, e.g. Banerjee (1970) mentions coer
cive forces of 2*10 4 Am- 1 and < 0.4*10 4 Am- 1 • 

Goethite shows an extreme hardness with respect to alternating field 
(AF) demagnetization due to its antiferromagnetic character with high 
exchange energies of the magnetic sublattices (Strangwayet al., 1968; 
Hedley, 1971; Banerjee, 1970; Ryabushkin et al., 1976). The hardness is 
also demonstrated in acquisition curves of the isothermal remanent 
magnetization (IRM); these curves are referred to as remanent acquisi
tion (RA) curves. The isothermal remanence acquired in fields up to 
1.2*10 6 Am-' (1.5 Tesla) is generally small compared to that acquired in 
stronger fields. Heller (1978), Lowrie and Heller (1982) and Thompson 
(1986) present distinctly different RA curves for natural goethite: some 
curves are indistinguishable from hematite RA curves (some goethite
bearing specimens investigated by Lowrie and Heller). but the IRM of 
other goethites does not saturate in fields up to 16*10 6 Am- 1 

(20 Tesla, cf. Thompson, 1986). 
The behaviour of goethite rockmagnetic parameters in a grain-size 

dependent framework is at present poorly documented. This paper de
scribes the grain-size dependence of some rockmagnetic parameters of 
five natural goethites of different geologic origin. Goethite concen
trates are sieved in well-defined grain-size fractions following the 
procedure of Dankers (1978, 1981) and Hartstra (1982). In order to 
study the rockmagnetic parameters the goethite fractions are 
homogeneously dispersed in a non-magnetic matrix. 

1.1 Sample preparation 

Goethite concentrates were obtained by subsequent crushing. sieving, 
heavy liquid separation, magnetic separation and micro-precision sieving 
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of the raw samples. In this way twelve grain-size fractions, ranging 
from 250 micrometer down to < 5 micrometer were obtained. Details are 
given in Dekkers (1988A) and Dekkers et a1. (in prep.). Samples for 
measurements of the initial susceptibility were standard sized paleo
magnetic samples containing approximately 400 mg goethite dispersed in a 
calciumcarbonate/waterglass matrix (analytical grade chemicals). Samples 
for high field measurements were cylinders of 4.5 mm diameter and 5 mm 
height with 20-30 mg goethite dispersed in an epoxy resin (araldite D
hardener HY 956, Ciba Geigi). 

1.2 Sample description 

Goethite-rich concentrates are separated from samples of supergene 
environmental origin. Three samples were collected by the author (MKB: 
Kah1enberg, Western Germany; MBL: Blumberg, Western Germany; FSB: Sain 
Bel, France); two others (MEN; Menera mining district, Spain; RR: Robe 
River mining district, Western Australia) were kindly provided by Hoog
ovens Ltd. (Beverwijk, The Netherlands). The samples comprise two marine 
oolithic iron ores (MKB, MBL), a fluviatile pisolitic replacement ore 
(RR), a caprock ore above sideritic iron ore (MEN) and a goethite-rich 
gossan above a pyritic body (FSB). A concise description is given here
after; for a more detailed overview the reader is referred to Dekkers 
(1988B). 

1.2.1 Kah1enberg (MKB) 

MKB is a goethite concentrate from a marine sedimentary oolithic iron 
ore of Dogger-S age (Sauer and Simon, 1975A) from Kahlenberg (Western 
Germany). Ooliths have diameters from 0.2 - 0.5 mm; they show 
concentric layering. The larger grain-size fractions consist of broken 
ooliths. The small grain-size fractions contain approximately 
equidimensiona1 grains; the ooliths have broken up into small fragments 
obscuring their oolithic origin. Traces of quartz (X-ray diffraction, 
XRD; infrared spectroscopy, IRS), calcite (IRS) and hematite (XRD, IRS) 
due to intergrowths are present. 

1.2.2 Blumberg (MBL) 

The MBL goethite concentrate is separated from a marine sedimentary 
oolitic iron ore of Dogger epsilon to ~ age (Sauer and Simon, 1975B) in 
the vicinity of Blumberg (Western Germany). The ooliths are somewhat 
larger than in the Kahlenberg case; their sizes vary between 0.8 rom and 
1.4 mm. Concentric layering is predominant, considerably more than in 
the MKB fractions. The large MBL fractions are broken ooliths, the small 
fractions consist of more or less equidimensional grains, as in the MKB 
fractions. Traces of quartz (XRD, IRS) are present; no hematite is 
detected with these methods. 

1.2.3 Menera (MEN) 

MEN is a goethite concentrate from a sample of commercial iron ore from 
the Menera mining district (Spain). The goethite belongs to the oxidized 
caprock above a hydrothermal metasomatic siderite ore (Zitzmann and 
Neumann-Redlin, 1978). The mineralization is considered to be of Alpine 
age in predominantly Ordovician limestones and dolomites. The grains in 
the goethite concentrate are more or less equidimensional. Traces of 
quartz (XRD, IRS) and hematite (XRD, IRS) occur. 
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1.2.4 Sain Bel (FSB) 

The FSB samples are collected from a goethite-rich gossan in the former 
Sain Bel mining district (France). Devonian pyritic lenses are oxidized 
to jarosite and Ultimately to goethite and hematite in the supergene 
zone (Wilhelm and Kosakevitch, 1978). The goethite concentrate consists 
of equidimensional grains; traces of quartz and hematite (XRD, IRS) 
remain present. 

1.2.5 Robe River (RR) 

The goethite of the RR sample is separated from a commercial ore concen
trate of the Robe River mining district (Western Australia). The Robe 
River deposits are pisolitic fluviatile replacement ores in former river 
channels (Harms and Morgan, 1964). A Tertiary age is suggested based on 
physiographic reasoning. The ore is limonitic; goethite, hematite and 
traces of maghemite (upper levels) occur. The pisolites generally have 
diameters of 1 to 3 mm; occasionally larger ones with diameters up to 
10 mm are observed. Limonitized fossil wood occurs throughout the depo
sits, in some parts abundantly. In the goethite concentrate traces of 
quartz and hematite (XRD, IRS) are present. The grains are equidimen
sional. With simple optical observation their pisolitic origin is not 
recognizable anymore. 

1.3 Chemistry and cell parameters 

Wet-chemical and microprobe analyses of the goethite concentrates are 
compiled in Table I and cell constants (XRD) in Table II. 

The presence of intergrowths is inferred from the differences between 
the wet-chemical and microprobe analyses. With the wet-chemical methods, 
the contents of elements other than iron are higher than in correspon
ding microprobe analyses. This applies specially for Si02 (to a lesser 
extent for A1203). Therefore the intergrowths are thought to be predomi
nantly quartz-rich, which agrees with the XRD determination of traces 
quartz. The amount CaO in MKB goethite, determined wet-chemically, is of 
carbonate origin as can be deduced from the presence of C03 bonds in 
infrared absorption spectra. 

All goethites approach the ideal goethite composition reasonably 
well; they are characterized by relatively high iron contents (cal
culated as Fe203), with a few weight percent A1203 and Si02 (microprobe 
analyses). The marine sedimentary goethites (MKB and especially MBL) 
contain more isomorphous sUbstituted Al than the other goethites. MEN 
goethite contains a remarkable Mn amount, which is also isomorphously 
substituted in the goethite crystal lattice. Al and Mn are isomorphously 
substituted because they both occur as trivalent ions with a similar 
ionic radius as Fe3 + (A13+: 0.51 A; Mn3 +: 0.66 A; Fe3 +: 0.64 A). 
Isomorphous substitution of small amounts si in goethite is described 
(Norrish, 1975). The ionic radius of Si4 + (0.42 A) is much smaller than 
that of Fe 3 +, which limits possible substitution to insignificant 
levels. Moreover, the substitution of si 4 + requires the simultaneous 
substitution of a similar molar amount of divalent ions in goethite in 
order to maintain electro-neutrality. These ions are not available as 
appears from the chemical analyses. So, ignoring a possible small amount 
of substituted Si, only Al and Mn are substituted in the goethite 
lattice, and the remaining non-iron elements are sorbed onto the 
goethite surface and dispersed in and between goethite crystallites. MKB 
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goethite (and MBL goethite to a lesser extent) contain somewhat more 
P20~ (as P04 sorbed onto the goethite structure) than the other three 
samples. Microprobe analyses indicate that the MKB and MBL goethites are 
more inhomogeneous than the others (larger spreading in individual spot 
analyses). RR goethite seems to be the most homogeneous goethite. also 
its excess water (determined wet-chemically, Penfield method) is mini
mal. The high water content determined in the FSB goethite is a total 
(water + sUlphur) content. Trace element contents are insignificant; FSB 
goethite bears more Cu. Pb and Zn reflecting its origin from the oxida
tion of chalcopyrite-bearing pyritic ore-lenses. 

Table I: Wet-chemical and microprobe analyses of the goethite concentratu 

MKB MBL MEN FSB RR 
we MP we MP we MP we MP WC MP 

Si02 7.20 2.51 6.72 4.89 7.68 3.05 6.88 3.27 5.44 2.80 

Ti02 0.33 0.02 O. 54 0.44 0.09 0.02 O. 11 0.01 0.23 0.02 

AI 203 7.77 2.86 9.32 7. 16 4.61 0.84 2.06 0.34 3.81 2.15 

V203 nd 0.10 nd nd nd 0.04 nd 0.03 nd 0.04 

Fe203 61. 82 76.32 66.19 68.44 67.62 79.55 71. 95 80. 58 77. 58 79.33 
FeD 0.31 nd O. 53 nd <d I nd 0.26 nd 0.12 nd 

MnO 0.20 0.24 O. 13 0.06 2.88 0.93 <d I 0.02 0.12 0.05 
MgO I. 13 0.92 0.85 0.86 0.98 0.95 0.09 0.10 O. 12 0.09 
CaD 5.45 0.27 O. 57 0.26 0.24 0.17 0.07 0.08 O. 14 0.07 
Na20 0.08 O. 13 0.04 nd 0.02 0.09 0.01 0.03 0.02 0.02 

K20 0.53 0.07 0.47 nd 0.60 0.01 0.25 0.02 0.02 0.02 
P20S I. 31 I. 79 0.74 0.84 0.23 0.28 O. 17 0.07 0.12 0.07 

H2O 13. 17 nd 13.43 nd 14.09 nd 17.68 nd 11. 79 nd 

S03 nd 0.81 nd 0.36 nd 0.31 nd 4.20 nd 0.33 
tot al 99.30 86.10 99.53 83.34 99.0486.29 99.53 88.77 99.89 85.16 

Cu 60 10 60 885 30 
Zn 280 395 110 460 140 
Co 65 70 60 <d I 20 
Ni 175 235 180 40 50 
Pb 90 90 50 690 40 

WC = wet-chemical; MP = microprobe; nd = not determined; <dl = below detection IImi!. Contents above 
the dashed line in weight percentagu; below the dashed line in ppm. Wet-chemical analyllcal methods 

are colorimetry for total iron (as Fe203)' Si02, Ti02• P205 and Al 03, t;trimetry for FeD (tltrallonz
with K2Cr207; Fe203 in Table III = total iron - FeO*I.11). atomic absorption (air-acetylene flame) for 
MnO, MgO, CaD, K20 and Na20, the Penfield method for H20 and atomic absorption (air·acetylene flame; 

Pb flameless) for trace elements. Wet-chemical analyses were done by the Service Laboratory of the 

Institule of Earth Sciences at the State University of Utrech!. Microprobe analyses were carried out on 
a TPO (Technisch Physische Dienst) microprobe fllted with a TRACOR Northern Energy Dispersive (ED) 

system. Operating conditions are 15 keV and 2 - 3 nA. Iron in the microprobe analyses is calculated as 

FeZ03' ZAF matrix correction Is applied. 

The goethite cell constants decrease with increasing impurity content 
(Table II). as one would expect by comparing the ionic radius of A13+ 
with that of Fe 3 +. However, a linear relation between the cell dimen
sions and AI-content (Norrish and Taylor, 1961; Thiel, 1963) is not 
observed. Apparently. a straightforward relationship is hindered by 
simultaneous substitution of elements other than Al (i.e. Mn and pos
sible minor Si) in the goethite structure. Also possible influence of 
the sorbed elements on the goethite lattice parameters is unknown, but 
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it is reasonable to presume that this impact will be insignificant. The 
FSB goethite cell constants approach best the ideal goethite cell con
stants (e. g. Sampson, 1969; Harrison et a1., 1975), which is a further 
indication that the substitution of Si in the goethite lattice is insig
nificant or not present at all. 

Table II: unit cell parameters of the natural goethites 

axis MKO MOL MEN FSO RR 

4. 585±0. 003 4. 586±0. 004 4. 612±0. 004 4. 611±0. 004 4. 596±0. 004 
9. 908±0. 007 9. 884±0. 008 9. 920±0. 008 9. 962±0. 009 9. 909±0. 008 
2. 995±0. 002 3. OOO±O. 002 3. 011±0. 002 3. 008±O. 003 2. 998±0. 002 

Vo I. 136.06 136.00 137. 76 138.17 136. 53 

Len8ths of the crystal axes In A; volume (VoL) in A3. Peak positions are taken from a Oebye·Scherrer 

film (Fe Ka·rays). Calculation is performed wilh the program UNITCELLO (Strom, 1976). Ten reflections 

(unweighted) are entered. 

1.4 Crystallite size 

Broad goethite reflections in X-ray diffractograms (also the presence 
of intergrowths in the goethite concentrates) indicate that the goethite 
crystallite size is (far) smaller than the grain size of the sized 
goethite fractions. The crystallite size may be calculated from the line 
width in diffractograms. Usually, the width at half peak height cor
rected for the instrumental line width is used in the calculations (Klug 
and Alexander, 1974). Such calculations (Dekkers, 1988A) indicate that 
the crystallite size (in the direction of a reflection with a dhk') 
ranges from some 150 A to approximately 800 A, indeed much smaller than 
the grain size of the fractions. Hence, each goethite grain consists of 
many goethite crystallites. Reflections with a non-zero "1" index have 
slightly larger crystallite sizes than those with a zero "I" index. This 
implies some elongation of the crystallites in the direction of the 
crystallographical c-axis, in agreement with electron microscope 
observations of goethite crystals (e.g., Landa and Gast, 1973; Lewis and 
Schwertmann, 1979; Cornell et al., 1983). The average crystallite size 
for each goethite sample is as follows: 

FSB 240 A, MBL 325 A, MEN 370 A, RR 400 Aand MKB 480 A. 

1.5 Instrumentation for the magnetic measurements 

Initial susceptibility was measured with a Jellinek KLY-l susceptibi
lity bridge at the paleomagnetic laboratory 'Fort Hoofddijk', State 
University of Utrecht (The Netherlands). High field measurements up to 
16*10 6 Am-' were carried out at the High Field Magnet Laboratory of the 
University of Nijmegen (The Netherlands). Susceptibility measurements 
were done with a vibrating sample magnetometer (Foner-type) up to 
1.04*10 6 Am-> (1.3 Tesla) and a ballistic magnetometer in higher fields. 
Measurements of remanent magnetizations were carried out with the 
vibrating sample magnetometer for remanences acquired in fields up to 
1.04*106 Am-' and with a Jellinek spinner magnetometer for Iemanences 
acquired in higher fields. 
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2 RESULTS 

The magnetic parameters measured of each goethite fraction are con
stituted of three contributions: 1) the magnetic contribution of goe
thite itself, 2) the magnetic contribution of non-goethite magnetic 
minerals and 3) the magnetic contribution of the matrix. Since our prime 
interest is in goethite magnetic properties, i.e. contribution 1), cor
rections have to be made to account for contributions 2) and 3). The 
measured parameters fall into two groups: those obtained with in-field 
(susceptibility) measurements (determined parameters: initial suscepti
bility, Xin; high field susceptibility, Xhr; saturation magnetization, 
J.; coercive force, He; ferromagnetic coercive Iorce, He rerr.) and 
those which refer to remanent magnetic properties of goethite (isother
mal remanent saturation magnetization, Jr.; remanent coercive force, 
Her; remanent acquisition coercive force, Her')' 

The coercive force (He) refers to the measured coercive force correc
ted for the diamagnetic matrix moment. The ferromagnetic coercive force 
(He rerr.)is the coercive force corrected for the high field susceptibi
lity contribution. Because this contribution constitutes a large part of 
total magnetization, He rerr. values, unfortunately, have a slightly 
larger error. 

For in-field measured parameters, contribution 3) was established by 
means of blanks. It appeared that the (diamagnetic) matrix-moment made 
up a considerable part of the magnetic moment of the total sample 
(matrix plus goethite). The matrix contribution was up to one third of 
the (weak) goethite magnetic moment. To suppress contribution 2) as much 
as possible goethite concentrates were upgraded to a high purity; never
theless a few percent hematite remained present in most concentrates. It 
is impossible to establish the goethite and hematite contributions 
separately at room temperature. The hematite contribution will be insub
ordinate because of its low abundance in the sample. The bias in Xhr 
will be negligible because the hematite and goethite Xh~ are expected to 
be of the same order of magnitude. Xin, He and He rerr. will only be 
slightly biased by minor hematite amounts (Xin upwards and both He and 
He rerr. downward). The hematite amount in the samples can be estimated 
from remanent magnetization related parameters by thermal demagnetiza
tion (see below). Taking J. of hematite 0.4 Am2 kg-' (O'Reilly, 1984), 
with the hematite content known for each fraction, the total saturation 
magnetization of each fraction can be corrected for the hematite 
contribution, resulting in a more precisely determined goethite J •. 
Traces of magnetite or maghemite, on the contrary, will strongly bias 
Xin, J. (both upwards) and He and He r.rr. (both downward). 

For the remanent magnetization-related parameters contribution 3) 
(matrix contribution) can be neglected and contribution 2) (the non
goethite part of the remanence) can be established by thermal demagneti
zation at 150 ·C. At that temperature, the total goethite remanence is 
removed from the sample together with a part of the non-goethite rema
nence, Thermal decay curves indicate that approximately 1/9 of a room 
temperature induced hematite Jr. is removed at 150 ·C (Dankers, 1978). 
For magnetite/maghemite this figure is approximately 1/6 (Dankers, op. 
cit.), Taking Jr. of hematite to be 0.2 Am2 kg-' (Dankers, 1978, 1981; 
Hartstra, 1982) a calculation of the specific goethite remanence can be 
made. Hematite percentages are compiled in Table III. Her and Her' are 
determined according to Fig. lAo The hematite contribution to the total 
remanence is relatively large in fine-grained FSB fractions, despite the 
predominance of goethite in the samples (cf. Fig. lB). 
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fig. IA. Determination of the goethite remanent coerciH force and remanent acquisition coercive force. 

from the remanent acquisition curves it is concluded that all non-goethite minerals (hematite, 

maghemite) are (nearly) saturated In a field of 8"IOS Am-I. For the determinalion of the goethite 

remanent coercive force, the non-goethite contribution (determined by thermal demagnetization) is 

subtracted from the measured remanent hysteresis curve (indicated with the sol id line). The shape of 

the goethite remanent hysteresis curve is Indicated with the dashed line. Between zero and minus 

8"10S Am- I it can only be estimated; this Is done by correcting the shape of the measured curves for 

the shape of hematite remanent hysleresis curves. For the determination 01 the remanent acquisition 

coercive force the goethite remanence Itself is normalized to its (saturation) remanence; the fleld

strength at which half of the saturation remanence is acquired, corresponds to the remanent acquisition 

coercive force. 
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Fig. lB. Remanent acquisition curves of some RR and fSB fraclions before correction for the magnetic 

influence of minor hematite and traces of maghemite. The remanence below lhe marked horizontal line 

remained after thermal demagnetization at 1S0·C (the actual remaining remanence is mUltiplied by 1.11 

to correct for the parl of hematite which is also thermally demagnetized; the multiplied value is 

shown) and Can not be attributed to goethite. 
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Maghemite contributes to such extent to the remanence in the smallest 
two RR fractions, that it makes up to 75 percent of the total signal 
(cf. Fig. lB). It causes a dramatic increase of the remanence at low 
fields, resulting in a large 'offset' of the goethite RA curve. 
Calculation showed that if the total non-goethite remanence is 
attributed to maghemite, its weight content in the sample is in the 
order of 0.1 per mill. Maghemite was determined by low-temperature 
cycling of the extremely magnetic fraction present in the raw RR 
goethite sample. This fraction, which constituted an extremely small 
weight percentage of the raw sample (far below one percent) was removed 
from the sample in the magnetic separation step. Traces maghemite in 
Robe River ore were also determined by Harms and Morgan (1964). 

Table III Magnetically determined hematite weight percentages 

fraction MKB MBL MEN RR fraction MKB ~L MEN RR 

250 150 6 <2 6 30 25 <2 5 15 5 
150 100 4 <2 6 25 ~ <2 5 14 6 
100 75 6 <2 7 20 15 <2 5 14 6 

75 55 6 <2 7 15 10 2 6 16 8 

55 40 5 <2 11 10 5 <2 2 9 17 7 

40 30 5 <2 13 < 5 2 7 14 7 

Grain size of the rractions is in micrometer. During the magnetic measurements it appeared that 

maghemlte was present in trace amount in the RR fractions. In the hematite weight percentage calcula

tion it was assumed that approximately half of the non-goethite remanence can be attributed to maghe

mite, a reasonable estimate based on the shape of the RA curves. The maghemlte weight content can be 

ignored compared to that of hematite. The finest two RR fractions contained a higher (trace) amount 

maghemite; therefore the hematite weight content Is somewhat less precise. 

Bearing the above mentioned criteria in mind, Xin, Xhr, J., Jr., He, 
He rerr., Her and Her' as function as of grain size are compiled for 
each goethite sample in Table IV. 
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Tab I e I V: Roekmagnel i e parameler3 for nat ur al goethite u a function of grain 3ize, 

Xi n Xhf J3 Jr3 He He f err, Her He r' 
MKB 

250-150 0,49 0,30 410 :l: 57 99,9 21. 88 59,68 222.8 135,3 
150·100 0,46 0,37 210 :l: 68 97,4 22.67 67,64 210.9 183,0 
100· 75 0.55 0,33 360 :l: 82 98,2 22.28 63.66 175, 1 175, 1 

75- 55 0.56 0,34 330 :l: 72 100, 5 23.07 70,82 179.0 151. 2 
55·40 I. 04 0,32 340 :l: 38 103,9 17,51 46,95 151. 2 143,2 
40- 30 I. 75 0,26 470 :l: 67 116,8 7,56 9,55 139,3 135,3 
30-25 I. 09 0,30 420 :l: 74 110,6 15, 12 34,22 135,3 131. 3 
25 ·20 1.15 0,29 380 :l: 57 11 0,0 13,53 28,65 131. 3 119,4 
20 -15 I. 10 0,21 150 :l: 66 85,0 14,32 25,46 135,3 135,3 
15·10 0,83 0,24 270 :l: 66 84, 5 12,73 24,27 127,3 131. 3 
10 -5 I. 03 0.23 280 :l: 59 80,8 9, 15 15, 12 119,4 131. 3 

<5 0,70 0, 18 190 :l: 34 89,4 16,31 27,06 115,4 131. 3 
._----_ ............ _----_ ... _-----_ ......... - ...... - ...........................
 

MBl 
250-150 0,75 0,38 270 :l: 87 57,6 3,58 9. 15 75,6 107,4 
150-100 0.74 0.39 360 :l: 110 65.4 2.78 7,96 63.7 127.3 
100-75 0.76 0,38 340 :l: 66 60,9 4.38 9,95 87.5 127.3 

75 -55 0.76 0.42 420 :l: 97 60.8 4.38 9,95 91. 5 127.3 
55 -40 I. 01 O. 38 370 :l: 117 62.7 3.98 7.16 87.5 135.3 
40-30 I. 48 0.34 430 :l: 94 53.4 2.78 4.78 75,6 131. 3 
30·25 I. 63 0.38 440 :l: 97 62. 1 2.39 3.18 71. 6 111.4 
25 -20 2.05 0.28 nd 56.8 I. 99 2.78 79.6 103.4 
20·15 I. 51 0.39 460 :l: 107 59.3 2.39 3.58 75.6 Ill. 4 
15-10 I. 72 O. 30 350 :l: 28 48. 1 I. 59 2.39 59.7 95,5 
10· 5 nd 0.29 380 :l: 46 47. 5 I. 19 I. 99 51. 7 95.5 

<5 I. 02 0.27 290 :l: 55 42.0 I. 19 2.78 39.8 95,5 
................. -. __ ..................... - .................. _---_ ...........
 

MEN 
250 -150 0,55 O. 32 58 :l: 42 37.8 9. 15 50.93 195.0 278.5 
150-100 0.56 O. 32 91 :l: 52 37.2 9. 15 44.56 195.0 302.4 
100 -75 0,61 0.24 78 :l: 46 32,9 9. 15 45.36 195.0 286.5 

75 ·55 0,57 O. 38 43 :l: 53 41. 7 9. 15 62,87 195,0 310.4 
55 -40 I. 42 0.35 140 :l: 44 48.0 4.38 8.36 198.9 326,3 
40 - 30 I. 16 nd nd 44,4 4.77 9.55 198.9 310,4 
30 ·25 I. 06 0.27 140 :l: 43 41. 7 4.38 7.96 183.0 286, 5 
25 -20 0.83 0.31 95 :l: 45 36,2 5.97 17.90 171. 1 318.3 
20 -15 0.77 0,28 115 :l: 33 35,0 6.37 15,92 175. 1 318.3 
15·10 0.76 0.28 125 :l: 33 28.2 5,97 15.92 163. 1 334.2 
10- 5 0.88 0.30 80 :l: 18 30.0 4.77 9.15 155.2 334.2 

<5 0.70 0,25 105 :l: 31 21. 0 4.38 8,75 143.2 326.3 
.... - ... __ ................... -.-_. __ ............. _--_ ..... _._-_ ..... __ ... _._---

FSB 
250·150 O. 51 O. 34 120 :l: 45 15.4 5,57 19.89 155.2 557.0 
150 -1 00 0.56 O. 36 17 :l: 44 15. 1 4.77 18.30 143.2 557,0 
100 -75 0.66 0.46 84 :l: 67 21. 9 5.57 18.30 139.3 533.2 

75 - 55 0.63 O. 32 36 :l: 18 20.8 5.57 15.92 135.3 517,2 
55 ·40 I. 00 O. 37 190 :l: 68 27. 5 4.78 9.55 119.4 286.5 
40·30 I. 65 0, 32 115 :l: 43 25.8 4.78 8.36 111. 4 294.4 
30-25 I. 08 0,36 95 :l: 29 27.6 3.98 5.97 103.4 274.5 
25 -20 I. 25 0,29 180 :l: 42 24.2 3.58 5. 17 103.4 334.2 
20-15 I. 03 0,27 240 :l: 57 22.6 4.38 5.97 Ill. 4 274.5 
15 -10 1.41 0.27 210 :l: 43 28. 1 3. 18 4.38 107.4 274.5 
10 -5 2.34 0.21 490 :l: 99 27.0 2.39 2.47 83.6 198.9 

<5 I. 88 0.20 250 :l: 53 23.0 I. 99 2.23 79.6 159.2 
........... -- .. _-- .......................................................-......
 

RR 
250 ·150 I. 10 O. 30 105 :l: 22 50.3 4.38 11. 14 298.4 477.5 
150 ·100 I. 16 0.38 105 :l: 35 57.2 3.98 11. 14 318.3 493.4 
100 -75 I. 03 0.35 64 :l: 48 52.8 5.57 12.73 306.4 469.5 

75 -55 I. 05 0.42 50 :l: 52 54.6 5.18 11. 94 310.4 453.6 
55 ·40 I. 45 0.33 150 :l: 62 54.9 3.58 5.97 326.3 485.4 
40 ·30 I. 36 0,33 125 :l: 56 52.6 3.18 5.97 310.4 453.6 
30 -25 1.34 0.38 78 :l: 190 49.2 2.78 5. 17 306.4 437.7 
25 ·20 I. 31 0.37 155 :l: 37 50.0 2.78 5. 17 286.5 437.7 
20 ·15 I. 40 0.20 140 :l: 49 44.9 3.18 4.38 234,8 469.5 
15 -10 I. 56 0,30 120 :l: 52 36.0 2.78 3.58 238.7 433.7 
10·5 2, 10 0,26 225 :l: 30 37.0 I. 99 2.78 179.0 334.2 

<5 5.92 0.24 592 :l: 45 35.0 I. 99 I. 99 39.8 159,2 

Xi n and Xhf in 10- 6 m3kg· 1; Js and Jr3 in 10- 3 Am2kg- 1; He' He Ie r r. Her and Her' in 104 Am· I 
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2.1	 Magnetization curves and related parameters (J., X~n, Xhr, He, 
He ~.rr.) 

Some examples of magnetization curves are shown in Fig. 2. Magnetiza
tion curves of MKB and MBL goethite fractions, which have a relatively 
large J. (cf. Table IV), are linear above fields of approximately 
3.2*10 6 Am- 1 (4 Tesla), those of the MEN and RR fractions above 
1.6*10 6 Am- 1 (2 Tesla) and those of the FSB fractions already above 
0.8*10 6 Am- 1 (1 Tesla). Fractions with perceptible slightly raised hema
tite content (some MKB and FSB fractions) or a mixed contribution of 
hematite and trace amounts maghemite (some RR fractions) are recognized 
by a larger magnetization in small fields than in goethite samples which 
contain distinctly less magnetic impurities. Xhr is calculated by re
gression of the magnetization acquired in fields from 3.2*10 6 up to 
11.6*10 6 Am- 1 (4 to 14.5 Tesla). Data from lower fields are excluded to 
avoid influence of (possible) non-linearity of the magnetization curve 
at these fields. J. is obtained by intersection of the regression line 
with the ordinate (indicated by the dashed lines). 
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Fig. 2. Representative magneti,ation curvas for natural goethite corrected for the diamagnetic malri' 

moment. MKB = Kahlenberg (West Germany), MBL = Blumberg (West Germany), MEN = Manera (Spain), FSB = 
Sain Bel (France), RR = RObe River (Western Australia). The numbers refer to the grain'slze range in 

micrometer of the corresponding fractions. The dashed lines show the linear extrapolation to the 

ordinate; the intersection yields the saluration magneti,ation. 

J. figures are in general agreement with those reported for natural 
goethite (e.g. Hedley, 1971; Pastrana and Hopstock, 1977). Figures for 
MKB and MBL fractions are high for natural goethite. They approach 
hematite J. figures (± 0.4 Am2 kg- 1 , e.g. Chevallier and Mathieu, 1943; 
Dunlop, 1971). The figures of MEN, FSB and RR fract ions are lower than 
the MKB and MBL fractions, uncertainties in the hematite content have 
the largest impact on the goethite J. of the FSB fractions because of 
its low value. This contributes to the relatively large scatter in J. 
for the FSB fractions. 
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J. as function of grain size is plotted in Fig. 3. J. should be a 
grain-size independent parameter and indeed no evident grain-size depen
dence is displayed. The observed irregular pattern is due to the rather 
large error in the J. determination (cf. Table IV). The RR 10-5 and 
RR <5 fractions are contaminated with traces maghemite as could readily 
be deduced from their high magnetization in low fields. This obviously 
results in too high J. figures. 
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Fig. 3. Saturation magnetization (Js) as function 01 grain size for the five natural goethites samples. 

For sample abbreviations cf. Fig. 2. 

Figures for Xi~ (Fig. 4) roughly vary between 0.50 * 10-6 m3 kg- 1 and 
2.0 * 10-6 m3 kg- 1 for all goethites. Higher susceptibilities are due to 
an elevated hematite content or to traces maghemite. Xi~ is approxima
tely constant for the coarse grain-size fractions (> 55 micrometer) of 
each goethite sample. A remarkable increase in Xi~ is observed in 55- 40 
and 40-30 micrometer range for all samples. Xi~ in smaller grain-size 
fractions does not show an evident trend, but there is a tendency for 
Xi~ to decrease with decreasing grain size. 

Goethite Xhr figures (Fig. 5) generally are between 0.25*10- 6 and 
0.35*10- 6 m3 kg- 1 for all samples, somewhat lower than Xi~. Xhr decreases 
with decreasing grain size. The scatter observed in the data is due to 
the relatively large error in the ballistic magnetometer measurements. 
Xhr of hematite is 0.25*10- 6 m kg- 1 (e.g. Collinson. 1983; O'Reilly,3 

1984), so goethite Xhr data will be less biased by hematite impurities 
than Xi~. 

The measured He varies between 1-2*104 and 25*104 Am- 1 (approximately 
2 to 10 times higher than He of small hematite grains, e.g. Chevallier 
and Mathieu. 1943) and decreases with decreasing grain size from 55 
micrometer downward (Fig. 6) for all goethite samples. Fractions above 
this size have an approximately constant He. Absolute figures are ap
proximately similar for MBL, FSB and RR fractions; MEN fractions have 
slightly higher figures; MKB fractions are characterized by the highest 
He's, 
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Fig. 4. Initial susceptibility per unit mass (X ) as function of grain size for the natural goethites.,n
For sample abbreviations cf. Fig. 2. 
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Fig. 5. High field susceptibi I ity per unit mass (Xhl ) as function of grain size lor the natural 

goethites. For sample abbreviations cf. Fig. 2. 

The ferromagnetic coercive force (He ~err., Fig. 7) is approximately 
constant for the four coarsest grain size fractions. One should realize 
that even a small error in the Xh~ determination has a large impact on 
the determination of He rerr., because the contribution due to the high 
field susceptibility constitutes a very large part of the total sample 
magnetization. A (occasionally large) fall in He rerr. is observed from 
the 55-40 micrometer fraction downward to some 25 micrometer for all 
samples. In smaller grain size fractions He rerr. is more or less con
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stant. The fall in He r.rr. and He is observed in the same. grain size 
fractions as the increase in Xin. The remarkably similar grain-size 
dependent He and He r.rr. behaviour of the goethite samples, despite 
large differences in absolute figures, indicates that the microcrystal
line goethites should have a common mechanism explaining the behaviour 
of the coercive forces. 
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Fig. 6. Coercive force (He) as function of grain ,ize lor the natural goethites. For sample abbre· 

v i a t I on, c f. Fig. 2. 
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Fig. 7. Ferromagnetic coercive lorce (He lerr.' Le. He corrected lor the high field ,usceptibility 

contribution) as function of grain ,iz. lor Ih. natural goethites. For sampl.e abbreviation, cf. Fig. 2. 
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2.2 Remanent acquisition curves and related parameters (Jr_, Her, Her') 

A selection of RA curves is shown in Fig. 8A. the RA curves norma
lized (to the (saturation) remanence acquired in 16*10 6 Am-') are de
picted in Fig. 8B. The remanence of non-goethite minerals is subtracted 
from the curves. For this reason the shape of the goethite RA curves for 
low field remanences is somewhat approximate for those fractions which 
display a relatively large non-goethite remanence. The magnetic hardness 
of goethite is demonstrated by the low remanence acquired in fields 
below 0.4*10 6 Am-' (0.5 Tesla). 
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Fig. 8A. A selection of remanent acquisition (RA) curves for the natural goethites. 
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Fig. 8B. RA curves normalized to the (saturation) remanence acquired in fields of 1l.6*106 Am- l and 

16*106 Am-I for sample abbreviations cf. fig. 2; numbers designate the grain-size Interval in 

micrometer of each (raclion. 

There are distinct differences between the RA curves. MKB and MBL 
goethite fractions acquire a larger part of their remanence in low 
fields than the other three goethite samples. They are also saturated in 
lower fields (4*10 6 to 6.4*10 6 Am-' (5 to 8 Tesla), especially MBL 
goethite) than fractions of the other goethite samples (12*10 6 to 
16*10 6 Am-'. Most RR fractions do not even entirely saturate in 
16*10 6 Am-' fields (strongest field available) apart from the three 
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finest grain-size fractions. MBL goethite fractions are susceptible to 
relaxation of the isothermal remanence; this was specially observed in 
the coarse grain-size fractions. 

A proper goethite Jr. determination apparently requires much stronger 
fields than its J. determination. This paradox is related to sensitivity 
of the susceptibility measurements: the total susceptibility consists 
for by far the largest part of the high field susceptibility contri
bution. The extremely small deviation from true linearity, which should 
be displayed in the magnetization curve, is lost in the error in the 
susceptibility determination. For the J. and Xhr calculations the magne
tization curve in high field is fitted as being truly linear. The error 
in J. and Xhr due to this approximation can be neglected. 

Jr. figures are in between 0.015 and 0.1 Am2 kg- 1 with a tendency to 
decrease with grain size (Fig. 9). This is approximately 5 to 50 percent 
of the hematite Jr., which is in the order of 0.2 Am2 kg- 1 (e.g. Dankers, 
1978, 1981; Hartstra, 1982). 
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Fig. 9. Saturation remanence (Jrs) as function of grain size for the natural goethites. The grain' size 

fractions larger than 25 micrometer of the RR goethite sample are not entirely saturated. For sample 

abbreviations cf. Fig. 2. 

Her figures vary between 50 and 300*104 Am- 1 ; some one to two orders 
of magnitude higher than hematite Her figures (~ 2 - 30*10 4 Am-', e.g. 
Dankers, 1981; Hartstra, 1982). There are two types of goethite Her 
behaviour (Fig. 10): one with a decreasing Her with grain size through
out the whole investigated grain-size interval (MKB and FSB goethite) 
and one with a decreasing Her from approximately 40-30 micrometer 
downward and a more or less constant Her in coarser fractions (MBL, RR 
and MEN goethite). 

However, during the measurements it appeared that the remanence in 
MBL goethite had a relatively high relaxation rate. The observed Her 
trend could be biased because the coarse grain-size fractions showed a 
stronger relaxation than the fine grain-size fractions. Also the Her 
trend in the RR fractions may be (slightly) biased because the coarse RR 
fractions are not entirely saturated, so the determined Her figures 
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will be (slightly?) too low. The trend observed in the MEN fractions 
seems not to be biased. Hence, goethite Her can show a wide variety in 
absolute figures with two possible grain size trends. The relation with 
the goethite chemical composition and crystallite size will be discussed 
later. 
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Fig. 10. Remanent coercive force (Hcr ) as funclion 01 grain size for natural goethite. For sample 

abbreviations cf. Fig. 2. 
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Fig. 11. Remanent acquisition coercive (orce (Her') as function of grain size for the natural goethite. 

For sample abbreviations cf. Fig. 2. 

Her' is approximately constant throughout the investigated grain-size 
range in MKB, MBL and MEN goethite; it decreases with decreasing grain 
size in FSB and RR goethite (Fig. 11). MKB and MBL goethite have the 
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lowest Her' figures since they acquire their saturation remanence in the 
lowest applied fields. 

Her/Her' ratios generally tend to decrease with decreasing grain
size. The ratio is about unity in MKB goethite; in between 0.4 and 0.7 
in MBL, MEN and RR goethite and in between 0.25 and 0.4 in FSB goethite 
(Fig. 12, Table V). The extreme figures for the largest MKB fraction and 
the smallest RR fraction are regarded as anomalous. In four of the five 
goethite samples investigated, these ratios differ considerably from 
hematite Her/Her' ratios (approximately unity; e.g. Dankers, 1978; Hart
stra, 1982). Only MKB goethite has hematite-like figures for the 
Her/Her' ratio. This indicates that goethite RA curves generally have a 
much smaller curvature than hematite RA curves. 

NATURAL GOETHITE 
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Fig, 1Z. Ratio of the remanent coercive force (Her) and the remanent acquisition coercive force (Her') 

as function grain .ize (or the natural goethite., For sample abbreviations cf. Fig, 2, 

3 DISCUSSION 

3.1 Ratios of some rockmagnetic parameters 

The range of absolute figures of some rockmagnetic parameters of 
goethite partially overlaps with the hematite range. To establish more 
unambiguously to which mineral an observed remanence may be ascribed, 
ratios of rockmagnetic parameters may result in figures typical either 
for goethite or for hematite. A further advantage is that mass-indepen
dent parameters are obtained by taking the ratios of two mass-dependent 
parameters (e.g. X~n, J., Jr.). These ratios can directly be applied to 
natural samples with an unknown quantity of magnetic material. 

Ratios of Jre/J., Her/He, Her/He rerr. and X~n/Jr. are listed in 
Table V (cf. page 56). Jr./J. ratios vary between 0.1' and 0.5, generally 
from 0.2 to 0.35 (Fig. 13). All samples show a tendency for a declining 
Jr./J. ratio with decreasing grain size. MBL and FSB have the lowest 
ratios (generally below 0.2). The J. determination has a rather large 
error (Table IV), which contributes to the observed scatter in the 
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Jr./J. ratios. Ratios higher than 0.6 are probably biased because of a 
too low figure for J •. The goethite Jr./J. ratio generally is smaller 
than hematite Jr./J. ratios which are approximately 0.5 for both large 
single crystals (e.g. Eaton and Morrish, 1969) and fine-grained hematite 
powder (e. g. Dunlop, 1971). Smaller ratios have been reported for 
Ti-rich hematite (e.g. Westcott-Lewis and Parry, 1971), but such 
hematite is generally not reported in sedimentary rocks. So small Jr./J. 
ratios are indicative for goethite and can, as such, be used for the 
discrimination between goethite and hematite. 

NA TURAl GOETH I TE 
Jrs/Js vs. grain size 
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Fig. 13. JrslJ s ratios as function of grain size for the natural goethites. For sample abbreviations 
c1. Fig. 2. 

For each individual goethite Her/He ratios are more or less constant 
throughout the grain-size range for each sample (Fig. 14). The Her/He 
ratio shows values from 10 (MKB goethite) to 40 (MBL, MEN, FSB goe
thite). The RR goethite values go up to about 100 for this ratio. The 
spreading in values for the RR fractions is due to the large difference 
between He and Her in each fraction. The Her/He ~_rr. ratio (Fig. 15) 
shows a similar pattern for four of the goethites (MBL, MEN, FSB, RR) 
being approximately constant for the four coarsest grain-size fractions 
and generally increasing in finer fractions. The increase in the 55
40 micrometer fraction is somewhat abrupt due to the fall in He ~.rr. in 
this fraction. Only the MKB goethite shows a smaller increase in its 
Her/He ~_rr. ratio, occurring in slightly finer-grained fractions (at 
approximately 25 micrometer). Extreme values for the Her/He ~_rr. are in 
between 3 (coarse-grained MKB goethite) and 65 (fine-grained RR goe
thite); usually the within-sample variation is from 7 to some 25-30. 
Goethite Her/He. ~_rr. ratios are up to two orders higher than hematite 
Her/He ~_rr. ratios, Which are typically 1.5 - 2 (Dunlop, 1971). These 
high Her/He ~_rr. ratios illustrate the hardness of goethite. 
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Fig. 14. Her/He ratios as function of grain size lor the nalura' goethitas. For semple abbraviations 
ef. Fig. 2. 
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Fig. 15. Her/He ferro ralios as function of grain size for the natural goethites. Mark the relatively 
sudden fall in the 55-40 mieromater fractions. For sample abbreviations ef. Fig. 2. 

Jru/X~n decreases with grain size (Fig. 16) for all goethites. Goe
thite Jru/X~n ratios are lower than such ratios for hematite (which are 
grain-size independent for individual hematites and between 14*104 and 
40*104 Am-', data from Dankers, 1978). The goethite Jr./X~n ratio ap
proaches the ratio for fine-grained magnetite, but is one to two orders 
of magnitude larger than figures for coarse-grained magnetite (data from 
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Hartstra, 1982). Goethite and hematite may be discriminated by the 
absolute values for the Jr./X~~ ratio. In doubtful cases Her can be 
divided by this ratio. Her is larger than the Jr./X~~ ratio for goethite 
(cf. Table V) and smaller for hematite (data from Dankers, op. cit.). 
Traces maghemite or magnetite, resulting in an increased X~~, may no
ticeably lower the Jr./X~~ ratio (cf. the RR trend in Fig. 16). 
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Fig.	 16. Ratio of the saturation remanence (lrs) and the initial susceptibility per unit mass (X ln ) as 

function at grain size for the natural goethites. The coarse RR fractions are not completely saturated. 

For sample abbreviations cf. Fig. 2. 

3.2	 Influence of the chemical composition and crystallite size on the 
rockmagnetic parameters 

Goethite rockmagnetic parameters show a wide variation, as outlined 
in the foregoing with emphasis on the grain-size trends for individual 
goethites. In the present section the influence of the goethite chemical 
composition and crystallite size on its rockmagnetic parameters will be 
examined. The non-Fe elements are divided in two groups: isomorphous 
substituted (AI, Mn) and sorbed, dispersed and/or intergrown (the other 
non-Fe elements, termed dispersed non-Fe elements) all represented by 
their anhydrous oxides. Trends of J., Jr., He, He r.rr. and Her versus 
isomorphous substituted non-Fe elements, non-substituted or dispersed 
non-Fe elements and crystallite size are shown in Fig. 17. 

Goethite J. shows an increase with increasing isomorphous substi 
tution in the goethite, in agreement with previous observations (Hedley, 
1971). The relatively high J. figures for some of the FSB fractions 
(partiCUlar the fine grain-size fractions) may be due to imperfections 
in the hematite correction (FSB goethite has the highest hematite con
tent, cf. Table III). The J. trend shows no evident relation with the 
dispersed non-Fe element content and the crystallite size. The different 
relation of the two groups non-Fe elements to the goethite structure, 
revealed by the evaluation of the chemical and X-ray diffraction data, 
emerges magnetically in their J. trends. It is reasonable to suppose 
that J. is much less influenced by the dispersed non-Fe elements than by 
the isomorphous substituted non-Fe elements because the latter are 
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incorporated in the goethite structure itself. One of the t~o goethite 
magnetic sublattices preferably incorporates to some extent the substi
tuted non-Fe ions, because J. increases with increasing isomorphous 
substitution. The precise cause of this behaviour is not known, one 
could speculate that substitution for Fe leads to slightly extra distor
ted octahedra in the goethite structure and that this is better ac
counted for by substitution with a slight preference for alternating 
octahedra. 

The Jr. dependence is much like that of J.: it also increases with 
increasing isomorphous substitution. The low Jr. values for MBL goethite 
do not fit the increasing Jr. versus isomorphously substituted non-Fe 
elements trend. They are explained by the low maximum blocking tempera
ture of MBL goethite (40 to 50 ·C; the other goethites have at least 
30·C higher maximum blocking temperatures; cf. Dekkers, 1988C). In 
fact, the minor J. increase in MBL, compared to the major rise in 
isomorphously substituted non-Fe elements, can be explained similarly. 
Jr. shows no evident relation with the content of dispersed non-Fe 
elements. The Jr. behaviour can be understood in the same framework as 
the J. behaviour. Contrary to J., however, Jr. shows a relation with the 
crystallite size: it generally decreases with decreasing crystallite 
size. MBL goethite is an exception in the trend. This indicates that the 
saturation remanence is enhanced by isomorphous substitution (up to a 
certain level) and suppressed by a small crystallite size. 

He and He ferro show no evident relationship with either the isomor
phously substituted or the dispersed non-Fe elements. There is a ten
dency for He to first increase as the amount substituted impurities 
increases, and to decrease again with a further rise in substituted 
impurities, presumably related to distinctly lower maximum blocking 
temperatures in goethite with high amounts of isomorphous substitution. 
He tends to decrease with decreasing crystallite size; He ferro data 
fall into two groups: one with a high He ferro for its four coarsest 
grain-size fractions (MKB, MEN) and one with a distinctly lower He f.rr. 

for similar fractions (RR, FSB, MBL) without any observable crystallite
size trend. 

Her first increases with increasing isomorphously substituted non-Fe 
elements and decreases with a further rise. This is related to falling 
maximum blocking temperatures with increasing substitution. Her is in
versely correlated with the content dispersed non-Fe elements. The more 
dispersed, sorbed or intergrown non-Fe elements, reducing the crystal
line order, the lower Her. Besides, the goethite crystallite size is of 
importance: Her decreases with decreasing crystallite size; a high 
content of isomorphously sUbstituted non-Fe elements exerts an addi
tional reducing influence (cf. MKB and MBL goethite). 

Fig. 17. Saturation magnetization (Js)' saturation remanence (Jrs)' coercive force (H c)' lerromagnetic 

coercive force (H ferr.) and remanent coercive lorce (H ) plotted versus the weight percentagec cr 
isomorphously substituted impurities. dispersed impurities (microprobe analyses) and crystallite size. 

The grain·size range oJ J ' J ' H ' H ferro and is for each goethite sample indicated by bars.s rs c c Hcr 
The dols in the J and J plot indicale their means for each individual goethite sample. In the H and s rs c 
H ferro plots, values of the four coarsest grain·size fractions (which show only minor varialion) are c 
indicated by the black parts of each bar (the hatched parts of the bars in the Hc terr. piots are due 

to one oUliying Hc ferro value). Arrows indicate the grain·slze trends In the Hc' He ferro and Her 

plots. For sample abbreviations ef. Fig. 2. 
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Tabl. V: Derivative roekmagneti e paramelers for nalural goethit •. 

Her/Her' J r s/ Js Her/He He r/He fer r Jr/X in H / Ka Kber
(Jr/Xin) 

MKB
 
250·150 I. 647 0.243 10.20 3.73 20.39 10. 9 O. 144 0.308
 
150·100 I. 152 0.458 9. 26 3.12 21. 17 10.0 0.041 O. 181
 
100· 75 I. 000 0.275 7.87 2.75 17.86 9.8 0,097 0.286
 

75· 55 I. 184 0.309 7,75 2.53 17.95 10.0 0.079 0.290
 
55·40 I. 056 0.308 8.62 3.22 9.99 15.2 0.046 0.199
 
40· 30 I. 029 0.247 18. 52 14.59 6.67 20.9 0.054 0.057
 
30·25 I. 030 0.263 8.93 3,95 10. 15 13. 3 0,068 0.181
 
25·20 I. 100 0.290 9.71 4.58 9.56 13. 7 0.052 O. 137
 
20·15 I. 000 0.567 9,43 5.31 7.73 17.5 0.008 0.046
 
15-10 0.970 0.316 10.00 5.25 10. 18 12.5 0.036 0.082
 
10- 5 0.909 0,290 12.99 7.90 7.84 15.2 0.032 0.053
 
<5 0.879 0.487 7.09 4.26 12.77 9.0 0.020 0.062 
. ...... -. ---. -.. --... --.... ----. ---.. ----------.... -.. -..... ---......... -......
~ 

MBl
 
250·150 0.704 0.214 21. 28 8.26 7.68 9.8 0.040 0.031
 
150·100 0.500 O. 182 22.73 8.00 8.84 7,2 0.073 0.036
 
100· 75 0.688 O. 179 20.00 8.80 8.01 10.9 0.063 0,042
 

75· 55 0.719 O. 145 20.83 9.20 8.00 II. 4 0.097 0.053
 
55-40 0.647 O. 170 22.22 12.22 6.21 14. 1 0.057 0.033
 
40- 30 0, 576 O. 124 27.03 15.83 3.61 20.9 0.052 0.026
 
30-25 0.643 O. 141 30. 30 22.50 3.81 18.8 0.050 0,018
 
25·20 o 769 nd 40.00 28.57 2.77 28,7 nd nd
 
20·15 0.679 O. 129 31. 25 21. II 3.93 19.2 0.059 0.021
 
15-10 0.625 0, 138 37,04 25.00 2.80 21. 3 0.030 0,010
 
10- 5 O. 542 O. 125 43,48 26,00 nd nd nd 0.009
 
<5 0,417 O. 146 33. 33 14.29 4. 12 9.7 0,034 0.010
 
.......... __ .... -. __ .......... _---_.--_ ........ --_._---_ .. --.- ...... -.--_ ...... 

MEN 
250·150 0.700 0,652 21. 28 3.83 6.87 28.4 0.002 0.028
 
150·100 0,645 0, 476 21. 28 4.38 6.64 29.4 0.005 0.044
 
100- 75 0.681 0,422 21. 28 4.30 5. 39 36.2 0,003 0.037
 
75- 55 0.628 0,969 21. 28 3. 10 7. 32 26.7 0.002 0.022
 
55· 40 0.610 O. 335 45.45 23,81 3. 38 58,8 0.006 0.015
 
40· 30 0.641 nd 41. 67 20.83 3.83 51. 9 nd nd
 
30-25 0.639 0.293 41. 67 23.00 3.93 46.5 0.008 0.014
 
25-20 0.538 0, 382 28. 57 9.56 4. 36 39,2 0.005 0.021
 
20·15 0,550 O. 305 27.78 11. 00 4.54 38.5 0,007 0.023
 
15·10 0,488 0.225 27.03 10.25 3.71 44.0 0.009 0.025
 
10- 5 0.464 O. 374 32.26 16.96 3.41 45,5 0,003 0.009
 
<5 0.439 0, 197 32.26 16.36 3.00 47,8 0.007 0.012 
.............................. -_ ............... __ ........ --. __ ............... _-

FSB 
250·150 0,279 O. 127 27. 78 7,80 3.02 51. 4 0,012 0.030
 
150·100 0.257 0,888 30. 30 7.83 2.70 53, I 0.001 0,001
 
100· 75 0.261 0.261 25.00 7.61 3. 32 42.0 0.004 0.019
 

75- 55 0.262 O. 578 24. 39 8.50 3.30 41. 0 0.001 0.003
 
55-40 o 417 O. 147 25. 00 12.50 2. 75 43,4 0, 015 0,023
 
40- 30 0,378 0.220 23.26 13.33 I. 56 71.2 0.003 0.012
 
30·25 0.377 0.293 26.32 17,33 2.56 40, 5 0.003 0.007
 
25- 20 0.310 O. 135 28. 57 20.00 I. 94 53.4 0,011 0.012
 
20-15 0.406 0.093 25.64 18.67 2. 19 50.8 0.024 0.018
 
15-10 O. 391 0.132 33.33 24.54 I. 99 53.9 0.013 0.012
 
10· 5 0.420 O. 053 34,48 33.87 I. 15 72.4 0.042 0.016
 
<5 0.500 0.092 40.00 35.71 I. 22 65.0 0,014 0.007 
...... _- .. _---_ .. - ........ ------_ ....... __ ...... -.--_ ..... --_ .... -._--_ .. --_ ....
 

RR 
250-150 0,625 0.478 66. 67 26.79 4.57 65. 3 O. 004 0.015
 
150-100 o 645 O. 544 83. 33 28.57 4.93 64.6 0.004 0,015
 
100-75 0.653 0.825 55. 56 24,06 5, 13 59.8 0.002 0.009
 

75· 55 0,684 I. 092 58.82 26.00 5.20 59.7 0,001 0,006
 
55· 40 0,672 0, 371 90.91 54,67 3, 79 86.2 0.006 0,011
 
40- 30 0,684 0.417 100. 0 52.00 3.87 80,2 0.005 0.009
 
30- 25 O. 700 0.632 110.0 59,23 3.67 83.4 0,002 0.005
 
25 ·20 0,655 0.322 100.0 55.38 3.82 75. 1 0.008 0.010
 
20·15 0.500 O. 320 71. 43 53.64 3,21 73.2 0.006 0.008
 
15 ·10 0.550 0,298 83. 33 66.67 2. 31 103.4 0.004 0.005
 
10· 5 0.516 O. 165 90.91 64,29 I. 76 101. 6 0,010 0.008
 
<5 0,250 0.059 20.00 20.00 O. 59 67. 3 0.024 0.015
 

He/Her' • Jl/{s' He/He' He r/He fer r. in SI un its; J r s/X i n in 104 Am-I; Her/(Jr/Xin) in SI un its; Ka 
ano Kb in J g , 
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3.3 Weak ferromagnetism of goethite 

The observed grain-size trends of Her, He and He ~4rr. in goethite 
are contrary to the usual MD-PSD-SD trends which increase from low 
values for MD grains to high values for SD grains. Decreasing trends 
occur as one approaches the superparamagnetic threshold size. When this 
would be the case in the present goethites, the coarse grain-size frac
tions would be SD. With the derived rockmagnetic parameters one may 
calculate the anisotropy constants assuming uniaxial anisotropy. For 
random oriented grains two formula per unit mass (or volume) are given 
for uniaxial minerals (cf. Stacey and Banerjee, 1974; O'ReillY, 1984): 

K = ~o*J.*He (Kb in Table V) 

Both formula's yield comparable results (cf. Table V). The calculated 
anisotropy constants are up to three orders too low compared with goe
thite anisotropy constants taken from literature (0.25 to 2 Jkg-', e.g. 
Shinjo, 1966; Nalovic and Janot, 1979). So, apparently the SD state is 
not present in the actual goethites. Also the oolithic nature of some 
goethites and the presence of intergrowths make a SD state for coarse 
grains highly improbable. However, the grain-size dependence of the 
coercive forces - with the smallest values in the smallest grain size 
fractions - does not point towards MD behaviour. So mechanisms related 
to the microstructure of the goethite grains are needed to understand 
the observed behaviour. 

Since (broad) X-ray reflections corresponding to goethite are re
corded in the diffractograms, the present goethites are "true" goethites 
and not some amorphous solid. The goethites are thus not speromagnetic
ally coupled, a fairly common coupling in amorphous solids (Coey and 
Schindler, 1977; see also Coey and Readman, 1973A, 1973B). The goethite 
crystallite size is, however, far less than its grain size, i.e. each 
grain consists of many crystallites. 

The size of the goethite crystallites is in the range where N~el 

(1962) calculated that so called superantiferromagnetism occurs. If the 
plane in which the antiferromagnetic spin coupling is located, makes up 
also the outline of a crystallite, two situations may occur: one with an 
even number of lattice planes and one with an odd number of lattice 
planes. Crystallites with an even number show no magnetic moment, but 
have distinctly higher susceptibilities than a bulk mass of the same 
material. Crystallites with an odd plane number have one plane not 
balanced by a plane with antiparallel coupled spins and hence, carry a 
magnetic moment. This is usually referred to as imbalance remanence. 

The present goethites show some elongation in the direction of the c
axis (derived from X-ray line broadening), so lattice planes with unba
lanced spins may well occur. Indeed, crystallite-size dependence of 
rockmagnetic parameters is observed. However, if the size of the crys
tallites (combined with their chemistry) would be the only parameter 
determining the rockmagnetic features of the grains, there would be no 
grain-size dependence at all. This is in disagreement with observed 
grain-size dependent trends. To explain grain-size dependence, there has 
to be magnetic interaction amongst the crystallites. In this respect it 
is interesting to notice that Mossbauer spectra of microcrystalline goe
thite are best fitted, when exchange interaction amongst the crystal
lites is taken into account (M¢rup et al., 1983). In goethite grains the 
crystallites are magnetically coupled by exchange coupling. M¢rup et al. 
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(1983) propose the name "super ferromagnetism" for this interaction re
gardless of the sign of the exchange coupling constant. The crystallite 
exchange coupling depends on the number of magnetic atoms at the crys
tallite interface and on the exchange coupling for individual pairs of 
atoms. 

For Her (measured in zero applied field) this leads to the following: 
lower values are obtained for the crystallite exchange coupling, when 
the crystallite size is lowered (leading towards a lower number of 
magnetic atoms at their interface) or when the crystallites are less 
coupled by the presence of dispersed impurities. Her is decreasing with 
a decreasing crystallite size and also with an increasing content of 
dispersed non-Fe elements (Fig. 17). Isomorphous substitution, with a 
slight preference for one sublattice over the other (higher J. and Jr.) 
leads first to higher exchange interaction because of higher crystallite 
magnetic moments, but with further substitution to a lower Neel point. 
Her first increases with isomorphous substitution and subsequently de
creases (Fig. 17). Goethites with the most isomorphous substitution (MKB 
and MBL) have a relatively low Her with regard to their crystallite size 
(cf. the RR-MEN-FSB trend and the positions of MKB and MBL in the Her 
vs. crystallite size plot in Fig. 17). 

For,He and He r.rr. (measured in an applied field) the influence of 
this applied field is a complicating factor which obscures trends which 
could be traced in the Her measurements. It is remarkable that the 
increase in initial susceptibility in the 55-40 micrometer fraction 
coincides with the decrease in He and specially He r.rr .. Tentatively, 
one might suggest that this increase in Xin (and the decrease in 
He r.rr.?) can be explained in analogy with the superantiferromagnetism 
of Neel (1962) which refers to crystallites. Below a certain crystallite 
size the susceptibility increases up to twice the value of a bulk mass 
of the same material. The jump in Xin observed in the 55-40 micrometer 
fractions would then be related to a critical grain diameter below which 
"superantiferromagnetism" of the exchange coupling between the crystal
lites occurs. 

By describing rockmagnetic parameters of microcrystalline goethite, 
crystallite exchange interaction appears to be an important factor. The 
great variety in goethite rockmagnetic properties may be explained as 
being the result of differences in goethite chemical composition, crys
tallite size and crystallite exchange interaction together with their 
interrelations. 

4 CONCLUSIONS 

The goethite rockmagnetic parameters reported in the present paper in 
a grain-size dependent framework show a considerable variety in their 
absolute figures and grain-size behaviour. Initial susceptibilities 
(0.50*10- 6 - 1.50*10-6 m3 kg-') show a maximum in the 30 to 55 micrometer 
range for all samples. In coarser grain-size fractions it is fairly 
constant and in finer grain-size fractions it tends to decrease slowly 
with decreasing grain size. High field susceptibilities (0.20*10- 6 

0.40*10- 6 m3 kg-') decline with decreasing grain size. The saturation 
magnetization (30*10- 3 - 450*10-3 Am2 kg-') is grain-size independent in 
the investigated grain-size range (from 250 micrometer down to <5 micro
meter). It increases with increasing isomorphous substitution, in agree
ment with earlier observations (Hedley, 1971). The saturation remanence 
(acquired in 16*10 6 Am-' fields) varies between approximately 15*10-3 

and 115*10-3 Am2 kg-', also increasing with a higher amount of isomor
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phous sUbstitution in the goethite. It tends to decline with decreasing 
grain size. 

The coercive force varies between 1-2*104 and 25*10 4 Am- 1 , the ferro
magnetic coercive force between 2*104 and 70*104 Am- 1 and the remanent 
coercive force varies between 50*104 and 300*104 Am- 1 The remanent• 

coercive force decreases with grain size. The remanent acquisition 
coercive force (100-550*10 4 Am- 1 ) is in three of the five samples grain
size independent; in the others it decreases with grain size. The coer
cive force and the ferromagnetic coercive force are approximately con
stant for the four coarsest grain-size fractions. Both parameters tend 
to decrease with decreasing grain size in finer grain-size fractions. 
The (occasionally large) fall in coercive force and ferromagnetic coer
cive force coincides with the increase in initial susceptibility. 

The coercive force as well as the remanent coercive force decrease 
with decreasing crystallite size. The remanent coercive force is 
inversely correlated with the content of dispersed non-Fe elements in 
the goethite lattice. Isomorphous substitution leads to an extra 
lowering of the remanent coercive force. 

Jr./J. ratios typically vary between 0.2 and 0.35, depending on the 
goethite sample. The ratio decreases with grain size. Goethite Jr./J. 
ratios are smaller than such ratios for hematite (approx. 0.5). Her/He 
ratios are approximately constant for each sample throughout the grain
size range. Figures are between 10 (MKB goethite) up to 100 (RR goe
thite), which is one to two orders higher than hematite figures. The 
Her/He ~.rr. ratio (3 to 60) is larger in goethite than in hematite. 

Jr./Xin decreases with decreasing grain size. Overlap may exist with 
the ratio for hematite. Her is larger than the Jr./Xin ratio for goe
thite and smaller for hematite. Xin can easily be biased by impurities. 
So, related ratios have to be applied with a certain care. 

Grain-size trends of the goethite coercive forces do not point to
wards MD behaviour. Calculation of the anisotropy constants yields 
figures up to three orders of magnitude too low for SD grains. The 
observed trends are qualitatively explained by taking into account 
exchange interaction between the crystallites making up a grain. 

Differences in chemical composition (isomorphous sUbstitution and 
dispersed non-Fe elements), crystallite size and crystallite exchange 
interaction for individual goethites with their interrelations lead to 
the observed wide variety in goethite rockmagnetic parameters. The 
relatively sudden increase in Xin in the 55-40 micrometer fraction is 
tentatively suggested to be explained by a crystallite exchange interac
tion analog of superantiferromagnetism (Which refers to the crystal
lites themselves). 
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CHAPTER 4
 

MAGNETIC PROPERTIES OF NATURAL GOETHITE
 

PART II
 

TRM BEHAVIOUR DURING THERMAL AND ALTERNATING FIELD DEMAGNETIZATION
 
AND LOW-TEMPERATURE TREATMENT
 

Abstrac~ 

The behaviour of a thermoremanent magnetization is reported for five 
natural goethites in a grain- size range of < 5 up to 250 micrometer. 
The TRM was induced by cooling from 140 ·C in a field of 16 kAm- 1 The• 

TRM grain-size dependence is different between the goethites; MEN and 
MBL goethite (respectively from Menera, Spain and Blumberg, Western 
Germany) show a maximum in the intermediate grain-size fractions. In MKB 
and RR goethite (from Kahlenberg, Western Germany and Robe River, 
Western Australia) TRM is slightly decreasing with decreasing grain 
size. In FSB goethite (Sain Bel, France) TRM is grain-size independent 
above some 30 micrometer; below that grain size it is slightly 
increasing with decreasing grain size. The TRM intensity shows a 
distinct variation between each goethite sample depending on its 
chemistry. The TRM intensity increases with increasing isomorphous 
substitution in the goethite until a certain maximum, to decrease again 
at higher levels of isomorphous substitution due to the lowering of the 
goethite Neel temperature, Besides isomorphous substitution the 
dispersed non-Fe elements also influence the TRM trend. A low amount of 
dispersed non-Fe elements lowers the TRM intensity compared to what one 
would expect from the amount of isomorphous substitution. With in
creasing isomorphous substitution the maximum blocking temperatures 
during continuous and stepwise thermal demagnetization are decreasing 
from 90-105 C (FSB goethite) down to 45-60·C (MBL goethite). No 
grain-size dependence is observed in the decay curves. 

The initial susceptibility measured at room temperature generally 
decreases some ten percent after annealing at 140-150 ·C; only FSB 
goethite shows a twenty percent decrease. The decrease after one time 
annealing and its constancy after subsequent annealings at the same 
temperature is a strong indication that these goethites have never been 
at that temperature during their geologic history. Hence, their NRM is 
most probably of chemical origin. 

The goethites are extremely hard with respect to AF demagnetization. 
The remanence decay is grain- size independent for four of the goe
thites. It varies at 240 kAm- 1 (300 mT, the strongest alternating field 
available) from 0 percent (RR goethite), via 3 percent (MEN goethite) to 
6 percent (MKB and MBL goethite). Only in the fine crystalline FSB goe
thite the decay is larger and grain size dependence is observed: 
coarse-grained FSB goethite is decreasing some 18 percent and fine
grained FSB goethite some 55 percent. Only in extremely fine crystalline 
goethite (crystallite size close to the superparamagnetic threshold 
size) AF treatment results in a noticeable TRM decay. 

All goethites show a steadily increasing remanence when cooling down 
to liquid nitrogen temperature in a zero field. Goethite is unique in 
this behaviour. Low-temperature treatment can thus be used for the 
identification of goethite remanences without the need to heat the 
sample. The risk of chemical alteration is avoided. The goethite rema
nence at room temperature decreases a few percent during the first 
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cooling cycle. There is no further remanence decrease upon repeated 
cooling. The remanence increase ratio is higher when there is more 
isomorphous substitution in the goethite. 

INTRODUCTION 

The increasing importance of sediments in paleomagnetic studies 
necessitates a thorough knowledge of remanent magnetic properties of 
natural goethite. To gain information on the rockmagnetic behaviour of 
goethite a set of artificial specimens is prepared with natural 
goethites from supergene environmental origin (sedimentary goethites and 
goethites from the weathering zone) of which the chemical composition, 
crystallite size and grain-size range are accurately determined. 
Saturation magnetization (J.), saturation remanence (Jr.) and related 
rockmagnetic parameters of five natural goethites as a function of grain 
size have been described elsewhere (Dekkers, 1988A). The present study 
focusses on the description of the characteristics of a thermoremanent 
magnetization (TRM) of those goethites during routine paleomagnetic 
demagnetization procedures (alternating field and stepwise thermal de
magnetization). Their behaviour during low-temperature treatment and 
continuous thermal demagnetization is also discussed. Most natural rema
nent magnetization (NRM) carried by goethite is thought to be a chemical 
remanence (CRM, acquired by growth through the blocking volume below its 
Neel temperature). CRM in goethite, however, is not easily simulated in 
an experimental set up. TRM, on the contrary, is acquired by goethite 
by simply cooling it from some 140 ·C in a directed field. Study of the 
goethite TRM behaviour contributes to the understanding of goethite NRM 
behaviour. 

Most studies concerning the magnetic properties of goethite report 
the saturation magnetization and related parameters (e.g. Hedley, 1971; 
Bagin et al., 1976). The thermomagnetic properties upon heating in a 
magnetic field have also been the subject of investigation (e.g. 
Banerj ee, 1970). Mossbauer spectra of both natural and synthetic 
goethite are amply studied (e.g. Forsyth et al., 1968; Govaert et al., 
1976, 1977; Murad, 1979, 1982; Golden et a!., 1979; Goodman and Lewis, 
1981; Johnston and Norrish, 1981; Fysh and Clark, 1982). There are, 
however, few studies on the remanent magnetic properties of goethite. 

Goethite has the potential to carry a thermoremanence as was first 
established by Strangway et al. (1967, 1968). Their study involves J.-T, 
J-H and TRM characteristics of goethite. Some goethite samples did not 
acquire a TRM in the geomagnetic field; however, in stronger fields a 
TRM was acquired (Strangway et al., 1968). The TRM was extremely stable 
with respect to AF demagnetization up to 80 kAm-' (100 m'esla) fields. 
No blocking temperature spectra of the TRM are reported. Heller (1978) 
investigated the isothermal remanent magnetization (IRM) properties of 
goethite-bearing limestones in fields up to 4*10 6 Am-' (5 Tesla). He 
showed that during low-temperature treatment the remanence steadily in
creases in the temperature interval investigated (down to the liquid 
nitrogen temperature). He tentatively attributed this increase to lat
tice contraction (see also Lowrie and Heller, 1982). Continuous thermal 
demagnetization of the IRM indicated that some goethite samples had 
blocking temperatures up to approximately 60-70·C and others up to 
90 ·C. 

The goethites of which the magnetic properties are reported in the 
present contribution, have different geological origins: two marine 
sedimentary goethites (MKB and MBL; respectively from Kahlenberg and 
Blumberg, both locations in Western Germany), a fluviatile replacement 
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goethite (RR; Robe River mining district, Western Australia), a caprock 
goethite (MEN; Menera mining district, Spain) and a gossan goethite 
(FSBj Sain Bel, France). Chemical and crystallite size data are compiled 
in Table 1. 

Table I: Microprobe analy$B3, unil cell determlnatlon3 and erystalllle'3ize order of Ihe goethite 
concent rates 

Mi croprobe analysu 

MKB MBl MEN FSB RR 
-_. __ .. -. __ .............................. __ ... ------ .. --

Si02 2.51 4.89 3.05 3.27 2.80
 
Ti02 0.02 0.44 0.02 0.01 0.02
 
AI 203 2.86 7. 16 0.84 0.34 2. 15
 
V203 0.10 nd 0.04 0.03 0.04
 

Fe203 76.32 68.44 79.55 80.58 79.33
 
MnO 0.24 0.06 0.93 0.02 0.05
 
MgO 0.92 0.86 0.95 0.10 0.09
 
CaO 0.27 0.26 0.17 0.08 0.07
 
Na20 O. 13 nd 0.09 0.03 0.02
 

K20 0.07 nd 0.01 0.02 0.02
 
P205 I. 79 0.84 0.28 0.07 0.07
 

S03 0.81 0.36 0.31 4.20 0.33
 
tot al 86. 10 83.34 86.29 88.77 85. 16
 

H2O 13. 17 13.43 14.09 17.68 11. 79 

Microprobe analy$03 were carried out on a TPD (Technisch Phy3iHhe Dien3t) microprobe filled with a 
TRACOR Northern Ener8Y Dispersive (ED) sptem. Operatin8 conditions are 15 keV and 2 • 3 nA. ZAF 

matrix correction i3 applied. Conlents are in weight percenlages; nd = nol determined; iron i3 

calculated as Fe203' H20 ;3 determined with the Penfield method. 

Unit cell si1e3 of the goethite 

axi3 MKB MBl MEN FSB RR 

4.585 ± 0.003 4. 586 ± 0.004 4.612 ± 0.004 4.611 ± 0.004 4.596 ± 0.004 
9.908 ± 0.007 9. 884 ± 0.008 9.920 ± 0.008 9. 962 ± O. 009 9.909 ± 0.008 
2.995 ± 0.002 3. 000 ± O. 002 3.011 ± 0.002 3.008 ± 0.003 2.998 ± 0.002 

Va I. 136.06 136.00 137.76 138. 17 136.53 

length3 of the crystal axes in A; volume (Vol.) in A3. 

Average crptallile 3;le3'1n A 

MKB MBl MEN FSB RR 

480 325 370 240 400 

More detailed sample descriptions are in Dekkers (1988A, 1988B). Goe
thite concentrates of well-defined grain-size intervals are homogene
ously dispersed in a CaC03-AI~03-waterglass matrix in cylinders of 
2.5 cm diameter and 2.2 cm height (standard dimensions in paleomagnetic 
stUdies) analogous to Dankers (1978, 1981) and Hartstra (1982A). Some 
400 mg goethite is put in each specimen to obtain reliable magnetic 
measurements. Details on the preparation procedure are in Dekkers 
(1988C). 
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1.1 Instrumentation and experimental procedure 

Initial susceptibilities were measured on a Jellinek KLY-l suscepti
bility bridge. Remanence intensities were measured with a digital spin
ner magnetometer based on the Jellinek JR3 drive unit. This spinner is 
developed in the Utrecht Paleomagnetic Laboratory and has a sensitivity 
of 10- 10 Am~ and a reproducibility better than one degree for intensi
ties exceeding 10-9 Am2 • During a later stage of the investigation 
measurements were performed using a 2G-Enterprises cryogenic magneto
meter with a sensitivity of 10- 11 Am~ and a slightly better angular 
reproducibility than the digital spinner magnetometer. 

Continuous recordings of the remanence during thermal demagnetization 
and low-temperature treatment were performed with a fluxgate spinner 
type magnetometer made suitable for measurements at high and low tempe
rature by inserting the sample holder in a water-cooled furnace or a 
Dewar vessel during the measuring procedure. Periodic remanence mea
surements and temperature regulation were controlled with a microcom
puter system (Dankers, 1978, 1981; Hartstra, 1982B, 1982C). Heating up 
to l45·C takes 75 minutes; one complete cooling cycle (cooling down to 
-196 ·C and re-heating to room temperature) takes three hours. Only 
moderate heating up to 145 - l50·C is performed to avoid chemical 
alteration of the goethite. 

Goethite generally carries an extremely weak remanence, which is 
easily swamped in the much stronger remanences of hematite and especial
ly magnetite and maghemite. It appeared during the measurements on 
IRM-related behaviour (Dekkers, 1988A) that minor hematite is present in 
the goethite concentrates. Some FSB fractions contain slightly more 
hematite and traces of maghemite are present in RR fractions. It is, 
therefore, decided to focus the experiments on TRM behaviour of goe
thite, because - due to the very low blocking temperature spectrum of 
goethite - a complete TRM is acquired by goethite by cooling from some 
145 ·C whereas at those temperatures the partial thermoremanent magne
tization (PTRM) acquired by the other magnetic minerals is low compared 
to the TRM of goethite. 

During trial magnetization runs it appeared that the goethite rema
nence acquired in the geomagnetic field was extremely low, too low for a 
meaningful interpretation of its characteristics. Therefore TRM was 
induced in a somewhat stronger field of 16 kAm- 1 (20 mTesla). This is 
beyond fieldstrengths for which the induced TRM is proportional with its 
inducing field. Hematite, with coercive forces of the same order of the 
present goethites, shows non-linear TRM versus H trends for induced 
fields stronger than approximately 800 Am-' (Dunlop, 1971). So, for the 
present goethites only minimum values for the specific (volume) TRM may 
be calculated. 

Superimposed on the TRM acquired by the goethite, the other magnetic 
minerals (present in minor amounts) simultaneously acquire a a PTRM when 
cooling from 145 ·C (the temperature of TRM acquisition) down to room 
temperature. When describing goethite TRM features, the PTRM acquisition 
of the other minerals has to be corrected for. 

2 RESULTS AND DISCUSSION 

2.1 Relaxation 

The relaxation of the TRM of two fractions of each goethite is fol
lowed during 35 days by measuring the remanence once a day; the interval 
between each measurement is enlarged after some 14 days. 
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Fig. I. Relaxation behaviour 01 the TRM (induced with a 16 kAm· 1 field) 01 the specimens. Squares refer 

to MKB (Kahlenberg) fractions, circles to MBl (Blumberg) fractions, triangles to MEN (Menera) 

fract ions, diamonds to FSB (Saln Bel) fract ions and inverted triangles to RR (Robe River) fractions. 

open symbols denote the 150·100 micrometer fraclions and full symbols 15- 10 micrometer fractions. The 

remanences are normalized to their initial values. 

67 



Results, normalized to the initial remanence intensity, are depicted in 
Fig. 1. Distinct differences exist between the goethites samples, though 
coarse (150-100 micrometer) and fine grain-size fractions (15-10 micro
meter) for individual goethites show identical behaviour. MKB and MEN 
goethite show hardly any relaxation at all. RR goethite shows approxi
mately 10 percent relaxation and MBL goethite some 15-20 percent. The 
remanence of FSB goethite is still decreasing at the end of the moni
toring period. The fine grain-size fractions of MBL and FSB goethite 
show slightly more relaxation than the coarse fractions. The relaxation 
amount observed in the goethites correlates with the goethite crystal
lite size: generally more relaxation is observed with smaller crystal
lite size. 

Goethite remanence is extremely sensitive to minute temperature vari
ations (Heller, 1978). This explains the occasionally occurring in
creases in an overall decreasing remanence pattern (resulting in a saw
like appearance): relaxation is superimposed on variation in spontaneous 
magnetization due to (small!) temperature changes in the laboratory. 
After approximately 20 days the variation due to temperature fluctuation 
is larger than the relaxation of the remanence. 

2.2 Behaviour during thermal demagnetization 

Before discussing grain-size trends of the goethite TRM, the beha
viour of the specimens during thermal demagnetization (continuous and 
stepwise) is treated, because the total remanence of the specimens is 
constituted of a goethite TRM and a PTRM of the other magnetic minerals. 
Thermal demagnetization allows for a separation of the goethite and non
goethite contributions to the total remanence. The goethite TRM beha
viour during thermal demagnetization depending on its chemical composi
tion and crystallite size is discussed in sections 2.2.1 and 2.2.2. TRM 
induced in virgin goethite specimens is referred to as TRMI. To study 
possible changes in TRM behaviour due to repeated thermal treatment in 
some fractions a TRM was induced a second time; this TRM is referred to 
as TRM2. TRM2 is acquired in the same inducing field and in the same 
direction as TRMI. Goethite TRM grain-size trends and the dependence of 
its absolute values on the chemistry and crystallite size are discussed 
in a separate section. 

2.2.1 Continuous thermal demagnetization 

Typical examples of goethite TRM behaviour during continuous thermal 
demagnetization are shown in Fig. 2. In Fig. 2A normalized decay curves 
of TRMI are shown. The remanence can be almost exclusively attributed to 
goethite in the MKB, MBL and MEN samples; in the RR and FSB samples the 
contribution of other magnetic minerals (hematite and maghemite) to the 
total remanence is significant. The remanence in all goethites decreases 
rapidly, approximately linearly with increasing temperature. When the 
remanence is almost completely removed, the decay slows down, resulting 
in a concave part in the decay curve (see also the insets in Fig. 2A and 
Fig. 2B). This grain-size independent approach to the maximum blocking 
temperatures is notably different for each goethite. The extremes are 
represented in MBL and FSB versus MEN goethite: the latest goethite 
remanence is removed in a 10 - 15 'c temperature interval in the MBL and 
FSB samples and in a 50'C interval in the MEN sample. MKB and RR 
goethite are intermediate (temperature interval 20 - 30 'C). The inter
vals are compiled in Table II. The differences between the goethite 
samples may be explained by differing crystallite-size spectra in these 
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Fig. 2A. Continuous thermal decay curves of the ISO-IOO micrometer fractions, normalized to their 
initial remanence, of the first TRM, TRMI (Induced by cooling from 140 ·C In a 16 kAm- 1 field). For 
sample abbreviations cl. Fig. I. The insets are enlargements of the finel pert of the decey curve 
attribuled to goethite. small a and b respectively refer to the onset and the endpoint of the 'concave 
part' in the decay curves; the epproprlate temperatures are I isted in Table If. 
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samples. The MEN goethite has apparently a relatively broad spectrum 
with perceptibly different blocking temperatures, which results in the 
observed broad temperature interval for the maximum blocking tempera
tures. Differential scanning calorimetry runs for this goethite (Dek
kers, 1988D) show a broad decomposition temperature range (with a 
double peak) which points also to a broad crystallite-size spectrum. 

The maximum blocking temperature of the goethites decreases with 
increasing isomorphous substitution. No grain-size dependence is ob
served. Comparison with the crystallite sizes of the goethites (cf. 
Table I) indicates that isomorphous substitution dominates the dependen
ce of the blocking temperature over the crystallite size (at least in 
the crystallite-size range investigated), since the 'pure' FSB goethite 
has the smallest crystallites and nonetheless its maximum blocking 
temperature belongs to the group (MEN, RR, FSB) which shows the highest 
maximum blocking temperatures (approximately 105 ·C). 

Normalized decay curves of TRM2 are shown in Fig. 2B. TRM2 was in
duced in the same fractions after thermal demagnetization of TRM1. TRM2 
is somewhat weaker than TRMI (the contribution of the non-goethite 
minerals to the total remanence is slightly higher). Its behaviour du
ring thermal demagnetization is identical to TRMI. The maximum blocking 
temperatures and concave parts of the decay curves are observed at 
(nearly) identical temperatures and temperature intervals as in TRMI. 

Tab I e II:	 Temperature intervals of the concave part in the goethi Ie remanence decay curves during 

continuous thermal demagnetization, represent ing the highest part of the goethite blocking 

temperature spectrum 

ISO 100 55 • 40 40 . 30 20 IS IS • 10 

MKB TRMI 55 79 57 78
 

MKB TRM2 59 80 %65 69 • 114 61 • 79
 

MBl TRMI 40 61 41 60 40 • 60
 

MBl TRM2 45 63 45 60 44 • 61 43 . 61
 

MEN TRMI 54 lOS 52 99 54 • 100
 

MEN TRM2 62 104 56 103 54 • 100 58 • 102
 

FSB TRMI 95 106 76 98 90 • 100
 

FSB TRM2 89 104 89 109 81 • 97 76 . 90
 

RR TRMI 70 95 68 98 67 . 100
 

RR TRM2 72 103 72 106 71 . 100 72 • 96
 

MKB, MBl, MEN, FSB and RR reler to the goethite sample abbrevlat ions (respectively for Kahlenberg, 

Blumberg, Mener', Saln Bel and Robe River). TRMI Is induced in virgin specimens; TRM2 in the same 

specimens alter thermal demagnetization of TRMI. The numbers refer to the grain size in micrometer lor 

the Iractions. Temperatures are In degrees Centigrade. 

2.2.2 Stepwise thermal demagnetization 

Representative normalized decay curves of stepwise thermal demagneti
zation for each goethite are given in Fig. 3; the curves reca:culated to 
100% goethite are shown in Fig. 4. Trial runs indicated that demagneti
zation steps of 10·C are necessary for a good representation of the 
curves. 
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Fig, 3, Decay curves of .tepwlse thermal demagnetization of TRM1, normalized to their Initial rema

nence, .howlng that the non-goethite contribution to the total remanence i. different In each goethite 
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Generally, the non-goethite contribution to the total remanence in
creases with decreasing grain size due to a slightly raised hematite 
content in the finer fractions (cf. Dekkers, 1988A: Table III). The 
behaviour of the non-goethite part of the remanence is approached by 
comparing thermal demagnetization curves of a 16 kAm-' IRM in similar 
samples and by comparing Jr. thermal decay curves of hematite from 
literature data (Dankers, 1978; Hartstra, 1982). The normalized goethite 
decay curves are clock-shaped and have a (nearly) identical shape for 
all grain sizes. The somewhat stoping appearance of the FSB curves is 
due to the normalization procedure, since the non-goethite contribution 
is large in those samples. 

Decay curves obtained with the stepwise thermal demagnetization 
method also indicate that the goethite blocking temperature spectra 
correlate inversely with their isomorphous substitution: MBL with most 
isomorphous substitution has the lowest blocking temperature spectrum 
(maximum blocking temperatures approximately 60 ·C), followed subse
quently by MKB (80-90 ·C), MEN and RR (90-100 ·C) and finally by FSB 
(100-110 ·C). As with the continuous method no crystallite-size depen
dence is traced. The small part of goethite remanence remaining at 
higher temperatures, representing at most up to a few percent of the 
initial goethite remanence, could be due to the estimation method for 
the non-goethite remanence. When this part reflects real goethite beha
viour, this small tail can hardly be observed with the continuous ther
mal demagnetization method because of the decay in goethite spontaneous 
magnetization with increasing temperatures. Maximum blocking tempera
tures for goethite obtained with both methods can thus be considered as 
in good agreement. 

2.3 TRM versus grain size 

To calculate the goethite TRM per unit mass, the non-goethite part of 
the remanence is subtracted from the total remanence. The sample weight 
is sUbsequently corrected for the hematite weight content (calculated 
from remanent acquisition curves (Dekkers, 1988A), taking the saturation 
magnetization of 0.2 Am2 kg-' for hematite; e.g. Dankers, 1981; Hartstra, 
1982). Maghemite is negligible with respect to weight content. In decay 
curves determined with continuous thermal demagnetization, the magnetic 
non-goethite amount is established by linear extrapolation of the decay 
curve from temperatures above the bending point (corresponding to the 
removal of the latest goethite remanence) backwards to 20 ·C. Continuous 
thermal decay curves of hematite and maghemite IRM are approximately 
linear at least in the temperature range of interest (Dankers, 1978; 
Hartstra, 1982). In decay curves determined with the stepwise method, 
the hematite behaviour during thermal demagnetization is allowed for as 
outlined in the foregoing section. 

The TRM per unit mass versus grain size is tabulated in Table III and 
plotted in Fig. 5 and Fig. 6 (TRMl and TRM2 resp.). TRM2 is (nearly) 
identical to TRMl for MKB goethite. It is slightly lower than TRMl for 
MBL, MEN and RR goethite and distinctly lower than TRMI in FSB goethite 
(cf. Table III). 

Individual goethite samples show different grain-size trends for 
their thermoremanences. TRMl as well as TRM2 are decreasing with grain 
size for MKB goethite. A slight tendency to decrease with grain size is 
found for TRMl and TRM2 in RR goethite. TRM1 and TRM2 show their highest 
values in the intermediate grain-size fractions for MBL and especially 
MEN goethite. TRM2 exhibits the maximum weaker than TRM1 in MEN goethite 
and stronger in MBL goethite. In FSB goethite the extremely weak TRMl is 
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Fig. 5. TRMI (per unit mass) versus grain size for the natural goethites. For sample abbreviations cf. 
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Fig. 6. TRM2 (per unit mass) versus grain size lor the natural goethites. For sample abbreviations cf. 

Fig. l. 

grain-size independent in the investigated grain-size range in fractions 
down to 20 micrometer, in smaller fractions it slightly increases with 
decreasing grain size. The even weaker TRM2 shows hardly any grain-size 
dependence over the whole investigated grain-size range. 

FSB goethite has the lowest TRM per unit mass followed by RR, MBL. 
MKB and finally by MEN goethite. Plots of TRMI versus the amount of 
isomorphously substituted non-Fe elements, the amount of dispersed non
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Fe elements and the crystallite size are shown in Fig. 7. TRM intensi
ties show a complex pattern with respect to these variables. 
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Fig. 7. TRMI (per unit mass) versus the oxide weight percent I,omorphously sub,tituted non·Fe elements, 

I he oxide weight percent dispersed non-Fe eiements and the average crystallite size for each goethite. 

The TRM range Is indicate by bars; Ihe average lor each bar Is connected by straight lines. 

Tab I e III: TRM Intensities (16 kAm'1 inducing field) lor the natural goethites. 

MKB 
I r act Ion TRMI TRM2 

250 150 9.78 10. 11 

150 100 9. 59 10.12 
100 75 9.22 9.27 

75 55 8. 75 nd 

55 40 9.20 9. 14 

40 30 9. 30 9.23 
30 25 8. 33 nd 

25 20 8. 22 8.05 

20 15 8.26 7.65 
15 10 7.03 6.79 
10 5 5. 13 nd 

( 5 7.46 7.75 

FSB 

I r ac t i on TRMI TRM2 

250 150 1. 38 1. 05 

150 100 1. 63 1. 23 

100 75 1. 58 1. 25 

75 55 1. 63 nd 

55 40 0.91 0.92 
40 30 1. 70 1. 01 
30 25 O. 81 nd 
25 20 I. 86 1. 15 
20 15 1. 78 1. 46 

15 10 2.40 0.88 

10 5 2.95 nd 
( 5 4. 50 2.76 

Intensities in 10,3 Am2kg'l 

MBl MEN 

TI/2 I ract ion TRMI TRM2 TI/2 I r ac Ii on TRMI TRM2 T1/2 
0.97 250 150 6.26 6.36 0.98 250 150 12.69 12. 54 1. 01 

0.95 150 100 6.58 6.59 1. 00 150 100 14.42 13. 74 1. 05 

0.99	 100 75 6.28 6.05 I. 04 100 75 13.42 12.89 I. 04 

75 55 6. 11 nd 75 55 13. 17 nd 
1. 01	 55 40 7.09 6.73 I. 05 55 40 15.54 14. 13 I. 10 
1. 0I 40 30 6.90 8.08 0.85 40 30 14.25 14. 12 I. 01 

30 25 6. 54 nd 30 25 12. 13 nd 
1. 02	 25 20 7.31 6.96 I. 05 25 20 13.07 12. 32 1. 06 

1. 08	 20 15 7. 13 6.38 1.12 20 15 13.09 II. 75 1.11 
1. 04 15 10 6. 53 6.67 0.98 15 10 10.70 9.98 I. 07 

10 5 nd nd 10 5 8.94 nd 
0.98 ( 5 5.01 4. 55 I. 10 ( 5 7.05 6.79 1. 04 

RR 

T1/2 T1/2 I racl ion TRMI TRM2 

1. 31 250 150 4.63 4.25 1. 09 
1. 32 150 100 5.50 5. 10 I. 08 
1. 26 100 75 4.22 4.32 0.98 

75 55 4.40 nd 
I. 00	 55 40 4.74 4.21 I. 12 
1. 68 40 30 4.69 4.41 1. 06 

30 25 3. 58 nd 

1. 62	 25 20 4. 10 3.84 1. 07 

1. 22	 20 15 4.40 4. 16 I. 06 
2.70	 15 10 4.91 3.98 I. 23 

10 5 3. 52 nd 
1.63 ( 5 8.86 6.28 I. 41 

TRMI refers to the TRM induced in virgin samples; TRM2 to the TRM induced 

af t er t herma' demagnetization 01 TRMI. The ra t i0 of TRMI and TRM2 is denoted with nd = notT112' 
determined. Grain size ranges are in micrometer. For sample abbreviaf ions cf. Tab Ie II. 
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The TRM intensity seems to be enhanced by increasing isomorphous 
substitution until a certain maximum value; it is decreasing with 
further isomorphous substitution due to lower Neel points in highly 
substituted goethites. However, RR goethite, with its relatively low 
TRM, does not fit in this trend. The observed TRM pattern can quali
tatively be explained by taking into account the non-substituted or 
dispersed non-Fe elements. The RR goethite has the least dispersed 
non-Fe elements, which leads to a relatively high antiferromagnetic 
exchange coupling between its crystallites. This should result in the 
relatively low observed TRM. The influence of the crystallite size is 
difficult to evaluate. With decreasing crystallite size the TRM inten
sity should decrease because of the approach to the superparamagnetic 
threshold size (Mossbauer results indicate it to be approximately 
200 A). The trends in the present goethites, however, seem to be domi
nated by their chemistry. 

A minimum specific volume TRM can be calculated for each goethite by 
dividing the TRM per unit volume by its inducing field. In the present 
case, the TRM versus H curve is probably not linear anymore at the in
ducing field of 16 kAm-', so this specific volume TRM (51 units) is a 
minimum one. For each sample the average TRMl (the highest and lowest 
value for each goethite were excluded when calculating the average TRM) 
was taken and the sp~cific density of goethite was set at 3700 kgm- 3 • 

The following average minimum specific volume TRM values are obtained 
for each goethite sample: MKB: 1.9*10-3 ; MBL: 1.5*10-3 ; MEN: 2.9*10-3 ; 

F5B: 0.4*10- 3 and RR: 1.0*10-3 • These minimum values are two orders less 
than hematite specific volume TRM (approximately 0.4; Dunlop, 1971). 

2.4 Initial susceptibility after annealing 

Initial susceptibilities for each fraction, measured at room tempera
ture after annealing at 140 ·C, are listed in Table IV. The values refer 
to goethite; i.e. they are corrected for the diamagnetic moment of the 
matrix, which alters after one heat treatment due to liberation of water 
from the calciumcarbonate-waterglass mixture. This was checked by compa
ring the weights of each specimen before and after annealing. The change 
in diamagnetic moment of the matrix per unit mass was established by 
means of blanks. The initial susceptibilities decrease during the first 
annealing; repeated annealing at the same temperature hardly changes the 
susceptibility further. The ratio of the initial susceptibility after 
two times annealing and that prior to annealing as function of grain 
size is shown in Fig. 8. 

NA TURAL GOETH I TE 
ratio 2x.jOx YS. grain sizex in 

x 
o 

~ 
c 

0.8 

:;: 
o 

0.',-+I-~~~~-",r-~~~~cn--~~~-rno,oo' 0 
10 100 

Grain size in micrometer 

Fig. 8. Ratio of the initial susceptibility of the natural goethites after two times annealing and 

prior to any annealing (2x/Ox) versus grain size. For sample abbreviations cf. Fig.!. 
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Generally, the susceptibility decreases some ten percent, regardless 
of the grain size of the goethite. Only in the FSB fractions a decrease 
of some twenty percent is observed. 

The lower initial susceptibility after annealing reflects a more 
ideal antiferromagnetic goethite structure. Apparently, annealing at 
moderate temperatures already gives rise to changes in the goethite 
lattice, such as the loss of loosely bonded water. The change in initial 
susceptibility after one time annealing at l40·C and its constancy 
after further annealing at the same temperature is a strong indication 
that the goethite has never been at that temperature in nature, i.e. the 
NRM carried by these goethites is most probably a chemical remanence 
(CRM). A further indication in this direction is the fact that the TRM 
acquired by the artificial specimens in the geomagnetic field is hardly 
measurable, despite the relatively large amounts of goethite in these 
specimens. 

Table IV: Initial susceptibilities prior 10 after annealings at 140 ·C. 

MKO MOL MEN 

grain size Ox Ix 2x 3x 4x 5x Ox Ix 2x 3x 4x 5x Ox Ix 2x 3x 4x 5x 

250 150 0.49 0.44 0.44 0.43 0.75 0.70 0.69 0.70 O. 55 O. 50 0.48 O. 51 

150 100 0.46 0.410.41 0.400.42 0.74 0.69 0.68 0.67 0.68 0.56 0.47 0.48 0.48 0.50 

100 75 0.55 0.49 0.49 0.49 .• 0.76 0.73 0.71 0.72 0.61 O. 54 0.53 O. 54 

75550.560.480.48 0.76 O. 70 0.71 0.570.49 0.48 

55 40 1. 04 0.97 0.96 0.98 0.97 1.01 0.940.930.940.94 1. 42 .. 1. 34 1. 33 1. 34 1. 34 

40 30 1. 75 1.68·· 1. 701. 71 1.48 1.43 1.42 1.42 1.16 .. 1.10 1.091.09 

30 25 I. 09 I. 02 0.99 .. I. 63 I. 52 I. 51 I. 06 0.99 0.99 

25201.15 1.030.981.02 2.05 I. 78 I. 74 I. 79 0.83 0.76 0.76 0.79 

20 15 I. 10 1. 01 0.98 0.99 I. 51 I. 37 I. 34 I. 39 0.77 •. 0.72 0.70 0.73 

15100.83 0.780.760.760.77 I. 72 I. 56 I. 50 I. 51 I. 50 0.76 •• 0.70 0.69 0.69 0.68 

10 5 I. 03 0.83 0.81 0.88 0.82 0.80 .. 

(5 O. 70 O. 62 O. 62 O. 63 •• I. 02 0.95 0.95 0.99 O. 70 •. O. 64 0.66 O. 63 •• 

FSO RR 
gr a in size Ox Ix 2x 3x 4x 5x Ox 1x 2x 3x 4x 5x 
250 150 O. 51 O. 39 0.41 0.41 I. 10 0.99 O. 99 O. 95 

150 100 O. 56 0.43 0.42 0.42 0.42 I. 16 I. 07 I. 02 I. 04 I. 04 

100 75 0.66 0.48 0.48 O. 52 I. 03 0.92 0.92 0.95 

75 55 0.63 0.48 0.47 I. 05 0.98 0.92
 
55 40 I. 00 0.81 0.78 0.81 0.80 I. 45 I. 33 I. 27 I. 30 1. 30
 

40 30 I. 65 I. 42 1.42 1.43 1. 36 I. 24 I. 24 1. 26
 

30 25 1. 08 0.91 0.82 1. 34 I. 28 I. 18
 

25 20 1. 25 1. 00 0.98 1. 02 1. 31 1. 16 1. 17 1. 20
 

20 15 1. 03 O. 82 O. 76 O. 78 I. 40 •. 1. 32 1. 24 1. 20
 

15 10 1. 41 1.121.131.13 1. 14 I. 56 .. 1. 39 1. 39 1. 38 1. 40
 

10 5 2. 34 2. 11 I. 88 2. 10 2. 03 1. 71 .•
 

( 5 1. 88 1. 46 I. 45 1. 42 5.92 •. 5.225.204.94 

Ox: Initial susceptibility (in 10. 6 m3kg· 1) of virgin samples; Ix up to 5x: initial susceptibility 

measured at room temperature alter the respective times annealing at 140 ·C. Grain size ran8es in 

micrometer; for sample abbreviations cf. Table II. 

2.5 Behaviour during alternating field (AF) demagnetization 

To evaluate the goethite behaviour during alternating field demagne
tization TRMl was subjected to increasing alternating fields up to 
240 kAm-'. Two fractions of each sample - with grain-size ranges of 
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250- 150 and 20-15 micrometer - were selected to investigate grain size 
effects upon AF demagnetization. Differences between the fractions of 
individual goethite samples are minor. There are, however, distinct 
differences between the goethite samples (Fig. 9A). It might be that 
these sample differences are caused by different contributions of the 
non-goethite minerals to the observed remanence (which is constituted of 
a goethite and a non-goethite part). To evaluate the influence of the 
non-goethite minerals on the AF behaviour of the total remanence, two 
neighbouring fractions of each goethite (150-100 and 15-10 micrometer 
fractions) were thermally demagnetized at 135 ·c to remove the goethite 
contribution to the remanence. A part of the non-goethite remanence is 
also removed. To correct as much as possible for this decay, an IRM was 
given to these samples in the same direction and with the same inducing 
field as the original TRM after the thermal demagnetization. It appeared 
that the remanence after IRM acquisition was slightly higher than 
before. This remanence, i.e. the remainder after thermal demagnetization 
at 135 ·c plus the room temperature induced IRM, was also subjected to 
alternating field demagnetization. The remanence decay during AF treat
ment was subtracted from the original sample TRM (constituted of a goe
thite and a non-goethite part) and subsequently normalized. In this way 
the behaviour of the non-goethite part of the total remanence during AF 
demagnetization can be determined (Fig. 9B). 
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Fig. 9A. Behaviour of the total thermoremanence (acquired by cooling from 140 ·C in a 16 kAm· 1 field) 

during AF demagnetization of two fraction' of each goethite umple, normalized to their initial 

remanences. The numbers indlcale the graln'slze fractions of each goethite. For sample abbreviation, 

cf. Fig. J. 

The large similarity of the curves in Fig. 9A and Fig. 9B indicates 
that the differences between the goethite samples are predominantly due 
to the non-goethite contribution to the remanence. After thermal demag
netization, the remaining remanence of the AF demagnetized specimens 
indeed was much lower than that of non-AF demagnetized specimens. When 
the composition of neighbouring fractions is exactly equal, the relative 
decay of the total remanence and that of the non-goethite remanence can 
directly be subtracted from each other to establish the goethite beha
viour during AF demagnetization. When the composition is not exactly 
equal, the decay of the non-goethite curve (Fig. 9B) should be "norma
lized" to the decay curve of the corresponding "total" curve (Fig. 9A). 
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In practice, this appeared only necessary for the MBL 20-15 and 15
10 micrometer fractions. Above 80 kAm- 1 the non-goethite minerals showed 
no decrease anymore (Fig. 9B), so the decrease in the total curVe 
(Fig. 9A) is due to goethite. The minor differences in corresponding RR 
fractions are due to minute variations in maghemite content of the 
goethite concentrates. 
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Fig. 9B. Behaviour of the non-goethite part (i.e. their PTRM remaining after thermal demagnetization at 

140 ·C piUS their IRM acquired In the same field after thermally demagnetizing the goethite TRM part) 

o( the remanence during AF demagnetization. The decay Is normalized to the Initial total 

thermoremanence (goethite TRM plus non-goethite PTRM) to compare the non·goethite behaviour with the 

behaviour of the tolal thermoremanence to evaluate the goethite behaviour. The numbers refer to the 

grain·size (ractions or each goethite. For sample abbreviations cf. Fig. I. 

The relative goethite decay normalized to the initial value of the 
goethite TRM sensu stricto (= total TRM corrected for the non-goethite 
contribution) is Shown in Fig. 9C. Four of the five goethites investi
gated (RR, MEN, MKB, MBL) show an extreme hardness in agreement with 
general observations (e.g. Strangway et al., 1968; Heller, 1977, 1978). 
Coarse and fine fractions behave alike. The RR goethite fractions do not 
show any decrease up to 240 kAm- 1 

; the MEN fractions decrease approxi
mately 3% at the maximum applied alternating field; the MKB and MBL 
fractions 7% to 8%. The decrease for all goethites is negligible in 
alternating fields up to 80 kAm- 1 

• 

The FSB fractions show more decrease and a perceptible grain-size 
dependence: at 240 kAm- 1 the 250-150 micrometer fraction decreases 18% 
and the 20-15 micrometer fraction 55%. The onset of the decrease occurs 
also at lower applied fields, down to 40 kAm- 1 • Apparently, remanences 
in extremely fine crystalline goethite (as FSB) can be broken down with 
alternating fields to a varying, but reasonably large extent depending 
on the grain size. 

The observed behaviour indicates that the goethite AF properties are 
dominated by its crystallite size. AF demagnetization can only cope with 
thermoremanences in extremely fine crystalline goethite with crystallite 
sizes close to the superparamagnetic threshold ·size. In these fine 
crystalline goethites, exchange interaction between crystallites is 
important, since grain-size dependence of the decay during AF treatment 
is observed. The exchange interaction in goethite with slightly coarser 
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crystallites is apparently already that large that hardly any remanence 
decrease is observed anymore in available alternating fields. Slight 
differences in AF behaviour in these goethites are due to their chemical 
composition. Isomorphous substitution enhances the magnetic moment of 
the crystallites and, as such, their exchange interaction, but lowers 
the Neel point. Dispersed non-Fe elements lower the crystallite exchange 
interaction. RR goethite contains a low amount dispersed non-Fe ele
ments; its crystallites are rigidly coupled and no decrease of the TRM 
is observed even after treatment in 240 kAm-' alternating fields. MEN, 
MKB and MBL goethite contain increasingly more dispersed non-Fe ele
ments. The amount of isomorphous substitution is also increasing in 
this sequence. A slightly increasing remanence decay is observed from 
MEN to MKB and MBL. 

It follows from the AF decay curves after thermal demagnetization of 
the goethite thermoremanence (at 140 DC) followed by IRM acquisition in 
a 16 kAm-' field normalized to their remanence after this treatment 
(Fig. 90), that a PTRM residing in hematite shows markedly different AF 
properties as an IRM acquired in the same field. An IRM induced in a 
16 kAm-' field is obviously removed by AF demagnetization in fields with 
peak values of the same order. A PTRM induced at 140 DC also in a 
16 kAm- L field, is not completely removed in alternating fields of the 
same order at room temperature. There is still a (large) part of hema
tite PTRM present after AF treatment in 240 kAm-' fields! The difference 
in behaviour of the maghemite PTRM and IRM is minor: most maghemite is 
removed with 16 kAm-' alternating fields (cf. the RR decay curve in 
Fig. 90); the minor further decay is attributed to hematite which is a 
minor phase in the RR goethite concentrate. 

NATURAL GOETHITE 
AF de mag. non-goe th it e PTRM 150-100 

10 

. .u 
c

c
 
c 

~ 
~ 0.5 

c
 
E
 

Fig. 90. Behaviour of the goethite thermoremanence during AF demagnetization, normal ized to its figure 

after thermal demagnetization. II is apparent from the curves that the room lemperalure AF behaviour of 

a PTRM induced at 140 ·C in a 16 kAm'! field Is significantly dirlerent from a room temperature IRM 

induced with the same field. Part 0' the remanence is not removed even wilh a 240 kAm'1 alternating 

lield, which is considerably larger than the inducing field 01 only 16 kAm'l. For maghemite (RR 

Iraclions) the difference in behaviour due to the temperature of IRM acquisition Is less, 
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2.6 Low-temperature behaviour 

Goethite thermoremanences steadily increase, when cooled down from 
room temperature to -196 ·c (Fig. 10). This behaviour is typical for 
goethite and low-temperature treatment is, as such, a powerfuL 
technique to identify a goethite remanence without heating the sample 
(chemical alterations are thus avoided). Remanence behaviour during the 
first cooling cycle is shown in Fig. lOA. After the first complete 
cooling cycle, the remanence has decayed some 3 to 10%. This indicates 
that the exchange coupling regime is slightly altered during the first 
cooling. Generally, in small grain size fractions the decay is slightly 
larger than in coarse grain size fractions. MEN goethite shows a smaller 
decay than the others: it behaves more or less reversibly already during 
the first rewarming. All goethites show reversible remanence behaviour 
from the second cooling cycle onwards (Fig. lOB). 

Table V: Ratio of the thermoremanences at -196 ·C and the remanence before the first cooling cycle lor 

all cooling cycles of a specific specimen together with the remanence rallo before and alter each 

individual cool ing cycle. 

MKB MBl MEN FSB RR 

RI RBA RI RBA RI RBA RI RBA RI RBA 

150 100 A 3.05 0.95 3.39 0.99 2.65 0.98 2. 15 1. 00 3.00 0.93 

150 100 B 3.22 1. 00 3.34 1. 00 

40 30 A 2.82 0.87 3.28 0.96 2.49 0.97 2. 12 1. 00 2.75 0.89 

40 30 B 3.20 1. 00 

15 10 A 2.87 0.89 3.03 0.91 2. 56 1. 00 1. 56 0.90 2.45 0.86 

15 10 B 3.25 1. 00 3. 35 1. 00 2. 56 1. 00 1. 72 1. 00 2.82 1. 00 

15 10 C 3.23 1. 00 3.32 1. 00 2. 54 1. 00 

15 10 0 3.22 1. 00 2. 57 1. 00 

( 5 A 2.95 0.94 3. 12 0.94 2.44 0.96 1. 58 0.89 1. 86 0.88 

( 5 B 3. 19 1. 00 1. 74 1. 00 

MKB, MBl, MEN, FSB and RR denote the goethite sample abbrevlallons. The numbers refer to the grain size 

ot the fractions In micrometer; "A" refers to the first cooling curve, "B" to the second of lhe same 
sample. "C" to lhe third and "0" 10 the fourth. The remanence Increase at ·196 ·C (RI) divided by the 

initial remanence (I.e. the remanence prior to the "A" curve) Is listed in the firsl column. The second 

column rerers to the ret 10 of lhe remanence before and after each Individual cooling cycle (RBA). 

Possible changes in the cooling curves due to hematite are negli
gible, since the hematite part of the remanence in the samples is small. 
The hematite contribution to the remanence is only significant in the 
FSB samples. The Morin transition is transferred to low temperatures and 
largely or completely suppressed in extremely fine crystalline hematite 
(e.g. Bando et al., 1965). The FSB samples show hardly, or not at all, a 
remanence decrease associated with the Morin transition, so the hematite 
contribution to the total remanence is taken as constant throughout the 
investigated temperature range. The changes in behaviour of the rema
nence due to the maghemite contribution in the RR fractions is more 
difficult to assess. When cooling down there is no change in the maghe
mite remanence (Dankers, 1978). The maghemite remanence is slightly 
decreasing up to some 10% without any clear transition point, when 
reheating from -196 ·c (Dankers, op. cit.). The observed slightly larger 
remanence decay in the RR fractions after the first cooling cycle could 
be caused by simultaneous goethite and maghemite decay. The complete 
reversibility of the remanence behaviour during a second cooling cycle 
(Fig. lOB) would indicate that maghemite behaves also reversibly. Data 
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on second cooling cycles for pure maghemite samples to check this pos
sible reversibility, however, have not been traced by the author. 
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During the first cooling cycle the increase ratios tend to decrease 
with decreasing grain size in FSB, RR and MEN goethite. In MBL and MKB 
goethite this trend is absent or only weakly developed (Table V). For 
all goethites, in repeated cooling cycles this grain-size dependence is 
absent or much weaker developed than in corresponding first cooling 
cycles. 

The remanence increase is due to an increase in spontaneous magneti
zation, which is a combination of within- and between-crystallite pro
perties. Upon cooling, the atomic movement due to temperature 
excitation decreases, which results in an increasing remanence. Upon 
rewarming, the temperature excitation increase again, which results in 
the observed (nearly) reversible remanence behaviour during cooling 
cycles. The remanence increase will be larger when there is more 
isomorphous substitution in the goethite, because of the increased 
magnetic moments. An increase in remanence ratio is observed from FSB 
via MEN, RR, MKB and finally MBL goethite (remanence increase ratios 
referring to reversible behaviour respectively 1.8-2.1, 2.5, 2.8-3.0, 
3.2 and 3.35). However, an approximately linear correlation between the 
remanence increase ratio and isomorphous substitution is not observed, 
so the isomorphously substituted non-Fe elements are not the sole factor 
explaining the increase. Dispersed non-Fe elements lower the exchange 
coupling and will suppress the remanence increase. So, goethites with 
relatively few dispersed non-Fe elements will show a relatively large 
increase ratio. In RR goethite with the least dispersed non-Fe elements 
content of the goethites investigated, indeed a relatively large 
increase ratio is observed with respect to its isomorphous substitution. 

The goethite investigated by Heller (1978) also shows a steady in
crease upon cooling down to -196 ·C. It was tested whether comparison of 
Hellers results, which refer to IRM properties, and the results of the 
present investigation, which deal with TRM properties, is allowed. Trial 
runs showed that, for individual goethites, IRM increased with the same 
ratio as TRM. 

The crystallite size of the goethite investigated by Heller is extre
mely small, since it contains no isomorphously substituted non-Fe ele
ments (non-Fe elements below limit of detection except Si, microprobe 
analyses) and its maximum blocking temperature is nonetheless only 
55 to 90 ·C (Heller, 1978). The large relative remanence increase upon 
cooling in Hellers goethite might be explained by its relatively low 
amount dispersed non-Fe elements (approximately 3.5 weight percent Si02) 
and by the fact that the remanence at the onset of cooling treatment is 
low because of the vicinity of the maximum blocking temperatures (goe
thite with maximum blocking temperatures of 60 ·C has an increase ratio 
of 3.7 and a chemically similar goethite with maximum blocking tempera
tures of 100 ·C has an increase ratio of 2.5; cf. Figs. 3 and 4 of 
Heller, 1978). 

Fig. 10. The non-goethite part of the remanence (as determined by thermal demagnetizalion) is indicated 

by the shaded I ine in Fig. lOA and lOB. 

Fig. lOA: Examples of the behaviour of TRMI during the first cool ing cycle. The remanence is steadi Iy 

increasing throughout the whole temperature range. At room temperature there is generally a small 

decrease in remanence after completing the cooling cycle. The numbers behind the goethite sample 

abbreviation reler to the grain size in micrometer; 'A' stands lor the first cooling cycle. 

Fig. lOB: Behaviour of TRMI during repeated low-temperature treatment. The behaviour is reversible: at 

room temperature there is no further remanence decrease anymore when rewarming from the I iQuid nitrogen 

temperalure. Numbers behind goethite sample abbreviations refer 10 the grain size in micrometer; 'B' 

stands for the second cooling cycle, 'C' for the third. 
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3 CONCLUSIONS 

The grain-size trends of TRM in goethite (induced with a 16 kAm- 1 

field for experimental reasons) are different for individual goethites. 
It is decreasing with grain size in MKB goethite; approximately grain
size independent in FSB and RR goethite and it shows a maximum in the 
intermediate grain-size range for MEN and MBL goethite. FSB goethite has 
the lowest TRM per unit mass, followed in increasing order by RR, MBL, 
MKB and MEN goethite (average values respectively 1.7*10-3 , 4.4*10-3 , 

6.5*10-3 , 8.4*10-3 and 12.4*10-3 , all in Am2 kg- 1 ). This trend in TRM 
values for individual goethites can be understood as being the result of 
isomorphous substituted and dispersed non-Fe elements in the goethite. 
Isomorphous substitution enhances the TRM until a certain maximum value, 
with further isomorphous substitution the TRM declines again due to 
lowering of the goethite Neel point. Relatively modest amounts of dis
persed non-Fe elements result in relatively tightly antiferromagneti
cally coupled crystallites and the observed TRM value is lower than one 
would suppose when taking only isomorphous substitution into account. 
The TRM trends are predominantly determined by the chemical characteris
tics of the goethite; crystallite-size dependence is a second order 
effect. 

Minimum specific volume. TRM's are for MKB, MBL, MEN, FSB and RR 
goethite respectively: 1.9*10-3 , 1.5*10-3 , 2.9*10-3 , 0.4*10-3 and 
1.0*10-3 (SI units). These figures are two orders less than hematite 
figures. 

The maximum blocking temperature of the goethites is dominated by 
their isomorphous substitution over their crystallite size. FSB goethite 
has the highest maximum blocking temperature despite its small crystal
lite size. MBL goethite, with the largest isomorphously substituted con
tent of the goethites investigated, has the lowest maximum blocking 
temperature (45 to 60 "C), followed in upward direction by MKB (55 to 
80 "C), MEN (55 to 105 "C), RR (70 to 100 "C) and FSB (90 to 105 "C). 
Both with stepwise and continuous thermal demagnetization no grain-size 
dependence was observed. Continuous thermal demagnetization curves show 
a rapid, approximately linear decrease with increasing temperature, 
evolving into a concave part when the remanence is almost completely re
moved. The lowest temperatures listed above after each goethite sample 
correspond to the beginning of the concave part in the decay curve. The 
highest temperatures correspond to the temperatures where no goethite 
remanenCe is observed anymore. Stepwise thermal demagnetization revealed 
the same maximum blocking temperature order with similar temperatures 
for individual goethites. It Was obligatory to take demagnetization 
steps of only 10 "C for a good representation of the decay curves. 

A second TRM (TRM2), induced in the same specimens with the same 
inducing field and direction as the first TRM (TRM1), is identical (MKB, 
MBL, MEN goethite) to TRMI or has a slightly weaker intensity (RR, FSB 
goethite). This is most prominent in the fine-crystalline FSB goethite. 
There is, apparently, a re-ordering in the goethite lattice, which 
results in a better crystal structure. Consequently, the TRM after 
repeated annealing is slightly weaker. 

The initial susceptibility of goethite measured at room temperature 
decreases some 10 percent during annealing at 140 "C for the first time 
in the MKB, MBL, MEN and RR fractions. The initial susceptibility of the 
FSB fractions shows a decrease of some 20 percent. Repeated annealing at 
the same temperature hardly changes the initial susceptibility further. 
This is a strong indication that the natural remanence (NRM) carried by 
these goethites, is of chemical remanent origin. 

84 



The goethites are extremely hard with respect to AF demagnetization, 
illustrated by their small decay in TRM after treatment with 240 kAm- 1 

alternating fields (maximum fields available). RR goethite fractions do 
not show any decay at all. MEN, MBL and MKB goethite decay three to six 
percent, without any grain-size dependence. Only FSB goethite shows a 
larger decay and grain-size dependence is observed. The decay is 18 
percent in the 250-150 micrometer fraction and 55 percent in the 20
15 micrometer fraction. Only thermoremanences in extremely fine crystal
line goethite with crystallite sizes close to the super paramagnetic 
threshold size can be (partially) broken down with AF treatment in 
available fields. 

The goethites show a continuous remanence increase when cooling it in 
a field-free space. Goethite is unique in this low-temperature behaviour 
and low-temperature treatment is, as such, an elegant technique to iden
tify goethite remanences without the need to heat a specimen which may 
result in alterations in the goethite. The remanence increase ratio is 
higher with rising content of isomorphously substituted non-Fe elements 
in the goethite. The steady remanence increase with decreasing tempe
rature is due to an increase in spontaneous magnetization. The exchange 
coupling within and between the goethite crystallites increases during 
cooling because the temperature excitation of the atoms decreases. 
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CHAPTER 5 

MAGNETIC PROPERTIES OF NATURAL GOETHITE 

PART III 

INVESTIGATION OF THE MAGNETIC BEHAVIOUR OF THE MAGNETIC MINERALS
 
ORIGINATING FROM GOETHITE DEHYDRATION DURING THERMAL DEMAGNETIZATION.
 

Abstract 

The behaviour during stepwise thermal demagnetization of a set of 
artificial samples, containing well-defined natural goethite from five 
locations (chemical composition, crystallite and grain size are known) 
is reported. The goethite converts to hematite in a 260-360 ·C tempera
ture interval as was observed through monitoring the initial suscepti 
bility. During the conversion reaction the initial susceptibility 
slightly decreases. The temperature range for the conversion reaction 
inferred from the initial susceptibility decrease corresponded well with 
the temperature interval determined by Differential Scanning Calorimetry 
measurements. Due to recrystallization of minor hematite already present 
in the original goethite concentrates during the goethite/hematite 
conversion reaction, an extra remanence decrease is observed during this 
reaction, facilitated by the free water available in the direct vicinity 
of the original hematite. The extra bending point in the decay curve 
might be erroneo.usly interpreted as evidence for the presence of titano
magnetite or pyrrhotite in the specimens. At temperatures from 380 ·C 
upwards (depending on the grain size of the original goethite) the 
initial susceptibility increases with widely varying extents, due to 
the creation of trace amounts of magnetite. 

Differences in magnetite/hematite ratio as well as in the properties 
of both minerals were inferred from rockmagnetic investigations after 
the 400 C and 685 C demagnetization steps (IRM acquisition in fields 
up to 11.2*10 6 Am-', AF demagnetization and low-temperature cycling of 
Jr.). Traces magnetite appeared to be already present after the 400 ·C 
step; after the 685·C step the magnetic mineralogy was usually domi
nated by magnetite. The magnetic behaviour of both hematite and magne
tite seems not to be determined by compositional differences in their 
precursor goethite. 

After the 400·C step the hematite showed no Morin transition during 
low-temperature treatment, indicative for an extremely fine crystallite 
size. Jr. varied between 0.007 and 0.064 Am 2 kg-', distinctly lower than 
Jr. of well crystalline hematite. After the 685·C step a weak Morin 
transition was observed and Jr. was slightly increased. Large magnetic 
fields are necessary to saturate the hematite after the 400·C step (up 
to 10.4*10 6 Am-'); after the 685 ·C step considerably smaller fields are 
needed (3.2*10 6 to 4.8*10 6 Am-'). 

The magnetite-dominated specimens showed during low-temperature 
cycling an isotropic point transition related remanence decrease only in 
the fine grain-size fractions. Magnetite growth in these fine fractions 
took place over a rather large number of thermal demagnetization steps, 
giving rise to relatively coarse magnetite crystallites. In the coarse 
grain-size fractions magnetite growth took place predominantly during 
one or two thermal demagnetization steps resulting in aggregates of 
extremely small SD magnetite crystallites within a larger hematite 
crystallite aggregate. Combination of the magnetic magnetite percentage 
(obtained from RA curves) and the magnetite weight percentage (calcu
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lated from the initial susceptibility) yields high figures for the 
ratio of the magnetite and hematite saturation remanences. This points 
to extremely fine grain sizes for the magnetite (from very close to the 
superparamagnetic threshold size to approximately 1 micrometer). 

The large differences in magnetic magnetite and hematite contents of 
the samples are the result of extremely local differences in vapour 
phase amount (and composition?) within the specimens. The vapour phase 
is formed by chemical reactions of the matrix constituents (CaC03 and 
waterglass) leading to a C02/H20 vapour phase. Reducing capacity is 
presumably created by decomposition of trace amounts organic matter. 
Other factors in explaining the differences between the samples are the 
presence of seeding crystals and the crystallinity of the precursor 
goethite. A self-reversal is observed in most specimens in the 600 ·C 
temperature interval. 

INTRODUCTION 

Progressive demagnetization to evaluate the natural remanent magne
tization which was acquired by rocks during the geological history, is 
increasingly performed by means of thermal methods. However, chemical 
reactions occur in the specimens during heating. This can lead to the 
introduction of new magnetic minerals, which may acquire a spurious 
remanence during the demagnetization procedure. When studying volcanic 
rocks, the amount of chemical alterations introduced in the specimens 
during annealing, will generally be minor, because volcanics were at 
high temperatures during their formation. 

The situation is completely different in sediments, however, since 
they were formed at low temperatures. Sediments have a composite nature: 
they consist of varying amounts of detrital and authigenic material. A 
wide variety is possible in the clay-mineral type(s) and quantity. The 
quantity and composition of organic matter may also show a considerable 
variation. So, it is to be expected that sediments will react consider
ably during annealing due to the decomposition of organic matter and 
unstable mineral phases. For paleomagnetic purposes, the thermal beha
viour of hydrous iron(hydr)oxides and iron sulphides is of special 
interest, because magnetic minerals are involved. 

During thermal demagnetization, sediments are for the first time at 
elevated temperatures. The original sedimentary mineral suite becomes 
(partly) unstable and chemical reactions occur between the sample con
stituents. Apart from mere thermodynamic arguments regarding mineral 
stability, kinetic aspects are of prime importance in explaining the 
reactions occurring in the specimens, because the heating time is short. 
The presence of a vapour phase within the specimens has a tremendous 
impact on reaction kinetics, because a vapour phase offers a reactive 
medium. It can accelerate chemical reactions by several orders of magni
tude by increasing the availability of reacting components, acting 
analogous to a catalyst. 

InterstitiallY absorbed water, which is present in all sediments, is 
by and large removed at approximately 100 ·C. Its influence on reactions 
occurring in the samples is minor, because reaction kinetics are gene
rally slow at those relatively low temperatures. At higher temperatures, 
on the contrary, the effect of a flux of water vapour or, in general, a 
composite vapour phase in the specimens is significant. This flux can be 
created by dehydration and/or decomposition of minerals and/or organic 
matter at elevated temperatures. The mineral phases and the organic 
matter each have their own dehydration or decomposition temperature. The 
subsequent (partial) break-down of the mineral phases, accompanied by 
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the decomposition of organic matter, ensures the presence of a (complex) 
vapour phase in minute quantities in the specimens, when annealing 
stepwise up to 700 ·C. 

Natural samples are less suitable for the discrimination in behaviour 
of specific magnetic minerals in the specimens during thermal demagneti
zation. This is, because the composition of the (magnetic) mineral suite 
and of the reactive vapour phase are both relatively poorly defined. 
Artificial samples, which contain known quantities of a well-defined 
magnetic mineral, offer the potential to relate processes which occur 
during annealing, to alterations of that specific mineral. Suchlike 
investigations ultimately lead to a better understanding of the beha
viour of natural samples, which contain varying combinations of reactive 
components. By heating goethite (a-FeOOH) bearing artificial samples, 
the magnetic behaviour exclusively due to goethite alterations can be 
studied. 

The series of goethite bearing artificial samples of which the magne
tic properties have been reported in Dekkers (1988A, 1988B), is sub
jected to temperatures up to 700 ·C to investigate the magnetic proper
ties of the minerals which originate from the goethite. The goethites 
comprise two marine sedimentary oolithic iron ores (MKB and MBL, respec
tively from Kahlenberg and Blumberg in Western Germany), a fluviatile 
replacement ore (RR, from Robe River mining district, Western Austra
lia), a caprock goethite (MEN, from Menera mining district, Spain) and a 
gossan goethite (FSB, from Sain Bel, France). Detailed sample descrip
tions are in Dekkers (1988A, 1988C). Some important chemical and X-ray 
characteristics of the goethites are compiled in Table I. 
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Tab I e I: Microprobe analyses. un it ce/I determinations and crystall ite size order of the goethite 
concentrates 

Microprobe analyses 

MKB MBl MEN FSB RR 
._---_ ...................................................
 
Si02 2.51 4.89 3.05 3.27 2.80 
Ti02 0.02 0.44 0.02 0.01 0.02 
AI 203 2.86 7. 16 0.84 0.34 2.15 
Y203 0.10 nd 0.04 0.03 0.04 

Fe203 76.32 68.44 79.55 80.58 79.33 
MnO 0.24 0.06 0.93 0.02 0.05 
MgO 0.92 0.86 0.95 0.10 0.09 

CaO 0.27 0.26 O. 17 0.08 0.07 

Na20 0.13 nd 0.09 0.03 0.02 
K20 0.07 n'd 0.01 0.02 0.02 
P205 1. 79 0.84 0.28 0.07 0.07 

S03 0.81 0.36 0.31 4.20 0.33 
to t aI 86.10 83.34 86.29 88.77 85.16 

H2O 13. 17 13.43 14.09 17.68 11. 79 

MKB, MBl. MEN, FSB and RR are abbrevietions of the goethite sample locations, respectively of Kahlen· 

berg (Weslern Germany), Blumberg (Weslern Germany), Menera (Spain). Sain Bel (France) and Robe River 

(Weslern Austral ia). Microprobe analyses were carried out on a TPD (Technisch Physische Dienst) 

microprobe fitted with a TRACOR Northern Energy Dispersive (ED) system. Operating conditions are 15 

keY and 2 • 3 nA. ZAF matrix correction is applied. Contents are in weight percentages; nd = not 

determined; iron is calculated as Fe203' H20 Is determined with the Penfield method. 

Unit	 cell sizes of the goethite 

ax i s MKB MBl MEN FSB RR 

4. 585±0.003 4. 586±0. 004 4. 612±0. 004 4. 611±0. 004 4. 596±0. 004 
9. 90B±0. 007 9. BB4±0. OOB 9. 920±0. OOB 9. 962±0. 009 9. 909±0. OOB 

2. 995±0. 002 3. OOO±O. 002 3. 01l±0. 002 3. OOB±O. 003 2. 998±O. 002 
Yo I. 136.06 136.00 137.76 138.17 136.53 

lengths of the crystal axes In A; volume (Yo I. ) in A3. 

Average crystallite sizes in A 

MKB MBl MEN FSB RR 

480 325 370 240 400 

1.1	 Temperature range of the goethite/hematite conversion reaction ac
quired with differential scanning calorimetry 

Goethite is thermodynamically stable with respect to hematite plus 
water in a temperature interval of 80 ·C at 1 bar up to 140 ·C at 4 kbar 
(Langmuir, 1971, 1972). Langmuir's data refer to pure goethite. Assuming 
ideal mixing of goethite and diaspore, Yapp (1983) calculated that Al
substitution in goethite would increase its thermodynamic stability with 
respect to hematite plus water. The influence of AI-incorporation on the 
thermodynamic properties is so overwhelming that the oversimplification 
of the ideal mixing model is regarded to be of minor influence. 
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Goethite is known to dehydrate to hematite at a temperature interval 
of 250 to 400 ·C in differential thermal analysis (DTA) runs, depending 
on its crystallinity and chemical composition (e.g. Smykatz-Kloss, 
1974). These temperatures are indeed much higher than those one would 
expect on thermodynamic grounds, an indication for the importance of 
reaction kinetics. Differential scanning calorimetry - DSC, a slightly 
modified differential thermal technique, measuring the amount of heat 
required to maintain a constant heating rate of a sample - runs of the 
goethites are presented in Fig. 1. 

MKB FSB0 0 

-20 -20 

-40 -40 

-60 -60 

20
MBL0 MEN 

0S -20 
E 

-20 
s: -40 
0 -40.... -60 
+" 
CO 
(I) 

:J: 100 200 300 400°C 

RR 
0 

-20 

-40 

100 200 300 400°C 

Fig. I. Oi llerential Scanning Calorimetry (DSC) curves of the natural goethite samples. Heating was 

perlormed in air with a rate of 10 ·C/mln. MKB = Kahlenberg (Western Germany), MBl = Blumberg (Western 

Germany), MEN = Menera (Spain), FSB = Sain Bel (France), RR = Robe River (Western Austral ia). 

Distinct differences in DSC behaviour exist between the samples. MKB 
and FSB goethite display relatively sharp peaks despite large differ
ences in crystallinity. The peak of FSB goethite lies at a considerably 
lower temperature than that of MKB goethite. RR goethite has a relative
ly broad peak although its crystallinity is equivalent to MKB goethite. 
A small shoulder is developed on the lower temperature side of the peak 
in the DSC curve of MBL goethite. The DSC curve of MEN goethite actually 
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consists of two peaks close to each other. The onset of the peaks is in 
all samples already at approximately 200 ·C. 

The aluminous MKB and MBL goethite (cf. Table I) decompose at higher 
temperatures than the other goethites. This is remarkable since Al
goethite is known to decompose at lower temperatures than pure goethite 
(e.g. Smykatz-Kloss, 1974). The presence of escape conduits for the 
liberated water is important in explaining goethite DTA characteristics. 
Less escape conduits lead to higher decomposition temperatures (Murad, 
1979). However, of more importance is the thermodynamic stability of the 
goethite. AI-goethite is thermodynamically more stable than AI-free 
goethite with respect to hematite plus water (Yapp, 1983) and this 
obviously leads to higher decomposition temperatures for AI-goethites 
when the goethites have crystallite sizes of the same order. The general 
observation that AI-goethite decomposes at lower temperatures than Al
free goethites is thus not due to its Al content but to the fact that 
AI-goethites generally have a smaller crystallite size than AI-free 
goethite. 

1.2 Experimental procedure 

The goethite concentrates contain trace amounts of non-goethite mine
rals (hematite and in the RR fractions also maghemite). A thermorema
nence was induced in the specimens by cooling from 145 ·C in a field of 
16 kAm- 1 (20 mTesla) to suppress the non-goethite contribution to the 
total remanence. This TRM was thermally demagnetized with the stepwise 
method. Goethite remanence is already removed at some 100 ·C; the non
goethite remanence will persist up to much higher temperatures. The 
measuring procedure was designed to allow for the detection of possible 
viscous behaviour due to newly-formed minerals formed by the goethite 
break-down. 

Since the goethite break-down occurs at temperatures higher than its 
Neel temperature, the goethite break-down reaction cannot be monitored 
by goethite remanence measurements. However, the goethite break-down may 
influence the remanence behaviour of the non-goethite minerals (hematite 
and maghemite). The goethite break-down reaction was therefore monitored 
by measuring the initial susceptibility at room temperature after each 
thermal demagnetization step up to 685 ·C. Special attention was paid to 
the 200-400 ·C temperature interval. 

To study the magnetic properties of the newly formed minerals (i.e. 
hematite and a magnetite-like mineral in varying amounts, depending on 
the temperature) the thermal demagnetization was stopped for half of the 
fractions after the 400·C step, i.e. shortly after the complete goe
thite/hematite conversion. Isothermal remanent magnetization (IRM) 
acquisition curves (RA curves; in magnetic fields up to 11.2*10 6 Am- 1 or 
14 Tesla) and the remanent coercive force (Her) were determined at room 
temperature to evaluate the magnetic characteristics of the newly 
formed hematite. Low-temperature cycling of Jr_, induced at room tempe
rature was carried out for further evaluation. The AF behaviour of a 
1.6*10 6 Am- 1 (2 Tesla) induced IRM was also studied. 

To study possible changes in the hematite magnetic properties and to 
evaluate the characteristics of the magnetite-like phase, the afore
mentioned experiments were carried out after the 685·C step for the 
remainder of the fractions. 

Initial susceptibility measurements were carried out with a Jellinek 
KLY-l susceptibility bridge. Remanences were measured with a digital 
spinner magnetometer developed in the Utrecht Paleomagnetic Laboratory 
based on the Jellinek JR3 drive unit. IRM acquisition curves up to 
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11.2*10 6 Am-' (14 Tesla) fields were determined with a Forster fluxgate 
magnetometer type 1.107, which was calibrated with the digital spinner 
magnetometer or with an astatic magnetometer. Heating was performed in 
air in a thermal demagnetizer constructed in the Paleomagnetic Labora
tory; the field in the heating and cooling compartments was less than 
40 ¥. Low-temperature measurements were done with a fluxgate spinner 
type made suitable for measurements at high and low temperatures by 
inserting the sample holder in a water-cooled furnace or in a dewar 
vessel throughout the measuring procedure. Periodic remanence measure
ments and temperature control is performed by a microcomputer system 
(Dankers, 1978, 1981; Hartstra, 1982A, 1982B). 

2 RESULTS 

For each goethite sample, identical grain-size fractions throughout 
the whole investigated grain-size range were stepwise thermally demagne
tized to evaluate grain-size effects: the 250-150, 30-25 and <5 micro
meter fractions were demagnetized up to 685 ·C; the 75-55, 20-15 and 10
5 micrometer grain-size fractions up to 400 ·C. The maximum blocking 
temperatures of the goethite are dominated by their chemical composition 
(Dekkers, 1988B); in the present contribution the magnetic impact of 
goethite dehydration on the behaviour of the (small) non-goethite part 
of the original TRM will be discussed. 

2.1 Remanence behaviour 

Representative decay curves are shown in Fig. 2. Because of the goe
thite predominance in the samples, the remanence is by and large 
removed at temperatures well below 150 ·C. The non-goethite contribution 
to the remanence is larger in the FSB and RR fractions because of an 
extremely low specific goethite remanence and slightly raised hematite 
contents in the former and the presence of minute amounts maghemite in 
the latter (cf. Dekkers, 1988A, 1988B). There were no indications of 
viscous remanence behaviour after demagnetization steps up to 685 ·C, 
due to creation of new magnetic minerals. 

There are distinct differences among the samples in remanence beha
viour during thermal demagnetization at temperatures above 150 C. The 
within-sample variation is distinctly smaller than the between-sample 
variation. The non-goethite remanence part in the MBL fractions is 
generally too small to allow for a more definite interpretation, but it 
seems that there is an approximately linear remanence decrease from 100
150 ·C upwards. The remanence is completely removed at temperatures down 
to 550 ·C, considerably lower than 685 ·C, the Curie temperature of 
hematite, pointing towards extremely small hematite crystallites. 

The MKB fractions have linear decay curves from 150·C upwards with 
occasionally a minute bending at the onset of the goethite/hematite 
conversion reaction. MEN fractions show a similar bending during the 
temperature range of the conversion reaction itself. The remanence is 
completely removed in both samples at 660 'c. 

In decay curves of FSB and RR goethite two distinct bending points 
are present. The first bending point at approximately 100 'c obviously 
corresponds to the removal of the goethite remanence. 

The second bending point is at first sight likely to be explained by 
the presence of a previously undetermined magnetic phase with a maximum 
blocking temperature of 280-300 'c. Pyrrhotite or titanomagnetite could 
be possible candidates. However, careful mineralogical and magnetic 
determinations of the original FSB and RR goethite concentrates did not 
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reveal their presence (Dekkers, 1988A). The second bending point in 
their decay curves corresponds closely with the goethite/hematite con
version interval (cf. Fig. 2), so they might well be related. 
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Fig. 2. Representative examples of goethlle remanence behaviour upon stepwise thermal demagnetization 

of a 16 kAm· 1 (20 mT) thermoremanence (Induced at 145 ·C). Remanences are normalized to their initial 

values. The temperature Interval of the g~athlte/hematlte conversion reaction, extracted from the OSC 

determination, Is Indicated with a hatched area. The onset of the conversion reacllon is indicated with 

a triangle on the temperature axis (MBl samples have a dlscernable two-stage onset of the conversion 

reaction). The grain-size range of the Initial goethite fractions Is denoted In micrometer. The extra 

bending point related to the goethite/hematite conversion reaction is indicated with arrows. Note that 

the ordinate scale of the Kahlenberg, Blumberg and Menera fractions Is four times expanded compared to 

those of Sain Bel and Robe River. 

The dehydration of goethite in the 260-300'C temperature interval 
creates a flux of water vapour within the specimens in the immediate 
vicinity of the original hematite parts of the goethite grains (goethite 
and hematite are intimately intergrown). This extra free water facili
tates diffusion - anyhow necessary for any re-arrangement - within the 
minor originally existing hematite. Hence, besides new-formation of 
hematite, also re-arrangement of originally existing hematite occurs 
during the goethite/hematite conversion reaction. The re-arrangement 
takes place in a field-free space and results in a hardly magnetic 
hematite type (cf. section 4.3.1.2), so an extra remanence decay during 
the goethite/hematite conversion reaction is plausible. The lattice re
arrangement of the hematite is considerably slowed down when the free 
water supply stops, which is actually happening when all goethite is 
converted to hematite. This results in the observed second bending point 
at approximately 300'C in the decay curves. Especially originally 
poorly crystalline hematite (as in the FSB goethite concentrate) is 
sensitive to lattice re-arrangements, because in such m~terial the dri
ving force to a more ideal crystalline structure with a lower Gibbs 
energy is relatively large. 

RA curves of FSB samples after the 400 ·c demagnetization step (cf. 
Fig 4) show that the hematite acquires considerably less remanence at 
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the same inducing field than the original hematite. The "400 ·C" hema
tite is saturated in considerably higher fields than the original hema
tite. This indicates that the "400 ·C" hematite has an other structure 
than the original hematite. 

2.2 Initial susceptibility 

The initial susceptibility (Xin) was measured at room temperature 
after each demagnetization step to evaluate changes in the magnetic 
mineralogy in the specimens. Representative results, corrected for 
matrix changes (established by blanks) are shown in Fig. 3. The initial 
susceptibility before the thermal demagnetization procedure, after the 
400·C demagnetization step and after the 685 ·C step (temperatures 
after which room and low-temperature magnetic experiments were carried 
out to assess'the magneto-mineralogy of the samples) are tabulated in 
Table II to show the differences among the specimens. After the 685 ·C 
step large differences exist between the specimens. 

RR 250-150 

~ 
~ 

FSB 250-150 

200 000 200 400 600 

T"mpe,,,ture,~ °c 

Fig. 3. Representallve examples of the changes in initial susceptibility during the stepwise thermal 

demagnetization procedure. DSC data are visualized similar to Fig. 2. Susceptibilities, caiculated per 
unil mass, refer to the original goethite weight. Grain-size fractions are indicated in micrometer. 
Note occasionally expanded ordinale scales. In plots with two curves, Ihe upper curve is the same as 

the lower curve only with a five times exaggerated vertical scale. The initial susceptibility after the 

685 ·C step is indicated near the arrow, when It is (much) larger than the vertical scale shown. 

X~n does not show a significant change up to 240-260 ·C (observed 
variations are due to the noise level of the susceptibility bridge). In 
the temperature range of 250 to 350 ·C interval there is a small but 
distinct decrease in X~n. Only in the MKB samples there is hardly any 
decrease. The actual temperature range of the X~n decrease is closely 
related to goethite/hematite conversion reaction temperature range de
termined with DSC. X~n of the (5 micrometer fractions starts to increase 
from 400·C upwards, first rather slOWly but above some 600 ·C a strong 
increase is observed. The increase is due to the creation of an extreme
ly magnetic phase, presumably magnetite. Blocking temperature spectra of 
Jra of some pilot samples induced after a complete thermal demagnetiza
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tion procedure, revealed maximum blocking temperatures of 560 'c for the 
magnetite phase, i.e. well below 578 'c. This is indicative for fine
grained rather pure magnetite (Dunlop, 1973A), rather than for the 
presence of highly cation-deficient magnetites with much more elevated 
maximum blocking temperatures (e.g. Nishitani and Kono, 1983; Ozdemir 
and Banerjee, 1984; Heider and Dunlop, 1987). In the coarse grain-size 
fractions Xi~ starts increasing at higher temperatures and its magnitude 
is highly variable (cf. Fig. 3 and Table II). The results indicate that 
in natural samples magnetite, besides being created from non-magnetic 
minerals, can also be produced from hematite (or goethite) as precursor 
mineral. When dealing with goethite/hematite aggregates with small grain 
sizes, which is the case in many natural samples, one has to take into 
account that there could already be some magnetite produced in specimens 
from temperatures as low as some 400 'c. This is a considerably lower 
temperature than 550 'c at which there is magnetite production according 
to Heller (1978). 

Table II: Initial mass susceptibility at room temperature before the thermal demagnetization procedure, 

after the 400 'C step and after the 685 'C slep. 

25 'C 400 'C 685 'C 25 'C 400 'C 

MKB 250·150 0.49 0.376.60 MKB 75-55 0.56 0.44 

MKB 30-25 1. 09 1.044.85 MKB 20-15 1. 10 0.99 

MKB <5 O. 70 0.80 17.29 MKB 10· 5 1. 03 0.30 
MBl 250-150 O. 75 0.420.94 MBl 75- 55 O. 76 0.41 

MBl 30-25 1. 63 1. 29 5. 53 MBl 20·15 1. 51 1. 21 
MBl <5 1. 02 0.95 23.28 MBl 10-5 
MEN 250·150 O. 55 0.391.91 MEN 75-55 0.57 0.36 
MEN 30 -25 1. 06 0.89 35.06 MEN 20-15 O. 77 0.36 

MEN <5 O. 70 1.28 17.26 MEN 10- 5 0.88 0.65 

FSB 250-150 O. 51 0.34 31.41 FSB 75·55 0.63 0.43 
FSB 30·25 1. 08 O. 86 1. 38 FSB 20·15 1. 03 O. 73 
FSB <5 1. 88 2.08 26. 76 FSB 10-5 2.34 1. 80 

RR 250-150 1. 10 O. 77 86. 97 RR 75- 55 1. 05 0.73 
RR 30-25 1. 34 1.061.88 RR 20-15 1. 40 1. 05 
RR <5 5.92 4.46 15.18 RR 10·5 2.10 1. 57 

Initial susceptibilities (In 10- 6 m3kg- 1) have been calculated per unit mass with respect to the wei8ht 

content of the original goethite in the .ample•. 

The decrease in Xi~ during the goethite/hematite conversion reaction 
is also observed by Strangwayet al. (1968). They detected also that 
some goethites showed hardly any decrease during the conversion eaction 
(like the MKB goethite). They could relate this different susceptibility 
behaviour to the spontaneous magnetization of the produced hematite. The 
hematite type which originated from goethite with an approximately equal 
susceptibility had a definite spontaneous magnetization, whereas the 
type with a smaller susceptibility showed hardly any spontaneous magne
tization. 

The MKB goethite which shows hardly any decrease in Xi~ during the 
conversion to hematite has the highest saturation remanence after the 
400 ·c step. The other samples showed much lower saturation remanences 
(cf. Table IV). This agrees well with the data of Strangway et al. 
(1968). The present study infers a trend for the decrease in Xi~ with 
grain size. Small grain sizes generally show less decrease in Xi~ than 
coarse grain size of the same goethite sample (cf. Table II). 
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2.3	 Magnetic properties after the 400 and 685 ·C thermal demagnetization 
step 

The specimens became extremely fragile during the thermal demagneti 
zation despite careful sample handling. Therefore, it was decided to 
perform only room and low-temperature measurements on the samples for 
the evaluation of the rockmagnetic characteristics of the magnetic 
minerals, which were formed during the thermal treatment. Rockmagnetic 
investigation was performed after the 400 ·C step, to study the hematite 
characteristics shortly after its formation and after the 685 ·C step to 
detect possible changes in the hematite due to further thermal treatment 
and to get information on the rockmagnetic parameters of the magnetite
like phase, which is especially produced during the high temperature 
demagnetization steps (above some 600 ·C). The term "magnetite" is used 
for all types of magnetite despite possible varying vacancy contents 
among the samples. Because of the reducing conditions within the speci
mens the formation of maghemite "proper" is unlikely, a statement which 
is supported by the low-temperature behaviour of the specimens, by the 
low maximum blocking temperatures during a second thermal demagnetiza
tion of Jr. induced after the first thermal demagnetization and by the 
fact that most "magnetite" is created above the maghemite inversion 
temperature. 

Examples of RA curves after thermal treatment at 400 and 685 ·C are 
shown in Fig. 4. After the 400 C demagnetization step all samples 
behave alike. The hematite derived from goethite is hardly magnetic 
compared to the original hematite (compare for instance FSB400 with 
FSB2~ in Fig. 4A), in agreement with findings of Dunlop (1971). Differ
ences in remanence increase in low applied fields between the specimens 
are due to minute amounts of a magnetite-like phase created in the 
specimens (cf. also Fig. 4B, showing some normalized RA curves). After 
the 685·C step there are large differences in remanence due to a 
varying amount of magnetite created in the specimens (cf. Table III; 
Figs. 4A and 4B). Considerable differences in X~n (cf. Table II) also 
indicate varying magnetite amounts. These large differences indicate 
that magnetite nucleation and growth depend on extremely local condi
tions existing within the specimens. 

The hematite and magnetite amounts created in each specimen during 
thermal demagnetization of the goethite are listed in Table III. The 
percentages refer to the abundances as defined by their saturation 
remanence, since they were derived from RA curves (Fig. SA). The magne
tite amount, expressed in weight percentages, is obviously much lower 
because of the high magnetite saturation remanence compared to that of 
hematite (cf. Fig. 5B) 

After the 400 ·C step, the magnetic mineralogy is dominated by hema
tite. The magnetite content is slightly increasing with decreasing grain 
size. The RR fractions contain a much larger percentage magnetite at 
this temperature, because of the presence of maghemite seeding crystals, 
which enhance magnetite (with a relatively high vacancy content?) forma
tion. After the 685·C step, the <5 micrometer fractions are dominated 
by magnetite, but in the coarse-grained fractions the magnetite contents 
are extremely variable. 
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Fig. 4A. Examples of aCQuisition curves of the isothermal remanence at room temperature (RA curves) 

after the 400 and 685 ·C demagnetization step. For the FSB hematite also th; RA prior to thermal 

treatment is shown. For sample abbreviations cf. Fig. I. The numbers refer 10 the grain·size range of 

the original goethite fraclions in micrometer. After the 400 ·C step a hardly magnetic hematite type 

shows up (compare the ordinate scales of FSB25 and FSB400). After the 685 ·C the remanence is highly 

variable due to different amounts magnetite produced in the specimens. 
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RR 20-15 MKB 10-5 FSB 75-55 
1.0 400'C 400'C 400'C 

o.o+--~--;;-~-~---, 

o 1.6 3.2 4.8 1.6 3.2 4.8 16 3.2 4.8 

Field In 10 6A/m 

fig. 48. Normal ized RA curves after the 400 'C and 685 'C steps. The insets in the 400 'C examples show 

the relatively large increase aller extremely low applied fields, pointing towerds the presence of 

minute amounts 01 a magnetite·like phase already at that temperature. Note the considerable differences 

in fractions of the same sample after the 685 'C step. 

The large sample differences are also displayed in their remanent 
coercive force (Table IV). The decrease in Her after the 400 'c step 
reflects the slightly increased magnetite content. The widely different 
Her after the 68S·C step is obviously due to varying impact of the 
magnetite phase. The hematite and magnetite contributions to the RA 
curves are separated (Fig. SA) to allow for a more precise evaluation of 
their rockmagnetic characteristics. 
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Tab I e III: Magnetic magnetite and hemal ite percentage in the spec Imens 

MKa Mal MEN FSB RR 

gr a In size Temp. M H M H M H M H M H 
..... _- .. _-_ ........ _--_ .... - .... _- ...... - ....... -_ ...................... --_ .. 

75 55 400"C 0 100 5 95 7 93 2 98 52 48 

20 15 400"C 4 96 40 60 10 90 5 95 52 48 

10 5 400"C 10 90 20 80 24 76 68 32 

250 150 685"C 58 42 18 82 44 56 97 3 100 0 

30 25 685"C 8 92 54 46 86 14 45 55 27 73 
( 5 685"C 84 16 89 11 90 10 47 53 90 10 

Contents In percenlages. Grain size in micrometer; M ~ megnetite; H ~ hemallte. For sample abbrevia· 

tions see Table I. 

Table IV: Remanent coercive force of the samples 

MKa Mal MEN Fsa RR 

grain size Temp. He r He r He r He r He r 
................ ---- .... -.-_ .... -.--_ ..... _-_ ..... ---- .... --_ ............
 

75 55 400 "C 1528 1289 780 1074 430 

20 15 400 "C 1401 501 644 804 87.5 

10 5 400 "C 1377 462 541 43.0 

250 150 685 "C 19.9 613 171 17. 5 14.3 

30 25 685 "C 748 42.9 17. 5 73.2 214.8 
( 5 685 "C 41. 4 36.6 37.4 32.6 34.2 

~Her in kAm- 1 Gr ain s i Ie grain-size in t er va I Of the or i gina I goethite in micrometer; Temp. 

lemperature of I he I as t the rma I demagnetlzallon sI ep pr ior to I he det ermi nat i on of I he remanent 
coercive lore e. For samp I e abbreviations see Table I. 

:3 
1.0RA curve1.0 

hem. " ' 
E -, , ,i" -------- , - B mag n. ~-,E ,,g , ",t\ cu"e I , ~ I

-1- , 
, I-"do T····· 

A

, , lo 
---- field (arbitrary Her' magn. Her' hem. -back field Her magn. 

units) (arbitrary units) 

Fig. 5A. The magnetite and hematile magnetic percentages were derived by linear extrapolation of the RA 

curve alter the bendin8 point (A) to the ordinate. RA curves of hematite without any magnetile are 

linear during the field range of interest. The measured RA curve is the sum of the magnetite and 

hematile RA curves. schematically shown in the inset. The magnetite remanent acquisition coercive force 

is determined by correcling the measured RA curve for the (linear) hematite contribution, followed by 

reading the fieldstrenglh at which half Of the magnetite remanence is acquired. The hematite remanent 

acquisition coerciva force is determined by subtracting the magnetite parI of Ihe total remanence and 

dividing Ihe hematite part into two equal segmants (line a). The fieldstrength corresponding to the 

poinl where line B intersects the measured RA curve is the hematite remanent acquisition coercive 

lorce. The magnetite coercive force is determined Irom the remanent hysteresis (RH) curves correcled 

for the (linear) hematite contribution in the small Iields 01 interest. The measured RH curve is the 

sum of the magnetite and hematite contribution, schematically indicated in the inset. The lotal 

magnetite contribution is divided into two equal parts; the fieldstrength corresponding to half of the 

magnetile contribution is Ihe remanent coercive of magnetite. 
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Fig. 58. To illustrate the magnetic dominance of trace amounts magnetite over hematite, the magnetite 

weight percentage Is plotted versus the magnetite magnetic percentage - based on saturation remanences 

- lor a series of magnetite/hematite Jrs ratios In Fig. 58. Note the logarithmic scale of the abscissa 

and the linear scale of the ordinate. For single domain (SO) magnetite and poorly crystalline hematite 

a ratio in the order of 400:1 is appropriate; for multldomain (MO) magnetite and well·crystailine 

hematite the ratio Is approximately 5: I. It Is apparent that the magnetic determination of the 

magnetite content is extremely suitable for the determination of trace amounts magnetite in hematite, 

but that magnetite weight contents larger than some 10 percent are less precise determined. 

2.3.1 Hematite 

2.3.1.1 Remanent acquisition coercive force 

Large magnetic fields, up to 10.4*10 6 Am-' (13 Tesla), are necessary 
to saturate the hematite after the 400 'c demagnetization step. This, 
together with the absence of a Morin transition (cf. Fig. 6), points to 
extremely fine-crystalline hematite. The canted anti ferromagnetic 
structure, typical for well-crystallized hematite, is not developed. The 
remanence in the hematite is carried by defects in the crystal 
structure. The hematite saturates in considerably lower magnetic fields 
(3.2*10 6 to 4.8*10 6 Am-', i.e. 4 to 6 Tesla) after the 685 'c demagne
tization step. Lattice re-arrangements, occurring continuously within 
the hematite during thermal treatment at successively higher tempera
tures, lead to the development of a better crystalline hematite. There 
is also a faint appearance of a Morin transition after treatment at 
685 'c in samples with a magnetic mineralogy still dominated by 
hematite (Fig. 6). 

For hematite only Her' was determined since Her and Her' are approxi
mately equal for this mineral (Dankers, 1981). Her' is more or less 
grain-size independent or slightly decreasing after the 400 'c step. 
This indicates that the hematite grains are aggregates of small crystal
lites since one would expect an Her' increase with decreasing grain size 
when the actual grain size would reflect grain sizes of rather coarse
crystalline hematite (Dankers, 1981). Chemical differences of the ori 
ginal goethites do not show up in distinct hematite Her' trends; only 
the Mn-bearing MEN goethite result in a hematite type with markedly 
lower Her' than the others. 

After the 685 'c step, the hematite Her' is usually lower than after 
400 'c step. Only in the MEN fractions, Her' after the 400 and 685 C 
steps is hardly different. No evident relation with the original goe
thite chemistry exists. Her' tends to decrease with decreasing grain 
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size. The general decrease in Her" could be related to a decrease in 
stress within the hematite aggregates due to the repeated annealing. The 
decrease with decreasing grain size would then be related to the fact 
that smaller grain sizes are more prone to stress release than larger 
ones because they are more easily accessible to vapour fluxes from the 
matrix. 

1.0 

MKB 20-15 
400°C 

0.5 

FSB 20-15 
400°C 

,...--_--.---_---1l oo
 

..__-----_=-1 1.0 

MKB <5 
685°C 
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0.0 
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I
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Temperature in °c 
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Tab I e V: Hemat i te remanent acquisit ion coercive lor ces 

gr ai n size Temp. MKB MBl MEN FSB RR 
.............. - ....... __ .......... -.----_ ............. -----

75 55 400 'C 1424 1200 S16 1296 1496
 

20 15 400 'C 1376 1120 720 1224 1400
 

10 5 400 'C 1440 544 1304 12SS
 

250 150 6S5 'C S72 76S 56S np np
 

30 25 6S5 'C 6S0 656 1120' 544 SSO
 

5 6S5 'C 40S 1040' SI6 464 1200'
 

H ' in kAm- I : fisures with an asterisk are only very approximate because of the small (magnetic)cr 
hematite percentage present. Grain sizes in micrometer, referring to the grain size of the original 

goethite Iractions. Temp. indicates the maximum temperature step in the thermal demagnetization before 

the determination of the remanent acquisition coercive force (at room temperature). np = not present 

(i.e. below limit 01 detection); for sample abbreviations cf. Table I. 

2.3.1.2 Saturation remanence 

When calculating the saturation remanence per unit mass for the 
hematites (Table VI), it is assumed that the goethite lost 12 percent 
water, in order to attain more realistic hematite weight contents for 
individual specimens. After the 400 ·c demagnetization step, the magne
tite weight content can be ignored because of its high magnetization per 
unit mass (cf. Fig. 5B). It is reasonable to suppose that the trace 
amount of magnetite present in the specimens at this stage consists of 
single domain (SD) or extremely small pseudo single domain (PSD) grains. 
Jra figures after the 685 ·c step in Table VI are minimum ones, because 
the magnetite weight is ignored. After the 400 ·c step, one may safely 
ignore the weight of the trace amounts magnetite present, but after the 
685 ·c step this may lead to a minor underestimation of the hematite 
saturation remanence. 

Fig. 6. Jrs behaviour during low-temperature cyclins of some specimens after the 400 'C and 6S5 'C 

demasnetization step. The indicated grain-size ranses refer to the grain size of the original goethite 

Iract ions in micrometer. The coollns and rewarming curves are Indicated with arrows. For sample 

abbreviations cf. FiS. I. A Morin transition Is absent in the hematites after the 400'C step 

(FSB 20-15, MKB 20·15) pointing towards extremely line crystalline hematite grains_ After the 6S5'C 

step, hematite-dominated specimens show a "weak" Morin transition (MBl250-150). Magnetite-dominated 

specimens show a remanence decrease associated with the isotropic pDint transition (IPT) only in the 

smaliest srain size fractiDns (MKB (5) in Which the magnetite grew over a considerable number of 

thermal steps as inferred from the Xin increase (Fig. 3). Only in the extremely fine crystaliine FSB <5 

Iraction no such IPT-related remanence decrease is observed. In FsB material the crystallites are 

apparently too small for a IPT·associated remanence decrease to DCCUr. In originaliy coarse grain size 
Iractions no IPT-related remanence decrease is detected (RR 250-150). This indicates that the magnetite 

(Which srew aimost completely durins only one or two thermal demagnetization steps) in the coarse 

srain-size hematite crystaliite aggregates consists of a series closely spaced, masneticaliy 

interacling SO crystallites. The SDme 10 percent increase 01 the remanence is due tD an increase in 

spontaneous magnetization with decreasing temperalure. In the relatively "dry" conditions existing 

within the specimens the masnetite crystallites have not (yet) been recrystallized to larser magnetite 

gra ins, 
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Table VI: Hematite saturation remanence aft er t herma I treatment at 400 and 685 ·C. 

Temp. grain size MKO MOL MEN FSO RR
 
. --.. ---.......... ---..... ---.. ---... ------. -. ---... -..... -.......
~ 

400 'C average 0.064 0.007 0.017 0.045 0.011
 

685 'C 250 150 >0.062 >0.012 >0.010 >0.018 np
 

30 25 >0.078 >0.013 >0.047 >0.057 >0.018
 

< 5 >0.073 >0.021 >0.024 >0.114 >0.0325
 

J in Am2kg· l . Averages after the 400 'C thermal demagnetization step refer 10 the 75 - 55, 20 - IS rs 
and 10 - 5 micrometer fractions. For sample abbreviations see Table I. np = not present. The saturation 

remanence figures after the 685 'C demagnetization step are minimum ones. Further explanation in text. 

The hematite saturation remanence per unit mass (Table VI) is dis
tinctly lower than that of "model" hematite (some 0.2 Am 2 kg-', e.g. 
Dankers, 1978; O'Reilly, 1984). Especially shortly after its formation, 
after the 400 ·c step, the saturation remanence is extremely low. This 
points to fine crystalline hematite, which agrees with the absence of a 
Morin transition during low-temperature cycling. The hematite saturation 
remanence does not show any correlation with the chemical composition 
of the parent goethite. Hematite derived from the goethite with the 
largest impurity content (MBL) has the lowest Jr., whereas hematite from 
goethite with the second largest impurity content (MKB) has the highest 
Jr •. The fine-crystalline FSB goethite converts to a hematite with a 
relatively high Jr •. After the 400'C step no grain-size dependence is 
observed in the hematite Jr •. 

After the 685·C step, Jr. is slightly increased compared to figures 
after the 400 ·c step. There is a tendency for Jr. to increase with 
decreasing grain size. 

Summarizing, after the 685'C demagnetization step the following 
differences in rockmagnetic characteristics of the hematite are detected 
compared with the 400 ·c step: 
1) A considerable decrease of the induced field necessary to saturate 

the hematite at room temperature. 
2) An increase of its saturation remanence. 
3) A decrease in Her" 
4) The appearance of a faint Morin transition during low-temperature 

cycling. 
These facts are all indications that the hematite lattice is approaching 
a well-crystallized hematite structure. 

2.3.2 Magnetite characteristics 

2.3.2.1 Remanent (acquisition) coercive force 

Her and Her' for the magnetite in the specimens (determined according 
to Fig. SA) are listed in Table VII. Chemical differences in the pre
cursor goethite (and hematite) do not show up in the magnetite Her and 
Her' trends, indicating that the magnetite in each sample will have an 
approximately similar chemistry. Ranges for the magnetite saturation 
remanence per unit mass will be determined in section 3.2. 

When using the derived hysteresis parameters for gr~nulometric 

purposes, one should compare the present data with magnetites prepared 
in a similar way. Basically, magnetite reference data have been 
acquired in three different ways: 1) by grinding and sizing larger 
synthetic or natural grains (e. g. Parry, 1965, Day et al., 1977, 
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Hartstra, 1982C, 1983); 2) by precipitation from aqueous sOlution (e. g. 
Dunlop, 1973B; Levi and Merrill, 1978), leading to extremely small 
magnetite crystals. This method can be extended to obtain larger grain 
sizes by hydrothermal recrystallization (Heider et al. 1987); 3) Non 
aqueous synthesis at high temperatures i.e. by reducing hematite (e.g. 
Schmidbauer and Schembera, 1987) or by precipitation in a silicate 
matrix (Worm and Markert, 1987A). 

Table VII: Remanent (acquisition) coercive force for the magnetite in Ihe specimens 

grain size Tamp. 

75 55 400 'C np np 30.5 16.7 41. I 23. 1 22.5 17.5 27.8 23.9 

20 15 400 'C 27.8 22.3 35.8 19.9 30.5 19. I 25.2 19.9 34.4 22.3 

10 5 400 'C 31. 8 21. 5 26.6 23. I 27.8 21. 5 29.2 22.3 

250 150 685 'C 20.2 19.9 52.8 33.4 17.0 12.7 23.2 17.5 23.5 14. 3 

30 25 685 'C 15.9 13.9 15.9 11.5 24.4 17.5 22.3 17. 5 28.7 19. I 

< 5 685 'C 45.8 41. 4 41. I 36.6 44.4 37.4 22.3 19.0 42.2 34.2 

and He r in kAm· 1. Grain size = graln·slze range of lhe original goethite in micrometer; Tamp. 

temperature of the las t thermal demagnetization step pr I or to the determination of Her' and Her' np = 
not present. For sample abbreviations see Table I. 

Her' 

The present magnetite data can best be compared with data acquired in 
the third way because they were obtained in a similar way. Grinding 
leads to internal stress within magnetite grains and hydrothermal re
crystallization results in nearly perfect stress-free magnetite crys
tals. 

After the 400 ·c step, Her' and Her of the magnetite have relatively 
low values without clear grain-size dependence. For all magnetites Her 
values are in between 17 and 24 kAm-'. Her' is larger than Her and 
exhibits a wider range in its values (27-40 kAm-'). The relatively small 
Her and Her' after the 400'C demagnetization step do not point to MD 
magnetite for three reasons. 
1) It is unlikely that the trace amount of magnetite present (cf. Table 

III and Fig. 5B) resides in a relatively small number of large MD 
crystals. 

2) There is no grain-size dependence at 400 C, which is in disagreement 
with a supposed existence of MD magnetite. 

3) Her and Her' after the 400'C demagnetization step are smaller than 
those parameters for the <5 micrometer fractions after the 685 ·c 
step. 

Comparison with Schmidbauer and Schembera's (1987) data for extremely 
small, roughly spherical, magnetite particles and Worm and Markert's 
(1987B) data for equidimensional particles (the latter would result in 
slightly higher Her's for similar grain sizes when the Schmidbauer and 
Schembera's Her/He ratio (approx. 1.5) is adopted), reveals grain sizes 
close to the superparamagnetic (SP) threshold size for the present 
magnetites. In both aforementioned papers a decrease in Her is found 
when approaching the SP threshold size. Because Her after the 685 ·c 
step in the <5 micrometer fractions is larger than after the 400 ·c 
step, it is believed that the extremely small particles span the lower
most tail of the SD grain-size region. Due to their extremely low con
centration magnetic inter-particle interaction will be insignificant. 
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After the 685·C step, Her and Her' increase with decreasing grain 
size for all samples except the FSB sample, in which no grain-size 
dependence is observed. Her' is larger than Her, a common magnetite 
feature (Dankers, 1981). Both parameters generally are lower in the 250
150 and 30-25 micrometer fractions than after the 400 ·C step and higher 
in the <5 micrometer fractions. The increase in hysteresis parameters 
with decreasing grain size is inherent to magnetite grains. In this 
case, however, it can also be explained by magnetic interaction between 
closely spaced magnetite crystallites of a certain size. In large grains 
much more crystallites are present than in small grains, resulting in 
lower hysteresis parameters. Her and Her' are approximately equal for 
all FSB fractions. The original FSB goethite is extremely finely crys
talline. It might well be that FSB grains are composites of fine-crys
talline magnetite with such a small size that the relatively high hyste
resis parameters of the other samples can not be reached. 

2.3.2.2 Median destructive field of the saturation remanence 

AF decay curves of the hematite are (virtually) linear in fields up 
to 240 kAm- 1 (300 mT; cf. MKB 75-55 in Fig. 7). The hematite is magneti 
cally "hard" as inferred from the small decay, which is only slightly 
larger'than the original goethite in comparable alternating fields 
(Dekkers, 1988B). The clock-shaped parts in the decay curves at low 
alternating fields can thus be attributed to magnetite. AF decay curVes 
after the 685·C step show a considerably larger decrease in low alter
nating fields than after the 400·C step, obviously related to the 
increased magnetite amount. 

Table VIII: Magnetile median destructive (ield 

MKB MBl MEN FSB RR 
grain size Temp, rat ral ral rat ratH1/21 HII21 HII21 HII21 HII21 

75 55 400 ·C np 16,7 0,71 17,5 0,79 15,9 0,91 17, 5 I. 06
 
20 15 400 ·C 11. 9 I. 12 15, 1 0, 78 10,3 0,94 9,6 I. 14 15, 1 0,90
 
10 ~ 400 ·C 12, 7 0.97 13. ~ I. 15 9.6 I. 1~ 15.9 0.99
 

250 150 685 ·C 9,6 I. 34 28.6 0.82 9,6 0.95 12. 7 0.97 8.8 0,89
 
30 25 685 ·C 19.1 0.79 11.9 0.83 12.7 0.94 11. 9 I. 02 1~. 9 0.86
 

( 5 685 ·C 28.6 1.11 27.8 I. 06 23. 1 1.11 15.9 0.99 21. 5 I. 07
 

HII21 in kAm- I , np no t present. rat = 2*Hcr/(HII21 + He r')' i. e. empirical relation derived by 
Dankers (1981). Temp. = lemperature of I he last t herma I demagnetizat ion step berore determinat ion of 

For sample abbreviations see Table I.H1I21 , 

H1/2I (Table VIII) after the 400 ·C demagnetization step shows minor 
grain-size dependence. The 75-55 micrometer fractions have a (slightly) 
larger H1/2I than the others. After the 685 ·C step H1/2I decreases with 
increasing grain size (the deviating behaviour of the MBL 250-150 micro
meter fraction is caused by the distinctly lower magnetite content of 
that fraction). H1/2I of the <5 micrometer fractions is larger than any 
H1/2I after the 400·C demagnetization step except for the FSB frac
tions. H1/2I of the 250-150 micrometer fractions is. approximately two 
times larger than H1/2I of MD type magnetite (Dunlop, 1983; Hartstra, 
1983), which points to the existence of smaller magnetite crystallites 
in the original 250-150 micrometer goethite grains (Which are converted 
to hematite). Low-temperature investigation supports this conclusion. 
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IRM1.6x106A/m after 400'C IRM 1.6xl06A/m after 400'C 
room temperature AF demagnetization room temperature AF demagnetization 
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IRM1.6x106A/m after 685"C 1RM1.6xl06A/m after 685'C 
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- - ......=--EI--€!-----i:r-----El 
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peak alternating field (kAlml 

rig 7 Af decay curves of an IRM induced with a 1.6"106 Am· 1 field. Grain-size ranges refer to the 

o"gln.1 goethite grain-size range in micrometer. For sample abbreviations cf. Fig. I. The hematite 

bellved from the goethite shows I,near AF decay curves up to the maximum pe.k value appl ied (24 kAm- 1) 

:aaSlte'rSnat',ln'gUst,r,aetldeds by the MKB 75-55 .peclmen, The clock-shaped parts o( the decay curves in small 
is thus due to magnetite. The mognetite remanence part Is saturated in the inducing 

l
,field 01 16"106 Am-I, so linear extrapolation of the hematite behaviour to the ordinale allows for the 

:establ,shment of the magnetite part. By diViding this part into two equal segments and drawing a line 

parallel to the extrapolated hematite behaviour to the AF decay curve, the fieldstrength at which this 

line intersect the AF decay curve, corresponds to the median destructive field of the saturation 

remanence of the m.gnetite The magnetite content is extremely small after the 400 ·c .tep an(H I/21 ). 

considerably increased aller the 685'C step. Note the considerable differences in m.gnetite conten 

between fractions of the same s.mple. 

H1/2X is smaller than Her which again is smaller than Her'. The 
present magnetites roughly obey the relation H,/2X + Her' = 2*Her, 
derived by Dankers (1981). Occasionally deviations over twenty percent 
are observed. The H1/2x/Her ratio is larger than the ratios reported tor 
magnetite by Dankers (1978, 1981) and Hartstra (1983), but approximatel 
equal to the ratios calculated from Dunlop's (1983) data. 
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2.3.2.3 Low-temperature behaviour 

Low-temperature cycling of Jr. (cf. Fig. 6) revealed remarkable 
magnetite characteristics. There is only an isotropic point transition 
(IPT) observed in most <5 micrometer fractions (the crystallites in 
FSB <5 are apparently too small to show such behaviour, cf. Fig. 6C), in 
which the magnetite grew over a considerable temperature trajectory as 
is deduced from Xin behaviour (cf. Fig. 3). The originally coarse
grained fractions did not show any remanence collapse related to the 
magnetite lattice conversion from a cubic to an orthorhombic lattice at 
the so called isotropic point (-150 C). The slight increase of the 
remanence observed in the coarse fractions during cooling could be 
caused by an increase of the spontaneous magnetization of the extremely 
fine-grained magnetite. Dunlop (1973A) demonstrated that small 
(0.04 micrometer diameter) magnetite grains had not yet reached a 
"completely blocked" domain state at room temperature. This indicates 
that coarse grain-size fractions are aggregates of small magnetite 
crystallites which show relatively low coercive forces due to magnetic 
interaction. The small (SD or small PSD) crystallites will not exhibit 
an IPT-related remanence collapse. Magnetite will mainly occur as 
crystallite aggregates rather than as grains for three reasons: 
1) Silicate impurities within the original goethite samples remain pre

sent. 
2) Fine-crystalline hematite is formed through goethite dehydration. 
3) The hematite crystallites are usually not totally converted to magne

tite under the relatively "dry" conditions at high temperatures: fine 
crystalline non-reacted hematite remnants remain present in the mag
netite-rich aggregates. 

The large difference between the coarse and the fine grain sizes lies 
in the temperature trajectory during which magnetite is formed. When the 
bulk is formed almost exclusively during one or two steps in the thermal 
demagnetization procedure (as in the coarse fractions) this leads to 
many small crystallites. When formed over a rather large number of steps 
(as in the fine fractions) this leads to a relatively low amount of 
seeding crystals which grow during successive steps to larger (but still 
small), relatively well-crystalline. grains. 

Even well-crystallized magnetite shows some vacancies in their 
structure when annealed to temperatures above 600·C (e.g. Lowrie and 
Fuller, 1969). It is not known at which vacancy content in magnetite the 
IPT is not observed anymore during low-temperature cycling. 

3 DISCUSSION 

3.1 Sample reactivity 

The large differences in Xin and RA curves after the 685·C step 
among the fractions, also among fractions of the same sample (cf. 
Table III). indicate that hematite recrystallization and the formation 
of magnetite occur in principle simultaneously. The extent to which each 
process occurs in the specimens, depends on factors which may vary on an 
extremely localized scale within the specimens. It is well possible that 
variations occur within a single grain (or crystallite aggregate). 

The conditions which promote local magnetite growth are the result of 
the following factors: 
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1) The presence of a vapour phase, creating locally reducing conditions. 
2) The reaction surface of the vapour phase with the magnetic mineral 

grains or crystallite aggregates. 
3) The presence of seeding crystals. 
4) The original inclusion pattern (e.g. oolithic versus non-oolithic 

goethite). 
5) The crystallinity of the hematite created by dehydration of the 

original goethite. 

The magnetic mineralogy of the <5 micrometer fractions after the 
685 ·C step is magnetically dominated by magnetite as appears from the 
RA curves (cf. Fig. 4 and Table III). The relatively small hematite 
crystallite aggregates with a large reaction surface ensure a relatively 
good contact with the (reducing) vapour phase, which promotes magnetite 
growth. All <5 micrometer fractions display a large (magnetic) magnetite 
percentage (Table III). 

However, the coarser grain-size fractions do not show such a simple 
pattern. In some samples the magnetic mineral suite is dominated by 
magnetite (e.g. FSB 250-150, RR 250-150 and MEN 30-25), whereas magne
tite is present in much smaller amounts in other samples (e.g. MBL 250
150, MEN 250-150 and FSB 30-25, cf. Fig. 4). There is no evident cor
relation between the crystallite size of the original goethite and the 
amount of magnetite production. Also there is no straightforward rela
tionship between the reaction surface and the magnetite production. One 
expects that a reaction is facilitated when the size of the reactant 
crystallite aggregate is smaller because of the larger reactive surface. 
Apparently, the crystallite aggregate surface is only rate-determining 
in the smallest grain-size fractions. 

In coarse grain-size fractions, the amount of magnetite production 
depends on the incidental creation of seeding crystals and the availabi
lity of a vapour phase at the reaction site. Even in extremely fine
crystalline material such as FSB, the reaction surface of the hematite 
is not rate-determining as is demonstrated by the 30-25 and 250-150 mi
crometer fractions. Usually, in the coarse grain-size fractions, magne
tite is created in relatively large quantities during a single thermal 
demagnetization step. 

The presence of a vapour phase is inferred from the weight-loss of 
the specimens: 11 percent of their initial weight after the 400 ·C and 
24 percent after 685 ·C steps respectively. The importance of a vapour 
phase may be demonstrated by the following example: a test sample 
consisting of hematite dispersed in a "non-reactive" Al z0 3-waterglass 
matrix was annealed at 700 ·C when the specimen was not completely dry. 
After annealing, the saturation remanence indicated that the hematite 
was (virtually) completely converted to an extremely magnetic 
magnetite-like phase. However, there occurred no reaction at all in an 
other test sample which consisted of the same hematite fraction in the 
same matrix, but which was completely hardened out and stepwise heated 
up to 700 ·C. 

A COz/HzO vapour phase is present in the 500-700 ·C temperature 
range in the carbonaceous specimens because there are chemical altera
tions in the matrix: the CaC03 reacts with the waterglass to a-CazSi04 
(poorly crystalline, broad X-ray lines) under liberation of an COz/HzO 
vapour phase. Wollastonite (CaSi03), spurrite (2CazSi04 .CaC03) and 
NazCa3Si60,6 are tentatively determined. Wollastonite, spurrite and 
CazSi04 (~-structure: larnite) are known as metamorphic minerals 
characteristic for siliceous chalks in a high temperature very low 
pressure regime (e.g. Winkler, 1979). For magnetite production, the 
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availability of the vapour phase in the immediate vicinity of the hema
tite crystallite aggregates is important, rather than the total amount 
vapour phase produced within a specimen. Reducing capacity is afforded 
by decomposition of organic matter, which is present in trace amounts. 
Differences in this local availability result in the scattered pattern 
of magnetite quantities observed. This shows that, even in such relati
vely simple artificial systems, reaction rates are determined by dif
ferent factors which appear to be difficult to quantify. The exact 
composition of the magnetite needs further examination. This will lead 
to a better understanding of the reaction mechanism for its production. 
The situation in natural samples is expected to be (considerably) more 
complex (e.g. the impact of dehydration of clay minerals), giving rise 
to a wide variety of reaction possibilities. which will be hard to 
characterize in detail. 

3.2 Magnetite saturation remanence and grain-size estimate 

The initial susceptibility of the specimens can be used to calculate 
their magnetite weight percentage. An exact calculation can only be 
performed, when the susceptibilities of the constituting magnetite and 
hematite are known. Precise data, however, are not available, so approx
imations have to be made for the magnetite and hematite susceptibili
ties. The initial susceptibility of magnetite is in between 3.6*10-4 and 
7.2*10-4 m3 kg- 1 depending on grain size and preparation method (Dunlop, 
1986). Reasonable values for the hematite susceptibility after 685 ·c 
are in between 0.5*10- 6 and 1*10- 6 m3 kg- 1 • After the 400'C step the 
susceptibility is smaller: a range between 0.15*10- 6 and 0.5*10- 6 is 
adopted. Combination of these data with the measured initial susceptibi
lity (Table II) yields a range for the magnetite weight percentage of 
each specimen. These percentages are small, usually between 0.1 and 
1 percent. Intersection of the magnetite weight percentage with the 
magnetic magnetite percentage (Table III) leads to a ratio for the 
magnetite and hematite saturation remanence. This is done for each 
specimen (cf. Fig. 8). High ratios (from 50:1 to over 800:1) are ob
tained. The ratios are higher after the 685'C thermal demagnetization 
step than after the 400'C step. Using the hematite Jr. (Table VI). 
ranges for the magnetite Jr. can be calculated (Table IX). 

Table IX: Isothermal saturation remanent magnetization (J rs) ranges for t he magnet i t e. 

Grain size Temp. MKB MBL MEN FSB RR 

75 55 400 'C O. 7 1. 3.5 5 2.2 4. 5 ) 9 

20 15 400 'C 2 4 2 ' 5 3.5 7 1.0 2.2 4. 5 9 

10 5 400 'C 13 26 3.5 7 2.2 4. 5 9 

250 150 685 'C 6 12 2. 5 5 2 6 29 50 

30 25 685 'C 0.8 1.6 1.3 2.6 3.5 7 23 46 2 3. 5 

( 5 685 'C 11 22 3 4. 5 5 10 17 26 6. 5 ' 13 

J in Am2kg'l The grain size refers to the grain size of the original goethite. Temp. = temperaturers 
of the last thermal demagnetization step before the RA curves and initial susceptibility were deter

mined. The ranges have to be regarded as somewhat approximate. 

The obtained values for the "magnetite" can in prin'ciple be used for 
their grain-size determination. Application of pure magnetite data have 
to be done with a certain care because the exact composition of the 
present "magnetite" is not known, The vacancy content is known to in
fluence the magnetite saturation remanence (e.g. Lowrie and Fuller, 
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1969). Blocking temperature spectra of the present magnetite do not 
point to a high vacancy content. 

Relative magnetic contents 
magnetite vs hematite 
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100 \ 

Cl '" 
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'" RR 20-15 "'"iii \c. 
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Fig. 8. Determination of the ratio of the magnetite/hematite saturation remanence for the specimens. 

The magnetic magnetite percentage is determined with RA curves and the magnetite weight percentage is 

calculated from the initial susceptibility. 

The low saturation remanence after the 400 C step indicates that the 
magnetite grains have sizes very close to the superparamagnetic thres
hold size. Low saturation remanences are characteristic for such magne
tite grains (Worm and Markert, 1987B). Calculation of Jra per unit mass 
from Schmidbauer and Schembera's (1987) data for extremely fine-grained 
magnetite assuming the magnetite Ja to be 90 Am2 kg-' reveals approx. 
32 Am2 kg-' for 0.061 micrometer grains, approx. 40 Am 2 kg-' for 0.085 
micrometer grains, approx. 30 Am2 kg-' for 0.127 micrometer grains and 
approx. 22.5 Am2 kg-' for 0.162 micrometer grains. The high Jra after the 
685 ·C step for FSB "magnetite" corresponds with such fine grain sizes. 
Lower values indicate extremely small grain sizes when the magnetic 
magnetite percentage is small (below 20-30 percent). Grain sizes in the 
order of 0.2-1 micrometer are appropriate when the magnetic magnetite 
percentage is large. 
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3.3 Observation of a self-reversal in artificial samples 

During stepwise thermal demagnetization of the original 16 kAm-' TRM 
it appeared that a small component with a reversed direction was present 
in most specimens. This is remarkable because a single component TRM was 
induced in the specimens. The reversed component occurs at temperatures 
above 500 ·C, generally between the 585·C and 625 ·C demagnetization 
steps (cf.Fig. 9). Its magnitude correlates with the remanence present 
in the specimens just before the reversal is observed. It is thus likely 
that the reversal is related to a process occurring in the specimens. 

When the self-reversal would be related to the dehydration of 
goethite, i.e. the creation of hematite at some 250-300 ·C, it would 
occur in all specimens. This is not the case, so the self-reversal is 
probably related to the magnetite growth, which occurs predominantly at 
elevated temperatures. Magnetite crystallites are growing within their 
precursor hematite crystallite aggregates. The demagnetizing field 
existing within the hematite aggregates, though macroscopically small, 
is significant at the short distances under consideration. 
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Fig. 9. Plots of behaviour during the stepwise thermal demagnetization with corresponding vectorXin 
demagnetization diagrams (Zijderveld, 1967). Only the remanence from 340 ·C upwards is shown. The 

grain-size ranges refer to the original goethite grain size in micrometer. For sample abbreviations cf. 

Fig.!. The plots are similar to those in Fig. 3 (cf. caption Fig. 3 for explanation). In mostXin 
specimens a self-reversal is observed. The magnitude of the (small) reversed component correlates with 

the remanence just belore the reversal is observed. The initial susceptibility is low at temperatures 

at which the reversal is observed. In FSB 250·150 the magnetite amount is apparently 100 small for the 

development of a reversed component. Further explanation in text. 

When the magnetite crystallites reach SD grain sizes above the 
blocking temperature, they acquire a TRM which is induced by the hema
tite demagnetizing field, when cooled through their blocking tempera
ture spectrum down to room temperature. The magnetite crystallites 
acquire a combined PTRM/CRM when growing through their blocking VOlume 
below the blocking temperature (magnetite SD grains typically have 
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diameters of 30 to 60 nm). The paradoxical situation exists that a 
magnetite remanence is traced at temperatures higher than its maximum 
blocking temperature. This is, however, implicitly hidden in the cooling 
to room temperature, well below the maximum blocking temperature of 
magnetite. 

Measurements of Xin indicate that the self-reversal is only observed 
when the magnetite formation is minimal. The created magnetite will be 
SO. SO magnetite has the highest specific volume TRM (approximately 100, 
cf. O'Reilly, 1984), and will be most sensitive for the inducing field 
of the hematite (Calculation of the amount of magnetite needed for 
observed reverse components under the assumption of induction by the 
rest-field of thermal demagnetizer yields unreasonably large magnetite 
quantities). When the magnetite crystallites become larger, their speci
fic volume TRM decreases. Also, crystallite growth at successive thermal 
demagnetization steps will be accompanied by nucleation of new crystal
lites. So, besides that the magnetite is less sensitive for the hematite 
inducing field, this field itself will become (much?) smaller by en
hanced magnetite growth. At temperatures close to the maximum blocking 
temperature of the hematite, the demagnetizing field will anyhow be low 
because of the approach of the maximum blocking temperature. At such 
temperatures the induced field for the reversed component diminishes and 
its magnitude will become smaller. This leads to the actual observation 
of a reversed component. At the hematite Curie temperature, the induced 
field becomes zero; the remanence vector is in the origin of the ortho
normal vector demagnetization diagram. This also occurs, when the hema
tite is totally converted to magnetite. 

The foregoing explanation for the self-reversal implies a magneto
static self-reversal mechanism. For the moment a magnetostatic mechanism 
is preferred over a magnetocrystalline self-reversal mechanism which 
involves a strict crystallographical relation between parent and 
daughter minerals, because the self-reversal is observed above the Curie 
point of magnetite. Experiments will be designed to unravel the self
reversal mechanism more definitely. 

The observation of this self-reversal, regardless of its exact mecha
nism, implies that reversals observed in the ultimate part of demagneti
zation diagrams (when the original NRM is almost completely removed) in 
goethite-bearing sediments treated with the stepwise thermal demagneti
zation procedure may be self-reversals. 

4 SUMMARY AND CONCLUSIONS 

This study demonstrates that the reaction goethite = hematite + H~O 

during a stepwise thermal demagnetization procedure can well be moni
tored by Xin measurements at room temperature. Generally, Xin is slight
ly decreasing in the temperature interval of the goethite/hematite 
conversion reaction. The temperature interval for the conversion reac
tion determined by initial susceptibility measurements corresponds clo
sely to that determined by OSC measurements. 

Goethite crystallite aggregates usually occur with minor hematite 
intergrown. During the goethite/hematite conversion reaction, there is 
an amount of free water available within these crystallite aggregates in 
the direct vicinity of the hematite. This locally present water vapour 
flux facilitates to some extent the recrystallization of the minor ori
ginally present hematite. This may lead to an extra remanence decrease, 
especially in extremely poorly crystalline material, because the re
crystallization is occurring in a field-free space and results in a 
hardly magnetic hematite type. When the goethite is completely con
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verted to hematite. the amount of vapour available within 'the grains 
decreases considerably and the lattice recrystallization is considerably 
slowed down. which leads to the observed bending points in the decay 
curves at some 250-300 ·C. 

Xin measurements indicate that a phase with a high susceptibility is 
created within the specimens during thermal demagnetization. in the 
coarse grain-size fractions generally at temperatures above some 550 ·C 
but in the fine grain-size fractions «5 micrometer) already at tempera
tures of some 400 ·C. Because of the reducing conditions within the 
specimens the formation of magnetite is inferred. This is supported by 
the low maximum blocking temperatures of the saturation remanence of the 
magnetite-like phase (approximately 560 ·C). induced after a complete 
thermal demagnetization. The rockmagnetic properties of the hematite and 
magnetite which formed during the thermal demagnetization procedure, 
were investigated after the 400 ·C and 685 ·C steps. 

After the 400 ·C step, the hematite has a considerably lower specific 
Jr. than well-crystallized hematite, indicative for an extremely fine
crystalline hematite type. This is also indicated by the absence of a 
Morin transition during low-temperature cycling. Applied fields up to 
10.4*10 6 Am-' were necessary for the induction of Jr.. No distinct 
grain-size dependence is observed for Her' in all samples. It varies 
from 1100 to 1500 kAm-' for four of the samples; only the MEN sample has 
a lower Her' (approximately 700-800 kAm-·). 

After the 685·C demagnetization step. the specific Jr. of hematite 
is higher than after the 400·C demagnetization step but still smaller 
than well-crystalline hematite. Considerably smaller fields (3.2*10 6 to 
4.8*10 6 Am-') are needed for Jr. acquisition. Her' decreases also con
siderably: it varies between 500 and 800 kAm-·. A "weak" Morin transi
tion is detected in hematite-dominated samples. indicative for a coarse
ning of the hematite crystallites. The differences in hematite rockmag
netic properties after both thermal demagnetization steps indicate that 
the hematite lattice is (continuously) re-arranging during successive 
steps in the stepwise thermal demagnetization. 

The magnetite formed in the specimens after the 400 C step is extre
mely fine-crystalline. Trace amounts were only detectable by RA curves, 
only in the <5 micrometer fractions a minute increase in Xin points to 
their creation. RA curves can thus successfully be used for determina
tion of traces of magnetite which do not show up by a marked increase in 
initial susceptibility. 

Her' > Her> H./2x for magnetite in all specimens, roughly obeying 
the empirical relation derived by Dankers (1981). After the 400 ·C step. 
they are approximately similar for all samples without any evident 
grain-size dependence (Her': some 25-35 kAm-', Her: 20-24 kAm-' and 
H./2x: 10-15 kAm-·). After the 685 ·C step. the magnetite properties are 
governed by their (highly variable) amount formed during the thermal 
demagnetization. Basically. all three parameters show an increase with 
decreasing grain size. Her', Her and H./2x (respectively: 45, 35-40 and 
25-30) of the <5 micrometer fractions are larger than corresponding 
parameters obtained after the 400 ·C step. Only the fine-crystalline FSB 
specimens revealed similar values for the hysteresis parameters for both 
temperatures without any evident grain-size dependence. 

The 1PT typical for MD magnetite during low-temperature cycling of 
Jr. occurred only in the <5 micrometer fractions. Coarser grained speci
mens showed a slightly increasing remanence without the occurrence of an 
isotropic point-related remanence decrease at approximately -150 ·C. 
This different behaviour is related to the rate of magnetite formation. 
The magnetite growth in the <5 micrometer fractions occurs over a large 
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temperature interval giving rise to relatively well-crystalline rather 
"coarse" magnetite crystallites. The magnetite in the coarse grain-size 
fractions formed almost exclusively during one or two thermal demagneti
zation steps. Diffusion rates are low in the relatively "dry" environ
ment, so magnetite within a large crystallite aggregate will prevail as 
closely spaced extremely small, magnetically interacting magnetite crys
tallites, rather than much larger magnetite grains. Magnetic interaction 
lowers the coercive forces and saturation remanence, but the small 
crystallites will not show an IPT during low-temperature cycling. Combi
nation of the magnetite weight percent (usually between 0.1 and 1 per
cent, calculated from the initial susceptibility) and the magnetic 
magnetite percentage (between a few and 100 percent, determined from the 
RA curves) yields high ratios for the saturation remanence of the magne
tite and hematite. This indicates grain sizes for the magnetite from 
very close to the superparamagnetic threshold size up to approximately 
1 micrometer. 

RA curves after the 400 ·C demagnetization step showed similar beha
viour for all specimens, regardless of the origin of the original goe
thite. In fine fractions the amount of magnetite is slightly larger than 
in coarse fractions. After the 685·C demagnetization step large dif
ferences were noticed between samples as well as between fractions of 
the same sample. These differences were also exhibited in large differ
ences in Xin between the specimens. The <5 micrometer fractions were 
magnetically dominated by magnetite after the 685 C step, but the 
coarser grain-size fractions showed varying magnetite contents. These 
large differences indicate that magnetite formation is not governed by a 
single process: in small grain-size fractions the reaction surface of 
the crystallite aggregates making up the grains appears to be rate
determining, but in coarse grain-size fractions the amount of magnetite 
is dependent on subtle processes such as the local presence of a redu
cing vapour phase and the presence of seeding crystals within the reac
ting aggregates. A reducing vapour phase is inferred from the decomposi
tion of trace amounts of organic matter. Chemical reactions between the 
matrix CaC03 and the waterglass under release of C02/H20 vapour ensure a 
relatively long contact time between the reducing agent at the reaction 
site, so that actual reduction can take place. 

Usually, a self-reversal is observed between the 585 and 625 C 
demagnetization steps. Its magnitude correlates with the hematite rema
nence just before the reversal is observed. This implies that, when 
dealing with fine crystalline goethite/hematite aggregates in sediments 
demagnetized with stepwise thermal demagnetization, small reverse compo
nents observed in the ultimate part of demagnetization diagrams should 
be regarded with care. 
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CHAPTER 6 

PYRRHOTITE: SOME LITERATURE DATA 

INTRODUCTION 

Some general background information and a short outline of the magne
to-mineralogical data concerning pyrrhotite are given in this chapter, 
before the experimental details and results are reported in the next 
three chapters. 

The series of iron-sulphur compounds with compositions varying be
tween Fe7Sa and Fe"S'2 is generally referred to as pyrrhotite. A gene
ral formula for the troilite pyrrhotite series is Fe,-xS with x 
varying between zero and 0.125. Troilite approaches truly stoichiometric 
FeS: a finite non-stoichiometry always exists (Ward, 1970; Goodenough, 
1978). The specific density of pyrrhotite varies between 4580 and 4650 
kg*m3 • Pyrrhotite has unique properties: it is by far the most magnetic 
and has the highest electrical conductivity of all sulphide minerals. 
Its crystal structure consists of a series of alternating iron and 
sulphur layers based on the NiAs-structure with the iron layers par
tially occupied by vacancies. This results in a monoclinic structure 
(pseudo-hexagonal) for the most iron-deficient pyrrhotite and in a 
hexagonal crystal structure for iron-richer pyrrhotite. The vacancies 
are distributed in a regular way, giving rise to various possible super
structures depending on the pyrrhotite composition. Pyrrhotite with an 
overall composition in the intermediate pyrrhotite compositional range 
usually consists of intimate intergrowths of several superstructures. 
This so called intermediate pyrrhotite frequently occurs in nature (e.g. 
Arnold, 1967). There are large differences in magnetic behaviour between 
monoclinic and hexagonal pyrrhotite. 

Fresh pyrrhotite crystals are macroscopical brass-brown coloured. 
They tarnish easily; specially in the presence of oxygen and water. The 
colour becomes deep black-brown. In the weathering zone pyrrhotite is 
generally completely altered to pyrite and/or marcasite due to the 
removal of iron from the lattice. 

Microscopically, under reflected light, pyrrhotite has a pinkish
yellow colour with a reflection of 38 to 45 percent (e.g. Schouten, 
1962). It is strongly anisotropic. With etching techniques it is 
possible to distinguish between hexagonal and monoclinic pyrrhotites 
(e.g. Naldrett and Kullerud, 1967). However, with the same etching fluid 
sometimes hexagonal pyrrhotite is darker than monoclinic pyrrhotite, 
whereas in other cases the reverse is true. This drawback has hindered a 
straightforward application of etching techniques in pyrrhotite determi
nation. 

2 GEOLOGICAL OCCURRENCE 

Pyrrhotite is well-known as an important constituent of a wide va
riety of ore-parageneses. Moreover, there is accumulating evidence that 
it is far more common in ordinary rocks than previously assumed. Its 
occurrence is reported in igneous rocks without any relation to ore
bearing assemblages (e.g. Soffel, 1977), in metamorphic rocks (e.g. Car
penter, 1974; Rochette, 1987) and also in sediments (e.g. Kligfield and 
Channell, 1981; Freeman, 1986). Pyrrhotite capable in carrying a 
stable NRM - can thus occur also without any direct spatial relationship 
to the rather specific sulphidic ores. Its paleomagnetic importance 
therefore significantly increases. pyrrhotites related to ore-deposits 
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are sampled for the present study to obtain pyrrhotite in workable 
quantities, because pyrrhotite occurs only in trace amounts in sediments 
and metamorphic rocks. 

Pyrrhotite-bearing ore-parageneses are found in several genetically 
different ore types. A crude classification of pyrrhotite-bearing ores 
is the division into orthomagmatic ores, skarn ores with massive re
placement (pyrometasomatic ores), hydrothermal vein-type ores (hypo
thermal) and (reheated) pyritic ores of volcano-sedimentary origin. The 
paragenesis: pyrrhotite ~ pentlandite ~ chalcopyrite ~ (titano)-magne
tite is dominant in the orthomagmatic Ni-Cu-Fe ores. In the other types 
pyrrhotite is found associated with sphalerite, galena, pyrite, arseno
pyrite, chalcopyrite and magnetite. Associations with chalcopyrite and 
specially magnetite reflect a higher ore-formation temperature than 
parageneses with the other minerals. A much wider spectrum of minerals 
in pyrrhotite-bearing ore-parageneses can be encountered in ore deposits 
with a special composition or in deposits with a complex multi-phase 
evolution. 

3 SOME MINERALOGICAL AND CRYSTALLOGRAPHICAL CHARACTERISTICS 

3.1 Chemical composition 

Pyrrhotite chemical compositions are usually determined with a micro
probe. Natural pyrrhotite does not show much isomorphous replacement. 
Minor copper, manganese, nickel and cobalt contents are reported (gene
rally below 0.2 weight percent, e.g. Arnold and Reichen, 1962; Engel et 
al., 1978). Traces of zinc are possible. Occasionally higher isomorphous 
replacement in pyrrhotite has been found (e.g. Vaughan et al. (1971) 
report nickel contents up to one weight percent and Thompson et al. 
(1980) up to three weight percent). 

The pyrrhotite iron/sulphur ratio can also be determined with X-ray 
techniques. This method involves quenching of the high-temperature 
hexagonal pyrrhotite structure (cf. section 6.4) followed by the deter
mination of the position of the composition-dependent d,02 reflection 
for hexagonal pyrrhotite (Yund and Hall, 1969). Monoclinic pyrrhotite 
has to be converted to a hexagonal structure by annealing in vacuo at 
350 ·C, followed by quenching of the high-temperature hexagonal 
structure - with the same chemical composition as its low-temperature 
monoclinic equivalent. The d,02 reflection is represented by a doublet 
in monoclinic pyrrhotite, which has to be changed to a single hexagonal 
d,02 reflection for a proper determination of the iron/sulphur ratio. 
One should bear in mind that only the average composition of the pyrrho
tite sample (pyrrhotite is, at low temperatures, frequently a composite 
of several superstructures) is obtained with this X-ray technique. The 
isomorphous substitution of non-Fe elements should be insignificant 
because the Yund and Hall (1969) calibration curve is derived for pyr
rhotite synthesized from analytical grade chemicals. X-ray methods for 
the discrimination between the amounts of hexagonal and monoclinic 
pyrrhotite may lead to spurious results (e.g. Kissin and Scott, 1982). 
Relative amounts of hexagonal and monoclinic pyrrhotites are preferably 
determined by optical methods applying etching fluids (e.g. Naldrett and 
Kullerud, 1967; Schwarz and Harris, 1970) or magnetic colloids (e.g. 
Chikazumi, 1964). 
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3.2 Crystal structure 

The crystal structures of troilite and pyrrhotite are based on the 
NiAs-structure (Fig. 1). The troilite and pyrrhotite structures consist 
of hexagonal close-packed iron and sulphur layers. There are two dif
ferent types of interstitial spaces in a close-packed structure 
(Fig. 2): one in four-fold coordination (tetrahedral site) and one in 
six-fold coordination (octahedral site). In the troilite and pyrrhotite 
structures, both iron and sulphur occupy the octahedral sites; the 
tetrahedral sites are vacant. 

r o Fe 
c 

L ~S 

Fig. I. The pyrrhotite structure (NiAs-structure), consisting of hexagonal close-packed S layers with 

Fe occupying the octahedral interstitial sites. The a-axis is approximately 3.45 A and the c-axis 

5.75 A (e. g. Nakazawa and Mar imoto, 1971). 

In a hexagonal close-packed structure (with ABAB layer stacking), the 
interstitial tetrahedral and octahedral sites each form chains perpendi
cular to the close-packed layers. In a cubic close-packed structure 
(with ABCABC stacking) the tetrahedral and octahedral sites alternate 
within each chain (cf. Fig. 2). In a hexagonal close-packed structure 
consisting of alternate layers of larger and smaller ions as is the case 
with troilite and pyrrhotite, it is thus relatively easy tor the smaller 
ions (iron) to move from one octahedral interstitial site to another, 
because the octahedral sites are bigger than the tetrahedral sites. 

(('(l"l!lnlral ~ite-

octahedral site ---/-.-")~~~~~("' 

A C 

Fig. 2, Close-packed structure showing the tetrahedral and octahedral sites. Two layars are shown 

(Fig. 2A). Adding a Ihlrd layer, in a hexagonal close-packed structure (with ABAB layer slacking) tha 

tetrahedral and octahedral sites oach form chains perpendicular to the basal plane (Fig. 2B); in a 

cubic close-packed structure (with ABCABC layer stacking) tetrahedral and octahadral sites allernate 

within oach chain (Fig. 2C). 

The atoms within each Fe-layer are ferromagnetically coupled in 
troilite and pyrrhotite; antiterromagnetic coupling exists between each 
iron neighbour layer. In a stoichiometric structure the magnetic moments 
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of each magnetic sublattice cancel each other and the cryStal has an 
anti ferromagnetic structure. When the structure is non-stoichiometric, 
there are several ways to distribute the vacancies throughout the 
lattice. Cancellation of the sublattice magnetic moments, as in stoi
chiometric structures, is also achieved when there is an ordered vacancy 
distribution with an equal number of vacancies in each sublattice. 
Hence, ordered vacancy distributions with a certain preference for one 
of the sublattices are needed to explain the magnetic properties of 
pyrrhotite. In such cases, the magnetic moments of each sublattice no 
longer cancel each other and ferrimagnetism results. 

The ordered vacancy distributions of pyrrhotite can be described by 
so called superstructures: the appearance of vacancies at specific 
lattice positions is repeated at intervals with an integer number of 
cell units in a certain direction. These superstructures are referred to 
as commensurate. The number of vacancies determines the chemical compo
sition of the pyrrhotite, so that pyrrhotite superstructure and chemical 
composition are related. The more common superstructures are visualized 
in Fig. 3. Monoclinic pyrrhotite has most vacancies; due to the large 
vacancy content the crystal symmetry degenerates from a hexagonal to a 
monoclinic structure. It has the so called 4C supercell (Bertaut, 
1953): each other iron layer contains vacancies at one quarter of the 
iron lattice positions. Starting with a certain iron layer, exactly the 
same iron layer is repeated with an interval of four times the c-axis of 
the (psuedohexagonal) unit cell. In the direction of the a-axis the same 
vacancy positions are repeated with an interval of two unit cells. The 
4C notation is a short notation for the 4C, 2A superstructure. Other 
commensurate superstructures reported at low temperatures are the SC, 6C 
and llC structures (e.g. Morimoto et al., 1970, 1975A; Fleet and MacRae, 
1969). Those superstructures have also a 2A symmetry interval. Also non
integral (incommensurate) superstructure types are reported at low tem
perature, the so called NC types (e.g. Morimoto et al., 1975A, 1975B). 

Fe"5'2 (6C. Antiferro.) 

Full layer 11) 

(.1/4 Fe atoms) 
Vacancy layer (0) 

Fe7 5s (4C. Ferri.) 

------- 0 

6C 

F-----

E------

D 
C----

B------

A----

o 

0 

o 

0 

Fig. 3. Schematic representation of the 4C and 6C superstructures. In 4C pyrrhotite each other Fe

layer contains vacancies at one quarter 01 the Fe-positions. 6C pyrrhotite contains two Fe- layers 

without vacancies followed by one layer with vacancies. The vacancies are distributed spirally along 

the c-axis to attain maximum distances. This results in different positions for the vacancies in 

sUbsequent vacancy-bearing Fe-layers. The other superstructures, referred' to as NC or intermediate 

pyrrhotite, are partially disordered. Non-Integral superstructures occur, they are usually intergrown 

with 4C pyrrhotite. 
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The superstructures can be made visible by high resolution electron 
microscope observations (e.g. Morimoto et al., 1974; Pierce and Buseck, 
1974) or determined by precession X-ray techniques (e.g. Koto et al., 
1975; Morimoto et al., 1975A, 1975B, Kissin and Scott, 1982). Pyrrhotite 
compositions which do not match a specific superstructure composition 
can be intimate intergrowths of more superstructure types. Superstruc
tures with non-integral repetition intervals are reported to occur pre
dominantly at high temperatures (Nakazawa and Morimoto, 1970, 1971). 

3.3 Bonding 

The pyrrhotite electrical properties and the presence of various 
superstructures are related to the complicated bonding type which exists 
between the iron and sulphur ions mutually as well as between them. 

Transition elements in the periodical system are characterized by 
partially filled d-orbitals. Iron (FeO) has a [ls22s22p63s23p64s2)3dS 
electron structure; Fe 2 + a []3d6 and Fe 3 + a []3d 5 structure. When an 
iron ion would be "free" without interaction with neighbouring ions, the 
3d-orbitals would be at the same energy level. However, this situation 
is never met. In crystals, iron ions are surrounded by negative ions 
(ligands) in a fourfold (tetrahedral) or sixfold (octahedral) coordina
tion. Because iron in pyrrhotite is in sixfold coordination, we shall 
concentrate on the octahedral case. 

In octahedral coordination, there is a splitting of the five d-orbi
tals of equal energy into a set of three and one of two orbitals, due to 
different overlap with the ligand orbitals. The situation is depicted in 
Fig. 4. The difference between the two energy levels is termed ~E. The 
first 3d electron gains energy (the crystal field stabilization energy, 
CFSE), compared to the degenerate orbital situation, in occupying the 
lowest energy level. The second and third 3d electrons are placed in the 
low energy level with parallel spins (alpha-spin) for quantum mechanical 
grounds (gain of exchange energy). Whether the fourth electron is placed 
with a parallel spin in the high energy level (gain of exchange energy 
but loss of CFSE) or with an opposite spin direction (beta-spin) in the 
low energy level (gain of CFSE but no exchange energy gain), depends on 
the ~E and the exchange energy parameter. The same applies for the ,5th 

6th 7thand electron. The configuration with occupied high energy levels 
without completely filled low energy levels is called high-spin 
configuration; the other low-spin configuration. In pyrrhotite Fe 2 

+ has 
the high-spin configuration; in pyrite Fe2 

+ is low spin. Therefore 
pyrite is diamagnetic. 

When there is overlap between the metal and ligand orbitals, bonding 
occurs between the metal and ligands. Their atomic orbitals (AO) combine 
to molecular orbitals (MO). The number of MO's corresponds to the AO 
number. Atomic Orbitals with overlap form bonding and antibonding MO; 
non-overlapping AO's remain as non-bonding MO's. Schematized energy 
levels for 0- and for 0- and n-bonding are in Fig. 5. n-bonding 
generally occurs in sulphides by using ligand d-orbitals. 
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3/ 5 JE 

_______J__ 
I 

2/5 JE: 

I \-1- t2gdE ---
LIt 
1 

Number of Electron configuration CFSE Exchange energy 
d electrons l2y cg !!.E K 

I 1 -2/5 
2 1 1 -4/5 °I 
3 1 1 1 - 6/5 3 
4 high-spin 1 1 1 -6/5+3/5 6 
4 low-spin l! 1 T - 8/5 3 
5 high-spin 1 T T -6/5+6/5 10 
5 low-spin l! l! T -10/5 3+1 
6 high-spin l! T T -8/5+6/5 10 
6 low-spin T! T! TI - 12/5 3+3 
lhigh-spin l! l! T T - 10/5 + 6/5 10+ I 
7Iow-spin l! l! l! T -12/5+3/5 6+3 
8 l! l! l! T -12/5+6/5 10+3 
9 l! l! l! l! - 12/5 +9/5 10+6 
10 l! l! l! l! il -12/5+ 12/5 10+10 
Exchange energies shown separately for the parallel and antiparallel sets. 

Gain in CFSE Loss in exchange mag,; 
Number of of low-spin relative to of low-spin reLafwt to 
d electrons high-spin configuration high-spin conJiguration 

!!.E 3K 
2!!.E 6K 

6 2!!.E 4K 
7 !!.E 2K 

Fig. 4. Splitting of the atomic orbitals in octahedral coordination. Trigonal symmetry leads to a 
splltllng of the lowest energy level. High-spin or low·spin electron configuration occurs depending on 
the magnitude alAE and the exchange parameter. 

Only interaction between the metal ion and the neighbour ligands are 
taken into account in che simplified MO description above. The electrons 
are localized; i.e. chey are relaced cO one specific occahedral complex. 
In che pyrrhotice scruccure, chere is a considerable overlap becween che 
iron 3d 6 and sulphur 3 p 6 orbitals. The accual sicuacion in a pyrrhocice 
cryscal is more complex for two reasons: 
1) Neighbouring Fe-Fe and S-S inceractions. These interactions become 

significanc, when che iron/sulphur discance decreases below a cercain 
value. This may give rise cO delocalized eleccrons, which should 
possess mecallic conductivicy. Ac a cercain Fe-Fe discance che Fe 
alpha-spin electrons are localized and the beca-spin eleccrons (with 
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no exchange energy) may be delocalized (Goodenough, 1978). An Fe-Fe 
distance of approximately 3.0 A is suggested for the de localization 
of beta-spin electrons in sulphides (Goodenough, op. cit). The Fe-Fe 
distance in pyrrhotite has figures of approximately this value, 
placing pyrrhotites on the border between semiconducting and metallic 
behaviour. 

2)	 The presence of non-stoichiometry. MOBsbauer data indicate that iron 
is all Fe 2 

+ in pyrrhotite. Sulphur has thus an average negative 
valence of less than two in order to maintain electric neutrality. 
The Fe d-orbital has a lower energy than the top of the valence band, 
so the d-orbitals will be completely filled and the valence band will 
contain all the holes (Ward, 1970). The holes (positive charges) are 
in orbitals which are centered on sulphur. This leads to localized 
holes (forming of S2 2- ions as in pyrite) When the sulphide 
concentration exceeds a certain value. A p-type metallic sulphide 
sublattice is observed when the sulphide concentration is below that 
specific value (as in pyrrhotite; cf. Ward, 1970). 

metal molecular molecular ligandmetal molecular ligand 
orbitals (J orbitals It orbitals orbitalsorbitals orbitals orbitals 

Fig. 5. Schematic energy level diagram for molecular orbi!als with a and a plus n·ligand orbitals. In 

sulphides, n·bonding occurs using ligand d·orbi!als. 

The vacancies show, in principle, some preference for alternate 
layers when being distributed throughout the pyrrhotite lattice, because 
of the reduced electrostatic repulsion between shared octahedral site 
faces (Goodenough, 1978). Change of superstructure type can occur iso
chemically by changing the amount of vacancies per layer (Marusek and 
Mulay (1980) describe an isochemical 5C to 4C transition). The value of 
the superstructure parameter N (both integral and non-integral) de
creases with increasing temperature (Nakazawa and Morimoto, 1971). 

The existence of many superstructures, both integral and non-inte
gral, occasionally intimately intergrown, indicates that their energy 
levels will be close to each other. Therefore, one expects a complex 
composition/temperature-dependent phase diagram for pyrrhotite composi
tions. 

4 THERMODYNAMIC STABILITY 

Phase relations in the troilite-pyrrhotite-pyrite area of the Fe-S 
system have often been studied in the past. A complete understanding of 
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the phase relations in the pyrrhotite region is not yet reached, despite 
much experimental effort. A recently published phase diagram (Kissin and 
Scott, 1982) is presented in Fig. 6. Their phase diagram is based on 
experiments with synthetic pyrrhotites and incorporates many previous 
results (Toulmin and Barton, 1964; Nakazawa and Morimoto, 1970, 1971; 
Sugaki and Shima, 1977; Scott and Kissin, 1973; Craig and Scot t, 1974; 
Taylor and Williams, 1972; Bennett et a1., 1972). 
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Fig. 6. Pyrrhotite pha" diagram (after Kissin and Scott, 1982). The superstructure nomenclature ot 

Nakazawa and Morimoto (1971) is used. HC and MC pyrrhotite are .ery simi lar. In X-ray single crystal 

Images of the latter subsidiary reflections near the main reflections are not present. The NA type has 

also a 3C superstructure; it is named NA to indicate the non-integral character of the a·axis. 

Troilite coexists with hexagonal pyrrhotite (of undefined superstruc
ture type) at low temperatures. Troilite inverts to hexagonal pyrrhotite 
of lC superstructure type at the so called alpha-transition (e.g. Goode
nough, 1978). The temperature at which the alpha-transition occurs, 
lowers with increasing vacancy content to approximately 48 atomic per
cent Fe. Its continuation to lower Fe-percentages is unknown. The low
temperature integral superstructures (6C, llC and 5C) evolve into a 
"hexagonal pyrrhotite" field of NC type with increasing temperature. 
However, the precise temperature(s?) of the superstructure changers) is 
unknown. At temperatures slightly above 200 ·C, the NC alters to the NA 
type (the so called ~-transition; change of an anti ferro- to a 
ferrimagnetic pyrrhotite structure, cf. section 6.5). The high-tempera
ture lC type is separated by a two-phase field from the hexagonal NC 
type and the NA type at higher temperatures. Because of experimental 
difficulties, the position of the two-phase fields is somewhat hypothe
tical. The hexagonal NC and NA types are separated at their 
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sulphur-rich border by well-established two-phase fields from the 
monoclinic pyrrhotite. At temperatures above 254·C all pyrrhotites 
invert to hexagonal NA type pyrrhotite, which inverts to hexagonal MC 
pyrrhotite and ultimately to hexagonal lC pyrrhotite. Pyrite coexists 
with monoclinic pyrrhotite at low temperatures (below 254 ·C) and with 
hexagonal pyrrhotite at high temperatures. 

The phase relations in Fig. 6 refer to stable phases. Most of experi
mental problems in determining these stable phase-relations can be 
traced back to the widespread occurrence of metastable phases in the 
pyrrhotite region, especially at relatively low temperatures. Some of 
the high-temperature phases can be quenched, whereas others (partially) 
revert to low-temperature phases (Kissin and Scott, 1982 and references 
therein), making the determination of stable phases difficult. Also the 
nucleation of pyrite is kinetically inhibited during experimental time
spans in "dry" systems: when monoclinic pyrrhotite is heated to tempera
tures above 300·C it converts to hexagonal pyrrhotite without the 
nucleation of pyrite. X-ray methods for the determination of pyrrhotite 
Fe-contents are based on this property. 

The occurrence of marcasite as an initial replacement product of 
monoclinic pyrrhotite in a mineral specimen is reported by Fleet (1978). 
The structural re-arrangements of the pyrrhotite lattice for 
transformation to marcasite are far less than those for pyrite 
nucleation. This accounts for the marcasite occurrence as initial 
pyrrhotite replacement product. When oxygen is available, 
thermomagnetic data indicate that pyrrhotite reacts to magnetite at 
temperatures from 350 to over 500 ·C depending on the pyrrhotite type 
(e.g. Schwarz, 1975; Bennett and Graham, 1980). When heated in argon, 
SUlphur-loss occurs at elevated temperatures. At temperatures up to some 
300 ·C the loss is confined to the surface of pyrrhotite grains, at 
temperatures above 400 ·C sulphur-loss occurs throughout the whole grain 
volume (Schwarz and Harris, 1970). Minute amounts of magnetite can be 
produced at temperatures over 500 ·C when heating pyrrhotite in an argon 
atmosphere (Schwarz, 1965). 

5 MAGNETIC PROPERTIES 

The atoms in each-Fe layer are ferromagnetically coupled in pyrrho
tite. Antiferromagnetic coupling exists between neighbour Fe-layers. 
This gives rise to the existence of two magnetic sublattices in the 
pyrrhotite crystal structure. An overall magnetic moment arises when the 
two sublattices do not cancel each other and ferrimagnetism results. The 
maximum magnetic moment occurs in monOClinic (4C) pyrrhotite: all vacan
cies are in one sublattice. In ideal cases, hexagonal pyrrhotites (5C, 
llC and 6C) have vacancy distributions with an equal amount of vacancies 
in each of the two sub lattices. Hexagonal pyrrhotites should therefore 
be antiferromagnetic with no overall magnetic moment. However, also 
hexagonal pyrrhotite appears to have not fully compensated sublattices 
resulting in a (much weaker) overall magnetic moment. 

The Curie point of monoclinic pyrrhotite is reported between 315 and 
325 ·C and of hexagonal pyrrhotite between 265 and 275 ·C (e.g. Schwarz, 
1968; Schwarz and Vaughan, 1972; Schwarz, 1975). Isomorphous substitu
tion lowers the Curie point (Vaughan et al., 1971). The incorporation of 
slight amounts of oxygen in the pyrrhotite lattice may lead to dis
orientation of the antiferromagnetic coupling between neighbouring Fe 
layers and to a Curie point of 570-575 ·C without the actual nucleation 
of magnetite (Onufrienok and Zvegintsev, 1981). 
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The thermomagnetic features of natural and synthetic pyrrhotite are 
well known (e. g. Hayase et a1., 1963; Schwarz, 1967, 1968, 1969; Schwarz 
and Harris, 1970; Vaughan et al., 1971; Schwarz and Vaughan, 1972). Pyr
rhotite of known composition is heated in the presence of magnetic field 
and the magnetization as function of temperature is recorded. Two basic 
types of thermomagnetic curves are distinguished (Fig. 7): 
1) The "normal type" with continuously decreasing magnetization until 

the Curie temperature is reached (Weiss type). 
2) The "~-type" with an increasing magnetization above 210·C up to 

approximately 240 ·C with a Curie temperature of 265-275 ·C. 

B CA 

100 300 100 300 100 

temperature °c 
Fig. 7. Schematic thermomagnetic curves Df Normal, lambda and Mixed type pyrrhotite 

The normal type is typical for monoclinic pyrrhotite and the ~-type 

for hexagonal pyrrhotite. Due to a change in superstructure the anti
ferromagnetic SC, llC and 6C structures alter to a ferrimagnetic NA 
structure with a corresponding increase in magnetization at the so
called "~-transition". "Mixed type" thermomagnetic curves occur fre
quently in natural samples because of the intergrowths of monoclinic 
and hexagonal pyrrhotites. Schwarz (1975) shows how the relative 
contents of monoclinic and hexagonal pyrrhotite can be derived from 
"mixed type" thermomagnetic curves. A magnetic phase diagram compiling 
the thermomagnetic behaviour is shown in Fig. 8 (after Schwarz and 
Vaughan, 1972). Bennett and Graham (1980) show that hexagonal pyrrhotite 
can be magnetized at will after a heating cycle by changing the cooling 
rate. Dependent on the cooling rate, the high-temperature ferrimagnetic 
~-phase is quenched to different extents. The ~-transition is a vacancy 
reordering process. The activation energy for the ~-transition is 
determined by Marusek and Mulay (1980). Its reaction rate (compatible 
with rates for other vacancy reordering processes) is strongly tempera
ture dependent. Bennett and Graham (1981) showed that the maximum 
reaction rate is at temperatures slightly below the ~-transition 

itself. Hence, by rapid cooling the ferrimagnetic ~-phase can be 
metastably preserved at low temperatures. The formation of 
thermodynamically stable low-temperature phases is kinetically 
inhibited. 
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the A·pyrrhotite phase seems to vary discontinuously '11th composition. 

The pyrrhotite domain structure has been the sUbject of considerable 
study, because of its relatively large magnetic domains and the fact 
that no ionic polishing is required to obtain suitable polished surfaces 
needed for domain observation with Bitter techniques. The domain 
structure in small pyrrhotite grains is relatively simple: 180· domain 
walls prevail and closure domains are rare except in the vicinity of 
inclusions (Soffel, 1977, 1981; Halgedahl and Fuller, 1983). Large 
grains are characterized by wavy domain walls (Halgedahl and Fuller, 
1981). Grains above some 100 micrometer are true multidomain (MD). 
Grains between 10 and 40 micrometer show pseudo-sing Ie-domain (PSD) 
behaviour. The NRM in grains smaller than 10 micrometer is characterized 
by four or less domains with decreasing grain size. After saturation a 
considerable amount of such grains, however, remain in a metastable SD 
state, because they cannot nucleate domain walls (Halgedahl and Fuller, 
1983). The SD threshold size is estimated between 1.5 and 2 micrometer 
(Soffel, 1977; Halgedahl and Fuller, 1983). Clark (1984) estimated a 
slightly larger SD threshold size of approximately 3 micrometer. Halge
dahl and Fuller (1981) showed that large AF-treated pyrrhotite grains 
have linear domain walls and that such grains have wavy domain walls 
when thermally treated. The linear domain walls required fields of a few 
thousand Am- 1 (several mTesla) before their motion could be detected 
under a microscope, whereas the wavy walls could be moved much easier. 

Schwarz (1975) advised against the application of AF techniques for 
the demagnetization of specimens with relatively high pyrrhotite con
tents () 1 percent), because the screening of pyrrhotite leads to imho
mogeneous demagnetization fields due to its relatively high electrical 
conductivity. AF demagnetization of samples containing few small iso
lated pyrrhotite grains would yield good results. 
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The low-field susceptibility of pyrrhotite has a magnetite-like 
figure in basal plane directions. It has paramagnet-like figures paral
lel to the c-axis (e.g. Schwarz, 1975). The magnetocrystalline aniso
tropy greatly dominates shape anisotropy in pyrrhotite. The high-field 
susceptibility along the hard axis is 70*10-a m3 kg- 1 (Schwarz and 
Vaughan, 1972). The pyrrhotite magnetostriction constant is smaller 
than 7*10- 6 , an order of magnitude smaller than magnetite (Soffel, 
1977). Halgedahl and Fuller (1981) reported for single phase Fe7Sa a 
coercive force (He) of 9.04 kAm- 1 (113 Oe) a spontaneous magnetization 
of 20.4 Am2 kg- 1 and a ratio of the saturation remanence (Jr.) to the 
saturation magnetization (J.) of 0.14. Soffel (1981) determined for PSD 
grains a He of 14.4 kAm- 1 (180 Oe) and showed that the grains saturated 
in approximately 80 kAm- 1 (1 kOe) fields. Saturation of SD grains needs 
larger magnetic fields. Clark (1984) reported grain-size dependence of 
hysteresis parameters of dispersed sized natural monoclinic pyrrhotite 
in a grain-size range from some 80 micrometer down to <3 micrometer. His 
study is the only one reporting actual grain-size dependence of pyrrho
tite rockmagnetic parameters. He (10.8 to 73.6 kAm- 1 ), Her (14.8 to 
99.6 kAm- 1 

) and Her' (21.6 to 107.2 kAm- 1 
) (the last two parameters 

denote the remanent coercive force and remanent acquisition coercive 
force respectively) all show smooth increasing trends with decreasing 
grain size in accordance with a gradual transition from MD to SD 
structures. The low field susceptibility decreases with grain size from 
31*10- 6 to 13*10- 6 m3 kg- 1 • Jr. increases with decreasing grain size; in 
the smallest grain-size fractions a decrease was observed. The Jr./J. 
ratio increases with decreasing grain size from 0.23 to 0.58, only the 
smallest grain-size fraction showed an anomalous low figure for this 
ratio (attributed by Clark to the presence of superparamagnetic grains 
in this fraction). The theoretical single domain Jr./J. ratio, assuming 
a unique hard axis and triaxial symmetry in the basal plane is calcu
lated to be 0.75 (Dunlop, 1971). 

6 IMPLICATIONS FOR THE PRESENT STUDY 

The pyrrhotite rockmagnetic characteristics, in a grain-size depen
dent framework, are rather poorly documented up till now. Clark's (1984) 
study, the single one reporting pyrrhotite grain-size dependence, refers 
to pure monoclinic pyrrhotite. For mixed pyrrhotite no grain-size de
pendent data exist at all. The present research intends to contribute to 
the knowledge of the grain-size dependence of some important rockmag
netic parameters (J., Jr., He, Her and X~n) of natural pyrrhotite. Also 
the low- and high-temperature behaviour of a room temperature induced 
saturation remanence will be compared with TRM (induced in the geomag
netic field) behaviour. 
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CHAPTER 7 

SAMPLE PREPARATION AND CHARACTERIZATION or THE PYRRHOTITES 

INTRODUCTION 

Pyrrhotite abundances in rocks are generally extremely low, apart 
from pyrrhotite-bearing sulphidic ores. For the magnetic experiments 
pyrrhotite was therefore collected from those ores. Various ore types 
were sampled: An orthomagmatic disseminated Fe-Ni-Cu ore (Isola di 
Vocca, Sesia Valley, Ivrea Zone, Italy; abbreviation: DIS), re-heated 
volcano-sedimentary pyritic ores (Ortano and Ginevro, both from Elba, 
Italy; abbreviations respectively: EOR and EGI) and a pyrite-pyrrhotite
chalcopyrite-bearing pyrometasomatic ore (Temperino, Tuscany, Italy; 
abbreviation: TTE). A concise description of the samples is given in 
chapter eight; some background information concerning sample locations 
can be found in appendix 1. 

2 SEPARATION PROCEDURE 

Grain-size fractions of pyrrhotite were obtained from ore samples in 
a basically similar way as the goethite grain-size fractions (cf. chap
ter 2). Crushing of the raw samples and the first sieving step were done 
in air. Heavy liquid separation was not performed because the amount of 
light grains in the raw sample was negligible. 

Pyrrhotite readily tarnishes in a moist oxygenated atmosphere. Sample 
treatment should therefore be carried out in a water-free environment, 
preferably under an inert atmosphere throughout the separation proce
dure. Therefore the pyrrhotite grain-size fractions were stored in an 
argon atmosphere during and after the separation procedure. No altera
tion of the pyrrhotite grains was observed during storage for periods up 
to 18 months, the time-interval in which the magnetic experiments were 
performed. 

It appeared during the magnetic separation that the TTE, EOR and EGI 
pyrrhotites had a high magnetic susceptibility. The DIS pyrrhotite had a 
much lower susceptibility. Separation of the grains of the former three 
pyrrhotites in a Franz-isodynamic separator was greatly hindered by 
magnetic clustering of the grains leading to clogging of the separation 
tube. Therefore pyrrhotite was concentrated from the coarse grain-size 
fractions () 37 micrometer) by moving a hand magnet quickly back- and 
forwards over the crushed rock sample at a distance of a few centi
meters. A certain amount of non-pyrrhotite minerals was also attracted 
by the magnet. By repeating this procedure up to ten times, pyrrhotite 
concentrates of a high purity were obtained (» 95 %, optical control, 
transmittent light). The DIS sample was separated with the Franz Isody
namic Separator according to the procedure described in chapter two. 
Each raw grain-size fraction was separated two times. 

The fine grain-size fractions « 37 micrometer) were separated with 
the equipment described in Dekkers et al. (in prep.); the separation 
tube was placed at a distance of one centimeter from the Franz Isodyna
mic Separator to avoid clogging of the grains, when separating the EGI, 
TTE and EOR samples. The DIS sample could be treated with the separation 
tube attached to the Franz magnet. 

Ultrasonic microprecision sieving was carried out under a C02 atmos
phere to prevent oxidation of the small grains (when microsieving in 
air, small pyrrhotite grains oxidize instantaneously) according to the 
procedure described in chapter two. To remove small, magnetically ad

133 



hered grains from large grains (> 75 micrometer) the grains we're several 
times over a longer period exposed to ultrasonic waves (up to seven 
times up to 60 seconds); it turned out that no ultrasonic damage was 
done to the grains. The grain size of each fraction was checked optical
ly (transmittent light) ; sieving was repeated until the amount of grains 
smaller than the lower limit of each fraction was less than one percent. 
The amount of intergrowths (ubiquitous in the coarse grain-size frac
tions of the DIS pyrrhotite) and the magnetite impurity contents (in the 
EGI fractions) were established by point counting (reflected light) . 
Results are compiled in Table 1. 

Tab I e I: Amount of Intersrowths, pyrrhotite and masnetite contents of the pyrrhotite grain·size t r ac· 

I Ions. 

HE EOR DIS EGI 

f r acl ion po ms in t. po ms Int. po ms in t. po ms i nt. 

250 150 >99 bd bd >99 bd bd 31 bd 100 78 22 bd 

150 100 >99 bd bd >99 bd bd 48 bd 90 78 22 bd 

100 75 >99 bd bd >99 bd bd 72 bd 50 80 20 bd 

75 55 >99 bd bd >99 bd bd 63 bd 50 81 19 bd 

55 40 >99 bd bd >99 bd bd 70 bd 30 81 19 bd 
40 30 >99 bd bd >99 bd bd 88 bd 10 86 14 bd 

30 25 >99 bd bd >99 bd bd 94 bd <5 86 14 bd 

25 20 >99 bd bd >99 bd bd 96 2 bd 84 16 bd 
20 15 >99 bd bd 92 bd bd 97 1 bd 92 8 bd 

15 10 95 bd bd 80 bd bd 90 2 bd 83 9 bd 

10 5 65 bd bd 70 bd bd 59 1 bd 78 6 bd 

< 5 60 bd bd 60 bd bd 57 bd bd 54 3 bd 

Volume percentases; srain sizes in micrometer; po = pyrrhotite; ms = masnelite; int. = intersrowths; bd 

= below I imi! of detection « :1:1"). The percentases refer to the total sample. The di fference between 

the sum of the pyrrhotite and masnelile percenlases and 100 percent Is lhe percentage silicate minerals 

remainins in each fraction. The intersrowth percentase refers to the amount of pyrrhotite srains which 

are intersrown with si I ieale minerals. 

3 CHARACTERIZATION OF THE PYRRHOTITES 

The high susceptibility of the TTE, EOR and EGI pyrrhotites implies 
that they are monoclinic (or contain a dominating monoclinic phase in 
case of a composite pyrrhotite). The DIS pyrrhotite should contain 
hexagonal pyrrhotite (with possibly minor monoclinic pyrrhotite). Mono
clinic pyrrhotite is the most iron-deficient pyrrhotite (Fe7Se); hexago
nal pyrrhotite contains more iron (or equivalent atoms such as Ni and 
Cu). These differences are confirmed by microprobe and X-ray diffraction 
analyses. 

3.1 Chemical composition 

Microprobe (MP) analyses (compiled in Table II) reflect the differ
ences outlined above. TTE and EOR pyrrhotite (respectively 46.97 and 
46.86 atom % Feeq equivalent Fe, i.e. Fe + Ni + Cu + Zn + Mn) 
approach the ideal monoclinic pyrrhotite composition (46.67 atom % Fe) 
best. EGI pyrrhotite contains slightly more Feeq (47.15 atom X) and DIS 
pyrrhotite has the highest Fe eq content (47.75 atom %j. Apart from Ni. 
contents of other non-Fe elements are insignificant in pyrrhotite 
samples. The Ni- content is most high in DIS pyrrhotite (0.39 atom % or 
0.52 weight %), in TTE and EOR pyrrhotite Ni-amounts are close to the 
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limit of detection; EGI pyrrhotite has a slightly raised Ni content 
(0.27 atom % or 0.41 weight %). The low trace-element content is con
firmed by the wet- chemical (WC) analyses (cf. Table III). DIS pyrrho
tite has by far the highest Ni-, Cu-, Co- and Mn-contents. The rela
tively high Co-content reflects its orthomagmatic origin. The difference 
in Cu between the MP and the WC analyses can be due to traces chalco
pyrite enclosed in the pyrrhotite. The differences also indicate that 
the number of spot analyses has to be fairly high to obtain reasonable 
contents below 0.3 weight percent, when performing microprobe measure
ments. Considering standard deviations TTE, EOR and EGI pyrrhotite have 
approximately similar compositions and DIS pyrrhotite is distinctly 
Fe-richer than the other three. 

Table II: Average pyrrhotite composition determined by microprobe analyses 

TTE EOR DIS EGI 

aver. st. d. norm. ave r. st. d. norm. aver. s t. d. norm. aver. st. d. norm,
 

S 53.03 0.19 39.27 53. 14 O. 35 39.39 52.25 0.30 3g. 47 52. g5 0.23 39.04
 

Fe 46.76 O. Ig 60. 32 46. 70 O. 36 60.30 47.41 0.29 60. gO 46.95 O. 34 60.41
 

Mn 0.02 0.03 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.03 0.02
 

Ni O. 17 O. 14 0.23 O. 14 0.10 0.19 0.39 O. 11 O. 52 0.27 O.Og 0.41
 

Cu 0.06 0.09 0.09 0.03 0.05 0.04 0.05 0.06 0.07 0.04 0.06 0.06
 

Zn 0.04 0.08 0.06 0.04 0.08 0.06 O.Og 0.13 O. 12 0.04 O.Og 0.06
 

to t aI 100.08 99.99 100.06 99.99 100.19 99.99 100.18 100.00
 

Analyses were carried out with a TPD (Technlsch Physische Dienst) microprobe fitted with a TRACOR 

Northern Energy Dispersive (ED) system. Operating conditions were 15 keY and 2 . 3 nA. ZAF matrix 

correction was applied. aver. = average atom percentage; st.d. = standard deviation; norm. = normalized 

weight percentage. Most spots contained no detectable Mn, Cu and Zn. NI is enhanced in the DIS 

pyrrhotite and slightly raised in EGI pyrrhotite; in the others its amount Is insignificant. HE 32 

spot analyses; EOR 21 analyses; DIS 16 analyses; EGI 16 analyses. Fe7Sg contains 53.33 atom 96 S (4C 

superstructure); FegS9 52.94 atom 96 S; Fe9SI0 52.63 atom 96 S (5C); FelOSII 52.38 atom 96 S (lIC) and 

FellSI2 52.17 atom 96 S (6C). 

Tab i e III: Trace element content (wet chemical) ppm 

. 
HE EOR DIS EG I 

. __ ............ -_.- ...... -.--


Co 215 320 755 440
 

Pb <dI <d I <dI <dl
 

Ba <dI <d I <dI <d I
 

Mn 430 85 815 285
 

V <dI <d I 528 <d I
 

Zn 795 <d I 325 <d I
 

Cu <d I 715 3220 835
 

Ni 85 130 2430 205
 

Cr < dI <d I <dI <d I
 

The DIS sample contains 37 percent non-pyrrhotite minerals (almost exclusively silicates, >99 

percent). Analyses were carried out by the Service Laboratory. Institute of Earth Sciences, State 

University of Utrecht. All elements were analyzed with ICPES (Induction Coupled Plasma Emission 

Spectrometry); the limit of detection lor each element is approximately 10 ppm. 

Assuming stoichiometric compositions for the 4C, 5C and 6C pyrrho
tites the relative abundance of ferrimagnetic (4C) and antiferromagnetic 
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(5C, llC and 6C) pyrrhotite in the samples can be calculated from the MP 
analyses. Results are compiled in Table IV. 

Table IV:estimate of the relative abundances of ferri· and antilerramagnetic pyrrhotite . . . 
4C/(4C + 5C) 4C/(4C + 6C) 4C 1(4C + 5C) 4C'/(4C + 6C)
 

TTE 57 74
 

EOR 73 81
 

DIS 0 0 0 10
 

EGI 31 59 71 88
 

Contents are In percentages and refer to the abundance of the 4C phase. 4C is assumed to be Fe7S8; 5C: 

Fe9S10; 6C: FeIlSI2' 4C' Is assumed to be Fe8S9' For HE and EOR calculation with 4C' would result in 

negat ive 4C' abundances for bath samples. The actual abundance 01 each superstructure type is in 

between the values listed in Table IV, depending an the actual composition 01 the coexisting pyrrhotite 

superstructures. 

3.2 XRD-features 

All pyrrhotites are well-crystalline; reflections used for the cal
culation of the unit cells are listed in Table V. The monoclinic reflec
tion at d = approx. 2.04 A (in the hexagonal structure the reflections 
at d = 2.058 and d = 2.04 A coincide) is distinctly stronger in the TTE, 
EOR and EGI samples than in the DIS sample. This indicates that the 
ferrimagnetic 4C phase is more abundant in the former three pyrrhotites. 
The dimensions of the pyrrhotite unit cell and of the basic NiAs-cell 
are given for each sample in Table VI. 

Table V: d·spacings pyrrhotite rellectians used for unit cell calculation 

indi ces TTE 4C EOR 4C DIS 4C DIS 5C DIS 6C EG I 4C 

220, 400 2.9513 2.9461 2.9550 200 200 2.9528 

±404, ±224 2.6209 2.6140 2. 6209 205 206, OOil 2.6192 

·408, ·228 2. 0585 2.0545 2. 0565 1011 20ll 20ll 2.0589 

408, 228 2.0415 2.0379 2.0412 2.0438 

040, 620 I. 7130 I. 7108 I. 7139 220 30!Q, 220 1.7147 

4C, 5C and 6C ref er to the pyrrhotite superstructure. 

D-spacings of the reflections agree with literature data (e.g. 
Vaughan et a!., 1971; Desborough and Carpenter, 1965). l3-angles concur 
with those reported in literature (13 = 90.45; cf. Ward, 1970). The cell 
dimensions of the present pyrrhotites are slightly smaller than those 
reported by Ward (op. cit.). Cell dimensions of the basic NiAs- cells of 
the present pyrrhotites are in good agreement with reported ones (a-axis 
3.45 Aand c-axis 5.75 A; cf. Nakazawa and Morimoto, 1971; Engel et al., 
1978; Deer et a!., 1980). 
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Teble VI: Unit cell dimensions of the pyrrhotite samples 

TTE 4C EaR 4C DIS 4C DIS 5C DIS 6C EGI 4C 

a- ax i 3 11. 840 ± 0.007 11. 818 ± 0.007 11. 847 ± 0.007 6.846 ± 0.003 6.852 ± 0.004 11. 843 ± 0.007 

b - ax i s 6.845 ± 0.004 6.835 ± 0.004 6.849 ± 0.004 6.846 ± 0.003 6.852 ± 0.004 6. 850 ± O. 004 

c· axi.s 22.706 ± 0.013 22.656 ± 0.013 22.669 ± 0.013 28.504 ± 0.014 34.131 ± 0.018 22.720 ± 0.013 

YO I ume 1840 ± 1 1830 ± 1 1839 ± 1 1156 ± 1 1387 ± 1 1843 ± 1 

a 90.00 ± 0.015 90.00 ± 0.014 90.00 ± 0.015 90.00 ± 0.000 90.00 ± 0.000 90.00 ± 0.015 

~ 90.410 ± 0.000 90.409 ± 0.000 90.369 ± 0.000 90.00 ± 0.000 90.00 ± 0.000 90.369 ± 0.000 

~ 90.00 ± 0.000 90.00 ± 0.000 90.00 ± 0.000 120.00 ± 0.013 120.00 ± 0.014 90.00 ± 0.000 

NiAs-cell 

a-ax I s 3.42 3.42 3.42 3.42 3.43 3.42 

c· ax is 5.68 5.66 5.67 5. 70 5.69 5.68 

Cell dimensions are in A; cell Yolumes In A3. 4C, 5C and 6C refer to the pyrrhotite superstructure. 

The position of the hexagonal d,02 reflection is composition
dependent (e. g. Arnold, 1967; Yund and Hall, 1969). Hence, it can be 
used for the determination of the pyrrhotite chemical composition. 
Before the X-ray run to determine the d,02 reflection was performed, the 
pyrrhotites were converted to monophase hexagonal pyrrhotite of the same 
overall composition by heating in vacuo to 350·C (the exsolution of 
monoclinic pyrrhotite to pyrite and a Fe-richer pyrrhotite is kineti
cally inhibited for the duration of the annealing) and subsequently 
quenched (Arnold, 1967). The single peak hexagonal d-spacings were 
fitted with the Yund and Hall (1969) calibration curve. Si was used as 
internal standard. Results are compiled in Table VII. This method 
yielded somewhat lower Fe-contents than those determined with the micro
probe, although the differences for TTE, EOR and EGI pyrrhotite are 
relatively small. The largest difference is observed in the DIS pyrrho
tite sample, in Which hexagonal pyrrhotite should prevail because of its 
low magnetic susceptibility. A reason for this bias could be the fact 
that the Yund and Hall (1969) calibration curve was determined with 
extremely pure pyrrhotite compositions (analytical grade reagents were 
used for the pyrrhotite synthesis); lower Fe-contents in the present 
pyrrhotite could be due to the presence of non-Fe elements (esp. Ni) in 
the present natural pyrrhotites. The amount of non-Fe elements is most 
high in the DIS pyrrhotite. It is therefore believed that the Fe-con
tents determined with the XRD method, are too low. 

Table VII: Atomic percentage iron calculated with the XRD method. 

d102 Fe at." 

TYE 2. 0583 46.65 

EaR 2.0591 46. 72 
DIS 2. 0588 46.69 
EG I 2.0588 46.69 

Oebye-Scherrer camere; Fe Ka-rays. 
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4 PREPARATION OF THE ARTIFICIAL SAMPLES 

Room and low temperature experiments were carried out with artificial 
samples of pyrrhotite dispersed in an epoxy resin matrix (araldit D, 
hardener HY 956; Cyba-Geigi). These samples were standard sized paleo
magnetic samples and contain approximately 100 mg pyrrhotite (approxima
tely 0.2 volume percent). The dimensions for the high field experiments 
were small cylinders of 5 mm height and 4.5 mm diameter (sizes of the 
sample holder). They contained 5 to 6 mg pyrrhotite (approximately 2 
volume percent). These small samples were sized down on a lathe from 
larger specimens. Pyrrhotite saturation remanences per unit mass for 
both specimen types appeared to be similar, so particle-interaction will 
not dominate the derived rockmagnetic parameters. 

For thermal experiments, pyrrhotite was first dispersed in a cal
ciumcarbonate-waterglass mixture (with ascorbic acid added, a moderate 
reducing agent to maintain reducing conditions within the specimen). 
Hardening wa~ done in a C02 atmosphere to accelerate its speed and to 
keep the oxygen concentration low. After being hardened, the specimens 
appeared to be extremely fragile and needed a re-enforcement to with
stand routine sample handling. This was achieved by soaking the speci
mens in waterglass once more. However, the results of trial measurements 
were ambiguous. Microscopic investigation revealed alteration halo's 
around the pyrrhotite grains (reflected light). Consequently, it was 
obligatory to look for another non-magnetic medium for thermal experi
ments. 

After having tested various non-magnetic materials, CM Lot soldering 
investment (dental cement) was selected for thermal experiments. This 
material is a mixture of bassanite (CaS04.0.5H20) and quartz (XRD deter
mination). It can withstand temperatures up to 1700 'C. It is reasonably 
non-magnetic (Jr. is approximately 4 * 10-4 Am2kg- X , the lowest rema
nence of all materials tested). This matrix remanence does not contri
bute too much to the total remanence when dealing with the strongly 
magnetic pyrrhotite. However, the soldering investment is too magnetic 
for meaningful experiments with much weaker magnetic minerals such as 
hematite and goethite. 

Hardening is achieved within ten minutes by adding small amounts of 
demineralized water while stirring. Hence, the reaction time for pyrrho
tite alterations is short. Pyrrhotite saturation remanenceS and initial 
susceptibilities measured in epoxy resin specimens and soldering invest
ment yielded equal results, so the pyrrhotite grains are not altered 
during the hardening of the latter matrix. Because of the fast harde
ning, pyrrhotite grains should be dispersed homogeneously in the matrix 
before adding demineralized water. Also for the thermal experiments each 
standard sized specimen contained some 100 mg pyrrhotite. 
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CHAPTER 8 

MAGNETIC PROPERTIES OF NATURAL PYRRHOTITE PART I: BEHAVIOUR OF 
INITIAL SUSCEPTIBILITY AND SATURATION-MAGNETIZATION RELATED 
ROCKMAGNETIC PARAMETERS IN A GRAIN-SIZE DEPENDENT FRAMEWORK. 

Abstract 

The grain-size dependence of the initial susceptibility (X~n). satu
ration magnetization (J.). saturation remanence (Jr.). coercive force 
(He). remanent coercive (Her) and remanent acquisition coercive (Her') 
is reported for four natural pyrrhotites in a grain size range from 
250 micrometer down to <5 micrometer. X~n decreases with grain-size 
(range 7*10-~ - 1*10-~ m3 kg- 1 ); He. Her and Her' all increase with 
decreasing grain size (ranges respectively 7 - 80. 8 - 85 and 14 - 80 
kAm- 1 ). The magnitudes of J. (8.9 to 16.7 Am2 kg- 1 ) and Jr. (2.0 - 6.0 
Am 2 kg- 1 ) correspond with the trend indicated by the microprobe analyses 
(47.8 down to 46.9 atom percent equivalent Fe). Jr. shows a maximum in 
the PSD region (range 2.0 - 6.0 Am2 kg- 1 ). J. shows a marked decrease for 
the finest grain-size fractions. Typical for pyrrhotite are a large 
He/Her ratio and a Jr./X~n ratio which is larger than Her. When the 
presence of pyrrhotite has been established in a sample. its grain size 
is preferably determined by the Her trend because pyrrhotite composi
tional differences hardly show up in this trend. 

1 INTRODUCTION 

The solid solution series of Fe-S compounds of composition Fe,-xS. 
with x varying between zero and 0.13. is usually referred to as pyrrho
tite. Nearly stoichiometric FeS is known as troilite (an Fe-deficiency 
between 0.003-0.006 formula units is reported. cf. Ward. 1970). Though 
the pyrrhotite potential of carrying a remanent magnetization is well
established for a long time (e.g. Bertaut. 1953). pyrrhotite was long
time regarded as a magnetic mineral of minor paleomagnetic importance. 
because it was believed to occur almost exclusively in relation with 
sulphidic ores. However. the existence of pyrrhotite without spatial 
relation with these ores is increasingly reported. It is nowadays known 
from various types of igneous rocks (e.g. Soffel. 1977). in metamorphic 
rocks (e.g. Carpenter. 1974; Rochette. 1987) and also in sediments (e.g. 
Kligfield and Channell. 1981; Freeman. 1986). This considerably in
creases the paleomagnetic significance of pyrrhotite. 

The pyrrhotite crystal structure consists of alternating iron and 
sulphur layers. based on the NiAs crystal structure. The atoms in each 
Fe-layer are ferromagnetically coupled; antiferromagnetic coupling 
exists with each neighbour Fe-layer. The crystallographic c-axis is the 
hard axis of magnetization; the easy directions are confined to the 
basal plane which shows a (strong) trigonal anisotropy (Bin and Pauthe
net. 1963). The initial susceptibility is extremely anisotropic with 
magnetite-like figures in the basal plane and paramagnet-like figures 
along the hard axis (Schwarz. 1975). All iron in pyrrhotite is ferrous 
iron and the valence of sulphur is less than two (Ward. 1970). Pyrrho
tite contains a certain amount of vacancies depending on its chemical 
composition. The most Fe-deficient pyrrhotite (Fe7Sa) has a monoclinic 
crystal structure; the more Fe-rich pyrrhotites are hexagonal. 

Since the vacancies show some tendency to concentrate in alternate 
Fe-layers (Goodenough. 1978). the vacancy distribution has direct conse
quences for the pyrrhotite magnetic properties. The vacancy distribution 
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can be described by so-called superstructures. The more common integral 
superstructures are the 4C superstructure for the ferrimagnetic mono
clinic Fe7Sa (Bertaut, 1953) and 5C, llC and 6C superstructures for the 
antiferromagnetic hexagonal pyrrhotite (e.g. Fleet and MacRae, 1969; 
Morimoto et al., 1970, 1975A). Also non-integral superstructures, pre
viously thought to occur only at elevated temperatures, are also report
ed at ambient temperatures (e.g. Morimoto et al., 1975A, 1975B). 

Natural pyrrhotite usually consists of mixtures of superstructures of 
monoclinic and hexagonal pyrrhotite (e.g. Arnold, 1967), which results 
in an intermediate overall composition. Different superstructures can 
co-exist within a single pyrrhotite crystal. This can be detected with 
X-ray methods (e.g. Morimoto et al., op. cit.), with high resolution 
electron microscopy (e.g. Morimoto et al., 1974; Pierce and Buseck, 
1974) or made visible microscopically by applying etching techniques 
(e.g. Naldrett and Kullerud, 1967). 

The 4C pyrrhotite saturation magnetization is reported to be 
20 Am2 kg- 1 (e.g. Schwarz and Vaughan, 1972; Halgedahl and Fuller, 1981). 
Besnus and Meyer (1964) reported a saturation magnetization of 
22.5 Am2 kg- 1 for an unspecified natural pyrrhotite crystal. The satura
tion magnetization of mixed pyrrhotite depends on the content of 4C 
pyrrhotite present. Domain observations (Soffel, 1977, 1981; Halgedahl 
and Fuller, 1981) showed that 180 • domain walls prevail in the pyrrho
tite domain structure. Grains of approximately 100 micrometer size 
showed true mUltidomain (MD) behaviour; the range between 2-3 and 40 
micrometer is regarded as pseudo-single domain (PSD) region. The SD/PSD 
border is found between 1.5 and 2 micrometer (Soffel, 1977). Clark 
(1984) calculated 3 micrometer for the SD/PSD transition. The coercive 
force for a large MD crystal is 9.0 kAm- 1 (Halgedahl and Fuller, 1981) 
and for the PSD range 14.3 kAm- 1 (Soffel, 1981). The ratio of the sa
turation remanence and saturation magnetization for the large MD crystal 
is reported to be 0.14 (Halgedahl and Fuller, 1981). Clark (1984) de
scribed hysteresis properties of sized monophase monoclinic 4C pyrrho
tite fractions in a grain size range of 83 micrometer down to <3 micro
meter. He found a steadily increasing coercive force (10.7-73.2 kAm- 1 ), 

remanent coercive force (14.7-113.4 kAm- 1 ) and remanent acquisition 
coercive force (21.5-106.6 kAm- 1 ) with decreasing grain size. The ini
tial susceptibility decreases with grain size, whereas the saturation 
remanence increases with decreasing grain size down to 15 micrometer and 
subsequently decreases slightly with a further decrease in grain size. 

Grain-size dependence of these and other rockmagnetic parameters for 
pyrrhotite is presently poorly documented: Clark's (1984) study is the 
only one which reports grain-size dependent trends in pyrrhotite. The 
present study reports the grain-size dependence of the saturation magne
tization (J.), saturation remanence (Jr.), the initial specific suscep
tibility (Xin) the coercive force (He) and remanent coercive force (Her) 
as well as the remanent acquisition coercive force (Her') in a grain
size range from 250 micrometer down to smaller than 5 micrometer. 
Therefore a series of artificial samples using the methodology of Dan
kers (1978, 1981) and Hartstra (1982A) was prepared containing homoge
neously dispersed natural pyrrhotite of a well-defined grain-size range. 

1.1 Sample description and preparation of the artificial specimens 

Pyrrhotite, belonging to various geologic associations, was selected 
for investigation from four locations. Pyrrhotite was sampled at Isola 
di Vocca (Ivrea Zone, Italy) from an orthomagmatic disseminated Fe-Ni-Cu 
ore in a noritic-gabbroic complex (cf. Rivalenti, 1979; Bigioggero et 
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aI., 1979; Natale and Zuchetti, 1979; Ferrario et aI., 1983); at Tempe
rino (Tuscany, Italy) from a pyrometasomatic pyrrhotite-pyrite-chalcopy
rite ore zone (cf. Bodechtel, 1965, 1968); and at Ortano and Ginevro 
(both on Elba, Italy) from re-heated, originally volcano-sedimentary, 
pyrite-hematite ores (cf. Bodechtel, 1965; Dimanche, 1971; Waldeck, 
1977). All samples contained well-crystalline pyrrhotite. A concise 
description of each pyrrhotite sample is given below; for a more de
tailed overview the reader is referred to Dekkers (1988). Chemical and 
X-ray diffraction data of the pyrrhotites and the intergrowth amount are 
compiled for each final grain-size fraction in Tables I up to III. 

1.1.1 Isola di Vocca (abbreviation DIS) 

The DIS pyrrhotite belongs to a pyrrhotite-pentlandite-chalcopyrite ore 
assemblage with minor mackinawite, magnetite, ilmenite and sphalerite. 
The host rock mineralogy is dominated by olivine and pyroxenes. Magne
tite occurs only accessory «2%) in the pyrrhotite concentrate; pent
landite and chalcopyrite are hardly observed. The grains in the final 
fractions are approximately equidimensional. The larger grain-size frac
tions (> 30 micrometer) consist of pyrrhotite intergrown with silicates. 

1.1.2 Temperino (abbreviation TTE) 

The TTE pyrrhotite is concentrated from a pyrite/pyrrhotite skarn from a 
complex Cu-Zn bearing ore zone. Pyrrhotite and pyrite occur in a long 
prismatic habit in sheaf-like aggregates intergrown predominantly with 
ilvaite. The width of the sulfide parts is a few hundred micrometer. The 
pyrrhotite concentrates contain equidimensional grains. Intergrowths are 
rare, no magnetite is traced. 

1.1.3 Ortano (abbreviation EOR) 

Pyrrhotite, collected from the mine dumps at Ortano on the Eastern coast 
of Elba, is intergrown with epidote, ilvaite and minor hedenbergite. The 
pyrrhotite is well-developed in the skarn. The separated grain-size 
fractions consist of equidimensional pyrrhotite grains. The intergrowth 
amount is insubordinate; no magnetite is traced. 

1.1.4 Ginevro (abbreviation EGI) 

Pyrrhotite occurs as minor mineral in a magnetite/hedenbergite skarn at 
Ginevro on the South-Eastern coast of Elba. Pyrrhotite-rich parts of the 
skarn zone were sampled from the mine dumps. The final grain-size frac
tions consist of a mixture of equidimensional pyrrhotite and magnetite 
grains. They occur predominantly as separate monomineralic grains; the 
magnetite content decreases with grain size from 25 weight percent down 
to approximately 5 weight percent. 
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Table IA: Aver.ge pyrrhotite compo.ition determined by microprobe .n.ly... 

TTE EOR DIS EG I 

aver. • t. d. norm. ave r. • 1. d. norm. aver. • t. d. norm. ave r. .t. d. norm.
 
S 53.03 0.19 39.27 53. 14 0.35 39.39 52.25 0.30 38.47 52.85 0.23 39.04
 

Fe 46.76 0.18 60. 32 46. 70 0.36 60.30 47.41 0.29 60.80 46.95 O. 34 60.41
 

Mn 0.02 0.03 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.03 0.02
 

NI O. 17 O. 14 0.23 0.14 0.10 0.19 0.39 0.11 0.52 0.27 0.08 0.41
 

Cu 0.06 0.09 0.09 0.03 0.05 0.04 0.05 0.06 0.07 0.04 0.06 0.06
 

In 0.04 0.08 0.06 0.04 0.08 0.06 0.08 O. 13 0.12 0.04 0.08 0.06
 

to t.1 100.08 99.99 100.06 99.99 100.19 99.99 100.18 100.00
 

An.ly ... were c.rried out with. TPO (Technl.ch Physi.che Oien.t) microprobe fitted with. TRACOR 

Norlhern Energy Oi.per.ive (EO) .ystem. Oper.tlng condition. were 15 keY .nd 2 • 3 nA. lAF m.trix 

correction w•••pplied.•ver. = .ver.ge .tom percent.ge; .t.d. = .t.nd.rd devi.tion; norm. = norm.lized 

weight percent.ge. Mo.t .pol. cont.ined no detect.ble Mn, Cu .nd In. Ni i. enh.nced In the DIS 

pyrrhotite .nd .Iightly r.i .. d in EGI pyrrhotite; in the other. it ••mount i. in.ignific.nt. TTE 32 

.pol .n.lyse.; EOR 21 .n.lyse.; DIS 16 .n.lyse.; EGI 16 .n.ly.... Fe7S8 cont.in. 53.33 .tom j6 S (4C 

.uper.tructure); Fe8S9 52.94 .tom j6 S; Fe9SI0 52.63 .tom j6 S (5C); FelOSlI 52.3g .tom j6 S (lIC) .nd 

FellSI2 52.17 .tom j6 S (6C). 

T.b Ie IB: Pyrrhol i t e t r.c e el ement cont ent (wet chemic.l) ppm 

. 
TTE EOR DIS EGI 

............ - ........ _-_._---


Co 215 320 755 440
 

Pb <d I <d I <d I <d I
 

B. <d I <d I <d I <d I
 

Mn 430 85 815 285
 
V <d I <d I 528 <d I
 

In 795 <d I 325 <d I
 

Cu <d I 715 3220 835
 

Ni 85 130 2430 205
 

Cr < dI <d I <d I <d I
 

The DIS ••mple cont.in. 37 percent non·pyrrhotite miner.l. (.Imo.t exclu.ively .ilic.tes, >99 

percent). An.ly ... were c.rried out by the Service l.bor.tory, In.1 itute of E.rth Sciences, Sl.te 

Univer.ity of Utrechl. All element. were .n.lyzed with ICPES (Induction Coupled PI ••m. Eml •• ion 

Spectrometry); the detection limit (dl) for e.ch element I••pproxim.tely 10 ppm. Comp.rl.on of 

T.ble fA .nd IB .how. th.t the number of .pot. In the MP .n.lyse. i. too low to obt.ln re •• on.ble 

estim.les for element. which .re below 0.3 .tom percenl. 

The pyrrhotite grain-size fractions were obtained by subsequent 
crushing, sieving, magnetic separation and ultrasonic micro-precision 
sieving. Crushing was performed in a copper mortar. The first sieving 
step was performed to optimize the magnetic separation step. The 
A.S.T.M. sieving set was used, wet-sieving was performed with acetone as 
flushing fluid. The coarse grain-size fractions () 37 micrometer) of the 
TTE, EOR and EGI samples were separated by moving a hand magnet quickly 
back- and forwards over the sample at a few centimeters distance. The 
DIS fractions were separated magnetically with a Frantz-isodynamic sepa
rator adapted for separation in a liquid medium (ethanol was used). The 
fine grain-size fractions «37 micrometer) were all separated with the 
aid of the modified Frantz-isodynamic separator; an input of the grains 
in suspended form was created (Dekkers et al., in prep.). Micro-preci
sion sieving was carried out in an ultrasonic bath to remove fine, 
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magnetically adhered pyrrhotite particles from coarse ones. Each separa
tion step was carried out as much as possible in an inert atmosphere, 
because pyrrhotite tarnishes easily in moist air. This applies especial
ly for the micro-precision sieving step: when microsieving in contact 
with air pyrrhotite grains oxidize instantaneously. The grains disin
tegrate, colouring the acetone red brown. When sieving was performed in 
an inert atmosphere, no red-brown colouring of the acetone occurs and 
the pyrrhotite grains retain their typical brassy colour. After the 
separation procedure, the grain-size fractions were stored in an argon 
atmosphere. 

Table II: Unit cell dimensions of the pyrrhotite samples 

TTE 4C EOR 4C DIS 4C DIS 5C 01 S 6C EGI 4C 

a· ax j s 11.840 ± 0.00711.818 ± 0.007 11. 847 ± 0.007 6.846 ± 0.003 6.852 ± 0.004 11. 843 ± 0.007 

b ·ax i s 6.845 ± 0.004 6.835 ± 0.004 6.849 ± 0.004 6.846 ± 0.003 6.852 ± 0.004 6.850 ± 0.004 

c· ax i s 22.706 ± 0.013 22.656 ± 0.013 22.669 ± 0.013 28.504 ± 0.014 34.131 ± 0.018 22.720 ± 0.013 

YO I ume 1840 ± 1 1830 ± 1 1839 ± 1 1156 ± 1 1387 ± 1 1843 ± 1 

II 90.00 ± 0.015 90.00 ± 0.014 90.00 ± 0.015 90.00 ± 0.000 90.00 ± 0.000 90.00 ± 0.015 

~ 90.410 ± 0.000 90.409 ± 0.000 90.369 ± 0.000 90.00 ± 0.000 90.00 ± 0.000 90. 369 ± 0.000 

y 90.00 ± 0.000 90.00 ± 0.000 90.00 ± 0.000 120.00 ± 0.013 120.00 ± 0.014 90.00 ± 0.000 

NiAs cell 

a-ax is 3.42 3.42 3.42 3.42 3.43 3.42 

c-ax I s 5.68 5.66 5.67 5. 70 5.69 5.68 

Cell dimensions are In A; cell volumes In A3. The indicated errors are standard deviations. 4C. 5C and 

6C refer to the pyrrhotite superstructure. In hexagonal pyrrhotite the 408 and ·408 reflections 

coincide and have a d·value 01 approximately 2.06 A. depending on the pyrrhotite chemistry. In 

monoclinic 4C pyrrhotite the 408 and ·408 reflections show up as a doublet at approximately d = 2.06 

and d = 2.04 A. Both reflections of Ihls doublet are of similar intensity in TTE. EOR and EGI 
pyrrhotite; lhe second (monoclinic) reflection is much weaker developed in the DIS pyrrhotite sample. 

This indicates lhat the lerrimagnellc 4C phase Is less present in the latter sample than in Ihe former 

three. A distinct lower susceptibility of the DIS pyrrhotite. observed during the magnetic separation 

step. is in agreement with the X·ray determination. 

The results of the magnetic separation were checked optically (trans
mitted and reflected light) and with X-ray diffraction; the grain-size 
ranges were controlled optically (transmitted light). The grain-size 
fractions were homogeneously dispersed in an epoxy resin matrix (Aral
dit D-hardener HY 956, Cyba-Geigi) or in a quartz/bassanite matrix (CM 
Lot soldering investment for dental metal work). Susceptibility measure
ments were corrected for the diamagnetic matrix moment, no correction 
had to be made for the remanent magnetization of both matrixes. Approxi
mately 100 mg pyrrhotite was put in standard-sized paleomagnetic speci
mens (0.2 percent by volume). Samples for high field susceptibility 
measurements were sized down on a lathe from epoxy resin cylinders 
initially both one centimeter diameter and height to cylinders of 4.5 mrn 
diameter and 5 mm height. Each final cylinder contained some 5 mg pyr
rhotite (2 percent by volume). 

145 



Tab Ie III: Amount of Intergrowths, pyrrhotite and magnetite contents or the pyrrhotite grain-size 

fractions determined by point·counting (reflected light microscopy). 

HE EOR 01 S EG I 

f ract ion po mg in I. po mg I nI. po mg i nl. po mg i nl. 

250 150 >99 bd bd >99 bd bd 31 bd 100 78 22 bd 

150 100 >99 bd bd >99 bd bd 48 bd 90 78 22 bd 

100 75 >99 bd bd >99 bd bd 72 bd 50 80 20 bd 

75 55 >99 bd bd >99 bd bd 63 bd 50 81 19 bd 

55 40 >99 bd bd >99 bd bd 70 bd 30 81 19 bd 

40 30 >99 bd bd >99 bd bd 88 bd 10 86 14 bd 

30 25 >99 bd bd >99 bd bd 94 bd <5 86 14 bd 

25 20 >99 bd bd >99 bd bd 96 2 bd 84 16 bd 
20 15 >99 bd bd 92 bd bd 97 1 bd 92 8 bd 
15 10 95 bd bd 80 bd bd 90 2 bd 83 9 bd 

10 5 65 bd bd 70 bd bd 59 1 bd 78 6 bd 

< 5 60 bd bd 60 bd bd 57 bd bd 54 3 bd 

Vo' ume percentages; gra i n s i 1 es in micrometer; po = pyrrhotite; mg = magnetite; i nt. = intergrowths; 
a II in percentages; bd = below detection limit « ±196). The percentages re fer to the total sample, In 

the fine grain size fractions silicate minerals remain presenl. The Intergrowth percentage refers to 
the amounl of pyrrhotite grains which are intergrown with silicate minerals. 

1.2 Instrumentation for the magnetic measurements 

Initial susceptibility was measured with a Jellinek KLY-l susceptibi
lity bridge. Acquisition curves of the isothermal remanent magnetization 
(RA curves) in fields up to 1600 kAm- 1 (2 Tesla) were determined with a 
Forster fluxgate magnetometer type 1.107, which was calibrated with an 
astatic magnetometer. Hysteresis loops in a 240 kAm- 1 field (0.3 Tesla) 
were determined by measuring the imbalance of a pair of coils, one of 
which contained the specimen. Measurements were carried out using an AC 
field. The determinations mentioned so far were carried out at the 
Paleomagnetic Laboratory "Fort Hoofddijk" (University of Utrecht, The 
Netherlands) . 

A field of only 240 kAm- 1 is too small to obtain correct figures for 
the pyrrhotite saturation magnetization. Therefore magnetization curves 
were determined in fields up to 12000 kAm- 1 (15 Tesla). Measurements in 
fields up to 1040 kAm- 1 (1.3 Tesla) were done with a vibrating sample 
magnetometer (Foner type); in higher fields a ballistic magnetometer was 
employed. These high field measurements were carried out at the High 
Field Magnet Laboratory at the Department of Physics, University of 
Nijmegen (The Netherlands). 

2 RESULTS 

2.1 Susceptibility measurements 

The susceptibility measurements were corrected for the diamagnetic 
moment of the matrix. Partial hysteresis loops in 240 kAm- 1 fields 
(Fig. lA) reveal that only the coarse grain size fractions (from the 75
55 micrometer fraction upwards) show a reversible magnetization beha
viour in the highest fieldstrengths reached by this low field equipment. 
Finer grain-size fractions do not show such behaviour in fields up to 
240 kAm- 1 The fieldstrength above which reversible behaviour is ob• 

served, increases with decreasing grain size. For the <5 micrometer 
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fractions this field is some 800 kAm-' (Fig. lB). Hence, such fields are 
required for a proper determination of the coercive force. 

In extremely small applied fields the movement of the spontaneous 
magnetization from one easy direction to a more favourably positioned 
one is fairly difficult as is indicated by the onset of the magnetiza
tion curves (Fig. lB) and the low initial susceptibility (Fig. 2, 
Table IV). Domain walls move relatively easy in pyrrhotite in somewhat 
larger applied fields as is indicated by the steep rise of the magneti
zation curves. In high applied fields the spontaneous magnetization is 
pulled out of the basal plane. This is opposed by a strong magneto
crystalline anisotropy. Large fields are required to saturate a set of 
randomly distributed pyrrhotite grains (Fig. lC). 

TIE 250-150 EOR 250-150 EGI250-150 
9.24 8.98 35.54 

320 
kA/m 

160 
kA/m 

320 
kA/m 

DIS 10-5 EOR <: 5 EGI <: 5 
7.07 3.56 6.34 

320 320 320 
kA/m kA/m kA/m 

Fig. lA. Partial hysteresis loops In 160 kAm· 1 (0.2 Tosla) or 240 kAm- 1 (0.3 Tesla) fields. The ccarse 

grain-size fractions already behave reversibly in these small fields. The numbers on the ordinates 

refer to the magnet izat ion in Am2kg·1. 

Hysteresis loops of pyrrhotite are characterized by steep rising 
branches in small fields and much less steep continuations in higher 
fields leading to a more or less rectangular curve (Fig. lA). Pyrrhotite 
hysteresis loops are much more rectangular than magnetite hysteresis 
loops: the branches of the hysteresis loop of the EGI 250-150 micrometer 
fraction containing 25 weight percent magnetite (as separate monomine
ralic grains) are much more gently increasing and decreasing with the 
external field than loops of samples without magnetite containing the 
same grain size range (e.g. TTE 250-150 micrometer and EOR 250-150 mi
crometer) . 

The initial susceptibility (Xin) is decreasing with grain size (Fig. 2 
Table IV, cf. p. 154). Similar grain-size fractions of the different 
pyrrhotite samples have initial susceptibilities of the same order. The 
much larger Xin of the EGI samples is due to their magnetite content. 
The much more pronounced decreasing Xin trend with grain size in the EGI 
pyrrhotite fractions is also caused by a decreasing magnetite content 
with smaller grain size (cf. Table III). Figures for the pyrrhotite 
initial susceptibility are somewhat lower than Clark's (1984) figures 
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for pure ferrimagnetic 4C pyrrhotite. The more or less constant x~~ in 
the DIS fractions for grain sizes larger than 30 micrometer is due to 
the presence of ubiquitous silicate intergrowths in these coarse frac
tions limiting the size of the pyrrhotite parts in these grains to 
approximately 30 micrometer. 

The susceptibility of the hard axis, derived from the high field 
parts of the magnetization curves, is for EGI 34*10-8 , for TTE 38*10-8 , 

for EOR 38*10- 8 and for DIS pyrrhotite 32*10-8 (all figures are in 
m3 *kg-'). These figures are of the same order as those determined by 
Schwarz and Vaughan (1972). 

NATURAL PYRRHOTITE 

EaR 75-55 

EaR 15-10 

1200 

Field in kNm 

Fig. lB. Magnelization curVes in fields up to 
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1040 kAm- 1 (1.3 Tesla). The fine grain-size fractions 
show reversible hysteresis behaviour in fields above some 800 kAr. 1 (I Tesla). 

Fig. Ie. Magnelization curves in fields up to 12000 kAm- 1 (15 Tesla). The coarse grain-size fractions 

tend to be saturaled in this field, whereas lhe magnelization of the fine grain·size fraclions still 

increases, The magnelizations are corrected for the diamagnetic matrix moment. 

The saturation magnetization (J.) is approximately grain-size inde
pendent (Fig. 3; Table IV) with a tendency to decrease with grain size. 
In the finest grain-size fractions a clear J. decrease is observed. A 
slightly decreasing J. with decreasing grain size is reported for magne
tite by Mauritsch et al. (1987). 

TTE pyrrhotite has the highest average J. (approx. 16.7 Am2 kg-'), 
followed by EaR and EGI pyrrhotite (respectively 11.5 and approximately 
12.6 Am 2 kg-') and DIS pyrrhotite (approx. 8.9 Am2 kg-'). The EGI figures 
have to be regarded as somewhat approximate because of the large in
fluence of the magnetite present in these fractions (cf. Table III) on 
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Fig. 2. versus grain size. Squares denote HE pyrrhotite, circles EOR pyrrhotite, triangles EGIXin 
pyrrhotite and inverled triangle! DIS pyrrhotite. The higher of the EGI rractions is caused byXln
 
their magnetite content.
 

NATURAL PYRRHOTITE 
Ja versus grain size 

40 

.. 
~ 

E
20 

'"
"N 

.= 

...,.

o+-~~~~cr-~~~~or-~~~,.,.."., 
1 10 tOO 1000 

Grain size in micrometer 

Fig. 3. J s versus grain size. For symbol meanings see Fig 2. The magnelite correclion in the EGI 

lractions is based on a saturalion magnetization of 90 Am2kg- 1 for magnetite. The magnetite correcled 

EGI figures are indicated by plus symbols. The corrected figures have to be regarded as somewhat 

approximate because one percent error In megnetlte weight percentage leads to a change In pyrrhotite 

saturat ion magnet Izat Ion of about I Am2kg·!. 

the pyrrhotite J. determination (one percent difference in magnetite 
weight percentage leads to a change of about 1 Am2 kg- 1 in the corres
ponding pyrrhotite J.). Mark the impact of only 5.5 weight percent 
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magnetite on the corrected pyrrhotite J. figure for the smallest EGI 
fraction (Table IV). 

The J. trend corresponds well with the compositions indicated by the 
microprobe analyses (Table IA). The most Fe-deficient pyrrhotite has the 
highest saturation magnetization. Fluctuation in J. values of the same 
pyrrhotite could be caused, apart from errors inherent in the J. deter
mination procedure (estimation of the magnetite amount in the EGI frac
tions, estimation of the pyrrhotite amount occurring intimately inter
grown with silicates in the coarse DIS fractions), by minute compo
sitional changes between fractions of the same pyrrhotite sample. The J. 
decrease in the coarsest TTE fractions could be explained in this way. 
It should be realized that small differences in pyrrhotite chemical 
composition result in considerable differences in saturation magnetiza
tion. 

It was tested whether the J. decrease in the fine grain-size frac
tions could be related to a change in pyrrhotite composition. This was 
done with the TTE fractions because the J. decrease is largest in TTE 
pyrrhotite. The six finest fractions Were heated in vacuo (10- 6 mm Hg) 
at 350 ·C and subsequently quenched to obtain monophase hexagonal (high
temperature) pyrrhotite. The exact position of the compositional depen
dent d,02 reflection (single hexagonal reflection at 2.06 A) was 
determined with Philips diffractometer system PW 1700 (Cu K~-rays) at 
room temperature with silicon as internal standard (the d=1.9201 A 
reflection was used). The position of the d ,02 reflection was fitted 
with the Yund and Hall (1969) calibration curve. The resulting Fe-atom 
percentages were 46.68, 46.54, 46.59, 46.65, 47.05 and 46.73 respect
ively for the 30-25, 25-20, 20-15, 15-10, 10-5 and <5 micrometer 
fractions (the standard deviation of the X-ray method is estimated at 
0.06 atom percent Fe by Yund and Hall, op. cit). Slight compositional 
differences exist and the decrease in J. in the 10-5 micrometer grain
size fraction may be related to its more Fe-rich composition. The 
<5 micrometer fraction with an even much lower J., however, has a 
composition approaching that determined in the coarser fractions with a 
much higher J •. The low J. of the <5 micrometer fraction can thus not be 
related to a change in chemical composition. 

NATURAL PYRRHOTITE 
He versus grain size 
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Fig. 4. He versus grain size. For symbol meanings see Fig. 2. 

The coercive force (He) increases with decreasing grain size for all 
samples (Fig. 4; Table IV). No large differences are observed between 
the different pyrrhotites. He figures derived in the present study 
concur with Clark's (1984) determinations and for MD grains with the 
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determination of Halgedahl and Fuller (1981). The figures for the PSD 
range in the present study are somewhat higher than those for this range 
reported by Soffel (1981). He is roughly proportional to the logarithm 
of the grain size throughout the investigated grain-size range. He 
d- o . 67 is obtained for the present pyrrhotites for grain-size fractions 
from five micrometer upwards, which is in reasonable agreement with 
Clark's (1984) determination of d- o . 79 for a similar grain-size range. 
The nearly constant He in the coarse fractions of DIS pyrrhotite is due 
to the silicate intergrowths in these fractions. The He trend for the 
magnetite-bearing EGI fractions is below the other curves, because the 
magnetite He is smaller than the pyrrhotite He (e.g. Dunlop, 1986; 
Heider et a1., 1987; Worm and Markert, 1987; also for crushed grains 
e. g. Hartstra, 1982B; Day et a1., 1977). 

2.2 Remanence measurements 

Acquisition curves of the isothermal remanent magnetization (RA 

curves) are similar for identical grain-size fractions in all samples 
except for the magnitude of their saturation remanence (Jr.). The fine 
grain-size fractions are saturated in larger fields than coarse frac
tions (Fig. 5). 

NATURAL PYRRHOTITE 
Remanent Acquisition Curves 
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Fig. 5. Examples of acquisition curves of the isothermal remanent magnetization (RA curves) for 

pyrrhotite normalized to their saturation remanence. Identical grain-size fractions of dillerent 

pyrrhotite samples revealed identical shapes for their normalized RA curves with coarSe grain-siZe 

lraction. saturating in smailer fieids than fine grain'size lractions. Circles denote the TIE 

150-100 micrometer, crosses the DIS 10·5 micrometer and squares the EOR 30-25 micrometer fraclion 

respectively. The inset shows the same RA curves with a four times expanded abscissa to display more 

clearly the dillerenee. in grain .ize behaviour in .mall applied fields. 

Jr. shows a maximum in the 10 to 30 micrometer range (Fig. 6; 
Table IV). Absolute figures are somewhat lower than in pure 4C pyr
rhotite (Clarke, 1984), especially in the fine grain-size range. The 
trend in Jr. between the samples is the same as the J. trend: TTE 
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pyrrhotite has the highest Jr_, followed in decreasing order by EGI and 
EOR and finally by DIS. Since Jr_ of magnetite (e.g. Hartstra, 1982B) 
and pyrrhotite are of the same order, the magnetite contribution to the 
Jr_ does not largely affect the pyrrhotite trend in the EGI fractions 
(cf. Fig. 6). 
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Fig. 6. J versus grain size. For symbol meanings see Fig. 2. The magnetite'corrected J figures forrs 
the EGI pyrrhotite fractions are indicated with plus symbols. Hartstra', (19828) magnetite J" values 

rs 

were employed because the pre,ent magnetite grains underwent similar treatment during the sample 

preparation procedure. The most Fe·deficlent pyrrhotite (TTE) with consequently the highest J s (Fig. 3) 

has al'o the highest J ' The compo,itional J, and J" trends are equal.rs 

The reason for the Jr. decrease in the small grain-size fractions is 
not known (also observed by Clark (1984) in pure 4C pyrrhotite, albeit 
to a lesser extent). In the <5 micrometer fractions this could partially 
be due to the presence of superparamagnetic (SP) particles. However, if 
present, their amount will be insubordinate. In the other fractions SP 
particles will be (virtually) absent, so the reason for the Jr. decline 
has to be sought for elsewhere. It could be that the domain walls occupy 
a relatively large part of the grain volume, reducing the effective mass 
of the grains. 

The remanent coercive force (Her) and remanent acquisition coercive 
force (Her') both increase with decreasing grain size (Figs. 7 and 8). 
Her obeys a - d- o . relationship and He~' is proportional to d- O . for66 47 

grain size fractions upwards from the <5 micrometer fractions. The 
differences between the different pyrrhotite samples are much smaller 
than in the He plot (Fig. 4). The He~ and He~' figures derived by Clark 
(1984) are somewhat larger than those determined in the present study. 
This could be due to the presence of harder fine-grained particles in 
Clark's grain-size fractions. The presence of magnetite hardly shows up 
in the Her and Her' trends of the EGI fractions. The constant Her and to 
a lesser extent Her' in the coarse fractions of the DIS sample can be 
attributed to the presence of silicate intergrowths. The true SO region 
is not yet reached in the <5 micrometer fractions, since He and Her both 
still increase with respect to the 10-5 micrometer fractions albeit 
slightly less than would follow from the - d- n relationships. This 
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concurs with the determinations of the pyrrhotite SD threshold size at 
1.5-2.0 micrometer (Soffel, 1977) or at 3 micrometer (Clark, 1984). 
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fig. 7. H versus grain size. for symbol meanings see fig. Z. Mark that the differences between thecr 
pyrrhotite samples in H are considerably less than in H (fig. 4).cr c 
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fig. 8. Hcr ' versus grain size. for symbol meanings see fig. Z. Chemical differences between Ihe 

pyrrhotites also hardly show up in the H ' values.cr 
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Table IV: Some rockmesnetlc parameters for natural pyrrhollte 

Grein size Xln 

fracllon m3ks- 1 

10"5 

TTf 250 150 6.15 7.78 7.96 13.05 2.04 9.2
 
TTE 150 100 6.75 8.49 9. 55 14.80 3.40 14.2
 
TTE 100 75 6.24 10.02 10.74 17. g2 3.89 13. 7
 
TTE 75 55 5.93 12.41 12. 34 21. 96 4.46 17.0
 
HE 55 40 3.86 15.60 17.51 21. 01 5.00 17. 1
 
TTE 40 30 4.43 20.21 22.68 29.92 5.70 16.2
 
TTE 30 25 4.81 24.27 27.45 36.61 6.10 16.2
 
TTE 25 20 4.45 23.08 31. 04 40.58 6.47 17.9
 
TTf 20 15 4.26 30.96 34.62 43.93 6.28 16.4
 
TTE 15 10 3.49 38.68 41. 78 50.45 6.54 16.0
 
TTE 10 5 2. 19 49.74 51. 72 60.00 4.12 9.3
 
TTE < 5 I. 17 68.04 70.03 73.85 2.54 5.4
 

EOR 250 150 5.76 7.77 8.75 14.08 2.58 13.6
 
EOR 150 100 4.87 9.04 10.74 19.82 2.80 13. 1
 
EOR 100 75 3.92 10.28 13.53 21. 41 3.15 12.5
 
EOR 75 55 3.03 15.36 17. 51 22.92 3.46 10.4
 
EOR 55 40 2.25 20.13 21. 88 29.28 3.81 10.1
 
EOR 40 30 I. 88 23.87 28.25 34.62 4.58 16. 7
 
EOR 30 25 I. 17 32.71 33.02 41. 38 5.25 12. 1
 
EOR 25 20 I. 15 35.17 36.61 45.12 4.55 10.8
 
EOR 20 15 I. 11 36.05 37.40 44.17 4.86 10.8
 
EOR 15 10 0.94 45.76 46.95 55.23 4.95 10.8
 
EOR 10 5 0.99 57.69 60.08 66.53 4.64 10.4
 
EOR < 5 0.57 77.35 83. 16 67.88 I. 51 3.5
 

EGI 250 150 25.08 6.00 12. 34 21. 17 2.28 2.48 31. 4 12.9
 
EGI 150 100 24.83 6.45 13. 13 22.20 2. 39 2. 78 31.5 13.1
 
EGI 100 75 23.70 7.96 15.52 23.95 2.82 3 25 31.414.9
 
EGI 75 55 21. 33 8.75 18. 30 27.14 3.11 3.54 28.812.6
 
EGI 55 40 18.22 11.70 21. 09 29.68 4.09 4.76 27. 1 10.4
 
EGI 40 30 15.22 14.72 26.66 35.81 4.555.03 24.512.5
 
EGI 30 25 13.55 17.43 27.85 37.64 4. 98 5.44 23.8 11. 6
 
EGI 25 20 13. 19 18.30 29.44 38.04 4. 97 5. 48 23.48.8
 
EGI 20 15 11.27 21.41 32.23 40.35 5.65 5.89 23.416.8
 
EGI 15 10 9.04 28.17 39.79 46.31 6.196.40 21.3 13.7
 
EGI 10 5 6.22 39.79 53. 72 60.00 6.28 6.27 18.2 11. 9
 
EGI < 5 3. 10 54.27 74.01 80.77 3. 89 3. 43 10.5 5.9
 

DIS 250 150 3.45 21. 04 31. 43 33.26 2.49 7.9
 
DIS 150 100 2.30 26.45 33.02 33.02 I. 78 5.9
 
DIS 100 75 2.40 23.00 33.02 37.64 I. 60 6.6
 
DIS 75 55 3.49 21. 41 31. 51 37.00 2.35 6.9
 
DIS 55 40 3.85 20.37 30.80 38.83 2.36 9.0
 
DIS 40 30 3.52 20.93 32.71 40.58 2.64 9.6
 
DIS 30 25 4.25 21. 88 31. 83 39.63 3.76 11.8
 
DIS 25 20 4.08 21. 88 31. 99 39. 39 4. 18 11. 0
 
DIS 20 15 3.09 28. 17 35.41 47.75 3.86 11. 4
 
DIS 15 10 2.50 34.06 44.96 54.83 3.31 9.8
 
DIS 10 5 I. 54 43. 13 58.89 67. 32 2.53 7. 3
 
DIS ( 5 I. 04 57.46 75.60 72.42 I. 81 4.9
 

The second columns of J rs and Js 01 the EGI Iractlons refer to the specific paramelers corrected for 
the magnelile content of eech frection (cf. Table III). Especlelly the Js corrected figures are prone 
to a rather larse error (the scatler in the individual values for each fraction is ralher larg.) due to 
the faci Ihel a one percent error In ~he ~agnetite weight percentage determinetion leads to an increase 
(or d.crease) of approximately 1 Am kg" in the "megnetite corrected" pyrrhotite J (igures. The 
magnetite Impact on the correction of J Is considerably less. because the saturation

s 
remanence of 

magnetite and pyrrhotite per unit mass are
rs 

of the same order. 
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Table V: Ratios of some pyrrhotite rockmagnetlc perameters 

Jr/X1n (Jrs/Xin)/Hcr 

kAm'1 

TTE 250 150 0.98 0.61 0.22 33.17 4. 17
 
TTE 150 100 0.89 0.64 0.24 50.37 5.27
 
TTE 100 75 0.93 0.60 0.28 62.34 5.80
 
TTE 75 55 1. 01 0.56 0.26 75.21 6.10
 
TTE 55 40 0.89 0.83 0.29 129.53 7.40
 
TTE 40 30 0.89 O. 76 0.35 128.67 5.67
 
TTE 30 25 0.88 0.75 0.38 126.82 4.62
 
TTE 25 20 0.74 0.76 0.36 145.39 4.68
 
TTE 20 15 0.89 0.79 0.38 147.42 4.26
 
TTE 15 10 0.93 0.83 0.41 187.39 4.48
 
TTE 10 5 0.96 0.86 0.44 188.13 3.64
 
TTE ( 5 0.97 0.95 0.47 217.09 3. 10
 

EOR 250 150 0.89 0.62 0.19 44.79 5. 12
 
EOR 150 100 0.84 0.54 0.21 57.50 5.35
 
EOR 100 75 O. 76 0.63 0.25 80.36 5.94
 
EOR 75 55 0.88 0.76 0.33 114.19 6.52
 
EOR 55 40 0.92 O. 75 0.38 169.33 7.74
 
EOR 40 30 0.84 0.82 0.27 243.62 8.62
 
EOR 30 25 0.99 0.80 0.43 448.72 13.59
 
EOR 25 20 0.96 0.81 0.42 395.65 10.81
 
EOR 20 15 0.96 0.85 0.45 437.84 11. 71
 
EOR 15 10 0.98 0.85 0.46 526. 60 11. 22
 
EOR 10 5 0.96 0.90 0.44 468.69 7.80
 
EOR ( 5 0.93 1. 22 0.43 264.91 3. 18
 

EG I 250 150 0.49 0.58 0.07 0.19 9.09 0.74
 
EGI 150 100 0.49 0.59 0.08 0.21 9.62 0.73
 
EGI 100 75 0.51 0.65 0.09 0.22 11. 90 0.77
 
EGI 75 55 0.48 0.67 0.10 0.28 14. 16 0.77
 
EGI 55 40 0.56 0.71 0.13 0.46 19.92 0.94
 
EGI 40 30 0.55 0.74 O. 18 0.40 28.45 1. 07
 
EGI 30 25 0.63 O. 74 0.19 0.47 33. 36 I. 20
 
EGI 25 20 0.62 0.77 0.20 0.62 34.80 I. 18
 
EGI 20 15 0.66 0.80 0.22 0.35 44.72 I. 39
 
EGI 15 10 0.71 0.86 0.26 0.47 62.06 I. 56
 
EG I 10 5 O. 74 0.89 0.34 O. 53 98.71 I. 84
 
EGI ( 5 0.73 0.92 0.33 0.58 111. 94 I. 51
 

DIS 250 150 0.67 0.94 0.32 72. 17 2.30
 
DIS 150 100 0.80 1. 00 0.30 77. 39 2.34
 
DIS 100 75 0.70 0.8S 0.24 66.67 2.02
 
DIS 75 55 0.68 0.85 0.34 67.34 2. 14
 
DIS 55 40 0.66 O. 79 0.26 61. 30 I. 99
 
DIS 40 30 0.64 0.81 0.28 75.00 2.29
 
DIS 30 25 0.69 0.80 0.32 88.47 2.78
 
DIS 25 20 0.68 0.81 0.38 102.45 3.20
 
DIS 20 15 0.80 0.74 0.34 124.92 3.53
 
DIS 15 10 0.76 0.82 0.34 132.40 2.94
 
DIS 10 5 O. 73 0.88 0.35 164.29 2.79
 
DIS ( 5 0.76 1. 04 0.37 174.04 2.30
 

The second JJSIJS column Jor the EGI fractions refers to the masnetite corrected saturation magnetiza· 
tlon/saturatlon remanence ral;o. Due to uncertainties in the magnet lie percentage leading to relatively 
large errors in especially the pyrrhotite J, the "magnetite corrected" JrslJ ratios have to be 
regarded as somewhat approximate. The fluctuadons in the ratio superposed upon a sIncre.,ing trend with 
decreasing grain size are due to (small) errors in lhe magnetite weight percentage determination. 
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3 DISCUSSION 

3.1 Ratios of some rockmagnetic parameters 

The Jr./J. ratio is increasing with decreasing grain size from ap
proximately 0.2 to close to 0.5 (Fig. 9; Table V). The magnetite in
fluence in the EGI fractions shows up in their lower uncorrected Jr./J. 
ratio. The spreading in the ratios for the corrected EGI fractions is 
related to their J. correction for magnetite which is very sensitive for 
small errors in the determination of the magnetite content. The nearly 
constant ratios for the coarse DIS fractions again are due to silicate 
intergrowths. 

NATURAL PYRRHOTITE 
Jr./J. versus graIn size 
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Fig. 9. Jrs/J s versus grain siz •. For symbol meanings see Fig. 2. 

The Jr./J. ratio of 0.14 determined by Halgedahl and Fuller (1981) 
for large polycrystalline pyrrhotite crystals concurs with the trend 
indicated by the present pyrrhotites. Clark's (1984) Jr./J. ratios for 
the coarse grain-size fractions are in good agreement with the present 
determinations; he obtained slightly larger figures for his fine grain
size fractions. The increase in Jr./J. ratio tends to slow down from 
some 25 micrometer downward for EOR and DIS pyrrhotite. The ratios 
obtained for the <5 micrometer fractions are distinctly lower than the 
model ratio of 0.75 for SD grains (Dunlop, 1971). This is also observed 
by Clark (1984). Apparently one of the easy axes is dominating, re
sulting in a uniaxial behaviour. The observation of Bin and Pauthenet 
(1963), who found six easy directions in the basal plane with one axis 
dominating, points also in this direction. 

The He/Her ratio is remarkably close to unity for the TTE and EOR 
grain-size fractions; it displays no grain-size dependent trend 
(Fig. 10; Table V). For the DIS fractions the ratio is smaller (about 
0.7). The magnetite-bearing EGI fractions have lower He/Her ratios. 

The Her/Her' ratio increases with decreasing grain size from approxi
mately 0.6 up to 1.0 (Fig. 11; Table V), an indication that self
demagnetization of MD grains could play an important role. This Her/Her' 

156 



ratio is similar for all pyrrhotite samples, since the magnetite content 
does not emerge in the Her and Her' trends. 

NATURAL PYRRHOTITE 
He/He, versus grain size 
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Fig. 10. He/Her versus grain size. For symbol meanings see Fig. 2. The large figures, which are uniform 

throughout the investigated grain·slze range, make this ratio discriminatory between pyrrhotite and 

magnetite (the £GI ratios are smaller than the others). 
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Fig. 11. He,!H versus grain size. For symbol meanings see Fig. 2. Its increase with decreasing grainer , 

size might be related to sell-demagnetization effects which are more pronounced in MD grains. 

Jr./Xin ratio increases with decreasing grain size (Fig. 12; Ta
ble V); only EOR fractions display high ratios in the intermediate 
grain-size range. The Jr./Xin ratios are typically larger than Her 
figures for pyrrhotite. (Jr./Xin)/Her figures are larger in 4C-rich 
pyrrhotite (TTE, EOR) than in more Fe-rich pyrrhotite (DIS, Table V). 
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Fig. 12. J r3 /X in verSU3 grain 3ize. For 3ymbol meaning3 38e Fig. 2. The ratio i3 largar than Her 

throughout the investigated grain'3ize Interval. 

3.2	 Comparison of pyrrhotite room temperature hysteresis parameters with 
those of magnetite 

The following comparison between pyrrhotite and magnetite rockmag
netic parameters is made using magnetite data of O'Reilly (1984), Dunlop 
(1986), Heider et a1. (1987) and Worm and Markert (1987). The 
pyrrhotite saturation magnetization is smaller than that of magnetite 
whereas the saturation remanence is of the same order (except in the 
small grain- size fractions, where the magnetite saturation remanence is 
considerably larger). Pyrrhotite has thus typically higher Jr./J. ratios 
than magnetite as is demonstrated by the low uncorrected EGI figures 
(Table V). The pyrrhotite initial susceptibility is considerably smaller 
than that of magnetite in similar grain-size ranges. Its coercive force 
is larger than the magnetite coercive force. 

For comparison of pyrrhotite remanent coercive force and remanent 
acquisition coercive force with the same parameters for magnetite only 
magnetite data referring to annealed crushed grains are available (e.g. 
Dayet al., 1977; Hartstra. 1982B). The hysteresis properties of such 
magnetite are influenced by stress (e. g. Dunlop, 1986; Heider et aI., 
1987). No data on Her and Her' for large non-crushed magnetite grains 
have yet been published. Her as well as Her' for pyrrhotite are larger 
than the respective parameters for magnetite in the fine grain size 
fractions and smaller in the coarse grain-size fractions. Her and Her' 
are more or less equal for both minerals in the 75 - 55 micrometer 
range. Since crushing enlarges the magnetite coercive forces, it is 
reasonable to expect that the magnetite parameters will be smaller than 
those for pyrrhotite for non-crushed magnetite grains throughout the 
whole investigated grain-size range. Pyrrhotite is' thus magnetically 
"harder" than magnetite. Titanomagnetite shows, compared with pure mag
netite, an increasing hardness with rising Fe2~ content due to the 
anisotropic character of the Fe2~ ion. The hardness of pyrrhotite could 
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possibly be explained similarly, because all iron in pyrrhotite is 
considered to be in the divalent state. 

The Her/Her' ratio is similar for pyrrhotite and magnetite in the 
coarse grain-size range, but this ratio increases with decreasing grain 
size in pyrrhotite whereas it is approximately grain-size independent in 
magnetite. Typical for pyrrhotite is its high He/Her ratio, which is 
approximately uniform throughout the investigated grain-size interval. 
Another discriminatory parameter between pyrrhotite and magnetite is the 
Jrs/Xin ratio which is considerably larger in pyrrhotite. This ratio is 
larger than Her for pyrrhotite and smaller than Her for magnetite. 

The presence of pyrrhotite in a sample can thus be established by a 
high He/Her ratio or by a Jr./Xin ratio which is larger than Her, when 
it is decided to leave heat treatment of the sample to avoid possible 
chemical alterations. The pyrrhotite grain-size interval can subsequent
ly be determined by the observed coercive force or, preferably, by the 
remanent coercive force, because compositional differences in pyrrhotite 
appear to have only minor influence on its remanent coercive force. 

3.3 Evaluation of the origin of anisotropy in pyrrhotite 

The area between the ordinate, the descending branch of the 
hysteresis loop and the extrapolated line for the determination of the 
saturation magnetization minus the energy of the demagnetizing field 
(0.SN*J s 2) represents the reversible magnetization work (e.g. Appel, 
1987). 

Wrev HdJ - 0.SN*Js 2 

J~ 

Fig. 13. The dotted area represents Wrev; the hatched area represents the minimum work done against the 

hard axis anisotropy. 

HdJ can be planimetrically determined. For the present pyrrhotites it 
appeared that 0.SN*Js 2 (N was set at 0.33) constitutes at most a few 
percent of HdJ (due to a relatively low Js). Therefore uncertainties 
regarding the actual value of the demagnetization factor lead to negli
gible error in the Wrev determination. 

Anisotropy can have its cause in shape, stress or magnetocrystalline 
anisotropy. The observed anisotropy can be a mixture of these three 
contributions. Usually one type of anisotropy is dominating. Neglecting 
shape anisotropy, it is first assumed that stress anisotropy is domina
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ting. Wrev is then related to the average stress anisotropy energy (E•• ) 
by 

Wrev = E•• = 0.75 * h * Ui 

where h denotes the magnetostriction constant and Ui the average 
internal stress. Soffel (1977) determined a maximum value for the 
magnetostriction constant of 7*10- 6 for pyrrhotite (the high Fe 2 

+ 

amount in pyrrhotite apparently does not lead to high magnetostriction 
constants as in titanomagnetite). Calculation of average internal stress 
from the present pyrrhotite data yields figures between 3500 and 
7000 MPa, which are unreasonably large. This is demonstrated by the 
range of 27 to 63 MPa for average internal stress in titanomagnetites 
calculated by Appel (1987) and by a stress of some 200 MPa which is 
considered reasonable for ceramic materials (cf. O'ReillY, 1984). One 
may thus conclude that stress is not dominating. 

The magnetocrystalline anisotropy for pyrrhotite is given by Bin and 
Pauthenet (1963) as 

Een = K,*sin2(8)*sin2(~) + K2*sin4(8)*sin4(~) + K3*cos 2 (8) + K4*cos4 (8) 
+ K~*sin2(e)*cos2(8)*sin2(~) + ... 

8 is the angle between the magnetization direction and the easy axis. ~ 

is the angle in the basal plane between an easy axis and the projection 
of direction of magnetization onto the basal plane. They neglect terms 
of K~ and above. At room temperature K, is 0.35*10~ Jm- 3 , K2 
approximately zero, K3 1. 18*10~ Jm-3 and K4 32.2*10~ Jm- 3 . The large K3 
and K4 are related to the pyrrhotite hard axis of magnetization 
(measured with applied field parallel to c-axis) and K, and K2 to basal 
plane anisotropy. Bin and Pauthenet (1963) note during their measure
ments six easy directions of magnetization in the basal plane with one 
axis dominating. They ascribed this to twinning in their pyrrhotite 
crystal. 

Since the reversible work determined for the present pyrrhotites is 
referring to the energy necessary to overcome basal plane anisotropy 
(the hard axis behaviour is excluded by the extrapolation to Je) and 
Jr.!J. ratios of close to 0.5 were found in the smallest pyrrhotite 
fractions, we treat the anisotropy as uniaxial for approximation. Wrev 
is related to the anisotropy energy (Ek) as 

0.66 * K.n 

where K.n is the magnetocrystalline anisotropy constant. Calculation 
yields anisotropy constants in a range of 0.35 up to 0.70*10~ Jm- 3 for 
all pyrrhotites, in fair agreement with the 0.35*10~ Jm-3 determination 
of K, by Bin and Pauthenet (1963). The minimum work done against the 
anisotropy of the hard axis is given by the hatched triangle in Fig. 13. 
Assuming uniaxial anisotropy for the hard axis like Besnus et al. (1968) 
calculation yields an anisotropy constant range of 5 to 8*10~ Jm- 3 for 
the hard axis. The obtained range is similar to the anisotropy used by 
Besnus et al. (op. cit.). 

3.4 Trends in coercive and remanent coercive force 

The present pyrrhotites consist of various intergrown superstruc
tures. Three of the samples (TTE, EaR and EGI) have compositions close 
"ideal 4C pyrrhotite" so that the 4C superstructure is dominating. The 
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fourth (DIS) is a more Fe-rich pyrrhotite which consists apart from the 
4C superstructure of antiferromagnetic NC superstructures. All pyrrho
tites show smooth grain-size dependent trends in H~, H~r and H~r' 

(Figs. 4, 7, 8), so apparently the presence of the antiferromagnetic 
parts do not show up in these trends. It could be that the "antiferro
magnetic" parts carry a kind of defect magnetization (non-integral 
superstructures) and as such can not be regarded as non-magnetic inter
growths. Nakazawa and Morimoto (1971) mention that the 5C, 6C etc. 
superstructures are (slightly) ferrimagnetic and not perfectly antifer
romagnetic. Soffel (1981) reported the presence of "pseudo-domain-walls" 
which were immobile under the application of an external magnetic field, 
contrary to normal domain walls which moved due to the same field. He 
related the presence of pseudo domain walls to minute differences in 
pyrrhotite superstructure (which he could not make visible by etching). 

4 CONCLUSIONS 

The pyrrhotite rockmagnetic parameters, determined in the present 
study, show smooth grain-size dependent trends. The initial suscepti
bility is considerably smaller than that of magnetite and decreases with 
grain size (7*10- 5 - 1*10- 5 m3 kg-'). The susceptibility of the hard axis 
is approximately 30-40*10- 8 m3 kg-' for all pyrrhotites. The coercive 
force, remanent coercive force and remanent acquisition coercive force 
all increase with decreasing grain size respectively from 7 - 80 for H~, 

8 - 85 for H~r and 14 - 80 for Her' (all in kAm-'). The coercive forces 
all obey d--~ relationships with grain size above 5 micrometer with n = 

0.67 for H~, n = 0.66 for Her and n = 0.47 for Her" The pyrrhotite 
coercive force is larger than the magnetite coercive force; the remanent 
coercive force and remanent acquisition coercive force are smaller for 
pyrrhotite than for magnetite in the coarse grain-size fractions whereas 
the reverse is true in the fine grain-size fractions. The saturation 
remanence increases with decreasing grain size down to some 30 micro
meter and decreases with a further grain-size decrease (increase from 
2.0 to 6.0 Am2 kg-'; decrease down to some 2.0 Am2 kg-'). Its decrease in 
the fine grain-size range might possibly be related to a relatively 
large grain volume of domain walls. The saturation magnetization is 
approximately grain-size independent with a marked decrease for the 
finest fractions. The reason for this decrease it not known. It varies 
from approximately 16.7 Am 2 kg-' for TTE via 12.6 for EGI and 11.5 for 
EOR down to 8.9 Am2 kg-' for DIS pyrrhotite. The trends indicated by 
figures for the saturation magnetization and saturation remanence cor
respond with the equivalent-Fe trend indicated by the microprobe ana
lyses. 

Typical for pyrrhotite are its large Jr./J. ratio (0.20 to close to 
0.50) and its large He/Her ratio, which is uniform throughout the inves
tigated grain-size interval (approximately 0.9 for relatively Fe-poor 
pyrrhotite and 0.8 for Fe-richer pyrrhotite). The H~r/Her' ratio in
creases with decreasing grain size indicative for self demagnetization 
of MD grains. The Jr./X1~ ratio is larger than H~r for pyrrhotite; it 
increases with decreasing grain size. Calculation of the average in
ternal stress from the reversible work given by the reversible part of 
hysteresis curves yields unreasonably large figures in a range of 3500
7000 MPa, so the anisotropy is not dominated by stress anisotropy. 
Assuming a dominating uniaxial magnetocrystalline anisotropy yields a 
range of 0.35-0.70*10 5 Jm- 3 for the anisotropy constant in fair agree
ment with the determination of 0.35*10 5 Jm- 3 of Bin and Pauthenet 
(1963) . 
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Pyrrhotite and magnetite can be discriminated by the large Jr./J. and 
He/Her ratios for pyrrhotite and a Jr./X~n ratio which is larger than 
Her for pyrrhotite. The presence of pyrrhotite in a sample can be esta
blished by the He/Her or the Jr./X~n ratio; the pyrrhotite grain size 
can subsequently be derived by the Her trend, because pyrrhotite compo
sitional differences appear to have only minor influence on Her vs. 
grain size trend. 
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CHAPTER 9 

MAGNETIC PROPERTIES OF NATURAL PYRRHOTITE 

PART II 

HIGH- AND LOW-TEMPERATURE BEHAVIOUR OF THE ISOTHERMAL REMANENT 
SATURATION MAGNETIZATION AND THERMOREMANENCE AS FUNCTION OF GRAIN SIZE. 

Abstract 

The magnetic behaviour of pyrrhotite during thermal demagnetization 
and low-temperature cycling was investigated by studying four natural 
pyrrhotites. Twelve grain-size fractions ranging from 250 micrometer 
down to <5 micrometer were homogeneously dispersed in a non-magnetic 
matrix. Normalized decay curves of the isothermal saturation remanence 
of natural pyrrhotite have nearly identical shapes regardless the sample 
and its grain size, when thermally demagnetized with the continuous 
thermal demagnetization method. Only small grain-size fractions (10-5 
micrometer) have a blocking temperature spectrum slightly shifted to 
lower temperatures. Continuous thermal demagnetization of saturation 
remanences induced in previously thermal demagnetized samples results in 
identical curves for all fractions. Due to the (partial) preservation of 
high-temperature pyrrhotite phases, the saturation remanence is dif
ferent before and after thermal demagnetization. When thermally demag
netized with the stepwise method, between-sample differences are minor, 
but coarse and fine grain-size fractions of the same sample have dif
ferent decay curves with the fine fraction considerably more decreasing 
at lower temperatures (210-245 ·C) followed by a slight increase at 
260-300 ·C. 

TRM is decreasing with grain size. This unusual trend is tentatively 
explained by the absence of closure domains in pyrrhotite. Continuous 
thermal demagnetization results in identical decay curves for all 
fractions. Stepwise thermal demagnetization indicates that coarse 
grain-size fractions have sharp blocking temperature spectra. The 
blocking temperature spectrum broadens slightly with decreasing grain 
size. 

The low-temperature behaviour of pyrrhotite is related to the strong 
temperature dependence of the anisotropy constants K3 and K4. A gra
dually increasing reversibility of low-temperature behaviour is observed 
with decreasing grain-size for Jr., in agreement with a gradual approach 
of the SD state in the smallest grain size fractions «5 micrometer). 
TRM showed a reversible low-temperature behaviour throughout the inves
tigated grain-size range. 

INTRODUCTION 

Pyrrhotite, the solid solution series Fe1-~S with x varying between 
zero and 0.13, shows a complex composition-dependent thermomagnetic 
behaviour, which has been the subject of considerable study in the past 
(e. g. Haraldsen, 1941A, 1941B; Bertaut, 1953; Lotgering, 1956; Hayase et 
al., 1963; Schwarz, 1967, 1968, 1969; Schwarz and Harris, 1970; Vaughan 
et aI., 1971; Schwarz and Vaughan, 1972; Schwarz, 1975; Bennett and 
Graham, 1980, 1981; Marusek and Mulay, 1980). The pyrrhotite structure, 
generally described by superstructures (e.g. Bertaut, 1953; Fleet and 
MacRae, 1969; Morimoto et aI., 1970, 1975A, 1975B; Nakazawa and Mori
moto, 1970, 1971; Koto and Kitamura, 1981) and its phase relations are 
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still not understood in detail, despite much research effort (e.g. 
Toulmin and Barton, 1964; Sugaki and Shima, 1977; Kissin and Scott, 
1982, Barker and Parks, 1986). 

Pyrrhotite has a hexagonal structure (based upon the NiAs-structure). 
The hexagonal structure distorts to a monoclinic one with a high vacancy 
content (over 0.11 formula units). Monoclinic pyrrhotite (4C pyrrhotite) 
is thought to be Fe7Sa (46.67 atom percent Fe) at room temperature. A 
compositional range between 46.4 and 46.9 atom percent Fe exists at 
somewhat elevated temperatures, i.e. above some 100 ·C (e.g. Kissin and 
Scott, 1982). Hexagonal pyrrhotite (NC pyrrhotite; nomenclature Nakazawa 
and Morimoto, 1970, 1971) has a chemical composition which contains at 
least 47.3 to 47.5 atom percent Fe (e.g. Arnold, 1967; Yund and Hall, 
1969; Kissin and Scott, 1982). The highest possible iron content is 
presumably close to 48 atom percent (corresponding to Fe"S,2). Mono
clinic pyrrhotite is ferrimagnetic; hexagonal pyrrhotite is ideally 
antiferromagnetic but a small ferrimagnetic moment is supposed to exist 
(Nakazawa and Morimoto, 1971). 

The pyrrhotite Curie temperature is reported between 310 and 325 C, 
slightly dependent on its composition (Lotgering, 1956). The presence of 
isomorphous substitution (e.g. Ni) in minor amounts may noticeably lower 
the Curie temperature (Vaughan et al., 1971). 

Thermomagnetic curves of pyrrhotite allow for a rapid and straight
forward quantitative distinction between monoclinic and hexagonal pyr
rhotite based on the occurrence of the so-called h-transition (e.g. 
Schwarz, 1968, 1975). Monoclinic 4C pyrrhotite shows reversible thermo
magnetic behaviour without a h-transition (e.g. Hayase et al., 1963; 
Schwarz, 1968). Typical for hexagonal pyrrhotite is the h-transition 
which represents a change in the vacancy ordering pattern at some 
200-210 ·C, slightly dependent on the pyrrhotite chemical composition 
(Schwarz and Vaughan, 1972). The antiferromagnetic hexagonal NC 
pyrrhotite changes into ferrimagnetic pyrrhotite (h-pyrrhotite phase 
with the NA superstructure, nomenclature Nakazawa and Morimoto, 1970, 
1971). This increase in magnetization results in h-shaped 
thermomagnetic curves. The h-transition is reversible upon slow cooling 
(rate 0.5 ·C/min.) through its temperature range (Schwarz and Vaughan, 
1972), upon faster cooling the high-temperature ferrimagnetic h-phase is 
quenched to an extent depending on the actual cooling rate. The h-pyr
rhotite phase has a Curie temperature of some 265 ·C (e.g. Schwarz and 
Vaughan, 1972). 

The thermal behaviour of pyrrhotite remanences is generally somewhat 
underexposed in the aforementioned thermomagnetic studies. For paleo
magnetic purposes this remanence behaviour is of prime importance, 
especially because pyrrhotite is meanwhile recognized in a wide variety 
of rock types. 

A comparison of the thermal behaviour of the isothermal saturation 
remanence (Jr.) and thermoremanence (TRM) of pyrrhotite in a grain-size 
dependent framework will be made in the present study. The pyrrhotite 
fractions of which the room temperature field-dependent rockmagnetic 
parameters were reported in Dekkers (1988A), are sUbjected to high- and 
low-temperature treatment. 

The pyrrhotite samples studied comprise an orthomagmatic disseminated 
pyrrhotite (DIS, from Isola di Vocca, Ivrea zone, Italy), two re-heated 
pyrrhotites from originally volcano-sedimentary pyr~te-hematite ores 
(EaR and EGI, respectively from Ortano and Ginevro, both from Elba 
island, Italy) and a pyrometasomatic pyrrhotite (TTE, from Temperino, 
Tuscany, Italy). All pyrrhotites are well-crystalline; chemical data are 
compiled in Table I. Concise sample descriptions are in Dekkers (1988A). 
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Grain-size fractions from 250 micrometer down to <5 micrometer, prepared 
according to the method described in Dankers (1978, 1981) and Hartstra 
(1982A), were homogeneously dispersed in an epoxy resin (Araldit D, 
Hardener CY 956, Ciba Geigi) or in a quartz/bassanite matrix (CM Lot 
soldering investment for dental metal work). Details concerning the 
preparation procedure are in Dekkers (1988B). 

Table IA: Averase pyrrhotite composition determined by microprobe analyses 

HE EOR 01 S EG I 

aver. sl. d. norm. ave r. sl. d. norm. aver. sl. d. norm. aver. sl. d. norm.
 
S 53.03 0.19 39.27 53. 14 0.35 39.39 52.25 0.30 3S.47 52. S5 0.23 39.04
 

Fe 46.76 O. IS 60. 32 46.70 0.36 60.30 47.41 0.29 60. SO 46.95 0.34 60.41
 

Mn 0.02 0.03 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.03 0.02
 

Ni O. 17 O. 14 0.23 O. 14 0.10 0.19 0.39 O. 11 O. 52 0.27 O. OS 0.41
 

Cu 0.06 0.09 0.09 0.03 0.05 0.04 0.05 0.06 0.07 0.04 0.06 0.06
 

Zn 0.04 O. OS 0.06 0.04 O. OS 0.06 O. OS O. 13 O. 12 0.04 O. OS 0.06
 

tot al 100. OS 99.99 100.06 99.99 100.19 99 99 100. IS 100.00
 

Analyses were carried out with a TPD (Technlsch Physlsche Dienst) microprobe fitted with a TRACOR 

Northern Enersy Dispersive (ED) system. Operatins conditions were 15 keV and 2 - 3 nA. ZAF matrix 

correction was applied. aver. = averase atom percentase; st.d. = standard deviation; norm. = normalized 

weisht percentase. Most spots contained no detectable Mn, Cu and Zn. Ni is enhanced in the DIS 

pyrrhotite and slishtly raised in EGI pyrrhotite; in the others its amount is insisniticant. HE 32 

spot analyses; EOR 21 analyses; DIS 16 analyses; EGI 16 analyses. Fe7SS contains 53.33 atom 16 S (4C 

superstructure); Fe SS9 52.94 atom 16 S; Fe9SI0 52.63 atom 16 S (5C); FelOS l1 52.3S atom 16 S (IIC) and 

FellSI2 52.17 atom 16 S (6C). 

Tab I e ID: Trace element content (wet-chemical) ppm 

. 
HE EOR OIS EGI 

......... - .... __ ........ _----


Co 215 320 755 440
 

Pb <d I <d I <d I <d I
 

Da <d I <d I <d I <d I
 

Mn 430 S5 SI5 2S5
 

V <d I <d I 52S <d I
 

Zn 795 <d I 325 <d I
 

Cu <d I 715 3220 S35
 

Ni S5 130 2430 205
 

Cr < dI <d I <d I <d I
 

The DIS sample contains 37 percent non-pyrrhotite minerals (almost exclusively sllica,es, >99 

percent). Analyses were carried out by the Service Laboratory, Institute of Earth Sciences, Stale 

University of Utrecht. All elements were analyzed with ICPES (Induction Coupled Plasma Emission 

Spectrometry); the limit of detection for each element is approximately 10 ppm. 

1.1 Magnetic measurements 

Continuous and stepwise thermal demagnetization of the isothermal 
saturation remanence (Jr.) and a thermoremanent magnetization (TRM) 
induced in a field of 67 Am-' (84 microTesla) by cooling from 340 ·C 
were performed in an argon atmosphere to prevent chemical alteration of 
the pyrrhotite grains. Below 400°C pyrrhotite alterations (oxidation 
phenomena with sulphur-loss) are confined to its surface (e.g. Schwarz 
and Harris, 1970; Bennett et aI" 1972). Above this temperature homo
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genization of whole grains with considerable sulphur-loss occurs 
(Schwarz and Harris, 1970). Therefore the specimens were not heated to 
temperatures above 360 ·C. Cooling rates during the stepwise treatment 
were 0.5 - l·C per minute to prevent quenching of high-temperature 
pyrrhotite structures. Cooling rates during continuous thermal treatment 
were much faster. The cooling rate of the sample strongly depends on the 
actual sample temperature: the highest rates (some 16 ·C per minute) are 
observed at the onset of cooling trajectory, i.e. at 360 ·C. In the 
200 ·C region a estimated rate of 10 ·C per minute prevailed. Continuous 
recordings of Jr. and TRM behaviour were performed in a temperature 
interval of -196 C up to 360 ·C using a fluxgate spinner magnetometer 
type made suitable for high- and low-temperature measurements (HALT 
spinner) by inserting the specimen holder in a water-cooled furnace or 
in a dewar vessel in which aliquots of liquid nitrogen could be sprayed. 
Periodic remanence measurement and temperature regulation were con
trolled by a microcomputer system (Dankers, 1978, 1981; Hartstra 1982B, 
1982C). Initial susceptibilities before and after heating cycles were 
determined at room temperature with a Jellinek KLY-l susceptibility 
bridge. 

2 RESULTS AND DISCUSSION 

2.1 Thermal demagnetization experiments 

2.1.1 Behaviour of the isothermal saturation remanence 

Continuous thermal demagnetization curves (Fig. 1) are (virtually) 
identical for all samples characterized by a monotonous decrease up to 
the Curie temperature. Normalized decay curves have a similar shape 
regardless of the grain size of the fraction. Only the 10-5 micrometer 
grain-size fractions have a blocking temperature spectrum shifted to 
slightly lower temperatures when demagnetized for the first time ("A" 
curves). The shape of all fractions is identical, when Jr. is demagne
tized for the second time ("B" curves). These "B" curves have a steeper 
approach to the Curie temperature than corresponding "A" curves 
(Fig. 1). 

Jr. shows an increase after one thermal cycle in the coarse grain
size fractions, whereas a decrease with respect to t~e virgin Jr. is 
observed in some fine grain-size fractions (Table II, Fig. 2). 

Fig. I. Conlinuou. thermal decay curves of the I.othermal saturallon remanence for a .elected set 

grain-size fractions. Sample abbreviations: EOR = Ortano, HE = Temperino, EGI = Ginevro, DIS = Isola 

di Vocca; the numbers alter the sample abbreviation refer to the graln·size range in micrometer. The 

"A" curves denote thermal demagnetization curves of unheated samples; lhe "B" curves denote a second 

thermal demagnetization of a .aturation remanence induced at room temperature in the same specimens 

after the first thermal demagnetization. The bending point at some 130-150 ·C in the "A" curves is due 

to a chemical reaction of the matrix, the estimated "true" pyrrhotlle remanence behaviour is dashed. 

The temperature lag provoked by the endothermic matrix reaction is illustrated in Fig. IC. which 

dopicts the temperature recorded by the temperature sensor (PIlOO resistance) in the furnace 01 the 

HALT spinner versus the temperature recorded by a thermocouple (PtRoIO) moulded in a specimen 

consisting solely of matrix material (CM l6t soldering investment). No endothermic matrix reaction was 

detected during a second heating run: temperatures measured with the PtlOO sen.or were cal ibrated 

according to this run. No bending point is observed in the thermal decay curve when demagnetiZing J 
rs 

induced in unheated pyrrhotite in a non-reactive matrix (epoxy resin). No demagnetization above 160·C 

Is possible becau.e the epoxy resin decompo.es at higher temperatures. 
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NATURAL PYRRHOTITE 
ratios Jrs 

2' 

2.0 

1.5 

, 
~ 

, to 

0.5 

O.Ol+-----~10,-------~~10'0---~~1000 

Grain size in micrometer 

Fig. 2. Ratios of the saturalion ramanence after (Jrsl) and prior to thermal treatment (JrsO) v'rsus 

grain size. TTE (Temper ina) is denoled by squares, EOR (Oriana) by circles, EGI (Ginevra) by triangles 

and DIS (Isola) by Inverted triangles. 

The increase, which is the largest in the DIS fractions, is due to 
the metastable preservation of high-temperature pyrrhotite phases 
(characterized by MC and NA superstructures during cooling; cf. Nakazawa 
and Morimoto, 1971). DIS pyrrhotite contains the largest amount of hexa
gonal pyrrhotite so metastable preservation of NA pyrrhotite occurs to a 
higher extent than in the other pyrrhotite samples. Jr. after a second 
heating cycle is slightly smaller than after the first heating cycle 
(figures for EOR 30-25, 20-15, 10-5 respectively 4.35, 4.37 and 3.45 and 
for TTE 30-25, 20-15 and 10-5 respectively 4.14, 3.43 and 2.04; all in 
Am2 kg-'). Most remanence is removed from the specimens at 320 ·C, so the 
Jr. differences prior to annealing and after the first heating cycle 
reflect pyrrhotite properties. The remanence which remains after 
thermal demagnetization of the pyrrhotite, increases slightly. Pyr
rhotite alteration during thermal treatment can not be totally sup
pressed, even in an inert atmosphere. 

The fall of the Jr •• /Jrso ratio (cf. Table II) with decreasing grain 
size might be related with the domain structure, which develops within 
the pyrrhotite grains during cooling: it is envisaged that the high
temperature pyrrhotite structure is partially preserved which leads to 
"domain" sizes smaller than the actual grain size. Mark that the differ
ences of Jrs' between grain sizes of the same sample are much smaller 
than differences prior to thermal treatment (differences observed in the 
EGI fractions are partly due to their magnetite content). The pyrrhotite 
saturation remanence (at least Jrs of unheated pyrrhotites) first in
creases with decreasing grain size down to some 20 micrometer and shows 
a marked decrease with a further grain-size decrease (Dekkers, 1988A). 
This "domain-size reduction" may thus have an enla~ging effect in the 
coarse grain-size fractions and a reducing effect on the Jrs in the fine 
grain-size fractions. The reducing effect is apparently larger than the 
increase due to the ferrimagnetic NA phase, when the original amount of 
hexagonal pyrrhotite is small as in the TTE and EOR samples. 
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Tab Ie II: in unheated pyrrhotite samp Ies and the rat I0 betwean the salurat ion , emanence aft er one 

heating cye Ie and unheated samp Ios. 

gr a in size EOR HE EG I DIS 

J r s 

---....... . -............... -. -. --........ ---..... ------.. -. ---.. -.. --. -...... -........ ....
~ ~ 

(I) (2) (3) (I) (2) (3) (I) (2) (3) (I) (2) (3) 

250 150 2. 31 4. 32 I. 87 I. 94 3. 10 I. 60 I. 90 2.74 1.44 2.37 5.26 2.22 

100 75 2.87 4. 56 I. 59 3.49 4.89 I. 40 2.73 3.82 I. 40 I. 54 3.26 2. 12 

55 40 3.63 4.72 I. 30 4. 78 4.92 I. 03 3.90 5.03 I. 29 2.29 4.88 2. 13 
30 25 4.97 4.52 O. 91 5.58 4. 35 0.78 4.59 5.05 I. 10 3.66 4.68 I. 28 

20 15 4. 59 4. 59 I. 00 5.86 3.75 0.64 5.08 5. 18 I. 02 3.66 4.43 I. 21 

10 5 5.03 3.77 0.75 3.87 I. 94 O. 50 6.07 4.92 0.81 2.40 3.07 I. 28 
........ __ .... -_ .. _-_ ........ __ ... ---_ ................ -_ ............. -_ ....... -_.- .... -_ ... 

The firsl column (1) relers to J (Anhg· l ) prior to thermal Ireatment (JrsO>' the second coiumn (2)rs 
to Jrs after one healing cycle (Jrsl)' The third column (3) denotes their rallo. 

The initial susceptibility doubles after the first thermal treatment 
in the DIS 250-150 micrometer fraction (an increase from 0.27*10- 6 to 
0.57*10- 6 m3 kg-· was obtained; due to a slip in measuring procedure only 
the 250-150 micrometer fractions were measured for all samples so these 
fractions are only compared), presumably due to the presence of meta
stably preserved high-temperature pyrrhotite phases. The initial suscep
tibility does not change so much in the TTE, EOR and EGI fractions 
(respectively prior and after a heating cycle 0.48*10-6 and 0,46*10- 6 ; 

0.56*10- 6 and 0.56*10- 6 ; 2.54*10-6 and 2.38*10- 6 , all in m3 kg-·). For 
the EGI fraction, this might be related to the presence of magnetite 
which dominates the initial susceptibility especially in this coarse 
fraction (Dekkers, 1988A). For TTE and EOR the initial susceptibility of 
metastably preserved high-temperature pyrrhotite phases is apparently 
similar to unheated pyrrhotite or the amount of metastably preserved 
phases is low. When fine grain-size fractions are annealed for thirty 
minutes at temperatures of 420 ·c, their initial susceptibility showed 
an increase presumably due to the (partial) alteration of pyrrhotite to 
magnetite (demonstrated by the TTE <5 micrometer fraction: an increase 
from 0.092*10- 6 via 0.23*10- 6 after one time annealing to 0.44*10
6 m3 kg-. after two times; for EOR <5 micrometer figures are 
respectively 0.042*10- 6 , 0.20*10-6 and 0.28*10- 6 m3 kg-·). The change in 
initial susceptibility was much less in coarse fractions. 

Stepwise thermal demagnetization of Jr. reveals typical differences 
between coarse-grained (250-150 micrometer) and fine-grained «5 micro
meter) pyrrhotite fractions (Fig. 3). Coarse-grained fractions show 
slightly convex decay curves with a (virtually) monotonous decrease up 
to the Curie temperature (325 ·C), whereas fine-grained fractions show a 
much larger decay up to 210-245·C followed by a slight remanence in
crease, before the Curie temperature is reached. Tentatively this beha
viour might be understood as follows. At approximately 210·C the hexa
gonal pyrrhotite parts of the grains invert to NA pyrrhotite. Stable 
phase relations (e.g. Kissin and Scott, 1982) indicate that monoclinic 
pyrrhotite should also convert to (hexagonal) NA pyrrhotite + pyrite at 
some 250 ·C and to (hexagonal) MC pyrrhotite + pyrite at some 260 ·C. 
The nucleation of pyrite is kinetically inhibited. The inversion of 
monoclinic pyrrhotite to hexagonal pyrrhotite (in dry systems) is tempe
rature dependent (Kullerud et al., 1963). It could be that in small 
grains suchlike inversion occurs at lower temperatures. Since it is 
happening in a field-free space, this would explain the extra remanence 
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decrease in the 210-245 ·C range. The small increase at slightly higher 
temperatures might then possibly be related to the inversion to MC 
pyrrhotite (the Curie temperature of NA pyrrhotite is reported at 
265 ·C). Mark that the parts of the decay curve of the <5 micrometer 
fraction below 150 ·C and above 300·C can be thought connected by a 
smooth, slightly convex decay curve, like that of the 250-150 micrometer 
fraction. In this coarse fraction the extra decrease and increase as 
observed in the fine fraction would then be kinetically inhibited. 
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Fig. 3. Two examples 01 J rs behaviour during stepwise thermal demagnetization. Mark the difference 

between the coarse and fine grain-size 'raction of the same pyrrhotite. 

It should be noted that the pyrrhotites which are stepwise treated 
have been relatively long at elevated temperatures. Another tentative 
explanation for the observed remanence behaviour could be seen in rela
tion with the time available for pyrrhotite to take up oxygen from the 
specimen matrix (atmospheric oxygen is absent since the thermal demagne
tization is carried out in an argon atmosphere). During superstructure 
changes (cf. the phase diagram presented by Kissin and Scott, 1982), 
which take some time because they require vacancy-rearrangements, pyr
rhotite grains could be more prone to incorporation of oxygen from the 
specimen matrix. Pyrrhotite with oxygen incorporated without being 
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transformed to magnetite, is reported to have a Curie temperature of 
some 575 C (Onufrienok and Zvegintsev, 1981). This might result in the 
observed remanence increase in the fine grains and could explain the 
relatively large remanence occasionally remaining after the 325 ·C step. 
Again in coarse grains the uptake of matrix oxygen would be delayed to 
higher temperatures for kinetical reasons so that a remanence increase 
below the pyrrhotite Curie point is not observed. It should be 
emphasized once more at this stage, that both explanations given above 
should be regarded as tentative at present. 

2.1.2 Behaviour of the thermoremanence 

TRM shows generally a decreasing trend with grain size for all pyr
rhotites (Fig. 4, Table III). This trend is opposite of the trend ob
served in magnetite grains below some 20 micrometer (e.g. Stacey and 
Banerjee, 1974; Hartstra, 1983), but is also observed in hematite grains 
(Hartstra, 1982A). Weak-field TRM of MD grains is thought to be a bulk 
effect, which is grain-size independent in true MD grains (e.g. Stacey 
and Banerjee, op. cit.). The increase in intensity observed in magnetite 
PSD grains is attributed to surface effects, in relation with closure 
domains and domain-wall moments (Stacey and Banerjee, op. cit.). The 
decrease with grain size observed in the pyrrhotite fractions, when 
approaching the PSD/SD transition region, might tentatively be related 
to the absence of closure domains in pyrrhotite in fine PSD grains 
(Soffel, 1981). The increase in TRM intensity observed in some pyrrho
tites in the intermediate grain-size range, could be related to these 
phenomena. However, one should realize that these explanations are 
tentative and need more experimental data for their verification. 

NATURAL PYRRHOTITE 
TRM versus grain size 

0.50 

0.25 

10 100 1000 
Grain size in micrometer 

Fig. 4. TRM acquired by the pyrrhotite fractions in a field of 67 Am· l (84 microTesla) as function of 

grain size. For symbol meanings cf. Fig. 2. 
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Table III: Pyrrhotite TRM as function of grain size. 

grain slzo EOR TTE EGI DIS 
~. --....................... --.. --.... -. ----. -... 

150 100 0.339 0.329 0.287 0.334
 

75 55 O. 182 0.271 O. 343 0.467
 

40 30 0.227 0.214 0.421 0.454
 

25 20 O. 128 0.048 0.281 0.240
 

15 10 0.166 0.045 0.297 0.198
 
( 5 0.034 0.008 0.010 0.034 

TRM In Am2kg'!. In the calculation of the EGI fracllons it was assumed that magnetite acquired a PTRM 

negligible compared to tha pyrrhotite TRM. 
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Fig. 5. Continuous thermal demagnetization curves of a TRM induced In a field of 67 Am-I (84 micro

Tesla) normalized to their Initial value. Sample abbreviations as In Fig. 2; the numbers refer to the 

grain size in micrometer. 

All fractions, regardless of the pyrrhotite sample, display similar 
normalized TRM versus temperature curves, when treated with the conti
nuous thermal demagnetization method. The demagnetization curves are 
steep, when approaching the Curie temperature (approx. 325 ·c, Fig. 5). 
Jr. curves, also the "B" curves (Fig. 1), display less steep parts, when 
approaching the Curie temperature. 

TRM decay curves Obtained by stepwise thermal demagnetization 
(Fig. 6) reveal similar behaviour for fractions down to 40-30 micrometer 
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Fig. 6. Normalized .tepwlse decay curves of pyrrhotite TRM as function of grain size in the TTE .ample. 

The curves 0' 40-30 micrometer and larger grain .izes are virtually identical wilh a sleep blocking 

temperature spectrum indicated by the .teep remanence fall above 300 ·C. Fine grain-size fractions have 

an increasingly wider blocking temperature spectrum with decreasing grain size. The bending point in 

the TTE <5 micrometer fraction could possibly be related 10 the (complex) transition of monoclinic 

pyrrhotite into high-temperature hexagonal pyrrhotite which takes place at some 250-260'C (Kissin and 

Scott, 1982). The reason why this effect is only detectable in remanence behaviour of almost SO 

particles and not in larger grain sizes, is unknown. 
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with virtually no decrease below some 225 ·C. The steep blocking tempe
rature spectrum is illustrated by the large remanence fall between 300 
and 325 ·C, in agreement with results of Halgedahl and Fuller (1981), 
who report that coarse-grained pyrrhotite acquires 90 percent of its 
total TRM between 300 and 325 ·C. The blocking spectrum is increasingly 
less steep with falling grain size below 25 micrometer. 

2.2 Low-temperature experiments 

2.2.1 Behaviour of the isothermal saturation remanence 

The pyrrhotite fractions behave similarly for all samples. As an 
example the behaviour of TTE pyrrhotite is shown (Fig. 7). When cooled 
down for the first time ("A" curves, cf. Fig. 7) a gradual remanence 
fall with decreasing temperature is observed in the coarsest grain-size 
fractions, which hardly returns when rewarming the specimen. The rema
nence decrease after a complete low-temperature cycle gradually dimi
nishes with increasingly smaller grain-size fractions: the <5 micrometer 
fractions show an almost reversible low-temperature (LT) cycle (Fig. 7, 
Fig. 8, Table IV). The remanence slightly increases in this fraction 
upon cooling down to approximately -70 ·C; in this temperature region a 
broad remanence maximum is observed. Upon further cooling the remanence 
is slightly decreasing. When cooling a second time ("B" curves in 
Fig. 7), a virtually reversible remanence temperature dependence is 
observed for all fractions, again with a broad maximum in the -70 ·C 
temperature region. 

The remanence decrease of the "A" curves in the coarse grain-size 
fractions might be related to a changing domain structure. Because the 
saturated state at room temperature represents certainly not the most 
favourable energy configuration and because the cooling is performed in 
a field-free space, a remanence decrease as observed can be expected 
since the accommodated domain energy configurations will represent a 
lower overall energy state than the saturated state. K3 and K4 of pyr
rhotite show a strong temperature dependence (Bin and Pauthenet, 1963) 
with K3 changing sign and K4 showing a maximum at -68 ·C. Apparently, in 
large grains, the energy minima are separated by relatively low bar
riers, which can be overcome by the changing anisotropy constant regime. 

On the other hand, the SD grains as approached by the <5 micrometer 
fractions show already a reversible LT behaviour when cooled down for 
the first time. Their remanence behaviour during LT cycling will solely 
depend on the (reversible) temperature dependence of the anisotropy 
constants, if the saturated state represents an energy minimum sur
rounded by steep barriers. The gradual increasing reversibility of the 
"A" curves with decreasing grain size concurs with a gradual change from 
MD to SD pyrrhotite as inferred from domain observations (Soffel, 1977, 
1981; Halgedahl and Fuller, 1983). The presence of intergrowths in the 
coarse DIS fractions (above some 30 micrometer; microscope observation; 
Dekkers, 1988A) is inferred from a smaller remanence loss than the other 
samples (cf. Table IV). 

The "B" curves display also remanence trends which will be strongly 
dependent on the temperature dependence of the anisotropy constants. 
During the rewarming trajectory of the "A" curves, the energy state of 
the grains corresponding to the liquid nitrogen temperature is apparent
ly preserved. Then, a second LT cycling will reveal reversible curves 
with a remanence behaviour dependent on the temperature regime of the 
anisotropy constants. The virtually reversible "B" curves concur with 
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Fig. 7. Behaviour of pyrrhotite irs during low-lemperature cycling down to the liquid nitrogen 

lemperature normalized to their Initial value as function 0' grain size. The behaviour of the HE 

(Temper ina) sample Is shown; the other samples behaved simi larly. The "A" curves refer to the Cirst 
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curves. For further explanation see texl. 
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the above sketched trend. The broad maximum observed in the -70 C 
region agrees well with the maximum in K4 and the sign change of K3 

determined at -68 ·C (Bin and Pauthenet, 1963). 

NATURAL PYRRHOTITE 
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Fig. 8. Ratios 01 the remanence after the first cooling cycle (J r rec.) and the saturation remanence 
before low·tempereture treatment (Jrs 0) versus grain size. The ratio increases with decreasing grain 
size, indicating the Increasing reversibility of the low-temperature curves with decreasing grain size. 

For symbol meanings cf. Fig. 2. 

Tab' e IV: Saturation remanence with the remanence part which rema I ns a1t er the f I IS t cool ing cycle. 

gra in size EOR HE EGI oIS 
............ - ............. -------_ ............ __ ......... __ .........
 

250 150 2.45 0.72 2.02 O. 70 2. DO 0.72 2.45 0.83 

75 55 3.48 0.82 4.30 0.80 3.04 0.77 2.35 0.86 

40 3D 4.60 0.89 5.61 0.88 4.67 0.84 2.57 0.88 

25 20 4.48 0.94 6.42 0.92 4.96 0.86 3.90 0.89 

15 10 5.00 0.96 6.61 0.94 5.83 0.90 3. 19 0.91 

5 I. 30 0.98 2.46 0.97 3.62 0.91 I. 78 0.93 

J (Am2k9- 1) is listed In the first column; the ratio 01 the remanence remaining afler one coolingrs 
cycle and the initial remanence in the second column. 

2.2.2 Behaviour of the thermoremanence 

TRM shows initially a small remanence increase followed by a small 
decrease in the coarse grain-size fractions, when cooled for the first 
time to -196·C (Fig. 9). The onset of the decrease is situated at 
approximately -70 ·C. The smallest grain-size fractions exhibit the 
largest remanence decrease; its magnitude may vary considerably. A 
second cooling cycle reveals reversible remanence behaviour. 

A low-field MD pyrrhotite TRM domain structure hardly deviates from a 
thermally demagnetized one which represents a minimum energy configura
tion (Halgedahl and Fuller, 1981). So, contrary to the Jra domain state, 
one might suppose that a MD TRM remanence will show already a more or 
less reversible behaviour during the first cooling cycle. The variable 
TRM decrease in small grain-size fractions during LT cycling might ten
tatively be explained by supposing that the relative positions of energy 
minima apparently enable a remanence accommodation to the changing 
anisotropy constants upon temperature in the TRM case, which results in 
~ (varying) remanence decrease. 
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Fig. 9. Behaviour of lRM acquired in a 67 Am-I (84 microlesla) field during low-temperalure Ireatment 

for some pyrrhotite fractions. DIS and EGI denote the Isola di Vocca and Ginevro pyrrhotites 

respect ively. lhe numbers after the sample label refer 10 the grain size in micrometer. An "A" curve 

refers to the first cooling cycle; a "B" curve to the second cooling cycle; both normalized to their 

initial value. Cooling and rewarming paths are indicated by arrows. The curves of the finest fractions 

have been smoothed because their lRM was close to the limit of detection of the HALT spinner. 

3 CONCLUSIONS 

It is known that many of the pyrrhotite high-temperature superstruc
tures can be quenched (e.g. Kissin and Scott, 1982). The cooling rate 
determines to which extent the high-temperature superstructures are 
preserved. The impact of fast cooling on the pyrrhotite structure is 
demonstrated by a different Jr. before and after thermal treatment in 
the continuous thermal demagnetization equipment. The high-temperature 
superstructures are specially common in socalled intermediate pyrrho
tites (mixtures of hexagonal and monoclinic pyrrhotites), which are 
supposed to represent the majority by far of natural pyrrhotites (Ar
nold, 1967). Haphazard quenching of high-temperature pyrrhotite phases 
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may influence thermal decay curves obtained by stepwise thermal demagne
tization. 

Stepwise thermal demagnetization revealed different pyrrhotite TRM 
and Jr. thermal decay curves. Cooling rates during the stepwise thermal 
demagnetization procedure were slow, so quenching of high-temperature 
phases will be avoided, at least to a large extent. 

TRM thermal decay curves were typically block-shaped without grain
size dependence above grain size fractions of some 30 micrometer. In 
finer grain-size fractions thermal decay curves were increasingly less 
block-shaped with decreasing grain size. 

Jr. thermal decay curves showed marked differences between coarse and 
fine grain-size fractions. Coarse fractions decreased more or less 
monotonously with a slightly convex decay curve. Fine fractions de
creased much faster at low temperatures (up to 210-245 ·C) and showed a 
remanence increase in the 260-300·C temperature trajectory. When the 
part of the thermal decay curve in the fine grain-size fractions above 
some 280-300·C is thought to be connected with its part below some 
150 ·C, a monotonous slightly convex decay curve like that of the coarse 
grain-size fractions is obtained. The difference in thermal decay curves 
is tentatively attributed to sluggishness of superstructure changes in 
coarse grain-size fractions. If it is allowed to extend this Jr. beha
viour to other low-temperature remanences, this may lead to erroneous 
interpretations of thermal demagnetization curves. The remanence in
crease in the 260-280·C temperature range could be interpreted as a 
separate remanence component, whereas it is inherent to the remanence 
behaviour of a single component remanence of fine-grained pyrrhotite. 
Data on the thermal behaviour of other low-temperature remanences are 
greatly needed to investigate whether such extension is allowed. 

Continuous thermal demagnetization has the advantage above stepwise 
thermal demagnetization that it infers no cooling. In this way the 
haphazard partial quenching of high-temperature pyrrhotite phases is 
avoided. Normalized decay curves of continuous thermally demagnetized 
pyrrhotites show a great similarity for all pyrrhotite samples regard
less of their grain size. Jr. decay curves are slightly convex and 
decrease monotonously with increasing temperature. Small grain-size 
fractions have a blocking temperature spectrum slightly shifted to lower 
temperatures. Normalized TRM decay curves show the same features with a 
steeper approach to the Curie temperature; they are (virtually) iden
tical for all pyrrhotites regardless the grain size. 

Besides showing complex superstructure changes at elevated tempera
tures, pyrrhotite is a highly reactive phase at already moderately 
elevated temperatures in the presence of a (water-rich) vapour phase. It 
converts to hematite- or magnetite-like phases depending on the redox 
conditions in the furnace and in the specimen itself. Though pyrrhotite 
alteration is not specifically studied in the present contribution, it 
could not completely be avoided in fine grains despite heating in an 
inert atmosphere. In natural samples, pyrrhotite alteration may occur to 
a much larger extent. The alteration products may acquire spurious 
remanences. Even if they do not show such behaviour, they have impact on 
the thermal decay curve of the sample, because they form at the expense 
of pyrrhotite. A decay curve can be, as such, a combination of "true" 
thermal demagnetization and chemical break-down of pyrrhotite. 

Low-temperature (LT) cycling of Jr. revealed a gradually decreasing 
remanence with decreasing temperature in coarse grain-size fractions. 
The remanence which disappeared during cooling is not recovered during 
rewarming. During cooling, the energy level corresponding to the room 
temperature Jr. domain state has irreversibly changed due to accommo

180 



dation to changing temperature. For HD grains levels of local minimum 
energy are apparently not separated by high energy barriers. The rema
nence decrease during the cooling path gradually diminishes with de
creasing grain size. This results in a gradually increasing reversibi
lity of the first cooling cycle with decreasing grain size, corres
ponding to a gradual approach to the SD state. This state is apparently 
characterized by an energy level surrounded by large energy barriers. 
The remanence at -196'C in the <5 micrometer fractions (small PSD 
grains) is virtually the same as the original room temperature rema
nence. The LT curve shows a broad remanence maximum during a temperature 
interval at approximately -70 ·c corresponding to the maximum of K3 and 
the sign-change of K4. 

When the recovered remanence is subjected a second time to LT treat
ment, all grain-size fractions showed reversible cooling and rewarming 
paths with a remanence maximum in the same temperature range. 

TRM, representing an energy state close to the minimum energy state 
of thermally demagnetized pyrrhotite (Halgedahl and Fuller, 1981), shows 
more or less reversible remanence behaviour already during the first 
cooling cycle. When cooling TRM-carrying pyrrhotite samples, coarse 
grain-size fractions show a slight remanence increase down to approxima
tely -70 ·c with hardly any decrease during further cooling. Fine grain
size fractions show a similar remanence increase during cooling to the 
same temperature. Upon further cooling to the liquid nitrogen tempera
ture the remanence is gradually decreasing. This remanence decrease 
shows between-sample differences, unlike the behaviour of Jr. during 
cooling. 
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CHAPTER 10 

SOME REMANENT MAGNETIC PROPERTIES OF FINE-GRAINED NATURAL 
LOW-TEMPERATURE HEMATITE 

Abstract 

The grain-size dependence of some remanent magnetic properties of a 
natural low-temperature hematite is reported. Because of the provenance 
of extremely fine-grained hematite in sediments, seven grain- size 
fractions were prepared in the sub-lO micrometer range. The finest 
fraction comprised the <0.25 micrometer grain size range. Hematite from 
a gossan in Montarnu (France) was upgraded by magnetic separation. 
Separation results were checked with X-ray diffraction analysis. The lO
S micrometer fraction was obtained by micro-precision sieving; finer 
grain-size fractions by centrifuging. The grain-size ranges for each 
fraction were checked with an electron microscope. Microprobe analyses 
revealed a hematite without much substitution (minor Si and Al were 
detected) with an excess water. The water content was confirmed wet
chemically. TGA indicated that water-loss during thermal treatment 
occurred throughout the whole temperature range of routine thermal 
demagnetization. Unit cell dimensions of the present hematite are very 
close to those of ideal hematite. The average crystallite size of the 
hematite (derived from X-ray line broadening) is approximately 600 A. 

The magnetic properties of the hematite appear to be strongly 
dependent on its thermal treatment. Prior to annealing the saturation 
remanence (Jr.) decreases with grain size (0.19-0.04 Am2kg-'). The 
remanent coercive force (Her; range 215 to 425 kAm-'), remanent acquisi
tion coercive force (Her'; range 205 to 360 kAm-') and median destruct
ive field of the saturation remanence (H./2x; range 170 to 270 kAm-') 
all show a maximum in the 1.0-0.5 micrometer fraction. Combined with the 
absolute figure for Her the Jr./(Her*X~n) parameter can be used as 
grain-size indicator. Low-temperature cycling of Jr. shows a gradually, 
slightly decreasing remanence without a Morin transition. Identical 
curves are observed for all grain-size fractions. The Morin transition 
is suppressed due to microcrystalline character of the present hematite. 

After annealing at 700 ·c Jr. shows considerably lower values (range 
0.05-0.003 Am2kg-'). Both Her and Her' have increased (ranges respect
ively 415 to 650 kAm-' and 340 to 610 kAm-'). A maximum for both para
meters is observed in the 2.1-1.0 micrometer fraction. After annealing 
the fractions show a Morin transition during low-temperature cycling of 
the saturation remanence. Annealing has resulted in enlargement of the 
crystallites making up the grains. TRM, induced in a 67 Am-' field, 
decreases with grain size. The specific volume TRM decreases from 0.47 
to 0.05. 

The large differences in behaviour before and after annealing indi
cate that synthetic hematite prepared at relatively high temperatures by 
dehydrating goethite or oxidizing magnetite are not representative for 
natural low-temperature hematite. 

The different rockmagnetic properties before and after annealing 
principally might provide a basis for the discrimination in sediments 
between a hematite DRM with a high-temperature origin and a hematite CRM 
which has a low-temperature origin. Two natural red beds, one with a CRM 
and one with a DRM associated with high-temperature hematite, broadly 
show the expected differences in coercivity and in annealing behaviour, 
although a full account of all aspects of the observed behaviour can not 
yet be given. 
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1 INTRODUCTION 

1.1 Hematite in sediments 

The remanence carried by hematite in red beds and other sediment 
types resides for a large part in extremely fine grains. Most research 
is confined to red beds because of their paleomagnetic importance. 
Hematite grains in red beds can be divided into several types. Formerly. 
such division was based largely upon the size of the grains: specularite 
(black-coloured hematite with grain sizes larg~r than some 1 micrometer) 
and pigment (red-coloured hematite with grain sizes smaller than some 
1 micrometer) were recognized. The specularite was thought to carry a 
depositional remanent magnetization (DRM) and the pigment a chemical 
remanent magnetization (CRM) (e. g. Collinson, 1974). However, this 
rather straightforward division has been refined considerably. Walker et 
a1. (1981), in an elaborate SEM study on the Moenkopi Formation (Ari
zona, Colora~o, USA), recognized hematite in six modifications: micro
crystalline ~ematite, specular hematite, polycrystalline and monocrys
tal line hematite grains, (partly) hematized ilmenite grains. grains 
consisting of primary hematite-ilmenite intergrowths and ultra-fine 
pigment. They argue that microcrystalline hematite, specular hematite 
(specularite), polycrystalline and monocrystalline hematite and also 
ultra-fine hematite pigment are all authigenic and, hence, carry a CRM. 
Authigenic hematite growth (i.e. CRM acquisition) is not necessarily of 
recent origin, i.e. related to weathering (e.g. Walker et al., 1981; 
Channell et al., 1982; ~zdemir and Deutsch, 1984). 

The remanence acquisition in red beds is still a controversial 
subject despite much research effort. Often CRM is put forward as the 
remanence type for red beds (e.g. Walker et al., 1981 and references 
therein). The authigenic hematite growth (i.e. CRM acquisition) is 
considered to be a long-time process (e.g. Roy and Park, 1972; Walker et 
al., 1981). This raises serious doubt on the value of red beds for 
magnetostratigraphic and geomagnetic research. However, DRM has also 
been proposed as the remanence type in red beds, e.g. Elmore and Van der 
Voo (1982), investigating the Copper Harbor Conglomerate (USA), recog
nized a remanence component of which the direction showed a bedding 
error. Therefore it was concluded that this component was of DRM origin. 
Also the results of van den Ende (1977), who studied paleosecular 
variation in the Permian red beds of Dome de Barrot (France), indicate 
that in these red beds the remanence has a DRM origin. Any mechanism of 
CRM acquisition cannot explain the observed remanence behaviour, which 
shows loops similar to present day secular variation. It may thus well 
be possible that both mechanisms for remanence acquisition exist in red 
beds. Recognition of and discrimination between hematite from DRM and 
CRM origin by other means than analysis of paleomagnetic directions, 
obviously contributes to the interpretation of paleomagnetic red bed 
data. A warranted rockmagnetic analysis of red beds requires more data 
on the rockmagnetic properties of fine-grained hematite with a low
temperature origin. 

1.2 Short outline of the hematite rockmagnetic properties 

1.2.1 Magnetocrystalline and defect moment 

Basically two types of magnetic moment are distinguished in hematite: 
1) The magnetocrystalline moment related to spin canting (also referred 

to as canted, fundamental, intrinsic or anisotropic moment). This 
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moment disappears when cooling through the Morin transition (at 
-15 'C; cf. Morin, 1950; Nlel and Pauthenet, 1952), because the spin 
direction changes from perpendicular to parallel to the c-axis. 

2) The defect magnetic moment (also referred to as isotropic or magneto
elastic moment), which is not influenced by cooling. 

The temperature of the Morin transition as well as its extent is 
shown to be dependent on the amount of substitution in the hematite. 
Haigh (1957A) shows that substitution of minor amounts Ti (up to one 
percent) lowers the temperature at which the transition occurs; substi
tution of Al (up to ten percent) hardly influences the transition tempe
rature. Flanders and Remeikema (1965) report on the influence of minor 
amounts substituted Ti, Si, Mn, Sn, Cu, Al and Gd on the Morin transi
tion. The transition is virtually suppressed by two percent Ti and one 
percent Sn. Its temperature range becomes considerably broader by sub
stitution of two weight percent Cu. Si "tails off" the low-temperature 
part of the transition, i.e. it is extended to lower temperatures 
reSUlting in a "tail" of the transition. The impact of the other substi
tuted elements is much less: the transition temperature is slightly 
lowered; the accompanying magnetization change is less, both compared to 
pure hematite. 

The Morin transition is suppressed in extremely small hematite grains 
of a high purity (below some 0.03 micrometer; e.g. Bando et al., 1965; 
Schroeer and Nininger, 1967). The influence of substitution on this 
grain size is not known. 

1.2.2 Grain-size dependent trends 

The magnetic properties of hematite grains show grain-size dependent 
trends. Dankers (1978, 1981) and Hartstra (1982A) report the isothermal 
saturation remanent magnetization (Jr8) for various natural hematites in 
the order of 0.2 Am2 kg- 1 with only minor variation. Jr8 is grain-size 
independent in a range from 250 micrometer down to 5 micrometer. How
ever, in grain sizes smaller than 5 micrometer Jr. (isothermal remanent 
magnetization (IRM) acquired in a 1520 kAm- 1 (1.9 Tesla) field) is shown 
to decrease with decreasing grain size for synthetic hematite (Dunlop, 
1971). Also the saturation magnetization (J8) decreases with grain size. 
The Jr8/J8 ratio, however, increases. 

The coercive force (He) of crushed natural hematite grains shows a 
maximum at a grain-size diameter of 10-15 micrometer (Chevallier and 
Mathieu, 1943). The remanent coercive force (Her) and remanent acquisi
tion coercive force (Her') for natural hematite increase with decreasing 
grain size in a range of 250 micrometer down to 5 micrometer. Her and 
Her' figures for individual hematites show a distinct variation (Her and 
Her' range varies approximately from 24 kAm- 1 to 240 kAm- 1 for 250
150 micrometer grain size and from 280 kAm- 1 to 480 kAm- 1 for <5 micro
meter grain size; cf. Dankers, 1978, 1981; Hartstra, 1982A). In syn
thetic hematites with grain sizes smaller than 5 micrometer Dunlop 
(1971) reports increasing and decreasing Her' trends with decreasing 
grain size for individual hematites, depending on their preparation 
method. 

1.2.3 Relative hardness of the magnetocrystalline and defect moment 

Conflicting results have been reported on the relative hardness of 
the magnetocrystalline and defect remanence type. Smith and Fuller 
(1967) studying natural samples containing single-crystal hematite, 
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conclude that the magnetocrystalline moment is softer than the defect 
moment. Haigh (1957B) and Dunlop (1971) on the contrary, show that the 
magnetocrystalline moment - with an Her in the order of 100 to 200 kAm-' 
- is harder than the defect moment. Dunlop (1970) shows this also for 
fine-grained natural pigment. It should be mentioned at this stage that 
the hematites studied by Dankers and Hartstra (op. cit.) all exhibit a 
Morin transition during low-temperature cycling. The magnetocrystalline 
moment may thus show a widely varying hardness. 

1.2.4 Superparamagnetic and single domain threshold sizes 

Extremely fine grains are superparamagnetic. Various determinations 
are reported for the hematite superparamagnetic (SP) threshold size, 
i.e. the grain size at which the transition from unstable SP behaviour 
to the extremely stable single domain (SD) state occurs. Chevallier 
(1951) notes that hematite grains formed by the dehydration of goethite 
showed SP behaviour in grain sizes <0.1 micrometer. Also Strangway et 
al. (1968) placed the SP threshold size at approximately 0.1 micrometer. 
Hedley (1968) suggests the onset of SP behaviour at some 0.3 micrometer, 
but a small part (0.1% of the SD remanence) would persist at 0.02 micro
meter. 

Ktindig et al. (1966) report a smaller SP threshold size of 0.012 mi
crometer grain diameter based on Mossbauer data. Banerjee (1971) deter
mines the SP threshold size at 0.025 micrometer. It can be concluded 
that for relaxation times of geological interest the hematite SP thres
hold size will be in the order of 0.03 micrometer. 

The SD threshold size is only vaguely defined for hematite. Dunlop 
(1971) concluded from the He maximum in the 10-15 micrometer grain-size 
range observed by Chevallier and Mathieu (1943), that the SP threshold 
size is located between 10 and 100 micrometer. Domain studies on well
crystalline hematite crystals reveal wall spacings of up to even 500 mi
crometer (e.g. Eaton and Morrish, 1969). 

1.2.5 Change in magnetic properties due to annealing 

The hematite magnetic properties may change upon heating. Especially 
the defect magnetic moment is thought to be sensitive to heat treatment 
(e. g. Smith and Fuller, 1967; Dunlop, 1971, 1972; Bucur, 1978). The 
hematite hardness increases with annealing due to annealing out of the 
defect moment. This is reported for natural samples as well as synthetic 
hematite (e.g. Dunlop, 1971, 1972). Most experimental data on annealing 
behaviour of fine-grained hematite are based on synthetic hematites. 
Usual preparation methods, however, involve heating to a few hundreds 
degrees Centigrade (e.g. Dunlop, 1971) and as such their behaviour might 
not be representative for low-temperature natural hematite. The investi
gations based on natural samples have the drawback that the grain size 
of the hematite is relatively poorly defined spectrum, which hinders a 
proper interpretation of grain-size aspects. 

1.3 Implications for the present study 

To arrive at more representative data on the behaviour of natural 
low-temperature hematite during annealing and to evaluate grain-size 
aspects, a set of artificial samples containing such hematite with a 
well-defined grain size was prepared. Raw sample material was collected 
from a hematite-rich gossan at Montarnu, France (Wilhelm and Kosake
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witch, 1978). Fine grain-size fractions of this hematite were homogene
ously dispersed in a non-magnetic matrix. 

2 SAMPLE PREPARATION AND HEMATITE CHARACTERIZATION 

2.1 Sample preparation 

The raw sample material (labelled FMW) constituted for the major part 
of hematite, but minor goethite and quartz (X-ray determination) 
appeared to be present. To concentrate the hematite, the raw sample 
material was crushed and magnetically separated. Crushing (gently) was 
done in a copper mortar to prevent magnetic contamination. To concen
trate the hematite the crushed material was sieved in fractions down to 
(37 micrometer (A.S.T.M. sieve set; wet-sieving, acetone as flushing 
fluid). Thereafter the hematite was obtained by magnetic separation. 
Because of the interest in extreme fine grains, only the (37 micrometer 
fraction was magnetically separated, using a Frantz isodynamic sepa
rator adapted for separation in a liquid medium (Dekkers et al., in 
prep.). Results of the separation procedure were checked with X-ray 
diffraction (Debye-Scherrer Camera, Fe K~-rays). Traces of goethite and 
quartz remained present. 

The (37 micrometer fraction was divided into grain-size fractions 
with 5 micrometer intervals by ultrasonic micro-precision sieving down 
to 5 micrometer. A further division of the (5 micrometer fraction into 
six grain-size fractions was carried out by centrifuging, using a so
called pipette centrifuge. A pipette centrifuge (Fritsch analysette 21) 
is a centrifuge developed for grain size analysis in a grain-size range 
between 5 and 0.05 micrometer. A horizontally rotating disk contains the 
suspension to be analyzed. Six horizontally radiating capillaries de
bouching into a central capillary, are mounted in its centre. Desired 
aliquots (in the standard procedure 10 ml aliquots are extracted each 
time from the initial suspension, containing a volume of 180 ml) of the 
rotating suspension can be sucked through the capillaries at desired 
time intervals while the centrifuge is rotating. The maximum grain-size 
diameter in each aliquot can be calculated with Stokes' law written for 
angular velocity and correcting for a changing suspension level after 
each 10 ml aliquot extraction. 

Grain-size separation of workable quantities can be obtained by 
sucking after a specific centrifuging time the total suspension volume 
within reach of the capillaries at once instead of several aliquots at 
distinct time intervals. The extracted suspension contains no grains 
with a larger diameter than a certain maximum diameter D corresponding 
to the rotation time of the centrifuge. The suspension Which remains in 
the centrifuge after extraction, thus outside the reach of the capil
laries, is enriched in grains with diameters larger than D. However, it 
contains also unwanted grains with diameters smaller than D, i.e. those 
grains smaller than D which were situated outside the reach of the 
capillaries in the initially homogeneous suspension. They are referred 
to as the tailing. By repeated centrifuging this tailing can be mini
mized. 

Stokes' law is only obeyed when there is no interaction between the 
grains in suspension. For this reason, usually a peptisator is added, 
giving the suspended particles an electric charge leading to electro
static particle repulsion. However, besides being of limited value in 
reducing the magnetic particle attraction, the peptisator adheres onto 
the hematite grains without being easily removed after the centrifuging 
procedure. It may cause alteration of the hematite during thermal expe
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riments (partial reduction to magnetite at high temperatures may be 
accelerated by the decomposition of the peptisator - organic chemical 
materials are usually applied). Experience indicates that the magnetic 
particle attraction in a half percent (by volume) hematite suspension in 
a liquid medium is that low that the conditions for the application of 
Stokes' law are not seriously violated. Consequently. hematite suspen
sions of a half percent by volume in ethanol without peptisator were 
centrifuged after being homogenized by ultrasonic waves for 15-20 mi
nutes. 

FMW hematite 
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Fig. I. Calculated grain size distribution in each grain size fraction in the <5 micrometer fractions, 

separated with the pipette centrifuge. The original unseparated grain size distribution (estimated from 

the mass of aach separatad fraction) is Indicated with the dashed line. The 5-3.7 micrometer fraction 

Is denoted with 2, the 3.7'2.1 micrometer fraction with 3, the 2.1-1.0 micrometer fraction with 4, the 

1.0-0.5 micrometer rractlon with 5, the 0.5-0.25 micrometer fraction with 6 and the smaller than 

0.25 micrometer Iraction with 7. The distribution within each Iraction can be calculated by starting 

with a homogeneous distribution at the beginning of each centrlluge run and applying Stokes' law for 

separate Infinite small grain size intervals making up the total lraction. The extracted suspension 

batch contains no grains larger than a certain diameter O. The batch, which remains In the centri luge 

(remaining batch) after extraction is enriched In grains larger than 0, but contains also a certain 

amount of grains smaller than 0 (tailing). The tailing constitutes of I) those grains smaller than 0 

which were already outside the reach 01 capillaries in the original homogeneous suspension and of 2) 

grains smaller than 0 which pass the reach of the capillaries during the spinning and extraction time. 

8y repeated centrifuging of the remaining batch (which Is homogenized between centrifuge runs) the 

tailing can be minimized. The distribution within each fraction Is iteratively calculated using Stokes' 

law and starting with a homogeneous suspension with a grain size distribution obtained by the previou, 

calculation. The upper limit of the largest fraction (i.e. fraction 2 with a grain-size rangl 

5-3.7 micrometer) Is the pore size of the sieve With the sma! lest pores in the set microprecisior, 

slevas. This fraction was centrifuged eight times to remove the tailing as much as possible. Smaller 

fractions were centrifuged six times. It is obligatory to centriluge fraction 2 a larger number of 

times, because the tailing of this coarsest fraction determines the yield of all finer fractions. 

Although It is impossible to remove the tailing completely, by repeated centrlluglng a good graln-sizl 

separation with minor overlap between neighbouring fractions can be obtained. 
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Results of the grain size separation by means of the pipette centri
fuge are depicted in Fig. 1; details of the separation procedure are 
described in Dekkers and Linssen (1987). Seven hematite fractions with 
the following ranges were obtained: 10-5 (microprecision sieved), 5-3.7, 
3.7-2.1, 2.1-1.0, 1.0-0.5, 0.5-0.25 and <0.25 micrometer. Control of 
these calculated grain size ranges by electron microscopy (SEM and TEM 
techniques were used, the latter for the finest two fractions) yielded 
good agreement between the calculated ranges and those actually ob
served. The grains are approximately equidimensional. For rockmagnetic 
investigation the fractions were homogeneously dispersed in a non
magnetic matrix. Epoxy resin (Araldit D, Hardener CY 956; Ciba Geigi) 
was used as matrix for room and low-temperature investigation; a mixture 
of fine-grained calcined A1203 and waterglass for thermal experiments. 
The magnetic noise level of both types of matrixes was up to a few 
percent of the total signal. 

2.2 Hematite characteristics determined with non-magnetic methods 

The hematite unit cell and the average chemical composition, deter
mined with microprobe analyses are compiled in Table I. The only major 
constituent is Fe203. Minor amounts Si, Al and S are present (calculated 
respectively as Si02, A1203 and S03). Other elements are detected in 
insignificant amounts (Ca, Mg, Mn) or their content is below the limit 
of detection (Ti). The hematite contains some 4 weight percent H20 as 
the oxide sum does not equal one hundred percent. Wet-chemical analysis 
of the water content (Penfield method) of the hematite concentrate 
yields water percentages of 4.8 weight percent, in good agreement with 
weight percentage missing in the microprobe analysis. Thermographic 
analysis (Fig. 2) indicate that water-loss from this hematite during 
heating takes place over a broad temperature range. Water driven out off 
the hematite grains during hematite recrystallization will thus be 
available within the hematite grains throughout a complete thermal 
demagnetization run (up to 700 ·C). 

TGA curve 
100 FMW hematite 
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Fig. 2. TGA curve of the FMW hematite showing the loss of 4.S weisht percent waler during annealing. 

Calculation of the dimensions of the (hexagonal) unit cell (Table I) 
reveals dimensions close those of ideal hematite (a-axis 5.034; c-axis 
13.77; both in A). It may thus well be that a (major?) part of the Si is 
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not substituted in the hematite lattice but adsorbed onto or dispersed 
between small crystallites. 

A backscattered electron image (Fig. 3) shows that minute composi
tional differences exist within the hematite on a microscale. Colloidal 
structures are clearly recognized indicating that the hematite had an 
amorphous precursor phase. These structures with corresponding 
compositional differences could not be observed with the normal image 
mode. The extremely small dimensions of the compositional differences 
(note the scale bar in Fig. 3) indicate that spot analyses with the 
microprobe analysis already represent averages (spot-size of 
5 micrometer). The fine crystalline nature of the hematite is also 
demonstrated by an average hematite crystallite size of some 600 A 
determined from X-ray line broadening. The crystallite size is smaller 
than the grain size. It can be presumed that this will be often the case 
when dealing with natural low-temperature hematite. Dunlop (1971) also 
notes that his synthetic hematites had crystallite sizes smaller than 
the grain size. Nevertheless his results and the results reported in the 
present contribution show evident grain-size trends. 

Table I: Chemical composition and unit cell dimensions of the natural FMIt hematite 

OXide weight percentages 

aver. s tdev. s tdev. 

aver . 
S102 2.29 0.60 O. 103 

AI 203 I. 04 0.49 0.084 

Ti02 0.00 0.00 0.000 

Fe203 92. 39 I. 73 0.297 

MnO 0.05 0.08 0.014 

MgO O. 12 0.10 0.017 

CaO O. 15 0.10 0.017 

S03 0.62 0.27 0.046 

t 01 aI 96.69 I. 45 0.249 

Microprobe analyses were performed with a JEOL 8600 Superprobe fitted with a TN·5502 EDS analyzer. 

Operating conditions were 15keV and 2·3 nA. ZAF matrix correction was applied. Analyses are based on 34 

spots, within'grain varialion appeared to be not too large. aver. = average; stdev. = standard 

deviation; stdev. aver. = standard deviation of the average. 

Hematite unit cell dimensions 

a·axis 5.024±0.009 

c· ax I s 13. 77 ± O. 03 

Cell dimensions are given in A. Refleclion positions were taken Irom a Debye·Scherrer film (Fe K · a 
rays). Unil cell calculation is performed with the program UNITCELLD (Strom, 1976). Seven unweighted 

r ell ecl ions are ent ered. 
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Fig. 3A. Backscattered electron Image 01 the FMW hemelite showing colloform lextures. Wilh normal imaga 

mode these textures are not detected and the grains seem homoganeous. This Indicates thei r extremely 

small compositional difference. 

Fig. 3B. Close-up of a grain showing the fine crystalline nalure of the colloform lexture, and small 

void' within the grain. 
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2.3 Instrumentation for the magnetic measurements 

Initial susceptibilities were measured with a Je11inek KLY-1 suscep
tibility bridge. Remanence intensities were measured with a digital 
spinner magnetometer based on the Jellinek JR3 drive unit. This spinner 
is developed in the Utrecht Paleomagnetic Laboratory and has a sensiti
vity of 10- 10 Am2 and a reproducibility better than one degree for 
intensities exceeding 10-9 Am2 . During a later stage of the investiga
tion measurements were done on a 2G-Enterprises cryogenic magnetometer 
with a sensitivity of 10- 11 Am2 and a slightly better angular reproduci
bility. Acquisition curves and hysteresis curves of the isothermal 
remanent magnetization (RA curves and RH curves respectively) were 
determined with a Forster fluxgate magnetometer type 1.107, calibrated 
with an astatic magnetometer. Continuous recordings of the saturation 
remanence (Jr.) and a TRM acquired in a 67 Am- 1 field (84 microTesla) 
during low-temperature cycling were made with a fluxgate spinner magne
tometer made suitable for measurements at high and low temperatures by 
placing the sample in a furnace or a dewar vessel respectively. Tempera
ture regulation and periodic remanence measurements were controlled with 
a microcomputer system (Dankers, 1978, 1981; Hartstra, 1982B, 1982C). 
For stepwise thermal demagnetization of Jr. and TRM a thermal demag
netizer (rest-field less than 30-40 ¥) designed in the Utrecht Paleo
magnetic Laboratory, based on the Schonsted furnace was used. Heating to 
temperatures up to 700 ·C was done in air. 

3 RESULTS 

The hematite material was processed in two separate series. The first 
series of seven grain-size fractions (hereafter referred to as Batch 1) 
was dispersed in epoxy resin and used for room and low-temperature 
measurements. The second series of five grain-size fractions (referred 
to as Batch 2) was dispersed in a matrix of fine-grained calcined A1203 
and waterglass suitable for high-temperature measurements. The hematite 
content of the fractions in each batch decreased with grain size from 
some 250 mg for the coarse fractions down to 40 mg for the finest 
fractions. No magnetite-like minerals were traced in Batch 1; Batch 2 
appeared to be contaminated with minute amounts magnetite- maghemite 
which were only traceable with the help of RA and RH curves (Fig. 4). 
During thermal treatment the creation of minute amounts magnetite-like 
minerals can hardly be avoided. Hence, usually traces of suchlike 
minerals will anyhow be present in thermally treated specimens. The 
magnetite/maghemite remanence is corrected for (so called "magnetite 
correction"); the magnetite/maghemite weight content is negligible com
pared to that of hematite. 

The saturation remanence (Jr.) refers to the remanence acquired at 
room temperature in a field of 1670 kAm- 1 (2.1 Tesla). The shape of the 
RA curves indicated that absolute saturation of the remanence is almost 
achieved in that field. The remanent coercive force (Her), remanent 
acquisition coercive force (Her') and median destructive field (H,/2X) 
are defined with respect to the 1670 kAm- 1 Jr •. 
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MAGNETITE CORRECTION 
Remanent hysteresis curve Remanent acquisition curve 
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Fig. 4. The hematite remanent coercive force and remanent acquisition coercive force were determined by 
subtraction of the magnetite/maghemlte contribution from the total sample remanent hysteresis (RH) and 
remanent acquisition (RA) curves respectively. The RA and RH curves are composites Of two contributions 
one of which is saturating In below 160 kAm· 1 (tbe magnetlte·llke Impurity). This results In en 
inflection point In the RA curve and a distinct extra decrease In the RH curve in small applied fields. 
The slope of the RA curve in stronger fields than those corresponding to the inflection point is not 
influenced by lhe magnetic impurity. The magnetic content of this impurity is estimated by 
extrapolating the slope of that part of the RA curve 10 the ordinate. The sbape of the RH curve is not 
influenced by the magnelic Impurity in fields above some 16 kAm'! because it is saturated in such low 
applied fields. This correction procedure Is referred to In the text as "magnetite correction". The 
magnetic behaviour of hematite is Indicated with dashed I ines. Remanent coercive forces referring to 
hematite throughout the text have been "magnetite corrected". 

3.1 Unheated samples 

3.1.1 Room temperature measurements 

3.1.1.1 Initial susceptibility and saturation remanence 

Because of prime interest in fine grain sizes the 10-5 micrometer 
fraction of Batch 2 was not processed. The yield of the finest fraction 
«0.25 micrometer) of Batch 2 was too low for meaningful experiments. 

Xi~ is approximately 10- 6 m3 kg- 1 10- 6 without any evident grain-size 
dependence (cf. Table II). The slight increase in the finest fraction 
could be due to the approach of the superparamagnetic threshold size. 
The variety in the fractions of Batch 2 is due to slightly varying 
amounts of the magnetite-maghemite impurity. Dankers (1978) attributed 
the absence of a grain-size dependence in the initial susceptibility to 
a hematite type with a magnetic structure characterized by a large 
defect moment. ' 

Jrs is decreasing with grain size (Table II; Fig. 5). The Jr. 
decrease is believed to reflect a "real" hematite feature (the amount 
non-magnetic minerals may be slightly higher in the fine fractions than 
in the coarse fractions; however, to explain the large Jr. differences 
observed, this would require unreasonably large amounts non- magnetic 
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minerals). A decreasing Jr or Jr. with grain size has also been reported 
for various hematites 
(1971). 
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Fig. 5. Saturation remanence (Jrs) versus grain size for the Ftffl hematite. The upper two curves refer 

to non-annealed fractions (Batch 1 and Batch 2); the, are indicated with "NA" In the figure. The lower 

curve refers to the annealed Iraclions of Batch 2; it is indicated with an "A" in the figure. 

Relatively large differences between the two batches of the present 
hematite are related to the 'magnetite correction' (a precise determina
tion of the magnetite contribution to the total Jr. is prone to a rather 
large error, when this contribution mounts up to over some 50 percent). 
Jr. figures for the 10-5 and 5-3.7 micrometer fractions correspond well 
with figures determined by Dankers (1978) and Hartstra (1982A) for 
hematite grains with diameters of 10-5 and <5 micrometer respectively. 

Table II: Xin and J as function of grain size tor the Ftffl hematiters 

Xin Jr s 
Bat ch Bat ch Batch Bat ch 

10.0 5.0 0.94 O. 193 

5.0 3. 7 0.94 2.47 0.189 0.190 

3. 7 2. 1 0.70 I. 43 O. 147 0.113 

2. 1 1.0 0.78 I. 20 O. 173 0.093 

1.0 0.5 I. 10 3.83 O. 117 0.048 

O. 5 0.25 I. 10 2.40 0.060 0.040 

< 0.25 I. 23 0.044 

3.1.1.2	 Remanent (acquisition) coercive force and median destructive 
field 

Her (215 - 425 kAm- 1) is slightly larger than Her' (205 - 360 kAm- 1), 
which is larger than H1/2Z (170 - 270 kAm- 1 ) (cf. Table III; Fig. 7; 
Fig. 8). AF decay curves of Jr. are shown in Fig. 6. Their shape gra
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dually changes from slightly convex for the coarse to concave for the 
fine grain-size fractions. Figures for Her, Her- and H./2z as deter
mined in the present study are smaller than figures for these parameters 
reported by Dankers (1978, 1981) and Hartstra (1982A) for comparable 
grain-size fractions. This applies specially for H./2z. The largest 
differences in Her respectively Her' are found with Dankers and Hartstra 
(op. cit.) hematites from high-temperature origin. Her/Her' ratios close 
to unity determined in the present study agree with their determina
tions. Dankers and Hartstra also report usually a larger Her than Her-. 
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Fig. 6. AF decay curves of the saturation remanence of natural FMN hematite (non-annealed, Balch I). 

The number refer to the grain size of each fraction: I denoles lhe 10·5 micrometer fraction; lhe others 
correspond to those of Fig. 1. was derived by linear extrapolation In cases It could not beHII21 
determined In the maximum alternallng field available (240 kAm- I). 

Her, Her- and H./2z determined in the present study all show a 
maximum in the 1.0-0.5 micrometer fraction. Hence, the coercivity-re
lated parameters individually are not suitable as grain-size indicator. 
The Jr&/(Her*X~~) ratio, which is a quantity without dimension and as 
such independent of the hematite content in a specimen, is continuously 
decreasing with grain size (Table IV, Fig. 9). The absolute figures for 
each fraction, however, show a rather large variation due to variations 
in x~~. x~~ is sensitive for minute magnetite/maghemite impurities (cf. 
Table II). Without the presence of such impurities, combination of H~r 

and the Jr./(Her*X~~) can discriminate between similar Her figures below 
and above the maximum observed in the 1.0-0.5 micrometer fraction. 

The reason why the coercivity parameters show smooth grain-size 
dependent trends, despite the fact that the average crystallite size is 
smaller than the actual grain size of the fractions, is unknown. Appa
rently, the crystallites interact magnetically so that overall grain
size dependent trends result for the hysteresis parameters. The crystal
lite interfaces are important "defects" in the microstructure of the 
grains. A kind of analog between crystallites and domains may be 
possible. The crystallites would then be the equivalent of the "domains" 
and their interfaces that of the "walls", Which, unlike "real" domain 
walls, cannot move. Decrease of the grain size will lead to a kind of 
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equivalent of the single domain state with a maximum in the hysteresis 
parameters. In the FMW hematite this state is apparently reached in the 
1.0-0.5 micrometer fraction. The decrease in hysteresis parameters ob
served with a further grain-size decrease would then be related to the 
approach of the superparamagnetic threshold size. 
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fig. 7. Remanent coerclva force (Her). ramanent acquisition coercive force (Her') and median de

structive field of the saturation remanence versus grain size for the non-annealed fMW(HIIll ) 

fract Ions. 
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Fig. 8. Ratios of the remanent coercive force and the remanent acquisition coercive force (Her/Her') 

and of the remanent coercive force and the median deslructive field of the saturation remanence 

(Her/HIIll ) versus grain size for the non-annealed fMW fractions. 
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Fig. 9. Jrs/(Hcr*Xln) versus grain size for the Filii fractions. The ratio for the non-annealed fractions 

(Batch I and Balch 2) Is Indicated with "NA"; the ratio for the annealed fractions (Batch 2) is 

indicated with an "A" In the figure. 

Table Ill: Remanent coercive force, remanent acquisition coercive force, medium destructive field and 

their ratios for fine-grained natural hematite. 

Hcr ' H Hcr/H cr ' Hcr/H1I21Hcr II21 
kAm- 1 kAm- 1 kAm-

Bat ch Bat ch Batch Bat ch Ba t ch Bat ch I Ba t ch 2 Bat ch I 

10.0 5.0 255 237 185 I. 078 I. 377 

5.0 3.7 294 338 266 330 210 I. 107 1.024 I. 402 

3.7 2. I 320 350 290 338 226 I. 102 I. 036 I. 417 

2. I 1.0 355 360 322 358 *250 I. 104 I. 006 I. 419 
1.0 0.5 386 425 352 34Z 'Z68 I. 096 I. Z43 I. 439 

0.5 O. Z5 289 318 267 300 210 I. 080 I. 060 I. 373 

( 0.25 214 206 168 I. 040 I. 275 

figures marked with are extrapolated ones. The I inear shape of the AF decay curves allowed anHII21
 
extrapolation without serious error in HI / 21 slightly beyond 240 kAm- 1 (3000 Oe).
 

Table IV: Grain-size dependence of Jr/(Hcr'Xin) 

Ir/(Hcr'Xin)
 
Batch I Batch
 

g ra i n size 

10.0 5.0 0.80 

5.0 3. 7 0.68 0.23 

3.7 2. I 0.66 0.23 

2. I 1.0 0.62 0.22 

1.0 O. 5 0.28 0.03 

O. 5 0.25 0.19 0.05 

< 0.25 O. 17 
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3.1.2 Low-temperature behaviour of the saturation remanence 

All fractions display identical behaviour during low-temperature (LT) 
cycling (Fig. 10). A monotonously slightly decreasing remanence is ob
served during cooling with the remarkable absence of a Morin transition. 
At -196·C some 15 percent percent of the original room temperature 
remanence has disappeared. The remanence is partly recovering during 
rewarming; after a complete LT cycle approximately 10 percent of the 
original remanence is lost (Fig. lOA). The FMW hematite has thus a 
magnetic structure, characterized by a large defect magnetic moment. 
When cycling the recovered remanence a second time, (nearly) reversible 
behaviour during cooling and rewarming is observed (Fig. lOB; at 
-196 ·C 10 percent of the initial remanence has disappeared). 

NATURAL HEMATITE 

FMW 5-3.7 A Jr~ low temperature curve 1.0 

~---------j 

NATURAL HEMATITE 

FMW 3.7-2,1 A Jr~ low temperature curve 
1.0 fMW 5-3.7 B J low temperature curvers~-~ 

1.0FMW 2.1-1.0 A J,,, low temperature curve 

10 
FMW 1.0-0.5 A J,s low temperature curve 

1.0 
FMW < 0.25 A J,s lOw temperature curve 

Temperature in degrees Centigrade Temperature In degrees Centigrade 

Fig. lOA. Low-temperature cycl ing of the saturation remanence for some fractions of the non- annealed 

FMW hematite. The numbers refer 10 the grain size in micrometer for each fraction. "a" denotes the 

first cooling cycle; arrows indicate the cooling and rewarming parts. Each curve shows a gradual 

remanence dacrease with decreasing temperature without a Morin transition. Mark the great similarity of 

the curves despite a rather large difference in grain size. The magnetocrystalline (canted) moment 

would show a Morin transition, so the remanence is carried by the defect moment in hematite. 

Fig. lOB. Low-temperature cycling of the remanence remaining in the fractions after the first complete 

cooling cycle, denoted by "b" after the grain size indication. Each fraction shows reversible behaviour 

with hardly any remanence decrease. 

The chemical composition of the hematite can not be the cause for the 
absence of a Morin transition. The minor amount of Al substituted in the 
hematite lattice has no influence on its low-temperature behaviour, 
since AI-doped hematite shows identical low-temperature behaviour as 
pure hematite (Haigh, 1957A; Flanders and Remeika, 1965). A cause for 
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the suppression of a Morin transition has to be sought for elsewhere. 
Surface effects are regarded as the cause for the suppression of the 
Morin transition in extremely fine «0.03 micrometer) pure hematite 
grains (cf. Bando et al., 1965; Schroeer and Nininger, 1967). The 
present hematite grains have to be considered as composites of crystal
lites (average size 600 A) with water and silica adsorbed predominantly 
to their interfaces. This results in a large increase of crystallite 
surface area within the grains and pins the spin structure to the hema
tite basal plane. The magnetic moment of the present hematite is thus a 
defect magnetic moment related to the presence of silica which limits 
the hematite crystallite size. The crystallite size of the present 
hematite is slightly larger than that below which no Morin transition 
occurs in pure hematite. No data exist regarding the influence of 
adsorbed and dispersed silica on the absence of a Morin transition in 
fine hematite crystallites. It could well be that such adsorbed silica 
enlarges the crystallite size below which no Morin transition occurs. 
The absence of the Morin transition is an intrinsic property of the 
hematite, i.e. related to the crystallites themselves which pin the spin 
structure to the basal plane. No grain-size dependence should occur. The 
hysteresis parameters would also be explained by magnetic interaction 
between the crystallites, so that grain-size trends are possible. 

3.1.3 Stepwise thermal demagnetization of the saturation remanence 

Jr. thermal decay curves of FMW hematite (Fig. 11) show blocking 
temperature spectra without a distinct maximum like that of TRM in 
hematite. The approach to the Neel temperature is increasingly less 
steep with decreasing grain size (Fig. 11). Dankers (1978) described a 
different behaviour of the hematite Jr. during stepwise thermal demagne
tization. More than half of the initial Jr. remanence remained in his 
<S micrometer fractions even after 620 ·C. The Jr. blocking temperature 
spectrum of more crystalline (high-temperature) hematite appears to be 
considerably shifted to temperatures above 600 ·C. 

X~n, measured at room temperature after each thermal demagnetization 
step, starts increasing above 350·C and shows a maximum in the 550 ·C 
region (Fig. 12). The initial variation in X~n correlates with the 
magnetite-like impurity content of each fraction. The increasing 
susceptibility above 350·C is probably due to the creation of a 
magnetite-like mineral. The production of minute amounts of such 
material is not unusual in this temperature region. It is observed in 
fine crystalline hematite produced by the conversion of goethite 
(Dekkers, 1988A). The produced magnetite is oxidized again at 
temperatures above 550 ·C, since X~n is decreasing at higher 
temperatures. After the 700 C step no traces of a magnetite-like 
mineral are detected in the RA and RH curves of the 5-3.7 micrometer 
fraction. In smaller grain-size fractions (with a slightly higher Xin, 
cf. Fig. 12) traces of such mineral are detected. The trend in X~n after 
the 700 ·C heating step (cf. also Table V) correlates with the magnetite 
content determined with the RA curves. The decrease in magnetite amount 
during thermal demagnetization steps at temperatures above SSO ·C might 
be related to the A1203-rich matrix. This matrix is rather porous and, 
as such, enables a better contact with the surrounding oxygen-rich 
atmosphere (air) than a CaC03-rich matrix. Chemical reactions occur in 
the latter, enclosing the specimen from a surrounding atmosphere. 
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Fig. 11. Normalized decay curves of J during stepwise thermal demagnetization of the non-annealedrs 
Iractions of Balch 2. Fraction numbers, referring to their grain size ranges, correspond with those in 

Fig. I. The	 hematite J blocking temperature spectrum becomes broader with falling grain size as isrs 
shown by the increasingly less sleep approach to the Curie point with decreasing grain size. The 

Inflection point at approximately 300·C could be due to recrystallization of htmatite, 
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Fig. 12. The initial susceptibility (X ln) measured at room temperature after each demagnellzation step 

of the thermal damagnetization of the saturation remanence 01 which the decay curves are shown in 

Fig. 11. The numbers correspond with those In Fig. 1. The m.. lmum in the initial susceptibility is due 

to lhe production and subsequent break-down of magnetite. 

3.2 Annealed samples 

3.2.1	 Saturation remanence and remanent coercive forces after the 700 ·C 
thermal demagnetization step. 

The saturation remanence after annealing (Jr. 700) is lower than 
before annealing (Jr. 2~) and decreases with grain size (cf. Table V; 
Fig. 5). By annealing the hematite grains recrystallize; defects are 
diffused out off the lattice, reSUlting in larger crystallites. The more 
perfect hematite has a lower saturation remanence, because the defect 
moment has been considerably diminished. A decrease of Jr. with 
increasing annealing temperature (700, 800, 880 and 950 ·C) was also 
found by Dunlop (1971) for hematite synthesized at temperatures of 
500-600 ·C. 

The remanent coercive force after annealing (Her 700) and the rema
nent acquisition coercive force after annealing (Her' 700) both are 
larger than those parameters prior to annealing (cf. Table VI and Ta
ble III). Such increasing hardness is also observed by Dunlop (1971) and 
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Bucur (1978) in fine-grained synthetic hematite and by Dunlop (1972) in 
fine-grained natural hematite. They attributed this to annealing out of 
the relatively soft defect moment. As will be shown in section 4.2, this 
is also the case for the present hematite. The Her 700/Her' 700 ratio is 
similar to the Her 2~/Her' 2~ ratio. (cf. Table VI and Table III). 
Figures for Her 700 and Her' 700 in the 5-3.7 micrometer fraction in the 
present study are in good agreement with those determined by Dankers 
(1978, 1981) and Hartstra (1982A) for their <5 micrometer fractions of 
hematites with a high-temperature origin. 

reble v: J ' the ratio of J before and alter annealing and the ratio 01 J and times Herrs Xln , rs rs Xin 
after annealing versus grain size 

Bat ch 2 J r s 700 J r s 25/J r s 700 Xi n 700 J r s 700/(X in 700'Hcr 700) 
5.0 3.7 0.0514 3. 7 1. 45 0.066 

3.7 2. I 0.0228 5.0 1. 66 0.024 

2. 1 1.0 O. 0097 9.6 1. 51 0.009 

1.0 0.5 0.0034 14. 1 1. 90 0.003 

0.5 0.25 O. 0032 12. 5 2.56 0.003 
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Fig. 13. Hemalite remenen! coercive force (H cr ) and remanent acquisition coercive force (Her') versus 

grain size for the annealed fractions of Batch 2. 

Table Vi: Remanent coercive force and remanent acquisition coercive rorce after three times annealing 

at 700 'C and their ratios with non·annealed fractions. 

After three times annea ling Rat ios wi th non·annealed fractions 

Hcr rOO Her' 700 Her 700/Hcr' 700 Hcr 700/Her 25 Hcr ' 700/Her' 25
 
Bat eh 2 kAm' kAm- 1
 

5.0 3.7 537 480 I. 119 I. 59 I. 45 

3. 7 2. 1 582 577 I. 009 I. 66 I. 71 

2. 1 1.0 650 612 I. 062 I. 80 I. 71 

1.0 0.5 520 517 I. 005 1. 22 I. 51 

0.5 0.25 415 341 I. 217 I. 30 I. 14 
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Her 700 and Her' 700 both show a maximum in the 2.1-1.0 micrometer 
fraction (Fig. 13; Table VI). The maximum figures are shifted one grain
size fraction upwards by the annealing process. The ratios of Her 

700/Her 2~ and Her' 700/Her' 2~ (Fig. 14) show also a maximum in the 
2.1-1.0 micrometer fraction, presumably due to the shift of the Her 700 

and Her' 700 maxima to this fraction. 
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Fig. 14. Ralios of Iha remanant coercive rorce after and before annealing (H cr 700/Hcr 2~) and the 
ramanenl acquisilion coartive force altar and before annealing (Hcr ' 700/Hcr' 2~) versus grain siza, 

3.2.2	 Low-temperature behaviour of the saturation remanence after ther
mal treatment 

LT-cycling of Jr. after annealing (Fig. 15) reveals a Morin 
transition in all fractions indicative for development of the canted 
anti ferromagnetic structure with the correspondingmagnetocrystalline 
moment. The Morin transition takes place over a broad temperature 
interval. This points to a rather large crystallite size spectrum in the 
annealed FMW hematite grains. The relatively high Si-content possibly 
also contributes to the rather broad Morin transition interval since Si 
is known to "tail off" the magnetic moment below the Morin transition 
(Flanders and Remeika, 1965). Whether this is an intrinsic Si-feature or 
related to the fact that silica tends to reduce crystallite growth 
(Schwertmann and Taylor, 1972), is not known. 

The defect moment is not completely removed by the thermal demagneti 
zation. The defect moment could possibly be further diminished by 
annealing at higher temperatures down to figures of 5-10 percent of the 
original room temperature remanence, which are usually reported for 
hematite with a well-developed magnetocrystalline moment. This was not 
tested for the present research. The ratios of the initial Jr. and the 
remanence at -196°C and the recovered remanence are compiled in 
Table VII. With decreasing grain size the moment which remains below the 
Morin transition tends to increase. This may be related to the fact the 
Morin transition is totally suppressed in extremely fine grains. 
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FMW 5-3.7 A FMW 3.7-2.1A FMW 2.1-1.0A 

I 

-200 -100 

Temperature In d~grees Centigrade 

Fig. 15. low·temperature cycling of the saturation remanence after annealing (Jrs 700) for some fMW 

fractions. The numbers refer to lhe grain size in micrometer; "A" indicates annealed. The cooling and 

rewarming parts are indicated by arrows. The curves have been slightly smoothed for the noise in the 

remanence measurements because the fractions had remanences close to the detection limit of lhe HALT 

spinner. The non·hematite contribution to Ihe total remanence Is Indicated with the hatched area. Afler 

annealing. the fMW hemalite fractions do show a Morin transillon contrary to Ihe fracllons prior to 

anneall ng. 

Table VII: Ratios of the remanence at -196'C (J-196) to the initial saturation remanence (after 

annealing. 700) and Ihe recovered remanence (Jrec) to J 700'Jrs rs 

fraction J-1961J r s 700 JreclJrs 700 
5.0 3. 7 0.31 0.85 

3. 7 2. 1 0.38 0.87 

2. 1 1.0 0.45 0.88 

1.0 O. 5 0.4 0.5' 0.65 0.75' 

O. 5 0.25 0.5 • 0.6' 0.65 0.75' 

• The low saturation remanence of Ihese two 'racllons permits only a very approximate estimate of the 

ratios (the error in Ihe measurements is large owing 10 Ihe low ,ensillvily of the HALT spinner 

equ i pment). 

3.2.3 Grain-size dependence of the thermoremanence 

The intensity of the TRM for hematite decreases with grain size 
(Table VIII; Fig. 16). The specific volume TRM of the coarsest fractions 
fairly agrees with the value of approximately 0.4 determined by Dunlop 
(1971) for his fine grained hematite of similar grain size. A decreasing 
TRM-trend with grain size was also found for natural hematite by Hart
stra (1982A) in a grain-size range from 250 micrometer downward. His 
figures for the smaller than 5 micrometer fraction correspond closely to 
the 5-3.7 micrometer fraction in the present study. The present FMW 
hematite lost its excess water during annealing (TGA, cf. Fig. 2). The 
resulting hematite is anhydrous. Therefore the parameters after an
nealing can be compared with Hartstra's (1982A) hematites which under
went similar annealing. 
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Table VIII: TRM of natural hematite versus grain size 

gra i n s i ze TRM sp, vo I. TRM
 

aat ch 2
 

5,0 3,7 6,07 0,47
 
3,7 2,1 2, 54 0.20
 

2, 1 1.0 1. 20 0.09
 

1.0 0.5 0.51 0,04
 

0,5 0,25 0.61 0,05
 

TRM In 10. 3 Am2kg· 1. sp, vol. TRM = specific volume TRM in SI units, calculated assuming a density of 

5200 kg&m'3 for hematite, Figures for the two smallest fraction are somewhat too large because of the 

presence of traces magnetite (cf. Fig. 17). 

NA TURAL HEMA T I TE 

o~.~~~~~: ---~~~-T-.-;10 
Groin size in micrometer 

Fig, 16, TRM versus grain Size for the annealed natural hematite, TRM was Induced by cooling from 
700 ·C in a direct field of 67 Am'!. 

The grain-size trend observed in Hartstra's study (1982A) and in the 
present study is opposite to trends determined in magnetite (e.g. Hart
stra, 1983; O'Reilly. 1984 and references therein) and in Ti-rich ilme
no-hematite (Westcott-Lewis. 1971). The hematite-ilmenite solid solution 
series (Fe2- y Ti y 03 with y between a and 1) is ferrimagnetic in the 
compositional range from y=0.5 to 0.8 (investigated by Westcott-Lewis, 
op. cit.). Fe-richer hematite has a canted antiferromagnetic structure 
(e.g. Nagata, 1961; Westcott-Lewis and Parry. 1971; O'Reilly. 1984 and 
references therein) with. above the Morin transition. easy magnetization 
directions in the basal plane and a hard magnetization axis perpendi
cular to the basal plane. In this way the hematite structure resembles 
that of pyrrhotite. which indeed shows also a decreasing TRM-trend with 
grain size (Dekkers. 1988B). Closure domains are thought responsible for 
the increasing TRM with decreasing grain size in the PSD grain-size 
range of magnetite (Stacey and Banerjee, 1974). Closure domains are 
rarely observed in pyrrhotite (Soffel, 1981). It could be that the 
absence of closure domains in pyrrhotite is favoured by its hard axis of 
magnetization. When this tentative hypothesis is correct. the opposite 
TRM versus grain size trends in magnetite and Ti-rich hematite on one 
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side and Fe-rich hematite and pyrrhotite on the other side are related 
to whether the magnetic mineral is characterized by an easy axis or by 
an easy plane (hard axis). More data are needed, however, to ascertain 

the above hypothesis. 

3.2.4 Stepwise thermal demagnetization of the TRM 

Normalized decay curves of the TRM during stepwise thermal demagneti
zation (Fig. 17) show that a major part of the hematite TRM was acquired 
above 600 ·C. Smaller grain-size fractions tend to have increasingly 
broader blocking temperature spectra. 

NATURAL HEMATITE 
TRM s t epw i se the r ma I demagne ti za ti on 

1.0 

a 100 200 300 400 500 600 700 

Temperature in degrees Centi grade 

Fig. 17. Normalized TRM decay curves during stepwise thermal demagnetization. The 'ractlon numbering 

corresponds to that in Fig. I. The magnetite Influence in fractions 4 and >, but especially in fraction 

6, emerges from the different shape of the decay curves of these fractions compared to those 01 

fraction 2 and 3. In fraction 4 the relative magnetic amount of magnetite is small. In fraction> and 6 

this will be larger. However. a reliable estimate is difficult to assess for these small grain size 

fractions, because the hematite TRM blocking temperature spectrum is not precisely known. For fraction 

6 a crude and only approximate estimate of the magnetic magnetite content Is made by extrapolating the 

decay between 600 and 62> ·C (above the magnetite Curle point; hence decay solely due to hematite) down 

to some 300·400 ·C (indicated by the dotted area). The decay of the sample TRM below this temperature 

is ascribed to magnetite. It is thus assumed that a hematite TRM is stable to heating up to some 
300-400 ·C also in this extremely small grains. 
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When annealing hematite to introduce for instance a TRM, a variable 
but usually very small - amount of a magnetite-like mineral may be 
created within the specimen or a small amount may persist during 
annealing. This trace amount of the magnetite-like mineral may acquire a 
rather large part of the specimen TRM due to the high magnetite TRM per 
unit mass (cf. Fig. 17). The TRM decay curves of the smallest two 
fractions are distinctly influenced by trace amounts magnetite present 
in the fraction. Because the TRM behaviour of extremely fine-grained 
magnetite is difficult to assess, only the inferred approximate hematite 
TRM decay curves are sketched. No magnetite is detected in the 5-3.7 
micrometer fraction (RA and RH curve after thermal demagnetization at 
700 ·C; by far the most alteration in the specimens will have occurred 
during the first thermal demagnetization, i.e. that of the Jr. of the 
FMW hematite in its initial low-temperature state), so its TRM decay 
curve represents true hematite behaviour. Its decay curve resembles the 
block-shaped TRM decay curves shown by e.g. van den Ende (1977) or Dan
kers (1978). 

4 DISCUSSION 

4.1 Grain-size dependence of rockmagnetic parameters in hematite 

Unlike the rockmagnetic parameters of (titano-)magnetite which are 
amply stUdied, few studies describe grain-size dependence of rock
magnetic parameters of hematite, especially natural hematite. The 
rather fragmentary literature data indicate nonetheless that the hema
tite rockmagnetic parameters show a considerable variety. Hartstra 
(1982A), combining his results with those of Dankers (1978, 1981), tried 
to arrive at a classification for natural hematite based on its rock
magnetic properties in order to use hematite rockmagnetic parameters for 
granulometric purposes. He concluded that a consistent and practically 
useful classification was not yet within reach and that more data were 
needed. 

The finest grain-size fraction in the hematites studied by Dankers 
and Hartstra was <5 micrometer. The remanent coercivities were most high 
in these fractions, indicating that a "SD state" would not yet be 
reached. However, domain studies on hematite single crystals by Eaton 
and Morrish (1969) reveal domain-wall spacings of up to several hundreds 
of micrometer. Data of Chevallier and Mathieu (1943) on presumably 
relatively well-crystalline hematite (no data on crystallite sizes are 
reported; their Elba hematite is known to be well-crystalline) indicate 
varying maxima in the coercive force from some 10-15 micrometer for the 
Elba hematite down to 3-5 micrometer for two hematites from the Vosges 
(France). Such maxima led Dunlop (1971) to place the hematite SD thres
hold size tentatively at some 10 micrometer. Dunlops (1971) synthetic 
hematite grains show Her maxima at some 5 micrometer and at approxi
mately 1.5 micrometer. 

The large discrepancies between these studies show that the hematite 
hysteresis parameters are extremely sensitive to whether the hematite 
grains are single crystals or polycrystalline aggregates. In single 
crystals the SD threshold size is reached only in very large grains; in 
polycrystalline grains an equivalent of the "SD threshold size" can be 
reached in grain sizes down to 1 micrometer. The crystallinity of the 
hematite may thus be crucial for the grain size in which the maximum in 
the hysteresis parameters is reached. Contrasting trends in hysteresis 
parameters between fine-grained hematites of similar grain sizes may 
possibly be related to different crystallite sizes. The impact of 
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substitution in hematite is at present difficult to evaluate because 
almost all data for fine-grained hematite refer to relatively pure 
hematite. 

The presence of a "soft" defect moment and a "hard" magnetocrystal
line moment in widely varying extents in hematite complicates further 
its hysteresis characteristics. The present low-temperature FMW hematite 
does not show any Morin transition prior to thermal treatment. The 
remanence constitutes thus (almost) completely of the defect moment. 
The remanent coercive forces are relatively low indeed. Their maxima are 
reached in the 1.0-0.5 micrometer fraction. The cause for grain-size 
dependent trends is not known. Possibly it may be sought for in a kind 
of magnetic interaction between the extremely closely spaced crystal
lites making up grains. The maxima in hysteresis parameters are then the 
result of a balance of magnetostatic energy, dominating in single crys
tals, and the impact of polycrystallinity. 

4.2 Change in magnetic properties due to annealing 

The magnetic properties of natural low-temperature hematite and that 
of the same hematite after thermal demagnetization up to 700·C are 
distinctly different as is illustrated in the foregoing. The most stri
king difference is the absence of Morin transition prior to annealing 
(Fig. 10) and the appearance of a relatively well-developed one after 
thermal treatment (Fig. 15). This was attributed to the removal of 
excess water from the hematite resulting in larger crystallites. Also 
non-Fe elements are (partly?) removed from the hematite. 

Regarding the chemical composition of a low-temperature hematite the 
following may be stated. A low-temperature hematite will generally 
contain hardly any isomorphous substitution of Al and Ti because of the 
extremely low mobility of these elements in the transport medium water 
(at least at low temperatures and prevailing Eh/pH conditions). On the 
other hand, Si can well be present in such hematite because many ground
waters are close to saturation with respect to amorphous silica. Excess 
water in the hematite structure is also well imaginable. Silica retards 
crystallite enlargement (Schwertmann and Taylor, 1972) and can be as 
such responsible for the absence of a Morin transition also in relati
vely large grains. With annealing, excess water and Si (to an unknown 
extent) are driven out of the crystallite aggregates resulting in a 
relatively pure and more crystalline hematite which shows a Morin tran
sition. This behaviour is exhibited by the water-rich FMW hematite. 

Annealing at temperatures up to 700·C leads to a lower saturation 
remanence and higher remanent (acquisition) coercive force. Similar 
observations were made by Dunlop (1971) and Bucur (1978) on synthetic 
hematites. Dunlop (1971) argues that the trends in his annealing experi
ments can be explained by the gradual annealing out of the 'soft' defect 
moment. The behaviour of the natural FMW hematite also points to a 
harder magnetocrystalline moment than defect moment, in agreement with 
Haigh's (1957B) and Dunlop's (1971) observations. Annealing - in this 
case accompanied by loss of water - leads to a coarsening of the crys
tallites and the removal of defects from the lattice. Recrystallization 
is promoted by the water present in the original hematite grains. The 
increase in coercivity parameters is thus due to the harder magneto
crystalline moment; the shift in their maxima from the 1.0-0.5 micro
meter to the 2.1-1.0 micrometer fraction may be a consequence of coarser 
crystallites. 

The extra decrease in Jr. with decreasing grain size may possibly be 
seen in relation with the approach to perfect antiferromagnetic beha
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viour in extremely fine grains for well-crystalline hematite (Elba 
hematite) noted by Chevallier and Mathieu (1943). When defect hematite 
would show such behaviour to a lesser extent, an extra decrease in 
remanence with decreasing grain size may be expected by annealing, which 
promotes the development of the magnetocrystalline moment. 

From the large differences in behaviour of the FMW hematite prior and 
after thermal treatment it may be concluded that synthetic hematites, 
prepared by decomposing goethite or oxidizing magnetite at some 500 ·C 
and for which the magnetic properties are claimed to be independent of 
annealing at temperatures up to over 700 ·C, are not representative for 
natural low-temperature hematite. 

4.3 Discrimination between TRM and CRM in hematite 

The foregoing illustrates that differences in hematite remanent coer
cive forces and differences in low-temperature behaviour may be related 
to the thermal history of the hematite. These differences might possibly 
be used for the discrimination between TRM and CRM in hematite. TRM has 
a high-temperature origin, whereas CRM has a low-temperature origin. 
Hematite with high-temperature characteristics in sediments can then be 
assigned with a DRM origin, whereas hematite with low-temperature 
characteristics is most probably carrying a CRM (a DRM, residing in 
grains which had originally a CRM, cannot be discriminated from a CRM 
which has grown in situ in the rocks of interest). In the following, 
hematite with a CRM is referred to as low-temperature hematite and 
hematite with a TRM is referred to as high-temperature hematite. 

The remanent coercive force of a low-temperature hematite is lower 
than that of a high-temperature hematite of similar grain size. Low
temperature hematite shows no Morin transition at least in grains up to 
10 micrometer diameter, whereas high-temperature hematite does show 
such transition. A complicating factor is that the Morin transition can 
be suppressed by Ti-substitution in the hematite lattice. It also dis
appears in extremely fine grains of pure hematite. 

A redbed sample with a hematite TRM and one with a hematite CRM were 
subjected to annealing experiments. The TRM/DRM sample (ENR 77C) is from 
the Permian Dome de Barrot redbeds with NRM directions consistent with 
Permian directions for stable Europe (van den Ende, 1977). The hematite 
in these red beds is of volcanic origin (Bordet, 1950). The CRM sample 
is a Triassic (Buntsandstein) red bed collected in a quarry in the 
region of Bieber (Western Germany) with an NRM direction corresponding 
to the present day geomagnetic field. Both samples were saturated in a 
field of 1670 kAm- 1 

, and subsequently Her was determined. Hereafter, the 
sample was saturated again in the original direction and subjected to 
LT-cycling. This procedure was performed on non-annealed samples, after 
400 ·C annealing and after 700·C annealing. Results are compiled in 
Table IX and Fig. 18. 

Her of ZBI 100B is lower than Her of ENR 77C at corresponding an
nealing temperatures (Table IX; Fig. 18). Her indicates an average 
grain size of the ZBI 100B sample of approximately 1 micrometer, if the 
FMW Her curves are applied. The Her 700/Her 23 ratio of ZBI 100B is 
similar to the ratio observed in the FMW fractions. The saturation 
remanence decreases with increasing annealing temperature. Also during 
LT-cycling the remanence is decreasing over a broad temperature range 
(since there are fine-grained magnetite-like minerals produced in the 
specimen representing thirty percent of the total remanence, the hema
tite remanence decrease is more than the decrease of the total sample 
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decrease). These data are in favour of a low-temperature origin of the 
hematite in the ZBI 100B sample. Its remanence, therefore, has to be a 
CRM. 

Table IX: Saturation remanence (Jrs) and remanent coercive force (Her) at room temperature, after 

400 'C annealing and alter 700 'C annealing. 

annealing ENR 77C lB I 100B 

temp. He r Her 700/H cr at J r s He r Her 700/H cr at J r s 
25 558 1. 46 28.6 358 1. 91 2. 10 

400 670 1. 22 27. 5 SIS 1. 32 1. 92 

700 815 1. 00 28.4 682 1. 00 I. 57 

ENR 77C refers to the DOme de Barrot redbed sample (TRM/DRM); lBI 100B to the Bieber Buntsandstein 

redbed sample (CRM). Her in kAm· I ; J In arbitrary units. Her at is the remanent coercive lorce afterrs 
the annealing temperature in the first column. Her 700 is the remanent coercive after the maximum 

annealing temperature. 
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Fig. 18A. Remanent hysteresis curves 01 ENR 77C and lBI 100B after anneal ing at dllferent temperatures. 
The numbers refer to the annealing temperature. The magnetite which is produced in the specimen is 

extremely line grained, because a high 'elaxation rate was detected during the measurements. The 

"magnetite corrected" hematite behaviour is Indicated with dashed lines. The remanent coercive force 

(Her) increases with increasing anneal ing temperature. 

The Her of ENR 77C is much higher than that of ZBI 100B (Table IX). 
This high Her points to a high-temperature origin for the hematite 
because the much lower Her of ZBI 100B is already close to the maximum 
Her in for low-temperature hematite. The Her in the ENR 77C sample also 
increases (to very high values) with annealing, but the saturation 
remanence does not change. The Her 700/Her 2~ ratio of ENR 77C is dis
tinctly lower than that of ZBI 100B. LT-cycling after 700 ·c annealing 
results in nearly identical behaviour as for the non-annealed sample and 
after 400'C annealing, however, without the appearance of a Morin 
transition. The suppression of the Morin transition can be due to 
extremely fine grain sizes or to Ti incorporated in the lattice. 
Resuming, the high absolute Her figure, the much lower Her 7oo/Her 2~ 

ratio, the annealing-independent Jr. and identical low-temperature 
behaviour despite a wide range of annealing temperatures are in favour 
of a high-temperature origin of the hematite. The remanence in ENR 77C, 
therefore, has to be a DRM. 
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Fig. 18B. Low-temperature cycling of ENR nc and ZBI 100B after different annealing temperatures. The 

cooling and rewarming paris are Indicated by arrows. The remanence increase in ENR nc after 700 ·C is 

due to extreme fine magnetite grains produced In the specimen. The spontaneous magnetization Increases 

with dacreasing temperatura for thase extreme small grains. The hematite behaviour does not change by 

annealing in ENR nc; the smaller relative decrease is due to the magnetite present in the sample after 

anneal ing, making up a large part of the total remanence (cf. Fig. 18A). The ZBI 100B specimen shows 

different low-temperature behaviour with Increasing annealing temperature. After 700·C a broad Morin 

transition is observed. The decrease in hematite remanence is 2Z percent when correcting for the 

magnetite contribution to the total remanence. 

The ENR 77C and ZBI 100B samples reflect differences between high
and low-temperature hematite in fair agreement with those outlined for 
the FMW hematite, but certainly not in all its aspects_ For the ZBI 100B 
sample this may be related to the extent of hematite recrystallization 
during annealing. Kinetics of such recrystallization depend strongly on 
the availability of water. It may be that the hematite in ZBI 100B 
contains less, or hardly any, water. When this is the case, recrystal
lization will occur to a lesser extent. The resulting magnetic proper
ties of the annealed hematite will be less extreme. The aspects of the 
ENR 77C sample during annealing are presently not completely understood 
and warrant further rockmagnetic investigation. The discrimination made 
above has a preliminary character. In general, there is a great need for 
more data regarding grain-size dependent trends of rockmagnetic para
meters for natural hematite and their annealing behaviour, especially in 
the very fine grain-size range. Such trends may allow for a more com
plete determination of the hematite type present in rock samples and, as 
such, may contribute to the understanding of the remanence type (CRM vs. 
DRM) carried by the hematite in the samples of interest. 

5 CONCLUSIONS 

Prior to annealing, Her (215 - 425 kAm-'), Her' (205 - 360 kAm-') and 
H,/~r (170 - 270 kAm-') of the FMW hematite all show a maximum in the 
1.0-0.5 micrometer fraction. Jr. (0.19 - 0.04 Am~kg-') decreases with 
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grain size throughout the investigated grain-size range (10 micro
meter). X~~ shows no detectable grain-size dependence with figures 
around 1*10-6 m3 kg-' with a tendency to rise in the smallest fraction. 
The figures for Her and Her' correspond with those derived by Dankers 
(1978, 1981) and Hartstra (1982) for comparable grain-size fractions of 
hematite with a low-temperature origin. Because of the observed maxima 
Her, Her' etc. cannot be straightforwardly used for granulometric 
purposes. The Jr./(Her*X~~) parameter, which is without dimension and 
thus independent of the hematite amount, decreases continuously with 
grain size and therefore can be used as grain-size indicator when 
dealing with hematite samples without traces magnetite-like minerals. 

The precise cause for the observed maxima in the hysteresis para
meters is not known. Sparse literature data indicate that hematite hys
teresis parameters seem to be sensitive to the degree of polycrystal
linity of the grains. The maxima in a specific grain size may then 
possibly be understood as a subtle balance of the grain magnetostatic 
energy and its polycrystallinity. The decrease in hysteresis parameters 
in the extremely fine grain-size fractions (i.e. below the grain-size 
fraction in which the maximum coercivity parameters are observed) could 
then be related to the approach of the superparamagnetic threshold size 
in hematite. 

Low-temperature cycling of the saturation remanence revealed curves 
with a gradually slightly decreasing remanence with falling temperature 
without the occurrence of a Morin transition, regardless of the grain 
size of the fractions. The hematite remanence is carried by the so
called defect moment. Chemically, the FMW hematite is rather pure so the 
chemical composition cannot be the cause for the absence of a Morin 
transition. The grains of the FMW hematite are polycrystalline aggre
gates (average crystallite size approx. 600 A), so the suppression of 
the Morin transition is related to the crystallite size rather than with 
the grain size of the hematite. 

After thermal demagnetization up to 700·C the hematite magnetic 
properties change drastically. Her (415 - 650 kAm-') and Her' (340 
610 kAm-') increase and Jr. (0.05 - 0.003 Am2 kg-') decreases. Figures 
for Her and Her' are in fair agreement with those for comparable frac
tions derived by Dankers and Hartstra (op. cit.) for hematite with a 
high-temperature origin. The maxima in Her and Her' of the FMW hematite 
are in the 2.1-1.0 micrometer fraction; they shift towards larger grain 
sizes, presumably due to a decreasing polycrystallinity of the grains. 
Jr. decreases monotonously with grain size. The largest relative 
decrease is observed in the smallest grain-size fraction. 

Low-temperature cycling of the saturation remanence of the FMW frac
tions after annealing revealed curves with a Morin transition. Defects 
are (partly?) removed from the grains by annealing and crystallites will 
be enlarged by the recrystallization process. The present hematite 
contains 4.8 weight percent water which escapes from the grains during 
annealing (TGA). This promotes recrystallization of the grains. The 
chemical composition indicates no major amounts of other elements than 
Fe. After annealing its behaviour is expected to be more like that of 
"model" hematite characterized by a Morin transition. Indeed after 
thermal treatment a (broad) Morin transition is observed. The increasing 
Her and Her' indicate that the magnetocrystalline moment, associated 
with the occurrence of a Morin transition, is harder than the defect 
moment in agreement with the results of Haigh (1957B) and Dunlop (1971, 
1972). 

TRM was found to decrease with grain size. The TRM-trend of Hartstra 
(1982A) could be extended to smaller grain sizes. The specific volume 
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TRM (0.3-0.47) is in good agreement with the value of 0.4 determined by 
Dunlop (1971) for his fine-grained hematite. 

The large differences in magnetic properties of the present FMW low
temperature hematite before and after thermal treatment indicate that 
synthetic hematites synthesized at high temperatures by e.g. decomposing 
goethite or oxidizing magnetite are not representative for natural low
temperature hematite. 

The differences in remanent coercive force and in low-temperature 
behaviour observed in the FMW hematite before and after thermal treat
ment might provide a framework for the discrimination in red beds 
between TRM (in casu DRM with a high-temperature origin) and CRM which 
has a low-temperature origin. This is illustrated with two examples from 
natural samples. Preliminary interpretation of the results indicates 
that the observed properties before and after annealing are in broad 
agreement with those they should exhibit regarding the origin of their 
remanences. However, the complexity of the hematite magnetic properties 
and the scarcity of data on hematite annealing behaviour at relatively 
low annealing temperatures hinder a full account of all aspects of the 
observed behaviour in the natural samples. 
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APPENDIX 

SOME BACKGROUND INFORMATION OF THE SAMPLING SITES 

A concise outline of some literature concerning the geological con
text, mining history and inferred genesis of the ore deposits is listed 
below. 

1 GOETHITES 

1.1 Kahlenberg (MKB) 

The abandoned quarry Kahlenberg (nowadays in Use as waste disposal 
site) is located in the Rhinegraben 10 km North of the Kaiserstuhl 
(Western Germany). Mining took place in open pits and galleries from 
1950 till 1967 (Sauer and Simon, 1975A). The lithology at the quarry 
site consists of an alternation of red to red-brown oolithic zones with 
sandy chalk, chalk and marly chalk. All zones are more or less oolithic. 
Various ore layers are present in the marine sedimentary sequence; the 
most important one is the Murchisonae-layer (Dogger-B) with a thickness 
of 10 to 11.5 m in the Kahlenberg area. The Fe-source to constitute the 
ore-layers is not definitely established. Two possible sources are: 1) 
input as trivalent Fe from brines or 2) as fine clastic material from 
the Rheno-Ardennic massif in the North. A third possibility is put 
forward by Eichler (1961). He proposed that the iron would be liberated 
on the sea floor by kaolinitization of illitic/montmorillonitic clays. 

The goethite-rich ooids have sizes between 0.2 and 0.5 mm. They have 
an ellipsoidal to slightly rounded prismatic shape and are distinctly 
concentrically layered. The average chemical composition of the raw ore 
is presented in Table I (after various sources quoted in Sauer and 
Simon, 1975A). 

Tab I e I: Chemical composition oft he Kah I enbe rg raw ore. 

fe 17 Z3 P O. Z5 0.35 

SiOZ 11 18 S 0.04 0.08 

CaO ZO 30 NaZO + KZO 0.4 

MgO 0.8· 1.6 V 0.03 

AI Z03 3.4· 5.0 TiOZ O. 15 

COZ + HZO( f I xed) 18.5 Z5. Z Sr traces 

Mn 0.15 • O. Z3 Zr traces 

Contents are in weight percentages referring to "dry" ore; "wet" ore contains 5.Z 6.696 HZO. 

Mineralogical constituents of the raw ore are goethite, (hydro-)hema
tite, Chamosite, siderite, calcite, quartz, clay minerals (kaolinite, 
pyrophyllite, vermiculite), muscovite, sericitized feldspar and phos
phorite (Eichler, 1961; Urban, 1966). The ooids themselves are goethite
rich; traces of clay minerals (kaOlinite, pyrophyllite and vermiculite), 
hematite, siderite are present (op. cit.). Chamosite ooids (sometimes 
oxidized) occur rarely at specific levels of the ore layer. The chemical 
composition of the 0.12 - 0.25 rom ooid fraction is listed in Table II 

(cf. Urban, 1966). 
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rab I e II: 00 I d chemical compos it ion. 

Fe203 FeO S1°2 AI 203 MgO CaO H2O 

55. 3 1.0 22.7 10.5 2.0 1.0 6.3 

Contents in weight percentages 

1.2 Zollhaus-Blumberg (MBL) 

Zollhaus-Blumberg is located in the South of Western Germany at the 
Swiss border. Originally, mining was carried out in small open pits, 
probably already in the 17~h century. Mining activity increased during 
the first decades of this century; from 1935 onwards till the closure of 
the mines in 1942, mining was performed in galleries (Sauer and Simon, 
1975B). There are few outcrops of the ore-layers left; entrance in the 
old galleries is prohibited. Samples were collected from a small outcrop 
in an old quarry (nowadays in use as waste disposal site) north of the 
road from Zollhaus-Blumberg to Geisingen. 

The Zollhaus-Blumberg oolithic sedimentary ore layer, known as Macro
cephalenerz (Dogger-E and ~), is intercalated in Jurassic limestone. In 
the Blumberg area the ore-layer has a thickness of 3 - 4 m (see Sauer 
and Simon, 1975B p 108, for a detailed stratigraphic record). Ooids are 
in the range of 0.8 - 1.0 mm; in the upper and lower zones they are 
slightly larger: 1.2 - 1.4 mm. They are spherical to ellipsoidal and 
distinctly concentrically layered. Typical is the cloudy arrangement in 
the groundmass, sometimes enriched in thin layers. The following 
minerals are identified (cf. Gerbert, 1964): 
Ooids: goethite with traces of clay minerals (illite, mixed-layered il
lite/montmorillonite, kaolinite), calcite, siderite, pyrite and quartz. 
Groundmass: ankerite, clay minerals (illite, kaolinite, vermiculite, 
mixed-layered illite/montmorillonite), quartz, muscovite, phosphorite 
and traces organic material. 

The chemical composition of the raw ore is presented in Table III 
(after Ziergiebel, 1942; Einecke, 1950). 

Table III: Chemical composition of the Blumberg raw ore. 

Fe Si 02 CaO MgO A12°3 MnO P S CO2 V Ti 02 
22.55 22.4 12.6 2.02 10.77 0.17 0.44 0.19 10.0 0.07 0.40 

Contents are in weight percentages and refer to "dry" ore. "Wet" ore contains 13% H20. 

1.3 Menera (MEN) 

The Menera mining district (East-Central Spain) is one of the oldest 
mining districts in the world (Zitzmann, 1978). There are Iberic 
galleries known; mining is documented from 350 years ago. Today only 
open pit mining is performed. 

Many ore bodies are associated with a 60 km long lineament-like fault 
zone. Generally, the host rock is Ordovician (Ashgillian) limestone; 
however, some ore bodies are hosted by Upper Carboniferous carbonates. 
Ore bodies have sizes of 1.5 - 2 km length and 250 - 300 m wide; their 
thickness is up to 80 m. 

Former genetic interpretation was based on their stratiform occur
rence; a sedimentary formation was inferred. Nowadays the oxidic ores 
are thought to be the weathered "caprock" of hydrothermal-metasomatic 
siderite/ankerite deposits. Timing of carbonate mineralization is be

220 



tween Upper Carboniferous and the beginning of the Mesozoic era (Hart
leb, 1968). Oxidation is considered to be of Alpine age. Canada Guerrero 
(1972) proposed a different genetic history of the ores: he argues that 
acid Fe-bearing waters from weathering pyrite masses would have caused 
alteration of the Ordovician limestones and dolomites towards ankerite 
and siderite. The iron oxides would be enriched by dissolution. 

Hematite and goethite are major constituents of the Menera ore para
genesis; siderite is a minor constituent. Occasionally, small barite 
cores are found in the oxidic masses. Argillic and calcareous 
intercalations are known in the ore-bodies (Canada Guerrero, 1972). The 
chemical composition of the raw ore is given in Table IV (after Zitzmann 
and Neumann-Redling, 1977). 

Table IV: Cheml ca I compos It I on of the Menere raw or e. 

Fe Mn SI02 AI 203 S P CaO MgO 

lump or e 53.5 I. 94 7.9 1.3 0.02 0.1 0.4 0.7 

fine or e 53.3 2.32 7.5 1.3 0.02 0.1 0.2 0.3 

Contents in weight percentages. 

1.4 Sain Bel (FSB) 

The FSB samples have been collected in a quarry in the former Sain 
Bel mining district, 25 km West of Lyon (France). Mining took place from 
1860 till 1974, pyritic lenses were mined for sulphur. Shaft-mining was 
predominantly performed. Minor chalcopyritic zones were mined for cop
per; the copper tenor in the pyritic lenses is very low. The pyritic 
lenses are stratiform with a thickness varying between 1.5 and 25 m. 
Their lengths are in between 10 and 600 m. The host rock comprises a 
Devonian volcano-sedimentary series, regionally metamorphosed in the 
greenschist facies (extremely quartz-rich at the quarry site). A gossan 
is only developed in the quarry Saint-Antoine in the utmost south of the 
district. 

In the absence of carbonates, pyrite oxidizes in an extremely acid 
environment. Iron migrates and precipitates as jarosite and goethite in 
the supergene zone. Further oxidation results in goethite with traces of 
hematite (Wilhelm and Kosakevitch, 1978). The chemical composition of 
the primary pyritic ore is listed in Table V (compiled from Bardin, 
1971; Boudalon, 1966) and that of the Sain Bel gossan in Table VI 
(unpubl. report BRGM). Fe, Cu, Zn and to a minor extent P are leached in 
the supergene zone of the gossan; Pb seems to be slightly enriched. 
Compared to the original pyrite Fe, Co and Zn are leached in the gossan; 
tenors of Cu, Ni and Mo are similar. 
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Tab Ie V: Chemical composition of Ihe primary Saln Bel pyr I t e. 

Bardin (1971) Boudalon (1966) 

lowest valua highest va Iue Trace elemenl conlent 

S 45.0g 51. 26 NI 40 

Fe 40. 10 45.20 Co 60 120 
Cu O.Og 2.10 Mo 60 700 

In 0.06 0.74 Cu 100 800 
Pb 0.01 0.021 In 140 1000 

Mn 0.002 0.005 Pb 30 50 

SI02 0.58 8.03 Ti 1300 6000 

BaS04 0.09 5.23 Sc 50 60 
AI 203 0.31 1.12 
CaO 0.23 0.63 

MgO 0.10 0.13 

P 0.035 0.07 
As 0.006 0.06 

Conlents in weight percentages; I rae e elemenl contenls In ppm. 

Table VI: Chemi ca I compos i lion of I he Saln Bel gossan. 

Si02 68.10 Mn 20
 

AI 203 2.89 P 274
 

Fe203 27.00 TI 8990
 

MgO O. 54 Co 13
 
CaO 1. 50 Cu 287
 

Na20 0.25 In 27
 

K20 I. 63 NI 32
 

Mo 114
 

Constituents of the left column are In weight percenlages; Ihose or the right In ppm. The analytical 

dala are means, based on eight samples. 

1.5 Robe River (RR) 

The Robe River mining district is located in the extremely Northern 
part of Western Australia. Its economic importance was discovered during 
the mid-fifties. Local prospection and exploration were carried out in 
the early sixties after the Government had removed the embargo on the 
export of iron ore. Goethite-rich ore was first produced in 1972 (Adair, 
1975). 

The ore consists of goethite-rich pisolites (Trendall, 1975). Typical 
for the Robe River deposits is that they are fillings in former stream 
valleys, which drained Proterozoic jaspilites (hematite-rich cherts). 
These rocks are seen as the source for the enormous quantity of iron 
needed for the pisolitic limonites. The age of the deposits is not 
precisely known: physiographic arguments (the resemblance of the old 
stream pattern to the present one) suggest a Tertiary age, whereas 
stratigraphic reasoning indicates a Mesozoic or younger age (Harms and 
Morgan, 1964). The limonitic crust is more resistant against erosion 
than the former channel-side walls, so that the ore bodies (numbered A 
to N upstream) appear as highs in the landscape (mesas). Thickness of 
the iron crust varies between several meters to several tens of meters. 
A detailed geologic history of the ore district is given by Harms and 
Morgan (1964). 
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The origin of the deposits is subject of some debate: Harms and 
Morgan (1964) favour a chemical sedimentary deposition of the iron (from 
the jaspilites) from solution or from reworked material nearby (penecon
temporeneous). They See biologic activity (algae etc.) as the prime 
depositional factor. Abundant vegetation would have been present to 
stabilize the channel walls. MacLeod et al. (1963) favour a replacement 
of fluviatile sediments. Both mechanisms are alike: their difference is 
mainly to be found in the way the iron is transported to the deposi
tional environment. Harms and Morgan (1964) foresee a stoping and swampy 
river system, whereas MacLeod et al. (1963) theory indicates that the 
bulk of the iron transport was in underground waters. 

The pisolites are 1 to 3 rom long (sizes between 0.2 and 10 mm), have 
a subspherical to oval shape and are mostly close-packed, but not in 
immediate contact with each other. Abundant limonitized fossil wood is 
present in the deposits (5 to 25 %, locally the ore consists almost 
entirely of fossil wood). The wood was limonitized after deposition. The 
pisolites are coated with colloform bands of goethite; their cores 
consists of detrital quartz grains, brown limonitic silt fragments or 
fossil wood. Concentric layering is rarely observed. No deformation due 
to compaction is recognized. 

The ore minerals are goethite, hematite and maghemite in varying 
proportions. The hematite content decreases (from some twenty to nil 
percent) with increasing distance to the jaspilitic iron source rock 
area. Maghemite is only present in sUbordinate amounts in the upper 
levels of the ore bodies (upper 3 m). Its precursor mineral is probably 
lepidocrocite although the latter is not identified in the ores. Common 
gangue minerals are clay minerals (kaolinite with minor montmorillonite 
and illite), calcite and quartz. The chemical composition of the bulk 
limonitic ore is presented in Table VII (after Harms and Morgan, 1964). 

Table VII: Chemical composition of the Robe River raw ore. 

Lower Robe River Mi dd I e Robe River 

Fe 55.9 57.8 

( Fe Z03) 80 8Z 
SiOZ 4.9 5.0 
AI Z03 3.6 Z.4 

S 0.04 0.03 
p O.OZ 0.03 

TiOZ O. 15 0.19 

Mn 0.05 0.04 
I gn. 10.. 1000 'C 11. Z 9.8 

SiOZ/AI Z03 I. 36 Z.08 

Contents in weight percentages. Main impuritiBS are silica and alumina; trace element content. are 

below ZO ppm except for zinc (O.ZO· 0.08 !Ii). 

2 PYRRHOTITES 

2.1 Isola di Vocca (DIS) 

Isola di Vocca is located on the Sesia stream in the Ivrea-Verbano 
zone in the vicinity of the Insubric line (Northern Italy). Numerous 
small pyrrhotite-pentlandite deposits are known in the Ivrea-Verbano 
Zone in the so called Basic Formation (BF). The BF is supposed to be a 
stratiform complex composed of a main noritic-gabbroic body and basal 
cyclic units of dunites, harzburgites, pyroxenites, norites and gabbros 
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of much smaller size (Rivalenti et al., 1975). The whole series intruded 
in the Kinzingitic series (high-grade metapelites with some metabasites 
and marbles intercalated). Slices of peridotite (tectonic contacts) are 
recognized at the base of the BF; they are interpreted as residual 
mantle material by Rivalenti et al. (op. cit.). 

The sulphidic ore bodies are associated with ultramafic 
intercalations in the BF. Their ore-paragenesis usually consist of 
pyrrhotite, pentlandite and chalcopyrite with minor mackinawite, 
magnetite, ilmenite and sphalerite. The largest deposits were mined 
(usually in small galleries) for nickel in the 19 ch century and 
intermittently during the first half of this century. For detailed 
information the reader is referred to Bigioggero et al. (1979), Natale 
and Zucchetti (1979) and Ferrario et al. (1983) and to references cited 
in these papers. 

Various locations were sampled in the Ivrea-Verbano Zone; the most 
promising location appeared to be that sampled North of Isola di Vocca 
in a cliff ~ome 200 meters above river level. Samples were collected at 
the entrance of a small gallery where insignificant mining operation had 
been during the 19 ch century (Rivalenti, 1979). The ore-paragenesis 
consists of a relatively high pyrrhotite content with only trace amounts 
of magnetite. The mineralogy of the host rock is dominated by pyroxenes 
with minor olivine and plagioclase. A similar host rock mineralogy is 
found at Campello Monti (Strona Valley). 

Polished section study of the DIS samples revealed that the amounts 
of penlandite and chalcopyrite are subordinate, while magnetite occurs 
only accessory «I %). Remobilization of ore minerals is observed, 
pyrrhotite (and pentlandite) are occasionally found in fractures. The 
grain sizes of the pyrrhotite crystals is usually small. Pyrrhotite-rich 
grains of larger sizes are thus composed of pyrrhotite and silicates 
irregularly intergrown. 

2.2 Ginevro (EGI), Ortana (EOR) , Temperina (TTE) 

These sample locations all belong to the Tuscan metallogenetic pro
vince (Italy). The geologic history of the mineralizations is determined 
by and large by two events (Bodechtel, 1965): 
1) Deposition of primary hematite/pyrite ore-lenses of submarine eXhala

tive type associated with Rhaetian dolomitic limestones intercalated 
in Permo-Triassic schists. 

2) Overprinting of the ore by Late Tertiary granitoid magmatism. On Elba 
island the primary ores were merely heated without transport of 
mineralizing hydrothermal fluids. This resulted in magnetite/pyr
rhotite ore-deposits. On the mainland the heating was accompanied by 
mineralizing hydrothermal fluids from the granitoids. This led to 
skarn and vein-type mineralization characterized by a wide spectrum 
of associated metals (from high temperature related Sn-deposits to 
much lower temperature related Pb-Zn-deposits). 

2.2.1 Ginevra (EGI) 

Ginevro is one of the three abandoned iron mines in the Southeastern 
part of Elba on the peninsula Calamita (the other two mines are Sassi 
Neri and Calamita). Elba has an extensive mining history. Insignificant 
mining was performed intermittently from Etruscan times onward. From the 
Napoleonic time (1814-1815) mining for iron took place on a larger 
scale, especially from the beginning of this century. Iron and steel 
were produced on the island by blast furnaces in Porto Fe,raio from 1902 
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till in the second world war, during which the plant was bombed. From 
1947 onward raw ore was transported to the Tuscan mainland where it was 
processed (Waldeck, 1977). At present there is no active mining anymore 
on Elba. Ginevro was the last producing mine; Italsider Ltd. carried out 
mining until 1980. Open pit as well as shaft mining (below the Tyrenean 
Sea) was performed. The mine is currently hold stand-by. 

The primary hematite/pyrite ore is associated with the Calcari Caver
nosi. Heat from the Miocene East Elba granodiorite, which has intruded 
up to levels immediately below the deposits, transformed them into 
magnetite skarns with minor pyrrhotite (Bodechtel, 1965). The lens
shaped ores are up to some tens of meters thickness and some hundreds of 
meters length. Magnetite is by far the most important ore mineral; only 
traces of pyrrhotite occur. Skarns are well-developed in the silicate 
gangue in the vicinity of the ores. Silicate skarn minerals are heden
bergite, ferrotremolite, sodium-rich hornblende, grossularite, andradite 
and epidote (Dimanche, 1970, 1971). Dimanche (1971) argued that the 
skarn-mineral series is formed at temperatures of 400 to 500 ·C. The 
ore-forming processes concentrated pyrrhotite in the silicate-rich parts 
of the skarn; this rock type was collected from the mine dumps after 
permission of the local mine authorities. 

2.2.2 Ortano (EOR) 

The abandoned Ortano mines are located in the centre of the East 
coast of Elba. A tourist centre is built on the former harbour facility 
of the mines. Mining took place in open pits (Waldeck, 1977). The quar
ries and dumps are by and large overgrown, only small outcrops are left. 

The ore-paragenesis consists of hematite and pyrite, with increasing 
depth the pyrrhotite content and associated skarns increase. The East 
Elba granodiorite - which caused the trend observed - is at the Ortano 
site some 150 m below the quarries (Bodechtel, 1965). Silicate skarn 
minerals are epidote, ilvaite and hedenbergite (minor). Pyrrhotite-rich 
samples were collected from the mine dumps; magnetite contents appeared 
to be less than one percent. 

2.2.3 Temperino (TTE) 

The Temperino mine is situated in the Tuscan mainland 2 km North of 
Campiglia Maritimma. The mine is part of the famous Tuscan metal loge
netic province, already known since Etruscan times (Bodechtel, 1968). 
The geologic history of the deposits is similar to that of the Elba 
deposits. The primary hematite/pyrite ore is also associated with the 
Calcari Cavernosi. In the Tuscan region, however, the thermo-metasomatic 
phenomena, associated with Late Tertiary granitic magmatism, are far 
better developed than on Elba. A small granitic outcrop is known a few 
kilometers West of the Temperino mine. Today, there is no active mining 
anymore for metals in the region. Massive chalk formations in the region 
are worked for the cement industry. 

At Temperino shaft mining was performed. The ore body is associated 
with a quartz-porphyry. There are successively four different ore para
geneses observed (Bodechtel, 1968): 
1) Hedenbergite/ilvaite skarns with "Buntmetalsulphiden" 
2) Chalcopyrite with pyrrhotite 
3) Pyrite, pyrrhotite and ilvaite (occasionally) 
4) Chalcopyrite with exsolution of sphalerite and traces of bismuth (the 

deepest zone in the mine). 
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Since it was impossible to enter the mine shafts to take samples in 
situ and no pyrrhotite-rich outcrops occur, pyrrhotite-rich skarns were 
collected from the mine dumps. The samples belong to the pyrite/pyrrho
tite/ilvaite zone (zone 3). 

Polished section study reveals pyrrhotite and pyrite as major ore
phases (some 75 and 20 percent of the ore minerals). Chalcopyrite is 
minor (5 %); magnetite is accessory «1 %). Pyrrhotite and pyrite both 
have a long prismatic habit; sheaf-like aggregates with silicate inter
growths are ubiquitous. The thickness of the "lamellae" is in the order 
of some hundred micrometer, so monomineralic pyrrhotite can be concen
trated for the grain-size range of interest (up to 250 micrometer). 

3 HEMATITE 

3.1 Montarnu (FMW) 

The small hematite/goethite Montarnu gossan is lo~ated some twenty 
kilometers West of Autun in the Morvan (France). Insignificant mining 
was performed in the 19 ch century (Wilhelm and Kosakevitch, 1978). The 
quarry which is entirely surrounded by fir-wood, mounts some thirty 
meters length; it is a few meters deep. The dumps at the borders of the 
quarry are largely overgrown. 

In a mylonitic part of the contact zone between a porphyritic granite 
and a fine-grained granite two veins occur: a pyrite/quartz vein and a 
chlorite vein. The gossan is developed in the weathering zone of the 
pyrite/quartz vein. Samples were taken in the hematite-rich zone consti
tuting the quarry. Overgrowth-textures are recognized in hematite lumps. 
The hematite is chemically pure; only minor Al and Si are detected. 
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APPENDIX 2 

EXPLANATION OF SOME TECHNICAL TERMS 

Thermoremanent magnetization: The remanence acquired by 
cooling from above the Curie (or Neel) temperature to room 
temperature in a small magnetic field. 
Partial thermoremanent magnetization: The remanence acquired 
by cooling through a certain temperature interval below the 
Curie temperature in a small magnetic field. 
Chemical remanent magnetization: The remanence acquired by 
magnetic minerals by growth through their superparamagnetic 
threshold size at a certain temperature below their Curie 
temperature. 
Isothermal remanent magnetization: The remanence acquired by 
application of a (high) direct magnetic field at room tempe
rature. 
Saturation IRM: Beyond a certain magnetic fieldstrength a 
specimen does not acquire a higher remanence anymore. The 
maximum remanence is referred to as J~., SIRM or Isr. Ex
pressed in Am2 kg-' (per unit mass) or in Am-' (per unit 
volume). 
Saturation magnetization: Maximum magnetization which a 
specimen can acquire in a magnetic field. For weakly ferro
magnetic materials, the magnetization is corrected for the 
high-field susceptibility by extrapolation to the ordinate. 
Expressed in Am2 kg-' (per unit mass) or in Am-' (per unit 
volume). 
Initial susceptibility: The ratio of the induced magnetiza
tion and the strength of the applied field. Expressed in 
m3 kg-' (per unit mass) or dimensionless (per unit volume). 
High-field susceptibility: The ratio of the induced magneti
zation acquired in high magnetic fields in the linear part 
of a magnetization curve and the field-interval of acqui
sition. Expressed in m3 kg-' (per unit mass) or dimensionless 
(per unit volume). 
Coercive force: The back field required to reduce the rema
nenCe of a saturated specimen to zero. Expressed in Am-'. 
Ferromagnetic coercive force: The back field required to 
reduce the remanence of a saturated specimen to zero, cor
rected for the high-field susceptibility of the sample. Ex
pressed in Am-'. 
Remanent coercive force: The back field required to reverse 
half of the remanence of a saturated specimen. Expressed in 
Am-'. 
Remanent acquisition coercive force: The magnetic field re
quired to induce half of the saturation IRM in a non-magne
tized specimen. Expressed in Am-'. 
Median destructive field: The peak value of the strength of 
the alternating field to remove half of the original rema
nence 
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Alternating field demagnetization (AF demagnetization): 

Progressive demagnetization technique in which a specimen is subjected 
to absolutely symmetrical alternating fields with stepwise increasing 
peak values. Between each step the remaining remanence of the specimen 
is determined. 

Stepwise thermal demagnetization: 

Demagnetization technique in which a specimen is heated to stepwise 
increasing temperatures (up to 700 °C) and cooled to room temperature in 
a field-free space. The remaining remanence is measured between each 
heating step. 

Continuous thermal demagnetization: 

Thermal demagnetization procedure in which the remanence of a specimen 
is continuously measured at increasing temperatures. 

Low-temperature treatment or low-temperature cycling: 

Procedure in which a specimen is cooled from room temperature down to 
liquid nitrogen temperature and vice versa under continuous measurement 
of its remanence. 
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