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Abstract

We describe a universal linear relationship between the acquisition magnetic field, B, and thermoremanent magnetization

Mtr(Tr) measured at room temperature Tr. The efficiency e(Tr) of a remanent magnetization (REM) is the ratio of the

natural remanent magnetization Mnr(Tr) to the saturation remanence Jsr(Tr). We report a power law relationship with

exponent related to Js(Tr) and unit slope indicating a linear relationship. Thus loge(Tr) of Mtr(Tr) in equidimensional-shaped

magnetic minerals of contrasting saturation magnetization Js(Tr) plots linearly with the logarithm of the applied magnetic

field B along separate grain-size-independent straight lines with nearly unit slope and offsets related to Js(Tr). This

empirical relationship is well suited for paleofield-intensity estimation, predicts strong magnetization of hematite and

pyrrhotite in weak fields, and can be used as an assessment tool for observed remanence in planetary and meteoritic

objects.
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1. Introduction

The intensity of the remanent magnetization

acquired by rocks has been studied sporadically by

normalization [1–6] and is critically dependent on the

unknown strength of the ambient magnetic field and the

unknown magnetic mineral composition. Anomalous
tters 226 (2004) 521–528



Table 1

Squareness ratios Jsr /Js for samples used in Figs. 1 and 3

Sample Jsr /Js

Iron1 9.69E�03

Iron2 8.93E�03

Iron3 9.01E�03

Iron4 9.59E�03

Iron–nickel1 4.59E�03

Iron–nickel2 4.53E�03

Iron–nickel3 1.30E�03

Magnetite1 3.42E�02

Magnetite2 2.50E�02

Magnetite3 1.13E�02

Pyrrhotite 2.50E�01

Hematite1 8.54E�01

Hematite2 8.78E�01

Hematite3 9.00E�01

1/5 MWS-294R 1.16E�02

1/14 MWS-294R 1.20E�02

1/5 ALLOY52 3.68E�03

1/14 ALLOY52 8.22E�03

Pyrrhotite data are based on previous study by Dekkers [24].
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intensities have been reported in hematite and titano-

hematite [7–9] with intensities close to saturation.

There is just one distinct mechanism that allows

homogenous and efficient magnetizations in natural

conditions (e.g. within the Earth’s crust). This is when

magnetic grains record magnetization at the mineral-

and size-dependent blocking temperatures (Tb) below

which the magnetic remanence is stable in time. Stacey

[10] pointed out in his theory of multidomain TRM,

since the demagnetizing energy falls off more slowly

with temperature than any other, the condition under

which TRM is first acquired is simply the minimization

of the internal field. This guarantees that at least at this

temperature the TRM is related only to the magneto-

static energy and the demagnetizing energy. In the Néel

theory (recognized as incomplete since it fails to

describe many aspects of pTRM behavior [11]) of

TRM [12] in MD grains, blocking occurs at Tb when

barriers to wall motion, described by magnetic coer-

civity, grow high enough to pin domain walls against

the demagnetizing field. For SD grains Mtr(Tr) is a

frozen-in high temperature equilibrium distribution

achieved by thermally excited transitions among the

different magnetic states. Transitions cease below the

Tb, because in the course of cooling the energy barriers

between different magnetization states grow larger than

the available thermal energy. For both SD and MD

states the resulting magnetization, composed of many

magnetic moments, is in the direction of and propor-

tional to the applied magnetic field B. Efficiency e(Tr)
ofMtr(Tr) of SD grains of saturation remanence Jsr(Tr),

volume V and saturation magnetization Js(Tb) is [13]:

eðTrÞ ¼
MtrðTrÞ
JsrðTrÞ

¼ tanh

�
l0VJsðTbÞB

kTb

�
; ð1Þ

with l0=4p�10�7, and k=1.38�10�23 J/K. For

empirical experiments we approximate [14]:
l0VJsðTbÞBcðTbÞ

kTb
c50, where Bc(Tb) is a critical field for

rotations in the absence of thermal energy (micro-

coercivity). Therefore from Eq. (1) we can derive for

small fields (ebb1):

eðTrÞ ¼
50B

BcðTbÞ
ð2Þ

In most fine-grained magnetic material, a typical

efficiency e(Tr) of thermoremanent magnetization
Mtr(Tr) acquired in the geomagnetic field is about

1% [1,3,15,16]. This small efficiency is consistent

with the Mtr(Tr) acquisition curves for magnetite [17–

19] with grain sizes covering the range from the single

domain (SD) to multidomain (MD) magnetic states.

However, Mtr(Tr) experiments with hematite [7,14,20,

21] show eN10%.
2. Material and method

Consequently to reconcile this contrast we per-

formed a series of magnetic Mtr acquisitions using six

distinct magnetic materials (Table 1): iron (Fe), iron–

nickel (FeNi), magnetite (Fe3O4), hematite (a-Fe2O3),

and resistance wires MWS-294R and ALLOY52. All

samples, except the wires and iron nickel (polycrystal-

line), were single crystals about 1 mm in size.

Squareness ratios (Table 1) span a large range of

values (0.001–0.9). The iron sample (Iron (IA) coarse

Octahedrite) was characterized by scanning electron

microscope (SEM) microprobe measurements (only

Fe present) and saturation magnetization ( Js=1700

kA/m). The iron–nickel sample is an industrial

product with about 50% nickel, based on SEM

microprobe measurements. The magnetite sample

90LP12 is a non-titanium magnetite obtained from
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Prof. John Valley, University of Wisconsin. The

composition of this sample was characterized [20]

by X-ray, Curie temperature, Verwey transition, and

saturation magnetization. The hematite sample L2 is a

coarse-grained variety from the Fire Lake mine in

Central Labrador, Canada. Its composition was

characterized [20–22] by X-ray, Curie temperature,

Morin transition and saturation magnetization. Wires

were obtained from MWS Wire Industries. Wires

MWS-294R and ALLOY52 have chemical composi-

tion of 29% Ni, 17% Co, 54% Fe and 50.5% Ni,

49.5% Fe, respectively.

Each sample was brought to 800 8C and held there

for 30 min in a residual magnetic field less than 10�8

T and ambient atmosphere. Samples were subse-

quently cooled to room temperature Tr in controlled

(5% of its nominal value) homogenous magnetic

fields (5�10�7 to 5�10�3 T). We detected an effect

of isothermal magnetic acquisition (IRM) for Mtr(Tr)

acquired below the minimum value of 5�10�7 T

during the sample transport in the non-shielded

laboratory (5�10�5 T).

Equidimensional-shape material samples were rep-

resented by three to four specimens each (Table 1).
Fig. 1. Intensities of the ambient magnetic field B [Tesla] against thermore

nickel alloy (FeNi) and iron (Fe). The pyrrhotite data (Fe7S8) are from Dek

dimensionless constant equal to 0.0046 (see Fig. 3a) at 300 K, and J

magnetization at 300 K. Magnetization efficiency e is defined as e=Mtr

domain (SD) and acicular (elongated crystal parallel to the applied field) m

and West [34], respectively.
For wire samples, specimens of two different length

vs. diameter ratios (1/5 and 1/14) were used.

The magnitude of Mtr(Tr) was measured by a

superconducting rock magnetometer (SRM) at a

temperature of 300 K and ambient atmosphere.

Subsequent magnetic hysteresis loop measurements

of each sample provided estimates of saturation

magnetization, Js(Tr), and saturation isothermal rema-

nent magnetization, Jsr(Tr). The Js(Tr) values meas-

ured before and after the Mtr(Tr) acquisitions provided

a magnetic proxy for unwanted chemical changes that

may have occurred during the heating. However,

owing to the large grain size of our samples (~1 mm),

we did not detect any chemical changes during the

thermal treatments.
3. Results and discussion

Fig. 1 shows the field B required to reach

efficiency e(Tr) of the Mtr(Tr) acquisition for equi-

dimensional samples and a literature sample of

acicular magnetite [23] in which the crystals are

highly elongated parallel to the applied field. In our
manent efficiencies e of hematite (Fe2O3), magnetite (Fe3O4), iron–

kers [24]. Straight lines are drawn according to B=aJe, where a is a

=l0Js where l0 is permeability of vacuum and Js is saturation

/Jsr, the ratio of thermoremanence to saturation remanence. Single

agnetite data are redrawn from Dunlop and Argyle [23] and Dunlop
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data, we excluded values near and at saturation where

the simple power law breaks down (see Fig. 2). We

also added literature data for pyrrhotite [24] for

completeness. Each mineral is restricted to its own

line with the unit slope in the logB–loge space. In

general, the larger the Js(Tr) (see legend) the larger the

field B required to achieve a predefined efficiency

level e.
We propose the following hypothesis. An increase

of the minerals’ Js(Tr) is equivalent to similar

increase in opposing demagnetizing field Hd(Tr)

[14,20,21,25] as well as critical fields B requiring

material to reach the saturation magnetization at Tb.

The demagnetizing field at saturation relates to

Bc(Tb) above which the energy minima become

unstable causing the magnetic moment to irreversibly

rotate in an absence of thermal fluctuations. Low

Js(Tr) value is associated with low value of both

Bc(Tb) and Hd and leads to a large critical SD size

and large magnetic domain wall spacing while large

Js(Tr) implies large Bc(Tb) (or Hd) causing a fine

scale of the individual domains. Other effects, like

magnetostriction, anisotropy and exchange constants,

may also cause changes in the overall magnetic

domain size.

Our data in Fig. 1 are representative of multi-

domain (MD) magnetic materials (1 mm grain size).

However, the Mtr(Tr) varies with the grain size

according to the domain type. For example, MD
Fig. 2. Acquisition fields are plotted against thermoremanent efficiency for

and pseudosingle domain mineral are from Tucker and O’Reilly [18]. Dat
magnetite has Mtr(Tr) that increases with decreasing

grain size [26]. Similar grain size dependence has

been observed at saturation for Jsr(Tr)[26] (e=1).
Thus efficiency e(Tr) of Mtr(Tr) rather than just

Mtr(Tr) reduces the grain size dependence to a

minimum, and a line separation in the logB–loge
plot can be used to identify the magnetic mineralogy

in ideal circumstances.

The insensitivity of the logB–loge(Tr) plot to

various grain sizes is illustrated in Fig. 1 where the

Mtr(Tr) efficiency for SD magnetite [23] (literature

data) correlates with our MD magnetites; this breaks

down when mineral size becomes so small that it is

near or in the superparamagnetic size range [23]. The

grain size independence is also demonstrated in Fig. 2

where we plot literature data of various Mtr(Tr)

acquisitions of titanomagnetite with disparate mag-

netic domain states identified by the specific grain

sizes [17–19]. Despite much stronger Mtr(Tr) of fine

vs. large magnetic grains, all sizes appear to have

identical acquisitions when normalized by saturation

remanence Jsr(Tr).

When neglecting effects near saturation (eb0.3),
this linear dependence predicts approximate maxi-

mum values of the magnetic field that can be

recorded by a specific material (Fig. 1). Near the

saturation the magnetization is not linear with the

applied field (Fig. 2) owing to Eq. (1) when ec1.

Thus the magnetic fields at which ec1 should be the
contrasting domain states of titanomagnetite. Data for multi-domain

a for Single Domain minerals are from Özdemir and O’Reilly [19].
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magnetic fields that define the values of intrinsic

Bc(Tb) for the specific mineral. Knowledge of Bc(Tb)

fields in principle can be used for dating of the

magnetization according to known magnetization

viscous decay curves [27,28]. Bc~Ms for shape

anisotropy, Bc~(k/Ms
n) for magnetoelastic anisotropy

[29,30] (for nN2) and Bc~(K/Ms
n) for crystalline

anisotropy [31,32] (for nN8) where n is experimen-

tally determined exponent. Both K and k go to zero

much faster than Ms, when approaching Curie

temperature Tc. Energy minimum, related to magnetic

ordering, is becoming shallower when approaching Tb

due to thermal fluctuations [10]. Thus for the purpose

of magnetic remanence blocking near Tc, we may

consider only the shape anisotropy: Bk~Ms. The

distribution of demagnetization field vectors (tensors

in general [25]) relates to Bc(Tb), the nature of the

resulting Mtr(Tr) and the e (Tr) dependencies. The

Bc(Tb) fields are small in minerals with low Js(Tr)

causing them to reach saturation (e(Tr)=1) in much

lower applied fields B [14,20]. Larger Bc(Tb) in

minerals with large Js(Tr) creates larger resistance

against acquisition of M tr(Tr) and requires larger

magnetizing fields to achieve the saturation (e(Tr)=1).
For example, because magnetoelastic and crystalline

constants go to zero much faster than Ms close to Tc
hematite has low Bc(Tb) (due to shape anisotropy) at

the point at which TRM is acquired in contrast to its

high Bc at room temperature caused by high magne-

toelastic anisotropy.

In order to show the fundamental role of Js(Tr) in

mineral specific Mtr(Tr) acquisition we re-plot Fig. 1,

multiplying the magnetic efficiency e(Tr) by J(Tr)=

l0Js(Tr) (see Fig. 3a). This operation completely

eliminates the effect of the demagnetizing field

during the Mtr(Tr) acquisition. Fig. 3a indicates that

all of the mineral Mtr(Tr) acquisitions can be well

approximated (linear regression coefficient R=0.97)

by a linear fit:

B ¼ a Tð ÞJ Tð Þe TrÞð ð3Þ

The value and statistical uncertainty of the a(T)

coefficient was estimated from the deviations of the

data points from the least square fit. We find

a=(4.6F0.3)�10�3 with 95% confidence level for

T=Tr=300 K. The product Js(Tr)e(Tr) is essentially the

Mtr(Tr) normalized by the squareness ratio Jsr(Tr)/

Js(Tr) of the hysteresis loop. Thus, according to the
linear behavior (Fig. 3a), all magnetic materials

should contribute to a planetary thermoremanent

magnetic anomaly (e.g. intense magnetic anomalies

detected on Mars [33]) with the same, squareness

Jsr(Tr)/Js(Tr)-normalized, Mtr(Tr) intensity. Because

Js(Tr) eliminates the mineral dependence observed in

Fig. 1 produced by variation in Bc(Tb) in different

minerals, we postulate that Bc(Tb)=0.23 Js(Tr) in Eq.

(2) leading to empirically observed relationship (Eq.

(3)). It is clear that the relationship (Eq. (3)) breaks

down if the Curie temperature of the magnetic

material gets near or below 300 K. With decreasing

temperature, Js increases and reaches a maximum at

absolute zero temperature unless the material under-

goes a phase transition (e.g. Verwey transition for

magnetite). By extending the trend of the published

Js(T) curves [25] into 0 K (ignoring any phase

transitions), we get increase of Js by a factor of 1.05

for iron, 1.00 for hematite, 1.10 for magnetite and

1.25 for pyrrhotite. This change of Js values has

negligible effect on Eq. (3). We still find near perfect

linear relationship (Eq. (3)) where a=(4.2F0.3)�10�3

with 95% confidence level for T=T0=0 K and

Bc(Tb)=0.21J(T0). Using magnetic constants at abso-

lute zero temperature, we eliminate the problem of

Curie temperature and apply Eq. (3) for any magnetic

material.

Because we propose that the microcoercivity

Bc(Tb) modifies the Mtr(Tr) acquisition, the shape,

magnetostriction and crystalline anisotropy of the

carriers should have significant influence on the

Mtr(Tr) acquisition curves. For example, the length

vs. diameter ratio of the carrier should reduce/

increase the effect of Bc(Tb) or demagnetizing field

[25] for sample lengths parallel/perpendicular to the

field and thus shift the Mtr(Tr) acquisitions into

lower/higher field intensities, respectively. In Fig. 1,

we plot Mtr(Tr) acquisition for acicular (elongated

crystals parallel to the applied field) magnetite [34]

with diameter to length ratio 1:7 that violates the

equidimensionality assumption. Although the data

are for magnetic fields near saturation of the

magnetite, the demagnetizing field due to elongation

causes these grains to acquire magnetization at lower

fields than equidimensional magnetite grains. We

verified this effect by measuring Mtr(Tr) acquisition

in industrial wires (MWS-294R and ALLOY52) with

length to diameter ratios 1/5 and 1/14 (Fig. 3b)



Fig. 3. Magnetic acquisition fields are plotted against Je, which is the saturation magnetization J=l0Js multiplied by efficiency e of various

materials at 300 K. (a) Equidimensional grains of iron, iron–nickel, magnetite, pyrrhotite, and hematite define a straight line that is a result of a

linear fit to all of the data. For Js at 300 K, this fit has the form of B=(4.6F0.3)�10�3 Je. The linear regression coefficients is R=0.97. (b) Effect
of shape (non-equidimensional crystals) on thermoremanent acquisition fields for wire materials (MWS-294R and ALLOY52) with small (1/5)

and large (1/14) predefined length to diameter ratios compared with the predicted acquisition (solid line) for equidimensional materials.

Measurements were made with wires aligned parallel to the applied field.
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where the longer wires, parallel to the field, clearly

require lower fields to acquire the predicted intensity

of magnetization.

The effect of placing wires perpendicular to the

applied field should be equal and opposite to

placing them parallel. Consequently for a large

number of randomly oriented, elongated grains

(such as is frequently the case in igneous rocks) e
would follow the same relationships as for the

single equidimensional grains used in this study.

This makes the law far more applicable to those

who study natural materials. However, this informa-

tion would have to be accompanied by the caveat

that, for the law to hold for multiple grains, the

grains would have to be identical in size and

composition (equal Js, Jsr and Mtr).
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It is important to emphasize that a substitution of

e to Eq. (3),

B ¼ aðT0ÞJsðT0Þ
Mtr Tð Þ
Jsr Tð Þ ð4Þ

represents the first ever means to obtain a paleo-

intensity determination using measurable quantities

that does not involve the comparison of a TRM

imparted in the lab with that acquired in nature.

Practical considerations may pose a serious hin-

drance to it ever being used as such because the

above equation would not be satisfied by bulk values

and natural grains, capable of retaining a remanence

over geological time, would be too small to be

measured individually. Possible solutions involve

isolating and amassing grains with sufficiently

similar properties, decomposition of bulk values

using FORC diagrams and so on to satisfy Eq.

(4)’s requirements.
4. Conclusions

To summarize, we have found that for ebb1 the

magnetic thermoremanent acquisitions of minerals can

be approximated by a relationship B=a(T)J(T)e(Tr)
where a is a dimensionless constant (4.6F0.3)�10�3

and (4.2F0.3)�10�3 for Tr and T0, respectively, where

J(T)=l0Js(T) (l0 is the vacuum permeability). J(T0) or

J(Tr) eliminates the dependence on micro-coercivity,

suggesting that Bc(Tb) in Eq. (2) can be approximated

by (2.1)J(T0) or (2.3)J(Tr), respectively. This relation

(using J(Tr)) allows specification of Bc(Tb) for the

magnetic materials: Bc (iron)=490 mT, Bc (iron–

nickel)=220 mT, Bc (magnetite)=140 mT, Bc (pyr-

rhotite)=27 mT, and Bc (hematite)=0.64 mT). These

micro-coercivity fields can be reduced or increased

further by variation in shape (Fig. 3b), crystalline

anisotropy and magnetostriction.
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