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Motivation

Chondrule formation

multiple stages of processing, with collisions between molten or solid
objects. Once melted and removed from the heat source, chondrules
cooled very quickly (hours to days; Scott and Krot 2005). It is perhaps
unlikely that all chondrules formed by the same mechanism, but con-
straining the origins of chondrules would have a major impact on the
thermal modelling of the early solar system.

The thermal structure of the early solar system has recently been
brought into greater focus with the Wild-2 comet sample return by
the Stardust mission (McKeegan et al. 2006; Zolensky et al. 2006). Re-
covered dust grains had unexpectedly large sizes (of the order of
10 μm), and their appearance and oxygen isotopic composition corre-
sponds broadly to chondrule and CAI material (McKeegan et al.
2006). As such, it appears that inner-solar-system refractory material
has been incorporated into the comet-forming region; this is an im-
portant consideration in modelling the thermal and dynamic evolu-
tion of the early solar system.

Young stars often exhibit powerful outflows of material that are
accelerated to supersonic speeds along the polar axis of the star–
disc system (Bally et al., 2007). These jets may originate from the
disc–star interface (e.g. ‘X-winds’; Shu et al. 1996, 2001) or the cir-
cumstellar disc itself (‘disc winds’; Blandford and Payne 1982; see
also the reviews by Königl and Pudritz 2000, Pudritz et al. 2007, and
Königl and Salmeron, 2011). While X-winds operate very close to
the star (within ~0.06 AU), near the disc truncation region, current
observations suggest that disc-winds extend to radial distances of
around a few astronomical units from the protostar (e.g. Anderson
et al. 2003; Coffey et al. 2004; see Fig. 1).

In the X-wind chondrule-formation scenario, chondrule and CAI
precursors are heated close to the Sun and thrown outward (e.g.
Shu et al., 1996). A number of authors have raised issues with this
type of model, pointing out that many features of chondrites are not
naturally supported (e.g. Desch et al. 2010, Hezel and Palme 2008,
Krot et al., 2009). An alternative scenario, considered here, is that
chondrules could be formed within laterally extended winds that
are accelerated directly from the disc. It is thought that these outflows
transport angular momentum away from the disc that surrounds the
central object, enabling accretion of disc material to form the star. The
correlation between outflow and accretion signatures in these sys-
tems (e.g. Cabrit 2007, Hartigan et al., 1995), contributes to strength-
en this interpretation. Our results indicate that these disc-winds are
able to produce the extremely high temperatures required for chon-
drule formation in the region of 1–3 AU from the Sun, the distances

sampled by chondrite meteorites. We show here, for the first time,
that disc-winds are suitable sites for chondrule formation.

2. Models and results

In order to explore the suitability of disc winds as sites of chon-
drule formation, we first obtained a disc-wind solution, where the
wind is accelerated from the surfaces of a typical protostellar disc at
a distance of 1 AU from a solar-mass protostar (Section 2.1). Subse-
quently, we used this solution to compute the thermal and dynamical
processing of chondrule precursors of different sizes lifted up in the
wind (Section 2.2).

2.1. Radially-localized disc-wind models

Our wind-driving disc solution was obtained following the formu-
lation of Königl et al. (2010), in turn a generalisation of that by
Wardle and Königl (1993). The numerical procedure is described in
Salmeron et al. (2011). We refer the reader to these works for details
of our modelling, as only a brief outline is presented below.

We compute a radially-localised wind solution, accelerated from
an annulus of disc material centred at 1 AU around a solar-mass pro-
tostar, for typical fluid conditions at this radial location. The wind is
launched centrifugally, according to the process first proposed by
Blandford and Payne (1982). In this scenario, the disc is threaded by
large-scale magnetic field lines that bend radially outwards. If these
are sufficiently inclined, so that the angle between the lines and the
disc plane is less than 60°, matter near the disc surface can be accel-
erated centrifugally along the field lines (the ‘bead-on-a-wire’ effect),
initiating a large-scale outflow.

Specifically, we solve the mass and momentum conservation
equations for the neutral gas and the induction equation for the evo-
lution of the magnetic field. The current density satisfies Ampère and
Ohm's laws. Our calculations neglect fluid variations in the radial di-
rection, an appropriate simplification in geometrically thin discs.
This approximation enables us to express the differential equations
that govern the fluid as a set of ordinary differential equations
(ODE) in the vertical coordinate only. The set of ODE is integrated nu-
merically by applying suitable boundary conditions at the mid-plane
and at the sonic surface of the outflow (where the vertical flow veloc-
ity equals the sound speed).
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Fig. 1. Schematic, not-to-scale view of a protostellar disc, the flattened discs of material surrounding young stars and through which the star itself, and any companion planets, form.
The diagram shows the radially extended ‘disc-wind’ and the ‘X-wind’ regions. Current observations suggest that Disc-winds (Blandford and Payne, 1982) extend to radial distances
of around a few astronomical units from the central protostar, as opposed to X-winds (Shu et al., 1996, 2001), which are thought to operate very close to the star (within 0.06 AU),
near the disc truncation region.
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● high temperatures
(flash heating)
● different scenarios are 
associated with different 
magnetic field intensities
● chondrules may have 
acquired a pre-accretionary 
TRM during cooling

→ find a way to reconstruct 
the field present at 
chondrule formation by 
measuring chondritic 
meteorites



Dusty olivine
● found in unequilibrated ordinary chondrites

Motivation

Nagahara H. (1981) Evidence for secondary origin of chondrules. Nature, 292, 135-136.

● high-Mg olivine grains with µm to nm sized Fe-Ni inclusions
   → dusty appearance

Rambaldi, E.R., and J.T. Wasson (1982) Fine, nickel-poor Fe-Ni grains in the olivine of unequilibrated 
ordinary chondrites. Geochim. Cosmochim. Acta, 46, 929-939, doi: 10.1016/0016-7037(82)90049-7.

Jones, R.H., and L.R. Danielson (1997) A chondrule origin for dusty relict olivine in unequilibrated 
chondrites. Meteorit. Planet. Sci., 32, 753-760, doi:10.1111/j.1945-5100.1997.tb01565.x.

● formed via sub-solidus reduction of the fayalitic component  
   (Fe2SiO4) of the olivine host crystal during the heating event 
   at the chondrule formation

Boland, J.N., and A. Duba (1981) Solid-state reduction of iron in olivine - planetary and meteoritic 
evolution. Nature, 294, 142-144. 



Motivation
Dusty olivine

Uehara, M., and N. Nakamura (2006) Experimental constraints on magnetic stability of chondrules and the 
paleomagnetic significance of dusty olivine. Earth Planet. Sci. Lett. 250, 292-305, doi: 10.10161/j.epsl.2007.07.002.

● chondrules cools through the Curie temperature of Fe in the  
   presence of ancient field 
   → dusty inclusions acquire TRM

Do they still retain a primary TRM?

● shielded from thermal and chemical alteration due to  
   surrounding olivine host crystal
● high coercivities, stable remanence behaviour, high mean   
   destructive field
   → faithful carrier of pre-accretionary remanence
   → may retain a record of Early Solar System’s magnetic field



Motivation

Synthetic dusty olivine
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Motivation

Synthetic dusty olivine

Lappe, S.-C. L. L., N. S. Church, T. Kasama, A. B. da Silva Fanta, G. Bromiley, R. E. Dunin-Borkowski, J. M. 
Feinberg, S. Russell, and R. J. Harrison (2011), Mineral magnetism of dusty olivine: A credible recorder of pre-
accretionary remanence, Geochem. Geophys. Geosyst., 12, Q12Z35, doi:10.1029/2011GC003811.

• Non-interacting single domain uniaxial particles with high coercivity 

• Simple and well understood mineralogy

• TRM acquired under conditions that can be reproduced in the lab
    (similar temperature/pressure/oxygen fugacity/cooling rate)

• Sufficient density of remanence carriers to allow sub-mm sampling/
   measurement (e.g. using scanning magnetic microscopy)

• Stable with respect to chemical alteration/heating (both in nature and
   lab) 



Motivation

→ establish and calibrate a non-heating method of
     paleointensity determination

Goal: Extract accurate information about the magnetic 
field intensity, present at the time of chondrule 
formation, from meteoritic samples



Sample synthesis
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3 different starting materials:
● olivine crystals from Icelandic basalt;
   average comp. 10.2% fayalite; 0.33wt% Ni
• synthetic olivine; 10% fayalite; 0.1wt% Ni
• synthetic olivine; 10% fayalite; Ni-free

fabrication and characterisation of synthetic 
olivine:
● chemical synthesis from oxides
● X-ray powder diffraction
● SEM
● microprobe 

Samples quenched in a known magnetic field:
● design of unique quenching mechanism
● 6 different fields ranging from 0.2 to 1.5 mT,
   2-3 samples each



Sample characterisation

individual particles aligned along (100)

a cube8 (natural olivine precursor) b cube8 (natural olivine precursor)

c cube28 (synthetic Ni-free olivine precursor) d cube28 (synthetic Ni-free olivine precursor)

e cube9 (synthetic Ni-olivine precursor)

triangular grain at triple junction

f cube9 (synthetic Ni-olivine precursor)

Figure 2.12
SEM images of samples cube8, made from natural olivine (a,b); cube28, made from synthetic Ni-free olivine (c,d) and 
cube9, made from synthetic Ni-bearing olivine (e,f).
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Microscopy

● all samples resemble natural dusty olivines
● samples made from synthetic olivine show less of the very small  
   Fe-inclusions but seem to contain more particles with irregular shapes
   and more larger inclusions at grain boundaries



Sample characterisation
First-order reversal curve (FORC) measurements

All FORC diagrams display a prominent central
ridge (1) with broad coercivity distribution extend-
ing up to 600 mT, which can be attributed to nonin-
teracting single-domain (SD) particles [Egli et al.,
2010]. In addition, FORC diagrams display a broad,
vertically spread positive peak (2) accompanied by
a broad horizontally spread negative peak (3) just
underneath the central ridge. This combination of
positive and negative peaks can be attributed to the
presence of single-vortex (SV) states [Pike and Fer-
nandez, 1999]. Average SV nucleation and annihi-
lation fields of 58 6 55 mT and 170 6 55 mT,
respectively were extracted from the FORC dia-
grams, indicating that AF demagnetization to >>
170 mT would be required to completely isolate the
stable SD signal [Lappe et al., 2011]. Samples
derived from the synthetic olivine precursors (Fig-
ures 2a and 2b) have more prominent SV signals
than samples derived from the natural olivine pre-

cursor (Figure 2c). The synthetic samples also dis-
play more variability in the intensity of the SV
signal from sample to sample.

4. Nonheating Paleointensity Methods

[10] Most methods of absolute paleointensity determi-
nation require the sample to be heated. However, in
the case of extraterrestrial materials (many of which
contain highly reduced or unstable magnetic minerals),
heating can lead to severe thermal alteration of the
specimen. Alteration would not only invalidate the
paleointensity measurement, but also prevent the sam-
ple from being used for subsequent analysis. For these
reasons, a number of nonheating methods are com-
monly employed to obtain relative paleointensity esti-
mates for extraterrestrial materials [Kletetschka et al.,
2003; Gattacceca and Rochette, 2004; Carporzen
et al., 2011]. Combined with an empirical calibration
curve, these methods can also be used to determine
absolute values of paleointensity, albeit with signifi-
cantly larger uncertainties than the heating protocols
more frequently used on terrestrial rocks [e.g., Coe,
1967; Shaw, 1974; Tauxe and Staudigel, 2004].

4.1. REM, REMc, and REM’

[11] The simplest nonheating method of paleointen-
sity determination is the ratio of equivalent magnet-
izations (REM) method [Kletetschka et al., 2003].
Here the natural remanent magnetization (NRM) is
normalized by the saturation isothermal remanent
magnetization (SIRM) to give the REM ratio
(REM¼NRM/SIRM). An empirical calibration fac-
tor f¼ 3000 was determined by Kletetschka et al.
[2003], such that the magnetizing field B (in mT) is
equal to f"REM. A plot of REM versus B for each
sample is shown in Figure 3a. Despite the scatter in
the data, the REM acquisition curve is clearly non-
linear, as is expected for the range of B used in this
study [Day, 1977; Parry, 1979; Shcherbakov et al.,
1993]. Fields smaller than 200 mT could not be used
in the TRM acquisition experiments due to the pres-
ence of a large stray magnetic field in our high-tem-
perature laboratory. Note, however, that linearity of
ARM acquisition in fields less than 200 mT was
observed (Figure 1c). To describe the nonlinear ac-
quisition of TRM, we fit the data using the expres-
sion (adapted from Tauxe [2010]):

REM ¼ TRM
SIRM

¼ 2REM s

Z90

0

tanh
MB cos!

kT

! "
cos ! sin ! d!;

(1)

Figure 2. Average processed FORC diagrams for the three
different types of samples. Data are plotted according to the
same nonlinear relative intensity scale. All samples show
three key features: (1) a prominent central ridge with a coer-
civity distribution up to 600 mT indicative of noninteracting
SD particles, (2) a broad vertically spread positive peak and
(3) a broad horizontally spread negative peak underneath the
central ridge. The combination of (2) and (3) is indicative of
particles in SV states. The latter two signals are more pro-
nounced in the samples produced from (a, b) synthetic oli-
vines than in the ones made from (c) natural olivine.
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● mix of single domain and vortex  
   states
● coercivity up to 600 mT
● samples made from synthetic 
   olivine generally show higher
   vortex contribution, i.e. samples
   made from natural olivine starting
   material are more SD dominated
● samples made from synthetic 
   olivine also show higher  
   variability in the amount of  
   vortex contribution between  
   different samples
● average vortex annihilation field:
   170 mT



Rock-magnetic measurements

• Alternating-field (AF) demagnetisation of 
   thermoremanent magnetisation (TRM)
• Acquisition of anhysteritic remanent magnetisation 
   (ARM); highest bias field: 0.4 mT 
• Alternating-field (AF) demagnetisation of anhysteritic
   remanent magnetisation (ARM)
• Inducement of saturation isothermal remanent 
   magnetisation (SIRM); applied field: 1T
• Alternating-field (AF) demagnetisation of saturation
   isothermal remanent magnetisation (SIRM)



Rock-magnetic measurements
TRM and IRM demagnetisation, ARM acquisition and demagnetisation
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Rock-magnetic measurements
Calibration curve relating applied field to recorded remanence: REM
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Figure 4.2
Plot of the REM vs B for each sample. Diamonds, open circles and filled circles represent samples made from natural 
olivine, synthetic Ni-free olivine and synthetic Ni-bearing olivine precursor, respectively. The red solid curve shows the 
average fit to all data using Equation 4.1. Blue dotted lines represent the average fit ± 1!. Inset shows calibration factor 
(f) derived from the average fit and average fit ± 1! curves. 

A key problem arising when using the REM method for palaeointensity determination is the 

fact that it is based on the total NRM of the sample. This means it can not be used for samples 

containing more than one remanence component. One modification of the REM method to 

overcome this problem is the REMc method (Acton et al. 2007). To calculate the REMc ratio 

instead of using the total NRM and SIRM, the NRM and SIRM left after a certain AF 

demagnetisation step are used. This way unwanted contributions to the low-coercivity signal of the 

sample due to additional remanence components or incidental overprints can be removed. Figure 

4.3 shows the REMc ratio determined from the value of TRM and SIRM remaining after AF 

demagnetising the specimens to 150 mT for all samples. As before, diamonds represent samples 

made from natural olivine and open and closed circles samples made from synthetic Ni-free and 

synthetic Ni-bearing olivine respectively. Again, the data were fitted using Equation 4.1, with the 

average fit curve, determined from 96 individual fits, represented by the red solid line. The average 
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The saturation REM ratio (total TRM/SIRM) shows non-linear behavior as 
function of applied field, saturating at a value of 0.36. Data were fitted to the 
theoretical expression for TRM as function of applied field (adapted from 
Tauxe 2010):

The calibration factor f is 
defined so that the 
magnetising field B (in µT) is 
equal to f*REM. Average f-
factor for REM: 2850

REM =

TRM

SIRM
= 2REMs

Z 90

0
tanh

✓
MBcos✓

kT

◆
cos✓sin✓d✓

SIRM > saturation TRM
SV states transform to meta-
stable SD states in saturating 
field → ‘over normalization’



Rock-magnetic measurements
Calibration curve relating applied field to recorded remanence: REMc

REMc = TRM left after demag. to 150 mT / IRM left after demag. to 150 mT  

Non-linear behavior, average f-factor: 2695, saturation value: 0.6
Over normalization reduced, more of SD component of remanence is isolated
Kletetschka et al. (2003), Gattacceca and Rochette (2004): f-factor = 3000

fit ± 1! curves are represented by the blue dashed lines. In this case the value of REMs of the 

average fit was determined as REMs = 0.6(1). This is considerably higher than the REMs value 

obtained for the REM method. The average calibration factor for the REMc method of f = 2695 

derived from the low-field region of the data, however, is very similar to the one derived for the raw 

REM method. As for the REM method the scatter in the data is also fairly high when using the 

REMc method.
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Figure 4.3
Plot of the REMc vs B for each sample. Diamonds, open circles and filled circles represent samples made from natural 
olivine, synthetic Ni-free olivine and synthetic Ni-bearing olivine precursor, respectively. The red solid curve shows the 
average fit to all data using Equation 4.1. Blue dotted lines represent the average fit ± 1!. Inset shows calibration factor 
(f) derived from the average fit and average fit ± 1! curves.

Another modification of the REM method is the REM’ method (Gattacceca and Rochette 

2004). To calculate the REM’ ratio the slope of the NRM demagnetisation curve (dNRM/dAF) is 

normalised by the slope of the SIRM demagnetisation curve (dSIRM/dAF) giving REM’ = ∆NRM/

∆SIRM. Values for REM’ for all samples have been calculated for each AF demagnetisation step 

from the ratio of the slopes of the TRM and the SIRM demagnetisation curves and are presented in 

Figure 4.4. Different line styles correspond to samples made from different starting materials. The 
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Rock-magnetic measurements
Calibration curve relating applied field to recorded remanence: REM’

REM’ ratio = slope TRM demagnetisation curve/slope IRM demagnetisation curve
REM’ = (dTRM/dAF)/(dIRM/dAF) i.e. REM’ = (∆TRM/∆IRM)

Non-linear behavior, average f-factor: 1604, saturation value: 0.6
Over normalization reduced, more of SD component of remanence is isolated
Muxworthy et al. (2011): f-factor = 1900
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Figure 4.5
Average REM’ values as function of B for each sample. Diamonds, open circles and filled circles represent samples 
made from natural olivine, synthetic Ni-free olivine and synthetic Ni-bearing olivine precursor, respectively. The red 
solid curve shows the average fit to all data using Equation 4.1. Blue dotted lines represent the average fit ± 1!. Inset 
shows calibration factor (f) derived from the average fit and average fit ± 1! curves. Error bars refer to possible errors 
introduced during the averaging.

Similar to the two previously discussed methods, the scatter in the data is rather high for the 

REM’ method as well, when considering all samples. However, when only looking at the samples 

made from natural olivine (Figure 4.6) it becomes apparent that the scatter for the samples made 

from this staring material is considerably less. Separately fitting the REM’ data of the samples made 

from natural olivine only using Equation 4.1 gives a value of REMs = 0.60(7), which is very similar 

to the values obtained when considering all samples and when using the REMc method. 56 

individual fit curves were used to determine the average fit curve. From the fit to the samples made 

from natural olivine only an average calibration factor of f = 2120 was determined. This is still 

lower than the value of f = 3000 proposed by Gattacceca and Rochette for the REM’ method, but 

considerably higher than the value obtained from the fit to all samples. The total range of the f 

factor for the samples made from natural olivine only is between 1564 and 3044. Muxworthy et al. 

(2011) actually found a calibration factor of f = 1900 to yield better results for their measurements 

of palaeofield intensities.

Chapter 4 - Rock Magnetic Characterisation!

! 97

different colours of the lines represent different voltage steps applied to the Helmholtz coils i.e. 

different values of applied magnetic fields. For all samples the REM’ ratio increases with increasing 

AF demagnetising field up to an AF amplitude of 100 mT. Between 100 and 150 mT (boxed region 

in Figure 4.4) all samples showed roughly constant values for REM’.
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Figure 4.4
REM’ values plotted as a function of AF demagnetisation step for all samples. Solid lines, dotted lines and dash-dotted 
lines represent samples made from natural olivine, synthetic Ni-free olivine and synthetic Ni-bearing olivine precursor, 
respectively. Line colours refer to different voltages applied to the Helmholtz coils (blue: 0V, green: 1V, brown: 2V, 
pink: 3V, red: 4V, black: 5V). The boxed region shows the 100-150 mT range which was used to calculate average 
REM’ values.

Figure 4.5 shows REM’ values averaged over the 100-150 mT field range for all samples. As 

before samples made from different starting materials are represented using different symbols. The 

error bars correspond to the standard deviation of the average. Fitting the data to Equation 4.1 gives 

a value of REMs = 0.6(1) from the average fit curve (red solid curve) determined from 101 

individual fits. This is about the same value as obtained from the REMc method. The average 

calibration factor was determined as f = 1600. This is only about half the value of f = 3000 proposed 

by Gattacceca and Rochette (2004) for the REM’ method. The total range of the f factor was 

determined as between 1015 and 2926.
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Rock-magnetic measurements
Calibration curve relating applied field to recorded remanence: REM’

natural olivine starting material only

Table 4.2 shows a summary of the values for REMs and average f factors obtained for all 

calibration methods discussed above. Additionally values for the average magnetic moment of the 

particles (M), derived from the fit to Equation 4.1 are shown for all methods.

0.6

0.5

0.4

0.3

0.2

0.1

0.0

R
E

M
' a

ve
ra

ge
d 

10
0-

15
0m

T

16001400120010008006004002000

Applied field [µT]

 REM' for samples made
         from natural olivine only

 average fit
 average fit ± 1σ 

4000
3500
3000
2500
2000
1500

160012008004000
Applied field [µT]

f-factor

Figure 4.6
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Non-linear behavior, average f-factor: 2119, saturation value: 0.60
Over normalization reduced, more of SD component of remanence is isolated
Muxworthy et al. (2011): f-factor = 1900
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Rock-magnetic measurements

fARM =
�TRM

�ARM

fARM =
TRM

ARM

Bbias

Bancient

Bancient =
TRM

ARM

Bbias

fARM

Bancient =
dTRM

dARM

Bbias

fARM

Relationship between TRM and ARM can be described using the 
empirical calibration factor fARM:

➡

𝜒TRM, 𝜒ARM: susceptibility of TRM,  ARM acquisition
TRM acquired in field Bancient, ARM acquired in field Bbias in the lab
fARM can be calculated:

Total remanences TRM, ARM can be 
substituted by demagnetisation slopes
dTRM/dAF and dARM/dAF, giving:

Calibration curve relating applied field to recorded remanence: ARM



TRM lost at certain point of AF demag vs ARM lost at same demag step

Rock-magnetic measurements

consider dTRM/dARM only over a restricted range of AF amplitudes and therefore to isolate the 

signal of the remanence component of interest.

The amount of TRM lost per AF demagnetisation step versus the amount of ARM lost during 

the same AF demagnetisation step was plotted for all samples. An example plot of the TRM lost 

versus ARM lost for 4 samples is shown in Figure 4.7. As before when using the REM’ method the 

slope dTRM/dARM was also only calculated for an AF amplitude range between 100 and 150 mT. 

To determine the slope dTRM/dARM for this restricted range of AF amplitudes, a straight line was 

fitted to the last three points of the TRM lost versus ARM lost plot of each sample (red arrows in 

Figure 4.7).
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Figure 4.7
TRM lost vs ARM lost for cube23 (diamonds), cube25 (circles), cube40 (squares) and cube42 (triangles). Cube23 and 
cube42 were made from natural olivine precursor; cube25 and cube40 from synthetic Ni-bearing olivine precursor. A 
straight line was fitted to the last three data points (100-150 mT) for each cube (red arrow) to determine the slope 
dTRM/dARM.

Figure 4.8 shows a plot of dTRM/dARM versus the laboratory field applied during the sample 

synthesis for all samples. As for the previously discussed palaeointensity methods the data was 

fitted using Equation 4.1. Sample cube4 was excluded from this fit as it was found to contain an 

anomalously high amount of magnetite. The average fit curve (red solid line) in Figure 4.8 was 
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Rock-magnetic measurementsdetermined from 95 individual fit curves. Samples made from natural olivine (diamonds) show a 

systematically different behaviour than the samples made from synthetic olivine (circles). There 

seems to be no obvious difference between the behaviour of the samples made from synthetic Ni-

free olivine (open circles) and the samples made from synthetic Ni-bearing olivine (closed circles). 

The scatter in the data from the samples made from synthetic olivine is rather high. The samples 

made from natural olivine however, show a very well constrained behaviour.
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Figure 4.8
Plot of dTRM/dARM vs applied laboratory field for all samples. Diamonds, open circles and filled circles represent 
samples made from natural olivine, synthetic Ni-free olivine and synthetic Ni-bearing olivine precursor, respectively. 
The red solid curve shows the average fit to all data using Equation 4.1. Blue dotted lines represent the average fit ± 1!. 
Cube4 was excluded from the fit as it showed an anomalous amount of magnetite.

Figure 4.9 shows dTRM/dARM versus the applied laboratory field for the samples made from 

natural olivine only. A separate average fit curve for this set of data was determined from 53 

individual fit curves using Equation 4.1. The samples made from natural olivine show a 

significantly lower degree of scatter than when considering all samples together. All samples made 

from natural olivine, except one, lie within the ± 1! range (blue dotted lines) of the new average fit 
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Slope of fit to last 3 points vs applied lab field 

Calibration curve relating applied field to recorded remanence: ARM



Rock-magnetic measurements
curve (red solid line). This is especially noteworthy when considering that the range of the ± 1! 

boundaries for the fit for the samples made from natural olivine only is less than half as wide than 

the ± 1! range of the fit for all samples.
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Figure 4.9
Plot of dTRM/dARM vs applied laboratory field for samples made from natural olivine only. The red solid curve shows 
the average fit to the data using Equation 4.1. Blue dotted lines represent the average fit ± 1!.

The absolute values for the slope dTRM/dARM depicted in Figures 4.8 and 4.9 depend on the 

value of the bias field applied during the ARM acquisition experiment, which was 0.4 mT for this 

study. However, as in this case Bancient (i.e. the magnetic field applied during the sample synthesis) is 

known, the calibration factor fARM can be calculated using Equation 4.3. This calibration factor can 

then be used to determine Bancient (i.e. the palaeointensity) for any bias field used during an ARM 

acquisition experiment. Values for fARM were determined from the average fit curve for all samples 

and from the average fit curve for the samples made from natural olivine only. The results are 

shown in Figure 4.10. The values for fARM from the average fit to all samples and the minimum and 

maximum values for fARM, determined from the average fit curve ± 1!, are represented by a red 

solid curve and red dotted curves respectively. The average values vary from ~2 at low fields to ~1 
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The slope (TRM lost/ARM lost) is specific for the bias field used for the 
ARM acquisition. Therefore, fARM is calculated which is valid generally.
fARM = (slope (TRM lost/ARM lost)*Bbias)/Bancient

Calibration curve relating applied field to recorded remanence: ARM
natural olivine starting material only 



Rock-magnetic measurements
at high fields. This agrees well with the value of fARM = 2.60 ± 1.32, proposed by Yu (2010). The 

average, minimum and maximum values for fARM calculated from the fit to the samples made from 

natural olivine only are shown as green solid and green dotted curves respectively. These values are 

considerably less scattered and the variation of the average fARM is much smaller than for the fit to 

all samples, ranging from 0.7 to 1.2.
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Figure 4.10
fARM determined from dTRM/dARM. The solid red curve represents the average fARM derived from the average fit to all 
samples. Red dotted lines show fARM derived from the average fit ± 1!. Solid and dotted green lines represent fARM 
derived from the fit to the samples made from natural olivine only.

The average values and the range of values for fARM at zero field are summarised in Table 4.2. 

Additionally the values for the average magnetic moment of the particles (M), derived from fitting 

Equation 4.1 to the data of all samples and to the data of the samples made from natural olivine 

only are shown.
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Average fARM at 0 field for all samples: 1.86
Average fARM at 0 field for samples made from natural olivine: 1.21
Yu (2010): fARM = 2.60 ± 1.32

Calibration curve relating applied field to recorded remanence: ARM
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Figure 5.5
Observed and calculated TRM/SIRM for cube28, made from synthetic Ni-free olivine precursor. Open circles represent 
the measured AF demagnetisation curve, the blue dash-dotted line, green solid line and red dashed line correspond to an 
AF demagnetisation curve simulated at 0.5, 1 and 2 times the actual applied laboratory field value. 
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Due to the contribution of vortex states to the FORC signal, the method only 
works for high demagnetisation fields.
FORC diagrams of samples made from synthetic olivine generally show 
higher amount of particles in vortex states.
FORC method works best for samples made from natural olivine, which are 
more SD dominated, at high demagnetisation fields.
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Figure 5.8
Simulated REM curves using individual FORC diagrams (grey curves) and a FORC diagram averaged over 20 samples 
(thick black curve). Black diamonds, blue open circles and blue filled circles represent data points obtained from rock 
magnetic measurements (chapter 4) from samples made from natural olivine, synthetic Ni-free olivine and synthetic Ni-
bearing olivine precursors, respectively. Inset shows f factors derived from each curve.

The grey curves depicted in Figures 5.8, 5.9 and 5.10 correspond to the simulated REM, REMc 

and REM‘ curves calculated for each individual sample from its respective FORC diagram. There 

was no general trend, which might distinguish the samples made from different starting materials, 

observed for any of the three methods. Therefore no distinction between curves for samples made 

from different starting materials was made. The thick black curves in each case represent the REM, 

REMc and REM’ curve simulated from a FORC diagram averaged over 20 individual samples.
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FORC method

Calculated REM
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Figure 5.9
Simulated REMc curves using individual FORC diagrams (grey curves) and a FORC diagram averaged over 20 
samples (thick black curve). Black diamonds, blue open circles and blue filled circles represent data points obtained 
from rock magnetic measurements (chapter 4) from samples made from natural olivine, synthetic Ni-free olivine and 
synthetic Ni-bearing olivine precursors, respectively. Inset shows f factors derived from each curve.

In general the calculated curves show fairly good agreement with the experimental data. The 

agreement is worst for the REM method (Fig. 5.8) and best for the REM’ method (Fig. 5.10). In 

particular, when only considering the samples made from natural olivine starting material, the 

agreement of the calculated curves with the experimental data is very good in all three cases. 

Especially the REM’ method shows exceptionally good agreement between the simulated curve and 

the measured data for the samples made from natural olivine (Fig. 5.10). The f factors derived from 

the REM, REMc and REM’ curves are 3400, 3620 and 2760, respectively. This compares 

reasonably well with the values derived from the rock magnetic measurements, which are 2850, 

2695 and 1604 for the REM, REMc, and REM’ method respectively (cf. chapter 4).
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FORC method

Calculated REMc
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Figure 5.7
REM’ calculated at different fields (red curves) and measured REM’ (black curve) for sample cube 11, made from 
natural olivine precursor. Note the good agreement of shape for measured and calculated curves. The actual applied 
field for cube11 was 337 µT. The fields for the lowest three simulated curves are indicated. The measured curve lies just 
above the 535.79 µT curve, implying that the palaeofield would be overestimated using the FORC method in this case.

The red curves represent REM’ calculated at different fields.The measured REM’ curve for the 

sample is added as black line. There is good qualitative agreement between the shape of the 

measured and calculated curves. The fields for the lowest three simulated REM’ curves are 10 µT, 

535.79 µT and 1061.1 µT. The actual field applied at the sample’s production was 337 µT. The 

measured REM’ curve lies just above the 535.79 µT curve. This implies that in this case the 

palaeofield would be overestimated using the FORC method.

Figures 5.8, 5.9 and 5.10 show the simulated REM, REMc and REM’ acquisition curves, 

respectively. The experimental data from chapter 4 is overlain. Black diamonds, blue open circles 

and blue filled circles represent data points from samples made from natural olivine, synthetic Ni-

free olivine and synthetic Ni-bearing olivine respectively. REM, REMc and REM’ curves were 

calculated for applied fields up to 10 mT, to get a better picture of the non-linear behaviour of 

remanence acquisition at high fields. 
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FORC method

Calculated REM’

Actual field for 
this sample:
337 µT
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Figure 5.10
Simulated REM’ curves using individual FORC diagrams (grey curves) and a FORC diagram averaged over 20 samples 
(thick black curve). Black diamonds, blue open circles and blue filled circles represent data points obtained from rock 
magnetic measurements (chapter 4) from samples made from natural olivine, synthetic Ni-free olivine and synthetic Ni-
bearing olivine precursors, respectively. Inset shows f factors derived from each curve.

5.5 Normalised Palaeofield Estimates Derived from the FORC 
Method

Normalised palaeointensity estimates determined from the REM, REMc and REM’ curves 

calculated using the FORC method are presented in Figure 5.11. The field estimates for each sample 

were determined from the REM, REMc and REM’ curves, simulated from the FORC diagram of the 

specific sample. Figure 5.11a, c and e shows the normalised palaeointensities for all samples. 

Compared to the normalised palaeofield estimates derived from the conventional REM, REMc and 

REM’ methods (chapter 4) the distributions are similar. However, the FORC methods show a higher 

tendency to overestimate the field and there are more samples where the value for the normalised 

palaeofield is estimated as greater than 2.
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Rock-magnetic measurements
Normalized Paleofield Estimates

(stable vortex core moments aligned with the field)
is potentially much lower than SIRM (metastable
SD moments aligned with the field), causing REMs

to be less than 1. In other words, it is important to
emphasize that samples characterized by SV states
will have their TRMs ‘‘over normalized’’ by SIRM
due to the fact that these remanences are carried by
different micromagnetic states. The problem of
over normalization is worst for the REM method
(REMs¼ 0.36), which includes the maximum con-
tribution from SV states. The problem is less of an
issue for the REMc and REM’ methods
(REMs¼ 0.6), in which a higher proportion of rem-
anence is carried by SD states. We will discuss the
relative merits of SIRM and ARM normalization
below in section 7.3.

6.2. Data Scatter

[28] Considering all samples together, there is a
very large degree of scatter in the normalized
remanence values. The degree of scatter is similar
for both SIRM and ARM normalization methods.
The degree of scatter is considerably less, how-
ever, when the samples made with natural olivine

precursors are considered on their own, particu-
larly when using the REM’ and ARM methods
(Figures 9 and 10). A comparison of FORC dia-
grams for the three suites of samples (Figure 2)
indicates that the natural samples contain, on av-
erage, a much smaller proportion of particles in
the SV state. The samples made with synthetic ol-
ivine precursors not only contain a much larger
proportion of SV particles but also display much
larger variability in the SD/SV ratio from sample
to sample. We suggest, therefore, that the scatter
observed in the normalized remanence is linked
to the variable amounts of SV versus SD particles
in the samples. The reason for the larger propor-
tion of SV particles in the synthetic samples is
related to the finer grain size of the olivine pre-
cursors. Lappe et al. [2011] found that larger
Fe-Ni particles typically nucleate at grain bounda-
ries. The fine grain size of the synthetic olivine
precursors creates more opportunities to nucleate
and grow large (i.e., SV) Fe-Ni particles. This
conclusion is supported by scanning electron mi-
croscopy observations (Figure S7; supporting in-
formation). There is little change in the degree of
scatter when comparing REM, REMc, REM’, and

Figure 8. Histograms showing normalized paleofield estimates (calculated field/applied field) for tested
paleointensity methods for all samples. Normalized paleofield intensities calculated from the average fit curve
fitted to the (a) REM, (b) REMc, and (c) REM’ data. Normalized paleofield intensities calculated from the
individual simulated (d) REM, (e) REMc, and (f) REM’ curves for each cube.
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Rock-magnetic measurements
Normalized Paleofield Estimates, natural olivine starting material

ARM methods for the synthetic samples alone.
This suggests that the origin of the scatter is
related to a fundamental difference in the TRM
acquisition process for SD versus SV particles
rather than the ‘over normalization’ problem dis-
cussed in section 7.1. Samples made with natural
olivine precursors have a magnetic mineralogy
that corresponds closely to the paleomagnetic
ideal of noninteracting SD particles dominated by
shape anisotropy, making this suite of samples
arguably the best of the three for calibration
purposes.

6.3. SIRM Versus ARM Normalization

[29] Calibration factors for REM, REMc, and
REM’ methods are in good agreement with litera-
ture values [Kletetschka et al., 2003; Gattacceca
and Rochette, 2004]. Out of the three REM-
derived methods, REM’ yields marginally less
scatter in recovered field values and an REMs

value closest to 1. This suggests that the REM’
method comes closest of the three to isolating the
SD signal. We recommend REM’ as the preferred
method of SIRM normalization.

[30] By far the best results, however, are obtained
for the natural samples using the ARM normaliza-
tion technique (Figure 5). The close similarity
between TRM and ARM demagnetization curves
indicates that ARM provides a much better ana-
logue of TRM in these samples than SIRM. Tak-
ing all samples together, our calibration factor,
fARM, is in good agreement with the previous
results of Yu [2010], although there is still consid-
erable scatter in the data caused by variations in
the SD/SV ratio of the synthetic samples. Taking
only the natural samples, which have a higher pro-
portion of SD particles, we find an average value
of fARM¼ 0.91 6 0.20. A value of fARM " 1
implies that ARM is an almost perfect analogue of
TRM acquisition in the SD component of dusty ol-
ivine (equation (2)). This greatly simplifies the
process of extracting paleointensities from dusty
olivine. It should be noted, however, that this cali-
bration factor strictly applies only to the specific
range of AF demagnetization fields used in this
study (100–150 mT). It remains to be seen whether
the factor decreases further when higher demag-
netization fields (i.e., >> 170 mT) are employed
in an attempt to better isolate the SD component.

Figure 9. Histograms showing normalized paleofield estimates (calculated field/applied field) for the sam-
ples made from natural olivine only. Normalized paleofield intensities calculated from the average fit curve
fitted to the (a) REM and (b) REMc data of all samples. (c) Normalized paleofield intensities calculated from
the average fit curve fitted to the REM’ data of the samples made from natural olivine only. Normalized
paleofield intensities calculated from the individual simulated (d) REM, (e) REMc, and (f) REM’ curves for
each sample made from natural olivine.
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6.4. FORC Method

[31] This study represents the first test of the
FORC/Preisach method proposed by Muxworthy
and Heslop [2011] and Muxworthy et al. [2011]
using well-characterized synthetic samples. The
method fails to describe the shape of the AF
demagnetization curves correctly, especially at
low-AF amplitudes (Figure 6). This prevents the
method from being used in its original form to
recover estimates for the paleofield. The reason for
the failure is, again, due to the preponderance of
SV states, which pose several problems for the
FORC method. Firstly, FORC signals associated
with SV states tend to occur well away from the
central ridge (signal 2 in Figure 2). In the FORC
method, such hysterons become field-blocked in
positive and negative saturation states in equal
proportions, so their contribution to the overall
remanence cancels out. In addition, both signals 2
and 3 in Figure 2 are associated with SV nuclea-

tion and annihilation processes, rather than SD
switching processes. Assigning hysterons to these
signals results in the creation of SD particles with
incorrect values of coercivity and interaction field.
This means that the coercivity distribution of rem-
anence-carrying particles (and, therefore, the AF-
demagnetization curve) is not accurately repro-
duced. Lastly, as argued in section 7.2, our results
point (perhaps not unsurprisingly) toward a funda-
mental difference in the efficiency of TRM acqui-
sition for SD versus SV particles. The FORC
method is based on SD thermal relaxation theory,
and therefore is, by definition, unlikely to perform
well for samples dominated by SV particles.

[32] Despite these limitations, our results demon-
strate that the modified FORC method performs
well in terms of predicting REM’ values (Figure
7c). The results are particularly impressive for the
natural samples where the influence of SV states is
smaller (Figure 9f). These results confirm, there-
fore, that when the magnetic mineralogy of a sam-
ple corresponds closely to the assumptions and
theoretical basis of the method (i.e., SD particles
dominated by shape anisotropy), the FORC simu-
lations provide a good model of TRM acquisition.
Potential improvements to the method could be
made by measuring higher resolution FORC dia-
grams, which allow more efficient separation of
the SD and SV contributions [Egli et al. 2010].
While the FORC method does not, in its current
form, provide a significant improvement in accu-
racy or precision compared to the empirical cali-
bration of our preferred ARM normalization
technique, it does at least provide a theoretical
foundation for the empirical calibration. If the
presence of SV states can be properly accounted
for, the FORC method may offer a way to signifi-
cantly reduce the scatter associated with natural
variability in the SD/SV ratio in the future.

7. Conclusions

[33] (1) The acquisition of TRM in dusty olivine is
nonlinear for fields greater than ! 400 mT.

[34] (2) SIRM is larger than saturation TRM due
to the transformation of SV states to metastable
SD states in a saturating field. This transformation
leads to ‘over normalization’ of TRM by SIRM in
the REM method.

[35] (3) Over normalization is reduced in the
REMc and REM’ methods, as more of the SD
component of remanence is isolated. The preferred

Figure 10. Histograms showing normalized paleofield esti-
mates (calculated field/applied field) calculated from the
ARM method. (a) Normalized paleofield intensities, calcu-
lated from the average fit curve fitted to the dTRM/dARM
data for all samples. (b) Normalized paleofield intensities for
the natural samples, calculated from the average fit curve fit-
ted to the dTRM/dARM data for natural samples only.
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For samples made from natural 
olivine starting material (i.e. 
samples dominated by SD 
particles) the recovered field 
estimates are within ±30% of 
the actual field values



● SIRM > saturation TRM due to transformation of SV to
   metastable SD states → ‘over normalization’ of TRM by 
   SIRM in REM method
● Over normalization reduced in REMc and REM’ method as
   more of SD component of remanence is isolated
● Data scatter due to variable amounts of SV versus SD 
   particles
● ARM provides closer analogue to TRM than SIRM → ARM
   normalization of high-coercivity remanence gives best results
● FORC method works well for SD dominated samples, fails 
   for samples with large amounts of SV remanence carriers

Conclusions
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Motivation

Uehara, M., and N. Nakamura (2006) Experimental constraints on magnetic stability of chondrules and the 
paleomagnetic significance of dusty olivine. Earth Planet. Sci. Lett. 250, 292-305, doi: 10.10161/j.epsl.2007.07.002.

quantum interference device (SQUID)-magnetometer
with online AF demagnetizer (Model 755R, 2G Enter-
prise) at National Institute of Polar Research (NIPR). The
maximum alternating field of the NIPR SQUID magne-
tometer system was set on 100 mT. AF demagnetization
proceeded until the intensities fall below the detection
limit of the magnetometer. A high-temperature thermo-
magnetic curve was measured under a strong field (1 T) in
10−4 Pa atmospheric pressure using a vibrating sample
magnetometer (Riken Denshi Co., Ltd.) at NIPR. During
the vibration measurements, a chipped sample was heated
from room temperature to 780 °C with heating and

cooling rates of 375 °C/h. Since the measured intensity
changing of the 1 Tmagnetization approximated sample's
saturated remanence at high temperature, the sample's
Curie temperature was determined as the points of major
decrease in high-temperature thermomagnetic curve.

3. Rock magnetic and electron microscope analyses

All the run products become magnetized when the
magnetic minerals were cooled through their Curie tem-
perature under the applied magnetic field. The intensity of
initial remanent magnetization of each sample and

Fig. 2. (a, b, c) Representative orthogonal vector plots of alternating field (AF) demagnetization data of dusty olivine texture (Dusty-1), porphyritic
olivine texture (PO-1), and barred olivine texture (BO-1). Numbers correspond to demagnetization field intensities. (d) Normalized AF
demagnetization curves of remanent magnetizations for synthetic chondrules. Remanence of dusty olivine texture contains a high coercivity
component, and shows more stable behavior than that of porphyritic olivine texture. Barred olivine texture shows very unstable behavior.
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Motivation

Synthetic dusty olivine

Lappe, S.-C. L. L., N. S. Church, T. Kasama, 
A. B. da Silva Fanta, G. Bromiley, R. E. 
Dunin-Borkowski, J. M. Feinberg, S. Russell, 
and R. J. Harrison (2011), Mineral 
magnetism of dusty olivine: A credible 
recorder of pre-accretionary remanence, 
Geochem. Geophys. Geosyst., 12, Q12Z35, 
doi:10.1029/2011GC003811.
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Figure 3.14
Electron holography results for the region shown in Figure 3.12 and Figure 3.13 using a high-tilt sample holder. In this 
case the sample was tilted to ± 78° in a field of 2.2 T in the alpha-tilt mode to obtain reversed pairs. The direction of the 
tilt (i.e. the applied magnetic field) is indicated by the arrow in (b). The mean inner potential map (a) gives the positions 
of the particles. The colour map for negative saturation (b) proves that the higher tilt value yields a higher switching 
rate. Several SD particles that did not reverse before can now be observed.

The investigated region contains a large number of particles of different sizes and aspect ratios. 

Some particles seem to overlap, but tilting of the sample stage showed that they were well separated 

in the direction of the electron beam. Before, when using the conventional tilt value of ± 30° only 

rather equidimensional particles exhibiting vortex states could be observed. Now, different domain 
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Sample characterisation
X-ray Powder Diffraction
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Figure 2.14
Close-ups of the regions of the powder diffraction pattern, containing the main peaks of the two iron phases. (a) Sample 
cube8, made from natural olivine, shows an iron bcc peak about four times higher than the iron fcc peak. However, the 
fcc peak is still clearly distinguishable. (b) Cube28, made from synthetic Ni-free olivine does not show any signs for the 
presence of an fcc iron phase. (c) The ratio of the height of the bcc iron peak to the fcc iron peak is about the same in 
cube9, made from synthetic Ni-olivine, as it was in cube8. (d) Sample cube25, made from synthetic Ni-bearing olivine, 
shows a very distinct peak of the iron bcc-phase. The amount of fcc-phase (in relation to bcc-phase), seems to be 
somewhat smaller than in samples cube8 or cube9 and is hardly detectable. However, comparing the pattern with the 
one from cube28 (which has no fcc-phase) suggests that there definitely is some amount of fcc-phase present in this 
sample. 

In XRD powder diffraction, the peak shape is determined by instrumental broadening and by 

broadening due to the sample. To identify the instrumental effect on the broadening a LaB6 NIST 

standard was measured and a Pseudo-Voigt function (a combination of a Gauss and a Lorentz 

function) fitted to the data. The so determined Pseudo-Voigt function was fixed and then used to 

describe the instrumental broadening for all samples. This means any additional peak broadening 

could be assumed to be due to the sample only. The broadening contribution from the sample 
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● all samples contain
   body-centred cubic 
   (bcc) iron
● varying amounts of  
   additional face-centred  
   cubic (fcc) iron



Sample characterisation
X-ray Powder Diffraction

depends on the size and the strain (micro-strain) of the sample (e.g. Williamson and Hall 1953). To 

model the additional peak broadening due to the sample a Pseudo-Voigt function can be used again. 

Thompson et al. (1987a) and Thompson et al. (1987b) proposed that the strain contribution to the 

line broadening of a sample can be described as the Gaussian term and the size contribution as the 

Lorentzian term. Thompson et al. 1987b proposed the Lorentzian component of the broadening as

!
�L =

57.3K�

✏ cos ✓ ! (2.2)

where ϵ is the average particle size and K resembles the Scherrer constant, which they assumed 

to be unity. For very small particle sizes (below 100 nm) the effect from the size can be assumed to 

be dominant and the strain can be neglected (see e.g. Borghols et al. 2008). Therefore a Lorentz 

function was added to the fixed Pseudo-Voigt function describing the instrumental broadening, and 

fitted to the peak shape of the iron particles.The average sizes (diameter) of the iron phases in the 

four samples were then calculated using Equation (2.2). It is important to note that the calculated 

sizes do not necessarily resemble the actual particle sizes but rather the sizes (diameter) of 

coherently scattering domains. However, the coherently scattering domain sizes can offer clues to 

the particle size: assuming the particles are not twinned or consist of clusters of grains with 

different orientations it roughly represents the average particle size. The sizes of coherently 

scattering domains obtained for the iron phases in all measured samples are listed in Table 2.6.

sample ID starting material
coherently scattering 

domain size in bcc-iron 
[nm]

coherently scattering 
domain size in fcc-iron 

[nm]

cube8 natural olivine 42 ± 4 76 ± 25

cube28 synthetic Ni-free olivine 61 ± 4 NA

cube9 synthetic Ni-olivine 70 ± 11 116 ± 57

cube25 synthetic Ni-olivine 52 ± 4 NA

Table 2.6
Coherently scattering domain sizes for all four analysed samples. Note that the amount of fcc phase in cube25 was too 
small to obtain an average coherently scattering domain size for the fcc phase. The sizes determined for the fcc phase 
are larger than the ones determined for the bcc phase. The sample made from natural olivine shows the smallest 
coherently scattering domain sizes. A quite high variability of sizes can be observed between samples made from 
synthetic olivines.
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● coherently scattering domain sizes = estimate of grain sizes of Fe 
● generally larger for samples made from synthetic olivine
● samples made from synthetic olivine show higher variability in
   coherently scattering domain sizes for different samples



Calibration method M[MAm2] REMs average f factor f factor range

REM 0.0015(5) 0.36(7) 2850 µT 1843 < f  (µT) < 5038

REMc 0.0010(2) 0.6(1) 2695 µT 1877 < f  (µT) < 4198

REM’ 0.0015(5) 0.6(1) 1604 µT 1015 < f  (µT) < 2926

REM’ natural olivine only 0.0012(2) 0.60(7) 2119 µT 1564 < f  (µT) < 3044

Calibration method M[MAm2]  dTRM/dARMs average fARM at 0 field fARM  range at 0 field

ARM 0.0015(2) 4.6(3) 1.86 1.50 < fARM < 2.26

ARM natural olivine only 0.0014(1) 3.3(1) 1.21 1.06 < fARM < 1.37

Table 4.2
M and REMs or dTRM/dARMs values for all discussed calibration methods, as well as average f / fARM factors and f / fARM factor ranges.
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