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Abstract

Partial thermoremanent magnetization (pTRM) was imparted over a narrow temperature ifiteev870-350C, to a
suite of crushed and annealed natural magnetite samples, ranging in grain sizelftorhi25-15Qum and in domain state
from small pseudo-single-domain (PSD) to multidomain (MD). In this way, effectively a single blocking tempefatLot,
pTRM was activated. Stepwise thermal demagnetization did not erase the pTRMs shadgplpsfor single-domain (SD)
grains. Demagnetization began well below 36@&nd continued above 370, with a median unblocking temperatufig;s,
close to 360C. The largest grains deviated most from SD behavior. Their pTRM demagnetized over the entire interval from
room temperature to the Curie point, in accordance with predictions for MD grains. In terms of the unblocking temperature
distributionf(Tyg) or slope dM/dT of the thermal demagnetization curve, SD grains have a sharp speétggns 7g; MD
grains were observed to have a broad, roughly symmetrical spectrum centefggdamd intermediate size grains in the
PSD range had non-Gaussian spectra, combining a central peaksngh broad tails above and beloVg. In this respect,
PSD grains display a superposition of SD and MD remanences, not a blend between the two. Practical implications of these
observations are that Thellier's law of reciprocifts = 7'g) will be increasingly violated as grain size increases in the PSD
range. The lowFyg part of f(Tyg) produces anomalously large demagnetization of NRM in low-temperature heating steps
of Thellier-type paleointensity determinations and a sagging shape of the Arai plot. Th@Jgigiart of f(Tug) results in
undemagnetized remanence at and affgvi@ thermal demagnetization. Among pre-treatments designed to make remanence
more SD-like in subsequent thermal cleaning, alternating field (AF) pre-cleaning sharfiengdmore effectively than
low-temperature demagnetization for thel2® sample. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction assumed to be erasable by reheating in zero field to
a similar peak temperature, when allowance is made

Many paleomagnetic cleaning techniques are basedfor the different time scales of natural and laboratory

on Neel's (1949) theory of single-domain (SD) grains. heating. The same assumption, that the unblocking

For example, thermoviscous remagnetization at tem- temperatureTyg of natural remanent magnetization

peratureT produces an overprint that is generally (NRM) matches the blocking temperatufg of par-

tial thermoremanent magnetization (0 TRM), underlies
—oTE e ke the Thellier method of paleointensity determination.
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pseudo-single-domain (PSD) grains are adequately have refined these findings and have shown they apply

described by SD theory may be at fault.

also to viscous remanence (VRM), while theoretical

The purpose of the present study was to test the models of the phenomenon have been advanced by

assumptior?’yg = T'g for a suite of magnetites rang-
ing in size from~1 to 125-15@.m and in domain
state from small PSD to multidomain (MD). It is
well established that MD grains have “anomalous”
thermal characteristics, with demagnetization begin-
ning much below (Dunlop and Ozdemir, 2000) and
extending well above (Shcherbakova et al., 2008)

of the pTRM or viscous remanence (VRM) being
treated. Studies of highyg thermal demagnetization
“tails” have a long history. The first experiments on
synthetic magnetites and hematites of known grain

McClelland and Sugiura (1987), Shcherbakov et al.
(1993), and McClelland and Shcherbakov (1995).
Unblocking below the blocking temperature, i.e.
Tus < T'g, has been less studied. Markov et al. (1983),
and McClelland and Sugiura (1987) observed decay
of pTRM during zero-field cooling below the lower
blocking temperature and a small further decay in sub-
sequent zero-field heating in magnetites of large grain
size. Shcherbakova et al. (1996, 2000), Dunlop and
Ozdemir (2000), and Muxworthy (2000) have obser-
ved the same “lowkyg tails” of pTRM and VRM for

size were carried out by Roquet (1954), who observed MD grains (in some cases, the MD nature of the rema-

that a pTRM with upper blocking temperatuiies
was completely demagnetized in zero field reheating
to Tyg = T'g if the intensity of the pTRM was weak
compared to that of total TRM, but required zero field
heating to the Curie poinic if the pTRM intensity
was relatively strong. Two effects are involved: first,
turning ‘on’ a fieldH at Tg produces an instantaneous
isothermal remanence (IRM) which increases in im-
portance ad increases and can only be erased by
zero-field heating abovég; second, agg increases,
pPTRM intensity increases, while the available range
of Tyg betweenTg and T¢ decreases.

The IRM effect, i.e. the dependence of pTRM tails
on field strengtiH, was fully documented by Everitt
(1961, 1962), and Dunlop and West (1969), who stud-
ied SD and small PSD size grains. They found small
pTRM tails even for fields as weak as 0.2 mT, but did
not consider them to be significant violations of Néel's
theory.

The first study to document wholesale violation
of the Thellier—Néel lawTyg = Tg was that of

Shaskanov and Metallova (1972). They demonstrated

that the IRM contribution to pTRM was inadequate to
explain the thermal tails which were universally ob-

nence carriers was inferred from other magnetic data).

2. Samples and experiments

Five samples were selected from a larger suite of si-
zed magnetites. The mean grain sizes are 1, 6, 20, 110
(range 100-12pm) and 135 (range 125-1%0n).
These samples were chosen because they span the
range from small PSD to MD. The hysteresis prop-
erties (Table 1) are consistent with the domain states
expected on the basis of grain size. The magnetites
were produced by crushing millimeter size magnetite
crystals from Bancroft, Ont. Size fractions were sepa-
rated by sieving for the 110 and 185 samples and
by centrifugal sorting in a dust analyzer for the others.
The magnetites were dispersed1(vol.%) in Cak
and sealed in evacuated quartz capsules. They were
then annealed for 2—3h at 7@ to relieve strains
introduced by crushing and to ensure a reproducible
initial state for thermal experiments.

Table 1
Ratios of saturation remanence to saturation magnetization,

served in their samples. Bol'shakov and Shcherbakova Mis/Ms, and remanent coercive force to ordinary coercive force,

(1979), using SD, PSD and MD size magnetites and

hematites, showed that thermal tails are not universal,
but are associated with MD grains. SD and PSD grains d (nm)

had small tails or none at all, for pTRM fieldd =

0.05-0.4 mT. Further experiments, by Middleton and
Schmidt (1982), Dunlop (1983), Worm et al. (1988),
Halgedahl (1993), McClelland et al. (1996), Dunlop

et al. (1997), and Shcherbakova et al. (1996, 2000) 135

Her/He, for the experimental samples

Grain size, Ms/Ms Her/He
Unannealed Annealed Unannealed Annealed
1 0.182 0.088 1.95 3.11
6 0.110 0.065 2.57 3.47
20 0.053 0.036 3.55 4.36
110 0.019 0.016 7.10 9.47
0.012 0.012 8.50 11.6
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There are two experimental ways of isolating a sin- features such as the width and shape of the distribu-
gle blocking temperatur@;g. A VRM produced by a  tion more directly and clearly.
few hours application of a small field at tempera- Thermal demagnetization data were numerically
ture T will activate only those domains, domain walls, differentiated between limits of 95 and 5% of initial
or other spin structures withig ~ T. A partial TRM remanence. The area under each spectrum illustrated
produced by quick cooling itd from T1 to To will thus represents the central 90% of the remanence dis-
activate blocking temperatures in this range and none tribution. This truncation makes it easier to view and
outside it. These are essentially definitions of what we appreciate the essential features of the distributions.
mean by blocking temperature, not extrapolations of  Fig. 1 illustrates the contrasting spectra obtained
Néel's single-domain theory. The only complication from the thermal demagnetization of VRM for 0.04
is the possibility that a wall, wall segment, spin vor- pm (SD), 20um (PSD) and 13pm (MD) magnetites
tex, etc. may have more than one blocking temperature (the thermal demagnetization data are from Dunlop
if conditions change during cooling, for example if a and Ozdemir (2000, Fig. 1)). Each distribution is

new wall nucleates (Halgedahl, 1991). Multiplg’s
are unlikely if (T1, T2) is narrow.

In this study, narrrow-band pTRM was produced by
applying a field of either 0.3 or 0.5 mT over the inter-
val (370, 350C). This interval was chosen because in
the SD limiting case, Néel's theory predicts that the
pTRM would be equivalent to VRM produced over
3.5hat 350C; VRM produced under these conditions
was used in previous work (Dunlop and Ozdemir,
2000). We have no firm theory of VRM and pTRM
for PSD grains, but the analogy between the two has
some experimental support (Dunlop and Ozdemir,
2000, Fig. 2). The initial state for all narrow-band
pTRMs was alternating field (AF) demagnetized.

Thermal demagnetization was carried out in step-
wise fashion, the common practice in paleomagnetism.
Samples were heated and cooled in zero field in a
six-layer mu-metal shield enclosing a water-cooled
non-inductive furnace. A solenoid wound on the wa-
ter jacket of the furnace was used to apply small
fields for pTRM or VRM production. All remanence
measurements were made with a 2 G superconducting
magnetometer after cooling samples to room tempe-
rature.

3. The unblocking temperature spectrum
f(Tug) and a VRM example

A thermal demagnetization curve integrates over
the distribution of unblocking temperaturégg in a
sample. Conversely, the point-by-point slopd/dT of
a thermal demagnetization curve gives the unblocking
temperature spectrurf(;Tyg). Although, the two rep-
resentations of the data are equivaldfiiyg) reveals

| x107
SD,

Unblocking temperature |
[\ 0.04 um

distributions, f (Tyg)

(M/M,) /AT (°C7)

< 10

5

MD,
135 um

1
300
Temperature, T ( °C)

Fig. 1. Unblocking temperature distributiof$yg) obtained by nu-
merically differentiating thermal demagnetization curves of VRMs
for three magnetite samples, of SD, PSD and MD sizes. Vertical
dashed lines indicate the blocking temperatligeat which each
VRM was acquired. Théyg distributions are roughly symmet-
ric aboutTg. Data for the 0.0um SD sample have been scaled
down by 0.75 for easier comparison with the other data. The dis-
tributions are truncated at lower and upper limits of 95 and 5% of
initial remanence. The PSD (20n) spectrum combines a sharp
SD-like central peak and broad MD-style tails.
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approximately symmetric. The peak of each spec-
trum is somewhat above the temperatiirat which
VRM was produced (vertical dashed lines). Because
of the joint effect of time and temperature, VRM
produced afl activates short-term blocking tempera-
turesTg > T. When this effect is taken into account,
the peak and mediafyg values agree well with the
mean value offg on a short time scale for the SD
and PSD samples. For the 136 MD sample, the
meanTyg is ~10°C higher than the meahs.
Therefore, although a singles can generate a dis-
tribution of Tyg's with both low- and high-temperature
tails, the meafyg value matchesg quite closely, for
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tails is to isolate single values dfig via VRM or
narrow-band pTRMs and to begin thermal demagneti-
zation immediately above room temperatiige Most
previous work has missed the lolyg part of the
spectrum by either beginning thermal demagnetization
at Tg or using broad-band pTRMs with a lower tem-
perature ofTg, in which the lowTyg tails of many
different Tg fractions are mingled and unresolved.

A feature not obvious in the starting thermal
demagnetization data is the interesting shape of the
PSD spectrum. It combines a narrow central peak,
whose width is similar to that of the SD peak, with
tails almost as broad as those of the MD spectrum.

these data sets at least. The high-temperature demagThe PSD spectrum is not intermediate in a contin-

netization tail familiar from the work of Bol'shakov
and Shcherbakova (1979), and Worm et al. (1988) is
matched by a low-temperature demagnetization tail of

uum between SD and MD end members. Rather it is
a superposition of two distinct spectra, implying the
coexistence of structures with SD and MD thermal

about equal size. The key to detecting low-temperature responses in grains of a particular size.

1.0

M/M,

0.8~

0.6

0.4

0.2~

Partial TRM'’s

—50 %

|
0 100 200

|
300

Temperature, T( °C)

Fig. 2. Stepwise thermal demagnetization of pTRMs produced by a small field applied during cooling from 370Qoir85@agnetites

ranging from small PSD to MD size. About 50-90% of the remanence unblocks at temperatures below or above the pTRM blocking

temperature range. These “anomalously” low or higlg's are most important for the largest grains, but are appreciable even for the

smallest PSD grains.
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4. Thermal demagnetization of pTRMs as a are quite sharply inflected near the upper and lower
function of grain size bounds of the blocking range for the 1 anqui®
samples. Unblocking temperatures lower tfignare
Partial TRMs produced between 370 and 350  prominent for all grain sizes. About one-half of the
in magnetites of varying grain sizes have a distinc- remanence of the 110 and 1@t magnetites and
tive progression of thermal demagnetization curves about one-quarter of the remanence of the 1 and
(Fig. 2). The broad, almost uninflected curves of the 6um magnetites demagnetizes below 350Tailing
110 and 13m magnetites evolve to curves that of thermal demagnetization curves is not confined to

x107

1um

351

Partial TRM s

A (M/M,) /AT (°C™)

0]
250 300 350 400
Temperature, T (°C)

Fig. 3. Unblocking temperature distributiof@yg) obtained by numerically differentiating the pTRM thermal demagnetization curves of

Fig. 2. The half-width of the spectrum for 1®n MD grains is about an order of magnitude larger than the half-widths for 1 qurd 6
PSD grains.
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large MD grains but is significant even for fairly small
PSD grains.

Thef(Tyg) distributions obtained by differentiating
the thermal demagnetization curves appear in Fig. 3.
All the distributions peak close to the medi of
360°C but their shapes are quite different. The u10
spectrum is broad, with a half-width ot100°C,
while the 1 and um spectra are sharply peaked, with
half-widths of ~10°C. Despite the SD-like central
peaks, the 1 and pm distributions tail off to low
Tug’s in a definitely non-Gaussian fashion. These

D.J. Dunlop, O. Ozdemir/Physics of the Earth and Planetary Interiors 126 (2001) 43-57

twice to temperaturé,,. The first heating and cooling,

in zero field, are intended to demagnetize all of the
natural remanent magnetization (NRM) wifg <

T,. The second heating and cooling, in a laboratory
field which ideally is adjusted to match the paleofield,
are intended to produce a pTRM that restores the NRM
fraction lost in the first step. For SD grains, sifiGes

in the demagnetization step is exactly equalgoin

the second step, the pTRM gained does equal the NRM
lost. The Arai plot of NRM remaining versus pTRM
gained is a straight line with the ideal SD slope-¢f

PSD spectra are a superposition of sharp SD and (Fig. 4, upper dashed line).

broad MD spectra, not a blend between them.

5. Effectsof Tyug < Tg and >Tg on palecintensity
determination

In the modified Thellier method of paleointensity

For MD grains, the internal demagnetizing field
is balanced by an external field in the cooling and
acquisition of NRM, but is unbalanced in zero-field
heating. It causes new domain walls to nucleate and
existing walls to make a series of jumps towards a
demagnetized state, beginning immediately abtye
and extending up to and aboVg. The abundant low

determination in general use today, a sample is heatedTyg’s evident in the thermal demagnetization curves

1.09

0.8

Single-domain
(thermal activation)

%O 0.6 \
8 \
S \
E \
R
2 041
Multidomain ~.
02 (field blocking)
theory
0 | | | 3
0 0.2 0.4 0.6 0.8 1.0
PTRM gained

Fig. 4. Thellier paleointensity experiments simulated by using a laboratory TRM in place of NRM (after Dunlop (1998)). For all grain

sizes, unblocking of “NRM” in low-temperature steps outweighs acquisition of pTRM at the same temperature, an expression of the tail

of “anomalously” lowTyg’s in f(Tyg) for all grain sizes seen in Fig. 3. The result is sagging of the pseudo-paleointensity data below the

ideal SD line (upper dashed curve) toward the MD curve (lower dashed curve) predicted by the theory of Dunlop and Xu (1994), and Xu

and Dunlop (1994).
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Contamination of NRM by residual pTRM

A

pTRM
(T,)

Field
H=0

Magnetization

A Field
H on

pTRM
residual

(Tn+l)

A

0
T,

T, Thyg

Temperature —>

Fig. 5. Cartoon showing how pTRM acquired sharply in cooling below(field H on: second heating/cooling step Tq) demagnetizes
gradually over the rang& to T,1 in heating (fieldH = 0O: first heating/cooling step t®,+1). Temperature variation due tds(T) has
been removed. A pTRM residual remains after Tig1 heating, contaminating the NRM. A larger residual would remain if heating were
stopped afT,, (i.e. a third heating/cooling t@, in zero field). This pTRM residuall) is a pTRM tail check (Riisager et al., 2000).

andf(Tyg) distributions of the 110 and 136m mag-

The high-temperature tail fTyg), i.e.Tug > T,

netites in Figs. 2 and 3 originate in this way. The ef- also affects paleointensity determination. In double
fect on paleointensity determination is a large loss of heatings at highef, the NRM lost atT,, is more
NRM in the low-temperature demagnetization steps, than replenished by pTRM gained in the second
largely unmatched by gain in pTRM in the companion step. However, in the zero field heating step to the
in-field steps (lower dashed curve in Fig. 4). Only in next higher temperatur€, 1, not all of the pTRM
higher temperature steps when the NRM has droppedacquired afT, is erased. The process is sketched in

to ~30% of its initial intensity does pTRM acquisition
begin to outstrip NRM loss.

Fig. 5. For simplicity, imagine that pTRM is acquired
sharply atTg = T, (labeled “fieldH on”). Although

Simulated Thellier paleointensity experiments car- there is only one value ofg for pTRM (T,), there
ried out on the present samples give a range of is a continuum ofTyg, both <T,, and >T,, (demag-

curves, all lying below the ideal SD line. The 136

netization curve, labeled “fieldd = 07, extending

data most closely approach the predictions of MD from Tg to T¢). The pTRM is not completely elim-

field blocking theory (Dunlop and Xu, 1994; Xu and
Dunlop, 1994); the ium data are closest to the SD

inated by heating tdl,.1. On cooling toTp, there
remains a pTRM residual_1), which contaminates

line; the other grain sizes form a regular progression the NRM.

between them. The MD effect, i.dyg < Tp, is
important throughout the PSD range. Even for the
1 m sample, the initial slope defined by the first five
or six double-heatings overestimates the “paleofield”
intensity by about 20%. Levi (1977) found similar
results for 2.7um and smaller magnetites.

In practical paleointensity work, there are a num-
ber of clues to watch for. If the laboratory field
is applied at a large angle to the NRM, the NRM
direction will shift progressively towardd as pTRM
residuals accumulate. H is more or less parallel (or
antiparallel) to the NRM, this clue is absent, but the
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NRM intensity may ultimately increase to such an 6. Pre-treatments to improve PSD thermal

extent that the Arai plot curve climbs above the ideal demagnetization behavior

SD line. The increase will depend on the number of

residuals added; in Fig. 4, with 12-14 heating steps, Two treatments were carried out prior to thermal
points remain below the SD line. The surest indica- demagnetization of pTRM of the 20m sample in
tor is a “pTRM tail check” (Riisager et al., 2000), an attempt to reduce the low- and higbg tails of
best performed as a third zero-field heating—cooling f(Tug). The first was low-temperature demagnetiza-
step atT,,, before proceeding to heatings and cool- tion (LTD), consisting of zero-field cooling through

ings atT,+1. Any undemagnetized residual 8} is the isotropic point (130K) and Verwey transition
immediately obvious. The residual &}, would (120K) of magnetite, followed by zero-field warming
of course be smaller (see Fig. 5) but probably to Tp. LTD reduced the loss of remanence betw&gn

not zero. and 300C in subsequent thermal demagnetization to

Counterintuitively, pTRM tail checks are best done ~10%, compared ta=25% for the untreated pTRM
at intermediate temperatures. The reason is that as(Fig. 6). On the other hand, the fraction of pTRM
T, — Tc, there is a limited temperature range in with Tyg > 400°C was not removed in the same
which a highTyg tail can form, whereas at interme- proportion (although the experiments are not analogs,
diate temperatures, there is a large range fiigno Shcherbakova et al. (1996) found that |Gw-pTRMs
Tc available. were more vulnerable to LTD than highs pTRMS).

MM, B 350 370°C

untreated

0.8 Partial TRM s -

20 um magnetite

0.6

0.4} .
AFE 10 mT

+ O Qd\ \

LTD

0.2} : ﬁ\\T
2

L

\

| | | | \\\‘—L I |

0 100 200 300 200 500
Temperature, T (°C)

Fig. 6. The effect of AF and LTD pre-treatments on subsequent thermal demagnetization of pTRM forutinesaénple. Magnetization
is normalized to pTRM intensity before AF or LTD cleaning. AF is the more effective treatment, removing almost all remanence with
Tus outside the 300—40C range.
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Partial TRM s
20 um magnetite
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A (M/M,) /AT (°C)

10}~

| 105°C

| 425°C

400 500

Temperature, T ( c )
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Fig. 7. Unblocking temperature distributiof@yg) obtained by numerically differentiating the thermal demagnetization curves of Fig. 6.
The distribution is sharpened by AF pre-treatment (half-width reduced from 45°t®) #hd low and highlyg tails are eliminated (95-5%
range reduced from 425 to 105). Here magnetization is normalized to post-AF remanence for the AF spectrum, whereas in Fig. 6
normalization was to untreated pTRM.

Overall, only 20% of the pTRM remained after LTD, are extremely broad: a spread of 425between the
reducing the signal to be measured by almost an order5 and 95% limits of the distribution. After 10 mT, AF
of magnitude. treatmentf(Tyg) is sharply peaked, with a half-width
Partial alternating field (AF) demagnetization to a of 15°C, and 90% of the remanence unblocks within
peak field of 10 mT was more successful. About 30% a 105C range roughly centered dff'g)ay = 360°C.
of the pTRM remained, and when heated, it was vir-
tually unaffected up to 30@. On the high tempera-
ture side, the pTRM was reduced to 3% by 40@&nd
to <1% by 430C. Thus, the unblocking temperature
range was reduced about equally above and below the7.1. Principal findings
blocking range.

7. Discussion

The effectiveness of AF pre-treatment is clear in
the correspondinf{ Tyg) spectra (Fig. 7). The spectral
half-width of the untreated pTRM is 48 and the tails

The new features of this work are: (1) partial TRM
produced over a narrow temperature interval, i.e.
representing essentially a singlg, has a wide distri-



52

bution of unblocking temperaturélg; (2) low un-
blocking temperaturesTys < Tg) are as prevalent
as high unblocking temperatures; (3) the high- and
low-Tyg tails of the distributionf(Tyg) are roughly

D.J. Dunlop, O. Ozdemir/Physics of the Earth and Planetary Interiors 126 (2001) 43-57

We examined VRM acquired by the 1381 sample
at 350 C from three different initial states, TC, TH and
AF demagnetized. All display prominent loWtailing
in their thermal demagnetization curves, although the

symmetric, leading to a mean unblocking temperature high-T trends are indeterminate because of noise at
(Tue)av =~ Tg. These properties were previously es- low-remanence levels (Fig. 8). The TC initial state

tablished for VRM produced at similar temperatures leads to the largest tail, but the TH and AF states
(Dunlop and Ozdemir, 2000), for one PSD and one also have associated tails. A similar trend appears in

MD sample (20 and 13bm, respectively). The
present work uses a wider range of PSD and MD

thermal demagnetization data by Halgedahl (1993).
In a Thellier experiment, pTRMs are produced

grain sizes, and demonstrates a regular progressionfrom a TC initial state, whereas most of the pTRMs

of thermal demagnetization characteristics, from lim-
ited tails and a concentration d&fyg in a ~40°C
range aroundp for 1 and Gum magnetites, to very
broadly distributedlyg in 100-125 and 125-150m
magnetites (Figs. 2 and 3).

The 20um sample is particularly interesting be-
cause itsf(Tyg) combines an SD-like central peak
with broad MD-like tails. The superposition of spectra
implies coexisting but independent SD- and MD-like

in the present study had an AF initial state. Fig. 8 im-

plies that deductions about behavior in paleointensity
determination (e.g. Fig. 5 and Section 5) based on our
pTRM thermal demagnetization data probably under-
estimate deviations from ideal SD behavior. The data
of Fig. 4 are of course experimental and not subject
to any such uncertainty.

7.2. Consequences of “anomalously” high and low

processes in PSD grains of this size. There has beenunblocking temperatures

much speculation about the nature of PSD remanence,

dating back to Verhoogen (1959) and Stacey (1962),
but little hard evidence for the independence of SD
and MD moments.

Shcherbakova et al. (2000) concluded that pTRM
thermal demagnetization tails are relatively minor for
PSD grains. It is certainly the case that large MD
grains, such as the 110 and 13% magnetites of the

Middleton and Schmidt (1982), Dunlop (1983),
Kent (1985), and Jackson and Van der Voo (1986)
found that both laboratory VRMs and geological ther-
moviscous overprints were more resistant to thermal
demagnetization than predicted by Néel's SD the-
ory, as embodied in the time-temperature relations
of Pullaiah et al. (1975). A geological restudy, with

present study, have the broadest distributions and mostattention to the domain state of individual samples

prominent demagnetization tails. However, the pTRM
of 20pm and even 6 and 1m magnetites undergo
50% or more of their unblocking below and above
the pTRM blocking range of 370-3%0 (Fig. 2).
They have clear tails if(Tug) spectra, particularly for
Tus < T (Fig. 3). The lowTyg tails lead to curved
Arai plots that deviate sufficiently from an ideal SD
line to seriously compromise paleointensity determi-
nations in this size range (Fig. 4).

Shcherbakova et al. (2000) also concluded that
pTRM thermal demagnetization tails are dependent

(Dunlop et al., 1997), and laboratory studies of ther-
mal demagnetization of VRM (Dunlop and Ozdemir,
1993, 2000) have made it clear that SD grains do
demagnetize sharply at or very nély but PSD and
MD grains must be heated to higher temperatures to
completely erase the remanence. Figs. 2 and 3 show
how demagnetization tails increase in importance as
grain size increases above SD through the magnetite
PSD range to truly MD sizes.

High-temperature tails have practical consequences
in the stepwise thermal demagnetization of NRMs that

on initial state, being largest when a sample is heated are a composite of a primary NRM partly overprinted

in zero field toT¢c and cooled in zero field to the up-
per pTRM temperatur&; (a thermally cooled or TC
initial state). A thermally heated (TH) initial state, in
which the sample is first thermally demagnetized by
heating toTc and back tolp and then heated in zero
field to Tq, resulted in a smaller pTRM tail abova.

and replaced by secondary magnetization. Multivec-
torial NRMs of this type are the norm in all but very

young and completely undisturbed rocks. Such com-
posites are sometimes difficult to resolve cleanly, a
problem that is often ascribed to chemical rather than
thermal or thermoviscous remagnetization. In reality,
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Fig. 8. A test of the effect of initial state before acquisition of VRM

(3603.5h, 135um grains) on subsequent thermal demagnetization

behavior. Although the thermally cooled (TC) state leads to the largesTigwtail, the thermally heated (TH) and AF states also have

substantial fractions of both “anomalously low” and “anomalously h

ifbg’'s. The dashed curve results from the thermal demagnetization

theory of Xu and Dunlop (1994), based on repeated wall jumps during heating a&elis K1955) theory of MD TRM.

one would only anticipate a clean separation for SD
grains and perhaps the very smallest of PSD grains,
and these are rare in nature. Physics (non-SD do-
main states), not chemistry, may be the culprit when
multivectorial remanences fail to separate cleanly in
thermal treatment.

Thellier-type paleointensity experiments generate
a laboratory superposition of “primary” NRM and
overprinting pTRM. For the success of the experi-
ment, it is vital that each successive pTRM overlay
be totally erased before the next pTRM is produced.
Undemagnetized pTRM residuals from prior heatings
will contaminate the NRM (Fig. 5). They may be rec-
ognizable by the deflection they cause in the vector
direction of the contaminated NRM, if the NRM and
pPTRM axes are sufficiently oblique to each other.

A more foolproof test is a “pTRM tail check” (Riis-
ager et al., 2000), which unfortunately adds one more
heating—cooling step at each temperature. If pTRM
tail checks are planned, they should begin at moderate

temperatures because the importance of fAighils
depends in part on the breadth of the temperature range
available belowTc. Shcherbakova et al. (2000) have
noted that the importance of pTRM tails in individual
samples depends on the blocking temperature interval
of the pTRM. Partial TRMs produced at 5@D and
above, just belowlc, had less prominent tails than
pTRMs produced around 300 or 4@) for which a
much wider temperature range beldy is available.
“Anomalously” low unblocking temperatures have
equally serious consequences (Fig. 4). Because of the
symmetry of thef(Tyg) distribution, during roughly
the first half of a paleointensity experiment, the un-
blocking of NRM outweighs the blocking of pTRM,;
during the second half, pTRM blocking begins to catch
up with NRM demagnetization, ultimately restoring
points on an Arai plot to the ideal SD line just before
the ultimate demagnetization of the sample. The re-
sult is a characteristic sagging shape of paleointen-
sity results, the amount of sagging growing for larger
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grain sizes. If this intrinsic concave shape is mistak- in principle solve the problem whatever the domain
enly taken to be due to chemical alteration in high-tem- state of remanence carriers. Implementing this princi-
perature steps and a line is fitted to the low-temperature ple is not straightforward, however, becausef(iigg)

points, paleointensity estimates that are high2p%
for 1 um grains or >50% for 13pm grains will result.

It remains to be seen whether pTRM checks can reli-
ably distinguish between the two causes of curvature.

7.3. Consequences of the symmetry of §)T

A more sophisticated application of SD theory to
thermoviscous overprinting in nature is thermochrono-
metry (Middleton and Schmidt, 1982; Dunlop et al.,
1997, 2000). As discussed above, “anomalously”
high unblocking temperatures, i.Eyg > Tg, due to
MD or PSD grains invalidate the simple prescription
Tug = T, based on SD theory, by which paleo-

temperatures are matched to laboratory unblocking

distributions of the various narrow-band pTRMs com-

prising the thermal overprint overlap. The upper tail

of one overlaps the lower tail of another, leading to a
wide and fairly uniform spectrum ofyg.

On the other hand, the overlap of tf{@yg) distri-
butions of adjacent pTRMs suggests an application to

the law of additivity of partial TRMs. Clearly adjacent

pTRMs carried by MD or PSD grains cannot be inde-
pendent because their unblocking temperature ranges
overlap, sometimes extensively. Yet it is a common
observation (Roquet, 1954; Levi, 1979) that PSD and
even MD pTRM intensities are additive:

PTRM(T1, T2, H) + pTRM(T>, T3, H)

= pTRM(T1, T3, H) (1)

temperatures (Pullaiah et al., 1975). Some form of Furthermore, this additivity holds throughout the ther-

preconditioning, such as LTD or partial AF clean-
ing (Fig. 6), may improve the situation by reducing
high-Tyg tails.

A more satisfying solution would be to take advan-
tage of the symmetry d{Tyg). Since(Tug)av ~ T
for individual narrow-band pTRMs, using average
instead of maximum unblocking temperatures would

mal demagnetization process, as the data in Fig. 9
illustrate. Two broad-band pTRMs were used because
the higher remanence intensities greatly improved the
precision of the measurements. The shapes of the ther-
mal demagnetization curves of pTRM{, 300°C)

and pTRM (300C, Tp) are quite different, but they
sum to give, to a good approximation, the same curve

-3
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pTRM(T., 300°C)
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S Lo
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Fig. 9. Additivity of broad-band pTRMs produced over neighboring intervals together spanning the Tange)( At any temperature
between about 100 and 50D, the two thermal demagnetization curves sum to the same value as the total TRM demagnetization curve.
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as the thermal demagnetization of the total TRM. The
two pTRMs account for different fractions of the sum
at different temperatures, but the mirror symmetry of
theirf(Tyg) spectra about their common blocking tem-
perature of 30€C is responsible for the constancy of
the sum.

7.4. Fundamental considerations

Two fundamental questions spring to mind. First,
why are the high- and low-tails of f(Tyg) symmetric?
This symmetry for narrow-band pTRMs (Figs. 1, 3and
7) accounts also for the mirror symmetryf¢fyg) for
adjacent broad-band pTRMs, by which the upper tail
of one matches the lower tail of the other, resulting
in a constant sum of the two pTRMs during thermal
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to ~120°C with few changes in further heating, while
Ambatiello et al. (1999) have reported constant do-
main sizes until crystals were heated abev&s0°C.

On this evidence, nucleation has the right properties
to contribute disproportionately to high- and |Gwsg
tails in pPTRM demagnetization. However, it is not
credible that these same nucleation events can be pro-
duced by AF cleaning in small fields10 mT atTy.

It is much more likely that displacements of loosely
pinned walls account for the softest AF fraction and
nucleation events for much higher coercivity fractions.

Re-examining the data in Fig. 6, we see that
although the pTRM fractions wittf'yg < 300°C
and >400C are most vulnerable to AF pre-treatment,
the pTRM fraction with 300C < Tyg < 400°C
is also greatly reduced, from60% of the original

demagnetization (Fig. 9). Second, why are the tails of pTRM without AF to ~30% after AF cleaning. In

f(Tus) selectively erased by partial AF demagnetiza-
tion, sharpening the distribution (Fig. 7)? Are the same

other words, AF demagnetization affects the entire
f(Tug) spectrum. The AF pre-treatment is selective

domain nucleation events or wall displacements that in the sense that only pTRM witliyg between 300

occur far below and far abovis during heating selec-

tively excited by AF treatment at room temperature?
Nucleation and growth of a new domain must

profoundly alter the internal demagnetizing fieHg

at every point in a grain and can be expected to

trigger a cascade of adjustments in other domains.

and 400C survives to any significant extent, but the
fractions of the original pTRM destroyed are actually
heavily weighted towards the 300-4@ interval:
30% in this 100C interval compared to 20% in the
280°C interval from 20 to 300C and 20% in the
180°C interval from 400C to Tc. Successive wall

Wall displacements, on the other hand, are a local displacements over the entire interval fraig to Tc

response to gradual changedin WhenHg becomes

are the likely source of this AF vulnerable fraction.

greater than the pinning strength of a local obstacle Fig. 1 gives further insight. The distributid(iryg)
to wall motion, a segment of the wall will snap free for the 20um sample is a superposition of a narrow,
and move a small distance, limited by other pins sharply peaked spectrum like that of the Oud4 SD
along the wall. Nucleation is an infrequent but pro- sample and a very broad spectrum like that of the
found event with global consequences throughout the 135pum MD sample. What AF demagnetization has
grain, while wall displacement is a local effect that accomplished is to erase the MD spectrum (which does
occurs frequently and changes the grain’s magneti- indeed peak around the blocking range, accounting for
zation quasi-continuously, driven by the continuously the larger fraction of pTRM destroyed between 300
changing balance betweedy and coercivity He, and 400C), leaving the SD-like spectrum untouched.
representing wall pinning, as temperature changes. If wall displacements occurring more or less unifor-
Nucleation occurs at specific sites where the mly across the entire range of heating are the predomi-
crystalline anisotropyK is anomalously low (sharp  nant mechanism of thermal demagnetization, as the
corners, interior cavities) and spins can be more above analysis implies, the symmetryf(fyg) beco-
readily reversed byHy. Intuitively we might expect  mes easier to understandTH is in a mid-temperature
nucleation to be most probable in two temperature range betweernly and Tc, as in our experiments,
ranges: at lowl whereK is decreasing rapidly with  there is a symmetric range ®favailable for demag-
heating and at highi nearT¢ whereHg outweighs all netization above and beloWg. By this reasoning,
sources of coercivity. The observations on magnetite experiments involving very lowlg pTRM would be
support this idea. Heider et al. (1988) observed suc- expected to show a reduced Idwsg tail and very
cessive nucleation events at a sharp corner in heatinghigh-Tg pTRM should have a reduced hidlyg tail.
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The latter effect has been observed by Shcherbakova
et al. (2000).

8. Conclusions

1. Narrow-band pTRMs produced during cooling by
a field applied in the interval 370-3%0 to PSD
and MD magnetites with mean sizes of 1, 6, 20,
110 and 13®m were not demagnetized over the
same interval during heating. Thermal demagne-
tization began well below 35C and continued
above 370C. However, the median unblocking
temperature Tyg)ay Was close to the median
blocking temperaturelg)ay of 360°C in all cases.

. The MD samples (110 and 185n) deviated most
from SD behavior. Their pTRMs demagnetized
over the entire intervalTlp, Tc).

. The PSD samples (1, 6 and j26) had thermal
demagnetization curves with pronounced inflec-
tions near the lower and upper limits of the pTRM
blocking range. Although 60-80% of the pTRM
demagnetized between 300 and 400there were
also important “tails” below 300 and above 4@

. The combination of SD- and MD-like thermal de-
magnetization behavior in PSD grains is most
clearly seen in the unblocking temperature distribu-
tion, f(Tug), the point-by-point slope of the thermal
demagnetization curve. PSD grains have a non-Ga-
ussian distribution that is a superposition of separa-
te narrow SD-like and broad MD-like distributions.
The superposition implies independent SD-like
and MD sources of remanence in these grains.

. “Anomalously” low unblocking temperatures, i.e.
Tus < T, affect Thellier-type paleointensity de-
termination because demagnetization of NRM in
low-temperature steps is not offset by the gain in
PTRM in the companion in-field heating—cooling
steps. As a result, the Arai plot sags below the
ideal SD line (Fig. 4). Mistaken use of only
low-temperature steps would lead to paleointensity
estimates that are high by20% for 1um grains
up to a factor 2 high for 13pm grains.

. “Anomalously” high unblocking temperatures of
PSD and MD grains, i.eTyg > T, invalidate
the determination of paleotemperatures using ther-
moviscous remagnetizations (Pullaiah et al., 1975)
because the method is based on Néel's SD theory
and assume§'yg = T (apart from a cooling
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rate correction). The use of(g)av Values would
revalidate the method, becaus€ug)ay ~ Tg

for narrow-band pTRMs, but for the broad-band
pTRMs that constitute NRM overprints, this may
be difficult to implement.

High Tyg’'s also lead to pTRM residuals in
intermediate- and high-steps of paleointensity ex-
periments, best detected by an additional zero-field
heating—cooling cycle at each temperature (pTRM
tail check).

Sincef(Tyg) of a broad-band pTRM results from
the superposition of(Tyg) of many narrow-band
pTRMs, the symmetry off(Tyg) for individual
narrow-band pTRMs leads to a mirror-image sym-
metry of thermal demagnetization tails of neighbor-
ing broad-band pTRMs. As a result, at any thermal
demagnetization temperature, the sum of the two
pTRMs equals the total TRM, an unanticipated ex-
tension of the law of additivity of pTRMs (Fig. 9).
AF cleaning to 10 mT renders the surviving pTRM
of 20um PSD grains much more SD-like in its
thermal demagnetization behavior. Essentially all
the surviving pTRM unblocks between 300 and
400°C. The MD-like part off(Tyg), surmised to be
due to repeated wall jumps, is completely removed
by this mild AF treatment.
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