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Abstract

Low-temperature demagnetization (LTD) promotes single-domain (SD)-like alternating field (AF) and thermal
demagnetization properties of anhysteretic remanent magnetization (ARM) and thermoremanent magnetization
(TRM), by eliminating low-coercivity or low-unblocking-temperature fractions of remanence. We have investigated
the effectiveness of LTD in improving the independence of partial ARMs (pARMs). Independence of pARMs and of
partial TRMs (pTRMs) is crucial because multivectorial directional analyses and paleointensity determinations are
otherwise compromised. In normalized vector plots of AF demagnetization of orthogonal pARMs, LTD-treated
samples showed universal improvement in the degree of independence. The greatest improvement was for synthetic
SD and pseudo-single-domain magnetites and natural lake sediments. On the other hand, independence barely
improved for synthetic multidomain magnetite, granites, and gabbros. In general, LTD provides a better resolution of
superimposed vectors in multicomponent remanence. The direction of the original ARM (corresponding to primary
NRM in nature) is perfectly recovered. However, the pARM (the overprint) is not perfectly resolved, especially for
overprinting coercivities <40 mT, where the deviation in inclination is 10° or more.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction before alternating field (AF) or thermal demagne-

tization. Since LTD causes unpinning of domain

In low-temperature demagnetization (LTD),
rocks containing magnetite are cooled to below
the Verwey transition 7, (~ 120 K) and warmed
to room temperature in zero field. LTD is quite
effective in eliminating remanence fractions of low
coercivity or low unblocking temperature [1]. As a
result, LTD has been applied as a pre-treatment
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walls with no risk of oxidation as in thermal de-
magnetization, it has been used in several studies
to obtain better resolution of paleodirections [1—
5]. It was also observed that LTD improves the
isolation of archeomagnetic signals [6] and the
linearity in paleointensity determination [2]. Dun-
lop et al. [3,4] and Warnock et al. [5] systemati-
cally applied LTD to better dissect multivectorial
natural remanent magnetizations (NRMs) in re-
magnetized rocks.

Yu et al. [7] have shown that when anhysteretic
remanent magnetization (ARM, simulating pri-
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mary NRM produced in a field Hy) is orthogo-
nally overprinted by partial ARM (pARM, simu-
lating remagnetization in H,), the intensity of H»
and the direction of H; are well resolved but the
intensity of H; was underestimated in an Arai-
type plot, sometimes severely, and the estimated
direction of H, was deflected toward the direction
of Hy [7]. These results indicate violation of the
PARM independence law, i.e., a pARM produced
over an AF interval (H,,H,) affects the intensity
and direction of another pARM whose AF inter-
val does not overlap (H»,H;). Although ARM is
an artificial replica of NRM, using ARM has its
merits. First, ARM techniques require no heating
so that alteration of minerals is prevented. Sec-
ond, additivity, reciprocity, and independence of
PARMs can be tested in simple, quick experi-
ments [7-9]. In particular, the independence of
PARMs [7] was tested unambiguously by using
orthogonal superposition of one or more pARMs
on ARM.

In this study, we are not mainly interested in
physical properties of magnetites at low temper-
atures (see the review by Muxworthy and McClel-
land [10]). Instead, we turn our attention to prac-
tical questions that were previously ignored. The
goal of this paper is to provide a quantitative
answer to the question, ‘How much can LTD im-
prove the directional resolution of remanence vec-
tors in multicomponent NRM?’

2. Samples

Eight synthetic samples were prepared using
magnetite powders whose mean grain sizes range
from single domain (SD, 0.065 wm) to small mul-
tidomain (MD, 18.3 um) [8]. Samples are 0.5% by
volume dispersions of magnetite in a matrix of
CaF,. Cylindrical pellets 8.8 mm in diameter
and 8.6 mm in height were pressed and then
tightly wrapped with quartz wool inside quartz
capsules. The capsules were sealed under vacuum
and annealed for 3 h at 700°C to stabilize the
magnetic properties.

Twenty-six natural samples were also studied:
two andesites and one red scoria [11], 14 gabbros
[12,13], three granites [14,15], and six freeze-dried

lake sediments [16] (Table 1). The natural samples
selected have magnetic and paleomagnetic proper-
ties that are well documented. They were chosen
from a much larger collection of several hundred
cores on the basis of their low magnetic fabric
anisotropy, their reproducible ARM and TRM
intensities (for sediments, ARM only), and mini-
mal viscous magnetic changes. Low fabric aniso-
tropy is necessary to produce remanences along
two or three orthogonal axes using orthogonal
fields. The gabbros and lake sediments had
yielded reliable paleointensities by the Thellier
and pseudo-Thellier methods, respectively.

3. Low-temperature memory
3.1. Experimental procedures

After thermal demagnetization to 600°C (or AF
demagnetization to 100 mT for sediments),
ARMI1 was imparted in an AF decaying from
100 mT with a steady field of H=50 uT along z
using a Molspin AF demagnetizer. AF demagne-
tization was carried out to 100 mT in 5 mT steps
in two different ways: first, along * z (single-axis
demagnetization); second, along *x, *y, and
tz in succession (three-axis demagnetization).
The results were slightly (~ 1%) different in inten-
sity, but we used three-axis demagnetization as
our routine technique because it more efficiently
eliminates spurious transverse (x, y) components.
A second ARM, ARM?2, was produced and
cycled to 77 K and back to 300 K in zero field.
The memory of ARM2 after the LTD cycle was
measured (Rs; =memory of ARM2/total ARM)
and then stepwise AF demagnetized. LTD was
carried out in a zero-field (<28 nT) shielded
space. Samples were held for 1 h at 77 K in a
small Dewar filled with liquid nitrogen.

After thermal demagnetization to 600°C (or AF
demagnetization to 100 mT for sediments),
ARM3 was generated and then stepwise thermal
demagnetization was carried out every 50°C from
200°C to 500°C and every 10°C between 510°C
and 580°C, using an MMTD furnace. Another
ARM4 was produced and then LTD treated.
The memory of ARM4 (Rar=memory of
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ARM4/total ARM) was then thermally demagne-
tized, completing two sets of AF and two sets of
thermal demagnetizations on ARM with and
without prior LTD. Throughout all heat treat-
ments, temperatures were reproducible within
+2°C. The residual field in the furnace during
heatings and coolings was less than 150 nT.
Similarly, two sets of AF demagnetizations on
TRM1, TRM memory (Rr; memory ratio from
TRM?2), saturation remanent magnetization
(SIRM) SIRMI1, and SIRM memory (Rs; from
SIRM2) and two sets of thermal demagnetiza-
tions on TRM (TRM3), TRM memory (Rt
from TRM4), SIRM (SIRM3), and SIRM mem-

ory (Rsy from SIRM4) were performed. SIRM
was produced in a 1 T field, using an SC-10 im-
pulse magnetizer. TRM was generated in a steady
field H=50 uT.

3.2. Low-temperature memory

Although many factors such as stress, grain
shape, and degree of stoichiometry affect LTD
memory, the memories of TRM and SIRM have
fairly well established grain-size variations [17,18].
ARM, TRM, and SIRM memory ratios are listed
(Table 1). For the synthetic samples, the results
are plotted as a function of grain size in Fig. 1.

Table 1
Low-temperature memory

Rar ® Rpr ® Ry # Rp ® Rs1 * Rsy ° Rs; ¢
Synthetic samples
0.065 um 0.771 0.809 0.869 0.883 0.689 0.680 0.906
0.21 um 0.746 0.754 0.880 0.859 0.633 0.673 0.895
0.44 um 0.925 0.849 0.941 0.915 0.827 0.902 0.892
0.24 um 0.808 0.730 0.855 0.880 0.626 0.642 0.993
0.34 um 0.617 0.604 0.718 0.716 0.516 0.489 0.882
1.06 um 0.544 0.579 0.619 0.656 0.369 0.391 0.771
16.86 um 0.286 0.393 0.288 0.360 0.210 0.227 0.437
18.31 um 0.305 0.278 0.258 0.288 0.203 0.229 0.446
Lake sediments
288 B 0.865 0.690 0.798
456 B 0.852 0.745 0.819
578 B 0.824 0.728 0.821
885 B 0.792 0.628 0.748
954 B 0.805 0.639 0.784
1004 B 0.802 0.662 0.789
Igneous/volcanic samples
An 1 0.929 0.914 0.947 0.933 0.765 0.774 0.785
An 3 0.913 0.916 0.900 0.906 0.768 0.760 0.886
Bu 5 0.368 0.398 0.441 0.410 0.327 0.369
Bu 8 0.337 0.429 0.432 0.400 0.307 0.386 0.299
Co 0.959 0.955 0.992 0.988 0.885 0.920
C12 0.944 0.933 0.994 0.998 0.897 0.911
Km 3 0.861 0.881 0.959 0.956 0.892 0.846 0.744
S 50 0.438 0.466 0.507 0.501 0.440 0.334
T2 0.622 0.557 0.664 0.651 0.442 0.426 0.543
T 19 0.900 0.824 0.923 0.919 0.750 0.728 0.709

Results for 10 other gabbros (Section 2) are not listed. They are very similar to those listed.
4P ARM and TRM used bias field H=50 uT. SIRM was generated in an applied field of 1 T. All vacuum-sealed synthetic sam-

ples were annealed.

4 Memory measurements on ARM (Ra;), TRM (Rr;), and SIRM (Rg;) before AF demagnetization.

> Memory measurements on ARM (Rx;), TRM (R3), and SIRM (Rs,) before thermal demagnetization.

¢ Room-temperature SIRM was generated in an applied field of 2 T. Memory was obtained after cooling to 10 K and then
warming to 300 K, using an MPMS. For natural samples, small chips from the sister specimen were used. For synthetic samples,

unannealed powders were used.
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Fig. 1. Memory ratios of ARM, SIRM, and TRM of syn-

thetic powders as a function of grain size. Memory ratios de-
crease as the grain size increases.

0.0

For annealed powders, regardless of the grain
size, the general trend is Ry > Ra > Rs (Fig. 1
and Table 1). Unannealed powders can have con-
siderably higher values of Rg, even larger than
those of Ry, indicating that the remanence is
strongly influenced by stress [17] (refer to Section
3.5 for the experimental sequence for Rg3).

3.3. AF demagnetization

Fig. 2 illustrates AF demagnetization of ARM,
SIRM, TRM, and their memories for three syn-
thetic and three natural samples. The demagneti-
zation curves after LTD were normalized to the
corresponding pre-cooling values of ARM,
SIRM, and TRM. For synthetic SD and pseu-
do-single-domain (PSD) magnetites, lake sedi-
ments, and gabbros, memories have more SD-
like behavior compared to remanences without
LTD, with an enhanced initial plateau at low
AFs (Fig. 2a,b,d,e). The AF demagnetization of
ARM, SIRM, and TRM of synthetic MD and
granite samples shows a quasi-exponential decay
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Fig. 2. AF demagnetization of ARM, SIRM, TRM, and their memories. For low-temperature memories, little remanence is lost
at low AF. The LTD-treated and untreated curves converge at higher AFs.
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Fig. 3. Thermal demagnetization of ARM, SIRM, TRM, and their memories. For low-temperature memories, little remanence is

lost at low temperatures. The LTD-treated and untreated curves converge at higher temperatures.

(Fig. 2c,f). Similar trends were reported for SD/
PSD [19] and for MD grains [10,20].

3.4. Thermal demagnetization

Thermal demagnetization curves of ARM,
TRM, and SIRM with and without prior LTD
are strikingly different. Without LTD, thermal de-
magnetization curves of ARM and TRM for SD
grains are nearly identical (Fig. 3a). For PSD
grains, without LTD, the relative hardness of re-
manences is TRM > ARM > SIRM (Fig. 3b), a
typical trend reported previously [21,22]. Similar
trends are shown for natural samples in the PSD
range (Fig. 3d,e). These distinct characteristics are
less pronounced after LTD. For LTD-treated re-
manences, especially TRM, thermal demagnetiza-
tion follows a flat plateau up to 500-540°C and
then shows a sudden decrease of remanence above
these temperatures (Fig. 3a,b,e). In other words,
LTD makes remanences more SD-like by remov-
ing distributed unblocking temperatures < 500-
540°C. However, the effect of LTD on titanomag-

netite (x=0.1) in sample Km 3 is different. LTD
barely changes the unblocking temperature spec-
tra (Fig. 3d).

For synthetic MD grains and granite contain-
ing MD magnetite, ~45-50% of ARM, TRM,
and SIRM decay at a fairly steady rate up to
540°C (Fig. 3c,f). The remaining remanence
shows rather an abrupt demagnetization in a nar-
row interval between 540°C and 580°C. After
LTD treatment, memories became very stable
against thermal demagnetization, so that almost
no remanence was demagnetized below 540°C.
Therefore, regardless of grain size and the types
of initial remanences, LTD memories of magne-
tite are almost entirely composed of very high
unblocking temperatures, > 500-540°C.

3.5. Isothermal remanence cooling and warming
curves

Continuous measurement of isothermal rema-
nence during zero-field cooling (300 K to 10 K)
and warming (10 K to 300 K) is a means of de-
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Fig. 4. Isothermal remanence cooling and warming curves. SIRM was produced in 2 T at 300 K. In general, remanence decreases

during cooling but is partially recovered on warming through 7.

termining average grain size of magnetite [23]. We
produced room-temperature SIRM in an applied
field of 2 T. Memory (ratio Rs3) of this SIRM was
obtained after cooling in zero field (<0.5 uT) to
10 K and then warming to 300 K, using a Quan-
tum Design MPMS at the Institute for Rock
Magnetism, University of Minnesota. For natural
samples, we used small chips extracted from sister
specimens. Unannealed powders were used for
synthetic samples.

All the samples, regardless of their grain size
and lithology, show reversible behavior at low
temperatures (10 K to 70-90 K) but irreversible
behavior with partial recovery of original rema-
nence at higher temperature (70-90 K to 300 K)
(Fig. 4). For synthetic samples, the remanence
decrease ~ T, during cooling and the remanence

increase at 7, during warming become more
prominent as the average grain size increases
(Fig. 4a,b). On the other hand, the recovery of
initial remanence at 300 K, i.e., the SIRM mem-
ory, decreases with increasing grain size. For nat-
ural lake sediments, room-temperature SIRM
cooling and warming curves mimic the results of
synthetic PSD magnetites, implying average grain
sizes of magnetite in the sediments of ~1 um
(Fig. 4c). Igneous samples show a wide variation,
from MD-like (Bu 8) to SD-like (An 1 and Km 3)
(Fig. 4d). One interesting and novel result is the
increasing remanence during initial cooling from
300 K to near 7y in 0.24 um magnetite and An 3.
This phenomenon probably results from mixed
shape and crystalline anisotropies in SD grains
[23].
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Fig. 5. AF demagnetization of ARM.+pARM, for the 0.065 pm SD sample with and without LTD. (a) Vector plots. (b) Nor-
malized vector plots. Decay curves for (c) x and (d) z components.

4. Effect of LTD on pARM independence
4.1. Experimental procedures

To examine the independence of pARMs, we
first produced total ARM, (100 mT, 0) along =
in an AF decaying from 100 mT with a steady
field of H=50 uT. Then ARM, was partially
overprinted by pARM, (H;,0) along x over the
AF range H; to 0. Six different orthogonal sums
ARM.+pARM, (H,,0) for H;=10, 20, 30, 40, 50,
and 60 mT yielded vector resultants Mjy, My,
M3y, My, Msy, and Mg, respectively. Each of
these remanences was AF demagnetized in 5 mT
steps to 100 mT. Myp—Mgy were then re-produced

and LTD was carried out before stepwise AF de-
magnetization.

In the ideal case, the total ARM aligns all co-
ercivity fractions from 0 to 100 mT along z. The
later remagnetization pARM, (H;,0) should redi-
rect the coercivity fraction (H;,0) along x, leaving
the fraction (100 mT, H;) untouched. Therefore,
during AF demagnetization from 0 to H;, only
M, should decay while M, should remain con-
stant for ideal independence (dashed lines in
Figs. 5, 6, and 7).

4.2. Results

Typical examples are presented in the form of
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Fig. 6. AF demagnetization of ARM.+pARM, for the 16.9 um MD sample with and without LTD. (a) Vector plots. (b) Nor-

malized vector plots. Decay curves for (c) x and (d) z components.

orthogonal vector plots (Figs. 5a, 6a, 7a), normal-
ized vector plots (Figs. 5b, 6b, 7b), and compo-
nent decay curves for M, (Figs. 5c, 6¢, 7c) and for
M, (Figs. 5d, 6d, 7d). AF demagnetization results
for H> H; follow the vertical axis on vector plots
and are not shown (Figs. 5a,b, 6a,b, 7a,b).
Dashed lines (Figs. 5a,b,d, 6a,b,d, 7a,b,d) repre-
sent ideal independence.

In Fig. 5, SD magnetite (0.065 wm) shows dis-
tinctly different demagnetization behavior before
and after LTD. The main effect of LTD on the
softer pARM, (H;,0) overprint (M, component)
is to enhance the initial plateau at low AFs (Fig.
5c). Notice that all the overprint is erased by AF
demagnetization to H,.

For true independence, the harder overprinted
ARM; (M. component) should remain constant
up to H; without showing any decay. This is illus-
trated in the ideal vector plots and M. curves of
Fig. 5d. In reality, M. decayed to some extent
below H; even for SD grains. After LTD treat-
ment, the independence of M. improved some-
what: less of M, demagnetized below H.

In vector projections, remanence demagnetiza-
tion trajectories before LTD are more curved
while after LTD the trajectories are more linear
(Fig. 5a). Although a normalized vector plot has
no practical application in directional analyses, it
is of use in judging the improvement in indepen-
dence since the value of the intercept M./M,, rep-
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Fig. 7. AF demagnetization of ARM.+pARM, for lake sediment sample 456 B with and without LTD. (a) Vector plots. (b)
Normalized vector plots. Decay curves for (c) x and (d) z components.

resents the degree of independence for each H;
(Fig. 5b; compare with the ideal trajectory which
has an intercept M./M, =1). Although not
shown, the results for synthetic PSD samples are
similar to the SD results.

The results for synthetic MD magnetite (16.9
um) are interesting because LTD transforms an
exponential decay of M, into a more distributed
decrease of remanence (Fig. 6¢). However, LTD
does not produce any SD-like initial plateaus, im-
plying that LTD on MD grains is not as effective
as on SD/PSD magnetites. The decay of M. is
striking (Fig. 6d) because the curves before and
after LTD form two sets with distinct shapes. In

vector projections, continuous curved trajectories
change their shapes to more orthogonal forms
although the overprint field direction is still not
perfectly recovered (Fig. 6a). In normalized vector
plots, the improvement of independence is typi-
cally 5-10% (Fig. 6b).

Since ARM simulation has more relevance to
the NRM of sediments than of igneous rocks, it is
of special interest to examine lake sediments. Sig-
nificant enhancement of SD-like stable remanence
is visible both for x and z components in Fig.
7c,d. As a result, vector plots have better ortho-
gonality after LTD (Fig. 7a,b). The improvement
of independence is typically 5-11% (Fig. 7b).
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4.3. Quantitative analyses

Figs. 5, 6, and 7 illustrate how LTD improves
the independence of orthogonal remanences in
AF demagnetization by making vector plots clos-
er to the ideally orthogonal form and reducing the
fraction of M. that is demagnetized below H:. In
this section, two quantitative approaches will be
used in order to assess the improvement after
LTD.

In a paleomagnetic approach, since the z com-
ponent M, has unidirectional decay at AFs > H,
we carried out principal component analysis
(PCA) [24] on the portion with H< H;, using
standard software [25]. In the ideal situation of
total independence, the inclination (/) over AFs
< H; is 0° since M. would remain constant while
M, is decaying. The results of this independence
analysis for selected samples appear in Table 2.
For synthetic SD (0.065 um), PSD (0.24 um), 456
B (lake sediment), and Km 3 (red scoria), it is
quite clear that LTD shallows I, giving an im-
proved estimate of the overprint direction, which
is ideally /=0, as well as reducing the maximum
angular deviation (MAD) [24], i.e., making the
trajectories more linear. However, LTD gives no
improvement for synthetic MD (16.9 um), S 50
(granite), and T 2 (gabbro). In these samples,
LTD neither shallows I nor reduces MAD. In
fact, LTD increases MAD and 7 in most H; in-
tervals.

In vector plots, some of the results (Figs. 5, 6,
and 7) show rather curved trajectories. Applying
PCA to these portions is clearly an oversimplifi-
cation. However, the relatively small values of
MAD of < 10° justify this approach in the con-
text of this study.

For the second quantitative analysis, we used
normalized vector plots. The value of the inter-
cept (i.e., M./M.y) on normalized vector plots is a
measure of the degree of independence at each H;
(Figs. 5b, 6b, 7b, and Table 3). Ideally the inter-
cept should be M./M.y=1. The measured values
for the degree of independence are listed in Table
3. The violation of independence increases (values
of M./M.y or M./M.y “™ decreasing) as H; in-
creases (Table 3 and Fig. 8). The improvement
in the degree of independence is significant (15—

Table 2
Estimation of inclination and maximum angular deviation
(MAD)*

Sample H n Without LTD With LTD
(mT) MAD [ MAD [
(O G ) ©)
Ideal 0.0 0.0 0.0 0.0
0.065 um 10 5 9.8 27.6 32 181
20 5 7.1 20.7 39 153
30 7 6.7 222 25 160
40 9 50 121 33 100
50 11 2.5 5.6 1.9 4.6
60 13 1.6 3.5 1.2 25
0.24 um 10 5 6.8 658 27 313
20 5 79 359 49 288
30 7 6.6 21.6 3.5 211
40 9 57 16.6 41 155
50 11 39 117 3.0 10.0
60 13 3.1 7.2 2.7 7.8
16.9 um 10 5 40 167 31 122
20 5 29 8.2 1.8 8.1
30 7 3.0 6.5 3.6 8.7
40 9 2.5 5.0 2.7 6.4
50 11 1.1 23 1.4 3.7
60 13 0.6 1.3 0.9 2.4
456 B 10 5 53 514 48 232
20 5 6.5 27.1 62 225
30 7 7.1 28.1 7.1 18.6
40 9 69 15.1 6.0 124
50 11 49 9.6 44 7.9
60 13 3.4 6.0 1.9 3.4
Km 3 10 5 55 365 1.2 223
20 5 72 235 29 283
30 7 82 197 7.8 226
40 9 7.7 149 57 139
50 11 7.6 13.1 6.6 13.6
60 13 5.7 9.2 54 100
T2 10 5 109 277 84 244
20 5 6.7 1438 73 210
30 7 63 142 92 17.0
40 9 8.6 14.6 83 17.0
50 11 8.6 133 79 157
60 13 8.1 141 7.8 16.1
S 50 10 5 7.1 287 1.6 321
20 5 44 157 48 213
30 7 52 130 69 214
40 9 55 121 62 164
50 11 3.6 7.1 3.5 8.2
60 13 4.1 7.7 34 8.6

4 p: number of data points used in PCAs; H: peak AF of
simulated remagnetization; I: inclination. Calculations were
carried out using commonly used software [25].
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20%) for synthetic MD (16.9 um) and for S 50
(granite) but rather small (10% or less) for other
samples.

Table 3
Degree of independence?®
Sample H MMy '™ MM,  M./My
LTD*M:/M;()
(mT) (o)
0.065 um 10 0.971 0.932 3.9
20 0.937 0.853 8.4
30 0.810 0.656 154
40 0.569 0.481 8.8
50 0.461 0.354 10.7
60 0.347 0.254 9.3
0.24 um 10 0.943 0.818 12.5
20 0.882 0.757 12.5
30 0.762 0.643 11.9
40 0.629 0.515 114
50 0.490 0.371 11.9
60 0.394 0.314 8.0
16.9 um 10 0.932 0.746 18.6
20 0.843 0.629 214
30 0.694 0.416 27.8
40 0.456 0.271 18.5
50 0.365 0.126 23.9
60 0.290 0.064 22.6
456 B 10 0.958 0.903 5.5
20 0.908 0.796 11.2
30 0.810 0.738 7.2
40 0.707 0.626 8.1
50 0.644 0.593 5.1
60 0.612 0.528 8.4
Km 3 10 0.958 0.903 5.5
20 0.908 0.796 11.2
30 0.81 0.738 7.2
40 0.707 0.636 7.1
50 0.644 0.593 5.1
60 0.612 0.528 8.4
T2 10 0.930 0.872 5.8
20 0.886 0.821 6.5
30 0.826 0.767 5.9
40 0.770 0.700 7.0
50 0.691 0.608 8.3
60 0.588 0.504 8.4
S 50 10 0.871 0.689 18.2
20 0.712 0.546 16.6
30 0.533 0.421 11.2
40 0.471 0.338 13.3
50 0.397 0.273 124
60 0.318 0.211 10.7

a f;: peak AF of simulated remagnetization.

5. Discussion
5.1. Low-temperature memory

Although many other studies have systemati-
cally investigated demagnetization of different re-
manences before and after LTD, either they were
confined to narrow ranges of domain states of
magnetites or they used AF demagnetization
only [1,10,17,19,20,26]. In particular, thermal de-
magnetization of ARM memory has not previ-
ously been reported. Since most previous studies
discussed detailed physical processes at low tem-
peratures, the discussion in this section is confined
to the new aspects only.

1. LTD improves SD-like features of the thermal
demagnetization response of ARM, TRM, and
SIRM dramatically. After LTD, the remanen-
ces show almost no decay from 20°C to 500—
540°C and most unblocking temperatures
(Tugs) are confined to a narrow interval from
500-540°C to 580°C. It is thus clear that
LTD improves the stability of thermal demag-
netization at the expense of fractions with
Tup < 500-540°C. In thermal demagnetization
of memories, it is unnecessary to have closely
spaced steps up to 500-540°C. On the other
hand, only a limited number of closely spaced
high-temperature steps are possible in Thellier
experiments on LTD-treated remanences. The
situation is quite different in AF demagnetiza-
tion of ARM, TRM, and SIRM memories.
LTD affects broad coercivity intervals and
will enhance pseudo-Thellier experiments by
generating more uniformly spaced data points
in an Arai plot.

2. During the AF demagnetization of samples
containing SD/PSD magnetite (Fig. 2a,b.e),
the curves for ARM, TRM, and their memo-
ries converge at intermediate AFs (~25 mT)
and lie above the decay trend of SIRM or
SIRM memory. On the other hand, for MD
magnetite and granite S 50 (Fig. 2¢,f), AF de-
magnetization curves of ARM, TRM, SIRM,
and their memories all converge to a common
trend (around 30 mT for synthetic MD grains
and 10 mT for S 50).

3. Thermal demagnetization of ARM, TRM, and
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Fig. 8. Degree of independence M./M.y or M./M.; “™ as a function of remagnetizing field H;. The degree of independence de-

creases as H; increases.

SIRM is a useful tool in identifying average
grain size. For SD (0.065 um), ARM and
TRM are more resistant to thermal demagne-
tization than SIRM. For PSD (0.24 um), the
relative hardness of remanence is TRM >
ARM >IRM. For MD (16.9 um), although
the order of hardness is similar to that of
SD, there is a distinct characteristic of distrib-
uted Tygs. The different thermal stabilities of
ARM and TRM are a hallmark of fine PSD
magnetite [19,21,22]. However, this feature of
fine PSD grains is diminished as a result of
LTD (Fig. 2b,e).

4. Sample Km 3 shows interesting thermal behav-
ior. Without LTD, TRM is the hardest and
ARM is harder than SIRM, mimicking PSD
characteristics of magnetite. After LTD,
ARM, TRM, and SIRM memories still pre-
serve relatively soft unblocking fractions, and
decay similarly to untreated ARM, TRM, and
SIRM, respectively. Interestingly, Km 3 had
the most SD-like behavior among natural sam-
ples in terms of hysteresis ratio (My/M;=0.40,
Yu et al. [§], table 3). Since Km 3 contains
titanomagnetite (x=0.1, Yu et al. [8], table
3) rather than magnetite, it is clear that proper-
ties 1-3 must be confined to magnetite-bearing
samples.

5.2. Can LTD improve the resolution of orthogonal
PARMs?

The main goal in this study was to test whether

or not LTD improves the resolution of superim-
posed remanences in multivectorial directional
analyses. Overall, LTD does improve the resolu-
tion of superimposed pARMs, but it is not a
wholehearted success.

It is paleomagnetically interesting that esti-
mated values of I, with or without LTD, deviate
consistently from the ideal value of 0°. For most
overprinting coercivities H; <40 mT, no I is
smaller than 10° (Table 2). Failure to estimate
the correct direction of overprinting remanence
is universal, regardless of grain size or lithology,
except for the 16.9 um magnetite. This result has
serious implications for paleomagnetic studies of
multivectorial remanences. The ‘primary NRM’
direction would be perfectly recovered, but the
overprint direction could be seriously in error.

According to analysis using normalized vector
plots (Section 4.3), LTD-treated samples show
universal improvement in the degree of indepen-
dence of their x- and z-directional components, as
measured by M./M,y. Ideally M., is not demagne-
tized at all for < H; (M./M.o=1). The improve-
ment is most significant (15-20%) for synthetic
MD magnetite (16.9 pm).

Component decay plots (Figs. 5c,d, 6c¢,d, 7c,d)
and conventional vector plots (Figs. 5a, 6a, 7a)
also indicate improved separation of x- and z-di-
rection remanences after LTD. As a result, for
most samples, inclinations of the remanence
erased from 0 to H; become shallower and closer
to the ideal 7=0, while MAD values are reduced
(Table 2). However, in the paleomagnetic ap-
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proach, it is remarkable that the results without
LTD actually give a closer estimate of the remag-
netization field direction H, for synthetic MD
magnetite (16.9 um), S 50 (granite), and T 2 (gab-
bro). In these samples, LTD actually increases
inclination and MAD. This is puzzling since
LTD shows signs of improving other aspects of
independence (Figs. 2 and 6).

The MD characteristic of large amounts of AF
demagnetization at low coercivity is responsible
for this paradox. For example, for M3y of syn-
thetic MD magnetite, AF demagnetization with-
out LTD shows a drastic decrease of M, between
0 (130.3 mA/m) and 15 mT (20 mA/m). These are
the remanence fractions that dominate the / cal-
culation, although statistical analysis uses the
whole overprinting fraction (H;,0). On the other
hand, for MY of synthetic MD magnetite, the
decay of M, is distributed more evenly so that the
I calculation relies on the whole fraction.

One must also be cautious in using normalized
vector plots. These can be useful in comparing
data from different samples or from different H;
values for the same sample. On the other hand,
normalized vector plots misrepresent the data in
the sense that each set of data is normalized by
quite different M, and M. intensities. For exam-
ple, intensities of M iomr), Myomr) ='°,
M_(10m1)> M-(1omr) “™°% Mo mr)s Myomr) 20,
M. 30 mr), and M0 1) “TP for 16.9 um are 66.7,
12.8, 85.3, 40.3, 130.3, 33.9, 28.5, and 18.3 mA/m,
respectively (Fig. 6). Apparent improvement of
independence judged from M./M.y on normalized
vector plots or increase of AF stability cannot
necessarily guarantee a better resolution of multi-
vectorial NRM using standard paleomagnetic
analysis techniques, such as PCA.

6. Conclusion

Overall, LTD usually leads to a better reso-
lution of component vectors and their directions
in multivectorial sums. However, applying LTD
requires careful prior study before use in each
individual case since enhancement of SD-like
behavior in normalized vector plots or AF de-
mag-netization of separated components does not

necessarily guarantee success in resolving paleo-
magnetic component vectors by standard tech-
niques such as PCA of linear segments on (un-
normalized) orthogonal vector plots.
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