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Abstract

The independence of partial anhysteretic remanent magnetizations (pARMs) was tested by alternating field
demagnetizing orthogonal pARMs whose blocking field intervals do not overlap with each other. Experimentally the
two pARMs demagnetized independently for single-domain grains but for multidomain and pseudo-single-domain
grains, a superimposed remanence significantly affected the demagnetization of the pre-existing remanence.
Experimentally and in numerical simulations, when a total anhysteretic remanent magnetization (simulating primary
remanence in a field H,) was orthogonally overprinted by pARM (simulating remagnetization in H), estimation of
the intensity of H), was relatively successful but the intensity of H, was always underestimated. Conversely, the
direction of H, was preserved but the direction of H), was spurious. These striking results are caused by the violation
of the pARM independence law, implying that the conventional sample rejection criteria in pseudo-Thellier

paleointensity determination require modification.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In order to extract relative paleointensity infor-
mation from sedimentary sequences (carrying
mostly post-depositional remanence), a pseudo-
Thellier method that avoids heating, and thus
chemical alteration, was developed by Tauxe et
al. [1] and has been widely used [2-7]. The pseu-
do-Thellier method compares increments of natu-
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ral remanent magnetization (NRM) remaining in
a series of alternating-field (AF) demagnetization
steps with increments of partial anhysteretic rem-
anent magnetization (pARM) acquired in a labo-
ratory field in matching AF steps. A fundamental
difference compared to the Thellier method is that
thermal effects are omnidirectional, whereas
pPARM and AF demagnetization have a specific
direction. The effectiveness of demagnetization
depends on the angle between the NRM and the
AF.

Thellier-type [8] paleointensity determinations
are based on the validity of the laws of additivity,
reciprocity, and independence of partial thermo-
remanent magnetization (pTRM) [9]. The main
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purpose of this paper and two previous ones
[10,11] is to test the analogous laws of additivity,
reciprocity, and independence of pARM. Only if
these laws of pARM are valid is it justifiable to
use ARM paleointensity methods. Additivity of
PARMs has been shown to be obeyed for all sam-
ples, regardless of grain size, lithology, and Ti
composition [10]. On the other hand, the reci-
procity of pARMs, i.e. unblocking field = block-
ing field, was fully satisfied only for single-domain
(SD) and small pseudo-single-domain (PSD) mag-
netites and rocks or sediments containing them
[11]. The aim of the present paper is to test the
independence of pARMs, namely that a pARM
(H,,H)) produced by a steady field applied over
the AF interval (I:IQ,I:I]), must be independent of
PARMs produced over field intervals that do not
overlap (Hy,H;). Any violation of the indepen-
dence law compromises the quality of paleointen-
sity determination.

We tested the independence of pARMs added
in orthogonal pairs and in orthogonal sets of
three. Testing independence using non-parallel
pairs of pARMs is necessary for two reasons.
First, during pARM acquisition in the pseudo-
Thellier method, the field is applied along the
cylindrical axis of the sample, which is generally
not the NRM direction. Second, superposition of
PARM on ARM is analogous to partial replace-
ment of TRM by pTRM, mimicking the remag-
netization process in nature. If the pARMs are
truly independent, producing them along orthog-
onal axes permits each to be tracked separately.

2. Samples and experiments

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) [10]. These samples are
0.5% by volume dispersions of magnetite in a ma-
trix of CaF,. Cylindrical pellets 8.8 mm in diam-
eter 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. The magnetic
properties, including ARM and TRM intensities,

did not change significantly after annealing
(Table 1).

Twenty-six natural samples were also studied:
two andesites and one red-scoria [12], 14 gabbros
[13,14], three granites [15,16], and six freeze-dried
lake sediments [5]. The natural samples selected
have magnetic and paleomagnetic properties that
are well documented. They were chosen from a
much larger collection of several hundred cores
on the basis of their low magnetic fabric aniso-
tropy, their reproducible ARM and TRM inten-
sities (for sediments, ARM only), and minimal
viscous magnetic changes. In particular, low fab-
ric anisotropy is necessary to produce orthogonal
remanences by applying orthogonal fields. The
gabbros and lake sediments had yielded reliable
paleointensities from the Thellier and pseudo-
Thellier methods, respectively (Table 2).

The most straightforward way to test indepen-
dence is by observing the demagnetization behav-
ior of multiple orthogonal pARMs with non-
overlapping blocking field intervals. We tested
multivectorial remanences of three types. The first
two are bivectorial and the third is trivectorial.

2.1. Bivectorial test 1
We produced pARM, (100 mT, H), with a

steady field H applied along z from 100 mT to
H; and zero field from H; to 0 mT, yielding a

Table 1
Synthetic samples
Sample Powder d
(1m)
1 4000 0.065
2 5099 0.21
3 112978 0.44
4 M 0.24
5 5000 0.34
6 3006 1.06
7 112982 16.9
8 041183 18.3

Powders 4000, 112978, 5000, 3006, 112982, and 041183 are
from the Wright Company; powders 5099 and M are the
products of Pfizer and Mapico companies. The estimated
mean grain size d was determined using scanning electron
microscope (SEM). More than 1000 grains were typically
counted from at least six SEM photos per powder.
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vector My, using a Molspin AF demagnetizer.
Then to My, we added pARM, (H;, 0) produced
by H applied along x from H; to 0 mT. The re-
sultant vector sum is M,.

2.2. Bivectorial test 2

In this experiment, we first produced total
ARM; (100 mT, 0) and then partially overprinted
this by pARM, (H;, 0), giving a vector resultant
M3. The processes leading to My, M, and M3 are
illustrated in Fig. 1. M, and M3 were repeated for
six different A; values: 10, 20,...60 mT.

2.3. Trivectorial test

In a further experiment, we again produced M3
and then partially overprinted it by a third
PARM, (f;, 0), with H; < H;, giving My (not il-
lustrated in Fig. 7).

Double AF demagnetization [ x, Xy, +z] was
carried out in 5 mT increments for M,, M3, and
My. M, used the same H; as M3, and I:IJ = H/2.

3. Comparison of component intensities

In the ideal case, M; isolates the coercivity or
blocking field fraction (100 mT, A;). If M is in-
dependent of the non-overlapping pARM, (H;,
0), the components z; and z, of M; and M,
should be identical. The case of M3 is similar,
but a little different. The total ARM aligns all
coercivity fractions from 0 to 100 mT along z.

Table 2
Natural samples
Sample Ref. Tus
O
An-ei basalts [9] 580
Kometsuka red-scoria [9] 500
Tudor Gabbro [10] 580
Cordova Gabbro [11] 580
Burchell Lake Granite [12] 580
Shelley Lake Granite [13] 580
Lake Pepin sediments [14] n.a.

Ref. is the reference; Typ is the maximum unblocking tem-
perature from the thermal demagnetization of sister speci-
mens; n.a. is not available.

Peak
AF
Hi
: 0
M1 M2 M3
— Alternating field
— Steady field (z)
----------- Steady field (x)

Fig. 1. A schematic diagram for bivectorial tests 1 and 2.

The later superimposed pARM, (H;, 0) should
redirect the coercivity fraction (H;, 0) along x,
leaving the fraction (100 mT, H;) untouched.
Therefore, we expect ideally to find z3 =2z, and
X3 =Xx3. As long as the independence law is satis-
fied, zi, z», and z3 should have the same values
regardless of their experimental sequences, and
the same is true of x, and x3.

The ratios z3/z; and z/z; are plotted as a func-
tion of H; for synthetic samples in Fig. 2a,b. As
the value of Hj increases, z3/z; decreases (Fig. 2a),
suggesting that coercivity fraction (100 mT, H,) is
less independent of fraction (A, 0) at higher H;.
A similar trend is seen for z»/z; vs H; (Fig. 2b).
For example, for the 0.065-um SD sample, 91% of
pARM, (100 mT, 30 mT) is independent of
PARM; (30 mT, 0) while only 64% of pARM,
(100 mT, 60 mT) is independent of pARM, (60
mT, 0) (Fig. 2b). For the 16.9-um and 18.3-um
MD samples, more than half of pARM, (100 mT,
H;) was erased by pARM; (H;, 0) for H; >40 mT
(Fig. 2b). In all cases, even for the 0.065-um SD
sample, the ratios of z/z; were significantly lower
at higher H; values than z3/z; ratios, showing that
the remanence acquisition processes of M, and
M3 are not entirely equivalent.

In the natural samples, Km 3 (red-scoria, [12])
shows similar behavior to that of the 0.065-um
SD sample, indicating that the magnetic carriers
in Km 3 are SD magnetites (Fig. 2c,d). Samples
456 A (sediments, Lake Pepin, MN, USA [5]),
C 12 (Cordova Gabbro, [14]), and An 1 (An-ei
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Fig. 2. The ratios z3/z; and za/z; versus H; for synthetic and natural samples.

andesite, [12]) gave results similar to those of syn- 4. Demagnetization behavior
thetic PSD magnetites. The granites Bu 5 (Bur-
chell Lake Granite [15]) and S 50 (Shelley Lake Results of AF demagnetization of M3 (H; =20,
Granite [16]) have the smallest ratios z3/z; (Fig. 40 mT for Fig. 3a and 20, 60 mT for Fig. 3b) are
2¢) and z,/z; (Fig. 2d). Large MD grains must be shown in normalized vector plots. The results for
responsible for the very significant drops of z»/z; AF steps > H; fall on the vertical axis and are
and z3/z; in these granites. omitted for clarity.
. ideal independence 1.0 .. ideal independence 10
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Fig. 3. AF demagnetization of M3 for (a) synthetic and (b) natural samples.
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Fig. 4. Comparison of AF demagnetization of M3 and My for (a) synthetic 0.24 um magnetite and (b) Tudor Gabbro sample

T 2.

For synthetic samples, M3 (H; =20 mT) decays
continuously regardless of the grain size (Fig. 3a).
The SD sample (0.065 pm) comes closest to obey-
ing independence, with 85% of z3 left at H;=20
mT compared to 76% and 63% for PSD (1.06 um)
and MD (16.9 um) samples. AF demagnetization
of M3 (H;=40 mT) gives an arch-shaped decay
curve with only 58%, 52%, and 27% of z; left at
H =40 mT (Fig. 3a). Whatever the value of H,
less of z3 was left at A; as the grain size increased.
Corresponding AF demagnetization plots of M3
(H;=20 mT) for Km 3, 456 B, and S 50 resemble
those of the synthetic samples, indicating that
their predominant remanence carriers are SD,
PSD, and MD magnetite (Fig. 3b).

The AF demagnetization responses of M3
(H;=40 mT) and My (H;=40 mT) are different
for PSD samples. M4 has a quasi-linear vector
plot while M3 has a continuously curving vector
plot (Fig. 4a,b), showing that pARM, (20 mT, 0)
alters the coercivity distribution of pre-existing
remanences. This interesting behavior is also no-
ticeable for some natural PSD samples. On the
other hand, AF demagnetization plots for Mj
(H;=40 mT) and My (H;=40 mT) are similar,
for synthetic SD and MD samples, for Km 3
(SD characteristics), and for granite samples
(MD characteristics). The fractions of M3 and
M, remaining after AF demagnetization to H;
were almost identical for all the samples used,
regardless of their grain sizes and lithologic var-
iation (Fig. 4a,b).

5. Violation of independence and paleointensity
determination

5.1. Multivectorial paleointensity simulations

Arai plots [17] are widely used in paleointensity
determination studies but conventional Arai plots
are unable to represent multivectorial properties.
Multivectorial Arai plots were introduced for
Thellier-type paleointensity determinations in or-
der to overcome this limitation [14]. In this sec-
tion, the consequences of the violation of the
PARM independence law on analogous Arai-
type plots for pARMs will be investigated numeri-
cally.

For mathematical convenience, we at first as-
sume ideal behavior, namely that additivity and
reciprocity of pARMs are valid. As part of exper-
imental sequence M3, each sample acquires a total
ARM,; in field H,. In the modeling, all results will
be normalized to ARM,; thus ARM, has the vec-
torial representation [0,0,1]. Since pARM, (H;, 0),
produced in field Hy, replaces a fraction (/ —p) of
ARM,, the resultant M is [r(1—p), 0, tp] where p
is the remaining fraction of ARM,, r is the ratio
of Hy/H,, and ¢ represents the degree of indepen-
dence (see Fig. 5 insets, which are modeled on the
My vector plots of Fig. 4; =1 means total inde-
pendence).

We now simulate pseudo-Thellier paleointensity
determination for a bivectorial NRM M3 =pM;+
M,. First consider pure ARM,, as produced ini-
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Fig. 5. (a) Numerically predicted Arai-type plots with associated vector projections. The values of ¢ denote the degree of indepen-
dence. (b) Vectorially separated Arai-type plots for overprinting (left) and primary (right) remanences.

tially as part of M. Suppose 10 AF steps H; (i=1
to 10) are defined so that each step increment in
AF demagnetization destroys 10% of ARM,. Ac-
cording to the reciprocity law, these H;’s should
also produce 10% step increments of pARM
during remanence acquisition steps. Thus, NRM
remaining versus pARM acquisition for these
10 AF steps would fall on the ideal SD line in
the conventional Arai plot (see ideal line in Fig.
5).

In the modeling process, for simplicity, we as-
sume that pARM, was acquired at AF step Hs
(P=0.5), so that the intensity of pARMjy is one-
half of ARM, when r=1. AF steps H,—H; de-
magnetize equal 20% increments of pARM; and

steps Hs—Ho demagnetize 20% increments of p*
(ARM,).

The effect of the violation of independence is
illustrated in conventional Arai-type plots with
associated vector projections for r=1 in Fig. 5a.
As the values of ¢ decrease, i.e., as independence is
increasingly violated, the overall shapes of Arai-
type plots change from convex-up to convex-
down. The portion H; < Hs is always curved for
all values of ¢. In order to overcome this limita-
tion, separate vector Arai plots were constructed.
The NRM remaining at Hs (namely pM,) was
vectorially subtracted from all NRMs M for AF
steps H; < Hs, giving adjusted values NRM’
(namely M,). No adjustment is needed for
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Fig. 6. Simulated Arai-type plots for field ratios (a) r=2, (b) r=3, (c) r=1/2, and (d) r=1/3. Symbols as in Fig. 5.

PARMs because these are acquired in the same
laboratory field direction below and above Hs.
Then the Arai plot for My is NRM' vs pARM,
over the range 0—Hs. The Arai plot for pM,, over
the range Hs—100 mT, is NRM vs. [pARM—
PARM(Hs5)]. The latter subtraction is a simple
scalar one. In practice, constructing separate
Arai plots requires a priori information, the AF
step H;' (= Hs in the present modeling) at which
My, and pM, have a sharp junction in vector pro-
jections. We can infer the values of H;' directly
from the Arai plot or from paleomagnetic vector
projections.

The recalculated vectorial Arai plots reveal cor-
rect paleointensities for Hy, (with slope —1 in Fig.
Sb, left) but fail to estimate correct paleointensi-
ties for H, (Fig. 5b, right). The paleointensities
for H, are underestimated by a factor ¢ (only
t=1 gives a correct intensity). For example,
t=0.6 gives an apparent field intensity that is
60% of the true value.

Similar simulations for other values of r appear

in Fig. 6. The vector projections are omitted be-
cause they are similar to those in Fig. 5a. In gen-
eral, convex-down shapes prevail for r>1 while
convex-up dominates for r <1 (Fig. 6). Although
not shown, the separated vectorial Arai-type plots
again give correct paleointensities for Hy (with the
slope corresponding to r) but yield slopes and pa-
leointensities for H, that are a factor ¢ low.

5.2. Multivectorial paleointensity experiments

In order to bridge from numerical simulations
to reality, we carried out experimental pseudo-
Thellier analyses on our samples. First, M3 was
produced using H; =40 mT for r=1 (H, = Hp).
Then, stepwise AF demagnetization and matching
PARM acquisition were carried out on M3, usu-
ally with 5 mT step increments. We will denote
these results as experiment 1. Based on Fig. 2a,
H,=40 mT was used since the ratio z3/z; starts to
show a great deviation between SD and PSD sam-
ples above this field.



34 Y. Yu et al. | Earth and Planetary Science Letters 208 (2003) 27-39

1.04

NRM remaining
o
[$)]

* ARM
& ARM: + pARMx (0 - 40 mT)

0.0 T
0.0 0.5 1.0

PARM gained

(b) 0.065 um

ga m ARM: (40 - 100 mT)
‘g 0.4 O PARMx (0 - 40 mT)
§ BomT
E 0.2
<
0mT
0.0 : , : : ; |
0.0 0.2 0.4 0.6
PARM gained

1.04

S

NRM remaining
o
[¢)]

* ARM
& ARM:z + pARMx (0 - 40 mT)

0.0 . *
0.0 0.5 1.0
PARM gained
0.8

® ARM: (40 - 100 mT)
O pARMx (0 - 40 mT)

0'.6 a 0'.8
PARM gained

Fig. 7. Experimental pseudo-Thellier results for synthetic magnetites. (a, b) 0.065 um, (c, d) 0.24 um. (a, c) are conventional Arai

plots. (b, d) are vectorially separated Arai plots.

In Figs. 7 and 8§, the results are compared to
pseudo-Thellier experiments (denoted as experi-
ment 2) on total ARM. For experiment 1, the
separated multivectorial Arai plots are also pro-
vided (Figs. 7b,d and 8b,8d). For a fixed H;=40
mT, p varied but was usually ~0.3-0.4. In order
to check the reproducibility, experiments 1 and 2
were replicated four times. The results were re-
peatable within experimental errors.

The results for synthetic SD grains are the most
encouraging. Experiments 1 and 2 converge at
H;=40 mT in the conventional Arai plot (Fig.
7a), as expected from the numerical modeling
(Fig. 5). For experiment 1, the vectorially cor-
rected Arai plots yield correct intensities for
both H, and Hy (Fig. 7b). However, the synthetic
PSD samples show different aspects (Figs. 7c and
7d). First, Hy cannot be determined because the
plot is curved, although the two end points lie on
the ideal SD line (Fig. 7d). Second, H, was under-
estimated by ~ 20%.

The experiments using the natural samples are
worthy of note. Both An 1 and 456 A show con-
vergence at H; =40 mT (Fig. 8a.,c), like the syn-
thetic SD and PSD samples. However, typical
PSD behavior of non-linear, convex-down curves
in experiment 2 persists in the vectorially cor-
rected Arai plots and correct paleointensities can-
not be found. Regardless of the grain size and
lithology of the samples, all the experimental re-
sults in Figs. 7 and 8 converge at H;’.

6. Discussion
6.1. Comparison of component intensities

Ideally the intensities of zi, z;, and z3 should be
identical (Section 3). However, experimentally this
is not the case. First, values of zi, z,, and z3 are
all different from one another, indicating they are
isolating different coercivity fractions. Second, the
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Fig. 8. Experimental pseudo-Thellier results for natural samples. (a, b) An 1, (c, d) 456 A. (a, c¢) are conventional Arai plots.

(b, d) are vectorially separated Arai plots.

relative intensities are always z; > z3 > z;. Third,
the coercivity fraction (100 mT, H;) is less inde-
pendent of the fraction (H;, 0) as the values of H;
increase (Fig. 2). In other words, contrary to in-
tuition, the soft coercivity fraction comes closer to
obeying the independence law than the hard co-
ercivity fraction.

6.1.1. Why is z;>z,?2>22?

During AF demagnetization experiments on
PARM (Hy, H,), it was found that pPARM (Hy/
AC>, H,) can be represented as the sum of the
reciprocal fraction [H, < Hyg < Hy] and a low-co-
ercivity tail [Hyg < H,] [11]. Similarly in bivecto-
rial test 1, pARM, (100 mT, H) has a reciprocal
fraction [H; < Hyg > 100 mT] and a low-coerciv-
ity tail [Hyg < H;]. When pARM, (H;, 0) was
later added, we expect pARM; to affect not
only the previously unmagnetized coercivity frac-
tion (H;, 0) but also the low-coercivity tail
[Hyg < H;] of pARM, (100 mT, H;). Although

PARMj is producing remanence rather than eras-
ing remanence as in AF demagnetization with no
biasing field, the unblocking coercivity fraction of
[Hyg < Hi] is affected similarly by the AF in both
cases, as will be shown in Section 6.2. Thus, the
reason z; (M) is smaller than component z; (Mj)
is because pARMy (H;, 0) erases the low-coerciv-
ity tail [Hyg < H;] of pARM, (100 mT, H,).

6.1.2. Why is the soft coercivity fraction more
independent?

The low-coercivity tail provides the answer to
this question as well. Yu et al. [11] reported that
the low-coercivity tail of pARM is more promi-
nent at higher H;, i.e., reciprocity was more seri-
ously violated at higher H;. Larger low-coercivity
tails are responsible for less independent hard co-
ercivity fractions.

6.1.3. Why is z3>2z,?2>22?
The result z3 >z, is unanticipated, since both
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total ARM, and pARM, (100 mT, H;) were over-
printed by the same pARM, (#;, 0). The expla-
nation must be that total and partial ARMs are
overprinted in non-equivalent ways. In the ideal
case, M isolates coercivity fraction (100 mT, H;)
along z, and then in M, coercivity fraction (4, 0)
is aligned along x. On the other hand, for Mj, the
total ARM orients the entire coercivity fraction
(100 mT, 0) along z, and later pARMy will redi-
rect the coercivity fraction (H;, 0) along x. The
low-coercivity tail of pARM, (100 mT, ;) seems
not to be a factor since pARMy was produced
equivalently for both M, and Mj3. Experimentally
we observed that x; and x; were always identical
within experimental errors. The equality of x, and
x3 regardless of the grain size or lithology of sam-
ples proves the equivalence of pARM, (#;, 0) in
the two cases. Systematically higher intensities of
z3 indicate that the coercivity fraction (100 mT,
H;) of the total ARM, is more AF resistant than
pARM, (100 mT, H;). It is possible that M; gen-
erates stronger pinning of domain walls than M,
for the coercivity fraction (100 mT, H;) but there
are no microscopic observations or micromag-
netic calculations on the domain states of pARMs
relevant to these experiments.

6.2. Demagnetization behavior

The experiments on the demagnetization of
superimposed pARMs used M3 rather than M,
since M3 is more relevant to the remagnetization
process in nature. In addition, M3 is less depen-
dent on pARM, than M, (Fig. 2).

The AF demagnetization behavior of the syn-
thetic samples yielded a strong grain-size depen-
dence. The large low-coercivity tail in the coerciv-
ity spectrum of pARM of MD grains results in a
significant portion of the overprinted remanence
(i.e. z3) being AF demagnetized well below H;
(Fig. 3a). As a result, AF demagnetization of
PSD and MD grains shows less orthogonality
compared to SD grains. A further loss of ortho-
gonality occurs when an additional pARM, is
superimposed (Figs. 4a.,b), implying that multiple
superposition of remanences in low coercivity in-
tervals can significantly affect intermediate to
hard coercivity fractions.

Normalized vector plots are convenient for
stacking data from different H; values or from
different samples, but they give a misleading pic-
ture of vector directions when x and z compo-
nents have different intensities (Fig. 3). For exam-
ple, estimated values of inclination [ for the 0-20
mT interval for the 0.065 um and 16.9 um sam-
ples are 20.7° and 8.2°, respectively. On the other
hand, it was the 0.065 pum sample which gave
better independence, i.e., lower z3/x3 after 20 or
40 mT demagnetization, in a normalized vector
plot (Fig. 3a). This apparent paradox results
from the very different starting intensity ratios
of x- and z-components for SD (x3/z3=0.37)
and MD (X3/Z3 :240)

Yu et al. [11] reported that there were no high-
coercivity tails in the coercivity distribution for
any of the samples used in this study. During
AF demagnetization of M3 and My, none of the
present results (Figs. 3 and 4) shows any remain-
ing x-component after AF step H;, confirming
that high-coercivity tails are also absent for or-
thogonal pairs of pARMs.

AF demagnetization of M3 for the 18.3 um
magnetite is replotted in the form of component
decays in Fig. 9. Component x3 decays quasi-ex-
ponentially over the expected range 0-30 mT,
while z; decreases rather continuously over the
entire 0-40 mT range. The scalar sum of x3 and
z3 was compared to the predicted AF demagneti-
zation based on the distribution of blocking and
unblocking coercivity spectra y*(Hy,Hyg) [11]. In
order to construct a 3-D map of X*(I:Ib,I:IUB),
pPARM (5 mT, 0 mT) was produced and then
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Fig. 9. A comparison of AF demagnetization of synthetic

18.3 um sample for x3, z3, the sum x3+z3, and a prediction

based on the experimentally determined distribution x*.
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double AF demagnetization was performed to
5 mT in 2.5 mT steps. Next, pARM (10 mT,
5 mT) was produced and AF demagnetized to
10 mT. Similar pARMs were generated, incre-
menting the upper and lower limits of Hy by
5 mT each time, and then AF demagnetized
from 0 mT to the upper H,. No pARMs with
Hy, =40 mT were simulated because pARM (100
mT, 40 mT) is <2% of total ARM intensity for
the MD samples. We summed appropriate rows
of x* parallel to the H, axis to find ARM remain-
ing at a particular Hyg. Similarly addition of col-
umns parallel to the Hyp axis gave pARM ac-
quisition for a given value of H,. Since the
unblocking coercivity fraction of [Hyp < Hj] is
affected similarly by the AF (see Section 6.1),
whether it is acquisition of pARM, (H;, 0) or
AF demagnetization to H;, we expect to observe
the same AF demagnetization pattern for the sca-
lar sum of x3 and z3 as we do for the decay pre-
dicted by x*. Fairly similar trends are indeed seen
in Fig. 9, implying that construction of x* pro-
vides quantitative information on the orthogonal
superposition of pARMs as well.

6.3. Multivectorial paleointensity determination

Failure to calculate correct paleointensities for
H, in Fig. 5 suggests an important lesson in pale-
ointensity determination. The conventional Arai
plot cannot yield reliable paleointensities for
both H, and H, (Fig. 5a). Non-linear segments
for Hy result from the ordinary calculation. This
failure is curable using separated multivectorial
Arai plots (Fig. 5b, left). However, the linear seg-
ment for the primary remanence always (except
for 1=1.0) underestimates the primary field H,
because of violation of the independence law
(Fig. 5a, insets). Using multivectorial Arai plots
does not cure this problem (Fig. 5b, right). The
slopes remain low by exactly the independence
factor ¢. Therefore paleointensity determination
for a primary remanence acquired in field H,
and subsequently overprinted by remanence in
field H, requires caution. In the multivectorial
approach, paleointensity estimates for H, are re-
liable but those for H, are systematically under-
estimated.

Fig. 5a illustrates another important result for
paleomagnetism. On vector projections, a sharp
junction between adjacent remanences has gener-
ally been used to separate primary and remagne-
tization components of NRM. However, the vec-
tor plots for #=0.2-0.8 failed to isolate correct
directions for Hy (Fig. 5a) although they still pre-
serve sharp junctions between H, and H),. Within
experimental errors, ¢ =0.8-1.0 results are margin-
ally acceptable but results for < 0.8 definitely do
not represent correct directions (dashed lines in
vector plots). Thus, the direction of H, is cor-
rectly recovered in multivectorial plots but the
direction indicated for Hp increasingly deviates
from the true direction as the degree of indepen-
dence decreases.

In summary, for rocks whose primary rema-
nence M, (acquired in field H,) has been over-
printed, orthogonally or at large angle, by rema-
nence My (acquired in a later field Hp), the
estimated paleointensity for Hyp and paleodirec-
tional analysis for H, are reliable but the esti-
mated intensity for H, would be underestimated
and the estimated direction of H; was deflected
toward the direction of H, unless the samples
contain truly SD grains with fully independent
partial remanences (Fig. 5). This is not normally
tested. Instead vector plots with sharp junctions
between linearly decaying components and (vec-
tor) Arai plots with linear segments are taken as
diagnostic of ideal behavior. In multivectorial
NRMs, such ‘ideal’ results can lead to spurious
estimates of both paleodirections and paleointen-
sities.

One may argue that considering ¢ <<1.0 is un-
reasonable since ideal behavior in additivity and
reciprocity were assumed at the outset. However,
the assumption of ideality was made only for
mathematical convenience. If we take PSD grains
into consideration, the simulations become com-
plicated. For instance, the convex-down rather
than linear shapes of the Arai plots complicate
matters and the vector projections lose their sharp
junctions. However, the eventual conclusion of
modeling would be similar: low estimates of the
intensity H, and spurious values of the direction
of Hb.

The main difference between numerical simula-
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tions and multivectorial paleointensity experi-
ments is that numerical simulations predict a re-
liable paleointensity for Hp and an underesti-
mated paleointensity for H,, whereas in the
experiments, estimated paleointensities for both
Hy and H, were reliable only for SD samples.
For the PSD samples, H), often could not be de-
termined because of curvature of the Arai plots.

All the experimental and numerical results
yielded linear plots for H,, both on conventional
and on vectorially separated Arai plots (Figs. 5-
8). However, although the plots are linear and
univectorial, their slopes definitely underestimate
the true field (except for the SD sample) because
of the violation of independence.

In practice, remagnetization may occur in any
direction. Unfortunately, it is hard to quantify the
outcome of remagnetization, especially when the
overprinting occurs close to either parallel or anti-
parallel (magnetic field reversal) to the primary
remanence. This is because in vector plots, the
superimposed component is difficult to separate
from the primary remanence unless they are at a
reasonably large angle to each other.

The modeling and experimental results in Sec-
tion 5 used orthogonal pARMs to test indepen-
dence and its consequences. On the basis of the
analogy between pARMs and pTRMs, we can
anticipate that any violation of the independence
of pTRMs will lead to similar problems. As Yu
and Dunlop [14] point out, conventional rejection
criteria for paleointensity determination have to
be reconsidered, since linearity of the Arai plot
and univectorial decay of NRM do not necessar-
ily guarantee reliable paleointensities (or paleo-
directions). Experimental analyses and numerical
modeling for multivectorial pARMs (this study)
imply that SD grains can preserve reliable paleo-
intensities while PSD grains often cannot. Viola-
tion of the independence law can lead to linear
but unreliable results even in multivectorial Arai
plots (Figs. 5-8). This fact leads to the prediction
that paleointensities are increasingly underesti-
mated as the grain size increases and the domain
state becomes less SD-like. Since most paleointen-
sity analyses in the literature have used samples
containing PSD magnetites rather than strictly SD
grains, there is a possibility that some of the lower

VADMs from overprinted rocks (which include
many Precambrian rocks) are in fact underesti-
mates.

7. Conclusion

1. The independence law of pARMs was tested
by AF demagnetizing orthogonal pARMs whose
blocking field intervals do not overlap with each
other. For PSD and MD magnetites, the super-
imposed remanence substantially affected the pre-
existing remanence, leading to a violation of inde-
pendence.

2. In order to overcome the limitation of con-
ventional Arai plots when used with multivectori-
al NRMs, we have introduced separate Arai plots
for the individual vector components.

3. When a total ARM (simulating primary rem-
anence in a field H,) was orthogonally over-
printed by pARM (simulating remagnetization
in Hp), estimation of the intensity of H) was rel-
atively successful but the intensity of H, was al-
ways underestimated. On the other hand, direc-
tional analysis of H), was misleading while
yielding an accurate direction for H,. Violation
of independence is responsible for these results.
Determining accurate paleointensities and paleo-
directions for multivectorial NRMs requires addi-
tional reliability criteria.
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