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The effect of magnetic anisotropy on the palaeointensity results has been evaluated in different materials, including samples from archaeological structures of various ages, such as baked clay from prehistoric domestic
ovens or pottery kilns, burnt soil from ancient ﬁres, and bricks and bricks or tiles used in the kiln’s construction. The remanence anisotropy was estimated by the thermoremanent (TRM) anisotropy tensor and isothermal
remanence (IRM) tensor methods. The small anisotropy effect (less than 5%) observed in the palaeointensity results of baked clay from the relatively thin prehistoric oven’s ﬂoors estimated previously through IRM
anisotropy was conﬁrmed by TRM anisotropy of this material. The new results demonstrate the possibility of
using IRM anisotropy evaluation to correct baked clay palaeointensity data instead of the more difﬁcult to determine TRM anisotropy ellipsoid. This is not always the case for the palaeointensity results from bricks and tiles.
The anisotropy correction to palaeointensity results seems negligible for materials other than pottery. It would
therefore appear that the palaeointensity determination is more sensitive to the degree of remanence anisotropy P
and the angle between the natural remanent magnetization (NRM) vector and the laboratory ﬁeld direction, than
to the angle between the NRM and the maximum axis of the remanence anisotropy ellipsoid (K max ).
Key words: Archaeomagnetism, baked clay materials, palaeointensity, magnetic anisotropy correction.

1.

Introduction

Palaeointensity determination remains one of the most
difﬁcult tasks in palaeo- and archaeomagnetism. Palaeointensity techniques are based on a comparison between natural remanent magnetization (NRM) and an artiﬁcial magnetization given in a known laboratory ﬁeld. The inﬂuence of
magnetic anisotropy on the palaeointensity evaluation was
suggested long time ago, and the notion of ‘easy plane’
was introduced, especially in the case of pottery (Rogers
et al., 1979). To avoid the anisotropy effect Aitken et al.
(1981) adjusted the direction of the natural remanent magnetization (NRM) of their samples as close as possible to
the direction of the applied laboratory ﬁeld. Veitch et al.
(1984) suggested the determination of the thermoremanent
magnetization anisotropy ellipsoids for samples of tiles and
bricks. In the studies reported by Yang et al. (1993a, b) and
Selkin et al. (2000), the thermoremanent anisotropy tensor
was replaced by that of an induced anhysteretic remanence
(ARM) tensor. Hus (2001) and Hus et al. (2002) showed
that the partial anhysteretic remanence (pARM) anisotropy
ellipsoid mimics best the TRM anisotropy ellipsoid and
can be used for the correction of palaeointensity determinations. Such corrections have been applied by Yang et
al. (1993b), Selkin et al. (2000) and Carvallo and Dunlop
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(2001). The general disadvantage to this approach is that
the ARM has to be induced after the palaeointensity experiment and that the magnetic fraction carrying the ARM can
be different from the one carrying the TRM due to mineralogical changes that occur during heating (Henry et al.,
2003).
In contrast to the substantial effect of remanence
anisotropy on the palaeointensity estimates from rocks with
a signiﬁcant petrofabric described in Selkin et al. (2000),
Yu et al. (2001) reported a very weak inﬂuence of the remanence anisotropy on the palaeointensity estimates from
a Tudor Gabbro, Ontario.
Garcia (1996) and Chauvin et al. (2000) studied the effect of anisotropy on the palaeointensity results by estimating the thermoremanent magnetization (TRM) tensor using
samples from ancient bricks used in the kiln’s construction. Their studies revealed that the anisotropy effect is
quite important and not at all negligible reaching, in some
cases, a correction factor of 25% of the determined ﬁeld
strength. The anisotropy effect on the palaeointensity result
estimated through the anisotropy of induced isothermal remanent magnetisation (IRM), as recommended in Stephenson et al. (1986), has been previously performed for samples of baked clay of prehistoric ovens. This effect was
found to be negligible, and the correction factor “ f ” of
the absolute palaeointensity values is usually lower than 5%
(Jordanova et al., 1995; Jordanova, 1996; Kovacheva et al.,
1998). The idea of substituting the determination of the
TRM anisotropy tensor by the determination of the IRM
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anisotropy tensor without heating has practical advantages,
but needs conﬁrmation.
Our aim was, therefore, to compare the anisotropy correction to palaeointensity results through IRM- and TRMinduced remanence on the same material. To this end, we
used archaeological samples of various origins and ages.
The palaeointensity study was performed using the classical
Thellier method (Thellier and Thellier, 1959) in two laboratories (the Geosciences Laboratory, University of Rennes 1,
France and the Palaeomagnetic laboratory of the Geophysical Institute, Bulgarian Academy of Sciences, Soﬁa). In
addition to other factors involved in the palaeointensity determination, such as the non-linearity of the Arai diagram,
mineralogical changes, non-suitable magnetic characteristics, among others (Chauvin et al., 1991; Jordanova et al.,
1997; Kovacheva et al., 1998; Jordanova et al., 2003), a detailed examination of the magnetic anisotropy effect on the
palaeointensity results obtained from materials other than
pottery is still required.
Here, we present multiple measurements of the magnetic
anisotropy of 85 archaeomagnetic samples of different materials. Three large tables containing all of the calculated
parameters of magnetic thermoremanence anisotropy measurements at different temperature steps and of the induced
isothermal remanence are given.

2.

Experimental Set-up

2.1 Samples
The collection of samples studied here comes from two
areas (France and Bulgaria) and consists of 85 samples from
baked clay ﬂoors of ovens and kilns and burnt soil of ancient ﬁres (BC-BS), bricks as displaced material and bricks
or tiles in kiln’s construction (BR-TL). Bricks as displaced
material presumably carry univectorial remanence. Bricks
or tiles used in the construction of pottery kilns can carry a
two-vector remanence when their heating as a constructive
element of a kiln was not sufﬁcient to entirely replace the
primary magnetization, obtained in different position during their fabrication. Nevertheless, the effect of the shape
anisotropy on the initial magnetization and that obtained
during re-heating should be the same.
Samples coming from Bulgarian sites have a cubic shape
with an edge of 20 mm or 24 mm. Rarely—when the
quantity of archaeomagnetic material was insufﬁcient—the
cubes were completed with plaster of Paris. Samples from
French sites are all of standard cylindrical shape. Bricks and
tiles (BR-TL) show considerable shape anisotropy (Lanos,
1987a, b; Goulpeau et al., 1989), which should affect the
direction of the TRM acquired. Shape anisotropy is related to the form of the whole objects as is the case with
pottery, while the anisotropy measured in the laboratory
is governed by the distribution and shape of the magnetic
grains. Here, we consider the effect of this latter anisotropy
on the palaeointensity results, taking into account the nature of samples. It should be also mentioned that the preferential alignment of the magnetic grains carrying the remanence is in fact related to the initial form of the whole object
(brick, tile, pottery), thus explaining the used term of ‘easy
plane’. The measured anisotropy of remanence susceptibility reﬂects both the shape and distribution of the magnetic

grains due to the object’s form. ‘Easy plane’ in archaeological objects corresponds to the petrofabric in rocks.
2.2 Methodology
Remanent magnetization was measured at Rennes with a
Molspin spinner magnetometer and in Soﬁa with an astatic
magnetometer. The classical Thellier method (Thellier and
Thellier, 1959) for palaeointensity determination consists
of a double heating of samples, with each temperature step
performed in applied laboratory magnetic ﬁeld. The remagnetization is made successively to higher temperatures,
with several partial thermoremanence acquisition (pTRM)
tests (Coe et al., 1978). The direction of the TRM acquired during natural (initial) cooling by objects with shape
anisotropy or petrofabric deviates from the local direction
of the geomagnetic ﬁeld, and the intensity of the TRM
depends on the direction in which the local ﬁeld is applied. During the course of the Thellier experiments, the
TRM anisotropy should be taken into account if the samples
are not re-magnetized in the direction of their initial TRM
(Odah et al., 2001). Because of the fact that this condition
is rarely met in the usual practice, we aim to quantitatively
evaluate the possible errors for materials different from potteries.
The anisotropy effect on the palaeointensity result has
been studied both using the TRM anisotropy evaluation,
performed twice for most of the samples, and the IRM
anisotropy evaluation on the same samples, performed after
the Thellier experiment (in the laboratories in both Soﬁa
and Rennes). Both a Schonstedt static AF demagnetizer
(in Rennes) and a thumbling Molspin AF demagnetizer (in
Soﬁa) were used.
2.3 TRM anisotropy determination
The determination of the TRM anisotropy tensor was
done ﬁrst alongside the usual procedure of the Thellier experiment at temperatures corresponding to known major
unblocking temperatures of NRM. To ensure that the new
remanence was obtained by the un-altered assemblage of
magnetic grains, these temperatures were taken between
430 and 450◦ C if positive (pTRM) tests were observed.
In order to evaluate the TRM anisotropy, we performed
ﬁve additional heatings at the chosen temperature step at
which the samples had already been re-magnetized along
their ±Z axes. The additional four re-magnetizations were
along the ±X and ±Y axes. Finally, a last re-magnetization
was performed along the +Z axis of the samples in order to check their thermal stability. If no or few modiﬁcations of the TRM acquisition capacity were observed,
the TRM anisotropy tensor was then determined (Chauvin et al., 2000), otherwise the sample was rejected. Due
to the fact that the ﬁrst determination of thermoremanent
anisotropy (TRM1) was evaluated during several palaeointensity batches/runs of BC-BS and BR-TL samples, the
temperature of this evaluation differed for different batches,
and this is noted accordingly in tables and ﬁgures. At
the end of the Thellier experiment (temperature of 550 or
620◦ C), when almost all the original NRM was removed,
the thermoremanent anisotropy tensor (TRM2) was evaluated once again.
Anisotropy parameters describing the TRM tensor were
calculated (the principal axes denoted as K max , K int , and
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Fig. 1. Histogram showing the frequency distribution in percentage of the measured TRM1 degree of anisotropy, obtained by the samples from baked
clay/burnt soils (BC-BS) and the same for bricks/tiles (BR-TL) samples.

K min ), as were their orientations in sample co-ordinates.
The anisotropy parameters consisted of: lineation (L =
K max /K int ), foliation (F = K int /K min ), the shape parameter (T = (2η2 − η1 − η3 )/(η1 − η3 ), where η1 = ln K max ,
η2 = ln K int , η3 = ln K min ), and the degree of anisotropy
(P = K max /K min ) (Jelinek, 1981; Hrouda, 1982; Stephenson et al., 1986). Both vectors (NRM remained and pTRM
gained) were corrected at each temperature step of the Thellier experiment. Thus, the corrected Arai diagram (Nagata et al., 1963) and the corrected palaeointensity value
(Hacor ) were obtained. The correction factor f is the ratio Hacor /Ha , where Ha is the palaeointensity value without correction for remanence anisotropy. f can also be expressed as the percentage difference from the non-corrected
palaeointensity value (thus f = 1.04 corresponds to a 4%
difference of the Hacor from Ha ).
2.4 IRM anisotropy determination
The anisotropy of IRM was calculated on the same samples as those used in the Thellier experiment, after the last
heating step. A steady magnetic ﬁeld of 60 mT was applied,
inducing IRM successively along ±X , ±Y , and ±Z axes of
the specimen. While working with archaeological materials, Marton (1996) mentioned that if a low steady ﬁeld is
used, the IRM ellipsoid should be dominated by multidomain (MD) particles. Thus, an intensity of 50–60 mT is
necessary (Stephenson et al., 1986; Tarling and Hrouda,
1993, p. 81) to ensure that the anisotropy ellipsoid is determined on the single domain (SD) particles, which carry
almost all of the NRM. At the same time, the ﬁeld should
not be higher in order to remain at the so-called region of
Rayleigh where the IRM is proportional to the square of the
applied ﬁeld (Daly and Zinsser, 1973). Between the successive magnetizations, the samples are demagnetized by
an alternating ﬁeld (AF) of 100 mT. The residual magnetization observed after AF demagnetization appears to be
negligible compared to the intensity of the IRM acquired,
which is consistent with the prevailing low magnetic coer-

civity of our samples (MDF being in the range of 15–25 mT
for most of them).
Following the proposal of Veitch et al. (1984), we deﬁned
a unit vector h of the ancient magnetic ﬁeld by:
h = (K I )−1 .NRM/|(K I )−1 .NRM|,
where (K I )−1 is the inverse anisotropy tensor of the
laboratory-induced IRM.
Then, the correction factor f is the ratio of IRM acquired
by the unit ﬁeld parallel to the direction of the known laboratory ﬁeld during the experiment and IRM acquired by the
unit ﬁeld parallel to h. Or:
f = |(K I ) · l| / |(K I ) · h|
where l is the unit vector along the laboratory ﬁeld.
Principal axes of the corresponding IRM tensors and
anisotropy parameters are denoted the same as those for the
TRM anisotropy, deﬁned above.

3.

Experimental Results

Taking into account the different nature of the studied samples, the results are given separately for baked
clay/burnt soils (BC-BS) and for bricks/tiles (BR-TL). The
relationship between the anisotropy parameters obtained at
different temperature steps during the palaeointensity experiment (TRM1 and TRM2) and between parameters obtained by the thermoremanent anisotropy ellipsoid and the
IRM one is considered.
3.1 TRM anisotropy evaluation at two temperatures
The degree of TRM1 anisotropy (P) of 33 BC-BS
samples measured at an intermediate temperature (428 or
450◦ C) is relatively weak (Fig. 1). Of the samples studied, 12% have P ≤ 1.05 and 67% have 1.05 < P ≤ 1.2.
There is only one case with P = 1.31. The degree of
TRM1 anisotropy for 52 BR-TL samples (at 440 or 450◦ C)
is higher than that for the BC-BS samples (Fig. 1). We have
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Fig. 2. Stereographic projections, in sample co-ordinates, of the principal maximal and minimal axes’ directions of the TRM ellipsoids determined at
two different temperatures for some typical samples; dots denote the minimal axes and squares denoted the maximal axes. (a) a good consistency;
(b) bad consistency of the principal axes directions. The sample numbers and the type of material are shown together with the degree of remanence
anisotropy at the two temperature levels (the second line). The stereographic projections are given in the lower hemisphere, with the conﬁdence
ellipses given with dashed lines for the higher temperature evaluation (TRM2); (c) and (d) relationships between the remanence degree of anisotropy
P at the two temperature levels for different type of materials.

fewer than 10% of cases with P ≤ 1.05 and 56% in which
1.05 < P ≤ 1.2, but in 32% of cases 1.2 < P ≤ 1.5. In
two cases, P exceeds this upper limit (samples 34-15P and
1596v with a highest value of 1.77; Table 2). A total of 158
TRM anisotropy evaluations were made on the 85 samples.
One basic condition for a comparison of anisotropy tensors obtained at two different temperatures is that the same
assemblages of magnetic carriers participate in the two evaluations.
In the BC-BS materials, some external factors, such as
irregularities in the cube’s shape, can inﬂuence the measured weaker anisotropy parameters; four prehistoric samples have been excluded because of their imperfect shape. A
series of BC-BS and BR-TL samples has been subjected to
a second evaluation of the anisotropy tensor at a higher temperature (TRM2 at 550◦ C), using a different sample holder,
allowing for a better positioning of the samples within the
oven. Additionally, 27 BR-TL samples were studied for

their TRM anisotropy twice (at 440◦ C and 620◦ C; Table 2,
lower part), with a very precise positioning in a specially
designed holder. The coincidence of the directions of the
principal remanence anisotropy axes, evaluated at two different temperature steps, is good in many cases (Fig. 2(a);
samples 1576a and 2223b). For samples with stronger
anisotropy degree like BR-TL, these directions are determined more precisely (Fig. 2(a); samples 305a, 376b, 268a)
despite the probability of a bad positioning at the lower temperature. Samples with weaker anisotropy, however, show
a very large uncertainty in terms of the directions of the
principal axes (Fig. 2(b); samples 2241a, 94b). A closer
look at Fig. 2(b) shows that, in most cases, the principal
directions determined at the lower temperature have unacceptably large errors and cannot be considered to be real.
This fact probably partly reﬂects the bad positioning of
some samples, mentioned above using the ﬁrst holder for
the TRM1 anisotropy measurements at the lower tempera-
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Table 1. TRM anisotropy parameters obtained for samples of baked clay and burnt soil (BC-BS) at two temperatures: during the Thellier palaeointensity
experiment (428◦ or 450◦ C) and at the end of the same experiment (550◦ C); IRM anisotropy parameters obtained after the palaeointensity experiment
by a steady ﬁeld of 60 mT. The shape parameters T are given below the foliation (F) parameter in each case.

ture.
The fact that sample 45-16P from the group of 27 BR-TL
for which the two evaluations are made using a good holder
has given a bad comparison of the directions of the principal
axes (Fig. 2(b)) shows the prevailing effect of the insufﬁ-

cient determinism of the tensor through three perpendicular
measurements than that of the holder not permitting a very
precise positioning. Moreover, the P of this sample is not
as high (1.23 at 440◦ C and 1.12 at 620◦ C). Samples with a
weaker degree of anisotropy do not give satisfactory results
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Table 1. (continued).

on the directions of the principal axes of the TRM ellipsoid
and, thus, the tensors’ orientations cannot be compared reliably. Therefore, it should be noted that for the purposes of
any anisotropy correction of the palaeointensity results, the
tensor determination by measurements on three perpendicular directions, as done here, is sufﬁcient—but probably not
sufﬁcient for determination of the directions of the principal

axes, especially for samples with a weak anisotropy.
The BC-BS samples do not show a good consistency
among the values of anisotropy parameters (Fig. 2(c); Table 1). The degree of TRM anisotropy at two different
temperature levels for the BR-TL samples is similar, as
shown in Garcia (1996) and Chauvin et al. (2000), although
there are some outliers here (Fig. 2(d); Table 2). The sim-
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Table 2. The same as in Table 1 but for samples from bricks and tiles (BR-TL). The lower temperature is 440◦ or 450◦ C and the higher temperature,
550◦ C or 620◦ C.

ple recalculation of the regression line without these out- but pointing that their inﬂuence is not as important.
liers gives a similar regression equation: P(TRM2) =
Nevertheless, we have strong proof that the anisotropy
0.9386P(TRM1) + 0.0778, with a signiﬁcantly better re- evaluations at two temperatures are in general identical—
gression coefﬁcient (R 2 = 0.8776) as should be expected, as is shown in Fig. 3, where the relationship between the
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Table 2. (continued).

normalized principal values of TRM1 and TRM2 ellipsoids
(normalization made by their average) for all samples subjected to two evaluations is given. In the case when a specially designed holder was used for the two evaluations

(Fig. 3(b)), the linear relation is clearly close to 1, pointing
to the origin of the system of co-ordinates and thus proving
the identical shape of the anisotropy ellipsoids (Stephenson,
1986; Hus et al., 2002). The results of samples for which a
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Table 2. (continued).

doubt exists on the positioning at lower temperatures show
a slope quite close to 1 but statistically different from 1 (1
does not enter the conﬁdence interval 0.9695–0.8857, taking into account the standard error of the regression coefﬁ-

cient). The same concerns the intercept (0 is not included
in the conﬁdence interval 0.0724±0.042). Evidently this is
due to the observed deviations of q-min and q-max mostly
for weaker anisotropic BC-BS samples (Fig. 3(a)).
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Table 2. (continued).

The shape parameter T for different temperatures and
different kinds of samples is given in Fig. 4. Obviously,
the oblate form of anisotropy ellipsoids prevails for all kind
of samples and for the two evaluations. This is linked with
the shape-related magnetic fabric for bricks and tiles and
with the mechanically produced one for baked clay ovens’
ﬂoors. The similarity in the TRM anisotropy evaluated at
two temperatures is even better revealed in case of pottery
having the highly expressed ‘easy plane’ of magnetization
(Genevey et al., 2003).
3.2 Comparison of TRM and IRM anisotropy parameters
The IRM anisotropy evaluation of the 24 prehistoric samples was carried out in the Soﬁa laboratory after the Thellier
experiment had been performed in the Rennes laboratory.
The IRM anisotropy determination for the other 32 samples
of different type and age was also carried out in the Rennes
laboratory after the Thellier experiment. The only difference is that the residuals are measured after the subsequent
three-axis AF static demagnetization in Rennes. There are
29 BR-TL samples for which the IRM anisotropy had not
been determined. We will therefore compare IRM and TRM
anisotropy tensors for 56 samples altogether.
We have shown that, in the case of TRM tensors obtained for two temperatures, the directions of the principal
axes do not coincide very well in case of lower anisotropy
of baked clay plasters and burnt soils. Because of this
weak anisotropy and related large conﬁdence angles (see
Fig. 2(b)), mutual permutation of the principal axes is possible. This may be a reason for the moderate correlation that
was obtained between anisotropy parameters of IRM and
TRM1 or TRM2 tensors (Fig. 5(a, c)). The expected linear dependence between P(IRM) and P(TRM) is badly expressed (r 2 = 0.21 for Fig. 5(a) and r 2 = 0.4 for Fig. 5(c))
for the two temperatures, with a slight amelioration when
a better holder was used for the TRM2 anisotropy measurements. Without always being the case, the remanence
fabric in the studied collection of archaeological materials
points to prevailed ﬂattening for both BC-BS and BR-TL

(Fig. 5(b, d)).
The normalized principal values of the IRM (ri ) and
TRM (qi ) ellipsoids (the normalization also made by their
average) for all studied samples show a good linear relationship for each of the two TRM1 (Fig. 6(a)) and TRM2
(Fig. 7(a)) anisotropy evaluations. Such a relationship can
be considered to be a precondition for a similar shape of
both tensors, as shown by Stephenson et al. (1986) when
the regression line passes through the origin of the coordinate system. The linear relationship between ri and qi
in our case deviates from the expected slope (not crossing
the origin), which points to different shapes of the two ellipsoids (Figs. 6(a) and 7(a)). If we consider the same relationship separately for BC-BS and for BR-TL, we come
to an interesting conclusion (Figs. 6(b, c) and 7(b, c)). It
appears that the regression line of normalized principal values of BC-BS samples obtained for the two temperatures
(Figs. 6(b) and 7(b)) deviates negligibly from the origin of
the coordinate system (statistically, 1 and 0 enter the conﬁdence intervals of the regression coefﬁcient and of the intercept), suggesting the similarity of the two ellipsoid shapes.
In this case, we have a conﬁrmation of the Stephenson et
al. (1986) assumption for the equality of TRM and IRM
anisotropy ellipsoids shapes made in these authors’ paper
on the basis of only ﬁve samples. The increase in the correlation coefﬁcient for BC-BS at the second anisotropy evaluation (TRM2; Fig. 7(b)) reﬂects the usage of better sample
holders in this case. The regression line between the ri and
qi obtained from BR-TL samples (Figs. 6(c) and 7(c)) with
a good correlation coefﬁcient (R 2 = 0.85 and R 2 = 0.83)
deviates substantially from the origin of the coordinate system. This observation indicates that our results obtained
from bricks/tile samples do not conﬁrm the equality of the
TRM and IRM ellipsoid shapes.

4.

Anisotropy Effect on the Palaeointensity Evaluations

In further studies we used the TRM1 anisotropy parameters obtained at intermediate temperatures of 428, 440, or
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Fig. 3.
Relationship between normalized principal values of the TRM1(q1) and TRM2(q2) ellipsoids measured at two temperatures
(qx = TRMx x /((TRMx x + TRM yy + TRMzz )/3) etc.) for the studied samples: (a) results from several experimental series for palaeointensity
determination are combined; (b) results from a large BR-TL series for palaeointensity determination with two TRM anisotropy evaluations using a
holder permitting good positioning of the samples. Temperature levels are given correspondingly. The best ﬁtted straight lines are given with their
errors.

450◦ C, paying particular attention to the identical shapes
of the anisotropy ellipsoids obtained by the evaluations at
two temperatures (Fig. 3(b)). Moreover and very important, these steps were included in the temperature interval
for the palaeointensity determinations when the experimental points of 550◦ or 620◦ C at which the TRM2 anisotropy
had been evaluated were only rarely taken for calculation of
palaeointensity results. Some examples are given in Fig. 8.
The degree of anisotropy P(TRM), P(IRM) and the correction factors f determined on each sample, using both
TRM and IRM tensors and the direction of NRM, in sample co-ordinates, are shown in Table 3. In this table, the
obtained correction factor f IRM for BR-TL, using the IRM
anisotropy ellipsoid, are given in italics, and they are not

taken for further considerations. The histogram of correction factors f obtained through TRM and IRM anisotropy
determinations are shown in Fig. 9(a) only for samples of
BC-BS for which we proved that the IRM ellipsoid can
be used instead of the TRM one. The correction factor
obtained through TRM anisotropy ellipsoid for all studied
samples is given in Fig. 9(b). The correction factor is typically lower than 5%. This is an unexpected result, especially for the brick’s samples, which have a quite strong remanence anisotropy (Fig. 1).
According to Aitken et al. (1981) and Odah et al.
(2001), the most important factor for the bias from the true
palaeointensity is the angle between the NRM, carried by
samples, and the imposed laboratory ﬁeld. In our Thel-
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Fig. 4. Shape anisotropy parameter T versus degree of anisotropy P for baked clay/burnt soil (BC-BS) and for bricks/tiles (BR-TL) at the different
temperatures shown in each graph.
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Comparison of normalized principal axes’ values of the IRM (r x = IRMx x /((IRMx x + IRM yy + IRMzz )/3) etc.) and TRM
(qx = TRMx x /((TRMx x + TRM yy + TRMzz )/3) etc.) ellipsoids at lower temperature (TRM1) level, as noted in: (a) all; (b) and (c) separately
for different types of materials. The best ﬁtted straight lines are given with their errors. The temperatures of TRM1 anisotropy evaluations for
different experimental series are given as a legend in Fig. 6(a).

lier’s experiment, the laboratory ﬁeld is applied along the
Z axes of the samples (that is Ilab = 90◦ ). Knowing that
the direction of Hlab is along the Z axis, we deﬁne the angle (90 − INRM ) as the angular discrepancy between Hlab
and the carried NRM. We deﬁne the angle α as the angle
between the direction of the maximum principal axis of the
TRM anisotropy ellipsoid (given in Tables 1 and 2) and the
NRM direction (given in Table 3). Finally, we deﬁne the
correction, due to the magnetic anisotropy, as |1 − f |.

Data reported in Fig. 10(a) indicate that the values of
the correction factors do not depend on the angles between
the NRM directions and the direction of maximum axes
of the TRM anisotropy ellipsoids. This lack of systematic
dependence on α is supported by the random directions of
the K max (TRM) for a given structure, reported recently
by Gomez-Paccard et al. (2006) based on their study of
baked clay materials from pottery kilns. The same is also
evident from the 3D-plot in Fig. 10(b), where the parameter
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Fig. 7. As in Fig. 6 but for the higher temperature of 550◦ C.

P (degree of TRM anisotropy) is included as well. In the
collection studied here, there are few cases of high P, which
probably makes the upper part of the surface plot less well
deﬁned, but the trend is evident. In Fig. 11, a contourplot of the TRM anisotropy degree P, angular discrepancy
between Hlab , and the carried NRM (90 − INRM ), and the
correction factor |1 − f | for all the samples is presented.
The map is drawn using Kriging as an interpolation method.
It appears that the correction factor |1 − f | increases with
P and (90 − INRM ).
In order to estimate the general relation between the two

factors (90 − INRM ) and P on the one hand and the obtained
correction parameter f (through |1 − f |) on the other, the
equation of the plane obtained by a polynomial regression
of the 83 points was determined. The plane is deﬁned as:
Z (X, Y ) = A00 + A01 Y + A10 X with A00 = −0.1239;
A01 = 0.1229; A10 = 0.0100, where A01 is the coefﬁcient
for the degree of anisotropy and A10 is the coefﬁcient for
the angular discrepancy between Hlab and the carried NRM
(90 − INRM ). In order to verify the relation, the isotropic
case with Y = 1 (i.e., P = 1.00) and X = 0 (i.e., (90 −
INRM ) = 0) is considered. Thus, Z (0, 1) = 0.001, which
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b)

Fig. 8. Palaeointensity results of 2192a (BC-BS sample) and 45-24P (BR-TL sample) with the pTRM tests and Zijderveld diagrams. Points represented
as solid circles are taken into the calculation of the regression line. The two-component remanence carried by the 45-24P tile in the kiln’s construction
is evident. The results shown are before anisotropy correction (Table 3). It is evident that the TRM1 evaluation is made in the temperature interval
chosen for the palaeointensity determination.

clearly satisﬁes the physical meaning.
It is clear that the degree of anisotropy P has the biggest
impact on the correction factor, but the inﬂuence of the angular discrepancy between Hlab and the carried NRM expressed by (90 − INRM ) cannot be neglected. Unfortunately,
the programme used for the polynomial regression equation
does not give us the standard errors of the calculated coefﬁcients, and we cannot examine their statistical signiﬁcance
at this stage of study.
Figure 11 reveals that ﬁve points (marked with their α
values) do not follow the general trend. A new calculation
excluding these points leads to very similar coefﬁcients,
which are insigniﬁcantly different from the values calculated above. We conclude that these points have no important inﬂuence upon the trend observed between the parameters P and (90 − INRM ), and the correcting factor.
However, it has been mentioned above that the upper
part of the surface plot (Fig. 10(b)) is less well deﬁned

because of the low density of data with higher values of
P. To estimate this ambiguity, we have recalculated the
polynomial regression, excluding P data higher than 1.3.
The obtained new values of the regression coefﬁcients using the remaining 75 points are as follows: A00 = −0.1540;
A01 = 0.1494; A10 = 0.0114. Thus, the relation between
them remains the same. The value of the regression coefﬁcient A01 (related to P) is again one order higher than that
of the regression coefﬁcient A10 (related to the angular difference between the ﬁeld directions of the NRM and those
of the laboratory). This is a strong argument in support of
the above-stated vision on the highest inﬂuence of P values
upon the anisotropy correction of the palaeointensity evaluations.

5.

Discussion

Genevey and Gallet (2002) and Bowles et al. (2002) have
recently reported that the TRM anisotropy effect on the
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Table 3. The effect of anisotropy correction on the obtained palaeointensity results (second, third and fourth columns). The age and the type of
used material are speciﬁed in the last column. Temperat. Int. (deg) = temperature interval in degrees Celsius used to calculate the palaeointensity;
Fa non-corr. = palaeointensity before correction; Fa corr. = palaeointensity after correction of anisotropy. When the average intensity per site is
calculated, it is given with its dispersion. The change in the inter-sample dispersion in percentage is given below that corrected for the anisotropy
site’s palaeointensity. Remanence anisotropy parameters determined for the TRM and IRM tensors are shown in the ﬁfth to eighth columns.
P(TRM) = degree of TRM anisotropy; D (deg), I (deg) (TRM) = declination (inclination) of the maximum axis of the TRM ellipsoid, in sample
co-ordinates; P(IRM) = degree of IRM anisotropy. The ninth and tenth columns show the correction factors f , determined through the TRM ( f
(TRM)) and IRM ( f (IRM)) tensors, respectively. The direction of the carried NRM vector is given in the eleventh and twelfth columns; I (deg) and
D (deg) = inclination and declination of the NRM, respectively, in sample co-ordinates.
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Table 3. (continued).

palaeointensity determinations from pottery lead to correction factors of up to 30%. This has been experimentally
shown by Odah et al. (2001) for pottery in which the easy
plane seems to play the major role. Our results indicate
that the effect of the anisotropy upon palaeointensity de-

terminations is lower on BR-TL and lower still on BC-BS
than on pottery, as mentioned in previous comparative studies on the basis of less numerous collections (Jordanova et
al., 1995; Kovacheva et al., 1998). Furthermore, in an archaeomagnetic study of Danish materials from bricks, a few
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Table 3. (continued).

ceramics, and burned clay from furnaces, Gram-Jensen et
al. (2000) proved the negligible inﬂuence of the remanence
anisotropy estimated by TRM anisotropy tensor, as has been
done in the present study. In a more recent paper, Genevey et al. (2003) estimated the TRM anisotropy correction
on the palaeointensity from both pottery and bricks from
Syria. The obtained correction factor for bricks was found
to cluster between 0.98 and 1.02 for 70% of the specimens,
which is in excellent agreement with the results shown in
this study. However, Leino and Pesonen (1994) reported
stronger remanence anisotropy in bricks than in potsherds,
but their conclusion was drawn on a very small number of
experiments.
In a palaeointensity study on older potsherds from Ontario, Yu and Dunlop (2000) concluded that there is no correlation between the degree of remanence anisotropy and
the estimated palaeointensity value. However, in our study,
we were able to show that the values of the correcting factor of palaeointensity determinations, even if is low, depend
on the degree of remanent anisotropy and also on the angle
between the NRM direction and the laboratory ﬁeld direction. In the recently developed new three-axis magnetome-

ter (Le Goff and Gallet, 2004), the correction for anisotropy
effect is automatically done by keeping the angle between
the NRM and laboratory ﬁeld direction less than 4◦ . This
recent technological development will be a valuable tool
and add precision to the obtained palaeointensity results
from the most anisotropic objects such as pottery fragments
(Rogers et al., 1979; Aitken et al., 1981; Jordanova et al.,
1995). Our study has shown that when a difference between
the applied laboratory ﬁeld and that carried by the sample
NRM exists, which is always the case in practice, the degree of anisotropy also plays an important role. As it can
be seen in Table 3, the angle between the INRM and the
laboratory ﬁeld is not very large in most cases. Thus, despite a high degree of remanence anisotropy (K max /K min ),
the obtained correction factor f TRM is not high (Table 3:
samples GV45v; 94b; 1576a; 302a; 305a; 41-1; 41-9; 4517P, 18P, 21P, 25P). However, large correction factors f TRM
are observed on a few samples which have a strong magnetic anisotropy and which carry a NRM in a direction that
is far from the laboratory ﬁeld direction (Table 3: samples
CA54a; 269a; 1596v; B182b; 34-15P). The opposite is true
in cases when the NRM direction is entirely different from
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Fig. 9. (a) Histogram of frequency distribution of the obtained values of correction factor f determined through the anisotropy estimation of TRM and
IRM tensors for BC-BS; (b) frequency distribution of the obtained values of correction factor f determined through TRM tensor at the intermediate
(ﬁrst) temperature for all studied samples.

the laboratory ﬁeld but the degree of remanence anisotropy
remains low; the correction factor is also not signiﬁcant (Table 3: samples 1509a; 379a; B175b).
In Table 3, the average values of palaeointensity per sites,
before and after the correction of anisotropy, are also reported when more than two samples were studied per site.
In ﬁve of the seven cases of sites presented by BR-TL, the
standard deviations around the means decrease after the corrections, although the average values themselves are not affected substantially. The change in the inter-sample dispersion after the anisotropy correction is given in percentage in
the fourth column of Table 3, where the minus sign means
a worsening of the dispersion. Looking closely at these ﬁgures, we can make a number of remarks. The BS samples
of the ﬁrst site have NRM directions (11th column) close
to the direction of the laboratory ﬁeld, and the anisotropy
effect should be smaller, which is the case (−8%). The next
site represented by bricks with a considerable degree of remanence anisotropy (ﬁfth column) and two samples hav-

ing NRM directions far away of the laboratory ﬁeld direction shows the largest amelioration of the dispersion (61%).
The two last sites presented in Table 3, having a substantial
degree of TRM anisotropy, have different correction factors (ninth column), depending on the mutual orientation
of NRM and laboratory ﬁeld. In these two cases, the dispersion is also improved (24 and 16%), when sample 3415P, with the highest P(TRM) and NRM’s largest deviation from the laboratory ﬁeld direction for these two sites,
has the strongest correction factor. Thus, in order to obtain the best palaeointensity data on bricks and tiles, either a correction for anisotropy is needed or the laboratory
ﬁeld must be applied along the NRM direction. As far as
baked clay plasters of ovens and kilns are concerned, we
can trust the multiple published palaeointensity data without anisotropy correction, taking into account the results reported here. In fact, our results show that the anisotropy correction is small/insigniﬁcant for BC-BS materials and that
these materials can be considered as isotropic. There re-
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Fig. 10. (a) The anisotropy correction on the palaeointensity values as a function of the angle between NRM and the maximum axis of the TRM
anisotropy ellipsoid (α); (b) 3-D plot representing the mutual inﬂuence of the degree of TRM anisotropy P and α on the correction of palaeointensity
value |1 − f |. The values α on the X axis have been divided by 100 for better visualization.

sults, therefore, can be used in further compilation of worldwide palaeointensity data with an equal weight as that corrected for anisotropy results from, for example, potteries.
To avoid the unwanted multiple heating for TRM ellipsoid estimation, our results show that the laboratoryinduced IRM remanence could be used instead when materials are baked clay/burnt soils. Only for this kind of material we have obtained a conﬁrmation for the similarity of
the anisotropy tensors shape of IRM and TRM remanence
(Figs. 6(b) and 7(b)). In other words, replacing the TRM
ellipsoid with the IRM one in the case of the BR-TL samples as a result of studied collection is not straightforward
(Figs. 6(c) and 7(c)) despite the observed similarity of the
principal axes directions in most of the cases. Hus et al.

(2002), comparing the TRM and anhysteretic anisotropy ellipsoids (ARM) for bricks, come to the same conclusion,
thereby conﬁrming the similarity of the principal axes directions, but changes in the shape. They found an equality
in ellipsoid shapes only between that of TRM and that of
partial anhysteretic remanence (PARM).

6.

Conclusions

1. The degree of remanence anisotropy of baked
clay/burnt soil is signiﬁcantly lower than that in bricks
and tiles, which have shape anisotropy.
2. The comparison of remanence anisotropy at two temperature levels reveals that the tensor determination
through measurements on three perpendicular direc-
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Fig. 11. Contour-plot representing the mutual inﬂuence of the degree of TRM anisotropy P and the bias of laboratory ﬁeld from the direction of carried
NRM: (90 − INRM ) on the anisotropy correction given as |1 − f |. As in Fig. 10, the values of (90 − INRM ) have been divided by 100 for better
visualization.

3.

4.

5.

6.

tions, as done here, is probably not sufﬁciently precise
for the determination of principal axes’ directions, especially for samples with a weak anisotropy.
A small effect of the magnetic anisotropy on palaeointensity determinations for baked clay/burnt soils materials (BC-BS) is observed using either IRM or TRM
tensors. The more time-consuming TRM tensor determination can be replaced by the IRM tensor of
anisotropy for such material, which avoids possible
mineralogical changes during heating.
The shape of the IRM anisotropy ellipsoid is not
identical to that of the TRM anisotropy ellipsoid
when bricks/tiles (BR-TL) are concerned and the IRM
anisotropy cannot replace the TRM anisotropy evaluation for them.
The anisotropy correction of the palaeointensity results
for the material different from pottery seems negligible (in the all studied samples but six, it is up to 6%);
however, it improves the inter-samples dispersion for
most of the sites studied here, as previously shown for
similar materials (Chauvin et al., 2000) and for palaeomagnetic samples with a strong petrofabric (Selkin et
al., 2000).
A detailed analysis of the inﬂuence of different parameters on the magnetic anisotropy correction on the
palaeointensity values has shown that for the material
used in this study, the correction is more sensitive to
the degree of TRM anisotropy and to the angular distance between the laboratory ﬁeld and NRM directions
than to the angle between the NRM and the axis of
maximum remanence anisotropy ellipsoid.
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