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[1] A first secular variation (SV) curve for the Iberian Peninsula was computed by hierarchical Bayesian
method using a total of 134 archacomagnetic directions with ages ranging from —775 to 1959 A.D. A
general agreement is observed between the Iberian curve and the French and German SV curves, although
some interesting differences were found, such as the occurrence of lower inclinations between the 11th and
14th centuries in the Iberian curve. The analysis of these three reference curves indicates that SV in western
Europe is characterized by three major directional changes at —125, 200, and 1350 A.D. It is suggested
that these cusps are regional features of the geomagnetic field. The Iberian curve has been compared with
the predictions of the Jackson, CALSK7K.2, and Hongre global models. Despite large differences
recognized between these models, even for the dipolar terms, they predict reasonably well the Iberian
archacomagnetic SV.
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1. Introduction

[2] The variation of the geomagnetic field in the
archaeological past can be obtained from paleo-
magnetic directions determined from heated and
well dated archaeological structures. Archacomag-
netic data are presently the most precise high-
resolution paleomagnetic data for the last millennia
(data from lakes and sediments may be smoothed
and/or offset due to the magnetization acquisition
process and to sedimentation gaps). These data are
used to build secular variation (SV) reference
curves that provide knowledge of geomagnetic field
variations at regional and global scales for periods
covering the last few millennia. Along with
historical data, detailed SV curves can also be
used for dating purposes. Several SV curves are
now available for Europe, including Great Britain
[Batt, 1997], Bulgaria [Kovacheva et al., 1998],
France [Gallet et al., 2002], Hungary [Mdarton,
2003], Germany [Schnepp and Lanos, 2005] and
Austria [Schnepp and Lanos, 2006]. Despite the
high number of archaeological excavations car-
ried out in Spain only limited data are available
for this region. In a recent work, Gomez-Paccard
et al. [2006] provide a compilation of 5 previous
results and present 58 new archaecomagnetic
directions. In the present study this data set is
used, along with data from southern France and
northern Morocco, to propose a first SV curve
for the Iberian Peninsula. The French and
Moroccan data can be used in constructing the
SV curve due to their geographical proximity to
the Iberian Peninsula. The hierarchical bivariate
method by moving average technique [Le Goff,
1990; Le Goff et al., 1992; Daly and Le Goff,
1996; Lanos et al., 2005] and the hierarchical
Bayesian modeling [Lanos, 2004] are imple-
mented in order to determine the best way to
calculate the Iberian curve. To determine the
characteristics of the geomagnetic SV in western
Europe over the last two millennia, the Iberian
curve has been compared with the French and
German archaeomagnetic reference curves. Finally,
a comparison between available geomagnetic
field global models [Hongre et al., 1998; Jackson
et al., 2000; Korte and Constable, 2005] has

been conducted in order to test the reliability of
their predictions.

2. Available Data From Spain, France,
and Morocco

2.1. Spanish Data

[3] Gomez-Paccard et al. [2006] compiled the
available data for Spain and presented 58 new
archaeomagnetic directions, carefully describing
the sampling, experimental procedures and dating
constraints of the new directions. Samples were
taken as oriented blocks or drilled directly from the
archaeological heated structures. Classical thermal,
alternating field demagnetization or Thellier
method were applied in order to determine the
characteristic directions for each structure. In most
cases, high-quality, single-component remanence
vectors were obtained. For some structures, which
were heated to relatively low temperatures, more
than 1 component could be recognized and great
circle analysis was required. The characteristic
directions and their statistical parameters were
calculated using principal component [Kirschvink,
1980] or great circle [McFadden and McElhinny,
1988] analysis and Fisher [1953] statistics. As
proposed by Lanos et al. [2005], a hierarchical
structure was followed in the calculation of the 58
new directions. Together with 5 previous data from
Spain, a total of 63 archaeomagnetic directions are
available from Spain (see Table 1 and Figure 1).

2.2. French and Moroccan Data

[4] Archaeomagnetic research started in France
with the work of E. Thellier [Thellier, 1938],
who later published the first SV curve for France
for the last two millennia [Thellier, 1981]. This
curve has been revised, completed and extended by
Bucur [1994]. Since then, new archacomagnetic
directional results have been collected by Moutmir
[1995], Chauvin et al. [2000], and Gallet et al.
[2002], who presented a new SV curve for France.
Together they provide a high-quality collection of
archaecomagnetic data. In this study, only the data
from sites with a geographical proximity to the
Iberian Peninsula (within a 900 km radius of
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Figure 1.

Map showing locations of archacomagnetic sites (plotted with different symbols for the different age

ranges) compiled for the construction of the secular variation curve for the Iberian Peninsula. Madrid (40.4°N,
3.7°W) has been chosen as the reference site. Two circles with radii of 600 km and 900 km are shown.

[8] In southern France or northern Morocco several
data can help to cover this gap, but they are from
localities more than 600 km from Madrid (see
Figure 1). Using data from such distal sources
may introduce systematic errors due to the process
of relocation to the central reference point. To
investigate this question the angular errors intro-
duced during the relocation process via the VGP
method have been estimated in the same way as by
Noel and Batt [1990]. The IGRF values have been
calculated for an area described by 30°N, 50°N and
15°W, 10°E, relocated to Madrid, and the results are
compared with the Madrid IGRF values. For an
area of radius 900 km, inclination errors are less
than 2° and declination errors are less than 3° (see
Figure 3). Assuming that the harmonic content of
the field has been similar throughout archaeological
time, then similar error values can be expected in
the past. Angular relocation errors of 2°—3° are of
the same order as the typical ags values of the
Spanish archacomagnetic directions, and if the error
margins of the estimated SV curve are bigger, then
these errors would not be significant. The assump-
tion of almost constant harmonic content of the
field during archaeological times has been tested

using the global model CALSK3.2 of Korte and
Constable [2005]. The results indicate that the ratio
of the magnetic energy of the nondipole (from
degree 2 up to degree 10) to the energy of the
dipole, at the Earth surface, has remained almost

constant during the last 3 millennia with a mean
value of 0.02 + 0.005.

[s] Two archacomagnetic directional data sets have
been compiled. The first one includes archacomag-
netic directions corresponding to sites which fall
within a 600 km radius circle centered on Madrid,
and the second includes an additional 56 (“‘for-
eign”) archacomagnetic directions corresponding
to sites situated between 600 and 900 km from
Madrid, giving a total of 134 data (see Table 1). It
can be seen (Figure 2) that the relocated directions
from the two data sets are similar over the same
time periods, and that there is no observable
systematic error associated with the data between
600 and 900 km from Madrid.

[10] As the accuracy of any calculated SV curve
depends principally on the number of reference
points and on their associated dating errors, the use
of the 900 km data set should increase the reliabil-
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Figure 2. Declination and inclination of the archae-
omagnetic directions available for the two reference
areas, relocated to Madrid. Data coming from localities
less than 600 km from Madrid are plotted in red, and data
coming from localities between 600 and 900 km are
plotted in blue.

ity of a curve obtained for the Iberian Peninsula.
Furthermore, the 900 km data set includes data that
partially fill the gap between the 6th and 10th
centuries A.D. in the 600 km data set. It also
includes data from the -6th to -8th centuries, which
are not represented in the 600 km data set, thus
extending coverage over a longer time period.

4. First SV Curve for Iberia

[11] In order to determine the best SV curve for
Iberia the two compiled data sets (600 and 900 km)
were treated using the hierarchical bivariate [Lanos
et al., 2005] and the hierarchical Bayesian model-
ing based on roughness penalty [Lanos, 2004]. A
comparison between the classical stratified bivari-
ate [Le Goff, 1990; Le Goff et al., 1992; Daly and
Le Goff, 1996] and the hierarchical bivariate
approaches has been presented by Lanos et al.

[2005]. The principal difference found was in the
estimation of the error margins. In the stratified
approach these errors are divided by the total
number of samples contributing to the window,
while in the hierarchical approach these errors are
divided by the number of sites contributing to the
window. As demonstrated by Lanos et al. [2005], a
hierarchical approach should be used in archaeo-
magnetic curve estimation. Therefore this approach
has been retained here.

[12] In order to determine the best window widths
to use with hierarchical bivariate statistics several
values were tested (50, 80, 100 and 120 years). No
significant differences were found, therefore it was
decided to use a window width of 80 years, plotted
in 25 year steps, with at least four reference points
per window.

[13] Bayesian modeling [Lanos, 2004] puts some
prior knowledge on the global nature of the curve
to be estimated, i.e., it is assumed that the studied
physical phenomena vary in a smooth way, and it
allows the window width to be automatically
adapted to the density of points along the time
axis, making the points movable within their
respective dating error ranges. This approach
allows the fitting of a spherical spline function
based on roughness penalty to the data in three
dimensions (declination, inclination and time),
calculating the weight on the construction of the
SV curve of all of the possible three-dimensional
data. The results are expressed as a mean curve
and an envelope (error) at a 95% confidence level.
The “real” curve will lie somewhere inside the
error band. In addition, this method takes into
account stratigraphic constraints provided by
archaeological investigations, some of which are
known for the Spanish data (Table 1) [Gomez-
Paccard et al., 2006].

[14] Figures 4a and 4b show the curves obtained
for the 600 and 900 km data sets calculated using
Bayesian methods and the comparison between the
hierarchical bivariate and Bayesian modeling for
the 900 km data set. The hierarchical bivariate
curves are not continuous because some time
windows contain less than four reference points
(Figure 4b). It is noticeable that the mean values
obtained with the two methods are very similar,
although the hierarchical bivariate mean curve and
corresponding errors seem a little choppy.

[15] The archaeomagnetic data sets are unevenly
distributed in time. For this reason, Bayesian
modeling has been retained in order to calculate
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Isolines of the errors in declination and inclination introduced during the VGP relocation between any

point on the plot and Madrid. The errors have been calculated using the IGRF 1900 and IGRF 2000 models. Two
circles centered at Madrid with 600 and 900 km radii are shown.

the best SV curve for Iberia. The Bayesian curves,
and their error envelopes, calculated with the 600
and 900 km data sets are very similar between
—350 and 2000 A.D. (Figure 4a). As previously
discussed, the maximum error due to the VGP
relocation process from any point inside a refer-
ence area of 900 km (Figure 3) to Madrid is
approximately 3°. This error is lower than the
errors of declination and inclination at the 95%
confidence level obtained for the Bayesian curve
(of about 5°, Figure 4a). Therefore it is considered

that the error introduced during relocation is in-
cluded in the error inherent to the archacomagnetic
data.

[16] Taking into account all of the previous dis-
cussions, Bayesian modeling of the 900 km data
set has been used to calculate the curve most
representative of the SV for the Iberian Peninsula.
It is shown in Figure 5. Table 2 gives the results
obtained for inclination and declination (in steps of
approximately 25 years), together with their 95%

9 of 20



s Geochemistry 7
' Geophysics |
_ . Geosystems \r

GOMEZ-PACCARD ET AL.: FIRST ARCHAEOMAGNETIC SV CURVE

10.1029/2006GC001476

a) Bayesian modelling: === 600 km data set

40 -
30 -
20 -

10

Declination (°)

20

-30

-1000 -500 0 500 1000 1500

t (years)

2000

= 000 km data set

75 -
70
65 -
60 -
55 -
50 4

Inclination (°)

45 |
40 -

3% 4+
-1000 -500 0 500

1500 2000

1000

t (years)

b) Comparison between hierarchical bivariate ( === and Bayesian modelling ( =)
for the 900 km data set
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Figure 4. Comparison between the hierarchical bivariate and the Bayesian modeling: (a) the results from Bayesian
modeling for the 600 and 900 km data set and (b) a comparison between the results obtained by hierarchical bivariate
(calculated using 25 year steps with a least four reference points per window) and Bayesian modeling for the 900 km
data set. All curves have been calculated at Madrid and are plotted with their 95% confidence level error bands.

error envelopes. In Table 1, tyayesian indicates the
most probable ages (at the 95% confidence level)
obtained by Bayesian modeling for each structure.
In order to check the influence of data with larger
errors on the construction of the SV curve, the
Iberian curve has also been calculated rejecting
data with dating errors > 75 years or ags > 3.5. A
total of 106 points has been considered. The results
obtained are very similar to those obtained using
the complete 900 km data set (134 points).

[17] The age of the reference archacomagnetic data
used (134 points) ranges from —775 to 1959 A.D.
Throughout most of the record several directions
per century are available, although there is a need
to extend the data, especially between the 6th and
10th centuries A.D. and prior to 0 A.D., where the

majority of the data come from neighboring
countries.

5. Comparison With French and
German Secular Variation Curves

[18] In order to compare the Iberian SV curve with
the French and German curves, the Bayesian
curves for these two countries have been computed.
The German archaecomagnetic curve was pub-
lished by Schnepp and Lanos [2005], relocated
to Goéttingen. It includes a total of 166 archae-
omagnetic directions. The French SV curve was
calculated at Paris, by Bayesian modeling, the
reference data set used is the same as that of
Gallet et al. [2002], together with the 12 archae-
omagnetic directions determined by Chauvin et al.

10 of 20



4@k Geochemistry _ 3
 Geophysics |
_ . Geosystems \r

GOMEZ-PACCARD ET AL.: FIRST ARCHAEOMAGNETIC SV CURVE

10.1029/2006GC001476

a) at Madrid
20

-10

-30
40

Inclination (°)

60

70

=)

40+
304

20 1

Declination (°)

-104

-204

-30 +—+———7++—1
-1000  -500 0

AL B L LR BN R B A |
500 1000 1500 2000
t (years)

10 Declination (°)
20

30

-500/ -600

75 -
70
65
60
55
50
45 ]
40

sl
000 -500 O

Inclination (°)

LABLEN LA R R R B LR R L R |
500 1000 1500 2000
t (years)

Figure 5. First SV curve for Iberia obtained by Bayesian modeling of the 900 km data set. (a) Stereoplot of
declination and inclination, where orange and red indicate century timescales (thin line indicates where the curve is
based on a small number of data), (b) declination versus time, and (c) inclination versus time. In Figures 5b and Sc,
data coming from localities less than 600 km from Madrid are plotted in red, and data located between 600 and

900 km from Madrid are plotted in blue.

[2000]. The three curves were recalculated at
Lyon (45.46°N, 4.50°E, Figure 1), chosen because
of its central location between Madrid and Got-
tingen (Figure 6 and 7). No systematic relocation
effect was observed related to this process. How-
ever, and in order to avoid relocation errors, the
velocities and changes in curvatures of the curves
have been calculated directly from the spherical
splines obtained for Madrid (Iberian curve), Paris
(French curve) and Gottingen (German curve). It
is worth pointing out that the Iberian and French
curves have 61 archaeomagnetic directions in
common, while the French and German curves

have 25 common data. In contrast, the Iberian and
the German curves have no points in common.

[19] The three SV curves look similar during most
of the past three millennia, especially the French
and Iberian curves. However, closer inspection
reveals some significant differences in the details
of the curves. The observed differences cannot be
explained by the effect of relocation processes
alone. Lower inclinations are seen in the Iberian
curve between the 11th and 14th century and
between the 16th and 19th century (Figures 6
and 7). These two differences are constrained by
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t, L Imim Imax: Da Dmim Dmaxa
years deg deg deg deg deg deg
—815 585 554 61.6 27.2 21.3 33.1
—790 59.6 56.8 62.5 25.6 19.8 31.3
—-767 60.6 579 63.4 24.1 18.4 29.6
—745 61.5 589 64.2 22.5 16.9 28.1
—723 624 5938 65.0 21.0 15.3 26.6
—698 632  60.7 65.9 19.3 13.5 25.0
—673 640 615 66.6 17.6 11.6 234
—650 646 62.1 67.1 16.0 10.0 21.8
—626 65.1 626 67.6 14.4 8.5 20.1
—601 654  63.1 67.8 12.8 6.9 18.4
—576  65.7 634 68.0 11.2 5.5 16.7
—556  65.8 635 68.1 10.0 4.5 15.5
—531 659 636 68.1 8.7 32 14.2
—506 65.8 635 68.1 7.5 1.9 13.0
—490 65.7 634 68.0 6.8 1.1 124
—465 655 63.1 67.9 5.6 -0.2 11.4
—440 653 627 67.8 4.5 —1.6 10.5
—415 649 623 67.6 35 -29 9.6
-390 64.6 0618 67.3 2.5 —4.0 8.9
—-365 642 612 67.0 1.5 -5.1 8.1
—340 63.7 60.7 66.7 0.7 —6.0 7.4
—315 633 602 66.3 0.0 —6.7 6.7
—293 629 599 65.9 —0.6 —7.2 6.0
—268 625 595 65.4 —1.1 =75 5.3
—243  62.1 592 64.9 —1.5 -7.6 4.5
—-218 61.7 59.1 64.4 -1.9 =75 3.7
—193 614 590 63.9 22 -7.3 2.9
—-171  61.2 589 63.4 —2.4 -7.1 22
—146 61.0 59.0 63.0 —2.6 —6.7 1.5
—121  60.8  59.1 62.5 2.7 —6.3 0.8
—100 60.6 59.1 62.2 —-2.7 -5.9 0.5
—65 604  59.0 61.7 =25 —52 0.2
—49 60.2 589 61.5 -23 —4.9 0.3
—24 59.8 585 61.0 -2.0 —4.5 0.5
-5 59.3 581 60.5 —1.7 —4.2 0.7
13 58.8 575 60.0 —1.6 —4.0 0.8
31 582 569 59.4 —1.5 -39 0.8
48 575 562 58.7 —1.6 -39 0.7
65 56.8 555 58.0 —-1.7 —4.0 0.5
86 56.0 547 57.2 -2.0 —4.2 0.2
110 551 539 56.3 -2.3 —4.4 -0.2
131 545 533 55.6 -2.5 —4.5 —0.6
151 539 528 55.0 2.7 —4.6 —0.8
183 534 524 54.5 —-2.8 —4.6 -1.0
200 533 522 54.4 =29 —4.7 —1.1
216 533 522 54.4 -2.9 —4.7 -1.0
236 533 522 54.5 -2.9 —4.9 —-1.0
258 534 522 54.7 -3.0 —5.1 -0.9
280 53.6 523 54.9 -3.1 —53 -0.9
311 539 525 553 —-3.2 —5.6 -0.9
336 542 528 55.6 -33 —-5.7 —-0.9
361 54.7 532 56.1 —-33 —5.8 —0.8
386 552 538 56.7 -3.2 —5.8 —0.5
406 55.7 542 57.3 -2.9 —-5.7 —0.1
424 56.3  54.6 57.9 -2.5 —5.5 0.5
446 569 551 58.8 -1.9 —52 1.5
466 57.5 556 59.5 —-1.1 —4.8 2.6
491 582  56.1 60.4 0.0 —4.0 4.2
515 589  56.6 61.3 1.4 -3.2 6.0
540 59.5 569 62.0 2.9 -2.1 8.0

Table 2. (continued)

t, L Imina Imaxa D: Dmina Dmaxa
years  deg deg deg deg deg deg
563 599 572 62.6 44 -0.9 9.9
588 603 575 63.2 6.1 0.4 12.0
613 60.6 57.6 63.6 7.9 1.9 14.1
638 60.8  57.6 63.9 9.7 34 16.2
663 60.8 57.6 64.0 11.5 5.0 18.1
688 60.8 575 64.1 13.2 6.5 20.0
713 60.7 573 64.0 14.8 8.1 21.6
738 60.5 57.1 63.8 16.2 9.5 23.0
763 60.2 569 63.5 17.5 10.9 242
788 59.8  56.6 63.1 18.6 12.2 25.1
813 594 563 62.6 19.4 13.3 25.7
838 59.0 559 62.0 20.1 14.2 26.0
861 58.6 556 61.4 20.4 14.9 26.0
883 58.1 554 60.8 20.6 15.5 25.7
908 57.5 550 60.0 20.5 15.8 25.2
931 569 545 59.2 20.2 15.9 24.5
952 56.2 539 58.4 19.8 15.8 23.8
977 552 53.0 57.3 19.2 15.5 22.9
1002 54.1 520 56.1 18.5 15.0 21.9
1027 53.0 51.0 54.8 17.6 14.4 20.8
1044 52.1 502 54.0 17.0 13.9 20.0
1067 51.0 492 52.8 16.1 132 18.9
1091 499  48.1 51.6 15.2 12.4 17.8
1116 48.8  47.0 50.5 14.1 11.5 16.7
1137 48.0 462 49.7 132 10.5 15.8
1153 474 456 49.2 12.4 9.7 15.0
1171 46.9 450 48.7 11.5 8.8 14.1
1192 464 446 48.2 10.5 7.7 13.0
1216  46.1 443 479 9.2 6.6 11.7
1239 459 442 47.6 8.1 5.6 10.4
1264 459 443 474 6.9 4.6 9.2
1278 459 443 47.4 6.4 4.1 8.6
1298 459 443 47.5 5.7 33 7.9
1321 46.0 443 47.7 5.0 2.6 7.4
1338 46.1 444 47.8 4.7 2.2 7.2
1362 463 447 48.0 4.5 2.1 6.8
1381 46.7 451 48.3 4.5 2.2 6.8
1402 473 458 48.9 4.7 24 7.0
1416 479 464 49.5 4.9 2.6 7.2
1441 492 477 50.9 5.4 3.0 7.9
1466 50.8 492 52.5 6.0 34 8.7
1488 523 506 54.1 6.5 3.7 9.4
1513 540 523 55.9 7.0 39 10.1
1531 553 535 57.2 7.1 3.9 10.4
1556 57.0 552 58.8 7.1 3.6 10.4
1580 584  56.7 60.4 6.5 2.9 10.0
1600 59.7 578 61.7 5.6 1.6 9.3
1625 61.0 59.0 63.1 3.8 —0.5 7.9
1647 62.0 599 64.1 1.7 -29 6.1
1672 62.8  60.6 65.0 —-1.1 —6.0 3.6
1697 633 61.0 65.5 —4.1 -9.1 0.7
1719 634 612 65.6 —6.8 —11.7 -1.9
1744 63.3 612 65.4 —-9.6 —14.4 —4.9
1769 63.0 609 65.1 —-12.0 -16.7 =75
1794 62.5 604 64.6 —14.0 —18.6 -9.6
1817 62.0 599 64.1 —-154 =200 —10.9
1836 61.6 594 63.8 -162 =209 -—-11.6
1861 61.1 585 63.5 -169 —-22.0 —11.8
1882 60.6 578 63.4 -172 =229 -115
1907 60.1  56.7 63.3 —-174  -240 —10.7
1932 59.5  55.6 63.4 —-17.4 =250 -9.7
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Table 2. (continued)

ta Ia Imina Imax: Da Dmina Dmax:
years deg deg deg deg deg deg

1959 59.0 545 63.5 -173  -26.0 —8.5

“Here t, age in years A.D.; I (D), inclination (declination); I, —
Iimax (Dmin — Dmax), error margins for inclination (declination).

a relatively large number of Spanish data and may
be related to features of the local geomagnetic
field. If the Iberian and German SV curves are

a) Iberian (
-10
-20
-30
200
50
60
70
b) Iberian (~—==) and German (==

-30

50

70

characterized by a period of two centuries (from
1200 to 1400 A.D.) with low inclinations, this
period of low inclinations seems shorter in the
French SV curve. The trend of the Iberian SV
curve between the 10th and 15th centuries is very
similar to that obtained for Italy recorded in
historical lava flows [Tanguy et al., 1999; Arrighi
et al., 2004]. It is noticeable that the lowest
inclinations observed for France and Iberia do
not have exactly the same values as for Germany.
The differences between the three curves observed

==) and French (====) SV curves, at Lyon

10 Declination (°)

1300 20

1400 ‘ Q C %

1200 7100

Inclination (°)

) SV curves, at Lyon

10 Declination (°)

Inclination (°)

Figure 6. SV curves for (a) Iberia and France and (b) Iberia and Germany at Lyon (45.46°N, 4.50°E). All have been
calculated by Bayesian modeling. Ages are plotted in black for the French and Germany SV curves and in gray for
the Iberian SV curve. Thin lines indicates where the Iberian curve is based on a small number of data.

13 of 20



i >3 Geochemistry 7
" Geophysics ( |
_ . Geosystems \

GOMEZ-PACCARD ET AL.: FIRST ARCHAEOMAGNETIC SV CURVE

10.1029/2006GC001476

Iberia France

40
30
20
10

04

-10-

Declination (°)

-20
-30

-1000  -500 0 500 1000 1500 2000
t (years)

754

Inclination (°)
(2] (o)) ~
2 ¢ 2

)]
[&)]
1

50 t———7T———7T 7
-1000 -500 0 500

LA BB R L R B A R |
1000 1500 2000
t (years)

Iberia Germany

404
30
20
101

04

-10-

Declination (°)

-20
-30

-1000  -500 0 500 1000 1500 2000
t (years)

754

Inclination (°)
(2] (o] ~
< g <

a
a
1

50 +V———"7T——7
-1000  -500 0

Trrrrrrr oo
500 1000 1500 2000
t (years)

Figure 7. Declination and inclination reference curves together with their 95% error envelope versus time for the
Iberian, French, and German SV curves at Lyon. All results are obtained by Bayesian modeling.

during the 6th—9th centuries can be explained by
the small number of data available for this period
in the Iberian curve. It is important to notice that
the French and German curves are also less well
constrained during this period (6th—9th) because
of a sparse number of data.

[20] The same analysis can be done taking into
account the error estimates of the curves (Figure 7).
They are generally lower for the French SV curve
than for the Iberian or German curves, due to the
larger number of archaeomagnetic data available
for France. However, the error margins of the
Iberian curve for the period between the 10th and
17th centuries are small and the differences dis-
cussed before are well constrained for this region.

[21] Figure 8 shows the rate of the secular variation
(velocity) and curvature values computed using
Iberian, French and German Bayesian curves.
The general trend of the obtained values of velocity
and curvature is very similar. Three major direc-
tional cusps, related with velocity minima, are

observed in each of the curves, the first around
—125 A.D., the second around 200 A.D. and the
third around 1350 A.D. Two of these major direc-
tional changes (at 200 and 1350 A.D.) are in
agreement with those found by Gallet et al
[2003] (200 and 1400 A.D.) and seem to occur a
little later in the German curve. A further change in
curvature is seen at around 600—700 A.D. for the
German curve, which is suggested in the French
curve but poorly expressed in the Iberian curve
(Figure 8). This last directional cusp could be
related to the one derived by Gallet et al. [2003]
and identified at around 800 A.D. The weak
temporal resolution of this last directional change
could be explained by the lack of data in the
European records between the 5th and the 10th
centuries (the so-called Dark Ages).

[22] It is concluded that the SV for western Europe
over the last three millennia is characterized by 3
major directional changes associated with low
secular variation rates. In order to see if these
characteristics have a regional or a global signifi-
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Figure 8. Comparison of the velocity and changes in curvature of the Iberian, French, and German SV curves,

calculated by Bayesian modeling.

cance, archacomagnetic data from other regions
have been analyzed. In the global archacomagnetic
data set built by Korte et al. [2005] the records
from Japan and southwest United States are the
most continuous (outside Europe), both in declina-
tion and inclination, and are also the less scattered
over the last 1500 years. After relocation of the
data to a common point (35.3°N, 136.8°E for Japan
and 39.5°N, 250.7°E for southwest United States),
SV curves for these two regions have been calcu-
lated using Bayesian modeling (Figure 9a). The

only difference with the previous analysis is that
the number of samples per site used to calculate the
mean directional data is not taken into account,
because this information is not reported in the data
set published by Korte et al. [2005].

[23] The secular variation rates and changes in
curvature obtained are shown in Figure 9b. Three
(for southwest United States) and four (for Japan)
major directional changes can be observed, occur-
ring at different time periods. Moreover, the ages of
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Figure 9. (a) Declination and inclination values together with the error margins versus time for Japan and southwest
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Korte and Constable [2005]
Hongre et al. [1998]

180°

90°W

Jackson et al. [2000]
DRGF-1950, 1970 and 1990

90°E

Figure 10. Location of the north geomagnetic pole as computed from CALS3K.2 [Korte and Constable, 2005],
from Hongre et al. [1998] global models, and from the model of Jackson et al. [2000]. The results obtained from

DRGF-1950, DRGF-1970, and DRGF-1990 are also given.

these cusps are not in agreement with those ob-
served in Europe, except perhaps the one present
for the period 650—800 A.D. This seems to indi-
cate that major directional changes are a regional
feature of the geomagnetic field, even though more
detailed and longer records are clearly needed.

6. Comparison With Global Models

[24] The Iberian SV curve presented here has been
compared with the CALS3K.2 and CALS7K.2
global models of Korte and Constable [2005],
the geomagnetic model of Jackson et al. [2000]
and the model of Hongre et al. [1998]. The Hongre
et al. [1998] model is derived with Gauss coeffi-
cients up to degree 2 plus degree 3 order 3. The
models of Korte and Constable [2005] are derived
with Gauss coefficients up to order 10. This is a
significant difference between these models. As
a smoothing constraint is used by Korte and
Constable [2005], their resolution is probably in
the order of degree 4 or 5. For the last two millennia
there is little difference between the CALS3K.2 and
CALS7K.2 models, so the CALS3K.2 model has
been used here. The Jackson et al.’s model, based

on massive 400 years historical records, is derived
with Gauss coefficients up to degree 14.

[2s] Differences between the available global mod-
els can be seen in Figure 10. This gives the
corresponding positions of the north geomagnetic
pole. It was expected that the dipole terms would
be the most robust and should be similar for the
three models, but this is clearly not the case. It can
be noticed that DRGF and Jackson models are in
close agreement over the past five decades.

[26] Model predictions of declination and inclina-
tion at Madrid have been calculated. The results are
display in Figure 11, together with the Iberian SV
curve. The directional changes expected at Madrid
when only dipole terms are included (Figure 11a),
when terms up to order 2 (Figure 11b) and 3
(Figure 11c) are used and when all Gauss coeffi-
cients are used (Figure 11d) are shown. It can be
seen how the results for the dipole directional
changes are quite different for both models, the
curves obtained with Hongre et al.’s [1998] model
being smoother. However, the dipole part predic-
tions of declination and inclination show the same
overall shape and features as the archacomagnetic
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Figure 11. Comparison between the declination and inclination of the SV reference curve obtained for Iberia (in
gray) and declination and inclination values predicted by Korte and Constable [2005] and Hongre et al. [1998]
and from Jackson et al.’s [2000] models using the Gauss coefficients up to different degrees, calculated at Madrid:
(a) degree 1, (b) degree 2, (c) degree 3, and (d) all Gauss coefficients provided by the models. Results from
CALS7.K2 are very similar to those from CALSK3.2 and are not plotted.

18 of 20



r ~3 Geochemistry 3
" Geophysics ( |
_ . Geosystems \

GOMEZ-PACCARD ET AL.: FIRST ARCHAEOMAGNETIC SV CURVE

10.1029/2006GC001476

SV curve for Iberia, although the amplitudes are
very different. When non dipole terms are included,
the amplitudes of the fluctuations of the predicted
SV curves increase considerably and the models
fit reasonably well the archaeomagnetic curve,
showing the same fluctuations with time. How-
ever, there is a discrepancy between some of the
amplitudes of these fluctuations (in both declination
and inclination). The declination results obtained
using the models from Korte and Constable [2005]
agree very well with the results from Hongre et al.
[1998], except before 600 A.D. where the declina-
tion values are generally more easterly for the
CALS3K.2 model. In contrast, for inclination,
the amplitudes are clearly more important for the
Hongre et al. [1998] model when all the coeffi-
cients are used. The best fit is obtained with the
Hongre et al. [1998] model, up to degree 2
(Figure 11b). As can be seen in Figure 11d,
Jackson et al’s [2000] results provide higher
inclinations between 1590 and 1800 A.D. than
Korte and Constable’s [2005] and Hongre et al.’s
[1998] models and the Bayesian curve.

[27] In spite of their differences the Korte and
Constable [2005] and Hongre et al. [1998] models
predict the Iberian archacomagnetic SV reasonably
well for the last two millennia. This is not very
surprising since the majority of the available
archacomagnetic data used to build these models
(especially CALS3K.2 and Hongre models) comes
from Europe. The good fit between the SV curve
and the global model predictions is interpreted as
an indicator of the good agreement between the
new data and the previous European archacomag-
netic data. To improve knowledge of the evolution
of the dipole, more data are clearly needed in order
to increase the accuracy of global models. The
Iberian data used in this article could be used for
future global modeling and will increase their
resolution.

7. Conclusions

[28] This study presents the first archacomagnetic
SV reference curve for Iberia. It has been calculated
using Bayesian modeling. The age of the reference
archaeomagnetic data used ranges from —775 to
1959 A.D. Throughout most of the record several
directions per century are available, although there
is aneed to extend the data, especially before 0 A.D.
and between the 6th and 10th centuries (where the
majority of the data comes from neighboring
countries). However, the first SV for Iberia is
now available.

[29] Compared to French and German SV curves
the same general patterns are found but significant
differences can be observed between the 11th and
14th centuries A.D. and the last few centuries,
where lower inclinations are found for the Iberian
curve. Analysis of the Iberian, French and German
reference curves indicates that SV in western
Europe is characterized by three cusps or major
directional changes associated with low SV rates
(at —125, 200, and 1350 A.D.). The SV curves and
corresponding rates and changes in curvature for
Japan and southwest United States have also been
calculated using Bayesian modeling. The results
suggest that the observed cusps are representing a
regional feature of the geomagnetic field. Longer
and more detailed records are clearly needed in
order to test this idea.

[30] Differences between the available global mod-
els [Korte and Constable, 2005; Hongre et al.,
1998; Jackson et al., 2000] are clearly observed.
Even the lowest terms (i.e., the dipole) are quite
different for these models. Despite these differ-
ences, all models predict reasonably well the Ibe-
rian archaeomagnetic SV curve.

[31] The SV curve obtained extends the archaeo-
magnetic dating technique to Spain and Portugal.
This provides a valuable tool for archaeologists
working in the region, which has a rich and
increasingly studied archaeological past. Finally,
the Iberian curve contributes to the increase in the
knowledge of the Earth’s magnetic field, and the
data can be used for future modeling of geomag-
netic field behavior.
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