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Abstract. Ten fireplaces from Mannheim-Wallstadt (MW) 
and four ovens from Herrenchiemsee (HC) were studied 
with regard to their archaeomagnetic properties. The ages 
of the medieval structures were only poorly known and 
an age dating was intended with the help of the standard 
curves for the declination and inclination of the geomag­
netic field of the past 2000 years, as set up by Thellier 
(1981) for France. The stability of the NRM was tested 
with Thellier's test. Of the ten MW fireplaces, only one 
passed the test, whereas of the four ovens of HC, all passed 
the test but one of them had to be excluded because of 
secondary displacements within the structure. The MW fire­
place could be dated to 670-700 A.D., in agreement with 
other archaeological age determinations for the fireplaces. 
The ovens from HC yielded an age between 1100 and 
1170 A.D. 

The ovens showed the effect of magnetic refraction. 
Model calculations carried out on circular ring structures 
require a susceptibility of the oven material of the order 
of 0.5 SI units to explain the observed effect. The presently 
observed mean susceptibility at room temperature is only 
around 5 x 10- 3 SI units. However, heating of the material 
at 550° C for 2 h in a reducing environment was able to 
increase the susceptibility by a factor of 20. This effect is 
explained by the reduction of secondary iron oxides and 
hydroxides to magnetite. Another increase by a factor of 
about 1.5 is obtained from the Hopkinson effect (increase 
of susceptibility with temperature) at the blocking tempera­
ture of magnetite. Combining all effects, it is possible to 
attain values for the susceptibility at the blocking tempera­
ture of magnetite as high as 0.2 SI units, which is the order 
of magnitude required for the explanation of the observed 
effect of magnetic refraction. 

This effect demands that special considerations be made 
during archaeomagnetic sampling from archaeological 
ovens or kilns. 

Key words: Archaeomagnetism -Archaeomagnetic age dat­
ing - Magnetic refraction - Susceptibility 

Introduction 

The initial purpose of the study was an attempt to date 
four medieval ovens from Herrenchiemsee and ten fire­
places near Mannheim-Wallstadt (both in southern Ger-

Table 1. Geographic coordinates, number N of archaeological 
structures per site and their estimated ages 

Locality (o E) (oN) N Age 

Mannheim- 8.5 49.5 10 First-third century or 
Wallstadt (MW) fifth-seventh century 

A.D. 

Herrenchiemsee 12.4 47.9 4 Medieval 
(HC) 

many) using the archaeomagnetic reference curve for 
France, published by Thellier (1981) for inclination and 
declination (Fig. 8). Table 1 shows the geographic coordi­
nates of the sampling localities, the number of sites and 
their possible ages based on archaeological arguments. 

The remnants of the fireplaces from Mannheim-Wall­
stadt were cast into large blocks of plaster of Paris (about 
40 cm thick and wide, 100 cm long) and removed from the 
ground after orientation with respect to the horizontal 
plane and geographic north (using a sun compass). Figure 1 
shows a sketch map of the position of the fireplaces on 
the archaeological site. 

The ovens from Herrenchiemsee originally had a shape 
like that shown schematically in Fig. 2. Oriented samples 
were taken from the floor and from the walls of the struc­
tures wherever suitable material was preserved. Figure 3 
shows the spatial distribution of the four ovens on the ar­
chaeological site as well as the position of the samples with­
in each oven. From the four ovens at Herrenchiemsee, only 
the ovens HC I, II and IV were in a more or less undis­
turbed position. The floor of oven HC III showed later 
internal mechanical movements. Therefore, this material 
was only used for rock magnetic studies. 

Preparation of specimens 

From the huge blocks obtained from the fireplaces at 
Mannheim-Wallstadt and from the samples from Herren­
chiemsee, smaller specimens were cut and embedded in 
cubes of plaster of Paris with a side length of 6 cm for 
a convenient measurement with a spinner magnetometer 
(see next section). Table 2a shows the number of samples 
and specimens obtained from each of the ten fireplaces at 
Mannheim-Wallstadt. 
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Fig. 1. Sketch map of the 
positions of the fireplaces at 
Mannheim-Wallstadt. Numbers 
refer to structure members MWl-

10-----.:.- J MW12 (see also Table 2) 
·-· 

floor samples 

The distribution of the samples and specimens within 
the ovens at Herrenchiemsee is illustrated in Fig. 3. (Details 
can also be taken from Table 2b.) It illustrates the position 
of the samples (in a schematic way) in the wall or the floor 
of the ovens. The arrow with the full line represents the 
present magnetic north direction in the sampling area, while 
the arrow with the dashed line is the archaeonorth direction 
(see next section). The little arrows marked within the sam­
ples are the archaeoremanence directions determined for 
each specimen. For detail refer to section on magnetic re­
fraction. 

Archaeomagnetic measurements 

The natural remanent magnetization (NRM) of the speci­
mens was measured with a computerized big-sample flux­
gate spinner magnetometer. The stability of NRM was 
checked with the Thellier test (Thellier and Thellier, 1959) 
by comparing the vertical Z-components, Z 1 and Z 2 , of 
the specimens before and after, respectively, a 4-week stor­
age in the geomagnetic field in the reversed position. The 

viscosity coefficient vis determined by v 21 -Z2 • Further-
Z1 +Z2 

more, the directional shift of NRM was computed for the 
Thellier test. 

Table 3 shows the mean viscosity coefficients i5 for a 
selection of specimens of the fireplaces from Mannheim­
Wallstadt and the oven specimens from Herrenchiemsee. 
For the fireplaces at Mannheim-Wallstadt, all viscosity co­
efficients are greater than 1 % with the exception of a large 
and stable group of specimens from MW 9 with v=0.22. 
Similar small i5 values (v<0.5%) could be found for all 
ovens at Herrenchiemsee. The NRM of all structures with 
v<0.5 was taken as the archaeodirection. The results in 
terms of mean NRM directions and their statistical parame­
ters are summarized in Table 4. 

Fig. 2. Schematic sketch of the shape and dimensions 
of the ovens found at Herrenchiemsee 

Magnetic refraction 

In Fig. 3 the directions of the horizontal components of 
NRM of the individual specimens are shown as small ar­
rows. The horizontal direction of the archaeofield (arrow 
with dashed line) is the average of the individual directions 
in the floor specimens. However, there is a systematic devia­
tion of inclination and declination from the mean archaeo­
field direction in the wall specimens as well as a deviation 
only of inclination in the floor specimens. These deviations 
are dependent upon the sample positions (azimuth () and 
distance r from the centre) within the structures. Figure 4 
shows the variation of the inclination with distance from 
the centre, for three ovens. In all cases, the inclinations 
in the centre of the oven floor are significantly lower than 
in the walls. Effects of the same kind in kilns have already 
been described by Harold (1960). He interpreted them as 
a result of the cooling of the kiln and associated mechanical 
displacements (kiln wall fall-out). Experiments by Weaver 
(1962) and Aitken and Hawley (1971) indicated, however, 
that mechanical processes within the cooling kilns could 
not account for the effects. They discussed magnetic refrac­
tion as a possible interpretation. 

Magnetic refraction describes the refraction of magnetic 
field lines at an interface where the magnetic susceptibility 
x (or permeability µ=x+ 1) changes sharply. The relation 
between the angles of the incident field line (oc1) and the 
transmitted field line (oc2), and the permeabilities µ 1 and 
µ 2 is: 

tan oc1 /tan oc2=µifµ2. 

The magnetic refraction in a circular ring in vacuum with 
inner diameter a and outer diameter b with permeability 
µ has been described by Jackson (1975). A modification 
of the formulae with special application to the shape of 
the ovens can be taken from Schurr (1983). The alignment 
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Fig. 3. Sketch map of the pos1t1ons of the four ovens at Herrenchiemsee and distribution of the samples in the four ovens. The outer ring represents the oven 
wall, the inner area the oven floor. Large arrows: with full line: present orientation of the magnetic meridian ; with dashed line: archaeo-orientation of the magnetic 
meridian. Small arrows and thin lines within each specimen: direction of the horizontal component of the stable natural remanence 
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Table 2. Number N of samples and number n of specimens ob­
tained from each aracheological structure 

a Locality Structure N n 

Mannheim-Wallstadt MWl 18 36 
MW3 6 6 
MW4 6 6 
MW5 6 12 
MW6 11 11 
MW7 18 18 
MW9 23 23 
MW10 9 9 
MW11 12 19 
MW12 12 12 

b Locality Structure N n 

Herrenchiemsee HC I, floor 1 12 
HCl,wall 4 24 
HC II , floor 6 38 
HC II , wall 5 29 
HC III , floor 4 22 
HC III, wall 4 18 
HC IV, floor 3 23 
HC IV, wall 4 28 

Table 3. Mean viscosity coefficients ii, in percent, of the fireplaces 
at Mannheim-Wallstadt and the ovens at Herrenchiemsee. n = 
number of specimen 

Structure n 

MW1 36 
MW2 6 
MW4 6 
MW5 12 
MW6 11 
MW7 18 
MW9 23 

4 
19 

MW10 9 
MW11 19 
MW12 12 
HC I, floor 12 
HC I,wall 24 
HC II , floor 8 
HC II, wall 8 
HC III , floor 8 
HC Ill , wall 8 
HC IV, floor 8 
HC IV, wall 8 

ii 

8.96 
37.98 

1.78 
40.96 
12.77 
9.53 
2.89 

15.58 
0.22 
4.55 

41.51 
5.09 
0.38 
0.27 
0.26 
0.38 
0.27 
0.42 
0.28 
0.38 

Remarks 

All 
Very viscous group 
Stable group 

of the field lines within the circular ring is similar to that 
of Fig. 5 and has a distribution with the azimuth 0 as shown 
in Fig. 6. The effect depends mainly on the susceptibility 
of the circular ring and, to some extent, also on the geome­
try of the ring. The curves shown in Fig. 6 have been com­
puted for values of the radius of 57.5 cm (curves 2 and 
4) and 62.5 cm (curves 1 and 3), with values for the suscepti­
bility of 0. 5 and 0. 1 SI units, respectively. 

The actually observed variations of the declination from 
the mean archaeodirection, dependent on the azimuthal po­
sitions of the specimens in the oven walls, have also been 
plotted in Fig. 6. Despite a considerable scatter of the ex per-

Table 4. Mean stable NRM directions of the archaeological struc­
tures, subdivided into floor and wall specimens 

Structure I D N CX95 Standard k 
(0) (°E) (0) deviations 

I D 
(0) (°) 

MW9 71.04 356.53 18 0.83 0.28 1.12 1,700 
HC I, floor 57.92 13.85 12 1.58 0.81 0.49 750 
HCI,wall 65.42 10.68 24 1.71 0.89 2.56 310 
HC II, floor 59.88 11 .08 38 0.78 0.32 0.50 880 
HC II, wall 63.08 9.55 29 2.53 1.34 3.18 110 
HC III , floor 63.38 2.79 22 1.22 0.39 1.25 720 
HC III, wall 65.76 10.69 18 1.12 0.38 1.15 1,100 
HC IV, floor 54.12 15.29 23 1.43 0.75 0.44 450 
HC IV, wall 59.81 14.24 28 1.60 0.56 1.35 290 

/ :inclination; D: declination; N: number of specimens; cx95 radius 
of cone of confidence; k: precision parameter 

fl oor : wall 
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Fig. 4. Variation of the mean inclination of floor and wall speci­
mens with distance r from the centre, for three ovens. The inclina­
tion of the wall specimens is significantly higher than that of floor 
specimens 

.6.o 

Fig. 5. Alignment of the field lines within a circular ring of perme­
ability µ si tuated in vacuum (permeability µ

0
). r: radius of the 

ring. 0: azimuth of a volume element of the ring. rp: angle between 
the field direction in the volume element and the external homoge­
neous fie ld. (Modified from Bergmann-Schaefer, 1974) 
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Fig. 6. Variation of the orientation rp of 
the field lines within a circular ring of 
radius r and susceptibility x with 
azimuth B. For definition of rp, rand 0, 
see legend of Fig. 5. The sine curves are 
computed for the following parameters: 
1; r=62.5cm and x=0.1 SI units . 2; r= 
57.5 cm and x=0.1 SI units. 3; r= 
62.5 cm and x=0.5 SI units. 4; r= 
57.5 cm and x = 0.5 SI units. The open 
symbols refer tor= 57.5 cm, the closed 
symbols refer to r = 62.5 cm. Circles: 
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HC I ; squares: HC II; triangles: HC III; 
diamonds: HC IV 

azimuth 8 ( 0
) relative to magnetic north 

imental data, it can be seen that the data follow, in general, 
the predicted azimuthal distribution. Unfortunately, the 
state of conservation of the ovens did not allow sampling 
of all azimuthal positions of all ovens. 

Rock magnetic studies 

As seen from Fig. 6, a susceptibility of the order of 0.5 SI 
units of the oven material is required to explain the ob­
served effects. The carriers of remanence of baked earths 
have been studied in detail by Le Borgne (1955, 1960a, 
1960b, 1965) Mullins (1974) and Graham and Scollar 
(1976). X-ray powder studies were only possible for the 
material of the fireplaces at Mannheim-Wallstadt. Here, 
enough ore grains could be extracted with a hand magnet. 
Measurements on material from seven fireplaces gave a 
mean cubic lattice constant of 8.376 A ( ± 0.019) indicating 
that the extracted magnetic phase is mainly magnetite with, 
however, some modifications towards maghemite (Rumble 
1976). Unfortunately, the magnetic phases of the oven ma­
terial was too fine-grained for extraction. 

The Curie temperatures could be determined for the 
MW samples as well as for HC samples (for abbreviations 
see Table 1 ). They are around Tc= 580-590 °C, which is 
higher than Tc for pure magnetite (580 °C) and also indi­
cates some degree of maghemitization. 

The susceptibility of specimens from HC I, II and IV 
was measured with a 1 kHz bridge. The mean value for 
12 specimens was 4.8 x 10- 3 SI units, with maximum values 
as high as 1.4 x 10- 2

. The anisotropy of susceptibility was 
also measured. Aitken et al. (1981) showed that the an­
isotropy of suceptibility, which is indicative of an alignment 
of the magnetic minerals, may affect archaeomagnetic data . 
However, we only found anisotropies of the order of less 
than 2.5%. 

These mean susceptibility values are of course not suffi­
cient to explain the observed effects of magnetic refraction 
as illustrated in Fig. 6. However, it should be considered 
that the thermoremanent magnetization was formed in the 
oven walls and floors under special conditions. Firstly, it 
was certainly formed at high temperatures, not much below 
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Fig. 7. Hopkinson effect showing the increase of susceptibility with 
temperature, with a maximum below the Curie temperature. Sus­
ceptibility given in arbitrary units 

the Curie temperature of magnetite. This implies that the 
susceptibility of the material at the blocking temperature 
of the magnetite should be considered rather than that mea­
sured at room temperature. Secondly, during firing, there 
was a reducing atmosphere within the oven which probably 
favoured the formation of magnetite from most of the iron 
present in the kiln material. Maghemite may have formed 
later on, during cooling in an oxidizing environment. 
Weathering of the entire structure in the soil may also have 
caused the formation of iron hydroxides like Goethite. 

We therefore measured the susceptibility of oven wall 
and oven floor material as a function of temperature. Fig­
ure 7 shows such a measurement, which indeed showed an 
increase at elevated temperatures (Hopkinson-effect), but 
the enhancement was not larger than a factor of 1.5. 

Mullins (1974) and Graham and Scollar (1976) showed 
that the susceptibility of archaeological material could be 
increased considerably by heating the material in a reducing 
atmosphere together with organic matter. We did similar 
experiments by mixing powdered material from MW as well 
as HC with wheat flour (5% by weight) and heating in 
a nitrogen atmosphere for 2 h at 550 °C. The results are 
summarized in Table 5. They show that in some cases the 
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Table 5. Enhancement of natural susceptibility x
0 

by heating of 
oven and fireplace materials fo r 2 hat 550° Cina reducing environ­
ment (x0 ). For experimental details see text. x0 and Xh are given 
in 10 - 3 SI-units 

Sample x. Xh XhfXo 

MW 15/6+ 1.60 20.30 15.8 
MW 2/4 
MW 15/12 5.80 13.30 2.3 
HC III , wall 0.60 11.50 19.2 
HCl,wall 0.83 15,90 19.2 
HC II, wall 3.25 15.20 4.7 
HC IV, wall 1.55 13.70 8.8 

susceptibility could be enhanced by a facto r of almost 20, 
while in some cases only a small increase by a factor of 
2 could be obtained. The enhancements are especially large 
in those cases where the initial natural susceptibility Xo was 
very low ( < 3 x 10- 3 SI units). The low values of x0 may 
have been caused by iron hydroxides and hematite as the 
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most abundant iron-containing minerals, while in the cases 
with high x

0 
values magnetite may already have been pres­

ent in the natural samples. The reduction of the material 
may be responsible for an enhancement of x by as much 
as a factor of 20. This could enhance the measured mean 
susceptibility of 5x 10- 3 SI units up to about 0.1 SI units. 

The total amount of iron present in the material (assum­
ing that it is a ll transformed into magneti te in a reducing 
environment) should determine an upper limit for the sus­
ceptibility of the material. The total iron content was deter­
mined for four representative specimens by wet chemical 
analysis. A surprisingly uniform iron content was obtained, 
from which a Fe30 4 content of (2.43 ± 0.03)% was calcu­
lated. With an initial mass susceptibility Xsi of magnetite 
o f 2.5 x 10- 3 SI units (Landolt-Bornstein 1970) and the 
observed density of 2 g/cm3 for the material, we obtained 
a value of 0.12 SI units as an upper limit for the volume 
susceptibility Xv at room temperature. Due to the Hopkin­
son effect, the volume susceptibility near the blocking tem­
perature will be of the o rder of 0.2 SI units . This is the 
requi red range to cause the observed variation of declina­
tion in most of the wall samples from Herrenchiemsee. 

0 200 400 600 800 1000 1200 1400 1600 1800 

a d ate 

w E 

Fig. 8a and b. Standard curves for the archaeo­
secular variation in France compi led by Thellier 
(1981) for the last 2000 years. The values for 
the declination and inclination have been 
reduced to the geographical coordinates at 
Paris. a Inclination. Heavy full line from 
1550 A.D. to present : direct measurements in 
Paris. Dots: data from archaeological 
structures. Triangles: data from bricks and tiles. 
Full line: reliable parts of the curve. Dashed 
lines: uncertain parts. Open circle: mean 
inclination value for the three ovens at 
Herrenchiemsee. Open triangle : mean 
inclination value for the fireplace MW 9 from 
Mannheim-Wallstadt. Error bars are also 
shown. b Declination and inclination, 
combined. Numbers are years A.D. Thin curve 
from 1600 A.D. to present : direct measurements 
in Paris. Heavy lines: interpolated curve from 
reliable archaeomagnetic data. Dashed heavy 
lines: uncertain parts of the curve 
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Age of the archaeological structures 

The updated standard curves for the variation of I and 
D have been published by Thellier (1981) and they are 
shown in Fig. 8. For the age determination, the mean of 
all specimens (walls and floors) was calculated for three 
of the four kilns at Herrenchiemsee and for the fireplace 
number 9 at Mannheim-Wallstadt. The data are summa­
rized in Table 6 together with the statistical parameters. 

Thellier did not accept that kilns show any systematic 
pattern of distortion (Thellier 1981). However, he always 
averaged the results of as many specimens as possible from 
widely spaced places within one archaeological structure 
and so minimized the effect of magnetic refraction. There­
fore, a separate discussion of the directions of remanence 
of floor and wall samples was not regarded as appropriate, 
at present, for the archaeomagnetic age dating using Thel­
lier's standard curves. 

Although the standard curves have been reduced to the 
geographic coordinates of Paris, they can also be used for 
southern Germany with the application of a dipole correc­
tion, at least for the inclination values. However, the correc­
tions are so small ( < 1°) that they have been neglected. 
From the present dipole field, the differences in declination 
are of the order of 2° and have probably not been very 
much larger in the past 2000 years. 

For the fireplace MW 9, with an inclination of71°, there 
are several possible age intervals on the standard curve 
(Fig. 8a). The ages around 1,700 AD. must be excluded 
because of the general archaeological situation. The ob­
served declination value of 356.5° (see Fig. 8 b) and the incli­
nation (71°) make an age of between 670 and 700 A.D. 
for the last firing most likely, and not the other possible 
ages of around 50 B.C. (from an extrapolation of the curve 
of the inclination to earlier dates) or 900 A.D. The age 
of 670-700 AD. is also likely from the archaeological dat­
ing of the entire group of fireplaces at Mannheim-Wallstadt 
by other methods, yielding ages of the fifth to the seventh 
century A.D. Reference structure nearest in direction: Thel­
lier (1981) Table IV, No. 125: Huy (oven 2), age: approx. 
700 AD. 

The remanence directions determined for the three 
ovens gave values for I between 57° and 63°, and values 
for D between 12° and 15° E. From the standard curves 
of Fig. 8, only the age interval between 950 and 1,250 AD. 
is in agreement with the observed data set. Other age inter­
vals, which could be possible from the inclination values 
alone (1,400-1,500 A.D. or 50-400 AD.) can be excluded; 
the later alternative because of archaeological reasons, the 
earlier one because of the declination values. 

The archaeological situation of the ovens at Herren­
chiemsee makes it likely that all were in use almost simulta­
neously, that is to say at least within one generation, and 
not over a time span of almost 300 years which we obtain 
if we use the determined mean remanence direction of each 
oven. For this reason we used the mean remanence direction 
of all three ovens (/ = 60.6° and D = 13.8° E) for the ar­
chaeomagnetic age dating. 

From the averaged standard curve of the inclination 
(Fig. 8a) we determine the interval between 1,100 and 
1,170 A.D. as the probable time span for the last firing 
of the three ovens at Herrenchiemsee. Reference structure 
nearest in direction: Thellier (1981) Table IV, No. 163: Plo­
meur St. Saturnin, age: 1,050±90 A.D. 
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Table 6. Mean stable NRM directions. For details see also legend 
ofTable4 

Structure I D N OC95 k Standard 
(0) (o E) (0) deviations 

I D 
(0) (0) 

MW9 71.04 356.53 18 0.83 1,700 0.28 1.12 
HCI 63.43 12.30 36 1.92 160 0.90 1.70 
HCII 61.26 10.59 67 1.21 210 0.49 1.04 
HCIV 57.24 14.67 51 1.28 240 0.60 0.76 
HC (all) 60.63 13.81 154 1.24 84 0.57 1.10 

Discussion and conclusion 

The observed effect of magnetic refraction seems to be a 
serious problem for the evaluation of the secular variation 
of the geomagnetic field by archaeomagnetic measurements 
and the setting up of standard curves for archaeomagnetic 
dating. Thellier (1981), and also in earlier papers, tried to 
avoid this by collecting as many specimens as possible from 
the archaeological sites hoping that the effects would be 
averaged out. As a general rule, one can say that the decli­
nation values are least affected in specimens taken from 
the centre of the floor of kilns or from places with azimuth 
angles 0°, 90°, 180° and 270° with respect to the magnetic 
meridian of circular structures. (For definition of the azi­
muth see Figs. 5 and 6.) The inclination values are most 
disturbed (too shallow) in the floor specimens. They are 
also disturbed in wall specimens (too steep) at azimuth posi­
tions 0° and 180° and are probably undisturbed in azimuth 
positions 90° and 270°. In poorly preserved structures it 
is often possible to take samples in only a few places. If 
they are not adequately placed over the entire structure, 
both D and I values can be biassed in an unknown way. 
So far there are no possibilities of making proper correc­
tions. As shown earlier the corrections depend not only 
on the geometry of the archaeological structures, but also 
on the rock magnetic properties of the material at the block­
ing temperature when the TRM was acquired. Further rock 
magnetic studies are planned with the aim of providing 
means to correct archaeomagnetic data for the effects of 
magnetic refraction. 
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