e —

E. THELLIER AND O. THELLIER

THE INTENSITY OF THE EARTH'S MAGNETIC FIELD IN THE
HISTORICAL AND GEOLOGICAL PAST*

The authors suggest here a method for investigating the remanent magnetization of
ancient vases and bricks. These measurements were used for determining the-
intensity of the earth's magnetic field of times past during which the investigated

objects acquired their magnetization.

A consistent and steady decrease of the

earth's magnetic moment during the ‘past two thousand years becomes evident; in

some regions this decrease reaches 65%..

The methods proposed by the authors take into consideration all external influences
during the magnetization process, and provide in particular, a way for eliminating
the effect of repeated heating, the so-called temperature cleaning'' method.

The secular variations of the main magnetic
field of the earth would be almost unknown if we
would have to rely on direct measurements only. .

The earliest of these (very incomplete) date back =

to a comparatively late period, the 16th century.
As we know, the study of the magnetization of
igneous rocks or baked clays as well as of sedi-
ments allows us under favorable circumstances to
measure indirectly the earth's magnetic field as it
existed during the time of formation of these
rocks. The problem of determining the magnetic
field of the past is divided into two separate is-
sues: (1) the historical and prehistorical epochs
for which it can be hoped to retrace the changes of
the magnetic field from century to century, and

(2) distant geological epochs for which we examine
the mean magnetic field over very long periods of
time. In the first case we apply the term "archeo-
magnetism," in the second case, '"paleomagnet-
ism."

More often, the entire attention is focused only
on the direction of the ancient field. This does not
mean, however, that the intensity of the field is
entirely without interest. The fact is that it is
much more complicated to determine the intensity
than the direction of the magnetic field. This ex-
plains why, until recently, this problem was little
attractive to scientists. ’

Before reviewing the work done in this field,
let us discuss first the earlier, more or less in-
direct and purely qualitative, experiments. There-
after we shall present the results of our direct and
quantitative investigation. First of all let us take
a look at some of the principal magnetic and min-
eralogical characteristics inherent to rocks and
baked clays. Py

The Magnetic Properties of Rocks Pertaining to
the Analysis of Their Natural Magnetization

Magnetic Mineralogy

The minerals which are the bearers of residual
magnetization occur as anisotropic ferromagnetic

*Izv. Geophys. Ser. 1959, pp. 1296-1331, translated by I. A. Mamantov.
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tThe French abbreviations ARI, ATR, ARA are used instead of NRM, TRM and IRM respectively (Tfansl. Ed.)

grains of all sizes, dispersed in a practically non-
magnetic medium which can acquire weak induc-
tive magnetization only.

Magnetic mineralogy is being more and more
accepted in the study of the magnetic properties of
rocks. o

The list of the diverse magnetic minerals has
been increased considerably, and research in this
field, both experimental and theoretical, has been
expanded lately. Of special interest are the
titanium-magnetite and ilmenite-hematite families.

The microscopic mineralogical complexity of a
piece of rock the size of a hand specimen may be
disregarded provided a sufficiently large portion
of the rock compared with the volume of the larg-
est magnetic grains is analyzed. It is therefore
recommended in case of natural bodies to use
relatively large specimens, on the order of one
cubic decimeter. Due to the static effect (the de-
magnetization field of this shape is frequently very
weak) the mean moment of remanent magnetization
developing through the influence of the magnetic
field has the same direction as this field. Since
the mean intensity of magnetization may vary con-
siderably from one specimen to the next, quantita-
tive comparisons should be based only on magnetic
moments developing during successive magnetiza-
tions of one and the same object.

The Various Types of Remanent Magnetization

Rocks and baked clays are capable of acquiring
different kinds of remanent magnetization. The
experimental study of the laws of magnetization
and of the characteristics of the various kinds of
magnetism has been for a long time one of the re-
search projects of our laboratory [25-29, 31, 35,
36, 39, 40]). The letters ARI (normal remanent
magnetization)t shall denote the magnetization of
a previously demagnetized specimen after it has
been exposed to the influence of the field H for a
short time interval, for instance, one minute (this
shall be arbitrarily our unit time). The magnitude
of specific remanent magnetization o, increasing
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during paleomagnetic investigations. Two conclu-
sions which specify our method of investigation
can be drawn from the large amount of experi--
mental data concerning the changes which occur
during heating. :

1. Baked clays are usually either only very
little sensitive or completely non-sensitive to
heating. This can be explained by the fact that
under natural conditions clays are formed through’
the slow, often longlasting and high temperature
heating of the original minerals. This stabiliza-
tion offers numerous opportunities for research,’

2. Igneous rocks which interested us insofar as
they open a door into the remote past did not yvield

a single case of good stability.

Mineralogical Changes in Time,
Induced or Spontaneous

Ancient rocks, igneous or sedimentary, could
occur at depths of several kilometers. This
caused them to become metamorphosed which led
to considerable changes in their minerals. Near-
surface rocks are subjected to chemical influences
which may also change substantially their mag-
netic minerals. The results of this influence show
up clearly as an increase in susceptibility of the
soil to a depth of several centimeters beneath the
surface, as Le Borgne discovered [20]. In addi-
tion to changes caused by physical or chemical in-
fluences we have to consider the possibility of
spontaneous changes as a result of gradual transi-
tion from a metastable to a stable equilibrium.
The phenomenon of exsolution of hard titanomag-
netites studied by Kawai and his students [15] be-
comes extremely important from this point of
view,

The first result of these mineralogical changes
is somewhat analogous to what we observe during
gradual heating. The rock we use for our experi-
ments in order to compare its natural and artifi-
cial magnetizations, is no longer an original rock.

The second result of the mineralogical changes
lies in a modification of the original magnetization
regardless of the magnetization mechanism. For
one, the minerals which are the bearers of mag-
netization lose it during their transformation; this
may lead to the formation of weakly magnetic
though highly magneto-susceptive rocks. On the
other hand, the minerals which are formed acquire
a parasitic magnetization since their crystal lat-
tices develop very slowly in the earth's magnetic
field. This magnetization stipulated by crystalli-
zation, artifically created recently by numerous
scientists [4, 9, 12, 19, 21], can play an important
role in rocks with very weak natural remanent )
magnetization. These changes of the original
magnetization caused by mineralogical transfor-

.mations are furthered, apparently, by the direct

influence of physical agents - the earth's field
itself which induces ARV, temperature changes
which cause partial demagnetization and the de -
velopment of new ATR during the cooling process;

pressure [7], and, finally, lightning causing the ap- .

pearance of intensive ARI due to the momentary
field of the electric discharge (which renders the °
surface rocks frequently unusable). : )

Review and Discussion of the Qualitative
Experimental Investigations of the
Intensity of Magnetization

Results Obtained by Koenigsberger
on Volcanic Rocks

One should think that a careful qualitative and
quantitative determination of the ferromagnetic
components of a volcanic rock or clay would allow
a prediction as to its magnetic behavior and to de-
termine the intensity Fy of the earth's magnetic
field by measuring the natural thermo-remanent
magnetization ¢,. "It is, however, not possible to
establish such a relationship.

Indirect method based on the magnetic suscep-
tibility. We may have a different 3pproach avail -
able if we use the magnetic suscepgtibility & of the
rock which can be measured easily and which de- "
pends, like o,, on every structural] detail of the
magnetic minerals. If we had a cgnstant ratio Q,
linking «, the susceptibility of induced magnetiza-
tion and the ratio o,/F (which may be called for-
mally:™~Busceptibitity of thermo-remanent 'mag-
netization), i.e., those values which depend solely
on the nature, condition, and quantity of the ferro-
magnetic minerals, our problem would obviously
be solved. We would also have to surmise that the
minerals contained in the rock did not undergo any
chaniges which are expressed in a decrease of o,
and an increase of x provided the newly formed
minerals will be relatively magnetic.

Koenigsberger [19] measured the ratio Q, =

o, /x F on numerous rocks, where o, is the "natu-

ral™ magnetization of the specimen; « is its sus-

ceptibility; F is the intensity of the present field
of the earth, arbitrarily put at 0.45 oersted. Thus,
Qp is a parameter important for magnetic pros-
pecting: relationship of the natural remanent
magnetization of a rock to its in situ induced mag-
netization. Koenigsberger was particularly inter-
ested in this ratio. He found the following general
regularity: the factor Q, has a tendency to de-
crease the older the rock. Although the author
himself did not formulate this statement in that
way, it seems to us thatthe regularity discovered by .
him can be considered indicative of a lower inten-
sity of the earth's field during the earlier geologi- |
cal history. ’

Indeed, let F,, be the intensity of the ancient
field that caused the magnetization ¢, which, ac-
cording to our assumption, did not change. Factor
Q which characterizes the specimen will then be
Q = 0, /xFy. Thus, quantity Q, = Q (Fg)/(F), pro-
portional to Fp, would determine the relative in-
tensity of the ancient field.

This conclusion holds, however, only if Q is of
the same order for the entire suite of volcanic
rocks. It is impossible, though, to prove this
hypothesis even in rough approximation or for a
limited group of rocks. Thus, one of the authors
of this article used, after studying the intensity
problem [33], as examples those experiments
which were conducted on a single clay specimen
annealed in the same field (13 oersteds), but at
varijous temperatures and in varying media.- The
thus obtained values of ¢, and x were used for
calculating the Q factors (Table 1).
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Table 1

Factor Q for One and the Same Clay Baked to
Various Temperatures and in Various Media

Medium
Temperature, °C g 5
; . 11 natin
Oxygen | Nitrogen ur:;ﬂ g
400 0.95 1.2 6.1
580 1.9 2.15 9.85
670 2.75 3.85 6.15
870 4.75 13,1 2.0

Let us examine rocks of the same volcanic
origin, e.g., Volvic andesite. This is a homogene-
ous formation the various portions of which, ac- -
cording to Lacroix, do not show any obvious
petrographic differences. However, o, and x of
the various parts differ considerably, which, in
turn, entails changes of Q, (see Table 2).

" Table 2

Factor Q  at Various Points of an Andesite
Flow from the Volcano Nouguer* (Volvic)

Distance from Distance from
base of lava Q, base of lava Q,
flow, m flow, m
2 2.1 6 4.9
2.3 2.8 7 8.6
2.5 3.9 9 6.9
3 5.9 10 13.2
5 8. 12 8.7

*Nuger? (Translator)

An analogous fact, based on investigations on
consecutive lava flows, was described recently
from New Zealand [10].

This variability of factor Q , may be caused in
part by the mineralogical variations of the rocks
[42], but is found also for Q during experiments
with bodies obtained through accurate synthesis,
for instance, rhombohedral agglomerations of iron
sesquioxide or magnetite consisting of finely dis-
persed grains [29]. Minor variations in prepara-
tion or heating cause such prominent changes that,
for instance, considerably different Q (13, 365,
598) were obtained for three specimens of rhom-
bohedral iron sesquioxide.

The new indirect method based on repcated
thermomagnetization. Koenigsberger tried to find
the reason for the dispersion of the Q factor
values by comparing each rock against itself in
the following manner. In order to determine the
factor Q, of the specimen he heated it to tempera-
tures above its Curie point and measured the new
thermoremanent magnetization o, and the new’
susceptibility x". Using these measurements he
obtained Q; = ¢;/x’F. This value of Q, represents
in itself an actual Q of the given rock, but one
which it acquired after having been heated to 600
or 700° C. If the mineralogical changes, stipulated
by repeated slow heatings, are very minute, ratio
Q, =Q,/Q,, computed by Koenigsberger for every
rock, would be equal to Fo/F and would allow the
indirect determination of Fy. :

fromg Central Europe to this kind of investigation,
Koenigsberger found that the ratios of Qn (17, Fig.
13] of young rocks have a tendency to be around 1,
i.e., to agree closely with the intensity of the
present magnetic field of the earth; for rocks of
Pre-Cambrian age Q,, becomes relatively small,
Later investigations came up with analogical re-
sults [3, 11] - ratio Qn; for ancient volcanic rocks
amounts generally to not more than a few tenths,

Let us recall Koenigsberger's interpretation of
the result. Maintaining that the intensity of the
earth's magnetic field, according to Einstein, must
remain constant, he explained the decreage of Q,,
(and that of Q,) with the gradual eventual decrease
of the initial thermoremanent magnetization o, .
According to his opinion ratio Qn; would be not so
much a measure of Fp, rather than a time meas -
ure on a geological scale [18].

Can we explain the variations of Qp, with
changes in Fy without havirg any evidence for the
invariability of Fo ? In this case we have to as-
sume, for one, stability of the very earliest mag-
netizations, and, on the other hand, mineralogical
stability throughout the repeated slow heatings,
which would allow us to find the value of o; (as we
pointed out, it would be impossible to assume that
these conditions would be fulfilled in ancient
rocks).

f{;’ecting large numbers of volcanic rocks

Results of Investigations on Sedimentary Rocks

Banded clays. Johnson, Murphy, and Torreson
[13] thought it possible to determine the intensity
of the ancient magnetic field by conducting experi-
ments on sedimentary rocks. Working with ap-
proximately 10,000 years old banded clays, repre-
cipitated after their natural magnetization had
been measured, they established that the remanent
magnetization of artificial banded clays is a defi-
nite and reproducible function of the intensity of a
given magnetic field. Proceeding from here and
assuming that the banded clays did not change
after the original deposition they found that the in-
tensities of magnetization corresponded to ancient
magnetic fields of 1 to 2 oersteds.

Could these field intensity values be possibly
correct for the northeastern USA of a few hundred
years ago? There are many circumstances speak-
ing against this (not to mention the possibility of a
gradually acquired viscous magnetization). It
should here be pointed out that the natural magnet-
ization of banded clays is very low regardless of
the (frequently substantial) content of magnetic
minerals. There is not much hope that additional
experiments would elucidate the significance of F
during those few ten thousands of years for which
we have sufficiently dated little metamorphosed
banded clays. Recent investigations [8, 16] lead to
rather unsatisfactory conclusions as far as pin-
pointing former earth fields from these data is
concerned, and we think it somewhat unlikely, that
reliable quantitative results can be expected from
this approach.

Marine sediments. Johnson, Murphy, and Tor-
reson [13] tried to determine the magnetic inten-
sity in cores from various points in the Pacific.
Without experimenting with reprecipitation they
undertook the following investigation. They placed
a few small specimens cut from cores at various
depths into a field of 2,000 oersteds and measured
then the intensity of magnetization. They con-
sidered o,,, i.e7, the normal remanent magnetic
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| saturation based on the amount of magnetic mate-
| rial contained in each specimen [13], Assuming

{ then that the magnetization acquired in situ is

i Proportional, for one, to this content, and, on the
. other hand, to the intensity of the effective field,
‘these authors were able to determine older inten-
. sities Fy from data based on measurements on .
;considerably younger sediments in the present
field of intensity F. They present thus (with res-
tervations) intensity variations of the/field for the ..
tlast one million years [13, Fig. 17].

The following should be added to the general
{objections in reference to this method. The rem-.
{anent thermomagnetic saturation is not directly .

i related to the natural remanent magnetization of
{particles insofar as the latter depends primarily

éon the type of magnetization of these rocks which, -

idisintegrating, provided the source material for
{the sediments. Let us agsume that particles at
itwo different levels are otherwise identical, that, .
thowever, some of themn possess a very low origi-
Enal magnetization, others again, a very high one.
iBeing exposed to the same field while in situ, the
;former will show low remanent magnetization, the
{latter a high one. However, hypothetically the
ivalues of ARI saturation (caused by a field of 2,000
joersteds which will practically destroy all other
imagnetizations) should be absolutely identical, and
we may thus conclude that the specimens were
post-depositionally affected by fields of extremely
different intensities.

Ancient sediments. All recent publications
concerning the orientation of the field during early
geologic times (works of the English school [2])

ostulate a post-depositional mechanism of mag-

etization the understanding of which is as yet not
sufficiently clear. It is not possible at present to
associate experiments to a larger or smaller de-
:gree with the deposition of banded clays for the
Purpose of defining the intensity of ancient fields.

Coercive Force Methods

!

It can be assumed that the ""resistance'" of
magnetization, expressed as a coercive force, de--
pends on the intensity of the field in which it orig-
Inated regardless whether we are speaking of
thermoremanent magnetization, or magnetization
specified by deposition or crystallization. Since
the coercive force can be easily determined with-
obut heating of the specimen, shouldn't it be pos-
sible to determine the intensity of the original
lield by measuring this force ?

This idea was adhered to by Althausen [1] who
Investigated natural magnetites: determination of
the coercive force of natural remanent magnetiza-'
ion (which, we assume, is a thermoremanent
magnetization) would lead us to the magnitude of
the field which caused this magnetization. We
Yeed, however, for every material also a curve
Vhich presents the coercive force as a function of
the magnetic field, which, in turn, requires suc-
tessive heatings in order to obtain ATR in known
lields. The author stresses this and points out
hat the magnetites underwent mineralogical
{.hanges during the slow, repeated heating process. .
he curves given in [1] were obtained with stabi-
ized specimens. Their magnetization differs
herefore already from the original state of natu- -
al magnetization, the subject of the investigation.

Methods based on the coercive force run into
far more severe difficulties, Let us take a look at
specimens with remanent magnetization. We may
define the coercive force (the authors prefer the
term '""demagnetizing field") as that field which
would be required to bring the remanent magneti-

zation of a body down to zero. We have suggested )

two methods to achieve this:

(1) Useof a variable field.- As pointed out be-
fore, the variable field He able to cancel remanent
magnetization is equal to the field which caused '
this magnetization, whereby in case of normal °
magnetization this is not dependent on the type of
the body being investigated. If ATR is weak, H
will be large and practically independent of the
magnetic field which caused this ATR; it will de-

. pend, however, on the investigated body [25, 28].
Thus the determination of. the coercive force of a
variable field is of value only for ARL ' -

(2) Cancellation of the magnetism under study
by using a field with an orientation reverse to that
of this magnetization whereby the intensity of the
field is increased gradually until the remanent
magnetization has been brought down to zero.
This kind of investigation has been already con-
ducted on clays [35], also on various synthetic and
natural bodies [29], These experiments lead to
the conclusion that the process, if the initial mag-
netization is relatively hard (as in the case of
ATR), follows a course during which the body, if

"its original magnetization remains stable, would
acquire a reverse ARI, practically independent of
the original hard magnetization. The disappear-
ance of the remanent magnetization is not due to
demagnetization, but due to the application of two
independent magnetizations, equal in intensity but
opposite in sign. The coercive force, therefore,
does not characterize the magnetic hardness of
the original magnetization, but depends primarily
on the ability of the body to acquire ARJ,

The Direct Method in Case of
Thermoremanent Magnetization

This method, used only in case of thermorema-
nent magnetization, is most simple. After meas-
uring the natural magnetization of a body with
ATR, it is demagnetized by heating to the Curie
point, and the intensity of the field required to re-
store an ATR equal to the original natural rema-
nent magnetization is determined. ATR appears
practically proportional to the magnetizing field.
Moment M of the natural remanent magnetization
which, we assume, kept its original value obtained
in the ancient field Fy, and moment M!', obtained
in the laboratory in the known field F, are meas-
ured. : M/M This method, sug-
gested and used By S s8ince 1937 [33, 34], faces
the same objections which have been made against
the other methods: mineralogical changes with
time, develo ing of parasitic magnetizations, al-
teration of minerals through heating.” We used this
method on baked clays which are much less sensi-
tive toward these influences. The originality of
the here described method lies in the additions. (or
complications) introduced by us into the original
method 8o as to avoid these difficulties. Our im-
Proved method is quite -«complex but the obtained
uniform results; as far as we can see, attest to its
reliability, ’
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Qualitative Analysis. Gradual Perfection
of the Measuring Method

First Expcriments Pointing to the Possibility
of Employing the Direct Method

We presented in Ref. [34] the results of the
first series of experiments conducted on 20 cylin-
drical specimens which had been cut from bricks
and tiles of various age. The magnetization vector
was measured withour astatic symmetrical coil
magnetometer [35].

The results of the first mineralogical stability
test using heat were exploited. The test proceeded
as follows. After measuring in the laboratory the
thermoremanent magnetization obtained in the

known field F after heating the specimen rapidly

to 670° we applied r in ag-
ured the new magnetization. The specimen was

used only if both magnetizations were identical
within the permissible margin of measuring error.
Strictly speaking, this condition of stability is
necessary but insufficient insofar as a general
transformation of the mineral may occur. The
probability for mineral changes to take place
within such a very short time, however, is not
great, and the experiments indicate that such
changes, should they occur at all, require several
heatings.

We made this attempt without great hopes,
being well aware that magnetometric measure-
ments on heterogeneous bodies could not be accu-
rate. The results, however, proved to be very en-
couraging. ‘ '

First Quantitative Check

Abandoning magnetometric measuring during
all later experiments we measured the remanent.
magnetization with our inductometer for high in-
tensity homogeneous fields [35]. This eliminates
the effect of the heterogeneous distribution of
magnetic moments within the investigated object.

Only relatively weakly magnetic materials
were used in order to avoid the influence of the
demagnetization factor. It is easily seen that er-
rors associated with the demagnetization factor
become absolutely insignificant for magnetizations
not much higher than 10-4 gauss.

During repeated heatings in an electrical fur-
nace the effect of the alternating current caused by
the furnace windings has to be eliminated. This
could, for instance, cause parasitic ideal magneti-
zation due to the presence of the earth's magnetic
field. The furnaces built by us were equipped with
permanent compensation for this alternating field

35].

[ ]Recognizing the possibility for the appearance
of viscous magnetization we attempted, for one, to
determine how widespread it might be s0 as to re-
ject any specimen with noticeable magnetic vis-
cosity, and, on the other hand, to correct any en-
suing error for the samples left. The same
problem arises if we concern ourselves with in-
vestigating the direction of the ancient field. The
technique of '"rotating (turning) in the earth's
field" which has been used by us for over 20
years, found now widespread application. The
specimens are placed in the laboratory for two
weeks into the earth's magnetic field in the same
orientation as they had been in situ. This restores
practically their viscous magnetism, and the mag-
netization to be measured is the geometrical sum

of the constant magnetization (which we are inter;
ested in) and the viscous magnetism. Thereafter
the specimens are placed into the earth's magnetic
field opposite to the original direction. They re=:
main in this position for two wecks (180° turn
around the magnetic E-W axis) and the new mag-
netization is then measured. We can assume that
during the second two weeks the earth's field can-
celled generally the first ARV of the specimen and
created a new, reverse ARV. The half-sums and

" half-differences of both values for each of the

three components of the measured magnetization
are the components of the original magnetization
and ARV which is created by the earth's field dur-
ing two weeks. We presented examples of meas-
urements, specimen after specimen, of the mag-
netizations following the direct and reversed
positions in the laboratory field, in particular for
specimens of Volvic andesite, which is a low vis-
cosity rock, and for aged basalts (very viscous)
[42]. Numerous similar determinations were car-
ried out. Our so-called relative viscosity AM/M
(M - observed thermoremanent magnetization;
AM - ARV which developed during two weeks) is
usually on the order of 1% for clay, while for hun-
dreds of other rocks it may reach 10% or may
even be well over this figure.

The latter is important for eliminating the ef-
fect of ATR reversal depending on the tempera-
ture, an effect studied by us in order to determine
its importance [40], which, however, it seems, is
being generally ignored.

Outside of the irreversible effects of heating,
the changes in thermoremanent magnetizatiop de-
pend on the temperature just like the magnetic
moment of any permanent magnet. If M, is its
value at _E_" ,and M - at 20° C, we have

My=M[—a(t—20)

This is not unexpected, but is a consequence of
temperature changes, of spontaneous magnetiza-
tion, which in this case is of quite interesting
magnitude: coefficient a is usually on the order of
1/300, i.e., on the order of the expansion coeffi-
cient for gases. Our older measurements of mag-
netization have been corrected for temperature,
the determination of coefficient a for each speci-
men was, however, intricate and not ve ry accu-
rate. We are steering clear of this by working at
a constant temperature which in our laboratory is
stabilized at approximately 20° C.

In compliance with all these conditions we ex-
perimented with a set of 10 bricks baked in 1933
in an ironless furnace in a place where the inten-
sity Fy of the earth's field was known (Sainte
Beuve cove on the Seine). The achieved results
[37) appeared to be excellent: low viscosity, test-
ing stability due to a sufficient number of repeated
heatings, low dispersion of Fo values. This led us
to the conclusion that we had to use a value of
0.456 oersted for the initial field Fg, while the
general magnetic survey of France gave a value of
0.464 oersted. = '

New Indications. First Results
Concerning the Historical Epoch

Our experiments with modern bricks from the
St. Beuve cove contained an error which expressed
itself as a decrease in Fg for the initial baking.
The cause of this error was concealed in magneti-
zations and demagnetizations stipulated by the
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constant temperature changes to which the speci-
men was subjected.®* Actually, should the magnet-
ization created by the laboratory field F corre-
spond entirely to the temperature interval between
670° and 20° C, the initial magnetization which is

being compared with it is affected only slightly by

changes in temperature.

It is easily shown that for Fy 2 F the effect will
without fail be directed toward a decrease.

We shall avoid the influence of changes in regu-
lar temperature during the following experiments
through ''cleaning' the magnetization for the pur-
pose of eliminating thermoremanent magnetiza-
tions incurred at temperatures not much different
from the regular. This boils down to a compari-.
son of the previous against the new magnetizations
acquired not between the Curie point § and 20° C,
but between 0 (using hereafter always its upper
limit of 670° C) and the ""cleaning' temperature,
for instance, 60° C in our first experiments.

This result is easily obtained if a specimen
with original magnetization is heated to 60° C
without external field, which gives us the old™
"clean'" moment M(67 ° Fo, 60°) whereafter the
earth's magnetic Iielg at 80° is removed during

the cooling time by heating immediately to 670° G

resulting in the new moment M' (670°,F,60°) The
ratio of these moments will give Fy /F.

Actually we prefer for certain reasons to re-
place the first operation with two consecutive
heatings to 60° C with cooling to 20° C in the
earth's field whereby the specimen is turned 180°
around the magnetic E-W axis between heatings.

Thus, Fy around the middle of the 18th century
was found to be 0.481 oersted. The magnetic in-
clination at that time was large, on the order of

74° [35].

However, some interesting phenomena came to
light: the natural moment did not decrease at all
during heating to 60° C, while at the same time

" noticeable ATR developed between 60 and 20° C in

the laboratory. Analyzing these facts we had to
assume that these bricks had been heated some
time ago to at least 60° C, which means that the
value of 0.48] oersted will have to be considered .
the lower limit for F,. '

Definitive Method (Gradual Heating)

The observation described above motivated us
to raise the ''cleaning' threshold to 100° C. And
furthermore, we divided the interval from 670° to
100° C into a series of intervals and compared the
partial remanent magnetization, both old and new,
for every single one. Each interval t; - t, for a
given object gives us an Fo value, so long as
Fo /F = My, Fo ty) /M' (1), F, 1,), and, at the same
time, a new criterion of accuracy for each speci-
men after these various values have been brought

.into line. This harmony could certainly not exist

if the original ATR were distorted by considerable
ARI (caused, for instance, by lightning) or by sec-
ondary ATR (caused, perhaps, by repeated heat-
ings during a fire). The direction of the remanent
magnetization M (67¢°, Fo. t) would change at the
same time also.

From this originated the conception of the

"method which we have been using already for some

time in studies of the temperature-history of baked

clays, e.g., for determining whether a construction
had experienced a fire in the past, or whether .
crockery (pottery) had undergone some previous
heating. This.method may be used also for deter-
mining the heating temperature.

It is quite obvious that the F, values of the
various temperature intervals will not be identical
if the temperature increase causes changes of the
ferromagnetic mineral components in the clays.
This progressive mineralogical change can be
brought to light also by a more direct method. We
use here an additional control insofar as we, after
determining the magnetization,M'(, [, 20°) acquired
in the present field at temperatured between t; and

"20°, determine again this magnetization after re-

peated heatings to temperature t, (which is higher
than t;). Mineralogical changes occurring between
t; and t; can be recognized fdom a change of this
new magnetization.

We shall bring here examples of simple cases
where the temperature interval between 670° and
100° C was subdivided into 300° stages, and cases
which have only few heating stages.

Example of two stage heating. Let us examine
Roman title No. 13 of the time of Augustus, be-
longing to a lot which shall be discussed later.
The directions of the axes, Ox, Oy and Oz were
taken along the length, width and thickness of this
tile. We shall determine the direction of magneti-
zation in the specimen from the "inclination' I ob-
tained from the formula tan I = x/\yZ + z? (where
X, ¥, and z are components of remanent magneti-
zation). We know that these Roman tiles were
baked in a vertical position wherefore I is the
ancient inclination if Ox was exactly vertical in
the furnace in which they were baked. This angle
serves only as orientation of the direction of
magnetization.

A double heating to 100° C done as described
above for heating to 60° C gives us the values for
the components x, y, and z of the original moment
M (670°, Fy, 100°) , and of x', y', and z' of the mo-
ment M' 500 £ oy acquired in the laboratory
field F between' [00* and 20° C. In the same man-
ner we apply double heating to 300° C and obtain
the components of the old moment M ° o
and of the moment M' (399° 2°) aCt(;?J-/iorédrq'th)ge)
laboratory field between 300° and 20° C. Finally,
heating to 670° C gives us the moment M's70° 2°)
At this time, namely, we are also conducting con-
trol measurements so as to bring out any changes
in mineralogical content. A new heating to 300° C
allows us to determine the moment between 300°
and 20° C acquired by the specimen in the miner-
alogical state which it had entered after being
heated, and to compare this moment with the first
value of M'(300°. F, 20°) + We conclude this series
of measurements with' a second heating to 670°,
Table 3 presents the values of the moments and
their components in electromagnetic units.

Components y', which should be equal to zero,
are caused by accidental measuring errors or, in
addition, by an inaccurate position of the tile in
the furnace. Obviously, there is no reason to
worry about these values.

The value of I is very stable; this indicates that
the original magnetization is '"clean.'" The mag-
netization acquired between 300° and 20° C after
the first heating to 670° C is very similar to the

*This means reversible processes in previous measurements. It is assumed that remanent magnetization measurements are being carried out

now always at a temperature of 20° C.
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Table 3 .
/ . Roman Tile No. 13, Heated in Stages
‘ Previous Moment, Moment Obtained Between
t,°C e.m.u. gauss-cm3 t and 20°
x y z M 1 x! y' z' M'
20 3.835 1.465 1.750 | 4.462 59°15!' -- -- -- L --
100 3,550 1,367 1.555 4.110 59°45! 0.146 +0.019 0.243 0.284
_..300_ | 1.533 | 0.577 0.702 1.782 | 59°15' 0.799 -0.027 1.508 1.707
670 -- -- -- 0.0 -- 1.332 -0.056 2.512 2.843
300 -- -- -- -- -- 0.783 -0.011 1.472 1.667
670 -- -- -- -- -- 1.349 0.0 2.536 2.873

one obtained earlier by the specimen between the
same temperatures. On the other hand, the second
heating to 670° C provokes barely noticeable
changes. Under these conditions mineralogical
stability seems to be assured.

According to Table 3, the ratio Fo/F is 1.64
for the interval between 100° and 300° C, and 1.57
for the interval between 300° and 670° C. A com-
parison of these ratios with those of later heatings
indicates that better agreement should not be ex-
pected. We can assume that the analyzed speci-
men has a single thermoremanent magnetization,
and that the ratio Fo/F corresponds to the entire
temperature interval between 670° and 100° C.
Since the field intensity F at the location of the
furnace is 0.464 oersted, we get for Fya value of
0.74 oersted, with a possible error of a few per-
cent.

Heating in several stages. Occasionally heating
to 300° C following a main heating to 670° C en-
ables us to detect changes in the mineralogical
content. We cannot know in that case when the
mineral changes- initiated and the experiment has
to be considered unsuccessful. This prompted us
to increase the number of heatings. The method
used by us presently provides for two repeat heat-
ings after each 100° C. In order to avoid possible
superposition of magnetizations repeat heatings
were conducted occasionally after every 50° C.
This means that very slow heating (twice) to tém-
perature t and cooling infield F from t° to 20° is
followed again by heating to t° + 50° and cooling to
20° (always), and so on.

We can construe under these conditions a mag-
netization curve against the temperature t which
would show the changes of the original remanent
magnetization MS67°°, F. »anda magnetization
curve showing M'(,, F, 28°) . In the particular case
of "clean" ATR obtained in a field F, which is
equal to F these two curves may be superimposed
according to the laws of thermomagnetization since
they are symmetrical to a line drawn parallel to
the t-axis through their mean ordinate. If Fy dif-
fers from F (we shall assume that Fo/F = k)

superposition will occur if the second curve is
changed by multiplying the values of its ordinates
by k. Consequently, if we find this k value the
tnaghetization curve can be changed by k times-and
reversed in order to make it coincide with the de-
magnetization curve. This allows the conclusion
that the original magnetization is a ''clean' ATR,
and enables us to find the value of F which is
equal to kF.
It is not difficult to see that this reduction will
be less feasible if the mineralogical composition
of the specimen changes during the progressive

heating. However, reduction will be feasible at

"low temperatures below those at which the miner-
alogical changes become incipient, just as reduc-
tion is impossible if the original magnetization
does not represent a ''clean'" ATR, which may
cause an increase in remanent magnetization
within certain intervals with rising temperature t.
This is found frequently near room temperature in
view of minor secondary warm-ups to which the
specimen, resp. ARI, may be exposed. It is there-
fore better to interconnect the middle parts of
both curves, i.e., to give) them an arbitrary com-
mon point, for instance, for the abscissa 300°
(Fig. 1).

Fig. 1 pertains to experiments conducted with
an offering vase from the temple of the goddess
Tanit (Carthage), dating back to about the 8th or
7th century B.C. Due to the size of the vase it had
been heated in a gas furnace the temperature of
which could not be higher than 600° C, which, how-
ever, does not really matter. Fig. 1 shows the
curves of the demagnetization M(670°. Fo, ,{ , and
of the magnetization M'(y, F, 20°) In the field of the

furnace (F = 0.450 oersted), and the same curve
reversed, i.e., changed by a ratio k = 1.71 and tied
into the first curve (see above). This ratio which
makes the curves coincide for a great length can,
apparently, be used also for the determination of
¥, which may be equal to 0.450 x 1.71, i.e., ap-
proximately 0.77 oersted. The ends of the curves
show discrepancies which can be explained as fol-
lows: minor mineralogical changes may occur
above 500° C, while the effect of secondary heating
is felt as we approach ordinary temperatures (see
above). This heating, puzzling at first, can be ex-
plained, we feel, with the Punic offering ritual.
Indeed, scientists are discovering vases filled with
calcified bones and charcoal, which could have
raised the temperature of the vase above 100° C if
these contents were put there while hot.

The Intensity of the Earth's Magnetic
Field in the Distant Historical Past

So far we have been giving consideration to
methodological discussions. In the following we
shall present the obtained results arranged ac- .
cording to place and time.

* Gallo-Roman Epoch. France

Intensity determinations were made on bricks
from two Gallo-Roman buildings which are impor-
tant, though, regrettably, inaccurately dated: the
Thermae of Julian in Paris (located on St. Michel
Boulevard, in ensemble, including the Cluny
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Museum) and the amphitheater in Fréjus ‘(Prov-

ence, St. Raphael region). The results of our

studies have been partly described in paper [43].
Thermae of Julian (Thermae of Cluny). The
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Fig. 1. Clay dish No. 13 from the sanctuary of the goddess Tanit. Magnetiza-
tion and demagnetization curves

detail farther below.

first series of intensity determinations, to which
we have not attached any importance so far, was
d.one on bricks which had been used during the
first experiments on the inclination of the earth's
magnetic field [35]. Of nine selected pieces the

investigation of which indicated a magnetic incli-
nation of 64° 0', six were retained for intensity
studies. This investigation was done using the old
method of heating to only 60° and 670° C which
limited the control possibilities, and the disper-
sion of the derived values of F, /F appeared anom-
alous to us. This strong dispersion is apparent in
Table 4 which presents our measurements. The 1
question arises whether it might have been a mis-
take on our part to disregard these results.

We believe that the main reasons for the dis-
persion lie, for one, in the extremely small meas-
ured values of the magnetic moments (which

0.69 oersted.

'IF‘able 4 of the bricks in the furnace.

Thermae of Cluny (First Series of Investigation)
Specimen

No. My | Mg [ M' | M" | Mig, | Fo/F

1 0.838(0.827(0.554|0.534|0.516| 1.60

2 0.319]0.320]0.2040.198 (0.189( 1.69

4 0.342)0.335]0.268(0.241 ({0.253] 1.32

5 0.425(0.415|0.338(0.323 (0.319( 1.30

6 0.581(0.584(0.446(0.440|0.419| 1.39

9 0.354(0.35110.223(0.211 {0.207| 1.70

Note: The moments here and further on are ex-
pressed in electromagnetic units. M,, is the orig-
¥ M(670°, FO' 60°); Ml' ‘M" =

(670°, F, 20°) + M'60 = M'(670°, F, 60°) * T

inal moment;

Mg =

entailx? large routine errors), and, on the other
hand, in the exceptionally high magnetic viscosity
of these baked clays as analyzed by us in more

Thus, if we assume that the ratio Fo/F has a
mean value of 1.50, and since the intensity of field
F at the locality of the furnace during the time of
the experiments was 0.459 oersted, we obtain Fo

The second, more extensive, series of investi-
gations - the results have been published in 1946 -
was performed on a new lot of specimens consist-
ing of six bricks collected at a later date from a
different part of the Thermae of Cluny (the bricks
were taken on purpose from a spot not too far from
archeological indications of a fire in order to un-
cover possible repeated heatings).

T}.1is lot of bricks has some shortcomings
causing considerable dispersion of the measured
da_ta, which is somewhat inconvenient for a de-
tailed comparison. The investigated specimens,
for one, have a rather irregular shape which can
produce measuring errors related to the position
: r For our present in-
vestigations the specimens are, in the first place,
bored out again. On the other hand, strong tem-
perature fluctuations (climax of the organizational
period) which necessitated considerable correc-
tions were observed during these.measurements.
Finally, the bricks from the Thermae of Julian
possess a viscous magnetization which greatly ex-
:ee'ds the common standards for baked clays:
ratio AM/M, according to preliminary determina-
tlor_w. exceeds 5%. The effect of viscous magneti-
zation is eliminated in our experiments by main-
taining the following difficult condition: the time
from the end of the cooling period to taking the
measurement has to be the same in all cases.

.Con"lparison of the demagnetization and mag-
netization curves for each brick enables us to
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recognize incidental heatings up to 120° C. This
points to the necesasity of increasing the 'cleaning"
temperature by one stage, to 180° C.

As for mineralogical stability during heating,
direct tests in addition to the usual repeat heating
to 670° C were conducted. However, this was
done only after heating first to 670° C, for repeat
determination of the magnetization M'" 0ao:quired
by the body between 180° to 20° C which could
then be compared with magnetization M'jgo ac-
quired within the same interval after the initial
heating to 180° C (See Table 5). -

Table 5

Thermae of Cluny. Stability Tests by Means
of Heating (Second Series of Investigations)

Specimen No. M 20 M'IBO MI670 M”lBO M"670
11 0.623 | 0.260 | 0.605} 0.233 | 0.610
12 1.102 | 0.202 | 0.732| 0.183 | 0.723
13 1.004 | 0.184 | 0.615| 0.170 | 0.602
14 0.702 | 0.134 | 0.440 | 0.134 | 0.422
15 0.504 | 0.102 | 0.354 | 0.103 | 0.361
16 1.049 | 0.161 | 0.628 | 0.184 | 0.626

If we take into account the so-called "'pos sible
mistakes," these tests appear satisfactory for
each of the six specimens which can be considered
nonsensitive to heating. Table 6 gives the ratio
Fo/F for five temperature intervals which are
sufficiently large in order to assure a reliable de-
termination of the comparative moments.

The mean value 1.75 corresponding to the in-,
terval 180-420° C, which eliminatcs at the same
time any speculation that the original magnetiza-
tion was changed by the fire, or that changes in
the mineralogical content occurred during heating
to sufficiently high temperatures, appears entirely
plausible, although some doubts may exist since
the values used for its computation show some \
dispersion. The ratio of 1.75 gives us a value of
Fo = 0.404 x 1,75 which comes to ~0.71 oersted.

Both series of specimens from the Thermae of
Cluny, studied independently with sufficiently dif-
ferent methods, give thus well agreeing results
(0.69 resp. 0.71 oersted). These values are cer-

" tainly somewhat unexpected. We should remem-
ber, however, that during the epoch when the
bricks of the thermae were being baked (pos sibly
around 200 A.D.) the intensity of the earth's field
in the vicinity of Paris was close to 0.70 oersted.

‘As far as the inclination associated with this
value is concerned, we will note that all six spec-
imens of the first series showed 63°15' for natural
magnetization and 63°30" after cleaning at 60° C,
while the second series showed an inclination of
56°45' for natural magnetization (altered through
the fire) and of 61° after cleaning at temperatures )
over 120° C. The iri¢lination at Paris during the
epoch of the construction of the thermae was
therefore approximately 62°15'.

The Amphitheatre at Frejus. We selected
pieces of bricks, numbering them 6 through 16,
from this structure. The results of intensity
studies on the first eight pieces were published in
Ref. [43]. The studies were extended later to in-
clude the remaining three pieces. Below are dis-

Table 6

Thermae of Cluny. Ratio F,/F Within the Various Temperature Intervals

(Second Series of Investigations)

SP"’;Z“‘"'“ 120-420° 120-670° @ 180-670° 300-670°
11 179 1.46 1.86 1.44 1.14
12 1.64 1.64 1.79 1.76 1.79
13 1.78 | 192 1.84 1.97 2.08
14 - 1.56 1.79 1.70 1.91 1.87
15 1.68 1.73 1.64 1.71 1.68
16 1.68 1.76 1.64 1.74 1.60

Mean 1.69 1.72 1.75 1.75 1.69

cussed all 11 specimens which comprise an ex-
tremely interesting series for our intensity
investigations. )

Actually, this series did not disclose any of the
defects characteristic for the brick series from
the Thermae of Cluny (shape, effect of viscous
magnetization, heating during a fire). ‘Only the ef-
fect of reversible changes in magnetization was
observed, since the temperature during the meas-
urements fluctuated by approximately 15° to 25° C
throughout the entire study.

The entire series was run uniformly’ through
heatings to 100°, 300°, and 670° C (see Table 7).1'

The first criterion of stability - approximate
equality of M' and M"' - is fulfilled to good satis-
faction, with the exception of specimens No. 11
and 12 which differ by over 5% from the mean

moment, and which were therefore omitted in
paper [43]. The second criterion - equality of the
ratios Fo /F in both the 100-300° and 300-670° C
intervals for each individual specimen - is satis-
factory considering that these values are the quo-
tients of the division of two differences. Finally,
the last criteria - stability of the ratios Fo /F
from one sample to the next is, without doubt, ac-
ceptable, regardless of the rather great dispersion
of the values (1.3) to 1.80) for the total interval
100-670°, if all apeci}nens are considered.

Thus, setting -specimens No. 11 and 12 aside
and adding the new Nos. 14-16, we get for this
series Fo/F =:1.60 and Fo = 0.404 x 1,60, i.e.,
~0.65 oersted. This is somewhat lower than ex-
pected; it* would, however, become higher than ex-
pected if specimens 11 and 12 had not been taken
into account. '
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Table

1

Amphitheatre at Fréjus. Stability Tests

SpecimenNo. | Mg | Mjs | My "0 EelE !
100-300° [C2006702°| 100670
6 1.495 0.984 1.029 1.046 . 1.52 1.58 1.56
7 1.489 1.251 0.970 | 0.948 1.80 1.75 1.76
8 4.673 3.602 3.260 | 3.274 1,52 1,42 1.45
9 0.764 | 0.450 0.498 | 0.510 1.58 1.69 1.64
10 0.924 | 0.715 | 0.605 | 0.598 1.72 1.82 1.80
11 - -}70827-0.556--0.967 0.916 | --1.39 1.24 -1.317 Y
12 |-0-985_.| 0.774.1.0.620_| 0.563..| —1.69 - 1.73 - |" 172~ °
13 1.399 | 0.661 0.963 | 0.957 1.74 1.43 1.57
14 1.089 | 0.769 | 0.739 | 0.716 1.69 1.58 1.61
15 4,229 | 2.046 | 2.786 | 2.793 1.56 1.58 1.57
16 0.375 | 0.224 | 0.233 | 0.236 1.60 1.60 1.60
ezl Qw7 (g7 167

As far as the magnetic inclination is concerned,
the stability of the values Ijge and I3gg° for each
specimen, calculated for '"clean'' magnetization at
temperatures of 100° and 300° C, is very substan-
tial, which is additional proof of the cleanness of
natural magnetizations: any change either due to
heating or a considerable viscosity effect would
certainly cause considerably stronger deviations.
The averages of three series of I are almost iden-
tical a.nd equal 60°30', which value we shall asso-
ciate with the intensity of 0.65 oersted in the
Provence at the beginning of the first century.

Roman Epoch. Switzerland

Roman tile from Augst (Augusta rauracorum).
The walls from which these tiles were taken be-
long to "room'" 45, according to the nomenclature
by R. Laur-Belart, director of excavations, who
!;‘egeves‘this structure to date back to 150-200

The magnetic inclination measured on 14 ob-
jects was 63°30'. The tile had been baked in a
vertical position in accurately assembled pyra-
mids since the dispersion of the inclinations is
relatively small. This proves at the same time
that the structure was not destroyed by fire, a fact
:;hich agrees with direct archeological observa-

ons.

Intensity investigations were conducted on six
tile specimens which are, like the entire lot, of
striking freshness. Investigation of the viscous
magnetization of four of these showed a change of
1.5% in AM/M (where M - original moment) during
only one week. This is slightly higher than the
value for baked clay, but does not entail any dan-
gerous consequences.

The experiments were conducted in the St.
Maure Park Laboratory at constant temperature;
the heating took place, however, in a more quiet
field than in Paris, of intensity F = 0.464 oersted.

The four' specimens were subjected to consecu-
tive heatings to 100°, 300°, and 670° C during the
investigation. A control heating to 300° C was in-
serted between two heatings to 670° C. A heating
to 585° C was added to the last two specimens, fol-
lowed by a control heating to 300° C. Tables 8
and 9, using customary designations, present the
most important results for either case.

As a comparison of M'", ,and M'y,, s8hows,
changes in mineralogical ¢ontent occurred in the
first group (specimen No. 3, Table 8). We exclude
this specimen, although Fy would not change no-
ticeably even if it were left in. The remaining
three specimens displayed sufficient stability.

Stability in the second group (Table 9) was good
up to a temperature of 585° C. It is better in this
case to limit computation of Fy /F to the intervals

Table 8

Tile From Augst. Remanent and Acquired Moments

Specimen No. | My | Mg | M'go | M'so | Mlgo | M"s00 | M"70

3 . 1.210 1.074 0.030 0.122 0.820 0.177 0.777

5 . 7.208 4.994 0.429 1.948 5.140 1.939 5.165

13 4.110 | 1.782 0.284 1.707 2.843 1.667 2.873

15 1.469 0.822 0.116 0.569 1.111 0.568 1.102

Tatle 9
Tile from Augst. Remanent and Acquired Moments

Specimen No. | Mjoo | M3o0- | Msgs | M'ygo M'3o0 | M'sgs | M"309 M'670 | M"670
18 2.879 | 1.834 | 0.013 | 0.133 | 0.738 | 1.749 | 0.731 | 1.696 | 1.660 - |

21 1.912 | 1.315 | 0.082 | 0.083 | 0.494 | 1.337 | 0.507 | 1.338 | 1.327.

S——
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Table 10
Tile from Augst. Ratios F, /F and Inclinations
Inclination of
Specimen Fo/F Previous Magnetization
No. /7\\ -
100-300° | 300-670° [ 100-670° - L I300
5 _ - 1.46 1.56 1.53 64°45! 65°30' 67°0'
13 1.64 1.57 1.60 59°15! 59°45" 59°15!'
15 ’ 1.43 1.52 1.48 57°15" 54°45"' 54°45!
18 1.73 1.81 1.78 70°45! 70°30!' 70°45"'
21 1.45 1.46 1.46 68°30" 68°30' 67°45!
TR TAL 7.8%
.54 1.684 .57

below 585° C. Table 10 gives the ratios for five
other specimens computed for those temperature
intervals: 100-300° C, 300-670° C (resp. 585° C)
and 100-670° C (resp. 585° C), as well as the in-
clinations Iy, computed for both not cleaned and
clean magnetization at 100 and 300° C.

- Both indirect criteria for the invariability of
the mineralogical content of each specimen - for
one, the equality of Fg/F within the various tem-
perature intervals, and, on the other hand, the

equality of the inclinations Iypg and I3y - are sat- -

isfactory. And furthermore, the dispersion of the
ratios Fo/F from one specimen to the next is
moderate. We believe that once the reasons for
the dispersion are known, it would be difficult to
find a group of specimens with more uniform
characteristics and, therefore, more realiable.
Thus, the approximate intensity of the field in the
vicinity of Basel in 175 A.D. was 0.73 oersted - a
figure to which we relate the previously mentioned
inclination of 63°30', based on the investigation of
the total number of the given lot. ‘

Tile from Aqua Helvetiae and Vindonissa, left
by Roman legionnaires. Approximately 20 tiles
bearing the markings of the 21st and 11th legions,
collected at the site of Aqua Helvetiae (in the mu-
seumn at Baden), and approximately 20 other tiles
(218t legion) from Vindonissa (in the museum at
Bruegge) were investigated. Our objective was to
establish the magnetic inclination effective at
about the middle of the Roman occupation, i.e., in
60 and 85 A.D. To our surprise we found that; al-
though measurements on the majority of these
tiles yielded acceptable inclination values (pro-
vided the tiles were baked in a vertical position),
three tiles of the same lot (21st legion, Baden)
gave values which exceeded the acceptable limits.
We have here apparently specimens which were
exposed to high heat during a fire - the possible
fate of many Roman tiles.

In order to corroborate this we need our method
of successive heatings which can be used also for
intensity measurements. We selected three tiles:
one average (No. 10) and two anomalous. The in-
vestigation of the latter two revealed a difficulty
of interpretation of complex magnetization which
does not allow any determination of the field in-
tensity. Only the first tile (No. 10) is of interest
to us. The heatings were conducted in a field of
0.450 oersted. Analysis of the measurement re-
sults shows that there is only one original mag-
netization. A control test by means of heating to
350° C shows a change which is cleaned at 550° C.
This change is well evident on the curves in Fig. F.’.
2, analogous to those in Fig. 1, i.e., to the case of
Punic crockery, which demonstrate the dependence
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Fig. 2. Baden tile No. 10, _Magnetization and demagnetization
curves

of changes in M670°, F,, t) and in the reverse
kM'(r F, 20°) (k - reduc({ion coefficient, here equal
to.1.52) on t. Our investigation of the Baden tile
No. 10 gives us thus an intensity value Fy for the
ancient field of 0.450 x 1.52, i.e., ~0.68 oersted.
Hearth stones of the Augst. epoch. We col-
lected numerous differently oriented specimens
from the bases of domestic tile hearths which had
been studied by R. Laur-Belart, and which, we
hoped, would enable us to determine the declina-
tion and inclination for the epoch when these
stoves were abandoned. The hearths had to be
very powerful so as to heat the entire thickness of
the base from top to bottom, a necessary prereq-
uisite in order that the tiles would possess only a
single magnetization acquired in the position in
which they were found at the time of collection.
Actually we found a rather substantial dispersion
of the magnetic declination and inclination values
for different specimens from the same base. It
was, however, observed that some tiles were get-
ting hot faster than others. Measurements taken
on these tiles yielded D and I values close to those
which may be expected for the Roman epoch in
Switzerland. We decided to check whether this
was actually a case of single magnetization. We
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Table 11
Tile No. 25 Collected from the Base of a Stove of the Augst. Epoch
Remanent Moment Obtained

t, °C M

x y z M 1, Moment, M

20 0.482 0.280 0.916 1.072 58°45" . ,

100 0.451 0.277 0.868 1.017 58°30" ‘0.065
200 0.401 - 0.237 0.770 0.900 59°0! 0.138
250 0.374 0.213 0.718 0.837 59°0' 0.170
300 0.357 0.182 0.655 0.768 58°30" 0.239
350 0.318 0.165 0.594 0.694 58°45! 0.276
400 0.294 0.153 0.552 0.644 59°0' - 0.347
450 0.236 0.146 0.461 0.538 . 59°0! 0.453
550 0.075 0.020 0.136 0.157 60°30' 0.903
670 0.913
350 0.247

heated therefore a specimen (electric furnace,

F = 0.464 oersted) marked according to our no-
menclature as No. 25, collected from stove No. 31
which was, apparently, in use around 70-80 A.D., .
(see Table 11). 111

As far as the orientation of the remanent mo-
ment is concerned, the conclusions will in this
case be the same as for Baden tile No. 10, with a
good stability of I, . Analysis of the changes in M
and M!' indicates here the occurrence of mineral-
ogical changes which make it impossible to raise
the temperature above 350° C during the investi-
gation of Fy. A value of about 0.69 oersted was
obtained.

These two last determinations on the Baden tile
of the 218t legion, resp. on the piece of stove
base, interest us more as archeological discov-
eries rather than as actual field intensity meas-
urements of the past which require their final
verification in accordance with the values obtained
for various objects of the same origin. However,

these figures confirm once again the previous.ly
obtained data for the Roman epoch in our regions.

Punic Epoch. Carthage

Walls of Punic furnaces of the second century
B.C. P. Cintas suggested in 1950 the investigation
of the walls (interior surfaces) of kilns in Car-
thage. We were fortunate to collect orientgd sam-
ples from thrée kilns - two Punic kilns dating
back to the fall of Carthage (146 B.C.) and one
Roman kiln (approximately 300 A.D.). This al-
lowed the determination (which we consider very
accurate) of the magnetic declination and inclina-
tion for two epochs [44]. The field intensity was
studied later on.

We limited our investigations to two Punic
kilns - the oldest and most accurately dated ones.
The investigation concerned six specimens shaped
like parallelepipeds. These were cut from the two
largest oriented blocks, our Nos. 15 and 16, and
from four large non-oriented pieces selected for

Table 12
Walls of Punic Kilns (Carthage)
Specimen No. 15 Specimen No. 16 Specimen C
t,°C :
' M I M!' M I M! M I M!
100 0.804 59°15! 0.026 1.108 57°45"' 0.059 | 0.824 58°15! 0.022
200 0.741 59°0' 0.078 1.008 | 57°30' 0.122 | 0.748 | 58°30' 0.070
300 0.610 | 59°0' 0.166 | 0.701 58°0! 0.316 | 0.623 | 58°0' 0.155
400 0.408 | 59°30' | 0.301 0.374 | 58°0° 0.546 0‘.436 58°30' 0.286
300 . 0.179 0.364 | - 0.171
500 0.065 0.538 | 0.081 0.781 0.190 0.485
300 0.190 0.383 0.187
600 0.016 0.612
300 0.192
Specimen A Specimen B Specimen ‘D

1.256 | 59°15' | 0.057-( 0.675 57°15' 0.028 | 1.434 | 58°45' | 0.046
égg 0.602 | 57°0' 0.076 | 1.322 59'30: g;ié
300 0.945 | 60°15' | 0.269 0.483 | 57°30' 0.148 | 1.150 | 59°45 5
400 0.602 | 59°15' | 0.515 | 0.321 56°45' 0.267 | 0.814 | 59°45' | 0.416
300 ) 0.329 0.151
500 0.116 0.435 | 0.236 0.813
300 0.162 0.288
670 0.0 033?

: 0.

300
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this purpose. The heating was done in an electric
furnace at St. Maure Park (F = 0.464 oersted) in
100° C stages and included a control heating of
300-20° after each stage starting with 400° C.
This schedule was, hdowever, only partly realized
since the specimens turned out to be mechanically
unstable during heating to 670° C. The principal
results of the measurements are given in Table 12.
The cleanness of the original magnetization is
undoubtedly expressed in the considerable stability
of orientation of the remanent magnetization after

each heating as can be judged from a comparison_
of the inclination I of the remanent moment on the
surface of each object.

A comparison of consecutive magnetization
values M' from specimen to specimen acquired at
temperatures between 300° and 20° C reveals ob-
vious and systematic changes in mineralogical
content. This change is as yet not too noticeable
from the mean values at 400°, and it seems logical
to us to retain the value 1.54, corresponding to |
300° C (Table 13), We believe that dispersion of

Table 13
Fqo/F for Specimens from the Walls of Punic Kilns
Specimen No.
Temperam.re . Average
Intervals, °C 15 16 c A B D
100-300 1.39 1.58 1.51 1.47 1.60 1.67 1.54
0-400 1.44 1.51 1.47 1.42 1.48 1.68 ~ 1.50
100-500 1.44 1.42 1.37 - 1.37 1.56' 1.43

the values of Fy/F occurs from specimen to
specimen and that it is of the same order as the
one we obtained previously:

Thus, the intensity of the earth's magnetic field
at about the middle of the 2nd céntury B.C. in
northern Tunisia had to be on the order of 0.464x
1.54, i.e., 0.7]1 oersted; the magnetic inclination
approached 58°, and the declination was, according
to our previous measurements, 0°30' W,

Punic crockery. A broad investigation was
made on crockery found in the sanctuary of the
goddess Tanit (Carthage), dating back to the period
from the 8th to the middle of the 2nd century B.C..
We investigated the magnetic inclination of these
epochs, and made, in addition, interesting arche-
ological observations. We shall discuss here only
the aspects of the magnetic field intensity which
was studied on four vessels.

1. Vase No. 13 (our nomenclature) is used as
an example in discussing our progressive heating
method. The vase is of simple shape, grayish-
white in color, and without additional ceramic
coloring. P. Cintas attributes it to the 8th or 7th
century B.C. We found it to possess a single mag-
netization, at least after thermal cleaning at tem-
peratures slightly above 100° C. This magnetiza-,
tion obtained during baking of the vase corresponds
to a magnetic field with an intensity of 0.77 oer-
sted. We do not have any indication as yet as to
the inclination of the field during the corresponding
epoch since the old inscriptions give us reason to
believe that these vases could have been stacked in

the furnace in any possible manner.

2. Vase No. 15. Found in the same layer but
very different from the previous one: more care-
fully made of finer clay, it displays colorful deco-
rations (one chestnut stripe and two green stripes).
The demagnetization by progressive heating indi-
cates two jumps corresponding to temperatures of
250° and 405° C. This makes us believe that the
vase was heated first to 405° C and then again to
250° C in order to fasten the coloring. The mag-
netization consists of three differently oriented
vectors formed (1) at temperatures from 670-
405° C, (2) between 405 and 250° C, and (3) be-
tween 250 and 100° C. Taken individually, these
three vectors have comparable inclinations of the

same, negative sign. The vase was obviously
baked and then again heated in an upside-down
position, which occurs frequently.

The approximate intensity of the field corre-
sponding to each magnetization vector can be de-
termined as 0.85; 0.60; 0.78 oersted. Trying to
evaluate the error to be apprehended in this kind
of determination on individual magnetizations, we
may state, that these intensities are of the same
order and agree with the intensity observed for
this epoch under more favorable conditions. We
are facing here rather an archeological problem
which will have to be solved. We, for our part,
are satisfied to have brought out the whole com-
plex of related facts which point to a high intensity
of the field in the distant historical past.

3. Vase No. 50. According to P. Cintas this
vase is from the 7th or 6th century B.C. Itis a
"pot-bellied" vase, which looks rather old and
which was, apparently, decorated with a colored
stripe. We are inclined to believe it might have
been at a certain time in a place struck by light-
ning through which the vase quite likely acquired
a relatively high ARIL.

4. Vase No. 247, nomenclature of P. Cintas,
who believes it to be of later origin than the pre-
vious vases (5th or 4th century). Its behavior dur-
ing progressive demagnetization (as always after
cleaning at 100° or 150° C) is very regular. It
has single magnetization since the three direc-
tional cosines of its moment vector remain stable
during heating, and the curves M and M' as a func-
tion of t are approximately identical. The stability
of the ratios Fo/F holds up well and we may there-
fore use the same figure (1.68), which gives us
approximately 0.76 oersted for Fy.

We may draw only one conclusion from all
these investigations on Punic crockery: Fq at
about the middle of the second century B.C. was
on the order of 0.71 oersted. It seems that until

that time (a few centuries earlier) this value was
higher, possibly 0.76 oersted. We feel that this
figure should be corroborated through investiga-
tions on additional pieces of crockery; we hope,
however, tq be-in a position to examine ancient
Punic furnaces in North Africa which, in all pos-
sibility, will reduce the interest in pottery, at least
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% Table 14
5 Place *
Epoek I Fy, Oersted Type of Measurements
Paris '1955 6 =
i 4361 0.4 T—
J Par}s 1930 64°35! 0.423 Direct in Observatory
[;: Paris 1885 65+1g1 . Direct in Observatory
: Paris 1843 AL 0.463 Direct in Observatory
d Versailles 1750 74-8? , >8'2;l Direct Accumulative
i3 Lill o . Archeom ti
3] Parfg l;gg 63.0' , 0.56 Archeomgg::t;;:
; Basel 175 22,15, 0.70 Archeomagnetic
Fréjus 25 63°30'- 0.73 Archeomagnetic
Carthage -146 0.3? 0.65 Archeomagnetic
Carthage 6007 S 0.71 Archeomagnetic
. 0.76 Archeomagnetic

frO{n an archeomagnetic point of view. Ce rltainl
an investigation of furnace walls will yield morey.
ln(orrpatxon than just on the orientation of the

A field; we are almost certain in this case that later
S thex:rpal influences were nonexistent, and that, in

:  addition, the exact place of heating is known, \'avhile

ottery coul i )
;hce.y ould have been tranapor‘ted to a different

Conclusions Based on the I i i
‘ nvestigation of the
Lnlensxtylof the Earth's Magnetic Field
in the Historical Past

Many of our ex i i i
periments, to begin with, pointed
the way toward obtaining information on th.epinten-

now already attempt a summary and interpretation
of our results no matter how particular. As al-

;' Ways in archeomagnetism, we are up against the

. problem of simultaneous variations in time and
space. We tried first of all, to define more accu-
rately the first dependence, limiting our investiga-
tions to a very small part of the world, althou hg
the distance from Lille to Tunis is rather large
over which the intensities of the present iieldgsh
already a noticeable difference: 0.47 resp. 0.43 o

T

o 2

B

sity changes of the earth's magnetic field. We may

oersted. Table 14 presents our results su le-
mented with values which characterize rec?;t
epochs, based on direct measurements.
. iIf,et:e structure of the average earth's field for
d.g epo<3h would be the same as for a centered
d1pole, and 1.2’ the secular variations could be re-
C;ced to a displacement of this structure with
anges in M (the dipole moment), the intensity Foo

proportional to M, would b .
siatic ingBnationg . e a function of the mag-

2M
'ﬁ-
vy -+ 3 cos?/

[

valProc’_}eeding from here we could correct the
nat;x:: ordFo by bringing them to the same incli-
na » and the changes of Fo at constant I would
2! Ow us eventually to draw conclusions on the
t a:}r:.gee;.of the aggregate moment of the earth. It
tion)x:}haxtn.e gf thgught (which we advance with cau-
Induced us to associate each obtaij i
tensity value with the inclj i ing the coran.
) nation during the ¢ -
fvpondmg epoch and at the correepondingg plac:rrff
e co i .
rrect thus the values of Fy in Table 14 by

br lng“lg theln to an axbltxary HlClHlathll of 65
’

Epoch -146 | 25 175 | 200

1460 | 1750 | 1848 | 1885 1930 | 1955

R e P

F,, oersted | 0.78 0.69 [ 0.74 | 0.73

0.57 [>0.43( 0.460 | 0.462 0.461

0.466

These figures lead to the opinj
opinion that the a -
lg;te moment of the earth should, beginning witghg:}?e
; .lunic ep.och. decrease at an uninterrupted rate and
most lineally. At the start of the Christian era

. this momen i
o prese;ts?ic;t‘lllfefiave been approximately 5/3
o The magnetic field on the earth's surface dif-
v fers, to our regret, considerably from the first
: n;.ember of Gauss' field, and no general relation-
} :“ipdexi.als between magnetic inclination and inten-
l Y during any of these epochs. The intensity, for
it natanc.e, 18 not constant along the isocline Tl:ms
; According to the magnetic maps of the worid com-'
b glled b_y the Carnegie Institute for the epoch 1945

+ the intensity varies between 0.46 and 0.57 oer-'
4 8ted along the 65° isocline. Furthermore, the
9 structure of the field changes its shape frv;m cen-
3 tury to century; under these conditions a knowledge

f Fy in a certain region does not

2 of the changes o
allow any conclusion i g

; 8 concerning changes in

g 888regate moment of the earth . ¢ the

We may rule out the possibility that the c.ourse
of.the earth's field during a few thousand years
might have been conside rably different frgm the
present, on hand of observations which indicate
that the recent development of paleomagnetism as
a whole is based on secular variations consistin
solely. of fluctuations of the extremely slowl &
changing dipole field. Our results, on a hist);rical
scale, seem to prove a general decrease of the
moment of the earth's magnetic field, at least dur-
ing the last two thousand years. It wc';uld be desi
able to corroborate this with observations from o
the most ‘remote corners of the world, far from
thos:? regions in which our investigations were
c?r.r}ed out; for instance, in countries with ancient
civilizations like India and China. o

Discussion of the Results |
Two very controversial
) ¢ problems are concerned
with the quasiregular decrease of the intensity .of

S
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'the earth's field during the more than 2,000 years,
as stated by us: 2 decrease of Gausg' moment as .
k calculated from direct magnetic measdrements,
fand the degree of validity of the carbon-14 method
_for archeological purposes.

o Demagnetization of the earth according to

. Bauer, Bauer's arguments on the decrease of the

* noticed, beginning, with 1903, a considerable de-
 crease occurring at a rate of 1/2580 due to which
:Hg decreased from 0.3281 oersted in 1838 to
0.3229 oersted in 1884. The author's paper of

1928 reported a decrease at the annual rate of
1/1500. Several new analyses have been made
since then; the results, however, concerning the
same epoch, are quite different. This necessitates
" a great amount of caution in comparing our results
with older analyses made at a time when the mag-
netic station network was still thin. As far as the
direction of the geomagnetic axis is concerned, it
should be noted that all pole positions, based on
analyses since the first polar year, are concen-
trated in a relatively small area in which we find
the pole during the epoch of 1885 as well as during
the epoch of 1945. Contrary to widespread opinion
it seems impossible to us to speak of a definite
drift of the present Gauss pole. As to the value of
the moment, thc changes exceed by far any disper-

decrease quite regularly. Thus, the average Hy
was 0.3134 oersted in 1922 (two analyses) and
0.3103 cersted in 1945 (five analyses).

We encountered already double measurements
after "rotation (turning) in the earth's magnetic
field," which, however, was done at regular tem-
peratures in order to be able to study the effect of
time. Here we have now repeated heatings. Ac-
cording to the laws of thermo-magnetization,
moment M ;, measured after the first heating to
60°* C, has two components: the original moment
obtained in the field Fg during cooling to 60° C,
M(670°, Fo, 60°) and the moment acquired in the
laboratory field F between 60° and 20° C, :
M' (60°, F, 20°) (this moment, however, is aug-
mented by ARV obtained in the same field F during
the days preceding the measurement).

In moment My, measured after the second
heating, the first component remained the same
while the second one changed its direction. The
half-sums and half-differences of the components
M| and M; represent the old decreased moment
M‘(ﬂo”. Fo 60°) and the' newly acquired
M (60°, F, 20°) » respectively.

After a heating in field F to 670° C, a single
nreverse' heating of the specimen to 60° C is suf-
ficient to obtain by one and the same method both
M (670°, F, 60°) and M' (60°, F, 20°) * This operation
yields thus both moments - old and new (''cleaned"
at a temperature of 60° C), the ratio of which
should be Fo/F. A comparision of both moments
M' (60°, F, 20°) obtained under identical conditions
but after heating to 670° C, is a test of the miner-
alogical stability. Its accuracy, however, is low
since these moments.are frequently weak.

It could be shown that the "cleaned' moments
obtained by this method are practically free from
the influence of the viscosity effect. We should

*The results of this investigation, together with a detailed-descrption of the diverse moments measured o

(14).

tM' is new moment M'(670°, F. 20°) obtained after the first heating to 670°C; M

same temperature.

;aggregate moment of the earth are well known. He -

sion. The Gauss moment of the earth continues to :

note, incidentally, that the old 'clean' moment .
M70°, F, 60°) is liable to allow a better determi-
nation'of the direction of the old field with respect
to the specimen.

Using this method we investigated three lots of
French bricks dating back to the 15th and 18th
centuries. )

The first lot included 10 bricks from the Palais
Rihour at Lille, baked in 1465. Seven of these
turned out to be very stable and showed only a
very slight dispersion of the Fo/F values. We
may deduce that the intensity of the field Fp in
Lille around 1465 was in the vicinity of 0.56 oer-
sted, and the magnetic inclination at that time ap-
proximately 63°15', according to our measure-
ments. The three exceptional specimens showed
mineralogical changes which were quite consider-
able in two of them (comparative test of M' and
M'"',t dispersion of the Fy values, as well as con-
trol measurements of the magnetic susceptibility
ARI taken before and after heating to 670° C). We
explain these changes incurred during heating with
the saturation of the specimen with organic matter.

The second lot included 12 bricks from the
Tristan House (la Maison de Tristan) at Tours,
belonging in all probability to the same epoch as
the previous lot. Regrettably they were highly
contaminated with organic matter, and consider-
able chemical reactions occurred during the heat-
ing. The final result - a strong dispersion of the
F, values - was not surprising. This negative ex-
periment, as far as the accumulation of data was
concerned, impressed upon us the necessity for
the extreme cleanness of the sclected objects.
Thereafter we began cleaning the objects chemi-
cally so as to remove organic matter and acci-
dentally newly formed minerals.

The third lot consisted of 16 bricks from the
Chateau de Versailles, which were baked around
the year 1750. Their mineralogical stability dur-
ing heating was very good, and the scattering of
individual Fy values fully permissible.

Since the publication of our first paper [41]
concerning intensity measurements for epochs for
which there were still no direct measurements
available, we can speak of a strong decrease of
the earth's moment during the last five hundred
years. Our new data comprising a time interval
of over two millenniums should, in spite of some
stipulations, corroborate this fact which seemed
coincidental as the analyzed time interval was less
than one hundred years.

Age determination of archeological objects by
the carbon-14 method. The idea of changes in the
magnetic moment of the earth creates some doubts
among physicists—archeologists concerning the ac-
curacy of epoch determination with radioactive
carbon. This method, which was developed as a
result of the universally known publications by
Libby and his school which is now very widely in
use, assumes that the formation-of carbon-14 on

earth through bombardment of nitrogen atoms with
neutrons of cosmic radiation, is constant. This,
however, postulates that the earth's magnetic field
which affects the original cosmic radiation must
be constant also. In this connection, some scien-
tists were perturbed by our first archeomagnetic

n each object, were published in

*?is analogous moment after the second heating to the

e
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results. Developing certain h i
sults. ypotheses and sim-
plifications Elsasser,Neyand Winckler [5} solved
the difficult problem of possible dating errors.
They demonstrated on examples the importance of .

Ty

;.ecl:;lar intensity variations in the earth's magnetic
.llerea:; lamzt.:::.ce for xlmew errors in addition to the
Certainly, our results will have
correct on a global scale. The autht:r:enfer:t‘;zged
above state therefore that our investigation covers
only a limited area of the earth (they are familiar
only with our investigations in France) and that the
results of this investigation could be explained
virtually_ with the enormous regional effect of sec-
ular variations. Actually, such a tremendous re-
gional effect does not appear very probable. And
furthermore, as already brought out, we ap;-ead
our investigations over a larger area. It is of
course of great interest that intensity determina-
tions be made also in other regions of the earth.

Attempts to Extend the Investigation to
Geological Epochs

The ‘mcthod discussed here should allow us to
d_etermme the intensity of the earth's magnetic
field fo.r thermomagnetized rocks. This requires
that neither the original magnetization nor ?he
mincralo.gical content of the rock be changed to
any considerable extent, As previously mentioned
it is not very likely that very old rocks would be '
free from such changes, regardless of the mecha-
nism o.f their magnetization. We hoped, however
that things would be different, for "your;g” geolo 'i-
cal epochs. So far, we conducted two experimengts'
on metamorphic clays of the Middle Quaternar .
and on Volvic andesite of Upper Quaternary agz.

Metamorphic Clays (Natural Terra Cotta)

In 1948 we assembled a collecti i
of nlatur‘al terra cotta (baked clzs;l?:o:: tsvsgc:;?-ens
posits, investigated by Brune, which has been
heated by lava flows and intrusions of the Grave-
noir volcano in southern Clermont-Ferrand. Our
objective was to duplicate Brune's determin.ations
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of th.c ox:1entation of the magnetization (declinat'\
ax:xc_i mchna.tion) under improved experimental c:son
fixnong. Since it was our intention to extend th "
mveatxg:ation to other deposits the results, pr :
sented in Table 15, were not published. L PreT

) ) Table 15
Orientation of the Magnetization of Metamorphic
Clay on the Gravenoir Plateau

Specimen '
» No. B X
1 15°15' w +56°0"
2 14°45' w +58°45"'
3 1°45' w +51°45!
4 13°0' W +59°45"
5 19°15' w +60°45"'
6 15°15' w +60°45"
7 14°0'" W +57°45!
8 8°0' W +61°15!
9 11°30' w +59°0!'
Mean 12°30' w +58°30"'

Th(? data show a convergence seldom encoun-
tered in paleomagnetism. This set of specimens
possesses direct magnetization in a direction
fairly similar to the present field. It could be
shown that there is no doubt in the existence of
such a convergence for material with high mag-
netic Ylscosity. We attempted to investigate the
intensity on four non-oriented specimens desig-
natefi with the same number as the nearest diag-
{wstxcglly oriented block. The heatings conducgted
in Paris a rather long time ago in a 0.404 oersted
field consisted of only three stages: 100°, 300°
and 679“ C. The material not coated by us befo're-
hanfl with a protective film disintegrated as a rule
durlflg h.eating to 670° C, which made any control
heating impossible. This work had preliminary
character; it should be repeated on some other
better preserved clay. Table 16 shows the results
of our measurements for each specimen.

) Table 16
Orientation of the Magnetization of Metamorphic
Clay on the Gravenoir Plateau
b Specimen No. 3 Specimen No. 4
M arc cos x/M | M!' M arc cos x/M M!
138 0.487 63°15! 1.847 42°15!
. 8;2(1’ 65:45' 0.119 1.830 42°30" 0.076
300 27 64°15' | 0.386 | 1.642 41°45! 0.409
1.115 3.657
' Specimen No. 7 Specimen No. 8
20 0.965  58°15!
0.847 63°45!"
;gg 0.898 57°30' 0.085 0.806 63°15!' 0.116
300 | 0.751 56°0" 0.481 | 0.454 60°15' .|  0.990
2.330 ' 2.062

Since the axes were enti i
. irely arbitrary, the di-
;ectional cosines of the moment of each y;'pecimen
ho not have any common characteristics. We give
ere, for example, the arc-cosine corresponding

to x; a check, however, gives as good results for
the othe?r two axes. It seems thus that the natural
magnetization is indeed only a single one. The
ratios Fy /F obtained as quotient of two magneti-
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zations - lost resp. acquired within the tempera-
ture intervals of 100°-300°, 300°-670°, and 100°-
670° C - are given in Table 17,

Table 17
Metamorphic Clays., Fy /F Ratios
SP"ISI;’“" 100-300° | 300-670° | 100-670°
3 0.543 0.379 0.423
4 0.565 0.506 0.511
7 0.371 0.406 0.400
8 0.403 0.424 0.414
437

The differences for one and the same specimen
can be considered permissible if we remember
that for the temperature interval 100°-300° C the
difference of the moments is very ‘small. The
dispersion of the ratio from specimen to specimen
is undoubtedly large but not 80 large as to cause
any distortion. Due to the lack of direct experi-
ments these data are the only usable criteria of
stability. The average ratio corresponding to the
maximum interval of 100°-670° C for Fjy.is 0.18
oersted which we associate with the previously
determined inclination of 58°30",

This may possibly be taken as evidence that the
intensity of the earth's magnetic field which, as
we saw, decreased rather steadily during the his-
torical period, did not always decrease. Can we,
however, contend that the magnetic minerals con-
tained in this baked clay which showed traces of
weathering were not altered with time, which, in
turn, by causing some of the original magnetiza-
tion to disappear and new minerals to form, would
necessarily entail a decrease in the ratio Fo/F?
More extensive investigations, including direct

stability tests, are therefore undoubtedly neces-
sary.

Andesitic Lava of the Volcano Nuger (Volvic)

Numerous specimens were collected in 1942
from this lava. Their investigation disclosed a
surprisingly homogeneous remanent magnetization
which allowed the assumption that no important

disturbances occurred at the localitics where the
specimens were collected. This characteristic, *
as well as the weak magnetic viscosity of the rock
and its well preserved petrografic state compelled
us to use further on just these specimens for our
intensity investigations. We knew the rock to be
somewhat sensitive if heated to 670° C, but since
this effect seemed relatively weak we could hope
to disregard it at low temperatures.

The first series of experiments was conducted

in Paris (1946) on three specimens using only
four-stage heatings. We found the orientation of
the remanent magnetization to be very constant,
This proves the cleanness of the magnetization.
However, the ratios Fo/F, obtained at different
temperature intervals showed considerable dis-
persion due, partly, to very weak magnetizations
corresponding to the interval 100°-300° C, which
impedes working with this rock, and partly caused
by mineralogical changes which are difficult to
bring to light due to the small number of heating
stages.

The second séries of experiments was again
conducted on three specimens. More heatings than
in the previous series were applied, and these
were accompanied for each temperature beginning
with 400° C, by a test consisting of a determina-
tion of the moment M! 300°, F, 20°). As in the first
experiment, the ratios Fo/F showed considerable
variation (see Table 19). Disregarding for the
time being specimen No. 2 let us discuss a total of
{ive other specimens. There is no doubt that the
dispersion, even if the most erracti ratios ¥y /F
obtained at minute differences in moment are
thrown out, is still substantial. One of the reasons
for this are the mineralogical changes which ap-
pear during control heating to 300° C. Table 18
demonstrate;s that the successively obtained values
of M'(300°, F, 2°) for each specimen change as t
increases. This weak mineralogical change during
heating does not eliminate a second possibility:
the dispersion could be due to mineralogical
changes occurring over a greater length of time.
We may here think of the effect which the disinte-
gration of titano-magnetites, discovered by Kawai
[14, 15], might have.

Nevertheless, the lack of a present component
with low Curie point (after M!' changes depending
on t) is no reason to attach too much importance

Table 18
Volvic Andesite. New Experimental Intensity Investigations
Specimen No. 1 Specimen No. 2 Specimen No. 13
t, °C
M I M! M I M! M I M!
20 1.062 | 66°45! 1.684 | 63°15! 0.478 | 65°45" .
100 1.035 | 66°15' | 0.030 | 1.670 | 63°45' | 0.020 | 0.463 65°15' | 0.017
200 0.967 | 65°15' | 0.045 | 1.648 | 63°15' | 0.060 | 0.438 64°15' 0.029
300 0.869 | 63°45' | 0.073 | 1.595 | 62°45' | 0.099 0.339 | 66°15' | 0.091
400 0.706 | 61°45' | 0.148 | 1.415 | 62°30' | 0.269 | 0.238 67°45' | 0.215
300 0.083 0.107 0.101
500 0.417 0.404 | 1.017 0.644 | 0.063 0.639
300 0.093 '0.114 0.193
590 0.026 1.096 | 0.018 1.783 | 0.018 1.086
300 0.069 0.102 ) 0.148
- 670 ; - | 1.087 1.712 1.067
670 " 1.076 1.686 1.063
300 0.075 0.120 0.100
S——
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which each specimen is subj’ected: the direction
of the original remanent magnetization, progres-
sively decrecased by heating, must remain con-
stant (I, resp. arc cos x/M test); new magnetiza-
tions obtained under identical conditions must give
identical values for the acquired moments (M', M"
and M'foo",F x° test). Finally, the old magneti-
zation lost during heating, and the newly acquired
one, must retain the same ratio within successive
temperature intervals, (Fo/F test); (2) group con-
trol. Different specimens of the same lot must
give similar values for the investigated intensity
F,. This test becomes the more important the
greater the number of specimens included in a
given set, and the more different they are among
themselves from any point of view; (3) final gen-
eral control. The values obtained from one and
the same place but for different epochs, must dis-
play a certain coordination. It is true that such
tests have so far been made only for the historical
period of western Europe. This was, as we saw,
quite satisfactory since it allowed us to recognize,
immediately our own mistakes as well as those
made by archeologists in affiliating a given object
with a certain epoch.

We should not overlook the fact that the appli-
cation of this method to intensity determinations
of the earth's field during a given epoch and in a
given place requires very extensive and tedious
work which may be rendered futile at any moment
should even one of the experiments give negative
results.

Certain improvements of this method can be
suggested.

We expected in the beginning to find that ATR
(both old and new) would be proportional to the
field which creates it. As we know, this propor-
tionality is usually well developed in weak fields.
Our assumption, however, turned out to be incor-
rect.

As far as cleaning the old magnetization of a
specimen from ARI and ARV, or magnetization
during crystallization is concerned, we apply in
these cases the temperature cleaning method
whereby successive heatings allow us to general-
ize. Mentioned was also the '"chemical cleaning"
method which can destroy newly formed minerals

.

as well as parasitic magnetizations on such min-
erals.

The lack of a cleaning method by means of
alternating fields may seem strange since we are
using them extensively in our investigations [28].
While rating this method very highly, as an excel-
lent means for separating ARI and ATR, we should
necessarily bear in mind that an analysis using
alternating fields for determining the orientation of
the field by archeomagnetic and paleomagnetic
mcthods is feasible only if the natural magnetiza-
tion can be gradually destroyed. If the intensity
investigations are accompanied by the formation of
new ATR, we are apprehensive of the ""polariza-
tion' effect of the alternating field which was stud-
ied by Rimbert [28] as to its ability to cause ARL
Its magnitude was a surprise to us.* Even though
this type of investigation was beyond the scope of
our endeavor we, nevertheless, preferred to pro-
tect our specimens from the influence of any kind
of alternating field.

Intending to continue our intensity investiga-
tions we have, in order to save time and effort,
become very strict in the selection of specimens
for any new investigation. We need a very critical
approach from the archeological (resp. geological)
standpoint: it is inexpedient to study terra cotta
(baked clay) if we do not know the exact time of
formation, place of heating, and the changes which
might have occurred. We need also a strict ap-
proach as far as the study of the mechanical and
mineralogical characteristics is concerned: it is
useless to study specimens which have obviously
aged or which are liable to age during heating to
high temperatures. Finally, we believe that it is
also inexpedient to study any set of specimens
which does not allow a reliable determination of
the magnetic inclination. Similar limitations
compelled us to abandon our study of pottery from
the halls of Ra, although greatly attracted by their
very high age. £

We intend to carry our work far beyond the
borders of France and to extend the investigations
as far back into the past as possible.

Institute of Physics of the Earth Received
Paris 3/20/1959
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