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Described are two slightly different procedures for performing the Thellier
experiment (THELLIER and THELLIER, 1959). The first method is essentially
that of Cok (1967a, b), and the second is a slight modification thereof. The
observed differences in the PNRM-PTRM curves are attributed to differences
in the experimental procedure. The Coe method is preferred, as it is more
symmetrical with respect to high temperature VRM and spontaneous decay
and more likely to yield linear PNRM-PTRM plots.

1. Introduction

The Thellier method for paleointensity determinations depends for its suc-
cess on the additivity and independence of partial-TRMs, PTRMs, acquired in
different temperature intervals (THELLIER, 1938, 1946) and on the assumption
that both TRM and NRM (assumed to be TRM) are linearly proportional to
the external field, &. Thus in the absence of physical and chemical alterations
upon heating one obtains:

[PNRM(T,, Ty, h)] _ |

IPTRM(T,, Ty, k)| 1Pl
where PNRM (T, Tk, k) is the partial-NRM that is lost upon heating the sample
from room temperature, Ty, to a higher temperature, 7,. h is the unknown
field in which the NRM was acquired. PTRM (T, T, h;) is the partial-TRM
produced by cooling the sample from T to T’ in the known laboratory field, A,,.
The sample is heated to successively higher temperatures until no remanence

remains. The data thus generated consists of PNRM= 4Jygy, PTRM= 4/,
pairs for the different temperature intervals. Ideal behaviour in the Thellier

* Currently at the Department of Geology and Geophysics, University of Minnesota, Minnea-
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sense implies that for a given sample the same ratio |h|/|k,| is obtained for each
temperature interval. The data can be represented graphically by plotting
AJ gy versus AJygy for the different temperatures (ARrAI, 1963, in Cok, 1967 b).
Ideally behaving data will be linear with slope —#/h,.

Cok (1967b) discussed many of the physical mechanisms that might lead to
non-linear PNRM-PTRM plots. In this study two methods for performing the
Thellier experiment are compared. Prepared samples containing different species
of magnetite particles are used, and both methods are always performed on the
same sample. Since all the experimental variables are controlled and the same
sample is used, the experiments are designed to accent procedural differences
between the two methods for doing the Thellier experiment.

2. Preparation of Samples and Their TRM Properties

The samples studied were prepared by dilutely dispersing magnetite powder
(about 19, by weight) in a matrix of high purity alumina and calcium aluminate
cement. The samples are molded cylinders about 24 mm in diameter and 22 mm
in height. The samples weigh between 15 and 19 g. The samples’ magnetic
and physical properties are stabilized by heating to 650°C for six hours in a
slightly reducing environment, using residual nitrogen gas at about 10~ Torr
and carbon as a reducing agent, to prevent oxidation of the magnetite; all
subsequent heatings during the Thellier experiments were done in an identical
heating environment. Some of the properties of the magnetite powders (previ-
ously heated to 650°C in a reducing environment) and the TRM properties of
the heated samples are described in Table 1.

In column 1, sample and powder numbers are listed. (Samples 8 and 7
contain different species of magnetite particles.) In column 2, the origin of the
magnetite powders and their predominant particle shapes are described. In the
third column both mean and maximum particle sizes are listed. Particle sizes
and shapes were obtained from electron microscope pictures. Column 4 lists
the powders’ Curie points. Column 5 gives the samples’ TRM acquired in a
0.46 oe field. (The large difference in the TRM intensities of samples 8 and 7 is
largely due to the difference in their magnetite powder concentration.) H, is the
median demagnetizing field, and T, is the median demagnetizing temperature,
defined as the peak alternating field or temperature required to demagnetize the
TRM to half its original value. In column 8 J/J,z, gives the samples’ TRM
decay after each of three successive cooling cycles in zero field to 78°K and
then reheating to T;. Remanences are always measured at T,. The data of
Table 1 show that samples 8, 7 and 2 are representative of samples frequently
encountered in paleomagnetic studies of igneous bodies.
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Samples 8 and 7 contain synthetic, submicron magnetite particles and their
magnetization is quite stable; the remanence probably resides in single domain
or pseudo-single domain particles. A substantial fraction of the remanence of
sample 2 resides in multidomain particles; this is supported by its larger particle
sizes, its lower TRM stabilities with respect to alternating fields, and the large
fraction of its remanence decaying after low-temperature cycles in zero field.

3. Experimental Procedure for the Thellier Experiments

The first sequence of the Thellier experiments was executed following CoE
(1967a, b).

a. The NRM (which is a laboratory TRM) is measured at room temperature,

T,.

b. The sample is heated to 7', > T'; and cooled back to T, in zero field; the mag-

netization is measured at T to obtain the PNRM lost between Ty and T;.
c. The sample is reheated to T, > Ty and cooled back to T in the presence

of the external field, k.. The field h; is continuously present throughout the

entire heating and cooling cycle. The magnetization is measured at T to
obtain the PTRM acquired between T, and Tj.
Steps b and c are repeated at successively higher temperatures until all the
blocking temperatures are exceeded. The temperature is maintained at a par-
ticular elevated temperature to allow thermal equilibrium to be established.
Depending on the temperature, the time at T, varies from 30 to 75 minutes.
(Longer times at T, are used for progressively higher temperatures.)

The second sequence of Thellier experiments is identical to the first with
one exception: in step ¢ the sample is reheated to T,> Ty in zero field, and the
external field, &, is turned on about 5 minutes prior to cooling. (Chronologi-
cally, the second sequence was executed first, under the belief that this procedure
would prevent the introduction of high temperature VRM (viscous remanent
magnetization).)

The laboratory field, 4;, in these experiments is 0.460+0.002 oe. All the
remanences (including the NRM) are laboratory produced TRMs or PTRMs
and are always along the axes of the sample cylinders. The field during step b
is nulled to within 4507 in the region of the experiment. The reproducibility
of the temperature during a particular step of the paired heatings is determined
by an automatic temperature controller and is thought to be better than +3°C.

4. Results and Discussion

The PNRM-PTRM curves of samples 8, 7 and 2 are shown in Figs. 1-3.
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The magnetization is always normalized with respect to the NRM. The numbers
associated with the (PNRM, PTRM) points correspond to the temperature in
°C. The initial point is defined as (1.000, 0.000) and small deviations of the
final points from (0.00, 1.00) are attributed to small changes of the samples’
TRM upon heating. The lines are drawn connecting the initial and final points
and they represent “ideal” behaviour in the Thellier sense. The two sets of data
in each figure are obtained using the same sample. The upper data (squares)

10 SAMPLE 8
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Fig. 1. PNRM-PTRM plots for sample 8. Upper data (squares) represent the Coe
method of the Thellier experiment. Lower data (triangles) represent the ““modified
Coe’” method of the Thellier experiment. The data are normalized with respect to
the NRM value, which is a laboratory TRM. The numbers in the figure correspond
to temperature steps in °C. (For some of the data of the ““modified Coe’” method
there is no temperature assignment, because a change in the oven geometry made
the subsequent temperature calibration inapplicable for these data.) The lines are
drawn between the initial and final points. Note that the upper data are linear and
essentially indistinguishable from “‘ideal’” behaviour, while the lower data sag be-
low the line.

Jrry =0.71 X 102 emu/g for h1,=0.46 oe.
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Fig. 2. PNRM-PTRM plots for sample 7. Figure format is identical to that of Fig. 1.
Note that the upper data are linear and essentially indistinguishable from ‘ideal”

behaviour, while the lower data sag below the line.
Jrru=7.7x 103 emu/g for 41, =0.46 oe.

were obtained by the Coe method of the Thellier experiment, and the lower
data (triangles) were obtained by “modified Coe” procedure. Each open triangle
represents a repeat experiment conducted after the completion of both continu-
ous methods of the Thellier experiment to test the reproducibility of the data
of the “modified Coe” method. Each open triangle represents a single tem-
perature “modified Coe” experiment, where after inducing a total TRM in the
sample, only one PNRM, PTRM pair is obtained at a single temperature,
whereupon the sample is given another total TRM.

The upper data obtained by the Coe method yield linear PNRM-PTRM
plots for samples 8 and 7. The slope of the line obtained from the least squares
fit of all the points is —1.02 for sample 8 and —0.98 for sample 7, whereas the
ratios of initial to final points are —1.00 for both samples. Thus for samples 8
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and 7 the Coe method of the Thellier experiment produces ideal behaviour in
the Thellier sense.

The lower data obtained by the “modified Coe” method sag below the line
connecting the initial and final points and are concave up. A paleointensity
determination using a linear approximation to the lower temperature points
would yield slopes that are substantially greater than unity, leading to apparent
paleointensities that are anomalously high. This is illustrated by the linear least
squares fit of the lower temperature data, covering at least half the samples’
NRM, and yielding paleointensities that are high by 99 and 219, for samples
8 and 7, respectively. On the other hand, a linear approximation to the higher
temperature points leads to apparent paleointensities that are too low.

The data of the “modified Coe” procedure for sample 8 provide a particu-
larly instructive example. The ratio of the final to initial points, TRM/NRM=
—0.90, yields an intensity which is 109, lower than &;. This result is due to
some reduction of the magnetic minerals, indicating that the sample’s magnetic
properties were not fully stabilized when the continuous “modified Coe” experi-
ment was executed. (It should be recalled that, chronologically, the “modified
Coe” experiment was done first.) In contrast, the slope of the line through the
lower temperature points, but including at least one-half of the sample’s NRM,
yields an apparent intensity that is 99; greater than A;. Thus it appears that
the effect of the “sag” is actually greater than 99 and closer to 199,. This
statement is supported by the single point “modified Coe” experiments, which
were obtained after both the continuous “modified Coe” and the Coe methods
of the Thellier experiment were completed, when the sample’s magnetic proper-
ties were more fully stabilized. It is seen that the single point “modified Coe”
experiments for all three samples substantiate the “sag” of the continuous
“modified Coe” experiments. However, for a given temperature, the open
triangles for sample 8 consistently sag below the closed triangles.

It appears that while the “modified Coe” method carefully avoids high
temperature VRM, it introduces excessive spontaneous decay of the remanence.
In the Coe method the time at elevated temperature during the thermal demag-
netization step is balanced by equal time at the elevated temperature under the
influence of an external field during the PTRM steps, such that the spontaneous
decay is balanced by the high temperature VRM. For the “modified Coe” pro-
cedure the samples spend about double the time at the elevated temperature in
zero field, the external field being turned on only for the last 5 minutes of the
PTRM heating (step c) thereby increasing the spontaneous decay with respect
to the high temperature VRM. This is consistent with the data of Figs. 1 and
2 where for a given temperature the PNRM lost is greater than the PTRM
gained. It is expected that the deviation of the data obtained by the “modified
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Coe” method from the “ideal” line depends on the time the sample spends at
the elevated temperature in zero field relative to the time it is influenced by an
external field. This is supported by comparing the two sets of data of Figs. 1
and 2 for the two procedures of the Thellier experiment.

Because in the present experiments both the NRM and the subsequent
PTRMs are produced by the same laboratory field, only time imbalance is pos-
sible between the spontaneous decay and the PTRM treatments at a particular
temperature step. In an actual paleointensity determination there exists an addi-
tional possibility for non-symmetry. If the field producing the NRM differs from
that producing the PTRMs, then different regions of the Néel diagram (NEEL,
1949) —regions with different relaxation times—would be affected during the
spontaneous decay steps than during the PTRM steps, leading to non-linear

10 SAMPLE 2

o

A "//V/‘?M/r// %/RM

0.0+

0.0 } L }
0.2 0.6 1.0

D Jran(T) / Jnam

Fig. 3. PNRM-PTRM plots for sample 2. Figure format is identical to that of Fig. 1.
Note that both data sets sag below the ¢‘ideal’” line, although the curvature of the
data of the “modified Coe’” method is substantially greater.

Jrru=0.14 x 10-3 emu/g for /1,=0.46 oe.
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behaviour, even for the case where the time balance between the two treatments
was maintained. The difference in the field intensities needed to produce ob-
servable non-linearities is yet to be determined. However, the above reasoning
suggests that if the NRM field is much greater than the PTRM field, [A]3> |h,|,
then the PNRM lost would be relatively greater than the PTRM that is measured
after a particular temperature step, and the PNRM-PTRM curve would be con-
cave up. That is, PNRM/PTRM > |h|/|h;|, because a greater fraction of the
remanence of the higher field NRM has relatively shorter relaxation times than
the weaker field TRM (NEEL, 1949). Thus the higher field NRM is relatively
more susceptible to spontaneous decay than the smaller field PTRM to high-
temperature VRM. Conversely, if the NRM field is much smaller than the
PTRM field, |h|<|h.|, then PNRM/PTRM < |h|/|h,| for a particular temperature
step, leading to a PNRM-PTRM plot that is concave down. Therefore, to maxi-
mize the possibilities for linear PNRM-PTRM plots, the laboratory field used
to impart PTRMs should be chosen to be as close as possible in intensity to the
NRM-producing field.

Figure 3 shows that sometimes even the Coe method is not sufficient to
produce linear PNRM-PTRM plots for samples containing a significant fraction
of multidomain particles. Both sets of data are concave up with respect to the
“ideal” line. For the Coe method a linear approximation for the data through
the 493°C point has a slope of —1.22, whereas the ratio of initial to final points
is —0.99+0.01. The uncertainty represents the deviation from the mean of two
determinations. The curvature associated with the data obtained by the “modi-
fied Coe” method is substantially greater than that of the Coe version. A linear
least squares fit for the data through the 452°C point (solid triangles) has a slope
of —1.50, whereas the ratio of initial to final points is —0.97. The non-linear
behaviour for the Coe method is attributed to the presence of multidomain par-
ticles (LEv1, 1975), and the greater curvature of the “modified Coe” method is
explained by the enhanced spontaneous decay.

For brevity, data of only three samples are presented above, although a
total of ten samples were studied, Five of these additional samples were com-
posed entirely of submicron grains and their PNRM-PTRM plots, obtained by
the Coe method of the Thellier experiment, are as linear as the plots for samples
8 and 7. The PNRM-PTRM plots of the “modified Coe” method for these sam-
ples sag below the “ideal” line, with one possible exception. One sample con-
taining rod-shaped (axial ratio 8 : 1) single domain magnetite particles was only
incompletely studied by the “modified Coe” method: Three points (through
516°C) covering only above one third of the remanence are essentially linear
and very close to the “ideal” line. The remaining samples contain varying frac-
tions of grains larger than 1 yum. For these samples the PNRM-PTRM plots of
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the Coe method sag below the “ideal” line—the curvature increases with an
increasing fraction of large particles. The PNRM-PTRM plots of the “modified
Coe” method for these samples also sag below the “ideal” line, but their curva-
ture is always substantially greater than the data obtained by the Coe method.

5. Conclusions

Of the two methods described here for the Thellier experiment, only the
Coe method produces linear PNRM-PTRM plots for single domain and pseudo-
single domain particles, because it maintains the symmetry between high-tem-
perature VRM and spontaneous decay, while for the “modified Coe” method
the spontaneous decay is enhanced. For multidomain remanence, even the Coe
method yields a non-linear, concave up, PNRM-PTRM plot.

To avoid possible misunderstanding of the data of Figs. 1-3, it is advocated
that the ratio of the end points, NRM/TRM, be not used for obtaining reliable
paleointensities. In the above experiments both the NRM and TRM fields are
known, and the samples and their magnetic properties are well characterized.
This is in sharp contrast with actual paleointensity studies where the NRM field
is sought and where the magnetic mineralogy and the chemical stability fields
during the heatings are not usually known. In addition, Coe and GRoMME (1973)
have convincingly shown that a major source for non-ideal behaviour in paleo-
intensity studies is caused by alterations in the samples’ TRM properties upon
heating in the laboratory. Paleointensity determinations utilizing only the ratio
of NRM/TRM provide no means of evaluating the reliability of the results.
Self-consistency checks, such as are provided by the Thellier experiment, are
imperative for reliable paleointensity determinations.

I am grateful to Professor Ronald T. Merrill, my thesis advisor, for his encouragements
and many valuable discussions, while this research was being done. Professor Minoru Ozima
suggested the preparation of this manuscript. Professors Subir Banerjee, Minoru Ozima, and
Mituko Ozima critically read the manuscript and their comments and suggestions have substan-
tially improved it. Funding was provided by the National Science Foundation (NSF GA-27570
and DES 72-01541-A01) and by NASA (NGR-24-005-248).
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