346

Physics of the Earth and Planetary Interiors, 13 (1977) 346354

© Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

WEATHERING PROCESSES IN BAKED SEDIMENTS AND THEIR EFFECTS ON
ARCHAEOMAGNETIC FIELD-INTENSITY MEASUREMENTS

M.F. BARBETTI *!, M.W. McELHINNY, D.J. EDWARDS and P.W. SCHMIDT

Research School of Earth Sciences, Australian National University, Canberra, A.C.T. (Australia) *2

(Accepted for publication October 27, 1976)

Barbetti, M.F., McFElhinny, M.W., Edwards, D.J. and Schmidt, P.W., 1977. Weathering processes in baked sediments
and their effects on archaeomagnetic field-intensity measurements. Phys. Earth Planet. Inter., 13: 346-354.

Thellier-type measurements of ancient field intensity on specimens of clay and other sediments, which were
apparently well-baked and oxidised in ancient times, often fail to give consistent results over part or even most of the
blocking-temperature spectrum. It is suggested that post-baking chemical alteration, or weathering, leading to the
presence of hydrated Fe minerals, is a major cause of non-ideal behaviour in such material. The behaviour of hypo-
thetical specimens containing either goethite or lepidocrocite can be predicted using simple models, and actual exam-
ples are given from two sites in southeastern Australia which show some similarities with the predicted model behav-
iour. The results of the Thellier measurements, after interpretation, agree closely with previously published results
from the northern hemisphere for the period 47004200 yr. B.P. The presence of hydrated minerals may not be
readily detected by methods other than the Thellier technique and, if so, would result in estimates of the ancient

geomagnetic field strength that are systematically too low.

1. Introduction

Deposits of highly weathered sediment often con-
tain a few percent by weight of various Fe-oxides and
-oxyhydroxides which are progressively dehydrated
and oxidised if the material is heated in air. This oc-
curs in the sediment around burning logs, tree-stumps
or man-made wooden structures, as well as fireplaces,
ovens, kilns and in the prepared clay shapes which are
fired to make pottery. With prolonged baking at more
than 700°C in air all the Fe minerals are converted to
haematite, which acquires a stable thermoremanent
magnetization (TRM) as the material cools. The ther-
moremanence is both proportional and parallel to the
applied magnetic field.

Material baked at a particular time and place there-
fore contains a record of the instantaneous geomagnetic
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field intensity, and direction if it is found still in its
original position. The Thellier and Thellier (1959)
technique for measurement of ancient field intensity
was originally developed for use with baked earth and
pottery. Thellier-type measurements on experimentally-
fired and well-preserved ancient material of this type,
in which haematite is the predominant carrier of TRM,
show an ideal linearity between original magnetization
and laboratory thermoremanence over the entire
blocking-temperature spectrum.

Frequently, however, Thellier-type measurements
on apparently well-fired and oxidised sediment show
deviations from linearity over some or even all parts of
the blocking-temperature spectrum. Irreversible phys-
ico-chemical changes during laboratory heating, lead-
ing to an increase or decrease in TRM-bearing capacity
at certain temperatures, are commonly the immediate
cause of observed non-ideal behaviour. But why do such
changes, so uncharacteristic of haematite, occur in
ancient material which should have contained haema-
tite as the sole magnetic mineral after baking in antiq-
uity? Post-baking alteration, or weathering, is ob-



viously one process which can lead to the presence of
unstable minerals in baked sediment.

In this paper we attempt to model, in a very simple
way, the behaviour of specimens containing haematite
and varying proportions of the hydrated Fe-oxides,
goethite and lepidocrocite. We then compare the model
predictions with some actual examples of non-ideal
behaviour, observed in a study of baked sediments
about 5000 yr. old from southeastern Australia. Cer-
tain similarities are evident between model and exam-
ple, and we tentatively suggest a procedure for deduc-
ing the correct value of ancient field intensity for one
characteristic type of non-ideal behaviour.

2. The Thellier method and the origin of the thermo-
remanence

Maossbauer studies (Hess and Perlman, 1974 ; Kosti-
kas et al., 1974) of modern and ancient pottery, and
the clay from which they were manufactured, have
demonstrated that the haematite produced during
firing has a broad grain-size distribution. This is consis-
tent with the observation that TRM in baked sediment
is usually distributed over a wide temperature range
because, according to the theory of Néel (1949, 1955),
the blocking temperature (T'g) is directly related to
grain volume for a given material. The Mdssbauer
studies also indicate that the larger haematite grains
are produced by grain growth, particularly during the
high-temperature part of the firing. This phenomenon
has not yet been apparent in laboratory studies of the
TRM of baked sediment, but it may have some signifi-
cance and we shall return to this point later.

The acquisition of TRM is a continuous process with
cooling between the Curie temperature, T (675°C for
haematite) and the final ambient temperature (about
20°C). If the grains are single-domained [<0.15 cm for
haematite (Stacey, 1969)] and are dispersed so that
there are no interactions between grains, the partial
TRM (PTRM) acquired in any given Ty interval will be
uniquely associated with that interval and completely
independent of the state of magnetization of grains
with Tg’s outside that interval. This leads to the law of
additivity of PTRM (Thellier, 1951), which states that
the observed total TRM is equal to the vector sum of
all the PTRM’s acquired separately over consecutive
arbitrary temperature intervals.
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We have made our ancient field intensity measure-
ments using the Thellier and Thellier (1959) method,
with the minor modification that the first heating and
cooling at each temperature is performed in zero mag-
netic field [a procedure described by Nagata et al.
(1963) and Coe (1967a)|. After the first heating, the
remaining natural remanent magnetization (NRM) is
measured. The specimen is then reheated to exactly
the same temperature and cooled in a measured weak
magnetic field to give it alaboratory PTRM in addi-
tion to the remaining partial NRM. If the specimen
TRM-bearing capacity remains unchanged at all tem-
peratures, and the law of additivity is obeyed, then
the points on a graph of remaining partial NRM
against acquired partial TRM for each temperature
will define a straight line with negative slope equal
to the ratio of ancient to laboratory magnetic fields
(Nagata et al., 1963; Coe, 1967a). The plots are
usually referred to as NRM—TRM diagrams.

In practice, for well-behaved specimens, the points
will be slightly scattered about the ideal straight line
because of experimental error, and the method of
least-squares can be used to obtain an estimate of the
true slope. Linearity of the points on an NRM—TRM
diagram, which corresponds to a constant ratio of the
partial NRM to PTRM associated with each member
of a set of consecutive arbitrary temperature intervals,
is a powerful argument for the absence of physical or
chemical changes since the original cooling, and
hence for the validity of the overall result.

Not infrequently, however, deviations from lineari-
ty are evident at low or high temperatures, and it is
common practice to exclude these points and derive
an estimate of the slope from the linear portion of the
NRM-TRM diagram. This procedure is justifiable when
linearity exists over a considerable temperature range
so that the consistency argument can still be invoked,
and a plausible explanation can be given for any non-
linear region. Examples, of the latter are the effects of
secondary components of magnetization (VRM) or
PTRM acquired after the original firing (Thellier and
Thellier, 1959; Coe, 1967b; Barbetti and McElhinny,
1976). Non-linear effects at high temperatures may
arise if the material was originally baked below T
(Schwarz and Christie, 1967; Bucha, 1971), or if
physico-chemical changes (such as grain-size alteration
or oxidation) occur during laboratory reheating (Naga-
ta et al., 1963; Coe, 1967b; Bucha, 1971).
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It is much more difficult to interpret NRM—TRM
diagrams when they contain no significant linear seg-
ments. Various kinds of systematic curvature can arise
if the material contains multidomain grains (Coe, 1967b)
or interacting single-domain grains (Dunlop and West,
1969), so that the law of additivity does not apply.
Other possible causes of systematic curvature are dis-
parities in the original and laboratory cooling rates,
changes in the demagnetizing field associated with the
cutting of specimens, and non-linearity of PTRM with
applied field (Coe, 1967b). Barbetti and McElhinny
(1976) have suggested that systematic deviations from
linearity may occur over most of the temperature
range if the material has undergone weathering since
the original firing, and is therefore contaminated with
hydrated Fe minerals which are unstable to laboratory
reheating.

Non-linear NRM—TRM diagrams with closely
spaced points (corresponding to small temperature
increments between successive heatings) generally
show smooth trends and few, if any, are completely
irregular. Attempts to use other techniques, such as
the measurement of saturation magnetization or low-
field susceptibility, as an aid for interpreting NRM—
TRM diagrams have not been very successful, because
of the variety of mechanisms which may lead to ob-
servable changes in the parameter being measured,
and also because such techniques are often less sensi-
tive indicators of changes than are the direct measure-
ments of acquired PTRM performed as part of the
Thellier method. These two factors lead us to suggest
that it might be a useful approach to try and identify
characteristic types of non-linear behaviour, some of
which may be specific to a particular mineral or
mechanism. If that process can be successfully modeled,
then it should be possible to interpret at least some
non-linear diagrams with confidence, and at the same
time enlarge the range of ancient baked material on
which reliable ancient field-intensity measurements
can be made using the Thellier method.

3. A simple model for goethite and lepidocrocite con-
tamination

The starting point is a hypothetical specimen of
material which, immediately after cooling from above
T, contains haematite as the sole magnetic mineral.

It is assumed that the resulting TRM is distributed
evenly over the blocking-temperature spectrum from
0 to 600°C, and that no thermoremanence is associated
with the temperature interval 600—675°C (because of
a lack of haematite grains of the appropriate size).
Some time later “weathering” commences, and a frac-
tion of the TRM-bearing haematite is converted into
one of the Fe-oxyhydroxides. For simplicity, it is
assumed that equal fractions of the original PTRM are
destroyed in each temperature interval, and that indi-
vidual haematite grains are either unaltered or com-
pletely destroyed so that no redistribution with T'g
occurs for the persistent TRM. The newly hydrated
minerals carry negligible remanent magnetization.
Alternatively, the oxyhydroxide mineral could simply
be introduced from external surroundings, without
any alteration of the TRM-bearing haematite.
Hypothetical NRM—TRM diagrams can be calculat-
ed when the hydrated mineral is either goethite
(a-FeOOH) or lepidocrocite (y-FeOOH), using
published information on the magnetic properties and
chemical transformations of these minerals (Hedley,

1968; Strangway et al., 1968; Strangway et al., 1969;

Vlasov and Gornushkina, 1973), and assuming that
the law of additivity of PTRM can be applied.

Two examples are shown in Fig. 1. In the first case,
25% of the final haematite is initially present in the
specimen as goethite grains which remain passive until
reverting to haematite grains between 300 and 375°C.
In the second case, 0.5% of the final haematite
is initially present as lepidocrocite grains which do not
acquire a TRM, and dehydrate to form maghaemite
between 225 and 300°C. The maghaemite grains are
assumed to have randomly oriented moments on form-
ation, and to have PTRM capacity evenly distributed
between 0 and 600°C. Those grains with appropriate
Tg’s then acquire a TRM (130 times stronger than for
haematite) as they cool in the laboratory field. Above
375°C the maghaemite begins to revert to haematite,
a process which is assumed to be half completed at
450°C, three-quarters completed at 525°C and com-
pleted at 600°C. In both cases the final haematite is
assumed to have TRM capacity evenly distributed be-
tween 0 and 600°C.

The model predicts that the correct ratio between
ancient and laboratory magnetic field can be found
by calculating the slope from the low-temperature
part of the NRM—TRM diagram, before chemical
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taining hydrated Fe oxide minerals, when the “original” and
“laboratory” magnetic fields are equal.
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TABLE 1
14¢ ages of sites
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transformation of the Fe-oxyhydroxide minerals oc-
curs. This result is independent of the particular
grain-size distributions chosen and should have general
application whenever interactions between grains are
negligible and the T'p’s of surviving TRM-bearing
grains have not changed since the original firing.

4. An example of weathering effects
4.1. The sites

In 1971 and 1972 a total of eight sites were found
in a section of an ancient point-bar deposit, exposed
by modern river-bank erosion of the Murray River in
southeastern Australia, at latitude 35.6°S and longitude
144.5°E. Pellets of charcoal and lumps of baked sedi-
ment, ranging from 1 to about 15 cm across, were
found interspersed with soft unbaked sediment, and
are thought to result from the burning of logs, tree-
stumps or roots. Unoriented samples of hard, brick-
red material were collected from the two sites (MR7
and MR9) for which results are reported here.

4.2. Ages

Radiocarbon age determinations have been made on
charcoal from the eight sites, and details have been
published by Barbetti and Polach (1973) and Polach
et al. (1976). Ages for MR7 and MR9 are given in
Table 1.

The eight burnt zones were sealed beneath several
metres of gently-dipping sediments, and are therefore
considered to be contemporary with sediment deposi-
tion at the edge of the growing point-bar. With this

Site Laboratory Conventional True age Limits at
No. 14¢ age 68% confidence 95% confidence
(yr. B.P.) (yr. B.P) (yr. B.P)
MR7 ANU-699 4550 + 60 51805445 5010-5560
MR9 ANU-1084 4580 + 250 5010-5625 4645-5880

Conventional radiocarbon ages (yr. B.P.) are calculated using 5568-yr. half-life, with the uncertainty arising from counting statistics
given at one standard error (68%-confidence level); details are given in Polach et al. (1976). The calibration procedure of Clark
(1975) has been used to place confidence intervals on the true age in years B.P.
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assumption, analysis of the calibrated radiocarbon
ages and the positions of the sites along the point-bar
indicates a constant rate of extension ~0.09 myr. ™!
between 7000 yr. B.P. and the present-day. The hori-
zontal separation of 39 m between MR7 and MR9
therefore suggests that the latter site might be ~400
yr. younger, and this is consistent with the calibrated
radiocarbon ages at the 95%-confidence level.

4.3. Ancient field intensity measurements

Cylindrical specimens (28 mm diameter, 28 mm
long) were cut from the unoriented lumps of baked
sediment, and their total NRM was measured using
a Digico spinner magnetometer (Molyneux, 1971).
Good agreement in direction was found in all cases
where more than one specimen was obtained from a
single lump. Specimens for Thellier-type ancient
field-intensity measurements were chosen so that a
representative range of colours and specific magnetiza-
tions would be included for each site. The double-
heatings were performed using specially designed
furnaces (Barbetti, 1973) in an automatjcally con-
trolled field-free space described by McElhinny et al.
(1971). A heating time of 1 h was used, allowing
approximately 20 min soaking after stabilization at
the preselected temperature. The second heating
and cooling at each temperature was performed in
a laboratory field of 59.3 uT (equivalent to 0.593 Oe).

The NRM directions were found to be stable, with
changes of less than 10° occurring for thermal demag-
netization up to 600°C, a temperature at which only
about 2% of the original magnetization remained. This
indicates that none of the baked material studied had
moved significantly during the original cooling, and
that the dispersion of the lumps within the sediment
must have occurred after cooling. The fact that even
the softer less well-baked material possessed a stable
magnetization up to 600°C suggests that the harder
brick-red material was originally baked well in excess
of 600°C, which is consistent with everyday experience
that temperatures around 1,000°C are required to
produce the latter type of material.

NRM-—TRM diagrams are illustrated in Fig. 2 for
the twelve specimens studied from sites MR7 and MR9.
Details of the slope analysis are given in Table II. The
first ten specimens display an enhanced PTRM capac-
ity between 300 and 540°C, which is very similar to

the predicted model behaviour for a specimen con-
taining a very small amount (<$2%) of lepidocrocite.

The remaining two specimens, MR9-Al and -D1, show
a continuous curvature of a different nature which is
not adequately predicted by either model, but is simi-
lar to the behaviour reported by Barbetti and McEl-
hinny (1976) and frequently observed by us (unpublish-
ed data) in specimens of baked earth from ancient fire-
places exposed in open country in southeastern
Australia.

Using the models described earlier, we have interpret-
ed and illustrated the NRM—TRM diagrams in the
following way. For the first ten specimens we have
calculated a least-squares slope using only data at
120°C (where available), 180°C, 240°C and 600°C;
except, that is, for the two specimens (MR7-A1 and
-B1) for which a well-defined slope could be obtained
without including the measurements at 600°C. Strictly
speaking, we should not have used any of the data at
600°C, because, according to our model, the TRM
capacity will have increased by up to 2%, depending
on the amount of lepidocrocite initially present
during laboratory heating. Increases of about 4 and
6% (respectively) are suggested by the NRM—TRM
diagrams for MR7-Al and -Bl, and it is possible there-
fore that the calculated slopes for the other eight
specimens might be as much as about 5% too low.

For the last two specimens (MR9-Al and -D1) the
calculated slopes, using data at 180, 240 and 300°C,
are broadly consistent with results from the other
specimens but, because we do not yet have a quantita-
tive predictive model for the type of non-ideal behav-
four displayed, these resuits have not been included in
the calculation of the site mean (Table II).

4.4. Discussion

It can be seen from Table II that, although the ac-
cepted slopes (calculated after interpretation) are not
noticeably more tightly grouped than slopes calculated
using data at all temperatures, a significant decrease
has occurred in the associated standard errors. This is
in accord with the model prediction that data below
300°C and, to a lesser extent, data at 600°C should
exhibit linearity.

We believe that the accepted slopes (Table II) are
the best estimates that can be derived from the available
data. All the specimens have been reheated in the earth’s
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TABLE II
Slopes of NRM—TRM diagrams

Specimen Least-squares analysis performed using data at Site mean
all temperatures 180, 240,300°C 120, 180, 240, 600°C 180, 240,600°C 120, 180, 240°C
except NRM
MR7-A1 —0.59 + 0.04 —0.71 = 0.002
MR7-A2 -0.62 £ 0.10 ~0.89 = 0.03
MR7-A3 -0.53 £ 0.09 ~0.76 + 0.03 -0.76
MR7-A4 —0.59 = 0.09 —0.82 + 0.03 +0.07 (stan-
dard deviation)
MR7-B1l ~0.56 + 0.03 —0.67 = 0.008 +(0.03 (stan-
dard error)
MR7-C1 -0.47 = 0.09 -0.72 £ 0.03
MR9-B1 -0.77 £ 0.03 —0.81 + 0.003
MR9-C1 —0.86 + 0.04 -0.91 + 0.07
MR9-C2 —0.83 + 0.03 -0.87 £ 0.05 -0.86
MR9-E1 -0.81 £ 0.02 —0.84 + 0.02 +(.04 (stan-
dard deviation)
MR9-A1 -0.41 = 0.05 —-0.91 + 0.25 +0.02 (stan-
dard error)
MR9-D1 —0.57 £ 0.07 -1.19 + 0.88

Standard errors are quoted to the slope. Values to the right, obtained using data at selected temperatures (as illustrated in Fig. 2),
have been used to calculate the site mean ratios of ancient geomagnetic and laboratory magnetic field intensity; slopes for MR9-A1

and -D1 have very large standard errors and were not included.

field to temperatures of 420 and 480°C and it has been
confirmed that the greatly increased TRM capacity,
ascribed to the temporary presence of maghaemite
during the first heatings, does not reappear in the first
eight specimens after they have been heated at 600°C.
These repeat measurements do not, however, allow a
more precise slope to be calculated, because of the
presence of small amounts of additional haematite
formed by chemical transformation.

The least-squares slopes calculated for specimens
MR9-Al and -D1 using data at all temperatures are
low in comparison with slopes for the other specimens
and the site mean. This is in accord with our experience
(unpublished data) that systematically low values are
obtained from specimens displaying this type of con-
vex-downwards curvature. In a detailed study of speci-
mens displaying this type of alteration, Barbetti and
McElhinny (1976) found, as in the present study, no
significant difference between the first PTRM’s and
repeat values at the same temperatures, performed
after laboratory heatings had been done at higher tem-
peratures, and that convex curvature was not observed

in Thellier-type measurements of a laboratory TRM in
the same specimens. This type of behaviour may be
due to the presence of a hydrated mineral or minerals
which undergo chemical transformation at about
100°C. It is also possible that weathering may produce
altered rims on some haematite grains, with the result
that grain enlargement would occur with dehydration
during laboratory heating. The origin of this type of
behaviour must remain somewhat speculative at the
moment, even though we know that it always leads

to systematically low estimates of ancient field inten-
sity if data at all temperatures are included in the
slope calculation.

Table III gives the site mean values for the ancient
field intensity and the corresponding values for the
virtual axial dipole moment (VADM), calculated on
the assumption that the measured field is due to a geo-
centric dipole aligned with the earth’s rotation axis.

It is not possible to calculate a virtual dipole moment
in the normal way, because the palaeo-inclination is
not known for these sites, and a difference of about
23% in the calculated dipole moment would occur if



TABLE III

Dipole moments

Site Ancient field Virtual axial dipole
intensity moment
(T (1022 Am?)

MR7 45+ 2 8.2+0.3

MR9 51«1 9.3:0.2

Standard errors are quoted. Dipole moments are calculated
assuming a geocentric exial source (inclination ~55°), and the
uncertainty does not include an allowance for possible error
arising from this assumption.

the actual palaeo-inclination differed by 20°C from the
assumed axial dipole inclination of —55°. The VADM
values in Table III, the first data for this period from
the southern hemisphere, are however in close agree-
ment with mean value of (8.9 + 1.0) - 1022 Am? for
sites in Japan and the U.S.S.R. for the period 2750—
2250 yr. B.C. (Smith, 1970).

5. Conclusions

(1) That significant post firing chemical alteration
or weathering is probably common in baked clay and
sediment which has not been preserved in a dry environ-
ment.

(2) Weathering may produce a variety of hydrated
Fe minerals, depending on the microchemical condi-
tions.

(3) That very small amounts of these hydrated
minerals can produce large deviations from linearity
during Thellier-type measurements of ancient field
intensity.

(4) When the dominant hydrated mineral happens
to be lepidocrocite (y-FeOOH), the result is a
characteristic NRM--TRM diagram which can be inter-
preted with reasonable confidence using a simple model
to explain the observed behaviour.

(5) The presence of hydrated minerals other than
lepidocrocite results in non-linear NRM--TRM diagrams
which are not yet fully understood, but nevertheless
are known to yield systematically low estimates of
ancient field intensity because of increases in TRM
capacity during laboratory heating.

(6) The presence of hydrated minerals may not be
readily detected with methods, other than the Thellier
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techniques, which rely on a single heating to T¢. The
derived estimates of ancient field intensity will be
systematically too low.

(7) The VADM values reported here agree closely
with previously reported values from northern-hemi-
sphere sites with the same (conventional) radiocarbon
ages.
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