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ABSTRACT

Mackereth cores from Lakes Barrine and Eacham on the Atherton
Tableland, N. Queensland have been examined to provide a geomagnetic
secular variation record. Radiocarbon dating of the L. Eacham sequence
shows that it spans the last 5 700 calendar years. The time scale for
the L. Barrine record is less well constrained than that for Eacham, but
it appears to cover the time period 1 600 to 16 200 years before

present.

As well as directional measurements on all cores, relative
palaeointensity estimates have been obtained for one core from each
lake. These are in good agreement with archaeointensity measurements

from south-eastern Australia.

Time series analysis using the periodogram and maximum entropy
methods has been carried out on declination, inclination and complex
equivalent directional data. The resulting periodiéities show poor
agreement between lakes. Motion of the geomagnetic vector has been
predominantly clockwise over the time period spanned but two periods of
anticlockwise motion have occurred from about 5 500 to 4 000 years B.P.
and from 10 500 to 8 800 years B.P. The records are compatible with the

secular variation being generated by westward drift of non-dipole

sources of the geomagnetic field.
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1 INTRODUCTION.

Studies of the secular variation of the geomagnetic field yield
information about the time constants associated with changes in the
geomagnetic dynamo. A comprehensive model of the secular variation

requires it to be well defined both spatially and temporally.

Recent lake sediments can be a valuable tool for this purpose.
Historical records for the field only span at most the last few hundred
years. Archaeomagnetic data provide information going further back in
time as do palaeomagnetic measurements on lava flows. .However, both
these methods only provide data at discrete points in time and space
which places an inherent limitation on the amount of information
available. Lake sediments on the other hand may provide continuous
records of the field over time spans of thousands of years. Lakes
typically have sedimentation rates of about 1m/ky which is about an
order of magnitude higher than that occuring in most deep sea sediments,
This allows close sampling in time, so that features in the secular

2

variation with periodicities from about 10~ to 10u years can be

resolved.

Quiet depositional environments are necessary if the sediment is to
preserve a record of the field in its post-depositional remanent
magnetization (PDRM). Volcanic crater lakes are particularly suitable
as they frequently have no inflow or outlet streams and remain

relatively isolated from fluctuations in the local water table.

The present study is of sediments from two Australian maars, Lakes
Barrine and Eacham on the Atherton Tableland in northern Queensland.
Previous work in Australia has been carried out on three south-west
Victorian maars by Barton and McElhinny (1981). They have obtained
from these a secular variation curve for south-eastern Australia which
is in good agreement with archaeomagnetic data obtained from the same
area (Barton and Barbetti, 1982). The Queensland lakes should provide
some indication of how wide an area is affected by the sources

dominating these secular variation records.




1.1 The Geomagnetic Field.

Measurements of the declination of the Earth's magnetic field were
first made in China in the 8th century AD. Although the compass arrived
in Europe in the 12th century, declination was not discovered there
until the latter part of the 15th century. As a result of the use of
the compass in navigation quite a large number of measurements were made
so that by the end of the 17th century secular variation had been

documented by Halley.

The first mathematical treatment of geomagnetic field measurements
was performed by Gauss in 1839. He used spherical harmonics to
represent the magnetic potential V at a point on the Earth as a sum of

terms with radial dependence
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where © is the colatitude, ? the longitude, r the distance from the
centre of the Earth, P:(O) the Schmidt polynomial of degree n order m,

and Bg s B 8; hi are the Gauss coefficients of external (e) and

e
internal (i) origin.

Terms with a positive power of r represent external sources, mostly
arising from ionospheric currents. Gauss' analysis showed that the
dominant contribution to the field is of internal origin. This is
attributed to hydromagnetic sources in the Earth's core and crustal
remanent magnetization sources. The field of core origin is believed to
be described by harmonics up to n=8 and crustal sources by terms greater

than n=12 (Cain, 1975).

At present the first order approximation to the Earth's magnetic
field is a geocentric dipole inclined at 11.50 to the Earth's axis of
rotation. Residual non-zero terms in the spherical harmonic expansion
are representative of the non-dipole field which is about 10% of the

Lotal.




1.1.1 Secular Variation.

Both the dipole and non-dipole fields vary with time and this
secular variation is represented on magnetic element maps by isopors or
lines of equal annual change. Regions at which the secular change 1is

most rapid are called isoporic foci.

The non-dipole field and the secular variation drift westwards with
time. Bullard et al. (1950) compared the 1907.5 and 1945 geomagnetic
fields and calculated that the non-dipole field was drifting west at an

average rate of .18 = .01‘50y—1 and that the secular variation had an

average drift rate of 0.32 = .O67oy-1. An analysis of worldwide
historical records and archaeomagnetic data from 0-2000 AD (Yukutake,
1967) indicated that westward drift has been a persisting feature of the
secular variation during the last 700 years and also that non-dipole
parts of the Earth's field can exist for several hundred years without
substantial change. Yukutake and Tachinaka (1969) observed that the
non-dipole field appeared to possess two types of regional anomalies,
some standing at the same locality and others drifting westwards. They
suggested that a drifting field superimposed on a standing field could
account for the different drift rates of the non-dipole field and the
secular variation. Spherical harmonic analysis using the field
separated into standing and drifting parts revealed the two parts to be
of approximately the same intensity. The drifting field is mainly
represented by low harmonics whereas the standing field is more

complicated.

In comparison with the non-dipole field, motion of the dipole axis
is very slow. Bullard et al. (1950) observed that there was no evidence
of change in the dipole component of the field since 1880. Barraclough
(1974) performed spherical harmonic analysis on historical data available
over the time span 1600 to 1910 and concluded that the northern
geomagnetic pole had drifted westwards at a rate of O.11Oy“1 and

southwards at .03%y~! between 1650 and 1850.

On the basis of archaeomagnetic data Kawai et al. (1965) postulated
an anticlockwise motion of the dipole axis with a mean rotation rate of
0.20y—1 in a 1000 km radius about the north geographic pole. Kawai and
Hirooka (1967) invoked a quasi-hypotrochoidal motion of the dipole in

order to reconcile the movement indicated by worldwide archaeomagnetic




data from the past 2000 years with the present day clockwise motion.

Now that more archaeomagnetic data are available it is evidently
desirable to use some form of smoothing to average out contributions
from the non-dipole field. Barbetti (1977) used 100 year means of VGP
(virtual geomagnetic pole) data for a number of regions on the Earth
(divided according to availability of data) and suggested that 500 year
means might be necessary to eliminate the regional non-dipole signals.
Champion (1980) has applied this technique in detail and Merrill and
McElhinny (1983) have extended his analysis to include new data from
Hawaii. The 100 year means are illustrated in Figure 1.1. Merrill and
McElhinny (1983) are of the opinion that these may well represent
successive positions of the north geomagnetic pole over the last 2000

years.

1.1.2 The Geocentric Axial Dipole Hypothesis.

It is an axiom of palaeomagnetic research that, if taken over
sufficient time, the average of the secular variation of the geomagnetic
field will be zero and the true mean pole will average to the geographic
pole. The palaeomagnetic directions at a site would then be those given
by a magnetic dipole at the centre of the earth aligned with the earth's

axis of rotation, i.e.
D=0 and tanl = 2tan )

where D is the declination, I the inclination and A the latitude of the

site.

Analysis of the time averaged field for global data over the past
5 m.y. shows that these data do average to the geographic pole
(McElhinny, 1973). Wilson (1970) suggested that this is only a first
order approximation, and that in the approximation to second order the
axial dipole is offset northwards from the centre of the earth by
several hundred kilometres. Subsequent work by McElhinny (1973) and
Wilson and McElhinny (1974) showed that there is a time variation to
this second order approximation. The geocentric axial dipole hypothesis
is valid to first and second order for the past 2 m.y., while between 2
and 7 m.y. a small offset distance along the axis is required for the

dipole.
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It is by no means obvious what should be regafded as sufficient time
for the directions to average to the geocentric axial dipole. McElhinny
and Merrill (1975) point out that, although most workers usually assume
that several tens of thousands of years are adequate, when averaged over
the past few million years only about 50-60% of local studies average to
the geographic pole. On grouping the data in regions the proportion 1is
significantly improved suggesting that it is necessary to average poles

over regions of continental extent.

1.1.3 Drift directions inferred from geomagnetic data.

Directions of the geomagnetic field at a site are often plotted on
Bauer type plots - generally plots of declination vs inclination centred
on the axial dipole or mean values for the field at the site. It was
first observed by Bauer (1895) that on many of these plots the field
vector showed a progressive clockwise rotation with time. Figure 1.2
shows a Bauer plot of 100 year mean directions over the past 10 000
years from south-eastern Australia: The dominant sense of looping is

clockwise.

Runcorn (1959) showed that for a wide range of values of spherical
harmonic coefficients an internal magnetic source drifting westwards
would cause the north pole of the magnetic vector at a fixed observatory
on the Earth's surface to rotate clockwise, when viewed along the vector
to its north seeking end. Anticlockwise motion of the vector on a Bauer
plot would then be indicative of eastward drift of the source causing
it. This is known as Runcorn's rule. The vector motions of Figure 1.2
thus indicate that they are caused by predominantly westwards drifting
sources. It is an important result in that it allows the determination

of rates and direction of drift from data at a single site.

Skiles (1970) has amplified this work and suggested that, since the
motion of the surface field vector is not due to a single harmonic but
to the combined effect of all the harmonics, the conditions required to
violate Runcorn's rule would imply a very specialised source

configuration.
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Dodson (1979) has shown that an eccentric dipole source opposing the
axial dipole and drifting westwards could result in anticlockwise
precession of the field vector, when the source is located at higher
latitudes than the observer. Similarly an eastward drifting source
could result in clockwise precession. Thus the presence of
anticlockwise precessing field vector paths in scme secular variation
records does not necessarily imply eastward drift of the sources causing
them. However, these situations have a lower probability of occurring
than those obeying Runcorn's Rule. Dodson (1979) considers that the
following asymmetries would be observed in records if there existed no

eastward drift of sources of the geomagnetic field.
(1) Anticlockwise motion would seldom be seen at high latitudes.

(2) Clockwise loops would be more numerous unless there is a bias

towards high latitude anomalies and/or towards positive anomalies.

(3) If weak anomalies are more common than strong anomalies

clockwise loops would be larger on the average than anticlockwise loops.

(4) Clockwise VGP loops can be symmetric about either the observer's
meridian or anti-meridian, but anticlockwise loops can only be symmetric

about the meridian.

(5) Anticlockwise motion would always be accompanied by a decrease
in the total field intensity but clockwise motion could be accompanied

by either a decrease or an increase in intensity.

At present there are insufficient data to test these conditions
adequately. Continuous records of secular variation from a large number

of sites would be necessary in order to do so.

1.1.4 The Geomagnetic Spectrum.

Cox and Doell (1964) observed that variations in the geomagnetic
field appear to occur over a continuous spectrum rather than at discrete
periods. By using a Fourier transform to convert the data from the time
domain into the frequency domain it 1is possible to obtain information
about the dominant frequencies present in secular variation records.
Many of the periods of interest are of almost the same length as the

records themselves and Burg's (1967) maximum entropy method (MEM) is

widely used in geomagnetism in attempts to improve the resolution at the




long period end of the spectrum.

Currie (1968, 1973) has performed several analyses of observatory
records of the field. Denham (1975) first suggested using time series
analysis on lake sediment records. Barton (1982) has performed an
analysis of observatory, lake sediment, archaeomagnetic and deep sea
core data from ten different locations. This has provided a first order
estimate of the global power spectrum (Figure 1.3). The major feature
of this spectrum is an apparent dip at around 102 years. This may well
be due to the change from analysis of historical to lacustrine records
(Barton, 1982). Lacustrine records are likely to suffer from power
attenuation as a result of both sedimentological processes and the
stacking techniques used to obtain the secular variation curves.
However, a number of authors have noted a concentration of power in the
spectrum at periods of about 50 to 60 years preceding the apparent dip
(e.g. Yukutake, 1973; Currie, 1973). Apart from this possible dip the
other main feature of the spectrum is the broad maximum in power between
103 and 105 years. This includes the continuum of periods generally
attributed to westward drift of the field, but is not necessarily

exclusively caused by westward drift.

1.2 Recent Lake Sediments.

1.2.1 _Postdepositional Remanent Magnetization (PDRM).

The derivation of a geomagnetic field record from sediments relies
on their ability to preserve a faithful representation of the ambient

field at or soon after deposition.

Verosub (1977) has discussed depositional and postdepositional
processes in the magnetization of sediments. A depositional detrital
remanent magnetization (depositional DRM) is one acquired by previously
magnetized detrital grains which statistically align with the ambient
field during deposition. This alignment may be disturbed to some extent
by gravitational or current flow forces at the water-sediment interface
causing systematic errors in the record of the field. A number of
workers (e.g. Irving and Major, 1964; Kent, 1973; Lévlie, 1974, 1976)
have performed experiments which show that sediments may acquire their

magnetization after deposition. This is termed postdepositional
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detrital remanent magnetization (PDRM). Verosub (1977) proposed a

mechanism for this, based on magnetic particles being free to rotate in
the fluid filled voids within the sediment. As the sediment compacts
the water content drops below some critical value at which rotation is
no longer possible and the particles become locked in place. The
critical water content depends on size, shape and mineralogy of the

magnetic carriers and on the nature of the sedimentary fabric.

The accuracy with which sediments record the direction of the
magnetic field has been questioned since the first studies of DRM
(McNish and Johnson, 1938). A large number of workers have reported a
flattening of recorded inclination compared with that of the applied
field in redeposition experiments (e.g. Johnson et al., 1948; Clegg et
al., 1954; King, 1955). A list of redepositional experiments and the
related inclination errors has been compiled by Barton et al. (1980).
While many of these experiments do have inclination errors associated
with them there are others which do not. Verosub (1977) has summarized
the possible mechanisms for these errors and suggested that while there
is good evidence for inclination errors occuring in depositional DRM it

is likely that a PDRM will accurately record the ambient field.

In deep sea sediments bioturbation usually destroys any depositional
DRM which is acquired and the final magnetization is a PDRM. Opdyke and
Henry (1969) reported a study of 52 cores from all the oceans of the
world. Inclinations covering the entire Brunhes epoch were measured
from each core and their averages found to be in excellent agreement
with inclinations predicted by the geocentric axial dipole hypothesis,

suggesting that inclination errors are not affecting the record.

In lake sediments the detection of an inclination error is
complicated by the fact that it is not known how long a record is
required at a single site for the directions to average to those of a
geocentric axial dipole. Thompson and Kelts (1974) report that the
basal portion of turbidite layers in L. Zug, Switzerland have lower
magnetic intensities and inclinations than the laminated uppper
portions. A possible explanation for this is that the lower portions
preserve a depositional DRM, the rapid deposition of coarse material
leading to a water content lower than the critical value required for
PDRM. The finer, more slowly deposited upper material could reflect a

PDRM which accurately records the field direction (Verosub, 1977).

A
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Varves from Sweden (Granar, 1958) and Iceland (Griffiths oL al., 1955)

show similar behaviour, with the silty summer layers having shallower

inclination than the clayey winter layers. It is important to
distinguish environments with a depositional DRM from those with PDRM,
as those with a PDRM could be expected to preserve a more accurate

record of the field.

Barton and McElhinny (1979), Barton et al. (1980), Hamano (1980) and
Tucker (1979, 1980a, 1980b, 1981) have studied PDRM through redeposition
experiments. Barton and McElhinny (1979) used very fine grained natural
sedimentary material. This acquired a depositional DRM with no error in
the field record and a time lag in remanence acquisition of less than
two days. Postdepositional reorientation of particles did occur but was
unimportant over periods of several months. Tucker (1981) on the other
hand used synthetic sediments of known relative grain size. On the
basis of his results he maintains that the time scale for acquisition of
a PDRM will depend on the void size/magnetic grain size ratio in the
sediment. 1Initially free grains may later be compacted with cement or
gel formation taking place. More overprinting or smoothing of the
geomagnetic signal will occur with a coarse than with a fine-grained
fabric as there will be more grains free to move and the compaction

period will be longer.

In general, depositional DRM and PDRM will probably both contribute
to the magnetic remanence of lake sediments. Gravitational flattening
of the inclination may occur with depositional DRM while with a PDRM

there will be a smoothing of the geomagnetic signal over the time taken
to acquire the PDRM.

After acquisition of its primary remanence the sediment and/or the

| remanence carrying minerals may undergo chemical change, resulting in

the growth of a chemical rémanent magnetization (CRM). Henshaw and

Merrill (1980) discuss the effects of chemical change on magnetic
remanence in marine sediments. Amplitude attenuation of directional
swings as an increasing function of sediment depth has been reported in
lake sediment secular variation records from south-eastern Australian
crater lakes (Barton and McElhinny, 1981) and L. Windermere, England
(Mackereth, 1971). This could be caused by a real trend in the
geomagnetic field variation, but is quite possibly the result of long

term particle remagnetization or the authigenic growth of magnetic
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minerals.

1.2.2 Sampling and data processing.

The general techniques for sampling wet lake sediment have been
summarized by Lund and Bannerjee (1979). Sediment cores are obtained
from a lake using either a gravity or a piston corer. The usual
procedure is then to sample the sediment at discrete intervals
(generally 2-5 cm) down the length of the core and use alternating field
(AF) cleaning to obtain palaeomagnetic directions for these specimens.
Dodson et al. (1974, 1977) have used an open access cryogenic

magnetometer to obtain continuous records from unopened cores.

Replicate cores are necessary to establish the validity of 1lake
sediment records of secular variation, both within lakes and from other
sites. The noise level in the data is generally high so core levels
within a lake are matched using sedimentary or magnetic stratigraphy and
data from equivalent horizons are stacked and then smoothed to provide a
secular variation curve. Barton and McElhinny (1981) have used 100 year
block means of the interquartile range of the data, while Clark and
Thompson (1978) have suggested a more sophisticated algorithm using
spline functions for smoothing. Chronological control is usually

provided by radiocarbon dating of organic material in the sediment.

1.2.3 Worldwide and S.E. Australian Studies.

Mackereth (1971) first discovered long period declination variations
in L. Windermere, England. Substantiation of the accurate recording
properties of the sediment was provided by comparison with historical
records of the geomagnetic field. Extensive work has since been carried
out on lakes of varying sediment type in both Britain and Europe. These
include L. Windermere, Loch Lomond and Llyn Geirionydd in the U.K.
(Mackereth, 1971; Thompson, 1975; Turner and Thompson, 1981), a group of
five Finnish lakes (Stober and Thompson, 1977), Polish, Swiss and Greek

sites (Creer et al., 1979, 1980, 1981) and sediment cores from the Black
Sea (Creer, 1974).




Inclination variations are small and irregular compared with those
of the declination but like the declination have been shown to be
reproducible between different cores and lakes (see for example Turner
and Thompson, 1981). Neither inclination nor declination swings are
periodic and there is attenuation in their amplitude with time. Motion
of the geomagnetic vector has been predominantly clockwise over the past
10 000 years with a period of anticlockwise motion from 1100 to 600B.P.
Thompson and Turner (1979) have produced a master curve for Britain and
western Europe in which the main features of the secular variation have

been dated by the radiocarbon method.

Lund and Bannerjee (1979) have discussed the secular variation
records from N. American lake sediments. The records are superficially
similar to the European ones, showing large swings in declination and
comparitively small inclination variations. Features have been shown to
be reproducible within lakes but as yet no master curve has been

attempted.

Barton and McElhinny (1981) have performed studies on Lakes
Bullenmerri, Keilambete and Gnotuk, three volcanic crater lakes in
south-eastern Australia. Detailed within lake magnetic stratigraphies
allowed the construction of composite secular variation curves for each
lake. Each of the three sequences has a comprehensive radiocarbon
chronology associated with it, enabling a comparison to be made between
the time scaled records. These are in good agreement suggesting that
they do provide an estimate of the geomagnetic secular variation during
the past 10 000 years.

In contrast to the northern hemisphere data these show pronounced
swings in inclination with comparitively flat declination. Mean
directions over the 10 000 years spanned at the three sites coincide
with their geocentric axial dipole field directions. It is of interest
to note that they also average to the geocentric axial dipole over the
last 2 000 years (Barton and Barbetti, 1982). This is considerably
shorter than the averaging time generally accepted as required for data

at a single site (see section 1.2.3).
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Records from the three lakes have been stacked and smoothed to
provide a master curve for the south-eastern Australian region. Like
the European records these show amplitude attenuation in the directional
swings as an increasing funcion of age. Barton and McElhinny (1981)
attribute this to long time scale remagnetization processes in the

sediment rather than to a real feature of the geomagnetic field.

Barton and McElhinny (1981) have compared the British and S.E.
Australian records and suggested that since the longer period variations
have periods of the same order then the dominant source mechanisms
should be similar in character. Comparison of VGP paths from the two
sites shows no direct correlation, which precludes a common dipole
wobble component at the two sites. The secular variation is thus
attributed to independent non-dipole source mechanisms of a similar
nature at the two sites. Westward drift of these sources is indicated
by the predominantly clockwise sense of looping of the magnetic vectors

and VGP paths in both regions.
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2 SAMPLING AND MEASURING METHODS.

The following basic procedure was used. A set of cores was obtained
from two North Queensland crater lakes, Lakes Barrine and Eacham. After
whole core measurements of declination and horizontal remanence had been
performed a subset of these was then selected for detailed study. These
were cut open, a descriptive and photographic log of the core made and
the sediment then subsampled at close intervals to provide material for

secular variation studies.

Natural remanent magnetizations and magnetizations after AF cleaning
were then measured for all the specimens. The data obtained were

transferred to a UNIVAC 1100/82 series computer for processing.

2.1 Coring and Sampling Techniques.

2.1.1 Collection of cores.

Mackereth (1958) developed a pneumatic coring device for recovering
continuous 6m cores of soft sediment in water depths of up to 100m.
Barton and Burden (1979) made a number of modifications to the Mackereth
design in order to make a corer capable of operating as a convertible

6/12m system.

The corer which was used in the Atherton Tableland maars is
illustrated in Figure 2.1. This is the one developed by Barton and
Burden with the minor modification of an additional independent air line

to the buoyancy chamber to prevent this from filling with air and

causing lift-off during coring.
The fundamentals of operation are as follows.

(1) Lower corer to lake floor with all air lines depressurized and

the plunger valve open. The main piston should be at the top of its

stroke.
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Figure 2.1

Schematic representation of the Mackereth corer.
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(2) The anchor line is pressurized and the resulting air flow

through BJ up past the plunger results in reduced pressure in the anchor

drum causing it to sink slowly into the sediment

(3) The anchor line is closed and the coring line pressurized,
causing the plunger to close, and driving the core tube into the soft
sediment. Displaced air and some water will escape to the surface via G

and X as the coring progresses.

(4) After the main piston passes the by-pass tube (BP) air from C
will be diverted into the anchor drum which eventually becomes buoyant
and causes the corer to rise to the surface. It is important to
anticipate this (by the cessation of water escaping through X ) and
first fill the buoyancy chamber with air. Otherwise there is a tendency

for the corer to overturn as it rises, as a result of the buoyant mass

of air in the anchor drum.

The X line provides an abort procedure for retracting the core tube
- pressurization of this line drives the main piston to the top of the
barrel, allowing air into the anchor drum. This is useful in loading

the empty core tubes and also if for any reason the anchor fails to lift

off after coring.

50mm PVC tubes are used in the Mackereth corer. These have the
advantage of being cheap and providing permanent, sealable containers
for the sediment cores. Unfortunately they are rather prone to twisting
during the coring process (particularly the 12m cores) as a result of
their light, flexible nature. A scribing system on the corer draws a
line down the length of the core tube as it penetrates the sediment and
provides some indication of horizontal twisting. However, the degree of
twisting apparent on the core tube is not necessarily representative of
the twist imparted to the sediment. This twist can be reduced by
cutting a groove in the PVC tube and using this as a guide for a key to

run down during coring (Dr R. Thompson, pers. comm.).

Absolute orientation of the top of the cores is provided by a
magnetic compass and two spirit levels. These are housed in an
underwater camera unit which sits on top of the anchor drum. Compressed
air 1s used to trigger the camera and photograph the orientation of the
compass. This system is described in detail by Barton and Burden
(1979).
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Seven cores were obtained from L. Barrine in September 1979 using
the 12m corer. Four additional 6m cores from L. Eacham were used in
this study. These were collected by the department of Biogeography and
Geomorphology of the Research School of Pacific Studies, ANU during
their 1977 and 1978 field seasons. Despite the long storage time before
opening, these cores appeared remarkably well preserved and to have

undergone no significant chemical alteration.

2.1.2 Selection of cores for subsampling.

All the cores obtained were sectioned into 3m lengths and measured
on an automated version of the Digico fluxgate long core spinner
magnetometer (Molyneux et al., 1972; Barton, 1978). The fluxgate was
Tem in diameter and its response curve had a half peak width of 4,l4cm.
Declination and horizontal remanence were measured at 1cm intervals down

the length of the cores.

A number of cores from each lake were then selected for subsampling
(five from Barrine and four from Eacham) on the basis of correlativity

of intensity between cores, length of the record and smoothness of the

declination profiles.

Three of the L., Barrine cores (B1,B3,B4) had excellent correlations
on the basis of their horizontal natural remanent magnetizations (NRM).
However, B3 and B4 were only 10m in length. B5 and B7 were both close
to 12m long and although they were less easy to correlate with the other
three, they were sampled in the hope of extending the record further
back in time. Also B5 and B7 were comparitively undisturbed near the

top of the cores unlike B1 and B4 which had very wet disturbed material

in the top metre.

Thirteen L. Eacham cores were measured on the long core spinner,
All the declination profiles showed large swings and scatter in the data
in the top metre or so, suggesting that the sediment had been disturbed

during coring or transportation. Four cores with excellent correlation

below this were selected for subsampling.
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Nearly all the cores showed trends in declination down their length.
These were not in the same direction for all cores and are assumed to be
due to twisting of the core tube during coring. Twisting of the 12m
L. Barrine cores was particularly bad, resulting in poor absolute
declination control. No absolute declination control existed for the
L. Eacham cores as they had not originally been intended for

palaeomagnetic work.

2.1.2 Subsampling Procedure.

The subsampling technique used was largely the same as that
described by Barton (1978). Cores were opened by cutting two slots
along the length of the PVC tubes and then finishing the cut with a
stainless steel knife. Thin sheets of stainless steel were then pushed
through one of the cuts to separate the two sections of the core. This
avoided any pollen contamination which might occur using a wire or knife
to separate the material. The core was sectioned in such a way as to
allow two adjacent 5.3cm3 boxes to be used for sampling at 2.5cm
intervals down the length of the core. This required about 60% of the
core. The smaller section was used for palynological, X-ray diffraction

and mechanical analyses.

A small modified drill press was used to align and press the perspex
specimen boxes into the sediment. Air escaped via a small hole drilled
in the bottom of the box which was later sealed with an adhesive label.

After sampling the boxes were stored on aluminium trays in the

refrigerator.

2.2 Subsample Measurements.

2.2.1 Natural Remanent Magnetisation.

Measurements of the direction and intensity of the natural remanent
magnetization (NRM) were carried out on all the core subsamples. These
were made on a 2-axis Super Conducting Technology (SCT) cryogenic
magnetometer interfaced to an HP2100 series computer. The whole system
is surrounded by large Parry coils which null the field at the sample
access port of the magnetometer. The SCT magnetometer uses an RF-driven

SQUID sensor of the type described by Goree and Fuller (1976). The high




sensitivity of this sensor makes it ideal for the measurement of even
very weak sedimentary specimens which would require unduly long counting
times on conventional spinner magnetometers. The magnetic moment

sensitivity of the SCT magnetometer is about 2 x 10_9 emu.

2.2.2 Alternating Field Cleaning.

While the intensity and directions of the NRM of recent sediments
may well yield useful information about the past geomagnetic field it is
important to determine whether or not the remanence is primary. When
dealing with wet lake sediment the only practical method of magnetic

cleaning is by alternating field (AF) demagnetization.

Specimens are placed in an alternating magnetic field H (usually
produced by a solenoid) which is decreased continuously to zero.
Magnetic domains exposed to a peak AF field larger than their coercive
forces will follow the field as it alternates. As-H is gradually
reduced to zero the domains will become locked in random orientations,
provided that no dc field or even harmonics of the AF field are

present. This is equivalent to cycling the specimen around successively

smaller hysteresis loops as shown in Figure 2.2.

This method was first introduced by As and Zijderveld (1958), who
demagnetized specimens successively along three orthogonal directions.
The major disadvantage of this technique is that not all directions of
the specimen are exposed to the same peak field. McFadden (1981)
observes that the maximum value of the angle between the AF field and
the coercive force of a magnetic domain is 54.7°. Creer (1959)
introduced the technique of tumbling the specimen within the AF field to
help reduce this problem. Two axis tumbling systems are now in quite
general use. A tumbling ratio of 11:16 is regarded as one of the most
efficient in terms of exposure of all directions in the specimen to the

AF field (McElhinny, 1966),

A problem associated with tumbling specimens during AF cleaning is
that they may acquire a rotational remanent magnetization (RRM). Wilson
and Lomax (1972) first reported this phenomenon, whereby a rotating
specimen demagnetized in an AF field acquires a remanence antiparallel
Lo the rotation vector when the rotation axis is perpendicular to the AF

axis. Theoretical explanations for this have been propounded by Smith
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Figure 2.2 Cycling of a magnetic domain around successively smaller

hysteresis loops. Js 1s the saturation magnetization, Jr the remanent

\ magnetization, Hc the coercive force.




and Merrill (1980) and Stephenson (1980). 1In practice the effects of
RRM can be minimized by using a double demagnetizing procedure -
reversing the sense of rotation of the specimen for the second
demagnetization (Hillhouse, 1977). This can be échieved by either
reversing the direction of rotation of the tumbler or inverting the
specimen along the inner axis of rotation of the tumbler. The specimen
is measured after each demagnetization and the results averaged. Even
with this technique RRM will still contribute a certain amount of noise

to the data.

The bulk of the AF cleaning was carried out on the apparatus
described by Senanayake (1981, pp129-141). This system uses a 2-axis
tumbling device with a tumbling ratio of 11:16. RRM effects were
detectable at fields of 10mT and higher. Paired sbecimens from the same
horizon were cleaned with a reverse sense of rotation applied and the

results averaged in order to reduce these effects.

Core B1, the first core to be treated, was AF cleaned using the
system described by Evans (1969) before this was replaced with the one

described above. On this system it was possible to use a three axis

static demagnetization for greater speed.

In general AF cleaning had slight effects on the directions of
remanence, mostly just reducing the visible scatter in the data.
Figure 2.3 shows the inclination data for core E80 before and after AF
cleaning at 10mT. The changes are attributed to the removal of small
viscous components, possibly acquired after sampling. The cleaned
directions are assumed to represent those of the geomagnetic field at or
soon after the deposition of the sediment. Chemical changes in the
magnetic remanence carriers with time could however render this
assumption invalid. The ultimate justification for regarding this as a

geomagnetic record must be its reproducibility between sites.
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These parameters can provide useful information regarding the
carriers of magnetic remanence in a material. Initial susceptibility,
X, 1s defined by the initial value of the magnetization (J) Vs applied

field (H) curve (see Figure 2.2), i.e.
X .= J/H.

Throughout this thesis X will be expressed in units of ernu-cm_3 (in

S.1. XgT = 4 )

Koenigsberger (1938) introduced the Q-ratio, the ratio of the

natural remanent magnetization (Jn) of a specimen to the magnetization

induced by unit field

This is somtimes used as a measure of stability in palaeomagnetic
work, values of 1 or more for Q being associated with stable NRMs.
Values below 0.1 are associated with the presence of substantial
unstable components (Irving, 1964). However, low values do not
necessarily preclude the existence of a stable NRM. They may arise if a
stable magnetization is acquired in a weak field or if there has been

viscous decay of the NRM without the build-up of unstable components.

Initial susceptibility measurements were made for all the subsamples
on a Digico bulk susceptibility bridge. For each specimen the mean of 4
measurements was obtained which in general resulted in a standard

deviation of less than 5%.

Anhysteretic remanent magnetizations (ARMs) were imparted in a dc
bias field of .01mT with an AF cleaning field of 100mT, along the
direction of the NRM. This treatment was performed on specimens from

one core 1in each lake.

Saturation isothermal remanent magnetizations (SIRMs) were imparted

in a de field of 1T and measured on a Digico spinner magnetometer
(Molyneux, 1971).
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3 CORE DESCRIPTONS AND RADIOCARBON CHRONOLOGIES.

-~ = - -~

3.1 Site Description.

——

Lakes Barrine and Eacham are situated on the Atherton Tableland in
North Queensland (see Figure 3.1). This is a small basaltic lava
plateau with over 40 eruption points on it. At least six of these are

maars and Barrine, Eacham and Euramoo contain lakes (de Keyser, 1972).

The latest volcanic phase in the area appears to have been the
eruption of various scoria cones (Mt Quincan and the Seven Sisters).
Euramoo's basal organic sediments have been dated at around 10 000B.P.
(although the crater itself may be older) and sediment from another
nearby site, Lynch's Crater, is estimated to span at least 60 000 years
(Kershaw, 1974). Eacham and Barrine show more signs of weathering than
Euramoo (Timms, 1976) and are probably intermediate in age between
Euramoo and Lynch's Crater. Dating of the organic sediment from the
bottom of 12m cores from L. Barrine has provided radiocarbon ages

ranging from about 11 000 to 16 000 years before present,

Lakes Barrine and Eacham are deep and flat bottomed and each is
surrounded by a crater rim of pyroclastics which has a low outer and
high inner slope of on average about 30O but as high as 750 in some
places (Timms, 1976). Figure 3.2 shows bathymetric maps and cross
sections of each crater. It may be seen from these that the catchment
of Eacham is considerably steeper than that of Barrine. Both lakes have
a bay on the eastern side each of which is attributed to a mild

subsidiary explosion (de Keyser and Lucas, 1968; Best, 1960). Various

characteristics of the two lakes are tabulated below.
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Table 3.1
Parameter Eacham Barrine
Latitude (S) 17°17" 17°%15"
Longitude (E) 1459371 145°37"
Surface area (ha) 50.3 ‘ 103.5
Maximum length (m) 840 1110
Maximum width (m) 720 1070
Volume (m> x10°’ 19.0 35.8
Maximum depth (m) 65.5 65.0
Mean depth (m) 37.9 34.6
Altitude (m) THT 725
Height of crater walls
above water surface (m) * 30 et
Average diameter (m) 790 1100
Crater diameter (m) 900 ‘ 1500

* Jardine (1925), all rest of above from Timms (1976).

Catchment areas for the two lakes extend only as far as the crater
rims, Barrine having a catchment of 2.7 times the lake area, and Eacham
only 1.2 times its area (Douglas, 1965). The immediate surroundings of
both lakes are patches of rainforest which were classified a national

park in 1927. Large scale clearing occurred on the rest of the Atherton

Tableland early this century.

Some minimal logging took place around Eacham in the 1920s, but
probably did not extend into the catchment area. A section extending
from the south-eastern margin was cleared but has since regrown with
acacla and a small cleared area exists, which is visited by tourists,
between the road and the lake. An area on the north-eastern side of
Barrine, next to the jetty, has been cleared and various buildings there
inhabited since early this century. Prior to the arrival of Caucasians

there was effectively no interference with the ecology of the lakes as

the Aborigines believed the former volcanic vents to be inhabited oy

totemic beings (Kershaw, 1973, p309).
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~ The tableland has a warm tropical mountain climate with dry cool
winters and warm wet summers. During the wet season rainfall can cause
the level of Eacham to rise by up to three or four metres as there is no
outflow stream. Douglas (1965) suggests that the main water loss from
Eacham is by seepage through basaltic material on the eastern edge of
the crater. Barrine on the other hand is drained by Toohey Creek and
thus maintains a relatively constant level. The bathymetric map of
Barrine indicates that there is a sublacustrine channel on the eastern
side of the lake and according to Timms (1976) "this must be a relic of
a former inflow; perhaps the upper reach of Toohey Creek once flowed

into the lake."

3.2 Core Descriptions.

After opening, but before sampling, a photographic and a descriptive
log was made of each core. Many of the cores had air gaps in them as a

result of pressure equilibration occurring after the cores were brought

to the lake surface.

3.2.1 L. Barrine.

The core log for B1 is shown in Figure 3.3 alongside the horizontal
intensity of magnetization. This is fairly typical of all the

L. Barrine cores, the sediment being roughly divided into four main

zones as follows.

0-3m Finely laminated, organic silty clay containing a few
bands of amorphous dark material. The laminations are
predominantly dark brown and greenish in colour. At present the
cause of the laminations is unknown, although it is conceivable
that they are seasonal, caused by the contrast in conditions

between the wet summers and dry winters.

3-7.5m Obscurely banded, mostly dark brown Silty clay with

occasional bands containing fine laminae.
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7.5-10.5m  Lighter brown, obscurely banded silt, gradually

darkening in colour towards the bottom of the section.

10.5-12m Very organic, compact, almost black amorphous silty
clay. B1 and B5 were the only cores containing this material, all
the others being too short. In B5 this region had an orange-brown
splotched appearance on opening, but it rapidly darkened in colour

on exposure to air.

Both B5 and B7 showed signs of reworking and mixing of the sediment
having occurred, B5 between about 3 and 5m from the top of the core and
B7 mostly from about 6m onwards. This accounts for the diffieulty in
matching them with the other cores using horizontal intensities of NRM.
There is no obvious reason why this should have occurred in these cores

and not the others especially as the reworking does not even occur at

the same levels in these two cores.

Some grain size analyses were performed by Mr Keith Fitchett of the
Department of Biogeography and Geomorphology on material from cores B7
and B5. Figure 3.4 shows the results from the top 4m of core B7. The
upper U4 specimens are typical of the finely laminated material occuring
between about 0 and 3m in all the cores, with clay percentages varying
between about 50 and 70 and the bulk of the rest of the material falling
within the silt size range. The sample from 405 - 425cm came from an

obscurely banded region which contained some sand and pieces of reworked

material.

Figure 3.5 illustrates the variation in grain size with depth below
the finely laminated region from core B5. 1In general the grain size
increases with depth through the obscurely banded material and decreases
again in the bottom amorphous clay region. The specimen from 245 -

248em is not really representative of material from this depth as it was

taken from a coarse silt horizon occurring in finer grained silty clay.
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3.2.2 L. Eacham.

In contrast to the material from L. Barrine the top section of the
Eacham cores is unlaminated and consists of almost featureless brown
mud. This is somewnat surprising in view of the general similarity of
environments and close proximity of the two lakes. Below about 1m from
the surface occasional fine clay bands start to appear and by a depth of
2m there are strongly laminated sections interspersed with unlaminated
material. This section is broadly similar in character to the material

found in the 3 - 7.5 m section of L. Barrine cores. A log of core ET77

is shown in Figure 3.6.

3.3 Matching of Cores Within a Lake.

The stacking of directional data from a number of cores from the
same lake requires a reliable method of identifying equivalent
horizons. Susceptibility and magnetic remanence pfofiles provide a
convenient means of doing this. Both of these parameters are a measure
of the concentration of magnetic minerals present, although the NRM will
be affected by the geomagnetic field strength at the time of its
acquisition. Figure 3.7 shows whole core horizontal NRMs, subsample
NRMs, ARMs, and susceptibilities for core BY4 from L. Barrine. The
remanence and susceptibility profiles show similar variation along the
length of the core, with the exception of the uppermost section of the
susceptibility profile. Similar data for core E80 from L. Eacham is
exhibited in Figure 3.8. It is apparent that any of horizontal NRM,

NRMs and susceptibility may be used to match the cores within each
lake.

Figure 3.9 shows individual specimen susceptibility for the five
L. Barrine cores which were subsampled. Equivalent horizons in cores
B1, B3 and B4 are readily identifiable but the matching of cores B5 and

B7 was more difficult. The Q-ratio profiles of Figure 3.10 were used to

resolve some ambiguities.

The horizontal whole core NRMs and declinations for L. Eacham used
to select which cores to open are shown in Figures 3.11 and 3.12. As
can be seen from the scattered declination profiles the top sections of
very sloppy sediment had been disturbed during transportation or whole

core spinner measurements, Below this disturbed material the intensity
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Figure 3.8 (a) Whole core horizontal NRMs, (b) subsample NRMs, (c) ARMs

and (d) susceptibilities for core E80, L. Eacham.
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shows an excellent correlation between the cores. These cores were
matched by their sedimentary stratigraphy which was in complete
agreement with the magnetic stratigraphy obtained from the

susceptibility or NRMs.

Once equivalent horizons have been identified in all the cores from
a lake, the depth scales are matched using a method described by Barton
(1978, p1.17). First the depth scale for each core is corrected for air
gaps. Each correlatable feature is then given a number and the core
with the longest record and the most features chosen as a master core.
The other core depth scales are then made equivalent to that of the
master core, by setting the depths of the matched horizons at the same
value as in the master core. Linear interpolation is used to reset the

intermediate depths.

The number of matched horizons varied between about 20 and 50 per
core. Generally the same levels could be identified to within a few
centimetres in each core, except for depths beyond about 8m in the
L. Barrine cores where the correlation was somewhat obscure. However,
correlation was not a limiting factor in the resolution of changes in
the geomagnetic field direction from the stacks of data, as the

directional data were of poor quality in comparison to the match

obtained.

In neither Barrine nor Eacham was there a core which spanned the
entire length of the record sampled. In each case therefore, a
composite was used for the master core. In Barrine, B3 was used for the
top metre and below that B1, while in Eacham E77 was used for the first

metre, followed by E2 for the rest of the section.

3.4 Absolute Chronology.

Comparison of data from different sites is usually only possible if
there is some form of absolute chronological control. In this study
this has been provided by radiocarbon dating of organic material in the

sediment. The radiocarbon dating method makes use of the decay of the

radioactive isotope 1uC,

1UC ol 14N S




which has a half life (t1/?) of 5730 years. Living materials absorb and

incorporate atmospneric CO2 along with its trace level of radiogenic
14C. Measurement of the residual 1uC concentration of old organic

material thus allows an estimate to be made of the age of the material.

Traditionally the amount of radiogenic carbon present in a sample
has been determined indirectly by using a scintillation counter to
detect the number of B particles emitted over a given time period. As
noted by Oeschger et al. (1970), there are significant advantages in
using a method which counts the 14C directly using an ultra-sensitive
mass spectrometric technique rather than the above radiometric method.

The isotopic ratio 1uC/12C in a contemporary sample 1is 1.2x10-12

T 14

implying a concentration of 6x10 C atoms per milligram of carbon.

The fractional disintegration of 140 is 1.4x10—8/hour so that for
routine indirect measurements of age several grams of C are required. A
direct method of counting 1uC with even a collection efficiency of 10-3
will clearly require orders of magnitude smaller sample sizes than the
radiometric technique. As a consequence much finer scale chronologies
will be accessible for materials such as lake sediments, as well as the
potential to date further back in time than with the conventional
technique. Polach and Chappell (1979) have outlined the fundamentals of
accelerator dating and its potential advantages over the radiometric

technique.

The bulk of the 1“0 dating described here was carried out by members
of the Australian National University (A.N.U.) Radiocarbon Dating
Laboratory using the conventional indirect counting technique. A
15-20cm section of core material generally provided sufficient organic
carbon to obtain a date. The samples were pretreated with an acid wash

to remove inorganic carbonate.

Three dates of much smaller sample size were obtained on material
from a frozen finger type core (Rymer and Neale, 1979), which is
designed to sample the water-sediment interface of lake deposits with a
minimum of disturbance. The sample preparation for this material was
carried out at the A.N.U. laboratory and the actual dating performed by
Dr W. WB1fli on the tandem accelerator dating facility at the
Eidgen8ssische Technische Hochschule (E.T.H.) in Z#irich. The

development of this dating facility is described by Suter et al. (1981a,
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1981b) and W81fli et al. (1982),

3.4.1 Calibration.

Conventional radiocarbon dates are calculated using t1/2 = 5568
years as opposed to the presently accepted value of 5730 years. This,
and the fact that the concentration of MC in the atmosphere (and hence
the initial activity of the samples) has fluctuated in the past, means

that conventional dates must be calibrated in order to correspond to

calendar years.

A number of calibration curves have been proposed (g,g, Suess, 1970;
Ralph et al., 1973; Damon et al., 1972; Switsur, 1973; Clark, 1975)
based on the comparison of radiocarbon and dendrochronological ages.
These mostly differ in the degree of smoothing applied to the original
data and the assignment of accuracies to the calibrated dates. Too
little smoothing will result in lots of kinks and wiggles which are not
Justified by the accuracy of the basic data, whereas too much can hide

genuine kinks of arcnaeological or geophysical importance.

Clark's (1975) curve has been used here. The procedure used to
derive this curve is based on convolution smoothing (Clark, 1977) with a
cross validation technique used to determine the optimal degree of
smoothness. Clark's curve is intermediate in its degree of smoothness
and has the advantage of providing 95% confidence limits for the
calibrated dates. Differences between the other calibration curves
mentioned and Clark's are generally small except in the assignment of
accuraclies to the calibrated dates. Some of the other curves grossly

overestimate the accuracy of the results.

There is no calibration available for radiocarbon ages older than
6 500 years, so in order to avoid a discontinuity in the time scale the
technique described by McElhinny and Senanayake (1982) has been used.
It has been assumed that radiocarbon and calendar ages are equivalent
again at 10 000 years before present and linear interpolation of age

used to calibrate ages lying in the 6 500 to 10 000 year interval.
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Radiocarbon ages are written as years b.p. (before present) and
calibrated radiocarbon or calendar ages are written as years B.P.
Present day is taken as 1950 A.D. Both calibrated and uncalibrated
results are given so that comparisons may be made with other published

work on either scale.

3.4.2 Lake Eacham Results.

-
- - .

A total of 11 samples from the L. Eacham cores were dated. These
are listed in Table 3.2 along with their calibrated values. To
facilitate obtaining a time scale for the secular variation records
these were transposed to equivalent depths in the master core using the
matching procedure described above. The uncalibrated dates are plotted
in Figure 3.13(a) where the bars show 1 standard error as determined
from the counting statistics, and the calibrated dates are in
Figure 3.13(b) where the bars represent the 95% coafidence intervals

given by Clark's calibration method.

A least squares linear regression was then used to calculate a best
fitting straight line to each of the above sets of dates as a function
of depth in core. Although there are errors associated with the
individual age data these have not been used to weight the fit. These
errors only indicate the uncertainty associated with determining
firstly, the age of the carbon in the sediment, and secondly, the fit to
the calibration curve, and not the uncertainty in the age of sediment
formation, Additional error will be introduced as a result of the

sedimentary process e.g.

(1) an unknown time will elapse between the death of the organic

matter containing the carbon and its incorporation into the lake

sediment, and

(2) any reworking of the sedimentary material which occurs will
result in a mixing of carbon of varying age. Thus there is no reason to

believe any one date is more accurate than any other.
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Table 3.2 Lake Eacham Radiocarbon Dates

Depth in Master Core Age Calibrated Age
Core (om) *1 std error *95% confidence limit
41.5-61.5 E1l 320* 100 270270
gg.5-117. | E77 1238770 1180*170

186. 8-127. 6 E80 1540%90 15807200

129, B-126. 8 E2 1470%100 14402220
199.5-214.9 E77 1690+150 1640310

278. 3-302. 5 E77 2720780 2942%250
371.8-393.7 E2 3020180 3260280
411.8-420. 6 E77 3660+87 40707310

563. B-584. O E 1 439680 578087230
578.5-598. 5 E2 4480* 100 5200290

578. 6-601. 4 E8D 4640780 5400*250
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Figure 3.13 (a) Uncalibrated L. Eacham radiocarbon dates transposed to

equivalent depths in the master core. (b) Calibrated L. Eacham

radiocarbon dates transposed to equivalent depths in the master core.
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For the uncalibrated dates the fitted line was found to be
age (years b.p.) = 368 (2157) + depth (em) x T7.47 (X.425)

implying a sedimentation rate of 1.34m/ky. The residual variance
implies a standard error, s, of 280 years for the data, which is about 2
or 3 times most of the quoted standard errors for the counting
statistics. Visually the line provides a good fit to the data and the

correlation coefficient r is 0.986.

Calibration of the dates resulted in a reduction of the apparent

sedimentation rate to 1.10m/ky, the least squares fit being
age (years b.p.) = 122 (£173) + depth (em) x 9.10 (X.u67).

The standard deviation, s, from the variance of fit increased slightly
to 308 which is just over twice the standard error in the calibrated
data. It thus appears as if the averaging processes occuring during
sedimentation are approximately doubling the uncertainty in the age.

For the fit to the calibrated data r = .990. The value of 122 5 173

years for the intercept suggests that little material is missing between

the top of the Mackereth core and the water-sediment interface.

3.4.3 Lake Barrine Results.

A much larger suite of dates was obtained from the L. Barrine
cores. Samples for radiometric dating were taken from cores B3, B4, BS5,
B7. The dates are listed in Table 3.3 and plotted as a function of

depth in the master core in Figure 3.14 (calibrated) and Figure 3.15

(uncalibrated).

A least squares linear regression was performed on the individual
core data. The apparent rate of sedimentation may conceivably be a
non-linear function of depth (for example due to compaction effects) but
a nigher order fit does not seem warranted by the data quality. The

resulting parameters are tabulated in Table 3.4,

Typically the variance of fit implied a standard error, s, 5 to 10
CLimes the average radiocarbon standard errors for each core. A large
contribution to this must be the high scatter in data deep in the core.
Mixing of carbon of different ages appears to have taken place here, and

the apparent age of the sediment does not increase monotonically with
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Table 3.3 Lake Barrine Radiocarbon Dates

Depﬁh in Master Core Age Calibrated Age

T85% confidence limit

Core (cm) ¥l std error

16. B-36. 0 B3 2220+100 2248290
190, 8-210. 7 B3 3380160 . 3732410
629. 5-627. 3 B3 9p9P* 110 9318+250
652. 5-662. 8 B3 14250%170
662. 8-675. 5 B3 9542+110 96507250
689. 3-725. 5 B3 10740+130
810. 7-828. 8 B3 16650+500
937. 0-957. 2 B3 13920537
145, 9-165. g B4 3070100 3320+2907
238 7-298.40 B4 AD62*100 4630340
299, g-321, 2 B4 6640*150 7470320
342. 3-362. 0 B4 5@50+30 5840230
427. 0-447. 0 B4 6020100 6840+280
461.5-482. 9 B4 7250+120 7930+270
596. 8-610. 8 B4 86407110 8380*250
610. 8-645. 2 B4 9380120 9530270
657. 5-682. 5 B4 10250+139
698. 3-726. 1 B4 10160*120
838. 8-860. 2 B4 13050+ 470
9g95. 5-1015. 5 B4 13650+200
90, 5-102. 5 BS 3770*150 4240* 460
154. 5-163. 3 BS 4992+135 5680300
209. 3-220. 8 BS 5840+97 6630+250
227.2-240. 9 BS 6250100 7120+230
341. 9-360. 2 BS 7200+110 7890+2507
483. 3-504. 5 BS 7520+110 8130+250
547.5-567. 3 BS 8790140 9090+ 300
583. 1-538. @ BS 12750+300
B 7=727. 2 BS 10640+270
768. 3-811. 8 BS 12048+330
995, g-1015. 0 BS 13320+240
1983.1-1181.8  BS 11420+490
85. 5-100. 8 B7 2620140 2770+380
117, 8-128. 5 B7 2670+150 2830+ 420
234, =243, 3 B7 3810+130 4290410
254, B-265, 9 B7 33807270 3730+710
398, 8-361. 4 B7 46007137 5330+340
427.0-437. 8 B7 5840120 6700290
579. 4-588. 5 B7 9630+ 140 9720300
636. 5-662. 8 B7 12440+180
662. 8-692. 3 B7 11408+170
787.7-837. 0 B7 12262+320
985. 2-1006. 4 B7 11390+260

h..----------L44444*___________————————————————————————————————————————————————————J‘.'
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Figure 3.14 Calibrated radiocarbon dates as a function of depth in

master core for L. Barrine cores B3, B4, B5 and B7. Vertical bars
indicate 95% confidence limits on the ages obtained from Clark's (1975)

calibration scheme. The linear regressions are unweighted.
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Figure 3.15 Uncalibrated radiocarbon dates for L. Barrine cores B3, B4,
. & : 14
B5 and B7. Vertical bars indicate 1 standard error in the C age.

Linear regressions are unweighted.
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Table 3.4 Unweighted Least Squares Linear Regression on L. Barrine 1uC

Dates.
Core Age intercept  Slope r s (yrs)
(yrs) (yrs/cm)

B3 Calibrated 1389 1703 1.9 X 2.6 .919 2155
B3 Uncalibrated 1194 ¥ 1749 15.1 = 2.7 .917 2210
BY Calibrated 2072 ¥ u8s5 1.9 L0825 5997 700
BY Uncalibrated 1190 ¥ u7y 1209550800+, 981 681
BE Calibrated = 14884 X 763 8.0 X 1.2 .897 1360
B5 Uncalibrated 4005 ¥ 811 8.9 21,3  .906 1450
B7 Calibrated 15203 852 gouyeloscs 40936 1464
B7 Uncalibrated 984 X 596 T Tt T RESE Y 1526
All data Cal. 2648 I 513 11.5 £ .86 .903 1600
A1l data Uncal. 1992 I 522 i2.2 2 .87 .909 1634

Table 3.5 Step Weighted Least Squares Linear Regression on L. Barrine

MC Dates.
Core Age intercept  Slope P s (yrs)
(yrs) (yrs/cm)
B3 Calibrated 139274 532 a7 T 4.3 + 1962 1.35
B3 Uncalibrated 1218 % 532 iRl s s 301 1958 2.08

BY Calibrated 2017 < 568 12.2.% 1.8 9% 0.97
B4 Uncalibrated 1280 X 568 125605 4 Moy, 954 0.92
B5 Calibrated yys3 I y25 8.5 = 180" - ,908 1.06
BS Uncalibrated 3560 = 424 9.4 X 1.0 .9u3 1.02
B7 Calibrated 1178 I us5 o8 Didnsg 11,959 1.00
B7 Uncalibrated 827 ¥ 455 R O ST 1.17
A1l data Cal. 7303 L 240 1.9 £ 0.6 .905 1.46
All data Uncal. 1751 % 2140 ek b6 o 1,41
A11-B5 Cal. 1359 I 291 VSR <yl v gsh 1.11
A11-B5 Uncal. 929 I 291 0 o i R 1.18
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depth. In determining a suitable time scale for the sedimentary process
it is obviously desirable to use some weighting function in the linear
regression which ascribes less importance to the scattered data beyond

about 6m than to the more recent data.

The absolute values of the residuals for the individual core fits to
the calibrated, unweighted data are plotted in Figure 3.16. There is a
large increase in the value of the residuals for all the cores starting
at about 5.8m. Although the standard errors assigned in the radiocarbon
dating process increase with age, weighting the fit by these errors does
not much improve the quality of the fit nor decrease the structure
apparent 1in the residual plot. Based on a visual inspection of the
residuals it was decided that a step weighting function with the step at
a depth of 5.8m was reasonable. The standard deviation from the mean of

the residuals on either side of the step was calculated. For depths

less than 5.8m this was 51 = 637 years and greater than 5.8m
Syi = 1696 years.
A new least squares regression was then performed using (s )-2 and

lo
hi)—z to weight the fit according to the depth in the core. Table 3.5

lists the results for the new fits.

(s

Because the fit is now a weighted one, the standard deviation of the

fit s should be close to 1 if the assigned standard errors Slo and Sui
are a good approximation to the true errors. As shown in Table 3.5,
this is now the case. The fitted line to all the data with the above
step weighting is shown in Figure 3.17 along with the resulting weighted

residuals.

A further problem arose with these data concerning the effect on the
fit of the dates from core B5. It can be seen from Figure 3.17 that in
the upper 6m these are systematically older than dates from comparable
depths in the other cores. The fit to core B5 data results in an
intercept which is about 2ky older than those from the other cores, and
an implied sedimentation rate which is anomalously high. The material
from this section in core B5 did show signs of some reworking of the
sediment having occured. It is therefore possible that in the part of
the lake where B5 came from, there has been mixing of ancient carbon
with contemporaneous material at the time of formation of the sediment.

If this is the case then the assigned time scale will be distorted by
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Figure 3.17 Step weighted linear regression on all the L. Barrine data.

Vertical bars indicate the errors assigned in the step weighting

procedure. Coding of symbols is as for Figure 3.15.




the influence of these dates.

In order to test whether the dates from B5 come from a different
statistical population (which would suggest that the carbon mixing
hypothesis is correct) a number of different models were fitted to the
data.

Model A. One line was fitted to all 4 groups of dates.
Model B. One line was fitted to the dates from cores B3, B4 and B7 and
a separate line fitted to those from core B5.

Model C. A separate line was fitted to each group of dates.

The results of these step weighted regressions may be found in
Table 3.5. Let Ri, Rg and Rg be the sum of the squares of the residuals
for models A, B and C respectively. The residual wvariance for model A
Wwill be given by Ri divided by the number of degrees of freedom for the
system (and similarly for models B and C). The degrees of freedom
(d.f.), sums of squared residuals (R.S.S.) and residual variances for

the tiree models are tabulated in Table 3.6.

An analysis of the residual variances was used to determine whether

these models were significantly different from one another.

Assuming that the residuals are normally distributed with a mean of
zero then the increments of the R.S.S. between the different models will
be independent. Under the hypothesis that the B5 dates are drawn from
the same statistical population as the rest of the data, SA-B/SA will be
F-distributed. SA-B/SA = 9.55 on 2,41 d.f. which has an associated
probability under the F-distribution of 0.00039. It is thus very
unlikely that B5 comes from the same population as the other cores.
However, a similar test between models B and C shows that there is no
significant difference between these two models at the 95% confidence
level, suggesting that the other three cores all come from the same

population.

The evidence of physical disturbance in the upper section of core B5
and the likelihood that it comes from a different statistical population
Justifies excluding that data from the determination of the time scale.
The final fits were based on the step-weighted data from cores B3, B4

and B7, and are illustrated in Figures 3.18 (calibrated) and 3.19

(uncalibrated). They were




Table 3.6 Variance Analysis of Barrine Radiocarbon Models.
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Figure 3.18 Final fit to the calibrated dates from cores B3, B4 and B7.
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(1) Calibrated;

1359 (£290) + depth (em) x 13.414 (¥.735).

age (years)

(2) Uncalibrated;

age (years) 92 (Z261) '+ depth (em) x 13.393 (=.735).

It is of interest to note that the effect of calibration on the
apparent sedimentation rate is very small, changing it only from
.T46Tm/ky to .T455m/ky. This is in strong contrast to the L. Eacham
records where calibration reduced the sedimentation rate by about 25%.
This difference probably arises as a result of using a mixed calibrated
and uncalibrated sequence for L. Barrine. Furthermore, the time scale

for L. Barrine is relatively poorly constrained.

If the fitted ages are correct the large value obtained for the
intercept above implies that nearly a metre of sediment has been lost
from the top of all the Barrine Mackereth cores. If anything the fit to
the 1uC age appears to make the intercept too young - the youngest date
actually obtained was 2220 Z %00 b.p., from the top of core B3, which

the fitted line passes well below (see Figure 3.19).

The loss of so much material during the coring process seemed
somewnat unlikely in view of the L. Eacham results, where the age
intercept passes close to the apparent water-sediment interface.
However, it is possible that the heavier 12m Mackereth corer is
displacing more material on anchoring than the 6m version used in

L. Eacham.

The other alternative is that less material has been lost from the
top of the cores and that the radiocarbon ages are being systematically
depressed by the incorporation of old carbon during the formation of the
sediment (as has been assumed to occur further down the cores).
Depression of the apparent surface age of a sediment is not uncommon.
Davis (1969) reports an apparent surface age of 730 b.p. for Rogers
Lake, Connecticut, Kendall (1969) 400 b.p. for Lake Victoria, East
Africa and Barton and Barbetti (1982) report an age depression of 450

radiocarbon years for sediment from L. Keilambete, S.E. Australia.
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A number of frozen-finger cores were obtained from L. Barrine by
Prof. D. Walker and Dr L. Rymer of the Department of Biogeography and
Geomorphology, R.S5.Pac.5., A.N.U. 1In the frozen finger coring technique
the unconsolidated material near the water-sediment interface is frozen
to form a solid envelope around the outside of a metal core tube. In
this way samples can be recovered from the water-sediment interface
which is generally too wet to sample with the Mackereth corer. The

frozen finger core can be up to 1.5m in length.

A group of small samples from frozen finger number B11,79,F were
collected by Prof. D. Walker and dated on the E.T.H. linear accelerator
dating facility by Dr W. WB1fli in an attempt to establish whether the
apparent age of the surface of the sediment is depressed. Preliminary

dates from these samples were available and are listed below.

Depth below w/s Uncalibrated Age
interface (cm) (b.p.) =~ 1 std error
0-3.2 225 T 120
47.8-51.0 865 = 130
51.0-55.0 1075 < 90

Each sample was selected to be a five year sample if the laminations

were seasonal in origin.

There is undoubtedly some depression of the true age since one would
expect the bomb spike to affect the radiocarbon age of the uppermost
material in the sediment, making it appear younger than it actually is.
It is possible that, because of the shallower inner slopes in the
L. Barrine crater than in L. Eacham (see Figure 323y 1% takes Some
considerable time for sedimentary material to migrate to the bottom
central part of the lake, down the sides of the crater. This could be
tested by dating material from a series of frozen finger cores spanning
the distance from the centre to the edge of the lake, to see if material

at the same stratigraphic level is younger at the edges.

14

It is inferred from the above results that at the surface the C

cT

age of the sediment is depressed by several hundred years compared with

the true age. Further measurements on the frozen finger cores should
define better the magnitude of this age depression. It seems likely,
however, that there is still a substantial portion of the record missing
from the top of the Mackereth cores, although probably closer to 0.5m

than 1m.




4 RELATIVE PALAEOINTENSITY ESTIMATES.

—————— - ——— . —

There is as yet no technique by which absolute estimates of the
palaeointensity of the geomagnetic field may be made from sedimentary
material. However, in an ideal situation in which the type and quantity
of magnetic minerals present in a sediment were constant, and the
intensity of the remanence linearly related to the external field fixing
it, the fluctuations in NRM down a sedimentary profile would reflect
relative changes in the intensity of the geomagnetic field. In practice
this situation never arises, but attempts to correct for variations in a
sediment's magnetic content and remanence potential are made by
normalizing the NRM by some other magnetic property. It is then in
principle possible that the variations in this relative intensity might

represent variations in the geomagnetic field intensity.

Isothermal remanent magnetization (IRM) was uséd first as a
normalising parameter by E.A. Johnson et al. (1948). Other workers have
used initial susceptibility (e.g. Harrison, 1966 and Nesbit, 1966) or
SIRM (Nakajima and Kawai, 1973). H.P, Johnson et al. (1975) and Levi
and Bannerjee (1976) suggest that ARM is a preferable normalizing
parameter as 1t has a coercivity spectrum closer to that of the NRM than
the susceptibility or IRM. IRM and initial susceptibility probably

over-emphasise the role of multidomain (MD) and superparamagnetic (SP)

particles respectively.

King et al. (1981) suggest that this normalization technique will
only provide valid relative intensity estimates if the DRM mechanism,
magnetic mineralogy and grain size are uniform over the length of the
sedimentary column to wnich it is applied. As pointed out by these
authors, there are two approaches to evaluating these relative

intensities as estimates of the geomagnetic field intensity.

(1) A detailed rock magnetic examination may be performed to
determine if the assumptions of a uniform DRM mechanism, magnetic
mineralogy and grailn size are reasonable. Demagnetization curves of
NRM, ARM, and IRM, ARM and IRM acquisition curves, hysteresis
parameters, JS versus temperature curves and plots of ARM versus

susceptibility are useful in identifying the mineralogy and domain state

of the magnetic component. These me:

M

surements may be used to determine




whether the technique might in principle be useful in a given

environment.

(2) MC dated lake sediment relative intensity estimates can be

compared with Thellier method (Thellier and Thellier, 1959) absolute
palaeointensity records from 12‘1C dated lava flows and archaeomagnetic
studies. These comparisons are complicated by the existence of

non-dipole field sources and dating problemns,

A detailed rock magnetic examination of the type suggested by King
et al. (1981) is reaally beyond the scope of this project. However, some
information was available as a by-product of other measurements and is

presented here in an attempt to assess the usefulness of the method.

4.1 _AF Demagnetization of NRM and ARM.
One specimen every metre down cores E2 and BY was selected for a
pilot study and successively AF demagnetized at fields up to 45mT. An
ARM was then imparted along the direction of the NRM (after cleaning at
10mT) in the hope of mimicking as closely as possible the conditions
under which the NRM was acquired. A dc bias field of .01mT was selected
because it imparted an ARM of similar magnitude to the NRM and hence the
ARM should involve magnetic material with approximately the same
coerclvity spectrum as the NRM. The AF demagnetization curves for NRM
and ARM for E2 are illustrated in Figures 4.1 and 4.2 respectively and

the median demagnetizing fields (MDF) listed in Table 4.1.

The Eacham data are remarkably similar for material from the whole
section. NRM intensities ranged from 113.4 mAm~ ' down to Bia3e mAm™
yet the normalized demagnetization curves are virtually
indistinguishable. The MDFs for the NRMs are consistently slightly
lower than for the ARMs (mean of 21.43 as opposed to 27.53mT). It
app=ars that the Eacham cores may satisfy quite well the criteria
required of uniformity of magnetic mineralogy and grain size.

Figure 4.3 compares a typical AF demagnetizing curve for NRM with that

of the ARM. They are quite similar despite the difference of about 7mT
in MDF.




Table 4,1
Studies.

Depth

1250
175.0
275.0
375.0
475.0
575.0

Median Demagnetising Fields for Core E2 NRM and ARM AF Pilot

MDF of NRM (mT)

22,
22,
ail .
20.
20.
20,

Table 4.2 Some Magnetic
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AF PILOT ON CORE EZ
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Figure 4.1 Normalised AF intensity demagnetization curves of the NRM

for selected specimens from core E2.




ARM PILOT ON CORE EZ
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Figure 4.2 Normalised AF intensity demagnetization curves of the ARM

for selected specimens from core EZ2.
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ARM & AF DEMAG. OF E2A375.0
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Figure 4.3 Comparison of typical AF demagnetizing curve for NRM and ARM

from L. Eacham.
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AF PILOT ON CORE B4

® = B4A100.0
V = B4A200. 0
A = B4A308. 9
B = B4A400.0

4 = B4AS00.0

J/Jo

8.9 t - 4

' I

2 18 20 30 40 o8 60
Haf (mT)

Figure 4.4 (a) Normalised AF intensity demagnetization curves of the

NRM for pilot specimens from core BY.
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AF PILOT ON CORE B4
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Figure 4.4 (b) Normalised AF intensity demagnetization curves of the

NRM for pilot specimens from core B4,
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Figure 4.5 (e)-(g) Comparison of AF demagnetization of NRM and ARM for

pilot specimens from core B4,
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In general the pilot specimens from core B4 (see Figure 4.4) showed
the natural remanence to be less stable and the mineralogy less uniform
than those of the L. Eacham core. This is to be expected in view of
the greater variety of sedimentary material. However, the ARM
demagnetization curves (Figure 4.5) follow closely those of the NRM

(with the exception of specimen B44100.0).

4.2 SIRM and Coercivity Measurements.

8t -l et

SIRMs imparted in a dc field of 1T were measured by Dr R. Thompson
on specimens from core B1 from L. Barrine. A group of these were then
selected and successively exposed to increasing reverse dec fields in
order to determine (Bo>cr the coercivity of the SIRM. The values
obtained for (Bo)cr are listed in Table 4.2, along with various other

magnetic properties.

Thompson et al. (1980) have discussed the use of X, SIRM and (Bo)cr

in determining information about the magnetic composition of a

sedinent.

(BO)Cr may be used to distinguish the type of magnetic mineral
present. Minerals of the corundum structure such as haematite have
remanent coercivities above 0.2T., Those with spinel structure such as
magnetite and the titanomagnetites have remanent coercivities below
wUST . (Bo’ar of wmagnetite varies from 50mT for grains lum in diameter

to less than 20mT for grains exceeding 100um.

The ratio of SIRM to X provides an indication of the changes in
magnetic mineral type or size in a group of samples. For haematite
SIRM/ X 1is greater than 200kA/m and for magnetite it varies from 1.5 to

about 50kA/m as the grain size decreases. Materials with a high

superparamagnetic (SP) content have SIRM/X ratios below .01kA/m. The
Lerm S in Table 4.2 is the ratio of the IRM induced at .1T to the SIRM
(induced in 1T), and as such will be a measure of what proportion of the

magnetic material is of magnetite type.




It is apparent from the (Bo)cr and S values of Table 4.2 that
magnetite type minerals generally dominate the remanence characteristics
of the L. Barrine sediment. However, occasional low values of S
indicate that there are significant quantities of haematite present at
some levels in the core. Only around the 10m level are these supported
by correspondingly high values of (Bo)cr. The AF cdemagnetization curves
of Figure 4.4 suggest that haematite is not contributing significantly
to the NRM of the sediment, since in general less than 10% of the NRM is

left by the time a field of 5(mT has been reached.

4.3 ARM versus Susceptibility Plots.

Baner jee et al. (1981) have proposed a method for determining the
fine scale variation in the grain size of magnetite in long cores of
sediment. This method consists of making a comparitive plot of the
depth variation of low field (less than 0.1mT) susceptibility and
anhysteretic remanent magnetization imparted by a smoothly decreasing AF
field in the presence of a weak (0.01-0.1mT) dc field. The magnitude of
the ARM will be sensitive to the finer grain size fraction of the
magnetic material (single domain (SD) and smaller pseudo-single domain
(PSD) grains), while the low field susceptibility will be relatively

more sensitive to the coarser grain sizes (larger PSD and MD grains).

King et al. (1982) have tested this technique on sediments from
three lakes which contain magnetite or a similar magnetic carrier.
Their interpretations are supported by high field hysteresis

measurements on the same sediments.

A simple idealized model based on magnetite samples of known size is
proposed by King et al. (1982) to explain the use of the ARM versus X
plot for detecting relative grain size changes in the magnetite content
of natural materials. Figure 4.6 shows the variations expected in the
ARM/X ratio for different grain sizes and the data on which these are
based. Changes in amount of magnetic material present will result in
progression along a line of constant slope, while changes in grain size

will result in a change of slope.
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