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ABSTRACT OF THE DISSERTATION

The Geomagnetic Field Over the Last 5 Myr from Lava Flows
and

Properties of the Venusian Lithosphere from Magellan Data

by
Catherine Johnson
Doctor of Philosophy in Earth Sciences

University of California, San Diego, 1994

Professor Catherine G. Constable, Co-Chair

Professor David T. Sandwell, Co-Chair

The dissertation consists of two unrelated parts. Chapters 2 and 3 investigate long-term properties of

the geomagnetic field. Chapters 4 — 6 are studies of Venus using data from the Magellan mission.

Chapter 2 presents a new database comprising palacomagnetic directions from lava flows over the past
5 Myr. Existing palacosecular variation models fail to take account of time-averaged field structure and do
not adequately describe the properties of the database. In chapter 3 regularized models of the time-averaged
field are constructed from Brunhes, normal and reverse polarity subsets of the new database. Non-zonal
models are required to fit the data. Normal and reverse stable polarity field structures are significantly
different. Normal polarity field models are similar to historical field maps; differences may be real or
due to data quality and distribution. Jackknife estimates of the models suggest that data from a few sites
contribute significant structure; removing these sites yields conservative estimates of the time-averaged

field.

Chapter 4 presents an investigation of polygonal fracture patterns observed in radar images of volcanic
plains on Venus. The patterns are similar to jointing in lava flows on Earth, but the scale of the venusian
networks is much larger than their terrestrial counterparts. The venusian networks may be the result of

increased heat flux to the base of the lithosphere, during the formation of flood basalt provinces.

Chapter 5 is a study of topographic flexural features on Venus. These are modeled using a thin-

elastic plate model. Reliable estimates of mechanical lithospheric thickness are in the range 21 — 37 km.

XV



Dynamical models predict a thick viscous lithosphere. Numerical simulations are used to explore the

validity of a 2-D cartesian approximation to an axisymmetric load geometry.

Chapter 6 presents a preliminary resolution analysis of Magellan cycle 5 gravity data. Multi-taper
spectral coherence estimates show the best resolution available from the Doppler residuals to be 450 —
500 km. Thus in some regions it should be possible to distinguish between local compensation, flexural

or dynamic support of topography.
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CHAPTER 1
INTRODUCTION AND ORGANIZATION OF THE THESIS

The work presented in this thesis consists of studies in two distinct fields - geomagnetism and the
geophysics of Venus. The main reason for this apparently strange combination of investigations is timing.
When I started my PhD the Magellan spacecraft had just been launched, and it was hoped that the Magellan
mission would provide high resolution altimetry, emissivity, synthetic aperture radar and gravity data for
Venus. By the time Magellan started sending back radar images and altimetry data from Venus, I was
firmly entrenched in the world of geomagnétism. The success of the Magellan mission has surpassed the
expectations of almost all of those who were involved in its original conception. As a result, many more
possibilities for geophysical studies of Venus have arisen and so roughly half of my thesis work comprises
investigations using the Magellan data. In this section I present a brief introduction to the two parts of the

thesis.

PART A: The geomagnetic field over the last 5 Myr from lava flows

Observations of the Earth’s magnetic field come from many different data sources. Historically,
the geomagnetic field has been measured at sea, in surveys on land and also at observatories specifically
dedicated to this purpose. Satellite measurements of the field, in particular those available from MAGSAT
(which operated for 7 months during 1979 and 1980), have been extremely useful in producing high
resolution maps of the present-day field. Magnetic directions recorded in archaeological materials also
provide information on historical variations in the magnetic field. Investigations of long-term properties
of the geomagnetic field rely on magnetic difections retained by geological materials - this area of study is
known as palaeomagnetism. Palacomagnetic data are available from both igneous and sedimentary rocks;
however the process by which the remanent magnetization is acquired in these two rock types is different.
In general, palacomagnetic directions from lava flows provide an improved temporal resolution picture of
the geomagnetic field than directions from sediments, but this is at the expense of a poorer global spatial

distribution of lavas relative to sediments.

Most of the power in the geomagnetic field at the Earth’s surface is due to the internally generated
field — ie., that part of the field which is due to fluid motions in the (predominantly) iron liquid outer
core. Additional power in the field at the surface is the result of externally generated magnetic fields —

i.e.,those due to currents in the ionosphere and magnetosphere. Although the present-day and historical
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field morphologies are quite complicated, the dominant signal in the field observed at the Earth’s surface
can be represented by a dipole at the center of the Earth and aligned with the rotation axis (a geocentric
axial dipole). This first order description is also true of the geomagnetic field over geological timescales.
One of the outstanding questions in geomagnetism concerns the nature of the second order structure in the
field over these longer timescales. The nature of the time-averaged geomagnetic field over the last few
million years and the variability about this average structure may at first seem a rather isolated problem,
however it has implications for other areas of geophysics, notably those of mantle dynamics and plate
reconstructions. Persistent longitudinal structure in the geomagnetic field (over timescales of millions of
years) would not be expected from fluid motions in a spherical outer core. The characteristic timescales
of convection in the lower mantle are much greater than those in the outer core. As a result, one possible
explanation for such longitudinal structure in the field is that fluid flow in the top of the outer core is
influenced by heterogeneities and convection in the lower mantle through core-mantle coupling. Plate
motion models are based on the assumption that over time the average geomagnetic field morphology can
be described by an axial geocentric dipole. Second order spatial structure in the field thus also has some

implications for plate reconstructions.

Part A of the thesis is concerned with the long-term properties of the field, both in terms of the
time-averaged field morphology and the statistical variations about this average field structure. One of the
major problems in attempting this type of study is the availability of a self-consistent database. During
the course of the studies presented here, it was realized that it was necessary to compile a palacomagnetic
database which would be suitable for all the investigations being pursued. As a result, chapter one of the
thesis presents a new database comprising palaecomagnetic directions from lava flows spanning the last
5 million years. This database is suitable for use in studies of the time-averaged field and long period
temporal variations (palacosecular variation) of the field. Palacosecular variation as recorded by the new
database is discussed and previous studies reviewed. Chapter 2 presents the results of an investigation of

the time-averaged field morphology, using the new database.

PART B: Properties of the venusian lithosphere from Magellan data

The second part of the thesis comprises three independent studies using data collected by the Magellan
spacecraft. The studies are based on analyses of synthetic radar images (primarily chapter 3), altimetry

data (primarily chapter 4) and gravity data (chapter 5).
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Prior to the Magellan mission knowledge of Venus was based on data from the Mariner 2 spacecraft,
Soviet Venera and Vega landers, Earth-based radiotelescopes, Soviet Venera orbiters and the U.S. Pioneer
Venus orbiter. Venus is very similar in mass and density to the Earth, and the landers established that
dry basaltic rocks occur at the surface. However, there are notable differences from Earth — the surface
temperature on Venus is approximately 455°C, the atmosphere is predominantly carbon dioxide, the surface
pressure is about 90 atmospheres, and the period of rotation of Venus is 243 Earth days. Pioneer Venus
carried an altimeter, and so the topography of Venus was measured to a vertical resolution of about 200 m
and a horizontal resolution of 150 km. It was discovered that most of the venusian surface lies within 1 km
of the mean elevation (6051.9 km), although there are regions of high topography. Radar images available
from Earth-based telescopes and the Pioneer Venus and Venerea missions showed a variety of styles of
tectonic and volcanic deformation. Low resolution gravity data returned by Pioneer Venus indicated a
high correlation of long wavelength gravity with topography on Venus, unlike on Earth. The aims of
the Magellan mission were to collect higher resolution altimetry data, gravity data and radar irﬁages than

already existed.

The studies presented in this part of the thesis were conducted in the order they are presented, whichis a
result of the changing data availability over the course of the last 4 years. All are based on the data collected
by Magellan. Radar images and altimetry data were returned first, gravity data only became available as of
September 1992. The first study (chapter 3) is an investigation of deformation patterns observed in some
of the volcanic plains on Venus, and a discussion of the possible mechanisms for their production. The
second study (chapter 4) comprises the bulk of the research in part B of the thesis and is an investigation
of lithospheric flexure on Venus based on flexural signatures observed in the topography. Part of this
study involved a numerical investigation of the circumstances in which a 2-D cartesian repesentation of a
topographic load (which is assumed to be the cause of the flexural signature) is a good approximation to a
2-D axisymmetric load geometry. This is also relevant to studies of terrestrial lithopsheric flexure, as many
observations of flexure come from subduction zones which are arcuate in planform, with varying planform
radii of curvature. The final study of this section, and of the thesis (chapter 5) is an investigation of the
maximum resolution attainable from the Magellan gravity data. This is an important question because it has
implications for the possibility of investigating lithospheric thickness from combined gravity/topography

studies.



CHAPTER 2
PALAEOSECULAR VARIATION RECORDED BY LAVA FLOWS OVER THE LAST 5 MYR

ABSTRACT

We present a new global palaeomagnetic database, comprising lava flows and thin intrusive bodies,
suitable for studying palaeosecular variation and the time-averaged field. The database is presented in
some detail in the appendix and is available on-line from the authors. We review palaeosecular variation
models to date, emphasising the assumptions required and the rather arbitrary construction of many of
these models. Preliminary studies of the statistical properties of the new database suggest that existing
palaeosecular variation models are inadequate to explain the long-term temporal variations in the field. Itis
increasingly apparent that data distribution and quality are pivotal in determining the characteristics of the
secular variation. The work presented here demonstrates the need for revised models of the time-averaged
field structure for both normal and reverse polarities before reliable models for palaeosecular variation can

be made.



INTRODUCTION

A New Database for Palaeosecular Variation Studies

Geomagnetic palacosecular variation (PSV) describes the spatial and temporal variability of the field
on time scales of 102 — 10° years, that is long period variations of the field during stable polarity times.
Long period temporal variations are controlled by the changes in the geodynamo which in turn may
be controlled in part by conditions at the core-mantle boundary (CMB). PSV studies rely on remanent
magnetisations retained by either archaecomagnetic materials or by sedimentary and igneous rocks, and are
thus limited by the temporal and spatial distribution of data. Each of these three data sets has advantages
and disadvantages. The remanence carried by archaeomagnetic materials and igneous rocks is primarily
thermal in origin. Itis acquired during cooling, either after firing of pottery or bricks, or after emplacement
of igneous rocks. The remanence is thus acquired “instantly” on geological timescales and provides a
spot recording of the geomagnetic field direction. Archacomagnetic data span only the last 102 years or
so and provide no information on longer period PSV. Igneous rocks provide secular variation information
spanning periods of up to millions of years, but the data distribution is determined by the occurrence of
volcanism and the present day accessibility of the lava flows. Sedimentary rocks have the advantage that
a fairly continuous record of PSV can be obtained from specific locations if sedimentation has continued
over a long period of time. The main disadvantages of sedimentary records are the temporal smoothing
inherent in the remanence acquisition and the need for independent determinations of the sedimentation
rate. Useful sedimentary records come from lakes and from the oceans, making these data expensive to

acquire.

There have been many PSV studies reported over the past thirty years [see the summaries in e.g.,
Merrill and McElhinny, 1983; McElhinny and Merrill, 1975, and also the references for the database
presented in this paper] but the data analysis methods employed fall into two broad categories. In a few
cases it has been possible to examine continuous sedimentary records spanning the last 50,000 years using
traditional time series analysis approaches [e.g., Creer et al., 1983]. More commonly, PSV studies rely
heavily on statistical approaches where the variance (dispersion) in the field is quantified in some way.
The two most commonly used descriptions of PSV are the angular dispersion in the field directions or the
angular dispersion in the virtual geomagnetic pole (VGP) positions. A VGP is computed assuming that

the instantaneous field directions are due to a geocentric dipole.

In this paper we present an updated database, spanning the time interval 0 — 5 Ma, suitable for
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both studies of palacosecular variation from lavas (PSVL) and time-averaged field modeling. We review
previous PSV models and their shortcomings to place this database in context with previous work. We
discuss briefly the time-averaged field problem and the need for improved estimates of the timescales
for secular variation. Selection criteria for the new database are reported - the resulting database differs
significantly from others used in PSVL work owing to these stringent selection criteria. A summary of the
data is given in the appendix with a brief outline of each contributing study and stereographic plots of VGP
positions divided according to geographical region. The distributions of VGP latitudes and longitudes are
reported, together with a discussion of the relative contributions of normal and reverse polarity data. The
data distributions are compared with the predictions of recent statistical models [Constable and Parker,
1988; Egbert, 1992]. Angular dispersions in directions and in VGP positions have been computed for the
last 5 Ma and are compared with the results from more recent studies [McFadden et al., 1991, McFadden
et al., 1988] and with the predictions of the global statistical model [Constable and Parker, 1988]. We

summarise the state of the art in PSV studies relating the results to the revised database.

Palaeosecular Variation Models

Over the last 3 decades several models for PSV have been proposed which attempt to account for
the angular dispersion observed in sedimentary and volcanic records. Traditionally, these models have
attributed secular variation to 3 sources — variations in the intensity of the dipole part of the field, variations
in the direction of the dipole (dipole wobble) and variations in the non-dipole field. Later statistical
descriptions of palaecosecular variation have used present day properties of the field to constrain the model;
for example, McFadden et al. [1988] used the present day field to establish the general form of a VGP
dispersion curve, whilst Constable and Parker [1988] used the present day power spectrum as a constraint
on the palaeo-power spectrum. It is important to note that none of these models were based on any physical
theory: earlier models were based on the empirical observation that most of the power in the geomagnetic
field observed at the earth’s surface can be accounted for by a geocentric dipolar field structure, whilst

later models were based on statistical properties of the field.

Models A [Irving and Ward, 1964] and B [Creer et al., 1959; Creer, 1962] considered only dipole
wobble. Later models (model C [Cox, 1962], model D [Cox, 1970], model E [Baag and Helsley, 1974],
model M [McElhinny and Merrill, 1975] and its modification [Harrison, 1980], model F [McFadden and
McElhinny, 1984]) considered both dipole and non-dipole variations. These PSV models are defined by

a set of statistical parameters describing the random variations in the non-dipole field, the dipole wobble
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(typically described by assuming the VGP distribution produced by the wobble is Fisherian with a specified
angular dispersion) and the intensity variations. Many of the assumptions built into these models (e.g.,
the form of the dipole intensity variations [Cox, 1968]) are now known to be incorrect. Also important
is the way in which the dipole wobble and non-dipole/dipole intensity parts of PSV are combined. This
varies according to whether the total angular variance of the field directions or the VGPs is presumed to be
Fisherian. Most studies have modeled the dispersion in VGPs rather than field directions since firstly the
VGPs are generally assumed to have a more Fisherian distribution than the field directions, and secondly the
VGP dispersion due to dipole wobble is latitude invariant, simplifying the analyses. Finally, correlations
between the three sources of variations must be considered; e.g., model F assumes the non-dipole field
intensity increases with the latitudinal increase in intensity of the axial dipole field. In addition to the large
number of assumptions necessary in PSV models A, B, C, D, E, M and F the distinction between dipole

and non-dipole sources for PSV is purely mathematical rather than being based on physics.

Some of these concerns were recognised by McFadden et al. [1988] who put forward a different
representation of PSV. Their model G invokes a result from dynamo theory, in which under certain
conditions the solution to the magnetohydrodynamic equations results in a magnetic field consisting of 2
independent families — the dipole family and quadrupole family. If these two families are independent, the
total variance in the field is the sum of the variances due to the dipole family and the quadrupole family.
The general form of the dispersion in the VGPs was established using the present day field. It was found
that the dispersion due to the quadrupole family was constant with latitude, whereas the dispersion due to
the dipole family varied linearly with latitude up to a latitude of 70° . At the equator the contribution due
to the variance from the dipole family is zero. McFadden et al. [1988] used this form for VGP dispersion
to establish the dipole and quadrupole family contributions to SV over the last 5 Ma. McFadden et al.
[1991] extended this study back to 195 Ma, with plate motion corrections applied to data older than 5
Ma. Although this model is appealing because of its simplicity and possible interpretation in terms of a

particular class of dynamo models, it is not clear whether the assumptions on which it is based are valid.

An alternative statistical approach was presented by Constable and Parker [1988], who considered
the present day spatial geomagnetic power spectrum to be a realisation of a white noise process near the
CMB. Their description of PSV relies on the spherical harmonic representation of the geomagnetic field,
and allows the statistical variation in any palacomagnetic data type to be predicted. In the Constable and
Parker model all the non-dipole spherical harmonic coefficients (except for the axial quadrupole) of a given

degree are identically, independently distributed zero mean Gaussian variables with a variance determined
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by the white spectrum at the CMB. Physically this translates into temporal field variations with no average
longitudinal dependence and the variaﬁce in each of the local orthogonal components of the field vector
is independent of latitude. The dipole terms in the model have a lower variance than predicted using the
spectrum at the CMB, and the axial dipole term has an expected magnitude specified by its present day
value. The model also includes a non-zero mean axial quadrupole, in agreement with previous studies
[e.g., Wilson, 1971; Creer et al., 1973; Merrill and McElhinny, 1977; Livermore et al., 1983 Schneider
and Kent, 1990].

The Constable and Parker model [1988] illustrates a crucial assumption involved in modeling of
PSV, that of the structure of the time-averaged geomagnetic field. While it has been noted by several
investigators that the time-averaged field can be approximated by an offset axial dipole, many applications
of palacomagnetism (e.g., plate tectonics) rely on the assumption that over time the geomagnetic field can
be described by a geocentric axial dipole (the GAD hypothesis). Most PSV studies have also assumed
that the GAD hypothesis holds, so VGP dispersion is easily computed as the angular variance about the
geographic pole. This assumption has been justified by the fact that small perturbations in the mean pole
position have a very small effect on the calculated VGP dispersion [McFadden et al., 1988]. Recent
studies of reversal records [Tric et al., 1991; Clement et al., 1991; Laj et al., 1991] have suggested that
there may be structure in the geomagnetic field, other than the axial dipole and axial quadrupole terms,
with a longer timescale than PSV. The findings of these studies are currently under hot debate due to
uncertainties associated with the fidelity of the reversal records and the rather small number of records
available [Valet et al., 1992; Langereis et al., 1992; Laj et al., 1992; McFadden et al., 1993]; however, the
controversy surrounding the results is indicative of our lack of understanding of the long period temporal
variations in the field. It was suggested by Constable [1992] that the non-zonal field structure seen in
some reversal records is also observed in the palacosecular variation record. As we shall show, the new
database presented here does not support this claim, however the data do still appear to require non-zonal

structure in the time-averaged field.

The most recent PSV studies [McFadden et al., 1988, 1991; McFadden and McElhinny, 1984] have
used a database comprising solely igneous rocks compiled by Lee [1983]. This database is a compilation
of previous reported palacomagnetic work, particularly from the 1970s, which was edited to be suitable
for PSV studies. It comprises data spanning the last 195 million years. Studies of the time-averaged
field have used either sedimentary data alone [e.g., Opdyke and Henry, 1969; Schneider and Kent, 1990]

or combinations of sedimentary and igneous data [e.g., Wilson, 1971; Merrill and McElhinny, 1977,



Livermore et al., 1983,1984; Merrill et al., 1990].

Problems with Existing PSV Models

It can be seen that PSV studies are hindered by several factors, not least of all the current palacomag-
netic data distribution and our own preconceived notions concerning the behaviour of the geomagnetic
field both temporally and spatially. We have noted that several models are based on the rather arbitrary
separation of the field into dipole and non-dipole parts. Another model considers the secular variation to
be due to two (assumed) independent sources — the dipole and quadrupole families. The majority of PSV
studies have used VGP positions as the palacomagnetic observable. Intuitively this seems reasonable as
the major component of the field at the Earth’s surface is the dipole term and for a dipolar field it is simpler
to think in terms of the VGP positions rather than the field directions. However, the VGP representation is
also potentially confusing, especially for complex field structures, since the transformation between field
directions and VGP positions is non-linear. PSV dispersion analyses to date have assumed symmetry about
the equator, even though this is not true for the present day field and we will show that this assumption
does not hold for PSV data over the last 5 Ma. Dispersion calculations require some knowledge of the
time-averaged field structure, and although it is generally accepted that the time-averaged field cannot
be adequately described by an axial dipole term alone, the GAD hypothesis is still used in PSV studies.
References to the time-averaged field in the f)alaeomagnetic literature are often confusing, as the definition
of "time-averaged” is usually not rigorous, and varies from one study to another. In this paper we use the
term “time-averaged” to mean the average field direction at a particular site over a given time interval,

that is (B) = fttf B dt / (ty — t1). (B is the unit vector in the direction of the magnetic field at a given
location.) The evaluation of (3) at a particular site would be quite straight forward if we knew t; and to
and we had a good temporal distribution of data over this time interval. However, as noted at the beginning
of this paper, palacomagnetic studies rely on data which is unevenly distributed in time and space, and
so the estimation of (B) is a statistical problem. We assume that if we can make an estimate of the time
interval, to — 1, (discussion of this issue below), and if we have a sufficient temporal distribution of data
(see criteria 7-9 of section 2a) over this time interval, then we can approximate (B) by the average field di-
rection computed from our finite set of palacomagnetic directions. Obviously, this assumption can lead to
problems if the data do not adequately sample the palaeosecular variation of the field over the time interval
used for averaging. Another problem is that this uneven temporal sampling differs from one location to

another, and so our estimates of (B’) may be of variable reliability. This issue can be addressed somewhat

by careful data selection during the compilation phase, and by careful assignment of uncertainties to the
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estimated mean directions. We discuss this later in the context of the database presented here.

One problem encountered when we attempt to describe the time-averaged field is that we do not
have a good estimate for characteristic timescales of secular variation, and hence it is not clear over what
time period we need to examine the geomagnetic field to obtain a reliable average field model. In other
words, we do not know what ¢; and ¢, are in our definition of time-averaged. Ideally, we would like to
have a mathematical description for PSV based on physics, this model being supported by the available
data. Characteristic timescales of this model would provide a theoretical, rather than empirical basis for
establishing time windows over which we could obtain an estimate of the average field configuration,
given sufficient high quality data. Unfortunately, to date only empirical estimates for such characteristic
timescales are available, and often these estimates are based on few data. Conservative bounds on PSV
timescales can be obtained by looking at individual PSV records; e.g., , a power spectral analysis [Barton,
1983] of observatory, archaeomagnetic and sedimentary PSV data gave a broad peak in the spectrum over
periods of 10% — 104 years. Although some of the results of this analysis are artefacts due to the wide variety
of variable quality data used, the presence of the broad peak in the spectrum is supported by individual
lake sediment records. For example lake sediment records from Australia [Barton and McElhinny, 1981]
and Great Britain [Thompson and Turner, 1979] suggest that periods of at least a few thousand years
are necessary to obtain an estimate of the average field at these locations. These results provide some
constraints on the minimum period necessary to average out PSV; an upper limit on this time period is
suggested by the database presented here. Statistical testing suggests that the Brunhes (0 — 0.78 Ma) and
the remaining normal polarity data (0.78 — 5.0 Ma) do not exhibit statistically significant different average
field properties (Kolmogorov-Smirnov test, [Kendall and Stuart, 1979]). Details of the application of
this test to the new database are presented in another paper, specifically concerning the question of the
time-averaged field structure [Johnson and Constable, 1994]. The important result for our purposes here
is that we can place conservative bounds of 1,000 — 780,000 years on the time period which should be

sampled to obtain a good estimate of PSV and the time-averaged field.

Figure 1 illustrates at least two of the concerns mentioned above. Both the upper and lower figures
show the VGP dispersion for the palacosecular variation from lavas (PSVL) data used by McFadden et al.
[1988, 1991] and the best fit model (model G) to the data with 95% confidence limits. All VGP positions
are mapped into the northern hemisphere and the dispersion is averaged in latitude bands as described
in McFadden et al. [1991]. The GAD hypothesis was assumed and so VGP dispersion was calculated

about the geographic pole. The upper figure also shows the latitudinally averaged VGP dispersion for the
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new database presented in this paper, where the dispersion is calculated about the geographic pole. In the
lower figure the dispersion for the new database is calculated about the mean pole position for each group
of data as a crude way of estimating dispersion when the time-averaged field is not the GAD. This figure
illustrates the importance of the data coverage in PSV studies and the effect of the time-averaged field we

assume in the study.

DATABASE

Selection Criteria

The database presented in this paper contains palaecomagnetic directions tabulated in refereed journals
and which satisfy the following criteria: (1) only extrusives and thin intrusives (i.e.,thin dikes) were used;
(2) the individual magnetically cleaned flow directions must be published; (3) the reference from which the
data are taken was published during the period 1965 — 1992; (4) at least 3 samples per flow were taken in
the field; (5) the VGP latitude corresponding to each field direction must be at least 55° in magnitude; (6)
the estimate of the precision parameter must be greater than 30 for directions to be accepted as significant;
(7) there is sufficient information in the reference to establish temporal independence of the flows; (8)
temporal sampling from a given location must span at least 10,000 years; (9) require at least 5 flows

satisfying criteria (1) — (8) at any given location.

Extrusives and thin intrusives are required to ensure that the thermal remanence was acquifed instantly
on geological timescales, and the individual magnetically cleaned (to remove overprinting) flow data must
be published to obtain an estimate of the statistics of the temporal variation of the field at a given location.
Data published prior to 1965 were not included on the grounds that laboratory methods, specifically the

magnetic cleaning of samples, were less advanced and these data may be unreliable.

In any PSV study it is necessary to be able to estimate field and experimental uncertainties, so we
required at least 3 cores per flow to have been taken. Typically 2 — 8 cores per flow are taken during
palacomagnetic field work. Some studies have attempted to estimate the minimum number of samples
required to average out field measurement uncertainties e.g., Ellwood et al. [1973] estimated that the
largest number of samples per flow required to obtain a reliable mean direction was four. We found that
a high percentage of flows where only 2 samples were taken did not meet other selection criteria such as

the VGP latitude cut-off, and so we decided to exclude all 2 samples per flow data.

Low VGP latitudes may indicate unusual secular variation, but are also associated with excursions
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and reversals which are not considered part of the normal secular variation record. PSV studies generally
assume a cut-off VGP latitude of belween 45° and 60°; we used a value of 55° and flows with field
directions corresponding to VGP latitudes less than this were excluded from the database. Often, one
or two low latitude VGP data are reported from a series of flows which otherwise have palaeodirections
associated with high latitude VGPs. These low latitude VGPs are usually the result of field or laboratory
measurement errors, rather than being indicative of either a field excursion or anomalously high secular
variation. In such cases we found that VGP latitude data in the range 45° — 55° often failed other selection
criteria. On the other hand, several low latitude VGPs from one site may indicate high secular variation
or an excursion. We used a VGP cut-off of 55° in order to try to ensure that estimates of secular variation
from this database would be conservative rather than anomalously high due to the inclusion of excursion
data. Previous secular variation models have suggested that VGP dispersion at high latitude sites can be as
large as 20° — 25°, thus our choice of a 55° cut-off for VGP latitude is intended to include normal secular

variation data from high latitudes.

The Fisherian precision parameter provides information on whether a given set of directions are
statistically different from a random population, a precision parameter of zero indicating a completely
random population. Thus for each flow we would expect the set of directional measurements, corresponding
to the cores from that flow, to have a high precision parameter, assuming correct orientation of the samples
and reliable laboratory techniques. Choosing a cut-off value for the precision parameter is somewhat ad
hoc - we used a value of 30, with a few exceptions where many records counteracted the lower quality
of some of the contributing data. Obviously, reliable estimates of secular variation require sufficient
data spanning the longest timescales of the variation and criteria (7) — (9) represent an attempt to ensure
adequate sampling. Of all the criteria, (7) and (8) are the most difficult to enforce as they are subjective
and dependent on age dating of the flows and/or good geological descriptions of the study areas in the

original reference.

Data Sources

The data sources uéed to obtain the references for this compilation were the Lee database [1983], the
Global Paleomagnetic Database (GPMDB) [Lock and McElhinny, 1991], and additional library search by
the authors for post-1988 data. The final data set comprises 2187 records from 104 distinct locations —
1528 normal polarity records and 659 reverse polarity records. Of the 2187 records only 1272 were taken

from the original Lee database, which comprises 2244 records in its original form. The severe editing of
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the Lee database was largely a result of the presence of many records (323) consisting of fewer than 3
samples per flow. After consulting the original references we also decided that in some cases there was
insufficient information to determine whether the flows sampled were temporally independent or whether
they covered a sufficiently long time span to provide a good estimate of secular variation. A few records
in the Lee database had VGPs with latitudes less than 55°, others had values of the precision parameter
which we considered unacceptably low, or the precision parameter could not be estimated. 729 records
were added from references in the GPMDB but not in the Lee database. Another 186 records were added
which were not referenced in either the Lee database or the GPMDB. Relevant details of the individual

studies contributing to the database are given in the appendix. The study locations are shown in figure 2.

Local Properties of the Database

Prior to considering global properties of the palaeofield and PSV we mention some local properties of
the field observed in the new database. Mean declinations, inclinations, VGP positions and the associated
95% confidence cones [ Fisher, 1953] are given in table 1 for the normal and reverse polarity data separately.
Note that these VGP positions, with their 95% confidence cones are plotted in the figures in the appendix.
First, we observe that all but 10 of the data groups have 95% confidence cones of less than 10°, and 8 of
these 10 locations have less than 10 flows contributing to the estimate of the mean direction. Based on the
selection criteria we had no reason for excluding these sites with rather poorly constrained mean directions:
it is important to note that other sites with less than 10 flows do have a well-constrained mean direction.
However, these sites are noted here as a reminder that they should be considered carefully in any global
analyses. Second, we note that the 95% confidence cones about the mean direction are in most cases much
less than our estimates for secular variation (described in the next section). This is important because it
implies that our secular variation estimates should be reasonably robust with respect to the mean direction
at a given location. Third, we can see from table 1 that there are some large differences (10° — 15°) in the
mean directions calculated for neighbouring sites. In most of these cases the 95% confidence cones about
the mean directions intersect. In a few cases neighbouring mean directions do appear to be significantly
different and this may indicate that the palacomagnetic sampling at one or both sites is insufficient (in a
temporal sense) to obtain a reliable estimate of PSV and the mean field direction at that location. Again,

these cases should be treated with care in global analyses.
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Availability

The database itself is available on-line, subdivided according to geographical region and normal or
reverse polarity. A “README” file provides file format details. The data can be obtained from the authors
by anonymous ftp as follows:

% ftp 132.239.154.12

% login: anonymous

% password: username @usermachine
> cd pub/pmag5

> mget *

> quit

PALAEOSECULAR VARIATION

Previous PSV models and the data used in these models were discussed in the introduction. Several
concerns were raised which fall into four main categories: data distribution, quality control of data, the
structure of the time-averaged field and problems associated with using VGP positions. In this section we
review various statistical properties of the revised database, especially those which highlight one or more
of the four major concerns outlined above. We compare properties of the database with the Constable and
Parker [1988] model as it is the most recent global PSV model and is constructed in a manner which allows
us to distinguish between the effect of long-period bias and temporal variability in the data. This section
presents some global properties of the database, as opposed to local features described in the previous

section.

Data Distributions

VGP latitude and longitude distributions for the revised data set are given in Figures 3 and 4 together
with the smoothed predictions of the Constable and Parker [1988] model at the database site locations.

Reverse polarity VGP positions are mapped into the antipodal pole position.

The Constable and Parker [1988] model fits the general shape of the combined polarity VGP latitude
distribution (Figure 3), with the exception of the low latitude VGP data. The fit of the model to the normal
polarity data alone is similar, but the model does not predict even the general shape of the reverse polarity

data distribution: the mode for the model is about 5° greater than for the data, the variance in the model
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distribution is too low and the low latitude VGPs in the data distribution are not modeled. The main
signal common to all the VGP latitude distributions is the location of the mode at around 80° latitude. As
discussed earlier several previous studies have suggested that the time-averaged geomagnetic field has a
non-zero mean axial quadrupole componenf, causing a “far-sided” effect in VGP locations (the VGP plots
on the other side of the geographic pole from the site location). Obviously, VGP latitude distributions alone
cannot distinguish between a “far-sided” and a “near-sided” effect; however, the distributions in Figure 3
coupled with Figure 4 and the VGP stereo plots shown in the appendix do indicate that the strongest signal
in the time-averaged field is the “far-sided” effect. Figure 3 also suggests that there may be differences
between the average field during normal and reverse polarities. Such a difference has been suggested by
other workers, but using other datasets, e.g., Schneider and Kent [1990] proposed different average field
configurations for normal and reverse fields based only on inclination data from deep sea cores. Direct
comparisons between such studies are difficult since different datasets have different abilities to resolve

temporal and spatial structure in the field.

Differences between the normal and reverse polarity data are also seen in the VGP longitude distri-
butions (Figure 4). The combined polarity distribution shows peaks at longitudes of 70° and 125° and
a trough at 150° but is otherwise fairly homogeneous with longitude. The peak at 70° is due to both
reverse and normal polarity data, that at 125° is due primarily to the normal polarity data. It is evident that
the Constable and Parker model [1988] predicts the general shape of the longitude distributions, but is
unable to predict the amplitude ;f the distribution peaks. We attribute part of this discrepancy in the VGP
longitude distributions to having insufficient data from a statistical sampling standpoint. The VGP latitude
distributions (Figure 3) are mapped onto a 35° interval, whereas the VGP longitude distributions (Figure 4)
span 360°. This effect is particularly noticeable in the model predictions. The model distributions for VGP
latitudes are much smoother than those for the VGP longitudes indicating that the current data distribution
is still not ideal for investigating longitudinal spatial field variations. The general homogeneity seen in the
VGP longitude distribution for normal and reverse polarity data combined is in general agreement with that
obtained by Quidelleur et al. [in press] in an independent revision of the Lee database, although their final
database differs from that presented here because of the different selection criteria used. The distribution
of VGP longitudes for both this new revised database and that of Quidelleur et al. is significantly different
from that reported by Constable [1992]. Implications of this are discussed briefly in the summary section
of this paper and in a separate paper concerning the structure of the time-averaged field [Johnson and
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