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‘Respdmise ; .

allows a mean estimated palaco-adivs to be caleulated and standard statistical estimates of 7 o7 palatomagnetic data fo Larik expansion 91
probable errors to be determined from the assumption that the mean values of Ry /R p, being
averages of many observations, are approximately nommally distributed. Van Andel &
Hospers (1968) and McElhinny ef el (1978) have published analyses of palaeo-radius
estimations with confidence intervals such that all expansion hypotheses appear to be ruled
out, at least since the Late Palacozoie.

2 Crustal extension and the ‘orange peel effect’

The question arises whether the null expansicn result is not a consequence of the
assumptions of Ward’s model violating reality. 1t is clear, for example, that a continental .
block cannot simultanecusly prescrve total surface area, inter-site distances and inter-site *
~angles whilst adjusting to the changing curvature of an expanding Earth. Carey (1976, ¥
p. 194) has elaborated this point and concluded that the obtained result is to be expected . J
purgiy from the inadequacies of the model: “As all the parameters assumed to be constant «
vary with the radius, at a rate which increases rapidly as the size of the triangle increases, the -
minimum scatter inevitably occurs with the least change from this base radius {R) in which
R, /R=1. This indeed is what everyone has found who has used the method, and as-
everyone will find who uses the method in futurs. This predictable result has nothing to do B
with the former radius of the Earth’.
In a framework of a hierarchy of polygons, Carey (1976) envisages adjustments during
expansion being accommodated between polygons oa all fevels, with the first order polygons
increasing their dimensions predominantly through sea-floor spreading, He asserts {p. 194) .k
that ‘aithough intrinsically quite simple, and indeed predictable, the real-earth trams
formation is not simple mathematically’.
We believe that Carey’s argument is cogent encugh to necessitate some quantitative
estimates of the cffects of departures of Ward’s model from a physically realistic adjustment

Figure 1, Cr i i i i i

Shwn.k.a u.maouwm.mwmﬁn%h wuﬂﬂﬁsm mm%._.:az._na, relationships of test parameters (84, Ry) to present parameters
Enmnw_moum M S et mnn_n% 1a Em..ﬁ and %". are pzlacomagnetic pole positions from patacomagnetic
Dilnations ot e n__ 4 R Homunn.»:aﬁ... P, Is the palacomagnetic pole from the recalculated site 5!
. radius Ry. §, , for simplicity, is taken as the point of zero strain expanding radially :

. T m m Hm.H_H Umn P. Y
. “_H= mewwb.nnv\ Hm H HH._.H n mvnm.Zo: ___m.m ﬁNWﬂH_ “_.m.nﬂ ven the o &a
- ”“Hﬂgwm.:.nm.H m.Hmm.wv. tl W mw. _UMOHJ..OQ Near constanc, O._h.'

t H_HHW mbm_.m.m.“_. Q_.mﬁ.ﬂHmﬂ.Om Uﬂﬁﬁ_wmﬂ the pole po ons ¢ u m.ﬂﬂnw W o]
OH
o ﬁ sitions cale H .m.HOHD the t o sites on the

b.vummlmunmnﬁ -38)(1 lhm\hﬂv. 2)
-Note that pure radial dispersi ites irmpli
. persion of sit ili ion si
bplios Ap = 0 for 21 Al sites implies undetectability of expansion since § = 1
m.o MM_HMMN wwm Emwmnﬁ angular separation of the two sites, Ward's method recalculates the site
palaeomagnetic poles for z test radius R,. The new
. . : m.u i -
8y and the corresponding difference in pole positions Dnn. are given Ewiﬁ seperstion of dies

of a continent to expansion. Two processes: should serve to illustrate the continuum of ; 3
adjustments which could take place: crustal extension by dyke injection or jointing leading | "=Ap — (B - 6p) =0, (1 — [Ry +8 (R, ~ R, /Ry @
to an increase in intersite distance; and the so-called ‘orange peel effect’, where flattening v, * P a t- 4
of the coatinent as the radius increases and curvature decroases tends to produce radial Bp =0 for Ry =R, +8(Rp ~R,) )

tears and 2 consequent change in intex-site angular separation. Empirical limits can be placed
on the magnitude of these effects from the observation that the continents have not signifi-
cantly changed in size or shape since the Palacozoic as evidenced by the success of
reconstructions using present shape continents.

An idea of the effect of crustal extension: on Ward’s analysis can be obtained by con-
sidering the special case of two siteson a palaeo-meridian, one which expands along a radius
(Ward’s point of zero strain} and the other which retreats somewhat from the first by
extension (Fig. 1). Denote the angle subtended by the sites at the centre of the Earth in the
past and at present by f, and &, respectively, the palaco- and present radius by Ry and R,
respectively, past and present site separations by §q, Sp respectively, and define a crustal
extension parameter § by

5 :.E_M“M“ M.MM MMMMMﬁoH. %.Emnm oxﬁwwbmmwb {3 > 0) is to bias palaco-radius estimates upwards
. radius, but the effect is small for reasonabl i
TR Prosent x : onable values of 8. If we consider
 Rp/Ry=1.25, which is the order of expansion envisaged b L

e oot e order : aged by Carey since the Permian, and
i inter-site distance which corresponds to § =0.2 (f i

: . =0.2 (from
ﬁwﬂMaﬂpa Mﬂﬂ:ﬁﬁ.ﬂ palaco-radius from equation (5) is B, uH.ommnnw.f%ﬂﬂ%ﬂﬁ%w
garding the nominal 5 per cent increase in interssite distance, the v&mmo.ﬁam.:m is over-

Bwﬁrwm.aﬂﬁmumﬁ _<mEmm of Ry/R, as low as 0.84 have not been found to be the most likely
4 ing’ ard’s method strongly suggests that crustal extension alone cannot explain th
“2:null expansion result, e
mnﬁw Mmo,w EB. to the Hmcm.unm of the ‘orange peel effect’ on the dispersion of poles de-

rom sites on a continental block, Consider a continent in the form of a spherical

1 8, -5 .
el S Uk cap when the rock units at the various sites were formed. A central point of the continent

1 — 8,0,
IR R, 6. Ry—Rs

§=1

Mm Mmﬁ, no*o.a_.hmmmm with this central point as the pole. As the Earth expands the linear
- MMM %M. WM%M& m.muH the n%%& point stay fixed (according to the model), whilst the
itude migrate radially away from this poi 1 :
. point. Ward assumes that the sit
Hon.m_ﬁ:n_om measured from the central point remain constant. However, this is »:oc:%m:_wmm

§ =0 corresponds to constant intersite distance (Ward’s model) and & = 1 corresponds 10
pure racial dispersion of the sites, i.c. the continent has stretched such that the geocentris
angle belween sites is invariant, inler-site distance is proportional to the Earth’s radius (an

M
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Summary. Advantages of using the mode in analysis of palacomagnetic
vectors are discussed, and & computer technique is described for contouring
and precisely iocating the modes of vector distributions that may be highly
skewed. In contrast to conventional determinations of the mode, unit vectors
from a given data set are treated not as discrete points, but as identical
Fisherian probability density functions defined (at an angle § from the unit
vector) by: p = exp [sk(cos & — 1)], where & is the estimate of the Fisherian
concentration parameter, and s is an arbitrarily assigned ‘smoothing para-
meter’. A grid, representing the cumulative probability distribution of the
totz] sample of vectors, is contoured to provide a graphical display of the
distribution around the most probable value, the mode. By repeatedly
contouring the same sample of vectors with successively larger values of s,
and by treating the mode as a vector with length giver by the total
probability value at the mode, ‘progressive modal diagrams’ can be con-
structed, to aid in determining the stable position of the mode of skewed
, distributions, In addition, a new statistic, ‘fes is suggested as an error
estimator for the mode. The statistic fos is derived from the largest subset
of the total sample that has a mean identical with the mode of the total
sample; this statistic is defined as the Fisherian half-angle of the cone of 95
per cent confidence for the mean of this subset,

Introduction

Accurate determination of palaecmagnetic directions and poles is becoming increasingly
jmportant in regional and global tectonic syntheses and in stratigraphic correlation and age
determination. Although the usual procedure for calculating these directions and poles has '

been to use statistical methods developed by Fisher (1953) and refined by Watson (1956a,

1956b, 1960, 1961, 1962, 1965, 1966) and Watson & Irving (1957), these methods assume
aiparticular model of dispersion on a sphere roughly analogous to a two-dimensional,
Gaussian (normal} distribution. Commonly, however, palaeomagnetists are confronted by
distributions of vectors that are not symmetric about the mean. In these instances,



