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SUMMARY .,

A brief review of the subject of palasomagnetism
as 1t affects the study of the behaviour of the eartg‘s
magnetic fleld and the problems of Continental Drift and
Polar Wandér 1s presented, giving the reasons why a system-
atic palaeomégpetic study of the Cape and Karroo 3Jystems
of Sogth Africa would be of outstanding significance, This
fask was vigorously tackled by sampling the Karroo System
at vertilcal intervals of approximately 50 ft, in two
separate areas, using the techniques that were then avail-
able, The results, although negative, provide material
for a discussion of the possible reasons for the'scattered
directions of magnetization of the samples,

A palaeomagnetic study of the Karroo dolerites
was undertaken in an attempt to (1) determine’the position
of the geomagnetic pole at the time of the intrusions, and
(11) possibly assess the importance of the remagnetization
of Karréo sediments by the thermal effects of the younger
intrusions. Samples from‘surfacebexposures in the
eastern half of South Africa, from the shafts of a goid
mine and from a railway tunnel were collected and studied,
giving a reliable meanvdirectign of magnetization of the
Karroo dolerites of Declinatlon = 341°, ‘Inclination = -60°.

At the commencement of the Jurassic period the geomagnetic

pole relative to Southern Africa had the present day
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co-ordinates of Longitude 743%E, ILatitude 70°S, Both
normally and reversely magnetlized dolerites were found and
evidence in favour of a true reversal of the earth's magnetic
field.1is advanced, It 1s also éuggested that in the area
studied, the d&lerite was Intruded in two distinect phases ,
Because the direction of mégnetization of the

Karroo dolerites 1s very close to that of the presehﬁ
‘magnetic field, it is difficult to separate samples
remagnetizad at the time of the intrusions from those
remagnetized in the present field, However, some light is
thrownwog thg problem of the scattered directions of
magnetlzation of. the Karroo sediments by the fact that
dolérite‘samples collected from surface exposures are much
1ess'cbnsistently magnetized than those from underground
workings.‘ |

A reconnalssance collection of samples from the
Cape §y§t9m was made but the directions of magnetization
were again scattered, In order to test the theory that
this scéttering is related to the daily thermal or thermo-
streés cyeling of the uppermost few incheé of an outcrop,
new and imprdved drilling and orienting equipment was
designed and constructed, and the Lower Shales of the
Table‘Mountain[Seriés were sampled and studied in great |
deﬁail. - It 1s shown that the "sﬁrface effect" 1is operative
to greater depths than had been thought. and that the rock
exposed on the natural mountain-side has been remagnetized

in various directions by some local agency, In contrast,
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the rock exposed In a deép road cutting has not been simil-
arly affedted and a bed of red siltstone aboﬁt two feet
thick is conslstently magnetized over the 100 ft, sampled
and probably reflects the directlon of the fleld at, or
soon after, depositlon, The mean direction of.
magnotization is D = 161.8°2, 1 = ;5.5° and the
geomagnetic pole at this time (probably Silurian) would have
the present day co-ordinates of Longitude lO.QOW,
Latitude 50,3°W,

The problem of scattered.directions of magnetiz=
atlon of surface samples bars the progress of palaeo-
magnetic investigation in South Africa, Acdordingly, a
detailed study of a certain outcrop that was known to be
randomly magnetized was undertaken, Twenty cores, three
or six feet long, were drllled from this outcrop by means
of the above mentioned rig; The pattern of magnetization
that emerged suggested qualitatively that a large electrical
current could have been responsible for the remagnetization
of this outcrop. Apparatus was specially designed or
develpped by the author in order to perform certaln laborat-
ory experiments which lead tova quantitative proof that two
horizontalrlightning currents, one of 5,000 amps, and one
of 50,000 amps. were responsible for the peculiar observat-
ions,

Tt is shown that the remagnetization of surface
outecrops by currents associated with lightning discharges

is probably common, The slgnificance of this hazard in



palaeomagnetic studies is discussed and ways of avoiding

or eliminating its effects are suggested. ~On this basis

a programme for palaeomagnetic research in Sbuth Africa

is suggested and the preliminary results of new attempts

to study the remanent magnetism of the Xarroo

System are presented to show that at least some of the ~

ma jor problems of palaeomagnetic research in South Africa

have been splved.
The followling papers based on the above work
have been published:-

1) Grahem, X, W, T, and Iales, A,L,, 1997, "Palaeomagnetic
measurements on Karroo dolerites,” Phil, Mag. Suppl,,
Vol.éé pt .22, pPpr. 149, |

2) Gréham, K.W.T, and Keiller, J,A., 1950. "A portable
drill rig for producing short oriented cores,™
Trans, Geol. Soc. S.A, |

In press: |

i) Graham, K, W,T, and Hales, A,L, "Preliminary palaeo-
magngﬁic measurements on Silurian sediments from South
Afriqgf" (Geophys, Journ,)

2) Graham, K., W,T, The remagnetization of a surface

outcrop by lightning currents,” (Geophys. Journ,)



CHAPTER 1,

INTRODUCT ION,

1, The purposc of palacomagnetic studies,

Since the first magnets to bevrecognised as
such were pieces of highly magnetic natural rock, it may
be said that the study of rock magnetism is as old as the
study of magnetism itself, Although the discovery and
production of iron and steel magnets largely diverted
attention away from natural materials, by the beginning
of the 20th century a fair amount was lknown about the
'magnetic propgrties of rocks, This study of "Rock Magnetism"
was further extended by varilous ﬁorkérs and particularly
by Ksnigsberger in the 1930!'s, Shortly after World war ITI
the development of apparatus sufficiently sensitive to
measure the direction and intensity of magnetization of
common, weakly magnetized rocks resulted in the birth of
"Palaeomagnetism", a branch of the study of rock magnetism
dealing primarily with the Natural Remanent lMagnetism
(N.R,M,) of rocks, |

It is considered unnecessary to present a
comprehensive review of the subject of palaeomagnetism
prior to 1955 in view of the fact that in April of that
year Runcorn (1955) published a most extensive review of
the éubject. However, 1t might be of interest to mentlon

some of the major points which prescribed the course of our
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ihvestigations.

Palaeomagnetism can and has been viewed from
different angles by people with different interests, The
problems on ﬁhich palaeomagnetism may possibly throw some
light include:-

1) The hisﬁory of éhe earth's magnetic field.

2) The extent to which "Continental Drift" has taken.place.

3) The extent of "Polar Wander",

4) The origin of the earth's magnetic field.

5) Geological structure problems, such as the original

attitude of igneous bodies,

6) Geological correlation of unfossiliferous formations,

7) The orientation of bore cores,

The work described in this thesls is almost
entirely connected with attempts to obtailn information
relevent to problems 1), 2) and 3), The usefulness of
palaseomagnetism for these purposes depends upon two
fundamental hypotheses:

(1) Many rocks hecome magnetized at the time of thelr
formation by, and in the'direction of, the geomagnetic
field at that time,

(ii) The geomagnetic pole, averaged over any period of
several thousand years is co-incident with the axis
of rotation of the earth during that period.

_ These hypotheses willl be discussed in slightly

greater detail,



Hypothesis (1)

Nagata (1953) and others have shown experiment-
ally that_igneous rocks cooling through thelr Curie Point
may acquire a relatively strong and stable T ,R,M, (thermo-
remanent magnetization) in the direction of the applied
field, 7éel (1955) explained on theoretical grounds
why & magnetic mineral passes from a state of low coercive
force to one of higher coercive force at the Curie Point,
Most rocks contain more than one magnetic mineral, each
with its own characteristic Curie Point, The most common
magnetic minerals are magnetite (Fé5o4, Curie Point 57500),

the titano magnetites and hematite (Fe.O Curie Point :

3)

675°0) ,
Johnson, Murphy and Torrekson (1948),.
King (1955) and lately Griffiths, King and Wright (1957)
have shown that during the process of sedimentation the
magnetic particles can statistically orient themselves
parallel to the applied field. Dateable varved clays from
New England and from Sweden are magnetized in directions
consistent with nistoric records of the secular variation
of the earth!s magnetic field, Some small systematic
errors in inclination mey result from the rolling of
magnetic grains to fit into the nearest valley in the
depositional surface, (Griffiths, 1957). Clegg, Almond
and Stubbs (1954) have shown that in uncompacted sediment

containing more than about 50% water, the magnetic grains



are still free enough to align themselves with the applied
field, Trving (1954) demonstrated that in the case of
certain Torridonian Sandstones, the magnetization was
acquired after some mud-slumps had occurred,

' Unfortunately many rocks do not retain the
magnetism acquired at their birth, Nagata (1953),
Runcorn (1955), Néel (1955) and others discuss the growth
of Isothermal Remanent Magnetization (I ,R.M,) in rocks at
ordinary temperatures in fields which may be different
from the geomagnetic fleld at the time of the formation
of the rocks, Néel (1955) showed that grains of diameter

less than the critical value D, at temperature T will be

T
unstable, Those whose diameters are larger willl be stable,
Creer (1954) developed the conqept of a time

constant associated with the growth and decay of I ,R,M. and

showed that rocks with a short time constant will appear

s e

elther to be randomly megnetized or tc be mag netlzed An thi*”
direction of the present field of the carth, Those wi%?f*
a 1Qnger time constant will be magnetized in the direction
of the dipole field,
Cox (1957), Creer (1959) and especlally
As and Z7Zijderveld (1958) have shown that in many cases
I.R.M, can be removed by magnetic cleaning using heat
and/or A,C, filelds,
Néel (1958) provides some theoretical basis

for these "cleaning" techniques by showing that the

coercive force of I, ,R,M, should be much lower than that



of T.R,M,

Other factors which are thought to be capable
of altering or destroylng the original magnetizatlon of a
rock include lightning (see Chapter é)' chemical processes
including wedthering‘(Doell, 1957), and possibly stress
resulting in a magnetostrictive effect, (Graham,
Buddingfon and Baldey, 1957).

| Obviously one of the greatest problems in
practical palasomagnetism is to distinguish between
magnetically stable and unstable rocks, Once this has
been done, the unstable samples may simply be discarded or
an abttempt may be made to identify the cause of the
instability and remove or avoid it if possible, Numerous
laboratbry tests have been designed and used in an attempt
to establish the stability or otherwise of specimens,
Determinations of Curie Point, Konigsberger ratio, coercive
force and the effects of D,C, and A,C, fields have all
been used with varying degrees of success (Nagata and
others =~ see Nagaba, 1955, and Nagéta et. al., 1957a and b,
Graham, 195':3, Kawai 1954, Creer 1954, Gough 1056, Graham and
Hales 1957). However, very rarely can positive proof of
stability be obtained by these methods,

Consistency of magnetizatlon over large areas
of contemporaneous rock, particularly 1f the direction of
magnetization 1s far from that of the present geomagnetic
field or'the dipole field, is strongly indicative of

stability (Runcorn 1955, Gough 1956).
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J.,W, Graham (1949) showed that positive proof
of stability over long periods bf time can be obtained by
comparing the directions of magnetization of a folded
sediment referred to the vertical, with thosec referred %o
the bedding'planes. Considerable improvement in grouping
‘should be cobtained by "unfolding" the bed. The
"Conglomerate" test proposed by J,W. Graham may be
less reliable in view of the possible effects of lightning
currents (see Chapter é). |

Hypothesis (i1)

The magnetic field of the earth approximates
to that of a geocentric magnetic dipole with secular
variation superimposed upon it, In either the "Dynamo
theory" or the "Thermo-electric theory" (discussed by h
Runcorn, 1955) these filelds appear to be controlled'largely
by the Coriolis force and are therefore related to the
axis of rotation of the earth, Averaged over a period of
several thousand years, the magnetic pole should be
coincident with the geographic pole, Important work in
verifying this hypothesis for the Quarternary has been done
by Johhson, Murphy and Torrekson (1948), Griffith (1955)
and HOSpefs (1955). However Hospers 1in particular
.observed rocks magnetized 1In a direction very close to
that of the present field, except that the sense of the

magnetic field is reversed,
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2. The problem of reversals,

Throughout the Geologicgl column both igneous
and sedimentéry rocks have béen found wiﬁh polarisatilons
of a sense opposité to that of the prosent field, (Hospers
1953, 1954; Hospers and Charlesworth, 1954; Campbell and
Runcorn, 1955; Irving, 1954; Graham, 1955; .Clegg? Almond
and Stubbs,'1954; Creer, 1954; Graham and Haleé, 1957; |
and many others). Frequently, as in the case of the
Icelandic lavas, the Columbia River basalts and the
Torridonian Sandstones,.these reversais'occﬁr in zones
alternating with zones of norﬁallyvmagnetized‘rocks. This
phenomenon may be interpreted in two differént ways, ThQ
sense of the earth'svmagngtic field may have reversed on
numerous occasions in the past and these rocks have been
magnetized during such periods of reversal, Alternatively,
the rock itself is capable of becoming magnetized in a
sense opposite to that of the applied field,
The latter possibility was suggested by

J,W,.Graham in a letter to Néel who then showed, on
fheoretical groﬁnds, that such "Reversals" could be
producéd by four differenﬁ mechanisms (Néel, 1955),
(I) a) Due to exsolution, a magnetic mineral may form two

interleaved sub-~lattices A and B, In the case of

+++

magnetite (Ferl.nTi 0,) the A lattice contains Fe

3w Tm 4)



(17)
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-+

* and Fe+ . The spin'

only while B contains Fett

exchange forces between the lattices are much stronger

- than within either lattice, and are of opposite sign in

+++
the two lattices, In the case of magnetite the Fe+

of A balances out the rFettt

of the B lattice leaving
only the effect of the Fe’T of the B lattice, However,
since substitutions by other cations may occur,

elther lattice ma.y predominate.. The spontaneous
magnetization:bf the two lattices may vary differently
with temperature so that Jjust below the Curile Point

say B‘may predominate'and will be parallei to the

applied fiéld.' At a lower temperature A may predomin-

ate and will therefore be reversed,

b) The spontaneous magneﬁization of A may be greater
than that of B at all temperatures, so that no reversal
will occur on cooling. However, should physical

or chemical changes weaken A more than B, a reversal
ma-y occuf in time,

a) In an intlimate mixture of two ferromagnetic

substances A and B, A may have a higher Curie Polnt butb

a lower intensity of magnetization than B, A would
be magnetized first and would be paréllel to the field,
At the Curile Point-of B the field as seecn by B would

be the sum of the applied field and the fleld due to

A, ‘Under certain circumstances the field of A could
be gréater than the applied fileld and B would be

magnetized in the reverse sense. Since the intensity



of magnetization of B is greater than that of A, the
rock as a whole would show reversed magnetization,

b) Should the grains of type B of the above example
(ITa) not, in fact, have the greater intensity of
magnetization then there would be no reversal on
cooling However, physical or chemical procssses
could destroy A in preferencce to B, causing'airevcrsal
of the‘sense of magnetization, This could occur in
sediments as well as in igneccﬁArpcks;“*'

Nagata has foundva‘rockiﬁhich;1When ccoled
through its Curie Point, compliss with the requirements of
(IIa) , causing a reversal, Asami (1956) has found
blocks of normally and reversely magnetized basalt occurring
side by side in the same flow ahd electron microscopic

studles have revealed just the kind of intergrowths in the

Lt
[P

magnetle material of some basalts nccessary for_ﬁhc;Nécl
mechanisms (llagata et.al,, 19854},

There can be no doubt that under certain
circumstances rocks can become polariscd in a sense
opposite to that of the applied rield, The only debatable
point is whether or not these circumstances are vcrj
special ones that occur only rarely. Unfortunately 1t 1is
not possidle to gain positive evidence from routine
heating experiments because of the possible alteration of
- the intimate exsolution relationships in the magnetic

minerals (Runcorn, 1955),
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Balsley and Buddington (1954) have shown that
a close correlatlon exists between the sense of magnetization
and the chemical composition of the magnetic minerals of the
metamorphic rocks of the Adriondeeks, Runcorn (1955)
suggests that these rocks acquired a T,R,M., when the
earthts fleld was reversed, Those containing only the
highly stable but weakly magnetic hematite preserved the
reversed magnetization, In those eontalning a large
proportlion of the less stable but more strongly magnetic
-megnetite this direetlon may have been swamped by IR, M.
acduired in recent times, However, Uyeda (1958) shows that
- for the ilmenite-hematite solid solution series
xFeTids(l-x) Fezos reversed T,R,M. dug to a type of
exchange interaction between co~;xisting ferrimagnetie and
pérasipically ferromaghetic phases 1s eharaeteristie of
the ecomposition range 0.45< x <io.64. Another type of
"imperfect reversed T,R,M," in the range x& 0,1 may
explain the features described by Balsley and Buddington,

Theoretiﬁally there seems to be no eonnection
between the sense of ﬁhe geomagnetie field and the direetion
of rotatlon of the earth, Should the fleld die dowh it
could be revifgd in either sense (Runcorn, 1953).

The widespread occurrence of reversals, sometimes
in zones which appear to be continuous over large horizontal
distances, 1s strongly suggestive of reversals of the

geomagnetie field, Both Hospers and Roche (see Runcorn, 1955)



have found instances where intruslons or extrusions of
reversely magnetlzed rocks have baked adjacent normally
magnetized sediments or lavas,  In the contact zones the
rock has become reversely magnetized, Similar but somewhat
nore vague observations are presented in Chapter 3, It is
extremely difficﬁlt to see how any of Neclts self reversal
mechanisms could apply equally on both sides of the contact,
especially if the other rock is a sediment,

. On these grounds it seems highly probable that
ét least some of the observed reversals are duc to reversals
of the earth's field, Runcorn (1955 p,281) suggests three

conclusive tests between the two hypotheses:-

(1) Detween zones of reversals one ought‘to find a
zone in which the direction actually turns round.

(2) Zonos that are sufficiently large shbuld be
ldentifiable over large arcas and should be
consistently magnetized,:

(3) There should be no systematic difference in the
chemical or physical propertics of thc magnetic

.materials of reverscly and normally magnetized
rocks,
The virtually continuous sedimentary succession
of the Cape and Karroo Systems (which are briefly
described below) seems to provide the 1deal testing ground
for these criteria, since 1t represents apparently continuous

deposition from the Silurian to the Jurassic, It would be
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most interesting to be able to compare the pattern of the
zones of reversals from sSeveral widely separated traverse
lines, each covering the whole succession but each, due to
facles changes, slightly different petrographically.
One should be able to demonstrate conclusively which of

the two mechanisms operates most commonly in nature,

3., Continental Drift wversus Polar Wandsr,

By the beginning of 1955 abundant data showed

that the mean magnetic pole and, accepting Hypothesis (ii},
the geographlc pole had not always occupied the same position
relative to Europe or America as 1t does today, Creer
(1954) had already published a map showing the various
positions occupied by the pole during the geological past,
joined by a relatively simple curve, The differences |
between contemporaneous pole positions as determined in
America and Europe were thought to be insignificant and
Runcorn (1955) regarded them as beilng due elther to
experimental error or to 1naccurats dating. TIf the latter
were true the? the_curvé described by the.pole would have
to bé eitremely:complicated.

- With the exception of Irving's work (Irving, 1954)
on the Torridonian sandstones the geological column had
only been sampled in small, isolated patches, No attempt had
been made to follow the pole 1n detaill during the Mesozoic
or Palaceozoic, I7 one 1s not to be confused by rapid

excursions (much slower than secular varilation) of the

pole from a mean path then it becomes lmperative that the



17

path of the pole be traced out in detall, Only then
would one be able to say with any certainty whether Contin-
ental Drift had or had not taken place,
If, in fact, Qontinental Drift has taken
place (together with conslderable Polar Vrander) then 1t

e

would be extremely interesting to attempt to trace the
relative movements of continents by means of Palacomagnetism,
From any single palaeomagnetic determination one can

calculate the latitude of the point of observation at the

time of magnetization from the formula
Cot p = % Tan I

where p is the co-latitude of the point of observation at
the time of magnetization and I is the observed palaeo-
magnetic Inclination. The direction of the pole relative
to the present N-S line on a continent at any one time 1is
given by D, the observed palaecomagnetic Declination,
However, the longitude .of the continent 1s Indeterminate,
Thus the relative positions of two contin-

ents during any geological perilod cannot be deduced from a
single observation on each continent, even if the samples
used are of exactly the same age,

One might be able tc trace out in detail the
apparent pole path as seen by the two continents for a period
of time sufficiently short to exclude appreciable Contin-

ental Drift, By moving a model of one continent relative



18

N

to the other unﬁil the two patterns coincided one could
determine thelr exact relative positions, This is in fact
the basis of Irving's (1958) method of "palacographic
reconstructions™,

Because the Cape and Karroo Systems were
. continuously deposited over a vast length of Time they
appear to provide an outstanding opportunity for such

detailed studies,

4, The geology of the Cape and Karroo Systems,

—

The distribution of the Cape and Xarroo

+—,

Systems ié shown in fig.'l/l, a map of South Africa, and
scctions fhrough<lines A«B and C-D,‘_are Iintended to show
the broad structural relationships of these two Systems,
The ages of:the various sub-diviéions, based on du Toit
(1954), are given in table 1/1 together with the maximum
thicknesses and a'brigf and generalised description of the
lithology of the éouthern portion of the Cape and Karroo

Systems,

5, The coursec of the research programme,

In view of the considerations set out above,
it was decided to sample the Cape and Xarroo Systems
systematically from bottom to top,. The Xarroo System was
tackled first, largely because outcrops of this System are

more easlly accessible from Johannesburg than are those of

the Cape Systenm, Most of the Karroo succession, excluding
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the lavas, was sampled at regular intervals in two separate
areas, as described 1n Chapter 3, The apparatus and
technigues used are described in Chaplier 2. The directions
of magnetization of the Karroo samples proved to be highly
inconsistent and unreliable as palacomagnetic data, One
of the possiblc causes of the scatter of results from the
Karroo System is that many of the samples could have been
heated to temperatures above the Curie Point of some or
all of the magnetlc minerals at the time of the intrusion
of the Karroo dolerites which probably represent a hyper-
byssal phase of the Stormberg igneous activity. By
determining the direction of the earth!s field at this time
one might be able to‘assess the relative importance of this
factor in the remagnetization of the older sediments, In
addition, such a study would be of value in establishing the
position of the geomagnetic pole relative to Africa for the
carly Jurassic, The direction Qf_magnetization of the
Karroo dolerites was successfully determined, giving a
reliable palaeohagnetic datum for this period. In view of
the fact that the direction of magnetization of the Karroo
dolerites is close to that of the present fileld, it is
difficult to estimate the relative Importance of remagnet-
izatlon of the sediments due to heating by the dolerites and
chemical or viscous magnetization in thevpresent field.

o A reconnaissance collection of samples from the

A;e System was made before work on the Karroo dolerites had

/.
{
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been comploted, The results, though perhaps a 1little less
scattered than those from the Karroo sediments, were
thought to be unreliable, Tor reasons presented in
Chapter 4, it became evident that new drilling and orienting
equipment,Acapable of producing oriented cores from a depth
of 3 ft,, was necessary, Accordingly, the equipment
described in the latter part of Chapter 2 was designed and
constructed,

Using this improved sampling technique, the
Lower Shalcs of the Table Mountain Series were studied in
great detall, It becamec clear that the rock exposed in a
deep road cutting was consistently magnetized and was
reliable from the point of view of palaeomagnetism while
that on the open mountain side owed its magnetism to some
local agency, This fact, together with similar observations
described in Chapter 3 clearly showed that palacomagnetism
in South Africa would not be able to progress satisfactorily
until the cause of this "surface effect™" - the -
inconsistency of magnetization of surface samples - had
been established.

An outcrop that was known to be randomly
magnetized at the surface but consistently magnetized at
depth was investigated in great detaill, The cause of the
"surface cffect" was proved to be elsctrical currents
associated with lightning. Ways of avoiding or eliminating

-

the effects of this hazard are presented and these technique
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Table 1/1.
Series Stage Maximun Lithology Period
thickness '
(ft.)
r?.)‘s;'ﬁkonsberg 4500 Amygdaloidal Jurassic
Lavas basalts
Cave Sandw 1000 Fine grained aeclian
stone sand R
StormfiRed Beds 1600 Red shales and mud~
berg ) stones with yellow
sandstones
' - JTriassic
Molteno Beds 2000 Grey~-blue shdles and
_ _ sparkling sandstones
(Bpper (Burgh= 2000 Green, Blue and red
ersdorp Beds) ' shales and mudstones
= with yellow sand-
stones, L
™ ~
& iddle 1000 Pale, massive sand-~
“@  Beau- stones with subord-
M fort ' inate shales,
m ‘ .
Lower 8000 Blue, green & some-
o times red shales
"Interbedded wilth
© sandstones,
e — : A
; ‘ ”ﬁpper 3000 Blue or groen mud- }Permlan
- stones and shales
V) alternating with
gsandstones, .
Ecca < Middle 4000 Mainly blue to black
. mudstones and shales,
Lower - 3000 Green or blue shales
with sandstones or
.. . quartzites, J
rﬁpper Shales 500 Green, blue, dark
DWyka; , brown or black shales, Upper
Tilllte 4000 Hard green=blue $ Carbon~
matrix wilth inclus- iferous
ions of all sizes,
- -’
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Table 1/1 (Contd,)

Series Stage Maximum Lithology Period
thickness ‘
(ft.)

5bper Shales 1000 Mainly greenish‘

Shales Lower
witte- v Carbon-
berg ‘Sandstones 2000 Fine grained white iferous

! gquartzite with ’

L minor shale horizons|

5 Shale hor- 2500 Black, blue or green|

izons altor- shales,
Bokke_)nating with ‘Devonian
veld {4 Sandstone White quartzites. 4

thorizcns ' -

'Epper Sanda 2000 White quartzites.

stone

Upper Shales 500 Variable, green, red

or Sometimes dgrk Uoper
Table grey shales and mud-{s3iyrian
Mount- stones with tillite.! ,n
ain | . Lower

:Lower Sand= 2000 White quartzites, Devonian
stones
kElower' Shales 200 Red sandstones,




CHAPTER 2,

INSTRUMENTATION,

1, Magnetomebers,

The standard magnetic variometers used in
geophysical prospecting cannot measure the dircction and
intensity of thg Natural Remanent_Magnetization (N.R,M.) of
a rock directly; they can only measure the distortion of
the earth's magnetic field by nearby magnetic rocks. Since
the majority of rocks are very weakly magnetized the magnetic
"anomalles” they produce are so small as to be undetectable,
It is possible to determine the approximate direction of
polarization‘of strongly magnetized rocks by matching the
observed anomaly with a theoretically derived "type curve',
Besides being crude this method can be misleadling because of
the possible effect of 1Induced megnetism,

lMagnetometers of two‘different basic-designs
are commonly used in palacomagnetic research, These are
the "Astatic HMagnetometer" and the "Spinner Magnetdmeter"
or "Rock Generator",

‘A, The Astatic Magnetometer,

The development of the“Astatic Magnetometer is
largely due to Blackett (1952), Basically the ilnstrument
oonsisté of a pair of identipal, small bar magnets, rigidly
mounted 1In anti—farallel some few inches apart and suspended

by a fine quartz or phosphor bronze thread, The specimen
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is moved quickly from a distance (theoretiéally infinity)
to within a centimeter or two of one of the magnets in a
variety of ways. The deflectilon of the magnet system, as
amplified by a long optical lever, is proportional to the

Eal i)

intensity of magnetization of the s

o

-

pecimen in a particular

¥

plane relative to the magnet system, By varying the
orientation of the specimen and its mode of approach to the
magnet system, the intensity of magnetization of the

specimen in any plane may be obtained, From thése

readings the direction in space and the intensity of magnetiz-
ation of the speclimen may be calculated,

In order to obtain thes required sensitivity,
however, the external magnetic field must be cancelled and
all magnetic and thermal gradients avoided. The earth's
field may be nullified by means of Helmholtz and/or Fanselau
coilvsystems. To a first approximation this is quite
easy, but Tto obtain the highest degreec of sensitivity the
current In the colls must be continuously adjusted to follow

1

e
L
o

v

ct

he da riation of the ecarth's field. To avold magnetic

radients the ilnstrument must be housed in a speclal non-

(20}

magnetic hut far from the influence of electrical power
lines, trolley=-bus and train lincs,

The only advantage of the Astatic Magnetometer
over the Spinner type lies in its greater adaptability to
1abofatory experiments of the kind commonly carried out for

the determination of the magnetic properties (Curle Point,
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coercive force, etc.) of rock specimens,

B. The Spinner Magnctometer.

In principle, the Spinner type magnctometer 1s
simple, If o magnetic spécimen is rotated about an_axis
perpendicular to the axis of a surrounding coil, it will
generate an alternating voltage in the coil, A maximum 1n
the e n,fs occurs cach time the north pole of the specimen
passes limb A of the coil and a minimum each time the north
pOle-passes limb B. If, knowing the frequency of rotation,
one could measure the interval of time between the occurrence
of the maximum in the e,m.f. and the instant at which a
mark on the specimen passes lirb A of the coill one would -have
a measure of the angle between the mark and the direction
of the north pole projected onto the plane of rotation,
| In the original spinner magnetometer devised in
1938 by iicliish and Johnson the specimen was rotated at the
end of a long, mechaniéally driven shaft, 'Mountedvon the
shaft in a fixed position relative to the zero mark on the
specimen was a device which mechanically closed a pair of
electrical contacts at each revolutlon, By moving. the pairl
of contacts about an axis parallel to the spinning shaft,
the instant at which the contacts closed could be made to
coincide with the maximum of the voltage in the coil, so
that the angle through which the contacts had to be rotated
was a measure of the anglé between the zero mark and the

magnetic axis of the specimen,
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The modern spinner magnetometer is a result of
develcpnents and improvementé mainly by Johnson, Murphy and
‘Michelsen (1949) and J.W, Graham (1955), The magnetometer
used at the Bernard Price Institute of Geophysical Research
is based on the latter design and was built by Dr, A.L.
Hales, Director of the Institube., & - -' -g" | |

In this Instrument an oriented specimen in the
form of a cylinder one inch in diameter and one inch long
is held in a plastic (perspex) cube which fits into a perspex
toé. The top 1s driven by compressed air in the manner of
a Beam'!s air turbine, at a fixed Speed depending on the
electronic filters, The spinning specimen generatés an
A.,C, signal in a pick~up coll surrounding it, while a photo—
electric cell receives a secbnd signal fronm a sinusoidal
pattern painted on the top. The angular phase difference
between the two signals is a ﬁeasure of the angle between
the fixed zero of ﬁhe paint pattern and the projection of
the South magnetic pole of the specimen onto the plane of
rotation., The specimen is rotated through 180° about an
axls through the zero of the paint pattern and a second
measurement.is made, If there were no zero error in the
instrument these two readings would add up %o 5660. In
general the two readings do not add up to 5600 and an
arithmetical correction is applied to cancel out the zero
error,

By spinning the specimen about three mutually



. SAY
0---- |t
A

Top

Coils
Lenses -~
Photo-electric d
cell -7
-~ Stator
Compressed
air
Amplifier Amplifier
Speed - Phase change
meter S circuit Y
Filter unit Filter unit
Amplifier > Amplifier
—€ Phase <] Amplitude
Oscilloscope discriminator meter

Figure 2 -1,

A schematic diagram’

of

the

illustrating the

arrangement

spinner magnetometer,

-
kr



a7

bPerpendicular axes the direction of magnetization in three
planes may be determined, These directlons are plotted
on a Wulff Stereographic net, as described in the Appendix,
and should intersect at a polnt representing the direction
of magnetization in space, relative to the orientatilon marks
on the specimen, |

In the system as deviged by J.W. Graham the
signals from the coils and the photoelectric unit are fed
through carefully matched narrow band pass filters before they
are compared in a phase discriminating circuilt, Originally
our magnetometer operated on a system involving only one filter
the signals from the colls and photoelectric unit being
mixed Lefpse Tilhering, If the signal from the photoelectric
unit be adjusted until it is equal in amplitude but opposite
in phase to that from the coils, then the resultant signal
will be a minimum, The filter thus acts as a null detector.
This method works very well down to intensities of magnet-
ization of the order of 10~° gauss giving an accuracy at
this level of better than two or thres degrees. However,
as the signal approached noise level the accuracy with
which 1t is possible to set to a minimum falls rapidly
so that the system containing two separate filters, as used
by Graham, is very much more convenient for measuring weakly
magnetised specinens, The Departnent of Terrestrial
Magnetism, Carnegie Institution of Washington, has very
kindly lent us a palr of theilr matched filter units and the

instrument was modified in 1956 to operate in the Graham
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Figure 2/2. Part of the magnetometer showing the air filter

and air pressure controls (top centre), the matched filter i
units (left), the phase change circuit (right) and the phase

discriminator (centre).

Figure 2/3. Part of the magnetometer, showing the photo-

olectric cell housing (left), the stator housing and colls .
(centre) and the pre-amplifier (right). A top, cube and

specimen are on the table. b
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manner, Figure 2/1 is a schematic diagram of the lay-out
of the magnetometer as used at present and figures 2/2 to

2/4 are photographs of various parts of the equipment.

25 Methods of Collecting Orlented Samples,

Because of the balance requirements of the top,
a spinner magnetometer requires specimens of some regular
geometric shape, The specimens must, of course, be
accuratély oriented in space and their angular relationship
to the bedding planes of the rock must be known. The
simplest way of fulfilling these requirements is by drilling
short cores either out of the rock in situ or from oriented
hand samples in the laboratory, In the latter case some
care 1s necessary to transfer the orientation marks on the
sample to the core, Having produced a core by either
process, 1t may be cut into accurate, parallel ended specimens
on a diamond impregnated circular saw equipped with a
sultable holder and properly positioned stops. Each core

may be cut into a number of specimens,

A, The hand-sample technlque,

Orienting hand-samples by scratching on them
lines of known bearing and inclination was found to be tedious
and inaccurate and a much better method was devised. Two
lines, A and B, at right angles to each other were engraved

on the top of a circular brass plate (figure 2/5). Three



Figure 2/4. The top in its stator. The cube containing
the specimen may be seen inside the top.

Figure 2/5. A hand-sample orienting plate and a sample
oriented by this means.
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triangular brass bars were soldered onto the bottom of the

plate to form three asymetrlcally distrlbuted ridges, When

the hand~sample has been loosened from its surroundings
without altering its orientation, a quantity of quick=-setting
plaster of paris 1s placed onto 1t and the orienting plate
pressed into the plaster, The direction and Inclination of
lines A and B is measured and the hand-sample removed from

1ts surroundings, After a few minutes the brass plate can

be removed, leaving an impression of its under surface in

the plaster, In the laboratory the plate may be replaced

and the orientation of the hand-sample restored, This method

of orienting hand-samples works very well provided a 1little

care i1s exercised in the handling of the sample so that the
plaster cast does not become detached or unduly damaged,

In spite of this improved technigue for orienting
hand-samples, the method as a whole, 1i,e, the collection

of orilented hand-samples from which cores are later drllled,

is not ideal for the followlng reasons:

(1) Although more hand-samples than cores drilled in situ
can be collected per day in the field, it takes longer
to produce a core from a hand-sample in the laboratory
than 1t does to produce the core from the rock in situ,
and the complete hand-sampling process becomes extremely
tedious,

(11) = It often happens that the hand~sample collapses elther

in transit or in the clamps of the drill press 1n the



Figure 2/6. The original drill rig,
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laboratory and the sample is lost, Also, it is
sometimes impossible to produce a sufficiently long
core from a particular sample because the core breaks
at bedding planes or other discontinuities, Although
this might well occur when dfilling im-Gme fitedd), -ong
can simply try again elsewhere.

(1i1) The transportation of bulky, often fragile hand-samples
is far more difficult than that of the cores;

(iv) Probably the most 1mportant ébjection to the hand-
sampling technique involves the quéstion of the
quality of the sample. Very oféen the only way of
obtaining a suitably sized block of rock from an outcrop
without destroying its orientation, 1s to select a
bloek that is partially bounded by joints, This
inevitably means that the sample 1s more weathered
than one that could be obtained by drilling into a

solid slab of rock, J

B, The early drilling equipment.

The dnlld g fowlscdNam e, v.4, Feiller
(figure 2/6) consists of a triangular frame supported by three
ad justable legs, A barrel contalning the main spindle
slides through bushes in the frame and can be raised or
lowered by means of a capstan~operated rack-and-pinion
conneétion. A Jacob's chuck 1s fitted to the lower end of
the spindle which 1is driven by a onec horse-power petrol

motor through a flexible shaft. A brass core barrel wilth a
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Figure 2/7. The original orienting device.
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special brass diamond-impregnated coring crown 1s gripped
in the chuck. Water is fed through a "water jacket" above
the core barrel and flows through the core barrel to the
coring bit,

In order to obtain sufficient pressure on the
bit, at 1easf ﬁwo people, besides an operator, are required
to hold the rig down. In addition, a2 number of sacks full
?f stones attached to the rig may be necessary to provide
“extra .welght, Nevertheless, the drilling of hard rock 1s
extremely slow, particularly when the diamonds beoomé polished
due bto insufficient pressure on the bit. The soft, well
bedded, horizontal strata of the Ecca in Natal are equally
difficult to sample because, although the cutting speed 1is
tolerable, the vertical cores break off at horizontal bedding
planes before they can be'oriented._ Since the maximum
depth of penetration of this drill is six inches, one can
not merely persevere untll a suitable length of unbroken core
is obtained;. it 1s often necessary to move and set-up the
rig.several times before being successful, \

The orienting instrument (figure 2/7) consists
of a brass tube which can slide into the hole and over the
core, A circular brass plate, soldered onto the top of the
tube and perpendicular to it, is inscribed with two mutually
perpendicular lines A and B, asbin the case of the plate
used for orienting hand-samples, The directlon and

inclination of these two lines can be measured by means of &
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In order to correct for the inclination of the axis of the

core, ziven the inclination of line A (parallel to the

scratch) = S, and the inclination of line B = S2 , one must
calculate the angle X between the direcction of line A and the
direction of the true inclination of the axis, It can be
Shown that
Sin SP S1
Tan X = - = -l for small angles, and
Sl -
S = where S is the true inclination of
Cos X

the axis of the core, Although this correction for the
inclination of the axis of the core is a little simpler if
the angles involved are small, it can be applied in the
rigorous ferm for any angles, However, if the inclination
of the axlies of the core is large then the plate on the tbp
of the orienting instrument will not be nearly horizontal
and, in the general case, it 1s not meaningful to talk in
terms of the horizontal angle between north and line A which
may be inclined at a large angle bo.theshorizontal, If
line A is accurately brought into the vertical plane through
the axis of the core then it is correct to describe the
horizontal angle between true north and this vertical plane,
vHowever, with the instrument in its,origihal form it is very
difficult to measure this horlzontal angle accurately. It 1is

clear that, in order to keep these routine operatilons
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tolerable, the core has to be drilled as nearly vertical as
possible, Decause of thls scevere limitation many of the
best exposures, viz, the vertical walls of cuttings and

quarries, cannot be sampled, .

C. The new drill rig and orienting devices,

(&) Requirements,

Although the 0ld drilling equipment has many
faults, it can be used to drill and orient cores up to about
8lx inches lomgy It was the need for cores about three
feet long which made new equipment essentlal (see Chapter 5),
Clearly, the new design should not only satisfy the new
requlrement but should also eliminate the faults of the old
systen,

An important requirement is thet the rig should
be portable, At the same time 1t must be capable of
exerting at least 600 1lbs, pressurc on its diamond coring
drill bdE, These conflicting requirements are overcome
by strapping a light rig firmly onto the outcrop. his I8
conveniently done by drilling a small hole into the rock,
using & hand-held power tool and inserting an expanding
bolt, A turn buckle is attached to the expanding bolt and
to the rigs on tightening the turn bucklc a force of about
a ton may be exerted on the bit without 1lifting the rig.
This procedure also enables the rig to drill into non-

horizontal surfaces of an outcrop.



The new drill 2y,

Figure 2/8,
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It 1s convenient to use the same drill spindle %o
hold the small bit for drilling the bolt hole or the larger
bit or drill rods for drllling the actual core, The spindle
is most simply driven by a small petrol motor through a
flexible shaft, as in ELSHENIENETES

The rig must be provided with a means of orienting
the unbroken core without having to remove the rig from its

position over the hole,

(b) The R
34 &
fne basic ri{ (Figure 2/8) consists of a tri-
rad
i S
angular framg?fabrloated from light square steel tube and rod

LA 4

and shect "Dé?al". Legs of adjustable length, made from

rd

£ inch electr%gal condult, are h8ld by clamps in the frame,

The travellingiFarriage slides:Sﬁ.tgngE!de rods bolted

into the freme fand is driven by a lead screw. 'Thﬁzc%rrlage
1s equipped with two clamps for holding the ;plndle¢h9a31ng
and a key~way for locatlng the oricnting 1nstrument.

The spindle (Figure 2/8) is carried by two
radial ball-bearings and a thrust bearing in the "Dural"
spindle housilng., A "water Jjacket", cquilpped with sealed
ball=bearings and synthetlic rubber water seals enables water
to be introduced into the drill bit through a hole up the
centre of the lower portion of the spindle, The end of the
spindle 1s threaded to take the core barrel or drill rods

and can be held by a spanner on a hexagon while tightening or

loosenlng the rods or barrel,
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The top end of the spindle and the spindle
housing are both threaded to take the inner rotating cable
and the outer stationary housing respectively of the flexible
shaft, In additlon, the spindle housing is provided with
groovea for locating IF THNERENGILEMOS of the drill earriage.

The carriage has a travel of eight in. and the
core barrel normally used is seven in, long. Having drilled
8lx or seven jdEg gy Ghe barrelg%pd spindle are &emoved and the
core 1is oriented and removed...'Aaéix ing Qpng:extension
‘rod is fitted betweep the barrel and the spindle o rormit
the drillingﬁﬁihg further six in. of ggre. '3§ié process
is repeated until the desired depth ﬁﬁ nisglmfiP

The rig is 2‘£ yﬁ hlgh and *:fth the spindle,
welghs 30 lbs, vy

Water undecr pressure is supplied to the water
jacket from a simple "pump can" commonly used for spraying
fruit trees|

Tigure 2/9 shows the rig ready for operation,

(c) The Orienting Devlice,

The direction of magnetizatlion of a cylindrical
specimen cut from the core is measured relative to a Seratch
down its side (the X axis) and to the axis of the cylinder
(the Z axis). In order to define the direction of magnetiz-
ation in space, corrections must be applied for any
difference between the X axis and true North (the "bearing

correction®") and between the Z axls and the vertical (the



Figure 2/10. I. The new orienting instrument.
II. The core detacher.

III. The "fishing tool",
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"slope correction”). As pointed out by Dr, John W, Graham
(private communication) these correctioné are greatly
gimplified if the X ax;s is chosen in the vertical planec
through the Z axis, 1,c. 1f the scratch 1s drawn along the
uppermosc surface of thesl@pling core, The inégination

of the third axis Y, at right angles to X% and Z, will then

always be zero. The conditions to be satisfied by the

orienting instrument are:-

i The scratching tool (a smali'!&amond) must be
accurately adjustable’so as to draw the line down the
uppernoSMEnriace of The core y lute thé Y axis must
be horizéntal. .

11) The angle between true North and the vertical plane
through the Z axis mist be measured,

iii) The angle between the vertical and the axis of the core
(the Z axis) must be measured, |

The Orilenting instruament (Figure 2/10,I)

consists of a light "dural® frame (A), the lower end of which

is provided with a groove and a kecy to f£it uniquely into,

and be held by the upper clamp of the drill rig (Figure 2/11),

The centre of the upper surface of the frame is recessed

and acts as a bearing surface for the rotating base plate

to which the guide rods (B), and the "theodolite" (C), are

attached., Sllding on and guided by the guide rods, is a

third frame (D), the lower end of which consists of a brass

tube (E) carrying on its inside a small diamond mounted on



igure 2/11., The orienting instrument clamped in the rig.
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a2 beryllium=-copper leaf spring. Besides the rotation of the
whole base plate about axils CXl, carrying with it the theod-
olite and the guide rods, the "theodolite" 1tself is capable
of rotation about a further two axes, The first axis, c(z,
1s perpendlcular to the plane Pl which lncludes the dlamond
seratcher and the axis of rotation of the base plate c(l.
The angle of rotation aboutuz(nu1be read on scale F, The
second axis(xs 1s perpendicular to (¥2; the rotetion about
c{éibeing read on scale G, Attached to scale G is a "p"
level and a small telescops,

The instrument 1s located and eclamped 1In the rig
(figure a/l;) and automatically the axis (X will coincids
with the axls of the ecore (the Z axls of the specimen) since
the rig remains firmly bolted to the outerop until the last
section of ecore has been orilented, By rotatlng about axes
Xy and (]é'until the T bubble is horizontal, axis CKS is
made vertical, The eclamping serews are tlghtened. Axls
CKQ which, when the orlenting instrument 1s correctly located
in the drill rig, will coincide wlth the ¥ axls of the
specimen, will of course be horizontal so that the plane Pl
which includes the X and Z axes of the specimen will be
vertical, Care must be taken to avoid the 180° ambigulty
in the position of the diamond and the above adjustments
should be made so that the dlamond ocecuples the uppsr
position,

Sinee axis CKS is vertical, the horizontal
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angle between a lknown directlion (as determined by a

compass, sundial, theodolite, etc,) and the plane Pl may be
measured by means of the telescope and scale G, In fact,

if the zero mark 1s sultably placed, this angle 1is auto-
matically read when the telescope 1s pointing in the lknown
direction, The direction or "Bearing" of plane Py, relative
to North is then easily calculated,

Scale F automatically gives the true angle
between the vertical and the axis of the core (Xy).

The Inner frame 1s then pushed downwards s6 that
the cylinder at its end slides over the core, The spring
loaded diamond scratches a mark down the core, The
instrument ls removed and the core extracted to permit
further drllling. If all clamping scrows are tight and the
rig firmly bolted down, the orienting instrument may be
replaced in the rig to mark the subsequent lengths of core
without further ad justments or readings belng necessary,

All pieces of core from the same hole will be marked 1n an

identical manner,

(d) Accessory Equipment.

Having removed the orlenting Instrument, the
core may be broken off at the bottom of the hole by means
of the instrument shown as II in figure 2/10.

This "core detacher™ 1s basiecally a cut-away

section of brass tube sliding on a rod of sultable length.
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Attached tc the rod is a piece of brass cut to form a wedge
at one side and a flat at the other, The tube 1is pushed
over the core by means of the flat, Miie Fod' 18 rElaed
slightly and rotated through 180° to position the wedge
behind the tube, Forcing the rod downwards wlll wedge the
Tube to onc side of the hole and will break the core near the
bottom. The core is held in the tube by a pair of springs
and may be removed from the holc in the tube,

If during the driliing epérationy the core
breaks at a jJolnt or other discontinulty 1In the rock, it
generally slips out of the core barrel when the latter is
removed from the hole and lies against the wall of the hole,
The tube carrylng the diamond merker will not be able %o
slide over the core so that there 1s little danger of marking
the core after it has been broken, However, the tubular
core detacher will similarly not bec able to slide over the
core so the core cannot be removed from the hole, In such
cases a "fishing tool" (figurc 2/10 III) may be used, This
tool consists of two "fingers" pivoted on pins set into a
small brass plate which is attached to a long thin tube.

The flngersd can be made Lo plach Bogether By pulling on a

rod - gliding through the cemtre of the tube.

(e) Performance,

The rig was designed to drill to a depth of

o This i1t does equally satisfactorily whether drilling
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into horizontal, vertical or even overhanging surfaces of
an outcrop, It has been used to drill a number of é i
holes, The last 3 fty of core were oriented by matching
the pieces up to the core above and extending the orienting

scratch, This is only possible for certain massive rocks,

3. The liazneblzing and Demagnetizing Apparatus,

In attempting to determine the cause of the
peculiar pattern of magnetization of a certain outcrop of

]

rock (see Chapter 6) 1t became nccessBry to determine some

of the magnetic pro;;rties Qf this particular rock, Tie
deslgn of thesapparatus used in the magnetizing and demagnet-
1zing experiments described in Chapter é was adapted by the

author from ideas from various sources,

(A) The magnetizing apparatus.

Basically,.apparatus for magnetizing rock
samples 1s very simple and has been used many times in the
past, The specimen is commonly placed near the centre of
a solenoid through which a D,C, electric current is passed,

he magnetic field to which the spe¢imen is sub jected should

=

be slowly and smoothly incrcased to the desired level and then
slowly decreased to zero, THig may be dons alther by
carefully varying the current in the solenoild or by slowly
drawing the solenoid up to, and away from, the specimen,

Initially the macnetic field was copbrolied by the first



Figure 2/12. The magnetizing equipment, showing the

sphere containing the specimen, resting in the jig.

i’
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technique but after the demagnetizing equipment had been
constructed (see below) the coil, mounted on a winch driven
trolley, was moved slowly and smoothly relative to the
speclmen., The two methods work equally well, the latter
technique being preferred only because the coll and trolley
are common to both the magnetizing and demagnetlzing apparatus,

As will be scen in Chapter é, it was important
to be able to accurately control the angle between the
N.R.M, of the specimen and the directlon of the applied
magnetic field, The apparatus used was based on a type of
"universal stage" designed by Vincent (1954) for studying
mineral grailns under the microscope..

After measuring its dlrection of magnetization,
the specimen is placed into a cylindrical hole in a small
perspox sphere and its direction of magnetization is plotted
in Ink on the surface of the sphere, Thls 1s done by
measuring the "declination" along the equator from a zero
mark (which 1s made to coinclide with the scrapch on the
specimen) and the "inclination" from the equator towards
the pole of the sphere (which coincides with the Z axis of
the specimen). These mcasurements are made easy and accurate
by resting the sphere in a jig so that a scale marked in
degrcees exactly forms a great circle round the sphere.

If the zero mark on thoe scale 1s made parallel to the axis

of the solenoid then the angle between the N,R,M, of the

specimen and the direction of the applied field is controlled



Figure 2/13. The equipment for rotating the specimen

during A.,C, demagnetization.
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by placing the sphere in thd??;;)with the plotted direction
of magnetization opposite the desired mark on the scale,
Figure 2/12 is a photograph of the sphere rcsting in the jig.
For the experiments described in Chapter 6, the
amblent megnetic fileld of the carth was neglected because 1t

was always insignificant compared with the field gcnerated

by the solenoid.

(B) The alternating current demagnetizing apparatus,

As and Zijderveld (1958), Rimbert (1958) and
others have shown the value of alternating current demagnet-
ization, These workers generally applied the A,C, field
to the specimen successively in three mutually perpendicular
directions, Ideally, the A,C, field should be applied in
all directions,

Equipment similar in principle to that described
by Creer (1959) in which the specimen 1s simultaneously
rotated about a horizontal and a vertical axis by means of a
pair of bevel gears was constructed and tested, If the two
bevel gears are lidentlical then all directions lylng on a
certain plane cutting the specimen obliquely, never exactly
coincide with the direction of the applied field, Tt was
found emplrically (by the author) that better results were
obtalned if the lower bevel gear is also rotated but at a
speed differont from that of thce main cradle (see figure
2/15). This ensures a more random motion of the specimen

which presents every possible direction in 1t to the A.C,



Figure 2/14.

The complete A,

¢c. demagnetizing equipment.
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field, In our apparatus the peak ficld at the centre of
the coil 1s set to the desired level by means of a variac,
The coill, mounted on a trolley, is then slowly pulled up to

and over the spinning specimen by means ¢f a winch, After

-

any desired length of time the field at the specimen may be
reduced very nearly to zcro by reversing the winch and
removing the trolley to about 5 ft, from the specimen., The
increase and decrease of the field is, of course, not linear
with time but it can be wade to vary very slowly and smoothly
over a wide range.,

It was found experimentally that better results
were obtained using 500 c.p.S,. alternating current from a
gencrator than by using 50 cycles from the "mains", There
.appears to be no fundamental reason why onc freguency should
be betbter than another, provided that (i) the increase
and decrease of the A,C, field is slow cnough to submit the
specinmen to a very large number of cycles per oersted change
in the poak A,C, field, and (ii) the rate at which the
specimen spiné is slow comparcd with the frequency of the
current but fast comparced with the change in the peak A.C,.
field. However,'tha current from the 500 cycle generator
is probabiyﬁcleaner“than that from the mains which freguently
has large switching surges, Series tuning the circuit at
500 cycles was aodomplished with condensers of about
é.micro farads, and thils further reduces the distortion

in the wave form of the current, To tune the circult at
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50 cycles would require about 600 uF,

| A large palr of Helmholtz coils was arranged
so as to cancel the D.C, fleld of the earth at the specimen,
It was found that cancelling the earth's fleld or doubling it
made no difference to the A,C, "washing" experiments and the

use of the Helmholtz coils has been discontinued,
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CHAPTER . 3.

VEASUREMENTS ON KARROO SEDINMENTS,

As concluded in Chapﬁer 1, the Cape and Karroo
Systems appear to be ideal for palacomagnetic purposes., It
was declded fto tackle the Karroo 3ystem first, It was thought
desirable that the samples should be as representative as
‘possible of the whole of the geological column covered by
the Karroo System and it was therefore decided to collect
samples at more or less regular intcrvals throughout the
whole, or as much as possible, cf the succession,
Subsequent trips could be planned to fill in the detail,

if necessary, or to study points of special iInterest,

1, Collection of Samples,

(A) Natal,

In January 1955 a reconnaissance trip to Natal
was undertaken to collect well oriented samples systematié—
ally covering as much of the Karroo System as possible,
excluding the lavas, From an insvection of the Gcological
Map the best section 1ine appeared to be along the road from
Highflats through Ixopo, Donnybrook and Underberg to the
Drakensberg Garden Hotel (sec figure 3/1).

In practice it was found that the sediments are

not well exposed along this road, and where they do outcrop
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they are generally weathered. | Instead, éampling was carried
out along a number of traverses indicated in figure 3/1,

each covering a large thickness of strata and each correlated
as accurately as pbssible with the next, Even along these
sectlons the outcrops were not as fresh as they might have
been, Dolerite intrusions were avolded as far as possible,
but in the absence of any detalled maep of the area the
distance from dolerite intrusions, particularly those that may

have been removed by crosion, was not easily estimated,

Table 3/1

Geological Formati alit~ o, of Samples
Geologic Formation Locallty STITTod TanI=Samp o5
Cave Sandstone _ Bamboo Mountain, 3

Underberg,
Red Beds to U,Beaufort Bamboo Nountain 17
liddle Beaufort ' Underberg ' 17
Middle Beaufort Bulwer Mountaln 11
Lower Beaufort Umkomaas Valley,

Bulwer 14
Upper Ecca Umkomaas Valley,

Bulwer 10 1
‘Upper Ecca Umkomaas,

Donnybrook 4
Middle Ecca Umkomasas ,

Donnybrook _ 5
Lower Ecca _ Umkomaas , _

Donnybrook 2
Lower Ecca Umkomasas , IX0opo 18

Dwyka Tillite Umkomaas, Ixopo 5
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Most of the iiddle and Upper Ecca in ths section near
Donnybrook was considerced to be unsuitable because 1t is
intruded by an cnormous .dolerite sill whose thermal effects
appear to be widesprcad,

Table 3/1 shows the locality énq number of
samples obtained from each formation, The thickness of
strata covered by these 107 samples was slightly In excess

of 7,00C feet,

(B) The Eastern Cape Province,

A second field trip was undertaken in March,
1955, with the object of obtaining a second representative
collection of samples of the Karroo System but in a different
locality - the Fastern Cape. Detailed maps covering
this area were available, These included Geological
Survey publications by Du Tolt (Lady Grey), Mountain
(Grahamstown) and copies of field maps very kindly supplied
by Mr. P,J, Rossouw of the Geological Survey ("Rosendal"
and "Doornhock", Holteno, and an area ncar Naauwpoort
covered by Middle Beaufort), These localities are shown
in figure 3/2, a map of the Eastern Cape. ,

" After having difficulty in avoiding the

enormous numoer of dolerite intrusions at Doornhoeck, it
was deoided'tb abandon the area near Naauwpoort where a
similar numbgf of intrusions had been mapped.

~Table 3/2 summarizes the results of this trip,



®
COLESBERG

- ‘ R \J P'S':;.-: }
- , . i T o
L 2 yRoZERdal \a T
. P . . -y

Doornhoelk 4 o A o ) o
(; MOLFEN®. - . b * R
) 7 3 N SN P A
SN ey SIS
o \ - / jJ 1ﬁw3
QUEENSTOWNe
°
CRADOCK
‘ KINGWILLIAMSTOWN
S .
e T T <

—
SR

~ e ] Fort B"M | EIAST LONDON
~ 3 eakfastvlei

/,_\ NN ‘\\_;g.“:g_gs'g‘-"ﬁais_g
T TS e s T
— . \
24

N - T

et S ‘> \"‘0\\

S T T | GRAHAMSTQUNCD 3

. ;4 (:-»-.\\h A \ — ~. "~ L

\\ . \\Q ™~ E;;V
\

L) o7
=

VAN

10 20 30 40miles.

NS T N M ‘ . wwy  Sampling traverses.
Post - Karroo Lava 'Stormberg 1 Beaufort

s

Ecca { Dwyka ‘Witteberg Bokkeveld | Pre-Cape

Figure 3 - 2.

A aenloagical maon of part of the Fastern Cape.

wt



49

Table 3/2.

Geologlical . No. of Samples Approx.

Formation Locallty Drilled Hand-Samples Thickness

: Sampled
th

cave Sandstone  Joubert'!'s Pass,

Lady Grey 6 200
Red Beds: Jovbertt!s Pass 9 450
olteno Beds Joubert'!s Pass 5 500
Cave Sandstone "Rosendal't, ‘

Molteno 2 50
Red Beds "Rosendal | | /a 450
lMolteno Beds "Rosendal" . 6 500

 Tower Molteno Doornhoek,’

Beds Molteno S 200
Uppor_Beaufort Doornhoek 7 1 300
Lower Beaufort Fort Brown ' 11 ?
Upper Ecca Breakfast Vlei 27 6,000
Middle Ecca Ecca Pass, _

B Grahamstown 2 7
Lower Ecca Ecca Pass 26 3,500
U, Dwyka Shales Ecca Pass 1

2. The Magnetic lecasurements.

Specimens suitable for magnetic measurement in

the spinner magnetometer were prepared in the laboratory from
N\



Figure 3-3.

(=5
The directions of magnetization
of the individual specimens from '

5
the Lower Eccaq, {xopo.

{
o = South pole downwards (hormal).
+ = North pole downwards (reversed).

j
e = The present field.

Figure 3 - 4.

The directions of magnetization of

£

the individual specimens from the !

Lower Ecca, Ecca Pass, Grahamstown.
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the samples collected, At least two specimens each 1 inch
long were cut from each drilled core. Hand-samples had

o

first to be cored in a drill press in the labobatory, the
cored then being cut to the correct length,

Measurements of the dircction and intensity of
magnetization of the Karroo specimens were made by means of
the spinner magnetometer in its original form, 1,e, operating
as a null detector (see Chapter 2), Only about 30% of the
specimens collected were magnetized sufficiently strongly
to be measured by'this method,

The directions of magnetization of these speccil-

mens are so scattered as to be virtually unintelligible,

Figures 3/3 to 3/6 are lower hemisphere stercographic plots

A,

of the direcfions of megnetlzation of some groups of samples,
In the casce of the Lower and Upper Ecca from Ecca Pass and
Breakrfast Vlel respectively correétions for the present dilp
of the strata have been applied, In all other cases the
dip was less than 2° and has been disrcgarded,

In general, specimens from the same sample agree
fairly well with onc another but differ widely from those
from neighbouring samples, However, in the case of the
Upper Ecca from Breakfast Vlel and to some extent in the case
of the Stormberg from Rosendal the direction of magnetization
of a sample is often nearer to that of the sample immed-
lately abcve or below it than to that of samples further

removed, By jolning the plot of the directions of



Figure 3-5. A

The directions of magnetization
of the individual specimens
from the Upper Ecca,

Breakfastviei.

South pole downwards (normal).
North pole downwards (reversed).

The present field,

Figure 3 - 6.
The directions of magnetization
of the individual specimens

from the Stormberg sediments,
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magnetization of samples

L

n stratigraphic order somc sort

o

of a M"path"™ may be obtained, but thc paul appears to wander

andomly cover the entire plot and is:often discontinuous,

3, Discussion of the Rssults,

In the problem of determining the direction of

) o

the sarthls magnetic field during Xarroo times no signific-

B

ance can be attached to these virtually random directlons

of magnetization, It seems unlikely that the magnetic field
could have varigd guite as rapidly as would be required to
keep pace'with the variations of the”observed directions of

magnetization, Some other factor capable of magnetizing
or re-magnetizing these samples in virtually any direction
must cxist. The poss1ble explanations include the following:-

a) Original random magnetization,

Such factors as strong wind or water currents

Sy}

t

ct

he time of deposition of the sediment could cause the

direction of magnetizatlon to deviate considerably from
that of the applied fleld, If the direction and/or velocity

.varied from time to time and from place to place one would
expect the observable direction of magnctization of the
specimens from one sample to be more consistent with each
other than with those of another sample collected from younger
or older rcck, As mentioned abovec, this effect 1s commonly
observed in'sampl@s from the Karroo Systen,

The frequent occurrence of currents at the time
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of deposition cof the Karroo 3System, particularly during
Ecca times is acbundantly demonstrated by ripple marks and 1t
is possinls that the conditions of deposition of a large
proportion of the Karroo 3ystem were unfavourable for the
accurate preservation ol Tthe direction ¢f the earth!s field

at that tine,

b) Unstable magnetization,

The presence in the rock of magnetically "soft!
minerals may permit the acquisition of an I R.M, of
varying "viscosity", ases in which the magnetic viscosity

is very high (long decay constant) would result in an I.R.M,
in the direction of the present dipole fleld (see Chapter 1),
while a slightly shorter time constant would permit magnet-
lzation parallel to the present ficld, With the exception
of the Dwyka tillite from Natal, relatively few specimens

are nagnetized in the direction of either the present fileld

or the dipcle ficld so that 1t is morobable that this
mechanism is of me jor importénce in the magnetization of
the samples studied,

The fact that, in general, specimens from tThe
éame sample agrce falrly well, seems to indicate that I,R.M,
of very short time constant is not very common because,
after the individual specimens were prepared, they were

stored in random orientation for several wecks or months

before measuremsnt,
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¢) The geological history of the rock,

The actual consolidation ol a sediment without

shear.caﬁnot alter the direcfion of magnetizatibn of the

sediment since no'rotation of the magnetic.gréihs in a

prefoerred direction ocduré. HéWever,fcertain factors

related to the history orf the sediment after deposition and

consolidation may change its direction of magnetization,

These include the following:

(1) Heating tc above the Curie Point of some of the magnetic
minerals, due to either decp burial or the intrusion
of igneous material, will cause partial or complete
remagnetization of the rock in a .field that may or may
not be the same as that at The time of deposition,. It
is possible that soms of the Ecca may have been affected
by deep burial while many of the other samples from the
Karroo could have been affected by intrusions,

(11) Deformation of the sediment can change its direction

tization (J, W, Graham, 1949), Graham (private

o]
o)
=
©
o]
o}
@
ci

communication) points out certaln features 1in the Lower

Ecca of ®Bcca Pass which may be associated with shear,

—
o
l_l-
l_la

Some magnetostrictive effect, due to non-hydrostatic

pressure of any kind might be operative (Graham, 1956).

d) "Surface effects',

Gough (1956) found that while samples of certaln

Pilancsberg dykes collected at the surface were randomly
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magnetized, those from the same dykes exposed in underground

workings were extremely consistently magnetized, Possible

explanations include:-

(1)

e

e

i

Weathering, Chemical destruction of some of the
original magnetic minerals and the growth of new ones
in a field different from the original field could
cause a large variation in the %irection of magnebtiz-
ation which will be ghe vectatorial sum of a variable

T ——

amount of the original mégnetization and a variable
amount of the new chemlcal magnetization, Some of
the Karroo samples may have been partially weathered,
Thermal cyclihg. The dally temperature variations
(pelow the Curle Point) of a rock exposed at the surface
might cause 1% Lo be more easily magnetized by the
present field, Magnetization acquired in this way
could possibly appear to be more stable than normal
I.R.M,
Magnetostriction, Particularly 1in the case of an
igneous rock, the weathering of the outermost few
millimeters results in a.tendency for the crust to
expand, The stresses so generated me.y reach the
breaking stress of the rock, as in exfoliation.
Strésses below the breaking stress of the rock may
cause some magnetostrictive effect on the magnetic
minerals. A magnetostrictive cycling process-due to
he dally thermal expansion and contraction of the

surface rock, may have some effect, The role of this
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type of magnetostrictlion in palaeomagnetism is uncertain,
although Stott and Stacey (1960) and Stacey (19g0)
show that ordinary magnetostridtive effects are
negligible in rocks with less than 10% hagnetic
anisotropy,

(iv) Lightning. The importance of the remagnetization of
surrace outcrops by electrical currents associated

with lightning is demonstrated in Chapter 6,

4, Conclusions,

The results of the reconnaissance survey of the
Karroo sedlments are disappointing and it i1s clear that
there are a large number of factors - which could have produced
the discordant results, There arce two possible courses,
The first is to conclude with J,W, Graham (1957) that "the
prospect 1s hardly encouraging" and abandon further studies
on South African sediments, The second course 1s to attempt
to discover which of the factors are, iIn fact, important
in practice and devise methods of avoilding or eliminating
the disturbing factors, In the succeeding chapters an
account 1s given of the efforts which were made to follow

the latter course,
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VMEASUREMENTS ON KARROO DOLERITES,

It is well known that there are extensive

4

te intrusions in the Karroo System north and east of

doleri

the line marked on the Geological Map of South Africa

—

A

n Q
ie Q

prepared by b A, Geological Survey in 1955, as the

!__l

southern limit of the Karroo dolerites, This line also

approximates to the northern limit of folding during the

Triassic, Dolerites of possible Karroo age do occur south

of thls line but comparatively infrequently, However, in

this southern reglon the Karroo sediments have been affected

by the Cape foldings and in somc cases show evidence of shear,
Both heating of nearby intrusions and high stresses with or
without shear could possibly affect the direction of magnet-
ization of the sediments, Exactly how potent these factors

are, 1s notv known,

If the direction of the field dt the time of

the intrusion of the Karrco dolerites were known, it might

Fal

be possible to assess the relative Importance of heating by

these Intrusions, simply by comparing this direction with

o

the directions obtained from the sediments. The determin-

u

ation of the directlon of magnetization of the dolerites
would be of value in 1ts own right, since it would provide a
datum for the position of the pole, relative to Africa, at

the time ¢of the intrusions,
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The Karroo dolerites have been exbensively

studied by Walker and Poldervaart (1949)., They consider that

J

the Stormberg lavas were pourcd out towards the close of

asgic time and that the dolerites were morc or less

l_la

Tr
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conbemporaneous 8, Du Toilt (1954) remarks

also that there iz an intimate conncection between the Stormberg
basalts and thes dolerites and concludes that the dolerites
1

appear to have been intruded at the commencement of the

Jurassic opoch.

1, The Surface Samples,

The first collection of 30 dolerite samples from

15 si1lls and dykes exposed in road cuttings and quarries was

p]

mada in December, 19565, during 2 visit of Dr. John W, Graham,
then of the Department of Terrestrial Magnetism, Carnegle
institutionmof wWashington, On & later trip a further 17
samples from 7 similar fresh exposures and 6 additional

samples from a s8ill sampled during the filrst trip were

collected, The localities from which the samples were

collected are indicabted by numbers on a map in figure 4/1,
Roughly half of the samples collected were in

5
the form_of hand-samples.,. The remainder were collected as
S or é inch cores, Four or five specimens were usuaily

obtainable from cach sample whether 1t was drilled in situ
or in the laboratory, The magnetic measurements were mede

with the magnetometer in its original form, operating as =z

null detector,
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The directions of magnetization of the surface dolerites before - and

after eliminating those found to be unstable.
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A "sample mean” was calculated from the
observed direction of magnetization of the individual
specimeng from the same sample, A lower-hemisphere
stereographic plot of these sample means is shown as figure
4/2. These directions can be seen to be rather scattered
excepf”for a concentration of both North and South poles
near the direction of the present field, The presence of
a large number of North poles in this vicinity suggesté
that this concentration is not entirely due to instability._
‘However, it is felt fhat no reasonably reliable ldea of the
diréction of the field during Jurassic times can be obtained
from these data,

Three or four months after the above measurements
were made one specimen from each sample was re-measured, and
another specimen from each_sample was re-measured seven or
eight montﬁs after the first measureménts. It was found
that some speéimens showed a considerable change from the
direction of magnetization first measured and it seems
reasonable to conclude that those specimens for which the
change was large are unstable, ’ it-was decided to exclude
all samples from a locality if any one of the specilmens
re-measﬁred'had shown a change 1in the_direcﬁion of magnet-
ization of more than 10 degrees, The sample means for the
remaining samples are shown in figure 4/3.

The mean for the surface collection was

calculated disregarding sign and giving unit welght to each
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sample and 1s gilven in pable 4/1, As will be seen from a
plot of this mean and its circle of 95% confidence
(figure 4/8) the surface samples are not inconﬁistent with
thosce obtained later from Estcourt or Winkelhagak, |
It will be noted that there are still a number .
of scatltered measurements but in most cases the two samples
from the same locality do not agres, The two samples
from 8ill No,ll, near Brandfort collected during the first
trip, were magnetized in widely differing directions, On
a later trip six more samples wore collected from the same
outerop covering an area of some l,OOO'sq, yards, The
directions of magnetization of these were also found to be
scattered and although some showed signs of instability,
they were similar to the randomly magnetized samples
collected by Gough from surface outcrops of the Pilanesberg
dykes., . Onc of these Pilanesberg outcrops was sampled 1n
detail and, as will be shown in Chapter g, the effects of
lightning provide an explanation for the scattered, yet

apparently stable, observations,

2., Samples from the Shafts of Winkelhaalk lMines,

Before the measurements of the sufface samples
had been completed the sinking of the shafts of Winkelhaak
Mine offered an opportunity to test the growing feeling that
samples obtained from the surface gave more scattered results

than those obtalned at depth.
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Orlented samples were very kindly collected for
us by geologists of Union Corporation durlng the course of
shaft sinking operations at Winkelhaak Mines Ltd, on the Far
East Rand, The position of the mine is marked as YWY’OQ
the map of the eastern half of ‘South Africa shown in fig, 4/1,
Two palrs of vertical shafts were sunk, the members of a
pair being approximately 750 feet apart and the distance
between the palrs about one mile,

Two dolerite sills intruded into Lower Karroo
(Ecca) sediments, were intersected in the shafts, The
upper sill extends from the surface to a depth of between
70 and 80 feet, The lower sill, occurring at a depth of
about éSO feet, 1s about 50 feet thick. Seventeen samples,
subsequently cut into 57 specimens, were collected from the
upper sill, while 8 samples,‘cut into'35 specimens came from
the lower sill,

All specimens from the upper sill were magnet-
ized with the north seeklng poles downwards, 1,c, in the
reverse direction to the present fileld, whereas all specimens
from the lower sill had the south seeking pole downwards,
i.c, are magnetized in the normal sense,. The results of
these measurements are shown in figure %/4, a stereographic
plot of the lower hemisphere, It should be noted that the
directions found for the upper and lower sills are not
exactly reversed relative to each other, The directions

of magnetization of the samples from the lower sill have
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steeper dilps and lie farther east than those of the upper
s111, |

' The statistics for these samples are given in
table 4/1, In calculating the mean directions, sample means
were first calculated from the directions of the individual
specimens, These sample means were then used to calculate the
mean for the group, giving cach unit weight. - If the
measurements on each specimen had been given unit weight the
circle of 95% confidence would have been much smaller but
it is doubtful whether directibné found from several specimens
cut from the same sample can be regarded as independent.
measurements In terms of sampling the dyke or sill as a
whole,

Samples of sedimentary rocks covering most of the

Ecca Series wére also collected for us from the shafts of
Winkelhaak lilnes, All these samples were very weakly: |
magnetized and many could not be measured, The directions
of magnetization of those that could be measured arec shown
jn figure 4/5, The great scatter of these directions
renders them of negligible value though the group of north
poles with D about 100, I about ébo, could possibly be
significant, There Waé no obvious correlatlion between
the distance of the sedimentary sample from the sills and its
direction of magnetization, However, since the samples were
collected at intervals of about 20vft. the narrow "baked

zone™ was gencrally missed,



Figure

- 5 - 3
o & ~
€ :
3 S B2
3 2 54
2 ! s 250
o s 9]1,,_.-.“ liched = .
) _ __ _ / — iy’ .Tj;“ -
Ferl il 1)
DN DN SN SN SN SN D?J SN S,R s‘g D;ts(M EN 2)?1 l;z C;S sl?:!
T C
& s
z =
D
[ [ Sl S = . -
i — — S — G
I n . L 141 E
4] N I_'r'—’.—ﬂ‘—l_ ) I L] A [ =
4 25 2 27
DM) D(w)DR Dg DR DR DR DR SR SR SN 53'5“ g&) Da; .‘33% 032 gg SSRO 6‘!31 Dsf? 3% SF?! s[,)GN
C BH ! 250 — 0' 2:')0 5?0 7i0 1090!’-‘(.
= 3
- > c
7 EEmmET e i e 28 B3
= — —— e - —— ca— ) nc_)" éé;go'
G - e ==
Legend
63 43 44 62 Altuvium Dolerite - Kerroo Sediment [:l
SR DR DR DR ’ )
A geological section of the environs of the tunnels near .Estcourt. The samples were
taken from the lower tunnel vertically above the points indicated by numbers.
D = Dolerites. S= Baked sediments. N = Normally magnetized. R =Reversely magnetized. W= Scattered.
~ - ~ 3
. T L e i — B S L fe




62

It would seem as though the scatter 1ln the
directioné of magnetization of these sediments is due 1aréely
to unfavourable conditlons of deposition such that the magnetic
grains were unable to align themselves in the direction of
the fileld, Such a sediment would be much more weakly magnet-
ized than one deposited under nore favéurable conditions,
Thils very weak remanent magnetism would be eésily swamped

by a small amount of I,R,M, or other secondary magnetism,

5. Underground Samples from a Rallway Tunnel near Estcourt,

A geological section of the tunnel environs,
prepared by Mr. P,J, Smit of‘the Geological Survey, is shown
as figure 4/6, The samples were btaken from the lower tynnel
vertically above the points indicated by numbers on the
diagram, Dolerite and baked sediment samples are distinguish~
ed by "D" and "S" respectively, while "N" indicates that'they
are magnetized In the normal sense and "R" in the reversed .
sense, In the case of four samples (13, 25, 24 and 36) the
individual specimens from a singie sample form & streak
instead of a falrly btight group. These are indicated by
LA The directions of magnetization arce plotted on the
lower hemisphere of a steredgraphic net in figure 4/7.  For
the four samples showing the streaking, the directions of
magnebization of the Individual specimens have been plotted,

those from the same sample being linked by a line, The rest



Figure 4 -7

The directions of magnetization of
the samples from the Estcourt

tunnel, Individual specimens from
a single sample showing a streak
are joined by a line. Otherwise

sample means are plotted,

e = Normally magnetized dolerites.
+ =-Reversely magnetized dolerites.

o = Normally magnetized baked sediment.

» = Reversely magnetized baked sediment.

Figure 4 - B.

The circles of 95% confidence

of the mean values for :-

(1) Winkelhaak reversed dolerites,
(2)Winkelhaak normal dolerites,
(3)Estcourt reversed dolerites,
(4)Estcourt normal dolerites,
(5)surface dolerites,

(6) Estcourt reversed baked sediments,

(7)Estcourt normal baked sediments.
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are shown as the mean for the saﬁple, calculated from
several specimens,

'Examination of the data in figure 4/7 shows
that in general the baked sediments are magnetized in the
same scnse as the adjacént dolerites, There are however
some anomalies,

When the first collection was made two samples
(41, 42) were taken from the dyke at point E. ' One of
these (41) was found to be magnetized in the nérmal sense,
the other in the reversed sense, It was decided to return
to the tunnel to collecct additional samples from this dyke.
(The other anomalous reglons had already been cemented up).

These samples served tb show that the chill
zones woere normally magnetlzed, whereas the interior of the
dyke and the énly sample of baked scecdiment that was |
medsurable, were magnétized in the reversed sense, Possible
explanations of this arc:

(1) that the chill zones are unstable

(i1) +that a self reversal mechanism operates in the
chill zones

(1i1i) that a self reversal mechanism operates in both
the interior of the dyke and in the adjacent
sediments but not in the chill zones

(1v) that a reversal of the earthts field occurred while
the dyke was cooling

(v) that there is, in fact, more than one intrusion
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with a reversal of the eafth's field between the
Intrusions,

The possibilities of (iii), (iv) and (v) seenm
unlikely, On the information available at presentvit is
impossible to decide betwesn (1) and (ii), though the
possibility of instability in some samples is supported by
the streéking noted in samples iS, 25 and 24,

Considering the results from this tunnel as a
whole, mean directions ealculated from the reversely
magnetlzed dolerites, the reversely magnetlzed sediments,
the normally magnetized dolerites and the normally magnetized
sediments are given in tabie 4/1, Samples 15,'25, 24 and
56 have been omitted from these calculations, The
‘difference between the segiments and the dolgrites is in all
cases within the limits of error of the means, whereas t?e
mean for the normally magnetized samples 1is significantl&
different from that of the reversely»magnetized group, fThis
point 13 clearly shown in'figurg 4/8, a lower hemisphere
stereographic plot showlnz the 95% confidence circles for
the four groups of samples from Estcourt and the two groups
from Winkelhaak, It will be noted also that the
Winkelhaak reversed samples do not differ significantly
from the Estcourt reversed samplesmnor do the Winkelhaak
normal samples differ significantly from the normal Estcourt
samples, All the normally magnetized samples do, however,

differ significantly from the reversed ones, It may be
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Table 4/1..

Latitude of » - - Lo : o
collection  26,5%S 26,5°5 29.1% 29,1% 29,1 29,1°% 30,3
point

Longitude of - o oo SN o
collection 29.1°% 29.1°E 29,9°E 29,9°E 29.9°= 29,9°E 28,508
point _ _

Number of ' o
samples 17 8 15 8 9 7 33
Number of e ' : ‘
specimens o 33 53 25 34 24 149

Mean declin- - ’ :
ation, Dt 173°e 127°8 167°E 180°E 151°E 144°e 172%

Mean inclin- —~ . —_ -
ation, I ¥ 58° 63° 51° 55° 64° 62° 62°
Semi-vertical - :

angle of 95% &° 12° 6° 11° 8° 70 12°
confldence ,{*

Latitude of

pole 7°s  44°s 79% - 6203 - 76°3

Longitude of ' -

pole, 53°E 82°F 101°8 - 76%% - 5208
Sp 6° 149 6° - 10° - 14°

Sm 70 18° 8o - 120 - 199

(1) Winkelhaak Upper Sill; (2) Winkelhaalk Lower Sill;

(3) Estcourt reversed dolerites; (4) Estcourt reversed
sediments; (5) Estcourt normal dolerites; (6)Estcourt
normal sediments;  (7) Surface collectilon,

1+ To facilitate comparisons, the directions are measured
disfegarding the sign of the pole,

% Calculated by Fisher!s Method (1953)
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expected that, in view of the possible instability of soée of
the normally magnetized samples, the mean for these samples
might not be as satlsfactory a datum as that found from the
reversely magnetlzed ones, In the case of the latter it is
considercd that the fact that they have retained a direction -
of magnetization 1n the opposite sense to the present field
is In itself an assurance of their stability,

Inspection of figure 4/17 reveals that, although
the normally magnetized samples glve directions closer to
the present-field of the earth than do the reversed ones,
they all 1lie off to the east agd it seems unlikely that they
are all unstable, Similarly, it seems unlikely that a
self reversal mechanism should affect dolerites and thelr
baked sediments in Some areas while those in other areas
should be unchanged. |

The explanation of these observafions would
seem to be complex, It seems probable that these intrusions
arc not strictly contemporaneous and the possibllity of a
reversal of the eartht!s field during the time of intrusion
of this swarm of sills and dykes must be considered,
Perhaps samples 15, 25 and 24 happencd to be cooling through
their Curie Points at.the time of thoe reversal of the fileld,
If we assume that such a reversal did take place, we would
have a picture of normally magnetized sills and dykes with
nofmally magnétized ad jacent sediments and reversely

magnetized dolerites with thelr reversed baked sediments,
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Seéondary offects, due to self reversal under special
circumstances or to inStability, might be superimposed on

the simple picture,

4, Discussion,

The above resuits may be of value in two
different ways, They add to the information available
regarding the mechanisms whereby rocks may’become magnetizéd
and - they provide information about the direction of the earthls
field at thé time of the intrusion,

As regards the underground samples, the
mechanism causing the almost complete reversal of the
direction of megnetization 1s still uncertain, The most
reasonable explanation seems to be that over a large area
including ﬁatal and the South Eastern Transvaal , Karroo
- dolerite was intruded in at least two distinct events
separated by sufficient time to allow the'aarlier intrusions
to cool to below the Curie Point of theilr magnetic minerals,
During thls time the earth's field reversed, The second
family would then cool and become magnetlzed in a field
of the opposite direction,

According to Jaeger!s curves (Jaeger, 1959)
for the cooling of an intrusion from about 1000°C to the
curic Polnt of magnetite (about 575°C), the centre of the
upper 811l at Winkelhaak with a thickness of 80 ft, would

only take about 9% vears to cool to its Curie Point, At
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its thickest point the main sill at Estcourt would take about
300 years to cool to the same temperature, Thus, no single
intrusion sampled underground, cooled and became magnetized
over a sufficicntly long period of time for secular variation
to be averaged out completely, The close agreement of the
normally magnetized intrusions from Winkelhaak and Estcourt
and of the reversely magnetized iﬁtrusions from both places
suggests that the intrusion of each family took place over a
very short period of time allowing cooling and magnetization
of all members of ths family before much secular variation
had taken place, It is possible that the difference botween
the direction of magnetization of the "normal" and the
"reversed" families, neglecting the sign, represents secular
varlation, If this is so, the.best estimate of the positlon
of the ﬁole relative to South Africa during early Jurassilc
times may be obtained from the mean of the direction of :
magnetization of (1) the Winkeclhaak reversed dolerites,}

(2) the Winkelhaak normal dolerites, (3) the Estcourt
reversed dolerites, (4) the Estcourt normel dolerites,

(5) the surface dolerites, (6) the Estcourt reversed baked
sedimentg, and .(7) the Estcourt normal baked sedlments,
Giving each unit weight and neglecting the.sign the mean
direction of magnetizatlon is Dtlélo; I=66° (or D=341°, 1=-60°),
Assuming an axial dipole, the corresponding position of the
pole 1s; Longitude 74%°E , Latitude VOOS.

As mentiloned earlier, this simple picture of the
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Intrusion of the dolerite in at least two distinct events
wlth a reversal of the field in between, plus rare cases of
instability and/or self reversal completely explains the
observations_on the underground samples, There are undoubt-
edly obther explanations, particularly with regard to the
mechanism of reversal but these appear.to be much more
cumbersome (see section 3 above).‘ However, there is
absolutely no ovidence for, and strong evidence against
any suggestion ﬁhat, disregarding the sign, these rocks
owe thelr magnetlzation to anything otherrthan thermoremanent
megnetization in the earthts field at the time of theilr
intrusion. In particular, it is improbable that the stresses
were the same at the Winkelhaak and Estcourt areas thus
producing. equal magnetostrictivé effects in the intrusions
at both places, When the surface samples are included the
suggestion becomes even more unreasonable,

Tt is clear from this and other work (e,S.
Gough, 1955) that 1n general samples obtained underground
are morc consistent than those collected from surface
outerops, In-the case.of the Karroo dolerites, the incidence
of instability 1s much higher among the surface samples
than among the underground samples, This may be duec to a
number of reasons including slight weathering and thermal
or thermo-~stress cycling, However, even after the elimin-
ation of the obviously unstable surface.samples, the grouping

of the directions of magnetization is much poorer than that
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of the ﬁnderground samples, Also there are a number of
samples which, although apparently stable, are not
magnetized in or near the mean directlon of magnetizatién.

The poorer groupling is partially due to the fact
that botL the normally and the reversely magnetiéed samples
are included in the plot, figure 4/3, ‘Due to the.greater
spread of the sample localitics it may well be that some
dolerites that werc emplaced during other intrusive events
have been included in the "Surface" collection, This would
allow secular variation to play a greater part than 1t dbes
in the picture presented above forvthe underground samples,

As demonstrated in_Chapter é; the effects of
lightning provides an adequate explanation of the apparently
stable, yet widely scattered, observations,

One of the‘objects in determining the direction
of the field at the time of the intrusion of the Karroco
dolerites was that it may be of assistance in the interpret-
ation of the‘results obtained from the Xarroo sediments,
Uﬁfortunatgly the mean field during early Jurassic times was
very nearly co-lncident with the present fleld, This fact
makes 1t difficulf, if not impossible, to assess the relative
importance of baking of sediments by'Karroo dolerites and
magnetization in Ehe present fileld elther by simple I . R.M.
or by chgmical processes, The presence on the plots of

the sediments of a number of North seeking poles more or less
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in the dircctlon of the present field may, in fact, be due

to baking by dolerite when the field was reversed,
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CEHAPTER B,

MEASUREMENTS ON SEDIMENTS OF THE CAPE SYSTEN,

1. Reconnalssance,

~After the complete failure of the palaeomagnetic
programme on the;Karroo sediments, the Cape System was
invespigg?ed_in_%_preliminary‘manner: By comparison with
t@ewKar?oo System, dolerite intrugiong aEewcgmparatively
rare, but the rocks of thg'Cape Sygtemﬂgeqerally have
suffered much more deformatlon than has much of the Karroo
System,

“ Isolated samples of the highly deformed Table
liountaln Serles, Bokkeveld and Witteberg Series from the
Port Eliqueth ~ Grahamstown area showed that the white,
glassy quartzites were invariably too wealkly magnetized to
be measurable, The directions of magnetization of the few
samples that were obtained from the Bokkeveld shales were
measurable though they did not appear to be entirely
gystematic,

A trip to the Cape was undertaken in November,
1955, with the object of collecting a few reconnalssance
samples from each of the argillite or greywacke horlzons in
the_Gape 3ystem, Samples were oollected from”the T.M,Sl
Lowerﬂ"Shalos? at Chapmanfs Peak, near Cape Town and from'

the Dokleveld Serles at .Gydo Pass, near Ceres and along the
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Wupperthal valley, near Clanwilliam, The Upper T.M,S,
Shales exposed in Mitchellts Pass, near Ceres, were found

-to be too weathered,

MWA'total of 40 samples were obtained from the
Bokkeveld Serles, The directions of magnetization, when
plotted, form a complicated pattern with a large number of
- polints fglling_close to the digecyéon of the present field,
' Further Worg.on thg Bokkevg}d~as“§xposed gt Wupperthalwand_
in the Botterkop Pass, between Clanwilliam and Calvinla, 1s
currently under way; o o ) 3

- Eleven samples, made up of both hand~samples and
short“cqres, were c¢ollected from the T, M,S, Lower Sha}es
at Chapman!s Peak. These were cut into a total of 29
specimeng,' The measured directlons of magngtization are
plotted on the lower hemlsphere of a stereograph aswfigure‘
Q/l.. This shows a broad streak Qf”Soqth>poleé from North-
West, almost horizontal, to South-East, inclination about
30°, There is what could be the beginning of a group of

North poles of low inclinatidn.towards the South-East,

2. The Need for New Techniques.

B Once again the question of possible "supface
effects" arises and it becomes abundantly clear that, if
palacomagnetism 1s to make any headway in South Afrlca, the

cause of the scattering of surface samples would have to be
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invgstégaﬁed. From the work on the Kar;og dolerites
(Chapter 4)“it 1s clear that sampleg from a depth of about
1QO fte shqwed much less sgattermyhan dq surface samples.
In thg_Estcogyt'tunnel several samples were takeh from within
?WO feet of wet, open, weathered joints and showed very
little scatter, For this reason it is thought that

proyiQQQ tpg gample is not obviouslywwegthered,lits proximi_i-i}_,(~

to a weathering surface is relatively unimportant, A surface
outeroo diffqrs from an open jgint“exposed in a tunnel in
that_thgwformer_is regularly‘expgsed to the suh. The
consquent thermal or thermo-stress cycling (see Chapter 3,
section §) could possibly have some effect on the magnetic
prqpe:ties gf“the rock, Becaqﬁg Qf the 19W thermal
conductivity of rock, the thermal effgcgﬂcannot penetrate
more“than”§>few ipqhes below phgﬂsgrface; the range of them
thermo~stress cycling is somewhat more difficult to estimate,
Any experiment designed to directly observe the effect om a
rock of artificlally produced thermal cycling would probably
have to be carried out over a long period of time, If such.
an ggper;ment showed a positive oqrrqlation petwgenwthgrmgl
cycling and scattered directions of magnetization, a way of
avoiding these "surface effects" would have to be found.

It was thought that the construction of a drill rig capable
of drilling to about three feet could both be used to

cycling effect, as well as provide a way of avolding it,
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The drill would have to satisfy the obher
requirements mentioned in Chapter 2 and some provision for
orienting the core would have to be made, No commercially
available drill rig satisfies all the requirements,

The rig developed at the Bernard Price Institube of
Geophysical Research (Graham and Keiller, 1966) and

described In Chapter 2 has proved entirely satisfactory,

3, Work on the ILower Shales of the T ,i,S,

At Chapmant!s Peak in the Cape Peninsula (see figure
5/A) the Iower Shales of the Table Mountain Series rest on
the peneplained surface of the Cape Granite. The bedding
planes are often irregular, as is the thickness of many beds,
but the overall dip in this area is negligible, The
structure is broken by several near vertical faults, the
most significant of which has a throw of about 100 ft.

A dolerite‘dyke some 14 ft, thlck occupies the plane of the

latter fault, Broadly speaking, the sediments vafy from
almost white, glassy quartzite near the bottom to softer,
finer-grained, red, argillaceous sandstones in the middle,
whille near the top of the succession pales, glassy, quartzites
reappear, Particularly near the bottom and the top of the
succession irregular beds, up to 4 ft, thick, or lenses of
maroon siltstone occur interbedded with the coarser material,
With the exception of these siltstones, strong current |

bedding, and often ripple marks, are consplcuous features
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of these rocks.

Using the new drill rig, thirteen three foot
cores were drilled from various horizons in the T .S,
Iower Shales at Chapman!s Peak, Cape Town. Some of the
cores were drilled horizontally so as to sample the same
horizon over the length of the core, Others were drilled
nearly vértically so as to cut two feét or more of the .
untilted sedimentary series (see figure 5/2),

Cores number P,1 and 2 came from the more
quartzitic beds at.the base of the formation and were too
weakly magnetized to be méasurad. The directions of magnet-
ization of ten of the remaining eleven samples are shown
in the underlined figures 5/44 (core no, P,3), 5/23 (P.4),
5/30 (P.5), 5/41 (P.é‘), 5/32 (P.’?), 5/34 (P,8), 5/11
(P.9), 5/6 (P.10), 5/45 (P.11) and 5/46 (P,12), Semple
'P.iB is not plotted here but like P.11l and P,12, shows wide
scatter.

Samples P,11l, 12 and 13 were drilled from &
highly jointed area which, on closer examination, appears to
be a fault zone of small throw, In order Go avoild the
embiguities involved in the possible effects of shear
and/or magnetostrictlon in this once highly stressed zone,
theses samples will be excluded from further discussiOn.

0f the remaining samples, numbers P,4 and 9 show
considerable scatter, and numbers 5 and g form peculiar
"tadpole' patterns with a "tail" of specimens in

consecutive order leading to a "head" of well grouped
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specimens, The specimens frém gach of cores number
10, 7}gnd 8 are falrly tightly grouped but ﬁhe;p?rés differ
fromfohe another, | | |

' Quite clearly, drilling to 3 ft. iﬁ.this case did
not solve the problem of the scattering of sufface-samplgs.
In a detérm;ned effort to find a satisfactory solution, a
further 25 long (3 £t.) cores were drilled (numbers 15 to
39 inclusive), -

Cores number P,15, 1&; 17, 18, 19 and 20 were
drilled in palrs so as to pass very slowly through exactly
the same few Inches of a well defined, fed siltstone bed
_about two feel thiek exposed in‘a deep road cutting. MThe
members of a pair were about six Inches- apart hbrizontally
while each palr was about 50 ft, from the next, This bed
had already been sampled by core no,lO0, Core no. P;39
was drilled 1n such a way as to cubt almost the entire bed,

_ The directlon of magnetization of these cores
(figures 5/3 to 5/10 inclusive) are extremely consistent,
The mean and the semi-angle of the cone of 95% confidence A
( X)) for each core is given in table 5/1. Thi_é direction

of magnetization, with almost hoyizontal south poles to the

!

Lok -

Cores number P,21 tQA54 inclusive were drilledw'

N.N,W, which is consistent over about 100 ft, horizonta%iﬂ' ?

and about 2 ft, vertically must, surely, be meaningful,

elther upwards or downwards at small angles to the_horizontal

so a3 to cover in great detail the geologilcal column
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Table 5/1.

The mean dlrection of hagnetization

of each core from the red, fine grained bed,

‘Core No, XNo, of D. (degrees) TI%* (degrees) (degrees)
Specimens :
10 i léi.v . 542 4,5
s 0 s e
lg 10 _ '162;5 ; 7.9 5,5
17 8 161.8 - 2.0 5,7
18 7 152,7 + 1,5 5.7
19 15 lléé.g ; 1.é- .4
29 22 169.7 ; 2.9 2.8

39 17 155.8 - 0,2 6.2

* a positive inclinatlion indicates a North pole
downwards,

represented by cores number P,4, 5 andl;i(see,figﬁre 5/2).
The sediments here sampled are more arenaceous, coarser
grained and 1esé brightly coloured than the siltstone bed
sampled by cores number P,15 to 20, 10 andl59, but micro-
sQOpic examination did not reveal any major difference

iﬁ the nature of the magnetiﬁe in the two groups of samples,
The rocks comprising this second group of samples are well

~exposed on the open mountain side and they do not appear to
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be weathered, Strong cﬁrrent bedding is an almost
universal feature of the coarser grained T,M.S. Lower "Shales",

The directions of magnetization of cores number
P.21 to 54! together with coreswP.4, 5 and g are plotted as
figures 5/17 to 5/31 inclusive and figures 5/40 and 41,
In broad and general terms, these stereograms show a gradual
but not altogether systematic shift in the direction from one
similer to that measured in the fine grained bed (almost
horizontal South poles to the N, H.,W, or North poleé to the
S_S,E,) to oﬁe with nearly vertical North poles downwards,
The scatter 1s generally less in the latter direction,
though there is a tendency to the "tadpole" distribution
mentioned carlier and well displayed in Chapter é}

In attempting to analyse these results 1t was
felt that, because of the consistency of the fine grained
bed in the cutfing, the almost horizontal South poles to
the North could represent the direction of the field at or
soon after the time of deposition of the sediments,
According to King (1955) currents during deposition cause the
angle of inclination of the resulting magnetization of the
sediment to be less than that of the applied field, It is
difficult to picture a process which operates in the reverse
direction,

The possibility of extremely wide secular
variation at the time of deposition of these sediments was

considered, However, it is unlikely that this should have
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oceurred while the coarser grained sediments were belng
deposited and cease for the deposition of the finer grained
meterial,
Core 7-had been drilled about two feet above

core number 8 and about five feet from it horizontally,
The directions of magnetization of these two cores are
entirely dinerent.(see figures 5/32 and 5/34). Cores
number P35 and Sg were drilled vertically above numbers 7 and
8‘resp§ctiyq1y, in such a way thap eaqh wguld cover the_
material sampled by both 7 and 8 as well as the vertical
interval bétween them (see figure @/2).” Number 55 agreed
in its direction of magnotlzatlon Wlth number 7 and number Bg
with number 8 (sce figures 5/33 and 5/05) Thus samples
representing exactly the same horizon and only flve feet
apart. horizontally are magnetized in very different
directions., |

. This phenomenon occurs less spectacularly
over @uqh_of the section of coarsepwgraingd material samplgﬂ.
For example, flgure 5/2 shows the Way in which many of cores
number P,21 tol54 and P,4 and 5 overlap one another in their
coveracc of a small piece of tne geological column, P22,
23, 24, 25 ﬂnd 26 cover exactly the same horizon as number 4,
and core 3.25 covers the same hgr};on as number ég. These“
cores are, at the most, 20 ft, apart and yet thelr directilons

of magnetization differ widely (sece figures 5/18 to 5/23)
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It is clear that some local cause is‘responsible
for»the;magne?ization of the rocks In this section, It
seems unlikely that fapid secular variation is an adequate
explanation nor, In spite of the marked current bedding of
the coarser rocks, does 1t seem likely that currents at the
pimé_of deposition would produce the pattern of magnetiz-
ation observed,

Cores number 37 and 38 were drilled from a bed
of fine grained, red siltstone very swmllar to that sampleq
by corss pumber 15 to 20 ete, but lower down In the
suqcesg%gn. This bed is exposed in a second but much B
shallower road cutting in which the original exposed surface
of the rock was not more than aboutrlQ ft. from our sample
sites, These two cores are magnetized in almost opposite
directions (see figures 5/42 and 43), Both show conslderable
scatter which in the case of number 38 forms a "streak",

It seems as though consistency of the direction of magnetliz-
ation is not purely a function of grain size, colour or any
other obvicus lithological feature of the rock,

~ With the realization of the importance of
lightning in the remagnetlzation of near-surface rocks this
possible answer to the pecullar pattern of magnetizatlon
of the Chapman's Peak samples wasmconsidered. Could it be
that many of the samples drilled at, or near, the natural
surface of the outcrop had been remagnetized by lightning
currents whereas those taken from the deep road cutting'

might not have been affected ?
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The rock exposed in the cutting above and below
the red siltstone bed consists of a coarse, pinkish, often
glassy qggrtzite. - It shows particularly strong current o
beddinghagd'ip many places is highly jointed, Such material
would normally be gbnsidered unsultable for palaeomagnetic
purposes. In view of 1ts coarseness alone it unld be
expectqd to show considerable scatter, However, since no
other material was évailable in the cutting it was decided
to drill a number of cores above and below the fine grained
bed in anwgttempt to get qualitative confirmation of the
supposition that the material in the cutting had not been
affected by lightning, Cores P,40, 41, 42, 43 and 48 were
drilled iIn the positions indicated in figure 5/2,

The directlons of magneti;ation of these cores
together with that of number 9 are shown in figures 5/11
to Q{lg, - The scatter 1s very considerable but the dirgctions
of magnetization of these samples are not inqonsistent with
that of the fine grained bed.  Particularly, there is no
trace of the directlon consisting of almost vertical North
poles downwards so prominently displayed by samples 29 to
33 (figures &/Bg‘to 5/31).

If, in fact, many of the samples collected from
outside the cutting have been remagnetlized by the magnetic
fieldsﬂdge‘to lightning currents, then a single geological
horizon would not be conslstently magnetized over the length

of its outcrop, It has been shown above that this is the
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case for cerpain sections of'tbe outcrop but the phenomenon
should bs confilrmed for other areas,

- Cores number 44 agdwég were drilled from the
same horizon but about 50 ft, apart, ’Cores 45 and 47 were
about the same distance apart in avdiffergnt'horizon (see
figure 5/2), The directions of magnetization of these
samples are p}otted as figures 5(5gAto 5/59. Cores number
47 and 45 show very tight groupingmof”the directlons of
@agnetizatigp of the specimensﬁgrom’each core but the cores
are significantly different from each other.%e.Cores number
_éé and 44 show less tight grouping and are magnetized in

vastly different directilons.

4, Conclusions, {VMW,'Cuww;LmJéé ’uM7Tav{w4u/

Samples distributed both horizontally along the

same sedimentary layer and vertically up the geological
column show that the surface outcrops are incbnsistently
magnetized, Thls may be due to partlal or complete
remagnetization of the near surface material by lightning
currents, It was not thought worthwhile to make a detaiied
study of ﬁhe kind described in Chapter é-onge it had been
establis@ad that the directiops of magnetlzation in the same
horlzontal stratum varied so widely, |
Allowing for the scatter of the directlons of
magnetization of the very‘coarse material, samples from the

deep road cutting are consistently magnetized, The directions
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of magnetization of the red.siitstone bed are particularly
consisvent both laterally over the 100 ft. sampled as well
as over 1ts width and 1t is thought that this bed has pre-
served 1ts original direction of magnetization, The mean
for the 8 samples from this bed is Declination = 161.80,
Inclination =a3,50 (the South pole is downwards) .The
semi-angle of the cone of 95% confidence (X)) is 42°.
Although the time taeken for the deposition of this two foot
thick bed may not have been long enough for secular
variation to have been meaned out completely, it seems
probab}e that t@e mean direction gfwmagngtization of thig
bed regpesepts a reasonable approximation to the field during
Silurlan Eimes.

Assuming an axlial dipole field, the South pole
relative to Africa would havée the present day co?ordinates
of Longitude 10.9°W, Latitude 50,3%W (or the North pole
160.1°8, 50,5°S). The co-latitude of the Cape Peninsula
relatlve to the Silurian pole would be 88°, which places
South Africa very nearly on the egudtor at the time, The
presence of é tillite In the Uppeg T.M.S, Shales is puzzling
and demands further work on the Cape System,

It 1s iInteresting tQ compare this pole posltion
with those found for other continents. Figure 5/47‘is
based -on Cox ?ﬁd"DOell’S figure 23 (Cox and Doell,w19gb)

and shows clearly that the pole position found from the Lower
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Shales of the Table Mountain Ser;es”is not‘in agreement
with those of Ordovician, Silurian or Devonian age from

any of the other contihents.
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A STUDY OF THE "SURFACE EFFRCTSM,

Almost Invariably magnetically stable samples
from surface ouvtcrops in South Africa have shown scattered
directions of magnetization while those from deep guarries,
cuttings or underground workings have often proved to be
consistently magnetized (see fhe preceding chapters as well
as Gough, 1956, and Gough and van Niekerk, 1959).  Various
workers have suggested a number of possible explanations
for these "surface effects" including weathering, thermal
cycling, magnetostriction, thermo-stress cycling.and lightn-
ing,

As mentioned in Chapter 3, section 3,
weathering is generally deteetable and avoidable and the
daily thermal cycling of an outcrop can be shown to be
limited to a very few inches below the exposed surfacs,
However, the weathering of the uppermost half inch of rock
can produce very high stresses which might be felt several
feet down in the rock, Similarly the daily thermal expansion
and contraction of Ghe surface of an outecrop could possibly
-résult in a kind of stress cycling, Whether or not these
forces could have any permanent magnetostrictive effect
on the rock is not known.

Hallimond and Herroun (1933) issue a warning
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that lightning can remagnetize roqks and advise that

samples used in laboratory experiments should be taken
from the considerable depth of about 50 ft, If vertical
1ightning strokes were responsible for the remagnetization
of rocks, one might expect to find the remanent magnetic
dirgctiong Tforming a pattern of éoncentric rings round the
point at which the current reached the ground,  Random
sampling over a wide area would be expected to yleld sahples
magnetlzed almoét horizontally but with random declinations.,
The directipns of magnetizatiop ofuthe numasrous samples
collected by the aﬁthor'@ee Chapters 3, 4 and 5) are not
Eoncgn@ygteq;in the horizonta;mplgne. This was taken as

an Indication that lightning wasﬂggy'of ma jor impoftance in

the remagnetization of surface samples.

The success of the above menyiongd palasomagnetic
collections 1n which the samples came from some depth below
the surface provides an obvious answer to the problem and
clearly, deep quarries, road cuttingsqud underground workings
should be used wherever possible,  However, in South Africa
sud@ workings very.oﬁten do not egist in the rogk formationg
of most interest in palaeomagnetiq"investigations,hv Drilling
to depths ofFSQ to 100 ft, would no dogbt provide an alter-
native solution but securing accurately oriented samples
from such depths is a formidable task for the research
worker with a limited budget. A third alternative solution

is to acquire an understanding of the exact nature and cause
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of these ?surfa?e effects" so that they may be avoilded
or eliminated."pWiﬁh this object in mind a debailed study
of one outerop that was lmown to be randomly magnetized

-

was undertaken,

1, Worlk on an Outcrop of the Robinson Dyke,

The Robinson dyke 1is a member of the family of
basic'Pilangsberg (or~Pi1ansberg) dykes which fan out %o the‘
north-west and south-east of the Pilanesberg alkaline intrus-
ive body (see figure é/l). Gelletlch (1937) described
thesgrdykes‘in_some_detail, identifying them by their
characﬁeristic negative magnetic anomaly, Some 6f the
dykes are of a composite nature conslsting of basic or
mafiq bOrers with a central felsic part, A summary of
the work done on the Pilanesberg dykes 1is given by van
Wiekerk (1959) who also describes the petrology of some of
these dykes in great.detail. _ _

_ Gough (19?5) showed that the Robinson dyke, as
well as five_others,.was randomly magnetized at the surface
but consistently magnetlzed at depph; His figures for the
basiec part of this dyke exposed underground are:=-

Number of samples: 42 -
Direction of mean North seeking pole: Azimuth A 14.19

Inclination 71 ,8°

Radius of cone of 99% confidence (X) 4,9°
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One of the outcrops of the Robinson dyke that had been sampled
by Gough was chosen for a study of the "surfaée effects™,
The exposure, marked on figgre 6/l,is about 50 ft, square,
fairly flat and weathered to not more than about half an
inch below the surface,

- By means of the special drill rig described
in Chapter 2, section 20, a total of 20 oriented cores were
: drillcd frgm this outcrop. Somg qf the cores were 3 ft,
long and qth?rs g.ft. long. All”were drilled vertigaliy,'
The cores, one inch %n_diameterg_were cut into specimens one
inch long, the specimené being numbered from the top of the
core downwards, Generally 10 specimens could be cuﬁ_from
12 inches:pf_gore." The direction and intensity of each of
the 784mspegimens was measured by means of the spinner type
magnetometeaer,

2., Laboratory Experiments,

In attempting to understand the peculiar patﬁgrn
of rqmgngpt magneﬁization'of part of this outcrop (described
in secti@p BFpelow) it became obvious that certain
lgboraﬁory experiments were necessary, Aithough these
experimants weres carried out after it became_evident that
lightning could possibly cause such a pattern, an account of
the experiments is given here so as not to interrupt the
description and explanation of the remanent magnetic

observations,
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A, Magnetization experiments,

' §ome six specimeps from the deepest bore cores
were initially selected for experiments using a D,C,
magnﬁticwfie}d._ These specimens had intensities cldse to
2.8 xllo_f'_5 gauss which was calculated from Gough's (195é)
figures as the mean for the underground samples from the
basic part of this dyke.
" The direction and intensity of magnetizatibn

of the §pegimen was measured and a D.C. magnetic field of
known intensity was applied at a known angle (usually at
right gng}esz to the N.R.M, fer a predetermined length of
time_(gsually one minute) before slowly decreasing the field
to zero, nThe apparatus is described in Chapter 2, section
A, After measurement of the direction and intensity of
remanent magnetism of the specimen the procédure may be
repeated with a larger field 1f desired,

| Knowing the direction and intensity of magnet-
i1zation before and after the experiment one can, by completing
the payallgldgram, estimate the remanent magnetlc vector
produced by the applied field., The dngle between the
original magneticlremanence and the applied field need not )
be used in this calculation so that if the angle between the
gppléed.fielg and the calculated vector is small, 1t would
implyﬁ?ha?uoge can legitimately picture the I.R.M, as gdding
zsgggigrially to the N.R.M, In éll cases this angle was

found te be within thé experimental error, never exceeding
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o degrees,

This vector of remanent hagnetism has been
plotted on the vertical axis in figures 6/2 and 6/5. It
will be seen thatf’ the curve starts to depart from the
horizontal axis at about 8 oersteds and that 12 oe, 1s
sufficient to produce a small but significant magnetic
vector,  The durve shows no signs of approaching saturation
at SBO“QG. -1t would appear as though the best curve through
the points has a slight "kink" at about 210 oe.

No magnetic anisotropy was observed in these
experiments,

) Subsequent experiments showed that the remanent
‘magnetism produced by the application of the D.C, fileld for
periods ranging from 15 seconds to 28 hours was consistent
with the curves. The random storage of the specimens
in the ea:th's field for pericds of several months showed no
significant effect.

- In spite of the fact that for this rock the
remanent magnetism is independent of the dqration of the
appliedlD.C. field for pericds ranging from 15 seconds
upwards, it could not be said that the field due to a
lightning discharge would behave similarly, A lightning
discharge consists of one or moreﬂéonsecutive strokes,
usually four in South Africa (Schonland, 1955). Each
stroke cqngisps essentlally of a leader (stepped or

otherwise), carrying a fairly low current, followed by the
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main flash, . It saould be noted that although the
electrlcal breakdown for tho leader proceeds from cloud to
ground While4that.for the main flash 1s from ground to cloud,
nevertheless, the actual current or flow of electrons is
In the sam¢ directlon throughout any particular discharge,
(Generally the cloud 1s negatively charged and ‘electrons
~move from cloud tomground.) ~There can therefore be no
alternating field gg'suggested_by lebertm(1958).m Instead
tbe_field is uadeAup oflavnumber_of D.C, pulses, all of the
same sign,

The current in the main flash varies from
10,000 amps, to more than 160 OOO amps, In 50% of ths
discharges recorded in,Rthesia ‘the current exceeded
40,000 amps, (Anderson and Jenner, 1954). The time taken
for theAeurrenr to reach‘its peak varles from 1 %o 19 ..secs.,
with an average ofv6. éecs: while the time taken for the
current to_fallnfrem its peaklvalue to_half its peak value
'4rvaries from 7 to 115 secs, with an average of 24 _secs,
(Chalmers, 1957, Pe252).

Thanks to the generous co-operation of Mr. J,J.
Kritzinger of the Department of Electrical Engineering of the
University of the Wluwatersrand 1% was p0531b1e to evaluate
the effect of Verywshort pulse fields on the magnetic
remanehce of specimens_from the Robinson dyke, The rock
specimens rere_pleced at fixed distances from a long

stralzht conductor connected via a spark gap to a high
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voltage impulsa genepator gnd were sub jected to the pulse
fields resulting froh high eurrent disbharges along the
conductor, Photogzraphs of the trace of a calibrated
oscillograph were taken so that estimates of the current,
pulse shape and duration of the discharge could be made (for
further details see K?itzinger,»l961). The direction and
intensity of magnetization was measured before and after each
experiment and the vector produced by the field was estimated
in the manner described above. The results of these expsri-

ments are presented in table 6/1 and the magnetic vector is

plotted against the fleld as large circles in figures 6/2

and 6/3.
| Table 6/1

Speci- Peak Curr- Distdnce Field Durations No,of Magnetic v"ec-':5
men N¥o. ent Amps, cms, Oe, /usecs; shots tor Gauss x107
.6/48 4000 16 50 10 1 5.4

6/48 4000 8 100 - 10 1 .29

6/48 4000 3 267 10 1 386

6/ 49 4000 11 73 10 1 15,7

8/49 4000 5 160 10 1 114

11/48 3900 6 130 1c 1 53

11/51 4000 1o 80 10 1 14,5
11/50 4000 10 80 10 5 13,7

11/47 3200 9 - 70 1.4 1 6.5

11/46 3000 6 100 1.4 1 15,8

8/ 47 3000 6 100 1.4 1 27.5

6/46 3000 6 100 1.4 5 33,5

* From start, through thes peak, to % peak current,
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- The accuracy of this experiment is not as high as
that obtainable wheh using a D,C, fleld generated by a
solenolid,  The calibration and reading errors involved in
the estimatlon of the current should not have exceeded
10%. .The srror @nﬂmaasuring the distance between the
Qentre of the spgcimen and the conductor.should not have
exceeded S%Qbut when_the specimen is very close to the
conductor the curvature of the field and the field gradient
across the specimen is appréciable. Although_the specimens
were oriented relative to the conductor by eye, the angle
between the dilrection in which it was intended to direct the
field and the galculated magnetic vector reached 9° in one
case but otherwise did not exceed s°,

In spite Qf.these difficulties it 1s clear that
the effect of D,C, pulses of 10 /Asecs. duration Trom start,
Ehrough the peak“to half current 1s very similar to that of
a D;C, field applied for a muéh 1§nger time, The effect of
the shorter pulsgs of 1.4/A~secs. duration may be a»little low~
or, Howevor, witisuch short pulses the circult showed some
tendency to oscillation and an overshoot of the current of
some 10% was observed. It 1s therefore not known whether
the lower I,R.M, observed for pulses of very short duration
is meaningful or not,.

As shown In vable é/l, the effect of several pulses
of the same size is notvsignificantly different from that of

a single pulse, It 1s, therefore, highly likely that the
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magnetic effect on this rock of one or more main strokes of

.a lightning dischargewwill follow the curves shown as

figures 6/2 and 5/5, and these curves will be used to estimate
the field and thence the current responsible for the remagnet-

lzation of part of this outcrop,

B, Demagnetization by alternating current,

Alternating current demagnetization experiments
were performed on specimens from this outcrop primarily in
order to determine_tq what extent, if any, it 1s possible
to remove the secondary magnetization without affecting the
original T ,R.M, By this means it might be possible fo
meke an estimate of the direction and intensity of the T.R.M,
of the rock in spite of the fact that the original magnetiz—l
ation had been swamped by magnetizations acquired subsequent-
ly.

_The apparatus used is described in Chapter 2,
section éB. The direction and intensity of magnetization
of the specimen 1s measured after cach of the successively
larger applications of A ,C, field._ Figurg 6/4, a lower
hemisphere steraographic plot, shows the way”in which the
direction of remanent magnetlzation of specimen ;/25 changes
with increasing A,C, field, After being subjected to a
peak field of 1&5 oe. its direction of mggnetization is
very close to that determined by Gough (1956) for the bhasic
part of this dyke in Robinson Deep Gold kine, Further

increases in the Tield do not alter the direction
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apprecilably untll the Intensity of magnetization i1s less than
about one tenth of Gough'!s mean intensity of magnetization

A -3 . ;
of this dyke of 2.8 x 10 gauss, Beyond thls stage the

directions of magnetlzation start to scatter,

‘.la

zation ¢f specimen

‘._le

The inlitial intensity of magnet

=3 gauss (see also figure 6/6) i1,e, about

l/zélwas 17,9 x 10
gix times more strongly magnetized than uﬁaffected rock at
depth, Similar results are obtainable from specimens with
initial magnetizations up to about 30 x 1Q”5”gaus§, 1.e. about
ten times that of the original T, R.M, In‘eachmcase the
direction of magnetization moves towards and finally pauses
at a point very close %o Gough?svmean direction. Some
scatter may occur With fields exceeding about 660 oe,
In specimens whose secondary magnetization is
more than about 10 times stronger than the T ,R,M,, A,C,
washing does not effectively restore the original directlon
of magnetizatlon. Figure é/S_shows the progress towards the
original direction of magnetization of speclmen 12/13 whose
initial intensity was 2,1 x ZLO"l gauss, lo clear "end
point" 1s reached, After treatment in the A,C, fleld of
387 oe, the intensity of magnetization was down to 1,1 1@10"4
gauss and 1t is clear that the effective coersive force of
such strong @agg?ti;ation 1s very close to that of the T ,R,M,
Rimbert'(1958) drew attention to the difference in

the intensity vs. A,C, demagnetizing field ~ curve for

magnetization probably due to lightning and that due to a
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D.C. fieid. figure 6/6 confirms this observation., The
demagnetization curves for the speclimens probably magnetized
by natural lightning begin with a gentle slope which
increases to a point where the curve becomes nearly linear,

The curves for the specimens magnetized by a D,C. fisld

ol

do not show this initial gentle.slope. Specimens 11/50C and
11/51 were magnetized by the field due todan/értificial
spark dischargg (see section 24), Specimen 11/5¢ was
sub jected to one such disgharge while 11/51 was magnetizeéd
by five equal discharges at short intervals, The demagnetiz-
ation curves for these two specimens do not appear to be
significantly different from each cther and they resemble
the curves for the speclmens magnetized by natural lightning
more closely than they do those magnetized by aD,C, field,
The slight plateau formed by eagh_demaggetization
curve at Intensitles ranging from 2 to 4 x thS gauss
probably represents the stage at which the I ,R,M, becomes
comparable with the T il M, This supports the~assumption
that the average T ,R.,K, of this outcrop of the Robinson
dyke has much_the same intensity of magnetization as the
underground exposures studied by Gough (1955). The mean for
the undgrgroundngposures (calculated from Goggh’s figures)
of 2.8 x 10"5 gauss 1s consistent with these and other
demagnetization curves,
Since the addition of magnetic vectors (see

sections 2A and 3B) appears to be entirely satisfactory,
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one would expect That with the removal of one or more
vectors during demagnetizatlion a similar sort of vector subtr-
action would be pcssible, In fact this does occur for

specimens magnetized by a D,C, field. Tigure q/7

first stages of demagnet-

[©]

shows that at least during th
ization one can picture the T.R,H, remain in? constant while
the I.R.K. 1s progressively removed wibthcut chang ging its
direction, The vector resultant decreases in length and
changes in dLrectlon in accord with the pawallelo”“am and
moves along line AB., However, figure 5/8 shows that iIn the
case of a specimen with I,R.,M, due to lightning no guch simple
model is possible, This peculiarity 1s probably directly
related to the initial gentle slope of the demagnetization
curve for specimens with I R.M, due to lightning but the

phenomenon 1s not yet clearly understood,

3, The Natural Remanent Magnetism,

P S N

A, The main pattern,

Seventeen of the twenty cores drilled from the
outcrop described above camc from Ghe area about 14 ft, by
5 ft. depicted in plen as figure 6/9,

Lower hemisphere stereographid'plots of The
difections of magnetization‘of the specimens from each of
cores 1, 4, 12, 14, 20 and 8 are shown as figures 6/11 to

6/16 respectively, On the whole the specimens from these
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cores as well as these from most of the other cores, are
magnetized in directions which fall on nearly vertical,
apprdximately ME-SW great circles, The "sirike" of each

of these planes of wagnetization 1s shown as the line through
each of the "bore holes" in figure 6/9, As will be seen
from the plan, these vertical NE-SW planes nearly coincide
with the approximate plane from which the ;pecimens of cores
numbers 8, 16, 1, 4, 12, 13, 9, 14 and 20 were drilled.

It is therefore falrly accurate to represent the
direction and intenslty of magnetization of the specimens as
Vectors in the plane of a section approximately through
these cores, Every fourth specimen from each of the above
cores is represented in such a section which 1s presented
as figure 6/10; The‘magnetic vectors for core number 8,

- shown as dashed lines, are not direct observations but have
been calculated as described in sectlion 3B below,

Txcept for core number 8, the pattern of the
direct remanent magn§tic observations represented in figure
é/lo is qualitatively highly consistent with one that would
be produced by an electrical current flowing along a single
straight conductor passing perpéndicularly into the plane of
the section at the point marked C 1, However, it is equally
clear that this simgle picture is not quantitatively accurate,

For example, specimen 16/9 is about 2 ft, 4 in, from C 1
and has an intensity of magnetization of 242 x’lO"2 gauss

while specimen 9/1%7 is very nearly the same distance from
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C 1 but has an intensity of 1,9 x 1071 gauss, Many other
examples of speoimens Eo the left (S.W.) of C 1 being much
less strongly magnetized than specimens eqﬁidistant to the
right (N,2,) of C1l are to be found.

The simplest explanation fof this phenomenon 1is
that there is a gradual increase towards the N,E, in the
intensity to which a specimen could be magnetized by a
given fileld, This could occur by a progressive change in
the quantity or nature of the magnetic minerals in the rock,
This possibility was investigated by sub jecting specimens
14/29 and 1é/so to D.C, flelds of various strengths, Within
the limits of experimental error the two specimens behaved
ldentically and in complete harmony with the fleld vs,
remanent magnetism curves described earlier.

Two other possible explanations were investigated,
One, involving the vQctatofial.sum of the field due to the
_ _ ' EREGE EER
" ecurrent at C 1 and anéthéf iarge qurrent in the opposlte
directlon but somé distance to the right\(N,E,) of ¢C1, was
abandoned when a test core (No,20) failedvto fit the predicted
pattern, The possibility that the current at ¢ 1 instead of
following & thin, wire-like path, spread out in the form of
a sheet was consldered mathematically., It became clear that
in any sheet-like model, the field at any point below the
sheet would be predominantly horizontal even if the point 1is

very close to a sheet in which the current distribution is

highly non-uniform, Such specimens as 4/5 and 13/5 show
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that the current path could not have been more than one
foot wide, '

As pointed out above, the directions of magnetiz-
ation of the speciméns from any one core lie on a great circle,
The planes of these vertical great cilrcles are represented
by the lines through the "bore holes" on figure 6/9. For any
particular core the dirsction of.the perpendicular to the
current will lie in this plane and 1ts sense can be deterﬁined
by noting the way in which the magnetic veqtors rotate as
one proceeds from the top of the core downwards, This
direction for each core is indicated in figure 6/9 by the
arrow heads, It 1s clear from the non-parallelism of these
directions that the current did not follow a straight path
and a path similar to that indicated in the figure scems
possible,

A good approximation to such a curved current path
may be made by dividing the curve up into a number of
straight segments whereupon the problem may be tackled
guantitatively in a simple manner, Guilded by the intensity
of magnetization of some of the specimens nearest to it, a
guess may be made at the magnitude of the current. The
direction and strength of the field due to each of the
straight current-path segments may be calcuiated for a
point occupled by any specimen, The angle between
any two of these magnetic fields, A and B, may be determined

with the aid of a stereographic net and their vectatorial
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sum (A+B ) may be calculated., The direction of (A+B ) may
now be plotted by using une angle between A or B and (A+B),
This process may be repeated until all the vectors represent -
ing the magnetic field due to segments of the current-path
have been added,l The resultant field can %hen be converted
to I.R.M, by means of the curves shown as f¢fures 6/9 and 6/5
The calculated direction of the fleld and intensity of I.R.M.
may be compared with the values observed for the particular
specimen, The current magnitude may be adjusted 1f-
nescessary,

By trial and error, the current path consisting of
the four straight segments shown in figure 6/9 was found to
fit the observations fairly well, The best value of the

4 Amps.

current was found to be 5,0 x 10
Table §/2 compares the observed direction and
intensity of magnetization of fourteen specimens with those
calculated on‘tne_basis of this model,
Sp801mens 5 and 25 of core number 7 show that
the model 1s not accurate at its extremities. Clearly this
is due to the assumed semi-infinite straight segments at
either end of the current path. However, the overall
agreement between the observed and calculated values of
Declination, Inclination and Intensity of magnetization is
good enough to indicate to a high degree of probability
that the pattern of magnetization of this Dsrt of the

outcrop 1s due to an electrical current of about 50,000 Amps



103
flowing along an approximately horizontal, narrow but

curved path,

Table 6/2,

- OBSERVED, - CALCULATED,
Speci= D I Intensity , D I Field Intensity
men No. deg. deg, gauss x 10° deg, deg., oe., gauss x 107Y

1/21 243 =12 29 245 «18 103 '57
2/9 244 =55 99 250 =45 137 72
3/25 | 256 + 5 23.6 261 ~10 106 39
4/13 244 + 1 270 255 + 1 24 210
5/13 204 +36 280 223 +32 261 260
7/5 215 « 1 480 210 =19 662 500
7/ 25 226 +18 34 224 + 7 124 56
Q/is 265 454 310 275 452 260 zéo
10/17 251 420 146 257 +21 195 160
13/9 256 +48 380 263 +60 377 470
14/17 282  +50 1lé 282 +41 166 110
15/17 286 + 9 155 285 + 17 178 iso
16/13 255 55 15,2 235 =56 81 21
20/21 288 +56 41 280 +51 120 53

Note: D (declination) is measured clockwise from true North

to the Iorth-secking pole.

I (inclinatior) is positive 1f the North~seeking

pole is down,

The reason for the pecullar directions of magnet-

ization of the uppermost three or four specimens from cores
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16, 1, 4 and 2 (see figure 6/10) is not known, They may
be due to very small branch currents which feed the main

current,

B, Core numbsr &,

*

The solid lines in figures 6/17 represent the
observed directions and intensities of magnetization of core
number 8, These directlons are also plotted stereographically
in figure 6/16. Wote the way in which the directlon rotates
through nearly 360° between the surface and about 3 ft. and
also the iniﬁial decrease in fhe intensity of magnetization
to a minimum at abouﬁ 1 ft, 9 in, (specimen number 1%)
followed by an increase,

If perpendiculars arc drawn from Tthe observed
directions of magnetlization of the first three specimens,
they happen to intersect at the point marked "Current 2",

The remanent magnetism of these three specimens could be due
to a long straight horizontal current flowing perpendicularly
into the plane of the paper through this point. Knowing

the intensity of magnetization, the field and thence the
magnitude of the current may be found, A Specimen 1 gilves

5 Amps, whileo specimens 2 and 3 give

a value of 4,3 x 10
2,0 x 10° Amps, Specimen 1 may be slightly weathered so
that 5000 Amps. is probably the better figure, The field
and thence the intensity to which each of the remaining

specimens of core nwiber 8 would bc magnetized, may now be

found, The direction of this vector 1is given by the
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perpendidular to the line joining the centre of the specimen
to the point marked "Current 2" and the vector C is shown
accordingly in figure 6717 for each specimen,

On the basis of the demagnétization experiments
described above, the thermoremanent magnetization of this
core is assumed to be the same 2s that determined by
Gough (1955) underground, viz, D = 14,1°, 1 = 71,8°,

5 gauss and is represented by vector

mean Intensity = 2,8 x 10~
D in the figure, It will be noted that for specimens

1, 2 and 3 this vector is negligible compared with the
observed vector so that the estimation of the current will
not be affected by it,

For an& particular specimen, the vectatorial sum
of C and D does not produce the observed vector M, and a
further veetor A 1s required to account for the observations,
This vector, drawn as the dashed lines in figure é/lV may be
found by completing the parallelogram as shown for
specimen number 8,

The behaviour of vector A is rather more systematic
than that of the observed vector M. Its direction remains
more or less constant and its intensity falls off smoothly
with depth. Figure é/lo, in which this calculated vector A
is shown as dashed lines, shows clearly that it fits in
with the rest of the "Main Pattern”, It 1s undoubtedly

due to current 1 described above,
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4, Discussion.

Both the electrical currents responéible for the
remaghetization of part of this outcrop followed predominantly
horizontal paths close to the surface of the rock, The
magnitude of the currents, their behaviour'and the character-
1stic A,C, demagnetizatlion curves leave very 1little doubt
that they were associated with lightning discharges,

From figure 6/9 it will be seen that current 2
could possibly curve towards the North to join up with the
malin current:7 Another sméll cufrent may have joined the
main current near core number 15, This could possibly
explain the magnetism of core number 6, It seens probable
that cores number 10 and 11 were magnetized by another large
current to the West of them. This current may or may not
have been assoclated with the main current described above.

In the area of the oubtcrop studled, the effect of
a vertical lightning current is not seen at all, It seems
probable that the horizontal currents could remagnetize
a greater area of rock than would the vertical current with
which they are associated, It is clearly fallaceous to
argue that 1f the pattern of magnetization of a surface
outcrop 1s not one of_concentric horizontal vectors then it
could not.have been caused by lightning.

For this rock the minimum field required to produce

a significant change 1in the remenent magnetism is about
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12 oe, (see figure 6/2), From the equation:

g = 2%
10 a
where H = the magnetic fleld, in oersteds, due to an

infinitely long straight conductor,
1 = the current, in Amps,, and

& = the perpendicular distance, in cms,

it can be shown that to entirely avold such fields due to
lightning one shouid not use samples from depths of less than
50 ft, In view of the difficulty of drilling and orienting
samples from a depth of over 50 ft., deep guarries, road
cuttings and mines should be used wherever possible,

The next best technique at present available is
that of drilling to 5 or 6 ft, Although the directions
of magnetization at these depths can be very significantly
different from that of the original N.R,M_, A,C, "washing"
wouid in most cases remove the unwanted effect. |

Clearly, if elther vertical or horizontal lightning
currents have affected the remanent magnetism of an outerop,
systematlc sampling over an area of, say, 50 ft, by 50 ft,
cannot yield a coﬁsistent but wrong impression of the original
magnetic direction, The resulbs will merely be negative in
that they will be scéttered,

| Having shown that the overall rahdom_magnetization

of one outcrop is due to lightning currents, one is left
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to wonder whether this kind of remagnetization is common

or not, Gough (1956) sampled ten outcrops of five Pilanes-
berg dykes, including the outcrop sampled by the present
author, A1l ten were found to have scattered directions

of magnetization, There i1s no reason to believe that the
cause of the scatter was anything other than lightning
currents, The marked decrease_in scatter of the undsrground
FKarroo dolerites when compared with the surface samples
(Chapter 4) has already been meﬁtioﬁed, Similarly, samples
of the Iower "Shales" of the Table Mountain Series taken from
a deep road cutt;ng (Chapter 5) were found to be consistently
magnetized whereas those from the mountain side were
inconsistently magnetized, .In both these cases it 1is felt
that lightning currents could have been the cause of the
scattering.

Workefs in other countries have frequently
encountered surface outcrops with scattered magnetization,
These negative.results are generally only mentioned in passing,
or are not reported at all, so that it 1s impossible to form
an opinion as to.the frequency or cause of such phenomena,
However, the "minor deviations" in the magnetic directlons
of certain outcrops of a family of Tertiary tholelitic dykes
of North England reported by Bruckshaw and Robertson (1949)
are probably attributable to lightning currents, The
patterns of magnetization of some outcrops studied by

Bruckshaw and Robvertson are very similar in nature to that
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described above,

The possibility of the remagnetization of many
surface outcrops by lightning currents puts an obstacle in
the way of the "conglomerate stabllity test", J.W, Graham
(1949) argued thet if each boulder or rock slab in a conglom-
erate is_consistently magnétized but the remanent magnetic
directions for the various boulders 1s different to the
point of randomness, then the rock from which the boulders
are derived 18 probably magnetically stable, However, it 1s
obvious that, particularly where horizontal lightning
currents are involved, the directlon of magnetization of a
surface outcrop may_vary rapldly over a small area, Thus,
this test is only valid if either (a) the samples came from
a conslderable depth below the surface, or (b) 1t can be
shown that the separation of the specimens from each boulder
is of the same order as the distance between the various

boulders sampled,

5, Conclusions,

The magnetic fields generated by large electrical
currents assoclated with lightning discharges have remagnet-
ized the portion of the outcrop studied and probably are
the cause of many of the "scattered" directions of
magnetization encountered in the palaeomagnetic study of

surface samples, The only completely satisfactory way of
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avoiding this hazard is to restrict measurements to samples
collected from depths of greater than about 50 ft. However,
systematic sampling over even a fairly small area cannot
yleld consistent but "wrong" directions ofrmagnetization
resulting from lightning currents, If scattering is found,
A,C, washing may préve useful, particularly 1f the specimens
have cone from moderate depths sﬁch as 3 to 6 ft.

J.W, Grahamts (1949) "conglomerate test" for

magnetic stability should be used only with extreme caution,

Post Script,

After the initial preparation of this chapter, as
well as that of a paper describing this work (Graham, in
press), a paper by Cox (1961) dealing with an identical
problem in a somewhat similar manner was.published. The
.two works are mutually cohfirmatory. Cox!s paper further
serves to demonstrate beyond doubt that the remagnetization
of rocks by 1ightnipg currents running close to the surface

of the outcrop, is widespread,
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CHAPTER Y.

GENERAL DISCUSSION,

l, A Programme for the Future,

| The palaeomagnetic work relevant to. the establish~
ment of a pole path fér Southern Africa is summarized in
table 7/1 below, ~ Many of ‘these results are based on too
few observations and can only be regarded as tentative,

One of the most significant and interesting problems
that may be solved by palaeomagnetism 1s that of "Continental
Drift", Tt iswnot the purpose of this chapter to review
the availlable palasomagnetic evidence for Continental Drift
since this has been done by numerousiwriters (Cox and Doell,
1950; Collinson and Runcorn, 1960, etc.), Because of‘the
lack of sufficient data these writers have been forced to
present their conclusions in broad terms and, @lthough it is
amusing to move models of continents on a globe so that
appropriate palaeomagnetic poles coinecide, a description of
the poséible combinations, particularly with refgrence to
Africa, only serves to emphasize the lack of data. Let us
therefore, consider how much and what sort of data is
required in order to solve this intriguing problem,

As mentioned in Chapter 1, the ancient co-latitude
of the sample site can be determined for any period of +time

long enough to allow secular variation to be eliminated,



Table

/L.

Palaeomagnetic rosults from Southern Africa,

Reference

Age Formation D I X9 Ancient Pole Sampling.

Jurassic EKarroo Dolerites 341 -60 - 70S 743 82 Dolerite samples Present
(mean disregard- and 16 baked sedi~ thesis
ing sign) ments from area Chapter4

' . _ _ 400 x 250 mlles L

Jurassie Karroo Basalts, 328 =40 4% 603 103E 12 samples Nairn 1960
Rhodesla . o : , , _

'riassic Cave Sandstone, 325 =13 8% 533 1368 10 samples Nelrn 1960

Bechuanaland. , . ‘ o

Priassic (Mean 2 ) 352 &31 7 84S  172E 21 samples (6attes) Nairn 1960

Permian Majli Ya Chumwi, 267 +38 11 40 150E 5 samples Nairn 1960
Kenya. _ : ' .

Permian  Taru Grit,Kenya 87 +61 16% 0 87E 8 samples Nalrn 1960 |

Carbon~- Dwyka Varved - - - 153 23E 4 samples Nalrn 1960
ferous Clays ) - ‘ _ -

lurian (2) Table }ountain 162 -3.5 4% 50,3N 1l0.9W 8 samples from a Present

. Series single bed cover- thesis
ing 100 ft, hor- Chapter 5
L izonbally oL
50 m.ya Pilanesberg 24 +69% 6 7AN 42248 5 dykes covering Gough 1956
Dykes 54 miles 5 to 28
. . samples per dyke
50 m,y. Bushveld Gabbro 12 23N 36E S sites covering Gough-and
154 miles, 12 to van Niek-
29 samples per erk, 1959.

site,

W,

STt
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Also,declination,‘the angle between the present North-South
line on a continent and the direction of the ancient pole,
may be found thus establishing the orientation of the
continent relative to the pole, However, the longitude of
the continent cénnot e found from one palaeomagnetic
determination so that the exact ancient relationship of
continents, one to the other, cannot be found from one
palaeomagnetic determination from each continent, even if
these determinations are made on exactly contemporaneous
rocks, |

"Polar Wander" further complicates the pilcture.
It is convenlent to confine the term "Continental Drift" to
the movement of the continents relative to one another, Any
movement of the continents relative to the pole while
remaining fixed relative to one another should be called
"polar Wander", regardless of any poséible similarity in
mechanism,

It is clear that in order to determine the
extent of Continental Drift one must also determine the amount
of Polar Wander and vice-versa, Theoretically, the
ancient relative positions of the continents can be found
from two palaeomagnetic determinations from each continent,
separated by sufficient time to allow some Polar Wander but
insufficlent to allow appreciable Continental Drift
(vaing, 19568). Bach of these two determinations should

be made on rocks of exactly the same age from each of the
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continents; and herein lies the major obstacle in the way
of this method, Intercontinental correlation of strata
cannot be relied upon to this extent, | Further, although
it is clear that for most of the Palaeozolc and Mesozolc,
relative movement between Europe and North America has been
slow compared with Polar Wander, it cannot be assumed that
‘this is true for all continents at all times, Therefore,
the necessary conditlon that there should be appreciable
Polar Wander but no Continental Drift in the intervalv
between the formation of the rocks on which the two determin-
ations are made, may not élways be fulfilled,

The only satisfactory approach is to determine
the entire pole path relative to each continent in as much
detall as is possible, Kinks, reversals of the field»and
other idiOSyhorasies_of these curves could provide the
necessary intercontinental oorrelatioﬁ, and by matching the
curves frdm the various contlnents where they fit neatly, the
roles of Continental Drift and Polar Wander can be separatéd
and oompletély defined,

This is a long Jjob!

The task should be tackled step by step. The
first objeot in South Africa should be to determine an
approxihate pole path for the Palaeozoic and Mesozoic by
making about a»dozen palaecomagnetic determinations scattered
throughout as much of this period as poss‘iblef The

reasons for giving this project priority are :-
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This appsars to be Tthe period of most active

Polar Wander.:“

Although Africa is probably a key plece in the
Gondwanaland puzzle, palaeomagnetic data from this
continent are particularly sparse,

Rocks covering most of thilis period are available in
South Africa, although they are seldom of the ignedus
or bright red clay types which have so far ylelded the
bulk of the data from other continents,

As has been seen Ifrom previous chapters, there are many
problems assoclated with palaeomagnetic work in South
Africa; some have been solved, bﬁt several remain,

In particular a technique for dealing with the very
weakly magnetized rocks which make up the bulk of the
Cape and.Karroo Systéms is, as yet, lacking, Until
such techniques are available one 1is more or less confined
to the isolated horizons made up of the more magnetic
sediments,

Tt is quite probable that during the course of

these studies, ideas and instruments will emerge which will

enable the use of the very weakly magnetized (below say,

2 X 10"8 gauss) sediments, Should this be the case, the

Cape and Karroo Systems should be studied virtually foot

by foot. The effects of lightning make deep drilling

advisable, If one is going to drill 20 ft. why not drill
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1,000 ft, and so solve what can become a very difficult
problem, viz, very accurate correclation? Orienting the
very deep cores is only a problem of instrumentation and is
commonly practiced by at least one South African prospecting
group., By means of an lmproved design (Sacks and Graham,
unpublished) it may be pbssible to orlent deep cores without
unduly interrupting the drilling routine,

Deep drilling seems to be the only way of adequately
sampling the softer shaly horizons which characteristically
form the gentle talus slopes 1n the Karroo gnd Cape Systems,

The Pre~Cape rocks of South Africa_should not be
forgotten, Partigulayly, the Dominion Reef, Witwatersrand,
Ventersdorp and Transvaal Systems represent a more or less
continuous record of Geological time and could provide
extremely interesting data on the history of the Earth's
magnetic field and possibly, in conjunction with work in
ofther continents, on the history of the Earth'!s crust and the
continents as far'gack as about 2,400 million years ago.
Between the Tranqual:System (about 2,000 million years old)
and the Cape System (about 400 m.y.) large gaps exist in the
Geological record. The Bushveld Gabbro (about 1950 m,.y,.)
and the Pilanesberg dykes (about 1350 m,y.) have already been
studied, but between these tWo intrusive events are the
Loskop System and particularly the Waterberg System which
warrant attention, The Malmesbury System may be too

metamorphosed in most areas to yield much of slgnificance
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but the Nama System could be of great interest.

And the Cape Granite 2 It would bq interesting
to study the remanent magnetism of a granite, simply beocause
this has ﬁever'been done before,

The possibility of using palacomagnetism as a tool
in the correlation of;sedimentary and volcanic systems makes

a study of the older rocks doubly worth-while,

2« Steps In the Right Direction,

Having reallzed the importance of lightning currents
in the remagnetization of surface Qutdrops, new attempts to .
study the palacomagnetism of the Cape and Karroo Systems
have been undertaken at the Bernard Price Institute of
Geophysical Research, At present only preliminary results
are available but these show clearly that enormous advances
in technique heve been méde since the first palaeomagnetic

attempts in South Africa in 1954,

A, Measurements on Stormberg Lavas,

Using the new drilling and orienting equipment
described in Chapter 2, sectlon 2C, Mr., J,S,V, ven 2ijl
has systematically sampled some 4000 ft. of the Stormberg
Lavas at Sani Pass and about 3000 ft, near Maseru, both
in Basutoland, Wherever possible the samples were taken
from road cuttings and other piaces less likely to have been

affected by lightning but in these areas deep road cuttings
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are not common and many samples had to be taken from

natural exposures, ;.In'spite of many scattered directions
of magnetization, van Z1jlts results ylelded a highly
relilable méan directilion of magnetization of the lavas and
showed that reversely magnetized lavas ét the bottom of the
succession are folloWed by a "transitlon zone" of wvariable
direction of magnetization, The upper lavas are magnetized
in the normal sense, Subsequent A,C, demagnetlzing
experliments performed by van Z1j1l, using the apparatus
developed by the author (Chapter 2, section 3B), has reduced
the‘scatter in the directions and intensities of magnétization
of the samples so much that it i1s possible to describe the
detalled behaviour of the magnetic fleld at the time of the
extrusion of the lavas, Mr, van Zijl hopes to submit a
thesis for the degree of Ph.,D. (University of the Witwaters-

rand) based on this work In the very near future,

B. lMeasurcements on Upper Beaufort Sediments,

Twenty~one three foot cores have been drilled by
the author from deep road cuttings in the Upper Beaufort
(Burghersdorp Beds) near Queenstown, Cape Province, Most
of the cores are from reddish shales or mudstones, Prelimin-
ary results obtained by measuring five or more speclmens
from each core are given in table 7/2, |

A1l the cores are normally magnetized, The 19
highly consistent cores give a mean direction of magnetiz-

ation for the Upper Beaufort of D = 333,70, I = =59,6° ,
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Table 7/2.
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of the 3 ft, cores from the Upper Beaufort,

No, D I N oL k

106 324 ,7 ~48,8 5 3.2 570
107 323,8 =D7 .4 5 348 400
108 328,0 =47,0 5 5,9 133
109 338 4 5049 6 3.1 00
110 340.0 =55,8 7 340 400
111 343 ,8 w50 ¢D 5 949 390
112 - 348,9 ~56,0 5 242 1330
113 324 ,4 ~59,2 7 4.7 162
114 346 ,4 =57,9 5 5,8 174
115 334 ,6 =7043 7 2.0 1000
116 315,.4 =07 5 3,6 444
117 352,2 =63,1 5] 8.2 89
118 329,5 “64,9 6 349 204
119 322,9 ~57,9 6 2,8 556
120 333,5 ~69.5 5 4,4 308
121 214 4 ~54,5 6 1,7 1670
122 Scattered

123 Scattered |,

127 327.5 =63548 7 4,8 154
128 340 o4 ~49,3 5 645 138
129 350,2 ~56,6 8 347 226
(X = Radius of cone of 95% confidence

k = TFisherts (1953) estimate of the dispersion,
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Giving each core unit wolght, C =’5.9°, k =76, At the
95% confidence levei this direction is not significantly
differént from the mean direction of magnetization of all the
dolerites (Chapter 4) of D =341 , I = ~60 (or D = 161 ,
I = é—o). Although the dircction of magnetization of the
Upper Beaufort ig very close to that of the present field
(D = 338%, I = =65}, 1t is significantly different at the
95% confidence level,

Preliminary demagnetization up to 550 oe. peak
A,C, fleld indicates that, with the exception of samples
122 and 123, these sedinments arelextremely stably magnetized,
Assuming therefore, that the mean direction represents the
directlon of the axial dipole field at the time of deposition
of the sediments (Lower Trilassic), the geographic poles
would have the present co-ordinates of 67.1°S, 87,1°E.
The semi~axes of the oval of 95% confidence for the position

of the pole are é%> = 4.40, d?n = 5.90.

Ce Measurements on "Red Beds™ of the Stormberg Series,

Eight reconnaissance samples were drilled by the
author from road cuttings in the Red Beds near Jamestown,
Cape Province, Preliminary results show that two of the
samples arec normally magnetlzed In a direction cleose %o
that of the Upper Beaufort, However, the specimens from the
other six cores which probably come from a slightly higher

horizon are scattered, some even belng reversely magnetilzed,
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Could this be another "tpansition zone" dividing the normally

magnetized Lower Stormberg and Upper Beaufort from the

reversely magnetlized Lower Lavas ¢

3. Qonclusions,

Although 1t may not be possible to construct a
continuous and‘detailed pole path curve for Southern Africa
until néw apparatus and techniques are evolved for dealing
with the very weakly magnetized sediments, the techniques
developed by the author wlll make i1t possible to obtain
reliable palacomagnetic data from the more strongly magnet-
1zed horizons of the Cape and Karroo Systems, Joining the .
pole positions calculated from these isolated determin-
ations will broduce an approximate pole path for Southern
Africa, simllar to those already available for some other

continents,
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APPENDIX,

1, The Plotting Technique,

A method of graphically representing the-measured
direction of magnetization and of cdrrecting this for the
slope of the hole and for any dip the strata may have had,
has been given_by J.W, Graham (1949), The system used here
is ldentical in principle to that used by Graham but 1t is
thought to be a 1little Simpler and more suitable for routine
use,

The directlon of magnetization of a specimen is
measured relative to a right~handed System_pf axes, Plus X
1s in the direction of the scratch, Z is parallel to the
axis of the_cylindrical specimen and 1s positive downwards,
Y is perpendicular to these two axes and is positive in the
direction 90° clogkwisg from +X . In tgé convention used
here the direction of magnetization is defined as the
direction of the‘Southfseeking pole,

In a Spinner-type magnetometer the direction of
magnetization projected onto the plane perpendicular to the
axis of rotation (héreafter called the plane of rotation)
of the specimen is measured, It follows that more than one

measurement is required to define the true direction of
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magnetization in space, In practice.three independent
measuresments are made per specilmen, When rotating about
the X axis, the angle A 1s measured, representing the
angle between +Y and the half-plane terminated by the X
axis and perpendicular to the plane of rotation, Similarly.
B 1s measured by rotating the specimen abouf the Y axis,
and represents the angle between +2Z and the half~plane
terminated by the ¥ axis and cutting the plane of rotation
perpendicularly. When rotating about the Zz axis, C is
ﬁeasured, corresponding to the angle between +X and the
vertical half~plane terminated by the 7 axis, The
direction of the south magnetic pole is represented by the
line formed by the Intersection of these three half-planes,
The problem now is to determine the direction of this line
from the readings A, B and C, This is most easily done
graphically, with the aid of a Stereographic or Equal
Areés net.,

For reasons which are discussed in section 3 below,
we have chosen to use the stereographic net and to plot
only on the lower hemisphere, distinguishing South-seeking

poles downwards by a circle (o) and North poles downwards by

# Actually six readings are made because of the necessity
to eliminate the zero error discussed in Chapter 2.
These six readings are combined in pairs to give three
independent measurements,
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~a cross (x). . A Wulff stereographic net of about ten
inches iﬁ diameter is used in routine plotting. The net
is pasted onto a suitable board. A double pointed
straight pin is pushed into the board at the céntre of
the net so that it projects about % inch above the surface
of the net, The actual plotting is done on a piece of
tracing papervlaid over the net, being pierced by the pin,
The X; Y and Z axes may be plotted on the tracing
paper as follows:-  Plus X will be on the circunference
of the net at the zero mark, +Y at the 90° (clockwise)
mark, -X at the 180° mark and -Y at 270°, Plus Z will
be at the centrefof the projectioﬁ but «Z 1is not plotted
since it falls on the upper hemisphere, (See figure A,l)
It is most convenient to plot the three measure-
ments in the order C, A, B. With the +X mark on the
tracing paper coinclding with the zero mark on the net, C
is measured clockwise from +X along the circumference of
the net where an appropriate mafk is made on the plotting
paper., If one were plotting on both hemispheres, a
solid line Jjoining this mark C with Z (the centre of the
pro jection) would represent the half-plane on which the
direction of the south magnetic pole must lie. - However,
since we have chosen to plot only on the lower hemisphere,
this line represents only the lower half of our half-plane,
If the south pole is below the horizon it will fall on this

solid line but if the south pole is above the horizon we
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mast plot the nofth pole which must be beiow the hqpizon
‘and which will fall on & dotted line 2 (C-180°) which is
simply an extenslon of the solid line CZ, as shown in
figure A,L.

A is plotted as half a great circle perpendicular
to the line ¥YZ on the stereograph, With the +X mark on
the plotting paper coinciding with the zero mark on the net,
the angle A 1s measured along the line YZ from +Y towards
or through +7Z, I A 1s between 0° and 1800, the south
pole will be in themlqwer hemisphere and the great circle
is drawn as a full line (figure A.22). As A increases
beyond 180°, the south pole comes above the horizon at - ¥
and the north pole comes into the lower hemisphere at + 7Y,
Therefore, at.lBOO one again starts counting from +Y
towards +Z, the great circle for A = 180° to 5660 being
drawn dotted, as in figure A.2b.

The third measuremenﬁ, B 1s represented by a
great circle perpendicular to the line XZ. In order to
cause the great circles of the stereographic net to lie
perpendicularly to the line XZ on the plo%, the tracing
paper must be rotated about the pin at its centre until the
+X mark on the paper coincides With the 90° mark on the net,
as in figure A.S. The angle B may now be counted off from
+7 towards or through +%X, If B = 0° to 90° the south
magnetic pole of the specimen will be in the lower

hemlisphere and the great circle is drawn as a solid line,
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From 90° to 270° the north pole will be in the lower
hemisphere, mdving from -X through:4-z o +X and the great
circle should be drawn dotted. Between 270° and 5éb° the
south pole will again fall in the lowér hemispherevand the
great circle 1s agaln drawn as a solid line. Filgures Sa
and 3b are examples of.two pdssible cases,

The direction of magnetization 6f the specimen
is represented by the polnt P at the intersection of the
three planes, P will be the direction of the south pole
in the lower hemisphere If it marks the intersection of
three so0lid lines and wlll represent a north pole downwards
if the lines are dotted ( figures A.Sa. and A.éb.
respectively),

In genéral the three lines on the plot showld
intersect at a po;nt. Any small error in one or more of
the measurements wlll cause the lines to form a small
triangle, in which tase the most probable position of P
'1s at the centre of the triangle, Occasionally the three
lines form a veryllarge triangle. This usually indicates
that a mistake has been made in the measurement or in the
aésociated arithmetic.” In the case of very weakly
magnetized spedimens,_a small amount of magnetic dust on
the top can generate a slgnal in the colls of the same
order as that due to the specimen, Since the specimen
(in the cube) 1s placed into the top in various different
positions (see Chapter 2) the magnetism due to the top adds
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vectatorially to that due to the specimen in different ways,
This has the effect of introducing a different error Into
each of the three readings and the plotted triangle becomes
large, A similar effect occurs 1f the top picks up an
electrostatic charge, The size of the plotted triangle
thus generally provides a very useful check on the socuracy
of the measurement. However, it occasionally happens that
two lines are parallel (e.g, C = 180° and A = 90° ) so

that the third measurement cannot be checked,

2., Corrections.

A Correcting for the orientation of the specimen,

The exact techhique for correcting for the
orlentation of the specimen depends very largely on the way
in which 1ts orientatlon is measured in the field and
therefore, on the orienting instrﬁment used, The proesdure
for correcting specimens oriented by means of the old device
is mentioned briefly in Chapter 2, Here only the procedure
for correcting the direction of magnetization of specimens
oriented by means of the newer instrument will be deseribed.

The angle between the X axis of the specimen
(the scratch) and Trus North, as measured and recorded in
the fleld is called the "Bearing"., The angle between the
Z axls (the axis of the core) and the vertical 1s called the

"3lopet, As described in Chapter 2, the new orienting
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device is designed so that the Y axis of the specimen is
always made horilzontal,

"RBearing = ¥°n simply means that the X axis of
the specimen is k? clockwise from True North. To apply the
correction the plotting paper is merely rotated about the
pin through its centre until + X coincides with a pdint
on the circumference of the net k° clockwise from the zero
mark on the net, "Jorth™ is then marked on the plotting
paper S0 as to coincide with the zero mafk on the net.

With regard to the "Slope" correction, one can
imagine that the direction of magnetization is measured
and originally plotted as 1f the specimen had been drilled
vertically (flgure A.4a). In fact the Z axis of the
specimen may have been inclined at an angle h° from the
vertical, as in figure A,4b, Thus to correct the original
plot to take account of the inclination of the Z axis one
must, so to speak, rotate the specimen and with ;ﬁ its
direction of magnetization, about the Y axis, The study
of a model will show that, iﬁ the general case, such a
rotation will canse the direction of magnetization to

describe portion of a small circle about the Y axis,

Because the scratch (the +X axis) is always made on the
uppermost surface of the core, the directlon of this rotation
is always the same, viz, anti-clockwise about the + Y axis,

Tn order to cause the small circles on the



APPLYING THE SLOPE CORRECTION,

N
Slope = 70°
X
o = South pole downwards.
x = North pole downwards.
Figure A. 5:

PPLYING THE BEARING CORRECTION
AND PLOTTING STRIKE.

Bearing 50°
Strike = 120° (or 300°)

Figure A, 6.
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stereographic net to be perpendicular to the Y axis of

the plot, the trac;ng paper must be rotated about the pin

at 1ts centre until +X coincldes with the 90° mark on the
net, How the plotted direction of magnetization 1s corrected
for slope h by méving n° along the small circle, always

from left to right., If, during such a rotation, & south

pole becomes horizontal, further rotation willl cause a north
pole to appear below the horizon dlagonally opposite the

point at which_the south‘pole disappeared, The”north pole
then moves along the new small circle, again from left to

right, as in figure A.5,

B Corroction for the dlp of the strata.

The Dip r and Strike s are recorded in the fleld,
Having corrected the measured direction of magnetizatlion for
the orientation orf the core, a correction for the dip of the
strata may be applied in much the same‘way- In this case
the rotatlion is about an axis parallel to the strike, in
such a way that the direction of magnetization moves towards
the direction of (down) dip. The dlrection of strike is
plotted on the tracing paper, relative to the "Prue North"
mark previously made, as in figure A.é; The plotting paper
i1s then rotated until the direction of strike coincides with
the zero or 180° mark on the net, The direction of
magnetization i1s moved r dégrees élong the small circle

towards the direction of dip (filgure A,72.). Again,



THE Dip CORRECTION

S
N
X
S o = South pole downwards. S
x = North pole downwards.
Dip = 50° (E.N.E.) Dip = 50° (E.N.E))
Figure A. 7a. o - Figure A. 7b,

POLES OF DIFFERENT SIGN BUT THE SAME DIRECTION
PLOTTED ON .~

N
a) THE LOWER HEMISPHERE (b) BOTH HEMISPHERES.
x; North pole downwards x = North pole downwards
, = South pole downwards - o= North pole upwards.

Figure A. 8.

B

e

in solving structural problems shows the way in which to

approach the more complex palaeomagnetic corrections,

. ]
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implies, the area will be the same, no matter where the
circle 1s plotted, Consequently, palaeomagnetic directions
randomly distributed about a mean wili appear randonly
distributed about the mean on a stereographic plot but they
will appear to be more tightly grouped if they happen to
fall near the centre of the projection than 1f they fali
near the circumférenge. On the equal areas net the same
directions will appear to be equally well grouped whether
plotted near the'qentre or near tﬁe circumference of the
net but generally, they will appear to form a streak
instead of being randomly distributed about the mean,

In the opinion of the author, the stereographic
net is to be preferred because (i) it is important to be
able to recognise true "étreaking” when it occurs since this
1s a cheracteristic feature of partlally unstable magnetic
specimens (Creer, 1957) and (i1) a precise ﬁathematical
method of evaluating the grouping of palaecomagnetic
observations exists (Fisher, 1953) and should be used

wherever possible,

B, Lower, upper or both hemispheres 9

In a cholce between using only the lower
hemisphere or only the upper hemisphere, the former is
slightly preferred for palacomagnetic work because the
declination of a point on the lower hemisphsre immediately
indicates the direction of the nearer anclent geomagnetic

pole,
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N

OLES OF THE SAME
N PLOTTED ON :-

() THE LOWER HEMISPHERE (b) BOTH HEMISPHERES

X North pole downwards

o = South pole downwards

o North pole upwards

X = North pole downwards

Figure A. Q.

THE DECLINATION OF DIRECTIONS PLOTTED ON :-

N N
(@) THE LOWER HEMISPHERE (b) BOTH HEMISPHERES

D= 40° x = North pole downwards, D = 40°

North pole downwards,
D = 340°

x
n

South pole downwards, D= 340° o= North pole upwards,

o}
u

Figure A. 10,
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In one respect, plotting only on the lower
hemisphere 1s preferred to the use of both hemiépheres.
Figures 8a and 8b illustrate the fact that poles of different
sign but the same directlon are more easily recognised as
such if plotted only on the lower hemisphere, ~Also, poles
of the same sign and with equal but opposite inclination
are more easily recognised as having different directlons
on the lower hemisphere pro jection (figure A,9a) than when
both hemispheres are used, as in figure A,%,

The main disadvantage of using only the lower
hemisphere results from the confusion which arises when
pelaeomagnetic plots are compared with.tables in which the
directions of magnetization are listed in terms of Declin-
ation and Inclination, This 1is because,.strictly; declin~
ation is the herizonﬁal angle between true north and the north
geeking palaeomagnetic direction. If both hemilispheres are
used, then only the north seeking pole is plotted and its
declination and inclination are readily assoclated with the
plot, as illustrated by figure A.l0b, When using only the
lower hemisphere, all is well 1f the north seeking pole
falis on fhe lower hemisphere but if it happens to be above
the horlzon, the seuth pole must be plotted, as in figure
A,10a. In the‘author's opinion, it is extremely confusing
to say that the direction represented by such a point 1is
D =‘54OO, -I = +10°, Because of this difficulty it may be

preferable to quote the horizontal angle between true
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north and which ever“pcole falls in the lower hemisphere,

specifying whether the north or south pole is downwards.
Because this procedure is unconventional it 1s not entirely
satisfactory but, bearing in mind the ambiguity with regard
to .the sign of palaeomagnetic directions introduced by the
possibility of self-reversal (Chapter 1, section 2), it may

be the lesser of the two evils,
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