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Abstract 

The first part of this thesis (Chapters I to 8) describes th- 

results of palaeomagnetic studies on samples collected from the Hi3h- 

Atlas and Anti-Atlas regions of Morocco. I New palaeomagnet-_ýc pole-pos,, tions 

are described from formations of Late Precambrian, Lower Cambrian, nz-vonian, 

Triassic,, Jurassic and Cretaceous ages. 

The new Moroccan Late Precambrian and Lower Cambrian poles are c. -iou-n 

to be m-ore consistent with reliable Lower Palaeozoic poles of the ccczuc 

age from North America than ones from Southeast Africa, when the Lwo 

continents are plotted on a Bullard-type reconstruction. It is conclu&--j 

that a small part of Northwest Africa, including Morocco, may origi-Lially 

have been attached to North America, and that the rest of Africa wa;:; 

widely separated from North America at thaft time. Collision betwcon Lfrica 

and Eastern North America probably occurred during the Carboniferous period, 

resulting in the formation of the Hercynian fold-belts alona the pre0ent-day 

No-fi. Lh Atlantic margins of the two continents ex and the welding of tre=c 

Northwest Africa to the rest of the continent. Subsequent separal-dwoa 

probably took place along a slightly different line, so that Morocco waa 

left attached to Africa. 

Radiometric dating results from Moroccan igneous intrusions parallelinZ 

the local coastline yielded a mean age of 183 my, i. e. Lower Juraszic. 

other evidence suggests that the Mesozoic rifting between North America 

and Northwest Africa began at this time, and it is considered likely that 

the intrusion of the Moroccan Lower Jurassic igneous bodies was directly 

related to this evant. Palaeomagn. etic results from the Moroccan Cretaceous 

sediments indicate a gradual widaning of the North Atlantic Ocean ýurlang 

the course of the Mesozoic* 



There aro no signif icant dif f erences between mcan Triac;; ic,, 

Jurassic and Cretaceous poles from Morocco, and corresponding POIC. -, 

from South-east and Central Africa, and it is concluded that no 

significant post-Tria33ic relative tectonic movement has occurrcd 

between North-west and South-east Africa. 

The second part of the thesis (Chapters 9 and 10) describes an 

attempt at the AF demagnetisation of sediments by means of alternating 

fields of strangthsup to 5000 Oe. Exper"-. -, -,! - were performed to 

investigate the effects of smal; asy=ctria3 (up to 5%) in wavellorm 

of the applied altern"ating f ield, and it was chown that asymmetric3 pr, --%,, e: -Lt 

in 'the natural AC mains supply at the Close House Laboratory at certain 

times, of the day are sufficiently high -fi,. o produce appreciable AMM's in 

rock aamples, if no sample rotation system is used during the demao-natisation 

process* 
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I", I zi end 

The following is a short list of abbreviations and symbols used 
in this thesis, 

N. R. M. Natural remanent magnetisation 

T. R. M. Thermo-remanent magnetisation 

C. R. M. Chemical remanent magnetioatioa 

A. R. M. Anhysterktic remanent magnetisation 

A. F. Alternating field 

D Magnetic declination ( ", asured in degrees 9 of N) 

I Magnetic inclination (regarded as positive dwnwards) 

Number of sawVles averaced CA 
Length of vector resultant of N unit remanence vectors 

k Precision parameter (Fishers 1953) 

OC 95 Radius of 95 per cent confidence circle about mean direction 

A 95 Radius of 95 per cent confidence circle about mean pole 

am Standard error of mean 

GT90 Greater than 90P 

Gauss 

^10 
%fl" oersted 

if 10 .5 oersted 

z4agnetic moment of sample 

MO magnetic moment of isample before A. F. or thermal treatment 

i Intensity of magnetisation of sample 

Jo Intensity of magnetisation of sample before Arc or thermal 
treatment 

MY Hillion years 



N. B. In the bedding tilt corrections, the strike is given in degrees 

clockwLse from North, and the Up Ln degreas from the horLzo-, ital, Q 

in a direction 90 0 clockwise from the strike. 

Latitudes are denot-ed as positivej Northl and negative, South, 

and longitudes as positive in degrees east of Greenwich, or negative 

in de"reen west of Greenwich. 0 



Part I 

Palaeomagnetic results from Moroccan formation3 
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. 
CHAPTER 1 INTRODUCTION 

1.1 Principal aims of research work undertaken for this thesis 

The research work undertaken for this thesis had two main 

objectives. The first of these was to establish reliable 

palaeomagnetic pole-positions from North West Africa for as many 

different geological periods as possible. Since reliable 

palaeomagnetic results from North Africa were previously non-existento 

it was considered important to obtain results which had world-wide as 

well as regional significance. Sampling was therefore confined as 

far as possible to the tectonically stable parLS of Morocco. The 

results of this work are described and discussed in Part One of this 

thesis (Chapters 1 to 8). 

The second main aim of this work was to design and construct 

equipment suitable for the A. F. demagnetisation of sediments. This 

required the production of alternating fields of at least 5000 Oe 

together with a mechanism for the smooth reduction of these fields 

to zero. This work led to a series of experiments concerning the 

response of different rock samples to asymmetrical alternating fields. 

The results of this work are described in Part Two of the thesis 

(Chapters 9 and 10). 

1.2 Review of j!! JaeomaRnetic resultS from North Africa 

DurLng the last ten years a large amount of palaeomagnetLc 

work has been carried out in East, Central and South Africa, but 

reliable palaeomagnetic results from the Northern and Western parts 

of this continent are virtually non-existent. This is surprising 

since the relationship between North west Africa and Europe 

is of considerable geological interest, and the unity of the 
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African ccmtinent throughout the whole of PhAnerozoU time has yet 

to be firmly established, so that extrapolated results from South 

and East AfrLca are by no means unquestionably reliable. Furthermore, 

information concerning the separation of Western U. S. A. and Europe 

from. N. W. Africa can be most reliably derived from a study of the 

previously adjacent portions of the original landmass. Reliable 

palaeomagnetic results from N. W. Africa are therefore likely to be 

of considerable interest in the study of the previous relationships 

of the major continents. 

The first palaeomagnetic results from North Africa were obtained 

by Roche and L epretre in 1955. These authors measured the natural 

remanent magnetisations (N. R. M. s) of sixty-one oriented samples 

of Tertiary and Quaternary lavas from the Ahaggar Massif in South 

Eastern Algeria. The Quaternary samples were all basalts, and the 

Tertiary samples included basalts, phonolites and trachytes. 

The Tertiary samples yielded highly scattered directions of 

remanence, but the Quaternary samples, collected from six different 

sites in two volcanic series, showed fairly good grouping about 

a mean direction 

345 0 
l, i ýz 320. with cx, ' 95 = 14 

The scatter of the Tertiary directions of remanence is presumably due 

to secondary magnetisation, but partial demagnetisatLon cleaning 

techniques were not applied to these samples. 

A gap of ten years followed before further palaeomagnetic results 

were published from North African rock formations. This work was 

carried out by Helsley (1965), who collected samples from two series 

of basic lava flows reported as being interbedded in the Middle 
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Cambrian sediments exposed in East Central motocco. The first 

series gave widely scattered directions of remanence of reversed 

polarity, which clustered after partial A. F. demagnetisation. 

The samples from the second series were initially all of normal 

polarity, but partial A. F. demagnetisation caused two samples to 

reverse in polarity and become part of the reversed polarity group 

of the first series. A. F. demagnetisation produced no significant 

change in the directions of remanence of the other samples from 

the second series. The mean values of the normal and reversed 

groups differed by 60, and the virtual geomagnetic pole-positions 

calculated from the overall mean direction of remanence is 530Np 

34 0 E. Unfortunately this work was published only as an abstract, 

and details of the exact number of samples collected, the demagnetising 

fields at which scatter was reduced, the amount of scatter, and the 

exact locality and stratigraphic position of the sites are not known. 

The reliability of this result is therefore uncertain. 

In anticipation of the more detailed survey described in this 

thesis, and to enable the planning of this work to include the 

most-suitable rock formations, a palaeomagnetic reconnaissance survey 

was carried out in Morocco by Tarling and Sutton (1967). Samples 

were collected from as great a range. of time and area as possible, 

but only a few sites were samples in each formation. The authors 

found variables but mostly good stability using thermal and A. F. 

demagnetising techniques, but generally poor agreement between 

directions of remanence in different samples from the same site, and 

different sites from the same formation. 

results were considered to be significant. 

Three features of these 

The first of these 
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is the general low inclination of the rernanence directions. Such 

values are consistent with the remAnences having been acquired 

in latitudes similar to, or slightly lower than the present 

latitude of Morocco, assuming a geocentric axial dipole field. 

The second feature is that 'reversals' of magnetisation were absent 

from all of the results. Finally, the direction of the Precambrian 

and Lower Cambrian remanence corresponds with a pole situated in 

the extreme East Central Pacific Ocean. This is contrary to results 

of this age-obtained from other parts of Africa. 

Following this reconnaissance survey, a more detailed survey 

was carried out by Hailwood (1968) in the Middle Atlas fold belt of 

Central Morocco. Forty one sites were sampled, thirteen of these 

being in Mesozoic sediments, twelve in Triassic dolerites and 'basalts, 

and sixteen in Quaternary basalts. All of the sediments were found 

to exhibit st . ability effects similar to those reported by Tarling 

and Sutton.. and further study of 'these effects suggested that the 

sediments were unlikely to yield meaningful ancient pole-positions. 

Nine out of the twelve sites situated in Triassic dolerites and basalts 

were also rejected, because of high instability indicated by partial 

demagnetisation tests, and excessive between site scatter. Results 

from the remaining three sites appeared to indicate a post-Triassic 

rotation of the Middle Atlas region with respect to the rest of 

Africa. 

Twelve out of the fifteen sites in Quaternary lavas were regarded 

as being sufficient I ly stable to yield a meaningful palaeomagnetic 

pole position, and results from these sites are consistent with a 

15 0 clockwise rotapion of Africa during the last one million years. 



1.3 Brief outline of the pology of Morocco 

Morocco can be sub-divided into three distinct tectonic units, 

formed during three separate orogenic cycles (Choubert 1956). 

These units extend across the country in -an E-W direction, and are 

referred to as the Rif Domain, the Atlas Domain and the Anti-Atlas 

Domain respectively (Fig 1.1). The three belts form a chronological 

sequence,, the oldest lying to the* south and the youngest to the 

north, and they appear to represent a progressive northward growth 

of the African continent since Precambrian times. During each 

successive cycle a thick sequence of sediments was laid down along 

the northern margin of Africa, and these were subsequently folded, 
t 

granitised, uplifted, and finally embodied into the pre-existing 

continent. 

The Anti-Atlas Domain is the oldest of these belts, and was 

formed by the deposition of a great thickness of geosynclinal 

sediments, followed by their folding and granitisation, during the 

late Precambrian. During the Palaeozoic era a thinner sequence of 

sediments was deposited over most of this region, but subsidence 

continued in the less-rigid NW part (the Sub Atlas synclinal zone). 

During the Hercynian orogeny (extending over most of the Carboniferous 

period) these cover rocks were crumpled, the fold-axes following 

local pre-ezisting basement fold-directions, and the region was 

uplifted to form a gigantic bulge which remained above sea-level 

during subsequent transgressions. This bulge was sufficiently 

strong to resist folding during the Alpine orogenyt and it has 

remained a permanent part of the African continent since this time. 
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The Anti-Atlas, Domain is separated from the Atlas Domain 

by the prominent structural line of the South Atlas Fault. 

In the Atlas domain the effects of only two orogenic cycles 

are apparent,, the Hercynian and the Alpine cycles, and the 

effects of the former are much more pronounced in this region 

than in the Anti-Atlas belt. 

During the Palaeozoic era, while thin shallow-water sediments 

were being deposited in the relatively stable region to the-South, 

a thick sequence of geosynclinal sediments were deposited in the 

Atlas domain. Folding of these sediments, and emplacement of 

granites occurred during the Hercynian orogeny, but the effects 

were less intense and more localised than those of the Precambrian 

orogeny in the Anti-Atlas belt. These characteristics seem to 

have determined the subsequent history of the region. During the 

Alpine lithogenesis (i. e. the Mesozoic and early Tertiary eras) 

the more rigi4,, partially granitised and metamorphosed zones 

remained emergent or were covered by a thin series of neritic 

deposits, whereas a thick sequence of limestones and marls was 

deposited in the weaker semi-plastic zones. 

During the Alpine orogeny the latter zones were folded and 

uplifted to form the middle- and High-At_las fold-mountain belts, 

whereas the former zones remained relatively stable, undergoing 

only vertical uplift or depression. 

In the Rif domain thick sequences of geos: nclinal sediments y 

were deposited during the Mesozoic and Tertiary eras, and during 

the Miocene were thrust southwards on to the'Alrican foreland to 

form a series of gigantic. nappes. These overlie the autochthonous 
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Atlas structures, and mask the effects of earlier tectonic phases 

except where these have been exposed by subsequent erosion. 

1.4 Collection and pLe 
_p!! ration of samples 

The foregoing section indicates that samples collected from 

the Rif domain are likely to have undergone large-scale translations 

and rotations. Palaeomagnetic results from such samples may give 

information concerning the magnitude and nature of these displacements, 

and would therefore be of local interest, but they are unlikely to 

give results applicable to NW Africa or the African continent as a 

whole. The same argument applies to samples collected from the 

less-stable zones of subsidence and folding of the Atlas domain, e. g. 

the High and Middle Atlas fold belt, but the intervening more rigid 

and stable areas, e. g. the Moroccan and OTan Mesetas (Fig 1.1) may 

have escaped major tectonic movement. 

The Anti-Atlas domain was not affected by post-Hercynian movements, 

and reliable post -Carboniferous palaeomagnetic results frorn this 
ýI 

area will therefore have a regional rather than a local significance. 

CoRversely pre-Carboniferous palaeomagnetic results from this area 

may reflect effects of Hercynian orogenesis and this must be taken 

into account in their interpretation. 

Despite the latter qualification, the Anti-Atlas domain seems to 

offer the best prospects for obtaining palaeomagnetic results of more 

than local significance, and collection of samples was therefore 

concentrated in this region. Further advantages of this area are 

that rock-types suitable for palaeomagnetic work, viz red sandstones 

and basic igneous rocks, are relatively abundant, and that the 

palaeozoic deposits are generally flat-lying or gently folded, whereas 

in the rest of Morocco they are intensely folded. 



8 

Although the bulk of sampling was carried out in the Anti- 

Atlas belt, some relatively undisturbed Mesozoic samples were 

collected from the High Atlas belt. Results from these samples 

were found to be in general agreement with those from the Anti- 

Atlas belt. Samples were collected during the course of two 

three-month f ield trips, in 1969 and 1970. ; fn most cases 

sampling was performed by means of a portable gas ol ine- powered 

coring drill, or a portable heavy-duty electric drill. The 

latter was powered by a Kangol 2 KVA diesel generator mounted in 

a trailer. Water for cooling and lubrication purposes was drawn 

from a 30 gallon tank mounted in the trailer and was supplied by 

an electric pump powered from the generator. A 100 ft. length 

of water hose and power cable was found to be sufficient for 

sampling at most sites; where sampling had to be carried out at 

greater distances from the trailer a portable 1 gallon pressure- 

can was used. 

Between four and six separately oriented cores, 2.5 cm in 

diaineter and 15 to 20 cm in' length were collected at each site. 

In the case of sedimentary formations sites were generally 
9 

situated at least one foot apart in the stratigraphic sequence so 

that a sufficiently long time interval (> 10 4 
years) could be 

sampled to allow the averaging out of secular variation effects. 

In the case of thick igneous intrusions, sites were selected 

at intervals of several metres across the intrusion. It has been 

shown by Jaeger (1957) that a section through such an intrusion 

may provide a continuous record of the secular variation during 

the migration of the Curie temperature isotherm from the margin 

to the c6ntre. The sampling scheme adopted should therefore at 

least partially average out the effects of secular variation. 
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In the case of single lava flows or thin igneous intrusions 

only one site was sampled in each flow or dyke, since in such a 

rock unit the time taken to cool through the range of blocking 

temperatures will be of the order of a year, and the f ield 

variations during such a period are likely to have been small. 

in order to average out the effects of secular variation a 

sequence of such rock units was sampled wherever possible. 

Orientation of the cores was performed by means of the 

orientation table described by Hailwood (1968), and both magnetic 

and sun-compass bearings were taken. These usually agreed to 

within 10 to 20, but occasional discrepancies of up to 80 were 

observed. These were generally associated with very strongly 

magnetised rocks which apparently disturbed the magnetic compass 

bearings. Such local strong magnetic f ields usually occurred at 

sites which were suspected of having been struck by lightning. 

The advantages of field-drilling over the collection of 

oriented hand samples have been discussed elsewhere, e. g. Embleton 

(1966), and Helsley (1967). Although most of the sites were 

sampled by this method, occasionally, as in the case of the highly 

indurated Triassic red sediments, it was necessary to resort to 

the collection of hand-samples. The method used for collection and 

orientation of these samples is described by Hailwood (1968). Three 
I 

separately oriented hand-samples were collected at each site, and three 

2.5 cm diameter cores were subsequently drilled from each of these hand 

samples in the laboratory, yielding a total of nine cores per site. 

Where formations had been tilted or folded, measurements were 

taken of the amount and direction of dip at each site so that the 

directions of magnetisation could be subsequently referred to the 

original horizontal. This also permitted the application of the 

'fold-test' of stability outlined by Graham (1949). 
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In all cases one specimen, 2.5 cm in length, was cut from 

the lower portion of each core, where the effects of weathering 
were likely to be minimal, and this was used for measurements of 
remanence. The remainder of the core was used for thermomagnetic 

experiments, thin-section and reflection microscopic examinations 

etc. 

1.5 Measurement of remanence. 

All measurements of magnetic remanence were made an a PAR 

Model SM2 spinner magnetometer. This instrument is situated in 

t. he non-magnetic Nuffield Palaeomagnetic Laboratory at Close House, 

on the outskirts of Newcastle and remote from possible 

distrubances due to motor traffic, industrial machinery and other 

sources. 

The basic igneous rocks sampled had intensities ranging from 

10- 1 
to 10-4 gauss and these could be measured, using a1 second 

time constant, to an accuracy of half a degree in an average time 

of 3 minutes per sample. The intensities of the acid volcanic 

rocks and red sediments ranged from 10 -5 to . 10- 6 
gauss, and a time 

constant of 10 secs. and occasionally 30 secs. was necessary to 

measure these to a comparable degree of accuracy. The average 

time of measurement of these weaker samples was 10 minutes per 

sample. 

1.6 Stabilit tests 

It is important in palaeomagnetic studies that the rock 

samples measured should be shown to have a sufficient degree of 

stability to be capable of retaining components of magnetisation 

over long periods of geological time. Furthermore it must be 

shown that the original primary component of remanence has not 

been replaced or swamped by a secondary component produced at 
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some later geological time, for example by heating or chemical 

weathering, and that the effects of magnetic anisotropy are 

negligible. 

Only then can the direction of remanence carried by the 

rocks be taken with confidence to represent the direction of the 

geomagnetic field at the sampling locality at the time for 

formation of the rocks. 

The most commonly use4 laboratory technique for testing the 

stability of remanence of rock samples is progressive partial 

demignetisation. During such treatment stable components of 

remanence remain nearly constant in direction, whilst unstable 

components change continuously. The presence of an unstable 

secondary component superimposed on a more-stable primary 

component can be identified by a continuous change in direction 

as the unstable component is preferentially removed. When only 

the stable component remains the direction will stay constant 

and further treatment will result only in a decrease of intensity. 

Two -different methods of partial demagnetisation have been 

used; these are alternating field (A. F. ) demagnetisation and 

thermal demagnetisation. The principles of these techniques 

have been described elsewhere (e. g. Thellier and Rimbert, 1954 and 

1955, and Irving, 1961J& the alternating field technique is dealt 

with at length in Chapter 9 of this thesis. 

As discussed in Chapter 9, the typical low coercivities of 

basic igneous rocks render them suitable for treatment by standard 

A. F. demagnetisation techniques. However the high coercive fields 

of sediments and acid igneous rocks are difficult to achieve with 

conventional A. F. demagnetisers, and in most cases the thermal 

technique is more effective in the treatment of these rock types. 
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The basic igneous. rocks collected in Morocco were therefore 

subjected to partial A. F. demagnetisation, one pilot-sample from 

each site being treated at intervals of 75 to 100 Oe up to a 

maximum peak field of at least 500 Oe. The apparatus used was 

similar in design to the high-field apparatus described in 

Chapter 9. It was operated from the same power supply, and 

used the same field-reducing mechanism. However, unlike the 

latter appa*us, a three-axis specimen rotation system was used, 

so that all directions in the specimen could be demagnetised 

simultaneously. This system was not feasible for the high-field 

equipment because the limitations on the internal diameter of the 

demagnetising coil left insufficient room for the rotation 

mechanism. 

The stability of the Moroccan acid igneous rocks and sediments 

wall investigated by subjecting one pilot-sample from each site to 

progressive thermal demagnetisation, using the apparatus described 

by Stephenson (1967). ý Recent modifications to this equipment 

include a refined Helmholtz-coil system for the cancellation of the 

Earth's field at the centre of the furnace, and a Eurotherm solid- 

state temperature control unit, capable of maintaining extremely 

stable temperatures for long periods of time. 

The pilot-sample results were examined to establish the 

alternating field value or temperature at which progressive changes 

in direction of remanence ceased, or at which within-site dispersion 

was a minimum. The remaining samples from each site were then 

treated at the appropriate field-value or temperature. 
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1.7 Other_ma. &ne_tic measurements 

Initial suscý2tibilit. 
-x 

The initial susceptibility, x, of a substance is defined as the 
intensity of magnetisation produced by unit'applied magnetic- field. 

Palaeomagnetic work the susceptibility per unit volume, or "volume 

susceptibility" of rock samples is of interest, and this is 

expressed'as the induced moment in unit field per cm 
3 

The volume 

susceptibility depends on the amount and type of magnetic material 

present in the sample. 

One of the main problems associated with the testing of 

stability of remanence by partial thermal demagnetisation is the 

possibility of chemical changes, e. g. oxidation of m-agnetite, to 

haematitex occurring as a result of heating samples to temperatures 

of several hundred degrees centigrade. Since the susceptibility 

of rocks is very sensitive to changes in the nature and amount of the 

magnetic constituents, measurements of susceptibility after each 

increment in temperature will reveal the occurrence of such chemical 

changes. For this reason the susceptibility of the pilot-samples 

subjected to thermal demagnetisation was measured before heating, 

and then after each increment in temperature. The instrument used 

was the susceptibility bridge described by Collinson and Molyneux 

(1967) and built by de Sa and Nolti! nier. 

This instrument consists basically of a balanced bridge circuit 

of coils wound on two ferrite rings, each with an equal air gap. 

Interaction between fields induced by the coils wound on each of 

the rings is eliminated by mounting them with their axes 

perpendicular to each other. Each ring carries a primary coil, and 

a split secondary coil with an equal number of windings either side 

In 

of the air gap. The secondary coils are connected in series 
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opposition, and are adjusted so that when the primary coils are 
excited by a low frequency oscillator the outputs of the two 

secondary coils balance each other so that there is no net output. 
Ferrite and- alloy trimmers situated near one of the gaps allow 
fine adjustment of this balance. Insertion of a rock sample 
into the other gap alters the reluctance of the gap and 

unbalances the bridge circuit. The amount of unbalance is 

proportional to the susceptibility of the sample, and the resultant 

signal from the secondary coils is amplified and read on an output 

meter. 

The instrument is calibrated before use by placing a standard 

sample of accurately known susceptibility in the gap, and aolusting 

the gain of the amplifier so that the output meter gives the 

total susceptibility directly in units of gauss per oersted. 

1.7.2 Thermomagnetic analyses 

In thermomagnetic analyses the magnetisations of samples are 

measured continuously as the temperature is graduilly increased 

to a maximum (usually of about 7200C) and then decreased again. 

As the Curie temperature of the magnetic constituents of a rock 

is approached, so the n-agnetisation drops off rapidly. At the 

Curie temperature of a particular mineral the net magnetisation 

in grains of that mineral is zero. 
. 

The Curie temperature measured in a rock sample depends there- 

fore on the particular mineral species present. , The two major 

magnetic constituents of rocks, magnetite and haemetite, have 

0 
appreciably different Curie temperatures (5800C and 675 C respectively 

for pure compositions), so that in principle the presence of either 
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of these minerals can be identified by thermomagnetic analyses. 

In practice however the magnetic minerals arerarely pure magnetite 

or haemetite, but members of the two solid-solution series ma - gnetite- 

ulvospinel and haemetite-ilmenite. The Curie temperatures of 

members of these two series overlap each other so that a unique 

magnetic mineral composition cannot always be deduced from 

thermomagnetic analysis alone, and information from the latter must 

be interpreted in conjunction with other observations, particularly 

microscopic examinations. 

The most commonly used instrument for thermomagnetic analysis 

is the Curie balance, and two different Versions of this instrument 

were used for investigating the Moroccan rocks. The principle 

of these instruments is the measurement of the force exerted on a 

specimen situated in an inhomogeneous magnetic field. This field 

gradient is produced by s4tuating the sample in the fringing field 

of a high-power electromagnet. 

The first instrument was an automatic translation balance, 

described by Creer and de Sa (1970), and this was used for measurements 

on the relatively strong igneous samples. in this instrument about 

70 mg. of crushed rock powder is. placed in a small quartz container 

attached to a beam. The latter is suspended horizontally, and is 

free to move only along the direction of -its axis. The specimen is 

gradually heated by means of an element surrounding the quartz 

container, and the resulting change in magnetisation produces a 

change in the force acting on the sample. This is detected by 

a capacitance sensing device, and compensation is effected by a feed- 

back mechanisin which produces a voltage proportional to the force. 

The voltage is fed to one channel of an XY recorder, while the other 
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channel records the temperature of the sample. ThLa Lnstrument 

quick and convenient to use, and is ideal for routine 

measurements on strong igneous samples. 

A more sensitive vertical torsion balance built by D. W. 

Collinson was used for the weaker red sediments and acid igneous 

rocks. In this instrument the specimen is situated at the lower 

end of a vertical suspension, and is surrounded by a cylindrically 

wound electric heating element. The upper end of the suspension 

is attached to a balance beam, pivoted about a horizontal torsion 

wire, and a restoring force is applied to the opposite end of the 

beam by means of two vertical soft-iron pole pieces, surrounded 

by vertical coils. As the specimen is heated the change in 

magnetisation alters the force acting on it due to the field 

gradient. Aý with the automatic translation balance the change in 

force is detected by a capacitance sensing device, and the corresponding 

compensation current, supplied by a feedback mechanism to the vertical 

coils, is passed through a standard resistance and monitored on a 

milli-voltmeter. In this instrument readings of the compensation 

voltage were taken manually at 200C intervals, and these were 

subsequently plotted against the temperature. During heating the 

sample was . kept at a temperature of 50 to 100 0C for approximately 

half an hour to drive off any water present, so that subsequent 

changes in the vertical force exerted on the sample would be due 

only to changes in magnetisation, and not to loss of weight by 

evaporation of water. 
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1.8 Presentation and statistical treatment of results 

The directions of magnetisation obtained from individual 

cores for each site were combined to give the mean site directions 

using a method developed by Fisher (1953). According to Fisher's 

analysis the best estimate of the true mean direction of N individual 

dLrectLons is given by the vector sum of the N indLvLdual Urections. 

The declination, Dm, and the inclination, Ims of the mean direction 

are then given by: 

tan Dm w 

and sin Im n 

N 
Lmi 
n-I 
I" 

nal N 

where ( lis m, p ni) are the direction cosines of the i th direction, 

with declination Di and inclination Ii. regarded as a unit vector. 

They are given by I10 Cos Ii coo Dili 

n sin 

2N2Nm2Nn2 
and R-(F, li) +(F, -4- 

E 
n-I ni n=l 

Cos Ii fin Di, 

(1.3) 

(1.4) 

A measure of the scatter of individual directions about the 

m"n direction is given by various statistical parameters. The 

most commonly used of these is the radius of the circle of 95% 

confidence (coC 
95 This is the semi-angle of the cone whose 

axis is the estimated mean direction, and within which there is a 

957. probability of the true mean direction occurring. It is given 

by CV- 
140 k' degrees (1.5) 

95 (kN) 

for large values of k and N, k being the precision parameters 

SLven by 

N1 (1.6) 
N-R 
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The circle of confidence is useful for comparing two mean 
directions, each having an associated error. If the circles 

do not intersect, the two mean directions may be considered 

to be significantly different. If the circles overlap a 

further test is required (Watson 1956). 

A second frequently used statistical parameter is the 

Circular Standard Deviation (c. s. d. ). This gives the radius of 

the circle whose centre is the true mean, and which contains 
1 63% of the individual directions. It is given by 

c. s. d. = 81 k-k degrees (1.7) 

The statistical treatment outlined- above was used both for 

combining - individual core directions giving unit weight to each, 

to find the mean site direction; and also for combining individual 

mean site directions from a particular.. formation to find the mean 

formation direction. This seemed to be the beat procedure since 

each site represented effectively a spot reading in time of the 

geomagnetLc fLeld; and wLthLn-sLte scatter of dLrectLons wLll be 

due mainly to orientation errors and varying secondary components 

of magnetLsatLon. The latter will also be an important element 

in between-site scattero together with effects of secular variation 

of the geomagnetic field. 

If partial demagnetisation procedures are successfully 

applLed then the component of dLspersLon of dLrectLons due to varyLng 

secondary components of remanence wLll be reduced or elLmLnated. 

CombLnLng the LndLvLdual core dLrectLons from each sLte, gLvLng 

unLt weLght to each should m. LnLmLse the scatter Ln the mean-sLte 

dLrectLon due to orLentatLon errors, so that the remaLnLng 

scatter Ln the mean-formatLon dLrectLon should be due prLncLpally 

to secular variation. 
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Further sources- of error which might contribute to scatter 

of directions are anisotropy effects in igneous rocks (e. g. 

Uyeda et al. 1963), inclination and compaction errors in sediments 
(e. g. Griffiths et al., 1957), and errors in the estimation of 

the original horizontal. The latter is likely to be most important 

in massive igneous rocks in which horizontal stratifications are 

absent and recourse has to be made to measurements on adjacent 

strata. 

When the mean direction of magnetisation for each formation 

had been obtained, it was convenient for interpretation purposes 

to calculate the correspondLng palaeomagnetic pole-poeftions, 

assuming an axial dipole 'field model. The validity of this assumption 

is discussed elsewhere (e. g. Irving, 1964). 

If the direction of remanence obtained from a rock formation 

is specified by the d6clination, D, reckoned clockwise from true 

north, and inclination, 1, reckoned as positive downwards and the 

mean locality of the collecting sites has a latitude of degrees 

and a longitud* of 0 degrees, then'the coordinates of 

the palaeomagnatic pole position are given by: 

Sin sin cos p+ cos A sin p cos D 

where 90 0 go') 

and 0=0 +ýo 

for coa p>. sin A sin)L" 

or 0a 0+ 180 -, 4 

for cos p< sin A sinA" 

In these equations p is the palaeomagnetic colatitude, given by 

cot pm tan I 

and Id 
is given by 
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sin, p a sin p sin D/cos 

(, - 90 ýg to 
<, 90) 

The uncertainty in the position of the palaeomagnetic pole 

( can be specified by an oval of 95% confidence, 

analagous to the circle of 95% confidence around the corresponding 

mean direction of magnetisation. 

t 



21 

References 

Choubert, G, 1956. Les grands 
Introduction to the Lexique 
Vol IV, fascicule Ia. 

traits de la geologie du Maroc. 
Stratigraphique International, 

Collinson, D. W. 9 and L. Molyneux, 1967. An instrument for the 
measurement of isotropic initial susceptibility of rock samples. 
Methods in Palaeomagnetism. Elsevier Pub. Co. 

Creer, K. M., and A. de Sa., 1969. An automatic. translation 
balance for recording variation of magnetisation. J. Phys. 
19; Sci. Instr. Vol. 3. 

Embleton, B. J. J. 9 1966. M. Sc. Thesis. University of Newcastle upon Tyne. 

Fisher. R. A. 9 1953. Dispersion on a sphere. Proc. Roy. Soc. London 
A, 217,295-305. 

Graham, J-W., 1949. The stability and significance of magnetism 
in sedimentary, rocks. J. Geophys. Res., 54,131-167. 

Griffiths, D. H., R. F. King, and A. E. Wright, 1957. Some field 
and laboratory studies of the depositional remanence of recent 
sediments. Phil. Mag. Supp. Adv. Phys. 6,306- 316. 

H&ilwood, E-A-s 1968. A palaeomagnetic study of the Middle Atlas 
region of Morocco. M. Sc. Thesis, University of Newcastle upon Tyne. 

Helsley, C. E., 1965. palaeomagnetic results from the Middle CambrLan 

-of 
N. W. Africa (abstract) Trans. A. G. U., 46,67. 

Helsley, C. E., 1967. A, dvantages of field drilling of samples 
for palaeomagnetic work. Methods in Palaeomagnatism. Elsevier 
Pub. Co. 

Irving, E., P. M. Stott, and M. A. Ward, 1961. Demagnetisation if 
igneous rocks by Alternating magnetic fields. Phil. Mag., 
69 225-241. 

Irving, E. , 1964. Palaeomagnetism and its application to 

geological and geophysical problems. Wiley. 

Jaeger, J. C., 1957. The temperature in the neighbourhood of a 

cooling intrusive sheet. Amer. J. Sci., 255,306-318. 

Roche, A., and B. Lepr9tre, 1955. Sur l1aimantation de roches 

volcaniques de l'Ahaggar, C. R. Acad. Sci. Paris, 240,2002-2oo4. 



22 

Stephenson, A., 1967. Apparatus for thermal demagnetis&tion 
by the progressive method. Methods in Palaeomagnetism, 
Elsevier Pub. Co. 

Tarling, D. H., and D. H. Sutton, 1967. Palaeotnagnetic stability 
results of a reconnaissance survey of red sandstones in 
Morocco. Phys. Earth Planet Interiors, 1,35-43. 

Thellier, E., and F. Rimbert, 1954. Sur J'analyse d1aimantations 
fossiles par action de champs magnetiques alternatifs. 
C. R. Acad. Sci., Paris, 239,1399-1401. 

Thellier, E., and F. Rimbert, 1955. Sur 1 utilisation en 
palaeomagnetism, de la diesaimantation par champs alternatifs. 
C. R. Acad. Sci., Paris, 240,1404-1406. 

9 
Uyeda, S., M. D. Fuller, J. C. Belshe, and R. W. Girdler, 1963. 

Anisotropy of magnetic susceptibility of rocks and minerals. 
J. -Geophys. Res., 68,279-291. 

Watson, G. S., 1956. Analysis of dispersion on a sphere. Mon. Nat. 
Roy. Astr. Soc, Geophys. Supp., 7,153-159. 



T_ 

MOROCCO sow 60W 40 W 

360m 

Structural Outline. Ta 'r 
Ceuta Mediterranean Sea N 

RIF 
Larac he 

Yý, ý 

0 

Alhucernos mellila 

D OM AIN Chechauen 
> 

0 4.017 
Ouezzane 

e-)R - 4z' Port 
... 

Ifz Guercif t-1 Lyautty 0 ft 41 qj '9if no* on 0" Q Ka ppe 340 
Q) 

0 nt N= 
me CGsablanca r 

.0m 
1ý 0 

ATLAS %P5 4ý1 
'z CP 

0 
V_ DOMAI N C> C'G ri k, 0or OC 0 Kos ba midelt 

32" 

Safi 
ý160ý0 S 

Todla 

O\d 
8eIt 

N ebil sar c3 Souk 

Mogador 0 G'j Marrakech 
as 

nud 
0gador SAI 

de 
90 

e 00 "11% 
South GO 

00 

.I--- 

mb-Bechor ", qh , f" n Inot 0e, C 

-6, 

'ý 
C_(_ý' 0 

'5 

ý: 
'Za z ate 

'\Basin 
Agadir 

.Ip0S Wagora -1 
0% 

NTI -ATLAS,,. '. *" 
PCP^ 

$%% *' m0 
40 3040 Fourm Zguid 

DOMAIN - P, (\ 
t% 

00 
do. 

0.3 

go'. 

N 

Ifni 
Saharan 

Shie ld 

Tindout Basin 20P 
SCALE N 

0 100 260 Km 

-21a%-I 

Fig I. I Principal structural elements of Nbrocco. 



2 

CHAPTER 2. PRECAMBRIAN 

2.1 Geology and location of 9! mRling sites 

The Precambrian of the Anti-Atlas region of Morocco has been 

subdivided into five different system (Choubert 1963), representing 

five successive geological cycles. These are: 

1. Archaean (Precambrian 0) 

Precambrian I 

Precambrian 

Precambrian II-111 

5. Precambrian III 

6. Adoudounian Infracambrian) 

Samples were c6llected only from the Precambrian III, but a 

brief geological sumary will be given of the whole Precambrian 

sequence. This will assist in evaluating the palaeomagnetic 

results in the context of the general Precambrian palaeogeographic 

and palaeoclimatologic' environment, and also in -assessing the 

suitability of the rest of the Moroccan Precambrian sequence for 

future palaeomagneticwork. 

2.1.1. The Archaean 

This system includes the oldest formations known in Morocco, 

and is comprised essentially of orthogneiss of variable facies 

containing recrys tallised potassium falspars. The mineral 
t 

assemblage is characteristic of the high temperature and pressure 

condition of katazone metamorphism. Outcrops are confined to 

two Precambrian inliers (Bou Azzer and El Graara) in the axial part 

of the Anti-Atlas chain. 
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The Precambrian I 

The Archaean rocks are overlain discordantly by the lower 

members of the Precambrian. I system. A basal level of shales 

is followed by crystalline limestones and a complex series of 

basic and acid volcanicsi followed in turn by a very thick series 

of locally migmatised shales. Outside the migm&titic zones 

the mineral assemblage is characteristic of mesozone metamorphism 

-(high temperature and hydrostatic pressure, and intense stress). 

This sequence was subjected to two periods of'granite intrusion. 

The first of these was closely associated with the migmatigation, 

and included cale-alkaline granites, whereas the second was 

characterised by alkaline granites and an etwork of leucocratic 

injections and pegmatites. These two episodes of granite intrusion 

were separated by an important period of intrusion of basic and 

ultrabasic rocks, especially serp entinites. 

The Precambrian II 

This system is comprised essentially of quartzites, followed 

by a thick series of shales of flysch-type facies. Limestones, 

sometimes containing micro-organisms (oolites) and basic flows, 

often occur at the base of the system. The intensity of metamorphism 

corresponds generally to that of the epizone (sericito-schists) 
I 

although locally it reaches the mesozone. The orogenic belt 

established during the Precambrian II forms the main underlying 

framework of the present day Western Anti-Atlas. The exact extent 

of the magmatism which accompanied the folding of this belt is as 

yet uncertain,, but there were at least two periods of granite intrusion, 

alternating with two episodes of basic vulcanicity. 
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Z. -I-4. The Precambrian, II-II 

The orogenic belt forming this system was originally regarded 

as part of the Precambriaw. JI system, but has recently been identified 

as a separate sedimentary and orogenic cycle (Choubert 1963). 

In the NE Anti-Atlas-the principal term of this series is a thick 

sequence of shales and sandstones of flysch facies (the Lizate 

series). Elsewhere it is preceded by a, felspathic sandstone and 

arkose series (the Tidiline series)v which includes rhythmic 

formations and pebbly shales. These have been interpreted as varves 

and tillites, and indicate a glaciation of the Anti-Atlas region 

during Precambrian II-III times (Choubert 1963). The base of the 

series comprises varied conglomerates accompanied by rhyolites ' 

and andesites, -and in the south a continental facies is developed, 

including conspicuous pink and red sandstones and conglomerates. 

This was the last major Precambrian orogenic cycle, and 

although regional mýtamorphism was feeble'or non-existent, local 

granite emplacement was important. This was complex, and included 

calc-alkaline granites, alkaline granites and quartz diorites. 

The largest graýnitic area of Mbrocco, the gastern Bloc of the High 

Atlas massif (the Ouzellarh promontary) is of this age. 

The Precambrian III 

The Precambrian III and Adoudounian together correspond to 

the interval of time between the last major Precambrian orogenic 

cycle and the appearance of the fLrat CambrLan trLlobLte fauna. 

The Precambrian III is essentially a continental and volcanic series, 

whereas the Adoudounian is predominantly marine. 

The Precambrian III differs in nature, attitude and facies 

t from both the true Precambrian and the Palaeozoic. It corresponds 
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to the Katangan system, which is interposed between the Precambrian 

shield and the generally tabular Palaeozoic cover elsewhere in 

Africa. The Adoudounian forms part of the cover, and is distinguished 

from the overlying Palaeozoic-series only by its lack of fossils. 

The Precambrian III is characterised by a very thicko predominantly 

rhyd-litic, volcanic series, associated with continental formations, 

conglomerates, sandstones, mudatones and stromatolLtLc calcareous 

lenses. The total thickness is variable, and locally reaches several 

thousands of metres. Local minor tectonic movements are evident, 

and successive vo'lcanic complexes are separated by local weak 

discordances. Two of these are more important, apparently marking 

widespread palaeogeographic changes, and allow the separation of the 

Precambrian III into three ýtages: 

The Lower Precambrian III, in which andesites are predominant 

and rhyolites subordinate. 

2. The Middle Precambrian III, in which rhyolites are well developed, 

and andesites appear only as thin intercalations. occasional 

continental deposits occur, including lacus. trine sediments in 

the form of stromatolitic calcareous lenses. 

3. The Upper Precambrian III, in which continental formations 

predominate. These appear to have been deposited in closed synclinal 

basins, and lacustrine limestones bearing remains of Colltnia 

appear locally. volcanic activity was less important, and is 

represented mainly by alkaline rhyolites and-porphyritic 

andesites. 

2.1.6. 
-The 

Adoudounian 

0 

This system is weakly discordant on the'Precambrian III and the 

basal series was deposited during a widespread marine transgression, 

which covered most of the Anti-Atlas region. This was followed 
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by the deposition of the "Lower Limestone" dolomitic series, which 

attainsa local thickness of more than 2000 metres , and contains 

stroma. tolites (Collenia). The first sedimentary phase ended with a 

widespread regression, during which a continental formation, the 

"Lie de Vin" series was deposited.,, - A conspicuous feature of this 

series is the frequence of ripple marks, mudcracks and pseudomorphs 

after salt, often occurring in plates of hardened mudstone and 

intercalations of limestone and dolomite. This series appears to have 

been deposited Gn a vast flood-plain, extending along the margin 

of a warm ocean, and submerged alternately by continental floodwater 

and marine incursions, It was followed by a second transgression, 

during which the "Upper Limestone" series was deposited, with a total 

thickness of some 1000 metres. A relatively important volcanic 

episode ýegan during the Lower Adoudounian and continued intermittently 

throughout the Adoudounian and into the Lower Cambrian. 

2.2. Locatlon of samplin& sites 

Several of the sedimentary formations described above appear 

to be suitable for palaeomagnetic work, particularly the continental 

deposits of the Precambrian II-III. the Precambrian III, and the 

Adoudounian. However results of Tarling and Sutton (1967) from these 

rocks indicate generally poor magnetic stability and high scatter 

of remanence directions both before and after thermal treatment. 

It was therefore decided to concentrate on igneous formations. 

The rock-types represented in the Archaean system are generally 

unsuitable for palaeomagnetic work, and although basic and acid 

voicanLc rocks occur Ln the PrecambrLan I and PrecambrLan Ii system, 

they are usually highly deformed and metamorphosed, and were thought 
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unlikely to carry a prii pary remanence. However the thick series 

of rhyolites and andesites of Precambrian III age are generally 

undeformed and fresh in appearance, and eight sites were therefore 

sampled at the two localities in the Middle Precambrian III sequence 

of tho Bou Azzer-Ouarzazate region (Fig. 2.1). -one of these sites 

(MB70) was in an andesite dyke cutting a series of rhyolitic lavas, 

and two other sites (MB69 and MB71) were in the lavas immediately 

adjacent to the dyke and on either side of it. The other five sites 

were in different lava flows. 

2.3. N. R. M. directions and intensities 

The mean N. R. M. directions for the eight Precambrian sites 

are plotted in Fig. 2.2(a). Within-site scatter, is variable, the 

values of cc ranging from 50 to 190 (Table 2.5(a)). The mean- 95 

formation direction pf remanence, giving unit weight to each site, 

and aft?. r correction for tilting, is 

Dn 117 0, I=+ 56.5 00 oc 95 n 23 

The value of m 95 bdfore correction for tilting (22 0) is not 

significantly different from the value after correction. Three of 

thesite mean directions (MB65, MB67 and MB70) are slightly displaced 

from the fairly close group formed by the other five sites. One of 

these (MB70) is the site situated in the andesite dyke, but the two 

sites situated in the baked lavas at the contact with the dyke 

(MB69 and MB71) form part of the main group. 

The mean intensity of, N. R. M., assuming a log-normal distribution 

is 4.87 x 10-6 gauss, and the mean susceptibility is 8.32 x 10- 6 
gauss 

per oersted. 
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2.4. Stability tests 

One pilot sample, selected at random from each of the 

eight sites, was subjected to progressive thermal demagnetisation up 

to & maximum temperature of between 525 0C and 700 0 C. The resulting 

changes in direction of remanence are plotted in Fig. 2.3, and 

intensity in Fig. 2.4. 

In all cases except sample MB65.6 this treatment resulted in 

a progressive movement towards a shallow SE direction. In most 

samples, after initial changes of 20 0 to 400, the direction of 

remanence remained approximately constant-during heating from 200 0C 

to at least 400 0 C, and sometimes up to 640 0 C. In sample MB65.6 

the remanence vector moved in a SW direction on heating up to 175 0 CS 

after which it remained constant on further heating up to 550 0 C. 

In most samples heating at 640 0C produced a further small change in 

direction of remanence, and heating at 7000C produced a large, 
I 

apparently random change. 

The intensities of magnetisation. of pilot sample from sites 

MB65 to MB67 remained fairly constant on heating up to 6400C. sometimes 

after initial drops at 1000C. The intensities of pilot samples 

from sites MB64 and MB68 to MB71 began to decrease progressively 

at IOOOC to 3000C, and in all cases heating at 7000C resulted in a 

drop to less than 107. of the initial intensity (Fig. 2.4). 

During progressive demagnetisation the susceptibilities 

either remained constant or decreased slightly. No important chemical 

changes are therefore thought to have occurred as a result of 

heating. 
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The pilot-sample results indicate the presence of a stable 

component of remanence, having a shallow SE direction in all sites 

except MB65.6,. in which it has a shallow SW direction. In all cases 

a less-stable secondary component is also present, and is removed 

by partial thermal demagnetisation at 200 0 C. The stable component 

is itself demagnetised at 640 0C in some samples and 700 0C in others, 

and the remaining magnetisation appears to have a random direction 

and a very low intensity. This agrees with the observations of 

several authors (e. g. As and Zijderveld, 1958, and Irving et al, 1961), 

who have -noted the presence of residual magnetic moments with random 

directions in rocks which have been subjects to severe demagnetisation. 

These residual moments are thought to represent states of minimum 

magnetic energy (Irving, 1964). 

2.5. Bulk demagnetisation 

In order to remove the unstable secondary component of remanence 

detected in the pilot samples, all of 'the remaining samples were treated 

at 325 0 C. This value was selected as it lay approximately in the 

middle of the stable range. This treatment had a variable effect on 

the within-site dispersion of directions (Table 2.5(b). The value 

of C< increased for two of the sites (MB64 and 65), but decreased 
95 

. 
for the other six, in some cases by a substantial amount. 

-he mean site directions of magnetisation after treatment at 

325 0c are plotted in Fig. 2.2(b). The mean formation direction after 

correction for tectonic tilting, and giving unit weight to each 

site, is 

128.5,1 a +10-09 0( 95 n 17 

0 
The value of o/. 95 

before correction for tilting is 20 
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It is difficult to judge whether the difference of 30 

is si&nificant# but if it is, then it implies that the stable 

component of magnetisation predates the (probably Carboniferous) 

folding of the rocks (Graham 1949), and quite possibly dates from 

their time of initial formation* i. e. late Precambrian. 

Bulk thermal demagnetisation at 325 0C resulted in a 

decrease in the mean intensity of magnetisation of the formation 

to 3.86 x 10-6 gauss. 

There was no systematic difference between the mean site 
4 

directions of the andesite dyke and the two sites in its baked 

contact with the lavas, compared with the other five sites in the 

lavas. 

2.6. Thermomapetic analyses and microsc. 2]2ic examination 

Thermomagnetic analyses were carried out on crushed samples 

from four sites, viz MB64, MB69, MB70. and MB71. The thermomagnetic 

curves are either completely, or very nearly reversible (Figs. 2.5 and 

2.6). and in all cases a single Curie Point is indicated, in the 

range 650 to 700 0 C. This temperature is characteristic of haemetite. 

The blocky nature of most of the curves is consistent with the 
i 

presence of a single magnetic phase with a narraw range of 

composition and grain size (Larson et &1,1968). Sample MB64.3 

is particiilarly interesting, as -the magnetisation decreases only 

very slightly on heating to 650 0 C. after which it suddenly- drops 

to zero. 

Microscopic examination of polished sections under reflected 

light revealed haematite as the only opaque mineral present, in 

agreement with the thermomagnetic analyses. A large number of 
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small grains were present, just visible under a X45 objective, 

and also several larger aggregates of crystals scmietimes having 

apparently replaced ferromagnesian silicates (probably olivine ). 

There was no sign of exsolution in. any of the haematita crystalq 

observed. 

2.7. Discussion 

The palaeomagnetic pole position calculated by the method 

outlined in Section 1.8 of this thesis, corresponding to the mean 

Precambrian direction of magnetisation after bulk demagnetisation 

at 325 OC and correction for tectonic tilting is 

Lat 30.5 0 S, Long 57.0 0 E, A 170 95 
To enable comparison of this result with other Precambrian 

palaeomagnetic data from Africa it is important to establish the 

age of the formation as precis-ely as possible. This has been 

discussed by Choubert (1963). 

All radiometric age determinations published so far on the 

Precambrian III of the Anti-Atlas region have been obtained by 

the K-Ar method, and these analyses have given ages in the range 

392 to 215 my, reflecting effects of argon loss during the 

Hercynian orogeny. 

The Rb-Sr method has been applied by Cahen et. al (1963) to 

samples from the Archaean and Precambrian I systems, and has yielded 

realistic values of 2600-1800 my for the Archaean, and 1670-1460 my 

for the Precambrian I. 

I 
This method is currently being applied to the Precambrian II 

and III, but until the results become available only approximate 

limits can be placed on the ages of these SYstems. The Precambrian III 

postdates the last Precambrian Anti-Atlas orogeny, and predates the 

base of the Adoudounian. 
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Choubert (1963) has correlated the last Anti-Atlas orogeny 

With the Kibara-Urundi-Karagwe-Muva-Ankola orogeny of Central 

Africa$ which has been fairly reliably dated at about 1000 my 
(Holmes and Caben, 1957). The overlying Adoudounian is separated 
from the Precambrian III by a discordance, thought to be contemporaneous 

with the Katanganorogeny of Central Africa. The date of this orogeny 

has been reliably established from radiometric measurements on 

the Katangan uraninites as 620 my. This is supported by K-Ar 

measurements on galena deposits in the Upper Adoudounian of the 

Western High Atlas, which give an age of 600 + 70my.. 

Lower and upper limits of 1000 my and 620 my respectively can 

therefore be placed on the age of the Precambrian III system. 

Assuming an equal period of time for each of the three subdivisions 

of this system, the approximate limits of the Middle Precambrian III v 

will be 750 to 870 my. An approximate age of 800 my can therefore 
I 

be assigned to the samples collected, although this value may be in 

error by up to 100 my. 

Unfortunately no palaeomagnetic results have yet been published 

for the interval between 13 . 00 my and 600 my from other parts of 

Africa, but it is instructive to compare the Moroccan Precambrian pole 

with th .e results available for the interval 2000 to 1300 my. These 

results have been obtained from the Transvaal and Rhodesian shields, 
I 

and are summarised by McElhinny et al (1968). They are listed in 

Table 2.6, and plotted in Fig. 2.7, together with the Moroccan 

Precambrian pole. The latter pole lies on a direct continuation 

of the polar-wander path plotted by McElhinny et al., and this may 

be tak4ýn as evidence in support of the validity of the Moroccan pole. 
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Although palaeomagnetic, results covering the interval 

130o to 600my have not yet been publLshed frcm other parts of 
Africa, work ii currently in progress on rocks from the Bukoban 

system of East Africa. This system spans the interval from 1000 to 
800 my, and in practically contemporaneous with the Moroccan 

Precambrian III system. Preliminary results (Dr. J. D. A. Piper, 

personal communication) yield a series of poles extending in 

a chronological sequence from the Central Atlantic to Mexico and 

then down to Peru. The pole lying closest to the Moroccan Precambrian 

III pole corresponds to an age of approximately 900 my, but is 

separated from the latter by an angular distance of some 40 0', 

Pending publication of Piper's results the reliability of 

the Bukoban poles is uncertain. However, if, as seems likely, 

they should turn out to be at least as reliable as the Moroccan 

pole, then this difference must be accounted for. Of the several 

possible factors which. could influence the agreement of these 

results, two seem to be more likely. 

The first is the possible occurrence of relative tectonic 

movement during the late Precambrian between the Anti-Atlas belt 

and the Saharan-shield, or between the whole of the NW African 

craton and the East African craton. Movement between the Anti-Atlas 

belt and the Saharan shield at this time is unlikelyo since the 

last major Precambrian orogenic phase in this region ended at about 

1000 my. However the possibility of movement between the NW African 

and East African cratons cannot be coimpletely ruled out. 

The second factor is the possible effects of Hercynian 

orogenesis, as discussed in Section 1.3 and 1.4. Regional heating 

and deep burial during orogenesis may result in the original primary 
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components of remanence in rocks being replaced by stable 

secondary components. It has been demonstrated above that radiometric 

age determinations on the late Precambrian rocks of the Anti-Atlas 

region were affected by the Hercynian orogenesis, and it is 

possible that the remanent magnetism of these rocks may also 

have been affected. The palaeomagnetic pole position derived 
00 from this formation (30.5 S, 57.0 E) lies close to the Upper 

Carboniferous-Lower Permian pole (40 0 S, 64.5 0 E), and this is 

consistent with a remagnetisation. of this formation during the 

(Carboniferous) Hercynian orogeny. Furthermore, the polarity of 

the magnetisation in the Moroccan Precambrian rocks is reversed, 

in agreement with the polarity of Upper Carboniferous and Permian 

formations from other parts of Africa (Opdyke, 1964 and McElhinny 

and Opdyke, 1968). 

The fact that there is no systematic difference between the 

direction of remanence in the andesite dyke and its baked contacts, 

compared with the direction in the intruded lavasq even though 

there is clearly an age difference between these two rock units, 

may be due to "homogenisation" of the remanence in both units by 

later remagnetisation. However it is equally plausible that the 

difference in age of the two units is small, and that no significant 

It polar -wander" or continental movement occurred during this interval 

of . time. 

It has been observed by some authors (e. g. Chamalaun and Creer, 

1964, and Chamalaun, 1964) that thermal demagnetisation at temperatures 

just below the Curie point of haemetite (6700C) sometimes reveals 

a primary component of remanence in rocks which have been severely 

remagnetised. The Moroccan Precambrian pilot-sample results were 
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theretore inspected to see if any common direction of magnetisation 

was revealed in different samples as a result of demagnetisation 

at 6400C to 700 0 C. No such component of remanence was detected. 

The strongest evidence supporting the validity of the 

Moroccan Precambrian III pole-position is that correction for 

tilting reduces the between-site scatter, thereby implying that 

the time of magnetisation Oredates the time of folding. However, 

as discussed in Section 2.5, too much significance must not be 

attached 'to this., since the difference is only 30 in 17 0, i. e. 16%. 

Since two-thirds of the Anti-Atlas Precambrian III sequence 

is represented by volcanic rocks, and one-third by continental 

deposits, there is little direct evidence regarding the palaeoclimatic 

environment under which these rocks were formed. It can be stated 

with confidence that the glacial environment under which the 

Precambrian II-III tillites and varves -were deposited had ceased 

to prevail by Precambrian III times, since there is no evidence 

of glacial deposits or structures in this sequence. The exact 

palaeoclimatic significance of the lacustrine sediments and thin 

stromatolitic limestones of the Precambrian III sequence is difficult 

to assess, but it is more probable that these were associated 

with a warm environment than with a cold one. There is little 

doubt that the thick dolomitic limestones, fossilised mudcracks 

apd pseudomorphs after salt, of the overlying Adoudounian sequence 

were formed in a warm, possibly tropical or near-equatorial environment. 

The palaeolatitude, ý, 
, calculated from the mean palaeomagnetic 

inclination, 1, of the Precambrian III rocks, from the formula 

Tan Im2 tan X (2.1) 

is 5, i. e. near equatorial, and is not at variance with the above 

remarks. 



37 

In conclusion it may be said that the fold-test and 

palaeoclimatic evidence seem to support the Moroccan Precambrian III 

pole-position, but reasons exist for doubting its validity, 

in particular the evidence of possible remagnetisation during 

the Hercynian orogeny. 

The reliability of the Moroccan Precambrian results are 

discussed further, in conjunction with the Lower Cambrian results 

in Chapter'three. 

I 
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CHAPTER 3 CAMBRIAN 

aeolo zx 

Identification of base of Cambrian 

In the Anti Atlas region the upper Adoudounian (Infracambrian) 

sequence (section 2.1.6. ) is terminated by an important regressive 
horizon. Although this regression was probably more widespread than 

that of the Lie de Vin series, no continental sediments were deposited. 

The first term of the Lower Cambrian sequence is a limestone 

series of the same type as the underlying Upper Adoudounian, and the 

similarity of these two formations frequently makes it difficu*t 

to trace the intervening regressive horizon. However the base of 

the Lower Cambrian is marked locally by a weak discordance, appearing 

very clearly at certain localities in the southern flank of the Western 

Anti-Atlas. 

Lower Cambrian 

The Lower Cambrian transgression, like the preceding two 

I 

Adaudounian transgressions, appears to have commenced in the Western 

Anti-Atlas, and to have progressively invaded the rest of the chain. 

The Cambrian sequence begins with a thin layer (20 to 30 metres) of 

dark, often oolitic, limestones (the "Calcaires de base" of Choubert, 

1952), the upper-beds of which contain the first Archaeocyathids. The 

overlying sequence of shales, limestones, sandstones and volcanic tuffs 

has been sub-divided by Choubert (1952) into a series of lithological 

units, recognisable throughout the whole Anti-Atlas chain. 

The first of these is a series of shales and limestones, 

the "se'rie schisto-calcaire", having a total thickness of 3oo to 450 

metres, and containing the first trilobites. This is followed by the 

.e 

11serie, schisteuse", a sequence of shales with occasional beds of 
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cindery limestone, which varies in thickness fr om 400 metres in 

the West to 100 metres in the East. This series is overlain in 

turn by a sequence of beds, varying from a sandstone facies in the 
South to a predominantly pyroclastic facies; in the North. The 

thickness of this formation is about 150 metres, and it is referred 

to as the "grfis terminaux". It appears to mark the occurrence of a 

weak tectonic phase, and deposits of shallow water "pipe-rock" 

("gres a tigillites") in the Western Anti-Atlas, and pink and 

chocolate sandstones with pebbles of red clay in the Central High 

Atlas, reflect continental in. fluences associated with a regression. 

The emergence of the High Atlas region soon afterwards, indicated 

-by a widespread level of conglomerates, was accompanied by an episode 

of volcanic activity, marked by andesitic flows (spilites ) in the 
I Western High Atlas (de Koning, 1957). This volcanism was manifested 

in the Anti-Atlas region by the deposition of a series of volcanic 

ashes and tuffs, interbedded in the sandstones of the "gres terminaux" 

(Choubert and Faure-Muret, 1956). 

The uppermost fossiliferous horizon of the Lower Cambrian 

sequence is represented by about 60 metres of shales, overlain by 

the basal Middle Cambrian beds containing Paradoxides. 

Hupe (1952) attempted a subdivision of the above lithological 

sequence on the basis of trilobite zones , but later studies (Hupfi, 1959) 

indicated that the palaeontological boundaries did not coincide exactly 

with the lithological boundaries. More recently Choubert (1963) has 

combined the two approaches, and recommended a subdivision into three 

st-ages, the Amouslek, Issaf4ne and Asrir stages. The essential 

features of these three classifications are summarised in Fig. 
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Middle Cambrian 

The regression which terminated the Asrir Stage is marked at 

some localities by a weak' discordance between the "gres terminaux" 

and the base of the Paradozides beds (the "Ourmast horizon"). However 

in general the Middle Cambrian appears to be perfectly concordant on 

the Lower Cambrian throughout the whole of South Morocco. 

The Middle Cambrian sequence consists of two terms, the 

Paradmides Shales (or "schistes des Feijas internes") and the 

Ccmcw-oryphe and Lingula Sandstones (or "greis du Tabanit"). The 

thickness of the whole succession is about 1,000 metres, and the 

passage from the Paradoxides shales to the Lingula sandstones takes 

the form of a gradual enrichment of the shales in sandy material. 

This represents a gradual shallowing of water, reflected in the 

presence of tigillites (Scolythes) at several horizons. 

The whole region was uplifted towards the end of the Middle 

Cambrian, and the uppermost Middle Cambrian, Upper Cambrian and Lower 

Tremadocian sequence is absent. A similar gap exists between the 

Middle Cambrian and Lower Ordovician throughout the whole Mediterranean 

regLon, and has been correlated wLth the Sarde tectonLc phase. In the 

Eastern AntL-Atlas this emergence was preceded by an important episode 

of basaltic volcanism (Clariond and Gubler, 1937). 
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3.2. 
ipling sites 

In the palaeomagnetic reconnaissance survey of Tarling and 

Sutton (1967) results were obtained from five sites in Lower 

Cambrian sandstones, and ten sites in InfraCambrian sandstones. 

With a few exceptions, the stability of these rocks was found to 

be poor, and both within-site and between-site scatter of remanence 

directions was high. Partial demagnetisation increased the between- 

site scatter. 

These results were not encouraging,, and it was therefore 

decided to concentrate on collection of the Cambrian volcanic tuffs 

rather than sediments. As discussed above, these tuffs occur in the 

Asrir Stage (Gentilaspis zone), towards the top of the Lower Cambrian 

sequence. 

During the 1969 field excursion ten sites were samples (MB54 

to mB64) in the N. W. Anti-Atlasq in the region of Amouslek and Ait 

Baha (Fig. 3.2). During the 1970 field excursion a further six sites 

were sampled (MC18 to MC23) slightly further to the south west. 

Two sites were also sampled in the coarse sandstones ("Grie's 

terminaux") of the Central Anti-Atlas (Fig. 2.1), one near Amazer 

(MB72), and one near Agdz (MC17). 

3.3. Palaeomagnetic results from the Cambrian volcanic tuffs 

N. R. M. directions and intensities 

The N. R. M. mean site directions of remanence all have a south 

to south-easterly declinations but the inclinations vary widely, from 

-380 to +710 (Fig. 3.3(a)). Within-site scatter of remanence 

directions is small and most sites have an cw. 95 of less than 100. 

The between-sLte scatter before correctLon for tLltLng Ls 17 0, whereas 
a 

the value after correctLon Ls 250. ThLs suggests that at least part 

of the remanence was produced in the rocks after they were folded 
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(Graham. 1949). In general the samples collected from the 

southern part of the region (sites MC18 to 23) seem to have a 

more westerly declina. tion and steeper inclination than the samples 

from the north (sites MB54 to 63). 

The mean intensity of magnetisationo assuming a log-normal 

distribution, is 2.82 x 10- 6 
gauss for sites MB54 to 63, and 

1.10 x 10- 6 
gauss for sites MC18 to 23. 

of NRM is 1.98 x 10 -6 gaugs. 

3.3.2. Stability tests 

The overall mean intensity 

The results of progressive thermal demagnetisation stability 

tests, performed on one specLmen from each sLte, are plotted Ln 

FLgs. 3.4 and 3.5 for aLtes MB54 to 63 and FLgs. 3.6 and 3.7 for 

sites MC18 to 23. 

(a) Sites MB54 to 63 

All pilot samples from these sites show a high degree of 

stability to thermal demagnetisation. In most cases, after initial 

changes of 10 0 to 400 towards the negative SE quadrant, the direction 

remains very constant during heating from 100 0C to 5250C, and sometimes 

00 to 600 C (Fig. 3.4). Further heating to 675 C produces a random 

scatter of directions. in all of these samples the intensities of 

magnetisation decrease very-gradually up to 600 0 C, after which they 

either decrease suddenly or change erratically (Fig. 3.5). The 

susceptibilities either remain constant or decrease gradually on 

heating to 5250C, and heating at 6250C and 650 0C results in a sudden 

increase (Table 3.7). 

I 
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§ites MC18 to 23 

The stabilities of samples from these sites are not as high 

as those from sites IMB54 to 63. Initial changes of up to 900 occur 

towards the negative SE quadrant on heatirig to 2060C, after which 

the directions of remanence remain approximately constant , in most 

cases up to 4000C. and sometimes to 600 0C (Fig. 3.6). Once again, 

heating at 6500C Produces a random scattering of directions. 

The intensities of magnetisation are more variable than those 

of sites MB54: to 63, and in two cases. heating to 200 0C results in a 

substantial increase in intensity. In all cases the intensity is 

reduced to 0.4 to 0.6 if 'the initial value on heating at 6060C 

(Fig. 3.7), after which it suddently increases to several times its 

initial value (Table 3.3). As with sites MB54 to 63, the susceptibility 

either remains constant or decreases gradually on heating to 5000C, 

after which it suddenly increases. 

Theso- results, indicate the presence of a stable component 

of remanence in samples from all sixteen sites. This component is 

isolated during thermal treatment from 100 0C to 5250C in sites MB54 

to 63 and 200 0C to 400 0C in sites MC18 to 23. In all cases a less- 

stable secondary component is also present, and is removed on heating 

at 100 0C to 200 0 C. 

Rem(yval of the stable component bf remanence at 600 0C appears 

to leave only'a component of random direction and intensity. The 

increase of susceptibility on heating At 600 to 6560C suggests the 

occurrence of a chemical change in all samples at these, temperatures, 

and this may explain the sudden increase in intensity of Samples from 

sites mC18 to 23. 

3.3.3. Bulk demagnetisation 

In order to isolate the stable component of remanence detected 
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in the pilot samples, the remaining samples from sites MB54 to 63 

were heated at 2500C, and those from'sites MC18 to 23 at 3000 C. 

This regulted, in a decrease in within-site, scatter for eight of 

the sitýs and an increase in wi'thin-site scatter for the other eight. 

However the between-site scatter after correction for tilting was 

reduced substantially, from 25 0 to 130 (Fig. 3.3(b)), and the value 

before correction for tilting (12 0) was not significantly different. 

The reduction in between-site scatter after thermal treatment 

implies the successful removal of a less-stable component of 

remanence, and the fact that the between-site scatter is no longer 

significantly different before and after correction for tilting 

suggests that the component rem4yved was probably impressed on the 

rocks after their (CarbonLferous) time of folding. 

The mean intensity of magnetisation of sites MB54 to 63 

-6 after bulk thermal treatment is 2.56 x 10 gauss, and that of sites 

MC18 to 23 is 1.00 x '10- 
6 

gauss. The overall mean intensity is 

1.78 x 10" 6 
gauss. 

3.3.4. Thermomagnetic analyses and microscopic examinations 

Thermomagnetic analyses were carried out on samples from 

sites MB54 to MB62. In both cAses the curves were perfectly, or very 

nearly, reversible (Fig. 3.8), and showed a single Curie point in ýthe 

vicinity of 6700C. This temperature is characteristic of haemetite. 

Thin-section microscopic analyses revealed the presence of 

much calcLte, possLbly as an alteratLon product of calcLc plagioclase, 

and sericite. The composition of the groundmass was difficult to 

assess, but several small crystals of altered clinopyroxene were 

identified. 
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In agreement with the the'rmomagnetic analyses, the only 
magnetic mineral present was haemetite. This was recognised under 
reflected light as small anhedral grýins with high reflectivity, 
forming part of the groundmass - There were numerous grains just 

within the limit of visibility with ax 45 objective, and presumably 

there were many more grains just below the limit of visibility. Such 

grains are likely to be close to single-domain size. 

There were also many larger grains of haemetite, usually in 

aggregates which were pseudomorphic after olivine and pyroxene 

crystals', and presumably produced as a result of the breakdown of 

these minerals. There was no trace of exsolution in any of the 
I 

grains of haemetite. 

3.3.5. Discussion 

The results described in Section 3.3.3. indicate the successful 

isolation of a stable component of remanence in the Lower Cambrian 

tuffs, and the palaeomagnetic pole position corresponding to the mean 

direction of stable remanence (Table 3.6) is 

00 
Lat a 41.5 S, Long m 69.50E. with A95 = 1.0.5 , 

As discussed in Section 3.21 these tuffs are situated in the Asrir stage, 

near the top of the Lawer Cambrian sequence. 

The ambiguous result of the fold test after bulk demagnetisation 

means that it is not possible to say with certainty whether the 

stable component was produced in the rocks before or after the 

Carboniferous folding (Section 1.4). 

Since the polarity reversal sequence of the Earth's magnetic 

fLeld Ls not accurately known for the PalaeozoLc, Lt Ls uncertaLn 

whether the polarity at the time of formation of these rocks was 

norm&l or reversed. The polarity at this time cannot be inferred from 
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data from other continents, since normal, reversed and mixed 
Polarities have all been reported from Lower Cambrian formations 

(Creer 1970). 

Because of this- it is difficult to establish which of the 

pole Positions determined from the mean Lower Cambrian direction of 
0 

magnetisation represents the palaeomagnetic "North" pole, and 

which represents the "South" pole. (In this usage "North" pole refers 

to the palaeomagnetic pole which can be traced in a continuous path 

to the present North pole-. and is not necessarily the pole to which 

the north-seeking direction of remanent magnetisation points. 

Similarly for "South" pole). The usual procedure (e. g. McElhinny 

et al. 1968) is to adopt the designation which implies minimum 

continental movement or polar wander between successive geological 

peiiods for which poles have been determined. However the Moroccan 

Lower Cambrian poles are both situated approximately 90 0 from the 

other African Lower Palaeozoic South poles, so that according to this 

criterion either pole may be taken to represent the South pole with 

equal validity. This means that two different interpretations can be 

placed on the Moroccan Lower Cambrian results. 

The first of these is that the pole position quoted above 

(41.50S, 69.5 0 E) represents the "South" pole. In this case the 

pole lies very close to the Upper Carboniferous to Permian pole- 

position derived from Tanzanian red beds (Opdyke, 1964). These poles 

are plotted, together with the Moroccan Upper Precambrian pole, in 

Fig 3.9. The other poles plotted are listed in Table 3.9. 

if this interpretation is correct, then it suggests that the 

Upper Precambrian and Lower Cambrian f ormations were remagnetised 
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during the Hercynian orogeny, possibly as a result of deep 

burial and regional heating. As discussed in Section 3.3.4, 

there is evidence of chemical alteration and production of 

secondary haemetite in these rocks, but it is possible that this 

alteration occurred during, or soon after, their initial deposition. 

The mean direction of remanence, both before and after partial 

demagnetisation, is remote from the axial dipole field direction 

at the sampling localities,. indicating that the secondary haemetite 

is not the result of recent chemical weathering. It seems likely 

that the stable component of remanence from which the Lower Cambrian 

pole-positLcm was calculated resides in the small, apparently primary, 

single domain particles, whereas the larger secondary grains of 
I 

haemetite carry the less-stable component, removed by partial 

datiagnatioation. 
0 

If thege formations were remagnetised as a result of being 

held at elevated temperature for long periods of time, then 

exsolutLon would be Ukely to have occurred Ln the magnetLc phases. 

The complete absence of exsolution is evidence against this hypothesis. 

The alternative interpretation of the Moroccan Lower Cambrian 

results is that the pole position quoted above represents the 

.. palaeomagnatic "North" pole. The corresponding "South" pole then 

lies at 41.5N, 110.5W, and is plotted, together with the Upper 

Precambrian pole in Fig. 3.10. 

pole BI in this diagram representd the pole from the Ntonya 

Riqg Structure (Briden, 1968), dated rAdiometrically as Upper 

Precambrian to Cambrian. The- reliability of this pole with respect 

to w Africa is questionable on palaeoclimatic grounds, since it 

, implies that Morocco was situated very close to the South pole during 
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Infracambrian and Lower Cambrian times. This is difficult to 

reconcile with the presence of thick dolomitic limestone 

sequences with Archaeocyathids, and continental deposits with 

mudcracks and pseudomorphs after salt crystals, all indicators of 
a warm environment. Although the polar regions may not have always 
been glaciated, it seems highly improbable that the temperature 

at the poles would have remained sufficiently warm for a long 

enough period of time for these thick formations to accumulate. 

The Moroccan late Precambrian and Lower Cambrian mean directions 

of magnetisation correspond to palaeolatitudes of 50 and 10 0 

respectively, placing Morocco in near equatorial latitudes. These 

poles therefore agree with the palaeoclimatic evidence much more 

favourably than the Ntonya pole. 

There is evidence of a widespread glaciation of NW Africa 

during the Ordovician and Silurian (e. g. Fairbridgeg 1969, Arbey, 

1968, and Destombes, 1968), and this is consistent with the positions 

of the Ordovician pbles B2 and B3 (Table 3.9). A possible explanation 

of the anomalous pole B1 from the Ntonya Ring Structure is that the 

magnetisation dates from the Ordovician (or Silurian). Although 

the radiometric age determination is unlikely to be in error by this 

amount, there is the possibility of remagnetisation as a result 

of deqp burial, local reheating or chemical weathering. If this 

explanation is correct, then the three poles Bl, B2 and B3 can be 

grouped together to give the mean Ordovician pole denoted by 11011 

in Fig. 3.10, The corresponding Palaeozoic polar wander curve 

is shown by the solid bl&ck line. 
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Both of the above interpretations of the Moroccan late 
Precambrian and Lower Cambrian pole positions seem equally plausible, 
and final resolution of tho problem must await determination of 
further African palaeomagnetic results of this age. 

Finally, mention, must be made of the pole IIHII in Fig 3.10. 

ThLs Ls the pole determLned by Helsley (1965) from lavas of supposed 
Addle CambrLan age Ln east-central Morocco. These lavas may have 

been the ones mentLoned Ln SectLon 3.1.3, and descrLbed by ClarLond 

and Gubler, ( 1937), but sLnce no detaLls are avaLlable the relLabLlLty 

of thLs pole-La uncertaLn. If Lt does represent a valLd MLddle 

Cambrian pole-position then the polar-wander curve in Fig 3.10 must 

be drawn from "Bl" to "H". and then to "0". This implies an extremely 

large apparent polar movement ( 140 0) between the Lower and Middle 

CambrLan, in a tLme of at most 30 my. Such a rate seems unlLkely 

when compared vith the present-day time scale of continental movement 

(~ 1 to 10 cm per year). 

3.4 Palaeomagnetic results from the Cambrian red sediments 
I 
The two sites situated in the coarse red sandstones of the Central 

Anti-Atlas (MB72 and MCM had mean directions of NRM close to the 

present ge om&gnetic field direction at these localities (Fig. 3.11(a)), 

apparently reflecting either viscous effects. or recent chemical 

alteration. Prqgressive thermal demagnetisation of one sample from 

each site resulted in a movement towards a steep positive easterly 

direction on treatment at 150 0C to 4000C (Fig 3.11(b)), but treatment 

0 

of the remaining samples at 3oo C -resulted in a substantial increase 

in both within-site and between-site scatter (Table 3.8). These 

results are very similar to those of Tarling and Sutton (1968), and 

because of the very high scatter of directions of remanence they are 

thought unlikely to yield a meaningful palaeomagnetic pole-position. 
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Fig 3.2 Outline Geological map of the NW Anti-Atlas, indicating Lower Cambrian 

sampling localities. 
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pilot samples from sites MB 54 to 63 during progressive thermal demagnetisation 
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Fig 3.9 African Palaeozoic polar-wander curve, assuming that the Moroccan 
Precambrian and Cambrian poles represent reversed polarity epochs. Wroccan 
Devonian pole-position (discussed in Chapter 4) also plotted. Moroccan poles 
inverted triangles, other African poles upright triangles. -CO is the mean Cambro- 
Ordovician-pole from South and East African formations. 



Fig 3.10 African Palaeozoic polar-wander, assuming that the Moroccan 
Precambrian and Cambrian poles represent normal polarity epochs. Nomenclature 
as in Fig 3.9. except OP) which corresponds to -C 0 in Fig 3.9. 
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GFA' R 4. DEVONIAN 

4.1 geoloRy 

The Devonian sequence of the NE Anti Atlas is characterised 

by a greater diversity than the preceding Lower Palaeozoic deposits. 

However there is a predominance of neritic sediments, and limest . ones 

are frequent, usually containing corals, crinoids, brachy. opods, and 

occasional trilobites. The ov*rall palaeoclimatic and palaeogeographic 

environment indicated by these deposits is one of warm, clear, relatively 

shallow seas, marking a return to warmer conditions following the 

Ordovician and early Silurian glacial period (Hollard, 1968). 

In the Eastern Anti-Atlas region Devonian outcrops are confined 

to synclinal basins between Zagara and Erfoud (Fig. 1.1), bounded to 
I 

the North and West by the Precambrian and Lower Palaeozoic massifs. 

The Lower Devonian sequence begins with a series of dark shales 

and limestones, containing Orthocerids and graptolites, and local 

basaltic horizons (e. g. at Hanwar Laghdad). The well-known highly 

fossiliferous Devonian coral reef of Hammar Laghdad was formed at this 

time, indicating local shallow, ' warm waters, and possible subsidence. 

The base of the Middle Devonian is marked by 50 metres of grey 

limitones with gona tit *-bearing nodules. This is followed by some 

200 metres of reef-limestone deposits, with an abundant neritic fauna 

(brgcl*ýopods, crinoids, corals etc), and stromatoporitic reefs in the 

more turbulent zones. 

The Upper Devonian I 
sequence begins with deposits of fine, pink, 

possibly continental, sandstones, often with ferruginous cement. These 

are followed by biostromatic deposits (bedded structures composed of 
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shell, crinoid and coral beds, lacking reef-like structure), 

indicating a continuation of warm, shallow water conditions, and 

passing upwards into a transgressive sequence. The uppermost Devonian 

(Famenian) series begins with deeper water deposits, rich in gonatites, 

in the East (Erfoud), and shallower, sandy deposits to the West (towards 

Zagora). An important tectonic phase. occurred during this stage 
I 

(Choubert, 1963). resulting in the subsidence of an E-W elongated 

trough, which was filled with a thick sequence of some 2000 metres of 

flysch deposits. This tectonic phase appears to have been accompan ied 

by magmatie'activity, represented by the norite intrusion to the south 

of MSissi (Between Erfoud and Zagora). Finally the whole area was 

submerged by a widespread transgression resulting in the deposition 

of sandstones and limestones containing Upper Famenian fossils. 

4.2 Location of samplin& sites 

An attempt was made to sample the Lower Devonian basalts in the 

vicinity of Hamnar Laghdad, but bad-weather conditions prevented this. 

rt would probably be profitable to sample this formation on any future 

palaeomagnetic survey of the region. A visit to the Famenian norite 

to the south of msissi was more fruitful, and eight sites were sampled, 

covering the whole area of outcrop of this inLrusion (approx. 5 sq. km). 

30.93 0 
The mean location of these sites is N, 4.71OW, and the immediately 

overlying Upper Famenian deposits Are horizontal and undisturbedg so 

that no tilt correction is considered necessary. 

4.3 N. R. N. directions and intensities 

With the exception of sites MB43 and MB48, the mean site NRM 

directions are distributed close to the present goomagnetic field 

direction at the collecting sites (Fig. 4.1(a) and Table 4.5). The 

within-site scatter of remanence directions is highly variable, from 
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20 to 350, and between-site scatter is high (approx. 300). 

Th, q intensLties of NRM range from 0.5 to 0.8 x 10-3 gauss at 

all aftes except MB43 and MB48, at whLch the values are 5x 10-3 and 
70 x 10-3 gauss reap4etively. 

4.4 StabiLitx tests 

Pilot-samples from two sites (MB42 and MB44) were subjected to 

progressive A. F. demagnatisation at 75 Oe. intervals, and the results 

are plotted Ln FLg 4.2. 

In both samples the direction of remanence progressively moves 

towards a steep negative north-westerly direction on treatment up to 

300 Oe, and this, direction is maintained on further treatment up to 

450 Oe. Yet further treatment up to 900 Oe produces a random scattering 

of directions. The intensities of magnetisation decrease on treatment 

up to 300 Oe, after which they remain approximately constantg and treatment 

above 500 Oe results in erratic changes. 

These results indicate the isolation of a stable component of 

remanence with a steep negative north-westerly direction during treatment 

from 300 to 450 Oe. At higher fields this component is either destroyed, 

or swamped by a spurious random moment introduced by the demagnetising 

apparatus. (Chapter 8). 

This conclusion was verified by subjecting all five samples from 

a third site (MB49) to stepwise demagnetisation up to a maximum field 

of 600 Oe. . and examining the within-site dispersion of directions 

after each stage of treatment. The results are plotted Ln FLg 4.3, Ln 

which each point on the stereogram represents the mean of the f ive 

individual sample directions after treatment at the value indicated, 
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and the graph shows the circular standard deviation of these five 

directions plotted against the demagnetising field. The within-site 

dispersion of-directions remains low (< 20 0) on treatment up to 450 Oe, 

after which it increases rapidly, and the mean remanence vector after 

troatment at 300 to 450 Oe has a steep negative inclination and north- 

westerly declination, in agreement with the pilot samples from sites 

MB42 and mB44. 

4.5 Bulk de"gnetiBatitm 

The remaining samples from the other sites were demagnetised 

at 300 Oe, in order to isolate the stable component of remanence 

detected in the pilot samples. This resulted in a decrease in within- 

site scatter for half of the sites and an increase for the other half 

(Table 4.6), and a substantial decrease in the between-site scatter, 

from 310 to 150. 

The iimtensities of magnetisation of all sites except MB48 decreased 

to 0.2 to 0.3 x 10 -3 gauss after bulk demagnetisation, but the intensity 

of site MB48 remained two orders of magnitude higher. Tnspection of 

the field data revealed that whereas at all the other sites the sun-compass 

and magnetic -compas's orientation values agreed to within 20, in the case 

0 
of site MB48 they. differed by up to 7 This appears to indicate the 

presence of a strong local mAgnetic field, which influenced the magnetic 

compass bearing, and was probably produced by a lightning strike. 

The mean dir ection of magnetisation of site MB48 remained slightly 

displaced from the other sites after bulk demagnetisation at 3oo Oe 

(Fig 4.1(b)), and further treatment of a pilot-sample from thissite 

up to 600 Oe resulted in little change in direction. Treatment at 750 Oe 

produced a movement away from the other m"n site directions 
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(Table 4.2). Since the effects of the lightning strike are 

apparently not completely reaxwed by partial demagnetisation this 

site was eliminated from the final statistical analysis. 

4.6 Thermomagnetic analyses 

A thermomagnetic analysis was carried out on one sample from 

each site, and typical results are plotted in Fig 4.4. For all sites 

except MB48 and MB49 these curves are irreversible, and similar to 

that of MB42, the cooling curves being downshifted with respect to 

the heating curves. This behaviour may be duo to the occurrence of 

any one of several reactions during heating, e. g. decomposition of a 

metastable phase, reduction of a partially oxidised phase, or intirnal 

bowgonisatLcm or ordering by diffusion processes (Larson et al, 1969). 

In all cases only single Curie points are indicated by the heating 

and cooling curves, implying the presence of a single magnetic phase only. 

For the heating curves these are in the range 500 to 540 0 C, and for 

the cooling curves 480 to 530oC. These values are consistent with 

titanomagnetite of composition approx. 15% F63 04 and 75% Ti Fe 203 

(Nagata, 1961). 

4.7 Discussion 

The distribution of the mean site NRM directions close to the present 

earth's field direction suggests the presence of a secondary component 

of remanence in these samples. The good grouping of seven of the mean 

site vectors (excluding site MB48) around a steep north westerly 

direction, remote from the present earth's field direction, after A. F. 

treatment indicates the successful removal of this secondary component, 

and the isolation of a stable underlying component, probably of Orimary 

Origin. 
0 

Thus the mean direction of -stable remanence obtained from these 

seven sites is thought to represent a_ good approximation to the 
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geomagnetic field direction with respect to N. W. Africa during 

the Upper Devonian. The sampling sites are evenly distributed 

throughout the total area of exposure of this formation, and 

since the coarse grain-size indicates a slow rate of cooling it is 

probable that these results at least partially average out the 

effects of secular variation of the geomagnetic field (Jaeger, 1957). 

The mean pole-position derived from these rocks after A. F. 

cleaning is plotted on the Pala*ozoic polar wander curve in Figs. 

3.9 and 3.10. It lies between the mean Lower Palaeozoic pole and the 

Lower Carboniferous pole derived from elsewhere in Africa, and this 

may be taken as evidence both for the validity of the Devonian pole 

and for the unity of the African continent since at least Devonian times. 

The palaeolatitude corresponding to the mean direction of remanence 

is 45 0, and is consistent with the palaeoclimatic evidence indicating 

a return to warmer conditions following the Ordovician-Silurian 

glaciation. I 

This pole-position, and the general Palaeozoic polar-wander 

curve derived from the Moroccan late Precambrian and Lower Cambrian 

poles described in the previous two chapters, is compared with results 

from other continents in Chaptar 
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CRAPTER S- TUTASSIC 

ý -l - __. 
je2oLojV 

. sequence of Triassic AUosits in Morocco 

Permian deposits are poorly developed in Morocco, and in most 
I 

areas Triassic deposits rest directly on Carboniferous or older formations. 

In the few localities where Permian deposits are present, they are 

of Middle Autunian age (i. e. Lower Permian) and pass conformably 

downwards into Stephanian deposits. This 'Stephano-Autunian' group 

was folded during the Saalian tectonic phase, and is overlain 

discordantlyby red continental Triassic deposits. 

The Triassic sequence can be subdivided into two main lithological 

groups (Choubert & Faure-Muret, 1962). 

1. A Lower Series of red sandstones, commencing with a conglomerate 

horizon, and including several pelitic bands. 

An Upper Series of red clays, often saliferous, and including 

towards the centre of the sequence a thick series of basaltic lava 

flaws. Sandstones are also sometimes presentg but are of only subsidiary 

importance. 

An important marine incursion occurred during the eruption of the 

basalts, and is marked by a limestone intercalation containing a fauna 

characteristic of the German Middle Triassic Letterkohle (upper Muschelkalk) 

stage. The Triassic sequence is otherwise poorly fossiliferous, and 

this bed forms an important reference. horizon, recognisable particularly 

in NE Morocco and at various localities in the High Atlas (e. g. S. W. 

of Talsinnt). Triaosic salt deposits are also very widespread, and occur 

as continuous beds or lenses throughout the whole sequence. 



63 

1.2. Distribution of Triassjc deposits 

The distribution of the Lower Series of red sandstones is relatively 
limited, and they are confined mainly to basins of subsidence. In the 

central part of the High Atlas belt two 'principal basins can be 

distinguished. The Westerly Basin extends from the Sous valley in the 

south to Safi in the north, and is bounded to the west by the Mesetian 

branch of the Hercynian chain (Fig 1.1). 

in this basin reaches 4 to 5000 metres. 

The total thickness of sediments 

The Easterly Basin extends over 

the Precambrian part of the Central High Atlas belt between Marrakech 

and Ouarzazate. 

In all cases the Upper Series of red clays and basaltic lava flows 

is transgressive over the Lower Series, and in the easterly basin the 

junction of the two series is slightly discordant. The deposits of 

the Upper Series are much more widely distributed than those of the 

Lower Series, and occur over most of the Atlas domain. They indicate 

a widespread area of lagunal and lacustrine sedimentation extending,,., over 

most of Central Morocco during Middle Triassic times. The source of 

sediments appears to have been the Hercynian chains lying to the sDuth, 

and the sandy deposits of the Lower detrital series are beat developed 

in the southern pairt of the region. Tectonic activity continued over 

the whole of this period, represented by repeated subsidence in the 

Lower Series and thg widespread volcanic phase of the Upper Series. 

Triassic ilneous formations 

As discussed above, the thick sequence of dolerites and basalts 

occurring in. the middle of the Upper Series have been dated from fossils 

contained in a thin limestone intercalation as Middle Triassic. In 

the Central High Atlas the volcanic series reaches a thickness of 200 

metres, and comprises a sequence of continuous flows interstratified 
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with clays formed by erosion of the basalts, and baked red mudstones. 

The whole sequence is highly altered and has an overall dark green 

colour. The rocks 'can be classified petrologically into two 

categories: 

(i) Microgabbros, with ophitic structure, in which glass is practically 

non-existent, and the grains are visible to the naked eye. These occur 

mainly at the base of the flows, indicating a slower rate of crystallisationt 

and are very solid and relatively fresh. 

(ii) Ddleritic basalts, consisting of a single phase, and devoid 

of phenocrysts. 

Brouss6 (1966) has determined the mineralogical composition of 

these rocks as follows: 

Phenocrysts pyroxene 0 to 6% 

olivene 0 to 4% 

plagioclase 0 to 8% 

Matrix labradorite 22 to 44% 

pyroxene 6 to 25% 

olivene 0 to 10% 

glass 2 to 16% 

sphene 0 to 1% 

chlorite (produced 
by alteration 5 to 25% 

limonite 10 to 45% 

chalcedony and 
chlorite 0 to 25% 

This analysis indicates a predominantly tholeUtic composition, 

and the abundance of vacuoles, filled with chalcedony and chlorite 

indicates extrusion in an aqueous medium. Further evidence of this 

mode of emplacement includes the presence of glass, very small grains 
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Of minerals in the form 6f 'spherulites', characteristic of rapid 

crystallisation, the absence of fluid. structures, and the frequent 

presence, especially in fractured zones, of ferriferous Jaspers, 

formed during the eruption of the lavas, by water highly charged with 

silica. 

The whple of the volcanic series is highly altered, and it seems 

probable that this was a palaeoalteration, produced during, or soon 

after the emplacement of the rocks, as a direct result of extrusion 

in the sub-aqueous, envirorment. The alteration products, determined 

by X-ray, thermal and chemical analyses (Brousse, 1966) are: 

(i) fine-grtined chlorite, generally in fissures 

(ii) illite, montmorillonite and calcite, all in very 

small amouuts 

(iii) limonite 

The alteration is most pronounced in the fractured zones and along 

faults, due to the easy penetration of water along the numerous tectonic 

joints, shear joints and fissures formed during cooling and contraction 

of the lava. The highly altered parts frequently resemble true 

sediments, and in some cases even exhibit a 'psetido-bedding'. 

5.2 Location of sampling sites 

The alteration of the Middle Triassic dolerite series probably 

occurred penecontemporaneously with its emplacement, in which case, 

the magnetic constituents of the alteration products should still 

reflect the. ambient geomagnetic field direction at these localities 

during Middle Triassic times. 

The series was sampled at a total of 24 sites at two localities 

on the northern and southern flanks respectively of the Central High 
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Atlas belt, in the easterly basin of subsidence described in Section 

The first locality, on the northern flank of the High Atlas 

was situated at the site of a new dam (Ait Aadel), under construction 

across the river Tessaout in the vicinity of Tamelelt , to the East 

of-Marrakech (Fig'5., 1) 'a ,, -,,, To eliminate the possibility of recent 

weathering effects the sites were situated in deep horizontal tunnels, 

cut during the course of the dam construction up to a hundred meters 

into the walls of a gorge, itself several hundred meters deep. At these 

sites, orientation of the cores was performed by sighting to the tunnel 

entrance, where sun compass and magnetic oompass bearings were taken. 

A total of sixteen sites were sampled at this locality (MBl-16). 

The second locality was situated on the southern flanks of the 

Central High Atlas, near the village of Tssaldain on the Marrakech- 

Ouarzazate road# and eight sites were sampled over the total thickness 

of the volcanic series (MB28-30 and 32-36). At both localities 

individual sites were situated aa far as possible in separate lava 

f lows. 

A series of red sandstones lying in the Upper detrital series, 

immediately below the Middle Triassic volcanic sequence, were sampled 

at six sites situated near the Tizi 'n' Titchka pass on the Marrakech- 

Ouarzakate road (sites MB22 to 27), and a similar sequence of red 

sandstones, in the same stratigraphic position, but situated 50 km 

to the SW, was sampled at two sites near the summit of Jebel Oukaimeden 

(sites MB81 and 82). 
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5.3. PalaeoM! Anetic results from the Ait Aadel dolerites 

N. R. M. directions and intensities 

The mean site NRM directions of the sixteen sites situated 

at the Ait Aadel dam are plotted in Fig 5.2(a). The within-site 

scatter is generally fairly high (100-40 0) and the between-site scatter 

is also large (24 0 ). (Table 5.2). The formation is mainly horizontal, 

and small tilt-corrections were necessary at only two sites (Table 5.1). 

Application of these tilt -corrections did not significantly affect the 

between-site scatter. 

The intensities of N. R. M. were very variable, ranging from 0.5 

to 20 x 10-4 gauss. In general low intensities were associated with 

the more highly, weathered samples. 

5.3.2. Pilot s! Mple A. F. demanetisation results 

One pilot sample from each site was subjected to partial A. F. 

demagnetisAtion stability tests, at 85 Oe intervals up to a maximum 

f ield of between 700 and 900 Oe. The resultant changes in direction of 

remanence--are plotted in Fig 5.3, and intensity in Fig 5.4. 

There appears to be no overall r-pnsistent pattern of behaviour 

of these pilot samples In some cases (e. g. samples MB3.1; MB13.4 
I 

and mB15.2) the directions of remanence remained close to the earth's 

present field direction at these localities on treatment up to 450 Oe, 

after which they scattered randomly. In other cases (e. g. samples 

MB6.2,7.1,8.6,9.4 and 11.2) the remanence vectors changed to a 

shallow negative NE or SE direction, and then underwent little change 

on further treatment to 850 Oe, and in yet other samples (e. g. MB2.3. 

4.2 and 12.4) the remanence vectors remained constant along some other 

apparently arbitrary direction dur-ing treatment over a range of several 

hundred oersteds. 

After treatment at 700 to 900 Oe. the intensity decreased to less 
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than 10% of its original value in only five samples (MB3.1, 

12.4,13.4,14.1 and 15.2). In the other eleven samples the 

intensity remained above 50% of its original value, over the whole 

range of treatment (Table 5.3). 

5.3.3. Bulk A. F. dema&neti_sation 

The pilot sample A. F. demagnetisation results showed no definite 

evidence of the isolation of a common stable direction of magnetisation 

in all sites. However, since a few samples showed apparent indications 

of the presence of, a stable component the remaining samples from six 

sites (MB3 to 8) were subjected to hulk A. F. demagnetisation at what 

appeared to be the most appropriate field from an inspection of the 
0 

pilot-sample results. The results are listed in Tables 5.5 and 5.6, and 

the mean site directions after treatment are plotted in Fig 5.2(c). 

In all cases this treatment resulted in a substantial increase 

in within site scatter, but the mean-site directions were only slightly better 

grouped then in the case of the initial N. R. Ms. 

5.3.4. Pilot sample thermal demagnetisation results 

In view of the unsatisfactory results of partial A. F. demagnetisation, 

the stability of the Ait Aadel samples was further investigated by thermal 

demagnetisation tests. Pilot samples from five sites (MB2.1,9.2., 12.59 

14.3 and 16.1) were subjected to progressive thermal demagnetisation 

up to a maximum temperature of 650 0 C, and the results are listed in_ 

Table 5.7, and plotted in Figs 5.5 and 5.6. 

In all caýes the remanence vector moved to a positive northwesterly 

0 
direction on treatment at 100 C, after which it remained approximately 

0 
constant on further treatment up to 500 C. Above this temperature the 

directions scattered randomly. In all samples except M. B2.1 the intensity 
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of magnetisation decreased progressively on treatment up to the 

maximum temperature of 650 0 C. In sample 1, MB2.1 treatment at 6500C 

resulted in a slight increase of intensity. 

, 
5.3-5. Bulk thermal demagnetisation 

The pilot sample results described above appear to indicate 

the isolation of a stable component of remanence over the range 100 

to 5000C in all of the samples studied. The remaining samples from 

these five sites, and from the other eleven sites, were therefore 

subjected to bulk thermal demagnetisation at 3oo 0 C, and the results 

are listed in Table 5.8. The mean site directions after this treatment 

are listed in Table 5.2 and plotted in Fig 5.2(c). In two-thirds of 

the sites the within-site scatter was substantially increased and in 

one-third it was reduced as a result of this treatment. However the 

between-site. scatter was substantially reduced, from 24 0 to 7.5 09 

indicating the successful isolation of an underlying stable component. 

One site (MB4) was eliminated from the final statistical analysis 

because of its excessively high within-site scatter (> 90 0)- 

The palaeomagnetic south pole-position corresponding to the mean 

direction of remanence after thermal cleaning is 

72.0 0 Ss 74.5 0 E, A 95 ý 7.5 

, 
5.3.6. Thermomagnetic analyses 

I Thermomagnetic analyses were carried out on samples from sites 

MB40 MB6 and MB11. In all three cases the shape of the curve was very 

similar (Fig 5.7) and indicated a Curie Point in the range 470 to 570 0 C. 

The curves were all irreversible, the cooling curve being downshifted 

with respect to the heating curve, indicating the possible occurrence 

of phase changes or internal homogenisation as a result of heating 

(Larson et al. 1969). 
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The positive response of these samples to thermal demagnetisation, 

compared with their general negative response to A. F. demagnetisation, 

indicates the presence of magnetic grains with high coercive forces 

and blocking týemperatures. This suggests that the magnetic constituents 

are unlikely to be members of the titanomagnetite series, but are more 

likely to be members of the ilmeno-haemetite series, possibly resulting 

from the high-temperature oxidation conditions associated with their 

mode of emplacement (Section 5.1.3. ) 

The thermomagnetic curves showed only one Curie point, indicating 

the presence of a single magnetic phase only. 

. 
5.4. Palaeomagnetic results from the issaldain dolerites 

N. R. M. directions and intensities 

The mean site NRM directions of the eight sites sampled at this 

locality are listed in Table 5.9, and plotted in Fig 5.8. With the 

exception of sites MB28 and MB32 the within-site scatter is small (< 10 0)I 

and the maximum value (site MB32) is only 16 0 The between-site scatter 

is also small, and the mean direction of N. R. M. , giving unit weight 

to each site is 

3.6,1 = -ý4.2 9 cit 95 '= 6 

This direction is situated very close to the direction of the present 

earth's field at these localities (D = 351.5,1- 47.5). 

The intensities of NRMI were very similar to those of the Ait 

Aadel dolerites, i, e. of the order of 10- 
3 

gauss. 

, 
5.4.2. pilot samPle A. F. 

_demaanet-isation 
results 

Pilot samples were selected at random from four of the eight sites, 

and subjected to progressive A. F. demagnetisation upto a maximum peak 

field of 900 Oe. The results are listed in Table 5.11, and 'plotted 

in Figs 5.9 and 5.10. 
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In two of the samples (MB28.2 and 30.3) the direction of 

remanence remained virtual 

treatment. A third sample 

apart for a brief movement 

at 750 Oe, probably due to 

The direction of remanence 

close to the main group on 

progressively away. 

ly unchanged over the whole range of 

(MB29.2) showed similar behaviour, 

away from the main groups of directions 

a measurement or instrumental error. 

of the fourth sample (MB35.1) remained 

treatment up to 300 Oe, after which it moved 

In all four samples the intensity of magnetisation decreased 

progressively over the whole range of treatment, reaching a minimum 

value of 10 to 20% of the original value, after treatment at 900 Oe. 

5.4.3. Bulk A. F. dema&nettsation 

The pilot sample den'agnetisation results indicate the presence 

of a stable component of remanence, existing over the whole range of 

treatment from 0 to 900 Oe in three of the samples, and 0 to 300 Oe 

in the fourth. The remaining samples from the first three sites were 

accordingly demagnetised at 450 pe, and the samples from the other five 

sites at 300 Oe. The results are presented in Table 5.12. 

This treatment resulted in a. general increase of within-site 

s-catter, as with the sites situated at the Ait Aadel locality, but the 

between-site scatter remained unchanged (6 0 ). The mean site directions 

after treatment are plotted in Fig 5.8(b), and in general they are 

situated, further from the present direction of the geomagnetic field 

at these localities than the corresponding NRMmean-site directions. 

This is interpreted as being due to the removal of a weak viscous 

cI omponent by partial A. F. demagnetisation. 
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The pole-position calculated from the mean direction of 

remanence after cleaning is 

77.3S, 39.4W, A 95 n 6.5 

This is significantly different from the pole-position obtained from 

the Ait Aadel dolerites, and the possible reasons for this difference 

will be discussed at the end of this chapter. 

5.4.4. Ther-momagnetic analyses 

Thermomagnetic analyses were carried out on samples from sites 

MB28 and MB35. The results are broadly similar to those from the Ait 

Aadel dolerites, discussed in Section 5.3.6., and a typical curve is 

plotted in Fig 5.11. The downshift of the cooling curve is more 

pronounced than in the Ait Aadel samples, and the Curie Point of the 

cooling curve is 1000C lower than that of the heating curve. The 

reasons for this are thought to be the same as those mentioned in 

Section 5.3.6. 

5.5. Palaeoma&netic 
-results 

from the Titchka sediments 

N. R. M. directions and intensities 

The intensities of NRM of the sediments were very weak, lying 

in the range 0.1 to 0.7 x 10 -5 gauss (Table 5.14). The mean site 

directions are plotted in Fig 5.12(a), and listed in Table 5.13. With 

the exception-of site MB22, the within-site scatter of directions is 

00 
high (> 30 ), and the between-site scatter is greater than 90 

5.5.2. pilot sam2le thermal demaane-t-isation results 

one sample from each site was subjected to progressive thermal 

demagnetisation at 50 or IOOOC intervals, up to a maximum temperature 

of 7000C, and the results are plotted in Figs 5.13 and 5.14. The 

remanence vectors of the pilot samples from all sites except MB23 

and MB27 moved towards a steep negative direction, in most cases with 



an easterly or south easterly declination, on treatment up to 650 

or 700 0 C. The pilot samples from sites MB23 and 27 retained a 

positive easterly direction over the whole range of treatment. 

The changes in intensity of magnetisation of the pilot samples were 

much more variable (Fig 5.14). In three of the samples the intensities 

decreased progressively over the whole range of treatment, in two 

samples they increased on treatment up to 500 0 C, after which they 

rap idly decreased, and in one other sample an initial decrease was 

followed by an increase or treatment up to 5000C, and then a rapid 

decrease. In all cases the intensity decreased to less than 107. of 

the initial value after treatment at 700 0 C. 

5.5.3. Bulk thermal demagnetisation 

The pilot sample results indicate the presence of an underlying 

component of remanence with a steep negative direction in at least four 
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of -the sites, and the remaining samples from all six sites were therefore 

demagnetised at both 300 0C and 650 0 C. The results are listed in Table 

5.16, and the mean-site directions after treatment are plotted in 

Fig 5.12(b) and (c), and listed in Table 5.13. 

Treatment at 3000C did not significantly reduce the between-site 

I 

scatter, and the within-site scatter increased in four out of the six 

sites. However treatment at 6500C resulted in movement of the mean 

direction of remanence of four of the sites (excluding sites MB22 and 

27) to the negative southeasterly quadrant, and those of the other 
4k 

two sites to the negative northeasterly and northwesterly quadrants 

respectively. The within-site scatter remained highs but the values 

0 

were less than those after treatment at 00 C. 

It is considered that a common stable direction of remanence 

was isolated in the four sites MB23 to 26, after treatment at 650 0c 
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and the corresponding mean direction of remanence, giving unit weight 

to each site is 

165 0pI= 
-23 

0 
J% 

oc 95 , 22 

The mean palaeomagnetic pole position calculated from this direction 

of remanence is 

68.50S, 87. OEO A 
95 = 22.5 0 

The between-site scatter before correction for tilting is 24 0, compared 

with the value of 22 0 after corr"ection. it is difficult to judge 
I 

whether this 107. difference is significant, but if it is, then it 

implies that the stable component of remanence of the rocks was acquired 

prior to the folding, and is evidence of long-term stability (Graham, 1949). 

5.6. Pala_eoma&netic results from the Oukaimeden sediments 

N. R. M. directions and intensities 

Because of their relative hardness, the Oukaimeden sediments 

were sampled by collection of three oriented blocks at each site, instead 

of by the usual field-drilling technique. Two or three cores were 

subsequently drilled from each block in the laboratory. (Section 1.4), 

yieldin. g a total of eight specimens from site MB81 and nine specimens 

from site MB82. 

The intensities of NRM of the samples from site MB82 are 

comparable to those of the Titchka sediments (0.1 x 10- 5 
gauss), but 

those of the samples from site MB81 were an order of magnitude higher. 

There appears to be no obvious petrological difference between the 

samples from the two sites. The directions of N. R. M. of individual 

specimens are plotted in Fig 5.15(a. ), and listed in Table 5.17. The 

between- specimen and between-site scatter are both greater than 00, 

but there appears to be an approximately bipolar distribution of 

of directions between the positive northwesterly quadrant and the negative 

sanutheasterly quadrant. 
. 1ý7m (: ý ,, 
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5.6.2.. Thermal dema. Snetisation results 

Three pilot samples were selected at random from each site, 

and subjected to progressive thermal demagnetisation at 50 or 100 0C 

intervals up to a maximum temperature of 650 0 C. The corresponding 

changes in direction of remanence are plotted in Fig 5.16, and in 

intensity of magnetisation in Fig 5.17. 

The directions of remanence of four of the samples remained in, 

or moved towards the negative southeasterly quadrant during the course 

of this treatment. However the scatter of the six specimen directions 

after treatment at both 300 and 650 0C remained greater than 90 0 

(Fig 5.15(b) and (c)). A further six specimens were demagnetised at 

650 0 C, but the scatter of the twelve directions was still greater than 

90 0 (Fig 5.15(c)). 

Since the directions of magnetisation isolated in the Ait Aadel 

dolerites and the Titchka sediments lie in the positive northwest and 

negative southeast quadrants respectively, it is possible that the 

bipolar distribution of specimen directions observed in the NRMs of 

the Oukaimeden sediments represents a Triassic direction of magnetisation. 

However, due to the closeness of the Triassic direction to the present 

geomagnetic I field direction (and also to the axial dipole field 

direction) at these localities, this distribution may also represent 

viscous magnetisation or recent weathering effects. Because of the 

very high scatter of directions it is not considered possible to 

distinguish between these two possible explanations. 

No palaeomagnetic pole position was therefore calculated for 

the oukaimeden sediments. 
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5.7. nia-4 on 

The results described in Sections 5.3. to 5.6 indicate that 

stable components of magnetisation were isolated in three out of the 

four Triassic formations studied. ' The mean directions of magnetisation 

and corresponding palaeomagnetic south pole positions derived from 

these three formations are summarised in Table 5.19, and the Triassic 

pole PoSit. ions derived from rocks of similar age in South and East 

Africa (McElhinny et al, 1968) are listed in Table 5.2o. All of these 

poles are plotted , 
ýn Fig 5.18, in which the black triangles represent 

poles from Moroccan formations and the black squares poles from South 

and East African formations. It can be seen from this diagram that 

the poles from the Ait Aadel dolerites (pole 2) and the Titchka 

sediments (pole 3) lie close to the main group of poles from South and 

East African formations, whereas the pole from the Issaldain dolerites 

(pole 1) lies remote from this group, but very close to the pole from 

the Tanzanian Songwe Rift sandstones (pole 4). 

The Issaldain and Songwe Rift poles both lie very close to 

the mean Upper Tertiary pole (81.5S, 48.5w), listed in table 8.1. 

The most likely explanation for the discvýpancy between the former two 

poles and the other five Triassic poles plotted in Fig 5.18 is that 

the Issaldain and Songwe Rift formations were both remagnetised during 

the Upper Tertiarys possibly as a result of chemical weathering. 

This explanation is supported by the fact that the Issaldain samples 

were collected from roadside exposures, whereas the Ait-Aadel samples, 

which occupy an identical stratigraphic position, were collected from 

deep underground tunnels. 
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An alternative explanation is that the Issaldain and Songwe 

Rift formations have both recorded a brief and temporary excursion 

of the pole away from the mean position which it occupied for the 

rest of the Triassic period. This explanation seems unlikely in 

view of the fact that the Ait Aadel dolerites occupy a similar 

stratigraphic Position, but show no evidence of such an excursion. 

The mean pole corresponding to the Ait Aadel dolerites and 

the Titchka sediments is plotted as an open triangle in Fig 5.18, and 

the mean pole calculated from the South and East African formations, 

excluding the Songwe Rift sandstones is plotted as an open square. 

The corresponding ellipses of 95% confidence are plotted around these 

mean poles, and it is clear that no significant difference exists 

between the two. It is concluded that no significant relative tectonic 

. motion has occurred between N14 and SE-Africa since Triassic times. 

The new Moroccan Triassic pole-positions will be compared with 
I 

data from other continents in Chapter eight. 
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Fig 5.1 Out-line geological map of the Central High Atlas region, showing location 
of Triassic and Cretaceous sampling sites. 
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Fig 5.12 Titchka sediments. Mean site directions of remanence (a) N. R. M. 
(b) After demagnetisation at 3000C. (c) After demagnetisation at 6500C. 
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Fig 5.18 African Triassic pole positions. Black triangles, poles from Moroccan 
formations; black squares, poles from South and East African formations. Open 
triangle, mean of Nbroccan poles 2 and 3; open square, mean of South and East 
African poles 5 to. 7. For pole reference numbers see Tables 5.19 and 5.20. 

WE 



ýc 
10 P-4 
r. e Cid 
004.4 %D %D (> (: P-4 P-4 

r--. In cq C*4 

Z 
1.0 

0e ý2 , LJ -P4 00 3 ß4 cy% cý 
b. (n 41 F-4 v--4 P-4 9-4 

(n 
u) 1 4.1 rw 

0 ei 

, 0) 
r:: -P4 (L) 

44 41 0 
lu fi 
4) 41 0 rq rn t U*l \D r-. c: 
0 2 $. 4 c4 c4 c114 CN 

0 
ß4 
0 e 

j 

% 41 W-4 41 

- r4 
Z. 

qV4 -P4 
vi 

4-11- ---% 
u 110 

: 3: 
ÖD P-4 C Co PA 

04 r-. 
44 
Im 

%10 CY% 
1--4 

Z 0) 0 X 
_r4 

4j k4 
41 

"4 
c44 C, 4 

0 
0 

"4 9 

u 14 
0 N4 Co e 

: r. bo V) bog 
C- Od r- (y) 9 ! 

V4 r- 0 

4j !d 00 0 
-r4 

j 
P-4 
-4 

z 
Cf) A 

cn 
r 

0 
lu 

P-4 
4) 

10 

to 
C) 
0 

_P $. 4 
ci 

PQ 
P-4 LA r2 

. 64 

4 
Co 

u 

ce 4 
"4 

r. 

u 

41 
0 
0) 

Co 10 
4) r. te 

W-4 

c 
41 ce P--4 

E-4 

4.1 41 Co. 94 Co 

9 

0) 
0 
z 

"4 %0 
41 (n 

1 

00 N 

1--1 



41 
4) 
rz I 

IM-4 
Co 

Co 
. 94 
41 
Co 
41 
90 

Co 

0 
-1.4 

�-I 

0) 

0) x: 

M 

.0 

0 
V) CY% LM tm 
ON --1 e r4 C-4 r4 C-4 P-4 r4 P-4 Ln LA 00 f 6 0 5 

V-4 r-. ul% :- (n %D CO v, -4 7-4 (n 1 P-4 cn -4 .. 4 r_ r*II- 

ýI: ýir : 3it es ýc :e ýI: ýI: 
-4 %0 oo -4 :3 P t 

e 0 c 
) 

%ý �ý 
, t 

LM C, 4 e00 %l 1 CD ci 00 ýQ 0 -A -4 " cwi (%4 --0 %e c, 4 (N c) C, 4 w 
N. 2 r4 W-4 "4 CY*' "4 %D r-4 v--f 1-4 P-4 pi V. 4 .4 

r4 

ZZZZZZZZZZZZ7, Zzg M 
.6 C'4 r, - LM M P-4 cn CY% (> cq cn 00 

cz Lý cz cz c; »: (4 
ý 

cý 
j: 

0 cn 00 (W4 Co r- %0 r- 00 %o %0 r--. ýr- r- 

pa 
0 

LA 41 
-4 rn Lr% e 00 

P-4 00 r- Ul Cn Lri tn V-4 P-4 u-1 1 v, % ". 4 .. 4 

C% 
r-4 " (n "4 r%. 

ci rn -4 cn " ri -t et rn 1 r, " oo j c14 
0 

8 r r1 l CM %. 0 Ln 00 %t P- .K g ei 
en i r-. ýe 00 0 r--4 rn V-4 00 

12ý Cý 00 
:4%. 

0 CYN r4 P-4 aN CY% a% (Yll CY% 0% 41 p4 

rn cn 4 cz 

Z e -t -t Ln t0ee p-f * r4 tLM "4 

10 
P-4 0 CN %0 Ln CN 0 V-4 CD 0 C, 4 -, 0 (N 00 

6 , 0 
ci ,; c; rý rý e c4 

$. d 
(U 

b--f r4 LM LM ri cm LA 1 rn (ý 11 CN 1 ý? 

lý -4 +++++++ 
ig 

.Z 41 

ý4 - Iro, Ln 00 P-4 e LM %D C) en 0e r- cyý 0 tn P. 4 r- 

ý 4) 0606 
41 I! z 
44 -t 9 cm (D cm Cl% LM Cm tn -t (n -t Lm ei m Lm 

m cn ri cm (" mm y C', 4 M < lc M cn c cn cn (n cn 

Ln 
CY% 

<7% cn CD Cl% V) r-4 r-4 00 V-4 00 3 
F-4 C, ýi ri P-4 --4 cn e F--4 P-4 P-4 P-4 LM 00 e ri P-4 CN 

r-. ei r--f %D 00 Lr) Lr) Lr) LM 00 

%0 (D 0 %l 00 Le) CYN r_ LM 00 0 %o r_ 0 '0 
P-4 r- 

C) " r1. - rn V) CY% ce) r4 r. % LM %D cr% Lri V-4 1--4 cn ch 
r- 00 %D C% ý. 0 00 %JD C% CY% tm -t CYN 

%ý 1: ý c ý -t 

p4. ... ý : 
tm vi tet 

2ý %0 %0 Lri Lr% Lri 0 �0 Lri -0DD cm LM e %0 vý 
%0 
v--4 

0% (7% %0 r-. 00 %t %t %0 LM C) vi %D %t c114 C, 4 
0*** OCDOOQ, (D tote** 0 

CO r. 4 V'% CN C'-, 4 0 r-. C) C% 6 00 C) P. 4 Ln LA 00 

P-4 C, 1 LrI CVI CN CO P-4 P-4 CN 0% en (" Le) en g" ý, 0 

++++++++++++++++ 

%, 0 CY'% (7% CYN C) CO VI 0 Le) (: e r- %0 (D 0 C) 

gz 
0604006 C) 

e LM v% 'm e (n " -, cý r-: I-: c; 0: f-4 %t P-4 P-4 r- ri 10 00 (V) r% c*-j cn Uli C, ýi 
c44 «i cli en CY ri en (VI rn 

9-4 
0. -4 
Co 0 

0 k4 c: 
LM 'm r-. CO cyý P-4 P-4 IM-4 v--4 v--1 P-4 r-4 (n CU e 



01% 

P-4 Co P-4 e %0 P. 4 't 0 cm LA r-, 0 0% rl. % Pl% r*-. C, 4 0 r*% KM 00 P-4 0 00 
X be U-4 N Co Ln r- 0% cm 00 00 %D Lr% 00 %D 00 ND tm r- 

%-.. 66 46 lb 6* 
41 r-, - (30 r, -- \o "4 C, 4 0 4 en c; m: Cý Lý 4; 

CO %D -e cn 00 %D CY% 0 C> cc rn 
00 0e 00 r.. % 06 0 C) 00 0 0 r4 

LM CY% LM 0 6 0 %D r, % ell 0 CY% cylb P-4 P-f CO 0 
1-4 C, 4 P-1 LM 

+ 
V. 4 1 N rn 9--4 (: c4 1 1 CN CM 1 CN CN4 r, % o"4 C% 
+ + + + + ++++ 

LM 
00 6 r, % (Y% v--f 00 6 P% f- C'4 %0 %D ri (34 CY% 011 

tz 00 0 CD 60 0 0 C) 6 0 0 0 00600 v'% (n 1-4 04 CVI Cý4 en %0 en 2 %0 C'4 00 cn r%b cn %t "4 e4 CYN p4 
cn P-4 P-4 r". - cm r- 00 e ; 

V-1 P-4 CNJ e Cel m P-4 r- (0) LM (" CN4 ci 

S 

z 

r» 
4) 

10 

0 
Co 
Co 
_r4 
S. 4 
E-, 4 

Co 

cm 

.0 

4) 

ce V-4 CN (" ulý %0 1-4 C%i (VI %t ulý %D W-4 C*4 M %t Ln %0 ý r-4 C%j %T km %ID 
ta Z 

4) 
4j a Ln %0 00 
V4 0 
Wz 

0 
bo 

C-4 
41 C. 4 CV1 0 
0 C-4 V-4 00 Ln 00 4 
H 

%0 
co %D r- 1.0 C14 00 %10 -ýr (ON c7% 00 ON LM en r-4 CN 

00 V-4 6 00 4 r. -I 4,0 Ln CW) 00 cn 00 C)s 
*&0 C14 *6000006a00 

CW) Lr) Cn CN r-4 ON 000 C-4 Im a% 00 Ln 1, - %0 

C--4 v-4 C%4 r-4 r-4 r-4 c7s C*4 W) CYN %JO 0 M Ln %0 V-4 " r-4 %* '. 0 %t C-) 

L4 rý r.: ; 1: c4 8 8; cl; ; 1ý c4 L4 1ý ; .ý C4 4 V; 4 L4 1-4 CN 9-4 V-4 0-4 r-4 C4 .1 CN (WI V-4 V-4 .1 Lf) V) Lr) M tn C14 M CY) CY) CV) 

r-4 r- 9-4 00 F-4 C14 00 -* 
C> C'4 C)h Lf) (7% co -4.. 

t ON 

. 
(7ý ON .T %D 

00 *o0* ýý a: C4 0: c4 c4 0ý 9 
"9 00 r- LA ; c4 "4 " 04 1: C14 

0 C14 r-4 M ON f cn 'i Ln r-4 cn 
V II Y 

V-4 V-4 C4 r-4 4 C14 C14 C14 C14 C4 CV) CII) CV) Ln cq oj ) en CW) C )C ( ) 

0 
P-4 

ti ý 
cn X 

4) 
41 0 

r-4 Cq cn %t LM %D W-4 c144 C" %t Lri 1. M r4 C-4 C-1 %& w% r4 CN4 (n %l V'% 

r4 C14 

Cd 
1-41 



dol% 

0 :1 
P. 4 
X 

cd 
t)o 

%ID LM 
cn P-4 

0 vi t- 0% (n 0 
LM c4 N C*4 N C, 4 %0 

41 0 c; c; (ý c; 

0 %t 9-4 00 0 00 00 cn CD C'4 rl CY% 0 %t CD CYN CY% " ý0 ih 60 0 LrI 1 6 - tn .. l 00 CO %0 00 LM 6 %l rn m - ---4 cn vi e a: f..: Lý oý 

ý, n f '1 

*4 , , e, e 
ý 

+ + + 

W-4 -t LA Co %0 00 CY% VN rn cy% Co P-4. lb 060 00 0000600 

, 
e. 0 CM 4 00 r-. P-4 LA 00 LM %0 (n LM et 

rM cy) N ;9 V't 4 cn 0 (D CY% M (n LM %0 cn cn LM cn ri ci «i ri N fi m cn P-4 CVI 

0) 
P-4 od 
Ei 4 

0) 
Aj 0 

P-4 M %t LM %0 V-4 c*IJ M U) 1-4 N (" %t LM ýo r-i (n e vi %e 

cm -4 tn 

1 Co 
0 :1 
W. 4 uj %0 LM C% CO) 00 %0 "4 00 LO) n (" P-4 M CNI fl- 

al% 1-4 LM %0 %D Lri P-4 P-4 %0 9-4 rid r*% 

tý tý ci Lý lý rz Cý Lý 

tý ci cý oý rý b--4 

Co r- 00 F-4 N 00 r- rlý rq r- 1-4 
0 0990 0 %D 0 CD 

CO CN 0--4 %0 CN rn 0 P. 4 0 cý 
cli P-4 en rn th P-4 10 %0 9-4 en i tsi 

++ ++++ ++ +++ 1 +++ 

Ch C% %0 0 cn LM CY% %D (: 
1--4 Ulb cyl -4 r-- LM r_ CY% C% t%j 00 00 0049 60 069 

% 6' Lfi r- r- 0% 
rz ci oý cý cý C%4 * %D 

4 
r-. -4 

r_ r- 0%%. 00% cq eee m c44 (Ni c", 4 N c9 (n e4 cm Cfl cm 

4) 

924 
4 C-4 rn e Lti 'm F-4 cli (n %t Lri %0 V-4 C%4 C*l %& A %D P-4 %t km 

4) 
4j 

0 

0 r-4 C14 

z 



0 r%. Ln 
aN (7% 00 

%0 Ln 

e 00 
C, 4 06 c%j e0 CN oo r- 

6 )-4 %* rol 066000 
tn P-4 4 

e+ 
9-4 Ch (> (7% CO 00 00 
M tn ry r4 C, 4 " C, 4 c"li 

cn en 00 r- m c> %0 Cm 00 00 C% LrI 0% CYN 00 
in 41 --4 N cm P-f W-4 P-4 't 00 41 Lm c> Ln rq cy, % 0 0% 00 

. P. 4 r- 4 ; r. 00 IN @, % IN 00 

41 b. -4 c4 c, cz cz 
444 

b-4 cli c4 m %t m ý+ C%4 cm 

öc LM 0 f». - V) c"i Co cm 0 -4 e tm C3N 0% 

4 ý z c l c CY) C-4 --4 -4 4 ul cn cq F-4 4 cn m r- -, 0 -4 0 r- 
n r4 %i l4N 4 , 

M r F ++++ " +++ 6 
( C c CN P- C 44 

cz %0 

De *tote 
Lr) -g %0 00 00 e %0 

P-4 e en cyl C-4 r-4 9--t 00 cz 0 P-4 v--4 P-4 cn cn 
od C, 4 C, 4 C*. 4 CN cli CN c*IJ C, 4 00 V-4 P-4 r4 P-4 r4 P-4 "4 

M &M 0% cil 
ON 0% 0 %0 

6 
CY% Lr% r, >. 
0 r 

Uli 
-4 r- 0 %0%0 c4 41 LM 64 6 % e % P 

cm c: 0 rn f-.. r, % 0 o66 0 f! 00 IN 0 11 6 

-V-f 0 1--1 00 Uli cm " 9--4 cri (n C%l Kn F-4 r_ %JD r- %0 NO Im 

0 -6 12 cý %D 00 ö e r-4 cq 0 %0 0 V-4 0 
6 o CN. J o Z ý 

1--i Z r... 0 IN 9. -4 en o %. 0 Lý cý cý cý c; l %ý cý 
4) >4 

z9 
r-, 4 %0 4m -4 C) -4 (V 1--4 C*q C%q P-4 P-4 "4 9--4 "-4 C»4 

Im 4) 
1 

+++ +11 W-4 ý ++++++++ 
f -4 tmd 

-9.4 W CY) C) W-4 %0 LM P-4 
< (> 0466 LM Nt ýD l r-4 -2 -t 00 6 

dz 1,11--4 P-4 %V %0 4 ; ý . $Z 00 tt0 IN 6 1--4 %0 
cg e vi V-4 C-4 v ( Ln 0 CM r4 %0 4 49 

-t V-4 M cm rn cm r- C*4 e (" 0% "4 P-4 1--4 . -4 c 

iý 0) lu 
"4 
.0 

1. -4 001% 
0 c% e 00 r. %m CYN %t 00 r_ %D 

0 
9 

-04 LM %0 ul (n 0 tn %0 A cvi 0 r- 
Co 4 , 1--4 PL4 %., C) 00 ". 1 CN rn LM 9- C 4 cm KM %0 

rA 

IC 



8 cn " 
ON %. D Ln 00 r- co cn 60 cn OCI 0 00 00 
Ln V-4 1960* 

V-4 V-4 r-. 4 * C") V-4 00 

0% 0 00 V-4 CYN "0 
41 Cý4 r-4 P- C, Wi (ON 

Ln cn C4 

r- 00 
a6 C'4 (n C-4 0 r-. 

cn 0 0 00 0 a 
r-ý " %o C-4 cn %ýo 0 

0: ++ + II II I 

C*4 %0 %0 r4 F- 
C) V.. f 0 0 a0 0 

04 fl- ,t (7% r-4 Cl) 
0 r-4 r-4 P-4 r-4 9-4 
r-4 V-4 r-4 r-4 r-4 1-4 

U) Uli 

C-1 C--4 r-4 C-1 
k-4 Lr% in Ln rq 

e %t CNJ %D %D (: 9--4 
P-4 604666N 4 

olý LM %l %0 r-4 (-) 0 0 
re; In rn M (n (N (" 00 c9 cn 

2 rn (V) (n rn cn C, 4 %M (N 

, Ti 

' ' ' 
L AL n L el 
9-4 %t r-- 

a 

r-4 
-x , 

00 %t cn r- rn CM CY% 
41 
fj C: ) 

>A P-4 C% C% 00 00 

Lr% C-4 Co 
00 0 00 

0 %D CY% 1--4 " (N c; rý 
rý. 
+ 

0 00 r-4 V) C14 v-4 r4 00 
000 

co cl, rý Cý 6 C; 1ý 1ý " a-, -0 %* Ln Ln Ln -4 

Lri 't P-4 P-4 en 
W-4 U-1 C-4 C-1 00 

(ei vi 00 
13 0 C> 0 

cl-i 00 vý - 0 c�i cn oo 't 
IN 1. -4 P-4 W-4 %JD P-4 (N C, 4 clq P-4 

r--i ++ 

C, 1 cq CY'% %0 Ul N 00 

9m C) 00 r--4 CY% (: 009 

en cq N P. -4 P-f V-4 

-x 0 r, 0 r, r- 0% 0 "4 41 

00 00 

4) 1--1 V. 4 
+ 

0 Le) 00 M 

c; 
4 

rz rý cz cý 

(n V-ý r-. r-. r- r- Co Co 

wo 
p»f 0-% CY% e 00 r, % %D LM 4) 

ý3 -w ul %jD vi vi 0 r- g 
Dw %-, 0 00 P-4 C, 4 C" LM %0 

-x %t ci 0 c% r-. cn r- c, -, i 
M KM 

IN . is 
P-4 - 

H %D-t %t%t%t-t Uli-* 

cn %& N LM r- 
Z 004F.. i 06 ib 0% 

(n \O 6 11 (D F-4 CN .o 4) --4 CD 
r-4 + 
od 
5 
(0 

cn 
o r- oo 0" r- Co c"4 0 

r%4 6690006 0 :1 
9m in r--. e. cy% 0 c--i 0 V-4 0 ce 

cn in te LM Ul tn LM :i to 
to 
to %0 

a) C% %t 00 f- %0 P-4 x 

49 -U4 Lt) %0 ix% fr) C) r- 

PW %-w 0 00 r4 CINI ri LM %0 ic 



c4 r-4 

00 -0 (n e oo Cq Le) %0 %t cyý %D r- 1--4 P-4 P-4 
41 C, 4 -. 0 (n P-4 CD 00 41 00 --4 00 -4 0 C, 4 0 cn 0 60 i 

66.6000 4 lk 

rý fý 0 00 0 
d 

lý ecnc, 40000 0cn 

00 Co 0 cn 0 c44 LM 00 %0 

rz 00 
0 46 

00 (N C) 0 c, -4 
1-4 LM Ul% LM 

+++ 
LM %D 
++ 

00 0 1--4 Ci 

0 
Ul% LM LM ý te) 

+++ 
rn 9-4 
+ 

In 

0 0 LM 00 r- 0 
* 0 00 P-4 r_ 00 c; 

LM e e rn f- 0 cn CD rn (n cn cn F-4 c> 0 %t 
ri (n CV) C) C, 4 cn CVI cel (n CVI cm (n C" P-4 cl 4 C, 4 

c"I r- rl% Ln -1 r-4 00 4"000 

e 
ri 

4) 

Co W 

0 
k-4 rz ý cý (ý o', (ý. cý 

r%. %c r-. r- tm U) cý CY% 

1; lý cz 1: 4 Lý C*4 tn Ln "4 
++ 

%0 e c%4 %0 %D CY% P-4 
06 

C, 4 cn 
gz P. 4 en en 00 N cm 

cm cm cn rq %D ej - 

r-4 

z F-4 

4) 
V-4 
t 

Cd 
ct) 

C14 
6 C; 

0% tA 0 oo m aý r-4 %, 0 %t 

cý rý cý F* cý oý 1: cz oý 00 r. % %0 00 Ul %0 tn V-4 
++++ lý 1,111 

r-4 Ln cl 9 r-: 
C-1 0 %0 0 r- Ln C*4 Uol co 

C4 0 cn - P-- V-4 * r-4 bo 
C14 V-4 0 (n f-4 Cn 04 

I 

0 

00o8,0 

Lri Lf) eq 0 Ln U., rý- v-4 04 Cn %* %D I- 

wo 
P-4 0-% 

Wo) 000808 _A 0 LM LM 0 LM LM Dw %-, 9-4 cn %t %D rlý CY% 



1 0 
0 :1 

cu rll% 
to 

Ln r_ Ln 00 00 
6 a rn 9 006t6 

(ý Ch F. -4 ih cn N 00 vi ýo C, 4 
k--4 P-4 rq cn V-4 rn c9 1 lý lý + + ++ 

P-4 r-. 
4 

Co) 
vl r-. Ln 0 C, 4 0 
C" rn ri cl-i r4 LM LA 

(1) 

:i tu 0 P-4 (N e LM IN0 P-4 (-, 4 e LM %. 0 

C 

Co 
Co 
. V. 4 
41 41 
0) 9 
c 

8 10 w0 LM 

j2 CD :i 
Co vl 
öz en (: 

0; %-., 

0 
r-- %0 ci e Co Co cm 

pý cz cý 

6 

00 
6 

V-4 
0 r., 4 1.6 r4 

00 V-4 9 
000 

C) rq rý. 
0 

cn 
0 

V-4 cý ,ý tý rý 
i 

I-: C*4 
p-t rn LA (D --i ci c*, j 

+++ 
(', 4 + In + 

rn CN r-4 cn 
+ ++ 

41 

%ýo ei e cq cn r- cr) 0 P-4 e. ý0 Ln 0 't V-4 e cy% %0 

c; 4 
f-4 0466 

0 cq cn 00 e 
't 64 

r4 t8 
0 

N 
6 

0 
-4 cq * CM 

0 e 
cm 

M 00 CY'% c4 CO 
4. -8 rq "4 cm c4 

P-4 
cm CM 

" 
en 

CO 
c14 

LM P 
m 1--4 cm cn 0 cn 

41 

10 
, Co 0 Ul% "&4 C, 4 

-v-i 4j 0 
"-f 0 

CVI tn %0 

cn 

(LY 
0) Lri 8 C: ) 

P% . - CIM 
C, 4 
LM (e) cn 

E-4 - 



0 

Co 

Co 
92 
0 

. r4 

WC) 

4) 

0 
4j 

40 
9) 

0) 
P-4 
0 

M 

u 
_r4 
02 

Z 
0 

44 
ji 

. to 

0 

m 
LM 1-4 r-. e LM r-. %t 
(> (n 00 er) 00 r- %. 0 

r9 %. 0 C, 4 C%i C, 4 

r-4 00 %D r- 00 
rn 0. -4 M (n cn P-4 

00 
e C-4 e C-4 C-4 en 

ul LM Ln %. 0 Ln V) 

crý c9 9-4 00 rn tA 

-; cý cý ý; (ý 1: )-4 cn N rn V. -4 cr) Ln 

r-ý oo P-4 0 0 0 

KZ cý az cl; c; 4; lý C-4 CYN cn 
rn clq cn 

4j 0 LM %0 r-- 00 

_r4 

Ln 000 C, 4 0 Ln 0 

Ln cy) CV) cn cn 

Lf) 

14ý C'4 

rl-. 

0 
C"i 
cn 

Lr) 

n 

%M 

(n 
(n 

r-4 
r-4 



th 
41 

41 
0 

V-4 
. 94 

0 
"4 
Ai 
to 
to 

V4 
Aj 

I 

Q) 
10 

0) 
41 
_r4 

10 

u 
OP4 
rA 
to 
Co 

10 

JD 
CO i 
E-41 

I. 

\o tr% en V-4 ch 00 0 
41 f*- %I0 %t %0 00 e rn 

2 

b-4 %0 e -e cn c44 C*4 0 CD 0 

-4 %0 LM 0 00 r-. (im% 00 0% 
LM cý d d ci az 4 tý cý ý 
0 b-4 C**4 cn (n C, 4 C, 4 C, 4 cyl cq 

c%-1 ++ ++ +++ 

CNA Ln 00 
Lr) CY% P-4 

CIM rl rn CM cv) ri c-i cm 

tn C, 4 Co %0 0 %0 c9 0% 
C. 4 "0 LA %0 0% Ul% r-i 0 

0600966006 
ý-4 Ln cn cn C. 4 c9 --1 "4 00 

0 %0 e en 0 oo cl r-. tm 

c; c3 CN 1-4 en %D %0 Le% Lr% 
++++ ++ ++ 

(YN in 0% " CIM Lei %D CY% 000 006 

0 en e C**J cn (: e 

gn 00 m rn en Lei (n c-i 

r-- C" cn (" ri ci m P-4 cn 

I 

00 P- cn %D %. 0 SD Oll C14 O's 
41 CYN C. 4 C-4 00 00 U-) cn I-- 

c: 0669001.0 
0 

)--4 cn F-4 r-4 w--4 P-4 0000 

<j% 00 f-, 00 tn P-4 P-4 rý- 1,0 
r- 00 r- 

1111 Lf) cn ++ 
1 Ln LA 

++ e 
rl% C, 4 P-4 P-4 Lti %D 0 r- C, 4 

ý lý ci cý cn cý c rM ee %t (n N4 ei 00 -, 0 
(1) C, 4 cqi ri ri (" M cn c9 "4 

P-4 

Co 

C> C> C> LM 

P-4 CN ne LM %D NM 

000 01100 %D %0 LA 
41 e 

%t LM cn ON r-. %t F4 P-4 ei 
1-4 006600904 

CY% 00 CVI P-4 c` A r-. N %D 00 
U) r-. r-. r-% r- rý C-1 V-4 +++++++ 

00 NT 00 r- CYS ch 

M cn 00 F- Lrl cn 
A0A%. t I: r C14 A r-4 Lf) 

en CW) CW) r4 r4 r-4 

0 r--4 r- cn 00 Ln -ýT V-4 Ln 
Lf) C14 %0 Ln 44m P-4 0 

09a6106000 
P-4 mr-40000000 

00 00 r- Lr) tv) -4 40 04 
cm .000 0.0% 0 

't 
c% aN %0 e %. 0 Lt) 00 

C, 4 (N P-4 CNJ cq r4 c44 - 
++++ ++++ 

ý 

0 
c% CY% olý r4 cm %D 00 CY, % cyý 

00 rý rý cý oý cý 4 uý d 
%t P-4 ri en F-4 (N coi 00 r- 
cn cn (n rn en C" (VI C%4 P--4 

P-4 :i 

0 



Co 
0 

-8. ýf 

co 

P4 

4) 
.Z 41 

bd 

r_ ulý 00 %0 0 (311 rý4 00 00 00 (11 %D r- en C%4 C*4 -e -4 0 LM 
tr% 00 %0 CD c3, % C3N CO) c114 r-i F-4 

%t cý c; c; c; c; 

W-4 rn LM r- 0 tn cn r4 C% %0 00 %D rn 00 r- NID rN1 c1114 rl% %0 666 
CY% P-4 CD 

4 
(D ci 4 c-; 1--4 m cn rn 

+++ 
(Yl 
+ 

1 %011 P-4 cn fl 11 ýf ýý Ln %D r%. LM 
++ ++ 

f-% 00 (Ni F-4 r- LA 0 cn 0% c114 C, 4 c> %0 W-4 C W-4 0 r1. - 
e LA V) oý c; c; cz 4 cý (" (n cn A e Ul LM Ln cn (n CY) c1114 cn -4 e 0 -4 ul 11 rn cn CVI cn (n rn cn c14 (11) n cn (n (VI CIM 0-4 (VI M c% 

ce 0 P-4 rn %t LM P-4 VI r-4 (n Lei %0 C, 4 (Y1) Lri W-4 e LM %0 r--4 C*4 (n %t ul %D 

0) P-4 CN cyl e - Uli %0 4j 0 
-v-f 
UD 

0 
Z 

clq tm 9 
"* "", 4 %, 2 ri' c> m 3" 42 cy% 'ý, 2% p p, * 2,12, r_ 0 c"i %D 41 U-1 tn C, 4 %0 (11 -110 cn ri %d» P- f P-4 r-4 u--4 (: 11-- 0 r- %, 0 %>D %t 

c: 04 0 0 0 0* d c; c; (ý c; c; c; . (ý c; c; CZ 
OD %t ON rn %0 :. Ln en %0 Ul V-4 W-4 tn Lr) e0 r- 

0 lb %, 0 %t 6 (7% 4i 00 
0 p-f 60 r4 0 CD cn r- 00 oý f--4 Ln 

++ %D (10 
++ 

r1q rl% 
++ P-4 F-4 ++ 

Ul (N 11 
+ 

cli cyý tf) 
+ + + + 

LM 00 C) (N 140 oo r4 12 L2 

46 06 0. rn 06 0 0 ý 
in 00 (D (: %D cý 

4 
C% %0 "j ýo CD %ý (A %D M cý 

(n %t 0 %0 ri %t iDj c; %0 ee 0 wý Lri %t cn rn e 
(" c"i cm CI-4 cn (Y) (Y) CY t" (n r"- clq cn Cfl e4 cn CO) CVI ci cm (" 

0 

Co 
ý 

. -4 ci ri t Lr% m ci t Ln. 0, -4 C, 1 cn ul .4 r4 
, 
tn o CN M Ne %D 

C/2 Z 

gi 
41 0 %0 

%ýo 0 00 0 
Aj V. 4 V-4 4 %. o 

Lri 00 r- cyl 

; 0; c5 ý c c9 - tm 4 + + + 

c, 4 rý 
C-4 (n 

0 

CYN 't rei r- 0 Co 00 %0 00 "4 r-ý cý 0% %t P-4 
00 (> cli LM %t %, D 9--1 oo r-i o* C*4 LA cn (n M 

c; c; c; 
so cn CO CYN CY% P- cli 00 tri cy% r- r-. F-4 

cz 00 c; .ý 
C> c; c> 6 

tmc; 
LM 1 M C" r- CYN C, 4 cn 1 %0 %0 en 

+ 1 
C, 1 0--4 c--4 
+++ 

lel 
+ ý 

+++1 1 1 + 

Vl% CN Co LM 00 00 CN4 C*4 00 fl, - 00 "4 00 (> 
r. % 0 000 4 6 0 

%zcy% 6 
r- 0 CD 0 LM %t (> 00 «1 

e Jt in in cy, - LM P--4 oý C%i 00 CO *s 0 Ln 
cm pl ri CIM cn cn C, 4 cl> 1 P-4 C, 4 P-4 cm CN C, 4 C, 4 r- (141% P-4 

0 
P-4 

rö F-4 
" vi %D P-4 e4 't LM %v C, 4 %t un %ID P-4 e4 (n e Ln P-4 rq (VI vi %D 

cn 

C, 4 
"4 0 



LO) vi 

00 r-i V% "0 

60 d cý az ý; (ý cz 1. ý c: m LM 0 ri cn Ln CY W-4 %t 8--4 w--4 P-4 P-4 8--4 7--4 r--i 9-4 p4 + + + + + + + + + 

cý 

00 Le) cýJ 
l r, - �0 
+ + + 

Co 
ow LM 

%M Lri 0 %0 P-4 9-4 %0 e r--4 en %. 0 
ce 
u 

-94 
41 
to Nt LM 00 

-v-i -hd 00 r- cm 10 4 Uli r- 00 
41 P-4 (In (N CN4 V-4 (N tA Loi 00 

41 
CY% C\ Lf) P-4 (: tn V--4 rl% %0 00 CN r-. C*4 

10 r- Co 
r2 0 

. r4 
41 0 Z 140 %0 %0 Uli %0 %D at) tn 00 

0 -t C: ) 

4) 1--1 H mi rn rn C, 4 ti 

l" p4 0 
41 rn 0 00 
4-4 C, 4 tn 6 C, 4 r- 0 00 

0 < = 0 (D 0 %l 0 e 0 
-v-a c; ri P-4 P-4 tr) cn 1-4 rz 

to Clý C, 4 %0 
U-4 r- cel u--4 cýJ 00 

c: 
Co 

clq 
-t olý %D 4 

00 1.0 0 Ul r- IP-4 ri C)% 
2 

(n 0% LN rq cli V--4 (n %0 
a) 

%10 00 f-4 0 CY %D In r_ m 
clý 9 CY% 00 0, % 00 C, 4 C" 
00 C> CY% (> 0% ON CYN 

C) 

0 
-P4 

0 
Z Z tr% No 'JO LM \o Co 

$. d fi 

00 crt vi 00 Lri 

%0 ý rý 4 (Z oý 4 ci cz 10 
cn ci 

%0 00 
* 

r 
j 

". 4 %D 
CYN im ul e4 00 UN LA LM 6 0 

en 9--4 P-4 M ri M %D ri 

00 ON 0 c4 ri tr% $4 rm 
Cýi C, 4 cm ri M cli 4) Cd 

M p4 0 e e e 2 e e e ý) e 
F-4 cn Z 



V-4 -ýt CV) r- " %D " %. D %0 r-4 V-4 Ln 4 00 . 41 4 C7% 04 %* C%-) 0 P-4 4 

6 6 
C4 a: c; a: rý C4 Cý C; 1: C4 C; 64 0ý 4 0 0ý 8 

1: Lý C4 Oý 
0-4 Col I C'l 1", 10, C'l -1 0', Crl " 11", *1 rl C L ,L + + + 

0 
Q) 

-P4 
41 

Im 
c: 
to 

4), 

10 

10 

u 

0 
10 
P-4 
ce 
to 
Co 

Co 
E4 

c") r4 (2% 0 00 ". 4 %t 00 A 
0 0% LA rýI 

rý cz rn rý 0; CZ Lý lý 00 - V-4 66 \o 
In 06 tn LM &A Lri ul LA km Lr% 0 Lt) A U) LM LA 4 cn 9 Lrt (D ý 

C, 4 cq (n cn M cn ci cn col ri CD (Y) ci cn cn ri rn f-4 alý P-4 F-4 c 

4) 
W-4 

te 
ý 

.. f ri en t u-i -4 ci cm t Lri %p -4 C, 1 cn e v) 0 -4 c�-i cn t Ln 0 
cn Z 

4) 
4j 4 (n 
-9-4 -0 

-x 0 0-4 V-4 Ln 
ii CY U-4 CY% r_ 

%D LM LM Uli r, - "4 r- %0 CYN P. -4 n0 cvi 

k-4 CN LM LM Ln 
CO) tm Co 

+ + + + +++++ 

00 LM C. i 
0 

0 r- V-4 %t C-4 00 C-4 KM q> '10 ý 

in 

r, lý Lý ei tý 

611 %M LM LM 
r-4 

0 

o r- 
r-ý t 

r- 0 
in cq 

1 
tn ý; 

cý clo 
", 6 cý Lý L 
Uli r%. Lr% LM LM 

1 e 
(VI (n cn en %, 0 "4 C% cli cNi r4 (IN1 v--4 F-4 cn c 44 cm Mr l 

cq M Ne Ln %D 

cn Z 

4) 00 
. jj V4 0 
(n Z 

01% 
C14 

0 
cn 

e49 
c. 'J 

CIO 



0 
41 

IV 

0 
"4 
V4 
04 

cc 

co 
E-4 

9-4 
-x 

41 
0% Co "-i tn (: (n %0 km in 

0e 1-4 %D %t 00 0 CM CY% 1 
rn 00 CY% %0 00 IM P-4 %D 
* 

8 
4 C 4 0% r4 e ri C% %t %t 

2 9 
li lý Ilý pý lý n rý "I te) r- LM r-i c4 %D Lri C%4 ý 

1-4 N \o r-. 9-, 4 00 cyl P-4 r- P-4 U) 6 
Y 

ý 
tý4 c; l-; c; 0; tý c; c; cý C" C ) -4 cn 1 (n 0 

+++++ Z 1 cn (n (n (n -11 %ý 1 LM + 0) ++++ 
9) 

Co 
tA 

00 
00 00 cm r- e --3» 0 

CY% 00 (11-4 cm cn F-4 
0066 r*ý r. % 0 

cz 
cli %t (ý tý 

0000 

%D 0 cy% tm ý ý in 
r- tn tso F-4 r- 0 lb 00 tý 
Le) tn Le) Vi LA 0 P-4 cn cy% ( "4 P-4 W-4 w--4 "4 P-4 ri % (Yl rn cyl rn ri M P-4 (n P-4 

wo 10 

Q0 
LM LM clq g; j r- LM 8L 4 

0 u, 1 C, 8 8 l 
218 

M p LM u ý c4 t Lei D4 0 r- "4 r4 cm cm %t %0 r- p4 C) f'% 8-4 c4 (VI %e %D r-. cyý 

P-4 %0 LM r-. 
F-4 " Ln Ln 0% r, (n Co ,o (IN 00 (D 00 

0o 1--40%4 m 0 00 %, D 00 &M r--4 10 %D ID r" r4 (D 0901,0 00 r: cn F.. 4 09646%0 
N-4 0--0 "4 00 Lei -4 m rq 9-4 -4 1--4 r-4 P-4 cy%, r- Lti %* -4 c141 CN lý 

lb cm 00 0 %t en V) 00 C%4 LM r--. %t ee 00 P-4 %D M- Ul 
40 

-t ' 
(11 19 41 0&0 41 160 

c4 6 c4 a; cý ý (ý ý cý (ý oo Ln tm Lr% Ln cn 11, - %D ON cn e >-4 .4 .4 11 14 cm 1 le 1 
ý2 

)-4 (n C" ri cn c, ) ? cn 1-M1 
++++++ 

Z 
n rý 0 - Co 9-4 u-i r-ý %t 00 cm 0 cn t C) P, 4 

r4 0 (: cy% c4 0 in 00006044 le 4 0 
p* e Kn qb r4 Co r--i 0 ei cq r- tn c14 %0 Cm 0 

Ei CM 00 %0 P-4 00 Co P-4 c, -4 CN c*4 c*, 4 rq C, 4 :3 
Co tn Co 

Co 

po 113 0 
F-4 P-1 

00 C) 8 08 0 C: )LM8Ln0808 , 
Lr% u*I Lei r4 V) in r4 r-. LM LM 

94 
;g 0 r-. V-4 C-4 e %0 rý. 0% p4 c) r-. P-4 c4,4 cm cn e %D r- (> 49 



01% 
-4 0 

0 

f-4 
X 

% 
0 vi cn en %0 cm 4 alt %0 00 cý, 4 e 0% e 0 

41 rý (ý cý lý ci r4 
rn 

0 
CYN 

0 1--1 CD 
%, D 00 

00 
-t C-4 %. 0 

ý8 
C, 4 cq en 0 W-4 %0 m 

92 P-4 9-4 "4 U-4 C*4 c144 (: (> F-4 P-4 0% (: cz 
4 

»: cz "ý ": "ý cz "ý 
44 

k4 

P-4 C-4 %t %t 00 r4 rn rn 0, % CY% %0 ý, 0 ON r-4 %. 0 m c> P-4 Ln C: ) 

,2 cý %ý e4 CZ cý az cý (ý ý; (ý %ý ý j '; �ý 
00 

0% %t 
4, C) 00 ' 

e40e >q P-4 M eN4 en CN4 
+++ 

e4 
+ Cy r4 en (n 

++ 
rn cvl 
++ 

i 
rn CN CWI + 

-4 -ý U, 1 Co r' r-, 
+ ++++ 

%0 C--4 00 CN 0% pý i rý i %ý o 
0 %D 00 c) r*- CN (: * LA 00 clý4 CN 

cn 
CN 

(n Ln cn (101 
cn 

"1 
00 

0 
P-4 
124 

tu P-4 c, -i cn e im %D P-4 " (n t vý %0 P, 4 CYI -t LM %D W-4 C, 4 clý -4 km %JD 

cn 

r= 

.&3 
0 

ce 0 0 

co 
9 
lz 
I. - 

04 
P-4 

.0 Cd 
H 

0-% 
(0 
Co r, - 00 P-4 ýv 00 

0 :1 (> %0 ' 
00 c> C-4 00 r-. 

V-4 Co 0 0 
x ÖD 0 c; c; % -0 cl; 

clq -2 P--4 1--4 P-4 W-4 W-4 

0 Lri CN %JD %M CN r-i r- tm V) %0 P-4 ON c9 P-4 ri 00 tm 00 rn cn (n iti 

oi az rý ý; cý tý lý lý -; Lý fý ý; - . -: %j rý ,j cý 4 4 1: rl: rý c; ý-4 C, ýi (n 1 km V-4 (n M1 -ý (1114 M P-4 en en (V) rn fn ri cyl - C*4 ci (" 1 

r- %JD 6 CN 
00 C, 4 0 CYN P-4 (" 6 

r4 LA 0 e P-4 4 
LM 41) cn ib 6 LM 

ci 00 (n (: cyl 9-4 CYN ". A cn cm C, 4 V--4 "4 clý4 c"i "4 clq 9-4 00 rn ri M cri 

(L) 
P-4 

tu 
ý 

P-4 C-4 clq cn e LM %0 P-4 e4 rn %D C-4 cn %t tm %0 
WZ 

4) co ON 0 CN 
4j 0 CN CW) cn 

01 
43 
Cd 0-% 
cu 4) ýo 

00 
w0 LM LM LM 8 
H %_, -e -e %t (n 



cvl r4 CYN Lr% 

Ulb cz cz 
CY% LA A vi --4 cn 00 Co cq 

00 ci 6 
0 r-. 0% e (D 0 cn fli \o 4 V-4 %0 0--4 CVI r-4 N w--4 00 

Z Cfj cn cn cn Z cn cn 
0 (Yll 0% C% 00 9-4 CN Uli vi 

41 

3 lý -.: c; 4 l-; cý rz oý F-4 Ul %M r- %0 Ln Lr) %0 

00 00 00 r*. rm 00 

CY% Co Lý oý cý rý cli ri n P-4 r4 00 %0 C, 4 
0 

0 LM %0 0 %ýo M 
00 P-4 cm P--4 r4 Z -& C%j 

1 1 1 1 1 1 1 1 

C% LM r- 00 00 v--1 

(; ci Lý cl; Lý e - 00 r- Uli C%j r- %m 
V-4 "4 F-4 P-4 C" V-4 P-4 

0 0 >% 
Ollý ON V-4 

(: 0 0 -e E-4 93 
e 00 rn cn m 

u 
0 0 

%D 

(n 

0 0 D-4 
r. CO) 0 
0 1 41 

-A 
41 

44 
0 

0 
LA 0 6 r. 

0 r- Ln Z 
0) 9m oý c'*ý4 e r, - -& c, -j 00 

. 
41 

CN C*4 00 

i ý i 
ý 

4) CY% cr) cý o c c L 

5 P-4 cn Cl (n e 'Wo 

rn 

u 
or-i 
0 P-4 r--. 00 t" e 00 %l 
Co 
Co cý 

0 

%0 
*- 

C1N1 
0 

A 
0 

(2% 
6 

en 
0 

cn 
.A 0 ý--1 cq Z 'N M 

+ 
S. 4 Z 1 + 

j2 
u 
41 u) 00 00 r- Vý 
. f. 4 CD 0 0 0 6 0 ý z P-4 00 m 1-4 r- r r cm e 0 tr% ZO r4 

V-4 ri C, 4 tY v--4 F-4. C, 4 

9 
M 

0) 
, -4 4) C, 4 M e LM %0 r- 

cu 
p Z 

0 41 6 cq C%4 r-J r-4 CN rýJ 0) M 
. Co 

1 

Pf cn 
0 2 2 ý ý e 2 ý IN 
Z 



1 0 
CD :i 

Co (n Uli 00 %0 0 %0 00 C*Iýj (n r- %. 0 (D CD r-- e r' -, 0 ÖD P-4 P-4 u--4 F--4 V-4 rn (n C, 4 -e ri cn r% e F-4 cn -4 P. 4 
, _d 0004 a 9 0 4 lb 96 6 00000 

P-4 0 0 0 e , ýo't "4 r1. (: CN 00 r. % 

o %D eo r-. e4 cz rý cý cý 1; ,ý az c; 1: Lý az )--4 P-4 Lr) V-4 V) P-4 F-4 cm %0 P-4 P-4 %p F-4 P-4 r4 P-4 Ln +++ + 11 + t++++ 

%jO t P-4 00 
0, % ce) 9 "0 Lý rz 

00 

6 
06 

CY) CY) CYN %, 0 
cz cý 't cýJ cr1 co -ýt Co P-4 e C --t Ln c--i r--4 P-4 c%ý4 C, 4 C-4 v-i P-4 V-4 r-4 (n P-4 CN r4 F-4 C-4 

it 

Co 

10 

ýo 
gý 

Co 

0 
Co 

Jo te 
E-4 

4) 
F-4 

cu 0 P-4 clq cn e LM %0 P-4 "n %t %. 0 1-4 CN M 't vi %. 0 
cn Z 

Ln CN C14 C14 

0--. 

Le) to 

0 (D CD CD e o �. 0 0 C) CD CD 000 
te) Le) r_ r- 00 C-4 r-i C-4 (n r4 e %10 vli e m- %* LM 

1, Ai c; c; (ý (ý 0 (ý 

00 Lf) C, 4 1-4 r- u) r-4 

ý cý oý 0 Co -- li c: cý cý cý c; r 4 , ci uý rý %ý P-4 9-4 en P-4 T-4 
+ 

%ý LM 
+ 

P-4 tA 
++ 

clq 
+ 

C*4 
1 

-c%II 
1 

cli P-4 CN-4 
+14 t111 

r-* C, 4 00 r_ 

(N C'-4 00 00 r- rn CN %ID (n 
' 

rn %0 r-. 
CN e cn C, 4 CNJ cn cn rn C%q CI-4 c"i r4 C, 4 

' Cd 0 1. -4 CN en %t LM %o 0. -4 CN M e Ul %0 "4 cq m %t Ln %D 

4j CN 

u2 



01 

P-4 

CA 
4-1 
0 

P-4 
V4 
Pk 

9) 

r4 
ce 
. 8.4 
ß. 4 

Ln 

.0 ed 
E-4 

00 %D LA LA 00 CIM %t Ci CY) 
Ln e 

0 CD 0 CD 0 C')' 

CYN cm \o 00 %0 %0 r-. c) 
z ý4 0 00 0 0 0 Co 

c L P. -4 0 %0 clýJ P-4 0 
C-4 (N 

c" ON r9 
. 

1. 
ý 

.. 4 rz (ý CD 
F-4 P-4 (D P-4 e, 
cli r-i C. 4 C, 4 r-ý 

41 e --4 (n \o (1q e LM cn r-. 
c2 V-4. "-4 c114 (N c"i CN 

c; c; c; (ý c3 c; 

%0 C. 4 r- r-4 r-, - e (-) 
00 o CY% C) (n 

9--4 1 

+ 
LA %ý cn cn P-4 C% %ýo + ++ ++ + 

0 %D 0 r- 0 

r.: az rý ý Cz VII (N Lri 
tm 00 e, %D M c*-i C, 4 CN c1114 

CN C, 4 - P-4 f--4 V-4 P-4 P-4 "4 P-4 

0-% 

LM Co 
1 Co 
0 :1 
P. 4 od 

ý 
%-. 0 

ýH 

6 
04 

E-4 

c14 CINI CYN ult en P-4 (> r- (" 
%D e rn C-1 cn e4 F-4 P-4 0 

(ý cý (ý c; d c; (ý d (ý d 

e %D le r- e4 %t r_ LM LM %D 

cý cý ýý r-: rz %ý cý uý (ý rz IM-4 "-4 P-4 V--4 CN4 (" e %0 %D " 
t1111t1111 

, P-4 %D 00 
P. 4 Ln tn 

V-4 cn tn 

c114 cvi 4 Uli LA Im %0 r, - 

CD 0 cn CD r%. CY% CD Ul %, 0 
41 r- %0 Le) LM %j cn cn CN P-4 

ý8 
c: 
N4 (ý c; (ý c; c; c; c; cý d c; 

-4 ,0 P-4 vi eN 9. -1 v) rn tm r. ý 
ý ý ý60 6 606, 

c % r oo tn (nerl 
%0 140 %0 Lri ci r*ý 11 

: ++ +++ + ý++ 
r. 

00 \. O 00 r, % c-i P-f c r--4 C) 0 cz ý 46 0 600 0-, 

Lý % '; CD Co r-i Lei r, 4 r. 4 rý. 
cn en cel C-1 C-4 r4 (n %D 00 Cq 

41 00 0 C, 4 j; LM :1 00 1--4 0 rn 
c: Me -e %t (n cn N 

40.000 

0 00 00 
C: ) %* CN (7ý Ln " CIN Ln 

C4 c4 c4 L4 C; 1ý c4 r-4 r-4 en 
r4 r--l c%j C, 4 cv) cn -.? Ln in " 

t-D 

r-4 ON 0M00 

Cý 14 9 C4 ý ý; -T Ln U"I Lill 
't C-4 

rI r4 r-4 V-4 V-4 r-4 r-4 r4 r-4 r-4 

0-% 
LM rA 
1 Co 

Uli 

924 
Ei 
Co 
cn 

cz 

m r- r*- C7% <? % C7% 00 r- 0 r--l 
P-4 P-4 r-4 P-4 9-4 o-4 r-4 v-4 r-4 0 

(ý 
6 

C; C; 
66C; 6 

C; 
6 

r_ tm V-4 r- cyý LM 00 00 -t 
%, 06*** *es ob 

0 %m (> ulý r- 0 C% 0 
P-f 

Ln 00 ON 00 cn %0 %T cn 1%0 V-4 s00 
L4 89ý C4 Cý L4 't -4 (7, 
(31% r- 14.0 %0 %0 V) Lr) LF) %0 0 
r-4 r-I r4 r-4 v-4 r4 v-4 r-4 P4 r-4 

P-4 C. 4 cm e tm Lm NiD %0 r- 

44 

wo 
0 

0) 



49 
(0 
41 

Co 
4) 

Co 
. f4 
ji 

Z) 
po 

j 

Co 

u 
44 
Co 
Co 
Co 

%0 

Co 
1-4 

10 

cm 

u 
0 
0 
Ln 
1%0 

U 

&i p4 cq c144 (0) p4 cn 

c; cý 
00 Co Uli c") 

c; cý tz rý 
%0 0 0 %t %D (: 

1. ý lý ei c4 Lý vý 0 %0 LM c30 0 Vi \o 
P-4 W-4 V-4 C-4 r4 W-4 

ON (7A %* V"4 P"ý F"4 

00000 
r4 CN LA %t rn 

d (ý c; (ý cý 
Ne 

e4 0 u-t Co 

lý ?Z 12) cý r: KM %t 00 cm (VI 
11111 

0 cn r- c> cy% 
09060 

r-A tn tn 00 
CVI und %D 8--4 

W-4 V-4 " P-4 P-4 

ON 9-4 r-4 r-4 
04 V) Lri %* 
6 

C; 
6 

C; 

0% 0 cn kn 00 

L4 Cý 
819 

(; 
C-4 C-4 

c; c; c; cý 

00 %ID (Y) LA (: e 

"; c; tý 4 d 1: in %D r4 cý C-4 00 00 
9. -4 r-4 9--4 C, 4 P-4 p--4 

W 
P-1 

co 
0 

0) 
AJ 0 

4J 

CN 9-4 00 tr) V-0 

cý u4 -ý; c4 c4 %* C*4 Cn r- P-4 
V-4 V4 C4 V-4 V4 

%0 %. 0 (n 0 Co P-4 
u--4 C%4 P-4 C*4 C%l clq 

c; cý 

CD 
0 00 rn F-f C% 

,..: Nt IND te) rl% CY% 
00 cq C%j (V) C, 4 c44 

0 00 Co ;9(: %0 
vi e 

c; 
d 

tA %t en P-4 r- 
(3 

06r. %. 00 
r- r, %. 0e CO 

%ý -4 C-4 Ln N t4 
+ 

Cý C, 4 Ln r4 't C*4 ON 
m P4 C*4 V-4 N CN 

P-4 " C41 %* tn %0 r4 " cn I; r %D 9-4 04 Cn %* Wl %D 

Ln 
CN 

'. 0 r- 
C14 

1, - 000 P-4 0 

r-4 CN CN 04 P-4 C*4 
666C; 66 

u -j 't "0 r4 00 
6 

C4 0 1-%. 0 lb tn a r- r4 

r- 000 00 
f--l C14 r-4 C14 9-4 
68 

(ý 
6 

C; 

00 V-4 
%ID rei km rq Ln cn 

CY% %D 6 CO rn 
(14 cn (VI 00 e 
P-A P-4 P-4 (: 4--1 

(ý cý Ln cm -- in (> c144 rn r- -4 
CN p4 cn r-4 CN 

0-% 
Ln (A 

I to 
0 :3 

cd C)h 0 000 0 
60 cn C'4 C-1 Ln 

%-0 
41 

1 C; C; C; 

r. ý 00 47% (: 
001. %0 

ci Ln 0 - + 

6 00 00 r- 
CN O'N 6 LM , 4 

9: > ot r-. 4 (n rý cn CY, % M C, 4 cn 

w 
V-4 

to 
8 

rA z 

G) 

00 0 %D 00 r- In 
V-4 C4,4 0 

r-4 o---l v-4 
886668 

tm CO cq CM 

c4 r- rý4 ei LM 00 
LrI V-4 (V) C'4 r-. cn 
+11+++ 

r-4 Co 00 r- 
lk 6 %t C% 00 

%D w--4 00 00 LM 
't e in 00 r. -4 C., 1 
v--4 W-4 0, % m 1-4 cm 

r4 C14 M4 tn %D r-4 CN ce) 4 Lri %0 

C4 
C*4 

M 
C, 4 

0 cli 00 00 
8-4 P-4 cn P-4 0 

(ý (ý c; (ý (ý 

(n 0 LM r- 
oý fý 

00 ON 
cn 0 

CD 
CD 

F-1 V-4 %M P-4 
r4 C%i w--i cn 

CY% LA ON 00 LM 
C-4 (" e r. -4 P. 4 

(ý (ý (ý 
. 
c; (Z, 

%t 00 r. r. 4 

cý ý cý 1; 
r- 

C%4 P-4 e F-4 cn 
111+ 

0 

%t C-4 "4 %0 00 
rýJ " C*4 c114 C, 4 

P4 

00 
93 

-r4 
Ai 
r-4 
-94 
41 

14 
0 

44 

Ai 
tj 
W 
p 
I-d 
0 

U 



Co 

10 
Z 

0 
_f4 

10 

4) 

ITZ 
Q) 
Co 

0, 
0 
44 
N4 

I to 0 :3 
V-4 co X bo cN 0 
%. o 00 
Aj 

C; 

fn CO) " Lf) 8 Ln " 
0000 00 

0 *6 88 

ci (N 00 P-4 0 10 0 %, 0 
LM 0 

00 %0 6 ý, 0 %0 0 

00 -4 (3%, + e 
AM %l 
en en + + 

CN es r-% r--4 00 CYN C> r%. gz vi e %0 (D C-4 0eý0 

1 Co 
CD :i 

CD 0 
00 0 

92 c; c; 

(D 
0 

U) 00 + 1 

Pý- r1. %0 -t (n 
0 00 
1--4 cq 

4-% 

Lri to 
1 0 

0 :1 
%0 cn c114 000 ON r-4 rý. 
Le) V. -4 c--4 0 cyl 00 00 --. 1 0 CD 

%«. " 0000 0 600 0 166600 0 v 

ji cn rn rn cm 0 (In CN rn 0 000000 0 0 

P-4 eM rn v*I %t C) (> W-4 e aý r-4 %0 c"i rn P-4 cn 
, 

H cj .ý rý ý tý c; 
r 

%ý Z LM ult Ln (n ri NID %M \ID CN 
ý 
%0 11 r-1 LA ul 

+ + 
%ý LA 

+ + 

OD LA 0 oo r- 00 't %t 4 V-4 00 cn e 

* - 
6 P. 4 e6C, 4 

0 
- 0 

1. ý c4 (ý 1; i 
r- (ý 1; (: Co Co -- -4 - (D 0 

im LM %0 LM P-4 r--. ý, 0 ,0 rý r-4 cyý 1-4 00 -t ul r- 
P-4 P-4 P-4 p-f en r-4 r-4 IM-4 cq rl CN CN P-4 r4 P-4 cýJ 

124 
Ei 6 
Co 
cn 

En 

:4 pq ci x >4 4 po v -C4 po 0 PQ 0 -4 pq U 
r-4 1-4 C14 CN cle) CY) CY) v--4 r-4 r-4 (I C14 C14 Cn (n Cr) 

r-q 
00 

C4 
00 

n 



"a 

to 

41 
0 

V-4 
V4 
04 

to 

Co 

.0 

41 COI %0 r- %, 0 LM A0 r4 1. -4 Ai 00 h- %M (: P-4 (Yl (D LM Ln CN ON 00 LM P-4 CO %D N "4 Z C**4 P-4 %t Lfl P'% r--4 
rý CZ CZ CZ 

4 
c; c; c; 

S 
c; c; 

e cn Co r--f Lm oo e4 rl% rq C-4 cm, 0 C-4 
ý4 

�0 ll rý In el; 1: 
(N 

ei cn , 9 6 
r*ý 496606 

cm c ý rn rn %JD e ri k-4 C'N� -4 r%- fl- 00 r-. rý. r% cn 

00 00 

tn %D %JD 00 00 %0 cn 
lz 

ll l' l' 0 
cý 0; 1,0 23 Co) CO r-4 

gb %D 00 P-4 Ln 
P-4 r-, 9-4 F-4 0 P-4 00 Le) 0 Lý %ý rý 

4 
W-4 r-4 P-f 9-4 W-4 9. -4 u. -4 "4 1.. 4 %0 tn en (n r- 0 00 cn " 

0 CD C-4 
oo c4 %0 e oý r- (N r--i L 

-t C, 0 40 

- M Cn C 4 --4 CN m in ý ý ý4 ý 0 6060 lk 0 c c c cz . lý c; c; V-4 H V-4 p4 P-4 r-4 C-) 0 CD 

CVI 0 (: 0 r- Z ON r. -. 00 00 r- Ln (n r- Ln t cn 0 

PZ H 

0000 lb IN 906 
00 00 CYN 0 C-4 %t ul LM & 0 Z9 U t l 

l> 0 IN 000 90 60 

21 "4 , m o « , , A% %0 �0 r l c 
10 >-4 kr ) Ln ' ý C " lý ýf + ++ CN 

00 Co ' 2 2 0 co 00 00 r- cli r- LA cli 
l' N C*4 CD 

P-4 1--4 f-4 r4 0--4 U-4 r4 F-4 "4 00 CNJ (N V-4 P-4 r4 rq M- C*4 

-x + 41 �0 0000000 c> 41 r- (N V-4 CN 00 %L Km 0 
Cq cn 0 c3 CD r1. 

ci evi rn CO cz 1: lý (ý (ý P--4 00 CD 00 CD 00 

Z 
--4 0 c% in 00 0e LM 00 Co r-. 

z %0 cn e0 ib cý, 4 

cý r cz 
0- 

Lmuý 
CO t--4 U-b %0 mý r-. r-. r- 1-% 00 %e 00 1. -4 C, 4 CY% r- Lri Lolý P-4 C% M cli 

+ +++ 

Z 00 V-4 't r-. e0 P-4 r- cn Z %D CD 0 00 e %0 , JD %t r- 

rý 4; 00 cý 4) c; Co Co p4 $Z im 00 r- r- r- Co LM rn r4 dm 00 CY, % ce 00 00 r- IM CD :i :i 
12. 9-4 9-4 v--4 P-4 V-4 "4 P-4 9-4 P-4 4 (14 CI-4 C, 4 C%4 C*4 rq cy cm 0 to 
0 

@ 

cn 
00 

C) c > x 
t r % 0 

x 
H 0 P-4 r--4 N cm e LM %0 %D P-4 F-4 r4 (" %t ti NO -x + 



LFI 

0% CY) 
-. 4 1 

cl 
0 

V4 

V4 
0 0 C) 
0 
0. L4 

0-I co I- 
(1) 

F-4 
0 

z 

13 P- 
10 

IZ 

Ln 

cz 

0 
9 

u ýx w e "4 -pf bo ulý km 

00 

00 

(ki W-4 cn 
cd 0 Uli Uli 
P-4 c26, ý Co r p4 

j 
r- r"- 

(0 
c 

00 

0 
0 

cn 

00 
_H r. y 
4.1 C. 4 0 

0 -"4 
"4 41 
41 Co 

04 u0 

1 0) 

4.4 k--4 
4) w 

u Co 
44 4) 92 
Co Z 

0 
0 

cn 
00 

CM 

00 

Lir) 
00 r-4 -. t 

C4 
C14 

ri r4 

ci c, ) %D 

r. Co P-4 02 0 
«4 w (V 0) 41 
j 4.1 ICJ 41 (13 gi g 4) 

P-4 E5 
ce v4 
0 V-4 , 41 F-4 41 10 
Co 44 
> -4 Im < m H Co 

V-4 CY) 

LM W-4 

Da PO 

00 

cn cn cn V) 0 0 
rA 92 i 0 r- %0 %0 

., 4 

0 4.4 

c: 
Co 
u 

_r4 
ß4 

vw4 "4 

4-4 

(A 
c: 0 
0 

41 
44 
Co 
0 

clq LM 
1 

LM LM 
c; 

Co en 
Co 

-v-t 0 Z 41 
ß. 4 1 44 0 
E-4 Ici 

gi 
44 
44 

:j A 
m 

4. J 
W 9 0 

4-4 td Co ji cd 
0 -pf Z: V. 4 

4) Co 41 ti Ei to 1 44 

CO 
0 

CO H ýD Co cn 
(L) 
r4 

0 
4-4 M cn 

CD 

(U e LA %0 r- 

W-1 
iz a 
to 
1-4 



79 

t%'U A 
opAPTER 6. JURASSIC 

6.1 Introduction 

In this c4hapter palaeomagnetic results are described from 

three igneous formations: 

(i) The Draa Valley sills 

(ii) The Foum Zguid dyke 

(iii) The Central Atlas intrusives 

Stratigraphic evidence indicates that the first two of these formations 

are post-Stephanian and pre-Lower Cretaceous in age, and previous 

authors (e. g. Choubert & Faure-Muret, 1962, Hollard, 1970) have referred 

to them as "Hercynian", implying an Upper Palaeozoic age. However 

radiometric dating results performed on these rocks at Newcastle, and 

described in this chapter, indicate that they are in fact Upper Triassic 

to Lower Jurassic, having a mean age of approximately 183 m. y. 

6.2. Geolo&y 

General Jurassic palaeogeogra2hy 

A major transgression occurred at the beginning of the Jurassic 

period, in the Lower Lias, and the sea rapidly invaded the whole of 

the Atlas domain. This transgression spread as far as the line of the 

South Atlas fault zones which formed the southern shore of the ocean 

during most of the Jurassic. An area to the north, including the 

Moroccan Meseta (Fig 1.1) remained emergent or was only partially 

covered by the sea, whereas the Oran Meseta was entirely submerged by 

a shallow sea, and received a cover of neritic sediments. In the 

weaker belts between these stable zones troughs of subsidence developed, 

and the largest of these, the High Atlas trough, was established along 

the northern margin of the Anti Atlas, immediately adjacent to the shore- 
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line of the African continent. To the north of this the Middle Atlas 

trough developed between the Moroccan and Oran Mesetas (Fig 1.1) and 

further still to. the north the Prerif and Rif troughs were established. 

Thick sequences of sediments were deposited 'in the latter, and folded 

and thrust southwards to their present position during the Alpine 

orogenesis. This trough resembles a classical geosyncline, whereas 

the Middle and High Atlas belts were subjected to less intense folding, 

confined mainly to the cover rocks. 

Because of the contrasting environments of deposition between the 

stable mesetas and intervening subsiding troughs, Jurassic sedimentation 

was very variable. However an overall pattern of deposition is evident, 

consisting predominantly of limestones, dolomites and clayey m2rns 

in the Lias sic, limestones and marns in the Bajocian and Bathonian, 

sandstones in the Upper Bathonian and Callovian, and limestones and 

dolomites in-, the Kimmeridgian and Fortlandian. In general the 

sedimentation was more calcareous and less varied in the rigid zones of 

the Mesetas than in the intervening subsident zones, and sediments 

continued to accumulate in the latter zones during most of the Jurassic. 

A separate basin of deposition, the 'Haha basin' , began to 

develop along the present day Atlantic coast of Morocco between Agadir 

and Safi during the Middle Jurassic, but sedimentation did not become 

completely marine in this basin until the Callovian. The Haha basin 

is very similar in character to the other late Mesozoic marginal 

Atlantic basinsq e. g. the Tarfaya-Rio de Oro, Dakars Ivory Coast and 
I 

Middle Congo basins, and probably developed during the separation of 

Africa and North America (Reyment 1969). 
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6.2.2. Jurassic tectonic movements in the Central Hi&h Atlas 

Following the major Lower Liassic (Upper Sinemurian) transgression 

three major tectonic events occurred during the Jurassic. The first 

of these was marked by, a major regression during the Toarcian 

(Upper Lias), followed very rapidly by a second transgression in the 

Aalenian. The second, and most important tectonic event was a period 

of uplift during the Mid Batho-aian, during which the sea retreated 

from most of the Atlas domain, and deposition ceased in the Atlas 

trough. During this phase the principal anticlinal axes of the High 

Atlas were defined, and the intervening synclinal basins were filled 

with continental sediments. 

During the third event, in the Upper Jurassic, the sea finally 

retreated from the Middle Atlas'belt , and the region to the NE 

became stabilised. 

A fourth tectonic phase occurred at the end of the Fortlandiant 

, and resulted in the emergence of almost all of the Atlas domain. This 

event was more important than any of the preceding three Jurassic events, 

and produced a radical change in the palaeogeography of the Atlas domain. 

It has been termed the "post-Portlandiang pre-Cretaceous phase" (Choubert 

and Faure-Muret, 1962), and will be referred to later in this chapter. 

6.2.3. Jurassic igneous formations 

(a) The Central Atlas intrusives 

The Central Atlas intrusives outcrop in the axial zone of the 

calcareous High Atlas, in the cores of Liassic and Jurassic anticlines 

(Fig 6.1). In general the rocks are of gabbroic and dioritic 

composition, accompanied by basic types enriched in olivene (troctolites), 

and more acid types having the composition of syenites. An important 
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alkaline complex (Bou Agrao) near Midelt (Fig 1.1), comprises a 

wide variety of nepheline syenites. 

Certain of these igneous rocks are overlain discordantly by 

continental Infracenomanian deposits, and Choubert and Faure-Muret 

have suggested that they were intruded during the important post- 

Portlandian, pre-Cretaceous tectonic phase referred to in Section 6.2.2. 

This suggestion is supported by the radiometric age determinations 

described later in this chapter. 

The Draa Valley sills 

The Draa Valley sills are a set of very fresh and well-exposed 

dolerites, injected at various levels into the Devonian and Carboniferous 

sedimentary sequence in the southern part of the Anti-Atlas belt (Fig 6.1). 

They outcrop' discontinuously over an area of some 20,000 sq. km along the 

NW rim of the Sahara, and were previously regarded as Hercynian, i. e. 

Upper Palaeozoic. Radiometric dating results, described later in this 

chapter, indicate that they are in fact Lower Jurassic in age. 

(C) The Foum Zguid ýyke 

This is a large quartz dolerite body, approximately 100 metres 

widep and extending in an almost continuous line in a NE-SW direction 

for some 200 km across south Morocco (Fig 6.1). The Foum Zguid dyke is 

associated with several smaller dykes, and whereas the Draa Valley sills 

were folded with the country rocks which they intrude, the dykes are 

straight and practically vertical. At several localities they cross 

beds which have been previously folded, and cut through the sills. 

They must therefore be, in part at least, younger than the sills. 

6.2.4. - Location of sýMElin& sites 

Most of the Jurassic sedimentary sequence consists of limstones 

and marls, and is unsui,., table for palaeomagnetic work. The only sandstones 
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in the sequence are those of Bathonian and Callovian age, which are 

poorly consolidated, and impossible to sample by normal collecting 

techniques. Collection was therefore confined to the three igneous 

, formations described in section 6.2.3. 

The Draa Valley sills were sampled at a total of sixteen sites 

distributed along the northernmost outcrops of this formation, and 

the Foum Zguid dyke was sampled at five sites, approximately evenly 

distributed across its total width of outcrop. The Central Atlas 

intrusives were sampled at six sites, three of these being in a single 

gabbro intrusion, the Tassent gabbro, and three i*elated dykes 

(one site per dyke). 

I 
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6.3. Palaeomagnetic results from the Draa_ Valley sills 

N. R. M. directions and intensities 

The intensities of NRM of samples from this formation were generally 

high, ranging from 0.1 to 6.0 x lo- 2 
gauss (Table 6.3). Within-site 

scatter of NRM directions was variable, but less than 200 at all sites 

except two, at which it exceeded-40 0 (Table 6.2). and the between-site 
9 

scatter was high (20 0 ). The mean site directions are plotted in Fig 6.2, 

and listed in Table 6.2(a). The overall mean direction of NRM, giving 

unit-weight to each site, is 

343.5.1 = 36.5. oc 95 me 20 

6.3.2. A. F. dema&netisation stability tests 

One pilot sample from each site was subjected to partial A. F. 

demagnetisation at 750e intervals upto a maximum peak field of between 

450 and 750 Oe. In all cases treatment was discontinued as soon as 

excessive scatter began to occur. 

The results are plotted in Fig 6.3(a) and (b), which demonstrate 

two differing types of behaviour. Approximately half of the samples 

(e. g. M5.1,7.1,9.1,15.1 etc) underwent initial, ofoten large, 

changes in'direction of remanence on treatment up to 150 to 225 Oe, 

after which the latter remained approximately constant on further treatment 

up to 450 to 525 Oe. Above 525 Oe the directions began to scatter. In 

all of these samples the constant direction maintained over the range 

150 to 525 -Oe had a NNW declination and a steep positive inclination. 

This behaviour indicates the removal of a less-stable component of 

remanence on treatment at 150 to 225 Oe, and the isolation of a more- 

stable underlying component, which was itself destroyed on treatment at 

450 to 525 Oe. 
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The other half of the pilot samples (e. g. MCI. 3,2.2,13.1 etc) 

carried an NRM with a steep positive NNW direction, which remained 

unchanged on treatment up to 375 to 450 Oe, after which scatter occurred. 

This indicates the presence of a single stable component of remanence 

in these samples, requiring fields of 375 to 450 Oe for its destruction. 

, 
6.3.3. Bulk A. F. 

_ -dema&iLetisation 
The remaining samples from each site were demagnetised at fields of 

I 
between 225 and 335 Oe. and the results are listed in Table 6.5. The 

mean site directions of remanence after treatment are listed in Table 6.2(b), 

and plotted in Fig 6.2(b). This treatment resulted in a general 

reduction of within-site scatter (maximum value 12 0 ), and a considerable 

improvement in between-site scatter (reduced to 4.5 0 ). The mean direction 

of remanence after treatment, giving unit weight to each site, is 

339,1 = 27.5. o-C 95 , 4.5 

The corresponding palaeomagnetic south pole position is 

65.5S, 50.5E$ A 95 ' 3.5 

, 
6.3.4. Thermomaynetic analyses and microscogic examinations. 

Microscopic examination of polished sections of samples of the Draa 

Valley sills revealed the presence of an opaque phase which was tentatively 

identified as maghemite. 

Thermomagnetic analyses were carried out on samples, from sites MC1, 

11 and 16. In all cases the shape of the curve was similar to that 

illustrated in Fig 6.5(a). Curie points on the heating curves varied 

from 480 to 5000C, and on the 'cooling 
curves from 430 to 4700C, The 

cooling curve was always down shifted with'respect to the heating curve. 

This behaviour may be due to decomposition of a metastable phase, reduction 

of a partially oxidised phase, or internal homogenisation (Larson et al, 1969). 

In this case the mosE plausible explanation, consistent with the microscopic 

observations, is the decomposition of a titanomaghemite component to 
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the antiferromagnetic stable phase haemetite (Ozima & Larson, 1967). 

6.4. Palaeomagnetic results frm the Foum Zgu_id_ dyke 

N. R. M. directions and intensities 

N. R. M. intensities of samples from the five sit" situated in the 

Foum Zguid dyke ranged from 0.3 to 1.2 x 10 -3 gauss, and were an order 

of magnitude lower than those of the Draa Valley sills. Within-site 

scatter was low ( <6 0) for three sites (MB37 to 39) 'but very high for 

the other. two (35 and 45 0 respectively). The mean remanence vectors of 

the first three sites were well grouped around a positive NNW direction, 

whereas those of the ; ther two sites were more highly scattered (Fig 

6.6(a) and Table 6.6(a). 

6.4.2. A. F. derna&netisation stability tests 

One pilot sample from each site was subjected to progressive A. F. 

demagnetisation at 75 Oe intervals up to a maximum peak field of between 

600 and 900 Oe. The results are plotted in Figs. 6.7 and 6.8, and 

listed in Table 6.8. 

In all five pilot samples the intensity decreased progressively during 

treatment up to, 450 Oe. but in the samples from sites MB37,38 and 39, 

subsequent treatment up to 900 Oe caused an increase in intensity. The 

reason for this increase is uncertain, but it may be due to spurious 

magnetisation being introduced in the samples by the dewgnetising 

apparatus (Chapter 10). The remanence vectors of the Filot-samples either 

remained close to, or moved towards a positive NW direction on treatment 

up to 300 Oe, after which they moved away in apparently random directions. 

6.4.3. Bulk A. F. dema&netisation 

The pilot sample results indicate the presence of a stable component 

of remanence with a positive NW direction at all sites, over the range of 

treatment from 150 to 300 Oe. The remaining.! taamples from each site were 
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demagnetised in the appropriate field, and the results are listed 

in Table 6.9. This treatment caused a substantial decrease in 

within-site scatter of remanence directions for sites MB40 and 41, and 

a slight increase for sites MB37 to 39 (Table 6.6(a). The mean site 

directions after treatment are plotted in Fig 6.6(b), from which 

it can be seen that the two mean site directions which originally 

differed significantly from the others become part of the main group 

after treatment. 

The mean direction of magnetisation after treatments giving unit 

weight to each site, is 

325,1 m 40, cw_ 95 '4 

The corresponding palaeomagnetic south pole position is 

58S, 79E 9A 95 20 4 

This pole is significantly different from that derived from the Draa 

Valley sills, and the possible reasons for this discrepancy will be 

discussed at the end of this chapter. 

6.3.4. Thermoma&netic analyses 

Thermomagnetic analyses were carried out on one sample from each 

site* and the general form of the curves is illustrated in Fig 6.5(b). 

The Curie points of the heating curves varied from 500 to 530 0 C, and 

those of the cooling curves from 480 to 5100C. In all cases only a 

single Curie point was present, indicating the presence of only one 

magnetic phase. 

The general shape of the curves is similar to that of the curves 

derived from the Draa Valley sills, and it is possible that, like the 

latter, the Foum Zguid dyke curves indicate the presence of titanomaghemite. 

However no microscopic studies were performed on these samples to 

complement the thermomagnetic analyses. 
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An alternative possible explanation is that the observed Curie 

points. represent titanomagnetite of approximate composition 15% Fe 3049 

75% TiFe 204* 

6,5, Palaeqmý, &netic results from the Central Atlas Intrusives 

N. R. M. directions and intensities 

The intensities of NRM of samples from the three sites situated 

in the gabbro intrusion (MB76,79 and 80) were fairly weak, ranging 

from 0.07 to 0.16 x 10- 3 
gaust. Two of the dykes (MB75 and 78) had 

slightly stronger intensities, in the range 0.16 to 0.90 x lo- 3 
gauss, 

and'that of the third dyke (site MB77) was an order of magnitude higher 

still. 

The within-site dispersion of NRM directions was fairly low (<100) 

0 
at all sites except MB78 and 80, at which it approached 30 , The NRM 

between-site scatter was very high (56 0 ), indicating the presence of 

a component 'of remanence with random orientation (Table 6.10 and Fig 6.9(a)). 

6.5.2. A. F. demagnetisation stability tests 

One pilot sample from each site was progressively deTnagnetised 

at 75 Oe intervals up to a maximum peak field of 600 Oe. The results 

are listed in Table 6.12, and plotted in Fig 6.10 and 6.11. 

The remanence vectors of the pilot samples from sites situated in 

dykes either retained a positive northerly direction with intermediate 

inclination (e. g. samples MB75.3 and 80.3), or else moved towards such 

a direction during treatment up to 150 Oe. (Samplt MB77.1) This 

direction was -retained 
during further treatment up to 300-450 Oe, after 

which scatter began to occur. Ttqo of the pilot samples from sites 

situated in the gabbro intrusion (MB76.6 and 79.2) retained A positive 

northerly, shallow to intermediate, direction of remanence over the 

whole range of treatment, while the remanence vector of the third pilot 

sample moved away from this direction after treatment above 230 Oe. 
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The intensities of magnetisation of all pilot-samples except 

MB79.2 decreased progressively over the whole range of treatment. 

The latter sample showed a slight increase during treatment from 450 

to 600 Oe. 

6.3.3. Bulk A. F. dema&netisation. 

The pilot demagnetisation results described above indicate the 

presence of a component of remanence with a positive northerly direction 

in all six samples during treatment over at least the range 150 t-o 225 

Oe. The remaining samples from each site were accordingly demagnetised 

at the most appropriate field value in this range, and the results 

are listed in Table 6.13. This treatment produced a decrease of 

within-site scatter for four of the sites, and a slight increase for 

the other two. It also resulted in a substantial reduction of between- 

site scatter, from 56 0 to 22 0 (Table 6.10(b) and Fig 6.9(b)). 

The mean direction of remanence after treatments giving unit weight 

to each site, is 

318.5,1 n 38.5, cK 95 " 

and the corresponding palaeomagnetic southpole position is 

53 0 so 81.5 0 Ep A 95 :* 240 

This is in good agreement with the pole obtained from the Foum Zguid dyke. 

6.3.4. Thermomagne: ic analyses 

Thermomagnetic analyses were carried out on one sample from- each 

site, and typical curves for the gabbro and dyke samples are shown 

in Figs 6.12-and 6.13 respectively-. 

The gabbro samples showed two Curie points on the heating curves, 

in the ranges 510 to 530 0C and 56o to 5800C respectivelys representing 

two distinct magnetic phases. The co6ling curves also showed two Curie 

I 
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points, but this time in the ranges 470 to 530 0C and 630 to 670 0 cl 

the highest of these being typical of haemetite. These results 

may be interpreted as representing oxidation of one of the original 

phases to haemetite (or a member of the ilmeno-haemetite series), 

and decomposition of the other to a phase with a lower Curie point. 

The thermomagnetic results from the three Central Atlas dykes 

are similar to those from the Foum Zguid dyke and Draa Valley sills, 

and are thought to represent similar magnetic mineral compositions. 
I 
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6.6. ' R. %di,, --o"-ic dating results 

Potassium-argon age determinations were performed by Dr. J. G. 

Mitchell at the University of Newcastle, on cores chosen from those 

used for palaeomagnetic measurements. Selection was carried out after 

consideration of. a thin section of each core sample, and according 

to the criteria outlined by Dalrymple & Lanphere (1969). Whole rock 

analyses were performed on the 16-30 gauge (B. S. 410) fraction from 

the crushed cores of the fine-grained rocks. In the case of the 

coarser-grained samples from the Tassent gabbro, biotite was separated 

from the 85-100 gauge (B. S. 410) fraction using a shaking table. 

Triplicate potassium analyses were performed by flame photometry 

using a-lithium internal standard, and duplicate argon analyses were 

performed by the isotope dilution method on an Omegatron mass spectrometer 

(Grasty & Miller, 1965), using an argon extraction system similar to 

that described by Miller & Braw'n (1965)). 

Table 6.14. 

6.7. Discussion 

The results are listed in 

The mean radiometric age determined for the Draa Valley sills, 

assigning unit weight to each sample, is 183 my, and that determined 

for the Foum Zguid dyke is 184 my. These results indicate that the two 

formations are contemporaneous within the range of experimental error 

(Table 6.14). 

The radiometric results obtained from the Central Atlas intrusives 

are more variable. The mean value derived for the Tassent gabbro is 

156 my, and for the two dykes is 126 my (132 and 120 my respectively). 

Thi's variability may represent a real difference in age between the 

gabbro and the dykes, or may reflect the relatively complex tectonic 

history of this region, during which argon loss could have occurred. 

In this case the results obtained may be considered as a stratigraphic 

,. 4, nimum ape of intrusion. 
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- As discussed in section 6.2.3., other geological evidence 

indicates that this formation is post-Liassic and pre-Infracenomanian, 

and Choubert & Faure-Muret (1962), have suggested a post-Portlandian, 

pre-Cretaceous age, in the range 141 to 136 my (Geol. Soc. Phanerozoic 

time-scale, 1964). This is in general agreement with the radiometric 

results. described abave. 

Although the radiometric dating results from the Draa Valley 

sills and Foum Zguid dyke are identical, within the range of experimental 

error, geological evidence (Section 6.2.3. ) indicates that the dyke 

is in fact slightly younger than the sills, and that a significant 

episode of folding occurred between the intrusion of these two formations. 

The date of this tectonic phase is now accurately defined as 183 to 

184 my. 

The palaeomagnetic pole positions derived from the three Moroccan 

Jurassic igneous formations are listed in Table 6.15, and those derived 

from South & East African Jurassic formations are listed in Table 6.16. 

All of these poles are plotted in Fig 6.14, together with the ovals of 

95% confidence around the Moroccan poles. It is clear from this diagram 

that there is a significant difference between the pole from the Draa 

Valley Sills (pole 1) and that from the Foum Zguid dyke (pole 2), but 

no significant difference between the latter and the pole from the 

Central Atlas intrusives (pole 3). 

This difference is puzzling since the radiometric ages obtained 

for the first two formations are identical to each others but substantially 

different from that of the Central Atlas intrusives. Furthermore these 

two formations lie in the stable Saharan Shield-Anti Atlas region, 

whereas the Atlas Intrusives lie in a fold belt which was affected by 

post-Jurassic orogenic movements. The anomalous pole from the Draa 
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Valley sills is based on a large number of sites, and is considered 

to be substantially more reliable than the other two Moroccan poles. 

One pole from East Africa (pole 4), that from the Zambian red 

sandstone formation (Opdyke 1964) agrees with the pole from the Draa 

Valley sills, whereas the other five poles from SE Africa are in better 

agreement with those from the Foum Zguid dyke and Central Atlas 

intrusives. The age of the Zambian red sandstone formation is quoted 

as 180 to 200 my (McElhinny et al, 1968), and it is possible that this 

formation and the Draa Valley sills have recorded the same small 

temporary excursion of the pole away from the mean position which it 

occupied with respect to Africa for the rest of the Mesozoic. Since 

this excursion is not recorded in the Foum Zguid dyke, the time taken 

to return to the mean Mesozoic position rust have been less than the 

range of uncertainty in the age determinations ( --,, maximum 3 my). The 

geol I ogical evidence cited above indicates that the intrusion of these 

two formations was separated by a period of time of sufficient length 

for a significant folding episode to have occurred. 

The mean Moroccan Jurassic pole, calculated by assigning unit 

weight to each formation, is plotted in Fig 6.14, together with the 

mean SE African pole, and the corresponding ovals of 95% confidence. 
I 

There is no significant difference between these two poles, and this 

confirms the conclusion drawn in chapter 5, that no significant relative 

tectonic nwvement has occurred between North-west and South-east 

Africa since at least Triassic times. 

The pal4eolatitude)X., calculated from the inclination, I, of 

the mean remanence vector of the three Moroccan Jurassic formations, 

by means of the f ormula 

Tan I=2 tan X 

is 200. 
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The present-day latitude of the sampling sites is 

approximately 31 0 N. and this indicates that during the Jurassic 

this region was situAted at least 10 0 closer to the equator than at 

present. This conclusion is supported by the palaeoclimatological 

evidence of thick limestones and evaporite sequences, indication of 

a warm environment of deposition. 

I 
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Fig . 6.1 Outline geological map of South Morocco, showing locations of the three 
Jurassic igneous formations studied. 
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CHAPTER 7. CRETACEOUS 

. 
7.1. Geology 

Most of the important present-day structural features of South 

and Central Morocco developed during Upper Cretaceous and Lower Tertiary 

times, and were only slightly modified during the Alpine orogeny. 

During the Lower Cretaceous (Infracenomanian) widespread continental 
down 

deposits ofSaharan origin were laij 
,, as a result of erosion of the high 

lands to the south. At the beginning of the Cenomanian (Middle Cretaceous) 

a very important marine transgression occurred. The sea spread from the 

West over a vast area of Morocco,, to the North of the High Atlas, and 

between the High- and Anti-Atlas (Choubert & Faure Muret, 1962). 

For a brief period it connected with the Mediterranean via the Algerian 

High Plateau to the East, and passed around the eastern end of the Anti- 

Atlas to submerge the Colomb-Bechar and Tindouf basins (Fig 1.1). 

The Moroccan palaeogeography remained broadly similar to this during the 

Lower Turonian, but further to the east the sea which connected with the 

Mediterranean linked up with a transgression, spreading from the Gulf 

of Guinea, northwards through the Sahara (Reyment, 1969). In the Upper 

Turonian and Senonian the sea progressively retreated again. The Haha 

coastal basin, which had developed during the course of the Jurassic 

and Lower Cretaceous gradually disappeared during the Senonian, as a 

result of the progressive uplift of the Western High Atlas. 

The first effects of the Alpine orogeny appeared in the Maestrichtian 

(Uppermost Cretaceous), and deposits of this age lie discordantly on top 
9 

of Senonian deposits, and are themselves covered discordantly by Eocene 

depositS. 
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During the two major Alpine tectonic phases (Upper Eocene-Lower 

Oligocene)and Neogene) the regions to": the north (Rif and Pre rif zones) 

were highly deformed and thrust southwards, but in the High Atlas 

deformation was confined to relatively mild warping of the cover rocks. 

The Anti Atlas remained unaffected by the Alpine orogeny. 

7.2. Location of sampling, sites 

A small number of localised basaltic lava flows are inter-stratified 

with the. continental Infracenomanian deposits of the High Atlas regions 

However, due to very bad weather conditions the roads providing access 

to these outcrops were impassible at the time of the field work in this 

region, and attempts to sample the lavas were unsuccessful. These rocks 

are considered to be worthwhile sampling on any future field work in the 

area. 

The continental Infracenomanian deposits were more accessible, 
It 

and five sites were sampled over a total str4graphLc thickness of some 

100 metres in these coarse-grained red sandstones. 

7.3. PalaeomaMetic results from the Infracenomanian red sandstcmes 

N. R. M. directions and intensities 

The intensities of N. R. M. of these samples were generally higher 

than those of the Triassic red sediments, and varied from 0.5 to 1.7 

x 10- 5 
gauss. This may p'ossibly be -correlated with the much darker red 

colouration of the former. Both the between-site and the within-site 

scatter of N. R. M. directions were small, the former being 60, and the latter 
0 

0 ctions of up to 8 rangin- from 5' to 110 (Table 7.2(a)). Small tilt corre' 

were applied to the remanence vectors of all sites, but had no significant 

effect on the between-site scatter. The mean site NRM directions all lie 
I 
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Just to the NW of the present field direction at these localities 

(Fig 7.1(a)), and the latter lies within the 95% confidence limit of 

the overall mean direcýion. The value of the overall mean, giving, unit 

weight to each site, is 

D= 347.5a I= 39.0,95 = 6.0, 

and the corresponding palaeomagnetic south pole position is 

75 S, 36.5 E, A 95 , 5.5 

7.3.2. Pilot sample dem! &netisation, results, 

The results obtained by subjecting one sample from each site 

to progressive thermal demagnetisation up to a maximum temperature of 

675 0C 
are plotted in Figs 7.2 and 7.3. In all cases the direction of 

remanence underwent little change on treatment up to 600 0 C, after which 

a random scatter of directions occurred. The intensities of magnetisation 

decreased progressively over the whole range of treatment. 

The susceptibilities decreased during treatment up to 600 0 C, after 

which they began to increase again. This suggests the occurrence of a 

chemical change, involving the magnetic phase, at some temperature between 

600 and 675 0 C. The destruction or modification of an original magnetic 

phase would explain the sudden random change in direction of remanence 

after heating the samples to 6750C. 

7.3.3. Bulk therm&l demarnetisation 

Although the NRM within-site and between-site scatter of directions 

was small, all of the samples were demagnetised at 300 0 C, to see if 

any slight improvement in scatter could be obtained. However this treatment 

resulted instead in a slight increase of between-site scatter (from 60 to 70) 

and a general small increase of within-site scatter (Table 7.2(b)). 
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The mean direction of remanence after treatment is identical 

to that before treatments but there seem to be a tendency towards 

'stringing' along. A great cirple through the present earth's field 

direction at these localities after treatment. This suggests that there 

might be a small component of remanence, of variable magnitude* directed 

along the earth's present field direction in these samples, which is 

not removed by treatment at 3000C. The pilot sample results indicate 

that such a component is unlikely to be removed by further treatment 

at higher temperatures. 

7.4. Discussions 

The pole position from the Moroccan Infracenomanian sandstones 

is plotted in Fig 7.4 (pole 1), together with poles derived from 

Cretaceous formations elsewhere in Africa. (poles 2 to 4). Since the 

mean direction of magnetisation of the Moroccan sandstones is not 

significantly changed by demagnetisation at 300 0 C, but the within-site 

scatter is smaller before treatment, the mean pole position before treatment 

(Table 7.2) is plotted in Fig 7.4. 

Poles 3 and 4, from the Lupata volcanic series, and Mlanje 

Massif syenite respectively, lie close to the mean Mesozoic position 

ý (c. f. figs 5.18 and 6.14), whereas the poles from the Moroccan Infra- 

cenomanian sandstone and the Mozambique red siltstone (poles 1 and 2) 

lie close together, but some 300 away from the mean Mesozoic position. 

Although the two deviant poles (1 and 2) were derived from 

formations situated at either extre., mity of the African continent, they 

still agree closely with each other, and it therefore seems unlikely 

I 
that the discrepancy between these poles and poles 3 and 4 is due to 

F 
-m 

V 
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relative tectonic displacement. 

of the following: 

It is more likely to be due to one 

(i) a temporary excursion of the pole away from the mean Mesozoic 

position, similar to the Jurassic excursion suggested in Chapter 6. 

(ii) poles 1 and 2 representing an intermediate position of the south 

pole during its movement from the mean Mesozoic position to the Lower 

Tertiary position, close to the present South pole, or 

(iii) the presence of a secondary component of remanence directed along 

the Earth's present field direction in both the Moroccan sandstones and 

the Mozambique siltstones. 

Although the bulk demagnetisation results indicate the possible 

presence of a small component of remanence aligned along the Earth's 

present field direction in the Moroccan sediments, it is considered 

that the magnitude of this component is too small to account for the 

observed discrepancy. 

Radiometric age determinations on the Lupata volcanic series 

(Gough et al, 1964) yielded ages of 107 and 110 my, and on the Mlanje 

Massif (Briden, 1967) 116 +6 and 128 +6 my. Both of these formations 

are therefore Lower Cretaceous in age and are Aptian or older (Geol. Soc. 

Phan. t ime-scale, 1964). The Mozambique red siltstones have been correlated 

with the Lupata volcanic series (Gough & Opdyke, 1963), but it is possible 

that they are slightly younger than this formation. It is also possible 

that the Moroccan Cretaceous sandstones are younger than Aptian, since 

they are known only to be pre-Cenomanian. If this interpretation is 

correct, then the pole-position derived from these two formations may 

represent an intermediate position of the South pole, during its movement 

from the mean Mesozoic position to the Lower Tertiary position. 



101 

There are no other African palseomagnetic results to suggest that 

it remained in the mean Mesozoic position later than the Lower 

Cretaceous. 

If the Mozambique red siltstones and Moroccan Infracenomanian 

red sandstones should turn out to be older than Albian, then this 

explanation will become untenable, and the only alternative is that 

they represent a temporary excursion of the pole away from the mean 

Mesoz, Ac position. 



102 

References 

Briden, J. C. 1967. A new palaeomagnetic result from the Lower 
Cretaceous of east-central Africa, Geophys. J., 12,375-380 

Choubert, G. and A. Faure-Muret, 1962. Evolution du domaine Atlasique 
Marocain depuis les temps Palaeozoiques. In Livre a la TTie-moire 
du Professeur Paul Fallot, Society Ge'ologique de France 

Geol. Soc. Phanerozoic time-scales 1964. Quart. j. geol. Soc. Londonj 
120 S, 260-2 

Gough, D. I. & N. D. Gpdyke, 1963.. The palaeomagnetism of the Lupata 
alkaline volcanics. Geophys. J., 7,457-468. 

Gough, D. I. & N. D. Opdyke and M. W. McElhinny, 1964. The significance 
of palaeomagnetic results from Africa. J. Geophys. Res., 69,2509- 
2519. 

Reyment, R. A., 1969. Ammonite biostratigraphy, continental drift and 
oscillatory transgressions. Nature, Vol 224, ppl37-140. 



z 

Ld 

(n 0) 

U 
0 
Cý 
C) 
CIC), 

L- 
0) 

A. t4- 

0 

z 
V 

z 

-0 

. f. 

4- 
C 

E 
-o 

D 
0 

U 
a 4- 

a) 
(1) 

S 

0) 
U- 



LLI 

V) 

z 

3:: 
o -o (Do (U 
0- 0) 
S. - EE 

C. 1 (D4-- 

. 0)00 
NcE 

0Qt. 
. '__c L4 
LL(.. ) oz 



1. C 
m 

; *"ml 

0.1 

0-4 

0-2 

0 100 200 

10 MB 17.1 

0MB 18.1 

xMB 19.1 

MB 20.1 

MB 21.1 

300 400 

Mo 

0-75 

0-63 

0.61 X 10 7 5Gauss 

1 -16 
1 . 72 

500 600 7000C 

Fig 7.3 Cretaceous sediments. Changes ;n inte. nsity of magnetisation of pilot 
samples during progressive thermal demagnetisation. 



so 

lo. w 10, E 

Fig 7.4 African Cretaceous palaeomagnetic pole positions. Black triangle, 
AAoroccc n pol. e.; black squares, poles from South and East African fýbmations. 



00 

cu 
41 
tu 
IID 

44 

to 

0) 
u 
ce 

lw 
u 

.0 tu 

04 
E 

44 
0 

r_ 
0 

. p4 
41 

ýc 

4e 

CY) 

0) 
P 
$4 

4-J C'4 01 C'4 
V) 

00 r-4 
cl Z 

CN 

4 



0 Lri 
6 tn tm Lri Ln u-i 00 LM 

0 Ch f4 9e6 00 %JD o 0 
"4 < 1-4 00 V-4 e %ý Lý c3, % 00 P-4 Ln 00 LM 
41 
-V4 
rn 
0 

@A ttl Ln tn ulý Uli 
8 t5 ý, 

6 CD 
0 to 06064 6 Ln 00066 0 9: 0 (D r-4 cn r-A re) 0 r- ri 01% %M (n w 

0 %t n C, 4 cn %JD e %0 m CD ri CVI (n r_ 
A P-4 P-4 W-4 "4 "4 F-4 (n r4 P-4 P-4 r-4 --4 e 

_r4 
41 

Co 

41 
w 
r= 4) 'e, -ý 7-ý ZZZ Z M ZZZZZ Z (n 
Co CO 0 cn C\ c>I Olý Lr) Uli Uli r- r--4 Le) 
k4 r--4 &i 
Co <Z 
ow r- r- 00 rl% r- 0 

u 0) (1) 
-1-4 r4 
41 0 

M tn Uli Ln 
ri cý s 0 

- *1 C 1 % 
4 Ln r, r- V - 4 00 %ý F-4 00 m4 Ln 00 r1-. 

to 

41 em cli 9-4 r_ 
-P4 -2 

N r- (: r_ 1. -4 00 -4 e Ln e 9 P-4 
0 e NM %t V-4 P-4 P-4 e NM m V-4 P-4 
0 

C. 4 %M CYN r-4 00 00 C, 4 r- LM cn 110 
"4 00 c"i r-4 f-- r, - r- rq 00 �0 Ln %o 
0 Co olý Ch 0, % CY% ON 00 Cl% 00 (> Ollý olý 

. V. i Z mo %0 Ul %M tA LM C, 
%. 0 -, 0 u) %0 Lm vli 

lu 00 vi vi C: ) 0 1:: \o Lr) 0, % Co Ln Ln 
0*' 

V) Ln 0'% c; cý 
0 

-74 
00000 

Ch n r- 00 1-4 
0 

00 
41 cn rn 1 cn -ý M 41 

Co 
r*4 rn %i ri 1 
+++ 

cn 

44 +++ 

vi Ln 0 CD LA vi (1) c-i tr) e Co 00 

13 im ý. 0 cq LM 00 Ul) r-- w cn u-, %, D (n CD r- 
't -t ee V) %t fe ee -4 le Ln -t 

0 cell. rn ri ri cn rn ri cn ri rn (Y) cn 

(L) 
u 4) rl% 00 0% CD P-4 r-4 r- Co cy, % 0 "4 

4.. 3 0 r-i 

-94 0 
cn 

ci 

4 Z 0 Z 



0-% 

L') Co 

Co 
bo %D 00 CD CY'% C) 00 00 C) 00 

%.. o 

Co P-f r-, P-4 Cq u) Ln 

c; CD c; 
k-4 l '11 

+ lý 
(" 1 
+ 

tri cn ce) 
+++ 

00 r- 00 r-ý CD cyý CI-4 C) ID 

in ýý (ý rý ri rý lý cý rý .0 cý rý 4 LM ee Lr) 4 U-1 tA - Ln 't cm (n «) ri CWI cm (n cn CD (n rr) 

ci 
r-4 
04 
Eg 0 
Cd 0 1-4 CN cn %: t Lr) %D CO) 

z 

4j CN C%4 
-r4 0 

Uli 
1 Co 

0 :1 
r-i ce O (D O C OO cr) r- ý. o %0 oo 0 f. -4 CD 0 CD 0 

r-. r_ 0 NZ r_ 00 ý. 0 %& LM ND Vý Le% %C) Lr) r-- r- 00 

c; c; c; c; c; c; c; 

00 e r--4 r- %m 't 't 00 00 CD cr, r- Co cylý e (Y) r- 

rý ý; cý (ý 
: 

v; 0; CZ cl: 
C, 4 cn rn 1 
+ + + 

0 CYN GN CY, % 0 CD (v) c*, i 0% C%i -e %0 (D (31% 
6 

rý '; ý; cz cl 1 cý cý 1; vý c; cý r-: lý Lý ý; 
t ci -1 -t Lr) ri v4 V% e ri Lr) v4 C, 4 LA LM 

rn e rn C-) cn cn cn cn cn cl (In (" (n cn ri cn n 

td 0 V--4 C%j Cyl e Ln %D 
. 

0--4 c9 (n t vi %0 --4 N %t Ln wo 

Co 
4j 
-94 0 
cn 



-x "4 %t 00 %t 00 C-4 c-i e -x 41 %D LM ee cn cn ci P-4 ýg 41 
r: 92 

b4 (ý cý c; c; cý (ý (ý H 

00 cm %D \D 00 r-. --4 a% ýo 

CVI P-4 CVI 0 (n C, 4 t-1) cl Lr) 

w 
41 

tv V) 
-V4 1-4 
4J 00 
(L) 

,a 

4) 
4 

4. J 

t-4 
0. 11 

CO 

4J 

rI z 

0 S 

tz U 
0 G) %-., 

r4 
.0 

(41 P-4 c. 00 e r- r- cý 00 
-x 

(-i C-4 r-ý P-4 (2-N C-4 Cý4 Lt) 

%m ý-0 LM Ln Lri e cn (N C) 41 r-- % C) rn LM e C-1 (D c: h CO 
cc 00 0 0 0 06 9 0 

c; c; (ý cý c; c; (ý )4 V-f --4 P-4 P-4 P. 4 r-4 1. -4 CD CD 

't C'4 C-4 ci ý't CN (Y) 0 C, 4 -t �0 00 C) CD m c> Ln 

ri 1--4 0 lb 6 0 0 00 0 0 

cý cý ý; rl: rz Ci Lý 0 m -t �0 -t e Ln cq 
C%i C%4 cli (14 r- cq P-4 c14 r-4 >-ý4 cn (n c- (V) n cn (-) 

+ + + ++++ + 8 (N ++ + + + ++ + 1 

oo cq c-i - 
LM Lr) U') LA %-0 060 00 
rl (n cn rn CWI r, - C'4 CP% cn 

a, % 0 -4 Ln cm (> 0 r- 
60 IN 60 lb 606 

m rn e (D C'4 (> %t 0'% ý, 0 e 
LM Ln LM LM ee ri cn 4 
rn (n rn cyl (VI M ci cn ri 

Lr) C-4 r-4 r-4 00 Ln 0" 
Pý P- r-_ r-- r- *. 0 %1 -. t 1.4 
6 

C; C3 C; 
6 

C; 
866 

-x \o r-4 00 \o cel 0 P-4 00 ýlo 
41 1-4 P-4 0 0C CYN r- Lr) 0 

es $ ei>** gelb 

00 CY% 0 cn KM 00 CY% (N Cý (D ON n 00 C'4 
ll l' * ri (D OD r- 4; Lý tý CCI: 4> 

040 
C) 0 F-4 

009000 
(D 

c4 CN c*-. 4 r4 P-4 r--4 P-4 r-f "f 
+++++++ +I, 

cy, i cy% -4 00 -e r- e 0% e 00 00 't CY-% F-4 r-. ri r-4 1 000 66609 0% 

ri rý LM 2 Cz c5 r, - r-ý 00 14- r-4 r1- 6 

tm tn in vi LM Lr) LM LM - -e %t %t -t LA LM 00 

cn (n rn en (n cn cn (n r- cn (n cn (n cn cn re) ci 00 

0 

je) 
8 Irr- 

e LM U-1 %ýo %0 E-4 

0000 00 QLf) 
0000 OLnor- 

0 f-4 c-4 m 4Ln Ln ,o %o 

0 

LA 

IC 



N 

ul 

00 00 00 00088 
-f C, 4 0 P-4 --4 CN LM ,+ P-4 

%-l' 00 00 00 10af6 

0, % Co 0 alý 0 ý. 0 00 CVI U) e 00 

u 

41 

Co 
4) 
9.4 

r2 

ei 

0 
:i 

cd 

1-4 C; Cý Uý aý 6 rý 4 
Uý C4 rý 1ý 

*1 CV) 
-+ 

CV) 
+ LIV) + cn 

+ 
I CW) I Ln M cn 

+++ 

CN m Ln M r- Lr) C C14 0 r- 

Cl 00 Cl) C4 (ý rý Uý 
* Ln -It -* Ln -4 Ln V) Ln Ln -4 CO) m M m CV) cn CII) CII) (Y) CY) C41 

4) 
r-f 
ow 

a) 
Aj 
-r4 
0 

--4 C-4 rl e Ln %D --f C, 4 Me LM 

0 
C11 

r-4 
CN 

#"1% 
LA Co 

x öo CD OO CC O 00 00 00 CD8 8 00 
%f 1- r- (: LA r- 00 %m e Lri %. 0 tm e -t %0%0 
41 ,' 6 6 04 00 6 9 lb 

(ýO CDO (: )o OP-4 1--4 00 
>ý4 

cn Ul% r- (" (n r- rq (N rn 00 00 cn %D C%4 00 r- OIN 

C. 11 c"i (Y) CN 1 vel CN ci rn c*1) cn ty) 11 u-, 1ý 

Co P-4 oo CD kn Ln ul C% 0 F--4 %0 e CD P-4 Ln 

$Z Lý ý i tý 
M: Lý 

cj vý rý 
Lý 

r,: c; .ýý; %ý %ý 0 Uli 
e cq -e -t Lri (n ri in %t e 0 C'4 (N Ln 6 

cm cn cn cn (VI CV) (n M (n MM cli C rn (n (1111 r-4 

ce 
cn Z 

. 1. ). 

,4 r-i cn %t ul %0 P-4 r4 cn e Ln %D P-4 (-i %t Ln %0 

r- 00 ýýN 



Uli 0 cN c�, i r- r- r*. ý, 0 LM LM Ln LM 
40 %0 Q) 

v--4 

0 

CD C*4 r- 00 
0 

CL 

44 
0 

c 
0 r-ý oo 

"4 
zi 
ei 
02 

41 
(L) 

r_ rx4 r- r- 
Lr) r- 

0 r- %Z LA 1.0 cr% 

. r4 0) 

8 CC u-i 00 P-4 r-. E 
> rlý %M Ln r- c3"% u 
41 cn 
44 Co 
V--4 

.0 ri 
r4 
41 

8 LA c-i -4 LM CD 
CO) r_ %0 Uli r-- 00 P-f 

0 

0 

0 

c 
Co 

-w V-4 P--4 00 Lf) r-4 
34 r- r_ tn mo CIN 
Co 
> 

j 0 
41 

0 
. Q) 

-5- u Co 10 0 0 P-4 (n vi 00 Lr) :i 
CO %D C% 

0 
0 0 

0 

4) 

cý 
0 1-4 r-4 1-4 C-4 c114 bo 

.0 Cd w e e e 2 2 _r4 DW 
4 E-4 . E- 

I 



4) 
Cd 

P-4 90 

t24 0 
0.1 4) 

m 
4 

Co 
u 

-P4 9 

p4 

Co 
0 

0 -0.4 

Co 
IV-4 

LM 

0 

10 

9 

"4 

41 

44 r: 
4) 
Cd 

D4 

1.. 4 4 
00 

Pk Z 

Uli 

Co cm 
cn cn 

1.0 rlý 

LA LA 

%j 0: C" C, 4 r*% 00 

0 

r_ r- %0 %D 

Lil I r- I 

00 Ln 00 

%. 0 ci m 

-4 
LM 

rei cri 

0 0) 

44 

1 

Co :1 0 
ra 41 e 
4) w--4 4.4 

v4 iz 10 41 
Co 9 41 -W4 

w 0 fo . 94 r. 9: 
%" W 00 92. b4 to 4) 

4) 
p4 x cn cn 

V-4 C*4 cn 4 



103 

CPAPT"-ý 8. T"", SULTS 0ý7 A CxLonAL vCf-, ir 

introduction 

Differences in palaeor-agnetic pole-positions from formations of 

different geological age, situated on tie same continent, can arise 

from any one, or combination ofs the following three processes (assuming 

an average geocentric dipole field, and internal rigidity of the 

continent). 

Movement of the continent relative to the, geomagnetic dipole 

axis, which itself remains fixed, and approximately coincident with the 

rotation axis, 

(ii) Movement of the geomagnetic (Upole axis relative to the 

continent, which itself remains staticniary with respect to the rotation 

axis. 

(iii) Movement of the whole earth, or an outer shell of the earth, 

relative to the geomagnetic dipole axis, which itself remains stationary 

and coincident with the rotation axis. 

The first of these processes is usually referred to as 'cantinental 

drift'. and the second two as different forms of 'polar wander'. 

chronological sequence of palaeomagnetically determined pole- 

positions from a continent defines an 'Apparent polar-wander for 

that continent. If polar-wander curves from different con-tinenco h, "ve 

significantly different shapes, then relative movement between the 

continenta, and hence continental drift, is implied. However sorae 

element of polar-wander may also be present, and can somatiraes be,. -'detected 

by means of additional information from sea-floor magnetic anomalies (e. g. 

McElhinny & Wellman, 1969). 
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In this chapter the new palacomaguetic results from Morocco 

described in chapters 2 to 7 will be combined with results from other 

parts of Africa, and the general form of the new Phanerozoic apparent 

polar-wandtr curve for Africa will be discussed. This new African polar- 

wander curve will then be compared with curves from the other GondwanLc 

continents (South America, Australia, Antarctica & India), atid the 

Laurasian continents (North America & Eurasia). Similarities and 

differences between these curves will be interpreted in terms of motions 

of the continents, and/or polar-wanderp taking into &ccount other factors, 

particularly geological and sea-floor spreading evidence. 

8.2. The African Rolar-wander curve 

complete list of African Upper Precambrian to Recent palaeomagnetic 

pole-positions is given in Table 8.1. In this table the reference ntznbers 

refer to MElhinny et al, (1968ý Where formatio-ins are thought to span Cý 

similar age-rangesp meau pole-positions have been calculated, and are 

listed in the last three columns of the table. The African polw&-wandn-r 

curve derived from these mean poles is plotted in Fig 8.1. In this 

diagram open triangles refer to poles derived exclusively from Moroccan 

formations, solid triangles to poles fr= South and East African formations# 

and half-solid triangles to poles calculated from combined Moroccan and 

South-east African data. 

The Upper Precambrian to Devonian Pole-PositiOns have been discussed 

in chapters 2 to 4. In Fig 8.1 the Mor(wcan Upper Precambrian (PeGu) 

and Lower Cambrian (-Gl) poleg gre plotted in positims correspouding to 

magnetisation during I normal 'magnetic intervals. The alternative 

possibility, discussed in Section 3.3.5, of magnetioation during 'reversed' 

magnetic interval& is equally plausible, and reasons are given later 
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in this ch"opter for considering this to be a more valid interpretation. 

The "Lawer Carboniferous" pole, Cl. is derived from th(-, Dwyka varves 

of Central Africa. Palaeontological age determinations on this format - ion 

are poort and indicate only that it is 'probably Carboniferous'. A 

lower Carboniferous ege was suýýgeated by McElhinny & Opdyke (1968) on 

the basis of a comparison with palaeomagnetic results for the Carboniferous 

of Australia (Irving 1966). More recently this suggestion has been 

supported by Plumstead (quoted in McElhinny et alo 1968), who cites 

evidence from plant fossils in an overlyinS bed, but the true age of this 

formation remains uncertain. According to Robinson (personal communication) 

the Dwyka glaciation may have continued through to Lower Permian times. 

The formations yielding the "Upper Carboniferous" (Cu. ) and I'Lower 

Permian"(Pl) poles are both commonly regarded by geologists as being 

Lower Premian in age. However the two poles are significantly different 

from one another# and McElhinny & Opdyke (1968) suggest that this may be 

due to a difference in age between the two formations. They point out that 

according to this interpretation the Permo-Carboniferous palaeomagnetic 

results from Africa are consistent with those from Australia on King's 

(1962) reconstruction of Gondwanaland. The alternative possibility, that 

the two formations are of the same age, must also be considered, and 

in this case the difference between the two poles may be due to incouiplete 

averaging of palaeosecular variation (Opdyke, 1964). (This interpretation 

ist still the one favoured by Opdyke (personal communication)). The polar- 

wander curve then follows the solid line 46. n Fig 8.1 from the "Lower 

Carboniferous" positiono through the mea-n "Upper Carboniferous-Lower 

Permian" position (Cu-Pl)j to the Triassic position (Tr). 
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Two, mean poles are listed in Table 8.1 for each of the Triassic, 

Jurassic and Cretaceous periods. Pole Trl, from two ',, 4', -)roccan and two 

Southeast African formations, is considered to represent the true 

Triassic pole-positions vith respect to Africa, whereas pole Tr2, from 

one Moroccan and one Tanzanian formation$ is thought to reflect Tertiary 

remagmetisation effects (Section 5.7). 

Pole il, from one Moroccan and one Zambian formation, is thought 

to represent a temporary westward excursion of the pole during the 

Lower Jurassics and to avoid confusing the diagram, neither this pole 

nor pole Tr2 are plotted. Pole J2, from two Moroccan and five East 

, 
African formations, represents the position of the pole with respect 

to Africa during the rest of the Lower Jurassic (Section 6.7). 

The Cretaceous pole, kl, from two E,, -. zt African formations, is 

considered to represent the pole-position at the beginnirg of the Cretaceous, 

and k2,, from one Moroccan and one East African formation, an intermediate 

position during movement of the pole from kl to the Lower -Iertiary position, 

Tl ,ý 

McElhinny and Wellman (1969) cite evidence from Africa and the 

other Gondwanic continents of a westward excursion of the pole during 

the Tertiary. This is reflected in the shape of the Tcrtiv-.,,, - pvxt of 

the African polar-wander curve shown in Fig 8.1. The Lower Tertiary pole, 

TI, is calculated from a single formation, the Ethiopian traps, of Eocene 

to Oligocene age, rind the Upper Tertiary pole Tu, is very well defined 

from six formations, ranging in age from Mdocene to Plio-Pleistocene. 

The mean Quaternary pole, Q, has a large error circle, but lies 

close to the present South pole. 
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8.3. Com-rNnri-son of the, African 
_polpr-wander 

curve with those of the 

other continents 

Several different syntheses of world-wide palaeomagnetic results 

have recently been published (e. g. Creer, 1970a, and Tarling, 1971), and 

a general review of the data will not therefore be given here. A list of 

pole-positions derived from recent reviews is given in Table 8.2, 

together with the sources of the data, and only those poles which are 

considered to be immediately relevant to the interpretation of the African 

polar wander curve will be discussed in the following sections. 

Lmqer & Middle ralaeozoic 

Using the data listed in Table 8.2, the Lower & Middle Palaeozoic 

apparent polar-wander curves of all the major Gandwanan continents are 

plotted in Fig 8.2 and Laurasian continents in Fig 8.3. In these diagrams 

the continents and their polar-wander curves have been rotated by 

appropriate amounts about the poles listed in Bullard et al (1965), and 

Smith & Hallam (1970)s by means of a computer map-plotting program written 

Z. -- - by Mrs. s. Homann of the University of Newcastle, 

(a)--Gondwanic continents 

All Gondwanic Lower Palaeozoic poles except the Moroccan Lower 

Cambrian pole described in Chapter 2 lie in the general region of Northwest 

Africa, when plotted on a Smith-Hallam reconstruction. The South American 

Lower Palaeozoic pole spans a wide age range, from Cambrian to Lower 

Devonianq but the lower age limit, that of the Argentinian red beds (Creer, 

1970b)s is not precisely knawm. This mean pole includes results from 

the Urucum Formation (jacadigo series) of Brazil, which although generally 

considered to be Silurianj is thought by souls geologists to be Precambrian, 

because of similar lithology to the Precambrian banded iron ores of 

Minas Gerais Statev Brazil (Oliveira, 1956). 
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The Indian pole, from the Salt Range purple sandstones (McElhinny, 1970) 

is more precisely dated as Lower Cambrian from diagnostic Rcllichiid trilobite 

overlying shales and dolomites (Schindewolf and Seilacher, 1955). 

The Australian Lawer Palaeozoic pole, quoted in McElhinny & Briden, 1971, 

vas derived from the Antrim Plateau volcanics (McElhinny and Luck, in 

press) and the Jinduckin Formation (Luck. 1970). The Antrim volcanics 

are quoted as being Precambrian to Lcn; er Cambrian, but the reliability 

of this age determination is uncertain. The mean African Cambro-Ordovician 

pole is calculated from three formations (Table 8.1), one of which (the 

Ntonya Ring Structure) has yielded a radiometric age determination of 

630 my (McElhinny et al g 1968). 

Thus at least three independent palaeomagnetic studies from Gandwanic 

continents span the Lower Cambrian period,, and indicate that if the 

Smith-11allam reconstruction is valid, then the pole was situated in the 

region of W Africa at this time. However this conclusion is not supported 

by the new Moroccan Lower Cambrian pole position, which implies that 

Northwest Africa was situated in lcrd palaeolatitudes at this time. 

As discussed in chapter 3, the presence in this region of thick carbonate 

sequences containing archaeacyathids, and continental deposits with 

muderacks and pseudomorphs after salt crystals, indicates a predominantly 

warm environment, and supports the new Moroccan Lower Cambrian pole position, 

rather than those from the other Gondwanic continents and East Africa. 

An alternative explanttion is that the Smith-Hallam reconstruction 

is not correct. A different reconstruction of Gondwanaland has been 

suggested by Tarling (. 1971), in which India is fitted to Australia, and 

Australia to Antarctica# and these three combined continents are then 

fitted to Africa by rotating Antarctica through soms 60 0 anticlockwiss 

from the positi,.. ýý-, shown in Fig 8.2. On Tarling's reconstruction the 

pole from the Au. -, tralian Lower Cambrian Antrim volcanics lies further 
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to the vest than in Fig 8.2, and sli-hluly nearer to the 1,, oroccan C, 
Lower Cambrian pole, but the Indin-n pole is just as remote fr= t'he 

latter as on the Smith-Hallam recon. -trurtion. Both reconstructions 

are therefore equally inconsistent with tho position of the new Moroccan 

Lower Cambrian pole. if this pole is valid, then the only other plausible 

explanation is that part of NW Africa, including Morocco was detached 

from the rest of Gondwanaland at that time. The Moroccan formation 

which yieldel this pole is situated to the south of the South Atlas 

Fault, so that the line of suture must lie even further to the south 

than thist and may be represented by the sout -hern boundary of the Hercynian 

fold belt (Sougy, 1962), which coincides approximately with the northern 

rim of the Tindouf Basin (Fig 1.1). 

On the Smith-Hallam reconstruction (Fig 8.2) the Mid-Palaeozoic poles 

tend to group in the region of Soul%.. h Africa, and the new Moroccan Upper 

Devonian pole is broadly consistent with this pattern. The polar shift 

from NV Africa to South Africa was originally thought to have occurred 

during the Mid-Devonian (Briden, 1967), but McElhinny & Briden (1971) 

have recently suggested that it took place in the late Ordovician. This 

conclusion is difficult to reconcile with the position of South American 

Ordovician to Ifid-Devonian poles recently published by Creer (1970b) from 

Bolivian formations. These poles are not plotted in Fig 8.2. but lic 

off the south coast of NW Africa, in the vicinity of the Indian Lower 

Cambrian pole. 

The new Moroccan Upper Devonian pole lies slightly to the north 

of Upper Devonian and Lower Carboniferous poles from the other continents* 

and this may be due to the polar shift having occurred in two sta, ý-es; Q 

from NW Africa to a position in Central Africa Just south oi the present 

equator in the Late Ordovician, and thence to its position in South Africa 

some time between the Upper Devonian and L4xqer Carboniferous. 



110 

An alternative to this 'two-stage shift' explanation to that 

NW Africa was still detached from the rest of the continent in 

the Upper Devonian, but had moved closer to the latter, resulting in 

a smaller difference between the poles from NW and SE Africa in the 

Devonian than in the Lower Cambrian. This explanation is consistent 

with the age of folding of the Hercynian belt (Choubert, 1963 and 

Sougy. 1962), which indicates that the two units may not have finally 

combined until the Carboniferous. 

Laurasian continents 

There are very few fully reliable Lower Palaeozoic pole determinations 

from the Laurasian continents, since most results are from rocks affected 

by later orogenic movements, but there is evidence to suggest that 

'Western Europe may have been detached from the Russian platform during 

this period, and that the two continents were united along the line of 

the Urals during the Hercynian orogeny (Ramiltons 1970s and Tazwazyaup 1971) 
, 

This situation is exactly analogous to that suggested above for the 

relationship between part of NAW Africa and the rest of the African 

continento 

The polar-wander curve for Western Europe shown, in Fig 8.3, suggests 

that the pole remained in essentially the same position throu. 1, hout the 

Lower Palaeozoic and Devonian, undergoing a westerly excursion of some 

409 during the Lower Devonian* 

The North American Ordovician to Devonian pole position plotted in 

Fig 8.3 is derived from the Onondaga Limestone (Graham, 1956). the Bloomsburg u 

redbeds (Creer, 1969) and the Trenton Croup sediments (Graham, 1954 and 

1956). There is evidence that the rew; ience of these formations is 

post-depositional, but some authors, e. g. Creer (1971a), consider that 

it still dates from Lower PalaeOzOic times. However this pole conflicts 
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with results from, other North American formations on which stability 

tests have been carried out. In a recent study on isotopically dated 

Cambro-OrdovLcian intrusLves from Colorado, involving comprehensive 

at& bLlLty tests, Larson and Mutschler (1971) obtained a palaeopole 

(pole -6 0 in Fig 8.3) close to the North American late PalcieozoLc pole 

positions. This result agrees with several other studies on North 

American Lower Palaeozoic formations,, e. g. the Cambrian Sawatch formation 

(Howell & Martinex, 1957). the Silurian clinton iron ares (Irving, 19,54), 

and the Devonian Perry lavas (Phillips & Heroy, 1966) and sediments 

, 
(Robertson et all 1968). Larson & Mutachler present strong and convincing 

arguments against the possibility of the Coloradan intrusives having been 

remagnetised in the Upper Palaeozoic$ and consider the likelihood of 

Lncomplete averagLng of palaeosecular varLatLon, or the occurrence of 

local tectonic rotation, to be small. They conclude that either little 

polar movement occurred relative to North America between the early and 

late Palaeozoic, or, if substantial movement did occur,, then by late 

Palaeozoic times the palaeopole had returned to a position nearly coincident 

with that of the early Palaeozoic. 

According to this interpretation both the North American and the 

European polar wander curves show possible westward or north westward 

excursions during the Ordovician or Lower Devonian. The proximity of the 

Middle to Upper Carboniferous poles indicates that these continents occupied 

-ions shown in Fig 8.3 during the Middle Palaeozoic. the relative posit. 

However the angular Ustance of sorme 300 between the Cambro-ordovicLan poles 

impliea movemut of the continents towards each other' during the Lower 

Palaeozoic. This is probably related to the existence of the Caledonian 

fold-belt between them at this time (Dewey, 1969; Dewey and Horsfield, 

1970)o 



112 

_Co",., Iarir. o-i between Laurasian and ron&y,,, i. -Aic Lcnq er & ?,! i'-Ile 

. nirr-wanel2r curves 

The African, North American and Western European polar-wander curves 

are plotted on a Bullard reconstruction of these continents in Fig 8.4. 

In this diceararr, the pole plotted for the Moroccan Lower Cambrian formation 

is the antipole of that shown in Fig 8.10 This pole is situated some 

960 from the mean Cambro-Ordovician pole for Southeast Africas but less 

than 300 from Larson & Mutechler's North American Cambro-Ordovician pole. 

It was suggested in section (b) abwvre that part of NW Africa& 0 

including Moroccob was detached from the rest of Africa during the Lower 

Palaeozoic. It seems likely that this part of NW Africa was in fact 

attached to North America at this time,, 

Reliable Lower & Middle Carboniferous' poles from all continents 

lie La the general region of South A'&'-rica when the coutinents are I 

reassembled on the combined Smith-nallaw-Bullard reconstruction (Figs 

8.2 & 8.4). This indicates that by the- Carboniferous the tl=ee separate 

supercontinents, Gondwanaland (comprising South America, Australia, India, 

Antarctica and most of Africa), Western Laurasia (comprising North 

America, Western Europe and possibly also part of NW Africa), and Eastern 

Laurasia (Eurasia to the east of the Urals), had combined to form a single 

supercontinent (Pangaea). 

Evidence for the fusion of Western and Eastern Laurasia along the 

line of the UrICal mountains during the Hercynian orogeny has been discussed 

in detail by Hamilton (1970) and Tamrazyan (1971). Evidence for the 

fusion of Laurasia and Gondwanaland will be examined below, 

Sony (19622. ) has demonstrated that a belt off iolded early and middle 

ralaeozoic rocks extends along the Atlantic coast of Africa from 
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Morocco at let-3t as far south as Senegal. The belt comprises a 

bordering folded zone and an inner zone eýdiibitin& strong de, formation, 

dynamic metamorphism and itgneous intrusion. There is evid, --nce of 

mLnor tectonism associated with the Caledonian orogeny, but the main a 
fold movements occurred during the Carboniferous and Permian. The 

evolution of the northern part of thin belt has been described in detail 

in the geological sections of chapters 1 to 4 of this thesis. 

The eastern coast of North America is bordered by the Appalachian 

Mountains, in which Caledonian and Hercynian orogenic belts are closely 

inter-related (e. g. Holmes, 1965). The Caledonian belt can be traced 

northwards to link up vith the European and Greenland Caledonides on the 

reconstruction shown in rig 8.3, and is crossed by tha Hercynian belt 

in the region of Cape Hatteras. When North America and Africa are 

reassembled in the positions shown in Fig 8.4 the Hercynian belt forms 

a continuous link between the two continents. The principles phases of 

folding occurred in the North American part of the belt during the CA 
4 

Carboniferous and Permian, i. e. at the same time as the principle phases 

in W. 4 Africa, 

it therefore seems likely that the Hercynian orogenic belts of 

MI Africa and the eastern coast of North America were produced as a 

result of the collision of these two contineats during the Carboniferous 

period. If Morocco originally f ormed part of the North American plate* 

as suggested above, t'hen this hypothesis is consistent, in cýcneral terw, 
U'-j r, 

with the Iforoccan late Precambrian and Lower Cambrian pole-positions 

described in this thesis, 
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Palacoclimatic evidence; (particularly the presence of limestones 

with L-Atcnsive coral reefs) q from the eastern coast of 1.7orth America 

indicates a warm environment of deposition during the Cambrian periods 
in agreement with evidence from Morocco. The palaeomagnetically 

determined palaeolatitudes of the two regions are also in close agreLmuents 

so that the difference of approximately 300 between the Lower Palaeozoic 

poles from the two regions is likely to be due mainly to dif f ere mte$ 

in magnetic declination rather than Inclination. Since the Moroccan 

formations were situated within the Hercynian belt this difference in 

declination may reflect local rotation of the region during collision 

of the two continents. An interesting corollary to this hypothesis 

follows from the shape and orientatLon of the polar-wander curves of the 

Crondwitnic continents. These indicate that the latter were moving in 

a predominantly nortIrviestvard direction during the Lower & Middle 

Palaeozoic. In order for the two supercovitinents to collide in the Mid- 

palaeozoic, Western Laurasia must h1ave been either nearly stationarys 

or else moving in such a direction* and at ouch a rate, that its north 

westward component of velocity was less than that of Gon&mnaland during 

the same period. Between the Cambrian an4 the Carboniferous periods (a 

total time of some 250 my) Gondwanaland moved through an angular distance 

of some 50P in a nortIrweetward direction. This correscronds to an 

angular velocity of approximately 10 per 50 my, i. e. a linear velocity 

of 0.2 cm per year in this direction (assuming no change in the radius 

of the Earth since Lower Palaeozoic times),, 

If the Horoccan late Precambrian and Lower Cambrian rocks vero 

magnetised during "normal" magnetic intervals, so that the combined 

North American-Moroccan South pole was situated in the vicinity of 350N, 
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120'OW then a total north westvard movement of sor. - 180 0 is izanlied for 

Western Laurasia between the late Precambrian and the Carb<n. iferous. 

This corresponds to a linear velocity of approximately 7 cm per year in 

a northwastward direction,, so that clearly the two supercoatinents could 

not have collidcd. Thus if the above hypothesis is valid, the Moroccan 

late Precambrian and Lower Cambrian formations must have been magnetised 

during "reversed" magnetic intervals, so that the South pole was situated 

in the vicinity of 330SO 600E as indicated in Fig 8.4. The direction of 

movement of Western Laurasia is then reversed over much of the Lower 

Palaeozoic. Amd collision becomes possible. 

The poles plotted in Pigs 8.2 and 8.3 Sre Sbown in the oombined 

reconstruction of Fig 8.7. To avoid overcrowding, the pole age reference 0 
symbols have not been plotted, but the ages of the Ooles can be found by ý41r - 

direct comparison with Pigs 8.2 and 8.3. Tha postulated shapes of the 

mean polar vander curves are shown sche=tically for Western Lauvasia 

(white curve) and Gondwanaland (black curve) - These curves are separate 

in the Lower Palaeozoic, and meet In the Mid-Palaeozoic, when the two 

sup. rc(mtinents colli4ed. The Upper Palaeoxoic &ad Mesmoic parts of 

the curves will be discussed in the follouing sections. 

The sequence t)f Moroccan Precambrian crogenic belts described La 

0 

chapter 2 requires detailed study before interpretation in terms of plate 

tectonics in possible. However# accordinS to the above hypothesis they 

were situated near the leading margin of the spreadin North American 

platet and may therefore represent lorthotectonic' crogens (Dewey, 1969). 0 

Finally# it is clear that accordin., 11, to this interpretation the 

shapes of the Lower and Middle Palaeozoic polar-wander curves f rom the 

northern and southern continents are markedly different. This indicates 

that the most important process operating ct this tir, --a was (. 3 

drift, and if true polar-wander did occur at all$ L". was only a Eubsidiary 
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j.. 3.2. r. -, 1 .7o ic 

In section 8.29 mention was made of the two alternative Upper 

Palaeozoic polar--, wander paths for Africa shmn in Fig 8.1. On. the Smith- 

Ballam recowtruction of Gondwanaland (Fig 8.2) the only pole lying in 

the immediate vicinity of the African "LcKYer Premian" pole is the Indian 
%0 

upper Carboniferous to Permian pole, calculated by MElhinny & Briden 

This P0110 Is th6 mO-&n of the Talchir Series pole (i; enaink & 

Klootwijkg 1968) and the Karrthi bad& pols (Wensinks 1968). Upper 

Carboniferous to Permian poles from all other continents lie much closer 

to the AfrLcan mean Upper CarbonLferous-L(mer PermLan pole than to the 

separate Lower PeIrmian pole. The Upper Palaeozoic polar-wander path 

indicated by the solid line in Figs 8.2. and So5 is therefore considered 

to be more valid than that Shmm by the broken line, This conclusion 

Le con3istent vith the lack of geological evidence for an age difference 

between the formations from which the separate African "Upper Carboniferous" 

ond "Lower Permian" poles were derived (section 3.2). 

HcElhi=y and Briden (1971) preferred the alternative Luterpretatim, 

shmn by the broken line in Pigs 8.2 & 8.5. largely because of the close 

grouping of the Indian & Australian Upper Carboniferous to Permian pole3 

with the African "Lower Permian" pole on their recoastruction. However, 

on the reconstruction shown in Pigs 8.2 & 8.5 these three poles are 

considerably more scattered. Rotation of these poles was performed by 

means of a computer map-plotting programs and was subsequently checked 

by maaual rotation on a stereographic net. Tbe discrepmay between these 

positions and those shovu by McElhinny & Briden must therefore be due to 

either the use of different rotation angles aud/or poles, or to an error 

the rotation technique of these authors. 
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8.3.3. mesozoic 

In this section evidence relating to the history of the break-up 

and dispersal of the fragments of Pangaea, from sources other than 

palaeowguetic studies, will be examined first. This evidence will 

then be compared with palaeomagnetic evidencet derived from a comparisorl 

of the new AfrLcan polar-wander curve wLth those of the other contLnents, 

(a) astern North Amcrica from Africa 
-§±Raration 

of eI 

SO 
- 

Geolmical and other evidence 

The North Atlantic between eastern North America and MI Africa 

displays a pattern of magnetic anomalies similar to those observed in 

other cmeans (Heirtzler and Hayes,, 1967,, Ron& et al,, 1969). A conspicuous 

feature of this area is the presence of a distinct boundary between 

seaward regions in which anomalies are observed, and landward regions, 

parallel to both coastliness with hardly any anomalies. The latter 

regions are some 500 km wide, and bave be. 4m temed "Magnetic Quiet Zones" 

(MQZ's). The magnetLe anomalLes seaward of the MQZ Is can be correlated 

on either side of the Mid Atlantic Ridge (Pitman et al, 1971), according 

to the Vine-Matthews sea f loor spreading hM)thesis (Vine & mattheve 

1963)o 

The age of the sediment/ basement intOrf ace at the western )QZ 

boundary has been determined from a JOIDES drill hole (No. 105) as 155 my. 

i. e. Mid Jurassic (Ewing at al. 1970). This implies that by Md Jurassic 

times a basin some 1000 km across had developed between N. America and 

N. W. Africa. An extrapolationt using the oldest westerly dated anomaly (120my) 

yields an age of separation of North America from Ki Africa of 180 tay, 

i. e. Lower Jurassic. This is consistent with the occurrence of a widespread 

marine transgression over Morocco during the Lower Lias (Section 6.2.1). 

followed by a period of tectonic instability. A cociplete chan3e in 

the palaeogeography of the region resulted in the development of coastal 
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basLns# In whLch sedLmentatLon dLd not become completely marine. untLl 

the Callovian (Section 6.2.1). This indicates thatfinal submergence 

may not have occurred until Mid Jurassic times, 

In chapter 6 of this thesis radiometric age determinations were 

described from extensive dolarite intrusions in South Morocco. The mean 

age of intrusions in the Anti Atlas region is 183 my, and the general 

trend of dykes and related tectonie features in this area is NE-SWI i. e. 

parallel to the local coastline and Y4Z. It to therefore suggested 

that the intrusim of these bodies was related to the initial rifting 

of North America away from NW Africa during late Triaasic-carly Jurassic 

times. The possible relationship between such intrusive features and 

the early phases of rifting has been suggested by several other workers 

Siedner & Miller, 1968; Coney, 1970a aa4 Behrendt & Wotorson, 1970). 

May (1971) has shown that the parallel sets of late TriassLc to 

early Jurassic dolarite dykes in eastern North America$ West Africa, and 
x 

n+heastern South America form a radial pattern when the continents 

are reassembled on a reconstruction similar to that shown in Fig 8.4. 

The orientations of the Moroccan Lower Jurassic dolerite dykes are in 

good agreement with this pattern. May interprets the pattern as 

representing lines of tension in a net of principal stress trajectories, 

describing a stress f ield imposed on the continental crust by movewenta 

in the, upper mantle at the onset of North Atlantic sea floor spreadin.,.,,,. 

At this StS98 imPerfect coupling betuveen the vAntle and crust allowed 

the stress to be distributed over a wide area, and the resultant strain 

is represented by the dykes and associated intrusives. With the onset of 

rifting the stress on the continental cruat was relieved, and further 

displacements of the mantle resulted only in the production of now 

oceanic crust in the rift, 
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Both of the above lines of evidence therefore indicate that 

the initial rifting between North Atmerica and W Africa occurred 

at a time close to the TriassLc/jurassic boundary, and interpretation 

of the IMQZ boundary as a remanent magnetic AnomlY implies that by the 
its Mid Jurassic a basin some 1000 km across existed between the two 

continents. Rona (1969) has identified possible salt diapirs 

penetrating tho sediments of the lower continental rise up to 1300 Iza 

seaward of the present NW African coast 6 indicating the presence of thick 

evaporite deposits in this region. According to the above evidence 

these deposits cminot be older than Mid Jurassic (Rona considered them 

to be late Triassic to early Jurassic)-, and their existence implies thlat 

the b&sLn between North AmerLes and INV AfrLca must have had a ILmited 

connection with an external ocean at this times In order to provide 

a saline sourceo The presence of a thick carbonatte sedimentary sequence 

on the Bahma platform, spanning the Tertiary,, Cretaceouss and probably 

a large part of the Jurassic period (Dietx et al. 1970). indicates -that 

this restricted channel may have been situated between North & South 

America. This would result from the initial opening of One N"th AtAlantic 

by sinistral rotation of Laurasia ahout a pivot point in Spain* The 

thick sequence of Upper Jurassic marine limestone$ in Moroccen (sertion 

6.2.1) and other NW African coastal basins (Querol, 1966) implies the, t 

the restricted channel had opened by Upper Jurassic times. open ocean 

must have been present to the west of Morocco during the Cretaceous, since 

all Cretaceous marine transgressions cama from this direction (section 7.1). 

(ii) Palaeona etic evidence 

The African and Western Laurazian polar-wander curves are super- 

imposed on a Bullard reconstructian in Fig 8.4. and as discussed aboves 
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the close grouping of the Lower to middle Carboniferous poles indicates 

that these continents occupied the approximate relative positions shown* 

thLe tLme. Although the Upper CarbonLfercus and PermLan poles from 

North America and Western Europe lie close to the African Upper Carboniferous 

pole, Cu, the ASE rican Lower Permian pole, Pl is remote from this group. 1W 

In section 8.3.2. it was shown that data from the other Gondwanic continents 

are more consistent with the African mean pole, Cu - Pit than with the 

separate polest Cu and Pl. However best agreement is obtained vith the 

North American and Western European data by ignoring the African polo,, 

Pl. altogether, and drawing the polar-'-wander curve direct from Cu to 

the Triassic pole. Tr. This interpretation may be *considered equally 

valid, since the African pole PI was derived from only one formation (the 

Tamzanian Ecca redbeds), -and --only four sitcomere aampledo 

if' this interpretation is accepted, then the African, North American 

and Western European polar-wander curves are practically coincident up 

to the Triassic, and the three Triassic poles are distributed at intervals 

along the me-an curve (Fig 8.4). This distribution may reflect age 

differences in the three poles$ the African pole being younger than the 

North American pole# which in turn is younger than the Western European 

pole, but geoidgical evidence for the age of these poles does not support 

this suggestion. 

The Western European mean Triassic pole is derived from three 

sedimentary and one volcanic formation, and Van Andel & Hospers (1966) 

and Hospeers (1967) consider that the mean direction of magnetic remanence 

of the sedimentary formations may contain an inclination error. Using a 

method of triangulation, in which inclination of magnetic re=nance is 

ignored, they calculats a mean pole position from the intersection of 
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Palaeomeridians. Their Eurasian Triassic pole position (64S, 38W) 

coincides almost exactly with the North American Triassic pole PlOU 4- ed 

in Fig 8.4. after appropriate rotation. TrLassLc sedLmentary formitions 

from North America arealso suspected of containing inclination errors 

(Creer, 1970a)l, and the North AmerLesm TrLassLc pole plotted in FLg 8.4 

is therefore calculated exclusively from irmeous formation3. 

The position of the European and North American Triassic poler, 

to the north of the African pole cannot be interpreted in terms of 

continental movement in any meaningful way. Superimposition of these 

poles requires either considerable overlap of the continents, or elaa 

large. -scale E-W movements (the "Tetithys shear" of some authors$ e. g. 

Van Hilten, 19640 do Boar, 1965 & Irving$ 1967) for which there is little 

geological evidence, The discrepancies in the Triassic pole-positions 

plotted in Fig 8.4 are represented as differences in palaeoisoclines 

in Fig 8.8. If Van Andel Hosper's Eurasian Triassic pole, derived 

by triangulationg is used instead of the pole listed in Table 8.2. then 

the palaeolatitudinal difference between Eurasia & Africa is reduced 

to less than le, and lies within the range of experimental error of 

the latitude determinations. The continents may therefore have maintained 

the relative positions shcwn in Fig 8.4 until Triasuic tim3s i,, --L 

with the geological evidence described in the previous eaction. 

The relative positions of the North American aad African juras3ic 

poles, compared with those of the Triassic poles (Fig 8.4), are 

consistent with the opening of the north Atlantic by a sinistral rotation 

of North America away from Africa, as indicated by geological evidc', 'Ice. 

The reconstruction obtained by superimposing th* Jurassic poles is 

shmm in Fig 8.9. in which the initial opening of the restricted Atlantic 

basin in tho vicinity of the Bahamas is evident. Again in agreemant with 
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gCological evidence$ the palaeomagnetic data indicate that by Cretaceous t. ý 
times the North Atlantic had developed from a restricted sea into an 

extensive ocean basin (Fig 8.10)0 

The reemstructions shown in Pigs 8.9 oad S. 10 indicate the presence 

Of a Wid* sea (the "Tethys") between Africa and Europe during, the Jurassic 

and Cretaceous. Although the African poles are relLable, these from 

Europe are more dubious. Out of a total of thirteen studies on Eura3ian 

Jurassic formations outsido the Alpine belt only three have been subjected to 
. 717, ro, 

adequate stability tests, The mean Oret-a-eeou* pole plotted in Fig 8.4 was 

derived frcxm these threo formational but sinco two of them (both from 

Spitzbergen) are highly scattered, with magnetic decliuatLms some 180" 

&Part, the reliability of this pole is questionable. The European 

Cretaceous pole is better defined from a total of seven formations, and 

evidence f or the existence of the Tethys sea during the Cretaceous is 

therefore more reliable. Geological evidence concerning the development 

of this set in the. Atlas region has recently been sumarised by Kates 

& Conolly (1971). It was in this, sea that the sediments now forming the 

Ri f-Baet ic-Al Pine belt were deposited prior to their defox-mation and uplift 

during the Tertiary orogenies. The intense folding and thrusting in this 

belt was probably due to relative motion between the African and Eurasian 

plates. involving a net northward mwemnt of Africa* 

(bl sl-e. aratiomr of South America from Africa 

(i 0.1i r- a 1. "- ce 

There is ncv a considerablo body of geological evidence supporting 

the former juxtaposition of South Amarica and Africa according to the 

reconstruction in Figs 8.2 and 8.5 (Smith & Hallam, 19"470). Of 

p&rticular importance are several transverse structures,, e. g. an age-province 
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boundary connecting West Africa with NE Brazil (Hurley et al, 1967), an 
E-W Precambrian geosynclinel linking the Bahia region of Brazil with 
Gabon (Allard & Huretb 1969)0 and the late-Palaeozoic' to early Mesozoic 

"Gondwanidell fold belt 0 linking South Africa with SE South America 

(Du Toits 1937). A continental connection across at least part of the 

South Atlantic until Middle Cretaceous times is implied by the existence 

of identical species of ostracods in late Jurassic and early Cretaceous 

deposits of Brazil and West Africa (Krommelbein and Wenger,, 1966-1 end 

McKenzie and Hussainz, 1968). 

On the basis of detailed Studie$ of ammonite faunas ReyMnt (1969) 

considers the fracture between Africa and South America to have grawm 

simultaneously from the north and south. He has shown that there 
ýI 

was tu) exchange of ammonited between tha north and South Atlantic during 

the Upper Albian and Lower Turonian (Mid Cretaceous)$ but that by tipper 

Turonian times exchange had occurred. He concludes that final separation 

of the two continents took place in late Lower Turonian times (approximately 

90 my ago). 

Further evidence relating to the date of separation of South Aumrica 

from Africa has been deduced from a study of the Benue trough (Wright, 

1968), q a NS-SW structure situated in West Africa on the bend between the 

H-W and N-S trending coastlines. Wright considers that as South koerica 

and Africa wero wedged apart from the southo they remained connected 

along the present E-W coastal segment of Africa, so that the African 

continental plate was subjected to slight, but increasingly significant 

distortion. He suggests that the Benue trough and Its sediment filliag 

of Mid AlbLau to SenonLan deposLts, orLgLnate4 as a tensioaal graben systems 

resulting frora partial relief of the distorting scresses, When Africa 

and South Ar-4-rica f inally separated the southern half of Africa tended 

to Swing back so that the hitherto stretched Benue trough region was 
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transformed into a minor compressional belt* The sediments in this 

trough were folded in the Upper Senonian, indicating that the f inal 

closure of the trough# and separation of Africa from South A-merLca 

probably occurred approximately 80 vy ago, This is slightly younger 

then Reyment's estimate* Available sea-floor spreading data indicates 

that dispersal was definitely in progress by Late Cretaceous times* 

Lti) 
_ 

Pal peoma'o-m., etic evidence, 

The South American and African polar-wander curves are superimposed 

on a Bullard reconstruction in Fig 8.5. These two curves follow 

approximately parallel paths from the Lower Palaeozoic through to the 

Triassic, and- the South American mean Upper Carboniferous to Lower 

ft-- rarmian pole is in slightly better agreement with the Africau mean Upper 

Carboniferms to Lower Permian pole than with the separate Upper 

Carboniferous pole. 

The South American mean Upper Carboniferous to Lower Permian pole 

w" derived from four formations, the Argentinian redbeds, the Piaui 

FormatLon (Creer, 1963). and the Paganzo formatLon at Los Colorados and 

Ruaco Corge (Creer at all 1969). Creer (1970a) has calculated separate 

Upper Carboniferous and Lower Permian poles f or South America, taking 

Lnto account new date from the TaLguatL and PiauL forrnatLons (Creer 1970b) 

and the Argentinian La Colina basalt (Embletan, 1970). However both 

of these poles lie on the curve plotted in Fig 8.5, after rotation, 

and so do not alter the above ccm-iclusions. 

The South American Permo-Triassic pole plotted in Fig 8.5 was 

derived exclusively from igneous formations of Lower Triassics possibly 

upper iýermian age. role* derived from sedimentary formations of the 
W 

Sam, * age are systematically displaced way from this poles and may 

therefore contain inclination errors, 
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The angular difference of some 150 between the South txerican 

and African Triassic poles is similar to that between the Eurasian and 

African poles. It is comparable with the range of uncertainty in the 

two pole determinations (A 95 of 100 and 50 respectively) and may therefore 

be attributed to experimental error. On the Bullard reconstruction 

of these continents plotted in Fig 8.8, this difference is shown to 

represent a rotational error of approximately 16 0 between. South America 

and Africa, 

The South American Jurassic pole-position plotted in Fig 8.5 is 

derived from only one formation, the Chon Aike lavas (Valencio and VLlas, 

1970), and is not supported by results from Kimmeridgean sediments 

(one site) exposed in Neuquen province (Creer, 1962). Its reliability 

is therefore uncertain, and the difference between this pole and the 

relLable AfrLcan JurassLc pole may not be sLgnLfLcant. 

out of a total number of eight palaeomagnetic studies on South 

America Cretaceous rocks* only one, that on the Serra Geral formation 

of southern Brazil (Creer, 1962) has included comprehensive stability tests. 

Consequently the South American Cretaceous pole pl-otted in Fig 8.5 is 

subject to similar uncertainties to t0le Jurassic pole. 

The South American and African Jurassic and Cretaceous poles have 

been superLmposed to yLeld the reconstructLons shown Ln FL&s 8.9 and 8.10 

respectively. Reconstructions of this type determine the palaeolatitudes 

and relative orientations of the continents, but not the palaeolo-ngitudes. 

consequently the relative longitudinal positions or' the continents in these 

diagrams are arbitrary. R(Ydever both diagrams indicate the presence 

of an opening between the southern parts of South America and Africa, and 

'it have begun the Triassic re3ults (Fig 8.9) suggest that this opening migi 

as early as Triassic timea. 
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The geological evidence described in the previous section implies 

a continental connection between Brazil and West Africa until Mid- 

Cretaceous times, but it is possible that the initial openLng between 

the two continents comenced further to the south in thle Triassic. 

BOcause of the uncertainty in the South American pole determinations 

this suggestion is only tentative, but it may be significant that 

consistent differences between Triassic, Jurassic and Cretaceous poles 

from the two continents all imply an opening rather than an overlap of 

the continents, 

The South American and African Tertiary poles are situated some 

509 apart, and this indicates that the two continents were widely separated 

by this time, 

_(c) 
Separation of Eer-tern Gocne. wnnaland Tndia, 

- 
Antarctica and Australia) 

from Africa 

_(i). 
GeoloSical evidence 

^, &o 
we logical evidence for the former positions of India, Australia 

and Antarctica relative to Africa is more ambiguous than that for South 

America. This evidence has recently been discussed by Smith & Hallam, 

(197% and Tarling (1971). 

The oldest post-Wasozoic marine sediments between Eastern Gondwanaland 

and Africa range in age from late Triassic/early Jurassic in North Kenya 

and North Madagaggar to Upper Liassic/Mid Jurassic in Tanzania and Central 

Madagasgar (Arkell, 1956). Because of this, several authors (e. g. King. 

1959), have suggested that the initial split between Eastern Gondwanaland 

and Africa occurred in the late Triassic, cmd spread down the east coast 

of Africa to reach southern Africa itt Neocomian (Lower Cretaceous) 

times. HcFwaver Dingle and Klinger (1571a) have recently reported marine 

Upper jurassic sediments from the Knysaa outlier of the Cape Pravincet 
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South Africa. They conclude (Dingle & Klinaer, 1971b) that the southern 
part of the Ea3t Condwana/Africa split ca-a-Liot be younger than early 0 
Upper Jurassic,, 

etic evidence 

9"l- Lue polar-wander curves for Africas India and Australia are super- 
J__ IMPOsed on a Smith-Hallam reconstruction in Fig 8.6. Two poles from 

I 
Antarctica are alsO plotted. As discussed in section 8.3.2. the Australian 

mean Upper C4Lrboniferous to Permian poleg calculated from six separate 

Kisman poles (McElhinny & Luck$ 1970) agrees better with the African 

mean Upper Carboniferous to Lower Permian pole than with the separate 

Lower Permian pole. Howevar the Indian Upper Carboniferous., to Permian 

pole lies some 300 to the east of these two Polea. The Indian pole is 

derived from two apparently reliable determinations which are in 

reasonable agreement vith each other. The discrepancy with the Australian 
I 

and African data may therefore represent actual movement of India relative 

to the rest of Gondwanaland at this time, but the lack of Permian 

compressional structures between these continents makes this interpretation 

doubtful. 

This situation is reversed for the Triassic data. The Indian mean 

Permo-Triassic pole, derived from the Godavm7 Valley Kamthi sandstones 

(Verma and. Bhalla, 1968), the Parsora formation Malls and Vermao 1969), 

the Mangli Beds* and the Pachmarhi Beds (Wensink, 1968) lies fairly 

close to the African mean Triassic pole, whereas the Australian Triassic 

pole is remote from the latter. Thus Australia may have begun to drift 

away from the rest of Gondwanalkmd during the Triassic, but this su"gestion 

contrary to the interpretation of sea floor magnefte anomalLes by Le 

Pichon (1968)9 wN) considers that Australia did not separate from Antarctica 

until anomaly 18 time (Late Eocene). 
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All Gonduanic Jurassic poles except that from Antarctica are 

6i0if icantly different from the African Jurassic polo* This suggests 

that the break-up and dispersal of Gondwanaland proceded during the 

Jurassic pev. iod,, but that Antarctica remained C103e to Africa through 

to mid-Jurassic timess in agreement with the geological evidence described 

above, 

In the preceding sections it has been observed that although the 

Laurasian polar-wander curves agree well with the African Upper Carboni fer. ous 

Poles the Gon&mnic polar-wander curves (with the exception of India) 

are in better agreement with the African mean Upper Carboniferous to 

Lower Permian pole. Clearly these tv* alternatives cannot both b6 

correct 0 and relative movement between Laurasia and Gondwanaland during 

the Upper Carbmiferous and Lower Permian must therefore be suspected, 

Since the principal phases of folding in the Hercynian orogenic belt 

between these two continents extended well into the Permian* it is 

possible that the collision between them was complex# and involved a 

rebound during Lower Permian times, 

Finally it may be remarked that although the Positions of the four 

eircum-Atlantic continents in the Juransic and Cretaceau3# shown in 

Figs' 8.9 and 8.10 are compatible with each <Mher, the po3itlans in 

the Triassic (Fig 8.8) are not. As discuased above, this r=y be due 

to errors in the pole determinationsq but an alteruative possibility 

is that the form of the geomagnatic f ield departed from that of an axial 

geocentric dipole during this period. In a recent analysis of all 

available reliable Permo-Triassic datat Briden et al (1970) concluded 

that to a first approximation the Permo-Triassic geomagnatic fLeld can 

be represented by that of a geocentric dipole. H. wever they consider 

that the observed second-order departure& from this field cannot easily 
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be accounted for by errors in the palaeomagnetic data, and the 

possibility of multipole comIxmente must therefore be considered. 

BrLden et al do not comment on the tLmLng of the appearance of tbase 

mulýiPlOlla cOmPOnents,, and the suggestion is made here that their 

occurrence i=ediately prior to tho break-up and dispersal of the 

continents may be highly significant. 

Analyses of the geomagnetic field have not yet been performed 

for other geological periods, but sincs realistic continental recons truct ions 

based on palaeomaguetic data, and agreeLng with geological and palaeo- 

geographical evidence, can be made for most periodst it seems probable 

that if non-dipole components did exist, they were much ermller than in 

Parmo-Triassic times. A possible connection between the build-up of 

stress in the Upper Mantle prior to continental fragmentation, and 

the presence of non-dipole or non-axisymmetric f ields at this time 

-implies effective core/mantle coupling. This could result from the 

presence of. relatively long-lived irregularities in the f igure of the 

core/mantle interface. 

8.4. 
. 

Polarities of Moroccan 
-palaeomnanatLerecults 

8.4.1. Palaeozoic 

VarLous attempts have been made (e. g. Khramcm et al. 1965, and 

A. Khramv, 1967) to correlate field reversals detected at difforent localities 

by palacomagnetic studies on Lower z Palaeozoic rocks. However the small 

number of reliable Lower Pelaeoxoie result3 so far available makes it 

extremely difficult to erect a meaningful polarity time-scale for this 

Interval. 

Results from the Middle and Upper Palmwzoic are more reliable, 

and Khramov has suggested the occurrence oxg a predomiwmtly reversed 

magnetic intvrval extending over Soms 50 nty from Mid-Devonian to Mid-Visean 

times. This is in agreement with the reversed polarity observed in the 

ITnnow nmvnnisn formation (chapter 4 of this thesis). 
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! 4.2. 
- 

M'j 

Several-attempts have been made to establish a world-wide polarity 

time-ec&IG for various parts of the Mesozoic period (e. g. Burek, 1970, 

and Relsley and Steiner, 1969). and recently McElhinny & Burek (1971) 

have proposed a polarity time-scale for the vhole of the Vsesozoics 

based on a synthesis of palaeomagnetic results from all continents, 

Their results suggests the occurrence of a predominantly normal period 

(the "Graham" interval) extending from the Upper Triassic (about 

200my ago) to the Upper Jurassic (about 150 my). This was preceded by 

period of somo 30 my during which regular polarity changes occurred, 

and during the Middle Triassic there were at least two normal and two 

reversed period$. 

Of the three Moroccan Triassic formations studied, two were 

definitely of Middle Triassic age, and one of these had 4 normal polarity 

(the Ait Aadel dolerites) . and the other a reversed polarity (the Titchka 

sediments) in agreement with McElhinny & Burek's proposed mixed polarity 

interval. The third Horoccan Triassic formation (the Issaldian dolerites) 

was suspected of having suffered remagnetisation as a result of 

weathering during Upper Tertiary times. Since both the Middle Triassic 

and the Upper Tertiary periods correspond to intervals of polarity, 

the polarity of the Issaldian dolerites (normal) in 

The three Moroccan Jurassic formation* all had normal p-A. -sritien, 

in agreement with the suggested "Graham" interval of normal polarity 

covering most of the Jurassic period. 

According to MElhinny & Burek's analysis the "Graham" intexval 

was followed by another period of mixed polarity, extending from the a 

Upper Jurassic to the Lower Cretaceous. The Moroccan Lower Cr-etacecris 

Central Atlas sedimentso of normal polarity, correspond to this interval. 
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Thus thcx rn, "zietic polarities of the one Devonian and seven 

Mesozoic Morocenn formations described in this thesis are in general 

agreement with 11.1,, ft-Elhinny & Burek's proposed polarity time-scale, 

, 
8.5 -Conclusioni 

It has been shown in this chapter that the new Moroccan Late Precambrian 

and Lower Cambrian palaeomagnetic pole-positions are more concistent with 

reliable Lower Palaeozoic poles from North America than ones from Southeast 

Africa,, when the two continents are plotted on a Dullard-type reconstruction. 

It is concluded that a small part of Nort1west Africa, including Morocco, 

may originally have been separate from the rest of the continents and 

may have been attached to Eastern North America. Collision between 

Northwest Africa and Eastern North America probably occurred during 

the Carboniferous$ resulting in the formation of the Hercynian fold-belt 

between the two contLnents, and subsequent separafton may have taken 

place along a slightly different line, so that Mrocco was left attached 

to the African continent. 

Radiometric dating results from Moroccan Igneous Intrusions paralleling 

the coastline yield a mean age of 183 my. Other evidence sun, -eats that t. ýAILA 

the initial rifting betveen North America and Northwest Africa occurred 

at this time, atid it is suggested that the intrusion of the Moroccan 

igneous bodies was directly related to this event. Palaeoraagnetic results 

from the Moroccan Cretaceous formation indicate a Zradually x-Adening of 

the North Atlantic during the cwjrae of the Mesozoic. There is no 
k 

significant difference between mean TriasAca Jurassic and Cretaceous 

poles from Morocco and those from Southeast and Central Africa, and it 

is concluded that no significant post-Triassic relative tectrinix movc, m: ýnt 

has occurred between W and SE Africa, 
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Fig 8.4 Superimposition of African & Western Laurasian polar-wander 
curves on a Bullard reconstruction (stereographic projection) 
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Fig 8.7 Schematic representation of proposed mean polar-wander curves 
for Western Laurasia (white curve) and Gondwanaland (black curve). 
Broken curve represents possible alternative Upper Palaeozoic path 



Fig 8.8 Discrepancies in Triassic pole positions from circum-Atl antic continents 
represented as differences in palaeoisoclines on a Bullard reconstruction 



Fig 8.9 Jurassic palaeolatitudinal positions of the circum-Atlantic continents, 
plotted on a Platt-Carey projection 
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Part II 

Experiments on the alternating field demagnetisation of 

sediments,, and investigations into the effects of asymmetries 

in the wave-form of the applied field 
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CMPTER 9. EXPERIMENTS ON THE ALTERNATING FIELD DEnkGNETISATION 

OF SEDIMENTS 

9.1 The techniqu_e 
_of 

A. F. demagnetisation 

The partial demagnetisation of rocks by alternating fields 

is nmq an established procedure in palaeomagnetism. It is used 

for investigating the stability of remanent magnetisations and for 

the removal of unwanted secondary components of remanence. The 

latter are frequently viscous magnetisations with low coercive 

forces, which can be preferentially demagnetised so as to isolate 

the underlying more-stable primary components. Sometimes, however, 

secondary components have considerable stability themselves, as 

in the case of chemical remanences (C. R. M. 's) produced by weathering, 

or secondary thermal remanences (T. R. M. 's) produced, for example, 

by heating during deep burial, orogenesis, or the emplacement of 

nearby igneous bodies. In such cases the stability of the secondary 

component may be comparable to that of the primary component, 

rendering its removal by partial A. F. demagnetisation difficult, 

if not impossible. 

The A. F. demagnetisation technique was first used for 

palaeomagnetic work by Thellier and Rimbert (1954,1955). and has 

subsequently. been developed and described by Brynjolfsson (1957), As 

and Zijderveld (1958). Rimbert (1959), Creer (1959), Cox (1961), 

and Irving, Stott and Ward (1961), amongst others. The basic 

method consists of placing the specimen under study in the centre 

of a coil, through which an alternating current of peak value. 

I 
max 

is passed. This current is then smoothly and uniformly 
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reduced'to zero. In order to prevent the Earth's magnetic field 

from inducing an anhysteretic component (A. R. M. ) in the sample, 

the demagnetising coil is placed in a field-free space, produced 

either by a set of three orthogonal Helmholtz coils, or by a 

mu-metal shield. It is essential that the alternating current 

supplied to the coil should have as pure a sinusoidal wave-form as 

possible, and should be free from harmonic distortion. To achieve 

this a bank of capacitors is connected in series with the coil, 

and its value adjusted until the coil reaches resonance. This also 

ensures minimal inductive losses in the coil, so that the maximum 

possible field can be obtained for a given coil and supply voltage. 

Some authors (e. g. As and Zijderveld, 1958) have employed an 

additional rejection filter tu/ned to the second harmonic frequency 

(100 Hz in the case of the 50 Hz mains). 

For reasons discussed later in this chapter, it is important 

that the current should be reduced to zero as smoothly and uniformly 

as possible, and various methods have been employed to ensure this. 

Creer (1959) used a variable electrolytic resistance, whereas Irving 

et al (1961) withdrew the coil from the specimen, and Cox and Doell 

(1963) used a variable inductance. All of these methods appear to 

produce comparable results. 

Two different types of technique have been used to ensure that 

demagnetisation is effectively performed along all directions in 

the sample. In the first the specimen is demagnetised separately 

along each of three orthogonal axes (e. g. As and Zijderveld, 1958) 

, whereas in the second it is is made to rotate simultaneously about 

two (or three) mutually perpendicular axes within the demagnetising 
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coil (e. -g. Creer, 1959). In the latter method, to prevent the 

production of A. R. M. s. it is important that the rates of rotation 

about each of the axes is independent of the others and of the 

supply frequency. This method has the advantage that only one 

sequence of treatment is necessary, compared with at least three 

sequences of treatment using the non-rotational system. It has 

the further advantage that any A. R. M. s which may be produced by 

small direct fields or asymmetries in the supply current can 

be averaged out. Hutchings (1966) has shown that the efficiency of 
I- 

the tumbling motion in averaging out the effects of A. R. M. depends 

on the speeds of rotation about the vertical and horizontal axes 

only, and that the optimum ratio of these two speeds is 0.62: 
-l. 

The principal disadvantage of this method is that since the amount 

of decrease in current must be small over the time interval, t, 

required for the specimen to execute a complete sequence of rotations, 

the current must be reduced more slowly than in the case of non- 

rotational systems. Furthermore, variations in the rate of reduction 

of the current over time-intervals comparable with t ranay themselves 

produce an A. R. M. in the samplo. Such small-scale variations in 

the rate of reduction of the current are less important in the 

case of non-rotational systems. 

9.2 TheoreLical TreatmenL of A. F. Demagnetisation 

The Rayleirh Laws 

A theoretical explanation of A. F. demagnetisation has been 

given by Neel (1942,1943, and 1955), using the Preisach diagram 

(Preisach, 1935), and involving Rayleigh's laws (Rayleigh 1887). 
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The Rayleigh laws govern the magnetisation of ferromagnetic 

materials in fields which are weak compared with the coercive 

forces of the materials. They are applicable in rock magnetism 

because the Earth's magnetic field is always weak compared with 

the coercive forces of rocks. 

The first law relates the magnetisation, J, of a previously 

demagnetised body to the applied field, H, 

Jm AH + BH 

where A and B are constants. 

(9. ') 

The second law states that when the magnetic field is reduced 

by an amount, 6H after it has reached a value Hm, producing a 

magnetisation Jm, the magnetisation changes by aj, having the 

same sign as aH, and given by: 

,0J= 16 HI+hB1,0 H1 

provided H remains within the interval -H to +H 
M. 

(9.2) 

When removed, 

the magnetic field, Hm, leaves a remanent magnetisation, Jr, given 

by: 

jr= V2 B 1-1 
m2 

(9.3) 

Thus the second term in equations (9.1) and (9.2) represents the 

irreversible magnetisation, and the first term the reversible 

magnetisation. The coefficient, A, corresponds to the reversible 

susceptibility. 

9.2.2. The Preisach diagram 

T. R. M. is acquired by multi-domain grains as a result of 

enlargement of domains with one orientation at the expense of 

adjacent domains with opposite magnetisation. Demagnetisation of 
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the grains therefore involves the movement of domain walls to 

positions which give each grain zero total moment (Stacey, 1963). 

According to Neel's theory each wall displacement requires the 

application of critical fields, of value 'a' corresponding to 

increasing fields, and 'b' corresponding to decreasing fields. 

When an alternating field is applied to the grain the following 

two cycles of magnetisation can be envisaged for individual domains, 

depending on whether 'a' is greater than or less than 'b' 

(i) 

Fig. 9.1 

i 

H 

(ii) a< b I 

A 

f 
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The first cycle (a > b) represents irreversible changes in 

magnetisation, corresponding to the term BH 
2 

in Rayleigh's 

expression, whereas the second cycle (a < b) represents 
I 

reversible changes in magnetisation, corresponding to the 

term AH. 

Each of a large number of domain walls in a rock sample 

can therefore be represented by a point with coordinates (a, b) 

plotted on a plane as in Fig 9.2. This is known as a Preisach 

diagram (Preisach, 1935) 

'-b 

-0 
4-Cl 

Fig. 9.2 
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9.2. to A. F. dema&netisation 

In the case of A. F. demagnetisation we are concerned only 

with remanent magnetisation, i. e. with cycles for which a>b. 

The representative points of all such cycles are situated in the 

1cmer half plane, bounded by the first bisector. There are 

three regions to consider in this half-plane. 

M Domains whose representative points are situated in the 
AW 

sector PoB, i. e. 1which b<a < o. The cycle for such domains 

is indicated in Fig 9.3(a) , and it is clear that they are 

always positively magnetised in zero applied field. 

i 

(b) 

H 

i 

(c 

Fig. 9.3 

i 

H 

H 
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(ii) Domains whose representative points are situated 

in the sector QoA, i. e. for which a> b> o. These are 

illustrated in Fig 9.3(b), and will clearly retain a negative 

magnetisation in zero applied field. 

(iii)Domains represented by points in the quadrant BoA. 

These can have either sign, depending on the initial conditions. 

The quadrant is divided by the line OR into two groups of points 

having cycles of opposite asymmetry, and it is assumed that the 

distribution on either side of OR is identical. 

The results of the application of an alternating field 

are as follows. Positive half-cycles of the applied field, H. 

cause all the negatively magnetised domains for which a <, H to 

reverse in. sign, and negative half -cycles cause all the positively 

magnetised domains for which b< H to reverse in sign. The effect 

of gradually reducing this alternating field to zero is shown in 

Fig 9.4, where IR represents the peak applied field, and -Hl, +H 2' 

-H 3 etc., are successive half-cycle maximum values. The end result 

is an equal number of positively and negatively magnetised domains, 

i. e. a net magnetisation of zero, as in Fig 9.4(e). if the 

decrement in f ield (i. e. the di ff erence, 8 H/2 . between two 

successive half-cycles) is infinitesimally small, the end result 

is as represented in Fig 9.4(f). 

9.3 Aj2p cation of A. F. Demagnetisation to Sediments 

The most conunonly used method for the removal of unwanted 

secondary components of remanence from sediments is that of thermal 

demagnetisation. This involves heating the sample to a temperature 

exceeding the blocking temperature of the grains carrying the 
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secondary magnetisation, and then cooling in field-free space. 

Frequently this necessitates heating samples to temperatures 

approaching the Curie Point of magnetite (5700C), and it is 

, possible for the mineralogical composition and phase-relationships 

of the mineral assemblage to be affected by these high temperatures. 

The risk of oxidation or reduction taking place may be decreased 

by heating the sample in a vacuum or an inert atmospheres or 

encasing it in plaster of pariA, but this is a lengthy process, 

and does not eliminate the possible occurrence of other important 

changes such as exsolution, annealing, or the break-down of silicates 

such as felspars. 

For this reason it is desirable to extend the technique 

of A. F. demagnetisation, now widely used on igneous rocks, to 

sediments. There are two main problems involved in doing this. 

The first of these concerns the mineral responsible for carrying 
I 

the magnetic remanence. In the case of igneous rocks this is usually 

magnetite, or a member of the titanomagnetite series, whereas in 

sediments it is usually fine-grained haematite. The coercive 

forces of titanomagnetite grains are commonly a few hundred Oersteds 

or less, and these are easily attainable by normal A. F. demagnet isation 

apparatuses, but the coercive forces of fine-grained haematite 

particles are of the order of several thousand Oersteds, and are 

well beyond the upper limits of most A. F. demagnetisers. 

The second main problem is that the remanence of most rocks 

is carried by only a small proportion of the total magnetic 

material present. Thus it is very easy to build up a spurious 

magnetisation in the previously randomly magnetised grains, as 
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a result of imperfect experimental conditions (e. g. the presence 

of small superimposed direct fields, asymmetries in the wave-form 

of the applied alternating field etc). Owing to the typical low 

intensity of NRM of sediments, spurious magnetisations of this sort 

rapidly become significant, and may exceed the NRM intensity by 

several orders of magnitude. 

Previous attempts at the A. F. demagnetisation of sediments 

have met with varying degrees of success. Creer (1959) found that 
I 
he was able to successfully remove an unstable component of remanence 

from the Triassic Keuper Marls of S. W. England using a peak field 

of only 1200 Oe., whereas Snape (1965), using peak fields of 1500 Oe., 

found that only one group of sediments out oi: twelve that he studied, 

responded to A. F. demagnetisation treatment. Snape concluded that 

fields of at least 3000 to 4000 Oe. would be needed to effectively 

'clean' most groups of sediments. 

9.4. DesL&n of Apparatus 

General Considerations 

In order to meet the experimental requirements for the successful 

A. F. demagnetisation of sediments suggested by previous authors it 

was decided to design and construct a demagnetising coil capable of 

producing peak alternating fields of 5,000 Oe. Particular attention 

was paid to the placing of the apparatus in a magnetically quiet 

environment, to the careful cancellation of the Earth's field, and to 

the smooth and continuous reduction of the alternating field to zero. 

Further requirements were that the field at the centre of the 

demagnetising coil should be uniform over at least the dimensions 

of the rock samples to be treated (2.54 cm), and that the inner diameter 

of the coil should be sufficiently large to accommodate these samples. 
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The power for the coil was to be drawn from the 50 Hz mains, via a 

transformer and heavy-duty varjac, and a maximum current of 45 amps 

could be supplied at 120 volts. 

9.4.2. Design of Coil 

The basic theory for the design of high-field coils was developed 

by Maxwell (1881), who showed that for a given available electric 

power the greatest possible field is obtained from a uniformly wound 

coil when a longitudinal section through the coil containing the axis 

of symmetry exhibits the profile r2= sin (), the line 9=o being 

the axis of symmetry. Because of difficulties in construction, and the 

fact that in such a system the windings extend right tothe origin, 

rendering access to the centre of the coil very difficult, this shape 

was regarded as unsuitable. 

The alternative to this design is a coil with a rectangular 

section winding-space. Such a design has neither of the previously 

mentioned disadvantages, and was therefore adopted. 

Fabry (1898) and Cockcroft (1928) have shown that the field 

at the centre of such a coil is given by 

H=G 
ýLlv )k 

. 
(9.4) 

OP 

where W is the power dissipated by the coil in Watts, jO is the 

resistivity of the winding material in il -cm., a is the inner radius 

of the winding-space in cm, G is a dimensionless factor depending 

only on the shape of the winding space, and P is the 'filling 

factor', given by 

vol. of windin& s2ace occuRied-ýX-conductor (9.5) 
total vol. of winding space 

The experimental conditions require an extremely uniform field 

over a space having dimensions of at least 2.6 cm. Maxwells-electro- 

magnetic equations indicate that if the field is uniform along the axis 
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of a solenoid then it is also uniform away from this axis. Thus 

it is only necessary to ensure that the field is uniform along the 

axis. 

The greatest uniformity of field is achieved by using a 

'Helmholtz pair' arrangement, i. e. by omitting a slice from the 

centre of the coil. Daniels (1950) has shown that for such a system, 

having a rectangular section winding-space with length 6a, outer 

radius 3a% and central gap 0.18a, the value of G is 0.16. This value 

is only 10% less than the theoretical maximum for a coil of similar 

shape, having no central gap, and Daniel's system was therefore adopted. 

The production of high fields of the order of 5000 Oe necessitates 

the dissipation of large amounts of electrical energy, and it was 

therefore decided to incorporate a cooling-system in the coil. Air- 

cooling was chosen in preference to water-cooling, since this obviates 

the necessity for complicated water-tight joints, and eliminates the- 

safety hazards associated with passing water over conductors carrying 

high electric currents. 

To allow the air to circulate freely through the system, the 

coils were wound in three layers separated by 2mm gaps. Using 

equation (9.5)9 the value of the filling factor, f, for close- 

packed winding is reduced to 0.8, compared with 0.9 for a similar 

system without the gaps for air-cooling. 

it can be seen from equation (9.4) that the maximum field is 

is as small as possible. achieved when the inner radius of the coil, a, 

it was decided, therefore, to use the single-axis demagnetising 

system, thereby eliminating the additional space necessary for a 

specimen rotation mechanism. 
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Fig. 9.5 

Dimension of winding-space 

4 

r 

radius of 
wire -r cm 

3aII 
d, _ ---- owl 

3a 

--- 

I 

2a 

0.180 

The limiting value of -A Ls then given by the overall dimensions 

of the specimen and holder, viz 2cm. Following this, the other 

dimensions are given from Fig 9.5 as 

Overall length of coil m 12 cm 

Width of central gap m 0.36 cm 

Outer radius =6 cm 

Considering one of the four cross-sectional winding-spaces of Fig 9.5, 

the effective cross-sectional area of one piece of, wire is 

4r x4 4r cos 30 2 4-3 r2 C-ý'q 
2$ 

and the total cross-sectional area of this winding space is 

(29 x 2.91a) - (2 x 0.2 x 2.91) cm 
2- 

22.12 cm 
2 

Hence the number of turns per half-coil 22.12 6.4/2 
3,465r2 r 

and the total number of turns - 12.8/ 
r2 

(9.6) 
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If the total length of wire in the coil is 1cm, and the 

resistance per cm. of this wire is P, then the total resistance, 

R of the coil is given by 

R-P2 

But length of wire m No. of turns x mean length per turn 

= 12.8 / 
r2 

x2 IT x mean radius 

i. e. I- 322 /2 
r 

p 
Hence total resistance of coil, Rm 322 ( 

r2) 

Referring to equation (9.4), the power required to produce a field 

of 5000 Oe, using the values of G, f and a quoted above, and a 

(9.7) 

(9.8) 

value of 1.75 x 10- 
6 

ohm-cm for the resistivity of the winding material 

(copper), is 

PK H ap 
= 4.26 killowatt 

The current which must be drawn from a 120 volt supply to produce 

this power is 35.5 amps, from which the optimum value of the coil 
I 

resistance is given as 120/35.5 = 3.38 ohms. 

Thus in order to produce a peak field of 5000 Oe with this coil, 

the value Pf the parameter r2 /P of the winding material, given 

from equation (9.8), must be 

2/ 322 /R 100 

The values of this parameter were calculated for different gauge 

copper wires, and are listed in Table 9.1 
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Table 9.1. Values of the Parameter r2/ for copper wire 
P 

S. W. G. r2/ P (Resist per cm) 

1 39,000 3.781 x 10- 6 

5 9s5OO 7.571 x 10- 6 

10 1,300 2.076 x 10- 5 

15 130 6.563 x 10- 5 

16 80 8.307 x 10- 5 

17 47 1.085 x 10-4 

18 25 1.477 x 10-4 

It can be seen from this table that the optimum gauge wire, 

for which the value of r2 /p is closest to 100 is 16 gauge. 

The coil was therefore wound from 16 gauge wire, and the total 

length required was calculated from 

322 /2 485 metres r 

The total number of turns is given from N= 12.8/ 2 r 

= 1930 turns 

9.4.3. Practical Details of Coil 

A detailed diagram of the coil former is given in Fig 9.6. 

Each set of windings was wound separately on a temporary former 

of appropriate diameter, and a thin coating of fibreglass resin 

was applied to each layer of wire to give additional insulation, 

and to bind the set of windings rigidly together. The six sets of 

windings were then assembled, the three sets in each half-coil being 

separated by 2mm diameter silica spacing rods. Connections between 

the sets of windings were made externally, using non-magnetic brass 

connectors. 
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The coil was mounted on aluminium runners with its axis 

horizontal and pointing in an E-W direction, in the centre 

of a5 ft. diameter Helmholtz cage. The Earth's field could be 

cancelled at the centre of the system to within +5K in the 

vertical and N-S directions, and to + 1W in the E-W direction. 

Air for cooling was supplied by a BVC model BE500 blower 

unit, situated several feet away from the Helmholtz cage, and 

connected to the end housing of the coil at end A by a 12 ft. 

length of lk ins. diameter flexible P. V. C. hose. 

The aluminium runners allowed the coil to be moved clear of 

the centre of the system to permit the positioning of fluxgate 

probes for cancelling the Earth's field prior to each run. The 

specimen holder, illustrated in Fig 9.7, was inserted at end B of 

the coil, and allowed 2.54 cm cylindrical specimens to be located 

accurately at the centre of the coil along any one of three mutually 

perpendicular axes. A thermocouple was situated in the central 

windings so that the temperature of the coil could be constantly 

monitored during use at high field value. 

The measured total resistance of the coil was found to be 3.8A , 

Ln good agreement with the theoretical optimum val'Ue of 3.4A . 

9.4.4. Tuning of Coil 

For the reasons discussed in section 9.1 it was necessary to 

bring the coil to resonance by connecting a bank of capacitors in 

series with it. A theoretical value for the required capacitance 

was first derived so that resonance could be approximately achieved. 

Fine tuning was then performed by trial and error. 
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In order to calculate the required capacitance it was 

necessary to know the approxiw, re inductance, L, of the coil. 

This was measured by means of an inductance meter, and found to 

be 64raH. 

The required capacitance, C, is given by equating the inductive 

and capacitive reactance, viz. 

From which C= 

7T fL-1- 
2n fc 

1 

4)T 2f 2L 

where f is the frequency of the applied current. 

For fm 50 Hz and L- 64mH the required value of C is 158^F. 

The capacitors selected for use were Dubilier Nitrogol oil-filled 

750V AC units. These were available in 8,1 and 0.5^ F values. 

Fine tuning was then achieved by applying a constant voltage to 

the circuit, and varying the value of the capacitance in series with 

the coil from 130 
,, "F to 165,, A4F, whilst monitoring the current. The 

results of this experiment are plotted in Fig 9.8, from which it 

can be seen that the optimum value of the capacitance is 153 F. /4 

9.4.5. Calibration 

Having accurately tuned the coil, it was then calibrated to 

find the field produced at its centre by unit current. This was done 

by placing a test-coil of 100 turns of wire wound on a paper former 

with mean radius rn0.85 cm, in the centre of the demagnetising coil. 

The voltage induced in the test-coil was then measured on an 

oscilloscope, and a series of readings wer Ie taken for different 

values of current in the demagnetising coil. These are plotted in 

Fig 9.9. 

The voltage, V., induced by a field of peak intensity H Oersteds, 

in a coil with cross-sectional area A metre 
2 

and N turns, is given by 
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V= HAN wx 10- 8 
volts 

where &j m 27rf m loo7r Hz, in this case. 

Hence the calibration factor of the coil is given by 

Hvx1 
10 8 

Oe per amp II TN" w 
The value of is given from the graph in Fig 9.9 as 0.13 volts 

per amp, so that 

0.13 x 10 8 

I 
7T 

2 
x0.85 

2 
x10 

4 a 182 Oe per amp 

The uniformity of the field along the axis of the coil was 

checked by means of a Newport model G fluxgate magnetometer. The 

probe of this instrument was placed at the centre of the demagnetising 

coil, and the field produced by a current of 2 amps was measured as 

the probe was moved progressively along the axis of the coil away from 

the centre, in both directions. The results are plotted in Fig 9.10 

from which it can be seen that the field is uniform to within 0.3% 

over a total distance of 3 cm. at the centre of the coil. This was 

considered to be satisfactory for the purposes required. 

9.4.6. Field Reduction Mechanism 

The current through the coil was reduced smoothly and uniformly 

to zero by means of a motor-driven variable inductance unit. The 

principal of this unit is the variation in flux-linkage between two 

sets of heavy-duty windings as the angle between their axes is 

gradually increased from 00 to 900. One of the sets of windings 

was fixed, and the other was attached to a rotating armature, connected 

via a gear-box to a variable-speed reversible electric motor. Using 

this system the current could be increased to the required maximum 

value very rapidly and then reduced at any desired rate. The 

variable inductance could be programmed to stop at the required maximum 

value by means of an adjustable cut-out switch actuated by the rotating 
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armature, and the same system was used for switching the drive- 

motor oýff when the current through the coil reached zero. The drive- 

motor control circuit is shown in Fig 9.11. 

With the variable inductance in the 'maximum' position, the 

current through the coil circuit was adjusted to the required value 

by means of the heavy-duty variac RV1 indicated in Fig 9.12 

Since demagnetisation was performed successively along each of 

three mutually perpendicular axes in the samples, it was important 

that the peak field value should be accurately reproducible. The 

automatic cut-out system described above was found to meet this 

requirement satisfactorily once the coil had been run for a few minutes 

and reached an equilibrium temperature. 

9.4.7. Performance of A2paratus 

When construction of the apparatus was complete, a series of 

test-runs were performed at gradually increasing currents, to check 

the efficiency of the coil cooling system. It was found that the 

coil would operate satisfactorilyýwithout the blower switched on 

for forced air cooling. at fields up to 1500 Oe. With the blower on, 

the maximum desired field of 5000 Oe could be achieved without excessive 

over-heating, provided it was -maintained for only a few seconds, and 

that the blower was left switched on for several minutes after the 

current had been reduced to zero. 

9.5. Results of experiments on sediments 

flaving established that the coil was capable of producing the 

required maximurn peak alternating fields, two test samples were 

selected for treatmenL. Both of these samples were sediments, and 

were known to carry an appreciable secondary component of remanence, 
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which could be removed by thermal demagnetisation at 300 0 Cý 

leaving a stable underlying component with a shallow negative 

south-easterly direction. 

It was accepted that there was a high probability of at 

least small components of anhysteretic remanence being induced in 

the samples as a result of imperfect experimental conditions 

(irregularities in rate of reduction of field, asymmetries of 

waveform etc. ) A method suggested by Snape (1965) was therefore used, 

in an attemp't to cancel out such components. 

The specimen was first demagnetised along one axis at a peak 

0 
field Hmax , and was then turned through 180 and demagnetised at hH 

max' 
If the induced ARM is directly proportional to the peak field, then 

dernagnetisation at H 
max 

will result in the production of an ARM 

of intensity JA, along the axis of the coil. Subsequent demagnetisation 

at kH 
max 

in the opposite direction (ie - kH 
max 

) will remove half 

of this A%M, reducing its intensity to hJ 
A' and will add a component 

of intensity -hJ A 
in the opposite direction. The net ARM will then be 

zero. 

The sequence of operations at each peak field value was: 

Demagnetise Plong +x axis at H Measure this component. 
I max 

2. Demagnetise along -x axis at hH 
max 

and remeasure. 

3. Demagnetise along +y axis atH 
max , 

and measure. 

4. Derhagnetise along -y axis at ýH 
max , 

and remeasure. 

Demagnetise along +z axis at H, and measure. 
, nax' 

Demagnetise along -zaxis at kH 
max , 

and remeasure. 

The mean direction and intensity of remanence of the sample 

was then calculated, firstly from the three sets of readings 

corresponding to +H 
max . 

and then from the three sets of readings 

corresponding to -ý H 
max' 
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The first sample (2073 Cl) was treated at 180 Oe intervals 

up to a maximum peak field of 5040 Oe, and the results are listed 

in Table 9.2. and illustrated in Figs. 9.13 and 9.14. It can be 

seen from Fig 9.14(a) that after treatment at +H 
max 

only, the 

intensity of magnetisation changes erratically throughout the whole 

range of treatment, and rarely drops below its original value; 

treatment above 4,500 Oe results in very large increases. The 

direction of magnetisation (Fig 9.13(a)) shows similar erratic 

changes, although an overall pattern of fluctuation between north 

westerly and south easterly declinations is evident. 

After treatment at both +H and -h H variations in 
max max$ 

intensity are a lot smaller (Fig 9.14(b)), but the directions of 

magnetisation undergo larger and more erratic changes. (Fig 9.13(a)). 

It is clear that anhysteretic components were produced in the 

sample over the whole range of treatment. The intensity of the 

induced component is very variable over the range 1800 to 3800 Oe, 

and increases rapidly above 4,500 Oe. Thus although treatment by 

Snape's method, aimed at cancelling the ARM, does reduce its intensity, 

a substantial part of this component remains. 

In order to check that the above behaviour was not peculiar 

to one sample only, a second sample was demagnetised at several 

values over the same range. The behaviour of this sample was 

broadly similar to that of 2073 Cl. 

The failure of Snape's method to cancel the induced ARM is 

probably due to the intensity of the latter not being directly 

proportional to H 
max 0 The probable source of the ARM is discussed 

in the next chapter, together with suggestions for reducing or 

elminating it. This is clearly necessary before the apparatus can 

be successfully used for effective high-field demagnetisation. 
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CHAPTER 10. I'MSTIGATTONS INTO THE EFFECTS OF ASYMMETRICAL 
ALTERNATING FIELD ON A. F. DE14NGNETISATTON 

10.1 Introduction 

The attempts at high field A. F. demagnetisation of sediments 

described in the previous chapter were unsuccessful mainly because 

of the production of large Anhysteretic Remanent Magnetisations(A. R. M. s) 

in the samples. The possible sources of these ARMs are as follm4s: 

1. The presence of small direct fields, superimposed on the 

alternating field, and resulting from inadequate cancellation of 

the earth's magnetic field. 

2. Sharp irregularities in the rate of reduction of the alternating 

field to zero. 

3. Deviations of the applied alternating field waveform from a 

perfectly symmetýjcal sinusoidal pattern. 

The first of these possibilities is unlikely to contribute a 

significant ARM because the field was always cancelled to within 

11 along the axis- of the coil. Cancellation at right an,,, -, les to 

the axis was less-perfect (4- 56 ), but this is unimportant, since 

even if it were sufficient to produce an ARM in the sample, the 

direction of this ARM would be the same as that of the steady field, 

J.. e. at right angles to the axis (Rimbert 1959)- The component of 

magnetisation of the sample along any particular axis was always 

measured immediately, after demagnetisation along that axis, to guard 

against the possibility of subsequent treatment along the other two 

orthogonal axes affecting the magnetic/component along the first axis. 

The second possible source of ARMs, viz sharp irregularities 

in the rate of reduction of the alternating field to zero, may be 

more significant. All possible precautions ýere taken to reduce the 
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current through the coil ad 'smoothly as, possible, but sharp drops 

still occurred. 

Fig 10.1 shows the typical form of variation of current through 

the coil, as it was Fradually reduced from its maximum value to zero. 

This plot was obtained by passing the current through a rectifier, and 

developing a directvoltage across a resistance. This voltage 

was fed to one channel of an X-Y recorder, and the other channel 

recorded time. Several runs were performed, both at the same rate 

of reduction. of current, and at different rates, and, as can be seen 

from Fig 10.1, numerous sharp kinks occur at similar points on each 

curve. This indicates that the sharp drops in current are not due 

to transient effects in the mains supply, but are functions of the 

position of the rotating armature of the variable inductance. They 

are probably related to the geometry of the windings in this unit. 
I 

The magnitude of these drops are of the order of 0.5 to 1.07., 

and they occur over time intervals of a fraction of a second. This 

means that if a peak alternating field 6f 5000 Oe is being produced 

by t he coil, the magnitude of the drop will be 50 Oe. If this drop 

occurs in a time interval of half a second (which seems likely from Fig. 
I 

lo. 1), then it will correspond to a drop of I Oe in half a cycle . 

at 50 Hz mains supply frequency. 

If a three-axis rotation system had been used, there would 

have been a significant change in the field value during the time 

taken to ececute one complete sequence of rotation. All directions 

in the rock would not then have "seen" the same demagnetising field, 

and an ARM would have resulted. However in the case of a single-axis 
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demagnetising system it is less clear whether drops in field of 

the order of one oersted in half a cycle are significant. It will 
I 

depend largely on the number of grains present with coercive forces 

in the appropýiate interval. The presence of these irregularities 

in the current reduction curves is clearly undesirable, and the 

'Inductrol' variable inductance unit must be regarded as being far from 

-state current reduction devices ideal for t7. ),,! purpose used. Solid 

such as that used in the comnercially built "Schonstedt" A. C. 

demagnetizer are far more suitable, but the upper Iiinit of operation 

of these devices is at present only ten to fifteen amps. Further 

development is required before the very high currents required 

for the demagnetisation of sediments, can be successfully handled. 

Although it is possible that ARMs were produced in the samples 

as a result of these sharp decreases in current, they are unlikely to 

be large, and would certainly not approach the order of magnitude 

observed in the samples described in Chapter 9. 

The third possible source of AR! Ms is the presence of distortions 

in the wave-form of the applied alternating field. These are likely 

to be more important than small-scale fluctuations in the rate of 

reduction of field, since they will be present throughout the whole 

period of reduction of field, and will therefore affect grains of all 

coercive forces up to the maximum applied field. 

Various authors, e. cy. As and Zijderveld, 1958, have discussed 
0 

the effects of distorted waveforms, and have concluded that even 

harmonics, particularly second harmonics, are likely to be harmful, 

since they produce asymmetrical distortion, whereas odd harmonics are 

unimportant, since they produce symmetrical distortion. Although 

this is true in general, it is also possible for there to be a 
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substantial second harmonic component in a waveform which is 

symmetrical about the axis. This is illustrated in Fig 10.2, 

which represents a plot of the function sin 0+0.05 sin 2e, i. e. 

a sine wave with 5% second harmonic content. Despite the high 

second harmonic, the curve is symmetrical about tho axis, the reason 

for this lying in the phase difference between the fundamental and 

second harnionic components. In the waveform illustrated the two 

components are in phase, and there is no asymmetry, whereas maximum 

asymmetry would occur if there was a 45 0 phase difference. 

The factor of importance in the production of ARMs is the 

effective steady field superimposed on the alternating field, and 

this is related directly to the percentage asymmetry of the field. 

As illustrated above, it is not necessarily directly related to 

the percentage second harmonic content of the waveform. Quantitative 

measurements of the effects of asymmetrical waveforms have not been 

previously reported in the literature, and the work described in the 

remainder of this chapter was therefore carried out for two reasons. 

Firstly, the effects of a wide range of values of asymmetry on a 

variety of different rocks was investigated, to evaluate the importance 

of this quantity in general terms. The results were then inspected, 

to see if they could explain the observed behaviour of the samples 

during high field demagnetisation, described in Chapter 9. 

10.2 Measurement of As)nmetry 

10.2.1. Definition of 2ercentage asyMetry 

The term 'percentage asymmetry' as used in thd following sections, 

represents the percentage ratio of the difference between the amplitudes 

of the positive and negative half-cycles to the mean amplitude, i. e. 
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asym 
HA -HB 

x 100 ýH 
A+HB 

)/2 

ABx 100 
HA +HB (10.1) 

where H is the amplitude of the largest half-cycle and H is the AB 

amplitude of the smallest half-cycle, as illustrated in Fig 10.3. 

H 

ig ]. 0.3 
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A-symmetry meter 

The value of the asymmetry was measured by means of a new instrument 

designed by Dr. L. Molyneux. This instrument consists essentially of 

two rectifiers connected back to back, and the current entering the 

instrument is divided so that exactly half passes through each rectifier. 

The difference between the mean peak values of the positive and negative 

half-cycles is then measured and displayed on a centre-zero output meter 

as a fraction of. the input voltige. The principle of the circuit is 

illustrated in Fig 10.4(a). 

"Fig 10.4ýa) 
Ai 

a 

A2 

(i. e. the If it is supposed that A1 and A2 are perfect rectifiers ,, 

forced voltage drop is zero and the reverse impedance infinite), then the 

voltage across the capacitor C1 will chani7e to the peak value of the 

positive half-cycle, and that across C2 to the peak value of the negative 

half-cycle. Tf the resistances R, 1 and R2 have identical values, which, 

combined with the capacitances C1 and C2 give a time constant which is 

long compared with the period of the input waveform, then, if the peak 

value of the negative half-cycle is equal to that of the positive half-cycle, 

the voltmeter (assumed to have irýfinite impedance) will reg-ister zero C), 

volts. If the peal-, values of the positive and negative half-cycles are 

not equal,, then a potential difference will result across PQ, and the 

voltireter will register a deflection. 
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Suppose for example that the positive peak value is'2.1 volts 

and the negative peak value is 2.0 volts. Then if point S in the circuit 

is taken as zero potential, point P will be at 2 volts, and the potential 

at point Q will be given by 

VQ=-2 
dc (2 + 2.1)-= 

4.2.05 
volts RI +R 22 

The potential'difference registered by the meter will then be 0.05 volts. 

Using the definition of percentage asymmetry given in Section 10.2.1, 

i. e. the percentage ratio of the difference between the-amplitudes of the 

positive and negative half-cycles to the mean amplitude, it follows 

in this case that: 
XI dZ 

% asym 
0.1 

--ft 2.05 

Thus if a setting up procedure is used to adjust the mean peak height 

to 2 volts the percentage asymmetry will be given by the voltmeter reading 9 C2 

multiplied by 100 

In practise perfect rectifiers do not exist, but these were 

simulated in this instrument by the use of operational amplifiers. High 

sensitivity was achieved by us. ing an output amplifier to increase the 
I 

strength of the signal applied to the output meter. A 'set zero' control 

was provided, to compensate for the offset voltage and current of the 

output amplifier, and the compýete circuit is shown in Fig 10,4(b). 

The instrument was calibrated for a fixed input voltage of 2 volts (peak 

to peak) by injecting a signal of known asymmetry, produced by the method 

described in Section 10.3. and adjusting the attenuation of the output 

amplifier by means of the pre-set control VR 3* The circuit is arranged 

so that when the 'Set 20' switch, S 3' is closed the output meter 

should read 
20AA A. This enables the calibration to be checked each 

ý time before use. 
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The balance point of the circuit is affected slightly by 

temperature variations and the condition of the battery supply, and 

compensation can be achieved by adjustment of the balance control VR 2* 

Alternatively the polarity of the input can be reversed by means of 

the input reversing switch SI, and the mean of the two readings of 

the output meter is then taken. 

In its present form, asymmetries of between 0 and 2.5% can be 

measured with an accuracy of 0.02% on this. instrument. 

, 
10.2.3. Measurements of natural asymmetry of mains sukEly 

Prior to its direct use in the experiments described in 

Sections 10.3 and 10.9, the asymmetry meter was used to monitor the 

natural asymmetry of the A. C. mains at the Close House Laboratory. 

Readings were taken at irregular intervals over a total period of 

three months, and a striking pattern of variation emerges from the 

results. These are plotted in Fig 10.5. 

Each day, the asymmetry remains low (< 0.05'1'. ) from 08.00 to 
ý0 

11.00 hours, after which it gradually rises to a value of about 

0.4% at 16.00 hours. Between 16.00 and 19.00'hours it increases very 

rapidly, and from 19.00 to 22.00 hours it rerw-ins Ugh, but very 

variable, with values ranging from 1.3 to 1.8%. 'jo readings were 
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taken between 22.00 and 08.00 hours, but 'the value seems to 

begin to decrease at 22.00 hours, so that if the curve is extrapolated 

symmetrically about a peak value at 20.30 hours it will decrease 

to 0.4% by 24.00 hours, and to 0.05% by 05.00 hours. 

This curve suggests that the lowest values of natural mains 

asymmetrical distortion occur between 05.00 and 11-00 hours. The 

reasons for this daily variation are not obvious. The peak value 

does not occur at a time when local industrial machinery is likely 

to be in maximum use. The most likely source of such asymmetrical 

distortion is the effect of rectifiers, passing small components of 

D. C. back into the A. C. mains. The peak period of asymmetry, appears 

to coincide with the time at which domestic television sets and radios 

are likely to be in maximum use, and since these devices incorporate 

rectifiers, they may well be the source of the asymmetrical distortion 

detected. 

10.2.4. Measurements of natural asyMetry in the coil circuit 

Following the measurements on the natural asymmetry of the 

mains described above, the asymmetry meter was connected into the 

demagnetising coil circuit, and a second series of readings was taken. 

it was immediately noticed that the values were much lower than those 

measured directly from the mains. Most of the values were near the 

minimum limit of measurement of the meter (0.02%), and the highest value. 

recorded was 0.05%. This reading was taken at 19.00 hours, i. e. 

during the period of maximum distortion mentioned above. 

The reason for this reduction in the asymetry is the attenuating 

effect of the tuned coil circuit. The value of the 'effective 

attenuation factor' was calculated from subsequent readings, and is 

discussed in Section 10.4. 
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10.3. Production of artificial asymmetry 

The following experiments were aimed at investigating the 

effects of known amounts of asymmetrical distortion during the A. F. 

demagnatisation of different rock types. The distortion was 

produced by drawing off a small proportion of the current to the 

demagnetising coil and passing it through a rectifier, using the 

circuit shown in Fig. 10.6. The amount of distortion could be 

controlled by yarying the proportion of current drawn off with the 

variable resistance Rv (max 40n ). 

If the demagnetising' coil had infinite resistance, then the 

percentage asymmetry would be given by. the ratio of the standard 

1n resistance, R, to the variable resistance, Rv, multiplied by 100. 

This condition was used during the initial calibration of the asymmetry 

meter, when the demagnetising coil was replaced by a very high 

resistance. With the demagnetising coilln circuit, the resistance 

Ls fLnLte, and thLs relationshLp becomes only approxLmate, but the 

percentage asymmetry is still directly related to the value of Rv. 

The circuit was calibrated by connecting the asymmetry meter 

across a load resistance, Rm, and adjusting the current until the 

required potential difference of 2 volts (peak) was developed across 

RM- The value bf Rv was then varied., and a series of readings of 

the corresponding asymmetry were taken on the meterg It was necessary 

to readjust the current through the circuit at each new setting of RvI 

to maintain a constant p. d. of 2 volts (peak) across RM. The 

calibration curve is given in Fig 10.7, and this curve could be used 

to set the percentage &symmetry of the circuit to any required value 

between 0.05 and 1.30% in subsequent experiments. 
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10.4. Attenuation of asXE! etry by tuned coil circuLt 

As discussed in Section 10.2.4, the tuned coil circuit 

has the effect of considerably reducing the magnitude of any 

asymmetry present in the mains supply to the coil. It was 

consLdered important to obtain a quantitative estLmate of the 

amount of attenuation produced by the tuned circuit, so that the 

range of daily variation of natural asymmetry represented by Fig 10.5 

could be calculated for, thec&l-circuit after attenuation. It 

was not possible to do this by direct readings of natural asymmetry 

in the coil circuit, since these were generally close to the limit 

of sensitivity of*the asymmetry meter. 

The 'theoretical' asymmetry in the current supply to the 

coil was calculated for each of the values of Rv listed in Table 10.1, 

by means of the approximate relationship discussed in Section 10.3, 

viz: 

Percentage asymmetry = 
100, 

R 
v 

The results are listed in Table 10.2. 

This 'theoretical' asymmetry is the approximate value that 

would have been measured in the coil circuit if it had not been 

tuned. The measured asymmetry in the coil circuit is plotted against 

the corresponding 'theoretical' values in Fig 10.8, which indicates 

an approximately l4inear relationship between these two quantities 

over the range of values studied. The effective attenuation factor 

of the tuned circuit is given by the gradient of this line as 50. 

Reference to Fig 10.5 indicates that the corresponding 

natural asymmetry in the tuned coil circuit during the "minimum" 

perLod from 05.00 to 11.00 hours wLll be 0.001%. but that durLng 

the "maximum" period from 19.00 to 22.00 hours it will rise to 0.03%. 
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As indicated in the following sections, this amount of asymmetry 

may be sufficient to produce significant ARM's during A. F. 

demagnetisation. 

10-5. Effect of varyin& asyMetry at constant Reak field value 

In the following experiments, aimed at investigating the 

effects of applying artificial asymmetries to rock samples, all 

treatment and measurements were performed along a single axis (the 

z-axis) in the sample. The samples were standard 2.5cm diameter and 

length cylihders, but the volume is not taken into account in the 

values of remanence quoted, i. e. these measurements are of the 

total magnetic moment along one axis, expressed in gauss cm 
3. 

and 

not of intensity. 

To reduce the complicating factor of natural mains asymmetry, 

measurements were always performed at times of 'low' to 'intermediate' 

natural asymmetry, i. e. between 08.00 and 14.00 hours. The period 

of 'high'-natural asymmetry, from 14.00 to 22.00 hours was strictly 

avoided. Measurements involving very small applied asymmetries 

at low peak A. F. values were always performed between 08.00 and 11.00 

hours. 

ITý the first experiment a sample of dolerite was demagnetised 

at a peak field of 180 Oe and measured. An asymmetry of 0.05% 

was then applied by switching on the asymmetry circuit, and adjusting 

Rv to the appropriate value, and the sample was treated again at 

180 Ge. The dLfference between these two measurements gave the 

component of ARM produced by this value of asymmetry, and listed in 

Table 10.3. The sample was then demagnetised a second time at 180 

Oe, with the asymmetry circuit switched off, and the moment along 

this axis was found to decrease to a value similar to the original 

moment. This is in agreement with the observations of Rimbert (1959), 
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that an ARM produced by a steady field, h , superimposed on a 

peak alternating field H, will be destroyed by the same peak 

field if h is removed. 

The above procedure was repeated twice, and the mean of 

the three values of induced ARM component corresponding to an 

asymmetry of 0.05% at a peak field of 180 Oe, was calculated. 

An estimate of the repeatability of these three values was obtained 

by calculating the standard error cr m, 
in the mean of the three 

measurements, using the formula 

2- 
1/ 

2 (10.2) (m t-i; ) 

n(n- 

The percentage asymmetry was then increased in steps up to a 

maximum of 0.5%, and at each stage the above procedure was repeated, 

so that three separate values of the induced ARM component were 

obtained for each value of &symmetry. The results are plotted 

in Fig 10.9, in which the 'error-bars' represent the standard error 

in the mean. - . 

It can be seen from this diagram that increase in the percentage 

asymmetry results in a corresponding increase in the induced ARM 

component, and that there seems to be a tendency towards 'saturation' 

at bigher asymmetrY values. This diagram also indicates that an 
.I 

asymmetry of 0.03%, the maximum likely value in the tuned coil 

circuit due to natural mains distortion, will produce an induced 

ARM component of approximately 0.3 x 10- 3 
gauss cm 

3 
along this 

axis. The component of remanence along this axis after treatment 

at 180 Oe during the initial demagnetisation of this sample was 

12.6 x 10-3 gauss cm 
3, 

so that the induced ARM produced by an 

asymmetry of 0.03% would represent approximately 2.5% of the total 
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moment. Demagnetisation at higher peak field values is likely 

to produce larger ARMs, and since this treatment also reduces 

the intensity of the natural remanence, such ARMs will rapidly 

become a significant proportion of the total remanence of the 

sample. 

To verify that this is the case, a series of experiments 

were performed in which samples were demagnetised at three 

different asymmetr'y values, over a wide range of peak applied 

alternating fields. 

10.6. Effect of varying peak field value at constant a! ZMetry 

Samples of dolerite, gabbro and red sandstone were subjected 

to this treatment, -and were first completely demagnetised by thermal 
0 

treatment at 650 C. The applied asymmetry was then set at 0.1% 

using the method described in Section 10.3. and each sample was 

progressively Idemagnetised' along one axis at 90 Oe intervals 

up to a maximum of 900 Oe, the remanence along this axis being 

measured after each step. This procedure was then repeated for 

0.25% and 0.5% asymmetry, and the results are plotted in Figs 10-109 

10.11 and 10.12. 

it is immediately clear from these results that at any particular 

value of asymmetry the induced ARM component in all three samples 

increases progressively as the peak alternating field is increased. 

By varying the amoul3t of asymmetry, families of curves result, 

higher values of asymmetry producing larger ARMs. 

Because of practical difficulties in maintaining very low 

applied asymmetries close to the limit of measurement of the 

asymmetry meter, investigations were not. carried out below 0.1% 

asymmetry. Such investigations would be possible if the sensitivity 
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of the asymmetry meter could be increased by one order of magnitude, 

and it is hoped to do this in the near future. 

However, if the results obtained are extrapolated, a position 

of the curve corresponding to 0.03% asymmetry, the maximum likely 

value in the tuned coil-circuit due to natural mains &symmetry, 

can be postulat, ed below the 0.1% curve, as indicated in Fig 10.12. 

This diagram refers to the sample of red sandstone which was subjected 
I 

to high-field A. F. demagnetisation, described in Chapter 9. The 

NRM moment of this sample along the z-axis was 0.025 X10-3 gauss cm3, 

and Fig 10.12 indicates that the induced ARM due to an asymmetry 

of 0.03% will probably exceed this value after peak A. F. treatment 

above 500 Oe. By analogy with the other curves in Fig 10.129 

the value of the induced ARM is likely to increase rapidly at higher 

peak A. F. values, becoming many times larger than the N. R. M., and 

this could well explain the anomalous results described in Chapter 9. 

The diurnal variation of asymmetry in the mains supply at 

Close House had not yet been observed at the tLme the experLments 

on the hLgh-field demagnetisatLon of sediments were performed, and 

no record was therefore kept of the time of day at which each reading 

was taken. It is known with certainty, however that the readings 

at 3400 to 36oo and 4500 to 5000 Oe were all taken in the evening, 
4 

i. e. during the period of maximum mAins asymmetry, whereas the 

readings at 3ooo to 3200 and 3800 to 4300 were taken in the morning, 

during the period of low to intermediate asymmetry. The former 

correspond with peaks in the induced ARM curve (Fig 9.7) whereas 

the latter correspond with troughs, and this is strong evidence of 

the influence of the level of natural mains asymmetry on the induced 

ARM compment. 
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It has long been known that ARMs can be approximately 

randomised by rotating the sample during demagnetLoation (e. g. 

Hutchings, 1967). Such a system was not used on this apparatus 

because it was necessary to keep the internal diameter of the 

demagnetising coil as small as possible to enable the desired 

high fields to be produced. However a compromise could be achieved 

by using a single-axis rotation system perpendicular to the axis 

of the demagnetising coil. This would require slight enlargement 

of the internal diameter of the coil, and a consequent small 

reduction in the maximum peak field obtainable, but would have 

the advantage that only two sequences of operation would be necessary 

instead of the six described in Section 9.4.8. A. R. M. s introduced 

by asymmetrical distortions of the applied A. F. would then be 

randoinised in the plane perpendicular to the rotation axis. 

The effectiveness of such a system for the averaging out of A. R. M. s 

could be assessed by performing experiments with artificial 

asymmetries, using the techniques described in this chapter. 

10.7. 
-- 

Comparison between ARMs-2roduced by asyMetKy and by 

super mosed steady fields 

Further investigations into the nature of ARMs produced 

by &symmetrically dis 9 torted waVeforms were carried out by comparing 

these with ARMs produced-by superimposed direct fields. To do this, 

the samples of red sandstone and dolerite used in the pr. evious 

experiments were completely demagnetised again by thermal treatment 

at 650 0 C, and were then subjected to A. F. treatment Ln the range 

90 to 54o Oe., with a superimposed direct field of 0.50e. The 

results are listed in Table 10.5, and plotted in Figs 10.3 and 10.14. 

In both cases there is a linear relationship between the induced 
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ARM component and the peak A. F. demagnetising field up to 

400 Oe, but in the red sandstone sample (2073 Cl) the ARM begins 

to drop off above this field. 

In order to compare these results with ARMs produced by 

asymmetrical fields, it is necessary to calculate the direct 

field, equivalent to a particular asymmetry value, at a given 

peak alternating field. The situation is illustrated in Fig 10.15. 

Fig 10.15 

A 

H 

-ii 

If a direct field, + h, is superimposed on an alternating field 

of peak intensity, H. the amplitude, HA, of the positive half-cycle 

increases to H+h, and that of the negative half-cycle, H B" 

decreases to H-h. Hence the difference, AH between the positive 

and negative-half-cycles is given by 

AH mHA-HB" 2b 

i. e. h=A H/ (10.3) 

The percentage asymmetry, A, of the waveform is given from equation 

as 
AH 

x 100 
A 

H 

Am 200h 
A H 
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and the direct field equivalent, h, of a percentage asymmetry, A, 

is given by 

H 
200 

A 

where H is the peak applied field. 

(10.4) 

This relationship can be used to calculate the peak applied 

fields at which asymmetries of 0.1%, 0.25%, and 0.5% are equivalent 

to a superimposed direct field of 0.5 Oe. These are listed in 

Table 10.6 below: 

Table 10.6 

Asymmetry 

o. 1 

0.25% 

0.507. 

Peak field at which asymmetry is 
equivalent to direct field of 0.5 Oe 

1000 Oe 

400 Oe 

00 Oe 

The ARMs equivalent to these peak fields can then be read from 

Figs 10.10 and 10.12, and are listed in Table 10.7: 

Table 10.7 ARMs produced by asymmetries equivalent to a superimposed 

direct field of 0.5 Oe 

Peak A. F. (0e) Dolerite sample Red sandstone sample 
MC1.1 2073 Cl 

200 0.50 x 10- 2 
gauss cm 

3 
0.15 x 10-4 gauss cm 

3 

400 1.60 x 10- 2 
gauss cm 

3 
0.70 x 10-4 gauss cm 

3 

1000 4.80 x 10- 2 
gauss -IM 

3 2.15 x 10-4 gauss cm 
3 

The values in the appropriate range from Table 10.7 have been plotted 

in Figs 10.13 and 10.14. It can be seen from these diagrams that 

the ARM produced by a superimposed steady field of 0.5 Oe is 

substantially higher'than that produced by an asymmetry of equivalent 

value. The reason for this will be discussed in the next section. 
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10.8 Th'eoretical'ex2la tion of A. R. M. s 

The theoretical explanation of A. F. demagnetisation 

described in Section 9.2 can b-e extended to explain the 

acquisition of A. R. M. s. 

If a steady field, +h, is superimposed on an alternating 

field of peak intensity 'H"', and if the critical fields corresponding 

to increasing and decreasing applied fields are 'a' and 'b' 

respectively (Section 9.2.2), then on each positive half-cycle all 
A 

negatively magnetised domains for which aH+h will, reverse in 

sign, and on each negative half-cycle all positively magnetised 

domains for which b4 H-h will reverse in sign. The effect of 

gradually reducing the alternating field to zero is sh(wn by means 

of Preisach diagrams in Fig 10.16. The end result is an unequal 

number of positively and-negatively magnetised domainss i. e. an 

R. M. 

As AH/2,, the difference between two successive half-cycless 

tends to zero, the form shown in Fig 10.16(f) results, and the ARM 

may be represented by a strip of approximately-f-2 in length H 

and -f2- h in width. 

Similar reasoning may be applied to explain the acquisition 

of ARMs as a result of asymmetrical distortion of the applied 

alternating field. In zhis case, if the percentage asymmetry, A, 

remains constant during the period of reduction of the field, then 

from equation (10.4), the equivalent direct field, h, must decrease 
A 

continuously as thealternating field, H, is reduced to zero. This 

the basic difference between the two types of ARM, and its effect 

is shown in Fig 10.17. 
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As the equivalent direct field decreases, represented by the 

sequence hl, h2, h3 etc., the situation shown in Fig 10.17(e) is 

approached, and if AH/2 tends to zero, the form shown in Fig 10.17(f) 

is reached. In this case the ARM may be represented by a triangle, 

approximately /F2- 'H"' in length and vr2- h in height. The total area 

is half that representing an ARM produced by a steady direct field, h. 

If the distribution of domains in the a, b plane is uniform, 

then this area will be proportional to the difference between the number 

of domains magnetised positively and the number magnetised negatively. 

This will in turn be proportional to the intensity of ARM induced 

in the sampl-e (Rimbert, 1959). The ARM produced by a steady direct 

field will then be double that produced by an equivalent asymmetry, 

for the same peak field value. 

Figs 10.13 and 10.14 show that although the effect of a superimposed 

direct field is much larger than that of the equivalent asymmetry, it 

is not double the latter. There are two possible explanations for this. 

Firstly, the lines on these graphs may be inaccurate, either because 

of the small number of readings represented, or because of inaccuracies 

in measurement and in reading the value of the ARM's from the curves 

in Figs 10.10 and 10.12. Alternativelys this difference may be due 

to a non-uniform distribution of domains in the a. b plane. Rimbert (1959) 

has suggested that the density may be higher nearer the origin and 

weaker in the range of high coercive fields, so that a Gaussian 

distribution such as 
a2b2 7b 

e -(a 
2 
+b 

2) 
da db (10.5) 

would be more applicable, where n is the number of grains with critical 

fields in the intervals a, to a2 and bI to b 2" 
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10.9 Discussion of the direct field eSLuivalents of a! yRE*tries 

Various authors, e. g. Patton and Fitch, 1962, have observed 

that the intensity of ARM produced by a steady direct field, h, 
I 

superimposed on an alternating field ý, is a linear function of the 

strength of the direct field h. The results of the above experiments 

were therefore inspected to see if a similar relationship was evident 

in the case of ARMs produced by asymmetries. 

The peak direct field equivaleht of each of the values of 

asymmetry studied (0.1%. 0.25% and 0.5%) was calculated for each peak 

alternating field value between 90 and goo Oe., using equation (10.4). 

These are listed in Table 10.8. The results listed in Table 10.4 

were then replotted, this time with the equivalent peak direct fields 

as abscissae. These are shown in Figs 10.18,10.19 and 10.20. Although 

there are only three points for each peak alternating field, and the 

scatter of these points is often high, they do, in general, lie on sets 

of straight lines. The gradients of these lines increase as the peak 

alternating field value increases. 
4 

Thig may be explained by reference to Fig 10.17. If the induced 

ARM$ IA9 is proportional to the area of the triangle bounding the first 

bisector, then 

cK 
AH 

A 
e. A oc 

Hence if the induced ARM component is plotted against the equivalent 

direct field, h, the gradient of the line should be proportional to 

the peak alternating field value H. 

In the gabbro and red sandstone samples the gradient increases 

progressively with the peak applied field over the whole range of 

values studied. However in the dolerite sample large changes in gradient 
I 

occur over the range of peak applied fields from 180 to 450 Oe, 
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but above this the gradient remains approximately constant. 

This indicates that the induced ARM is not directly proportional 

to the area of the triangle bounding the first bisector in the 

Preisach dLagram, and probably reflects the influence of other 

factors, such as non-uniform grain-size distribution. 

10.10. Conclusions 

The results discussed in this chapter have shown that values 

of asymmetry likely to be present in the current through the demagnetising 

coil at certain times of the day, are sufficient to produce significant 

ARMs in a wide variety of samples. This is probably the source of 

the spurious magnetisations observed in the samples subjected to high- 

field demagnetigation and described in chapter 9.1 and it should be 

possible to randomise such ARMs by rotating the sample about an axis 

perpendicular to that of the coil during demagnetisation treatment. 

This will entail slight enlargement of the inner diameter of the coil, 

and consequent reduction in the maximum peak field obtainable with 

this apparatus. 

Further studies on the nature of the ARMs suggest that they are 

analagous to ARMs produced by superimposed direct fields, and have 

broadly similar properties to these, but differ from the latter in 

having lower intensities for the same peak alternating field values. 
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Table 10.1 Calibration of asymmetry circuit 

R Asym R (11 Asym 
v v 

1 1.09 7 0.27 

2 0.75 8 o. 24 

3 0.57 10 0.22 

4 0.48 12 0.19 

5 0.40 15 0.16 

6 0.33 20 0.1ý 

25 0.09 

Table 10.2 Attenuation of_asymmet. EX by tuned coil circuit 

Asym. in tuned 
coil circuit M 

0.09 

o. 12 

0.16 

0.19 

0.22 

0.24 

0.27 

0.33 

0.40 

0.48 

4 

Asym. in 
mains supply 

4. o 

5. o 

6.7 

8.3 

10.0 

12.5 

14.3 

16.5 

20.0 

25.0 
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Table 10.5 ARMs produced by superimposed direct fields of 0.5 Oe 

Peak A. F. 
(0e) 

90 

180 

270 

360 

450 

540 

I 
Dolerite sample 

Mcl. 1 

1.10 x 10-2gauss cm3 
2.17 

3.82 

5.49 

6.36 

7.47 
1 

Red sandstone 
sample 2073 Cl 

0.62 x 10 -4 gauss cm 
3 

1.14 

1.73 

2.26 

2.54 

2.68 

Table 10.8 Peak direct field equivalents of percentage asymmetries 

Peak H rt 1'! 
'. 1. .L Jo 0.25% 0.5% 

90 0.045 0.110 0.220 

180 0.090 0.225 0.450 

270 0.135 0.335 0.675 

360 0.180 0.450 0.900 

450 0.225 0.560 1.125 

540 0.270 0.675 1.350 

630 0.315 0.785 1.575 

720 0.360 0.900 1.800 

810 0.405 1.010 2.025 

900 0.450 1.125 2.250 

i 


