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ABSTRACT 

A dire c t magnetic interpretational technique has been developed and 

applied to oceanic magnetic anomalies. The method of interpretation 

computes a d i s t r i b u t i o n of magnetization, within a specified two-

dimensional model - given the direction of magnetization, from the 

observed magnetic anomalies. The technique i s based on the numerical 

solution of a l i n e a r integral equation which i s approximated by a f i n i t e 

set of l i n e a r algebraic equations. These equations r e l a t e (n) observed 

magnetic anomaly f i e l d points to (m) unknown magnetization values. 

Solution of t h i s system of equations i s car r i e d out by computer, using 

matrix operations. The programming procedure allows model elements of 

irregular cross-section to be incorporated within the magnetic layer and 

provides a solution to both the completely determined and overdetermined 

problem ( i . e . n i m ) . Details of t h i s procedure are presented together 

with an evaluation of methods of application. 

Interpretations of magnetic p r o f i l e s i n the North A t l a n t i c Ocean, 

the Gulf of Aden and the P a c i f i c Ocean are presented i n terms of computed 

distributions of magnetization confined to Layer 2. Results are discussed 

i n terms of the Vine-Matthews hypothesis of sea-floor spreading and c e r t a i n 

apparent differences i n the bulk magnetization of the oceanic c r u s t . 

Model studies confirm the f e a s i b i l i t y of a thin magnetic layer ( 0.5 km), 

situated j u s t below the sea-floor. The approximate shape of t h i s magnetic 

layer i s deduced from known magnetization values obtained from dredged 

rock samples. 

Interpretation of magnetic data from the P a c i f i c Ocean indicates that 

both v e r t i c a l and incl i n e d source bodies, within Layer 2, represent plausible 

models, although extensive subhorizontal bodies (dipping at 10° and l e s s ) 

are unlikely. 
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CHAPTER 1 

INTRODUCTION 

1.1 Oceanic Magnetic Anomalies 

Oceanic magnetic anomalies are d i s t i n c t i v e , short wavelength 

disturbances of the earth's t o t a l magnetic f i e l d . These magnetic 

anomalies are almost e n t i r e l y caused by l o c a l variations i n the 

magnetic properties of the earth's c r u s t . There are three principal 

types of magnetic anomalies observed over the oceans of the world. 

These are the anomalies associated with the mid-ocean ridge system, 

magnetic anomalies of great l i n e a r i t y and continuity extending for 

hundreds of kilometres, and the magnetic anomalies associated with 

the isolated bathymetric high or seamount. 

Systematic marine magnetic observations only r e a l l y began to 

be carried out in the l a t e 1950's. This advance stemmed mainly from 

the successful application of the fluxgate magnetometer, developed 

o r i g i n a l l y as an airborne instrument for the detection of submarines, 

to the task of measuring magnetic f i e l d intensity at sea (Heezen et a l 

1953) . More recent work ( H i l l 1959) has developed the use of a 

proton precession magnetometer suitable for towing behind a ship. 

This instrument has largely superseded the fluxgate magnetometer, 

for shipboard use, i n that i t gives an absolute measurement of the 

earth's magnetic f i e l d and requires no orientation of the measuring 

head. 

Magnetic anomalies associated with the mid-ocean ridge system -

a continuous submarine mountain chain extending for 70-80,000 k i l o ­

metres throughout the ocean basins of the world - were f i r s t recorded 

and described by Heezen et a l (1953), whilst l a t e r Ewing et a l (1957) 

noted the c h a r a c t e r i s t i c association of a large magnetic anomaly with 
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the mid-Atlantic r i f t v a l l e y . However, information i n general was 

necessarily limited as p r o f i l e s were very widely spaced and often 

merely represented reconnaissance traverses made en route. 

Mason (1958) .published the r e s u l t s of a detailed marine magneto­

meter survey off the west coast of the U.S.A. near C a l i f o r n i a . The 

magnetic contour maps revealed a s t r i k i n g l y l i n e a r pattern of positive 

and negative magnetic anomalies of about 400 gamma amplitude, trending 

north-south for over 460 kilometres. Mason & Raff (1961) and Raff & 

Mason (1961) and Raff (1966) published the r e s u l t s of further survey 

work extending the mapped area and confirming the basic pattern. 

Vacquier et a l (1961) concluded from t h i s work that c e r t a i n large off­

sets observed i n the magnetic anomaly pattern could be interpreted i n 

terms of extensive transcurrent faulting, although l a t e r to be under­

stood i n terms of transform f a u l t i n g (Wilson 1965). 

Due to the absence, at that time, of any comparable marine 

magnetic survey the exact implications of the magnetic anomalies 

observed in the north-east P a c i f i c were not r e a l i z e d . However, as 

more data accumulated, the o r i g i n and significance of such magnetic 

lineations rapidly became more apparent (Vine & Matthews 1963; 

Heirt z l e r & Le Pichon 1965; Vine 1966; Pitman & H e i r t z l e r 1966). 

Recent extensive areal surveys in the North A t l a n t i c ( H e i r t z l e r et a l 

1966; Avery et a l 1968; Avery et a l 1969) have convincingly demons­

trated the now familiar pattern of these anomalies. S t r i p s of 

positive and negative magnetic anomalies, about 30 kilometres wide, 

are now known to s t r i k e approximately p a r a l l e l to the l o c a l mid-ocean 

ridge c r e s t for many hundreds of kilometres. Numerous widely spaced 

shipboard and airborne magnetic p r o f i l e s , perpendicular to the axis 

of the ridge system, have confirmed a rough b i l a t e r a l symmetry i n the 

\0 o«w 
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observed pattern about the ridge centre. 

Magnetic anomalies associated with seamounts have a much l e s s 

extensive d i s t r i b u t i o n than those associated with the mid-ocean 

ridge system. Typical anomalies are l e n t i c u l a r i n plan, having 

dimensions of tens of kilometres, and are generally of the order of 

a few hundred gamma i n amplitude. Often such anomalies may be simply 

related to a comparatively isolated l o c a l structure whose geometry i s 

reasonably well defined. 

1.2 Oceanic Magnetic Anomalies and Sea-Floor Spreading 

Oceanic magnetic anomalies recorded on long p r o f i l e s approximately 

perpendicular to the l o c a l ridge axis have been shown to have an 

e s s e n t i a l l y two-dimensional form. These magnetic anomalies may there­

fore be s a t i s f a c t o r i l y interpreted i n terms of a magnetic body 

i n f i n i t e l y elongated p a r a l l e l to the s t r i k e of the ridge a x i s . 

I t was r e l a t i v e l y quickly established that such oceanic magnetic 

anomalies were not caused by the sharply dissected r e l i e f of the mid-

ocean floor or a r e l a t i v e l y uniform magnetic basement, but rather by 

a magnetic inhomogeneity of the rocks within the oceanic crust. The 

Curie isotherm, at about 15-20 kilometres below sea-level, controls 

the lower l i m i t of permanently magnetized rocks whilst bathymetric 

and seismic evidence suggests that near the a x i a l zone of mid-ocean 

ridges the upper surface of the b a s a l t i c layer, i . e . Layer 2, crops 

out very close to or at the sea bed. The task of interpreting 

oceanic magnetic anomalies i s therefore that of determining the 

required d i s t r i b u t i o n of magnetization within the oceanic crust as 

defined by Layers 2 and 3. As magnetic measurements alone cannot 

always d i f f e r e n t i a t e between a r e l a t i v e l y thin body that i s strongly 
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magnetized and a thick body which i s weakly magnetized - the exact 

v e r t i c a l extent of any magnetic body i s generally unknown. 

The f i r s t detailed model simulations attempted for oceanic 

magnetic anomalies were carried out by Mason (1958) and Mason & Raff 

(1961) for the magnetic lineations observed in the north-east P a c i f i c . 

These authors presented a number of possible two-dimensional solutions, 

each an isolated body of magnetically anomalous material capable of 

explaining almost exactly individual features of the magnetic anomaly. 

Mason & Raff (1961) suggested that the various models obtained could 

be grouped into three possible geological categories: 

( i ) isolated sheets of basic lava within Layer 2; 

( i i ) elevated folds or f a u l t blocks from Layer 3 reaching the 

sea bed; 

( i i i ) mantle intrusives, extending throughout the oceanic c r u s t . 

Whilst these interpretations adequately explained individual 

features of the observed magnetic pattern, they did not r e a l l y provide 

a satisfactory explanation of the systematic l a t e r a l change i n the 

magnetic anomalies, p a r t i c u l a r l y with respect to the petrology of the 

underlying c r u s t . The lack of topographic and seismic expression for 

these structures, noted by Mason & Raff (1961), has also provided a 

serious objection to a l l three p o s s i b i l i t i e s . The s i g n i f i c a n t con­

clusion of Mason (1958) and Mason & Raff (1961) was that the magnetic 

anomalies originated from a source body whose upper surface lay within 

the 'volcanic' layer of the oceanic crust, close to the sea bed. 

This work was c l o s e l y followed by Dietz's presentation of the 

hypothesis of sea-floor spreading (Dietz 1961; Hess 1962). This hypo­

thesis employed a large scale convection current mechanism d i r e c t l y 
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concerned with the creation of oceanic crust and upper mantle at mid-

ocean ridges. The oceanic crust and lithosphere are d i r e c t l y coupled 

with the convective overturn of the mantle. The sea-floor therefore 

represents the uppermost part of the mantle convection c e l l spreading 

away from the a x i ^ of the mid-ocean ridge system at a rate of a few 

cm/year. Dietz drew attention to the magnetic lineations i n the north­

east P a c i f i c ; concluding that they f i t t e d into the concept of a 

spreading sea-floor, with the lineations developing normal to the 

direction of creep, .but did not suggest a causal relationship. 

Vine & Matthews (1963) suggested a completely different form of 

c r u s t a l model, to that of Mason & Raff (1961), to account for the 

oceanic magnetic anomalies observed in the north-east P a c i f i c and over 

mid-ocean ridges i n general. These authors linked the theory of sea-

floor spreading (Dietz 1961; Hess 1962) with the palaeomagnetic r e s u l t s 

of Cox et a l (1963) who had begun to assemble a provisional radiometric 

time scale for polarity reversals in the earth's magnetic f i e l d during 

the Pleistocene and l a t e Pliocene. Vine & Matthews suggested that the 
i 

c h a r a c t e r i s t i c positive and negative magnetic lineations observed over 

mid-ocean ridges could be interpreted in terms of material of a l t e r ­

nately normal and reversed magnetic po l a r i t y . They envisaged mantle 

material being emplaced at the ridge c r e s t from a convective up-current. 

Then as the injected material cooled through i t s Curie point i t 

acquired a s i g n i f i c a n t component of thermo-remanent magnetization 

p a r a l l e l to the ambient geomagnetic f i e l d . Assuming a continuous 

process of sea-floor spreading at the ridge c r e s t , successive polarity 

reversals of the earth's dipole f i e l d would r e s u l t i n s t r i p s of 

oceanic crust, magnetized alternately i n a p a r a l l e l and a n t i - p a r a l l e l 

sense, moving symmetrically away from the ridge a x i s . Magnetic 
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anomalies observed across mid-ocean ridges should therefore r e f l e c t 

a symmetrical d i s t r i b u t i o n of magnetization which in turn represents 

a symmetrical record of the geomagnetic time scale as a function of 

the l o c a l spreading r a t e . 

The Vine-Matthews hypothesis successfully overcame the necessity 

of an extensive discontinuous structure with unusually large v a r i ­

ations i n magnetization implied by Mason & Raff's interpretation, and 

provided strong support for the theories of continental d r i f t and sea-

floor spreading. Using the Vine-Matthews hypothesis, Vine & Wilson 

(1965) successfully related the magnetic pattern observed across the 

Juan de Fuca ridge, off the B r i t i s h Columbian coast, to the revised 

geomagnetic polarity time scale of Cox et a l (1964). They showed that 

the magnetic anomalies could be interpreted i n terms of a symmetrical 

dis t r i b u t i o n of magnetization within the oceanic c r u s t . This model 

represented the known reversal history of the earth's magnetic f i e l d 

for the l a s t 3.4 m i l l i o n years, assuming an average spreading rate of 

about 1.5 cm/yr/limb for material injected at the ridge a x i s . This 

work was the f i r s t experimental attempt to re l a t e observed magnetic 

data to an absolute time s c a l e . 

Subsequent similar model studies by Vine (1966); Pitman & H e i r t z l e r 

(1966) ; He i r t z l e r et a l (1968) and others have s a t i s f a c t o r i l y explained 

observed oceanic magnetic anomalies on a world-wide s c a l e . The models 

used are often several hundreds of kilometres i n length and are formed 

from a s e r i e s of two-dimensional rectangular blocks, of alternating 

magnetic polarity, which are symmetrical about the ridge c r e s t . The 

model blocks nominally represent Layer 2 of the oceanic crust, t h i s i s 

about two kilometres thick on average. Layer 2, the b a s a l t i c or 

'volcanic' layer, i s generally thought to be the main source of the 
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magnetic anomalies (Vine & Wilson 1965; Bott 1967} although the 
exact contribution and composition of Layer 3, the main cr u s t a l 
layer, i s not known. 

The general mechanism of sea-floor spreading i s thought to 

involve the continued i n j e c t i o n of b a s a l t i c feeder dykes along the 

median l i n e of the mid-ocean ridge system. Whilst i n nature one 

might expect material to be injected with an irregular d istribution, 

s t a t i s t i c a l work by Matthews & Bath (1967) and Harrison (1968) applied 

to the observed magnetic anomalies has supported a l o c a l i z e d o r i g i n . 

Computations by Matthews & Bath (1967) have indicated that the majority 

of dyke-like material should be emplaced within a band approximately 

10 km wide - roughly corresponding to the median valley width i n the 

mid-Atlantic ridge at 45°N. Similar work by Harrison (1968) has 

suggested that for areas where magnetic lineations are well developed 

such as the Reykjanes Ridge and the East P a c i f i c Rise then the majority 

of dykes are injected i n a band approximately 6 km wide. 

C r i t i c i s m of the Vine-Matthews hypothesis was i n i t i a l l y expressed 

by H e i r t z l e r & Le Pichon (1965) and Talwani et a l (1965) with regard 

to the nature of oceanic magnetic anomalies recorded across the mid-

A t l a n t i c ridge. These authors claimed that the t r a n s i t i o n , from low-

amplitude short wavelength anomalies over the a x i a l zone of the ridge 

to higher-amplitude, long wavelength anomalies over the more distant 

flanks, was not compatible with the Vine-Matthews hypothesis of a 

commqn or i g i n . However, Vine (1966) has suggested that a possible 

explanation for t h i s phenomenon may be that the frequency of reversals 

was higher i n more recent times, combined with a possible change i n f i e l d 

i n t e n s i t y . Hence the often rather abrupt boundary between flank and 

a x i a l zone magnetic anomalies would simply r e f l e c t the time of t h i s 

change. 
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The e s s e n t i a l conclusion of Vine & Matthews was that the regular 

magnetic pattern i s due to systematic polarity changes i n the remanent 

magnetization of rocks within the oceanic c r u s t . This idea has been 

challenged by c e r t a i n authors (Luyendyk 8c Melson 1967; Ozima, Ozima 

& Kaneoka 1968), who suggest that regular f i s s u r e l i n e eruptions may 

produce comparable magnetic patterns. Van Andel (1968) has suggested 

that possible alternatives to the straightforward s t r u c t u r a l develop­

ment of mid-oceanic ridges (Dietz 1961; Hess 1962) may also e x i s t . 

The geological models of Van Andel generally accept dyke i n j e c t i o n i n 

some form as responsible for the production of symmetric patterns of 

positive and negative magnetic anomalies. 

However, i t may be stated that no theory comparable to that of 

Vine & Matthews has yet been proposed to explain oceanic magnetic 

anomalies s a t i s f a c t o r i l y and s t i l l remain consistent -with other geo­

physical evidence. Today, almost a l l methods of interpretation r e l y 

on r e l a t i n g patterns of alternate positive and negative peaks, rather 

than attempting exact interpretations of individual anomalies. 

Evidence summarized i n the following section gives strong support to 

t h i s type of interpretational approach and confirms i t s general 

world-wide a p p l i c a b i l i t y . 

1.3 The Geomagnetic Time Scale 

During the past few years i t has proved possible to e s t a b l i s h a 

radiometric time scale for reversals i n the earth's magnetic f i e l d 

by combining palaeomagnetic research with age dating using the 

potassium-argon method (Cox et a l 1968, i n summary). Successive work 

over the l a s t decade has now defined a quantitative reversal time 

scale for the period up to 4.5 m i l l i o n years B.P. (Cox 1969). Cox 

and others note that at the present time t h i s time scale probably 
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cannot be extended in d e t a i l much beyond 5 or 6 mi l l i o n years because 
the errors i n the radiometric ages of the older rocks are too large. 
However, th i s would not preclude the p o s s i b i l i t y of dating c e r t a i n 
d i s t i n c t i v e polarity transitions or defining longer periods of uni­
form p o l a r i t y . 

Vine & Wilson (1965) and Vine (1966) used the radiometric time 

scales of Cox et a l (1964) and Doell & Dalrymple (1966) to d i r e c t l y 

date oceanic magnetic anomalies observed across mid-ocean ridge c r e s t s 

i n terms of the Vine-Matthews hypothesis. Magnetic p r o f i l e s lack an 

absolute time base i n themselves and must be calibrated against known 

points. Qy extrapolation i t i s then possible to e s t a b l i s h considerable 

d e t a i l s of the reversal time scale, beyond that of the radiometric time 

scal e , from the magnetic anomaly p r o f i l e (Vine 1966). 

Pitman & Heirtz l e r (1966) published the r e s u l t s of four magnetic 

p r o f i l e s recorded across the Pac i f i c - A n t a r c t i c ridge. The character­

i s t i c s of these p r o f i l e s , a l i n e a r magnetic trend p a r a l l e l to the ridge 

axis and c l a s s i c symmetry about the ridge centre (e.g. E l t a n i n - 19 

traverse) completely supported the Vine-Matthews hypothesis. The i n t e r ­

pretation of these p r o f i l e s by Pitman & He i r t z l e r , using the known 

radiometric time scale (Cox et a l 1964; Doell & Dalrymple 1966), i n 

terms of a sea-floor spreading model with a constant rate of spreading, 

allowed the de f i n i t i o n of major polarity epochs during the l a s t 10 

m i l l i o n years. The application of t h i s deduced sequence of polarity 

r e v e r s a l s , using a reduced spreading rate, to magnetic p r o f i l e s 

observed over the Reykjanes Ridge produced equally acceptable simulation 

p r o f i l e s . 

A si m i l a r extrapolated time scale was deduced independently by 

Vine (1966) from the East P a c i f i c data. 
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The v a l i d i t y of the radiometric time scale established by Cox 

et a l (1964) has received impressive confirmation from the work of 

Opdyke et a l (1966) on deep-sea sedimentary cores. Piston cores 

from the Antarctic (Opdyke et a l 1966) and Indian Ocean (Opdyke & 

Glass 1969) have revealed a unique form of magnetic stratigraphy 

based on systematic changes i n i n c l i n a t i o n of the direction of 

remanent magnetization. The sequence of normally and reversely 

magnetized sections determined from top to bottom of such cores 

have compared extremely well with the magnetic stratigraphy worked 

out on lava flows by Cox et a l (1964) using K-Ar dating. The 

p o s s i b i l i t y of any large gaps i n the core records was precluded by 

the continuous nature of the known palaeontological stratigraphy. 

The technique established by Opdyke et a l (1966), i n principle, 

permits the resolution of core specimens down to a cubic centimetre -

depending on the rate of sedimentation t h i s would represent a period 

from one thousand to ten thousand years. This potential precision i s 

very much f i n e r than that which could be hoped from radiometric methods 

or oceanic magnetic anomalies. The technical problem of r e t r i e v i n g a 

long, continuous deep-sea core at present l i m i t s the method to 

sampling, at best, the top sixteen metres of sediment. This represents 

a time span of about 4-5 m i l l i o n years, depending on l o c a l conditions. 

Recently extensive magnetic p r o f i l e data from the P a c i f i c , 

A t l a n t i c and Indian oceans have now been interpreted i n terms of- the 

Vine-Matthews hypothesis of sea-floor spreading (Pitman et a l 1968; 

Dickson et a l 1968; Le Pichon & He i r t z l e r 1968) . H e i r t z l e r et a l 

(1968) i n summary, have shown that by assuming that a l l these magnetic 

p r o f i l e s are caused by a common sequence of normally and reversely 

magnetized bodies, modified s l i g h t l y i n each case to allow for different 
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rates of spreading; then i t i s possible to deduce a revised geo­

magnetic time scale extending over the l a s t 80 m i l l i o n years. The 

actual time scale was established using the Vema 20 magnetic 

p r o f i l e from the South A t l a n t i c as a standard and assuming a constant 

rate of ocean floor spreading for the entire period of the time 

s c a l e . This geomagnetic time scale i s now used as a standard i n t e r -

pretational reference scheme to c a l i b r a t e contemporary magnetic data 

across mid-ocean ridges i n terms of the Vine-Matthews hypothesis of 

sea-floor spreading. 

The possible errors inherent i n th i s twenty-fold extrapolation, 

from the known radiometric time scale c l e a r l y present a serious 

problem i n the application of t h i s chronology. However, strong 

support has been given to the l a t e r part of th i s time scale by the 

good correlation of the magnetic stratigraphies independently estab­

li s h e d by Hays 8c Opdyke (1967) from the study of deep-sea cores; and 

by Dalrymple et a l (1967) from 45 Pliocene rock samples i n the 

Western U.S.A. Hei r t z l e r et. a l (1968) have commented on c e r t a i n 

observations that c o n f l i c t with the proposed time s c a l e , whilst Ozima, 

Ozima and Kanoeka (1968) and Loncarevic et a l ( i n press) have d i s ­

cussed radiometric dates disagreeing with ages predicted from i d e n t i ­

f i e d magnetic patterns. These d i f f i c u l t i e s are not yet resolved, 

being further complicated by the uncertainties i n obtaining good K-Ar 

dates for young rocks. 

Perhaps the most s t r i k i n g support of the H e i r t z l e r et a l time 

scale has been provided by the r e s u l t s of Leg 3 of the JOIDES deep 

sea d r i l l i n g programme (Maxwell et a l 1970). I f the time scale i s 

correct i n an absolute sense, d r i l l i n g at any point away from the 

axis of the ridge should show sediments no older than that predicted 
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from the magnetic anomaly pattern. Eight holes were d r i l l e d across 
o 

the flanks of the mid-Atlantic ridge at about 30 South. This i s 

approximately the same v i c i n i t y as the standard Vema 20 magnetic 

anomaly p r o f i l e . When the distances from the ridge axis are plotted 

against the estimated age of the sediment/basement contact the eight 

s i t e s nearly f a l l on a straight l i n e suggesting that the rate of 

spreading has been roughly constant for 70 mil l i o n years in the South 

A t l a n t i c . The good agreement of these palaeontological age dates 

with the magnetic ages predicted from the He i r t z l e r et a l time scale 

may be seen i n Table I . 

In general therefore, data from magnetic anomalies and deep sea 

d r i l l holes support the absolute time scale of He i r t z l e r et a l (1968) 

and suggest a steady-state spreading history throughout the ocean 

basins of the world. This opposes the view of Ewing and Ewing (1967) 

and Le Pichon (1968) and others who have postulated an episodic 

spreading history, p r i n c i p a l l y involving a discontinuity at about 

10 million years B.P. The balance of t h i s , and other evidence reviewed 

by Schneider & Vogt (1968), seems to suggest that the creation of 

oceanic crust i s a pulsating process - though remaining e s s e n t i a l l y 

continuous. This and examples of variable spreading rates (Vine 1966; 

P h i l l i p s 1967) emphasize the importance of maintaining a c r i t i c a l 

interpretation of oceanic magnetic anomalies. 

1.4 Plate Tectonics 

The regular magnetic anomaly patterns observed over large areas 

of the oceans have strongly suggested that such areas e x i s t as r i g i d 

c r u s t a l u n i t s . This i s p a r t i c u l a r l y emphasized by the simple trunca­

tion and apparent displacement of the magnetic pattern by such features 

as the Muray, Mendocino and Pioneer fracture zones in the East P a c i f i c . 



TABLE I 

SOUTH MID-ATLANTIC RIDGE DRILLING SITES 

Magnetic Palaeontological Distance from ridge axis (km) 
anomaly age sediment 

age above basement Rotation at 
S i t e No. (m.y.) (m.y.) Linear 62°N, 36°W 

16 9 11 t 1 191 + 5 221 + 20 

15 21 24 ± 1 380 + 10 422 + 20 

18 . .* 26 ± 1 506 + 20 506 + 20 

17 34-38* 33 ± 2 643 + 20 718 + 20 

14 38-39 40 ± 1.5 727 + 10 745 + 10 

19 53 49 +- 1 990 + 10 1010 + 10 

20 70-72 67 ± 1 1270 + 20 1303 + 10 

21 — >76 ** 1617 + 20 1686 + 10 

* Location of these s i t e s within the c h a r a c t e r i s t i c magnetic anomaly 
pattern i s uncertain. 

** Basement rock not reached at s i t e 21. (Maxwell et a l 1970) 
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Wilson (1965) suggested that the mobile belts of the Earth's crust 

i . e . a c tive mountain chains and island arcs, major f a u l t s and mid-

ocean ridges represented a continuous boundary feature which divided 

the surface of the Earth into several large r i g i d p l a t e s . Wilson 

proposed that many of these boundary structures were inter-connected 

by a new c l a s s of f a u l t known as a transform f a u l t . This concept has 

provided important support for the theory of sea-floor spreading (Dietz 

1961; Hess 1962). When oceanic crust i s being created an apparent 

transcurrent .fault, against which a mid-ocean ridge impinged on each 

side, would be active or seismic but would not lead to greater offsets 

of the ridge. The motion of the crust between the two ridge i n t e r ­

sections with the f a u l t would be opposite to that expected from an 

active transcurrent f a u l t . This i s the fundamental difference between 

transform and transcurrent f a u l t i n g . 

Sykes (1967) used the f i r s t motions of earthquakes from fracture 

zones on the mid-Atlantic ridge and East P a c i f i c Rise to show that 

assuming a f a u l t plane solution, the inferred sense of displacement was 

in agreement with that predicted for transform f a u l t s . Also'the 

seismic a c t i v i t y was confined almost exclusively to the region between 

the two c r e s t s of the ridge, i . e . within the zone of d i f f e r e n t i a l 

shear assuming sea-floor spreading. Thus t h i s evidence supported 

Wilson's hypothesis of transform f a u l t s (Wilson 1965) and the idea of 

ocean floor spreading away from the axis of the ridge. 

Builard et a l (1965) demonstrated geometrically, with a computer 

technique, that individual areas on the surface of the earth could move 

as r i g i d blocks and remain compatible with the theories of sea-floor 

spreading and continental d r i f t . This work was the f i r s t rigorous 

application of the concept of a pole of rotation to the problem of 

displacement on a spherical surface. 
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The extension of these basic ideas of Wilson (1965) and Builard 
et a l (1965) by Mckenzie & Parker (1967) introduced the general 
concept of individual aseismic areas moving as r i g i d plates on the 
surface of the earth. Mckenzie & Parker successfully used t h i s idea 
to explain the inferred motion of the oceanic Paoific-plate r e l a t i v e 
to the plate containing North America and Kamchatcka. Independent 
work by Morgan (1968) presented a similar hypothesis i n which the 
enti r e earth's surface was described i n terms, of a number of r i g i d 
c r u s t a l blocks, whose boundaries were defined by the mid-ocean ridge 
system, trenches or young fold mountains, and f a u l t s . The interaction 
and resulting modifications at the boundaries of these blocks were 
then described i n terms of present day large scale extensional and 
compressional structures.- This framework then explains i n a global 
sense the relationship of the mid-oceanic ridge system, as an exten­
sional feature involved i n the creation of oceanic crust, and the 
trench system as a compressional feature concerned with the loss of 
cr u s t a l material due to thrusting and sinking of the lithosphere. 
These geometrical ideas of Morgan (1968) were then adopted by Le Pichon 
(1968) who further demonstrated the consistent nature of the overall 
pattern of sea-floor spreading, involving s i x large c r u s t a l blocks on 
the surface of the earth. Le Pichon p a r t i c u l a r l y showed that evidence, 
from sea-floor spreading rates determined from oceanic magnetic 
anomalies, and the azimuth of transform f a u l t s at thei r intersections 
with the ridge a x i s , independently supported the r e l a t i v e motion of 
adjacent blocks. 

Global earthquake studies.by Isacks et a l (1968) and others have . 

s i g n i f i c a n t l y contributed towards refining and supporting the general 

ideas of plate tectonics. The world wide d i s t r i b u t i o n of a l l known 
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earthquake epicentres, since 1961, c l e a r l y outlines the boundaries of 

the individual c r u s t a l plates, and shows that most include both con­

tinental and oceanic areas. The analysis of earthquake focal mechanisms 

by Isacks et a l (1968) has confirmed the predicted r e l a t i v e motion of 

the major plates (Le Pichon 1968). Evidence presented by Sykes (1966) 

det a i l i n g deep and shallow earthquakes in the v i c i n i t y of i s l a n d arc 

structures has c l e a r l y defined an inclined seismic zone compatible with 

a downgoing slab of lithosphere. 

A s i g n i f i c a n t problem i n plate theory i s the driving mechanism 

(Mckenzie 1969) . Thermal convection i n some form appears to be the 

only source of s u f f i c i e n t energy, but agreement goes no further. The 

oldest theory describing plate motion depends on large scale convection 

throughout at l e a s t the upper mantle. Viscous forces are then required 

to couple the plates to the moving mantle below (Holmes 1965) . E l s a s s e r 

(1967) has suggested that the motions of the plates themselves are not 

caused by viscous coupling to the mantle beneath, but that the l i t h o ­

sphere acts as a s t r e s s guide and that the surface motions of the plates 

are maintained by cold slabs of lithosphere sinking beneath island arcs 

and pulling the r e s t of the plates with them. Isacks & Moinar (1969) 

have inferred from the i r s t r e s s analysis of mantle earthquake mechanisms 

that such a downgoing slab of lithosphere could exert a p u l l on the 

surface portion of the slab, although t h i s motion may be discontinuous. 

The general ideas of plate tectonics now provide a valuable 

reference framework in which the integrated theories of continental 

d r i f t , sea-floor spreading and transform f a u l t s successfully describe 

and relate the major surface features of the earth. Oceanic magnetic 

anomalies associated with the mid-ocean ridge system are p a r t i c u l a r l y 

important i n t h i s respect since t h e i r interpretation i n terms of the 
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Vine-Matthews hypothesis may not only reveal in d e t a i l the reversal 
history of the earth's magnetic f i e l d , but w i l l also trace the 
evolution and relationships of the major plates of lithosphere. 
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CHAPTER 2 

INTERPRETATIONAL PROCEDURE 

2.1 Introduction 

The task of interpreting any magnetic anomaly i s that of 

estimating possible source bodies capable of explaining the observed 

anomaly. The acceptance of any such model as a solution depends on 

i t s geological f e a s i b i l i t y and i t s compatibility with any other 

relevant geological or geophysical evidence a v a i l a b l e . However, the 

solution of t h i s inverse problem i s subject to a fundamental ambiguity 

inherent i n potential f i e l d a n a l y s i s . Any magnetic anomaly component 

in a two-dimensional Cartesian co-ordinate system must s a t i s f y Laplace' 

equation. From the equivalent layer theorem given by Bott (1967) any 

such harmonic function may also be explained exactly by a suitable 

d i s t r i b u t i o n of dipoles over a given horizontal plane. Since the 

choice of t h i s surface i s somewhat arbitrary there c l e a r l y e x i s t s an 

e f f e c t i v e l y i n f i n i t e number of possible distributions capable of ex­

plaining a given anomaly. Because of t h i s lack of uniqueness magnetic 

interpretation depends on the a v a i l a b i l i t y of further information 

against which working hypotheses may be tested. However, when i t i s 

possible to make cer t a i n assumptions about the anomalous magnetic 

source (Smith 1960, 1961; Roy 1962; Al-Chalabi 1970) then for a 

particular problem a unique solution may e x i s t . 

Standard magnetic interpretational procedures employ the v i s u a l 

comparison of observed anomaly p r o f i l e s with theoretical curves 

computed for bodies of r e l a t i v e l y simple geometry (e.g. Gay 1963). 

Other methods derive various numerical quantities such as gradients 

and half-widths from the anomaly p r o f i l e . These are then used to 
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estimate information describing possible source bodies i n terms of 

such factors as depth-to-width and l i m i t i n g depth (egs. Smith 1961; 

Bruckshaw & Kunaratnam 1963). 

Computer techniques, however, designed to evaluate magnetic 

anomalies caused by two and three-dimensional structures have provided 

by far the most f l e x i b l e and e f f i c i e n t interpretational methods 

available (egs. Bott 1963, 1969a; Talwani & H e i r t z l e r 1964). Using 

such schemes the model parameters necessary to define a given magnetic 

anomaly may be determined either by an 'indirect' approach, that i s 

e s s e n t i a l l y t r i a l and error, or more e f f e c t i v e l y by using a 'direct* 

procedure. 

In the 'indirect method', theoretical anomalies are computed for 

' t r i a l ' bodies and then compared with the observed anomalies. Any 

s i g n i f i c a n t m i s f i t noted then serves as a basis for modification of 

the source body. The procedure i s then repeated, the parameters of 

the t r i a l body being successively modified u n t i l a s a t i s f a c t o r y f i t 

of the computed anomaly with the observed one i s obtained. The f i n a l 

model re s u l t i n g from t h i s ' t r i a l and error' process i s then considered 

to be a possible solution to the interpretational problem. 

Indirect methods are generally time consuming from the point of 

view of number of computer runs required and the subjective nature of 

the modification procedure involved. However, the introduction of 

completely automated, i t e r a t i v e modification procedures, has s i g n i f i -
* i<o«.v»4. as 

cantly improved the r o l l a b i l i t y of such interpretations (Butler 1968; 

Al-Chalabi 1970). 

The 'direct methods' by d e f i n i t i o n operate d i r e c t l y on the 

observed magnetic anomaly in an attempt to derive optimum parameter 
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values defining the magnetic source. Their application to oceanic 

magnetic anomalies, associated with the mid-ocean ridge system, has 

been'particularly successful due to the l i n e a r nature of the problem 

involved and the r e s t r i c t i v e assumptions that may be made concerning 

the magnetic source (Bott 1967; Luyendyk 1969; Emilia & Bodvarsson 

1969; Johnson 1969; Bott & Hutton 1970b). 

2.2 The Linear Inverse Problem 

The e s s e n t i a l problem i n interpreting oceanic magnetic anomalies 

i s the determination of a suitable d i s t r i b u t i o n of magnetization, 

within the oceanic crust, that w i l l s a t i s f a c t o r i l y explain the observed 

anomalies. Bott (1967) formulated a l i n e a r inverse procedure d i r e c t l y 

applicable to t h i s problem. The procedure i s based on an integral 

equation r e l a t i n g the observed magnetic anomaly to a dis t r i b u t i o n of 

magnetization, varying only i n the horizontal direction, within a 

two-dimensional source layer of specified shape and direction of mag­

netization. The numerical solution of t h i s equation then determines 

the unknown d i s t r i b u t i o n of magnetization d i r e c t l y from the magnetic 

anomalies which are observed. 

The values of intensity of magnetization computed with t h i s 

procedure (hereafter c a l l e d the Linear Inverse technique) are 'effective' 

quantities and take into account both remanent and induced contributions, 

assumed to be i n the same direction. The direction and magnitude of 

the anomalous magnetization vector i s s t r i c t l y given by the vector 

r e l a t i o n : 

J = k H + J r 

where 

H = Earth's present magnetic f i e l d vector, 

J r = remanent magnetization vector, 

k = s u s c e p t i b i l i t y . 
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The direction of resultant magnetization i s generally assumed 
to be p a r a l l e l to the average geocentric dipole f i e l d . This i s the 
assumption normally made i n palaeomagnetic work. A suitable tech­
nique, such as that given by Bott (1969b), permits both the direction 
of magnetization and the direction i n which the observed magnetic 
anomaly component i s measured to be resolved into the plane perpendi­
cular to the s t r i k e of the magnetic source body. 

The basic integral equation formulated by Bott (1967, F i g . l ) i s 

as follows: 
+oo 

A(x) = f J05) K(n 1,n 2,B,(x-'5))d"5 (1) 
-co 

where 

A(x) i s the observed magnetic anomaly at (x,o); 

J("S) i s the intensity of magnetization as a function of 

the source body x co-ordinate; 

K i s a Kernel function defining the r e s u l t i n g magnetic 

contribution from the source bodies assuming unit 

magnetization. 

Bott approximated (1) to a f i n i t e set of l i n e a r equations by the 

following procedure. The magnetic anomaly i s d i g i t i z e d at suitable 

i n t e r v a l s to y i e l d (n) values, while the magnetic layer i s subdivided 

into (m) two-dimensional blocks (n?m) ( F i g . 2.1), each assumed to be 

uniformly magnetized. 

Equation (1) may then be written: 

m 

A i = £ K i j J j <* = 1 » 2 n> ( 2 ) 
j = l 

th 
A^ represents the i d i g i t i z e d magnetic anomaly value; 

th 
K i s the magnetic anomaly at the i point caused by 

th 

the j block, for an intensity of magnetization of 

one; 

where 



i - <r 
UJ U| 

is 

5! SI 
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th 
J j i s the intensity of magnetization of the j block. 

Equation (2) may be written more compactly i n matrix form: 

A = K J (3) 

for a regular system of equations (m=n) then (3) has a formal 

solution given by 

J = K _ 1A (4) 

When the system of equations i s overdetermined, i . e . there are 

more equations than unknowns (n>m), equation (2) may be written i n 

the form: 
m 

A. - 5 " K. . J = e. ( i = 1,2 n) (5) 
j= i 

The quantities are 'residuals', which for a perfect f i t would 

a l l be zero. As we are dealing with a p r a c t i c a l system within which 

certain errors are unavoidable the residuals w i l l not be exactly zero. 

We therefore look for the values of J , , J_ .... J which w i l l minimize 
1 £ m 

some function of these residual values. The minimization procedure 

carried out i n the present work i s the normal method of least-squares 

(Golub 1965) . This requires that the function 
" 2 
^ (e^) be minimized. 
i=l 

A formal solution for (5) i n matrix notation i s given by 

T -1 T 
J = (K K) K A (6) 

T 
where K i s the transpose of K (Tanner 1967; Bott 1967), 

The solution according to equation (4) or (6) s p e c i f i e s a system 

of two-dimensional model blocks of variable magnetization which can 

give r i s e to the observed anomaly. 

When compared with 'indirect' methods of interpretation used 

for simulating oceanic magnetic anomalies the Linear Inverse technique 

enjoys three main advantages: 
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(a) the procedure i s more accurate and eafegea&y objective. 

With the indirect approach theoretical magnetic p r o f i l e s are 

only matched by eye against the observed p r o f i l e . This 

involves the manual adjustment of the model parameters -

generally, the horizontal s c a l e . 

(b) the magnetization d i s t r i b u t i o n i s e x p l i c i t l y computed from 

the observed data. Indirect model work generally assumes 

the absence of any l a t e r a l v a r i a t i o n i n intensity of magneti­

zation and employs a r e l a t i v e l y simple, assumed magnetization 

pattern of alternating polarity across v e r t i c a l boundaries. 

(c) the computational procedure i s completely automatic and 

c a r r i e d out as a single computer operation. 

The present study further develops the or i g i n a l work by Bott (1967) 

in which the technique was used to interpret a magnetic p r o f i l e recorded 

across the Juan de Fuca ridge, i n terms of an underlying d i s t r i b u t i o n 

of magnetization within a horizontal Layer 2. Bott also showed that i n 

attempting to match the high frequency content of the magnetic p r o f i l e 

using Layer 3 (5-11 km) as the magnetic layer, u n r e a l i s t i c magnetization 

values resulted. This implied that Layer 3 was not causing the bulk 

of the observed anomalies. Emilia & Bodvarsson (1969) have presented 

a modified version of t h i s 'direct' technique i n which horizontal 

rectangular blocks are used to approximate to a sloping magnetic layer. 

Bott & Hutton (1970b) have described a further refinement of Bott's 

o r i g i n a l method in which an i r r e g u l a r variation of the upper and lower 

surfaces defining the magnetic layer i s permitted. The l a t e s t version 

of the Linear Inverse technique (section 2.3.2) i s readily applicable 

to block shapes of irregular cross-section incorporated within a con­

tinuous magnetic lay e r . Other d i r e c t techniques applied to the problem 
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of i n t e r p r e t i n g o c e anic magnetic anomalies have been presented by 

Johnson (1969) and Luyendyk (1969) . The technique of Luyendyk i s 

very s i m i l a r to t h a t of Bott & Hutton (1970b) w h i l s t t h a t of Johnson 

employs a 'non-linear* i n v e r s e method to compute magnetization v a l u e s 

and c e r t a i n optimum body c o - o r d i n a t e s f o r the magnetic l a y e r . 

2 .3 The Computer Programme 

T h i s s e c t i o n d e s c r i b e s two computer programmes which have been 

w r i t t e n t o s o l v e the L i n e a r I n v e r s e problem of i n t e r p r e t i n g two-

dimensional o c e a n i c magnetic anomalies. The programmes have been 

developed from e a r l i e r v e r s i o n s designed to s o l v e the same problem 

( B o t t 1967; Stacey 1968) - the o r i g i n a l programme name 'MXOCEAN', now 

MK.III (A) and ( B ) , has been r e t a i n e d f o r c o n t i n u i t y . The new 

programmes have been w r i t t e n i n PL/1 computer language f o r an I.B.M. 

360/67 machine and improve on pre v i o u s v e r s i o n s f o r the f o l l o w i n g 

r e a s o n s : 

( a ) the procedure i s capable of i n c o r p o r a t i n g i r r e g u l a r v a r i a t i o n 

of the upper and lower s u r f a c e s of the magnetic l a y e r ; 

(b) a l e a s t squares f a c i l i t y has been added p e r m i t t i n g the 

s o l u t i o n of an overdetermined problem; 

( c ) the magnetic l a y e r may be formed from model bl o c k s of 

i r r e g u l a r c r o s s - s e c t i o n . 

These developments have r e s u l t e d p r i m a r i l y from the a v a i l a b i l i t y 

of powerful computer f a c i l i t i e s (N.U.M.A.C. I.B.M. 360/67). T h i s 

has permitted the e l i m i n a t i o n of previous approximations i n method and 

has f a c i l i t a t e d a s t r a i g h t f o r w a r d approach to the problem. 
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Much of the present work was c a r r i e d out w i t h programme 

'MXOCEAN' I I I ( A ) , t h i s programme uses a v e r t i c a l trapezium as the 

b a s i c model u n i t . At a l a t e r stage the p o t e n t i a l of a programme 

capable of i n c o r p o r a t i n g a more f l e x i b l e model u n i t was r e a l i z e d . 

T h i s was achieved by t r a n s p l a n t i n g a standard Durham U n i v e r s i t y 

geophysical computer programme, 'MAGN* (B o t t 1969a) a s a subroutine, 

i n t o the programme 'MXOCEAN' I I I ( A ) . T h i s r e s u l t e d i n the c r e a t i o n 

of programme' 'MXOCEAN' I I I ( B ) , p r o v i d i n g a u s e f u l g e n e r a l i z a t i o n of 

the technique. The e s s e n t i a l d i f f e r e n c e between Programme (A) and 

(B) i s w i t h i n the computational technique used to e v a l u a t e the t o t a l 

f i e l d magnetic anomalies caused by the two-domensional model blocks 

forming the magnetic l a y e r . The next two s e c t i o n s d e s c r i b e these 

a l t e r n a t i v e procedures. 

2.3.1 The 'V e r t i c a l - D y k e ' Method 

T h i s procedure i s employed i n Programme (A) and was developed 

p r i m a r i l y to a l l o w the use of i r r e g u l a r topography a t the top of the 

magnetic l a y e r and a v a r y i n g depth to the base. I n order to c a r r y 

t h i s out the magnetic l a y e r i s formed from a s e r i e s of a d j a c e n t two-

dimensional t r a p e z o i d a l blocks w i t h v e r t i c a l s i d e s , F i g . 2.1. The 

n o n - p a r a l l e l s i d e s then permit a c l o s e r e p r e s e n t a t i o n to be made of 

any v a r i a t i o n i n r e l i e f . 

I t i s supposed t h a t the t r a p e z o i d shown i n F i g . 2.2(a) i s the 
th 

3 block of the magnetic l a y e r and the f i e l d p o i n t 0 i s the p o s i t i o n 

a t which the i t n observed anomaly va l u e i s recorded. The x - a x i s 

p o i n t s i n the d i r e c t i o n of the magnetometer p r o f i l e , p e r p e n d i c u l a r 

to the s t r i k e of the model, and the z - a x i s p o i n t s v e r t i c a l l y down­

wards . The block i s assumed to possess u n i t magnetization w i t h a dip 
of I and azimuth el measured from the s t r i k e towards the p o s i t i v e m m 
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x - a x i s . The measured magnetic anomaly component a t 0 has a dip of I 

and azimuth «l measured a s JL . Using the n o t a t i o n of equation ( 2 ) . e m 
th 

i s the magnetic anomaly a t 0 caused by the J block. I f the d i p 

of the upper s u r f a c e of the block i s I and that of the lower s u r f a c e 
u 

1^, both measured downwards from the p o s i t i v e x - a x i s , i t may be shown 

t h a t : 

K. . = 2F cos I ( s i n ( I + B) I n ( / r J - 0„. cos ( I + B ) ) I J u u A BA u 

r C 
- 2F cos I 1 ( s i n ( ^ + B) I n ( /rj - 0QD cos ( I + B)) . 

where B = a r c t a n ( t a n I / s i n U ) + a r c t a n ( t a n I /cos Jt, ) 
m m e e 

2 2 2 & 2 2 2 4 F = (cos I s i n JL + s i n I ) s (cos I s i n Ji + s i n I ) 2 

e e e m m m 

rA' r B ' r C rD' 0BA & 0CD S r e d e f i n e d i n F i S - 2 . 2 ( a ) . 

( B o t t 1969b; Bott & Hutton 1970b) 

T h i s e x p r e s s i o n f o r K. . i s d e r i v e d a s f o l l o w s : 

( a ) the co - o r d i n a t e s of the upper n o n - p a r a l l e l s i d e , f o r any 

t r a p e z o i d , a r e used to d e f i n e a v e r t i c a l s e m i - i n f i n i t e dyke 

w i t h a s l o p i n g top. The magnetic anomaly due to t h i s dyke, 

a t a s p e c i f i e d f i e l d p o i n t , i s then computed assuming u n i t 

magnetization; 

(b) a s i m i l a r procedure i s c a r r i e d out f o r the lower n o n - p a r a l l e l 

s i d e of the t r a p e z o i d ; 

( c ) the magnetic e f f e c t due to the t r a p e z o i d alone i s the 

d i f f e r e n c e of these two q u a n t i t i e s . 

T h i s sequence of operations i s performed with two computer sub­

r o u t i n e s ('TOP' and 'MAGSDYKE' - Bott, p r i v a t e communication). The 

subroutine 'MAGSDYKE* has been r e s t r u c t u r e d w i t h i n the programme i n 
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order to reduce execution time. F u r t h e r d e t a i l s of these two 

subro u t i n e s a r e given by Stacey ( 1 9 6 8 ) . 

2.3.2 The *MAGN' Method 

T h i s procedure i s used i n Programme (B) and provides the i n c r e a s e d 

f a c i l i t y , compared with the ' V e r t i c a l Dyke' Method i n t h a t any model block 

w i t h i n the magnetic l a y e r may be repr e s e n t e d by a polygon r a t h e r than 

a v e r t i c a l trapezium. The method i s l a r g e l y based on the computer 

programme 'MAGN' (B o t t 1969a). T h i s programme e v a l u a t e s the magnetic 

anomaly components caused by two-dimensional bodies of s p e c i f i e d shape 

and magnetization a t f i e l d p o i n t s above the l e v e l of the topmost p a r t 

of the bodies. The computational procedure i s based on the repeated 

use of formulae e x p r e s s i n g the magnetic e f f e c t of a s e m i - i n f i n i t e h o r i ­

z o n t a l s l a b bounded by a plane s l o p i n g s u r f a c e . The method used i s 

s i m i l a r i n p r i n c i p l e to t h a t d e s c r i b e d by Talwani & H e i r t z l e r (1964), 

f u r t h e r d e t a i l s and formulae a r e g i v e n by Stacey (1965) and Bott (1969a) . 

Within Programme (B) the e s s e n t i a l p a r t of the 'MAGN' programme 

has been r e - s t r u c t u r e d to form a subroutine ('NGAM'). T h i s procedure 

i s capable of s e q u e n t i a l l y computing the magnetic anomaly, assuming 

u n i t magnetization, due to the v a r i o u s model blocks forming the magnetic 

l a y e r . F i g . 2.2(b) shows an example of p o s s i b l e polygonal model 

elements i n c o r p o r a t e d w i t h i n the magnetic l a y e r . 

The present v e r s i o n of Programme (B) has been w r i t t e n f o r use w i t h 

model elements of q u a d r i l a t e r a l shape. However, no d i f f i c u l t y i s 

envisaged i n i n c r e a s i n g the number of s i d e s to be considered i f the 

need a r i s e s . Model elements of complex shape may always be formed 

from a number of s i m p l e r bodies - the important advantage of t h i s 

procedure i s the f a c i l i t y to c o n s i d e r l a t e r a l boundaries which are 

i n c l i n e d r a t h e r than v e r t i c a l . 
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2.3.3 Main Programme S t r u c t u r e 

The f o l l o w i n g d i s c u s s i o n r e f e r s to both Programmes (A) and (B) 

u n l e s s otherwise i n d i c a t e d . The Flow C h a r t shown i n F i g . 2.3 i l l u s ­

t r a t e s the e s s e n t i a l sequence of o p e r a t i o n s performed w i t h i n these 

programmes. 

I n i t i a l l y the programme r e q u i r e s the t o t a l number of d i g i t i z e d 

magnetic anomaly p o i n t s and co - o r d i n a t e p o i n t s d e f i n i n g the upper 

s u r f a c e of the magnetic l a y e r , to be used i n the i n t e r p r e t a t i o n . 

These v a r i a b l e s a r e then used w i t h i n the main programme-block to 

c o n t r o l the ex t e n t of 'do-loops' and the bounds of d e c l a r e d a r r a y s . 

T h i s v a r i a b l e dimensioning c a p a b i l i t y permits e f f i c i e n t use of the 

a v a i l a b l e c o r e s t o r e and f a c i l i t a t e s data i n p u t . The i n c l i n a t i o n and 

azimuth of the e a r t h ' s magnetic f i e l d and magnetization of the source 

body a r e a l s o i n c l u d e d a t t h i s p o i n t . Programmes (A) and (B) both 

f o l l o w the convention of Bott (1969a) with r e s p e c t to the s p e c i f i c a t i o n 

of these q u a n t i t i e s . These d i r e c t i o n s a r e then transformed to r e p r e s e n t 

components w i t h i n the x-z plane, i . e . p e r p e n d i c u l a r to the s t r i k e of 

the body. 

The next s e c t i o n of the programme l i e s w i t h i n the main programme-

block, and reads i n information d e s c r i b i n g the shape of the magnetic 

l a y e r to be used and the s p e c i f i e d v a l u e s of the observed magnetic anomaly. 

Within t h i s s e c t i o n use i s made of 'programme c o n t r o l data' to provide 

a l t e r n a t i v e forms of data i n p u t . A l s o Programme (A) can accept 

i n f o r m a t i o n a l l o w i n g the r e g u l a r s u c c e s s i v e combination of s e v e r a l 

p r e s p e c i f i e d model blocks w i t h i n the magnetic l a y e r . The a c t u a l combi­

n a t i o n i s performed i n the next stage of Programme ( A ) . T h i s f a c i l i t y 

p ermits maximum advantage, with r e s p e c t to topographic c o n t r i b u t i o n , 

from any c l o s e l y p r o f i l e d magnetic s u r f a c e l a y e r . 



JBEGI 
READ t o t a l number of magnetic anomaly p o i n t s & 

model c o - o r d i n a t e s to be used, 
d i r e c t i o n of magnetization & d i r e c t i o n of 
e a r t h ' s magnetic f i e l d . ( L O ) * 

Transformation of magnetization and magnetic f i e l d v e c t o r s 
i n t o x-z pla n e . 

READ X & Z c o - o r d i n a t e s of d i g i t i z e d magnetic 
anomaly p o i n t s . (L2,L3) 
X & Z c o - o r d i n a t e s of model elements forming the 
magnetic l a y e r . (L4,L5,L6) 
d i g i t i z e d magnetic anomaly v a l u e s . ( L 7 ) 

V e r t i c a l Dyke 
Method 

MAGN Method ormation of C o e f f i c i e n t Matrix 

Programme (A) Programme (B) 

Matrix S o l u t i o n Operation 
Computing Magnetization v a l u e s 

v 
Copy c o e f f i c i e n t m a t r i x & 
magnetic anomaly v a l u e s onto) 
(temporary d i s c space 

Replace v a l u e s from d i s c E7 
Computation of t h e o r e t i c a l and r e s i d u a l 
magnetic anomaly v a l u e s 

± PRINT Model data - Anomaly data & computed 
magnetization d i s t r i b u t i o n 

X 
(END) 

( * br a c k e t l a b e l s correspond to statement l a b e l s i n the programme 
' p r i n t out', see Appendices 1 & 2) 

F i g . 2.3 Flow diagram of the main programme 
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Stage I : The main programme then begins the major computational 

o p e r a t i o n of forming the two-dimensional c o e f f i c i e n t m a t r i x . The 

elements of the c o e f f i c i e n t matrix (K..) a r e e s t a b l i s h e d by c o n s i d e r i n g 

each model block of the magnetic l a y e r i n t u r n and computing i t s 

magnetic e f f e c t , assuming u n i t magnetization, a t a l l the f i e l d p o i n t s 

s p e c i f i e d f o r the observed anomaly p r o f i l e . I n d i v i d u a l row elements 

w i t h i n the c o e f f i c i e n t matrix then r e p r e s e n t the s e q u e n t i a l magnetic 

c o n t r i b u t i o n of a l l the model b l o c k s a t one p a r t i c u l a r anomaly p o i n t 

( F i g . 2 . 1 ) . 

I n Programme (A) the i n d i v i d u a l elements of the c o e f f i c i e n t matrix 

a r e a c c e s s e d and t h e i r v a l u e s computed w i t h i n a double 'do-loop', 

e s t a b l i s h i n g the matrix row by row. A s i m i l a r computational s t e p , 

u s i n g the ' V e r t i c a l Dyke Method', i s performed f o r each element. The 

subroutine 'TOP1 permits a c e r t a i n r e d u c t i o n i n a r i t h m e t i c , a f t e r the 

f i r s t outer loop, by s t o r i n g c o n s t a n t parameters and r e - s u p p l y i n g them 

to the l a t e r s t a g e s of the procedure. 

I n Programme (B) the c o e f f i c i e n t m a t r i x i s formed i n s i d e a s i n g l e 

'do-loop'. Each loop passes the c o - o r d i n a t e s of one model block to 

the subroutine 'NGAM'. T h i s procedure then e v a l u a t e s the magnetic 

anomaly due to t h i s block, a t every f i e l d p o i n t s p e c i f i e d f o r the 

observed magnetic anomaly. These v a l u e s a r e then r e t u r n e d to the 

statement c a l l i n g the subroutine and s t o r e d d i r e c t l y a s one complete 

column i n the c o e f f i c i e n t m a t r i x . The repeated a p p l i c a t i o n of t h i s 

procedure to each model block w i t h i n the magnetic l a y e r e s t a b l i s h e s 

the c o e f f i c i e n t matrix column by column. T h i s computational proce­

dure i s slower than the ' V e r t i c a l Dyke Method 1 by a f a c t o r of about 

2.3. 
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The f o l l o w i n g s e c t i o n of the programme c o p i e s the formed 

c o e f f i c i e n t matrix (row by row) and the magnetic anomaly v a l u e s as 

a temporary, s e q u e n t i a l d a t a - s e t on to magnetic-disc. T h i s output 

of data to an e x t e r n a l storage medium i s c a r r i e d out because the 

m a t r i x equation s o l u t i o n r o u t i n e d e s t r o y s these a r r a y s , which a r e 

r e q u i r e d i n a l a t e r s e c t i o n of the programme. The copy-storage of 

l a r g e a r r a y s w i t h i n the programme i s p r o h i b i t e d due to r e s t r i c t i o n s 

i n a v a i l a b l e core s t o r e . 

Stage I I : The problem of determining the r e q u i r e d d i s t r i b u t i o n 

of magnetization c o n s i s t s of s o l v i n g the e s t a b l i s h e d system of l i n e a r 

e q u a t i o n s . There a r e two p r i n c i p a l methods of s o l u t i o n a p p l i c a b l e to 

the problem; one y i e l d s an approximate s o l u t i o n ( i t e r a t i o n ) and the 

o t h e r y i e l d s an e x a c t s o l u t i o n ( G a u s s i a n e l i m i n a t i o n ) . 

I t e r a t i v e methods o b t a i n a s o l u t i o n by a s e r i e s of s u c c e s s i v e 

approximations from an estimated i n i t i a l s o l u t i o n v e c t o r ( E m i l i a & 

Bodvarsson 1969). Such a procedure may be used to advantage, w i t h regard 

to time c o n s i d e r a t i o n s , when d e a l i n g w i t h s p e c i a l s p a r s e types of l a r g e 

m a t r i c e s or a w e l l conditioned (nxn) system of e quations. An i t e r a t i v e 

technique w i l l permit t e r m i n a t i o n of the s o l u t i o n process w i t h i n known 

data e r r o r s and can introduce a smoothing a c t i o n i f so d e s i r e d ( E m i l i a 

b Bodvarsson 1970). A d i r e c t method of s o l u t i o n such as Gaussian 

e l i m i n a t i o n w i t h ' p i v o t i n g ' w i l l provide an answer i n f i n i t e time, and 

the a c c u r a c y of the computed answers w i l l depend mainly on the degree 

of i l l - c o n d i t i o n i n g of the problem. I l l - c o n d i t i o n i n g o c c u r s when s m a l l 

changes i n the c o e f f i c i e n t v a l u e s g i v e r i s e to l a r g e changes i n the 

s o l u t i o n v a l u e s . I n the p r e s e n t work the c o e f f i c i e n t v a l u e s can 

g e n e r a l l y be w e l l defined and computational i n s t a b i l i t y r e s u l t s almost 

e x c l u s i v e l y from the s e n s i t i v i t y of the s o l u t i o n v a l u e s to e r r o r s 

w i t h i n the magnetic anomaly v a l u e s . 
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When d e a l i n g w i t h a completely determined system of equations, 

c o n d i t i o n i n g of the problem i s s i g n i f i c a n t l y improved by the 

dominant diagonal elements. These a u t o m a t i c a l l y r e s u l t because of 

the way i n which the problem i s generated and d i f f i c u l t i e s i n s o l u t i o n 

a r e g e n e r a l l y not encountered e i t h e r i n i t e r a t i v e or d i r e c t methods. 

However, when d e a l i n g with the s o l u t i o n of an overdetermined system 

of l i n e a r equations, u s i n g a l e a s t squares method, problems of con­

d i t i o n i n g a r e more s i g n i f i c a n t s i n c e an e x a c t agreement can no longer 

be a t t a i n e d a t a l l data p o i n t s c o n s i d e r e d . I t i s t h e r e f o r e important 

to choose a computational procedure which optimizes the r e l i a b i l i t y of 

the r e s u l t i n g l e a s t squares s o l u t i o n . T h e o r e t i c a l l y t h i s problem 

reduces to s o l v i n g a system of normal equations whose s o l u t i o n i s 

given by equation ( 6 ) , ( B o t t 1967; Tanner 1967). However, Anderssen 
T -1 

(1969) p o i n t s out t h a t the i n v e r s e matrix (K K) 'has a notorious 

r e p u t a t i o n f o r being poorly conditioned i f not i l l - c o n d i t i o n e d ' and 

recommends t h a t methods based on the d i r e c t i n v e r s i o n ( e . g . Gaussian 

e l i m i n a t i o n ) of t h e s e normal equations should not be used. 

I n the p r e s e n t work the s o l u t i o n of the matrix equation ( 3 ) i s 

c o n v e n i e n t l y c a r r i e d out by use of p r e - w r i t t e n F o r t r a n , matrix sub­

r o u t i n e s (I.B.M. 1968). These s u b r o u t i n e s a r e capable of d e a l i n g with 

any s i z e a r r a y , l i m i t e d only by the a v a i l a b l e core storage and time 

c o n s i d e r a t i o n s . ' T h e i r implementation w i t h i n a PL/1 programme r e q u i r e s 

t h a t two-dimensional a r r a y s a r e exchanged i n a transposed form due to 

d i f f e r e n t s t o r a g e modes. Hence, throughout the main programme the 

c o e f f i c i e n t matrix i s always formed and operated with i t s columns 

w r i t t e n as rows and i t s rows w r i t t e n as columns. A PL/1 coding of the 

mat r i x s u b r o u t i n e s has r e c e n t l y become a v a i l a b l e (I.B.M. 1969). 
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The subroutines 'LLSQ' (Golub 1965; I.B.M. 1968) and 'SIMQ' 

(I.B.M. 1968) have been found to be most u s e f u l , the former has been 

employed e x t e n s i v e l y . The subroutine 'SIMQ' o b t a i n s the s o l u t i o n of 

a s e t of l i n e a r equations, with an (nxn) c o e f f i c i e n t matrix, by a 

p r o c e s s of s u c c e s s i v e e l i m i n a t i o n . The subroutine 'LLSQ' o b t a i n s a 

l e a s t - s q u a r e s s o l u t i o n to an overdetermined system of l i n e a r equations 

u s i n g a Householder t r a n s f o r m a t i o n technique. The procedure decomposes 

the c o e f f i c i e n t and anomaly m a t r i c e s i n t o upper t r i a n g u l a r forms and 

then computes a s o l u t i o n by back s u b s t i t u t i o n . T h i s method has been 

found to be c o n s i s t e n t l y s a t i s f a c t o r y i n the present work and i s 

recommended by Anderssen (1969) f o r g e n e r a l l i n e a r l e a s t squares problems 

The advantages of s o l v i n g an overdetermined system of equations 

may be a p p r e c i a t e d from the f o l l o w i n g c o n s i d e r a t i o n s . With a completely 

determined system of l i n e a r equations, normal Gaussian e l i m i n a t i o n 

techniques provide an e x a c t answer i n t h a t , the observed d i g i t i z e d 

magnetic anomaly v a l u e s a r e e x p l a i n e d completely by the c a l c u l a t e d 

magnetization d i s t r i b u t i o n . However, a t magnetic anomaly p o i n t s i n t e r ­

mediate to those a c t u a l l y c o n s i d e r e d i n the c a l c u l a t i o n , there w i l l be 

some d i s c r e p a n c y between the t h e o r e t i c a l anomaly computed from the 

e v a l u a t e d magnetization d i s t r i b u t i o n and the observed anomaly ( B o t t 

1967). C l e a r l y the l a r g e r the width of block considered the l a r g e r 

the i n t e r v e n i n g r e s i d u a l s w i l l be. I t i s not p o s s i b l e to improve the 

o v e r a l l f i t simply by i n c r e a s i n g the number of magnetic anomaly p o i n t s 

and model b l o c k s considered f o r a g i v e n problem. T h i s w i l l not only 

i n c r e a s e the computational time r e q u i r e d but reducing the block width 

beyond a c e r t a i n l i m i t w i l l i n t r o duce an i n h e r e n t i n s t a b i l i t y i n t o the 

r e s u l t s ( s e c t i o n 3 . 4 ) . To o b t a i n the maximum amount of i n f o r m a t i o n 

from a given magnetic p r o f i l e i t i s d e s i r a b l e to use a number of 

magnetic anomaly v a l u e s i n excess of the number of model blocks forming 
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the magnetic l a y e r . T h i s procedure s i g n i f i c a n t l y improves the o v e r a l l 

agreement between the observed and c a l c u l a t e d magnetic anomaly f i e l d s 

and provides a more v a l i d e s t i m a t e of the degree of m i s f i t between 

these two q u a n t i t i e s . 

Stage I I I ; Immediately a f t e r completing the s o l u t i o n r o u t i n e a 

check of the r e s u l t i n g e r r o r parameter i s made, w i t h i n the main 

programme, to ensure t h a t the procedure was s u c c e s s f u l . Non-solution 

may r e s u l t from e r r o r i n data input or i l l - c o n d i t i o n i n g of the p a r t i ­

c u l a r problem. 

The c o e f f i c i e n t matrix and magnetic anomaly v a l u e s a r e then 

r e p l a c e d from magnetic-disc by o v e r w r i t i n g the o r i g i n a l programme 

l o c a t i o n s . The right-hand s i d e of the matrix equation ( 2 ) i s then 

e v a l u a t e d , u s i n g the r e c e n t l y computed v a l u e s of magnetization, to 

y i e l d a t h e o r e t i c a l magnetic anomaly. S u b t r a c t i n g these c a l c u l a t e d 

v a l u e s from the observed v a l u e s produces r e s i d u a l v a l u e s along the 

p r o f i l e . These r e s i d u a l s a r e then used to provide an e s t i m a t e of the 

'degree of f i t ' by computing the R.M.S. e r r o r . D e t a i l s of the magnetic 

l a y e r used, the observed, c a l c u l a t e d and r e s i d u a l magnetic anomalies 

and the c a l c u l a t e d magnetization d i s t r i b u t i o n a r e then p r i n t e d out. 

A ' p r i n t - o u t ' of Programmes (A) and (B) appears i n appendices 

(1 & 2) together w i t h data s p e c i f i c a t i o n s . Both programmes have been 

v e r i f i e d e x a c t l y a g a i n s t each o t h e r and a g a i n s t t h e o r e t i c a l magnetic 

anomalies generated from t e s t models by use of the programme 'MAGN' 

(Bo t t 1969a). Using an I.B.M. 360/67 computer, c o m p i l a t i o n and l i n k -

e d i t i n g f o r both programmes, takes about 17 seconds. For an average 

c a l c u l a t i o n i n v o l v i n g 311 magnetic anomaly values and 125 model b l o c k s 

the e x e c u t i o n time r e q u i r e d u s i n g Programme (A) was 3 minutes 5 seconds 

and u s i n g Programme (B) 4 minutes 3 seconds. These times a r e roughly 
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p r o p o r t i o n a l to the sum of the cube of the number of model bl o c k s and o- CO.M&V.&*. 
>v**_5 the number of anomaly v a l u e s . 

As the i n t e r p r e t a t i o n a l technique only d e a l s with a f i n i t e p r o f i l e 

l e n g t h , c e r t a i n e r r o r s a r e introduced i n t o those v a l u e s of magnetization 

computed near the ends of the magnetic l a y e r . Magnetic anomaly p o i n t s 

s i t u a t e d a t the ends of a given p r o f i l e a r e r e q u i r e d to be ex p l a i n e d 

by an asymmetric source, no c o n s i d e r a t i o n i s made f o r the p o s s i b l e con­

t r i b u t i o n of a d j o i n i n g magnetic m a t e r i a l l o c a t e d j u s t beyond the survey 

l i n e . 

When an i n f i n i t e h o r i z o n t a l l a y e r i s used a s the source model, i n 

attempting to c o r r e c t f o r t h i s edge e f f e c t , the s o l u t i o n of the matrix 

equation ( 2 ) proves to be indeterminate, the c o e f f i c i e n t matrix being 

s i n g u l a r . T h i s problem may be overcome by s p e c i f y i n g the va l u e of 

magnetization f o r one of the model bl o c k s ( c . f . Johnson 1969). When 

topographic c o n t r o l was a v a i l a b l e , f o r the upper s u r f a c e of the magnetic 

l a y e r , the indeterminacy a s s o c i a t e d w i t h the i n f i n i t e s l a b was g e n e r a l l y 

r e s o l v e d , except when model block widths narrower than the depth to the 

upper s u r f a c e of. the magnetic l a y e r were used. T h i s second i n d e t e r m i ­

nacy i s thought to r e s u l t from i l l - c o n d i t i o n i n g of the system induced 

p a r t l y by d a t a e r r o r s . 

The i n f i n i t e - s l a b ' e n d - c o r r e c t i o n ' (Appendix 6) has not been 

adopted f o r standard use w i t h the p r e s e n t v e r s i o n of the i n t e r p r e t a t i o n a l 

technique. O s c i l l a t i o n i n computed v a l u e s of magnetization, obtained 

a t the ends o f p r o f i l e s , may be reduced by a l l o w i n g one model block 

( w i d t h = depth to upper s u r f a c e of model) to extend beyond the surveyed 

magnetic l i n e . 
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During the course of t h i s computer work an attempt was made to 

programme a v e r s i o n of the L i n e a r I n v e r s e technique capable of 

t r e a t i n g , i n a l i m i t e d way, a v e r t i c a l d i s t r i b u t i o n of magnetization. 

The method adopted was to c o n s i d e r a magnetic l a y e r , subdivided i n t o 

a number of blocks as before, which was then u n d e r l a i n by a second 

magnetic l a y e r formed from an e q u i v a l e n t number of b l o c k s . Using a 

s l i g h t l y modified v e r s i o n of Programme (A) the procedure c a r r i e d out 

was to c o n s i d e r t h a t the second l a y e r merely r e p r e s e n t e d a c o n t i n u a t i o n 

of the f i r s t . The i t h row i n the c o e f f i c i e n t matrix t h e r e f o r e r e p r e ­

sented the s u c c e s s i v e magnetic c o n t r i b u t i o n s of those model blocks 

w i t h i n the f i r s t l a y e r followed by those of the second l a y e r , a t the 
.th 
1 anomaly p o i n t . 

W h i l s t a programmed v e r s i o n of t h i s procedure e x a c t l y e x p l a i n e d 

a simple two-layer t e s t model, i n c o n c l u s i v e r e s u l t s were obtained f o r 

observed magnetic d a t a . T h i s l a c k of s u c c e s s may have r e s u l t e d from 

the banded diagonal s t r u c t u r e introduced to the c o e f f i c i e n t matrix 

which then induced an u n s t a b l e s o l u t i o n . An a l t e r n a t i v e approach may 

be to weight the c o e f f i c i e n t elements f o r the second l a y e r and hence 

o b t a i n c o n d i t i o n a l s o l u t i o n v a l u e s . 
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CHAPTER 3 

LIMITATIONS OF THE METHOD 

3.1 The Magnetic Model 

Topographic p r o f i l e s , s e i s m i c r e f r a c t i o n and g r a v i t y measure­

ments a l l i n d i c a t e t h a t the c r u s t a l s t r u c t u r e of the mid-ocean r i d g e 

system i s broadly two-dimensional and p a r a l l e l to i t s l o c a l a x i s 

(Le Pichon e t a l 1965; Talwani e t a l 1965). Magnetic s u r v e y s ( R a f f 

1966; H e i r t z l e r e t a l 1966; Avery e t a l 1968) have a l s o shown t h a t 

magnetic anomalies a s s o c i a t e d w i t h the r i d g e system have an e s s e n t i a l l y 

two-dimensional form i n a d i r e c t i o n p e r p e n d i c u l a r to the r i d g e a x i s . 

The i n t e r p r e t a t i o n of these magnetic anomalies has almost 

e x c l u s i v e l y been c a r r i e d out u s i n g I n d i r e c t Methods of s i m u l a t i o n , 

employing the concept of s e a - f l o o r spreading (Vine 1966; Pitman & 

H e i r t z l e r 1966; H e i r t z l e r e t a l 1968). These methods assume a simple 

magnetic source model, formed from a s e r i e s of a d j a c e n t , two-

dimensional b l o c k s of uniform t h i c k n e s s , r e p r e s e n t i n g L a y e r 2. The 

upper and lower boundaries of t h i s magnetic l a y e r a r e commonly taken 

to be plane s u r f a c e s , e i t h e r h o r i z o n t a l or s l i g h t l y i n c l i n e d away from 

the r i d g e c r e s t . The depth to the upper s u r f a c e i s g e n e r a l l y s e t by 

the average bathymetry w h i l s t a v a i l a b l e r e f r a c t i o n evidence c o n t r o l s 

the lower s u r f a c e . 

However, bathymetric p r o f i l e s a c r o s s the c r e s t a l p r o v i n c e s of 

the r i d g e system (Heezen e t a l 1959) c l e a r l y r e v e a l a jagged ' v o l c a n i c ' 

r e l i e f t h a t i s almost c e r t a i n l y the upper s u r f a c e of L a y e r 2 or a 

reasonable approximation. Ewing & Ewing (1967) have shown from a 

number of s e i s m i c p r o f i l e r t r a v e r s e s a c r o s s the mid-ocean r i d g e 

system t h a t , a t and near the a x i s of the r i d g e , sediment accumulation 
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i s remarkably s m a l l . Furthermore the a c o u s t i c basement (assumed to 
be L a y e r 2) on which the sediments r e s t i s uniformly rough from the 

c r e s t of the r i d g e out to the lower f l a n k s and underneath the b a s i n 
sediments. The range of t h i s basement r e l i e f can o f t e n reach a 
k i l o m e t r e or more; indeed the t h i c k n e s s of the second l a y e r i s 
n o t o r i o u s l y d i f f i c u l t to measure i n s e i s m i c r e f r a c t i o n work because 
of the v a r i a b i l i t y and r e l i e f of i t s upper s u r f a c e . 

W h i l s t o c e a n i c magnetic anomalies a r e not caused simply by t h i s 

rough basement r e l i e f the topography does c o n t r i b u t e towards the 

observed magnetic anomalies. F i g . 3.1 shows s e c t i o n s of four magnetic 

and bathymetric p r o f i l e s observed a c r o s s mid-ocean r i d g e c r e s t s . The 

dotted l i n e i n each c a s e r e p r e s e n t s a computed magnetic anomaly from 

the assumed two-dimensional bathymetric model, w i t h a uniform magneti­

z a t i o n c o n t r a s t . I n each case the chosen value of magnetization 

represented a value determined from the d i r e c t i n t e r p r e t a t i o n of the 

complete magnetic p r o f i l e . For p r o f i l e s ( a ) and (b) the topographic 

c o n t r i b u t i o n s have wavelength and amplitude of s i m i l a r magnitude to 

the observed anomalies. For p r o f i l e s ( c ) and (d) t h e r e e x i s t s a 

50-100 gamma ' n o i s e - r i p p l e ' a c r o s s the p r o f i l e . The p r e c i s e magnetic 

e f f e c t of the topography i s i n e x t r i c a b l y bound up w i t h anomalies due 

to magnetization c o n t r a s t s w i t h i n the magnetic l a y e r and hence one 

cannot make a simple topographic c o r r e c t i o n by assuming a uniformly 

magnetized topography. However, F i g . 3.1 demonstrates t h a t t h i s 

'topographic-noise' i s s i g n i f i c a n t and when comparable to the amplitude 

of the observed magnetic anomaly can confuse and complicate a r e l a t i v e l y 

simple p i c t u r e . 

C l e a r l y , the allowance f o r such i r r e g u l a r topography on the upper 

s u r f a c e of the magnetic l a y e r w i l l c o n s i d e r a b l y c l a r i f y and improve 

the r e l i a b i l i t y of the i n t e r p r e t a t i o n of o c e a n i c magnetic anomalies 
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(Vogt & Ostens/b 1966; Luyendyk 1969; Bott & Hutton 1970b). Recent 
work (Talwani et a l 1968; Irving et a l 1970) suggests the existence 
of a thin ( 0.5 km) highly magnetic layer mantling the upper surface 
of Layer 2. Under these conditions a topographic correction i s 
es s e n t i a l when attempting to accurately assess the distr i b u t i o n of 
magnetization within the oceanic c r u s t . 

However, the use of bathymetric or seismic p r o f i l e r data i n 

two-dimensional magnetic interpretation t a c i t l y assumes that t h i s 

data i s also two-dimensional. Whilst this i s not precisely true, 

reconnaissance and detailed surveys over sections of the c r e s t a l zone 

of the ridge system ( U l r i c h 1960, 1962; Loncarevic et a l 1966), have 

shown that many topographic features on the sea-floor are s i g n i f i c a n t l y 

elongated p a r a l l e l to the axis of the ridge c r e s t . Such features 

generally have an elongation r a t i o greater than 4:1 which i s the value 

usually accepted as adequate for two-dimensional interpretation. 

Errors i n interpretation could r e s u l t from the serious deviation of 

the bathymetric or p r o f i l e r surface from a true two-dimensional 

structure although, i n general, t h i s i s not considered to be a s i g n i ­

f i c a n t source of error. 

3.2 Errors of Observation 

A l l marine magnetic observations are subject to c e r t a i n errors 

due to temporal disturbances of the earth's magnetic f i e l d and navi­

gational problems. Shipboard magnetic measurements are generally 

made with proton precession magnetometers which record tot a l magnetic 

intensity with an absolute accuracy of -1 gamma. Analyses of 

absolute errors a r i s i n g from the motion of the towed sensor plus 

heading corrections (Builard & Mason 1961; H. Neth. 1967; Barret 1967) 

indicate that under normal sea conditions the systematic error i s 

generally l e s s than *5 gamma for a l l courses. 
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The accuracy of any magnetic measurement i s also limited by 

time-varying parts of the earth's magnetic f i e l d . These consist of 

the secular variation, the daily variation and irregular magnetic 

storm disturbances. Magnetic storm disturbances may e a s i l y reach 

hundreds of gamma and are p r a c t i c a l l y impossible to correct for. 

The small errors introduced from secular changes i n the earth's 

f i e l d are generally not important when considering individual survey 

l i n e s . However, the influence of those o s c i l l a t i o n s i n the earth's 

f i e l d which have a periodicity of about a day or l e s s i s more s i g n i ­

f i c a n t , p a r t i c u l a r l y so for quantitative interpretation of magnetic 

data. 

The 'quiet-day' daily variation (Chapman 1961) generally varies 

smoothly, mainly with l o c a l solar time, having an average 20-50 gamma 
i 

amplitude extending over a period of 24 hours, with principal 

harmonics at 12, 8 and 6 hour periods (Builard 1967) . The effect of 

th i s variation on a recorded magnetic p r o f i l e i s to introduce corres­

ponding low amplitude, long wavelength components into the observations. 

The 'disturbed-day' daily variation i s thought to r e s u l t from super­

imposed, short period o s c i l l a t i o n s associated with disturbances i n 

the upper atmosphere. Such short period events have duration times 

ranging from a few minutes to an hour or so. The amplitude disturbances 

generally vary from a few gamma and l e s s to 15-20 gamma (Jacobs & 

Westphal 1964; Rikitake 1966) and are responsible for l o c a l , short 

wavelength errors within magnetic observations. 

A straightforward correction for the diurnal variation i s 

generally not possible for deep sea survey work, unless a recording 

'base', such as a moored buoy, i s situated within the v i c i n i t y of the 

survey area (Cann & Vine 1966) . A common practice i s to show a 
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sequence of K-indices (Bartels 1957), from the nearest land station, 
alongside the recorded magnetic p r o f i l e s , giving an indication of 
the uncertainty of the plotted magnetic f i e l d . 

3.3 Long Wavelength Components within the Magnetic Anomaly and the 
Removal of a Regional Gradient 

The influence of long wavelength components within the magnetic 

anomaly, on magnetization distributions r e s u l t i n g from the d i r e c t 

interpretation of oceanic magnetic p r o f i l e s , may be shown by the 

following considerations (Bott - personal communication): 

Consider a simple surface density d i s t r i b u t i o n £~(x) of sine 

waveform and wavelength X given by: 

£-<x) =€-q s i n ( 2 y x ) (7) 

situated at an a r b i t r a r y depth, the z axis being directed v e r t i c a l l y 

downwards. Then the gravitational anomaly produced at a height z 

above t h i s plane follows from the appropriate pa r t i c u l a r solution 

of Laplace's equation.: 
-2 it z 

Ag(x) = 2TTG <r s i n ( 2irx ) e ^ (8) 
~X 

where G i s the gravitational constant. 

Using Poisson's relationship between gravity and magnetic 

potential and adopting the formulation of Bott (1969b) the magnetic 

anomaly (A) due to any two-dimensional body may be related to the 

derivatives of the corresponding gravity anomaly so 

A = j j j ( s i n B d ( Ag ) - cos B d ( Ag ) ) (9) 
G <T dx dz 

The quantity B represents an angle which incorporates both the 

direction of magnetization and the direction i n which the observed 
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magnetic anomaly i s measured, within the x - z plane (Bott 1969b). 

Applying (9) to the case of an i n f i n i t e sheet (8) we obtain 
-2 ir z 

A (x,0) = .1 41T 2 | j j e X s i n ( B + 2irx ) (10) 
X X 

This expression gives the magnetic anomaly caused by a two-

dimensional sinusoidal d i s t r i b u t i o n of magnetization at a depth z. 

The angle B represents a phase difference between the magnetic anomaly 

and the magnetization d i s t r i b u t i o n . From (10) the amplitude of the 

magnetization di s t r i b u t i o n , required to cause a given fourier component 

of the magnetic anomaly, w i l l be d i r e c t l y proportional to both the 

amplitude and wavelength of the anomaly component. Thus the influence 

on computed magnetization values becomes progressively more acute for 

longer wavelength components within the magnetic anomaly. 

This may be demonstrated by considering the magnetization d i s t r i ­

butions required to explain two theoretical sinusoidal magnetic 

anomalies; one of short wavelength and the other of long wavelength, 

both of which have a 15 gamma amplitude ( F i g . 3.2). The intensity 

values computed from these anomalies, using the Linear Inverse technique, 

for a horizontal source layer situated at unit depth, are shown i n 

F i g . (3.2). The distribution of magnetization obtained from the short 

wavelength anomaly (Model 1), almost exactly explaining the observed 

values, shows that variations i n intensity of the order of 
3 

0.0004 e.m.u./cm are required. A more symmetrical pattern would 

perhaps be expected i f truncation errors at the ends of the p r o f i l e 

could be eliminated. The di s t r i b u t i o n of magnetization obtained from 

the long wavelength anomaly (Model 2) , again almost exactly explaining 
3 

the anomaly, reveals much larger variations (~ 0.002 e.m.u./cm ) . 

Clea r l y features of in t e r e s t , over l o c a l sections of a given magnetic 
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p r o f i l e , may be seriously masked by the ef f e c t s of such long wavelength 

components and some form of f i l t e r i n g w i l l be desirable. 

A p r a c t i c a l example of the above situation may be seen from two 

possible interpretations of a magnetic p r o f i l e observed in the 

Norwegian Sea ( p r o f i l e B-B, F i g . 5, Avery et a l 1968). I n i t i a l l y a 

l i n e a r regional gradient, using the method of l e a s t squares, was 

subtracted from the t o t a l f i e l d values. The re s u l t i n g anomaly values 

( F i g . 3.3) were then used to compute a magnetization d i s t r i b u t i o n for 

a horizontal layer located between 4.2 and 7.2 km. These depths are 

based on seismic r e f r a c t i o n measurements carr i e d out i n the Norwegian 

Sea by Ewing & Ewing (1959). The model blocks used are 3.2 km wide. 

The magnetization values computed i n i t i a l l y from the anomaly 

curve are shown i n Model 1, F i g . 3.3. These r e s u l t s show a long wave­

length component superimposed on the basic pattern. The pr i n c i p a l 

long wavelength components within the magnetic p r o f i l e were then 

determined by Fourier methods (Appendix 4) and the r e s u l t i n g trend i s 

shown by a dotted l i n e on the anomaly p r o f i l e . This trend was then 

removed from the magnetic p r o f i l e and a re-interpretation c a r r i e d out. 

The magnetization di s t r i b u t i o n evaluated for t h i s second case i s shown 

in Model 2. The removal of these long wavelength components from the 

anomaly p r o f i l e has c l e a r l y improved the overall d e f i n i t i o n of the 

short wavelength features within the magnetization d i s t r i b u t i o n . 

I t i s thought that such long wavelength fluctuations i n magneti­

zation are most probably not of c r u s t a l o r i g i n . These features would 

imply a systematic variation in c r u s t a l magnetization, extending over 

hundreds of kilometres, masking the record of polarity changes in the 

earth's magnetic f i e l d established through the process of sea-floor 

spreading. A suitable process capable of forming such broad scale 
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changes i n the bulk magnetization of the crust i s d i f f i c u l t to 

envisage. More plausibly, long period components of the diurnal 

variation could introduce long wavelength features into the recorded 

magnetic p r o f i l e . Such features would then simply explain apparent 

long wavelength fluctuations i n magnetization. This analysis 

emphasizes the importance of obtaining accurate magnetic observations 

for quantitative interpretation. The q u a l i t a t i v e mapping of oceanic 

magnetic anomalies i s not subject to t h i s problem and no correction 

i s generally made for diurnal v a r i a t i o n . 

The removal of a regional trend from marine magnetic surveys 

has almost always been a rather a r b i t r a r y process (Builard 1967). A 

general procedure has been to f i t a suitable mathematical function, 

such as a low order polynomial or fourier s e r i e s , to the observed data. 

However, with increased survey data becoming available a recent 

development has been to define a world reference f i e l d i n terms of a 

s e r i e s of spherical harmonics (Cain et a l 1965; Anon. 1969). The 

consistent use of such a standard reference f i e l d would allow an 

immediate comparison of magnetic anomaly maps from adjacent survey 

areas. 

Single oceanic magnetic p r o f i l e s require a s l i g h t l y different 

form of treatment as such traverses are generally widely spaced and 

are often of a reconnaissance nature. The l a t e s t spherical harmonic 

analysis of the main geomagnetic f i e l d (Anon. 1969), though an 

excellent f i r s t estimate, may s t i l l not provide a regional background 

suitable for quantitative interpretation. The effect of a misplaced 

regional l e v e l , on magnetization distributions r e s u l t i n g from the 

dire c t interpretation of oceanic magnetic p r o f i l e s , w i l l be to produce 

u n r e a l i s t i c large-amplitude values of magnetization and/or introduce 

spurious long period f l u c t u a t i o n s . 
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When dealing with single magnetic p r o f i l e s extending over 

hundreds of kilometres i t has been found convenient to adopt the 

following standard procedure. An i n i t i a l and generally adequate 

approximation to the regional magnetic f i e l d i s obtained by removing, 

by the method of l e a s t squares (Appendix 3 ) , a li n e a r gradient from 

the total f i e l d observations. However, for a given p r o f i l e of 

length L, fourier components of maximum wavelength 2L, may s t i l l 

remain within the re s u l t i n g anomaly p r o f i l e p a r t i c u l a r l y because of 

diurnal v a r i a t i o n . From e a r l i e r considerations such long wavelength 

components may mask the true polarity of individual magnetization 

values and obscure true long wavelength variations i n magnetization. 

Low order fourier components, representing these long wavelength 

features, are therefore removed from the magnetic anomaly p r o f i l e 

prior to f i n a l interpretation (Appendix 4 ) . This general procedure 

has been found to be consistently s a t i s f a c t o r y i n the present work. 

3 .4 The .Resolution of Short Wavelength Magnetic Anomalies 

Since magnetic measurements at sea are taken at or above the 

surface of the sea and several kilometres above the ocean floor, 

l o c a l magnetic anomalies w i l l always be smoothed and attenuated. I f 

we consider a two-dimensional magnetic anomaly of amplitude A and 

wavelength A, then t h i s may be expressed as a pa r t i c u l a r solution of 

Laplace's equation in the following form: 

0 (x) = A s i n ( 2ir x ) 
A 

where x i s the horizontal co-ordinate. 

Providing no magnetic material i s encountered, the magnetic 

anomaly at depth z i s given by: 
2 i r z 

0 (x) = A s i n ( 2ir x ) e ^ z — 
A 
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I f z = V o t n e amplitude for 0 (x) i s increased by a factor of 
z 

e^C = 23.2), and i f z = X by a factor of e 2"" ( = 538), (Bott & 

Stacey 1967). Hence, when any form of downward continuation i s 

attempted, unless a smoothing function i s introduced, the r e s u l t i n g 

amplification of short wavelength components within the magnetic 

anomaly rapidly causes problems i n s t a b i l i t y . 

The Linear Inverse technique i s e s s e n t i a l l y the downward 

continuation of a f i e l d subject to Laplace's equation and the 

formation of an equivalent l a y e r . In practice an incipient 'insta­

b i l i t y ' or o s c i l l a t i o n , within the computed values of magnetization, 

rapidly becomes apparent when block widths l e s s than about 0.6-0.5 

times the depth to the top of the model are chosen, assuming an ade­

quate d i g i t i z a t i o n of the magnetic anomaly. The r e a l i t y of t h i s 

e f f e c t i s d i r e c t l y dependent on the accuracy of the short wavelength 

components within the reduced observations, and the v a l i d i t y of the 

model used. This form of interpretational procedure therefore imposes 

a p r a c t i c a l l i m i t a t i o n , because of errors of observation, on the model 

block width that may be s a t i s f a c t o r i l y resolved at a given depth. 

When applying the Linear Inverse technique i t i s therefore important 

to s e l e c t an adequate block width for the model which properly 

balances resolution against s t a b i l i t y (Bott & Hutton 1970a; Emilia & 

Bodvarsson 1970) . 

This l i m i t i n g s i t u a t i o n may be demonstrated by considering the 

magnetization d i s t r i b u t i o n required to explain a single 'error' 

anomaly of one gamma for several model configurations. F i g . 3.4 A 

shows the model used - a horizontal layer formed by equal sized 

rectangular blocks, with a magnetic anomaly of one gamma at the 

centre of the model and zero elsewhere. Anomaly points are located 
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above the centre of each block. The dip of the earth's f i e l d i s 

assumed to be 60° and the p r o f i l e i s east-west. F i g . 3.4 B shows 

the t y p i c a l pattern of o s c i l l a t i n g magnetization values r e s u l t i n g 

from these experiments, scaled for the particular condition D/W = 3. 

The maximum value of magnetization occurs at the block beneath the 

one gamma anomaly, giving a maximum peak-to-peak fluctuation between 
3' 

adjacent blocks of 0.006 e.m.u./cm . A plot of t h i s central value of 

intensity of magnetization as a function of the value D/W i s shown i n 

F i g . 3.4 C. The maximum peak-to-peak fluctuation i s almost twice the 

plotted magnetization.. This diagram c l e a r l y shows that values of D/W 

greater than about 2 produce unacceptably large fluctuations i n the 

values of magnetization between adjacent blocks. Hence, when dealing 

with magnetic observations of one gamma accuracy, obtained over a 

magnetic layer at 3 kilometres depth, a r e a l i s t i c value for the 

minimum strip-width detectable at the sea surface i s about 1.5 k i l o ­

metres . I f errors of observation exceed one gamma then the ra t i o D/W 

should be chosen to be l e s s than 2. However, a value of D/W l e s s than 

one would produce r e l a t i v e l y large residuals between the chosen f i e l d -

points and hence potential information from the magnetic p r o f i l e would 

be ignored. Similar r e s u l t s and conclusions (not shown) have been 

obtained by the use of suitable random error values, distributed along 

the entire length of the model. 

The Vine-Matthews hypothesis predicts that oceanic magnetic 

anomalies associated with the mid-ocean ridge system represents a 

record of the history of reversals of the earth's magnetic f i e l d . 

This information supplements and extends the radiometric time scale 

for geomagnetic reversals as established by Cox et a l (1968) . The 

application of the Linear Inverse technique to such oceanic magnetic 

anomalies d i r e c t l y evaluates t h i s polarity pattern and permits a 
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precise description of the magnetization variation within the oceanic 

c r u s t . However, the p r a c t i c a l l i m i t a t i o n i n possible resolution 

d i r e c t l y controls the minimum geomagnetic polarity event discernible 

from oceanic magnetic anomalies. Clearly magnetometer measurements 

made close to the sea floor w i l l reveal shorter wavelengths and higher 

amplitudes than are observed at the sea surface (Luyendyk et a l , 1968). 

The interpretation of such data in terms of a variable magnetization 

di s t r i b u t i o n w i l l then allow the use of much narrower block widths -

of the order of 500 metres (Luyendyk 1969). 

These resolution estimates also have a d i r e c t bearing on the 

accuracy of rates of c r u s t a l spreading determined from oceanic magnetic 

anomalies. Le Pichon (1968) suggests that the precision of such deter­

minations i s probably not better than about -0.1 cm/yr. Dickson et a l 

(1968) noted that the probable error i n the spreading rate for the 

Vema 20 p r o f i l e i n the South A t l a n t i c i s of the order of -0.2 cm/yr. 

This estimate i s based on the assumption of a l i n e a r spreading rate 

out to anomaly No. 5 ( H e i r t z l e r et a l 1968). These errors are mainly 

introduced from the d i f f i c u l t y of defining optimum polarity reversal 

boundaries from model studies (Johnson 1969). Direct methods allow a 

more precise d e f i n i t i o n of possible reversal boundaries (- W/2) -

although these positions are s t i l l subject to navigational uncertainty. 
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CHAPTER 4 

MAGNETIC PROFILES IN THE NORTH ATLANTIC OCEAN 

4.1 Introduction 

Over the l a s t decade a number of magnetic surveys have been 

carri e d out i n the North A t l a n t i c , p a r t i c u l a r l y by the U.S. Naval 

Oceanographic Office. Numerous isolated magnetic p r o f i l e s across the 

mid-Atlantic ridge have revealed a systematic magnetic pattern a s s o c i ­

ated with the ridge system and a c h a r a c t e r i s t i c , large amplitude 

anomaly over the ridge cr e s t (Heezen 1953; Ewing et a l 1957; Keen 1963; 

H e i r t z l e r & Le Pichon 1965). On approaching the continental r i s e a 

d i s t i n c t i v e magnetic boundary i s noted p a r a l l e l to the continental 

shelf ( H e i r t z l e r & Hayes 1967). This boundary separates t y p i c a l l y 

oceanic magnetic anomalies from a smooth undisturbed region, the so 

c a l l e d 'quiet-zone', that extends up to the continental s h e l f . Recent 

areal magnetic surveys i n the North A t l a n t i c ( H e i r t z l e r et a l 1966; 

Godby et a l 1968; Avery et a l 1968; Avery et a l 1969) have confirmed 

the existence of extensive 'Pacific-type' (Mason & Raff 1961; Raff & 

Mason 1961) oceanic magnetic lin e a t i o n s , associated with the ridge 

system; and have provided impressive support for the theory of sea-

floor spreading. 

The interpretation of magnetic p r o f i l e s across the mid-Atlantic 

ridge has been carried out almost exclusively i n terms of the Vine-

Matthews hypothesis of sea-floor spreading. Pitman 8c H e i r t z l e r (1966), 

Vine (1966) and Talwani et a l (1968) have calculated ocean-floor 

spreading rates of about 1 cm/yr/limb at the Reykjanes Ridge. P h i l l i p s 

(1967) and P h i l l i p s et a l (1969) have found similar, though somewhat 

ambiguous, rates of spreading of about 1.25 cm/yr/limb at 27°N and 
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near 43°N, respectively. In both areas these authors conclude that 

the magnetic p r o f i l e data indicates a slowing down i n spreading 

around 4-5 m.y. B.P., assuming no major error in the reversal time 

scale used. Loncarevic & Parker (1970) suggest that magnetic data 
o o 

from 45 - 45.5 N correlates well with a magnetic model spreading 

westwards at 1.25 cm/yr and eastwards at 1.1 cm/yr. 

Bullard et a l (1965) and Le Pichon (1968) have demonstrated 

respectively that; the f i t of the continents bordering the A t l a n t i c , 

and ocean-floor spreading rates and fracture zone trend data from the 

North A t l a n t i c , are consistent with the idea of Eurasia and Greenland-

America moving apart, as r i g i d plates, about a common pole of rotation. 

There i s now a large amount of observational evidence supporting the 

general theory of continental d r i f t and sea-floor spreading i n the 

North A t l a n t i c Ocean. Relevant geophysical l i t e r a t u r e for t h i s general 

area i s extensive. Summaries are given by Ewing & Ewing (1959), Nafe 

& Drake (1969) and Allen (1969). 

4.2 The Mid-Atlantic Ridge at 45°N 

4.2.1 The P r o f i l e Data 

During June and July 1968 the author accompanied an oceanographic 
o 

crui s e on C.S.S. HUDSON to the mid-Atlantic ridge near 45 N. This 

section describes the interpretation of three combined magnetic and 

bathymetric p r o f i l e s obtained across the c r e s t a l zone of the ridge 

system (Loncarevic - private communication). The data was collected 

by the A t l a n t i c Oceanographic Laboratory, Bedford I n s t i t u t e , Canada, 

as part of the i r special study programme for t h i s area of the mid-

A t l a n t i c ridge (Loncarevic et a l 1966) . The three p r o f i l e s considered 

are situated to the north east of the main survey area (Loncarevic & 

Parker 1970). These traverses cover an east west distance of about 
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300 km and a north south distance of 37 km, the i r location with 

respect to the axis of the mid-Atlantic ridge i s shown i n F i g . (4.1). 

Navigational control for the survey was established by a s a t e l l i t e 

navigation system (Aumento & Loncarevic 1969) . The bathymetric 

contours of F i g . (4.1) are based on information compiled by the 

National I n s t i t u t e of Oceanography England, at a scale of 1:1000000. 

The black dots mark U.S.C.G.S. earthquake epicentres (1963-1968) made 

available from the U.K.A.E.A. data bank. 

The three p r o f i l e s , F i g . (4.2), were recorded on approximately 

east west courses and for the purpose of two-dimensional interpreta­

tion have been projected at right angles to the l o c a l ridge a x i s . 

Detailed contour maps for t h i s general area (Loncarevic - private 

communication) confirm a l i n e a r pattern of magnetic and bathymetric 

features elongated p a r a l l e l to the median valley, with an approximate 
o 

trend of 019 . The bathymetric p r o f i l e s were constructed from corrected 

soundings (Matthews 1939) made at f i v e minute i n t e r v a l s at an approxi­

mate speed of ten knots. The magnetic observations were not corrected 

for the diurnal variation of the earth's magnetic f i e l d , though 

observatory records from Bedford I n s t i t u t e , Canada (Srivastava 1969) 

were inspected for magnetic storms. None were evident during the 

survey period. The magnetic readings used for interpretation were 

taken at two minute i n t e r v a l s . For each p r o f i l e , anomaly values were 

computed by subtracting a l i n e a r regional gradient, using the method 

of l e a s t squares, and then removing the principal low order fourier 

components (section 3.3). 

The recorded magnetic anomaly p r o f i l e s , shown i n Fig.' (4.2) as 

a continuous l i n e , reveal anomalies ranging i n amplitude from 100 to 

300 gamma with widths of 10-30 km. These p r o f i l e s show correlatable 

features, although the small scale d e t a i l from p r o f i l e to p r o f i l e i s 
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variable. Certain general features can be recognised at approximately 

the same distance from the ridge axis on a l l p r o f i l e s , although a 

symmetrical pattern i s not readily apparent. A "distinctive composite 

positive magnetic anomaly i s associated with the area of the median 

valley (m.v.) though, i n P r o f i l e PI, the amplitude of t h i s feature i s 

comparatively reduced. The apparent absence of a large magnetic 

anomaly associated with the median valley of the mid-Atlantic ridge at 

t h i s point and further to the north has been noted by H i l l (1960) and 

Loncarevic et a l (1966). 

The bathymetrie record for each traverse reveals an average depth 

of 2-3 km and shows a rough topography p a r t i c u l a r l y near the median 

valley area, where changes i n r e l i e f of the order of 1 km or more occur. 

Loncarevic et a l (1966) report that t h i s c r e s t a l topography appears to 

represent a s e r i e s of ridge and trough-like features trending sub-parallel 

to the median v a l l e y . Also many of the minor bathymetric features, seen 

i n en echelon pattern, have a general elongation of about 4:1. Away 

from the C r e s t a l Mountains towards the High Fractured Plateau (Heezen 

et a l 1959) the bathymetric r e l i e f appears more subdued, individual features 

are more isolat e d , and contour information suggests a weakly orientated 

r e l i e f pattern. Sedimentary deposits are known to gradually increase 

i n thickness away from the ridge c r e s t (Keen & Manchester 1970) and t h i s 

may be responsible for the more gentle r e l i e f . 

4.2.2 Interpretation 

Because of the general lack of sediment (Ewing et a l 1964; Keen 

& Manchester 1970) and the jagged bathymetric r e l i e f observed over the 

mid-Atlantic ridge i n general, i t has been assumed that the recorded 

bathymetry for each p r o f i l e represents the upper surface of Layer 2 

i . e . the adopted magnetic layer. Detailed dredging and bottom photo­

graphy within the main survey area (Aumento 1968; Aumento & Loncarevic 
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1969) support t h i s view by revealing basement rock abundantly exposed 

on the sea-floor with only s l i g h t sediment cover. Allowance for t h i s 

highly uneven sea-floor r e l i e f should considerably improve the 

r e l i a b i l i t y of the re s u l t i n g magnetic interpretation (cf.-Vogt & 

Ostensi'o 1966). The form of the lower surface of Layer 2 i s not known. 

I t i s assumed to be located at a depth of about 2 km below the sea-

floor, r i s i n g s l i g h t l y at the ridge a x i s . This i s i n accord with 

general refraction r e s u l t s - obtained i n the North A t l a n t i c (Le Pichon 

et a l 1965). 

In each p r o f i l e the adopted model for Layer 2 was then subdivided 

into a large number of v e r t i c a l , adjacent trapezia each assumed to be 

uniformly magnetized i n the direction of the earth's average geocentric 

dipole f i e l d . The Linear Inverse technique was then used to estimate 

d i r e c t l y the variation i n magnetization, within t h i s layer, required to 

explain the observed magnetic anomaly p r o f i l e s . Details of the model 

specifications are set out i n Table I I , for a l l three p r o f i l e s the 

le a s t squares version of the interpretational method was used. 

In each case the observed anomaly p r o f i l e was almost exactly 

explained i n terms of the assumed magnetic source and a sequence of 

variable magnetization values. When the theoretical magnetic anomaly 

p r o f i l e s (shown as dotted l i n e s i n F i g . 4.2 ) , computed from the 

evaluated distributions of magnetization, are compared with the actual 

observed p r o f i l e s no residual value exceeds 28 gamma. The low R.M.S. 

values emphasize that residual values are appreciably l e s s than t h i s 

amount, generally being of the order of a few gamma. This accurate 

simulation of the magnetic p r o f i l e data i s p r i n c i p a l l y due to the 

optimum block-width value chosen for the magnetic l a y e r . This value 

of about 2 km permits a good f i t of the d e t a i l s of the observed anomaly 

and avoids excessive amplification of short wavelength components 
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within the data (section 3.4). Larger residuals would be expected 

when dealing with steeper magnetic gradients, such as those observed 

near the c r e s t of the Reykjanes Ridge, and/or with l e s s accurate data 

points. 

The distributions of magnetization computed from the observed 

magnetic anomalies are shown i n F i g . (4.3). These distributions reveal 

systematic variations i n the intensity of magnetization i n a direction 

perpendicular to the s t r i k e of the median v a l l e y . Each histogram shows 

groupings of values of approximately equivalent magnitude and sign, 

separated by comparable sets of values of reversed sign. The boundaries 

between adjacent groups are marked by f a i r l y abrupt changes i n magneti-
3 

zation, generally of the order of 0.002-0.003 e.m.u./cm . 

For a l l three p r o f i l e s there i s a d i s t i n c t i v e zone of positive 

magnetization underlying the a x i a l anomaly, within the area of the 

median val l e y . On P r o f i l e s PI and P2 these values appear to be associated 

with bathymetric features observed within the median valley, which 

probably represent outpourings from two volcanoes which have erupted 

through the valley sides (Loncarevic. et a l .196.6). For P r o f i l e PI the 

amplitude of t h i s central group of magnetization values i s s i g n i f i c a n t l y 

reduced due to the l o c a l decrease i n s i z e of the a x i a l anomaly. This 

reduction may r e s u l t from some form of l o c a l demagnetization associated 

with the suggested volcanism although the adjacent P r o f i l e P2 does not 

appear to have been affected. Within the a x i a l zones those values of 
3 

magnetization exceeding about 0.004 e.m.u./cm may be somewhat unrepre­

sentative as the magnetic layer i s thinned at these points - due to 

the topographic valley and the r i s i n g base of Layer 2. Whilst these 

a x i a l zone magnetization values c l e a r l y e x i s t as a separate group they 

do not appear to be s i g n i f i c a n t l y larger i n amplitude than those a s s o c i ­

ated with the flanking anomalies. This s i t u a t i o n i s comparable to the 
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r e s u l t s of other authors (Bott 1967; Emilia & Bodvarsson 1969), although 

i n contrast to r e s u l t s obtained i n the Gulf of Aden (Bott 8c Hutton 1970b). 

The positive and negative groups of magnetization shown i n F i g . (4.3) 

have been interpreted i n terms of the Vine-Matthews hypothesis of sea-

floor spreading and provisionally i d e n t i f i e d with the sequence of 

geomagnetic f i e l d reversals established by H e i r t z l e r et a l (1968) . 

D i s t i n c t i v e reversal boundaries have been traced from p r o f i l e to p r o f i l e 

though c e r t a i n intermediate polarity t r a n s i t i o n points are l e s s obvious 

and have not been i d e n t i f i e d on a l l p r o f i l e s . The correlations indicated 

suggest an average spreading rate of about 1.2 cm/yr/limb - although 

th i s conclusion i s biased s l i g h t l y as the p r o f i l e s extend mainly to the 

east of the median v a l l e y . The time sc a l e drawn at the bottom of 

F i g . (4.3) has been scaled for a spreading rate of 1.25 cm/yr/limb. 

The i d e n t i f i e d pattern of sea-floor spreading i s not regular or 

symmetrical i n d e t a i l . If- the rate of spreading was uniform with time 

along the ridge axis then the c o r r e l a t i n g l i n e s shown i n F i g . (4.3) 

would be p a r a l l e l , assuming that the three p r o f i l e s had been correctly 

aligned with respect to the axis of spreading. For the three p r o f i l e s 

the zone of positive magnetization underlying the a x i a l anomaly i s wider 

than that predicted for a constant spreading rate of 1.25 cm/yr/limb 

and comparable variations may be noted at a number of other points. 
o o 

Loncarevic & Parker (1970) suggest that between 45 N and 45.5 N, 

spreading rates deduced from a s t a t i s t i c a l sumation of magnetic p r o f i l e 

data are 1.28 cm/yr to the west and 1.10 cm/yr to the east. These 

estimates have been obtained using the indi r e c t method of interpretation 

and are based on rates of spreading that are assumed to be constant i n 

time. I t i s to be noted that the three p r o f i l e s considered i n the 

present work are situated to the north of latitude 45.5°N and represent 

a small f r a c t i o n of the t o t a l information (some 50,000 data points) 
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considered by Loncarevic and Parker i n their a n a l y s i s . 

Aumento (1969) has suggested that a variable rate of sea-floor 

spreading i s indicated for t h i s general area mainly on the basis of 

radiometric ages determined from dredge samples. His calculated 

spreading rates f a l l into two d i s t i n c t groups: a f a s t e r rate on the 

Crest Mountains (average 3 cm/yr/limb); and a slower rate on the High 

Fractured Plateau (average 1 cm/yr/limb). Loncarevic & Parker (1970) 

have commented i n d e t a i l on age discrepancies between dates predicted 

from magnetic anomalies and those from the radiometric work (Aumento 

1969) . Loncarevic & Parker favour a hypothesis explaining the occurrence 

of 'anomalous' young ages but find d i f f i c u l t y i n explaining c e r t a i n 

older dates located within a zone predicted to be younger from the 

magnetic evidence. This c o n f l i c t has not yet been resolved, the 

situation i s complicated by problems encountered i n determining accurate 

K-Ar dates for young rocks (e.g. Noble & Naughton 1968). 

The correlations shown i n F i g . (4.3) indicate a l o c a l l y variable 

rate of ocean-floor spreading and to some extent support the ideas of 

Aumento (1969) i n that there appears to have been a f a s t e r ( 2 cm/yr/limb) 

rate of spreading over the l a s t 0.7 million years. A plot of the 

i d e n t i f i e d reversal boundaries against distance from the ridge axis 

suggests that over a period of 10 m i l l i o n years the average spreading 

rate normal to the ridge a x i s was 1.25 cm/yr/limb. Away from the ridge 

c r e s t this value varies between 1.1 to 1.3 cm/yr/limb. This discussion 

assumes that the geomagnetic time scale established by H e i r t z l e r et a l 

(1968) i s e s s e n t i a l l y correct and that reversal boundaries have been 

correctly i d e n t i f i e d . 

During the course of the A t l a n t i c Oceanographic Laboratory's study 

of the mid-Atlantic ridge between 45°N and 46°N a number of dredge hauls, 
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yielding rock samples, have been ca r r i e d out in the area, spaced from 

150 km west to 70 km east of the median v a l l e y . The bulk of the rock 

material gathered was basalt. Irving et a l (1970) report that 

palaeomagnetic r e s u l t s from 27 dredge hauls (75 samples) indicate that 
-4 3 

the basalts have a mean remanent magnetization of 92 x 10 e.m.u./cm , 
-4 3 

and a mean s u s c e p t i b i l i t y of 0.9 x 10 e.m.u./cm . The remanence 
values of basalt vary with distance from the ridge a x i s . They average 

-4 3 
about 40 x 10 e.m.u./cm on the High Fractured Plateau, about 

-4 
60 x 10 on the C r e s t a l Mountains and then increase sharply towards 
the median valley where one station gave a value (average of 5 samples) 

-4 
of about 1000 x 10 

The implications of these r e l a t i v e l y high remanent magnetization 

values, assuming no sample bias and no s i g n i f i c a n t v e r t i c a l variation 

in magnetization, i s that the magnetic layer i s considerably thinner 

than i s normally assumed i n model work ( I r v i n g et a l 1970; Carmichael 

1970). A number of the sample s i t e s discussed by Irving et a l (1970) 

and Carmichael (1970) are situated about 45°-40'N, mainly over the 

c r e s t a l mountains and extending to the west. This i s the approximate 

position of P r o f i l e P3 ( F i g . 4.1), although t h i s traverse extends mainly 

to the east. Accepting that the remanent magnetization values are 

symmetrically representative ( c f . F i g . 2, Irving et a l 1970), P r o f i l e P3 

may be used to examine the hypothesis of a thin, highly-magnetized layer 

constituting the top of Layer 2. 

Accordingly t h i s p r o f i l e was re-interpreted with the Linear Inverse 

technique, using the known bathymetry as the upper surface of the 

magnetic layer and an ide n t i c a l surface set at a lower l e v e l for the 

base. A number of models were tested - the magnetic layer was f i n a l l y 

modified to represent a layer of constant thickness (0.5.km) except for 

the median valle y area where a thickness of 0.1 km was adopted. This 
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model was concluded to be most satisfactory i n that the computed 

dis t r i b u t i o n of magnetization gave good agreement with the values 

obtained by Ir v i n g et a l (1970). This estimate assumes that the 

intensity of magnetization of the measured sarnies i s representative 

of the whole magnetic layer, since most of the dredge hauls probably 

came from the top metre of b a s a l t i c flows on the sea-floor. A 

mantling layer of 0.1 km thickness along the complete length of the 

pr o f i l e required magnetization values, at the ridge flanks (about 
3 

140 km from the ridge a x i s ) , to be about 0.02 - 0.04 e.m.u./cm , i . e . 

almost a factor of ten larger than the average values quoted by Irving 

et a l (1970). 

F i g . (4.4) shows the magnetic p r o f i l e used for the interpretation 

and the theoretical magnetic anomaly computed from the r e s u l t i n g d i s ­

tribution of magnetization. The 'degree of f i t ' of the computed and 

observed anomaly i s s a t i s f a c t o r y ; the maximum residual value obtained 

was 33 gamma with an ove r a l l R.M.S. value of -6 gamma. The computed 

dis t r i b u t i o n of magnetization reveals intensity values similar to those 

obtained by Ir v i n g et a l (1970) and the interpretation supports the 

general idea of a thin magnetic layer (Carmichael 1970). The except­

ionally large values of magnetization are located f a i r l y c losely within 

the l i m i t s of the median valley. D i s t i n c t i v e groups of positive and 

negative magnetization away from the ridge axis have been correlated 

with the reversal time scale ( H e i r t z l e r et a l 1968) i n accord with the 

hypothesis of sea-floor spreading. No s i g n i f i c a n t difference i s noted 

between these correlations and those shown in F i g . (4.3) obtained with 

a thicker magnetic lay e r . 

The above interpretation demonstrates that a highly magnetic 

'upper-Layer 2' can accurately explain the observed magnetic p r o f i l e 

and remain consistent with the Vine-Matthews hypothesis of sea-floor 
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spreading. Irving et a l (1970) suggest that the dramatic l o c a l 

decrease i n remanent magnetization in t e n s i t y , away from the ridge a x i s , 

may be due to demagnetization e f f e c t s r e s u l t i n g from thermal cycling 

within the narrow, volcanic a x i a l zone. The change i n thickness of 

the magnetic layer away from the median valley, shown i n F i g . (4.4), 

supports t h i s suggestion. The thicker section of the magnetic layer 

(o.5 km), away from the median valley, would represent lava flows that 

had been erupted within the median valley and gradually thickened 

and demagnetized by successive eruptions during the process of sea-

floor spreading. 

4.3 The Mid-Atlantic Ridge at 60°N 

4.3.1 The P r o f i l e Data 

In September 1967 several shipboard traverses were made across 

the Reykjanes Ridge at approximately 60°N by the R/V TRIDENT of the 

University of Rhode Island. The survey operations c a r r i e d out involved 

systematic dredging accompanied by bottom photography, seismic p r o f i l i n g 

and t o t a l magnetic f i e l d measurements (De Boer et a l 1969). A combined 

magnetic and seismic-profiler traverse obtained i n t h i s work has been 

made available for study (Krause - private communication). This p r o f i l e 

extends for about 175 km across the c r e s t a l region of the Reykjanes 

Ridge i n a direction approximately perpendicular to the north east 

s t r i k e of the ridge a x i s . The end points of the p r o f i l e are located 

at (60° - 33'N, 30° - 59'W) and (59° - 35.6'N, 28° - 27.8'W). 

The Reykjanes Ridge i s a continuous north east trending segment 

of the mid-Atlantic ridge, which extends from latitude 55°N to the 

Reykjanes Peninsula of south west Iceland. A detailed aeromagnetic 

survey over the ridge ( H e i r t z l e r et a l 1966) has revealed a remarkably 

l i n e a r pattern of magnetic anomalies which are approximately symmetric 

and p a r a l l e l to the ridge a x i s . More recent survey work by Godby 
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et a l (1968) and Avery et a l (1969) has demonstrated the extension 
of t h i s magnetic pattern, which i s now known to range from the 
continental slope of Greenland to the western margin of the Rockall 
Plateau. 

At 60°N the observed a x i a l anomaly ( F i g . 4.5) has an amplitude 

of about 1600 gamma and width of about 15 km. The flanking anomalies 

are smaller i n width and have a lower amplitude - generally about 

500 gamma. A s t r i k i n g feature of the p r o f i l e , and of the area i n 

general, are the sharp magnetic gradients recorded. This i s particu­

l a r l y noticeable near the a x i a l zone where gradients of the order of 

300 gamma/km occur. The average depth of water recorded across the 

p r o f i l e i s between 1 and 2 km. The c r e s t a l zone of the ridge i s nearly 

devoid of sediment and up to about 100 km either side of the a x i s , 

sediment thicknesses are a few hundred metres at most ( F i g . 1, De Boer 

et a l 1969). The basement surface i s therefore somewhat shallower than 

i s observed over other parts of the mid-ocean ridge system and t h i s may 

partly account for the steep magnetic gradients observed. The general 

bathymetry of the Reykjanes Ridge has been summarized by Hei r t z l e r 

et a l (1966). The available information indicates a continuous ridge 

c r e s t , the absence of a median r i f t and suggests that small l o c a l 

basement features, sub-parallel to the ridge axis, are not greatly 

continuous beyond a few kilometres. 

Unfortunately, magnetograms from the magnetic observatory at 

Leirvogur, Iceland, revealed a serious magnetic disturbance during the 

period of the magnetic survey. A computed plot of the to t a l f i e l d 

v ariation during t h i s disturbance revealed a number of fluctuations of 

the order of 100 gamma superimposed on a longer period component also 

having an amplitude of about 100 gamma. A correction for the long 

period v a r i a t i o n has been ca r r i e d out, although the shorter period 



fluctuations have had to be neglected. Magnetic anomaly values shown 

in F i g . (4.5) were computed by subtracting a l i n e a r , l e a s t squares 

regional gradient and the p r i n c i p a l low order fourier components, from 

the t o t a l f i e l d values (section 3.3). 

4.3.2 Interpretation 

The acoustic basement, determined from the seismic p r o f i l e r 

traverse, has been assumed to represent the upper surface of Layer 2, 

i . e . the magnetic lay e r . The form of the lower surface of Layer 2 i s 

not known. Seismic r e f r a c t i o n l i n e s i n t h i s area (£3, £4; Ewing & 

Ewing 1959) suggested a c r u s t a l structure of 3-4 km of a r e l a t i v e l y 

high velocity basement (5.6-5.8 km/sec) overlying a 7.2 to 7.6 km/sec 

material, thought to represent altered mantle. However, more recent 

sonobuoy refr a c t i o n work on the inner flank of the Reykjanes Ridge 

(Talwani et a l 1968) has demonstrated a 4.5 km/sec velocity material, 

1.5-3.5 km thick, overlying a 6.5 km/sec velocity l a y e r . These r e s u l t s 

suggest that the 5.6-5.8 km/sec layer of Ewing & Ewing (1959) may 

consist of the two layers of Talwani et a l (1968). Layer 2 has there­

fore been assumed to be approximately 2 km thick, the lower surface 

r i s i n g s l i g h t l y towards the ridge c r e s t i n order to maintain a f a i r l y 

uniform thickness ( F i g . 4.5). 

The seismic basement p r o f i l e was then sampled at an average 

in t e r v a l of 0.6 km, yielding 299 points. These points were l a t e r 

combined within the interpretation programme (section 2.3.3) to 

represent 115 individual model blocks, with an average width of 1.5 km. 

These model elements were assumed to be uniformly magnetized i n the 

direction of the average geocentric dipole f i e l d . The magnetic anomaly 

p r o f i l e was d i g i t i z e d at an average i n t e r v a l of 0.8 km yielding 223 

values. The l e a s t squares version of the Linear Inverse technique was 

then used to evaluate the d i s t r i b u t i o n of magnetization, within Layer 2, 
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required to explain the observed magnetic p r o f i l e . 

The r e s u l t i n g interpretation i s shown i n F i g . (4.5). The 

theoretical magnetic anomaly computed from the evaluated magnetization 

di s t r i b u t i o n i s shown by the dotted l i n e . V i s u a l l y the f i t to the 

observed p r o f i l e i s s a t i s f a c t o r y . However, a maximum residual value 

of 131 gamma i s obtained near the ridge c r e s t and the ove r a l l R.M.S. 

value for the p r o f i l e i s -32 gamma. This degree of f i t i s not as good 

as would be expected and r e f l e c t s a number of problems encountered i n 

the interpretation. From the residual plot i t i s seen that the largest 

errors are obtained near the ridge c r e s t and occur p a r t i c u l a r l y over 

areas of sharp magnetic gradient. The correct form of the anomaly i s 

simulated but small phase errors, due to the ar b i t r a r y position of 

model block boundaries within the magnetic layer, produce r e l a t i v e l y 

large discrepancies between the theoretical and observed magnetic 

p r o f i l e s . The upper surface of the magnetic layer i s situated within 

1 km of the sea surface at the ridge c r e s t . However, optimum model 

block widths (section 3.4) are d i f f i c u l t to j u s t i f y because of possible 

data e r r o r s . Variable block widths have been used i n the model, 

p a r t i c u l a r l y near the a x i a l zone where thinner model elements (~ 1 km) 

are e s s e n t i a l i n order to match the extreme magnetic gradients. 

The evaluated magnetization d i s t r i b u t i o n reveals a pattern of 

discrete groups of magnetization associated with the major magnetic 

anomalies. The zone of positive magnetization underlying the a x i a l 
3 

anomaly has an average value of about 0.006 e.m.u./cm and i s flanked 

by adjacent negative groups of comparable and greater values of magneti­

zation. This abrupt change i n magnetization at the ridge cr e s t i s of 
3 

the order of 0.01 e.m.u./cm and this compares well with a similar value 

obtained by Godby et a l (1968). Similar sharp contrasts i n magneti­

zation ( 0.005 e.m.u./cm3) occur across the d i s t r i b u t i o n between 
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adjacent groups of more positive and more negative values. This 

pattern i s i n agreement with the Vine-Matthews hypothesis and the 

major groups have been provisionally correlated with the numbering 

sequence of reversals of the geomagnetic f i e l d established by H e i r t z l e r 

et a l (1968). D i s t i n c t i v e reversal boundaries are not well defined 

between Anomaly 3$ and 5 on the north west side of the p r o f i l e . This 

i s partly due to the weak de f i n i t i o n of the magnetic anomaly peaks 

and partly as a consequence of the wide model block widths used. The 

ide n t i f i e d correlations indicate a spreading rate of about 1.0 cm/yr/limb. 

The reversal pattern i s not precisely symmetrical or regular with respect 

to the ridge a x i s although the deduced spreading rate does not depart 

s i g n i f i c a n t l y from the range 0.9-1.0 cm/yr/limb. 

I t i s noted that the dredged rock sample (D 17), reported by De Boer 

et a l (1969, F i g . 1) as showing good evidence for reversed polarity, i s 

situated well within the zone of reversed magnetization between Anomaly 

No. 1 and 2 j to the north west of the ridge axis ( F i g . 4.5). Si m i l a r l y , 

samples (D 19) and D 38), i d e n t i f i e d as representing rocks magnetized 

with a normal polarity, are located within the area of positive.magneti­

zation (sample D 38 i s probably Just within t h i s zone) corresponding to 

the present po l a r i t y epoch. 

Recent work'by Talwani et a l (1968) i n t h i s area has demonstrated 

that a r e l a t i v e l y thin (~ 0.4 km) surface layer of high magnetization 
3 

( 0.01-0.03 e.m.u./cm ) may be the p r i n c i p a l contributor to the 

magnetization of the oceanic cr u s t . Magnetic p r o f i l e s p a r a l l e l to the 

ridge a x i s , following the Vine-Matthews hypothesis, e n t i r e l y within a 

zone of uniform polarity, were shown to correlate well with small scale 

variations i n basement r e l i e f . Talwani et a l have suggested that the 

simplest explanation of this correspondence i s that the magnetic 

anomalies a r i s e largely from the topographic r e l i e f of a uniformly 
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magnetized l a y e r . Approximate two-dimensional cal c u l a t i o n s , adopting 

a ' t r i a l and error' process, were used to determine t h i s magnetization 

contrast. This value was then used to estimate the thickness of the 

magnetic layer required to s a t i s f y p r o f i l e data perpendicular to the 

s t r i k e of the ridge. 

The p r o f i l e shown i n F i g . (4.5) has been re-interpreted i n terms of 

a magnetic layer 0.5 km thick situated at the top of Layer 2. The 

resu l t i n g interpretation (not shown) gave a sati s f a c t o r y simulation of 

the observed p r o f i l e although the maximum residual value obtained was 

now 156 gamma with an ove r a l l R.M.S. value of -37 gamma. This s l i g h t 

decrease i n 'degree of f i t ' , compared with the i n i t i a l interpretation 

( F i g . 4.5), i s not considered to be s i g n i f i c a n t . The res u l t i n g magneti­

zation d i s t r i b u t i o n revealed a sim i l a r pattern to that obtained with the 

thicker magnetic layer except that s i g n i f i c a n t l y larger, both positive 

and negative, magnetization amplitudes were required (as for P r o f i l e P3, 

F i g . 4.4). The values computed at the ridge c r e s t reached a maximum of 
3 

0.035 e.m.u./cm while values associated with the ridge flanks were 
3 

about 0.01 e.m.u./cm . These estimates compare well with those obtained 

by Talwani et a l (1968) and support the hypothesis of a thin highly 

magnetized upper-Layer 2. Accepting t h i s hypothesis the upper layer i s 

probably not thicker than about 0.5 km since' this i s the maximum base­

ment r e l i e f observed p a r a l l e l to the ridge axis (Talwani et a l 1968). 

However, i f variations i n magnetization e x i s t p a r a l l e l to the ridge 

ax i s , t h i s must be expected to some extent, then the estimated magneti­

zation contrast obtained by Talwani et a l may be too large. Similarly, 

any s i g n i f i c a n t topographic contribution from a lower surface of the 

magnetic layer would reduce the ef f e c t i v e magnetization required. 

Hence, i t i s possible that the magnetic layer i s thicker than 0.5 km. 
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This argument i s somewhat weakened by recent work (De Boer et a l 1970) 

which describes c e r t a i n highly magnetic pillow basalts dredged from 

near the c r e s t of the Reykjanes Ridge (samples D 17, D 38, D 19 and 

others). The average magnetic intensity, obtained from 15 samples, 
3 

was 0.05 e.m.u./cm , whilst samples recovered from the c r e s t a l zone 
3 

yielded values of 0.05-0.13 e.m.u./cm . Further d i r e c t computations, 

for the magnetic p r o f i l e shown i n F i g . (4.5), show that the eff e c t i v e 

magnetic layer ( i n the v i c i n i t y of the ridge c r e s t ) i s required to be 

about 100 metres thick i n order to be consistent with magnetization 
3 

values of the order of 0.13 e.m.u./cm . 

4.4 Discussion 

Magnetic anomalies associated with the mid-Atlantic ridge between 

the Azores and Iceland appear to f a l l into two broad types. Those 

anomalies associated with the Reykjanes Ridge are characterized by a 

conspicuous a x i a l anomaly and a s t r i k i n g l y linear pattern of large 

amplitude flanking anomalies ( H e i r t z l e r et a l 1966). In dire c t contrast 
o o 

to t h i s situation magnetic p r o f i l e s obtained between latitudes 42 - 46 N 

have been described by P h i l l i p s et a l (1969) and Loncarevic & Parker (1970) 

as apparently representing a disturbed magnetic pattern and d i f f i c u l t to 

correlate with normal ocean-floor spreading models predicted from the 

Vine-Matthews hypothesis. The interpretations shown i n Figs.(4.3 & 4.5) 

take into account the variable magnetic model parameters, i n each case, 

and confirm a si g n i f i c a n t difference i n the magnetic properties of the 

two areas. 

Near 45°N, the s t a t i s t i c a l treatment carried out by Loncarevic & 

Parker (1970), on some 50,000 observation points from t h e i r survey data, 

has successfully extracted an 'average' magnetic p r o f i l e which i s more 

consistent with the pattern predicted from the hypothesis of sea-floor 
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spreading. This work emphasizes therefore that for t h i s general area 

there i s a r e l a t i v e l y high magnetic 'noise-level' superimposed on 

individual magnetic p r o f i l e s . The cause of t h i s disturbance i s not 

c l e a r . Matthews & Bath (1967) and Harrison (1968) suggest that dyke­

l i k e bodies, responsible for the observed magnetic anomalies, are 

randomly injected over several kilometres either side of the ridge a x i s . 

Loncarevic & Parker (1970) suggest that contamination of 'blocks' of a 

pa r t i c u l a r polarity by material of the opposite polarity may then be 

responsible for the r e l a t i v e l y weak d e f i n i t i o n of the magnetic pattern. 

However, the rather abrupt magnetization changes noted in F i g s . (4.3 & 

4.4), and also by other authors (Emilia & Bodvarsson 1969; Bott & Hutton 

1970b), indicate narrow t r a n s i t i o n zones between sections of normal 

and reversed p o l a r i t y . This would suggest therefore that contamination 

by random dyke-injection i s not the major source of disturbance of the 

magnetic pattern. 

Alternately, the observed 'noise-level' may be due to the e f f e c t of 

an irregular configuration of the magnetic l a y e r . A s i g n i f i c a n t topo­

graphic e f f e c t at 45°N from the jagged 'volcanic' r e l i e f has already been 

demonstrated ( F i g . 3.1a). Also, i f the magnetic layer of t h i s area of 

the mid-Atlantic ridge i s appreciably thinner than that normally expected 

( I r v i n g et a l 1970; Carmichael 1970); then the disturbed magnetic anomaly 

pattern may be explained by s t r u c t u r a l disruption of the magnetic lay e r . 

Seismic r e f l e c t i o n studies indicate the possible existence of block 

f a u l t i n g i n t h i s area, with f a u l t s aligned both p a r a l l e l to and at 

right angles to the ridge axis (Aumento 1970). Topographic p r o f i l e s 

across t h i s sector of the mid-Atlantic ridge (Heezen et a l 1959) support 

t h i s idea and suggest the existence of a 'basin and range' s t r u c t u r a l 

province near the ridge c r e s t . Further north the Reykjanes Ridge i s not 

characterized by a central r i f t or such mountainous c r e s t a l topography. 
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I f t h i s variation i n bathymetric r e l i e f may be correlated with l o c a l 

tectonic a c t i v i t y away from the ridge c r e s t then t h i s may provide an 

explanation for the disturbed magnetic pattern observed near 45°N. 

For comparable magnetic models the computed d i s t r i b u t i o n of 

magnetization, shown in F i g s . (4.3) fe (4.5), reveal a s i g n i f i c a n t 
o o 

difference i n c r u s t a l magnetization between 45 N and 60 N. The values 

obtained over the Reykjanes Ridge are larger and show more abrupt 

l a t e r a l changes. This confirms the findings of Heir t z l e r & Le Pichon 

(1965) who noted the apparent departure of observed a x i a l anomaly 
o o 

amplitudes, between 45 - 49 N, from that predicted from simple model 

studies applied to the A t l a n t i c as a whole. The reason for t h i s 

regional difference i s not c l e a r . Van Andel (1968) has suggested that 

low grade metamorphism, associated with recent tectonic a c t i v i t y near 

the ridge c r e s t , may degrade the e f f e c t i v e c r u s t a l magnetization at 

depth. Such a process may be related with the faulting suggested as 
being responsible for the apparent disturbance of the observed magnetic 

o 
pattern near 45 N. 

The dir e c t interpretations presented cannot discriminate, i n 

themselves, between a thick (r* 2.0 km) or thin (~ 0.5 km) magnetic 

laye r . Good agreement of observed and computed magnetic anomalies was 

obtained for both models and each represents a plausible solution. 

The thin magnetic layer suggests that large dyke swarms, extending for 

several kilometres i n depth, may not have a major role i n the generation 

of oceanic crust at mid-ocean ridges. Pillow lava erupted on the sea-

floor and subsidiary intrusions could provide the main magnetic source, 

with a corresponding high intensity- of magnetization consistent with 

the values obtained from recent dredging operations (Opdyke & Hekinian 

1967; Irving et a l 1970; De Boer et a l 1970). Feeder dykes would e x i s t 

at depth of course. 
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However, the ambiguity of the si t u a t i o n can only r e a l l y be 

resolved by examination of representative rock samples d r i l l e d from 

the ocean f l o o r . Dredged rock samples are almost certai n l y obtained 

from the outer margins of lava flows which have c h i l l e d extremely 

rapidly by d i r e c t contact with the sea water. During t h i s quenching 

process the outer margins s o l i d i f y quickly, producing very fine-grained 

magnetic p a r t i c l e s which are both more intensely and more stably 

magnetized than the slowly cooled i n t e r i o r s which have larger p a r t i c l e s 

(Nagata 1961). Hence, we may question whether the very large values 

of remanent magnetization obtained from dredged samples are representa­

t i v e of larger units, within the oceanic crust, which w i l l have cooled 

more slowly (Cox & Doell 1962). To date, some magnetic properties have 

been measured i n only about 300 submarine samples, t h i s represents 

approximately one sample per m i l l i o n square kilometres (Watkins et a l 

1970). 

The points made e a r l i e r suggest that data from the Reykjanes Ridge 

may be more representative i f computed magnetization distributions are 

used to study variations i n the palaeo-intensity of the earth's 

magnetic f i e l d . In view of unknown demagnetization e f f e c t s , 

p a r t i c u l a r l y a t the ridge axis ( c f . Godby et a l 1968; Irving et. a l 

1970), such a study would best be ca r r i e d out on several long traverses. 
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CHAPTER 5 

MAGNETIC PROFILES IN THE GULF OF ADEN 

5.1 Introduction 

Recent oceanographic survey data have confirmed the westward 

continuation of the Carlsberg Ridge, part of the world wide mid-ocean 

ridge system, from the North West Indian Ocean into the Gulf of Aden 

and extending into the Gulf of Tadjura (Laughton 1966; Roberts & 

Whitmarsh 1968; Laughton et a l 1969). Available geophysical information 

for the Gulf of Aden may be summarized as follows: 

(a) The bathymetry shows a 'central rough zone' with a median valley, 

throughout the Gulf of Aden. This i s associated with an earth­

quake epicentre belt, l i n e a r magnetic anomalies and high heat flow 

(Laughton 1965, 1966; Laughton et a l 1969). 

(b) The c r u s t a l structure, from seismic refraction evidence, i s 

ty p i c a l l y oceanic. At the western end of the Gulf the a x i a l region 

of the 'central rough zone' appears to be underlain by an anomalously 

low mantle velocity (-Laughton & Tramontini 1970) . 

(c) North east - south west cross f a u l t s , thought to be transform 

f a u l t s (Sykes 1968), can be traced across the area and intersect 

the edges of the continental s h e l f . 

(d) Reconstruction of the f i t of opposing continental shelf edges 

(500 fm. l i n e ) reveals that pre-Miocene geological features are 

generally continuous across the reassembly. This suggests that 

the c r u s t a l blocks of Arabia and Somalia have separated within the 

l a s t 20 m i l l i o n years (Laughton 1966). 
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Certain l i n e a r magnetic anomalies i n the Gulf can be id e n t i f i e d 

with the magnetic pattern consequent of sea-floor spreading and 

indicate spreading rates, normal to the ridge a x i s , of about 

1 cm/yr/limb (Laughton et a l 1969). 
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5.2 The P r o f i l e Data 

During March 1967, Cruise 16 of R.R.S. DISCOVERY obtained a number 

of magnetic and bathymetric p r o f i l e s i n the Gulf of Aden (Matthews et a l 

1967; Laughton et a l 1969). This data was collected by the National 

I n s t i t u t e of Oceanography, England, as part of the continuing marine 

geophysical research programme associated with the International Indian 

Ocean Expedition ( H i l l 1966). The following sections describe the 

interpretation of three combined magnetic anomaly and bathymetric p r o f i l e s 

obtained from this survey work (Jones - private communication). 

The location of these traverses i s shown i n F i g . (5.1). The 

bathymetric information i s based on data compiled by the National 

I n s t i t u t e of Oceanography at a scale of 1:2000000. Bathymetric contours 

show a strong lineation of ridges and troughs trending p a r a l l e l and sub-

p a r a l l e l to the central valley associated with the East Sheba Ridge. 

Between 56°E and 57°E the ridge axis undergoes a r e l a t i v e l y sharp, 

though apparently continuous, change i n s t r i k e from a north west to a 

more east west trend. Earthquake epicentres (Matthews et a l 1967) group 

i n t h i s general area and appear to form part of a belt of earthquakes 

p a r a l l e l to but displaced from the l o c a l ridge axis, (Jones - private 

communication). This tectonic a c t i v i t y may be related to small transform 

f a u l t s associated with t h i s section of the ridge although available 

evidence on t h i s point i s not conclusive. 

Towards P r o f i l e Q-R a further s e r i e s of bathymetric ridges and 

valleys trend approximately perpendicular to the axis of the East Sheba 

Ridge and p a r a l l e l to the Owen Fracture Zone. The Owen Fracture Zone 

marks the junction of the East Sheba Ridge and the Carlsberg Ridge. The 

ridge axes are displaced by about 170 nautical miles i n a right l a t e r a l 

sense (Matthews 1966). The East Sheba Ridge suffers another major 
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dislocation of some 100 miles i n a l e f t l a t e r a l sense at the 

Alua-Fartak trench, i d e n t i f i e d by Sykes (1968) to be a transform f a u l t . 

The westward continuation of the ridge system, the West Sheba Ridge, 

has a p a r t i c u l a r l y jagged sea-floor r e l i e f ( v l - 1 , 5 km) and consists mainly 

of p a r a l l e l ridges and vall e y s trending approximately north east - south 

west. The ridge axis i s severely fractured and of f s e t i n t h i s region 

by what are probably a s u i t e of small transform f a u l t s (Laughton et a l 

1969). Further to the west the ridge axis i s characterized by a single 

deep valley s t r i k i n g into the Gulf of Tadjura (Roberts & Whitmarsh 1968). 

Along the length of the Gulf of Aden the central rough zone i s bounded 

by sediment f i l l e d troughs to the north and south. Laughton & Tramontini 

(1970) report that unconsolidated sediments, within the Gulf, vary i n 

thickness from 0.23 to 1.52 km and generally thicken systematically with 

distance from the median val l e y . 

Magnetic anomalies recorded i n the Gulf of Aden showjj an approximately 

l i n e a r pattern p a r a l l e l to the ridge axis and show s i m i l a r c h a r a c t e r i s t i c s 

to those observed over other sections of the mid-ocean ridge system. 

Over the East Sheba Ridge'magnetic p r o f i l e s may be reasonably interpreted 

i n terms of the Vine-Matthews hypothesis of sea-floor spreading and 

provide estimates of rates of c r u s t a l spreading (Laughton et a l 1969). 

Magnetic p r o f i l e s obtained near the Owen Fracture Zone and over the West 

Sheba Ridge are more d i f f i c u l t to relate to t h i s concept and are probably 

affected by disruptions associated with known f a u l t i n g . Laughton et a l 

(1969) have demonstrated a generally continuous correlation of magnetic 

anomalies between adjacent p r o f i l e s throughout the Gulf. However, a 

number of 'zones of confusion' e x i s t (generally associated with trans­

form f a u l t i n g ) , where anomaly i d e n t i f i c a t i o n i s uncertain. 
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The three magnetic p r o f i l e s considered i n t h i s study, F i g s . (5.2, 

5.4, 5.5) reveal f a i r l y t y p i c a l oceanic magnetic anomalies having 

amplitudes of 100-600 gamma and widths of about 15 km. A l l p r o f i l e s 

show a conspicuous negative anomaly, associated with a well defined 

l o c a l median valley, flanked by comparable positive anomalies. This 

s i t u a t i o n i s due to the low magnetic latitude of the area (+6° to +12°) 

which has the effect of producing a dominantly negative magnetic anomaly 

over a body magnetized i n a direction close to the present earth's f i e l d . 

Ridge flank anomalies, generally show a f a l l off i n amplitude away from 

the ridge c r e s t . This i s p a r t i c u l a r l y noticeable i n P r o f i l e s Q-R and 

B'-C . 

The o r i g i n a l magnetic observations were not corrected for diurnal 

varation. Anomaly values used for interpretation, in each p r o f i l e , were 

computed by subtracting a li n e a r regional gradient (using the method of 

l e a s t squares) from the observations and then removing the pr i n c i p a l low 

order fourier components (section 3.3). 

5.3 Interpretation 

5.3.1. .Profile I - J . 

This traverse i s perpendicular to the l o c a l axis of the East Sheba 

Ridge and to the established trend of the magnetic anomaly pattern, 

j u s t i f y i n g a two-dimensional approach to interpretation. The traverse 

i s situated almost en t i r e l y within the central rough zone and the sea-

floor r e l i e f shows sharp changes i n height (~0.5 to 1.0 km), p a r t i c u l a r l y 

near the median val l e y . Because of t h i s rugged r e l i e f and general lack 

of sediment i n the area, i t has been assumed that the bathymetry recorded 

along the traverse represents the upper surface of Layer 2, i . e . the 

magnetic laye r . The form of the lower surface of Layer 2 i s not known; 

i t has been assumed to be horizontal at a depth of 5 km below sea l e v e l 
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( F i g . 5.2, model ( a ) ) . This estimate i s consistent with refraction 

r e s u l t s obtained by Laughton & Tramontini (1970) which indicate that 

the thickness of Layer 2 varies between 1.8-2.8 km. 

Layer 2 was then subdivided into a large number of two-dimensional 

model blocks, each assumed to be uniformly magnetized i n the direction 

of the earth's average geocentric dipole f i e l d . The Linear Inverse 

technique was then used to d i r e c t l y evaluate the distribution.of 

magnetization within t h i s magnetic layer required to explain the recorded 

anomaly p r o f i l e . Model specifications are set out i n Table I I I . 

The r e s u l t i n g interpretation i s shown i n F i g . £5.2$... The 

theoretical magnetic anomaly, computed from the evaluated distribution 

of magnetization, i s shown as a dotted l i n e and s a t i s f a c t o r i l y simulates 

the observed p r o f i l e . Residual anomaly values do not exceed 62 gamma 

and are, i n general, appreciably l e s s than t h i s . The largest residuals 

occur near the cres t of the ridge where the upper surface of Layer 2 i s 

shallowest and magnetic gradients are p a r t i c u l a r l y steep. These residuals 

could be reduced by using narrower model blocks. However, j u s t i f i c a t i o n 

for such treatment i s d i f f i c u l t unless i t could be assumed that the 

magnetic anomaly values were free from short wavelength errors of 

observations and reduction (section 3.4). 

The magnetization histogram reveals a f a i r l y abrupt variation from 

more positive to more negative groups of values across the p r o f i l e . 

There i s a d i s t i n c t i v e zone of positive magnetization associated with 

the a x i a l anomaly and located within the sides of the median valley. 

Changes i n magnetization are p a r t i c u l a r l y abrupt near t h i s area and reach 
3 

0.01 e.m.u./cm . Towards the flanks of the ridge contrasts i n magneti-
3 

zation are smaller and of the order of 0.005 e.m.u./cm . 
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The positive and negative groups of magnetization across the p r o f i l e 

are i n agreement with the Vine-Matthews hypothesis and have been 

provisionally correlated with the numbering sequence established by 

Heirtzler et a l (1968) for geomagnetic polarity r e v e r s a l s . The correlations 

indicated suggest an average spreading rate of about 1.1 cm/yr/limb normal 

to the ridge a x i s , a value which i s consistent with other work in the 

area (Laughton et a l 1969). In d e t a i l the reversal boundaries do not 

appear to r e f l e c t a uniform spreading rate. This may be due, in part, to 

errors of interpretation caused by unknown i r r e g u l a r i t i e s associated with 

the magnetic source, although the computed d i s t r i b u t i o n of magnetization 

i s considered to be e s s e n t i a l l y representative. The magnetization values 

correlated with the present polarity epoch (Brunhes) indicate an increased 

rate of spreading over the l a s t 0.7 m i l l i o n years giving a value of 

1.7 cm/yr/limb. The reversal boundaries have been chosen to correspond 

to areas of abrupt magnetization contrast and s l i g h t possible positioning 

errors would not s i g n i f i c a n t l y a l t e r t h i s conclusion. Identified reversal 

boundaries for the north east limb of the p r o f i l e also indicate a s l i g h t l y 

increased rate of c r u s t a l spreading compared with the south west limb. 

The value obtained i s about 1.3 cm/yr. However, t h i s estimate may be 

somewhat i n error i f duplication i n the anomaly pattern has occurred due 

to unknown transform f a u l t i n g . 

Results are also presented for two other possible interpretations 

of the -'unfiItered 1 version of the P r o f i l e I - J , i . e . the long wavelength 

components have not been removed from the magnetic anomaly p r o f i l e . 

Model parameters were as before except that two possible representations 

of the lower surface of Layer 2 have been assumed: (a) horizontal at a 

depth of 5 km; and (b) sloping away from the ridge centre (at a depth 

of 4.5 km) so that Layer 2 retains an approximately uniform thickness. 
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The r e s u l t i n g interpretations, i n terms of these models, are shown 

in F i g s . (5.3a) and (5.3b). Both model (a) and model (b) equally well 

account for the observed anomaly p r o f i l e and the R.M.S. residual anomaly 

value was -12 gamma i n each case. These simulations are very s i m i l a r to 

that obtained for the ' f i l t e r e d * version of P r o f i l e I - J and s l i g h t 

differences noted are not considered s i g n i f i c a n t . 

The resulting distributions of magnetization computed for models 

(a) and (b) ( F i g . 5.3) are closely a l i k e and show equivalent features to 

the magnetization pattern described i n F i g . (5.2). There i s no appreciable 

change i n the i d e n t i f i e d polarity reversal boundaries. The main difference 

between the two models shown in F i g . (5.3) i s that s l i g h t l y higher values 

of magnetization occur beneath the central part of the p r o f i l e in model 

(b) . This i s to be expected due to the thinner Layer 2 at the ridge 

centre. The interpretations do not otherwise distinguish between the two 

models although the sloping base of model (b) may be preferred, since i t 

i s i n more accord with the hypothesis of sea-floor spreading and seismic 

refraction evidence from various parts of the oceans. 

However! both computed distributions of -magnetization (Fig-. 5.3.) 

show a conspicuous long wavelength component, such that the magnetization 

values beneath the ridge flanks are predominantly negative. This 

phenomenon has been discussed previously (section 3.3) and a probable 

explanation i s that lack of correction for the diurnal variation has 

introduced a spurious long wavelength component i n the observed p r o f i l e . 

The interpretation discussed e a r l i e r for the ' f i l t e r e d ' version of th i s 

p r o f i l e ( F i g . 5.2) demonstrates that the removal of the long wavelength 

components causes the alternating groups of magnetization to be more 

c l e a r l y d i fferentiated on the basis of algebraic sign. This p a r t i c u l a r 

study was carri e d out at an early stage i n the present work and the 
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successful extraction of the reversal pattern, by this f i l t e r i n g 

process, has encouraged standard application of the procedure. 

The above r e s u l t s show that small variations i n the r e l i e f .of the 

lower surface of the magnetic layer, at these depths, are not c r i t i c a l 

to interpretation. In contrast, errors of observation (within the 

magnetic data) of quite small amplitude but long wavelength, such as 

may be caused by the diurnal variation, should be removed as accurately 

as possible prior to interpretation. 

5.3.2 P r o f i l e Q-R 

This traverse crosses the median valley associated with the East 

Sheba Ridge, approximately at right angles, and trends p a r a l l e l to the 

adjacent Owen Fracture Zone. The bathymetry along the p r o f i l e reveals 

a p a r t i c u l a r l y jagged r e l i e f , with changes in height of 1-2 km, across 

the median valley and scarp-like faces of up to a kilometre on either 

side ( F i g . 5.4). This bottom topography strongly suggests that the 

sea-floor represents a faulted 'volcanic' basement surface with probably 

very l i t t l e sediment f i l l . The bathymetry has therefore been assumed 

to define the upper surface of Layer 2 ( i . e . the magnetic l a y e r ) , the 

lower surface has been assumed to be horizontal at a depth of 5 km. 

As with P r o f i l e I - J t h i s source layer was then subdivided into a large 

number of small two-dimensional model elements and interpretation of the 

anomaly p r o f i l e Q-R was carried out using the Linear Inverse technique. 

Model spe c i f i c a t i o n s are given i n Table I I I . 

The r e s u l t i n g interpretation i s shown in F i g . (5.4). The computed 

magnetic anomaly closely simulates the observed p r o f i l e and residual 

values do not exceed 28 gamma. The larger values occur immediately 

above the c r e s t a l peaks either side of the median v a l l e y . The o v e r a l l 

improved 'degree of f i t ' obtained for t h i s p r o f i l e , compared with that 
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obtained for P r o f i l e I - J , i s primarily due to the greater depth of 

water with respect to the model block width used. The dominant feature 

of the calculated magnetization d i s t r i b u t i o n i s a large group of 

posi t i v e l y magnetized values associated with the ridge c r e s t . Unlike 

P r o f i l e I - J these values appear to extend beyond the l i m i t s of the 

median valley and suggest an unusually wide a x i a l zone. The a x i a l 

magnetic anomaly observed on t h i s p r o f i l e i s somewhat subdued compared 

with those recorded on P r o f i l e s I - J and B'-C'. This must be due, i n 

part, to the topographic effect of the massive l o c a l r e l i e f although 

other unknown i r r e g u l a r i t i e s associated with the jagged bathymetry may 

be responsible. 

Discrete groups of magnetization, varying from more positive to 

more negative values, are observed across the calculated d i s t r i b u t i o n . 

Changes i n magnetization from group to group are abrupt and as for 

P r o f i l e I - J the larger contrasts appear near the a x i a l zone. However, 
3 

those central values exceeding about 0.006 e.m.u./cm may be unrepre­

sentative because of the l o c a l l y thin magnetic laye r . The d i s t r i b u t i o n 

of magnetization i s i n broad agreement with the Vine-Matthews hypothesis 

although the pattern i s not symmetrical i n d e t a i l . Provisional 

correlations with polarity reversal boundaries, af t e r H e i r t z l e r et a l 

(1968), are indicated in F i g . (5.4). The correlations id e n t i f i e d 

suggest an average spreading rate of 1.2 cm/yr/limb for the p r o f i l e 

except at the a x i a l region where an apparent rate of 2 cm/yr/limb i s 

indicated for the l a s t 0.7 million years. 

There i s some ambiguity associated with correlations i d e n t i f i e d 

towards the north east side of the p r o f i l e because of the apparent large 

a x i a l zone. This feature could r e s u l t from duplication i n the magnetic 

anomaly sequence due to a transform o f f s e t . However, the general 
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bathymetry for the area ( F i g . 5.1) indicates an e s s e n t i a l l y continuous 
median valley in the v i c i n i t y of P r o f i l e Q-R. The p r o f i l e i s situated 
very close to the Owen Fracture Zone which has an associated s e r i e s of 
ridges and v a l l e y s s t r i k i n g at right angles to the l o c a l median val l e y . 
Hence, c e r t a i n errors in interpretation could be caused by serious 
deviation of the bathymetry, recorded along the p r o f i l e , from a true 
two-dimensional structure. Matthews et a l (1965) have suggested that 
extensive brecciation and hydrothermal a l t e r a t i o n of permanently 
magnetized rocks i n a f a u l t zone may seriously modify the o r i g i n a l 
magnetic pattern. Magnetic p r o f i l e s recorded nearer to the main shear 
area of the Owen Fracture Zone support t h i s idea, showing a subdued 
magnetic r e l i e f (Matthews et a l 1967). However, magnetization values 
computed both to the north east and south west of the a x i a l zone on 
P r o f i l e Q-R do not show a s i g n i f i c a n t reduction i n amplitude or gradient 
compared with values obtained for P r o f i l e I - J . This suggests, therefore, 
that s t r u c t u r a l dislocation of the magnetic layer may be more responsible 
for the usually wide a x i a l zone and hence the model adopted for i n t e r ­
pretation may be an oversimplification. 

5.3.3 P r o f i l e B'-C 

This p r o f i l e extends from near the Somalia coast to some 40 km 

beyond the median valley to the north east. The p r o f i l e has been 

projected along a north south l i n e so as to be approximately at right 

angles to the east west s t r i k e of the ridge axis i n t h i s region. The 

magnetic p r o f i l e i s characterized by a large negative a x i a l anomaly, 

having an amplitude of about 1200 gamma, with d i s t i n c t i v e flanking 

anomalies near the ridge c r e s t . About 90 km away from the ridge a x i s , 

towards the Somalia coast, the magnetic pattern shows a rapid t r a n s i t i o n 

to a zone where magnetic anomalies are characterized by low amplitudes 

and much broader wavelengths. Evidence from seismic r e f r a c t i o n work 
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(Laughton & Tramontini 1970) suggests that southwards along the 

traverse B'-C' the top of Layer 2 deepens from about 1.5 km at 25 km 

from the median valley to 2.5 km at a distance of 130 km. Also Layer 2 

increases i n thickness over t h i s i n t e r v a l from about 1.7 to 2.8 km 

(Stations 6239-6233, Laughton & Tramontini 1970). This information 

has been used to construct a dipping magnetic layer, representing 

Layer 2, about 2 km thick on average. Near the ridge c r e s t the upper 

surface of t h i s layer i s defined by the recorded bathymetry whilst at 

a greater distance the Layer 1/2 interface i s assumed to be a plane 

surface. The base of Layer 2 i s assumed to be p a r a l l e l to t h i s plane 

surface. 

The r e s u l t i n g interpretation of the magnetic anomaly p r o f i l e B'-C' 

in terms of a d i s t r i b u t i o n of magnetization confined to t h i s layer, i s 

shown in F i g . (5.5). Model specifi c a t i o n s are given i n Table I I I . The 

theoretical magnetic anomaly, computed from the evaluated di s t r i b u t i o n 

of magnetization shows a s a t i s f a c t o r y simulation of the observed p r o f i l e 

except near the ridge c r e s t . Here a few residual anomaly values exceed 

100 gamma although they are appreciably l e s s elsewhere. The large 

residuals are associated with a small positive anomaly located within 

the main a x i a l anomaly. This l o c a l anomaly appears to be associated 

with a bathymetrie ridge, situated inside the median valley, reaching 

within one kilometre of the sea surface. The resolution of t h i s l o c a l 

feature would be considerably improved by use of model blocks l e s s than 

2 km wide. However, much narrower blocks could not be used with j u s t i ­

f i c a t i o n over the deeper portions of the p r o f i l e unless short wavelength 

errors of observation and reduction could be accurately eliminated from 

the magnetic data. Other residual values obtained in t h i s general area 

s i m i l a r l y r e f l e c t the shallow depth of water r e l a t i v e to the model block 

width used. The e s s e n t i a l form of the a x i a l and flanking anomalies have 
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been reproduced and residual values mainly represent small displace­

ments between the observed and computed p r o f i l e s . 

The computed di s t r i b u t i o n of magnetization shows a conspicuous 

group of positive values associated with the a x i a l anomaly, and as 

P r o f i l e I - J , located within the walls of the l o c a l median val l e y . The 

ove r a l l magnetization pattern i s i n broad agreement with the Vine-

Matthews hypothesis and provisional correlations with the numbering 

sequence adopted by Heirtzler et a l (1968) for geomagnetic f i e l d 

r e versals are indicated ( F i g . 5.5). The reversal boundaries id e n t i f i e d 

reveal an average spreading rate of 0.8-0.9 cm/yr for the southern limb. 

The reversal pattern i s f a i r l y regular within these l i m i t s although 

t r a n s i t i o n points between normal and reversed epochs are not well defined 

between Anomaly Nos. 2£ and 4. This lack of d e f i n i t i o n i s p r i n c i p a l l y 

due to the low rate of c r u s t a l spreading, which r e s u l t s i n a reduction 

in width of the observed magnetic anomalies, and the model block width 

used for interpretation. 

Beyond Anomaly 5, which i s well detailed i n terms of i t s magneti­

zation amplitude, there are no d i s t i n c t i v e changes i n magnetization 

observed. The computed values show a gradual 1 t a i l i n g - o f f ' i n magnitude 

to a f a i r l y uniform l e v e l . The fluctuations observed at the end of the 

p r o f i l e , near the Somalia coast, are partly due to end-effects in the 

computations while the magnetic feature observed i s probably of very 

l o c a l o r i g i n . Accepting that the model representation of Layer 2 i s 

reasonably correct, then these r e s u l t s show that abrupt changes in 

magnetization at depth (confined to Layer 2), are not required to explain 

the small magnetic anomalies recorded over t h i s section of the p r o f i l e . 

This implies either that the normal mechanism of sea-floor spreading has 

not occurred or that the remanent magnetization of Layer 2 has been 

s e l e c t i v e l y destroyed or degraded i n some way. 
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5.4 Discussion 

Magnetic anomalies i n the Gulf of Aden do not generally show a 

simple linear pattern although, i n places, the observed pattern i s 

correlatable to that expected from the Vine-Matthews hypothesis of sea-

floor spreading. This d i f f i c u l t y may only be apparent since present 

track spacings are quite wide and persistent correlations between 

adjacent p r o f i l e s are c l e a r l y subject to some ambiguity. Transform 

f a u l t s are known to offset the ridge axis at a number of points and 

their e f f e c t s may explain the wide a x i a l zone encountered with 

P r o f i l e Q-R and possibly the apparent increase i n spreading rate to 

the north west obtained for P r o f i l e I - J . Also, throughout the central 

rough zone i n the Gulf of Aden, the sea-floor r e l i e f has a mountainous 

aspect and t h i s must contribute to the complexity of the observed 

magnetic f i e l d . 

The interpretations presented, for the three p r o f i l e s considered, 

demonstrate that accurate simulations can be obtained f or magnetic 

p r o f i l e s of a r e l a t i v e l y complex nature. The magnetic models used are 

based on available bathymetric and seismic ref r a c t i o n evidence and are 

considered to be e s s e n t i a l l y representative of the true configuration 

of Layer 2. The computed distributions of magnetization obtained for 

the three p r o f i l e s are i n agreement with the Vine-Matthews hypothesis 

and uniquely support the general correlations made by Laughton et a l 

(1969) . The r e s u l t s obtained for P r o f i l e I-.J are most satisfactory in 

t h i s respect and c l e a r l y indicate a sequence of positive and negative 

groups of magnetization across the p r o f i l e . Deduced spreading rates, 

normal to the ridge a x i s , vary from about 1.1 to 1.2 cm/yr/limb for 

P r o f i l e s I - J and Q-R, whilst P r o f i l e B'-C' has a spreading rate of 

0.8-0.9 cm/yr to the south. This decrease i n spreading rate i s to be 

expected since plate theory predicts that spreading rates derived i n 
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the Gulf of Aden should r e f l e c t the angular rotation of Arabia from 

Somalia. The spreading rates deduced i n the present work are in good 

agreement with the estimates obtained by Laughton et a l (1969), using 

an indi r e c t approach to interpretation, for these p r o f i l e s . Laughton 

et a l (1969) have demonstrated that these and other spreading rates 

derived i n the Gulf of Aden, resolved p a r a l l e l to the s t r i k e of the 

transform f a u l t s , are proportional to the sine of the angular distance 

from the pole of rotation established by Le Pichon (1968). 

P r o f i l e s B'-C1 and I - J both reveal a d i s t i n c t i v e group of positive 

magnetization values associated with the a x i a l anomaly and closely s i t e d 

within the a x i a l region of the ridge c r e s t , i d e n t i f i e d to be the l o c a l 

median valley. The d i s t i n c t i v e t r a n s i t i o n points, located within one 

model block width - either side of t h i s zone - to reversely magnetized 

sections confirm the abrupt nature of t h i s boundary. The most widely 

accepted mechanism for bringing mantle material to the surface at the 

ridge cr e s t i s that of dyke i n j e c t i o n . The above r e s u l t s give strong 

support to t h i s hypothesis and i n view of the narrow t r a n s i t i o n zones 

suggest an o r i g i n localized within the median val l e y . 

I t i s of some in t e r e s t that for the three p r o f i l e s considered, the 

positive magnetization values associated with the a x i a l anomaly are 

somewhat wider i n extent than predicted from the average spreading rate 

determined for the complete p r o f i l e . The r e s u l t s from P r o f i l e Q-R may 

be in error due to possible s t r u c t u r a l disruptions associated with the 

Owen Fracture Zone. However, the i d e n t i f i e d .polarity boundaries for 

P r o f i l e s I - J and B'-C' have been chosen to correspond with abrupt 

changes in the magnetization d i s t r i b u t i o n and s l i g h t errors i n position 

would not change the general conclusion. The polarity epoch boundary 

at 0.69 m i l l i o n years B.P. i s considered to be a highly r e l i a b l e age 

date (Cox et a l 1968) and provides a firm ' t i e - l i n e ' between radiometric 
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dating and palaeomagnetic stratigraphy. The interpretations presented 

therefore suggest a r e l a t i v e l y recent increase i n the rate of sea-floor 

spreading rather than possible errors i n the reversal time s c a l e . 

A s i g n i f i c a n t feature observed on a l l magnetic p r o f i l e s in the 

Gulf of Aden i s the apparent absence of i d e n t i f i a b l e magnetic anomaly 

peaks a f t e r Anomaly 5. P r o f i l e B'-C1 ( F i g . 5.5) i l l u s t r a t e s t h i s point 

well, the computed di s t r i b u t i o n of magnetization does not indicate any 

magnetic record beyond about 10 million years B.P. ( i . e . the approximate 

age of Anomaly 5 ) . The isochron map established by Laughton et a l (1969) 

traces Anomaly 5 roughly along the edge of the central rough zone 

bordering the sediment f i l l e d troughs to the north and south. Laughton 

et a l (1969) suggest that t h i s l i n e may delineate a boundary between 

simple v e r t i c a l dyke i n j e c t i o n and more horizontal beds of flood basalt. 

The l a t t e r structures would reduce the amplitude of the observed magnetic 

anomalies and hence decrease the required, apparent magnetization obtained 

i n d i r e c t computations. Magnetic bodies of very low i n c l i n a t i o n (~10°), 

would require much larger contrasts i n magnetization to explain the observed 

low amplitude anomalies and hence may remain consistent with a modified 

hypothesis of sea-floor spreading. The presence of Layer 2 beyond 

Anomaly 5 (Station 6233, Laughton & Tramontini 1970) and lack of 

i d e n t i f i a b l e magnetic reversals within the magnetization pattern computed 

for P r o f i l e B'-C' suggests that the above hypothesis i s more l i k e l y than 

any abrupt cessation i n spreading at about 10 m i l l i o n years B.P. (Ewing 

& Ewing 1967; Le Pichon & H e i r t z l e r 1968). However, t h i s evidence i s 

somewhat weakened by the s t r i k i n g difference, between the sediment free 

central rough zone and the adjacent thickly sedimented troughs, which 

suggest that these two provinces of the Gulf were due to separate periods 

of spreading (Laughton 1966). 
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CHAPTER 6 

AN INVESTIGATION INTO THE INCLINATION OF BODIES CAUSING 
OCEANIC MAGNETIC ANOMALIES 

6.1 Introduction 

Magnetic measurements at sea, p a r t i c u l a r l y across mid-oceanic 

ridges, indicate the presence of important l a t e r a l boundaries within 

the oceanic c r u s t . At present these boundaries are generally not 

resolvable with other geophysical techniques and have been inferred 

almost exclusively from the Vine-Matthews hypothesis of sea-floor 

spreading. 

Vine & Matthews (1963) concluded that the steep gradients and 

large amplitudes of t y p i c a l magnetic anomalies observed over oceanic 

ridges required abrupt v e r t i c a l boundaries between adjacent sections 

of the oceanic c r u s t . These contacts were postulated to represent 

normal-reverse polarity changes and hence could produce a considerable 

magnetic contrast without requiring any l a t e r a l change i n the petrology 

of the c r u s t a l material. Geologically, the v e r t i c a l - s i d e d 'blocks' 

i n this model are thought to represent the bulk contribution of a 

large number of r e l a t i v e l y narrow 'basaltic dykes'. The magnetic 

models of Vine & Matthews, Vine & Wilson (1965) and others are 

e s s e n t i a l l y s i m p l i f i c a t i o n s which express the basic idea of adjoining 

c r u s t a l s t r i p s having normal and reversed magnetic p o l a r i t y . 

The c h a r a c t e r i s t i c jagged sea-floor r e l i e f observed over mid-

ocean ridges almost certai n l y r e s u l t s from submarine f i s s u r e eruptions 

and the e f f e c t s of subsequent f a u l t i n g . However, comparatively l i t t l e 

i s d i r e c t l y known about the emplacement and structure of t h i s 

i n t r u s i v e material at depth. Layer 2 i s generally agreed to be the 
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main source of oceanic magnetic anomalies and probably consists of 

ba s a l t i c material, overlying more or l e s s metamorphosed basalt and 

possibly incorporating a few layers of consolidated sediment. 

Structural interpretations of t h i s layer are p r i n c i p a l l y based on 

bathymetric evidence, dredged rock samples and limited seismic 

p r o f i l i n g (e.g. Van Andel 1968). 

However, magnetic anomalies - p a r t i c u l a r l y those associated with 

the mid-ocean ridge system - provide an alternative approach to i n t e r ­

pretation. Linear oceanic magnetic anomalies were f i r s t described 

and interpreted by Mason (1958) and subsequently by Mason & Raff (1961) 

and Raff & Mason (1961). These authors suggested several possible 

source models that could equally account for individual magnetic 

anomalies (section 1.2). I t i s s i g n i f i c a n t that those models located 

within the volcanic layer (5.3 km/sec) showed sloping l a t e r a l boundaries. 

Mason (1958) and Mason & Raff (1961) suggested that these models could 

be explained as basic lava flows within Layer 2 - although there was an 

apparent lack of topographic and seismic expression. 

The Vine-Matthews hypothesis successfully avoided the problems 

implied by such isolated structures by postulating an e s s e n t i a l l y 

uniform composition to Layer 2. Subsequent interpretations, in the 

l i g h t of th i s hypothesis, have always emphasized the v e r t i c a l aspect of 

l a t e r a l boundaries within the magnetic layer (Vine 1966; Pitman & 

Heirtzler 1966; Hei r t z l e r et a l 1968) and ignored the p o s s i b i l i t y of 

inclined structures. 

Nevertheless, Loncarevic et a l (1966) note that v e r t i c a l sided 

blocks are not a necessary requisite to explain magnetic anomalies 

observed over the cre s t of the mid-Atlantic ridge at lati t u d e 45°N. 

These authors present two types of model simulation: those i n which 
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the contacts between d i f f e r e n t l y magnetized blocks are sloping, and 

those i n which the contacts are v e r t i c a l . However, preference i s 

indicated for the vertical-model combined with a gradational magneti­

zation pattern, on the grounds of a plausible geological o r i g i n . 

H e i r t z l e r et a l (1966) have suggested that magnetic anomalies 

observed over the Reykjanes Ridge may be produced by subhorizontal 

lava flows and not v e r t i c a l dykes. However, detailed model simulations 

for p r o f i l e s observed over the survey area are not presented. Their 

arguments are based on the possible extension of a simplified geological 

section from the main graben on Iceland, across to the Reykjanes Ridge. 

This section incorporates very low angle (4°-8°) lava flows of 

alternately positive and negative p o l a r i t y . Pitman & Heir t z l e r (1966) 

have subsequently presented a re-interpretation of the Reykjanes Ridge 

magnetic anomalies in terms of a magnetic model formed from a sequence 

of v e r t i c a l - s i d e d blocks of alternating p o l a r i t y . This i s more i n 

accord with an o r i g i n due to dyke i n j e c t i o n and sea-floor spreading. 

The available l i t e r a t u r e suggests that possible s t r u c t u r a l 

a l t e r n a t i v e s to v e r t i c a l 'dyke-like' bodies may e x i s t within the upper 

part of the oceanic c r u s t . However, i t i s not c l e a r as to whether 

such models could s a t i s f a c t o r i l y explain observed magnetic anomalies 

and remain consistent with current ideas concerning the creation of 

oceanic crust, by the process of sea-floor spreading. The following 

sections describe a quantitative attempt to t e s t and compare the 

v a l i d i t y of various source models as applied to t y p i c a l oceanic magnetic 

anomalies. 
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6.2 The Direct Approach 

The attitude of l a t e r a l boundaries within the oceanic crust would 

be most s a t i s f a c t o r i l y examined with a highly penetrating, deep sea, 

seismic p r o f i l i n g technique. However, i t has been possible to obtain 

c e r t a i n estimates of the reasonableness of various magnetic models by 

application of the Linear Inverse technique. The procedure used 

permits model elements of i r r e g u l a r cross-section to be incorporated 

within the magnetic layer (section 2.3.2). Several possible s t r u c t u r a l 

models were tested against two magnetic p r o f i l e s considered to be 

representative of oceanic magnetic anomalies. The p r o f i l e s were chosen 

from the Juan de Fuca Ridge (Vine & Wilson 1965, F i g . 4a) and the 

Pac i f i c - A n t a r c t i c Ridge (Pitman & Heir t z l e r 1966, Eltanin-19). 

6.2.1 The Juan de Fuca P r o f i l e 

This p r o f i l e was recorded across the c r e s t a l area of the Juan de 

Fuca Ridge, e f f e c t i v e l y at right angles to the well established magnetic 

li n e a t i o n pattern (Raff & Mason 1961). The p r o f i l e i s about 330 km 
o o long on a true bearing of 110 ; the ridge cr e s t i s located at 47 N, 

129.2°W (Wilson 1965b, F i g . 3 pr o f i l e - a ) . This p r o f i l e was o r i g i n a l l y 

described by Vine & Wilson (1965) together with two other p r o f i l e s , 

spaced at i n t e r v a l s of 45 km along the ridge a x i s . These authors 

presented a general interpretation (adopting an i n d i r e c t approach) for 

the central magnetic p r o f i l e and concluded that the e s s e n t i a l features 

of the i r source models supported the Vine-Matthews hypothesis of sea-

floor spreading. 

The magnetic anomaly p r o f i l e , denoted (a) i n F i g . 4 of Vine & 

Wilson (1965), has been sampled at in t e r v a l s of 2 km yielding a t o t a l 

of 167 f i e l d points along the p r o f i l e . The c r u s t a l model adopted for 

the magnetic source was a horizontal Layer 2, extending between 3.3 

and 5.0 km, i . e . as Vine & Wilson (1965). This layer was then sub-
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divided into 112 v e r t i c a l model units, each having a width of 3 km 

and assumed to be uniformly magnetized in the direction of the average 

geocentric dipole f i e l d . The Linear Inverse technique was then used 

to d i r e c t l y evaluate the dis t r i b u t i o n of magnetization within Layer 2 

required to explain the observed p r o f i l e . 

I n i t i a l interpretation indicated that low amplitude, long wave­

length components within the magnetic data were depressing the computed 

magnetization values. Low order fourier components were therefore 

removed from the data (section 3.3) and a re-interpretation carried out. 

This f i l t e r i n g process i n no way aff e c t s the r e s u l t i n g conclusions. 

F i g . (6.1) shows the resulting interpretation obtained for t h i s 

p r o f i l e . The theoretical magnetic anomaly values, computed from the 

evaluated magnetization distribution, show a sati s f a c t o r y f i t to the 

observed p r o f i l e . Residual anomaly values do not exceed 51 gamma and 

are i n general appreciably l e s s than t h i s , the R.M.S. value for the 

complete p r o f i l e i s -13 gamma. The larger residual values are a s s o c i ­

ated with steep gradients near the central part of the p r o f i l e . 

Improved topographic control for the upper surface of the magnetic 

layer would improve the f i t ( c f . Vine 8s Wilson 1965), as would the 

use of narrower model blocks. However, in view of possible errors 

within the basic magnetic data used, the use of narrower model blocks 

i s not desirable (Bott & Hutton 1970a). 

The computed di s t r i b u t i o n of magnetization i s in agreement with 

the Vine-Matthews hypothesis of sea-floor spreading and major geomagnetic 

polarity reversal boundaries, following the time scale of He i r t z l e r et 

a l (1968), have been denoted. These correlations indicate an average 

c r u s t a l spreading rate of 2.7 cm/yr/limb ( c f . Vine 1966, 2.9 cm/yr/limb) 

although the r e s u l t i n g polarity pattern shows small l o c a l variations 
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( -0.2 cm/yr) away from t h i s value. This pattern i s only roughly 
symmetrical and suggests a s l i g h t l y higher rate of spreading towards 
the north west. However, recent work by Peter & Lattimore (1969, F i g . l ) 
suggests that a major transcurrent fracture pattern may be responsible 
for the complex str u c t u r a l configuration of t h i s general area of the 
ridge system. The associated faulting indicates that duplication and 
offsets i n the magnetic anomaly lineations occur, p a r t i c u l a r l y to the 
north and west of the a x i a l zone on the p r o f i l e considered. The 
id e n t i f i c a t i o n of possible reversal boundaries beyond Anomaly 2\ i s 
not c l e a r and further correlations would be best attempted i n conjunc­
tion with other p r o f i l e data. The interpretation presented supports 
the conclusion of Bott (1967), obtained from the analysis of a shorter 
section of the same p r o f i l e , i n that there i s no indication of 
excessively strong magnetization required to explain the a x i a l anomaly. 

The rectangular model units within the magnetic layer were then 

modified to represent adjacent trapezia sloping inwards towards the 

centre of the p r o f i l e . The angle of dip of these bodies (*• 40°) i s 

kept constant throughout the model, except for a few blocks near the 

centre which have a more v e r t i c a l attitude. The magnetic p r o f i l e shown 

in F i g . (6.1) was then re-interpreted i n terms of t h i s second model. 

The re s u l t i n g interpretation i s shown in F i g . (6.2a). Again a s a t i s ­

factory f i t to the observed anomaly was produced, the maximum residual 

value obtained being 61 gamma with an overall R.M.S. value of -16 gamma. 

The s l i g h t increase i n the 'degree of m i s f i t ' , compared with the 

previous model, i s not considered to be s i g n i f i c a n t . 

The r e s u l t s of t h i s second interpretation are e s s e n t i a l l y s i m i l a r , 

both i n 'degree of f i t ' to the observed p r o f i l e and i n the computed 

magnetization pattern, to those produced from the o r i g i n a l model. Small 

arrows shown on F i g . (6.2a) denote those areas of more obvious change 
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within the computed magnetization values, although the distribution 

i s equally as acceptable as the former, ( F i g . 6.1). The differences 

noted show an increased rate of change i n the intensity of magneti­

zation, p a r t i c u l a r l y towards the centre of the p r o f i l e near areas of 

steep magnetic gradient. This suggests that the computed values w i l l 

show an increasing degree of s e n s i t i v i t y towards further major changes 

i n slope of the model blocks within the magnetic layer. 

The model blocks were then re-modified to represent low angle 

("10°), 'sheet-like' bodies, again sloping inwards towards the centre 

of the p r o f i l e . The resulting interpretation i n terms of t h i s third 

model i s shown in F i g . (6.2b). The f i t to the observed magnetic anomaly 

p r o f i l e was adequate, although the maximum residual value obtained was 

87 gamma with an overall R.M.S. value of -18 gamma. Although t h i s degree 

of f i t i s somewhat poorer than that obtained for the two previous models 

t h i s e f f e c t may not be a direc t consequence of the magnetic model used. 

An improved degree of f i t could be obtained, by the use of narrower 

model elements, i f short wavelength errors within the magnetic data 

were eliminated. 

However, the distr i b u t i o n of magnetization obtained for t h i s model 

i s s i g n i f i c a n t l y different from the previous cases. The or i g i n a l simple 

pattern has been completely changed - the distr i b u t i o n now consists of 

rapidly o s c i l l a t i n g values of magnetization with no coherent form 

across the p r o f i l e . Computed values are s i g n i f i c a n t l y increased i n 
. 3 

amplitude reaching 0.045 e.m.u./cm , compared with a maximum value of 
3 

0.014 e.m.u./cm obtained with e a r l i e r models. The pattern shows very 
3 

rapid variations i n magnetization, of the order of 0.08 e.m.u./cm . 

The larger values are p r i n c i p a l l y associated with areas of steep magnetic 

gradient. I f narrower model block widths had been used, within the 

magnetic layer, t h i s o s c i l l a t i o n would have been much more pronounced. 
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Intermediate stages of these computations (not presented) have 
confirmed the general trend shown by these three models. As the 
v e r t i c a l dip of the model elements are successively reduced to a 
near horizontal form, increasing fluctuations i n magnetization values 
combine to confuse and remove any simple pattern. 

6.2.2 The Eltanin-19 P r o f i l e 

This p r o f i l e i s one of four long traverses c a r r i e d out across 
o o 

the P a c i f i c - A n t a r c t i c ridge, between 40 S and 55 S, by the U.S.S. 

ELTANIN during 1965. These p r o f i l e s were f i r s t described by Pitman & 

Hei r t z l e r (1966) and subsequently by Pitman et a l (1968). The excellent 

broad scale symmetry of the Eltanin-19 magnetic p r o f i l e , about the crest 

of the ridge, has well established t h i s traverse within the l i t e r a t u r e 

of sea-floor spreading. 
The central section of t h i s traverse has been projected along an 

azimuth normal to the l o c a l s t r i k e of the Pa c i f i c - A n t a r c t i c ridge (040°) 
o o 

and i s about 350 km long. The ridge c r e s t i s located a t 51.6 S, 117.8 W. 

The magnetic p r o f i l e was sampled at an int e r v a l of 2 km yielding 174 

f i e l d points along the p r o f i l e . These values were taken from the o r i g i n a l 

t o t a l f i e l d readings which were made available at i n t e r v a l s of 15 minutes 

and better (Herron - private communication). Clearly for quantitative 

interpretation i t i s desirable to use magnetic observations made at a 

closer i n t e r v a l than 10-15 minutes, i f available. However, those i n t e r ­

polated values used are considered to be e s s e n t i a l l y representative of 

the observed p r o f i l e . Magnetic anomaly values, shown i n F i g . (6.3), 

were computed by subtracting a l i n e a r l e a s t squares regional gradient 

and the pr i n c i p a l low order fourier components, from the total f i e l d 

values. 
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The general bathymetry of the Pac i f i c - A n t a r c t i c ridge reveals 

a generally subdued r e l i e f which has the form of a very broad and 

gently sloping arch (Menard & Chase 1965). Seismic p r o f i l e r evidence 

from the South P a c i f i c (Ewing et a l 1969) indicates that, for an 

assumed mean sediment velocity of 2 km/sec, the sediment cover along 

the p r o f i l e considered i s le s s than 100 metres. I t i s therefore 

assumed that the bathymetry recorded along the p r o f i l e represents the. 

upper surface of Layer 2 (the adopted magnetic l a y e r ) . Bathymetrie 

readings for the p r o f i l e were available at int e r v a l s of 5 minutes or 

better. 

The lower surface of Layer 2 was assumed horizontal at a depth 

of 5 km. This estimate i s generally consistent with the c r u s t a l model 

presented by Talwani et a l (1965) for the East P a c i f i c Rise near 16°S. 

Use of a sloping surface for the Layer 2/3 interface would not s i g n i ­

f i c a n t l y change the interpretation. 

Layer 2 was then subdivided into 118 v e r t i c a l sided model blocks 

3 km wide, assumed to be uniformly magnetized i n the direction of the 

earth's average geocentric dipole f i e l d . The Linear Inverse technique 

was then used to evaluate the di s t r i b u t i o n of magnetization, within 

t h i s magnetic layer, from the observed magnetic anomalies. The 

resu l t i n g interpretation i s shown i n F i g . (6.3). The computed magnetic 

anomaly p r o f i l e shows a reasonable simulation of the observed p r o f i l e . 

The maximum residual value obtained was 84 gamma with an overall R.M.S. 

value of -19 gamma for the complete p r o f i l e . The larger residual values 

are p r i n c i p a l l y associated with areas of abrupt change in magnetic 

gradient. An improved simulation could have been obtained by the use 

of narrower model blocks - p a r t i c u l a r l y near the ridge c r e s t where the 

depth of water i s l e s s than 3 km. However, in view of possible 
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interpolation errors within the magnetic observations t h i s procedure 

was not considered j u s t i f i a b l e . 

The r e s u l t i n g d i s t r i b u t i o n of magnetization i s i n agreement with 

the Vine-Matthews hypothesis of sea-floor spreading and provisional 

correlations with the geomagnetic time scale established by Heirtz l e r 

et a l (1968) are indicated. The id e n t i f i e d reversal boundaries give 

an average spreading rate of 4.7 cm/yr/limb for the p r o f i l e although 

there i s some indication of a s l i g h t l y reduced spreading rate for the 

south east limb. Emilia & Bodvarsson (1969) have presented a similar 

interpretation for t h i s p a r t i c u l a r p r o f i l e , i n terms of an underlying 

d i s t r i b u t i o n of magnetization confined to Layer 2. 

The model elements of F i g . (6.3) were then modified to represent 

sloping bodies, by advancing t h e i r lower x - co-ordinates by 3 km 

towards the centre of the p r o f i l e ( F i g . 6.4a). Block boundaries then 

showed a gradual increase i n dip (30°-39°) towards the centre of the 

pr o f i l e , except for those few central elements that were constrained 

to have a near v e r t i c a l dip. The observed magnetic p r o f i l e was then 

re-interpreted i n terms of t h i s second model. The r e s u l t i n g d i s t r i ­

bution of magnetization and residual plot i s shown i n F i g . (6.4a). 

As for the Juan de Fuca p r o f i l e the computed magnetization pattern 

has remained e s s e n t i a l l y similar to that obtained with the magnetic 

model incorporating v e r t i c a l sided blocks. Small arrows denote those 

areas of more obvious change. These areas show mainly small increases 

i n amplitude and s l i g h t l y more abrupt changes i n magnetization. Again 

a s a t i s f a c t o r y f i t to the observed anomaly p r o f i l e was obtained, with 

a maximum residual value of 48 gamma and an overall R.M.S. value of 

-12 gamma. This 'degree of f i t ' i s an improvement when compared with 

that obtained for the previous model ( F i g . 6.3). This i s i n contrast 
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to the s i t u a t i o n observed across the Juan de Fuca ridge where residual 

values showed a s l i g h t increase under si m i l a r circumstances. Comparison 

of the residual plots shown i n F i g . (6.3) and F i g . (6.4a) reveals that 

t h i s r e s u l t i s p r i n c i p a l l y due to the reduction i n s i z e of a few large 

residual values. The positions of these points corresponds to those 

areas of the magnetization di s t r i b u t i o n , noted e a r l i e r as displaying 

more abrupt l o c a l variations ( F i g . 6.4a). Hence, larger residual 

differences would be expected at points intermediate to those considered. 

The model elements were then re-adjusted to represent very low 

angle bodies (10°-12°) dipping towards the centre of the p r o f i l e . The 

res u l t i n g interpretation of the observed magnetic p r o f i l e i n terms of 

th i s t h i r d model i s shown in F i g . (6.4b). The computed magnetic p r o f i l e 

again s a t i s f a c t o r i l y simulates the observed p r o f i l e , the maximum residual 

value obtained being 64 gamma with an ove r a l l R.M.S. value of -14 gamma 

for the complete p r o f i l e . This i s only a small increase i n m i s f i t 

when compared with that obtained for the previous model. However, the 

computed d i s t r i b u t i o n of magnetization now shows a s i g n i f i c a n t l y changed 

form, from that shown in F i g . ( 6 . 3 ) . The histogram reveals an irregular 

o s c i l l a t i n g pattern with fluctuations i n the computed values reaching 
3 

0.036 e.m.u./cm . This d i s t r i b u t i o n has very similar features to those 

obtained for the Juan de Fuca p r o f i l e , under comparable conditions of 

low angle model elements ( F i g . 6.2b). Rapid variations i n intensity 

values are not so si g n i f i c a n t over the central section.of the ELTANIN-19 

p r o f i l e . This i s partly due to compensation introduced from the assumed 

increase i n thickness of the magnetic layer at the ridge c r e s t . 
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6.3 Discussion 

The interpretations presented demonstrate that magnetic structures 
o 

within Layer 2, inclined up to about 50 from the v e r t i c a l , can explain 

ty p i c a l oceanic magnetic anomalies. Those magnetic models incorporating 

bodies of very low i n c l i n a t i o n (10° and l e s s , from the horizontal) 

appear unsuitable i n view of the highly irregular values of magnetization 

required. Dredged rock samples having comparable magnetization values 
3 

to those computed for these models (0.03-0.04 e.m.u./cm ) have been 

reported from the mid-Atlantic ridge (e.g. Irving et a l 1970). However, 

these rocks were obtained from the median valley zone where samples were 

found to be ten times more magnetic than those at a greater distance 

from the ridge a x i s . Furthermore, these values are most probably not 

representative of the true magnetization at depth, since t h i s would 

cause very much larger magnetic anomalies than are observed. Also,, the 

geological origin of extensive low angle structures near the ridge c r e s t 

i s d i f f i c u l t to understand. This i s p a r t i c u l a r l y so i n view of the 

jumbled 1 volcanic 1 sea-floor r e l i e f c h a r a c t e r i s t i c of c r e s t a l areas. 

Because of the d i f f i c u l t y i n accurately defining the magnetic 

gradients of oceanic anomalies, i t i s not possible to place more than 

a broad d i s t i n c t i o n between those magnetic models which are plausible 

and those which are not. I t i s considered that possible models may 

include bodies inclined up to 50° from the v e r t i c a l whilst sheet-like 

bodies dipping at 15° and l e s s are improbable. The general applica­

b i l i t y of t h i s conclusion depends largely on the severity of l o c a l 

magnetic gradients. Gradients observed at the c r e s t s of the Reykjanes 

Ridge and the Sheba Ridge, for example, would be d i f f i c u l t to explain 

in terms of anything other than a near v e r t i c a l structure. However, 

within the indicated l i m i t s , the f e a s i b i l i t y of magnetic models 

incorporating sloping bodies i s acceptable. The distributions of 
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magnetization computed for these models, from the observed anomalies, 

remain compatible with the Vine-Matthews hypothesis of sea-floor 

spreading and r a d i c a l complications are not envisaged. The rate of 

horizontal movement of the sea-floor i s not affected as inferred 

polarity boundaries remain almost constant i n position with respect 

to the sea-bed. Although the models considered i n t h i s study only 

include bodies sloping towards the ridge a x i s , comparable r e s u l t s 

would be expected for bodies inclined away from the ridge. 

The implications of inclined intrusive structures, within the 

upper part of the oceanic crust, i n terms of an emplacement mechanism 

are more s i g n i f i c a n t . Current theories concerning the formation of 

c r u s t a l material at the axis of a mid-ocean ridge, almost exclusively 

require some form of v e r t i c a l dyke i n j e c t i o n i n response to deep seated 

convection within the mantle (Dietz 1961; Hess 1962; Vine & Matthews 

1963) . Matthews & Bath (1967) and Harrison (1968) have both suggested 

models of dyke-injection which incorporate the bulk of such intrusive 

material over zones 10 and 6 km wide, respectively. Cann (1968) suggests 

that basalt may be discharged from uprising mantle currents at a depth 

of about 30 km in a zone about 20 km wide. However, a surface area of 

comparable width to t h i s estimate, formed from in t r u s i v e structures 

inclined towards the ridge centre, would imply a narrower zone of 

i n j e c t i o n at depth. 

Structural controls that appear suitable for i n c l i n e d i n t r u s i v e 

bodies have been demonstrated by a number of authors. Sykes (1967) has 

shown that, from the interpretation of earthquake mechanisms, t y p i c a l 

ridge c r e s t f a u l t s are normal ones, with a f a u l t plane s t r i k i n g nearly 

p a r a l l e l to the ridge axis and dipping at about 60°. Atwater & Mudie 

(1968) interpret step-like structures, observed across the r i f t valley 
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walls of the Gorda Rise, as the upper surfaces of t i l t e d blocks. The 

boundaries of these features are considered to be i n c l i n e d f a u l t s 
o 

dipping at about 30 towards the centre of the r i f t . Comparable f a u l t 

systems have also been postulated by Van Andel (1968) and Van Andel & 

Bowin (1968) i n an attempt to explain the s t r u c t u r a l development of 

the mid-Atlantic ridge. The fracture pattern indicated by Van Andel 

(1968, F i g . 9) suggests that b a s a l t i c material emplaced at the ridge 

crest may be subsequently faulted by f a i r l y low angle f a u l t s , in 

response to renewed u p l i f t of the ridge. Hence, t h i s could give r i s e 

to a complex of inclined f a u l t blocks, forming the b a s a l t i c layer and 

possibly extending for some 500 km away from the ridge c r e s t . 

I t i s interesting to note the somewhat anomalous situ a t i o n reported 

by Cox & Doell (1962), Raff (1963) and Vine 8c Matthews (1963) concerning 

the experimental d r i l l i n g phase of the Mohole project - Guadalupe s i t e . 

Basalt samples retrieved from d r i l l hole EM7 were found to be reversely 

magnetized, although the implied c r u s t a l polarity, deduced from the 

magnetic anomaly recorded above the d r i l l s i t e , was i n the opposite 

sense. Raff (1963, F i g . 2) suggests that a thin isolated layer of 

reversely magnetized lava overlies a normally magnetized block. This 

s i t u a t i o n could perhaps be readily explained i n terms of a thin offshoot 

from an adjacent inclined (as opposed to v e r t i c a l ) structure of reversed 

p o l a r i t y . 

I t i s concluded therefore that v e r t i c a l 'dyke-like' bodies 

commonly assumed to form the bulk of Layer 2 may be an oversimplification 

of the true structure. Magnetic models incorporating inclined structures 

provide good simulations of observed p r o f i l e s and remain compatible with 

the theory of sea-floor spreading and the p r i n c i p a l s t r u c t u r a l controls 

known to e x i s t at mid-ocean ridge c r e s t s . However, the magnetic i n t e r ­

pretations presented can not d i s t i n g u i s h between near v e r t i c a l and 
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semi-inclined structures, although near horizontal bodies are 

considered to be unreasonable i n view of the unlikely distribution 

of magnetization required to explain the observed anomalies. I t i s 

to be emphasized that those models examined are only simplified 

representations of the st r u c t u r a l form of Layer 2. Clea r l y a more 

irregular d i s t r i b u t i o n of s t r u c t u r a l elements would be expected 

within the oceanic crust due to the combined ef f e c t of both v e r t i c a l 

and inclined i n t r u s i v e bodies and any subsequent f a u l t i n g . 
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CHAPTER 7 

SUMMARY AND DISCUSSION 

7.1 The Method of Interpretation 

The task of interpreting oceanic magnetic anomalies generally 

reduces to the problem of either defining a magnetic basement, as the 

upper surface of a uniformly magnetized source body, or evaluating 

the variation i n magnetization within a defined basement layer. The 

l a t t e r problem i s encountered i n interpreting oceanic magnetic 

anomalies associated with mid-ocean ridges. These anomalies can 

generally be treated as two-dimensional and may be reasonably i n t e r ­

preted i n terms of a magnetic source within Layer 2.- The d i s t r i b u t i o n 

of magnetization within t h i s basement layer can be d i r e c t l y determined, 

from the observed magnetic anomalies, by a li n e a r inverse technique. 

This technique i s based on the numerical solution of a l i n e a r integral 

equation (Bott 1967) which i s approximated by a f i n i t e set of l i n e a r 

algebraic equations. These equations r e l a t e (n) observed magnetic 

anomaly f i e l d points (A.) to (m) unknown magnetization values ( J . ) : 

m 
A. = K. . J . ( i = 1,2 n) 

J = l 

The solution of t h i s system of equations s p e c i f i e s the d i s t r i ­

bution of magnetization required to explain the observed magnetic 

anomaly p r o f i l e . The values of magnetization r e l a t e to a s e r i e s of 

two-dimensional model blocks incorporated within the magnetic layer. 

Model blocks may be of irregular cross-section and the procedure 

provides a solution to both the completely determined and over-

determined problem ( i ,e. n > m). 
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A completely determined system of equations, i . e . as many f i e l d 

points as model blocks within the magnetic layer (n=m), permits an 

exact solution of the problem. This i s because every f i e l d point 

considered can be completely explained by the r e s u l t i n g magnetization 

d i s t r i b u t i o n . However, solution of an overdetermined system (n>m), 

adopting a minimization procedure, i s a more desirable form of i n t e r ­

pretation. This procedure permits the consideration of an increased 

number of data points, from the observed magnetic anomaly, i n terms of 

a magnetic model that may be subsequently modified for purposes of 

comparison. 

Limitations i n the method of interpretation p r i n c i p a l l y a r i s e 

from the i n s t a b i l i t y inherent i n any form of downward continuation of 

f i e l d s derived from potentials which s a t i s f y Laplace's equation. The 

excessive amplification of short wavelength components within the 

magnetic data r e s u l t s i n unwanted fluctuations of s i m i l a r wavelength 

within the computed magnetization d i s t r i b u t i o n . This incipient 

i n s t a b i l i t y imposes a p r a c t i c a l l i m i t a t i o n on the model block width 

that may be s a t i s f a c t o r i l y resolved at a given depth. I t i s recommended 

that model block widths should be chosen to be comparable to, and not 

l e s s than x(0.6), the depth to the upper surface of the magnetic layer, 

depending on the accuracy of the reduced observations. 

Unwanted large amplitude fluctuations i n magnetization r e s u l t 

from the e f f e c t of quite small amplitude but long wavelength components 

within the magnetic observations. These components may r e s u l t from the 

lack of correction for diurnal variation, or an unsuitable regional 

gradient. Their e f f e c t may mask the true polarity of magnetization 

values over sections of the p r o f i l e considered and may also obscure 

true long wavelength variations i n magnetization. Such fluctuations 

can be p a r t i a l l y eliminated by suitable f i l t e r i n g or applying accurate 

corrections for the diurnal v a r i a t i o n . 
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7.2 The Magnetic Layer 

The magnetic layer causing oceanic magnetic anomalies i s generally 

chosen to correspond with the seismic Layer 2. This layer i s considered 

to be formed from a volcanic assemblage, p r i n c i p a l l y of b a s a l t i c material. 

I n i t i a l l y Mason (1958), Mason & Raff (1961) and Vine & Matthews (1963) 

considered that the magnetic source, responsible for oceanic anomalies, 

could extend throughout the oceanic c r u s t . At a l a t e r stage Vine & 

Wilson (1965) concluded that i t was more reasonable to assume that the 

greatest contribution came from Layer 2. This was more i n accord with 

the ideas of Hess (1962) who considered that the oceanic crust was 

formed from a thin veneer of basalt (1-2 km), on top of the main c r u s t a l 

layer of serpentinized peridotite which was considered to be weakly 

magnetic (Cox et a l 1964). 

However, recent work indicates that serpentinite possesses a strong 

magnetization (Opdyke 8c Hekinian 1967; Irving et a l 1970). Since the 

remanent magnetization of Layer 3 i s probably not as s i g n i f i c a n t as that 

of Layer 2, from other considerations (Bott 1967; Carmichael 1970), the 

above r e s u l t s argue against a serpentinite composition for Layer 3. 

Support for a b a s a l t i c or gabbrbic composition for Layer 3 i s based 

primarily on the r e j e c t i o n of serpentinite as a major constituent of 

the oceanic c r u s t . Cann (1968) suggests that while Layer 2 i s meta­

morphosed at depth to a greenschist f a c i e s meta-basalt (Melson & Van 

Andel 1966), Layer 3 corresponds to a higher grade of metamorphism: 

the amphibolite f a c i e s . 

Measurements of the magnetic properties of rocks dredged from the 

mid-Atlantic ridge (Luyendyk 8c Melson 1967; Opdyke & Hekinian 1967) 

have revealed that, i n general, basalts show a range of magnetic intensity 

that extends over four orders of magnitude while metamorphics are another 

order lower than the lowest b a s a l t s . Melson 8c Van Andel (1966) suggest 
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that the a l t e r a t i o n of basalts to a greenschist f a c i e s , at about 

2 km beneath the sea-floor, e f f e c t i v e l y demagnetizes the b a s a l t i c 

material. Hence i f there was a regional l e v e l below which a l l basalts 

were metamorphosed to greenschist f a c i e s , then t h i s l e v e l would 

represent the base of the magnetic layer (Van Andel 1968) . 

Recent determinations of high remanent magnetization values from 

the mid-Atlantic ridge ( I r v i n g et a l 1970; De Boer et a l 1970) suggest 

that the e f f e c t i v e magnetic layer may even be confined to within 0.5 km 

of the upper surface of Layer 2. However, th i s interpretation i s 

subject to some ambiguity i n view of a possible sampling bias. 

7.3 Interpretational Results 

Interpretations of magnetic p r o f i l e s i n the North A t l a n t i c , Gulf 

of Aden and the P a c i f i c , are presented i n terms of computed d i s t r i b u ­

tions of magnetization confined to Layer 2. The r e s u l t i n g magnetization 

patterns, reveal a c h a r a c t e r i s t i c sequence of values alternating between 

more positive and more negative values and give strong support to the 

Vine-Matthews hypothesis of sea-floor spreading. The i d e n t i f i c a t i o n of 

geomagnetic reversal boundaries ( H e i r t z l e r et a l 1968), chosen by con­

sideration of changes in magnetization, provide estimates of rates of 

c r u s t a l spreading. Computed rates are generally consistent with values 

obtained by other authors, using i n d i r e c t simulation techniques, although 

small variations are noticed for most p r o f i l e s considered. These 

variations may be due, i n part, to errors of observations and technique 

although they suggest that the rate of i n j e c t i o n of material at the 

ridge axis i s l o c a l l y i r r e g u l a r . 

General r e s u l t s , assuming a uniform thickness for Layer 2, suggest 

c e r t a i n regional differences i n the bulk magnetization of the oceanic 

c r u s t . Interpretations from the P a c i f i c and central North A t l a n t i c 
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(near 45°N) show that c r e s t a l sections of the magnetic layer are not 
s i g n i f i c a n t l y more magnetic than adjacent sections. However, r e s u l t s 
from the Reykjanes Ridge and the Gulf of Aden indicate that the median 
zone of the ridge system i s s l i g h t l y more magnetic than flanking areas. 
Reasons for these apparent differences are not c l e a r . Local demagneti­
zation effects at the ridge c r e s t may be responsible i n part ( c f . Irving 
et a l 1970). 

Within the computed distributions of magnetization t r a n s i t i o n 

zones, between areas i d e n t i f i e d to be of normal and reversed polarity, 

are generally quite abrupt. P r o f i l e s i n the North A t l a n t i c and Gulf of 

Aden show a close correspondence of those values of magnetization, 

associated with the a x i a l anomaly, within the l o c a l median va l l e y . This 

suggests that volcanic material i s emplaced within a narrow band width 

and contamination of adjacent c r u s t a l sections i s not s i g n i f i c a n t . 

Studies of representative magnetic p r o f i l e s have shown that both 

v e r t i c a l and i n c l i n e d source bodies, within Layer 2, are plausible 

structures and can explain the observed anomalies. The interpretations 

presented do not distinguish between these models, although i t i s 
o 

concluded that extensive, sub-horizontal bodies (dipping at 10 and 

l e s s ) are unlikely i n view of the unreasonable distributions of magneti­

zation required. 

Model studies confirm the f e a s i b i l i t y of a thin magnetic layer 

(0.5 km), situated j u s t below the sea-floor. Subsequent disruption of 

t h i s thin layer could account for the somewhat ir r e g u l a r magnetic 

pattern observed over c e r t a i n parts of the ridge system (e.g. near 45°N 

on the mid-Atlantic ridge) . This model suggests that extensive dyke-

inje c t i o n of material may be unnecessary and volcanic a c t i v i t y at the 

c r e s t s of mid-ocean ridges may be more comparable to that i n Iceland, 
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where there i s l i t t l e evidence for dense swarms of dykes (Walker 1960). 
However, v e r i f i c a t i o n of this model rests with precise seismic 
r e f l e c t i o n and re f r a c t i o n work, combined with palaeomagnetic studies 
of representative rock samples d r i l l e d from the sea-floor. 
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APPENDIX 1 

THE COMPUTER PROGRAMME MXOCEAN I I I A 

T h i s programme uses a l e a s t squares matrix technique to 

d i r e c t l y e v a l u a t e a d i s t r i b u t i o n of magnetization, w i t h i n a s p e c i f i e d 

two-dimensional magnetic l a y e r , which causes a given magnetic anomaly. 

The magnetic l a y e r i s formed from a s e r i e s of a d j a c e n t model b l o c k s , 

represented by v e r t i c a l t r a p e z i a , having a defined d i r e c t i o n of 

magnetization. The programme p r i n t s out d e t a i l s of the magnetic l a y e r 

used, the observed, c a l c u l a t e d and r e s i d u a l (observed minus c a l c u l a t e d ) 

magnetic anomalies and the c a l c u l a t e d magnetization v a l u e s . The 

programme has been w r i t t e n i n PL/1 f o r use on the N.U.M.A.C. I.B.M. 

360/67. 

Notes on data format 

Data items should be w r i t t e n a s i n t e g e r and f i x e d p o i n t decimal 

numbers i n a form a p p r o p r i a t e to PL/1. Items f o l l o w each other 

s e q u e n t i a l l y and must be separated by a t l e a s t one space o r by a comma. 

Data input p o i n t s a r e l a b e l l e d LO, L2, L8 i n the programme 

" p r i n t out'. 

LO: 

HE, ALFE, HM, ALFM are the values of the dip and 

azimuth of the e a r t h ' s f i e l d and dip and azimuth of the 

d i r e c t i o n of magnetization, r e s p e c t i v e l y . These a r e i n 

degrees. The azimuths are measured from the s t r i k e 

towards the p o s i t i v e x - a x i s and the d i p s a r e measured 

from the azimuth d i r e c t i o n s downwards towards the 

p o s i t i v e z - a x i s . 
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V = t o t a l number of magnetic anomaly p o i n t s . 

W = t o t a l number of c o - o r d i n a t e p o i n t s d e f i n i n g the upper 

s u r f a c e of the magnetic l a y e r used. Number of model 

blocks w i t h i n t h i s l a y e r = (W-l) u n l e s s block combination 

r e q u i r e d ( t h e n see Z:LO and BC, PR:L8). 

NO = t o t a l number of s e c t i o n s f o r the p r o f i l e , normally s e t 

= 1 u n l e s s v a r i a b l e XSTEP ( s e e L3, L5) r e q u i r e d f o r 

d i f f e r e n t s e c t i o n s . 

EPS = t o l e r a n c e parameter ( t r y = 0.0001), I.B.M. S.S.P. (LLSQ) 

Z = W u n l e s s block combination r e q u i r e d , then Z = f i n a l 

number of blocks a f t e r r e g u l a r combination i n groups of 

(BC+1) ( s e e L 8 ) . 

L 2 : 

DATA = data c o n t r o l t r i g g e r , 

I f DATA = 0 then go to L 3 . 

I f DATA = 1 read x - c o - o r d i n a t e s (SX) and z - c o - o r d i n a t e s 

(SZ) of the magnetic anomaly f i e l d p o i n t s , i . e . f o r 

i r r e g u l a r spaced data p o i n t s . 

L-3-: 

Generation of magnetic anomaly f i e l d p o i n t c o - o r d i n a t e s 

f o r r e g u l a r spaced d a t a . 

XO = i n i t i a l x - c o - o r d i n a t e of f i e l d point v a l u e s . 

ZO = z - co- o r d i n a t e f o r a l l f i e l d p o i n t v a l u e s . 

STA = a r r a y of numbers (dimension NO, see L I ) s p e c i f y i n g the 

f i n a l f i e l d p o i n t a t the end of each p r o f i l e s e c t i o n . 

XSTEP = a r r a y of numbers (dimension NO) s p e c i f y i n g x - increments 

f o r each s e c t i o n of the p r o f i l e . 
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BATA = data c o n t r o l t r i g g e r , 

I f BATA = 0 then go to L 5 . 

I f BATA = 1 read x - c o - o r d i n a t e s (BX) and z - c o - o r d i n a t e s 

of upper (BU) and lower (BL) s u r f a c e s of magnetic l a y e r ; 

each a r r a y has (W) elements. These p o i n t s d e f i n e model 

block J u n c t i o n s . 

L 5 : 

Generation of x and z - co- o r d i n a t e s f o r a magnetic l a y e r , 

formed from model bl o c k s having a r e g u l a r width. 

BXO = i n i t i a l x - c o - o r d i n a t e f o r outer edge of f i r s t model 

block. 

BZB = z - co - o r d i n a t e f o r a h o r i z o n t a l s u r f a c e forming the 

base of the magnetic l a y e r . 

SCALE = s c a l i n g parameter f o r z - co - o r d i n a t e s of upper s u r f a c e 

of magnetic l a y e r , use as r e q u i r e d . 

BSTA = a r r a y of numbers (dimension NO) s p e c i f y i n g the f i n a l 

body p o i n t a t the end of each p r o f i l e s e c t i o n . 

BSTEP = a r r a y of numbers (dimension NO) s p e c i f y i n g the block width 

f o r each s e c t i o n of the p r o f i l e . 

L 6 : 

BATH = data c o n t r o l t r i g g e r , 

I f BATH = 0 read s i n g l e value (POT) as the z - co-ordinate 

f o r a h o r i z o n t a l s u r f a c e forming the top of the magnetic 

l a y e r . 

I f BATH = 1 r e a d s e r i e s (W) of z - c o - o r d i n a t e s d e f i n i n g 

the upper s u r f a c e of the magnetic l a y e r . 

L 7 : 
AD = a r r a y of magnetic anomaly va l u e s (dimension V ) . 
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N.B. Automatic o p t i o n i f Z i s not s e t equal to W, e l s e 

input p o i n t i s ignored by programme. 

BC = number of s u c c e s s i v e model blocks to be combined with 

f i r s t model block. T h i s procedure then s t e p s along the 

magnetic l a y e r , combining model blocks i n groups of (BC+1). 

PR = s e t = 1 i f p r i n t out of information on above o p e r a t i o n 

r e q u i r e d ( a d v i s e d ) , e l s e s e t = 0. 

General Notes 

( a ) Magnetic anomaly v a l u e s a r e i n u n i t s of gamma, x-z u n i t s 

a r e a r b i t r a r y and i n t e n s i t y of magnetization v a l u e s a r e 
3 

i n u n i t s of e.m.u./cm . 

(b) Model block widths should be comparable to the depth to 

the upper s u r f a c e of the magnetic l a y e r and not l e s s 

than about x 0.6 t h i s v a l u e . 
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Appendix 1. Programme P r i n t Out 

//DGPJ.OFN JOH 
// EXEC 
//C.SYSIN DD • 

( S U B S C R I P T I N G S ) 
MXOI I I A . PROCEDIJR E OPT 1 OMS 

( 0 10 7 , hi, , 2 ) » ;X".P 1.0KT . M. HUTTON , MSGL EV EL' 
N P L l F C L G f - T l M E . G = { 4 , 0 }. 

( M A I N ) 

l,2L<VSS=G 

/< 

/< 

/< 
/< 

/< 
/• 
/< 
h 

/ 

h 
/^ 
/' 
/< 
/< 

/< 
/< 
/'• 

/< 
/< 
/< 
/H 
/< 
/< 
/' 

/< 
/< 

T H I S PROGRAMME U5FS A LEAST.SQUARES MATRIX TECH:-! I QUE 
TO DIRECTLY EVALUATE A D I S T R I B U T I O N OF MAGNETIZATION 
W I T H I N A S P E C I F I E D 1 WC.DI ME.WS IONAL MAGNETIC LAYE'i WHICH 
CAUSES A GIVEN 
MAGNETIC PROFILE 
D I S T R I B U T I O N AND 
THE SOURCE BODY 
A CONTINUOUS SET 
A DIRECTION OF 

M A GN E T I C ANn H AI. Y . » * * A T i IE .1 « E T I : A L 
IS THEN COMPUTED FROM T H I S NAGNETI SATIT.N 
RES T DUAL VALUES EVALUATED 
IS REPRESENTED BY A MODEL FORMED FROM 
OF ADJACENT VERTICAL TRAPEZIA 

MAGNET YL AT ION FOR THE ^DDEL I S ASSUMED. 

D E F I N I T I O N S ' *** 
THE MAGNET 1 SAT ION VECTOR. 
THE EARTH'S' MAGNETIC F I E L D . 

THE DIRECTION OF MAGNET I S A T I 3 M 

*** PARAMETER 
l-lM = I N C L I N A T I O N ( D ) OF 
.KE = I N C L I NAT I ON ( 0 ) OF 
A LFM= AZIMUTH ( D ) OF 
MEASURED FROM THE ST R I K E OF THE BODY TOWARDS THE 
P O S I T I V E X A X I S . 
A L F E = AZIMUTH ( D ) OF 
V=TOTAL NUMBER OF 
W=TOTAL NUMBFR OF 
SURFACE Oi- THE MODEL. *** 
MO=TOTAL NO. OF SECTIONS 
3ET-1 UNLESS VARIABLE XSTEP 
EPS PARAMETER REF. I.O.M. 

TllE EARTH'S F I E L D , MEASURED AS ALFM, 
MAGNET IC ANOMALY PD I MTS . 
COORDINATES DEL INEAT IMG THE UPPER 

» W MUb T MOT EXCEED ( V - H ) . 
FDR THE PROF1E. NORMALLY 
REQUIRED FUR DIFFERENT SECTIONS. 
SSP ( L L S O ) . 

!-- W UNLESS BLOCK 
NUMBER OF BLOCKS 
AD= ARRAY STORING 
SX= 

COK:G I NAT I UN REQUIRED THEN Z = F I N A L 
AFTER COiirUNAT ION IN GRIU.PS OF 

MAGNETIC Af-JIJ^iLY VALUES 
(6Z* 1 ) 

ARRAY STORING X CU-11P.I) I U Al ES OF 
S2= ARRAY STORING Z CU-UKD [NATES OF 
BX= ARRAY STORING X CO-OR I) INA T ES OF 
BU= ARRAY STORING Z CO-ORDINATES OF 
BL = ARRAY S TOR I PIG Z CO-ORlJ IN A "I ES OF 

ANOMALY PDINTS 
ANOMALY P13IMTS 
MODEL SURFACE 
UPPER SURFACE OF 
LOWER SURFACE OF 

MOD CI. 
M3DE.L 
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'0 

UhCLA.lt SAVi- r l L f . iXCCIJKiJ S t y U t N T 1 A L 
DECLARE ( H i " i , l i L : , ! l i ; i - 1 , HUE, bl-T A, ALF!':, AL FE i A, 5 ti E T A , CLE TA , li P S , C u t . ~ , j , XT.A 
ZSA,XSU . /.SB, DD , RA, Hi.., i A , I" !1, T I" , TBA, THET A , ED i X S i L S i SCA LE,XO iZD , i l I", , 
[J XO , DATA , l i AT 4, t S ATM, POT , -X , TEMP » TO 1, Tf12 , P:U 
DECL A RE ( V , K , NO, Z , liC , I E :•;, 1 i , , IW , NOH ) l : I A E D l i I M AR Y 

LO GET L I S T {Hi-* i HE> AL FM I Al. i-E i V i W i ND i EPS , I. ) 
rt = SORl ( ( ( (COSDIME) )»*2)•( ( S INL)( A1-.FE) ) **Z ) + ( S IMD( HE) ) **2 ) * ( ( C 3 1 D ( 
H M ) ) » » 2 ) * ( ( S l KO( AL FM) ) »*2 ) +( S I Mb( 1IM ) ) *»2 ) ) 
HHi li= AT AND ( S 1 MD(HM) , COS D ( HM ) *S f ND( ALFM ) ) 
HilE = A T A N D ( S I N D ( H E ) ,CHSO(HE)»S iND( A L F E ) ) 
BcTA = (HHE + HHM) e 

C! J E T A = 2 <J 0 0 0 0 . 0 * C 0 S D ( B E T A ) 
SUETA = 2G0G00.0*S1MDlBET A) 
I F Z = W T HEN Z= ( W - 1 ) 

PUT PAGE ED I T ( 1HM=' ,HH) (SK I P , A , X ( L ) , F ( 6 , I ) ) 
PUT E D I T ('ALFK=' ,ALFH) ( S K I P , A , X ( ] ) , F ( 6 , 1 ) ) 
PUT E D I T C U E S ' , H E ) ( SK J P , A, X ( i ) , F ( 6, 1 ) ) 
PUT E D I T C ALFE= ' , AI.FE) ( SK I P , A, X ( L ) , F ( 6, L ) ) 
PUT E D I T ( 1HHM=' ,HUM) ( SK 1 P, A, X ( 1) , F( 6, ) ) ) 
PUT E D I T ( 1 H H E = 1 » HHfcJ ( S K I P, A, X ( 1 > , F( 6, 1 ) ) 
PUT E D I T C BETA= 1 ,BETA) < S K I P ( 2 ) , A , X ( 1 ) , F ( 6 , 1 ) ) 
PUT E D I T ('STATION POINT S = • , V ) ' ( SK [ P ( 2 ) , A, X( 2 ) , F ( 6, 1 ) ) 
PUT EDIT ("BLOCK EDGES =',W) (SK I P( 2 ) , A , X ( 2 ) , F ( 6 , 1 ) ) 
PUT E D I T C N U . OF BLOCKS = •,/.) { SK I P ( 2 )» A , X ( 2 ) , F ( U, 1) ) 

L I BEGIN 
DECLARE L I N K LABEL 
DECLARE ( d i X . S U , B L ) (W ) , ( ATB, BTB, ABB, BBB ) ( K- 1 ) , ( AO, Z AL , SX , S Z , HH ) 
( V) , ( A U X ( 2 * ( Z ) ) ) , H ( Z , V ) ,ELEM( W - l ) , fiLDCK( 1*2) , ( S, IP 1 V ) ( Z ) ) 

L2 GET L I S T (DATA) 
I F 0ATA=0 THEN GO TO L3 
GET L I S T (SX.SZ) 
GO TO L4-

L3 GET L I S T (XO.ZO) C;.;.. 
S X ( 1 ) = X G SZ=ZO . 
DECLARE (STA,XSTEP) (NO) 
GET L I S T (STA,XSTEP) 
DO 1=1 TO NO 
I F I > 1 THEN DO J = ( S T A ( J - l ) + l ) TO S T A ( I ) 
S X ( J ) = S X ( J - l ) + X S T E P ( I ) 
END 
ELSE DO J=2 TO S.TAl I ) 
SX( J ) = SX( J - l ) +XST-EPI T ) 
END END 

L'+ GET L I S T (BATA) ' • 
I F 6ATA=0 THEN GO TO L5 
GET L I S T (SX»8U,BL) 
GO TO L7 

'L i i GET L I S T (BXO.BZB, SCALE) 
LiX ( l ) =BXO 
RL=BZG 
DECLARE (BSTA,BSTEP) (NO) 
GET L I S T (BSTA,uSTCP) 
DO 1=1 TO NO 
I F I > 1 THEN DO J = ( BS T A ( I-.L ) H ) TO B S T A ( I ) 
H X ( J J = B X ( J - 1 ) + B S T E P ( I ) 
HMD 
ELSE DO J=2 TO "EST A ( I ). 
OX( J) =B-X(J-1) + BSTEP( I ) 
END END ' -
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11. :,\. I L i S I ( i . M ' i i ) . 
I F H A l r l = L" n-ibN DO 
SET L I S T (POT) ' '. 
BU=P0'l*SCALG 
IF N O 

ELSE on 
GET L I S T (BU) 
BU=BU*(SCALE) 
E N D 

L7 GET L I S T (AO) 

I F Z=(W-1) THEM DO 
N = l . 
DO [ = 2 TO ( Z * 2 ) BY 2 
B L O C K ( I -13 = N 
C»LOCK(IJ=N 
M=N+1 
END END 
ELSE DO­

LE GET L I S T (bC.PR) 
BLOCM 1 )='l 
DO J=2 TO ( ( Z * 2 ) - 2 ) BY'2 
BLOCM J ) = B L O C K ( J - l )+BC • 
i-iLOCKt J f 1 )=BLOCK( J ) + l 
END 
& L 0 C K ( Z * 2 ) = ( W - l ) 
I F PR=1 THEM DC 
PUT L I S T ( B L O C K ) S K I P 
PUT S K I P 
0 0 1=2 TO ( Z * 2 ) KY 2 , 
N O H = B L O C K ( I ) + L 
PUT L I S T ( D X ( N Q M ) ) 
END END END 

/ * e » & »« ft tv tt « « K « * «« a 
/* COMPUTATION OF COEFFICIENT MATRIX 
/* 

DO J = l TO M 
X S = S X ( J ) - Z S = S Z ( J ) 
D O 1=1 TO ( W - l ) 
I F J > 1 THEM GO TO L9 
CALL TOP ( OX ( I ) » RU ( 1 ) » BX ( I +1. ) , fill ( I + 1 ) f AT8( I)» BTB( 1 ) ) 
CALL T O P ( B X ( I ) t B L ( I I j &X( [ + 1 ) , B L ( 1 + 1 J,ABB( I ) i B B B ( I ) ) 

L<* CA=ATG ( I ) CB=!iTB( i ) 
X S A = B X ( I ) - X S ZSA=iilJ( I J-ZS 
XSB = HX( 1 + i ) -XS ZSB=BU( 1 +1 ) -ZS. 
Lli\'K = L 10 . GO TO L I I 

L 1 0 DO = EE C A= A i i l i ( I ) C » = U B B ( I ) 
ZSA = B L U ) - Z S Z S B= i l L ( I +1 ) -Z S L I N K = L 1 2 

L i l ftA=XSA«XSA+ZSA«ZSA R B = X S B « X S H + Z S B » Z S B 
TA=XSA/ZSA TD=XSB/ZSB TT = 1 + T A # T B TBA=TO-TA 
THETA=ATANITOA.TT) 
EE = TliETA*CB+LOG{ RB/RA) *CA 
GO TO L I N K 

L12 E L E M ( I ) = ( D D - E E ) « A 
END 
N = l 
DO K = l TO Z 
TEMP=0 
DO I = R L f ) C K ( N ) TO B L O C K ( N + l ) 
T E M P = T E M P + E L E M { I ) 
END 
H ( K , J ) = T E M P 
N=N+2 
EMD fi N D 
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HUT L I S r C C O E r H C I EUi" M.AiHlX SUCCESSFULLY F3 < v, t£ !"J ' ) SK I P ( 3 ) 
» • «• / 

* » » turn a t u t * * «• 6 & » « * -» a- « « « » » «• «• « « # * * « * « « « « « » « » «• «• ft a « « # <- a ft u if- « » tt * » / 

* STORING COEFFICIENT KAT A IX ( i l ) A\!D AND'IALY VALUES (AD) »/ 
* ON TtMPORAAY DISC-SPACE »/ 
* */ 

fJPE.\ F I L E (SAVE) OUTPUT • 
WR I TE F I LE ( S AV t") F .tf!M ( AO) .. 
no 1 = 1 ro i 
HH = |-| { I i * ) 

WR I T E F I LE ( S AVE ) . F f<OH ( Hi I) 
END 
CLOSE F I L E (SAVE.) 

* SOLUTION OF MATRIX EQUATION A D = ( H ) * ( S ) U S I Ni G I . D. rt. */ 
* S.S.P. LLSO ROUTINE' DESTROYS Ail KAY S ( l-l) A^ID (AO) */ 

IW=2 I Q = 1 
CALL L L S Q ( H ( 1 , L ) , Al)'{ 1 ) , V , IW , I 0, S ( 1 ) , I P IV { 1 ) , EP S , I E * , A UX ( 1 ) ) 
PUT L I S T { I E H ) S K I P ( 2 ) 
I F I E K = 0 THEM BEGIN 
PUT L I S T C MATRIX PROCEDURE SUCCESSFUL 1 ) 
END 
I F l E i ^ = 0 THEN BEG 1N 
S = 0 
PUT L I S T I ' SSP F A I L E D , SOLUTION MATRIX SET TO ZERO') 
END 

* ft a « f f 4 * - i * « & « » » i t t t e - n : e s * < i t e » / 

* R E - W K 1 T I N G MATRIX ( H ) Ai\!D (AD) FROM DISC STO"*£ */ 
» * / 

OPEN F I L E ( S A V E ) 
READ F I L E (SAVE) INTO (AO) 
0 0 1=1 TO Z 
READ F I L E ( S A V E ) INTO(HH) 
H ( I , t t ) = H H 
END 
CLOSE F I L E ( S A V E ) 

* « a « a « * * « e « « « « « 4 » « * « « * * » « * ft * ^ i M t « ft ft « « e ^ s- / 

« COMPUTATION OF THEORETICAL MAGNETIC AN3MALY */ 
* # / 

T()1=0 T02 = 0 • 
1)0 1 = 1 TO V 
CM. ( I ) = S U H l l l ( * i I ) »S) 
R = ( A 0 ( I ) - C A L ( I ) ) 
I F K<0 THEN R=-R 
T01. = T()1 + R 
T 0 2 = T 0 2 + ( R * R ) 
END 
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/«• OUTPUT Or 0 A T A DESCRIBING H 0 D II L AN!) A*!Ort/\LY Y R 0 KILL: »/ 
/* FOLLG'/.'CD BY COM PUT .I'D MAGNETIZATION D I S T H I B U T I fj N l */ 
/» »/ 

PUT E D I T ('CLOCK EDGE ' , « X « , • L T 1 , « Z H ' ) ( SK IP ( 2 ) i A , X (**) , * , XI 9) i A , X ( b 
) ,A) 

I JO K = l TU W 
PUT EJ1 I ( ( K ) |QX(K) ,BU(K) , I3L ( K > ) (SK 1 P , F( ) , X ( 6 ) , F ( 8 , :i) , X ( 4 ) , F ( 6 , 3 
) i X ( 3 ) i F ( i i "3 ) ) 
END 
PUT E D I T ('ZS=" , S Z ( 1 ) ) ( S K I P ( 2 ) , A , X ( 2 ) , F ( 6 , 2 ) ) 
PUT COIT ( ' ST AT 1 UN 1 , ' XS~' , 1 ANOMALY" , • CALCULATED ANOMALY' , 'RESIDUALS 
' ) ( S K I P ( 2 ) , A , X ( 5 ) , A,X(G ) , A , X ( S) , A,X( 6 ) , A > 
DO J = l TO V 
PUT EDIT ( ( J) ,SX(J) , A O U ) ,CAL( J ) , ( A D U J - C A L U ) ) ) ( SKI P , F (<*) , X ( 5 ) ,F 
( 8 , 3 ) i X ( 2 ) i F (3 , 1. ) i X ( 8 ) i F ( 8 i L ) » X ( 1 '-i ) j F ( 61 1 5 ) 
END 
PUT EDIT ( " P O S I T I V E SUM OF RES I DUAL S= ' , TO L ) ( SK i P ( 2 ) , A , F ( I 5 , 2 ) ) 
PUT EDIT ("SUN. OF SQUARES OF RES I DU AL S= ' , T32 ) ( SK IP ( 2 ) , A , F ( 2 0 , 2 ) ) 
PUT PAGE ED I T (' BLOCK','MAGNET1ZAT ION' ) ( S < I P , A , X ( 5 ) , A ) 
DO L = l TO IW 
PUT EDI T ( ( L ) , S ( D ) ( F K ) , X ( 6 ) , F ( 1 2 , 5 ) ) S K I P 
END 

/* SUBROUTINE USED I N COMPUTATION OF COEFFICIENT MATRIX »/ 
/* * / 
TOP PROCEDURE ( X A f Z A , X B, Z B , C A, C 6 ) 

DECLARE (XA,ZA 7X3,Z!l,BAR fS,C,DX f DZ,CA,CB) 
DX=(XA-XLi) D Z = ( Z A - Z B ) 
B A R - S O R T ( ( D X * D X ) + ( D Z * D Z ) ) 
S=DZ/BAR C=-DX/BAR 
CA = (0.'5) *C » ( S*CBET A + C*S BET A ) . 
CO=C*(S *SBETA-C*CUETA) 
END TOP 

END L I 
END M X O l I I A 

/ L . SYS L I 6 DD DSNAKE = S Y S 1 . P L 1 L I B , D I S P = S'HR 
DD DSNAME=SYS2.LOAD.SSP,DISP=SHR " 

/ DD DS N A M t = S Y S l . F O R T L l B , O I S P = S H R 
/G. SAVE DD DSNAME =..' R ED , UN IT = 2 3 1 >\, VOLU M E = S E R = U N E 9 9 9 , 
/ DISP=(NEW, D E L E T E ) , S PAtE'= ( CYL , L O ) , C 
/ DCB= ( Rl: CFM= VT , LRECL= 1 6 0 0 , DSORG=PS) 
/G.SYSIN DD * 
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APPENDIX 2 

THE COMPUTER PROGRAMME MXOCEAN I I I B 

T h i s programme uses a l e a s t squares matrix technique to 

d i r e c t l y e v a l u a t e a d i s t r i b u t i o n o f magnetization, w i t h i n a s p e c i f i e d 

two-dimensional magnetic l a y e r , which c a u s e s a given magnetic anomaly. 

The magnetic l a y e r i s formed from a s e r i e s of a d j a c e n t model b l o c k s , 

r e p r e s e n t e d by e i t h e r i r r e g u l a r or r e g u l a r q u a d r i l a t e r a l s . The 

programming procedure r e p r e s e n t s a combination of two sep a r a t e computer 

programmes: MXOCEAN I I I A (Appendix 1) and MAGN (B o t t 1969a). The 

programme p r i n t s out d e t a i l s of the magnetic l a y e r used, the observed, 

c a l c u l a t e d and r e s i d u a l (observed minus c a l c u l a t e d ) magnetic anomalies 

and the c a l c u l a t e d magnetization v a l u e s . The programme has been 

w r i t t e n i n PL/1 f o r use on the N.U.M.A.C. I.B.M. 360/67. 

Notes on data format 

The data input f o r t h i s programme i s e s s e n t i a l l y e q u i v a l e n t to 

th a t given i n Appendix 1 f o r the computer programme MXOCEAN I I I A. Data 

input p o i n t s l a b e l l e d L2, L3, ....VI a r e i d e n t i c a l f o r both programmes. 

LO: 

F I , FA, B I , BA a r e the v a l u e s of the dip and azimuth 

of the e a r t h ' s f i e l d and d i p and azimuth of the d i r e c t i o n 

of magnetization, r e s p e c t i v e l y . These are i n degrees. 

The azimuths a r e measured from the s t r i k e towards the 

p o s i t i v e x - a x i s and the di p s a r e measured from the 

azimuth d i r e c t i o n s downwards towards the p o s i t i v e z - a x i s . 
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V = t o t a l number of magnetic anomaly p o i n t s . 

W = t o t a l number of co-ordinates d e f i n i n g the upper s u r f a c e 

of the magnetic l a y e r used. Number of model blocks 

w i t h i n t h i s l a y e r = ( W - l ) . 

NO = t o t a l number of s e c t i o n s f o r the p r o f i l e , normally 

s e t = 1 u n l e s s v a r i a b l e XSTEP ( s e e L3, L5) r e q u i r e d f o r 

d i f f e r e n t s e c t i o n s . 

EPS = t o l e r a n c e parameter ( t r y = 0.0001), I.B.M. SSP.(LLSQ). 

( f o r d e t a i l s of succeeding data input see Appendix 1 ) . 



125 

Appendix 2. Programme P r i n t Out 
f01.Vl 0>if JOB (OH.-/ , o > , , 4' J ,t)GPl .<jiMK.M.!IUV TUNjMSGLEVEL-l ,'~.LASS-G 

' EXEC N P L 1 F C L G , T I M E . G = ( 6 , 0 ) 
'C. SYS I N DO * 

( SUBSCRI PTRANGC-) 
MXOI T I Li PROC E DUR E OPT I ONS ( MA IN ) 

. / * » « « « # a » i t « i M t # * « » « « « - * «• * * • » # • » * * « » a & * * * & a is & s- i t g « «- « - « » « - « « • / 

/* * / 
/ » « e e « - a •* e ft t» ft « « » « « « » « » » » e « e » » «• * « a * « «• •» « * * & a f t e * » » * » f f » B * « f l . »/ 

/* ./ 
/* T H I S PROGRAMME USES A LEAS1.SQUARES MATRIX TECHNIQUE */ 
/» TO DIRECTLY EVALUATE A D I S T R I B U T I O N OF MAGNETIZATION »/ 
/* W I T H I N A S P E C I F I E D TWO-DIMENSIONAL MAGNETIC LAYER WHICH */ 
/* CAUSES A GIVEN MAGNETIC ANOMALY. A THEORETICAL */. 
/* MAGNETIC ANOMALY IS THEN COMPUTED FRO-1*! T H I S MAGNETIZATION */ 
/* D I S T R I B U T I O N AND RESIDUAL .VALUES EVALUATED. */ 
/* THE SOURCE BODY IS .REP RESENTED BY A MDDGL FORMED F R J K * / 

/» A CONTINUOUS SET OF ADJACENT" QUADRILATERALS. */ 
i / * A D I R E C T I O N OF MAGNETIZATION FOR THE MODEL I S ASSUMED. * / 
• / * * & * » « - » & a & « » t t » » t t « « » e g t t « ft tttt**-**-H-P « K- ft 6 «• » C- « / 

/« */ 
/* * * * PARAMETER D E F I N I T I O N S * * * */ 
/* F I ^ I N C L I N A T I O N ( D ) OF THE EARTH'S MAGNETIC F I E L D . >/ 
/* D I = I N C L I N A T I O N 10) OF THE MAGNETIZATION VECT3K. »/ 
/* FA = A Z] MUTH (D) OF -THE EARTH'S MAGNETIC F I E L D MEASURED »/ 
/* FROM THE STRIKE OF THE BODY TOWARDS THE P O S I T I V E X.AXIS */ 
/* BA=AZIMUTH ( D ) OF DIRECTION OF MAGNETIZATION, MEASURED »/ 
/* AS FOR FA. */ 
/* V=TOTAL NUMBER OF MAGNETIC ANOMALY POINTS. »/ 
V * W=TOTAL NUMBER OF X CO-ORDINATES DE L I N E A T I N G THE UPPER */ 
/» SURFACE OF THE MODEL. * * * * W MUST NOT EXCEED l V + 1 ) . */ 
;/* MO = TOTAL NO. OF SECTIONS FOR THE PROFIL E . '** NORMALLY »/ 
/* SET=1 UNLESS VARIABLE XSTEP REQUIRED FOR DIFFERENT SECTIONS */ 
/» EPS PARAMETER REF. l . B . M . SSP ( L L S Q ) . ** (TRY 0 . 0 0 0 1 ) . ••> / 
/* AD = ARRAY STORING MAGNETIC ANOMALY VALUES. */• 
/* SX = ARRAY STORING X . CO-ORDJNATES OF - AMOMALY POINTS. */ 
/* SZ= ARRAY ' STORING L CO-ORDINATES" OF ANOMALY POINTS. - */-
7 * BU= AURAY STORING I CO-ORDINATES OF UPPER MODEL SURFACE. * / 
/* BUX=ARRAY STORING X CO-ORDINATES OF UPPER MODEL SURFACE. * / 
/* BL= ARRAY STORING' Z CO-ORDINATES OF LOWER MODEL SURFACE. »/ 
/* BLX=ARRAY STORING X CO-OftCINAT.ES OF LOWER MODEL SURFACE. * / . 
/ » r . « « g » -it # « n*tnnnmii*u-n H i n n n t K » r- a » e- «• t ; -1 » / 
;/• «/ 

DECLARE SAVE F I L E RECORD SEQUENTIAL 
DECLARE ( F I ,F A, ft I , BA , EPS', AL,PX,PXE,PZ , PZ E , R , TO 1 , T02 , X i , X2 , XO , Z1 , 
Z2 » ZD,DATA,BATA,BXO » BZB,S CAL E» B A T H, P "J T ) 
DECLARE- (V , W i NO, I ER, 10, IW ) F IX ED BINARY 

LO GET L I S T (F 1 , FA, BI,BA,V,W,NO,EPS ) 
PX=COSD ( B I ) * S I N D ( B A ) PZ = S l i ! 0 ( B I ) 
PXE = C O S D ( F I J P Z E = S 1 N C ( F I ) A L = S I N D ( F A ) 

/ » &&»#*#&<>.!< & • * / 
PUT PAGE EDI T ( ' F I = ' , F I ) ( S K I P , A , X ( I ) , F ( 6 , 1 ) ) 
PUT E D I T {'FAs',FA) (SK I P , A , X ( 1 ) , F ( 6 , 1) ) 
PUT E D I T ( ' 0 1 = ' , B I ) { SK I P , A, X ( I ) , F( 6, L ) ) 
PUT EDIT ('BA= *,BA) (SK I P,A,X( 1 ) , F ( 6 , I ) ) 

\ PUT EDIT ('STATION POINTS=',V) (SK I P ( 2 ) , A , X ( 2 ) , F ( 6 , 1 ) ) 
PUT E D I T ( 1 BLOCK EDGES =',W) (SK I P ( 2 > , A , X ( 2 ) , F ( 6 , I ) ) 
PUT E D I T ('NO. OF BLOCKS= 1, IW — 1 ) ) (SK I P ( 2 ) • A , X ( 2 ) , F ( 6 , L ) ) 
NSIDE = 4- 10E=5 

http://CO-OftCINAT.ES
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/ « c t t i M ::• & « ir « • « - » « • •:• « a n * n •;: & » e ; a * i ; •» * » » «• ft ft- ft « « & « « a •» ft * » e r- s i - m s i s- s- «• & 

LL b E G l N 
DECLARE ( (SX , SZ , AU,HH,CAL J I V ) , ( QUX , DL X , BU , 01. ) ( W ) , { X , Z ) ( I D F ) , 
I S S , 1 P I V) ( W - l ) , ( A U X ( 2 « ( W - 1 ) ) ) , ( H I W - l , V ) ) ) 

L2.GET L I S T (DAT A) 
I F DAT:\ = 0 Til EM GO TO L3 
GET L I S T (SX.SZ) 
GO TO L't 

L3 GET L I S T UO.ZO) 
S X { l ) = X O SZ=ZO 
DECLARE (STA.XSTEP) (MO) 
GET L i ST (STA.XSTEP) 
DO 1=1 TO MO • 
I F I > 1 THEN DO J = ( S T A ( l - l )+J.) TO STA( 1 ) 
S X ( J ) = S X ( J - 1 ) + X S T E P ( I ) 
END 
ELSE DO J=2 TO S T A ( I ) 
S X ( J ) = S X ( J - l ) iXSTEPJ I J 
END END 

L4 GET L I S T ( L A T A ) 
I F BATA = 0 THEN CU TO 15 
GET L I S T ( O U . B L f H U X i B L X ) 
GO TO L7 

L'i GET L I S T ( BXO, BZB, SCALE ) 
tSUXd ) =UXO 
BL=BZB 
DECLARE (8STA,BSTEP) (NO) 
GET L I S T ( i i S T A . B S T E P ) 
DO 1=1 TO NO 
I F I > 1 THEN DO J = ( B S T A ( 1 - 1 ) + 1 ) TO 3 S T A ( I ) 
(AUX( J ) = B U X ( J - D + BSTEPI 1 ) 
END 
ELSE DO J=2 TO B S T A ( I ) 
R U X ( J ) = B U X ( J - 1 ) + B S T E P ( I ) 
END END 
BLX=BUX 

L6 GET L I S T (BATH) . 
I F BATH = 0 THEN DO 1 --
GET L I S T (POT) 
BU=POT*SCALE 
E NO 
ELSE DO 
GET L I S T (BU) 
flU=UU* (SCALE ) 
END 

L7 GET L I S T (AD) 
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/ c & it it u » i> » it it it i/ it ft K a » ft « «• •» li »-a ::• is & a K « B ft « a « «• it is -a » » u 4 a > * * it it »• & » * e » » » & * n » * « » 

/ * C O M P U T A T I O N UF C O E F F I C I E N T M A T R I X * 
/ «• • • tt 

PUT L I S T ( r i M E ) S K I P 
OU I< = 1 TG ( W - l ) 
X ( l ) = i 3 U ; ; ( K ) Z ( 3 ) = D U ( K ) 
X ( 2 ) = B L X ( K ) Z ( 2 ) = B L ( K ) 
.< ( 3 ) = U L X ( K t 15 Z ( i ) = BL ( K+ J. ) 
X K ) =QUX ( K + l ) Z M ) = DU( K + l ) 
X i 5 ) = B U X ( K ) 115 ) = D U ( K ) . 
C A L L N G A M ( X , Z , H ( K , * ) ) 
END 

PUT L I S T ( T I M E ) S K I P. 
PUT L I S T C C O E F F I C I E N T M A T R I X S U C C E S S F U L L Y F D R M E D • ) S K J H ( 3 ) 

/# * 
/ * » u * « iv tut r< sm » i* a # & <£- » «» « -a # « » « » * « # « « » e » a «- « • » *.<» » & * a * » * e * 
/ • S T O R I N G C O E F F I C I E N T M A T R I X ( H ) AMD ANOMALY V A L U E S ( A G ) • 
/ * ON TEMPORARY D I S C - S P A C E * 

OPEN F I L E ( S A V E ) OUTPUT 
W R I T E F I L E ( S A V E ) F R O M ( A D ) 
DO 1 = 1 TO ( W - l ) 
H H = H ( I , * ) 
W R I T E F I L E ( S A V E ) F R O M ( H H ) 
END 
CLOSE F I L E ( S A V E ) 

S O L U T I O N OF M A T R I X E Q U A T I O N A D = ( H ) * ( S S ) U S I N G I . B . M . * 
S.S.P. L L S Q . * N B * R O U T I N E DESTROYS ARRAYS ( H ) AMD ( A D J * 

I W = ( W - 1 ) 1 0 = 1 
C A L L L L S Q t H ( 1. , 1 ) , AD( 1 ) ,V , I W , I l J , S S ( 1 ) , I P I V { 1 ) , EPS, I E l , A U X ( 1 ) ) 
PUT L I S T ( I E R ) S K I P ( 2 ) 
I F I E R = 0 THEN B E G I N 
PUT L I S T ! ' M A T R I X PROCEDURE SU C C E S S F U L 1 ) 
END f- • 
I F IER-»=0 THEN B E G I N ~ 
SS = 0 
PUT L I S T (' SSP F A I L E D , S O L U T I O N M A T R I X SET TO Z E R O ' ) ._ .' 

" END 

R E - W R I T I N G M A T R I X ( H ) AND ( A D ) FROM D I S C S T 3 R E * 
« 

OPEN F I L E ( S A V E ) I N P U T 
READ F I L E ( S A V E ) l'NTO ( AD ) 
DO 1 = 1 TO ( W - l ) 
READ F I L E ( S A V E ) I N T O ( I I I ! ) 
H ( I , * ) = H H 
END 
CLOSE F I L E ( S A V E ) 

& i t « i i t t * a » « t t e « a t t t f # * i M t f t f t « f t t t t t t t * » » B ^ » 

C O M P U T A T I O N OF T H E O R E T I C A L M A G N E T I C ANDMALY • 
*• 

T 0 1 = 0 T 0 2 = 0 
DO [ = 1 TO V 
C A L ( I ) = S U M ( H ( * , I ) » S S ) 
R = ( A D ( I ) - C A L { I ) ) • 
I F R < 0 THEN R=-R 
T 0 1 = T 0 1 + R 
TQ2 = T 0 2 + ( R » R ) ' 
END • 
* * « » « 4 It * * « * It * 4 4 * ITtt * 4 
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/* OUTPUT Ut- DATA DESC.t IL'. IMu HI1UI.-L AN 0 AMOMALY PROFILE « 
/* FOLLOWED OY COMPUTE;:) MAliMcT I Z.A1 ION DISTRIBUTION « 
/* . * 

PUT SOFT CnLHCK EDGE • f • XT • , • I T • , ' X B 1 , ' Z U • ) ( SK 1P ( ?. ) , A , X ( ) , A , X ( £ 
i A , X (1 2 ) i A , X ( 11 ) , A ) 
DO 1=1 TO W 
PUT EDIT ( I I ) , BU X ( I ) , BU ( I ) , ttLX t I ) , BL ( I ) ) ( SK 1 P , F ( *t ) , X ( 5 ) , F ( 8 , i ) , 
X ('5) , F (8 , 3 ) , X ('S) » F (!i , 3 ) , X { :>) »I- ( 0 , 3) ) 
END 
PUT EDI T ('ZS=' ,SZ(1) ) (SK IP( 2 ) , A, X( 2 ) , F( 6, 2 ) ) 
PUT EDIT ( 1 STAT I ON' ,'X5' , 'ANOMALY', 1 CALCULATED ANOMALY't 'KESI DUAL 
I ) (SKIP (2 ) , A,X(5) , A,X [lj ) , A, X( 5 ) , A, X{ 6 ) , A ) 
DO J = l TO V 
PUT EDIT ( ( J) ; SX(J) , AD(J) ,CAL( J ) i ( AI3( J )-CAL( J ) ) ) ( SK IP , F ( 4 ) , X ( 5) , 
F (8 ,3) ,X(2) , F ( 8 , 1 ) , XU-;) , F ( 8 , 1. ) ,X( 1.4), F( 6, 1. ) ) 
E NO 
PUT EDIT ('POSITIVE SUM OF !-:ES I DUALS= ' , TO 1. ) ( SK I P ( 2 ) , A , F ( 1 5 , 2 ) J 
PUT EDIT ('SUM OF SQUARES OF R ES I DUAL S = * , T02 ) ( SK I P ( 2 ) , A , F ( 2 C, 2 ) ) 
PUT PAGE ED I T { ' CLOCK 1 , • MAGNET 11. AT ION 1 ) ( SK IP , A, X ( 5 ) , A ) 
DO L = l TO IW 
PUT EDIT ( ( L ) , S S ( D ) (S K I P , F ( ) , X ( 6 ) , Ft 12, 5 ) ) 
END 

/* SUBROUTINE USED IN COMPUTATION DF COEFFICIENT MATRIX * 
/* * 

NGAM PROCEDURE (X,Z,AN) 
DECLARE ( ( X , Z ) ( I UE ) , ( AM , E A, E i\) ( V ) , ( S , C , P ) INSIDE) ) 
DECLARE ( H i iJ i Di A t Dhi, D/. ) 
DO 1=1 TO NSIOE 
H = SORT( (X(I)-X(I+1))*»2 + (Z( I + 1 J-Z ( I ) ) * *2) 
S { I ) = {Z ( 1 + 1 ) - Z ( I ) } / H C( I ) = U ( I ) - X ( 1+1) )/H 
P(l»=20O000*S(I) 
END 
EA = 0 EB=0 
DO 1=1 TO NSIDE 
IF S ( I ) - i = 0 THEN DO J = l TO V 

XI = X { I ) - S X ( J ) X2 = X( 1 + 1J-SX(J) 
Z 1 = Z ( I ) - S Z ( J) Z2 = Z ( 1+1)-SZ( J.) 

- - ES = X:1/Z1 D=X2/Z2 H=ft^D" H=1+T3*D 
A = AT AN (II i D) 
II = 0. f»*LGG ( (X2**2+/.2**2 )/(Xl»*2+Z 1**2) ) 
EA( J) =EA( J ) + P ( I )*{ A*S ( I ) - l l * C ( I ) ) 
Eb ( J ) = E u ( J ) + P ( I ) M II*S ( I J+A*C( I ) ) 
END END 
l"'0 1=1 TO V 
i)M=( PX#EA( i >+PZ*Eli( I ) )*AL 
DZ=(PX*EB(I)-PZ*EA( I ) ) 
A M ( I 1 = ( PXE*DH + PZE*DZ ) 

! END 
• END NOAM 

END LL 
END H X 0 1 I I B 

•Or 

l/L.SYSLIU DD DSNAME=SYS1 . P L I L I & i DISP=SHR 
/ DD DSNAME=SYS2.LOAO.SSP,0 ISP=SHR 
/ DD DSNAME=SYSI.F0RTL1D|D1SP=SHR 
/G . SAVE DD D S N A M E = & R E D, U N IT = 2 3 I H, V 0 L U H E - S E R = U N E 9 ri 9, 
/ DISP=(NEW,DELETE),SPACE=(CYL,10), 
:/ DCB= (RECFM=VT,LRECL=1A0U, DSORG=PS ) 
i/G.SYSIN DD * 
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APPENDIX 3 

THE COMPUTER PROGRAMME REGLLSQ 

This programme uses a l e a s t squares technique to f i t a straight 
l i n e (Y = MX+C) to a s e r i e s of specified data points (x, y ) . For each 
data point a pr i n t out i s given of the ori g i n a l value, the computed 
regional value and the residual difference. The programme has been 
written i n PL/1 for use on the N.U.M.A.C. I.B.M. 360/67. The programme 
provides a quantitative method for subtracting a li n e a r regional trend 
from t o t a l f i e l d magnetic observations. The procedure i s mainly 
intended for use with marine p r o f i l e data extending over hundreds of 
kilometres. 

Notes on data format 

Data input points are labelled L I , L2, L3, L4 i n the programme 

'print-out 1. 

L l : 

N = t o t a l number of data points. 

NO = to t a l number of sections ~for the p r o f i l e , normally 

set = 1 unless variable XSTEP (see L2, L3) required 

for different sections. 

L2: 

DATA = data control trigger, 

I f DATA = 0 then go to L3. 

I f DATA = 1 read x - co-ordinates (X) for magnetic 

f i e l d values (N values). 
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Generation of magnetic f i e l d point x - co-ordinates for 

regular spaced data. 

XO = x - co-ordinate for f i r s t field-point value. 

STA = array of numbers (dimension NO, see L I ) specifying 

the f i n a l field-point at the end of each p r o f i l e section. 

XSTEP = array of numbers (dimension NO) specifying the x - increment 

for each section of the p r o f i l e . 

L4: 
ANOM = array of t o t a l f i e l d values (dimension N). 
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Appendix 3. Programme Print Out 

[•Pi OE L J 0 i ) ( 0 1 0 7 , V) , , 2 ) , D6P 10 EL . M , 
EXEC NPLIFCLG 

I SYS IN DC * 
!\EG LL S 0 : PKCCEDIJi^E OPTIONS (MAIN) 

l-IU TTON ,M SGL EVEL = 1,C LA S S = A 

THIS PROGRAMME USCS A LEAST. SQUARES TECHNIQUE TO F I T A 
STRAIGHT LIME (Y=MX+f.) TO A S5JJIES OF SPECIFIED OA IA 
POINTS ( X , Y ) . ** FOR EACH DATA POINT A PUNT OUT IS 
GIVEN OF THE ORIGINAL VALUE", THE COMPUTED REGIONAL VALUE 
A riD Trie RESIDUAL DIFFERENCE. 

• PARAMETER DEFINITIONS *** 
M= TOTAL NO. OF .DATA POINTS 
NQ= TOTAL MO. OF SECTIONS FOR THE PROFILE. * SET=1 
UNLESS VARIABLE XSTEP REQUIRED FOR DIFFERENT SEC TI3MS. 
CAT-\= PROGRAMME CONTROL TRIGGER. 
STA= ARRAY OF NOS . SPECIFYING THE FINAL DATA POINT AT 
THE EMU OF EACH PROFILE SECTION. 
XSTEP = ARRAY OF NOS . SPECIFYING THE X-IS'C^EME'JT FOR 
'EACH PROFILE SECTION. 
XO= I N I T I A L X CO-ORDINATE, REQUIRED FOR X STEP - OPTION 
ANOM= ARRAY STORING Y CO-ORDINATE VALUES 
X = ARRAY STORING X CO-ORDINATE VALUES 

DECLARE (EPS, ft, RES ID, DATA, XO ) 
GET L I ST (N,MO) 
M=2 • 1W =1 EPS = 0.0001 • • 
BEGIN 
DECLARE ( A ( f., N) , ( S , I P 1V ) ( M) » AUX ( 2*M i , ( AMuM , AC , X ) (;>!)) 
GET LIST (DATA) 
-IF [-) A TA- 0 THEN GO TO L3 
GET LIST (X) 
GO TO U 
GET LIST (XO) 
x 1 1 ) = x n 
DECLARE (STA, XSTEP) {'NO) 
GET LIST (STA,XSTEP) 
DO I = I 10 NO 
IF 1>1 THEN DO J=(STA( I - i ) + l ) TO STA( I ) 
X ( J ) = X ( J - l ) + X S T E P ( I ) 
E ND 
ELSE 00 J=2 TO S T A ( I ) 
X ( J ) = X ( J - l ) + X S T E P( I ) 
END END 
GET LIST UNO*'.) 

»/ 
* / 
»/ 
« / 
*/ 
*/ 
*/ 
» / 
*/ 
* / 
>/ 
*/ 
«/ 
*/ 
* / 
»/ 
*/ 
« / 
<•/ 
*/ 

* / 
*/ 
* / 
* / 
* / 
*/ 
*/ 

J 
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/ * * •» v •» * » * ii• -n- * * «• * * * s- * a » e » »• «• it -s » «•« * s-» « •» s «- s * * & «• * B- «• * » » » » i ; <• t j t > » t s * » t- s ;;• «•, 
A ( 1 i * ) = 1 
A ( 2 i * ) = X 
AC = ANI1M 
CALL LLSQ( A( L ,1 ) , AMCJM ( 1 J,N,M, IW,S( I J, IP IV( 1 ) ,EPS, IEft,AUX( 1 ) ) 
PUT PAGE L l S T ( I C K 1 
PUT EDIT { 1 DISTANCE* , 1 TOTAL I NTENS ITY 1 , ' REG IONAL • , 1 P.E S IDIJAL ' ) 
(SKIP ( 2 ) ,X(7) .A, XCJ) , A , X ( J ) , A , X ( 4 ) , A ) 
DO 1=1 TO N 
R = S ( l ) + S ( 2 ) * X ( I ) 
RESID=AC(1)-R 
PUT EDI I ( { I ) ,'X( 1 ) ,/\C( i ),R,RESID) ( S< IP, F ( 4 ) , X( 3) , F( Q, 3 ) , X ( 7 ) , 
F ( 7 ,1 ) , X ( 8 ) , F ( 7 , 1) , X (*\ ) , F ( 7 , 1 ) ) 
END 
PUT EDIT ('REGIONAL AT FALSE OR I G IN= ' , S ( 1 ) ) (SK IP ( 3),A,F( 8, I ) ) 
PUT EDIT ('REGIONAL GRADIENT ALONG X A X I S = ' , S ( 2 ) ) (SKIP,A, 
F ( 1 1 ,6) ) 
END LA 

END REGLLSCJ 

/L.SYSLIQ DD DSNAHE=SYS1.PL1LIB,DISP=SHR 
/ DD DSNAME=SYS2.L0AD.SSH,DISP=SHR 
/ DD DSNAME=SYS1.F0RTLIB,DISP=SHK 
/G.SYSIN DD * 
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APPENDIX 4 

THE COMPUTER PROGRAMME FLT 

This programme uses a l e a s t squares technique to f i t f i v e terms 

of a simple fourier s e r i e s (AO, Al s i n (THETA), A2 cos (THETA), 

A3 s i n (2*THETA), A4 cos (2+THETA) ) , to a s e r i e s of specified data 

points (x, y ) . For each data point a print-out i s given of the 
o 

o r i g i n a l value, the computed trend and the residual difference. The 

programme has been written i n PL/1 for use on the N.U.M.A.C. I.B.M. 

360/67. The programme provides a quantitative method for removing 

c e r t a i n long wavelength components from reduced magnetic anomaly 

p r o f i l e s . This f i l t e r i n g procedure attempts to provide a form of 

correction for errors of observations, of quite small amplitude but 

long wavelength within the reduced magnetic anomaly values, such as 

may be caused by the diurnal v a r i a t i o n . The programme i s mainly 

intended for use i n conjunction with the computer programme REGLLSQ 

(Appendix 3), prior to application of the programmes MXOCEAN I I I (A) 

or (B) (Appendices 1 & 2 ) . 

Notes on data format 

Data input points are lab e l l e d L I , L2, L3, L4 i n the programme 

'print-out'. 

L I : 

N = to t a l number of data points. 

NO = total number of sections for the p r o f i l e , normally 

set = 1 unless variable XSTEP (see L2, L3) required for 

different sections. 

DIS = t o t a l length of p r o f i l e . 
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L2: 
DATA 

L3: 

XO 

STA 

XSTEP 

L4: 
ANOM 

data control trigger, 

I f DATA = 0 then go to L3. 

I f DATA = 1 read x - co-ordinates (XS) for magnetic 

anomaly values (N values). 

Generation of magnetic anomaly f i e l d point x - co-ordinates 

for regular spaced data. 

x - co-ordinate for f i r s t magnetic anomaly value, 

array of numbers (dimension NO, see L I ) specifying the 

f i n a l field-point at the end of each p r o f i l e section, 

array of numbers (dimension NO) specifying the 

x - increment for each section of the p r o f i l e . 

array of magnetic anomaly values (dimension N). 
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Appendix 4. Programme Print t r~OTPF 

•'10MAR JUH (0701 ,69, ,2 ) , DGP 10M AR . M . HUT TOM , V SGL E Vh" L = I , C L \ S S =A 
EXEC NPLIFCLG 

i Y S l N DO * 
FLT PROCEDURE OPTIONS (MAIN) 

i t e t « t # r « t » } « » c i t < » t < « c t c i } f » t « t t 4 t » » « « t e » ' « e e i « c » » e » nit » # # # # #4 & / 
*/ 

« « « « « « < « * « £ . * *• -a i t K « f t « t t «> «-«<<* # / 

*/ 
THIS PROGRAMME USES A LEAST.SQUARES TECHNIQUE TO F I T FIVE »/ 
LOW ORDER TERMS OF A SIMPLE FOURIER SCRI ES. . . ( A 0, A1SIM »/ 
(THETA), A2C0S (THETA) , A3S IN ( 2*T HE 1" A ) , A4CD S ( 2* THE TA ) /. . TO A •/ 
SERIES OF SPECIFIED DATA POINTS ( X , Y ) . *» FDA EACH DATA */ 
POINT A PRINT "GUT IS GIVEN Oh THE ORIGINAL VALUE, I'HE »/ 
COMPUTED TREND AND THE RESIDUAL DIFFEREMCE */ 

• / 

**# PARAMETER DEFINITIONS **• */ 
,M= TOTAL NO. OF 0 AT A POINTS. */ 
NO* TOTAL NO. OF SECTIONS FOR THE PROFILE. ** SET=1 */ 
UNLESS VARIABLE XSTEP REQUIRED FOR DIFFERENT SECTIONS. */ 
DIS= TOTAL LENGTH OF PROFILE */ 
DATA* PROGRAMME CONTROL TRIGGER •/ 
X0= I N I T I A L X. CO.ORDINATE, REQUIRED FOR XSTEP OPTION. »/ 
STA= ARRAY OF NOS. SPECIFYING THE FINAL DATA POINT *f 
AT THE * END OF EACH PROFILE SECTION. */ 
XSTEP= ARRAY OF NOS. SPECIFYING THE X-lNC^EMEMT FDR */ 
EACH PROFILE SECTION. »/ 
AMOM= ARRAY STORING Y CO.ORDINATE VALUES »/ 
XS = ARRAY STORING ' X CO.ORDINATE VALUES */ 

*/ 

*/ 
DECLARE (REG,RES,W,X,XO,X1,X 2,X 3,X 4,0 IS) 

L - . GET LIST ( i N , N Q,DIS) 
\: BEG I M 
DECLARE ( A N O M ( N ) , X S ( N ) , A ( 5 , 5 ) , Y ( 5 ) ) 

.-.GET LIST (DATA) 
IF D A T A = 0 THEN GO TO L3 
GET LIST (XS) 
GO TO L4 

3: GET LIST (XO) 
. XS(1)=X0 
DECLARE (STA,XSTEP) (NO) 
GET LIST (STA,XSTEP) 
DO 1=1 T O NO 
IF. I > 1 THEN DO J=(STA( I - U + l ) TO STA( I ) 
X S ( J ) = X S ( J - l ) + X S T E P ( I ) 
END 
ELSE DO J = 2 TO S T A ( I J 
X S ( J ) = X S ( J - l ) + X S T c P ( I ) 
END END 

i : G E T LIST (ANOM) 
A=0 Y=0 
W= ( J . L ' i l 5 9 6 6 5 / D I S ) 
DO J = l TO N 
X=XS(J)»W 
X1=SIN(X) 
X2=C0S(X) 
X3 = 5IN'(2*X) 
X4=C0S(2-«X) 



136 

A (1,1. ) = A 1 » I . ) i - l 
A ( 1 , ? ) = A 1 ,2 ) f X1 
\ (1 ,3 ) = A 1,3 )+X2 
A { I , 4 ) = A 1 ) +X3 
A d , J ) = A 1 , ! i ) +X4 
A (2 ,1 ) =A 2 , 1 ) ^ L 
A ( 2 ,2 ) = A [2,2 )+((XL)«*2 ) 
\ \ 2 , 3 ) = A 2,3 ) + ( X I * K 2 ) 
A { 2 , H ) - A 2 ) + (X1*X3 ) 
A (2 , !.i ) = A [2 ,5 ) + ( X l * X * i ) 
A ( 3 ,1 ) = A [ 3 , L >+X2 
A ( 3 ,2 ) = A 3,2 ) M X ? » X 1 ) 
A ( 3 , 3 ) = A [3,3 ) + { ( X 2 ) * * 2 ) 
A (3 ,4 ) = A 3,4 )+(X2»X3) 
A ( 3 ,5 ) = A 3,"5 ) + ( X 2 * X 4 ) 
A ( 4 ,1 ) = A 4, 1 ) + X3 
A (4 ,2 ) = A 'i,2 ) + { X 3 * X l ) . 
A ( 4 , 3 ) = A 14, J ) + (X3*X2) 
A ( 4 ,4 ) = A [ 4 , 4 ) + ((X3)»»2 > 
A (4 , S ) = A [4 , 5 )+(X3*X4 ) 
A ( 5 , 1 ) = A [ 5 , 1 ) + X4 
A { 5 ,2 ) = A [ 3 , 2 ) + (X4*X1) 
A ( 5 ,3 ) = A [ 3 ,3 ) + {Xl«X2 ) 
A ( 5 »4 ) = A [ 5 ,4 ) + ( X 4 * X 3 ) 
A ( 5 ,5 ) = A [5,5 ) + { ( X4) **2.) 
Y ( 1) = Y ( L + A N O M ( J ) 
Y ( 2) = Y ( 2 •h [ ( A N O M ( J ) * X 1 ) 
Y ( 3 ) = Y (3 + ( ( A : \ I O M ( J )*X2 J 
Y ( 4 ) = Y C i + ( { A M O M ( J ) *X"J ) 
Y ( 5 ) = Y ( 5 ) * • ( { A M C M ( J ) »X4) 
END 
PUT PAGE DATA (A) 
PUT SKIP DATA (Y) 
L = 5 
CALL SIMQ(A(1,1) , Y ( 1 ) , L , K S ) 
PUT. P<\S£ LIST (KS) 
PUT SKIP DATA (Y) 
PUT PAGE EDIT { 1 DISTANCE 1 , ' ANOMALY' , • F-IL-T£RED COMPONENT' , 
'RESIDUAL' J (X(7),A,X(4),A,«(3),A,X(4),A) 
DO J = l TO N 
X=XS(J)»W 
X l = S I N ( X ) 
X2=CUS(X) 
X3=SIM(2*X) 
X4=C0S (2 »X) 
REG = Y ( l ) + (Y(2)»X1) + ( Y ( 3 ) * X 2) + (Y(4)*X3)+(Y(5)»X4) 
RE S= ANOM(J)-REG 
PUT EDIT ( J,XS(J) ,ANOM( J) ,R£G,RES) ( SK IP , F { 4 ) , X ( 4) , F ( 1, J ) , X ( 4 ) , 
F17.1) , X ( 1 1 ) , F ( 7 , 0 ) , X ( 7 ) , F ( 7 , 1 ) ) 
END 

END LA 

END FLT 
'SYSLIB DD DSNAME = S Y S L .PL1LIB, D1SP=SHR 
DO D5NAME=SYS2. LOAD.SS P , UI S P=Srii< 
DD DSMAME = SYS L . FORT I. I l i , D IS P = S HK 
SYS IN DO * 

file://a:/iom
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APPENDIX 5 

THE COMPUTER PROGRAMME DISAZ 

This programme computes the true distance and azimuth on the 

spheroid between two given points of latitude and longitude. The 

procedure employed i s based on the formulation given i n the Admiralty 

Manual of Hydrographio Surveying, Vol. 1, 1965. The figure of the earth 

i s taken from that given by Hayford (1910). For each p a i r of fix e s (A-B) 

considered, the programme prints out the o r i g i n a l values, the azimuth 

and the intervening distance. The programme w i l l compute successive and 

cumulative distances for an undimensioned sequence of fi x e s along a 

par t i c u l a r course. The programme has been written i n PL/1 for use on 

the N.U.M.A.C. I.B.M. 360/67. 

Notes on data format 

The successive data input point i s labelled.LA i n the programme 

'print-out'. The f i r s t f i x i s read i n two l i n e s before t h i s point i n 

an unlabelled statement that i s executed once. 

ALATD, ALATM = (A) latitude 'degrees & minutes". 

ALOND, ALONM = (A) longitude degrees 8c minutes. 

LA: 1 

BLATO, BLATM = (B) latitude degrees & minutes. 

BLOND, BLONM = (B) longitude degrees & minutes. 

General Notes 

(a) The computed distance i s i n kilometres. 

(b) The azimuth i s computed as a back bearing from B to A 

(-180 ) 

(c) Sign convention +N, +E. 



138 

Appendix 5. Programme Print Out 
f'lOi! JOB ( j f O L . o - ) ) ,0GP10UM.HUTTUN,MSGLEVEL=L,CLA:>$=.\ 

EXEC MPL1FCLG 
SYS IN DU * 
U I S A 1. : P ROC E OU RE OPT I O.N S ( MA I M ) 

ft * • # » * » * * « • » • « • ft K-i-v-i? c - / 

"< I 
* * «• * * * * * * »• «• it * « «• •» * a » a- *• a a * « » » c- * * r.• «• * « * » « «• # <• <• *• c- E * * •» * e t i i e i i i c e i t t t t * / 
THIS PROGRAMME COMPUTES THE SPHERICAL DIST ' \MCr. A -12 "* I 
AZI.-'UTH BETWEEN TWO GIVEN POINTS OF LATITUDE AND */ 
LONG 1ruDE. • * * ELLIPSOID 1 CONSTANTS ARE ADOPTED FRV' */ 
THE INTERNATIONAL FORMULA , INTERNATIONAL UNION OF i t JOE 5 / - / 
AND GEOPHSICS 192-V . - / 
THE PROCEDURE 'EMPLOYED IS BASED ON THE FIRMULA T ION - / 
GIVEN IN THE ADMIRALTY MANUAL OF l-IYROGR.APH IC SUR Vti YIN J -• / 
VOL 1. L96.l> . */ 

*/ 

* / 

ON ENDFILE(SYS IN) GO TO LB 
DECLARE ( A13 , A L AT i A L ON , A L A T D i ALATM, ALOND, AL3\!M, AZ , SLA T, P LON , -•• L \ , 
BLATM,BLOND, BLONM, CA, CHORD, DIS, GB, P, R , S A, TD, UA , UB , V, XA , X3 , YA , Y 1 , 
ZA,ZB) 
PUT PAGE EDIT C A LAT.'.'A LONG.','G LAT.'.'B LOMG. • , • A 2 1M UTH ! , 
' XS TEP' , 1 D I STANCE' ) ( S K IP , X ( 8 ) , A, X ( <* ) , A, X ( 7 ) , \, X { 4 ) , A , X ( 5 ) , A , X ( ) , 
A , X ( 5 ) , A ) 
TD=0 N=D 
GET LIST (ALATD, ALATM, ALOND, ALOJMN) 
A LON= ( ALOND+ { ALONM/60 ) ) 
ALAT=(ALATDMALATN/OO)) 

A'-GET LIST (BLATD,KLATM,6LOND,BLONM) 
DLAT= (HLATO+ (tlLATM/60 ) ) 
I:.LON= (BLOMD+ ( I3LONM/60 ) ) 
UA=ATAN(0.9 96633 *TAND(ALAT)) 
UB = ATAN(0.996633 »T AND(BLAT)) 
•GB=( ( 0 . -?9327733»TAM(UB) )/TAN(UA) )+( (0.00672267)»COS(UA) l/CQSlU-) 
A Z = A T AND((SINIM ALQN-BLON) ),(SIND(ALAT ) *(COSD(ALGN-8LON)-(GB ) ) ) ) 
SA=SIND(AZ) CA=.CO.SD.(A.Z) 
XA=(6378380)*COS(UA)*CQSD (ALON) 
YA=(6374388)*CQS(UA)»SIND(ALQN) 
ZA = (6356912 ) eSIN(UA) 5 
XB = (637B3Q8 ) *COS (UB) »COSD('BLON ) 
YB=(6378383)*COS(UB)»S IND(BLON) 
"/B = (6356012 ) •SI.MIUB) 
CIIORD^SwRTt ( XA-Xb) *»2 MY A-YB )**?+( ZA-ZB )*»2) 
AB=SIND((ALAT+BLAT)/2) 
V= (63/8 3GB)/SORT(l-(0.0J672267)»(A6**2 ) ) 
P= ( ( V) * ( L-0.0672267) )/•( I - ( 0 .006722.67 ) *( ALU* 2) ) 
R= ( ( P) * ( V) ) / (P»(SA**2)+V#(CA**2 ) ) 
DI S= ( ( (CHORD)*»3)/ (2<t»((R)*»2))) + ( 3 * ( ( CHORD)** 3) ) / ( 640* ((%)«»<;)) 
DlS=DIS+CHORD 
DIS=DIS/1000 
TD=TD+D1S 
N=N+1 
PUT EDIT (N,ALAT,ALON,BLAT,BLON, AZ,DIS,TD) ( SK IP ( 2 ) , F ( 4) , X (-V ) , 
F (7 ,3 ) ,X(4.) , F ( 8 , 3) ,X(3 ) , F ( 7 , 3) ,X( 4) , F( 3, 3 >, X( 7) , F( 6, 1 ) , <('*) , 
F ( 7 , 3 ) , X ( h ) , F ( 8 , 3 ) ) 
ALAT=BLAT ALON= BLON 
GO TO LA 

B: END DISAZ 

SYS IN DO * 
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i. i » s » a : e- .. * u :. « r. * :• x e :. :.> r. ii * T. U r. i; * « it « i: ii r. « i; e a a c !• J s ii a :• s a c ::• * i; >i if c- iv >: v . / 

THE COMPUTER SUBROUTINE SLAB */ 

* / 
THIS PROCEDURE COMPUTES THE MAGNETIC ANDMALY, AT FIELD */ 
POINTS IXS,ZS) , CAUSED BY A HORIZONTAL SEMI - ] NF I N I TE */ 
SLAH HAVING A VERTICAL END FACE */ 

PARAMET LR DEF1N 1 T IONS * / 
*/ 

XA= X CO-ORDINATE OF VERTICAL SLAIi FACE. */ 
ZAT = Z CO-ORDINATE OF UPPER SURFACE OF SLAB. »/ 
ZAB= Z CO-ORDINATE OF LOWER SURFACE OF SLAL.1. * / 
AN = MAGNETIC ANOMALY AT FIELD.POINT ( X S . Z S ) . 
SHE TA =) 
Cr»E TA =) GLOBAL PARAME1 ERS USED IN MAIN PROGRAMMES */ 
A =) MX OCEAN I I I ( A ) S. { B) . KEF. APPENDICES ( 1 AND 2 ) . */ 
XS =) * / 
ZS =) »/ 

*/ 

* / 

*/ 
SLAB-- PROCEDURE I X A, Z AT ,ZAO, AN) 

DECLARE IXA,ZAT,ZAB, AN, DZB, DZ T , DX , R 1, R 2, Q 1, 02, 03 , 04 ) 
DZB=(ZAU-ZS) DZT=(ZAT-ZS) DX=(XA-XS) 
Rl=IDZT*DZT) + (DX*DX) R2=(DZ B*DZ B ) + (DX*DX) 
01=(DX/DZT) 02=(DX/DZB) 
Q3=(Q2-01) Q't=( 1+Q1*Q2) 
AN= ( SBET A* ( 0. 5 ) *LOG ( R2/R1) - CBETA* AT AN ( Q 3113 4) ) 
AN= AN*A 
END SLAB 

* / 
*/ 

«**»*«»* ft & * * »&*»#««<* e «»*«««»* «^ «/ 

General Notes — 

This subroutine was written for use within the main programme MXOCEAN 

I I I (A) (Appendix 1 ) . Formulae were derived by d i f f e r e n t i a t i n g the corresponding 

gravity formula for a semi-infinite slab and using Poisson's relationship 

between gravity and magnetic potential ( a f t e r Bott 1969b). The procedure was 

used to provide a correction for the effect of magnetic material located Just 

beyond the survey l i n e . The magnetic layer was then formed from a sequence of 

model blocks as before, except that a semi-infinite slab was incorporated at 

each end. Solution problems'were encountered when dealing with an i n f i n i t e 

horizontal magnetic layer (section 2.3.3) and i l l - c o n d i t i o n i n g of the matrix 

equation occurred in a number of other s i t u a t i o n s . The procedure may be more 

applicable for a simple magnetic layer incorporating few model blocks. 


