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ABSTRACT 

Bathymetric data from the North At l a n t i c and other oceans reveal that, i n 

addition to the well-documented variations of structure which occur at right 

angles to the ocean ridge c r e s t s , variations of structure also e x i s t p a r a l l e l to 

the s t r i k e s of the ridges. A thermal model of sea-floor spreading, together with 

data concerning possible mineralogical phase changes, i s used to generate synthetic 

ocean ridge topography. Comparison of t h i s with observed bathymetric data indicates 

that a p e r i d o t i t i c composition including water i s favoured for at l e a s t the top 

h a l f of the lithosphere, and allows a picture of the variations of structure i n 

the upper mantle to be b u i l t up. I t i s found that l a t e r a l inhomogenities i n 

mantle temperatures are able to explain both the v a r i a t i o n of ocean ridge dimen­

sions and the u p l i f t of different parts of the ocean basins r e l a t i v e to sea l e v e l 

which are evidenced by observed data. An empirical relationship between the calcu­

lated thicknesses of the lithosphere and the depths of the ocean basins i s 

suggested. 

A major area of r a i s e d temperatures may underly the North A t l a n t i c , stretching 

from the Azores to a focus at Iceland. There i s evidence for the existence of 

other regional anomalies i n mantle temperatures, but none of the magnitude of . 

that suggested to l i e beneath the northern North A t l a n t i c . The time taken for 

thicker lithospheres'to coolfequilibrium following t h e i r formation at the ocean 

ridges imposes a fundamental l i m i t a t i o n on the c a p a b i l i t i e s of the model, and 

makes undisturbed bathymetric p r o f i l e s e s s e n t i a l i f r e l i a b l e measurements are 

to be made i n areas of lower mantle temperatures. 

The r e s u l t s support suggestions that large scale mantle convection, not necessarily 

r e l a t e d geographically to the ridge c r e s t s , may occur, and indicate that active . 

replenishment of the thermal anomalies may be required to sustain them over geo­

l o g i c a l l y s i g n i f i c a n t periods of time. 
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CHAPTER 1 

Observations and presentation of data 

1.1 Introduction 

According to the theory of sea floor spreading, oceanic lithosphere forms by the 

upwelling, cooling and accretion of hot mantle material i n the region between 

two separating plate margins. The topographic shape of ocean ridges may be 

explained by gradual cooling and contraction of the newly formed lithosphere 

as i t moves away from the spreading centre. I f t h i s process took place 

above a l a t e r a l l y uniform asthenosphere, then the spreading rate would be 

the only variable factor a f f e c t i n g ridge shape and dimensions. Several 

authors have produced thermal models to predict the structure of the 

lithosphere across ocean ridges (McKenzie, 196?; Sleep, 1969; Sc l a t e r and 

Francheteau, 1970", Forsyth and Press 1971), and a l l conclude that the effect 

of the spreading rate i s contained almost e n t i r e l y i n the horizontal scale 

of the topographic p r o f i l e , an increase i n spreading rate producing a 

lengthened section and vice versa. V i r t u a l l y no v a r i a t i o n of v e r t i c a l 

dimensions i s produced by spreading rate differences. 

Cursory examination of a bathymetric map of the A t l a n t i c suggests that, i n 

the North At l a n t i c at l e a s t there may be variations of ridge and basin 

structure with latitude which are not attributable to differences i n spreading 

r a t e . I f the current models of sea floor spreading are i n any way adequate, 

such variations would be evidence that the spreading of the sea floor occurs 

above a l a t e r a l l y non-uniform upper mantle., and detailed study of the oceanic 

topography might provide a means of investigating any inhomogeneities present. 

The work of the authors mentioned above concentrated on examining the 

Variations of structure which occur across the ocean ridges i n directions at 

5 DEC 1973 
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right angles to the ridge axes. The structures beneath the spreading centres 

were compared with those existing beneath the ocean basins on either side. 

I n contrast to t h i s , the purpose of the present work i s to investigate any 

variations of structure which may occur along the ocean ridges and basins i n 

directions p a r a l l e l to the s t r i k e of the ridges, with a view to determining 

the distribution of possible l a t e r a l Variations i n the upper mantle as 

mentioned above. The study was car r i e d out by comparing observed bathymetric 

data, i n the form of p r o f i l e s perpendicular to the ridge axes, with p r o f i l e s 

calculated using the thermal model described i n l a t e r chapters. By repeated 

application of t h i s transverse model to data from different parts of the 

ocean ridge system, a picture of the longitudinal variations was b u i l t up, and 

the r e s u l t s are presented i n chapters *f, 5 and 6 . 

The thermal model described i n chapters 2, 3 arid *f i s based on the cooling and 

contraction of aMithospheric slab which i s assumed to r e s t i s o s t a t i c a l l y on 

the asthenosphere. Subsequent loading of the slab by sediments i s not 

considered i n the model and consequently the observed bathymetric data must be 

corrected for sediment thicknesses where necessary (see section 1. 2 . 5 ) . I n 

order to compare observed and calculated bathymetry, with any effectiveness the 

following data are thus required for each p r o f i l e across the ocean ridge:-

(1) bathymetry 

(2) sedimentary thickness 

(3) gravity (as a t e s t of isostasy) 

(k) spreading rates applicable at a l l times during 

the ocean's formation. 

The major area of i n t e r e s t i n t h i s work i s the North A t l a n t i c , which displays 

the largest variations of bathymetry p a r a l l e l to the ocean ridge. Data from 

the North At l a n t i c were studied f i r s t , and the empirical relationship between 

basin depth and ridge dimensions which was then able to be suggested was tested 
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by investigating whether or not data from other parts of the world were i n 

agreement with i t . 

While data from the North A t l a n t i c were readily available, delays i n 

publication of technical reports at the Lamont-Doherty Geological Observatory 

prevented the receipt of any other data u n t i l February 1973- I t was therefore 

necessary to use bathymetric p r o f i l e s taken d i r e c t l y from the l i t e r a t u r e for 

some parts of the oceans. Fortunately, i t was possible with the aid of the 

Dnnac d i g i t i z i n g table, to achieve a reasonable accuracy for the purposes of 

t h i s work. Figure 1.1 shows the locations of the bathymetric p r o f i l e s studied. 

1.2 The North Atlantic 

1.2.1 Bathymetry 

The sources of bathymetric data i n the North At l a n t i c are the B r i t i s h and 

Dutch Naval NAVADO cruises of 1964/5- The 16 traverses of the Atlantic ocean 

used i n t h i s work were collected alorg east-west l i n e s at 3° lati t u d e spacings 

from 16°N to 6l°N (Figure 1.2), and have been published i n the form of 

continuous p r o f i l e s by the respective hydrographic o f f i c e s . These p r o f i l e s 

were d i g i t i s e d on a D-mac table and converted into bathymetry - distance 

relationships by interpolating across the spheroid between the navigational 

f i x e s of the ship, making use of the subroutine DISAZ (appendix 11) which i s 

a Fortran version of that written by Hutton (1970). The p r o f i l e s are shown 

i n figures 1.3 to 1.6. 

1.2.2 Sedimentary thickness 

The general trend of sedimentary thicknesses i n the oceans i s well known. 

Sediments are thinnest or absent on the ocean ridges and gradually increase i n 

thickness with distance from the spreading a x i s (Ewing, Ewing and Talwani, 1964; 
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F i g u r e 1.1. Map showing the l o c a t i o n s of the bathymetric 
p r o f i l e s s t u d i e d i n t h i s work. The p r o f i l e s a r e shown as 
dashed l i n e s , the mid ocean r i d g e a x i s as a heavy l i n e . 
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F i g u r e 1.2. Map showing the l o c a t i o n of the bathymetric 
p r o f i l e s i n the North A t l a n t i c which are used i n t h i s work. The 
ocean r i d g e c r e s t i s shown as a dashed l i n e . 



F i g u r e 1.3. Bci thyme t r i e p r o f i l e s from the 
North A t l a n t i c . Refer to f i g u r e 1.2 for l o c a t i o n s 
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F i g u r e 1.4. Bathymetric p r o f i l e s from 
the North A t l a n t i c . Refer to f i g u r e 1.2 for l o c a t i o n s . 
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.Figure 1.5. Bathymetr-ic p r o f i l e s - from- the 
North A t l a n t i c . Refer to f i g u r e 1.2 f o r l o c a t i o n s . 
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F i g u r e 1.6. Batliymetric p r o f i l e s from the 
North A t l a n t i c . Refer to f i g u r e 1.2 for l o c a t i o n s . 
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Ewing, Le Pichon and Ewing, 1966). However, discontinuities of spreading 

(Jones et a l , 1970), major deep currents (Jones et a l , 1970) and proximity 

to large r i v e r s (Bullard et a l , 1963) may effect the sediment d i s t r i b u t i o n . 

Since the NAVADO bathymetric data are not accompanied by simultaneously 

collected seismic r e f l e c t i o n p r o f i l e s , i t was necessary to i n f e r the sedimentary 

thicknesses present from any other nearby, data which was available. 

Accordingly the r e s u l t s of a large number of seismic r e f r a c t i o n experiments 

were pl o t t e d i n an attempt to estimate relevant thicknesses, the data used 

being from the following sources; Tolstoy, Edwards and Ewing (1933); Houtz 

and Ewing (1963);Ewing, Sutton and Officer (195*0; Katz and Ewing (1956); 

Gaskell, H i l l and Swallow (1958); Ewing and Ewing (1959); Le Pichon, Houtz, 

Drake and Nafe ( I965) ; and Bott, Browitt and Stacey ( i 9 ? l ) . While t h i s data 

shows general agreement with the expected trends, the scatter i s too large to 

make i t possible to estimate w i t h any r e l i a b i l i t y the thickness of sediment 

present at one l a t i t u d e "by extrapolating from that present at another. However 

Ewing, Carpenter, Wind-isch and Ewing (1973) have recently published a sediment 

isopach map f o r the North and South A t l a n t i c oceans based on many thousands 

of kilometres of seismic r e f l e c t i o n p r o f i l i n g . Assuming an average vel o c i t y 

i n the sediments, t h i s map may be used to estimate the thickness of the 

sedimentary layers anywhere i n the ocean. The map i s reproduced i n figure 

1.7, and a sedimentary v e l o c i t y of 2 Km/s was assumed, as suggested by the 

authors. 

1.2.3 Gravity 

The gravity data were taken from the same source as the bathymetry -* the 

Navado cruises (see section 1.2.1) and a similar process of d i g i t i s a t i o n was 

followed i n order to obtain free a i r gravity - distance p r o f i l e s . The data 

were required i n the present work only as a confirmation of isostasy, although 

some p r o f i l e s (at 22, and 6l°N) were compared with gravity anomalies 

produced by the modelled lithospheric slab i n order t o check the modelling 
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F i g u r e 1.7.. Sediment isopach map for the A t l a n t i c 
ocean. Reproduced from Ewing,.Carpenter, Windisch and Ewing 
(.1973) . Contours i n tenths of seconds two way t r a v e l time. 
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procedure (see section if . 9 ) « 

1.2.'+ Spreading Rates 

I n order to make meaningful comparisons of bathymetric data from several 

locations along an ocean ridge, the effects of d i f f e r i n g spreading rates on 

the horizontal dimensions of the p r o f i l e s must be removed. For t h i s purpose 

spreading rates were calculated from the i n t e r p r e t a t i o n of oceanic magnetic 

anomalies made by Pitman and T-alwani (1972), and the anomalies used i n the 

calculations are shown i n figure 1.8, which i s reproduced from the above 

paper* The relationship between magnetic anomalies and time used throughout 

t h i s work i s that of He i r t z l e r , Dickson, Herron, Pitman and Le Pichon (1968). 

Examination of figure 1.8 along the l i n e k3° gives the following spreading 

rates:-

Time B.P. (My) Spreading Rate cnj/y 

0- - 9- iJte 

9 - 3 8 0.93 

38 - 53 0.96 

53 - 63 1.80 

63 - 81 2.35 

To a close approximation, the spreading rates at other l a t i t u d e s may be 

found by divi d i n g those given above for ^3°N by two factors, one to account 

f o r the difference i n distance between li n e s of longitude at d i f f e r e n t l a t i t u d e s , 

and the other to account f o r the fact that the magnetic anomalies occur at 

di f f e r e n t longitudes at each l a t i t u d e . These two factors are combined i n 

table 1 . 1 . 
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Table 1 .1 . Spreading Rates i n the North A t l a n t i c 

Factors t o give rates at any l a t i t u d e from those at 43°N 

LATITUDE DISTANCE BETWEEN ANOMS. 21 

°Lat. °Long. 

COS. LAT FACTOR ± FACTOR 

16 

19 

22 

25 

28 

31 

34 

37 

40 

14.5 

14.5 

14.5 

15.0 

15.0 

14.0 

16.0 

16.0 

13.0 

O.960 13.5 x p .730 0.708 
14\5 O.96O 

0.945 13.5 x 0.730 0.719 
1 4 3 0.945 

0.925 13.5 x 0.730 0.734 
14T5 0.925 

0.905 13.5 x 0.730 0.725 
15.0 O.905 

0.882 13.5 x 0.730 0.744 
15.0 0.882 

O.856 13.5 x 0.730 ° ' 7 1 9 

l4"7o O.856 

0.828 13.5 x 0.730 0.743 
16.0 0.828 

0.798 13..5 x 0.730 0.771 
1ST0 0.798 

0.765 13.5 x 0.730 0.991 
13.0 0.765 

43 13.5 O.73O 13.5 x 0.730 
13.5 0.730 

1.000 

46 

49 

52 

55 

58 

61 

14.0 

14.0 

15.0 

16.0 

17.5 

17.5 

0.694 

O.655 

0.615 

0.573 

0.529 

0.484 

13^5 xpV730 
14l0 0.694 

13.5 
i4To 

15.0 

1 3 ^ 
16^0 

17.5 

17-5 

0.730 
0 ^ 5 5 

0,730 
0.615 

0.730 
0.573 

0.730 
0.529 

0.730 07554" 

1.015 

1.075 

1.068 

1.072 

1.065 

1.165 
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1.2.5 Discussion of North A t l a n t i c data 
Various parameters of ocean ridge shape and size are shown i n figure 1.9, 

the data being uncorrected f o r sedimentary thicknesses. The depths at which 

the topographic p r o f i l e s become horizontal i n the ocean basins are p l o t t e d 

against l a t i t u d e i n figure 1.9 (a) and show a decrease northwards from 5«5 

Km at 30°N to 2.9 Km at 6l^N. I t must be emphasised that these measurements 

are taken from parts of the p r o f i l e s which correspond to lithospheric ages 

of about 60 my or more. Empirical relationships between age and elevation 

(Sclater, Anderson and B e l l , 1971) and the results of the present work 

(section *f«7) indicate that beyond t h i s age topographic p r o f i l e s are so 

nearly horizontal that additional time produces negligible changes i n 

elevation. Consequently, the v a r i a t i o n of basin depth with l a t i t u d e shown 

i n figure 1.9 (a) cannot be a t t r i b u t e d to differences i n lithospheric ages. 

The c r o s s i - s e c t i o n a l area of the ocean ridge measured above the basin levels 

of f i g u r e 1.9 (a) i s p l o t t e d against l a t i t u d e i n figure 1.9 ( b ) , a f t e r 

being m u l t i p l i e d by the factors given i n table 1.1 i n order to remove the 

effects of spreading rate differences on the horizontal dimensions of the 

p r o f i l e s . This scaling results i n an increase i n the cross-section north of 

k3°N and a decrease south, but nevertheless, there i s a marked diminution of 

the cross-sectional area of the Mid A t l a n t i c ridge northwards from the Azores. 

A s l i g h t accompanying decrease i n the amplitude of the basin to ridge elevation 

i s also apparent (figure 1.9 (c) ) . Both these parameters are disturbed by 

the Azores fracture zone between 37 and kO°H and the Gibbs fracture zone 

at 53°N. 

To the south of the Azores, the basin depths plot t e d i n figure 1.9 (a) are 

sensibly constant, but trends i n the cross-section and elevation (figure 1.9 

(b and c)) may e x i s t , although they are less well defined than to the north. 

Comments on t h i s observation are given i n section 5*2.3« 



F i g u r e 1.9. Various dimensions of North 
A t l a n t i c topography p l o t t e d a g a i n s t l a t i t u d e : -

a) Depth of the western ocean b a s i n . 
b) C r o s s - s e c t i o n a l area of the ocean r i d g e 

measured above the b a s i n l e v e l s shown i n (a) 
a f t e r s c a l i n g h o r i z o n t a l l y to a d j u s t 
spreading r a t e s to those of 43 N (see s e c t i o n 
1.2.5). Note t h a t t h i s s c a l i n g l e s s e n s the 
diminution of the c r o s s s e c t i o n towards the 
north. 

c) Bathymetric amplitude of the ocean ri d g e 
measured from the b a s i n l e v e l s to the c r e s t . 
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The effect of sediments 

As mentioned previously, the data plotted i n figure 1.9 take no account of 

sedimentary thicknesses. Variations of sedimentary cover with latitude 

would affec t the above observations, but u n t i l the publication of the 

isopach map of Ewing, Carpenter, Windisch and Ewing (1973) lack of more than 

i s o l a t e d information precluded any accurate corrections being made. However, 

because of the exceptionally large thicknesses of sediment known to e x i s t 

east of the Reykjanes ridge (Jones, personal communication), data for the 

western basin are plotted i n the figure. Assuming the sediments to have an 

average density of 2 g/cm^, i s o s t a t i c adjustment of the lithosphere reduces 

t h e i r effect on long-wavelehgth topography by about h a l f . A p i l e of 

sediments x Km thick depresses the c r y s t a l l i n e basement by x /2 Km so that the 

water depth i s only decreased by x /2 Km and not the f u l l x Km. With t h i s i n 

mind, i t i s c l e a r that the variations of sedimentary thickness with latitude 

known from the sources quoted i n section 1 .2.2, and also from Ewing, Ewing 

and Talwani, 1964; Jones, Ewing, Ewing and Eittre i m , 1970 and Taiwan!, 

Windisch and Langseth, 1971, are sufficent to modify the r e s u l t s i n terms of 

magnitude but not to remove the trends noted above. This conclusion i s 

supported by the new information contained i n the isopach map of Ewing et a l 

(1973) (figure 1.7), and calculations including the e f f e c t s of sedimentary 

l a y e r s are given i n section 5.2. 

The e f f e c t s of gravity variations 

While the gravity f i e l d over the Atlantic indicates that the conditions for 

isostasy are generally s a t i s f i e d , long wavelength anomalies do e x i s t (Talwani 

and Le Pichon, I969) and these, i f s u f f i c i e n t l y large, could affe c t the 

a n a l y s i s . I n fact the observed variation of free a i r gravity i s an order of 

magnitude l e s s than the 230 mgals which would be produced were the differences 

of basin depth shown i n figure 1.9 (a) the r e s u l t of i s o s t a t i c a l l y uncompensated 
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s t r u c t u r a l differences. Discussion of the correlation between the free 

a i r anomaly and the depth to the ocean ridge crest reported recently by 

Anderson, McKenzie and S c l a t e r (1973) i s given i n chapter 6. At t h i s stage 

i t i s s u f f i c i e n t to note that free a i r gravity variations are too small to 

have an appreciable effect on the model. 

The effect of variations of c r u s t a l thickness 

Assuming a density contrast between crust and mantle of 0,4 g/cm^, the 

u p l i f t of the sea floor by 2^ Km which occurs i n the northern North At l a n t i c 

between the Azores and Iceland (figure 1.9 ( a ) ) could be explained by c r u s t a l 

variations alone i f the crust at 6l°N was about 12 Km thicker than that at 
1f3°N. The seismic r e f r a c t i o n data quoted i n section 1.2.2 were examined for 

variations i n c r u s t a l thickness with la t i t u d e but no indications of noticeable 

thickening were found except on the Iceland - Faeroes r i s e around 64°N. 

Consequently variations of c r u s t a l thickness cannot account for the bathymetric 

trends noted previously. 

1.2.6 Summary 

The above observations on North Atlantic bathymetry may be summarised as 

•follows:-

(1) Between the Azores and Iceland, the Mid A t l a n t i c ridge i s characterised 

by a northwards decrease i n cross-section and height and t h i s i s 

accompanied by an increase i n the, elevation of the whole ridge-basin 

system r e l a t i v e to sea l e v e l . 

(2) South of the Azores, a diminution of ridge dimensions towards the equator 

may be present, but t h i s i s l e s s marked than that to the north and the 

data are more scattered. Basin depths are sensibly constant with no 

regional trend being apparent. 

(3) Variations of free a i r gravity and c r u s t a l thickness are at l e a s t one 

order of magnitude too small to explain the features noted i n (1), 

above. Variations of sedimentary cover w i l l a f f e c t the magnitude of 



of these features but are i n s u f f i c i e n t to remove the trends to an 

appreciable degree. 

(k) Two highly anomalous areas e x i s t - Iceland and the Azores. The lack 

of disturbance of the oceanic topography to the west suggests that the 

u p l i f t of the Azores may be a r e s u l t of the intersection of the Mid 

Atl a n t i c ridge and the Azores - Gibraltar fracture zone. I n contrast 

some other explanation i s required for the u p l i f t of Iceland since 

no similar i n t e r s e c t i o n occurs beneath i t . 

1.5 The South At l a n t i c 

1.3.1 Bathymetry 

Four p r o f i l e s i n the South At l a n t i c were considered. Three were collected 

by the Lamont-Doherty Geological Observatory on E.V. Vema ( p r o f i l e s AVl8, 

AV20, and AV22, figure 1.10) and one by the Argentine Hydrographic Office on 

A.E.A. Zapiola ( P r o f i l e SAZ2, figure 1.10). The data were taken, i n the form 

of p r o f i l e s projected onto l i n e s perpendicular to the ridge a x i s , from the 

following papers:-

AV18, AV20, AV22-Diekson, Pitman and H e i r t z l e r , (1968) 

SAZ2-Ewing, Le Pichbn and Ewing, (1966). 

A map showing the location of the tracks followed by the ships i s presented 

i n figure 1.11. The two.way t r a v e l times of p r o f i l e SAZ2 given by Ewing et a l . 

(1966) were converted into depths by assuming a water velo c i t y of 1.5 Km/s. 

1.3-2 Sedimentary Thickness 

The isopach map of Ewing, Carpenter, Windisch and Ewing (1973) (figure 1.7) 

was used to estimate the sedimentary thicknesses i n the South A t l a n t i c The 

velocity assumed for t h i s purpose was that suggested by the authors, which i s 

2 Km/s. 



F i g u r e 1.10. B a t h y m e t r i c p r o f i l e s from t h e 
S o u th A t l a n t i c . R e f e r t o f i g u r e 1.11 f o r l o c a t i o n s . 
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F i g u r e 1.11. Map showing t h e l o c a t i o n o f 
t h e b a t h y m e t r i c p r o f i l e s i n t h e South A t l a n t i c w h i c h a r e 
u s e d i n t h i s wcrk. The ocean r i d g e c r e s t i s shown a s a 
dashed l i n e , t h e 2000fm c o n t o u r as a d o t t e d l i n e . Redrawn 
from D i c k s o n , Pitman and H e i r t z l e r ( 1 9 6 8 ) . 
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1.3«3« Gravity-

No simultaneously collected gravity data were available, but published 

global free a i r maps (e.g. Anderson, McKenzie and Sc l a t e r , 1973) confirm 

that the conditions of isostasy necessary for the model are met. 

l.Jmk. Spreading Rates 

An interpretation of the relevant magnetic data i s included i n the above 

mentioned paper of Dickson, Pitman and H e i r t z l e r (1968) where i t i s shown that 

the spreading i n the South A t l a n t i c has always occurred about the same pole 

of rotation. Plotting the magnetic anomalies back to 80 My B.P against 

distance from the ridge cr e s t reveals that one spreading rate may be used 

for each p r o f i l e throughout t h i s period (figure 1.12). The following values 

for the spreading rates were used, being those derived by Dickson et a l : -

P r o f i l e Time B.P. (My) Spreading Rate (cm/y) 

AV20 0 - 80 2.0 

AV18 0 - 80 2.0 

SAZ2 . 0 - 80 2.1 

AV22 0 - 80 1.7 

lik The Norwegian - Greenland Sea 

1.4.1 Bathymetry 

No sa t i s f a c t o r y data i n the form of continuous p r o f i l e s being available, i t 

was necessary to derive such p r o f i l e s from published contoured and uncontoured 

maps and charts. Four l i n e s were studied and t h e i r positions are shown on 

figure 1.13. P r o f i l e s IJMN and IJMS were taken from bathymetric charts 

compiled by the German Hydrographic I n s t i t u t e i n Hamburg at a scale of 

1:1,000,000. P r o f i l e s MRAB and MRCD were taken from the bathymetric map of 
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F i g u r e 1.13. B a t h y m e t r i c map o f t h e Norwegian-
G r e e n l a n d s e a showing the l o c a t i o n s o f t h e p r o f i l e s 
used i n t h i s work. Reproduced from Johnson and Heezen 
( 1 9 6 7 ) . C o n t o u r s i n u n i t s o f m i l l i s e c o n d s t r a v e l , time, 



Johnson and Heezen (1967), assuming a water velocity of 1.5 Km/s. The 

p r o f i l e s are shown i n figure 1.1*+. 

1.4.2 Sedimentary thickness and gravity 

I n s u f f i c i e n t information on sediment distribution Was available to enable 

any accurate account of variations of thickness i n t h i s area to be taken. 

No gravity data other than the global free a i r maps were available, but these 

confirm the existence of isostasy. 

l. if .3» Spreading r a t e s 

The magnetic f i e l d i n the Norwegian - Greenland sea has been investigated 

by Vogt, Ostenso and Johnson (1970), who suggested that sea floor spreading 

may have occurred at an average rate of 1 em/y from both the Iceland -

Jan Mayen ridge and the Mohns ridge. Evidence from the Eeykjanes ridge 

(Vbgt et a l , 1970; Bott, 1973) indicated that the i n i t i a l rates may have 

been higher than t h i s figure, but the spreading north of Iceland i s not well 

defined and the average rate of 1 cm/y was used i n the present work. 

l.k.k Discussion 

The tectonic structure of the Norwegian - Greenland Sea i s complex. According 

to Vogt, Ostenso and Johnson (1970) sea floor spreading may have begun at a 

now extinct a x i s midway between Norway and the Jan Mayen sedimentary ridge. 

Subsequently, the spreading a x i s shifted; to i t s present location along the 

Iceland - Jan Mayen ridge, about which there i s evidence that asymmetric spreading 

has occurred. The Jan Mayen sedimentary ridge has been interpreted as an 

isol a t e d continental fragment detatched from Greenland by the s h i f t of the 

spreading centre. Although to north of the Jan Mayen fracture zone the 

spreading history i s probably more simple, the complexity of the whole area, 

together with the proximity of the continental shelves to the ocean ridge 

and consequent masking of the topography by sediments (Johnson and Heezen, 1967), 
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makes the data from t h i s area unsatisfactory for the present purpose. 

Further discussion i s given i n section 5«3. 

1.5 The Indian ocean 

1.5.1 Bathymetry 

Three p r o f i l e s from the Indian ocean were studied, and the tracks of the 

R.V. Vema and R.V. Conrad which collected the data are shown i n figure 1.15> 

Le Pichon .and H e i r t z l e r (1968) have published the information i n the form of 

p r o f i l e s projected onto l i n e s perpendicular to the ridge a x i s and these are 

shown i n figure 1.16. 

1.5.2 Sedimentary thickness and gravity 

Sedimentary thicknesses i n the Indian ocean were estimated from the isopach 

map of Ewing, Eittrei m , Truchan and Ewing (1969)1 assuming a sedimentary 

ve l o c i t y of 2 Km/s. This map i s reproduced as figure 1.17. Only global 

gravity data, which again confirm isostasy, were av a i l a b l e . 

1.5.3 Spreading rates 

Le Pichon and H e i r t z l e r (1968) have plotted the distance from the ridge crest 

to several magnetic anomalies along the l i n e s of the p r o f i l e s considered i n 

t h i s work against the corresponding distance to the same anomalies i n the 

South A t l a n t i c , where the spreading rate i s 2 cm/y. The graphs, which are 

reproduced i n figure 1.18, allow the following spreading fates to be 

determined for different parts of the Indian ocean:-

North Indian ocean, Carlsberg ridge, p r o f i l e IOAB 

Time B.P. (My) Spreading rate (cm/y) 

0 - 9 1.50 

9 - 2 7 0.22 

27 - 55 2A5 
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F i g u r e 1.15. Map showing the l o c a t i o n of bathymetric 
p r o f i l e s i n the I n d i a n ocean which are used i n t h i s . work. 
The ocean r i d g e c r e s t i s shown as a dashed l i n e . 
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F i g u r e 1.16. Bathymetric p r o f i l e s from the 
Indian ocean. Refer to f i g u r e I•15 for l o c a t i o n s . 



F i g u r e 1.17. Sediment i s o p a c h map f o r the 
I n d i a n o c e a n . Reproduced from Ewing, E i t t r e i m , T r u c h a n 
and Ewing ( 1 9 6 9 ) . C o n t o u r s i n t e n t h s o f seconds two way 
t r a v e l t i m e . 
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F i g u r e 1.18. D i s t a n c e s t o s e v e r a l m a g netic 
a n o m a l i e s i n t h e I n d i a n o cean compared w i t h t h e 
d i s t a n c e s t o t h e c o r r e s p o n d i n g a n o m a l i e s i n t he 
South A t l a n t i c . Reproduced from L e P i c h o n and 
H e i r t z l e r (1968) . 
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Middle Indian Ocean, East flank, p r o f i l e IOCD 

Time B.P. (My) Spreading rate (cm/y) 

0 - 9 2.20 

9 - 2 3 1.00 

23 — 43 2.14 

South Indian Ocean, Eastern limb, p r o f i l e IOFE 

Time B.P. (My) Spreading rate (cm/y) 

0 - 43 3-00 

1*5*4 Discussion 

One available p r o f i l e across the ocean ridge i n the south west Indian ocean 

(Le Pichon and H e i r t z l e r , 1968) was not used since the complexity of the 

structure i n t h i s region, which contains r a i s e d submarine plateaux and a 

major fracture zone, i s outside the scope of the present model. Further 

discussion i s given i n section 5-3« 

1.6 The A u s t r a l i a - Antarctic sea 

1.6.1 Bathymetry 

Data from three crossings of the A u s t r a l i a - Antarctic sea by the U.S.N.S. 

E l t a n i n were used i n t h i s work. The data have been published by Weissel 

and Hayes (1971) and are shown i n figure 1.19. Figure 1.20 shows the 

locations, of the p r o f i l e s . 

1.6 .2. Sedimentary thickness and gravity 

The p r o f i l e EL45 (figure 1.19) f a l l s within the area covered by the sediment 

isopach map of Ewing, E i t t r e i m , Trucnan and Ewing (1969) (figure 1.17)- This 

map indicates that almost no sediment has been deposited to the north of the mid 

ocean ridge but that a substantial sedimentary cover may e x i s t to the south. 
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F i g u r e 1.19. B a t h y m e t r i c p r o f i l e s i n t he 
A u s t r a l i a - A n t a r c t i c s e a . R e f e r t o f i g u r e 1.20 f o r 
l o c a t i o n s . Reproduced from W e i s s e l and Hayes ( 1 9 7 1 ) . 



F i g u r e 1.20. Map of the A u s t r a l i a - A n t a r c t i c sea 
showing the l o c a t i o n of the bathymetric p r o f i l e s which 
are used i n t h i s work, and a l s o the zones i n t o which 
Weissel and Hayes (1971) d i v i d e d the area on the b a s i s 
s e i s m i c i t y (see s e c t i o n 1.6.4). 
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Further examination of the map suggests that t h i s s i t u a t i o n may extend east­

wards across a l l three p r o f i l e s . Accordingly, since no further sedimentary 

data was available, the study of these p r o f i l e s was confined to t h e i r 

northern flanks, where errors due to the father scanty supply of data are 

l i k e l y to be small. Once again only global free a i r gravity data was 

av a i l a b l e . 

1.6.3 Spreading rates 

The magnetic anomalies i n the Australia-Antarctic sea have been interpreted 

by Weissel and Hayes (1971) and indicate that sea floor spreading i n t h i s area 

may have occurred asymmetrically. The following values for spreading r a t e s 

are taken from Weissel and Hayes and apply to the northern flank of the 

ridge. 

P r o f i l e Time B.P. (My) Spreading Hate (cm/y) 

ELM 0 - 1 0 ' 3.60 

10 - 20 2.85 

20 - 38 3*11 

38 - - 2.35 

EL39 0 - 10 k.5h 

10 - 20 2.35 

20 - 38 2.63 

38 - - 2.36 - assumed 

EIA5 0 - 10 3.71 

10 - 20 2.69 

20 - 38 2.82 

38 - - 2.38 
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1.6.4 Discussion 

By studying earthquake distributions Weissel and Hayes (1971) i d e n t i f i e d 

three different zones within the A u s t r a l i a - Antarctic sea (figure 1 .20) , 

and the three p r o f i l e s used i n t h i s work are each taken from a different 

zone. P r o f i l e s EL39 and EL45 (zones B and C) are from areas where seismic 

a c t i v i t y , greater i n zone B than i n zone indicates that o f f s e t s of the ridge 

ax i s occur, while E l A l i s from the seismically quiet zone A. The c l a s s i c a l 

shape of an ocean ridge, such as i s displayed by EL Vl, i s disturbed to 

such anff extent i n zone B that the above authors were only able to determine 

the position of the ridge crest on EL39 from the distribution of the 

earthquake epicentres. Possible e f f e c t s of these considerations on the 

r e s u l t s are discussed i n section 5«3« 

1.7. The P a c i f i c ocean 

1.7-1 Bathymetry 

Three p r o f i l e s i n the south P a c i f i c ocean were taken from published data 

obtained during cruises of the R.V. Vema and the U.&.N.S. E l t a n i n . P r o f i l e 

PV16 has been published by Pitman, Herron and H e i r t z l e r (1968), while 

p r o f i l e s EL28 and EL29 are contained i n the Technical Report No. CtJ-1-72 

which covers E l t a n i n cruises 28-32 and i s published by the Lamont-Doherty 

Geological Observatory. The tracks of the ships are shown i n figure:!.21 and 

the p r o f i l e s themselves i n figure 1 .22. 

1 . 7 « 2 . Sedimentary thickness and gravity 

Seismic r e f l e c t i o n data recorded simultaneously with the bathymetric p r o f i l e s 

EL28 and EL29 are included i n the Technical Report referred to above. 

According to t h i s data, sediment i s only present along these p r o f i l e s i n 

thicknesses of the order of 0 .1 Km, which i s i n s u f f i c i e n t to have an 
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Fi g u r e 1.21. Map showing the l o c a t i o n of the 
bathymetrie p r o f i l e s i n the P a c i f i c ocean which are used 
i n t h i s work. The 2000fm contour i s shown by a dashed l i n e 
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F i g u r e 1.22. Bathymetric p r o f i l e s from the 
P a c i f i c ocean. Refer to f i g u r e 1.21 for l o c a t i o n s . 
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appreciable effect on the r e s u l t s . A similar indication i s given by the 
isopach map of Ewing, Houtz and Ewing (1969) which also covers p r o f i l e FV16. 
P r o f i l e s EL28 and EL29 are also accompanied by gravity data, which, together 
with the global free a i r maps, once more confirm the presence of isostasy. 

1 .7 .3 . Spreading rates 

Spreading rates for the p r o f i l e PV16 were derived by plotting the relevant 

data from figure 8 of Pitman, Herron and H e i r t z l e r (1968). Three episodes 

of spreading may be distinguished (figure 1.23) which correspond to the following 

r a t e s : -

P r o f i l e Time B.P. (My) Spreading Rate (cm/y) 

PV16 0 - 9 3.89 

9 - 6 2 1.63 

62 - - k.29 

Spreading rates for the p r o f i l e s EL28 and EL29 were derived from the 

interpretation Of magnetic anomalies given by Herron (1972). Figure 1.2*f 

shows the anomalies i d e n t i f i e d by Herron plotted, i n terms of age, against 

longitude. The following spreading rates are indicated by t h i s data:-

P r o f i l e Time B.P. (My) Spreading Rate (cm/y) 

EL28 0 - 9 3.61 

9 - 28 2.58 

28 - 53 ^ .2^ 

53 - 81 2.30 

EL29 0 - 21 5.60 

21 - 27 12.30 

27 - *f3 5.50 

43 - 81 2.58 
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1.7.h. Discussion 

The high spreading rates quoted above, p a r t i c u l a r l y for p r o f i l e EL29 require 

some explanation. Both EL28 and EL29 were collected along l i n e s of constant 

l a t i t u d e . Since the spreading direction i s not p a r a l l e l to t h i s direction, 

these spreading rates are the effective values along the l i n e s of the p r o f i l e s 

and not the true rates of production of new lithosphere. Furthermore, the 

values quoted contain the e f f e c t s of offsets of magnetic anomalies caused 

by transform f a u l t s and changes i n the spreading regime (Herron, 1972). The 

figure of 12.3 cm/y between 21 and 27 My B.P. on EL29 i s p a r t i c u l a r l y prominent 

for these reasons. 
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Introduction to chapters 2, 3 and *t, with a review of previous work 

I n the following chapters, a model of sea-floor spreading, designed primarily 

to reproduce the dimensions of topographic p r o f i l e s across ocean ridges, i s 

described. The method i s not new (see below), although the application of the 

model to the study of variations of structure p a r a l l e l to the s t r i k e s of the 

ocean ridges i s , to the best of my knowledge, a new departure. 

The temperature distribution i n a spreading lithospheric slab has been calculated 

by McKenzie (1967). He used a n a l y t i c a l l y solved equations for a simple case 

requiring constant physical parameters and spreading rate, and no heat production 

within the lithospheric material. Sleep (1969) extended t h i s work by calculating 

the topographic p r o f i l e which would r e s u l t from thermal contraction of the newly 

formed lithosphere, but he also dealt only with simple a n a l y t i c a l l y soluble cases 

and included no allowance for possible mineraldgical phase changes. Scl a t e r and 

Francheteau (1970) added a further dimension by including i n t e r n a l l y generated heat 

i n the calculations. I n 1971, Forsyth and Press published the r e s u l t s of models 

based on numerical solution of the heat flow equations which incorporated a l l the 

above-mentioned features - variable physical parameters, i n t e r n a l heat production 

and consideration of mineral phase changes. The present models are similar to 

those of Forsyth and Press and also allow simulation of varying spreading r a t e s . 

There i s , however, a marked difference between the present work and that of 

previous authors as regards the consideration of lithospheric thickness. The 

practice of the authors mentioned above was to f i x the lithospheric thickness and 

thus, according to the chosen c r i t e r i o n - usually the solidus of the proposed 

mantle material, the temperature at i t s base. The value of thermal conductivity 

was then adjusted to produce the correct heat flow at the sea floor. I n contrast, 

i n the present work the value of the thermal conductivity i s taken from experi­

mental data and the heat flow at the sea floor calculated as a by-product of the 

modelling procedure. The r e s u l t s show a remarkable constancy of heat flow for a 
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variety of lithospheric thicknesses (section ' f . l l ) , thereby indicating that 

surface heat flow i s i n s e n s i t i v e as a boundary condition. Furthermore, the 

lithospheric thickness i s found to be one of the most important variables i n ­

volved i n f i t t i n g modelled topography to observed data, a point which i s v i r t u a l l y 

unmentioned by previous authors. 

I n the present model, a numerical procedure based on the method of f i n i t e 

differences i s employed to calculate the temperature di s t r i b u t i o n i n a spreading 

lithospheric slab. This temperature d i s t r i b u t i o n i s then used to estimate the 

di s t r i b u t i o n of density within the slab, whence the topographic p r o f i l e may be 

calculated* Since the procedures deal with d i g i t a l data throughout, graphs and 

other data sets produced by the calculations contain minor steps and discontinuites 

which may be disregarded when interpreting the r e s u l t s . 
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CHAPTER 2 

Calculation of the temperature d i s t r i b u t i o n i n a spreading lithospheric slab 

2.1 The physical model 

I n common with the models of the authors mentioned above, the lithosphere i s 

represented as a slab of uniform thickness resting i s o s t a t i c a l l y on the astheno-

sphere. The bottom surface of the slab i s assumed to be at the same temperature 

beneath the spreading centre, the ridge flanks and the ocean basin. New material 

at t h i s temperature i s added progressively to one end of the slab, gradually i n ­

creasing i t s length. A given point i n the slab thus moves away from the hot edge, 

e f f e c t i v e l y modelling sea floor spreading, the spreading rate being controlled 

by the rate of addition of material. The arrangement of the model i s shown i n 

figure 2.1. 

Temperatures at the boundaries of the slab are specified as follows:-

1* Top surface of the slab 

Since t h i s surface represents the sea bed, the temperatures at a l l points 

on i t are set to 0°C. (at the spreading centre dykes and lava flows may 

cause transient r a i s e d temperatures., but t h e i r effect i s negligible i n both 

s p a t i a l extent and time i n a model of t h i s type). 

2. The base of the slab 

This represents the surface on which decoupling of the asthenosphefe and 

lithosphere occurs. Both the need for a mechanism, for decoupling and the 

existence of the low v e l o c i t y zone i n the asthenosphere suggest that the 

mantle may be p a r t i a l l y molten at t h i s depth. Consequently the base 

temperature i s defined to l i e oh the solidus of the mantle material and 

w i l l therefore vary with the thickness of the lithosphere and the mantle 

composition postulated. 



F i g u r e 2.1. Diagram to i l l u s t r a t e the p h y s i c a l 
arrangement of the l i t h o s p h e r i c model. Two stages of sea 
f l o o r spreading are shown i n the top s e c t i o n s . The shaded 
blocks a r e h e l d a t constant temperature to form the 
boundary conditions (marked i n deg. C . ) . Dots show the 
p o s i t i o n s a t which temperatures are c a l c u l a t e d . T y p i c a l 
isotherms c a l c u l a t e d by the model are shown i n the bottom 
s e c t i o n . Note the r e l a t i v e magnitude of the v e r t i c a l 
and h o r i z o n t a l temperature g r a d i e n t s as i n d i c a t e d by 
t h i s data. 
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I t i s to be expected that material r i s i n g from lower i n the mantle to 

f i l l the space between the two separating plates w i l l r a i s e the astheno-

spheric temperatures under the spreading centre r e l a t i v e to those exi s t i n g 

at the same depth under the ocean basins. The amount by which the tempera­

tures are r a i s e d w i l l depend on the spreading rate and the v e r t i c a l 

dimensions of the convective movements associated with the upward flow 

of mantle material. Andrews (1972) has shown that, for a spreading rate of 

1 cm/y, a convective c e l l penetrating to the mantle t r a n s i t i o n zone (350km) 

only causes the temperature under the ocean ridge at 100 km depth to 

exceed that at the same depth under the basins by about 70C° i n 1300. The 

effect of t h i s l o c a l v a r i a t i o n i s not taken into account i n the above 

sp e c i f i c a t i o n but the error incurred by defining the base temperature to 

l i e on the solidus at a l l points along the slab i s small. Discussion of the 

effect of greater degrees of l o c a l asthenospheric heating (such as would be 

expected over mantle hot spots) i s given i n section 6.2.1. 

The ends of the slab 

(a) the cool edge 

The temperatures at the end of the slab remote from the spreading 

centre are set to l i e on a l i n e a r geotherm between the adopted base 

temperature and 0°C. 

(b) the hot edge 

Temperatures at the hot edge of the slab are set equal to the adopted 

base temperature i n order to model the r i s i n g of asthenospheric material. 

Adiabatic cooling of t h i s material as i t r i s e s i s estimated to be only 

30C° over 100km (Scla t e r & Francheteau 1970) and i s ignored. 

Comments on the e f f e c t s of these boundary conditions on the interpretation 

of the calculated topography w i l l be found i n appendix 6. 
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2.2 The Numerical Model 

A two dimensional cross section of the slab i s subdivided into rectangular blocks 

of uniform s i z e , the centres of the blocks forming a grid of points at which 

temperatures (and subsequently densities etc.) may be calculated (figure 2 . 1 . ) . 

The boundary conditions specified i n section 2 . 1 labove /are applied by holding 

constant the temperatures of the outer ring of blocks while allowing those of the 

inner blocks to vary. The method of f i n i t e differences i s used to solve the 

d i f f e r e n t i a l equations involved i n determining the temperature d i s t r i b u t i o n i n 

the slab, t h i s being expressed i n terms of the temperatures at the centres of the 

individual blocks. Spreading i s achieved by adding new columns of blocks to the 

hot edge at time i n t e r v a l s calculated to reproduce the desired spreading r a t e s . 

Variation of these time i n t e r v a l s allows simulation of changing spreading r a t e s . 

As each new column i s added i t serves to provide the boundary condition at the 

hot edge of the slab and the temperatures of the preceding column are released to 

f a l l i n accordance with the equations of heat flow set out below. 

2.3 The Equations of Heat Flow 

The general heat flow equation for a moving slab may be expressed as follows:-

(McKenzie 196?, p626*t.) 

f ' (1) i t J 

where J * density, = s p e c i f i c heat, T= temperature, t = time, v = velocity, 

K = thermal conductivity and 0 = heat production/unit vol. (due, i n t h i s case, to 

ra d i o a c t i v i t y i n the lithosphere). 

For a two-dimensional model = 0, and for sea floor spreading v
y
 = v

z
 = ^ 

and v x = v = spreading rate, where x i s the horizontal distance perpendicular 



to the ridge a x i s and z i s the depth below the sea bed. 

2k 

Equation (1) then becomes 

(2) 

I n the model under consideration spreading i s achieved by extending the l i t h o -

sphere at predetermined i n t e r v a l s between which i t i s considered to be stationary, 

the temperature di s t r i b u t i o n calculated at each step being used as the s t a r t i n g 

point for the next. The c a l c u l a t i o n i s thus a succession of solutions for a l l 

of which v = 0. 

I f v = 0 equation (2) becomes 

I n the block representation of t h i s model the functions 

4*T/ h may be expressed as 

( T L + T E - 2 T C ) / 1 2 and ( T A + T f i - 2 T Q ) A 2 

(3) 

and 

ik) 

where T^, T L, T R, T^, and Tg are the temperatures at the centres of a p a r t i c u l a r 

block (C) and those L e f t , Eight, Above and Below i t . Also 1 = length o f the 

blocks and h = height of the blocks. More accurate expressions for estimating 

second derivatives of functions known only numerically have been derived for use 

i n gravity interpretation (e.g. E l k i n s 1951)• These involve the use of more than 

three points for each c a l c u l a t i o n and i f employed i n t h i s model would lead to 

additional programming to counteract d i f f i c u l t i e s near the boundaries of the slab 

and s l i g h t l y increased computer time. Since the model i s designed to produce 

temperature distributions, and only requires the second derivatives for c a l c u l a t i o n 

purposes ( i n contrast to the gravity interpretation requirements), the simpler 

expressions (k) are used. The f i n a l temperature di s t r i b u t i o n i s the product of 
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several hundreds of successive solutions of the equations and subject to the 

s t a b i l i t y of the method (q.v. below) errors introduced at any stage to the 

temperature of a p a r t i c u l a r block by using inaccurate values for the second 

derivatives w i l l be removed by subsequent stages. 

Substituting (*t) i n (3) gives 

& f r 

a 

(5) 

Each block thus produces one f i r s t order d i f f e r e n t i a l equation. A computer 

prograram HEAT was written (appendix 5«) to solve the set of simultaneous 

equations r e s u l t i n g from the assembly of many blocks to form a lithospheric slab. 

Using the Runge-Kutta procedure, the equations are solved repeatedly for values 

of t which increase by f i n i t e increments. 

2mk Values of physical constants and s t a b i l i t y of the calculations 

To account for variations due to the cooling of each block,in a rigorous manner, 

a continual adjustment of the model parameters, i n particular•the densities, 

should be made as part of an i t e r a t i v e procedure. Such a procedure would require 

large amounts of computer time and, i n view of the r e l a t i v e l y small adjustments 

involved, would not produce r e s u l t s d i f f e r i n g s i g n i f i c a n t l y from those obtained 

by calculating the temperature d i s t r i b u t i o n with fixed parameter values and 

subsequently estimating the densities and ridge elevation once only as the f i n a l 

step. Accordingly, the following values were used throughout the slab during 

the temperature distribution c a l c u l a t i o n s : -

density 3-35 g/cm 

s p e c i f i c heat 0.26 cals/g.°C 

( c . f . 0.25 of McKenzie (1967) and Sc l a t e r & Francheteau (1970), 

and 0.275 of Sleep 1969) 
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thermal conductivity 0.006 cals/fc.s.°C 
cm. 

(Clark and Ringwood, 196*0 

Some calculations were made with a thermal conductivity 

increasing above 800°C to 0.016 at 1100°C to t e s t the effect 

of the temperature dependent conductivity suggested by these 

authors. 
-8 

heat production JO or 60 c a l s x l O - /g.y (dependant on composition). These figures 

are derived from the data for present day basalts given by 

MacDonald (1965)1 assuming the mantle to contain a basalt 

f r a c t i o n . 

latent heat of s o l i d - s o l i d and s o l i d - l i q u i d phase t r a n s i t i o n s was ignored. 

Block dimensions and s t a b i l i t y 

A s u f f i c i e n t (though not necessary) condition for s t a b i l i t y of the f i n i t e 

difference method applied to the equation 
^2 v L l i - n 

i s that 

(Carlslaw & Jaeger 1959) 

where *C i s the time increment between successive solutions, and £ i s the inc r e ­

ment of distance between successive values of the function V . For equation (5) 

(section 2.3 above), ignoring the heat production term 

(block height or length) 



27 

I n t h i s model l / h i s usually of the order of 5- Consequently the s t a b i l i t y 
condition becomes 

KT F 4 r 
(6) 

The values chosen for the block height and the increment of time between successive 

solutions of the heat flow equations must therefore be such as to ensure that 

temperature calculations remain stable. A model i n which the lithosphere i s repre­

sented by an assembly of many blocks of f i n i t e width and height w i l l , owing to 

the d i g i t i s e d nature of the calculations, produce stepped elevation p r o f i l e s . I n 

order to smooth these steps the block s i z e should be as small as possible. 

However, the computer time required i s d i r e c t l y related to the t o t a l number of 

blocks used to model the lithospheric slab, a greater number of smaller blocks 

requiring more time. Furthermore, the computer time i s inversely proportional to 

the time increment between successive solutions of the equations, and reference 

to equation (6) shows that "P must be decreased as the block si z e i s decreased i f 

s t a b i l i t y i s to be maintained. Consequently a compromise must be reached between 

the desire for smooth elevation p r o f i l e s and the need to avoid excessive computer 

time. I n the present work the blocks are t y p i c a l l y 3 to 5 km high and 15 to 25 km 

long, with time increments of 0.25 to 0 .5 My. 

2.5 Calibration of the temperature d i s t r i b u t i o n calculations 

Several test runs of the program HEAT were ca r r i e d out i n order to check the 

working of the method of deriving lithospheric temperature distributions described 

above,by adjusting each variable separately to observe i t s e f f e c t . I n addition,the 

r e s u l t s were compared with the temperature d i s t r i b u t i o n calculated for a simple 

case by McKenzie (196?) and gave good agreement (figure 2 . 2 ) . 



F i g u r e 2.2. Lithe-spheric temperature d i s t r i b u t i o n s 
comparison of the r e s u l t s of the present model with those 
McKenzie (1967). Isotherms i n i d e n t i c a l l i t h o s p h e r e s are 
shown, and good agreement i s i n d i c a t e d 
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The model was also used to calculate the geotherms which would ex i s t i n various 

thermally-undisturbed lithospheric slabs, including some composed of heat productive 

materials and others i n which the conductivity varied with temperature. The 

r e s u l t s are shown, plotted with a t h e o r e t i c a l l y derived geotherm, i n figure 2.3i 

and good agreement with theory i s again indicated. The derivation of the 

theoretical geotherm i s given i n appendix 1. 
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F i g u r e 2.3. E q u i l i b r i u m temperature gr a d i e n t s i n 
t h e o r e t i c a l and modelled l i t h o s p h e r e s . The temperature 
gradient c a l c u l a t e d by the present model to e x i s t i n a 
l i t h o s p h e r e with heat production 60 c a l s x 10~B/g.y i s 
p l o t t e d with open c i r c l e s . The continuous l i n e i s the 
t h e c r e c t i c a l geotherm c a l c u l a t e d for an i d e n t i c a l 
l i t h o s p h e r e according to the method s e t out i n appendix 1. 
Good agreement i s i n d i c a t e d . A l s o shown i s the geotherm for 
a l i t h o s p h e r e i n which the thermal c o n d u c t i v i t y i n c r e a s e s 
above 800 C to 0.016 a t 1100 C ( p l o t t e d with c r o s s e s ) . 
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CHAPTER 3 

Composition and Mineral Assemblages of the Lithosphere 

3.1 Bulk Composition of the lithosphere 

I n order to derive an elevation p r o f i l e from the temperature d i s t r i b u t i o n i n a 

model lithosphere i t i s necessary to know the density of the lithospheric material 

for an appropriate range of pressures, temperatures and mineral assemblages. The 

composition of the lithosphere i s at present the subject of debate, a review of 

which w i l l be presented i n chapter k along with relevant conclusions from the 

model. At t h i s stage i t i s s u f f i c i e n t to note that the compositions suggested range 

from peridotite to eclogite and that, i n terms of bulk composition at l e a s t , these 

may be thought of as members of a continous s e r i e s of materials between dunite and 

eclogite, differing proportions of b a s a l t i c consituents r e l a t i v e to oliv i n e being 

responsible for the variations of properties and nomenclature (summary i n Ringwood, 

1969). Furthermore, geochemical and petrological arguments (Ringwood, 1962a) and 

previous studies of ocean ridge topography (Forsyth & Press, 1971) l i m i t the possible 

ranges of upper mantle compositions to mixtures between 1 part basalt + 3 dunite 

and 1 part basalt + 1 dunite. I n addition, the mantle may contain small amounts of 

water (Ringwood, 1969; Green, 1970). I n t h i s chapter, the densities of the different 

mineral assemblages are investigated for a variety of compositions, these densities 

being calculated by considering the mantle material to be made up of a mixture of 

end members of the s o l i d solutions of the minerals present. For example, plagioclase 

feldspars are considered as a mixture of a l b i t e , NaAlSi^Og and anorthite CaA^Si^Og 

even though i n r e a l i t y they might e x i s t at many compositions between these 

extremes. The procedure i s thus s i m p l i f i e d without affecting the ov e r a l l densities 

calculated for each mineral asseniblage. An exception i s that iron and magnesium are 

considered i n terms of a single combined oxide since a l l the minerals relevant to 
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t h i s work i n which they occur are members of similar s o l i d solutions. I t i s 

emphasized that t h i s use of end members i n no way implies that the upper mantle 

i s a c t u a l l y composed of them but simply provides a straightforward way of 

calculating o v e r a l l d e n s i t i e s . 

3.2 Relevant Minerals and Phase Changes 

3.2.1 Relevant Minerals 

According to Green and Ringwood (196?) the following major minerals, expressed i n 

terms of end members, may occur i n the upper mantle i n proportions depending on 

pressure, temperature and o v e r a l l composition:-

plagioclase (low pressures only) 

anorthite CaO+Al.20^+2Si02 

a l b i t e ^ N a ^ + j A l ^ : ^ ^ 

orthopyroxene. 

ens f c a t i t e - f e r r o s i l i t e (Mg,Fe)0+Si0 2 

clinopyroxene 

diopside-hederibergite (Mg,Fe)0+Ca0+2Si02 

o l i v i n e 

f o r s t e r i t e - f a y a l i t e 2(Mg,Fe)0+Si0 2 

aluminous spinel (intermediate pressures only) 

(Mg,Fe)0+Al 20 3 

sodic aluminous pyroxene (intermediate and high pressure only) 

£Na 20*4Al 20 3+2 S i 0 2 

aluminous orthopyroxene (intermediate and high pressures only) 

(Mg,Fe)0+Al 20 3+Si0 2 

c a l c i c aluminous clinopyroxene (intermediate and high pressures only) 

Ca0+Al 20_+Si0 2 
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garnet (high pressures only) 

pyrope-almandine 3(Mg,Fe)O+Al^O^+3Si02 

amphibole ( i n presence of water only) 

7(Mg,Fe)0+8Si02+H20 

The following table shows the molecular proportions of the different oxides present 

i n each of the above minerals r e l a t i v e to 2*fSi02, together with the molecular 

weights of the oxides. 

Table 3-1 Mineral Compositions (Ratios of Oxides) 

Minerals 

o l i v i n e 

orthopyroxene 

clindpyroxene 

garnet 

c a l c i c plag. 

sodic plag. 

sodic pyroxene 

alum, orthopx. 

alum, clinopx. 

alum, spinel 

amphibole 

molecular wts. 

Molecular Proportions 

Si0 2 (Mg,Fe)0 CaO Al Qj 

Zk 

2k 

Zk 

2k 

24 

2k 

2k 

2k 

2k 

2k 

k8 

2k 

12 
2k 

2k 

2k 

21 

12 

12 

2k 

60 (1*0,72) 56 

8 
12 

if 

o 

2k 

2k 

2k 

102 

N^O 

k 

6 

H20 

62 

3 

18 

3.2.2 Phase Changes 

Several authors have investigated the phase t r a n s i t i o n s undergone by rocks 

containing the above minerals i n the varying pressure/temperature conditions of 

the upper mantle ( i n p a r t i c u l a r , Green and Ringwood, 1967). The phase diagram 
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derived experimentally by Green and Ringwood forms the basis of figure 3»1» and 

indicates that, i n the absence of water, three subsolidue mineral assemblages may 

occur:-

1. Low Pressures 

o l i v i n e , pyroxenes, plagioclase. 

2. Intermediate Pressures 

o l i v i n e , pyroxenes, aluminous pyroxenes, aluminous sp i n e l . 

3. High Pressures 

o l i v i n e , pyroxenes, aluminous pyroxenes, garnet. 

The amount of garnet present i n the high pressure region i s dependent on 

temperature since the s o l u b i l i t y of alumina i n the pyroxenes increases with i n ­

creasing temperature at a given pressure thus enabling aluminous pyroxenes to 

develop at the expense of garnet. Lines of constant alumina s o l u b i l i t y ( and there­

fore of constant garnet content) from Green and Ringwood (1967) are marked on the 

garnet region of figure 3»1» 

I n the presence of water, amphibole forms from pyroxene throughout the pressure 

range. However, above about 1000°C amphibole i B unstable, and the f l u i f l released 

by i t s decomposition causes p a r t i a l melting of the mantle material to occur at 

lower temperatures than are required for a non-hydrous composition (Wyllie, 1970; 

Green, 1970). The wet solidus and the k% p a r t i a l melting l i n e s i n figure 3-1 are 

from Green (1970). According to Ringwood (1969) the presence of water also i n h i b i t s 

large scale p a r t i a l melting at temperatures immediately above the solidus, and t h i s 

i s indicated by the r e l a t i v e positions of the liquidus, wet solidus and k% 

p a r t i a l melting l i n e s on figure 3»1« Consequently the formation of large and 

unstable magma bodies by small changes of temperature i s prevented. Below the 

solidus the positions of the phase boundaries are unaffected by the inclusion of 

small amounts of water i n the mantle material (Green, 1970). I t o and Kennedy (1971) 

have derived a phase diagram for the basalt-eciogite transformation, and t h i s shows 
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many of the features which occur i n the peridotite phase diagram of Green and 

Hingwood (196?) (figure 3-1) - e.g. the disappearance of plagioclase and the 

development of garnet with increasing pressure. The intermediate region containing 

aluminous pyroxenes and spinel which e x i s t s for peridotite has no counterpart i n 

I t o and Kennedy's work. I t i s interesting to note that t h i s region escaped 

Ringwood's attention i n i t i a l l y (Ringwood, 1962a) and i t s importance was not 

re a l i z e d u n t i l l a t e r (Rihgwood, 1962b). However, apart from t h i s factor only 

nomenclature distinguishes the two phase diagrams from each other. 

The r a t i o of basalt to dunite i n peridotites for which the phase diagram of 

figure 3»1 applies i s not c r i t i c a l (Ringwbod, 1969), whereas I t o and Kennedy's 

diagram applies to rocks i n which the ol i v i n e proportion i s small. Consequently* 

the diagram of Green and Ringwood (1967) was adopted for t h i s work. 

3.3 Mineral assemblages and Rock densities 

3.3-1 General 

I n t h i s section, the r e l a t i v e proportions of each of the minerals present i n the 

various assemblages are calculated from simple chemical equations based on the 

molecular proportions of the Various oxides i n the minerals. The densities of the 

assemblages are then calculated from the known densities and quantities of the 

individual minerals present. 

Two bulk compositions are considered and these are equivalent to mixtures of:-

1. 1 part basalt to 3 dunite 

2. 1 part basalt to 1 dunite 
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The relevant oxide percentages (by weight) are shown i n table 3«2, the figures 
for basalt being from Ringwood and Green (1966). 

Table 3.2 Bock Compositions 

S i 0 2 MgO FeO CaO 
A 1 2 ° 3 

Na 20 F e 2 0 3 K 20 T i 0 2 t o t a l 

Dunite 4 1.00 49.17 9.80 99.97 

Basalt 48.7i 9.37 9.91 10.76 14.93 2.09 1.84 0.30 1.52 99.^3 

l b ; 3 d 42.93 39.22 9.83 2.69 3.73 0.52 0.46 0.07 0*38 99.84 

1 b: 1 d 44.86 29.29 9.86 5.38 7-47 1.05 0.92 0.15 O.76 99-70 

(b = basalt, d = dunite) 

When required, the effective molecular weight of a mixture of x gms MgO and y gms 

FeO i s calculated as follows, using the molecular r a t i o : -

Mol Wt (Mg,Fe)0 = (x+y)/(x/40+y/72) 

40 and 72 being the molecular weights of the individual oxides. 

3.3.2 Mineral proportions i n the low pressure assemblage 

The major minerals present are o l i v i n e , orthopyroxene, clinopyroxene and plagio-

clase (section 3*2.2). Some of the constituent oxides are present only i n one 

mineral i n t h i s assemblage (e.g. TiO*,, Na 20 e t c . ) . Consequently i t i s possible to 

calculate immediately the weights of the minerals containing these oxides which are 

present i n a given weight of mantle material. The appropriate oxides are combined 

i n the r a t i o s given i n table 3.1 and subtracted from the o v e r a l l compositions given 

i n table 3.2. This r e s u l t s i n another oxide having only one further mineral to enter 

and thus allows the process to be repeated (e.g. A1_0, then CaO below). The 
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calculation eventually requires the solution of simultaneous equations to determine 
the r e l a t i v e quantities of different minerals containing the same oxides (e.g. 
oliv i n e and orthopyroxene both containing (Mg,Fe)0 and SiO^). For the low pressure 
assemblage the steps are as follows 

1. Minor Elements 

Oxide Mineral Containing 

Ti0 2» E u t i l e T i 

Fe^Oj Magnetite Fe++, Fe+++ 

K 20 - Orthoclase K, Al, S i 

2. Sodium 

Na 20^— Albite Na, Al, S i 

3. Remaining Aluminium 

Al-O, Anorthite Ca, Al, S i 
<=- 3 

At t h i s stage the remaining weights of MgO and FeO are combined and the effective 

molecular weight of the mixture calculated as described i n section 3-3«l» The 

calculation then proceeds:-

k. Remaining Calcium 

CaO— Clihopyroxene Ca, (Mg, Fe '), S i 

5. Two simultaneous equations are then formed to determine the 

r e l a t i v e amounts of 
| j 

1. Orthbpyroxene (Mg,Fe ) , S i arid 

2. Olivine (Mg^e**), S i 

The r e s u l t s are presented i n section 3«3«7 

3.3-3 Mineral proportions i n the intermediate pressure assemblage 

The major minerals present are ol i v i n e , orthopyroxene, clinopyroxene, sodic pyroxene, 

aluminous pyroxenes and spi n e l . A sim i l a r procedure i s followed;-
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1. Minor Elements 

TiO •Rutile T i 

Fe„0 

K_0 

•Magnetite Fe ++ Fe +++ 

Sanidine K, Al* S i 

2. Sodium 

Na_0 ;Sodic pyroxene Na, Al, S i 

At t h i s stage four oxides—Si,(Mg,Fe ) , Ca and A l , and s i x mineral phases remain. 

I n order to form simultaneous equations to solve for further minerals i t i s 

necessary to reduce the number of independant variables., i . e . the number of inde­

pendent mineral phases, present. According to experimental work by Green and Ring-

wood (1967) ( i n which sodic pyroxenes were considered separately), the s o l u b i l i t i e s 

of alumina i n ortho*- and c l i n o - pyroxenes are s i m i l a r . I n addition, the proportion 

by weight of alumina i n the pyroxenes commonly reaches a maximum of i n the 

region of the phase diagram containing no plagioclase and no garnet. Making use of 

these r e s u l t s , i t is" assumed here that the proportions of aluminous to non-aluminous 

pyroxenes are such as to r e s u l t i n ov e r a l l compositions i n which alumina forms 6-̂ 6 

of the t o t a l pyroxene phases by weight (excluding sodic pyroxene). Four simultaneous 

equations may then be formed to solve for the remaining minerals. The result's are 

given i n section 3»3-7 . 

3«3»^ Mineral proportions i n the high pressure assemblage 

The major minerals present (section 3-2.2) are o l i v i n e , orthopyroxene, clinopyroxene, 

aluminous pyroxenes and garnet. The balance between garnet and aluminous pyroxenes 

i s dependent on temperature (section 3«2.2) and gives r i s e to a range of assemblages 

between two extremes:-

a) No garnet - equivalent to the intermediate pressure assemblage at the 

phase boundary* 

b) No aluminous pyroxenes, maximum garnet. 
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The c a l c u l a t i o n for (a) i s that of the previous section. Consequently only the 
calculation for (b) remains to be described. The method i s as follows:-

1. Minor Elements 

T i 0 2 R u t i l e T i 

Fe 2 0 ^ > — Magnetite F e + + , F e + + + 

K 2 0 Sahidine K, Al , S i 

2. Sodium 

NagO Sodic pyroxene Na, A l , S i 

3* Remaining Aluminium 

A1 20 3 Garnet (Mg, F e + + ) , Al, S i 

k. Remaining Calcium 

CaO— Clinopyroxene Ca, (Mg,Fe ) , S i 

5. Two simultaneous equations are then formed to determine the 

amounts of orthopyrpxene and o l i v i n e present (both containing 

(Mg,Fe + +), S i ) . The r e s u l t s are presented i n section 3«3-7-

3>3«5 Mineral proportions i n assemblages including water 

The e f f e c t of water on the subsolidus mineral assemblages i s dependent on the 

quantity postulated to be present. Estimates based on the r e l a t i v e degassing of 

nitrogen and water from the mantle (Ringwood, 1969; Green, 1970) suggest that 

water might be present i n amounts of the order of 0.1$. This water would be held 

mainly as amphibole formed i n place of pyroxenes, with small amounts of phlogopite 

perhaps being present. 

Amphibole derived from orthopyroxene has a composition equivalent to 7(Mg, Fe)0+ 

8Si0 2+H 20. Calculated according to t h i s formula, 0.1# H 20 would give r i s e to 5# 

amphibole. Calculations for the inclusion of water i n clinopyroxenes give a s i m i l a r 

r e s u l t . The effect of t h i s amount of amphibole on upper mantle densities i s small and 

i s discussed i n section 3«3-8 . 
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3«3>6 Calculation of mineral and rock densities at R.T.P. 

The r e s u l t s of the four previous sections provide the percentage by weight of 

individual minerals i n each assemblage. Knowing the densi t i e s of the minerals, the 

volume of each i n a given weight of material may be calculated. The sum of these 

volumes for a l l the minerals, together with the weight of material i n question, 

then provide the ov e r a l l density of the assemblage. 

The den s i t i e s of individual mineral phases (at room temperature and pressure) 

are taken from Deer, Howie and Zussman (1966) and are shown i n table 3«3« 

Table 3-3 Mineral Densities (Source - Deer, Howie and Zussman (1966)) 

Mineral 

o l i v i n e 

orthopyroxene 

clinopyroxene 

garnet 

anorthite 

a l b i t e 

sodic pyroxene 

alum, orthopx. 

alum, clinopx. 

alum, spinel 

amphibole 

orthoclase 

r u t i l e 

magnetite 

sanidine 

Experimental Densities 

g/cm^ 

3.22-4.39 

3.21-3.96 

3-22-3-56 

3-58-4.32 

2.76 

2.63 

3.40 

2.97-3-52 

2.97-3-52 

3.55-^.to 

3.02-3.^5 

2.59 

if. 23 

5.20 

2.60 

Ferro-magnesian minerals: densities 
for mixtures of basalt and dunite i n 
r a t i o s : 
1:3 

3-33 

3.30 

3.26 

3.67 

3.04 

3.05 

3.66 

3.11 

1:1 

3.39 

3.33 

3.28 

3.70 

3.06 

3.08 

3.68 

3.13 
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Minerals containing iron and magnesium possess densities which increase with 

increasing iron content. Berry and Mason (1939) have plotted the densities of 

pyroxenes of compositions between enstatite, diopside and f e r r o s i l i t e (figure 3*2) 

using the following values for the densities of the end members:-

enstatit e 3-l8 g/cm^ 

diopside 3-24 g/cm^ 

hedenbergite 3»55 g/cm"̂  

f e r r o s i l i t e 3«95 g/cm^ 

I n contrast, more recent data from Deer, Howie and Zussman (1966) give:-

enstat i t e 3-21 g/cm^ 
•x. 

diopside 3-22 g/cnr 
•z 

hedenbergite 3»56 g/cm 

f e r r o s i l i t e 3-96 g/cm^ 

A si m i l a r diagram constructed using these more recent densities (figure 3*2) shows 

a l i n e a r increase of "density with iron content. I n the present work, such l i n e a r i t y 

i s assumed for a l l the ferromagnesian minerals involved and the density of each 

mineral i s calculated by the following procedure:-
I f W . = weight % -MgO i n mineral ) m •' ) - from bulk composition 

= weight % FeO i n mineral ) 

then molecular r a t i o MgO:FeO i s Wm/40:W;j/72 and t h i s i s equal to the molecular 

r a t i o of the magnesian and ferrous end members of the mineral s e r i e s concerned. 

I f Mffl and M̂  are the molecular weights of the end members, then the weight r a t i o of 

these i s WfflxM^40:WfxMf/72i and the volume r a t i o i s WfflxMm/40xpm:WfxMf/72xpf, where 

P m and p f are the relevant mineral den s i t i e s . The t o t a l volume i s thus equal to 

^ Wm^m^ i , 0 x pm^ +^ Wf x Mf /'^ 2 x pf^ = V ^ t h e e f f e c t i v e mineral density i s 

((WmxMffl/40)+(WfxMf/72))A- The densities of ferromagnesian minerals calculated by 

t h i s method for compositions equivalent to mixtures of 1:1 and 1:3 basalt:dunite 

are included i n table 3.3« 
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The densities of the different mineral assemblages for each of the bulk 

compositions considered were calculated as described i n t h i s section and the 

r e s u l t s are shown i n table 3«it-

Table J>*h Sock Densities (at room temperature and pressure) 

Composition 

Basalt:Dunite 

1:1 

1:3 

Low Pressures 

g/cm^ 

3.19 

3.2if 

Intermediate Pressures 

g/cm^ 

3-35 

3-32 

High Pressures 

g/cm^ 

3^5 

3-36 

3.3'.7 Bulk density variations and mineral assemblage 

The r e l a t i v e abundance of the various mineral phases calculated by the procedures 

described i n the previous sections for each of the assemblages are presented 

diagfammatically i n figure 3>3> This figure includes the calculated bulk densities 

of the different mineral assemblages. The following d i v i s i o n of minerals i n terms 

of density and abundance may be made, the two densities quoted for the ferromagnesian 

minerals corresponding to the two bulk compositions considered:-

Density 
g/cm^ 

High 

Intermed. 

Low 

Major Constituents 

Garnet 3.67 or 3-70 

Olivine 3.33 or 3.39 

Orthopyroxene 3-30 or 3-33 

Clinopyroxehe 3-26 or 3-28 

Sodic pyroxene 3 .to 

C a l c i c plagioclase 2.76 

Sodic plagioclase 2.63 

Minor Constituents 

Aluminous spinel 3*66 or 3*68 

Aluminous clinopx. 3.04 or 3*06 

Aluminous orthopx. 3.0*t or 3«05 

Amphibole 3.11 or 3.13 



F i g u r e 3.3. Mineral proportions i n p e r i d o t i t e s of 
the o v e r a l l compositions i n d i c a t e d , s u b j e c t to v a r i o u s 
conditions of temperature and pressure ( r e f e r to f i g u r e 
3.1). The corresponding o v e r a l l d e n s i t i e s a r e p l o t t e d 
above the diagrams. Shaded areas r e p r e s e n t aluminous 
min e r a l s . OL=olivine, HY=hypersthene, DI=diopside, 
CP=anorthite, SP=albite, AH= aluminous orthopyroxene, 
AD=aluminous clinopyroxene, S=spinel, J=sodic pyroxene, 
GT=garnet, X=others. 
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I n a l l the assemblages, o l i v i n e and pyroxenes together account for at l e a s t 70$ 
of the t o t a l composition. I n the intermediate pressure range, the effect on ov e r a l l 
densities of small and sim i l a r quantities of spinel (high density) and aluminous 
pyroxenes (low density) e f f e c t i v e l y cancel out, so that the densities of the 
relevant assemblages are equal to those of oli v i n e and pyroxenes i n appropriate 
proportions. Consequently i t i s convenient to regard the differences of density 
between the assemblages which e x i s t at different pressures i n terms of deviations 
from the densities given i n table 3-^ for the intermediate pressure region:-
3-32 g/cm^ for a 1:3 basalt:dunite composition and 3*35 g/cm^ for a 1:1 mix. 

I n the low pressure region, the existence of plagioclase (low density) causes the 

bulk density of the assemblage to f a l l to 3«24 or 3*19 g/cm^ according to the 

composition; i n the high pressure region, the existence of garnet (high density) 

r a i s e s the assemblage density to 3-36 or 3-Vj? g/cm^. 

A feature of these high and low density minerals i s that they contain aluminium. 

Areas representing aluminous minerals i n figure 3*3 have been shaded, and i t i s 

clear that i t i s the changes of mineralogy associated with the alumina content of the 

mantle rock which are responsible for the density variations that occur under the 

varying conditions of temperature and pressure encountered i n the lithosphere. 

Basalt contains alumina while pure dunite does not (table 3*2). Consequently the 

density variations i n a given lithospheric slab, and thus the bathymetric amplitude 

of the associated mid-ocean ridge (see chapter k), are d i r e c t l y related to the 

proportion of basalt present i n the lithospheric material, i n increase i n the 

basalt f r a c t i o n producing an increased topographic elevation and vice versa. This 

conclusion i s i n agreement with the r e s u l t s of Forsyth & Press (1971) and demon­

st r a t e s that the p e r i d o t i t i c and e c l o g i t i c models for the upper mantle d i f f e r , i n 

t h i s respect at l e a s t , only i n degree. 
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3«3«8 The effect of water on rock densities 

I n section 3-3-5 i t was stated that the quantities of water suggested to exi s t 

i n the upper mantle (0.1$ H^O) would r e s u l t i n approximately 5% amphibole being 

present i n the lithosphere. Reference to table 3*3 shows that the density difference 

between amphibble and the pyroxenes which i t replaces i s of the order of 0 .2 g/cm^. 

5$ amphibole would therefore r e s u l t i n a lowering of o v e r a l l densities only by 

about 0.01 g/cm . 

Above approximately 1000°C amphibole decomposes, the f l u i d thus released p r e c i p i t a t i n g 

some p a r t i a l melting (Green, 1970; Wyllie, 1970). As the lithosphere cools the 

amount of p a r t i a l melt present i n a given column of the. lithosphere decreases and 

a corresponding increase i n the amount of amphibole present takes place. However, 

since the presence of both amphibole and small amounts of p a r t i a l melting cause 

s l i g h t lessening of ove r a l l densities, the formation of one at the expense of the 

other produces a negligible change i n the topographic elevation. 

The important effect of the incl u s i o n of water i n the mantle i s the lowering of the 

temperature at which p a r t i a l melting begins (figure 3'1)» This allows the decoupling 

of the asthenosphere and lithosphere to take place at lower temperatures than are 

required for a dry mantle and, together with the s t a b i l i s a t i o n of p a r t i a l melting 

noted i n section 3*2.2, r e s u l t s i n a lessening of the calculated amplitude of ocean 

ridge elevation p r o f i l e s . 

3-3*9 Bulk density variations at temperatures above the solidus 

Experimental work by Dane (19^1) indicates that basalt undergoes a reduction of 

density of 9# on melting. I t i s assumed i n t h i s work that the t o t a l melting of the 

basalt f r a c t i o n of a p a r t i c u l a r basalt/duhite mix r e s u l t s i n a proportionate density 
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reduction ( i . e . 4.5$ for a 1:1 mix, 2.25$ for a 1:3 mix) and the density of the 
olivine+basaltic l i q u i d phase i s calculated according to these figures. Densities 
corresponding to the region between the solidus and liquidus of the basalt f r a c t i o n 
are calculated by interpolating between the relevant values for material above 
and below t h i s region of the phase diagram. 



44 

CHAPTER 4 

Calculation of Ocean Ridge topography, and general r e s u l t s and conclusions 

from the model 

The previous two chapters have described the procedure used to calculate a) the 

temperature d i s t r i b u t i o n i n a model lithosphere, and b) the densities (at room 

temperature and pressure) of appropriate mineral assemblages of the adopted mantle 

material. I n t h i s chapter the method of determining oceanic topography from these 

two sets of data i s described and some preliminary r e s u l t s are noted. 

4.1 Method 

The following procedure i s repeated for each block of the lithospheric model:-

1. The pressure at the centre of the block i s calculated from the block height 

used i n the temperature calculations and the position of the block i n the 

model, using 150 km depth = 47 kbar (This relationship i s that used by Green 

and Ringwood (1967) to produce the phase diagram of figure 3-1)-

2. The mineral assemblage present at the temperature and pressure of the block 

i s then referenced using the phase diagram, and i t s density at room temperature 

and pressure i s determined from the r e s u l t s of chapter 3» 

3. The above density i s then adjusted to account for compression and thermal 

expansion r e l a t i v e to room conditions. For t h i s c a l c u l a t i o n , the material i s 

assumed to behave as o l i v i n e - an approximation which i s considered good by 

Birch (1969)1 since pyroxenes i n p a r t i c u l a r have si m i l a r e l a s t i c constants to 

o l i v i n e . Relevant data from Birch (1969» table 8) are plotted i n figure 4.0 

and show l i n e a r i t y at depths l e s s than 150 km. Appropriate c o e f f i c i e n t s may 

therefore be derived from t h i s data and correspond to a bulk modulus of 1.16 

—5 o 
mbar, and a volume co e f f i c i e n t of thermal expansion of 4x10 / C. 
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Having thus determined the density dis t r i b u t i o n i n the model lithosphere, the 

topographic elevation may be calculated by comparing the densities of each column 

of blocks with those of the column at the end of the slab remote from the spreading 

centre. I n order for the slab to be i n i s o s t a t i c equilibrium, the t o t a l mass i n 

each column of blocks must be equal. Consequently, for each column:-

where n i s the number of l a y e r s of blocks i n the model, J>1 , A{, are the 

densities and heights of each block i n the given column and J>i ) ^ are the 

densities and heights of each block i n the end (reference) column. 

The contribution to the t o t a l elevation from a given block i n a given column fSfvi) 

i s the difference i n height between the given block and the corresponding block i n 

the reference column. Since a l l the blocks are of the same mass then: 

where Jfl,^i refer to a block i n the given column and P*> r e f e r to the 

corresponding block i n the reference column. 
I f •J'fc+Sj't Ai. - A! then o t i i ' A i ^ i ^ . ^ i s known, being the 

block height used i n the l i t h o s p e r i c temperature calculations. Consequently the 

t o t a l elevation of a given column i s calculated as 

ft*sr&/fi 

- by summing the 

contributions from each block i n the column. 

Since the contraction of the lithosphere takes place under water and i s subject 

to i s o s t a t i c adjustment to preserve equilibrium, i t i s necessary to adjust the 

calculated elevation accordingly* Consideration of the i s o s t a t i c balance shows 
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that the elevation E (above) must be multiplied by a factor 

w h e r e d e n s i t y of water 

and J J ^ = density of the rocks at the base of the lithosphere. 

I n the above calculations i t i s assumed that a l l contraction takes place v e r t i c a l l y 

with horizontal s t r e s s e s r e l i e v e d by creep, and the topographic p r o f i l e may be 

obtained by estimating E for each of the columns of the lithospheric model. 

h.2. The e f f e c t of the crust 

I n the model no d i s t i n c t i o n i s made between crust and mantle, the whole lithosphere 

being considered as material of the same composition. Since the object of the 

calculations i s to produce topographic p r o f i l e s , only a v a r i a t i o n of c r u s t a l thick­

ness from ocean ridge to basin Would be of relevance, a layer of constant thickness 

causing no topographic e f f e c t . However, since the crust i s assumed to form by 

d i f f e r e n t i a t i o n of basalt from the lithospheric material, i t follows that the 

subcrustal lithosphere must be depleted i n b a s a l t i c materials by amounts proportional 

to the thickness of the crust. Consequently, the o v e r a l l composition averaged over 

the top few kilometres of the lithosphere must remain constant from ridge to basin. 

The s l i g h t thickening of the crust with distance from the spreading centre (Talwani, 

Le Pichon & Ewing, 1965) w i l l therefore have no effect on the topographic elevation 

and may be considered simply as a r e d i s t r i b u t i o n of minerals, r e s u l t i n g i n an 

increase i n the thickness of the low density c r u s t a l layer (containing large 

amounts of plagioclase) and a complementary increase i n density of the underlying 

topmost mantle by reduction of the plagioclase content. I t i s emphasised that t h i s 

argument applies only to small scale mineral redistributions i n which no phase 

changes take place ( c . f . the Icelandic region- section 6.2.2). 
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4.3 A computer program to calculate topography 

A computer program TEMDEN was written to perform the calculations outlined i n 

t h i s chapter and i s described i n appendix 6. I n addition to producing the elevation 

p r o f i l e s i n both numeric and graphical form, the program maps the density and 

mineral assemblage d i s t r i b u t i o n s . A separate program HOTMAP was written e a r l i e r 

to map the temperature distributions (appendix 7 ) . The phase diagram was divided 

into zones 25C° by 1 kbar i n order to describe i t to the computer (figure 4.1). 

Table 4.1 l i s t s the densities supplied for each zone, for both the compositions 

studied. 



F i g u r e 4.1. The phase diagram of f i g u r e 3.1 i n 
d i g i t i s e d form. The values of temperature and pressure 
a t the corners of the diagram are shown, and an 
explanation of the mineral assemblages represented by 
the l e t t e r and number codes i s given i n t a b l e 4.1. 



PMA 
T-
P . 
I I I 
I I I 
L I L 
L L l 
M l 
L L L 
Lt L 
L L L 
L L L 
L L L 
L L L 
L L l 
L L l 
L L L 
L L l 
I L L 
L L l 
L L L 
L L l 
L L l 
L L L 
L L L 
L l l 
L L L 
I L L 
I L L 
L L l 
L I L 
L L l 
L L F 
F F F 

f t o n 
D O C C 
C C B P 

roi i 1 n I > M i n " n i MM- M-

l l l l L I L I I I I I L I L I L I I 
I L L I L L l L l l l l l L l l l L I 
M L t l . L L L L l t l . L l l l l L I 
I I t I L L L I I I 11 L I I I L I I 
I I L L L L L L L L I L L U I L L I 
1 L L l I L L L l I L I L I 11L L I 
I L L L I L L I L L I L L I I I L L l 
L L L t L L L I L I I I I I L I I L L 
U L L L L I I I 11 l i t I I L I I 
L I I L L L L L l I I I t I L L I I I 
L L I L L L L L I I L I I U I L I I 
I L L L L L L L L l L I U I L I I I 
I L I I L L L L I I I I I I Lt I L I 
I I L L L L L l I L I L L I L I L I I 
L I L L L L L L L L I L L I U I I I 
I t M I L L M l 11 l I l I 111 
I L L I L L L L I I I I L I I I I I I 
L L L L L l l L L U L L l I I I I I 
LI L I L L L l L I I L L l I I I " 
L I L I L L L L I I l l l l l 111V 
l l l l l l l l l l l l l ' / V Y X X 
L L L L L l L L L l I " Y * « < J - . 
L L L L L L l l L P f V V X X W H ' l l 
L I L I L I I '. f VVXXWW"n i l 
i L L I L iryyf wwn ) o o i ' 1 

I I l / £ Y Y ¥ X W W - " i p i o n i s 
1 II 7YY X XWW"OPnnr in ;^ t , 
L i lY»X i k O O f n r o p i"".s«, 
Tsxwwnononnnr i i i ' isss* 

S S " w n i n ( > i i j ( > n i i r r , n s 4 4 4 
H P oppooonorooop'i4444 
Q O P p r y i o n o n i i P P O i ' 4 4 4 4 3 

o u p p p c r r r c n n n n n o t ' 4 4 4 3 < 
r p p p p n n r ! i ) ( i ' i n c , i ' ) t U ' * i . 3 i < 

B B A A P P P P P P rjpoonnopnnn* >•» m 
A A P P P P P p p p n n p o n n i i ' i r v i ) ' 3 > 1 1 1 

p p p p p p p p p p n n n o o n n i i n n n 5 1 3 3 3 3 
p p p p p p p p p P i n n r i n o o n n n 3 331 J 3 ? 
p p p p p p p p p p o n n o r n n n n i n 1 C M 2 2 
p p p p p p p p p n n n n i K i o r i r i p n 3 T 3 r.' 72 
p p p p p p p p p r c r c n P f ) i ) n n 3 i ' ? ? ? ? r 
p p p p p p p p p n n o o ; ) i ) n ( i " " ? ? r ?.2??? 
p p p p p p p o p r n p n o n i i r " 1 i t 2 ? ? 1 2 
P P P P P P P P P P O I I O O )nn(>2?2?2??7? 
P P P P P P n p p ( n i O P o i " ' n i ' , r ? ? ? ? ? ? 2 z r 
p p p p p p p p p p o p p n o a 1077222? 222 
PPPPpppprr.onoopon2?? ? ? ? " ' ? v 
p p p p p p p p n n n n n i i n p n ?22Zlit7 
p p p p p p p p r r n o p o p i ? ? ? ? ? ? . ' ! i 
P P P P P P P P f > n o o a ) n n 2 r r r 2 . ' , i ; 
P P P P P P P P P O O O 1 0 O 3 2 2 2 7 7 1 11 
p p p p p p p p i m o o n ) i ) 2 ? 7 ? ? l 1 1 1 
p p p p p p p o n p o p o o n 2 2 7 ? M HI 
p p p p p p P r , 0 0 0 1 0 0 2 2 2 J11111 
p p p p p p p o P P n o n r i 2 2 i l n i l U 
p p p p p p p o o o o r n o 2 i 1 1 m i l l 
P P P P P P P c r r o o o n i n 1 u 1 1 1 1 
p p p p p p p n n r t o o T i i i 11111111 
p p p p p p p n o c i ' u m i i i i i » i n i l 
p p p p p p n o n n o o p i i i i m l i l i 
p p p p p p p n p n o n i 1 M i l i u m 
p p p p p p o c o o o n i i n i M 1 1 m 
p p p p p p n o o P O P ; M M l M M M 
p p p p p p p n n n n i m 111 M M 11 
p p p p p p p p o m i u i 1 M 111m 
p p p p p p r i D P O i l l 11 M M 1 M M l 
P P P P P P P O O P l 11 M M 1 M M M 
P P P P P i u - n n P l 1111 M 1 M l M 1 
P P P P P i n t i P O M M M M M M M 
P P P P P O O P P I i M M m H U M 
P P P P P O O D P M M M M 1 M M M 
P P P P P O P i ^ P l M M M M 1 M l M 
P P P P P ' M : M M M I M l M M l M 
p p p p n n p n i M I M M M M M 11 
P P P P O n n n i1M I M11111M M 
P P P P C O P 111 M I M M M 1 M M 
p p p p r v m i u U M i M l l M l M 
P P P P P O P i n 111 M l M 111 M I 
P P P P O P 1111M 1 M I M 1 M l M 
P P P p n o l M M l l l l l l l l l l M l 
T " 0 . 0 0 0 
P « 0 . 0 0 0 

L l l I I L L 
I I I I L I L 
1 1 I L L U 
I I I L L L l 
I I I t I L I 
LI I I I I I 
I I I 11 I I 
I I I I I I L 
t i l L L I L 
I I I I L I I. 
I I I I L I I 
I I I L I I I 
M I L L l L 
I I I L L L l 
I M M J. I 
I I I J I I T 
t 7 J t I MM 
; Y I HMr,G5 
v x in,'". ^ *; ^ 

yi ',',•>; i, 
'!«,«, s * 4 4 
T. «, * - 4 4 4 
« . ' , S 4 4 4 4 
R «! 4 4. U A '. 
R, 4 4 4 4 1 1 

m i 113 
4 4 T 3 3 3 3 
4 -»-»-, 11 3 
3 1 > < * 13 
1 3 1 3 1 3 7 
33 - n ? * 1 ? 
H H Z 7 2 
? 3 ? 2 2 2 2 
? ? 1 ? 7 ? 7 
? ? 7 ? ? 2 7 
2 2 2 2 2 2 ? 
? 2 2 2 ' ? 2 
Z 7 Z 2 Z ? 2 
* 7 ' ' ? 2 7 2 
7 j 7 -1 •> 
Z Z T 7 7 1 
7 2 2 2 M 
Z ?1111 
Z M M l 
M U M 
m m 
i n 1 u m m 
M l M l m m m Ml 
m m m m m m 111 m 
M U M m m m m m m m m m m m m m m m m 
I M M 1 m m 
M M M 
m m m m 
M U M 
M M M 
m m m m 
H U M 
m m 
M M M m m 
m i l l 

r = 
n -

I M i l l L L L l 
L L L l L I L L L l 
I L I I I I I I I I 
M U M L I L I 
l l l l l I I L I L 
I I t I ( I I I I I 
I M M I t I I I 
L L M I I I M l 
I I I I I I I I V V 
I t I I I I I VVN 
l l l l l H V I ' i ^ 
I I VVVN*. ' , ' "K 
J . I N V I W K K X 1 1SM"K K 4 4 4 
m w vr 4 4 4 4 4 

H r , r . 4 4 4 4 4 4 3 < 

7 4 4 4 1 4 3 3 3 3 
4 4 4 4 4 3 3 3 3 3 
4 4 4 3 3 3 ^ 3 3 3 
4 4 3 3 3 3 3 3 1 3 
4 3 3 3 •» 1 7 •» 3-> 

3 5 3 3 3 3 3 * 3 7 
7 , ' 33 '<333 . '»? 
1 3 1 3 3 V ? 2 ? 
n n z ? 7 2 z z 
•>^^•*^^????? 
1 3 2 2 2 2 ? ? ? ? 
3 2 2 ? ? ? ? Z 2 2 
2 2 2 2 ? ? ? ? ' ? 

2 0 C 
. 7 . i -

> ? ? 2 ? - 7 2 ? ? ? 
> ? ? 2 7; 7 V ? ? 
'7 72 ? ; 2 7 7 2 2 
'22 ->2 : 2 2 2 7 ? 
» ? ? ? 7 i 2 2 2 7 1 
2 2 2 7 2 7 7 2 1 1 
'????; 7 1 1 1 1 
' 7 : 7 7 1 u m 
' 7 7 2 1 1 11111 
' 2 1 1 1 1 u u i 

u m 11 m 11111 
1 t 1 1 1 

u m 

I I 1 i 

11m 
1 1 i I 1 

11111 M i l l n u i 
u r n m i l 
m i l n u i 
u m n m 
t u n 11111 
u m 11m 
u m m o 
11111 11111 
11111 11111 11m m 11 
H I M 11111 
M i l l 11m 
M i l l 11111 
irrmmn 
i n n n u i 
i n n 11111 
m u i n n 
11111 n m 
m n u m 
11111 m i l 
i n n M i l l 
11111 M M ! 
n m M i l l 
m u M i l l 
11111 u m 
m n m i l 
n m u m 
11111 u u i 
m u m n 
m n i n n 
i n n u m 
m u 11111 
i n n n m 
i n 11 n m 
m u i t m 
u m u u i 

TA8L.F O F P H » S t S A'.11 O I N S I T J i 
P M A S C P E N S IT Y 
1 1 . 1 Vi 
2 3 . 3 , - 1 
3 3 . 3 4 0 
4 ) . 3 ( j 
5 l . 3 3 i 
A 1 . 7 > u 
B 1 . 2 2 -

C 3 . •> 1 C 
0 3 . ? . - M 
E 3 . 1 ^ 1 
F 1.1 BO 
G J . 3 7 0 
H 3 . 7 1 C 
1 3 . 7 4 0 
J 3 . 7 ) 0 
S 3 . 7 1 3 
T 3 . 7 0 0 
U i . 1 9 0 
V » . ? O 0 
W 3 . 7 9 0 
X 3 . 2 r » o 
V 3 . 2 3 n 
I 3 . ? 0 1 
K ^ . 1 1 0 
I 3 . 1 7 0 
H 1 . 7 70 
N 3 . 7 3D 
0 3 . 3 2 0 
*> 1 . 2 4 0 
0 3 . 2 3 0 
• 3 . 2 2 0 

PRESSURE 
TEMPcOATURf. 
DENSITY 

COMPOSITION 

KSARS 
°C 
C/CMJ 

I BASALT 1 3DUNITE 

P . n i l 
* T . 0 . " » 0 

Figure. 4.1. 



Table 4.1 Densities associated with zones of the d i g i t i s e d phase diagram 

The phase diagram i n i t s d i g i t i s e d form i s shown i n figure 4.1 

Zone Mineral Assemblage Density 1:3 mix Density 1 
L Basalt l i q u i d + o l i v i n e 3.17 3-05 
P Olivine + pyroxenes + plagioclase 3.24 3.19 
0 Olivine + pyroxenes + spinel 3-32 3.35 
1' r Olivine + pyroxenes + garnet 3-36 3.44 
2 ! with % A^O^ i n pyroxenes 3*35 3.42 
3 ! indicated by the value 3.34 3.40 
4 1 of the zone key. 3.33 3.38 
5 3.33 3.37 
A i" P a r t i a l melting i n 17# 3.23 3.18 
B ! steps between zones 3.22 3.15 
C i P and L 3.21 3.13" 
D ! 3.20 3.10 
E ! 3.19 3-08 
F !- 3.18 3.06 
G r P a r t i a l melting i n 2fj# 3-32 3-33 
H ! steps between zones 3.28 3.25 
i ! 5 and L 3.24 3.17 
J !_ 3.20 3-09 
K i" P a r t i a l melting i n 25# 3.31 3.35 
M i steps between zones 3.27 3.26 
N ! k and L 3.23 3.17 
V !_ 3.20 3.09 

Q r P a r t i a l melting i n 20$ 3.23 3.17 
s ! steps between zones 3.22 3-15 
s ! P and L 3.21 3.12 
T 1 3.20 3.09 
u !_ 3.19 3.06 
W i" P a r t i a l melting i n 25# 3-29 3.31 
X i steps between zones 3.26 3*24 
Y i 0 and L 3.23 3-16 
Z !- 3.20 3.09 
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4.4 Introduction to general r e s u l t s 

While f i t t i n g the sea floor spreading model described i n the previous chapters 

to observed topographic data i t became clear that the acceptable range of 

lithospheric thicknesses and compositions i s limited because many models produce 

too great a ridge elevation. Topographic p r o f i l e s across ocean ridges i n a l l parts 

of the world require similar r e s t r i c t i o n s to be placed on the model parameters, 

and consequently a single,preferred^lithospheric composition may be derived and 

used to model the l o c a l variations of topography within each ocean. I n the following 

sections the r e s u l t s leading to the preferred composition are presented together 

with other general conclusions applicable to a l l oceans. 

4.5 Composition, lithospheric thickness, conductivity 

Topographic p r o f i l e s were calculated to examine the effect of variations of the 

following model parameters:-

1) lithospheric thickness 

2) lithospheric composition 

3) thermal conductivity 

By varying each of these separately i t s effect on the topography may be is o l a t e d . 

Figure 4.2 shows several ridge p r o f i l e s calculated for spreading rates equivalent 

to those of the Mid-Atlantic ridge at 22°N, together with the observed topography 

at that l a t i t u d e , which i s t y p i c a l for most ocean ridges. 

4.5.1 Lithospheric thickness 

Examination of the p r o f i l e s i n the lower h a l f of figure 4.2 shows that the cross^-

sectional area and bathymetric amplitude of an ocean ridge increase with increasing 

lithospheric thickness. Since the base of the lithosphere i s assumed to be at the 

solidus of the mantle material, a thinned lithosphere w i l l e x i s t i n the presence of 

raised mantle temperatures which r e s u l t i n an upward migration of phase boundaries 



F i g u r e 4.2 C a l c u l a t e d ocean r i d g e p r o f i l e s . 
(above) Lithosphere 70km t h i c k with the fol l o w i n g 

parameters:-
Ref. 1. comp. 1 b a s a l t : 3 dunite, base 

temp- wet s o l i d u s . 
Ref. 2. camp. 1 b a s a l t : 3 dunite, base 

temp- dry s o l i d u s . 
Ref. 3. comp. 1 b a s a l t : 3 dunite, base 

temp- dry s o l i d u s , c o n d u c t i v i t y doubling 
between 800 and 1100 C. 

Ref. 4. comp. 1 b a s a l t : 1 dunite, base 
temp- dry s o l i d u s . 

Ref. 5. comp. 1 b a s a l t : 3 dunite, base 
temp- dry s o l i d u s , c o n d u c t i v i t y s e t to 
higher value than o t h e r s - 0.0075 c f . 0.006 

(below) L i t h o s p h e r i c t h i c k n e s s varying from 50 to 
80km, comp. 1 b a s a l t : 3 dunite, base temp-
dry s o l i d u s . 
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(refer to phase diagram, f i g 3*1)• Consequently the cross-sectional area and bathy-
metric amplitude of an ocean ridge decrease with increasing mantle temperatures. 

4.5.2 Lithospheric composition 

I n the upper h a l f of figure 4.2 f i v e topographic p r o f i l e s are compared with 

observed bathymetric data., aiid the major d i f f i c u l t y encountered i n f i t t i n g the 

model to observed data i s apparent: there i s a strong tendency to produce excessive 

elevation at the ridge a x i s and i n s u f f i c i e n t elevation on the flanks. 

The p r o f i l e s 2 and 4 are from models si m i l a r i n a l l respects except that the basalt 

fraction i n the lithospheric material of p r o f i l e 4 i s double that of p r o f i l e 2. As 

was predicted during consideration of possible phase changes i n the lithosphere 

(see section 3-3-7)1 an increase i n the basalt fraction produces an increase of 

ridge elevation. 

P r o f i l e 1 corresponds to a model si m i l a r to that giving p r o f i l e 2 except that the 

lithosphere of p r o f i l e 1 i s considered to contain trace amounts of water. The 

presence of water can be seen to reduce the topographic elevation of the ocean 

ridge and to produce, a much f l a t t e r p r o f i l e bearing closer resemblance to the 

observed data (see section 3-3-8). 

Comparison of p r o f i l e s 1, 2 & 4 with the observed bathymetry i n figure 4.2 

demonstrates that a lithosphere of a composition equivalent to a mixture of 1 part 

basalt to 3 parts dunite and including water i s the only one of those tested which 

clo s e l y models observed topography. The shape of the p r o f i l e s of the dry models 2 

and 4 - involving a sharp peak at the ridge a x i s - makes i t impossible to f i t 

observed topography with these models simply by using a thinner lithosphere. 
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*f.5»3 Thermal Conductivity Variation 

This l a s t conclusion also applies to models employing varying thermal conductivity. 

The model which produced p r o f i l e 3 i n figure k.2 i s s i m i l a r i n a l l respects to 

that which gave p r o f i l e 2 except that the thermal conductivity increases l i n e a r l y 

between 800°C and 1100°C from 0.006 to 0.016 cals/cm.s.°C, according to the 

suggestion of Clark and Ringwood (196*0. This varying conductivity r e s u l t s i n a 

more pronounced peaking of the elevation p r o f i l e and makes i t even more d i f f i c u l t 

to achieve a s a t i s f a c t o r y f i t to observed data. Recent work by Schatz and Simmons 

(1972) indicates that the thermal conductivity i n the mantle may remain r e l a t i v e l y 

constant below temperatures i n the region of 1300°C. This figure i s close to the 

maximum temperatures encountered i n these models arid consequently calculations 

involving varying thermal conductivity are not further considered. S i m i l a r l y , the 
-out 

use of a higher value of thermal conductivity through^ the lithosphere ( c . f p r o f i l e s 

2 and 5» figure h.2) makes f i t t i n g of observed and calculated topography more 

d i f f i c u l t and i s not pursued. 

k.5mk The.preferred lithospheric model 

The above sections may be summarized as follows:-

1) A composition equivalent to 1 part basalt to 3 parts dunite i s preferable to 

a 1:1 mixture. 

2) The lithosphere must contain trace amounts of water. 

3) Thermal conductivity i s sensibly constant throughout the lithosphere. 

k) Raised temperatures i n the asthenosphere produce an upward migration of phase 

boundaries, which r e s u l t s i n a thinned lithosphere and consequent lessening 

of mid ocean ridge cross section and bathymetric amplitude. 

These factors define the suite of models which give the best f i t s to observed 

topographic p r o f i l e s , and the only variable (excluding spreading rates) which 

remains to be adjusted to f i t a p a r t i c u l a r observed p r o f i l e i s the thickness of the 

lithosphere. 
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4.6 Discussion 

The composition of the lithosphere has been the subject of debate for some time, 

the suggested compositions ranging between peridotite and eclogite. Serious 

d i f f i c u l t i e s e x i s t for an e c l o g i t i c upper mantle on geochemical grounds (Harris 

and Howell 1960), and also because of the need to achieve the conditions necessary 

for a low velocity zone without causing widespread melting of the upper mantle 

(Rihgwood, 1962a). These considerations led to the development of the "pyr o l i t e " 

model of Ringwood (1962a and b) , Green and Ringwood (1967) and Ringwood (1969)-

P y r o l i t e i s e s s e n t i a l l y a peridotite with a composition equivalent to 1 part basalt 

to 3 parts dunite. This r a t i o was derived from the r e l a t i v e proportions of 

MgO, CaO and A^O^ i n basalts, dunites and chondrites, but some variation i s 

acceptable. Evidence of the existence of anisotropy i n seismic v e l o c i t i e s i n 

the upper mantle (Hess, 1964; Keen and Tramontini 1970; Morris, R a i t t and Shor 

1969) further supports a p e r i d o t i t i c composition, as do the l i m i t a t i o n s on 

Poisson's r a t i o imposed by seismology (Bullen, 1963) 

The debate has been renewed within the l a s t three years by the r e s u l t s of Monte-

Carlo inversion of a wide range of geophysical data (mass and moment of i n e r t i a 

of the earth, P and S wave veloci t y distributions, phase v e l o c i t i e s of Rayleigh and 

Love waves, spheroidal and toroidal o s s c i l l a t i o n s of the earth) presented by Press 

(1969, 1970) and Wang (1970), with comment by Birch (1970). Press found evidence 

for high density (3-5 to 3»6 gm/cm^) at the base of the lithosphere which suggests 

the presence of ec l o g i t i c material at that depth, i n contrast, Wang (using s l i g h t l y 

different shear velocity d i s t r i b u t i o n s ) predicted lower densities corresponding 

to peridotite at the same depth. This c o n f l i c t has been discussed by Worthington, 

Cleary and Anderssen(1972), who were unable to judge between the opposing views- A 

further Monte-Carlo inversion using group v e l o c i t i e s of Rayleigh and Love waves 

i n addition to the previously mentioned data lends support to the existence of high 

den s i t i e s at the base of the lithosphere and suggests that variation of chemical 

composition and iron/magnesium r a t i o with depth may occur (Mizutani & Abe, 1972; 
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I t o , 1973)- I n addition Hart and Press (1973) have studied S Waves recorded at 
n 

stations around the At l a n t i c from earthquakes on the mid Atlantic ridge. The 

high v e l o c i t i e s which they found further suggest the presence of eclogite at the 

base of the lithosphere. 

I t should be r e a l i s e d that i n terms of ov e r a l l composition eclogite represents 

an end member of the basalt + dunite mixtures, corresponding to a r a t i o of 

1:0, and that a continous s e r i e s of compositions could be postulated between 

eclogite and dunite. The argument i s thus one of degree rather than the choice 

between two t o t a l l y different materials, which i s the impression to be gained 

from much of the l i t e r a t u r e . Consequently published densities of "dunites" and 

"eclogites" must be treated with care as regards t h e i r impingement on the present 

discussion. 

Both the present model and the sim i l a r one by Forsyth &.-Press (1971) r e j e c t 

eclogite r i c h lithospheres because of the unsatisfactory topographic elevation 

p r o f i l e s which such compositions produce .(see section *f.5, above). As previously 

stated (section 3«3«7) the variations of ov e r a l l density due to phase changes 

(and hence t h e i r contribution to topographic elevation) are the r e s u l t of 

1) the existence of plagioclase at low pressures and 

2) the existence of garnet at high pressures. 

In a spreading oceanic lithosphere the reduction i n depth of the plagioclase 

region as the slab cools has a far greater effect on the topographic p r o f i l e 

than does the simultaneous appearance of garnet, which i s always confined to a 

thin s t r i p at the base of the lithosphere and may even be absent (see section k.9i 

below). As a r e s u l t of t h i s , the conclusion of the present model that a 1:3 

basalt:dunite composition i s required and that a 1:1 mixture i s unsatisfactory 

applies only to the top 30 km of the lithosphere (the maximum extent of the 

plagioclase region) and the composition below t h i s depth i s of l i t t l e consequence 

as regards topographic p r o f i l e s . 
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I t i s for t h i s reason that Forsyth & Press (1971) found a "wet mixed model" to 
be the most sa t i s f a c t o r y of those which they tested. I n the model, pockets of 
eclogite were included i n the base of a p e r i d o t i t i c lithosphere i n order to 
achieve the necessary seismic v e l o c i t i e s and densities, but the clumsiness of the 
physical arrangement involved was recognised by these authors as a possible 
source of c r i t i c i s m . However, since i t i s the larger quantities of garnet and the 
higher iron:magnesium r a t i o s present i n eclogite r i c h mixtures which are responsible 
for the higher densities (and since the effect on the densities i s i r r e s p e c t i v e 
of the physical distribution of the minerals i n the rock), a more elegant solution 
i s simply to postulate a region containing a greater basalt f r a c t i o n to be present 
at the base of the lithosphere. 

Whatever the outcome of the present debate on these high densities at depth, the 

important fact relevant to the present work i s that a l l the evidence points 

strongly "to a p e r i d o t i t i c composition, including watei"» £or that part of the 

lithosphere i n which phase changes important i n determining the topographic 

elevation of the ocean ridges take, place. Accordingly, the detailed studies of 

ocean ridges i n the following chapters are made using the preferred model detailed 

i n section 4.5-4. 

4.7 The ef f e c t of spreading rates 

I t has been shown (Scl a t e r , Anderson & B e l l , 1971) that data from the P a c i f i c , 

A t l a n t i c and Indian oceans generally indicate the existence of a relationship 

between the age of the sea floor and i t s elevation from the ocean basin. The 

r e l a t i v e magnitudes of the v e r t i c a l and horizontal temperature gradients within 

a spreading lithospheric slab (figure 2.1) suggest that v e r t i c a l heat flow w i l l 

dominate i n cooling the slab and consequently the agreement of the present model 

with t h i s relationship i s to be expected. Figure 4.3 shows the elevations calculated 
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by the model for a fixed lithospheric thickness and spreading rates of 0.5, 

1 and 3 cm/yf plotted against the age of the lithosphere, and the coincidence of 

the data for the different spreading r a t e s confirms the agreement. 

The only effect of the spreading rate on the calculated topographic p r o f i l e s i s 

thus that an increase i n spreading rate stretches them horizontally and vice versa. 

V i r t u a l l y no v a r i a t i on of v e r t i c a l dimensions i s produced by spreading rate 

differences, a conclusion which i s i n accordance with that of Forsyth & Press 

(1971). 

*f.8 Calculation of topographic p r o f i l e s from age-elevation data 

As stated previously (section 2.2) i t i s possible to calculate topographic 

p r o f i l e s for any combination of spreading rates by suitably f i x i n g the width of 

the lithospheric blocks <and varying the time between- successive additions of new 

columns. However, since the ridge elevation for a given thickness and composition 

of lithosphereis a function only of age, i r r e s p e c t i v e of spreading r a t e s within 

the range of i n t e r e s t to t h i s work (see previous section), i t i s unnecessary to 

calculate every topographic p r o f i l e from f i r s t p r i n c i p l e s . Once the age-elevation 

relationship for a given lithospheric thickness and composition has been calculated, 

i t may be used to derive subsequent p r o f i l e s for any spreading rates d i r e c t l y . 

Figure k.k shows some of the age-elevation curves calculated by twelve separate 

runs of the whole model for a range of lithospheric thicknesses between 50 and 

100 km and a composition equivalent to 1 part basalt : 3 parts dunite + water 

(the preferred model of section Jf . 5 ) . These curves are used as data for program 

SYN (appendix 8) which has been written to produce topographic p r o f i l e s for any 

specified spreading rates and lithospheric thicknesses from such age-elevation 

relationships. The data shown i n figure h.k are l i s t e d i n appendix k i n numeric 

form. 
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4.9 Density and Mineral phase distributions 

Figure 4.5 shows t y p i c a l density and mineral phase distributions i n a modelled 

lithospheric slab. The p a r t i c u l a r distributions shown are those which give the 

best f i t to topography i n the North Atlantic at 46°N and the spreading rates used 

are appropriate to that l a t i t u d e . The data i n figure 4.5 are derived from the 

calculated temperature di s t r i b u t i o n by the program TEMDEN as steps i n the 

production of the topographic p r o f i l e (see section 4.3 and appendix 6 ) . The 

same distributions are presented i n figure 4.6 a f t e r smoothing the boundaries 

between the different zones to remove the steps which r e s u l t from the d i g i t i s e d 

nature of the calculations. I t i s emphasized that the sharp density divis i o n s do 

not indicate actual d i s c o n t i n u i t i e s i n the mantle but are only shown for ease of 

presentation, densities i n the model act u a l l y changing gradually with temperature 

and pressure. 

Far from the spreading centre and above about 20 km, the density decreases with 

depth owing to the effect of increasing temperature outweighing that of increasing 

pressure. At about 20 km depth the breakdown of plagioclase causes an increase i n 

density. With further increasing depth the density again f a l l s , and when the garnet 

region i s entered at about 60 km (see figure 3«1) the temperatures present are too 

high for garnet to e x i s t i n quantities s u f f i c i e n t to greatly affe c t the density, 

though nearer the spreading centre a s l i g h t increase can be detected i n figure 4 . 6 . 

I n thinner lithospheres, where the temperature gradients are steeper (owing to 

the shallow slope of the solidus - section 4.5.1), the garnet region may be absent. 

As the spreading centre i s approached, the lithosphere becomes hotter causing the 

plagioclase region to grow and the garnet region to shrink (figure 4 .6 , lower). 

Near the spreading centre a wedge shaped low density zone e x i s t s between 5 and 

35 km depth (figure 4 .6 , upper). This zone shows marked s i m i l a r i t y to that proposed 



F i g u r e 4.5. Temperature, d e n s i t y and m i n e r a l 
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F i g u r e 4.6. The d e n s i t y and m i n e r a l phase 
d i s t r i b u t i o n s o f f i g u r e 4.5 redrawn t o smooth t h e 
s t e p s i n t h e b o u n d a r i e s w h i c h r e s u l t from t h e 
d i g i t i s e d n a t u r e o f t h e c a l c u l a t i o n s . The l i t h o s p h e r e 
i s 80km t h i c k Q comp. 1 b a s a l t : 3 d u n i t e , b a s e temp- wet 
s o l i d u s (1250 C ) . S p r e a d i n g r a t e s c o r r e s p o n d t o t h e 
North A t l a n t i c a t 46 N. The g a r n e t r e g i o n may be 
a b s e n t i n h o t t e r , t h i n n e r l i t h o s p h e r e s . The s h a r p 
d e n s i t y b o u n d a r i e s have no s i g n i f i c a n c e , b e i n g o n l y 
shown f o r e a s e o f p r e s e n t a t i o n . 
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by Talwani, Le Pichon and Ewing (1965) to s a t i s f y seismic and gravity data, the 
differences of horizontal scale being attributable to differences i n spreading 
rates between the l a t i t u d e s 30°N of Talwani et a l and 46°N of figure 4 . 6 . The 
top surface of the wedge simply r e f l e c t s the gradual cooling of the slab and the 
bottom surface i s caused by the plagioclase to pyroxene and spinel phase change. 
Since these changes are gradual, no seismically detectable di s c o n t i n u i t i e s are 
to be expected. 

4.1Q Gravity anomalies over ocean ridges 

Free a i r gravity data (see chapter 1) indicate that the ocean ridges are broadly 

i n i s o s t a t i c equilibrium. Typical Bouguer anomalies calculated by adding the 

effect of water depth variations to the free a i r anomalies show lows of 100 to 

200 mgals centred over the spreading axes. Seismic evidence indicates that the 

oceanic crust i s uniform i n thickness except near .the ocean ridge where i t may 

be s l i g h t l y thinned (Talwani, Le Pichon and Ewing, 1965)- Low density material 

providing i s o s t a t i c compensation for the ocean ridge must therefore e x i s t i n the 

upper mantle. 

Since the ridges are i n i s o s t a t i c equilibrium, any model assuming isostasy and 

producing a sa t i s f a c t o r y f i t to the observed topographic p r o f i l e s w i l l n ecessarily 

give a good f i t to the corresponding Bouguer anomalies,.. the only source of 

divergence being the non-zero free a i r anomaly associated with a deeply compensated 

body. (The t h e o r e t i c a l free a i r gravity anomaly for a t y p i c a l ocean ridge 

compensated at 60 km depth has a 50 mgal high over the ridge a x i s and 10 mgal 

lows over the flanks - figure 4 .7 ) • 

However, i n order to provide a further check on the model, a program LIGRAV 

(appendix 9) Was written to calculate the free a i r and Bouguer anomalies produced 

by the density distributions determined for the modelled lithospheric slabs* I n 
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t h i s program the gravity anomalies are calculated by summing the e f f e c t s of the 

individual blocks into which the lithosphere i s divided i n the model. Figure 4.8 

shows t y p i c a l r e s u l t s of the gravity calculations, the p a r t i c u l a r example shown 

being taken from the Reykjanes ridge at 6l°N. Apart from the short wavelengths 

present i n the observed free a i r anomaly which are produced by l o c a l ocean floor 

topography, both the free a i r and Bouguer anomalies are f i t t e d s a t i s f a c t o r i l y by 

the model. 

4.11 Heat flow data 

Since the modelled temperature distributions define the thermal gradients i n 

the lithosphere, the heat flow at the sea floor above a cooling lithospheric slab 

i s e a s i l y calculated. Figure 4.9 shows t y p i c a l heat flow anomalies produced by 

the model, together with observed heat flow data. The values of heat flow at the 

ridge axis are heavily dependent on the mechanism of intrusion of the new l i t h o s ­

phere (McKenzie, 1967), but, i n accordance with the r e s u l t s of McKenzie and also 

Forsyth and Press (1971), the shape of the anomaly i s well modelled. Figure 4.10 

shows the t h e o r e t i c a l values of heat flow calculated from the temperature gradients 

existing i n lithospheric slabs of the same composition but different thicknesses 

80 My after t h e i r formation. The heat flow from a 70 km slab can be seen to d i f f e r 

by only few percent from the corresponding heat flow associated with ati 100 km 

slab, indicating that, unless the lithosphere i s substantially older than the 

80 My which applies to figure 4.10, surface heat flow i s i n s e n s i t i v e as a boundary 

condition for a lithospheric modelling procedure ( c . f . S c l a t e r & Francheteau, 1970; 

Forsyth and Press, 1971). Furthermore, Langseth, Le Pichon & Ewing (1966) estimate 

that observed heat flow data are subject to such large inaccuracies that variations 

of 20 to 30# are the smallest which can be r e l i a b l y detected. Consequently, although 

the model gives good general agreement with heat flow data expressed i n terms of 

p r o f i l e s across the ocean ridge, i t i s d i f f i c u l t to derive either support for or 

disagreement with the model from the variations of heat flow which may or may not 
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occur p a r a l l e l to the ridge a x i s . The model i s unable to explain the s l i g h t l y 

lower than average values of heat flow reported to e x i s t on the flanks of some 

of the ocean ridges (Lee & Uyeda, 1965). However, since t h i s anomaly may be the 

res u l t of c i r c u l a t i o n of sea water caused by l o c a l heating at the ridge a x i s 

(Elder, 1965), the i n a b i l i t y may not be a serious defect. 

k.12 Seismic v e l o c i t y i n the modelled lithospheres 

Figure 4.11 shows calculated velocity-depth, p r o f i l e s for ^-waves i n a t y p i c a l 

modelled lithospheric slab* i n t h i s case 80 km thick. The v e l o c i t i e s are calculated 

from the temperature and density distributions using the 'following rela t i o n s h i p s : -

v = -I . 8 7 + 3-05/> 

where v = t̂ -wave veloci t y at room conditions i n material of density j> gm/cm^ 

(Birch 1961). 

Also 

v ^ = v(l - 0 . 5 8 T + 1.20P) 

where v T p = £-wave velocity at temperature T (^xlO -^) and Pressure P (kbarsxlO -^) 

(Birch 19691 Forsyth and Press 1971» Anderson, Sammis and Jordan 1971). 

Two p r o f i l e s are shown, one corresponding to the equilibrium conditions f a r from 

the spreading centre and the other to the ridge i t s e l f , about 20 km or 2 My from 

the a x i s . Since the relevant phase changes are gradual rather than sudden i n 

nature, smoothed p r o f i l e s estimated from t h i s data are also included i n the figure.. 

The velocity p r o f i l e s shown are i n agreement with those of Green & Ringwood (1967), 

and indicate that seismic delays of 0 .3 seconds r e l a t i v e to the basins would be 

expected at the ridge a x i s . Comment has already been made (section 4 .6) on the 

f a i l u r e of t h i s model to produce the high densities and v e l o c i t i e s at the base of 

the lithosphere which are evidenced by surface wave data. As previously stated, 
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t h i s f a i l u r e could be remedied by postulating an increase i n the basalt fraction 
of the mantle i n t h i s region. 

Although i t i s well known that seismic v e l o c i t i e s are strongly affected by the 

existence of p a r t i a l l y molten material (e.g. Kanamori and Press, 1970), no attempt 

to continue the modelled velocity-depth p r o f i l e s into the asthenosphere was made, 

since Anderson and Spetzler (1970) have shown that the effect of molten material 

i s c r i t i c a l l y dependant on the shape of the molten zones, rendering such estimations 

indet erminat e. 
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CHAPTER 5 

Application of the model to observed data 

Introduction 

I n t h i s chapter the thermal model of sea-floor spreading described e a r l i e r i s 

applied to the observed data detailed i n chapter 1. The application i s made i n 

three sections, the reasons for which are mainly h i s t o r i c a l : 

Section 5.1- Preliminary study of the northern North At l a n t i c using data uncor­

rected for sediments. 

Section 5«2. Study of the whole North At l a n t i c using sediment corrected data. 

Section 5-3* Extension of the study to other oceans. 

The work described i n section 5-1 was c a r r i e d out before the publication of the 

sediment isopach map of Ewing, Carpenter, Windisch arid Ewing (1973) made sedimen­
tary corrections possible, and formed the ba s i s of Haigh (1973). Reworking the 

calculations of basin u p l i f t using s l i g h t l y different data to produce the same 

indication of compatibility of r e s u l t s (see section 5«1.5) would serve l i t t l e 

purpose, and consequently the arrangement outlined above was adopted. I n addition, 

t h i s arrangement allows the magnitude of the effect of the sedimentary la y e r s 

on the calculations to be e a s i l y determined by comparing the r e s u l t s of sections 

5.1 and 5.2* 
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3..1 A preliminary study of the northern North Atlantic 

5.1.1 The purpose of the study-

Variations of structure e x i s t beneath the northern North At l a n t i c and are e v i ­

denced by two d i s t i n c t topographic trends (sections 1.2.3 and 1.2.6) : 

1) a diminution of ocean ridge cross section and amplitude of elevation 

northwards from the Azores (figure 1.9 (b and c ) ) . 

2) an accompanying gradual u p l i f t of the whole ridge-basin system r e l a t i v e 

to sea l e v e l towards the north (figure 1.9 ( a ) ) . 

According to the thermal model of sea floor spreading described previously, a 

diminution of ridge dimensions may be associated with a thinning of the l i t h o s -

phere, which i n turn i s caused by r a i s e d upper mantle temperatures (section *f.5.l). 

Furthermore, u p l i f t of the whole ocean floor r e l a t i v e to sea l e v e l , i f not caused 

by a thickened crust, requires anomalously low density material to be present i n 

the upper mantle and t h i s i s also most simply explained by r a i s e d temperatures. 

The purpose of t h i s i n i t i a l study i s to determine whether the estimates of the 

magnitudes of the suggested variations of mantle temperatures calculated from these 

two d i s t i n c t bathymetric trends are compatibles 

3*1-2 The data 

The study i s confined to the western ocean basins of the North Atlantic between 

the Azores and Iceland. The following bathymetric p r o f i l e s were used: NL, NM, NN, 

NPjSc NR* (figure 1.2). These cover the area between *t3°N and 6l°N and are shown 

i n figures 1*3 and 1.6. Two other p r o f i l e s i n the area were not used: NQ because 

a gap i n the record prevents i d e n t i f i c a t i o n of the ridge cr e s t and thus renders 

the a n a l y s i s indeterminate* and NO because the c h a r a c t e r i s t i c ocean ridge topo­

graphy i s absent, presumably as a r e s u l t of i t s proximity to the Gibbs fracture 

zone. 
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Each of the observed bathymetric p r o f i l e s was compared with several p r o f i l e s 

calculated for a range of lithospheric thicknesses by the model described i n 

chapters 2, 3 and k. The comparisons were made by means of a simple l e a s t squares 

f i t t i n g procedure and the variance Q between each p a i r of bathymetric p r o f i l e s 

was calculated according to 

i = l 

where EO and EC are the observed and calculated bathymetry, and n i s the number 

of points used i n the calculation. For each of the observed p r o f i l e s considered, 

the variances are plotted i n figure 5»1 against the thicknesses of lithosphere 

used to derive the calculated p r o f i l e s . The minimum variance for each observed 

p r o f i l e occurs at the thickness of lithosphere which gives the best f i t between 

observed and calculated topography. This thickness can be seen from figure 5-1 

to vary with l a t i t u d e . Some of the p r o f i l e s used, together with the f i t s obtained, 

are shown i n figure 5.2. 

Subject to the adequacy of the model, the positions of the minima displayed by 

the curves i n figure 5«1 indicate that the lithpsphere thins from 85 km at *f3°N 

to 6k km at 6l°N. Consequently, since a thinned lithosphere i s associated with 

r a i s e d temperatures (see section lf.5.1, above), i t i s inferred that the spreading 

of the ocean floor i n the North A t l a n t i c occurs above an asthenosphere whose 

temperature at a given depth increases gradually northwards. The calculated 

temperature p r o f i l e s i n the modelled lithospheric slabs suggest that at 65 km 

depth under the ocean basins, the temperature may r i s e by 150 C° between the 

Azores and Iceland. These figures are dependent on the values of the physical 

parameters used i n the model and are therefore only quoted as estimates of the 

magnitudes of the suggested v a r i a t i o n s . Furthermore, no account of variations of 

2/ (EO. - E C j ^ n Q 



F i g u r e 5.1. The v a r i a n c e s of bathymetric f i t s 
between observed and c a l c u l a t e d data p l o t t e d a g a i n s t 
the l i t h o s p h e r i c t h i c k n e s s e s used to d e r i v e the 
c a l c u l a t e d bathymetric p r o f i l e s (see s e c t i o n 5.1.3). 
The p r o f i l e s concerned are indicated,and come from the 
northern North A t l a n t i c . The data are uncorrected for 
sediments. The o r i g i n s f o r some of the v a r i a n c e curves 
are not a t the o r i g i n of the a x i s , and are i n d i c a t e d 
as appropriate. 
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F i g u r e 5.2. Observed and c a l c u l a t e d bathymetric 
p r o f i l e s , uncorrected for sediments, a t three l a t i t u d e s 
i n the northern North A t l a n t i c . The t h i c k n e s s e s of 
l i t h o s p h e r e used i n the models are i n d i c a t e d i n km. 
Comp. 1 b a s a l t : 3 dunite, base temp wet s o l i d u s . 
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sedimentary cover has been taken at t h i s stage. However, the trends which the 

figures express are c l e a r i n the changes of ridge cross-sectional area ( f i g 1.9 

(b)) upon which t h i s a n a l ysis i s based. 

5.1.4 Analysis of the general northwards decrease of sea depths 

are 

Whereas the dimensions of an ocean ridge/determined by temperatures i n the 

lithosphere alone, the u p l i f t of the whole ridge and basin system r e l a t i v e to 

sea l e v e l , i f considered to be the r e s u l t of regional variations of mantle tempe­

ratures, w i l l be dependent on the di s t r i b u t i o n of density and temperature i n 

both the lithosphere and asthenosphere. The temperature distributions, and thus 

the density distributions i n the lithosphere are obtained as by-products of the 

analysis of ocean ridge dimensions given i n section 5.1.3i above, but the exten­

sion of the data into the asthenosphere i s subject to several uncertainties: -

1) the geotherm at depths below the lithosphere, where radiative heat 

transfer and mass motions may e x i s t . 

2) the degree of p a r t i a l melting of the mantle material at depth. 

3) the depth to which l a t e r a l variations of temperature p e r s i s t . 

These factors l i m i t the accuracy of the following analysis of the u p l i f t of the 

sea floor. 

Relevant geotherms were produced by smoothly joining the calculated temperature 

p r o f i l e s i n the lithosphere to the oceanic geotherm of Ringwood et a l (1964). 

The lithospheric p r o f i l e s used were those calculated to e x i s t • f a r from the 

spreading centre i n slabs of the thicknesses which gave the best f i t s to the 

observed bathymetry i n section 5*1.3, above. Shallow temperature gradients below 

about 200 km lessen the uncertainty i n t h i s considerably since the calculations 

which follow are concerned with l a t e r a l variations of density at a given depth, 

and decreased temperature gradients r e s u l t i n decreased separation of the geotherms, 

as i s evident i n figure 5-3> On the basis of the convergence of these geotherms, 



F i g u r e 5.3. Geotherms produced by j o i n i n g the 
c a l c u l a t e d temperature g r a d i e n t s f o r 70, 80, 90 and 
100 km t h i c k l i t h o s p h e r e s (with base temp a t wet 
s o l i d u s ) to the geotherm of. Ringwood e t a l (1964) . 
A l s o shown are the l i m i t s on the temperature at 
370 km depth suggested by F u j i s a w a (1968) (see 
s e c t i o n 5.1.4). 
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i t i s suggested that the l a t e r a l temperature variations beneath the part of the 
Atla n t i c concerned may have e f f e c t i v e l y died out by about 200 km depth. Fujisawa 
(1968) suggested l i m i t s on the temperature present at 370 km depth based on the 
requirements of the o l i v i n e - s p i n e l phase change to which the existence of the 
mantle t r a n s i t i o n zone i s generally attributed. His l i m i t s are considerably lower 
than the corresponding temperature indicated by the geotherm of Bingwood et a l 
(figure 5*3)• Verhoogen (1973) has presented geotherms derived by smoothly joining 
lithospheric temperature p r o f i l e s to asthenospheric p r o f i l e s calculated by Turcotte 
& Oxburgh (1969) i n accordance with these l i m i t s . Such geotherms require sub—• 
s t a n t i a l increases i n eff e c t i v e thermal conductivity at the base of the lithosphere 
which are i n disagreement with the r e s u l t s of Schatz & Simmons (1972). However, 
the choice of asthenospheric temperature p r o f i l e s i s not c r i t i c a l , and i n t h i s 
work the geotherms shown i n figure 5-3i based on that of Ringwood et a l (196*0 
were adopted and applied to the diagram i l l u s t r a t i n g p a r t i a l melting of wet pyro-
l i t e given by Green (1970) (figure 5-3a) to estimate the density distributions 
i n the asthenosphere (appendix 2 ) . These were coupled to the calculated density 
distributions i n the lithosphere to produce a density-depth p r o f i l e from the sea 
floor down to 200 km for each of the geotherms studied. The p r o f i l e s are l i s t e d 
i n appendix 2 . The masses of material i n v e r t i c a l columns subject to the di f f e r i n g 
geotherms above t h i s 200 km base l e v e l were then determined and the discrepancies 
between them balanced by differences i n mass due to water depth variations. 

Figure 5-^ i l l u s t r a t e s the method used. I f Ma and are the masses of mantle 

material present i n 200 km high columns subject to geotherms A and B respectively, 

and i f h i s the u p l i f t of the ocean floor at B r e l a t i v e to that at A, then for 

isostasy 

J>w • h + M a = ^ 2 0 0 ' h + "b 

where ^ w = density of water and J> 200 = d e n s i t y o f t n e mantle rocks at 200 km 

depth. 
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The r e l a t i v e u p l i f t of different parts of the North A t l a n t i c basins calculated 

by t h i s method i s shown, together with the observed u p l i f t , i n figure About 

60# of the u p l i f t i s caused by variations of density above 80 km depth, the 

remainder being from the l e s s w e l l defined variations i n the asthenosphere. While 

not matching the observed u p l i f t exactly, the r e s u l t s agree to within an order 

of two, and the differences between the observed and calculated data could be 

e a s i l y reduced by s l i g h t l y adjusting the assumed asthenospheric geotherms. 

5.1.5 Results of the preliminary study 

The calculations described i n sections 5*1.3 and 5.1.k show that the estimates 

of r a i s e d upper mantle temperatures based on (a) ocean ridge dimensions and (b) 

r e l a t i v e basin u p l i f t are compatible, indicating that the topographic variations 

i n the North At l a n t i c may be complementary r e s u l t s of sea floor spreading occurring 

above a thermally non-uniform asthenosphere (a suggestion which i s considered i n 

greater d e t a i l i n sections 6.1 and 6.5). Conversely, variations of ridge dimensions 

can only be explained by t h i s model i f they are accompanied by appropriate v a r i a ­

tions of basin depths. 
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5.2 Detailed study of the North Atlantic between 15 and 6l°N 

5-2.1 Introduction 

I n t h i s section bathymetric data for the whole North A t l a n t i c are studied and 

an empirical relationship i s derived between ocean ridge dimensions and the 

depths of the adjacent basins. The existence of such a relationship i s to be 

expected from the r e s u l t s of the i n i t i a l study described previously i n section 

5.1, 

5.2.2 The data 

5.2.2.1 Bathymetric P r o f i l e s 

The western halves of the following bathymetric p r o f i l e s were used i n t h i s study:-

NC, ND, NE, NF, NG, NH, NI, NL, NM, NN, NP and NR. The locations of these p r o f i l e s 

are shown i n figure 1.2, and the p r o f i l e s themselves i n figures 1.3 to 1.6. They 

cover the North Atlantic, from the region of the equatorial fracture zones to l e e -

land. Four other available p r o f i l e s from t h i s area were not used:- NJ, NK, NO and 

NQ. The reasons for r e j e c t i n g NO and NQ have already been given (section 5-1-2) 

and s i m i l a r l y NJ and NK were omitted because of the disturbance of the centres 

and eastern flanks of the p r o f i l e s i n the region of the Azores. As noted previously 

(section 1.2.6), the lack of disturbance of the oceanic topography to the west of 

the Azores suggests that the u p l i f t of the islands themselves may be a r e s u l t of 

the int e r s e c t i o n of the Azores-Gibraltar fracture and the Mid A t l a n t i c ridge, a 

s i t u a t i o n which i s outside the scope of the present work and thus j u s t i f i e s the 

exclusion of the p r o f i l e s NJ and NK. The eastern halves of the p r o f i l e s were not 

studied because of a number of complicating factors:-

l ) the existence of the Hatton and Rockall Banks. 
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2) the extremely thick sediments known to e x i s t to the west of the 

Hatton bank (figure 1 .7 ) -

3) the disturbance of the topography between JO and *f5°N, presumably 

by the Azores-Gibraltar fracture and the independant motions of 

the Iberian peninsular. 

However, the bathymetric p r o f i l e s are generally symmetric where such complicating 

factors are absent (figures 1.3 - 1 . 6 ) . 

5 . 2 .2 .2 Sedimentary cover 

Estimations of the approximate thicknesses of sediment present along the l i n e s 

of the bathymetric p r o f i l e s were made by examining the isopach map of Ewing, 

Carpenter, Windisch & Ewing (1973)- The sedimentary cover was e f f e c t i v e l y removed 

by adding h a l f the appropriate thicknesses to the water depths present at each 

point along the p r o f i l e s , thus allowing for i s o s t a t i c readjustment as noted i n 

section 1.2.5* The thickness of sediment removed i n t h i s way varies from zero i n 

the region of 30°N to more than one kilometre i n higher l a t i t u d e s . Since thicknesses 

generally increase with distance from the spreading centre, the removal of the 

sediment increases both the elevation of the ocean ridge above the basins and 

also the depths of the basins themselves. 

The greater thicknesses of sediment present at higher l a t i t u d e s r e s u l t i n larger 

adjustments of observed bathymetry being necessary to the north of the Azores 

than are required to the south. Nevertheless, the r e s u l t s of the model presented 

i n the next section (5*2.3) and the data shown i n figure 5*5 (the depths of the 

western basins before and af t e r sediment removal plotted against l a t i t u d e ) demon­

str a t e that the previously noted bathymetric trends i n the North Atlantic remain. 



F i g u r e 5.5. Depths i n the western North 
A t l a n t i c ocean b a s i n before and a f t e r removal 
of sediments. Water depths as i n f i g u r e 1 . 9 ( a ) . 
Sedimentary t h i c k n e s s e s from Ewing, Carpenter, 
Windisch and Ewing (1973). 
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5 •2 .3 The a n a l y s i s 

T h e o r e t i c a l ba thymet r i c p r o f i l e s were generated by the program SYN (Appendix 8 

and s e c t i o n ^ . 8 ) f rom a g e - e l e v a t i o n data (shown i n f i g u r e h.k and appendix k) 

which had been p r e v i o u s l y de r i ved f o r an app rop r i a te range o f l i t h o s p h e r i c t h i c k ­

nesses. The sediment c o r r e c t e d p r o f i l e s ob ta ined from the observed data by t he 

method descr ibed i n s e c t i o n 5 . 2 . 2 . 2 were then compared w i t h these t h e o r e t i c a l 

p r o f i l e s , the comparison be ing done w i t h i n the program SYN as f o l l o w s . For each 

p r o f i l e , the bathymetry was averaged over the ex ten t o f the abyssa l p l a i n t o 

p rov ide a datum l e v e l above which the ocean r i d g e might be cons idered t o r i s e . 

The t h e o r e t i c a l p r o f i l e was then s h i f t e d v e r t i c a l l y u n t i l the observed and c a l c u ­

l a t e d data f o r the abyssa l p l a i n co i nc i ded a t t h i s datum l e v e l . The va r iances o f 

the r e s u l t i n g ba thymet r i c f i t s (some o f which a re shown i n f i g u r e s 5*6 and 5 -7 ) 

were then c a l c u l a t e d accord ing t o the express ion g i ven i n s e c t i o n 5 . 1 . 3 , and f o r 

each o f the p r o f i l e s cons idered are p l o t t e d aga ins t l i t h o s p h e r i c t h i ckness i n 

f i g u r e s 5*8 and 5-9- The p o s i t i o n s o f the minima o f these curves i n d i c a t e the 

l i t h o s p h e r i c th i cknesses r e s u l t i n g i n the best f i t s t o the observed topography 

a t the va r i ous l a t i t u d e s and are p l o t t e d i n f i g u r e 5*10 . The e r r o r bars shown were 

determined f rom the shape o f the var iance curves f o r each p r o f i l e and i n d i c a t e 

the range o f l i t h p s p h e r i c t h i ckness over wh ich the va r iance i s w i t h i n 0 .01 o f 

the minimum va lue ob ta ined f o r the p r o f i l e concerned. More usua l c r i t e r i a f o r 

de te rmin ing e r r o r bars ( f o r example, the range over which the var iance i s l e s s 

than or equal t o tw i ce the minimum va lue ) were r e j e c t e d because o f the b i a s s i n g 

e f f e c t o f sho r t wavelength topography, which i s not model led and which occurs t o 

d i f f e r i n g ex ten t s on each p r o f i l e . Such b i a s s i n g e f f e c t i v e l y a p p l i e s d i f f e r e n t 

"D .C. s h i f t s " t o each o f the va r iance cu rves . These s h i f t s , however, have no 

re levance t o the comparison o f the accuracy o f f i t t i n g the l o n g wavelength t o p o ­

graphy o f the va r i ous p r o f i l e s w i t h the model . The chosen c r i t e r i o n f o r the e r r o r 

ba rs ignores the b i a s s i n g e f f e c t and thus p rov ides a V a l i d measure o f the r e l a t i v e 

accuracy w i t h which the minima o f t h e va r iance curves are d e f i n e d . 



F i g u r e 5.6. Observed and c a l c u l a t e d bathymetric 
p r o f i l e s a t two l a t i t u d e s i n the North A t l a n t i c . The 
t h i c k n e s s e s of l i t h o s p h e r e used i n the c a l c u l a t i o n s 
a r e marked (km). Comp. 1 b a s a l t : 3 d unite, base temp-
wet s o l i d u s . The data have been c o r r e c t e d for sediments. 
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F i g u r e 5.8. The v a r i a n c e s of the bathymetric 
f i t s between observed and c a l c u l a t e d data from the 
North A t l a n t i c p l o t t e d a g a i n s t the l i t h o s p h e r i c 
t h i c k n e s s e s used to d e r i v e the c a l c u l a t e d p r o f i l e s 
(see s e c t i o n 5.2.3). The data are c o r r e c t e d for sediments 
and the p r o f i l e s concerned are i n d i c a t e d . The o r i g i n s of 
some of the v a r i a n c e curves are not a t the o r i g i n of 
the a x i s , and these are i n d i c a t e d as appropriate. 
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F i g u r e 5.10. The t h i c k n e s s e s of l i t h o s p h e r e 
which give the b e s t f i t s to observed topography i n the 
North A t l a n t i c p l o t t e d a g a i n s t l a t i t u d e . The t h i c k n e s s e 
are i n d i c a t e d by the p o s i t i o n s of the minima of the 
data shown i n f i g u r e s 5.8 and 5.9, and the e r r o r bars 
are c a l c u l a t e d as d e s c r i b e d i n s e c t i o n 5.2.3. 
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North of the Azores a trend of decreasing lithospheric thickness with increasing 

la t i t u d e i s shown, si m i l a r to that obtained using data uncorrected for sediment 

var i a t i o n s i n section 5»l-5» However, the removal of the sediment layer r e s u l t s i n 

different values being indicated for the thicknesses of the lithosphere. South 

of the Azores, the interpretation i s l e s s c e r t a i n . Taken at face value, the data 

suggest a decrease of lithospheric thickness towards the equator, with a sudden 

r e v e r s a l of the trend at about 19°N. This suggestion r e l i e s on the v a l i d i t y of 

the r e s u l t s for two p r o f i l e s - ND and NI - which are both subject to some suspi­

cion'. NI i s close enough to the Azores for i t s eastern h a l f to be disturbed i n 

a manner similar to that which caused NJ and NK to be excluded from t h i s a n a l y sis 

(section 5 - 2 . 2 . 1 ) while NO i s approaching the zone of major ridge offsets i n the 

equatorial A t l a n t i c , and gives a r e s u l t i n disagreement with NC. Taken without 

these two p r o f i l e s , the data indicate l i t t l e change of lithospheric thickness 

with l a t i t u d e . As noted i n section 5-l«5» the present model can only explain 

variations of ridge dimensions* and. thus lithospheric thickness, i f they are 

accompanied by appropriate variations i n the depths of the neighbouring abyssal 

p l a i n s . Consequently, although a uniform lithospheric thickness i n t h i s region 

i s to be expected from the constancy of the basin depths plotted i n figure 5«5 and 

figure 1.9 ( a ) , such an interpretation i s i n disagreement with the possible south­

ward decrease of ridge cross-sectional area shown i n figure 1.9 ( b ) . The explana­

tion for t h i s apparent c o n f l i c t may l i e p a r t i a l l y i n the fact that the data shown 

i n figure 1.9 (b) do not include any allowance for sediment variations, p a r t i a l l y 

i n the considerations discussed i n section 5-2.4, below, and p a r t i a l l y i n the 

fact that, while the data plotted i n figure 1.9 (b) express the area of the ridge 

cross-section alone, the lithospheric thicknesses are derived by modelling the 

cross-section and shape of the mid ocean ridge. Thus an is o l a t e d seamount, while 

being included i n the cross-sectional area, i s e f f e c t i v e l y excluded by the model 

from consideration during the derivation of the lithospheric thicknesses. I n 

addition, the data of figure 1.9 show the measured ridge cross-section to be more 
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subject to disturbance by fracture zones than are the basin depths. This i s to 

be expected from the r e l a t i v e ease with which representative basin depths may 

be determined, compared with the d i f f i c u l t i e s involved i n sampling the depths 

above an i r r e g u l a r feature such as an ocean ridge. Taken together these factors 

suggest that the interpretation of the southern h a l f of the North Atlantic as 

an area of r e l a t i v e l y constant lithospheric thickness i s more l i k e l y to be 

correct. 
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5 * 2 . ^ Implications of the r e s u l t s 

The calculations presented i n section 3 *1 imply that a decrease i n ocean ridge 

dimensions should always be accompanied by a shallowing of the neighbouring 

basins, i f underlying thermal inhomogeneities are considered to be the cause of 

the variations* Figure 5*11 shows the relationship between modelled lithospheric 

thicknesses and basin depths derived from the above data for the North A t l a n t i c . 

There i s , as expected, a general increase of lithospheric thickness with basin 

depth, but the graph, While steep for thicknesses between 70 and 85 km, becomes 

gradually f l a t t e r towards higher values. The cause of t h i s l i e s i n fact that the 

maximum age of the data analysed i n the present work i s about 80 My (see section 

1 .2 . ^ ) and at t h i s age, lithospheres thicker than about 80 km have not yet cooled 

to equilibrium. Calculations made using the program HEAT (appendix 5 and chapter 2) 

show that an additional 150 My i s required for the cooling of a lithosphere 100 km 

thick to be completed. However, the gradients of the age-elevation graphs beyond 

80 My (figure k.k) are so small that bathymetric p r o f i l e s calculated from them 

display increases of basin depths with further distance from the ridge c r e s t s 

which are negligible compared with the increasing confusion of observed bathy­

metric data by seamount chains and thick and non-uniform sediment p i l e s . Figure 

5*12 shows the temperature p r o f i l e s calculated to e x i s t i n lithospheric slabs of 

various thicknesses 80 My a f t e r t h e i r formation, and i t can be seen that the sepa­

ration of the p r o f i l e s decreases as the lithospheric thickness increases. Accor­

dingly, since the depths i n the ocean basins may be related to the mantle tempera­

tures (section 5 * l * i 0 i i t i s to be expected that the differences between the depths 

reached i n basins above lithospheric slabs of various thicknesses a f t e r 80 My w i l l 

also decrease with increasing lithospheric thickness, and the flattening of the 

curve shown i n figure 5*11 i s an expression of t h i s . 

One of the most important parameters of ridge shape which makes i t possible to 

distinguish the bathymetric p r o f i l e s produced by the cooling of lithospheres of 
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F i g u r e 5.12. Temperature p r o f i l e s i n 
l i t h o s p h e r i c s l a b s of v a r i o u s t h i c k n e s s e s 80My a f t e 
t h e i r formation, (comp. 1 b a s a l t : 3 dunite +water) 
The r e l e v a n t t h i c k n e s s e s are shown i n km. Note the 
decrease i n se p a r a t i o n of the p r o f i l e s as the 
l i t h o s p h c r i c t h i c k n e s s i n c r e a s e s . 
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different thicknesses from one another i s thus the datum l e v e l above which the 
ocean ridges r i s e . I t s importance i s c l e a r l y shown by the age-elevation graphs 
of figure 4.*f. Over parts of t h e i r lengths, adjacent graphs are e f f e c t i v e l y 
p a r a l l e l and thus almost indistinguishable from one another; for example compare 
the curves for 95 & 100 km from 0 to 70 My, 90 & 80 km from 0 to 30 My, and 50 
& 60 km from 0 to 15 My. The only major difference between these p a i r s of curves 
i n the regions stated i s the height of each above the datum l e v e l , and the a b i l i t y 
of the model to distinguish topographic p r o f i l e s produced by the cooling of l i t h o -
spheres of different thicknesses from one another i s thus subject to s u f f i c i e n t 
data being available, as i s outlined below. 

5.2.5 Limitations of the model 

I n order to obtain a c l e a r indication of lithospheric thickness by application 

of the model to ocean ridge topography, bathymetric data extending from the ridge 

crest to a distance s u f f i c i e n t to allow for cooling of the lithosphere to e q u i l i ­

brium must be available. The required distance increases with increasing l i t h o ­

spheric thickness for a given spreading rate, and i s best expressed i n terms of 

equivalent lithospheric ages as follows:-

Thickness of lithosphere Required age 

50 km kO My 
60 50 
70 70 
80 90 
90 150 

100 250 

F a i l u r e to obtain data corresponding to s u f f i c i e n t age r e s u l t s i n the lithospheric 

thickness being poorly defined (figure 5»8, p r o f i l e s NG and NH, figure 5»1^» 

p r o f i l e PV16) or possibly indeterminate (figure 5-15)• I n some parts of the world's 

oceans sea floor spreading has been occurring for an i n s u f f i c i e n t length of time 

to allow an effective analysis of the ridge topography to be made (for example, 

the present episode of spreading north of Iceland), I n others, while the duration 

of spreading may be s u f f i c i e n t , subsequent a l t e r a t i o n of the topography, for 
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example by the formation of seamount chains (figures 1.3, 1.4, p r o f i l e s NF, NH, 

NI), may render the data unreliable and the likelihood of t h i s having occurred 

i s obviously greater where the sea floor i s older. 



5*3 Study of data from oceans other than the North A t l a n t i c 
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5.3.1 Introduction 

I n t h i s section the data presented i n chapter 1 for the South A t l a n t i c , P a c i f i c 

and Indian Oceans and the Norwegian-Greenland Sea are analysed i n a manner i d e n t i ­

c a l to that described for the North Atlantic i n section 5.2. The r e s u l t s show 

general agreement with the relationship between basin depth and lithospheric thick­

ness derived i n section 5«2.4, but there i s no evidence i n the data studied for 

the existence of another area i n which variations of structure comparable to those 

of the North Atlantic occur. 

5.3.2 The data 

A H the bathymetric p r o f i l e s presented i n sections 1.3i l . ^ i l«5i 1.6 and 1.7» 

were used i n the following a n a l y s i s . Where possible (see relevant sections of 

chapter l ) corrections for sedimentary la y e r s were made as described i n section 

5.2.2.2. For most of the p r o f i l e s i t was necessary to confine the study to one 

flank of the ocean ridge. The parts of the p r o f i l e s used and the reasons for 

choosing them are set out below. 

Area P r o f i l e Part Used 

S. A t l a n t i c AVl8 
11 AV20 East flank 
" SAZ2 

" AV22 West flank 

Indian Ocean IOAB S.W. flank 
11 IOCD East flank 

" IOFE N.E. flank 

Seasons for choosing; 
see also appropriate sections i n 
chapter 1). 

Avoidance of thick sediments off 
the River P l a t e . 

Lack of s u f f i c i e n t length of p r o f i l e 
to the east. 

Avoidance of Indus Cone sediments. 

Disturbance of west flank by the 
t r i p l e junction Of ridges 

Avoidance of ill-determined but 
hot i n s i g n i f i c a n t thicknesses of 
sediment on S.W. flank. 

cont.. 



76 

Area 

Australia-
Antarctic 
Sea 

P a c i f i c 

n 
ii 

Norwegian-
Greenland 
Sea 

I I 
I I 

P r o f i l e 

ELJ9 
EL4l 
EL45 

PV16 

EL28 
EL29 

IJMS 
IJMN 

MRAB 
MRCD 

Part Used 

North flank 

N.W. flank 

West flank 

East flank 

East flank 

Reasons for choosing 

As IOFE, extrapolating isopach 
map (see section 1.6.2). 

Lack of s u f f i c i e n t spreading rate 
data to the S.E. 

Avoidance of region of complicated 
spreading history between the East 
P a c i f i c Rise and South America 
(see Herron, 1972). 

Proximity of Greenland continental 
s h e l f . 

No reason other than uniformity with 
the preceding p a i r of p r o f i l e s . 

5.3.3 Analysis and Results 

The analysis was carrie d out exactly as described for the North Atlantic i n 

section 5«2.3- Figures 5«13» 5«l4 and 5.15 show the variances of the r e s u l t i n g 

bathymetric f i t s plotted against lithospheric thickness. The thicknesses giving 

the best f i t s to observed topography (as shown by the minima of the curves) are 

plotted against either l a t i t u d e (South A t l a n t i c ) or an approximate distance scale 

(Indian, Southern, P a c i f i c ) i n figures 5.16 and 5.17, with error bars derived as 

i n section 5.2.3* Figure 5.18 shows these thicknesses plotted against the depths 

of the adjacent ocean basins together with the data presented previously for the 

North A t l a n t i c . Most of the r e s u l t s l i e along the trend suggested by the North 

A t l a n t i c data, and although a few l i e f a r from i t , there are no points which plot 

between these two extremes. With one exception ( p r o f i l e EIA5), the points which do 

not l i e on the North Atlantic trend are derived from topographic p r o f i l e s subject 

to obvious l o c a l bathymetric anomalies as described below:-

P r o f i l e s IJMN, IJMS, MRAB, MRCD. Norwegian-Greenland Sea 

The complexity of tectonics i n t h i s area has already been noted (section 1.4.4). 

Spreading about the present axes may only be about 40 My old (Vogt, Ostenso & 



AV22 

***** JO 

THICKNKS. 

F j u j u r c u r e 5. 

i;>o 



4 5 

F i g u r e l i t : f o r t h e 

120 



± 

t h e 
NoTMe t h a afos enco o . No 

t;>o 



h p * o f " I t f r q 
topography i n 

i 
5: 

tittfiia •Untie 
» a s 

: 



F i g u r e 5.17. The t h i c k n e s s e s of l i t h o s p h e r e 
g i v i n g the b e s t f i t s to observed topography in. 
the I n d i a n , Southern and P a c i f i c oceans p l o t t e d 
a g a i n s t an approximate d i s t a n c e s c a l e . Thicknesses 
from f i g u r e 5.14, e r r o r bars as d e s c r i b e d i n s e c t i o n 
5.2.3. 



— f ! ! ! • H I - r B 1 ! -jTf-ftH • 

m m 1 - r : S : | + : : . l ± U r i j : t : -l r - 1 ft 3 • -

i 4 4 i • 

: : i - 1 13 -! 

5 : ! 
H 1 I 4 4 - -1 4-4 ! 1 

S i C D : • 

: • i 
; i — ! I 

1 

m —i 
! I : i -1 

! 
I £2 no ! i : i • i i ! i i 7 i i 1 : J 7 147 n r- - M < • - I i i i I 1 

• h - H -i 
~r - I i : i 

1 • 

: ! - I - • 

l : i i 
: 

! 

i 1 • 
• I 1 

: t = 1 
: • 

H— r ± < 
! 

• - • i ! • ! 

H 4 i • 
• • -I • 

• u I 

U J : i 4 i ttztt i 
' i i i 

! 

in 1 • 1 ! 
: i ! t .i : S 5 : i ! ±j • • 1 1 • 

: 1 r i i 1 ± i 4 i ! 
C O • 

1 I h 
: ! ,21 I n t I : i < I • 

• i i ; 
: i 

i 
H 1 r I 

I 
I _ • I 

1-4 ! 3 B t 1 

: < L4-4 i • • 
! • • H • 

• < • • • 

n b: : i • ! : ft : 
• 3[ r a, : : I PT-P ! i- • 

• ! i 7 M - 4 • ! - r 7 ; • 
• 

; • 
i n • -2 ; ^ 4 - H i • M4 r 

-• 

i — 1 — 1 " t r 

-4-

: T4 i T71 • 1 

U4-J- + - + - t - - I T 

F3 T 1 _8 • . • M 4 4 : H • r r +• • • 3 • 

- H • -

"Tl T i i 1 h 

I-I4--4-4-, f--H 

: O • 
t • --t- 4 : 

: 
• • : • • M P : i • 

• i 
• 

1 ! : i -

7 • • i - r 

: 7L • 4- • I • 
i : r r 4 - 4 ffl • i 4 • 

I I n i T 4 -• 7 <> L4 
4 it td±pp^tri--nti -

E n 
1 t r i 1 ; I • ^i±i7 rr Tr r r 

- • 

7 r 

F i g u r e $.17. i i -1 " -i L±±± • • 

: 
: 

• I i 
: 

• • 4--=P • r • -



Figure 5.18. The data of the North A t l a n t i c 
from f i g u r e 5.11 (dark c i r c l e s ) and the r e l a t i o n s h i p 
which they give between b a s i n depth and l i t h o s p h e r i c 
t h i c k n e s s (dashed l i n e ) p l o t t e d with corresponding 
data from other oceans. Note t h a t the data from the 
other oceans i s e i t h e r c l o s e to or f a r from the 
North A t l a n t i c r e l a t i o n s h i p , but not between these 
two extremes. 
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Johnson, 1970) and c l e a r bathymetric p r o f i l e s e x i s t only over distances equi­

valent to approximately 30 My of spreading. Since the lithosphere requires at 

l e a s t twice t h i s time to cool to equilibrium (figure 4.4), i t i s not possible 

to estimate the datum l e v e l above which the ocean ridge r i s e s from the data 

av a i l a b l e . As noted i n sections 5-2.4 and 5»2.5i t h i s datum i s of great impor­

tance i n distinguishing between the topographic p r o f i l e s produced by the cooling 

of lithospheric slabs of different thicknesses. The variance graphs plotted i n 

figure 5-15 display no minima, indicating that the absence of s u f f i c i e n t data i n 

t h i s area i s such as to render the lithospheric'thickness indeterminate. 

P r o f i l e AVl8 - South At l a n t i c ocean 

Whereas the depths of water above the ridge c r e s t s on p r o f i l e s AVlS and AV20 are 

sim i l a r , the depths i n the eastern ocean basin on AV18 are anomalously shallow 

for the South A t l a n t i c . Since AV18 i s the only p r o f i l e on which the Walvis Ridge 

i s crossed s u f f i c i e n t l y close to the mid ocean ridge crest for i t s e f f e c t s to 

re g i s t e r on the parts of the p r o f i l e used i n the model (figure 1.10), the shallower 

basin, and thus the indication of a very thin lithosphere, may be attributable 

to t h i s factor. 

P r o f i l e PV16 - P a c i f i c ocean 

The greatest lithospheric age represented by the data available i s 40 My. Since 

t h i s i s much l e s s than the time required for the lithosphere to cool, i t s thick­

ness i s poorly defined, values from 77 to 90 km f i t t i n g the observed bathymetry 

almost equally well (figure 5»l4). The reasons for t h i s have been discussed p r e v i ­

ously i n sections 5-2.4 and 5»2.5i arid also above i n the case of the area north 

of Iceland. 
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P r o f i l e EL39 - Australia-Antarctic Sea 

This p r o f i l e i s taken from a part of the ocean i n which major fracture zones 

e x i s t (section 1.6.4), and the oceanic topography i s disturbed to such an extent 

that even the position of the ridge crest i s not immediately apparent (Wiessel 

and Hayes, 1971)• Consequently meaningful r e s u l t s cannot be expected from t h i s 

data. 

P r o f i l e E1A5 - Australia-Antarctic Sea 

Of a l l the p r o f i l e s whose r e s u l t s plot away from the trend defined by most of 

the data i n figure 5 » l 8 , t h i s i s the only one for which an immediate explanation 

i s not available. The bathymetry d i f f e r s from that of nearby p r o f i l e s on either 

side ( E l A l and IOFE) i n two ways:-

a) the ridge crest of EL45 i s at a greater depth. 

b) the depths to the basin of EIA5 are l e s s . 

As a r e s u l t the dimensions of the ocean ridge are diminished r e l a t i v e to those 

of EL^fl and IOFE, and a thinner lithosphere i s thus indicated. A possible cause 

of (b) i s the presence of the Diamantini fracture zone at the end of the p r o f i l e 

(figure 1.19)) but t h i s i s unlikely to explain the anomalous r e s u l t s completely. 

Apart from the above mentioned p r o f i l e s * the r e s u l t s from the other oceans are 

i n agreement with the relationship between ridge dimensions and basin depths 

suggested by the North A t l a n t i c data. There i s some indication that the lithosphere 

beneath the Indian and P a c i f i c oceans may be thinner than that ex i s t i n g beneath 

the North Atlantic to the south of the Azores (figure 5,10). I n addition, three 

points derived from South At l a n t i c data indicate that the lithosphere may thin 

towards the south, but lack of a more convincing number of data points prevents 

t h i s from being more than a suggestion (figure 5.16). There i s , however, no i n d i ­

cation i n the data that another area e x i s t s i n which variations of structure 

comparable to those found i n the. North At l a n t i c occur. 
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CHAPTER 6 

Interpretation of r e s u l t s and conclusions 

6.1 The North Atlantic 

Analysis of observed bathymetric data has indicated that the thickness of the 

lithosphere beneath the North At l a n t i c may vary with lat i t u d e (sections 5-1 and 

5.2) , and the thicknesses estimated are plot-ted against latitude i n figure 5.10. 

Subject to the adequacy of the model, the data suggest that the lithosphere may 

be of r e l a t i v e l y constant thickness between 15°N and the Azores, but that i t may 

thin from 95 km at 43°N to 70 km at 6l°N. Consequently, since a thinned lithosphere 

i s associated with r a i s e d temperatures (section 4.5.1) i t i s inferred that the 

temperature at a given depth beneath the North Atlantic may increase gradually 

northwards. The temperature p r o f i l e s calculated to e x i s t beneath the basins of 

the modelled lithospheric slabs suggest that at 70 km depth the temperature may 

r i s e from 1000°C to 1200°C between the Azores and Iceland. These figures are 

dependent on the values of the physical parameters used i n the model, but the 

trends which they express are c l e a r i n the data on which the ana l y s i s i s based. 

Furthermore, the estimates of the amount of u p l i f t of the whole ridge^-basin system 

r e l a t i v e to sea l e v e l expected from these l a t e r a l temperature variations are 

compatible with observed data, as was noted i n section 5.1-5- The figures quoted 

here supersede those given by the r e s u l t s of the preliminary study (section 5.1) 

i n which no account of sedimentary variations was taken. However, the indication 

that the North Atlantic o v e r l i e s a thermally non-uniform region of the upper 

mantle remains unchanged. 



80 

6.2 Iceland, the flanking aseismic ridges and the Norwegian-Greenland Se^ 

6 .2 .1 Iceland 

An immediate question a r i s e s as to how Iceland and i t s associated aseismic ridges 

can be related to the above interpretation. Seismic evidence summarised by 

Falmason (1970) shows that some of Iceland's elevation may be attributed to a 

thickened crust, but gravity calculations (Bott 1965i Einarsson 195^» Bott, 

Browitt & Stacey 1971) indicate that a substantial low density region must also 

e x i s t i n the upper mantle. This f a c t , coupled with Tryggvason's work on p-wave 

delays i n Reykjavik (1964) and magnetotelluric measurements made by Hermance and . 

G r i l l o t (1970), has le d to the suggestion of raised mantle temperatures beneath 

Iceland, which have been variously interpreted as a mantle plume (Morgan 1971, 

Vogt 1971, S c h i l l i n g 1973, Vogt & Johnson 1973) or a convective overturn (Bott, 

1973)- These underlying r a i s e d temperatures allow Iceland i t s e l f to be e a s i l y 

f i t t e d into the present work as the culmination of the temperature variations 

predicted under the A t l a n t i c . 

6 .2 .2 The Iceland-Faeroes Rise 

Evidence presented by Bott et a l . (1971) shows that the elevation of .the Iceland-

Faeroes Rise from the basins north and south may be explained by a thickened 

crust, seismic and gravity calculations yielding good agreement on the thickness 

required. There i s no indication i n t h i s evidence of low density regions under­

l y i n g the crust. The thickening i s interpreted (Bott, 1973) as being the product 

of unusually active d i f f e r e n t i a t i o n of basalt from the mantle material. However, 

the formation of a thickened low density region at the top of the "lithosphere w i l l 

only cause u p l i f t of the ocean floor i f the consequent depletion i n basalt of the 

underlying mantle does not r e s u l t i n a corresponding increase of density at depth. 
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I t i s therefore of i n t e r e s t to examine the possible effect of upward concentration 

of basalt on mantle de n s i t i e s . 

Concentration of alumina by basalt d i f f e r e n t i a t i o n into low pressure regions 

allows the formation of large quantities of plagioclase, r e s u l t i n g i n lowered 

densities- I n intermediate pressure regions (below about 30 km) the minerals 

present w i l l be mainly pyroxenes and o l i v i n e , whose densities at the high magne­

sium end of the s o l i d solutions are s i m i l a r (see chapter 3 ) . Relative reduction 

of the pyroxene phases by t h i s d i f f e r e n t i a t i o n therefore r e s u l t s i n only a small 

increase i n density, which i s offset by the e f f e c t of the reduction i n the ir o n -

magnesium r a t i o associated with the removal of bas a l t . At greater pressures (below 

about 80 km) depletion i n aluminium r e s t r i c t s the development of the higher density 

garnet phase. However, at the temperatures present at t h i s depth, garnet would i n 

any case only be present i n small quantities so that the effect on the o v e r a l l 

densities would be negligible. 

I t i s therefore to be concluded that, on a qu a l i t a t i v e b a s i s at l e a s t , the 

explanation of the Iceland-Faeroes Rise as the product of more than usually 

active basalt d i f f e r e n t i a t i o n i s fea s i b l e , that chemical inhomogeneities other 

than basalt d i f f e r e n t i a t i o n are not necessary, and that underlying r a i s e d tempera­

tures are not required to maintain i t s elevation. 

6 .2 .3 The Norwegian-Greenland Sea 

The a n a l y s i s of topographic data from the Norwegian-Greenland sea f a i l e d to 

produce estimates of lithospheric thicknesses, mainly because of the r e l a t i v e l y 

recent onset of the present episode of sea floor spreading aiid the complexity of 

tectonics i n t h i s area (section 5 - 3 ) . However, the depths of the basins indicated 

by the bathymetric p r o f i l e s (figure 1.1*0 are approximately 3«8 km beside the 
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Iceland-Jan Mayen Ridge and 3-0 km beside the Mohns Ridge further to the north. 

These figures are taken from parts of the p r o f i l e s Which correspond to lithospheric 

ages of only JO % and include no allowance for sediments. Reference to the age-

elevation data shown i n figure h.k indicates that a further deepening of the 

basins by at l e a s t 0 .5 km i s to be expected before the cooling of the lithosphere 

i s complete (assuming a minimum thickness of 70 km, as calculated for p r o f i l e NR). 

Consequently, while no detailed study of t h i s region i s possible, i t can be seen 

that the trend of shallowing ocean basins with increasing latitude noted i n 

section 6.1 i s discontinued i n the region of Iceland, the basins to the north 

showing greater depths than those to the immediate south. This lends support to 

the interpretation of Iceland as the focus of the l a t e r a l temperature variations 

beneath the North A t l a n t i c which was suggested i n section 6.2.1, above, although 

the f a c t that the basins immediately to the north of Iceland are deeper than 

those further north s t i l l show's that there are other factors to be accounted for 

i n the A r c t i c area. 

6.3 The South A t l a n t i c 

Because of the confusion of p r o f i l e AV18 by the Walvis Ridge (section 5 . 3 . 3 ) » 

only three r e l i a b l e p r o f i l e s are available i n the South A t l a n t i c . The lithospheric 

thicknesses indicated by modelling these p r o f i l e s are plotted against l a t i t u d e 

i n figure 5 .16 . A possible trend of southwards decreasing ridge dimensions i s 

suggested but, since a l l the thicknesses of lithosphere involved f a l l on the 

flattened portion of the curve r e l a t i n g basin depth to lithospheric thickness 

(figure 5 - 1 8 ) , i t i s to be expected that the basin depths w i l l be sensibly constant, 

and t h i s can be seen from the figure to be the case. Consequently, confirmation 

or denial of the trend indicated by the ridge dimensions cannot be obtained from 

the basin depths, and t h i s i l l u s t r a t e s f o r c e f u l l y the limi t a t i o n s imposed on the 
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model by the time required for thicker lithospheres to cool to equilibrium 

(sections 5-2.*t and 5 -2 .5 ) • 

6.k The Indian, Southern and P a c i f i c Oceans 

The lithospheric thicknesses derived by the analyses of data from these oceans 

given i n section 5-3 are plotted i n figure 5-17- No convincing indications of 

bathymetric trends s i m i l a r to those noted i n the North Atlantic are apparent, 

but the data do suggest that the thickness of lithosphere beneath these oceans 

may be generally l e s s than that indicated for the southern h a l f of the North 

A t l a n t i c . As i n the case of the South Atlantic (above), study of basin depths 

can neither support nor disagree with t h i s suggestion owing to the r e l a t i v e l y 

high values of lithospheric thickness concerned. 

6.5 L a t e r a l variations i n the mantle 

6.5-1 Introduction 

The r e s u l t s discussed i n the previous sections imply the existence of large scale 

l a t e r a l variations of temperature within the upper mantle. They indicate that, 

r e l a t i v e to the temperatures beneath the southern h a l f of the North A t l a n t i c , 

r a i s e d temperatures may underly the following areas:^ 

1. Iceland and the northern North A t l a n t i c . 

2 . The southern extremity of the South A t l a n t i c . 

3 . The whole of the Indian and South P a c i f i c oceans. 

Several explanations of these l a t e r a l variations may be given, based on the 

different forms of mantle convection which have suggested to account for sea 

floor spreading (section 6 .5-3)* I t i s , however, of int e r e s t to examine the 

r e s u l t s for a possible correlation between spreading rates and the predicted 

mantle temperatures, and t h i s i s done i n the next section. 
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6 .5 .2 Mantle temperatures and spreading rates 

Langseth, Le Pichon and Ewing (1966) have shown that the quantity of heat which 

reaches the Earth's surface during the formation of new lithosphere at the ocean 

ridges i s an order of magnitude greater than that which a r r i v e s by conduction 

through the lithosphere from the mantle immediately below. I t might therefore be 

expected that the flow of heat from the Earth's i n t e r i o r would be aided by fast 

spreading ridges to such an extent that lowered temperatures would e x i s t i n the 

mantle nearby, and a relationship between mantle temperatures and spreading rates 

would r e s u l t . Such a hypothesis involves assuming a r e l a t i v e l y uniformly d i s t r i b u ­

ted pattern of heat flow, which would not be expected from a mantle i n which con-

vective movements took place, and the present r e s u l t s do not support i t . I n fact 

they show a lack of evidence for the existence of such a relationship since a l ­

though bathymetric trends indicate r a i s e d temperatures beneath the extremities 

of the Atlantic ocean where spreading r a t e s are low, the thinner lithospheres 

calculated to underly the Indian and South P a c i f i c oceans also suggest r a i s e d 

temperatures i n areas where spreading rates are high. I n addition, the f a i l u r e of 

the bathymetric trends i n the North Atlantic to continue further north past I c e ­

land, and the lack of any such trends associated with the d i f f e r i n g spreading 
and South 

rates which occur i n the Indian/Pacific oceans represent other sources of disagree­

ment. Furthermore, Lachenbruch (1973) has recently shown that the magnitude of 

horizontal transport of heat by cooling lithospheric slabs i s such as to render 

obsolete any assumptions of a b a s i c a l l y uniform heat flow dis t r i b u t i o n at depth 

which might be made as a r e s u l t of surface observations. 

6 . 5 . 3 Mantle convection 

As o r i g i n a l l y suggested by Dietz ( I 9 6 I ) and Hess (1962), the ideas oh convection 

i n the mantle were based oh the existence of ci r c u l a t o r y c e l l s i n the asthenosphere, 

the top surface of which extended to the ocean floor i t s e l f . Bo-tt (196?) modified 
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t h i s arrangement by postulating that the convective c e l l s were confined to the 
asthenosphere and dragged the overlying lithospheric plates apart to form ocean 
ridges above the upwelling limbs. An al t e r n a t i v e suggestion was made by Orowah 
(I965) and E l s a s s e r (1969) i n which the spreading lithosphere was i t s e l f the top 
surface of the convective c e l l , with the return flow occurring throughout the 
asthenosphere. I n both of these hypotheses i t i s normally assumed that the con­
vection causes the ocean ridges, and that the upwelling limbs of the convective 
movements are located geographically beneath the ridge c r e s t s . I t i s worth noting, 
i n passing, that as far as the present model i s concerned,, the only difference 
between these two theories would be the temperatures at the base of the l i t h o s -
pheric Blab, which might be expected to vary l a t e r a l l y by different amounts. 
Recent calculations by Andrews (1972) show that the amount by which these tempera­
tures might vary i s small (section 2 .1) and consequently i t i s un l i k e l y that the 
model would be able to distinguish between them. 

There are, however, several strong objections which may be made to any hypotheses 

which require convective c e l l s to be geographically positioned beneath the ocean 

ridges. These objections have been employed by authors who c r i t i c i s e the whole 

idea of sea-floor spreading. Einarsson (1968) pointed out that sudden of f s e t s of 

convective c e l l s by hundreds of kilometres at transform f a u l t s would be required, 

and that the pattern of heat sources within the earth which would be needed to 

give r i s e to such offsets would be extremely unlikely to occur. Furthermore, 

Beloussov (1970) observed that because the ocean ridges remain, i n almost a l l 

cases, i n the centre of an expanding ocean, i t i s geometrically necessary for 

ocean ridges to migrate away from some continental blocks (for example, the ridges 

surrounding the southern h a l f of A f r i c a ) . Presumably* therefore, some mechanism 

would have to e x i s t to couple the heat sources within the mantle to the migrating 

ridges i n order that they'should migrate as weli, and the nature of such a 

mechanism i s extremely d i f f i c u l t to envisage. Another objection l i e s i n the fact 

that these hypotheses r e l y on the return flow being either accompanied by, or 
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formed of, descending lithospheric slabs at ocean trenches. A b r i e f examination 
of a global map of lithospheric plates i s s u f f i c i e n t to reveal that many plates 
have no descending boundaries, that ridges spread opposite ridges, and that almost 
every combination of different types of plate boundaries may be found on opposite 
sides of a lithospheric plate somewhere on the Earth's surface. Consequently, 
while the creation and destruction of lithospheric plates may be i n balance on 
a global scale , the existence of a complete c i r c u l a t o r y system beneath every 
moving plate cannot be accepted. 

I t i s now generally accepted that hot mantle material does r i s e beneath the ocean 

ridges, and i t i s therefore fortunate that the above objections to sea-floor 

spreading theories can be simply removed by postulating that t h i s upwelling i s 

a secondary e f f e c t produced by_ the separating plates, rather than being a cause 

of the separation. I n t h i s situation, the amount of heat brought to the surface 

at the ridge c r e s t s w i l l vary with the spreading fate and thus with the a b i l i t y 

of the ridge to dissipate i t . Consequently l a t e r a l variations of mantle tempera­

tures would not be expected except l o c a l l y at ridge c r e s t s , and the lack of 

correlation between spreading rates and the predicted variations, noted i n 

section 6.5*2, i s of no consequence. I n order to explain such variations, a larger 

scale primary convective system must be postulated, and t h i s need have no p a r t i c u l a r 

geographical relationship to the ocean ridges. Such primary convective movements 

might be related to mantle plumes and hotspots, as has been suggested by some 

authors (section G.'p.h) though t h i s i s not e s s e n t i a l . I n any event., whatever the 

form of the primary mantle convection, l a t e r a l temperature Variations are to be 

expected as a r e s u l t of i t . The need for some primary convective movements i s 

further evidenced by the d i f f i c u l t y which would be otherwise encountered i n i n i t i a ­

ting ocean floor spreading. The balance of forces produced by an ocean ridge and 

a downgoing slab i s such that, once started, a p a r t i c u l a r ridge may well be able 

to continue to spread under i t s own impetus i n the Orowan-Elsasser mode (see above) 

but external forces must be required to set the process i n motion. 
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McKenzie, Roberts and Weiss (1973) nave recently made some calculations r e l a t i n g 
to the upwelling of hot mantle material beneath the ocean ridges and these apply 
whether the upwelling i s primary or secondary. They showed that a positive free 
a i r anomaly should be associated with the r i s i n g limb of a convective c e l l . I n 
addition.Anderson, McKenzie and Sc l a t e r (1973) have found a correlation between 
the depths to the c r e s t s of the ocean ridges and the values of free a i r gravity 
which e x i s t above them. The sign of t h i s correlation suggests that the variation 
i n depth to the ridge c r e s t s may be explained by the existence of underlying areas 
of l o c a l l y r a ised temperatures above ascending flows. The r e s u l t s of the present 
work are i n agreement with these conclusions for, although the maximum elevation 
of an ocean ridge above the adjacent basin has been shown to diminish with increa­
sing mantle temperatures (section 4 .5 .1 and 6 . 6 ) , the u p l i f t of the whole ridge-
basin system r e l a t i v e to sea l e v e l correspondingly increases, and the r e s u l t s of 
the calculations presented i n section 5 .1 show that the l a t t e r effect predominates, 
causing a net u p l i f t of the ridge crest to occur i n areas of raised mantle tempe­
ratures. 

6 .5 .4 Mantle hotspots 

Associated with the convective hypothesis described above i s the evidence presented 

by several authors for the existence of unusually hot regions of the upper mantle. 

These have been termed "hotspots" and are most frequently considered to be the 

surface expression of r i s i n g mantle plumes (for example ( see Morgan 1971). Evidence 

for interpreting the u p l i f t of Iceland as being due to such a hotspot was given 

i n section 6 . 2 . 1 , where i t was suggested that the bathymetric trends i n the North 

Atl a n t i c might thereby be simply explained. I t must be noted, however, that several 

other of the hotspots suggested by Morgan (1971) l i e on or near parts of the ocean 

ridge studied i n t h i s work - i n p a r t i c u l a r note the Azores. None of these other 

suggested hotspots i s surrounded by the wholesale shallowing of the sea which 

characterizes the Icelandic region. Consequently, without discussing the v a l i d i t y 
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or otherwise of Morgan's interpretation of these smaller topographic features 
as being due to mantle plumes, i t i s c l e a r that the Icelandic hotspot must be i n 
a different category from the others at l e a s t as f a r as magnitude i s concerned. 

6.5*5 S t a b i l i t y of l a t e r a l inhomogeneities i n the upper mantle 

Examination of a bathymetric chart of the North Atlantic shows that the dimensions 

of the Iceland - Faeroes r i s e remain r e l a t i v e l y constant throughout i t s length 

and may even increase towards Iceland. I f the existence of the r i s e i s attributed 

to unusually active d i f f e r e n t i a t i o n of basalt from the mantle throughout the opening 

of the northern North A t l a n t i c (see section 6 . 2 ) , then i t follows that the thermal 

conditions giving r i s e to t h i s d i f f e r e n t i a t i o n must have persisted for about 60 My 

without showing any signs of diminishing . 

However, such l a t e r a l inhomogeneities of temperature and density-are mechanically 

unstable, and order of magnitude calculations made to investigate the time scale 

involved i n the natural decay of the variations of structure beneath the North 

A t l a n t i c (appendix 3 ) yielded a h a l f l i f e of a maximum of 16 My. The calculations 

are obviously subject to a large number of assumptions and si m p l i f i c a t i o n s , but 

i f t h i s figure i s at a l l accurate then i t may be inferred that active replenishing 

of the thermal anomaly beneath the Atl a n t i c must be occurring, and that an explana­

tion of the s t r u c t u r a l variations based on a discreet thermal event and subsequent 

cooling i s not fe a s i b l e . The r e l a t i v e l y rapid u p l i f t of the Fennoscandian s h i e l d 

following g l a c i a l unloading (Haskell, 1935) suggests that the figure of 16 My 

quoted above may be an overestimation of the time scale, i n which case such r e ­

plenishment would be even more e s s e n t i a l . 
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Summary of r e s u l t s 

The s i z e of an ocean ridge, measured i n terms of i t s cross-sectional area 

and amplitude of bathymetric elevation, i s d i r e c t l y r e l a t e d to the thick­

ness of the lithosphere present beneath i t , a thick lithosphere giving r i s e 

to a strongly developed ridge and vice versa. 

The thickness of the lithosphere i s related to the temperatures i n the 

mantle, raised temperatures causing an upward migration of phase boundaries 

and therefore a thinned lithosphere. 

The depths of water which e x i s t i n the ocean basins are related to the tempe­

ratures i n the mantle. Raised mantle temperatures produce shallow ocean 

basins. 

Calculations (section 5«l) show that the magnitudes of the e f f e c t s noted i n 

1 and 3 above are compatible with those of observed data from the North 

A t l a n t i c . 

Consequently i t i s suggested that a direct relationship may e x i s t between 

ocean ridge dimensions and the depths found i n the oceans basins onee the 

lithosphere has cooled to equilibrium. 

However, the time required for lithospheres thicker than about 90 km to cool 

to equilibrium following t h e i r formation at the ridge c r e s t s i s greater than 

the age of most oceans and, furthermore, the slope of topography for ages 

exceeding about 80 My i s so small that further increases of depth with age 

cannot usually be detected i n observed bathymetric p r o f i l e s . Basin depths 

taken from p r o f i l e s i n areas where the lithosphere reaches these thicknesses 

w i l l therefore not be true equilibrium values. 

As a r e s u l t the relationship of (5), derived by modelling observed data, 

does not show the approximate l i n e a r i t y which would be expected from theore­

t i c a l calculations, but i s modified to the shape indicated by the data 

plotted i n figure 5 - l 8 . 

Observed bathymetric p r o f i l e s show that the depths of the ocean basins are 
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l e s s subject to disturbance by transform f a u l t s and fracture zones than 

are the dimensions of the ocean ridges. 

However, because of the shallow gradients of the relationships shown i n 

figure *f.*f, i t i s not possible to use the more r e l i a b l e basin depths to 

predict lithospheric thicknesses (and thus estimate the thermal structure 

of the upper mantle) except i n regions where the thickness i s l e s s than 

about 85 km. One r e s u l t of t h i s i s to l i m i t the area within which estimates 

of lithe-spheric thicknesses derived from basin depths may be u s e f u l l y 

corroborated with those calculated from ocean ridge dimensions. 

Consequently the model can only be successfully applied i n areas where 

disturbance of the oceanic topography by fracture zones e t c . does hot occur. 

Transform f a u l t s usually r e s u l t i n a diminution of ridge dimension (see 

p r o f i l e s E L 3 9 and NO). Other types of fracture (e.g. the Azores area) may 

r e s u l t i n increased ridge dimensions which lack the c l a s s i c a l shape a t t r i b u ­

table to a simple cooling of the lithosphere. 

Analysis of observed oceanic topography indicates that:-

1) There i s a marked increase of mantle temperatures beneath the Atlantic 

northwards from about to°N to Iceland. 

2) Some evidence e x i s t s for a gradual increase of temperatures with 

lati t u d e i n the South A t l a n t i c . 

3) No comparable well-defined trends e x i s t i n the Indian and South P a c i f i c 

oceans, but temperatures throughout the area may be s l i g h t l y r a i s e d 

r e l a t i v e to those e x i s t i n g beneath the southern North A t l a n t i c . 

The suggested l a t e r a l variations of temperature could be produced by con­

vection within the mantle and there are indications that continual replenish­

ment of the thermal anomalies may be required to sustain them over geologi­

c a l l y s i g n i f i c a n t periods of time. 
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6.7 Conclusion 

The work described i n t h i s t h e s i s has analysed bathymetric data from the world's 

oceans i n an attempt to explain regional variations of basin depths and ocean 

ridge topography i n terms of underlying l a t e r a l inhomogeneities of temperature 

i n the upper mantle. I n regions where the lithosphere i s thin, estimates of 

mantle temperatures based on ridge topography agree c l o s e l y with those based on 

basin depths and thus support the explanation outlined above. Unfortunately, the 

time required for thicker lithospheres to cool l i m i t s the area within with such 

corroborative evidence may be obtained, although the r e s u l t s of analysing observed 

data do, i n general, f a l l along a distinguishable trend. Since the number of data 

points i s limited to the number of bathymetric p r o f i l e s available, i t i s cl e a r 

that the greatest possible number of p r o f i l e s should be used. The r e s u l t s of 

further studies using additional data would therefore be of great i n t e r e s t . 



THE APPENDICES 

General notes on the computer programs. 

The programs which are described i n some of the following 
appendices are w r i t t e n i n e i t h e r PL1 or FORTRAN and are 
designed for use on the IBM360/67 computer operated by the 
U n i v e r s i t i e s of Durham and Newcastle upon Tyne. They were run 
under the MTS system, i n which the standard method of passing 
information from one program to another i s to use one or more 
magnetic d i s k " f i l e s " . Owing to the pressure on such f i l e 
space, much of the data, e.g*, g r a v i t y and bathymeitric p r o f i l e s , 
temperature and d e n s i t y d i s t r i b u t i o n s , were a l s o copied onto 
magnetic tape for long term storage. The e x a c t formats of input 
and output are not given i n the following d e s c r i p t i o n s since-
these can be r e a d i l y a s c e r t a i n e d from the accompanying program 
l i s t i n g s . I n order to avoid confusion of data s e t s during the 
c a l c u l a t i o n s , the programs are w r i t t e n to incorporate' unique 
names for each data s e t , and these a r e recorded and checked 
a t appropriate points throughout the computations. 

Erratum 
S e v e r a l of the programs make use of. the subroutine GRAPH 

(appendix 10) to p l o t data on the l i n e p r i n t e r . For h i s t o r i c a l 
reasons only t h i s r o u t i n e w r i t e s "ANOMALY IN MGALS OR GAMMAS'" 
a t the top of each graph. T h i s should be ignored where not 
a p p l i c a b l e . 



Appendix 1. 

T h e o r e t i c a l gee-therms i n l i t h o s p h e r e s c o n t a i n i n g 
heat productive m a t e r i a l s . 

Consider a column of l i t h o s p h e r e o f c r o s s s e c t i o n A and 
height h, with a flow o f heat QQ per u n i t a r e a c r o s s i n g the 
bottom s u r f a c e . L e t the temperature a t the top of the s l a b 
(x = h) be T n, and the temperature a t the bottom of the s l a b 
(x = 0) be T Q . Then, for an element of the column 

Q = -KAdT/dx, where Q = heat flow and K i s 
the thermal c o n d u c t i v i t y . But ® = Q QA + xAO^ where J> = d e n s i t y 
and <f) = r a t e of production of heat per u n i t mass. Thus 

Q Q + xj>4>= -KdT/dx, whence 

( x 2 / 2 ) / 4 + Q o x = K ( T o " T ) * 

S u b s t i t u t i n g K = 0.006 cals/cm.s.°C 
h = 73.33km (= 8©km - 2 x block height/2) 
J> = 3.4 gm/cm3, T Q = HOO^C, T h = 0°G 
$ = 60 c a i s . l o " 8/g-y 

i n order to 
correspond with the model whose r e s u l t s a r e p l o t t e d i n f i g u r e 
2.3 g i v e s 

2 
T = T Q - 0.0538x +11.03x, where x i s i n km. 

The f i g u r e s given by t h i s equation a r e p l o t t e d i n 
f i g u r e 2.3, and correspond with the modelled data. 



Appendix 2 . 
C a l c u l a t i o n of b a s i n u p l i f t . 

1 . E s t i m a t i o n of d e n s i t y d i s t r i b u t i o n i n the asthenosph 

65km l i t h o s p h e r e 
B E 

70km l i t h o s p h e r e 
B C D E 

1 6 8 . 3 1 5 9 6 3 . 3 3 4 . 0 3 . 3 1 8 3 . 2 5 7 1 5 9 5 3 . 3 3 4 . 0 3 . 3 1 8 3 . 2 5 7 
1 6 5 . 0 1 5 9 5 n II n 3 . 2 5 4 1 5 9 5 I I I I n 3 . 2 5 4 
1 6 1 . 7 1 5 9 3 I I n n 3 . 2 5 2 1 5 9 0 II I I n 3 . 2 5 2 
1 5 8 . 3 1 5 9 1 n II n 3 . 2 4 9 1 5 9 0 II n II 3 . 2 4 9 
1 5 5 . 0 1 5 8 8 I I 5 . 0 3 . 3 1 5 3 . 2 4 3 1 5 8 8 I I 5 . 0 3 . 3 1 5 3 . 2 4 3 
1 5 1 . 7 1 5 8 5 n n n 3 . 2 4 0 1 5 8 6 n n n 3 . 2 4 0 
1 4 8 . 3 1 5 8 2 I I I I n 3 . 2 3 8 1 5 8 2 I I n II 3 . 2 3 8 
1 4 5 . 0 1 5 7 8 II I I I I - j 3 2 2 3 5 1 5 7 8 n •i •i 3 . 2 3 5 
1 4 . 1 . 7 1 5 7 2 II 7 . 5 3 . 3 0 7 3 . 2 2 5 1 5 7 2 II 7 . 5 3 . 3 0 7 3 . 2 2 5 
1 3 8 . 3 1 5 6 8 n n n 3 . 2 2 3 1 5 6 8 N •i n 3 . 2 2 3 
1 3 5 . 0 1 5 6 5 n II n '. 3 . 2 2 0 1 5 6 0 n n II 3 . 2 2 1 
1 3 1 . 7 1 5 6 0 if 1 0 . 0 3 . 3 0 0 3 . 2 1 1 1 5 5 5 n 1 0 . 0 3 . 3 0 0 3 . 2 1 2 
1 2 8 . 3 1 5 5 5 n n •i 3 . 2 0 9 1 5 5 0 n n II 3 . 2 1 0 
1 2 5 . 0 1 5 5 0 ii II •i 3 . 2 0 7 1 5 4 3 II I I I I 3 . 2 0 8 
1 2 1 . 7 1 5 4 4 I I n II 3 . 2 0 4 1 5 3 4 n I I I I 3 . 2 0 6 
1 1 8 . 3 1 5 3 8 n 1 5 . 0 3 . 2 8 5 3 . 1 8 8 1 5 3 0 II •i II 3 . 2 0 3 
1 1 5 . 0 1 5 3 0 II •• n 3 . 1 8 6 1 5 1 9 II 1 5 . 0 3 . 2 8 5 3 . 1 8 7 
1 1 1 . 7 1 5 1 8 n li II 3 . 1 8 4 1 5 0 9 n n II 3 . 1 8 6 
1 0 8 . 3 1 5 0 8 n M 11 VV- 3 . 1 8 3 1 5 0 0 I I it II 3 . 1 8 4 
1 0 5 . 0 1 4 9 5 n II I I 3 . 1 8 2 1 4 8 4 II I I I I 3 . 1 8 3 
1 0 1 . 7 1 4 8 2 n n n 3 . 1 8 0 1 4 6 9 n I I I I 3 . 1 8 2 

9 8 . 3 1 4 7 0 •i n n 3 . 1 7 9 1 4 5 6 •• n n 3 . 1 8 1 
9 5 . 0 1 4 5 2 ii ii I I 3 . 1 7 8 1 4 3 3 n n n 3 . 1 8 1 
9 1 . 7 1 4 3 3 •i n n 3 . 1 7 8 1 4 1 0 •i 1 0 . 0 .3 . 3 0 0 3 . 1 9 5 
8 8 . 3 1 4 1 0 I I n II 3 . 1 7 8 1 3 8 7 n 11 n 3 . 1 9 5 
8 5 . 0 1 3 8 6 II I I I I 3 . 1 7 3 1 3 5 5 II I I I I 3 . 1 9 7 
8 1 . 7 1 3 5 6 II 1 0 . 0 3 . 3 0 0 3 . 1 9 4 1 3 3 0 I I 7 . 5 3 . 3 0 7 3 . 2 0 4 
7 8 . 3 1 3 3 3 n n II 3 . 1 9 4 1 3 0 0 n n n 3 . 2 0 5 
7 5 . 0 1 3 0 0 II 7 . 5 3 . 3 0 7 3 . 2 0 2 1 2 7 0 II 5 . 0 3 . 3 1 5 3 . 2 1 4 
7 1 . 7 1 2 6 0 II n n 3 . 2 0 4 1 2 3 2 II n II 3 . 2 1 6 
6 8 . 3 1 2 2 0 3 . 3 2 5 . 0 3 . 3 1 5 3 . 2 1 4 
6 5 . 0 1 1 8 5 II n I I 3 . 2 1 6 

Key to columns 

A - depth i n km. 
B - temperature i n °C 
C - d e n s i t y of r e l e v a n t mineral assemblage a t R.T.P., 

assuming no p a r t i a l melt. 
D - Percentage p a r t i a l melt. 
E - d e n s i t y i n c l u d i n g p a r t i a l melt. 
F - f i n a l d e n s i t y , accounting f o r compression and thermal 

expansion. 

d e n s i t i e s , i n g/cm3 

f o r sources see s e c t i o n 5.1 . 4 . 



1, continued. 

80km l i t h o s p h e r e 
A B C D 

1 6 8 . 3 1 5 9 5 3 . 3 3 4 . 0 
1 6 5 . 0 1 5 9 3 ii n 
1 6 1 . 7 1 5 8 8 n n 
1 5 8 . 3 1 5 8 4 n II 

1 5 5 . 0 1 5 8 0 it 5 . 0 
1 5 1 . 7 1 5 7 5 ii n 
1 4 8 . 3 1 5 7 0 ii II 

1 4 5 . 0 1 5 6 5 n I I 

1 4 1 . 7 1 5 6 0 •i n 
13 8 . 3 1 5 5 4 n 7 . 5 
1 3 5 . 0 1 5 4 6 II ii 
1 3 1 . 7 1 5 3 7 II n 
1 2 8 . 3 1 5 2 8 II n 
1 2 5 . 0 1 5 1 9 •i II 

1 2 1 . 7 1 5 1 0 n 1 0 . 0 
1 1 8 . 3 1 5 0 3 n I I 

1 1 5 . 0 1 4 9 1 II I I 

1 1 1 . 7 1 4 8 0 II n 
1 0 8 . 3 1 4 6 4 n ti­
1 0 5 . 6 1 4 5 0 n ll 
1 0 1 . 7 1 4 3 3 II I I 

9 8 . 3 1 4 1 3 I I I I 

9 5 . 0 1 3 8 8 li 7 . 5 
9 1 . 7 1 3 6 4 •i II 

8 8 . 3 1 3 3 8 II n 
8 5 . 0 1 3 1 0 n 5 . 0 
8 1 . 7 1 2 7 5 n II 

E 

3 
3 
3 

3 . 3 1 5 3 
3 
3 
3 

" 3 
3 . 3 0 7 3 

3 
3 
3 

85km l i t h o s p h e r e 

. 2 5 7 

. 2 5 4 

. 2 5 2 

.24.9 
, 2 4 4 
. 2 4 2 

B 

1 5 9 5 3 . 3 3 
1 5 9 0 " 
1 5 8 8 
1 5 8 4 
1 5 7 8 
1 5 7 3 
1=565 

n 
it 
ii 

2 3 7 
2 3 5 
2 2 5 
2:23 
2 2 1 
2 1 9 
2 1 7 
2 0 9 

3 
3 
3 
3 
3 
3 
3 

3 . 3 0 3 3 
3 

" 3 

11 

11 

n 
I I '.' 

11 

2 0 5 
2 0 4 
2 0 3 
2 0 2 
2 0 1 
2 0 1 
2 0 8 
2 0 8 
2 0 9 
2 1 7 
.219 

1 5 4 8 
1 5 3 8 
1 5 3 0 
1 5 1 7 
1 5 0 7 
'1495 
1 4 8 5 
1 4 7 0 
1 4 5 5 
1 4 4 0 
1 4 2 5 
1 4 0 3 
1 3 8 5 
1 3 6 2 
1 3 3 4 
1 3 1 0 
1 2 8 0 

7.5 
11 

E F 

4 . 0 3 . 3 1 8 3 . 2 5 7 
3 . 2 5 5 
3 . 2 5 2 
3 . 2 4 9 
3 . 2 4 7 

5 . 0 3 . 3 1 5 3 . 2 4 2 
3 . 2 4 0 
3 . 2 3 8 
3 . 2 3 6 
3 . 2 3 3 

3 . 3 0 7 3 . 2 2 4 
3 . 2 2 2 
3 . 2 2 1 
3 . 2 1 9 
3 . 2 1 8 
3 . 2 1 6 
3 . 2 1 5 
3 . 2 1 4 
3 .-213 
3 . .212 
3 . 2 1 2 
3 . 2 1 1 
3 . 2 1 2 

5 . 0 3 . 3 1 5 3 . 2 , 2 0 
" " 3 . 2 2 0 

4 . 0 3 . 3 1 8 3 . 2 2 4 

Key to Columns 

A - depth i n km. 
B - temperature i n °C. 
G - d e n s i t y of r e l e v a n t mineral assemblage a t R.tf.I*., assuming 

no p a r t i a l melt. 
D - percentage p a r t i a l melt. 
E - d e n s i t y i n c l u d i n g p a r t i a l melt. 
F - f i n a l d e n s i t y , accounting for. compression and thermal 

expansion. 

d e n s i t i e s i n g/cm3 

for sources see s e c t i o n 5.1.4. 



2. Density depth p r o f i l e s . 

lithospheric thickness, km. 
depth km 65 70 80 85 

1.7 3.241 3.241 3.241 3.241 
5.0 235 235 236 236 
8.3 228 230 230 231 

11.7 222 224 224 225 
imo 216 218 219 221 
18;3 289 292 293 295 
21.7 284 286 287 289 
25.0 278 281 282 285 
28.3 272 275 277 280 
31.7 267 270 272 276 
35.0 260 265 268 272 
38.3 255 260 263 268 
41.7 250 255 259 264 
45.0 245 251 255 260 
48.3 239 246 251 256 
55 0 III 238 244 III ^thenosphere 55.0 231 238 244 249 f r o m . d a t a 58.3 226 234 241 251 
61.7 223 230 238 258 
65.0 216 226 235 249 
68.3 214 2.22 241 252 

presented 
previously 
i n t h i s 

SI!? 204 - f i t " 239" llo a P P e n d l x ' 
75.0 202 214 236 247 
J?"? i ? I 225 4t§- 515 Lithosphere 
8 1 • 7 I 9 4 204 219 244 *^rtin ™5U«'r« 85.0 173 197 217 -22T" f r o m m o d ^ l s -88.3 178 195 209 220 
9 1 ' 7 1 7 8 1 9 5 2 0 8 2 2 0 Densities 95.0 178 181 208 212 7® S t S ? 8 

98.3 179 181 201 211 g / " 
101.7 180 182 201 212 
105.0 182 183 202 212 
108.3 183 184 203 213 
111.7 i84 186 204 214 
115.0 186 187 205 215 
118.3 188 203 207 216 
121.7 204 206 209 218 
125.0 207 208 217 219 
128.3 209 210 219 221 
131.7 211 212 221 222 
135.0 220 221 223 224 
138.3 223 223 225 233 
141.7 225 225 235 236 
145.0 235 235 237 238 
148.3 238 238 239 240 
151.7 240 240 242 242 
155.0 243 243 244 247 
158.3 248 249 249 2.49 
161.7 251 252 252 252 
165.0 254 254 254 255 
168.3 257 257 257 257 



Appendix 3. 

S t a b i l i t y of l a t e r a l variations i n the mantle. 

I n t h i s appendix, rough calculations are performed to 
investigate the period of time which would be required for 
l a t e r a l variations of density within the asthenosphere to be 
dissipated by viscous flow. I t was shown i n section 5.1 that 
the u p l i f t of some parts of the ocean basins with respect to 
sea l e v e l could be explained i n terms of the lowered densities 
associated with raised mantle temperatures, and i t was also 
suggested that the l a t e r a l variations might die out by 200km 
depth. Figure A2 shows two columns of the mantle subject to 
d i f f e r i n g geotherms above 200km. The hydrostatic pressure i n 
column A w i l l be equal to that i n column B u n t i l the depth 
corresponding to the sea bed a t A i s reached, whence i t w i l l 
increase r e l a t i v e to B u n t i l the depth corresponding to the 
sea bed a t B i s reached. At t h i s l e v e l , the excess pressure 
at A w i l l be equal to 2.0 x Z = P ^ , (the density difference 
between the crust and water multiplied by the difference i n 
water depths). Thereafter the excess pressure w i l l decrease 
to zero a t 200km. I t i s assumed for s i m p l i c i t y that t h i s 
decrease i s linear - see figure A2. The average value of the 
excess pressure which e x i s t s within the asthenosphere from 
the base l e v e l (200km) to the mean depth of'the base of the 
lithosphere i s then e a s i l y calculated = P Q. The asthenosphere 
i s assumed to flow with the ve l o c i t y p r o f i l e shown i n figure 
A2, and the velocity gradient i s therefore V/h. However, the 
v i s c o s i t y i| i s defined as =T/dv/dx, where *C i s the shear 
s t r e s s and dv/dx i s the velocity gradient perpendicular to 
the d i r e c t i o n of flow. Consequently, i n t h i s case, 

»l. =T/V/h or "f ="»|V/h. 
I f i t i s assumed that the flow i s analogous to the motion of 
a viscous damper whose cross section i s a rectangle of unit 
width and2h high (see figure A2), and whose length i s 0 
(figure A2) , then the force oh the damper i s 2DT = 2D"ny/h. 
Thus 2DT|/h = \, the equivalent dashpot constant. 



A B 

WATER 

LITHOSPHEftt 

2QOKM IMtfATlC COMMMtATlON AT TNI« M»TM m 

ASTHfNOSPHCRC 

•21) > R 
S 

F i g u r e A2. Diagram to i l l u s t r a t e ? 
mantle s t a b i l i t y c a l c u l a t i o n s . J3 



Assuming a l i n e a r decrease of force with distance moved, (in 
order to model the linear decrease of excess pressure beneath 
the lithosphere as the bathymetric elevation of the sea floor 
decreases), then F = F Q(l-x/D) where x i s the distance moved 
by the equivalent dashpot. Substituting i n the dashpot 
equation 

F = \dx/dt gives 
F o(D-x)/D =Xdx/dt whence 
t - DVP q • log D/(D-x) . 

But F Q = P Q . area/Unit Width of dashpot = 2P Qh. Thus 
t = D V 2 P J I • log D/(D-x) o 

= D 2T[/P Qh 2 . log D/(D-x) , and the h a l f 
l i f e of the relaxation i s given by 

D 2t£/P oh 2 . log 2. 

For the case of the u p l i f t of the floor of the North 
At l a n t i c between p r o f i l e s NR and NL (61 and 43°N), the 
following figures are applicable:-

Distance between p r o f i l e s = 2000km : D = 1000km. 
7̂  = 1 0 2 1 poise. 
Basin depth at NL = 5.3km, at NR = 3.1 km. 

therefore Z~= 2.2km. 
Average thickness of the lithosphere = 84 km. 

therefore h = 58km. 
Po = Pmax •5^/2O0f assuming the l i n e a r decrease of 

excess pressure mentioned above. 

Substituting these figures gives a value of 50My for the 
h a l f l i f e of the relaxation of the astheriosphere i n t h i s 
region, which must be divided by "ft since the flow of material 
may occur r a d i a l l y i n a l l directions. This y i e l d s a f i n a l 
figure of 16My, which i s a maximum since no account of heat 
loss from the thermal anomaly has been taken. 
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Appendix 5. 

The program HEAT. 

. Description 
The purpose of t h i s program i s to calculate the theoretical 

temperature d i s t r i b u t i o n i n a spreading lithospheric slab. The 
method has been described f u l l y i n chapter 2 and only a b r i e f 
resume i s given here. 

I t i s assumed that the temperature di s t r i b u t i o n is. uniform 
along the s t r i k e of the ocean ridge and that the calculations 
are consequently only dealing with a 2-D situa t i o n . A 2-0 cross-
section of the slab i s subdivided v e r t i c a l l y and horizontally 
into rectangular blocks of- uniform s i z e . Appropriate physical 
parameters and the i n i t i a l temperatures are specified for 
each of the blocks, and the subsequent changes of the block 
temperatures with time are calculated according to the "equations 
(5) given i n section 2.3, the temperaitures of the outer ring 
of blocks remaining, constant i n order to provide the boundary 
conditions. Sea floor spreading i s modelled by the addition 
of new .columns of blocks to one end of. the slab at inte r v a l s 
designed to reproduce the desired spreading r a t e s . The 
process i s i l l u s t r a t e d ' i n figure 2.1 

A f a c i l i t y i s provided to allow the i n i t i a l temperature . 
dis t r i b u t i o n to be. calculated by the program i t s e l f . This 
makes i t possible to enter a l i n e a r temperature-depth p r o f i l e 
at the s t a r t , and use the program to calculate the necessary 
bowing of t h i s p r o f i l e due to radioactive heat production 
before s t a r t i n g to model the sea-floor spreading. The program 
i s written i n Fortran and makes use of the subroutine RKGS 
which forms part of the IBM S c i e n t i f i c Subroutine Package. 
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Input 
The input may be divided into three parts:-

1) the i n i t i a l i s i n g input required to set up the 
model. 

2) the input necessary to model sea-floor spreading* 
3) the instructions for output of r e s u l t s . 

1) The i n i t i a l i s i n g input. 
The I n i t i a l i s i n g input may be specified i n either of 

two formats:-
1) The parameters for each block are specified 

separately. 
2) The parameters are specified by row. 

The second form of input i s adequate for most purposes and 
allows a considerable reduction i n the number of data cards to 
be made. 

I n i t i a l i s i n g input type 1 i s read on device number 4 and 
consists of the following, cards :-

CARD TYPE l a NR>NC,NBL, BH, BW, A ;.B 
NR i s the number of rows of blocks i n the model. 
NC i s the i n i t i a l number of columns of blocks, before 

the s t a r t of sea-floor- spreading • 
NBL i s the number of columns of blocks to be added 

during the simulation of sea-floor spreading. 
BH i s the height of the blocks (km). 
BW i s the width of the blocks, (km) . 
A and B together form an 8 character name for the model, 

to enable unique i d e n t i f i c a t i o n of data sets to be made. 

CARD TYPE 2a RH0(I f J) ,HP (1,J) ,CP(I, J) ,C0N (I f J ,1); ,CQN ( I , J ,2) ,TH(I, J) 
I counts the rows, numbering from 1 at the base of the 
lithosphere to NR at the ocean floor. 
J counts the columns, numbering from 1 at the end of the 
slab remote from the spreading centre to NC at the future . 
spreading centre i t s e l f . 
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For each block I , J : -
3 RHO i s the density - g/cm 

HP i s the heat production - cals.10 /g.y 
CP i s the s p e c i f i c heat - cals/g°C 
CON i s the thermal conductivity i n the horizontal 

direction and i n the v e r t i c a l direction (1 and 2 
respectively) - cals/cm.s.°C 

TH i s the i n i t i a l temperature-°C 

There are NR x NC cards of t h i s type. 

CARD TYPE 3a PRMTR(I) I from 1 to 4 
This data i s concerned with the init i a l i s i n g - ; s o l u t i o n s 

of the heat flow equations which allow the specified i n i t i a l 
temperatures to s e t t l e to equilibrium values. 

PRMTR(l) and PRMTR(2) define the time i n t e r v a l for which 
the model i s to be l e f t to s e t t l e . PRMTR(1) i s set to 
zero, PRMTR(2) i s set to the desired length of time 
i n millions of years. 

PRMTR(3). The Runge-Kutta method of solving simultaneous 
d i f f e r e n t i a l equations operates by increasing the 
vaiue of the independant variable, i n t h i s case time, 
incrementally between successive solutions of the 
equations u n t i l the required t o t a l range (=PRMTR(2)) 
has been covered. In t h i s work, PRMTR(3) i s specified 
in millions of years and i s the time increment to be 
used, which must be chosen according to the s t a b i l i t y 
c r i t e r i o n discussed i n section 2.4. 

PRMTR(4) defines the round-off error permitted a t each 
stage of the. calculations. In t h i s work i t was set to 
15 (°C). 

I n i t i a l i s i n g input type 2 i s read on device number 6 and 
consists of the following cards:-

CARD TYPE lb As card type l a , above. 
CARD TYPE 2b RHOT,HPT,CPT,C0N1T,G0N2T,THAT,THLT 

One card i s supplied for each row of the model, NR cards i n 
a l l , the f i r s t r e l a t i n g to the bottom of the lithosphere 
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and the others progressing upwards. For each row:-
RHOT i s the density 
HPT i s the heat production 
CPT i s the s p e c i f i c heat 
C0N1T i s the horizontal thermal conductivity 
C0N2T i s the v e r t i c a l thermal conductivity 
THAT i s the temperature of a l l the blocks i n the row 

except that at the future spreading centre. 
THLT i s the temperature of the block a t the future 

spreading, centre. 
The units are as for cards type 2a, above. 

CARD TYPE 3b. As card:type 3a, above. 
An empty f i l e assigned to either device number 4 or 6 

causes the input to be read from the other, thus providing a 
simple switching mechanism for the alternative forms of input. 

2) The sea-floor spreading input 
This data i s unaltered by the form of the i n i t i a l i s i n g 

input selected previously. However, the program automatically 
reads i t from whichever device. (4 or 6) was used for the f i r s t 
section of the input. The data i s as follows:-
EITHER CARD TYPE 4 a RH0(I,K) ,HP(I,K) ,CP (I ,K').,G@N(I ,K, 1) , 

C0N(I,K,2),TH(I,K) 
I counts the rows, numbering from the base upwards 
K i s set to the current number of. columns plus one. The 
parameters are as for card type 2a. There are NR cards 
of t h i s type. 

OR CARD TYPE 4b 100. 
This causes the parameters of card type 4a to be set to 
the corresponding values of the previous column* saving 
input for most models. Cards type 4a or 4b are followed 
by 

CARD TYPE 5 PRMTR(I) I from 1 to 4 
Similar to card type 3a. 
PRMTR(l) = 0 
PRMTR(2) = the time from the addition of t h i s column of 
blocks to the addition of the next. 
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PRMTR (3); As card type 3a 
PRMTR(4) As card type 3a 

Cards type 4(a or b) and 5 are repeated NBL times to model the 
complete spreading history. 

3) The instructions for output of r e s u l t s . 
The calculated temperature di s t r i b u t i o n , together with 

other relevant information (see below), may be output at any 
stage i n the calculations. However, i n order to achieve a 
reasonable volume of output, the program i s written to produce 
only the data applicable to s p e c i f i c , requested^ modelled times. 
I t should be noted that these times r e f e r to the t o t a l s 
accumulated at any stage since the s t a r t of the program, and thus 
include any time spent i n the i n i t i a l i s i n g of the model (as 
specified on card type 3 ) . The required times are read from 
device number 7 as follows:-
CARD TYPE 6 OTIME 

OTIME i s a modelled time, (in My) for which output i s 
required. Since the calculations proceed i n discreet 
time steps as defined by card types 3 and 5, care must 
be taken to set OTIME to values which w i l l be encountered. 
As many cards type 6 as desired may be supplied, with OTIME 
In order of ascending magnitude. 

The complete input may thus be represented, i n terms of 
card types, as follows:-

DEVICE 4 either l a 
„ 4a ̂  

- 2a - 3a 5 
" 4b ' 

or end-of-file 
DEVICE 6 either end-of-file 

or lb - 2b - 3b 5 
N 4 b " 

DEVICE 7 - 6 



Output 
This i s divided into four sections as follows:-

1) L i s t i n g of input data. 
This section i s self-explanatory and i s output on 
device number 2. 

2) Record of the progress of the calculations i n terms of 
time increments, spreading history, e t c . Also further 
s i m i l a r d e t a i l s for each temperature distribution output 
Self-explanatory, device number 5. 

3) The temperature distributions requested, together with 
associated information as follows:-

A,B The model name. 
NDIM The number of simultaneous equations solved to obtain 

t h i s particular temperature d i s t r i b u t i o n . 
IHLF The number of times the time increment specified as 

PRMTR(3) on cards type 3 and 5 was halved i n order to 
achieve the accuracy specified as PRMTR(4). 

T The time i n t e r v a l since the preceding addition of a 
column of blocks. 

NR Number of rows of blocks 
NC Number of columns of blocks ( t h i s i s equal to NC as 

specified on card type 1 plus the number of columns 
added since. 

NO The number of t h i s data set. A,B and NO together define 
a given data set uniquely. 

TTT The t o t a l time accumulated since the s t a r t of t h i s run 
PRMTR(I) I from 1 to 5. PRMTR(1 - 4) are as input on cards 

type 3 or 5. PRMTR(5) i s not used i n t h i s program. 
BH block height 
BW block width 
TH(I fJ) block.temperatures. I counts the rows upwards, J 

counts the columns towards the spreading, centre. 
This data i s output on device number 3. 
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4) A l i s t of sets of data actually output, containing 
name, number and modelled time for each set. S e l f -
explanatory, written on device number 8. As stated 
previously, a p a r t i c u l a r data set i s uniquely 
referenced by i t s name and number. This part of the 
output thus serves as an index to the data and i s 
useful i f the modelled times but not the corresponding 
numbers are known. Simple administrative programs 
may be written to use t h i s index to lin k the program 
HEAT to the programs TEMDEN and HOTMAP automatically, 
thus saving the need for intermediate storing of the 
temperature distributions for manual inspection. 

A l i s t i n g of the program follows.. 



T=1G P=2C COPIES=10 
N W4S: 09:^3.12 07-25-73 
SIGNLU ON AT 09:43.31 ON 37-25-73 

EAT -C 

DIMENSION RHO( 331 l'JO) , HP( 30 ,100) ,CP(30,100),TH{30,100) 
DI MEMS ION CON(30,100,2),PPMTR(5),TTH(3U00),DePT<3000) ,AUX(8,3000) 
COMMON /A/ TH,A,B,TT,NniM,NIC,NC,NP,NC,nTIME 
COMMON /6/ BH,BW,PHO,CP,HP,CON 
EXTERNAL FCT.OUTP 

INPUT INITIAL DATA 
OTIMF=-l. 
N0=0 
TT=0 
RF.A014, 1,RNO = 801) NR., NC ,NBL , BH , BW, A, B 
00 802 1=1,NR 

B02 READ(4,4)(RHU{I,J) ,HP( I ,J),CP(I,J),CQN(I,J,1),CCN(I,J,2>,TH(I,J >,J 
1=1,NC) 
READ(4,4)IPRMTR(I),1=1,4) 
ND=4 

8G1 REA0(6,1,EN0=803) NR,NC,NBL,BH,BW,A,B 
DO 804 I=1,NR 
READ(6,805) RHOT»HPT,C°T,CONlT,C0N2T,THAT,THLT 

805 FORMAT(7F10.3) 
DO 806 J=1,NC 
PHO(I,J)=RHOT 
HP < I , J )=HPT 
CP(I,J)=CPT 
CON( I, J , 1 ) = C0N.1T 
CON(I,J,2)=C0N2T 

806 TH(I,J)=THAT 
804 TH(I,NC)=THLT 

REAO(6,4)(PRMTR(I),1=1,4) 
ND=6 

1 FORMAT13IIO,2F10.3,2X,2A4) 
903 WPITF.I 5,2)A,B 

2 FORMAT( MHEAT FLOW CALCULATIONS FOR RUN •,2A4) 
WPITE(5,3)NC,NR,BH,BW,NBL 

3 FORMAT!»OINITIAL NUMBER OF COLUMNS=f,14f/• NUMBER OF LAYERS (ROWS ) = 
l«,I4,/« HEIGHT OF BLOCKS IN KILOMETRES=*,F10.3,/« WIDTH OF BLOCK I 
2N KILOMETRES='jFlQ.3,/' NUMBER OF BLOCKS TO BE ADDED= ,,I8) 
DO 100 1=1, NR 

4 FORMAT(6F10.3) 
WPITE(2,5) I 

5 FOPMATl'1NUMER1C INPUT DATA FOR ROW,14,//* COLUMN DENSITY HEAT 
1PR00UCTI0N SPECIFIC HEAT CONDUCTI VI TYI H) CONDUCTI VI TY( V) TEMPE 
2RATUPE*,/• UNITS GM/CC CALS*10**-8/GM.YR CALS/GM.*C CALS/C 
3M.SEC.*C CALS/CM.SEC,*C DEG C*,/) 
WRITE(2,6)(J,RHO(I,J),HP(I,J),CP(I,J),C0N(I,J,1),CON(I,J,2),TH(I,J 

1),J=1,NC) 
6 FORMAT(15,F11.3,F14.3,F17.3,F15.4,F16.4,F14.3) 

100 CONTINUE 
DATA READ IN AND WRITTEN OUT NOW CALCULATE STEADY STATE INITIAL CONDITION; 
THAT MEANS TEMPERATURES, READ IN RKGS PARAMETERS 

WRITE!5,7)(PRMTR(I ) ,1=1 ,4) 
7 FORMAT!'1INITIAL CALL TO RUNGE KUTTA ROUTINE PARAMETER VALUES',/*0 
INTEGRATION LIMITS(MY), MIN,MAX=•,2F10.3,/' FIRST TIME INCREMENT! M 
2Y) = SF10.3,/' TOP FPROR LIMI T(DfcG.C) =• ,F10.3 ) 
NIP=NR-2 
NIC=NC-2 



NDIM=NIR*NIC 
DO 101 1 = 1,MR 
DO 101 J=1,NIC 
N = ( I - l ) * N I C + J 

101 TTH(N>=TH<1+1,J+l) 
DO 102 N=l,NDIM 

102 DEPTIN)=l./NDIM 
CALL RKGS(PRUTR,TTH,DERT,NDIM,IHLF,FCT,OUTP,*UX) 
TT=TT+PRMTR(2) 

TH NOW CONTAINS VALUES OF TEMPERATURES AT TIME T 

NCT=1 
IF (NCT.GT.NBL) GO TO 62 

20 K=NC+l 
WRITE(2,10) K 

10 FORMAT(*10ATA FOP NEW COLUMN* ,14,//* LAYER DF.NSITY HEAT PRODUCT 
11 ON SPECIFIC HEAT CONDUCT IVITY<H) COMDUCTIVITY(V) TEMPERATURE' 
2,/' UNITS GM/CC CALS*10**-8/GM.YP CALS/GM.*C CALS/CM .S EC .* 
3C CALS/CM.SEC.*C DfcG C',/l 
READ{ND»4)RH0(1,K),HP(1,K),CP(1,K)»CDN<I,K,1),CON11,K,2),TH(1,K ) 
IF(RH0(1,K).LT.99) GO TO 120 
DO 121 1=1,NR 
L=K-1 
RHO(I»K)=RHQ(I ,L) 
HPt I,K) = HP( I,L ) 
CP<I,K)=CP( I ,L ) 
CON(I,K,l)=CON<I,L,l) 
CON(I,K,2)=C0NII,L,2) 

121 THU,K) = T H ( I , L ) 
WRITE(2,122) 

122 FORMAT (' OATA AS FOR PRFVIOUS COLUMN') 
GO TO 106 

120 DO 106 1=1,NR 
IF ( I .EG.11 GO TO 123 
READ<NC,4)RH0( I,K ) ,HP(I,K) , CP ( I,K ),CON( I,K,1),CON( I,K , 2),TH(I,K) 

123 WRITE\2,6)I,RHO(1,K),HPU,K),CPU,K),CON(I,K,1),CONI I,K,2 >,TH(I, K) 
106 CONTINUE 

READ!ND,V) (PRMTR(I),1 = 1,4) 
WRITE< 5,11) NCT,(PRMTRII),1=1,4) 

11 FORMAT(*OCALL NUMBEP',14,' TO RUNGE KUTTA ROUTINE. PARAMETER VALUE 
IS* ,/'0INTEGRAT ION LIMITS(MiT) MIN,MAX=*,2F10.3,/• FIRST TIME INCRE 
2MEN T(MY)=*F10.3,/• TOP ERROR LI MITIDEG.C) = * , F10.3) 
NC=NC+1 
NIC=NIC+1 
NDIM=NIR*NIC 
DO 111 1=1,NIR 
DO 11.1 J=1,NIC 
N=I 1-1)*NIC+J 
TTH(N)=TH(1+1, J +U 

111 DEPT(N)=1./NDIM 
CALL RKGS < PRMTR,TTH,CERT,NDIM, IHLF,FCT,OUTP,AUX) 
TT=TT+ PRMTR(2) 
NCT=NCT+1 
IF <NCT.LE.NBL) GO TO 20 

62 WRITE(3,61I 
61 FORMAT (* •) 

WRITEl5,60) 
60 FORMAT i 'ONORMAL ENDING* ) 

CALL EXIT 



END 

SUBROUTINE FCT IX ,Y , Dr.RY ) 
DIMENSION Y(l),DEPY(1),TH(30,1P0) 
DIMENSION RHOC30,100),CP(3C,100) tHP(30,100),CON{30,100,2) 
COMMON /A/ TH,A,B,TT,Nr)IP,NIC,NC,NR,NC 
COMMPN /B/ BH,BW,RHO,CP,HP,CON 

PUT Y VALUES INTO THE ARRAY 
PO 103 N=1,NDIM 
I=2+(N-1)/NIC 
J = N - < N I C * ( I - ? ) ) + l 

103 T H l I , J ) = Y ( N ) 
WORK OUT EQNS 

FAC=36P0.*24.*3&5.25/1.OE+4 
DO 104 N=1,NDIM 
I=2+(N-1)/NIC 
J = N - ( N I O ( 1 - 2 ) ) + l 
AA=C(JN< I , J - l ,1 )*ITH( I , J - i )-TH( I , J) )/RW**2 
BB=CON(1-1,J,2>*( TH< 1-1, J )-TH ( I , J) )/BH**2 
CC=CON(IiJ,1)*(TH(I,J+1)-TH<I,J) )/BW**2 
DD=CONU,J,2)*<TH(1+1,J)-TH<I,J))/BH**2 

104 DERY1N)={FAC*(AA+BB+CC+PD) ) / ( P H O I I , J J * C P i I , J ) ) + H P I I , J l * I.Qfc-2/CPII 
1, J) 
RETURN 
END 

SUBROUTINE OUTPIT,TTH,DERT,IHLF,NDIM,PRMTR) 
DIMENSION TTHM 1),DERT(1),PRMTP(1),TH(30,100) 
COMMON /A/ TH, AtBf TTtNDUMfNICfNCffNPf NCPTIME 
COMMPN /B/ BH, BW 
NO=NO+l 

PUT TTH VALUES INTO THE ARPAY TH 
DO 105 N=1,NDIM 
I=2+(N-1)/NIC 
J=N-(NIC*( 1-2) ) + l 

105 TH(I,JI=TTH(N) 
TH NOW CONTAINS TEMPERATURE FIELD AT TIME T 

TTT=TT+T 
DIS^TTT-OTIME 
IF (DIS.LT.0.001 ) GO TO 303 
READ(7,301 ) OTIME 

301 FOPMAT(FlO.l) 
303 DISCP=ABS(TTT-DTIME) 

IF (DISCR.GT.0.001) GO TO 701 
WRITE!3,51) A,B,NDIM,IHLF,T,NR,NC,NO,TTT 

51 FORMAT(2H •, 2A4, 1H•, 19,110,F10.4,3110,F10.4) 
WRITE I 3,52 >IPRMTR(I),I=1,5),BH,BW 

52 FORMAT(8F10.3) 
DO 200 1=1,NR 

200 WRITEI 3 ,52 ) ( TH ( I , J) , J - l ,NC ) 



WRITE(5.,53 J A, B»Na,*NR,Ne,N:DIM, IHLF i T t TJT-
i ' 53 FORMAT f'OMQDEL *,2A4,* .CALL TO," OUT PUT NUMBER' ,14, /• NUMBER OF ROWS 

1=*,I5,/• NUMBER OF COLUMNS?;*' ,:I 5,/• NUMBER OF DIFFERENT IAL EQUATION 
2S SOLVED*-' * 16,/' NUMBER OF TIMES INTEGRATION INTERVAL WAS HAtVE;b = ' 
3,14,/" T.I ME I NITER VAL OF I NTEGRATI ON = * , FlO .4 ,' MY EA R'S» • • TOT AL T IN 
4E;„ ACCUMULATED" IN THIS R:UN-« F10.4, • MYEARS') 

1 WRITE;('S, 54 ). ". ; 
• 54 FORMAT( • RESULTS WRITTEN TO DEVICE NUMBER 3* ) 

' IFJTJT.EQ.O.O) TTT=Q.OOOOl 
WRITE(8,302 ) A , B , NO, TT'T 

'3.02 FORMAT ( ' MODEL * , 2A4, * NO. • ,14, *, TIME' , F10*3 ) 
;;TOl: EQNtiNUE' 
~ • -RE TURN 

END 
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Appendix 6. 
The program TBffDEN. 

D e s c r i p t i o n 
TEMDBN i s w r i t t e n \ i n PL1 to process the data produced by 

the program HEAT de s c r i b e d i n appendix 5. From the .temperature 
d i s t r i b u t i o n i n a modelled l i t h o s p h e r i c s l a b and a m i n e r a l o g i c a l 
phase diagram, TEMDEN d e r i v e s the f o l l o w i n g s e t s of data:7 

1) The d e n s i t y d i s t r i b u t i o n i n the l i t h o s p h e r e i n both 
numeric and diagrammatic form. 

2) A diagram showing the min e r a l phase d i s t r i b u t i o n i n the 
l i t h o s p h e r e . 

3) Graphs of the d e n s i t y p r o f i l e e i t h e r along a given row 
of blocks o r up a given column. 

4) The topographic e l e v a t i o n o f the mid ocean r i d g e i n both 
numeric and g r a p h i c a l form. 

The method of. c a l c u l a t i o n i s d e s c r i b e d i n chapter 4. 

Input 
The input may be d i v i d e d i n t o three s e c t i o n s : -
1) Temperature d i s t r i b u t i o n s and a s s o c i a t e d information. 

Read from f i l e : IN e x a c t l y as output on device number 3 
by the program HEAT 

.2) The phase diagram and a s s o c i a t e d information. T h i s i s 
read i n d i g i t i s e d form from f i l e PH and c o n s i s t s of the 
fol l o w i n g data:-
NP Number of d i v i s i o n s of the pressure range 
NT Number of d i v i s i o n s of the temperature range 
NKEY Number of d i f f e r e n t l y i d e n t i f i e d zones w i t h i n the 

phase diagram (see f i g u r e 4.1 and t a b l e 4.1) 
KEY.(I) ,DEN(I) I from 1 to NKEY. KEY:(.I) i s the number 

or l e t t e r code f o r a given zone i n the phase diagram. 
DEN(I) i s the d e n s i t y a t room temperature and pressure 
of the mineral assemblage represented by K E Y ( I ) . 
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TP Maximum value of pr e s s u r e range 
BP Minimum value of p r e s s u r e range 
TT Maximum value of temperature range 
BT Minimum value of temperature range 
P ( I f J ) I counts temperature steps from 1 t o NT 

J counts p r e s s u r e steps from 1 to NP 
Each element of P ( I , J ) i s the number or l e t t e r , code 
which corresponds to the mineral assemblage present 
a t the p a r t i c u l a r p r essure and temperature defined 
by I and J . The assembly of a l l the elements of P ( I , J ) 
forms the phase diagram as shown i n f i g u r e 4.1. 

3) Data s e l e c t i o n and output i n s t r u c t i o n s . These are read 
from f i l e SCARDS and are as f o l l o w s : -
1.) Output options. Read by a GET DATA statement arid 

s e l e c t e d by p u t t i n g any option r e q u i r e d = 'YES*. The 
a v a i l a b l e options are 

PRINT - P r i n t s out phase diagram. 
GRAV - Writes d e n s i t y d i s t r i b u t i o n i n numeric form to 

f i l e GR. 
MAP - produces diagram of the de n s i t y d i s t r i b u t i o n . 
PHASE! - produces diagram of the mineral phase d i s t r i b u t i o n . 
PLOT - p l o t s h o r i z o n t a l and/or v e r t i c a l d e n s i t y p r o f i l e s . 
ELEV - c a l c u l a t e s topographic e l e v a t i o n of the ocean 

r i d g e produced by the modelled s l a b and p l o t s the 
r e s u l t i n d i g i t i s e d form on the l i n e p r i n t e r . 

STORE - Writes the e l e v a t i o n p r o f i l e c a l c u l a t e d under 
ELEV to the f i l e OUT i n numeric form. 

2) Data s e l e c t i o n and output format i n s t r u c t i o n s . 

NAM - name of the temperature d i s t r i b u t i o n 
NOR - number of the temperature d i s t r i b u t i o n (these two 

together s p e c i f y the p a r t i c u l a r s e t of data to be 
proc e s s e d ) . 
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NCAT - Number of c a t e g o r i e s i n t o which d e n s i t i e s are 
to be d i v i d e d (according to magnitude) f o r diagrammatic 
r e p r e s e n t a t i o n . 

NSP - Number of blank l i n e s to be l e f t between each 
column of d e n s i t i e s i n the diagram (allows 
adjustment of the h o r i z o n t a l s c a l e of the diagram). 

NADE - Only i f GRAV='YES 1. E i g h t c h a r a c t e r name f o r the 
de n s i t y d i s t r i b u t i o n to be output. 

TYPE - Only i f PL0T='YES'. S p e c i f i e s whether the d e n s i t y 
p r o f i l e to be p l o t t e d i s to be taken h o r i z o n t a l l y 
or v e r t i c a l l y (TYPE = 'ROW or "COLUMN'), or whether 
to continue to the next s e c t i o n of the program 
(TYPE = 'END").. 

NN - Only i f PLOT =; »YES'. S p e c i f i e s the number of the 
row or. column fornwhich the d e n s i t y p r o f i l e i s 
d e s i r e d . 

MO - Only i f STORE = "YES*. E i g h t c h a r a c t e r name for 
topographic p r o f i l e on output. 

The data (.2) (NAM,NOR,NCAT,NSP + the o p t i o n a l items 
which follow above) may be repeated as of t e n as d e s i r e d i f 
more than one temperature d i s t r i b u t i o n i s to be processed. 
A l l the temperature d i s t r i b u t i o n s output by a p a r t i c u l a r 
run o f the program HEAT w i l l f o l l o w each other s e q u e n t i a l l y 
i n f i l e IN. NAM and NOR must t h e r e f o r e be s p e c i f i e d so t h a t 
the order of the data s e t s on the cards i s the same as i n 
f i l e IN. I n t e r v e n i n g s e t s on f i l e IN, which a r e not requested 
above are ignored. The program i s terminated by req u e s t i n g 
a n o n - e xistant s e t of data, the input l i n e being completed 
with dummy data for NCAT and NSP. 
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The Output 
1) . I f PRINT = 'YES 1 the phase diagram i s l i s t e d , 

together with the room temperature and pressure 
d e n s i t y data, as input . S e l f explanatory. 

2) I f GRAV = * YES * the c a l c u l a t e d d e n s i t y d i s t r i b u t i o n 
i s output as f o l l o w s : -

NADE, NR, NC, BH, BW - data name, number of rows of 
bloc k s , number of columns of blo c k s , block height, 
block width. 
Q(I,.J) I counts rows from base upwards, 1 to NR, 
J counts columns towards the spreading, c e n t r e , 1 to NC. 
Each element of Q ( I , J ) i s the c a l c u l a t e d d e n s i t y 
of one block of the l i t h o s p h e r i c model. 

3) I f MAP = 1YES| the d e n s i t y range encompassed by 
Q ( I , J) i s d i v i d e d i n t o NCAT d i v i s i o n s , (maximum 26) . 
Each d i v i s i o n i s a l l o t t e d a code l e t t e r and a map of 
the d e n s i t y d i s t r i b u t i o n i s produced by p l o t t i n g the 
l e t t e r codes a p p l i c a b l e to each block i n the form of 
a r e c t a n g u l a r g r i d , (see f i g u r e 4.5). The map i s 
n e c e s s a r i l y quantized by the use of the l e t t e r code 
r e p r e s e n t a t i o n . NSP blank l i n e s a r e l e f t between each 
column. 

4) I f PHASE = 'YES' the mineral phase d i s t r i b u t i o n i s 
p l o t t e d i n a s i m i l a r manner, using the l e t t e r codes o f 
the input phase diagram and spacing the columns by 
NSP l i n e s , (see f i g u r e 4.5). 

.5) I f PLOT = 'YES' d e n s i t y p r o f i l e s w i t h i n the 
l i t h o s p h e r e are p l o t t e d on the l i n e p r i n t e r u sing the 
subroutine GRAPH (appendix 1 0 ) . S e l f explanatory. 

6) I f ELEV = 'YES' the topographic e l e v a t i o n p r o f i l e 
i s c a l c u l a t e d and p l o t t e d ( i n km) on the l i n e p r i n t e r . 
Both the p r o f i l e caused by thermal c o n t r a c t i o n and 
phase changes, and the modified p r o f i l e which r e s u l t s 
from t h i s c o n t r a c t i o n being i s o s t a t i c and submarine 
are p l o t t e d . S e l f explanatory. 
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7) I f STORE = 'YES' then the second topographic p r o f i l e 
mentioned above, ( c o n t r a c t i o n + i s o s t a s y ) i s w r i t t e n to 
f i l e OUT as f o l l o w s : -

MO, NC - Data name, number of points. (= no. of columns) 
ANOM(I) , FPT(.I) I from 1 to NC 
ANOM i s the elevation, (km) r e l a t i v e to. column i . 
FPT i s the d i s t a n c e (km) from column 1. 

Important notes on the i n t e r p r e t a t i o n of the output of TEMDEN 

1) The e f f e c t s of the boundary co n d i t i o n s a t the ends 
of the l i t h o s p h e r i c s l a b . 

1.1) The end remote from the spreading c e n t r e . 
As d e s c r i b e d i n appendix 5, a f a c i l i t y i s i n c l u d e d i n the 

program BEAT to allow i t to generate the e q u i l i b r i u m c o n d i t i o n s 
e x i s t i n g f a r from the spreading c e n t r e i n l i t h o s p h e r e s which 
c o n t a i n heat productive m a t e r i a l s . T h i s makes i t p o s s i b l e to 
input a simple s t r a i g h t - l i n e temperature p r o f i l e as the 
i n i t i a l boundary co n d i t i o n and allow the program to bend the 
p r o f i l e to the r e q u i r e d e q u i l i b r i u m v a l u e s . However, the 
o r i g i n a l p r o f i l e i s preserved i n the end column of the model 
throughout the c a l c u l a t i o n s , and u s u a l l y a f f e c t s the 
temperature p r o f i l e s i n the neighbouring columns of b l o c k s . 
Consequently, when i n t e r p r e t i n g the topographic e l e v a t i o n 
p r o f i l e s , these columns should be ignored s i n c e they do not 
r e p r e s e n t any r e a l p a r t of the l i t h o s p h e r e . The base l e v e l 
for measurement of e l e v a t i o n must thus be adjusted as shown 
i n f i g u r e A l . 

1.2) The end a t the spreading c e n t r e . 
S i m i l a r l y , the l a s t column of blocks i s a l s o present 

only as a means of applying the boundary c o n d i t i o n s , and i s 
not intended to r e p r e s e n t a molten zone i n the l i t h o s p h e r e , 
twice the block width i n extent a t the s u r f a c e . Consequently 
the e l e v a t i o n of t h i s column i s a l s o to be ignored. 

The e f f e c t s of the above c o n s i d e r a t i o n s a r e present 
not only i n the topographic p r o f i l e s but a l s o i n the other 
output data and diagrams, s i n c e a l l are d e r i v e d from the 
same source. 
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Fi g u r e A l . A t y p i c a l topographic p r o f i l e 
as output by the program. TEHDEN. The e f f e c t on the 
topography of the boundary condition a t the cool 
edge of the s l a b i s e a s i l y seen, and the base l e v e l 
above which the topographic e l e v a t i o n should be 
measured i s shown. 
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2) The e f f e c t s of d i g i t i s a t i o n . 

S i n ce s e v e r a l stages of the c a l c u l a t i o n s c a r r i e d out 
by the programs HEAT and TEMDEN are concerned with d i g i t a l 
r e p r e s e n t a t i o n of. continuous data, d i s c o n t i n u i t i e s i n the 
output p r o f i l e s a r e to be expected. The major sources of 
such d i s c o n t i n u i t i e s a r e : -

1) the block r e p r e s e n t a t i o n of the l i t h o s p h e r e 
2) the d i g i t i s a t i o n of the phase diagram 
3) .the methods o f graph p l o t t i n g and d i s t r i b u t i o n 

mapping a v a i l a b l e oh the l i n e p r i n t e r . 
Consequently sharp boundaries i n density, or phase d i s t r i b u t i o n s 
and steps i n the e l e v a t i o n p r o f i l e s a r e to be i n t e r p r e t e d 
w i t h c a r e , bearing i n mind the above c o n s i d e r a t i o n s . The 
data may normally be smoothed by i n t e r p o l a t i o n i f d e s i r e d . 

A l i s t i n g of the program TEMDEN f o l l o w s . 



MDEN -F 

TEMDFN: PROC OPTIONS<MAIN); 
DCL (NAM,NAME) CHAP(R); 
OCL P(lOO f5DJ CHAPtl); 
DCL FIX CHAR(3) VARYING I N I T I A L ( • N O 1 ) ; 
DCL TYPE CHAR!8) VARYING; 
L (ANQM,FPT)(200); 
DCL PLOT CHAP I 3) VARYING I NI TI AH ' NO* J ; 
CCL EL EV CHAR!3J VAR IN ITIAL! 'NO • ) ; 
DCL STORF CHAR(3) VAF INITIAL!'NO')i 
DCL MO CHAR!8l ; 
DCL KFYC50 ) CHAR(l) ; 
OCL PHASE CHAR(3) VAF INITIAL!* NO*); 
DCL PS130.100) CHAR(l); 
Df.L S(26) CHARU); 
DCL GRAV CHAR I 3 ) VAF. IN I T I A L ! 'NO' ) ; 

CCL NADE CHAR<8); 
DCL DEN( 50) ; 
DCL R130, 100) CHAR! 1) ; 

DCL MAP CHAR(3) VARYING IN IT IAL!*N0• ) ; 
DCL PRINT CHAR ! 3> VARYING I NI TI AH • NO* ) ; 
DCL T!30,100); DCL Q(30,100); 
ON ENDFILE!IN) GO TG ERR; 
GET DATA; 
GET FILFJPH) LIST < NP,NT » NKEY, (KEY! I),DEN!I) DO 1 = 1 TO NKE Y ) ) ; 
GFT FILE(PH) LIST<TP,BP,TT,BT); 
T FILEJPH) EDIT f{(PC I T J I DO J = l TO NP) DO 1=1 TO NT))<SKIP,{NP) A l l ) ) ; 
IF PRINT='YES' THEN DO; 

PUT SKIP l)ATA!NP»NT,NKEY); 
PUT SKIP LIST!'TABLE OF PHASES AND DENSITIES'); 
PUT SKIP LIST!'PHASE DENSITY'); 
DO 1=1 TO NKEY; 
PUT SKIP E D I T I K F Y ( I ) , D E N ! I ) ) ! A ! 5 ) , F ! 1 0 , 3 ) ) ; 
END ; 
PUT PAGE LIST!'PHASE EQUILIBRIUM DIAGRAM'); 
NS=NP-15? 
PUT EDIT !»T=',TT,» T=»,TT)IRIDI)); 
PUT fcDITl«P=«,BP, «P= «,TP )!R(DI) ) ; 
DI: F0PMAT!SKIP,A,F<10,3),X<NS),A,F!10,3)); 
PUT fcDITH<P<I,J) DO J = l TO NP) DO 1 = 1 TO NT) M SKIP, INP) A U I 1 ; 
PUT E D I T ( , T = , , B T , ' T = , , B T ) ( R ! D I ) ) ; 
PUT FDITI*P=',BP,'P=',TP)!RtDI)); 
END; 
HER: GET L I ST!NAM,NOR,NCAT,NSP); 
IND: GET F1LE!IN ) LI ST{NAME,D,D,D,NR,NC,NO,TTT) ; 
GET F I L E ( I N ) L I ST!0,DfD,D,D,BH,BW); 

GET F I L E I I N ) L I ST!!!T!I,J) DO J = l TO NC) DO 1 = 1 TO NR)); 
IF NAM-*=NAME I NOR-=N0 THEN GO TO IND; 
ELSE GO TO ST; 
ERR: PUT SKIP LIST!'DATA REQUIRED NOT FOUND'); 
PUT SKIP EDIT!'LOOKING FOR 1,NAM,' CALL NUMBER•,NOR)(A,A,A,F!4,0)); 
PUT SKIP EDIT!"LAST DATA SET WAS *,NAME,1 CALL NO.•,NO)!A,A,A,FU,0)); 
PUT SKIP L IST!'STOPPING'); STOP; 
/* NOW DERIVE DENSITIES */ 
ST: DO 1=1 TO NR; 
DC J = l TO NC; 

PR=BH*!NP+0.5-I)**7/15G; 
PINT=!TP-BP)/NP; 



T I N T = ( T T - B D / N T ; 
K = P R / P I N T + 1 ; 

I F T ( I , J » = 0 . T H E N L = N T ; F L S E L = N T - T ( I F J ) / T I N T +1 ; 
0 0 M=l TO N K E Y ; 

I F P < L , K ) = K E Y [ M ) THHN DO; Q( I » J ) = D E N ( M ) ; PSU t J l =P< L , K ) ; = ND; 
ENO; 
Q < I , J ) = O i 1 1 J ) * ( 1 - 0 . 0 4 * T ( I t J ) / 1 0 O 0 + D . 0 2 * P R / 2 3 . 2 5 ) ; 
E N D ; E N D ; 

I F G R A V = ' YES' THEN DO; 
G E T L I S T ( N A D E ) ; 
P U T F I L E ( G R ) E D I T 1 N A D E , N P , N C , B H , B W ) 
( X ( 2 J , A < 8 ) , ( 2 ) F ( L O T O ) , ( 2 ) F ( 1 0 , 3 ) > ; 
DO 1=1 TO NR; 
PUT F I L E ( G R ) S K I P E D I T ( ( Q ( I , J I DC J = l TO N C ) ) ( ( 8 I F ( 1 0 , 3 ) l i 

P U T FILfclGR) SKIP & D I T { ' « U A ) ; 
E N D ; PUT S K I P L I S T ( ' D E N S I T Y OUT P U T * ) ; E N D ; 

/ * T H E N E X T 4 0 OR SO S T A T E M E N T S ARE C O P I F C FROM HOTMAP * / 
* ONLY T H E MIN C H A N G I N G HAS B E E N DONE SCI D O N ' T Re=AD * / 

/ * MUCH I N T O V A R I A B L F NAMES * / 
I F M A P = ' Y E S « THEN 0 0 ; 
PUT P A G E EDITl ' M A P O F D E N S I T Y F I E L D FOP MODEL * i N A M ? ' C A L L TO OUT 

T N U M B E R ' t N O R ) < A i A i A , F ( 4 , 0 i ) ; 
/ * WORK OUT C A T E G O R T L I M I T S * / 
TMAX=O; 

T M I N = 1 0 ; 
DO 1=1 TO NR ; 

DO J = l TO N C : 
TMAX=MAX(TMAX t Q ( I r J I ) i 

T M I N = M I N ( T M I N ? Q I I , J ) ) ; 
E N D ; 
E N D ; 

I T M A X = T M A X+l; 
I T M I N = T M I N ; 

C A T W = I I T M A X - I T H I N ) / N C A T ; 
S < l ) = ' A ' ; S < 2 ) = « B ' ; S ( 3 J = ' C » ; S ( 4 ) - * D « ; S I5)=«F'; S I 6 ) = ' F « ; 
S ( 7 ) = ' G ' ; S 1 9 ) = ' H ' ; S ( 9 ) = ' I ' ; S ( 1 0 ) = ' J « ; S ( l l ) = ' K « ; S i i 2 ) = ' l ' ; 
S l l 3 ) = ' M ' ; S ( 1 4 ) = ' N « ; S ( 1 5 ) = ' 0 ' ; S ( 1 6 1 = ' P ' ; S ( 1 7 ) = ' Q « ; S ( 1 8 i = ' R ' ; 
S(1 <3) = « S ' ; S ( 2 0 ) = ' T « ; S ( 2 1 ) = ' U « ; S ( 2 2 ) = ' V ; S ( 2 3 ) = ' W ' ; S ( 2 4 I = « X ' ; 
S < 2 5 ) = ' Y " . S ( ? A ) = ' Z * ; 

P U T S K I P L I S T ( ' D E N S I T Y I N T E R V A L S I N G M / C C ' M 
T B = ITM IN ; T A = C A T W + I T M I N ; 
DO K = l TO N C A T ; 

P U T S K I P E D I T ! ' F R O M ' , T B , • T O'fTA,' CODED A S S S t K I I 
( A , F ( 6 , 3 ) » At F ( 6 f 3 ) » A» A ) ; 
T B = T A ; 
T A=T A+CATW; 
E N D ; 
DO 1=1 TO N R ; 
DO J = l TO N C ; 

N=CQ< I , J » - I T M I N ) / C A T W + l ; 
R( 11 J ) = S ( N ) ; 

E N D ; END; 
/ * NOW P L O T MAP * / 
PUT P A G F LISTM ROW N U M B E R S ' ) ; 
P U T S K I P E D I T I t J DO J = l BY 2 T C NR) ) <X (7 ) , ( 2 0 ) F H t O I ) ; 
P U T SKIP EDITUJ DO J= 2 B Y 2 TO NR) ) ( XI 9) , ( 2 0 ) F ( 4 , 0 ) > ; 
P U T 5 K I P ( 2 J ; 
DO J = l TO N C ; 
I F NSP-«=0 THEN P U T S K I P ( N S P ) ; 
P U T S K I P F D I T U , ( R I I , J ) DO 1=1 TO NR ) ) ( X <2 ) , F ( 3 , 0 11 X i 5), i 301 A < 2 ) ) ; 



END; 
PUT SKIPI?) L I S T I ' C O L U M N N U M B E R S ' ) ; 
END? 

I F P H A S E = ' Y E S ' THEN DO; 
PUT PAGE L I S T C M A P OF PHASES PRESFNT'1; 

PUT SKIP L I S T C ROH NUMBERS' ) ; 
PUT S K I P EC-ITU J DO .1=1 RY 2 TO NP ) > ( X ( 7) , ( 20 I F ( A» C) ) ; 
PUT S K I P E O I T U J DO J=2 BY 2 TC N R ) ) ( X ( Q ) v ( 2 0 I F ( 4 , 0 I ) ; 
PUT SK I P ( 2 ) ; DO J = I TO NC; 
I F NSP-=0 THEN PUT S K I P ( N S P ) ; 
UT S K I P EDIT!J,(PS1I,J) DO 1=1 TO NR) ) (X < 2 ) , F<3 f0 ) , X (5 ) , 130 ) A(2 ) ) ; 
END; PUT S K I P ( 2 ) L IST( 'COLUMN N U M B E R S ' ) ; END; 

I F P L O T = ' Y E S ' THEN DO; 
P T : GFT L I S T I T Y P E » N N I ; 
I F TY PE='END * THEN GO TD E L E ; 
I F TYPE='POW THEN DO; 

LM=NC; 
DIS=BW, 
END; 
I F TYPE='COLUMN' THEN DO; 
LM=NP; 
DIS=BH; 
END; 
DO 1=1 TO LM; 
I F TYPE= , POW* THEN A N U M I)=Q(NN,I); 
I F TYPE='COLUMN' THEN ANOMl I ) = Q( It NN ) ; 
FPT< H = D I S * l L M - I + 0.5) ; 

END; 
CALL G P A P H ( F P T , A N O M f L M t L K f 1 0 0 f F I X ) ; 
PUT SKIP E D I T * " D E N S I T Y PLOT FOR • , T Y P E t NN,1 FOR MODEL 1 ,NAM,' CALL TO 
TPUT N O . ' , N O R )(A,A,F(5,0),A,A t A , F ( 5 , 0 ) ) ; 
GO TO P T ; 
END; 

E L E : I F E L E V = ' Y F S ' THEN DO; 
ANOM=0.; 
DO 1=1 TO NC; 
FPT< I )=BW* (NC- I+0.5 >; 
END; 
DO 1=1 TO NR; 
DO J = l TO NC; 
ANOM U ) = ANQM(J)+BH*(Q( I , J } - Q ( 1 , 1 ) I /QU 11) ; 
END; END; 
DO J = l TO NC; 
ANOMtNC+J) = A N O M I J ) * ( I + 1 / I Q ( 1 1 J I - 1 ) ) ; 
FPTJNC+J )=FPT(J); 
END; 
NQ=NC+NC; 
CALL GRAPH(FPT,ANOM,NC,NQt100,F IX ) ; 
PUT S K I P E D I T ! ' E L E V A T I O N OF MODEL ' , N A M , ' OUTPUT NO. ' tNOR) 

( A t A t A t F ( ^ t O ) ) ; 
PUT S K I P L I S T ( "^'CONTRACTION ONLY, +=CONTRACT I O N + I S O S T A S Y • ) ; 
I F STORE='YES» THEN DO; 
GET L I S T ( M O ) ; 
PUT F I L E ( O U T ) E D I T ( M O t N C ) ( X ( 2 ) t A t 8 ) t F ( 1 0 , 0 ) ) ; 

*NQQ=NC+1; NO=NC+NC; 
PUT F I L E ( O U T ) EDI TUANOM< I ) , F P T ( I ) DO I=NCG TC NQMU8) F(10,3)»; 
PUT FILE(OUT) EDIT(' ' ) I A ( 2 ) ) ; PUT F I LEt OUT) S K I P ; 
PUT S K I P EDIT(MO, ' WRITTEN TO F I L E O U T')(A,A); 
END; 
END; 
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Appendix 7. 

The program HOTMAP. 

D e s c r i p t i o n 
HOTMAP i s a small program w r i t t e n , i n - P L l , to p l o t the 

temperature d i s t r i b u t i o n i n a modelled l i t h o s p h e r i c s l a b 
according to a procedure s i m i l a r to t h a t used f o r the d e n s i t y 
d i s t r i b u t i o n i n the program TEMDEN. An option e x i s t s to produce 
a graph of the val u e s of s u r f a c e heat flow which e x i s t a c r o s s 
the top of the s l a b . For e f f i c i e n c y , t h i s program should be 
incorporated i n t o TEMDEN and i t i s only separate for h i s t o r i c a l 
r e asons. 

inp u t 
The input may be di v i d e d i n t o two s e c t i o n s : -
1) The temperature d i s t r i b u t i o n s and a s s o c i a t e d information, 

e x a c t l y as output by the program HEAT. Read from f i l e IN. 
2) Output i n s t r u c t i o n s e t c . Read from f i l e SCARDS. The 

re q u i r e d output i s s e l e c t e d by pu t t i n g any of the 
a v a i l a b l e options equal to 'YES' i n a GET DATA 
statement. The a v a i l a b l e options a r e : -
MAP - produces diagram of the temperature d i s t r i b u t i o n . 
PLOT - p l o t s heat flow anomaly across the s l a b . 
The r e q u i r e d data s e t and the output format f o r the 
temperature d i s t r i b u t i o n a r e s p e c i f i e d i n . a manner 
i d e n t i c a l to t h a t used to produce the d e n s i t y 
d i s t r i b u t i o n i n TEMDEN. The req u i r e d parameters a r e s -
NAM - name of data s e t 

As f o r the program 
TEMDEN, appendix 6. 

NOR - number of data s e t 
NCAT - number of c a t e g o r i e s 
NSP - number of spaces 
The heat flow anomaly i s c a l c u l a t e d from the v e r t i c a l 
temperature g r a d i e n t between corresponding blocks i n 
the top two l a y e r s of the l i t h o s p h e r i c model. The 
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necessary thermal c o n d u c t i v i t i e s may be s p e c i f i e d i n 
e i t h e r of two formats:-
(only i f PLOT =• • «YES 1) 
EITHER CON(I) I from 1 to NC. NC = number of columns, 

c o n d u c t i v i t i e s s p e c i f i e d i n d i v i d u a l l y . 
OR CON O ( z e r o ) . C o n d u c t i v i t i e s a l l s e t to CON by 

the program. 

The c o n d u c t i v i t i e s are s p e c i f i e d i n eals/cm.s.°C. 

Output 
1) I f MAP =. 'YES *, the temperature d i s t r i b u t i o n i s p l o t t e d 

on the l i n e p r i n t e r ( f o r d e t a i l s see the d e n s i t y d i s t r ­
i b u t i o n i n TEMDEN). 

2) I f PLOT =. 'YES ', the heat flow anomaly i s p l o t t e d on 
the l i n e p r i n t e r using the subroutine GRAPH (appendix 
1 0 ) . S e l f explanatory. 

S e v e r a l consecutive temperature d i s t r i b u t i o n s may be 
processed i n one run of the program, as i n TEMDEN. 

I n t e r p r e t a t i o n of the output. 
The notes given a t the end of appendix 6 apply a l s o 
to the output of HOTMAP. 

A l i s t i n g of the program f o l l o w s . 



ITMAP -E 

HOTMAPJ PROCEDURE OPTIDNS( PM N); 
DCL<NAM,NAME) CHAP.I8); 
DCL POO ,100) CHARU); 

DCL T l 3 0 , 1 0 0 ) ; 
DCL S (26) CHAR( 1) 5 
DCL(MAPiPLOT) CHAP(3) VARYING IN IT IAL(•NO•)? 

ON ENDFILE(IN) GO TO ERR; 
GET D A T A ; 

HER; GET L I ST(NAM * NOR,NCAT « NS P ) ; 
IND: GET FILE!IN) L I ST( NAME ,D ,D ,D , NP ,NC , NO, TTT ); 

GET FILL! IN ) L IST<C, D, D,D,D,BH,RW); 
DO 1=1 TO NR; 

GET FILF1IN) 1.1 ST (( T ( I ? J) DO J = l TO N O ) ; 
END; 
IF NAM-»=N AME I NUR-«=NO THEN GO TO I NO; 

IF MAP=«YES' THEN DO; 
PUT SKIP EDIT(* MAP OF TEMPERATURE FIELD FOR MODEL * * NAM , * CALL TO OUT 

T NUMBER*,NOR)< A, A, A, F (4,0 ) ) ; 
/* WORK OUT CATEGORT LI WITS */ 
TMAX=0; 
DO 1=1 TO NR; 

DO J = l TO NC; 
TMAX=MAX(TMAX,T{I,J)); 
END; 
END; 

ITMAX=TMAX/130+l; 
CATW=ITMAX*100/NCAT; 
S U ) = 'A'; S(2)='B'; S ( 3 ) = ' C ; S(4) = 'D'; Si b) = »F •; S16)='F»; 
S<7)='G«; S(8)='H'; S ( 9 ) = ' I ' ; SUO) = ' J ' ; S l l l l = ' K ' i S(12)='L«; 
S113)='M»: S(14)='N'; S r i 5 ) = ' 0 ' ; SI16)='P'; SI17)»'0'; S d B l - ' R 1 ! 
SU9)='S»; S120)='T'; SJ21)='U'; S ( 2 2 ) - * V a ; S(23)='W'; S<24)='X«; 
S(25)='Y»; S126)='Z»; 
PUT SKIP LISTl'TEMPERATURE INTERVALS IN DEG C I ; 
TB=0; TT=CATW; 
DO K=l TO NCAT; 

PUT SKIP FDITI•FROM 1 , TB» ' TO •,TT, • CODED AS ' , S I K I I 
( A , F ( 6 , 1 ) , A , F ( 6 , 1 ) , A , A ) ; 
TB=TT; 
TT=TT +CATW; 
END; 
DO 1=1 TO NR; 
DO J = l TO NC; 

N=T< I , J) / C A T W+l; 
P I I , J ) = S ( N ) ; 

END; END; 
/* NOW PLOT MAP */ 
PUT PAGE LIST(« ROW NUMBERS'); 
PUT SKIP E O I T d J DO J = l BY 2 TO MR) ) (X (71 , (20 ) F K , 0 ) ) ; 
PUT SKIP EDITUJ DO J = 2 BY 2 TO MP ) ) I X( 9 1, ( 20 ) F I 4 . 0 I ) ; 
PUT SKIP ( 2 ) ; 
DO J=1 TO NC; 
I F NSP-.=0 THEN PUT SKIP(NSP); 
PUT SKIP EDIT(J,(PI I , J ) DO 1 = 1 TO N R ) ) ( X ( 2 ) , F ( 3 , 0 ) , X ( 5 ) , ( 3 0 ) A 1 2 ) ) ; 
END; 
PUT SKIPl?) LISTCCOLUMN NUMBERS'); 
END; GO TO HF; 

ERR: PUT SKIP LIST!'D AT A REQUIRED NOT FOUND'); 



PUT SKIP EDIT! 'LOOKING FOR •,NAM,• CALL NUMBER• ,NOR)<A , A , A , F ( 4 , 0 i ) ; 
PUT SKIP EDIT ( ' LAST DATA SET WAS '.NAME,' CALL NO . • ,N0 ) l A, A, A ,F ( 4, O i l *, 
PUT SKIP LI ST I'NO MAP CR GRAPH PRODUCFO'); 
STOP ; 
HF: IF PLOT='YES' THEN DO: 

PUT SKIP LISTCPLOTTING HFAT FLCW GRAPH'); 
DCL CON(100>,FPTl100),QE(100J; 
DCL FIX CHAP(2) INITIAL!'NC'l! 
GET LIST ICON!1),CON(2)) i 

IF CUN(2)<0.00001 THEN DO; 
DO 1=2 TO NC; 
CON(I) = CON( 1 ) ; 
END; END; 
ELSE GET LISTHCONU) DO 1 = 3 TO N O ) ; 
PUT SKIP EDIT!'HEIGHT OF BLOCKS=•,3H, • KILOMETRES•)(A,F(8,3),A); 

PUT SKIP EDIT{* WIDTH OF BLOCKS IN KILOMETRES*',BW)(A»F{8,3)1; 
PUT SKIP LIST('CONDUCTIVITIES IN CALS/CM.SEC.*C• ) ; 
PUT SKIP t D I T ( ( C O N ( I ) DO 1=1 TO N C ) ) l ( 8 ) F ( 1 C , 4 ) ) ; 
DO 1=1 TO NC; 

F P T U ) = t I - l ) * B W ; 
Qe< I ) = 10*CCN( I )*(T UNP-1 ) , I )-T (NR , I ) )/BH; 
END; 
CALL GRAPH!FPT,QE,NC,NC,103,FIX) ; 
PUT SKIP LIST!•HEAT FLOW GRAPHS IN MICROCALS/CM*+2.SEC» ) ; 
PUT SKIP EDIT t 'MODEL ',NI\M,» CALL TO OUTPUT NUMBER',NOR) 
!A,A,A,F(4,0) )', 
END; 
GO TO HER ; 
END HOTMAP; 
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Appendix 8. 

The program SYN. 

D e s c r i p t i o n 
T h i s program i s w r i t t e n i n PL1 to s y n t h e s i z e the 

bathymetric p r o f i l e s produced by s e a - f l o o r spreading o c c u r r i n g 
a t a s p e c i f i e d combination of spreading r a t e s from p r e v i o u s l y 
d e r i v e d r e l a t i o n s h i p s between l i t h o s p h e r i c age and the e l e v a t i o n 
of the ocean r i d g e above the b a s i n . Age-elevation data for sev­
e r a l d i f f e r e n t l i t h o s p h e r i c t h i c k n e s s e s may be considered during 
one run of the program, and the r e s u l t i n g bathymetrie p r o f i l e s 
a r e f i t t e d by a l e a s t squares procedure to observed data. A 
graph of the v a r i a n c e s of the bathymetric f i t s so produced i s 
p l o t t e d , and provides an immediate i n d i c a t i o n o f the t h i c k n e s s 
of l i t h o s p h e r e which r e s u l t s i n the b e s t f i t to the observed 
bathymetry. 

The s p e c i f i e d spreading r a t e s and the periods during 
which they operated a r e examined to form a r e l a t i o n s h i p between 
the age of the l i t h o s p h e r e and i t s d i s t a n c e from the spreading 
c e n t r e . Information r e l a t i n g the bathymetric e l e v a t i o n of the 
top s u r f a c e of a l i t h o s p h e r e of a given t h i c k n e s s to i t s age 
may be simply d e r i v e d from the output of the programs HEAT and 
TEMDEN (appendices 5 and 6) i f a constant spreading r a t e i s 
used during the c a l c u l a t i o n of the l i t h o s p h e r i c temperature 
d i s t r i b u t i o n . R e p e t i t i o n of t h i s process f o r s e v e r a l l i t h o s p h e r i c 
t h i c k n e s s e s enables a three-dimensional a g e - e l e v a t i o n - t h i c k n e s s 
t a b l e to be compiled (appendix 4 ) B a t h y m e t r i c p r o f i l e s for the 
va r i o u s t h i c k n e s s e s are then produced by applying the above-
mentioned age-distance r e l a t i o n s h i p for the r e l e v a n t spreading 
r a t e s to t h i s t a b l e . 

The v a r i a n c e of each f i t between observed and c a l c u l a t e d 
p r o f i l e s i s determined by s h i f t i n g one v e r t i c a l l y r e l a t i v e to 
the other u n t i l the deepest p a r t of the c a l c u l a t e d p r o f i l e 
c o i n c i d e s with a datum l e v e l d e r i v e d from the observed p r o f i l e 
by averaging the depths i n the ocean b a s i n over a s p e c i f i e d 
h o r i z o n t a l d i s t a n c e . S i n c e f e a t u r e s such as seamounts lead to 
an upward b i a s s i n g of t h i s datum, a f a c i l i t y i s provided to 
e f f e c t i v e l y remove such s h o r t wavelength topography from the 
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a b y s s a l p l a i n . The v a r i a n c e of the f i t i s then c a l c u l a t e d as 

^(Observed e l e v a t i o n - c a l c u l a t e d e l e v a t i o n ) /No. of p o i n t s , 

and i s p l o t t e d a g a i n s t the t h i c k n e s s of l i t h o s p h e r e used to 
generate the c a l c u l a t e d p r o f i l e . 

Input 
T h i s may be divided i n t o t hree s e c t i o n s : -

1) The observed bathymetry - read from f i l e OBS as f o l l o w s : 
NAMO - name of observed data 
NOP - number of p o i n t s 
E 0 ( I ) , DO(I) I from 1 to NOP - observed e l e v a t i o n 

(fathoms), observed d i s t a n c e (km) . S i n c e the i n t e r v a l 
of d i s t a n c e between a d j a c e n t points must be uniform 
along the p r o f i l e , i t may he necessary to sample or 
. s p l i n e the observed data before running t h i s program.. 

2) The age-elevation data - read from f i l e AE as f o l l o w s : 
NAEM -. name of the data 
NA - number of v a l u e s of age 
NE - number of v a l u e s of e l e v a t i o n f o r a given age 
EAT(I) I from 1 to 14 - Alpha b e t i c and/or numeric 

r e f e r e n c e s to each i n d i v i d u a l a g e - e l e v a t i o n r e l a t i o n s h i p 
(for i d e n t i f i c a t i o n purposes only, u s u a l l y l i t h o s p h e r i c 
t h i c k n e s s e s as a p p r o p r i a t e ) . 

AG(.I) , E(,i,,J) , J from 1 to NE, I from 1 to NA - Ages (My) , 
e l e v a t i o n (km), NE e l e v a t i o n s per age* one per 
l i t h d s p h e r i c t h i c k n e s s . 

3) Spreading r a t e data and other parameters- read from 
f i l e SCARDS as f o l l o w s : 
NR - number o f d i f f e r e n t phases of spreading 
T S ( I ) - s t a r t of spreading episode (My B.P..) 
T F ( I ) - f i n i s h of spreading, episode (My B.P.) 
SR( I ) - spreading r a t e between TS(.I) and T F ( I ) (cm/y) 
There are NR s e t s of T S ( I ) , TF(.I) , S R ( I ) , s t a r t i n g w i t h 
0 My B.P. and p r o g r e s s i n g i n t o the p a s t . 
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DMIN j - These together s p e c i f y the p o s i t i o n s of the 
DMAX ) ocean r i d g e c r e s t i n u n i t s of kilometres 

according to the coordinates of the observed 
bathymetry. C a l c u l a t i o n s a r e performed assuming the 
r i d g e c r e s t to be a t each p o i n t between DMIN and DMAX 
co n s e c u t i v e l y , and DMIN and DMAX must themselves f a l l 
on, and not between, data p o i n t s . DMIN must be l e s s 
than or equal to DMAX. 
DF - Th i s parameter d e f i n e s the point on the 
observed bathymetric p r o f i l e beyond which a l l 
topography i s to.be removed by s e t t i n g the bathymetry 
to the v a l u e p r e s e n t a t DF, so as to c a l c u l a t e an 
unbiassed datum l e v e l as described-above, "beyond 
which" i n t h i s context r e f e r s to p o i n t s f u r t h e r from 
the ocean r i d g e c r e s t than the point a t DF. DF i s 
s p e c i f i e d i n km according to the coordinate system of 
the observed p r o f i l e and must be used with c a r e . I f 
the observed data i s such as to e i t h e r not require o r 
not permit the use of t h i s procedure f o r any reason, 
DF must be s e t to a point f u r t h e r from the ocean r i d g e 
than the h o r i z o n t a l extent of the c a l c u l a t e d p r o f i l e , 
i n which, case i t w i l l have no e f f e c t . 
DD - s p e c i f i e s t h e p o s i t i o n of the s t a r t of the a b y s s a l 
p l a i n f o r the purposes of the datum l e v e l c a l c u l a t i o n 
mentioned above, i n u n i t s of km according to the 
coordinate system of the observed p r o f i l e . The 
bathymetry a t a l l p o i n t s f u r t h e r from the spreading 
a x i s than t h a t defined by DD i s taken i n t o account when 
c a l c u l a t i n g t h e average depth of the observed a b y s s a l 
p l a i n . 
DPL - must be equal to e i t h e r DMAX or DMIN o r the 
di s t a n c e coordinate of any point between these two. 
A graph of v a r i a n c e a g a i n s t l i t h o s p h e r i c t h i c k n e s s i s 
produced f o r the case i n which the r i d g e c r e s t i s taken 
as being a t DPL. 

http://to.be
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IREV - d e f i n e s which h a l f of the observed bathymetric 
p r o f i l e i s to be used i n the c a l c u l a t i o n s . I f IKEV=1, 
the d i s t a n c e coordinates of the h a l f of the observed 
p r o f i l e s e l e c t e d i n c r e a s e from the ocean r i d g e towards 
the b a s i n , i f IREV=-1 they decrease. 

Output 
The f o l l o w i n g s e t s of information a r e produced:-

1) A l i s t of the spreading r a t e s and the periods over which 
they apply. 

2) A t a b l e of l i t h o s p h e r i c age a g a i n s t d i s t a n c e , the u n i t s 
of the d i s t a n c e s c a l e being km but i t s o r i g i n being 
u n s p e c i f i e d ( t h i s i s a simple w r i t i n g of some a r r a y s , 
o r i g i n a l l y f o r program checking purposes. Hence the 
a r b i t r a r y datum). 

3) A l i s t i n g of the a g e - e l e v a t i o n t a b l e as input on f i l e 
AE. 

4) A l i s t i n g of the c a l c u l a t e d e l e v a t i o n - d i s t a n c e p r o f i l e s 
using the d i s t a n c e s c a l e of 2, above. 

5) The r e s u l t s of the f i t t i n g p r o c e s s . For each l i t h o s p h e r i c 
t h i c k n e s s the f o l l o w i n g a r e produced:-
1) The v a r i a n c e s of the f i t s between observed and 

c a l c u l a t e d data f o r each p o s i t i o n of the r i d g e c r e s t 
between DMAX and DMIN. 

2) A l i s t i n g of the observed and c a l c u l a t e d p r o f i l e s 
used i n computing the f i t s , with the r e l a t i v e v e r t i c a l 
s h i f t a p p l i e d ( the s h i f t i s a l s o r e c o r d e d ) . 

3) A p l o t of the observed and c a l c u l a t e d bathymetric 
p r o f i l e s superimposed on one another. 

(2 and 3 a r e o n l y produced f o r the r i d g e c r e s t p o s i t i o n 
which g i v e s the lowest v a r i a n c e f o r the l i t h o s p h e r i c 
t h i c k n e s s i n question) . 

6) A graph of v a r i a n c e a g a i n s t l i t h o s p h e r i c t h i c k n e s s f o r 
the r i d g e c r e s t p o s i t i o n s p e c i f i e d by DPL. 

A l i s t i n g of the program f o l l o w s . 



TPOT -D 
SYN: PROC OPTIONS(»»AI N) ; 

DCL NAMO CHAR(8); DCL (EO,DO) (800); 
CL AG(ROT),E(800,20 I,EL(800,20); 
DCL DAK 14) CHAR<20) VAP; 
CL (TSiTFf SKM10I; 
CL <A ,D )(80T); 
DCL (SE,TH) ( 2 0 ) ; 
DCL FIX CHAR(O) VAR IN I T I A L < ' N O ' ) ; 
CL NAEM CHAR(8); 
PEN F1LEISPRINT) LINESIZEI132); 
GET FILEIOBSJ EDIT(NAMG,NOP)(X<2),A(8),F(10,0)); 
GET FILE(OBS) LI STU E0( I ) ,D0( I > DO 1=1 TO NOP)); 
DIS=ARS(D0(2)-D0(1)); 

ET LIST(NR); 
UT DATA(DIS.NR) ; 
ET LIST*(TS<I),TF( I ) ,SR( I ) 00 T=l TO MR)); 
UT SKIP LISTl«SPPFADING PATES: FROM(MY) T Q { M Y) RATFI CM/Y ) • ) ; 
DO 1 = 1 TO NR ; 
PUT SKIP EDIT(TS f I ) , T F ( I ) f SR( I ) ) ( X ( 1 5 ) , ( 3 ) F(10,3)); 
END; 
D l l ) = 0 n ( I ) ; 
A(1)=DIS/(20*SR(1 ) ); 

= 2; J = l ; 
L2: IF A1I-1XTFU) ThEN SPR=SRIJ); 
ELSE DO; J=J+l; IF J>NR THEN GO TO L I ; GO TO L2; END; 
A(I)=A(I-l)+DIS/(10*SPP); 
( I ) = D( I-D+DIS; 1=1+1; GO TO L2; 

Liz NAGE=I-l; 
PUT SKIP(2) LIST('NUMBER OF PTS AGE(MY) DIST(KM)*); 
DO 1 = 1 TO NAGE; PUT SKIP LIST(NAGE,A(I) , D (I)); END i 
ET FILb(AE) If DI T < NAEM»NA ,NF)(X(2),A18),(2) FUO.OM; 
GET FILE(AE) SKIP EDIT ( (DAT( I ) DO 1=1 TO 14)) 
((13) A ( 6 ) , A ( 2 ) ) ; 

UT SKIP(2) EDIT{NAEM,NA,NE)(X(2),A18),(2) F(10,0)); 
PUT SKIP ED IT ( t DAT ( I) DO 1=1 TC 14)) 
(X15),(2) A(6),<11) I X ( 4 ) , A ( 6 ) ) , A ( 2 ) ) ; 
0 1=1 TO NA; 
ET FILE(AE) LIST(AG(I),(E(I,J» DO J=l TC NE)); 
MD; 
DO 1=1 TO NA; 
UT SKIP EDITtAG(I),(E(I,J) DO J=l TC NE))l(13) F(10,3)); 
a; 
\G=AG<2)-AG(1) ; 
D J=l TO NE; 
D 1=1 TO NAGE; 
*4=1+A ( I ) /DAG ; 
<=E(NM,J); 
.11,J)=X+(E((NM+1),J)-E(NM,J))*(A( I )-AG(NM))/(AG(NM + 1)-AG(NM)); 
XD; END; 
PUT PAGE; 
D 1=1 TO NAGE; 
JT SKIP E D I T ( 0 ( I ) , ( E L ( I , J ) DO J = l TO N E t ) ( f l 3 ) F(10,3)»; 
slD; 
GET LISTIDMIN,DMAX,DF,DD,DPL,IREV); 

JUT SKIP DATA(DF,DD, IREV); 
DO 1=1 TO NE; 
.L L bSCMtiO, D O , £L , D , NAMO, NOP, NAEM, NAGE, DMI N, DPAX,DF,DD.DPL, IREV, I , DAT, S 



m>; 
J D ; 
;ALL GRAPH(TH,SE,NE,NE,20,FIX); 
>UT SKIP EDIT('FRRQR CURVE FOR DISTANCc • , CPL ) ( A, Fl 8, 3 ) J ; 
PUT SKIP EDIT!'FITTING »,NAMO,« KITH • ,NAEM ( A, A, A, A); 

JT SKIP L IST!•FINISHFD'); 
m SYN; 
>Q: PROC (Ffl t DO, EC, DC, NAMO, NOP , NAMC ,NCP,DMIN,DMAX,DF ,DD ,DPL,I REV,NNN, 
>E,TH) ; 
)CL( NAMO,NAMC) CHAP! 3); 
CCL DAT (14) CHAR (20) VAR ; 
)CL < E0,D0,DC,AMN0,SQ1 (800); 
DCL (SE»THI ( 2 0 ) ; 

DCL EC (800,20); 
DCL !OD,DS) (l&OO) : 
I L SSQJ800) ; 
DCL FIX CHAR(O) VAR INITIAL!'NO'); 
PUT PAGE LIST!'LEAST SQUARES FIT OF BATHYMETRIC DATA' 1; 
PUT SKIP12) EDIT!'OBSERVED DATA ',NAMO,• CALCULATED •,NAMC)(A,A,A,A) 
MMM=NNN+l; 

3UT SKIP EDIT!' CALL NUMBER ',NNN,• THICKNESSiKM)=»tDAT!MMM)) 
(A,F(5,0),A,A!6)); 
IDS=D0(2)-D0(l)+n.5; IDT=DCJ2)-DC(1J+0.5; 
SIDD=(DD-D0(1) )/IDS + 1.5; 
SIS = (DMIN-D0(1 ) )/IDS+1.5; 
YF=!DMAX-DO(1))/IDS+1.5; 
<=(NS+NF)/2; 
KC=ABS!NDD-K)+1; 
DT=C; DO I=KC TO NCP; TOT=TOT+EC!I,NNN); END; AMNC=TOT/(NCP-KC+1); 
PUT SKIP DATA(AMNC); 

IF NNN=1 THEN DO; DO 1=1 TO NOP; EC(I)=E0(U*0,0018288; END; END; 
IF IOT-.= IDS THEN 00; PUT SKIP L I ST ('DI STANCE UNEQUAL' ); STOP; END 
NRCP=IREV*(NCP-1); 
MFIX=(DF-D0(1))/IDS+1.5; 
IF IREV=l THEN NNF=NF; ELSE NNF=NSI 
DO I=NFIX RY IREV TO NNF+NRCP; EGlI)=E0(NFIX); END; 
PUT SKIP EDIT(• FIXING FROM ',DF,« AT VALUE ',EO(NFIX)) 
(A,F(10,3),A,F(10,3)); 

PUT SKIP DATA(NRCP,NS,NF,IDS,NFIX,NDD)i 
DO I=NS TO N F ; 
TOT=O; 
DC) J=NDD BY IREV TO I+NRCP; 
TOT=TOT+EO(J); 

ENO; 
A M N U ( I ) = T 0 T / ( A B S ( K + N R C P - N D D ) + 1 ) ; 
E N D ; 

P U T S K I P L I S T L ( A M N C ( I ) DO I = N S TO N F ) ) ; 
DO I = NS TO N F ; 
TOT=O; 
00 J = I BY I R E V TO I + N R C P ; 
K=ABS! J - D + i ; 
TOT=TOT+(EO(J)-(EC(K,NNN)+(AMN0(I)-AMNC)))**2; 
END; 
S O U )=TOT; 
SQ( I ) = SQ( 1 ) /NCP ; 
E N D ; 

PUT SKIP LISTKSQ(I) DO I=NS TO NF) ); 
SQM=SQ(NS); 
CO I=NS TO NF; 
SQM=MIN(SQM.SQII)); 



IF ABS1SQM-SQII IXO.OOOl THFN KEY=I; 
END* 
PUT SKIP LIST!»COEFFICIENT FOR VARIOUS DISTANCES'); 
PUT SKIP LIST('DISTANCE (KM) COEFFICIENT STANDARD ERROR' ); 
DO I=NS TO NF; 
DIS=DMIN+( i - r t s i * m s ; 
PUT SKIP F D I T ( D I S F S Q ( I ),SS9IH HFl 10, 3), (2) F(15,3)); 
IF ABS{DPL-DIS)<0.001 THEN DO; 
G£T STRING(DAT (MMM) ) L I S T I TH(NNN ) J ; 
SF.(NNN)=SSQl I ) ; END; 

E N D ; 
DCS=AMNO(KEY)-AMNC; 
PUT SKIP EPITl'DC SHIFT IS • ,OCS ) i A, F ( 10,3 ) I *, 
PUT SKIP LIST!'DISTANCE OBSERVED CALCULATED'); 
DO 1=1 TO NCP; 
DS(I) = ( I - 1 ) * I D S ; 
OD(I)=EC(I,NNN)+DCS; 
0D1NCP+I)=tO(KEY+(I-l)*IREV)i 
DSt I+NCP ) = DS( I ) ; 
END; 
DO 1=1 TO N C P ; N C P I = N C P + I ; 
PUT fcDITlUSlI),0D(NCPI),0D(I)) 
(SKIP,(3) F ( L 0 t 3 l ) ; E N D ; 
PUT SKIP EDIT<»OBSERVED=',NAMO,' CALCULATED=«,NAMC,• CALL NO •,NNN ) 
(A,A,A,A,A,F(fS,Oi); 
PUT EDITC THICK NESS(KM = ', DAT( MMM ) ) ( A, A ( 6 ) ) ; 
NST=NCP+MCP; 
CALL GRAPH ICS,OD,NCP,NST,1600,FIX); 
PUT SKIP EDIT{'BEST FIT TO ',NAMO,« WITH •,NAMC,' CALL NO *,NNN) 
(A,A,A,A,A,F(5,0)); 
PUT EDITC THICKNESS(KM)=*»DAT(MMM))(A,A(6) ) ; 
PUT SKIP EDIT(•*=',NAMC,* + = ',NAMO)(A,A,A,A); 
RETURN; 
END LESQ; 
TESTDATA 7 3 

TESTA TESTB 
0 -6 • -3 -9 
5 -5 -2.5 -7 .5 
5 -4 -2 -A 
5 -3 -1.5 -4 .5 
b -2 -1 -3 
5 -1 -0.5 -1 .5 
90 0 0 0 



119 

Appendix 9. 

The program LIGRAV. 

D e s c r i p t i o n 
This program i s w r i t t e n i n PL1 to c a l c u l a t e the f r e e a i r 

and Bouguer g r a v i t y anomalies which are a s s o c i a t e d with the 
modelled l i t h o s p h e r i c s l a b s . P a r t of the output of the program 
TEMDEN (appendix 6} provides the d i s t r i b u t i o n of d e n s i t y w i t h i n 
the s l a b , and the v e r t i c a l dimensions of a l l the blocks i n each 
ciiLnmn a r e f a c t o r e d to account f o r thermal c o n t r a c t i o n e t c 
according to the e l e v a t i o n p r o f i l e a l s o produced by TEMDEN. The 
c a l c u l a t i o n i s based on the repeated a p p l i c a t i o n of the formula 
fo r the g r a v i t y e f f e c t of a r e c t a n g u l a r prism (Garland, 1965), 
the e f f e c t of the s l a b alone providing the Bouguer anomaly and 
the e f f e c t of the water being added to produce the f r e e a i r 
anomaly* I t i s assumed f o r the purposes of the c a l c u l a t i o n s 
t h a t the s e a - f l o o r spreading has occurred s y n m e t r i c a l l y , so 
t h a t the second h a l f of the ocean may be considered as a mi r r o r 
image of the f i r s t . As noted i n appendix 6, the temperature 
boundary, condition a t the c o o l edge of the s l a b o f t e n causes 
d i s t o r t i o n of the modelled r e s u l t s i n t h a t r e g i o n . F a c i l i t i e s 
e x i s t i n LIGBAV to remove these e f f e c t s from the d e n s i t y 
d i s t r i b u t i o n and the e l e v a t i o n p r o f i l e before c a r r y i n g out 
the c a l c u l a t i o n s . No allowance f o r the curvature of the E a r t h 
i s made. 

Input 
This may be d i v i d e d i n t o three s e c t i o n s as f o l l o w s : 
1) The e l e v a t i o n p r o f i l e , read from f i l e EL as fo l l o w s 

ENAM - name of p r o f i l e 
NEP - number of points 
E ( I ) , D ( I ) I from 1 to NEP - e l e v a t i o n , d i s t a n c e (km). 
This data i s as output on f i l e OUT by TEMDEN. 

2) The d e n s i t y d i s t r i b u t i o n , read from f i l e GR as f o l l o w s : 
GNAM - name of d e n s i t y d i s t r i b u t i o n 
NR - number of rows of blocks i n model 
NC - number of columns o f blocks i n model 
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BH - height of blocks i n model (before c o n t r a c t i o n e t c . ) 
BWW - width of blocks 
Q ( I , J ) , I from 1 to NR, J from 1 to NC - I numbers 

from the base upwards, J numbers towards the hot 
edge. As output by TEMDEN on f i l e GR. D e n s i t i e s . 

3) Other i n s t r u c t i o n s . 
ENS - expected name of e l e v a t i o n p r o f i l e j checked 
GNS - expected name of d e n s i t y d i s t r i b u t i o n ) ENAM^NAM 
IPD ) - i n s t r u c t i o n s f o r removing d i s t o r t i o n 
IPF ) of modelled data by cool edge of s l a b . The 

e l e v a t i o n and d e n s i t y d i s t r i b u t i o n - of columns 
1 to IPF a r e s e t to those of column IPD. 

BADE - depth of water i n ocean b a s i n (km). 

Output 
1) l i s t i n g of the elevation p r o f i l e 
2) l i s t i n g of the d e n s i t y d i s t r i b u t i o n 
3) l i s t i n g of the g r a v i t y anomalies 
4) graph of the g r a v i t y anomalies (on the l i n e p r i n t e r ) 
The output i s s e l f - e x p l a n a t o r y . 
A l i s t i n g of the program f o l l o w s . 



GRAv: PPOC OpTIONSIMAIN ) ; 
ICL<ENAtf,GNAM,ENS,GNS) CHAFM8 I ; 
CL <E,D|AN,ANW,ANF)(250J FLOAT(15); 
iCKAGlt AG2, AG3, AG4, BADEfBH,PHL,RW,BWW,DD) FLOAT( 15) ; 
CLIRl,R2iR3,R4tRA»RB,TTHl,TH2,X) FLOAT{15)i 
CL FIX CHAR13) VAR IN I T I A L ! ' N O ' 1 ; 
DCL (Q,QQM3Ot2C0 ) ; 
ET LIST(ENS,GNS,IPD,IPF,BADE); 
GET FILE ( EL ) ED IT< ENAM.NEP ) ( X( 2) , A( 8) ,F ( I d 0) ) ; 
GET F I L L E D LIST I IE! 11 tDf I ) DC 1 = 1 TO NEP)); 
DO 1=1 TO IPF• 
El I)=EIIPDJ; 
END; 
W= D(1» - D(2); 
DAT=E(IPD); 
DO 1=2 TO NEP; 
( 1-1)=E(I)-EDAT; 
D< I - l l = BW/2+(I-2I+BW; 
NO; 
RR=NEP-2; 
DO 1=1 TO NRR» 
D(I+NEP-2)=D(I+NEP-3J+BW; 
ElI+Nrp-2)=E(NFP-I-U; 
E N D ; 
NEP=NFP-2+NRP; 
.=0; DO 1 = 1 TO NEP; TEL=MIN(TEL,EU ) ) ; END; 
K=d; IF KK=1 THPN GO TO A; 
UT EDIT[* FLEVATION CURVE ' ,ENAP)(A*A); 
PUT SKIP DATAJIPD,IPF); 
PUT DATA(BADE); 
LIT SKIP EDIT( ' REGIONAL DATUM=« ,FDAT) I A ,F 110 ,3 I ) : 
JT SKIP EGITI ( E ( I ) t D1 I ) DO 1 = 1 TO NEP))((8) F(10,3)); 
GET FILE(GR) EDIT(GNAM,NRFNC,BH,BWW)tXI2)tA(8),14) F(lQ,0>); 
D 1=1 TO NR; 
:T FILE(GR) LIST((Q(I,J) DC J = l TO NO); 
«JD; 
3 J=l TO NC-2; 
30 1=1 TO NR ; 
5(l»j)=0(l,J+i); 
END; END; 
DO J= l TO I P F - l ; 
30 1=1 TO NR; 
3QtI,J)=0Q(I,IPD-1); END; END; 
D J=l TO NRR; DO 1=1 TO NR; 
3U ,NC-2+J)=QQ(I .NC-J-l); 
END; E N D ; 
>NC-2+NRR; 
<=0; IF KK=1 THEN GO TO AA; 
30 1=1 TO N R ; 
JT SKIP EDIT! (OQdiJI DO J = l TC NC))((8) F(10,3)); 
END; 
;ISCR=ABS(BWW-BW); 
: IF NO=NEP I DISCR>0.0001 THEN DO; 
JT SKIP LI ST I•DATA UNEQUAL 1)» 
JT SKIP DATAiNCtNEPt BWW, BW ) ; STOP; END; 
[F ENS-»=ENAM I GNS-«=GNAM THEN DO; 
JT SKIP L ISTI*DATA WRONG*); 
JT SKIP EDIT( 1 LOOKING FOR •,ENS ,' f,GNS)(A,A,A, A) ; 



JT SKIP EDITl'HAVfc FOUND ',ENAM,' • ,GNAM ) I A ,A, A,A) *, 
JTOP; END; 
\N=0; ANW=0; DAT=BADF + NP-«BH; 
3 J=l TO NC; 
•lL = RHiM NR*BH-e ( J ) )/!NP.*BHI ; 
DO 1=1 TO NR. ; 
>BADF+PH*NR-BHL*I; 
(D=J; RHO=CQ(I,J); CALL TRAP(AN); END; 
)=RADF+TEL; BHL=-TEL+E<J); RHO=1.05; CALL TPAPIANW); END; 
1Pc=NEP+l; 
r=BW; D!NPE)=U(NFP)+BW/2+5000; BW=10QOO; KXC=NPE; 
.= BH*! NR *BH-E!NEP ) ) /< NR*BH ) ; 
1=1 TO NR; DD=BADE+BH*NR-BHL*I; 
D=QQ(I,NEP); CALL TRAP(AN); END; 
=BADE+TEL; BHL=-TFL+FINEP); RH0M.05; CALL TRAP!ANW); 
\IPE)=D!ll-BWT/2-5000; 
_=BH*<NP*BH-E(1)) /! NR*BH) ; 
1 = 1 Tn NR; DD=BADE+NR*BH-BHL*I ; 

> Q O ( I i l ) ; CALL TRAP!AN); END; 
= HADE +TEL; BHL=-TEL+FI 1) ; RHO=1.05; CALL TRAPI ANW); 
VINN=NEP/2 ; 
DAT=ANlNNN)+ANW!NNN)I 
3 J = l TO NC; ANFi J )=AN!J)+ANWlJ)-GOAT; END; 
<=0; IF KK=1 THFN GO TO B; 
JT PAGE EDIT!'GRAVITY EFFECT OF SLAB ',GNAN)(At A); 
SKIP LIST!' DISTANCE ROCK GRAVITY WATER LAYER FREE AIR'I; 

r EDITUDII) ,AN( I ),ANWU) ,ANF[ I ) DO 1=1 TO NEPMfSKIP ,(4) F!15,3)»; 
KK=0; IF KK=1 THFN GO TO C; 

P=NEP/2; CO 1=1 TO N2P; AN!I)=AN<I+N2P); D!I)=0!I+N2PI-D<N2P); END; 
K='NO'; DO 1=1 TO N2P; AN J I + N2 P) =ANW (I+N2 P ) j DU+N2P ) = D( I ); END; 
:ALL GRAPH!D,AN,N2P,NEP,200,FIX); 
JT SKIP EDIT(«*=R.OCK GRAVITY, += WATER LAYER MODEL f, GNAM ) ( A, A) ; 
: KK=0; IF KK=1 THEN GO TO F; 
3 1 = 1 TO N2P; ANF! I )=ANF< I+N2P » ; END; 
ALL GPAPHID,ANF,N2P,N2P,200,FIX); 
JT SKIP EDIT!'FPFE AIP ANOMALY FOP •.GNAM)!A,A); 
PUT SKIP LIST !•FINISHED'); 

4API PROCEDURE!FN); 
DCL FN 1250); 
3 K=l TO NEP; 
K=D!KXD)-DlK)-BW/2; 
l=SQRTIX**2+DD**2); 
2=SQR T(X**2 +IDD + BHL >**2); 
3= SOR T!IX+BW)**2+DD**2); 
i=SQRT(!X+BW)**2+!DD+BHL)**2); 
F X=0 THEN AGl=3.14159/2; ELSE AG1=ATAN!DC,X); 
F X=0 THEN AG2=3.14159/2; ELSE AG2=ATAN!!DD+BHL),X); 
F X+BW=0 THEN AG3=3.14159/2; ELSE AG3=ATAN{DD,IX+BW)); 
F X+BW=0 THEN AG4=3. 14159/2; ELSE AG4=ATANH DD+BHL ), (X +BW ) ) ; 
Hl=ABSlAG1-AG3); 
TH2=ABS(AG2-AG4); 
RA=R1*R4/(R2*R3); RB=R4/R3; 
ZZ=tDD+BHL1 *TH2-DD*TH1+X*L0GIRA)+ BW*LOG(PB); 
M!K)=FN(K)+RH0*ZZ*41.87/3.14159; 
END; END TRAP; END LIGRAV; 



121 

Appendix 10. 

The subroutine GRAPH. 

D e s c r i p t i o n 
This PL1 subroutine was w r i t t e n i n order to provide a 

means of p l o t t i n g data on the l i n e p r i n t e r , thereby f a c i l i t a t i n g 
quick examination of r e s u l t s . I t forms an i n t e g r a l p a r t of 
s e v e r a l of the preceding programs. The c a l l i n g parameters a r e : -

FPT - An a r r a y containing the coordinates to be p l o t t e d 
a c r o s s the p r i n t e r page. 

ANOM - An a r r a y c o n t a i n i n g the coordinates to be p l o t t e d 
up the p r i n t e r page. 

NS - the number of points i n graph 1. 
NST - the number of points i n both graph 1 and 2 together 

(= number of elements of FPT and ANOM) . 
NNS - Dimension of the a r r a y s FPT, ANOM. 
FIX - Key as to whether the s c a l e s are to be s e t 

a u t o m a t i c a l l y by the program or to be input. 
Two graphs may be p l o t t e d on the same s e t of axes. ANOM 

(1 to NS) and FPT(1 to NS) make up graph 1, which i s p l o t t e d 
with a s t e r i s k s . AN0M(NS+1 to NS.T) and FPT.(NS+1 to NST) make up 
graph 2, which i s p l o t t e d with p l u s s i g n s . Common points a r e 
p l o t t e d with minus s i g n s . I f NS = NST, one graph only i s p l o t t e d . 

I f F I X = 'NO1, the s c a l e u n i t s and end p o i n t s a r e c a l c u l ­
ated a u t o m a t i c a l l y by the subroutine. I f F I X = 'YES*, the v a l u e s 
of the s c a l e end po i n t s must be input ( v i a SCARDS) i n the 
fol l o w i n g order: Max ANOM, Miri ANOM, Max FPT, Min FPT, and the 
s c a l e u n i t s a r e then c a l c u l a t e d from these f i g u r e s . I f Max ANOM 
i s entered as a number g r e a t e r than 999999, and a dummy va l u e 
f o r Min ANOM i s su p p l i e d , then the ANOM s c a l e i s c a l c u l a t e d 
a u t o m a t i c a l l y and o n l y the FPT s c a l e i s f i x e d to the v a l u e s 
input. 

A l i s t i n g of the subroutine and a sample of the output 
f o l l o w . 



iRAPH: PROCEDURE (FPT,ANOP,NS,l\5T,NNS,FIX); 
/* TP PLOT RFSULTS OF GRAVN AN D MAGN */ 
DECLARF (FPT,ANOM) (NNS),AXANl51 ),AXFP(101); 
ObCLAPE (MAXAN»MI NAN,MAXFPf MINFP) FLOAT; 
DFCLAPE PL0T(51,101) CHARACTER( 1) ; 
DECLARE FIX CHAP ACTER ( 3 ) VARYING", 
DECLARE KEY CHAR AC TFR(I); 
PLOT=» •; 
Kt'. Y= • *' ; 
SCALE: PROCEDURE!VAL,KK); 

VAL1=VAL; 
VAL=ABS(VALI; 

IF VALIO THFN KKK=-1; 
ELSE KKK=1; 

IF VAL>=1 THEN DO; 
ID=3; 

SLl; VAL=VAL/10; 
10=io+i; 
IF VAL>=1 THEN GO TO SLl! 

IVAL=VAL*10+l*KK*KKK; 
AVAL=IVAL*1T**(ID-1); 

IF VALKU THEM AVAL=-AVAL; 
RETURN (AVAL); 

END. 
ELSE DO; 

IF VAL-.=0 THEN DO; 
IM=0; 

SL 21 VAL=VAL*10; 
IM=TM+I ; 
IF VAL<1 THEN GO TO SL2; 

IVAL=VAL+1*KK*KKK; 
AVALM VAL/10**(IM); 

IF VALKO THEN A VAL=-AVAL; 
END; 
E L S E AVAL=0? 

R E T U R N ( A V A L ) ; 
E N D ; 

END S C A L E ; 
/ * F I R S T F I N D R A N G E O F V A L U E S * / 
P U T S K I P 1 3 I ; 

1AXAN=AN0M(1 ); 
*INAN=AN0M(1 ); 
1AXFP=FPT( 1) ; 
1INFP=FPT(l ) ; 
DO 1=1 TO (NST-1); 
•IAXAN=MAX(MAXAN,ANOMt 1 + 1) ) ; 
MINAN=MINIMI NAN,ANOMI 1 + 1)) ; 
"1AXFP=MAX(MAXFP,FPT( 1+1) ) ; 
IINFP^INIMINPP, FPT( I + L ) ) ; 
END; 

PUT LIST("MAXIMUM CO-ORDINATES OF POINTS'); 
PUT SKIP LIST(' MAXAN MINAN MAXFP MINFP'); 

PUT SKIP EDIT(MAXAN, MINAN, PAXFP,MINFP) 
( (4) ( F( 8,2) ) ) ; 

PUT SKIP LISTC ' ) ; 
TF FIX='YES' THEN DO; 
GET LIST(SMAA,SMIA,SMAF,SMIF); 



IF SVAA>99<i999 THEN' DO; 
KK=l; 
SMAA=SCALc{VAX AN» KK); 
KK=-l; 
SMIA=SCALE<MINAN,KK); 
END; 
END; 
ELSF DO; 
KK=l; 
SMAA=SCALE1MAXAN,KK); 
<K=-1; 
SMIA=SCALF <MINAN,KK1; 

IK= 1; 
SMAF=SCALEtMAXFP,KK); 

CK=-1; 
SMIF=SCALE(MINFP,KK ); 
END; 
JNA=(SMAA-SMIA)/50; 
JNF=(SMAF-SMIF)/100; 

/* UNA AND UNF GIVE VALUES OF UMTS OALONG AXES */ 
/* NOW DEFINE VALUhS OF POINTS */ 

PUT SKIP EDIT( 1 ANOMALY UN IT=',UNA,'DISTANCE UNIT=»,UNF) 
(A,F( 10,2) ,X(2) ,A,F( 10,2) ) ', 
PUT SKIP LISTMSCALE END POINTS'); 
PUT SKIP LIST(« SNAA SMIA SMAF SMIF • ) ; 

PUT SKIP F=DITt SMAA , SMIA,SMAF ,SMIF) 
<<4><F(8,2))); 

)0 1=1 TO 51; 
VXAN { I )=SMAA-( I-1)*UNA; 
END; 
)0 1 = 1 TO Io i ; 
\XFP( I)=SMIF + ( 1-1 )*UNF; 
END; 

/* LOCATE POSITIONS OF POINTS */ 
/* AND ALTER PLOT */ 

is=i; I F = N S ; 
L5: DO J=IS TO I F ; 
DO 1=1 TO 51; 
DISCR=ABSUNOM( J )-AXAN( I ) ) ; 

IF DISCP<=UNA/2 THEN GO TO L I ; 
END • 

PUT SKIP EDIT(*ANOM( •, J, 1 ) IS OUTSIDE THE RANGE OF THE SCALES* 
(A,F(3,0),A); 

>UT SKIP EDI Tl 'VALUE OF ANOMALY*',ANOMI J),'KEY = ',KEY) 
(A,F(7,2),X(I),A,A); 

.1: I P = I ; 
DO K=l TO 101; 

)ISCR = ABS(FPT( J)-AXFP(K) ) ; 
IF DISCR<=UNF/2 THEN GO TO L2; 
END; 

>UT SKIP EDITI'FPT(•»J,') IS OUTSIDE THE RANGE CF THE SCALES') 
f A,F(3,0),A); 
>UT SKIP EDITI ' VALUE OF FPT=» , FPT I J) , • KEY = 1 , KEY ) 
[A,F(7,2),A,A) ; 
.2: KP=K; 

: PLOT(JP,KP)=' • | PLOT(IP,KP) = KEY THEN PLOT<IP,KP)=KEY ; 
ELSE PLOT(IP,KP)='-'; 



:ND; 
IF NST>NS THEN DO; 
KEY='+'; 
IS=NS+1; 

IF=NST; 
NST=1; 
GO TO L5; 
END; 

/* NOW READY TO WRITE */ 
/* AXES */ 

)0 1=1 TO 51; 
IF PLOT(I,l)=« • THEN PLOT ( 1,1 ) =«X•; 

:ND; 
)0 K=l TO 101; 

IF PL0T(51,K)=» • THEN PLOT(51,K)=•X1; 
END; 
>UT PAGF LIST!'ANOMALY IN MGALS OR GAMMAS'); 
>UT SKIP; 
)0 1 = 1 TO 51; 
[F 1=1 | 1=11 | 1=21 | 1 = 31 | 1 = 41 I 1=51 THEN DO; 
>UT SKIP EDIT(AXANlI),' X«,<PLOT(I.K) DO K=l TO 1011) 

(FU0,2),A,(101) A); 
END; 

ELSE DO; 
JUT SKIP EDIT( AXAN( I ), (PLOTU.K) DO K=1 TO 101)) 
( X< 1) ,FU0,2 ) ,X(1) , (101) A); 
END; 

END; 
>UT SKIP EDIT( • X' , • X' , ' X« ,'X* ,'X' ,'X' X* ,'X'T'X','X • , *X « ) 
(X ( 12 ) , A? (lOHXm.A) ); 
PUT SKIP EDIT(IAXFPII) DC 1=1 BY 10 TO 101)) 

. ( X ( 3 ) , ( U } ( F ( 1 0 , 2 ) ) ) ; 
END GRAPH; 



48 1 ANOMALY IN lAGi 
49 
50 100.00 XX 
51 97.40 X 
52 94.80 X 
53 92.20 X 
54 89.60 X 
55 87.00 X 
56 84.40 X 
57 81.80 X 
58 79.20 X 
59 76.60 X 
60 74.00 XX 
61 71.40 X 
'6 2 68.80 X 
,63 66.20 X 
64 63* 60 X 
65 61.00 X 
.66 . 58:.40 X 

L6.7- 55-.:30 X 
68 53.20 X 
69 50.60 X 
;70 48.00 XX 
71 45.40 X 
72 42*80 X 
73 40.20 X 
74 37.60 X 
75 35.00 X 
,76 32*40 X 
77 29*80 X 
78 27-. 20 X 
'79 24* 60 X 
!so 22*6o:,xx 81 19.40 X 
82 16.#0' ,X 
iff a. 14.20. X 

l i . i b x 
85 9.00 X 
i&6 6.40 X 
87 3.80. X 
!88 1. 2.0- X 
89 -1*40 X 
90 -4.00 XX 
91 -6.60 X 
92 • -9.20 X 
93 -11.80 X 
94 -14.40 X 
95 -17.00 X 
96 -19.60 X 
91 -22.20 X 
|98 -24. 80 X 
fa -27.40 X 
30 -30.00 XX) 
31 X 
32 0.00 

F I L E 

X X X X 
2,00 4.00 6.0Q 8.00 

X ^ X X X X X 
10.00 12.00 14.00 16.00 18.00 20.00 
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Appendix 11. 

The subroutine DISAZ. 

D e s c r i p t i o n 
This subroutine i s a FORTRAN v e r s i o n of t h a t w r i t t e n i n 

PL1 by Hutton (1970). I t c a l c u l a t e s the azimuth and d i s t a n c e 
a c r o s s the spheroid between two po i n t s on the E a r t h ' s s u r f a c e 
s p e c i f i e d by l a t i t u d e and longitude. I t i s c a l l e d w ith the 
fol l o w i n g parameters:-

ALON - longitude of point A i n degrees and decimals 
of degrees. 

j ALAT - l a t i t u d e of po i n t A 
Input - . BLON - longitude of point B 

BLAT - l a t i t u d e of point B w . " . • 
j AZ - azimuth of B from A " . " . ' 

Output - ( TD - d i s t a n c e from B to A i n ki l o m e t r e s 

A l i s t i n g of the subroutine f o l l o w s . 



T=10 P = 20 COPICS=10 
WAS: 15:09.01 07-24-73 
IGNKD ON AT 39:43.12 ON 07-25-73 

SUBPfiUTINF DISAZtALUNf ALAT »BLON, BL AT , AZ.TD) 
C=3.141592/lflO. 
ALCN=ALON*C 
ALAT=ALAT*C 
BLGN=Bl.ON*C 
BLAT=BLAT*C 
UA=ATAN(0.996633*TAN(ALAT)) 
UB=ATAN(0.9966 33*TAN(BLAT) 1 
GB=((0.99327733*TAN(UB)J/TAN(UAl)+((0.00672267)*COS(UA))/COS(UB> 
AZ=ATAN2<(SIN(ALON-BLON>),(SIN(ALAT)*(C0S(ALCN-BL0N)-(GB)))) 
SA=SINUZ) 
CA=COS(AZ) 
AZ=AZ/C 
XA=(6378388)*COS(UA)*COS(ALON) 
YA = (6378388)*COS(UA)*SIN(ALON) 
ZA=(6356912)*SIN(UA) 
XB=(6378388)*COS(UE)*COS(BLON) 
YB=(6373383)*COS(UB)*SIN(BLON) 
ZB=(6356912)*SIN(UB) 
CHORD=SQRT((XA-XB)**2+(YA-YB)**2+(ZA-ZE)**2I 
AB=SINl (ALAT+Bl.AT) /2) 
ZZZ=1-(0.00672267)* IAB**2) 
V=(6378 388)/SQPT(ZZZ) 
P=((V)*(1-0.0672267)l/(l-(0.00672267)*(AB**2)) 
R=((PI*(V))/(P*(SA**2)+V*(CA**2)) 
DIS=l((CHORD)**3)/(24*((R)**2)) ) + (3*UCHORD)**5))/(640*((R)**4)I 
DIS=DIS+CHORD 
DIS=DIS/1000 
TD=TD+DIS 
RETURN 
END 
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