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ABSTRACT

Using a combination of GLORIA long range side-scan 
sonar, bathymetry, seismic reflection profiles, free-air 
gravity and total magnetic field data, this study looks 
at the morphology and structure of an area centred on 
the Romanche Transform in the Equatorial Atlantic. It 
also includes portions of both the active and inactive 
sections of the Saint Paul Fracture Zone, together with 
adjacent seafloor areas.

The main tectonic and structural features are
mapped from GLORIA sonographs. In particular, sonar
records enable precise mapping of the plate boundary
separating the African and South American plates. The
identification of the Romanche Transform Fault allows a
direct comparison between the direction of local plate
motion and that predicted by global plate tectonic
models. The overall trend of the Romanche TransformoFault is about 3 north of that predicted from the recent 
global models.

Gravity data, after correction for topography, 
sediment thickness and a crustal layer of average 
thickness and density, show regional anomalies of up to 
lOOmgal across the Romanche Fracture Zone. This 
phenomenon is attributed to the different ages and hence 
contrasting thermal and density structures of juxtaposed 
lithospheric blocks in fracture zones. These regional 
fields are isolated and removed using the method of 
upward continuation. Residual anomalies are modelled by 
local changes in the thickness and density of crust and 
reductions in upper mantle density using the results of
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seismic refraction experiments over fracture zones as 
constraints on possible solutions. Modelling indicates a 
lowering of crustal and, probably, upper mantle density 
beneath the Romanche Transform Valley. It also suggests 
that the crustal, and upper mantle structure, is 
generally different beneath the Saint Paul Fracture Zone 
fracture valleys and Romanche Transform Valley.

Factors affecting magnetic anomalies associated 
with fracture zones located within the study area are 
examined. Two-dimensional modelling of total field 
magnetic profiles indicates that the intensity of 
magnetisation of crustal source rocks is inhomogeneous 
within the Romanche Fracture Zone. This modelling also 
indicates that crustal source rocks are weakly 
magnetised within the southern fracture valley of the 
Saint Paul Fracture Zone.
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CHAPTER 1 

INTRODUCTION

The work described in this thesis is a geophysical study 
of the transform offset of a major oceanic fracture 
zone, the Romanche Fracture Zone, and its surrounding 
area, in the Equatorial Atlantic. Spreading ridge 
offsets, or transform zones, form one of three major 
types of plate boundary on the Earth's surface, where 
the main motion between adjoining plates is strike-slip; 
the other plate boundaries are either accretionary, 
where new oceanic lithosphere is generated, or 
convergent, where old oceanic crust disappears beneath 
either oceanic or continental lithosphere. The area of 
investigation is centred on the Romanche Transform 
Zone, the location of which is shown in Figure 1.1. 
Before describing the study area, we shall first 
consider the features of oceanic fracture zones and some 
of the problems associated with their study which have 
been revealed from earlier investigations.

1.1 Characteristics of oceanic fracture zones

1.1.1 Fracture zones and plate tectonics

Fracture zones were originally defined by Menard (1954) 
in terms of ocean floor morphology without reference to 
their kinematic significance. The advent of the seafloor
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spreading hypothesis (Hess 1962), later proved by Vine 
and Matthews (1963), led Wilson (1965) to identify and 
associate fracture zone portions offsetting spreading 
ridges as "transform faults"? the name "transform" being 
adopted because the sense of displacement and motion 
across the fault are opposite. He also proposed that 
fracture zone extensions outside the ridge offset zone 
are inactive. This theory was eloquently and succinctly 
proved by Sykes (1967) from fault plane solutions within 
ridge-transform regimes in the Central and North 
Atlantic.

The trends of active fracture zones, in 
conjunction with plate velocities (obtained from dating 
magnetic anomalies), have been used since the late 
1960's (Le Pichon 1968; Morgan 1968) to demonstrate and 
validate the general theory of plate tectonics by 
finding well constrained poles of rotation and angular 
velocity vectors to pairs of adjacent macro-plates 
outlined by earthquake epicentres. Improvements in the 
density and quality of data (e.g. GLORIA sonar, SEABEAM 
bathymetry- Section 1.1.2) since then have defined more 
plates and enabled their boundaries to be mapped more 
precisely.

Global plate tectonics, in terms of a small 
number of macro-plates of perfect rigidity is a first 
approximation, often a very good one, to describing 
regional tectonics in the vicinity of a plate boundary. 
Poles of rotation, and their associated angular 
velocities, necessarily represent averages to fit in 
with previous regional data. The fact that plates are 
not perfectly rigid, and the three-dimensional nature of 
lithospheric cooling (e.g. Collette 1974? Turcotte 1974) 
will give a certain latitude of movement to plate 
boundaries along active fracture zones.
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1.1.2 Mapping oceanic fracture zones from the sea 
surface

Fracture zones are continually being mapped in greater 
detail, both because of the ever increasing density of 
coverage by conventional echo-sounder observations, 
seismic reflection, and total intensity magnetic field 
data and the availability of more sophisticated, higher 
resolution modern survey equipment and methods. The most 
important innovations in recent sea surface surveying 
techniques are GLORIA long-range side-scan sonar and 
SEABEAM multi-beam bathymetry with data provided by
these instruments providing an excellent framework for 
planning more localised, detailed manned submersible 
(e.g. ALVIN), sampling and deep-tow investigations (e.g. 
ANGUS deep-towed camera system).

GLORIA, originally developed at the Institute of
Oceanographic Sciences (IOS) during the late 1960's
(Rusby 1970 ) j and subsequently improved and
modified (GLORIA II- Somers et al. 1978) has been used 
for reconnaissance surveying at a number of fracture
zones in the North Atlantic (Searle 1979, 1986), the
Equatorial Atlantic (Belderson et al. 1984? this study), 
the Gulf of Aden (Tamsett 1984), and three fracture 
zones on the East Pacific Rise between 3°30' S and 5° S 
(Searle 1983). The system has the advantage of surveying 
an area relatively quickly by being capable of scanning 
up to 30km either side of the survey vessel at an 
average speed of 8 knots. Linear trends and sea floor 
fabric are well resolved, as are the trends of even very 
small features e.g. the plate boundary lineaments 
associated with transform zones are easily resolved. 
Although the GLORIA records or sonographs do not provide 
direct information on the bathymetry of an area they do 
provide invaluable information about the directions and
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extents of linear trends.

The SEABEAM bathymetry generator (Renard and 
Allenou 1979) is a narrow multi-beam echosounder which 
builds up a bathymetric chart from successive parallel 
passes. A contouring interval of 10m gives the system 
unrivalled detail for a sea surface instrument. SEABEAM 
has been used within transform offsets along the slow- 
spreading Mid-Atlantic Ridge e.g. to map a small portion 
of the transverse ridge bounding the Romanche Transform 
Valley on its northern side (Bonte et al. 1982), as a 
prelude to coring and dredging. However, to date SEABEAM 
has been used much more extensively in mapping transform 
offsets along the faster spreading East Pacific Rise 
(e.g. Clipperton Transform Zone- Gallo et al. 1986? 
Orozko Transform Zone- Madsen et al. 1986). A study of 
the Galapagos Triple Junction (Searle and Francheteau 
1986) , using a combination of GLORIA and SEABEAM data 
illustrates the excellent combination provided by using 
both instruments in conjunction.

1.1.3 Terminology used for the description of fracture 
zones

In order to facilitate the description of fracture 
zones, and their immediate environs, and especially for 
making comparisons between different fracture zones it 
is desirable to use consistent terminology. With 
reference to Figure 1.2, which shows the main features 
of a typical slow-slipping (<6cm/yr), very large-offset 
(e.g. offset >100km) transform zone, there follows a 
glossary of the main terms in current usage as a result 
of discussion between scientists presently involved in 
the study of fracture zones (Searle, personal 
communication 1985).
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Fracture Zone - an all encompassing term for the 
morphotectonic expression of a ridge-transform-ridge 
plate boundary, including both the seismically active 
and inactive portions.

Transform Zone - the seismically active portion of 
the fracture zone.

Non-transform Zone - the aseismic limbs of the 
fracture zone (synonymous with inactive section or 
fossil section).

Transform Fault - the general idealized strike- 
slip boundary (map view) of plate tectonic theory. A 
term which should be used only in the most general sense 
and not to be used when discussing the specific tectonic 
environments of a fracture zone.

Transform Boundary - the general idealised strike- 
slip boundary (cross-section) of the plate tectonic 
theory.

Principal Transform Displacement Zone (PTDZ) - a 
term well-rooted in the literature of continental 
strike-slip faults (with addition of transform), and 
used to describe the currently active strand that 
defines the surficial expression of the plate boundary.

Transform Fault Zone (TFZ) - another term well- 
rooted in the literature of continental strike-slip 
faults and used to describe the swath of terrain 
affected by recent motions along the transform including 
the PTDZ.

Fracture Zone Valley - a morphologic term that 
describes the abrupt and generally well defined plunge
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of the seafloor down to the axis of maximum depth of the 
fracture zone.

Transform Valley - that section of the fracture 
zone valley within the transform zone.

Fracture Valley - any section of the fracture zone 
valley outside the transform zone.

Transverse Ridge - anomalously shallow, elongate 
ridge that defines a portion of one or both walls of a 
fracture zone valley.

Ridge-Transform Intersection - the points at which 
transform strike-slip and spreading centre extension are 
coupled.

Nodal Basin - closed contour depression that is 
normally found at the ridge-transform intersection of 
slow slip-rate transform plate boundaries.

Ridge-Transform Corner - the interior corner of 
slow-slipping ridge-transform intersections where the 
median valley wall merges with the transform valley 
wall.

Intersection High - on the interior corner of 
slow-slipping ridge-transform intersections there is 
commonly found a closed contour shallow called the 
intersection high.

Ridge-Non-Transform Corner - not in such common 
usage but used by Karson and Dick (1983) to refer to the 
exterior corner of slow-slipping ridge-transform 
intersections where the median valley wall merges with 
the fracture valley wall.
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1.1.4 Large scale tectonic patterns within and in the 
vicinity of fracture zones

Normal oceanic crust is everywhere characterised by a 
"tectonic spreading fabric" which is made up of numerous 
closely-spaced fault scarps striking parallel to sub
parallel to the spreading axis (e.g. Klitgord and Mudie 
1974? Whitmarsh and Laughton 1976? Searle and Laughton 
1977). These scarps arise from large normal faults or 
bundles of smaller such faults formed within a few 
kilometres of the spreading axis (e.g. Searle and 
Laughton 1977). Slow-spreading ridges are characterised 
by the great majority of faults dipping towards the 
spreading centre. Normal faults are formed in response 
to tensile stress. Consequently, the faults 
characterising the tectonic spreading fabric are 
believed to form as the result of tension in the young 
lithosphere, and their strikes therefore indicate the 
local normal to the minimum compressive stress component 
(maximum tensile stress component), which is usually 
parallel or sub-parallel to the spreading direction.

However, as a fracture zone is approached the
average trend of tectonic spreading fabric often
changes. Usually, within 5-15km from the fracture zone
axis faults begin to curve in the direction of the
fracture zone offset with curvature increasing over the
last 2-3km. The amount of curvature is variable but a

o odeviation of 40 - 55 is typical (e.g. Whitmarsh and 
Laughton 1975? Crane 1976? Searle and Laughton 1977? 
Searle 1979, 1983). The most widely accepted explanation 
for this phenomenon is that the curvature results from a 
rotation of the tensional stress component, from a 
direction parallel to the spreading direction at great 
distances from fracture zones to a direction at 45° from 
the spreading direction in the transform zone?
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reflecting the change in stress regime that alters 
continuously from tension along the spreading direction 
far from transform boundaries to shear parallel to that 
direction near transforms (Figure 1.3). There are 
examples of fault curvature being observed on both the 
transform and non-transform sides of spreading centres 
near fracture zones (e.g. Charlie-Gibbs Fracture Zone- 
Searle 1981; Quebrada, Discovery and Gofar Fracture 
Zones- Searle 1983), and also of curvature being 
restricted to only the transform side (e.g. Kane 
Fracture Zone- Karson and Dick 1983? Oceanographer 
Fracture Zone- OTTER 1984). This variability probably 
reflects differences in the lateral extent of the shear 
stress regime: either extending only as far as the
ridge-transform corner as seen at the Kane Fracture 
Zone; or also influencing the ridge-non-transform 
corner, as observed at the the Charlie-Gibbs Fracture 
Zone.

The tectonic spreading fabric can normally be 
traced from GLORIA sonar records part way down into the 
fracture zone valley e.g. about 1500m below the crest of 
the southern wall at the Charlie-Gibbs Fracture Zone 
(Searle 1981). Superimposed on this fabric within the 
fracture zone walls are normal faults of small offset 
trending parallel to sub-parallel to the fracture zone 
direction? first documented from manned submersible 
studies in the FAMOUS area (ARCYANA 197S) and also 
observed from similar studies at both Kane (Karson and 
Dick 1983), and Oceanographer (OTTER 1984, 1985)
Fracture Zones. The larger of these faults show as 
linear trends on GLORIA sidescan records (e.g. Searle
1981) . These faults acco/n/nodate the vertical relief
associated with the fracture zone valley (e.g.
Francheteau et al. 1976? OTTER 1984, 1985). Fracture
zone wall faults are discussed more fully in Section
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1.1.6.

Finally, for large-offset fracture zones (Searle 
1986), the transform valley floor is associated with an 
active zone of strike-slip tectonism or transform fault 
zone. This feature is discussed more fully in Sections
1.1.5 and 1.1.6.

1.1.5 Variation in morphology of transform zones with 
spreading axis offset and differences in 
spreading rate

Searle (1986) in a review paper on GLORIA sonar coverage 
over active fracture zones made a tripartite 
classification based on spreading axis offset: short-
offset (<20km), intermediate-offset (20-35km), and 
large-offset (> 25-35km). These values are used in the 
discussion below, and throughout this study. Similarly, 
three spreading rates (ful1-rate . not half-rate) or 
slipping rates are used: slow, medium and fast with
values within the approximate ranges (< 6cm/yr), (6-
12cm/yr) and (>12cm/yr) respectively (Fox and Gallo 
1984).

Short-offset transforms zones occur on slow-
spreading ridges where the overall trend of the
spreading ridge is only slightly oblique to the
spreading direction e.g. over much of the northern Mid-
Atlantic Ridge between major fracture zones. A good

oexample seen on GLORIA records is the 45 N area of the 
North Atlantic (Laughton and Searle 1979), where short 
intrusion zones (10-20km-long and trending normal to the 
local spreading direction), are offset in "en echelon" 
fashion along narrow fault zones orientated obliquely 
(at about 45°) to the ends of these intrusions. The
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sequence of small intrusion zone, alternating with short 
oblique offset, is located within the broader confines 
of a spreading ridge which is slightly oblique to the 
spreading direction.

Intermediate-offset transform zones surveyed by 
GLORIA sonar include the active Kurchatov Fracture Zone 
along the Mid-Atlantic Ridge (Searle and Laughton 1977), 
and at least two offsets of the mid-ocean ridge in the 
Gulf of Aden (Tamsett and Searle 1988) along slow- 
spreading ridges, and an unnamed offset of the medium- 
spreading Cocos-Nazca Spreading Ridge in the Equatorial 
Pacific (Searle 1986). As with short-offset transform 
zones, the ridge offset is accomplished within an 
oblique zone of spreading. However, in contrast with the 
short-offset oblique zones, in this case the oblique 
zone is normally associated with fracture-zone-like 
topography or a distinct seafloor trough? both active 
and inactive sections of the Kurchatov Fracture Zone 
have total relief of about 2000m. The direct analogue of 
short- and intermediate-offset fracture zones seen in 
slow- and medium-spreading areas have not been observed 
along the fast- spreading East Pacific Rise. However, 
overlapping spreading centres observed at several 
locations along this spreading ridge (e.g. Lonsdale 
1983? Macdonald and Fox 1983? Macdonald et al. 1984) 
have similar ridge offsets to oblique fracture zones 
along the slower spreading ridges. Searle (1986) 
interprets the oblique offsets of slower spreading areas 
and overlapping spreading zones of fast-spreading 
centres as equivalent features manifested in areas of 
relatively thick, strong lithosphere (areas of slow- and 
medium-spreading) and relatively thin, weak lithosphere 
(areas of fast-spreading).

Large offsets of spreading ridges along the slow-
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spreading Mid-Atlantic Ridge are the archetypal active
sections of fracture zones e.g. Kane, Oceanographer,
Vema, and Romanche Fracture Zones. They are
characterised by well defined, linear troughs which
are anomalously deep compared with "normal" seafloor 
areas of equivalent age and are frequently bounded on 
one or both sides by anomalously shallow ridges (Figure 
1.2). The total relief associated with these fracture 
zones is generally upwards of 2000m, and as much as 
5000m in the Romanche Fracture Zone (e.g. Gorini 1981). 
Both trough and flanking ridges trend parallel or sub
parallel to the local direction of seafloor spreading. 
GLORIA sidescan records (Searle 1986, and references 
within) and more detailed deep-tow and submersible 
studies (e.g. ARCYANA 1975; Lonsdale 1978; Macdonald et 
al. 1979; OTTER 1985) show that large-offset transform 
zones are characterised by well developed narrow bands 
of tectonic elements which strike parallel to the slip 
direction joining the offset spreading ridges, with 
these bands varying in width from a few hundred metres 
to a few kilometres and occupying positions near the 
topographic axes of the transform zones. These bands of 
lineaments are the physical surficial representation of 
"transform faults", or strike-slip boundaries of plate 
tectonic theory, and such bands are called the 
"transform fault zone" (TFZ), following the terminology 
introduced by Tchalenko and Ambraseys (1970). Within the 
transform fault zone there is one trace called the 
"principal transform displacement zone" (PTDZ- Tchalenko 
and Ambreseys 1970), that represents the currently 
active slip plane. Only large-offset transform zones are 
characterised by transform fault zones (Searle 1986), 
and there is no evidence to date of equivalent features 
within the oblique offsets of either short- or 
intermediate-offset transform zones.
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The largest fracture zone offsets of slow- 
spreading ridges are often associated with shallow 
transverse ridges flanking one or both sides of the 
fracture zone valley (e.g. the Romanche, Vema and Saint 
Paul Fracture Zones in the Equatorial Atlantic? the Owen 
Fracture Zone on the Carlsberg Ridge in the Indian 
Ocean). The origin of transverse ridges is still 
controversial and there is no general consensus of 
opinion (e.g. Bonatti 1978). One alternative which can 
be dismissed most readily is excess volcanic activity, 
because rock samples recovered from transverse ridges 
yield a high proportion of mafic and ultramafic 
constituents (e.g Bonatti and Honnorez 1976? Bonatti and 
Hamlyn 1978). This leaves a tectonic origin as most 
probable, for which two possible causes are: diapiric
intrusion of serpentinites causing uplift of overlying 
crust (e.g. Bonatti 1976) ? and uplift promoted by 
horizontal compression following a re-alignment in 
spreading direction (e.g. Crane 1976? Bonatti and Crane
1982).

The results of combined seismic refraction and 
gravity modelling conducted over transverse ridges 
bounding both the Charlie-Gibbs (Whitmarsh and Calvert 
1986) and Vema (Louden et al. 1986) Fracture Zones, do 
not support the presence of significant serpentinite 
intrusions underlying these ridges. The preferred model 
of Whitmarsh and Calvert (198 6) and the model of Louden 
et al. (1986) both indicate that normal oceanic crust is 
thinned and uplifted beneath the respective transverse 
ridges, with no change in the mantle velocities beneath 
these ridges. Both studies favoured uplift promoted by 
compressional forces following probable changes in the 
spreading direction. Their explanation also ties in 
better with the observation that transverse ridges are 
most often observed where a slow-spreading ridge
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undergoes a particularly large-offset, since these 
fracture zones are also associated with the oldest and 
thickest lithosphere, and consequently readjustments of 
plate geometry are likely to meet with more resistance 
and zones of intense compressive strain are likely to be 
formed and persist as transverse ridges. Smaller offset 
transforms in slow-spreading areas and even large ridge 
offsets along fast-spreading ridges have thinner, weaker 
lithosphere and are thought to be more likely of 
disappearing following major changes in the direction of 
spreading as documented by Vogt and Avery (1974) in the 
North Atlantic.

GLORIA coverage of fast-slipping transforms along 
the East Pacific Rise is limited to a survey of the 
Quebrada, Discovery and Gofar Fracture Zones between 3.5° 
S and 5° S (Searle 1983). These transform zones were 
previously ill-defined but appeared to be single 
topographic valleys from conventional echo-sounder 
bathymetry (Mammerickz et al. 1975; Lonsdale 1977). 
However, the GLORIA survey (Searle 1983) reveals a close 
group of multiple transform fracture zones: four at
Quebrada, two at Discovery, and three at Gofar. Here, 
the close spacing of separate transform fault zones 
(between 5 and 16km apart) in each fracture zone, has 
resulted in the narrow transform valleys coalescing into 
composite ones. Consequently, the average strike of each 
of these three major fracture zones, defined as the 
azimuth of the line joining the extreme rise-transform 
intersections, is significantly different from the slip- 
direction; for example at Quebrada the difference 
amounts to 10°and more. The Garret Transform Zone at 12̂  
S (Gallo et al. 1983), and Tamayo Fracture Zone at 23°N 
(CYAMEX and Pastouret 1981), are further examples of 
multiple transform fracture zones along the East Pacific 
Rise. Fox and Gallo (1984) noting the common occurrence
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of multiple transforms in this fast spreading 
environment have suggested that the inherently thinner 
lithosphere is instrumental in promoting a "softer" 
plate boundary which results in a more ephemeral and 
more easily relocated strike-slip boundary.

Searle (1983) observed narrow (1.5km wide or less) 
transform fault zones in every transform valley in the 
Quebrada-Discovery-Gofar fracture zone complex, usually 
containing sharp, narrow (0.5km wide or less) clearly 
defined PTDZ's. A previous deep-tow survey covering an 
8km-long section of the northernmost Quebrada transform 
(Lonsdale 1978) also reported a narrow PTDZ consisting 
of a furrow some 150m wide and 50m deep. Similarly, a 
SEABEAM investigation of the single transform Clipperton 
Transform Zone (Gallo et al. 1986), displayed a narrow 
(less than 1km wide), strongly lineated transform fault 
zone. The narrowness and simplicity of the active 
strike-slip plate boundary observed within fast-slipping 
transforms has been attributed by Searle (1986) to the 
relatively thin, and hence weak, fast spreading 
lithosphere, thereby allowing ready deformation by 
simple strike-slip faulting.

1.1.6 Detailed observations from manned submersibles 
and deep-towed cameras

Since active fracture zones are associated with great 
seafloor relief (usually 1000's metres), initially they 
were thought of as ready-made slices into ocean crust 
(Hess 1962), thus providing unrivalled ease to sampling 
deep crustal and/or upper mantle rocks. This simplistic 
view has been superseded, following detailed deep-sea 
submersible and deep-tow investigations (e.g. along 
Transform A located near 37°N in the FAMOUS area of the
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North Atlantic- ARCYANA 1975? at Kane Fracture Zone- 
Karson and Dick 1983; and at Oceanographer Fracture 
Zone- OTTER 1984, 1985), by a general acceptance that
fracture zone valley walls are made up of a large number 
of predominantly small throw (lO's-lOO's metres) normal 
faults (Francheteau et al. 1976; OTTER 1985), orientated 
parallel to sub-parallel to the regional trend of the 
fracture zone.

Within the Oceanographer Transform Zone, terraces 
of variable width separate the fault scarp traces, 
giving the valley walls a distinctive staircase-like 
appearance in profile (OTTER 1985). Here, rock scarps 
along the valley walls near the middle of the transform 
zone (corresponding to crustal material that is about 5 
million years old), are badly degraded as talus ramps, 
and there is no evidence for recent faulting along the 
existing bedrock exposures or across the sedimented 
terraces, suggesting that there has been little, or no 
recent differential motion between blocks along these 
walls.

Corresponding submersible observations at the 
ridge-transform corners of both Kane (Karson and Dick 
1983) and Oceanographer (OTTER 1984) Fracture Zones, 
have reported that dip-slip but little or no strike-slip 
motion is accommodated here by the recently formed 
transform valley wall scarps. This implies that the 
inactive transform wall scarps seen within the 
Oceanographer Transform Domain (OTTER 1985) have also 
played no role in accomodating strike-slip motion, and 
hence only accomodated dip-slip motion.

In contrast, the narrow network (4km-wide maximum) 
of anastomosing strands of recently tectonised sediment 
observed along a 25km portion of the axial deep of the
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Oceanographer Transform Valley attest to the recent 
activity of the strike-slip boundary or transform fault 
zone within this fracture zone (OTTER 1985). Deep-tow 
and submersible studies within other transform zones 
have similarly provided evidence for recent tectonic 
activity along the transform fault zone e.g. at Fracture 
Zone A in the FAMOUS area (Detrick et al. 1973? ARCYANA 
1975; Choukroune et al. 1978), the medium-slipping 
Tamayo Fracture Zone along the East Pacific Rise
(Macdonald et al. 1979; CYAMEX and Pastouret 1981), and 
the fast-slipping northern transform of Quebrada 
Fracture Zone (Lonsdale 1978).

1.1.7 Petrology of rocks from fracture zones

Rock types recovered from fracture zones are far more 
diverse than those commonly found elsewhere in ocean 
basins; exposing a diverse suite of gabbroic and
ultramafic rocks (serpentinised to varying degrees) in 
addition to basalts and seabed sediments (e.g. Miyashiro 
et al. 1969; Bonatti et al. 1971; Thompson and Melson 
1972; Bonatti and Honnorez 1976; Francheteau et al. 
1976; Karson and Dick 1983; OTTER 1985). The recovery 
of rocks typical of the lower crust and upper mantle
high on fracture zone valley walls is difficult to
explain if normal crustal thicknesses (5-8km) are 
assumed, so providing petrological evidence for crustal 
thinning in fracture zone valleys (e.g. Fox 1978; Stroup 
and Fox 1981). Also, sampling of young oceanic 
lithosphere (< 1.5 Ma old) by the submersible ALVIN at, 
or proximal to, slow-slipping ridge-transform 
intersections (e.g. Kane Transform- Karson and Dick 
1983; Oceanographer Transform- OTTER 1984) has shown a 
similar incidence of recovery of gabbroic/ultramafic 
rocks, suggesting that thin crust is a characteristic
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during, or shortly after, the creation of oceanic 
lithosphere. The heterogeneity of igneous rocks 
recovered from fracture zones reflects variability both 
in the amount of crustal thinning at different 
locations, and in the throws and vertical extents of 
normal faults associated with the fracture zone valley 
walls. These latter provide ducts for seawater to 
penetrate to deeper levels within the crust, and if deep 
enough, the underlying ultramafic upper mantle, thereby 
creating localised serpentinite diapirs.

1.1.8 Evidence for abnormal crustal and upper mantle 
structure from seismic refraction experiments

The results of seismic refraction experiments carried 
out across and along both the active and inactive 
sections of certain North and Central Atlantic fracture 
zones e.g. Kane Fracture Zone (Detrick and Purdy 1980? 
Cormier et al. 1984), Oceanographer Fracture Zone and a 
nearby short-offset fracture zone- Fracture Zone I 
(Sinha and Louden 1983; White et al. 1984), Charlie- 
Gibbs Fracture Zone (Whitmarsh and Calvert 1986), Vema 
Fracture Zone (Ludwig and Rabinowitz 1980? Detrick et 
al. 1982? Potts et al. 1986), and the Tydeman Fracture 
Zone (Calvert and Potts 1985) show, in most cases, 
crustal thinning over several kilometres towards the 
fracture zone axis, irrespective of offset, or location 
within or outside the transform zone, with crust usually 
being markedly thinner in a narrow zone (usually < 10km) 
centred on the fracture zone trough. Not only is oceanic 
crust usually thinner beneath fracture zones, it also 
has a lower seismic velocity, and is characterised by an 
absence of a distinct layer 3. Furthermore, upper mantle 
velocity is also often reduced beneath fracture zones. 
Seismic refraction, therefore, furnishes important and
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clear evidence for a distinctive fracture zone crust 
which is clearly anomalous compared with "normal" 
oceanic crust (e.g. White 1984). Since fracture zones 
are relatively common along the slow-spreading Mid- 
Atlantic Ridge (occurring every 50-80km) this so called 
"anomalous" crust comprises an important minority 
fraction of the total areal extent of oceanic crust 
in the Atlantic.

Two very different types of mechanisms have been 
proposed to explain the occurrence of abnormal crust in 
fracture zones. The first is a direct result of the 
modifications imposed on the accretion of new oceanic 
crust near ridge-transform intersections. The second 
seeks to explain thin crust by tectonic processes.

There are two main processes which may be 
responsible for the accretion of anomalously thin crust 
in fracture zones. Firstly, the thermal effect of 
juxtaposing a cold, thick edge of lithosphere against 
the accreting ridge boundary at ridge-transform 
intersections. The resulting loss of heat from the 
accretionary axis to the older lithosphere may result in 
less partial melting at depth (Stroup and Fox 1981? Fox 
and Gallo 1984), or in viscous head loss of rising 
asthenosphere (Sleep and Biehler 1970), which could 
restrict the supply of magma already differentiated from 
the mantle to reach the surface. A reduction in magma 
supply will consequently mean a thinner crust is 
accreted.

A second process thought to affect the accretion 
of new crust near fracture zones, for which there is a 
growing amount of evidence (e.g. Schouten and White 
1980; Le Douran et al. 1982; Schouten and Klitgord
1982), is that adjacent spreading ridge segments can be
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treated as independent, irrespective of fracture zone 
offset, with a significant proportion of new material 
being supplied from a single magma chamber centrally 
located along the spreading axis segment between 
neighbouring fracture zones (e.g. Francheteau and 
Ballard 1983). In other words, ridge-transform 
intersections mark the limits of accretionary ridge 
systems supplied by a given magma chamber, and magma 
supply may be restricted because of this.

The second process provides an explanation for the 
common occurence of thin crust in fracture zones 
irrespective of their age offset and also ties in with 
the observation of gradual crustal thinning towards the 
fracture zone (e.g. Sinha and Louden 1983; Whitmarsh and 
Calvert 1986). The role of "cold" lithosphere juxtaposed 
against the accreting ridge is uncertain since there is 
no correlation between ridge offset and amount of 
crustal thinning observed within the fracture zone. 
Also, the modelled three-dimensional temperature 
structure of a ridge-transform intersection (e.g. Wilson 
and Forsyth 1982; Forsyth and Wilson 1984) shows that 
conductive cooling extends no more than 10km across the 
fracture zone axis, even for a relatively large-offset 
fracture zone (10 m.y. age offset) such as the Kane. 
This mechanism is therefore inconsistent with the 
gradual thinning of crust towards the fracture zone.

Explanations for thin fracture zone crust invoking 
modification of normal accretionary processes have 
superseded earlier tectonic mechanisms. These include 
the explanation of Karson and Dick (1983), of back- 
tilting of oceanic crust away from and down-tilting into 
transform zones at ridge-transform intersections. 
Bonatti (1976, 1978) associated crustal thinning with
necking through regional extension across the fracture
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zone, or with the emplacement of serpentinite bodies 
within the fracture zone. None of these mechanisms 
offers an easy explanation for the progressive thinning 
of oceanic crust over several kilometres away from the 
fracture zone axis, or why crustal velocities are 
anomalously low in fracture zones. However, tectonic 
thinning may well be locally significant.

The cause of anomalously low crustal velocities 
generally observed in fracture zones is normally 
attributed for seismic layer 2 to a combination of talus 
debris accumulating from the fracture zone walls, and 
the faulted and fractured nature of the basement, both 
along the valley floor and the valley walls, as observed 
from manned submersibles at the Kane (Karson and Dick
1983) and Oceanographer (OTTER 1984, 1985) Fracture
Zones. Anomalous layer 3 velocities are thought to be 
caused either by deep fracturing of the mafic crust 
(White et al. 1984), or hydrothermal alteration of 
upper mantle peridotite to serpentinite, so making it 
difficult to distinguish between the base of the mafic 
crust and altered upper mantle in fracture zones from 
the evidence of P-wave seismic velocities alone, owing 
to the overlap in the seismic velocities of partially 
serpentinised peridotite and the unaltered gabbro of the 
lower crust (Detrick and Purdy 1982; White et al. 1984). 
However, where accompanying S-wave velocities have been 
recorded in addition to those of the P-waves at the 
Tydeman Fracture Zone (Calvert and Potts 1985), the 
calculated Poisson's ratio is too low for serpentised 
peridotite. A reduction in the upper mantle velocity 
beneath fracture zones has been attributed by Calvert 
and Potts (1985) to serpentinisation of the upper mantle 
peridotite.

i
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1.1.9 Gravity anomalies over fracture zones

Early modelling of gravity anomalies over the inactive 
Mendocino Fracture Zone (Talwani et al. 1959; Dehlinger 
et al. 1967, 1970), required a difference in the upper 
mantle density either side of this fracture zone (with 
older upper mantle being denser) to model the step in 
free-air anomaly values (30-70mgal) across this fracture 
zone. However, the significance of this result in terms 
of the juxtaposition of lithospheric blocks of different 
ages and hence different density structures (e.g. 
Sclater and Francheteau 1970) was not realised at the 
time. Sibuet and Le Pichon (1974), re-modelled two of 
the profiles over the Mendocino Fracture Zone used by 
Dehlinger et al. (1967, 1970), by combining the crustal 
structure used by these authors, as determined from 
seismic refraction work, with the different density 
structures of upper mantle blocks of differing ages 
juxtaposed either side of the fracture zone axis, as 
predicted by the lithospheric plate model of Sclater and 
Francheteau (1970). A similar approach was adopted by 
Sibuet and Veyrat-Peinet (1980), to model free-air 
anomalies over the Equatorial Atlantic fracture zones. 
These authors found good general agreement between the 
regional free-air anomalies, and anomalies generated by 
juxtaposing isostatically compensated lithospheric 
blocks. However, no account was taken in either the 
study of Sibuet and Le Pichon (1974), or Sibuet and 
Veyrat-Peinet (1980), of the effect of lateral heat 
conduction between lithospheric blocks of different 
ages, as modelled by Louden and Forsyth (1976).

The early models of Cochran (1973) over the 
Equatorial Atlantic fracture zones, and of Robb and Kane 
(1975) over the Vema Fracture Zone, both requiring the 
presence of high densities beneath the fracture zone
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valley-transverse ridge boundary must be suspect as they 
did not include the effects of sub-crustal density 
differences. Also, more recent evidence from well 
constrained seismic refraction experiments over a number 
of fracture zones offsetting the slow-spreading Mid- 
Atlantic Ridge (e.g. Sinha and Louden 1983, and 
references therein), show that oceanic crust is normally 
thinner and generally less dense beneath fracture zones 
compared with normal oceanic crust (Raitt 1963; White
1984). It is evident, therefore, that there are two 
important and independent contributors to gravity 
anomalies over fracture zones: firstly, density
differences between juxtaposed upper mantle blocks which 
are greatest near the intersection area of a large- 
offset fracture zone along a slow-spreading ridge (e.g. 
Romanche, Vema); and the variations in crustal structure 
associated with fracture zones, irrespective of offset, 
as reported from the results of seismic refraction 
experiments.

In attempting to model variations in crustal 
structure over a fracture zone from an analysis of 
gravity anomalies, a correction should therefore be 
applied for sub-crustal effects. Both Whitmarsh and 
Calvert (1986), at the Charlie-Gibbs Fracture Zone, and 
Louden et al. (1986), at the Vema Fracture Zone, having 
applied corrections for sub-crustal effects have shown 
that the resulting residual anomalies can be modelled 
by variations in the thickness and density of crust 
compatible with their seismic refraction results over 
nearby profiles.
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1.1.10 The magnetic signature of fracture zones

Unlike sea level gravity anomalies which are 
attributable to variations in the density and thickness 
of oceanic crust, and the density of upper mantle , the 
magnetic signature of oceanic crust is attributed to 
variations in the magnetisation intensity of the 
basaltic, and upper gabbroic layer of oceanic crust, 
comprising the topmost 3km or so e.g. Smith (1985), 
Swift and Johnson (1984).

Sea floor spreading anomalies carpet the ocean 
floor symmetrically about existing spreading centres, 
and, are offset along fracture zones. Analyses . of 
relative age contrasts across fracture zones, using 
the anomaly data, at varying distances from current 
transform zones, can establish growth, or, diminishment 
of a ridge offset with respect to its current value e.g. 
Collette et al. (1984).

The individual magnetic signatures of fracture 
zones tend to be swamped by juxtaposition of oceanic 
crust with reversed magnetic polarities. Magnetic 
anomalies over fracture zones in magnetically 
anisotropic seafloor were originally modelled by a 
narrow zone of reduced magnetisation e.g. Cochran 
(1973), Schouten (1974)7, Collette et al. (1974), Twigt 
et al. (1979). However, Collette et al. (1974), noted 
that anomalies in active transform zones were smaller 
than could be expected from a model predicting
no difference in the magnetic response of fracture zone 
crust outside and inside the active fracture zone.

In an attempt to elucidate more clearly the 
magnetic response of fracture zones in isolation, Twigt 
et al. (1983), analysed the inactive extension of Kane
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Fracture Zone in the Cretaceous Magnetic Quiet Zone 
(African Plate). Their findings point to a differential 
enhancement of magnetisation on the younger side of the 
fracture zone axis (i.e. that side which was never in 
the transform domain). They explain this effect by the 
emplacement of a thinner basalt layer on the transform 
side of accretionary axes as first observed by Karson 
and Dick (1983) during detailed submersible work in the 
vicinity of the ridge-transform intersections of Kane 
Fracture Zone.

Collette et al. (1984), in their study of the 
Central and Northern Atlantic (Kroonvlag-project), 
extended this same model to configurations with polarity 
reversals. Further studies in the Cretaceous Magnetic 
Quiet Zone by Slootweg and Collette (1985), and Verhoef 
and Duin (1986), are also consistent with the same 
model, with, in about 30% of cases a corresponding 
reduction in magnetisation being necessary over the 
older side of the fracture zone axis to model an 
asymmetric anomaly.

1.2 Fracture zone offsets in the Equatorial Atlantic

In the Equatorial Atlantic the Mid-Atlantic Ridge is 
offset by a series of major left-lateral fracture zones. 
The active portion of the Romanche Fracture Zone, 
offsetting the Mid-Atlantic Ridge by about 850km, is 
the largest of these offsets (Figure 1.1).

Heezen et al. (1964) presented the first detailed 
topographic map of a portion of the Equatorial Atlantic 
based on shipboard echo-souder soundings; covering the 
active sections of both the Romanche and Chain Fracture
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Zones (3° N - 3°S; 10°W - 20° W) . This study also
established the presence of a local deep within the 
Romanche Transform Valley which was named "Vema Deep" 
after the research vessel "R/V Vema" from which the 
soundings were made. Tomczak and Annutsch (1970) 
presented another map (1°N to 3°S? 17°45#W to 24°15/W)
covering the majority of the active Romanche Fracture 
Zone and the westward inactive continuation of the Chain 
Fracture Zone.

Many papers (e.g. Burke 1969? Arens et al. 1970; 
Fail et al. 1970? Hayes and Ewing 1970? Le Pichon and 
Hayes 1971? Francheteau and Le Pichon 1972) provided 
early demonstrations of the continuity of the offset 
portions of the equatorial fracture zones with 
structures in the continental margins on either side of 
the Atlantic. The trends of these inactive fracture 
zones have been used to define poles of rotation for the 
initial opening of the South Atlantic (e.g. Le Pichon 
and Hayes 1971? Mascle and Sibuet 1974? Sibuet and 
Mascle 1978). Gorini (1981) presented a regional 
morphological and tectonic study of the whole of the 
Equatorial Atlantic between the latitudes of 3 N and 4 S 
using a combination of bathymetric and seismic 
reflection data.

Several petrological studies have been published 
of dredged samples from the active Romanche Fracture 
Zone by Enrico Bonatti and co-workers (e.g. Bonatti et 
al. 1971? Bonatti and Honnorez 1976? Bonatti et al. 
1977? Bonatti and Chermak 1981). The variety of 
petrologic types recovered (basalts, gabbros, and their 
metamorphic equivalents as well as serpentinites and 
sedimentary rocks) and the diversity of locations from 
which they are recovered is typical for a large-offset 
fracture zone offsetting a slow-spreading ridge. A
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similar diversity of igneous rocks has been reported at 
the Vema (e.g. Bonatti et al. 1971; Thompson and Melson 
1972? Bonatti and Honnorez 1976); Kane (Karson and Dick
1983) and Oceanographer (OTTER 1984, 1985) Fracture
Zones. Bonatti et al. (1977) reported the recovery of
limestones, originally formed in very shallow water, 
from two sites near the crest of a transverse ridge, 
currently between 950-1300m below sea level near the 
eastern end of the Romanche Transform Valley. Fossil 
dating of these samples, indicating formation about 5Ma 
ago, necessitates an average subsidence rate for the 
crest of this ridge about an order of magnitude greater 
than that given by the age v depth relation for "normal" 
oceanic crust of equivalent age (e.g. Parsons and 
Sclater 1977). This result provides conclusive proof of 
recent vertical tectonism along a fracture zone wall.

A high-resolution SEABEAM bathymetric survey of a 
small portion (approximately SOOkm^) of the northern 
wall of the Romanche Transform Valley near 18° 30' W 
between the depths of 2800m and 7600m was presented by 
Bonte et al. (1982). Their map shows two ridges 
separated by a sedimented terrace at the upper level of 
this slope, and the remainder of the slope comprising 
more localised terraces and several breaks of slope of 
varying relief. Although not directly observed with a 
submersible, this topography is consistent with a valley 
wall comprising several small-scale faults, as observed 
elsewhere along slow-spreading transform valley walls 
(e.g. OTTER 1985).

Precise positioning of sediment cores and dredge 
hauls using a combination of SEABEAM bathymetry and 

| acoustic navigation enabled Bonte et al. (1982) to
| estimate ages for various sections of the transform wall
j and pinpoint the topographic locations from which dredge

iii
I
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hauls were recovered. Dating of nannofossils from
sediment cores indicated a recent origin (<1 Ma B.P.)
for the sedimented valley floor (depth 7600m), and an
age of 10-20 Ma for the broad terrace (Terrace A- Figure ✓3, Bonte et al. 1982) separating two transform parallel 
ridges; compared with a crustal age for this section of 
about 30-35 Ma (assuming a half spreading-rate of about 
2cm/yr using the global plate model of Minster and 
Jordan 1978), These results provide further proof of 
differential vertical movement within the Romanche 
Transform Valley, Dredge hauls recovered during this 
survey showed a great variety of rock types (basalts, 
gabbros, serpentinised peridotites, myIonites,
sediments), as observed elsewhere at both the Romanche 
and other slow-slipping fracture zones (e.g. Bonatti and 
Honnorez 1976; Karson and Dick 1983), with no evidence 
for particular rock types being confined to a particular 
location. The recovery of glauconized ooze from one of 
the ridges at a depth of about 3750m (ridge II- Figure 
3, Bonte et al. 1982), indicates a former depth within 
the photic zone (<200m depth), and hence is further 
proof of substantial differential vertical susidence 
along a ridge positioned north of the Romanche Transform 
Valley.

1.3 Area of investigation

Figure 1.1 shows the position of the area of the
Equatorial Mid-Atlantic Ridge which has been studied in 
detail. The western 720km of Romanche Transform Zone had 
previously been mapped using GLORIA long-range sonar 
during RRS "Discovery" cruise 96 (Belderson et al.
1984). RRS "Discovery" cruise 142 (November-December
1983) completed GLORIA coverage of the active Romanche
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Fracture Zone and adjoining portions of the Mid-Atlantic 
Ridge, In addition, during this cruise, gravity and 
total field magnetic intensity data were collected along 
five profiles crossing the active Romanche and inactive 
Saint Paul Fracture Zone to enable modelling of crustal 
and upper mantle structure to be carried out. Data 
collected during both "Discovery" cruises have been 
collated with existing data from previous cruises in 
this area.

1.4 Objectives of study

The aims of the present study are:

(1) To map plate boundaries and physiographic 
zones using a combination of GLORIA side-scan, 
bathymetric and seismic data in the vicinity of the 
current Romanche Transform Zone.

(2) To examine crustal and upper mantle structure 
beneath the Romanche Transform Zone, eastern inactive 
Saint Paul Fracture Zone and adjacent seafloor areas 
along five free-air gravity traverses.

(3) To investigate the distribution of 
magnetisation of the upper crustal layer within the 
Romanche Transform Zone and inactive Saint Paul Fracture 
Zone along five total field magnetic traverses.

(4) Using the results obtained from (1), (2) and 
(3) to make a comparison between the morphology and 
structure of the Romanche Transform Zone and eastern 
inactive Saint Paul Fracture Zone with results reported 
from other fracture zones.
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CHAPTER 2 

DATA ACQUISITION AND REDUCTION

2.1 Data sources and coverage

The data set comprises two RRS "Discovery" cruises with 
GLORIA long range side scan sonar: the first in 1978
(Belderson et al. 1984), which insonified the western 
720km of the Romanche Transform Zone, and the second in 
1983 which completed sonar coverage of the active 
Romanche Transform Zone. In addition to these two 
"GLORIA" cruises the data set also incorporates cruise 
data up to 1983 from the following sources: Lamont-
Doherty Geological Observatory; Woods Hole Oceanographic 
Institution? Centre Nationale pour 1'Exploration des 
Oceans; Bureau Gravimetrique International? and Scripps 
Institution of Oceanography.

Table 2.1 presents a synopsis of specific cruises 
whose data have been used in this study, together with 
the type of information available from these cruises. 
Figure 2.1 shows the total track coverage of cruises 
listed in Table 2.1 within the confines of the study 
area, with the two RRS "Discovery" cruises being 
highlighted.
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Table 2.1. Data sources and types. The following
acronyms are used for the various institutions: 
"Institute of Oceanographic Sciences", G.B., (I.O.S.);
"Lamont-Doherty Geological Observatory", U.S.A.,
(L.D.G.O.); "Centre Nationale pour 1'Exploration des 
Oceans", France, (C.N.E.X.O.); "Woods Hole Oceanographic 
Institution", U.S.A., (W.H.O.I.); "Bureau Gravimetrique 
International (B.G.I); "Scripps Institution of 
Oceanography", U.S.A., (S.I.O.). Data types abbreviated 
as follows: GLORIA sonar (Gl)? echo-sounded depths (D)?
seismic reflection profiles (S)? gravity (Gr); total 
field magnetics (M)•

Ship, cruise, 
year and
institution Navigation Data types

Discovery 95 
1978, I.O.S.

Satellite D, M

Discovery 96 
1978, I.O.S.

Satellite Gl, D, S

Discovery 97 
1978, I.O.S.

Satellite D, M

Discovery 142 
1983, I.O.S.

Satellite Gl, D, S, Gr, 
M

Verna 17, leg 12 Celestial
1961, L.D.G.O.

D, S, Gr, M
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Table 2.1. (Continued).

Verna 22, leg 2 Celestial D, S, Gr, M
1966, L.D.G.O.

Vema 26, leg 4 Satellite D, S, Gr, M
1968, L.D.G.O.

Vema 26, leg 7 Satellite B. S, Gr, M
1969, L.D.G.O.

Vema 27, leg 13 Satellite D, S, Gr, M
1970, L.D.G.O.

Vema 30, leg 3 Satellite D, S, Gr, M
1973, L.D.G.O.

Vema 30, leg 4 Satellite D, S, Gr, M
1974, L.D.G.O.

Vema 31, leg 1 Satellite D, S, Gr, M
1974, L.D.G.O.

Vema 31, leg 5 Satellite D, S, Gr, M
1974, L.D.G.O.

Conrad 13, leg 11 Satellite D, S, Gr
1970, L.D.G.O.

Conrad 16, leg 12 Satellite D, S, Gr, M
1973, L.D.G.O.
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Table 2.1. (Continued)

73002911
1973, C.N.E.X.O.

Satellite

73003121
1973, C.N.E.X.O.

Satellite

CH099L03 
1970, W.H.O.I.

Satellite

A2075L02 
1973, W.H.O.I.

Satellite

K020-A 
1975, B.G.I.

Satellite

K020-B 
1975, B.G.I.

Satellite

ME-2T
1965, B.G.I.

Celestial

INMD12MV 
1978, S.I.O.

Satellite

D, Gr, M

D, Gr, M

D, Gr, M

D, Gr, M

D, Gr

D, Gr

D, Gr
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2.2 "Discovery" cruise 142 (1983) - Dakar (Senegal) to 
Dakar: instrumentation and data processing

This cruise provides a substantial proportion of the 
total database used for this study (Figure 2.1, Table 
2.1). A brief description of the relevant equipment used 
during this cruise and of the data processing methods 
employed are given below.

2.2.1 Navigation

Navigation on both "Discovery" cruises and the majority 
of other cruises to the study area was accomplished 
through a combination of intermittent satellite fixes 
with dead-reckoning between satellite fixes using two- 
component electromagnetic logs (Table 2.1). Only the 
earliest "Vema" cruises were navigated celestially 
before the availability of satellite positioning. A 
comprehensive discussion of navigation during 
"Discovery" cruise 142 is given in Appendix 1.

2.2.2 GLORIA sonar

(1) History and basic operating principles

GLORIA 2 (Geological Long Range Inclined Asdic) was the 
main survey tool used during this cruise. GLORIA is a 
scaled-up version of normal side scan sonar pioneered at 
the Institute of Oceanographic Sciences (IOS), then the 
National Institute of Oceanography (NIO) (Chesterman et 
al. 1958; Tucker and Stubbs 1961). GLORIA 2 (Somers et 
al. 1978) is a modified and improved version of the 
original GLORIA (Rusby 1970).
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GLORIA was the first side scan instrument to be 
developed exclusively for use in deep oceanic 
environments. The mark 2 version scans to both sides of 
the ship's track with a maximum scanning range of just 
under 30km on either side (Figure 2.2). This is achieved 
by transmitting acoustic pulses once every 40s, and 
recording the returned signals over a duration of 40s. 
Acoustic signals do not propagate linearly in the oceans 
owing to variations in water velocity with depth caused 
by differences in salinity, temperature, and pressure. 
The velocity range is about 1480 - 1540m/s. The GLORIA 
fish is towed at an average depth of 50m so as to 
minimise the spurious effects of upward refraction 
followed by internal reflection off the bottom of the 
uneven sea surface. A pulse repetition of 40s with an 
average propagating speed of about 1500m/s gives a 
theoretically maximum slant range (slant range is the 
linear distance between the towed fish and a seafloor 
feature), to either side, of 30km and horizontal range 
of just under 30km (Figure 2.2). Excessive near-bottom 
refraction will result in critical reflection within the 
water column at longer ranges so limiting the maximum 
across track range.

(2) Towing arrangements and beam characteristics

The GLORIA fish is 7.75m long, 0.65m wide and weighs
2.04 tonnes in air. The vehicle is towed about 400m 
astern of the survey vessel, at a depth varying between 
40 and 80m, by an unfaired cable attached to its nose. 
An average survey speed of 8 knots is usually 
maintained. The operating depth is not stablised and is 
controlled by the cable length and towing speed. The 
simplicity of the towing arrangement is possible because 
overall the vehicle is slightly light of being neutrally
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buoyant.

Two arrays of transducers are arranged 
symmetrically on either side of the active length of 
5.33m of the towed fish. Each array comprises 2 rows of
3 0 elements housed in 15 nylatron housings in groups of
4 (each group constituting on segment of each array).

oTransducers are inclined at 20 to the horizontal. The 
only essential services apart from sonar are accurate 
indications of heading and depth. Transducers, housings 
etc are all substantially negatively buoyant and the 
required neutral buoyancy is provided by buoyancy blocks 
of expanded PVC foam.

The design of the towed fish and towing 
arrangements minimise vehicle yaw and roll. In the case 
of yaw, the long, shallow, cable scope (400m), de
couples the towed fish from the ship's course excursions 
which have longer periods than the smaller yaw promoted 
by waves. Stability under conditions of yaw is ensured 
by the addition of a ring tail to the towed fish. 
Vehicle roll, caused mainly by the direct action of wave 
particle velocities on the body is wholly independent of 
ship roll because no torque is transmitted along the 
cable. Roll is reduced dramatically by towing beneath 
the surface layer affected by wave motion, with a towing
depth in excess of 25m resulting in peak to peak

ooscillation of less than 0.5 . Vehicle roll induced by
the varying tensions in the towing cable due to the
pitching motion of the ship is of much longer period (>
6s) than the natural roll frequency of the vehicle
(1.8s) so that synchronisation is generally avoided.
Vehicle pitch is less critical and at the normal towing

odepth generally does not exceed 4 peak to peak. This 
pitch is excited by the combined surge and heave 
movements of the survey vessel which are transmitted
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unattenuated to the towing vessel via the towing cable. 
Vehicle pitch could be reduced by a combination of an 
elastic cable and/or greater vehicle drag (by towing the 
GLORIA vehicle at a shallower level).

One of the main objectives in re-designing the 
GLORIA sytem was to simplify and make a routine 
procedure out of launch and recovery. With these aims in 
mind a purpose-built gantry was built which is 
essentially a sliding and tilting cradle frame fitted 
with multiple rollers along the sides and base. The 
gantry is fixed to the poop deck, with a small rear end 
overhang and hydraulic rams, which, operated
electrically, manoeuvre the GLORIA vehicle from the 
shallow sloping stowing position to the steep 
deployment/recovery position.

Both sonar arrays emit 4s-long linear FM 
pulses (having bandwidths of 100Hz) at a given 
repetition rate (10s, 20s or 40s), dependent on the
maximum required across-track range (7.5km, 15km or 
30km). These modulated pulses are superimposed on an 
operational frequency of about 6.5kHz. Crosstalk
between arrays is suppressed by having slightly 
different carrier frequencies to port and starboard, 
and by applying the modulated pulse signals in opposing 
senses to each side (i.e. linear increase on one side 
and linear decrease on the other).

The operating frequency of 6.5kHz is a compromise 
between limiting the array size (and hence vehicle size 
and power requirements), and the amount of power 
required to overcome absorption in the water medium. 
Down-range resolution is governed by the pulse 
bandwidth, and is about 50m.

[
I
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Each array produces a beam which \ is narrow
in the horizontal plane (2.5° beamwidth), and much 
broader in the vertical plane (30° beamwidth) depressed 
by 19°-20° below the horizontal. Along-track resolution 
is governed at near range by the pulse repetition rate 
(200m using a 40s pulse) and by the horizontal beamwidth 
at longer ranges (1km at the maximum range of 30km).

One of the fundamental prerequisites for 
successful side-scanning is that the beam array should 
be stable to within its own beamwidth during the pulse 
repetition period i.e. vehicle yaw should not exceed 
this amount. In addition to the mechanical constraints 
on yaw imposed by the towing system and fish design, 
GLORIA also has an inbuilt electronic beam steering 
system which cancels any remaining residual.

Return signals are automatically corrected for 
both the dispersive, and absorptive effects of 
propagating through seawater by applying an empirical 
time varied gain (TVG) filter. These returns, called 
fixed gain, were recorded directly onto magnetic tape 
without further processing during the second GLORIA 
cruise to the Romanche. Sonar data collected during the 
first GLORIA cruise to the Romanche Transform 
("Discovery" 96- Belderson et al. 1984) also had an 
automatic gain control (AGO) process applied during tape 
recording. AGC records signals of all levels using a 
non-linear gain which preferentially highlights weaker 
signals. However, an artefact of AGC is the pre
shadowing of strong reflectors. Fixed gain recording 
retains the true relative amplitude of strong signals at 
the expense of not registering low level returns because 
of the limited dynamic range of the tape recorders. 
Analogue tape recording was used on the first Romanche 
cruise, digital on the follow up. Digital recording has
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superseded the original analogue process because of the 
range and flexibility of image enhancement techniques 
which can be applied when data are recorded digitally.

Real time, low quality displays were produced on 
electrosensitive paper in the ship's plotting room so as 
to monitor the performance of the system and to have 
first hand information of seabed returns. High quality 
records are produced as black and white photographs by 
replaying and processing tape recorded data. The 
sequence of operations followed for producing final 
GLORIA records is described below.

(3) Processing of recorded data for final display

Firstly, tape recorded data were replayed through a 
facsimile recorder (Muirhead recorder) onto black and 
white photographic paper with good contrast and tonal 
range (Rusby and Somers 1977). Each photographic print 
produced by the Muirhead represents sonar information 
recorded over a six hour period.

With digitally recorded data a slant range 
correction can be applied at this stage. This is 
necessary because the sonar measures differences in 
travel time along the slanting raypath from the vehicle 
to the seafloor, whereas the user wishes to interpret 
the record in terms of horizontal range (Figure 2.2). By 
inputting the relevant recorded corrected seafloor 
depths (in intervals of 200m) into a microprocessor, the 
necessary corrections can be made to the recorded data 
prior to printing. With reference to Figure 2.2:

horizontal range = J( (slant range)2 + (depth)2 ). (2.1)
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On the second Romanche cruise both slant range 
corrected and uncorrected prints were produced on board 
ship. Data from the first Romanche cruise, which were 
originally displayed without slant range correction, 
have also been subsequently corrected.

Muirhead prints were then photographed onto 35mm
film using a special anamorphosing camera which makes a
correction for differences in along-track and across-
track scales (Rusby and Somers 1977). The required
anamorphic ratios were calculated from time annotated
track plots produced by the shipboard computer. Finally,
scale corrected 35mm negatives were printed at the
required scale for display purposes, and for direct
comparison with bathymetric and other data. A scale ofo1:500,000 (at 33 N using a Mercator projection of the 
international spheroid) was used.

2.2.3 Precision echo-sounding (P.E.S)

Along track depths were sounded using a 10kHz precision
echo-sounding pinger source on both "Discovery" cruises.
During cruise "Discovery" 142 the echo-sounding device,
enclosed within a fish vehicle, was towed at a depth of
about 10m via a midship support on the port side. The
echo-sounding signal used was of l-3ms duration,
producing every 2s a narrow, conical, beam (of angular owidth 30 ) symmetrical about the vertical. Recorded
depths (hitherto assuming a nominal seawater acoustic 
velocity of 1500m/s and called uncorrected depths) were 
displayed in real time on electrosensitive paper by a 
MUFAX line scan recorder, and annotated at two minute 
intervals by the P.E.S. watchkeeper. Uncorrected depths 
digitised at this two minute interval were later 
inputted into the ship's computer and corrected for
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variations in seawater velocity with depth using 
seawater velocity v depth tables.

2.2.4 Seismic reflection profiling (S.R.P)

During RRS "Discovery" cruise 142 seismic profiling was 
conducted using a single airgun as a source and a towed 
two section hydrophone array receiver. Data were 
displayed real time on electrosensitive paper, whilst 
being tape-recorded for future playback. Seismic 
profiling during this cruise was limited to survey 
speeds of 8 knots, or less, speeds in excess of this 
limit resulted in the air gun source riding too high in 
the water, severely interfering with the acoustic signal 
and usually disrupting and/or dislodging the gun seals. 
This meant that continuous acquisition of seismic 
reflection profiling data was not possible in order to 
meet cruise time deadlines.

2.2.5 Measurment and reduction of gravity data

On "Discovery" 142, gravity was measured using a 
Lacoste-Romberg Sea Gravity Meter mounted on a 
gyrostabilised platform located near the centre of 
gravity of the ship. This position, minimising
the large, and variable accelerations associated with 
both the rolling, and yawing motions of the ship.

The gravity meter was read every 6s by the 
shipboard computer, and time-averaged over one minute 
intervals. A continuous analogue output on a strip chart 
recorder was also available. No tares were observed.

Time-averaged gravity values were subseqently
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corrected for the effects of the relative motion of the 
ship with respect to the Earth's surface (Eotvos 
effect). This correction could only be made
retrospectively when navigation had been updated for 
position fixes.

Corrections for latitude were made using the 1967
Gravity Formula as adopted by the "International
Association of Geodesy" in 1971 (IAG 1971a).

Gravity differences measured by the shipboard 
meter were linked to the "International Gravity 
Standardization Net" (IAG 1971b)via a tie-in station at 
the port of Dakar where an absolute value has been 
measured for "g", the acceleration due to gravity. Ties
were made immediately before and after the cruise to 
establish the overall drift of the shipboard meter, 
which was +0.68 mgal (approximately +0.02 mgal/day). 
Gravity data were subsequently corrected for the drift 
of the meter.

Conversion of gravimeter readings into free-air 
anomalies

The following expression summarises the steps required 
to convert gravimeter readings into free-air anomalies:

Free-air anomaly (in mgal) = GBASE - MTRDIFF T EOTVOS
- EXPECG + DRIFT CORRECTION.

GBASE = absolute gravity at base station (docked 
location of gravimeter in Dakar) as obtained from nearby 
tie-in base.
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MTRDIFF = difference in meter reading 

(OBASE - OBS) * CALIBRATION

where: OBASE = observed reading of gravimeter in
meter units at base station prior to cruise; OBS = 
observed reading of gravimeter at sea; and CALIBRATION 
is the calibration constant or multiplication factor for 
conversion from meter units to mgals.

EOTVOS = Eotvos correction
= 4.0511 * v * sin * cos A (mgal) (2.1)

where: v = ship's speed in km/h; = ship's
bearing relative to north; and A = geographic latitude.

EXPECG = expected gravity at given latitude using 
the 1967 Gravity Formula (IAG 1971a).

DRIFT CORRECTION = linear correction made for
differences between gravimeter 
readings at base station, just 
prior to, and after cruise.

The original gravity data from some cruises had been 
corrected for latitude using the earlier 1930 
"International Gravity Formula". These data were re
corrected using the 1967 formula, by using the 
following conversion formula:

EXPECG = EXPECG - 3.2 + 13.6 sin* A (mgal) (2.2)

where A = geographic latitude.



68

2.2.6 Acquisition of total field magnetic intensity 
data

Total field magnetic intensity was measured using a 
precision total field proton precession magnetometer 
towed in a cylindrical fish at a depth of between 20m 
and 30m some 250m astern of the ship.

As with gravity, magnetic readings were read every 
6s by the shipboard computer and time averaged over 
one minute intervals. At the same time a real time 
analogue record was produced in the plot room for 
immediate analysis.

No correction was made for the very small 
difference between the field at the towing depth and at 
sea level. There was also no attempt made to compensate 
for daily fluctuations in the regional magnetic field by 
tying in with the land based magnetogram data? a 
procedure which is questionable anyway (Bullard and 
Mason 1961) owing to the uncertain electromagnetic 
effect of the sea.

2.3 Reduction of total field magnetic intensity values 
to magnetic anomalies

Total field magnetic intensity values are converted to 
magnetic anomalies by removing the long wavelength 
component with a time dependent reference field. In this 
study the "International Geomagnetic Reference Field" 
(IGRF) as defined by a working committee of the 
"International Association of Geomagnetism and Aeronomy" 
(IAGA) has been used as the reference datum for all 
anomaly reduction. The IGRF is periodically updated to
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take into account new measured magnetic intensity data. 
To-date there have been four IGRF updates: IGRF 1965
(IAGA Commission 2, Working group 4, 1969); IGRF 1975
(IAGA Division 1 study group 1976); IGRF 1980 (IAGA 
Division 1, Working group 1, 1981); and IGRF 1985 (IAGA 
Division 1, Working group 1, 1986).

Rather than adopt the latest IGRF model, a priori, 
for reducing total field values to anomalies, a field 
model giving the best level of internal consistency for 
the total data set was chosen. This was ascertained by a 
cross-over analysis, in which the field model most 
effective in reducing the cross-over errors of total 
field magnetic data for intersecting ships'-tracks 
within the study area was chosen.

2.3.1 Cross-over analysis

In an area of intersecting ships'-tracks with total 
field magnetic data along each track acquired at 
different times, such as that shown in Figure 2.3, then, 
in general there will be differences between measured 
total intensity values at any intersection. These 
differences arise from a combination of: the secular
change of the Earth's field at the intersection points; 
ships' navigational errors and hence errors in locating 
the points of intersection; daily fluctuations in the 
magnetic field; and the magnetic effect of the survey 
vessel. In practice, differences arising from navigation 
errors are difficult to quantify, as are daily 
fluctuations in the magnetic field (Bullard and Mason 
1961), and no attempt has been made to correct for 
either source of error in this analysis. Differences 
arising from the magnetic effect of the survey vessel 
will be less than lOnT assuming all surveys were carried
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out with the towed magnetometer more than two ship's 
lengths behind the ship (Bullard and Mason 1961), 
which is insignificant.

The cross-over error at an intersection is the 
difference between the two values (total magnetic field 
or magnetic anomaly) at that point, with the earlier 
crossing being the reference value for subtracting from; 
as adopted by Verhoef and Scholten (1983), and Verhoef 
et al. (1986), for cross-over analyses in the North 
Atlantic. Although for any individual cross-over error, 
there will be no clue as to the absolute contributions 
from navigational errors, differences between the two 
measured magnetic fields caused by daily fluctuations in 
the magnetic field, or differences between the
calculated magnetic anomalies caused by error in the
adopted IGRF model used for reduction, by finding the
average of all the cross-over errors, the random nature 
of both navigational errors and daily variations in the 
magnetic field will tend to cancel each other out
(assuming the number of cross-overs is sufficient). Any 
error in the IGRF model adopted is left as a bias in the 
mean value of all cross-over errors to positive or
negative values. The criterion for deciding which IGRF
model to adopt is that which leaves the smallest bias.

There are 67 cross-overs with magnetic data within
the study area (Figure 2.3). Cross-over positions were
determined accurately by fitting cubic splines to the
navigational data, and total field values at the
intersections were likewise determined from cubic 
splines to the field data. Cross-over errors were then 
calculated at each intersection for cases of no secular 
field correction (using measured total field intensity 
data) ,and for secular field correction using IGRF 
1965, IGRF 1975, IGRF 1980 and IGRF 1985. Cross-over
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error distributions for each of the aforementioned five 
cases are respectively drawn in Figure 2.4(a-e). Table
2.2 lists the means and standard deviations of each 
cross-over distribution. Two means and two standard
deviations are quoted in each case: the first pair of
values ((a) values, Table 2.2) refers to the whole data
set of 67 intersections? the second pair ((b) values,
Table 2.2), refers to a slightly reduced data set with 
values which are more than 2 standard deviations away 
from the mean of the total data set being discarded and 
new means and standard devia&tfns being calculated in 
their absence.

All cross-over distributions using the total data 
set show a very wide range in values (Figure 2.4), and 
consequently large standard deviations, between 83nT and 
60nT (Table 2.2), which are dominated by a relatively 
small number (between 4 and 6) of anomalously large
cross-over errors (both negative and positive, Figure 
2.4). The latter, presumably, are overwhelmingly the 
result of errors in navigation and/or large
fluctuations in the diurnal local field, both of 
which have a disproportionate effect on the
individual distributions: hence the need to remove
these values and use smaller, but, more significant
error distribution data (with standard deviations only 
50% to 65% of the original values). Note that all 
statistics pertain to the reduced data sets ((b) values, 
Table 2.2) in the discussion forthwith.

The distribution of cross-over errors using total 
magnetic intensity values (Figure 2.4(a)), has no 
correction applied for the long term secular change in 
the field. The distribution is characterised by a mean 
value of -2nT and standard deviation of 55nT.
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Table 2.2.

Magnetic field 
model

No field model

IGRF 1965

IGRF 1975

IGRF 1980

Statistics of cross-over distributions 
shown in Figure 2.4.

Number of Mean value of Standard deviation
cross-overs cross-overs of cross-overs

(nT) (nT)

(a) 67

(b) 61 - 2

83

55

(a) 67

(b) 63

24

25

68

56

(a) 67

(b) 62

-28

-29

60

48

(a) 67

(b) 62

63

44

IGRF 1985
(a) 67

(b) 62

10

13

66

49
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Distributions of cross-over anomaly errors using 
reference fields IGRF 1965 and IGRF 1975 to correct for 
long-term secular variation (Figure 2.4(b,c)), do not 
show an improvement on the non time-corrected 
distribution, with IGRF 1965 systematically moving the 
error distribution to more positive values (mean of 
+25nT), and IGRF 1975 to more negative values (mean of - 
29nT).

In contrast, IGRF 1980 and IGRF 1985 both 
systematically reduce and centralize the error 
distributions closer to the theoretically perfect value 
of OnT? with mean error values of +3nT and +13nT 
respectively, and corresponding standard deviations of 
44nT and 49nT (Table 2.2).

Using the simple criterion that the best IGRF 
model is that which most effectively centralizes the 
errors about a mean value of OnT then IGRF 1980 is the 
preferred model. IGRF 1980 has been used for the 
reduction to anomalies of all total field magnetic data 
in this thesis. This does not imply that IGRF 1980 is a 
better model than its replacement IGRF 1985. Only that 
for this relatively small data set within a relatively 
small area and without making corrections for errors in 
navigation and diurnal field fluctuations, IGRF 1980 
most effectively centralizes the error distribution.
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CHAPTER 3

MORPHOLOGY OF THE ROMANCHE TRANSFORM ZONE AND 
SURROUNDING AREAS FROM GLORIA SONOGRAPHS, BATHYMETRY AND 

SEISMIC REFLECTION PROFILES

3.1 Introduction

The most recent compilation of bathymetric and 
tectonic charts of the Equatorial Atlantic was made by 
Gorini (1981). These charts show the active Romanche 
Fracture Zone as a complex zone of alternating ridges 
and troughs which is up to 100km in width (Figure 3.1). 
Gorini identified two major E-W transverse valleys, with 
the longer northern valley inferred as the plate 
boundary owing to its offset of the Mid-Atlantic Ridge 
axis by 950km, and its association with the great 
majority of earthquake epicentres. The southern valley, 
was traced by Gorini between about 19°W and 24°W, as a 
feature slightly oblique to the main valley and
interpreted as the old fracture zone trace prior to a
change in the direction of the plate motion (Figure 
3.1) .

The position of the plate boundary in the less 
well mapped Saint Paul Transform has been more 
uncertain, owing to the numerous ridges and troughs
associated with this feature and the scatter of
earthquake epicentres located beneath both ridges and 
troughs. The evidence, thus far, suggests there might be 
more than one transform valley.
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Furthermore, seafloor areas between the Romanche 
Transform, and inactive Saint Paul and Chain Fracture 
Zones were identified by Gorini as possessing an unusual 
fabric of ENE-WSW ridges and valleys, rather than the 
more usual topographic fabric lineated parallel to the 
spreading axis (Figure 3.1).

New GLORIA, bathymetric, and seismic data are 
presented in this chapter for the study area. Data 
sources are summarised in Table 2.1. The main tectonic 
and morphological features observed on this data are 
mapped and discussed.

3.2 Interpretation of GLORIA sonographs

3.2.1 Factors affecting character of return signal

On GLORIA records, or sonographs, areas of high acoustic 
return are white. While, areas of low acoustic return 
are black. Varying shades of grey represent areas with 
return levels between these extremes.

The character of the returned sonar signal is 
governed by three main factors :

(1) The direction of insonification.

Since GLORIA is a side-scanning instrument, 
features which trend parallel to the sonar asdic will be 
preferentially highlighted at the expense of features 
trending in other directions. Because of this, cruise 
tracks are normally pre-planned so as to view specific
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features optimally. In this study, fracture zones are 
viewed predominantly from tracks running parallel with 
their courses, and seafloor spreading fabric from tracks 
running perpendicular to fracture zones.

(2) The acoustic roughness of the seabed.

Acoustic roughness is measured relative to the 
sonar wavelength (about 25cm). Outcrops of volcanic rock 
and volcanic scree deposits are generally rough at the 
sonar wavelength and backscatter strongly, whereas 
sediments are much smoother, and reflect sound away 
from the sonar vehicle.

(3) The topography of the seabed and angle of incidence 
of sound rays.

Acoustic shadows are formed over seabed areas from 
which there are no sonar returns. The locations of zones 
of acoustic shadows are determined both by the geometry 
of sound rays, and by the underlying seabed topography 
(Figure 3.2(a)). Critical reflection of sound rays 
within the water layer often reduces the maximum viewing 
range to less than 30km from the ship's track, leaving 
the remainder in acoustic shadow (Figure 3.2(b)). 
Examples of acoustic shadows are shown in Figure 3.3.

Given seafloor areas with identical acoustic 
backscattering properties, with each being insonified 
from the same direction (i.e. the bearing of the 
acoustic ray is the same), then the strength of the 
returned sonar signal is determined by the slope of the 
seabed relative to the angle of incidence of the sound 
rays. An excellent example is provided by the quite
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(a)

(b)

Figure 3.2. (a) Formation of an acoustic shadow. There
is no sonar return from the seabed from within the
shaded area. (b) Critical reflection of round ray
near the seabed. There is no sonar return from the
seabed from within the shaded area.
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Figure 3.3. (a) Bathymetry of a small portion of the 
Romanche Transform Zone, (b) South-looking GLORIA 
sonograph covering the central portion of 3.3(a). (c)
Interpretation of 3.3(b). The sedimented area at the 
bottom of transform valley is shown black. Acoustic 
shadows are represented as diagonal ruled lines. Synform 
and antiform symbols represent features interpreted as 
furrows and ridges. Base of southern wall identified by 
tick marks. (d) North-looking sonograph covering 
approximately the same area as 3.3(b). (e)
Interpretation of 3.3(d) with shading and symbols as for 
3.3(c).
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different character of returned sonar signals from the 
Romanche Transform Valley walls when insonified from the 
north and the south (Figure 3.3).

3.2.2 Identification of seafloor features

The most easily recognisable feature is the median 
valley floor of the Mid-Atlantic Ridge : typically 10-
15km wide, the valley floor is characterised by a high 
level of acoustic backscattering (Figure 3.4) because 
there is very little sediment covering the acoustically 
rough volcanic basement.

Many of the features observed are linear. The 
narrowest and sharpest lineaments represent fault scarps 
facing the sonar vehicle (Figure 3.4), narrow lineament 
shadows are sometimes cast by fault scarps facing away 
from the towed asdic. Broader and more diffuse 
lineaments are often associated with linear volcanic 
ridges which can sometimes be individually identified 
along spreading centre median valley floors as shown in 
Figure 3.4. The broadest and most diffuse of linear 
returns correspond to the outcrops of volcanic basement 
on the dip slopes of escarpments, or exposed as uplifted 
horst blocks (Figure 3.5).

Sedimented areas are characterised by low levels 
of acoustic backscattering. Where ambiguity exists 
between the location of a sedimented area and an 
acoustic shadow the problem can be resolved if two 
opposing viewing directions are available of the same 
feature e.g. an area of low acoustic return on the floor 
of the transform valley when viewed from both north and 
south in Figure 3.3, can unequivocally be identified as 
an area of almost flat, ponded sediments owing to the



88

Figure 3.4. (a) Bathymetry of a small section of the 
spreading centre median valley between the Romanche and 
Saint Paul Fracture Zones, (b) GLORIA sonograph covering 
the central portion of 3.4(a). (c) Interpretation of
3.4(b). The zone of bright backscattering occupying the 
floor of the median valley is interpreted as 
representing fresh volcanic rocks (the neovolcanic zone) 
and is shown as diagonal ruled lines. Narrow 
lineaments, interpreted as fault scarps, are drawn with 
a tick on their inferred downthrow sides. The ship's 
track is shown by the dotted line.

Figure 3.5. Representative portion of the seafloor area 
between the Romanche Transform Valley and the Saint Paul 
Fracture Zone. (a) Bathymetry. (b) Sonograph covering 
the central portion of 3.5(a). (c) Interpretation of
3.5(b) with basement outcrops outlined (zones of high 
backscatter in 3.5(b)), and areas of acoustic shadow 
shown as diagonal ruled lines. The ship's track is 
shown by the dotted line.
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similarity of outline of this area on both sonographs.

3.3 Data presentation

3.3.1 Bathymetric compilation

A new bathymetric chart is presented in Plate 1 
(enclosed in slip case). This chart was compiled using 
soundings provided by both GLORIA cruises to this area, 
RRS "Discovery" cruise 96 (Belderson et al. 1984) and 
RRS "Discovery" cruise 142 (Searle et al. 1984), in 
addition to available soundings from The National 
Geophysical Data Center, Boulder, Colorado, and The 
International Hydrographic Bureau, Monaco (list of data 
sources in Table 2.1). Also incorporated is the detailed 
bathymetric chart of Francis (1977), of the Saint Paul 
Fracture Zone western ridge-transform intersection area.

Bathymetric contours are controlled by GLORIA 
data, where records are available (Plate 1). This data 
is particularly helpful as an aid to contouring because 
of the sonar's ability to show different tectonic 
trends, and its ability to differentiate characteristic 
acoustic facies.

3.3.2 Summary chart of main tectonic, volcanic and 
topographic features

Plate 2 (enclosed in slip case) presents a summary of 
the main tectonic and volcanic features of the study 
area as inferred from the GLORIA data. The main 
identification criteria used for its compilation are
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discussed in section 3.2.

3.3.3 Sediment distribution chart

Plate 3 (enclosed in slip case), is a sediment 
distribution chart of the study area. The location of 
the "Om" isopach shown in Plate 3 is coincident with the 
boundary between outcropping volcanic basement and 
seabed sediment for those areas covered by GLORIA sonar 
records. Also shown are sediment depths at a selection 
of positions along the seismic profiles, indicating the 
lateral extent of sediment cover along these profiles 
and the maximum depth of sediment within individual 
basins. The density of seismic data was not considered 
sufficient to present an isopachyte map. All depths 
shown assume a seismic velocity for unconsolidated 
sediment of 2km/s.

3.4 The Romanche Fracture Zone

3.4.1 The transform valley

The Romanche Transform Valley is 850km long, and flanked 
for the majority of its length on both sides by shallow 
bounding transverse ridges (Plate 1). The transform 
valley width ranges from 20km at its western end to a 
maximum of 60km at its eastern end. The valley floor 
depth is just over 5000m at the western ridge-transform 
intersection, about 5500m at the eastern ridge-transform 
intersection, and exceeds 7000m near 20°W and 7800m near 
18°30'W in "Verna Deep" (Heezen et al. 1964). The valley 
is thus longitudinally asymmetric, being generally 
deeper and wider at its eastern end. GLORIA data (Plate
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2) shows that the topographic axis of the valley is 
largely covered (about 70% of the total extent) by 
sediments ponds, up to 10km wide and a few hundred 
metres thick (Plate 3). As discussed in Section 3.2, 
and shown in Figure 3.3, these sedimented areas 
occupying the valley floor show up as dark or uniformly 
grey-toned expanses. Three ridges, some 600 to 1200m 
high, 50 to 100km long and 10km wide, lie within the
transform valley close to its topographic axis, near 23° 
30'W, 22°40'W, and 19°40'W (Plate 1). The two ridges at
23°30'W and 22°40'W are located on the current transform 
fault zone and the other ridge is located about 10km 
south of the active plate boundary (Plates 1 and 2).
These ridges whose axes align with the valley floor may 
be serpentinite diapirs. Although serpentinites are 
common throughout the whole transform valley environment 
and do not appear to be restricted to any particular 
location (e.g. Bonatti 1978; OTTER 1985), the additional 
fracturing of rocks near the plate boundary, coupled 
with seismic refraction evidence that the thin fracture 
zone crust is often thinnest beneath the transform 
valley (e.g. White et al. 1984), so implying that the 
upper mantle is closest to the seabed, could well 
promote larger quantities of water to penetrate to the
upper mantle, inducing larger serpentinite diapirs to 
intrude areas near to the plate boundary. The intrusion 
of serpentinites along, or near, the transform fault 
zone could be further encouraged if the plate boundary 
area was locally under tension.

Location and character of the transform fault zone

The active plate boundary, or transform fault zone, 
comprising a band of tectonic elements of variable width 
(less than 0.5km to about 15km), and striking parallel
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to the slip direction, can be traced almost continuously
over the entire length of the transform valley from
GLORIA records (Plate 2). The transform fault zone does
not follow the topographic axis of the transform valley,
being located north of this axis over the western 720km
of the transform valley and south of this axis over the
remainder of its length (Plate 2). The transform fault
zone crosses the topographic axis of the transformovalley near 18 40'W, which corresponds to the
sedimented Verna Deep (Heezen et al. 1964), the deepest 
location (>7800m) within the transform valley (Plates 1 
and 2). In plan view, the trace of the transform fault 
zone exhibits a slight sinuosity superimposed on its 
overall trend, and its distance from the transform 
valley's topographic axis increases and decreases 
constantly, but never exceeds 15km (Plates 1 and 2).

Parson and Searle (1986) identified four main 
styles of transform fault zone within the Romanche 
Transform Valley, and provided examples of each type 
over a lOOkm-long section of the transform fault zone 
near the eastern end of the transform valley 
(incorporating a copy of the bathymetry of the area they 
discussed from Plate 1). The four main styles of 
transform fault zone are discussed below, and further 
examples of each type are labelled in Figure 3.6 from 
an area near the western ridge-transform intersection.

(1) Single, very narrow lineaments (no wider than 
0.5km), thought to represent scarps.The direction in 
which the scarp faces can be determined from whether the 
lineament is a high or low sonar return, respectively 
facing towards and away from the sonar vehicle (e.g. AA' 
represents a scarp facing north in Figure 3.6). Such 
features are thought to represent the single "active" 
surface expression or strand of strike-slip movement or
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Figure 3.6. Western Romanche ridge-transform
intersection, (a) Bathymetry, (b) Interpretation diagram 
of main features observed on both E-W looking sonograph 
(3.6(c)), and N-S looking sonograph (3.6(d)). The 
neovolcanic zone occupying the median valley floor of 
the spreading centre is shown as diagonal ruled lines. 
Lineaments interpreted as fault scarps have a tick drawn 
on their inferred downthrow sides. Sedimented areas 
occupying the floor of the Romanche Transform Valley are 
shown black. Lineaments drawn with antiform symbols 
represent ridges. Features labelled AA1, BB', CC' and D 
along the transform fault zone are discussed in Section
3.4.
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principal transform displacement zone.

(2) Paired lineations where areas of relatively 
high and relatively low acoustic returns are juxtaposed, 
which are usually no wider than 1.0km. These represent 
either ridges, or furrows, depending on whether areas of 
high return are closer to, or further away from, the 
sonar vehicle respectively (e.g. BB' represents a narrow 
ridge in Figure 3.6). These features probably represent 
the principal transform displacement zone (Parson and 
Searle 1986).

(3) More complex, multiple lineament areas, 
normally covering upwards of 2km. These areas often have 
a braided fault aspect (e.g. Zone C, Figure 3.6). It is 
generally impossible to locate the actively slipping 
segment.

(4) Broader ridge or trough features upwards of 
2km in width (e.g. the ridge labelled D in Figure 3.6).

Transform valley walls

Plate 2 shows that sonar returns from the northern inner 
wall of the transform valley, are generally parallel, or 
sub-parallel to the valley trend. These are thought to 
represent faults in the valley wall, presumably inward 
dipping normal faults which accQ^cdate the large relief 
of the transform valley, as documented from submersible 
studies at other fracture zones e.g. Karson and Dick 
(1983) , OTTER (1985).

Sonar returns parallel to the trend of the 
transform valley are also visible from the southern 
inner wall (Plate 2). In addition, trends which are
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approximately normal to the transform valley are visible
on sonar swathes crossing the transform valley between 

o o18 W and 20 W. In more detail, these orthogonal trends
comprise areas of juxtaposed high, and low sonar
returns, and are taken to represent ridges or tilted
fault blocks (characteristic of the seafloor tectonic
fabric) crossing the elevated ridge flanking the
transform valley, and extending as far north as the
valley floor. Here, therefore, it appears that the
seafloor spreading fabric extends into the transform
valley as far north as its topographic axis. Further

oeast, between 18 W and the eastern ridge-transform
intersection, no spreading fabric is visible on the
southern wall of the transform valley (Plate 2), but
such a fabric may exist since the sonar viewing
direction (parallel to the transform valley) here is not
optimal. A series of oblique trends visible on the

osouthern wall west of about 20 W (Plate 2) are another 
group of trends which are not parallel to the transform 
valley on this southern inner wall. These are discussed 
in more detail in Sections 3.8.3 and 3.8.4.

3.4.2 Shallow topography flanking the transform valley

The transform valley is flanked on its northern side by 
a continuous area of shallow topography, which is up to 
50km wide, and consists of either a single summit ridge 
or transverse ridge, or two or more transverse ridges 
separated by sediment- filled basins (Plates 1 and 3). 
Tectonic spreading fabric is completely absent from this 
shallow area north of the transform valley, and from the 
transform valley north of its topographic axis (Plate 
2). Apart from the shallow topography associated with 
the ridge-transform corner, the depths to the summits of 
the transverse ridges shoal progressively eastwards,
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culminating in the very shallow, 300km-long, transverse 
ridge facing the eastern transform intersection area, 
which shoals to under 1000m at one location near 17 0 W 
(first documented by Bonatti et al. 1977). These 
transverse ridges generally strike parallel to sub
parallel to the transform valley, but may locally trend

oin other directions e.g. both transverse ridges near 21 
W locally trend WNW-ESE.

Transverse ridges are very well displayed on 
GLORIA sonar swathes run parallel to the Romanche 
Transform. For example, in Figure 3.7, the summits of a 
single transverse ridge which bifurcates into two ridges 
backscatter very strongly (so strongly that they 
generate one or two strong multiples in places), because 
sonically rough basement outcrops in the vicinity of 
the steep summits of the transverses ridges. Areas of 
moderate to low return on the less steep flanks (Figure
3.7) are interpreted as being covered by sediments 
having a grain size small compared with the sonar 
wavelength (25cm)? probably pelagic sediments and 
turbidites. Also visible are zones of very high 
backscatter, comparable in intensity with the summit 
ridges themselves, extending both north and south of 
the very shallow ridge summit section east of 17° 30'W. 
North of the summit ridge, these areas form long, 
narrow, curvilinear lineaments extending up to 25km from 
the summit, crossing each other at some positions, and 
with their general directions being perpendicular to the 
slightly curved ridge summit. The combined evidence 
suggests that these lineaments represent talus deposits 
eroded from the outcropping summit ridge. Their high 
backscattering being attributable, presumably, to a 
combination of the rough texture of the parent rock and 
the large size of scree blocks. Their trends, normal to 
the ridge summit, probably resulting from the fact that
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Figure 3.7. Shallow topography north of eastern 
Romanche ridge-transform intersection area. (a) 
Bathymetry. (b) Montage of GLORIA sonographs which 
run parallel to the topography. (c) Interpretation of 
3.8(b). Ridge summit shown by antiform symbol, areas 
covered by talus are outlined, and outcropping basement 
is shown black.
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they are following the steepest slope of descent. 
However, the greatest concentration of scree slopes are

oseen south of the very shallow summit ridge near 16 
30'W, descending some 4000m into the inactive Romanche 
Trough. Here, individual scree slopes again trend 
perpendicularly to the direction of the summit ridge as 
if following the steepest slope of descent, forming a 
dendritic pattern where smaller scree slopes coalesce to 
form bigger ones.

To the south, the transform valley is flanked by a 
single transverse ridge between the area opposite the 
current western ridge-transform intersection and about 
17° 30'W (Plate 1). Between 17°30'W and the eastern 
ridge-transform intersection, there is no ridge visible 
above the generally shallow topography flanking the 
transform valley. The transverse ridge has variable 
depth, ranging from 4400m at its western end to a 
minimum of 2000m at 20°30'W.

3.5 The eastern Romanche ridge-transform intersection 
and plate boundary between the Romanche and Chain 
Fracture Zones

South and east of the eastern limit of the Romanche
Transform Valley the plate boundary can be followed
successively from GLORIA records as: an oblique
spreading centre; a short spreading centre normal to the
direction of spreading? an oblique fracture zone ; and
another normal spreading centre, as far as the limit of

osonar coverage at 0 40'S. These features are labelled 
respectively as AB, BC, CD and DE in Plate 2 and Figure 
3.8, and each is discussed below in more detail.
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Figure 3.8. Eastern Romanche ridge-transfrom
intersection area. (a) Bathymetry. (b) Montage of E-W 
looking sonographs. (c) Montage of N-S looking 
sonographs. (d) Interpretation of GLORIA data. Inferred 
plate boundary position south of the ridge-transform 
intersection is shown by diagonal ruled lines and 
labelled ABODE for ease of description. Antiform and 
synform labels represent localised ridges and troughs 
along the transform fault zone. Features interpreted as 
volcanic ridges within the neovolcanic zone along AB 
are outlined.
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The Romanche eastern ridge-transform intersection 
is obliqueywith the angle formed on the transform side / 
between the Romanche Transform Valley and oblique 
spreading centre AB being approximately 25°(Figure 3.8).
The actual plate boundary intersection which corresponds 
to the southward bend of the narrow transform fault zone 
towards the spreading centre is located at 0° 6'N, 17°
10'W, about 10km south of the topographic axis of the 
transform valley. Spreading centre/transform valley 
intersections are usually associated with local 
depressions called nodal deeps (Sleep and Biehler 1970).
No nodal deep is shown at the intersection, (Figure
3.8), but one could exist undetected as there are no 
soundings over the junction itself. No fault trace is 
visible beyond the intersection.

Oblique spreading centre AB, is 65km long and 
otrends about 102 . Outside of the transform valley, AB 

is visible on GLORIA sonar records as a zone of bright 
backscattering, typical of the rough, unsedimented 
volcanic basement associated with the neovolcanic zone 
(Figure 3.8). Within the transform valley, the location 
of AB is inferred to coincide with four oblate targets, 
5-9km-long by 2-3km-wide, each trending about 155° , 
which are positioned next to each other in en echelon 
fashion. These targets which are only visible on sonar 
returns with the survey vessel perpendicular to the 
transform valley (Figure 3.8(c)), probably represent 
axial volcanic ridges, since they are characterised by 
juxtaposed areas of high and low acoustic return, 
respectively facing towards and away from the sonar 
vehicle.

There is, therefore, a large difference between 
the overall trend of the oblique spreading centre (102̂  , 
and the trend of individual axial volcanic ridges
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oidentified along this centre (155 ). A similarly large 
difference between the trends of a spreading centre and 
individual volcanic ridges contained therein was 
reported by Searle and Laughton (1981) along the 
oblique-spreading Reykjanes Ridge. Here, the authors 
attributed this difference to lavas being erupted along 
fissures almost normal to the spreading direction. In 
other words the axial fissures sense a tension imposed 
by and in the direction of plate separation at the ridge 
axis and align themselves perpendicular to this 
direction. Correspondingly, the obliquity of normal 
faults defining the spreading axis direction was
explained as trending normal to the gradient of 
lithospheric stress, thought to be predominantly 
controlled by the underlying obliquity of the
lithospheric temperature distribution.

The large overall obliquity of AB re/cdiv?z fc) H?£. /l̂cnsfer7T>
ZcTUtS Pr°bably a response of the lithosphere to the shear 

stress field near the transform zone which results in 
the reorienfecto/7 of the direction of maximum tension 
and consequently of normal faulting (Searle and Laughton 
1977; Lonsdale and Shor 1979). The much smaller 
obliquity of axial volcanic ridges identified within AB 
of 20° - 25° implies that their orientation is more
closely controlled by the local spreading direction 
(c.f. Searle and Laughton 1981) but with some obliquity 
imposed by the reorientation of the lithospheric stress 
field.

AB is associated with an oblique trending valley 
outside of the Romanche Transform Valley (Figure 3.8(a)) 
with a neovolcanic zone occupying the floor of the 
oblique valley (Figure 3.8(c)). This is typical of other 
slow-spreading spreading centres along the Mid-Atlantic 
Ridge (e.g. Laughton and Rusby 1975; Searle and Laughton



108

1977; Karson and Dick 1983). Similarly, short spreading 
centre BC (Figure 3.8), which trends approximately 
normal to the spreading direction is also a valley, the 
floor of which is also occupied by a zone of high 
acoustic backscattering taken to represent a neovolcanic 
zone.

CD is interpreted as an oblique fracture zone, or
leaky transform, rather than a short oblique spreading
centre, because it is not characterised by the very high
level of acoustic backscattering, representing a
neovolcanic zone, as seen for instance at spreading
centres BC and DE (Figure 3.8). Offsetting spreading
centres BC and DE by approximately 18km in a left-
lateral sense, CD is characterised by a trough trending oabout 120 . No lineament characteristic of a transform
fault is seen within CD parallel to the spreading

odirection of 078 . The mottled appearance of CD on 
sonar records (Figure 3.8(b,c)), suggests that it is 
characterised by volcanic rocks partially covered by 
sediments, perhaps an indication that volcanic activity 
is less frequent here than in neighbouring spreading 
centres BC and DE, thereby allowing time for some 
sediment to settle on the volcanic basement. Several 
oblique-offset fracture zones have been observed in the 
Gulf of Aden (Tamsett 1984? Tamsett and Searle 1988). 
Kurchatov Fracture Zone (Searle and Laughton 1977) in 
the North Atlantic is another example.

Spreading centre DE, which is orthogonal to the 
spreading direction, can be followed on sonar records as 
far south as about 0°40'S (Figure 3.8(b)). South of 
here, the bathymetry suggests that it continues with the 
same trend, uninterrupted to the Chain Fracture Zone.

The of the plate boundary south of
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the Romanche Fracture Zone has previously been 
unnoticed. Previous bathymetric compilations of this 
area (e.g. Gorini 1981, shown in Figure 3.1), show a 
single spreading centre orthogonally connecting the 
Romanche and Chain Fracture Zones.

3.6 Spreading centre between the Romanche and Saint 
Paul Fracture Zones and the ridge-transform 
intersections

The spreading centre joining the Romanche and Saint Paul 
Fracture Zones is 210km long (Plates 1 and 2). Typically 
for a slow-spreading axis, it is characterised by a 
median valley, the floor of which is a zone of very high 
acoustic backscatter which corresponds to the fresh 
volcanic rocks comprising the neovolcanic zone. The 
neovolcanic zone is clearly displayed on the GLORIA 
record (Figure 3.9). East of the neovolcanic zone, 
numerous sharp, narrow (0.5km-wide or less), high 
backscattering lineaments generally trending parallel to 
sub-parallel to the median valley floor are visible. 
These are interpreted as fault scarps facing the median 
valley, another characteristic of slow-spreading 
spreading centres (Laughton and Searle 1979). Only a few 
lineaments thought to represent scarps are observed west 
of the neovolcanic zone because almost the whole of this 
area is in acoustic shadow (Figure 3.9).

Diffuse sonar returns, 5-10km-long, by 2-3km-wide, 
and aligned with their long axes parallel to sub
parallel to the median valley floor are visible within 
the generally high level of acoustic backscattering 
characterising the neovolcanic zone (Figure 3.9).The 
location of these features, and their identification as
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Figure 3.9. Central portion of spreading ridge between 
the Romanche and Saint Paul Fracture Zones. (a) 
Bathymetry. (b) E-W looking GLORIA swathe. (c) 
Interpretation of 3.9(b). Features labelled as in Figure
3.4.
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ridges, is inferred from the juxtaposition of areas of
relatively high and relatively low backscatter;
inferred as slopes facing towards and away from the
sonar vehicle respectively. They are thought to
represent axial volcanic ridges (Laughton and Rusby
1975). Two oval-shaped areas of low acoustic return o olocated near 0 25'S and 0 within the neovolcanic zone, 
are also elongated along the direction of the median 
valley (Figure 3.9). Both are characterised by an inner 
area of no acoustic return surrounded by an area of low 
sonar return. There is no evidence for a sonar target 
casting a shadow to create an acoustic shadow at either 
location, and the overall impression given by each is 
that of topographic depressions with the areas of no 
return corresponding to the deepest parts of these 
depressions. This evidence, coupled with their 
elongation along the direction of the median valley, 
suggests that they could be collapsed volcanic ridges 
which have created calderas. The location of the more 
southerly of the two zones of low acoustic return near 
to the eastern side of the neovolcanic zone might 
explain the curvature of fault scarps seen in the 
crestal mountain area adjacent to this zone: because
faults generally parallel the shape of the edge of the 
median valley floor which here is the curved eastern 
side of the oval zone of low backscattering. Both zones 
of low backscatter are probably associated with small- 
offset fracture zones (Searle 1986), where the active 
zone of new crustal injection (as represented by the 
volcanic ridges) is successively offset by about 10km / 
within the confines of the median valley, with an offset 
in one direction occurring south of each feature and an 
offset in the opposite direction occurring north of it. 
Thus for the southern zone of low backscatter, it 
appears that there is a sinistral offset of the zone of 
crustal injection south of this feature and a dextral
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offset north of it (Figure 3.9), Correspondingly, for 
the northern zone it appears that a dextral offset south 
of this feature is accompanied by a sinistral offset 
north of it.

Western Romanche ridge-transform intersection

The plate boundary intersection is located at 1°10'S, 24° 
35'W, where a strand of the transform fault zone curves 
northwards towards the direction of the spreading centre 
neovolcanic zone (Figure 3.6).The intersection of the 
transform valley with the median valley floor is 
orthogonal. A fault zone colinear with the transform 
fault zone can be followed to the western limit of sonar 
coverage of the fracture zone, about 100km beyond the 
current intersection (Plate 2). The clarity pf the fault 
zone outside the transform zone suggests that it is 
still active in some role. Perhaps it is still active as 
a strike-slip boundary beyond the "classical" plate 
tectonic limit of strike-slip movement at the ridge- 
transform intersection, caused possibly by asymmetry in 
the rate of spreading at spreading centres at either end 
of the transform valley. Alternatively, the fault zone 
may be instrumental in accomjodating any differential / 
vertical movement between either side of the inactive 
fracture valley when lithospheric blocks are "welded" 
together at the intersection.

A nodal deep is not seen in the bathymetry at the 
intersection (Figure 3.6), but one could exist 
undetected as there are no soundings over the 
intersection. Excluding the localised nodal deep itself 
(if this exists), the median valley floor still deepens 
considerably towards the transform valley, gently 
between 25km and 10km from the valley, by about 200m,
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then much more steeply over the remaining 10km, by
1000m. Deepening of spreading centres towards transform
valleys is the norm at both slow-slipping and fast-
slipping transforms (Fox and Gallo 1984). The width of
the median valley floor also increases significantly on
approaching the transform valley, from about 12km, 20km
north of the intersection, to 30km at the intersection.
This increase in width is achieved entirely through the
widening of the median valley on its eastern or
transform side. On this side, within 20km of the
intersection, the median valley transform wall trends atoa constant oblique angle of 145 to the transform valley 
so forming an oblique ridge-transform corner. In 
contrast, the western, or non-transform median valley 
wall continues undeviated into the transform valley. A 
disparity, such as this between transform and non
transform corners has also been observed at other ridge- 
transform intersections of large fracture zones along 
the slow-spreading Mid-Atlantic Ridge e.g. Kane Fracture 
Zone (Karson and Dick 1983), Oceanographer Fracture 
Zone (OTTER 1985), and Verna Fracture Zone (Macdonald et 
al. 1986). Ridge-transform corners at slow-slipping 
transforms are generally associated with an 
"intersection high" where the high rift mountains 
flanking the median valley combine with the upwarped 
edge of the transform valley. No such feature is seen in 
the bathymetry, but, as with a nodal deep, one could 
exist undetected between the available soundings.

Median valleys often become asymmetric in profile 
on approaching a transform valley with the non-transform 
rift mountains being abnormally low, and the transform 
rift mountains being abnormally high culminating at the 
intersection high. This configuration has been adopted 
as the typical morphology for the median valley in the 
Atlantic near the ridge-transform intersection by
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Collette (1986) , in explaining the typically asymmetric 
profile of inactive fracture zone valleys; an asymmetric 
valley on the younger non-transform side and a high wall 
or scarp to the older side. This intersection area is 
not characterised by asymmetry of the median valley, 
with the flanking non-transform rift mountains remaining 
equally high near the transform. Also, the profile of 
the inactive fracture valley beyond the intersection is 
a high wall on the non-transform side and a wide valley 
on the transform side, which is, strikingly, the 
opposite of what is normally observed (Collette 1986). A 
possible explanation for this is discussed below.

Eastern Saint Paul ridge-transform intersection

The intersection is slightly oblique, with the angle
formed between the neovolcanic zone and the southern

otransform valley being about 100 (Figure 3.10). The 
plate boundary is located at 0°37'N, 25° ll'W, where the
transform fault zone within the southern transform 
valley curves towards the neovolcanic zone. The 
intersection is associated with a nodal deep, where the 
seafloor depth is about 4400m, some 400m deeper than the 
surrounding seafloor of the transform valley (Figure 
3.10(a)). Again, the median valley floor deepens 
considerably on approaching the transform valley, by 
about 800m over 30km. The spreading centre median valley 
widens on approaching the fracture zone, from about 10km 
to 25km, largely the result of a 10km westward offset of 
the median valley transform wall north of a subsidiary 
valley near 0°27'N. This valley has been inferred as a 
fracture zone by Francis (1977). This interpretation is 
supported by sonar evidence showing westward curvature 
of fault lineaments adjacent to the neovolcanic zone 
about 10km south of the subsidiary valley (itself not
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Figure 3.10. Eastern end of Saint Paul Transform Zone, 
(a) Bathymetry. Area within box corresponds to 
bathymetry of Francis (1977). (b) Montage of GLORIA
data. (c) Interpretation of 3.10(b). Ridge summit south 
of transform zone is shown by an antiform symbol. Other 
features are labelled as in Figure 3.6.
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visible because of being located within the sonar shadow 
zone), because seafloor spreading fabric normally curves 
towards the direction of transform offset adjacent to 
fracture zones (e.g. Searle and Laughton 1977).

Finally, there is a distinct asymmetry between the 
high transform and much lower non-transform rift 
mountains on approaching the transform valley; a common 
characteristic of spreading axis median valleys near 
transforms valleys in the North Atlantic (Collette 
1986) .

3.7 The Saint Paul Fracture Zone

3.7.1 The Saint Paul Transform Zone

Sonar coverage of the Saint Paul Transform Zone during
"Discovery" cruise 142 was limited to areas more than
200 miles from the Saint Paul and Saint Peter island

ogroup. This limited coverage to areas east of about 26 W 
(Plates 1 and 2).

oThe current plate boundary, east of 26 W, is 
accommodated within two transform valleys joined by a 
short spreading centre near 25°30'W (Plates 1 and 2, 
Figure 3.10). However, the northern transform valley is 
still south of the western end of this fracture zone 
(located at about 1°N, 30°30'W - e.g. bathymetry of
Gorini 1981) , so there must be at least one more 
spreading centre and transform valley in it, and the 
presence of two valleys north of the northern transform 
valley (Plate 1), suggests a minimum of two further 
transform valleys.
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The southern transform valley

The transform fault zone in the southern transform 
valley is 30km-long, almost straight, and has an overall 
trend of 081° (Figure 3.10). There is no detailed 
bathymetric control to determine the location of the 
transform fault zone relative to the deepest axis of the 
valley, but it appears centrally located. Similarly, 
there are no soundings over its intersection with the 
short spreading centre at 0°34'N, 25°26'W to establish
whether a nodal deep is located there. In more detail, 
insonified from the north, the transform fault zone 
trace, where visible, is a very narrow, bright lineament 
over the western 15km of the valley, which is 
interpreted as a narrow scarp, no wider than 0.3km, 
facing north (Figure 3.10). Over the remainder of the 
transform valley, the transform fault zone is a wider 
(1-1.5km-wide), double lineament, of juxtaposed areas of 
relatively high, and relatively low acoustic return, 
which are respectively closer to, and further away from 
the towed vehicle. Here, the transform fault zone is 
interpreted as a narrow ridge (Figure 3.10). As at the 
western ridge-transform intersection of the Romanche 
Transform Zone, here also, the fault zone continues 
beyond the ridge intersection, although whether it is 
still active in some role is uncertain.

From examination of echo-sounder data, Francis 
(1977) identified a sediment-covered ledge some 5km NE 
of, and 350-400m above the current eastern intersection 
area. A narrow zone of low acoustic return near the 
location of the ledge is visible on the sonar record 
(labelled A in Figure 3.10), although the very low 
return of this feature suggests that it is probably an 
acoustic shadow and not a sedimented surface. This being 
the case, then the ledge is being identified indirectly
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by a shadow cast by the steep slope immediately to its 
north. Francis (1977), interpreted the sediment-covered 
ledge as the westernmost limit of the inactive southern 
fracture valley floor because it lines up exactly with 
the latter. This implies that the active transform 
valley is some 5km SW of, and 400m deeper than its 
inactive counterpart. An explanation for this non- 
alignment was provided by Francis (1977). Noting that 
the active transform valley near the intersection area 
is almost sediment-free he concluded that it was most 
unlikely that no sediment would have reached the deeper 
location of the active transform valley considering that 
the shallower ledge was sediment-covered. Using this 
evidence, he postulated that the current intersection 
area corresponds to a recently collapsed volcanic ridge, 
or caldera, which assuming a spreading rate of about 
2cm/yr (using the rotation pole of Minster and Jordan 
1978), occurred within the last 700,000 years. There is, 
therefore, good evidence for a recent southward 
movement, by about 5km, of the northern limit of the 
spreading centre between the Romanche and Saint Paul 
Fracture Zones.

The northern transform valley

The transform fault zone in the northern transform 
valley can be traced as another narrow zone of up to 
0.3km in width westwards for 35km from its intersection 
with the neovolcanic zone at 0°42'N, 2^ 40'W to the
limit of sonar coverage (Figure 3.10). Over this 
distance the trace of the fault zone is predominantly a 
single scarp. There is a small discontinuity of the 
fault zone near the ridge-transform intersection.
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Short spreading centre between the two transform valleys

A 25km-long spreading centre orthogonally joins the 
transform valleys near 25°30'W (Figure 3.10), In spite 
of its short length, it exhibits a characteristic median 
valley the floor of which is an area of fresh volcanic 
rocks (on GLORIA sonar records a zone of bright 
backscattering). Bathymetric control is not available to 
establish whether there are nodal deeps at either end of 
the spreading centre. However, a single sounding line 
crossing the median valley centrally from east to west, 
shows that the depth of the median valley floor is 
comparable to soundings taken within the transform 
valleys. Both ridge-transform corners are obligue, with 
the angles formed between each transform valley and 
median valley transform wall being about 135° . In 
contrast, the non-transform corners appear to be 
perpendicular. Similar differences between the trends of 
transform and non-transform corners have been reported 
at other fracture zones e.g. the Kane Fracture Zone 
(Karson and Dick 1983), and the Verna Fracture Zone 
(Macdonald et al. 1986). This difference is also 
observed at the western Romanche ridge-transform 
intersection (Section 3.6, Figure 3.6).

Shallow topography between the transform valleys

Ridges flank the two transform valleys on either side, 
and a ridge also separates the two northern valleys 
(Plate 1). Three seamounts near 1° 30'N probably 
demarcate the northern extent of the Transform Zone. 
GLORIA data south of the southern transform valley 
(Figure 3.10), shows the unsedimented summit ridge of a 
transverse ridge paralleling the transform valley, a 
very similar feature to that observed north of the
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Romanche Transform at its eastern end (Figure 3.8).
However, both the shallow ridge separating the two
southernmost transform valleys and the insonified
section of the ridge north of the second transform
valley are dominated by oblique basement returns thought
to represent oblique scarps facing towards their
respective spreading centres. Oblique escarpments such
as these, striking about 45°to the spreading direction,
have also been observed in the walls of the Kurchatov
Fracture Zone (Searle and Laughton 1977), and the
inactive eastern limb of Chariie-Gibbs Fracture Zone
(Searle 1979, 1981). They appear to form only in slow-
slipping transforms, and are thought to originate when
oblique normal faults are formed in the transform domain
near the ridge-transform intersections (Searle and
Laughton 1977). These faults serve to decouple the floor
of the transform valley from the seafloor outside it
when the latter rises into the rift mountains. Also
visible on the southern wall of the second transform

ovalley near 25 50'W, is an area of intersecting
lineaments of oblique fault scarps and scarps parallel 
to, and facing the transform valley. There is no lateral 
offset of oblique scarps across the scarps parallel to 
the transform valley, which implies that the latter do 
not have any strike-slip offset, and are probably only 
associated with normal faulting.

There is a distinct difference between the depths 
to the summits of ridge sections on either side of the 
short median valley joining the two southernmost 
transform valleys (Figure 3.10). The shallower ridge 
section is located west of the median valley, with a 
summit depth of under 2500m. East of the valley the 
ridge summit only shoals to about 3400m. This difference 
may be caused by the ridge section west of the median 
valley being tectonically uplifted within the transform
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zone since active fracture zones are often associated 
with anomalously shallow flanking ridges.

3.7.2 The inactive eastern extension of the Saint Paul 
Fracture zone

Both the inactive sections of the two southernmost
transform valleys, and the two more northerly valleys,
which probably represent inactive transform valleys, canobe traced eastwards from the transform zone to about 23 
W (Plate 1). Eastwards of here, only two inactive 
transform valleys are visible, separated by an area of 
shallower topography. This evidence suggests that about 
20 Ma B.P., assuming the current location of its eastern 
ridge-transform intersection area and a spreading rate 
of about 2cm/yr (pole of Minster and Jordan 1978) , there 
was a change in the composition of the transform zone, 
from a double transform valley, to one being associated 
with, as at present, probably four active transforms.

Limited GLORIA coverage of the inactive fracture 
zone shows that the fracture valleys are almost totally 
sediment-covered and that oblique trends predominate in 
the shallow areas between inactive fracture valleys as 
observed between fracture zone valleys in the active 
transform zone (Plates 2 and 3).
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3.8 Seafloor areas between the major fracture zones

3.8.1 Region between the Romanche Fracture Zone and 
the eastern inactive Saint Paul Fracture Zone

GLORIA coverage of this area comprises five swathes 
between the two fracture zones (approximatley 
perpendicularly to the direction of the fracture 
zones). These are located at about 21°30'W, 20°45'W,
18° 45'W, 17° 15'W and 16° 45'W (Plate 2). Seafloor
spreading fabric, comprising areas of outcropping 
basement trending roughly parallel to the current 
spreading centre between the Romanche and Saint Paul 
Fracture Zones is the dominant feature observed on each 
N-S swathe. There is also a noticeable increase in the 
proportion of sediment to exposed basement eastward from 
the unsedimented neovolcanic zone of the spreading 
centre (Plates 2 and 3), reflecting the increasing age 
of, and hence greater accumulation of sediment on top of 
the underlying basement. Seafloor spreading fabric can 
be traced into the southernmost inactive Saint Paul 
Fracture Valley from GLORIA data on each of the five 
swathes, with fabric curving towards the active 
transform section of this fracture zone from within 10- 
20km of the fracture valley on four out of the five 
swathes. North of the Romanche Fracture Zone, spreading 
fabric cannot be traced from GLORIA data south of a 
line roughly coinciding with the 4000m isobath, on the 
northern edge of the shallow area north of the fracture 
zone valley (Plates 1 and 2). There is also no visible 
curvature of spreading fabric on approaching the shallow 
ridge north of the Romanche Fracture Zone.

The continuity of ridge-parallel spreading fabric 
between the Romanche and Saint Paul Fracture Zones is
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broken at some places by pairs of ridges, spaced 10-15km
apart, trending parallel to the spreading direction e.g. 

o oat 0 151N, 21 30'W (Plate 2). However, these ridges only 
extend over an E-W distance of up to 20km away from the 
spreading centre. These features could represent former 
fracture zone offsets between the two major fracture 
zones. Their short E-W extents implies that they were 
ephemeral features, and that they were only associated 
with short offsets of the spreading ridge. Similarly, a 
lOkm-long, NW-SE trending section of an exposed basement 
lineament at 0°30'N, 20°30'W (Plate 2, Figure 3.3),
might indicate a previous oblique left-lateral offset 
along the spreading centre.

3.8.2 Region north of the Saint Paul Fracture Zone

This area is covered by only two GLORIA swathes, one 
near 23° 30'W and the other at about 19° W (Plate 2). 
Exposed basement fabric observed on both swathes 
generally trends almost perpendicularly to the Saint 
Paul Fracture Zone, which is symptomatic of seafloor 
spreading fabric. However, on the more westerly swathe 
this fabric is crossed by an E-W basement lineament at 
about 2°30'N (Plate 2), coinciding with a short 120km- 
long valley and adjacent ridge (Plate 1). This latter 
feature is interpreted as a fracture zone, and its short 
lateral extent implies that it was a temporary feature 
of the former ridge axis.

3.8.3 Region south of the Romanche Fracture Zone

This area displays far greater variety in the trends of 
exposed basement fabric, and associated topographic 
features, than the seafloor area between the Romanche
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and Saint Paul Fracture Zones (Plates 1 and 2). For
ease of description the area is sub-divided into two:

o oeast of 20 W; and west of 20 W.

oArea east of 20 W

Available GLORIA data (Plate 2, Figure 3.8), show
basement lineaments on either side of the plate boundary
trending parallel to each of its sections (AB, BC, CD,
and DE), to the limit of sonar coverage on its eastern
side (a maximum of 80km from the plate boundary), and to
about 100km west of it. These basement lineaments are
interpreted as faults created within a few kilometres of
the plate boundary in its present configuration.oBasement fabric trending uniformly 010 , which replaces 
the plate boundary parallel fabric at about 100km west 
of the current plate boundary, is interpreted as 
indicating a major alteration in the plate boundary 
geometry south of the Romanche Transform Zone. Assuming 
a spreading rate of about 2cm/yr (Minster and Jordan 
1978), there was a major alteration in the geometry of 
the plate boundary about 5 Ma B.P.: from a single
spreading ridge trending 010°, to the present complex 
configuration.

There is only very limited GLORIA coverage south
o oof the Romanche Transform Valley between 17 30'W and 20 

W (Plate 2). However, the trends of exposed basement 
lineaments, which are almost perpendicular to the 
Romanche Transform Zone, are characteristic of a 
tectonic spreading fabric.

oArea west of 20 W

o oThe area between 20 W and 24 30'W, and up to 80km south
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of the Romanche Transform Valley and its inactive
western continuation, is dominated by a long, sediment-
filled trough, flanked to the north over the majority of
its length by the transverse ridge of the active
transform and to the south by another long ridge (Plates
1, 2 and 3). Both trough and boundary ridges were
documented by Gorini (1981), from echo-sounder
bathymetry and single channel seismic data. The trough
can be followed as a well defined topographic feature on
the bathymetric chart for about 450km between 20° 20'W
and 24°20'W, slightly oblique to the Romanche Transform
Valley, and with its sedimented floor deeper than 5000m
and more locally exceeding 5600m in depth (Plate 1).
With an observed sediment cover of between 400-700m
(Plate 3), oceanic basement within the central portion
of this trough is about 6000m deep. In more detail, the
trough appears to be sub-divided into three sub-basins
by minor ridges crossing the trough near 22°30'W and 21°
40'W, each associated with minor offsets of the
topographic axis of the trough to the south when viewed
from east to west and with there being a corresponding
small southward offset (10km) of the shallow ridge
paralleling the trough to the south at 22°30‘ W (Plate
1). Each sub-basin trends a few degrees south of E-W,
and hence obliquely to the current Romanche Transform

o oValley by between 10 and 15 .

The shallow ridge flanking the basin to the south,
has been insonified by GLORIA sonar between 22°30'W and
o23 30'W (Plate 2). Here, two distict basement fabrics 

are observed, comprising: north facing scarps, 5-10km-
long, trending parallel to the ridge, which are observed 
on the ridge summit and north of the summit (Plates 1 
and 2); and west facing scarps, 5-20km-long, trending 
approximately perpendicular to the ridge, which are 
observed both north, and south of, the ridge summit.
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Where both sets of scarps intersect., the overall 
impression is that of an area of escarpments, tilting 
both to the south, and to the east (Figure 3,11). Both 
sets of scarps abut against the sediment-floored basin 
creating, in places, a serrated appearance.

The northern edge of the sedimented basin has a 
more dramatic zig-zag appearance where it abuts against 
the southern flank of the transverse ridge south of the 
Romanche Transform Valley between the longitude limits 
of 21°30'W and 24°W (Plates 1 and 2). Similarly, between 
the same longitude limits, basement lineaments 
alternately trending parallel and perpendicular to the 
basin (visible on GLORIA records when insonified from 
the south- Figure 3.11), are observed on the Romanche 
transverse ridge, extending as far north as the
topographic axis of the Romanche Transform Valley. 
Further east, between 20° W and 21° 30'W, both the 
transverse ridge and northern inner wall of the
transform valley are characterised by alternating NW-SE 
and NE-SW trends (Plate 2). The fact that all the
oblique trends mentioned above are only visible on 
north-scanned records, implies that they are probably 
scarp features facing south (Figure 3.11).

South of the oblique trough, in the area between
24°W and 26°W, and north of 2°05'S, a series of NW-SE
trending ridges and intervening sediment-filled valleys
are observed (Plates 1 and 2). Successive ridges
protrude 200-800m above the sedimented surfaces of
intervening valleys, which are infilled with sediments
of up to 550m thickness (Plate 3). Also visible, in the
area between 24°W and 26°W, and 2° S and 1°50'S, are a
series of short basement ridges up to 25km-long, eachotrending about 5 north of E-W, which roughly align with

oeach other (Plate 2). A single GLORIA swathe near 21 W
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Figure 3.11. Area covering a portion of the southern 
wall of the Romanche Transform Valley and of the oblique 
trough south of the transform zone. (a) Bathymetry, (b) 
Sonograph covering the Romanche Transform Valley and 
insonifying the southern transform valley wall from the 
south. (c) Sonograph covering the oblique trough and 
insonifying the southern transform valley wall from the 
north, (d) Interpretation of 3.11(b,c); showing basement 
lineaments (ticks on downthrows of inferred scarps), and 
sedimented areas (black) occupycncj the floor of the 
Romanche Transform Valley.
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also shows a protruding basement ridge trending roughly 
E-W at 1°50'S.

o oSouth and west of 2 05'S, 26 W, there is a much
simpler, and more conventional basement fabric, 
consisting of a seafloor spreading fabric trending 
roughly N-S, and E-W fabric associated with the inactive 
western extension of the Chain Fracture Zone at 2 30'S.

3.8.4 Discussion of the oblique trough and other 
oblique features south of Romanche Fracture Zone

We have seen above that the area south of the western 
half of the Romanche Transform Valley is dominated by a 
450km-long trough which trends obliquely to the current 
Romanche Transform Valley. In addition, there are a 
succession of NW-SE trending basement troughs and ridges 
south and west of the main trough (Plates 1 and 2). 
These features are atypical of seafloor areas between 
fracture zones, which are normally associated with 
seafloor spreading fabric i.e. basement fabric trending 
parallel to spreading ridges (e.g. Klitgord and Mudie 
1974; Whitmarsh and Laughton 1976).

Oblique trough

Gorini (1981) interpreted the sediment-filled trough as 
being the abandoned trace of the former Romanche 
Transform Valley prior to a change in the direction of 
transform motion. Evidence from GLORIA sonar data lends 
support to this hypothesis for its origin. The evidence 
is:

(1) The presence of two basement fabric
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directions. These are perpendicular to each other
(respectively trending parallel and orthogonal to the
sediment-filled trough), on the ridge flanking the
trough to its south between 22°30'W and 23°30'Wf and on
the transverse ridge which flanks the Romanche Transform
Valley between 21°30'W and 24°W (Plates 1 and 2). On the
transverse ridge flanking the Romanche Transform Valley
on its southern side, and the southern transform valley
wall itself, the two basement fabrics intersect eacho oother at high acute angles (60-80 ) between the
longitude limits of 21° 30'W and 20° W (Plate 2).

The presence of two intersecting basement fabrics 
is consistent with origins as spreading ridge 
panxlie^ / and fracture zone valley wall fabrics (caused 
by valley wall faulting). Fracture zones are often 
associated with both fabrics, as observed, for example, 
on the southern wall of the northern transform valley of 
the Saint Paul Transform Zone near 26° 20'W (Plate 2, 
Section 3.6), and at several other fracture zones (e.g. 
Charlie-Gibbs Fracture Zone- Searle 1981? Kurchatov 
Fracture Zone- Searle and Laughton 1977? Oceanographer 
Fracture Zone- bathymetric map of Williams et al. 1984). 
An orthogonal intersection reflects the orthogonal 
relationship between the former spreading centre and 
fracture zone. Oblique intersections between spreading 
fabric and fracture zone fabric are also observed where, 
for example, the spreading fabric bends towards the 
direction of transform offset e.g. at Charlie-Gibbs 
Fracture Zone, less than 5km away from the plate 
boundary (Searle 1981), and also where fracture zone 
valley walls are dominated by oblique scarps as at 
Kurchatov Fracture Zone (Searle and Laughton 1977) .

(2) The superposition of trends characteristic of 
the oblique trough, discussed in (1) above, with trends
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parallel to the current transform valley both on the 
southern wall of the transform valley and on its 
southern transverse ridge. This is particularly well 
shown near 1°10'S, 22°30'W (Plate 2, Figure 3.11). Both
north and south of these locations only trends 
associated with either feature are observed. 
Superimposed trends are normally associated with two (or 
more) geological time periods when each was formed.

Similar, sediment-filled oblique troughs have been
o omapped south of, and trending 10 - 15 oblique to the 

present Verna Transform Valley by Van Andel et al. 
(1971), who also interpreted them as former transform 
valleys abandoned during reorientation of the spreading 
direction. Here, Bonatti and Crane (1982) outlined a 
hypothesis of multiple northward propogation of the 
spreading ridge at the fracture zone's western end to 
explain the location of crust some 25-30 Ma older than 
its theoretical age located on the transverse ridge 
south of the present fracture valley.

Because both the Romanche and Verna Transforms
juxtapose the African and South American plates then

o oreorientation of the plate boundary by some 10 - 15 at 
one transform would necessitate reorientation by a 
similar angle at the other. The similar obliquities of 
sediment-filled troughs south of both transform valleys 
suggests this indeed is the case.

NW-SE trending oblique troughs and ridges

Assuming that the oblique trough represents a former 
transform valley, then these NW-SE trending ridges and 
troughs could represent seafloor spreading fabric 
created at a spreading ridge south of the former



transform valley where the spreading ridge was highly 
oblique to the transform valley. Similar to the
intersection at the current eastern Romanche ridge- 
transform intersection between the transform valley and 
the oblique spreading centre AB (Plate 2).

3.9 Plate motions in the Equatorial Atlantic

Because the course of the presently active Romanche
transform fault zone is clearly displayed throughout its
entire length of about 840km on GLORIA sonographs it was
interesting to locate the pole of rotation to this
feature so as to make a direct comparison with the most
recent global fit model of Minster and Jordan (1978).
The active plate boundary was digitised at intervals of
6' longitude (one-tenth of a degree), and the rotation
pole calculated using a method described by Searle
(1981). The pole is calculated to be at 40.7°N, 29.3°W
(Table 3.1). Because of the relatively limited extent of
digitisation the method gives a relatively poor estimate
of its latitude (± 7.3°), but a better estimate of its

olongitude (±.1.5 ). The error limits of this pole overlap 
with those of a pole calculated for the western 700km of 
the fault by Belderson et al. (1984), but not with the 
Minster and Jordan pole which is much further north 
(Table 3.1). The short lengths of transforms insonified 
in the Saint Paul Transform Zone (Plate 2, Figure 3.10) 
do not enable a meaningful pole to be evaluated for this 
fracture zone.

For a location mid-way along the offset of the 
Romanche Transform Zone (at 21° W) the global fit model 
(Minster and Jordan 1978) predicts a trend for the plate 
boundary which is some 2.6°more southerly than that of
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the best fitting small circle to the transform fault 
zone (Table 3.1). This difference is not unusual for 
fracture zones in the Atlantic (e.g. Roest et al. 1984) 
where the traces of active transforms in the Central and 
North Atlantic form a kind of dovetail structure
converging to the east. Roest et al. (1984) proposed a 
model employing the ridge-push force and the thermal 
contraction of the lithosphere perpendicular to the
direction of motion to allow motion to proceed. It also
seems reasonable to allow a small discrepency between
the trends of an averaged plate motions model and the 
actual trend owing to the imperfect rigidity of plates, 
and the influences of local micro-tectonic phenomena
(pull-apart basins and other features of strike-slip
boundaries). There is no need, therefore, to imply a 
local build up of compression near the Romanche
Transform Zone.

Furthermore, the Romanche Transform pole is also 
located much further south than that describing the
average opening between Africa and South America during
the last 80 Ma at 63.0°N, 36.0°W (Rabinowitz and La
Brecque 1979). This is evident from the converging
trends of the active Romanche Transform and the inactive 
eastern extension of the Saint Paul Fracture zone.
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CHAPTER 4

INVESTIGATION OF CRUSTAL AND UPPER MANTLE STRUCTURE 
BENEATH THE ROMANCHE AND SAINT PAUL FRACTURE ZONES FROM

FREE-AIR GRAVITY ANOMALIES

4.1 Free-air gravity anomaly map

A free-air gravity anomaly map of the study area is 
presented in Plate 4 (enclosed in slip case). Data 
sources for this map are summarised in Table 2.1. The 
mean cross-over error within the study area is lmgal.

Free-air gravity is dominated by the depth of the
3interface between low density seawater (1.03Mg/m ),

either with unconsolidated seabed sediment (density of 
about 1.9Mg/m3for a P-wave velocity of 2km/s- Nafe and 
Drake 1963), or with the higher density crustal layer 
(average density of 2.89Mg/m- Carlson and Raskin 1984). 
Because of this strong correlation, gravity contours 
between ships' data tracks in Plate 4 have been drawn so 
as to follow the topographic trends shown in Plate 1.

A comparison of the free-air anomaly map (Plate 4) 
and bathymetry (Plate 1) illustrates the strong 
correlation between seafloor topography and free-air 
gravity in this study area. The deep, linear trough 
associated with the Romanche Fracture Zone (Plate 1) 
corresponds to an area of large negative free-air 
gravity anomalies, with magnitudes in excess of -lOOmgal 
for those areas deeper than about 6000m, and as low as 
-160mgal within the Verna Deep near 18° 30'W (Plate 4).
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Conversely, the shallow topographic areas flanking the 
Romanche Transform Valley are areas of positive free-air 
anomalies, culminating in an anomaly in excess of 
+180mgal over the summit of the very shallow ridge 
(under 1000m depth) opposite its eastern ridge-transform 
intersection.’

Similarly, the succession of troughs and flanking 
ridges constituting the Saint Paul Fracture Zone (Plate 
1) are associated with areas of free-air gravity lows 
and highs respectively (Plate 4). However, the magnitude 
of these anomalies are smaller, reflecting the more 
subdued topography of this fracture zone within the 
study area. The median valleys and flanking crestal 
mountain areas of the Mid-Atlantic Ridge spreading 
centres are also, respectively, areas of locally low and 
high free-air anomalies.

Also, note that those areas covered by substantial 
thicknesses of seafloor sediments have free-air 
anomalies which are smaller than corresponding areas at 
the same seafloor depth having thinner sediment cover. 
This is due to the low density of sediments compared 
with basement rocks. A good example is provided by 
comparing the free-air anomaly of between -80 and 
-lOOmgal at 10 15*N, 15°30'W, where the seafloor depth is 
about 5400m, and that of between -60 and -80mgal for an 
area at the same seafloor depth located at about 22° W 
within the Romanche Transform Valley (Plates 1 and 4). 
Plate 3 shows that the former area has a sediment cover 
of up to 600m, while the latter area has a cover which 
is probably 400-500m thinner.

Five topographic and gravity profiles (labelled 1- 
5 in Plates 1 and 4), recorded aboard "Discovery" cruise 
142, crossing the Romanche Fracture Zone (profiles 1-4
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crossing the Romanche Transform Zone and profile 5 the 
inactive fracture zone about 30km east of the ridge- 
transform intersection), and portions of the inactive 
eastern extension of Saint Paul Fracture Zone are used 
in this chapter to examine the crustal and upper mantle 
structure beneath the fracture zones.

Free-air gravity anomalies, and associated 
topography, along profiles 1-5, are drawn in Figure 4.1, 
with both gravity and topography having been projected 
perpendicularly to the local trend of the Romanche 
Transform Valley for the purposes of two-dimensional 
modelling. Figure 4.1 clearly shows how free-air 
anomalies along each of profiles 1-5 strongly correlate 
with the underlying seabed topography.

4.2 Factors influencing free-air gravity anomalies over 
fracture zones

Free-air gravity anomalies are attributable to a 
summation of the effects of density contrasts at the 
seafloor (between seawater and sediment), the seabed 
(between seawater or sediment and the underlying crust) 
and at the Moho interface (between crust and upper 
mantle). This ignores the smaller density contrasts 
between different crustal layers. As discussed in the 
previous section, free-air gravity is dominated by the 
underlying seabed topography because it is at the seabed 
where the largest density contrasts occur. 
Contributions to the total free-air anomalies caused by 
the high density contrast at the seabed have the 
shortest wavelengths and highest amplitudes. 
Contributions to free-air anomalies arising from density 
variations and/or changes in the thickness of the
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oceanic crust are of lower amplitude because the density
contrast with the upper mantle is much smaller (about 

30.4Mg/m ). The crustal contribution is also associated 
with longer wavelengths than those caused by the seabed 
topography because the depth to the density contrast is 
deeper. The contribution of the upper mantle is of even 
smaller amplitude and associated with the longest 
wavelengths (because density contrasts are smallest and 
deepest).

4.2.1 Isolation of gravitational effects due to 
variations in crustal and upper mantle structure

The dominating gravitational effect of the seabed 
topography can be corrected for by removing the combined 
gravitational effect of the seawater layer and seabed

3sediments. Density values of 1.03Mg/m for seawater and 
1.9Mg/m3for unconsolidated sediment, (seismic layer 1), 
have been used. The density value adopted for 
unconsolidated sediments is consistent with a seismic 
velocity of about 2km/s (e.g. Nafe and Drake 1963) which 
is the value assumed for unconsolidated sediments 
throughout this study.

By also removing the gravitational effect of a 
"normal" crustal layer, modelled as a 6.5km-thick 
crustal layer of uniform density 2.89Mg/m3, and of the 
upper mantle for which a nominal density of 3.3Mg/m3 is 
adopted, the remaining gravity anomaly signature will 
only be affected, in the absence of error, by variations 
in crustal density and thickness from the modelled 
values adopted for the crustal layer, and by density 
variations in the upper mantle from the adopted density. 
A crustal thickness of 6.5km was adopted because this 
value lies in the middle of the range of crustal
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thicknesses (5-8km) associated with "normal" oceanic
, 3crust (White et al. 1984). A crustal density of 2.89Mg/m 

corresponds to the average value for a single layer 
"normal" oceanic crust calculated by Carlson and Raskin 
(1984) from a comprehensive review of seismic refraction 
and drilling results for both in situ oceanic crust and 
ophiolites.

In Figure 4.2, predicted gravity anomalies
produced by the combined gravitational effect of the
seawater, seabed sediments, crustal and upper mantle
layers are compared with observed free-air anomalies for
each of the five profiles. Also drawn in Figure 4.2 are
the differences in gravity values between the predicted
and observed free-air anomalies, the residual anomalies.
From the discussion above, these residual anomalies are
are influenced only by differences in the density and
thickness of the crustal layer (from the assumed values
of 2.89Mg/m3 and 6.5km), and by differences from the

. 3assumed density adopted for the upper mantle of 3.3Mg/m.

The residual anomalies for profiles 4 and 5 
(Figure 4.2(d,e)), emphasize a systematic over
estimation of free-air anomalies south of the Romanche 
Fracture Zone (by up to 70mgal on profile 5 and 50mgal 
on profile 4) based on the assumptions given above. 
Furthermore, there is a systematic under-estimation of 
free-air anomalies north of the fracture zone on both 
these profiles (of up to 45mgal on profile 4 and 65mgal 
on profile 5). These systematic differences are probably 
partly caused by density contrasts between the upper 
mantle on either side of the fracture zone valley along 
these two profiles (e.g. Le Pichon et al. 1973? Louden 
and Forsyth 1976), with upper mantle south of the 
Romanche Fracture Zone being less dense than the upper 
mantle north of the fracture zone owing to the large
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Figure 4,2. (a-e) Observed, predicted and residual
free-air anomalies along each profile. In each figure? 
the observed free-air anomaly is shown as the heavy 
curve and the predicted free-air anomaly is shown as the 
light curve in the upper graph. The residual anomaly 
is the difference between the predicted and observed 
free-air anomaly. The predicted free-air anomaly assumes 
a crustal and upper mantle structure shown in the lower 
part of each figure; with crustal thickness assumed 
constant at 6.5km, a crustal density of 2.89Mg/m, and3upper mantle density of 3.3Mg/m . RFZ- Romanche Fracture 
Zone? SPFZ- Saint Paul Fracture Zone? sfv- southern 
fracture valley. Sediments (shown black) are assumed to 
have a density of 1.9Mg/m3.



DE
PT

H 
(k

m
) 

A
N

O
TO

LY
(m

qn
t) 

 
rm

ga
u

150

la) PROFILE 1

N S

100

0

SO r

0 9

SPFZ  R FZ
s f v

Or

5

0

u I i « « « *
0 50 100 150 200 250 300

D I STANCE (km)

Figure 4.2. (Continued).



RES
IDU

AL
OEP

TH(
km)

 
ANO

MAL
Y 

(mga
l) 

(mg
all

lb) PROFILE 2 151

N

-100
I m

SPFZ
r100

RFZ

SO 100 150
DISTANCE (km)

200

SO

0

-50

-100

sf v

5

10

0

s

10

•*15

250

Figure 4.2. (Continued).



oo

o o
o

152

c d
"T“

o
—I o>

r—
un o

—T”
UO
“ I

o

/

r̂jLL
cn

LLCloo

L/n uni

(IgBlu) A1VW0NVivnoi S3a

o LOo

(WM) Hld3Q

CDunm

CD
CD

ounnsi

rsi

CDun

£

<t—
uo
Q

c0u

(N

0)uDO'•HEu

CZ5un



RE
SI

DU
AL

DE
PT
H 

(k
m)

 
A

N
O

M
A

LY
 

Im
ga

l)
 

Vm
ga

U

Idlt-w
N

200

0

100

200
100

0

*100

-100

100
50

0

-50

-100

SPFZ
Sf 2

RFZ

50 100 150

D IS T A N C E  (km)

200

0

5

10

15

250

I
Figure 4.2. (Continued

153

i



(G)PROFILE 5 154

N

100

2̂  re 50B f
£>- o

6  -502

Ejc
XI—CLLt_Jo

SPFZ RFZsfv
Or

10

15
50 100 150

DISTANCE (km)
200 250

S

•100 
• 0

■-100
m

-.100

• 50
• 0

•-50
.-100

■ 0

• 5 
•10

• 15

Figure 4.2. (Continued).



155

age difference across the Romanche Fracture Zone near 
its eastern ridge-transform intersection area (of about 
42 Ma for a ridge-offset of 840km, assuming a spreading 
rate of 2cm/yr- pole of Minster and Jordan 1978), and 
the young age of the lithosphere south of the fracture 
zone axis along both these profiles (no older than 3 Ma 
for profile 5 and about 5 Ma along profile 4- Plates 1 
and 2) .

The residual anomaly plot for profile 1 (Figure 
4.2(a)), shows a less dramatic, but nonetheless 
noticeable trend across the Romanche Transform Valley, 
caused by a general over-estimation of anomalies north 
of the fracture zone, and under-estimation of anomalies 
south of the fracture zone. Again, this trend is 
consistent with the predicted location of denser upper 
mantle rocks south of the fracture zone (lithospheric 
ages of about 17 Ma north of the fracture zone and 
25 Ma south of the transform valley on profile 1- 
assuming current spreading centre positions and a
spreading rate of 2cm/yr). No regional trend is 
noticeable across the Romanche Transform Valley on
profile 2 (Figure 4.2(b)), which is probably due to the 
small age difference across the transform for this 
profile (with lithospheric ages estimated to be about 21 
Ma both north and south of the transform). A regional is 
not evident on profile 3 neither, but the southern end 
of this profile terminates within the transform valley, 
and so it is not possible to compare residual anomalies 
on either side of it (Figure 4.2(c)).

From the evidence of the residual anomaly plots 
(Figure 4.2), it is essential to remove a regional
effect from profiles 1, 4, and 5 before modelling local 
changes in the density and thickness of the crust, and 
local changes in the density of the upper mantle.
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Although regional trends are not obvious across the 
Romanche Transform Zone for profiles 2 and 3, nor across 
the Saint Paul Fracture Zone on any of the five 
profiles, theoretically, regional fields caused by 
differences in upper mantle densities on either side of 
both Romanche and Saint Paul Fracture Zones do exist 
(e.g. Louden and Forsyth 1976).

The regional gravity field across a fracture zone 
plate boundary caused by differences in the density of 
juxtaposed lithospheric blocks is often referred to as 
the gravitational edge-effect of the fracture zone. The 
following section examines the causes for, and possible 
methods of isolation of the gravitational edge-effect.

4.3 The gravitational edge-effect across fracture zones 
and its removal

Several authors e.g. Le Pichon et al. (1973), Sibuet and 
Le Pichon (1974), Louden and Forsyth (1976), Sibuet and 
Veyrat-Peiney (1980), and Forsyth and Wilson (1984) have 
modelled the theoretical shape and magnitude of the 
regional gravity anomaly across fracture zones brought 
about by the juxtaposition of lithospheric blocks of
differing ages, and hence differing density structures. 
The anomaly is governed by two factors:

(1) The difference in the seabed depth on either
side of the fracture zone.

(2) The different density structures of the
juxtaposed lithospheric blocks.

Factors (1) and (2) have opposite effects on the
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gravity anomaly over a fracture zone. For a lithospheric 
block, the older its age the deeper its upper surface 
lies beneath the sea surface (e.g. Sclater and 
Francheteau 1970? Parsons and Sclater 1977), and the 
larger the gravitational effect of the low-density water 
layer. This effect is reduced by the increased 
density of the mantle for the older lithosphere. 
However, because the largest density contrasts are 
associated with the seabed interface (Section 4.2), the 
regional gravity anomaly will trend from positive to 
negative going from younger to older lithosphere.

The simplest assumption adopted for predicting the 
shape and magnitude of this regional anomaly is that 
each juxtaposed lithospheric block has cooled 
independently through vertical conduction alone (e.g. 
Sibuet and Le Pichon 1974; Sibuet and Veyrat-Peiney 
1980). This is the familiar one-dimensional problem 
which explains so successfuly the age v depth and heat 
flow v depth dependence of "normal" oceanic areas (e.g. 
Parsons and Sclater 1977).

Louden and Forsyth (1976) modelled the edge-effect 
anomaly more realistically through solving the two- 
dimensional time dependent heat conduction equation 
across an idealized fracture zone boundary. The 
additional horizontal component is present because of 
the temperature difference between the two juxtaposed 
lithospheric blocks: this is a maximum at the ridge-
transform intersections where the newly formed "hot" 
lithosphere is first juxtaposed against the older, hence 
"colder" lithosphere. Obviously, the greater the 
transform offset the greater the contribution from the 
horizontal component of heat conduction.

Although a two-dimensional solution may
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provide an adequate approximation for the gravitational 
edge-effect of the non-transform zone section of a 
fracture zone, it is too simplistic for the transform 
zone (Louden and Forsyth 1976). The more complicated 
boundary conditions of the transform zone necessitate an 
iterative numerical solution using finite element 
analysis. Forsyth and Wilson (1984) presented a thermal 
model for a ridge-transform-ridge system incorporating 
both advection and a fully three-dimensional calculation 
of the conduction of heat. This model was used by Prince 
and Forsyth (1988) to isolate the gravitational 
contribution of the mantle in a three-dimensional 
gravity study of the Verna Fracture Zone.

However, it should be borne in mind that regional 
gravity anomalies within the tranform domain calculated 
using even the more comprehensive three-dimensional 
thermal structure model of Forsyth and Wilson (1984) can 
only be approximate. The model is, after all, a 
simplification of the processes occurring, or thought to 
be occurring in this environment. The effects of 
hydrothermal circulation, acting as a heat sink, and 
friction between lithospheric blocks, which acts as a 
local heat source, have not been taken into account 
(Forsyth and Wilson 1984), and are probably very hard to 
quantify in any case. Evidently, the task of evaluating 
the contribution arising from the difference in the 
average density between the juxtaposed lithospheric 
blocks is a complex one involving several parameters 
(some of which are difficult to quantify accurately), 
and is only likely to provide an approximate solution.

An alternative approach is to extract the edge- 
effect anomaly from observed gravity data by an 
inversion technique. The method depends upon the 
different wavelength distribution characteristic of an
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edge-effect anomaly (predominantly long wavelengths), 
and the shorter wavelengths which dominate the more 
local anomalies due to changes in crustal 
density and/or thickness.

In terms of frequencies, shorter wavelength 
crustal anomalies have more high frequency components 
than the predominantly longer wavelength edge-effect 
anomaly. Louden and Forsyth (1982), working in the 
frequency domain, compared the combined average energy- 
frequency spectrum of five profiles across the inactive 
Kane Fracture Zone with that of theoretical profiles 
constructed for two-dimensional cooling outside the 
transform zone (Louden and Forsyth 1976). The authors 
concluded that the edge-effect anomaly was dominant only 
at the longest wavelength range (for wavelengths > 
30km), and for wavelength components which were odd i.e. 
antisymmetric about the fracture zone axis. An estimate 
of the predominant wavelengths associated with the 
regional gravity anomaly produced by the juxtaposition 
of lithospheric blocks of different ages can be 
ascertained through an inspection of the theoretical 
regional gravity anomaly curves calculated for two- 
dimensional cooling across inactive fracture zones 
(Figure 4- Louden and Forsyth 1976). For each modelled 
anomaly curve the dominant component is a sine wave of 
half-wavelength equal to approximately the separation 
distance between the anomaly peaks. This gives a 
dominant wavelength component having a wavelength of 
about 34km at the ridge-transform intersection, with 
the wavelength of the dominant component increasing 
rapidly away from the intersection in the non-tranform 
zone.

Profiles 1-5 cross the Romanche Transform and 
portions of the inactive Saint Paul Fracture Zone
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eastern extension (Plate 1). As already discussed, 
transform zones are more complex thermal boundaries than 
their inactive counterparts, necessitating numerical 
solutions for the three-dimensional temperature 
distribution (e.g. Louden and Forsyth 1982) and with no 
calculations having been published for the associated 
gravity anomalies to date. Rather than try to formulate 
solutions for the likely gravitational edge-effect over 
the Romanche Transform, which will not take into account 
the effects of frictional heating (locally important 
near the transform boundary) or hydrothermal circulation 
(locally significant near the ridge axis), an 
alternative inversion technique was sought.

Also, the multiple-transform Saint Paul Fracture 
Zone, with closely spaced inactive plate boundaries 
(Plate 1), introduces added complications for accurately 
trying to model the associated edge-effect anomaly (or 
in this instance, anomalies). One complication is that 
each former plate boundary does not juxtapose two 
"normal" oceanic lithospheric sections with different 
depths in accordance with an average oceanic area e.g. 
Parsons and Sclater (1977). Here, each former plate 
boundary juxtaposes a narrow crustal section located 
within the fracture zone domain between the inactive 
plate boundaries, with a "normal" oceanic area north, or 
south of the fracture zone. This makes modelling more 
difficult because the two-dimensional solution of Louden 
and Forsyth (1976) assumes that the plates are of large 
extent each side of the plate boundary. Another 
complication, is the inability to identify accurately 
the locations of former plate boundaries within the 
inactive fracture zone. There is no unequivocal evidence 
of the locations of former plate boundaries as there are 
no superficial seafloor expressions, as observed in the 
Romanche Transform Zone (Plate 2), and likewise, no



161

expression evident from the low-resolution single 
channel seismic records.

Having taken all of these complicating factors 
into account, it was decided to filter out the short- 
wavelength anomalies using a technique which was 
independent of any assumed models about the density 
structure of juxtaposed lithospheric blocks in the study 
area. The technique of upward continuation of the 
observed anomalies (e.g. Tsuboi 1938) was chosen.

4.3.1 Upward continuation: outline theory

The theory of upward continuation is based on the
solution to Laplace's equation:

V U 2= 0, (4.1)

where U is the scalar potential of the gravitational 
field, using Green's theorem for a distribution of 
masses lying entirely beneath the plane of observation. 
For two-dimensional approximations the plane of
observation becomes the profile observation level. In
this instance, suppose the vertical gravity field for
any point (x,0) along the profile observation level OX 
is g(x,0). Then the field gh(x^h) at a point (x̂ h) on a
line height z = "h" above OX is given by:

x = + °o
h * g (x,0) dx
-----------  . (4.2)(x , h ) = -O IT h*+ (x0- x)*

A value of 1km was used for the spacing interval "dx" 
when adapting equation 4.2 for numerical integration. 
Since the integration limits are at ± infinity, in
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practise any numerical calculation is an approximation
(though a very good one provided the profile can be
extended sufficiently accurately in both + and
directions), with errors being at their maxima at the
ends of the profile. Each of the five gravity profiles
was extended, where possible, out to a maximum of 250km
at either end (Figure 4.3). Free-air anomalies outside
the normal profile limits but falling within the study 

o oarea (3 N - 3 S), were estimated from the contoured
free-air anomaly plot (Plate 4). Unfortuneately, owing

oto no data being available north of 3 N, the northern
extensions of profiles 1, 2, 4 and 5 had to be truncated oat 3 N. For the northern extension of profile 3,
however, actual data was available. Finally, for

oextensions south of 3 S, anomalies were estimated by 
interpolating free-air gravity values between 
neighbouring data tracks.

The effect of upward continuation on the frequency 
distribution of the free-air gravity anomaly

All potential fields obey Laplace's equation (equation 
4.1). For two-dimensional fields, Laplace's equation is 
written as:

3u +̂ U_ = 0, (4.3)

with respect to orthogonal axes x and z (field is 
constant normal to profile along y axis), where U is the 
gravitational field potential. The solution of partial 
differential equation (4.3) is performed by separation 
of variables, giving

KZU (x,z) = (A cos(kx) + B sin(kx)) e , (4.4)
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where A and B are numerical constants, and k is a 
positive variable known as the spatial frequency or 
wavenumber (k = 2 it/a , where A is the wavelength) . U
is the gravitational potential amplitude expressed as a 
function of k, and z is the level of observation which 
by convention is considered positive beneath the level 
of observation.

Any reasonable arbritary signal can be represented 
as the sum of sine and cosine terms (Fourier series 
representation): hence equation (4.4) shows that
gravitational field potential at an arbritary level can 
be represented as a Fourier series where the amplitude 
of the individual components is controlled exponentially 
by the level of observation.

Returning to (4.4), and substituting z = 0 into 
the expression (i.e. the field potential at the 
arbritary level of observation), gives

U(x,0) = Asin(kx) + Bcos(kx). (4.5)

Similarly, the field potential at height h above the 
level of observation is given by,

U(x,-h) = (Asin(kx) + Bcos(kx)) e , (4.6)

or,

_KhU(x,-h) = e U (x,0). (4.7)

Equation (4.7) shows that the field potential at 
height h is diminished by a factor e” . The vertical 
field strength (or acceleration due to gravity),

g -  6\] 
6z

(4.8)
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From (4.4), the component of g at wavenumber k is given 
by

Kzg (x,z) = - k (Acos(kx) + Bsin(kx)) e , (4.9)

so that,

g (x,0) = - k (Acos(kx) + Bsin(kx)), (4.10)

and,

-Khg (x,-h) = - k (Acos(kx)+Bsin(kx)) e

= g (x,0) e (4.11)

Equation (4.11) shows that the vertical field
strength for a particular wave number component k of theK h
observed gravity field is diminished by a factor of e” , 
at an elevation h above the level of observation. The 
same expression applies, of course, to the whole 
spectrum of wavenumbers associated with the original 
gravity signal, and the total vertical field strength is 
the integrated sum of (4.11) over all values of k.

Furthermore, since k upward continuation
differentially suppresses the high frequency (short 
wavelength) components of an anomaly signal compared 
with the low frequency (long wavelength) components. 
Upward continuation is a filtering process: in essence a 
kind of low pass filter. The process is theoretically 
the response of conducting a survey at a higher 
elevation.
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4.4 Upward continuation of observed free-air gravity 
profiles

Observed free-air gravity anomalies along each of the 
five gravity profiles (Figure 4.1) were upward continued 
in 5km height intervals until there was no correlation 
observable between the original signal (which is greatly 
influenced by the seafloor topography- see Section 4.2), 
and the upward continued signal.

The results of upward continuation are shown in 
Figure 4.3. Note that the height to which upward 
continuation was carried out in order to remove any 
signal correlating with the original signal varies from 
profile to profile. This is caused by the differing 
amplitude and wavelength distributions of the five free- 
air gravity profiles (Figure 4.3): with longer
wavelength and higher amplitude signals requiring a 
greater upward continued height for their suppression. 
Also, note that the upward continued signals shown in 
Figure 4.3 correspond to minimum heights at which there 
is no visual correlation between the original free-air 
anomalies and the upward continued signals. Minimum 
heights were chosen because the inherent error involved 
with the upward continuation process through having to 
use a finite profile length (instead of a theoretically 
infitely-long profile- 4.2) becomes more significant as 
the upward continued height is increased.

Each of the five upward continued gravity signals 
(Figure 4.3), display gravity regionals across the 
Romanche Fracture Zone, with the trend of the regional 
along each profile being largely governed by the seabed 
depths on either side of this fracture zone. Thus for 
profiles 1 and 2 , the regional trends from positive to 
negative from north to south, reflecting the fact that
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Figure 4.3. (a-e) Results of upward continuation of
observed free-air anomalies along each profile. For 
profile locations see Plate 4. In each figure, the 
observed free-air anomaly is shown by an unbroken heavy 
line, and continuations of the free-air anomaly beyond 
the profile limits is shown by a dashed heavy line. The 
upward continued gravity signal is shown by a light 
line, and the height above sea level corresponding to 
the upward continued signal is shown. Black dots 
indicate the positions of gravity maxima and minima 
either side of the Romanche Fracture Zone used to 
estimate the predominant wavelength of the upward 
continued gravity signal.
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the seabed (and hence the upper surface of the high 
density crust and upper mantle) is deeper to the south 
of the fracture zone along these profiles (Figure 
4.1(a,b), Plate 1) Whilst for profiles 3, 4 and 5 the
regional trends from negative to positive going from 
north to south, because the seabed is deeper north of 
the fracture zone (about 5 - 5.5km), than south of it 
(about 4km on profile 3, 3.5km on profile 4 and 3km on
profile 5- Figure 4.1, Plate 1) along these profiles.

Across the inactive Saint Paul Fracture Zone, 
upward continued signals for profiles 1, 2 and 3
(Figure 4.3(a-c)), each display regional anomaly trends 
consistent with the deeper oceanic basement being 
located north of this fracture zone (Plates 1 and 3). 
However, along profiles 4 and 5 the upward continued 
signals do not show this trend (Figure 4.3(d,e)), 
probably due to the foreshortened northern extensions 
of these profiles not crossing the "normal" seafloor 
area north of this fracture zone.

Relation between the upward continued signal and the 
regional gravity trend at sea level

Upward continuation, therefore, appears an effective 
method of isolating long-wavelength regionals. However, 
for any upward continued profile, a wavelength component 
A, is diminished in amplitude by a factor of £ * , and
therefore has to be scaled up by a factor £/?Î *before 
being of use (equation (4.11)). Since each upward 
continued profile contains a whole range of wavelengths 
(with the shorter wavelengths greatly diminished), 
theoretically, each wavelength component should be 
multiplied by its own scaling factor. This exercise 
is, of course, pointless as all this is doing is
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returning the upward continued signal back to the 
original free-air anomaly signal.

What is important is to preserve the long
wave length regional component at the expense of the 
shorter wavelength signal. A convenient way of doing 
this is to choose one wavelength which is dominant in 
the upward continued signal and use the
appropriate scaling factor for this wavelength 
alone. This method lends itself quite well in this 
instance as the regional field across the Romanche 
Fracture Zone is, for each profile, somewhat akin to a 
half sinusoid (Figure 4.3), of wavelength twice the 
distance between the peak and trough of the upward 
continued signal on either side of the fracture zone. 
Consequently, this wavelength value has been used for 
all scaling operations. There is no problem with phase 
shifting as phase is preserved in upward continuation 
(as shown in Figure 4.4). However, because the average 
value of the upward continued signal is, in general, not 
the same as the average of the original free-air anomaly 
signal it was also necessary to make a D.C. shift 
correction in order to ensure that the Omgal datum level 
of the upward continued signal is the same as that of 
observed free-air anomaly

Regional anomalies at sea level, as obtained from 
the scaled up versions of the upward continued signals 
are shown in Figure 4.5. The largest regional anomaly 
(90mgal) is observed across the Romanche Fracture Zone 
on profile 5 (Figure 4.5(e)), trending from negative 
north of the fracture zone to positive south of the 
fracture zone. There is also a large regional anomaly of 
about 50mgal trending in the same direction associated 
with the crossing of the Romanche Transform Valley along 
profile 4 (Figure 4.5(d)).
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Figure 4.5. (a-e) Removal of the regional anomaly from
the residual anomaly to leave the local residual anomaly 
along each profile. In each figure, the regional anomaly 
(obtained from scaling up the appropriate upward 
continued gravity signal shown in Figure 4.3), is shown 
as the light curve and the residual anomaly as the heavy 
curve in the upper graph. The local residual anomaly is 
attributed to local variations in the density and 
thickness of the crust and local variability in mantle 
density. Sediments (shown black) are assumed to have a

3density of 1.9Mg/m .
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The large regionals along 
profiles 4 and 5 are directly the result of significant 
differences between the regional basement depth on 
either side of the fracture zone, with oceanic basement 
south of the fracture zone being about 2.5km shallower 
along profile 5 and 2km shallower on profile 4 than 
respective basement depths north of the fracture zone.
In contrast, the smallest regional anomaly across the 
Romanche Transform Valley, of about lOmgal, is observed 
along profile 2 (Figure 4.5(b)), reflecting the smallest 
difference between seafloor depths on either side of 
this fracture zone (less than 500m- Plate 1) of any of 
the five profiles. Profiles 1 and 3 are associated with 
regional trends which are intermediate between those of 
profile 2 and profile 4 reflecting differences in 
seafloor depths on either side of the transform zone of 
between 1 and 1.5km. Again, the regional for both these 
profiles trends from positive to negative going from 
the shallower to the deeper basement level on different 
sides of the fracture zone.

The long-wavelength regional anomalies shown in 
Figure 4.5 are influenced by regional variations in the 
density structure of the lithosphere. By removing these 
regional anomaly components away from the residual anomaly 
signals shown in Figure 4.2 (which are attributed to 
variations, both on the local and regional scale, in the 
density and thickness of the crustal layer from the values 
of 2.89Mg/m and 6.5km, and to variations in the upper 
mantle density from the nominal value of 3.3Mg/m ), the
residuals, so left, are attributed to local variations in 
crustal thickness and density and to local variations in 
the upper mantle density. These residuals, which are 
called "local residuals" in this work, are shown in Figure 
4.5, for each of profiles 1-5.
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4.5 Two-dimensional modelling of local residuals

Owing to the non-uniqueness of the gravity method, it is 
generally impossible to resolve between a difference in 
the thickness, and in the density of a crustal layer 
producing the same gravitational effect. Because of this 
inherent ambiguity, the modelling work carried out in 
this study has assumed pre-set values for crustal 
thickness beneath the fracture zone valleys. The range 
of crustal thicknesses used for modelling are consistent 
with the results of independent refraction experiment 
findings over other Atlantic fracture zones? which 
report that crust is usually thinner beneath fracture 
zones compared with "normal" oceanic areas between 
fracture zones. The four crustal models presented are:

Model (A)• Which assumes dramatic crustal thinning 
(crustal thickness of approximately 2.5km) beneath both 
the Romanche Transform Valley and the Saint Paul 
Fracture Valleys. Very thin crust (2-3km), has, for 
example, been detected beneath portions of the Kane 
Fracture Zone (Detrick and Purdy 1980).

Model (B)• In spite of the prevalence of thin crust 
beneath fracture zone valleys, crust which is comparable 
in thickness with that found beneath "normal" oceanic 
areas has also been observed (e.g. Sinha and Louden 
1983; Cormier et al. 1984? Potts et al. 1986). A crustal 
thickness of about 6.5km (an average thickness for 
"normal" crust) as observed by e.g. Potts et al. (1986), 
beneath a section of the Verna Fracture Zone Valley 
floor has been used for this model.

Model (C). Which assumes that crust beneath the 
fracture zone valleys is thinned to about 4.5km. This 
model is consistent with the degree of crustal thinning
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(about 2km) most frequently detected beneath fracture 
zones (e.g. Verna Fracture Zone- Detrick et al. 1982).

Model (D). This model also assumes that crust beneath 
the fracture zone valleys is thinned by about 2km. The 
difference between this model and model (C) (and models
(A) and (B) also) is that in model (D) the flanking 
ridges of the fracture zones are ascribed high densities 
(3.0Mg/m'3) a priori; consistent with a high proportion 
of the ridges being composed of high density ultramafic 
rocks. Ultramafic rocks are commonly retrieved in 
dredge hauls from fracture zone transverse ridges (e.g. 
Bonatti and Honnerez 1976). A high density structure has 
been modelled by Whitmarsh and Calvert (1986) for the 
shallow Hecate Bank at Charlie-Gibbs Fracture Zone as 
one of two alternative seismic as well as gravitational 
solutions.

A list of refraction experiments conducted over 
fracture zones in the Central and North Atlantic whose 
observations are applicable to one of the four models 
(A-D) discussed above is presented in Table 4.1.

4.5.1 The seismic velocity and density structure of 
crust beneath fracture zones from seismic 
refraction experiments in the Atlantic

Not only is oceanic crust usually thin beneath fracture 
zones, it is also always of lower seismic velocity than 
normal oceanic crust (on average 20% lower- Detrick et 
al. 1982). Reduced seismic layer 2 velocities, which 
are typically 1- 1.5km/s lower than for "normal" crust, 
are attributable to the fractured nature of the basalt 
and gabbro basement, and the prevalence of rock debris 
and talus slides from the valley walls (e.g. OTTER
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1985). Also, a seismic refractor with a velocity as high 
as that of oceanic layer 3 (6.69± 0.26km/s- Raitt 1963), 
which is the most distinctive and consistent feature of 
"normal" oceanic crust is rarely observed. There are 
two primary hypotheses for the origin of anomalous 
layer 3 velocities (Fox and Gallo 1984; White et al. 
1984; Detrick et al. 1986): (1) intense fracturing of
gabbroic/basaltic rocks; and (2) hydrothermal 
alteration of upper mantle peridotite to serpentinite. 
For the latter case, the Moho may not mark the base of 
the original geological crust, which could have been 
much thinner. However, where shear wave velocities have 
been recorded at the Tydeman Fracture Zone (Calvert and 
Potts 1985) the associated Poisson's ratio is too low 
for serpentinised peridotite. Alternatively, and without 
having to invoke post-formational metamorphism or the 
presence of deep crustal fractures, the absence of a 
typical layer 3 velocity might simply be the seismic 
manifestation of a restricted magma supply during 
formation.

A number of authors (e.g. Stroup and Fox 1981; Fox 
and Gallo 1984) have emphasised the importance of the 
juxtaposition of "cold" lithosphere opposite the 
accreting plate margin and its possible effect on
reducing magma generation: hence locally thinning the
crust. Indeed, the age difference at a ridge-transform 
boundary appears to be instrumental in controlling the 
depth to the seabed at that intersection (Fox and Gallo 
1984). But the powerful evidence of thin crust in very 
small-offset fracture zones e.g. Fracture Zone I on line 
C near the Oceanographer Transform (White et al. 1984), 
demonstrates that the age offset of a fracture zone is 
not a fundamental factor controlling the degree of
crustal thinning within the fracture zone. Also, the
results of well constrained seismic refraction
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experiments over fracture zones (e.g. Oceanographer- 
Sinha and Louden 1983; Vema- Potts et al. 1986) have 
shown a gradual crustal thinning towards fracture zones 
over distances of several tens of kilometres* Whereas 
modelled calculations indicate that the thermal anomaly, 
and hence density variations, associated with the 
juxtaposition of "cold" lithosphere against the 
accreting ridge boundary at ridge-transform 
intersections is only significant up to about 10km away 
from the fault even for a relatively large-offset (10 Ma 
age offset) fracture zone such as the Kane. (Wilson and 
Forsyth 1984). These results suggest that it is the 
process of a reduction in magma generation associated 
with approaching the limit of an individual spreading 
segment which is fundamental (e.g. White and Schouten 
1980? Francheteau and. BgjlarctlTSS). Large differences in the 
thickness of fracture zone crust, even along the same 
fracture zone e.g. Oceanographer Fracture Zone (Sinha 
and Louden 1983), may indicate stages of enhanced magma 
generation (thicker crust perhaps related to the 
migration of a spreading segment into the existing 
transform domain) or reduced magma generation (thinner 
crust perhaps related to the retreat of a spreading 
centre away from the transform domain).

Using the empirical equation (4) of Carlson and 
Raskin (1984) for converting compressional wave 
velocities into bulk rock densities,

p = 3.50 - 3.79, (4.12)
V

where p is the density in Mg/m3, and V is the P-wave 
velocity in km/s, the observed seismic velocity 
structures of crustal layers beneath fracture zone
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valleys at other fracture zones in the central and North 
Atlantic were converted into average single layer 
crustal densities (Table 4.1), Evidently, from Table 4,1 
there is no simple relationship between crustal density 
and crustal thickness for fracture zone crust in the 
Atlantec* This probably reflects the inhomogeneity of 
fracture zone crust. The thinnest fracture zone crust, 
in particular, appears very inhomogeneous and posseses a 
very wide range of average densities (2.6 - 2.84Mg/m3 ). 
Fracture zone crust of about 4.5km thickness appears to 
be less variable in its density (average single layer 
density 2.70-2.80Mg/m3). Fracture zone crust comparable 
in thickness with normal oceanic crust appears to be 
least variable in density (average density about 2.80- 
2.85Mg/m3).

4.5.2 Upper mantle density

In conjunction with differences between fracture zone
and non-fracture zone crust, there is, also, often a / 

reduction in the upper mantle velocity beneath the 
fracture zone. Again the actual transform offset seems 
unimportant: e.g Fracture Zone I (35km offset) and

I Oceanographer Fracture Zone (100km offset) (Line Cl,
j White et al. 19 84) are both associated with low upper
S mantle velocities (about 7.7km/s) beneath their traces
[[ as compared with the normal upper mantle velocity ofji 8.0km/s found between these fracture zones.

A reduced upper mantle velocity is, however, not 
always observed e.g. within the Verna Fracture Zone near 
its western ridge-transform intersection (Potts et al.

j 1986? Detrick et al. 1982). Calvert and Potts(1985) have
linked the reduction in upper mantle velocity with the 
age of juxtaposed lithospheric blocks using well-
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constrained seismic refraction experimental data in the 
Atlantic. Their explanation is of progressive
serpentinization of the upper mantle beneath the 
transform/fracture valley because of continued 
hydrothermal circulation into the upper mantle being 
facilitated by the more fractured nature of the fracture 
zone crustal rocks.

4.5.3 Constraints on the values of crustal and upper
mantle densities used for modelling

Local residual anomalies (Figure 4.5), were minimised by 
an interactive process, by allowing variations in 
crustal thickness and/or density and locally lowering
the density of the upper mantle where necessary. All 
models have assumed a two-dimensional gravity field and 
all calculations were made using the line integral 
technique of Talwani et al. (1959). In the absence of 
definitive seismic velocity information in this area, 
for simplicity, the crustal layer was characterised by a 
single layer only, and boundaries between crustal units 
of different densities were assumed to be vertical.

3 3Densities of 2.89Mg/m and 3.30Mg/m were assumed
| for "normal" oceanic crust (Carlson and Raskin 1984) andiI upper mantle respectively. Thus ensuring consistency
j,
| with the preliminary stage described in Section 4.2,
i when crustal and upper mantle densities having the same

densities were used. For crustal models (A), (B) and
(C), only the region directly beneath the fracture zone 
valley was assigned a different density consistent with 
minimising the local residual anomalies. For model (D), 
ridges flanking the fracture zones were assumed to have 
densities of 3.OOMg/m5consistent with the model adopted 
by Whitmarsh and Calvert (1986) beneath the shallow
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Hecate Bank in Charlie-Gibbs Fracture Zone. The large
positive local residual anomalies over the Romanche
Transform Valley (Figure 4.5) have required a reduction
in the upper mantle density for crustal densities to
fall within the range of observed densities quoted in
Table 4.1 (although not necessarily falling into the
quoted range for the amount of crustal thinning
adopted). In this instance it was necessary to adopt an

•5upper mantle density of 3.10Mg/m, consistent with a P- 
wave velocity of 7.2km/s, which is the lowest recorded 
upper mantle velocity beneath fracture zones (Tydeman 
Fracture Zone- Calirert afrd. Fhdts 1985) .

Modelled solutions were obtained using program 
CDRG (for a full explanation of the operation of this 
program and its listing see Appendix 2). Briefly, CDRG 
is a FORTRAN 77 program which computes the gravity 
anomalies caused by two-dimensional bodies in which the 
number, position and density of crustal blocks, as well 
as the location of low density upper mantle is 
controlled using a screen cursor facility on a graphics 
terminal. This program was written specifically to 
facilitate the modelling process.

4.5.4 Discussion of modelled results

Rather than discuss each profile separately, it is more 
convenient to discuss points arising from their combined 
results, since there are several similarities between 
them.
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Figure 4.6. Four crustal structure and upper mantle 
density models which minimise the local residual anomaly 
(Figure 4.5(a)) along profile 1. For profile location 
see Plates 1 and 4. (a) Crustal model (A) which assumes
a crustal thickness of about 2.5km beneath the Romanche 
and Saint Paul Fracture Zone Valleys. (b) Crustal model
(B) which assumes a crustal thickness of 6.5km beneath 
these fracture zone valleys. (c) Crustal model (C), 
which assumes a crustal thickness of 4.5km beneath these 
fracture zone valleys. (d) Crustal model (D), same as

3model (C), but with high density crust (3.0Mg/m )
assumed beneath the shallow topgraphy flanking the 
fracture zone valleys. All densities shown are in Mg/m3, 
and sediments (shown black) are assumed to have a 
density of 1.9Mg/m3.
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density models which minimise the local residual anomaly 
along profile 2 (Figure 4.5(b)). For profile location 
see Plates 1 and 4. (a-d) As described in Figure 4.6.
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(c) Model C
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density models which minimise the local residual anomaly 
along profile 4 (Figure 4.5(d)). For profile location 
see Plates 1 and 4. (a-d) As described in Figure 4.6.
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density models which minimise the local residual anomaly 
along profile 5 (Figure 4.5(e)). For profile location 
see Plates 1 and 4. (a-d) As described in Figure 4.6.
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Crustal and upper mantle density beneath the Romanche 
Fracture Zone

For each of the adopted crustal models (A-D), and for 
each of the five profiles, it is necessary for there to 
be low density crust centred on, and directly beneath, 
the Romanche Fracture Zone Valley (Figures 4.6- 4.10). 
Here, modelled crustal densities range from an 
exceptionally low 2.50Mg/m (Profile 3, Model (A); Figure

34.8(a)), to a low 2.85Mg/m, with the lowest densities 
being necessary for the thinnest crustal model (model 
(A)). With the exception of the very low crustal density 
of 2.50Mg/m3of model (A) along profile 3, all densities 
fall within the range of crustal densities associated 
with fracture zone valley floors in the Central and 
North Atlantic (2.60- 2.85Mg/m- Table 4.1).

In addition to lowering the crustal density, it is 
also necessary to lower the density of the underlying 
upper mantle beneath the Romanche Fracture Zone Valley, 
for each adopted crustal model along every profile
(Figures 4.6- 4.10). Without doing this, all the 
densities obtained for the thinnest crust of model (A) 
will be less than the minimum crustal density of about 
2.60Mg/m5 (Table 4.1) observed within fracture zones 
from seismic refraction experiments in the Atlantic, and 
hence, would probably represent unrealistic values.
Also, by locally reducing the upper mantle density
beneath the Romanche Fracture Zone Valley, average
crustal densities obtained for models (C) and (D) fall 
within the range of densities (2.70-2.80Mg/m ) observed 
for fracture zone crust which is about 4.5km thick 
(Table 4.1). However, despite the presence of low
density upper mantle beneath the Romanche Transform 
Valley, crustal densities for a 6.5km crust (model(B)) 
along profiles 1, 2, 3 and 5 (Figures 4.6(b), 4.7(b),
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4.8(b) and 4.10(b)), appear to be relatively low, 
falling within the range 2.75-2.80Mg/m? compared with an 
observed range of 2.80- 2.85Mg/m3 from seismic 
refraction experiments (Table 4.1).

Crustal and upper mantle density beneath the Saint Paul 
Fracture Zone

Along profiles 1, 2, 3 and 5, crustal densities beneath
the Saint Paul Fracture Valleys for each of models (A-D) 
are consistently higher than respective densities 
beneath the Romanche Transform Valley (Figures 4.6, 4.7, 
4.8 and 4.10). Consequently, there is also no need to 
lower the local density of the upper mantle beneath the 
Saint Paul Fracture Zone along any of these profiles. 
Some of these models require crustal densities 
comparable with that of average oceanic crust (2.9 Mg/m? 
- profile 1, models (C) and (D); profile 5, models (C) 
and (D)), or higher than that of average crust (profile 
2, models (B), (C) and (D)). Neither of which are
supported by the evidence from seismic refraction 
experiments (Table 4.1).

In contrast, predicted crustal densities beneath 
the southern Saint Paul Fracture Valley along profile 4 
are comparable with corresponding densities modelled 
beneath the Romanche Fracture Zone Valley (Figure 4.9), 
and consistent with the results of seismic refraction 
experiments conducted elsewhere in the Atlantic (Table
4.1). Additionally, low density upper mantle is also 
required locally beneath the fracture zone for crustal 
model (A) (Figure 4.9(a)).
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Comparison of crustal and upper mantle structure beneath 
the Romanche and Saint Paul Fracture Zones

A summary of the densities modelled beneath the fracture 
zone valleys of both Romanche and Saint Paul Fracture 
Zones is presented in Table 4.2. Due to the 
indeterminacy of gravity modelling, it is impossible to 
choose a preferred solution from any of those shown in 
Table 4.2 which fall within the range of crustal

3densities (2.6- 2.85Mg/m ) observed at other Atlantic 
fracture zones (Table 4.1). However, crustal thicknesses 
which require densities that fall outside this range 
(enclosed within round brackets in Table 4.2) are 
considered unrealistic.

Table 4.2 highlights a systematic difference 
between the crustal and upper mantle structure beneath 
the Romanche and Saint Paul Fracture Zone Valleys. Since 
crust of a given thickness is generally less dense 
beneath the Romanche Fracture Zone Valley than beneath 
the Saint Paul Fracture Zone Valley, and the density of 
the upper mantle has also been locally reduced beneath 
the Romanche Fracture Zone Valley in order to tie in 
with the results of previous seismic refraction work 
(Table 4.1). The only exception is found along profile 
4, where the densities of both crust and upper mantle 
beneath the two fracture zone valleys are the same for 
the thinnest crustal model.

Examination of Table 4.2 also suggests that the 
crustal structure beneath the deepest portion of the 
Romanche Fracture Zone (Verna Deep), which is crossed by 
profile 3, is different from that beneath the fracture 
zone valley crossed by profiles 1, 2 , 4, and 5: because 
crust of a given thickness is consistently less dense 
beneath the fracture zone valley along profile 3.



(0 CO>1 rHa' a)»—t 'OrH 0to E>
<D rH3 (00 -pN CO30 Pp u3■P0 'O(0 Q)p 44m aO0
£ CO-p PX! 344 Oto MHa)
3 MHa) O

43
(0 Ua) to•H 0)4->•H P(0 O3 MHa)
no COa)a) 3rH O
-P N310 0E p3P -P
<u U
& to
a p3 CP
TJ rH3 3(0 toCPrHCO 44■P 3CO •H3 toP w
U

TJ
* 0 30 toHH 00 43TJ oO 3E toEMH 0O CP
>1 <uP 43to 44EE3 MHW 0

CN

0(H430

3 431 CO•H 01 •Ha) 'O 44•H 3 •H44 t0 0 LO rH CO3 • • •
44 (0| 0 >1 0 CO COO 'O 0 rH
3 CO rH •H K k

a) rH MH o LOO •H 0 0 O VO r-
'O 44 43 > P • •

•rH 44 fa CN CNCO CO 0 044 3 •O P Pa) 0 3 3 3T3 0 44 44o O o(0 T3 0 0 rH rH
p d) P p • •
43 rH >1 MH MH 0 CO CO

rH rH rH0 0 V 43 •rH k. k
3 T3 > P 44 MH LO LO3 O •H •H 0 o VO VO0 E 44 43 0 p • •
p V 44 3 fa CN CN0 03 *» a 0 43•H co u rH
43 0 4344 0 p •H CO • • rH•H rH 03 E co • CO

•rH 03 •v. CP ro •
MH tp O tP 3 0 CO73 O 0 a S O rHa) P rH ■— • rH •H .— . k

CO a rH 0 MH o oo cd 0 LO r-
rH P > 0 44 p • •
U o 44 •rH 0 fa CN CN3 fa 0 03 rH '—'
a) p 3 3 rH 03 •H 0 0CO • 44 0 "O >a) CO U 44•H 44 0 P 0 044 rH P 0 rH 3 CN rH CO•H 3 MH a -P O • •
CO CO 3 N 0 co CO3 0 3 CO 0 rH0) P P 44 E •rH * k
T3 0 0 MH o o3 43 * P O VO 00
rH O 44 O 0 P • •
(0 •rH 3 0 a fa CM CN44 44 0 P aCO U CO 43 33 0P P TJ 0 TJU MH 3 P 30 0 0 0 i—1 rH CO• P 3 • •3 cr rH 0 CO co
rH U P CO 0 rH• •H 0 44 •rH k k

E 43 3 0 MH o inCO 44 •H 3 O VO r-0 •rH P 43 P P • •
rH 0 O 44 U fa CN CN
43 CO 3 •rH
<0 £

0
tP 43 TJ1 3 44 0•H 0Q 44 O O csa1 0 44 rH fa

< •rH u NX 3 fa rHCO 0 3 0 3
rH •H 3 0 00 0 O 43 faT3 43 44 •H OO 44 P •P 3 -PE •rH 0 0 0 3* a O E •rHO O 0i-3 fa U3

213

CO
co
O
CN

to■P rH CO 0) 3 T3 P O O E



214

r o C O C Or H • r H • t H •• r o • r o • C Oc o C O C O* V.— . * ,— .
o L O i n o i n o0 0 O r - CTi O'!• • • • • •
C N r o C N C N C N C N

t H r o t H C O r H C O• • • • • •
r o r o C O r o C O r o

w *
i n i n o i n o i n0 0 0 0 r-" r - r^»• • • • • t
C N C N C N C N C N CN

i
t H r o r o r H C O C O r H C O C O r o• • • • • • • t • •
r o r o r o C O C O r o C O C O C O r o
*> * *• fc. w V• o o o i n o i n i n o o o0 0 0 0 V O r » r** V O 0 0

T J • • • • • • • • • •
0) C N C N C N C N C N C N C N CN C N C N
3 <— i
c cd XI cd X 3 id XI• H- Pco r o C O C O
u t H • t H • t H •• r o • r o • r o

r o C O C O *•
C N o o o o o o• 0 0 t H r - o o• • • • • •

C N r o C N C O C N C O
<D ■<— » '
r H
AidEH r o C O C Or H • t H • t H •• r o • C O • C Or o C O C Ov *fcl

o o i n o o o0 0 o r - CTi r - o i• • t • • •
C N r o C N C N C N C N

NEll
0)
&Oc(0
eo

NEli
3<dOi
-pc•H(0W

NEm
<L>X!Oc<d
£oP4

N
[XI

3
<0PU
-Pfi•H
(0
W

tS3Ed
(U
£OCcd
£O

CSJ
Eli

3<dA
-Pc•H(0CO



215

Variation in crustal thickness between fracture zones

The results for crustal model (A) along profiles 1-4 
(Figures 4.6(a)- 4.9(a)), each require that crust thins

of several tens of kilometres. This result is consistent 
with the results of seismic refraction experiments 
conducted over other fracture zones in the Atlantic 
(e.g. Oceanographer- Sinha and Louden 1983; Verna- Potts 
et al. 1986; Charlie-Gibbs - Whitmarsh and Calvert 
(model B) 1986). However, along profile 5, model (A) 
requires local crustal thickening over a distance of 10- 
15km south of the southern Saint Paul Fracture Valley 
(Figure 4.10(a)).

Similarly, results for crustal model (C) (Figures 
4.6(c)- 4.10(c)), also require crustal thinning from the 
areas between the fracture zones, but with some crustal 
thickening being necessary within 10-15km south of the 
Saint Paul Fracture Valley along profiles 3, 4 and 5.
Model (B) solutions (Figures 4.6(b)- 4.10(b)), require 
local crustal thickening beneath both the Romanche and 
Saint Paul Fracture Zone Valleys along all profiles.

Anomalous crustal structure outside the main fracture 
zones

There are two locations along profile 1 where crust 
modelled as being of normal density outside the main
fracture zone valleys (models (A), (B) and (C)- Figure
4.6), is required to be, locally, relatively thick 
compared with the normal range of 5-8km for oceanic 
crust (White et al. 1984). One location is situated
between the Romanche and Saint Paul Fracture Zones
(about 110km along profile 1). This location coincides

towards both fracture zones over distances
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with an area where basement tectonic fabric paralleling
the trends of the main fracture zones is observed (Plate
2), which is interpreted as the trace of a former minor
fracture zone offset (Chapter 3, Section 3.8,1)• The
second location is situated beneath the sediment-filled
trough south of the current Romanche Transform Valleyo /(Plate 1), which profile 1 traverses at about 21 30W.
This trough was interpreted by Gorini (1981) as the 
former Romanche Fracture Zone prior to a change in 
spreading direction. Evidence from GLORIA data discussed 
in Chapter 3 (Section 3.8.4) supports this 
interpretation. Profile 2 also traverses the trough 
south of the Romanche Transform Valley, about 50km east 
of profile 1 (Plates 1 and 2). Likewise here, crust 
modelled as being of normal density is required to be 
abnormally thick (9-10km) beneath this trough (Figure 
4.7(a-c)) .

On profile 3, crust modelled as being of normal 
density is relatively thick (about 9km) immediately 
north of the section modelled a priori as the Saint Paul 
Fracture Zone (Figure 4.8(a-c)). On profile 4, the
southernmost 35km requires that crust# which has been 
been modelled as being of average density, has to
thicken by 2-3km in order to minimise the local residual 
anomalies (Figure 4.9(a-c)).

In model (D) solutions (Figures 4.6(d)- 4.10(d)), 
the same locations discussed above have been re-modelled 
with oceanic crust of average thickness (about 6.5km),
but below average density.

In the case of the oblique trough south of the
western half of the Romanche Transform Valley crossed by 
profiles 1 and 2 (Plate 1), this solution is consistent 
with, and lends further support for, the hypothesis that
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this trough represents a former fracture zone valley 
(Gorini 1981), since fracture zone valleys are 
associated with below average crustal densities (Table 
4.1? Detrick et al. 1984). Likewise the model (D) 
solution for the crustal section located between 100 
and 120km along profile 1 is also consistent with 
fracture zone type crust (Figure 4.6(d)). For profile 3, 
crustal model (D) is consistent with a third Saint Paul 
Fracture Valley located between 90-110km (Figure 
4.8(d)). Similarly, for profile 4, model (D) is also 
consistent with fracture zone type crust over the 
southernmost 30km of this profile (Figure 4.9(d)). 
Although there is no bathymetric evidence for a fracture 
zone trough here (Plate 1), the GLORIA record does show 
that this area is characterised by seafloor fabric which 
is parallel to a short-offset transform zone along the 
current spreading ridge (labelled CD in Plate 2), 80km 
to the east of profile 4. The N-S extent of the current 
short-offset transform is about 10km less than the area 
underlain by low density crust, which might indicate 
that the position of ridge segment tips have moved 
relative to their present-day positions during the past 
4 Ma (assuming a spreading rate of 2cm/year).

Crustal structure south of the Romanche Fracture Zone 
near the spreading ridge

The section of profile 5 to the south of the Romanche 
Fracture Zone traverses a complex area (Plates 1 and 2), 
comprising successively from north to south: an oblique
spreading centre (AB in Plate 2), which is crossed 
obliquely; a short spreading centre (labelled BC in 
Plate 2) which profile 5 runs close to (about 15km to 
its west), and parallel with ; a short-offset transform 
zone (CD in Plate 2), the inactive extension of which
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profile 5 crosses? and a seafloor area where the 
spreading fabric is parallel to the trend of a current 
normal spreading ridge (DE in Plate 2).

Spreading ridges are characterised by immature 
crustal and upper mantle structures (e.g. Fowler 1976; 
Louden et al. 1986) in the slow-spreading Atlantic. For 
each of the four modelled solutions (Figure 4.10 (a-d)), 
a crustal and upper mantle structure consistent with the 
seismic refraction results of Fowler (1976) has been 
adopted beneath the trace of the oblique spreading 
centre (labelled A 'B ' in Figure 4.10), using equation 
(4.12) for converting seismic velocities to bulk rock 
densities. This consists of a thin 4.5km-thick crust 
underlain by low density (3.10Mg/m3 ) upper mantle. 
Similarly, where profile 5 runs parallel and close to 
the short spreading segment BC (Plate 2), crust is also 
likely to be relatively immature and the upper mantle of 
relatively low density (Fowler 1976). Here, a crustal 
thickness of 5.5km and density of 2.8Mg/mShave been used 
(labelled B'C' in Figure 4.10), and an upper mantle 
density of 3.10Mg/m3has been adopted.

The crustal and upper mantle structure beneath the 
inactive section of short-offset fracture zone CD (Plate 
2) , has been modelled in the same way as the structure 
beneath the fracture zone valleys of both the Romanche 
and Saint Paul Fracture Zones: using three different
crustal thicknesses of about 2.5, 6.5 and 4.5km
(crustal models (A), (B), and (C)/(D)). Modelled crustal 
densities beneath this fracture zone (labelled C'D' in 
Figure 4.10) are 2.65Mg/m3 ,for crustal model (A), 
2.80Mg/m3, for crustal model (B), and 2.70Mg/m3, for 
models (C)/(D). Note that is necessary to lower the 
density of upper mantle beneath this fracture zone 
(Figure 4.10) so that these densities fall within the
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range observed from seismic refraction experiments at 
other Atlantic fracture zones (Table 4.1),

Alternative high density structure for ridges flanking 
the fracture zones

Solutions to crustal model (D) require thick crust (10km 
and greater) beneath parts of the flanking ridges of the 
Romanche Transform Valley (Figures 4.6(d)- 4.10(d)), 
and also beneath the ridge to the south of the Saint 
Paul Fracture Zone on profile 2 (Figure 4.7(d)). There 
is no independent evidence from seismic refraction 
experiments over fracture zones in the Atlanic, 
including the alternative high density crustal model 
solution beneath Hecate Bank in the Charlie-Gibbs 
Fracture Zone (Figure 16(a)- Whitmarsh and Calvert 
1986) , to support a high density crust beneath the 
flanking ridges of fracture zones being this thick.

Locations where high density crust beneath 
flanking fracture zone ridges for crustal model (D) is 
comparable in thickness, or thinner than "normal" 
oceanic crust (5-8km thick), are consistent with the 
alternative solution for crustal structure beneath 
Hecate Bank in Charlie-Gibbs Fracture Zone (Figure 
16(a)- Whitmarsh and Calvert 1986).
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CHAPTER 5

ANALYSIS OF MAGNETIC PROFILES CROSSING THE ROMANCHE 
AND SAINT PAUL FRACTURE ZONES

5.1 Total field magnetic anomaly map

Plate 5 (enclosed in the slip case) is a total field 
magnetic anomaly map of the study area. Data sources 
used for the compilation of Plate 5 are summarised in 
Table 2.1, and all anomalies are based on the reference 
fields adopted by the International Association of 
Geomagnetism and Aeronomy in 1981 (IAGA Division 1,
Working Group 1 1981), since this field model produces 
the most internally consistent set of magnetic data 
within the study area following a cross-over analysis 
(Section 2.4). Total field anomalies have been contoured 
for only a small percentage of the study area (Plate 5), 
where there is sufficient density of track coverage, and 
cross-over errors are no greater than the contour 
interval of 20nT.

A magnetic anomaly low of large amplitude 
(-140nT) coincides with the current oblique spreading 
centre immediately south of the eastern Romanche ridge- 
transform intersection at about 0°, 16Q30'W (Plate 5,
labelled AB in Plate 2). Because of the low magnetic 
latitude of the study area, a negative magnetic anomaly 
is consistent with an area of positively magnetised 
crust within the spreading centre median valley, which 
corresponds to crust generated during the latest period 
(Brunhes) of normal polarity of the earth's magnetic
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field (a negative magnetic anomaly is also observed to 
coincide with the Mid-Atlantic Ridge spreading axis at 
about 8° S- Van Andel and Moore 1970). Flanking the 
central negative anomaly associated with the spreading 
centre axis on both east and west are positive magnetic 
anomalies which are inferred as being generated by areas 
of reverse crustal polarity (Plate 5). A second zone of 
normal crustal polarity is inferred about 15-20km west 
of the spreading ridge from the negative anomaly zone 
paralleling the current spreading ridge.

Similarly, a negative magnetic anomaly of large 
amplitude also coincides with the short spreading centre 
between the two transform valleys of the Saint Paul 
Fracture Zone at 0°30'N, 25°30'W (Plates 1 and 5).

For those areas where there is sufficient data 
coverage within the Romanche Fracture Zone for 
contouring, the anomalies can be considered two- 
dimensional (trending parallel to the fracture zone) 
between 23° W and 21°30'W, 21° W and 20° W, and 17°20'W and 
16° 45'W. Elsewhere, as seen between 18°30'W and 19° 
30'W, magnetic anomalies within the fracture zone show 
no distinctive pattern, consisting of several isolated 
magnetic highs and lows of varying amplitudes.

Five profiles (profiles 1-5, Plate 5), crossing 
the Romanche Transform Valley and portions of the 
inactive Saint Paul Fracture Zone are used to model 
lateral variations in the magnetisation of oceanic crust 
over the Romanche and Saint Paul Fracture Zones in this 
chapter. Owing to the multiplicity of factors affecting 
the shape, and amplitude of magnetic anomalies, and in 
the absence of definitive direct evidence for values 
such as the magnetisation intensity of the crust e.g. 
from a DSDP borehole, numerous assumptions have to be



222

made about these before attempting to model variations 
in the magnetisation intensity of crust within the 
fracture zones. These assumptions are discussed first in 
Sections 5.2 and 5.3. Synthetic magnetic anomalies 
associated with seafloor spreading anomalies and 
fracture zones are then examined in Section 5.4.

5.2 Assumptions used in magnetic modelling

All magnetic modelling carried out in this study employs 
three fundamental assumptions:

(1) Magnetisation is purely remanent.

This is justified, because the average Koenigsberger 
ratio, or ratio of remanent magnetisation intensity to 
induced magnetisation intensity for the crustal layer 
thought to be significant in generating marine magnetic 
anomalies is about 10 e.g. the magnetisation model for 
oceanic crust of Swift and Johnson (1984) .

(2) Remanence was acquired at locations coincident with 
the present-day spreading ridges.

This is assumed as there is very little concrete 
evidence to predict the paleopositions of spreading 
ridges from available data.

However, note that several workers including Le 
Pichon and Hayes (1971), Sibuet and Mascle (1978), and 
Gorini (1981) have commented on the substantial 
increase in the Romanche Transform Zone offset? from an
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original predrift marginal offset of about 400km to the 
current offset of 840km. The corresponding increase in 
ridge offset for the Saint Paul Fracture Zone being from 
an original marginal offset of 330km to the present-day 
630km. These large increases in ridge offset imply 
significant changes in the locations of the spreading 
ridges in the past (Sibuet and Mascle 1978? Gorini 
1981), but the timing and location of these events is, 
at best, nebulous in the absence of evidence from 
spreading anomalies.

The most concrete evidence of a shift in spreading 
centres in this study area, as ascertained from GLORIA 
data, is the probable minor alteration in plate geometry 
at the eastern Romanche ridge-transform intersection 
discussed in Chapter 3 (Section 3.8.3). Here, 
differences in the direction of spreading fabric imply 
that there was probably a slight shortening of the 
Romanche Transform offset (by approximately 70km) at 
this intersection about 5 Ma B.P. Calculations show that 
the differences between the inclination and declination 
of remanent magnetisation acquired along the current 
complex spreading centre network, and the previous 
geometry (as assumed) are very small (<< 1°) here, and 
have a negligible effect on anomaly calculations.

(3) The direction of remanent magnetisation is constant 
throughout the magnetic source layer.

The validity of this simplffying assumption for 
modelling marine magnetic anomalies was only ratified 
for deeper crustal layers (up to 1125m basement depth) 
following Leg 83 of the Deep Sea Drilling Project (Cann 
et al. 1983). Hole 504B, which was re-entered during 
DSDP Leg 83 (originally drilled during Legs 69 and 70),



224

represents the deepest penetration of undisturbed marine 
crust basement as yet achieved (1125m). Since cores 
retrieved by the DSDP are not orientated, information 
about scatter in the declination are not available. 
However, direct measurement of the inclination of the 
remanent magnetisation of basement rocks penetrated by 
this hole show that despite there being a fair amount of 
scatter in inclination values for all of Hole 504B 
(Furuta and Levi 1983? Smith 1985), the effective 
reduction in magnetisation intensity due to this scatter 
is small (<10%- Smith 1985). In the absence of data on 
the direction of magnetisation intensity for basement 
rocks deeper than those sampled by DSDP Leg 83, it is 
assumed that the effects of scattering are similarly 
negligible.

Directions of remanence used for modelling work

The current 840km offset of the Romanche Transform Zone 
represents an age offset of 42 Ma (assuming an average 
spreading-rate of 2cm/yr- rotation pole of Mister and 
Jordan 1978). Since there is no concrete evidence to 
locate the possible paleopositions of spreading centres 
either side of the Romanche Transform Valley (as 
discussed above), all oceanic crust between the active 
Romanche Fracture Zone and inactive Saint Paul Fracture 
Zone, and similarly between the active Romanche Fracture 
Zone and the inactive Chain Fracture Zone is assumed to 
be no older than 42 Ma old.

Similarly, the crustal age along that section of 
profile 3 north of Saint Paul Fracture Zone (Plate 1) is 
also Cenozoic (estimated at about 50 Ma from the 
bathymetric map of Gorini (1981), assuming a spreading 
rate of 2cm/yr), as is the narrow crustal section
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between the latter's eastern inactive fracture valley 
extensions crossed partly by profiles 1 and 5, and 
wholly by profile 3 (Plate 1).

For the African plate, the directions of remanent 
magnetisation were calculated with respect to the Early 
Tertiary pole (83°N, 164°E) as given by Van den Berg
(1979). Values for the Late Tertiary pole (83°N, 18(^E- 
Van den Berg 1979), were not used since they are 
virtually the same as those for the Early Tertiary. For 
the South American plate, the Tertiary pole (82°N, 62°E) 
quoted in McElhinny (1973- Table 24, page 226) was used.

Profiles 1-5 were projected (in a direction 
parallel to the spreading direction) onto the current 
spreading ridge plate boundaries (where they are assumed 
to have acquired their remanent magnetisations) and the 
directions of magnetisation were calculated according to 
either African or South American poles. The directions 
of magnetisation characterising different sections of 
each profile are given in Table 5.1.

5.3 Source of marine magnetic anomalies

The original Vine-Matthews model (Vine and Matthews 
1963), to explain the pattern of lineated marine 
magnetic anomalies used a homogeneous 20km-thick 
magnetic source layer. Subsequent anomaly models 
attributed the magnetic source layer solely to an 
uniformly magnetised basaltic layer comprising the 
topmost 0.5km, or so, of oceanic basement (e.g. Talwani 
et al. 1971). More recent work based on studies of 
ophiolites (e.g. Banerjee 1980; Swift and Johnson 1984), 
dredged samples of oceanic crust (e.g. Kent et al. 1978;



Ta
bl
e 

5.
1.
 

Ma
gn
et
ic
 

fi
el
d 

pa
ra
me
te
rs
 

(f
ie
ld
 

in
cl
in
at
io
n,
 

fi
el
d 

de
cl
in
at
io
n)
 
of 

pr
es
en
t-
da
y 

an
d

re
ma
ne
nt
 

fi
el
ds
 
us
ed
 

al
on
g 

pr
of
il
es
 

1-
5

226

CD vo
•H4-i inoPPm

COiHI
<
Z

•H4-10PPM
OCMI

<
a

<
z

<ur—I*H4-» CO 0 P PM
v otHI

CM
00

r—I

•H4-1 CM 0 P Pm
oCMI

<
Z

<
z

a>i—i*H4-10pPM

c n

o - < o *I-" VOH1 Z tH

-P a) CD rH£ p P £CD •• £ £ (0p (0 ■p -P Pmp P o O£ 0) (0 «J
o ■P p P -PCD P-l 4-1 £4-1 E •H0 (0 pH (CP £ O CO£ <0O CM PM -P•H 0)-P T3 -p .£O l"H £ d) -P d)<D • • <u •H .£ £P •H (0 -P 4-1 O
•H £ 4-1 W O CM'O 0r—1 -P 4-1 a;CD £ O £ CO pU> a) 0) >1 £<d TJ £ .£ d) CD -PP rH <0 -P 0) pH Oa) a> E P £ -P rH (0> •H d) O O d) p< 4M Z CM PQ > Pm



Ta
bl
e 

5.
1.
 

(C
on
ti
nu
ed
)
227

Wo00

ID oco

LO

W
oo

ro

W
oo

in O
ro

W
oo

CN

Wo00

TJ
g03 (0 <Dc oO  N  
G

0)
X!

<deo£
0)x:-p

cd)<d
-p<1>

OP
G-POrdPb
Gfd(X)
-P
G•H<d

<DAoG<dEO&

<U
X!-P <DGO4-1 N

CQ W

x:■p
GO

0)p
G■POtdpW &L|



228

Van Wagoner and Johnson 1983), and drilling results from 
DSDP Hole 504B (e.g. Smith 1985), all point to the fact 
that the magnetic source layer is neither homogeneous 
nor thin. Other workers, using the more indirect methods 
of inversion techniques of sea surface and near-bottom 
magnetic data, have found that a thin homogeneous source 
layer is inadequate to explain some observed anomalies 
(e.g. Blakely 1976? Wilson and Hey 1981).

The value adopted for crustal magnetisation in 
this study is based on a model for an "average magnetic" 
oceanic crust (Figure 5.1). This model is based on 
combined evidence from dredged samples of oceanic crust 
(Kent et al., 1978; Van Wagoner and Johnson 1983); the 
result of work done by Swift and Johnson (1984) on the
Bay of Islands ophiolite suite and other othiolites as
compared with _in. situ oceanic rocks; and the results
from DSDP hole 504B, Leg 83, (Furuta and Levi 1983; 
Smith 1983). The last mentioned study is the deepest 
penetration of undisturbed oceanic crust as yet 
achieved, allowing direct measurement of the variation 
of the upper crust's natural remanent magnetisation
(NRM- the magnetisation of the rock in the absence of an 
external magnetic field) with depth.

The magnetic source layer adopted comprises four main 
divisions (Figure 5.1);

Layer 1

This layer is synonymous with seismic layer 2A (Houtz 
and Ewing 1976), and has an average thickness of about 
0.5km (Talwani et al. 1971; Houtz and Ewing 1976). It 
comprises pillow basalts, sheeted basalts, and shallow 
intrusions. The magnetisation of this quickly chilled 
basaltic carapace decreases rapidly within a short
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10"2 10"  10° 10' 10*

CLQJ
O

I- - - - 1- - - - 1-- 1 ■ 
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1- Layer 3
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j •

Layer 2

Figure 5.1. Composite magnetic source layer used for 
magnetic modelling purposes in this chapter. See Section
5.3 for details.
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distance of the spreading axis: by about 80% (from about 
25A/m to 6A/m) over a distance of about 10km 
(representing a time of less than 1.5 Ma) from the ridge 
crest (Johnson and Atwater 1977? Macdonald 1977; Van 
Wagoner and Johnson 1983). This reduction has been shown 
to be largely a function of the low-temperature
weathering of the basalt and the conversion of 
titanomagnetite to titanomaghemite (e.g. Irving 1970? 
Johnson and Atwater 1977). However, for crust older than 
about 1.5 Ma the magnetisation appears to be fairly 
constant (range of 5 to 7A/m- Johnson and Atwater 1977? 
Van Wagoner and Johnson 1983), and an average value of 
6A/m has been adopted for this layer.

Layer 2

The average NRM intensity of layer 2, about 0.2A/m 
(Swift and Johnson 1984), is substantially less than 
that of the overlying basalts? although this layer is 
associated with a very large scatter in intensity 
values (from 0.001 to lA/m- Smith 1985). Lithologically, 
layer 2 corresponds to the transition from pillow 
basalts to sheeted dikes, and has been referred to as a 
"transition zone" by Alt et al. (1985). The low NRM 
intensity is thought to be caused primarily by the 
intense hydrothermal alteration causing much of the 
primary titanomagnetite, a magnetic mineral, to be 
replaced partly or wholly by sphene, a non-magnetic 
mineral (Alt et al. 1985).

Layer _3

Layer 3 corresponds to the sheeted dike section which 
forms the upper part of seismic layer 3 of oceanic
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crust. This layer is characterised by a higher mean NRM 
intensity value (about 0.7A/m- Swift and Johnson 1984) 
than the overlying transition zone. This is partly 
because much less of the primary titanomagnetite remains 
unaltered, and partly because of the presence of 
secondary magnetite as a silicate alteration product 
(Alt et al. 1985).

Layer 4_

Layer 4 corresponds to the isotropic gabbro section of 
oceanic crust, with a mean NRM intensity of 0.9A/m (Fox 
and Opdyke 1973; Kent et al., 1978). Published studies 
on ophiolites (e.g. Day and Luyendyk 1979? Swift and 
Johnson 1984), have shown that the magnetisation of this 
layer is highly variable (ranging from about 0.007 to 
3A/m), and controlled by the degree of alteration, with 
amphibolite facies metagabbros being more magnetic than 
the greenschist gabbros, and with both being far more 
magnetic than the unaltered gabbros.

The total thickness of layers 1-4, as modelled, is 
3km. The magnetic effect of unconsolidated sediments is 
negligible, having magnetisation intensity values 
characteristically less than O.lA/m (typically between 
0.01 and O.OOOlA/m). Similarly, the magnetic effect of 
crust deeper than about 3km beneath the seabed is also 
negligible? with an average magnetisation intensity of 
the order of O.OlA/m for the layered and unaltered 
cumulate gabbros (Swift and Johnson 1984), where 
magnetite is not present as a primary magmatic phase. 
The magnetisation intensity of upper mantle ultramafics 
is even less (e.g. Kent et al. 1978).
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5.4 Investigation of seafloor spreading anomalies and 
anomalies associated with fracture zones within 
study area

5.4.1 Seafloor spreading anomalies

Model seafloor spreading anomalies were calculated forocases of seafloor spreading fabric striking N-S, 10 E, o o  o10 W, 60 W and 60 E (Figure 5.2). These directions were
taken directly from the strikes of the main basement
lineaments (as observed on GLORIA sonar records) between
the major fracture zones (Plate 2). Although the strike
of seafloor fabric lies predominantly in the range 10° W 

oto 10 E between the major fracture zones (i.e. 
approximately normal to the spreading direction), 
locally the direction of seafloor fabric strikes about 
60°W (0°10'S, 17°10'W- Plate 2), or 60°E (1 30'S, 23°
30'W- Plate 2). Using the time scale of Lowrie and 
Alvarez (1981), durations of constant magnetic polarity 
have varied between 0.05 and 2.6 Ma during the last 100 
million years. With a spreading rate of 2cm/yr (20km/Ma) 
this corresponds to source layer crustal blocks of 
constant polarity having widths of between 1 and 52km, 
with the great majority being between 2 and 20km-wide. 
Crustal blocks used for fabricating seafloor spreading 
anomalies have a distribution of widths consistent with 
these findings (Figure 5.2). Five predicted anomaly 
curves are drawn for each strike direction corresponding 
to horizontal source layers with upper surfaces at 
depths of 1, 2, 3, 4 and 5km respectively beneath the
sea surface, so representing the approximate depth range 
of oceanic basement outside the major fracture zone 
valleys in the study area (Plate 1).

Figure 5.2 shows that normally magnetised crustal
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Figure 5.2. Synthetic seafloor spreading anomalies 
generated by alternately magnetised (black=reversely 
magnetised), horizontal magnetic source layers (Figure
5.1), whose upper surfaces are located at depths of 1, 
2, 3, 4 and 5km beneath the sea surface. Anomaly
amplitudes decrease with increasing seafloor depth.The 
distribution of normally and reversely magnetised crust 
is fabricated. All anomalies are calculated at a

olocation coinciding with the centre of the study area (0 
o, 21 W), where the present-day field has a declination
o oof 17 W, and an inclination of -16 . The crustal source

layer has a magnetisation vector direction consistent
with generation along the current spreading ridge
between the Romanche and Saint Paul Fracture Zones; the
inclination of this magnetisation being +14° and
declination being 1° W. Anomalies are shown for a
variety of seafloor spreading fabric directions: (a)

oSeafloor spreading fabric striking 10 E ? (b)
striking N-S, anomalies for depths in excess of 2km are
not resolvable from those at 2km? (c) striking 10° W,
anomalies for depths in excess of 3km are not:
resolvable from those at 3km;(d) striking 60°W? and (e) ostriking 60 E.
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areas are associated with negative magnetic anomalies,
and, conversely, that reversely magnetised areas are
characterised by positive magnetic anomalies for the
study area. Also, the amplitude of anomalies is greatly
affected by the strike of the seabed feature, with those
features striking N-S having amplitudes of less than
50nT even at a seabed depth of only 1km, because the
seafloor spreading fabric, the current field direction o(striking 17 W), and the magnetisation vector of the

ocrustal blocks (striking 1 W) are almost parallel. The 
amplitudes of spreading anomalies increase as the strike 
of the spreading fabric differ more from N-S.

No attempt was made to try and match observed 
magnetic anomalies along profiles 1-5 with particular 
normal/reverse sequences using the time scale of Lowrie 
and Alvarez (1981), or any other time sequence. Although 
the location of each profile with respect to present-day 
spreading ridges yields an age for each crustal section 
between fracture zones this age can only be a first 
approximation. It does not, for example, take asymmetric 
spreading, and variations in the spreading rate into 
account. Neither are past changes in the locations of 
spreading ridges or variations in the trend and 
morphology of spreading ridges taken into account. Only 
where spreading anomalies are clearly identifiable 
(outside the equatorial areas in the Atlantic) can 
anomaly sequences be identified and matched with an 
absolute time scale.

5.4.2 Fracture zone anomalies

Three factors affect the magnitude and shape of magnetic 
anomalies associated with a given fracture zone at a 
given location. These are:
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(1) The polarity and direction of the 
magnetisation vectors of oceanic crust on either side of 
and juxtaposed along the fracture zone plate boundary.

(2) The topography of the fracture zone.

(3) Relative enhancement or reduction of the 
magnetisation intensity of the source rock layer within 
the fracture zone.

The effect of each factor was investigated 
independently, the results of which are discussed below.

Effect of polarity of crustal layers juxtaposed along 
the fracture zone plate boundary

Fracture zones juxtapose lithospheric blocks of 
different ages which were accreted at different 
spreading centres. The magnetic source layers of 
juxtaposed lithospheric blocks therefore, in general, 
have different magnetisation vectors. Using the "+" 
notation to represent a normally magnetised source 
layer, and to represent a reversely magnetised
source layer, then at a fracture zone boundary four 
combinations are possible: + /+, -/-* +/“, and -/+.
Characteristic anomalies associated with each polarity 
combination at a location corresponding to where profile 
2 intersects the Romanche transform fault zone (at about 
0°30'S, 21°40'W- Plate 2? for magnetic field parameters
see Table 5.1) are shown in Figure 5.3. For each of the 
four polarity combinations three model curves are drawn 
corresponding to horizontal magnetic source layers with 
upper surfaces at 5, 6 and 7km depth (the approximate
depth range of the plate boundary in the Romanche 
Transform Valley- Plate 1).
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layer at a depth of 6km (c) Upper surface of source 
layer at a depth of 7km.
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Predicted magnetic anomalies associated with +/+ 
and -/- combinations are respectively simple positive 
and negative peaks which are of low amplitudes (about 
40nT maximum ), and slightly asymmetric, because of the 
non-parallelism of magnetic vectors of source layers on 
either side of the Romanche Transform Valley (Table 5.1; 
Figure 5.3(a,b)). Polarity contrasts give rise to 
anomalies of much greater amplitude, 300-400nT peak to 
peak (Figure 5.3(c,d)), resulting in negative to 
positive, and positive to negative anomaly transitions 
respectively. Again note the slight asymmetry of 
magnetic anomalies about the location of the magnetic 
contrast, reflecting the non-parallelism of
magnetisation vectors on either side of this boundary.

The effect of fracture zone topography

Fracture zones are usually associated with physiographic 
troughs flanked on one or both sides by ridges. In order 
to illustrate the effect of topography, in isolation, on 
the magnetic anomaly over a fracture zone, two predicted 
anomaly profiles are shown in Figure 5.4, for cases of 
normal and reverse source layer magnetisation along 
profile 2 (for location see Plate 1). Figure 5.4 clearly 
shows that the large relief of the Romanche Transform 
Zone has a significant influence on the magnetic anomaly 
over the fracture zone, with the anomaly amplitude 
corresponding to the difference in depth between the 
summit of the shallow transverse ridge south of the 
transform valley and the transform valley floor being 
comparable with that of the juxtaposition of oppositely 
magnetised magnetic source layers within the transform 
valley (Figure 5.3(c,d)). Note that shallow ridge 
summits, such as those at about 140 and 230km along
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fault zone) are given in Table 5.1. (a) Crustal source
layer normally magnetised. (b) Crustal source layer 
reversely magnetised.
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profile 2, are associated with well defined anomaly 
peaks which are coincident with the ridge summits
(Figure 5.4).

In order to show how topography modifies the 
magnetic anomalies associated with the four magnetic
contrasts ( + / + , +/- and -/ + ) which are possible
along a fracture zone boundary, Figure 5.5 compares the 
anomalies for each magnetic contrast for cases of flat 
topography and the topography observed along profile 2. 
In Figure 5.5, the magnetic contrast coincides with the 
position of the current plate boundary or transform
fault zone as observed on the GLORIA sonar record, and 
the upper surface of the flat topography is located at 
a depth equal to the depth of the transform fault zone. 
Figure 5.5 clearly shows that the effect of relief is 
significant.

The effect of varying the intensity of magnetisation 
within the fracture zone

Previous work on modelling magnetic anomalies over 
fracture zones has concluded, in the majority of cases, 
that magnetic source rocks in fracture zones are either 
anomalously weakly magnetised (e.g. Cochran 1973? Robb 
and Kane 1975; Collete 1974), or anomalously strongly 
magnetised (e.g. Twigt et al. 1983).

To simulate the effects of enhanced or reduced 
magnetisation on the magnetic anomaly over a fracture 
zone, a 20km-wide area centred on the current transform 
fault zone of the Romanche Transform Zone along profile 
2 was assigned an enhanced or reduced magnetisation. 
Enhanced magnetisation was modelled as a magnetic source 
in which the magnetisation intensity of each of the four
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246



247

constituent layers (Figure 5.1) was doubled. Reduced 
magnetisation was modelled as a source layer having no 
magnetisation.

Using the notation "++" to represent an area of 
enhanced normal magnetisation, "— " to represent an area 
of enhanced reverse magnetisation, and "0" to represent 
an area of no magnetisation, then the eight possible 
combinations of magnetic contrasts at a fracture zone 
boundary are: +/0//0/+, +/++//++/+, -/0//0/-, -/— //—
/-, +/0//0/-, +/++//— /-, -/0//0/+ and -/— //++/+, where 
// represents the transform plate boundary. Predicted 
anomalies along profile 2 for each combination are shown 
in Figure 5.6, which shows that the effect of variations 
in magnetisation intensity is a significant factor 
controlling the magnetic anomaly over a fracture zone.

Of the three factors discussed above, only the 
effect of fracture zone relief is pre-determined when 
attempting to model the magnetic anomaly observed over a 
fracture zone. Furthermore, all modelling implicitly 
assumes two-dimensionality of topography and juxtaposed 
spreading anomalies along a fracture zone plate boundary 
: this is always an approximation. The assumption is
compounded for this study area by the great difficulty 
in trying to identify individual spreading anomalies 
between fracture zones and hence not being able to 
project their courses into the fracture zones. 
Consequently, there is no control available on the width 
of juxtaposed spreading anomalies and hence no control 
on how good the approximation of two-dimensionality is 
for juxtaposed magnetic blocks. These limitations must 
be born in mind when attempting to model the magnetic  ̂
anomalies associated with the Romanche and Saint Paul 
Fracture Zones
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Figure 5.6. Sea surface total field magnetic anomalies 
fabricated by variations in the basement topography, 
changes in the direction of magnetisation of crustal 
rocks at the Romanche transform fault zone (position 
indicated by continuous vertical line within the crustal 
layer), and variations in the intensity of
magnetisation of crustal source layer rocks within the 
Romanche Fracture Zone (10km either side of the plate 
boundary- as indicated by dashed vertical lines within 
the crustal layer). Normally magnetised crust having an 
intensity of magnetisation of twice that typical of an 
average crustal source layer (Figure 5.1) is denoted by 
a "++" sign; likewise "— " indicates reversely 
magnetised crust with twice the intensity of 
magnetisation of an average crustal layer. Again, the 
basement topography and plate boundary position for 
profile 2 have been used.
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5.5 Comparison of multi-layer and single-layer sources 
for magnetic anomalies

In Section 5.3 a four-layer magnetic source model 
consistent with the findings of recent work on the 
oceanic crust has been presented (Figure 5.1), and this 
source has been used in section 5.4 to produce 
simulated magnetic anomaly signatures across the 
Romanche Fracture Zone along profile 2. It is 
interesting to compare the predicted anomaly response of 
this four-layer model with a homogeneous one-layer 
source, so as to gauge if a single layer of uniform 
magnetisation intensity can provide a good enough
approximation when modelling sea surface magnetic 
anomalies along profiles 1-5. In order to make this 
comparison, a 3km-thick layer of homogeneous
magnetisation intensity 1.65A/m (the weighted average of 
the magnetisation distribution attributed to the four- 
layer model in Figure 5.1), was used.

Figure 5.7 plots the magnetic anomalies associated 
with horizontal single-layer magnetic source blocks 
juxtaposed at a fracture zone plate boundary, for each
of the four possible magnetic contrasts (+/+, -/-, + /-,
and -/+), at depths of 5, 6, and 7km (covering the
approximate depth range of present and former plate 
boundaries in the Romanche and Saint Paul Fracture
Zones) beneath sea level. Comparing Figure 5.7 with the 
equivalent curves drawn for a four-layer source (Figure 
5.3) shows that for a seabed depth of 5km the peak to
peak amplitudes of anomalies generated by +/- and -/+
contrasts by a single-layer source are about 15nT 
smaller than those of corresponding anomalies generated 
by the four-layer source. Differences between the two 
sets of anomalies associated with +/+ and -/- contrasts
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1.65A/m.
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are smaller (Figures 5.7(a,b) and 5.2(a,b)), and 
differences between the two sets of anomalies predicted 
by the two sources become smaller with increasing depth. 
Also, note the greater sharpness of anomaly peaks caused 
by the four-layer source.

Figure 5.8 plots the predicted magnetic anomalies 
produced by a single-layer 3km-thick homogeneous source 
of magnetisation intensity 1.65A/m along profile 2 
assuming no magnetic contrasts at the Romanche transform 
fault zone, i.e. the effect of topography alone on 
predicted anomalies. Comparing Figure 5.8 with Figure 
5.4 (which shows the same for a four-layer source), 
clearly shows that a one-layer source significantly 
underestimates the anomaly amplitude over the shallow 
topography flanking the Romanche Transform Valley, with 
the difference amounting to about 30nT over the
shallowest ridge (summit depth about 2200m) south of the 
transform valley. In contrast, the predicted magnetic 
anomaly produced by the one-layer source is in good 
agreement with that produced by the four-layer model (< 
5nT difference) over those sections of profile 2 which 
are deeper than about 4.5km.

In summary, results for both the effects of
seafloor topography, and magnetic contrasts at fracture 
zones clearly indicate that it is not possible to 
approximate the magnetic source by a single layer of 
uniform magnetisation intensity when modelling magnetic 
anomalies over fracture zones in this study area. The
most important discrepency is that associated with the
large relief of the Romanche Transform Zone. Here, 
under-estimation of anomaly amplitudes over the shallow 
topography flanking the transform valley necessiate a 
systematic increase in the magnetisation intensity of a 
single-layer source in order to match the predicted
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anomaly of a four-layer source. This systematic 
increase in the magnetisation intensity of a single
layer source over shallow topography is, of course, an 
artefact.

As a result, all the magnetic modelling work 
documented in Section 5.6 below is based on a four-layer 
magnetic source for the anomalies.

5.6 Predictive modelling of magnetic anomalies across 
the Romanche and Saint Paul Fracture Zone

This initial stage of modelling assumes the following:

(1) Crustal magnetisation intensity is constant 
irrespective of location. The magnetisation intensity is 
that given by the composite crustal source (Figure 5.1).

(2) Changes in the direction of the crustal 
source layer magnetisation only occur at present-day 
(transform fault zone within the Romanche Transform 
Valley), and former (fracture valleys of inactive 
extension of Saint Paul Fracture Zone) plate boundaries. 
The locations of the latter are assumed to coincide with 
the deepest basement within the fracture valleys. On 
profile 3, in the absence of seismic reflection data, 
the positions of the deepest basement within the 
fracture valleys are assumed to coincide with free-air 
gravity anomaly minima over these valleys (Figure 
4.1(c)).

Predictive modelling was carried out so as to 
ascertain what particular combination of normal and
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reverse blocks ( + / + , -/-* +/- or -/ + ) best matches the
observed magnetic anomaly at each plate boundary. This 
modelling also enables qualitative assessment of whether 
the magnetisation intensity of the source layer is 
locally increased, decreased, or left unaltered compared 
with that of the adopted source layer within the 
fracture zones.

5.6.1. Results 

Profile 1

The observed magnetic anomaly over the Romanche 
Transform Valley is closely fitted by the predicted 
anomaly produced by a -/- contrast on the northern side 
of the transform valley, and reasonably well fitted by 
the anomaly predicted by this same magnetic contrast 
over the southern half of the valley (Figure 5.9(a)). 
This magnetic contrast has therefore been assumed when 
attempting to fit the observed anomaly as accurately as 
possible over the Romanche Transform Valley. Over the 
southern fracture valley of the Saint Paul Fracture 
Zone, the observed anomaly is not particulary well 
matched by any of the crustal polarity contrasts (Figure 
5.9(a)).

Profile 2

The predicted anomaly associated with a -/- contrast 
produces the best fit to the observed magnetic anomaly 
over the Romanche Transform Valley, but even for this 
contrast the match is not particulary close (Figure 
5.9(b)). For the Saint Paul Fracture Zone, the 
magnetisation of the source layer north of the former
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Figure 5.9, (a-e) Observed total field magnetic
anomaly (heavy line), predicted total field magnetic 
anomaly (light line), and topography profiles. All 
profiles are projected normally to the direction of the 
Romanche Fracture Zone. For profile locations see Plates 
1, 2 and 5. Predicted anomalies are generated by the
crustal source layer shown in Figure 5.1, with 
variations in the direction of magnetisation intensities 
occurring only at the fracture zone plate boundaries. The
plate boundary within the Romanche Transform Zone is
coincident with the observed position of the transform 
fault zone (Plate 2), and plate boundaries within the 
Saint Paul Fracture Valleys coincide with the deepest 
basement. Field parameters for present-day fields and 
magnetisation vectors along each profile are given in
Table 5.1. M D  = cLccfel„
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plate boundary in the southernmost fracture valley 
cannot be ascertained since the profile does not extend 
this far north.

Profile ^

The predicted anomaly associated with a -/- contrast 
produces a close match to the observed anomaly over the 
Romanche Transform Valley (Figure 5.9(c)), and this 
contrast has been assumed when fitting the observed 
magnetic anomaly interactively in Section 5.7.

This profile definitely crosses two inactive 
fracture valleys of the Saint Paul Fracture Zone which 
are clearly visible as distinct E-W trending troughs in 
the bathymetry (Plate 1). A comparison of predicted and 
observed anomalies shows that the northern fracture 
valley is associated with a +/- contrast, and the 
southern fracture valley with a -/+ contrast, with the 
magnetisation intensity within the fracture zone being 
small compared with that of the average crustal layer 
(Figure 5.1) since the amplitudes of the observed 
anomaly peaks are about 50% of the predicted anomaly 
peaks (Figure 5.9(c)). Gravity modelling along this 
profile (see Figure 4.9, Chapter 4), suggests that there 
is a third fracture valley located between 90 and 115km. 
However, the evidence from the GLORIA record for a third 
fracture valley is inconclusive owing to sediment 
covering the basement fabric (Plates 2 and 3). 
Similarly, there is no conclusive evidence for a third 
plate boundary from the magnetic data: as shown by an
anomaly consistent with a magnetic reversal (Figure 
5.2(c,d)), since the anomaly associated with +/+ and - 
/- contrasts (Figure 5.2(a,b)) are too insignificant to 
be distinguishable from anomalies generated by
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undulations in the seabed topography (Figure 5.3). 

Profile £

Over the Romanche Transform Valley the match between the 
observed anomaly and the predicted anomaly produced by a 
+/+ contrast is good (Figure 5.9(d)). As for profile 2, 
this profile does not extend sufficiently far north to 
ascertain the magnetisation of source layer rocks north 
of the southernmost Saint Paul Fracture Valley.

Profile _5

The predicted anomaly produced by a magnetic contrast of 
+/+, is coincident with, and matches the shape of the 
observed anomaly well (but with an increased amplitude) 
over the shallow transverse ridge north of the fracture 
zone valley (Figure 5.9(e)). This implies that the 
crustal layer is normally magnetised over the shallow 
ridge. However, the fit between predicted and observed 
anomalies using this magnetic contrast is not good
within the fracture zone valley, nor on its southern 
side, where the predicted anomaly produced by reversely 
magnetised crust more closely resembles the observed
anomaly (Figure 5.9(e)). Preliminary modelling therefore 
suggests that there is a magnetic contrast reversal 
across the Romanche Fracture Zone along this profile. By 
comparing the observed anomaly curve with the predicted
anomaly curve for a +/- reversal, it appears that the
intensity of magnetisation of crustal rocks within the 
fracture zone is much smaller than that adopted for this 
stage of modelling.

For the Saint Paul Fracture Zone a -/+ contrast
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matches the shape, and amplitude, of the observed
anomaly very well over its southern fracture valley
(Figure 5.9(e)), Interestingly though, the assumed 
position of this contrast (coinciding with the deepest
basement at about 12km along the profile), is clearly
some 15km too far north.

5.7 Iterative modelling of magnetic anomalies across
the Romanche and Saint Paul Fracture Zones

The objective of this modelling was to evaluate the 
distribution of magnetisation intensity in the vicinity 
of the fracture zone valleys. Using the results of 
predictive modelling as a guide, observed magnetic 
anomalies over the fracture zones were then matched as 
closely as possible by allowing lateral variations in 
the magnetisation intensities of the source layer within 
the fracture zones. This was carried out by an 
iterative process by introducing more magnetic blocks, 
and varying their magnetisations intensities accordingly 
to fit the observed magnetic anomaly signatures.

Given the inherent non-uniqueness of magnetic 
modelling, it is important to qualify this stage of the 
work. There are two assumptions made throughout this 
stage: firstly, that the polarity of juxtaposed crustal
source layer blocks are consistent with the best fits 
between the preliminary models and observed anomalies 
shown in Figure 5.9 (as discussed in the previous 
section); and, secondly, that non-fracture zone areas 
are ascribed a magnetisation intensity equal to that of 
a "normal" crustal source layer (Figure 5.1, Section 
5.3). This latter assumption, therefore, implies that 
all magnetisation intensities calculated for the
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fracture zone areas are made relative to areas of 
"normal" magnetisation outside the fracture zones.

Solutions were only modelled for sections of 
profiles 1-5 located within the confines of the Romanche 
and Saint Paul Fracture Zones. No attempt was made to 
model anomalies over oceanic crust between the Romanche 
and Saint Paul Fracture Zones (where profiles 1-5 cross 
spreading anomalies obliquely), and there is only poor 
control on the positional limits of individual spreading 
anomalies. There was also no attempt made to model 
magnetisations intensities within the Saint Paul Zone on 
profiles 2 and 4 (Figure 5.8(b,d)), since the northern 
limits of both profiles are positioned within the middle 
of the southern fracture valley of this fracture zone, 
giving no control to the north of this position.

Model solutions were obtained using program 
CURM (for a full explanation of the operation of this 
program and its listing see Appendix 3). Briefly, CURM 
is a FORTRAN 77 program which computes the magnetic 
anomalies caused by two-dimensional bodies in which the 
number, position and magnetisation vectors of individual 
bodies is controlled using a screen cursor facility on a 
graphics terminal. This program was written 
specifically to facilitate the modelling process.

All modelling assumes a 3km-thick source layer and 
magnetisation intensities are quoted in relative terms 
as multiples of the magnetisation associated with 
"normal" oceanic crust (Figure 5.1 , Section 5.3), taken 
as 1.00 unit. A magnetisation of 0.50 units therefore 
represents a source layer of normal polarity having half 
the magnetisation intensity of the adopted model. 
Similarly, a source layer magnetisation intensity of 
-0.50 units represents a source of half the
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magnetisation intensity of the adopted model but of 
reverse polarity. This method was adopted because of the

multi-layered source contribution of 
oceanic crust (Section 5.3), so making it impossible to 
differentiate individual contributions from any 
particular source layer, and, consequently, the absolute 
magnetisation intensities (in A/m) of any of the four 
source layers.

Furthermore, too much significance should not be 
attached to variations in absolute magnetisation 
intensity of the crustal source layer which lie within 
about 25% of the that of the average crustal layer 
adopted (i.e. 0.75-1.25 units) since the magnetisation
of the dominating basalt layer alone can vary by up to 
20% for an "average" crustal source layer (5-7A/m- 
Johnson and Atwater 1977; Van Wagoner and Johnson 1983) 
from the adopted mean value of 6A/m.

5.7.1 Forward modelling solutions

(1) Romanche Fracture Zone 

Profile _1

The magnetisation of the crustal layer within the 
transform valley is greater than that of the assumed 
standard crustal source layer (Figure 5.10). Probably 
more significant, however, is the increase in 
magnetisation intensity over the floor of the transform 
valley and its southern wall (where the magnetisation 
intensity is 40% greater than the adopted crustal model) 
and the reduction in magnetisation intensity beneath the 
summit area of the transverse ridge south of the 
transform valley.
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Figure 5.10. Modelled variations in the magnetisation 
intensity of the crustal source layer to fit observed 
total field magnetic anomalies over the Romanche and 
Saint Paul Fracture Zones along profile 1. For profile 
location see Plate 1. Observed anomalies (continuous 
lines); modelled anomalies (dots). All magnetisations 
are multiples of the magnetisation intensity of the 
crustal source layer of Figure 5.1.
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Profile 2

No magnetisation model is presented as it was not 
possible to obtain a close fit using a single magnetic 
contrast within the transform valley which matched the 
observed anomaly sufficiently well.

Profile 3̂

The magnetisation intensity is not significantly 
different from that of the assumed standard crustal 
source layer over the northern wall of the transform 
valley and the shallow topography south of this valley 
(Figure 5.11). The intensity increases on the southern 
side of th€. valley floor and particularly over the lower 
half of the southern wall where it is 50% greater than 
that of the adopted average crustal section.

Profile

The solution presented for profile 4 (Figure 5.12) is 
consistent with normally magnetised crust on both sides 
of the transform valley, with crust deeper than 5km on 
the northern side of the transform valley and over the 
entire southern side of the valley being strongly 
magnetised (30-80% above the assumed standard crustal 
source layer). This could be the result of the proximity 
of the spreading ridge boundary on the southern side, 
since young crust is more strongly magnetised than older 
crust (e.g. Johnson and Atwater 1977).

Profile 5

The solution presented for profile 5 (Figure 5.13)
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predicts a magnetic polarity reversal across the 
fracture zone axis, from normally magnetised crust north 
of the axis to reversely magnetised crust on its 
southern side. Furthermore, the magnetisation intensity 
is low both within the fracture zone valley, 
particularly so near the floor of the valley (20-30% of 
average), and on the northern flank of the transverse 
ridge north of the fracture zone valley. The increase in 
magnetisation intensity south of the fracture zone 
valley is attributed to the proximity of the oblique 
spreading centre AB (Plate 2) labelled A 'B1 in Figure 
5.13.

(2) Saint Paul Fracture Zone 

Profile 1

The preferred solution (Figure 5.10), shows that the 
plate boundary along this profile juxtaposes crust of 
opposing polarity (with crust of normal polarity located 
south of the fracture zone), and that the magnetisation 
intensity of the crustal source layer within the 
fracture zone is small compared with normal oceanic 
crust. Also, the magnetic contrast boundary is located 
about 8km south of the deepest point within the fracture 
valley.

Profile _5

The distribution of magnetisation associated with the 
magnetic reversal at the single boundary crossed by 
profile 5 shows a differential in magnetisation 
intensity across the former plate boundary (Figure
5.13). Source layer rocks north of the boundary being
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weakly magnetic, and those south of it being of near 
average magnetisation intensity.

Profile .3

Preliminary modelling (Figure 5.9(c)), clearly suggests 
that the northern and southern former plate boundaries 
of the Saint Paul Fracture Zone are associated with +/- 
and -/+ transitions respectively, with the relatively 
low amplitudes of observed anomalies compared with 
predicted anomalies being the result of a reduction in 
the magnetisation intensity within the fracture zone. 
However, it was not found possible to obtain a 
distribution of magnetisation within the fracture zone 
that produces a close fit to the observed anomaly, 
whilst maintaining "normal" magnetisation intensity on 
both sides of the fracture zone.

5.8 Discussion of results of magnetic modelling

5.8.1 Romanche Fracture Zone

The results indicate an inhomogeneity of magnetisation 
intensity within the Romanche Fracture Zone, not only 
between different profile locations, but also between 
different positions along a given profile.

Models for profiles 1 and 3 both indicate an 
enhancement of magnetisation intensity on the southern 
side of the transform valley (Figures 5.10 and 5.11). 
One likely explanation for the zones of enhanced 
magnetisation on both these profiles is that they
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represent areas with increased thicknesses of highly 
magnetic basalt. For example, an increase in the overall 
magnetisation intensity of the source layer by 50% (as 
predicted on the southern side of the transform valley 
on profile 3) can be produced by an extra 300m-thick 
layer of basalt being extruded onto the existing basalt. 
The most likely conduit for fresh basalts to reach the 
surface is the network of faults associated with the 
transform fault zone? possibly associated with a 
localised oblique spreading centre. However, the 
transform fault zone is presently located north of the 
transform valley axis on profile 1 (Figure 5.10), and 
along the valley axis on profile 3 (Figure 5.11). This 
implies that the transform fault zone could once have 
occupied a position south of the transform valley axis 
on both profiles, and has since migrated to its current 
position.

In contrast, the low levels of magnetisation 
intensity modelled for the Romanche Fracture Zone on 
profile 5 are consistent with a reduced crustal 
thickness, particularly of the highly magnetic basalt 
layer (which from modelling work contributes about 70% 
of the total magnetisation levels for the crust). A 
reduction in crustal thickness has been observed beneath 
several fracture zones in the Central and North Atlantic 
from seismic refraction experiments (e.g. Sinha and 
Louden 1983? Louden et al. 1986). Another factor which 
might contribute, to lowering the overall levels of 
crustal magnetisation might be the more fractured nature 
of the upper crustal layer within a fracture zone, as 
observed from submersible studies, and surmised from the 
low upper crustal velocities within fracture zones (e.g. 
White et al. 1984). A more fractured crust means that 
the crust is more porous and hence the in situ volume of 
highly magnetic basalt is smaller, thereby resulting in
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a reduction in magnetisation intensity. The role of 
talus debris, reported as being common within fracture 
zone valleys from submersible studies (e.g. OTTER 1985) , 
on the overall magnetisation intensity is less 
predicable. However, for magnetic readings taken at the 
sea surface, the assumed random orientation of these 
blocks would result in their magnetisation vectors 
effectively cancelling each other out, thereby 
contributing only minimally to the sea surface magnetic 
anomaly.

5.8.2 Saint Paul Fracture Zone

The positions of former plate boundaries on both 
profiles 1 and 5 are located south of the deepest axes 
of the southern Saint Paul Fracture Zone (Figures 
5.10 and 5.13). This is not surprising since transform 
fault zones and transform valley axes do not generally 
coincide, as seen, for example, within the Romanche 
Transform Zone (Plate 2). However, in the case of 
profile 5, the former plate boundary is located outside 
the trough taken to represent the fracture zone valley. 
This might have been caused by a previous change in the 
direction of plate motion, creating local compression, 
and thereby uplifting the crustal section on which the 
former plate boundary was located.

The low levels of magnetisation intensity 
predicted within the southern fracture zone valley on 
both profiles are consistent with a thinner crustal 
layer and/or a more fractured crust, both of which are 
characteristic features of fracture zone crust (see 
discussion for Romanche Fracture Zone above). On profile 
5 the marked increase in magnetisation intensity 
immediately south of the former plate boundary (Figure
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5.13), is consistent with the findings of Twigt et al. 
(1983), Collette et al. (1984), and Verhoef and Duin
(1986) for the distribution of magnetisation over
inactive fracture zones they studied in the central 
North Atlantic (African Plate). These authors reported a 
relative enhancement of magnetisation on the younger 
sides of the inactive fracture valley they studied (not 
necessarily accompanied by a corresponding reduction in 
the magnetisation on the older side), which corresponds
to the same side of the Saint Paul Fracture Zone (the
southern side) for which the magnetisation is increased 
on profile 5.
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CHAPTER 6 

SUMMARY AND CONCLUSIONS

6.1 Morphology and tectonic features

The main volcanic and tectonic features of an area 
surrounding the active Romanche Fracture Zone in the 
Equatorial Atlantic have been mapped from GLORIA sonar 
records. Available GLORIA and echo-sounder depth data 
have also enabled a more detailed bathymetry of this 
area to be compiled. A chart showing the distribution of 
sedimented areas using GLORIA data (where available) to 
identify the lateral extent of sedimented areas has also 
been presented.

The current location of the boundary between the 
African and South American plates has been identified 
and mapped from GLORIA sonar records (Plate 2). Within 
the Romanche Transform Valley the plate boundary has 
been mapped as a single, almost continuous transform 
boundary, or transform fault zone. The transform fault 
zone is located well within the confines of the 
Romanche Transform Valley but does not coincide with its 
topographic axis. The easternmost 80km of the Saint Paul 
Transform Zone is characterised by a short 30km-long 
transform fault zone, joined by a short spreading centre 
to another transform fault zone, which continues to the 
limit of sonar coverage near 26°W (Plate 2). Again, both 
transforms fault zones are located within the confines 
of transform valleys. The Romanche and Saint Paul
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Transform Zones are joined by a 200km-long spreading 
ridge which is approximately normal to the local 
spreading direction, and continuous except for two or 
three zones of minor offsets (<10km) of the neovolcanic 
zone. South of the Romanche Transform Valley the plate 
boundary has been mapped successively as an oblique 
spreading axis; a short spreading centre normal to the 
spreading direction? an oblique fracture zone; and a 
normal spreading ridge, which from bathymetric evidence 
alone appears to continue to the Chain Fracture Zone 
(Plates 1 and 2).

The Romanche Transform Valley is 840km long, and 
is generally narrower at its western end (minimum width 
of 20km), and wider near the eastern ridge-transform 
intersection. The transform valley floor is generally 
deeper than 5000m, except over two short sections (10- 
20km-long), and deeper than 6000m over its easternmost 
200km. The valley floor is predominantly covered by 
ponded sediments with recorded thicknesses of up to 
400m. The deepest section of the valley floor, called 
Verna Deep (Heezen et al. 1964), has a depth in excess of 
7800m (basement depth in excess of 8000m), which is the 
deepest ocean floor depth observed within a fracture 
zone. Shallow topography, comprising either a single 
transverse ridge, or two or more transverse ridges 
separated by local sediment-filled basins, bounds the 
transform valley to its north over its entire length. 
South of the transform valley, a single, well defined 
transverse ridge bounds the valley between the area 
opposite the western ridge-transform intersection and 
50km from the current eastern ridge-transform 
intersection. Both the valley floor, and the area north 
of the valley floor within the transform zone are devoid 
of any sonar returns parallel to the spreading ridges 
(seafloor spreading fabric): all sonar returns from this
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area are parallel or sub-parallel to the transform zone. 
However, basement seafloor fabric observed outside the 
transform zone south of the transform zone continues 
across the bounding transverse ridge as far north as the 
valley floor.

Both the transform and non-transform valley walls 
of the Saint Paul Fracture Zone are dominated by oblique 
basement features thought to represent scarps. Prominent 
oblique scarps such as these have been observed 
occupying valley wall positions at other slow-slipping 
transforms e.g. Kurchatov Fracture Zone (Searle and 
Laughton 1977), and Charlie-Gibbs Fracture Zone (Searle 
1981) .

Seafloor areas between fracture zones are normally
characterised by seafloor spreading fabric, which
represents faulted and tilted basement blocks produced
in the vicinity of spreading centres. Spreading fabric
generally trends parallel or sub-parallel to the
spreading centres between fracture zones (e.g. Klitgord
and Mudie 1974? Laughton and Whitmarsh 1976). Basement
features within the area between the Romanche Fracture
Zone and the inactive eastern Saint Paul Fracture Zone,
insonified along five swathes perpendicular to the
fracture zones, is dominated by spreading fabric up to
900km away from the current spreading ridge. However,
minor interruptions in the continuity of spreading
fabric, covering N-S distances of about 20km, and
extending up to 20km in a direction parallel to the
major fracture zones, probably represent ephemeral
former offsets between the two major fracture zones. In
contrast, available sonar data between the Romanche and
inactive western Chain Fracture Zone show that the area
west of 20° W is characterised by a 450km-long,o osediment-fllled trough adjacent to and trending 5-10



288

more southerly than the western end of the Romanche 
Transform Valley. This trough was identified by Gorini 
(1981) using echo-sounder depths and seismic reflection 
data. He interpreted it as a former Romanche Fracture 
Zone trace abandoned during a change in the direction of 
relative motion between African and South American 
plates. The additional evidence provided by GLORIA sonar 
supports this hypothesis. A series of troughs and 
intervening ridges about 50km-long located immediately 
south of the sediment-filled trough and trending NW-SE 
may represent basement features created at a former 
spreading ridge where the ridge-transform intersectionUQS
K b h tfu  las at f o e  currant Rbuancbd eastern ndne- tmhsfbrm
itkfrsddtbo)*Searle (1986), presented a threefold
classification of slow- and medium-slipping fracture 
zones (slip rates of < 6cm/year, and 6-12cm/year 
respectively) based on their offsets of spreading 
centres: large-, intermediate- and short-offset. Using
this classification, the Romanche Transform Zone is 
obviously a large-offset fracture zone, being by far the 
largest offset along the slow-spreading Mid-Atlantic 
Ridge. Similary, the the two Saint Paul transform 
valleys insonified by GLORIA sonar also qualify as the 
active sections of large-offset fracture zones in their 
own right, since both are associated with distinct 
strike-slip plate boundaries or transform fault zones 
(Searle 1986). The Saint Paul Fracture Zone is an 
example of a multiple transform fracture zone, 
consisting of at least two (as observed in this study), 
and probably three or four closely spaced, but 
individual fracture zones. There is also an example of 
an intermediate-offset fracture zone along the Mid- 
Atlantic Ridge between the Romanche and Chain Fracture 
Zones, where a ridge offset of about 20km is accomfnoc(alCcL 
within a 30km-long zone of oblique spreading, 
morphologically an oblique trough, with no transform
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fault zone parallel to the spreading direction (labelled 
CD in Plate 2). Probable minor displacements (<10km), 
both sinistral and dextral, of axial volcanic ridges 
along the spreading ridge between Romanche and Saint 
Paul Fracture Zones are examples of short-offset 
fracture zones (Searle 1986). A 60km-long oblique 
spreading centre adjoining the eastern end of the 
Romanche Transform Zone (labelled AB in Plate 2), and 
numerous normally oriented spreading centres complete 
the set of ridge axis structures in the study area.

The active plate boundary of the Romanche 
Transform Valley follows a small circle trace about a 
pole of rotation located at 40.7° N, 29.3° W. The 
calculated pole position, and associated error zone, do 
not overlap with the pole position calculated for 
relative motion between the African and South American 
plates using the instantaneous global fit model of 
Minster and Jordan (1978). This is not surprising since 
the global plate model pole location is a weighted 
average of a limited, and inferior quality data set: 
transform zone azimuths ascertained from low resolution 
bathymetry; and even more poorly constrained directions 
of relative motion ascertained from earthquake focal 
mechanisms. In terms of predicted trends, the direction 
of relative plate motion within the Romanche offset is 
2.6° more northerly than that predicted by the global 
model. This is not considered significant, and 
certainly does not necessitate any intra-plate 
compression. Similar differences between the trends of 
transform fault zones as measured from GLORIA 
sonographs, and the trends predicted by the pole of 
rotation between the African and North American plates 
(Minster and Jordan 1978) have also been reported by 
Roest et al. (1984) at the Oceanographer, Hayes, and 
Fifteen Twenty Fracture Zones.
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The short lengths of transform faults insonified 
near the eastern end of the Saint Paul Transform Zone do 
not enable an independent, meaningful pole of rotation 
position to be calculated. However, the measured trend 
of the southermost 30km-long transform fault (which has 
been completely insonified), is 4° to the north of the 
trend predicted by the rotation pole fitted to the 
transform fault zone within the Romanche Transform Zone. 
This discrepency is considered another example of a 
minor deviation from perfectly rigid plate tectonic 
behaviour.

6.2 Studies of free-air gravity anomalies

All available free-air gravity data have been used to 
compile a free-air anomaly map of the study area. This 
map shows that free-air gravity within the area of 
investigation is dominated by the underlying seabed 
topography. Five previously unmodelled free-air anomaly 
profiles crossing the Romanche Fracture Zone (four of 
which cross the Romanche Transform Zone), portions of 
inactive Saint Paul Fracture Zone and adjacent seafloor 
areas have been used to investigate, two-dimensionally, 
the crustal and upper mantle structure beneath these 
features.

Free-air anomalies along each profile, having been 
corrected for the effects of seafloor topography, 
sediment thicknesses and a 6.5km-thick crustal layer of 
density 2.89Mg/m^ and assuming an upper mantle density 
of 3.3Mg/m , display prominent regional anomalies across 
the Romanche Fracture Zone on three out of the five 
profiles (Section 4.2.1, Figure 4.2). These regionals 
imply differences between the assumed and actual crustal
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structure, and also between the assumed and actual upper 
mantle densities on either side of the fracture zone. 
Differences in upper mantle densities are attributable 
to the differing ages of lithospheric blocks juxtaposed 
along the fracture zone (e.g. Sibuet et al. 1974; 
Louden and Forsyth 1976). It is therefore essential to 
make a correction for this lithospheric gravitational 
edge effect in order to achieve meaningful models for 
local differences in crustal and upper mantle densities.
A correction has been applied by isolating and removing 
the long wavelength regional field components of 
observed free-air anomalies by upward continuation of 
these anomalies.

The residual gravity anomalies, or gravity 
anomalies which are left having made all the corrections 
outlined above, have been minimised by varying the 
density and thickness of the crustal layer, and locally 
reducing the upper mantle density. In the absence of 
seismic refraction data at either the Romanche or Saint 
Paul Fracture Zones, all models are constrained by 
published results of seismic refraction experiments over 
other fracture zones in the Atlantic (e.g. Sinha and 
Louden 1983; White et al. 1984; Potts et al. 1986; 
Whitmarsh and Calvert 1986).

The results of gravity modelling indicate that the 
Romanche Fracture Zone Valley is characterised by a low 
crustal density accompanied by low upper mantle density. 
These results also suggest a difference between the 
crustal and upper mantle structure beneath the deepest 
section of the Romanche Transform Valley at about 18° 
30'W (Verna Deep- Heezen et al. 1964), and valley floor 
positions crossed by the other profiles within this 
fracture zone. They also indicate a systematic 
difference between the crustal and upper mantle
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structure beneath the Romanche and Saint Paul Fracture 
Zone Valleys along those sections crossed by the five 
profiles. With crust modelled as being of a particular 
thickness being generally less dense beneath the 
Romanche Fracture Zone Valley than beneath the Saint 
Paul Fracture Zone Valley(s)? and with it being 
necessary to reduce the upper mantle density beneath the 
Romanche Fracture Zone Valley in order to tie in with 
the results of previous seismic refraction work, but, 
not so beneath the Saint Paul Fracture Zone Valley(s). 
However, it should be noted that the inherent difficulty 
with the gravity technique of differentiating between 
identical results caused by: thinner and less dense
crust? or, not so thin, and denser crust masks other 
possible differences in crustal and upper mantle 
structure not mentioned above.

The results are consistent with the findings of 
seismic refraction experiments conducted over other 
Atlantic fracture zones, which report that the crustal 
and upper mantle structure beneath fracture zones is 
inhomogeneous both between different fracture zones 
(e.g. White et al. 1984), and also along the same 
fracture zone (e.g. Verna Fracture Zone- Potts et al. 
1986) .

6.3 Studies of total field magnetic anomalies

Based on the combined work of Kent et al. (1978), Swift 
and Johnson (1984), and Smith (1985), a model has been 
adopted for the layer of the oceanic crust responsible 
for magnetic anomalies, or magnetic source layer. This 
magnetic source comprises four divisions, each of
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homogeneous magnetisation intensity, accounting for the 
uppermost 3km of the oceanic crust.

Factors affecting magnetic anomalies associated 
with fracture zones in the study area have been 
investigated taking into account differences in the
directions of magnetisation of magnetic blocks 
juxtaposed at the fracture zones, the relief of the
seabed, and the enhancement, or reduction in
magnetisation intensity of source rocks within the
fracture zone valley.

Five total field magnetic anomaly profiles 
crossing the Romanche Fracture Zone (four crossing the 
active section) and inactive Saint Paul Fracture Zone 
have been modelled two-dimensionally to examine the
distribution of magnetisation intensity within these 
fracture zones. The models assume that crustal areas 
outside the fracture zones have magnetisations equal to 
that of the adopted crustal source layer.

The results indicate that the magnetisation 
intensity of crustal source rocks within the Romanche 
Fracture Zone is inhomgenoos; varying both between 
different profile locations and also between different 
positions along a give profile crossing. Areas of above 
average magnetisation intensity might be indicative of a 
thicker basalt layer promoted by leaky transform 
behaviour in the past. Conversely, areas of low crustal 
magnetisation intensity are indicative of the thinned 
and highly fractured crust associated with fracture 
zones (e.g. White et al. 1984; OTTER 1985). These 
results do not support a generalised model for active 
fracture zones being areas of below average 
magnetisation intensity (Collette et al. 1984).



For the inactive Saint Paul Fracture Zone, where 
crustal magnetisation models are only presented along 
two of the five profiles (profiles 1 and 5- Plate 1), 
the results show a low level of magnetisation intensity 
over its southern fracture valley, consistent with a 
thinned and fractured crust. On one profile, crossing 
the fracture zone near 17°W (profile 5- Plate 1), the 
results indicate an increase in magnetisation intensity 
within a lOkm-wide area immediately south of the 
location of the former plate boundary (corresponding to 
the younger side of the fracture zone). This latter 
result is consistent with findings over other inactive 
fracture zones in the central North Atlantic (e.g. Kane 
Fracture Zone- Twigt et al. 1983? Tyro Fracture Zone- 
Slootweg and Collette 1985; Charis, Cruiser and Hayes 
Fracture Zones- Verhoef and Duin 1986) reporting an 
increase in the magnetisation of crustal layer rocks on 
the younger side of the fracture zones they studied. 
Twigt et al* (1983), proposed that the origin of the 
enhanced magnetisation on the younger side of the 
inactive fracture zone valley was the emplacement of a 
thicker basaltic layer on the inactive fracture zone 
side of the median valley near its intersection with a 
fracture zone; as reported from a submersible study of 
the ridge-transform intersections at the Kane Fracture 
Zone (Karson and Dick 1983).
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6.4 Discussion of observations and results

6.4.1 The Romanche transform fault zone

The 840km-long Romanche transform fault zone is a 
continuous feature which follows a small circle trace 
very precisely (Section 3.9). This implies that the 
rigid plate axiom of plate tectonic theory (e.g. Le 
Pichon et al. 1973) is an excellent first order 
approximation to current plate movement along this 
transform zone. Superimposed on its overall trend the 
fault zone is slightly sinuous (Plate 2) with trend 
deviations of up to about 10°to north and south. Regions 
where these trend deviations occur are interpreted as 
local areas of transpression and transtension, 
respectively. Minor areas of tension and compression are 
probably linked to variations in crustal and upper 
mantle composition along the transform valley, so 
producing local variations in the strength of 
lithosphere on either side of the transform fault zone. 
Verna Deep, the deepest transform valley floor location 
(depth > 7800m), is located where the transform fault 
zone bends southward and crosses the valley floor, which 
suggests that an element of transtension across the 
fault boundary promoting downfaulting of the valley 
floor might have been important in its formation.

6.4.2 Shallow topography north of the Romanche Fracture 
Zone

The absence of ridge-parallel spreading fabric on the
shallow topography north of the Romanche Transform Zone 

o obetween 21 W and 16 W (Plate 2) is an interesting 
feature since other shallow transverse ridges imaged by
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high resolution instruments - at the Charlie-Gibbs
(Searle 1981- GLORIA survey), and Kane (Abrams et al.
1988- SEABEAM survey) Fracture Zones, have spreading
fabric on them. The absence of spreading fabric here, is
most easily explained by the fact that the transverse
ridge section east of about 21°W was once part of a
former Romanche transform valley, where the transform-
parallel fabric was acquired, and has subsequently been
uplifted when transform motion was re-located south of
the ridge. This hypothesis is supported qualitatively by
the progressive widening of the transform zone between

othe western ridge-transform intersection and about 21 W 
(Plate 1), from about 30km to about 80km-wide, with the 
increase in width of the transform zone being largely 
due to the widening of the northern transverse ridge. 
Assuming re-location of the transform boundary, the most 
likely explanation for the uplift is intra-plate 
compression associated with a change in spreading 
direction, although other factors such as uplift 
associated with serpentinite diapirism might also be 
significant.

6.4.3 Non-transform ridge offsets within the study area

Both the Romanche and Saint Paul Transform Zones are 
examples of large-offset fracture zones - using the 
definition of Searle (1986) - where offset spreading 
centres are joined by transform fault zones? implying 
that the main motion between adjacent plates is strike- 
slip. In addition to these transform offsets, the study 
area also contains examples of shorter, non-transform 
ridge offsets.

A 30km left-lateral offset of spreading ridge
asegments within an oblique offset zone trending about 45
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to the ridge segments located about 8 0km south of the 
eastern end of the Romanche Transform Zone (CD, Plate 2) 
is an example of a medium-offset fracture zone (Searle 
1986). Other examples along slow-spreading ridges 
include the well-documented Kurchatov Fracture Zone 
(Searle and Laughton 1977; Searle 1986) and several
oblique offsets within the Gulf of Aden (Tamsett and
Searle 1988).

Owing to the oblique offset of the spreading axes,
this fracture zone should be associated with some
crustal generation. However, the exact mechanics of
crustal generation within such a zone is still largely
unknown. It could either be a stable zone of oblique
spreading within the confines of the fracture zone, or,
perhaps more plausibly, this feature is a transitory one
with ridge propagation occurring at one or both ridge
segments. If this latter is the case, then new crust is
presumably generated within this zone predominantly from
one ridge segment only during its propagation into this
zone during phases of enhanced magma supply, accompanied
by a corresponding reduction in the supply of magma to
the other, or failing, spreading centre - using the
model of Macdonald et al. (1988) for independent
spreading centre activity linked to increases and
reductions in magma supply. However, recent detailed

owork at the propagating rift at 95.5 W on the Galapagos 
Spreading Centre by Kleinrock and co-workers (Kleinrock 
and Hey 1989a,b; Kleinrock et al. 1989), has indicated 
that the failing spreading centre, or failing rift, is 
still associated with volcanic activity some time after 
spreading has begun to slow down, and that there is a 
dearth of volcanic activity within about 5-10km of the 
propagating rift tip.

Propagation at one or both of the offset spreading
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ridge segments ties in with the observations that the
inactive extensions of these medium-offset, slow-
slipping fracture zones often have either a zig-zag
profile, with the profile limits either being more or
less parallel to the direction of spreading (e.g. at
Kurchatov Fracture Zone - Searle and Laughton 1977); or
that these inactive extensions are oblique to the
spreading direction, producing V-shaped extensions
either side of the spreading axis in plan view (e.g.oarea mapped by Rona and Gray (198 0) near 2 6 N along the 
Mid-Atlantic Ridge). Zig-zag shaped inactive extensions 
probably corresponds to phases of ridge propagation from 
alternate sides of the fracture zone, whereas obliquely 
orientated V-shaped inactive fracture zone extensions 
probably denote a supremacy of propagation from one 
side. Unfortunately, there is inadequate GLORIA and 
bathymetric coverage either side of CD (Plate 2) to try 
to establish the history of ridge segment propagation in 
this area.

Small offsets (< 10km) of the neovolcanic zone can 
be identified within the gross confines of the spreading 
ridge joining the Romanche and Saint Paul Fracture Zones

o o(near 0 30'S and 0, Figure 3.9). These small offsets do 
not require crustal generation between neighbouring 
volcanic centres, and oblique normal faults develop 
between them in response to the shear stresses created 
there (Searle and Laughton 1977). Former offsets within 
this spreading ridge section are recorded as small 
displacements of the spreading fabric, or short sections 
of oblique basement fabric (on GLORIA swathes east of 
the spreading ridge, Plate 2). However, the fact that 
features cannot be traced across individual swathe 
widths (approximately 50km-wide), and certainly not 
between different swathes, implies that these offsets 
are inherently short-lived.
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Perhaps the most intriguing feature of ridge axis 
morphology within this study area is the 65km-long 
oblique spreading segment (oblique, of course, pertains 
to the orientation of the spreading segement and not to 
the direction of spreading which is parallel to the 
general spreading direction) adjoining the eastern end 
of the Romanche Transform Zone (AB, Plate 2). Within the 
overall obliquity of the spreading centre, small lobate 
structures trending sub-parallel to the spreading 
direction are taken to represent axial volcanic ridges 
formed over cracks created in response to tension in the 
spreading direction. These are arranged next to each 
other with considerable overlap, as much as 75% of their 
length, in such a fashion that the overall trend of the 
spreading axis is oblique to the spreading direction. 
The oblique spreading centre can be thought of as 
representing a zone where axial volcanoes are 
consistently offset by distances comparable with their 
own width (no greater than 2-3km); in other words, it 
represents an area of ridge-transform intersections 
where the offset distances are so small that normal 
faults (defining the overall trend of the spreading 
centre) created in response to the direction of maximum 
tension are rotated by the shear stresses between 
adjacent and overlapping volcanic ridges, so producing 
an obliquely orientated spreading centre.

The origin, however, of this obliquely orientated 
spreading segment is unclear - since spreading ridges 
are usually orientated almost perpendicularly to the 
spreading direction, reflecting the direction of dyke 
injection from crustal magma chambers, which in turn are 
controlled by where convective movements upwell in the 
asthenosphere. One possibility is that the obliquely 
orientated spreading segment follows a line of relative 
lithospheric weakness, perhaps where the lithosphere is
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abnormally thin. Alternatively, the oblique spreading 
centre may be a direct response to reorientation of the 
direction of maximum crustal tension (normal faulting 
occurs perpendicular to this direction) in the vicinity 
of the shear stress field of the Romanche Transform
Zone. Whatever the origin, GLORIA data indicate that the 
obliquely orientated spreading ridge is a relatively 
recent feature, replacing a ridge segment orientated at 
a high angle to the Romanche Transform Zone about 5Ma
B.P.

6.4.4 Scales of ridge offset

The original plate tectonic model of mid-ocean ridges as 
two-dimensional structures only offset by transform
faults has been superseded by the view that spreading
ridges are segmented on a much smaller scale, not only 
by transforms, but also by a whole range of smaller 
offsets.

On fast- and intermediate-spreading ridges 
(spreading rate >6cm/yr full-rate) these smaller offsets 
correspond to non-rigid ridge offsets called overlapping 
spreading centres (OSC's), where neighbouring spreading 
centres are offset by about 0.5-10km and overlap each 
other by approximately three times the offset distance. 
Macdonald et al. (1988) classified ridge offsets along 
the East Pacific Rise between 8°and 18°N into first-, 
second-, third- and fourth-order, corresponding to 
transform offsets, large OSC's (offsets > 3-5km), small 
OSC's (offsets of 0.5km- 3-5km), and very small lateral 
offsets (< 0.5km) or small changes in strike of the axis 
(devals).

In this study area, where spreading rates are slow
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(about 4cm/yr full-rate - instantaneous pole of Minster 
and Jordan 1978), and other slow-spreading areas, 
second-order offsets are synonymous with Searle's (1986) 
medium-offset fracture zones e.g. CD (Plate 2), where 
ridge offsets of about 20-30km are accomplished within 
an obliquely trending trough. Again, adopting the 
classification of Macdonald et al. (1988) and adapting 
it to a slow-spreading area, their third-order offsets 
could be applied to minor volcanic ridge offsets of 5- 
10km within the confines of the spreading ridge median 
valley (Searle's (1986) small-offset fracture zones), as 
observed on GLORIA records within the median valley of 
the spreading ridge between the Romanche and Saint Paul 
Fracture Zones. Fourth-order offsets can be applied to 
slight deviations in the linearity of slow-spreading 
ridge segments, and also, perhaps, to the very small 
offsets of about 2-3km, amounting to the width 
dimensions of volcanic ridges, between overlapping 
volcanic ridges arranged next to each other within 
obliquely orientated spreading ridges such as AB (Plate 
2) .

6.4.5 Origin of spreading ridge offsets

The important point to consider is what controls the
segmentation of mid-ocean ridges. Macdonald et al.
(1988) have addressed this problem following thorough
examination of, and correlation between three principal
data sets along a section of the East Pacific Rise: high
resolution SEABEAM bathymetric maps covering the entire

o oEast Pacific Rise between 8 N and 18 N (Macdonald et al. 
1984); multi-channel seismic profiles along the ridge 
axis between about 8°N and 13°N, which are capable of 
imaging the upper surface of an axial magma chamber 
(Detrick et al. 1987); and geochemical analysis of
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erupted basalts within this area (Langmuir et al. 1986). 
These data sets show excellent agreement between the 
along ridge axis depth profile, the cross-sectional 
shape of the spreading ridge axis, the presence or 
absence of a seismic axial magma chamber reflector, and 
the geochemical properties indicating the temperature at 
which the mid-ocean basalts were erupted. These data 
sets indicate that ridge-axis discontinuities are 
associated with local deeps in the axial depth profile, 
with the depth increase being greatest for the first- 
order transforms (1,000-1,500m), less for the second- 
order OSC's (300-500m), only about 50-100m for the 
third-order offsets, and very small (about 10-20m) for 
fourth-order discontinuites. The shallow sections of the 
ridge axis are characterised by having a broad cross- 
sectional area, an axial summit graben, and the 
presence of a shallow axial magma chamber reflector. 
Deeper portions of a given ridge segment, often near 
ridge-axis discontinuities, are usually associated with 
a rise which has a narrow, triangular cross-sectional 
shape with no axial summit graben, and with no axial 
magma chamber reflector being detected.

It is suggested that systematic variations in 
ridge axis morphology reflect spatial and temporal 
variations in the magmatic budget of the ridge axis. 
When the magmatic budget is waxing shallow-level magma 
chambers swell (as indicated by a distinct magma chamber 
reflector), creating a shallow ridge axis with a broad 
cross-section and axial summit graben. For a waning 
magmatic budget the crustal magma chamber is assumed to 
be narrow (< 2km wide), or absent, (indicated by a weak, 
or no seismic magma chamber reflector) and the ridge 
axis has a narrow, triangular cross-section without a 
summit graben. A summit graben is missing because the 
underlying magma chamber is not large enough to produce
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a significant caldera when the volume of melt in it 
lessens following a volcanic eruption.

A striking illustration of the indepedent 
behaviour of ridge axis segments, in response to varying 
magmatic budgets, is provided by those adjoining the 
Clipperton Transform Zone. The northern ridge section 
deepens and narrows over a long distance (about 60km) 
towards this transform zone, whereas the southern 
segment remains shallow and wide up to the ridge-
transform intersection. The axial magma chamber 
reflector continues all the way to the Clipperton
Transform from the south, whereas to the north there is 
a 70km gap in this reflector. Also the composition of
basalts erupted north and south of this transform zone
suggests that the lavas were erupted at lower 
temperatures on the northern segment.

Based on the powerful combination of evidence 
outlined above, Macdonald et al. (1988) have endorsed 
the view that the spreading ridge is partitioned into 
segments defined by the distribution of sources of 
partial melt at discrete locations beneath the ridge 
axis; a view first put forward by Schouten and Klitgord 
(1982). In what is obviously an incompletely understood 
process, it is believed that major episodes of 
decompression partial melting are triggered about 30- 
60km beneath the ridge axis as the plates spread apart 
(Elthon et al. 1982). These melts segregate and ascend, 
feeding the shallow crustal magma chambers at discrete 
locations, thereby locally swelling them and creating 
local depth minima in the axial depth profile owing to 
the buoyancy forces associated with the melt and 
surrounding area of hot, low-density rock. While the 
pattern of asthenospheric upwelling is unknown, it is 
suggested that the source of the upwelling is enhanced
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beneath the shallowest portions of the ridges but that 
there is some flux along most of the length of the 
ridge. Continued injection of melt results in magma 
migrating away from the zone of upwelling, losing 
pressure with increasing distance, and thereby 
depressing the axial profile. As magma migrates along 
the shallow axial magma chambers, these swell and the 
overlying crust stretches and fractures, allowing magmas 
to reach the surface and volcanic eruptions to follow in 
the wake of an advancing, cracking front. In this model, 
ridge axis discontinuities occur at the distal ends of 
interconnected magma chambers and coincide with local 
minima in the axial depth profile.

However, the dependence of axial depth minima on 
the offset distance would suggest that there must be an 
additional magmatic sink effect at these locations, and 
that the magnitude of this effect is probably governed 
by the thickness of the lithospheric block juxtaposed 
against the accreting plate boundary: with older, hence
thicker and colder lithosphere having a greater 
diminishing effect on the available magmatic budget (Fox 
and Gallo 1984). Quantitative analysis of this process 
has been modelled in a simplified model by Morgan and 
Forsyth (1988). Depression of the axial profile produced 
by vertical thermal contraction associated with heat 
lost by conduction to the older lithospheric block will 
be a negligible factor along fast-spreading ridges (e.g. 
Morgan and Forsyth 1988).

Axial rift propagation is probably caused by an 
abnormally large magmatic budget at the distal end of a 
ridge segment, perhaps caused by the re-location of 
sources of partial melt beneath a spreading ridge 
segment. This ties in with the observation based on 
morphological data at the western end of the Clipperton
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Transform that the ridge segment to the south of this
transform is propagating northwards (Gallo et al. 1986),
since a distinct magma chamber reflector, which is
indicative of a robust magmatic budget, continues right
up to the transform boundary along this ridge section
(Detrick et al. 1987). In the light of recent detailedoevidence from the propagating rift at 95.5 W on the 
Galapagos spreading centre (e.g. Kleinrock and Hey 
1989a,b), it appears that the crust first cracks at the 
tip of an advancing propagator, probably instigated by 
tension associated with inflated magma chambers, with 
volcanic eruptions then following about 100,000-200,000 
years later along this line of weakness.

6.4.6 Segmentation on slow-spreading ridges

In applying the ideas of Macdonald et al. (1988) to a 
slow-spreading area such this study area, two important 
differences should be borne in mind. Firstly, there is a 
much greater age difference between lithospheric blocks 
juxtaposed at ridge-transform intersections than for 
corresponding offsets along fast-spreading ridges. At 
first- and second-order offsets vertical thermal 
contraction of the lithosphere due to heat loss by 
conduction to the older, colder lithosphere will 
contribute, it is estimated, between about 50m and 300m 
of axial deepening towards the ridge-transform 
intersections (Morgan and Forsyth 1988). There will also 
be a much greater reduction in the magmatic budget at 
the distal end of the spreading ridge owing to the 
cooling effect of the much thicker, colder lithospheric 
block juxtaposed against it at these slow-slipping 
boundaries (Fox and Gallo 1984). Depths within ridge- 
transform intersections are therefore much deeper than 
their counterparts at fast- and intermediate-spreading
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ridges.

Secondly, slow-spreading centres are characterised 
by a nearly ubiquitous rift valley, which is on a much 
bigger scale, typically 10-30km across and more than 1km 
deep, than the much smaller features observed along 
fast-spreading portions of the East Pacific Rise. The 
width of the axial valley at a slow-spreading ridge 
precludes an origin due to collapse over a waning magma 
chamber following a recent volcanic eruption, since it 
contradicts the available information which indicates 
that there is little difference in size between magma 
chambers at slow- and fast-spreading ridges (Macdonald 
1982). Also, theoretical models indicate that the rift 
valley is a steady state feature along slow-spreading 
ridges, thought to be caused by the more viscous 
asthenosphere beneath these ridges (e.g. Lachenbruch 
1973? Collette et al. 1980).

This would suggest that clues about the magmatic 
budget of a slow-spreading ridge section can only be 
ascertained through examination of detailed topographic 
maps of the median valley floor using a multi-beam echo- 
sounding device such as SEABEAM, backed up by seismic 
refraction/reflection surveys and near-bottom
geophysical surveys (the locations of which can be 
optimally chosen from the initial SEABEAM survey). The 
most detailed investigation of this kind, to date, along 
the slow-spreading Mid-Atlantic Ridge has been conducted 
within the spreading ridge median valley south of the 
Kane Fracture Zone: the MARK area (up to 80km south of
the ridge-transform intersection - Karson et al. 1987). 
Here, based on the combined evidence of a seabed mapping 
and sampling programme (using the manned submersible 
ALVIN and the ANGUS deep-towed camera) along five 
transects across the spreading ridge, and a seismic
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refraction line coinciding with the median valley axis 
(Purdy and Detrick 1986), the authors sub-divide the 
spreading ridge section into three parts - a 
magmatically active spreading cell, approximately 40km 
in length, that extends from the ridge-transform 
intersection; a much older, and currently magmatically 
inactive cell occupying the area between about 5 0km and 
80km from the transform; and an intervening area which 
appears to have been magma-starved during the evolution 
of the two adjacent segments (a small-offset fracture 
zone). Furthermore, the detailed bathymetry of this area 
shows that the active spreading cell is morphologically 
a very long (40km), high (600m), linear volcanic 
edifice; the older spreading cell corresponds to a 
broader area of upwarped and shallow median valley 
topography with less relief than the active spreading 
cell; and the inactive area does not have the 
characteristic slow-spreading ridge median valley 
profile. The seismic refraction line - unfortunately 
shot before the area was mapped in greater detail with 
SEABEAM and surveyed with ALVIN and ANGUS, and 
therefore, not optimally located - which passes through 
the middle of the inactive spreading cell, indicates a 
locally reduced lower crustal velocity beneath this 
feature, though not as low as those associated with 
active magma chambers along the EPR (e.g. Orcutt et al. 
1976). This zone of low crustal velocity is assumed to 
represent a frozen magma chamber (Purdy and Detrick 
1986) .

There are, therefore, obvious parallels between 
the processes controlling ridge segmentation on slow- 
and fast-spreading ridges - linked to the magmatic 
budget beneath that segment. However, more work needs to 
be carried out on the detailed morphology of volcanic 
ridge structures within the median valley floors of
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slow-spreading ridges, in conjunction with multi-channel 
seismic reflection imaging of the crust and upper mantle 
beneath these features - as carried out along the EPR by 
Detrick et al. (1987). This imaging would establish 
whether comparable magma chamber reflectors exist 
beneath portions of the slow-spreading ridges, and, if 
so, whether their presence or absence correlates with 
the size and shape of the volcanic ridges on the median 
valley floor in a similar manner to the correlation 
between the cross-sectional shape of the EPR and its 
magmatic budget (e.g. Macdonald and Fox 1988).

Obviously, the data presented in this thesis only 
allow examination of changes in the trend, and width of 
the spreading ridges (from GLORIA data) and large-scale 
along axis depth changes: the resolution of conventional 
wide-angle echo sounder sea surface bathymetry is 
certainly not good enough to detect spreading axis 
features with relief of tens of metres, and the 
bathymetric coverage of spreading ridges is poor in any 
case (Plate 1). Notwithstanding these drawbacks, the 
shallowest section of spreading axis median valley 
(3,800m or shallower) is located about mid-way between 
the Romanche and Saint Paul Fracture Zones, the longest 
spreading ridge segment, about 200km-long, without 
first- or second-order discontinuities, while the 
shorter spreading ridge segment between the two Saint 
Paul transform valleys, only 30km-long, has a median 
valley depth of about 4,400m near its middle. This depth 
difference probably reflects differences in the magmatic 
budget beneath these features, which for the spreading 
ridge segment within the Saint Paul Fracture Zone must 
be greatly influenced and diminished by by the sink 
effects of two close ridge-transform intersections. 
Similarly, the median valley floor depth of 4,400-4,600m 
of short (20km-long) spreading ridge segment BC (Plate
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2), probably reflects the sink effect of the ridge- 
transform intersection with short fracture zone CD.

6.4.7 Implications of results from gravity modelling

Gravity modelling indicates that the upper mantle 
density is anomalously low beneath the Romanche Fracture 
Zone (Section 4.5.3). Calvert and Potts (1985) 
attributed low upper mantle densities beneath fracture 
zones to partial serpentinisation of peridotite, with 
the thinner and highly fractured fracture zone crust 
providing ready pathways for seawater to penetrate to 
the upper mantle. This hypothesis appears reasonable; it 
certainly does not require that the fracture zone valley 
need rise substantially in isostatic uplift e.g. a 
partially serpentinised upper mantle block of density 
3.1Mg/m and 4km thickness replacing upper mantle
material of density 3.3Mg/m beneath a fracture zone
valley which is 6km deep and underlain by a thinned
crustal section which is 4km-thick (density 2.7Mg/m) 
would produce an uplift of about 300m if local isostatic 
compensation prevails (Airy model); the uplift would be 
less if the serpentinised material flowed horizontally 
as well pushing material above it upwards. The two 
elongate ridges near the western end of the transform 
valley at 23°30'W and 22°40'W (Plate 1) are possible 
examples of upwarped topography within the transform
valley promoted by serpentinisation and subsequent 
diapic uplift. Another smaller elongate ridge along the 
current transform fault zone at 18°25'W (Plate 2) might 
also be a feature promoted through serpentinisation and 
subsequent uplift. These features are very similar to 
transform valley ridges observed within other fracture 
zone valleys e.g. within the Verna Transform Zone 
(Macdonald et al. 1986) and the Kane Transform Zone
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(Pockalny et al. 1988).

Systematic differences between the crustal and 
upper mantle structure within the active Romanche and 
inactive Saint Paul Fracture Zone valleys predicted by 
gravity modelling - indicating that crust of a given 
thickness is less dense beneath the Romanche than the 
Saint Paul fracture zone valleys, and that the upper 
mantle density is also anomalously low beneath the
Romanche Fracture Zone - must reflect systematic 
variations in the accretionary processes occurring within 
these fracture zones at the time of crustal emplacement. 
The lower density of crust (for a given crustal
thickness) beneath the Romanche Fracture Zone suggests 
that magma was more anomalous in compositon (compared 
with "normal" oceanic crust) beneath this fracture zone 
than the Saint Paul Fracture Zone at the time of 
emplacement. Also, and more specifically perhaps, the
prevalence of low upper mantle density beneath the
Romanche Fracture Zone Valley - thought to be partially 
serpentinised peridotite - suggests a thinner crustal 
layer (as well as a more fractured crust) beneath the 
Romanche Fracture Zone than the Saint Paul Fracture 
Zone; thereby enabling more water to penetrate to the 
upper mantle rocks to serpentinise them. This suggests a 
more restricted magmatic supply at the Romanche than at 
the Saint Paul Fracture Zone at the time that crust was 
emplaced along the modelled profiles. Using the ridge 
axis median valley floor depth as a barometer of 
magmatic budget (e.g. Macdonald and Fox 1988), then the 
deeper ridge-transform intersections at the Romanche 
Fracture Zone (5,200m or greater at the western end, and 
5,600-5,800m at the eastern side) than at the Saint Paul 
Fracture Zone (about 4,400-4,600m) imply, indirectly, 
that the relative magmatic budget deficiency beneath the 
Romanche Fracture Zone might still apply.
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6.4.8 Implications of results from magnetic modelling

Two-dimensional magnetic modelling work, which assumes 
that areas outside fracture zones have "normal" oceanic 
crustal magnetisation levels, indicate that the Romanche 
Fracture Zone is a zone of non-homogeneous 
magnetisation. Low levels of magnetisation are 
consistent with the thinned and fractured crust 
associated with fracture zones: as detailed from the
results of seismic refraction experiments, and from 
submersible and deep-tow observations within fracture 
zones (e.g. White et al. 1984; OTTER 1985; Macdonald et 
al. 1986). Areas of below average magnetisation levels 
are therefore typical for fracture zone crust.

Fracture zone locations where modelling indicates 
above average levels of magnetisation are most readily 
explained by variations in the basaltic layer, since 
this layer dominates the magnetisation of the crust as a 
whole (Figure 5.1). This would imply either a thicker 
basaltic layer produced during an additional phase of 
magma genesis (indicative of at least one stage of leaky 
transform behaviour within the Romanche Transform Zone 
in the past); or basalts with locally higher 
magnetisation levels than average, due probably to a 
greater titanomagnetite content (e.g. Vogt 1979). 
Unfortunately, crustal structure models obtained from 
the gravity data are not nearly constrained enough to 
rigorously test either hypothesis.

6.5 Future investigations

The GLORIA data and new bathymetry presented in this 
thesis provide a strong foundation from which to plan
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future, more detailed, investigations in and around the 
Romanche Transform Zone. Areas of particular interest 
are: the spreading ridge sections to the north and south 
of the Romanche Transform Zone; the ridge-transform 
intersections; the shallow transverse ridge on the 
northern side of the Romanche Fracture Zone; and 
various locations along the transform fault zone within 
the Romanche Transform Valley where GLORIA data indicate 
differing types of fault styles.

6.5.1. Further mapping work

The active plate boundary within the Romanche Transform 
Zone is displayed in its entirety on the GLORIA records. 
As discussed previously, the fault zone has a variable 
surficial expression, from a narrow single scarp no 
wider than 0.1km, to a complex, multiple lineament zone 
of about 10km width. Areas of interest can be picked out 
from the GLORIA records to investigate their morphology 
in greater detail using deep-towed instruments (side- 
scan, camera, narrow beam echo-sounder, high resolution 
seismic reflection profiler) navigated from a network of 
bottom-moored acoustic transponders - as used by 
Macdonald et al. (1986) at the Verna Transform. The 
structure of the fracture zone valley walls which are 
not well resolved on GLORIA sonar records, can similarly 
be mapped using deep-tow instruments in conjunction with 
a manned submersible such as ALVIN for direct 
observations and sampling work, to establish, for 
example, whether there is evidence for recent vertical 
movement and whether particular rock types are prevalent 
at particular valley locations. An investigation such as 
this was carried out by the OTTER team (1985) at the 
Oceanographer Transform.
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Unfortunately, owing to limitations on cruise 
time, the eastern ridge-transform intersection of the 
Romanche Fracture Zone and the area up to about 10 0km 
south of the intersection was not viewed optimally with 
GLORIA sonar; the intersection was assumed to be 
orthogonal on the basis of Gorini's (1981) bathymetry. 
This area needs to be mapped in greater detail using a 
deep water side scan sonar such as GLORIA and/or a 
multi-beam sonar such as SEABEAM to establish with 
greater precision the locations and morphology of the 
plate boundary components identified in this work (an 
oblique spreading centre, a normal spreading centre, an 
intermediate-offset fracture zone, and normal spreading 
axis), and of the surrounding seafloor areas. Current 
GLORIA data suggest a recent change in the plate 
geometry in this area (Chapter 3); additional 
information either side of the current plate boundary 
would provide better constraints both on the manner and 
the time sequence of morphology changes along this ridge 
axis.

6.5.2 Microearthquake studies

By placing networks of ocean bottom seismometers in the 
vicinity of the Romanche transform boundary, the 
frequency, magnitude, and, most importantly, type of 
motion currently occurring along different sections of 
the fault zone and at the ridge-transform intersection 
areas can be monitored. Such work has been carried out 
at the western ridge-transform intersection area of the 
Verna Transform Zone by Louden et al. (1986). The data 
can then be correlated with the different fault styles 
occurring at the various locations and can also be used 
to establish whether deviations in the trend of the 
transform fault zone to the north or south correlate
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with areas of transpression and transtension, 
respectively. Such an experiment could establish whether 
the Verna Deep area is currently under tension. 
Similarly, a network of seismometers to monitor the 
seismicity of the prominent fault trace beyond the 
current Romanche western ridge-transform intersection 
would ascertain the nature of movement along this 
feature in an area where first-order plate tectonic 
theory predicts no relative movement between 
lithospheric plates.

6.5.3 Investigation of structure beneath the spreading 
ridges

The more detailed mapping and sampling work and 
microearthquake analyses outlined above should be 
complemented by studies of the crustal and upper mantle 
structure beneath the spreading ridges. This aspect of 
future work is probably more important as it provides 
clues as to the causative mechanisms operating both at 
the Romanche and Saint Paul Fracture Zones, in 
particular, and for other fracture zones, in general. 
However, it is important to realise that there are two 
levels of investigation at which this work can be 
carried out.

Firstly, and without detailed knowledge of the 
topography of the spreading axis median valley floors 
being necessary, variations in crustal and upper mantle 
structure on approaching ridge-transform intersections 
can be investigated using wide angle seismic refraction 
methods, of which there are two principal techniques. 
One method uses ocean bottom seismometers positioned 
along the median valley to detect the refracted seismic 
waves generated by airgun array or dynamite enegy
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sources - such surveys have been carried out along the 
spreading ridge segment north of the Verna Fracture Zone 
(Louden et al. 1986) and along the spreading ridge 
segment south of the Kane Fracture Zone (Purdy and 
Detrick 1986). An alternative method is the two-ship 
expanding spread profiling (ESP) technique (Stoffa and 
Buhl 1979), which yields more detailed information on 
the variation of seismic velocity with depth because the 
seismic rays are more spatially confined in this method.

A more detailed, and potentially more instructive 
line of investigation, is to examine the crustal and 
upper mantle structure beneath the spreading ridges in 
conjunction with a detailed mapping programme using a 
multi-beam sonar such as SEABEAM and, if possible, a 
deep-tow camera and submersible survey. These latter 
would identify the axis of most recent crustal accretion 
within the median valley floor - as done by Karson et 
al. (1987) south of the Kane Fracture Zone - so that 
seismic surveys can be optimally located relative to 
this axis to investigate the structure both along this 
axis and either side of it.

The along-axis continuity of a possible axial 
magma chamber - to date, there has been no seismic 
evidence for an active axial magma chamber beneath the 
slow-spreading Mid-Atlantic Ridge (but this, quite 
possibly, reflects the imprecise locating of seismic 
experiments) - is best investigated with a conventional 
multi-channel seismic reflection method positioned along 
what is taken to represent the most recent zone of 
crustal accretion, as used so effectively by Detrick et 
al. (19 87) along the EPR. If an axial magma chamber 
reflector is observed beneath the slow-spreading ridge, 
then its presence or absence at a particular location 
will probably correlate with the detailed topography of
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the neovolcanic zone, with, for example, a volcanic 
ridge of high relief such as that observed south of the 
Kane Fracture Zone (Karson et al. 1987) probably 
indicating a robust underlying magma chamber. In this 
study area, it might be particularly instructive to 
compare possible axial magma chamber reflections from 
beneath the spreading ridge segments adjoining the 
Romanche Fracture Zone at either end. As GLORIA evidence 
points to a new spreading ridge geometry at the eastern 
ridge-transform intersection, which might manifest 
itself as a clear magma chamber reflection up to the 
transform zone (because it is an actively developing 
system), whereas there is no evidence of alteration at 
the western intersection area, and which, might show 
little or no evidence of a magma chamber reflection in 
the vicinity of the fracture zone.

6.5.4 Investigation of crustal and upper mantle
structure within the fracture zones

It would also be valuable to study the crustal/upper 
mantle structure both across and along the fracture zone 
valley floors of the active Romanche and inactive Saint 
Paul Fracture Zones using either seismic refraction 
methods with ocean bottom seisomometers e.g. experiments 
conducted over several North Atlantic Fracture Zones 
(White et al. 1984), or, using ESP's (as used at the 
Tydeman Fracture Zone - Potts et al. 1986). Seismic
refraction experiments should be planned in groups of 
two or more - positioned along the fracture zone valley 
floors and across the fracture zones such that they 
intersect each other approximately perpendicularly at 
one location at least? so providing valuable constraints 
when attempting to model lateral variations in seismic
velocity structure (hence, crustal/upper mantle
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structure), across the fracture zones using ray-tracing 
methods. Alternatively, seismic reflection surveys using 
a two-ship wide-aperture CDP acquisition technique (Buhl 
et al. 1982) and used to image the Blake Spur Fracture 
Zone (Mutter and Detrick 1984), as part of the "North 
Atlantic Transect" (NAT Study Group 1985) would provide 
higher resolution than that possible with seismic 
refraction data.

These methods provide far better constraints on 
the crustal and upper mantle structure than is possible 
with the gravity data alone analysed in this thesis. 
They would also test (and quantify) a conclusion of this 
thesis that there is a systematic difference between the 
crustal and upper mantle structure underlying the valley 
floor sections of the Romanche Transform Zone and 
inactive Saint Paul Fracture Zone.

Areas of investigation should include Verna Deep, 
the deepest location within the Romanche Transform 
Valley, to examine whether this region is associated 
with particulary thin or low density crust - as is 
implied by the gravity modelling. Another area which 
should be of high priority for investigation is the 
shallow Romanche transverse ridge in the area opposite 
its eastern ridge-transform intersection. In order to 
establish whether this ridge is underlain by low density 
ultramafic material which might have been instrumental 
in its uplift. The results of recent refraction work at 
the Kane (Abrams et al. 1988), Verna (Potts et al. 1986) 
and Charlie-Gibbs (Whitmarsh and Calvert 1986) Fracture 
Zones have shown that shallow transverse ridges flanking 
these fracture zones are not underlain by serpentinite 
diapirs, but are underlain by thinned crust and normal 
upper mantle densities.
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Also, by arranging that refraction/reflection 
lines coincide with the profiles modelled in this 
thesis, the former would define the shallow crustal and 
upper mantle structure, enabling the gravity data to be 
re-analysed to examine the deeper mantle structure for 
direct comparison with theoretical thermal models (e.g. 
Louden and Forsyth 1976; Forsyth and Wilson 1984).

6.5.5 Possible ODP sites

Drilling sites should include the Verna Deep area, where 
lithological and palaeontological analysis of sediments 
could help establish the history of this basin. Also 
drilling at this and sites close to the ridge-transform 
intersections along the Romanche Transform Valley floor 
would enable a detailed petrological investigation of 
crustal, and perhaps, of serpentinised upper mantle 
rocks, if crustal thinning is sufficient, within a 
fracture zone environment. Of particular interest would 
be an "in situ" study of the magnetisation levels of 
fracture zone rocks - as carried out at DSDP Hole 83 by 
Smith (1985) and other workers in an area of "normal" 
oceanic crust. This would greatly assist the 
interpretation of the magnetic anomalies over fracture 
zones in the Equatorial Atlantic.
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APPENDIX 1

NAVIGATION USING SATELLITE FIXES AND TWO-COMPONENT 
ELECTROMAGNETIC LOGS DURING RRS "DISCOVERY" CRUISE 142

Al.l Satellite fixes

Position fixes were obtained using the "United States 
Navy Navigation System" (USSN), comprising a group of 
five operational satellites orbiting the Earth in polar 
orbits at altitudes of about 1000km. The system was 
developed initially for submarine use, and has been 
available for commercial use since 1967. The time 
interval between usable satellite fixes is not uniform 
over the Earth's surface, and varies with latitude, 
decreasing from an average 1 hours at the equator to 
about hour at either pole. Average values hide wide 
differences in the intervals between fixes which can be 
anywhere between ‘̂hour and 4 hours near the equator.

Not every satellite pass provides a reliable 
position fix. The three main criteria used to determine 
the reliability of a position fix are:

(1) The number of iterations required by the 
computational process to converge to an unique position. 
Two or three being ideal.

(2) The maximum angular elevation of the
satellite pass above the horizon. Geometric
considerations dictate that fixes are generally good

o obetween elevations of 15 to 70 .
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(3) The doppler spread of the satellite fix which
should be symmetrical about the closest approach to the
ship.

Only if all three criteria proved satisfactory was
a satellite fix accepted by the shipboard computer on
"Discovery" cruise 142.

The accuracy of any fix is dominated by errors in 
the ground velocity (relative to the earth's surface, 
not through the water) of the survey vessel. For 
"Discovery" cruise 142, during which sea conditions were 
generally calm, a positional accuracy of 1km should have 
been possible.

A1.2 Dead reckoning between satellite fixes

Positional dead reckoning was provided by using the 
combined information of: two electromagnetic coils
positioned on the ship's keel, one aligned with the 
forard-aft axis, and the other aligned with the port- 
starboard axis which measure the respective velocity 
components, and hence resultant velocity of the ship 
through the water; and a gyrocompass giving the ship's 
heading through the water. Subsequent positions 
following an accepted satellite fix were worked out from 
this time-integrated velocity information with these 
positions generally being updated on the arrival of the 
next satellite fix. Differences between the dead- 
reckoned and the more accurate satellite fixes are 
attributable to water currents, local swell near the 
electromagnetic logs, and any systematic error 
introduced by misalignment or miscalibration of the 
coils.
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Both electromagnetic logs and gyrocompass were 
read at Is intervals by the shipboard computer of 
"Discovery" 142, and new positions updated every minute 
for plotting purposes.
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APPENDIX 2

SCREEN CURSOR ROUTINE FOR INTERACTIVE TWO-DIMENSIONAL
GRAVITY MODELLING

A2.1 Introduction and basic requirements of program

In order to facilitate the gravity modelling of crustal 
and upper mantle structure, it was decided to devise, 
and write a computer program enabling both the shape of 
the crust-upper mantle interface, and associated 
densities, to be changed interactively via a graphics 
screen terminal.

As discussed in Chapter 4 (Section 4.5.3), the 
crustal layer is sub-divided laterally into a number of 
crustal blocks, each characterised by a different 
density from its immediate neighbour(s). Boundaries 
between crustal blocks are assumed to be vertical, and 
the computer program enables the location, lateral 
extent and density of each block to be alterable. The 
program also enables alteration of the shape of the 
crust-upper mantle interface, and the inclusion of local 
areas of anomalously low density upper mantle where 
necessary.

Two-dimensional gravity calculations are made 
using the line integral technique of Talwani et al.

| (1959); whereby each crustal block, and area of
different density in the upper mantle are represented as

! polygons characterised by the coordinates of their|i
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vertices, and their densities,

A computer program fulfilling these basic 
requirements has been written in standard FORTRAN 77, 
using GINO graphics routines for use on the EUCLID 
computer system at University College London. The 
program, called CURG, is printed in section 3 of this 
appendix. For successful implementation, the program 
must be run on a Tektronix 4010 terminal, or a terminal 
which emulates the Tektronix 4010. Although tested and 
used on the EUCLID system at University College London, 
this program should operate with minimal alteration on 
any other computer system which supports FORTRAN 77 and 
GINO software.

A2.2 Instructions for operating CURG 

A2.2.1 Input file data

For successful program operation, input file data should 
be supplied in the order, and format, detailed in Figure 
A2.1. Figure A2.2 provides a very simple, sample data 
set, consisting of four field points and three polygons, 
together with a pictorial representation of the data. 
Most variables listed in Figure A2.1 should be self- 
explanatory from examination of Figure A2.2, however the 
three gravity inputs need more explanation. These are 
geared towards the specific residual anomalies used for 
modelling in Chapter 4: local residual anomalies. In
this context, the "observed gravity" is the local 
residual gravity anomaly, and the "calculated gravity" 
is the local residual anomaly value modified by modelled 
changes in crustal thickness, density etc. The "partial
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LINE 1:

Number of field points Number of polygons Height of profile
(km)

(NFP, integer) (NP, decimal) (HT, decimal)

LINE 2 TO (2+NFP):

Field point
distance
(km)
(XFP, decimal)

Observed 
gravity 
(mgal)
(OBS, decimal)

Calculated 
gravity 
(mgal)
(CALC, decimal)

Partial gravity
total
(mgal)
(GS, decimal)

THEN FOR EACH POLYGON:

Number of sides Density
(Mg/m3)

(NS, integer) (D, decimal)

Followed by coordinates of polygon in clockwise order

X coordinate Z coordinate
(km) (km)

(XP, decimal) (ZP, decimal)

NEXT POLYGON...

Figure A2.1 Input/output file format of CURG.
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• X

5 3 0.0
0.0 10.0 4.0 100.0

10.0 10.0 - 6.0 120.0
30.0 8.0 20.0 77.2
40.0 12.0 32.0 121.1
8 1.03
- 500.0 0.0
540 . 0 0.0
540.0 4.5
40.0 4.5
30 . 0 3.5
10.0 2.5
0.0 3.5

- 500.0 3.5
12 2.85
- 500.0 3.5

0.0 3.5
10.0 2.5
30.0 3.5
40.0 4.5

540.0 4.5
540.0 11.0
40.0 11.0
30.0 10.0
10.0 9.0
0.0 9.0

- 500.0 9.0
8 3.3
- 500.0 10.0

0.0 10.0
10.0 9.0
30.0 10.0
40.0 11.0

54-0.0 11.0
540 . 0 15.0

- 500.0 15.0

0 10 20 30 to
DISTANCE (Km)M

Figure A2.2. Sample data set for CURG with pictorial 
representation. Black dots indicate field point 
positions.
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gravity total" is the sum of the gravitational
accelerations (in mgals) of a 6.5km crustal layer of

3 3density 2.89 Mg/m , and a homogeneous, 3.3 Mg/m , upper 
mantle above 15km depth.

The program can, however, be used to model 
inputted gravity data of other kinds by, for example, 
suitable alteration of the line "CALC(I) = OBS(I) +
(GSUM(I)-GS(I))" in routine GCALC of the program.

Results are written to an output file in the same 
order and format as the input file.

A2.2.2 Running the program

Assuming input and output files are called, respectively 
INPUT and OUTPUT, then CURG is initiated on EUCLID by 
issuing the command:

FORTRAN 77 .CURG U3 .INPUT U4 .OUTPUT (BIGSHELL) DEV 
T4010.

Note that both program name, and input and ouput 
files are preceded by a full stop on EUCLID to identify 
them as permanent files (other computer systems will 
naturally have their own filing conventions). All input 
is read in via stream 3, shortened to U3 above, 
similarly, all output is written out via stream 4, 
shortened to U4 above. The "BIGSHELL" option is 
necessary when using a large input file to increase the 
available online cpu space. "DEV T4010* specifies that 
the output device for graphics is the terminal screen.
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A2.2.3 The control screen

Having successfully compiled, the program first displays 
a control screen or menu on the terminal screen. The
menu consists of three options which are displayed as:

1. DISPLAY INTERACTIVE SCREEN.
2. WRITE OUT RESULTS ON STREAM 4.
3. STOP RUNNING THIS PROGRAM.

When first using the control screen, option 1 
should be requested (by typing "1<RET>") to initiate
other routines for interactive modelling. Option 2,
(requested by typing "2<RET>"), writes out current
results to the file OUTPUT, and option 3, ("3<RET>"),
completes a terminal session.

A2.2.4 Using the interactive screen facility

When option 1 has been chosen, a graphical 
representation of the data read in from the INPUT file 
is displayed on the terminal screen. Figure A2.3 is a 
sample screen display, consisting of the crustal and
upper mantle structure model drawn within a rectangular 
grid above which gravity values are plotted at locations 
pre-determined in the input file. A screen cursor also 
appears, and it is using this cursor that all
interaction is made between the program user and the 
modelling program.

Routine COORD is responsible for producing a
graphical representation of current data, and also
transfers control to routine CUR, which defines the
cursor control keys for interaction between user and 
program.
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Figure A2.3. Sample interactive screen display for 
CURG.
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Cursor control routines

Communication between terminal user and program is 
performed using a combination of: moving the cursor, to
identify locations on the crustal-upper mantle model; 
and pressing certain earmarked terminal keys, to 
identify what action is to be taken, or what alteration 
is to be made. Ten terminal keys have special 
significance for communication with the program: these
are the letters "P, A, N, D, G, E, M, U, C" and "S". 
Control is passed from module CUR to other program 
modules on pressing any one of these keys.

(1) Altering the shape of the crust-upper mantle
boundary

Alteration of the shape of the crust-upper mantle 
boundary is performed using the "P", "A" and "D" keys.

In order to add another corner to the crust-upper 
mantle boundary the cursor is first placed on the 
boundary between existing corners? pressing key "P" then 
signifies that an extra corner is to be added to the 
boundary between the existing corners either side of the 
cursor (Figure A2.4). Having done this the cursor 
position is then moved by the program operator to the 
location of the new corner, where a second pressing of 
key "P" informs the program of the location of the new 
corner along the crust-upper mantle boundary (Figure 
A2.4). In terms of the program module, this operation is 
controlled by routine NPOINT.

In order to alter the position of a corner located 
on the crust-upper mantle boundary, the cursor is first 
placed on the corner, then keying "A" signifies that
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(1) (2)

ALTERING A CORNER COORDINATE (KeyA)

(1)

DELETING A CORNER COORDINATE (Key D)

A
_ _ i____II E

i I
1 (1) ' 12)

Figure A2.4. Cursor control routines to alter the shape 
of the crust/mantle boundary, alter the positions of 
crustal blocks, change the density of crustal blocks, 
and locally reduce the upper mantle density. The cursor 
graticule lines are drawn as dashed lines. Refer to 
Section A2.2.4.



INSERTION OF A NEW CRUSTAL BLOCK (Key E)

MANTLE

307

12)

ALTERING THE POSITION OF THE VERTICALBOUNOARY (Key M)

12)

_ CRUST 
! MANTLE

ALTERING THE OENSITY OF A CRUSTAL BLOCK (Key N)

CRUST
MANTLE

Figure A2.4. (Continued).
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MANTLE

MANTLE
LOWDENSITYUPPERMANTLE

13) (A)

Figure A2.4 (Continued).
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the location of the boundary point on which the cursor 
is positioned is to be altered. The new location of the 
point is indicated by the operator moving the cursor to 
this position, and pressing key "A" once more to input 
its coordinates to the program. The operation is shown 
in Figure A2.4. This operation is controlled in the 
program by routine APOINT.

A third routine, whose action is to delete a crust- 
upper mantle corner point, is performed by pressing key 
"D" when having the cursor located on the appropriate 
point (Figure A2.4). In this instance the controlling 
routine is DPOINT.

(2) Insertion of a new crustal block

With reference to Figure A2.4, the insertion of a new 
crustal block is performed by first locating its left- 
hand side boundary with the vertical graticule line of 
the cursor, then pressing key "E" to identify it as 
such, and then following an identical procedure for the 
right-hand side boundary. This operation is controlled 
by routine NPOL.

(3) Altering the position of the vertical boundary
between two crustal blocks

With reference to Figure A2.4, the vertical cursor 
graticule line is used to locate the boundary which is 
required to be moved by aligning the graticule line 
with the boundary and then pressing key "M" to identify 
it as such. The vertical graticule line is then moved 
using the appropriate cursor control key, and the 
position of the new vertical boundary is identified as
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being coincident with the location of the vertical 
graticule line on pressing key "M" again. The 
controlling routine is MOVE.

(4) Changing the density of a crustal block

The crustal block whose density is to be altered is
first identified by locating the cursor within its 
confines (Figure A2.4). Pressing key "N" therein results 
in the density (in Mg/m ) of the crustal block being
written to the screen, and asks the program user to
input a new density for the block. The "<RET>" key must 
be pressed to send this information to the computer. The 
controlling routine is NDENS.

(5) Inserting an upper mantle block of relatively low
density

Firstly, the lateral extent of the block's upper 
surface, which coincides with the crust-upper mantle 
boundary is defined. This is done using the vertical 
graticule line of the screen cursor: firstly, locating
the left-hand side limit of the upper surface with the 
vertical graticule line and identifying it as such by 
typing key "U" (Figure A2.4); then following the same 
procedure for the right-hand side limit (Figure A2.4).

The coordinates of the remaining corners of this 
block, beneath the crust-upper mantle interface, are 
identified as the successive locations of the screen 
cursor inputted into the program by keying "U" at each 
location (Figure A2.4). This procedure must be carried 
out in clockwise fashion. Finally, the coordinates of 
the last point of the block are inputted by typing key
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"C" (not by typing key "U"). Keys "U" and "C" call 
routines UM and UMM respectively.

(6) Calculation of gravity anomalies

The effects of alterations to the dimensions/densities 
of modelled bodies on calculated gravity anomalies can 
be observed by typing key "G". This key calls routine 
GCALC, which is a version of Talwani et al.'s (1959) 
two-dimensional gravity algorithm.

(7) Returning to the control screen

By pressing key "S", control is returned to the main 
menu or control screen (Section A2.2.3). From the 
control screen, new results, if an improvement on 
previous values, should be written to the output file 
(by typing "2<RET>"), prior to stopping the program (by 
typing "3<RET>"). It may also be desirable to return 
control to the program's main menu in order to recall 
the interactive screen (by typing "1<RET>"), thereby 
clearing the terminal screen of superflous lines etc 
left after alterations have been made to the coordinates 
of modelled bodies (this will certainly be necessary 
with a Tektronix 4010 terminal).

A2.3 CURG; Program listing



c  main code
c

DIMENSION XPC20,0:1000),ZP(20,0:1000),XFP(1000),OBS(1000) 
DIMENSION CALC(1000), NSC 1000), DC20), GSC1000)
COMMON XP, ZP, XFP, OBS, CALC, NS, D, GS

C
C READ IN DATA ON STREAM 3 
C

READC 3»f) NFP, NP, HT 
DO 10 I = 1, NFP

READC 3,*) XFPCI), OBSCI), CALC(I), GS(I)
10 CONTINUE

DO 30 I = 1, NP 
READC3,*) NSC I), DC I)

DO 20 J = 1, NSC I)
READC3.*) XPCI.J), ZP(I,J)

20 CONTINUE 
30 CONTINUE

C
C CALLING CONTROL SCREEN CGRAPHICS ROUTINE)
C

40 CALL DEVBEG 
CALL PICCLE 
CALL WIND0WC2)
CALL MOVT02C50.,80.)
CALL CHAHOLC'INPUT ONE OF THE FOLLOWING OPTIONS*.')
CALL MOVT02C50.,65.)
CALL CHAHOLC'1. COORDINATE AND/OR DENSITY CHANGES*.')
CALL MOVT02C50. ,60.)
CALL CHAHOLC'2. WRITE OUT RESULTS*.')
CALL M0VT02C50.,55.)
CALL CHAHOLC'3. STOP RUNNING THIS PROGRAM*.')
CALL CHAP0SC50.,50.)

C
C READING IN OPTION 1, 2 OR 3 
C

READ C 1 ,*) IANS
C
C OPTION 1 : DISPLAY INTERACTIVE SCREEN 
C

IF (IANS .EQ. 1) THEN 
CALL COORDCNFP,NP,HT)
GOTO 40

C
C OPTION 2 : WRITE OUT RESULTS ON STREAM 4 
C

ELSE IF CIANS .EQ. 2) THEN 
WRITEC4,100) NFP, NP, HT 

100 FORMATC14,1X,13 »1X,F4.1)
C

DO 70 I = 1, NFP
WRITEC 4,150) XFPCI), OBSCI), CALC(I), GS(I)

150 FORMATCF6.1,1X,F7.1,1X,F7.2,IX,F7.2)
70 CONTINUE

C
DO 90 I r 1, NP 
WRITEC4,200) NSC I), DC I)

200 FORMATC14,1X,F7.2)
DO 80 J s 1, NSC I)
WRITEC 4 ,300) XPCI.J), ZP(I,J)

300 FORMATCF6.1,1X,F7.3)
80 CONTINUE 
90 CONTINUE
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ELSE 
STOP 
END IF 
END

C
C
C
C ROUTINE COORD MAIN INTERACTIVE GRAPHICS MODULE

1. DRAWS PROFILE
2. CALLSTHE CURSOR ROUTINE FOR INTRACTIVE WORKING

C
C
C
C
C

SUBROUTINE COORDCNFP,NP,HT)
DIMENSION XPC20,0:1000),ZP(20,0:1000),XFP(1000),OBS(1000) 
DIMENSION CALC(IOOO), NS(1000), D(20) , XDT(1000) 
DIMENSION YPFAAC1000)
COMMON XP, ZP, XFP, OBS, CALC, NS, D

C
C DRAW OUT POLYGONS 
C

CALL PICCLE 
CALL WINDOWC 2)
CALL SCALEC1.0)

C
XMAX = XFP(NFP)
XMAX1 = REALCINT(XFP(NFP)/10.0)) * 10.0 
XD = XMAX « 0.45 
XD1 = XMAX1 * 0.45 
NX = INTCXMAX1 / 10.0)

C
ZMAX =0.0 
DO 32 I = 1, NP 

DO 31 J = 1, NSC I)
IF (ZP(I,J) .GT. ZMAX) THEN 

ZMAX = ZP(I,J)
END IF

31 CONTINUE
32 CONTINUE

C
ZMAX1 = ZMAX
ZMAX = REALCINTCZMAX/5.0)+1) • 5.0 
IF (ZMAX .EQ. ZMAX1 + 5.0) THEN 

ZMAX = ZMAX - 5.0 
END IF
ZD = ZMAX * 2.5 
NZ = INTCZMAX / 5.0)
PRINT *, ZMAX, NZ

C
CALL M0VT02C10.0,20.0)
CALL LINBY2CXD,0.0)
CALL LINBY2C0.0,ZD)
CALL LINBY2C-XD,0.0)
CALL LINBY2(0.0,-ZD)

C
CALL CHAHAR(0,0)
CALL CHASIZC1.0,1.5)

C
DO 50 I = 1, NX + 1
CALL M0VT02C10.0 + (REALC1-1)/REALCNX)) « XD1.20.0)
CALL LINBY2C0.0,1.0)
CALL M0VT02C9.0+(REALC1-1)/REALCNX)) » XD1 ,18.0)
CALL CHAINTCCI— 1)*10,3)

50 CONTINUE



DO 60 I = 1, NZ + 1
CALL M0VT02C10.0,20.O+ZD-CREALC1-1)/REAL(NZ))*ZD)
CALL LINBY2C1.0,0.0)
CALL MOVT02C6.0,19.30+ZD-CREAL(1-1)/REAL(NZ))*ZD)
CALL CHAINT(5*( I-1) ,3)
CALL M0VT02C10.O+XD,20.O+ZD-C REALC1-1)/REALC NZ))*ZD)
CALL LINBY2C-1.0,0.0)
CALL M0VT02C11.O+XD,19.30+ZD-CREAL(I-1)/REAL(NZ))*ZD)
CALL CHAINTC 5*(I— 1)* 3)

60 CONTINUE
C

CALL CHAHAR(0,1)
CALL CHASIZC1.0,1.5)
CALL M0VT02C3.0,20.0+(ZD/2.0)-5.0)
CALL CHAHOL(fDEPTH (m)«.»)

C
YMAX = 0BSC1)
YMIN = 0BSC1)
DO 170 I = 2, NFP - 1

IF (OBS(I) .GT. YMAX) THEN 
YMAX = OBS(I)

ELSE IF (OBS(I) .LT. YMIN) THEN 
YMIN = OBS(I)

END IF 
170 CONTINUE

C
YMAX1 = REALCINT(YMAX/100.0)) * 100.0 
YMIN1 = REALCINTCYMIN/100.0)) « 100.0 
IF ((YMAX - YMAX1) .LE. 50.0) THEN 
YMAX = YMAX1 + 50.0 

ELSE
YMAX = YMAX1 + 100.0 

END IF
IF ((YMIN1 - YMIN) .LE. 50.0) THEN 

YMIN = YMIN1 - 50.0 
ELSE

YMIN s YMIN1 - 100.0 
END IF

C
YMAX = 50.
YMIN = -50.
YD = (YMAX - YMIN) / 4.0

C
CALL M0VT02(10.0,50.0 + ZD)
CALL LINBY2C0.0,YD)
CALL M0VT02CXD + 10.0,50.0 + ZD)
CALL LINBY2C0.0,YD)
CALL MOVT02(10.0,50.0+ ZD+(ABS(YMIN)/(ABS(YMIN)+YMAX))«YD))
CALL LINBY2CXD,0.0)

C
CALL CHAHARC 0,0)
CALL CHASIZC1.0,1.5)

C
NY = INT((YMAX - YMIN) / 50.0)
DO 145 I = 1, NY + 1
CALL M0VT02(10.0,50.0 + ZD + (REAL(I - 1) / REALC NY)) « YD)
CALL LINBY2C1.0,0.0)
CALL M0VT02CXD+10.0,50.0+ZD+CREALCI - 1) / REAL(NY)) • YD)
CALL LINBY2C-1.0,0.0)
CALL MOVT02(6.0,49.30+ZD+(REAL(I - 1) /REALC NY)) • YD)
CALL CHAINTCINT(YMIN)+(I - 1) • 50, 4)
IF ((INT(YMIN)+(I - 1) • 50) .LT. 0) THEN 

IF CCINT(YMIN)+(I - 1) * 50) .LE. -100) THEN
CALL M0VT02CXD+11 .0 ,49.30+ZD+C REALCI - 1) / REALCNY)) « YD) 
CALL CHAINTCINTCYMIN)+(I - 1) * 50, 4)
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END IF
ELSE IF ((INT(YMIN)+(I - 1) • 50) .EQ. 0) THEN

CALL M0VT02(XD*11.0,49.3&+ZD+CREALCI - 1) / REALCNY)) » YD) 
CALL CHAINTCINTCYMIN)+(I - 1) « 50, 1)

ELSE IF CCINTCYMIN)+(I - 1) « 50) .GT. 0) THEN 
IF CCINTCYMIN)+(I - 1) * 50) .EQ. 50) THEN

CALL M0VT02CXD+11.0,49.3&+ZD+CREALCI - 1) / REALC NY)) * YD) 
CALL CHAINTCINTCYMIN)+CI - 1) * 50, 2)

ELSE IF C(INTCYMIN)+CI - 1) « 50) .GE. 100) THEN
CALL M0VT02CXD+11 .0,49.30+ZD+C REALCI - 1) / REALC NY)) • YD) 
CALL CHAINTCINTCYMIN)+(I - 1) * 50, 3)

END IF 
END IF 

145 CONTINUE
C

CALL CHAHARC 0,1)
CALL CHASIZC1.0,1 .5)
CALL M0VT02C 3.0,50.0+ZD+C YD / 2.0) - 12.0)
CALL CHAHOLC*FREE AIR ANOMALY (mgal)«.»)

C
DO 160 I = 1, NFP 
IF CCALC(I) .NE. 999.0) THEN 
XDTCI) = 10.0+CXFPCI) / XMAX) « XD
YPFAACI) = 50.0+ZD+C CCALCCI) - YMIN) / CYMAX - YMIN)) « YD 
CALL M0VT02CXDTCI),YPFAACI))
CALL SYMBOLC 6)
END IF 

160 CONTINUE
C
C CALLING A ROUTINE TO CONVERT FROM ACTUAL PROFILE DIMENSIONS CIN Km* 
C TO A SCREEN COORDINATESYSTEM (IN mm»s) HAVING AN ORIGIN COINCIDENT 
C WITH A PROFILE DISTANCE OF OKm AT A DEPTH OF 15Km 
C

CALL SHPIC(NP,XD,XMAX,ZD,ZMAX)
DO 80 I = 1, NP 

DO 70 J = 1, NSC I)
IF (J .EQ. 1) THEN

CALL M0VT02CXPCI,J),ZP(I,J))
END IF
IF (J .EQ. NSC I)) THEN 

XP(I,J+1) = XP(I,1)
ZP(I,J+1) = ZP(I,1)

END IF
CALL LINT02CXPC I,J+1),ZP(I,J+D)

70 CONTINUE 
80 CONTINUE

C
C CALLING A ROUTINE TO SHIFT THE SCREEN COORDINATE SYSTEM (IN mm’s) 
C TO THE BOTTOM LEFT HAND CORNER OF THE SCREEN 
C

CALL PICCNP,ZD)
C
C CALLING CURSOR CONTROL ROUTINE 
C

CALL CURCNFP,NP,HT,XC,ZC,DELTA,XMAX,XD,YMIN,YMAX,YD,ZMAX,ZD)
C
C RETURNING TO THE ACTUAL PROFILE DIMENSIONS (IN Km’s)
C

CALL XZKMCNP,XMAX,XD,ZMAX,ZD)
C
C RETURN TO MAIN MODULE 
C

RETURN
END

C
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o TO A SCREEN COORDINATE SYSTEM (IN mm's) HAVING 

AN ORIGIN COINCIDENT WITH A PROFILE DISTANCE OF 
OKm AT A DEPTH OF 15Km

SUBROUTINE SHPIC(NP,XD,XMAX,ZD,ZMAX)
DIMENSION XP(20,0: 1000),ZP(20,0:1000),XFP(1000)t0BS(1000) 
DIMENSION CALCOOOO), NSC 1000), D(20)
COMMON XP, ZP,XFP,0BS,CALC,NS,D

DO 20 I r 1, NP 
DO 10 J = 1, NSC I)
XP(I,J) = (CXPCI.J)) / (XMAX)) * XD 
ZP(I,J) = - (CZPCI.J)) / (ZMAX)) * ZD 

10 CONTINUE 
20 CONTINUE

CALL SHIFT2C10.,20,+ ZD)

RETURN TO ROUTINE COORD

RETURN
END

ROUTINE PIC : SHIFTS THE SCREEN COORDINATE SYSTEM (IN mm's) TO 
THE BOTTOM LEFT HAND CORNER OF THE SCREEN

SUBROUTINE PIC(NP,ZD)
DIMENSION XP(20,0:1000),ZP(20,0:1000),XFP(1000),OBS(1000) 
DIMENSION CALC(IOOO), NS(1000), D(20)
COMMON XP, ZP, XFP, OBS, CALC, NS, D 
CALL SHIFT2(-10.,-20.-ZD)
DO 20 I = 1, NP 

DO 10 J s 1, NSC I)
XP(I,J) = XP(I,J) + 10.
ZP(I,J) = ZP(I,J) + 20. + ZD 

10 CONTINUE 
20 CONTINUE

RETURN TO ROUTINE COORD

RETURN
END

ROUTINE XZKM : CONVERTS BACK FROM SCREEN (IN mm's) TO 
ACTUAL PROFILE DIMENSIONS (IN Km's)

SUBROUTINE XZKM(NP,XMAX,XD,ZMAX,ZD)
DIMENSION XP(20,0:1000),ZP(20,0:1000),XFP(1000),0BS(1000) 
DIMENSION CALCOOOO), NSC 1000), D(20)
COMMON XP, ZP, XFP, OBS, CALC, NS, D

DO 20 I = 1, NP 
DO 10 J = 1, NSC I)
XP(I,J) = XP(I,J) - 10.
ZP(I,J) = ZP(I,J) - 20. - ZD
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20 CONTINUE
317

RETURN TO ROUTINE COORD

RETURN
END

ROUTINE CUR : CURSOR CONTROL ROUTINE
SETS UP CERTAIN TERMINAL KEYS FOR DIFFERENT TASKS

SUBROUTINE CUR(NFP ,NP,HT,XC,ZC,DELTA,XMAX,XD,YMIN,YMAX,YD,ZMAX,ZD)
CALL CURDEF('PANDGEMUCS*.')
DELTA = 2.0

10 CALL CURSORCIFUN,XC,ZC)

IF KEY "P" IS PRESSED
CALLS ROUTINE TO ADD A FURTHER CORNER TO A PARTICULAR POLYGON

IF (IFUN .EQ. 1) THEN
CALL NPOINTCNP,DELTA,XC,ZC)
GO TO 10

IF KEY "A" IS PRESSED
CALLS ROUTINE TO ALTER THE POSITION OF A POLYGON CORNER

ELSE IFCIFUN .EQ. 2) THEN 
CALL APOINTCNP,DELTA,XC,ZC)
GO TO 10

IF KEY "N" IS PRESSED
CALLS ROUTINE TO ALTER THE DENSITY OF A GIVEN POLYGON

ELSE IFCIFUN .EQ. 3) THEN 
CALL NDENS(NP,XC,ZC)
GO TO 10

IF KEY "D” IS PRESSED
CALLS ROUTINE TO DELETE A POLYGON CORNER

ELSE IFCIFUN .EQ. 4) THEN 
CALL DPOINTCNP,DELTA,XC,ZC)
GO TO 10

IF KEY "G" IS PRESSED
CALLS ROUTINE TO CALCULATE GRAVITY ANOMALIES

ELSE IF (IFUN .EQ. 5) THEN 
CALL XZKMCNP,XMAX,XD,ZMAX,ZD)
CALL GCALCCNFP,NP,HT,XMAX,XD,YMIN,YMAX,YD,ZD)
CALL SHPICC NP,XD,XMAX,ZD,ZMAX)
CALL PICCNP,ZD)
GOTO 10

IF KEY "E" IS PRESSED
CALLS ROUTINE TO INSERT A NEW POLYGON

ELSE IF (IFUN .EQ. 6) THEN 
CALL NPOLCNP,DELTA,XC,ZC)
GOTO 10

IF KEY f,MM IS PRESSED
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ELSE IF (IFUN .EQ. 7) THEN 
CALL MOVE(NP,DELTA,XC,ZC) 
GOTO 10 318

IF KEY "U" IS PRESSED
CALLS ROUTINE TO DEFINE A NEW POLYGONAL AREA WITHIN THE UPPER MANTLE

ELSE IF (IFUN .EQ. 8) THEN 
CALL UM(NP,XC,ZC)
GOTO 10

IF KEY "C,f IS PRESSED
CALLS ROUTINE TO COMPLETE DEFINITION OF A NEW POLYGONAL AREA IN THE 
UPPER MANTLE

ELSE IF (IFUN .EQ. 9) THEN 
CALL UMM(NP,XC,ZC)
GOTO 10

ELSE

FOR ANY OTHER KEY CONTROL IS RETURNED TO MAIN MODULE VIA ROUTINE COORD

RETURN 
END IF 
END

ROUTINE NPOINT : ALLOWS A FURTHER CORNER TO BE ADDED TO A PARTICULAR 
POLYGON

SUBROUTINE NPOINT(NP,DELTA,XC,ZC)
DIMENSION XP(20,0:1000),ZP(20,0:1000),XFP(1000),OBS(1000) 
DIMENSION CALCOOOO), NS(IOOO), D(20)
COMMON XP, ZP, XFP, OBS, CALC, NS, D

DO 60 I = 1, NP 
DO 50 J = 1, NS(I)
IF (J .EQ. NS(I)) THEN 

XP(I,J+1) = XP(I,1)
ZP(I,J+1) = ZP(I,1)

END IF
P = XP(I,J+1) - XP(I,J)
Q = ZP(I,J+1) - ZP(I,J)
IF (XP(I,J) .EQ. XP(I, J+1)) THEN

IF (ABS(XC - XP(I,J)) .LT. DELTA .AND.
♦ ZC .GT. MIN(ZP(I,J),ZP(I,J+1)) .AND.
+ ZC .LT. MAX(ZP(I,J),ZP(I,J+1))) THEN

GO TO 100 
END IF

ELSE IF (ZP(I,J) .EQ. ZP(I,J+D) THEN 
IF (ABS(ZC - ZP(I,J)) .LT. DELTA .AND.

+ XC .GT. MIN(XP(I,J),XP(I,J+1)) .AND.
+ XC .LT. MAX(XP(I,J),XP(I,J+1))) THEN

GO TO 100 
END IF

ELSE IF (XP(I,J) .NE. XP(I,J+1) .AND.
+ ZP(I,J) .NE. ZP(I,J+1)) THEN

IF (XC .GT. MIN(XP(I,J),XP(I,J+1>) .AND.
+ XC .LT. MAX(XP( I , J) ,XP( I , J+ 1)) .AND.
+ ZC .GT. MIN(ZP(I,J),ZP(I,J+1)) .AND.

ZC .LT. MAX(ZP( I, J),ZP( I, J+ 1)) ) THEN



+ DELTA) THEN
GO TO 100 

END IF 
END IF 

END IF 
50 CONTINUE 
60 CONTINUE 

GO TO 201
C

100 CALL CURSORCIFUN,XC,ZC)
NS(20) = NSC I)
D( 20) = DC I)
DO 115 1, NSC I)
XPC 20 ,M) = XP(I,M)
ZPC20.M) = ZPCI.M)

115 CONTINUE
NSC I) = NSC I) ♦ 1 
DO 120 M = 1, NSC I)
IF CM .GT. J) THEN 
XPCI, M) = XPC20, M-1)
ZP(I.M) = ZPC 20 ,M-1)

END IF 
120 CONTINUE

XP(I,J+1) = XC 
ZPCI.J+1) = ZC

C
CALL CHAPOSCO., 140.)
WRITEC2, * C/2A)1) CHARC27), *LV18,4,0’
CALL M0VT02 (XPC20,J),ZPC20,J))
IF (J+1 .EQ. NS(20)+1) THEN 

XPC 20, J+1) = XPC 20,1)
ZPC20,J+1) = ZPC20,1)

END IF
CALL LINT02C XPC 20, J+ 1), ZP( 20 , J-t-1))

C
CALL CHAPOSCO., 140.)
WRITEC2, 1C/2A)1) CHARC27), *Kf 
CALL M0VT02CXPCI,J),ZP(I,J))
CALL LINT02CXPCI,J+1),ZP(I, J+1))
IF CJ+2 .EQ. NSCI)+1) THEN 

XPC I, J+2) = XP(I,1)
ZP(I,J+2) = ZP(I,1)

END IF
CALL LINT02CXPCI,J+2),ZP(I,J+2))

C
DO 160 M = 1, (NSC I) - 1)
IF CM .EQ. (NSC I) - 1)) THEN 

XPC 20,M+1) = XPC 20,1)
ZPC20,Mf 1) = ZPC20,1)

END IF
DO 150 N = 1, NP 
IF (N .EQ. I) THEN 
GOTO 150 

END IF
DO 140 K = 1, NSC N)
IF (K .EQ. 1) THEN

XPC N,K-1) = XPC N,NS(N))
ZPC N,K-1) = ZPC N,NS(N))

END IF
IF (XPC20,M) .EQ. XPCN,K) .AND. ZP(20,M) .EQ.

+ ZPCN,K) .AND. XPC20,Mf 1) .EQ. XP(N,K-1) .AND.
+ ZPC 20,M+1) .EQ. ZPC N,K~1)) THEN

IF (XP(I,J) .EQ. XPCN.K) .AND.
+ ZP(I,J) .EQ. ZPC N,K)) THEN

GOTO 170
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150 CONTINUE 
160 CONTINUE 

GO TO 201
C

170 DO 180 L = 1, NSC N)
XPC20.L) = XPC N fL)
ZPC 20 ,L) = ZPC N ,L)

180 CONTINUE
NSC N) = NSC N) + 1 
DO 190 L = 1, NSC N)

IF CK .EQ. 1) THEN
IF CL .GT. CNS(N)-D) THEN 

XP(N,L) = XPC 20,L-1)
ZPCN.L) = ZPC20 fL-1)

END IF 
ELSE IF CL .GT. K) THEN 

XP(N,L) = XPC20,L-1)
ZP(N.L) = ZPC 20,L-1)

END IF 
190 CONTINUE

IF CK .EQ. 1) THEN 
K = NSC N)

END IF
XPC N,K) = XPCI.J+1)
ZPCN.K) = ZPC I , J-*-1)

C
C RETURN TO ROUTINE CUR 
C

201 RETURN 
END

C
C
C
C ROUTINE APOINT : ROUTINE TO ALTER THE POSITION OF A POLGON CORNER 
C 
C 
C

SUBROUTINE APOINTCNP.DELTA,XC,ZC)
DIMENSION XPC20,0:1000).ZPC20,0:1000),XFP(1000),OBS(1000) 
DIMENSION CALCOOOO), NSC 1000), D(20)
COMMON XP, ZP, XFP, OBS, CALC, NS, D

C
DELTAX =0.5 
DELTAY =0.5 
DO 210 I = 1, NP 

DO 200 J = 1, NSC I)
IF CABSCXC - XP(I,J)) .LT. 0.8 .AND.

+ ABSCZC - ZP(I,J)) .LT. 0.8) THEN
XC1 = XC 
ZC1 = ZC 
X1 = XP(I,J)
Z1 = ZPCI.J)
GOTO 220 

END IF 
200 CONTINUE 
210 CONTINUE

C
C IF POLYGON CORNER IS NOT FOUND THEN RETURN TO ROUTINE CUR 
C

RETURN
C

220 CALL CURSORCIFUN,XC,ZC)
NSC20) = NSC I)
DO 230 M = 1, NSC I)
XPC20.M) = XPCI,M)
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ZP(ItJ) = ZC 
ELSE IF (ZC .EQ. ZC1) THEN 

XP(I,J) = XC 
ELSE

XP(IfJ) = XC 
ZP(I,J) s ZC 

END IF 
X2 = XP(I,J)
Z2 = ZP(IfJ)

C
DO 14 11 = 1, NP 
IF (11 .EQ. I) THEN 

GOTO 14 
END IF
DO 13 J1 = 1, NS(I1)
IF (ABS(XP(II,J1) - XC) .LT. DELTAX .AND.

♦ ABS(ZP(I1,J1) - ZC) .LT. DELTAY) THEN
XP(I,J) = XP(I1 ,J1)
ZP(IfJ) = ZP(I1tJ1)

END IF
13 CONTINUE
14 CONTINUE

C
IF (J .EQ. 1) THEN

XP(20,J-1) = XP(20,NS(20))
ZP(20,J-1) = ZP(20,NS(20))

END IF
IF (J .EQ. NS(20)) THEN 

XP(20 , J+ 1) = XP( 20 ,1)
ZP( 20 # J+ 1) = ZP(20,1)

END IF
CALL CHAPOS(0., 140.)
WRITE(2, '(/2k)') CHARC2T), ^VIB, 4, 0*
CALL M0VT02(XP( 20, J-1), ZP( 20, J-1))
CALL LINT02(XP(20,J),ZP(20,J))
CALL LINT02(XP(20,J+1),ZP(20,J+1))

C
IF (J .EQ. 1) THEN

XP(I,J-1) s XP(IVNS(I))
ZP(I,J-1) = ZP(I,NS(I))

END IF
IF (J .EQ. NS(I)) THEN 

XP(ItJ+1) = XP(I,1)
ZP(I,J-*-1) = ZP(I,1)

END IF
CALL CHAPOS(0., 140.)
WRITE(2, '(/2A)1) CHAR(27), *K»
CALL M0VT02(XP(IfJ-1),ZP(I,J-1))
CALL LINT02(XP(I,J)fZP(I,J))
CALL LINT02(XP(I,J+1),ZP(I,J+1))

C
DO 300 11 = 1, NP 
IF (11 .EQ. I) THEN 

GOTO 300 
END IF
DO 280 J = 1, NS( 11)
IF (XP(I1,J) .EQ. X1 .AND. ZP(I1,J) .EQ. Z1) THEN 

XP(I1,J) = X2 
ZP( II ,J) = Z2 

END IF 
280 CONTINUE
300 CONTINUE

RETURN TO ROUTINE CUR
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322
ROUTINE NDENS : ENABLES THE USER TO ALTER THE DENSITY OF A 

GIVEN POLYGON

SUBROUTINE NDENSCNP,XC,ZC)
DIMENSION XPC20,0:1000),ZPC20,0:1000),XFP( 1000),OBSC1000) 
DIMENSION CALCC1000), NSC 1000), DC20)
COMMON XP, ZP, XFP, OBS, CALC, NS, D

DO 20 I = 1, NP 
IF CDC I) .EQ. 3.3) THEN 

GOTO 20 
END IF
DO 10 J = 1, NSC I)
IF CABSCXC-XPCI, J)) .LT. 0.6 .AND.

+ ABSCZC-ZPCI,J)) .LT. 0.6) THEN 
CALL CHAPOSC100.,70.)
WRITEC2,1) * OLD DENSITY 1 , D(I)
CALL CHAPOSC100.,65.)
WRITEC 2,*) * NEW DENSITY 1 
READC1,*) DC I)
END IF 

10 CONTINUE 
20 CONTINUE

RETURN TO ROUTINE CUR

RETURN
END

ROUTINE DPOINT : DELETES A POLYGON CORNER

SUBROUTINE DPOINTCNP,DELTA,XC,ZC)
DIMENSION XPC20 ,0:1000),ZPC20,0:1000),XFP(1000),OBSC1000)
DIMENSION CALCC1000), NSC 1000), DC20)
COMMON XP, ZP, XFP, OBS, CALC, NS, D

DO 20 I = 1, NP 
DO 10 J = 1, NSC I)
IF CABSCXC - XPCI.J)) .LT. 1.0 .AND.

+ ABSCZC - ZP(I,J)) .LT. 1.0) THEN
GOTO 30 
END IF 

10 CONTINUE 
20 CONTINUE

IF POLYGON CORNER IS NOT FOUND THEN CONTROL IS RETURNED TO ROUTINE CUR

RETURN

30 NSC20) = NSC I)
DO 40 M = 1, NSC I)
XPC 20,M) = XPCI,M)
ZPC20,M) = ZPCI.M)

40 CONTINUE
NSC I) = NSC I) - 1 
DO 50 M = 1, NSC I)
IF CM .GE. J) THEN
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50 CONTINUE
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IF (J .EQ. 1) THEN
XP(20 , J-1) = XP(20,NS(20))
ZP( 20, J-1) = ZP( 20,NSC 20))

END IF
IF (J .EQ. NSC20)) THEN 
XP(20,J+1) = XPC20 f1)
ZPC 20,J+1) = ZPC 20,1)

END IF
CALL CHAPOSCO.,1M0.)
WRITEC2, * C/2A)*) CHAR(27)* fLV18, M , O'
CALL M0VT02CXPC 20,J-1),ZPC 20 , J-1))
CALL LINT02CXPC20,J),ZP(20,J))
CALL LINT02CXPC 20, J-t-1),ZPC20,J+1))
IF CJ .EQ. 1) THEN
XPCI.J-1) = XPCI.NSC20))
ZPCI.J-1) = ZPCI.NSC20))

END IF
IF CJ .EQ. NSC I)) THEN 
XP(I,J+1) = XPC 1,1)
ZP(I,J+1) = ZPC1,1)

END IF
CALL CHAPOSC0.,1MO.)
WRITEC2, * C/2A)1) CHARC27), 1K1 
CALL M0VT02CXPCI,J-1),ZPCI,J-1))
CALL LINT02CXPCI,J),ZPCl,J))

RETURN TO ROUTINE CUR

RETURN 
END

ROUTINE GCALC : CALCULTES TWO-DIMENSIONAL GRAVITY ANOMALIES 
INVOKED FROM ROUTINE CUR BY TYPING "G"

SUBROUTINE GCALCCNFP,NP,HT,XMAX,XD,YMIN,YMAX,YD,ZD)
DIMENSION XPC20,0:1000),ZP(20,0:1000),XFPC1000),OBS(1000) 
DIMENSION CALCC1000), NSC 1000),DC20), GSC 1000)
DIMENSION GPC1000),GSUM(1000),XC20,0:1000),XDTC1000),YPFAA(1000) 
COMMON XP, ZP, XFP, OBS, CALC, NS, D, GS

PI = 3.1M159

DO 10 I = 1, NFP 
IF CCALC(I) .NE. 999.0) THEN 

GPCI) = 0.0 
GSUMCI) =0.0 

ELSE 
GPCI) = 999.0 

END IF 
10 CONTINUE

MAIN CALCULATION ROUTINE: 1 TO NP POLYGONS

DO 65 M = 1, NFP 
IF CGPCM) .EQ. 999.0) THEN 

GOTO 65 
ELSE
DO 60 I = 1, NP
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IF (ABS(X(I ,J)) .LT. 0.01) XCI.J) = 0.0 
ZP(I,J) = ZP(I.J) - HT 

20 CONTINUE

G = 0.0 
GPCM) = 0.0

DO MO J = 1, NSC I)
J1 S J + 1
IF CJ .EQ. NSC I)) J1 = 1 
GRAV = 0.0
IF CXCI.J1) .EQ. 0.0 .AND. ZP(I,J1) .EQ. 0.0) GOTO 30 
IF (X(I.J) .EQ. 0.0 .AND. ZP(I,J) .EQ. 0.0) GOTO 30 
Y = ATAN2CZPCI,J), X(I.J))
YY = ATAN2CZPCI.J1). X(I,J1))
IF CABSCY-YY) .LT. 0.0001) GOTO 30
IF (XCI.J) .EQ. XCI f JD) GRAV=X( I, J) « ALOGC (COS( Y)/COS( YY)))
IF (X(IfJ) .EQ. XCI.J1)) GOTO 30
IF (ZP(I.J) .EQ. ZPCI,J1)) GRAV = ZP(I,J) • (YY - Y)
IF CZP(I,J) .EQ. ZPCI ,J1)) GOTO 30
DX = XCI,J1) - XCI.J)
DZ = ZPCI.J1) - ZP(I.J)
YYY = ATAN2CDZ, DX)
A = XCI.J1) ♦ ZPCI.J1) « C(DX)/(-DZ))
B = A • SINCYYY) • COSCYYY)
TY = TANCY) - TAN(YYY)
TYY = TANCYY) - TANCYYY)
IF (X(I,J1) .EQ. 0.0) GRAV = B *

■*•( Y - PI/2. + (DZ/DX) « ALOGC COSC Y) * (TY)))
IF (X(I,J1) .EQ. 0.0) GOTO 30
IF (XCI,J) .EQ. 0.0) GRAV=-B*(YY-PI/2.+ CDZ/DX)*ALOG(COSCYY)*TYY)) 
IF (XCI,J) .EQ. 0.0) GOTO 30
GRAV = B*(Y-YY+CDZ/DX)*ALOG((COSCY)*TY)/(COSCYY) • TYY)))

30 G = G + GRAV 
MO CONTINUE

DO 50 J = 1, NSC I)
XCI.J) = X(I#J) XFP(M)
ZP(IfJ) = ZPCI,J) -*■ HT 

50 CONTINUE

GP(M) = GPC M) + G
GP(M) = GPCM) f 13.3 11 DC I)
GSUMCM) = GSUMCM) ♦ GP(M)

60 CONTINUE 
END IF 

65 CONTINUE

DO 80 I = 1, NFP
IF (CALCCI) .NE. 999.0) THEN

CALCCI) = OBSCI) ♦ (GSUMCI)-GSCI))
END IF 

80 CONTINUE

DO 160 I = 1f NFP 
IF (CALCCI) .NE. 999.0) THEN 
XDTCI) = 10.0+CXFPCI) / XMAX) « XD
YPFAACI) = 50.O+ZD+C(CALCCI) - YMIN) / (YMAX - YMIN)) * YD 
CALL M0VT02CXDTCI).YPFAACI))
CALL SYMBOLC 8)
END IF 

160 CONTINUE

RETURN TO ROUTINE CUR
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cc
C ROUTINE NPOL : ENABLES INSERTION OF A NEW POLYGON 
Cc c

SUBROUTINE NPOLCNP.DELTA.XC,ZC)
DIMENSION XPC20,0:1000),ZP(20,0:1000),XFP(1000),OBS(1000) 
DIMENSION CALCC1000), NSC 1000), DC20), XC20.5), ZC20.5), MC100) 
COMMON XP, ZP, XFP, OBS, CALC, NS, D

C
NP = NP + 1

C
DELTA1 =0.5 
DO 65 I = 1, NP-1 
IF (DC I) .GE. 3.0) THEN 
GOTO 65 

END IF
DO 55 J = 1, NSC I)
IF (J .EQ. NSC I)) THEN 

XPCI.J+1) = XPCI.1)
ZPCI.J+1) = ZPCI.1)

END IF
IF (XC .GE. XPCI.J) .AND. XC .LT. XPCI.J+D) THEN 
11 = I 
J1 = J
XPCNP.1) = XPCI.J)
ZPC NP, 1) = ZPCI.J)
XC1 = XC
CALL CURSORCIFUN,XC,ZC)
GOTO 70 
END IF 

55 CONTINUE
65 CONTINUE

C
70 N = 1

DO 100 I = 11, 11 
DO 90 J = J1+1, NSC I)
IF (XPCI.J) .LE. XC) THEN 
N = N + 1
XPCNP.N) = XPCI.J)
ZPCNP.N) = ZPCI.J)

ELSE IF (XPCI.J) .GE. XC) THEN 
11 = I 
J1 = J
IF (ABSCXC-XPCI,J)) .LT. DELTA1) THEN 

X1 = XPCI.J)
ELSE

X1 = XPCNP.N)
END IF 
GOTO 120 

END IF 
90 CONTINUE
100 CONTINUE

C
120 DO 1 MO I = 11, 11

DO 130 J = J1, NSC I)
IF (ABSCXC-XPCI,J)) .LT. DELTA1) THEN 

N = N + 1
XPCNP.N) = XPCI.J)
ZPCNP.N) = ZPCI.J)

ELSE IF (XPCI.J) .GT. XC .AND. XPCI.J+1) .LT. XC) THEN 
IF (XPCI.J+1) .NE. XP(NP.N)) THEN 
N = N + 1
XPCNP.N) = XPCNP.N-1)
ZPC NP ,N)=ZPCI,J) + ((XPC NP,N-1)-XPCIfJ))/(XP(I,J+1)-XP(I ,J
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130
140c
145
C

200
C
205

C
1001c

Z2 = z p c n p,n ;
END IF

ELSE IF (XP(I,J) .LE. XC .AND. XP(IfJ) .GE. XP(NP,1)) THEN 
N = N + 1
XPCNP,N) = XP(IfJ)
ZP(NP,N) = ZP(I,J)
IF (XP(I,J) .EQ. XP(NP,1)) THEN 

GOTO 145 
END IF

ELSE IF (XP(I,J) .LT. XPCNP,1)) THEN 
N = N + 1
XPCNP,N) = XP(NP, 1)
ZP(NP,N)=ZP(I,J-1)+((XPCNP,N)-XP(I,J-1))/(XP( I,J)-XP(I,J-1 

)))« (ZP(I,J)-ZP(I, J-1))
GOTO 145 

END IF 
CONTINUE 
CONTINUE

NSC NP) = N

NP s NP + 1 
NS(NP) = 0 
N = 0 
J1 = 0
DO 200 J = 1, NSC I D
IF (XP(I1,J) .LE. XPCNP-1,1) .AND. N .EQ. 0) THEN 

IF CJ .EQ. 1 .AND. XPCI1.J) .EQ. XPCNP-1,1)) THEN 
NP = NP - 1 
IFLAG = 1 

GOTO 205 
END IF 
J1 : J1 + 1 
XPCNP,J1) = XP(I1,J)
ZP(NP,J1) = ZPCI1,J)
NSC NP) = NSCNP) + 1 

ELSE IF CXPCII,J) .GT. XPCNP-1,1)) THEN 
N = N + 1
IF CN .EQ. 1) THEN 

J1 = J1 + 1
XPCNP,J1) = XPC NP-1,NS(NP-1))
ZP(NP , J1) = ZPCNP-1,NS(NP-1))
NSCNP) = NSCNP) + 1 

END IF
ELSE IF CXPC II ,J) .LT. XPCNP-1,1) .AND. N .GT. 0) THEN 

J1 = J1 ♦ 1 
XPCNP,J1) r XPC11,J)
ZPCNP,J1) = ZP(I1,J)
NSCNP) = NSCNP) + 1

END IF 
CONTINUE

NP = NP ♦ 1 
NSCNP) = 0

DO 1001 J = 1, NSC II)
CONTINUE

1 = 0  
IC = 0 
N = 0
DO 220 J = 1, NSC 11)
IF (XPCI1,J) .EQ. X1) THEN 

IC = 1
IF (XPC II ,J+1) .EQ. X1) THEN 

NP = NP-1
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n = n + i
NSCNP) = NSCNP) + 1
1 = 1 + 1  327
XPC NP,N) = XPC11,J)
ZPCNP.N) = ZPCI1.J)
IF (I .GT. 1) THEN 

GOTO 230 
END IF 

END IF
ELSE IF (XP(I1,J) .GT. X1) THEN 

N = N + 1
NSCNP) = NSCNP) + 1 
XPC NP,N) = XPCII,J)
ZPCNP.N) = ZPCI1,J)

ELSE IF (XP(I1,J) .LT. X1 .AND. IC .GT. 0) THEN 
N = N + 1
NSCNP) = NSCNP) 1 
XPCNP.N) = X2 
ZPC NP ,N) = Z2 
GOTO 230 

END IF 
220 CONTINUE

230 NSC 11) = NSCNP-1)
DO 180 J = 1, NSCNP-1)
XPC11fJ) = XPCNP-1 ,J)
ZPCII,J) = ZPC NP-1,J)

180 CONTINUE

IF (NSCNP) .EQ. 0) THEN 
GOTO 195 

END IF
NSCNP-1) = NSCNP)
DO 190 J = 1, NSCNP)
XPC NP-1,J) = XPC NP,J)
ZPCNP-1,J) = ZPCNP,J)

190 CONTINUE

195 NP = NP - 1

DO 300 I = 1, NP 
IF (DC I) .GE. 3.0) THEN 

MCI) = 0
DO 330 J = 1, NSC I)
J2 = J + 1
IF (J .EQ. NSC I)) THEN 

J 2 = 1 
END IF
DO 320 11 = 1, NP 
IF CDC II) .GE. 3.1) THEN 
GOTO 320 
END IF
DO 310 J1 = 1, NSC 11)
IF ((XPC11,J1).LT.XPCI,J).AND.XPC11tJ1).GT.XPCI,J2)) .OR.

+ (XPC11,J1).GT.XPCI,J).AND.XPC11,J1).LT.XPCIfJ2))) THEN 
DX1 = XPC11,J1)-XP(I,J)
DX = XPCI,J2)-XP(I,J)
DZ = ZPCI,J2)-ZP( I ,J)
IF (ZP(I1tJ1) .EQ. (ZPCI.J) + (DX1/DX)1DZ)) THEN 
DO 309 J3 = 1, MCI)
IF (CXPC11,J1) .EQ. XCI.J3)) .AND.

+ (ZP(I1,J1) .EQ. ZCI.J3))) THEN
GOTO 310 
END IF 

309 CONTINUE
MCI) = MCI) + 1
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END IF 
310 CONTINUE
320 CONTINUE
330 CONTINUE

END IF 
300 CONTINUE

C
DO 360 I = 1, NP 
IF (D(I) .GE. 3.0) THEN 

NS(20) = 0 
DO 350 J = 1, NS(I)
J2 : J + 1
IF (J .EQ. NSC I)) THEN 

J2 = 1 
END IF
DO 340 J1 = 1, MCI)
IF (CXCI,J1).GT.XPCI,J).AND.X(I,J1).LT.XPCI ,J2)) .OR. 

♦ (X( I , J1).LT.XPCI,J).AND.X( I, J1).GT.XPCI,J2))) THEN
DX1 = X(I,J1)-XP(I,J)
DX = XPCI,J2)-XP(I, J)
DZ = ZPCI,J2)-ZP(I, J)
IF CZCI.J1) .EQ. CZPCI, J) ♦ C DX 1/DX) *DZ)) THEN 

NSC20) = NSC20) ♦ 1 
XPC 20,NS(20)) = XP(I,J)
ZPC20,NS(20)) = ZP(I,J)
NSC 20) = NSC 20) + 1 
XPC20,NSC20)) = XCI.J1)
ZPC 20,NS(20)) = ZCI.J1)
GOTO 350 

END IF 
END IF 

3^0 CONTINUE
NSC20) = NSC20) ♦ 1 
XPC20,NSC20)) = XP(I,J)
ZP(20,NS(20)) = ZP(I,J)

350 CONTINUE 
NSC I) = NSC 20)
DO 351 J = 1, NSC20)
XP(I,J) = XPC 20,J)
ZP(I,J) = ZPC20,J)

351 CONTINUE 
END IF

360 CONTINUE

RETURN TO ROUTINE CUR

RETURN 
END

ROUTINE MOVE : ALTERS THE POSITION OF THE VERTICAL BOUNDARY 
BETWEEN TWO CRUSTAL POLYGONS

SUBROUTINE MOVECNP,DELTA,XC,ZC)
DIMENSION XPC20,0:1000),ZPC20,0:1000),XFPC1000),OBS(1000) 
DIMENSION CALCC1000), NSC 1000), DC20), N(100)
DIMENSION XMAXC100), NS1C100), MC100), X(20,5), ZC20,5) 
COMMON XP, ZP, XFP, OBS, CALC, NS, D

C
DELTA1 =0.5
DO 20 I = 1, NP
IF (DC I) .GE. 3.0) THEN
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DO 10 J = 1, NSC I)
IF CABSC XC-XPCIf J)) .LT. DELTA1) THEN 

NCI) = 1 
X1 = XP(I,J)
GOTO 20 

ELSE
NCI) = 0 

END IF 
10 CONTINUE 
20 CONTINUE
C

CALL CURSOR(IFUN,XC,ZC)
DO 50 I = 1 , NP 
IF CNCI) .NE. 1) THEN 
GOTO 50 

END IF
DO 40 J = 1, NSC I)
IF CABSCXC-XPCI,J)) .LT. 0.5) THEN 

X2 = XPCI.J)
GOTO 60 

END IF 
40 CONTINUE 
50 CONTINUE

IF VERTICAL BOUNDARY IS NOT LOCATED THEN CONTROL IS RETURNED 
TO ROUTINE CUR

RETURN

60 DO 100 I = 1, NP 
XMAXCI) =0.0 
IF CNCI) .NE. 1) THEN 

GOTO 100 
END IF
DO 90 J = 1, NSC I)
IF CXP(I,J) .GT. XMAXCI)) THEN 

XMAXCI) = XPCI.J)
END IF 

90 CONTINUE 
100 CONTINUE

C
DO 120 I = 1, NP 
IF CNCI) .NE. 1) THEN 

GOTO 120 
END IF
IF (ABSCX2-XPC 1,1)) .LT. 0.5) THEN 
IF CNCI) .EQ. 1) THEN 

NS1(I) = 1 
GOTO 130 

END IF 
END IF 

120 CONTINUE
C
130 DO 180 I = 1, NP

IF CNCI) .NE. 1) THEN 
GOTO 180 

END IF
IF CNS1(I) .EQ. 1 ) THEN 

11 = I 
GOTO 200 

END IF 
180 CONTINUE 

GOTO 300
C
200 N1 = 0
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ELSE
12 = I 330
GOTO 220 

END IF 
210 CONTINUE 
220 DO 250 J = 1, NSC 11)

IF CXPCI1.J+1) .GT. XP(I1fJ) .OR.
+ XPCI1.J+1) .LT. XPC11#J)) THEN 

N1 = N1 + 1 
NSC 20) = N1 
XPC20.N1) =XPCI1,J)
ZPC 20,N1) = ZPC 11 ,J)

ELSE IF (XP(I1tJ+1) .EQ. XP(I1,J>) THEN 
DO 240 J1 = 1, NSC 12) - 1 
N1 = N1 1 
NSC 20) = N1 
XPC20,N1) = XPC12,J1)
ZPC20.N1) = ZPC12,J 1)

240 CONTINUE 
END IF 

250 CONTINUE
C

DO 260 J = 1t NSC 20)
XPCI2.J) = XPC20.J)
ZPC12 ,J) = ZPC20.J)

260 CONTINUE
NSC 12) = NSC 20)

C
DO 270 I = 1, NP 
IF CI1 .EQ. NP) THEN 

GOTO 270 
END IF
IF Cl .GE. I D  THEN 
IF Cl .LT. NP) THEN 

NSC I) = NSC 1+1)
DC I) = DC 1+1)
DO 265 J = 1, NSC 1+1)

XPCI,J) = XPCI+1,J)
ZPCI,J) = ZPC1+1,J)

265 CONTINUE 
END IF 
END IF 

270 CONTINUE
NP = NP - 1 
RETURN

C
300 DO 400 I = 1, NP

IF CNCI) .NE. 1) THEN
GOTO 400 

END IF
IF (X2 .LT. X1) THEN

IF CXPC1,1) .LT. X2) THEN
11 = I

DO 380 13 = 1, NP
IF CNCI3) .EQ. 1 .AND. 13 .NE. 11) THEN

12 = 13 
END IF

380 CONTINUE 
END IF

ELSE IF CX2 .GT. XI) THEN 
IF CXMAXCI) .GT. X2) THEN 

12 = I
DO 390 13 = 1 , NP
IF (NC13) .EQ. 1 .AND. 13 .NE. 12) THEN 

11 = 13



400

450

END IF 
CONTINUE

IF (X2 .LT. XMAXC11)) THEN 
NSC 19) = 0
DO 450 J = 1, NSC I D  
IF CXPCI1.J+1) .GE. XPCI1.J) .OR.

XPCI1.J+1) .LE. XPC11 ,J)) THEN 
IF CXPC11,J) .LE. X2) THEN 
IF CXPC11,J-1) .GT. X2 .AND.

XPC11, J) .LT. X2) THEN 
NSC 19) = NSC 19) + 1
XPC19,NSC 19)) = X2
ZPC 19 ,NS( 19) ) = ZP( II , J-D + CCXPC19,NSC 19) )-XP( II ,J-1))/ 

CXPC11,J)-XP(I1,J-1)))«CZPC11,J)-ZP(I1 ,J-1))
Z3 = ZPC19,NSC 19))
NSC 19) = NSC 19) + 1 
XPC19,NSC 19)) = XPC11,J)
ZPC19,NSC 19)) = ZPC11,J)

ELSE
NSC 19) = NSC 19) + 1 
XPC 19,NSC 19)) =XPCI1,J)
ZPC19 ,NSC 19)) = ZPC11 ,J)

END IF 
END IF 
END IF 
CONTINUE 
NSC20) = 0 
DO 480 J = 1 
IF CXPC11,J)

IF (XPC11,J)
IF (XPC11,J)

Nscn)
.GE. X2) THEN

.EQ. XPC12,1)) THEN 

.NE. XP(20,NS(20))) THEN

470

DO 470 J1: 1, NSC 12)
NSC 20) = NSC20) + 1 
XPC 20,NSC 20)) = XPC12 , J1)
ZPC 20,NS(20)) = ZPC12,J1)

CONTINUE 
GOTO 480 
END IF 
END IF
IF (XPC11,J) .GT. X2 .AND.

XP(I1,J+1) .LT. X2) THEN 
NSC 20) = NSC 20) + 1 
XPC20.NSC20)) = XP(I1,J) 
ZPC20.NSC20)) = ZPC11,J)
NSC 20) = NSC20) + 1 
XPC20,NSC 20)) = X2 
ZPC20,NS(20)) = Z3 

ELSE IF ((XPCII .J) .GE. X2) .AND.
CXPCII,J) .LT. XPC12,1))) THEN 

NSC 20) = NSC 20) + 1

4£0

XPC20, 
ZPC20, 

END IF 
END IF 
CONTINUE

NSC20)) 
NSC20))

XPCII,J) 
ZPC11 ,J)

NSC 11) = 
NSC 12) =
DO 500 I = 
DO 490 J = 
IF (I .EQ. 

XPC11,J) 
ZPC11,J) 

ELSE

NSC 19)
NSC 20)
= 1 9, 20 
= 1, NSC I) 

19) THEN 
= XP(I,J) 
= ZP(I,J)
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490 CONTINUE 
500 CONTINUE

ELSE

NSC 19) = 0
DO 550 J = 1, NSC 11)
IF CXPCII ,J) .EQ. XPC12,1)) THEN 
IF (XP(I1,J+1) .EQ. XPC11 ,J)) THEN 

DO 510 J1 = 1, NSC 12)
IF (XPC12 , J1) .GT. X2 .AND. XP(I2,J1+1)

♦ .LT. X2) THEN
NSC 19) = NSC 19) + 1 
XPC19,NSC 19)) = X2
ZPC 19 ,NS( 19)) = ZP(12 ,J1)+((XPC19,NS(19))-XP( 12,J1))/ 

+ (XPCl2,J1+1)-XPCl2,J1)))«(ZP(I2,JU1)-ZP(I2fJ1))
Z3 = ZPC 19,NSC 19))

ELSE IF (XPC12,J1) .LE. X2) THEN 
NSC 19) = NS(19) + 1 
XPC19,NSC 19)) = XPC12,J1)
ZPC 19,NSC 19)) = ZP(12,J 1)

END IF 
510 CONTINUE 

END IF
ELSE IF CXPCII,J) .NE. XPC19,NSC 19))) THEN 

NSC 19) = NSC 19) + 1 
XPC 19,NSC 19)) = XPC 11 ,J)
ZPC19,NS(19)) = ZPCI1,J)

END IF 
550 CONTINUE

NSC20) = 0
DO 600 J = 1, NSC 12)
IF (XPC12 ,J) .GE. X2) THEN 

NSC20) = NSC20) + 1 
XPC20,NSC 20)) = XPC12,J)
ZPC 20,NS(20)) = ZPC12 ,J)
IF (XPC12, J) .GT. X2 .AND. XPCI2,J+1) .LT. X2) THEN 

NSC20) = NSC20) + 1 
XPC 20 ,NS(20)) = X2 
ZPC20,NSC20)) = Z3 

END IF 
END IF 

600 CONTINUE

C

C
NSC I D  = NSC 19)
NSC 12) = NSC20)
DO 650 I = 19, 20 
DO 640 J = 1, NSC I) 
IF (I .EQ. 19) THEN 

XP(I1,J) = XP(I,J) 
ZPCII,J) = ZP(I,J) 

ELSE
XPC12,J) = XP(I,J) 
ZPCI2.J) = ZP(I,J) 

END IF
640 CONTINUE 

650 CONTINUE 
END IF

DO 700 I = 1, NP 
IF (DC I) .GE. 3.0) THEN 

MCI) = 0
DO 730 J = 1, NSC I)
J2 = J + 1
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709

710
720
730

700
C

740

750

751

760
C

DC 720 11 = 1, NP
IF (DC 11) .GE. 3.1) THEN
GOTO 720 
END IF
DO 710 J1 = 1, NSC 11)
IF CCXPC11 ,J1).LT.XPCI,J).AND.XPC11, J1).GT.XPCI,J2)) .OR.

+ (XPC11,J1).GT.XPCI,J).AND.XPC11,J1).LT.XPCI,J2))) THEN
DX1 = XPC11,J1)-XP(I,J)
DX = XPCI,J2)-XP(I,J)
DZ = ZPCI,J2)-ZP(I, J)
IF (ZP(I1,J1) .EQ. CZP(I,J) + (DX1/DX)* DZ)) THEN 
DO 709 J3 = 1, MCI)
IF ((XPCII,J1) .EQ. X(I,J3)) .AND.

+ (ZP(I1,J1) .EQ. ZCI.J3))) THEN
GOTO 710 
END IF 
CONTINUE 
MCI) = MCI) + 1 
XCI.MCI)) = XPCI1.J1)
ZCI.MCD) = ZPCII ,J1)

END IF 
END IF 
CONTINUE 
CONTINUE 
CONTINUE 

END IF 
CONTINUE

DO 760 I = 1, NP 
IF CDC I) .GE. 3.0) THEN 

NSC 20) = 0 
DO 750 J = 1, NSC I)
J2 = J + 1
IF CJ .EQ. NSC I)) THEN 

J2 = 1 
END IF
DO 740 J1 = 1, MCI)
IF ((X(ItJ1).GT.XP(I,J).AND.X(ItJ1).LT.XP(ItJ2)) .OR.

+ (X(I,J1).LT.XPCI,J).AND.XCI,J1).GT.XPCI,J2))) THEN
DX1 = X(I,J1)-XPCI,J)
DX = XPCI,J2)-XP(I,J)
DZ = ZPCI,J2)-ZPCI,J)
IF (Z(I,J1) .EQ. (ZPCI, J) + (DX1/DX)*DZ)) THEN 

NSC20) = NSC20) + 1 
XPC 20,NS(20)) = XPCI.J)
ZPC20,NSC20)) = ZP(I,J)
NSC20) = NSC 20) + 1 
XPC20 fNSC20)) = X(I,J1)
ZPC20.NSC20)) = Z(I,J1)
GOTO 750 

END IF 
END IF 
CONTINUE
NSC 20) = NSC 20) + 1 
XPC20,NS(20)) = XPCI.J)
ZPC 20,NSC 20)) = ZP(I,J)
CONTINUE 

NSC I) = NSC 20)
DO 751 J = 1, NSC20)
XP(I,J) = XPC 20,J)
ZP(I,J) = ZPC20,J)
CONTINUE 
END IF 
CONTINUE
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END

334
ROUTINE UK : DEFINES A NEW POLYGONAL AREA WITHIN THE UPPER MANTLE

SUBROUTINE UK(NP,XC,ZC)
DIMENSION XPC 20,0:1000),ZPC 20,0:1000)fXFPC 1000),OBS( 1000) 
DIMENSION CALCC1000), NSC 1000), D(20), GSC 1000)
COMMON XP, ZP, XFP, OBS, CALC, NS, D, GS

C
NP = NP + 1 
NSCNP) = 0

C
DO 20 I = 1, NP-1 
XMAX = XPC1,1)
XMIN = XPC1,1)
ZMAX = ZPC1,1)
ZMIN = ZPC1,1)
DO 10 J = 1, NSC I)
IF (XPCI,J) .GT. XMAX) THEN 
XMAX = XP(I,J)

ELSE IF (XPCI.J) .LT. XMIN) THEN 
XMIN = XPCI.J)

END IF
IF (ZPCI.J) .GT. ZMAX) THEN 

ZMAX = ZPCI.J)
ELSE IF (ZPCI.J) .LT. ZMIN) THEN 

ZMIN = ZPCI.J)
END IF 

10 CONTINUE
IF (XC .LT. XMAX .AND. XC .GT. XMIN .AND.

♦ ZC .LT. ZMAX .AND. ZC .GT. ZMIN) THEN 
11 = 1 

END IF 
20 CONTINUE
C

DO 25 J = 1, NSC 11)
IF (XC .GE. XPC II ,J) .AND. XC .LE. XPC11,J+1)) THEN 

XPCNP,1) = XPC11,J)
ZPC NP ,1) = ZPCII ,J)
NSCNP) = 1 
J1 = J 

END IF 
25 CONTINUE
C

CALL CURSORCIFUN,XC,ZC)
DO 30 J = J1+1, NSC I D  
IF (XC .GT. XPC11,J+1)) THEN 

NSCNP) = NSCNP) ♦ 1 
XPCNP,NSCNP)) = XPCII ,J)
ZPCNP,NSCNP)) r ZPCI1.J)
GOTO 30 

END IF
IF (XC .GE. XPC 11 ,J) .AND. XC .LE. XP(I1,J+D) THEN 

IF CXPC 11 ,J+1) .EQ. XPCI1.J+2)) THEN 
NSCNP) = NSCNP) + 1 
XPCNP,NSCNP)) s XP(I1,J)
ZPCNP,NSCNP)) = ZPCII,J)
NSCNP) = NSCNP) + 1 
XPCNP,NSCNP)) = XP(I1,J+1)
ZPCNP,NSCNP)) = ZPCII,J+1)
GOTO 50
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ZPCNP,NS(NP)) = ZPC11,J) 
GOTO 50 

END IF 
END IF 
CONTINUE

50 CALL CURSORCIFUN,XC,ZC) 
IF CIFUN .EQ. 8) THEN

.LE. 20.) THEN 
ZC + 1.0

IF (ZC 
ZC = 

END IF 
NSCNP) = NSCNP) + 1
XPCNP,NSCNP)) = XC 
ZPCNP,NSCNP)) = ZC 
GOTO 50 

ELSE IF (IFUN .EQ. 10) THEN 
IF (ZC .LE. 20.) THEN 

ZC = ZC ♦ 1.0 
END IF
NSCNP) = NSCNP)
XPCNP,NSCNP)) =
ZPCNP,NSCNP)) =
GOTO 60 

ELSE
NP = NP - 1 
RETURN 

END IF

♦ 1
XC
ZC

60

70
80

90

NSC II)
.GT. XPCNP-1,1) .AND. 
.LT. XPC NP-1,J1) .AND.

NP = NP + 1 
NSCNP) = 0 

J1 = 0 
DO 90 J = 1,
IF (XPCII.J)

XPCI1.J)
GOTO 90 

ELSE IF (XP(I1,J)
ZPCI1.J)

GOTO 90 
ELSE

NSCNP) = NSCNP)
XPCNP,NSCNP)) s XPCII,J)
ZPCNP,NSCNP)) = ZPCII.J)
IF (XPCII,J) .EQ. XPCNP-1,1) .AND. 

ZP(I1,J) .EQ. ZPC NP-1,1)) THEN 
DO 80 J1 = NSCNP-1), 1, -1 
NSCNP) = NSCNP) + 1 
XPCNP,NSCNP)) = XPC NP-1,J1)

J1 .NE. 0) THEN

.EQ. XPC NP-1,J1) 

.EQ. ZPC NP-1,J1)
.AND.
.AND. J1 .NE. 0) THEN

ZPCNP,NSCNP)) 
DO 70 J2 = 1, 
IF (XPC11,J2) 

ZPC11,J2) 
GOTO 90 

END IF 
CONTINUE 
CONTINUE 

END IF 
END IF 
CONTINUE

= ZPC NP-1,J1)
NSC 11)
.EQ. XPC NP-1 ,J1) .AND. 
.EQ. ZPCNP-1 ,J1)) THEN

150

NSC I D  = 
DO 150 J 
XPC11 ,J) 
ZPCII,J) 
CONTINUE 

NP = NP -

NSCNP)
= 1, NSCNP) 
= XPCNP,J)
= ZPCNP,J)
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RETURN 
END

ROUTINE UMM : COMPLETES DEFINTION OF NEW POLYGONAL AREA IN UPPER 
MANTLE

SUBROUTINE UMMCNP,XC,ZC)
DIMENSION XP(20,0:1000),ZPC20,0:1000),XFP(1000),OBS(1000) 
DIMENSION CALC(1000), NSC 1000), D(20), GSC1000)
COMMON XP, ZP, XFP, OBS, CALC, NS, D, GS 

C
11 = 0 
12 = 0
DO 20 I = 1, NP 
IF (DC I) .GE. 3.0) THEN 

DO 10 J = 1, NSC I)
IF ((ABSCXC-XPCI,J)) .LT. 1.0) .AND.

+ CABSCZC-ZPCI,J)) .LT. 1.0)) THEN
IF CDCI) .LT. 3.3) THEN 

11 = 1
XI1 = XPCI.J)
ZI1 = ZPCI.J)
CALL MOVT02(XP(I,J),ZP(I,J))
CALL SYMBOLC 8)

ELSE 
12 = I
XI2 = XPCI.J)
ZI2 = ZPCI.J)

END IF
IF (11 .NE. 0 .AND. 12 .NE. 0) THEN 
GOTO 25 

END IF 
END IF 

10 CONTINUE 
END IF 

20 CONTINUE
25 IF (XI1 .NE. XI2 .AND. ZI1 .NE. ZI2) THEN

RETURN
ELSE IF CI1 .EQ. 0 .OR. 12 .EQ. 0) THEN 

RETURN 
ELSE

X1 = XI1 
Z1 = ZI1 

END IF
C

XMAX = 0.0
DO 40 J : 1, NSC 11)
DO 30 I = 1, NP
IF (I .NE. 11 .AND. I .NE. 12) THEN 
DO 26 J1 = 1, NSC I)
IF (XPC11 ,J) .EQ. XPCI.J1) .AND.

+ ZPC11 ,J) .EQ. ZPCI.J1)) THEN
IF (XPCII,J) .GT. XMAX) THEN 
XMAX = XPC11,J)
ZMAX = ZPC 11 ,J)

END IF 
END IF

26 CONTINUE 
END IF

30 CONTINUE 
40 CONTINUE

C
CALL CURSORCIFUN,XC.ZC)

C
IF (CXI .NE. XMAX .AND. XC .GT. X1) .OR.
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IF (J .EQ. NSC ID) THEN 
J 2 = 1 

END IF
IF (XC .GE. XPC 11 tJ) .AND. XC .LT. XP(I1,J2)) THEN 

X2 = XPC11,J)
Z2 = ZPC II ,J)
CALL M0VT02CX2.Z2)
CALL SYMBOLC 8)
GOTO 70 

END IF 
50 CONTINUE 

ELSE
DO 60 J = 1 , NSC 12)
J2 : J + 1
IF (J .EQ. NSC 12)) THEN 

J2 = 1 
END IF
IF (XC .LT. XPC 11 ,1)) THEN

IF (XC .GE. XPC 12,J) .AND. XC .LT. XPCI2,J2)) THEN 
X2 = XPC12,J)
Z2 = ZPC12,J)
CALL M0VT02CX2,Z2)
CALL SYMBOLC 8)
GOTO 300 

END IF
ELSE IF (XC .GE. XMAX) THEN 

IF (XPC12,J) .EQ. XMAX) THEN 
J1 = J
DO 65 J3 = J1, NSC 12)
J4 = J3 + 1
IF (J3 .EQ. NSC 12)) THEN 

J4 = 1 
END IF
IF (XC .GE. XPCI2.J3) .AND. XC .LT. XP(I2,J4)) THEN 

X2 = XPC12,J3)
Z2 = ZPC12 , J3)
CALL M0VT02(X2,Z2)
CALL SYMBOLC8)
GOTO 300 

END IF 
65 CONTINUE

END IF 
END IF 

60 CONTINUE
END IF

C
70 NSC 19) = 0

IF (XPC11,1) .EQ. X1) THEN 
DO 90 J = 1, NSC 11)
IF (XPC11,J) .EQ. X2) THEN 

DO 80 J1 s J, NSC 11)
NSC 19) = NSC 19) + 1 
XPC19,NS(19)) = XPCII,J1)
ZPC19,NS(19)) = ZP(I1,J1)

80 CONTINUE
END IF 

90 CONTINUE 
NSC 20) = 0 
I FLAG s 0
DO 110 J s 1, NSC 12)
IF (XPC 12 ,J) .LT. XI .AND. I FLAG .EQ. 0) THEN 

NSC20) = NSC20) + 1 
XPC 20,NS(20)) = XPC12 ,J)
ZPC20,NS(20)) = ZPC12,J)

ELSE IF (XP(12,J) .EQ. X1 .AND. IFLAG .EQ. 0) THEN
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DO 100 J1 = 1, NSC 19)
IF (XPC19.J1) .EQ. X2) THEN 

NSC20) = NSC 20) + 1 
XPC20,NSC20)) = XPC19.J1)
ZPC 20,NSC 20)) = ZPC 19 ,J 1)
DO 95 J3 = NSC 19), 1, -1 
IF (XPC19,J3) .EQ. XMAX .AND.

+ ZPC19 »J3) .EQ. ZMAX) THEN
NSC 20) = NSC 20) + 1 
XPC20,NS(20)) = XPC19.J3)
ZPC 20,NSC 20)) = ZPC19.J3)
IFLAG = 1 
GOTO 110 

ELSE
NSC20) = NSC20) ♦ 1 
XPC20,NS(20)) = XPC19.J3)
ZPC20,NS(20)) = ZPC19 ,J3)

END IF 
95 CONTINUE

ELSE
NSC 20) = NSC 20) + 1 
XPC20,NS(20)) = XPC 19,J1)
ZPC20.NSC20)) = ZPC19 *J1)

END IF 
100 CONTINUE

ELSE IF (IFLAG .EQ. 1 .AND. XPC 12,J) .EQ. XMAX .AND.
+ ZPC12,J) .EQ. ZMAX) THEN

DO 105 J3 = J+1, NSC 12)
NSC20) = NSC20) + 1 
XPC 20,NS(20)) = XPCI2.J3)
ZPC20,NS(20)) = ZPCI2.J3)

105 CONTINUE
GOTO 140 
END IF 

110 CONTINUE

140 DO 152 I = 19, 20 
NSC 11) = NSC 19)
NSC 12)= NSC 20)
DO 151 J = 1, NSC I)
IF (I .EQ. 19) THEN
XPCI1.J) = XPCI.J)
ZPC11 ,J) = ZPCI.J)

ELSE
XPCI2.J) = XPCI.J)
ZPC12,J) = ZPCI.J)

END IF
151 CONTINUE
152 CONTINUE

ELSE IF CX1 .EQ. XMAX) THEN 
DO 170 J = 1, NSC II)
IF (XPCII.J) .EQ. X2) THEN 

NSC 19) = NSC 19) + 1 
XPC 19,NSC 19)) = XPC 11 , J)
ZPC19.NSC 19)) = ZPC11,J)
DO 160 J1 : 1, NSCI1)
IF (XPCI1.J1) .EQ. XMAX .AND. ZPCI1.J1) .EQ. ZMAX) THEN 
J 2 = J1
DO 155 J3 = J2+1, NSC 11)
NSC 19) = NSC 19) + 1 
XPC 19,NSC 19)) = XPC 11 ,J3)
ZPC19,NS(19)) = ZPC11,J 3)

155 CONTINUE
GOTO 200
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170
C
200

220
230

240

255260
C

C
300

310

320

NSC 19) = NSC 19) + 1 
XPC19,NS(19)) = XPC11fJ)
ZPC19,NSC 19)) = ZPC11,J)

END IF 
CONTINUE

NSC 20) = 0
DO 240 J = 1, NSC 12)
IF (XPC12,J) .EQ. XMAX .AND. ZPC12 fJ) .EQ. ZMAX) THEN 

DO 230 J1 = 1, NSC 11)
IF CXPC11,J1) .EQ. X2) THEN 

NSC20) = NSC20) + 1 
XPC 20,NS(20)) = XPCII,J1)
ZPC20,NS(20)) = ZPCII,J1)
DO 220 J2 = 1t NSC 11)
IF CXPC11,J2) .GT. X2 .AND. XPCI1.J2) .LE. XMAX) THEN 

NSC20) s NSC20) + 1 
XPC20,NSC 20)) = XPC11 ,J2)
ZPC20,NSC20)) = ZPCI1.J2)
IF (XPC11.J2) .EQ. XMAX) THEN 
GOTO 240 

END IF 
END IF 
CONTINUE 

END IF 
CONTINUE 
ELSE

NSC20) = NSC 20) + 1 
XPC20,NSC20)) = XPC12 ,J)
ZPC20.NSC20)) = ZPC12,J)

END IF 
CONTINUE
DO 260 I = 19, 20 
NSC 11) = NSC 19)
NSC 12)= NSC 20)
DO 255 J = 1, NSC I)
IF (I .EQ. 19) THEN 

XPC11,J) = XPCI.J)
ZPC11,J) = ZPCI.J)

ELSE
XPCI2.J) = XPCI.J)
ZPCI2.J) = ZPCI.J)

END IF
CONTINUE
CONTINUE

END IF 
RETURN

IF (XPC11,1) .EQ. X1) THEN 
NSC 19) = 0
DO 320 J = 1, NSC 12)
IF (XPCI2.J) .GE. X2 .AND. XPCI2.J) .LT. X1) THEN 

NSC 19) = NSC 19) + 1 
XPC19,NSC 19)) = XPC12,J)
ZPC19.NSC 19)) = ZPC12,J)

ELSE IF (XPC12,J) .EQ. X1) THEN 
DO 310 J1 = 1, NSC II)
NSC 19) = NSC 19) ♦ 1 
XPC19,NSC 19)) = XPC11,J1)
ZPC 19,NSC 19)) = ZPC II ,J1)
CONTINUE 
GOTO 330 

END IF 
CONTINUE
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390
400
C
410

430
440
C

445

446
450

NS(20; = NSl20; + 1 
XPC20,NS(20)) = XPC12, J)
ZPC20,NSC 20)) = ZPC12,J)

ELSE IF (XPC12,J) .EQ. X2) THEN 
NSC20) s NSC20) + 1 
XPC20.NSC20)) = XPC12,J)
ZPC20,NSC 20)) = ZPC12,J)
DO 390 J1 = 1, NSC 12)
IF (XPC12,J 1) .GT. X2 .AND. XP(I2,J1) .LE. X1) THEN 

IF (XPC12,J1) .EQ. XI) THEN 
J2 = J1
DO 380 J3 = J2+1, NSC 12)
NSC20) = NSC20) ♦ 1 
XPC 20,NSC 20)) = XPC12,J3)
ZPC20,NS(20)) = ZPC12,J3)
CONTINUE 
GOTO 410 

END IF 
END IF 
CONTINUE 

END IF 
CONTINUE

DO 440 I = 19, 20 
NSC 11) s NSC 19)
NSC 12) = NSC 20)
DO 430 J = 1, NSC I)
IF Cl .EQ. 19) THEN 
XP(I1,J) = XPCI.J)
ZPCII ,J) S ZPCI.J)

ELSE
XPC12,J) r XPCI.J)
ZPC12,J) = ZPCI.J)

END IF
CONTINUE
CONTINUE

ELSE IF CX1 .EQ. XMAX) THEN 
NSC 19) = 0
DO 460 J = 1, NSC I D  
IF (XPC11,J) .LE. X1) THEN 

NSC 19) = NSC 19) + 1 
XPC19,NS(19)) = XPCI1.J)
ZPC19,NSC 19)) = ZPC11,J)
IF (XPCII,J) .EQ. X1) THEN 

J2 = J
DO 450 Jls 1, NSC 12)
IF (XPC12,J1) .EQ. X1 .AND. ZPCI2.J1) .EQ. ZMAX) THEN 

J4 = J1
DO 446 J5 = J4+1, NSC 12)
NSC 19) = NSC 19) + 1 
XPC 19,NSC 19)) = XPCI2.J5)
ZPC19,NSC19)) = ZPCI2.J5)
IF (XPCI2.J5) .EQ. X2) THEN 

DO 445 J3 = J2+1, NSC 11)
NSC 19) = NSC 19) + 1 
XPC19,NS(19)) = XPCI1.J3)
ZPC19,NSC 19)) = ZPCII,J3)
CONTINUE 
GOTO 470 

END IF 
CONTINUE 
END IF 
CONTINUE
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470 NSC 20) = 0
DO 520 J = 1, NSC 12)
IF (XPC12,J) .LT. XPC11,1)) THEN 

NSC20) = NSC20) ♦ 1 
XPC20,NSC20)) s XPCI2.J)
ZPC 20 tNS(20)) = ZPC12,J)

ELSE IF (XPC 12,J) .EQ. XP(I1,D) THEN 
NSC20) = NSC20) ♦ 1 
XPC20,NS(20)) = XPC12,J)
ZPC 20,NS(20)) = ZPC12 ,J)
DO 510 J1 = NSC 19)» 1, -1
IF (XPC19.J1) .EQ. X2 .AND. ZPC19.JD .EQ. Z2) THEN 

IFLAG = 0
DO 500 J2 = 1, NSC 12)
IF (XP(I2,J2) .EQ. X2 .AND. ZP(I2,J2) .EQ. Z2) THEN 

I FLAG = 1 
END IF
IF (IFLAG .EQ. 1) THEN 

NSC20) = NSC20) + 1 
XPC20,NSC 20)) = XPC12,J2)
ZPC20,NS(20)) = ZP(I2,J2)

END IF 
500 CONTINUE

GOTO 550 
ELSE

NSC20) s NSC20) + 1 
XPC20,NS(20)) = XPC19,J1)
ZPC 20,NSC 20)) = ZPC19 , J1)

END IF 
510 CONTINUE

END IF 
520 CONTINUE

550 DO 570 I r 19, 20
NSC II) = NSC 19)
NSC 12)= NSC 20)
DO 560 J = 1 , NSC I)
IF (I .EQ. 19) THEN
XPC11,J) = XP(I,J)
zpcn ,J) = zpci,j)

ELSE
XPC12,J) = XP(I,J)
ZPC12,J) = ZP(I,J)

END IF 
560 CONTINUE
570 CONTINUE

END IF

CONTROL IS RETURNED TO ROUTINE CUR ON TYPING "S"

RETURN
END
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APPENDIX 3

SCREEN CURSOR ROUTINE FOR INTERACTIVE TWO-DIMENSIONAL
MAGNETIC MODELLING

A3.1 Introduction and basic requirements of program

This program was written to facilitate two-dimensional 
magnetic forward modelling, by enabling variations in 
the magnetisation intensity of a source layer to be 
interactively controlled using a screen cursor facility.

As discussed in Chapter 5 (Section 5.7), magnetic 
anomalies are attributed to the uppermost 3km of the 
crust, which is designated the magnetic source layer. 
Lateral variations in the magnetisation intensity of the 
magnetic source layer are modelled by distinct magnetic 
blocks of different magnetisation intensities, each 
separated from its immediate neighbour(s) by vertical 
boundaries. The positions, lateral extents, and 
magnetisation intensities of each block can be altered 
interactively.

Two-dimensional magnetic anomaly calculations are 
made using the technique and algorithm devised by 
Heirtzler et al. (1964).

A computer program which carries out these tasks 
has been written in standard FORTRAN 77, using GINO 
graphics routines for use on the EUCLID computer system 
at University College London. The program, called
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CDRM2D, is printed in section 3 of this appendix. For 
successful implementation, the program must either be 
run on a Tektronix 4010 terminal, or a terminal which 
emulates the Tektronix 4010. Although tested and used on 
the EUCLID system at University College London, this 
program should operate with minimal alteration on any 
other computer system which supports FORTRAN 77 and GINO 
software.

A3.2 Instructions for operating CURM 

A3.2.1 Input file data

For successful operation, input file data must be 
supplied in the order, and format, detailed in Figure 
A3.1. The magnetic source is multi-layered and the 
thicknesses and magnetisation intensities of each layer 
are controlled using lines 1 to (3+NFP). The "flag 
value", which is not a physical quantity, instructs the 
program as to whether it should calculate a magnetic 
anomaly value at a given field point: if FL=999.0 then
no anomaly is calculated.

A3.2.2 Running the program

Assuming input and output files are called, respectively 
INPUT and OUTPUT, then CURM is initiated on EUCLID by 
issuing the command:

FORTRAN 77 .CURM U3 .INPUT U4 .OUTPUT (BIGSHELL) DEV 
T4010.



3 4 4

0  1:
»

‘jumper of layers comprising the 'magnetic source 
JH, integer)

jjNE 2 TO (2 + NL) :

magnetisation intensity of layer Thickness of layer
(A/m*100) (km)

(HAGL, real) (THL, real)

line (3 + NL) :

lumber of field 
points

(NFP, integer)

Number of
magnetic
blocks
(NP, integer)

Height of 
profile 
(km)
(HT, decimal)

Thickness of 
source layer 

(km)
(TH, decimal)

(3 + NL) TO (3 + NL) + NFP:

ield point 
ŝtance 
(km)

Seafloor 
depth 
(km)

Sediment
thickness

(km)

Observed
magnetic
anomaly
(nT)

Calculated
magnetic
anomaly

(nT)

Flag

***i dec.) (D, dec.) (SED, dec.) (OBS, dec.) (CALC, dec.) (FL,

Figure A3.1. Input/output file format for CURM.

dec
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4+NL+NFP:

;egional field
ntensity 
(nT) 

p decimal)

Field inclination ', Field declination 
(degrees) / ‘ (degrees)

(IN, decimal (DE, decimal)

Profile
bearing
(degrees)
(BE, decimal)

0  FOR EACH MAGNETIC BLOCK:

eft-hand Right-hand Magnetisation Magnetisation Magnetisation Suscep-
jundary boundary intensity inclination declination tibility
:osition position (A/m*100) (degrees) (degrees) (number)
(km) (km)
[XI, dec.) (X2, dec.) (M, dec.) (VIN, dec.) (VDE, dec.) (S, dec.)

EXT MAGNETIC BLOCK. ..

Figure A3.1. (Continued).
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Both program name, and input and output files are 
preceded by a full stop on EUCLID to identify them as 
permanent files. All input is read in via stream 3, 
shortened to U3 above, similarly, all output is written 
out via stream 4, shortened to U4 above. The "BIGSHELL" 
option is necessary when using a large input file to 
increase the available online cpu space. "DEV T4010" 
specifies that the output device for graphics is the 
terminal screen.

A3.2.3 The control screen

Having successfully compiled, the program first displays 
a control screen or menu on the terminal screen. The 
menu consists of three options, and is displayed as:

INPUT ONE OF THE FOLLOWING OPTIONS

1. COORDINATE AND/OR MAGNETISATION CHANGES
2. WRITE OUT RESULTS
3. STOP RUNNING THIS PROGRAM

When first using the control screen, option 1 
should be requested (by typing "1<RETURN>") so as to 
initiate other routines for interactive modelling. 
Option 2, requested by typing "2<RETURN>", writes out 
current results to the file OUTPUT, and option 3, 
requested by typing "3<RETURN>", completes a terminal 
session.

A3.2.4 Using the interactive screen display

On choosing option 1 a graphical representation of the 
data read in from the INPUT file is displayed on the
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terminal screen. Figure A3.2 is an example of a screen 
display consisting of the magnetised source layer drawn 
within a rectangular grid, above which both the observed 
magnetic anomaly profile and calculated anomaly values 
are plotted. A screen cursor also appears enabling 
interaction to be made between the program user and the 
modelling program.

Routine COORD is responsible for producing a 
graphical representation of current data, and also 
transfers control to routine CUR, which defines the 
cursor control keys for interaction between user and 
program.

Cursor control routines

Communication between terminal user and program is 
performed using a combination of: moving the cursor to
identify position; and pressing certain earmarked 
terminal keys to identify what action is to be taken, or 
what alteration is to be made. Six terminal keys have 
special significance for communication with the program: 
these are the letters "P, M, N", and "C", and the 
integers "1" and "2". Control is passed from routine CUR 
to other program routines on pressing any one of the 
earmarked letter keys. Keys "1" and "2" have special 
significance having already pressed key "C".

(1) Altering the position of a vertical boundary 
between two magnetic blocks

With reference to Figure A3.3, the vertical cursor 
graticule line is first used to locate the boundary line 
which is required to be moved, by aligning the graticule
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Figure A3.2. Sample interactive screen display for 
CURM.



ALTERING THE POSITION OF A MAGNETIC BLOCK BOUNDARY (Keyp)

i i
(D 12) 1

DELETING A MAGNETIC BLOCK (KeyP)

i i
1 IID 12)

CHANGING THE MAGNETISATION VECTOR OF A BLOCK IKey M)

Figure A3,3. Cursor control routines to insert, delete, 
alter the position of the boundary of, and change the 
magnetisation vector of a magnetic block. The vertical 
graticule line of the cursor is drawn as a dashed line. 
Refer to Section A3.2.4.



INSERTING A NEW MAGNETIC BLOCK (Key N)
i

350

(D 12)

Figure A3.3. (Continued).
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line with the boundary and then pressing key "P" to 
identify it as such. The vertical graticule line is then 
moved using the appropriate cursor control key, and the 
position of the new vertical boundary is identified as 
being coincident with the location of the vertical 
graticule line on pressing key "P" again.

This routine can also be used to delete a magnetic 
block if the new position of the vertical delimiter 
coincides with the other vertical boundary of the
magnetic block (Figure A3.3). The controlling routine is 
POSN.

(2) Changing the magnetisation vector of a block

Firstly, the magnetic block whose magnetisation vector 
is to altered is identified by placing the vertical 
graticule line of the screen cursor between its two
vertical boundaries, and then pressing key "M" (Figure 
A3.3). This results in the current values of the 
magnetic block's magnetisation intensity, and direction 
of magnetisation as specified by the vector's 
inclination and declination being displayed on the 
screen, and asks the program user to input new values 
for each. The "<RET>" must be pressed to send the
information to the computer. The controlling routine is 
MGTSN•

(3) Inserting a new magnetic block

With reference to Figure A3.3, a new magnetic block is 
inserted by firstly placing the screen cursor vertical 
graticule line over the right-hand vertical boundary of 
an existing block to identify the left-hand vertical
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boundary of the new block as coinciding with the 
existing boundary, and then pressing key "N" to pass 
this information to the program. Next, the screen cursor 
is moved to the right, to a location between the left- 
hand side boundary of the new magnetic block and the 
next vertical delimiter and key "N" is depressed once 
again to mark the right-hand boundary of the new 
magnetic block. The controlling routine is NEW.

(4) Calculation of magnetic anomalies

The effects of alterations made to the distribution of 
magnetisation of the source layer on calculated magnetic 
anomalies can be seen by typing key "C" followed by 
either a "0" or "1". When "0" is chosen then anomaly 
values at all points along the profile are re-calculated 
If, however, it is only required to re-calculate 
anomalies over a certain range of the profile, usually 
in the vicinity of where alterations have been made to 
the magnetic layer, then this range can be indicated 
using the screen cursor's vertical graticule line by 
typing "1" for the left-hand side, and another key e.g. 
a "2" for the right-hand side.

(5) Returning to the control screen

Any lettered key or numbered key other than "1" can be 
used to restore control to the main menu or control 
screen (Section A3.2.3). From the control screen, new 
modelled results, if an improvement on previous values, 
should be written out to the output file (by typing 
■2<RETURN>"), prior to stopping the program (by typing 
"3<RETURN>"). It may also be desirable to return control 
to the program's main menu in order recall the



353

interactive screen display (by typing "1<RETURN>"), 
thereby clearing the terminal screen of superfluous 
lines etc left after alterations have been made to the 
coordinates of modelled bodies (this will certainly be 
necessary with a Tektronix 4010 terminal).
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A3.3 CPRM: Program listing
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DIMENSION XPC20,0:999),ZP(20,0:999),XFP(999),BD(999),CBS(999) 
DIMENSION VIN'(20) ,VDE(20) fCALC(999) ,X1(20) ,X2(20) ,D(999) ,SED(999) 
DIMENSION NS(30), MFAC(?0), S(30), FL(999)
DIMENSION MAGLC5)» TKL(5)
PEAL IN, MFAC, MAGL
COMMON XP, ZP, XFP, BD, CBS, VIN, VDE, CALC, X1 , X2 
COMMON D, SED, NS, MFAC, S, FL, MAGL, TKL

C
PAD = 0.0174533

c
C READING IN DATA ON STREAM 3 
C

READC 3 ,*) NFP, NP, HT, TH
C

READ (;,*) NL
DO 4 1  r 1, NL
REAP(3♦*) MAGLC1) , THL(I)

4 CONTINUE
C

DC 5 I = 1, NFP
READ( 3,*) XFP(I),DlI),SED(T),0ES(3), CALC(I), FL(I)
BD( I) = DC) + SED(I)

5 CONTINUE
C

READ(3 »*) F, IN, DE, EE
C

IN = IN * RAD
DE = DE * RAD
EE = RE * RfD

C
DC 10 I = 1, NP
READ( 3 ,*) X1C), X2( I) , MFAC(I), V I N O ,  VDE(I), S(I)

10 CONTINUE
C
C CONVERSION FROM DEFINING MAGNETIC ELCCKS IN TERNS OF VERTICAL
C DELIMITERS TO DEFINITION AS POLYGONS
C

DC 60 I s 1 , NP
DO 50 J = 1, NFP
IF (XFP(J) .LT. X1CI)) THEN 
GOTO 50

ELSE IF (XFP(J) .EG. X K  I)) THEN 
NSC I) = 1 
J1 = J
XPC1 ,NS(I)) = XFP(J)
2P(I,NS(I)) = ED(J)

ELSE IF (XFPCJ) .GT. XI(I) .AND. XFP(J) .LT. X2(1)) THEN
NSC I) = NSCI) + 1
XPCI,NS(I)) = XFPCJ)
ZPCI,NS(I)) = BDCJ)

ELSE IF (XFPCJ) .EC. X2(I)) THEN 
J2 = J
NSC) = NSCI) + 1 
XPCI ,NS(I)) r XFPCJ)
ZPCI,NSCI)) = BDCJ)

DO 40 PI : 1, NSCI)
XPC I ,NS( I) + M1) r XFPCC J2+D-M1)

40 + = ED( ( J2+1 )-M1) + TH
END IF 

50 CONTINUE
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CALLING CONTROL SCREEN (GRAPHICS ROUTINE)

100 CALL DEVEEG 
CALL PICCLE 
CALL WINDCWC2)

CALL MCVTC2C 50.,80.)
CALL CHAHOLC* INPUT ONE OF THE FOLLOWING OPTIONS*.')
CALL M0VT02C5C.,65.)
CALL CHAKCLC'1. COORDINATE AND/OR MAGNETISATION CHANGES*.') 
CALL NCVTC2C50.,60.)
CALL CHAHOLC'2. WRITE CUT RESULTS*.')
CALL M0VT02C5C.,55.)
CALL CHAHOLC'3. STCP RUNNING THIS PROGRAM*.’)
CALL CHAPCSC50.,50.)

READING IN OPTION 1, 2 OR 3

READ (1,«) IANS

OPTION 1 : DISPLAY INTERACTIVE SCREEN

IF (IANS .EC. 1) THEN
CALL CCCRDCNFP,NP,KT,NL,IN,DE,TH,BE)
GCTC IOC 

ELSE IF (IANS .EC. 2) THEN

OPTION 2 : WRITE OUT RESULTS ON STREAM 4

IN = IN / RAD 
DE = DE / RAD 
EE = EE / RAD

WRITEC 4,110) NFP, NP, HT, TH
110 FCRMATC I! , IX, 12, 1X, F6.1, IX, F6.1)

WRITEC 4,111) NL
111 FCRMATCIT)

DC 113 I = 1, NL
WRITEC 4,112) MAGLCI), THLC 7)

112 FORMAT (F6.1, IX, F6.1)
113 CONTINUE

DC 130 I r 1, NFP
WRITEC 4,120) XFPCI), DC J) , SEDC), CES(l), CALC(I), FLCT)

120 FCRMATC F6 .1 , 1X, FT.3, 1X, F7.3, 1X, F7.1, 1X, F7 .1 , 1X, F7 .
130 CONTINUE

WRITECU.HIO) F, IN, DE, PE 
1M0 FOR HAT ( FI'. 1 , IX, F7.1, IX, F? . 1 , 1X, FT . 1)

DC 160 J = 1, NP
WRITEC ̂ ,999) X1CI), X2CI), MFACCI), VINCI), VDECI), SCI)

999 FCRN.ATC FT . 1 , 1X, F7.1, IX, FT .2, IX, FI'.1, 1X, F6.1, 1X, FC .
160 CONTINUE

IN = IN * RAD 
DE = DE * RAD 
EE = BE * RAD 
GOTO 100

OPTION 3 : STOP RUNNING PROGRAM
ELSE 

STOP 
END IF
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c 
c
C ROUTINE COORD : MAIN INTERACTIVE GRAPHICS MODULE 
C 1. DRAWS PROFILE
C 2. CALLS THE CURSOR ROUTINE FOR INTERACTIVE
C WORKING
C 
C

SUBROUTINE COCRDCNFP,NP ,HT ,NL,IN,DE,TH,EE)
DIMENSION XPC20,0:999) ,ZP(20,0:999),XFP(999),BD(999),CES(999) 
DIMENSION VINC20),VBE(20),CALC(999),X1(20),X2(20),D(999),SED(999) 
DIMENSION NSC 30)* MFACC 30), SC 30), FLC999), MAGLC5), THLC5) 
DIMENSION XDTC999), YIMAC999), YPMAC 999)
REAL IN, MFAC, MAGL
COMMON XP, ZP, XFP, ED, CES, VIN, VDE, CALC, X1, X2 
COMMON D, SED, NS, MFAC, S, FL, MAGL, THL

C
CALL PICCLE

C
XMAX = XFPC NFP-1)
XMAX1 = REALCI NTC XFPC NFP-1)/10.0)) * 1C.0 
XD = XMAX * O.Hj 
XD1 = XMAX 1 * o m j  
NX = I NT(XMAX1 / 10.0)

C
ZKAX = 0.0 
DC ?2 I = 1, NP 

DC 31 J = 1 , NSC)
IF (ZPC,J) .GT. ZMAX) THEN 

ZKAX r ZP(T,J)
END IF 

31 CONTINUE 
3,2 CONTINUE

C
ZMAX1 = ZMAX
ZMAX = REALCINTC ZKAX/5.0)+1) * 5.C 
IF (ZKAX .EQ. ZKAX1 + 5.0) THEN 

ZKAX = ZMAX - 5.C 
END IF
ZD = ZMAX * 2.5 
NZ = INTCZMAX / 5.0)

C
CALL MCVTC2C10.0,20.0)
CALL L1NBY2CXD,0.0)
CALL LINEY2C 0.0,ZD)
CALL LINBY2C-XD,0.0)
CALL LINEY2C 0.0,-ZD)

C
CALL CHAHAFC 0,0)
CALL CHAS1ZC1.0,1.5)

C
DC 50 I = 1, NX + 1
CALL MCVTC2C10.0 + (REALCI-1)/REALCMX)) * XD1.20.0)
CALL LINEY2C0.0,1.0)
CALL MCVTC2C 9 .O+C REALC1-1)/REALC NX)) * XD1.18.0)
CALL CHAINTC(1-1)*10 ,3)

50 CONTINUE
CALL MCVT02C10.0+0.45*XD,m.0)
CALL CHAHOLC DISTANCE (km)*.’)

C
DO 60 I r 1 , NZ + 1
CALL M0VT02C10.0,20.0+ ZD-(REALCI-1) / REALC NZ))* ZD)
iAfefe bSWfclt i »,R$9^0+ZD-( REALC 1-1)/REALC NZ)) * ZD)
CALL CHAINTC5*C1-1),3)
CALL MCVTC2C10.O+XD,20.0+ZD-CREALC1-1)/REALCNZ))*ZD)
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WALL L H A l K U ^ U - i ;
60 CONTINUE

c 358
CALL CHAHARC 0,1)
CALL CHASIZC1.0,1.5)
CALL K0VTC2C 3.0 ,20.0+CZD/2.0)-5.0)
CALL CHAHOLC’DEPTH Cm)*.*)

C
YKAX = CBS(1)
YKIN = CB£(1)
DO 170 I = 2, NFP - 1

IF (OES(I) .GT. YKAX) THEN 
YKAX = CES(I)

ELSE IF (CBS(I) .LT. YKIN; THEN 
YF.IN = OBS(I)

END IF 
170 CONTINUE

C
YKAX1 = CALC(1)
YNIN1 = CALCC1)
DC 172 I = 2, NFP - 1

IF (CALCC I) .GT. YN.AX1) THEN 
YKAX1 = CALCCI)

ELSE IF CCALCCI) .LT. YKIN1) THEN 
YKIN1 = CALCCI)

END TF 
172 CONTINUE

C
YKAX = KAX (YKAX, YKAX1)
YKIN r KIN (Y M N , YK.IN1)
YKAX1 = REALCINI(YKAX/100.0)) * 1CC.0 
YMN1 = REALC INTC YKIN/1CC.0)) * 100.0 
JF C(YKAX - YKAX1) .LE. 50.C) THEN 

YKAX = YKAX1 + 50.0 
ELSE

YKAX = YKAX1 +100.0 
END IF
IF (CYNIN1 - YMN) .LE. 50.0) THEN 
YKJN = YKIN1 - 50.0 

ELSE
YKIN = YK1N1 - 100.0 

END IF
C

YD = (YKAX - YKIN) / 8.0
C

CALL KCVTC2C10.0,50.0 + ZD)
CALL LINEY2C C .0,YD)
CALL KCVTC2C XD + 1C.0,50.0 + ZD)
CALL LINEY2CC.0,YD)
CALL KCVTC2C10.0,50,0+ZD+C AESC YKIN)/( AESC YKIN)+YKAX))*YD))
CALL LINBY2CXD,0.0)

C
CALL CHAHARC0,0)
CALL CHASIZC1.0,1.5)

C
NY = INTC(YKAX - YKIN) / 50.0)
DC 145 I = 1, NY + 1
CALL KCVTC2C10.0,50.0 + ZD + (REALCI - 1) / REALCNY)) * YD)
CALL LINEY2C1.0,0.0)
CALL KOVTC2C XD+10.0,50.0+ZD+(REALCI - 1) / REALC NY)) * YD)
CALL LINEY2C-1.0,0.0)
CALL K0VTC2C6.0,49.30+ZD+C REALCI - 1) /REALC NY)) « YD)

50P .lT50e)HKEN ------
IF ((INI(YKlN)+(I - 1) * 50) .LE. -100) THEN

CALL KCVTC2CXD+11 .0,iJ9.30+ZD+C RLALCI - 1) / REALC NY)) * YD)



no
 

o
o

o
o

o
o

thLL nLV iUcvALH- I I .U .JU+Z.LH-< nLALv u - U  / K W L U ' l ; ;  * IUJ
CALL CHAINTCINTCYKIN)+(I - 1) « 50, 3)

END IF
ELSE IF ((INTCYKIN)+(I - 1) « 50) .EC. 0) THEN

CALL MCVTC2CXD+11.0,49.30+ZD+CREALCI - 1) / REALCNY)) * YD)
CALL CHAINTCINTCYKIN)+ (I - 1) « 50, 1)

ELSE IF (CINTCYKIIO + CI - 1) * 50) .GT. C) THEN 
IF ((INTCYKIN)+(I - 1) * 50) .EC. 50) THEN

CALL KOVTC2CXD+11.0,49.30+ZD+CREALCI - 1) / REALCNY)) * YD) 
CALL CHAINTCINTCYKIN)+(I - 1) * 50, 2)

ELSE IF (CINTC YKIN) + (I - 1) * 50) .GE. 100) THEN
CALL KCVT02CXD+11.0,49.30+ZD+C REALCI - 1) / REALCNY)) * YD) 
CALL CHAINTCINTCYKIN)+(I - 1) * 50, ?)

END IF 
END IF 

145 CONTINUE
C

CALL CHAHARC0,1)
CALL CHASIZC1.0,1 .5)
CALL KCVT02C 3 .0,50.0+ ZD+CYD / 2.0) - 12.0)
C/LL CHAHOLC'MAGNETIC ANOKALY (gbmir.a)* .')

C
XDTC1) = 10.0+(XFPC1) / XMAX) * XD
YIKAC1) = 50.O+ZD+C(CESC1) - YKIN) / (YKAX - YKIN)) * YD 
CALL K0VTC2C XDTC1),YIKAC1))
DC 599 I = 2, NFP - 1
XDTC) = 10.0+CXFPCD / XKAX) * XD
YIKAC) = 50.0+ZD+ C (CESC I) - Yf IN) / (YKAX - YKIN)) * YD 
CALL KCVTC2 CXDTCI),YIKAC:))
IF (I .GT. 2) THEN
CALL LINTC2CXDTC2-1),YIKAC1-1))
END IF 

999 CONTINUE
C

DC 160 I = 1, NFP 
IF (FLCI) .NE. 999.0) THEN
YPKACI) = 50.O+ZD+C(CALCCI) - YKIN) / (YKAX - YKIN)) * YD 
CALL KCVTC2CXDTC) ,YPKACI);
CALL SYKECLC 8)
END IF 

160 CONTINUE

CALLING A ROUTINE TO CONVERT FRCK ACTUAL PROFILE DIMENSIONS (IN Km’s 
TO A SCREEN COORDINATE SYSTEM (IN mn:’s) HAVING AN ORIGIN COINCIDENT 
WITH A PROFILE DISTANCE OF OKm AT A DEPTH OF 15Km.

CALL SHPIC(NP,NFP,XD,XKAX,ZD,ZKAX)

DC 60 I = 1 , NP 
DO 70 J = 1, NSCI)
IF (J .EQ. 1) THEN

CALL MCVT02(XP(I,J), ZPCI,J))
END IF
IF CJ .EQ. NSCI)) THEN 

XPCI.J+1) = XP(I,1)
ZP(1,J+1) = ZPC1,1)

END IF
CALL LINT02CXP(I,J+1),ZPC1, J+1))

70 CONTINUE 
80 CONTINUE

CALLING A ROUTINE TO SHIFT THE SCREEN COORDINATE SYSTEM (IN mm's)
£ TO THE BOTTOM LEFT HAND CORNER OF THE SCREEN 

CALL PIC(NP,NFP,ZD)
C
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CALL CUR( NFP ,N'P ,HT ,TH , KL ,IN fDE ,BE ,DELTA ,XC, ZC,XKAX ,XD , Y M N ,
+ YKAX, YD, ZKAX, ZD) 3 60

C
C RETURNING TC THE ACTUAL PROFILE DIMENSIONS (IN Km's)
C

CALL XZKN(NP,NFP,TH,XKAX,XD,ZKAX,ZD)
C
C RETURN TC MAIN MODULE 
C

RETURN
END

C
C
c
c ROUTINE SHPIC : CONVERTS FROK ACTUALPROF1LE DIMENSIONS (IN Km’s)
C TO A SCREEN COORDINATE SYSTEM (IN mm's) HAVING
C AN ORIGIN COINCIDENT WITH A PROFILE DISTANCE OF
C Okm AT A DEPTH CF 15km
C 
C 
C

SUEROUTIKE SHPIC(NP,NFP,XD,XKAX,ZD,ZKAX)
DIMENSION XP(20,0:995),ZP(20,0:999),XFP(999),ED(959),CES(SS9)
DIMENSION VIN(2C),VDL(20),CALC(999),X1(20),X2(20),D(999),SED(S99) 
DIMENSION NS(30),KFAC(30),£(30), FL(999)» KAGL(5), THL(5)
REAL KFAC, KAGL
COMMON XP, ZP, XFP, ED, OES, VIN, VDE, CALC, X1 , X2 
COMMON D, SED, KS, KFAC, S, FL, MAGL, THL

C
DC 20 I = 1 , NP 
X1(I) = (XUI) / XMAX) * XD
X2(I) = (X2(I) / XMAX) * XD

DC 10 J = 1, NSCI)
XP(J ,J) = ((XPCI ,J)) / (XMAX)) * XD
ZPCI,J) = - ((ZP(I.J)) / (ZKAX)) * ZD

1C CONTINUE 
20 CONTINUE

C
DC 30 I = 1, NFP 
XFP(l) = (XFP(I) / XMAX) * XD 
EDO) = - ((ED( I)) / (ZKAX)) * ZD 

30 CONTINUE
C

CALL SHIFT2(10..2C.+ZD)
C
C RETURN TO ROUTINE COORD 
C

RETURN
END

C
C
c
C ROUTINE PIC : SHIFTS THE SCREEN COORDINATE SYSTEM (IN mmrs) TC 
C THE EOTTCK LEFT HAND CORNER OF THE SCREEN
C 
C 
C

SUEROUTINE PIC(NP,NFP,ZD)
DIMENSION XP(20,0:999),ZP(20,0:999),XFP(S99),BD(999),CES(599)
DIMENSION VIN(20),VDE(20),CALC(999),X1(20),X2(20),D(999) ,SED(59S) 
DIMENSION NS(3C),MFAC(30),S(30), FL(999),MAGL(5) , THL(5)
REAL MFAC, MAGL
m m  K'SiB; *SP-hKcfCS?-FKKF:AlffiE.TfitLCi X1, X2

C
CALL SHIFT2(-1C.,-2C.-ZD)
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XH1) = XH1J + 10.0 
X2(I) = X2(I) + 10.0 

DC 10 J = 1, NS(T)
XP(IfJ) = XP(I,J) + 10. 
ZP(I,J) = ZP(T,J) + 20. + ZD 

10 CONTINUE 
20 CONTINUE

DC ?0 I = 1, NFP 
XFP(I) = XFPCI) + 10.0 
ED(I) = ED(I) + 20. + ZD 

30 CONTINUE

RETURN TO ROUTINE COCRD

RETURN
END

ROUTINE XZKM : CONVERTS EACK FRON SCREEN (IN mm's) TO 
ACTUAL PROFILE DIMENSIONS (IN km's)

SUBROUTINE XZKMCNP,NFP,TH,XMAX,XD,ZMAX,ZD)
DIMENSION XP(20 ,0:999),ZP(20,0:999),XFP(99S),ED(999),CES(999) 
DIMENSION VINC20),VDE(2C),CALC(999),X1(20),X2(20),D(999),SED(999) 
DIMENSION NS(30),MFAC(3C),S(30), FL(999), MAGLC5), THLC5)
REAL MFAC, MAGL
COMMON XP, ZP, XFP, ED, CES, V1N, VDE, CALC, X1, X2
COMMON D, SED, NS, MFAC, S, FL, MAGL, TEL

DC 20 I = 1, NP
X1 ( I) r X1( I) - 10.0
X2( I) = X2(I) - 10.C
X1 ( I) = ((X1 ( I) » (XMAX)) / XD)
X2(I) = ((X2(J) * (XMAX)) / XD)

DC 10 J = 1, NSC 1)
XP(I,J) = XPU ,J) - 10.
ZP(I,J) = ZP(I,J5 - 20. - ZD
XP(I,J) = ((XP(I,J) * (XMAX)) / XD)
ZP(I,J) = - (CZP(I,J) « (ZMAX)) / ZD)

10 CONTINUE 
20 CONTINUE

DC 30 I = 1, NFP
XFPC I) = XFP(T) - 10.0
XFP(I) = ((XFP(I) * (XMAX)) / XD)
ED( I) = ED(I) - 20. - ZD
BD( I) r -(( ED(I) * (ZMAX)) / ZD)

30 CONTINUE

RETURN TO ROUTINE COCRD

RETURN
END

ROUTINE CUR : CURSOR CONTROL ROUTINE
SETS UP CERTAIN TERMINAL KEYS FOR DIFFERNT TASKS

SUEROUTINE CUR(NFP,NP,HT,TH,NL,IN,DE,BE,DELTA,XC,ZC,XMAX ,XD, YNJN ,
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Dir.tNbjun viiuifu; , v u , x u 2 u ;  ,x2ti?u; .inyyy; .stinyyy; 
DIMENSION KS(30),MFAC(?0),S(?0), FL(999), MAGLC 5) » THLC 5)
REAL IN', MFAC, MAGL
COMMON XP, ZP, XFP, ED, CBS, VIN, VDE, CALC, XI , X2 362
COMMON D, SED, NS, MFAC, S, FL, MAGL, THL

C
CALL CURDEFC' PMNC01*.1)
DELTA = 0.50 

10 CALL CURSOR(IFUN,XC,ZC)

IF KEY "P" IS PRESSED
CALLS ROUTINE TO ALTER THE POSITION OF A MAGNETIC BLOCK VERTICAL DELIMITER

IF (IFUN .EC. 1) THEN
CALL PCSNC NFP,NP,KT,TH,IN,DE,BE,DELTA,XC,ZC,ZMAX,ZD,XD,XMAX)
GOTC 10 

C
C IF KEY "Ml! IS PRESSED
C CALLS ROUTINE TC ALTER THE MAGNETISATION VECTOR CF A ELOCK
C

ELSE IF (IFUN .EC. 2) THEN
CALL MGTSNC NFP,NP,HT,TH,IN,DE,EE,DELTA,XC,ZC)
GOTC 10

C
C IF KEY "N" IS PRESSED
C CALLS ROUTINE TC INSERT A NEW MAGNETIC ELCCK
C

ELSE IF (IFUN .EC. 3) THEN
CALL NEV. ( NFP,NP ,HT ,TH ,BE,DELTA ,X C,ZC , ZD,ZD ,XKAX , ZMAX)
GCTC 10

C
C IF KEY "C" IS PRESSED
C CALLS ROUTINE TO CALCULATE MAGNETIC ANOMALIES
C 1. OVER THE WHOLE PROFILE LENGTH (IF KEY "0" IS PRESSED IMMEDIATELY 
C AFTERWARDS)
C 2. CVEF A DEFINED RANGE (AS DEFINED EY KEYS "1" AND "2")
C

ELSE IF (IFUN .EQ. *0 THEN 
CALL CURSCR(IFUN,XC,ZC)
IF (IFUN .EQ. 5) THEN 
CALL X ZKM( NP, NFP , TH ,X MAX ,XD, ZM AX , ZD)
CALL MCALC(NFP,NP,HT,NL,IN,DE,TH,BE,YMIN,YMAX,YD,XD,XMAX,ZD)
CALL SKPIC(NP,NFP,XD,XMAX,ZD,ZMAX)
CALL PIC(NP,NFP,ZD)
ELSE IF (IFUN .EC. 6) THEN 
XFP1 = XC
CALL CURSOR(IFUN,XC,ZC)
XFP2 = XC
CALL CALCPT(NFP,XFP1,XFP2)
CALL XZKMPT(NP,NFP,TH,XMAX,XD,ZMAX,ZD,XFP1,XFP2)
CALL MCALPT(NFP,NP,HT,NL,IN,DE,TH,BE,YMIN,YMAX,YD,XD,XKAX,ZD,

+ XFP1, XFP2)
CALL SHPIC(NP,NFP,XD,XMAX,ZD,ZMAX)
CALL PIC(NP,NFP,ZD)
END IF 
GOTO 10

C
C FOR ANY CTKER KEY CONTROL IS RETURNED TC THE MAIN MODULE VIA
C ROUTINE COORD
C

ELSE
RETURN

m  IF
C
C



c 
c
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SUBROUTINE PCSNCNFP,NP,KT,TH,IN,DE,BE,DELTA,XC,ZC,ZMAX,ZD,XD,XMAX) 
DIMENSION XP(20,0:999),ZP(20,0:999).XFPC999),BD(999),OES(999) 
DIMENSION VIN(20),VDE(20),CALCC999),X1(20),X2(20),DC 999),SED(999) 
DIMENSION NSC3C),KFAC(30),S(30), FL(999),MAGLC5), THLC 5)
REAL IN, MFAC, MAGL
COMMON XP, ZP, XFP, BD, OBS, VIN, VDE, CALC, XI, X2 
COMMON D, SED, NS, MFAC, S, FL, MAGL, THL

C
DELTA1 =0.01 
DC 10 I = 1 , NP
IF (AESCX2C D-XC) .LT. DELTA) THEN

11 = I
X21 = XPCI)
DO 5 J = 1, NFP 
IF (X21 .EC. XFPC J)) THEN 

Z21 = ED(J)
END IF 

5 CONTINUE 
GOTO 12 
END IF 

10 CONTINUE
C
C IF CURSOR POSITION DOES NOT COINCIDE WITH THE VERTICAL DELIMITER 
C OF A MAGNETIC ELCCK THEN PASS CONTROL BACK TO ROUTINE CUR 
C

RETURN
C

12 DO 15 I = 1, NP 
IF (I .EQ. 11) THEN 

GCTC 15 
END IF
IF ( AESCX1 ( D-X21) .LT. DELTA1) THEN

12 = I 
END IF

15 CONTINUE
C

CALL CURSORCIFUN,XC,ZC)
DC 25 I = 1, NP
IF (I .EQ. 11 .OR. I .EQ. 12) THEN 

GCTC 25
ELSE IF (AESC XC-X2CI)) .LT. DELTA) THEN 

X2CI1) = X2CI)
X1(12) = X2(I)
X22 = X2(I)
GOTO 35 

END IF 
25 CONTINUE

C
DO 30 I = 1, NFP
IF (AESCXC-XFPCI)) .LT. DELTA) THEN 

X 1(12) = XFPCI)
X2CI1) = XFPCI)
X22 = XFPC1)
GOTO 35 

END IF 
30 CONTINUE

RETURN
C

35 ^Sc2^n)1 :eK PXFP( J)) THEN
Z22 = BDCJ)

END IF



r.' = u
DO 60 I = 1 , NP
IF (I .EC. 11 .OR. I .EQ. 12) THEN 

NSC T) = 0
JF (AES(X1(I)-X2(I)) .LT. DELTA1) THEN 

N = J 
END IF
DC 50 J = 1f NFP
I F  (XFPCJ)  . L T . X K I )  .AND.AESC XFPC J ) - X 1 (  I ) ) .GT.DELTA1 )THEK 

GOTO 50
ELSE I F  (ABSCXFPC J ) - X I ( D )  . L T .  DELTA1) THEN 

NSCI) = 1
X P C I , N S ( I ) ) = XFPCJ)
Z P C I . N S C I ) )  = BDCJ)

ELSE I F  (XFPCJ)  .G T .  X 1 ( I )  .AND. XFPCJ) . L T .  X 2 C I )  .AND.
+ AESC XFPC J ) - X 2 C I ) ) .G T .  DELTA1) THEN

NSCI) = NSCI)  + 1 
X P C I . N S C D )  = XFPCJ)
ZPCI,NSC I ) )  r  EDCJ)

ELSE I F  (ABSCXFPC J ) - X 2 (  D )  . L T .  DELTA1) THEN 
J 1 = J
NSCI) = NSC I )  + 1 
XPC I , NSC 1 ) )  = XFPCJ)
Z P C I . N S C I ) )  = EDCJ)

DC 45 Ml = 1, NSCI)
XPCI,NSC I) + N1) r XFPC(J1+1)-H1)
ZPC I , NSC ] )+M 1 ) = EDCC J 1 + D - K 1 )

45 CONTINUE
END IF 

50 CONTINUE
NSCI) = 2 *  NSCI)
END IF 

60 CONTINUE
C

DC 70 I = 1 . NP
C
C CALLING ROUTINE? TC DEFINE THE LOWER SURFACE OF THE MAGNETIC ELGCK 
C IN THE THREE COGRD1NATE SYSTEMS USED
C

I F  O  .EQ.  11 .OR. I  .E C .  12)  THEN
C
C FIRSTLY IN ACTUAL PPCFTLE DIMENSIONS (IN Km’s)
C

CALL THICKCI,NFP,TK,XMAX,XD,ZKAX,ZD)
C
C THEN IN A SCREEN COORDINATE SYSTEM (IN mm’s) COINCIDENT WITH A
C PROFILE DISTANCE OF OKm AT A DEPTH CF 15Km
C

CALL SHTHCI,NFP,XD,XMAX,ZD,ZMAX)
C
C FINALLY IN A SCREEN COORDINATE SYSTEM (IN mm’s) AT THE EOTTCM
C LEFT HAND CORNER CF THE SCREEN
C

CALL PITH(3,NFP,ZD)
C

ELSE 
GCTC 70 

END IF 
70 CONTINUE

C
IF (N .NE. 0) THEN 

NP = NP - 1
Sf h Kek

GOTO 100 
ELSE IF (I .GE. N) THEN
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DC 90 J = 1, NSC 1+1)
xpci.j) = xpci+1 , j)
ZPCI.J) = ZPCI+1.J)

90 CONTINUE 
END JF 

100 CONTINUE 
END I F

110 CALL CHAPCSCC. ,1 4 0 . )
WRITEC2 ,  1C/2A)  ’ ) CHARC27),  ' L V i e , 4 , 0 '  
CALL MGVTC2CX21t Z 2 1 )
CALL L IN EY 2C 0 . 0 , - ( ( T H / Z M A X ) * Z D ) )

CALL CHAPCSC 0 . , 1 4 0  . )
WRITEC2 ,  ’ C / 2 A ) ' )  CHARC27) , ’ K’
CALL M0VT02CX22,Z22)
CALL L IN E Y 2 ( 0 . 0  , - ( ( TH/ZKAX)*  Z D ) )

RETURN TC ROUTINE CUR

RETURN
END

ROUTINE MGTSN : ALTERS THE MAGNETISATION VECTOR OF A ELOCK

SUERGUTINE MGTSN(NFP,NP,HT,TH,IN,DE,BE,DELTA, X C, Z C)
DIMENSION XPC20,0:999),ZP(2C,0:999),XFP(99S),ED(999),OES(999) 
DIMENSION VINC20).VDEC20).CALCC999).X1C2C).X2C20),DC 999),SED(999) 
DIMENSION NSC 30) ,MFACC ?C) ,SC 30) , FLC999), MAGLC 5) , THLC 5)
REAL IN, MFAC, MAGL
COMMON XP, ZP, XFP, ED, CBS, VIN, VDE, CALC, XI, X2 
COMMON D, SED, N£, MFAC, S, FL, MAGL, THL

RAD = 0.0174533

CALL HARCHA 
DC 10 I = 1, NP
IF (XC .GT. XI Cl) CALL CHAPCSC10.0,65.0)

WRITEC2,100) MFACCI), VINCI), VDECI)
100 FCRMATC’MAG ’, FT.2, ’ IN ', F7.1, ’ DEC ’, F7.1)

CALL CHAPCSC10.0,55.0)
WRITEC2,*) ’NEW VALUES, ’
READC1,*,ERR=99) KFAC(I), VINCI), VDECI)

END IF 
1C CONTINUE

DO 5 I = 1, 22
CALL M0VT02C14.+REALCI) ,65.)
CALL CHAASCC127)

5 CONTINUE

RETURN TO ROUTINE CUR

99 RETURN 
END

ROUTINE NEW : ALLOWS INSERTION OF A NEW MAGNETIC ELOCK
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DIMENSION XPC20,0:999),ZP(2C,0:999),XFPC999),ED(999),CESC999) 
DIMENSION VINC20) ,VDE(20) .CALCC999) ,XH20) ,X2(20) ,DC 999) ,SED(999) 
DIMENSION NSC30), MFACC30), SC30), FLC999), MAGLC5), THLC5)
REAL MFAC, MAGL
COMMON XP, ZP, XFP, ED, GES, VIN, VDE, CALC, XI, X2 
COMMON D, SED, NS, MFAC, S, FL, MAGL, THL

C
RAD = 0.017453?

C
DELTA1 =0.01 
DC 10 I = 1, NP
IF (AESCXC-X2CI)) .LT. DELTA) THEN 

X1CNP+1) = X2CI)
GOTO 12 

END IF 
10 CONTINUE

C
C IF CURSOR POSITION DOES NCT COINCIDE WITH THE RIGHT HAND SIDE 
C VERTICAL DELIMITER CF A ELOCK THEN PASS CONTROL EACK TC RCU7INE CUP 
C

RETURN
C

12 NP = NP + 1
DC 15 I = 1, NFP
IF (AESCX1(NP)-XFP( I)) .LT. DELTA1) THEN 

Z1 = EDCI)
END IF 

15 CONTINUE
C

CALL CURSCRCIFUN.XC.ZC)
DO 2C I = 1, NFP
IF (AESCXC-XFPCI)) .LT. DELTA) THEN 

X2CNP) = XFPCI)
Z2 = EDCI)
GCTC 30 

END IF 
20 CONTINUE 

RETURN
C

30 DC 50 J = 1, NFP
IF (XFPCJ) .LT.XKKP) .AND .AESC XFPC J)-X1 ( NP)) .GT. DEL TA1) THEN 

GCTC 50
ELSE IF (AESC XFPC J)-X1(NP)) .LT. DELTA1) THEN 

NSC NP) = 1 
J1 = J
XPC NP,NS(NP)) = XFPCJ)
ZPC NP ,NS( N'P)) = BDCJ)

ELSE IF (XFPCJ) .GT. X1CNP) .AND. XFPCJ) .LT. X2(NP) .AND.
♦ ABSCXFPCJ)-X2(NP)) .GT. DELTA1) THEN

NSC NP) = NSC NP) + 1 
XPC NP,NS(NP)) = XFPCJ)
ZPC NP,NS(NP)) = BDCJ)

ELSE IF (AESCXFPC J)-X2(NP)) .LT. DELTA 1) THEN 
J2 = J
NSC NP) = NSC NP) + 1 
XPC NP,NS(NP)) = XFPCJ)
ZPC NP,NSCNP)) = EDCJ)

DC 40 Ml = 1 , NSC NP)
XPC NP ,NS( NP) + M.1) = XFPC (J2+D-M1)
ZPC NP ,NS( NP) + K1) = BDCC J2+D-M1)

40 CONTINUE
50 HJfirffiuE

NSC NP) = 2 * NSC NP)
CALL XZKMCNP,NFP,TH,XMAX,XD,ZMAX,ZD)
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END IF 
65 CONTINUE

CALL SHPiC(NP,NFP,XD,XMAX,ZD,ZMAX) 
CALL P1C(NP,NFP,ZD)

DC 110 I = 1, NP - 1 
IF (ABS(X1(NP)-X2(I)) 
GCTC 120 

END IF 
10C CONTINUE 
110 CONTINUE 

GCTC 90

.LT. DELTA1) THEN

12C DC 125 I = 1, NP - 1
IF (ABS(XKKP)-XI(D) .LT. DELTA1) THEN 

IF (X2(NP) .LT. X2(I)) THEN 
X1 (I) = X2CNP)

125

11 = 
GCTC 

END IF 
END IF 
CONTINUE 
GOTC 90

130
1 ,
11

NP
.OR.

125

140

999

I .EQ. NP) THEN

.LT. DELTA1) THEN

N = 0
DC 999 I =
IF (I .EQ.

NSC I) = 0
IF (AESCXK D-X2C I))

N = I 
END IF
DC 140 J = 1, NFP
IF (XFPC J) .LT .XI (I) .AND.AESCXFPC J)-X1(D) .GT.DELTA1) 

GOTC 140 
ELSE IF (ABSCXFPCJ)-X1(I))

NSCI) = 1
XPCI, NSC I)) = XFPCJ)
ZPCI,NS(I)) = EDCJ)

ELSE IF (XFPCJ) .GT. X1(I)
AESC XFPC J)-X2(I))

NSC I) = NSCI) + 1

THEN

.LT. DELTA1) THEN

.AND. XFPCJ) .LT. X2CI) 

.GT. DELTA1) THEN
.AND.

XPCI,NS(I)) = XFPCJ) 
ZPCI,NSC I)) = BDCJ) 

ELSE IF (AESCXFPCJ)-X2( 
J1 = J
NSCI) = NSCI) + 1 
XPC1.NSCD) = XFPCJ) 
ZPCI,NS(I)) = EDCJ)

DC 135 M1 = 1,
XPC I ,NS( D + K 1 )
ZPCI,NS(I) + M1) 
CONTINUE 

END IF

)) .LT. DELTA1) THEN

NSCI)
= XFPC (J1+D-K1) 
= EDCC J1 + D-M1)

CONTINUE 
NSCI) = 2 * 
END IF 
CONTINUE

NSC I)

DC 160 I = 1, NP

CALLING ROUTINES TC DEFINE THE LCV.’ER SURFACE OF THE MAGNETIC BLOCK 
IN THE THREE COORDINATE SYS7EMS USED 

IF (I .EQ. 11 .OR. I .EQ. NP) THEN
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c
C THEN IN A SCREEN COORDINATE (IN mm’s) COINCIDENT KITH A PROFILE 
C DISTANCE CF OKm AT A DEPTH OF 15Km 3 68
C

CALL SHTHCI,NFP,XD,XMAX,ZD,ZMAX)
C
C FINALLY IN A SCREEN COORDINATE SYSTEM (IN mm’s) AT THE BOTTOM LEFT HAND 
C CORNER OF THE SCREEN 
C

CALL PITH(I,NFP,ZD)
ELSE

GOTO 160 
END IF 

160 CONTINUE
C

90 CALL CKAP0S(0. ,1*10.)
WRITE(2, ’(/2A)') CHAR(27), ’LV18,*J,0’
CALL M0VT02(X1(KP),Z1)
CALL LI NEY2(0 .0 ,-((TH/ZMAX)* ZD))

C
CALL CHAPCS(0.,140.)
WRITE(2, ’ (/2A)1) CHAR(27) » ’K'
CALL MCVTC2(X2(NP),Z2)
CALL LINEY2(0.0,-((TH/ZMAX)«ZD))

C
CALL CHAPCS(10.,65.)
Y.'RITE(2,«) ’MAGNETISATION, INCLINATION, DECLINATION'
READ(1,*,ERR=99) MFAC(NP), VIN(NP), VDE(NP)

C
C RETURN TC ROUTINE CUR 
C

99 RETURN 
END

C
c 
c
C RCUTINE MCALC : CALCULATES TWO-DIMENSIONAL MAGNETIC ANCMLIES
C OVER WHOLE PROFILE LENGTH
C INVOKED FROM CURSOR CONTROL EY TYPING ”M”
C FOLLOWED EY ’’0”
C
C
C

SUERCUTINE MCALC(NFP,n p ,HT,NL,i n ,d e ,t h ,e e ,y k i n ,y m a x ,y d ,XD,XMAX,ZD) 
DIMENSION XP(20,0:999),ZP(20,0:999),XFP(999),ED(999),OES(999) 
DIMENSION VIN(20),VDE(20),CALC(999),X1(20),X2(20),D(999),SED(999) 
DIMENSION NS(?0), MFAC(30), S(30), FL(999), MAGL(5), THL(5)
DIMENSION X(20,0:999),VS(999) , HS(999), TS(999), VSUM(999)
DIMENSION HSUM(999)» RESID(999), YPMA(999), XDT(999)
DIMENSION XP1 (30,0:999), ZP1 ( 2:0,0 :999) ♦ NSK30)
REAL IN, MFAC, MAGL, MFACTR, MAGLYR
COMMON XP, ZP, XFP, ED, CBS, VIN, VDE, CALC, X1 , X2
COMMON D, SED, NS, MFAC, S, FL, MAGL, TKL

C
RADsC.O174573

C
DC 1 J r 1, NL 

1 CONTINUE
C
C MAIN CALCULATION ROUTINE
c DC 10 I = 1, NFP

IF (FL(I) .NE. 999.0) THEN 
CALC(I) =0.0



v \ s  n u  — if i» i
IFLAG = 0
DO 30 J = 1, NSC I)
J1 : J + 1 369
IF (J .EG. NSCI)) J1 = 1
IF (XP(I.J) .LT. XP(J,J1) .AND. AES(XP(I,J)- XPCI.JD) .GE.

+ 0.01) THEN
IFLAG = - 1 
TTH =0.0 
DC 15 K = 1 , NL 
NS1(I+C K-1)*NP) = NSC I)
XP1(I+(K-1)«NP,J) = XP(I.J)
ZP1(I+C K-1)*NP,J) = ZP(I.J) + TTH 
TTH = TTH + THLC K)

15 CONTINUE
ELSE IF (ABSCXPCI, J) - XPCI.JD) .LT. 0.01 .AND. I FLAG 

+ .EQ. -1 ) THEN
TTH =0.0 
DC 20 K = 1, NL 
XP1(I+C K-1) * NP , J) = XPC1 ,J)
ZP 1 (I+C K-1)*NP,J) = ZPCI.J) + TTH 
TTH = TTH + THLC K)

20 CONTINUE
ELSE IF (XP(I.J) .GT. XPCI, J1) .AND. AESCXPCI,J)-XP(I, J1))

+ .GE. C.01) THEN
IFLAG = 1 
TTH = THLC1)
DC 25 K = 1 , NL
XP1 (I+C K- 1 )*N'P , J) = XPCI.J)
ZF1C1+(K-1)* NP , J) = ZP(I.J) -TH + TTH 
IF (K .LT. NL) THEN 

TTH = TTH + THLC K+1)
ELSE 

GCTC 25 
END IF

25 CONTINUE
ELSE IF (AESC XPC I, J) - XP(IfJ1)) .LI. 0.01 .AND.

+ IFLAG .EC. 1) THEN
TTH = THLC1)
DO 26 K = 1, NL
XP1 (I+C K-1)* NP , J) = XPCI.J)
ZP1(I+CK-1)*NP,J) = ZPCI.J) -TH + TTH 
IF (K .LT. NL) THEN 

TTH = TTH + THLC K+1)
ELSE 

GCTC 26 
END IF

26 CONTINUE
END IF

30 CONTINUE 
40 CONTINUE

DC 1000 1 = 1, NL * NP

11 = NP + I
11 11 = 11 - NP

IF (11 .GT. NP) THEN
GOTO 11

ELSE
MFACTP, = KFACCI1)
VECIN = VINCI1)

enBe?F c ' VD£(I1)
IF (I .LT. NP+1) THEN
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DC 12 J = 1, NL-1 
J1 : J + 1
I F  ( I  .GE. J * N P + 1 .AND. I  . L T .  J1«NP+1)  THEN 

MAGLYR = MAGLC J 1)
GCTC 6*4 

END I F  
12 CONTINUE 

END I F
C
C PROPERTIES OF MAGNETIC BODIES.
C 1 .  MAGNETISATION ; 2 CASES TO CONSIDER:
C A. INDUCED MAGNETISATION ONLY ; SET M. = LOCAL FIELD *
C SUSCEPTIEIL1TY CF MATERIAL
C B. MIXED MAGNETISATION; REMANENCE AND INDUCED
C CHOOSE A SUITABLE VALUE FOR M
C CASE B MORE LIKELY
C N .B .  PROGRAM SET UP TC READ MAGNETISATION IN  UNITS CF 0 .C 0 0 0 1  EMU
C 2 .  INCLINATION CF MAGNETIC VECTOR IN  ECDY
C 2 .  DECLINATION OF MAGNETIC VECTOR IN  BODY
C BOTH 2 AND 3 ABOVE ARE THE SAME AS THE LOCAL FIELD
C INCLINATIONS AND DECLINATIONS FOR PURELY INDUCED MAGNETISATION 
C

CONVERT TC RADIANS

64 VECIN = VECIN *  RAD 
VECDEC = VECDEC « RAD

READ IN COORDS CF BODIES : HORIZONTAL THEN VERTICAL

N= 1 
C

65 I F  ( F U N )  .EC.  9 9 9 . C) THEN 
GCTC 155 

ELSE
DC 70 J r 1 ,  NS1( 1 )
X ( I , J ) = X P 1 ( I , J ) - X F P ( N )
I F  ( A B S ( X ( I , J ) ) . L T .  0 . 0 1 )  X ( I , J )  r  0 . 0  
Z P 1 ( I , J ) r 2 P 1 ( I t J ) - H T  

70 CONTINUE
C
C SET VARIABLES TC ZERO BEFORE SUMMING 
C V AND H REFER TC VERTICAL AND HORIZONTAL COMPONENTS 
C RESPECTIVELY AND T I S  THE VECTOR SUM OF V AND H.
C

VrO.O
H =0 .0
TrO.C
V S ( N ) r 0 . 0
KS( K)rC  .0
T S ( N ) r O .C
VSUM(N) r  0 . 0
HSUM(N) = 0 . 0
RESID(N)  r  0 . 0

C
DC 60 J r  1 ,  NS1( I )
J1 :  J + 1
I F  (J  .EC.  NS1( I ) ) J1 r  1 
D X = X ( I , J ) - X ( I t J1)
D Z = Z P 1 ( I , J 1 ) - Z P 1 ( I , J )
VERTrC.O

YrATAN2C ZP1( I , J ) , X(J , J ) )
YYrATAN2(ZP1 ( I  , J 1) , X ( I , J 1 ) )
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A = 0 . 5  
E = 0 . 5  

ELSE
A = ( D Z * » 2 ) / ( D Z * * 2 + D X * « 2 )
B = ( D Z * D X ) / (  D X * * 2 + D Z * * 2 )  •

END I F
P = A * ( Y -Y Y )+ E * A L O G (D 2 /D 1 )
Q = B*( Y -YY )- A *A LO G (  D 2 / D 1 )
XM = MFACTR *  MAGLYR « C0S(VECIN)*C0S(EE-VECDEC)
IV  = MFACTR *  MAGLYR « S IN (V E C IN )
V ERT= 2 .  * ( X M'.* Q- ZM* P)
H 0R 1Z=2 . * (X M*P +ZK *Q )
TCTAL=VERT*S1N( IN ')+H0RI  Z*CCS( I N ) * C C S (  BE-DE)
V=V+VERT 
H=H+HORIZ 
T=T+TCTAL 

CO CONTINUE
C

DC 90 J = 1 ,  N S K I )
X( 1 ,J )= X P 1 (  J , J K X F P ( N )
Z P 1 ( 1 , J ) = Z P 1 ( I , J ) + K T  

90 CONTINUE
C

VSC N) = VS( N) +V 
H£(N )= H S (N )+ H  
T S ( N )= T S (N )  + T 
V£UM(N)=V£ UK(N)+VS(N)
HSUN.( N) = KSUI:( N)+KSC N)
CALC( N) = CALC(K)+TS(K)
R E S1D ( N) = C E£ ( N) -  C A L C ( K)
END I F  

155 N= N+1
J F ( N . L E . N F P )  GOTC (5 

1CC0 CONTINUE
C

DC 270 1 = 1 ,  NFP 
I F  ( F L ( I )  .N E.  9 9 9 . C) THEN

XDTCI)  = 1C.C + ( X F P C I )  /  XMAX) *  XD
YPN.ACJ) = 5 0 . 0+ZD+C (CALCC D - Y M 1  N ) / (  YKAX-YMIN)  ) *YD
CALL MCVTC2C XDTCI) ,YPMA(  I } )
CALL SYMECLC 8)
END I F  

270 CONTINUE
C
c
C RETURN TC ROUTINE CUR 
C

RETURN
END

C
C
c
C ROUTINE CALCPT : CALLED AS A PRECURSOR TC ROUTINE MCALPT
C THIS ROUTINE I D E N T IF IE S  THE SET CF FIELD POINTS
C FOR WHICH THERE I S  TC BE RE-CALCULATION CF THE
C MAGNETIC ANOMALY

SUERC-UTINE CALCPT( NFP ,XFP1 ,XFP2)
DIMENSION X P C 20 , 0 : 9 9 5 ) , Z P ( 2 0 , 0 : 9 9 9 ) , X F P ( 9 9 9 ) , B D ( 9 9 9 > , O B S ( 9 9 9 )  

REAL MFAC, MAGL
COMMON XP, ZP,  X F P , ED, CEE, V I N ,  VDE, CALC, X I ,  X2
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du iu i = i , wrr 
31 = I
I F  ( F L U )  .E C.  9 9 9 . 0 )  THEN 

GOTC 10
ELSE IF  (X FPCI)  .G T .  XFP1) THEN 

XFP1 = XFPC I )
GOTO 20 

END I F  
10 CONTINUE

C
2 C XFP21 = XFP2

C
C RETURN TC ROUTINE CUR 
C

DC 30 I  = 1 1 ,  NFP 
I F  ( F L C I )  .EQ. 9 9 9 . 0 )  THEN 

GOTO 30
ELSE I F  (XFP21 . L T .  X F P C I ) )  THEN 

RETURN 
ELSE

XFP2 = XFPCI)
END I F  

30 CONTINUE
C

END
C
C
C
C ROUTINE XZKMPT : A PRECURSOR TO ROUTINE MCALPT 
C CONVERTS PICTURE COORDINATES CF FIELD POINTS
C ID E N T IF IE D  IN  ROUTINE CALCPT ( I N  mm’ s)  INTC PROFILE
C COORDINATES ( I N  Km’ s)
C
C
C

SUERCUTINE XZKKPTCNP, NFP,TH,XM AX,XD, ZMAX,ZD,XFP1 ,XFP2)
DIMENSION XPC2 0 , 0 : 9 9 9 ) , Z P ( 2 0 , 0 : 9 9 9 ) , XFPC9 9 9 ) , E D ( 9 9 9 ) , CESC9 9 9 )  
DIMENSION V I N C 2 0 ) , V D E ( 2 0 ) , C A L C ( 9 9 9 ) , X 1 ( 2 C ) , X 2 ( 2 C ) , DC 9 9 9 ) ,S E D (9 9 9 )  
DIMENSION N S C 3 0 ) , M F A C ( 3 0 ) , S ( 3 C ) , F L C 9 9 9 ) ,  MAGLC 5 ) ,  THLC 5)
REAL MFAC, MAGL
CCMMCN XP, ZP, X F P , ED, OES, V I N ,  VDE, CALC, X 1 , X2  
COMMON D, SED, NS, MFAC, S,  FL,  MAGL, THL

C
DC 20 1 = 1 , NP
X 1 ( I )  = X 1 ( I ) -  1C.0
X 2 C I )  = X2C1) -  1 0 . 0
X 1 ( I ) = (C X 1C I)  *  (XMAX))  /  XD)
X 2 ( I )  = (C X 2C I)  *  (XMAX))  /  XD)

DC 10 J = 1 ,  NSCI)
X P U , J )  = X P C I . J )  -  1 0 .
Z P ( I , J )  = Z P C I . J )  -  2 0 .  -  ZD 
X P ( I , J >  = ( ( X P C I . J )  *  (XMAX))  /  XD)
Z P C I . J )  = -  ( ( Z P C I . J )  « (ZMAX)) /  ZD)

10 CONTINUE 
20 CONTINUE

C
DC 30 I  = 1 .  NFP
X F P C I )  = XFPCJ) -  1 0 . 0
X F P C I )  = ( ( X F P C I )  *  (XMAX))  /  XD)
E D ( I )  = EDCI) -  2 0 .  -  ZD 
E D O )  = - ( ( E D C I )  « (ZMAX))  /  ZD) 

c 30 CONTINUE

372

XFP1 = XFP1 -  1 0 . 0
XFP1 = ( (XFP1*  ( XMAX)) /  XD)



no
 

o 
n 

o 
o 

o
v- r.Liuni\ in/uiiHt. uun
c

RETURN
END

C
C
c
C ROUTINE KCALPT : CALCULTES MAGNETIC ANOMALIES OVER A PRE-DEFINED
C RANGE
C INVOKED BY TYPING KEY "K" FOLLOWED BY KEY ” 1” FOR
C THE LEFT HAND KARGIN OF THE RANGE AND KEY " 2 "  FOR

THE RIGHT HAND KARGIN OF THE RANGE 
ROUTINES CALCPT AND XZKKPT ARE CALLED AS PRECURSORS 
TO THIS  ROUTINE

SUBROUTINE KCALPTC NFP,NP,HT t N L , I N , D E , T H , E E , Y K I N , Y K A X , Y D fXD,XKAX,
+ Z D .X F P 1 , XFP2)

DIKENSIOM X P ( 20 , 0 : 9 9 9 ) , Z P ( 2 0 , 0 : 9 9 9 ) . X F P C 9 9 9 ) , E D ( 9 9 9 ) . O E S C 9 9 9 )  
DIMENSION V I N ( 2 0 ) . V D E C 2 0 ) . C A L C C 9 9 9 ) , X 1 ( 2 0 ) , X 2 ( 2 0 ) , D ( 9 9 9 ) , S E D ( 9 9 9 )  
DIMENSION NSC 3 0 ) ,  KFACC30) , S ( 3 0 ) ,  F L C 9 9 9 ) ,  KAGLC 5 ) ,  THLC5)
DIMENSION XC20 , 0 : 9 9 9 )  , V S ( 9 9 9 ) , HSC999 ) ,  T S C 9 9 9 ) ,  VSUKC 999 )  
DIKENSION H S U K C 9 9 9 ) ,Y P K A ( 9 9 9 ) , XDTC 999 )
DIKENSICN XP1C3 0 , 0 : 9 9 9 ) ,  ZP1( 3 0 , C : 9 9 9 ) » NS1( 3 0 )
REAL I N ,  KFAC, MAGL, MFACTR, MAGLYR 
COMMON XP,  ZP,  X F P , ED, OES, V I N ,  VDE, CALC, X 1 , X2 
COMMON D, SED, NS, MFAC, S ,  F L ,  MAGL, THL

RAD=0. 0 1 7 4 5 3 3  
DC 1 I  = 1 ,  NL 

1 CONT]NUE

MAIN CALCULATION ROUTINE 
C

DC 10 I  = 1 ,  NFP
I F  (XFPC 1) .GE.  XFP1 .AND. X F P ( l )  . L E .  XFP2)  THEN 

I F  ( F L C I )  .N E .  9 9 9 . 0 )  THEN 
CALCCI) = 0 . 0  

END I F  
END I F  

10 CONTINUE
C

DC 40 I  = 1 ,  NP 
IFLAG = 0
DO 30 J = 1 ,  NSCI)
J1 = J + 1
I F  CJ .E Q.  N S C I ) )  J1 = 1
I F  ( X P ( I , J )  . L T .  X P ( I , J 1 )  .AND. A B S ( X P ( I , J ) -  X P C I . J 1 ) )  .GE.

+ 0 . 0 1 )  THEN
IFLAG = -  1 
TTH = 0 . 0  
DC 15 K = 1 , NL 
NS1( I + C K - 1 ) * N P )  = NSCI)
XP1C I-*- ( K— 1) *  NP , J ) = X P C I . J )
ZP1 ( I + C K - 1 ) * N P , J )  = Z P C I . J )  + TTH 
TTH = TTH + THLC K)

15 CONTINUE
ELSE I F  ( AESCXPCI , J )  -  X P C I . J D )  . L T .  0 . 0 1  .AND.  I  FLAG 

+ .EQ.  - 1  ) THEN
TTH = 0 . 0  
DC 20 K = 1,  NL 
XP 1( I+C K - 1 ) 1 NP, J)  = X P C I . J )

M l ZP(T’J) + TTH
20 CONTINUE

ELSE I F  ( X P C I . J )  .G T .  X P ( I , J 1 )  .AND. A E S C X P C I , J ) - X P ( I , J D )
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X P 1 ( I + ( K - 1 ) * N P , J )  = X P C I . J )
ZP1( I+C K - 1 ) * N P , J )  = Z P C I . J )  -T H  + TTH 
I F  (K . L T .  NL) THEN 

TTH = TTH + THLCK+1)
ELSE 

GOTC 25  
END I F

25 CONTINUE
ELSE I F  ( AESC X P C I , J)  -  X P C I . J 1 ) )  . L T .  0 . 0 1  .AND.  

+ IFLAG .E C .  1) THEN
TTH = THLC1)
DC 26 K = 1 ,  NL
XP 1( I + C K - 1) *N P , J )  r  X P C I . J )
ZP1( I + C K - 1 ) * N P  , J )  = Z P C I . J )  -TH  + TTH 
I F  (K . L T .  NL) THEN 

TTH = TTH + THLCK+1)
ELSE 

GOTO 26 
END I F

26 CONTINUE 
END I F

30 CONTINUE 
40 CONTINUE

C
DC 1000 I  = 1 ,  NL *  NP

C
I I  = NP + I

11 11 = 11 -  NP
I F  (11 .G T .  NP) THEN 

GOTO 11 
ELSE

MFACTR = KFACCI1)
VECIN = V I N C I 1 )
VECDEC = VDECI1)

END I F
C

I F  ( I  . L T .  NP+1) THEN 
MAGLYR = MAGLC1)
GOTC 64 

ELSE
DC 12 J = 1 ,  N L - 1 
J1 = J + 1
I F  ( I  .G E .  J * K P + 1 .AND. I  . L T .  J1*NP+ 1)  THEN 

MAGLYR = MAGLCJ1)
GCTC 64 

END I F
12 CONTINUE 

END I F

PROPERTIES OF MAGNETIC EODIES.
C 1 .  MAGNETISATION ; 2 CASES TC CONSIDER:
C A. INDUCED MAGNETISATION ONLY ; SET M r  LOCAL F IELD *
C SU SCEPT IE IL ITY OF MATERIAL
C B. MIXED MAGNETISATION; REMANENCE AND INDUCED
C CHOOSE A SUITABLE VALUE FOR M
C CASE E MORE LIKELY
C N .E .  PROGRAM SET UP TC READ MAGNETISATION IN UNITS CF 0 . 0 0 0 0 1  EMU 
C 2 .  INCLINATION CF MAGNETIC VECTOR IN  ECDY
% field
C INCLINATIONS AND DECLINATIONS FOR PURELY INDUCED MAGNETISATION 
C
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V E C D E C  = V E C D E C  * HAD
C
C READ IN COCRD£ OF BODIES : HORIZONTAL THEN VERTICAL

65 I F  ( FL(N )  .E C .  9 9 9 . 0 )  THEN 
GOTO 155 

ELSE I F  (XFP(N)  . L T .  XFP1) THEN 
GOTO 155 

ELSE IF  (X FP(N)  .G T .  XFP2) THEN 
GOTC 155 

ELSE
DC YO J = 1 ,  N S 1 ( I )
X ( ] , J ) = X P 1 ( I , J ) - X F P ( N )
I F  ( A B S ( X ( I , J ) ) . L T .  0 . 0 1 )  X ( I , J )  = 0 . 0  
Z P 1 ( I f J ) = Z P 1 ( I , J ) - H T  

70 CONTINUE
C
C SET VARIAELES TC ZERO BEFORE SUMMING 
C V AND H REFER TC VERTICAL AND HORIZONTAL COMPONENTS 
C RESPECTIVELY AND T I S  THE VECTOR SUM OF V AND H.
C

V=C.C 
K= 0 . 0  
T=C .0  
V S ( N ) =0 .0  
H S ( N ) =0 .0  
T 5 ( N ) =0 .0  
VSUM(N) = 0 . 0  
HSUM(N) = 0 . 0

C
DC 80 J = 1 , NS1(J)
J1 = J + 1
I F  (J  .EC.  NS1( I ) )  J1 = 1 
D X = X ( I , J ) - X ( I , J 1 )
DZ=ZP1( I , J 1 ) - Z P 1 ( I , J)
VERT=C.O 
H C R I Z = 0 .0  
TOTAL=0 . 0
Y= ATAN2C ZP1( I  , J )  , XCI , J ) )
YY =A TAN2(ZP1( I  , J 1 )  , X ( I , J 1 ) )
D1 = SQFTCX( I  , J ) * * 2 + Z P 1 ( I  , J ) * * 2 )
D2=SCRI( X ( I , J 1 ) * * 2 + Z P 1 ( I , J 1 ) * * 2 )
I F  (DX .E C .  0 . 0  .AND. DZ .E C .  0 . 0 )  THEN 

A = 0 . 5  
B = 0 . 5  

ELSE
A = ( D Z * * 2 ) / ( D Z * * 2 + D X * * 2 )
E = ( D Z * D X ) / ( D X * * 2 + D Z * * 2 )

END I F
P= A * (Y -Y Y )+ B * A L O G (D 2 /D 1 )
Q=B»( Y-YY)-ANALOG( D 2 / D 1 )
XM = MFACTR « MAGLYR * CCS(VECIN)* CCS(EE-VECDEC)  
ZM = MFACTR * MAGLYR « S I N (V E C IN )
VERT=2. * ( XM*Q-ZM*P)
HCRIZ=2.* (XM«P+ZM»C)
T C TA L = V ER T *S IN ( IN )+ H O R IZ *C O S( IN )* C C S(E E -D E )  
V=V+VERT 
H=hVHCRIZ  
T=T+TOTAL 

c 80 CONTINUE

DO 90 J = 1 ,  NS1( I )
X ( I , J ) = X P 1 ( I , J )+ XFP(N)



c
VS(N)=VS(N)+V 
HS(N)=HE(N)+H 
TS(N)=TS(N)+T 
VSUM( N)=VSUM( K)+VS( K)
HSUM(N)=HSUK(N)+HS(N)
CALC(N)=CALC(N)+TS(N)
END IF 

155 N= N+1
IF(N.LE.NFP) GCTC 65 

1000 CONTINUE
C

DC 270 I = 1 , NFP 
IF (FLO) .NE. 9S9.0) THEN

XDT(I) = 10.0 + (XFP(I) / XMAX) * XD
YPMA(I) = 50.0+ZD+((CALC(I)-YMIN)/(YKAX-YKIN))*YD
CALL MCVTC2(XDT(I),YPKA(I))
CALL SYHBCL(E)
END IF 

270 CONTINUE
C
C RETURN TC ROUTINE CUR 
C

RETURN
END

C
C
c
C ROUTINE THICK : CALLED AS A SUBROUTINE FECK ROUTINES POSN AND NEW 
C DEFINES THE LOWER SURFACE CF THE MAGNETIC ELOCK IN
C ACTUAL PROFILE DIMENSIONS (IN Km's)
C
C
C

SUBROUTINE TKJCK(I,NFP,TK,XMAX,XD,ZMAX,ZD)
DIMENSION XPC20,0:999) ,ZP(20,0:999),XFP(999),BD(999),OBS(999) 
DIMENSION VINC20),VDE(2C),CALC(999),X1(20),X2(20),D(999),SED(999) 
DIMENSION NSC30),MFAC(30),S(50), FL(999), MAGL(5)« THL(5)
REAL KFAC, MAGL
COMMON XP, ZP, XFP, ED, CES, VIN, VDE, CALC, XI, X2 
CCMf.CN D, SED, NS, MFAC, S, FL, MAGL, THL

C
XKI) = XUI) - 1C.0 
X2(I) = X2(I) - 10.0 
XKI) = ((XKI) « (XMAX)) / XD)
X2(I) = ((X2(I) * (XMAX)) / XD)

DC 10 J = 1 , NS(I)
XP(1,J) = XP(I,J) - 10.
ZP(I,J) = ZP(I,J) - 20. - ZD 
XP(I,J) = ((XP(I, J) * (XMAX)) / XD)
ZP(I,J) = - ((ZP(I,J) * (ZMAX)) / ZD)
IF (J .GT. (NS(I)/2)) THEN 

ZP(1,J) = ZP(I,J) + TH 
END IF 

10 CONTINUE
C
C RETURN TO EITHER ROUTINE POSN OR ROUTINE NEW 
C

RETURN
END

C
c
§ ROUTINE SHTH : CALLED AS A SUERCUTINE FROM ROUTINES POSN AND NEW 
C DEFINES THE LOWER SURFACE OF THE MAGNETIC ELCCK
C IN A SCREEN COORDINATE SYSTEM (IN mm’s) COINCIDENT
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C
SU EPCUTIN E SHTK ( I , N FP , X D , X MAX , Z D , ZNAX)
DIMENSION X P ( 2 0 , 0 : 9 9 9 ) , Z P ( 2 0 , 0 : 9 9 9 ) , X F F ( 9 9 9 ) , B D ( 9 9 9 ) , C E S ( 9 9 9 )
DIKENSION V IN (  2 0 ) , V D E ( 2 0 ) , C A L C ( 9 9 9 ) , X 1 ( 2 0 ) , X 2 ( 2 0 ) , D ( 9 9 9 ) , S E D ( 9 9 9 )  
DIMENSION N S ( 3 0 ) , K F A C ( 3 0 ) f S ( 3 0 ) , F L ( 9 9 9 ) ,  MAGL(5 ) *  T H L ( 5)
REAL MFAC, MAGL
COMMON XP,  ZP,  X F P , ED, OES, V I N ,  VD E, CALC, X I ,  X2 
COMMON D, SED, NS, MFAC, S ,  FL ,  MAGL, THL

C
X K I )  = (X1C1)  /  XMAX) *  XD
X 2 ( I )  = ( X 2 ( I )  /  XKAX) » XD

DC 10 J = 1 ,  NSC ] )
X P ( I , J )  = ( C X P C I , J ) )  /  (XMAX))  « XD
Z P ( I , J )  = -  ( ( Z P ( I , J)) /  ( ZMAX)) *  ZD

10 CONTINUE
C

CALL SHIF T2C1 0 . , 2 0 ,+ ZD)
C
C RETURN TO EITHER ROUTINE POSN OR ROUTINE NEW 
C

RETURN
END

C
C
C
C ROUTINE PITH : CALLED AS A SUBROUTINE FROM ROUTINES POSN AND NEK

DEFINES THE LOWER SURFACE OF THE MAGNETIC ELOCK 
IN A SCREEN COORDINATE SYSTEM ( I N  mmTs)  AT THE 
BOTTOM LEFT HAND CORNER OF THE SCREEN

SUBROUTINE P1TH(I,NFP,ZD)
DIMENSION XP(20,0:999),ZP(20,0:999),XFP(999),BD(999),OES(999) 
DIMENSION VINC20) ,VDE(20) ,CALC(999) ,XK20) ,X2(20) ,D(999) ,SED(599) 
DIMENSION NS(30) ,MFAC(30) , 5(30, FL(999), MAGL(5). THL( 5)
REAL MFAC, MAGL
COMMON XP, 7P, XFP, ED, OES, VIN, VDE, CALC, X1, X2
COMMON D, SED, NS, MFAC, S, FL, MACL, THL

C
CALL SHIFT2(-10.,-20.-ZD)

C
XKI) = XKI) + 10.0 
X2(I) = X2(I) + 10.0 

DC 10 J = 1, NS(I)
XP(I,J) = XP(] ,J) + 10.
ZP(I,J) = ZP(I,J) + 20. + ZD

10 CONTINUE
C
C RETURN TO EITHER ROUTINE POSN OR ROUTINE NEW 
C

RETURN
END
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