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Models of stress 
at mid-ocean ridges and their offsets 

Maria C. Neves 

ABSTRACT 

This thesis aims to investigate the stresses at mid-ocean ridge offsets, and par
ticularly at the particular class of offsets represented by oceanic microplates. Among 
these, the Easter microplate is one of the best surveyed. This thesis first studies 
the stress field associated with mid-ocean ridges and simple types of ridge offsets, 
and then uses the stress field observed at Easter to constrain the driving mecha
nism of microplates. Two-dimensional finite element modelling is used to predict 
the lithospheric stress indicators, which are then compared with observations. 

Extensional structures at high angles (> 35°) to ridge trends are often observed 
at ridge-transform intersections and non-tranform offsets, but remained unexplained 
until now. This study proposes that the topographic loading created by the elevation 
of mid-ocean ridges relative to old seafloor is a source of ridge parallel tensile stresses, 
and shows they can be explained by the rotation of ridge parallel tensile stresses at 
locked offsets. 

The elasto-plastic rheology is used to investigate the evolution of normal faults 
near mid-ocean ridges. It is shown that variations in the lithospheric strength, 
caused entirely by variations in the brittle layer thickness, can account for the ob
served variations in fault character with spreading rate and along-axis position. 
Plasticity is shown to prevent the achievement of large fault throws in thin brittle 
layers. Consequently, it may be important at fast spreading ridges. 

A new dynamic model is proposed for Easter microplate. It mainly consists of: 
1) driving forces along the East and West Rifts, resulting from the combination of a 
regional tensile stress with an increasing ridge strength towards rift tips, 2) mantle 
basal drag resisting the microplate rotation, and contributing with less than 20% to 
the total resisting torque, and 3) resisting forces along the northern and southern 
boundaries. To explain both the earthquake focal mechanism evidence and the 
existence of compressional ridges in the Nazca plate, the boundary conditions along 
the northern boundary are required to change with time, from completely locked to 
locked in the normal direction only. 

This study does not invalidate the microplate kinematic model proposed by 

Schouten et al. (1993), but shows that normal resisting forces along the northern and 
southern boundaries of Easter microplate must exist in order to explain the stress 
observations. Also, it suggests that ridge strength variations play an important role 
in the dyamics of mid-ocean ridge overlap regions. 
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Chapter 1 

Introduction 

1.1 Context of this study 

Much attention has been focused on the evolution of rapidly spinning oceanic mi

croplates (e.g. Hey et al., 1985; Engeln et al., 1988; Searle et al., 1989; Larson et al., 

1992; Schouten et al., 1993; Rushy and Searle, 1995). Nevertheless, the dynamics 

of these large dual spreading systems has never been investigated. The principal 

motivation of this dissertation is to explore the driving mechanism of oceanic mi

croplates. This is done by modelling the observed patterns of lithospheric stress, 

using the finite element method. 

In recent years, great improvements in the definition of mass heterogeneities in 

the mantle have lead to global models of mantle circulation capable of predicting 

plate tectonic velocities and geoid anomalies (e.g. Hager et al., 1985; Ricard et al., 

1989; Van der Hilst et al., 1997). Despite this progress, earth models of mantle 

circulation coupled with moving surface plates have not yet been able to predict 

the observed global patterns of stress in the lithosphere (e.g. Wuming et al., 1992). 

In the absence of a model which successfully relates the lithospheric stress and the 

mantle dynamics, the alternative has been to isolate the lithosphere and consider 

that tectonic plates are stressed by plate boundary forces (e.g. Forsyth and Uyeda, 

1975) and/or intra-lithospheric mass heterogeneities (e.g. Fleitout and Froidevaux, 

1982). 
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This study follows the approach that microplates are driven by plate boundary 

forces. But microplates are a complex type of mid-ocean ridge offset, so mid- ocean 

ridges and simpler types of ridge offsets are the first targets of this work. Inves

tigated are the East Pacific Rise in the region of Easter microplate, normal faults 

in the vicinity of mid-ocean ridges, and ridge transform and non-transform offsets. 

This prepares the ground for the analysis of the dynamics of Easter microplate, a 

representative example of microplates. The remainder of chapter 1 constitutes an 

introduction to these subjects. It presents the observations and previous modelling 

efforts relevant to the questions that will be addressed. 

1.2 Mid-ocean ridges 

Mid-ocean ridges are diverging plate boundaries where magma and depleted man

tle upwells giving rise to new oceanic lithosphere. Early observations at mid-ocean 

ridges revealed that the gross morphology of spreading centres varies with the spread

ing rate (Fig. 1.1). Slow spreading ridges (10-50 mm/yr full rate) such as the Mid

Atlantic Ridge (MAR) show median valleys, whereas fast spreading ridges (90-180 

mm/yr full rate) such as the East Pacific Rise (EPR) show axial highs. Intermediate 

spreading ridges (50-90 mm/yr full rate) show a transition between the Atlantic and 

the Pacific type of axial topography (e.g. Macdonald, 1982). 

Although median valleys are typical of slow spreading ridges and axial highs 

typical of fast spreading ridges, exceptions to this pattern exist, proving that the 

spreading rate is not the only factor controlling the axial morphology. One such 

exception occurs at the slow spreading (20 mm/yr full rate) Reykjanes ridge, which 

shows an axial high north of 59°N (e.g. Appelgate and Shor, 1994). In this case the 

source of the anomalous topography is believed to be the Iceland hotspot and associ

ated anomalously high subsurface temperatures. Temperature controls the strength 

and thickness of the lithosphere and these are, according to current mechanical 

models, the factors that determine the axial morphology (e.g. Lachenbruch, 1973; 

Tapponnier and Francheteau, 1978; Phipps Morgan et al., 1987; Chen and Morgan, 

1990; Eberle and Forsyth, 1998). 
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Fig. 1.1 Bathymetric profiles of mid-ocean ridges at fast, intermediate and slow rates. 

Neovolcanic zone is indicated by Vs, zone of fissuring by Fs, and plate boundary zone 

(width of active faulting) by PBs. Median valleys at slow spreading ridges are typically 

1-3 km deep and have an inner floor 5-15 km wide. Axial highs at fast spreading ridges 

are typically 200-400 m high and 5-15 km wide (after Macdonald, 1982). 
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i\1Iid-ocean ridges are formed by segments bounded by transform faults and non

transform offsets. Both at slow and fast spreading ridges it has been found that ridge 

segment centres are associated with mantle Bouguer <;tnomaly lows while segment 

ends are associated with mantle Bouguer anomaly highs (Fig. 1.2)(e.g. Kuo and 

Forsyth, 1988). The mantle Bouguer anomaly lows at segment centres reflect a 

mass deficiency arising from an increase in crustal thickness and/ or anomalous low 

densities in the upper mantle. The argument that crustal thickening and anomalous 

low densities is the result of enhanced mantle upwelling, lead to the the proposal 

of a model of mantle upwelling focussed towards the centre of segments (Kuo and 

Forsyth, 1988; Lin et al., 1990). Magmas are believed to rise from a zone of high-melt 

content below the ridge, maybe as the result of gravitational instabilities CWhitehead 

et al., 1984), filling magma chambers along the ridge axis, and erupting to the surface 

more or less frequently depending on the spreading rate. Indirect observations, such 

as the thickness of the extrusive layer and the extent of the axial volcanoes, suggest 

that the interval between eruptions is about 50 years at fast spreading ridges, and 

about 10000 years at slow spreading ridges (Macdonald, 1982). 

The hypothesis of focussed mantle upwelling constitutes the basis of one of the 

main models of ridge segmentation (Fig. 1.3). According to it the mid-ocean ridge 

is divided into stable spreading cells and ridge discontinuities occur at the distal 

ends of magmatic pulses (e.g. Macdonald et al., 1991). 

Along-axis variations in the mantle Bouguer anomaly are several times larger 

on the MAR than on the EPR. To explain this, it has been suggested that mantle 

upwelling at slow spreading ridges has a 3D structure, forming discrete diapirs of 

partial melt beneath segment centres, whereas at fast spreading ridges the mantle 

flmv is more 2D or sheet-like (Parmentier and Phipps Morgan, 1990; Lin and Phipps 

Morgan, 1992). Gravity modelling at the southern EPR showed that a 3D focused 
' 

model of mantle upwelling may be applicable even at fast spreading ridges, provided 

there is a shallow and efficient mechanism of along-axis magma transport (\;\,Tang and 

Cochran, 1993; Cormier et al., 1995). 





Cha.pt;er 1 6 

The residual mantle Bouguer anomaly (RMBA) is obtained by subtracting from 

the mantle Bouguer anomaly the gravity signal associated with lithosphere cooling. 

At th_e Mid-Atlantic Ridge, crust at inside corners of mid-ocean ridge offsets (which 

occur between the ridge axis and the active discontinuity) has consistently higher 

values of RMBA than crust formed at outside corners (which occur on the opposite 

side of the ridge, adjacent to the inactive trace of the offset) (e.g. Tucholke and 

Lin, 1994). Based on this RMBA asymmetry, Tucholke and Lin (1994) estimated 

that the inside corner crust at the MAR near the Atlantis fracture zone is 2-3 km 

thinner than the outside corner crust. Apart from that the inside corner crust 

is shallower, has more widely spaced and larger throw normal faults, and fewer 

volcanic features than the outside corner. Moreover, mafic and ultramafic rocks are 

commonly found at the inside corners but not at the outside corners. All these 

observations support the hypothesis of thin or missing crust at inside corners and 

have lead to an alternative model of ridge segmentation at slow spreading ridges. 

According to it, slow spreading ridge segmentation is controlled by the presence of 

low angle detachment faults (Mutter and Karson, 1992) or by some combination 

of detachment faulting and focussed mantle upwelling (Tucholke and Lin, 1994; 

Tucholke et al., 1997). 

Seismic observations in general agree with the hypothesis that ridge segmen

tation is due to focused magmatic accretion at segment centres and/ or increased 

tectonic extension at segment ends. 

At the EPR a shallow reflector, lying 1-2 km below the ridge axes and presumed 

to mark the top of a narrow ( 1-4 km wide) and thin (tens to hundreds of meters thick) 

lens of melt, is identified whenever the axial depth and the ridge cross sectional area 

point to strong magmatic activity (e.g. Detrick et al., 1987; Mutter et al., 1995). 

This reflector lies on top of a much broader seismic low velocity zone, interpreted 

to be a largely solidified plutonic body containing only a small fraction of melt. 

A magma chamber, having similar characteristics (dimensions and depth) to those 

observed at fast and intermediate spreading ridges, has been reported at the slow 

spreading Reykjanes ridge (Navin et al., 1998). This similarity in the process of 



Chapter 1 7 

accretion despite the different spreading rate, is consistent with the uniformity of 

the mature oceanic crust observed throughout the world oceans. 

l'viid-ocean .ridge earthquake data are extremely important to constrain thermal 

and mechanical models of spreading centres, because they provide an estimate of 

the depth extent of faulting and thus of the depth of the brittle-ductile transition in 

the axial region. Earthquake data sets at mid-ocean ridges fall into two categories: 

(1) in situ recorded microearthquakes, and (2) large earthquakes (m > 5) whose 

parameters are obtained from inversion of long period P and SH waves. This last 

category is however limited to full spreading rates less than 40-45 mm/yr because 

earthquakes generated at faster spreading ridges are not large enough to be recorded 

at teleseismic distances. 

Among the microearthquake surveys at the MAR two were particularly im

portant in placing limits on the amount of brittle lithosphere thinning at segment 

centres. The first was performed at 23° N and revealed that hypocenters had focal 

depths of 4-8 km beneath the median valley seafloor (Toomey et al., 1988). The 

second took place at 26° N and revealed hypocenters with focal depths ranging from 

2 to 8 km beneath the ridge axis. The shallower earthquakes, with hypocentral 

depths less than 4 km, were concentrated below the along-axis high in the middle 

section of the ridge segment (Kong et al., 1992). 

At several ridges with full spreading rates less than 45 mm/yr, Huang and 

Solomon (1988) found that the centroid depths of teleseismically recorded earth

quakes ranged from 2 to 6 km below the seafloor. Arguing that centroid depths 

mark the mean depth of fault slip, they proposed that earthquake faulting, and thus 

the brittle domain, extend to a depth of 2-10 km beneath slow spreading ridges. 

They also verified that the maximum centroid depths decreased with increasing 

spreading rate. 

Purdy et al. (1992) further investigated the relation between spreading rate 

and seismic structure at mid-ocean ridges. They compiled and compared depths to 

the top of the low-velocity-zone below 6 different ridges, with full spreading rates 

ranging from 20 to 150 mm/yr. Their conclusion was that as full spreading rate 
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decreased from 150 to 20 mm/yr the depth below the seafloor to the top of the low 

velocity zone increased approximately from 1 to 4 km. 

1.3 Faulting observations at Mid-Ocean Ridges 

The character of faulting at mid-ocean ridges depends primarily on the spreading 

rate and secondly on the location along the ridge segment. Although along-axis 

variations in fault characteristics occur at fast spreading ridges ( Carbotte and Mac

donald, 1994 ), they are much more important at slow spreading ridges. For that 

reason, fault parameters at slow spreading ridges are described at segment centres 

and at segment ends. At segment ends of slow spreading ridges there is also an 

across-axis change in fault occurrence, in that faulting at outside corners differs 

from faulting at inside corners. In fact, it has been noted that the variation in fault 

characteristics observed along segments arises mainly from variations occurring be

tween the segment centre and the inside corner at the segment end (e.g. Tucholke 

and Lin, 1994; Escartin et al., 1999). 

• Fault heave and throw. Fault heave and throw diminish with increasing spread

ing rate. At fast spreading ridges fault vertical offsets do not usually exceed 

tens of meters. For example, at the East Pacific Rise near go N, the mean 

fault throw is 40 m (Fig. 1.4)(Carbotte and Macdonald, 1994). In contrast, at 

the Mid-Atlantic Ridge near 29°, Shaw {1992) reports vertical offsets of faults 

ranging from 200-600 m at segment centres to 800- 1200 m at segment ends. 

At the same location on the MAR, Escartin et al. (1999) report an apparent 

average fault heave at the segment centre of 150 m or 250 m depending on the 

ridge flank, of 400 m on the inside corner and of only 100 m on the outside 

corner (Fig. 1.5). 

• Fault spacing. Fault spacing also diminishes with increasing spreading rate. 

At the East Pacific Rise (at 8°30'N-10°N) the mean fault spacing is 1.5 km 

(Carbotte and Macdonald, 1994). At the MAR (at 28°-30°N) the mean fault 

spacing is approximately 0.2-2 km at the segment centre and up to 4-8 km at 

the segment ends (Shaw, 1992). 
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• Fault length and strike. The number of short faults is observed to increase 

with the spreading rate. At the East Pacific Rise (at 8°30'-l0°N) the mean 

fault length is 7.5 km (Carbotte and Macdonald, 1994). At the MAR segment 

studied by Shaw (1992) faults up to 40 km long exist at the segment centre, 

while at the segment ends faults are continuous for only 5-10 km. 

• Range of activity. Although some faults may remain active beyond distances 

of 20 km off axis, there is a general consensus that at all spreading rates most 

active faulting lies within 5-10 km of the ridge axis. Using plots of cumulative 

fault throw with distance from the ridge axis, Bicknell et al. (1987) concluded 

that at the East Pacific Rise at 19°30'S, active faulting occurs within 5-8 km 

of the rise axis. Based on the character of sonar data Escartin et al. (1999) 

concluded that faults at the MAR at 29°N nucleate 1-2 km from the ridge axis 

and cease to be active within 10-20 km of the axis. At the same MAR latitude 

the across-axis distribution of microearthquakes also suggest that the active 

fault zone lies within 10 km of the ridge axis (Wolfe et al., 1995). 

• Fault dip angle. Information on the dip angle of MOR faults comes mainly 

from fault plane solutions of microearthquakes and fine scale morphology sur

veys. At fast spreading ridges such information is not available and fault 

dip angles are usually assumed to be the same as observed on slow spread

ing ridges. From inversion of teleseismically recorded earthquakes, Huang and 

Solomon (1988) inferred that fault planes at slow spreading ridges are char

acterised by predominantly normal faulting, on planes that dip at 45°. The 

same result was obtained by Wolfe et al. (1995) from the source mechanisms of 

microearthquakes recorded at the MAR at 29°N. Also at the MAR, and based 

on submersible observations and bottom photographs, Karson and Dick (1983) 

report across-axis differences at segment ends: at outside corners steep faults 

(70°-90°) group to form fault zones of moderate average slope (30°), while at 

inside corners two groups of faults are observed, one dipping at 20°-60° and 

the other dipping at 70°-90°. 
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• Fault facing direction. Inward facing faults dip towards the ridge axis and 

outward facing faults dip in the opposite direction. Both inward and outward 

facing faults occur at all spreading rates. However, at slow spreading ridges, 

inward facing faults largely outnumber outward facing faults, while at the 

fastest spreading rates they occur in approximately equal numbers ( Carbotte 

and Macdonald, 1994, Escartin et al., 1999). 

1.4 Previous models of faulting at Mid-Ocean 

Ridges 

Faulted lithosphere responds to tectonic extension by slip along faults, accompanied 

by flexure (Fig. 1.6). 

equilibrium level 
--------------- --------------

I 
FLUID 1 

FLUID 2 

Fig. 1.6 The displacement along the fault is the response to tectonic extension. The 

extension causes opposite edge forces to act along the fault planes due to their inability 

to withstand shearing stress. In 1 the footwall is displaced above the initial isostatic 

equilibrium level and the hanging wall is displaced below the equilibrium level. In 2 

the plate bends in response to the topographical load caused by the offset. The two 

processes oppose each other and occur simultaneously. 
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tinites are believed to strongly reduce the strength of faults by enhancing strain 

localisation, substantial weakening at the segment ends would result in larger fault 

_spacing and throws (Escartin et al., 1997). 

The fault modelling results presented by Shaw and Lin (1996) depend funda

mentally on the brittle layer thickness, and can not be disregarded because of the 

rheological structure assumed. Their sequential model was successful in predicting 

the main fault observations, but it should be stressed that it was based on Forsyth's 

(1992) flexural fault model. Forsyth's (1992) flexural fault model is an idealisation 

in the sense that the plate remains perfectly elastic as extension proceeds, and that 

there is no erosion or sedimentation. In the vicinity of mid-ocean ridges sedimen

tation may occur in the form of extrusive volcanism and eroding fault wall debris. 

Also, elastic plate models are an oversimplification, producing anomalous low val

ues of the effective elastic thickness, and plate curvatures broader than observed. 

Elasto-plastic models, which take into account strength envelopes, have been suc

cessful in sharpening the flexural bending at subduction zones (e.g. McAdoo et al., 

1978; Goetze and Evans, 1979) and ih attributing the low estimates of the effective 

elastic thickness to plastic yielding (Buck, 1988; Kusznir et al., 1991; Bott, 1997). 

One would therefore like to investigate the evolution of normal faults in the oceanic 

lithosphere, and their dependence on the brittle layer thickness, while considering 

the effects of both plastic yielding and sedimentation. This is the aim of chapter 5. 

1.5 Mid-ocean ridge segmentation 

The finding that the ridge axis is interrupted by many small offsets, which unlike 

transform faults do not have a clearly defined strike-slip fault connecting the ridge 

segment ends, dates only from the early eighties, when multibeam swath mapping 

tool-s started to be used. Since then the characteristics of ridge offsets have been 

systematised and a hierarchy of ridge discontinuities has been proposed based on 

their size, geometry and behaviour (Macdonald et al., 1988). According to this 

hierarchy a ridge segment between transform faults is broken into smaller segments 
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by second to fourth order discontinuities (Fig. 1.7), which become increasingly 

unstable and mobile as the ridge offset diminishes. 

A 

-sokmL 
··20 km 

51 

B 

-20kmL 

-20 km 

Axial 
ri« 
valley 

Fig. 1. 7 A hierarchy of ridge segmentation for A-fast and B-slow spreading ridges 

(after Macdonald et al., 1991). First order discontinuities offset the ridge by more than 

30 km and are transform faults at both fast and slow spreading ridges. Second order 

discontinuities offset the ridge by 2-30 km, and can be either Overlapping Spreading 

Centres at fast spreading rates or oblique shear zones and rift valley jogs at slow spreading 

rates. Third order segmentation has a characteristic offset of 0.5-2 km, occurring in the 

form of small Overlapping Spreading Centres or in the form of intervolcano gaps. Fourth 

order discontinuities are deviations from axial linearity resulting in slight bends or lateral 

offsets of less than 1 km. 

\A/hatever the discontinuity order there is a strong correlation between the spac

ing of discontinuities and the spreading rate. Fast spreading ridges have on average 

longer and smoother segments than slow spreading ones. Also, ridge discontinuities 

generally constitute local maxima along the ridge axis depth profile. The magnitude 

of the deepening at segment ends is, like the segment length, strongly correlated with 

the spreading rate. For instance, the spacing between transform faults ranges from 

less than 200 km on the slowest spreading ridges, to 600-900 km on intermediate and 
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fast spreading ridges. At transform faults of slow spreading ridges depth anomalies 

range from 500 to 2000 m, while at fast spreading ridges they range from 300 to 600 

m (Macdonald et a!., 1991). The depth anomalies decrease with the order of the 

discontinuities, being non-existent or less than a few tens of meters at fourth order 

discontinuities. 

1.6 Previous models of stress at mid-ocean ridge 

offsets 

Early estimates of stress at ridges and transforms aimed to explain the observed 

ridge-transform orthogonal pattern. Lachenbruch and Thompson (1972) were the 

first to propose that " it is more difficult for diverging plates to spread a kilometre 

of ridge than to slip a kilometre of transform". By stating that the most stable 

configuration is the one that offers the least resistance to plate separation, they 

concluded that the resistance to spreading must be greater than the resistance to 

slipping because the observed orthogonal pattern minimises the length of the opening 

ridges. They interpreted the resistance to plate motion at transforms as a frictional 

or viscous resistance to shearing displacement, and the resistance to plate separation 

at ridges as a tectonic tension or tensile resistance resulting from a deficiency in stress 

in the spreading direction relative to the lithostatic state. 

Based on laboratory experiments with wax, Oldenburg and Brune (1972; 1975) 

investigated the necessary conditions for the maintenance of the ridge-transform or

thogonal pattern. They concluded that the resistive stresses acting on the transform 

must be smaller than the shear strength of the surrounding lithosphere. Their most 

relevant observations are: (1) the upwelling of the material at the ridge a..xis is pas

sive, resulting only from hydrostatic forces in the fluid caused by the separation of 

the plates, (2) symmetric spreading occurs under conditions of no tensile strength 
' 

across the ridge and (3) the stability of transforms is a consequence of their lack of 

strength. 

i\1Iore quantitative estimates of the ratio between the ridge resistance to spread

ing and the transform resistance to slip were later presented by Phipps Morgan and 
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and Parmentier (1984). They used a finite element model to investigate if the ridge 

resistance and the transform resistance forces could account for the observed stress 

field at ridge transform intersections. Their modelling showed that: (a) to maintain 

a narrow zone of strike-slip deformation along transforms the ratio of the ridge nor

mal stress to the transform shear stress should be in the range of 3 to 5, and (b) 

with these relative magnitudes, the ridge resistance force and the transform resis

tance force could alone explain the curvature of the ridge axis and adjacent normal 

faults at ridge-transform intersections (the observed stress field at ridge-transform 

intersections is described in more detail in section 2.8). 

Following a similar approach, Grindlay and Fox (1993) studied the stress field as

sociated with non-transform offsets of slow spreading ridges. In addition to changes 

in the ratio of the ridge normal tensile stress to the transform shear stress, they 

considered the effect of varying the length of the offset. The aim of their modelling 

was to compare the structural patterns predicted from the calculated stress field 

with the morphological and tectonic structures observed at non-transform offsets. 

The morphology of non-transform offsets of slow spreading ridges is variable, 

but seems to be partly controlled by the length of the offset (Sempere et al., 1993). 

Along the MAR three characteristic types of non-transform discontinuities have been 

recognised (Fig 1.8): (A) en-echelon jogs of the ridge axis, with slightly overlapping 

ridge tips, (B) en-echelon jogs of the ridge axis, with a ridge parallel basin, and (C) 

oblique shear zones consisting of a large extensional basin, oriented approximately 

at 45° relative to the strike of the ridge axis (Grindlay et al., 1991). These non

transform offsets appear to accommodate shear stresses over a broad area by both 

strike-slip and extensional tectonics. 

Grindlay and Fox (1993) successfully modelled the structural geometries of non

transform offsets of types (A) and (B). They concluded that the predicted and 
f 

observed tectonic structures were compatible for a range of offset lengths from 5 to 

40 km, provided that the ridge normal tensile stress was 3 to 5 times greater than the 

offset shear strength. Their modelling also suggested that at fast spreading ridges a 

weaker ratio of ridge-normal stress to discontinuity shear stress must exist. 
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are at least occasionally subjected to a ridge-parallel tensile stress. He tested this 

hypothesis using boundary element models, and found: (a) the ridge normal ten

sile stress tends to lock the transform, producing shear stresses responsible for the 

strike-slip faulting and associated earthquakes along the transform fault; (b) a ridge 

parallel tensile loading is required to explain the transform parallel normal faults, 

tensile fractures, dikes and intra-transform spreading centres; and (c) the combina

tion of ridge parallel and ridge perpendicular tensile loading unlocks and makes slip 

easier on the transform. Moreover, this combination produces stresses compatible 

with the oblique faulting observed at transforms, particularly at ridge-transform 

intersections. 

The origin of ridge parallel tensile stresses at transform faults is unclear. Gud

mundsson (1995) argued that thermoelastic stresses cannot account for the shallow 

transform-parallel tension fractures and normal faults observed at fracture zones, 

because model calculations show thermal stresses are zero at the surface, reaching a 

maximum at 4 kilometres depth (Turcotte, 1974). Alternatively, he suggested that 

the source of ridge parallel tensile stresses is the ridge perimeter increase resulting 

from the migration and expansion of ridges after continental break-up. The migra

tion of ridges in a radial direction away from the region of their origin would also 

account for the general fanning of oceanic transform faults. However, the increase 

in the ridge perimeter may not necessarily produce significant ridge parallel tensile 

stresses, because it can be accommodated by the lengthening of the ridge segments, 

and by the development of lower order ridge discontinuities. 

An alternative source of ridge parallel tensile stresses is proposed in this study. 

The topographic loading created by the subsidence of the seafloor away from ridges 

has never been included in models of stress at ridge transform and non-transform off

sets. Such topographic loading may produce significant ridge parallel tensile stresses, 

and may explain the non-transform offsets of type (C) in Fig. 1.8, i.e. shear zones 

oblique at 45° relative to the strike of the ridge axis. These possibilities are analysed 

in chapter 6. 
























































































































































































































































































































































































































































































