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Segmentation and cycles of crustal accretion at mid-ocean ridges: 
a study of the Reykjanes Ridge 

Alexander B. Gardiner 

Abstract 

Early studies of mid-ocean ridges suggest a fundamental difference between crustal 
accretionary processes at slow- and fast-spreading ridges. Accretion, and the supply of 
melt to the crust itself, is thought to be highly episodic at slow-spreading ridges but 
steady-state at fast-spreading ridges. However, recent studies are beginning to question 
this model, with evidence for the temporal variation in crustal accretionary processes at 
all spreading rates emerging. 

This study provides evidence from bathymetry, TOBI sidescan, gravity and 
magnetic data, collected during different cruises to the Reykjanes Ridge, for the 
temporal nature of crustal accretion and its relationship to segmentation. 

Interpretation of TOBI images indicates that individual adjacent axial volcanic 
ridges (AVRs) vary in relative age, suggesting that they are at various stages of an 
evolutionary lifecycle, with episodic cycles of magmatic and tectonic activity. However, 
prior to investigating the possible effects of tectonomagmatic cycles on the crustal 
structure of AVRs, the effect of the Iceland hotspot on the ridge is examined. The along-
axis free-air gravity anomaly is forward modelled in 2-D, revealing an along-axis 
increase in crustal thickness towards Iceland from 7.5 km to 10.5 km and a decrease in 
mantle densities from 3.30 to 3.23 g cm"3 between 57°30'N and 62°N. Calculation of the 
residual mantle Bouguer Anomaly (RMBA) and inversion of magnetic anomaly data, 
reveal intermediate-wavelength fluctuations in RMBA amplitude and magnetization 
intensity respectively that are attributed to hotspot pulses, with 59°N marking the 
southern most extent of the most recent pulse. 

Removal of the hotspot effect on the gravity data reveals short-wavelength RMBA 
lows, associated with individual AVRs, superimposed on a broad ridge-trending low. 
Along-AVR-axis gravity modelling shows that a number of these RMBA lows can be 
explained by a 200-800 m thickening of the crust and/or by the presence of 5-20% 
partial melt in the mid-crust. A correlation between relative AVR age and crustal 
structure is established, with longer, more mature AVRs having a thicker crust and 
shorter, younger AVRs having more partial melt in the mid-crust. 

Short-wavelength magnetization intensity highs, associated with younger AVRs, 
corroborate the TOBI age interpretations. Local spreading rate calculations reveal that 
total spreading rates for younger AVRs are up to 20% faster than for older AVRs over 
the last 1.42 Ma. 

On the basis of these results a model for the cyclicity of crustal accretion is 
presented, whereby far-field tectonic stresses result in spreading-orthogonal brittle 
deformation of the crust in the neovolcanic zone, and 3-D mantle upwelling, with a 
wavelength o f -70 km, follows the ridge trend and results in second order segments that 
comprise ~5 AVRs. It is proposed that along-axis migration of melt within such a 
segment results in the observed variations in AVR age, length, RMBA amplitude, 
magnetization intensity and local spreading rate. 

The proposed model has implications for the temporal variability of crustal accretion 
at all spreading rates. 

ii 



Acknowledgements 

I would like to thank my primary supervisor Christine Peirce for helping me through 

these last three (and a bit) years, reading (and correcting!) numerous drafts of this thesis 

and providing funding for two conferences in San Francisco. Thanks must also go to 

Roger Searle who provided the code for the magnetic data inversion and helped me with 

the magnetic part of this thesis. I would also like to thank my third supervisor, Martin 

Sinha, for providing useful ideas during discussions in both Durham and Southampton. 

Al l of the data presented here was collected thanks to the officers, crew and 

scientific staff on board the RRS Charles Darwin, R/V Maurice Ewing and RRS 

Discovery during cruises CD81/93 and CD87/94, EW9008/90 and D235c/98 

respectively. 

I am indebted to my office mates, Anthony and Kostas for showing me the ropes in 

the early years and Chris Gill for helping me with IT related matters and for letting me 

bounce ideas off him. Thanks also to Mrs. Grant and my housemates at The Wing: Jules 

for... well.. .being Jules and Jens and Wibke for making it easier for me to get up in the 

morning by fixing the shower and making bread. 

Thanks to my parents for the constant encouragement and support. 

Heather has been a great source of help and encouragement, especially in the latter 

stages of my PhD, by helping me cross-check references and formulate ideas. Thank 

you also H. for feeding and generally looking after me. 

My three years at Durham were funded through a research studentship provided by 

the University of Durham and the Department of Geological Sciences. 

iii 



Table of contents 

Table of contents 

List of figures viii 

List of tables xii 

Glossary of terms and abbreviations xiii 

Chapter 1: Introduction 1 

1.1 Mid-ocean ridges 1 

1.2 Oceanic crust 2 

1.3 Segmentation 5 

1.4 Episodicity of crustal accretion 12 

1.5 The Reykjanes Ridge 15 

1.5.1 Setting 15 

1.5.2 Morphology and segmentation 17 

1.5.3 Magnetic and gravity data 20 

1.5.4 Geochemistry and seismic data 20 

1.5.4.1 Layer 2 23 

1.5.4.2 Layer 3 23 

1.5.4.3 Moho 24 

1.5.4.4 Summary of seismic data compilation 24 

1.6 Aims of this study 25 

1.7 Structure of dissertation 26 

Chapter 2: Data acquisition, processing and compilation 28 

2.1 Introduction 28 

2.2 Data acquisition cruises to the Reykjanes Ridge 28 

2.3 Bathymetry data compilation 31 

2.4 TOBIdata 31 

2.5 Gravity data 33 

2.5.1 EW9008/90 cross-over errors 35 

2.5.2 CD81/93 cross-over errors 35 

2.5.3 D235c/98 cross-over errors 35 

2.5.4 CD87/94 cross-over errors 39 

2.5.5 Combined cross-over error analysis 39 
iv 



Table of contents 

2.5.6 Data merging and gridding 39 

2.5.7 Summary of gravity data processing, merging and gridding 39 

2.6 Magnetic Data 43 

2.7 Summary 47 

Chapter 3: TOBI data interpretation 48 

3.1 Introduction 48 

3.1.1 Tectonomagmatic cycles 49 

3.1.2 Volcanic morphology 51 

3.1.2.1 Point-source volcanoes 51 

3.1.2.2 Composite volcanoes 52 

3.1.2.3 Flat-top volcanoes 52 

3.1.2.4 Clustered volcanoes 53 

3.1.2.5 Hummocky ridges 54 

3.1.3 Tectonic features 54 

3.1.4 Sediment cover 56 

3.2 TOBI area C 57 

3.2.1 AVR 1 (RAMESSES) 57 

3.2.2 AVR 2 57 

3.2.3 AVR 4 59 

3.2.4 AVR 6 59 

3.2.5 AVR 7 59 

3.2.6 Summary of TOBI area C 59 

3.3 TOBI area B 60 

3.3.1 AVR 20 60 

3.3.2 AVR 21 62 

3.3.3 AVR 23 62 

3.3.4 AVR 25 62 

3.3.5 AVR 26 63 

3.3.6 Summary of TOBI area B 63 

3.4 Summary of TOBI interpretation 63 

V 



Table of contents 

Chapter 4: Gravity data reduction and modelling 65 

4.1 Introduction 65 

4.2 Calculating the MBA 60 

4.2.1 Theory 66 

4.2.2 Method 66 

4.3 Calculating the RMBA 75 

4.3.1 Theory 75 

4.3.2 Method 77 

4.4 Results and models 81 

4.4.1 Long-and intermediate-wavelength features 81 

4.4.2 Short-wavelength features 87 

4.4.2.1 TOBIareaC 87 

4.4.2.1.1 A V R 1 91 

4.4.2.1.2 A V R 2 93 

4.4.2.1.3 A V R 4 93 

4.4.2.1.4 A V R 6 96 

4.4.2.1.5 A V R 7 96 

4.4.2.1.6 Layer 2A and 2B density variations 99 

4.4.2.1.7 Upper mantle contributions 101 

4.4.2.1.8 Summary of TOBIareaC 103 

4.4.2.2 TOBIareaB 104 

4.4.2.2.1 AVR20 107 

4.4.2.2.2 AVR21 109 

4.4.2.2.3 AVR23 109 

4.4.2.2.4 AVR25 109 

4.4.2.2.5 AVR26 113 

4.4.2.2.6 Resolution of models 113 

4.4.2.2.7 Summary of TOBIareaB 116 

4.5 Summary 117 



Table of contents 

Chapter 5: Magnetic data inversion 118 

5.1 Introduction 118 

5.2 Inversion theory 120 

5.3 Method 121 

5.4 Results 125 

5.4.1 Long-wavelength features 129 

5.4.2 Short-wavelength features 132 

5.4.2.1 TOBIareaC 132 

5.4.2.2 TOBIareaB 134 

5.4.2.3 Spreading rate calculations 136 

5.5 Summary 144 

Chapter 6: Discussion and suggestions for further work 146 

6.1 Introduction 146 

6.2 Long-wavelength observations 147 

6.3 Intermediate-wavelength observations 149 

6.4 Short-wavelength observations 151 

6.5 Model of segmentation and cyclicity of crustal accretion 155 

6.6 Comparison of accretionary processes at all spreading rates 159 

6.7 Suggestions for further work 161 

6.8 Conclusions 163 

References 166 

vii 



List of figures 

List of figures 

Figure 1.1: Elevation map of the world, highlighting the mid-ocean ridge system in 

oceanic areas 1 

Figure 1.2: Across-axis seabed topographic characteristics of mid-ocean ridges 3 

Figure 1.3: Mid-ocean ridge morphological characteristics associated with the main 

ridge types 3 

Figure 1.4: Velocity structure of the oceanic lithosphere correlated with ophiolite 

pseudostratigraphy 4 

Figure 1.5: Interpretative models of magma chamber morphology 6 

Figure 1.6: Orders of segmentation with their defining discontinuities for both 

fast- and slow-spreading ridges 7 

Figure 1.7: Varying scales of segmentation and its possible causes 9 

Figure 1.8: Possible mechanism for the observed segmentation of mid-ocean ridges... 11 

Figure 1.9: Along-axis profiles of seafloor depth and mantle Bouguer anomalies for 

fast-, intermediate- and slow-spreading ridge segments 11 

Figure 1.10: Along-axis models illustrating the differences in internal structure, 

stratigraphy and crustal thickness between slow-spreading and fast-spreading ridges... 12 

Figure 1.11: Cross-sectional model of the 57°45'N AVR based on a synthesis of the 

modelling and interpretation of RAMESSES datasets 13 

Figure 1.12: Satellite-derived free-air gravity anomaly over the Reykjanes Ridge 16 

Figure 1.13: Along-axis bathymetry profile of the Reykjanes Ridge and MAR 

north of 55o50"N 18 

Figure 1.14: Compilation of seismic refraction models along Reykjanes Ridge 22 

Figure 2.1: Bathymetry of the Reykjanes Ridge 29 

Figure 2.2: Schematic representation of the principal components and characteristics 

of the Towed Ocean Bottom Instrument (TOBI) 33 

Figure 2.3: Cross-over error associated with two intersecting ship tracks 34 

Figure 2.4: Cross-over error analysis for EW9008/90 36 

Figure 2.5: Cross-over error analysis for CD81/93 37 

Figure 2.6: Cross-over error analysis for D235c/98 38 

Figure 2.7: Cross-over analysis for CD87/93 40 

Figure 2.8: Cross-over error analysis of combined cruise gravity data 41 

viii 



List of figures 

Figure 2.9: Free-air anomaly compilation of the Reykjanes Ridge 42 

Figure 2.10: Example of the application of a de-spiking filter on magnetic data from 

D235c/98 44 

Figure 2.11: Cross-over error analysis following the de-spiking operation on the 

magnetic data of D235c/98 45 

Figure 2.12: Magnetic data compilation for the study area 46 

Figure 3.1: Interaction of acoustic energy with the seafloor in the generation of 

sidescan images 48 

Figure 3.2: Tectonomagmatic accretion after Parson et al. (1993), showing an axial 

volcanic ridge at various stages in its lifecycle 50 

Figure 3.3: TOBI image of a cratered conical volcano on the Reykjanes Ridge 52 

Figure 3.4: TOBI image of composite volcano on the Reykjanes Ridge 52 

Figure 3.5: TOBI image of a flat-topped volcano from area C on the Reykjanes 

Ridge 53 

Figure 3.6: TOBI image of cluster of flat-top and conical volcanoes on the 

Reykjanes Ridge 53 

Figure 3.7: TOBI image of a hummocky ridge on the Reykjanes Ridge 54 

Figure 3.8: Predominant faulting patterns at the Reykjanes Ridge 55 

Figure 3.9: TOBI images of faults 56 

Figure 3.10: TOBI image showing the different reflection characteristics of sediment 

cover and lava flows 56 

Figure 3.11: TOBI data interpretation for AVRs in area C 58 

Figure 3.12: TOBI data interpretation for AVRs in area B 61 

Figure 4.1: Parameters used in calculating the gravitational effect of an uneven layer. 67 

Figure 4.2: Simple crustal model shown here for the area surrounding the 

57°45'N AVR (AVR 1) and the AVR centred on 58°05'N (AVR 2) 69 

Figure 4.3: Along-ridge-axis profiles of whole crust gravitational attraction 

calculated by grav2d showing the DC-offset between grids A and B 72 

Figure 4.4: Stages of the MBA calculation - input to and output from grav2d 73 

Figure 4.5: Stages of the MBA calculation - subtracting the total crustal attraction 74 

Figure 4.6: Ridge-transform-ridge system geometry used to calculate the 

gravitational effects of passive upwelling 76 

Figure 4.7: Bathymetry data rotated to align AVRs in a "N-S" direction and 

projected to cartesian coordinates 78 

ix 



List of figures 

Figure 4.8: Examples of output from the thermal calculation programs 79 

Figure 4.9: The RMBA is calculated by removing the thermal effects of passive 

upwelling at the ridge from the MBA 80 

Figure 4.10: Along-ridge-axis profiles showing the various stages of the RMBA 

calculation 82 

Figure 4.11: Effects of the Iceland plume on the Reykjanes Ridge from gravity 

modelling 84 

Figure 4.12: Analysis of various wavelengths in the along-axis RMBA and 

bathymetry 86 

Figure 4.13: Along-axis profiles of bathymetry and RMBA data for TOBI area C 88 

Figure 4.14: Short-wavelength RMBA for TOBI area C 89 

Figure 4.15: Along-axis RMBA profile for AVR 1 sampled from the 

short-wavelength RMBA plot of Fig. 4.14 92 

Figure 4.15b: Investigation into the applicability of 2-D modelling for the along-AVR-

axis profile. (Opposite side of page) 92 

Figure 4.16: Along-axis RMBA profile for AVR 2 sampled from the 

short-wavelength RMBA plot of Fig. 4.14 94 

Figure 4.17: Along-axis RMBA profile for AVR 4 sampled from the 

short-wavelength RMBA plot of Fig. 4.14 95 

Figure 4.18: Along-axis RMBA profile for AVR 6 sampled from the 

short-wavelength RMBA plot of Fig. 4.14 97 

Figure 4.19: Along-axis RMBA profile for AVR 7 sampled from the 

short-wavelength RMBA plot of Fig. 4.14 98 

Figure 4.20: Effect of variation in layer 2A and 2B density 100 

Figure 4.21: Investigation of mantle density variations on the along-axis 

RMBA of AVR 4 102 

Figure 4.22: Along-axis profiles of bathymetry and RMBA data for TOBI area B.. . . 105 

Figure 4.23: Short-wavelength RMBA for TOBI area B 106 

Figure 4.24: Along-axis RMBA profile for AVR 20 sampled from the 

short-wavelength RMBA plot of Fig. 4.23 108 

Figure 4.25: Along-axis RMBA profile for AVR 21 sampled from the 

short-wavelength RMBA plot of Fig. 4.23 110 

Figure 4.26: Along-axis RMBA profile for AVR 23 sampled from the 

short-wavelength RMBA plot of Fig. 4.23 111 

X 



List of figures 

Figure 4.27: Along-axis RMBA profile for AVR 25 sampled from the 

short-wavelength RMBA plot of Fig. 4.23 112 

Figure 4.28: Along-axis RMBA profile for AVR 26 sampled from the 

short-wavelength RMBA plot of Fig. 4.23 114 

Figure 4.29: Resolution tests for gravity models 115 

Figure 5.1: Variation in magnetization intensity with depth 118 

Figure 5.2: Decrease in magnetization intensity with age computed from deep-tow 

measurements in FAMOUS area, located near 37°N on the Mid-Atlantic Ridge 119 

Figure 5.3: Input grids to the magnetic inversion program, inv3d 122 

Figure 5.4: Effect of layer 2A thickness variation on the magnetization solution 124 

Figure 5.5: Three-dimensional forward calculation of magnetic anomalies along 

seismic line CAM71 taking the seismically-derived layer 2A thickness as the entire 

magnetic source layer 125 

Figure 5.6: Output data from inv3d 126 

Figure 5.7: Effect of applying the annihilator function to the magnetization intensity. 127 

Figure 5.8: Three-dimensional forward calculation of magnetic anomaly from the 

magnetization intensity solution 127 

Figure 5.9: Comparison of the bathymetry, magnetic anomaly and magnetization 

intensity solution data for the study area 128 

Figure 5.10: Along-axis profile through the magnetization intensity solution 130 

Figure 5.11: Correlation between along-axis magnetization intensity and 

FeO and Ti02 concentrations 131 

Figure 5.12: Magnetization intensity solution for TOBI area C, showing a 

number of highs associated with AVRs 133 

Figure 5.13: Magnetization intensity solution for TOBI area B, showing a 

number of highs associated with AVRs 135 

Figure 5.14: Local half-spreading rate calculations for AVRs 1 and 2 137 

Figure 5.15: Local half-spreading rate calculations for AVRs 4 and 6 138 

Figure 5.16: Local half-spreading rate calculations for AVR 7 139 

Figure 5.17: Local half-spreading rate calculations for AVRs 20 and 21 140 

Figure 5.18: Local half-spreading rate calculations for AVRs 23 and 25 141 

Figure 5.19: Local half-spreading rate calculations for AVR 26 142 

Figure 6.1: Long- and intermediate-wavelength effects of the proximity of the 

Iceland hotspot on the Reykjanes Ridge 148 

xi 



List of figures 

Figure 6.2: Along-axis correlation between various parameters for TOBI area C 152 

Figure 6.3: Along-axis correlation between various parameters for TOBI area B 153 

Figure 6.4: Model of segmentation and cyclicity of crustal accretion for 

TOBI areaC 156 

List of tables 

Table 1.1: Segmentation characteristics of fast- and slow-spreading ridges 8 

Table 1.2: Compilation of zero-age P-wave velocities (V p ) and thickness (T) for 

oceanic crustal layers 2A, 2B, 3 and upper mantle (UM) along the ridge-axis as 

annotated 24 

Table 4.1: Initial gravity model layer densities using average P-wave velocities 

derived from the main layers of Navin et al. (1998)'s across-axis wide-angle 

seismic model 70 

Table 4.2: Main parameters used in the MBA and RMBA calculations 71 

Table 4.3: Correlation between relative age, length and RMBA amplitude for 

selected AVRs of TOBI area C 90 

Table 4.4: Correlation between relative age, length, RMBA amplitude and 

inferred crustal structure for selected AVRs of TOBI area C 103 

Table 4.5: Correlation between relative age, length and RMBA amplitude for 

selected AVRs of TOBI area B 107 

Table 4.6: Correlation between relative age, length, RMBA amplitude and 

inferred crustal structure for selected AVRs of TOBI area B 116 

Table 5.1: Main parameters used in the 3-D magnetic anomaly inversion program, 

inv3d. 123 

Table 5.2: Correlation between AVR length, age, magnetization intensity and 

local half-spreading rate across individual AVRs 143 

xii 



Glossary of terms and abbreviations 

Glossary of terms and abbreviations 

The following terms and abbreviations are used throughout this dissertation. 

2- D Two-dimensional 

3- D Three-dimensional 

4- D Four-dimensional 

AVR Axial Volcanic Ridge 

CAMH Central Anomaly Magnetic High 

CSEM Controlled Source Electromagnetic 

DEVAL DEViation in Axial Linearity 

DLVZ Depleted Low Velocity Zone 

EPR East Pacific Rise 

FAA Free-Air Anomaly 

FFT Fast Fourier Transform 

GMT Generic Mapping Tool (version 3.3, see Wessel & Smith 1995) 

GPS Global Positioning System 

GRS80 Geodetic Reference System 1980 

IGRF International Geomagnetic Reference Field 

MAR Mid-Atlantic Ridge 

MARNOK Mid-Atlantic Ridge North of Kane 

MBA Mantle Bouguer Anomaly 

MCS Mutli-Channel Seismic 

MT Magnetotelluric 

NRM Natural Remnant Magnetization 

OSC Overlapping Spreading Centre 

RAMESSES Reykjanes Axial Melt Experiment: Structural Synthesis from 

Electromagnetics and Seismics 

RMBA Residual Mantle Bouguer Anomaly 

r.m.s. root-mean-square 

T c Curie temperature 

TOBI Towed Ocean Bottom Instrument 

xiii 



Chapter 1: Introduction 

Chapter 1 

Introduction 

1.1 Mid-ocean ridges 

The mid-ocean ridge system extends -60 000 km in length beneath the world's oceans 

and is generally characterised by a shallowing of the seabed of 1000-3000 m relative to 

the surrounding seafloor that extends in width from a few hundreds to a few thousands 

of kilometres (Fig. 1.1). Mid-ocean ridges account for 70% of the Earth's volcanic 

output and are where new oceanic lithosphere is created as the plates move apart from 

each other according to the seafloor spreading hypothesis of Hess (1962). 

60°N 

40 N 

\ 20°N 

0° 

20 S V 
40°S 

60°S 

0' 60°E 120°E 180° 120°W 60°W 0° 

- 6 - 5 - 4 - 3 - 2 - 1 0 1 2 3 

Elevation (km) 

Figure 1.1: Elevation map of the world, highlighting the mid-ocean ridge system in oceanic areas 

(Sandwell & Smith 1997). 

Observations of bilaterally symmetric magnetic anomalies over mid-ocean ridges 

(Vine & Matthews 1963) confirm the theory of seafloor spreading and when combined 

with a reversal timescale (e.g. Cande & Kent 1995), allow spreading rate calculations to 
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be made. The gross morphology of mid-ocean ridges appears to be influenced by 

spreading rate (Figs. 1.2 and 1.3). Fast-spreading ridges, such as the East Pacific Rise 

(EPR), spread at a total rate greater than 90 mm yr"1 and are characterised by a smooth 

axial high that is broken by an axial trough that may be up to -100 m wide and 10 m 

deep. These fast-spreading ridges are associated with a high thermal regime and, 

consequently, have relatively smooth flanks with inward-facing faults developing 1-4 

km from the ridge axis with fault throws of less than 50 m. Intermediate-spreading 

ridges, such as the Juan de Fuca Ridge, spread at a total rate of between 50 mm yr"1 and 

90 mm yr"1 and have a 50-200 m deep axial trough superimposed on a broad axial high. 

The neovolcanic zone, present within the median valley, is 1-2 km wide and contains 

overlapping spreading centres (OSCs). Faulting at intermediate-spreading ridges is 

similar to that observed at faster-spreading ridges but the seafloor topography is slightly 

rougher due to the lower thermal regime. Slow-spreading ridges, such as the Mid-

Atlantic Ridge (MAR), have total spreading rates of less than 50 mm yr"1 and are 

distinguished by a 1-3 km deep median valley that is 5-15 km wide and contains a series 

of en echelon axial volcanic ridges (AVRs). The low thermal regime at slow-spreading 

ridges results in inward-facing faults with throws of up to 1-2 km and rough seafloor 

topography. Although the morphology of ridges varies significantly with spreading rate, 

the actual structure of the crust (in terms of its layering) is very similar for all ridges, 

regardless of spreading rate. 

1.2 Oceanic crust 

Our current understanding of the composition and structure of the oceanic crust comes 

from a variety of sources. The combined analyses of dredge samples, drill cores, 

submersible dives over rock exposures and the study of ophiolites have been used to 

build a pseudostratigraphy of the oceanic crust. The composition of the crust is found to 

be remarkably similar for all spreading rates and comprises basaltic pillow lavas 

superimposed on a sheeted diabase dyke complex which, in turn, overlies isotropic to 

layered gabbroic rocks (Nicolas & Boudier 1995). These rock units constitute the 

oceanic crust and lie above melt-depleted peridotites, which are interpreted as residual 

upper mantle. Marine seismic refraction investigations (Raitt 1963; Houtz & Ewing 

1976) suggest that the oceanic crust has a simple horizontally layered structure, with 

each seismically derived layer equating to a layer of the pseudostratigraphy described 

above (Fig. 1.4). However, detailed investigations of fault escarpments on the seafloor 
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Figure 1.2: Across-axis seabed topographic characteristics of mid-ocean ridges, (a) Fast-spreading ridges 

have a broad, smooth axial high, (b) Intermediate-spreading ridges comprise a broad axial high with a 

small graben on-axis. (c) Slow-spreading ridges display a pronounced median valley. After Macdonald 

(1982). 
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Figure 1.3: Mid-ocean ridge morphological characteristics associated with the main ridge types, (a) Fast-

spreading ridges consist of a small summit rift within a broad axial high, (b) Intermediate-spreading 

ridges have a more pronounced graben with a less continuous central volcano, (c) Slow-spreading ridges 

have a deep median valley and discontinuous central volcano along-axis. After Macdonald (1982). 
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(Stewart et at. 2002; Karson et al. 2002) are starting to show that the structure of the 

oceanic crust is far more complicated than previously thought. 

Ophiolite 
Velocity Structure of Oceanic Lithosphere Pseudostratiqraphy 

Extrusive 
Layer 2A r o c k s 

Sheeted 
d i k e Layer 2B 

complex 

Isotropic 
gabbro & 
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Layer 3 gabbro 

5S= Foliated MOHO TRANSITION ZONE 
dunite 

Harzburgite 
3; with 

dunite & 
pyroxenite 

Tectonized 
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) I i i l 
0 1 2 3 4 5 6 7 8 9 

VELOCITY (km/sec) 

Figure 1.4: Velocity structure of the oceanic lithosphere correlated with ophiolite pseudostratigraphy 

(adapted from Dilek et al. 1998). 

Layer 2A, corresponding to the extrusive layer, is defined by compressional wave 

velocities o f 2.5 km s"1 to 4.5 km s"1. The extrusive layer grades into a sheeted dyke 

complex, described as layer 2B, with velocities o f 4.5 km s"1 to 6.5 km s"1. The majority 

of the oceanic crust is made up of layer 3, defined by velocities o f 6.5 km s"1 to 7.0 km 

s", and comprises isotropic to layered gabbro. A jump in velocities to -8.0 km s"1 

defines the seismic Moho and the transition into the upper mantle. 

These geological and seismic observations, which suggest that the oceanic crust is a 

layered igneous complex, require the presence of a magma chamber where fractionation 

of melt contained in a magma reservoir can account for the observed petrological 
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grading o f the lower crust. Focussing o f melt released f rom decompression melting of 

the mantle eventually establishes a shallow magma chamber. Melt f rom the magma 

chamber erupts, via sheeted dykes, on to the seafloor forming the extrusive layer. As the 

magma chamber cools the sides o f the chamber solidify forming the gabbros o f layer 3. 

Evidence for the presence of magma chambers at intermediate- to fast-spreading 

ridges f rom seismic refraction and reflection data (Orcutt et al. 1975; Detrick et al. 

1987; Vera et al. 1990; Kent et al. 1993; Toomey et al. 1994; Mutter et al. 1995; Collier 

& Sinha 1992; Christenson et al. 1993) indicates that a typical magma chamber consists 

o f an -10 km wide zone o f partial melt extending to the base o f the crust overlain by a 

thin (10-100 m) melt lens that extends only 1-2 km across-axis and is located ~1 km 

beneath the seafloor (Fig. 1.5). The along-axis continuity o f this melt body, along most 

of the ridge length between 15°30'N and 17°N on the EPR for example (Carbotte et al. 

2000), suggests that magma bodies are steady-state features at faster-spreading rates. 

Early seismic refraction experiments, however, failed to f ind evidence for a magma 

body beneath slow-spreading ridges. To date, only one multidisciplinary geophysical 

experiment (Navin et al. 1998) has found extensive evidence for the presence of an 

isolated magma chamber beneath a slow-spreading ridge, suggesting that magma 

chambers are transient, ephemeral, features at slow-spreading rates in contrast to the 

long-lived magma chambers observed at faster-spreading rates. Mid-ocean ridges are, 

therefore, not simple stable 2-D structures but complicated 3-D systems with a great 

variety o f active processes. The along-axis variation in morphology and geometry of 

mid-ocean ridges is the most readily observable example o f this complexity. 

1.3 Segmentation 

The development o f swath bathymetry technology in the 1980s (Sempere & Macdonald 

1987) allowed for greater coverage and higher resolution surveys o f the mid-ocean ridge 

system to be made and revealed that mid-ocean ridges are not simple, continuous 2-D 

features occasionally disrupted by transform faults, but complex 3-D systems with as 

much variety along-axis as across-axis (Macdonald et al. 1988). 

Significant along-axis variations in seafloor depth and the occurrence of non-

transform ridge axis discontinuities (e.g. propagating rifts and OSCs) reveal that ridge 

systems are partitioned, or segmented, on a variety o f length scales (Fig. 1.6) which may 

migrate with time. 
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Figure 1.5: Interpretative models of magma chamber morphology, (a) Magma chambers at fast-

spreading ridges consist of a melt lens overlying a crystal mush zone that extends to the Moho and is 

surrounded by a transition zone to the surrounding gabbro. Magma chambers at fast-spreading rates 

are relatively continuous along-axis. (b) Magma chambers at slow-spreading ridges are unlikely to be 

steady-state features or have a melt lens due to the low magma supply at slow-spreading rates. Most 

of the magma chamber, therefore, consists of an isolated dyke-like mush zone with a small transition 

zone to the surrounding gabbro. Adapted from Sinton & Detrick (1992). 
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Figure 1.6: Orders of segmentation with their defining discontinuities for both fast- and slow-spreading 

ridges (after Macdonald et al. 1991). See text for details. 

First order discontinuities are defined by transform faults that offset the ridge axis by 

50 km or more and are associated with large axial depth anomalies. These 

discontinuities occur at intervals o f 300-500 km along the ridge and disrupt magnetic 

anomalies showing that they have been stable features for the last 10 M y or so (Batiza 

1996). Segments also often show geochemical anomalies, with more fractionated basalts 

observed at segment centres, suggesting that melt delivery is focussed towards segment 

centres. 

Second order discontinuities correspond to non-rigid features (i.e. that may migrate 

along the ridge axis on a timescale of 0.5 M y ) that offset the continuity o f the ridge axis 

by 2 to 50 km and cause axial depth anomalies o f hundreds of metres. These 

discontinuities are observed at 50-300 km intervals along-axis and take the shape of 

OSCs at fast- to intermediate-spreading centres and large-offset non-transform 

discontinuities at slow-spreading centres. Third order discontinuities are defined by 

small-offset (0.5-3.0 km), non-transform discontinuities that occur at 30-100 km along-

axis with depth anomalies o f only a few tens of metres. Fourth order discontinuities are 

very small (<1 km) offsets of the axial graben or deviations in the axial linearity (devals) 
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of the axis at fast- to intermediate-spreading ridges that occur at intervals of 10-50 km. 

Fourth order segments are rarely identified through depth anomalies and are usually-

associated with geochemical anomalies. 

Segments 1st Order 2 n d Order 3 r d Order 4 t h Order 

Length (km) 
600 ± 300 140 ± 9 0 50 ± 3 0 14 ± 8 

Length (km) 
400 ±200 50 ± 3 0 15 ± 10? 7 ±5? 

Longevity (My) 
>5 0.5 -5 0.01-0.1 0.001-0.01 

Longevity (My) 
>5 0.5-30 s ? 

Discontinuities I s 'Order 2 n d Order 3 r d Order 4 t h Order 

Type 
Transform OSCs OSCs Devals 

Type 
Transform Rift valley jogs Inter-volcano gap Intra-volcano gap 

Offset (km) >50 2-50 0.5-3.0 <1 

Offset (My) 
>0.5 <0.5 0 0 

Offset (My) 
>2 <2 0 0 

Depth anomaly (m) 
300-600 100-300 30-100 0-50 

Depth anomaly (m) 
500-2000 300-1000 50-300 0-100 

Off-axis trace Fracture zone V-shape zone Faint or none None 

High amplitude 

magnetization? 
Yes Yes Rarely No? 

Break in axial Always Yes Yes Rarely 

magma chamber? Always N.A. N.A. N.A. 

Geochemical 

anomaly? 
Yes Yes Usually -50% 

Table 1.1: Segmentation characteristics of fast- (light grey shading) and slow- (dark grey shading) 

spreading ridges (adapted from Macdonald 1998). Parameter fields that are not shaded indicate values 

applicable to both fast- and slow-spreading ridges. Note that this hierarchy of segmentation probably 

represents a continuum in segmentation. 

Geophysical investigations near 9°N on the EPR (Macdonald et al. 1988) indicate 

that the segmentation o f mid-ocean ridges may be linked to spatial and temporal 

variations in magmatic f l o w beneath the ridge axis (Fig. 1.7). The presence of an axial 

magma chamber, imaged by seismic data, appears to be correlated to a broad cross-

sectional shape of the ridge axis and the presence of an axial graben. An increase in 

magma supply to the ridge axis gives rise to a large shallow magma chamber which 

results in a broad axial bulge on which an "elongate caldera" like feature is formed as 

the melt supply dwindles. Conversely, a low magma supply to the ridge axis gives rise 
8 
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Figure 1.7: Varying scales of segmentation and its possible causes (after Navin 1996; Macdonald et al. 

1988). (a) Along-axis bathymetry profile of the EPR, from ~9°N to 18°N, showing different degrees of 

segmentation, (b) Segmentation probably reflects variations in magma supply to the ridge axis, with 

upwelling melt focussed beneath the centre of first to third order segments, (c) Fourth order segmentation 

may reflect small-scale melt distribution within a magma chamber. 
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to only a small magma chamber, the absence of an axial bulge and a notable collapse 

structure. 

The spatial variation in magma supply along the ridge axis is thought to be related to 

Rayleigh-Taylor instabilities in the lower-density layer of partial melt at the base o f the 

melt-depleted mantle (Whitehead et al. 1984; Schouten et al. 1985; Crane 1985), which 

result in rising diapirs of melt concentrated at regular intervals (Figs. 1.8a-f). Schouten 

et al. (1985) showed that diapir spacing is dependent on spreading rate, among other 

less significant factors, and that the predicted spacing explains the observed variations in 

segment length at different spreading rates (Fig. 1.8g). The predicted shorter spacing o f 

upwellings at slower-spreading ridges and a number o f gravity studies and models of 

mantle f l ow patterns (Phipps Morgan & Forsyth 1988; L in et al. 1990; Parmentier & 

Phipps Morgan 1990; L in & Phipps Morgan 1992; Sparks & Parmentier 1993; Sparks et 

al. 1993; Jha et al. 1994) suggests that buoyant 3-D mantle f l ow occurs beneath slow-

spreading ridges, whereas more 2-D f low occurs beneath faster-spreading ridges. 

Alternatively, the apparent difference in segmentation between fast- and slow-spreading 

ridges could be due to the higher thermal regime beneath faster-spreading ridges 

facilitating the along-axis redistribution of melt in the crust. This redistribution of 

crustal material gives the appearance of sheet-like mantle f l ow at fast-spreading ridges 

although 3-D mantle f low occurs at all spreading rates (Bell & Buck 1992; Wang & 

Cochran 1993; Stewart et al. 2002). 

Gravity studies (Kuo & Forsyth 1988; L in & Phipps Morgan 1992; Tolstoy et al. 

1993; Cormier et al. 1995) have revealed mantle Bouguer anomaly ( M B A ) lows over 

segment centres at various ridges (Fig. 1.9). M B A variations are usually interpreted to 

reflect variations in erustal thickness and/or density (see Chapter 4). M B A lows, thus, 

indicate the presence of thicker and/or lower density crust beneath segment centres, 

suggesting that upper mantle upwelling is focussed. The decrease in M B A magnitude 

with increasing spreading rate suggests that 3-D mantle upwelling is more pronounced 

beneath slow-spreading ridges than at faster-spreading ridges. This, in turn, results in 

greater along-axis variation in crustal structure at slow-spreading ridges (Fig. 1.10). 

The 3-D nature o f crustal accretion is now well established and recent studies (Briais 

& Rabinowicz 2002; Stewart et al. 2002) are starting to reveal the 4-D nature o f crustal 

accretion, describing how crustal production varies with time through the interplay o f 

tectonic and magmatic forces. 
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Figure 1.8: Possible mechanism for the observed segmentation of mid-ocean ridges, (a)-(c) Partial melt 

(stippled area) begins to collect in a region at the top of the undepleted mantle (light grey shading) in the 

asthenosphere. (d)-(e) As the volume of this region grows, a gravitational instability develops with 

regularly spaced disturbances rising diapirically (black areas), (f) Once the partially molten region is 

depleted of melt the process repeats itself, as more melt becomes available, (g) A model of upwelling 

spacing (/) dependence on spreading rate (ve) appears to explain the spacing of segment centres from 

various ridges, inferred from bathymetry data. After Schouten et al. (1985). 
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Figure 1.9: Along-axis profiles of seafloor depth (dashed lines) and MBA (solid lines) for fast-, 

intermediate- and slow-spreading ridge segments, (a) The fast-spreading East Pacific Rise is characterised 

by subdued along-axis variations in seafloor depth and MBA. (b) At intermediate-spreading ridges, e.g. 

the Cocos-Nazca Ridge, variations in both seafloor depth and MBA become more pronounced with 

relative MBA lows associated with elevated areas of the ridge, (c) The correlation between bathymetry 

highs and MBA lows is more pronounced at the slow-spreading Mid-Atlantic Ridge. Variations in MBA 

primarily reflect variations in crustal thickness and/or density, although mantle density variations may 

contribute to the anomalies. Note, arrows indicate the location of first to second order discontinuities and 

the zero level for the MBA is arbitrary (after Lin & Phipps Morgan 1992). 
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Figure 1.10: Along-axis models illustrating the differences in internal structure, stratigraphy and crustal 

thickness between slow- and fast-spreading ridges, (a) Segment centres of slow-spreading ridges are 

generally magma-rich and thick, whereas discontinuities are magma-poor, thin and faulted. Dashed line 

shows the boundary between the lithosphere and the asthenosphere. (b) Fast-spreading ridges show less 

along-axis variation in crustal thickness and structure (from Dilek et al. 1998, modified from Cannat et al. 

1995 and Sinton & Detrick 1992). 

1.4 Episodicity of crustal accretion 

Segmentation studies of mid-ocean ridges have revealed a fundamental difference 

between crustal accretion at slow- and fast-spreading ridges. A basic division between a 

temporally variable accretionary pattern at slow-spreading ridges with cycles of 

magmatic injection and amagmatic, or tectonic, extension, and an essentially steady-

state magma supply sustaining crustal accretion at fast-spreading ridges is inferred. 

The episodicity o f crustal accretion at slow-spreading rates has been highlighted by 

the most comprehensive multidisciplinary study of a magma chamber at a slow-

spreading ridge to date (Navin et al. 1998; Sinha et al. 1997; Sinha et al. 1998; 

MacGregor et al. 1998; Heinson et al. 2000). The RAMESSES (Reykjanes Axia l Melt 
1 2 
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Experiment: Structural Synthesis from Electromagnetics and Seismics) experiment 

provided evidence f rom the combined interpretation o f wide-angle seismic, normal 

incidence seismic, gravity, controlled source electromagnetic (CSEM) and 

magnetotelluric (MT) data for the existence o f a magma chamber beneath an A V R at 

57°45'N on the Reykjanes Ridge. A synthesis o f the RAMESSES work is presented in 

Fig. 1.11. The conclusions drawn from the modelling and interpretation o f all datasets 

are for the existence beneath the A V R of an -18 km wide, low-velocity zone extending 

almost down to the Moho and for an - 4 km narrow, low-velocity ribbon extending 

down for -100 m between layers 2B and 3. The magma chamber, thus, consists o f a 

low-velocity zone and ribbon, interpreted as a region o f sub-axis partial melt and a melt 

lens respectively. 
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Figure 1.11: Cross-sectional model of the ST^T^l AVR based on a synthesis of the modelling and 

interpretation of RAMESSES (Reykjanes Axial Melt Experiment: Structural Synthesis from 

Electromagnetics and Seismics) datasets. The analyses of seismic, gravity, electromagnetic and 

magnetotelluric data suggest that a magma chamber underlies the 57°45'N AVR and that a zone of partial 

melt extends from -50-100 km depth in the upper mantle. The position of seismic layer boundaries and 

estimates of velocity, electrical resistivity, porosity, melt content and temperature are based on the 

collected datasets and modelling. Note that a break in scale occurs a depth of 10 km beneath sea level. 

From Sinhae/a/. (1998). 

To fit the CSEM data the resistivity model requires a low-resistivity region in the 

mid-crust, implying the presence o f 20-40% partial melt (MacGregor et al. 1998) and, 
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thus, supporting the magma chamber model developed from the seismic and gravity data 

(Navin et al. 1998). The amount of partial melt in the mid-crust equates to -20000 years 

worth o f crustal accretion assuming that the spreading rate has remained constant. 

However, thermodynamic considerations suggest that this melt would cool to sub-

solidus temperatures within -1500 years (MacGregor et al. 1998). This fast cooling rate, 

therefore, implies that crustal accretion at slow-spreading rates is a cyclic process with 

periodic influxes o f melt f rom the mantle to the crust. In addition, the lower resolution 

M T data show that the upper mantle, down to a depth o f ~50 km beneath sea level, is 

highly resistive. However, beneath this region down to a depth below sea level of -100 

km, the upper mantle is characterised by a low resistivity, indicating the presence of 

partial melt. 

The inferred presence of partial melt in the upper mantle at -50-100 km depth below 

sea level has implications for the delivery o f melt f rom the mantle to the crust (Sinha et 

al. 1998). The low-resistivity zone in the upper mantle may be where adiabatic 

decompression melting forms a layer of partial melt, with episodic influx o f melt to the 

crust occurring either through conduits invisible to the M T method or through pervasive 

f low. Alternatively, the region between the crust and the layer o f partial melt in the 

upper mantle could itself be the source o f melt, with a recent f lux o f melt f rom this 

region to the crust explaining the high resistivities, indicative of a depleted mantle, 

observed here. In both cases, the absence o f a clear conduit or connection between the 

melt in the mid-crust and the melt in the upper mantle suggests that it is the supply o f 

melt f rom the mantle that is episodic and leads to cycles o f crustal accretion. A recent 

study o f the RAMESSES area (Peirce & Navin 2002), shows that a melt-free model for 

the top -50 km of the mantle beneath the 57°45'N A V R is consistent with the gravity 

data. In addition, an along-axis gravity anomaly is observed suggesting that mantle 

upwelling follows the ridge trend, with episodic, diapiric magma influxes to the crust 

leading to cyclic accretion and the formation of AVRs (Peirce & Navin 2002). 

The magma chamber model of the RAMESSES Working Group (Sinha et al. 1998) 

is similar, in terms of geometry and properties, to magma chambers imaged at faster-

spreading ridges. This suggests that crustal accretion is similar at all spreading ridges 

with the temporal variability in melt transport f rom the upper mantle to the crust being 

the controlling factor in the differences between the crustal structure o f slow- and fast-

spreading ridges. The thermal considerations discussed above, together with evidence 

for the absence o f magma bodies elsewhere along the ridge, indicate that crustal 
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accretion at the Reykjanes Ridge is an episodic process, with repeated influx o f melt 

f rom the mantle required to generate the crust. Sidescan sonar studies (Parson et al. 

1993) o f the along-axis variation in morphology of AVRs suggests that AVRs undergo a 

cycle of accretion and dismemberment due to the episodic focusing o f magmatic and 

tectonic forces along the ridge axis. Thus, it appears that the cyclicity o f crustal 

accretion is imprinted into the seafloor morphology itself. One o f the main aims of this 

study (see Section 1.6) is to investigate the apparent relationship between the seafloor 

expression of tectonomagmatic cycles, the underlying crustal structure and the melt 

supply and accumulation process. 

The temporal dimension of crustal accretion is poorly understood, with recent 

studies (e.g. Stewart et al. 2002) suggesting that temporal variability in melt transport is 

a significant process even at fast-spreading ridges. Tectonomagmatic cycles may, 

therefore, reflect a fundamental process in crustal accretion that operates at all spreading 

rates. 

The extensive and comprehensive datasets that exist at the Reykjanes Ridge, wi th 

existing detailed models o f crustal structure, mean that this is an ideal site to investigate 

temporal patterns o f accretion and their manifestation in seabed morphology and crustal 

structure. 

1.5 The Reykjanes Ridge 

Before outlining the aims of this study, the contextual setting o f the Reykjanes Ridge 

w i l l be discussed together wi th a synopsis o f existing datasets and the results of previous 

studies. 

1.5.1 Setting 

The Reykjanes Ridge is a 900 km section of the slow-spreading (20 mm yr"1, f u l l rate) 

Mid-Atlantic Ridge running f rom the Bight fracture zone near 57°N to the Reykjanes 

Peninsula on Iceland at 63°N (Fig. 1.12). Iceland itself is the result o f a hotspot, or 

mantle plume, influence on the ridge. However, a recent seismic tomography 

experiment over Iceland (Foulger et al. 2001) suggests that the plume does not extend 

into the lower mantle. Henceforth, in this study, the upwelling beneath Iceland w i l l be 

referred to as a hotspot, without any inference as to its geometry or vertical dimension. 

The proximity of the Reykjanes Ridge to the Iceland hotspot results in the ridge-

trend of 036° being oblique to the spreading direction o f 096° (DeMets et al. 1990), a 
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Figure 1.12: Satellite-derived free-air gravity anomaly (FAA) over the Reykjanes Ridge (Sandwell & 
Smith 1997). The ridge extends -900 km from the Bight Fracture Zone to the Reykjanes Peninsula on 
Iceland. The black outline shows the study area and the smaller areas of TOBI data coverage. Dashed 
white lines show the position of the V-shaped ridges. 
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