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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™ 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 of ~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.
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Chapter 1: Introduction

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' 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”' and
90 mm yr"' 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' 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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Chapter 1: Introduction

grading of the lower crust. Focussing of melt released from decompression melting of
the mantle eventually establishes a shallow magma chamber. Melt from the magma
chamber erupts, via sheeted dykes, on to the seafloor forming the extrusive layer. As the
magma chamber cools the sides of the chamber solidify forming the gabbros of layer 3.
Evidence for the presence of magma chambers at intermediate- to fast-spreading
ridges from 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 ef al. 1995; Collier
& Sinha 1992; Christenson ef al. 1993) indicates that a typical magma chamber consists
of an ~10 km wide zone of partial melt extending to the base of 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 of 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 find evidence for a magma
body beneath slow-spreading ridges. To date, only one multidisciplinary geophysical
experiment (Navin ef 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 of active processes. The along-axis variation in morphology and geometry of

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

1.3 Segmentation

The development of swath bathymetry technology in the 1980s (Sempere & Macdonald
1987) allowed for greater coverage and higher resolution surveys of 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 of 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 e? 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 of 300-500 km along the ridge and disrupt magnetic
anomalies showing that they have been stable features for the last 10 My or so (Batiza
1996). Segments also often show geochemical anomalies, with more fractionated basalts
observed at segment centres, suééesting 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 My) that offset the continuity of the ridge axis
by 2 to 50 km and cause axial depth anomalies of 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 of 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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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 of the
melt-depleted mantle (Whitehead ef 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 of
upwellings at slower-spreading ridges and a number of gravity studies and models of
mantle flow patterns (Phipps Morgan & Forsyth 1988; Lin ef al. 1990; Parmentier &
Phipps Morgan 1990; Lin & Phipps Morgan 1992; Sparks & Parmentier 1993; Sparks ef
al. 1993; Jha et al. 1994) suggests that buoyant 3-D mantle flow occurs beneath slow-
spreading ridges, whereas more 2-D flow 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 flow at fast-spreading ridges
although 3-D mantle flow occurs at all spreading rates (Bell & Buck 1992; Wang &
Cochran 1993; Stewart ef al. 2002).

Gravity studies (Kuo & Forsyth 1988; Lin & Phipps Morgan 1992; Tolstoy et al.
1993; Cormier et al. 1995) have revealed mantle Bouguer anomaly (MBA) lows over
segment centres at various ridges (Fig. 1.9). MBA variations are usually interpreted to
reflect variations in crustal thickness and/or density (see Chapter 4). MBA 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 MBA 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 of crustal accretion is now well established and recent studies (Briais
& Rabinowicz 2002; Stewart ef al. 2002) are starting to reveal the 4-D nature of crustal
accretion, describing how crustal production varies with time through the interplay of

tectonic and magmatic forces.
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thus, supporting the magma chamber model developed from the seismic and gravity data
(Navin ef al. 1998). The amount of partial melt in the mid-crust equates to ~20000 years
worth of 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 of melt from the mantle to the crust. In addition, the lower resolution
MT data show that the upper mantle, down to a depth of ~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 of melt from 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 of melt to the
crust occurring either through conduits invisible to the MT method or through pervasive
flow. Alternatively, the region between the crust and the layer of partial melt in the
upper mantle could itself be the source of melt, with a recent flux of melt from this
region to the crust explaining the high resistivities, indicative of a depleted mantle,
observed here. In both cases, the absence of 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 of
melt from the mantle that is episodic and leads to cycles of crustal accretion. A recent
study of 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 AVR 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 from the upper mantle to the crust being
the controlling factor in the differences between the crustal structure of slow- and fast-
spreading ridges. The thermal considerations discussed above, together with evidence

for the absence of 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 of melt
from the mantle required to generate the crust. Sidescan sonar studies (Parson ef al.
1993) of the along-axis variation in morphology of AVRs suggests that AVRs undergo a
cycle of accretion and dismemberment due to the episodic focusing of magmatic and
tectonic forces along the ridge axis. Thus, it appears that the cyclicity of crustal
accretion is imprinted into the seafloor morphology itself. One of 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 ef 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, with
existing detailed models of crustal structure, mean that this is an ideal site to investigate
temporal patterns of 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 of the Reykjanes Ridge
will be discussed together with a synopsis of 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'l, full rate)
Mid-Atlantic Ridge running from the Bight fracture zone near 57°N to the Reykjanes
Peninsula on Iceland at 63°N (Fig. 1.12). Iceland itself is the result of a hotspot, or
mantle plume, influence on the ridge. However, a recent seismic tomography
experiment over Iceland (Foulger er al. 2001) suggests that the plume does not extend
into the lower mantle. Henceforth, in this study, the upwelling beneath Iceland will 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 of 096° (DeMets et al. 1990), a
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