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Summary

Iceland is located at the intersection between the Mid-Atlantic Ridge and a mantle 
plume. Three active rift segments at Iceland represent the onshore expression of the 
Mid-Atlantic Ridge. Iceland’s tectonic evolution has been dominated by rift reloca
tions, a process where extension across one rift segment is gradually transferred to a 
new adjacent rift segment. Rift relocations are driven by the northwestward migra
tion of Iceland over the mantle plume conduit, which is currently located underneath 
Vatnajokull icecap in central Iceland. The complete rift cycle is represented by the 
currently active Eastern Volcanic Zone (birth). Northern Volcanic Zone (steady-state) 
and Western Volcanic Zone (decline).

The aim of this dissertation is to characterise the geochemical signature of the different 
rift stages at Iceland and link differences in the lava chemistry with variations in the 
mantle melt compositions and melting process. Rift relocations result in significant 
changes in the spreading rate because two adjacent rifts axe simultaneously active for 
several million years. In the first part of the dissertation, the geochemical signatures 
of all the active volcanic zones at Iceland, lavas from near the most recently extinct 
spreading axis, lavas from off-axis volcanic centres and Tertiary lavas are charaterised 
and compared to each other. In the second part, a new time-dependent model of 
upwelling and melting beneath a mid-ocean ridge is developed to understand the effects 
of spreading rate variations on the depth and degree of melting, and the resultant melt 
composition.

A new geochemical dataset was obtained for a series of young lava flows from the Skagi 
peninsular in northern Iceland. These young flows may be the last eruptions from a 
dying rift or the result of a transient episode of melting. The young lavas exhibit a 
relatively enriched geochemical signature compared to the established volcanic zones. 
New insight into the likely tectonic origin of young Skagi lavas is gained by identifying 
strong similarities between the chemistries of the young Skagi lavas. Eastern Volcanic 
Zone lavas and lavas from off-axis volcanoes.

A geochemical investigation into the different stages of the rift cycle is used to determine 
the change in geochemical signatures which can be associated with rift relocations as 
opposed to other factors such as glaciation and temporal plume variation. The most 
incompatible element enrichment is associated with the propagating tip of the Eastern 
Volcanic Zone and is produced by very small degrees of deep mantle melting, with a 
strong influence of garnet field melting. The established steady-state Northern Volcanic



Zone, away from the geochemical influence of the plume, has a significantly depleted 
signature compared to the Eastern Volcanic Zone. In central Iceland the Northern 
Volcanic Zone has a more enriched geochemical signature similar to that of the northern 
end of the Eastern Volcanic Zone. This enriched signature in central Iceland combined 
with the thickest crust in Iceland represents the influence of the plume on the melting 
regime. The Western Volcanic Zone has a similar geochemical signature to the steady- 
state Northern Volcanic Zone and shows no evidence of geochemical change during its 
dechne.

Further geochemical comparison between Tertiary lava flows and present day rift ac
tivity is carried out to gain a better understanding of which types of lava flows are 
preserved in the exposed Tertiary crust in Iceland. A strong similarity is observed 
between the Tertiary geochemical signature and the Northern Volcanic Zone in central 
Iceland signature. This similarity suggests that a large proportion of the exposed Ter
tiary crust is formed by lava flows which have resulted from a similar melting regime 
to central Iceland, which is strongly influenced by active upwelling from the plume.

The spreading rate varies between different rift stages at Iceland from as little as 
2 mm yr~^ at the declining end of the Western Volcanic Zone to the full Iceland 
spreading rate of 18 mm yr“  ̂ across the Northern Volcanic Zone. The new model is 
constructed by adapting a published parameterisation of steady-state hydrous mantle 
melting to time-dependent melting. The model predicts the change in the melting 
regime associated with a rift relocation, showing that melting in a growing rift axis 
starts at small degrees, deep in the mantle, increasing in degree rapidly as the spreading 
rate increases. The crustal thickness and degree of melting is constant throughout 
the steady-state rift stage and remains relatively constant throughout the majority 
of decline. The final extinction of the rift is observed as a very rapid, but minor, 
decrease in the crustal thickness and degree of melting in the last Ma of activity. The 
model geochemical signature of enrichment during the birth of a rift axis, decreasing 
to a relatively depleted signature at steady-state and remaining relatively depleted 
throughout the decline of a rift axis correlates well with the geochemical signature 
of the Eastern Volcanic Zone, Northern Volcanic Zone and Western Volcanic Zone. 
Therefore, the enrichment observed in young Skagi lavas is more likely linked to a 
transient melting episode caused by temporal variations in plume activity, rather than 
the simple decline of a rift axis.
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Do not stand at my grave and weep,
I am not there. I do not sleep.
I am a thousand winds that blow.
I am the diamond glints on snow.
I am the sunlight on ripened grain.
I am the gentle Autumn rain.
When you awaken in the morning’s hush 
I am the swift uplifting rush 
Of quiet birds in circled flight.
1 am the soft stars that shine at night. 
Do not stand at my grave and cry;
I am not there. I did not die.

Mary Elizabeth Frye (1905-2004)
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Chapter 1

Introduction

1.1 P roject A im

Mid-ocean ridges have been studied extensively using various geophysical and geo
chemical methods to gain new insights into the formation of new oceanic crust. The 
composition of Mid-Ocean Ridge Basalt (MORB) lavas has been found to vary between 
different locations and, more recently established, through time. The temporal varia
tions in geochemistry can be linked to tectonic events such as the growth and death of 
rift segments (Choe et al., 2007), as well as variations in mantle processes. There have 
been several time-dependent models of melting beneath mid-ocean ridges (e.g. Bown 
and White, 1995; Mittelstaedt et al., 2008), but these models have not considered the 
effects of variable spreading rate on the volume and composition of ridge products.

Iceland’s tectonic evolution has been dominated by rift relocations. Rift relocations at 
Iceland occur as discrete eastward jumps of the active spreading axes and are thought 
to be driven by the relative eastward migration of mantle plume centre. The rift jumps 
are characterised by the death of one rift axis to facilitate the growth of another, 
with two adjacent rifts active together for several million years before the old rift 
becomes completely extinct. Rift relocations are a common feature associated with 
plume-ridge interaction and have been observed at the Galapagos, Louisville, Shona 
and Kerguelen hotspots (Small, 1995). The processes controlling rift relocations are 
poorly understood. This study aims to provide quantitative constraints on the changes 
in melting and chemistry associated with these tectonic events from both geochemical 
observations and numerical models. These constraints provide new insights into which

1
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processes at Iccland result in the observed geochemical variations and which factors 
may influence the initiation of new rift segments in a mid-ocean ridge setting.

Iceland is chosen as the main study area because it is the largest subaerial exposure 
of an active mid-ocean ridge. This exposure allows new lava samples to be placed in 
a stratigraphy, which is not possible for samples retrieved from sea floor dredging for 
example. There is also a wealth of geochemical data already available for many of 
the active volcanic regions at Iceland. All three stages in the evolution of a rift axis 
are preserved at Iceland; growth, steady-state and death. Geochemical comparison of 
different rift stages is based on the collation of over 2000 existing geochemical analyses 
for the active rifts and Tertiary crust. However, very little geochemical data exists 
for dying rifts, therefore a suite of over 50 new samples were collected over two field 
seasons (2005, 2006) for the extinct Skagi rift to produce a detailed geochemical study 
of a dying rift. It must be taken into consideration that Iceland exhibits anomalous 
rates of melting which produce up to 40 km thick crust compared to typical oceanic 
crustal thicknesses of 6-8 km. Therefore, inferences made about melt generation from 
the geochemical signature at Iceland may not be wholly applicable to typical mid-ocean 
ridge settings. However, it can be shown that some of the temporal geochemical varia
tions associated with rift relocations observed at Iceland are similar to those observed 
in normal mid-ocean ridge settings.

The main aims of this dissertation are to characterise the geochemistry of different 
rift stages at Iceland and infer how the melting regime may vary through time. An 
important part of this aim is to determine the tectonic origin of the Quaternary lavas 
at Skagi. A new time-dependent model of upwelling and melting beneath a mid-ocean 
ridge is developed to allow a quantitative assessment of the effect of spreading rate 
variations, such as during a rift relocation, on melting processes and the volume and 
composition of melt. The results of the model are compared with the geochemical 
variations observed at Iceland.

1.2 D issertation Organisation

Chapter 2 provides an introduction to the geology of Iceland and to studies on rift relo
cations. The basic concepts of mantle melting are described along with the most recent 
studies regarding the main controls on lava chemistry, including source variation, melt 
transport and mixing, crustal assimilation, fractional crystallisation and hydrothermal
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alteration. An introduction to the behaviour of elements during melting is also given.

Chapter 3 describes the main lava stratigraphy observed in the Skagafjordur region 
in northern Iceland and characterises the geochemical signature of the lava flows and 
dykes from the extinct Skagi Rift. Field observations and new geochemical data are 
presented. Comparisons are made between the composition of lavas and dykes, Tertiary 
and Quaternary age lavas and lavas from different parts of the region.

Chapter 4 describes the geochemical signature of each of the active rift zones on Iceland 
from existing observations. These active rift zones are compared with each other and 
with the extinct Skagi rift. The geochemical observations are shown in relation to 
existing geophysical observations such as crustal thickness. It is clear that the different 
stages of the rift cycle exhibit different geochemical signatures which could be related 
to crustal thickness variations. The results from Rare Earth Element (REE) inversion 
modelling carried out on the extinct Skagi Rift data are also presented in this chapter 
and compared with existing results from the Northern Volcanic Zone.

Chapter 5 presents a geochemical investigation into crustal accretion processes that 
operated to form the Tertiary crust at Iceland. Comparisons are made between existing 
Tertiary data, neovolcanic zones and the extinct Skagi Rift. The results provide new 
insights into the preservation bias introduced following the emplacement of lava flows.

Chapter 6 gives an account of published numerical modelling of melting at mid-ocean 
ridges, including assumptions and limitations. A new model of time-dependent melting 
at mid-ocean ridges is described including a detailed description of both the governing 
equations and the computational methods.

Chapter 7 contains the model results and its application to Iceland. The model is 
tested for consistency against existing models of steady-state mid-ocean ridge melting.

Chapter 8 presents a final discussion of how the new observations from geochemical 
and numerical investigations relate to the overall tectonic setting at Iceland. The main 
conclusions and suggested further research provide the final section of this dissertation.
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Chapter 2

Background

The first part of this chapter will provide a brief introduction to the geology of Iceland 
including a description of the regional tectonic setting, current volcanic activity and 
kinematics of rift relocations. It will also include a description of the main controls 
on the geochemical signatures of Icelandic lavas. The second part of the chapter will 
summarise the beisic concepts of mantle melting. In order to estimate the volume and 
composition of melt produced by mid-ocean ridges, the melting regime and geometry of 
the melting region must be established. Factors which control the dynamics of mantle 
melting are qualitatively discussed in section 2.3 to provide background for the more 
detailed explanation of the numerical model theory and development (chapter 6).

2.1 G eology of Iceland: An Introduction

2.1.1 Regional Tectonic Setting

Iceland is situated in the middle of the North Atlantic where the Mid-Atlantic Ridge 
crosses a mantle plume. The mantle underneath Iceland is hotter than normal and 
produces excess melting and thicker than normal crust. The thick crust combined 
with dynamic support from the hot mantle results in the subaerial exposure of a large 
section of active mid-ocean ridge (Jones et al., 2002). The off-shore segments of the 
Mid-Atlantic Ridge connect to Iceland on the south-west coast (Reykjanes Ridge) and 
the central north coast (Kolbeinsey Ridge). The Reykjanes Ridge is linked to the 
Western Volcanic Zone and the Kolbeinsey Ridge is linked to the presently active
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Northern Volcanic Zone via the Tjornes Fracture Zone. The full spreading rate of the 
Mid-Atlantic Ridge at Iceland is approximately 18 mm yr“ ' (DeMets et al., 1994) and 
it is therefore classed as slow spreading ridge. The local spreading direction is N100°E 
(DeMets et al., 1990) which is slightly oblique to the rest of the North Atlantic.

Figure 2.1 of North Atlantic bathymetry shows Iceland surrounded by a large flat- 
topped shelf reflecting the thick oceanic crust, which has a distinct edge. This steep 
slope is attributed to crustal flow beneath Iceland resulting in a steep flow front in the 
Moho which is reflected in the bathymetry (Jones and Maclennan, 2005). The Iceland 
shelf forms the central part of the Greenland-Iceland-Faroes Ridge, a hotspot track 
resulting from the the interaction between the Iceland Plume and the Mid-Atlantic 
Ridge. The Iceland plume track has an unusual geometry which is much broader 
compared to normal plume tracks. This could be attributed to the excessive crustal 
production resulting in mass re-distribution of the crust, producing a broad zone of 
thick crust rather than a narrow track. Crustal flow outwards from the plume centre is 
one mechanism of re-distributing of the crust. Other process which may contribute to 
crustal re-distribution include weathering, off-axis intrusions and magma flow within 
the crust.

Temporal variations in the melt production rate at Iceland form lineations in the 
bathymetry and free-air gravity field in the North Atlantic region, known as V-shaped 
ridges (figure 2.2). The presence of prominent ridges in the bathymetry south of Ice
land was first noted by Vogt (1971). Jones et al. (2002) observed these ridges in 
detail using the short wavelength component of the free-air gravity field, identifying 
V-shaped ridges to the north of Iceland as well. These diachronous ridges propagate 
at least 1000 km from Iceland, indicating that the influence of the Iceland plume on 
melting at the Mid-Atlantic Ridge is much more extensive than just the Iceland shelf 
area. White et al. (1995) showed that the crustal thickness variations represented by 
V-shaped ridges could be accounted for by variations of about 100°C in the mantle 
potential temperature. Together with Hardarson et al. (1997) they also suggested that 
the V-shaped ridges are triggered by changes in plume flow caused by rift jumps. How
ever, Jones et al. (2002) argued that the rheology of the lithosphere, with a 100 km 
thick rheological lid (Ito et al., 1999; Maclennan et al., 2001b), would not allow rift 
jumps to significantly affect lateral fiow in the mantle. Jones et al. (2002) concluded 
that the variations in melt production results from time-dependent fiow in the plume 
head beneath Iceland and probably relate to temporal variations in the input of mate
rial from the plume stalk. The periodicity of V-shaped ridges is similar to that of the 
rift relocations recorded on Iceland (section 2.1.3) and Jones et al. (2002) suggested
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Figure 2.1: Iceland topography (30 m SRTM) and bathymetry of North Atlantic region. 
Notice the Iceland shelf of over-thickened oceanic crust with a distinct edge (data from 
Becker and Sandwell, 2005).

tha t pulses in the mantle plume may have triggered rift jumps and V-shaped ridges. 

A schematic example of a therm al anomaly propagating through the upper mantle is 
shown in figure 2.3 (Jones et al., 2002).

2.1.2 Volcanic A ctiv ity  and Lava Stratigraphy

The onshore expression of the M id-Atlantic Ridge a t Iceland forms three main active 
volcanic zones, known collectively as the neovolcanic zones: Northern Volcanic Zone, 

Western Volcanic Zone and Eastern Volcanic Zone (figure 2.5). The Northern Volcanic 
Zone has been active for about 8 Ma (Garcia et al., 2003). The Western Volcanic Zone
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Figure 2.2: Short-wavelength component of satellite gravity field for the North Atlantic, 
related to variations in the thickness and structure of oceanic crust. Individual V-shaped 
ridges are identified in sequence 1-7. Coloured lines indicate sediment thickness covering the 
V-shaped ridge record after Srivastava et al. (1988); yellow, 500 m; green, 1 km; blue, 1.5 km, 
2 km and 2.5 km. Figure from Jones et al. (2002).
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has been active for 6-7 Ma (Macdougall et al., 1977; Saemundsson, 1979; Johanesson, 
1980). The Eastern Volcanic Zone has only been active for around 1.5-3 Ma (Saemu
ndsson and Johanesson, 1994) and is overlapping with the Western Volcanic Zone. The 
Eastern Volcanic Zone is currently propagating southwards. Each zone is comprised 
of a series of volcanic systems defined by fissure swarms, central volcanoes or both 
(figure 2.6). Fissure swarms can be up to 20 km wide and over 100 km in length, and 
often have developed central volcanoes. The volcanic systems in general are oriented 
orthogonal to the regional spreading direction. Extension is focused in the three main 
volcanic zones; in south Iceland the full spreading rate is currently partitioned between 
the two overlapping rift zones as extension gradually transfers from the Western Vol
canic Zone to the Eastern Volcanic Zone. Geodetic GPS data shows that the Western 
Volcanic Zone is subject to very little extension at present with the least amount of 
extension in the northeast at 2.6±0.9 mm yr“  ̂ (LaFemina et al., 2005). This arrange
ment is known as a rift relocation, or rift jump, and these are described in more detail 
in section 2.1.3. The bulk of volcanic activity is associated with the main rift zones. 
There are two smaller active flank zones; the Snaefellsnes and Oraefajokull Volcanic 
Belts, which contribute around 15% of the total eruptive volume at Iceland (Jakobsson, 
1972). There is little evidence for extension associated with flank zones (Saemundsson, 
1978) and the origin of the Snaefellsnes Volcanic Belt in terms of plate spreading and 
plume upwelling is very poorly understood.

Approximately 85% of recent basaltic volcanism on Iceland is tholeiitic (Jakobsson, 
1972), with transitional and alkaline compositions restricted to the Eastern Volcanic 
Zone and the off-axis volcanic belts. The most alkaline compositions are associated with 
the propagating tip of the Eastern Volcanic Zone (Vestmannaeyjar) and the western 
end of the Snaefellsnes Volcanic Belt (figure 2.4). In addition to basaltic volcanism, 
small volumes of rhyolites are produced, generally in association with central volcanoes. 
Icelandic rhyolites are thought to result from re-melting of the crust and extreme 
fractional crystallisation.

Icelandic Tertiary rocks range in age from approximately 17 Ma (Hardarson et al., 
1997) to 3.3 Ma, the start of major glaciation in the northern hemisphere. The Ter
tiary is exposed in continuous coastal sections in the Northwest, North and Eastern 
Fjords and by steep U-shaped glaciated valleys inland. These cliff sections expose 
regular layering of trap-like basaltic lava flows. Numerous central volcanoes are also 
preserved in the Tertiary crust. The main features of the Tertiary and the mechanical 
processes governing its preservation, including Pahnason’s model of crustal accretion, 
are described in chapter 5. The Icelandic Quaternary is defined by the start of major
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glaciation at 3.3 Ma and Quaternary lava flows are largely associated with the neovol- 
canic zones. However, there are a few small outcrops of early Quaternary age lavas in 
north Iceland which are thought to be associated with an extinct volcanic zone, known 
as the Skagi rift (figure 2.5). The boundary between the Tertiary and Quaternary can 
be defined by an unconformity between Tertiary lavas and fluvio-glacial sediments, as 
observed at Skagi, northern Iceland (section 3.3). Recent volcanic activity (late Qua
ternary) is defined by a magnetic anomaly at 0.7 Ma and is solely associated with the 
neovolcanic zones and flank zones as described above.

2.1.3 Tectonic Evolution: R ift R elocations

Iceland’s tectonic evolution has been dominated by rift relocations, a common feature 
of plume-ridge interaction. Rift relocations have been observed in association with the 
following hotspots: Galapagos, Louisville, Shona, Kerguelen and several other localities 
(Small, 1995; Mittelstaedt et al., 2008). These tectonic events occur on Iceland as 
discrete eastward jumps of the active on-shore spreading axes relative to the off-shore 
Mid-Atlantic Ridge (figure 2.7). They are thought to be ultimately driven by the 
westward migration of Iceland and the Mid-Atlantic Ridge over the Iceland mantle 
plume. Since 24 Ma when the Mid-Atlantic Ridge first coincided with the plume as 
the result of a westward rift relocation, the plume has repeatedly re-focused plate 
spreading and volcanic activity via rift jumps. Two extinct rifts can be observed in 
northwest Iceland (figure 2.5): the NW Iceland rift and the Skagi rift. The location 
of the extinct Skagi rift axis is identified by a regional syncline in the lava fiow dip 
directions. Regional synclines are a characteristic feature of the active volcanic zones 
on Iceland. An inward dipping lava pile forms when continuous accumulation of lava 
flows close to the rift axis causes subsidence. This subsidence process is a key part 
of Palmason’s model of crustal accretion (Palmason and Saemundsson, 1974) and is 
described in more detail in section 5.2.

The NW Iceland rift axis is likely to be located offshore from the Northwest Fjords 
however it has not yet been mapped. The NW Iceland rift was active until 14.9 Ma 
when extension transferred to the Skagi rift; this transfer is marked by a major uncon
formity in northwest Iceland (Hardarson et al., 1997). The Skagi rift is the name given 
to the palaeorift located west of the Skagi peninsula and it is regarded as the northern 
extension to the Snaefellsnes Rift Zone. The main phase of activity on the Skagi rift 
initiated at 14.9 Ma however, it is not clear when activity ceased on this rift. An early
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estimate by Saeiimnfissoii (1979) indicated that activity ceased on the Skagi rift around 
6-7 Ma as extension transferred to the newly active Northern Volcanic Zone. A more 
recent study by Garcia et al. (2003) suggests that the Skagi rift remained active until 
approximately 3 Ma. However, a suite of Quaternary lavas exists on the Skagi penin
sula of northern Iceland, adjacent to the Skagi palaeorift. These Skagi Quaternary 
lavas could be younger still than Garcia et al. (2003) predicted because K-Ar dates 
from several Skagi Quaternary lavas obtained by Everts et al. (1972) ranged from 0.5 
to 1.5 Ma. Skagi Quaternary lavas are the main focus of the field work for this project. 
Their significance in terms of the regional tectonics is discussed in section 4.5.

Garcia et al. (2003) dated 37 dykes across northern Iceland (figure 2.8). Using the 
age and the distances from the relevant rift axes, they produced a plate spreading 
velocity model for the rift relocation from the extinct Skagi rift to the presently active 
Northern Volcanic Zone (figure 2.9). The model suggests that Skagi rift was active 
between 15 Ma and about 8-8.5 Ma, when the Northern Volcanic Zone was initiated. 
The two rifts were then simultaneously active for approximately 5-5.5 Ma until the 
transfer of extension to the Northern Volcanic Zone was completed and the Skagi rift 
became extinct around 3 Ma. While the two rifts were active together, the extension 
was partitioned between the two rifts so that the full spreading rate for one rift is 
reduced to around 9 mm yr“ ,̂ half the full spreading rate for Iceland. There is some 
discrepancy between the current full spreading rate of 18 mm yr“  ̂ (DeMets et al., 
1994) and the total of 27.7±4.1 mm yr“  ̂ reported by Garcia et al. (2003). Garcia et 
al. (2003) attribute their extreme total to the propagation of uncertainties in the half 
spreading rates. However, this discrepancy between actual and predicted spreading 
rates may be the result of using zero width for the zone of accretion whereas in reality 
at Iceland the volcanic zones are up to 50 km wide. The results from Garcia et al. 
(2003) indicate that this dual activity may result in asymmetrical spreading. LaFemina 
et al. (2005) show that the transfer of extension is likely to be a more gradual process. 
For example, as the Eastern Volcanic Zone propagates southwards the spreading rate 
increases from the southwest end to the northeast. This is mirrored by an adjacent 
decrease in the spreading rate from southwest to northeast across the Western Volcanic 
Zone, with the spreading rate decreasing to around 2 mm yr“ ^ The effects of a variable 
spreading rate through time on the degree and depth of melting, and consequently 
ridge chemistry have not yet been investigated. A time-dependent model of upwelling 
beneath a mid-ocean ridge is required to model temporal variations in spreading rate 
outlined in chapter 6.
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Figure 2.3: Schematic vertical cross-sections though the upper mantle in the plane of the 
spreading axis, showing the propagation of a temperature anomaly tha t could kinematically 
explain the V-shaped ridges. The anomaly is characterised by both horizontal and vertical 
flow, (a). Mantle viscosity increases significantly above the dry solidus as dehydration occurs 
(Ito et al., 1999). Below the dry solidus a combination of horizontal flow in the plume head 
and vertical flow in response to plate separation occurs. Above the dry solidus only vertical 
flow occurs, (b) shows the anomaly travelling through the melting region at the ridge axis. 
Figure (a) from Jones et al. (2002).
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Figure 2.4: Map of Iceland showing the variation in composition from alkaline to tholeiitic 
volcanism in the main volcanic zones: NVZ. Northern Volcanic Zone; WVZ, Western Volcanic 
Zone; EVZ, Eastern Volcanic Zone. Also shown are the two fracture zones: SISZ, South 
Iceland Seismic Zone; TFZ, Tjornes Fracture Zone. Based on Gudmundsson (2007).
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Figure 2.5: A simplified geological map of Iceland. The approximate locations of two extinct 
rift axes are shown in north-west Iceland. Presently active volcanic zone are shown in red: 
NVZ, Northern Volcanic Zone; WVZ, Western Volcanic Zone; EVZ, Eastern Volcanic Zone. 
Approximate plume centre location is shown as a yellow star. Adapted from Johanesson 
and Saemundsson (1998); Palaeorift locations from Hardarson et al. (1997) and Johanesson 
(1980).
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Figure 2.6: Tectonic map of Iceland based on Einarsson & Saemundsson (1987). Fissure 
swarms associated with volcanic systems forming the three main rift zones are filled dark 
grey. Central volcanoes are shown as closed circles. The approximate plume track over the 
last 20 Ma years is shown as black dots every 2 Ma and larger circles at 0, 10 and 20 Ma; no 
correction is made for plate spreading and rift jumps (Jones, 2003). The present location of 
the plume centre is beneath Vatnajokull icecap (0 Ma). The neovolcanic zones are labelled: 
NVZ, Northern Volcanic Zone; WVZ, Western Volcanic Zones; EVZ, Eastern Volcanic Zone. 
Active seismic zones: SISZ, South Iceland Seismic Zone; TFZ, Tjornes Fracture Zone. Flank 
zones: SNVZ, Snaefellsnes Volcanic Zone; OVZ, Oi^aefajokull Volcanic Zone. Main volcanic 
systems labelled as follows: Th, Theistareykir; Kr, Krafla; As, Askja; Kv, Kverkfjoll; Ba, 
Bardarbunga; Gr, Grimsvotn; Ka, Katla; Ey, Eyjafjallajokull; He, Hekla; Ve, Vestmannaey- 
jar; Hf, Hofsjokull, La, Langjokull; Hn, Hengill; Gm, Gn'msnes; Rp, Reykjanes Peninsula 
(includes all 3 systems). Sn, Snaefell and Or, Oraefajokull are volcanic centres.
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(a) i

Figure 2.7: A schematic diagram of a rift relocation, (a) shows the old rift active with a 
full spreading rate, U and the location of the new rift initiation, east of the original rift, (b) 
shows both rifts active together with the old rift at full spreading rate V2 and new rift at full 
spreading rate Vi. The original full spreading rate U is partitioned across the two axes, (c) 
shows the final stage when the old rift is no longer active and the new rift takes up the full 
extension U. Unconformities form as new rift lavas are emplaced on top of old lavas from the 
old rift. Figure taken from Garcia et al. (2003).
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Figure 2.8: Sample locations of dated dykes in northern Iceland. The volcanic systems of the 
Northern Volcanic Zone are labelled: Th, Theistareykir; Kf, Krafla; Pr-Na, Premri-Namur; 
As, Askja; Kv, Kverkfjoll. The synclinal axis marking the location of the extinct Skagi rift 
is also indicated. The line of cross-section for the plate spreading velocity model (figure 2.9 
is shown as a solid thin black line from West to East. Pigure from Garcia et al. (2003).
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Figure 2.9: Dyke ages inferred from '*°Ar/^®Ar radiochronology plotted on N106°E cross- 
section across northern Iceland. The Northern Volcanic Zone and the Skagi palaeorift synfor- 
mal axis are marked. Three poorly defined young ages obtained from the Skagi peninsula are 
labelled, together with several early K-Ar dates from Everts et al. (1972). Based on Garcia 
et al. (2003).
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2.2 G eochem istry

2.2.1 Iceland G eochem ical A nom aly

A broad geochemical anomaly at Iceland is observed as systematic increases in in
compatible element enrichment and the Sr-isotope ratio towards Iceland along the 
Reykjanes Ridge. These variations were first observed by Schilling (1973) and Hart 
et al. (1973). The compilation of published ®^Sr/*®Sr and La/Sm data for the Mid- 
Atlantic Ridge from 57°N to 70°N is shown in figure 2.10 (Sigmarsson et al., 2008). 
The variation in Sr-isotope ratio reveals much higher values for Iceland compared to 
the Reykjanes and Kolbeinsey Ridges with gradual increases shown from 61°N and 
70°N towards Iceland. A similar trend is observed for La/Sm with elevated values at 
Iceland and gradual increases from 60°N and 70°N towards Iceland. However, a subset 
of Iceland samples also exhibit very depleted La/Sm values which may reflect melting 
of an unusually depleted mantle (Sigmarsson et al., 2008). The greater range of in
compatible element enrichment at Iceland could be related to several factors; further 
geochemical investigation is required to ascertain which of the following factors are the 
most important.

Firstly, the general increase in Sr-isotope ratio towards Iceland along the Mid-Atlantic 
Ridge, excluding depleted Iceland samples, reflects the greater access to enriched man
tle components at Iceland resulting from the influence of the Iceland mantle plume. 
The geochemical effect of the plume head extends up to 500-600 km south of Iceland, 
whereas V-shaped ridges propagate at least 1000 km south of Iceland (figure 2.2). 
This inconsistency has not been explained. Secondly, the effects of rapid decompres
sion melting following recent deglaciation at Iceland has produced extremely depleted 
incompatible trace element signatures in postglacial lava fiows (e.g. Storaviti, section 
5.4; Maclennan et al., 2002). This process would account for the depleted La/Sm val
ues at Iceland as models of decompression by deglaciation can cause melting rates to 
increase by up to a factor of 30 with the greatest infiuence in the shallowest parts of 
the melting region (Jull and M'^Kenzie, 1996). Thirdly, tectonic variations such as rift 
relocations and off-axis volcanism can result in enriched compositions such as those 
found in samples from the Eastern Volcanic Zone (South Iceland Volcanic Zone: SIVZ) 
and the Snaefellsnes Volcanic Zone (SNVZ). The enriched compositions in general re
flect smaller degrees of melting and a stronger influence of deep mantle melting than 
occur in the main established rift zones. Finally, the subaerial exposure of Iceland may 
cause a sampling bias compared to the ‘remote’ seafloor dredging to collect samples
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from the submerged Mid-Atlantic Ridge. The excellent exposure on Iceland, including 
the exhumation of crust by glacial erosion, provides access to a range of samples from 
different units within the lava stratigraphy. Detailed sampling including anything that 
appears unusual may create a bias to the dredge sampling. Dredging can only retrieve 
samples from the surface of the ridge and flanks, and the preservation bias this method 
is subject to must be taken into consideration.
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Figure 2.10: ®^Sr/®^Sr and La/Sm variations with latitude along the Mid-Atlantic Ridge 
adjacent to Iceland. The figure is taken from Sigmarsson et al. (2008). The data used are 
from 20 different studies, summarised in Sigmarsson et al. (2008).

Six major processes control the geochemistry of rift products at Iceland from source to 
eruption: partial melting, melt transport, fractional crystallisation, crustal contamina
tion, magma mixing and hydrothermal alteration. These processes along with source 
variation are discussed below with a view to revealing characteristics of the melting 
regime. The aim of this project is to understand how geochemical variations can be 
linked to differences in the melting regime and ultimately tectonic variations. There
fore other factors which affect the geochemistry of rift products apart from melting 
must be understood and accounted for in the analysis.
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2.2.2 M antle Source

The precise composition of the mantle and in particular, the scale of compositional 
heterogeneity in the mantle is the subject of great debate. The generally enriched 
incompatible element signature produced at Iceland is clearly the result of access to a 
more enriched mantle source than normal MORB, since degrees of melting are much 
higher at Iceland than for normal MORB, which would normally result in a more 
depleted geochemistry. There is a consensus that the mantle beneath Iceland is het
erogeneous on short length scales as well as over larger distances (Zindler et al., 1979; 
Hemond et al., 1993; Stracke et al., 2003; Thirwall et al., 2004). Sr-isotope and eNd 
values in samples from the Northern Volcanic Zone show that there is no systematic 
variation in isotopic composition with distance from the plume centre as would be ex
pected from simple binary mixing of two end member mantle components. Maclennan 
et al. (2001b) proposed that the lack of variation is due to little change in the aver
age mantle composition over the scale of a volcanic zone (lO’s of km). More recent 
studies suggest a streaky mantle with veins of more enriched, fusible material which 
melt preferentially to a matrix of a more depleted mantle source (Maclennan, 2008a). 
Together with extensive mixing during melt transport, a streaky mantle would produce 
the range of Pb isotope values found in one picrite hand sample from Haleyjabunga, 
Reykjanes Peninsula, part of the Western Volcanic Zone (Maclennan, 2008a). Because 
of this wide range in isotope values on relatively small length scales it is necessary only 
to show that a lava series has isotopic values within the Icelandic range to allow valid 
comparisons between regions and a useful assessment of melting variations.

2.2.3 C rustal A ssim ilation

Rhyolitic volcanic centres at Iceland result from extreme fractional crystallisation and 
major crustal assimilation, therefore, data used throughout this study is filtered to 
remove any samples with <4 wt% MgO. This filtering removes any acidic samples. 
This filtering reduces the risk of crustal processes influencing the results of geochemical 
comparison aimed at identifying differences in the melting regime. A geochemical study 
by Hemond et al. (1993) concluded that the variation in trace element and isotopic 
values in basalts cannot be the result of crustal assimilation and instead, reflects the 
compositional variability created in the mantle either from source heterogeneity or 
during mantle melting beneath Iceland. Crustal assimilation produces variable oxygen 
isotope values depending on how much low crust has contaminated the high
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melt. Maclennan et al. (2001b) confirmed the conchisioiis of Hemond et al. (1993) 
by showing that oxygen isotope composition is relatively constant along the Northern 
Volcanic Zone and therefore there must be a limited variation in the average degree of 
crustal assimilation throughout the Northern Volcanic Zone.

2.2 .4  M agm a M ixing

Magma mixing is a general term referring to several different mantle and crustal pro
cesses. The mixing of incremental melts during melt extraction and transport is dis
cussed in detail in section 2.3.4. Mixing within the melting region does not affect the 
comparison of melting regimes across Iceland as it is likely that this process is sim
ilar for all volcanic zones and the large number and lateral range of samples gives a 
more balanced view of the chemistry erupted within a volcanic zone, system or central 
complex. Further mixing of mantle melts occurs within the lower crust and again this 
process is likely to be similar across Iceland and the wide range of sampling is used to 
allow for variations in this mixing process.

Mixing of melts between volcanic zones is extremely unlikely as this would require 
significant lateral melt transport perpendicular to the predominant tectonic weaknesses 
which are oriented approximately north-south. Lateral transport along a volcanic zone 
or system is possible and again this accounted for by a wide range of samples from 
different areas within a volcanic zone. The final mixing process occurs between basic 
and acidic melts and the effects can be observed in intermediate composition rocks 
(Jakobsson et al., 2008). These compositions are not included in this comparative 
study. Any significant mixing between different magmas can be observed in single 
element plots versus MgO wt% and taken into consideration.

2.2.5 Fractional C rystallisation

Fractional crystallisation creates significant changes in melt chemistry as crystallising 
phases may be removed from the cooling melt. For MORB compositions, the phase 
assemblage evolves from solely olivine to olivine, plagioclase and clinopyroxene as the 
temperature of the magma decreases (Grove et al., 1992). Removal of crystals from 
the melt can occur by gravitational settling in a magma chamber (Sparks et al., 1993) 
or by the extraction of melt from the magma chamber (Sparks et al., 1984; Langmuir, 
1989). The behaviour of different elements during crystallisation (and melting) is
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described by partition coefficients. These are values assigned to each element and define 
their potential to be included within different mineral phases. The concentration of a 
particular element in the melt as fractional crystallisation occurs, assuming a constant 
partition coefficient, is given by

^ = (2.1)

where Cl is the concentration in the melt, Co is the concentration in melt prior to 
crystallisation, F  is the fraction of melt remaining and D  is the bulk partition coefficient 
(Shaw, 1970). As different phases crystallise out of the melt, they preferentially remove 
elements that are more compatible in them, therefore the bulk partition coefficient is 
calculated by weighting the various individual partition coefficients for each different 
phase according to the ratio of phases crystallising. It is necessary for an investigation 
into the degree and depth of melting to observe elements and element ratios which are 
essentially immune to fractional crystallisation processes. The behaviour of elements 
in important phases during melting is discussed in detail in section 2.3.5.

2 .2 .6  H yd roth erm al A ltera tio n

The effects of hydrothermal alteration on incompatible trace element concentrations at 
Iceland are restricted to Large Ion Lithophile elements such as Sr, Rb and Ba which 
are fluid-mobile. Sr in particular seems to be particularly susceptible to alteration at 
Iceland. The possibility of interaction with sea water must be taken in to consideration 
when analysing Sr isotope values. High field strength elements such as Ti, Nb, Zr, Y 
and REE are considered immobile in magmatic and hydrothermal systems (Pearce, 
1982). Any unexpected mobility would be evident from significant scatter in single 
element plots and can therefore be taken into consideration if necessary.
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2.3 M antle M elting  

2.3.1 Introduction

There are two fundamental factors which cause mantle melting to form oceanic volcan- 
ism: adiabatic decompression and increased mantle potential tem perature. Extension 
of the lithosphere at a mid-ocean ridge results in rapid passive upwelling of the underly

ing asthenospheric mantle. As pressure decreases the rising mantle crosses the solidus 
P -T  conditions, defined by the Clausius-Clapeyron relation, and melting begins. This 

concept is more formally described using Peclet numbers; the ratio of advection to 
conduction given by

P e  =  —  (2 .2 )
K

where Pg is the Peclet number, is the upwelling velocity, I is a length scale and k 

the therm al diffusivity. If the Peclet number is much greater than 1 then advection 
dominates heat transport; if the Peclet number is much less than 1 then conduction 
dominates heat transport. Beneath a mid-ocean ridge such as Iceland, Vz is approx
imately 10 mm y r~ \  I is the thickness of the lithosphere at approximately 100 km 
and K is around 10“ ®. This results in a Peclet number of 30 indicating th a t advec- 
tive transport of heat dominates the tem perature and the melting beneath Iceland 
(M'^Kenzie and Bickle, 1988). The potential tem perature of the asthenospheric man
tle is everywhere hotter than the mantle solidus a t atmospheric pressure, so with the 
exception of very special tectonic situations where therm al re-equilibration is possible, 
mantle brought close to the surface will always melt (M'^Kenzie and Bickle, 1988). This 
process is known as adiabatic decompression melting (figure 2.11a).

The mantle potential tem perature is the tem perature th a t a piece of mantle would 
achieve if transported from depth to the surface adiabatically, when no melting is al
lowed. Areas of higher mantle potential tem peratures are associated with upwelling 
m antle plumes. During adiabatic decompression, a higher mantle potential tem pera
ture results in the solidus being crossed a t greater depths and therefore, a higher degree 

of melting is achieved.

Normal mantle potential tem perature for the Mid-Atlantic Ridge is approximately 
1300°C. This potential tem perature increases towards Iceland reaching a maximum of
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approximately 1500°C near central Iceland where the centre of the Iceland plume is 

located (W hite et al., 1995). The average overall spreading rate at Iceland is around 
18 mm yr“  ̂ (DeMets et al., 1994) and would normally result in decompression melting 

to produce a crustal thickness of approximately 6 km (Bown and W hite, 1994). The 
average crustal thickness on Reykjanes Ridge approximately 1000 km south of Iceland 
is 7 km (Sinha et al., 1997). However, the elevated mantle potential tem perature 

a t Iceland results in a maximum crustal thickness of approximately 40 km in central 
Iceland and an average of 20 km away from the plume centre (Darbyshire et al., 1998; 
Staples et al., 1997), reflecting the much higher degrees of melting in general achieved 
at Iceland (figure 2.11b). Active upwelling associated with mantle flow from the Iceland 
plume will also increase melt fraction and crustal thickness by fluxing m aterial through 
the deepest part of the melting region (Maclennan et al., 2001b). In summary, normal 
Mid-Atlantic Ridge melting produces 7 km thick crust; passive upwelling of unusually 
hot mantle produces an extra 13 km of crust resulting in a total crustal thickness of 
20 km away from the plume centre a t Iceland. In the centre of Iceland a further 20 km 
of crust is produced by active fluxing of mantle material through the deepest parts of 
the melting region, resulting in 40 km thick crust (Jones and Maclennan, 2005).
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Figure 2.11: An example of adiabatic decompression paths (a) and melt fraction (b) as a 
function of pressure, for different mantle potential temperatures. The liquidus and solidus 
curves are for a typical peridotite mantle composition. Curves are calculated from M'^Kenzie 
and Bickle (1988). Figure from Maclennan (2000).
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2.3.2 M antle Flow and the M elting R egion

The melting region is the area over which mantle temperatures are greater than the 
solidus. The potential temperature and flow of mantle material control the geometry 
of the melting region. For mantle of a constant potential temperature, the depth at 
which melting begins will be constant, producing a horizontal base to the melting 
region. The top of the melting region is defined by the depth at which the temperature 
and pressure conditions in the mantle return to below the solidus. No further melting 
will occur when there is no upwelling of mantle material. The P-T conditions of the 
mantle solidus may vary depending on whether the composition of the mantle has been 
changed by the extraction of fractional melts. The degree of melting is dependent on 
temperature difference between the mantle and the solidus at any given pressure, as 
shown in M'^Kenzie and Bickle (1998).

Passive upwelling of the mantle beneath a spreading ridge results from the separation 
of the tectonic plates. The resultant flow field is modelled by corner flow of a vis
cous incompressible fluid (Batchelor, 1967; McKenzie, 1967). This flow field creates 
a roughly triangular shaped melting region (figure 2.12; Langmuir et al., 1992). At 
Iceland plume-driven active upwelling can influence the melting regime, fluxing ma
terial through the lowest levels of the melting region, creating a higher than normal 
melting rate for deep melting, greater than 100 km (Maclennan et al., 2001b; Ito et 
al., 1996). Conductive cooling can also have a significant effect on the depth to the 
top of the melting region in slow spreading situations (Bown and White, 1994); this is 
particularly relevant to Iceland.

Bown and White (1994) modelled melting beneath normal mid-ocean ridge settings 
predicting the base of the melting region at about 50 km. This estimate is based on 
anhydrous melting for normal mantle potential temperature of 1300°C. Higher mantle 
potential temperature extends the depth of melting initiation. The presence of water 
in the mantle reduces the temperature of the solidus and therefore, increases the depth 
of the base of the melting region. Hirth and Kohlstedt (1996) predicted that melting 
would begin at 115 km beneath mid-ocean ridges with a mantle potential temperature 
of 1350°C and an ambient water content of 125±75 wt ppm, estimated from the lit
erature. Katz et al. (2003) presented a new parameterisation of the hydrous solidus 
to predict depths of 90-105 km for a potential temperature of 1350°C and 135-150 
km for 1450°C, for a range of 65-200 wt ppm water. The geochemical evidence for 
the initiation of melting beneath mid-ocean ridges within the garnet stability field is 
summarised in Shen and Forsyth (1995). The extreme light REE enrichment and high
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Ridge Axis

-r

Solidus

Figure 2.12; Schematic representation of the melting region resulting from passive upwelhng 
beneath a spreading ridge over ‘hot mantle’. The stream lines represent corner flow of man
tle matrix through the melting region and the boimdaries of the triangular melting region 
represent the mantle solidus. Dashed lines are contours of the increasing melt fraction with 
decreasing depth within the melting region. Based on Langmuir et al. (1992).

light/heavy REE ratios observed at Iceland (e.g. Maclennan et al., 2001b) are consis
tent with model predictions th a t melting must begin deep in the mantle, well within 
the garnet stability field a t depths greater than 100 kin (section 2.3.5).

2.3.3 M ode o f M elting: B atch versus Fractional

Tlie mode of melting refers to the mechanical process th a t occurs once melt has formed 
and is described by two end member processes: perfect batch and perfect fractional 
melting. Batch melting is the process where the melt and mantle residue remain in 
contact and in therm al and chemical equilibrium during upwelling. Melt is only ex
tracted at the top of the melting region, once the maximum melt fraction is achieved. 
Perfect fractional melting describes the other end member of the melting process where 
melt is extracted as soon as it forms and transported out of the melting region. In 
the fractional case, melt is only in instantaneous chemical equilibrium with the mantle 
residue, but is assumed to be in therm al equilibrium throughout the melting region. 

The intermediate case where melt is only extracted once a threshold (residual) poros
ity has been reached is known as continuous melting (Langmuir, 1977). The review of 
m antle melting presented by Kelemen et al. (1997) summarised numerous geochemical, 
geophysical and experimental studies to show tha t mantle melting beneath mid-ocean
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ridges is near-fractional with a residual porosity of <1%. The compositional variability 
within the melting region resulting from incremental melting can be observed in melt 
inclusions, trapped in crystals from MORB samples (e.g. Maclennan, 2008b). Several 
authors, using melting models to account for the compositional range in melt inclu
sions and U-series disequilibrium, infer a very small residual porosity for near-fractional 
melting between 0.05% and 1% (summarised in M'^Kenzie, 2000). Following extrac
tion the incremental melts are mixed together during transport and crustal residence 
prior to emplacement at the ridge axis. This process has been well studied at Iceland 
(Maclennan, 2008b).

2.3.4 M elt Transport

The extraction and transport of incremental melts has a significant control on the vari
ability in melt compositions leaving the mantle to form new crust. Early suggestions 
of diffuse porous flow of melt out of the melting region (Spiegelman and Elliot, 1993; 
Iwamori, 1994) would result in chemical equilibrium between the residue and the melt 
at shallow levels (Kelemen et al., 1997). It is clear that from the compositional variabil
ity observed in the melt inclusions that chemical equilibrium is not achieved. A study 
by Spiegelman and Kelemen (2003) smnmarised the evidence from the literature for 
distinct melt channels in the mantle including chemical variability in melt inclusions 
and MORB lavas and field observations of ‘replacive’ dunite channels in ophiolites. 
They showed that the fluid dynamics even within simple channels in homogenous sys
tems can produce extreme chemical variability on very small length scales during melt 
transport.

The range of compositional variability observed for whole rock data is less than that 
for melt inclusions for MgO compositions above 7 wt.% (Maclennan, 2008a). Once 
melt has reached the crust, mixing as melt is collected in magma chambers tends 
to homogenise the small scale heterogeneity produced by incremental melting of a 
heterogeneous mantle source and melt transport. Primitive melts with high MgO will 
still have variable compositions of melt inclusions. However, as melts become more 
evolved this compositional variability is mixed out. Large sample numbers are used to 
compare different regions in Iceland to reduce the impact of small heterogeneities that 
may remain from the melting process. By looking at the distribution of compositions 
erupted from a rift zone, it is hoped that the average composition of the mantle melts 
can be observed. It must be considered that, following the extraction of melt from the
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melting region, it cannot be assumed th a t all melt fractions will be focused toward 
the rift axis. This process of melt focusing may not collect the most distal melts 
from the rift axis (Spiegelman 1996), reducing the contribution of highly enriched 
incompatible element concentrations from garnet field melting. Therefore, the average 
composition from the distribution of lava compositions may not reflect the complete 
melting region, but this must be reasonably consistent on a global scale as global 

correlations of chemistry and oceanic crustal thickness would not be possible (e.g. 
Klein and Langmuir, 1987).

Melt extraction, transport and focusing processes, although complex, are likely to be 
similar for all rifts past and present at Iceland and therefore it is possible to  link ob
servations of changes in the geochemical signature between rifts with relative changes 
in the melting regime. As yet, only one study has been carried out on melt inclu
sions in the older Tertiary lavas in Iceland, which simply presents the Sr isotope data  
w ithout interpretation with respect to the melting process at Iceland (Harlou et al., 
2009). Further studies of Tertiary melt inclusions could reveal whether the process of 
incremental melting, mixing and emplacement is relatively similar for the extinct rift 
axes compared to the neovolcanic zones.

2.3.5 G eochem ical B ehaviour D uring M elting

This section will deal predominantly with the behaviour of trace elements during melt
ing. Major element behaviour is simply controlled by the composition of each phase in 
the melting reaction, which is dependent on the P-T conditions and the composition 
of the residual mantle. The modelling of major element compositions is discussed in 
section 6.2.1. Major element compositions of lava flows are strongly influenced by frac
tional crystallisation trends and it is not as easy to isolate major element variations 

caused by melting as it is for trace elements.

The equilibrium distribution of any trace element between the mantle melt and m atrix 

is described by a unique bulk partition coefficient. The bulk partition coefficient is cal
culated from individual partition coefficients, describing the behaviour of each element 
in each phase present in the sohd during melting. Partition coefficients are defined by 
the ratio of the concentration of an element in the liquid (Cl ) compared to  the solid 

(C5): D = C s/C i-  This value can be estimated using melting experiments of synthetic 
materials or analysis of natural minerals and glassy matrices in rapidly cooled lavas 
(Blundy and Wood, 2003). Elements which are compatible in a phase will have D > 1
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and elements which are incompatible, preferring the liquid to the solid, will have D < 1. 
The bulk partition coefficient, D, describes the overall compatibility of an element in 
the mantle solid. For any element it is calculated as the sum of different phase partition 
coefficients weighted according to their fraction in the solid: D = where
n represents each phase. With knowledge of the source composition, bulk partition 
coefficient and the melt fraction at any depth, the concentration of an element in the 
instantaneous melt can be calculated. These instantaneous melts are accumulated by 
different methods (sections 2.3.3 and 2.3.4) and therefore, there are numerous ways of 
calculating the final melt compositions. The new time-dependent model employs per
fect fractional melting to calculate trace element compositions in the melt described in 
section 6.9.

The garnet-spinel transition is a major phase change that occurs in the mantle. It has 
already been noted that mid-ocean ridge melting, especially at Iceland, begins deep in 
the mantle within the garnet stability field. This transition causes the most significant 
variation in the composition of instantaneous melts in the melting region, with major 
changes in the partition coefficients of certain elements. The Heavy REEs (Lu, Yb, 
Tm, Er, Ho, Dy) and Y are compatible in garnet and incompatible in spinel (M'^Kenzie 
and O’Nions, 1991; Johnson, 1994). The depth of the garnet-spinel transition will limit 
the melt fraction within the garnet stability field and define the level of influence of 
deep mantle melting on the overall melt composition. The transition depth depends on 
the mantle potential temperature, increasing for higher temperatures. Robinson and 
Wood (1998) showed that for higher than normal mantle potential temperatures such 
as those found beneath Iceland, the transition takes place at approximately 100 km 
depth.

By looking at element pairs which are only fractionated during melting in the garnet 
stability field and behave similarly in the spinel and plagioclase fields, it is possible 
to compare the influence of deep mantle melting for different rift zones and volcanic 
features at Iceland. If the elements have similar partition coefficients in the plagioclase 
stability field, the ratio of their concentrations will remain relatively unaffected by 
fractional crystallisation processes. Useful ratios which essentially behave as described 
and are used extensively in the geochemical comparison chapters (chapters 4 and 5) 
to identify changes in the melting regime include: Nb/Y, Zr/Y and Sm/Yb. Slight 
differences in the shallow depth partition coefficients can cause fractionation of these 
element pairs during fractional crystallisation. However, this would be evident in vari
ation diagrams using MgO compositions as a proxy for the evolution of magmas and 
is discussed when necessary. The partition coefficients for the trace elements in these
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ratios are discussed in section 4.3.

2.3.6 Tem poral Variations: R ift Jum ps and G laciation

At Iceland there are two time-dependent processes which can have significant eiTects on 
mantle melting: rift relocations and glaciation. Although the driving force behind rift 
jumps is likely to be internal in the form of a variable mantle flow (Jones et al., 2002), 
glaciation is the result of external conditions which must be taken into consideration 
when comparing lava series which were erupted under different climate regimes.

The effect of a variable spreading rate on the melting regime and the composition 
of melts could be quite significant. Bown and White (1994) showed using a simple 
model of upwelling beneath a mid-ocean ridge that 20 mm yr“  ̂ full spreading rate is a 
significant threshold in terms of the shape of the melting region. Lower spreading rates 
result in conductive cooling becoming a more significant control on the melting regime, 
lowering the top of the melting region and consequently lowering the final degree of 
melting. The depth to the top of the melting region is aroimd 10 km for full spreading 
rates higher than 20 mm yr~^ and increases to 30 km depth for lower spreading rates. 
This is an important observation in relation to Iceland. As described in section 2.1.3, 
during a rift relocation the extension is partitioned across two parallel rift axes reducing 
the full spreading rate on the individual axes below the normal Iceland full spreading 
rate 20 mm yr“ .̂ Therefore during a rift relocation the extent of melting could be 
significantly affected by conductive cooling. The aim of this project is to estimate the 
effects of a variable spreading rate on mantle melting and composition of lavas, using 
a new time-dependent model described in chapter 6.

Hardarson et al. (1997) carried out a detailed geochemical and geochronological study of 
a palaeorift in northwest Iceland which was active until approximately 15 Ma before the 
rift relocated to the now extinct Snaefellsnes-Skagi rift. The Tertiary crust is subject 
to a crustal accretion bias where only lava flows able to flow outside of the main rift 
zone are preserved (Palmason and Saemundsson, 1974; Hardarson and Fitton, 1997). 
It must be remembered that not all features and compositions associated with the 
extinct rift zone will be represented by sampling the exposed Tertiary crust. Section 
5.2 provides detailed background to the formation of the Tertiary crust. Hardarson et 
al. (1997) concluded that the variable isotopic and trace element signature observed 
in the dying rift lavas could be related to changes in access to different mantle source 
components as the rift migrated further from the plume. They also suggested that
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the changes in melt productivity associated with rift relocations could cause the V- 
shaped ridge topography observed on the Reykjanes and Kolbeinsey Ridges. However, 
Jones et al. (2002) showed that tliis could not be the case and it is more reasonable to 
suggest that V-shaped ridges and rift jumps are the result of time-dependent flow in 
the mantle.

Laterite palaeosol horizons observed between lava flows throughout the exposed Ter
tiary crust in Iceland (approximately 17-3.3 Ma) provides evidence that Iceland hosted 
a warm tropical climate during this time. Unconformities observed in northern Ice
land (chapter 3) signify the onset of major northern hemisphere glaciation at 3.3 Ma. 
Sub-glacial eruptions form hyaloclastites, building up over 1000 m in thickness before 
being capped by a sub-aerial flow to form the classic table mountain structure charac
teristic of Iceland’s glacial volcanic activity (figure 2.13). As the climate warms, rapid 
deglaciation unloads the crust to the extent that it causes a significant increase in the 
rate of adiabatic decompression melting, by up to a factor of 30 (Jull and M'^Kenzie, 
1996). Early post-glacial eruptions produced unprecedented volumes of lava, forming 
very large lava shields. For example, Storaviti in Theistareykir system, Northern Vol
canic Zone is approximately 30 km^ (for geochemistry see section 5.4). An example of 
a postglacial lava shield is shown in figure 2.14. Early post-glacial (12-7 kyr) volcan- 
ism across Iceland has a unique geochemical signature with significant depletion in the 
incompatible elements compared to sub-glacial eruptions (e.g. Maclennan et al., 2002). 
High MgO wt% compositions are also characteristic of post-glacial lava flows, with 
the most mafic picrites from Theistareykir containing over 20 wt% MgO, most likely 
forming as a result of olivine accummulation (Maclennan et al., 2002). This marked 
difference in chemistry resulting from deglaciation must be taken into consideration 
when comparing extinct volcanic zones with the neovolcanic zones.
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Figure 2.13: Herdubreid, situated north of Askja central volcano within the Northern Vol
canic Zone, central Iceland. A classic example of a table mountain composed predominantly 
of hyaloclastite flows erupted sub-glacially, capped by a sub-aerial lava flow. The steep sides 
reveal the much greater susceptibility of hyaloclastite to weathering compared to the capping 
lava flow.

Peistareykjabunga

Figure 2.14: Theistareykjabunga, situated in the Theistareykir volcanic system within the 
Northern Volcanic Zone, north-east Iceland. A classic example of a postglacial lava shield, 
formed when huge volumes of lava were erupted following rapid deglaciation.



Chapter 3

The Skagafjordur R egion, N orthern  
Iceland

3.1 Introduction

The Skagafjordur region of northern Iceland is the location of an extinct rift axis which 
died after extension transferred to the presently active Northern Volcanic Zone (figure 
3.1). Extensive dating of samples from across northern Iceland predicts that the Skagi 
rift died around 3 Ma (Garcia et al., 2003). However, a substantial suite of Quaternary 
lavas (i.e. younger than 3.3 Ma) exists on the Skagi peninsula, with other smaller 
Quaternary lava outcrops present across the Skagafjordur region. There have been 
several previous studies of these young lavas including Sigurdsson et al. (1978) and 
Everts (1975). There are two possible origins for these Quaternary lava flows: the final 
flows from a dying rift axis or a suite of flows produced by a transient rifting episode.

A detailed field study carried out by Everts (1975) focused on the Skagi peninsula. 
Everts (1975) established a stratigraphy for the Quaternary lava suite and associated 
glacial sediments (figure 3.2) and mapped the northern half of the Skagi peninsula 
in detail, identifying individual Quaternary lava flows (appendix A). A petrological 
and geochemical study of western Iceland was presented by Sigurdsson et al. (1978) 
and Schilling et al. (1978) and included several samples from the Skagafjordur region. 
Schilling et al. (1978) describe the Skagafjordur Quaternary lavas as a suite of uniform 
tholeiitic basalts with unusual geochemical characteristics different to the Western 
Volcanic Zone. Everts’ study (1975) identified a significant unconformity between

33
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Figure 3.1: A simplified geological map of Iceland. The broad area of the Skagafjordur region 
(figure 3.3) is outlined on the north coast of Iceland. The approximate location of an extinct 
rift axis is shown in the western part of the Skagafjordur region. Presently active volcanic 
zone are shown in red: Northern Volcanic Zone, NVZ; Western Volcanic Zone, WVZ; Eastern 
Volcanic Zone, EVZ. Adapted from Johanesson and Saemundsson, 1998; Palaeorift locations 
from Hardarson et al. (1997) and Johanesson (1980).
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Figure 3.2: Sketch cross section showing the main geological units identified on the Skagi 
peninsula including individual Quaternary lava flows. The complete sequence of Quaternary 
flows from oldest to youngest is BOR, BIR, B2R, B3R and B4N, where R and N stand for 
reverse and normal polarity from magnetic studies (Everts, 1975). B3R and B4N are not 
shown on this section.
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the Tertiary lava flows and a significant section of fluvio-glacial sediments which are 
overlain by the Quaternary lava suite. One of the aims of the project is to identify any 
significant changes in geochemistry across the Tertiary-Quaternary unconformity and 
establish whether the unconformity represents a hiatus in volcanic eruption or is simply 
a result of the onset of glaciation. The presence of a substantial volcanic hiatus and 
a significant change in geochemistry would have important implications for identifying 
the origin of the young lavas emplaced at Skagi.

In order to identify the likely origin of the Quaternary lava flows from the Skagafjordur 
region, an understanding of the melting regime required to produce these lavas is 
necessary. The melting regime can be established using geochemical comparisons and 
modelling. At present there is relatively little geochemical data available for this extinct 
rift and associated young lavas compared to the main volcanic zones, therefore new 
samples were required.

Over 50 new samples were collected from the Skagafjordur region to provide the basis 
for a detailed geochemical study focused on the main Quaternary outcrop on the Sk
agi peninsula (figure 3.3). The sampling locations, sampling strategy and main field 
observations are described in sections 3.3 and 3.4. Major and trace element analyses 
were obtained for the all new samples, in addition to 9 donated samples from previous 
studies of the region (Hjartarson, 2003; Garcia et al., 2003). REE concentrations were 
obtained for a subset of the new samples, together with *'̂ /®®Sr and isotopic
values for 12 new samples. This is the first detailed geochemical dataset for the suite 
of Quaternary lavas from the Skagi peninsula and the first radio-isotope data for the 
Skagafjordur region. The new data and initial interpretations are presented in section 
3.5.

The aim of this chapter is to introduce the geology of the Skagafjordur region and to 
compare the geochemistry of lavas and dykes of Tertiary and Quaternary age. The 
outcrop of Quaternary age lava flows is discontinuous within the Skagafjordur region 
and a comparison of samples from different areas is used to establish whether all these 
outcrops can be considered to be part of the same episode of volcanic activity. Using 
field observations and the K-Ar dating results from Everts et al. (1972) it is easy to 
show that the Skagi rift was active for significantly longer than predicted by Garcia 
et al. (2003). It is important to establish whether all samples can be considered to be 
part of the same melting event so that a suitable comparison can be made between 
the extinct Skagafjordur rift and the neovolcanic zones across Iceland (chapter 4). 
The new analyses suggest that samples from Austurdalur, Vesturdalur and Trollaskagi
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Quaternary outcrops (figure 3.3 are part of the same rifting episode as the main Qua
ternary outcrop on the Skagi peninsula because they display very similar geochemical 
signatures.

One aim of this project is to estimate the degree and depth of melting required to 
produce the series of Quaternary lava flows and to compare this to other volcanic 
zones. This chapter uses the new geochemical data to compare the composition of 
mantle melts for Quaternary and Tertiary lava flows from Skagafjordur and establish 
whether any major difference in the melting regime exists between these two suites.

Tertiary and Quaternary lava flow comparisons show only a small difference in geo
chemistry which can reasonably be attributed to a difference in crustal fractionation 
processes rather than melting. ®^Sr/*®Sr and '̂*^Nd/^‘*^Nd values are largely consis
tent with a constant mantle source composition for all the Skagafjordur samples. The 
lack of significant difference between the Tertiary and Quaternary lava fiows may have 
important implications for the tectonic origin of the young Skagafjordur lavas and 
crustal accretion processes in general at Iceland (discussed in chapters 5 and 8). It is 
generally accepted that the Quaternary lavas from Skagafjordur represent a transient 
rifting episode initiating around 2.5 Ma and lasting for 2 Myrs (Gudmundsson, 2007). 
However, there is little evidence from the geochemistry to suggest that the major un
conformity between the Tertiary and Quaternary is indicative of a break in volcanic 
eruption, therefore, the Quaternary lava suite may simply be a continuation of the old 
Tertiary rift.

3.2 G eological Background

This section includes a description of the tectonic history of the area and the main 
geological features which are covered in further detail in section 3.3. Tertiary age 
rocks (older than 3.3 Ma) form the largest outcrop adjacent to Skagafjordur (figure 
3.3). The Tertiary outcrop is composed of a relatively uniform basalt lava pile, with 
numerous cross-cutting dyke intrusions, formed by a major rift zone active between 15 
and 3 Ma (Hardarson et al., 1997; Garcia et al., 2003). The approximate location of 
the extinct axis is shown adjacent to the Skagi peninsula on figure 3.1. The location 
of this extinct rift axis can be inferred from a regional syncline, identified by inwardly 
dipping lava flows (Saemundsson, 1974). The formation of the syncline in response to 
the emplacement of lavas at a rift axis is described in section 2.1.3.
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Acidic lava suites and intrusions are generally associated with central volcanic com
plexes, of which several have been identified within the Tertiary in the Skagafjordur 
region (figure 3.1). Quaternary lavas outcrop across the southern part of the region in 
association with the currently active Western Volcanic Zone. There are several out
crops of Quaternary lavas which are aged between 0.5-2.5 Ma (Everts et al., 1972) and 
are thought to have originated from a transient rift axis after the main Tertiary rift 
became extinct (Sigurdsson et al., 1978). The onset of a major glaciation in northern 
Iceland occurred approximately 3.3 Ma, prior to the proposed formation of this tran
sient rift. This glaciation is represented by a large unconformity between the Tertiary 
and Quaternary lava suites identified by the presence of hyaloclastite and fluvio-glacial 
sediments.

The largest outcrop of Quaternary lavas from the Skagafj5rdur rift is located on the 
northern tip of the Skagi peninsula (figure 3.3). The sub-glacial unconformity that 
exists between the Tertiary and Quaternary lavas is well exposed at several localities 
on the Skagi peninsula including Seines Bay on the east coast (figure 3.4), described in 
detail in section 3.3. The stratigraphy of this area of the Skagafjordur region has been 
described by Everts (1975). A sketch cross section showing some of the main geological 
units is given in figure 3.2. This stratigraphy was used as a basis for completing detailed 
sampling of the Quaternary lava flows.

3.3 Field Observations

This section describes the field relationships between the main geological units observed 
on the Skagi peninsula. As previously described the stratigraphy consists of a series of 
Tertiary basalt lava flows unconformably overlain by fluvio-glacial sediments, followed 
by a series of Quaternary basalt lava flows. These units are cross-cut by intrusions of 
various ages.

The main study of the stratigraphy on the Skagi peninsula is presented by Everts 
(1975) and a sketch cross-section is shown in flgure 3.2. The majority of good exposure 
on Skagi is coastal with some small poorly exposed inland locations. Everts (1975) 
used coastal exposures combined with inland topographic features such as small scarps 
to identify the extent of individual Quaternary lava flows. Everts (1975) inferred that 
BIR lava flow extends across the whole of the northern part of the Skagi peninsula. 
However, with the poor inland exposure and the observation that existing volcanic rifts
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on Iceland produce complex lava topography, it is difficult to support Everts’ (1975) 
relatively simple interpretation of the stratigraphy. Compare figure 3.4 and figure 3.7, 
which both show BIR lava flow according to Everts’ (1975) interpretation. These lava 
flows clearly have very different morphologies.

The following observations are used to show the important field relationships between 
the three main geological units and provide a geological framework for the interpreta
tion of the geochemical data. The presence of a significant unconformity between the 
Tertiary and Quaternary lava flows on Skagi may have implications for the tectonic 
origin of the Quaternary lavas. The majority of geochemical comparisons made in 
chapters 4 and 5 use the Skagi Quaternary lava flows. It is possible tha t these lava 
flows could have flowed from another nearby volcanic zone such as the Western Vol
canic Zone and therefore, a further aim of these field observations is to show that Skagi 
Quaternary lavas are most likely to have erupted from local volcanic vents.

The unconformable relationship between the Tertiary and Quaternary lavas is well 
exposed at Seines Bay on the east coast of Skagi (figures 3.3 and 3.4). In the cliffs on 
the southern side of the bay a series of Tertiary lavas can be identified by characteristic 
subaerial weathering resulting in red rubbly tops (figure 3.5). This weathering feature 
is characteristic of Tertiary lavas in Iceland.

On the northern side of Seines Bay a significant sequence of fluvio-glacial sediments 
can be observed (figure 3.6). These sediments are identified as fiuvio-glacial in origin 
due to obvious layering and channel-like structures. These structures combined with a 
variety of clast types and a lack of volcanic glass are good evidence that these sediments 
have been reworked and do not represent original proximal hyaloclastite deposits. The 
sediments were deposited unconformably on to the Tertiary lavas and must be younger 
than 3.3 Ma, the age of the onset of the most recent glaciation in northern Iceland. 
There is no exposure at Seines of the unconformable contact between the Tertiary and 
the sediments, but it must be situated between the two outcrops, and has probably 
been picked out as a line of weakness where the stream enters the bay in the western 
corner. The unconformity may simply represent the onset of glaciation, or it may also 
represent a hiatus in rift activity and lava flows. The distinction between these two 
has important consequences for the tectonic interpretation of the Quaternary lavas on 
Skagi (section 3.6).

The fluvio-glacial sediments are overlain by a series of Quaternary basalt lava flows. 
The detailed stratigraphy of these lavas has been described, and their lateral extent
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Quaternary Lava Flows

Tertiary Lava Flov«̂ s Quaternary Lava Flows

Tertiary Lava Flows
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Figure 3.4: Seines Bay on the east coast of the Skagi peninsula in northern Iceland. A se
quence of Tertiary lavas are overlain by fluvio-glacial sediments. Quaternary lavas lie strati- 
graphically above the fluvio-glacial sediments. The unconformable boundary between Ter
tiary lava flows and fluvio-glacial sediments lies near the large gully at the centre of the bay, 
but due to poor exposure the orientation and exact position of this boundary axe ambiguous. 
The oldest Quaternary lava flow identified directly above the fluvio-glacial sediments is BIR 
according to Everts’ (1975) stratigraphy.

mapped, by Everts (1975) (figure 3.2). The young lava suite lies stratigraphically above 
the glacial sediments, which must themselves be younger than 3.3 Ma, therefore the 
lavas must be Quaternary in age. The morphology of the Quaternary lava flows varies 
dramatically from heavily fractured (figure 3.4) and blocky to well developed columnar 
jointing creating huge 2 m diameter hexagonal columns (figure 3.7).

Everts (1975) identified several volcanic vents on Skagi and Trollaskagi. One example 
of a volcanic vent for the B2R lava flow is shown in figure 3.8. A volcanic breccia can 
be observed lining the edges of the vent, with broken and unoriented columns in the 
centre unlike the simple morphology of the adjacent lava pile.

Two Quaternary dykes were identified on the Skagi coast. Both were observed to cross-
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Figure 3.5: Subaerial weathering of the top of a Tertiary lava flow on the southern side of 
Seines Bay. The approximate boundary between the two lava flows is shown as a dashed line. 
The red rubbly top is characteristic of Tertiary lavas flows across Iceland.

cut fluvio-glacial sediments and therefore must be significantly younger than 3.3 Ma 
(figure 3.9). Dykes are usually emplaced vertically within a rift system although there 
are circumstances in relation to central volcanic systems of horizontal emplacement. 
Dykes are useful because they cannot have flowed from somewhere else. However, dykes 
can be emplaced laterally and constraining the age of dykes is vague without absolute 
dating methods. The advantage of sampling lava flows is that they can usually be 
placed within a stratigraphic framework.

It could be argued that these young Skagi lavas could simply have flowed from the 
nearby Western Volcanic Zone to the south. The presence of dykes and volcanic vents is 
good evidence that the Quaternary lavas observed on Skagi resulted from local volcanic 
activity. It is possible that lateral magma transport from the Western Volcanic Zone 
could have fuelled the Quaternary volcanic activity on Skagi, however the geochemical 
observations suggest a local magma source (section 4.3.1).
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Figure 3.6: Quaternary fluvio-glacial sediments observed on the northern side of Sehies Bay. 
Layering and channel-like structures indicate that these sediments have undergone significant 
reworking in a fluvial environment.

Figure 3.7: Quaternary lava flow at Husnes on the east coast of Skagi. Well developed 
columnar jointing forming huge columns over 2 m in diameter. This is BIR lava flow according 
to Everts’ (1975) stratigraphy.

3.4 Sample D escriptions

The main sampling area was the Skagi peninsula in northern Iceland (figure 3.3). In 
total, 81 samples were analysed for geochemical data. 39 new samples were collected 
from the Skagi peninsula, 5 from the west coast of the Trollaskagi peninsula, 1 from a 
very young flow on the Vatnsnes peninsula and 2 from Austurdalur valley south-east 

of Skagi. The rest of the samples were donated by two previous studies: 7 samples
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Figure 3.8: A volcanic vent in the Quaternary lava suite, Ketubjorg, east coast Skagi. 
A volcanic breccia can be observed lining the edges of the vent, with broken and randomly 
oriented column in the centre of the vent. Adjacent to the vent regular lava flows are observed 
and labelled according to Everts (1975) stratigraphy.

from Austurdalur and Vesturdalur donated by A. Hjartarson (Hjartarson, 2003) and 
24 samples from dykes across northern Iceland donated by S. Garcia (Garcia et al., 
2003). Only 3 of the Garcia dykes are located in the Skagafjordur region and only 14 
of the dykes have ^°Ar/^^Ar ages. The geochemistry of the rest of the Garcia dykes 
are discussed in section 5.4. The sample locations are shown on figure 3.3.

The first sampling season aimed to sample any dykes, particularly those cutting the 
glacial sediments. However, the lack of stratigraphic or absolute dating age constraints 
on many of the dykes sampled limits the usefulness of the geochemical interpretation. 
The second field season was primarily aimed at completing detailed sampling of the 
Quaternary lava stratigraphy using Everts (1975) map and cross section as a basis. 
Lava flows from recent volcanic zones have flowed up to 100 km away from the eruption 
site e.g. Laki, Laxarhraun and Thjorsahraun. However, it has already been shown in
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Figure 3.9: Looking south at Selvik (figure 3.3) on the north coast of the Skagi peninsula. 
A Quaternary basalt dyke is observed to cross-cut glacial sediments.

section 3.3 that the young lava flows are likely to have local origin (figure 3.8; Everts, 
1975).

The Quaternary basalts are generally characterised by plagioclase phenocrysts in a 
fine grained groundmass. The thicker, more extensive lava flows such as BIR contain 
relatively coarse phenocrysts up to a few mm in diameter. It is assumed that these 
phenocrysts were in chemical equilibrium with the melt. There should be no effect 
on the validity of the geochemical interpretation for investigating the melting regimes 
as the chosen trace element ratios minimise the efi^ects of fractional crystallisation. 
Magnetite is an abundant accessory phase in the ground mass of this suite of rocks, 
reflecting the high iron content.

3.5 G eochem ical Observations

The aim of this section is to establish the broad geochemical characteristics of the 
Skagafjordur region, identifying any systematic differences between different areas and
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between Tertiary and Quaternary age units. The geochemical data are used to show 

that the Tertiary and Quaternary lava result from similar melting processes. All the 

data were obtained for whole rock powders. Major and trace element concentrations 

were obtained for all 81 samples using XRF (X-Ray Fluorescencc) at the University of 

Edinburgh. Rare Earth Element concentrations were analysed for 47 of these samples 

using ICP-MS at the Scottish Universities Environmental Research Centre (SUERC) 

and the University of Cambridge. The REE samples were broadly restricted to those 

with reasonable age constraints, although some Tertiary dykes were analysed for com

parative purposes. 12 samples were analysed for Sr and Nd isotopic ratios at the 

University of Cambridge. This subset of samples were chosen for their location, age 

constraints and to cover the range of geochemical variation across the suite of Quater

nary lavas. The analytical methods used to obtain the geochemical data are described 

in appendix B. The new geochemical data are presented in appendix C.

The lavas and dykes sampled from the Skagafjordur region are tholeiitic, mostly basalts 

with some slightly more evolved basaltic andesite samples and one slightly more prim

itive picro-basalt (figure 3.10). Two of the Skagafjordur samples will be excluded from 

the geochemical plots: SK20 is a rhyolitic dyke and is likely to have experienced signif

icant crustal contamination and remelting; A17164 contained secondary mineral infills 

affecting the whole rock chemistry.

Figure 3.11 shows that the few Tertiary lava samples are taken from slightly more 

evolved flows than the Quaternary lavas. The stratigraphy is not as well constrained for 

the Tertiary lava samples, therefore it must be taken into consideration that these lava 

flows may be from central volcanoes and may have undergone different fractionation 

processes. This is a problem when investigating the melting regime for samples from 

different ages and areas. To overcome this problem we use trace element ratios whose 

behaviour is similar during crustal processes such as fractional crystallisation and the 

two elements are fractionated during melting.

For the other major elements, figures 3.12 and 3.13 compare different areas and Tertiary 

versus Quaternary respectively. The Quaternary lava flows from the whole of the 

Skagafjordur region form a well defined geochemical trend when comparing different 

major elements to MgO wt%. Straight line increasing trends for decreasing MgO 

for Fe and Ti indicate a lack of crystallisation of magnetite out of the magma prior 

to eruption. Simple fractional crystallisation trends are shown in MgO vs. CaO and 

AI2 O3  representing the evolution of the magma as increasing amounts of clinopyroxene 

and possibly plagioclase are removed.
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Figure 3.10: Figures showing the location and total alkali-silica classification of the Ska
gafjordur samples. Lava samples are shown in the top two diagrams, dykes and other intru
sions are shown in the bottom two diagrams. Key: Skagi (red circles); Trollaskagi (yellow 
triangles); Austurdalur/Vesturdalur (blue squares); Vatnsnes (white squares). Classification: 
Le Maitre et al. (1989); Alkaline-Tholeiite divide: Irvine and Baragar (1971).

In order to compare Skagafjordur samples with the Neovolcanic zones (section 4.3), it is 
necessary to establish whether similar age (Quaternary) lavas from different sampling 
areas across the Skagafjordur region represent the same rifting episode. Lavas erupted 
from the same rift will result from similar melting regimes. Figure 3.12 shows plots of 

major elements Fe and Ti; incompatible trace elements Nb and Zr; and incompatible 
trace element ratios N b/Y  and Sm/Yb. These ratios are useful indicators of variations
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Figure 3.11: Total alkali-silica classification of Skagafjordur (a) lava and (b) dyke samples. 
Quaternary age samples are marked as red circles and Tertiary age samples are marked as 
blue squares. It must be noted that many of the Tertiary dyke samples simply cross-cut 
Tertiary lava flows and do not have absolute ages to confirm that they are Tertiary age. 
Classification; Le Maitre et al. (1989); Alkaline-Tholeiite divide: Irvine and Baragar (1971).

in the composition of mantle melts as the effects of crustal processes are minimised by 
the similar behaviour of the element pairs a t shallow depths, explained in more detail 
below. A part from one exception from Vesturdalur, there are no systematic differences 
between the different sampling areas for individual major and trace elements (figure 

3.12). For Sm /Yb, the Skagi samples plot slightly lower than  those from the other 
sampling areas. For Nb/Y, only Trollaskagi samples plot higher than  Skagi samples, 
the other areas show similar ratio values. The differences identified in the trace element 

ratios are not significant compared to variations observed within the Neovolcanic zones
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Figure 3.12: Variation diagrams for Quaternary lavas from Skagi (red circles), Trollaskagi 
(yellow triangles), Austurdalur/Vesturdalur (blue squares) and Vatnsnes (white diamonds) 
for various major and trace elements and trace element ratios with MgO wt%. Fe2 0 3  is total 
Fe.

(section 4.3), suggesting that all the Skagi Quaternary samples can be considered to 

be related to the same rifting episode. The exception is sample A17168 donated by 

A. Hjartarson. This sample was described as the central layer of a Quaternary shield 

volcano located in Vesturdalur. The sample shows significant differences in major 

and trace element chemistry, but not in the trace element ratios suggesting that the 

magma source for this lava flow had undergone slightly different crustal fractionation 

processes. A17168 has an unusually high concentration of AI2O3 suggesting that it has 

accumulated plagioclase feldspar during storage in the crust (figure 3.13), producing 

the unusual major and trace element chemistry. Some of the Tertiary lavas from Skagi 

also reflect a difference in fractionation processes to the Quaternary lavas (figure 3.13).
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Figure 3.13 shows the major element variations with MgO wt%. The Quaternary lavas 
form very well defined trends for all the major elements, with incompatible elements 
Ti, Mn and P increasing in concentration with decreasing MgO as expected from frac
tional crystallisation. Fe and Ti are increasing in the melt as plagioclase crystallises, 
with no evidence for the fractionation of magnetite prior to eruption. The generally 
high Fe-Ti concentrations are reflected in the abundance of groundmass magnetite in 
thin section in many of these samples. The Tertiary samples show slightly more scat
ter than the Quaternary lavas, particularly with reference to the incompatible major 
elements and Fe. Ca and A1 show well defined descreasing trends with decreasing MgO 
concentrations related to fractional crystallisation of clinopyroxene and possibly pla
gioclase feldspar. There is one exception to these well defined trends in the Quaternary 
lava flows which is sample A17168 discussed previously. The Tertiary lavas are more 
scattered for Fe and the incompatible elements Ti, Mn and P. The origin of these lava 
flows is less well constrained, and some of the samples may be from central volcanic 
complexes where crustal fractionation processes may be very different to the fissure 
and vent eruptions that formed the Quaternary lava suite on Skagi.

Figure 3.14 shows some of the incompatible trace element variations with MgO wt% for 
Quaternary and Tertiary lava fiows from Skagfjordur. The single element plots look 
very similar to the major element plots in figure 3.13, being strongly influenced by 
fractional crystallisation processes. The Quaternary lavas exhibit well defined trends 
with decreasing Mg and the Tertiary lavas are generally more scattered. Rb, Ba and 
Sr are mobile incompatible elements. Rb and Ba show similar trends to the immobile 
elements Nb, Zr and Y suggesting that hydrothermal alteration has not significantly 
affected these lavas. However, the Sr values are slightly more scattered, forming a 
cloud of data points rather than a defined trend. This scattering suggests that some 
of these samples have undergone fractional crystallisation of plagioclase because Sr is 
compatible in plagioclase. Rb and Ba are not affected in the same way as Sr because 
they are incompatible in all phases during fractional crystallisation of gabbroic material.

Certain trace element ratios, such as Nb/Y and Zr/Y, are hardly affected by the effects 
of crustal processes such as fractional crystallisation and hydrothermal alteration and 
allow information about the melting processes to be obtained. These element pairs are 
strongly fractionated by melting in the presence of garnet, but have relatively similar 
partition coefficients for clinopyroxene and plagioclase. These ratios can be used a 
reasonable proxy for the influence of deep melting of garnet Iherzolite on the overall 
degree of melting. Further discussion of the partition coefficients is presented in section 
4.3. The ratios do not show the same trends as the single element plots. The Tertiary
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Figure 3.13: Variation diagrams for Quaternary (red circles) and Tertiary (blue squares) 
lavas from the Skagafjordur region for various major elements with MgO wt%. Fe2 0 3  is total 
Fe.

lavas plot in the sam e range of values as the Quaternary lavas suggesting that, despite  

differences in the major and trace elem ent absolute concentrations, the original m elting  

regimes may be similar.

Figures 3.15 and 3.16 show the REE concentrations for Quaternary and Tertiary lavas 

and dykes. For all sam ples shown the REE concentrations exhibit steep patterns, 

evident from later comparisons w ith  the Northern Volcanic Zone in Iceland (section  

4.3.2). The Skagafjordur lavas and dykes show light REE enrichment indicative of a 

strong influence of deep m antle m elting on the m elting regime, consistent w ith the trace 

element ratio interpretation above. The absolute concentrations of the REE is very 

high which may reflect a small degree of m elting or significant differences in fractional
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Figure 3.15: Mean REE concentrations from Quaternary (red circles; n=21) and Tertiary 
(blue squares; n=4) lavas from the Skagafjordur region normalised to the MORB source of 
McKenzie and O’Nions (1991). The error bars are ±1ct. Normalising values in ppm are 
shown above the x-axis.
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Figure 3.16: Mean REE concentrations from Quaternary (red circles; n=6) and Tertiary 
(blue squares; n = ll)  dykes from the Skagafjordur region normalised to the MORB source 
of McKenzie and O’Nions (1991). The error bars are ±lc7. Normalising values in ppm are 
shown above the x-axis.

crystallisation processes. The lavas and dykes exhibit very similar patterns with the 

Tertiary lavas showing slightly higher concentrations, most likely reflecting fractional 
crytallisation as this is consistent with the scatter observed in the incompatible major 
and trace element concentrations.

The major and trace elements and REE show th a t there are no significant differences 
between Quaternary and Tertiary lava flows from the Skagafj5rdur region tha t can-
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not be accounted for by a difference in fractional crystallisation processes (figures 3.13 
to 3.16). Before a comparison is made to the rest of Iceland, possible variations in 
source composition within the Quaternary lava suite compared to the Tertiary lavas 
must be investigated. Figure 3.17 shows that there is no significant difference between 
the Quaternary lavas for ®̂ Sr/®®Sr and '̂*^Nd/ '̂*‘*Nd values indicating little variation in 
source composition. Only 2 samples from Tertiary lavas and 2 samples from Quater
nary dykes were analysed; more samples would need to be analysed for more reliable 
interpretation. For the ‘̂*^Nd/^‘̂ '*Nd values the Tertiary lavas and Quaternary dykes 
show no significant differences to the Quaternary lava suite. For the *^Sr/®®Sr values 
there are two outhers that plot significantly higher than the Quaternary lavas. The 
high ®^Sr/*®Sr is likely to reflect some hydrothermal alteration or assimilation of hy- 
drothermally altered material rather than a different mantle source and this would be 
consistent with the scatter shown by the individual Sr concentrations (figure 3.12). 
The *‘̂ ^Nd/^^'^Nd values are also consistent with a constant mantle source composition. 
The two samples with exceptionally high ’̂̂ Sr/^^Sr are excluded from the comparison 
of the isotope concentrations with the rest of Iceland. Figure 3.18 would normally 
show an inverse relationship between ®̂ Sr/®®Sr and ^^^Nd/ '̂*^Nd, where high ®̂ Sr/®®Sr 
are correlated with low ‘̂̂ ^Nd/^^'^Nd for the most enriched compositions. However, the 
range of compositions in the Skagi lavas is so small that no trend is observed. It is 
important to note that the two exceptionally high ®̂ Sr/®®Sr do not have exceptionally 
low ^^^Nd/^‘̂‘*Nd, consistent with the suggestion that these samples have been affected 
by hydrothermal alteration or the assimilation of hydrothermally altered material.

3.6 D iscussion and Conclusions

Differences in absolute concentrations of elements for Tertiary lavas compared to Qua
ternary lavas may reflect differing crustal processes. The tectonic setting for the few 
Tertiary lava samples is not well constrained and the lava flows may be part of cen
tral volcanic complexes which will exhibit very different magma storage and transport 
mechanisms to the fissure and central vent eruptions evident for the Quaternary lava 
suite. However, similar values for the trace element ratios Nb/Y and Zr/Y  suggest that 
there may be little difference between the partial melting processes or mantle source 
composition forming the Tertiary and Quaternary magmas. The similar REE pat
terns for the Tertiary and Quaternary lavas is consistent with similar melting regimes. 
Slightly higher absolute values in the REE concentrations for the Tertiary compared to 
the Quaternary may indicate different fractionation processes. The significant glacial
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Figure 3.17; Whole rock ®^Sr/®®Sr and ^'*^Nd/^‘*^Nd ratio values for 12 Skagafjordur samples. 
Quaternary lava flows (red circles), Tertiary lava flows (blue squares) and Quaternary dykes 
(green triangles). The 2a error is shown for ^'*^Nd/^'^^Nd, and is not shown for ®^Sr/®®Sr 
because it is a similar size to the data point as on figure 3.18. The range of ®^Sr/*®Sr values 
for Iceland is shown by the grey area (Kokfelt et al., 2006).

unconform ity observed between the T ertiary  and Q uaternary  is not associated w ith a 

significant change in the geochemical signature of melting.

T he lack of significant difference between the  T ertiary  and  Q uaternary  lava flows may 

have im portan t im plications for the  tectonic origin of th e  young Skagafjordur lavas 

and  crustal accretion processes in general a t Iceland (discussed in chapters 5 and 8). 

It is generally accepted th a t the  Q uaternary  lavas from Skagafjordur represent a  tra n 

sient rifting episode (Schilling et al., 1978) in itia ting  around 3.3 M a and lasting for 

1-2 M yrs (G udm undsson, 2007). However, there is little  evidence from the  geochem

istry  to  suggest th a t the m ajor unconform ity between the  T ertiary  and  Q uaternary  is 

indicative of a  break in volcanic eruption. The Q uaternary  lava suite m ay simply be a 

continuation of the  old T ertiary  rift. Further com parisons of the  new geochemical d a ta  

w ith  published d a ta  from the Neovolcanic zones provide further constrain t on the tec-
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Figure 3.18: Whole rock versus ®^Sr/®^Sr ratio values for 12 Skagafjordur sam-
jjles. Quaternary lava flows (red circles), Tertiary lava flows (blue squares) and Quaternary 
dykes (green triangles). The range of ®^Sr/®®Sr values for Iceland is shown by the grey area 
(Kokfelt et al., 2006); the range of ‘̂*^Nd/*'*'^Nd for Iceland is larger than range plotted. The 
error bars are ± 2 ct.

tonics discussed in section 4.3. The preservation bias introduced by crustal accretion 
mechanisms operating at Iceland must also be taken into consideration by comparing 
the Skagafjordur lavas to Tertiary data from across Iceland as well as data from the 
Neovolcanic zones (section 5.4).



56 Chapter 3: The Skagafjordur Region



Chapter 4

Temporal Variations in 
Geochem ical Signature at Iceland

4.1 In troduction

Temporal variations in the geochemistry of rift products at Iceland are controlled by 
three main processes: glaciation/deglaciation, rift relocations and plume flow. The 
latter two directly affect mantle flow beneath the spreading ridges and are likely to 
be linked. The effects of deglaciation on melting and the chemistry have been well 
documented and modelled so that they can, to a certain extent, be isolated from 
the effects resulting from mantle flow variability (Maclennan et al., 2002; Jull and 
M'^Kenzie, 1996). Understanding the changes in melting that occur beneath a spreading 
ridge during a rift relocation could indicate which processes control the initiation of 
rift jumps at Iceland. Although rift jumps are thought to be plume-driven, there has 
been very little evidence to suggest what causes them.

Significant changes in geochemistry have been observed in association with rift jumps 
and the death of a rift axis at the Phoenix Ridge, Antarctica (Choe et al., 2007). The 
aim of this chapter to compare the geochemical observations (new and existing) from 
different rift stages preserved or active at Iceland and relate any significant differences to 
variations in the melting regime. The neovolcanic zones have been subject to extensive 
geochemical investigation in isolation, however, little work has been done to compare 
the different zones and relate geochemical observations with geophysical observations. 
Geochemical data will be examined in the context of the variations of crustal thickness

57



58 Chapter 4: Temporal Geochemical Variations

across Iceland with the aim of establishing whether the geochemical vaiiations can 
be linked to the rift relocation cycle or are the result of other temporal processes. 
It is possible to confidently attribute some geochemical variations to the changes in 
spreading rate during a rift relocation.

The geochemical signature of the young Quaternary Skagi lavas from the now extinct 
Skagi rift was characterised in chapter 3. Another aim of chapter 4 is to establish their 
likely origin by comparing their geochemical signature to that of active rift zones and 
off-axis volcanism. REE inversion modelling (M'^Kenzie and O’Nions, 1991) is used to 
quantify differences in the melting regime and show the inconsistency between crustal 
thickness predictions and observations at Skagi.

4.2 Background  

4.2.1 Tem poral P rocesses

The following section contains a description of the effect of the three temporal pro
cesses: glaciation, rift relocations and plume flow, on the geochemical signature of 
the active rifts at Iceland. The geochemical response to glaciation and deglaciation in 
the Northern Volcanic Zone is observed by Slater et al. (1998) and Maclennan et al. 
(2002), and for the Western Volcanic Zone by Sinton et al. (2005) and Gee et al. (1998). 
Samples from the Northern Volcanic Zone show a significant decrease in incompatible 
element enrichment in early postglacial lavas compared to glacial lavas. Postglacial 
lavas also show a much greater range in MgO contents than subglacial and recent 
eruptions, with a whole rock maximum of up to 20 wt% MgO in picrites. Changes 
in the geochemical signature resulting from glaciation/deglaciation have been linked 
to differences in the rate of melting, particularly at shallow levels. These are caused 
by a change in pressure in the mantle from loading/unloading of the crust. Jull and 
M'^Kenzie (1996) modelled crustal unloading to show that deglaciation can produce 
an increase in the rate of melting by up to a factor of 30 compared to glacial times. 
Maclennan et al. (2002) accounted for low REE concentrations associated with early 
postglacial magmatism by increased melt production rates in the shallow mantle. The 
high MgO picritic samples are likely to result from the accumulation of olivine. For 
comparative purposes, samples from all ages (glacial, >12 kyr; postglacial, 12-7 kyr; 
recent, <7 kyr) where possible are used so that any major differences seen in the 
geochemical signature between different rift zones can be related to mantle processes
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rather tlian glaciation.

Rift relocation describes the processes of migration of the active rift axes on Iceland in 
response to the relative migration of Iceland and the Mid-Atlantic Ridge compared to 
the Iceland plume centre. Garcia et al. (2003) predicted the partitioning of extension 
across two simultaneously active ridges for around 5 Ma resTilting in slower individual 
spreading rates and the possibility of asymmetric spreading. This decrease in spreading 
rate may result in a greater influence of conductive cooling on the melting regime, as 
the threshold full spreading rate is approximately 20 mm yr“  ̂ (Bown and White, 
1994) and the normal full spreading rate at Iceland is already slightly lower than that 
at 18 mm yr“  ̂ (DeMets et al., 1994). These studies are described in detail in section 
2.1.3 and the effects of a variable spreading rate on melting and chemistry are modelled 
in chapter 7.

The presence of diachronous ridges in the sea floor along the Reykjanes Ridge, south 
of Iceland and along the Kolbeinsey ridge, north of Iceland represent variations in 
crustal thickness. Jones et al. (2002) suggest that these V-shaped ridges are related 
to time dependent flow in the mantle originating from temporal variations in the flow 
out of the plume stalk, spreading out under Iceland. White et al. (1995) predict 
temperature variations associated with the melting which causes V-shaped ridges are 
approximately 30°C. However, there is currently no clear evidence to suggest that the 
melting variations result from thermal variations alone and they could therefore also 
be linked to compositional variations in plume flow.

4.2.2 R ift C ycle at Iceland

Four different rift stages are present or preserved at Iceland. The location of these 
rifts and off-axis volcanic activity are shown on figure 4.1. The fully estabhshed rift 
stage where Iceland’s full spreading rate is taken up across one rift is represented by 
the Northern Volcanic Zone which has been active for approximately 8 Ma (Garcia et 
al., 2003). There is some doubt over how long the Northern Volcanic Zone has been 
independently active, in that the timing of the extinction of the Skagi rift is not well 
constrained. Dual activity in northern Iceland may have extended up to approximately 
1 Ma, depending on the exact origin of the young Skagi lavas which is discussed at the 
end of this chapter in section 4.5. The crustal thickness in the Northern Volcanic Zone 
varies from 20 km in the northern part (Staples et al., 1997) up to 40 km in central 
Iceland (Darbyshire et al., 1998). The influence of the plume has significant effects on
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melt productivity and chemistry (Maclennan et al., 2001b).

The birth or propagation of a rift axis marking the start of a new rift jump is represented 
by the Eastern Volcanic Zone and in particular the propagating tip activity in the 
Vestmannaeyjar system off the south coast of Iceland. The Eastern Volcanic Zone has 
been propagating southwards for 2-3 Ma and has an average crustal thickness of 20 km 
(estimated from Darbyshire et al., 2000; figure 4.2) increasing gradually northwards 
towards the edge of Vatnajokull ice cap. However, the crustal thickness is not well 
constrained in southeast Iceland.

The decline of a rift as extension gradually transfers to a new adjacent rift is represented 
by the Western Volcanic Zone which was independently active since 6-7 Ma before the 
Eastern Volcanic Zone propagated to overlap around 2-3 Ma. The crustal thickness 
in the Western Volcanic Zone ranges from approximately 35 km in the north down to 
approximately 16 km at the end of the Reykjanes Peninsula (estimated from Darbyshire 
et al., 2000; figure 4.2). Maclennan et al. (2001b) showed that similarly thick crust in 
central Iceland could not be produced by passive upwelling alone, without the addition 
of active upwelling from the influence of the plume. This observation suggests that the 
northern end of the Western Volcanic Zone may be subject to influence from plume 
flow.

Finally, the last eruptions of an extinct rift are thought to be preserved at Skagi. There 
is some doubt over the origin of the young lava series found on the Skagi peninsula, 
however, they are clearly related to the extinct Skagi rift, but may be the result of re
activation rather than the final eruptions of the Skagi rift. The average crustal thickness 
at present beneath Skagi is approximately 25-30 km (Darbyshire et al., 1998), resolved 
at the base of the peninsula from the ICEMELT seismic refraction profile. An extinct 
rift is also preserved in Northwest Iceland, studied by Hardarson et al. (1997), see 
section 4.2.3.

The main rift activity is supplemented by several off-axis volcanic centres or fiank 
zones up to 50 km from the nearest main rift. Grfmsnes is a small volcanic centre only 
15 km from the Western Volcanic Zone which has produced unusually enriched tholeiitic 
basalts compared to the Western Volcanic Zone (Sinton et al. 2005). Oraefajokull is 
a flank zone situated 25 km east of the edge of the Northern Volcanic Zone in central 
Iceland. Oraefajokull and Snaefell are the two volcanic centres within this flank zone. 
The Snaefellsnes Volcanic Zone is the final and most active flank zone forming a distinct 
peninsula in west Iceland. The tectonic origin of the Snaefellsnes Volcanic Zone is
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Figure 4.1: Tectonic map of Iceland based on Einarsson & Saemundsson (1987). Fissure 
swarms associated with volcanic systems forming the three main rift zones are filled dark 
grey. Central volcanoes are shown as closed circles. The neovolcanic zones are labelled: 
NVZ, Northern Volcanic Zone; WVZ, Western Volcanic Zones; EVZ, Eastern Volcanic Zone. 
Active seismic zones: SISZ, South Iceland Seismic Zone; TFZ, Tjornes Fracture Zone. Flank 
zones: SNVZ, Snaefellsnes Volcanic Zone; OVZ, Oi'aefajokull Volcanic Zone. Extinct rift: 
SPR, Skagi palaeorift axis. Main volcanic systems labelled as follows: Th, Theistareykir; 
Kr, Krafla; As, Askja; Kv, Kverkfjoll; Ba, Bardarbunga; Gr, Grimsvotn; Ka, Katla; Ey, 
Eyjafjallajokull; He, Hekla; Ve, Vestmannaeyjar; Hf, Hofsjokull, La, Langjokull; Hn, Hengill; 
Gm, Grimsnes; Rp, Reykjanes Peninsula (includes all 3 systems). Sn, Snaefell and Or, 
Oraefajokull are volcanic centres. Askja and Kverkfjoll form the central Iceland part of the 
Northern Volcanic Zone as referred to in section 4.3; Theistareykir, Krafla and Fremri-Namur 
form the northern part of the Northern Volcanic Zone. FIRE and ICEMELT refer to seismic 
experiments (Staples et al., 1997; Darbyshire et al., 1998).
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unclear as there is very little extension associated with this area. The Oraefajokull 
flank zone n^ay play an important part in the Icelandic rift cycle and rift jump process 
in the future, as the initiation of the next new rift.

The more recent activity from the Skagi rift may result from a similar melting regime 
to off-axis volcanism. Therefore it is important to compare the chemistry of the Skagi 
Quaternary lavas with off-axis activity, as well as with the main rift zones. The com
positional map (section 2.1.2) shows that the established volcanic zones (Northern and 
Western) generally have tholeiitic compositions whereas the propagating tip (Eastern 
Volcanic Zone) and the Snaefellsnes flank zone are associated with more alkaline lava 
compositions which indicates a much smaller degree of melting compared with the 
established zones.

4.2.3 E xisting G eochem ical D ata

To allow comparisons of the extinct rift with the neovolcanic zones, a database of 
existing data for the active rift zones was compiled. There have been hundreds of 
geochemical studies carried out across the neovolcanic zones in Iceland and it was not 
within the scope of the project or necessary to compile them all. Several studies are 
chosen for each volcanic zone to provide a range of locations and ages throughout 
the zone, so that the range of basaltic compositions produced at a rift zone would be 
suitably represented.

Previous studies of the volcanic zones have often been limited to particular systems 
and volcanoes in that detailed geochemistry has been carried out but only analysed and 
explained within its own context and not compared to volcanism from other areas of 
Iceland. There have been a few studies which have considered geochemical variations 
on an Iceland-wide scale. Sigurdsson et al. (1978) and Schilling et al. (1978) studied 
variations in Western Iceland from the Reykjanes Peninsula up the Western Volcanic 
Zone to Skagi on the north coast (figure 4.1). Sigurdsson et al. (1978) compared the 
composition of basalts from the Skagi rift and the Langjokull volcanic system, Western 
Volcanic Zone concluding that major element concentrations in Skagi basalts could be 
reproduced by extensive fractional crystallisation of Langjokull parent magmas, but 
the REE compositions for Skagi basalts required difl^erent melting regimes. Schilling 
et al. (1978) noted an abrupt petrological and geochemical discontinuity between the 
Langjokull and Skagi volcanic zones suggesting that they are unlikely to be related by 
parental melts. Smaller degrees of melting and higher extents of fractional crystalli-
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Volcanic Zone References
Western Volcanic Zone Sigurdsson et al. (1978) 

Schilling et al. (1978) 
Meyer et al. (1985) 
Hemond et al. (1993) 
Sinton et al. (2005) 
Kokfelt et al. (2006)

Northern Volcanic Zone Meyer et al. (1985) 
Hemond et al. (1993) 
Slater et al. (2001) 
Maclennan (2000) 
Maclennan et al. (2001a) 
Maclennan et al. (2001b) 
Kokfelt et al. (2006)

Eastern Volcanic Zone Meyer et al. (1985)
Steinthorsson et al. (1985) 
Furman et al. (1991)
Sigmarsson et al. (1991) 
Sigmarsson et al. (1992)
Hemond et al. (1993)
Mattson and Hoskuldsson (2003) 
Mattson and Oskarson (2005) 
Kokfelt et al. (2006)

Snaefell Volcanic Centre Hards (1995)
Snaefellsnes Volcanic Zone Steinthorsson et al. (1985) 

Hemond et al. (1993) 
Kokfelt et al. (2006)

Table 4.1; References used to compile data for comparative purpose for each of the neovol- 
canic zones. Data from Maclennan (2000) is published in Maclennan et al. (2001b).

sation are predicted for Skagi compared to the Western Volcanic Zone. The degree 
of melting and fractional crystallisation were modelled to respectively decrease and 
increase gradually towards the Reykjanes Peninsula from the Langj5kull system. Sig- 
urdsson et al. (1978) also observe similarities between Skagi and the Eastern Volcanic 
Zone. They were both considered to be transient rift zones by Schilling et al. (1978).

Meyer et al. (1985) carried out an extensive geochemical study of the neovolcanic zones 
across Iceland including the Snaefellsnes flank zone producing over 200 new analyses 
and compiling data from the literature. The formation of alkaline basalts at the south
ern tip of the Eastern Volcanic Zone at Vestmannaeyjar, is modelled to result from 
small degree melts beneath a thick lithosphere. The degree of melting is observed 
to increase northwards to produce more transitional and high Fe-Ti compositions for
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llekla and Katla systems. High degrees of melting and low cooling rate leading to 
less evolved magmas are observed in the main axial rift zones in southwest and north 
Iceland. However, the limited knowledge of rift relocations meant that important geo
chemical variations were not able to be associated with variations in crustal thickness 
and spreading rate. Meyer et al. (1985) suggested that the propagation of the Eastern 
Volcanic Zone was initiated by the ascent of a ‘blob’ of undepleted mantle from the 
plume head which spreads out laterally under Iceland 2-3 Ma. Recent work by Jones 
et al. (2002) has shown that the first V-shaped ridge corresponds to a melting anomaly 
peak at Iceland around 3 Ma, which is thought to result from time-dependent flow in 
the mantle plume as described in section 4.2.1. Jones et al. (2002) prefer a thermal 
rather than compositional link between pulses in the mantle plume and rift relocations.

Geochemical variations associated with the extinct rift in the extreme northwest of 
Iceland known as the Northwest Rift were published by Hardarson et al. (1997). Broad 
differences are observed in the Zr/Nb ratio between the Northwest Rift and the younger 
Skagi-Snaefellsnes Rift, where older lavas beneath the unconformity are more depleted 
than the young lavas. Hardarson et al. (1997) suggested that source variation may 
account for these geochemical differences. They also suggest that rift relocation results 
in restricted access to plume material for the declining rift, resulting in the source 
being primarily depleted upper mantle material. A marked decrease in depletion of the 
Zr/Nb ratio is observed just below the unconformity. The NW Iceland rift chemistry 
is described in chapter 5.

Hemond et al. (1993), Thirwall et al. (2004) and Kokfelt et al. (2006) have presented 
further data from across the neovolcanic zones in Iceland including extensive isotopic 
data. The main aim of their studies was to determine the composition of the mantle 
source beneath Iceland and link variability in isotopic concentrations to a number of 
different mantle components. Hemond et al. (1993) conclude that the isotopic com
position of alkaline magmas reflect a more enriched source than the main tholeiitic 
fissure eruptions. Low and high ®̂ Sr/®®Sr values from crustal assimilation were 
found mainly in evolved tholeiitic lavas associated with central volcanoes. Finally, 
they suggest that all Icelandic lavas have undergone some level of interaction with hy- 
drothermally altered crust, but for high MgO lavas the effect is essentially limited to 
anomalies in the mobile incompatible elements Sr, Rb and Ba. Isotopic evidence pre
sented by Kokfelt et al. (2006) is consistent with a broadly two component mantle with 
an enriched and a depleted source, however, these are then broken down into several 
individual components. A similar conclusion is presented by Thirwall et al. (2004). The 
validity of this precise interpretation of for example, Pb isotope values, is questionable
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as Maclennan (2008a) showed that the complete range of variability of Pb-isotopes at 
Iceland can be found in melt inchisions taken from one hand sample, indicating high 
amplitude heterogeneity on small length scales in the mantle. The length scale is esti
mated at significantly less than 100 km, which is a similar scale to the plumbing system 
of a single volcano. Kokfelt et al. (2006) model partial melting of off-axis basalts as 
derived from small degree melts from between approximately 80 and 50 km depth with 
larger degrees of melting and depth ranges observed in the neovolcanic zones and at 
the propagating tip of the Eastern Volcanic Zone (Vestmannaeyjar).

G eochem ical Links to Crustal Thickness

A crustal thickness map of Iceland is shown in figure 4.2 from Darbyshire et al. (2000) 
compiled from seismic profiles, receiver function analysis and gravity modelling. There 
have been several more recent attempts at producing a crustal thickness map using 
mostly receiver function analysis via different methods, however, there is a wide variety 
of results and no current consensus on the most accurate map. The main features of 
thick crust over the plume centre, thinning with distance from the plume along the 
Northern and Eastern Volcanic Zones; and thickening crust towards central Iceland in 
the Western Volcanic Zone from the Reykjanes Peninsula remain relatively consistent 
for each model (Allen et al., 2002; Foulger et al., 2003; Kumar et al., 2007). The 
location of seismic stations results in poor constraints for the crustal thickness beneath 
Skagi, with the best estimate of 25-30 km calculated from the ICEMELT seisnnc 
refraction profile with the closest bounce point resolving the crustal thickness at the 
southern end of the peninsula (Darbyshire et al., 1998).

The distinction is made between the northern part of the Northern Volcanic Zone and 
the southern part which will be referred to as central Iceland. Theistareykir, Krafia 
and Premri-Namur are the main fissure systems in the northern part, while Askja 
and Kverkfjoll are the main systems in central Iceland (figure 4.1). Maclennan et 
al. (2001b) showed that melting in the central systems is significantly influenced by 
active upwelling from the plume, producing up to half of the observed crustal thickness. 
Greater light REE enrichment is observed in the central part of the Northern Volcanic 
Zone compared to Theistareykir and Krafla. REE inversion models of Theistareykir 
reproduce the observed crustal thickness of 20 km based on passive upwelling of hotter 
than normal mantle. However, the predicted 40 km thick crust cannot be reproduced 
by REE inversion modelling of central Iceland compositions. Maclennan et al. (2001b) 
reproduced the observed crustal thickness from the REE inversion by introducing active
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Moho d*pth (km)

Figure 4.2: Contour map of deptli to the Moho, using a combination of results from seismic 
profiles, receiver function analysis and gravity modelling. The contour interval is 5 km. Fiom 
Darbyshire et al. (2000).

upwelling in the deepest parts of the melting region. Fluxing material through the deep 
mantle i.e. garnet field melting (>80-100 km) produces a more enriched composition 
than would be expected from the very large degrees of melting required to produce 
40 km thick crust. The effect of the plume on melt productivity and the resultant 
chemistry must be taken into accoimt when analysing the geochemical comparisons in 
order to gain a consistent understanding of geochemical variations associated with rift 
relocations.

In the Western Volcanic Zone, Sinton et al. (2005) observed systematic depletion in 
incompatible elements moving northwards through the zone. The exceptions to this 
are high MgO and highly depleted samples from the Reykjanes Peninsula and highly 
enriched samples from Grimsnes. The Reykjanes Peninsula samples are related to 
early postglacial eruption following rapid decompression melting after deglaciation as 
discussed previously (section 4.2.1). Grimsnes is located approximately 15 km off- 
axis from the main volcanic systems in the Western Volcanic Zone (figure 4.1). It is 
described as volcanically anomalous, composed of small volume lava flows that have the 
most enriched incompatible element signatures of the Western Volcanic Zone. Sinton 
et al. (2005) assign the geochemical signature at Grimsnes to small degrees of melting
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associated with ofF-axis volcanisin. The systematic changes in Nb/Y and Zr/Y with 
latitude in the Western Volcanic Zone are attributed to either long range mantle source 
variation or variations in the melting processes along axis. The estimated crustal 
thickness variations across Iceland by Darbyshire et al. (2000), figure 4.2 show a 
gradual increase in the crustal thickness from the Reykjanes Peninsula (16 km) to the 
Langjokull system (35 km). The correlation between incompatible element chemistry, 
melting and crustal thickness is discussed in section 4.3.1. Sinton et al. (2005) conclude 
from the postglacial record that there is no evidence of decline of the Western Volcanic 
Zone in the geochemistry despite a distinct decline in the melt production rate. This 
observation is discussed in section 4.5.

4.3 G eochem ical O bservations

The following section will present new comparisons of the compiled published data with 
the new Skagi data presented in chapter 3. The aim is to observe any key similarities 
or differences between the different rift zones which could be attributed to the rifts 
being at different stages of the rift cycle as described in section 4.2. The geochemical 
signature of each of the volcanic zones has been well documented, the aim here is not to 
repeat observations of major and trace element trends, but to use trace element ratios 
and selected single element variations to compare melting processes across different rift 
stages. Detailed comparisons are made between young Skagi lava flows and the active 
volcanism on Iceland in order to better constrain their relationship to the extinct Skagi 
rift.

The ratios chosen to assess melting differences are Nb/Y, Zr/Y and Sm/Yb. They 
are all relatively good indicators of degree and depth of melting. Table 4.2 provides 
the partition coefficients for Nb, Zr, Y, Sm and Yb for garnet, clinopyroxene and 
plagioclase. Garnet and clinopyroxene are the primary reservoirs of REE and high field 
strength elements (HFSE) in upper mantle peridotite and therefore, the partitioning 
of elements between these phases and the melt has the greatest influence on the overall 
composition of the mantle melt. Clinopyroxene and plagioclase are important phases 
during fractional crystallisation. Sm/Yb is the most robust ratio during fractional 
crystallisation with very similar partition coefficients for Sm and Yb in clinopyroxene 
and plagioclase. Sm and Yb are strongly fractionated by melting in the presence of 
garnet because Yb is highly compatible, whereas Sm is mildly incompatible. This 
difference causes enrichment in Sm and depletion in Yb to produce a very high Sm/Yb
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ratio. The Sm/Yb ratio is a very good proxy for the degree of deep mantle melting. 
The partition coefficients for garnet for Zr, Nb and Y meant that they are also strongly 
fractionated during melting in the presence of garnet. Zr and Y have similar partition 
coefficients for clinopyroxene, but could be fractionated slightly by the removal of 
plagioclase during fractional crystallisation. This fractionation would appear as a gentle 
increasing trend for decreasing MgO. Nb and Y could be fractionated slightly by the 
removal of clinopyroxene and plagioclase during fractional crystallisation. Again, this 
fractionation would produce a gentle increase in the ratio for decreasing MgO. It nmst 
be noted that there are a wide range of partition coefficient estimations presented by 
numerous authors. The main feature of strong fractionation by melting in the presence 
of garnet is present throughout for the elements discussed here.

Nb Zr Y Sm Yb
D g n t

D c p x

D p la g

0.0031
0.004
0.002

0.27
0.119
0.0013

3.1
0.412
0.023

0.25
0.293
0.044

6.6
0.4
0.03

Table 4.2: Partition coefficients for garnet, clinopyroxene and plagioclase for trace elements 
and REE used for geochemical comparisons in this chapter and chapter 5. All values are from 
experimental data. Garnet and clinopyroxene values are from Johnson (1998), plagioclase 
partition coefficients for Nb, Zr and Y are from Bindeman et al. (1998) and Sm and Yb are 
from Aigner-Torres et al. (2007).

The REE pattern is shown to provide further indications of differences in melting. 
Fractional crystallisation of plagioclase and clinopyroxene causes the REE absolute 
concentrations to increase, but does not affect their relative concentrations. Changes 
in the depth and degree of melting can be identified by the steepness and curvature of 
the REE pattern. Light REE enrichment over the heavy REEs results from melting in 
the deep mantle in the presence of garnet.

4.3.1 Skagi versus W estern Volcanic Zone

The origin of the young series of Skagi basalts has in the past been associated with 
Western Volcanic Zone activity (Sigurdsson et al., 1978). Field observations described 
in chapter 3 indicate that the young Skagi lava flows were erupted at Skagi and did not 
flow from the northern part of the Western Volcanic Zone. The aim of this comparison 
is not only to characterise the Western Volcanic Zone geochemical signature in relation 
to its tectonic situation, but also to show that the Skagi melts are produced in situ and 
have not resulted from extreme lateral transport from the Western Volcanic Zone.
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It has been suggested th a t young Skagi lavas could be derived from melts produced by 

the Langjokull volcanic system (Sigurdsson et al., 1978). Langjokull is located directly 
south of the Skagi volcanic zone and therefore, the significant lateral transport of melt 
tha t is required to  supply Skagi is possible because it would be parallel to  the regional 
tectonic weakness from plate motion at Iceland. Firstly, it should be noted th a t the 
Q uaternary lavas from Skagi form extremely well defined groups and trends throughout 

all the m ajor and trace element variation diagrams with MgO suggesting th a t they have 
all been formed by the same series of processes. Melts subject to a series of different 
evolution processes will produce a variety of different trends causing significant scatter 
in the data. The lateral transport of melt over 100 km is clearly possible from studies 
of the Askja system (Maclennan et al., 2001b) and this transport could result in further 
interaction with the surrounding crust. The two possible scenarios which need to be 
eliminated are the derivation of Skagi lavas by fractional crystallisation of Langjokull 
melts or the assimilation of crust during transport of Langjokull melts.

The variation of Ti02 and trace element ratios with MgO wt% (figure 4.3) are chosen 
to show th a t the geochemical differences observed between Langjbkull lavas and Skagi 
lavas represent differences in the melts coming out of the mantle. For the purpose 
of eliminating crustal assimilation, andesitic and rhyolitic samples from the Northern 
Volcanic Zone are also plotted, together with the only acidic sample from Skagi. No 
highly evolved samples were available for the Western Volcanic Zone, however, since 
the m ajor element chemistry is similar to th a t of the Northern Volcanic Zone it is 
hoped th a t samples from the Northern Volcanic Zone will provide a reasonable com
parison. The extremely high Ti02 concentrations in the Skagi lavas are matched only 
by the Eastern Volcanic Zone (figure 4.13) with essentially no overlap of values with 
the Langjokull lavas. This autom atically rules out crustal assimilation to produce 
high T i0 2  as there is no higher end member in the local crust to contam inate the 
Langjokull melts with. Also, likely assimilants, such as rhyolite, have very low Ti02. 
The two Skagi samples which have the same MgO concentrations as some Langjokull 
samples a t 7 wt% have slightly higher (approximately 0.3 wt%) Ti02 than  the average 
Langjokull concentration. Fractional crystallisation models run at 5 kbars (Maclennan 
et al., 2001a) show th a t is possible to reproduce the high T i0 2  concentrations in the 
Skagi lavas by crystallising Langjokull magmas. Beyond 4-5 wt% MgO, Ti02 starts to 

decrease in concentration as it is highly compatible in magnetite. Magnetite becomes 
stable in the crystallising assemblage at this later stage and is clearly removed from 

the melt to produce the low T i0 2  values exhibited by the andesite and rhyolite samples 
from the Northern Volcanic Zone.
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The Sm /Yb observations confirni th a t the geochemical difference between Skagi and 
Langjokull cannot be resolved by fractional crystallisation processes. Unfortiniately, 
only 13 of the Langjokull samples have published REE concentrations, however of those 

13, only 2 samples plot just within the lowest range of the Skagi Sm /Yb values. The 
rest are significantly lower. As discussed above, the Sm /Yb ratio is very robust and 
is essentially immune to fractional crystallisation processes. Therefore the high Skagi 

values cannot be produced by fractional crystallisation of Langjokull magmas. The 
other possibility is crustal assimilation. Northern Volcanic Zone andesites and rhyo- 

lites show a relatively constant value of Sm /Yb between 1.2 and 1.4 with one slightly 
higher sample at 1.6, compared to the Skagi values from 1.5 to 2.0. It is clear th a t no 
crustal assimilation processes could reproduce the high Sm /Y b values from Skagi by a 
combination of Langjokull and compositions similar to the highly evolved samples from 
the Northern Volcanic Zone. If a rhyolitic crust with high enough Sm /Yb did exist 
near the Western Volcanic Zone, it is still clear from the Ti02 concentrations th a t lit
tle crustal assimilation has occurred in these Skagi melts, because any contamination 
with rhyolitic material would produce decreasing tails from the T i0 2  crystallisation 
trend towards the low Ti02 rhyolites. The Skagi Ti02 trend is so well defined with no 
deviations, th a t significant crustal assimilation has clearly not occurred.

The N b/Y  and Zr/Y  reflect the same pattern as seen in the Sm /Y b values, however, 
there is slightly more overlap between Skagi and Langjokull. For Nb/Y , again it is clear 
th a t crustal assimilation of rhyolitic material could not reproduce the higher range of 
Skagi values. However, this is not true for Z r/Y  but, because of the previous observa
tions and interpretations of Sm /Yb and Ti02 it is more likely th a t the higher Skagi 
values result from melting processes rather than crustal assimilation. The higher Zr/Y  
values for the Northern Volcanic Zone andesites and rhyolites probably result from the 
fractional crystallisation of clinopyroxene from the melt and crustal assimilation. REE 
concentrations are presented in figure 4.4, showing greater light REE enrichment for 
Skagi compared to Langjokull and much higher absolute concentrations for Skagi. The 
steeper pattern  for young Skagi lavas is indicative of a difference in the melting regime 
to Langjokull, consistent with the trace element ratio observations. The significantly 
higher concentrations observed for Skagi reflect a combination of a smaller degree of 
melting and greater extents of fractional crystallisation.

One problem still remains: the increasing trends for the trace element ratios for de
creasing MgO for the young Skagi lavas. Z r/Y  and N b/Y  can be increased by the 
fractional crystallisation of clinopyroxene. However, Sm and Yb are essentially not 
partitioned by any phases tha t may be stable during the crystallisation of basaltic
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magma. The correlation between MgO and Sm/Yb is not as distinct as for the other 
trace element ratios. The most likely explanation is that high MgO and high Sm/Yb 
melts from Skagi were not emplaced at the surface and therefore could not be sampled. 
If the complete range of MgO compositions were sampled at Skagi, the Sm/Yb values 
would form a band of points between 1.5 and 2 across all MgO compositions. The 
range of Sm/Yb from 1.5 to 2 is the range of compositions coming out of the mantle. 
High Sm/Yb are usually associated with small degree melts in comparison to the main 
rift zones (see REE inversion results, section 4.4.2).

Following the above observations and interpretations it is reasonable to conclude that 
the difference observed between Langjokull and Skagi can be linked to mantle processes 
rather than later crustal processes. Therefore, it can be assumed that Skagi lavas were 
formed ‘in situ’ in the mantle beneath the Skagi peninsula.

The next task is to observe the variations in the geochemical signature across the 
Western Volcanic Zone and link this to the melting process using a comparison with 
crustal thickness estimates (figure 4.7). The data shown in figures 4.5 and 4.7 for 
the Western Volcanic Zone cover glacial to historic age flows (younger than 0.8 Ma). 
Ti02 has a general increasing trend for decreasing MgO broadly reflecting fractional 
crystallisation. There is clearly a relatively wide range of composition coming out 
of the melting region as the Ti concentration varies by more than 1 wt% for some 
MgO concentrations. A few samples are affected by crustal assimilation, as shown by 
lower Ti02 tails at approximately 6 wt% MgO. The range of MgO concentrations is 
much smaller than that observed for the Northern Volcanic Zone, with the bulk of 
data plotting between 7 and 10 wt%. This is consistent with the extent of fractional 
crystallisation being less than other volcanic zones (Meyer et al., 1985). As with the 
Langjokull samples, there is very little overlap between the Ti02 concentrations and 
trace element ratios in the Western Volcanic Zone and Skagi Quaternary lavas. It 
has already been shown in the interpretation of figure 4.3 that these differences must 
come out of the mantle. The relatively constant Sr and Nd isotope ratios indicate that 
the average composition of the mantle source is relatively constant and therefore, the 
differences observed in the trace element ratios are likley to be the result of variable 
melting processes.

Skagi average REE concentrations show greater light REE enrichment than the Western 
Volcanic Zone resulting in a steeper REE pattern (figure 4.6). These observations are 
consistent with significant differences in the degree and depth of melting in the Western 
Volcanic Zone and Skagi. The extent of light REE enrichment is a very good indicator
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Figure 4.3: Variation diagrams for Ti02, Sm/Yb, Nb/Y and Zr/Y to compare Skagi Qua
ternary lava flows (red circles) and Quaternary flows from the Langjokull volcanic system, 
Western Volcanic Zone (white diamonds). No samples have less than 4 wt% MgO for Skagi 
and Langjokull. For the case of crustal assimilation, andesitic and rhyolitic samples from 
the Northern Volcanic Zone are shown (blue squares) for comparison, together with the only 
acidic sample from a Skagi dyke (large red circle at 0 wt% MgO). Data sources are listed in 
table 4.1.

of the influence of deep mantle melting in the garnet stability field as light REEs are 
incompatible whereas heavy REEs are compatible in garnet.

A comparison of Skagi Sr and Nd isotope ratios with the Western Volcanic Zone is 

shown in figure 4.8. Compared to the Icelandic range of Sr and Nd isotope ratios, the 
values for Skagi and the Western Volcanic Zone can be considered relatively constant. 
Skagi has slightly higher Sr isotope ratios than  all except one of the Western Volcanic 
Zone samples. Nd isotope ratios are similar between the two zones, with a higher range 
exhibited by the Western Volcanic Zone. All of the samples from Skagi and Western 
Volcanic Zone lie within the Icelandic range (®^Sr/®®Sr: 0.7030--0.7037; ‘̂*^Nd/^^'*Nd: 
0.51289 0.51308; summary of published values from Kokfelt et a l ,  2006). Sr isotope
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Figure 4.4: Average REE concentrations (±1 S.D.) for Quaternary lavas from Skagi (red 
circles; n=17) compared to Langjokull basalts (white diamonds; n=7) data from Kokfelt et al. 
(2006). The data set includes only basalts with greater than 4 wt% MgO. REE concentrations 
are normalised to MORB source mantle, M'^Kenzie and O’Nions (1991).

ratios can be subject to hydrothermal alteration to a much greater extent than Nd 
isotope ratios, which may account for the consistently higher Sr-isotope values at Skagi. 
Hydrothermal alteration will not significantly affect the incompatible elements used in 
this chapter as they are essentially immobile.

One other possible explanation for the higher Sr-isotope ratios for Skagi is to consider 
the small scale heterogeneous mantle model presented by Maclennan (2008a), with 
enriched veins in a relatively depleted ambient mantle matrix. Small degrees of melt
ing, as predicted for Skagi (section 4.4.2), would result in a greater contribution by 
the enriched veins as they preferentially melt compared to the ambient mantle. Sr 
is slightly more incompatible than Nd, so there would be some partitioning at very 
small degree of melting of these enriched veins. For larger degrees of melting such as 
beneath the Western Volcanic Zone, the preferential melting of fusible veins deep in the 
mantle would not be as visible in the chemistry due to large degrees of shallow melt
ing where both veins and ambient mantle melt would effectively drown out the deep 
isotope signature. Since the distinct difference shown by Skagi Sr-isotopes compared 
to the Western Volcanic Zone is not reflected in the Nd-isotope ratios, and could be 
explained by a change in the depth and degree of melting or hydrothermal alteration, it 
is reasonable to assume that the geochemical differences coming out of the mantle can
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be attributed to variable melting processes, rather than significant changes in average 

mantle source composition.

The variation of T i02 and trace element ratios (N b/Y , Zr/Y  and Sm /Y b) with latitude 

(figure 4.7) for the Western Volcanic Zone show very broad decreasing trends from 

south to north. Data from Grimsnes is excluded as it is considered to be an off-axis 

centre and is compared to the young Skagi lavas in section 4.3.4. The consistently 

depleted samples at the southern end of the Western Volcanic Zone are from early 

postglacial lava shields associated with systems on the Reykjanes Peninsula which are 

clearly showing the geochemical signature associated with rapid decompression melting 

following deglaciation (Maclennan et al., 2002). These very depleted (and relatively 

high MgO) samples were excluded from the straight line fit. The straight line was 

produced using trendld in GMT employing a robust 2-term polynomial fit. There is 

obviously a wide range of compositions for any particular latitude location however, 

there are very broad decreases in the incompatible element ratios moving northwards 

through the Western Volcanic Zone to central Iceland. These are more distinct in the 

trace element ratios as T i0 2  is also sensitive to changes in fractional crystallisation 

processes. Sinton et al. (2005) comments that this may result from different melting 

processes or a long wavelength source variation. No consistent trend is observed in the 

Sr and Nd isotope ratios with latitude from the Western Volcanic Zone suggesting that 

there is no significant horizontal variation in the average mantle source composition 

on a wavelength of lO’s of km. This is consistent with isotopic observations from the 

Northern Volcanic Zone interpreted by Maclennan et al. (2001b). A crude estimate 

of crustal thickness variations with latitude for the Western Volcanic Zone and north 

towards Skagi was taken from the map presented by Darbyshire et al. (2000). The 

gradual increase in crustal thickness indicates a general increase in the degree of melting 

from south to north consistent with the observations of depleting trace elements.
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Figure 4.5: Variation diagrams for Ti02, Sm/Yb, N b/Y  and Zr/Y  to compare Skagi Qua
ternary lava flows (red circles) and Quaternary flows from the Western Volcanic Zone (white 
diamonds), excluding the Grimsnes volcanic system. No samples have less than 4 wt% MgO 
for Skagi and Western Volcanic Zone. D ata sources are listed in table 4.1.
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Figure 4.6: Average REE concentrations (±1 S.D.) for Quaternary lavas from Skagi (red 
circles; n=17) compared to the Western Volcanic Zone (white diamonds; n==20) excluding 
the Grimsnes system (see figure 4.6). D ata for the Western Volcanic Zone from Kokfelt et al. 
(2006). The data set includes only basalts with greater than 4 wt% MgO. REE concentrations 
are normalised to MORB source mantle, McKenzie and O’Nions (1991).
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Figure 4.7: Variation of Ti02, Nb/Y, Zr/Y  and Sm /Y b with latitude for Quaternary lava 
flows from the Western Volcanic Zone (white diamonds) and Skagi (red circles). Crustal 
thickness is a crude straight line estimation from the map presented by Darbyshire et al. 
(2000). Data from the Grimsnes volcanic system, located off-axis, but associated with the 
Western Volcanic Zone is not included here, but is shown in section 4.3.4. The extremely de
pleted samples at the southern end of the Western Volcanic Zone are located on the Reykjanes 
Peninsula, from early postglacial lava shields. These depleted samples from the Reykjanes 
system are not included in the calculation of the trend line. The trend line is calculated using 
a robust straight line fit - trend Id in GMT. Data sources for the Western Volcanic Zone are 
listed in table 4.1.
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4.3 .2  Skagi versus N orthern V olcanic Zone

The Northern Volcanic Zone is the only active rift at present in northern Iceland and 
therefore accommodates the full spreading rate of approximately 18 mm yr“  ̂ (DeMets 
et al., 1994). Data from the Theistareykir and Krafla volcanic systems are compiled 
to represent the northern part of the Northern Volcanic Zone. The central Iceland 
part of the Northern Volcanic Zone is represented by data from Askja and Kverkfjoll 
systems combined with data from Herdubreid, which all show geochemical evidence 
of interaction with the Iceland plume. A comparison of the geochemical signature of 
this well developed rift with the young Skagi lavas is used to further constrain the 
origin of the young lavas and identify any differences in the melting regime between an 
established rift and possibly the death of a rift axis.

T h eistareyk ir  and Krafla

The variation of Ti02 and trace element ratios with MgO for Theistareykir and Krafla 
volcanic systems are shown in figure 4.9. Maclennan et al. (2002) suggested that the 
higher values of MgO in postglacial samples up to 20 wt% result from accumulated 
olivine. The most primitive postglacial samples have less than 1 wt% Ti02, which 
increases as a result of fractional crystaUisation between 10 and 7 wt% MgO. These 
postglacial samples form relatively well defined trends for decreasing MgO for Ti and 
the trace element ratios, compared to the glacial samples which are much less well 
behaved. The bulk of the Sm/Yb data form increasing trends for decreasing MgO (10- 
7 wt%) for the postglacial samples. The glacial samples show a wide range of Sm/Yb 
values at 10 wt% MgO, with the range decreasing towards the Northern Volcanic Zone 
average of approximately 1.3 below 7 wt% MgO. Maclennan (2008b) suggests that 
this trend in glacial samples is produced by progressive mixing in magma chambers 
as the melt evolves from 10-7 wt% MgO. Consequently, as new postglacial melts are 
transported into the crust, mixing between these new melts and residual glacial melts 
could result in the steady increasing Sm/Yb trend for decreasing MgO from 10 to 
7 wt%. In order to create this increcising trend by the assimilation of rhyolitic crust, 
highly enriched compositions would be required, similar to the Eastern Volcanic Zone 
and these have not been found in the northern part of the Northern Volcanic Zone (see 
figure 4.3 for evolved Northern Volcanic Zone chemistry).

Similar trends to Sm/Yb versus MgO for glacial compared to postglacial lavas are 
observed for Nb/Y and Zr/Y. However, the trends in Nb/Y and Zr/Y could be produced
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by contam ination with more evolved crust (figure 4.3). Slater et al. (1998) suggest 

th a t the trace element ratios (N b/Y  and Zr/Y ) are only likely to be affected by crustal 
assimilation and fractional crystallisation for samples with less than  6 wt% MgO. The 
values observed for higher MgO are therefore, likely to reflect the range of compositions 
produced by mantle melting and differences in crustal storage during the glacial cycle.

As observed by Slater et al. (1998) and Maclennan et al. (2002), glacial samples show 
a more enriched chemistry than  the postglacial samples. Glacial samples show a much 
greater range of Ti02 and trace element ratio values for the same MgO composition 
than the postglacial samples as described previously. Young Skagi lavas plot signifi
cantly higher for Ti and trace element ratios compared to all the postglacial samples. 
Despite the enriched nature of the glacial lavas, young Skagi lavas still plot consistently 
higher in general. T i0 2  is as much as a factor of 2 higher than  the most enriched glacial 
samples for the same MgO composition. There is some overlap with 2 glacial samples 
plotting well within the range of Sm /Yb values for Skagi. However, the bulk of Skagi 
da ta  still plots higher than  most of the glacial samples. This pattern  is similar for the 
N b/Y  and Zr/Y  ratios, with more overlap between the most enriched glacial samples 
and the most depleted Skagi samples.

The enriched incompatible element signature of the glacial lavas compared to the post
glacial lavas is a ttributed  to deeper melting on average for the glacial samples (Maclen
nan et al., 2002). The slight overlap between the glacial samples and Skagi lavas is 
consistent with Skagi lavas being strongly influenced by deep mantle melting within the 
garnet stability field. Melting a t Theistareykir is estim ated at approximately 22% total 
melting with less than a quarter of tha t within the garnet field, from REE inversion 

modelling (Maclennan et al., 2001b). This model reproduces the observed 20 km thick 
crust and therefore, the average geochemical signature from these systems represents 
the steady-state chemistry of a normal established rift a t Iceland. For a discussion of 
the variation of Ti and trace element ratios with latitude see section 4.3.3.

The REE comparison reflects the difference in melting between Skagi and the northern 
part of the Northern Volcanic Zone (figure 4.10). Young Skagi lavas show greater Hght 
REE enrichment than Theistareykir and Krafla systems and higher absolute concen
trations, similar to the comparison of Skagi with the Western Volcanic Zone. The light 
REE enrichment indicates smaller degree a significant influence of garnet field melting 
for Skagi Q uaternary lavas; greater than the northern part of the Northern Volcanic 
Zone.
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Figure 4.9: Variation diagrams for Ti02, Sm/Yb, Nb/Y and Zr/Y to compare Skagi Quater
nary lava flows (red circles) and Quaternary flows from the Theistareykir and Krafla systems, 
Northern Volcanic Zone (blue and white squares). Glacial age samples from Theistareykir 
and Krafla have been specifically highlighted as white squares; the rest of the sample are 
largely postglacial with only a few recent samples included. The data has been filtered to 
remove any sample with less than 4 wt% MgO as there are no samples for Skagi below 4 wt%. 
Data sources are listed in table 4.1.

Central Iceland: Askja, Kverkfjoll and H erdubreid

The bulk of the central Iceland data  comes from glacial table mountains and postglacial 
lava shields situated up to 100 km north of the plume centre. Maclennan et al. (2001b) 
showed th a t active upwelling has significant effects on the melt chemistry in central 
Iceland resulting in more enriched compositions than  would be expected from the large 
degrees of melting required to produce the 40 km thick crust. The variation of Ti02 
and trace element ratios; Nb/Y, Z r/Y  and Sm /Y b with MgO for central Northern 
Volcanic Zone and Skagi are shown in figure 4.11.

For Ti02 the central samples are much more consistent than the northern samples
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Figure 4.10: Average REE concentrations (±1 S.D.) for Quaternary lavas from Skagi (red 
circles; n=17) compared to the Theistareykir and Krafla volcanic systems, Northern Volcanic 
Zone (blue squares; n=145). Data sources for the Northern Volcanic Zone are hsted in table 
4.1. The data set includes only basalts with greater than 4 wt% MgO. REE concentrations 
are normalised to MORB source mantle, M'^Kenzie and O’Nions (1991).

shown in figure 4.9, with less scatter in the data. Glacial and postglacial samples form 

similar, well constrained, increasing trends for decreasing MgO as would be expected  

from fractional crystallisation. Again young Skagi lavas plot consistently higher than 

the Northern Volcanic Zone samples, however, for central systems the ma^cimum dif

ference for the same MgO composition is only a factor of 1.3. This is much less than 

for Theistareykir and Krafla systems, where young Skagi lavas are up to a factor of 2 

more enriched in T i0 2 -

Significant similarities are observed for the trace element ratios, with Sm /Y b showing 

almost complete overlap for Skagi with the central Northern Volcanic Zone. There are 

clearly several early postglacial samples with low MgO and depleted Sm /Y b values; 

and a few high MgO glacial samples with depleted Sm /Y b compositions. The low 

Sm /Y b postglacial samples may be the result of crustal assimilation of rhyolitic ma

terial, however, this would cause a decreasing tail in the T i0 2  concentrations toward 

low MgO which is not observed. The depleted Sm /Y b values for low MgO could be 

produced by extensive fractional crystallisation reducing the MgO concentrations of 

more depleted high MgO melts, while keeping the Sm /Y b compositions the same. The 

depleted glacial samples are from Herdubreidatogl, described by Maclennan (2000).
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The Nb/Y and Zr/Y variation diagrams show similar comparisons to the Sm/Yb val
ues for Skagi and central Northern Volcanic Zone, with significant overlap between the 
zones. Only a few samples plot with higher Nb/Y at the lower MgO compositions, 
which may result from fractional crystallisation of clinopyroxene. The range of values 
for central Northern Volcanic Zone samples does extend lower than Skagi lavas which 
would suggest that the influence of deep mantle melting on the overall degree of melting 
and chemistry is not always as strong as Skagi. This is consistent with having more 
extensive shallow melting as well as active upwelling in the deepest parts of the melting 
region, as modelled by Maclennan et al. (2001b).

The REE pattern (figure 4.12) for Skagi is very similar to central Iceland, as expected 
from the trace element ratios. Similar light REE enrichment indicates that the strong 
influence of deep mantle melting predicted for central Iceland by Maclennan et al. 
(2001b) is also occurring beneath Skagi, but not necessarily resulting from the same 
process. The absolute concentrations for young Skagi lavas are higher than for central 
Iceland which could reflect a likely smaller degree of melting and/or greater extents of 
fractional crystallisation for Skagi. Maclennan et al. (2001b) conclude that up to half 
of the melt generation under central Iceland results from active upwelling, with the 
rest caused by plate-driven passive upwelling in order to reproduce the 40 km thick 
crust. The total degree of melting is equivalent to 35% from passive upwelling models, 
however, the maximum melt fraction is only approximately 25% because there is a 
greater flux of mantle material through the deeper parts of the melting region. The 
relative contribution of deep melting to the overall melting beneath Skagi is likely to 
be similar however, the discussion at the end of this chapter (section 4.5) considers 
whether this could be the result of active upwelling related to the plume.

There is no systematic difference in incompatible element enrichment observed between 
the glacial and postglacial samples for the same MgO composition for samples from 
the central Northern Volcanic Zone, as seen in the Theistareykir and Krafla samples. 
This observation would be consistent with the much larger degree of melting required to 
produce 40 km thick crust compared to the northern end of the Northern Volcanic Zone 
where the crust is only 20 km thick. The effects of glaciation and deglaciation on the 
degree and depth of melting would not have the same impact on the central Northern 
Volcanic Zone when the amount of melting is approximately twice that required for 
the Theistareykir and Krafla chemistry.
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Figure 4.11: Variation diagrams for T i0 2 , Sm /Yb, N b /Y  and Z r /Y  to  compare Skagi Qua
ternary lava flows (red circles) and Quaternary flows from the central systems in the Northern 
Volcanic Zone (blue and white squares). Glacial age samples have been specifically highlighted 
as white squares; the rest o f the sample are largely postglacial w ith  only a few recent samples 
included. The data has been filtered to  remove any sample w ith  less than 4 wt% MgO as 
there are no samples for Skagi below 4 wt%. Data sources are listed in table 4.1.
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Figure 4.12: Average REE concentrations (±1 S.D.) for Quaternary lavas from Skagi (red 
circles; n=17) compared to the central volcanic systems (Askja and Kverkfjoll) of the North
ern Volcanic Zone and Herdubreid (blue squares; n—79). D ata sources for the Northern 
Volcanic Zone are listed in table 4.1, but a large proportion of the data is from Maclennan 
et al. (2001b). The data set includes only basalts with greater than 4 wt% MgO. REE 
concentrations are normalised to MORB source mantle, McKenzie and O’Nions (1991).
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4.3.3 Skagi versus Eastern Volcanic Zone

The Eastern Volcanic Zone includes da ta  from the following volcanic systems: Vest- 
mannaeyjar, Eyjafjallajokull, Hekla, Katla, Grimsvotn and Bardarbunga. Similarities 
between Skagi and the Eastern Volcanic Zone have been noted by Schilling et al. (1978), 
suggesting th a t they were both  transient rift stages. Despite the trace element similar
ities presented. Eastern Volcanic Zone basalts are transitional to alkaline compositions 
where as the young Skagi basalts are tholeiitic. It is an im portant observation tha t 
no alkaline volcanism is observed in association with the extinction of the Skagi Rift, 
discussed in section 4.5. The comparison of trace elements for Skagi and the Eastern 
Volcanic Zone will still highlight any similarities in the melting regimes.

The Eastern Volcanic Zone exhibits extremely high Ti02 up to 5 wt% (figure 4.13), 
more enriched than  the established volcanic zones (Western and Northern Volcanic 
Zones) and the highest values found in Iceland. For an MgO concentration of 10 wt%, 
the Ti02 value is approximately 2 wt% whereas for the same MgO in the Western and 
Northern Volcanic Zone the average Ti02 is approximately half the value a t 1 wt%. 
The Skagi Ti02 values are matched in range by the Eastern Volcanic Zone reflecting 
similar fractional crystallisation trends. However for the Eastern Volcanic Zone, crustal 
assimilation of more evolved rocks such as rhyolites (low T i0 2 ) has resulted in several 
decreasing tails towards the low MgO compositions. For the same MgO composition 
Eastern Volcanic Zone lavas are slightly more enriched than  the young Skagi lavas by 
a factor of approximately 1.25.

The extremely enriched incompatible element compositions produced by the Eastern 
Volcanic Zone are also observed in the trace element ratios: Sm /Yb, N b/Y  and Zr/Y  
(figure 4.13). The range of Sm /Yb values (between 1.0 and 3.5) for a particular MgO 
composition is much greater than  th a t observed for the Northern and Western Vol
canic Zones where the greatest range is between 1 and 1.5 for glacial samples from 
Theistareykir and Krafla systems. This greater range is related to the fact th a t the 
amount of extension on the Eastern Volcanic Zone varies dramatically. The lithosphere 
is significantly thicker at the propagating tip  in the south where the amount of exten
sion is small compared to the northern end of the zone. The effect of a thick lithosphere 
on melting is discussed below. Many of the Eastern Volcanic Zone Sm /Y b values are 
clearly more enriched than the young Skagi lavas with up to a factor of 1.75 difference 
for the same MgO composition. The Skagi samples overlap with the lower Sm /Yb com
positions, with only a few samples from the Eastern Volcanic Zone plotting below the 
lowest Skagi Sm /Y b values for the same MgO composition. The most depleted samples
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from the Eastern Volcanic Zone belong to the most northerly systems (Grhnsvotn and 
Bardarbunga) located in central Iceland. This observation is shown more clearly in 
figure 4.15. The amount of spreading in the northern Eastern Volcanic Zone is close to 
full spreading rate at Iceland and, being close to the plume centre, the melting regime 
is likely to be similar to that indicated by compositions from the central part of the 
Northern Volcanic Zone (discussed in section 4.3.2). It is very unlikely that the high 
Sm/Yb values for the Eastern Volcanic Zone have resulted from crustal assimilation, 
as no obvious trends with increasing MgO are observed (figure 4.13). Also, to produce 
the extreme values of Sm/Yb up to 3.5 from the Eastern Volcanic Zone, the rhyolitic 
assimilant would require an exceptionally enriched Sm/Yb composition which is not 
produced anywhere at Iceland.

Similar comparisons of Skagi and the Eastern Volcanic Zone are observed for Nb/Y 
and Zr/Y as for Sm/Yb. However, the Zr/Y values form a much tighter range of values 
for the Eastern Volcanic Zone with a maximum value only a factor of 1.4 greater than 
the maximum Skagi values for the same MgO composition. The Zr/Y values also show 
a broad increasing trend for decreasing MgO which may result from the fractional 
crystallisation of clinopyroxene or the crustal assimilation of rhyolite shown in the 
Ti02 concentrations. More trace element compositions for evolved samples (rhyolites) 
would be required to illustrate which processes control the trace element ratio values.

The REE patterns for the Eastern Volcanic Zone compared to Skagi Quaternary lavas 
are shown in figure 4.14. The Eastern Volcanic Zone samples on average have a slightly 
steeper REE pattern, where although the light REE concentrations are similar to 
Skagi Quaternary samples, the heavy REE concentrations are significantly lower for the 
Eastern Volcanic Zone. This steepness indicates a greater fractionation of the heavy 
REEs from the light REEs for the Eastern Volcanic Zone and therefore a stronger 
influence of garnet field melting compared to Skagi. These observations are consistent 
with the more enriched chemistry interpreted from the trace element ratios.

The greater enrichment in incompatible elements and fractionation of the REEs for 
the Eastern Volcanic Zone compared to Skagi show that the influence of deep mantle 
melting is likely to be greater in the Eastern Volcanic Zone. The Eastern Volcanic Zone 
has similar estimated crustal thickness to the northern part of the Northern Volcanic 
Zone and therefore, must have a similar overall melting rate. The fact that the Eastern 
Volcanic Zone is dominated by transitional to alkaline volcanism compared to the solely 
tholeiitic volcanism of Theistareykir and Krafla indicates that there must be distinct 
differences in the melting regime.
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Meyer et al. (1985) predicted small degrees of deeper on average melting for the Eastern 
Volcanic Zone, increasing as you move northwards. Furman et al. (1991) predict a 
n:iaximum degree of melting of 6%, with a minimum of 1% for the propagating tip of 
the Eastern Volcanic Zone at Vestmannaeyjar. More recent modelhng by Kokfelt et al. 
(2006) suggests an average of 7-8% melting for Vestmannaeyjar, with a depth range 
of 40“90 km. The northern end of the Eastern Volcanic Zone is within the estimated 
maximum 150 km radius of plume-driven active upwelling estimated by Maclennan 
et al. (2001b). One possibility is that a significant proportion of the melting rate is 
confined to deep mantle melting resulting from the fluxing of material through the 
deepest part of the melting region. The overall degree of melting for any packet of 
mantle rising through the whole melting region via plate-driven upwelling could still 
be relatively small. This would explain the extreme values observed for the Sm/Yb 
ratio and the intense light REE enrichment observed from the REE pattern. However, 
it is possible that the estimate for the Eastern Volcanic Zone by Darbyshire et al. 
(2000) may be too high as it is not constrained by a seismic refraction profile as for 
the Northern Volcanic Zone. The low degrees of melting predicted for the Eastern 
Volcanic Zone suggest that the real crustal thickness is much smaller. It may be the 
case that the average 20 km thick crust remains from before the propagation of the 
Eastern Volcanic Zone, with a limited amount of extension across the Eastern Volcanic 
Zone, particularly near the propagating tip where the spreading rate at present is 
approximately 8 mm yr~^ (LaFemina et al., 2005). The enriched incompatible element 
signature would in that case result from smaller degree melting with a stronger influence 
of deep mantle melting compared to Skagi. Large scale crustal redistribution via lower 
crustal flow for example, could also explain thicker than expected crust (Jones and 
Maclennan, 2005).

The variation of Ti and trace element ratios with latitude for the Northern and Eastern 
Volcanic Zones is shown in figure 4.15. A crude estimate of crustal thickness variation 
with latitude is provided from Darbyshire et al. (2000). The crustal thickness is well 
constrained beneath central Iceland and northern Iceland where the seismic refraction 
profiles FIRE and ICEMELT intersect the Northern Volcanic Zone (figure 4.1). The 
exact variation outside of these locations is not well constrained, but is useful for broad 
trends in the crustal thickness. The straight lines for composition were produced using 
trendld in GMT employing a robust 2-term polynomial fit to give an indication of 
the average compositional variation along the volcanic zone. There is a wide range of 
compositions for any particular latitude location so these observations and associated 
interpretations are very tentative particularly for the Eastern Volcanic Zone where
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Figure 4.13: Variation diagrams for Ti02, Sm/Yb, Nb/Y and Zr/Y to compare Skagi Qua
ternary lava flows (red circles) and Quaternary flows from the Eastern Volcanic Zone (white 
triangles). Rhyolitic and andesitic compositions are included for the Eastern Volcanic Zone 
so that any trends that may result from difference in crustal assimilation rather than melting 
can be identified. Data sources are listed in table 4.1.

the greatest scatter is observed and more d a ta  would be essential to make robust 
conclusions.

There are very broad increases in incompatible element enrichment towards the centre 
of Iceland along the Northern Volcanic Zone. This trend is shown particularly well by 
the trace element ratios and correlates w ith a significant increase in crustal thickness 
from 20 km to 40 km. This correlation is opposite to the Western Volcanic Zone 
where depletion is observed for greater crustal thicknesses. The relatively enriched 

compositions for higher melting rates beneath central Iceland are a ttribu ted  to the 
flux of mantle material through the deepest parts of the melting region by active 
upwelling from the plume, as previously discussed (Maclennan et al., 2001b). These 
increases are unlikely to be the result of gradual source variation through the Northern
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Figure 4.14: Average REE concentrations (±1 S.D.) for Quaternary lavas from Skagi (red 
circles; n=17) compared to the Eastern Volcanic Zone (white triangles; n=26). Data sources 
for the Eastern Volcanic Zone are listed in table 4.1. The data set includes only basalts 
with greater than 4 wt% MgO. REE concentrations are normalised to MORB source mantle, 
M*^Kenzie and O’Nions (1991).

Volcanic Zone as no systematic variation in the Sr and Nd-isotope ratios with latitude 
is observed (Maclennan et al., 2001b; figure 4.16).

The correlation of geochemistry with latitude for the Eastern Volcanic Zone is very 
poor for Ti02, Nb/Y and Zr/Y. Any differences in these values created by mantle 
melting processes are likely to have been over-printed by crustal processes following 
the behaviour with variation in MgO (figure 4.13). However, Sm/Yb shows a distinct 
and significant increase in enrichment from central Iceland towards the southern end 
of the Eastern Volcanic Zone. This has also been observed by Sigmarsson et al. (2008). 
This is correlated by a decrease in the crustal thickness from 40 km to 20 km. Prom the 
previous discussion it is not clear whether the melting rate at the Eastern Volcanic Zone 
could produce the observed crustal thickness, however the enriched compositions are 
as expected for a decrease in the crustal thickness requiring smaller degrees of melting. 
The extreme Sm/Yb compositions produced at the propagating tip are clearly the 
result of very small degrees of melting, as predicted by Furman et al. (1991), Meyer et 
al. (1985) and Kokfelt et al. (2006). The lithosphere is much thicker at the propagating 
tip compared to the northern part of the Eastern Volcanic Zone because the spreading 
rate is significantly less. Using GPS measurements, LaFemina et al. (2005) observed a
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steady decrease in the spreading rate from 19±2 mm yr“  ̂ in the northeast to 8 mm yr”  ̂
near the propagating tip (Vestmannaeyjar system, figure 4.1). Thicker hthosphere 
results in deeper melting and therefore, a stronger influence of garnet field melting.

The Sm/Yb values near central Iceland for the Eastern Volcanic Zone have a similar 
range to those from the southern (central) part of the Northern Volcanic Zone. It 
is likely that melting at the top of the Eastern Volcanic Zone is affected by active 
upwelling in a similar way to the central Northern Volcanic Zone, discussed in section 
4.3.2.

Overall the Eastern Volcanic Zone compositions are more enriched than the Northern 
Volcanic Zone suggesting a smaller degree of melting and greater extent of fractional 
crystallisation (Meyer et al., 1985). The higher trace element ratios are consistent with 
a greater influence of deep mantle melting on the total melt fraction compared to the 
Northern Volcanic Zone.

Figure 4.16 shows the variation of Sr and Nd isotope ratios with latitude for the Eastern 
and Northern Volcanic Zones. There is no systematic variation in the isotope ratios 
for the Northern Volcanic Zone. Maclennan et al. (2001b) suggest that the simplest 
interpretation of this lack of variation is that over a scale of lO’s of km there is little 
change in the average composition of the mantle source. More recent work suggests 
that the mantle is heterogeneous on small length scales (Maclennan, 2008a), however 
extensive mixing of melts in the crust results in constant range of isotope ratio values 
produced at the Northern Volcanic Zone (Maclennan, 2008b).

There are not enough samples for the Eastern Volcanic Zone to make a reasonable 
conclusions about the variation of the isotopic ratios. It appears as though Sr isotope 
ratios do not show any systematic variation with latitude. However, Nd isotope ra
tios seem to decrease towards the southern end of the Eastern Volcanic Zone i.e. the 
propagating tip, indicating that melting of a more enriched source may be contribut
ing to the enriched trace element compositions as described above. The Sr isotope 
ratios will be preferentially affected by hydrothermal alteration and interaction with 
hydrothermally altered crust compared to Nd isotope ratios. This may explain why no 
systematic variation is observed in the Sr isotope ratios. All the samples except 1 from 
the Northern Volcanic Zone lie within the Icelandic range: *^Sr/®®Sr: 0.7028-0.7037; 
‘̂̂ ^Nd/ '̂^^Nd: 0.51289-0.51308 (Kokfelt et al., 2006). The enriched Nd isotopic ratios 

found at the propagating tip of the Eastern Volcanic Zone are also observed in the 
Northern Volcanic Zone. Following these two observations the trend observed in the
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Eastern Volcanic Zone is consistent with a heterogeneous mantle on relatively small 

length scales (Maclennan, 2008a). The degree of melting in the Eastern Volcanic Zone 
is so small tha t only the enriched and fusible areas of the mantle are melted, where 
as in the more established Northern Volcanic Zone both enriched and depleted mantle 
materials are melted to produce a wide range of isotopic values.
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Figure 4.15: Variation of Ti02, Nb/Y, Zr/Y  and Sm/Yb with latitude for Quaternary lava 
flows from the Theistareykir and Krafla systems, Northern Volcanic Zone (blue squares) and 
Quaternary lava flows from the Eastern Volcanic Zone (white triangles). The data has been 
filtered to remove any sample with less than 4 wt% MgO so tha t comparisons are restricted 
to basaltic compositions. Crustal thickness is a crude straight line estimation from the map 
presented by Darbyshire et al. (2000). The trend line is calculated using a robust straight 
line fit - trendld  in GMT. Data sources are listed in table 4.1.
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Figure 4.16: Variation of ®^Sr/®®Sr and ^^^Nd/^^^Nd with latitude for Quaternary lava flows 
from the Northern Volcanic Zone (blue squares) and Eastern Volcanic Zone (white triangles). 
Data is whole rock and sources are listed in table 4.1. The range of values for Iceland is 
shown in grey (Kokfelt et al., 2006).
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4.3.4 Skagi versus OfF-axis V olcanism

Young Skagi lavas are clearly associated w ith an extinct rift axis, however a useful 
comparison can be made with present off-axis and flank zone volcanism as the Skagi 

lavas may have an off axis signature if they were not related to the main active rifts at 
the time. Three features considered to  be off-axis or flank zones are used for compar
ison with Skagi: Grunsnes volcanic system, Snaefell volcanic centre and Snaefellsnes 
Volcanic Zone. These areas are situated progressively further off-axis.

Grmisnes is a very small volcanic system located approximately 15 km east of the 
main volcanic systems of the Western Volcanic Zone. Off-axis volcanism is commonly 

associated with alkaline basalt compositions, however, Grmisnes is tholeiitic like the 
young Skagi lavas. The geochemical signature of Skagi lavas compared with Grimsnes 
is shown in figure 4.17. Similar to the W estern Volcanic Zone as a whole, the MgO 
composition of the Grimsnes samples is higher than Skagi and over a limited range 
(8-10 wt%). This distinction between the MgO compositions of the most primitive 
lavas from each series indicates th a t the crustal processes may be slightly different.

However, the range of values for the N b/Y  and Z r/Y  trace element ratios is very similar 
to young Skagi lavas suggesting th a t the average depth of melting relative to the degree 
of melting is similar. Only one sample from Grimsnes has REE da ta  with MgO, which 
is more enriched than the Skagi samples and if more samples were consistent with 
th a t observation th a t would probably indicate more garnet field melting relative to the 
overall degree of melting compared to Skagi. There are a few samples plotting with 
very slightly higher N b/Y  and Z r/Y  ratios. Crustal assimilation of rhyolitic material 
could not have produced the higher values for Grimsnes as tha t process would also 
result in a trend towards lower MgO compositions which is clearly not observed. The 
T i0 2  concentrations are much lower as would be expected for more primitive melts. 
Fractional crystallisation models of Grimsnes primitive high MgO composition would 
reproduce Skagi values as magmas evolve to lower MgO. ft is reasonable to expect 
tha t, like the rest of the Western Volcanic Zone, Grimsnes lavas have not been subject 
to the same extents of fractional crystallisation as the rest of Iceland. Grimsnes lavas 
could result from melt from the corners of the melting region being transported to the 

surface without mixing with melt fractions from higher up in the centre of the melting 
region (figure 4.18). The similarity in enrichment of incompatible elements between 
the Grimsnes off-axis volcanism and young Skagi lavas may suggest th a t Quaternary 

volcanism on Skagi is not produced by normal axial melting regimes.
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Figure 4.17: Variation diagrams for Ti02, Sin/Yb, Nb/Y and Zr/Y to compare Skagi Qua
ternary lava flows (red circles) and Quaternary flows from the off-axis Grimsnes system in 
the Western Volcanic Zone (black squares). No samples have less than 4 wt% MgO for Skagi 
and Grimsnes. Data sources are listed in table 4.1.

Snaefell is a volcanic centre located in central-east Iceland at the northern tip  of a  flank 
volcanic zone known as the Oraefajokull Volcanic Zone. It is situated approximately 
25 km off-axis from the edge of the Northern Volcanic Zone. Snaefell has bi-modal vol- 
canism with mildly alkaline basalt flows and a significant amount of rhyolitic volcanism, 
approximately 10% of the whole suite (Hards et al., 2000). The variations of Ti02 and 
trace element ratios with MgO for Skagi Quaternary lavas and Snaefell lava flows are 

presented in figure 4.19. Snaefell and Skagi basalts have similar T i02 concentrations 
for the same MgO compositions, with patterns clearly controlled by fractional crys
tallisation. However, there are several samples producing descending tails towards low 
Mg and low Ti rhyolitic composition showing clear evidence of some mixing or crustal 
assimilation as observed by Hards et al. (2000) from the isotopic characteristics. The 
higher range of MgO values for the most primitive lavas produced by Snaefell indicates 
tha t the parent magmas are probably the result of a greater overall degree of melting
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Western Volcanic Zone

Figure 4.18: A sketch of how melt transport beneath the Western Volcanic Zone could result 
in ofF-axis volcanic activity at Gn'msnes. The dashed arrows indicate the flow of the mantle 
through the melting region. The solid melt flow lines within the melting region are based 
on a model of melt transport by Spiegelman and M'^Kenzie (1987). The transport of melt 
through the lithosphere from the outer corners of the melting region may be very complex in 
reality due to extension.

than the young Skagi lavas.

There are a wide range of trace element ratio values with a distinctly low group at MgO 
compositions similar to the Skagi range of MgO: 7-4 wt%. These low concentrations 
must be coming out of the mantle as they do not correlate with the samples affected by 
crustal assimilation observed from the T i02 trends. However, observing the average 
range of trace element composition a t any particular MgO composition (except the 
relatively small group of depleted samples) it is consistently higher than  the young 
Skagi lavas. The highest trace element ratio values for the same MgO compositions as 
Skagi are between 1.25 (Sm/Yb) and 1.7 (Nb/Y) times higher for Snaefell suggesting 
th a t the percentage of deep mantle melting beneath Snaefell, relative to the to tal melt 
fraction, is greater than Skagi. The Snaefell trace element compositions are very similar 
to the Eastern Volcanic Zone as would be expected from their tectonic situations as 
an incipient rift and propagating rift respectively. The mantle at Snaefell will be well 
within the maximum 150 km sphere of influence of active upwelling driven by the 
plume and this would have significant effects on the incompatible element chemistry 
as discussed in section 4.3.3.

Snaefellsnes Volcanic Zone is the furthest off-axis, situated a minimum of 50 km from 
the nearest axial zone and is the largest off-axis feature on Iceland consisting of three 
individual volcanic systems. The incompatible element comparison with young Skagi 

lavas is shown in figure 4.20. Significantly more data  exists for the Snaefellsnes Volcanic 
Zone and further compilation of published da ta  is required to establish any distinct
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Figure 4.19: Variation diagrams for Ti02, Sm/Yb, Nb/Y and Zr/Y to compare Skagi Qua
ternary lava flows (red circles) and Quaternary flows from Snaefell volcanic centre (white 
circles), located at the northern end of the Oraefajokull Volcanic Zone. Data sources are 
listed in table 4.1.

trends, however, the main purpose of this comparison is to establish if there is any 
similarity with young Skagi lavas. Ti02 concentrations form a general increasing trend 
for decreasing MgO, but is not as well defined as the trend in the Skagi lavas. For the 
same MgO composition the Ti02 concentration is similar for Skagi and Snaefellsnes. 
The trace element ratios plot consistently higher for the same MgO compositions for 
Snaefellsnes compared to Skagi except for two Snaefellsnes samples with depleted Zr/Y 
compositions at 4-5 wt% MgO. For Nb/Y, Snaefellsnes samples are up to 4 times more 
enriched. Sm/Yb and Zr/Y are up to 1.4 times more enriched for Snaefellsnes compared 
to Skagi. Kokfelt et al. (2006) modelled Snaefellsnes melting with a very limited depth 
range between 50 and 80 km of a small scale heterogeneous mantle, all within the 
presence of garnet bearing source material. Young Skagi lavas are not as enriched as 
Snaefellsnes lavas in general and therefore, Snaefellsnes lavas may result from slightly 
smaller degrees of melting compares to Skagi.
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Figure 4.20: Variation diagrams for T i02, Sm/Yb, N b/Y  and Zr/Y  to compare Skagi Qua
ternary lava flows (red circles) and Quaternary flows from Snaefellsnes Volcanic Zone (purple 
triangles). Snaefellsnes samples are filtered to exclude samples with less than 4 wt% MgO 
as these evolved compositions are not comparable to the Skagi range of MgO compositions. 
D ata sources are listed in table 4.1.



100 Chapter 4: Tcinpoml Gcocbeinica.1 Variations

4.4 REE Inversion M odelling  

4.4.1 Background

The REE inversion model of M'^Kenzie and O’Nions (1991) is used to investigate the 
mantle melting behaviour associated with the geochemistry of young Skagi lavas. Un
der the assumption of passive upwelUng at a mid-ocean ridge, their model allows the 
prediction of crustal thickness given REE concentrations. This section will provide an 
introduction to the main theories and variables used in the model. For full details of the 
mathematical theory refer to M'^Kenzie and O’Nions (1991) and White et al. (1992). 
The model predicts the melt fraction against depth relationship, X{z) ,  for fractional 
melting of a constant homogenous mantle source. The computer program is known as 
INVMEL, written by D. M'^Kenzie. An algorithm is used to find X{z)  by minimising 
the misfit between observed and calculated normalised REE concentrations. The melt 
fraction is calculated at given number points at 10 km intervals. Smoothing meth
ods are used to limit the melt fraction against depth profile estimates to physically 
reasonable forms with melt fractions between 0 and 1.

There are several independent variable inputs to the model which must be considered. 
The composition of the mantle source is the most poorly constrained. In reality, the 
mantle beneath Iceland is almost certainly heterogeneous on small length scales (e.g. 
Maclennan, 2008a). However, the inversion model is restricted to a homogenous source 
composition and the best estimate is probably a mixture of primitive mantle and de
pleted MORE source, defined by the average £Nd value (White and M'^Kenzie, 1995). 
The more enriched the source composition the greater the melt fraction required to 
reproduce the observed REE concentrations.

The partition coefficients determine the trace element concentration in the melt accord
ing to the mineral phase assemblage in the mantle. For simplicity, the bulk partition 
coefficient for a trace element is constant in the INVMEL program. In reality partition 
coefficients may vary with pressure, temperature and composition of melt or crystal, 
however, M'^Kenzie and Blundy (1999) showed that the use of variable partition coef
ficients in an inversion model does not have a significant effect on the predicted melt 
fraction against depth relationship (Maclennan, 2000).

The final independent variable is the spinel-garnet transition depth. This variable 
simply influences the absolute depth of melting and does not affect the overall degree
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of melting or the proportion of melt within the garnet stability field predicted by the 
REE inversion. M'^Kenzie and O’Nions (1991) use a transition range of 60-80 kra for a 
mantle potential temperature of 1300°C and 80-100 km for a potential ten:iperatvu'e of 
1500°C. The mantle potential temperature at Iceland is approximately 1500°C (White 
et al., 1995) so 80-100 km transition range is used for Skagi REE inversions.

The final melt fraction versus depth profile is dependent on the initial melting model 
employed to run the inversion. The execution of the INVMEL program is repeated with 
various reasonable initial melting models, based on geochemical observations until a 
very good fit is achieved for the final melting profile and the associated fit to REE 
observations. The compositions are based on a point and depth average calculation; 
the mean composition of all the melt extracted from the melting region. An assumption 
is made that lavas represent the combination of all melt fractions from the whole of 
the melting region. The geophysical model assumed by M'^Kenzie and O’Nions (1991) 
and White et al. (1992) is that melting is the result of passive upwelling. This may 
not be the case for Skagi, therefore the model results are simply considered as an 
indication of the degree of melting and the contribution of melting within the garnet 
field. The final consideration is the correction of the final melt fraction profile and REE 
concentrations for fractional crystallisation. INVMEL bases fractional crystallisation 
correction on the Mg and Fe compositions of the observed lavas and the predicted 
melt compositions. Therefore the inversion only predicts the amount of olivine and 
chnopyroxene fractionation. The amount of plagioclase fractionation is not accounted 
for, however the influence of plagioclase fractionation on melt composition is minimised 
by modelling reasonably mafic magmas. Accounting for plagioclase fractionation would 
be considerably more important for acidic magmas.

4.4 .2  A pplication  to  Skagi

The M'^Kenzie and O’Nions (1991) REE inversion model was run for all Skagi data 
with more than 4wt% MgO. There is little difference in the REE pattern between the 
Tertiary and Quaternary data as shown in section 3.5. The garnet stability field is 
set according to mantle potential temperature estimated at 1500°C for Iceland cor
responding to a garnet-spinel transition at 80-100 km. The source composition used 
is primitive mantle, the most enriched source possible resulting in the largest degree 
of melting possible to reproduce the Skagi REE concentrations. Depth to the top of 
the melting region is set to 56 km, well below the base of the crust. This value is
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comparable with the predicted depth to the top of the melting region during the final 

stages of decline of the rift (section 7.5). The final melting model as a melt fraction 
versus depth profile is shown together with the final fit to the REE concentrations in 

figures 4.21 and 4.22. The inversion predicts a total degree of melting of approximately 
1.4% with about one third of th a t melting occuring within the garnet stability field. 
This is consistent with the geochemical observations from comparisons presented and 
discussed in section 4.3. However, the resulting estimate of crustal thickness of ap
proximately 1.5 km is not consistent with the observed 25-30 km thick crust. This 
mis-match is discussed in section 4.5. The dip in the curve around 90 km results from 
the smoothing constraints and is not significant in real terms.

Skagi REE Inversion

u 100.0

10.0 Melting Model  ̂  ̂ i
C orrected  for Fractional C rystallisation

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 4.21: Result of REE inversion model (M'^Kenzie and O’Nions, 1991): fit of model 
compositions to observed REE concentrations. The green line represents the compositions 
resulting directly from the melting model shown in figure 4.22. The red line estimates the 
change in absolute REE concentrations according to fractional crystallisation processes esti
mated from the Fe and Mg content of the melt.

4.5 Discussion and Conclusions

The aim of this chapter was to establish the likely origin of the young Skagi lavas in 
relation to the extinct rift and describe geochemical variations associated with different 
stages of the rift cycle. By combining the different rift stages, an artificial record of
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Figure 4.22: Result of REE inversion model (M'^Kenzie and O’Nions, 1991): predicted melt 
fraction versus depth curve. The total melt fraction is approximately 1.4% with about 0.5% 
(a third of the total) melting within the garnet stability field (<80 km).

temporal variations during one rift cycle can be produced to compare with the time- 
dependent model results of variable spreading rate at a rift axis presented in chapter 
7.

The Quaternary lavas on Skagi are aged between 2.5 and 0.5 Ma according to Everts 
et al. (1972) K-Ar study. This is much younger than the estimated death of the Skagi 
rift at approximately 3 Ma (Garcia et al., 2003). The first question is to establish 
whether the young lavas represent the last eruptions of a dying rift or whether they 
are the result of a transient melting episode. This is an important distinction to make 
as in the declining Western Volcanic Zone, no geochemical change has been observed 
as extension transfers to the Eastern Volcanic Zone. If the Skagi lavas are not from 
a dying rift, then the lack of change in the Western Volcanic Zone may be further 
evidence that the chemistry of rift products does not react to spreading rate variations 
at the end of a rift cycle before the rift becomes completely extinct.

Skagi Quaternary lavas have a similar chemistry to the local Tertiary lavas (section 
3.5) and the Tertiary in general from the whole of Iceland (section 5.3). The obser-
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vations in chapter 5 suggest th a t existing Tertiary samples have a  similar enriched 

incompatible element signature to those in central Iceland (Northern Volcanic Zone) 
where enrichment is the result of active upwelling contributing half the to tal melt pro

duction (Maclennan et al., 2001b). Very large degree melting in central Iceland forms 
up to 40 km thick crust (Darbyshire et a l ,  1998). The comparison of Skagi with cen
tral Iceland flows (section 4.3.2) shows a close similarity between incompatible element 
compositions. However, the enrichment at Skagi is probably the result of small degrees 
of melting and not active upwelling.

The REE inversion model predicts less than 2% melting for young Skagi lavas and 
the field observations indicate th a t these lava flows are not the large volume, laterally 
extensive for a  100 km, flows erupted by central Iceland and preserved in the Ter
tiary. Significant geochemical effects of active upwelling are restricted to  a maximum 
of 150 km from the plume centre (Maclennan et al., 2001b). At 0.5 Ma the plume 
centre was very close to its present position under the northwest corner of Vatnajokull, 
especially with the apparent slow down of Iceland-plume migration over the last few 
Ma (Jones, 2003). This is also consistent with the widely accepted notion th a t rift 
relocations are driven by the migration of Iceland over the plume centre and the plume 
centre will therefore need to have migrated away nearly 8 Ma prior to young Skagi 
lava emplacement, to cause the initiation of the Northern Volcanic Zone. Therefore, 
the melting processes are different between Skagi and the surrounding Tertiary. This 
change in melting regime could still be part of the shut-down of an active rift. However, 
very little faulting is observed on the Skagi peninsula suggesting th a t the young Skagi 
volcanism was not associated with any significant extension and plate separation. This 
would explain the mis-match between the INVMEL crustal thickness (approximately 
1.5 km) and the observed crustal thickness (25-30 km). If very little extension occurs, 
the crustal thickness must remain from the old rift activity. The young Skagi lavas 
are most hkely to be the result of a transient melting episode or renewed impulse of 
melting on a deactivating rift. Dating of the youngest Tertiary lava flows directly be
neath the glacial unconformity in Skagi would determine whether a significant hiatus 

in eruptions exists which would suggest the shut-down of the rift, prior to a transient 
melting episode or constant activity on the rift.

Exceptionally high Ti02 values from the Q uaternary lavas on Skagi and the Eastern 
Volcanic Zone are some of the highest for oceanic volcanism. Prytulak et al. (2007) 

show th a t such high T i0 2  compositions cannot be made by melting normal mantle 
peridotite source, even with very small degrees of melting. They suggest th a t the most 
reasonable explanation involves a small (<10%) contribution of recycled oceanic crust
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to the mantle. The recycled mafic crust starts melting deeper than the host peridotite 
mantle so that small degree melts below a thick lithosphere will preferentially sample 
this source heterogeneity and result in enriched Ti melt compositions. This explanation 
is consistent with the small length scale heterogeneities in the mantle beneath Iceland 
predicted by Maclennan (2008a) and the various isotopic studies predicting essentially 
a two-layer mantle beneath Iceland with an enriched set of components and a depleted 
set of components (e.g. Hemond et al., 1993; Thirwall et al., 2004; Kokfelt et al., 2006).

The unusual origin of Skagi melting and the Sinton et al. (2005) study of the Western 
Volcanic Zone indicate that the decline of a rift axis may not result in significant changes 
in geochemistry of rift products similar to the difference observed from the birth of a 
rift axis. The lack of alkaline volcanism at Skagi and the Western Volcanic Zone is 
consistent with this theory. The time-dependent model shows that it is difficult to 
achieve more enriched compositions at the end of rift activity compared to the growth 
of a rift axis (section 7.5). The possible causes of Quaternary activity on the Skagi rift 
are discussed in chapter 8.

The temporal variations in geochemical signature and melting associated with rift 
relocations can be summarised as follows:

• Very enriched compositions for the birth of a rift axis similar to the propagating 
tip of the Eastern Volcanic Zone, evolve into relatively depleted compositions for 
normal rifting such as the Theistareykir and Krafia systems of the northern part 
of the Northern Volcanic Zone.

• Eastern Volcanic Zone compositions are significantly more enriched than the 
more established rift zones indicating smaller degree of melting and a greater 
contribution of garnet field melting.

• Sm/Yb values for the Eastern Volcanic Zone are up to a factor of 2 greater than 
the most enriched compositions from Theistareykir and Krafia.

• Melt fractions evolve from as little as 1- 6% for the propagating tip of a new rift 
(Furman et al., 1991) to 22% in a fully established rift producing 20 km thick 
crust.

• The decline of the Western Volcanic Zone shows no obvious geochemical change 
yet (Sinton et al., 2005).

• Young Skagi lavas are unlikely to represent the simple death of a rift axis and the
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enriched compositions compared to the estabhshed rifts cannot be assumed to be 
caused by the slow down of plate separation as extension transfers to a new rift.

The main conclusions from the comparison of young Skagi lavas to neovolcanic activity 
on Iceland and REE inversion modelling:

• Skagi Quaternary lavas, most likely, have been produced in the mantle directly 
beneath Skagi and are not related to Langjokull magmas. The trends observed 
for increasing trace element ratios with decreasing MgO must be coming out of 
the mantle and are probably associated with small degree partial melting.

• Skagi compositions are distinct from the Western Volcanic Zone and the north
ern part of the Northern Volcanic Zone, being more enriched in incompatible 
elements.

• Basalt compositions from the Northern Volcanic Zone in central Iceland are very 
similar to young Skagi lavas indicating that the relative contribution of deep 
mantle melting compared to the total melt fraction is similar. However, the 
process of active upwelling that has been inferred for the enriched compositions 
in central Iceland is not likely to have contributed to the Quaternary melting 
beneath Skagi.

• Eastern Volcanic Zone and significantly off-axis (Snaefell and Snaefellsnes) com
positions are more enriched than the young Skagi lavas suggesting that the rela
tive contribution of garnet field melting is greater in these places than at Skagi.

• The off-axis Grimsnes system shows similar enrichment to Skagi lavas for tholei- 
itic basalts, suggesting similar melting regimes and indicating that the Skagi 
volcanism may not be associated with normal axial melting processes.

• Young Skagi lava compositions are consistent with very small degrees of melting 
(1-2%) with a significant contribution of garnet field melting (approximately 
30-35% of the total).



Chapter 5

Geochem ical Insights into Crustal 
A ccretion at Iceland

5.1 Introduction

Crustal accretion refers to the mechanical processes that occur during and immedi
ately after the emplacement of dykes and lava flows at rift zones in Iceland. This 
post-emplacement crustal drift creates a bias as to which features of the rift zone are 
preserved at the surface as extension continues. The Tertiary age crust at Iceland 
provides a unique record (up to 17 Ma) of volcanic activity and geochemical variations 
associated with a ridge-hotspot interaction. The interpretation of existing geochemical 
data has been restricted, in part, due to a limited understanding of the preservation 
bias introduced by crustal accretion mechanisms.

The wealth of existing Tertiary data could provide significant insights into the impact 
of Iceland’s active tectonic history on the geochemical signature of ridge products. 
Reliable interpretation of Tertiary geochemical data is very complex because all the 
factors which affect the chemistry of recent rift products, including source composition, 
partial melting, fractional crystallisation, mixing, crustal contamination and hydrother
mal alteration, must be considered together with the bias created by crustal accretion 
processes and temporal variations in spreading rate and glaciation.

A previous study showed that the geochemical variability that exists in the neovol- 
canic zones is not reflected in the Tertiary (Hardarson and Fitton, 1997) and related

107
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this homogeneity to the Pahnason model of crustal accretion described in section 5.2 
(Palmason and Saemnndsson, 1974). Hardarson and Fitton (1997) observed that ac
cording to Pahnason’s model only large axial flows able to escape the rift axis will be 
preserved at the surface in the Tertiary. Palmason’s model does not account for off- 
axis volcanisni, the presence of dykes and Tertiary central volcanoes at the surface, and 
does not consider the effect of rift relocations on the crustal structure. The contribu
tion made by off-axis volcanic centres and dying rift axes to the Tertiary crust has not 
previously been considered and is investigated in this chapter using new geochemical 
comparisons. Gaining a more consistent understanding of what exactly is represented 
in the Tertiary crust in terms of extinct rift zones may allow geochemical variations to 
be linked to the rift relocation cycle.

The aim of this chapter is to present a more detailed geochemical comparison using 
existing Tertiary data donated by G. Fitton (unpublished) and Kitagawa et al. (2008), 
published data from the neovolcanic zones and the new Skagi rift data presented in 
chapter 4. New geochemical data is presented for 24 dyke samples donated by S. Garcia 
and is used to discuss the validity of Garcia et al. (2003) plate spreading velocity model 
which describes the most recent rift relocation in northern Iceland. The Tertiary shows 
significant geochemical similarities with the extinct Skagi rift, off-axis volcanic centres 
and central Iceland. Comparisons with the Northern Volcanic Zone indicate the effects 
of glaciation on the geochemistry of rift products, showing that not all large lava flows 
have a chemistry that is consistent with the Tertiary. These new observations indicate 
that the Tertiary lava pile is not solely composed of the largest axial flows as suggested 
by Hardarson and Fitton (1997). Although the largest lava flows will form a large 
proportion of the Tertiary, the contribution from off-axis volcanism and dying rift 
axes must also be considered. This investigation into the geochemical signature of the 
Tertiary places better constraints on the bias introduced by the surface preservation 
process during crustal accretion and improves the interpretation of existing geochemical 
data. It also allows a qualitative assessment of the impact of Iceland’s active tectonic 
evolution (via rift relocations) on the geochemistry of ridge products and provides new 
insights into the temporal evolution of ridge-hotspot interactions in general.

5.2 Background

The Tertiary crust formation includes the oldest rocks in Iceland at 16 Ma until the 
onset of major glaciation in the northern hemisphere around 3 Ma. The Tertiary lava
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pile is characterised by red palaeo-soil horizons at the top of lava flow units indicating 
a much warmer climate compared to Quaternary times and there is little evidence 
for significant glaciation during the Tertiary. Steep-sided glaciated valleys in north, 
east and west Iceland have exposed up to 2 km of the upper Tertiary crust. Further 
evidence of exhumation can be found in the zeolite minerals precipitated as amygdales 
within Tertiary lavas. Following detailed mapping of zeolite zones in eastern Iceland, 
Walker (1960) calculated an approximate figure of 1.8 km for the amount of exhumation 
relative to the original elevation of the top of the lava pile. There are two main 
components which make up the exposed Tertiary crust: ‘trap ’ type basalt lava piles 
(figure 5.1) and complex central volcano structures (figure 5.2). The presence of central 
volcanic complexes at the surface is discussed in section 5.5. In eastern Iceland a 
study by Watkins and Walker (1977) showed that the eruption rate represented by the 
Tertiary lavas is significantly lower than tha t observed in the neovolcanic zones today, 
suggesting that only a small proportion of erupted rift products are actually preserved 
at the surface. This is consistent with the idea that only the large volume lava fiows 
can be preserved at the surface in the Tertiary (Hardarson and Fitton, 1997). In 
order to interpret geochemical data from the Tertiary correctly we must first establish 
which elements of rift activity have the potential to be preserved in the Tertiary. The 
formation of the Tertiary is also subject to the effects of the tectonic arrangement of 
the active rift(s); the history of rift locations and jumps is discussed in section 2.1.3.

Figure 5.1: Tertiary ‘trap’ type basalt lava flows in northwest Iceland. This regular layering 
of laterally extensive flows forms most of the coastline in the Northwest Fjords, northern 
Iceland including Trollaskagi and Flateyjarskagi and the east Iceland Fjords.

The first, and widely accepted, model of mechanical crustal accretion processes at Ice
land was developed by Palmason (Palmason and Saemundsson, 1974) and is shown in 
figure 5.3. The model describes the accumulation and transportation of axial material. 
There is a narrow zone of dyke injection 50 km wide which defines the rift zone, with 
minor eruptive activity outside this zone known as off-axis volcanism. Lava flows and
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Figure 5.2: Part of Reykjadalur Tertiary central volcano in west Iceland. Observe the lack of 
regular layering compared to the Tertiary ‘trap’ lavas, with smaller capping lava flows at the 
top of the caldera. The discolouration in the hillside represents the caldera infill composed 
of some acidic volcanic components.

dykes emplaced on-axis are subject to rapid burial by subsequent lava flows resulting 
in subsidence. Extension at the ridge axis causes this buried material to move out 
laterally as shown by the trajectories in figure 5.3. Any material emplaced within the 
rift zone will therefore not be exposed at the surface in older crust. Because glacial 
erosion in the Tertiary crust reveals only a maximum of 2 km of the upper crust, the 
only elements of rift activity that will be preserved and accessible will be those em
placed more than 25 km from the rift axis (Hardarson and Fitton, 1997). Centrally 
focused subsidence in the rift zone creates an inward dip of the rift zone flanks towards 
the axis forming a regional syncline. Regional synclines have been observed in several 
locations in Iceland and have therefore been interpreted as extinct rift axes (see figure 
2.5, chapter 2); Hardarson et al., 1997; Johanesson, 1980).

Hardarson and Fitton (1997) is the only existing geochemical study of Tertiary crustal 
accretion processes at Iceland. They showed that Tertiary basalts (>5 wt% MgO) have 
a relatively uniform Zr/Nb ratio compared to a dramatic variability that exists for 
basalts from the neovolcanic zones (figure 5.4). It was inferred from Palmason’s model 
that the only lava flows that will be preserved at the surface to form the Tertiary are 
those large enough to flow outside of the rift zone. Hardarson and Fitton showed using 
the Zr/Nb ratio that large volume lavas from the neovolcanic zone have a relatively 
uniform composition compared to very small volume (<0.5 km^) eruptions (figure 5.5) 
and that the greatest variability in Zr/Nb is found closest to the rift axis.
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2. OISTRIBOTION OF LAVA FLOWS
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Figure 5.3: The Palmason model of crustal accretion at Iceland. Rapid burial and subsidence 
caused by subsequent emplacement of lava flows results in any material emplaced within the 
rift zone being transported downwards and away from the rift axis as shown by the trajectories 
(Palmason and Saemundsson, 1974).

40

30

•  Neovolcanic rift zones (< 0.7 Ma) 
▲ Snaefellsnes Peninsula 
□ Eastern Iceland Tertiary 
A Northern Iceland Tertiary 
V NW and W Iceland Tertiary

5 10
Paleomagnetic age (Ma)

15

Figure 5.4: The variation of Zr/Nb with palaeomagnetic age in basalts (>5 wt% MgO) from 
Iceland. Neovolcanic basalts were assigned arbitary ages, with Snaefellsnes samples offset for 
clarity. From Hardarson and Fitton (1997).

Hardarson and Fitton (1997) assume th a t large volume lava flows represent the bulk 
composition of the rift axis because of significant mixing processes in large axial magma 
chambers. If it is true tha t only large axial lava flows form the Tertiary lava pile and 
th a t they record the bulk composition of the rift zones then it is possible to associate
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Figure 5.5: The variation of Zr/Nb with volume of eruption in basalts (>5 wt% MgO) from 
the neovolcanic zones in Iceland. Other data are from Wood et al. (1979), Nicholson (1990), 
and Hemond et al. (1993). From Hardarson and Fitton (1997).

any geochemical variations in the Tertiary lavas through time with temporal variations 
in the rift zone e.g. rift relocations and their associated spreading rate variations. 
Further geochemical investigation of the similarities between the Tertiary crust and 
neovolcanic zones is presented in section 5.4.1 and suggests that the accumulation of 
the Tertiary is more complicated than suggested by Hardarson and Fitton (1997).

Garcia et al. (2003) produced a kinematic model of the northern Iceland rift reloca
tion from the now extinct Skagi rift to the presently active Northern Volcanic Zone, 
described in detail in section 2.1.3. The model is based on "^°Ar/^^Ar dating of dyke 
intrusions exposed in northern Iceland (figures 2.8 and 2.9) and provides important 
plate spreading velocity constraints for the formation of the crust in northern Iceland 
from 11 Ma to present. The model is based on dyke ages and positions and relies on 
the assumption that the analysed dykes are all on-axis intrusions. However, according 
to Palmason’s model of crustal accretion any on-a:xis intrusions will never be exposed 
at the surface. This problem is investigated in section 5.4.5.

5.3 Geochem ical Observations of Tertiary Lavas

The aim of this section is to describe the main geochemical characteristics of the Ter
tiary lavas and identify any significant differences between the regional data sets. The 
Tertiary lava data comes from 3 regions in Iceland: North (~100 samples). Northwest
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(^700 samples) and East (~500 samples). The sample locations are shown in figure 5.6. 
Most of the data was produced by G. Fitton at the University of Edinburgh. Data from 
a small subset of samples from the Northwest Tertiary data set has been published by 
Hardarson et al. (1997). The East Iceland data is supplemented by a recent published 
study by Kitagawa et al. (2008; ~100 samples). The aim of comparing the major and 
trace elements signatures for each of the Tertiary regions is to establish whether it is 
valid to use all the regional data as one dataset to represent the geochemical signature 
of the Tertiary.

A variety of rock types exist in the Tertiary in association with several central volcanic 
complexes, but the data presented here are biased by sampling ‘trap’ lavas only. Further 
work is in progress on a series of samples collected from a central volcanic complex in 
western Iceland (chapter 8). The Northwest and East (G. Fitton) data sets contain 
several hundred samples whereas the other two datasets only include up to 100 samples. 
These Tertiary lavas are predominantly tholeiitic basalts with only a small number 
of samples plotting with alkaline compositions (figures 5.6 and 5.7). The greatest 
variability in composition is shown in the Northwest Tertiary and East Tertiary data 
from G. Fitton, but these are also much larger data sets compared to the North Tertiary 
and East (Kitagawa et al., 2008) data. There are a few slightly more evolved samples in 
the East and Northwest data sets and these are excluded for geochemical comparison 
by specifying that MgO wt% is greater than 4%. There are relatively few samples 
classified as part of the alkaline series. This is an important observation indicating 
that either there was relatively little alkaline volcanism during the Tertiary or relatively 
few alkaline lava flows are preserved as a result of the process of crustal accretion (see 
discussion section 5.5).

The North Tertiary and East (Kitagawa et al., 2008) Tertiary data produce well defined 
trends for the major elements (figures 5.8 and 5.10), very similar to those observed in 
the Skagafjordur Quaternary lavas. Fe, Ti, Mn and P all show straight line increasing 
trends for decreasing Mg produced by fractional crystallisation. The high Fe and Ti 
concentrations indicate that magnetite has not crystallised out of the melt. Mn and 
P are incompatible and behave as expected, increasing in concentration with decrease 
in Mg. Straight line decreasing trends for decreasing Mg are observed for Ca and Al, 
produced by the removal of gabbro during fractional crystallisation.

The North Tertiary data has very few outlying samples from the crystallisation trends 
described above. The most notable exception are several samples that have high Al and 
low Ti and Fe compositions. These characteristics are associated with the accumulation
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Figure 5.6: (a) shows sample locations for Northwest Tertiary data (G. Fitton) and East 
Tertiary data (Kitagawa et al., 2008). The North and East Tertiary data from G. Fitton 
do not have exact locations - the labels are placed in the regions sampled. The total alkali- 
silica classification for north Tertiary samples (G. Fitton) is shown in (b). Key: Northwest 
(blue squares), North (red circles), East (G. Fitton - black triangles, Kitagawa et al., 2008 - 
white triangles). Classification: Le Maitre et al. (1989); Alkaline-Tholeiite divide: Irvine and 
Baragar (1971).



Chapter 5: Crustal Accretion at Iceland 115

(a) 8

O
^  4 H 
+

O

(b)

(A
®
(Pw
cac

0

8

0

n)

6 -

O
^4H 
+

O .
2  2 H

u

o(O
0)c
rt
<

/  Taphiite

40

Basanite
(0l>10%)

basan

Andesite
Basaltic
andssitoPicro- ^

Tholeiite Series
T
50

SiOa (wt%)

/  Tephrit# 
'  (0f<10%)

Basanits 
(0l>10%),

basan

Andcsn*
Basaltc
andesitoPicro-

basait

Tholeiite Series 
T----------------------- r

40 50
SiOg (wt%)
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Tertiary data  respectively. Key: Northwest (blue squares), East (G. Fitton - black triangles, 
Kitagawa et al., 2008 - white triangles). Classification: Le Maitre et al. (1989); Alkaline- 
Tholeiite divide: Irvine and Baragar (1971).
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of plagioclase feldspar during storage in the crust. Significant effects on trace element 
compositions of plagioclase accumulation are essentially limited to increases in Sr and 
Eu concentrations. Neither of these elements are used for comparison with the rest 
of Iceland. A few samples show evidence of mixing with evolved, low Ti compositions 
such as during crustal assimilation of rhyolites.

As noted for the total alkali-silica diagrams the greatest variability in composition is 
observed in the two larger datasets from northwest and east Iceland (G. Fitton). The 
Northwest data shows the most scatter, with a significant number of samples influenced 
by mixing with rhyolitic compositions. A large number of samples show evidence of 
accumulated plagioclase with high A1 and low Fe and Ti. Several samples from the 
Northwest, that are associated with the extinct Skagi rift, exhibit exceptionally high P 
compositions. It is not clear why these samples are so high in P, but the trend cannot 
be made by fractional crystallisation or crustal assimilation of evolved compositions.

The East Tertiary data does not show as much scatter as the Northwest data, but 
there is still a reasonable number of samples showing evidence of the assimilation of 
rhyolitic material. Mixing is observed as decreasing trends in Ti and Fe compositions 
for decreasing MgO. High A1 compositions indicate the accumulation of plagioclase as 
observed in the other Tertiary data. Several samples have exceptionally high MnO 
concentrations.

Figures 5.11 to 5.13 show some of the incompatible trace element variations with 
MgO wt%. The single element plots of the immobile incompatible elements (Nb, 
Zr and Y) produce increasing trends for decreasing MgO for all the Tertiary regions, 
as would be expected from partial melting and fractional crystallisation. Again the 
greatest scatter is observed in the larger datasets from Northwest and East Iceland (G. 
Fitton), however the scatter is less pronounced than in the major element data. The 
only significant excursion from the main trend lines is a group of samples from the up
per part of the Northwest Tertiary, related to the extinct Skagi rift. These Northwest 
samples show very high Nb values compared to the rest of the Northwest data. This 
trend cannot be made by fractional crystallisation or by crustal assimilation of more 
evolved material; it is not clear how these compositions were made.

For the mobile incompatible elements Sr, Rb and Ba, significant scatter is observed for 
all data sets. This scatter is much more than is observed for the Skagafjordur lavas 
in section 3.5. Again, the larger datasets from Northwest and East Iceland exhibit 
the greatest variability. The mobile element concentrations in the Tertiary lavas have
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been strongly influenced by hydrothermal alteration or interaction with hydrothermally 
altered crust. The large anioimt of scatter compared to young lavas from Skagi is consis
tent with Tertiary lavas having undergone burial following emplacement, and therefore 
being exposed to more episodes of hydrothermal alteration before being exposed at the 
surface. Excursions to very high Sr concentrations reflect the accumulation of plagio- 
clase feldspar. Significant scatter for mobile elements in the Tertiary is expected from 
Walker’s (1960) observations of abundant zeolite filled vesicles in Tertiary lavas from 
the northwest and far east Iceland.

The trace element ratios Nb/Y and Zr/Y can be used to minimise the effects of crustal 
processes such as fractional crystallisation and hydrothermal alteration and allow in
formation about melting processes to be obtained (section 4.3). A slight increase is 
observed in both ratio values for decreasing MgO and this is particularly evident in 
the Zr/Y ratio for the North Tertiary data. The North Tertiary shows little evidence 
of crustal assimilation of rhyolites and therefore, this increasing trend is probably the 
result of a slight difference in the partition coefficients of Zr and Y during fractional 
crystallisation. The same increasing trend is observed in Northwest and East tertiary 
data, however in this case part of this increase could be attributed to crustal assimi
lation of rhyolites, particularly for the Northwest Tertiary. Zr/Y  exhibits a relatively 
narrow range of values with most Tertiary data plotting between 3 and 5. East Iceland 
has some samples with higher Zr/Y, up to 6, which are likely to reflect the range of 
compositions from mantle melting rather than crustal processes. For Nb/Y a rela
tively narrow range of values is observed for North Tertiary, however there are some 
significant differences in the Northwest and East data sets. The Nb concentrations 
are slightly higher for East Tertiary data donated by G. Fitton compared to the Kita
gawa et al. (2008) data, and slightly higher for the Northwest samples associated with 
the extinct Skagi rift compared to samples associated with the Northwest Iceland rift. 
These differences are particularly clear when calculating the Nb/Y ratio. The two data 
sets from east Iceland cover a similar range of ages so the difference in Nb cannot be 
attributed to temporal variations. The East Iceland data from Kitagawa et al. (2008) 
is obtained by ICP-MS whereas the G. Fitton data is obtained using XRF. Analytical 
problem related to the ICP-MS method could have caused the offset in the Nb data. 
Hardarson and Fitton (1997) attribute the offset in northwest Iceland to a change in the 
mantle source. They suggest that N-MORB source dominates over relatively enriched 
plume mantle in the older Northwest Rift. Because of the inconsistencies shown in the 
Nb/Y ratios for the Tertiary, the Zr/Y ratio is used to compare melting processes with 
other data from Iceland.
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Figure 5.12: Variation diagrams for Tertiary lavas from Northwest Iceland for incompatible 
trace elements and trace element ratios versus MgO wt%. The data is seperated into those 
samples from below the unconformity and therefore related to the older Northwest Iceland 
Rift (blue squares) and those samples from above the unconformity, related to the younger 
extinct Skagi rift (white squares).



Chapter 5: Cnistal Accretion at Iceland 123

^  20

1.0
0.8

^  0.6 H
Z 0.4

0.2 -\

0.0 
0

MgO (wt%)

125 -

“I r
2 4 6 8

MgO (wt%)

MgO (wt%)
J _______ I_______ I_______ L

-|--------- 1----- 1------- r
2 4 6 8

MgO (wt%)
10

500 - 
400 -

9-300 -

N

400 -

MgO (wt%)

E 300 -

200  -

100  -

MgO (wt%)

MgO (wt%)

MgO (wt%)

Figure 5.13; Variation diagrams for Tertiary lavas from East Iceland (G. Fitton - black 
triangles, Kitagawa et al., 2008 - white triangles ) for trace elements and trace element ratios 
versus MgO wt%.



124 Chapter 5: Crustal Accretion at Iceland

1000

2100

fN
fN

O O o o

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 5.14: Average REE concentrations (n=96; ±1 S.D.) for East Tertiary samples from 
Kitagawa et al. (2008). The data set includes only basalts with greater than 4 wt% MgO. The 
shaded region covers the range of individual data values. REE concentrations are normalised 
to MORB source mantle, M'^Kenzie and O’Nions (1991).

Rare Earth Element concentrations for East Tertiary data are shown in figure 5.14 
(Kitagawa et al., 2008). The East Tertiary lavas exhibit light REE enrichment, pro
ducing a relatively steep REE pattern (section 5.4). Light REE enrichment is indicative 
of a strong influence of deep mantle melting in the presence of garnet. The East Ter
tiary REE also exhibit relatively high absolute concentrations, which may result from 
small degrees of melting or significant fractional crystallisation.

Figure 5.15 compares the distribution of Ti02 and Zr/Y values for the Tertiary data 
from different regions across Iceland. The Northwest Tertiary samples have a slightly 
depleted distribution compared to the other regions. This observation for Ti02 is the 
result of a mixing process involving evolved compositions with low Ti, such as the 
assimilation of rhyolites. The difference in Zr/Y for the Northwest Tertiary compared 
to other Tertiary samples is caused by consistently lower values exhibited by the set 
of samples from the Northwest Iceland rift (figure 5.12). Following these observations, 
and the large amount of scatter observed in major and trace element data from the 
Northwest Tertiary, the Northwest data is not included in the data set for comparison 
with Quaternary data from different features across Iceland.
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5.4 G eochem ical Comparisons

The aim of this section is to compare the geochemical signature from Tertiary lava flows 
with more recent activity on Iceland, inchiding the main rift zones, off-axis features, 
Skagi Quaternary lavas and dykes from across northern Iceland. Our understanding 
of the variation in the melting process beneath the presently ax;tive volcanic zones is 
significantly better than our understanding of which mantle processes were influential 
in the formation of Tertiary lava flows. The geochemical comparisons provide new 
insights into the composition of mantle melts and the melting regime in the Tertiary.

The major and trace element investigation into the Tertiary data sets in the previous 
section showed that they all have similar geochemical signatures, with the Northwest 
and East Tertiary data showing more scatter than the North. W ith consideration of the 
density of samples plotting outside of the main trend and the comparison between the 
three regions it was concluded that the North and East Tertiary data would provide a 
useful representation of Tertiary compositions for the purposes of a general comparison 
with the rest of Iceland. Only Nb exhibits signiflcant differences between data sets, 
therefore the Nb/Y ratio will not be used in the comparative study. For the purposes 
of a preliminary study of crustal accretion processes only general similarities and dif
ferences between the Tertiary and other areas from across Iceland will be considered. 
The data will therefore not be analysed in the same detail as the new Skagi data.

The geochemical comparisons are shown in figures 5.17 to 5.37. Each comparison shows 
sample locations, the total alkali-sihca diagram, cumulative percentage frequency di
agrams for Ti02 concentration and Zr/Y ratio, and the variation of Ti02 and Zr/Y 
with MgO. The data are filtered to remove any samples with less than 4 wt% MgO so 
that only basaltic samples are included. The total-alkali silica diagram is important 
to show which series (alkaline or tholeiitic) the comparative samples are associated 
with because the majority of the Tertiary samples plot as tholeiitic basalts as shown in 
the previous section. High Fe-Ti basalts are characteristic of several areas in Iceland 
including Skagi and the Eastern Volcanic Zone reflecting a melting and fractional crys
tallisation signature. Comparison of the Ti02 concentrations is used to identify major 
similarities or differences that may exist in the melting and fractional crystallisation 
processes. Ti is incompatible during melting and fractional crystallisation and is only 
removed from the melt by the crystallisation and removal of magnetite, a phase with 
a high partition coefficient for Ti. Zr and Y are incompatible elements with similar 
partition coefficients in all phases during melting and fractional crystallisation except
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garnet. The distribution of Zr/Y  ratio values is therefore used to compare the degree 
of melting and the influence of deep mantle melting. Section 5.4.6 presents the re
sults of a simple statistical test on the similarity between the distribution of Tertiary 
data and the distribution of the comparative dataset for Ti02 and Zr/Y as shown in 
the cumulative % frecjuency diagrams. The REE concentrations are plotted for each 
area compared to the East Tertiary data (Kitagawa et al., 2008) again to compare the 
melting process.

Before differences in melting are identified using trace element and REE signatures, the 
possible effects of source variation must be addressed. It is now widely accepted that the 
MORB source mantle is heterogeneous on short length scales (Maclennan, 2008a) with 
no significant correlation with isotopes and distance from the plume centre for example. 
The important observation in terms of isotopes is to ensure that the data plots within 
the Icelandic range. Figure 5.16 taken from Hardarson et al. (1997) shows that the bulk 
of the Tertiary (west, north and east) plot within the range of the neovolcanic zones, 
with just a few samples plotting with higher ®̂ Sr/®®Sr. ®^Sr/*®Sr can be subject to 
hydrothermal alteration so this is not a significant difference. The Northwest Tertiary 
samples associated with the old Northwest Iceland Rift (below the unconformity) again 
plot within the range of neovolcanic '̂^^Nd/^^^Nd, but have higher *^Sr/*®Sr for those 
values. From the Nb concentrations in section 5.3, there may a differing source for 
the older Northwest Iceland Rift. However, the higher ®̂ Sr/®®Sr could reflect a greater 
chance of hydrothermal alteration associated with older rocks that have undergone 
slightly deeper burial, exposed due to longer erosion and weathering.

N W T e i t M r y  
(batcMr i«KortonnMy}

o Ntowtcanic *
V W, N t  E Twfciiy ^

A  NW Twtaiy (!>••□<« unc.)
0.5129

0.7028 0.7030 0.7032 0.7034 0.7036

"SrrSr

Figure 5.16: Variation in '̂*'^Nd/^^^Nd and ®̂ Sr/®®Sr in lavas from different areeis of Tertiary 
crust and the neovolcanic zones in Iceland. Taken from Hardarson et al. (1997), including 
data from Hemond et al. (1993), Nicholson (1990), Furman et al. (1991), Elliot et al. (1991), 
Hardarson (1993) and Zindler et al. (1979).

A comparison is made between the Tertiary and several different areas across Iceland
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with the aim of showing that the estabhshed neovolcanic zones, including the northern 
part of the Northern Volcanic Zone and the Western Volcanic Zone, have a broadly 
different chemistry to the Tertiary. Tertiary lavas have a very similar trace element 
signature to central Iceland and off-axis volcanism. The similarities with central Iceland 
are probably the result of a similar plume influence on the Tertiary rift and present 
Northern Volcanic Zone. Refer to section 4.2.3 for a table of compiled published data 
used for the geochemical comparisons.

5.4.1 Tertiary versus N eovolcanic Zones

The first comparison is made with the well established neovolcanic Zones: Northern 
Volcanic Zone (northern and central) and Western Volcanic Zone. Both these zones 
have been active for several million years (6- 8 Ma) and therefore have a fully established 
temperature structure and melting region. The Western Volcanic Zone (figure 5.17) 
samples are largely postglacial with most of the data from Sinton et al. (2005). The 
Grmisnes system is excluded from the Western Volcanic Zone data as it is situated 
off-axis from the Western Volcanic Zone and is compared to the Tertiary in section 
5.4.2. All the Western Volcanic Zone samples plot as tholeiitic basalts. The Western 
Volcanic Zone exhibits much lower concentrations of Ti02 compared to the Tertiary 
and a lower distribution of Zr/Y values. The lower skew to both these distributions 
represents samples from the Reykjanes peninsula which is known to erupt lavas very 
depleted in incompatible elements. The variation of Ti02 and Zr/Y with MgO shows 
that the Western Volcanic Zone samples generally have higher MgO concentrations. 
For the same MgO composition, the Tertiary has a similar range of Ti02 values, with 
only a few samples plotting higher, but has a distinctly higher range of values of Zr/Y 
compared to the Western Volcanic Zone. The difference in Zr/Y reflects a change in 
the composition of the mantle melts.

The REE from the Western Volcanic Zone (Kokfelt et al., 2006) are also very different 
from the Tertiary with a less inclined pattern than the Tertiary. This pattern could 
result from a greater influence of deep mantle melting in the Tertiary melting regions 
compared to the Western Volcanic Zone or the result of a heterogeneous mantle source 
(flgure 5.18). The overall concentrations are much lower for the Western Volcanic 
Zone, especially for light REE, which is consistent with a lesser influence of deep 
mantle melting. It is unlikely that the enriched compositions observed for the Tertiary 
compared to the Western Volcanic Zone are the result of a significantly smaller degree of
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melting because the samples are in general taken from large volume lava flows associated 
with old established volcanic zones similar to the presently active Northern Volcanic 
Zone.

The northern part of the Northern Volcanic Zone (figure 5.19) comprises data from 
the Theistareykir and Krafla volcanic systems. The data show a similar geochemical 
signature to the Western Volcanic Zone. The Northern Volcanic Zone samples plot 
as part of the tholeiite series with nearly all samples plotting as basalts on the TAS 
diagram and 4 samples plotting as basaltic andesites. The Ti02 concentrations provide 
a much lower distribution in general than the Tertiary with a skew towards lower 
values which reflects postglacial samples. The Zr/Y ratio distribution has a similar 
distribution to the Ti concentrations, again lower than the Tertiary, probably indicating 
a significant difference in the degree and increase in the depth of melting. However, 
the possible contribution of source variation must be considered. The variation of Ti02 
and Zr/Y with MgO shows that the Tertiary plots with a significantly higher range 
of Ti02 values for the same MgO, particularly at low MgO compositions <6 wt%. 
Many of the samples from the Northern Volcanic Zone plot with lower Zr/Y compared 
to the Tertiary for the same MgO composition. However, a significant number of 
samples overlap with the lower range of Zr/Y from the Tertiary. The depleted high 
MgO samples from the Northern Volcanic Zone belong to postglacial volcanism, as 
discussed in section 4.3.2. The REE, similar to the Western Volcanic Zone, show a less 
inclined pattern for the Northern Volcanic Zone compared to the Tertiary, with lower 
concentrations overall (figure 5.20). However, there is slightly more overlap with the 
Tertiary compared to the Western Volcanic Zone comparison. The lower concentrations 
and lack of light REE enrichment are clearly influenced by the postglacial geochemical 
signature (section 4.3.2).

The southern part of the Northern Volcanic Zone (central Iceland) comprises data from 
the Askja and Kverkfjoll volcanic systems and Herdubreid, situated up to 100 km north 
of the plume centre (figure 5.21). All the samples plot as tholeiitic basalts on the total 
alkali-silica diagram. The Ti02 concentrations show a slightly lower distribution for 
central Iceland than the Tertiary and this is also observed in the variation of Ti02 
with MgO. The Zr/Y ratio distribution is very similar for the Tertiary and central 
Iceland samples, with central Iceland samples plotting slightly lower. The variation of 
Zr/Y with MgO clearly shows the central Iceland samples plotting in the middle of 
the range of Tertiary data. The difference in the Ti02 concentrations may therefore 
reflect difference in the fractional crystallisation process since the Zr/Y ratios indicate 
similar mantle melting regimes. The REE for central Iceland exhibit a more inclined
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pattern than the northern part of the Northern Volcanic Zone, which is similar to the 
Tertiary (figure 5.23). The absolute concentrations are lower than the Tertiary which 
again may reflect a difference fractional crystallisation.

Further comparisons between central Iceland and the Tertiary for Sm/Yb and Nb/Y 
are shown in figure 5.22. For the same MgO composition, the central Iceland samples 
plot within the range of values for the Tertiary for both Sm/Yb and Nb/Y. It is not 
surprising to see that the East Iceland Sm/Yb values correlate exceptionally well with 
central Iceland because much of the East Tertiary samples come from lava fiows erupted 
during the first 5 million years of activity on the Northern Volcanic Zone. The Tertiary 
samples also come from a comparable latitude to central Iceland i.e. in line with the 
spreading direction (figure 5.40). The Nb/Y values for central Iceland plot within 
the top half of the range of values from the Tertiary, for the same MgO composition. 
The significant range of samples plotting lower is caused by the significant difference 
in Nb between the two East Tertiary data sets, discussed in section 5.3. It is still 
useful to observe that central Iceland correlate with a significant proportion of the 
East Tertiary data. The strong similarity between central Iceland and the Tertiary 
samples is discussed further in section 5.5.

The Eastern Volcanic Zone is relatively young (approximately 3 Ma) compared to the 
Northern and Western Volcanic Zones and therefore, the melting region is not yet 
fully developed. This results in a significantly different geochemical signature to the 
established neovolcanic zones. The Eastern Volcanic Zone is compared to the Tertiary 
data in figure 5.24. Most of the Eastern Volcanic Zone samples plot as basalts, with 
around 50% plotting as part of the alkaline series and many of the tholeiitic samples 
plot close to the boundary and would be described as transitional. The alkaline nature 
of the volcanism is not in agreement with the flows sampled by the Tertiary data which 
are almost all tholeiitic basalts. It is therefore clear that the initial flows erupted by a 
new rift axis are not preserved at the surface in the top 2 km. The Eastern Volcanic 
Zone exhibits a similar range of Ti02 values to the Tertiary and higher values of 
Zr/Y for the same MgO composition. The REE patterns are very similar, showing 
light REE enrichment and a strong influence of deep mantle melting (figure 5.25). 
The significantly higher Zr/Y for the Eastern Volcanic Zone may result from much 
smaller degrees of melting, confirmed by the generally alkaline/transitional nature of 
the volcanism. There are a few Tertiary samples which overlap with the high Zr/Y 
values from the Eastern Volcanic Zone. These Tertiary samples are the few alkaline 
basalts from the East Tertiary dataset shown in figure 5.7.
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Figure 5.17: Diagrams comparing Tertiary data with the Western Volcanic Zone, (a) and
(b) show the sample locations and total alkali-silica diagram for the Western Volcanic Zone.
(c) and (d) are cumulative % frequency diagrams for Ti02 wt% and Zr/Y  ratio: Tertiary - 
green, Western Volcanic Zone - black, (e) and (f) show the variation in Ti02 wt% and Zr/Y  
with MgO wt% for the Western Volcanic Zone (white diamonds) and the Tertiary (green 
squares).
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Figure 5.18: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et al., 2008; n=96) and Western Volcanic Zone (white diamonds; Kokfelt et al., 
2006; n—20), normahsed to MORB source mantle (McKenzie and O’Nions, 1991). The striped 
area covers the range of East Tertiary data  and the solid grey area covers the range of Western 
Volcanic Zone data.
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Figure 5.19: Diagrams comparing Tertiary data with the Northern Volcanic Zone (The- 
istareykir and Krafla systems), (a) and (b) show the sample locations and total alkali-silica 
diagram for the Northern Volcanic Zone, (c) and (d) are cumulative % frequency diagrams 
for T i02 wt% and Z r/Y  ratio: Tertiary - green, Northern Volcanic Zone - blue, (e) and (f) 
show the variation in T i02 wt% and Z r/Y  w ith MgO wt% for the Northern Volcanic Zone 
(blue squares) and the Tertiary (green squares).
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Figure 5.20: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et al., 2008; n=96) and Northern Volcanic Zone (Theistareykir and Krafla systems; 
blue squares; n=145), normalised to MORB source mantle (M^^Kenzie and O’Nions, 1991). 
The striped area covers the range of East Tertiary data and the solid grey area covers the 
range of Northern Volcanic Zone data.
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Figure 5.21: Diagrams comparing Tertiary data with the central Northern Volcanic Zone, 
(a) and (b) show the sample locations and total alkali-silica diagram for the central Northern 
Volcanic Zone, (c) and (d) are cumulative % frequency diagrams for Ti02 wt% and Zr/Y 
ratio: Tertiary - green, central Northern Volcanic Zone - blue, (e) and (f) show the variation 
in Ti02 wt% and Zr/Y with MgO wt% for the central Northern Volcanic Zone (blue squares) 
and the Tertiary (green squares).
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Figure 5.22: Sm /Y b and N b/Y  variations with MgO wt% for the central Northern 
Volcanic Zone (blue squares) and the Tertiary (green squares). The Sm /Y b d a ta  for 
the Tertiary is only available for East Iceland (Kitagawa et al., 2008).

Figure 5.23: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et al., 2008; n=96) and central Northern Volcanic Zone (blue squares; n=79), 
normalised to MORB source mantle (M'^Kenzie and O’Nions, 1991). The striped area covers 
the range of East Tertiary data and the solid grey area covers the range of central Northern 
Volcanic Zone data.
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Figure 5.24: Diagrams comparing Tertiary data with the Eastern Volcanic Zone, (a) and (b) 
show the sample locations and total alkali-silica diagram for the Eastern Volcanic Zone, (c) 
and (d) are cumulative % frequency diagrams for T i02 wt% and Zr/Y  ratio: Tertiary - green, 
Eastern Volcanic Zone - black, (e) and (f) show the variation in Ti02 wt% and Zr/Y  with 
MgO wt% for the Eastern Volcanic Zone (white triangles) and the Tertiary (green squares).
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Figure 5.25: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et al., 2008; n=96) and Eastern Volcanic Zone (white triangles; n=26), normalised 
to MORB source mantle (M'^Kenzie and O’Nions, 1991). The striped area covers the range 
of East Tertiary data and the solid grey area covers the range of Eastern Volcanic Zone data.
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5.4.2 Tertiary versus Off-axis V olcanism

A comparison is made between the Tertiary data and off-axis volcanic systems and 
features to assess the preservation potential and possible contribution to the Tertiary 
lava pile off-axis volcanism could make. Off-axis volcanism is not addressed in the 
Palmason model of crustal accretion at Iceland. Considering the predicted transport 
of material downwards and outwards from the centre of the rift axis it suggests that 
present day off-axis volcanic centres will not be easily buried by subsequent lava flows 
and will remain at the surface as the crust spreads away from the axis. The preservation 
of these volcanic centres will be controlled by erosion.

Gn'msnes is an off-axis volcanic feature associated with the Western Volcanic Zone, 
situated approximately 15 km east of the main volcanic systems. It is characterised 
by tholeiitic basalts as shown by the total alkali-silica diagram (figure 5.26). There
are relatively few (16) samples for Grimsnes that have been analysed for geochemistry
with only two samples that have REE concentrations analysed. The distributions of 
Ti concentrations and Zr/Y ratios for Grmisnes lie well within the Tertiary data. The
Ti concentrations from Grimsnes are at the lower end of the range of values shown
by the Tertiary, correlating well with the variation with MgO. The Zr/Y ratio from 
Grimsnes covers the higher Zr/Y values shown by the Tertiary, however, Grimsnes 
plots significantly higher for Zr/Y for the same MgO composition from the Tertiary. 
The two sets of REE data for Grimsnes show slightly more light REE enrichment 
compared to the Tertiary (figure 5.27). The two Grimsnes samples have low absolute 
values within the range of the Tertiary and, together with the low Ti concentrations, 
this observation may reflect differing fractional crystallisation processes compared to 
the bulk of the Tertiary. These geochemical characteristics provide good evidence that 
any material that was produced just off-axis may be preserved in the exposed Tertiary 
crust and this conclusion is consistent with the observation of the potential transport 
of off-axis material according to Palmason’s model.

Snaefellsnes volcanic belt is a much larger off-axis volcanic system than Grimsnes lo
cated on the Snaefellsnes peninsula in western Iceland. Snaefellsnes activity is sepa
rated from the main rift zones by a minimum of 50 km. The 27 basalt samples plot 
mostly as tholeiitic basalts with just 6 samples plotting within the alkaline series (fig
ure 5.28). Snaefellsnes is well known for its alkaline volcanism suggesting that the 
samples in the database may be biased towards tholeiites. The Ti02 concentrations 
for Snaefellsnes exhibit a very similar distribution to the Tertiary data and correlate 
well with the variation in Ti02 with MgO. The Zr/Y  ratios are significantly different
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with much higher skew than the Tertiary data and a much wider range of vahies. The 
higher Zr/Y vahies will reflect the more alkaline samples as they represent small degree 
deep melts. The REE concentrations are also skewed by the alkaline nature of some of 
the samples showing a more pronounced light REE enrichment than the Tertiary pro
ducing a steeper REE pattern on average indicating a strong influence by deep mantle 
melting (figure 5.29). The Snaefellsnes REE values remain within the Tertiary range. 
These observations suggest that it is entirely reasonable that this distinctly off-axis 
material may be preserved at the surface. However, since it is known that Snaefellsnes 
is dominated by alkaline volcanism and this is not the case for the Tertiary; off-axis 
material, if preserved, may only form a small part of the exposed Tertiary crust.

Snaefell is a volcanic centre located in central-east Iceland at the northern tip of a flank 
volcanic zone stretching down to Oraefajokull. It is situated approximately 25 km off- 
axis, east of the central part of the Northern Volcanic Zone (Kverkfjoll system). It is 
characterised by a bi-modal distribution of lavas with a broadly alkaline-transitional 
and a broadly tholeiitic-transitional group of basalts as shown in figure 5.30 by the total 
alkali-sihca diagram. The Ti02 concentrations and the trace element signature are very 
similar to Snaefellsnes. The Ti02 distribution is very similar to the Tertiary, with a 
similar range of values for the same MgO composition. The bi-modal distribution of 
compositions at Snaefell is reflected in the Zr/Y  values, with very high values for the 
alkaline series and similar values to the Tertiary for the tholeiitic series. The REE 
for Snaefell show slightly more light REE enrichment than the Tertiary data, but the 
values remain broadly within the Tertiary range (figure 5.31). This REE pattern is 
consistent with the effects of the alkaline samples on the whole data set from Snaefell. 
Again, these observations are consistent with the idea that off-axis material can be 
preserved, but may only form a small proportion of the exposed Tertiary crust.
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Figure 5.26: Diagrams comparing Tertiary data with the Grimsnes system associated with 
the Western Volcanic Zone, (a) and (b) show the sample locations and total alkali-silica 
diagram for Grimsnes. (c) and (d) are cumulative % frequency diagrams for Ti02 wt% and 
Zr/Y ratio: Tertiary - green, Grimsnes - black, (e) and (f) show the variation in Ti02 wt% 
and Zr/Y with MgO wt% for Grimsnes (black squares) and the Tertiary (green squares).
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Figure 5.27: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et aL, 2008; n=96) and Grimsnes (black squares; n—2), normalised to MORB source 
mantle (M'^Kenzie and O’Nions, 1991). The striped area covers the range of East Tertiary 
data and the solid grey area covers the range of Grimsnes data.
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Figure 5.28: Diagrams comparing Tertiary data with the Snaefellsnes volcanic zone, (a) and
(b) show the sample locations and total alkali-silica diagram for the Snaefellsnes volcanic zone.
(c) and (d) are cumulative % frequency diagrams for T i02 wt% and Zr/Y  ratio: Tertiary - 
green, Snaefellsnes volcanic zone - purple, (e) and (f) show the variation in Ti02 wt% and 
Zr/Y  with MgO wt% for the Snaefellsnes volcanic zone (purple triangles) and the Tertiary 
(green squares).
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Figure 5.29: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et al., 2008; n==96) and Snaefellsnes volcanic zone (purple triangles; n=17), nor
malised to MORB source mantle (M'^Kenzie and O’Nions, 1991). The striped area covers the 
range of East Tertiary data  and the solid grey area covers the range of Snaefellsnes volcanic 
zone data.
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Figure 5.30: Diagrams comparing Tertiary data with the Snaefell volcanic centre associated 
with the Oraefajokull system, (a) and (b) show the sample locations and total alkali-silica 
diagram for Snaefell. (c) and (d) are cumulative % frequency diagrams for Ti02 wt% and 
Zr/Y ratio: Tertiary - green, Snaefell - brown, (e) and (f) show the variation in Ti02 wt% 
and Zr/Y with MgO wt% for Snaefell (brown circles) and the Tertiary (green squares).
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Figure 5.31: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et al., 2008; n=96) and Snaefell (brown circles; n=26), normalised to MORB source 
mantle (M'^Kenzie and O’Nions, 1991). The striped area covers the range of East Tertiary 
data and the solid grey area covers the range of Snaefell data.
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5.4.3 Tertiary versus Storaviti

Storaviti is one of the largest lava flows from the neovolcanic zones at Iceland, forming 
a post-glacial lava shield associated with the Theistareykir system in the Northern 
Volcanic Zone. The geochemical signature compared to the Tertiary data is shown in 
figure 5.32. All the samples plots as tholeiitic basalts. The Ti02 and Zr/Y distributions 
and variations with MgO are clearly much lower than the Tertiary data, indicating 
that Storaviti is much more depleted in incompatible elements. The absolute REE 
concentrations are much lower and exhibit a much flatter REE pattern than the East 
Tertiary data with a distinctive positive Europium anomaly (figure 5.33). The Eu 
anomaly probably reflects accumulated plagioclase during melt residence and transport.

Hardarson and Fitton (1997) observed that only the largest lava flows that escape the 
rift axis will be preserved in the exposed Tertiary crust according to Palmason’s model 
of crustal accretion (section 5.2). Although Hardarson and Fitton concluded that any 
large lava flows from the neovolcanic zones show consistent chemistry with Tertiary 
lavas, such consistency is not observed between the Tertiary and Storaviti. This issue 
is discussed further in section 5.5.
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Figure 5.32: Diagrams comparing Tertiary data with Storaviti lava shield from the The- 
istareykir system, (a) and (b) show the sample locations and total alkali-silica diagram for 
Storavi'ti. (c) and (d) are cumulative % frequency diagrams for T i02 wt% and Zr/Y ratio: 
Tertiary - green, Storaviti - black, (e) and (f) show the variation in T i02 wt% and Zr/Y 
with MgO wt% for Storaviti (white squares) and the Tertiary (green squares).
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Figure 5.33: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et al., 2008; n=96) and Storaviti (white squares; n=25), normalised to MORB 
source mantle (M'^Kenzie and O’Nions, 1991). The striped area covers the range of East 
Tertiary data  and the solid grey area covers the range of Storaviti data.
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5.4.4 Tertiary versus E xtinct Skagi R ift

The new data obtained from the Quaternary lava flows associated with the late stages 
of activity of the extinct Skagi rift are compared to the Tertiary data (figure 5.34). It 
has already been in observed in section 3.5 that there is negligible difference in the geo
chemical signature between the few Tertiary samples collected from the Skagi peninsula 
and the Quaternary flows. This comparison is used to show that the similarity between 
the Skagi Quaternary and Tertiary extends to the whole of the Tertiary dataset.

The tholeiitic basalts from Skagi have a TiOa distribution well within that of the 
Tertiary data, plotting at the higher end of the values. The Skagi samples also have 
a very similar distribution of Zr/Y values. The Ti02 and Zr/Y values for Skagi plot 
within the Tertiary range of data at the same MgO composition. The Skagi REE 
pattern is also very similar to the Tertiary data (figure 5.35). The later stages of a 
rift will be preserved at the surface in older crust according to Palmason’s model. The 
preservation of the last eruptions will be limited by location i.e. they will only be found 
in close proximity to extinct rift axes. The only recognised on-shore extinct rift axis is 
the Skagi-Snaefellsnes rift. The similarity of the geochemical signatures of the Tertiary 
and Skagi Quaternary lavas is discussed in section 5.5.
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Figure 5.34: Diagrams comparing Tertiary data with Quaternary lava flows from the extinct 
Skagi rift, (a) and (b) show the sample locations and total alkali-silica diagram for Skagi. 
(c) and (d) are cumulative % frequency diagrams for T i02 wt% and Zr/Y  ratio: Tertiary - 
green, Skagi - red. (e) and (f) show the variation in T i02 wt% and Zr/Y  with MgO wt% for 
Skagi (red circles) and the Tertiary (green squares).
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Figure 5.35: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et al., 2008; n=96) and Skagi Quaternary lavas (red circles; n=17), normalised to 
MORB source mantle (M*^Kenzie and O ’Nions, 1991). The striped area covers the range of 
East Tertiary data and the solid grey area covers the range of Skagi data.
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5.4.5 D yke Chem istry

New m ajor and trace element da ta  were obtained using XRF at the University of 
Edinburgh for 24 dyke samples donated by S. Garcia from the Garcia et al. (2003) 
study. This new da ta  is combined with 22 dyke samples from the Skagi region and 10 

samples from the Northwest Tertiary to  investigate the variability in dyke chemistry in 
northern Iceland, compared with the Tertiary and the Northern Volcanic Zone. Only 

14 samples from Skagi and the surrounding region were analysed by ICP-MS for REE 
concentrations and these are compared to the East Tertiary data  from Kitagawa et al. 
(2008). The exposure of dykes a t the surface in older crust is not explained by the 
Pahnason model. Most on-axis intrusions will according to the Palmason model be 
advected downwards and outwards from the spreading axis, and will only be exposed 
by erosion if they are intruded and remain within the top 2 km of the crust.

Firstly, the dyke da ta  set is separated by region to  show any major differences in 
dyke chemistry th a t may be related to location (figure 5.36). Fe2 0 3 , T i02, Zr and Nb 
all exhibit broad incompatible element trends showing increase in concentration with 
decrea^sing MgO as would be expected from fractional crystallisation processes. The 
Northwest samples in particular for Fe2 0 3 , T i02 and Zr plot slightly below the main 
trend from the rest of northern Iceland dykes, which may indicate the effects of mixing 
in these samples. Again we see a difference in Nb for the Northwest, plotting within 
the main d a ta  trend for single element concentration, and significantly higher for N b/Y  
than  the rest of the data. This Nb problem is discussed in section 5.5. The Zr/Y  ratio 
plots similar to the range shown by the Tertiary d a ta  with values between 3 and 6 
(section 5.3). However, there is a significant group of central northern Iceland samples 
plotting with lower Z r/Y  values which may indicate th a t they represent slightly higher 
degrees of melting than those samples related to  the Northern Volcanic Zone (northeast 
Iceland) and those from the Northwest. For comparison with the Tertiary the samples 

are treated  as a one dataset.

Most of the dykes plot as tholeiitic basalts with one picro-basalt sample (figure 5.37). 

This observation indicates th a t they are not intruded widely off-axis as the dykes 
would then have an alkaline chemistry like Snaefell volcanic centre and Snaefellsnes. 

The geochemical comparison shows th a t the dykes’ Ti02 concentrations and Zr/Y  
ratio compares well with the Tertiary data. This correlation indicates a similar melting 
regime; not unexpected as more than  two thirds of the dyke samples have Tertiary ages. 
The dykes’ REE concentrations show light REE enrichment similar to the Tertiary. On 
average the Tertiary REE pattern  is slightly steeper, but the dyke REE concentrations



154 Chapter 5: Crustal Accretion at Iceland

still lie within the range of the Tertiary (figure 5.38). The similarity in the geochemical 
signature may be due to the fact that many of the dykes are Tertiary age or it could 
be a slightly off-axis signature. This similarity is discussed in section 5.5.

11 dyke samples from Gaxcia et al. (2003) study are related to the Northern Volcanic 
Zone according to the plate spreading velocity model and age constraints (section 
2.1.3). Considering the assumption these dykes are all on-axis intrusions providing the 
basis for the validity of the rift relocation model, it would be expected that they would 
have a similar chemical signature to the Northern Volcanic Zone rift products. Figure 
5.39 shows that this is not the case. The distribution of values for Ti02 concentrations 
and Zr/Y values are much higher for the Northern Volcanic Zone dykes compared to 
lava flows from the Theistareykir and Krafla systems.
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Figure 5.36: Variation diagrams showing MgO wt% versus incompatible major and trace 
element concentrations and ratios for dyke samples from across northern Iceland. Northwest 
samples - blue squares (G. Fitton), central North Iceland - red circles and Northeast Iceland 
- white circles.
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Figure 5.37: Diagrams comparing Tertiary data with dyke intrusions from across northern 
Iceland, (a) and (b) show the sample locations and total alkali-silica diagram for dyke in
trusions. (c) and (d) are cumulative % frequency diagrams for Ti02 wt% and Zr/Y  ratio: 
Tertiary - green, dykes - black, (e) and (f) show the variation in Ti02 wt% and Zr/Y  with 
MgO wt% for dyke intrusions (white circles) and the Tertiary (green squares).
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Figure 5.38: The average REE concentrations (±1 S.D.) for East Tertiary (green squares; 
Kitagawa et ah, 2008; n=96) and dyke intrusions from across northern Iceland (white circles; 
n=29), normalised to MORB source mantle (McKenzie and O’Nions, 1991). The striped area 
covers the range of East Tertiary data  and the solid grey area covers the range of the dyke 
data.
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Figure 5.39: Cumulative % frequency diagrams comparing (a) Ti02 and (b) Zr/Y  values 
for the Theistareykir and Krafla volcanic systems from the northern part of the Northern 
Volcanic Zone with dykes associated with the Northern Volcanic Zone according to Garcia 
et al. (2003) velocity model, (c) and (d) show the variation of Ti02 wt% and Zr/Y  with 
MgO wt% for dyke intrusions (white circles) and the Northern Volcanic Zone (Theistareykir 
and Krafla systems; blue squares).
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5.4.6 Statistical Analysis

A quantitative analysis of the comparison between the Tertiary and volcanic zones 
and features across Iceland is provided in table 5.1. The Kolmogorov-Smirnov (K- 

S) statistical test is used to determine the probability th a t one distribution of values 
has the same distribution as another. The D  value is the maximum vertical distance 
between two cumulative % frequency distributions and a measure of the difference 
between the two distributions. Small probabilities indicate th a t the two distributions 
are significantly different. The K-S statistical test is good at finding shifts in the 
probability distribution, but not at detecting changes in the spread of the distribution.

Data 1 n l D ata 2 n2 Element D Probability
Western Volcanic Zone 339

332
Tertiary 650

650
Ti02
Zr/Y

0.83
0.86

0.
0.

Northern Volcanic Zone 
Theistareykir & Krajia

246
245

Tertiary 650
650

TiOs
Zr/Y

0.78
0.76

0.
0.

Northern Volcanic Zone 
Central Systems

80
80

Tertiary 650
650

Ti02
Zr/Y

0.71
0.39

5.90 X lO--'^  ̂
2.29 X 10-1“

Eastern Volcanic Zone 72
28

Tertiary 650
650

TiOs
Zr/Y

0.16
0.68

7.68 X 10-'-̂ . 
9.13 X 10-12

Grimsnes 16
16

Tertiary 650
650

TiOs
Zr/Y

0.90
0.56

3.61 X 10-1'-̂ . 
5.29 X 10-^

Snaefell 84
83

Tertiary 650
650

TiOa
Zr/Y

0.18
0.54

1.44 X 10-^. 
2.67 X 10-1®

Snaefellsnes 27
23

Tertiary 650
650

TiOa
Zr/Y

0.42
0.49

1.26 X 10-^
2.26 X 10“^

Skagi Q uaternary 17
17

Tertiary 650
650

TiOs
Zr/Y

0.46
0.15

1.12 X 10-^ 
0.81

Storaviti 27
27

Tertiary 650
650

TiOs
Zr/Y

1.00
1.00

3.27 X 10-^^
3.27 X 10-24

Dykes 53
53

Tertiary 650
650

T i02
Zr/Y

0.23
0.23

2.24 X 10-^. 
8.77 X 10-3

Dykes
Northern Volcanic Zone

11
11

NVZ 246
245

Ti02
Zr/Y

0.99
0.96

3.24 X 10-1°. 
1.18 X 10-®

Table 5.1: Kolmogorov-Smirnov statistical test results for the Tertiary data compared to 
different volcanic zones and features across Iceland. The probability is the probability of the 
null hypothesis, and the null hypothesis is that both distributions are the same. The D value 
is a fraction between 0 and 1.

In general, the results from the K-S test are consistent with the observations presented 
throughout this section. Focusing on the distribution of Z r/Y  values as reasonable 
proxy for the range of compositions of mantle melts from a particular region the best
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conii)arison with Tertiary lavas is given by the Skagi Quaternary lavas. Skagi Qua
ternary lavas have a D value of 0.15 and a probability of 0.81 of having the same 
distribution as the Tertiary. Despite having a similar range of melt compositions it 
is unlikely that they result from the same melting regime, this is discussed in section 
5.5. The probabilities for the neovolcanic zones and off-axis volcanism are very small 
indicating that the overall distributions are significantly different. However, the huge 
difference in sample size must be taken into account. The central systems from the 
Northern Volcanic Zone clearly plot well within the range of Tertiary data for the same 
MgO composition (figure 5.21, but have a very low probability from the K-S test due 
to the low Zr/Y values associated with high MgO compositions not represented in the 
Tertiary. Central Iceland does have a reasonably low D value of 0.39 for  ̂ when 
compared to the other neovolcanic zones. The probability for central Iceland is ex
ceptionally small despite the variation with MgO showing that there is a considerable 
overlap with the Tertiary data. The K-S statistic may not be the most appropriate 
test for this comparison.

5.5 D iscussion

The aim of this section is to discuss the implications of the geochemical investigation 
shown in sections 5.3 and 5.4 with a view to gaining a better understanding of the 
preservation bias introduced by mechanical crustal accretion processes.

The preliminary assessment of the different regions of the Tertiary, used to identify any 
major geochemical differences, indicated a systematic difference in the Nb concentra
tions for the Northwest and East Iceland datasets. The two data sets from east Iceland 
cover a similar range of ages so the difference cannot be attributed to a temporal varia
tion. The G. Fitton data may be from a different location to the Kitagawa et al. (2008) 
data in which case the difference could be related to a difference in melting regime or 
source composition. The other possibility is a systematic error in the precision of the 
data from one of the laboratories because the G. Fitton data was obtained using XRF 
and the Kitagawa et al. (2008) data was obtained using ICP-MS. Errors may have 
been introduced during the preparation of samples for ICP-MS. The difference is also 
observed between the two sets of data from the Northwest which were both analysed at 
the University of Edinburgh. The two datasets from the Northwest relate to different 
rifts which were active over two different time periods. It may be that the two rifts had 
access to slightly different source compositions as suggested by Hardarson and Fitton
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(1997). This Nb difference is also observed within the dyke da ta  with several North
west samples plotting distinctly higher than the bulk of the da ta  from across northern 
Iceland (figure 5.36). There is currently no satisfactory explanation for this difference 

and hence, N b/Y  was not used for comparative purposes.

The Tertiary lavas in general plot as tholeiitic basalts with very few alkaline samples 
preserved in the exposed crust. This may be because there was very little alkaline 
volcanism during the Tertiary, or very little alkaline volcanism was preserved from the 

Tertiary in the exposed crust. However, it could simply be the result of sampling bias 
by location for example, which may have excluded alkaline flows. The Tertiary samples 

are taken from the ‘tra p ’ type lava flows which clearly represent a large proportion of 
the exposed Tertiary crust, and it is im portant th a t we understand how these large 
tholeiitic lava flows were formed in the old rift zones.

The lack of substantial alkaline samples from the Tertiary is consistent with the extent 
of active alkaline volcanism present on Iceland today. The largest volume is produced 
in the Eastern Volcanic Zone, which represents the birth of a rift axis. It is unlikely 
tha t many of the lava flows from early rift axis volcanism will be exposed a t the surface 
as there would be very few if any large lava flows th a t would escape burial by the more 
voluminous tholeiitic volcanism which follows once the rift has been established for a 
few million years. Therefore the few alkaline lava flows which were sampled from the 
Tertiary (Northwest data) are most likely to be from off-axis volcanism such as Snaefell 
volcanic centre or Snaefellsnes.

Hardarson and Fitton (1997) suggested th a t lava flows large enough to escape the rift 
axis would be preserved in the exposed Tertiary crust and showed using the Zr/N b 
ratio th a t the largest flows from the neovolcanic zones have the same chemistry as 
the Tertiary. (Figures 5.4 and 5.5). However, many of the highest (depleted) values 
of Zr/N b deflning the high variability described for small volume lava flows and flows 
within 5 km of the rift axis are found in postglacial lava flows (and other undefined 
data). Storaviti is one of the largest postglacial lava flows erupted as a lava shield 
from the Northern Volcanic Zone. It is clear from figure 5.32 th a t the geochemical 

signature is very different to the Tertiary data. Postglacial volcanism is dominated by 
lava shield morphology essentially formed by one single massive lava flow which can 
be up to 8 km^ in volume. The geochemical signature is generally high MgO, but 
with a dramatically depleted incompatible trace and REE element signature as shown 
by the Storaviti data. This depleted signature results from rapid melting of the upper 
parts of a depleted melting region following rapid decompression caused by deglaciation



162 Chapter 5: Crustal Accretion at Iceland

rather than being a function of volume or location. Postglacial volcanism and related 
chemistry is unique to the neovolcanic zones as there is no evidence of significant icecap 
and glacier formation prior to the Quaternary glaciation. The Storaviti observations 
merely discount postglacial lava flows from Hardarson and F itton’s study (1997). It 
is still very likely that the largest lava flows from the old rift zones were preserved to 
form the exposed Tertiary crust. Fmther investigation is required to compare other 
non-postglacial large volume eruption from the neovolcanic zones to determine whether 
the recent large volume eruptions are similar to the Tertiary large volume flows. The 
effects of glaciation must be taken into consideration when comparing the Tertiary with 
the neovolcanic zones and analysing major differences.

The most significant observation from this study is the similarity in the geochemical 
signature between the Tertiary and central Northern Volcanic Zone data (referred to 
as central Iceland). These volcanic systems from the Northern Volcanic Zone are 
located within the sphere of influence of the plmne centre. Maclennan et al. (2001b) 
studied a series of samples from the Askja system north of the Vatnajdkull icecap. 
The trace element signature is similar to off-a:xis alkaline volcanism however, the melt 
production rate must be the highest in Iceland as the crustal thickness is approximately 
40 km (Darbyshire et al., 1998). Using REE inversion modelling (based on M'^Kenzie 
and O’Nions, 1991), Maclennan et al. (2001b) concluded that this central Iceland 
geochemical signature results from active upwelling related to the plume, which fluxes 
material through the deepest parts of the melting region. This active upwelling is in 
addition to passive plate-driven upwelling. The influence of deep mantle melting on the 
trace element composition is much greater than would be expected for solely passive 
upwelling. The geochemical effect of plume upwelling is limited to approximately 
150 km away from the plume centre (Maclennan et al., 2001b). The similarity between 
central Iceland chemistry and Tertiary chemistry suggests that the bulk of the Tertiary 
data represents lava flows that have been erupted by volcanic systems within the radius 
of influence of the plume centre. Plotting the locations of the Tertiary samples shows 
that this is not an unusual outcome. Figure 5.40 shows a map of Iceland projected so 
that the horizontal axis is parallel to the localised spreading direction. The east Iceland 
samples from Kitagawa et al. (2008) are roughly located along the line of spreading 
from the Askja system and particularly in relation to the samples shown as red squares 
which represent data from Maclennan et al. (2001b). The Northwest samples, which 
have known locations, are all 14 to 16 Ma and are located within the 150 km along 
axis radius of the 15 Ma position of the plume centre. The plume centre at 15 Ma 
was 100 km north of its current position according to the plume track (Jones, 2003).
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Locations will need to bo obtained for the rest of the Tertiary da ta  to ensure tha t this 

proximity to the plume is the case for all existing Tertiary samples.

These qualitative observations suggest th a t the thorough sampling of the Tertiary 

to date has unfortunately been biased by the general sampling region. In order to 
confirm whether or not this is the case, further samples should be collected from areas 
of the Tertiary crust tha t could not have had any influence from the plume such as 
the southerly exposures of the western Tertiary tha t should be related to the pre

glacial Western Volcanic Zone and the most northerly exposures of the eastern Tertiary 
th a t should be associated with the pre-glacial northern part of the Northern Volcanic 

Zone. The geochemical signature of these Tertiary regions should show a more depleted 
signature than th a t exhibited by central Iceland as there is no active upwelling beneath 
th a t part of the volcanic zone. The limited effect of active upwelling in the northern 
part of the Northern Volcanic Zone is clear from the 20 km thick crust (Staples et al., 
1997) compared to a central crustal thickness of 40 km (Darbyshire et al., 1998). A 
reconstruction of plate spreading and a correction of the plume track is required to 
properly assess how the plume could have influenced the active ridges through time.

The comparison of off-axis volcanism with the Tertiary shows a good correlation of 
trace element signature. Snaefell and Snaefellsnes are composed of mostly alkaline 
volcanism and therefore these more extreme off-axis features cannot have made signifi
cant contributions to the Tertiary, which is broadly tholeiitic. Grhnsnes is situated only 
15 km off-axis and exhibits tholeiitic volcanism with a similarly enriched trace element 
signature to the Tertiary. It is reasonable to expect, as an extension to Palm ason’s 
model, tha t any off-axis volcanism will be preserved in the exposed Tertiary crust as 
there is little chance of burial by axial lava flows. Off-axis flows are likely to be small 
volume lava flows th a t are not laterally extensive compared to the big ‘tra p ’ flows 
erupted by the central rift system which have a  similar chemistry to the small off-axis 
flows as described above.

It is also observed th a t there is a broad increase in the alkalinity and the distribution of 
Z r/Y  values of lava flows from off-axis centres with increasing distance from a rift axis. 
This is observed in the Tertiary comparisons w ith Grimsnes (15km), Snaefell (25km) 
and Snaefellsnes (>50km). The light REE enrichment reflects a strong influence of 

deep mantle melting in the presence of garnet. The relative light REE enrichment 
is caused by depletion in the heavy REEs rather than an increase in the light REE 
concentrations. The strong influence of deep mantle melting is consistent with off-axis 
volcanism tapping only the edges of a triangular melting region (see figure 4.18, section
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Distance alcxig spreading flowllne (km)

Figure 5.40: Map of Iceland and the surrounding bathymetry showing the location and 
extent of the active volcanic zones and their individual volcanic systems (As - Askja system); 
data from Einarsson and Saemundsson (1987). The map is projected obliquely so that the 
horizontal axis represents the local spreading direction. Sample locations are shown for 
central Iceland (Blue Squares), East Tertiary (Kitagawa et al., 2008 - White Triangles) and 
Northwest Tertiary (White Squares). The central Iceland samples studied by Maclennan et 
al. (2001b) are shown as red squares. The approximate location of the plume centre over the 
past 30 Ma is also shown (Jones, 2003); in the reference frame of the present day spreading 
axis. Three red circles represent the estimated minimum radius of the geochemical effect of 
the plume for 0, 10 and 20 Ma. FIRE and ICEMELT refer to seismic experiments, and the 
small cross located within the Northern Volcanic Zone on each line is the position of greatest 
crustal thickness (Staples et al., 1997; Darbyshire et al., 1998).

4.3.4). The further the distance from the main melting region, the smaller the degree 
of melting with a greater influence of deep mantle melting. Also, lithosphere thickness 
increases with age resulting in an increase in the average depth of melting. Snaefellsnes 
is clearly a more complex situation because it is not even in the orientation of the main 

rifting and is not thought to exhibit any passive extension.

There are also distinct similarities observed between the youngest lavas from the extinct 
Skagi rift and the Tertiary. Prom the present day geometry of the extinct Skagi rift axis 
and exposed Tertiary crust, it is clear th a t the last eruptions from a dying rift axis will
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remain at the surface and will not be buried as there are no subsequent eruptions from 
the rift. Therefore, axial lava flows from dying rifts will be preserved in the surface 
exposure of old crust. The contribution of dying rifts will be limited by location to 
small volume lava flows, close to the know extinct rift axes. The only on-shore case at 
present is at the Skagi-Snaefellsnes rift. It is likely that another extinct rift axis lies 
off-shore from the Northwest Iceland Rift, but this has not been observed yet.

At least two features present in the exposed Tertiary crust are not explained by the 
Pahnason model of crustal accretion at Iceland: dykes and central volcanoes. Central 
volcanoes only occur in association with fissure systems in present day Iceland. There
fore, Palniason’s model suggests that they should be buried by subsequent lava flows 
from the rift axis. The Tertiary central volcanoes could remain from the death of a rift 
axis, however several centres exist in the exposed Tertiary crust that are apparently 
unrelated to extinct rift axes. Another suggestion is that they are off-axis volcanic 
centres which have escaped burial by subsequent axial lava flows. However, there are 
numerous centres preserved, particularly in northwest Iceland, and although one or 
two may be off-axis this cannot be the correct explanation for them all. For example, 
Reykjadalur Tertiary central volcano in west Iceland (figure 5.2) is composed of tholei- 
itic lavas (Johanesson, 1975), where as off'-axis centres would have a predominantly 
alkaline chemistry similar to Snaefell depending on their distance from the main rift. 
Further geochemical investigation is required to determine the likely tectonic origin of 
these central volcanoes.

The exposure of Tertiary and Quaternary dykes occurs frequently across northern Ice
land. However, according to Palmason’s model any on-axis intrusions would be subject 
to downward and outward crustal drift following emplacement and therefore should not 
be exposed in the Tertiary crust. There are young dykes exposed in Skagi, located rel
atively close to an extinct rift axis and considering the estimated width of a rift zone 
is up to 50 km, the dykes can be assumed to be on-axis intrusions. Because they are 
relatively young (less than 3.3 Ma), they cannot have been subject to 2 km of erosion 
as is the case for older Tertiary lavas and central volcanoes. Therefore, it must be true 
that on-axis dykes can be exposed by erosion especially considering many of the Garcia 
et al. (2003) dykes are much older (5 to 9 Ma) and will have had the opportunity to 
under go more erosion than the young Skagi dykes. However, it may also be the case 
that some of the Garcia et al. (2003) dykes are intruded slightly off-axis in a Grnnsnes 
type setting, and have more chance of exposure by erosion as they are not buried by 
axial lava flows. The dykes definitely cannot be widely off-axis intrusions as they plot 
as tholeiitic basalts and not alkaline like the Snaefell volcanic centre. It is difficult to
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distinguish between a near off-axis signature hke Grimsnes and the general Tertiary 
signature observed in section 5.4. The fact th a t the dykes have a similar geochemistry 

to the Tertiary (figure 5.37) is an im portant observation.

The Garcia et al. (2003) dykes associated with the Northern Volcanic Zone, according 
to the velocity model, do not have the same geochemical signature as the lava flows from 
the northern part of the Northern Volcanic Zone. It is very likely th a t this is related 
to the effects of glaciation creating a depleted incompatible element signature in the 
northern part of the Northern Volcanic Zone. The dykes are predominantly Tertiary in 
age and will therefore reflect the chemistry of the rift zone prior to glaciation. However, 
it it possible tha t although the chemistry may have been more enriched for the northern 
part of the Northern Volcanic Zone prior to glaciation it is also possible th a t these dykes 
may have been intruded slightly off-axis recording a chemical signature similar to tha t 
of Grimsnes from the Western Volcanic Zone. If it can be shown th a t the dykes are 
not intruded within the nrain rift zone, this would have significant implications for the 
validity of the Garcia et al. (2003) velocity model as it relies very much upon the dykes 
being on-axis intrusions.

In order to establish whether these dykes are on-axis or off-axis, new samples from the 
younger Tertiary (3-8 Ma) related to the northern part of the Northern Volcanic Zone 
would need to be collected, in line with the spreading direction. This would indicate 
the geochemical signature of the main rift products prior to glaciation and a good 
correlation with the Tertiary dykes from the Northern Volcanic Zone would indicate 
shallow on-axis intrusion. The intrusions must be shallow in order to be exposed by 
erosion after a few Ma.

It is reasonable to expect th a t although the Garcia et al. (2003) assumption tha t all 
dykes are on-axis intrusion may not be wholly true for all samples it is likely that 
they are intruded within approximately 15 km of the main volcanic zone activity. 

This is because beyond 15 km the off-axis chemistry becomes more alkaline and the 
Tertiary chemistry is generally tholeiitic. The good correlation of d a ta  shown by Garcia 
et al. (2003) plate spreading velocity model, together with the geochemical evidence 
suggests th a t although it may not be 100% accurate, it is still likely to be a very good 
approximation for the northern Iceland rift relocation 8-3 Ma.

This study has investigated general geochemical similarities and differences to establish 
which elements of rift activity in Iceland are represented by the Tertiary data. Further 
investigation is required to break down the data  by age and location to make more
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specific assessments of the effect of tem poral variations in spreading rate and tectonic 

arrangement on geochemistry, than  has been possible in this preliminary study of the 
Tertiary.

5.6 C onclusions

The main conclusion from the preliminary geochemical comparisons of the Tertiary 
with different volcanic features across Iceland is the very good correlations with the 
central part of the Northern Volcanic Zone. This suggests the extensive sampling of 
the Tertiary has been biased towards plume influenced volcanism. The m ajority of 
samples represent large volume lava flows th a t have escaped the rift axis (Hardarson 
and Fitton, 1997) and have been buried to less than  2 km and therefore, have the 
potential to be exhumed to make up the exposed Tertiary crust. Off-axis volcanism 
is likely to provide a small contribution to the exposed Tertiary in the form of small 
volume lava flows. These may be tholeiitic in the case of near off-axis volcanism and 
more rarely alkaline in the case of widely off-axis volcanism. Axial lava flows from 
dying rifts are also preserved in the Tertiary crust, but their contribution is limited 
to small volume lava flows near the know extinct rift axes. The difference between 
the Tertiary and the general established neovolcanic zone chemistry (northern part of 
Northern Volcanic Zone and Western Volcanic Zone) is probably related to the effect 
of glaciation in the neovolcanic zone chemistry. The Tertiary dykes have been intruded 
within 15 km of the rift axial zone and the good correlation of data  in Garcia et al. 
(2003) model suggests tha t they are shallow axial or very nearby off-axis intrusions.
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Chapter 6

M odel Theory and Developm ent

6.1 Introduction

Numerical modelling of mid-ocean ridges can provide significant insights into the for
mation of new oceanic crust, its production rate and composition. Several authors have 
presented time-dependent models of mid-ocean ridge melting, but have not considered 
changes in spreading rate or the impact of temporal variations on the chemistry of lava 
flows (e.g. Mittelstaedt et al., 2008, Bown and White, 1995). The composition and 
thickness of oceanic crust are not constant and variations can in some cases be quali
tatively linked to time-dependent tectonic variations at the mid-ocean ridge (Choe et 
al., 2007). Tectonic variations include changes in the spreading rate associated with 
the growth and decline of ridges, and changes in the geometry of the melting region 
following continental break up. In order to understand how these tectonic variations 
may influence the volume and composition of new oceanic crust an appropriate time- 
dependent model of upwelling beneath a spreading ridge is required.

The main geological focus of this project is the study of the effects of rift relocations 
on the amount of melting and composition of melts at Iceland. Rift relocations cause 
variations in the spreading rate as the transfer of extension is completed between the old 
and the new rift (Garcia et al., 2003). Rift relocations occur globally in association with 
plume-ridge interactions and complex transform zones (e.g. Small, 1995). A new time 
dependent model of mid-ocean ridges will have global applications and may provide 
new insights into the effects of plume-ridge interaction. The model may also be applied 
to the initial development of mid-ocean ridges following continental break up, where

169
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re-focusing of the melting region may have a significant influence on the time scale and 
volume of crust production (section 7.6).

Previous mid-ocean ridge models have mainly been concerned with two-dimensional 
steady-state mantle melting varying from relatively simple mathematical parameter- 
isations of the temperature and melt fraction with respect to the mantle solidus, to 
models encompassing phase equihbria where the melting reaction and composition of 
the mantle are tracked throughout the melting region. Section 6.2 describes the range 
of existing numerical models relevant to this project. It has been shown that obser
vations of oceanic crust, such as crustal thickness, can be reproduced by relatively 
simple numerical models based on parameterisations of the solidus, liquidus and melt 
fraction with respect to temperature as constrained by experimental data (M^^Kenzie 
and Bickle, 1988; Watson and M'^Kenzie, 1991; Down and White, 1994; Katz et al., 
2003).

One of the main aims of this project is to develop a new time-dependent model of 
melting beneath a spreading ridge. The new model is based on a melting parame- 
terisation developed by Katz et al. (2003) and the basic structure of mid-ocean ridge 
models employed by Bown and White (1994) and Bown and White (1995). The aim of 
this chapter is to describe in detail the melting parameterisation, mathematical meth
ods and program structure used in the new time-dependent model. The chapter also 
aims to highlight the limitations of the model and indicate how improvements could 
be made.

6.2 Background

This section will outline existing research in numerical modelling of mid-ocean ridge 
processes relevant to this project and include a discussion of the validity of simplifica
tions and assumptions made in the development of the new model. A brief introduction 
to mantle melting is provided in section 2.3.

6.2.1 Existing Num erical M odels

There have been rmmerous models of melt generation and melt transport starting with 
Ahern and Turcotte (1979), who were the first to quantify the amount of melt gener-
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ated by decompression of the mantle by fitting an analytical expression to a series of 

experimental results. Various improvements have been made using the same process of 
fitting analytical expressions to experimental melting results to quantify changes in the 
melt fraction with respect to mantle tem i)erature and pressure, as more results were 

published. M'^Kenzie and Bickle (1988) were the first to use a large database of exper
imental melting results from several different authors. They produced an anhydrous 
param eterisation for the variation of the solidus and liquidus tem peratures with pres
sure, the variation of melt fraction with pressure and tem perature, and the variation 
of major element compositions of melts with respect to melt fraction and pressure.

Various authors throughout the 1990s published slightly different parameterisations 
as more experimental data  became available to constrain the analytical expressions 
and with small refinements to the param eterisation process (Davies and Bickle, 1991; 
Langmuir et al., 1992; Kinzler and Grove, 1992; Jha et al., 1994; Iwamori et al., 1995; 
Iwamori, 1997; Kinzler, 1997; as summarised in Katz et al., 2003). Iwamori et al. 
(1995) produced a fractional melting param eterisation estimating a reduction in the 
degree of melting by 5-15% of the total compared to those produced by batch melting 
for the same mantle potential tem perature. Tliey also developed a preliminary hydrous 
param eterisation of melting, which suggested th a t mantle melting in the presence of 
water may start at depths greater than 150 km. This depth is confirmed by Hirth and 
Kohlstedt (1996), who predicted th a t hydrous melting will lower the onset of melting by 
approximately 40 km. Katz et al. (2003) predicted the amount of extra melt produced 
by deep hydrous melting before the onset of anhydrous melting to be approximately 
2 wt% for mantle with 0.02 wt% H2O.

A full thermodynamically consistent model was developed by Asimow et al. (1997) 
based on the MELTS algorithm (Ghiorso and Sack, 1995). The model calculates the 
melt fraction versus depth relationship for fractional and batch melting based on the 
thermodynamic properties of phases participating in peridotite melting in the man
tle. The accuracy of this type of modelling depends on the accuracy of the estimates 
of the thermodynamic and mixing properties of different phases. There are several 
problems associated with the MELTS algorithm, resulting in a poor prediction of the 

melt fraction-tem perature relationship and certain major element-melt fraction rela
tionships, which are unresolved (Hirschmann et al., 1998).

Katz et al. (2003) developed a new param eterisation of anhydrous and hydrous mantle 
melting based on an updated experimental database. This param eterisation provides 
the basis for the new time-dependent model described in this chapter. The evidence
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suinniarised in section 2.3.2 clearly shows that melting at mid-ocean ridges is influenced 
by the presence of water in the mantle. The presence of water increases the depth that 
melting initiates and this increased depth has a significant impact on the composition of 
melts. Katz et al. (2003) used experimental results from Grove (2001) and Kawamoto 
and Holloway (1997) to constrain the solidus for different bulk water contents up to the 
water saturated solidus. Theoretical variations based on thermodynamic behaviour are 
incorporated into the melt fraction versus temperature relationship for both anhydrous 
and hydrous melting. The result is that melt fraction is dependent on the weight frac
tion of chnopyroxene in the mantle as well as temperature, pressure and water content. 
The melting rate decreases once chnopyroxene has been exhausted from the mantle. 
The Katz et al. (2003) model has the advantage that latent heat is not fixed in the 
parameterisation as is the case in the Watson and M'^Kenzie (1991) parameterisation 
employed by Bown and White (1994).

There are several advantages of analytical pararneterisations of experimental observa
tions over thermodynamically consistent models. Firstly, simple parameterisations are 
computationally fast and efficient compared to the more complex models, which is an 
important feature for the development of a time dependent model in which hundreds 
of time steps will each require a melting calculation. Secondly, using melting param
eterisations allows relatively simple incorporation of different tectonic models, so that 
for example, the new model can be applied to a variety of tectonic situations once 
a mantle flow model has been obtained. Finally, because the parameterisations are 
based on experimental results, the models tend to reproduce the observations much 
more reliably than the fully consistent thermodynamic models.

Bown and White (1994) used the Watson and M'^Kenzie (1991) parameterisation of 
temperature, melting rate and major element composition to calculate the volume 
(crustal thickness) and composition of the products of melting under rifts. Expressions 
for the solidus and liquidus, and expressions used in the calculation of the melting rate 
are from M'^Kenzie and Bickle (1988). Bown and White (1994) observed significant 
variation in the geometry of the melting region, in particular the depth to the top of 
the melting region, for different spreading rates. Abrupt decreases in melt generation 
are observed at full spreading rates below 20 mm yr“  ̂ with significant increases in 
the depth to the top of the melting region. Bown and White (1994) explain this 
abrupt decrease by conductive cooling becoming a greater control on the extent of 
melting, resulting from significantly reduced upwelling rates at slow spreading rates. 
The significant changes in melt generation are also reflected in the composition at slow 
spreading rates where compatible elements decrease in concentration and incompatible
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elements increase in concentration to a greater extent relative to faster spreading rates. 
For normal mantle potential temperature (approximately 1300°C) an average 6 km 
crustal thickness is produced for spreading rates greater than 20 mm yr“ ^ This value 
compares well with a global range of seismic measurements. These results presented 
by Bown and White (1994) are used as a basis for comparison of the results from the 
new time-dependent model at steady-state.

Bown and White (1995) developed a time-dependent model of melt generation at 
rifted margins. The melting calculation is based on Watson and M'^Kenzie (1991) 
and M'^Kenzie and Bickle (1988), as with Bown and White (1994). However, the cal
culation of the melting rate is based on Lagrangian derivatives of temperature and 
pressure with respect to time. The time-dependent expressions for melting rate from 
Bown and White (1995) are used in the new time-dependent model and are described 
in section 6.8.

Forward modelling of the melt composition consistent with the results of the melt
ing calculation was first described by M'^Kenzie and Bickle (1988). M'^Kenzie and 
Bickle presented a mathematically simple parameterisation of the concentration of ma
jor element oxides as a function of dimensionless temperature, based on compositions 
obtained from batch melting experiments. A further modification to this parameteri
sation was presented by Watson and M^^Kenzie (1991). Langmuir et al. (1992) showed 
that inconsistencies exist in the application of this parameterisation with the original 
experimental results for certain elements (CaO, Na20, FeO). The advantage of calculat
ing the major element composition of melt and residue within the melting region is that 
the major element composition of the residue can be used to estimate the phase pro
portions involved in the melting reaction. Phase proportions are required to calculate 
consistent trace element concentrations throughout the melting region. This method 
of calculating melt composition would be an ideal addition to the new time-dependent 
model.

The MELTS algorithm (Ghiorso and Sack, 1995) described previously estimates the 
composition of rift products from the phase proportions predicted by the algorithm. 
This is clearly a step forward from the parameterisation method of M'^Kenzie and Bickle 
(1988); however, the problems associated with the prediction of the melt fraction- 
temperature relationship limit the usefulness of this model for the aims of this project 
until improvements are made to the melting calculation.

Trace element compositions of the melt have been estimated without calculating the
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major element compositions and phase proportions using estimated bulk partition co
efficients. The definition of the partition coefficient is given in section 2.3.5. The trace 
element composition of the melt is dependent on the total melt fraction with stan
dard equations for batch and fractional melting (Schilling, 1966; Gast, 1968; Shaw, 
1970). The calculation of trace element concentrations in the melt using constant bulk 
partition coefficients is a relatively simple process because only one value, the total 
melt fraction, must be tracked through the melting region. However, it is clear from 
geochemical studies of mid-ocean ridges that phase changes in the mantle residue are 
an important control on the final melt chemistry. The transition from the garnet to 
spinel phase during melting has the most significant impact on the bulk partition co
efficient of certain elements and, consequently, has a significant impact on the final 
melt composition. Spiegelman (1996) employed a 2-layer mantle model to simulate the 
impact of the garnet-spinel phase transition on REE concentrations. This method pro
vides a useful estimation of trace element compositions, without the added complexity 
of calculating major element concentrations and phase proportions. At present the 
new time-dependent model simply estimates relative changes in the trace element con
centration using constant bulk partition coefficients for the mantle (see section 6.10). 
However, it is then only possible to compare the model results with qualitative changes 
observed in real data. For a more robust comparison a 2-layer mantle would be a rela
tively straight forward extension to the program and would allow consideration of the 
garnet-spinel phase change.

All the models described above are based on steady-state mid-ocean ridge settings 
with the exception of Bown and White (1995) which is concerned with rifted con
tinental margins. This steady-state approach is generally appropriate for established 
mid-ocean ridges and has provided significant insights into the formation of new oceanic 
crust. However, in order to understand more complex mid-ocean ridge processes where 
spreading rate and ridge position may vary through time it is necessary to develop a 
time-dependent model.

6.2.2 Lim itations

The velocity model used to calculate the flow of the mantle is based on the assumption 
that ridges operate symmetrically. This may not always be the case, with particular 
consideration of the application of the model to Iceland. Garcia et al. (2003) used 
40Ar/39Ar dating to show that asynnnetrical spreading may occur during a rift reloca-
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tion on Iceland. When two rifts are active simultaneously the resultant activity across 
an individual rift is asymmetrical with faster spreading rates occurring on the outer 

limb compared to the central limb of the rift. The effect of asymmetrical spreading on 
the melting region cannot be estim ated without a suitable asymmetrical velocity field 
(e.g. Katz et al., 2004). The half-spreading rates from the model presented by Garcia 

et al. (2003) are not well constrained, therefore for simplicity asymmetrical spreading is 
not employed in the new model. The possible effect of simultaneous rift activity on the 
volume and composition of mantle melts is discussed in chapter 7. Another im portant 
lim itation of the application of the velocity field to Iceland is th a t it is 2D, whereas 
rift relocations at Iceland are 3D processes. New rifts propagate laterally through the 
mantle from an initial rifting point. LaFemina et al. (2005) shows th a t the spreading 
rate varies along axis for the growing Eastern Volcanic Zone and the declining Western 
Volcanic Zone.

The current consensus on the mode of mantle melting is th a t it is near-fractional 
melting with a very small residual porosity less than 1% (Kelemen et al., 1997; sec
tion 2.3.3). A suitable simplified numerical model should therefore employ fractional 
melting. However, the majority of experimental da ta  used to constrain the pressure- 
tem perature-m elt fraction (P-T-X) relationship comes from batch melting experiments. 
Batch requires a relatively simple param eterisation to estim ate the P-T-X relationship 
at any point in the melting region. However, due to the chemical isolation involved 
in fractional melting, the param eterisation of the P-T-X relationship will change as 
the composition of the residue is depleted by melt extraction. The development of 
realistic numerical models will be limited until more experimental da ta  for fractional 
melting becomes available. Iwamori et al. (1995) estim ated a 5-15% reduction in the 
to tal am ount of melting. This project is primarily concerned with relative changes in 
melting and composition th a t can be linked to significant variations in spreading rate 
so although the effect of fractional melting on the absolute results may be significant, 

the comparison between different rift stages will still be valid. It has been shown by 
several authors (e.g. Bown and W hite, 1994; Klein and Langmuir, 1987) tha t despite 
the unrealistic nature of batch melting models, the reproduction of observed global 
da ta  is still very good.

Compaction of the mantle residue occurs as melt is extracted and must be taken into 
consideration when calculating the volume of melt produced at a mid-ocean ridge. A 

realistic incorporation of compaction into a numerical model would require a variable 
velocity field. However, W hite et al. (1992) introduced a simple compaction correction 

into the final integration of the melt volume and resulting crustal thickness. This
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is used by Bown and White (1994) and the predicted crustal thickness for various 
spreading rates compares well with global observations of mid-ocean ridges. Therefore, 
this simple compaction correction is used in the new model.

It is now clear that the mantle beneath mid-ocean ridges is heterogeneous on small 
length scales significantly less than 100 km (Maclennan, 2008a) and possibly down to 
a few metres (Kogiso et al., 2004). The new model only employs an over-simplified 
method of estimating trace element compositions using constant bulk partition coeffi
cients. Further work could extend the model to incorporate more realistic compositional 
calculations, in which case the composition of the mantle source will be extremely rele
vant. The possible effect of a heterogeneous mantle source on the composition of mantle 
melts is discussed in section 7.6. Despite the significant short length scale scatter of 
Sr and Nd isotopes at Iceland, there is no evidence for systematic variation along the 
rift zones. Therefore, it is reasonable to suggest that the upwelling mantle beneath 
Iceland has a relatively uniform average composition on a long length scale (Maclen
nan et al., 2001b). The use of a constant mantle source composition to model changes 
in rift product compositions through time is a reasonable simplification in order to 
compare model predictions of geochemical variations with observations from different 
rift stages at Iceland. Bown and White (1994) show that a simple parameterisation 
of the composition using a constant mantle source produces a good comparison with 
global mid-ocean ridge data. In the future, if the model is to predict absolute concen
trations, a heterogeneous source composition will be required to predict exceptionally 
incompatible signatures such as those observed for small degree melting at Iceland.

Existing research into the effects of melt transport on geochemical variability is dis
cussed in section 2.3.4. For the purposes of the new model it is assumed that all the 
increments of melt from the melting region are extracted, transported and homogenised 
before being emplaced as new crust. Spiegelnian and Kelemen (2003) show that vari
able transport processes can produce extreme chemical variability from a homogeneous 
input. The important part of the model assumption, whether chemical variability is 
produced by fractional melting or by channelised flow, is that the mixing of melts prior 
to eruption is 100% efficient. Efficient mixing must be a reasonable assumption, oth
erwise global correlations of composition and crustal thickness of oceanic crust such as 
those observed by Klein and Langmuir (1987) would not be possible.
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6.3 M odel Outline

This section will provide a simple overview of the methods used in the new model, 
details of the equations are provided in sections 6.4 to 6.9. The aim of the new model 
is to identify significant changes in the melting regime and resultant lava chemistry that 
can be associated with spreading rate variations. It is a relatively simple approach to a 
complex problem and there are many straight-forward additions which could be made 
with further resources and these are discussed in chapters 7 and 8. Despite this simple 
approach, the results presented in section 7.5 compare well with melt fraction and 
relative compositional variations observed during a rift jump at Iceland.

The basic structure of the model is based on the steady-state model of melting beneath 
a spreading ridge presented by Bown and White (1994). The following describe the 
main steps in the computer program (figure 6.1) and the basis of all the equations used. 
Tables 6.1 and 6.2 provide a reference for all the parameters used in the model, their 
values where constant and their units.

A: The first task of the program is to read in starting values and set constant param
eters. Some parameters are fixed within the code, and several independent parameters 
can be varied.

B: The area of calculation is kept to a minimum by assuming that the ridge behaves 
symmetrically. This area is divided into numerous regular squares, each centred on a 
node. The speed of the program is controlled by the number of nodes. The grid size 
used in the application of the model in chapter 7 is 0.5 km, since grid spacings less 
than 0.5 km require excessive computational time and larger grid spacings introduce 
significant error (appendix D). The value at the node is assumed to prevail over the 
whole grid square.

C: The horizontal and vertical velocity of the mantle at each grid node is calculated 
using Cartesian equations (Jull, 1997) based on Batchelor (1967) and Spiegelman and 
M'^Kenzie (1987) simple 2-D corner flow velocity models (section 6.4).

D: The initial temperature field is calculated according to a conductive geotherm (sec
tion 6.5.2). The basal boundary condition is controlled by by the mantle potential 
temperature. A half-space cooling model can also be Tised if a steady-state thermal 
structure is required for the calculation (appendix D). However, it must be noted that 
the initial residue field must be set accordingly.
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E: Having established a starting temperature field, the temperature before melting 
is calculated using the standard advection-diffusion equation (section 6.5.3). The 
advection-diffusion is calculated using the control volume formulation method out
lined in Patankar (1980), see appendix D. Temperature is treated in a similar way to 
a mass fraction so that the flux through each grid square is internally consistent over 
the whole grid within a tolerance level of 0.1°C.

This method automatically introduces diffusion on the scale of the grid size because 
the value of the central node in each grid square is assumed to prevail over the whole 
square, known as a step-wise profile calculation. The grid size and the time-step control 
the amount of error introduced by artificial diffusion. The grid size of 0.5 km and time 
step of 0.1 Ma used in the model application produce a very small error of 3%. The 
error was estimated by advecting a 2D Gaussian distribution around the grid.

F: The mass fraction of mantle residue at the start of calculations is simply assumed 
to be completely undepleted. As melting occurs the residue is gradually depleted as it 
moves through the melting region until no more melting is possible (section 6.6). The 
advection of the mass fraction of mantle resid^ie is also calculated using the Patankar 
(1980) control volume formulation (appendix D).

G: The amount of melt produced in the mantle over the time step is calculated using 
the Katz et al. (2003) parameterisation of anhydrous and hydrous melting (section 6.7). 
The melt fraction and the temperature are implicitly linked by the correction for the 
latent heat of melting and therefore, have to be solved using a root bisection method 
(section 6.7.2).

H: Melt is assumed to be extracted from the mantle as soon as it forms, i.e. perfect 
fractional melting. The melting rate is calculated using Lagrangian derivatives (section 
6.8). The melting rate is then integrated over the whole region to calculate the melt 
volume produced during that time step. The melting volume leads simply on to the 
crustal thickness (section 6.8).

I: With knowledge of the depth and degree of melting, the composition of ridge products 
can be calculated. At present, the new model employs an over-simplified method using 
trace elements with constant bulk partition coefficients (section 6.9).
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Figure 6.1: Flowchart to suniniarise the main steps in the numerical model.
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Param eter Symbol Value Units
Full spreading rate U f - m s“ ^
Half spreading rate Uh - m s“ ^
Horizontal velocity of matrix Vx - m s“ ^
Vertical velocity of matrix Vz - m s~^
Horizontal distance from the rift axis X - m
Depth z - m
Acceleration due to gravity 9 9.81 m s“2
Wedge angle 0 - radians
Mantle potential tem perature T - °C
Thermal expansion coefficient a 3.2x10-^ o c - i

Specific heat capacity at constant pressure C p 1x10^ m2 s-2 °C -i
Adiabatic tem perature gradient h - °C m-^
Time t - s
Density of mantle matrix Ps 3.3x10^ kg m“^
Mean density of oceanic crust Pc 2.8x10^ kg m~^
Residue mass fraction R -

Total melt fraction F t - -

Thermal diffusivity of the mantle K 8.04x10“ ^ m^ s“ ^
Change in melt fraction A F - -

Pressure P - C Pa
Tem perature before melting T - °C
Volumetric melt production rate F -

2 —1 m s
Crustal thickness tc - m
Concentration of trace element in melt C l - ppm
Concentration of trace element in source Co - ppm
Generic bulk partition coefficient D - -

Accumulated concentration in melt Qacc - ppm
Average concentration in melt c r - ppm

Table 6.1: Summary of parameters used in the model, including the value if constant.
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Parameter Symbol Value Units
Solidus temperature T s - °C
Lherzolite liquidus temperature 'Y'lherz - °C
Liquidus temperature n - °c
Solidus constant ^1 1085.7 °c
Solidus constant A2 132.9 °C GPa-^
Solidus constant ^ 3 -5.1 °C GPa-2
Lherzolite liquidus constant B i 1475.0 °C
Lherzolite liquidus constant B2 80.0 °C G Pa-i
Lherzolite liquidus constant B s -3.2 °C GPa-2
Liquidus constant C l 1780.0 °C
Liquidus constant C2 45.0 °C G Pa-i
Liquidus constant C3 -2.0 °C GPa-2
Reaction coefficient for cpx B-cpx - cpx/melt
Cpx constant r \ 0.5 cpx/melt
Cpx constant T2 0.08 cpx/m elt/G Pa
Melting constant A 1.5 -
Melting constant A 1.5 -
Melt fraction F  F  F ̂ 1  ̂cpxi  ̂ opx - -
Initial temperature, before latent heat Ti - °C
Real temperature, after latent heat T r - °c
Dimensionless temperature (below F^px) r - -
Dimensionless temperature (above Fcpx) T* - -
Hydrous dimensionless temp (below F^px) rpn - -
Hydrous dimensionless temp (above Fcpx) rp** - -
Melt fraction of cpx-out Pcpx—out - -
Temperature of cpx-out T cpx-out - -
Modal cpx in the mantle source Mcpx - wt fraction
Hydrous solidus temperature decrease ^ T { X h , o ) - °C
Water content in the melt ^ H 2 0 - wt%
Bulk water content in the mantle vbulk

■^H20 - wt%
Water content in a saturated melt vsa t - wt%
Hydrous temperature constant K 43 °C wt%-T'
Hydrous temperature constant 7 0.75 -
Bulk partition coefficient of water DH2O 0.01 -
Saturation constant X i 12.00 wt% GPa-^
Saturation constant X 2 1.00 wt% GPa“ ^
Saturation constant X 0.60 -
Entropy of fusion A S 300 J kg-i ° c - i

Table 6.2: Summary of parameters and constants specific to the melting parameterisation 
(Katz et al., 2003).
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6.4 M antle Flow Field

The geophysical model is based on simple 2D corner flow (figure 6.2) described in detail 

in Spiegelman and M'^Kenzie (1987) as a summary of several authors: M‘̂ Kenzie (1969), 
Skilbeck (1975), Lachenbruch (1976) and Batchelor (1967). The ridge is assumed to 
be symmetrical with simple flow field up through the mantle and away from the centre 
of the ridge. The solid mantle behaves like a viscous incompressible fluid and in this 
model melting does not influence the velocity field. Melt is removed instantaneously 
from the mantle and emplaced as new crust. The crustal thickness is an input to 
the model and defines a region where no upwelling occurs, i.e. purely horizontal fiow. 
The corner flow solution (Spiegelman and M'^Kenzie, 1987) was converted to Cartesian 
coordinates by Jull (1997) to provide the following equations for the horizontal (Vx) 
and vertical velocity (u^):

Vz = A -  B  ^  (6.1)

Vx =  B
. xztan (6 .2)

X  is the horizontal distance from the rift axis, 2  is the depth and A  and B  are constants 
defined as

_ 2uhsm‘̂ 9
7T -  20 -  sin(20) ^

and

where 9 is the wedge angle and Uh is the half-spreading rate. The wedge angle defines 
the geometry of the upwelling region. Outside the upwelling region half-spreading rate 
is assumed to prevail over the whole of the lithosphere. The wedge angle is controlled 
by the upwelling rate of the mantle beneath the ridge. The effect of different wedge 
angles on the melting regime and composition is presented in section 7.4. The mantle 
flow model describes upwelling mantle asthenosphere a t the centre of the ridge, with 
increasing horizontal velocity outwards from the rift axis until half spreading rate is 
achieved. Melting only occurs within the region of upwelling asthenosphere.
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M antle Lithosphere

a:

Upwelling Asthenosphere

Figure 6.2; Simple 2D corner flow geometry, after Spiegelman and M'^Kenzie (1987); Bown 
and White (1994). Tlie ridge is assumed to be symmetrical. The flow lines show the velocity 
field. 9 is the wedge angle, defining the boundary between upwelling asthenosphere and 
mantle lithosphere.

6.5 T herm al Structure  

6.5.1 B oundary C onditions

The thermal boundary conditions are constructed according to the steady-state model 
presented by Bown and White (1994). The thermal boundary condition at the ridge 
axis assumes no diffusion or advection ( |^  =  0) and the off-axis boundary allows 
advection only ( | ^  =  0). The grid should be made sufficiently wide to avoid any 
interference by the off-axis boundary with the melting region.

The surface temperature, To, is set to 0°C and the basal temperature, Tb , is calculated 
from the input mantle potential temperature, Tp. Mantle potential temperature is the 
surface temperature that would be reached by a packet of mantle if transported from 
depth adiabatically to the surface without melting. The basal temperature is defined 
as

Tb = (6.5)

where g is the acceleration due to gravity, z is the depth, a  is the thermal expansion 
coefficient and Cp is the specific heat capacity at constant pressure.
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6.5.2 Starting Therm al Structure

The starting thermal structure is defined as a conductive geotherm. The temperature 
field is calculated using a simple linear relationship between the boundary tempera
tures, assuming that the thermal diffusivity is constant in the mantle, and is given 

by

Ts =  (6 .6)
Z m a x

where Zmax is the maximum depth of the grid and Ts is the starting temperature at 
any point in the grid.

In order to model spreading rate variations for established rifts such as at Iceland, it 
is first necessary to run the model for several million years to an approximate steady- 
state.

6.5.3 Thermal A dvection  and Diffusion

Given the starting thermal structure and the velocity field, the standard thermal 
advection-diffusion equation is used to calculate the evolution of the temperature field 
through time;

dT  fd ^ T  d ^ T \ dT  f d T  , \

where t is the time and h is the adiabatic temperature gradient given by

A =   ̂ (6.8)
Op

The advection-diffusion equation gives the temperature, T, before any melting is taken 
into consideration. The initial temperature is corrected for the latent heat of melting 
to find the real temperature, Tn (section 6.7.2). The advection-diffusion equation is 
solved using a fully implicit control volume method (Patankar, 1980), where the flux 
of heat in and out of each grid square is internally consistent across the whole grid. 
See appendix D for details of the method and its application to thermal advection and 
diffusion.
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6.6 M antle Residue

6.6.1 Definition

The mantle residue, B, is defined as the mass fraction of fusible material that remains 
in the mantle after melting. The residue fraction is rediiced after each time step as more 
melt is removed to form new crust. In reality, the residue composition would change, 
becoming more depleted in incompatible elements, as more melt is removed. The less 
fertile mantle would melt at a slower rate. The Katz et al. (2003) parameterisation 
uses the modal clinopyroxene to estimate the change in melting rate as the mantle is 
depleted. This simple consideration of the fertility as a mass fraction of the starting 
material allows modelling of fractional melting and the calculation of trace element 
concentrations in the melt. The tracking of the melting history of the mantle also 
allows the boundary of the melting region to be defined. When the calculated melt 
fraction from the temperature field is smaller than the amount of melt that has already 
been removed from the mantle, there is no melting.

6.6.2 Boundary Conditions

It is assumed that undepleted mantle is input at the base of the grid. Therefore, the 
basal boundary condition is set to i? =  1. This assumption means that melting is not 
allowed to extend to the base of the grid, otherwise the grid must be extended and the 
calculation restarted. The surface boundary condition has no influence on the mantle 
residue as velocities in the crust, and consequently at the surface, are purely horizontal.

The central (ridge-axis) boundary is assumed to be symmetrical and therefore no advec- 
tion is allowed across this boundary ( | f  =  0). The off-axis boundary allows continued 
horizontal advection out of the grid. By this stage, all velocities are horizontal and 
sufficiently far away from the melting region that this boundary condition will have no 
impact on the amount of melting.

6.6.3 Initial Conditions

For the starting residue field at the first time step, all nodes are set to 1, assuming 
no melting has occurred in the mantle previously. This is consistent with a simple
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conductive geotherm for the starting temperature field. In reality these starting condi
tions effectively reflect imstretched continental crust prior to rifting. For calculations 
involving an established rift, such as at Iceland, the model is run for several million 
years to reach an appropriate steady-state depletion of the mantle residue.

6.6.4 R esidue Evolution

The residue mass fraction at any node is calculated from the total melt fraction by

R = l - F t  (6.9)

where Ft is the total amount that the mantle has melted prior to this time. This 
residue value is advected for the duration of the next time step using a standard 
advection equation:

f  +  +  =  {6.10)at ox oz

This advection equation is solved using the fully implicit control volume method 
(Patankar, 1980). Details of the method and its application to the mantle residue 
are given in appendix D.

6.7 M elting

Melt is considered to be extracted from the mantle and instantaneously transported 
to form the crust, known as fractional melting. At present, the batch melting equa
tions described in Katz et al. (2003) are used to calculate the amount of melting. The 
effect of employing fractional melting is essentially limited to the calculation of the 
composition (section 6.9). There is a small adaptation to the calculation of the correc
tion to temperature due to the latent heat of melting, so that only the latent heat for 
the new melt fraction at any grid square is taken into account and not the total melt 
fraction that has been removed from the mantle previously. The amount of melting 
estimated for fractional melting in this new model is essentially the same as it would 
be for batch melting. To allow for the 5-15% decrease of the total melt fraction pre-
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dieted by Iwaiuori et al. (1995), a param eterisation of a variable solidus and liquidus 

tem perature, following melt extraction, would be required.

This section provides the equations required to calculate the amount of melting accord
ing to the tem perature and pressure of the mantle for anhydrous and hydrous melting, 
as developed by Katz et al. (2003). The partial derivatives of melt fraction with re
spect to pressure and tem perature, required to calculate the melting rate (section 6 .8 ), 
are new equations specific to this time-dependent application of the Katz et al. (2003) 
parameterisation.

6.7.1 Anhydrous M elting

The solidus tem perature, Ts, the tem perature of the Iherzolite liquidus, and the
liquidus tem perature after chnopyroxene exhaustion, Ti^, are given by

T5 =  yli -|- A2P +  AzP^ , (6-11)

T ih e r z  =  +  B 2P  +  (6.12)

and

T i =  C l-f-C 2P  +  C3P" . (6.13)

v4 i_3, S i _3 and C i_3 are constants and P  is the pressure. The two liquidus equations 
account for the difference in melting when chnopyroxene is available in the residue 
{ T i^ e r z ^  and when chnopyroxene has been exhausted, T^. Consequently, there are two 

equations th a t govern the melt fraction according to whether chnopyroxene is still in 
the mantle, Fcpx{T') (equation 6.14) or chnopyroxene has been exhausted, Fopx{T) 
(equation 6.18). Katz et al. (2003) obtained these equations by parameterising a series 

of melting experiments. The variation of melt fraction w ith tem perature, for a variety 
of pressures is shown in figure 6.3. The melt fraction prior to chnopyroxene exhaustion 
is given by

Fapx{r) = [ T ' { T , P ) f  (6.14)

where T'{T, P)  is a dimensionless tem perature defined as

7-' ij'  p \  ^  Tr -  Ts (P) , .
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where T  is the real tem perature, corrected for the latent heat of melting, pi is a 
constant. For a closed (batch) melting system, the melt fraction above which there is 
no more clinopyroxene remaining in the residue is given by

where Mcpx is the weight fraction of clinopyroxene in the mantle matrix. Rcpx is the 
reaction coefficient for clinopyroxene during melting reaction given by

where ri and r 2 are constants. Equation 6.17 is not valid for significant melting above 
3.5 G Pa (Katz et al. 2003). Once clinopyroxene has been exhausted from the residue, 
the melt productivity is reduced and the melt fraction, Fopx(T), is now given by

where Tcpx-out is the tem perature at which clinopyroxene exhaustion occurs, defined as

and P2 is a constant. In order to simplify equation 6.18, a dimensionless tem perature, 
T*, is defined.

The latent heat of melting is the energy required to convert a material from solid 
to liquid. The melt fraction and the real tem perature are implicitly linked by the 
correction for latent heat. The correct tem perature is lower than  the initial tem perature 
from advection-diffusion when there is melting, because some of the heat energy has 
been used to melt the mantle. The relationship between the tem perature of the mantle 
and the entropy of melting is defined as

(6.16)

Repx (P)  =  n  + r i P (6.17)

(6.18)

T ’   frp lh erz  T ’ \  ^  T"
cpx—out cpx—out V L S )  ' S

4herz (6.19)

T  - T ---------.-‘ L -^cpx—out
(6 .20)

6.7.2 Latent H eat o f M elting

CpT= (cp + A F A 5 )T h (6 .21 )
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Figure 6.3: Isobaric anhydrous melting curves at a variety of pressures: 0, 1, 2 and 3 GPa 
(black to light grey) for modal clinopyroxene of 17%. The results were produced from the 
Katz et al. (2003) parameterisation.

where Cp is the specific heat capacity, T  is the temperature before melting, A F  is 
the change in melt fraction and A S  is the entropy of fusion. The final melt fraf:tion is 
solved for using a root bisection method for the latent heat equation and the appropriate 
equation for melt fraction (equation 6.14 or 6.18).

6.7.3 Anhydrous Melting Derivatives

The following equations are required to calculate the melting rate for the new total 
melt fraction. For melting prior to chnopyroxene exhaustion, the partial derivatives of 
melt fraction with respect to pressure and real temperature are defined as
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The change in melt fraction with respect to dimensionless temperature is obtained by 
differentiating equation 6.14 to give

“d P

The change in dimensionless temperature with respect to pressure is obtained by dif
ferentiating equation 6.15 to give

( -? ^ )  ( r ? '"  -  T-s) -  ( S p  -  ^ )  (T„ -  Ts)
( T [ ^ ^ r z  _

The derivatives of the solidus and Iherzolite liquidus temperatures with respect to 
pressure are obtained by differentiating equations 6.11 and 6.12 to give

— A 2 + 2 A 3 P  (6.26)

and
^Y ^lherz

-  52 +  2B^P  . (6.27)

The change in dimensionless temperature with respect to real temperature (corrected
for latent heat of melting) is obtained by differentiating equation 6.15 to give

d T ' \  1
' (6.28)

^ r J  p

For melting after clinopyroxene exhaustion, the partial derivatives of melt fraction with 
respect to pressure and temperature are given by

dFopx \    ^Fqpx—out
dP Jj ,  d F   ̂ I / V- -cpx- ■out) (6.29)

T r  va. X

and

9Fopx A   F̂cpx — out
d T n J p  dTfi -  [ T - f )  +  f t  ( ^ )  (1 -  F 'cp .-o .,) . (6.30)
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The derivatives of Fcpx-out are obtained by differentiating equation 6.16 with respect 
to pressure and real temperature to give,

:yjx —out   M (-p x R 2

dP ~ {Rcpxf
and

(6.31)

^ F c p x - o u t  ^  y 32)
R

Equation 6.30 for the change in melt fraction with respect to temperature can be 
simphfied by substituting in the derivative of Fcpx-out (equation 6.32) to give

The change in dimensionless temperatvue, T*, with respect to pressure is obtained by 
differentiating equation 6.20 to give

(

/  A T^px — o u t \  ( r p  T -'  ̂ ( a r ,  A T cp x  — ou t  \  'T^ \
d T * \  \  dP j -‘■ cpx-ou tj \  dP  dP  I V ^ c p x -o u t)

^ ^

The derivative of the liquidus temperature with respect to pressure is obtained by 
differentiating equation 6.13,

^  =  C2 +  2Cs . (6.35)
a r

The change in T c p x -o u t  with respect to pressure is obtained by differentiating equation 
6.19 to give

dTcpx-out _  J _  r(/3\ dFcpx-out /rp lherz _  ^ ^  \  p 0 i  .
d P  p^^cpx-ou t j p  d P  d P  )  d P  '

(6.36)

Here ^  and have been defined previously by equations 6.27, 6.26
and 6.31. The change in dimensionless temperature with respect to real temperature
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(equation 6.37) is much simpler because Tcpx-out and Fcpx-o^it are only dependent on 
pressure so tha t

(^) P  ^  { T l  -  T ^ . - a a t )  ■

6.7.4 Hydrous Melting

The introduction of water into the mantle results in a lower solidus tem perature, there
fore allowing melting to commence at greater depths than for anhydrous melting. A 
higher melt fraction is achieved, producing thicker crust.
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Figure 6.4: Isobaric hydrous melting curves (1 GPa) for a variety of water contents: 0, 0.02, 
0.05, 0.1 and 0.3 wt% (black to light grey). Modal clinopyroxene is 17%. The results were 
produced using the Katz et al. (2003) parameterisation.

W ater is treated as an incompatible trace element with a constant bulk partition co
efficient, D h 2 0 , of 0.01. The concentration (dissolved fraction) of water in the melt in 
weight percent is given by

y b u lk
y  ^  ________

Dh20 +  -F (1  — Dff ô)
(6.38)
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where F  is the total melt fraction.

The change (decrease) in the solidus and liquidus temperatures, A T  (Xf f 2o),  resulting 
from the water content of the solid residue is defined by

AT ( Xm,o) = KX]j^o , 0 < 7 < 1 (6.39)

where K  and 7  are constants. The calculation must be consistent with equation 6.40, 
defining that once the melt is water saturated, the temperature change in the solidus 
remains constant.

AT (X„,o > X ‘„‘lo) = AT (XT,o) (6-«)

where (P) is the weight percent of water in a completely saturated melt given by

^ hI o = XiP^  +  X2 P  , 0 < A < 1 . (6.41)

Here Xi? X2 and A are constants. AT [Xh^o] is incorporated into the anhydrous pa- 
rameterisation of the solidus and liquidus temperatures according to equations 6.42 to 
6.44.

Ts { P ) ^ T s [ P ) - A T { X h,o)
rplherz 
^ L

n( P) - * n( P) - AT( X„ , o )

(6.42)

(6.43)

(6.44)

These hydrous solidus and liquidus are substituted into the anhydrous equations for 
melt fraction (equations 6.14 and 6.18) to give new equations for the melt fraction 
before clinopyroxene exhaustion:

rp (  P  'V  y  fcu/fc \  __
^cpx  ) ^ H 2 0 )  ~~

T - { T s -  AT {Xh,o P^F)))
'Y'lherz _

Pi
(6.45)
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and after clinopyroxene exhaustion

y b u lk  \ T  T c p x —out

T ,  -  a t  { X h , o  {X ^hI o  ̂ p , f ) ) -

(6.46)
Here Tcpx-out is defined as

T^.-ou, =  i T f ” ‘ -  Ts) + T S - & T  {X„,o  ( ^ S ,  P,F))  . (6.47)4herz

Calculating the total melt fraction from the hydrous equations is more complex than 
for anhydrous melting because the equations are implicit for the melt fraction, F. The 
melt fraction cannot be solved for using analytical methods and therefore, a numerical 
root-bisection method is employed. The temperature correction for the latent heat 
of melting must also be consistent with the final melt fraction therefore, a further 
nested root-bisection is required as described in section 6.7.2. The introduction of a 
second root-bisection function significantly increases the computation time required to 
calculate the melt fraction for hydrous compared to anhydrous melting.

6.7.5 H ydrous M elting D erivatives

The following equations are required to calculate the melting rate for the new total 
melt fraction. Unlike the equations for melt fraction (equations 6.45 and 6.46), the 
partial derivatives of melt fraction with respect to pressure and real temperature can 
be solved for analytically. A dimensionless temperature, T", is defined to simplify the 
calculation:

For melting prior to clinopyroxene exhaustion, the partial derivative of melt fraction 
with respect to pressure is obtained by differentiating equation 6.45 to give

T g  -  { T s  -  A T  ( X n , ,  P, F ^ .)))
( J l h e r z  _ (6.48)

'Iherz
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where ^  and j p  are defined by equations 6.26 and 6.27. The partial derivative of 

melt fraction with respect to real temperature is obtained by differentiating equation 

6.45 to give

dFcpx \  _   1_________ / g  g y s

OTr  )  p ~  ( ^
(^Du^O+P'cpx(^i—D H 2 o))

The complexity again increases for melting after the exhaustion of chnopyroxene, there

fore in order to simplify the final equations another dimensionless temperature, T**,  is 

defined as
  _____________________________________' R̂ ~  Tcpx-out_____________________________________  / g

“  n  -  A T  [Xh,o F o p x ) ) -  T ^ x - o u t  ■  ̂ ^

The partial derivative of melt fraction with respect to pressure is obtained by differ

entiating equation 6.46 to give equation 6.56. The expression for J is broken

down into different parts: W, X ,  Y,  Z  given by equations 6.52 to 6.55 whiSi are then 

incorporated into the final expression (equation 6.56).

Let

H/ _   ̂ f ( ^ P c p x - o u t \  Mherz rp \ dT^ \  dTs , -
^  -  J ^ t ' c p x - o u t   J p  j V l  -  -~ ^ )  ̂ c p x - o u t  + - ^  [O .bZ )

where is defined by equation 6.31. Let

{Tl - a t -  T^x-cn.tf

{I -  F^x-out) !32[T**]

Let

Let

{Tl  — A T  — Tcpx-mxtf 

(1 — Fcpx-out) P2 [T*

( • D / / 2 0  +  Fopx (1 —  D f i ^ o ) )

The final expression for the partial derivative of the melt fraction with respect to
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pressure is then given by

'dFop,\ X  + W { A T  + -  n )  {Tr -  T^^^out) .
dP J tr {Y + Z{T , -AT-T^ ,_ou t ) )  ^

where ^  is given by equation 6.35. The partial derivative of melt fraction with respect 
to real temperature is obtained by differentiating equation 6.46 to give

dFopx\ _  {Ti — AT — Tcpx-out)
8 T r  J r, (  { T i ^ - A T - T c p x - o u i ) ^  ( T '  A 7^  T

where Z  is defined by equation 6.55.

6.7 .6  C hange in M elt Fraction

The change in melt fraction is the amount of melt in the mantle that has been produced 
at any given place during the previous time step. The change in melt fraction, A F  is 
given by

A F  = F t - ( 1 - R )  (6.58)

where Ft is the new total melt fraction and R is the mass fraction of mantle residue 
advected round from the previous time step. This value is used for calculating the 
effect of latent heat of melting on the temperature and the instantaneous melting rate. 
The melting region is defined as the area where the change in melt fraction is greater 
than zero.

6.8 Crustal Thickness

The crustal thickness is calculated by integrating all the local instantaneous melt
ing rates to find the total volumetric production rate and dividing this value by the 
spreading rate (Bown and White, 1994). It is assumed that all the melt produced is 
transported through the mantle to form the crust. Bown and White (1994) have sue-
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cessfully reproduced observed crustal thicknesses from a global d a ta  set of mid-ocean 
ridges and therefore, this assumption is reasonable.

The first task in calculating the crustal thickness is to calculate the local instantaneous 
melt production rate, given by the Lagrangian derivative of Ft,

Dt D t  \ d T R j p  ’  ̂ ^

based on Bown and W hite (1995). In this expression Ft can be substituted for Fcpx and 
Fopx for either anhydrous or hydrous calculations. The Lagrangian derivative is defined 
in appendix D. The various derivatives required to calculate and
given in section 6.7.3 for anhydrous melting and section 6.7.5 for hydrous melting. The 
pressure is assumed to be constant in time and constant laterally so th a t ^  can be 
defined as

=  - V z p s 9  (6.60)

where Ps is density of the mantle matrix. Density is assumed to be constant throughout 
the mantle. In reality density may vary with depth and distance from the ridge. 
However, as shown by several authors including Bown and W hite (1994), this simplified 
assumption does not have a significant effect on the model predictions as the results 
compare well with global observations. O btaining is more complex. There are 
two equations for the melt fraction because of the correction for the latent heat of 
melting and therefore there are also two equations for the Lagrangian derivative of the 
melt fraction. The Lagrangian derivative of the correction for latent heat of melting 
(equation 6.21) is given by

where ^  is the Lagrangian derivative of the initial (uncorrected) tem perature, ob
tained from the therm al advection-diffusion equation (equation 6.7) and this is calcu
lated using

DT f d ^ T  d ^ T \
(6.62)



198 Chapter 6: Model Theory &: Development

from Bown and White (1995). The local instantaneous melting rate is then calculatcd

the appropriate value for the Lagrangian derivative of real temperature and therefore, 
calculate the final instantaneous melting rate. The rate of change in the new melt

The instantaneous melting rate is integrated over the whole melting region to give, T, 
the total volumetric melt production rate

where A  is the area of the melting region (adapted from Bown and White, 1994). The 
volumetric melt production rate actually refers to the area of melt rather than volume 
because this is a 2D calculation. This expression includes a correction for the density of 
the mantle compared to the crust and an approximation for the compaction correction 
(White et al., 1992). The crustal thickness, tc, is calculated according to the spreading 
rate using

2F
tc = —  (6.64)

U f

where Uf is the full spreading rate. The final crustal thickness is saved as the starting 
crust value for the next time step. The initial value of the crust is set to 0 km.

6.9 C om position

The composition of rift products is required so that comparisons can be made between 
models of mid-ocean ridge melting and geochemical observations. Constant bulk par
tition coefficients are used to calculate the concentrations of different trace elements in 
the mantle melts. This method is over-simplified and will not produce realistic values. 
However, the relative behaviour of different elements through time can be compared to 
the relative differences observed in the geochemistry. Fictive elements with standard 
compatibilities of 5, 2, 1, 0.1, 0.01 and 0.001 provide a quantitative idea of how com
patible and incompatible elements behave during melting. Bulk partition coefficients of 
several trace elements: Nb, Zr, Y, Sni and Yb are used to compare model compositions

using the root-bisection method. Equations 6.59 and 6.61 must be consistent to achieve

fraction, and the total melt fraction ^  are the same.

(6.63)
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with trace element observations from different rift stages at Iceland. The application of 
the compositional calculation, including chosen bulk partition coefficients and source 
composition is described in section 7.2. The concentration in the liquid of any element, 
with a constant bulk partition coefficient, undergoing fractional melting is given by

^  =  (6.65)

where C i  is the concentration in the melt, C q is the original concentration in the residue, 
D is the bulk partition coefficient (Shaw, 1970). The variation in the concentration of 
fictive elements with melt fraction is shown in figure 6.5.

0.1

u
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0.01

Lansmuir et al. (1992)

0.8 1.00 0.2 0.4
F (melt fraction)

Figure 6.5: The variation in composition (Ci /Cq) with melt fraction for fractional melting, 
shown for a variety of bulk partition coefRcients {D). Adapted from Langmuir et al. (1992).

In order to calculate the average melt composition, which could then be realistically 
compared to the lava compositions, it is necessary to calculate the accumulated in
stantaneous composition. Due to computational restrictions the grid size must be kept 
quite large relative to the changes in melt fraction. The grid size has a significant 
impact at the edges of the melting region where very small melt fractions result in 
exceptionally high concentrations of incompatible elements. These high concentrations 
would be lost if an average of the instantaneous liquid compositions is calculated. Fig
ure 6.5 shows how quickly the concentration of an incompatible element can decrease 
for increasing melt fraction. Therefore, to include the incompatible element concentra
tion that is excluded by the discretisation, accumulated concentrations in the vertical 
direction are calculated for each grid square using
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d ^ =  / CidF (6.6G)
Jfi

where is the accumulated instantaneous melt composition, and F2 and Fi are 
the total melt fraction at the grid node of interest and the grid node directly below. 
Evaluating the definite integral gives

C/^acc   0 { I - F t p )

ih)

F2

Fi
(6.67)

All the accumulated instantaneous melt compositions are weighted according to the 
melting rate, and then integrated across the melting region. This compositional 
value is then averaged over the total volumetric melt production rate (equation 6.63) 
to give the final average melt composition at the ridge. The average composition in 
the liquid is given by

DF,
C r^acc D t A A 

C A vera ge  ^  J A  L  ( ^ A F ) ^ ------

Ia ( R - A F p

6.10 Sum m ary

The equations presented in this chapter produce a model of mid-ocean ridge melting 
th a t can incorporate different tem poral changes in the independent variables. In the 
application to Iceland the spreading rate is varied through time, to reflect changes 
in spreading rate associated with rift relocations. The results from this application 
are presented in section 7.5. This m ethod can be applied to any rift situation where 
the spreading rate may be variable, such as extinct rift segments at the Phoenix- 
Antarctic Ridge, Drake Passage. Variable spreading rates are also relevant during 
continental rifting, where the extension will increase through time from initial rifting 
to full oceanic spreading. Continental rifting may have other variables such as the 

wedge angle, discussed in section 7.6. At Iceland, tem poral variations in the plume may 
produce pulse of hot material radiating out beneath the rift axes. A variable mantle 
potential tem perature could also be incorporated into the model. The tracking the 
mass fraction of remaining mantle (residue) facilitates new rift initiation into previously
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depleted mantle and therefore, a more realistic model of rift relocations.

A comparison is made between the steady-state results of Bown and White (1994) and 
Katz et al. (2003) and steady-state crustal thickness and melt fraction-depth profiles 
produced by the new model (section 7.3). The comparison ensures that the new model 
is consistent with existing models and that the Katz et al. (2003) parameterisation 
has been implemented correctly. The effects of varying the spreading rate, wedge 
angle, mantle potential temperature and water content on the crustal thickness and 
composition through time are presented in section 7.4.

The program is set up to allow the easy addition of different parameterisations of 
melting and composition. Further simple additions to the compositional calculation 
would produce more realistic compositions, discussed in chapter 8.
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Chapter 7

M odel Application

7.1 Introduction

The next task is to apply the new time-dependent model to a realistic situation relating 
to rift relocations at Iceland. This application is with a view to understanding whether 
geochemical differences, outlined in chapters 4 and 5, between different rift stages can 
be correlated with distinct changes in tectonics or are the result of other influencing 
factors such as glaciation or plume variations.

The aim of this chapter is to test the model against results presented by previous 
authors (section 7.3) and experiment by systematically varying several independent 
variables on an individual basis (section 7.4). The final aim, relating back to the 
original aim of this project, is to present results from the application of the model to 
rift relocations at Iceland (section 7.5).

7.2 Background

This section provides necessary background information to allow the useful application 
of the new time-dependent model to Iceland in section 7.5. Modifications required to 
model rift jumps are described along with data processing to get a meaningful output.

203
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7.2.1 W edge Angle Variations

The wedge angle defines a theoretical boundary between the area of the melting region 
where upwelling takes place and the area where flow is purely horizontal within the 
limitations of 2D corner flow model (see section 6.4). The wedge angle input has a 
significant effect on the time taken for a ridge to react to changes in the spreading rate 
(section 7.4.2). This is shown particularly well when starting a ridge in a mantle with 
no previous history of rifting, with differences in the time to first melts of more than 
7 Ma at slow spreading rates comparable to Iceland. Taking into consideration that 
the life span of a rift segment at Iceland is less than 15 Ma, setting a realistic wedge 
angle is clearly very important in order to assess the time-dependent effects of tectonic 
variations on the composition and crustal thickness.

Neither the melt thickness or the melt chemistry can be used to determine the wedge 
angle. Previously, the wedge angle has been determined by assuming that the controls 
on the melting region are known. For example, Spiegelman and M'^Kenzie (1987) 
assumed that temperature is the main control on rheology, and derived scaling relations 
for the wedge angle. These expressions were used by Bown and White (1994). However, 
more a study by Hirth and Kohlstedt (1996) suggests that water is a more important 
control on rheology.

Recent work by Jones (pers. comm.) has provided new constraints on the wedge 
angle at Iceland using bathymetric data. This method allows a direct measurement 
of the upwelling rate which leads to the wedge angle. As described in section 2.2, 
variations in the melt production rate at Iceland form lineations in the topography 
of the sea floor, in the North Atlantic, known as V-shaped ridges (Vogt, 1971; Jones 
et al., 2002). Figure 7.1 shows a cross section of the bathymetry along the North 
Atlantic Ridge, South of Iceland, identifying a series of peaks and troughs. The peaks 
represent times of high melt productivity relating to pulses of hot/fertile material 
spreading out in the asthenosphere from the Iceland plume. The troughs represent 
times of low melt productivity relating to the cold/less fertile periods between pulses. 
The time taken to change between the peaks and troughs (high and low productivity) 
can be used to estimate the upwelling rate of a pulse through the melting region if 
passive upwelling is assumed above 100 km. Maclennan et al. (2001b) show that to 
reproduce the crustal thickness and geochemical signature in central Iceland, active 
upwelling is required to flux material through the melting region below 100 km. Ito et 
al. (1999) predict a significant viscosity change in plume mantle following dehydration 
after melting begins. This viscosity increase prevents buoyancy forces from contributing



Chapter 7: Model Application 205

significantly to plume upwelling above the dry solidus (around 60 km). Therefore, the 
passive upwelling assumption for the majority of the melting region may be valid. The 
range of depths that are subject to the effects of plume flow is not yet resolved.

Upwelling rate is controlled by the spreading rate and the wedge angle. Since the 
spreading rate at Iceland is well constrained at 18 mm yr“  ̂ (DeMets et al., 1994) using 
magnetic variations, it is possible to use the estimated upwelling rates from V-shaped 
Ridge bathymetry to estimate the wedge angle beneath Iceland. Figure 7.2 shows the 
estimation of the wedge angle for Iceland based on the range of upwelling rates. The 
result is a very large wedge angle of between 75° and 82°. These large angles reflect 
fast upwelling rates relative to the slow spreading rate and indicate a relatively narrow 
zone of upwelling.

The wedge angle can only be estimated using this method if V-shaped ridges exist. 
The only other useful example where this method can be applied is at the Mid-Atlantic 
Ridge, south of the Azores hotspot, which also requires a relatively large wedge angle 
to explain the V-shaped ridge geometries.
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Diachronous (V-Shaped) Ridge Profiles

Iceland
Jones et al., 2002

500 m

1 Myr

Azores
Cannat et a!., 1999

Figure 7.1: Bathymetric cross section, parallel to the plate spreading direction, of V-shaped 
ridges along the North Atlantic Ridge, South of Iceland and the Mid-Atlantic Ridge south of 
the Azores hotspot. The vertical scale is distance in m (500m as shown) and the horizontal 
scale is distance converted into time using the known plate spreading velocity (IMyr as 
shown). The maximum length of time between peak and trough at Iceland is estimated at 
1 Ma (Jones, pers. comm.).
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Figure 7.2: The variation in wedge angle with upwelling rate according to the corner flow 
solution for vertical velocity. The range of upwelling rates are estimated from the peak to 
trough slopes observed in figure 7.1. Fast upwelling rates at Iceland, relative to the slow 
spreading rate results in a large wedge angle indicating a narrow zone of upwelling (Jones, 
pers. comm.).
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7.2.2 M odelling Rift Jum ps

At Iceland the growth and decline of individual rift segments is part of a system of 
rift relocations that have occurred at Iceland since its formation at 24 Ma. In order 
to realistically apply the model to Iceland, the thermal and compositional structure of 
the mantle must be pre-set to allow for a continuously spreading system where new 
rifts form within mantle that has already undergone some melting at a pre-existing 
rift. Rift jumps are included in the new model by running the program for 20 million 
years until a steady-state is reached that is appropriate for the starting conditions of 
the new rift. The temperature and residue structure are then transposed laterally by a 
given distance, representing the rift jump. This models a rift starting to the east of an 
existing rift, in the crustal and mantle lithosphere conditions created by the existing 
rift. If the calculation was based solely on temperature, without tracking the mantle 
residue, the appropriate thermal steady-state starting conditions could be calculated 
using a half-space cooling model as discussed in section 6.3.

7.2.3 Calculating M ean F

Mean F is the average melt fraction at a particular depth weighted according to the 
melting rate and provides a good ID representation of the 2D variation of melt fraction 
across the melting region. At any particular depth.

DF,

F(2) =  (7.1)
f  — — c\ t

where x  is the horizontal distance ax;ross the melting region. Ft is the total melt fraction, 
^  is the melting rate and R — A F  is a correction for melt extraction based on White 
et al. (1992).

7.2.4 Com position

The composition is calculated according to accumulated fractional melting for a series 
of elements with constant bulk partition coefficients (section 6.9). Fictive elements with 
D values of 5, 2, 1, 0.1, 0.01, 0.001 are used to show the general behaviour of elements 
with varying compatibility. Composition for fictive elements are plotted as Cl /C o,
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with a constant starting value of Cq at 1 ppm. The concentrations of real elements 
Nb, Zr, Y, Sm and Yb in the melt were calculated using bulk partition coefficients and 
average mantle concentrations presented by Workman and Hart (2005), shown in table 
7.1.

The comparison of the model element composition with observations from Iceland 
is presented in section 7.5.3. It must be noted that this over-simplified approach of 
using constant bulk partition coefficients to model melt compositions is not expected to 
reproduce the absolute values observed at Iceland. The comparison concentrates on the 
relative trends in trace element ratios through time. In reality, the melt composition 
is influenced by many processes including melting, fractional crystallisation, crustal 
assimilation, source heterogeneity, alteration and melt transport. The effect of these 
processes must taken into consideration when analysing the results. The calculation of 
elements with constant bulk partition coefficients, although very simple, does provide 
good insight into how the composition may be affected by variations in tectonics and 
indicates where improvements would be useful in the model.

Element D Average 
DMM (ppm)

Nb 0.0034 0.1485
Zr 0.033 5.082
Y 0.088 3.328
Sm 0.0045 0.239
Yb 0.115 0.365

Table 7.1; Bulk partition coefficients and starting compositions used for the calculation 
of trace element compositions in the model. Average DMM is the average composition of 
depleted MORB mantle. Values are from Workman and Hart (2005).
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7.3 M odel Testing

This section presents a comparison of the new model with the main results presented 
by Bown and White (1994) and Katz et al. (2003). The new model was based primarily 
on the Katz et al. (2003) parameterisation, using a similar method to Bown and White 
(1994). Therefore, it is important to show that the new model produces similar results 
for the equivalent steady-state results produced by these authors.

The first comparison is made with the predicted anhydrous melt fraction-depth rela
tionship for different spreading rates presented by Bown and White (1994). Figures 7.3 
and 7.4 show clearly that the melt fraction-depth profile predicted by the new model 
compares well with the steady-state results of Bown and White (1994). The overall 
melt fraction is slightly smaller for any given spreading rate because a different pa
rameterisation is used in the new model compared to the M'^Kenzie and Bickle (1988) 
parameterisation used by Bown and White (1994). The resultant crustal thickness is 
similar to that of Bown and White (1994) at 6 km for fast spreading rates and mantle 
potential temperature of 1300°C (figure 7.7).

The depth of the initiation of melting is around 10 km deeper in the new model. This 
difference relates to the different parameterisation of the solidus used in the new model. 
Bown and White (1994) use a length scale argument to obtain the appropriate wedge 
angle which results in a smaller angle compared to the input of 70° chosen for the new 
model. The depth of initial melting is the correct result for the Katz et al. (2003) 
parameterisation as shown in figure 7.5. The depth to the top of the melting region in 
the new model compares well with Bown and White (1994). The process of conductive 
cooling at slow spreading rates, identified by Bown and White (1994) as an important 
constraint on the crustal thickness, is still evident in the results of the new model.
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Figure 7.3: Variation in melt fraction with depth from the new model, shown for full spread
ing rates 10, 20, 30, 40, 50, 75 and 100 mm yr“  ̂ (black to light grey) for anhydrous melting. 
The wedge angle is constant at 70° and mantle potential temperature is constant at 1300°C.
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Figure 7.4: Variation in melt fraction with depth, shown for full spreading rates between 
5 and 150 mm yr“  ̂ for anhydrous melting results from Bown and W hite (1994). Mantle 
potential temperature is constant at 1300°C.
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The second comparison is made with predicted melt fraction-depth profiles for different 
water contents for several different mantle potential tem peratures presented by Katz et 

al. (2003). Figure 7.5 sliows th a t the new model melt fraction-depth profiles accurately 
reproduces the profiles presented by Katz et al. (2003) in figure 7.6. This is im portant 
confirmation th a t the Katz et al. (2003) param eterisation has been implemented cor
rectly. The depth to the top of the melting region is greater for the new model because 

the velocity model takes into accovmt the presence of the crust and therefore, restricts 
the zone of upwelling mantle.
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Figure 7.5: Variation in melt fraction with depth from the new model, shown for 1250°C, 
1350°C and 1450°C mantle potential temperatures. At each temperature the water content is 
varied between the following values: 0 (black), 0.01 (red) and 0.02 wt% (blue). Full spreading 
rate is constant at 50 mm yr“ ;̂ wedge angle is constant at 70°.
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Figure 7.6: Variation in melt fraction with depth, shown for 1250°C (blue), 1350°C (green) 
and 1450 °C (red) mantle potential temperatures from Katz et al. (2003). At each tempera
ture the water content is varied between 0 and 0.02 wt%.



Chapter 7: M odel Application 213

7.4 M odel Experim ents

This section presents model data from a series of experiments based on the systematic 
variation of several independent variables: spreading rate, wedge angle, mantle poten
tial temperature and water content. This is an important part of the testing process, 
to assess whether the observed effects of varying each of these independently are con
sistent with existing knowledge of mid-ocean ridge processes. These observations will 
allow the real application of the model to be made as accurately as possible, with a 
better understanding of its limitations.

7.4.1 Spreading Rate

The steady-state model of Bown and White (1994) showed that melting and resultant 
crustal thickness is relatively constant for spreading rates above 15 mm yr~^ Below 
this value significant changes in the amount and depth of melting occur because con
ductive cooling has a greater influence over the thermal structure. Slow spreading rates 
produce significantly less crust with melting occurring over a much smaller depth range. 
The depth to the top of the melting region is much greater for small spreading rates 
and this results in a more enriched chemistry for ridge products. Significant decreases 
start to emerge at 20 mm yr“ ^

The variation in crustal thickness for different spreading rates obtained from the new 
model is shown in figure 7.7. As shown by Bown and White (1994), significant decreases 
in the steady-state crustal thickness are observed for 20 and 10 mm yr“ .̂ Spreading 
rates of 30-100 mm yr“  ̂ produce steady-state crustal thicknesses within the range of 
5.9-6.3 km. At 20 mm yr“  ̂ the crustal thickness decreases to 5.6 km, with a further
1.1 km decrease for 10 mm yr“ .̂ The time taken to reach steady-state increases 
steadily for a decrease in the spreading rate except for very fast rates such as 75 and 
100 mm yr“ ^ For slow spreading rates similar to Iceland the time from initial melting 
to steady-state is around 4.5 Ma. This is the time taken for a dramatic change in 
tectonics i.e. from zero spreading instantaneously to 20 mm yr“ ^ Whether this change 
is realistic or not, the results have important implications for the application to Iceland. 
This time is similar to the time between different rift stages at Iceland, therefore the 
time taken for changes in the spreading rate to be reflected in the ridge products may 
be too long to produce significant changes before the next rift jump occurs.
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The composition varies significantly between fast and slow spreading rates. Figure 7.8 
shows the variation in CfJCo for a range of spreading rates for steady-state melting at 
normal mantle potential temperature. The concentration ratio is essentially constant 
for fast spreading rates for incompatible elements, with compatible elements {D >1) 
remaining constant for all spreading rates. Below 40 mm yr“ ,̂ the incompatible ele
ment concentration starts to increase gradually, and below 20 mm yr~^ this increase 
is more dramatic. These trends compare well with compositional results presented by 
Bown and White (1994) for major element variations. For example Ti02 is usually 
incompatible in basaltic melts, except during fractional crystallisation of magnetite, 
and is shown to increase in concentration at slow spreading rates (Bown and White, 
1994). This incompatible element trend relates back to figures 7.3 and 7.7 where for 
slow spreading rates of 20 and 10 mm yr~^ the amount of melting is reduced to produce 
thinner crust and the depth to the top of the melting region increases as a result of 
conductive cooling. These model results are consistent with Bown and White (1994) 
findings.
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Figure 7.7: The variation in crustal thickness with time, shown for spreading rates 10, 20, 
30, 40, 50, 75 and 100 mm yr~^ (black to light grey). The wedge angle is constant at 70° 
with a normal mantle potential temperature of 1300°C and anhydrous melting.

7.4.2 W edge A ngle

As discussed in section 7.2.1, the wedge angle controls the speed of upwelling relative to 
the spreading rate. A small wedge angle (e.g. 20°) results in a wide melting region with
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Figure 7.8: The variation in composition {Ci /Cq) with change in spreading rate for anhy
drous melting for a range of bulk partition coefficients, D: 1 (blue), 0.1 (black), 0.01 (red). 
Mantle potential temperature is constant at 1300°C.

low upwelling rates compared to a large wedge angle (e.g. 80°) where the melting region 
is very narrow with fast upwelling rates. At Iceland, good constraints on the wedge 
angle are obtained from bathymetric observations (figure 7.2). A well constrained 
wedge angle may not be available for all applications of the model and therefore, it 
is important to observe how the wedge angle can impact on the rate and amount of 
melting at a ridge. There are also interesting implications for the origin of amagmatic 
continental margins (see section 7.6).

For all spreading rates, the variation in wedge angle has a direct influence on the time 
taken for melting to start at a new ridge and the time required for the ridge to become 
fully established i.e. reach steady-state melting. Small wedge angles result in relatively 
low upwelling rates compared to the spreading rate and the time taken to start melting 
is longer than for large wedge angles. It follows that for small wedge angles, it takes 
longer for a ridge to progress from initial melting to steady-state melting compared to 
large wedge angles. There are also significant effects on the final steady-state crustal 
thickness.

At fast spreading rates such as 50 mm yr (figure 7.9), time to initial melting is
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only 0.4 Ma for an 80° wedge angle compared to 2.4 Ma for a 20° wedge angle. The 
difference in time from initial melting to steady-state melting at fast spreading rates 
is even more significant, with just over 1 Ma for 80° and nearly 8 Ma for 20°. The 
final crustal thickness for 20° is 5.3 km where as for 80° it is significantly greater at 
6.2 km. The dip in crustal thickness after several million years for smaller wedge 
angles is the result of the slow upwelling rate. At the beginning all of the mantle is 
assumed to be without melting history, as the melting starts and increases throughout 
the mantle to reach the steady-state melting the mantle builds up a melting history. 
For true steady-state activity the mantle residue across the melting region must also be 
steady. For very slow upwelling rates it takes much longer for the residue to advect to 
reach steady-state compared to temperature, which is affected by conduction as well as 
advection. This dip in crustal thickness is artificial and results from an instantaneous 
change from zero to full spreading. In reality, the spreading rate across a new rift will 
increase gradually with time. The results are still important for a good understanding 
of model behaviour.

These effects of wedge angle variations on the timing of melting are compounded at 
slow spreading rates such as 20 mm yr“ ,̂ similar to Iceland (figure 7.10). The initiation 
of melting for an 80° wedge angle is after 0.8 Ma compared to 7.5 Ma for a 20° wedge 
angle. The time between initial melting and steady-state is around 4.5 Ma for 80° and 
increases to significantly more than 12 Ma for 20°. The difference in crustal thickness 
between 20° and 80° would be around 2 km if timing continued beyond 20 Ma. The 
dips in steady-state crustal thickness would be observed at slow spreading rates and 
small wedge angles if calculations are allowed to continue in time.

The significant time differences clearly have important implications for time-dependent 
calculations where changes in melting caused by other factors such as spreading rate 
variations may take longer to be observed in the ridge output. The extreme differences 
observed in time and crustal thickness at spreading rates similar to Iceland indicate 
that good constraints on the wedge angle are required to produce a meaningful result.

The effect of different wedge angles on the composition of ridge products is shown in 
figure 7.11. The concentration of very incompatible elements in the melt at steady- 
state melting is directly related to the amount of melting and therefore, the variation 
in composition with the wedge angle is consistent with the crustal thickness variation 
in figures 7.9 and 7.10. As the wedge angle decreases the concentration of very in
compatible elements in the melt increases. The difference in the incompatible element 
concentration between slow and fast spreading rates reduces for larger wedge angles.
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This is consistent with the relatively small difference in crustal thickness between fast 
and slow spreading rates for large wedge angles.
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Figure 7.9: The variation in crustal tliickness with time, shown for 20, 40, 60 and 80° wedge 
angles (black to light grey). The full spreading rate is constant at 50 mm yr~^ with a normal 
mantle potential temperature of 1300°C and anhydrous melting.
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Figure 7.10: The variation in crustal thickness with time, shown for 20, 40, 60 and 80° wedge 
angles (black to light grey). The full spreading rate is constant at 20 mm yr~^ with a normal 
mantle potential temperature of 1300°C and anhydrous melting.

1 4 -

13
12

20 40 60 800
Wedge Angle (degrees)

Figure 7.11: The variation in composition (Cl /C q) with change in the wedge angle for 
steady-state anhydrous melting for a range of bulk partition coefficients, D: 1 (blue), 0.1 
(black), 0.01 (red). Two full spreading rates are shown: 20 mm yr“  ̂ (circles) and 50 mm yr“  ̂
(squares). Mantle potential temperature is constant at 1300°C.
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7.4.3 M antle P otentia l Tem perature

Mantle potential tem perature has a significant influence over the amount of melting 
at a ridge axis. The extreme mantle potential tem perature at Iceland of up to 1500°C 
(W hite et al., 1995) results in an average 20 km thick crust. This crustal thickness is 
compared to a global average at mid-ocean ridges of 6 km for normal mantle potential 
tem peratures of around 1300°C (Bown and W hite, 1994). Figure 7.12 shows the crustal 

thickness variation in time for different mantle potential tem peratures at a variety 
of spreading rates. For all spreading rates, increasing potential tem perature causes 

dram atic increases in crustal thickness. An increase from 1250 to 1350°C results in 
more than double the amount of crust a t steady-state melting for a constant wedge 
angle. At a very high mantle potential tem perature (1450°C), the steady-state crustal 
thickness for slow spreading rates (e.g. 10 mm yr“ )̂ is consistent with the steady-state 
crustal thickness for faster spreading rates. At lower tem peratures, slow spreading rates 
produce significantly less crust compared to fast spreading rates as shown in figure 7.7.

Significant time differences are also observed for different potential tem peratures for 
the same spreading rate. The time to initial melting is significantly shorter for higher 
tem peratures, for example a t 10 mm y r“  ̂ initial melting occurs at 5 Ma for 1250°C 
compared to 1.9 Ma for 1350°C. At a very high mantle potential tem perature (1450°C) 
melting starts immediately, as the starting tem perature field crosses the solidus in a 
mantle with no melting history. Although this is not a realistic situation as discussed 
in section 7.6, it still provides useful information about how the model behaves. The 
sharp decreases observed in faster spreading rate curves at 1450°C are artificial, caused 

by re-equilibration of the mantle residue as the melting history is taken into account. 
The model is clearly not as stable at very high tem peratures, particularly at a slow 
spreading rates. This could be caused by the relationship between conduction and 
advection: a t high tem peratures and slow upwelling rates conduction will have an 
increased control over melting. The residue is still controlled by advection and this 
instability maybe caused by a catch up by the residue every few time steps.

The concentration of incompatible elements increases for a decrease in mantle potential 
tem perature non-linearly for constant anhydrous melting (figure 7.13). Slow spreading 
(10 mm yr“ )̂ results in increasingly higher concentrations compared to fast spreading 
(50 mm yr“ )̂ as potential tem perature decreases. At high mantle potential tem pera
ture (1450°) the difference between mild incompatible and very incompatible element 
concentrations is greatly reduced compared to low temperatures. This is consistent 
with the variation in C l / C q with melt fraction for fractional melting. Elements with a
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D value of 0.1 and 0.01 have the same concentration in the melt relative to the starting 
composition once the melt fraction is more than 25% (Langmuir et al.,1992). The total 
melt fraction for 1450°C at 50 mm yr"^ (figure 7.5) is 23%, therefore the very similar 
concentrations of elements with £>=0.1 and 0.01 is expected.
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Figure 7.12: The variation in crustal thickness with time for varying mantle potential tem
perature at different spreading rates. Pull spreading rates shown are 10 mm yr“  ̂ (black), 
30 mm yr“  ̂ (green) and 50 mm yr“  ̂ (red). The mantle potential temperatures are 1250, 
1350 and 1450°C. Wedge angle remains constant at 70° with anhydrous melting.
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Figure 7.13; The variation in composition (Cl/Cq) with change in the mantle potential 
temperature for steady-state anhydrous melting for incompatible elements: D= 0.1 (circles), 
0.01 (squares). Two full spreading rates are shown: 10 mm yr~^ (black) and 50 mm yr“  ̂
(blue). Wedge angle is constant at 70°.
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7.4.4 W ater C ontent

The main advantage of implementing the Katz et al. (2003) parameterisation is that 

hydrous melting can be introduced. As discussed in section 2.3.2, it is clear that 

melting at mid-ocean ridges is influenced by water. Katz et al. (2003) showed that as 

water content increases the basal depth of the melting region increases to produce low 

melt fraction tails (figures 7.5 and 7.15). Deep melting at small melt fractions has a 

significant impact on melt chemistry because of the different bulk partition coefficients 

associated with garnet during deep mantle melting and the very small melt fractions. 

As with previous model experiments, it is important to understand how the model 

behaves in response to different water contents.

The effect of increasing water contents on the crustal thickness is systematic for a 

range of spreading rates (figure 7.14). For increasing water content, the steady-state 

crustal thickness increases. The time taken to initial melting is shortened and this 

effect is particularly significant for a slow spreading rate. Finally the time between 

initial melting and steady-state melting remains relatively unchanged for different water 

contents.

The melt fraction-depth profile for steady-state melting (figure 7.15) shows deep low 

melt fraction tails for increasing water content. The depth of initial melting is constant 

for different spreading rates with same water content in the mantle. The depth of initial 

melting increases from around 63 km to 85 km for 0 and 0.02 wt% H2 O respectively for 

a normal mantle potential temperature. Therefore, a small amount of melting occurs 

within the garnet-spinel transition zone (80-100 km) when the mantle contains a small 

amount of water. This result is expected from the evidence presented in section 2.3.2.

The composition { C i / C q) for different water contents is shown in figure 7.16. It is 

clear that the water content has very little impact on the model composition, which 

is essentially constant for both incompatible D  values for steady-state melting. This 

is because the composition is calculated with bulk partition coefficients which are con

stant throughout the mantle. The result is that the same total melt fraction achieved 

for different water contents (figure 7.5) produces similar composition to that achieved 

by batch melting. In reality, the deep low melt fraction tail would introduce signifi

cant differences into incompatible element ratios due to partitioning of elements during 

melting in the presence of garnet. This constant composition is one significant disad

vantage to the simple application of constant bulk partition coefficients in order to 

estimate the composition of ridge products.
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Figure 7.14: The variation in crustal thickness with time for varying water contents at 
different spreading rates. Hydrous melting is carried out for 0, 0.01 and 0.02 wt% H2O. Full 
spreading rates shown are 10 mm yr“  ̂ (black), 30 mm yr“  ̂ (green) and 50 mm yr“  ̂ (red). 
The mantle potential temperature is constant at 1300°C. Wedge angle remains constant at 
70°.
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Figure 7.15: Variation in melt fraction with depth at steady-state melting, shown for 0, 0.01 
and 0.02 wt% H2O. Full spreading rate is varied as follows: 10 mm yr“  ̂ (black), 30 mm yr~  ̂
(green) and 50 mm yr“  ̂ (red). The mantle potential temperature is constant at 1300°C. 
Wedge angle remains constant at 70°.
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Figure 7.16: The variation in composition {Ci IC q) with change in water content for steady- 
state melting for incompatible elements: D =  0.1 (circles), 0.01 (squares). Two full spreading 
rates are shown; 10 mm yr~^ (black) and 50 mm yr“  ̂ (blue). Mantle potential temperature 
is constant at 1300°C and the wedge angle is constant at 70°.
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7.5 Application to Iceland

This section presents results from the application of the new model to a rift jump 
at Iceland. The constraints used for the model, such as spreading rate variation are 
described below. A brief review of the main conclusions derived from geochemical 
analysis presented in chapters 4 and 5 is provided for comparison with the model 
results. The aim of the application is to model the complete rift cycle dictated by rift 
jumps at Iceland, and correlate any significant changes in melting with geochemical 
observations from the different rift stages present at Iceland. The rift cycle starts with 
the initiation of a new rift followed by a period of growth as extension transfers from 
an adjacent existing rift. The middle stage of the cycle is referred to as steady-state 
when the new rift takes up full spreading rate at Iceland. The final stage is the decline 
of the rift segment as extension gradually transfers from the present rift to the next 
new rift.

7.5.1 C onstraints

Constraints on the length of time for each active segment and the associated spreading 
rate for different rift stages are developed from a combination of DeMets et al. (1994) 
estimates from geomagnetic reversals; results from dating techniques carried out by 
Everts et al. (1972) and Garcia et al. (2003); and geodetic GPS data presented by 
LaFemina et al. (2005). The full spreading rate of the Mid-Atlantic Ridge at Iceland 
is 18 mm yr~^ (DeMets et al., 1994). Garcia et al. (2003) showed that rift relocations 
are characterised by simultaneous activity across two parallel rifts for several million 
years prior to the complete extinction of the older rift. Simultaneous activity results 
in partitioning of plate spreading across the two rifts. LaFemina et al. (2005) presents 
spreading rate observations from GPS data along the Western and Eastern Volcanic 
Zones. The slowest rate is observed at the northeast end of the Western Volcanic Zone 
at 2.6±0.9 mm yr“ ^ A simple velocity model based on the observations presented 
by Garcia et al. (2003) and LaFemina et al. (2005) is used to model an Icelandic rift 
relocation (figure 7.17).

The wedge angle is chosen to be constant at 75° in accordance with results of flow cal
culations in relation to V-shape ridge geometry, outlined in section 7.2.1. The mantle 
potential temperature at Iceland is higher than normal 1300°C, estimated at 1500°G 
over central Iceland (White et al., 1995). The model is applied for potential temper-
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Figure 7.17: Spreading rate variations through time for 15 Ma for one ridge segment on 
Iceland. Birth of the rift axis starts at 2 mm yr“  ̂ and increases linearly with time, over 
5 Ma, to reach the full spreading rate at Iceland of 18 mm yr“ .̂ Full spreading rate prevails 
from 5-10 Ma, known as the steady-state rift stage, when only one rift is active. After 10 Ma 
the rift declines with spreading rate decreasing linearly over the last 5 Ma to 2 mm yr“ *, 
reflecting the transfer of extension to a new rift. This spreading rate model is based on the 
results of several authors: DeMets et al. (1994), Garcia et al. (2003) and LaFemina et al. 
(2005).

atures of I400-1500°C. The amount of clinopyroxene in the modal mantle mineralogy 
has a significant influence on the amount of melting. 13% cpx in the mantle is chosen 
for Iceland as the average % in depleted MORB mantle calculated by Workman and 
Hart (2005). The initial jum p to start the new rift is 50 km as a maximum value, based 
on a simple measurement of the distance between the Western and Eastern Volcanic 
Zone minus the amount of spreading during the 2-3 Ma th a t the Eastern Volcanic Zone 
has been active.

7.5.2 C om parative O bservations 

M elting and Crustal Thickness

The total melt fraction evolves from as little as 1-6% for the propagating tip /b ir th  
of a rift axis in the Eastern Volcanic Zone (Furman et al., 1991) up to 22% for a 
fully established steady-state rift such as the Northern Volcanic Zone (Maclennan et 

al., 2001b). Dramatic differences occur in the crustal thickness in southeast Iceland 
with over 20 km difference between the thickest crust over the centre (40 km) at the 
southern end of the established Northern Volcanic Zone and the thinnest crust at the 
southern tip  of the Eastern Volcanic Zone (<20 km). The melting in south-east Iceland
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is significantly influenced by the presence of the Iceland plume conduit. However, the 
change in crustal thickness from central Iceland to the propagating tip of the Eastern 
Volcanic Zone still suggests that the crustal thickness during the birth of a rift axis 
should be smaller than for steady state.

G eochem istry

The birth of a rift axis shows significant enrichment in incompatible elements relative 
to an established rift axis. The Eastern Volcanic Zone exhibits Sm/Yb values up to a 
factor of 2 greater than the most enriched compositions from Theistareykir and Krafla 
from the Northern Volcanic Zone. The decline of a rift axis in the Western Volcanic 
Zone shows no significant changes in the geochemical signature yet (Sinton et al., 2005). 
The death of the Skagi Rift axis is complicated and as a result it is unclear whether the 
enriched compositions from the Quaternary lavas are caused by the ridge slow down 
or by another external factor such as glaciation or plume variations. The evidence for 
these conclusions is outlined in chapter 4. A summary of the real and model trace 
element signature for each of the main rift zones is shown in figures 7.27 to 7.29.

7.5.3 Results

The model is run for 15 Ma, with variable spreading rates as described in section 7.5.1. 
The aim of this application is to identify any significant changes in the melting regime 
during a complete rift cycle at Iceland and determine whether these changes could 
result in significant changes in the chemistry of rift products.

Figure 7.18 shows the crustal thickness variation with time for a model rift jump at 
Iceland, using a range of mantle potential temperatures and anhydrous melting. At 
all temperatures, the initiation of the new rift produces very thin crust compared to 
the steady-state crustal thickness. For 1400°C there is no melting inmiediately after 
the jump. All temperatures exhibit rapid increases in crust production of up to 10 km 
over the first 0.5 Ma. The growth of the ridge is more gradual until the ridge reaches 
full spreading rate at 5 Ma. The higher potential temperatures of 1450°C and 1500°C 
reach steady-state crustal thickness for 5 Ma, but at 1400°C the crust still increases 
slightly after fiill spreading rate is achieved. The crust remains constant throughout 
the steady-state rift stage, once steady-state crustal thickness has been reached, as 
would be expected.
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After 10 Ma the spreading rate gradually decreases resulting in a gradual decrease 

in the crustal thickness with a maximum decrease of 3 km over 5 Ma for 1400°C 
compared to a maximum 13 km increase during the growth stage. The difference in 

crustal thickness over the 5 Ma of decline is smaller at higher tem peratures with only 
a 2 km difference a t 1500°C. The response of the rift during decline is significantly less 
than  the growth stage, despite an equivalent change in spreading rate. This effect is 
caused by a difference in therm al structure beneath the ridge. The new rift is initiated 
into old crust which is relatively cold and therefore, the initial amount of melting 
will be small. The rapid increase occurs as fast upwelling rates advect the changing 
tem perature field through the mantle. The decline of the rift starts  with an established 
steady-state therm al structure and therefore, gradual slowing down does not have such 
a rapid impact as growth in the new rift.

Seismic observations of the average crustal thickness of the neovolcanic zones away 
from the plume centre give approximately 20 km. Therefore, the most appropriate 
mantle potential tem perature for the application to Iceland is 1450°C, producing a 
steady-state crustal thickness of 19.5 km for anhydrous melting. This tem perature is 
used for further modelling. The average crustal thickness away from the plume centre 
is 25-30 km, but this observation is probably affected by off-axis mass re-distribution 
of the crust.

The introduction of water a t 1450°C (figure 7.19) results in a similar crustal profile 
to anhydrous melting, with a small increase in the crustal thickness up to 1 km for 
0.02 wt% H2 O. Hydrous melting results in a more rapid increase in crustal thickness 
following the initiation of the new rift. The more significant effect of water is on the 
melt fraction-depth profile (figures 7.20 and 7.21), resulting in deep low melt fraction 
tails. Melting starts more than  40 km deeper for 0.02 wt% H2 O compared to anhydrous 
melting and this has a significant effect on the overall chemistry (figures 7.24 and 7.26).

Figures 7.20 and 7.21 show the difference in the melt fraction-depth profile during the 
growth and decline stages of rifting compared to steady-state rifting, for anhydrous 
and hydrous melting. The melt fraction immediately after initiation of the new rift is 
shown in figure 7.22. Anhydrous melting starts slightly later than  hydrous melting. 
Anhydrous melting produces 7% melting between 70 and 100 km, the difference be
tween the maximum and minimum mean F. Hydrous melting produces two separate 
areas of melting; it has the same 7% shown for anhydrous melting, but also has an 
additional 2% of very deep melting below 120 km. The predicted melt fraction for 
the propagating tip  of the Eastern Volcanic Zone vary from as little as 1-6% (Furman
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et al., 1991) to 7-8% (Kokfelt et al., 2006). The model values compare well with the 
published predicted melt fractions. The Vestmannaeyjar system is suggested to have 

been active for only 0.1 Ma (Jakobsson, 1979) and therefore, the model timescale for 
the predicted melt fractions also compares well with real observations. The model 

melt fraction for the steady-state rift stage is 21% for anhydrous melting and 23% 
for hydrous melting which correlate well with predictions from REE inversion for the 
Northern Volcanic Zone of 22% (Maclennan et al., 2001b).

As observed in the crustal thickness variations, the change in melt fraction during the 
decline of a rift axis is not as great as for the growth of a rift axis. The most significant 
feature of the ridge slow down is an increase in the depth to the top of the melting 
region from 22 km at 10 Ma to 36 km at 15 Ma for anhydrous melting and a slightly 
smaller increase of 10 km for hydrous melting. This increase is caused by conductive 
cooling, as discussed by Bown and W hite (1994). The melt fraction reduces over the 
complete decline of the rift by 5% for anhydrous melting and only 3% for hydrous 
melting.
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Figure 7.18: The variation in crustal thickness with tim e for a rift cycle at Iceland, following 
a 50 km rift jump from steady-state activity. Potential tem perature is varied: 1400°C (black), 
1450°C (red) and 1500°C (blue). Spreading rate variation is shown in figure 7.17. The wedge 
angle is constant at 75°, w ith anhydrous melting.
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F igure 7.19: The variation in crustal thickness with tim e for a rift cycle at Iceland, following 
a rift jump from steady-state activity. Hydrous m elting is carried out for 0 (black), 0.01 (red) 
and 0.02 wt% H2O (blue). Spreading rate variation is shown in figure 7.17. The wedge angle 
is constant at 75°, with a constant mantle potential temperature of 1450°C.
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Figure 7.20: Variation in m elt fraction with depth for anhydrous m elting for (a) growth 
and (b) decline stages of the rift cycle. M antle potential temperature is constant at 1450°C, 
the wedge angle is also constant at 75°. T he grey area represents the melt fraction vs depth  
curve for steady-state rift stage (7.5 Ma). The growth curves start at 1 Ma, increasing in 
melt fraction until the end of the growth stage at 5 Ma. The decline curves start at 11 Ma, 
decreasing in melt fraction until the rift becom es extinct at 15 Ma.
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F igure 7.21: Variation in melt fraction with depth for hydrous melting (0.02 wt% H2O) for 
(a) growth and (b) decline stages of the rift cycle. M antle potential temperature is constant at 
1450°C, the wedge angle is also constant at 75°. The grey area represents the melt fraction vs 
depth curve for steady-state rift stage (7.5 Ma). The growth curves start at 1 Ma, increasing 
in melt fraction until the end of the growth stage at 5 Ma. T he decline curves start at 11 Ma, 
decreasing in melt fraction until the rift becomes extinct at 15 Ma.
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Figure 7.22: Variation in melt fraction with depth for the first melts from the new rift for 
anhydrous and hydrous melting (black lines). Mantle potential temperature is constant at 
1450°C, the wedge angle is also constant at 75°. The grey area represents the melt fraction 
vs depth curve for steady-state rift stage (7.5 Ma). Ages refer to the first time step after new 
rift initiation.
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The variation in composition of single elements (fictive and real) with time during a rift 
jump is shown in figures 7.23 to 7.26. It must be noted that the compositional applica
tion of the model is very simplistic as described in section 7.2.4. The following results 
are used to indicate the general behaviour of elements with varying compatibilities 
during a rift cycle; it is not expected that this method of calculating the composition 
will reproduce the observed absolute values.

The variation in concentrations for fictive elements is shown in figures 7.23 and 7.24. 
Compatible elements show very little change throughout the rift jump process. A 
trace element with a constant D of 1 and a starting composition of 1 ppm should 
have a constant concentration of exactly 1 throughout changes in melting, however the 
model produces a constant value of 0.85. This difference is the error involved in the 
integration of the instantaneous accumulated compositions over the melting region to 
find the average composition of melt. This error could be improved by using a different 
method of integration and a smaller grid size in future applications. The error affects 
all composition calculations equally. Therefore, with the aim of looking at the general 
behaviour of elements rather than absolute values, the impact on the validity of the 
results is negligible.

The concentrations of incompatible elements show the most change during the rift 
cycle, with significant differences in the variation of composition through time between 
anhydrous and hydrous melting for very incompatible elements. As the incompatibility 
increases the behaviour of the trace elements becomes more reactive to the change in 
spreading rate. A mildly incompatible element with a Z) of 0.1 for anhydrous melting 
increases in concentration rapidly following new rift initiation to a peak after 0.5 Ma. 
The concentration then gradually decreases until full spreading rate is achieved after 
5 Ma. The composition remains constant through steady-state rifting and increases 
very gradually through the decline of the rift. This behaviour for a D of 0.1 is very 
similar for hydrous melting; the peak concentration is slightly higher and reached earlier 
and the change from increasing to decreasing concentrations is much more abrupt.

A very incompatible element {D = 0.01) makes no contribution to the melt composition 
at the initiation of the new rift for anhydrous melting. This depletion is discussed below. 
The concentration then increases rapidly to a value higher than the previous steady- 
state, peaking just after 1 Ma of activity on the new rift. A steady decrease is observed 
until full spreading is rate is reached. The steady-state rift stage has a slight decrease 
in concentration at the beginning to a constant value for the rest of the rift stage. As 
the rift starts to decline at 10 Ma a gradual increase in concentration occurs for 3 Ma,
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followed by a very gradual decrease for the last 2 Ma back to the steady-state value. 
For hydrous melting, the initial concentrations produced by the new rift reach the peak 
value almost immediately. The peak value is considerably higher for hydrous melting 
compared to anhydrous melting. Following the peak, the concentration drops steadily 
towards the start of steady-state rifting at 5 Ma. A further slight decrease is observed 
at the start of the steady-state rifting stage, followed by constant concentration until 
10 Ma. As the ridge slows down, the concentration increases very gradually until death 
at 15 Ma.

A further increase in incompatibility, to a D value of 0.001, results in more significant 
changes in composition. For anhydrous melting, this extremely incompatible element 
does not make a contribution to the melt composition in the new rift until 0.3 Ma 
after initiation. A rapid increase is then observed towards a peak value after 1 Ma. 
The concentration is slightly unstable for 1.5 Ma, decreasing steeply. After 2.5 Ma the 
concentration decreases gradually until the end of the growth stage. The majority of 
the steady-state rift stage exhibits constant composition, with a slight decrease at the 
start. The decline of the rift axis produces unusual behaviour in the concentration of 
the extremely incompatible element, with a gradual decrease for almost 4 Ma before a 
temporary small increase and a final steep decrease for the last 0.5 Ma. The variation 
in concentrations for hydrous melting of extremely incompatible elements (D=0.001) 
is similar to very incompatible elements (D=0.01). The peak concentration is nearly 
double for D =  0.001 compared to D = 0.01. This peak is followed by an immediate 
rapid decrease, followed by a more gradual decrease to steady-state. Again, as for 
hydrous melting of D =  0.01, the hydrous concentration rises very gradually during 
the decline of the rift.

The variation of single real element concentrations with time is shown in figures 7.25 
and 7.26. They show similar behaviours to those described for the fictive elements 
depending on the bulk partition coefficient, but the absolute values are different because 
they are weighted according to each elements estimated starting composition in the 
mantle. It is important to note the significant influence the starting composition has on 
the absolute values. For example, Nb {D =  0.0034) is considerably more incompatible 
than Zr [D = 0.033), but Zr has a much higher concentration in the mantle (5.082 
vs 0.1495). The difference in starting compositions results in Zr exhibiting more than 
5 ppm difference between peak value after initiation and steady-state concentration. 
However, Nb changes by less than 1 ppm between peak and steady-state concentrations, 
despite being more incompatible. The significant influence of starting composition has 
important implications for understanding the possible impact of a heterogeneous mantle
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source on the results.

The difference between hydrous and anhydrous melting for very incompatible elements 
{D < 0.01) is related to the difference in the melt fraction-depth profiles (figures 7.20 
to 7.22). Water in the mantle reduces the solidus temperature allowing more melting 
overall and characteristic deep low melt fraction tails. Wlien a new rift initiates into 
the melting history of old and cold mantle, the first anhydrous melts are not as deep 
as the previous steady-state melts (figure 7.22). Therefore the new melting cannot 
access the new mantle material that is replacing the depleted mantle that the rift has 
propagated into. The zero concentrations for very incompatible elements observed for 
anhydrous melting for the initiation of a new rift indicate that the old mantle has been 
leached of its very incompatible elements by previous melting. The depth of hydrous 
melting starts at the same depth as the previous steady-state melts and can therefore, 
access the small amount of fresh mantle material upwelling into the melting region 
as shown in figure 7.22. The immediate exceptional incompatible element enrichment 
observed for a hydrous melting at a new rift is produced by small degrees of melting 
of this fresh mantle material (figure 7.26).
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Figure 7.23: The variation in composition [CjJCo) with time for anhydrous melting during 
a complete rift cycle at Iceland, shown for 6 elements with the following D  values: 5 (black), 
2 (red), 1 (green), 0.1 (orange), 0.01 (blue) and 0.001 (grey). Negative ages refer to the 
steady-state rifting prior to rift jump. The wedge angle is constant at 75° and a constant 
mantle potential temperature of 1450°C.
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Figure 7.24: The variation in composition {Cl/C q) with time for hydrous melting (0.02 wt% 
H2O) during a complete rift cycle at Iceland, shown for 6 elements with the following D  values: 
5 (black), 2 (red), 1 (green), 0.1 (orange), 0.01 (blue) and 0.001 (grey). Negative ages refer to 
the steady-state rifting prior to rift jump. The wedge angle is constant at 75° and a constant 
mantle potential temperature of 1450°C.
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Figure 7.25: The variation in composition with time for anhydrous melting during a complete 
rift cycle at Iceland, shown for 5 real elements with the following D  values: Nb, 0.0034 (black); 
Zr, 0.033 (red); Y, 0.088 (green); Sm, 0.045 (grey) and Yb, 0.115 (blue). Negative ages refer 
to the steady-state rifting prior to rift jump. The wedge angle is constant at 75° and a 
constant mantle potential temperature of 1450°C.
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Figure 7.26: The variation in composition with time for hydrous melting (0.02 wt% H2O) 
during a complete rift cycle at Iceland, shown for 5 real elements with the following D  values: 
Nb, 0.0034 (black); Zr, 0.033 (red); Y, 0.088 (green); Sm, 0.045 (grey) and Yb, 0.115 (blue). 
Negative ages refer to the steady-state rifting prior to rift jump. The wedge angle is constant 
at 75° and a constant mantle potential temperature of 1450°C.
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The constant bnlk partition coefficients and mantle composition used to calculate model 
trace element concentrations in the melt are shown in table 7.1. The chosen trace ele
ments ratios (Nb/Y, Zr/Y and Sm/Yb) minimise the effects of fractional crystallisation 
and alteration. The observations from Iceland integrate large numbers of samples from 
a wide range of locations for the main rift zones and therefore, the effects of crustal 
assimilation, melt transport and melt mixing should be averaged between zones. Small 
scale (<<100 km) heterogeneity in the mantle source will have a significant impact 
on the composition results presented, accentuating any peaks for incompatible enrich
ment, discussed further in section 7.6. These trace element ratios are used throughout 
this dissertation to compare the melting processes and composition of mantle melts 
from different regions of Iceland. Figures 7.27 to 7.29 compare the range of observed 
values for the Nb/Y, Zr/Y and Sm/Yb ratios at Iceland, with the predicted values 
from the model of the different rift stages at Iceland.

The variation in Nb/Y through time for anhydrous and hydrous melting for the rift 
cycle at Iceland is shown in figure 7.27. For anhydrous melting Nb/Y increases from 
zero to a peak value 0.5 Ma after initiation of the new rift, decreasing gradually to 
a steady value at 5 Ma. Nb/Y is constant throughout the steady-state rifting stage 
and decreases slightly during the decline of the rift. For hydrous melting the Nb/Y 
value starts at a peak value following the initiation of the new rift, double the peak for 
anhydrous melting. Nb/Y then decreases immediately to just above the steady-state 
value, and continues decreasing very gradually to the steady-state value after 5 Ma. 
The composition remains constant at the steady-state value until the ridge dies at 
15 Ma.

Zr/Y produces similar behaviour to Nb/Y through time. For anhydrous melting the 
rapid increase in Zr/Y following initiation of the rift is followed by a continued gradual 
increase to reach the peak value after 1.5 Ma of activity. The Zr/Y value then decreases 
gradually until 5 , remaining constant throughout steady-state rifting. During the ridge 
slow down, Zr/Y increases slightly over 3 Ma and decreases back to the steady-state 
value over the last 2 Ma of activity. For hydrous melting the Zr/Y ratio starts at a 
much higher value compared to anhydrous melting, and increases steeply for a small 
amount to a peak value after 0.3 Ma, similar to the peak for anhydrous melting. Zr/Y 
then decreases gradually until 5 Ma to a steady-state value, and then only increases 
very slightly during the decline of the rift.

The absolute values and differences between peak values and steady-state values are 
small compared to the real observations from Iceland. Nb/Y varies over a maximum
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range of 0.1 in the model values and varies over 0.4 for the mean values and over 1.0 
from the main volcanic zones in Iceland. Zr/Y  varies over a maximum range of 1.0 for 
the model values and varies over 3 for the mean values and over 13 for the range of 
values from the main volcanic zones. Finally, Sm/Yb model values have a maximum 
range of 0.3 and the observations vary over 0.8 for the mean and 3 for the maximum 
range. The absolute values for steady-state do overlap w îth the lower range of values 
from the Northern Volcanic Zone for all the trace element ratios. Possible methods 
for improving the reproduction of the absolute values and differences are discussed in 
section 7.6.

To summarise the general behaviour of the trace element ratios; enriched values are 
observed following the initiation of the rift, decreasing throughout the growth stage 
of rifting towards a steady-state value, similar to the observations for the Eastern 
Volcanic Zone. The composition of melts remains constant throughout steady-state 
rifting and shows very little or no change during the decline of the rift. Any changes 
observed during the decline of the rift axis are much smaller than those observed for 
the growth stage of rifting, particularly for hydrous melting, which is more realistic for 
Iceland. This constant chemistry correlates well with the similar geochemical signatures 
produced by the Northern Volcanic Zone and the declining Western Volcanic Zone.
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Figure 7.27: The variation in N b/Y  with time diu'ing a complete rift cycle. The range of 
real Nb/Y values is presented in the first diagram with the mean and range shown in black 
and the grey box denotes ±1 S.D. from the mean. The model results for anhydrous and 
hydrous melting are shown in the other diagrams. The wedge angle is 75° and a constant 
mantle potential temperature of 1450°C.
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Figure 7.29: The variation in Sm/Yb with time during a complete rift cycle. The range of 
real Sm/Yb values is presented in the first diagram with the mean and range shown in black 
and the grey box denotes ±1 S.D. from the mean. The model results for anhydrous and 
hydrous melting are shown in the other diagrams. The wedge angle is 75° and a constant 
mantle potential tem perature of 1450°C.
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7.6 Discussion and Further A pplication  

7.6.1 Iceland

In the application of the model to Iceland, the difference in melting between the steady- 
state  and dying rift stages is not as dram atic as might be expected for a significant 
reduction in spreading rate. The decline of a rift does not produce the same level of 

response to the volume and composition of rift products compared to slow spreading 
rates at the growth of a rift axis. For a mantle potential tem perature of 1450°C, which 
reproduces steady-state crustal thickness (20 km) as observed at Iceland, produces as 
little as 3 km of crust at the start of a new rift. The same conditions result in only a 
small decrease from 20 to a minimum of 16 km thick crust at the end of rift activity, 
following the ridge slow down. This difference in crustal thickness and melting relates 
to the history of the mantle prior to the growth and decline stages of rifting. The 
new rift is initiating into lithosphere th a t has had nearly 5 Ma to cool down and has 
the equivalent of steady-state melting history from the previous rift. Starting with 
very slow spreading rates (2 mm yr~^ in model), only very small amounts of melt can 
be produced as the new tem perature field starts to transfer through the mantle and 
fresh mantle material is slowly advected. The dying rift stage has the same steady- 
state  melting history in the mantle as the new rift, but the dying rift already has a 
steady-state tem perature field. Therefore, melting continues and the gradual reduction 
in crustal thickness results from the gradual decrease in the rate of upwelling and the 
increase in depth of the top of the melting region, controlled by conductive cooling at 
slow spreading rates (Bown and W hite, 1994).

It was not possible due to time constraints to model the effect of two rifts active 
together, which may result in asymmetrical spreading across each rift. Simultaneous 
rifting would certainly have an impact on the amount of melting, particularly during 

the initiation of the new rift. As the rift develops the new melting region will impinge 
on the edges of the melting region from the existing rift. The base of the melting 
region for hydrous melting is approximately 150 km and therefore, a wedge angle of 
75° results in a 80 km wide base of upwelling for the ridge. The rift jum p is modelled 

as a maximum 50 km and therefore relatively close to the upwelling from the adjacent 
rift. This observation indicates th a t the melt fraction may not increase as rapidly as 
shown by the present model during the growth stage of the rift. Melting in the zone 
of upwelling th a t is effectively shared by the two melting regions would be partitioned 
between the two rifts, reducing the amount of melt contributing to the new rift.
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The model geochemical behaviour compares well with the relative differences between 
the geochemical observations from the main rifts on Iceland. Significant peak in enrich
ment are observed for incompatible elements and trace element ratio at the start of the 
growing rift stage, decreasing towards the steady-state value. This decreasing trend 
is observed in the Eastern Volcanic Zone from the southwest propagating tip towards 
central Iceland, as described in chapter 4. There is very little enrichment observed 
for the decline of the rift axis. Zr is the only element which appears to significantly 
increase above steady-state values, and only a small fraction of the increase observed 
at the beginning of the rift. The lack of significant changes in the model geochemi
cal signature during the decline of the rift compares well with the similar chemistry 
observed for the Northern and Western Volcanic Zones.

The results for the model geochemical signature during the decline of the rift imply 
that it may not be possible to achieve the level of incompatible element enrichment 
observed in the Quaternary lavas at Skagi by the simple slow down of an existing rift. 
The model shows that reasonably small degrees of melting of fresh mantle material are 
required in order to get significant enrichment of very incompatible elements compared 
to steady-state rifting, similar to the growth of a new rift. Possible causes of melting 
to produce the young Skagi lavas are discussed in chapter 8.

Further investigation is required to confirm whether or not the slight increases observed 
for very incompatible elements during the decline of a rift would become significant 
increases, similar to the enrichment observed at Skagi, if the mantle source was altered 
to be more realistic. It is certain that the peak values at the beginning of the rift 
will increase significantly relative to the steady-state values with the introduction of 
small scale enriched veins in the mantle. The introduction of garnet field melting 
with appropriate bulk partition coefficients will also impact on the composition. A 
similar method to Spiegelman (1996) for a two layer mantle would be relatively easy 
to implement and would significantly improve the calculation of the composition. The 
introduction of a heterogeneous mantle would be a more complex undertaking and 
very little research has been done on the modelling of mid-ocean ridge melting of a 
heterogeneous source.

7.6.2 P h oen ix  Ridge

Only one application of the new time-dependent model is presented here, but there 
are other possibilities for further applications. The Phoenix Ridge, Drake Passage,
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Antarctica was once an extensive spreading ridge, but became extinct around 3.5- 
4.5 Ma (Barker, 1982; Larter and Barker, 1991). Unlike Iceland, the Phoenix Ridge 
is situated away from the influence of mantle plumes and therefore, the mantle has 
a normal potential temperature. Choe et al. (2007) present geochemical data from 
different rift segments, with samples from a range of distances away from the rift. They 
show that during the extinction of the rift a change from i)redominantly N-MORB to E- 
MORB compositions is observed. Livermore et al. (2000) provide good constraints on 
the spreading rate variations based on magnetic variations up to 250 km from the rift. 
The application of the model to the Phoenix would show whether the lack of change 
in geochemistry at Iceland during rift decline is the result of higher mantle potential 
temperatures or if it is not possible to achieve incompatible element enrichment during 
ridge shut down. Livermore et al. (2000) suggest that the morphology of the extinct 
rift could be related to localised strong upwelling of the mantle.

7 .6 .3  N on -vo lcan ic  M argins

The model experiments provide very useful insights into how the model responds to 
different independent variables. The effect of varying the wedge angle on the timing 
of melting has significant implications for the production of amagmatic margins. As 
shown in section 7.4 small wedge angles impose significant delays on the initiation of 
melting at a new rift. This delay is around 2.5 Ma for fast spreading rates (50 mm yr“ )̂ 
and increases to around 7.5 Ma for slow spreading rates (20 mm yr“ )̂ for normal mantle 
potential temperatures. This results in around 125-150 km of rifting, depending on 
the spreading rate, with no melt production and therefore, mantle is emplaced at the 
surface. The continental margin on the west coast of Iberia is a well studied amagmatic 
margin and figure 7.30 provides an approximately to scale representation of the crustal 
components. Continental crust gives way to nearly 200 km of serpentinised mantle 
emplaced at the surface, before oceanic crust is produced. Reston and Phipps Morgan 
(2004) propose a cooler mantle to account for the significant period of extension without 
volcanism. However, the observations of the effect of wedge angles on the timing of 
melting on a new rift indicates that small wedge angles can result in several million 
years before any melt is produced. Wedge angle constraints from the North Atlantic 
V-shaped ridge topography outlined in section 7.2.1 indicate that the upwelling rate 
for the Mid-Atlantic Ridge requires a steep wedge angle of at least 65°. It is therefore, 
reasonable to suggest that in the case of the Iberian amagmatic margin, the wedge 
angle could increase from the start of rifting to full oceanic spreading. This change
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could be described as re-focusing of melting towards the ridge axis once melting has 
been initiated, following continental stretching. This idea of re-focusing of upwelling 
means th a t the mantle does not need to  be unusually cool to produce a non-volcanic 
margin.

Figure 7.30: An approximately to scale representation of the Iberian continental margin 
from the west coast of Europe (adapted from Dean et al., 2000).

Further applications to continental margins may provide new insights into the origin 
of amagmatic margins. This would require a more realistic spreading rate velocity 
model, with extension increasing gradually rather than instantaneous full spreading 
as used in the model experiments in section 7.4. It would be an easy addition to the 
model to vary the mantle potential tem perature and this could be used to model the 
impingement of a mantle plume in a continental rifting situation. A variable basal 
tem perature would also be useful in modelling the changes in mid-ocean ridge melting 
which produce V-shaped ridges along the M id-Atlantic Ridge.

7.7 C onclusions

The main conclusions from the model testing and experiments are:

• The new model consistently reproduces the results for melt fraction-depth profiles 
from Katz et al. (2003) and compares well with the variation in melt fraction for 
different spreading rate results presented by Bown and W hite (1994).

• Slow spreading rates below 20 mm yr“  ̂ produces significantly less crust and sig
nificantly more enriched incompatible element signature compared to  fast spread

ing rates.
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• The wedge angle has a significant impact on the time it takes for a rift to respond 
to major changes in the tectonics, such as spreading rate. Small wedge angles 
result in a longer time span for tectonic changes to affect melting.

• Potential temperatures have the greatest influence over the degree and depth 
of melting. An increase of 100°C can result in more than double the crustal 
thickness.

• Hydrous melting results in small systematic increases in the crustal thickness 
depending on the water content, but has very little effect on the composition 
of mantle melts produced by steady-state melting, based on constant bulk par
tition coefficients. This result would be different with a more comprehensive 
compositional calculation.

The main conclusions from the application of the model to Iceland are:

• A mantle potential temperature of 1450°C reproduces the observed average crustal 
thickness, of approximately 20 km, for an established rift at Iceland.

• A model of initial melting at a new rift of 7- 9% compares well with predicted 
melt fractions for the propagating tip of the Eastern Volcanic Zone, estimated 
from the geochemistry to be 7-8% (Kokfelt et al., 2006).

• Model steady-state melt fractions of 21-23% are very similar to those predicted 
from REE inversions for the Northern Volcanic Zone, away from plume influence, 
of 22% (Maclennan et al. 2001b).

• The response of melt fraction and crustal thickness to the decline of a rift axis 
is not as dramatic as might be expected for a large reduction in spreading rate, 
and the response is considerably less significant than during the growth stage of 
rifting.

• Incompatible element enrichment is observed during the development of a new 
rift, followed by a relatively constant composition throughout the rest of rift 
activity, including the decline of the rift. Further modelling of the composition 
is required to confirm this result.

• The relative behaviour of model compositions compare well with the average 
observed variations from the different rift stages preserved at Iceland.
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'File simple slow down of an existing rift appears to be unable to reproduce the 
enriched geochemical signature observed for young Skagi lavas, indicating tha t 
other processes are required to produce these lavas.



Chapter 8

Discussion and Conclusions

The aim of this dissertation was to provide quantitative constraints on the changes in 
melting and chemistry associated with rift relocations at Iceland, using geochemical 
observations and a new time-dependent model of melting beneath a mid-ocean ridge. 
Chapters 3-5 presented new and existing geochemical data and compared the geochem
istry of lavas from different volcanic zones at different stages in the rift cycle, with a 
further comparison to extinct rift chemistry from the Tertiary. Chapters 6 and 7 pre
sented the theory behind a new time-dependent model of melting beneath mid-ocean 
ridges, and showed results from the application of the model to variable spreading rates 
associated with rift relocations at Iceland. The aim of this chapter is to discuss how 
the results of the previous chapters may be linked to the large scale tectonic picture at 
Iceland, including the influence of plume-ridge interaction.

8.1 Origin o f Skagi Q uaternary M elts

The new detailed geochemical study of the extinct Skagi Rift showed that no significant 
geochemical change is observed between the youngest Tertiary lavas and Quaternary 
lavas outcropping on the Skagi peninsula, despite the presence of a distinct uncon
formity. This unconformity could signify a hiatus in volcanic eruption and therefore 
indicate that the Quaternary lavas represent a later period of melting, possibly result
ing from a separate transient rifting episode. However, the unconformity could simply 
reflect the start of glaciation in northern Iceland, with volcanic activity remaining con
stant through from the Tertiary to the Quaternary. In the former case, the Quaternary

249
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lavas represent renewed eruption activity on an extinct rift and in the latter case they 
represent the last eruptions on a dying rift.

The accurate timing of the extinction of the rift is very important for determining the 
likely tectonic origin of these young lavas at Skagi. The kinematic model presented by 
Garcia et al. (2003), based on dating of dykes, concluded that the Skagi rift became 
extinct around 3 Ma. This study also suggested that the palaeo-rift axis was located 
around 60 km east of the widely accepted Hunafloi axis location. Hjartarson (2003) 
proposed a transient rift axis at this new location that was active 1.6-1.7 Ma. There 
is no present consensus of locations and timing of rift activity in northern Iceland 
between the 8-6 Ma initiation of the Northern Volcanic Zone and the extinction of 
rift activity near Skagi. Well constrained palaeomagnetic dating in northwest Iceland 
indicates that volcanic activity on the Skagi rift began around 15 Ma (Hardarson et 
al. 1997). Volcanic activity in the region must have been concentrated at the Hunafloi 
location for a significant period of time due to the presence of a regional syncline in 
the Tertiary lava flows.

Palmason’s model of crustal accretion suggests that regional synclines form as a result 
of continuous emplacement of lava flows at a rift axis, until loading of the crust results 
in central subsidence. Models by Palmason (1973) and Bodvarson and Walker (1964) 
suggest that the rate of subsidence at a rift axis could be up to 1-2 mm yr“ ^ A simple 
geometrical calculation shows that regional dip of 5-10° over half the 50 km average 
width of a volcanic zone would require 2-4 km of subsidence. At 1-2 mm yr“ ,̂ it could 
take up to 4 Ma to form a regional syncline as observed at Iceland. This observation 
indicates that if any rifting occurred further east of the Hunafloi axis, it must have been 
short-lived because there is no evidence of a regional syncline in this area. Therefore, 
there is little field evidence to support the Garcia et al. (2003) kinematic model with 
an extended period of rifting 60 km east of the current palaeo-rift axis location. This 
also indicates that the 3 Ma model age for extinction on the Skagi rift presented by 
Garcia et al. (2003) may not be reliable. Prior to the Garcia et al. (2003) estimate 
of extinction of the Skagi rift at 3 Ma, Johanesson (1980) and Pringle et al. (1997) 
predicted a 7-5 Ma age of extinction.

Hjartarson (2003) and Hardarson et al. (2008) suggest that Quaternary activity in 
the Skagafjordur region is related to a transient rift which may have propagated from 
the fissure swarm extending northwards from Hofsjokull central volcano, in the Mid- 
Iceland Volcanic Zone. The rift is predicted to have been active for a very short period 
of time, 1.6-1.7 Ma. This age is consistent with Everts et al. (1972) K-Ar ages of the



C h apter 8: D iscussion  <fe Conclusions 251

Quaternary lavas from Skagi. The K-Ar ages span a longer period of activity, 2.5 
0.5 Ma, but it must be noted that large errors of around ±1 Ma are associated with 
these dates. A short transient rifting episode, such as the one suggested by Hjartarson 
(2003), is consistent with the lack of evidence for a significant regional syncline.

In theory, there should be little difference between the geochemistry of lava flows 
from a short-lived Skagafjordur rift and new rift lava flows such as those found in 
the Eastern Volcanic Zone, particularly at the propagating tip. Both rifts start with 
slow spreading rates and propagate into depleted mantle which has had several Ma 
to cool down. The comparison between Skagi Quaternary lavas and Eastern Volcanic 
Zone lavas shows that for the same MgO composition the Eastern Volcanic Zone lavas 
are more enriched in incompatible elements. The Eastern Volcanic Zone basalts evolve 
from transitional to alkaline compositions towards the propagating tip, whereas the 
Quaternary basalts from the Skagi rift are tholeiitic. Following these observations it is 
unlikely that Skagi Quaternary lavas represent a transient rifting episode on a newly 
propagated rift adjacent to the old Skagi rift, as suggested by Hjartarson (2003). The 
initiation of rifting would also produce extensional faulting in the region, however there 
is limited evidence for this at Skagi (Everts’ map, 1975; appendix A). Further field work 
focused on the detailed structure of the region would reveal whether extensional faulting 
and disturbances mapped on Skagi could represent a small scale rifting episode.

It could be argued that the similarly enriched incompatible element signatures of the 
Tertiary and Quaternary lavas from Skagi indicate that the Quaternary melts are sim
ply a continuation of Tertiary rift activity, i.e. the young lavas represent the last erup
tions on a dying rift. This idea is consistent with the lack of change in composition 
during the decline of a rift as predicted by the new melting model and observed in the 
Western Volcanic Zone. However, a similar enriched geochemical signature could be 
created by very different mantle melting processes. For example enriched compositions, 
such as those found in Skagi lavas, are very similar to the lava compositions observed 
in central Iceland. In central Iceland the enriched composition is the result of plume 
influence, with active upwelling fluxing material through the deep melting region. The 
effect of active upwelling occurs up to 150 km from the plume centre (Maclennan et al., 
2001b). Young Skagi lavas are very unlikely to have been influenced by plume-driven 
upwelling because rift-plume migrations models suggest that the plume conduit has 
been located more than 150 km away from Skagi in the last 3 Ma (figure 5.40, section 
5.5). More importantly, the field observations show that the melt production at Skagi 
was very small compared to the melt production in central Iceland. Similarly enriched 
compositions for Tertiary lavas in general are attributed to plume-driven upwelling be-
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cause sampling has been biased to locations which are aligned with the 150 km radius 
of the previous latitudes of the plume centre (section 5.5).

Decompression is required to melt the mantle in a mid-ocean ridge setting so it is 
necessary to explain how upwelling occurred to produce the Skagi Quaternary melting. 
The geochemical comparison between Skagi and the Eastern Volcanic Zone shows that 
it is unlikely that this upwelling is the result of a separate transient rift. Therefore, 
upwelling associated with the old rift must produce the young melts. A reactivation of 
the existing rift after several Ma of cooling would probably produce similar enriched 
alkaline compositions to the Eastern Volcanic Zone, inconsistent with the young Skagi 
lavas. As noted previously, rifting would also result in extensional faulting and there 
is little evidence of this at Skagi.

One possibility for renewed upwelling on the Skagi rift, that is not associated with 
passive upwelling from rifting or active upwelling from the plume, is the propagation 
of thermal/fertile pulse from the plume beneath a thinned lithosphere from previous 
rifting. As a pulse of hot/fertile material passed beneath the recently deceased Skagi 
rift, upwelling occurs as the pulse travelled upwards towards the thinnest lithosphere 
at the centre of the old rift axis. The most recent pulse of enhanced melt productivity 
to leave Iceland presently intersects the Reykjanes Ridge at 60.5°N, or c. 750 km from 
the plume centre. The geometry of the associated V-shaped ridge suggests that the 
pulse left the plume centre at 3.1 Ma, if radial flow in the plume is assumed (Poore et 
al., 2009). A even more recent study, which includes geochemical results from dredge 
samples obtained along the Reykjanes Ridge in 2008, suggests that the pulse left the 
plume at 2.3 Ma (Jones, pers. comm.). The Skagi lavas lie about 225 km from the 
plume centre. The radial speed of the pulse beneath Iceland was probably in the range 
of 300-700 km Myr~^ (Poore et al., 2009; Jones, pers. comm.). Therefore, the pulse 
would have reached Skagi between 2.78 and 1.55 Ma (assuming a starting time of 2.3- 
3.1 Ma). This age compares well with dating of Quaternary lavas by Everts et al. 
(1972) and the time range of 1.6-1.7 Ma for other volcanic activity in the region. The 
upwelling process associated with the passing pulse would probably produce very small 
degrees of deep melting as predicted by the REE inversion model. In future, the new 
melting model could be used to confirm whether the chemistry of melts produced by 
this mechanism would match the observations.

It is conceivable that the rifting and pulse-related upwelling mechanisms could combine. 
In this case there could be mixing between the small degree, highly enriched melts, 
from the plume-related upwelling and depleted melt fractions from the small amount
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of passive upwelling caused by renewed rifting. This combination of mechanisms may 
be required to reproduce the observed geochemical signature because the small degree 
of deep melting from tlie upwelling pulse may results in too highly enriched, alkaline 

melts. A more realistic compositional model would allow the composition of a mixture 
of deep and shallow melts to be modelled. The suggestion of very slow spreading or no 
extension for Skagi Quaternary melting is consistent with the difference between the 

predicted crustal thickness of 1.5 km from REE inversion modelling and the observed 
25-30 km thick crust (Darbyshire et al., 2000).
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8.2 K inem atics and D ynam ics o f Rift R elocations

It is still not clear which processes cause the initiation of a new rift. Rift relocations 
at Iceland are thought to be driven by the relative eastward migration of the mantle 
plume relative to Iceland because the rift axes have always been associated with the 
plume centre. The main evidence for this plume dependence is the current location 
of the plume centre, estimated to be beneath the axis of the Northern and Eastern 
Volcanic Zones, under Vatnajokull icecap.

One important constraint on the processes which influence the initiation of a new rift 
is the horizontal scale. If the distance of rift jumps can be accurately estimated, this 
would indicate the scale of the lithosphere processes required to cause the jump. For 
example, Garcia et al. (2003) predicted that the rift jump in northern Iceland could 
have been as short as 10 km. This value is relatively insignificant when compared to 
the average width of the volcanic zones at 50 km. Therefore, a 10 km scale rift jump 
would indicate that rift relocations are not dramatic distinct jumps from one area of 
the plate to another, but rather a more gradual migration of the rift axis with the 
relative migration of the plume centre. In this case, the cause of a rift relocation may 
be linked to the propagation and shut down of the individual fissure systems that make 
up the axial region. However, the discussion in section 8.1 suggests that conclusions 
from the Garcia et al. (2003) may not be reliable.

A rough estimation of the distance of the rift relocation between the Western and 
Eastern Volcanic Zones in southern Iceland gives a maximum of around 50 km. This 
value is obtained by measuring the distance parallel to the spreading direction between 
the approximate centre of each rift axis (~80 km) and removing the rough distance 
that the rifts have separated over the last 2-3 Ma (~35-55 km) based on the full 
spreading rate of 18 mm yr“ ^ This estimation is comparable to the average width 
of the volcanic zones and would require the rift to start around 25 km outside of the 
existing rift. Off-axis activity, currently or recently active on Iceland, occurs between 
15 km (Grimsnes) and 25 km (Snaefell, Oraefajokull Volcanic Belt). Therefore, it is 
reasonable to suggest that the processes controlhng the initiation of a new rift could be 
linked to the propagation of off-axis activity. FVirther investigation into how melting 
occurs to result in an off-axis volcanic centre could be an important step towards 
understanding rift relocations.

Other important constraints on the processes which underlie rift relocations are accu
rate dating of each of the rift jumps and the life span of each rift. The evidence in
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section 8.1 for the age of extinction of the Skagi rift gives an indication of how poorly 
the timing of rift relocations is constrained, especially for relocations involving extinct 
rifts. Questions such as ‘are the two rifts always active simultaneously or have past rift 
jump been more discrete?’ cannot be answered without good dating of stratigraphically 
well defined features. It is relative easy to achieve this through dating of the ‘trap ’ type 
flows in the Tertiary, where the stratigraphy is regular. However, this kind of sampling 
is actively biased towards the large volume flows which flow outside the main rift zone 
(Hardarson and Fitton, 1997) and the more complex structural relationships associated 
with central volcanic complexes are avoided. The dating and geochemical analysis of 
these extinct Tertiary calderas may provide new information about the kinematics of 
the rift activity in northwest Iceland, including the rift jump from the Northwest Rift 
to the Skagi rift. Garcia et al. (2003) suggest that the Skagi rift and the Northern 
Volcanic Zone were active simultaneously for a period of up to 5 Ma, similar to the 
current Western and Eastern Volcanic Zone jump. Simultaneous activity is consistent 
with the present arrangement of the Western and Eastern Volcanic Zones, and the idea 
of a less discrete migration of the rift via off-axis activity or individual fissure system 
propagation.

Finally, it must be remembered that rift relocation is a 3D problem. LaFemina et al. 
(2005) show, using geodetic GPS data, that the spreading rate varies along-axis in the 
Western and Eastern Volcanic Zones. The Eastern Volcanic Zone takes almost 100% of 
the extension at the northern end, and around 60% of the extension at the propagating 
tip at the southern end. The propagation of a rift adjacent to an existing rift would be 
easier to explain than the initiation of a complete rift segment. Recent observations 
by Carbotte et al. (2004) of the difference in axial depth between offset mid-ocean 
ridge segments show that the shallower rift is usually the leading rift. This difference 
is modelled by Katz et al. (2004), showing that offset rift axes result in asymmetrical 
melt production rates between the two rifts, with more melt being produced beneath 
the propagating rift. A similar process could be occurring at Iceland; this process could 
be investigated in relation to an initial point source of activity from an off-axis centre 
as a plausible explanation for rift relocations.

8.3 Conclusions

Similar geochemical signatures are observed for Tertiary and Quaternary lavas from the 
Skagi peninsula in northern Iceland. The young Skagi lavas have a high Fe-Ti chemistry
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and a relatively enriched incompatible element signature compared to the established 
Western and Northern Volcanic Zones on Iceland. These young lavas also show light 
REE enrichment relative to the heavy REE, indicating a strong influence of deep mantle 

melting. The REE inversion predicts very small degrees of melting ( 1 2 %)  with around 
30 35% of th a t within the presence of garnet. The similarity between the geochemical 
signatures from Skagi Quaternary lavas and Tertiary lavas in general is likely to be 
the result of different mantle processes. The Tertiary geochemistry correlates well with 
central Iceland geochemistry th a t has been subject to the geochemical influence of 

plume-driven upwelling.

The geochemical comparisons of the established volcanic zones provided evidence for 
a geochemical response to changes in tectonics during a rift relocation. The birth of 
a new rift axis is associated with very enriched compositions, predicting small degree 
deep melting up to 7-8% (Kokfelt et al., 2006). The steady-state rifting stage, away 
from the phnne centre, produces relatively depleted incompatible element signatures 
compared to the new rift segment and predicts around 22% melting (Maclennan et al., 
2001b). The decline of a rift shows little evidence of geochemical change (Sinton et 
al., 2005). All these observations can be reproduced by the new time-dependent model 
employing a simple variation in spreading rate and a mantle potential tem perature of 
1450°C. The steady-state model crustal thickness reproduces the 20 km thick average 
for established rifts at Iceland, away from plume influence.

The origin of the young Skagi lavas is very unlikely to be the last eruptions of a dying 
rift following a simple ridge slow down. According to the model, other factors are 
required to produce the enrichment observed in these lavas and it is suggested th a t 
variations in plume productivity, radiating out underneath the lithosphere at Iceland 
could result in renewed activity on the declining Skagi rift after 3 Ma.

The new time-dependent model is an im portant step towards understanding how mid

ocean ridges evolve through time. Despite its limitations, particularly for calculating 
compositions, the model manages to reproduce very well the melting regime predicted 
for different rift stages at Iceland and is consistent with the relative behaviour of 
the incompatible element signature through time. A few additions to improve the 
compositional calculation, suggested below, will make this model a very powerful tool 

for modelling mid-ocean ridge processes globally.
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8.4 Further W ork

8.4.1 Skagi

The geochemical data implies that the presence of a significant unconformity between 
the Tertiary and Quaternary lavas on Skagi reflects a hiatus in volcanic eruptions 
(section 8.1), but it would be good to get more definitive field evidence to confirm 
that. Dating of youngest Tertiary lavas on Skagi and re-dating of Skagi quaternary 
lavas would be required to establish whether there is any significant time gap. A 
subset of around 20 samples from the Skagi Quaternary lavas and dykes was prepared 
for ^°Ar/^®Ar dating. It is hoped that these will be analysed in the near future. Further 
sampling of the Tertiary lavas would be required to provide suitable samples for dating 
purposes.

The new geochemical data in chapter 3 showed that Tertiary lavas from Skagi have 
a very similar chemistry to Quaternary lavas from Skagi. However, only 5 samples 
of Tertiary lava flows were collected from the Skagi peninsula and to ensure that this 
conclusion is correct, further systematic samphng of the Tertiary lavas is required. 
Whole rock major and trace element data combined with the proposed "^^Ar/^^Ar 
dating would provide a complete geochemical-time series for activity on the Skagi rift 
from 15 Ma through the end of activity in the Quaternary, so that any changes in 
chemistry that would be associated with the decline of a rift axis could be observed. 
At present, the youngest dated Tertiary lavas from the Skagi rift are 8 Ma, at which 
time the Northern Volcanic Zone was only just being initiated. Combined isotopic and 
palaeomagnetic dating of the Tertiary lavas on the Skagi peninsula may be a more 
efficient way to achieve a well dated stratigraphy. Sr and Nd isotope analysis would 
also be useful to identify any systematic changes in the source composition through 
time.

8.4.2 Tertiary crust

The geochemical data presented in chapter 5 shows that strong similarities exist be
tween the geochemical signature of the Tertiary and the central part of the Northern 
Volcanic Zone, near the plume centre. It is suggested here that previous sampling 
of the Tertiary has been located in regions which would have been within a 150 km 
along-axis distance from the plume centre at the time. Two areas of exposed Tertiary
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crust exist tha t may have been located near or outside the 150 km radius of the geo

chemical influence of the plume (figure 5.40, section 5.5). The first area is in northeast 
Iceland, east of the Theistareykir volcanic system. The second area in in west Iceland, 

southwest of Snaefellsnes. F^ieldwork and sampling of the area in western Iceland was 
carricd out in June 2009. Whole rock m ajor and trace element da ta  for these new 
samples and a comparison with existing Tertiary da ta  would indicate if this enriched 
geochemical signature exists in all exposed Icelandic Tertiary lavas. This result would 
indicate th a t the melting regime, source composition and/or the radius of geochemical 

influence from the plume may have been significantly different in the Tertiary.

The presence of numerous Tertiary central volcanic complexes where there is currently 
no clear evidence for rifting, has not been explained. Previous sampling of the Tertiary 
has actively avoided central volcanic complexes. Systematic sampling and geochemical 
analysis of a series of Tertiary central volcanoes would be useful to determine their 
tectonic origin and may provide new insights into how the exposed Tertiary crust is 
preserved. A comparison of their geochemical signature to the ‘trap ’ type lava flow data  
from the Tertiary may indicate whether the central volcanoes are on-axis or off-a:xis 
features.

8.4.3 Num erical M odelling

The present model has further applications in addition to the decline of the Phoenix 
Ridge described in section 7.6. Firstly, the model can be applied to explain the tem po
ral variations in melting th a t produce the V-shaped ridge geometry on the Mid-Atlantic 
Ridge. This application is currently in progress in connection with a new combined 

geophysical and geochemical dataset from the Reykjanes Ridge obtained during sum
mer 2008 by Celtic Explorer cruise CE0806. The therm al pulse is implemented in the 

model as a spatial and time dependent bottom  boundary condition. A second applica
tion would be to model the evolution of non-volcanic continental margins. Reston and 
Phipps Morgan (2004) suggest th a t the m antle potential tem perature is up to 100°C 
cooler under the continents in order to produce amagm atic rifted margins. However, 
the preliminary experiments from the model indicate tha t the time to initiation of 

melting and the time to steady-state melting is strongly dependent on the geometry of 
the melting region. Small wedges angles th a t reflect wide zones of upwelling beneath a 
new rift can cause delays of several Ma before melting begins, as shown in chapter 7. 

It might therefore prove possible to explain the evolution of non-volcanic margins in
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terms of a transition from small to large wedge angles (that is re-focnsing of npwelling) 

without the need for an unusually cool mantle.

The model would be greatly improved by a more comprehensive calculation of the 
composition. The introduction of a two-layer mantle with different bulk partition 
coefficients for spinel and garnet field melting, similar to the method employed by 
Spiegehnan (1996), would be a relatively straight-forward addition to make. This 
method would enable an improved estimation of the incompatible clement enrichment 
resulting from small degrees of melting, strongly influenced by deep mantle melting. 
Compositions produced by garnet field melting are particularly im portant for modelling 
mantle melt compositions resulting from hydrous melting, which is characterised by 
deep low melt fraction tails at the base of the melting region. The param eterisation of 
major elements compositions presented by Watson and M^^Keuzie (1991) would allow 
the prediction of phase proportions in the mantle and a more comprehensive calculation 
of trace element abundances. The application of this param eterisation would require 
a considerable amount of coding work. A simpler approach would be to transplant 
INVMEL forward modelling routines into the model.

There has been very little work on the development of a melting model th a t includes 
a heterogeneous source. The presence of fertile veins within a depleted mantle matrix 
would have a significant impact on the incompatible element signature, producing 
exceptionally enriched values for small degree, deep melts such as those observed in 
the Eastern Volcanic Zone a t Iceland. The inclusion of fertile veins in the source in the 
new time-dependent model, combined with garnet field melting, would produce more 
realistic values for trace element concentrations. A simple model th a t includes a fertile 
mantle component as a mass fraction in the mantle, with separate partition coefficients, 
would be relatively easy to implement. This mass fraction method would be a first 
step towards a more realistic model of trace element composition. The introduction 
of a realistic model of heterogeneous mantle melting, including the thermodynamic 
properties of the diff'erent mantle components, would be a complex undertaking (e.g. 

Phipps Morgan, 2001).

Observations of the geochemical signature of off-axis volcanic activity in chapters 4 and 
5 show a relative enriched chemistry compared to the main rift zones at Iceland. This 

activity could be initially modelled by integrating the instantaneous melts produced in 
the outer corners of the melting region. The cause of this anomalous melt migration is 
an interesting problem. An investigation of the conditions which may lead to off-axis 
melt migration and eruption would provide significant insights into the trigger for rift
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relocations at Iceland.

Fmtlier improvements to the model could be made by using a new velocity model of 

mantle flow beneath mid-ocean ridges tha t can incorporate simultaneous rift activity 
and asymmetric spreading. The im pact of sinniltaneous rift activity on the composition 
of melts produced at each rift could be very significant. The corner flow solution 
of velocity used in the model is limited to simple flow of the lithosphere. However, 

hydrous melting predicts melting a t depths of up to 150 km beneath Iceland. The 
flow of asthenospheric mantle at greater depths may be significantly different to  the 
simple 2D corner flow. A flow difference could influence the amount of melting and 
composition of melts by changing the speed of upwelling beneath the ridge. A 3D 
velocity model for Iceland would be more appropriate for modelling propagating rifts.
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A ppendix A

Geological Map of Skagi

A digitised version of the geological map of Skagi and the coasts of Skagafjordur, 
produced by Everts (1975), is provided as an insert inside the back cover of this dis
sertation.
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A ppendix B 

A nalytical M ethods

B .l  W hole-rock Powder Preparation

A diamond-tipped saw was used to cut small slices from each sample for crushing and 
to remove any weathered surfaces. Thin sections were taken from each sample and, 
together with the hand specimens, were checked for signs of hydrothermal alteration. 
Samples were observed to be fresh, except for one sample from Austurdalur (A17164) 
that contained hydrothermal mineral deposits. This sample is noted in chapter 3. The 
sliced samples were rinsed under clean tap water and place in an oven at 50° C for a 
minimum of 24 hours. The dry samples were put through a jaw crusher to produce 
cm-scale rock chips. The rock chips were placed in a tungsten-carbide Tema barrel 
and ground for 2 minutes. The whole-rock powders were used for major element, trace 
element, REE element and Sr and Nd isotope analysis.

B.2 X-ray Fluorescence A nalysis

The powdered samples were prepared for X-ray fluorescence (XRF) analysis at the 
University of Edinburgh using the method described by Fitton et al. (1998). Major 
element concentrations were determined from fusion discs. A small amomit of rock 
powder was transferred to a clean glass vial and dried in an oven at 110° for at least 
2 hours. Approximately 1 g of powder was weighed precisely into a platinum alloy 
crucible and ignited in a muffle furnace at 1100°C for 20 minutes. The crucible was then

279



280 Appendix B: Analytical Methods

re-weighed precisely to determine the mass loss on ignition (LOI). Lithium tetraborate 
flux was added to the sample residue in a sample to flux ratio of 1:5. The sample 
was then returned to the furnace for a further 20 minutes to allow initial fusion of the 
sample and flux. After the initial fusion the sample was re-weighed and any loss of flux 
mass was replaced until the precise sample:flux ratio (±0.0003 g) was reached. The 
flnal mixture of sample and flux was fused over a Meker burner for at least 5 minutes, 
during which the molten mixture was swirled vigorously to guarantee homogeneity. 
The flnal stage was to cast the melt onto a graphite mould to produce a disc.

Trace element concentrations were determined from pressed powder pellets. Approxi
mately 8 g of rock powder was weighed into a Pyrex beaker and mixed with 8 drops of 
a 2% aqueous solution of polyvinyl alcohol, which acts as a binder. The mixture was 
transferred to a thin-walled aluminium cap, placed between two tungsten-carbide discs 
and compressed at 8 tons for 2 minutes.

The fused and pressed discs were run on a Philips PW 2404 automatic X-ray flu
orescence spectrometer with a Rh-anode X-ray tube. The analytical conditions are 
described by Fitton et al. (1998). The spectrometer was calibrated with USGS and 
CRPG standards using the values given by Jochum et al. (1990) and Govindaraju 
(1994). The LOI was negative for the majority of samples with most values ranging 
between 0 and —1%. The totals for the major element data presented in appendix B 
were all 100±0.5%; any samples outside this limit were repeated. Precision and accu
racy estimates for major and trace element XRF are provided in tables B.l and B.2. 
The precision and for all elements is generally very good, with poor accuracy for Rb 
and Ba and extremely poor accuracy for low concentrations of Ca and P.



Sample Si0 2 AI2O3 Fe203T MgO CaO NaaO K2O Ti0 2 MnO P2O5

SK40 X 48.35 12.69 16.89 5.46 9.66 2.49 0.5 3.56 0.25 0.37
a 0.04 0.03 0.01 0.02 0.02 0.04 0 0.01 0 0
V 0.09 0.22 0.06 0.3 0.19 1.61 0.47 0.15 0.71 0.45

BHVO-1 X 50.28 13.78 12.31 7.07 11.39 2.33 0.53 2.72 0.17 0.3
X r 49.94 13.8 12.35 7.23 11.4 2.26 0.52 2.71 0.17 0.27
S 0.67 -0 .14 -0.32 -2.28 -0 .09 2.88 1.15 0.33 1.79 9.34

FKN X 65.27 18.87 0.09 0.02 0.17 2.37 12.73 0.01 0.01 0.02
X r 65.02 18.61 0.09 0.01 0.11 2.58 12.81 0.02 0.01 0.02
S 0.38 1.37 3.85 50 54.55 -8 .33 -0 .59 -5 5 20 -35.42

Table B.l; Precision and accuracy estimates for major element XRF analysis. The precision estimate was obtained from 10 repeat 
runs of SK40 from Hafnahudir on the north coast of Skagi. x  is the mean and a is the standard deviation. The coefficient of 
variation is given by F  =  lOOa/x. USGS standards BHVO-1 and FKN are used to estimate the accuracy of the analyses with 
reference values, Xr, from Govindaxaju (1994). The mean observed values for the standards are based on two runs. The accuracy 
is given by S' =  100(0 — E ) /E ,  where O is the observed value and E is the reference value.
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Sample Nb Zr Y Sr Rb Zn Cu Ni Cr V Ba Sc
SK40 X 26.1 230.9 50.3 229.7 9.7 131.0 79.6 36.6 32.7 500.2 128.6 39.2

a 0.11 0.68 0.1 0.24 0.13 0.83 0.74 0.85 1.17 4.45 4.28 0.57
V 0.44 0.29 0.2 0.1 1.34 0.63 0.93 2.33 3.58 0.89 3.32 1.46

BIR-1 X 0.6 16.21 16.21 106.55 0.25 70.6 127.68 163.28 374.82 319 8.24 41.75
a 0.18 0.14 0.15 0.19 0.17 0.88 2.8 0.7 6.76 3.84 1.88 1.44
V 30.04 0.89 0.9 0.18 67.82 1.25 2.19 0.43 1.8 1.2 22.85 3.46
X r 0.60 15.50 16.00 108.00 0.25 71.00 126.00 166.00 382.00 313.00 7.00 44.00
S 0.28 4.6 1.28 -1.34 0.66 -0.56 1.33 -1.64 -1.88 1.92 17.66 -5.11

BHVO-1 X 19.8 174.9 27.19 397.41 9.09 106.06 134.3 124.65 289.68 311.83 137.51 33.53
a 0.07 0.73 0.13 0.98 0.14 0.32 2.74 0.83 1.19 4 3.56 0.85
V 0.37 0.42 0.48 0.25 1.5 0.3 2.04 0.67 0.41 1.28 2.59 2.54

19.0 179.0 27.6 403.0 11.0 105.0 136.0 121.0 289.0 317.0 139.0 31.8
s 4.2 -2.29 -1.47 -1.39 -17.34 1 -1.25 3.01 0.24 -1.63 -1.07 5.45

Table B.2: Precision and accuracy estimates for trace element XRF analysis. The precision estimate was obtained from 5 repeat 
runs of SK40 from Hafnahudir on the north coast of Skagi. x  is the mean and a is the standard deviation. The coefficient of 
variation is given hy V  = 100a/x. USGS standards BIR-1 and BHVO-1 are used to estimate the accuracy of the analyses with 
reference values, Xr, from Govindaraju (1994). The mean observed values for the standards are based on 6 runs. The accuracy is 
given by S' =  100(0 — E) / E ,  where 0  is the observed value and E is the reference value.
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B.3 Inductively Coupled P lasm a M ass 

Spectrom etry

Two sessions of inductively coupled plasma mass spectrom etry (ICP-MS) were carried 
out in 2006 and 2007. A subset of samples were sent to the Scottish Universities 

Environnaental Research Centre (SUERC) for analysis. The samples were prepared 
using a standard acid digestion, similar to the one described below. Another subset 
of samples were prepared and analysed a t the University of Cambridge. The precision 
and accuracy estimates for the two sessions of ICP-MS are shown in table B.3. The 
precision and accuracy is generally very good for all elements from both da ta  sets. 
The data  from SUERC is slightly more consistent than  the data  from the University 
of Cambridge. A review of the ICP-MS technique is presented by Jarvis et al. (1990).

The method of acid digestion used at the University of Cambridge is described here. 
A small amount of powder was transferred into a  clean glass vial, covered and placed 
into an oven at 110°C for at least 4 hours. O.liO.Ol g of dried powder was weighed 
into a clean Teflon vial and 1 ml of HF and 4 ml of HNO3 were added to the rock 
powder. The Teflon vials were placed in a hot block at 110°C overnight to allow 
the rock powder to be digested. Once all the rock had been dissolved the vials were 
removed from the hot block and placed in an elbow evaporator. Ca-Mg fluorides were 
present as a white precipitate a t this stage; they were dissolved through later stages in 
the digestion process. The elbow was placed in a hot block to allow evaporation of the 
solution down to a crystal slurry at approximately 1 ml. 1 ml of HNO3 was then added 
to the crystal slurry and the elbows returned to  the hot block to allow evaporation 
down to 1 ml again. This step was repeated once. After the final evaporation, 2.5 ml 

of HNO3 and a small volume of ultra-pure distilled water was added to the sample 
solution and replaced to the hot block over night to allow dissolution of any Ca-Mg 
fluoride precipitates. Finally, the samples were transferred to clean plastic bottles and 

diluted to approximately 50±1 ml with ultra-pure distilled water. One standard and 
one blank solution were prepared with each sample set of 10. The standards used were 
AVG-2 and BCR-2.



Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
BCR-2 X 24.84 53.41 6.78 28.74 6.59 1.97 6.71 1.05 6.39 1.27 3.68 0.56 3.41 0.51
SUERC a 0.12 0.2 0.03 0.14 0.04 0.01 0.03 0.01 0.02 0.01 0.03 0 0.02 0
(12) V 0.49 0.37 0.39 0.48 0.67 0.7 0.41 0.88 0.39 0.65 0.88 0.68 0.59 0.68

Xj' 24.9 52.9 6.57 28.7 6.58 1.96 6.75 1.07 6.41 1.3 3.66 0.54 3.38 0.5
s -0.22 0.96 3.21 0.13 0.09 0.32 -0.61 -1.68 -0.24 -2.38 0.44 4.56 1.01 2.31

BCR-2 X 25.74 53.31 6.76 29.08 6.83 1.99 6.9 1.1 6.66 1.36 3.8 0.56 3.5 0.52
Cambridge a 0.16 1.05 0.18 0.52 0.14 0.04 0.12 0.02 0.09 0.03 0.06 0.01 0.05 0.01
(3) y 0.63 1.97 2.65 1.79 2.03 1.86 1.7 1.38 1.29 2.14 1.69 1.96 1.56 2.03

X t 24.9 52.9 6.57 28.7 6.58 1.96 6.75 1.07 6.41 1.3 3.66 0.54 3.38 0.5
S 3.36 0.78 2.92 1.32 3.77 1.77 2.17 3.21 3.95 4.92 3.88 4.14 3.69 3.18

AVG-2 X 38.28 70.36 8.04 30.91 5.72 1.56 4.73 0.68 3.57 0.69 1.89 0.27 1.67 0.25
Cambridge a 0.39 2.89 0.17 0.72 0.1 0.03 0.05 0.01 0.08 0.01 0.03 0 0.02 0
(3) V 1.01 4.1 2.09 2.34 1.83 1.8 1.13 1.72 2.38 2.12 1.55 1.5 1.49 1.4

X  j' 38.28 70.36 8.04 30.91 5.72 1.56 4.73 0.68 3.57 0.69 1.89 0.27 1.67 0.25
s 1 2.57 2.58 1.34 4.14 1.87 4.59 5.41 2.8 5.41 4.48 3.33 3.19 1.75

to
00

Table B.3: Precision and accuracy estimates for REE ICP-MS analysis. The numbers in brackets indicate the number of runs of 
each standard, x is the mean and a  is the standard deviation. The coefficient of variation is given by =  lOOa/x. Reference 
values, Xr, are given by Govindaraju (1994). The accuracy is given by 5  =  100(0 -  E ) / E ,  where 0  is the observed value and E is 
the reference value.
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B.4 Solid Source M ass Spectrom etry: Sr and Nd  

Isotope Analysis

A small subset of 12 samples were prepared for Sr and Nd isotope analysis at the 
University of Cambridge. The samples were prepared using a standard acid dissolu
tion method described below. The precision of results for each sample is shown in 
table D.9, showing a negligible % error and, therefore, indicating that the results are 
very precise. Standard runs during 2006-2007 produce a precision of 0.710258±1.8e“  ̂
for ®^Sr/*®Sr for NBS87 standard and 0.511120±1.4e“  ̂ for ‘̂̂ ^Nd/^'*''Nd for Johnson 
Mathey standard. Again the errors are negligible.

150 mg of dry rock powder was weighed into clean Teflon FEP vials with hex nuts. 
Approximately 0.5 ml of HNO3  and 5 of HF were added to each sample. The Teflon 
vials were then placed into stainless steel pressure vessels (bombs) and placed in an 
oven at 180°C for 8  hours to allow digestion of the rock powder. Once cool, the vials 
were uncovered and placed under evaporators until the sample was completely dry. The 
bomb digestion was repeated twice with the addition of 5 ml of 6 M HNO3  for the first 
repeat and 5 ml of 6 M HCl for the second repeat. A precisely weighed Sm-Nd spike 
was added to the solution before the final evaporation. The sample was evaporated to 
incipient dryness before 2 ml of IM HCl was added. The solution was then transferred 
to the cation I column, where Sr was collected in 5 ml of 3M HCl. REE were also 
collected from the cation I column in 18 ml of 6 M HCl. The REE solution was then 
transferred to the cation H column, where Sm and Nd were collected in 9.5 ml of 6 M 
HCl. Sm and Nd were separated by the cation HI column, where Nd is collected first in 
4 ml of 0.3M HCl, followed by Sm in 4 ml of 0.66M HCl. The final solutions containing 
each of the cations were then evaporated until dry.

For loading Sr samples into the solid source mass spectrometer, single Ta filaments 
were used. The sample was taken up in IM HCl, and l/il loaded on to the filament. 
The sample was dried using a gradually increasing current, up to 2 A, before finally 
loading into the mass spectrometer for analysis. For loading Sm and Nd samples, a 
triple filament arrangement was used, with a central Re filament to provide the heat 
source and a Ta filament on either side for the sample. Nd and Sm samples were loaded 
in quartz-distilled water with 0.5/xl aliquots on each Ta filament. These filaments were 
dried at 1  A before finally loading into the mass spectrometer.
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Table C.l: Sample locations and descriptions for Skagi and Tr511askagi samples. Letters 
in brackets in the description refer to Everts’ (1975) stratigraphy, except for ep5 which 
is from Hjartarson’s (2003) stratigraphy. Ages are from Garcia et al. (2003).

Sample Longitude
(°W)

Latitude
(°N)

Location Description Age
(Ma)

TSKOl 19.41 66.06 Hrolleifshofdi Quaternary lava -

TSK02 19.37 66.07 Hrolleifshofdi Tertiary/Q uaternary lava -

TSK03 19.43 65.9 Hofsos Quaternary lava -

TSK04 19.49 65.95 Thordarhofdi Quaternary lava -

TSK05 19.49 65.95 Thcrdariiofdi Quaternary lava -

SKOl 20.27 65.66 Blonduos Dyke, cuts Tertiary -

SK02 20.27 65.66 Blonduos Dyke, cuts Tertiary -

SK03 19.86 65.83 Tindastoll Composite cone sheet, cuts Tertiary 6.4?
SK04 19.86 65.83 Tindastoll Composite cone sheet, cuts Tertiary 6.4?
SK05 19.93 65.96 Seines Dyke, cuts Tertiary -

SK06 19.93 65.97 Seines Quaternary dyke -

SK07 19.94 65.96 Seines Quaternary lava -

SK08 19.93 65.98 Seines Tertiary lava -

SK09 19.93 65.98 Seines Tertiary lava -

SKIO 19.93 65.98 Bergs kali Quaternary dyke 2.4
S K ll 20.05 65.08 Husnes Quaternary lava -

SK12 20.12 65.96 Olvesvatn Quaternary lava -

SK13A 20.29 66.1 Selvik Quaternary dyke -

SK13B 20.29 66.1 Selvik Quaternary dyke -

SK14 20.28 66.1 Selvik Quaternary lava -

SK15 20.28 66.1 Selvik Quaternary lava -

SK16 20.32 65.83 Skagastrond Basalt plug -

SK17 20.29 65.83 Skagastrond Gabbro sill -

SK18 20.26 65.78 Hafursstadaa Tertiary dyke 7.65?
SK19 20.25 65.78 Hafursstadaa Tertiary dyke 7.65?
SK20 20.01 65.58 Solheimar Tertiary dyke 3.5
SK21 19.57 65.57 Saemundarhlid Tertiary dyke -

SK22 19.69 65.81 Reykjastrond Quaternary dyke 2.2
SK23 20.01 65.78 Nordurardalur Tertiary lava -

SK24 19.91 65.81 Laxardalur Cone sheet/Dyke, cuts Tertiary -

SK25 19.91 65.81 Laxardalur Tertiary lava, cut by SK24 -

SK26 19.91 65.81 Laxardalur Dyke/cone sheet, cuts Tertiary -

SK27 19.91 65.81 Laxardalur Dyke/cone sheet, cuts Tertiary -

SK28 19.91 65.81 Laxardalur Dyke/cone sheet, cuts Tertiary -

SK29 19.91 65.81 Laxardalur Dyke/cone sheet, cuts Tertiary -

SK30 19.91 65.81 Laxardalur Cone sheet, cuts Tertiary -

SK31 19.78 65.78 Tindastoll Hyaloclastite -

SK32 19.81 65.78 Tindastoll Dyke/cone sheet, cuts Tertiary -

SK33 20.66 65.43 Vatnsnes Quaternary lava -

SK34 18.8 65.29 Austurdalur Quaternary lava flow (ep5?) -

SK35 18.79 65.29 Austurdalur Quaternary lava flow (ep5?) -

SK36 20.01 66.03 Ketubjorg Quaternary volcanic vent (B2R) -

SK37 20.27 66.1 Gotunuipur Quaternary lava flow (B3R) -

SK38 20.3 66.11 Dingriinuli Quaternary lava flow (B3R) -

SK39 20.4 66.09 Hafnahudir Alk-Ol-Basalt Intrusion (Everts, 1975) -

SK40 20.39 66.09 Hafnahudir Alk-01-B£isalt Intrusion (Everts, 1975) -

SK41 19.94 65.96 Seines Tertiary lava -

SK42 20.01 66.03 Ketubjorg Quaternary lava flow (BOR) -

SK43 20 66.03 Ketubjorg Quaternary lava flow (B-IR) -

SK44 19.99 66.02 Ketubjorg Compositie dyke, cuts Tertiary -

SK45 19.99 66.02 Ketubjorg Compositie dyke, cuts Tertiary -
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Table C.2: Sample locations and descriptions for samples donated by A. Hjartarson 
and S. Garcia. Letters in brackets in the description refer to Hjartarson’s (2003) 
stratigraphy. Ages are from Garcia et al. (2003) and Hjartarson (2003) in italics.

Sample Longitude
(°W)

Latitude
(°N)

Location Description Age
(Ma)

A17160 19.11 65.33 Vesturdalur Quaternary lava (dd) 1.^8
A17161 19.09 65.3 Vesturdalur Quaternary dyke -

A17162 19.09 65.3 Vesturdalur Quaternary lava (dd) 1-48
A17164 19.09 65.3 Vesturdalur Tertiary lava (me2) -

A17168 19.06 65.32 Vesturdalur Quaternary lava (dd) 1-48
A17176 18.46 65.12 Austurdalur Quaternary lava (ep2) 1.66
A17178 18.43 65.1 Austurdalur Quaternary lava (ep2) 1.66
OOAl 17.61 65.79 - Quaternary dyke 2.3
00A3 - - - Dyke -

OOCl - - - Dyke -

00C2 18.07 66 - Tertiary dyke 8.9
OOCIO 18.06 66.09 Flateyjarskagi Tertiary dyke 7.2
OOCll 18.08 66.15 Flateyjarskagi Tertiary dyke 8.1
00C12 18.08 66.15 Flateyjarskagi Tertiary dyke 8.2
OODl 17.88 65.94 Flateyjarskagi Tertiary dyke 5.5
00D3 17.87 66.03 Flateyjarskagi Tertiary dyke 6.3
00D4 - - - Dyke -

00D5 17.93 66.15 Flateyjarskagi Tertiary dyke 7.4
00D6 - - - Dyke -

00E4 18.56 65.98 Trollaskagi Tertiary dyke 7.3
00E6 18.86 65.46 Trollaskagi Tertiary dyke 6.6
00E9 19.04 65.37 Trollaskagi Tertiary dyke 6.2
00F4 - - - Dyke -

00G3 20.57 65.43 - Tertiary dyke 8.2
00G5 20.34 65.55 - Tertiary dyke 7.6
00G7 20.85 65.61 Vatnsnes Tertiary dyke 8.3
00J2 15.94 65.46 Kverkfjoll Quaternary dyke 0.4
00J3 15.75 65.46 Kverkfjoll Quaternary dyke 6?
00K4 14.84 65.35 - Tertiary dyke 12.6
00K7 14.69 65.17 - Tertiary dyke 8.1
00K9 - - - Dyke -
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Table C.3: Major element data for Skagi and Trollaskagi samples. All values are wt% 
oxides obtained by XRF analysis.

Sample SiOa AI2 O3 F62037’ MgO CaO NasO K 2 O T i0 2 MnO P 2 O5

TSKOl 48.66 12.61 16.8 5.12 9.27 2.69 0.52 3.64 0.25 0.44
TSK02 48.85 13.86 14.27 6.16 10.59 2.6 0.44 2.75 0.2 0.28
TSK03 49.06 13.53 14.48 6.31 10.83 2.36 0.37 2.55 0.23 0.28
TSK04 48.79 12.54 16.73 5.1 9.3 2.73 0.51 3.6 0.25 0.43
TSK05 48.2 12.74 16.31 5.62 9.83 2.64 0.55 3.48 0.24 0.39
SKOl 46.49 13.42 17.23 5.35 10.15 2.48 0.3 3.76 0.33 0.49
SK02 47.66 11.76 17.9 4.9 9.93 2.21 0.48 4.31 0.3 0.56
SK03 49.99 12.52 16.81 5.11 8.97 2.47 0.63 2.93 0.24 0.32
SK04 49.78 12.57 17.02 4.98 9.32 2.29 0.5 2.96 0.26 0.33
SK05 47.49 13.2 15.41 6.98 10.96 2.54 0.2 2.74 0.21 0.27
SK06 48.63 12.6 16.67 4.85 9.08 2.91 0.71 3.77 0.25 0.53
SK07 48.42 13.48 14.51 6.76 11.4 2.38 0.25 2.35 0.23 0.22
SK08 51.19 13.13 15.21 4.95 8.98 2.91 0.62 2.49 0.22 0.3
SK09 49.53 13.89 13.41 6.17 11.23 2.59 0.23 2.42 0.28 0.26
SKIO 47.27 13.31 15.74 7.62 10.51 2.22 0.13 2.73 0.25 0.23
S K ll 47.83 12.85 15.89 6.26 10.63 2.55 0.36 3.07 0.24 0.32
SK12 48.82 13.08 15.64 5.82 10.21 2.56 0.45 2.85 0.24 0.33
SK13A 48.92 12.74 15.98 5.52 10.08 2.49 0.46 3.1 0.25 0.46
SK13B 48.65 13.41 14.76 6.4 10.69 2.38 0.39 2.74 0.23 0.35
SK14 48.19 13.01 15.61 6.17 10.58 2.41 0.4 3.06 0.24 0.33
SK15 48.1 13.72 14.23 6.99 11.56 2.38 0.25 2.32 0.22 0.22
SK16 45.93 11.68 20 5.24 9.58 2.41 0.27 4.09 0.32 0.48
SK17 47.83 10.95 19.39 4.26 9.04 2.5 0.57 4.52 0.3 0.65
SK18 48.46 12.38 17.41 4.73 9.73 2.19 0.63 3.67 0.32 0.47
SK19 44.36 12.02 19.58 5.4 11.5 1.8 0.08 4.36 0.33 0.56
SK20 76.42 12.66 2.3 0.15 0.71 4.32 3.24 0.16 0.03 0.02
SK21 48.55 13.67 14.55 6.86 11.27 2.27 0.08 2.26 0.22 0.27
SK22 48.29 13.01 16.37 5.5 10.65 2.36 0.28 2.93 0.28 0.33
SK23 52.37 12.7 15.55 3.89 7.97 2.68 1.07 2.88 0.26 0.63
SK24 48.12 16.41 11.11 6.91 13.64 1.68 0.31 1.54 0.17 0.1
SK25 53.96 14.16 12.99 4.25 7.16 3.65 1.16 2.27 0.19 0.23
SK26 49.1 12.98 15.83 5.67 10.72 2.07 0.34 2.76 0.26 0.26
SK27 49.17 12.93 15.61 5.78 10.8 2.08 0.46 2.67 0.25 0.26
SK28 48.71 18.96 9.87 5.07 12.43 2.26 0.94 1.52 0.15 0.1
SK29 48.95 13.1 15.61 5.89 10.86 2.18 0.37 2.55 0.24 0.25
SK30 48.23 15.95 11.15 7.3 13.8 1.5 0.21 1.6 0.18 0.09
SK32 48.47 12.32 17.88 4.86 9.27 2.29 0.31 3.77 0.29 0.53
SK33 48.28 12.04 17.84 4.96 9.09 2.67 0.55 3.89 0.26 0.42
SK34 48.57 14.43 13.41 7.04 11.63 2.17 0.24 2.15 0.2 0.16
SK35 48.48 13.86 14.08 7.01 11.41 2.15 0.28 2.35 0.21 0.18
SK36 47.96 12.71 16.01 6.15 10.72 2.3 0.41 3.19 0.24 0.32
SK37 48.73 12.95 15.55 6.18 10.42 2.41 0.37 2.85 0.23 0.31
SK38 48.82 12.97 15.64 6.1 10.33 2.33 0.39 2.87 0.23 0.32
SK39 48.21 12.42 17.19 5.28 9.48 2.63 0.47 3.65 0.26 0.41
SK40 48.29 12.7 16.77 5.46 9.66 2.46 0.5 3.56 0.25 0.36
SK41 51.85 12.66 16.14 4.14 7.88 2.98 0.62 3.02 0.28 0.43
SK42 49.95 12.83 15.39 5.35 9.33 2.61 0.61 3.3 0.24 0.39
SK43 48.91 13.09 15.3 5.93 10.11 2.48 0.49 3.11 0.23 0.35
SK44 47.83 14.75 12.74 8.56 11.75 2.11 0.11 1.82 0.18 0.16
SK45 47.54 13.47 15.59 7.39 10.52 2.36 0.2 2.5 0.23 0.2
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Table C.4: Major element data for samples donated by A. Hjartarson and S. Garcia. 
All values are wt% oxides obtained by XRF analysis.

Sample Si0 2 AI2 O3 F c2 0 3 T MgO CaO Na2 0 K2 O Ti0 2 MnO P 2 O 5

A17160 49.24 12.46 16.61 4.72 8.82 2.68 0.75 3.82 0.27 0.61
A17161 51.7 14.4 12.51 5.72 10.18 2.49 0.6 1.93 0.2 0.27
A17162 48.29 15.93 12.67 7,34 11.71 1.86 0.09 1.8 0.19 0.13
A17164 49.19 13.22 16.06 4.94 9.01 3 0.47 3.5 0.21 0.41
A17168 48.11 18.24 12.15 5.23 11.21 2.54 0.25 1.94 0.17 0.15
A17176 48.25 13 16.96 5.29 9.08 2.69 0.65 3.49 0.24 0.34
A17178 48.19 13.07 16.98 5.32 9.13 2.59 0.63 3.52 0.24 0.34
OOAl 47.51 13.34 15.56 6.75 10.94 2.25 0.33 2.78 0.23 0.31
00A3 49.4 13.6 13.96 6.49 11.55 2.29 0.09 2.2 0.22 0.2
OOCl 50.21 13.11 15.34 4.89 9.21 2.51 0.56 3.52 0.21 0.45
00C2 74.72 12.34 4.25 0.3 1.27 4.65 2 0.32 0.09 0.05
OOCIO 49.4 13.43 13.89 6.36 10.64 2.47 0.25 3 0.21 0.34
OOCll 48.86 12.39 16.2 4.93 9.18 2.71 0.86 4.08 0.23 0.56
00C12 48.3 13.64 15.68 5.15 9.93 3.08 0.55 3.12 0.21 0.33
OODl 47.8 14.06 13.9 7.31 11.67 2.2 0.33 2.34 0.18 0.23
00D3 48.85 14.52 13.45 6.12 11.32 2.38 0.36 2.5 0.2 0.29
00D4 48.96 13.52 14.6 6.53 10.85 2.27 0.19 2.56 0.22 0.29
00D5 48.84 13.8 13.54 6.66 10.88 2.59 0.5 2.65 0.2 0.33
00D6 48.92 13.87 13.61 6.9 10.51 2.6 0.6 2.5 0.2 0.29
00E4 49.3 13.12 15.09 5.81 10.16 2.56 0.52 2.92 0.22 0.32
00E6 48.73 13.21 16.35 4.87 9.29 2.97 0.49 3.39 0.26 0.44
00E9 51.43 13.48 14.43 4.38 8.48 3.2 0.83 3.06 0.23 0.5
00F4 51.15 12.91 15.48 4.23 8.34 2.99 0.84 3.25 0.25 0.57
00G3 48.42 12.6 16.42 4.92 9.25 2.86 0.91 3.9 0.25 0.46
00G5 52.42 11.87 18.05 2.62 7.7 2.99 0.43 2.4 0.32 1.2
00G7 48.54 12.63 16.68 5.18 9.47 2.76 0.56 3.45 0.26 0.47
00J2 49.35 13.2 15.65 5.17 9.42 2.72 0.66 3.25 0.23 0.36
00J3 49.82 13.35 15.08 5.39 9.78 2.75 0.59 2.71 0.22 0.32
00K4 48.57 12.75 16.21 5.12 9.59 2.95 0.45 3.58 0.26 0.51
00K7 49 13.06 15.83 5.36 9.85 2.8 0.43 3.06 0.23 0.39
00K9 49.33 13.08 16.27 5.1 9.49 2.71 0.61 2.73 0.25 0.42
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Table C.5: Trace element data for Skagi and Trollaskagi samples. All values are in 
ppm, obtained by XRF analysis.

Sample Nb Zr Y Sr Rb Zn Cu Ni Cr V Ba Sc
TSKOl 33.0 249.8 49.8 261.8 9.5 142.9 91.0 34.0 26.9 430.7 147.6 39.4
TSK02 18.6 165.1 35.4 272.9 5.3 122.3 134.2 68.9 53.6 400.8 95.5 41.8
TSK03 20.6 168.2 38.4 191.4 6.7 125.5 145.0 65.7 118.5 419.4 95.0 45.2
TSK04 33.3 249.8 50.2 256.3 10.4 154.1 110.4 39.3 35.4 451.2 135.2 43.5
TSK05 31.8 231.2 45.4 238.8 10.9 139.9 132.3 55.1 69.0 469.8 145.3 43.4
SKOl 33.0 240.2 55.4 234.9 3.5 173.0 218.3 53.9 35.3 531.9 78.9 48.9
SK02 32.2 298.6 73.4 187.2 10.4 193.9 349.6 77.1 95.2 516.7 105.2 52.3
SK03 23.9 198.3 45.3 258.2 13.3 136.6 124.8 32.1 25.8 472.7 134.3 42.4
SK04 24.9 205.3 47.4 210.0 6.8 140.0 137.1 33.1 24.8 478.1 95.5 42.0
SK05 15.0 146.5 40.9 180.0 3.0 128.9 208.3 82.2 238.8 458.8 58.8 50.2
SK06 41.6 290.8 53.2 270.5 13.4 160.1 81.1 23.5 0.5 422.2 160.4 39.7
SK07 14.7 137.0 35.9 202.1 3.4 114.3 137.9 66.6 194.9 417.5 64.7 50.7
SK08 23.8 198.3 42.1 225.0 13.9 134.8 111.5 33.6 1.4 399.3 118.4 42.3
SK09 18.8 146.2 35.5 246.7 2.6 122.4 102.8 49.3 25.4 425.2 122.0 47.5
SKIO 12.4 123.3 34.5 162.7 1.2 127.0 210.2 96.2 228.9 458.8 45.9 48.9
SK ll 23.4 199.5 44.8 229.9 6.6 127.9 210.1 62.4 118.8 472.2 96.2 49.1
SK12 25.8 194.0 44.7 220.4 8.6 123.3 103.5 52.1 72.0 440.9 131.8 47.2
SK13A 30.1 258.0 59.2 212.7 9.0 152.9 210.9 65.4 108.5 425.2 119.3 46.6
SK13B 22.8 197.6 46.5 206.9 7.2 132.1 146.0 83.8 179.9 422.4 92.8 47.8
SK14 23.6 200.9 44.7 229.7 6.7 131.3 201.0 65.7 118.8 468.8 99.3 46.8
SK15 15.0 138.9 35.5 211.5 3.8 103.7 118.6 68.3 168.9 366.2 72.1 48.0
SK16 28.2 266.4 66.3 207.2 4.4 187.5 345.0 56.5 18.1 545.3 91.1 52.9
SK17 45.1 433.3 103.9 205.4 10.3 209.6 365.1 39.5 0.0 353.6 157.8 50.4
SK18 32.5 250.2 58.0 215.1 10.7 169.6 157.3 35.3 4.0 492.4 138.7 46.2
SK19 32.7 298.9 72.4 175.2 0.5 183.2 347.8 73.1 101.5 536.3 54.0 51.8
SK20 70.5 490.5 102.3 52.9 71.8 122.2 11.8 0.0 0.0 0.0 434.5 2.8
SK21 13.4 143.6 38.6 192.2 0.6 116.5 224.9 76.2 101.4 414.7 45.9 43.3
SK22 18.7 172.5 47.3 203.7 4.9 143.0 244.6 57.0 46.5 501.9 59.6 50.0
SK23 39.5 318.7 70.9 215.6 21.6 153.2 47.5 12.4 4.6 238.1 199.3 34.5
SK24 9.2 75.5 20.6 232.3 6.5 84.3 128.9 71.4 153.0 293.2 49.2 40.3
SK25 17.5 193.4 37.3 312.5 22.5 116.8 172.9 31.6 8.5 364.0 165.2 30.7
SK26 22.7 177.0 40.9 206.3 5.4 131.5 161.6 44.7 18.1 458.9 78.7 42.1
SK27 21.9 174.0 40.9 207.3 7.5 124.9 154.9 46.4 31.4 438.6 80.1 42.2
SK28 9.5 74.4 19.0 379.3 24.1 80.1 119.3 47.3 70.2 268.4 141.6 30.9
SK29 20.9 166.8 39.4 204.7 5.4 116.9 153.9 47.8 26.3 420.7 73.8 44.3
SK30 8.5 69.5 18.8 200.5 4.7 83.2 148.3 72.4 150.9 304.0 44.0 39.2
SK32 27.8 267.0 68.5 218.2 3.8 176.0 50.1 14.8 3.7 373.6 112.9 43.7
SK33 32.6 277.2 54.3 278.4 10.1 149.9 95.0 21.1 0.1 454.2 145.4 41.0
SK34 14.8 121.7 27.7 236.0 4.1 105.6 156.5 76.0 119.5 378.0 67.0 42.1
SK35 16.1 134.1 30.3 234.0 4.5 109.8 140.7 72.7 109.5 398.3 75.2 42.9
SK36 24.6 215.8 48.1 230.0 7.3 126.8 215.3 58.2 106.5 460.5 103.1 45.9
SK37 22.1 207.5 49.2 198.9 7.2 122.0 87.6 57.9 116.3 424.4 102.5 45.0
SK38 22.6 210.5 49.9 198.3 7.8 122.2 63.8 57.5 112.1 415.3 103.0 45.6
SK39 28.5 248.9 52.7 227.3 8.8 141.2 94.1 39.1 41.0 500.7 143.0 44.8
SK40 26.2 230.3 50.4 229.5 9.7 131.3 80.2 36.6 31.0 501.9 125.8 39.2
SK41 39.2 382.6 69.3 223.8 7.3 154.4 69.8 13.7 2.5 298.6 180.2 38.2
SK42 34.4 291.7 57.8 231.4 11.9 139.7 111.4 44.5 71.8 378.7 167.5 40.8
SK43 28.6 236.9 48.6 236.5 8.6 136.0 130.5 53.8 103.4 405.6 126.1 43.7
SK44 11.9 105.8 29.2 203.1 0.9 103.4 162.1 151.6 361.6 313.1 48.7 38.7
SK45 12.6 132.9 39.3 177.4 2.0 124.6 193.2 98.5 184.6 416.6 58.4 45.6
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Table C.6: Trace element data for samples donated by A. Hjartarson and S. Garcia. 
All values are in ppm, obtained by XRF analysis.

Sample Nb Zr Y Sr Rb Zn Cu Ni Cr V Ba Sc
A17160 36.9 335.0 65.6 254.1 16.4 144.2 73.5 15.8 13.2 297.4 184.4 39.5
A17161 21.9 204.2 48.9 189.1 12.3 116.1 146.8 59.5 104.7 331.8 125.9 35.1
A17162 9.8 99.3 21.4 235.2 0.7 98.7 114.5 148.1 76.2 293.1 35.4 36.7
A17164 26.7 232.3 47.2 292.9 4.5 139.7 147.7 25.3 3.7 441.6 144.7 39.0
A17168 11.6 117.4 24.2 315.3 3.2 90.3 190.2 49.3 10.5 254.2 60.6 28.7
A17176 27.1 249.6 49.4 263.5 14.0 135.3 185.8 39.1 23.8 406.0 154.5 38.2
A17178 26.9 247.1 49.0 264.1 13.2 133.6 185.3 42.4 25.6 401.3 151.7 38.0
OOAl 19.9 180.2 40.7 238.1 5.9 114.3 163.7 69.0 185.5 397.0 110.7 44.8
00A3 11.1 118.2 35.5 174.8 1.0 110.5 183.7 61.7 42.3 381.8 43.9 42.6
OOCl 27.4 260.1 50.9 267.5 9.2 117.4 182.6 25.8 7.0 349.4 136.7 30.1
00C2 44,2 536.6 86.5 126.8 44.7 126.3 17.2 0.0 0.0 0.0 333.0 12.1
OOCIO 23.2 212.4 41.2 278.5 4.3 127.0 173.0 74.3 150.7 358.8 108.6 33.0
OOCll 39.0 332.5 59.6 272.5 19.1 152.2 257.5 54.2 80.8 406.6 181.7 34.8
OOCl 2 24.3 210.7 41.6 285.2 9.7 127.3 140.5 38.8 27.3 395.1 142.4 31.4
OODl 13.3 126.8 29.4 256.6 4.7 94.1 142.2 85.9 142.9 330.9 74.4 34.5
00D3 16.7 168.1 35.5 285.9 6.5 99.5 147.2 66.0 71.3 319.2 95.8 32.9
00D4 17.9 165.8 42.8 188.8 8.6 111.2 165.8 73.0 102.4 370.4 70.8 36.9
00D5 20.1 184.1 36.4 285.3 7.3 101.5 148.2 71.9 107.3 331.0 104.0 37.1
00D6 19.6 161.9 34.2 279.4 11.4 91.5 148.0 103.5 183.2 302.0 114.8 33.9
00E4 21.7 202.6 41.3 262.3 9.5 119.1 133.7 49.9 56.7 389.3 114.4 34.5
00E6 26.8 234.5 47.0 301.5 8.6 134.7 127.6 25.9 4.3 410.5 144.7 34.6
00E9 35.9 310.8 60.3 277.5 23.4 122.1 83.8 25.0 14.5 338.3 196.0 32.0
00F4 42.2 327.7 67.0 240.7 23.4 151.7 77.8 14.7 0.0 335.5 193.9 32.3
00G3 36.8 228.0 45.9 325.3 15.6 151.7 51.8 11.7 0.0 385.2 196.9 37.1
00G5 54.3 546.2 134.6 215.5 15.6 222.8 36.5 5.5 0.4 24.6 241.1 33.0
00G7 30.7 242.2 51.6 275.2 10.5 137.9 99.9 31.1 29.6 394.2 133.4 37.3
00J2 24.4 213.6 39.7 246.5 13.1 126.6 100.1 28.6 30.2 444.2 133.8 41.3
00J3 24.4 204.2 38.9 244.0 12.0 128.1 141.0 33.3 20.1 394.4 130.0 41.4
00K4 30.4 258.4 56.6 292.8 10.5 156.0 97.8 31.0 28.7 426.5 176.8 40.7
00K7 21.3 217.9 49.2 268.6 6.2 127.0 147.5 38.3 36.4 373.8 126.6 35.9
00K9 21.7 198.8 54.0 233.0 11.2 134.6 105.9 40.1 39.8 430.3 157.9 38.3



Table C.7: Rare Earth Element data for Skagi and Trollaskagi samples. All values are in ppm, obtained by ICP-MS at the Scottish 
Universities Research Centre.

Sample Lbl Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
TSKOl 21.009 51.310 7.013 32.294 8.144 2.620 8.904 1.426 8.571 1.674 4.701 0.701 4.212 0.626
TSK02 14.256 34.613 4.756 22.024 5.853 1.946 6.503 1.052 6.353 1.233 3.406 0.509 3.001 0.446
TSK03 14.409 35.008 4.757 21.852 5.639 1.780 6.302 1.035 6.419 1.271 3.679 0.561 3.336 0.497
TSK04 22.391 54.074 7.351 33.751 8.384 2.681 9.129 1.442 8.784 1.705 4.771 0.727 4.236 0.628
TSK05 21.226 50.410 6.774 30.613 7.501 2.394 8.100 1.282 7.783 1.506 4.226 0.660 3.822 0.565
SKOl 24.144 55.448 7.370 33.600 8.322 2.646 9.271 1.492 9.174 1.808 5.221 0.796 4.739 0.709
SK02 22.555 56.417 8.025 38.187 10.233 3.167 11.717 1.937 12.209 2.424 6.976 1.077 6.446 0.954
SK03 18.013 42.592 5.749 26.187 6.771 2.090 7.535 1.239 7.699 1.537 4.426 0.676 4.040 0.604
SK04 17.939 42.620 5.788 26.197 6.806 2.025 7.577 1.250 7.691 1.540 4.439 0.677 4.055 0.604
SK05 10.080 25.930 3.821 18.635 5.326 1.791 6.262 1.049 6.633 1.351 3.911 0.599 3.652 0.548
SK06 26.752 64.009 8.588 38.101 9.314 2.831 9.716 1.520 9.121 1.757 5.007 0.756 4.446 0.656
SK07 10.082 25.712 3.685 17.707 4.920 1.673 5.718 0.939 5.930 1.186 3.401 0.523 3.080 0.460
SK08 17.832 41.121 5.499 24.359 6.203 1.946 6.866 1.110 6.851 1.373 3.931 0.598 3.615 0.538
SK09 13.443 31.965 4.395 20.035 5.218 1.750 5.940 0.972 5.985 1.196 3.426 0.523 3.157 0.469
SKIO 8.145 21.094 3.108 15.203 4.366 1.524 5.247 0.885 5.584 1.130 3.284 0.502 3.042 0.447
SK ll 16.723 41.138 5.759 26.643 7.015 2.247 7.822 1.267 7.749 1.525 4.413 0.667 3.974 0.580
SK12 17.300 41.376 5.594 25.227 6.486 2.050 7.235 1.184 7.356 1.464 4.269 0.645 3.878 0.585
SK13A 20.231 49.830 6.874 31.723 8.325 2.521 9.404 1.509 9.388 1.864 5.420 0.818 4.922 0.731
SK13B 15.550 38.674 5.376 24.926 6.646 2.078 7.549 1.233 7.689 1.541 4.442 0.673 4.076 0.606
SK14 16.392 40.539 5.688 26.058 6.816 2.193 7.683 1.243 7.684 1.511 4.312 0.652 3.835 0.570
SK15 10.947 27.182 3.816 18.064 4.963 1.661 5.637 0.941 5.896 1.167 3.358 0.508 3.027 0.453
SK16 19.597 49.567 7.108 33.882 9.343 2.951 10.755 1.739 11.126 2.227 6.440 0.980 5.935 0.880
SK17 33.598 81.452 11.274 52.654 13.856 4.063 15.962 2.624 16.366 3.315 9.572 1.476 9.008 1.357
SK18 22.534 53.651 7.295 33.534 8.617 2.702 10.064 1.586 9.762 1.942 5.561 0.866 5.161 0.764
SK19 21.283 53.593 7.674 36.535 9.885 3.096 11.519 1.887 11.772 2.357 6.801 1.048 6.260 0.952
SK20 75.106 157.777 18.773 75.248 16.929 2.747 17.281 2.815 16.914 3.278 9.457 1.507 9.262 1.368
SK21 10.110 25.631 3.672 17.735 5.006 1.633 5.901 0.981 6.257 1.246 3.661 0.562 3.358 0.507
SK22 12.970 31.998 4.596 22.129 6.131 2.048 7.398 1.221 7.736 1.541 4.509 0.703 4.168 0.620
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Table C.8: Rare Earth Element data continued for Skagi and Trollaskagi and donated samples from Austurdalur and Vesturdalur 
(A. Hjartarson). All values are in ppm, obtained by ICP-MS at the University of Cambridge.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
SK23 31.828 71.835 9.664 44.481 11.201 3.233 12.312 1.999 12.307 2.506 6.893 1.013 6.251 0.912
SK25 20.951 43.973 5.440 24.297 6.034 1.902 6.450 1.059 6.579 1.342 3.739 0.553 3.448 0.504
SK32 20.114 48.243 6.961 33.881 9.399 3.175 10.830 1.829 11.835 2.414 6.646 0.994 6.145 0.904
SK33 23.404 54.232 7.473 35.562 9.031 2.922 9.788 1.579 9.459 1.901 5.141 0.746 4.579 0.659
SK34 10.491 24.349 3.417 16.495 4.381 1.509 4.844 0.794 4.902 0.981 2.679 0.390 2.397 0.344
SK35 11.052 26.162 3.655 17.306 4.673 1.593 5.075 0.843 5.163 1.052 2.855 0.416 2.572 0.366
SK36 17.326 40.585 5.723 27.497 7.418 2.355 8.169 1.348 8.109 1.660 4.559 0.664 4.066 0.586
SK37 15.702 37.699 5.234 25.129 6.892 2.202 7.748 1.298 8.113 1.670 4.615 0.692 4.254 0.621
SK38 15.732 37.505 5.259 25.383 6.778 2.221 7.837 1.315 8.224 1.695 4.684 0.698 4.348 0.633
SK39 19.183 47.326 6.397 30.709 8.158 2.703 9.051 1.500 9.213 1.874 5.116 0.757 4.647 0.673
SK40 19.097 44.307 6.172 29.009 7.737 2.540 8.450 1.396 8.806 1.764 4.798 0.705 4.310 0.627
SK41 30.066 67.481 9.063 40.951 10.590 3.123 11.326 1.896 11.825 2.442 6.835 1.015 6.239 0.924
SK42 25.177 58.050 7.713 36.106 9.272 2.804 9.795 1.625 10.039 2.007 5.534 0.823 5.020 0.728
SK43 20.359 47.334 6.458 30.301 7.798 2.485 8.443 1.383 8.508 1.705 4.652 0.683 4.184 0.606
SK44 8.693 20.786 3.054 14.833 4.195 1.474 4.677 0.807 5.199 1.059 2.924 0.435 2.692 0.390
A17160 29.966 69.107 9.550 44.056 11.509 3.513 12.035 1.935 11.550 2.330 6.252 0.901 5.464 0.792
A17161 17.643 42.443 5.645 26.555 7.008 2.131 7.727 1.317 8.270 1.683 4.692 0.694 4.277 0.623
A17162 7.999 20.214 2.889 13.871 3.814 1.359 4.062 0.671 4.041 0.809 2.154 0.309 1.855 0.265
A17176 22.087 52.598 7.162 33.454 8.615 2.739 9.022 1.491 8.965 1.780 4.813 0.690 4.165 0.602

Appendix 
C: Data 

Tables 
295



296 A p p e n d i x  C: D a ta  TaJ)Ies

Table C.9; and '‘̂ ^Nd/'' ‘̂̂ Nd values for Skagi and Trollaskagi samples, obtained
by mass spectrometry.

Sample «^Sr/««Sr 2 f T x l 0 - ® % Error l « N d / l 4 4 N d 2(7x10-® % Error £Nd
TSK04 0.703187 15 0.0011 0.513034 4 0.0004 7.72
SK06 0.703613 10 0.0007 0.513010 6 0.0006 7.26
SK09 0.703565 11 0.0008 0.513024 6 0.0006 7.53
SK12 0.703152 10 0.0007 0.513054 10 0.0010 8.11
SK13B 0.703289 10 0.0007 0.513038 6 0.0006 7.80
SK33 0.703185 15 0.0011 0.513032 7 0.0007 7.69
SK34 0.703187 11 0.0008 0.513017 7 0.0007 7.39
SK36 0.703241 10 0.0007 0.513028 12 0.0012 7.61
SK37 0.703232 11 0.0008 0.513034 4 0.0004 7.72
SK38 0.703254 14 0.0010 0.513039 5 0.0005 7.82
SK41 0.703281 10 0.0007 0.513034 4 0.0004 7.72
SK42 0.703317 10 0.0007 0.513015 6 0.0006 7.35

Table C.IO: Compilation of published data from across Iceland containing major ele
ment, trace element, REE element and isotope data. This is an electronic appendix 
and can be viewed using the CD inside the back cover of this dissertation.



A ppendix D

A dditional M odel Theory

This appendix provides additional information for chapter 6. The half-space cooling 
model and control volume formulation method are described in sections D1 and D2. 
The fmal section presents the definition of the Lagrangian derivative.

D .l  Half-Space Cooling M odel

The half-space cooling model is an alternative method for calculating appropriate start
ing temperature conditions for modelling spreading rate changes to an established 
(steady-state) rift. The temperature is calculated using

This starting temperature would provide a faster approach for complex rift jump cal
culations where steady-state starting conditions are required. However, at present an 
equivalent method for estimating the depletion of the mantle residue has not been 
developed so the half-space is not employed in the new model.

D.2 Control Volume Formulation M ethod

A control volume method is used to calculate the value of dependent variables which 
are subject to advection and/or conduction. In the new model presented in chapter

297
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6, the method used is based directly on work by Patankhar (1980) and applied to 
tem perature and mantle residue depletion as a mass fraction. The method is based on 
solving a series of discretization equations which describe the flux of a variable in and 

out of each grid square so th a t the flux across each grid square boundary throughout 
the whole grid is consistent to a specified tolerance level.

The new model employs a node-centred grid and figure D .l shows how the node and 
control volume geometry is set up. Each node is centered on a grid square or control 

volume, with a special conditions for boundary nodes. The calculation is then based 
on the flux of the dependent variables in and out of the control volume; the behaviour 
of the dependent variable is defined by a partial differential equation. The value of 
a dependent variable at any grid node depends on the advection and diffusion in and 
out of the relevant grid square and the amount created or destroyed within the grid 
square, during a specified time step. The value at the central node in a control volume 
is assumed to prevail over the whole volume, otherwise known as stepwise profile. 
A series of discretization equations are obtained from the partial differential equation 
according to the methods prescribed in Patankhar (1980). The discretization equations 
are then solved iteratively until the fluxes are internally consistent across the whole 
grid.

This method is more complex and more computationally intensive than the standard 
flnite differencing schemes used to calculate advection and diffusion. However, it is 
useful because the method is implicit and therefore gives more accurate results for 
larger time steps compared to finite differencing. The control volume method is also 
more versatile, allowing variations in the geometry of the calculation domain, including 

the introduction of a finer grid size only where it is needed to improve the calculation.

One disadvantage for all discrete methods is th a t they autom atically introduces dif
fusion on the scale of the grid size because the value of the central node in each grid 
square is assumed to prevail over the whole square; the step-wise profile. The grid size 
and the time step control the amount of error introduced by artificial diffusion. The 
grid size of 0.5 km and time step of 0.1 Ma used in the model application produce a 

very small error of 3%.
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O t

• s

Ax

Figure D .l: The control volume grid set up, based on Patankhar (1980). The shaded region 
defines the control volume for a central node P. Adjacent nodes are labelled according to their 
location with respect to the central node i.e. N(North), S(South), E(East) and W(West). The 
control volume interfaces are labelled accordingly with small n, s ,e and w. The value of the 
dependent variable at node P is related to the adjacent node values by a series of discretization 
equations.
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D .2.1 General Features o f th e  Control Volum e M ethod

The general form of a partial diflFerential equation is defined as

where (p is the dependent variable, S  is the source term and Jx and Jy are fluxes defined 

by

Jx = p V x ( t> - r ^  (D.3)

and
J , =  fw,(l> -  . (D.4)

r  is the diffusion coefficient and p is the density. The source term is related to the
generation (or destruction) of the dependent variable. The source term is often depen
dent on the dependent variable, as is the case for temperature, and therefore must be 
expressed as a hnear function

S  —  S c  +  Sp(j)p (D.5)

where Sc  is the constant part of the source term and 5p is the variable source coef
ficient at the central node P  in the control volume. The discretization equations are 
obtained by integrating over the control volume and time and simplified using various 
substitutions to give

ap(f)p = (Xê Pe + (^w(pw + o,n4*n + O'S'Ps +  ̂ (D-6)

where as, oiy, cln, o-s and ap are the coefficients for the neighbouring and central nodes. 
as is the coefficient of the source term and 6 is a constant term. The coefficients and 
constant terms are given as

aE = D,A{\P,\) + l-Fe,0] , 

aw =  D^A (|Fu,|) +  0] ,

(D.7)

(D.8)
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Un  — DnA{\Pn\) + l—Fn,0} , (D.9)

as = D,A{\Ps\) + lF,,0] , (D.IO)

0 p^AxAz 
A t

(D .ll)

b = S c A x A z  + a^p4Pp, (D.12)

and
dp =  q,£ ci\Y +  Ojv “I" — S p A x A z  . (D.13)

Fe, -Fjy, Fn and Fg are the mass flow rates through the faces of the control volume. 
The flow rate, pv, is assumed to prevail over the whole face so that the mass flow rate 
through the whole face can be defined for each face as

Fe =  {pVx)e , (D.14)

Fw = {pvx)y, A z  , (D.15)

Fn = {pv^)^Ax , (D.16)

and
Fs =  {pVz)g A x  . (D.17)

F)yj.j F̂ n ^nd Dg are diffusion conductances defined by

D  =
' («l). '

(D.18)

I'm Ay
(D.19)

^ r„Ax
(D.20)

and
D  =

• (fc). '

(D.21)

The power-law scheme is chosen to define the function A\F\ because of its closeness to 
the exact solution for different Peclet numbers and it is the recommended choice by 
Patankhar (1980). The function A\P\ is therefore given by
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(D.22)

where P  is the Peclet number. The Peclet number represents the ratio of the strengths 
of C()nvection and diffusion and can be defined for each node as

(D.25)

(D.24)

(D.23)

and

(D.26)

where Dê u>,n,s and Fê yĵ n,s are defined by equations D.18 to D.21 and D.23 to D.26. 
Complete details of derivation of the general discretization equations are given in 
Patunkhar (1980) in chapters 3, 4 and 5. The discretization equations are solved 
using a tridiagonal m atrix algorithm on alternate horizontal and vertical passes across 
the grid with a specified tolerance level for convergence. Note: the code for the control 
volume method was w ritten by Dr. Stephen Jones.

D.12.2 A pplication to  Tem perature

The general form of the differential equation with tem perature, T , as the dependent 
variable is

The diffusion coefficient, F, required for the discretization equations, is defined as

whexe k is the thermal conductivity. The source term, related to the generation/destruction

=  -v ^p h  . (D.27)

(D.28)
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of temperature (heat energy) at any node is governed by the adiabatic temperature 
gradient. There is no constant term in the source (Sc = 0) and Sp is defined as

Sp =  ^  (D.29)
- t p

where Tp is the temperature at node P. The diffusion coefficient and the source t(^rms 
are substituted into the discretization equations. The equations are solved to find 
the temperature with a tolerance of 0.1°C for the maximum and mean changes in 
temperature between solutions. Higher tolerance levels make negligible differences to 
the final results and require a significantly longer time to solve.

D .2.3  Application to Residue

The general form of the differential equation with the mass fraction of mantle residue, 
R, as the dependent variable is

d(pR)  ^  d jpv^R) ^  d jpv^R) ^  ^ 
dt dx dz

The diffusion coefficient, F, is assumed to be zero because the transfer of material by 
diffusion of a solid mass is neghgible compared to the advective transfer. The sowrce 
terms. Sc  and Sp,  are also zero. In the future it may be possible to include the 
destruction of the residue by melting in the source term, but at present the resiidue 
field is altered according to the amount of melting at the end of each time step.

The diffusion and source terms are substituted into the discretization equations and the 
equations are solved to find the mass fraction of the mantle residue with a toleranc'e of 
0.000001 for the maximum and mean changes in the mass fraction between solutions. 
Higher tolerance levels make negligible differences to the final results.

This method automatically introduces diffusion on the scale of the grid size. Therefore, 
it is important to consider the error introduced by this artificial diffusion.
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D .3 Lagrangian D erivative

The Lagrangian derivative of a function is the derivative taken w ith respect to a moving 
coordinate system e.g. an advecting fluid. It is defined as

D / _ a / ^  d f  ^ d f

for two dimensions.

For reference, partial derivatives are defined as the derivative of functions which are 
dependent on multiple variables when all variables are kept constant during the differ
entiation, except for the variable of interest. Standard differentiation is the derivative 

of a function which is dependent on only one variable and the value is the change in 
the function for an infinitesimal change in the variable.
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Appendix A: Geological Map of Skagi and the East Coast of Skagafjordur
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This map is digitised from Everts' map (1975). R refers to  reverse magnetism and N refers to  normal magnetism.


