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ABSTRACT 
 

 
 

This dissertation examines magmatic processes along two mid-ocean ridge 

segments: the Galápagos Spreading Center (GSC) and the Western Volcanic Zone 

(WVZ) in Iceland.  Observations from these study areas illustrate the importance of 

variable mantle melting, melt transport and storage conditions, and the potential role of 

crustal assimilation processes in creating geochemical variability in mid-ocean ridge 

basalts (MORB). 

Some MORB from the GSC exhibit higher Al contents (>16.0 wt. % Al2O3 at 

>8.5 wt. % MgO) than expected for normal MORB evolution.  Thermodynamic modeling 

of glass and mineral chemistry shows that high-pressure (0.3-0.4 GPa) crystallization can 

account for the unusually high Al and low Si contents of these glasses.  These samples 

are similar to moderately rare high-Al MORB from other slow and intermediate 

spreading ridges and close to fracture zones elsewhere, suggesting that crystal 

fractionation in the upper mantle is an important process at these settings. 

In Iceland’s WVZ, two eruptive units – one lava shield (Lambahraun) and one 

fissure eruption (Thjófahraun) – were erupted ~4000 yrs B.P. with eruptive centers 

separated by only ~25 km.  Thjófahraun, which erupted ~1 km3 of pāhoehoe and ‘a‘ā lava 

from a 9-km long fissure, exhibits geochemical variations consistent with evolution by 

low-pressure fractionation and eruption from a shallow magma chamber.  In contrast, 

Lambahraun erupted >7 km3 of low effusion-rate pāhoehoe, shows evidence of 

plagioclase accumulation in select samples, and exhibits enrichments in CaO and highly 

incompatible trace elements that increase with increasing magmatic differentiation.  
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Geochemical modeling of Lambahraun’s major and trace element variations indicates the 

observed correlations between incompatible element concentration, increasing 

differentiation and time during the eruption can be related by concurrent wallrock 

assimilation and crystallization during melt migration (MAFC) through the crust.   

We explore the conditions under which this melt-wallrock interaction plays a role 

in the formation of MORB using a 2-d numerical model of heat exchange between a 

magma conduit and its surrounding wallrock.  Erupted crystal fractions and anatectic 

melt proportions are dependent on conduit geometry and magma ascent rate, with long-

lived, low-effusion eruptions resulting in sufficient wallrock partial melting to produce 

observable geochemical effects in erupted basalts.  
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CHAPTER 1 
 

INTRODUCTION 

 

 

1.1 Overview  

Mid-ocean ridges exhibit geochemical variations at a variety of scales, from long 

wavelength variations spanning many kilometers of the ridge axis, to changes in melting 

or differentiation processes within a single eruption.  Such variations are useful for 

investigating the underlying magmatic processes involved.  This dissertation examines 

magmatic processes at two different mid-ocean ridge segments: a ~300-km section of the 

intermediate-spreading Galápagos Spreading Center, and the slow-spreading Western 

Volcanic Zone, an approximately 170-km long subaerial portion of the Mid-Atlantic 

Ridge in Iceland.  These two field areas provide very different sampling conditions and 

therefore very different data coverage, presenting opportunities to study a range of 

processes including source melting and differentiation conditions, variations in eruptive 

style, and melt modification processes.   

Chapter 2 of the dissertation examines chemical variations along a portion of the 

Galápagos Spreading Center (GSC).  Some mid-ocean ridge basalt (MORB) glass 

samples from this region have very high Al contents (> 16.0 wt. % Al2O3 at > 8.5 wt. % 

MgO), similar to high-Al MORB from other slow and intermediate spreading ridges and 

close to fracture zones elsewhere.  In order to understand the origin of these high-Al 

glasses, I use a forward modeling approach to explore the relative contributions of 

source, melting and differentiation processes.  Thermodynamic modeling of the sample 
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chemistry using the MELTS and pMELTS algorithms (Ghiorso and Sack, 1995; Ghiorso 

et al., 2002) shows that high-pressure (0.3-0.4 GPa) crystallization can account for the 

unusually high Al and low Si contents of these glasses.  Because samples with these 

characteristics are mainly restricted to ridges with fairly slow spreading rates or near the 

ends of ridge segments elsewhere, this study has important implications for processes at 

these settings.  I conclude that high-pressure fractionation is either restricted to low 

magma supply settings, or alternatively, that the chemical signature of high-pressure 

fractionation will only be preserved in locations that lack a well-developed magma 

chamber. 

Chapter 3 explores the relationship between magmatic processes and eruptive 

style using two case studies from the Western Volcanic Zone of Iceland.  In this chapter, 

I examine two units, Lambahraun and Thjófahraun, which erupted very close to one 

another both spatially and temporally but exhibit very different eruption styles and 

chemistry.  The goal of this project was to understand differences in eruptive style and 

chemical variability in these two units and determine what inferences can be made about 

their underlying magmatic processes.  This study particularly highlights differences in 

magma transport and storage processes, with one unit displaying CaO and trace element 

enrichments interpreted to be a consequence of crustal interaction during magma ascent.  

Although crustal interaction has long been argued as a potential complicating factor in 

mid-ocean ridge evolution, most of the primary data for this process has come from 

studies of oceanic gabbros.  Only rarely has this process been invoked to explain 

chemical variations in erupted lavas.  The recognition of crustal interaction in some large 

volume, long duration Icelandic eruptions has implications for the nature of magma 
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pathways and storage areas that feed fissure eruptions and lava shields in Iceland, and 

possibly elsewhere.   

The findings from Chapter 3 led to further exploration of crustal assimilation 

using a numerical modeling approach described in Chapter 4.  In this study, I use a 

simple thermal model in order to examine the first-order effects of magma migration 

through mafic crust and the thermal consequences of heat exchange between magma and 

its surrounding wallrock.  The results from this preliminary study indicate that ascending 

magma is likely to cause partial melting of the surrounding wallrock during long-lived 

eruptions with sustained magma supply.  This crustal interaction has important 

geochemical consequences for the erupted lavas, with implications for the common 

practice of using MORB compositions to make inferences about mantle melting and 

source composition. 

 

1.2 Background and setting 

 

1.2.1  Galápagos Spreading Center 

Chapter 2 examines chemical variations along a portion of the Galápagos 

Spreading Center (GSC).  The roughly east-west trending GSC separates the Cocos and 

Nazca plates in the eastern equatorial Pacific, and is influenced by the Galápagos hotspot 

near 90.5ºW.  The Galápagos Plume Ridge Interaction Multidisciplinary Experiment (G-

PRIME) resulted in a collection geochemical and geophysical data along an ~ 800 km-

long portion of the ridge, including detailed bathymetric mapping, seismic refraction, 

reflection, magnetics, and an extensive rock sample suite that has been analyzed for glass 
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and whole-rock compositions as well as selected trace and isotope analyses (Canales et 

al., 2002; Detrick et al., 2002; Sinton et al., 2003; Cushman et al., 2004).  While G-

PRIME was designed to explore the plume-ridge interaction and its opportunities for 

insight into various magmatic processes, the sample suite yielded some unusual MORB 

compositions even in the “normal” portion of the mid-ocean ridge west of 95.5ºW, 

outside the hotspot’s sphere of influence.   

Normal (N-)MORB, defined as having K/Ti ratios < 0.09 (Cushman et al., 2004), 

dominate this region of the spreading center.  Some N-MORB glass samples from this 

region have very high Al contents (> 16.0 wt. % Al2O3 at > 8.5 wt. % MgO), similar to 

high-Al N-MORB from other slow and intermediate spreading ridges and close to 

fracture zones elsewhere. GSC high-Al N-MORB are dominated mineralogically by 

uniform plagioclase compositions (An 80-82) with only 1-2% olivine (Fo 85-87), and 

have glass compositions with higher Al2O3 and lower SiO2 than is predicted by normal 

MORB fractionation trends. 

 

1.2.2 Western Volcanic Zone, Iceland 

One of the major outstanding problems of mid-ocean ridge research is 

understanding processes on the scale of individual volcanic eruptions.  We would like to 

be able to evaluate melting and differentiation processes, eruptive style, magma supply 

and crustal storage characteristics, and whether there are any systematic relationships 

between these properties.  In order to address this, one needs to know physical 

characteristics of individual units such as flow morphology, eruptive vent characteristics, 

erupted volume estimates, as well as have sufficient sampling to quantify any chemical 
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heterogeneity that is present.  This detailed level of mapping is extremely difficult to 

accomplish on the seafloor, and consequently studies at the scale of individual submarine 

eruption units are rare (Perfit and Chadwick, 1998; Embley et al., 2000; Sinton et al., 

2002; Bergmanis et al., 2007). 

 The Western Volcanic Zone (WVZ) of Iceland is an ideal location for an 

investigation of this scale.  A significant (~ 170-km long) portion of the Mid-Atlantic 

Ridge has been mapped on the scale of individual eruptions (Sinton et al., 2005).  All 

post-glacial (since ~ 12 ka) units have been sampled and analyzed for major and trace 

elements, and age constraints have been determined for all eruptions from 14C-dating and 

tephrochronology.  Lava flow fields produced during single eruptive episodes range from 

~0.1 to >15 km3 and encompass a wide range in lava morphology and styles of eruptive 

activity.  The spatial and temporal constraints along with the eruptive variability along 

this portion of the ridge make this an ideal location to investigate a variety of volcanic 

processes, including spatial and temporal variations in eruption style, melting and 

differentiation processes, and source heterogeneity. 

Volcanic eruptions in Iceland and elsewhere occur from either fissures or central 

vents (lava shields), providing opportunities to compare these two eruptive styles and 

examine their respective geologic evolutions.  The volume and chemical heterogeneity of 

an eruption have important implications for magma supply and the nature of crustal 

storage. The volume of magma available for an eruption is dependent on both the amount 

stored in crustal reservoirs and the rate of new mantle-derived magma being supplied to 

the eruption.  Eruptions dominated by magma recharge can be expected to exhibit a 

number of characteristics that differ from eruptions that tap a single, large reservoir.  The 
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rate of such an eruption may be partly constrained by the magma supply rate, while an 

eruption driven by overpressure from a single volume of resident magma in a shallow 

chamber can have a much higher eruption rate.  Eruptions of this latter kind can provide 

important constraints on reservoir size, magma residence time and ascent rates. 

Sinton et al. (2005) proposed that fissure eruptions tap extant, well-mixed crustal 

magma chambers, whereas the chemical variations in lava shields are inconsistent with 

large, well-mixed magma reservoirs and seem to require mantle recharge during the 

course of several decade-long eruptions.  Two specific WVZ eruptions – a lava shield 

(Lambahraun) and a fissure eruption (Thjófahraun) – were selected for a more detailed 

petrologic study of the erupted products of these different eruptive styles. 

 

1.2.2.1  Lambahraun and Thjófahraun  

Lambahraun and Thjófahraun erupted approximately 4,000 years ago with source 

vents located within ~ 25 km of one another along the ridge.  Thjófahraun erupted ~ 1km3 

of pāhoehoe and ‘a‘ā lava from a highly effusive fissure system approximately 9-km long 

(Sinton et al., 2005).  Whole-rock analyses of samples from this unit span a narrow range 

of MgO and limited geochemical variability, consistent with a melt that has resided in a 

well-mixed crustal magma reservoir.  While Thjófahraun exhibits little internal chemical 

variability, field observations and mineralogical variations have allowed us to distinguish 

~ 19 different subunits, many of which can be correlated with specific vent locations.  

Relative age relations between subunits allow us to trace this eruption’s chemical and 

mineralogical variability through time.  In contrast, Lambahraun is a large lava shield 

with an estimated > 7 km3 of erupted lava.  This unit is dominated by relatively low 
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effusion rate pāhoehoe lava, suggesting an eruption period of several decades and a 

magma supply fed by continuous recharge from the mantle.  Greater geochemical 

variability in this lava shield indicate a more complicated magmatic evolution than is 

observed for Thjófahraun.  

 

1.2.3 Crustal interaction 

Although the potential geochemical importance of melt-wallrock interaction was 

recognized nearly a century ago by Bowen through simple phase equilibria treatments of 

the problem (1922a, 1922b, 1928), the extent to which crustal assimilation plays a role in 

the formation of MORB is still unknown.  The geochemical signature of this process may 

be obscure in the erupted basalts at mid-ocean ridges, where the host rock is largely 

similar in composition to the primary magmas and the resulting trace element 

enrichments may even resemble source melting variations.  The majority of MORB 

petrologic studies assume magmas reach the surface without reacting with the 

surrounding crust and therefore mantle source compositions and melting parameters can 

be derived from the erupted lava compositions.  However, a growing collection of 

literature indicates melt-wallrock interaction may be an important contributor to the 

geochemical evolution of MORB.  Evidence for such interactions comes primarily from 

lower crustal rocks.  Coexisting minerals in oceanic gabbros often show evidence of 

chemical and textural disequilibrium (e.g., Elthon, 1987; Meyer et al., 1989; Elthon et al, 

1992; Natland and Dick, 1996; Bédard et al., 2000; Coogan et al., 2000; Dick et al., 

2002).  In Iceland, crustal interaction has been called on to explain trace element and 

isotopic enrichments in some erupted lavas (Muehlenbachs et al., 1974; Óskarsson et al., 
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1982; Condomines et al., 1983; Hémond et al., 1988; Nicholson et al., 1991; Maclennan, 

2008; Halldórsson et al., 2008), including the study presented in Chapter 3 of this 

dissertation.   

Because of its role in unraveling melting and differentiation histories, it is 

important to further constrain the extent to which MORB melts interact with the crust 

during their ascent from the mantle to the surface.  Modern investigations into this 

problem have focused primarily on wallrock assimilation in the context of magma 

chambers (Allègre and Minster, 1978; Taylor et al., 1979; Taylor, 1980; Grove and 

Kinzler, 1986; Aitcheson and Forrest 1994; Reiners et al., 1995; Marsh, 1995, 1998; 

Edwards and Russell, 1998; Spera and Bohrson, 2001), or in the lower crust, where 

evidence suggests melt migration occurs as reactive porous flow through a crystal mush 

(e.g., Keleman, 1990; Coogan et al., 2000; Lissenberg and Dick, 2008).  Another part of 

the system in which this might occur is during magma ascent through moderate to 

shallow crustal levels, as suggested by the research on Lambahraun lava shield detailed in 

Chapter 3.  As this problem is relatively unexplored, we build on the results from that 

chapter and develop a simple thermal model exploring the conditions under which crustal 

interaction might play an important role on the geochemical evolution of MORB.   

 
 
1.3  Dissertation structure 

Chapter 2 describes forward modeling of the glass and mineral chemistry of GSC 

high-Al N-MORB using the MELTS and pMELTS algorithms (Ghiorso and Sack, 1995; 

Ghiorso et al., 2002) with constraints from local crustal thickness measurements.  These 

petrological models indicate that high-Al, low-Si MORB can be produced by high-
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pressure crystallization in the upper mantle using the same source as normal (low-Al) 

GSC N-MORB.  Although high-Al glasses can by obtained by very low extents of partial 

melting of this mantle source, we find that such melting models result in significant 

misfits in other major element oxides, particularly SiO2.  Models involving significant 

olivine and clinopyroxene crystallization at pressures of 0.3-0.4 GPa can account for the 

observed major and trace element composition of these unusual MORB samples.  This 

work was published in Earth and Planetary Science Letters in November 2006 (vol. 

252). 

Chapter 3 explores the geologic and magmatic evolution of Lambahraun lava 

shield and the Thjófahraun fissure eruption in the WVZ using a combination of integrated 

field observations, whole-rock and mineral geochemical analyses, and petrologic 

modeling.  Results from this study indicate Thjófahraun lava compositions are consistent 

with evolution by crystal fractionation in a shallow magma chamber, while 

Lambahraun’s geochemical variability sheds light on more complex crustal processes. 

Some Lambahraun samples have high Al2O3 and low TiO2 and FeO, the result of up to 15 

% plagioclase accumulation. In addition, all samples from Lambahraun exhibit increasing 

CaO with decreasing MgO and overall incompatible-element enrichments greater than 

predicted by crystal fractionation alone.  Geochemical modeling indicates the observed 

correlations among incompatible element concentration, increasing differentiation and 

time during the eruption can be related by concurrent wallrock assimilation and 

crystallization during melt migration through the crust.  We refer to this process as 

migrating assimilation and fractional crystallization (MAFC).  This chapter was 
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published in September 2009 in Journal of Volcanology and Geothermal Research (vol. 

186).  

Chapter 4 builds on the results of Chapter 3 and examines the thermal conditions 

that lead to wallrock partial melting during magma ascent through the crust.  In this 

chapter, I develop a 2-dimensional numerical model in order to explore the first-order 

effects of magma migration through mafic crust, and determine the feasibility of this 

process leading to the geochemical variations observed at large volume lava shields in the 

WVZ of Iceland.  The results from this preliminary study indicate that ascending magma 

is likely to cause significant amounts (3-10% of total erupted magma budget) of low-

degree partial melting of the surrounding wallrock during long-lived, low-effusion rate 

eruptions. 

Chapter 5 summarizes the conclusions from these studies and outlines areas 

where additional work is needed to more fully elucidate some of the questions posed by 

this research, providing future directions for further investigation.   
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CHAPTER 2 

ORIGIN OF HIGH-AL N-MORB BY FRACTIONAL CRYSTALLIZATION IN 

THE UPPER MANTLE BENEATH THE GALÁPAGOS SPREADING CENTER 

 
 

 
2.1  Abstract 

The Galápagos Spreading Center (GSC) includes lavas with chemical 

compositions ranging from N-MORB to transitional and more enriched MORB.  N-

MORB dominate the region west of 95.5ºW, far from the influence of the Galápagos 

hotspot.  However, some N-MORB glass samples from the GSC have very high Al 

contents (> 16.0 wt. % Al2O3 at > 8.5 wt. % MgO), similar to high-Al N-MORB from 

other slow and intermediate spreading ridges and close to fracture zones elsewhere.  GSC 

high-Al N-MORB are dominated mineralogically by uniform plagioclase compositions 

(An 80-82) with only 1-2% olivine (Fo 85-87), and have glass compositions with higher 

Al2O3 and lower SiO2 than is predicted by normal MORB fractionation trends.  Forward 

modeling using the MELTS and pMELTS algorithms constrained by crustal thickness 

measurements indicates that high-Al, low-Si MORB can be produced by high-pressure 

crystallization in the upper mantle using the same source as normal (low-Al) GSC N-

MORB.  Although high-Al glasses can be obtained by very low extents of partial melting 

of this mantle source, such melting models result in significant misfits in other major 

element oxides, especially SiO2.  Models involving significant evolution with up to 20% 

olivine and clinopyroxene crystallization at pressures of 0.3-0.4 GPa can account for the 

complete major and selected trace element compositions of these unusual MORB 
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samples.  We suggest that high-pressure fractionation is enhanced by conductive cooling 

of the upper mantle in this area of the GSC, consistent with other recent models 

correlating mantle crystallization with slow spreading mid-ocean ridges and fracture 

zones.    

 

2.2  Introduction 

The nearly east-west trending GSC separates the Cocos and Nazca plates in the 

eastern equatorial Pacific (Fig. 2.1).  Samples from this study were collected during the 

Galápagos Plume Ridge Interaction Multidisciplinary Experiment (G-PRIME), which 

included detailed bathymetric mapping, and the collection of seismic refraction, 

reflection, and magnetics data and rock samples along an ~800 km-long portion of the 

ridge extending from 90.5°W, just north of the Galápagos Archipelago and the inferred 

location of the Galápagos mantle plume, to 98°W, the region of the GSC considered to be 

a “normal” mid-ocean ridge (Detrick et al., 2002).  Full spreading rates along this portion 

of the ridge vary from 46 mm/yr at 98°W to 56 mm/yr at 91°W near the Galápagos 

hotspot (DeMets et al., 1994).   

The G-PRIME sample suite includes chemical compositions varying from normal 

(N-) to transitional (T-) and more enriched (E-) mid-ocean ridge basalts (MORB) 

(Detrick et al., 2002; Cushman et al., 2004).  N-MORB dominate the area west of the 

propagating rift at 95.5°W, which appears to be the limit of geochemical influence of the 

Galápagos hotspot.  Samples west of the propagating rift show little or no evidence of 

plume enrichment, while samples to the east show increasing incompatible element and  
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Figure 2.1  (a) Sample locations along part of the western Galápagos Spreading Center.  

Station numbers are those for the G-PRIME expedition (Detrick et al., 2002; Cushman et 

al., 2004).  ALVIN (ALV) samples from Hey et al. (1992).  High-Al sample locations are 

shown as triangles.  Thick black line denotes the GSC axis from Sinton et al. (2003).  (b) 

Global distribution of samples in PetDB (Lehnert et al., 2000) with Al2O3 > 16.0 wt. %, 

MgO > 8.5 wt. %.  Open squares denote fracture zone samples. 



 14 

isotopic enrichment approaching the plume (~91.7°W) (Fisk et al., 1982; Schilling et al., 

1982; Verma et al., 1982, 1983; Cushman et al., 2004). 

Galápagos N-MORB are characterized by moderate to high MgO values (ranging 

from 6.9 wt. % MgO to nearly 10 wt. % MgO) and low concentrations of elements that 

are incompatible during mantle melting (≤ 0.08 wt.% K2O, 1.67-2.56 wt.% Na2O, 0.77-

1.68 wt.% TiO2, 0.05-0.12 wt.% P2O5), with K/Ti ratios < 0.09.  GSC N-MORB also 

have low water contents (no greater than 0.22 wt. % H2O, with an average of 0.16 wt. % 

H2O).  Cushman et al. (2004) argued that average Galápagos N-MORB could be 

produced from a mean fraction of partial melting (F ) ~0.06 of a source with ~34±1 ppm 

K, 133±3 ppm H2O, 2250±50 ppm Na2O, and 1050±25 ppm Ti. 

Some of the N-MORB glass samples from the GSC have unusually high Al2O3 

contents (> 16.0 wt. %) at MgO > 8.5 wt. %.  These samples have higher aluminum and 

lower silica than predicted by normal MORB fractionation trends while maintaining very 

low potassium and sodium values.  According to MELTS models of their glass 

compositions (Ghiorso and Sack, 1995), they are saturated with plagioclase at low 

pressures even at MgO > 9.0 wt. %, consistent with experimental data reported for other 

high-Al MORB (e.g., Sisson and Grove, 1993; Panjasawatwong et al., 1995).  High-MgO 

basalts with unusually high aluminum content also have been reported for various mid-

ocean ridges (see Fig. 2.1), although their origin is not fully understood (e.g., Sobolev et 

al., 1989; Nielsen et al., 1995; Meurer et al., 2001).  These high-Al MORB are distinct 

from the high-Al basalts and andesites often associated with arcs, which tend to be more 

evolved with higher K and H2O contents.  Such high-Al, low-Si basalts appear to be 

restricted to ridges with slow spreading rates or close to fracture zones and ridge 
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terminations.  Along the GSC, high-Al samples are located close to ridge segment ends or 

associated with failing rifts (Fig. 2.1).   

The extensive dataset available from G-PRIME makes the Galápagos an ideal 

location to examine the melting and fractionation processes that give rise to high-Al 

MORB compositions.  Glass data for the sample suite were reported in Cushman et al. 

(2004), and whole-rock XRF data are reported for Galápagos N-MORB in Table 2.1.  

Estimates of GSC crustal thickness from multichannel seismic reflection data (Canales et 

al., 2002; Detrick et al., 2002) put a limit on melt productivity, giving us an important 

modeling constraint. 

To supplement the glass and whole rock analyses, we collected mineral 

compositions, zoning profiles, and modes in five high-Al GSC samples.  Using this 

combination of petrographic and chemical data, we are able to model the feasibility of 

various melting and fractionation paths using the MELTS and pMELTS algorithms 

(Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998; Ghiorso et al., 2002; Smith and 

Asimow, 2005) by comparing the phase compositions and abundances resulting from 

each evolution path with the chemistry of the rocks themselves.  We first establish a 

working model that produces the array of normal GSC N-MORB under reasonable ridge 

melting and crystallization conditions, then use the determined source composition to 

model the evolution of the high-Al samples.  By varying the pressure and extent of partial 

melting of the GSC source as well as the pressure and extent of subsequent fractional 

crystallization of these hypothetical parental magmas, we can constrain 1) possible source 

depths that the high-Al magmas could be generated, 2) the range of partial melting that 

allow these high-Al compositions, and 3) the range of depths where these magmas may 
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have evolved.  This forward modeling approach allows us to eliminate impossible 

processes and constrain ridge melting and evolution to a restricted range of conditions. 

 

 

2.3  Data and Methods 

 Whole rock x-ray fluorescence (XRF) data were measured on the University of 

Hawaii Siemens 303 AS XRF spectrometer using a Rh-target, end-window x-ray tube.  

Whole rocks were crushed in an alumina swing mill, and powders were analyzed for 

major elements on fused disks following methods similar to those of Norrish and Hutton 

(1977).  Trace elements were analyzed on pressed powder pellets.  Peak intensities for the 

trace elements were corrected for backgrounds, line interferences and matrix absorption 

using methods similar to Chappell (1992).  Corrected intensities were calibrated against a 

wide range of natural rock standards.  Accuracy and precision data for this system are 

reported in Sinton et al. (2005).   

Glass and mineral compositions were collected using the University of Hawaii 

Cameca SX-50 five-spectrometer electron microprobe.  Major and minor element 

analyses for GSC glasses are reported in Cushman et al. (2004).  Mineral analyses 

reported here are averages of three spots collected from individual crystals in selected 

high-Al MORB.  Plagioclase was analyzed for Si, Al, Fe, Mg, Ca, Na and K using an 

accelerating voltage of 15 kV, 20 nA beam current, and 10 µm beam diameter.  Peak 

counting times were 30 seconds for Si, Mg, Al, and Na and 60 seconds for Fe, Ca, and K.  

Background counting times were 30 seconds for Fe, Ca, and K; 15 seconds for Si, Mg, 

and Al; and 20 seconds for Na.  Na was analyzed first in each acquisition to minimize  
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Table 2.1  Whole-rock XRF analyses for GSC N-MORB, incl. G-PRIME (EW), Alvin 

(AL) and Atlantis (A) samples (63). Oxide abundances given in wt. %, trace elements in 

ppm.  Depth given as mbsl. 

 

Sample EW43-1 EW63-1 EW63-2 EW71-1 EW71-4 EW77-2 EW79-1 

Long -93.257 -94.747 -94.747 -95.602 -95.602 -96.191 -96.725 
Lat 2.414 2.954 2.954 2.425 2.425 2.281 2.100 
Depth 2243 2655 2655 2768 2768 2851 3136 
SiO2 49.72 49.68 48.88 48.64 48.76 49.63 48.22 
TiO2 0.92 1.16 1.27 1.01 1.01 1.17 0.97 
Al2O3 14.82 15.41 15.64 15.80 15.70 15.60 17.29 
Fe2O3* 10.37 11.11 12.12 10.34 10.52 10.61 10.41 
MnO 0.16 0.17 0.18 0.17 0.17 0.17 0.15 
MgO 8.66 8.12 8.05 9.77 9.87 8.17 8.98 
CaO 13.28 12.48 11.84 12.17 12.24 12.67 11.94 
Na2O 1.52 1.80 2.09 2.13 1.75 1.92 2.23 
K2O 0.04 0.05 0.09 0.06 0.04 0.04 0.04 
P2O5 0.07 0.08 0.09 0.07 0.07 0.08 0.07 
Sum 99.56 100.04 100.24 100.15 100.13 100.05 100.30 
        
Sc 48 44 45 46 46 46 35 
V 307 336 286 271 266 323 216 
Cr 338 343 295 520 533 387 326 
Co 48 45 48 52 52 45 48 
Ni 98 113 115 211 228 111 169 
Cu        
Zn 72 83 88 66 67 78 73 
Rb 1.5 1.8 2.3 1.4 1.5 1.2 1.1 
Sr 63 71 100 95 95 85 110 
Y 21 28 28 24 25 27 21 
Zr 43 63 73 59 59 65 53 
Nb 2.0 2.4 3.8 1.8 1.9 1.9 1.9 
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Table 2.1  (Continued) Whole-rock XRF analyses for GSC N-MORB 

 

Sample EW80-2 EW81-3 EW82-8 EW83-5 EW84-2 EW87-1 EW88-1 

Long -96.630 -96.697 -96.775 -96.818 -96.877 -97.100 -97.192 
Lat 2.115 2.120 2.122 2.138 2.139 2.139 2.142 
Depth 3071 3062 3025 2957 3042 3272 3229 
SiO2 49.41 48.38 47.77 49.50 49.86 49.89 50.02 
TiO2 1.10 0.89 1.00 1.25 1.21 1.11 1.15 
Al2O3 16.04 17.10 17.70 15.73 15.05 15.79 15.42 
Fe2O3* 10.06 9.20 9.99 10.74 10.91 10.12 10.42 
MnO 0.16 0.15 0.15 0.17 0.17 0.16 0.16 
MgO 8.76 9.69 9.28 8.71 8.42 8.62 8.38 
CaO 12.67 12.48 12.17 12.14 12.12 12.66 12.55 
Na2O 2.08 2.04 2.09 1.91 1.72 1.87 2.10 
K2O 0.02 0.02 0.02 0.04 0.04 0.03 0.05 
P2O5 0.06 0.05 0.05 0.08 0.09 0.07 0.09 
Sum 100.35 99.98 100.22 100.25 99.59 100.31 100.33 
        
Sc 43 39 42 44 44 44 41 
V 263 221 195 300 308 280 292 
Cr 443 468 325 405 388 458 464 
Co 46 50 49 47 48 44 45 
Ni 137 203 201 154 124 140 129 
Cu        
Zn 71 62 63 80 82 73 74 
Rb 0.9 1.2 0.6 1.4 1.4 1.1 1.2 
Sr 91 92 113 84 83 80 76 
Y 26 22 23 30 31 27 28 
Zr 62 50 61 70 74 62 64 
Nb 1.1 1.7 0.9 1.9 3.0 1.6 2.0 

 



 19 

Table 2.1  (Continued) Whole-rock XRF analyses for GSC N-MORB 

 

Sample EW91-6 EW92-1 AL-
1545-4 

AL-
1545-6 

AL-
1549-3 

AL-
1549-4 

AL-
1549-5 

Long -97.604 -97.782 -95.37 -95.38 -95.38 -95.38 -95.38 
Lat 2.145 2.193 2.63 2.63 2.63 2.63 2.63 
Depth 3440 3360 3229 3145 3176 3172 3181 
SiO2 49.71 49.77 49.66 49.60 49.63 49.73 49.48 
TiO2 1.05 1.40 0.99 0.99 0.98 0.95 0.92 
Al2O3 15.42 15.13 15.87 15.92 15.86 15.10 14.93 
Fe2O3* 10.37 11.04 10.70 10.81 10.66 10.57 10.51 
MnO 0.16 0.17 0.16 0.16 0.16 0.16 0.16 
MgO 9.05 8.42 9.00 8.98 9.08 8.92 9.07 
CaO 12.35 11.69 12.54 12.58 12.57 12.59 12.51 
Na2O 1.81 1.95 1.50 1.51 1.55 1.81 1.80 
K2O 0.04 0.07 0.04 0.04 0.04 0.05 0.04 
P2O5 0.06 0.12 0.10 0.11 0.10 0.05 0.05 
Sum 100.02 99.74 100.56 100.70 100.63 99.93 99.47 
        
Sc 43 44 42 44 42 44 43 
V 285 338 286 289 288 284 291 
Cr 453 355 496 501 497 502 493 
Co 47 47 47 48 46 46 44 
Ni 160 135 161 163 167 175 165 
Cu   83 85 85 89 85 
Zn 75 83 76 76 77 80 77 
Rb 1.5 1.3 1.3 1.2 1.1 1.6 1.0 
Sr 75 87 70 70 70 76 70 
Y 26 33 25 24 24 26 24 
Zr 60 87 55 55 55 59 55 
Nb 1.7 2.4 2.0 1.9 2.1 2.1 2.1 
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Table 2.1  (Continued) Whole-rock XRF analyses for GSC N-MORB 

 

Sample AL-
1550-2 

AL-
1551-3 

AL-
1552-8 

AL-
1554-1 A3-A A3-B A13-2 

Long -95.54 -95.48 -95.53 -95.48 -95.53 -95.53 -95.62 
Lat 2.36 2.41 2.38 2.42 2.37 2.37 2.31 
Depth 2270 3063 2274 2912 2575 2575 3060 
SiO2 49.98 49.02 48.77 48.56 50.19 49.48 49.95 
TiO2 0.84 1.07 1.00 1.03 1.06 0.95 1.15 
Al2O3 15.77 15.97 15.61 15.50 15.45 16.42 15.64 
Fe2O3* 9.37 9.81 10.82 10.28 10.26 9.28 10.45 
MnO 0.15 0.15 0.16 0.15 0.16 0.14 0.16 
MgO 9.11 9.10 9.45 9.99 8.61 8.79 8.01 
CaO 12.89 12.21 11.96 11.72 12.35 12.61 12.31 
Na2O 1.95 2.44 1.97 2.16 1.77 1.73 1.75 
K2O 0.05 0.06 0.03 0.04 0.06 0.04 0.06 
P2O5 0.04 0.05 0.05 0.05 0.09 0.07 0.09 
Sum 100.15 99.88 99.82 99.48 99.99 99.51 99.55 
        
Sc 40 41 42 40 44 42 43 
V 239 248 264 256 297 239 314 
Cr 621 490 498 519 445 530 388 
Co 42 46 48 47 46 43 44 
Ni 163 175 197 227 140 161 122 
Cu 79 81 79 81    
Zn 64 67 74 70 73 66 76 
Rb 1.0 0.9 1.2 1.1 1.8 1.3 1.8 
Sr 83 118 75 91 85 87 81 
Y 21 24 27 25 25 22 26 
Zr 47 68 57 64 59 51 62 
Nb 2.0 1.7 1.8 2.2 2.4 1.9 2.6 

 
* Total Fe as Fe2O3. 

Negative loss on ignition at 900ºC for all samples.  Ba, Pb, Th, U are below detection 

limits, averaging 10, 2, 1.3, and 1.5 ppm respectively. 
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loss due to volatilization.  Samples were calibrated against mineral standards Lake 

County plagioclase (Si and Al), San Carlos olivine (Fe and Mg), Amelia albite (Na), 

anorthite (Ca) and orthoclase (K).  A PAP-ZAF matrix correction was applied to all 

analyses. 

Olivine was analyzed for Si, Mg, Fe, Ca, Mn and Ni using an accelerating voltage 

of 20 kV, 30 nA beam current, and 10 µm beam diameter.  Peak counting times were 60 

seconds for Mg and Si; 80 seconds for Ca and Ni; 50 seconds for Fe; and 40 seconds for 

Mn.  Background counting times were 30 seconds for Mg and Si; 40 seconds for Ca and 

Ni; 25 seconds for Fe; and 20 seconds for Mn.  Samples were calibrated against San 

Carlos olivine (Mg), Springwater olivine (Fe), Verma garnet (Mn), diopside (Si and Ca) 

and Ni-metal (Ni) standards.  A PAP-ZAF matrix correction was applied to all analyses. 

It should be noted that the whole-rock Na content is consistently lower than the 

glass Na for the same rock, possibly indicating partial volatilization of Na during fusion 

as part of the XRF sample preparation for major elements.  This does not affect the 

results presented in subsequent sections, as all modeling is done using glass Na content 

rather than whole-rock data. 

Thin sections were examined for textural indications of disequilibrium and 1000-

point counts were collected on selected high-Al samples to determine mineral modes (see 

supplementary material).  Mineral grains < 0.05 mm in size appear to have crystallized 

post-eruption, and are considered “groundmass” for counting purposes, so that our mode 

reflects the phenocryst assemblage rather than evolution after eruption. 

Forward modeling of the samples’ geochemical evolution was done primarily 

using Adiabat_1ph (Smith and Asimow, 2005), the latest release of the MELTS and 
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pMELTS algorithms for thermodynamic modeling of phase equilibria in magmatic 

systems (Ghiorso and Sack, 1995; Ghiorso et al., 2002).  Also included in this release is 

pHMELTS, which models the effects of water storage in nominally anhydrous minerals 

using trace element partitioning to distribute H2O between the system and a separate 

hidden reservoir (Asimow et al., 2004). 

 

 

2.4  Mineralogy 

The high-Al MORB samples range from nearly aphyric to ~18% phenocrysts 

(Table 2.2).  Phenocryst assemblages are dominated by sub- to euhedral plagioclase, 

comprising up to 90% of the mineral mode, or up to 15% of the total rock mode.  

Plagioclase phenocrysts are tabular to elongate, up to 2 mm in width.  These rocks also 

contain a small amount of olivine (1-2%) as sub- to euhedral grains, <1 mm across.  

Mineral compositions are fairly uniform across the sample suite, with plagioclase 

compositions averaging ~An 80-82 and olivine compositions of Fo 85-87 (Table 2.3).  

Profiles across plagioclase grains indicate a small degree of zoning, which can be both 

normal and reverse within a given sample.  There is no textural evidence of 

disequilibrium, such as strong zoning or resorption, that might indicate a process such as 

plagioclase assimilation.  Some plagioclase grains contain melt inclusions, but they are 

too devitrified to yield good glass compositions.  While most plagioclase phenocrysts are 

euhedral, a few are fractured and less well-formed, although there does not appear to be a 

compositional distinction between the two types.  The groundmass in these samples 

ranges from glassy to cryptocrystalline with abundant microspherulites.  EW 82-8 
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contains small clinopyroxene grains up to 0.05 mm across associated with radial 

plagioclase glomerocrysts in the groundmass, but there are no phenocrysts of 

clinopyroxene in any of the high-Al samples. 

 

 

Table 2.2  High-Al rock modes based on 1000-point counts. 

 Relative Phase Abundance (%)  
sample olivine plagioclase groundmass vesicles total 

EW 71-4 0.9 0.6 97.4 1.1 100.0 
EW 73-1 1.5 3.3 94.5 0.7 100.0 
EW 79-1 1.6 15.5 81.3 1.6 100.0 
EW 81-3 1.3 5.4 92.7 0.6 100.0 
EW 82-8 0.9 8.7 89.6 0.8 100.0 

 

 

 

2.5  Galápagos N-MORB 

We use a two-stage forward model to determine a reasonable GSC mantle source 

composition appropriate to our rock chemistry.  In the first stage, we model melting 

processes using pHMELTS, constrained by a target crustal thickness of Zc ~ 5.6-6.0 km 

(Canales et al., 2002; Detrick et al., 2002).  Melting runs simulate adiabatic 

decompression, setting entropy, S, (or potential temperature, T0) to control the depth at 

which the solidus is reached and melting begins.  Melting is treated as continuous, where 

a small fraction (0.005) of melt is retained at each extraction step.  Model melting 

continues to the base of the crust, where the fractional melts are then aggregated.  We 

assume passive mantle upwelling, integrating for a 2-D (triangular) melting regime to  
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Table 2.3  Representative mineral analyses of high-Al samples. 

Representative Analyses of Plagioclase 
Sample EW 79-1 EW 82-8 
Anal. EW 73-1 1 2 3 EW 81-3 1 2 3 
SiO2 48.2 47.4 48.3 47.7 47.4 47.9 47.7 49.0 
Al2O3 33.8 33.9 33.8 34.0 34.2 33.6 34.0 33.1 
FeO* 0.39 0.41 0.41 0.40 0.30 0.35 0.37 0.38 
MgO 0.24 0.21 0.23 0.22 0.22 0.24 0.23 0.25 
CaO 16.4 16.6 16.3 16.7 16.8 16.6 16.8 15.8 
Na2O 2.05 1.88 2.06 1.85 1.82 1.99 1.84 2.42 

Total** 101.1 100.4 101.1 100.9 100.7 100.7 100.9 101.0 
         
Cations on the basis of 8 oxygens 

Si 2.183 2.164 2.189 2.168 2.160 2.181 2.169 2.219 
Al 1.806 1.827 1.802 1.822 1.834 1.805 1.820 1.768 
Fe 0.013 0.014 0.014 0.014 0.010 0.012 0.013 0.013 
Mg 0.016 0.014 0.015 0.015 0.015 0.017 0.016 0.017 
Ca 0.798 0.812 0.792 0.813 0.818 0.808 0.816 0.767 
Na 0.180 0.166 0.181 0.163 0.161 0.176 0.162 0.213 

Total 4.997 4.998 4.994 4.995 4.998 4.999 4.995 4.996 
An † 81.6 83.0 81.4 83.3 83.6 82.1 83.4 78.3 

         
Representative Analyses of Olivine 
Sample EW 73-1 EW 79-1 EW 81-3 EW 82-8 
Anal. 1 2 1 2 1 2 1 2 
SiO2 39.8 39.5 39.5 39.5 38.2 38.2 38.4 38.4 
FeO* 12.8 13.1 13.5 12.9 13.0 13.9 13.7 13.0 
MnO 0.19 0.21 0.22 0.19 0.18 0.19 0.21 0.19 
MgO 46.7 46.5 46.4 46.4 45.6 44.7 44.8 45.8 
CaO 0.29 0.32 0.31 0.31 0.30 0.31 0.30 0.29 
NiO 0.26 0.21 0.19 0.21 0.21 0.22 0.20 0.21 

Total 100.0 99.9 100.0 99.6 97.5 97.5 97.6 97.9 
         
Cations on the basis of 4 oxygens 

Si 0.990 0.988 0.987 0.990 0.981 0.979 0.981 0.982 
Fe 0.267 0.274 0.281 0.270 0.278 0.299 0.296 0.277 
Mn 0.004 0.005 0.005 0.004 0.004 0.004 0.005 0.004 
Mg 1.735 1.732 1.729 1.734 1.743 1.707 1.712 1.743 
Ca 0.008 0.009 0.008 0.008 0.008 0.009 0.008 0.008 
Ni 0.005 0.004 0.004 0.004 0.004 0.004 0.004 0.004 

Total 3.010 3.012 3.013 3.010 3.019 3.001 3.006 3.018 
Fo ‡ 86.7 86.3 86.0 86.5 86.2 85.1 85.3 86.3 

* Total Fe as FeO. 

** K2O for all plagioclase analyses is below detection limit:  d.l. = 0.017 wt. % 

† An = Ca/(Ca+Na+K) 

‡ Fo = Mg*100/(Mg+Fe) 
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form our aggregate melts (Asimow et al., 2001).  In stage two of the model, these 

aggregate melts are cooled at 1.0 kb, appropriate to crustal depths.  We model 

crystallization using the MELTS calibration, which is more accurate at low pressure.  

Crystallization runs are isobaric and fractional, with an oxygen fugacity setting of FMQ -

2.  Major element compositional modeling includes SiO2, TiO2, Al2O3, FeO*, MgO, 

CaO, and Na2O.  K2O and P2O5 content have an unrealistically strong effect on the 

solidus depth when treated as major elements in pMELTS calculations, so we model 

them here as trace elements.  We have also included additional trace elements (Cr, V, Sc 

and Sr) using partition coefficients from McKenzie and O’Nions (1991, 1995).  Here we 

report results from both anhydrous melting (pMELTS) runs and wet (pHMELTS) source 

modeling. 

Sources tested include the depleted mantle compositions of McKenzie and 

O’Nions (1991) and Workman and Hart (2005) (henceforth MO and WH, respectively).  

However, neither of these sources is sufficiently high in SiO2 or low in K2O and CaO to 

reproduce Galápagos N-MORB trends (see Fig. 2.2) with the melting conditions 

specified above.  F and T0 could not be adjusted sufficiently to match these oxide values 

in the melt without adversely affecting other major element oxide contents and sacrificing 

constraints on crustal production.  Both the anhydrous and hydrous model GSC sources 

are lower in K, Ti, Ca and P than MO and WH, and significantly higher in SiO2 (Table 

2.4).  When melted to a maximum melt fraction (Fmax) ~0.19, the dry source produces a 

crust 5.9 km thick, which is within the observed range (5.6-6.0 km).  Our dry model 

mantle has an entropy of 264.0 J/K, equivalent to a potential temperature of ~1430ºC.  

Melting begins at an initial pressure (P0) of 2.47 GPa.  Our wet (60 ppm H2O) mantle has  
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Figure 2.2  Galápagos N-MORB (solid symbols) and high-Al (open symbols) sample 

data – glass (large symbols) and whole-rock XRF (small symbols).   (a)  Model 

comparison of 4 sources (MO = McKenzie and O'Nions (1991);  WH = Workman and 

Hart (2005);  GSC = modeled N-MORB dry and wet sources – shown as single line due 

to close overlap), each partially melted to produce a 5.8-5.9-km thick crust.  Aggregate 

melts are fractionated at PF =1 kb.   (b) Effects of entropy on the model (S in units of 

J/K), based on dry melting runs.  S and PF lines on Al2O3 plot represent attempts to reach 

high Al liquid content with low degrees of partial melting (from low S or high PF, 

respectively).  Asterisk denotes the average of 118 whole-rock N-MORB analyses from 

the southern EPR, 13°-23°S (Sinton et al., 1991; see text for discussion).  High-Al 
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samples chosen using criteria of glass Al2O3 > 16.0 wt. %, MgO > 8.5 wt. %, SiO2 < 50.0 

wt. %.  Error bars represent ±1σ standard deviation of glass and whole-rock analyses 

(larger uncertainty of two analytical techniques shown). 



 

Table 2.4  Modeled GSC source and primary magma compositions, with global average DMMs for comparison.  H2O, K, P, Cr, Sr, V, 

Sc in ppm, other oxide values in wt. %. 

 

  MO DMMa WH DMMb SS DMMc Cushman et al. GSCd GSC dry DMMe GSC wet DMMe GSC primary melt (wet) 

SiO2 45.57 44.71 44.90  47.86 47.86 47.8 
TiO2 0.17 0.13 0.13 0.17 0.10 0.10 0.71 
Al2O3 2.7 3.98 4.28  2.19 2.20 12.8 
Fe2O3 0.111 0.191 --  0.07 0.06 0.20 
FeO 7.92 8.008 8.07f  7.42 7.41 9.14 
MgO 40.8 38.73 38.2  40.3 40.3 17.9 
CaO 2.41 3.17 3.50  1.90 1.90 9.87 
Na2O 0.24 0.13 0.29 0.23 0.14 0.13 1.48 
H2O -- -- 116 133 -- 60 855 
K 20 24.9 60 34 10.9 9.8 143 
P 40 40.7 40.7  11.3 11.3 134 
Cr 3010 3900 2500  300 305 345 
Sr 14.7 7.7 9.8  5.4 5 64 
V 100 110 79  100 100 204 
Sc 12 8.6 16.3  8.6 8.6 30 

aGlobal average DMM from McKenzie and O'Nions (1991). 

bGlobal average DMM from Workman and Hart (2005). 
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Table 2.4  (Continued) Modeled GSC source and primary magma compositions 

 

cGlobal average DMM from Salters and Stracke (2004). 

dGSC oxide concentrations from Cushman et al. (2004) hydrous melting model.   

eLocal GSC mantle source, modeled from N-MORB sample compositions assuming a crustal thickness of 5.6-6.0 km.  GSC source 

composition was determined by adjusting the McKenzie-O'Nions DMM to account for the depletion in Ti, Na, K, and P seen in the 

GSC N-MORB.  The modeled continuous melting path for the dry source begins melting at a pressure P0 of 2.47 GPa with a potential 

temperature of ~1430ºC, and melts to an Fmax ~0.19 to produce a crust 5.9 km thick.  For the wet source, melting to an Fmax ~0.18 from 

P0 ~3.07 GPa produces a crust 5.8 km thick.  Produced melts then crystallize at a crustal pressure of 1.0 kb to produce the GSC N-

MORB trends seen in Fig. 2.2. 

fTotal Fe content (FeO*).



 

 

an entropy of 263.5 J/K and begins melting at P0 ~3.07 GPa, reaching a slightly lower 

Fmax ~0.18.  Subsequent fractional crystallization at a pressure (PF) of 1.0 kb yields 

reasonable fits to GSC N-MORB trends (Fig. 2.2).  Fractionating phases include olivine 

followed by plagioclase, which begins crystallizing at 9.1 wt. % MgO, and 

clinopyroxene, which joins the assemblage at 8.5 wt. % MgO.  These are unusually high 

Mg-contents for the incoming of plagioclase and clinopyroxene in MORB crystallization 

sequences, however, the rock assemblages appear to support this.  Petrographic 

observations of the N-MORB suite confirms that plagioclase is a phenocryst phase in 

virtually all of the high-Mg basalts, and clinopyroxene is present in samples with up to 

8.7 wt. % MgO.   

Table 2.4 shows the preferred mantle source compositions determined by 

pHMELTS modeling (GSC dry and wet sources) compared to other modeled DMMs 

(global averages from McKenzie and O’Nions (1991), Salters and Stracke (2004) and 

Workman and Hart (2005)).  The pHMELTS-determined sources are extreme mantle 

compositions – both the wet and dry sources are very high in SiO2 and extremely 

depleted in incompatible elements.  Our models require a very high CaO/Al2O3 ratio in 

the source to approximate the observed liquid lines of descent.  Incompatible elements 

are lower in the model GSC sources than the McKenzie and O’Nions (1991), Workman 

and Hart (2005) and Salters and Stracke (2004) global average DMMs.  Additionally, the 

pHMELTS Galápagos source is more depleted than the source modeled by Cushman et 

al. (2004), which uses averages of a more limited selection of oxides to calculate melting 
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extents.  The reliability of our modeled source compositions is discussed further in a later 

section (see Discussion). 

 

 

2.6  High-Al MORB 

 We have identified nine samples from seven locations that contain > 16.0 wt. % 

Al2O3 in glass samples with > 8.5 wt. % MgO.  Corresponding with this enrichment in Al 

is a slight enrichment in Na, though there appears to be no significant difference in K 

from normal low-Al MORB (see Fig. 2.2, 2.3).  These samples also appear to have 

slightly higher Fe contents, and are consistently low in Si and Ca.  In this paper, we 

distinguish those samples with glass compositions of > 16.0 wt. % Al2O3, > 8.5 wt. % 

MgO and < 50.0 wt. % SiO2 as high-Al GSC N-MORB.  In subsequent sections we 

evaluate two possible processes to account for these unusual compositions.  In our 

modeling treatment, we assume the high-Al rocks are derived from a similar mantle 

source as the N-MORB from this area of the ridge.  The model runs discussed in the 

following section use our modeled pHMELTS GSC mantle as the source composition. 

 

      2.6.1  Low-F melting models 

Because Al behaves incompatibly during melting, it might be expected that high-

Al samples represent low degrees of partial melting.  Melting runs with lower entropy 

values (i.e. cooler mantle) have solidus intersections at shallower depths in the mantle, 

and proceed to a lower F before accumulating in the crust (Klein and Langmuir, 1987).  

However, although lowering F for our GSC mantle source does indeed increase primary  
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Figure 2.3  Modeling of high-Al samples with dry GSC DMM source and variable 

crystallization processes.  Melting starts at 2.47 GPa and proceeds to a pressure PF, where 

the melts are aggregated and cooled.  Crystallization runs are isobaric and fractional with 

an oxygen fugacity of FMQ -2.  Tie lines in the Al2O3 plot denote glass-whole rock pairs. 
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magma Al, decreasing F and P0 also causes an increase in Si (an effect of lower mean 

pressure of melting as melt Si content is inversely related to pressure of melting (Jaques 

and Green, 1979)), while the high-Al glasses have lower Si values than low-Al MORB at 

the same MgO (Fig. 2.2).  Alternatively, low F melts can be derived from melting paths 

with a higher entropy (and correspondingly higher P0) by extracting melts from deep in 

the melting region.  This process also was modeled, extracting low-F, high-P melts early 

and then fractionating them at crustal pressures (1-1.5 kb).  However, although this 

process can produce low-Si melts, it fails to produce melts with Al contents as high as 

required by our data while still matching our other chemical and geophysical constraints 

(Fig. 2.2).  To increase Al enough to produce the very high values in our rocks under 

normal crustal fractionation, F has to be decreased so extensively that the modeled crustal 

production suffers such that the source no longer produces nearly enough melt to form 

the 5.6-6.0 km of crust seen in this area, and other oxide compositions are over-corrected 

with model trends lying far outside the observed glass chemistry.  Thus, our modeling has 

not found any satisfactory combination of source composition and melting conditions that 

yield parental magmas that can account for the observed crustal thickness and reproduce 

high-Al Galápagos N-MORB compositional trends by low-pressure fractionation.  

Although simple low-F melting scenarios can produce high-Al melts, these models result 

in crust that is too thin and magmas that have significant chemical misfits in other oxides.  

We conclude from this exercise that we need to consider alternative fractionation paths. 
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      2.6.2  High-P fractionation models 

Although low degrees of partial melting alone cannot explain the high-Al, low-Si 

chemistry observed in these rocks using this mantle source, we are able to reproduce the 

compositional variations in our high-Al MORB with models that allow crystallization at 

pressures up to 0.3-0.4 GPa (Fig. 2.3).  At these pressures, the pyroxene phase volume 

(stability field) is much larger and clinopyroxene can crystallize very early in the 

fractionation sequence (up to 10.5 wt. % MgO), driving Al values in the residual melt to 

higher values while keeping Si values low.  Melting for these model runs begins at P0 = 

2.47 GPa and follows the same temperature adiabat as the dry (pMELTS) N-MORB 

model.  However, because melting is terminated at higher pressures to allow melt 

aggregation and crystallization in the upper mantle, the maximum extent of melting for 

high-Al model runs is inherently lower (Fmax ~0.16 for PF = 4 kb) than for the N-MORB 

melting path (Fmax ~0.19), which allows melting all the way to the base of the lithosphere 

along the same adiabat.  Thus, although low degrees of partial melting alone cannot 

explain the high-Al chemistry, slightly lower-F melts are built into the high-P 

crystallization models.   

Trace element data on Galápagos high-Al MORB are consistent with evolution 

involving significant amounts of clinopyroxene crystallization (Fig. 2.4).  The high-Al 

basalts tend to be low in Cr, Sc, and V, all elements that are partitioned preferentially into 

clinopyroxene (McKenzie and O’Nions, 1991, 1995).  In addition, Sr content is 

significantly higher than in average N-MORB (Fig. 2.4).  We modeled selected trace 

elements for the same two-stage melting and fractionation model described above using  
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Figure 2.4  Sr and Cr trace element data for N-MORB and high-Al samples data – 

whole-rock XRF analyses.  Error bars denote ±1σ standard deviation of whole-rock 

analyses (Cr is within symbol size) based on system data reported in Sinton et al. (2005).  

Sr model runs calculated using constant partition coefficients from McKenzie and 

O'Nions (1991, 1995) with a source concentration of Sr0 = 5.4 ppm. 
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constant partition coefficients from McKenzie and O’Nions (1991, 1995).  Although the 

model runs do not match the data trends exactly, probably owing to inapplicability of the 

chosen partition coefficient values, it is apparent that the effect of early crystallization of 

clinopyroxene on Cr, Sc, and V concentrations in the high-Al model runs is in the correct 

direction.  In contrast to these elements, Sr shows a clear separation between the high-Al 

and normal MORB fractionation paths.  High-Al model runs using a crystallization 

pressure of 4 kb show the ~20 ppm increase in Sr needed to match the high-Al samples, 

largely an effect of the ~0.03 difference in melt fraction between the two models.  The 

suppression of plagioclase crystallization in the high-Al models help maintain high Sr in 

the liquid.   

The mineralogy produced by these high pressure fractionation runs consists of 

~22% olivine (a high value that reflects the high MgO primary melt, an artifact of 

pMELTS (Ghiorso et al., 2002)), ~5% plagioclase (An 79), and ~7% clinopyroxene at an 

MgO of 8.9 wt. %.  (see Table 2.5 for a direct comparison with a specific sample at 

similar glass MgO).  Although the fractionation of clinopyroxene is integral to matching 

the chemistry of the glasses in these model runs, there are no clinopyroxene phenocrysts 

observed in our rocks.  Plagioclase is typically more abundant in the samples than 

predicted by fractionation models (by as much as a factor of two in EW 79-1), and often 

has a higher An content.   
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Table 2.5  Mineralogy of fractional crystallization model runs compared with sample 

analysis. 3kb runs best approximates the glass chemistry of EW 79-1. Model modes 

represent total fractionated phases. 

 

  pMELTS pHMELTS 

 EW 79-1 PF=1 kb PF=3 kb PF=1 kb PF=3 kb 
Liquid          

SiO2 49.0 50.4 48.6 50.3 48.5 
TiO2 1.01 1.01 1.08 1.02 1.12 
Al2O3 16.7 15.6 16.8 15.5 16.7 
FeO* 9.73 9.20 9.75 9.27 10 
MgO 8.87 8.85 8.92 8.89 8.85 
CaO 12.0 12.6 12.1 12.7 12.1 
Na2O 2.48 2.04 2.38 1.97 2.37 
K2O 0.04 0.05 0.06 0.05 0.06 
P2O5 0.07 0.08 0.09 0.07 0.09 
H2O 0.16 0.13 0.13 0.12 0.15 

Mineral Mode         
% ol 1.6 24 22 24 22 

Fo 86 83 83 83 83 

% plag 15.5 5.4 4.2 5.3 5.1 

An 82 80 79 80 79 

% cpx -- -- 6.4 -- 7 
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2.7  Discussion 

 

2.7.1  GSC Source 

 As noted previously, the GSC source composition we derive from (pH)MELTS 

modeling is extremely depleted in incompatible elements and 2-3 wt. % higher in SiO2 

than WH and MO (Table 2.4).  The high SiO2 value is required by the (pH)MELTS 

algorithms to approximate GSC N-MORB SiO2 content with sufficient melting to create 

the observed crustal thickness.  As P0 deepens to create sufficient melting, SiO2 in the 

resulting melts tends to decrease as a result of the higher pressure, requiring higher values 

of SiO2 in the source to compensate and reproduce the observed chemistry.  The 

(pH)MELTS models also require very high CaO/Al2O3 in the source (~0.86) to 

approximate the observed liquid lines of descent for these oxides.  This composition 

requires a large amount of orthopyroxene in the source (>40%) at the expense of olivine 

and clinopyroxene.  Although it might be possible for the mantle in this region to contain 

local horizons that are anomalously rich in pyroxene, we suspect that the derived GSC 

source composition could be either an artifact of the (pH)MELTS calculations, or of 

assumptions about the melting processes that are inherent in these calculations. 

The extreme depletion of our modeled GSC source composition is in part an 

artifact of (pH)MELTS calculations.   Testing of the (pH)MELTS algorithms against 

MORB experimental data has revealed a number of discrepancies.  Calculated liquid 

MgO is too high (Ghiorso et al., 2002), which accounts for the high value of our primary 

magma (17.9 wt. %).   Na is known to be too incompatible in MELTS calculations, in 
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which the multiple saturation slope is too steep, causing it to be high in calculated liquid 

compositions (Hirschmann et al., 1998).  The high MgO content of the primary magma 

results in substantial fractionation and a potentially large error in Na, meaning the source 

must be artificially low to compensate.     

In addition, certain assumptions about the melting process may contribute to the 

extreme values we need for our source.  Our model assumes perfect passive flow in 

which all melts are integrated to produce the crust.  Any dynamical effects would 

decrease the concentration of incompatible elements in the aggregated melts by excluding 

some of the lowest F melts from the corners of the melt regime.  Any amount of active 

upwelling would decrease the amount of source depletion required to reproduce the low 

K, Ti, and P values of the sample glasses, and Si in the source would decrease to more 

reasonable values (a consequence of normalizing with increased incompatibles as well as 

the effect of needing higher pressures to produce the given amount of melt needed).  As a 

comparison, an end-member active upwelling model using pHMELTS in which all 

streamlines are the height of the full (1-D) melting column gives us a source with 

approximately 42 wt. % SiO2, 2.7 wt. % Al2O3 and 0.27 wt. % Na2O for our crustal 

thickness.  Although pure active upwelling also is unlikely to be realistic for our ridge 

setting, some component of dynamic flow could help explain our relatively depleted N-

MORB samples.  As has been noted by Asimow et al. (2001), MELTS is unable to 

produce average MORB crust with the K2O/TiO2 ratios seen in depleted MORB (<0.09) 

with any reasonable amount of K2O in the source.  Considerations of dynamical effects 

that exclude some of the lower F melts from the aggregate seem to be required in order to 

successfully model depleted MORB. 
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There are additional process assumptions inherent in the thermodynamic 

calculations of MELTS and p(H)MELTS (see Ghiorso and Sack (1995), Ghiorso et al. 

(2002) for further explanation of these algorithms).   Perhaps most significantly, 

p(H)MELTS assumes the system is closed during melt migration, such that no mixing or 

contamination occurs as the melt rises through the mantle.  Although there is good 

evidence that melt migration is not a closed system process (e.g., (Keleman et al., 1997; 

Niu, 1997)), we have not considered the consequences of reactive flow processes in our 

modeling.  We do not have textural evidence for any disequilibrium processes or mineral 

assimilation, and we are able to explain the observed chemistry without invoking such 

processes. 

An additional assumption in our model is that melting continues all the way to the 

base of the crust.  Recent studies indicate melting may actually stop at some distance 

below the Moho (Niu and Batiza, 1991; Shen and Forsyth, 1995; White et al., 2001).  

Melting accompanies mantle upwelling until the mantle reaches the thermal boundary 

layer which defines the final melting pressure (Pf).  This boundary is primarily controlled 

by the conductive thermal gradient, which Niu (1997) and Niu and Hékinian (1997) argue 

to be spreading rate dependent.  Because a precise determination of Pf is currently 

unconstrained, we chose to model N-MORB melting using the assumption of earlier 

MORB genesis models that melting continues to the Moho rather than pick an equally 

arbitrary Pf at some depth below.  If melting terminates at a higher Pf, the solidus 

intersection at P0 would also need to be deeper to maintain high enough melt fractions to 

match crustal production and some adjustments of source chemistry would be necessary 

(higher SiO2, possibly lower FeO*).  Finally, our assumed melt productivity is 
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susceptible to uncertainties in the crustal thickness estimate from multichannel seismic 

reflection and seafloor refraction data (Canales et al., 2002; Detrick et al., 2002).   

Although our modeled source is unlikely to be a realistic composition for the bulk 

mantle below this part of the GSC, we are unable to separate the relative contributions 

from partitioning errors in the MELTS models from the uncertainty in the melting 

process.  Nevertheless, GSC N-MORB are depleted in incompatible elements relative to 

global average MORB.  Since the crustal thickness in this area is close to (or below) 

average, the qualitative result of the MELTS modeling that we have a depleted source is 

probably valid.  Such depletion could arise from prior melting beneath the East Pacific 

Rise coupled to an eastwardly flowing asthenosphere (Bostrom, 1997; Ricard et al., 1991; 

Doglioni et al., 2003) as previously invoked to explain the abundance of highly depleted 

lavas from Hole 504B (Autio and Rhodes, 1983) and the relative dearth of T-MORB 

along the GSC compared to the Southern East Pacific Rise (SEPR) (Sinton et al., 1991). 

Given the uncertainties in asthenospheric flow patterns and the lack of 

comparable studies of crustal thickness and mantle melting along the SEPR, the origin 

and extent of western GSC major element source depletion remains equivocal.  

Nevertheless, despite uncertainties in our source composition modeling, the process 

assumptions and MELTS uncertainties are internally consistent in our comparison 

between the high-Al, low-Si samples we find near ridge segment terminations, and 

normal Galápagos MORB. 
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2.7.2  High-Al MORB 

Clinopyroxene crystallization is integral to creating the high-Al, low-Si signatures 

seen in the GSC samples.  Once melts pass out of the adiabatic upwelling and melting 

regime and into the region of conductive cooling, they will begin to crystallize minerals 

on the liquidus.  Normally this process occurs at low pressure for mid-ocean ridges where 

the olivine phase volume (stability field) is large, leading to the olivine ± plagioclase 

crystallization recognized in MORB chemical signatures and excess olivine content in 

abyssal peridotites sampled at mid-ocean ridges (Niu, 1997).  However, at higher 

pressures corresponding to depths modeled for GSC high-Al MORB, clinopyroxene 

precedes plagioclase in joining olivine as a crystallizing phase.  Because these mineral 

phases are largely not seen in the GSC samples (only 1-2% olivine in the rocks vs. the 

8% fractionated, and no clinopyroxene phenocrysts present), we suppose that these 

mineral phases are left behind (possibly as wehrlitic horizons) as the melt continues 

migrating towards the surface.  Upper mantle crystallization involving olivine and 

clinopyroxene ± spinel is well known in the shallow mantle sections of many ophiolites 

(e.g., (Sinton, 1978; Keleman et al., 1995)).  Our models predict crystallization beginning 

as deep as 4 kb, or as much as 6-10 km below the Moho, which is somewhat deeper than 

currently recognized in the best documented ophiolites (Keleman et al., 1997).  

Many models of MORB paragenesis require early, cryptic crystallization of 

clinopyroxene and this problem has been widely referred to as the “pyroxene paradox”, 

wherein rock chemistry requires clinopyroxene fractionation at some stage in its 

evolution, but the mineral is absent in the lavas and unstable in the liquids at low 
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pressures (e.g., Dungan and Rhodes, 1978; Francis, 1980; Elthon et al., 1995).  Among 

the various explanations for the pyroxene paradox (see Sinton and Detrick (1992) for a 

review) is high-pressure crystallization during or prior to magma ascent and either 

dissolution or segregation of clinopyroxene during low pressure olivine + plagioclase 

crystallization (e.g., Elthon et al., 1980; Thompson et al., 1980; Grove et al., 1992).   

The GSC high-Al samples are not unique in requiring upper mantle partial 

crystallization to explain chemical characteristics.  Gabbros, megacrysts and cumulate 

phases believed to be derived from upper mantle fractionation have been found at slow 

spreading ridges and fracture zones (Elthon et al., 1982; Stakes et al., 1984; Elthon, 

1987).  Other petrological evidence from MORB geochemistry suggests that partial 

crystallization occurs in the mantle as well as the crust (Tormey et al., 1987; Grove et al., 

1992; Kinzler and Grove, 1992; Elthon et al., 1995; Dmitriev, 1998; Michael and Cornell, 

1998; Meurer et al., 2001; Herzberg, 2004). 

Our model shows that Galápagos high-Al MORB can be derived from the same 

mantle source as the GSC N-MORB without requiring source heterogeneity.  Because 

Galápagos high-Al MORB do not exhibit any K or Ti enrichment, an added component 

enriched only in Al seems unlikely.  As mentioned previously, there are additional 

processes that can increase glass Al content that must be considered.  Wet melting 

experiments have yielded plagioclase-rich, high-Al basalts (Beard and Lofgren, 1992), 

and water is known to play a role in the formation of high-Al calc-alkaline rocks (Sisson 

and Grove, 1993).  However, the low water content in GSC N-MORB (Cushman et al., 

2004) makes this an unlikely alternative, and GSC high-Al samples that have been 

analyzed for water have the same low H2O contents (0.14-0.16 wt. %) as normal low-Al 
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N-MORB at the same MgO.  Plagioclase assimilation is an alternative process that can 

increase the aluminum content in magmas (Flower, 1980; Danyushevsky et al., 2003).  

However, we see no textural evidence for mineral assimilation, and the high-Al signature 

appears in both glass and whole-rock data, with the exception of two sites: the nearly 

aphyric EW-71 (samples a and b) and ALV-1554, for which whole-rock data have low 

Al, despite corresponding low Si and Ca, and higher Na (other signatures of early 

fractionation). A comparison of the glass and whole-rock data for these samples indicates 

they may not have undergone any significant plagioclase or clinopyroxene fractionation – 

glass-rock tie-lines appear to outline an olivine-only fractionation vector (Fig. 2.3).  Thus, 

although these samples exhibit at least some of the characteristics of the more extreme 

high-Al N-MORB, high pressure evolution is not required.  Along the GSC those 

samples that appear to require significant high pressure fractionation may be restricted to 

those with > 16.5 wt. % Al2O3. 

It is important to note that our fractional crystallization runs are isobaric and 

assume melt congregates and fractionates at a single depth.  In fact, crystallization may 

be polybaric, proceeding en route while the melt is migrating upwards to the crust, or 

multi-stage, with high-pressure fractionation followed by low-pressure crustal 

fractionation.  While the high-pressure crystallization may occur in upper mantle magma 

chambers, this is certainly not required by the data.  Polybaric or multistage fractionation 

modeling would require initial crystallization at higher pressures than our isobaric model 

to achieve the same glass composition: by crystallizing first at higher pressures (ol+cpx), 

liquids can achieve higher Al2O3 contents at higher MgO, then crystallize at low pressure 

(ol+plag), decreasing both Al2O3 and MgO to reach their target melt composition.  
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Because crystallization begins at higher MgO contents for these models, more 

crystallization occurs overall, perhaps explaining why we find larger amounts of 

plagioclase in some of these samples than the isobaric model mode predicts (Table 2.5).  

Because adding a low-pressure crystallization stage into the model requires that we 

initiate crystallization at higher pressure, our isobaric pressure estimates for the onset of 

crystallization are likely minimum values.  Glass-whole-rock tie-lines of the highest Al 

samples seem to support this, delineating fractionation vectors from even higher Al2O3 

values than our 4 kb model runs are able to obtain (Fig. 2.3). 

 

2.7.3 Global Distribution 

 The global distribution of MORB with > 16.0 wt. % Al2O3 and > 8.5. wt. % MgO 

(Fig. 2.1) indicates that they occur preferentially at ridges with slow to intermediate 

spreading rates and at the ends of ridge segments.  Along the western GSC, these samples 

are restricted to the ends of (possibly dying) ridge segments near the 95.5°W propagator 

(see Fig. 2.1).  We have not found high-Al and N-MORB occurring within single dredge 

sites.   

Slow-spreading ridges and ridge segment terminations are areas where steady-

state magma chambers are unlikely to be present (Sinton and Detrick, 1992).  Conductive 

cooling to the surface also has a greater effect on the mantle temperature profile in these 

regions than at fast-spreading ridges due to slower upwelling.  Consequently, melting 

might stop at significantly deeper levels beneath slow-spreading ridges and fracture zones 

than at fast-spreading ridges, where the conductive thermal gradient has less of an effect 

against the adiabat (convective gradient) (Bottinga and Allègre, 1978; Reid and Jackson, 
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1981; Niu and Hékinian, 1997).  High-pressure fractionation is enhanced by conductive 

cooling in these regions, causing clinopyroxene and olivine to fractionate in the upper 

mantle.  This is consistent with the findings of Michael & Cornell (1998), who found 

partial crystallization pressures were correlated with spreading rate, and Dmitriev (1998), 

who associated high pressures of partial crystallization with ridge terminations (including 

fracture zones, overlapping spreading centers, and devals).  Herzberg (2004) modeled 

partial crystallization in the mantle based on An-Di-En projections and found the same 

correlation between ridge setting and high pressure MORB crystallization.  Application 

of his petrological model to GSC MORB data gives crystallization pressures ranging 

from 0.48–0.85 GPa for the high-Al samples, compared with an average of 0.14 GPa for 

normal low-Al GSC N-MORB (written comm., 2005) – a factor of 2 greater than the 

pressures estimated by our isobaric fractionation modeling but probably within the range 

of errors associated with the two approaches.  As noted in the previous section, our 

crystallization pressures are likely minima, and non-isobaric crystallization may require 

deeper solidus intersections to achieve the high-Al, low-Si signature characteristic of 

fractionation in the upper mantle. 

 

2.8  Summary 

 Forward modeling of Galápagos Spreading Center N-MORB using (pH)MELTS 

requires a highly depleted peridotite mantle source with a maximum melt fraction of 

~0.19 and a potential temperature of ~1430°C.  When aggregated and cooled in the 

shallow crust (1 kb), these melts follow fractional crystallization paths that approximate 

our N-MORB glass compositions.  The rather extreme mantle source required by this 
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model is partly a result of errors in the MELTS thermodynamic calculations exacerbated 

by the process assumptions of perfect passive flow and complete melt focusing.  The 

results of this exercise illustrate some of the limitations of quantitative thermodynamic 

modeling without a corresponding flow model.   

 Several high-Mg GSC glass samples contain unusually high concentrations of Al, 

along with low Si and abundant plagioclase phenocrysts.  Although high-Al contents can 

be obtained by very low extents of partial melting, low-F models result in significant 

misfits in other major element oxides and do not explain the sample chemistry.  Instead, 

we require high-pressure fractional crystallization of clinopyroxene at pressures of 0.3-

0.4 GPa to explain major element compositions of these samples.  Although 

clinopyroxene is not present as a phenocryst phase in these samples, trace element data 

are qualitatively consistent with clinopyroxene fractionation.  Crystallization in the upper 

mantle is consistent with other recent models correlating high-pressure crystallization 

with slow spreading ridges and ridge segment terminations.  High-pressure crystallization 

is enhanced by conductive cooling in these regions, causing olivine and clinopyroxene to 

fractionate in the upper mantle. 
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CHAPTER 3 

LAVA SHIELDS AND FISSURE ERUPTIONS OF THE WESTERN VOLCANIC 

ZONE, ICELAND: EVIDENCE FOR MAGMA CHAMBERS AND CRUSTAL 

INTERACTION 

 
 

3.1  Abstract 

Volcanic eruptions in Iceland occur either from fissures or central vents (lava 

shields).  Within the post-glacial Western Volcanic Zone, the Thjófahraun fissure-fed 

lava field and Lambahraun lava shield were both erupted ~4000 yrs B.P. with eruptive 

centers separated by only ~25 km. Thjófahraun erupted ~1 km3 of pāhoehoe and ‘a‘ā lava 

from a 9-km long fissure, whereas the Lambahraun lava shield erupted >7 km3 of low 

effusion-rate pāhoehoe. Thjófahraun lavas contain higher K, Rb, Y and Zr, and lower 

CaO than Lambahraun lavas at the same MgO, with variations broadly consistent with 

evolution by low-pressure crystal fractionation.  Lambahraun spans a larger range of 

MgO, which generally decreases over time during the eruption.  Lambahraun samples 

with high Al2O3 and low TiO2 and FeO likely reflect up to 15 % plagioclase 

accumulation.  In addition, all samples from Lambahraun exhibit increasing CaO and 

Nb/Zr with decreasing MgO and overall incompatible-element enrichments greater than 

predicted by crystal fractionation alone.  Although the increase in Nb/Zr and other 

incompatible elements could be explained by gradually more incompatible-element 

enriched parental magma being supplied to the magmatic system during the course of the 

Lambahraun eruption, this process requires very small-scale trace element heterogeneities 

in the mantle that are apparently decoupled from isotopic variations and a systematic 
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relationship between parental magma composition and extent of differentiation.  

Alternatively, correlations among incompatible element concentration, increasing 

differentiation and time during the eruption can be related by concurrent wallrock 

assimilation and crystallization during melt migration through the crust.  Geochemical 

modeling of assimilation of wallrock clinopyroxene concurrent with crystallization of 

olivine (± plagioclase) effectively reproduces the observed chemical variations of 

Lambahraun samples.  Similar chemical characteristics exist in several other Western 

Volcanic Zone lava shields but not in fissure eruptions.  Magmas that fed fissure 

eruptions may also have been modified by interaction with the crust prior to aggregation 

in crustal magma chambers, but the geochemical signature of this process is obscured by 

magma mixing.  In contrast, Icelandic lava shields that preserve deeper level processes 

may not have developed shallow magma chambers; rather they probably represent slow 

effusion from magma systems that are continually being recharged and reacting with the 

crust during the course of their eruptions.   

 

3.2  Introduction 

The study of the products of single volcanic eruptions is one of the most direct 

ways to assess the nature of underlying magmatic processes that occur prior to and during 

eruptions.  Erupted volumes and chemical composition of individual lava flows constrain 

the size, temperature, and internal variation within sub-volcanic magma reservoirs, which 

in turn can affect the style of eruption.  The nature and extent of chemical heterogeneity 

within individual eruptive episodes can be used to constrain melting, differentiation and 

mixing that must occur over time scales limited by eruption durations and periods 
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between eruptions at specific locations.  Among the questions that can be addressed by 

such studies include magmatic controls on eruption rate, resultant lava morphology, and 

the nature of magma chambers, if any, from which the magma is erupted.   

To fully address relationships among melting and differentiation processes of 

individual eruptions and their corresponding eruptive style, magma supply, and crustal 

storage characteristics requires information on flow morphology, eruptive vent 

characteristics, estimates of erupted volume, and sufficient sampling to quantify chemical 

heterogeneity.  The highest level of detail for volcanic eruptions can only be attained for 

historical events with contemporaneous observations and sampling.  For pre-historical 

eruptions, detailed mapping and sampling is especially difficult to accomplish along 

submarine mid-ocean ridges and consequently, studies at the scale of individual mid-

ocean ridge eruption units are rare (Perfit and Chadwick, 1998; Embley et al., 2000; 

Sinton et al., 2002; Bergmanis et al., 2007).  Even in Iceland, where the mid-ocean ridge 

system is well exposed above sea level, there have been relatively few detailed studies of 

single lava flow fields (Maclennan et al., 2003b) and no lava shields have erupted in 

historical time. 

 The neovolcanic zones of Iceland are ideal for investigating processes associated 

with individual eruptive units.  The very slow-spreading (3-7 mm/yr (LaFemina et al., 

2005)) Western Volcanic Zone (WVZ) forms a 170-km long portion of the Mid-Atlantic 

Ridge plate boundary, comprising the western limb of a microplate in South Iceland (Fig. 

3.1).  All post-glacial (since ~12 ka) eruptive units of the WVZ have been mapped, 

sampled and analyzed for major and trace elements, and age constraints have been 

determined for most eruptions from 14C-dating and tephrochronology (Sinton et al.,  
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Figure 3.1  Map of Iceland showing the principal plate-boundary zones in Iceland: the 

Northern Volcanic Zone (NVZ), Eastern Volcanic Zone (EVZ), Hofsjökull Zone (HZ), 

Western Volcanic Zone (WVZ), and Reykjanes Peninsula (RP).  These volcanic zones 

connect up to the Tjörnes Transform Zone (TTZ) and Reykjanes Ridge (RR) offshore.  

The south Iceland seismic zone (SISZ) represents a transform boundary on the south side 

of the south Iceland microplate.  Box outlines the area of Figure 2. 
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Figure 3.2  Shaded relief map of the central Western Volcanic Zone showing the 

distribution of postglacial lava units, including Lambahraun (lbh) and Thjófahraun (tfh).  

Modified after Sæmundsson (1992) and Sinton et al. (2005).   
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2005).  Sr, Nd, Pb and Hf isotopic ratios have been determined for a subset of samples 

(Halldórsson et al., 2008b).  Lava flow fields produced during single eruptive episodes 

range from ~0.1 to >15 km3, encompassing a range in lava morphology and styles of 

eruptive activity.  Thus, this portion of the ridge is an ideal location to investigate a 

variety of volcanic processes, including spatial and temporal variations in eruption style, 

melting and differentiation processes, and source heterogeneity. 

 Volcanic eruptions in Iceland occur either as fissure or central vent (lava shield) 

eruptions.  Fissure eruptions tend to produce lavas indicative of high average effusion 

rates from small spatter cones extending over several kilometers to tens of kilometers.  In 

contrast, most lava shields are composed almost entirely of relatively dense pāhoehoe 

lava from edifices that are surmounted by a central caldera, typically 0.5-2 km in 

diameter.  However, the nature of the reservoirs that feed these eruptions and the 

underlying magmatic processes that occur prior to eruption are poorly known.  Sinton et 

al. (2005) proposed that fissure eruptions tap extant, well-mixed crustal magma 

chambers, whereas the chemical variations in lava shields are inconsistent with large, 

well-mixed magma reservoirs and seem to require mantle recharge during the course of 

several decade-long eruptions.  In order to better understand the underlying magmatic 

processes associated with differences in eruptive style, we have undertaken a detailed 

study of the products of two WVZ eruptions – a lava shield (Lambahraun) and a fissure 

eruption (Thjófahraun) – both erupted about 4000 yrs ago with the locus of activity 

separated by about 25 km (Fig. 3.2). The selection of two units erupted close to one 

another in both space and time along the WVZ minimizes temporal and spatial variations 

in processes related to mantle composition and crustal structure.  We use the geochemical 
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variability of the erupted products of Lambahraun and Thjófahraun to constrain the 

differences in their respective crustal reservoirs, their melting and differentiation 

histories, and potential source variations.  The selection of Thjófahraun and Lambahraun 

requires that any spatial or temporal variations must be less than ~25 km and ~400 years.  

 

3.3  Data and methods 

 

      3.3.1 Field Study 

The areal limits of both Lambahraun and Thjófahraun flow fields and internal 

contacts within the Thjófahraun field were determined using a combination of aerial 

photographs and field mapping; the external contacts shown in Figs. 3.2-3.4 are modified 

slightly from those of Sinton et al. (2005).  Sub-units within the Thjófahraun field and 

their relative ages were determined from aerial photographs and field observations.  

Where possible, we attempted to assign individual flow units to the vents from which 

they were erupted, although this is typically only possible for the youngest units.  Sixteen 

additional samples collected for this study from both units supplement the 33 analyses 

reported by Sinton et al. (2005) to better cover the spatial range of each flow field.  

 

      3.3.2 XRF Analysis  

 Whole rock x-ray fluorescence (XRF) data were measured on the University of 

Hawai‘i Siemens 303AS XRF spectrometer using a Rh-target, end-window x-ray tube.  

Whole rocks were crushed in an alumina swing mill, and powders were analyzed for 

major elements on fused disks following methods similar to those of Norrish and Hutton 
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(1977).  Trace elements were analyzed on pressed powder pellets.  Peak intensities for the 

trace elements were corrected for backgrounds, line interferences and matrix absorption 

using methods similar to those of Chappell (1992).  Corrected intensities were calibrated 

against a wide range of natural rock standards.  Accuracy and precision data for this 

system are reported in Sinton et al. (2005).  New analytical data are reported in Table 3.1.  

Additional analytical data from Lambahraun and Thjófahraun published in Sinton et al. 

(2005). 

 

      3.3.3 ICP-MS Analysis 

 Low-abundance trace elements were analyzed in selected samples by inductively-

coupled, plasma mass spectrometry (ICP-MS) using the University of Hawai‘i VG 

PlasmaQuad instrument.  Clean rock chips were crushed in alumina, from which 0.1200 

gms were digested in a mixture of HNO3, HCl and HF in sealed teflon CEM digestion 

vessels, using a microwave digestion oven at 90 psi.  After digestion, the vessels were 

uncapped and heated to evaporate the solutions to near dryness, which were then diluted 

to ~100 grams with 2% ultra-clean, distilled HNO3.  The solutions were stored in acid-

cleaned plastic bottles until analyzed.  Prior to analysis, samples were diluted 1:10 in 2% 

HNO3.  A mixed internal standard solution of Zn 67, In 115, and Bi 209, diluted to 1.0, 

2.5, 5.0, and 10.0 ppb, in 2% HNO3 was run along with each sample for instrument 

calibration.  Samples were calibrated against international rock standards JB-3, NIM-N, 

JB-2, JGb-1 (Table 3.2).  

 



 57 

Table 3.1  Whole-rock XRF analyses.   
 

 
Unit Lambahraun 
Samp. no. IT-390 IT-476 IT-477 IT-479 IT-483 IT-485 
easting 0527548 0522666 0524173 0525844 0529247 0530936 
northing 7150977 7137528 7139409 7140971 7142661 7141047 
SiO2 48.80 47.40 48.15 48.18 48.54 49.03 
TiO2 2.13 1.85 1.86 1.61 1.75 1.86 
Al2O3 13.98 15.14 14.97 16.41 15.99 15.91 
FeO* 13.08 12.37 12.28 11.12 11.57 11.74 
MnO 0.20 0.20 0.20 0.18 0.19 0.20 
MgO 6.86 9.68 7.79 7.70 7.04 6.76 
CaO 12.64 11.53 12.41 12.62 12.80 12.95 
Na2O 2.06 1.89 1.96 1.88 1.82 1.99 
K2O 0.21 0.16 0.18 0.17 0.17 0.18 
P2O5 0.26 0.19 0.22 0.20 0.21 0.22 
Sum 100.24 100.41 100.01 100.08 100.09 100.85 
Sc 50 41 42 38 39 41 
V 404 323 351 296 326 343 
Cr 309 386 330 331 308 322 
Co 46 55 50 45 43 42 
Ni 64 176 108 114 90 76 
Cu --  102 -- -- -- -- 
Zn 108 104 102 83 91 93 
Rb 3.8 3.3 3.3 3.1 3.3 3.1 
Sr 195 198 193 208 204 203 
Y 31 24 27 23 25 26 
Zr 119 84 99 91 96 101 
Nb 15.0 10.0 12.9 11.7 12.7 12.8 
Ba 38 36 33 41 37 42 
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Table 3.1  (Continued) Whole-rock XRF analyses. 

 

Unit Lambahraun 
Samp. no. IT-486 IT-487 IT-488 IT-490 IT-492 
easting 0533027 0525108 0523195 0529601 0530315 
northing 7141556 7129769 7130099 7135985 7138932 
SiO2 48.78 48.17 47.60 47.99 48.88 
TiO2 1.62 1.88 1.89 1.66 2.28 
Al2O3 17.06 15.14 15.05 15.70 13.84 
FeO* 10.63 12.31 12.43 11.71 13.52 
MnO 0.18 0.20 0.20 0.20 0.22 
MgO 6.72 8.58 8.56 8.29 6.62 
CaO 13.27 12.00 11.95 12.33 12.51 
Na2O 1.86 1.90 1.89 1.73 2.08 
K2O 0.16 0.17 0.17 0.13 0.21 
P2O5 0.20 0.18 0.19 0.16 0.27 
Sum 100.50 100.55 99.95 99.91 100.44 
Sc 39 43 39 43 48 
V 309 330 334 351 391 
Cr 380 297 306 315 282 
Co 41 47 47 50 46 
Ni 84 121 124 129 64 
Cu -- 109 106 -- -- 
Zn 83 99 98 101 109 
Rb 2.9 3.3 3.2 3.3 3.5 
Sr 208 189 191 187 202 
Y 23 27 27 26 33 
Zr 86 91 92 91 120 
Nb 10.8 11.2 11.2 10.8 15.7 
Ba 32 35 46 30 50 
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Table 3.1  (Continued) Whole-rock XRF analyses. 

 
Unit Thjófahraun 
Samp. no. IT-13 IT-53 IT-137 IT-278 IT-473 
easting 0505300 0506340 0507290 0506190 0508819 
northing 7128150 7128665 7130275 7133885 7132715 
SiO2 48.41 48.41 49.26 48.51 49.03 
TiO2 1.87 1.73 1.91 1.77 1.78 
Al2O3 14.94 15.46 15.47 15.07 15.46 
FeO* 12.26 11.73 11.82 12.05 12.15 
MnO 0.20 0.19 0.19 0.19 0.18 
MgO 8.00 8.46 7.34 8.33 8.39 
CaO 11.94 11.96 11.99 11.92 11.49 
Na2O 1.99 2.09 2.19 2.06 1.48 
K2O 0.23 0.21 0.24 0.23 0.18 
P2O5 0.23 0.17 0.21 0.21 0.21 
Sum 100.08 100.42 100.63 100.33 100.36 
Sc 40 42 43 41 39 
V 352 336 378 350 336 
Cr 352 404 336 389 365 
Co 46 51 45 51 49 
Ni 122 157 107 140 160 
Cu -- -- -- -- -- 
Zn 98 100 102 102 99 
Rb 4.6 3.9 4.8 4.4 4.0 
Sr 190 185 203 193 200 
Y 28 25 28 27 25 
Zr 106 92 115 103 107 
Nb 12.5 10.1 13.5 12.3 12.3 
Ba 50 42 53 38 45 

 
Oxide abundances in wt. %, trace elements in ppm.  FeO* = total Fe expressed as FeO.  

Sample locations are given in WGS84 UTM coordinates. 
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Table 3.2  ICP-MS standards data. 
 
 JGb-1 JB-3 JB-2 

n 6 σ value 3 σ value 3 σ value 
Ba 61 2.19 63 223 12.08 245 208 9.26 208 
La 3.50 0.09 3.6 8.48 0.17 8.85 2.34 0.06 2.36 
Ce 8.48 0.27 8 21.16 0.42 21.5 6.62 0.13 6.77 
Pr 1.20 0.05 1.14 3.38 0.17 3.39 1.21 0.04 0.99 
Nd 5.27 0.19 5.56 15.41 0.39 15.4 6.20 0.05 6.65 
Sm 1.44 0.08 1.49 4.15 0.05 4.27 2.24 0.01 2.25 
Eu 0.66 0.03 0.63 1.37 0.03 1.31 0.86 0.01 0.86 
Gd 1.66 0.06 1.63 4.71 0.23 4.57 3.31 0.10 3.28 
Tb 0.27 0.02 0.3 0.75 0.04 0.74 0.58 0.01 0.62 
Dy 1.74 0.07 1.55 4.60 0.22 4.55 4.01 0.11 3.7 
Ho 0.36 0.02 0.33 0.94 0.05 0.8 0.88 0.04 0.81 
Er 0.99 0.05 1.06 2.63 0.14 2.61 2.57 0.11 2.62 
Tm 0.14 0.01 0.15 0.38 0.03 0.41 0.37 0.01 0.43 
Yb 0.92 0.04 1.02 2.45 0.09 2.62 2.52 0.10 2.51 
Lu 0.14 0.01 0.15 0.37 0.03 0.39 0.39 0.02 0.39 

 
 NIM-N B-THO BIR-1 

n 4 σ value 3 σ value 
Ba 78.6 2.56 84 6.2 0.31 7.14 
La 2.81 0.04 3 0.68 0.01 0.62 
Ce 5.81 0.04 5.8 1.90 0.09 1.92 
Pr 0.77 0.04 0.71 0.38 0.01 0.37 
Nd 3.17 0.10 3 2.30 0.12 2.38 
Sm 0.82 0.03 0.8 1.04 0.05 1.12 
Eu 0.61 0.02 0.63 0.53 0.03 0.53 
Gd 1.00 0.05 0.97 1.73 0.07 1.87 
Tb 0.16 0.01 0.16 0.33 0.01 0.36 
Dy 1.05 0.05 1.04 2.41 0.09 2.51 
Ho 0.22 0.02 0.2 0.53 0.01 0.56 
Er 0.64 0.03 0.66 1.56 0.05 1.66 
Tm 0.09 0.00 0.1 0.23 0.01 0.25 
Yb 0.63 0.02 0.67 1.54 0.06 1.65 
Lu 0.10 0.01 0.1 0.23 0.01 0.25 

 

Standard analyses given with number of runs (n) and standard deviation (σ).  B-THO is a 

re-collected sample from the same locality as BIR-1. 
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Table 3.3  ICP-MS analyses. 
 
Unit Thjófahraun 
Sample no. IT-35 IT-35 IT-35 IT-133 IT-144a IT-144a 
Ba 56.6 58.1 59.2 53.5 58.8 57.7 
La 8.42 8.65 8.76 8.04 9.53 9.38 
Ce 21.1 22.0 22.2 19.9 23.2 22.8 
Pr 3.03 3.12 3.18 2.86 3.44 3.39 
Nd 13.6 14.1 14.2 12.9 15.0 14.6 
Sm 3.76 3.88 3.91 3.51 4.20 4.17 
Eu 1.41 1.46 1.50 1.33 1.59 1.53 
Gd 4.27 4.35 4.45 4.16 4.92 4.75 
Tb 0.71 0.75 0.76 0.69 0.85 0.83 
Gd 4.41 4.55 4.63 4.27 5.05 4.91 
Dy 4.58 4.72 4.81 4.40 5.19 5.05 
Ho 0.95 0.97 0.98 0.90 1.09 1.07 
Er 2.62 2.71 2.74 2.52 3.03 2.93 
Tm 0.37 0.37 0.39 0.35 0.44 0.43 
Yb 2.46 2.53 2.57 2.34 2.73 2.68 
Lu 0.36 0.38 0.38 0.35 0.42 0.42 

  
Unit Lambahraun 
Sample no. IT-181 IT-182 IT-184 IT-184 
Ba 40.7 49.2 46.4 48.9 
La 6.26 8.54 7.83 8.31 
Ce 15.9 21.0 19.5 20.6 
Pr 2.48 3.20 2.96 3.12 
Nd 11.3 14.1 13.1 13.8 
Sm 3.29 3.99 3.72 3.90 
Eu 1.33 1.53 1.44 1.51 
Gd 3.97 4.61 4.42 4.60 
Tb 0.69 0.80 0.76 0.80 
Gd 4.07 4.73 4.51 4.70 
Dy 4.22 4.86 4.70 4.93 
Ho 0.88 1.01 0.98 1.04 
Er 2.44 2.83 2.74 2.92 
Tm 0.36 0.41 0.40 0.42 
Yb 2.22 2.55 2.52 2.64 
Lu 0.34 0.40 0.38 0.41 
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      3.3.4.  Mineral Analyses by Electron Microprobe  

 Mineral compositions were determined using the University of Hawai‘i Cameca 

SX-50 five-spectrometer electron microprobe, using an accelerating voltage of 15 kV, 20 

nA beam current, and 10 µm beam diameter.  Olivine and plagioclase analyses reported 

here are averages of a minimum of three spots collected from individual crystals (Table 

3.4).  Zoning profiles also were collected for selected plagioclase phenocrysts.  A PAP-

ZAF matrix correction was applied to all analyses. 

Olivine was analyzed for Si, Mg, Fe, Ca, Mn and Ni using peak counting times of 

60 s for Mg, Si, Ca and Fe, and 30 s for Mn and Ni.  Background counting times were 30 

s for Mg, Si, Ca and Fe, and 15 s for Mn and Ni.  Samples were calibrated against San 

Carlos olivine (Mg), Springwater olivine (Fe), Verma garnet (Mn), diopside (Si and Ca) 

and Ni-metal (Ni) standards.  

Plagioclase was analyzed for Si, Al, Fe, Mg, Ca, Na and K with peak counting 

times of 30 s for Si, Mg, Al and Na and 60 s for Fe, Ca and K.  Background counting 

times were 30 s for Fe, Ca and K, and 15 s for Si, Mg, Na and Al.  Na was analyzed first 

in each acquisition to minimize loss due to volatilization.  Samples were calibrated 

against mineral standards Lake County plagioclase (Si and Al), San Carlos olivine (Fe 

and Mg), Amelia albite (Na), anorthite (Ca) and orthoclase (K).   

 

      3.3.5 Petrographic Study 

 Thin sections were examined for textural indications of disequilibrium and 1000-

point counts were collected on selected samples to determine mineral modes.  Mineral 

grains <0.05 mm in size appear to have crystallized post-eruption, and are considered  
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Table 3.4  Representative mineral analyses. 
 

Representative Analyses of Plagioclase    
Unit Lambahraun 

Sample IT-297 
Anal. IT-184e IT-273e 1 2 3 IT-300 

SiO2 45.7 47.5 48.8 47.3 47.4 49.7 
Al2O3 34.0 32.8 31.8 33.0 32.7 31.2 
FeOa 0.57 0.49 0.58 0.59 0.55 0.66 
MgO 0.15 0.19 0.19 0.19 0.18 0.21 
CaO 17.3 15.9 15.2 16.3 16.0 14.3 
Na2O 1.47 2.18 2.73 2.09 2.37 3.15 
Totalb 99.2 99.0 99.3 99.5 99.2 99.2 

       
Cations on the basis of 8 oxygens    

Si 2.127 2.202 2.253 2.188 2.198 2.292 
Al 1.865 1.792 1.730 1.799 1.787 1.696 
Fe 0.010 0.009 0.010 0.010 0.010 0.011 
Mg 0.010 0.013 0.013 0.013 0.012 0.014 
Ca 0.863 0.789 0.754 0.808 0.795 0.706 
Na 0.133 0.196 0.244 0.187 0.213 0.282 

Total 5.007 5.000 5.004 5.006 5.015 5.001 
Anc 86.7 80.0 75.4 81.1 78.7 71.3 

       
Representative Analyses of Olivine    

Unit Lambahraun 
Sample IT-273e 
Anal. IT-182 1 2 IT-276 IT-297 IT-300 

SiO2 38.9 38.4 38.2 37.7 38.6 38.3 
FeOa 17.3 19.2 19.5 21.9 19.9 21.3 
MnO 0.26 0.31 0.29 0.32 0.27 0.31 
MgO 43.5 41.5 41.5 39.4 40.7 39.8 
CaO 0.29 0.36 0.33 0.35 0.34 0.39 
NiO 0.16 0.14 0.12 0.10 0.10 0.07 

Total 100.4 99.9 99.9 99.8 99.9 100.2 
       
Cations on the basis of 4 oxygens    

Si 1.039 1.047 1.044 1.054 1.057 1.059 
Fe 0.174 0.197 0.201 0.230 0.205 0.222 
Mn 0.006 0.007 0.007 0.008 0.006 0.007 
Mg 1.731 1.687 1.692 1.642 1.662 1.640 
Ca 0.008 0.011 0.010 0.010 0.010 0.012 
Ni 0.003 0.003 0.003 0.002 0.002 0.002 

Total 2.961 2.953 2.956 2.946 2.943 2.941 
Fod 81.7 79.4 79.1 76.2 78.5 76.9 
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Table 3.4  (Continued) Representative mineral analyses. 
 

Representative Analyses of Plagioclase 
Unit Thjófahraun 

Sample 
Anal. IT-35 IT-133 

SiO2 48.6 49.0 
Al2O3 32.1 31.7 
FeOa 0.64 0.69 
MgO 0.19 0.18 
CaO 15.3 15.2 
Na2O 2.60 2.76 
Totalb 99.4 99.5 

   
Cations on the basis of 8 oxygens 

Si 2.242 2.260 
Al 1.746 1.723 
Fe 0.011 0.012 
Mg 0.013 0.012 
Ca 0.756 0.749 
Na 0.233 0.247 

Total 5.001 5.002 
Anc 76.4 75.0 

   
Representative Analyses of Olivine 

Unit Thjófahraun 
Sample 
Anal. IT-35 IT-133 

SiO2 39.4 38.9 
FeOa 17.0 16.3 
MnO 0.25 0.36 
MgO 43.0 44.0 
CaO 0.29 0.28 
NiO 0.14 0.22 

Total 100.1 100.1 
   
Cations on the basis of 4 oxygens 

Si 1.051 1.035 
Fe 0.171 0.163 
Mn 0.006 0.008 
Mg 1.710 1.746 
Ca 0.008 0.008 
Ni 0.003 0.005 

Total 2.949 2.965 
Fod 81.9 82.8 

 

a Total Fe as FeO 

b K2O for all plagioclase analyses is below detection limit = 0.017 wt. % 
c An = Ca*100/(Ca+Na+K) 
d Fo = Mg*100/(Mg+Fe) 
e Lambahraun sample with plagioclase accumulation 



 65 

Table 3.5  Petrographic modes.  Rock modes based on 1000-point counts.  
 
 Relative Phase Abundance (%)   

unit sample ol plag cpx gm vesicles total 
Lambahraun IT-181 5.9 8.5 0.2 70 15.4 100.0 
 IT-182 0.2 7.6 -- 74.4 17.8 100.0 
 IT-183a 22.7 36.2 3.6 15.4 22.1 100.0 
 IT-185 1.6 4.4 0.1 87 6.9 100.0 
 IT-274 a 12.6 20.6 5.5 43.5 17.8 100.0 
 IT-298 a 23.4 34.8 3.6 25.1 13.1 100.0 
 IT-299 1.4 3.1 -- 75.5 20 100.0 
 IT-301  2.8 16.2 0.7 57.8 22.5 100.0 
 IT-483 a 6.4 19.1 1.5 54.5 18.5 100.0 
 IT-485 a 6 17.2 1.3 58 17.5 100.0 
 IT-486 a 7.7 14.8 -- 53.2 24.3 100.0 
 IT-487 3.8 3.8 -- 69.2 23.2 100.0 
 IT-490 a 9.3 13.6 0.4 63.6 13.1 100.0 
 IT-492 a 18.7 29.3 5.6 26.3 20.1 100.0 
         
Thjófahraun IT-35 2.8 5.9 -- 76.9 14.4 100.0 
 IT-42A 1.8 1.1 -- 79.8 17.3 100.0 
 IT-42B 2.0 1.3 -- 78.5 18.2 100.0 
 IT-81 1.7 2.7 -- 75.5 20.1 100.0 
 IT-133 2.2 0.3 -- 87.2 10.3 100.0 
 IT-134A 1.3 0.4 -- 82.2 16.1 100.0 
 IT-135 2.9 1.2 -- 79.5 16.4 100.0 
 IT-139 1.3 4.1 -- 79.3 15.3 100.0 
 IT-144A 2.5 1.6 -- 86.2 9.7 100.0 
 IT-156 4.1 6.8 -- 71.4 17.7 100.0 
 IT-158 3.4 0.1 -- 78.7 17.8 100.0 
 IT-159 2.2 6.3 -- 76 15.5 100.0 
 IT-169 1.8 0.9 -- 90.1 7.2 100.0 
 IT-367 3.2 1.1 -- 87.8 7.9 100.0 

 

a Sample has coarse groundmass.  Point counts not representative of phenocryst 

assemblage.
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“groundmass” for counting purposes, so that our modes reflect the pre-eruptive 

phenocryst assemblage.  Exceptions to this are some samples from Lambahraun whose 

groundmass has crystallized to sub-ophitic textures – modes from these samples represent 

an assemblage that has cooled relatively slowly after eruption.  Modal data are reported 

in Table 3.5 with estimated errors ranging from <1-3 % (Howarth, 1998). 

 

3.4  Results and observations 

 

      3.4.1. Eruptive Units and Chronology 

 

3.4.1.1  Thjófahraun 

Thjófahraun lavas erupted from a highly effusive fissure system approximately 9 

km long (Fig. 3.3).  Radiometric carbon dating of charcoal remains beneath flows of this 

unit yields an age of 3680 ± 60 calibrated years B.P. (Sinton et al., 2005).  About 1.0 km3 

of lava was erupted from 10 separate spatter cones aligned in a SW-NE trend.  Lava 

channels up to 100-m wide are well developed close to eruptive vents, but we have not 

identified lava tubes or tube break-out structures in this unit.  

We have divided the Thjófahraun field into 19 different subunits with boundaries 

defined by field observations and mineralogical differences (Fig. 3.3).  All of the early 

phases of the eruption are pāhoehoe lava.  Later units include some flows with 

transitional morphology.  The youngest flow units are small-volume ‘a‘ā flows.  

Individual lava flows range up to 5 m thick, although many are less.  Many of the 

subunits can be correlated to specific vent locations.   
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Figure 3.3  Geologic map of Thjófahraun.  Subunits defined on field relations 

(overlapping flows) and mineralogical differences.  Y in Y-O pairings designates younger 

flows.  Circles denote locations of samples with whole-rock XRF analyses.  Topographic 

contours are in 20 m intervals.  
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Figure 3.4  Geologic map of Lambahraun.  Sample locations with XRF analyses shown.  

Symbol size scales with Nb/Zr (circles) and MgO wt. % (squares).  More distal samples 

tend to have higher MgO and lower Nb/Zr than samples closer to the vent. Topographic 

contours are in 20 m intervals. 
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The relative age relations between subunits allow us to trace this eruption’s chemical and 

mineralogical variability through time.  Some of the oldest lavas make up the lower SW 

and NE-most portions of Thjófahraun.  These subunits tend to be more olivine-phyric (up 

to 7 %) and have slightly higher MgO contents than lavas in the SE.  We are unable to 

determine age relations between the older NE and SW subunits, so it is difficult to say if 

there is an age sequence to vent activity, but both areas are generally older than the SE 

lavas based on stratigraphic field relations.  The last lavas erupted are plagioclase-phyric 

‘a‘ā lavas erupted from at least three vents spanning almost the entire length of the 

eruptive fissure system.  These later lavas contain very little olivine (<3 %), but more 

abundant plagioclase phenocrysts (5-7 %).  By comparison with the well-documented 

1975-1984 fissure-fed Krafla Fires eruptive episode (Björnsson, 1985; Sæmundsson, 

1991), the flow field was probably produced during a series of short-lived (days to 

weeks) eruptive events that together comprise a major rifting episode.  Although the 

exact duration of this episode is not known, estimates of effusion rates for pāhoehoe and 

‘a‘ā lavas (Rowland and Walker, 1990) indicate a total eruption time for the complete 1 

km3 of Thjófahraun lava on the order of months to years.  

 

3.4.1.2  Lambahraun lava shield 

Lambahraun is a moderately large, monogenetic, low-angle lava shield covering 

>140 km2, with an estimated 7.3 km3 of erupted lava (Fig. 3.4).  Radiometric dating from 

two separate localities gives an average age of 4100 ± 500 years B.P. (Sinton et al., 

2005).  Lambahraun mainly consists of dense pāhoehoe lava in hundreds of thin flow 

units that likely formed at low effusion rates (Rowland and Walker, 1990; Rossi, 1996).  
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The large erupted volume and inferred low average eruption rate suggests that this lava 

shield was produced over a period of several decades.  Although the field mainly consists 

of on-lapping flow units, there are no mappable subunits within it.  Furthermore, large 

hornito spires are common around the summit caldera and we have identified at least one 

major tube breakout elsewhere in the flow field.  Thus, tube-fed lavas are probably more 

common in Lambahraun than in Thjófahraun and correlation of individual samples with 

time during eruption is more equivocal.  Lambahraun lavas tend to be more porphyritic 

than Thjófahraun lavas with little indication for any systematic spatial correlation of its 

mineralogy.  Many samples are nearly holocrystalline, particularly in the interiors of 

tumuli, indicating relatively slow cooling after eruption. 

Although we are unable to define a strict eruption chronology for Lambahraun, 

the flow field is areally zoned with respect to several chemical parameters.  Samples from 

the SW portions of the flow field tend to have higher MgO and lower Nb/Zr than those 

closer to the summit vent in the NE (Fig. 3.4).  Despite the complications that tube-fed 

lava adds to determining an eruption chronology, in general the more distal SW lavas 

appear to have erupted earlier than the more evolved lavas N and E of the summit 

caldera.  The spatial relationships therefore suggest that the erupted magma generally 

became progressively more differentiated with higher Nb/Zr during the course of the 

eruption.  Late eruption of more differentiated magma has also been observed in other 

WVZ lava shields (Sinton et al., 2005) and elsewhere in Iceland (N. Óskarsson, pers. 

comm.). 
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      3.4.2  Chemical Variations 

 

3.4.2.1 Crystal fractionation 

 Olivines in both Thjófahraun and Lambahraun appear to be in equilibrium with 

their host rocks (Roeder and Emslie, 1970) based on mineral and whole rock 

compositions.  Groundmass olivines and rims on olivine phenocrysts commonly have 

slightly lower forsterite (Fo = Mg*100/(Mg+Fe)) contents than phenocryst cores, 

consistent with later crystallization.  Plagioclase phenocrysts tend to have normal or 

oscillatory zoning, and some of the larger phenocrysts have a sieved texture.  

Thjófahraun plagioclase grains have significantly lower An content for a given rock MgO 

or coexisting olivine Fo content than Lambahraun plagioclase.  We interpret this to 

reflect the lower CaO of the melt from which they crystallize, as Thjófahraun lavas have 

lower CaO contents than Lambahraun at the same MgO (Fig. 3.5), while Na and Al 

contents are not significantly different.  

 The whole-rock chemical variation of Thjófahraun is broadly consistent with 

evolution by shallow crystal fractionation.  Analyzed samples span a range of ~1.5 wt. % 

MgO around a median of 8.0 wt. %, and exhibit limited chemical variability at a given 

MgO (Fig. 3.5).  While lava compositions are more restricted in MgO than for 

Lambahraun, the range of values at a given MgO appears to be greater.  Although 

plagioclase occurs in some of the samples, CaO and Al2O3 values anti-correlate with 

MgO, suggesting that Thjófahraun magmas did not fractionate plagioclase prior to 

eruption.  Early Thjófahraun flows have compositions spanning the entire spread of 

MgO.  Late-stage ‘a‘ā lavas have relatively low MgO with limited chemical variability  
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 (Fig. 3.5).  These results suggest early eruption from a relatively poorly mixed magma 

chamber, followed by later eruptions that tapped a more homogeneous and probably 

smaller volume of more differentiated magma. 

The major and trace element variation of Thjófahraun whole rocks can be 

modeled by simple fractionation scenarios using MELTS (Ghiorso and Sack, 1995; Smith 

and Asimow, 2005).  The best-fit model run contains 0.4 wt. % H2O for a crystallization 

pressure of 1 kb (QFM-2).  A value of 0.4 wt % is within the range expected for Iceland 

magmas (e.g., Schilling et al., 1983; Metrich et al., 1991; Nichols et al., 2002), although 

MELTS runs with lower water contents are also able to approximate the observed trends 

at slightly higher pressures (1.5-2 kb). Note that there is some uncertainty in the water 

content due to the interplay with the model pressure, because both higher water content 

and higher pressures suppress the appearance of plagioclase on the liquid line of descent.  

Although we biased our analyses to the least phyric samples, the data reported are for 

whole rocks, and therefore not true liquid compositions. 

 Lambahraun samples show a greater variation in MgO than Thjófahraun (~2.5 wt. 

% MgO), and are significantly lower in K2O, Rb, Y and Zr, and higher in CaO than 

Thjófahraun lavas for the same MgO.  Overall chemical variations within Lambahraun 

are more complicated than for Thjófahraun.  For example, there are two distinct 

populations of Lambahraun samples on Al2O3, FeO and TiO2 versus MgO (Fig. 3.5).  

Also, both CaO and Nb/Zr increase with decreasing MgO, despite widespread presence 

of plagioclase in Lambahraun lavas.  Thus, several features of Lambahraun are 

inconsistent with simple low-pressure fractionation of the mineral phases observed in the 

lava, especially at low MgO.  
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Figure 3.5  Major element chemical variations of Thjófahraun (squares) and Lambahraun 

(diamonds).  Open diamonds are Lambahraun samples displaced from the main trend, 

which we interpret to be affected by plagioclase accumulation (see text for discussion).  

Open squares denote Thjófahraun late-stage ‘a‘ā flows.  Solid line shows 1 kb 

fractionation model for Thjófahraun determined by the Adiabat_1ph version of MELTS 

(Ghiorso and Sack, 1995; Smith and Asimow, 2005) with oxygen fugacity of QFM-2 and 
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0.4 wt. % H2O in the starting magma (IT-133).  Crosses in each panel denote 2σ 

uncertainty in analytical data.  

 

 

 

 

 

Figure 3.6  Correction for plagioclase accumulation in Lambahraun samples.  

Sample compositions corrected back to the main liquid line of descent for Lambahraun 

(solid symbols) along lines of constant Mg# using an average plagioclase composition.  

Open diamonds are uncorrected values, shaded diamonds are corrected compositions. 
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3.4.2.2.  Crystal accumulation in Lambahraun lavas 

Some Lambahraun samples have higher Al2O3 and CaO and significantly lower 

FeO, TiO2, P2O5, and to a lesser degree K2O (open symbols, Fig. 3.5), than the main 

trend of most samples from this unit.  These same samples also tend to be low in Mn, Sc, 

V, Zn, Y, Zr and Nb, while exhibiting slightly higher Sr.  Such variation is not consistent 

with crystal fractionation, but can be explained by up to 15 % accumulation of 

plagioclase in these whole-rock samples.  The amount of plagioclase accumulation has 

been evaluated by linear subtraction of a representative plagioclase composition (IT-273 

analysis in Table 3.4) from these sample compositions along a path of constant Mg# until 

the liquid intersects the main liquid line of descent. The amount of plagioclase subtracted 

ranges from 5-15%, and is in all cases less than the amount of modal plagioclase in the 

sample (Table 3.6, Fig. 3.6).  The part of the system where excess plagioclase was  

 

 

Table 3.6  Plagioclase accumulation in Lambahraun samples (mass fractions). 
 

sample 
modal 
plag 

modeled 
accum 

IT-183 0.43 0.06 
IT-273 0.20 0.08 
IT-184 0.15 0.07 
IT-301 0.20 0.08 
IT-479 0.19 0.10 
IT-483 0.22 0.09 
IT-485 0.19 0.09 
IT-486 0.18 0.15 
IT-490 0.14 0.05 
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accumulated is poorly constrained, but presumably could occur by gravitative or 

dynamic processes in a magma reservoir, during transport to the surface, or in lava flows 

after eruption.  The latter interpretation is supported by the observation of substantial 

variations in plagioclase abundance over scales of a few decimeters within individual 

tumuli of the flow field, although this observation does not preclude the possibility that 

some accumulation could be pre-eruptive. 

 Among the most surprising features of the Lambahraun data are steady increases 

in CaO, highly incompatible element abundances, and incompatible element ratios such 

as Nb/Zr with decreasing MgO (Fig. 3.7).  Although some major element trends (e.g., 

Al2O3, FeO) indicate plagioclase fractionation has occurred, CaO abundances are higher 

than would be predicted by simple crystal fractionation alone, even after correcting for 

plagioclase accumulation.  Low-pressure crystal fractionation paths predicted by MELTS 

(Ghiorso and Sack, 1995; Smith and Asimow, 2005) yield CaO and incompatible element 

values significantly lower than the observed trends (Fig. 3.7).  While crystallization at 

slightly higher pressures can lead to higher CaO contents due to the delay in plagioclase 

crystallization, this is inconsistent with other major element trends, particularly that of 

Al2O3.  CaO will become even more depleted at higher pressures of fractionation because 

of the early crystallization of Ca-rich pyroxene at high pressure.  These results indicate 

that Lambahraun lava compositions are inconsistent with the combined effects of crystal 

fractionation and plagioclase accumulation. 
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Figure 3.7  Selected chemical variations of Lambahraun; shaded diamonds are sample 

compositions that have been corrected for plagioclase accumulation (see text and Fig. 

3.6).   Thjófahraun data shown as gray fields.  Thin solid line is the MELTS fractionation 

model for Lambahraun (see Fig. 3.5 caption for run conditions); thin dashed line is the 

MELTS fractionation trend plus the addition of increasing amounts of clinopyroxene 

accumulation (see text for discussion); dotted line shows energy-constrained AFC model 
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using equations of Spera and Bohrson (2001); thick solid line is the MAFC model 

calculation which simulates crustal interaction during melt migration by “refreshing” 

wallrock composition in each step (see text for description of calculation). Wallrock 

composition and other details of the AFC and MAFC models are given in Table 3.8.   

 

 

 

Table 3.7  Linear regression of Lambahraun evolution. 

 
  Parent Daughter ol plag cpx 
  IT-181 IT-185    

predicted 
melt comp. 

SiO2 47.87 48.84 40.14 46.73 53.58 48.83 
TiO2 1.78 2.28 0 0 1.12 2.22 
Al2O3 15.33 13.59 0 34.16 4.01 13.59 
FeO 12.31 13.72 11.46 0.40 6.37 13.74 
MnO 0.19 0.22 0.24 0 0.10 0.25 
MgO 9.16 6.77 47.00 0 15.45 6.77 
CaO 11.57 12.35 0.30 17.10 20.03 12.37 
K2O 0.12 0.18 0 0.02 0 0.19 
P2O5  0.16 0.26 0 0 0 0.24 
       

 
Predicted 
contributions: -0.11 -0.14 0.05  

 

Negative predicted contributions represent net fractional crystallization of the mineral 

phase; positive values represent net addition (assimilation). 



 79 

The progressive increase in CaO and decrease in Al2O3 with decreasing MgO 

requires the addition of a Ca-rich, Al-poor component, such as clinopyroxene, in this 

process.  Multiple linear regression of the major elements indicates a net addition of ~5 % 

clinopyroxene for the total range of MgO concurrent with olivine and plagioclase 

removal to explain the high CaO and other major element values in the more evolved 

rocks (Table 3.7).  As crystal accumulation has already been shown to play a role in 

Lambahraun’s evolution, and there is both petrographic and chemical evidence for 

clinopyroxene accumulation in selected other Icelandic lava flows (Maclennan, 2008a; 

Halldórsson et al., 2008), it is appropriate to consider whether the progressive enrichment 

in CaO and incompatible elements can be accounted for by increasing amounts of 

clinopyroxene accumulation with decreasing MgO content, despite a lack of petrographic 

evidence for this process in Lambahraun samples.  The thin dashed line in Fig. 3.7 shows 

a predicted evolutionary trend calculated by addition of increasing amounts of 

clinopyroxene, up to a total ~5 % accumulation predicted from mass balance at low 

MgO, to the MELTS-predicted fractionation run.  This predicted trend fits the major 

element data better than fractionation ± plagioclase accumulation alone, but only at MgO 

values greater than ~7.5 wt. % MgO, below which clinopyroxene accumulation and the 

MELTS-predicted clinopyroxene fractionation paths are co-linear.  Although the major 

element data could be reconciled with clinopyroxene accumulation to magmas that failed 

to fractionate clinopyroxene, e.g., magmas that crystallized clinopyroxene crystals that 

were not fractionated, this process produces striking misfits to the trace element 

variations.  Incompatible elements such as Nb and Zr show under-enrichments at lower 
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MgO, and trace elements that are less incompatible in clinopyroxene, like V and Sc, 

exhibit striking over-enrichments.  

Taken together, there is both petrographic and chemical evidence for 

accumulation of excess plagioclase crystals in some Lambahraun rocks, and visual 

evidence in outcrops that plagioclase crystals are mobile in surface lava flows of this unit.  

Although clinopyroxene accumulation produces slightly better fits to major element data, 

it produces greater misfits in trace element variations.  Thus, although clinopyroxene 

accumulation has been well documented in some Icelandic lava flows, we lack both 

petrographic and chemical evidence that it has been important in controlling the unusual 

Lambahraun chemical variation.  

 

3.4.2.3.  Evidence for partial melting processes in Lambahraun evolution 

In addition to the enrichment in CaO and Nb at low MgO values, are enrichments 

in light rare earth elements (REE) (Fig. 3.8).  The magnitude of enrichment for a given 

element is approximately inversely correlated with melting partition coefficients for these 

elements, such that the most highly incompatible elements Nb, Zr, La, Ce show the 

greatest enrichment at low MgO.  We calculate the effective over-enrichment for 

elements i in a low-MgO Lambahraun composition (6.7 wt. %) as εi = Ci/Ci*, where Ci is 

the concentration of element i in the sample, and Ci* is the expected concentration of that 

element from crystal fractionation.  There is a clear negative correlation between the cpx-

liquid partition coefficient (Kd
cpx-liq) and the degree of over-enrichment (εi) (Fig. 3.9).  

The relationship between trace element incompatibility and the relative misfits of 

Lambahraun data from predicted crystal fractionation trends is consistent with partial  
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Figure 3.8  Selected rare earth elements (REE) for Lambahraun and Thjófahraun samples 

normalized to the highest MgO sample analyzed by ICP-MS for their respective units 

(IT-181 for Lambahraun, IT-133 for Thjófahraun).  Elements in parentheses not included 

in modeling.  Relatively flat patterns for Thjófahraun samples with total REE abundance 

increasing with decreasing MgO are consistent with fractionation.  Note the pronounced 

enrichment in light REE relative to heavy REE in Lambahraun samples with low MgO.  

Model runs represent mixing of 0.1 % partial melting of wallrock in each increment of  -

0.1 wt. % MgO, shown for a range of mixing proportions (M = ratio of anatectic to 

primary melt). 
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Figure 3.9  Plot of enrichment factors (εi) for selected trace elements at 6.7 wt. % MgO 

vs. clinopyroxene-liquid partition coefficient (kd
cpx-liq).  Enrichment factor for each 

element calculated as εi = Ci/Ci*, where Ci is the concentration of element i in the sample, 

and Ci* is the expected concentration of that element from crystal fractionation; error 

bars denote root mean square deviation of εI-MgO for all samples.  Black line shows 

values for accumulation of ~5 % clinopyroxene crystals.  The result indicates that 

Lambahraun incompatible element enrichment is consistent with partial melting of 

clinopyroxene, and not accumulation or digestion of clinopyroxene crystals. 
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melting, and opposite of what one would expect for clinopyroxene crystal accumulation 

in the proportion required by the major element linear regression analysis (Fig. 3.9).  We 

therefore consider various scenarios in which a partial melting process may contribute to 

Lambahraun’s geochemical evolution.  This partial melting signature could be produced 

either in mantle melting, e.g., by variable melting or source variations, or by reaction in 

the crust.  In this section, we outline and evaluate different mechanisms by which 

apparent coupling between magma evolution and enrichment via partial melting could 

occur. 

 Simple magma mixing between incompatible element-depleted, high-MgO 

magma and incompatible element-enriched, low MgO magma should produce linear 

chemical variation versus MgO, as seen, for example, in the variation trends of P and Nb.  

However, many element trends exhibit distinct kinks correlated to fractionating phases or 

curved relations with MgO (e.g., Al2O3, TiO2, FeO, Sc, V).  Additionally, spatial 

variations in the Lambahraun flow field (Fig. 3.4) suggest that low-MgO lavas with the 

highest Nb/Zr ratios were erupted late in the sequence of the volcano.  Thus, the inferred 

eruptive sequence and chemical variations are inconsistent with progressive recharge 

where the most recent magma would be expected to be more Mg-rich than the resident 

magma. 

 A slightly different scenario is that incompatible element-depleted resident 

magma is progressively diluted with more enriched recharge magma prior to or 

concurrent with crystal fractionation.  Concurrent mixing and crystallization was 

proposed by Maclennan (2008a) to explain olivine melt inclusion data from the Northern 

Volcanic Zone in Iceland.  However, although the relative trace element enrichments are 
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correlated with Kd
cpx-liq, they also are associated with enrichment of CaO, which would 

not be expected from variable partial melting of a common upper mantle assemblage.  

Therefore, if Lambahraun variations reflect mixing of melts derived from mantle melting, 

the source mantle must be heterogeneous on a very small scale and produce differing 

primary magma compositions over a timescale of decades.  Although there is evidence 

for heterogeneities in the mantle under Iceland (Zindler et al., 1979; Hémond et al., 1993; 

Stracke et al., 2003; Thirlwall et al., 2004; Maclennan, 2008a), preliminary isotopic data 

(Haldórsson et al., 2008b) indicates that the source mantle for Thjófahraun and both high-

Nb/Zr and low-Nb/Zr Lambahraun lavas are isotopically similar.  Thus, if mantle 

heterogeneity is responsible for varying incompatible element ratios in Lambahraun, the 

trace element heterogeneity must be decoupled from isotopic ratios, and progressive 

recharge must be accompanied by an increase in fractionation.  

 

      3.4.3  Crustal interaction in Lambahraun magmas 

 An alternative process that couples incompatible element enrichment and 

decreasing Mg# is melt-wallrock interaction during melt migration and/or storage in the 

crust.  Our major element mass balance results indicate combined addition of a 

clinopyroxene component coupled to fractional crystallization of plagioclase and olivine.  

Because the magnitudes of enrichment are approximately inversely correlated with 

clinopyroxene-liquid partition coefficients (Fig. 3.9), the clinopyroxene assimilant must 

be in the form of clinopyroxene-dominated melts, rather than whole-scale digestion of 

clinopyroxene crystals.  In this regard, the process is similar to concurrent assimilation 
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and fractional crystallization (AFC) (e.g. DePaolo, 1981; O’Hara, 1995, 1998; Spera and 

Bohrson, 2001).   

Most AFC models assume constant pressure, such as a resident magma chamber 

that reacts with surrounding wallrock.  The composition of the anatectic (wallrock-

derived) melts follow melting functions based on the partition coefficients of each 

element, so that the earliest anatectic melts are the most enriched in incompatible 

elements, followed by a gradual decline in incompatible element concentration as they 

are stripped from the surrounding wallrock.  This process results in concave down 

incompatible element versus MgO variation curves for the magma (Fig. 3.7) that differ 

from observed Lambahraun sample data, which show a steady, continuous increase in 

incompatible element concentrations with MgO-variation trends that are linear to concave 

up.    

To avoid the inevitable depletion in incompatible elements that occurs during 

reaction with a static wallrock, we envision a process that allows the crustal assimilant to 

remain relatively undepleted by prior melting.  In a magma chamber setting, this might 

occur if partially melted wallrock is progressively stoped into the convecting interior of 

the chamber, exposing new wallrock for partial melting.  However, we see no physical 

evidence for partially digested wallrock, and complete digestion should have strong 

effects on the major element chemical variability, depending on the mode of the digested 

crustal material.  While we have not fully explored the chemical consequences of this 

process, we propose instead that wallrock melting occurs during melt migration through 

the crust, which eliminates the need to account for undigested crustal material.  In this 

model, partial melts of wallrock are assimilated over a range of pressures determined by 
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the initial temperature and solidus of the wallrock, and the amount of heat conducted 

from a migrating melt into its surroundings.  This process naturally increases the melt’s 

incompatible element concentration by continually introducing fresh, unmelted wallrock 

to the anatexis process as the surrounding crust heats above its solidus.  Hereafter, we 

refer to this process as migrating AFC (MAFC).  

 

      3.4.4 Assimilation Modeling  

 To model the MAFC process, we utilize equations of nonmodal fractional melting 

and crystallization (Shaw, 1970) in a simple, stepwise calculation.  By discretizing the 

problem into small steps in melt MgO content (equivalent to small steps of temperature 

of the cooling melt), we can model crystallization of the magma and mix in variable 

proportions of melted wallrock, tracking the combined effects on melt composition.  

Crystallizing phase proportions are determined from the major element compositional 

variations.  We define two crystallization regimes (olivine only and olivine + plagioclase) 

based on a distinct kink in MgO variation trends when plagioclase joins the crystallizing 

assemblage (~7.76 wt. % MgO).  Average crystallizing proportions of olivine (MgO > 

7.76) or olivine + plagioclase (MgO < 7.76) from linear regressions of these two separate 

portions of the major oxide trends can be divided into crystal fractions per unit MgO.  For 

each small step in MgO, we calculate the change in incompatible element composition of 

the melt from fractional crystallization of the relevant phases (olivine ± plagioclase) and 

mix in a small proportion of melt derived from nonmodal fractional melting of wallrock.  

Olivine, plagioclase and clinopyroxene proportions in the wallrock (X’s in Table 3.8) are 

set to the CIPW norm of average WVZ basalt from Sinton et al. (2005).  We derived the 
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wallrock trace element composition using the dynamic melting model for the Iceland 

WVZ of Sinton et al. (2005), with ~2 % melting in the garnet field followed by 10 % 

melting in the spinel field of primitive mantle (Sun and McDonough, 1989).  Lacking 

further constraints on the crustal composition beneath Lambahraun, we choose this 

composition as representing an average crustal composition under the WVZ.  This is a 

simplification of what is certain to be a heterogeneous crust whose composition changes 

with depth, quite possibly in non-systematic ways.  To simulate the effects of melt 

migration, we “refresh” the wallrock, so that the initial composition for each AFC step is 

the original, unmelted crustal composition.  Using the melt-solid partition coefficients 

given in Table 3.8, we calculate the compositional evolution of selected trace elements 

(Sc, V, Y, Zr, Nb, La, Ce, Sm, Eu, Dy, Yb and Lu) assuming the melting mode (p’s in 

Table 3.8) is dominated by clinopyroxene.  Results are plotted in Figs. 3.7 and 3.8. 

Due to the trade-off between extent of anatectic melting (Fm) and the mixing 

proportion (M = ratio of anatectic melt to primary magma), there is a range of conditions 

over which the model can approximate the observed data.  Best-fit model runs have 

relatively low mixing proportions (M ~ 0.08-0.16 % of partial melt added in each step) 

and a fairly broad range of permissible Fm values (<0.1-5 % partial melting of wallrock at 

each step), resulting in a total contribution of 3-5 % anatectic melt over the observed 

range of sample MgO (9.6 – 6.6 wt. % MgO).  We assume melting to be dominated by 

clinopyroxene, as required by the ~5 % addition of clinopyroxene indicated by major 

element linear regression.  Although the values we used (p’s in Table 3.8) are somewhat 

arbitrary, the model is relatively insensitive to the melting mode, and a wide range of 

mineral contributions to the melt can produce the observed chemistry. The model we  



 88 

 

Table 3.8  MAFC model partition coefficients and melting parameters.   
 
Partition Coefficients  Starting Compositions 
mineral ol plag cpx  C0 Cwr 
Sc 0.33 0.025 0.8  38 30 
V 0.3 0.01 1.6  318 300 
Y 0.023 0.027 0.467  23 28 
Zr 0.004 0.0128 0.1234  80 83 
Nb 0.001 0.04725 0.0077  8.8 4 
     (IT-181)  
La 0.000007 0.08 0.0536  6.26 4 
Ce 0.00001 0.1 0.0858  15.9 12 
Nd 0.00007 0.1 0.1873  11.3 11 
Sm 0.0007 0.0845 0.291  3.29 2.8 
Eu 0.00095 0.2 0.33  1.33 1.1 
Dy 0.004 0.06 0.45  4.22 4 
Er 0.009 0.02 0.50  2.44 1.9 
Yb 0.02 0.02 0.60  2.22 2.5 
       
Melting Parameters      
Xwr (%) 7.8 57.7 34.4    
p (%) 5 5 90    

 

Proportions of crystallizing phases taken from major element linear regression.  Partition 

coefficients from compilation of Keleman et al. (2003), Dunn and Sen (1994), Green 

(1994), Jones (1995), McKenzie and O’Nions (1991, 1995).  Crustal mode (Xwr) 

determined from the CIPW norm calculation of average WVZ basalt (Sinton et al., 2005). 
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present in Figs. 3.7 and 3.8 contains olivine, plagioclase and clinopyroxene proportions 

as determined above.  At such low degrees of partial melting, the model is far more 

sensitive to the chosen partition coefficients than the X’s so, although we have assumed a 

single wallrock composition for this exercise, a wide range of bulk crustal compositions 

could give similar results.  Olivine can range from 5-30 %, plagioclase from 30-65 %, 

and clinopyroxene from 25-60 %, and still reasonably approximate the observed data 

within the uncertainties of the model.  Because the model predictions are so sensitive to 

partition coefficient values (particularly for the more incompatible elements) and these 

are not all well-known, this is our greatest source of uncertainty. 

 It is important to note that our MAFC model is not thermodynamically 

constrained, nor does it take into account the amount of heat actually available for 

melting or the chemical potentials of the phases involved.  Coupling thermodynamic 

constraints with the geochemical evolution of the individual phases, i.e., incorporating 

heat conduction from the migrating melt into its surroundings, the latent heat of 

crystallization, and pressure-dependent phase equilibria, are worth investigating, although 

beyond the scope of this paper.  The simplified model presented here shows that the 

observed geochemical trends can be reproduced with reasonable extents of melting and 

fractionation and a suitable wallrock composition, recognizing that the magnitude of the 

geochemical effects of this process will ultimately depend on a range of energy 

constraints not presently considered. 
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3.5  Discussion 

 

      3.5.1  Crustal controls on MAFC processes 

Factors that might control the extent of reaction of melt with the crust through 

which it migrates during ascent include the geometry of melt migration (i.e., whether in 

channels or along grain boundaries), the rate of melt supply and the melt-rock ratio at 

different levels in the crust.  Evidence from oceanic gabbros suggests melt migration in 

the lower crust occurs as reactive porous flow through a crystal mush (e.g., Natland and 

Dick, 1996; Coogan et al., 2000; MacLeod and Yaouancq, 2000).  Migration rate and the 

melt-rock ratio are dependent on the porosity and permeability of the mush (Hunter, 

1996).  The extent of reaction of melt with its surroundings might also be expected to 

depend on the amount of crust the melt passes through prior to eruption.  Crustal 

thickness in the WVZ is generally in the range of 20-25 km (Bjarnason et al., 1993; Allen 

et al., 2002).  Evidence for melt-wallrock interactions can be preserved in both the 

textures and compositions of gabbroic rocks as well as in the chemical signatures of 

erupted lavas, and crustal interaction has been called on to explain gabbro xenoliths from 

picritic lavas that show evidence for partial melting and mineral resorption (Larsen, 1979; 

Hansteen, 1991; Gurenko and Sobolev, 2006), and trace element and isotopic 

enrichments in Icelandic lavas (Muehlenbachs et al., 1974; Óskarsson et al., 1982; 

Condomines et al., 1983; Hémond et al., 1988; Nicholson et al., 1991, Maclennan, 2008b, 

Halldórsson et al., 2008a).  Evidence from oceanic gabbro suites and ophiolites indicates 

melt-rock reaction may be a ubiquitous process in oceanic crust that is not unusually 

thick, and may be an important contributor to the geochemical evolution of MORB 
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(Meyer et al., 1989; Natland and Dick, 1996; Coogan et al., 2000; Bédard et al., 2000; 

Kvassnes and Dick, 2000; Dick et al., 2002; Kvassnes, 2004; Kvassnes and Grove, 2008; 

Lissenberg and Dick, 2008). 

Although a MAFC process involving wallrock assimilation successfully explains 

many of the chemical attributes of Lambahraun, the question remains as to where this 

assimilation is actually occurring. As higher pressures tend to favor clinopyroxene as a 

solid phase, increasing its stability field at the expense of olivine, it seems unlikely that 

this process can take place at great depth.  Thermodynamic modeling of phase relations 

using MELTS (Ghiorso and Sack, 1995; Smith and Asimow, 2005) indicates 

clinopyroxene is likely to be on the solidus at pressures < 4 kb for this basaltic melt 

composition.  Under these conditions, olivine and plagioclase crystallization could occur 

simultaneously with partial melting of wallrock clinopyroxene provided heat transfer to 

the wallrock is sufficient to cause anatexis.  As noted previously, the MAFC model is 

relatively insensitive to the melting mode, so we are unable to constrain the extent to 

which olivine and plagioclase may also be partially melted.  Crystallization of olivine and 

plagioclase may effectively obscure any compositional contribution that melting of these 

phases might have, so while they may also be involved, the only distinguishable signature 

in the erupted basalts is the contribution from clinopyroxene. 

One appealing attribute of the MAFC process is that it couples extent of 

fractionation and wallrock assimilation, with the most evolved (lowest MgO) rocks 

having the most crustal contamination.  The spatial distribution (Fig. 3.4) observed in 

Lambahraun, in which lavas with higher incompatible elements tend to be located close 

to the vent while more distal lavas are less enriched, has also been observed in other 
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Icelandic lava shields (Maclennan et al., 2003b; Sinton et al., 2005).  However, this 

distribution also indicates a time dependency that is less intuitive: the last lavas erupted 

are also the most modified by a crustal contaminant.  One possible explanation is that the 

eruption rate (melt extraction rate) decreases over time, so that the later lavas spend more 

time in the crust and thus have more time to evolve and interact with the surrounding 

wallrock.  Additionally, the location of the assimilation process may change over time. 

Prolonged exposure to melt progressively heats up wallrock until it reaches its solidus 

temperature and starts melting.  With a continuous but not necessarily constant melt flux, 

the location of the solidus migrates upwards through the crust over time so that later 

melts interact with wallrock higher in the transport column (Fig. 3.10).  In this scenario, 

the latest melts would last equilibrate higher in the crust, with correspondingly lower 

temperature and lower MgO (e.g., Rubin and Sinton, 2007) than early melts that 

equilibrated at greater depths.  The extent to which this scenario is reasonable will require 

careful consideration of the rates involved in the various processes, including heat 

exchange, melt velocity, mineral dissolution, and possibly diffusion.  

Most existing evidence from oceanic gabbros indicates precipitation of 

clinopyroxene during melt-wallrock interaction, with dissolution of olivine and 

plagioclase (e.g., Meyer et al., 1989; Natland and Dick, 1996; Coogan et al., 2000; 

Kvassnes and Dick, 2000; Lissenberg and Dick, 2008), i.e., the opposite of the process 

we propose here.  These studies examined the final stage in evolution of oceanic gabbros: 

the freezing of late-stage melts with precipitation of clinopyroxene, with or without 

simultaneous dissolution of olivine and plagioclase.  However, when there has been a  
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Figure 3.10  Schematic representation of the MAFC process that couples extent of 

crustal assimilation and crystal fractionation during a period of continuous magma 

supply; t1, t2, t3 represent progressively later times.  Gray-shaded region is wallrock and 

the central region is a schematic representation of a melt pathway with fractionating 

solids that is hotter at the base (T = Tm
0) than at the top (T < Tm

0).  Lines on left side of 

melt pathway show evolution of a hypothetical isotherm; lines on right side show 

schematically how the wallrock solidus varies with time.  With progressive supply of hot 

magma, the region of wallrock affected by partial melting expands upward and slightly 

outward with time.  At later times, wallrock higher in the melt pathway will reach its 

solidus temperature.  In this way, later lavas may have last equilibrated at lower magma 

temperatures and interacted with the most crust along its path. 
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long time between eruptions and the crust has solidified, influx of magma into the system 

during new magmatic episodes might reverse this process, preferentially melting the 

wallrock clinopyroxene and precipitating magmatically-derived olivine ± plagioclase.  

 

      3.5.2  Lava shields and fissure eruptions in Iceland 

Thjófahraun’s geochemical variations and mineralogical progression with time 

are broadly consistent with evolution in a shallow magma chamber.  Early lavas contain 

small amounts of olivine with little to no plagioclase.  As the eruption continues over 

some months to years, the magma carries a greater proportion of plagioclase, consistent 

with a single body of magma crystallizing at low pressure.  The last lavas erupted are 

plagioclase-phyric ‘a‘ā flows with generally lower MgO (Fig. 3.5).  Assuming this 

eruption taps a batch of resident magma, the minimum volume of reservoir melt is >1 

km3.  Probably there was much more: estimates of the intrusive vs. extrusive volumes at 

Krafla in Iceland (Tryggvason, 1984, 1986; Sigurdsson, 1987), as well as geologic 

observations at Hess Deep (Stewart et al., 2005) and along the SEPR (Bergmanis et al., 

2007), indicate less than half of the magma that exists in shallow magma chambers ever 

reaches the surface during rifting events.  In simple models of a magma chamber filling 

and pressurizing prior to eruption, the erupted volume is a minimum constraint on the 

magma overpressure – that is, the amount of excess magma necessary to initiate diking to 

the surface – not the total volume of melt resident in the chamber.  By some estimates, 

typical crustal reservoir volumes may be as high as 30 times the volume of erupted 

magma (Blake, 1981; Head et al., 1996).  Once diking has reached the surface, magma 
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can erupt fairly quickly, resulting in higher eruption rates, as indicated by lava 

morphology of the Thjófahraun flow field.     

The nature of chemical heterogeneity in Lambahraun suggests that the erupted 

magmas may never have resided in a large, well-mixed magma chamber. Clinopyroxene 

barometry and major element chemistry indicates that some magma chambers in Iceland 

may be as deep as the lower crust or even upper mantle (Maclennan et al., 2001, 

2003a,b).  In the case of Lambahraun, if there is melt storage near the surface, it must be 

limited in extent and host little magma mixing.  We envision crustal melt storage under 

Lambahraun as an interconnected network of many smaller melt bodies (pores to small 

melt lenses and sills), which primarily serve as pathways for melt migration rather than 

long-term storage (Fig. 3.11).  In this scenario, the eruption rate may be dependent on the 

rates at which melt can be extracted from the mantle and migrate upwards through the 

crust.  This is fundamentally different from a fissure eruption like Thjófahraun that is fed 

from a shallow chamber, in which the eruption proceeds relatively quickly once enough 

overpressure exists to initiate diking to the surface, erupting the excess magma and 

relieving the pressure in the chamber.   

Although we have no direct evidence for a deep magma chamber beneath 

Lambahraun as has been posited for some other eruptive units in Icelandic (Maclennan et 

al., 2001, 2003a,b), if there were melt storage near the crust-mantle boundary, an eruption 

from such a depth could result in a much greater volume of extrusive lava than from a 

shallow crustal reservoir.  The overpressure required to reach the surface from near the 

crust-mantle boundary is greater, such that more eruptible magma must accumulate prior 

to diking in order to reach the surface and result in an eruption.  Lava shield eruptions 
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Figure 3.11  Schematic representation of plumbing systems for Icelandic fissure and lava 

shield eruptions; sections drawn parallel to the rift zone axis.  Evidence suggests that 

fissure eruptions are fed by shallow, moderately well-mixed magma chambers.  In 

contrast, chemical variations in some lava shields are inconsistent with the presence of 

well-mixed reservoirs.  Instead, we envision crustal melt storage under Lambahraun as an 

interconnected network of many smaller melt bodies (pores to small melt lenses and 

sills), which primarily serve as pathways for melt migration rather than long-term 

storage.  Drawing not to scale.  
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might begin as fissure-fed lava flows in the initial stages of the eruption when the driving 

pressure is high, gradually closing down to a few discrete centers of eruption, and 

eventually a single source vent (Rossi, 1996).  It is this last stage in the eruption 

chronology, with its relatively low effusion rates but steady supply of magma that builds  

the classical lava shield morphology.  This continued supply of magma through the crust 

and relatively low melt velocities could provide ideal conditions for melt-wallrock 

interaction.    

Lambahraun is not the only postglacial lava shield in the WVZ to show signs of 

crustal interaction.  Although most other WVZ units are not as completely analyzed, a 

number of other shields exhibit the same geochemical signature of increasing CaO and 

incompatible element compositions with decreasing MgO, most notably Thingvallahraun, 

Hallmundarhaun and Leggjabrjótur (see Fig. 3.12; chemical data from Sinton et al., 

2005).  Although detailed study of the chemical and mineralogical variation in these units 

has not been undertaken, we consider them likely candidates for this process.  All of 

these shields have large erupted volumes (6.3-10.8 km3).  Notably, we have not found the 

geochemical signature of crustal interaction in any of the fissure eruptions, although 

some lack sufficient data to fully describe geochemical evolution paths. 

 Icelandic fissure eruptions tend to occur with higher average effusion rates than 

the longer-lived shield eruptions, building rows of spatter cones and producing a higher 

proportion of ‘a‘ā units.  It is possible that melt transport is too fast (or too short-lived) to 

heat the wallrock sufficiently to induce significant melting during fissure eruptions.  In 

this scenario, crustal interaction might occur only in longer-lived, relatively low-effusion 

rate eruptive style of the large lava shields in the WVZ. However, because fissure  
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Figure 3.12  m(Nb/Y) vs. m(CaO) for units in the Western Volcanic Zone with at least 10 

whole-rock sample analyses, where m denotes the slope of regression lines plotted 

against the total range of MgO for each unit.  Strongly negative slopes in Nb/Y (and other 

similar incompatible element ratios, not shown) vs. MgO generally correlate with steeper 

CaO vs. MgO variation for some large lava shields in the Western Volcanic Zone (solid 

triangles). These are the chemical signatures of the MAFC process identified for the 

Lambahraun lava shield.  See text for discussion.  
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eruptions are probably fed by moderate-sized crustal reservoirs, it is equally likely that 

any chemical signature of early crustal interaction was at least partially obscured during 

subsequent storage and mixing in shallow magma chambers.  This hypothesis can explain 

some of the scatter in the Thjófahraun data, as incomplete or partial mixing may preserve 

some of the geochemical heterogeneity, which is then over-printed by the signature of 

subsequent crystallization in the magma chamber.  Taken together, our study supports the 

suggestion that Icelandic fissure eruptions represent short-lived, high-effusion eruptions 

that tap shallow melt reservoirs, while lava shields may lack shallow reservoirs and avoid 

the mixing that occurs in them. 

Evidence suggests that crustal assimilation may be widespread in the Western 

Volcanic Zone, and could be more prevalent than the current data allow us to see.  While 

the thick crust in Iceland might enhance crustal interaction processes, similar processes 

have been suggested to play a role in other mid-ocean ridge settings even where the crust 

is not unusually thick (Meyer et al., 1989; Natland and Dick, 1996; Coogan et al., 2000; 

Bédard et al., 2000; Kvassnes and Dick, 2000; Dick et al., 2002; Kvassnes, 2004; 

Kvassnes and Grove, 2008; Lissenberg and Dick, 2008) as well as at other hotspots (e.g., 

Pietruszka et al., 2009).  We also emphasize that the process of crustal interaction can 

significantly alter major element concentrations and trace element ratios, parameters that 

are commonly used to infer melting conditions in many MORB studies.  Although the 

MAFC process described in this paper is closely tied to extent of differentiation as 

reflected in MgO contents, we also note that early crustal interaction and the chemical 

modifications it produces can be obscured by mixing in shallow magma chambers if 

shallow melt aggregation precedes eruption.  These results suggest that inferences on 
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melting conditions and source compositions may only be reliable for the least 

differentiated lava compositions from individual eruption sequences. 

 

3.6  Conclusions 

Thjófahraun and other fissure eruptions in Iceland represent short-lived, high 

effusion rate eruptions from an extant crustal reservoir.  Early phases of Thjófahraun’s 

eruption are dominated by olivine-phyric pāhoehoe lava with sample chemistry covering 

the full range of Thjófahraun’s compositional variation, while later flow units transition 

to small-volume, plagioclase-phyric ‘a‘ā flows that tend to be more uniformly 

differentiated.  Mineralogical and compositional variations are consistent with evolution 

in a shallow magma chamber. 

The 7.3 km3 Lambahraun lava shield is composed of dense pāhoehoe lava, 

indicating a relatively low effusion rate over a long-lived eruption. Spatial distribution of 

lava compositions suggests that the erupting magma became progressively more 

differentiated and enriched in incompatible elements with time during the eruption.  

Evidence for plagioclase accumulation is present in outcrops, thin section, and in the 

chemistry of some samples.  Whole-rock compositional variations from Lambahraun are 

inconsistent with simple evolution in a shallow magma chamber, exhibiting increasing 

CaO and Nb/Zr with decreasing MgO content and incompatible element enrichments 

greater than predicted by crystal fractionation alone.  The correlation of this enrichment 

with increasing differentiation and time during the eruption lead us to favor a process of 

concurrent wallrock assimilation and crystallization during melt migration through the 

crust, and we develop a MAFC model to explore the chemical effects of this process.  
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The most evolved Lambahraun compositions are consistent with a total addition of 3-5 % 

anatectic melt derived from less than 5 % melting of the crust to the Lambahraun 

magmatic system.  Similar geochemical characteristics exist in several other WVZ lava 

shields, but not in the available data from fissure eruptions.  Crustal interaction might be 

more likely in long-lived, voluminous shield eruptions, where slow effusion could be 

related to low melt propagation velocities through thick crust.  
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CHAPTER 4 

THERMAL MODEL OF FRACTIONAL CRYSTALLIZATION AND 

CRUSTAL ASSIMILATION DURING MAGMA MIGRATION 

 

 

4.1  Abstract 

We model the thermal effects of steady, continuous magma flow through a mafic 

crust in order to examine the conditions under which crustal assimilation during magma 

ascent might occur.  We use a finite difference approximation in two-dimensions in 

which heat is advected along the crustal conduit by magma flow and conducted away 

from the conduit into the surrounding host rock.  Magma cools and crystallizes during its 

ascent to the surface, its eventual erupted crystal fraction being dependent on the conduit 

geometry and magma velocity.  This crystallization produces latent heat, which in turn is 

an important heat source term that contributes to partial melting of the surrounding 

wallrock.  The overall contribution of anatectic melt to erupted lava compositions 

depends on magma transport rates, conduit geometry, initial geothermal profile of the 

host rock, and the time over which magma supply to the system is sustained.  We find 

anatectic melting is likely a significant process in eruptions with relatively low magma 

velocities but long, sustained eruption durations (years to decades).  Under these 

conditions, melt-wallrock interaction during magma ascent through mafic crust can have 

important geochemical consequences for the erupted lavas as the incorporation of low-

degree partial melts leads to enrichments in highly incompatible trace elements.  These 

results are in keeping with geochemical observations at large-volume lava shields in the 



 103 

Western Volcanic Zone of Iceland, which produce low-effusion rate pāhoehoe lavas 

during long-lived eruptions sustained over decades, with increasing degrees of 

incompatible element enrichments with increasing magma differentiation through time. 

 
 
4.2  Introduction 

The reaction of magma with its surroundings during storage and migration to the 

surface is an often-neglected process that might be important in the geochemical 

evolution of basaltic magmas.  Evidence for melt-wallrock interactions at mid-ocean 

ridges comes primarily from lower crustal rocks, where coexisting minerals are 

commonly not in chemical or textural equilibrium (e.g., Elthon, 1987; Meyer et al., 1989; 

Elthon et al, 1992; Natland and Dick, 1996; Bédard et al., 2000; Coogan et al., 2000; 

Dick et al., 2002).  In Iceland, gabbroic xenoliths in basalt show evidence for partial 

melting and mineral resorption (Larsen, 1979; Hansteen, 1991; Gurenko and Sobolev, 

2006).  In addition, some lava sequences in Iceland and other hotspots show trace 

element and isotopic enrichments that have been interpreted as reflecting crustal 

assimilation (Muehlenbachs et al., 1974; Óskarsson et al., 1982; Condomines et al., 1983; 

Hémond et al., 1988; Nicholson et al., 1991; Maclennan, 2008; Halldórsson et al., 2008; 

Pietruszka et al., 2009; Eason and Sinton, 2009).   

The reaction of melt with its surroundings is likely common in hot crystal mush 

environments associated with magma chambers (Marsh, 1995, 1998) or in the lower 

crust, where evidence suggests melt migration occurs as reactive porous flow through a 

crystal mush (e.g., Sinton and Detrick, 1992; Coogan et al., 2000; Lissenberg and Dick, 

2008).  Recent melting experiments suggest oceanic gabbros in the lower crust should 
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melt readily when exposed to hot ascending magmas (Kvassnes and Grove, 2008).  Melt-

wallrock interaction is most pronounced and most easily identified when the host 

wallrock has a significantly different composition than the intruding magmas.  However, 

at mid-ocean ridges, the magmas and the crust through which they ascend should be 

broadly similar in composition, and the geochemical signature of wallrock assimilation 

may be difficult to distinguish from the effects of variations in source melting.  In 

addition, well-mixed axial magma chambers can reduce chemical heterogeneity, making 

the subtle petrologic indicators of this process even more elusive (Rubin et al., 2009).  

Given the common practice of inverting the chemical composition of lavas to constrain 

their source composition, melting history and differentiation path, it is important to assess 

the potential influence of crustal assimilation on the system. 

Simple phase equilibria treatments of the problem illustrate the potential for melt-

wallrock interaction and its possible effects on the resulting eruptive products (Bowen, 

1922a, 1922b, 1928; Keleman, 1990).  Modern thermodynamic treatments of the problem 

generally focus on wallrock assimilation in the context of magma chambers, where the 

latent heat of crystallization is an important driving source for melting the chamber walls 

(Allègre and Minster, 1978; Taylor et al., 1979; Taylor, 1980; Grove and Kinzler, 1986).  

Some models (e.g., DePaolo, 1981; Aitcheson and Forrest, 1994) have examined the 

compositional effects of assimilation and fractional crystallization (AFC) on the resulting 

magmas, while others have incorporated thermal constraints in an attempt to develop 

thermodynamically consistent models (Reiners et al., 1995; Edwards and Russell, 1998; 

Spera and Bohrson, 2001). 
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Although the majority of work on the geochemical consequences of wallrock 

assimilation has focused on magma chambers, numerical models have shown that magma 

flowing through conduits in the crust can result in thermal erosion of the wallrock 

(Huppert and Sparks, 1989; Bruce and Huppert, 1990).  However, the extent to which 

wallrock meltback during magma ascent might influence the geochemistry of erupted 

lavas is still largely unknown.   

 

4.2.1  Lambahraun lava shield 

Eason and Sinton (2009) argued that the chemical evolution of the Lambahraun 

lava shield in the Western Volcanic Zone (WVZ) of Iceland reflects interaction during 

melt migration through the crust.  Erupted basalts at Lambahraun range from 6.6-9.7 wt. 

% MgO; field relations suggest an evolution of lava compositions to lower MgO contents 

with time during the eruption, which, based on the preponderance of low effusion-rate 

pāhoehoe lava, likely lasted several decades.  As lava MgO decreases, CaO and highly 

incompatible trace elements such as Nb, Zr, La and Ce exhibit enrichments greater than 

predicted by simple crystal fractionation (Fig. 4.1).  Geochemical modeling indicates that 

Lambahraun major and trace element variations can be explained by small but 

progressively increasing amounts of assimilation (up to 3-5 % of total magma volume 

accounted for by anatectic melt) of a low degree (< 0.1-5 %) partial melt of an average 

WVZ basaltic whole-rock composition (Eason and Sinton, 2009).  The proportion of 

assimilant to primary magma increases with increasing crystal fractionation, suggesting 
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Figure 4.1  Variation of CaO and Nb/Zr for lava samples from the Lambahraun lava 

shield, modified from Eason and Sinton (2009).  Open symbols are samples whose 

compositions have been corrected for the effect of plagioclase accumulation (see Chapter 

3 for description).  Crosses show 2σ uncertainty in the plotted data.  Dashed line is 1 kb 

fractionation trend predicted by MELTS for Lambahraun (see Chapter 3 for details of 

calculation).  Solid line is the MAFC model calculation from Chapter 3 that simulates 

crustal interaction during melt migration by “refreshing” the wallrock composition in 

each step. 
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the two may occur concurrently as in AFC.  However, AFC models of a magma chamber 

do not reproduce the observed Lambahraun incompatible element variations because 

progressive melting of a single wallrock leads to a decreasing influence of these elements 

(e.g., Nb, Y, Zr) (Eason and Sinton, 2009).  Lambahraun whole-rock data instead show a 

continued enrichment in incompatible elements over time relative to that predicted by 

simple crystal fractionation, with the greatest increases in the most highly incompatible 

elements.  Because the element enrichments are proportional to Kd
cpx-liq,  Lambahraun 

evolution requires continual addition of a clinopyroxene-dominated anatectic melt rather 

than whole-scale digestion of wallrock minerals (Eason and Sinton, 2009).  Several other 

large (> 6 km3), long-lived lava shields in the WVZ exhibit similar geochemical 

signatures (Eason and Sinton, 2009), indicating anatectic melting may be a common 

feature of these high-volume, long duration eruptions. 

 One way to increase the contribution of the most highly incompatible elements 

without greatly affecting more compatible element concentrations is to “refresh” the 

wallrock composition.  This could be done either in a convecting magma chamber where 

pieces of the partially melted, solid residue of the surrounding wallrock are eroded and 

removed over time, allowing magma access to fresh, unmelted wallrock, or in a scenario 

in which the melt is migrating through new host material (such as ascent through a 

conduit, or during porous melt flow).  Observations of gabbros provide abundant 

evidence for the latter case, although little is known about the thermal conditions under 

which this may take place, or what the geochemical effects might be on the resulting 

magmas.  A purely geochemical model for assimilation and fractional crystallization 

during magma migration (MAFC) developed in Eason and Sinton (2009) indicates this 
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process can explain observed compositional variations in Lambahraun, but the thermal 

feasibility of this process remains to be evaluated. 

The existing Lambahraun data provide information on total magma flux, eruption 

duration, and temporally-correlated compositional variations that place constraints on the 

degree of crystal fractionation and anatectic melt contribution over time.  Lambahraun 

lava shield consists of ~7.3 km3 of dense pāhoehoe lava, which likely formed at relatively 

low average effusion rates (5-10 m3/sec, from Rowland and Walker, 1990; Rossi, 1996), 

giving an estimated eruption duration of several decades.  In this paper, we develop a 

thermal model to explore the conditions under which crustal assimilation may play an 

important role in the formation of lava shields, with implications for magma flow rates, 

eruption durations and the compositions of erupted basalts. 

 
 
4.3  Model setup 

We use a thermal model in order to examine the first-order effects of magma 

migration through mafic crust and the thermal consequences of heat exchange between 

the magma and its surrounding wallrock.  Our model assumes instantaneous 

emplacement of magma with temperature Tm at time t = 0 in a linear conduit with width 

w and height h (Fig. 4.2).  Heat is transported in the magma by advection along the 

direction of flow and conduction both in and across the direction of flow and in the 

surrounding wallrock.  The thermal evolution of this system is governed by the 

advection-diffusion equation with additional terms for the enthalpy associated with 

crystallization and fusion, 
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where κ is the thermal diffusivity, u is the magma velocity, Lc and Lf are the enthalpies of 

crystallization and fusion, cp.m and cp,a are the average isobaric heat capacities of the 

magma and wallrock, and ξ is the extent of partial melting in the wallrock.  The rate of 

crystallization, Ψ, is the material time derivative of X, the extent of crystallization, which 

is assumed to vary linearly below the liquidus, Tliq,   
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We assume a linear depth-dependent liquidus temperature derived from MELTS (Ghiorso 

and Sack, 1995; Smith and Asimow, 2005) modeling of a high-MgO Lambahraun lava 

composition.  With T in °C and depth z in km, 

 

! 

Tliq = 3.25z +1220 °C. (4.3) 

 

 

Table 4.1  Model parameters 

Parameter Description Value Units 
κ thermal diffusivity 10-6 m2 s-1 
Lc latent heat of crystallization 600 kJ kg-1 
cp.m average isobaric heat capacity of magma 1000 J kg-1 °C-1 
ρ density 2900 kg m3 

! 

"Tgeo /"z  geothermal gradient 40 °C km-1 
Lf latent heat of fusion (wallrock) 600 kJ kg-1 
cp,a average isobaric heat capacity (wallrock) 100 J kg-1 °C-1 
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Figure 4.2  Schematic diagram of the model setup.  Magma conduit (unshaded region) 

has dimensions w by h in a planar halfspace.  Magma has a vertical velocity of u with an 

initial temperature of Tm.  Wallrock (shaded region) is set initially to a geothermal 

temperature profile of 40°C/km. 
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The initial wallrock temperature is set by a geothermal gradient (

! 

"Tgeo /"z ) of 40°C/km.  

Although geothermal gradients in Iceland can range to much higher values, permeability 

within the neovolcanic zones, such as the WVZ, is high and local gradients are strongly 

affected by ground water flow and difficult to characterize (Arnórsson et al., 2008).  The 

last prior eruption in the area immediately surrounding Lambahraun was >1000 yrs 

before the lava shield eruption, and we have therefore chosen a conservative estimate for 

the temperature profile in the upper crust.  

For the small values of dt (the model time step) during which a batch of magma 

resides at any given depth, wallrock melting is inherently a disequilibrium process.  

Experimental melting rates for gabbro are on the order of ~0.01 mm/hr for temperatures 

of ~1240°C (Kvassnes and Grove, 2008).  Equilibrium partial melt fractions are therefore 

inappropriate for the small values of dt required for model stability (on the order of 10-

100 s for most run parameters).  Instead, we view predicted equilibrium melt fractions as 

a snapshot of the total potential melting capacity of the wallrock at a particular moment 

in time.  How much of that melting actually occurs on timescales over which it can be 

effectively assimilated into a particular batch of magma depends on how long that 

magma batch remains in contact with the wallrock (i.e., inversely related to u). 

To calculate how much melting occurs on short timescales, we assume a melting 

rate that depends on T and the mineral phases involved, as well as a melting surface 

geometry.  The surface area available to melt in turn depends on mineral grain size and 

shape, which are likely to be quite variable, and the packing efficiency, which has 

implications both for the mineral contacts and the porosity of the rock.  One must also 

assume an extraction efficiency, which depends on the degree to which melt films are 
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compacted and transported into the conduit (Philpotts and Asher, 1993; Philpotts and 

Dickinson, 2000).   

Grain size in oceanic gabbros varies widely, from < 1 mm up to pegmatitic veins 

with m-scale grains, but most are in the mm-cm range (e.g., Dick et al., 1991).  Without 

assuming a specific grain morphology or packing geometry, material with a 1 mm grain 

size has on the order of 104 melting surface area per cubic m of volume; similarly, 

surface area per cubic m consisting of 1 cm grains is ~ 103 m2/m3.  We therefore estimate 

the mass of anatectic melting (MA) that occurs in the wallrock with order of magnitude 

variation in grain size on small timescales as 
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where VA is the volume of anatectic melt, Vw is the volume of wallrock with T ≥ Tsol(z), S 

is the surface area per unit volume, ρ is the material density and µ is the melting rate, 

which we assume to be constant at 0.01 mm/hr for oceanic gabbros (Kvassnes and Grove, 

2008).  For runs presented in this paper, we assume a grain size of 1 cm.  

Because melting is not an equilibrium process, we have simplified the problem by 

using a constant melting rate that is not dependent on temperature, yet the total extent of 

partial melting ξ is still bound by the equilibrium partial melting fraction F, which we 

assume to be linear with T.   
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For numerical simplicity, we also assume a melt extraction efficiency of one, so that all 

anatectic melt produced is instantaneously extracted.  For the wallrock solidus, we use an 

average solidus profile with depth for basalts, 

 

! 

Tsol = 3.25z +1050°C. (4.7) 

Because we are interested in the composition of the erupted magma that has 

passed through this system, we track the average erupted crystallinity (

! 

X C ) as a function 

of time by averaging the extents of crystallization at the top of the conduit across its 

width.  The total amount of anatectic melt added to a given packet of magma during its 

ascent is calculated by summing the mass of anatectic melt (MA) stripped from the 

wallrock (assuming 100 % melt extraction) for each vertical step dz of the magma’s 

ascent, such that the total proportion of anatectic melt to the total erupted magma at the 

top of the conduit (XA) is  

 

! 
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, (4.8) 

 

We solve equations (4.1)-(4.7) in two steps.  The first step solves for heat conduction 

using a standard Eulerian finite difference method.  With respect to locally Cartesian 

coordinates z (vertical and parallel to flow) and x (horizontal and perpendicular to flow) 

(Fig. 4.2), equation (4.1) in a planar halfspace and with zero velocity reduces to 
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We solve this two-dimensional parabolic partial differential equation using forward 

differencing in time with accuracy O(Δt) and central differencing in space with accuracy 

O(Δx2+Δz2).  The corresponding finite difference equation is 
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Calculations are performed in cross section on a two-dimensional grid with a maximum 

horizontal spacing of 0.05 m, with boundary conditions (see also Fig. 4.2) 
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(4.11b) 

 
 
(4.11c) 
 

 
(4.11d) 
 
 
(4.11e) 
 
 
(4.11f) 

 
 

where w/2 is the width of the conduit in the halfspace. We choose the total height of the 

melt pathway h to be 28.6 km, where the chosen geothermal gradient intersects the 

solidus.  
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The second step of our solution to (4.1-4.7) solves the advective and latent heat 

terms.  For simplicity, we ignore the effects of shear flow and assume a constant velocity 

profile along the height and across the width of the conduit.  Advection is treated by 

shifting temperatures upward by the appropriate ∆z traveled by the magma in each time 

step ∆t.  In order to prevent numerical diffusion, the grid spacing is controlled such that 

this shift is a discrete number of grid points.  Crystals are also assumed to move with the 

magma, a simplification that does not allow for crystal fractionation.  Components of the 

code were verified against solutions for the instantaneous heating of a semi-infinite half-

space and the Stefan problem, which takes into account latent heat (Turcotte and 

Schubert, 1982).  

We do not consider the initial formation of the conduit, which would require a 

description of the solid mechanics of dike propagation (e.g., Spence and Sharp, 1985; 

Lister, 1990).  This process is likely to be fast relative to the longer eruptive timescales 

we are investigating.  Similarly, we do not consider the driving force of the eruption (i.e., 

magmatic overpressure), which has been addressed in numerous other numerical models 

of conduit flow (e.g., Blake, 1981; Parfitt and Head, 1993; Buck et al., 2006).  We 

assume sufficient magmatic supply to sustain the eruption over long timescales. 

The assumed constant velocity profile across the width of the conduit is an 

obvious simplification of real flow behavior, which should be slower at the edges of the 

conduit than the middle due to the effects of shear flow.  While other numerical models 

have explored the effects of shear flow on conduit behavior, particularly with regard to 

fissure blocking (e.g., Delaney and Pollard, 1982; Bruce and Huppert, 1990), we simplify 

the problem with a constant velocity profile across the conduit.  In order to test the  



 116 

 

 

Figure 4.3  Examples comparing parabolic velocity profiles against constant 

velocity profile assumption for a 1 m x 3 km conduit.  The mean velocity of a given 

parabolic profile yields comparable values of XA (< 5% difference at t >> h/u for most 

test runs), while the average crystallization for the constant velocity profile tends to be 

significantly lower (see text for discussion).
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potential effects of this assumption, we have run the model with different discretizations 

of parabolic velocity profiles (example runs shown in Fig. 4.3).  The results of this 

comparison indicate that the anatectic melt contribution (XA) for the constant-velocity 

profiles is similar to that of the mean speed of the parabolic velocity profiles at large t, 

whereas the average erupted crystallinity (

! 

X C ) tends to be significantly lower for the 

constant mean velocity profile than for the parabolic profile.  Although latent heat 

produced by crystallization plays a role in determining XA, the lower overall extent of 

crystallization in model runs with parabolic velocity profiles apparently has little long-

term effect on the magnitude of XA relative to constant velocity runs, probably because 

crystallization is even more preferentially concentrated close to the conduit wall where 

the flow is slower in parabolic velocity runs.      

 

4.4  Results and discussion 

In Fig. 4.4, we plot example snapshots of the system’s evolution in time.  In the 

initial stages of the model evolution (t < h/u), the temperature in most of the conduit is 

controlled primarily by heat conduction (Fig. 4.4b), the loss of heat to the wallrock 

occurring much more rapidly than heat advection.  At later times (Fig. 4.4c, d, t > h/u), as 

the temperature differential between the wallrock and the magma decreases, advection 

begins to play a larger role, and the continued introduction of heat into the bottom of the 

system (recharging the magma in the conduit) results in gradual heating of the entire 

conduit, with consequences for both the crystallinity of the eruptive magmas and the 

temperature of the wallrock.  As magma and heat continue to flow through the conduit,  
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Figure 4.4  Evolution of conduit melting model.  Example shown has a velocity of u = 

0.1 m/s.  Shading denotes temperatures.  Yellow lines in the interior of the conduit are 

contours of crystal content (contoured at 0.01, 0.05, 0.10, and 0.20), red lines in the 

wallrock denote extents of partial melting (F, contoured at 0.01, 0.02).  (a) Initial 

conditions of the model; magma is instantaneously emplaced with an initial temperature 

of Tm at time t = 0.  (b)  For times t < h/u, the temperature profile of the conduit is 

controlled primarily by heat conduction.  (c)-(d) For times t > h/u, the temperature 

differential between the wallrock and the magma decreases and advection begins to play 

a dominant role.  The melting region continues to expand with time as heat is advected 

into the system.  
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Figure 4.5  Plots of average erupted crystallinity (

! 

X C ), anatectic melt proportion (XA = 

MA/M0), and the height (h) and volume (Vw) of wallrock with T>Tsol for various magma 

velocities.  
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the depth in the crust where melting occurs, i.e., the region of wallrock above its solidus 

temperature, gradually migrates higher up in the conduit.   

We plot model results for various constant magma velocities in Fig. 4.5.  Slower 

magma velocities result in higher average erupted crystallinities (

! 

X C ), with all model 

runs showing a maximum crystallinity after the first batch of input magma has had time 

to traverse the entire conduit height.  For initial times t < h/u, the solutions are dominated 

by magma that was heated by the rapid initial conduction and the average crystallinity 

increases (Fig. 4.5a).  At later times (t > h/u), model eruptive products increasingly reflect 

continued heat input to the magma conduit due to flow, and decrease in overall 

crystallinity for a given constant magma velocity.  These later magmas also begin to 

show the influence of anatectic melting.  XA, the proportion of anatectic melt to primary 

magma (MA/M0), increases rapidly at first and slows as the crystallinity drops and levels 

off (Fig. 4.5b).  The initial time steps of our model are unrealistic and produce transient 

results.  As such, we are not concerned with the high crystallinities present in the initial 

stage of some of these model runs or whether magma with such high crystallinities is 

eruptible, but rather are interested in the long-term evolution of the system where t >> 

h/u.   

  Initial anatectic melt proportions are maximized in runs with higher magma 

velocities, as higher ascent rates transport heat more efficiently through the system and 

the surrounding wallrock heats more quickly (Fig. 4.5b).  However, high velocity runs 

reach a peak anatectic melt contribution early, as continued heat input leads to (1) a limit 

on the amount of anatectic melting as constrained by F, and (2) decreasing extents of 

crystallization and thus decreasing contributions of latent heat, an important source of 
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heat near the conduit wall.  While lower velocity runs do not produce as much wallrock 

melting initially, they eventually reach higher maximum anatectic melt proportions, as 

individual packets of magma have more time to interact with the surrounding wallrock 

and accumulate anatectic melts when the magma rise rate is low.   

Some additional model parameters can have important effects on the magnitude 

of XA.  A narrower conduit width produces both higher average crystallinities and higher 

XA since the ratio of input magma to wallrock is lower.  Similarly, for a given magma 

conduit geometry and flow rate, a steeper local geothermal gradient results in a higher XA.  

This warmer crustal temperature profile could be either pre-existing (as from a prior 

eruption or magma intrusion in the area) or created over time by a long sustained 

eruption.  Grain size, which can vary an order of magnitude or more in crustal rocks, also 

plays an important role in determining how much instantaneous melting can occur, and 

thus the potential XA of any particular parcel of magma.  Magmas traveling through a 

finer-grained crust will have potentially higher values of XA (ignoring possible grain size 

effects on the efficiency of melt extraction), since gabbroic rocks with a lower average 

grain size have a greater amount of total surface area to melt. 

 
 

4.4.1  Application to the Lambahraun lava shield 

 The region of wallrock partial melting expands upwards along the edge of the 

conduit as well as outwards into the wallrock over time (Fig. 4.4).  As illustrated in Fig. 

4.4, the solidus migrates upwards in time such that fresh, unmelted wallrock is 

progressively involved in the melting process, fulfilling the observational requirement 

that the wallrock be “refreshed” and therefore remain a source of highly incompatible 
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trace elements (i.e., that they not be significantly stripped out from their source over 

time).  After the solidus reaches the top of the conduit, the region of partial melting still 

continues to expand outward, continually involving new pristine wallrock.  Additionally, 

melting occurs at very low degrees of partial melting throughout this process (< 5 %), 

another constraint from geochemical modeling of Lambahraun lava compositions. 

 Another important feature of Lambahraun’s geochemical modeling results is the 

positive correlation between the extent of crystal fractionation and the proportion of 

anatectic melt, which both roughly increase over time throughout the eruption.  While all 

model runs with constant melt fluxes exhibit a decrease in average erupted crystallinity 

(potential extent of fractionation) with time, there are a couple of geologically reasonable 

conditions that could lead to a positive correlation between differentiation and wallrock 

melting.  Crystallization could occur elsewhere in the system outside of the ascent 

pathway modeled here, as in a magma storage area.  Alternatively, runs with decreasing 

magma velocities over time can show an increase in erupted crystallinity (as magmas 

take progressively longer to reach the surface and therefore cool more) while still 

delivering enough heat to the wallrock to cause a slow but steady increase in XA.   

Under the conditions of our model, some wallrock melting is almost unavoidable 

for a very wide range of magma ascent rates.  However, for higher magma velocities over 

short time scales, XA peaks at sufficiently low amounts (< 2 %) that it is unlikely to have 

any measurable effect on the erupted lava compositions (Fig. 4.6).  Very high magma 

fluxes could result in significant conduit meltback over short timescales, but this process 

results in a low proportion of crustal melt to the high magma volume ascending through 

the conduit.  For the chemical effects of wallrock interaction to be detectable (i.e., large  
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Figure 4.6  Plot of XA vs. u at different points in time during the systems’ evolution.  

Shaded field is above the maximum XA values reached for a given velocity and thus not 

viable under our model.  Red field represents the anatectic melt fractions required for 

Lambahraun according to geochemical modeling in Eason and Sinton (2009); lower red 

line shows the lower limit at which XA is great enough for the geochemical effects to be 

analytically detectable in erupted basalt compositions.  Model runs with low magma 

ascent rates (on the order of 0.1-1 mm/s) can reach significant values of XA (3-10%) on 

timescales of years to decades.   
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XA), the optimum conditions are long, sustained eruptions of lower velocity magmas, 

such as is commonly inferred for large Icelandic lava shields, including Lambahraun 

(Fig. 4.6).  

Although we have not run calculations over model timescales equivalent to 

Lambahraun’s eruptive duration due to the inherent computational expense, we can 

extrapolate to longer timescales based on our current findings.  As shown in Fig. 4.6, 

model runs with low magma ascent rates (on the order of 0.1-1 mm/s) can reach 

significant values of XA (3-10%) on timescales of years to decades.  Assuming magma 

flows in a planar conduit with a width of 1 m and a length of 5 km (which is on the order 

of fissure lengths observed in the WVZ), an average rise rate of 1 mm/s would produce 

surface lava at a rate of ~ 5 m3/sec, comparable to low effusion rate pāhoehoe lava 

(Rowland and Walker, 1990).  Given this average eruption rate, it would take 

approximately 46 years to produce Lambahraun’s 7.3 km3 of basalt.   

Magma ascent rates on the order of 0.1-1 mm/s are less than the average 

Poiseuille flow rate for an open cylindrical conduit like the one modeled here (on the 

order of 10-1000 mm/s).  However, as an idealized case, the Poiseuille flow rate should 

be considered an upper limit on the magma velocity, and the discrepancy between the 

modeled values and the Poiseuille flow rate decreases for smaller conduit widths (< 0.5 m 

diameter).  Magma ascent rates on the order of ~ 1 mm/s have been determined by 

mineralogical and petrological evidence at a variety of locations (e.g., Nakamura, 1995; 

McCanta et al, 2007; Rutherford, 2008).  The predicted ascent rates are also significantly 

less than the velocities required for fracture propagation in the lithosphere (on the order 

of 1 m/s) (Heimpel and Olson, 1994).  However, as stated previously, this model is not 
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meant to deal with crack propagation issues – magma velocities at the start of the 

eruption are likely much higher as required for fracturing of the lithosphere.  

Additionally, the eruption likely starts as a fissure eruption and later collapses down to a 

single source vent, as observed for other similar, long duration eruptions (Rossi, 1996).  

This early fissure stage represents a relatively short time period (days to months) 

compared to the total eruption duration. 

 One assumption in our model that is likely to play a significant role in controlling 

how much anatectic melting can occur is the pre-existing geothermal gradient.  We have 

chosen a value of 40°C/km as an average, background-level gradient for the WVZ.  

However, geothermal gradients as high as 175°C/km (Arnórsson et al., 2008) can exist 

locally in Iceland.  A steeper geothermal profile would lead to more melting as well as an 

ability to erupt magmas with lower ascent velocities.  Even in the absence of a pre-

existing high geothermal gradient, a long, sustained eruption like the ones that produce 

the large volume lava shields eventually create their own locally steep dT/dz.  This result 

raises the possibility that the surface lavas exhibiting the characteristic chemical signature 

of crustal melting might be relatively late eruptive products of Lambahraun.  Much of the 

volume of the lava shield, the majority of which is inaccessible to sampling, might not 

exhibit this effect because their eruption preceded thermal conditioning of the crust 

necessary for melting to occur. 

 

4.4.2 Implications for mid-ocean ridge and ocean island magmatism 

Eventually, extended transport of heat into the surrounding host rock should result 

in the development of a crystal mush, as is commonly inferred for the lower crust at mid-
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ocean ridges (e.g., Sinton and Detrick, 1992; Coogan et al., 2000; Lissenberg & Dick, 

2008).  In this case, melt would ascend through a permeable mush of super-solidus 

material.  An environment such as this would lend itself readily to melt-wallrock reactive 

processes, with increasing potential for anatectic melting as one moves from scenarios 

with multiple, smaller melt pathways to porous flow.  Such reactive processes are outside 

the scope of the current model, but should lead to even further chemical alteration of the 

primary magma composition.  While the single, planar conduit we have modeled here is 

likely an oversimplification of complex melt pathways at depths in the lower crust, it 

illustrates that even in this non-ideal geometry, which limits the surface area of wallrock 

exposed to magma, the heat transferred by magma to its crustal surroundings can produce 

sufficient anatectic melting to be discernable in the compositions of basalts erupted over 

long time-scales. 

Low degrees of wallrock partial melting is an important process at a variety of 

locations, as indicated by the growing evidence from studies of gabbro suites (Larsen, 

1979; Elthon, 1987; Meyer et al., 1989; Hansteen, 1991; Elthon et al, 1992; Natland and 

Dick, 1996; Bédard et al., 2000; Coogan et al., 2000; Dick et al., 2002; Gurenko & 

Sobolev, 2006) and erupted lavas (Muehlenbachs et al., 1974; Óskarsson et al., 1982; 

Condomines et al., 1983; Hémond et al., 1988; Nicholson et al., 1991; Maclennan, 2008; 

Halldórsson et al., 2008; Pietruszka et al., 2009; Eason and Sinton, 2009).  One could 

expect to find a similar crustal assimilation process occurring at other locations with 

long-lived, sustained eruptions (e.g., as is common in Hawaiian shield volcanoes).  

Unfortunately, the geochemical signature of this process is difficult to distinguish in 
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major element compositions of erupted lavas because it can be masked by fractionation 

and/or mixing (Eason and Sinton, 2009).   

Variations in incompatible trace element ratios are typically interpreted as being 

due to mantle melting processes (either variations in extent of partial melting or source 

composition), which can indeed produce nearly identical effects on trace element 

compositions in erupted basalts.  However, several features of Lambahraun lavas can be 

used to define criteria for distinguishing among these competing processes.  The critical 

geochemical signature of Lambahraun lavas is the sympathetic enrichment in both CaO 

and highly incompatible elements coupled with increasing crystal fractionation. The 

relationship between CaO and incompatible elements is not expected from progressive 

melting of peridotite source mantle, i.e., with progressive melting of clinopyroxene-

bearing peridotite, CaO should increase while incompatible elements decrease.  Another 

clue is the coupling of incompatible element and CaO (over)enrichment with extent of 

magma differentiation, along with the eruptive history of the volcano, as deduced from 

field relations and spatial distribution of lava compositions at Lambahraun.  Taken 

together, these relations are inconsistent with progressive recharge of variable mantle-

derived magmas (Eason and Sinton, 2009).   Thus, the combined use of field, major 

element and trace element evidence are critical in distinguishing between mantle-derived 

and crustal interaction processes presented here.  
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4.5  Summary 

We have derived a thermal numerical model in order to examine the 

consequences of heat exchange between migrating magma and its surrounding wallrock.  

The extent to which magma crystallizes due to conductive heat loss during low-velocity 

ascent through melt pathways is dependent on the conduit geometry and magma velocity.  

In the absence of additional magma chamber fractionation processes, lower velocities and 

narrower conduits lead to higher average crystallinities in the erupted basalts.  Latent heat 

of crystallization helps drive anatectic melting of the surrounding wallrock.   

While high magma ascent rates promote initially rapid crustal melting in our 

model, primarily owing to our assumed initial conditions, anatectic melting soon reaches 

a maximum despite continued supply of magma, resulting in a low overall contribution to 

the erupted magma; such conditions therefore will lead to negligible compositional 

effects on the erupted basalt composition.  Instead, we find that anatectic melting will 

have a greater effect on the composition of basalts produced during eruptions with 

relatively low magma ascent velocities but long eruption durations, where the magma 

(and thus heat) supply is sustained for years to decades.  In these latter systems, 

continued heat exchange between the ascending magma and the surrounding host rock 

can lead to the incorporation of sufficient proportions (~ 5 %) of low-degree partial 

melts, with measurable effects on the compositions of erupted lavas on the order of those 

observed at Lambahraun and other large-volume lava shields in the WVZ.  We envision 

these long-lived, low-effusion rate eruptions as occurring through increasingly reactive, 

mush-like melt pathways, with eruption rates partly controlled by magma supply rates 

from the upper mantle.   
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Melt-wallrock reaction, where present, has important geochemical consequences 

for the erupted lavas, because it can affect both major and trace element compositions of 

ascending melts.  Depending on the extent of chemical heterogeneity of the crust through 

which the magma ascends, it potentially could also affect isotopic compositions of 

erupted lavas.  As noted by Eason and Sinton (2009), early evidence of crustal interaction 

will be virtually undetectable if magmas aggregate and become homogenized in magma 

reservoirs prior to eruption.  In such cases, using the chemical characteristics of MORB 

to make inferences about mantle melting and source composition could have misleading 

results. 
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CHAPTER 5 

CONCLUSIONS 

 

5.1  Summary and broader implications 

 

     5.1.1  High-Al N-MORB 

The research presented in Chapter 2 of this dissertation has important implications 

for the melting and crystallization conditions of slow spreading ridges and the ends of 

ridge segments, where high-Al, low-Si MORB preferentially occur.  These are areas 

where steady-state magma chambers, and the warmer temperature profile they generate in 

the shallow crust, are unlikely to be present (Sinton and Detrick, 1992; Rubin and Sinton, 

2007).  Conductive cooling to the surface also has a greater effect on the mantle 

temperature profile in these regions than at fast-spreading ridges due to slower upwelling.  

Consequently, melting might stop at significantly deeper levels beneath slow-spreading 

ridges and fracture zones than at fast-spreading ridges, where the conductive thermal 

gradient has less of an effect against the adiabat (Bottinga and Allègre, 1978; Reid and 

Jackson, 1981; Niu and Hékinian, 1997).  Conductive cooling in these regions may be 

more likely to result in high-pressure crystallization, causing clinopyroxene and olivine to 

fractionate in the upper mantle. These results are consistent with other recent models 

correlating mantle crystallization with slow spreading mid-ocean ridges and areas of 

ridge terminations such as fracture zones, overlapping spreading centers and devals 

(Dmitriev, 1998; Michael and Cornell, 1998; Herzberg, 2004).   
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Since this study was published, another high-Al sample with similar geochemical 

characteristics was identified farther east along the GSC at the overlapping spreading 

center at 93°20’W (Rotella, et al., 2009).  In addition, Lissenberg and Dick (2008) 

proposed that the chemical and mineralogical signatures of this process can be produced 

by non-equilibrium, near-solidus reactions in the crust, rather than in the upper mantle.  

Those authors cited textural evidence in oceanic gabbros, but no supporting theory or 

quantitative modeling.  

 

     5.1.2  Eruptive style and crustal interaction in the WVZ 

Chapter 3 concludes with some insights into the eruptive behavior of Thjófahraun 

and Lambahraun, with implications for the more general understanding of basaltic lava 

shields and fissure eruptions elsewhere in the world.  Thjófahraun and other fissure 

eruptions in Iceland dominantly represent short-lived, high effusion rate eruptions that 

most likely are fed from existing shallow crustal reservoirs.  Mineralogical, 

compositional, and temporal variations for the Thjófahraun eruption are consistent with 

progressive cooling and crystallization in a shallow magma chamber.  Larger-volume 

lava shields, mainly erupt dense pāhoehoe lava, at least in the later stages of eruption, 

suggesting low average effusion rates over a much longer period of time (on the order of 

decades).  Spatial and temporal variations in lava composition for Lambahraun and a few 

of other large WVZ shields indicate progressive enrichment in incompatible elements in 

addition to increasing differentiation with time.  Whole-rock geochemistry and 

petrography also indicates plagioclase accumulation played a role in this volcano’s more 

complex magmatic evolution.   
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Compositional variations from Lambahraun are inconsistent with simple 

evolution in a shallow magma chamber, with increasing CaO and incompatible element 

enrichments greater than predicted by crystal fractionation alone.  Based on geochemical 

modeling, this study concludes that concurrent wallrock assimilation and crystallization 

during melt migration through the crust can explain the major and trace element 

correlations for this eruption, with up to 5 % of the total erupted magma derived from 

low-degree anatectic melts in the later stages of the eruption.  We propose that crustal 

interaction is promoted by low magma ascent rates over long periods, consistent with the 

evidence for long-lived, low-effusion shield eruptions.  If correct, the slow effusion rates 

that characterize the bulk of these shield eruptions could be related to slow magma ascent 

through thick crust.    

This relationship between slow, sustained magma supply at lava shields and 

crustal interaction during magma ascent is supported by results from the thermal 

modeling described in Chapter 4.  While high magma ascent rates transfer heat to the 

wallrock more efficiently and result in more anatectic melting along the conduit initially, 

the relative contribution of anatectic melt to ascending magma quickly reaches a 

maximum despite continued supply of heat to the system.  These conditions, which 

approximate higher effusion rate fissure eruptions, do not lead to any measurable 

geochemical effect on the resulting lavas, as the proportion of anatectic to primary melt is 

too small to be significant.  However, low magma ascent velocities sustained over a long 

period of time can result in much higher proportions of anatectic melts, up to total 

contributions of 5 % or more anatectic melt for eruptions lasting decades.  In such 

systems with prolonged heat supply to the crust, magma ascent pathways should 
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increasingly resemble melt-rich crystal mush environments, which are ideal for the kind 

of concurrent assimilation and crystallization process we see evidence for in 

Lambahraun.   

 

5.2  Future work 

Crustal interaction has important consequences for geochemical interpretations of 

erupted lavas.  Melt-wallrock reaction can affect both major and trace element 

compositions of ascending melts.  This interaction can be particularly cryptic in mid-

ocean ridge settings where the composition of the crust and the ascending magma is 

likely to be very similar.  Additionally, aggregation and mixing in shallow magma 

chambers can further obscure the geochemical evidence for this process.  Despite 

growing literature on the evidence for melt-wallrock interactions in MORB, particularly 

from studies of lower crustal gabbros, their chemical compositions are often used to infer 

underlying mantle compositions and melting conditions.  Unless crustal interaction for 

such magmas can be quantified, such inferences could be misleading.   

Although the thermal model presented in Chapter 4 indicates the proposed MAFC 

process is feasible, more work is needed to be able to quantify this effect to better than 

the order-of-magnitude estimate the current model provides.  Ideally, a more robust 

treatment of the advection-diffusion equation could be combined with a thermodynamic 

model of the crystallization and assimilation processes to better constrain the energy 

available for wallrock melting and quantify the resulting magma chemistry.  At present, a 

thermodynamic model that minimizes Gibb’s free energy in calculating crystallization 

and melting phases and proportions, like MELTS (Ghiorso and Sack, 1995), is too 
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computationally intensive to calculate at every grid node of a 2-d thermal model of a 

magma conduit.  However, incorporation of this kind of thermodynamic constraint would 

provide a powerful tool for calculating the effect on the resulting erupted products as well 

as the geochemical consequences for the crustal rocks.   

The internal crustal section of mid-ocean ridges remains underrepresented in our 

current understanding of the overall system.  Because of the sampling difficulties, there 

are still insufficient observations to assess the relative frequency and importance of 

crustal interaction or make any inferences about systematic characteristics of this process.  

However, it is apparent that erupted lavas that have by-passed well-mixed crustal 

reservoir are most likely to preserve evidence for crustal interaction prior to eruption 

(Rubin et al., 2009).  Thus, important information on this process is likely to be gained 

especially from studies of lavas close to ridge offsets, those from slow and intermediate 

spreading ridges, and ridges with exceptionally thick crust.  More extensive direct 

sampling of crustal sections also is needed to begin to constrain crustal assimilation, and 

to provide additional natural data to help understand some of the smaller-scale, 

disequilibrium processes at work in this system, such as melting and melt extraction 

rates.  Better understanding of processes occurring in the mid- to lower crust beneath 

mid-ocean ridges will play an important role in future interpretations of MORB 

geochemistry and resulting inferences about mantle processes. 
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