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Sciences, University of Cambridge, Cambridge, United Kingdom

Magmatic density and viscosity exert fundamental controls on the eruptibility of magmas.
In this study, we investigate the extent to which magmatic physical properties control
the eruptibility of magmas from Iceland’s Northern Volcanic Zone (NVZ). By studying
subaerial flows of known age and volume, we are able to directly relate erupted volumes
to magmatic physical properties, a task that has been near-impossible when dealing
with submarine samples dredged from mid-ocean ridges. We find a strong correlation
between magmatic density and observed erupted volumes on the NVZ. Over 85% of
the total volume of erupted material lies close to a density and viscosity minimum that
corresponds to the composition of basalts at the arrival of plagioclase on the liquidus.
These magmas are buoyant with respect to the Icelandic upper crust. However, a
number of small-volume eruptions with densities greater than typical Icelandic upper
crust are also found in Iceland’s neovolcanic zones. We use a simple numerical model
to demonstrate that the eruption of magmas with higher densities and viscosities is
facilitated by the generation of overpressure in magma chambers in the lower crust and
uppermost mantle. This conclusion is in agreement with petrological constraints on the
depths of crystallization under Iceland.
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1. INTRODUCTION

It has long been understood that the range of lava compositions sampled at mid-ocean ridges is
strongly linked to the buoyancy of magma in the oceanic crust (Huppert and Sparks, 1980; Sparks
et al., 1980) and the viscosity of the magma (Walker, 1971). Primary melts generated at depth are
expected to rise through the crust until p,,—p. 2 0, that is, the point at which the magma density
pm and crustal density p. are equal. The ponding of magmas at their level of neutral buoyancy in
the crust (Ryan, 1993) is considered to be an important factor in the prolonged existence of shallow
magma chambers (Ryan, 1987).

Neutral buoyancy concepts can also be applied within magma chambers. Huppert and Sparks
(1980) and Sparks et al. (1980) considered a fluid-dynamical approach to explore the conditions
under which magma stored in stratified chambers may be erupted at the surface. As melt crystallizes
within the chamber, the density of the residual liquid evolves until a density minimum is reached.
Typical suites of mid-ocean ridge basalts (MORB) reach this density minimum at ~7-10 wt.%
MgO (Sparks and Huppert, 1984); the buoyant residual liquids may then ascend to their level of
neutral buoyancy, resulting in an eruption if the liquid remains buoyant all the way to the surface.
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Further crystallization of the residual liquid causes the density
to increase once more, reducing the buoyancy and hence the
eruptibility of the melt. Stolper and Walker (1980) defined
a “window of eruptibility” for potential eruptive magmas,
whereby the crust acts as an effective filter to high-density
magmas. The range of compositions that can pass through this
window depends firstly on the crustal density, and secondly
on the position of the density minimum, which will itself
vary depending on the initial composition and liquid line of
descent of the parental melt. For mid-ocean ridge tholeiites
erupting through typical oceanic crust, the window of eruptibility
is found at melt MgO contents between 7 and 10 wt.%, or
magnesium numbers (Mg#, molar Mg/ (Mg+Fe2+) around 0.55-
0.70. This fluid-dynamical approach predicts that basalts with
MgO contents >10 wt.% are very unlikely to erupt (Huppert
and Sparks, 1980). However, dense olivine-phyric magmas with
whole-rock MgO contents >15 wt.% and Mg#>0.8 have been
erupted on Iceland’s neovolcanic zones. The eruption of these
dense magmas cannot be simply explained by neutral buoyancy
alone.

In this study, we explore the relationship between physical
properties and erupted volumes for magmas from Iceland’s
Northern Volcanic Zone (NVZ). We then use a simple numerical
model to explore how variations in magma chamber depth,
country rock density and fracture strength, can facilitate the
eruption of dense magmas to the surface.

2. MAGMATISM IN ICELAND

Iceland is situated where a mantle plume underlies the Mid-
Atlantic Ridge. High mantle potential temperatures beneath
Iceland (e.g., McKenzie and O’Nions, 1991; Langmuir et al., 1992;
Matthews et al.,, 2016) cause a greater degree of melting than
under normal mid-ocean ridges, producing anomalously thick
crust that is exposed above sea level. Iceland is thus the only part
of the global spreading system where lava compositions can be
routinely tied to eruptions of known age and volume. Iceland’s
active neovolcanic zones provide an excellent opportunity to
better understand the role of the crust as a density filter for
magma. Previous studies of the density filter have focused on
MORB, using statistical analysis of many hundreds of samples
to determine the eruption probability for different magma
compositions and densities. However, this approach is limited
because it has rarely been possible to associate samples dredged
from submerged spreading centers with individual eruptions
of known age and volume. The geological controls available
on Iceland allow us to study not only the range of erupted
magma compositions but also the volumetric distribution
of lavas with different compositions and different physical
properties.

Neutral buoyancy and fluid-dynamical models assume that
magma ascent will always be limited by neutral buoyancy.
Eruption at the surface must therefore be facilitated by
crystallization in one or more crustal magma chambers until
the melt is sufficiently buoyant to be erupted at the surface,
which is likely to occur when the magma is at or near

the density minimum (Sparks et al, 1980). These models
are appropriate for some volcanic settings in Iceland, notably
central volcanoes such as Krafla where seismic surveys indicate
the presence of a shallow magma chamber at ~3 km depth
(Brandsdottir et al., 1997). However, evidence from ophiolite
sections (Kelemen et al., 1997; Korenaga and Kelemen, 1997)
and from clinopyroxene crystallization pressures in basaltic
lavas across Iceland (e.g., Maclennan et al., 2001) indicate that
polybaric fractional crystallization occurs in sill-like bodies at
a range of crustal depths, including near-Moho depths of 25—
30 km (0.8-1.1 GPa; Maclennan et al., 2003; Maclennan, 2008;
Winpenny and Maclennan, 2011; Neave and Putirka, 2017).
The presence of modally layered gabbroic sills intruding dunite
in the Moho transition zone of the Semail ophiolite suggests
that magmas can be stored at, and undergo crystallization
at, depths far greater than their level of magmatic neutral
buoyancy (Kelemen et al., 1997) before the residual liquids
ascend and erupt. Similarly, the presence of chrome-diopside
in many of Iceland’s lava shields suggests that these magmas
did not undergo significant low-pressure fractionation, but were
fed directly by primitive melts sourced from the base of the
crust (Sigurdsson and Sparks, 1978). The lava shields include
large-volume eruptions of more evolved basalts (e.g., Storaviti,
~30 km?®; Skjaldbreidur, ~11 km®) and smaller volumes of
dense picrite containing up to 20% olivine macrocrysts (e.g.,
Héleyjabunga, 0.013 km?).

3. MAGMA DENSITY AND VISCOSITY

A dataset comprising 108 whole-rock samples from the
Theistareykir and Krafla volcanic systems of Iceland’s Northern
Volcanic Zone was used to investigate the links between
magmatic physical properties and the volumetric distribution of
lava as a function of its composition. The samples correspond
to postglacial eruptions of known volume and major element
chemistry, and for each sample the modal proportion of
macrocrysts has been visually estimated (Nicholson, 1990;
Nicholson et al, 1991; Slater, 1996; Slater et al., 1998).
For selected samples, we verified the modal proportions of
olivine, plagioclase and rare clinopyroxene macrocrysts by
point counting of thin sections. Macrocryst compositions in
these sections were then determined using a Cameca SX100
electron microprobe at the University of Cambridge, using a
beam diameter of 2 pm, current of 10 nA and accelerating
voltage of 15 kV for all analyses. Whole-rock, point counting
and mineral compositional data are provided as an electronic
Datasheet 1.

The major element compositions of the NVZ samples are
shown in Figure 1A. The change in trend at ~9.5 wt.%
MgO reflects a change in fractionating mineral assemblage.
Maclennan et al. (2001) used principal component analysis to
demonstrate that the compositions of Theistareykir samples
with 9.5-14.0 wt.% MgO can be explained by the addition
or removal of a wehrlitic assemblage of 43% olivine, 47%
clinopyroxene and 10% plagioclase, while the Theistareykir
and Krafla samples with 6-9.5 wt.% MgO are best modeled
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FIGURE 1 | (A) Whole-rock major element compositions of postglacial lava samples from the Theistareykir (black circles) and Krafla (red diamonds) volcanic systems.
Large filled symbols show samples that are aphyric, or for which the modal macrocryst content is not recorded. Large open symbols show samples with >1 vol.%
macrocrysts. Small filled symbols show whole-rock compositions of Theistareykir and Krafla lavas of glacial or unknown age. (B) Relationship between whole-rock
composition and density for postglacial NVZ samples, calculated assuming that the whole-rock composition represents a crystal-free magmatic liquid. Pale filled
symbols with blue outlines show magmatic densities for macrocryst-bearing samples, recalculated from the liquid and mineral densities and volume fractions
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by crystallization of a gabbroic assemblage with a modal
mineralogy of ~10% olivine, ~40% clinopyroxene and ~50%
plagioclase.

The density of a melt consisting of N components with mole
fractions x; (j = 1,2,3...N) is typically calculated:

N
ijl xiM;

1
Zjlilxjvj W

p:

where M is the molar mass and V the partial molar volume.
This equation is often used to calculate the density of a magma
from its whole-rock major element oxide composition, which is
appropriate if the whole-rock composition represents a melt, i.e.,
a magmatic liquid. However, whole-rock analyses of phyric lavas
provide the bulk average composition of the carrier melt and
crystal components. Thus, the density calculated assuming that
the whole-rock composition represents a magmatic liquid is not
necessarily identical to the density of the magma, i.e., liquid plus
crystals. For example, a melt carrying olivine macrocrysts will be
denser than a liquid with the same bulk composition. Similarly,
the liquid component of a magma might be buoyant with respect
to the crust, but the same liquid carrying a cargo of olivine or
clinopyroxene macrocrysts will have a higher bulk density and
will not be able to ascend unless the macrocrysts settle from the
liquid (Stolper and Walker, 1980). The density of a crystal-rich
magma is best calculated as follows:

pm = Fo1por + Epippr + (1 — Fop — Fyr)py ()

where F is a volume fraction, p is a density, and the subscripts ol,
pl, I, and m refer to olivine, plagioclase, liquid, and magma (i.e.,
liquid plus macrocrysts) respectively. Other macrocryst phases
such as clinopyroxene may also be included in this calculation;

however, clinopyroxene macrocrysts are very rare in the NVZ
samples and so are not considered here.

We first calculated the density and viscosity of the NVZ
samples assuming that the whole-rock composition represented
a melt. We used Petrolog3 (Danyushevsky and Plechov, 2011)
to calculate the liquidus temperature of the putative melt
composition. The melt density at the liquidus temperature was
then calculated from the molar volumes and mass fractions of
the major element oxide components (Figure 1B). Partial molar
volumes and thermal expansion coeflicients were taken from
Lange (1997), Lange and Carmichael (1990), Bottinga and Weill
(1970), and Bottinga et al. (1982). Viscosities for the putative
melt compositions were calculated at their liquidus temperatures
using the model of Giordano et al. (2008).

To obtain a more realistic estimate of carrier liquid
compositions in the NVZ, each whole-rock composition
was corrected for the presence of macrocrysts. Point-
counting data were used to obtain modal abundances for
each macrocryst phase; where point-counting data were
not available, we used published visual estimates of modal
macrocryst abundance. Electron microprobe data were used
to obtain representative compositions of each macrocryst
phase in each sample. In individual samples, olivine and
plagioclase macrocryst compositions tend to cluster around
well-defined peaks with standard deviations of no more than
2.5 mol.% forsterite for olivine, and no more than 4 mol.%
anorthite for plagioclase. Similar composition distributions
have been obtained for olivine-phyric lavas across Iceland
(Thomson and Maclennan, 2013). For each sample, the most
probable macrocryst composition was used to calculate the
mean macrocryst density, modeling forsterite-fayalite and
albite-anorthite as ideal solid solutions with linear relationships
between the densities of their endmembers (Fei, 1995). The
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mean macrocryst compositions were then subtracted from the
whole-rock composition according to their modal abundances,
and the remaining oxides renormalized to 100 wt.% to provide an
estimate of the carrier liquid composition at the time of eruption.
Densities and viscosities of these carrier liquids were calculated
at their liquidus temperatures following the same method as for
the whole-rock composition. Finally, the magmatic density (i.e.,
liquid plus crystals) was calculated from the liquid and mineral
densities and volume fractions, according to Equation (2)
(Figure 1B).

Of the 108 samples considered in this study, 63 were
sparsely phyric to aphyric. Forty-five samples were recorded
as containing >1% macrocrysts. Of these, 16 contained <5%
macrocrysts and, for these samples, the difference between the
density calculated from the whole-rock composition and the
magmatic density (i.e., liquid plus crystals) is negligible (6 kg m >
mean). The remaining samples contain up to 28.5% macrocrysts.
These include olivine-phyric samples from Borgarhraun and
the Theistareykir picrites, and plagioclase-phyric samples from
Storaviti. For the six samples containing >10 vol.% olivine
macrocrysts, magmatic densities are on average 67 kg m > higher
than the densities calculated under the assumption that their
whole-rock compositions represent erupted liquids. For the ten
samples containing >5 vol.% plagioclase macrocrysts and <2
vol.% of any other mineral phase, magmatic densities are on
average 14 kg m~> higher than the equivalent liquid density.
The effect of uncertainty in the macrocryst modal proportions,
either from point counting or visual estimation, on the calculated
magmatic density is dependent on the density of the macrocryst
phase of interest. An uncertainty of +1% in the plagioclase modal
abundance affects the calculated magmatic density by no more
than 41 kg m~3, while 1% olivine affects the magmatic density
by £6 kg m 3.

Magmatic viscosities were calculated at the liquidus
temperature of the carrier liquid from the melt viscosity
and the macrocryst content, according to the Einstein-Roscoe
equation:

1= po(l— @/ @p)™" 3)

where 119 is the viscosity of the liquid and @ is the crystal fraction.
®,, and n are adjustable parameters that vary with the size, shape
and distribution of particles in the melt; for magmatic processes
these can be modeled using Marsh’s constants ®,, = 0.6 and
n = 2.5 (Lejeune and Richet, 1995). We also tested the more
sophisticated viscosity model of Costa (2005), which reduces
to the Einstein-Roscoe equation at low crystal fractions. The
two models yielded near-identical calculated magma viscosities
for the NVZ samples, which is unsurprising given their low
macrocryst contents.

At atmospheric pressure, calculated magmatic densities are
at a minimum for samples with 0.635<Mg#<0.670. The
density minimum roughly corresponds to the predicted arrival
of plagioclase on the liquidus and the observed shift from
dominantly olivine-phyric to plagioclase-phyric samples. The
position of the density minimum is little affected by the choice
of pressure at which the melt liquidus temperature is calculated:

melt densities at the liquidus temperature of a given sample
decrease by ~5-10 kg m™> on increasing pressure from 0.001
to 0.9 GPa, and this effect is almost uniform for all of the
samples considered. In order to highlight the control on physical
properties from melt composition and macrocryst content,
the results presented hereafter refer to densities calculated at
atmospheric pressure.

4. CRYSTALLIZATION, ACCUMULATION,
AND VESICULATION

The compositional array of magmas reflects the control of
magmatic evolution by both fractional crystallization and melt
mixing. The minimum available density and viscosity of magma
is controlled by the fractionation and mixing paths of those
magmas. The variation of density and viscosity as a function
of melt fraction crystallized was calculated using Petrolog3.
Calculations were run at a range of crustal pressures (0.001-
0.9 GPa) and putative primary melt compositions. The choice
of crystallization pressure affects the order in which olivine,
plagioclase and clinopyroxene appear on the liquidus, but the
position of the density minimum varies by only ~5-6 kg m~3.
The density minimum is predicted to be lowest for isobaric
crystallization at 0.9 GPa and highest for isobaric crystallization
at 0.001 GPa, with polybaric crystallization models predicting
density minima lying between the two isobaric cases. In all
crystallization models we calculate a cusp in the predicted
evolution of density and viscosity during fractional crystallization
(Figure 2A). This cusp relates to the arrival of plagioclase on the
basalt liquidus.

Subglacial basalts from the NVZ contain nominally
undegassed H,O contents of 0.1-0.5 wt.% (Nichols et al.,
2002). The effect of adding up to 1 wt.% H,O on melt liquid lines
of descent was calculated in Petrolog3 using the mineral-melt
equilibria of Danyushevsky (2001), and assuming that H,O does
not degas. Density and viscosity were calculated as a function
of melt fraction crystallized, with water included as a phase in
the density calculation using data from Ochs and Lange (1999).
Increasing the H,O content of the melt decreases its viscosity,
and decreases the temperature at which olivine and plagioclase
appear on the liquidus. The net result of these competing effects
is that there is little change in the position of the viscosity
minimum, where plagioclase joins the crystallizing assemblage
(Figure 2A). Increasing the melt H,O content decreases the melt
density at all points along the crystallization pathway, but the
position of the density minimum itself is minimally affected: for
the NVZ picrite shown in Figure 2A the density minimum lies
at 2,703 kg m > for an anhydrous melt, and 2,699 kg m 2 for a
crystallization model with an initial 1 wt.% H,O.

Volatile outgassing and vesiculation are expected to
significantly lower the magmatic density and viscosity.
Crystal-hosted melt inclusions from Borgarhraun indicate
that nominally undegassed primitive magmas from the NVZ
may contain up to 0.2 wt.% H,O, 1,300 ppm CO, and 1,000
ppm S (Hauri et al., 2018). A basaltic melt with these volatile
concentrations is predicted to become vapor-saturated at ~220
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FIGURE 2 | (A) Fractional crystallization of a NVZ picrite with a whole-rock composition in equilibrium with Fogg olivine. The crystallization model shown was
calculated in Petrolog3 using a pressure of 0.4 GPa. The black solid line shows the density and viscosity evolution of the melt (i.e., residual liquid) assuming that it
undergoes perfect fractional crystallization. The arrivals of plagioclase (P) and magnetite (M) on the liquidus are associated with shifts in the density evolution of the
melt. Thin blue dashed lines show crystallization models for the same starting composition but under hydrous conditions, with the starting wt.% H»O labeled on each
line. The thick green dashed line shows the effect of adding olivine crystals to the starting composition on the magmatic (i.e., liquid plus crystals) density and viscosity;
crosses show intervals of 10% olivine addition. (B) Relationship between magmatic density, viscosity, and erupted volume for postglacial lavas from Iceland’s NVZ.
The cumulative lava volume in each box is colored according to the scale at the top and contoured in 2 km? intervals.

MPa (Newman and Lowenstern, 2002). Much of the CO; is
expected to exsolve at pressures >50 MPa, and may be lost
through open-system degassing if magma is stored in the
shallow crust prior to eruption. After vapor saturation is reached
H,O exsolves continuously, but significant H,O loss is not
expected to occur until pressures around 10 MPa, while S may
remain dissolved in the melt until pressures around 5 MPa.
The pressure at which vigorous exsolution and bubble growth
occurs is dependent on both the initial volatile content and the
decompression rate, but is expected to occur once the melt has
ascended to pressures <3 MPa (e.g., Gerlach, 1986). While the
mean vesicularity in the NVZ samples considered in this study
is 5% (range 0-25%), vesiculation is expected to occur primarily
during magma ascent through the uppermost crust, and thus has
minimal effect on magma buoyancy in the mid- to lower crust.
Given that the volatile contents and decompression rates of the
NVZ magmas in this study are poorly constrained, we hereafter
assume volatile-free conditions.

5. ERUPTIVE VOLUME CONTROL BY
PHYSICAL PROPERTIES

The physical properties of magmas exert a strong control on the
erupted volumes. By dividing the number of samples from a given
eruption by the total volume of that eruption, we calculate a
representative erupted volume for each NVZ sample. Hence, we
obtain the volume of magma erupted at a given density and/or
viscosity.

Despite the large range in predicted magma densities (2,670
2,840 kg m~3) and viscosities (5-180 Pa s) for postglacial lavas
from the NVZ, the largest eruptions cluster close to the density

and viscosity minima associated with the arrival of plagioclase
on the basalt liquidus (Figure 2). Over 50% of the total erupted
volume lies at densities <2,710 kg m~3, and over 85% below
<2,720 kg m~3. Similarly, over 80% of the total erupted volume
lies at viscosities <30 Pa s. The lowest density cluster on
Figure 2B represents a single macrocryst-free sample from the
postglacial lava shield Stéraviti (30 km?). Of the 27 samples from
Storaviti considered in this study, all but one have densities below
2,720 kg m*® and lie within the density well on Figure 2B. Stéraviti
dominates the postglacial volumetric output of the Theistareykir
volcanic system, but its exceptionally large volume cannot be
simply explained by enhanced melt production and eruption
rates during early postglacial times following deglaciation (Jull
and McKenzie, 1996; Maclennan et al., 2002), since these are
common to all the early postglacial eruptions in this study.
Instead, we argue that it is the physical properties of the Storaviti
magma that result in the large volume of this eruption in
comparison with other early postglacial eruptions such as the
Theistareykir picrites.

Only 0.75% of the erupted volume from the NVZ has
predicted density >2,750 kg m~. This includes the Theistareykir
picrites, and olivine-rich samples from Borgarhraun. Just over
5% of the total erupted volume has predicted viscosity >50 Pa s.
Most of this volume corresponds to aphyric samples with the
lowest MgO contents (MgO <7 wt.%) in the NVZ dataset; these
higher viscosities therefore correspond to the samples with the
lowest calculated liquidus temperatures rather than a population
of magmas that have erupted after magnetite saturation and SiO,
enrichment. The remaining high-viscosity samples (1% of the
total erupted volume) have relatively low liquidus temperatures,
and carry 6-16 vol.% macrocrysts. The volume maximum sits
close to the minimum density and viscosity of magma available in
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the NVZ, while no samples in our dataset have both high density
and high viscosity. This demonstrates the fundamental control of
density and viscosity on volumetric output.

While upper crustal density plays an important role in
controlling eruptive volumes, dense magmas (>2,800 kg m~3)
are able to rise above their levels of neutral buoyancy in the
crust. The eruption of such magmas is driven by the development
of sufficient overpressure in near-Moho to mid-crustal magma
chambers. One way to generate this overpressure is as buoyant
melts encounter local permeability barriers such as unfractured
or more rigid (including colder and thus stronger) country
rock. The rapid crystallization of basaltic melt lenses also creates
zones of reduced porosity and permeability such that ascending
melts are trapped beneath these zones. Kelemen and Aharonov
(1998) develop this model based on field evidence from the
Moho transition zone of the Semail ophiolite, where gabbroic
sills, relics of basaltic melt lenses, formed in denser harzburgitic
country rock. Continuous melt influx to the region beneath a
permability barrier leads to increasing overpressure, eventually
generating a melt-filled fracture which may reach the surface and
result in eruption. Alternatively, ascending magma may be halted
by either encountering another permeability barrier, rheological
contrast and/or rigidity contrast (e.g., Kavanagh et al., 2006;
Menand, 2011), or by reaching its level of neutral buoyancy in
the crust.

6. LINKING ERUPTED VOLUMES TO
PHYSICAL PROPERTIES

6.1. Constant Overpressure in a Magma
Chamber

The observed relationship between density, viscosity and erupted
volume can be explored using simple models of the development
of overpressure in melt lenses, which relate magma viscosity,
density and input flux to ascent rate, volumetric output rate
and eruption frequency (Kelemen and Aharonov, 1998). Melt
influx to melt lenses at depth h may cause a fracture of width
a to form when the overpressure exceeds the fracture stress
of the country rock (Figure3; see Table1 for the notation
used in the modeling). It is assumed that such fractures open
instantaneously. Once open, the surrounding country rock is
assumed to behave elastically with respect to the fracture.
Melt flow through the fracture is assumed to be laminar and
constant with height, and thus can be described by an average
melt velocity. Assuming constant overpressure and ignoring
horizontal extensional stresses, the dyke width and melt flow
speed are given by:

hPf a?
= (O (Pr + Apgh) (4)

a N ——
12uh

The predicted flux, the product aw, was calculated using the
above equations for a range of magma densities and viscosities,
setting Pr = 1 MPa, G = 10 GPa and h = 10 km (Figure 4). The
magma chamber depth is set to lie within the Icelandic mid-
crust. The values of Py and G are not well known. Kelemen and
Aharonov (1998) selected a value of G = 10 GPa after Turcotte

FIGURE 3 | Schematic illustration of a crustal magma reservoir at depth h,
with an open fracture allowing magma to ascend with velocity w from the top
of the reservoir. Modified after Kelemen and Aharonov (1998). The fracture of
width a forms when the overpressure in the magma chamber exceeds the
fracture stress of the crust. The magma reservoir may be fed directly by mantle
melts or from deeper, sill-like melt lenses. Under certain conditions,
high-density olivine-phyric magmas are enabled to erupt from deep magma
chambers directly to the surface. See text for details.

TABLE 1 | Parameters used in eruption modeling.

Variable Description Dimensions
a Width of open fracture (dyke) m

h Magma chamber depth km

G Shear modulus of country rock Pa

) Melt velocity ms™]

P Density kg m—3

i Viscosity Pas

Apg Buoyancy term

Py Overpressure required for fracture Pa

and Schubert (2014), although Auriac et al. (2013) suggest that
G for the Icelandic lower crust may lie closer to 75 GPa. Py,
the overpressure required for fracture, is poorly constrained.
Kelemen and Aharonov (1998) selected a value of 10 MPa, but we
initally found a good match between our observations and model
predictions at Py = 1 MPa.

This generalized model cannot encapsulate all the details of
individual eruptions (for example, the assumption of constant a
is unlikely to be correct) but illustrates possible mechanisms for
the control exerted by physical properties. Given its simplicity,
it provides a surprisingly good fit to the observed relationship
between physical properties and erupted volumes. There is some
trade-off between Py, G, and h as we attempt to fit the NVZ
observations: for example, higher values of G will require higher
values of Pr. Model predictions match the NVZ observations with
a wide range of values for G and h: there is little difference in the
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FIGURE 4 | Comparison of sill model predictions and observed relationship
between erupted volume and magmatic density and viscosity. (A) Cumulative
histogram of the relationship between inverse viscosity and fraction of total
erupted volume. The black continuous line shows all observations from the
NVZ. The blue line shows NVZ samples with density under 2,720 kg m=3. The
predicted relationship between magma viscosity and maximum melt flux rate is
shown as a dashed red curve. This curve was calculated only for magma with
the viscosity range in samples with densities under 2,720 kg m=3. The density
of the model magma was held constant at 2,710 kg m=3 for these
calculations. (B) Cumulative histogram showing the relationship between
erupted volume fraction and sample density, relative to a reference density of
2,710 kg m—3. The black continuous line shows all observations from the
NVZ; the blue line shows samples with viscosity under 50 Pa s. The model
results shown as a dashed red curve were calculated for the density range
found in melts with viscosity under 50 Pa s. The viscosity of the model magma
was held constant at 50 Pa s for these calculations. For both plots, the red
curves are calculated using the following reference values: G = 10 GPa; h = 10
km; Pr = 1 MPa. The green dashed curve in (B) shows the effect of changing
the reference values to G = 75 GPa and Py = 3 MPa.

model predictions for 10< G <100 GPa. The model predictions
are most sensitive to variations in P;. We obtain a reasonable
fit to the observations for Py values up to 3. For Py > 3 the
model predicts that dense magmas will be buoyant, but the model
curves no longer fit the observations. We emphasize that, while
the details of our model predictions are unlikely to be correct,
our model nonetheless facilitates a simple physical exploration
of the plausibility of the suggested relationship between erupted
volumes and magmatic physical properties.

The influence of viscosity on the erupted volumes can be
isolated when the magma density is held fixed in the models,
or the observations filtered to lie within a narrow density
range. Both model predictions are predominantly concave-
up on Figure 4A, indicating that greater erupted volumes are
found at lower viscosity. The role of buoyancy is clear from

1000 i
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FIGURE 5 | Results of constant volumetric influx rate models. Lines show
boundary between density-viscosity corresponding to no predicted eruption
(top right) and predicted eruption (bottom left). The solid black line shows an
arbitrary reference set of conditions, with magma chamber depth at h = 20
km, Pr = 5 MPa, and G = 25 GPa. Note that eruption is expected for a wide
range of magma densities and viscosities from this chamber. The other lines
show the effect of varying the parameters individually, all in a sense which
reduces the range of melt densities and viscosities that can be erupted.
Dotted black line: effect of reducing Pr to 4 MPa, with all other parameters set
at the reference values. Solid gray line: effect of setting h = 10 km with all other
parameters set at the reference values. Dashed black line: effect of increasing

G to 50 GPa, with all other parameters set at the reference values.

inspection of the results of calculations performed with fixed
magma viscosity and varying density (Figure 4B). These model
predictions indicate that as a result of the magmatic overpressure
~15% of the erupted melt may have a density greater than that of
the country rock. Assuming a reasonable country rock density of
2,710 kgm~ (e.g., Staples et al., 1997), this proportion is roughly
in agreement with the observations. The model results predict
that magmas with density >10-15 kg m > greater than that of the
country rock are not erupted. However, 5-10% of the observed
erupted volume is composed of magma with densities of 2,730
kg m™2 or greater, and some picrites have densities of >2,800 kg
m~3, well in excess of expected Icelandic upper crustal densities.
The eruption of such magma is not predicted by the simple sill
models and may indicate that magma chambers feed eruptions
from a variety of physical surroundings, as explored below.

6.2. Constant Volumetric Influx Rate to
Magma Chamber

In order to account for the eruption of dense magmas
through low-density upper crust, the physical conditions of the
magma chambers supplying Icelandic eruptions must vary. More
complex models were used to investigate the role of varying
magma chamber depth, country rock density and fracture
strength. This fuller realization of the models was explored
by solving the differential equations for inflation of a magma
chamber, fracture of its walls, release of magmatic overpressure
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and solidification of the dyke. Rather than maintaining
constant magmatic overpressure, this scheme involves constant
volumetric influx rate to the magma chamber and allows
significant overpressure fluctuations to occur. The governing
equations, posed by Kelemen and Aharonov (1998), were solved
with a 4th order Runge-Kutta scheme paying particular attention
to numerical accuracy at the time of fracture development, when
predicted magma fluxes vary rapidly. The output magmatic flux
was compared with an input at constant rate to the chamber.
Increasing h (i.e., deeper magma chamber), decreasing Py,
and/or increasing G encourage eruption at high densities and
viscosities (Figure 5). Therefore, increased chamber depth may
allow picrites to erupt at the surface, past their level of neutral
buoyancy. Similarly, if the density of the country rock is
increased, then eruption of denser magma is permitted. Magma
chambers for picrites are therefore likely to be in the lower crust
or uppermost mantle, where country rock densities of >2,950
kg m™3 are expected (Staples et al., 1997). This inference is in
agreement with petrological constraints on the depth of magma
chambers, which indicate that crystallization of picrites and high-
Mg# basalts under Theistareykir occurs at depths of 15-30 km
(Maclennan et al., 2001, 2003; Winpenny and Maclennan, 2011).

7. CONCLUSIONS

The physical properties of magmas exert key controls on the
erupted volumes from Iceland’s active neovolcanic zones. The
largest volume of erupted material sits at a well-defined density
and viscosity minimum coincident with the arrival of plagioclase
on the basalt liquidus. These basalts are buoyant with respect to
the Icelandic upper crust. Almost 70% of the erupted volume in
the NVZ comprises basalts that sit close to this minimum.

The density filter is, however, leaky. Several small-volume
eruptions with densities greater than the Icelandic upper crust are
found in the NVZ. These eruptions include primitive basalts and
olivine-phyric picrites, which may contain up to ~25% olivine
macrocrysts. The eruption of these dense magmas is facilitated
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