Earth and Planetary Science Letters 393 (2014) 120-131

Contents lists available at ScienceDirect

EART
SPLANETARY
SCIERCE LETTERS

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Reconstructing the deep CO, degassing behaviour of large basaltic @Cmssmk
fissure eruptions

Margaret E. Hartley *-*, John Maclennan®, Marie Edmonds ¢, Thor Thordarson b.c

a Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge, CB2 3EQ, UK
b School of GeoSciences, University of Edinburgh, Grant Institute, West Mains Road, Edinburgh, EH9 3JW, UK
¢ Institute of Earth Sciences, University of Iceland, Sturlugata 7, 101 Reykjavik, Iceland

ARTICLE INFO ABSTRACT
Article history: The mass of volatiles degassed from volcanic eruptions is often estimated by comparing the volatile
Received 5 November 2013 concentrations in undegassed glassy melt inclusions with the volatile concentrations in the degassed

Received in revised form 6 February 2014
Accepted 12 February 2014

Available online 15 March 2014

Editor: B. Marty

matrix glass. However, melt inclusions are prone to post-entrapment modification, including diffusive
H* loss through the host olivine crystal lattice which lowers the H,O content of the inclusion, and
the degassing of CO; into a bubble in response to cooling and crystallisation on the inclusion walls. Such
bubbles are very common in olivine-hosted melt inclusions from the AD 1783-1784 Laki eruption, south-

Keywords: east Iceland. We have determined the CO, content of these bubbles using micro-Raman spectroscopy, and

melt inclusion the CO, concentration in the glass by SIMS. Our results show that >90% of the total inclusion CO; may be

shrinkage bubble sequestered into the bubble, which demonstrates the importance of measuring the compositions of both

Raman spectroscopy vapour bubbles and the glass phase in melt inclusions. We reconstruct the deep degassing path of the

Zirg';‘;:'r?gio"ide Laki magma by using Nb as proxy for the undegassed CO, content of the melt inclusions. The substantial
1

CO/ND variation in the Laki melt inclusions (3.8-364) can be explained by concurrent crystallisation
and CO; degassing in the Laki magmatic system. We calculate the amount of CO; lost from individual
melt inclusions, assuming CO2/Nb ~ 435 for enriched Icelandic mantle and CO,/Nb ~ 171 for depleted
mantle. Melt inclusions with the greatest saturation pressures have lost the least CO, prior to inclusion
trapping. At any given saturation pressure, the most enriched melt inclusions have lost the most CO,,
while the most depleted inclusions have lost very little CO,. Enriched primary melts with high initial
CO; concentrations are therefore useful for investigating deep degassing behaviour in magmatic systems
because a range of melt inclusion saturation pressures are recorded during crystallisation and degassing.
Depleted melt inclusions with low initial CO2 concentrations remain vapour-undersaturated to shallow
levels and cannot be used to constrain deep degassing behaviour. The cumulative CO; mass release from
the Laki magma is determined as a function of pressure and extent of crystallisation. Using an updated
petrologic method that takes into account the diversity of primary melts and CO, sequestration into
vapour bubbles, we calculate the total mass of CO, exsolved from the Laki magma to be 304 Mt.

Crown Copyright © 2014 Published by Elsevier B.V. Open access under CCRY license.

1. Introduction volatile species such as water, sulphur, chlorine and fluorine, which
may remain largely dissolved in basaltic magmas to shallow crustal
The total atmospheric yield of volatile species from volcanic depths (e.g. Schilling et al., 1980; Wallace and Carmichael, 1992;

eruptions is often estimated using a petrologic approach, com-  Carroll and Webster, 1994; Webster et al, 1999; Dixon et al.,
paring volatile concentrations measured in crystal-hosted melt in- 1995). However, carbon dioxide has limited solubility in basaltic
clusions with glass from quenched eruption products (e.g. Devine melts, and depending on the initial CO, concentration, basaltic lig-
et al., 1984; Sigurdsson et al., 1985; Palais and Sigurdsson, 1989; uids may become saturated with a CO,-rich vapour at depths of

Sigurdsson, 1990; Métrich et al., 1991; Thordarson et al., 1996). 25 km or more (e.g. Pan et al, 1991; Dixon, 1997; Papale, 1999;
SQCh calcu!ations rely on the assurqption that the melt. inclusiops Shishkina et al., 2010), such that melt inclusions trapped at mid-
VYlth the highest volatile co.ncentratlorlls are representative of pris- crustal depths usually do not preserve the initial CO, content of
tine, undegassed melts. This assumption is reasonable for soluble the magma (e.g. Fischer and Marty, 2005). This means that, while

CO, concentrations in melt inclusions can be used to assess the
* Corresponding author. ‘erupted’ CO, budget associated with melt ascent from the magma
E-mail address: meh43@cam.ac.uk (M.E. Hartley). chamber to the surface, the petrologic method will underestimate

http://dx.doi.org/10.1016/j.epsl.2014.02.031
0012-821X Crown Copyright © 2014 Published by Elsevier B.V. Open access under CC BY license.


http://dx.doi.org/10.1016/j.epsl.2014.02.031
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:meh43@cam.ac.uk
http://dx.doi.org/10.1016/j.epsl.2014.02.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2014.02.031&domain=pdf
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

M.E. Hartley et al. / Earth and Planetary Science Letters 393 (2014) 120-131 121

the total mass of CO, degassed from primary mantle melts sup-
plied to the magmatic system and cannot be used to estimate the
degree of passive CO; release in the lower crust.

1.1. Estimating undegassed volatile concentrations in melt inclusions

Volatile-trace element pairs, such as CO; and Nb or H,0 and
Ce, have similar partition coefficients in basaltic melts and are
expected to exhibit similar geochemical behaviour during the crys-
tallisation of volatile-undersaturated melts (e.g. Michael, 1995;
Danyushevsky et al., 2000b; Dixon and Clague, 2001; Saal et al.,
2002; Michael and Graham, 2013). This indicates that Nb can
be used as a proxy for the undegassed CO; content of melts,
if the CO,/Nb of the primary melt is known. This ratio can be
estimated from volatile and trace element concentrations mea-
sured in rare examples of undegassed melt inclusions, which are
expected to exhibit strong positive correlations between volatile
species and similarly incompatible trace elements. Such correla-
tions have been reported for CO, and Nb for a suite of prim-
itive melt inclusions from the Siqueiros transform fault on the
East Pacific Rise (Saal et al, 2002), and were interpreted as ev-
idence that the melt was vapour-undersaturated at the time of
inclusion trapping (Saal et al., 2002). Various studies have used
CO,/Nb, Hy0/Ce and other volatile/trace element ratios to estimate
magmatic volatile fluxes (Saal et al., 2002; Workman et al., 2006;
Cartigny et al., 2008; Koleszar et al, 2009; Shaw et al., 2010;
Helo et al., 2011). However, carbon is likely to be heterogeneously
distributed in the mantle (e.g. Helo et al., 2011), meaning that the
CO,/Nb estimated for undegassed primary melts varies with lo-
cation. At the lower end of the global range, the highly depleted
Siqueiros melt inclusions record CO,/Nb = 239 4 46. At the upper
end of the global range, CO,/Nb values of ~570 have been ob-
tained for MORB glass samples dredged around 14 °N and 34 °N
along the Mid-Atlantic Ridge (Cartigny et al., 2008), and CO,/Nb
values of 650-800 have been reported in melt inclusions from
Axial seamount, Juan de Fuca Ridge (Helo et al., 2011). The only
reported undegassed CO,/Nb value for Iceland, 314 4 125, was de-
termined using melt inclusions from the Borgarhraun lava, North
Iceland (Hauri et al,, 2002). The global variability in CO,/Nb for
undegassed primary melts suggests that CO; is slightly more in-
compatible than Nb during mantle melting. It has recently been
suggested that CO, has similar geochemical behaviour to Ba or
Rb, and CO,/Ba values of 114 &+ 43 have recently been reported
for MORB compositions ranging from ultra-depleted to highly en-
riched (Michael and Graham, 2013). This may indicate that Ba is a
better proxy for undegassed CO;, than Nb, especially since Ba is ex-
pected to follow CO; more closely during subduction and recycling
into the deep mantle (Michael and Graham, 2013).

1.2. Bubble formation in melt inclusions

Volatiles in melt inclusions can be affected strongly by post-
entrapment modification and re-equilibration (e.g. Nielsen et al.,
1998; Danyushevsky et al., 2000a; Steele-Maclnnis et al., 2011;
Gaetani et al, 2012). Bubbles in melt inclusions can form in a
number of distinct stages. Firstly, shrinkage bubbles form in re-
sponse to cooling, since the host phenocryst undergoes signifi-
cantly less thermal contraction than the melt phase (e.g. Roedder,
1979; Lowenstern, 1995, 2003; Schiano, 2003; Métrich and Wal-
lace, 2008). If the melt inclusion is volatile-free, the bubble will
be almost a vacuum (Steele-Maclnnis et al., 2011). For volatile-
bearing melt inclusions, some of the volatiles that were originally
dissolved in the silicate melt may exsolve and be sequestered into
the bubble (e.g. Roedder, 1979; Skirius et al., 1990; Anderson and
Brown, 1993; Cervantes et al., 2002). Bubbles formed by this mech-
anism are most likely to be formed at the Earth’s surface, during

the cooling of erupted magmas. Secondly, bubble growth occurs
during post-entrapment crystallisation (PEC) on the melt inclusion
walls. This process decreases the internal pressure of the inclu-
sion, which lowers the solubility of volatiles in the melt phase
and causes volatile exsolution from the melt (Steele-Maclnnis
et al.,, 2011). Thirdly, recent experimental studies have demon-
strated that rapid H* diffusion can cause olivine-hosted melt in-
clusions to re-equilibrate with their carrier liquids within tens of
hours at magmatic temperatures of ~1200° (Gaetani et al., 2012;
Bucholz et al., 2013). Decompression associated with diffusive H*
loss may promote further volatile exsolution, leading to the nu-
cleation of a vapour bubble in a previously bubble-free inclusion,
or the growth of a pre-existing bubble. Since CO, is relatively in-
soluble in basaltic melts in comparison to other common volatile
species, CO, vapour will be preferentially sequestered into the
bubble if post-entrapment degassing occurs. The role of shrink-
age bubbles in controlling the volatile content of melt inclusions
has been largely avoided or ignored in the literature, although
there are some notable exceptions (e.g. Kamenetsky et al., 2002;
Thomas et al., 2006; Métrich and Wallace, 2008; Hansteen and
Kliigel, 2008).

1.3. The AD 1783-1784 Laki eruption

The AD 1783-1784 Laki (Skaftar Fires) fissure eruption on Ice-
land’s Eastern Volcanic Zone was one of the largest basaltic fis-
sure eruptions recorded in human history (e.g. Thordarson et al.,
2003), and is one of the best-studied small-scale analogues of a
flood basalt eruption. The eruption produced 14.7 km® of lava
and ~0.4 km? dense rock equivalent of tephra from a ~27 km-
long fissure that erupted sequentially in 10 en echelon segments
(Thordarson and Self, 1993). The eruption was one of the great-
est natural atmospheric pollution events of the past ~250 years,
loading the atmosphere with 122 Mt sulphur dioxide, ~7.0 Mt hy-
drochloric acid and ~15.0 Mt hydrofluoric acid in a period of 8
months (Thordarson et al, 1996) and leading to significant cli-
matic effects that were felt across the northern hemisphere (e.g.
Thordarson and Self, 2003; Chenet et al., 2005; Oman et al., 2006;
Schmidt et al., 2010, 2012).

The presence of vapour bubbles in Laki melt inclusions has been
noted in previous studies (e.g. Métrich et al.,, 1991; Thordarson et
al.,, 1996), making the Laki eruption an ideal case study for inves-
tigating the effect of bubble formation on melt inclusion volatile
systematics. We present the first study to combine measurements
of vapour compositions in these bubbles with volatile concentra-
tions in the glass phase, in order to determine the total volatile
content of melt inclusions at the time of inclusion trapping. We
use CO2-H,0 solubility models (Newman and Lowenstern, 2002;
Witham et al.,, 2012) to determine saturation pressures for melt
inclusions in order to reconstruct the extent of CO, degassing as
a function of pressure within the Laki magmatic system, and to
assess how CO, degassing is coupled to melt mixing and frac-
tional crystallisation for large basaltic fissure eruptions. Finally, we
present an updated petrologic method for estimating the total at-
mospheric yield of CO, from magmas, which takes into account
both the sequestration of CO, into vapour bubbles, and the di-
versity of parental melts supplied to the magmatic system. This
method can be used to assess both the ‘erupted’ CO, budget asso-
ciated with melt ascent from the magma chamber to the surface,
and the mass of CO; released through deep, passive degassing in
the magmatic system.

2. Sample collection and analytical methods

Fresh, glassy samples of magmatic tephra were obtained from
proximal fall deposits around the Laki cone row by digging down
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Fig. 1. Map of the Laki fissure and lava flow field within Iceland’s Eastern Volcanic Zone (EVZ). Numbered locations show where the samples used in this study were collected.

The inset map shows the location of the EVZ; fissure swarms are shaded in dark grey.

through the surface cover. Lava samples were collected from sites
around the Skafta river gorge, and samples were taken from glassy
selvages on the upper and/or lower flow surfaces. Sample locations
are shown in Fig. 1.

Olivine macrocrysts in the size range 250 pm to 1 mm were
picked from crushed lava and tephra samples. Care was taken
to select pale green, unaltered olivines containing glassy melt
inclusions without post-entrapment daughter crystals, and with
spherical to ellipsoidal shapes. Inclusion lengths and widths were
measured from high resolution, high magnification photomicro-
graphs using Zeiss AxioVision software; inclusions ranged from 5
to 450 pm in their longest dimension. Melt inclusion volumes were
calculated assuming that inclusion depth was equal to the shorter
of the measured dimensions. Vapour bubbles were present in 88%
of the melt inclusions from lava samples and 41% of melt inclu-
sions from tephra samples. Where present, the bubbles ranged
from 1 to 78 pm in diameter. Of 937 bubble-bearing melt in-
clusions, 38 had bubbles comprising >5% of the melt inclusion
volume. For the remaining 899 bubble-bearing melt inclusions, the
bubble comprised on average1.5 + 1.0 vol.% of the inclusion.

Olivines were mounted in CrystalBond and polished to expose a
flat crystal surface, without breaching the melt inclusions. Compo-
sitions of vapour bubbles were then determined by micro-Raman
spectroscopy, using the Horiba LabRam instrument at the Univer-
sity of Cambridge. The presence of CO; in fluid bubbles is veri-
fied by the presence of two characteristic peaks, at ~1285 cm~!
and ~1380 cm~!, defining a Fermi diad in the Raman spectrum.
Fermi diads can be observed in the micro-Raman spectra of bub-
bles down to 1 pm in diameter, so the success of the technique is
not limited by bubble size. The Fermi diad spacing, A, is propor-
tional to the fluid density. Several calibrations have been proposed
for calculating the density of pure CO, fluid inclusions, and a brief
review of different densimeters is provided in the supplementary
material. In this study we used the densimeter of Kawakami et

al. (2003). The positions of the Fermi bands were determined by
fitting Gaussian curves to the Raman spectra using OriginLab soft-
ware. The error in the peak fitting procedure was used to estimate
the precision in A, which in turn constrains the precision of the
densimeter. Precision in A of £0.1 cm~! corresponds to a preci-
sion in fluid density of +0.02 g/cm? for inclusions of 1 pm, and
can be better for larger inclusions (Kawakami et al., 2003). Aver-
age precision in A was 0.002 cm~! for the Laki bubbles, and the
corresponding error in fluid density is negligible.

Following the Raman analyses, crystals were individually pol-
ished to expose the melt inclusions at the surface, mounted in
resin and re-polished. Volatiles CO2, H,0 and trace and rare earth
elements (REE) were analysed in 106 melt inclusions and 9 ma-
trix glasses by secondary ion mass spectrometry (SIMS) on the
Cameca ims-4f ion microprobe at the University of Edinburgh.
CO, was measured first, with the instrument configured to a high
mass resolution sufficient to resolve interference by 24Mg?* on the
12C peak. Trace elements and H,O were then measured with the
mass spectrometer configured to a lower mass resolution. Preci-
sion and accuracy for CO, and H;O were monitored by repeat
analyses of a suite of basaltic glass standards with known composi-
tions (Shishkina et al., 2010). Estimated 1o precision and accuracy
were £5% and +1% respectively for CO,, and +4% and £2% re-
spectively for HpO. Precision and accuracy for the trace element
measurements were monitored by repeat analyses of standards
NIST-SRM610, BCR-2G and KL2-G. 10 accuracy for the trace ele-
ments was estimated as +10%. Precision was generally better than
+3% for trace elements in high abundance (e.g. Sr, Zr, La), and
was +8% for low-abundance heavy REEs. Major and minor element
concentrations in the melt inclusions and their host olivines were
measured by WDS Cameca SX100 electron microprobe (EPMA) at
the University of Cambridge. Compositional data and details of all
analytical methods are provided in the supplementary material.
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Fig. 2. (a) Multi-element diagram for Laki melt inclusions and matrix glasses. Concentrations normalised to depleted MORB mantle (DMM; Workman and Hart, 2005).
Normalisation values are shown along the bottom of the plot; 20 errors are shown along the top. The shaded area shows the range of melt inclusion and glass compositions.
Individual melt inclusions are shown by the thin grey lines. Average compositions for melt inclusions in lava and tephra samples, and the matrix glass, are shown by the bold
lines. (b) Host olivine forsterite content vs. La/Yb for Laki melt inclusions. Open symbols indicate bubble-bearing inclusions; closed symbols indicate bubble-free inclusions.
Grey diamonds are data from Neave et al. (2013). The variability in La/Yb decreases with decreasing host forsterite content, which is interpreted as evidence of concurrent
mixing and crystallisation of diverse mantle melt compositions within the Laki plumbing system (Neave et al., 2013). As crystallisation progresses, compositional diversity
collapses to the mean melt inclusion value, shown by the black line. Similar behaviour is observed in samples from Borgarhraun, North Iceland, and across Iceland as a whole

(Maclennan, 2008).

3. Results
3.1. Major elements

The melt inclusions range in composition from Mg# ~ 62 to
Mg# ~ 30 (average Mg# = 47). Major element compositions of
melt inclusions can be greatly affected by post-entrapment crys-
tallisation (PEC), whereby continued crystallisation of olivine on
the inclusion wall results in a drop in melt inclusion Mg# (e.g.
Danyushevsky et al., 2000a). The extent of PEC experienced by
each melt inclusion was estimated using Petrolog3 (Danyushevsky
and Plechov, 2011). While some melt inclusions experienced PEC
up to 7%, most inclusions experienced <2% PEC, and the PEC
corrections are minor. Melt inclusion-bearing olivine macrocrysts
range in composition from Fogg to Fog7. Olivines from lava samples
were slightly more forsteritic with average compositions of Fogpts;
olivines from tephra samples had average compositions of Fo77.+4.

Assuming a Kdf.\t_ = 0.3140.03 (Danyushevsky, 2001), the Laki

carrier liquid composition is in equilibrium with Foz1-Fogg olivine.
3.2. Trace elements

Melt inclusions from lava and tephra samples have very simi-
lar average trace element concentrations, but have slightly lower
average trace element abundances than the average matrix glass
composition (Fig. 2a). The matrix glasses and many of the melt
inclusions are depleted in Sr, which is indicative of plagioclase
crystallisation from the melt prior to inclusion entrapment.

Matrix glasses have an average La/Yb of 3.8 0.2 (10), while
the melt inclusions have a mean La/Yb of 3.6 £ 0.8 (Fig. 2b). A sin-
gle melt inclusion had a highly enriched composition with La/Yb
of 6.1. Four inclusions have highly depleted compositions (La/Yb <
1.5). These highly depleted melt inclusions were present in Fo.g»
olivines from tephra samples, while the most enriched inclusions
(LaJYb > 4.5) were exclusively present in lava samples. The rea-
son for this distribution is unclear, and might not persist if more
inclusions were measured. The full range of La/Yb variability is
present in melt inclusions hosted in Fo.g4 olivines, and the vari-
ability in La/Yb decreases with decreasing host forsterite content.

At low forsterite contents, the melt inclusion compositions cluster
about the mean melt inclusion La/Yb (Fig. 2b).

3.3. Volatiles

3.3.1. COy in bubbles

Fermi diads were observed in the Raman spectra of 52% of bub-
bles in melt inclusions from lava samples (n = 817) and 6% of
bubbles in melt inclusions from tephra samples (n = 124) (Fig. 3).
Fluid densities calculated for the Laki bubbles ranged from a
minimum of 0.031 g/cm? to a maximum of 0.566 g/cm3. Bub-
bles in lava samples had an average fluid density of 0.143 +
0.050 g/cm3; for tephra samples the average fluid density was
0.181 £ 0.063 g/cm>.

The CO, content of the vapour bubbles in ppm, [CO2],p, can be
calculated using the mass ratio between bubble and glass in the
host melt inclusion:

Co
MV"2> x 10°
Mg

[COz2]vp = ( (M
where the mass of glass within the melt inclusion, My, is cal-
culated as the glass volume multiplied by a melt density of
2750 kg/m3 (Passmore et al., 2012). The mass of CO, contained
within the bubble, MSEZ, is calculated from the bubble volume
and the measured fluid density (Table 1). The principal source of
error in the calculated CO, content of the bubble therefore lies
in the measurement of the inclusion and bubble sizes. The least
precise measurements are of the smallest bubble diameters in the
range 2-5 pm, where the error may be as large as £10%. In the
worst-case scenario, whereby all inclusion and bubble measure-
ments have errors of £10%, the precision in the calculated CO;
content of the bubble is approximately £20%. Larger inclusions and
bubbles can be measured with much greater accuracy, and mea-
surements that are precise to £2% correspond to errors of +4% in
the calculated bubble CO;, content.

Bubbles in melt inclusions from lava samples contained be-
tween 68 and 135400 ppm COy; bubbles in melt inclusions from
tephra samples contained between 1474 and 46422 ppm CO,.
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Fig. 3. (a) to (c): Plane-polarised light images of bubbles in olivine-hosted melt in-
clusions from Laki. The scale bar in each image is 100 pm. Where multiple melt
inclusions are present within a single crystal, the bubbles occupy a similar vol-
ume fraction of their host inclusions. The bright area in the centre of the large
melt inclusion in image (a) is a SIMS analysis spot. (d) Micro-Raman spectrum
of a COz-bearing bubble in an olivine-hosted melt inclusion from Laki. The pres-
ence of CO, is confirmed by the Fermi diad, consisting of two peaks at 1285 and
1388 cm~!, bounded by hot bands. The spacing of the Fermi diad, A, depends on
the fluid density. The inset figure shows the location of the Fermi diad with respect
to the Raman bands for olivine and silicate glass.

Eleven bubbles had CO; concentrations >6500 ppm, and all of
these bubbles comprised >7% of their host melt inclusion’s to-
tal volume. We assume that the Laki bubbles comprise pure CO,
vapour, since no bands corresponding to H,0, SO, or SOi_ were
identified in any of the micro-Raman spectra. However, it is pos-
sible that additional volatile species are present in the bubbles in
concentrations below the micro-Raman detection limits.

3.3.2. CO; and other volatiles in glass

Glass CO, concentrations in the melt inclusions range from
25 to 1433 ppm (Fig. 4a). The CO; concentration in the matrix
glass was below the detection limit (<24 ppm) of the SIMS mea-
surements. The average CO, concentration in melt inclusions from
lava samples was 182 ppm, compared to 309 ppm for inclusions
from tephra samples. Bubble-free melt inclusions contained on av-
erage 283 + 236 ppm CO;. For melt inclusions with CO,-bearing
vapour bubbles, the average CO, concentration in the glass was
151 £ 258 ppm. Inclusions with apparently CO,-free bubbles con-
tained 281 + 256 ppm CO; in the glass.

Water concentrations in the melt inclusions range from 0.07
to 0.76 wt.%. Melt inclusions in lava samples contain an average
0.14 £ 0.13 wt.% H;0, while inclusions from the tephra contain
0.55 4+ 0.05 wt.% H20. Melt inclusions with CO,-bearing bubbles
contain 0.14 + 0.13 wt.% H,0. Bubble-free inclusions and those
with CO,-free bubbles contain 0.33 £ 0.23 and 0.31 £ 0.21 wt.%
H,0 respectively. The matrix glass contains 0.08 £+ 0.01 wt.%
H»O0.

4. Discussion
4.1. Post-entrapment degassing: CO, sequestration into vapour bubbles

The micro-Raman spectra for vapour bubbles in melt inclusions
from Laki lava samples showed the Fermi diad bands characteris-
tic of CO,. However, no Fermi diads were detected in the micro-
Raman spectra for the majority of bubbles from tephra samples.
This may indicate that CO, in these bubbles is present in con-
centrations below the detection limit of the instrument, which is
better than 0.04 g/cm? CO,, or that the bubbles contain no vapour
and are a near-vacuum (e.g. Steele-Maclnnis et al., 2011). The ap-
parent absence of CO, from these bubbles may be related to the
cooling rate, since CO, diffusion at the melt-gas interface is ki-
netically limited by the diffusivity of CO, in the melt (Pichavant
et al., 2013), which is in turn dependent on temperature. Melt in-
clusions in the tephra were rapidly quenched upon eruption, and
it is possible that the rapid cooling provided insufficient time for
CO, to diffuse into shrinkage bubbles that formed in response to
volume changes shortly before the inclusions passed through the
glass transition. By contrast, melt inclusion-bearing olivines in the
Laki lava spent hours to days in insulated transport before being
quenched in the upper or lower selvages of lava flows. These melt
inclusions cooled quickly enough to preserve glassy inclusions with
no post-entrapment daughter crystals, but spent sufficient time in
a hot environment at atmospheric pressure to permit CO, diffusion
into shrinkage bubbles prior to solidification.

Glass CO, concentrations for bubble-bearing, CO,-present;
bubble-bearing, CO,-free; and bubble-free inclusions are highly
variable, and the datasets have standard deviations that are equal
to or larger than the mean glass CO, contents. The Kolmogorov-
Smirnov (KS) test was therefore used to examine whether the glass
CO, contents for these three populations are significantly differ-
ent. When comparing bubble-free melt inclusions with inclusions
containing a CO,-free bubble, the KS statistic (D) is 0.1304 and
the p-value is 0.9897 at 95% confidence, indicating that there is
no significant difference between these two populations. However,
when comparing melt inclusions containing CO,-bearing bubbles
with bubble-free inclusions, the KS statistic is 0.587 and the p-
value is 5.16 x 107>, There is therefore a significant difference in
the glass CO, contents for these melt inclusion populations. These
statistics demonstrate firstly that post-entrapment sequestration of
CO, into the bubble is significant, but secondly that the presence
of a vapour bubble is not necessarily indicative of CO; loss from
the melt. It is only by analysing the bubble that the extent of CO,
sequestration can be determined.

The total CO, concentration in bubble-free melt inclusions is
simply the CO; concentration in the glass. The total CO; con-
tent of the bubble-bearing inclusions is the sum of CO, in the
glass plus the CO, in the bubble (Fig. 4; Table 1). To ensure
that this is representative of the melt CO, content at the time
of inclusion entrapment, it is important to verify that the inclu-
sion was trapped as a homogeneous liquid phase and that the
bubbles formed by post-entrapment degassing. ‘Pre-entrapment’
bubbles, trapped as a vapour phase coexisting with the melt,
may artificially skew the total inclusion CO, content to high val-
ues. True shrinkage bubbles formed by post-entrapment processes
typically comprise 0.2-5 vol% of an inclusion, with the actual
value dependent on the initial volatile concentration, melt com-
position and cooling rate (Lowenstern, 1995, 2003). Visual inspec-
tion of olivines that host multiple melt inclusions reveals that,
within a single crystal, bubbles occupy a similar volume fraction
of each melt inclusion (Fig. 3a-c; Supplementary Fig. A), sug-
gesting that the bubbles formed by a common post-entrapment
process. Melt inclusions with unusually voluminous bubbles that
may have been trapped as a vapour phase are easily recognisable,
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Calculation of total CO, contained within representative examples of melt inclusions from Laki.
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MHLO1 ol13 MI2 MHLO1 o0l24 MI1 MHLO5 ol4 MI1 MHLO7 o123 MI3 MHLO6 0123 MI3
lava lava tephra tephra tephra
Micro-Raman
Fermi diad v+ (cm™1) 1285.20 1284.64 1284.77 n.d. -
Fermi diad v— (cm™!) 1387.92 1387.46 1387.52 n.d. -
A (cm™1) 102.72 102.83 102.75 nd. -
Bubble
Fluid density® (g/cm?) 0.109 0.147 0.120 n.d. -
Bubble width/depth (cm) 3.70 x 1072 1.40 x 1072 1.31 x 1072 1.75 x 1072 0
Bubble length (cm) 3.87 x 1072 1.52 x 1072 1.37 x 1072 2.24 x 1072 0
Bubble volume (cm?) 2.77 x 107 1.57 x 10~ 1.23 x 1076 3.60 x 1076 0
CO, mass (g) 3.01 x 1076 2.31x 1077 1.48 x 1077 nd. 0
Melt inclusion
Inclusion width/depth (cm) 1.29 x 107! 3.79 x 102 3.23 x 1072 8.60 x 1072 9.40 x 1072
Inclusion length (cm) 1.42 x 1071 7.53 x 1072 4.76 x 1072 1.17 x 107! 1.14 x 107!
Inclusion volume (cm?) 1.23x 1073 5.67 x 1072 2.60 x 1073 453 x 107 5.26 x 1074
Glass
Glass volume® (cm3) 1.20 x 1073 5.51 x 107 2.47 x 107 4.49 x 10~ 5.26 x 1074
Glass density (g/cm?) 2.75 2.75 2.75 2.75 2.75
Glass mass (g) 3.382 x 1073 1.557 x 1073 7.127 x 107> 1.246 x 103 1.445 x 1073
Inclusion mass® (g) 3.385 x 1073 1.559 x 1073 7.142 x 107> 1.246 x 1073 1.445 x 1073
Bubble (vol.%) 23 28 4.7 0.8 0
CO;, contents
CO, in glass? (ppm) 97 107 146 975 672
CO; in bubble (ppm) 892 1484 2076 >0 0
CO; in inclusion® (ppm) 989 1591 2222 >975 672
% CO; in bubble 90 93 93 >0 0
2 Fluid density calculated using the equation of Kawakami et al. (2003).
b Glass volume = inclusion volume — bubble volume.
¢ Inclusion mass = glass mass + bubble mass.
4 Glass CO, measured by SIMS.
€ Total CO; in inclusion = glass CO, + bubble CO;.
Glass = Inclusion
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Fig. 4. CO, content of olivine-hosted melt inclusions from Laki. Open symbols indicate bubble-bearing inclusions; closed symbols indicate bubble-free inclusions. CO, concen-
trations in silicate glass were determined by SIMS; for bubble-free melt inclusions this represents the total CO, content. For bubble-bearing melt inclusions, the CO, content
of the bubble was determined by micro-Raman spectroscopy; the total CO; in the inclusion is then the sum of the silicate glass and the bubble. For bubble-bearing inclu-
sions, the total CO, concentration is greater than that of the silicate glass, which highlights the importance of post-entrapment degassing within melt inclusions. 20 error

bars are shown.

especially in crystals that host multiple melt inclusions (Supple-
mentary Fig. B). In order to exclude such melt inclusions from
further analysis, the Laki dataset was filtered to remove inclu-
sions where bubbles comprised >5% of the total inclusion vol-
ume.

The available Raman and SIMS data enabled the total melt in-
clusion CO; to be calculated for 70 bubble-bearing and 25 bubble-
free melt inclusions (Fig. 4c). Total CO, concentrations in the in-
clusions range from 384 to 4767 ppm, with an average of 1281 £
781 ppm for melt inclusions with CO,-bearing bubbles, 281 +
256 ppm for inclusions with CO,-free bubbles, and 283 +-236 ppm
for bubble-free inclusions. These results demonstrate that, for

bubble-bearing melt inclusions, the total CO, contained in the in-
clusion can be significantly underestimated if CO, degassing into
the vapour bubble is not taken into account (Fig. 4). CO, seques-
tration into bubbles appears to be enhanced for volatile-rich inclu-
sions: the most CO,-rich inclusions are most likely to form bubbles
(Fig. 4c). The bubbles may comprise <5 vol.% of the bubble-bearing
melt inclusions, but they contain ~90% of the total CO, in the Laki
inclusions (Fig. 5). The percentage of CO; sequestered in the bubble
is unrelated to the size of the melt inclusion and the composition
of the host olivine, so these measurements cannot be used as prox-
ies for CO, exsolution into the bubble.
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Fig. 5. (a) Relationship between bubble size and CO; sequestration into the bubble for olivine-hosted melt inclusions from Laki. There is no relationship between the
proportion of the inclusion occupied by the bubble and the composition of the host olivine. (b) Cumulative frequency plot showing the percentage of CO, sequestered into
the bubble for 79 bubble-bearing melt inclusions where CO, was measured in both the glass and the bubble. CO,-free bubbles are present in 32% of these inclusions. For the
CO;-bearing bubbles, >90% of the total melt inclusion CO, may be sequestered into the bubble. (c¢) Cumulative frequency plot showing the volume percentage of the melt
inclusion occupied by the bubble. The black line represents the 104 melt inclusions that were analysed by SIMS; the grey line represents the 1240 melt inclusions for which
melt inclusion and bubble dimensions were measured. For 96% of bubble-bearing melt inclusions, the bubble comprises <5% of the total inclusion volume. The inset figure

shows the size distribution of bubbles that comprise >5% of the total inclusion volume.

4.2. Melt inclusion saturation pressures

Saturation pressures for the melt inclusions, once the bubble
CO, had been accounted for, were calculated using the CO,-H,0
solubility models VolatileCalc (Newman and Lowenstern, 2002)
and SolEx (Witham et al., 2012). The calculated saturation pres-
sures are highly variable, ranging from 0.1 to >5 kbar for both
lava and tephra samples (Fig. 6). If the glass CO, content is used
for the saturation pressure calculations, all the Laki inclusions ap-
pear to have been trapped at pressures <3 kbar. This demonstrates
that if CO, in the bubble is not taken into account then saturation
pressures for melt inclusions can be significantly underestimated.

Volatile solubility models assume equilibrium at the time of
melt inclusion entrapment. Therefore, if an inclusion is trapped
during crystallisation of a vapour-undersaturated melt, the calcu-
lated saturation pressure will underestimate the true entrapment
pressure. Clinopyroxene-liquid thermobarometry suggests that the
final stages of crystal-melt equilibration and growth of crystal rims
occurred at pressures of 0.7-1.8 kbar (Neave et al., 2013). However,
16 of the bubble-free melt inclusions record much lower saturation
pressures of 0.1-0.7 kbar (Fig. 6). Only two of these inclusions are
hosted in Fogg—Fo7; olivines that are in equilibrium with the Laki
carrier liquid. This suggests that most of the low saturation pres-
sures do not represent shallow, late-stage crystallisation of the Laki
magma. A possible explanation is that these 16 inclusions were
trapped during crystallisation of a vapour-undersaturated melt;
however, their low CO,/Nb values (3.8-17.6) indicate that they
were trapped from a partially degassed melt rather than an unde-
gassed melt. Alternatively, it is possible that CO, vapour has been
lost during ascent through fractures in the crystal that have since
re-annealed (e.g. Métrich and Wallace, 2008). The calculated sat-
uration pressures thus provide a minimum estimate of the true
entrapment pressure.
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Fig. 6. H,0 and CO, contents of Laki melt inclusions. Open symbols indicate bubble-
bearing inclusions; closed symbols indicate bubble-free inclusions. Isobars were cal-
culated using VolatileCalc (black; Newman and Lowenstern, 2002) and SolEx (grey;
Witham et al., 2012). At low H,O concentrations, the isobars are strongly dependent
on the CO, concentration. Melt inclusion saturation pressures calculated using the
total inclusion CO; (glass 4+ bubble) range from <0.1 to >5 kbar. Note that melt in-
clusions from lava samples have near-uniform H,O concentrations of 0.1 wt.%, while
inclusions from tephra samples contain 0.4-0.7 wt.% H,O.

4.3. Diffusive H,0 re-equilibration and bubble formation

At magmatic temperatures, Ht diffusion is capable of reset-
ting the H,O content of olivine-hosted melt inclusions in a matter
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of hours to days (Gaetani et al., 2012; Bucholz et al., 2013). The
near-uniform, low H,O contents (~0.1 wt.% Hy0) in melt inclu-
sions from Laki lava samples (Fig. 6) suggest that these inclusions
have re-equilibrated with the Laki carrier liquid. By contrast, melt
inclusions in the tephra preserve H,O contents up to 0.69 wt.%,
indicating that diffusive HT loss from these inclusions was much
less extreme. The observation that melt inclusions in the tephra
have only slightly modified H,O contents suggests that diffusive
re-equilibration of H,O occurred primarily during insulated lava
transport. There is no correlation between H,0 and Ce, which con-
firms the diffusive re-equilibration of H,O in Laki lava samples.

Decompression associated with diffusive HT loss may facili-
tate the formation of bubbles in melt inclusions (Gaetani et al.,
2012). It is therefore possible that post-entrapment degassing of
CO,, linked to H* diffusion may explain why the majority of melt
inclusions in lava samples have vapour bubbles but the majority
of inclusions from the tephra do not. However, there is no corre-
lation between melt inclusion H,O content and the proportion of
the total CO, contained within the vapour bubbles (Supplementary
Fig. C), which would be expected if CO, exsolution were driven by
diffusive H loss. The data therefore suggest that cooling and ther-
mal contraction of the melt phase was the dominant control on
bubble formation for the Laki melt inclusions, and that diffusive
H* loss provided only a minor contribution to bubble growth.

4.4. Concurrent mixing, crystallisation and degassing in the Laki
magma

The solubility of CO, in basaltic melt is strongly dependent on
pressure and initial volatile content (e.g. Moore, 2008; Shishkina
et al., 2010); therefore, CO, degassing is strongly controlled by the
depths of magma storage and crystallisation. Solubility models (e.g.
Dixon et al.,, 1995; Shishkina et al., 2010) can be used to predict
the degassing path of basaltic magmas for different crystallisation
models, and CO3/Nb values can be used to deconvolve the effects
of crystallisation and degassing.

For Icelandic basalts, it is likely that melts become saturated
in a CO,-rich vapour at depths of ~25 km (e.g. Pan et al., 1991;
Dixon et al.,, 1995; Papale, 1999; Shishkina et al., 2010). If primary
melts begin to crystallise at pressures higher than those required
for vapour saturation, CO, will behave incompatibly, in a similar
manner to Nb or Ba. Unless the melt is affected by mixing or con-
tamination, CO,/Nb will therefore remain constant until the melt
becomes vapour-saturated at lower pressures and starts to degas.
Olivines crystallising in the lower crust may thus trap inclusions
from a CO,-rich melt with a constant, high CO;,/Nb. Conversely, if
primary melts ascend rapidly to a shallow level in the crust be-
fore crystallising, then CO, will degas prior to crystallisation and
melt inclusions will typically be depleted in CO;, with low CO;/Nb.
Where magma ascent, crystallisation and degassing occur concur-
rently in magmatic systems, CO,/Nb should decrease steadily as
crystallisation progresses and a broad positive correlation between
CO,/Nb and olivine composition is expected, although the correla-
tion may not be linear. This is illustrated in Supplementary Fig. D.
When coupled with indicators of the degree of melt fractionation
and melt inclusion entrapment pressures, CO/Nb can be used to
estimate (1) the expected CO, concentration of magmas stored in
shallow reservoirs immediately prior to their eruption, and (2) the
amount of CO, lost during passive degassing at lower- to mid-
crustal pressures.

Melt inclusions from Laki record CO,/Nb values that range from
3.8 to 364 (Fig. 7). Only one Laki melt inclusion has CO,/Nb greater
than the average CO,/Nb of 314 4+ 125 reported for Borgarhraun,
North Iceland (Hauri et al., 2002). This high CO2/Nb inclusion is the
most enriched of the Laki inclusions (La/Yb = 6.1), and has a total
CO, concentration of 4767 ppm and a calculated saturation pres-
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Fig. 7. (a) CO2/Nb vs. host olivine composition for Laki melt inclusions, colour-coded
for La/Yb. CO,/Nb was calculated using the total inclusion CO, (glass + bubble),
and showing the CO,/Nb values determined from undegassed melt inclusions from
Borgarhraun (314+125; Hauri et al., 2002) and the Siqueiros transform fault (239 +
46; Saal et al., 2002). 20 error bars are shown. Black solid lines show the running
average CO,/Nb calculated using a boxcar filter with bandwidth of 2 mol.% Fo; grey
dashed lines show the standard error of estimate (SEE) of the filtered data. The Laki
melt inclusions appear to record concurrent degassing and crystallisation, with most
melt inclusions being trapped during crystallisation of a partially or fully degassed
magma.

sure of 7.4 kbar. This inclusion may represent an undegassed melt,
suggesting that the CO,/Nb value of undegassed primary melts
supplied to the Laki magmatic system lies towards the upper end
of the Borgarhraun range, or may be even higher. The remaining
Laki inclusions have CO;/Nb < 262 and record saturation pressures
<6 kbar, indicating that they were trapped during the crystallisa-
tion of partially degassed melts in the crust. Although the data
are widely scattered, the average CO/Nb in the Laki inclusions
decreases steadily with decreasing forsterite content of the host
olivine (Fig. 7), indicating that degassing and crystallisation oc-
curred concurrently within the magmatic system that eventually
fed the Laki eruption. A similar trend is observed in CO,/Ba (Sup-
plementary Fig. E). All but one of the melt inclusions hosted in
the most evolved (Fo.75) olivines have CO,/Nb values <100 and
record saturation pressures <3.5 kbar. The latter stages of crystalli-
sation of the Laki magma therefore occurred primarily in shallow
magma reservoirs containing partially degassed magmas. The data
also suggest that extensive fractionation of vapour-undersaturated
melts in lower-crustal magma reservoirs was not significant in the
Laki magmatic system over the crystallisation interval recorded by
the Fo_gg olivines.

4.5. Deep degassing path of the Laki magma

The predicted undegassed CO, content of each melt inclusion
(CO5™™) can be calculated from the measured Nb content of the
melt inclusion (mi), if the CO,/Nb of the initial primary melt (ini)
is known:

cob"™ = Np™ [%] (2)
mi

Undegassed CO, contents could be calculated using a single, fixed

CO,/Nb value, but this carries the assumption that the magma in

question evolved by fractional crystallisation of a single primary

melt with a given Nb content. This contrasts with recent studies of
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melt inclusions from Icelandic eruptions, which have demonstrated
that primary melts in Iceland are highly heterogeneous in their
trace element and isotopic compositions (Maclennan et al., 2003;
Maclennan, 2008). Fo.g4 olivines from Laki preserve melt inclu-
sions with a wide range of La/Yb values (Fig. 2b), indicating that
diverse enriched and depleted melt compositions were supplied to
the Laki magmatic system (Neave et al., 2013). The variability in
La/Yb decreases with decreasing host forsterite content (Fig. 2b),
which is consistent with diverse primary melt compositions mix-
ing and crystallising as they ascended through the crust, generat-
ing the homogeneous Laki carrier liquid composition erupted at
the surface.

The wide range in CO2/Nb (314 + 125) determined for Bor-
garhraun (Hauri et al, 2002) may reflect the diversity of man-
tle melts supplied to Borgarhraun (Maclennan et al., 2003). It is
expected that undegassed, enriched mantle melts with high Nb
concentrations would also have high CO, concentrations, and a
correspondingly greater CO,/Nb than depleted primary melts (e.g.
Michael and Graham, 2013). We therefore calculate the predicted
CO, content of each melt inclusion using two methods: firstly
with a fixed CO,/Nb of 314, and secondly with CO/Nb = 435
for the enriched endmember and CO,/Nb = 171 for the depleted
endmember. CO2/Nb values for the enriched and depleted end-
members were estimated from the few published studies of CO,
and Nb concentrations in nominally undegassed melt inclusions
(see Supplementary Fig. F for further details), and are close to
the upper and lower bounds of the Borgarhraun value. The pro-
portions of enriched and depleted endmembers and the extent of
crystallisation required to generate the measured compositions of
the Laki melt inclusions were calculated following the method of
Maclennan (2008). The choice of CO,/Nb values for the enriched
and depleted endmembers is the major source of uncertainty in
subsequent calculations.

Once the predicted undegassed CO, content of each melt in-
clusion has been calculated, the amount of CO; lost from each

inclusion during degassing, COIZ"“’"", can be estimated by subtract-

ing the amount of CO, measured in the inclusion, Cogwas’mi:

lost, mi pr,mi mi
COZOS mi_ COZ _ Cog‘zeas mi (3)

This is shown in Fig. 8. It is important to note that, unless the
CO, contained within vapour bubbles is taken into account, the
CO; lost from the melt inclusions will be overestimated. Melt in-
clusions with the highest saturation pressures have lost the least
CO, prior to entrapment (Fig. 8), as is predicted from solubility
models. At any given pressure, the most enriched inclusions have
lost the most CO;, while the most depleted inclusions have lost
almost none of their CO,. This is observed whether a fixed or vari-
able CO,/Nb is assumed for the primary melt. Enriched primary
melts, with higher absolute CO, concentrations than depleted pri-
mary melts, are most useful for investigating deep degassing in
magmatic systems because a range of melt inclusion saturation
pressures are recorded during crystallisation and degassing. De-
pleted melt inclusions with low initial CO, concentrations are not
useful for constraining deep degassing behaviour, because they re-
main vapour-undersaturated to shallow levels.

4.6. Mass of CO, degassed from the Laki magma

The total mass of CO, lost from the Laki magma can be calcu-
lated by associating each inclusion with a mass of melt. The mass
of melt present in the Laki magmatic system when a melt inclu-
sion is trapped, M™e!, can be calculated as follows:

Mmelt — (l — Xmi) Mtot (4)
(1 —=Xgq)

CO; lost, ppm
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Fig. 8. Predicted CO; loss calculated for each melt inclusion; symbols colour-coded
for La/Yb. Melt inclusions trapped at the highest pressures have lost the least CO,
prior to entrapment, as is expected from solubility models. At any given saturation
pressure, the most depleted inclusions have lost the least CO, since they remain
vapour-undersaturated to very shallow levels. The most depleted melt inclusions,
with La/Yb ~ 1, appear to be undegassed.

where X;; is the extent of crystallisation from the initial primary
melt required to generate the melt inclusion composition, and Xg
is the extent of crystallisation required to produce the average ma-
trix glass composition. The total mass of magma erupted from the
Laki fissure, M, was estimated assuming a total erupted volume
of 15.1 km> (Thordarson and Self, 1993) and a melt density of
2750 kg/m3 (Passmore et al., 2012). The mass of melt represented
by each melt inclusion can then be calculated by taking a running
or weighted mean of N inclusions:

Mmi — M_m (1- X_ml) (5)
N (11— Xg)

The cumulative CO, lost is then given by:
N

M(tzoéz — Z Mmi,icolzost,mi,i (6)

i=1

The total CO; mass release for the Laki magma, Mé‘gz, was cal-
culated using forward and inverse models. The inverse model used
the Petrolog3 program (Danyushevsky and Plechov, 2011) to cal-
culate a reverse fractional crystallisation trend for the Laki carrier
liquid in 1% intervals, and the compositions of olivine, clinopyrox-
ene and plagioclase in equilibrium with the melt were calculated
at each interval. The value of (1 — X;;;) was then estimated for each
melt inclusion by comparing its host olivine composition with the
calculated reverse fractional crystallisation trend. This model as-
sumes that the melt inclusions lie along a single liquid line of
descent, and does not account for melt mixing in the Laki mag-
matic system. The forward model used the method of Maclennan
(2008) to calculate the proportions of enriched and depleted end-
members, and the extent of fractional crystallisation required to
generate each of the Laki melt inclusion compositions (Xp,;) and
the glass composition (Xg). The enriched and depleted endmem-
bers used in this calculation represent the most extreme composi-
tions present in Icelandic melt inclusions.

The results of our calculations are summarised in Fig. 9. The
preferred value of CO, mass release is 304 Mt, which was calcu-
lated using the inverse model with variable CO,/Nb for enriched
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Fig. 9. Cumulative CO, mass release from the Laki magma. The inverse model was calculated by reverse fractional crystallisation of the Laki tephra glass composition
(Danyushevsky and Plechov, 2011), and does not account for magma mixing in the Laki plumbing system. The forward model uses the method of Maclennan (2008) to
calculate the effect of concurrent crystallisation and mixing of enriched and depleted parental melts. Approximately 300 Mt CO, was released from the Laki magma. The
choice of fixed or variable CO,/Nb for the magma source does not significantly affect the calculated total CO, mass release. (a) Cumulative CO, mass release vs. mass fraction
crystallised, demonstrating that crystallisation and degassing occurred concurrently in the Laki magma. F = 1 is defined to be the composition of the Laki carrier liquid at the
time of eruption, which is in equilibrium with Fo7;-Fogg olivine. If the value of F associated with the composition of magma stored within the magma reservoir immediately
prior to eruption is known, then it is possible to estimate the CO, release expected if that magma were to erupt. For example, if magma stored in the Laki magma chamber
was in equilibrium with Fo77 olivine, corresponding to F = 0.75, then ~50% of the total CO, release would be associated with magma chamber degassing as this melt
crystallised, ascended and erupted, i.e. melts where 0.75 < F < 1. The remaining ~50% of the CO, would then be associated with passive degassing from parental melts to
those stored in the magma chamber, in equilibrium with Fo > 77 olivine (i.e. F < 0.75), as they fractionated in the lower crust. (b) Cumulative CO, mass release vs. melt
inclusion saturation pressure. The histogram shows the number of analyses per 0.1 kbar pressure interval. Over 80% of the CO, mass release occurred in the shallow crust
at pressures <3 kbar. The grey shaded region shows the pressures of final mineral-melt equilibration predicted using clinopyroxene-melt barometry (Neave et al., 2013).
Melt inclusions recording saturation pressures shallower than this depth range may have undergone CO; loss, and their calculated saturation pressures provide a minimum

estimate of the entrapment pressure.

and depleted endmember compositions. This is the only calcula-
tion to take into account the full extent of geochemical variability
in the melts supplied to the Laki magmatic system. However, the
calculations using fixed CO,/Nb produce estimates of CO, mass re-
lease that are only 8% lower than if variable CO,/Nb is used. The
value of 304 Mt CO, refers to the total mass of CO, released from
the Laki magma, and includes deep, ‘passive’ degassing as well as
the CO; release associated with magma ascent during the eruption
itself.

The rate of CO, degassing as a function of the mass fraction
of melt crystallised is relatively constant (Fig. 9a). If the degree
of fractionation required to generate the composition of magma
stored within the magma reservoir immediately prior to eruption
is known, it is possible to calculate both (1) the CO, release associ-
ated with the ascent and eruption of this magma composition, and
(2) the CO, released passively as parental melts to those stored in
the magma chamber fractionate in the lower crust. This is illus-
trated in Fig. 9a.

Our calculations suggest that approximately 60% of the to-
tal CO, mass release from Laki occurred at pressures <2 kbar
(Fig. 9b). This is similar to Kilauea volcano, Hawaii, where most
of the CO; is exsolved at summit reservoir pressures between
~0.5 and 1 kbar (e.g. Gerlach, 1986; Gerlach et al., 2002). How-
ever, we note that melt inclusions recording saturation pressures
<0.7 kbar may have been affected by CO, loss (see Section 4.2),
and we suggest that these inclusions may have been trapped at
pressures >1 kbar. The data may suggest that degassing from shal-
low magma storage zones dominated the Laki CO, budget. Alterna-
tively, this shallow CO; release may be associated with the erup-
tion itself, which would indicate that melt inclusions with shallow
saturation pressures were trapped at a late stage, during magma
ascent from a deeper crustal reservoir. Only ~16% of the CO, mass
release at Laki occurred at pressures >4 kbar (Fig. 9b), which sug-
gests that deep, passive CO, degassing formed only a minor con-
tribution to the total CO, release from the Laki magmatic system.

Our calculated total mass release of 304 Mt CO, from the Laki
magma is somewhat lower than the 348 Mt CO, calculated by
Thordarson et al. (1996). There are several possible reasons for this
discrepancy. Firstly, Thordarson et al. (1996) assumed pre-eruptive
and ‘degassed’ CO, concentrations of 8530 and 1480 ppm respec-
tively, which are almost certainly overestimates of the true CO,
concentrations (Thordarson et al., 1996). This is an artefact of the
analytical method, which measured the compositions of gases re-
leased by vacuum fusion of crushed melt inclusion-bearing plagio-
clase phenocrysts and of crushed tephra glass samples Oskarsson
et al. (1984). Laki tephra glasses contain fluid-filled microbubbles
(@lafsson et al., 1984), and are therefore much more CO,-rich than
the true degassed Laki magma: our study indicates that glass from
the Laki tephra has degassed almost all of its CO,. Similarly, it
has been suggested that Laki plagioclases contain CO, bubbles
that were trapped as a free vapour phase during crystallisation
(Métrich et al., 1991). It has also been demonstrated that the high-
anorthite cores of Laki plagioclase macrocrysts did not crystallise
directly from the Laki magma and are xenocrystic in origin (Neave
et al, 2013); thus, any CO, contained in melt inclusions or bub-
bles in these high-anorthite cores cannot not be simply associated
with the Laki magma. Secondly, our calculated CO, mass release of
304 Mt is based on a maximum CO,/Nb of 435 for enriched Ice-
landic primary melts. If this value underestimates the true CO,/Nb
of enriched primary melts, then our calculations underestimate the
initial CO, content of the Laki magma, and therefore provide only
a minimum estimate of the total CO; mass release.

The values of CO, mass release calculated in this study and by
Thordarson et al. (1996) are based on degassing from the mass
of melt required to produce an erupted volume of 15.1 km? from
the Laki vents, but do not account for CO, released from magma
intruded into the shallow crust. If it is assumed that intrusions
are emplaced at pressures of ~1-2 kbar, then these intrusions
would be expected to degas between 40 and 60% of their total
CO, (Fig. 9b). The ratio of erupted to intruded volume for the
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Krafla Fires eruptions of 1975-1984 has been estimated at 0.3
(Harris et al., 2000). A similar erupted to intruded volume ratio
for Laki would increase the total CO, mass release from Laki by
400-600 Mt, thus increasing the total CO, budget of the eruption
by a factor of 2 to 3.

5. Conclusions

Volatile concentrations in olivine-hosted melt inclusions from
Laki have been used to investigate post-entrapment degassing pro-
cesses in melt inclusions and to reconstruct the deep degassing
history of the Laki magma prior to its eruption. Vapour bubbles
in melt inclusions from Laki may contain >90% of the total CO,.
This means that unless the CO, sequestration into bubbles is taken
into account, the total CO, content of the inclusion will be un-
derestimated, and any subsequently derived parameters such as
saturation pressures calculated using solubility models will be too
low. If post-eruption quenching is too rapid then CO, may not
have sufficient time to diffuse into the bubble before solidifica-
tion. The presence of a vapour bubble therefore cannot be taken as
evidence that significant post-entrapment CO, exsolution has oc-
curred within a melt inclusion.

The behaviour of CO, and Nb as similarly incompatible trace
elements during crystallisation of a vapour-undersaturated melt
enables the use of CO,/Nb for deconvolving the effects of crys-
tallisation and degassing. A positive correlation between CO,/Nb
and host olivine composition in the Laki melt inclusions demon-
strates that crystallisation and degassing occurred concurrently in
the Laki magmatic system. CO,/Nb can also be used to recon-
struct the undegassed CO, concentration of a melt inclusion if the
CO3/Nb of the primary melt is known. La/Yb variability in the Laki
melt inclusions indicates that compositionally diverse mantle melts
were supplied to the Laki magmatic system, and the enriched and
depleted primary melts are expected to have different CO,/Nb val-
ues. By modelling the combined effects of melt mixing, crystalli-
sation and degassing, we have determined the degassing path of
the Laki magma with respect to pressure and extent of crystalli-
sation. Melt inclusions trapped at the highest pressures have lost
the least CO,, as predicted from volatile solubility models. At any
given saturation pressure, the most enriched melt inclusions have
lost the most CO,, while depleted inclusions have degassed very
little CO,. Depleted melt inclusions with low CO, concentrations
remain vapour-undersaturated to low pressures, and are therefore
not useful for constraining deep degassing behaviour in magmatic
systems.

We calculate that a minimum of 304 Mt CO, was released dur-
ing degassing of the Laki magma. If CO, degassing from magma
intruded into the upper crust is taken into account, the total CO,
mass release from Laki may increase by 400-600 Mt, doubling or
tripling the total CO, budget of the eruption. Our results demon-
strate the utility of CO,/Nb in investigating deep degassing pro-
cesses, and have potential application for the development of gas
flux monitoring at infrequently active basaltic volcanoes.
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