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Abstract The CO2 contents of olivine-hosted melt inclusions have previously been used to constrain the
depth of magma chambers in basaltic systems. However, the vast majority of inclusions have CO2 contents
which imply entrapment pressures that are significantly lower than those obtained from independent
petrological barometers. Furthermore, a global database of melt inclusion compositions from low H2O
settings, indicates that the distribution of saturation pressures varies surprisingly little between mid-ocean
ridges, ocean islands, and continental rift zones. 95% of the inclusions in the database have saturation
pressures of 200 MPa or less, indicating that melt inclusion CO2 does not generally provide an accurate
estimate of magma chamber depths. A model of the P-V-T-X evolution of olivine-hosted melt inclusions was
developed so that the properties of the inclusion system could be tracked as the hosts follow a model
P-T path. The models indicate that the principal control on the saturation of CO2 in the inclusion and the
formation of vapor bubbles is the effect of postentrapment crystallization on the major element
composition of the inclusions and how this translates into variation in CO2 solubility. The pressure difference
between external melt and the inclusion is likely to be sufficiently high to cause decrepitation of inclusions
in most settings. Decrepitation can account for the apparent mismatch between CO2-based barometry and
other petrological barometers, and can also account for the observed global distribution of saturation
pressures. Only when substantial postentrapment crystallization occurs can reconstructed inclusion
compositions provide an accurate estimate of magma chamber depth.

1. Introduction

The solubility of CO2 in basaltic melts is a strong function of pressure [Mysen et al., 1975; Stolper and Hollo-
way, 1988]. It has long been realized that the CO2 content of olivine-hosted melt inclusion may, therefore,
preserve information about the pressure of inclusion entrapment [Anderson and Brown, 1993]. These pres-
sures may then be related to the depth of olivine growth in magma bodies, and compared with indepen-
dent petrological and geophysical constraints on the positions of magma chambers under active volcanic
systems [Anderson and Brown, 1993; Metrich and Wallace, 2008; Shaw et al., 2010; Wanless and Shaw, 2012].
It is commonly understood that the melt inclusion CO2 can only provide a minimum estimate of the depth
of entrapment because melts may have been CO2 undersaturated when the host olivines grew [Metrich and
Wallace, 2008]. Rare suites of apparently CO2 undersaturated inclusions provide important constraints on
the CO2 contents of mantle melts and their source regions [Saal et al., 2002]. Given these constraints on the
distribution of CO2 contents of mantle melts and geophysical constraints on the depth range of storage
zones in magmatic systems, it is likely that inclusions are commonly trapped from CO2-saturated melt [Met-
rich and Wallace, 2008]. This finding has encouraged the use of olivine-hosted melt inclusions as barometers
in basaltic systems [Shaw et al., 2010; Wanless and Shaw, 2012].

The composition of olivine-hosted melt inclusions is modified by processes that occur after their entrap-
ment. Postentrapment crystallization of olivine on the inclusion walls changes the major element composi-
tion of the remaining liquid and raises the concentrations of all elements that are incompatible in olivine.
The concentrations of certain elements can also be influenced by diffusive exchange. Fe-Mg interdiffusion
can cause significant Fe loss from inclusions after postentrapment crystallization [Gaetani and Watson, 2000;
Danyushevsky, 2002]. Rapid diffusion of H species through olivine allows for rapid re-equilibration of the
inclusion with the external melt, leading to both dehydration [Massare et al., 2002; Chen et al., 2011; Gaetani
et al., 2012] and hydration [Hartley et al., 2015] of inclusions.
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Many melt inclusions are also observed to contain vapor bubbles and it is likely that most of these bubbles
form after entrapment of the inclusion. Bubbles may also be incorporated into the inclusion at the time of
entrapment, but such heterogeneous entrapment appears to be relatively rare in natural sample sets [Hart-
ley et al., 2014]. The bubbles observed in melt inclusions are sometimes referred to as shrinkage bubbles
because differential thermal contraction of host olivine and melt can lower pressure in the inclusion and
generate CO2 saturation [Tait, 1992; Lowenstern, 1995]. Postentrapment crystallization may also play a
role in formation of these bubbles [Roedder, 1984]. Crystallization of olivine on the inclusion walls simulta-
neously lowers the pressure and raises the CO2 content in the liquid of the inclusion, favoring saturation
[Steele-Macinnis et al., 2011; Sides et al., 2014; Aster et al., 2016]. Another important feature of postentrap-
ment crystallization is that it modifies the major element composition of the melt. The solubility of CO2

in basalts is controlled not only by pressure, but also by major element composition [Dixon et al., 1995;
Shishkina et al., 2014]. The models presented later in this paper indicate that this effect is perhaps the domi-
nant cause of bubble formation in olivine-hosted melt inclusions.

When a vapor bubble forms in an olivine-hosted melt inclusion it can sequester a large proportion of the CO2

that was initially dissolved in the melt at the time of entrapment [Anderson and Brown, 1993]. A number of
approaches have been used to reconstruct the original composition of the inclusion at the time of entrap-
ment by adding the mass of CO2 contained in the bubble back into the inclusion glass. Some studies have
based this reconstruction upon measurements of the relative volumes of bubbles and inclusions and assump-
tion of equilibration between the analyzed glass CO2 content and the bubble at some fixed P-T conditions
[Anderson and Brown, 1993; Shaw et al., 2010]. More recently the mass of CO2 present in the bubbles has been
estimated using either cooling stages or Raman spectroscopy [Esposito et al., 2011; Hartley et al., 2014; Moore
et al., 2015; Wallace et al., 2015]. These additional measurements help to better constrain the CO2 budget of
the inclusion system. Another approach involved experimental heating of olivine-hosted inclusions, with the
aim of rehomogenizing the inclusion system to a silicate melt which can then be quenched to recover the
CO2 content at the time of entrapment [Cervantes and Wallace, 2003; Wallace et al., 2015; Hudgins et al., 2015].
However, it is known that the temperature of homogenization in such experiments is significantly higher than
the likely entrapment temperature, a mismatch which will cause the reconstructed relationship between CO2

and major elements contents of the inclusion system to deviate from the natural case [Sobolev and Danyush-
evsky, 1994; Massare et al., 2002; Wallace et al., 2015; Mironov et al., 2015; Schiavi et al., 2016].

In this contribution, I first use a global compilation of observed melt inclusion compositions to assess the
correspondence between calculated CO2 saturation pressures and independent petrological and geophysi-
cal indicators of the likely depths of olivine growth and inclusion entrapment. I restrict this compilation to
settings where the H2O contents of the melts are relatively low and therefore have a negligible effect of the
CO2 saturation pressure estimates for the inclusions. This criterion restricts the study to mid-ocean ridge
basalts (MORB), ocean island basalts (OIB), and a few samples from continental rift zones (CRZ), giving a
data set with a 75th centile at 0.5 wt % H2O. I then develop a model of the P-V-T-X evolution of olivine-
hosted melt inclusions in water-free systems, and explore how the initial conditions of inclusion entrapment
are reflected in the observed characteristics of the analyzed inclusion system. I confirm that bubbles formed
upon cooling of the host are expected to sequester significant quantities of the inclusion CO2 and find that
the change in melt composition during crystallization plays a key role in bubble formation. However,
barometry based on reconstructed inclusion compositions systematically underestimates the depth of
inclusion entrapment when compared with independent barometric constraints. I conclude that decrepita-
tion of melt inclusions, where the inclusion ruptures and loses CO2 to the external melt, is the dominant
process that controls the observed distribution of CO2 in the compiled data set. Model results indicate, how-
ever, that when host olivines undergo substantial cooling intervals before eruption, the pressure decrease
and bubble growth associated with the postentrapment crystallization may be sufficient to prevent decrepi-
tation. In these rare cases, reconstruction of the inclusion composition may provide an accurate estimate of
inclusion entrapment depth.

2. Barometric Inconsistencies: An Example From Iceland

The Eastern Volcanic Zone of Iceland has been the focus of a number of recent studies which have sought
to better constrain the depth of magma chambers. A number of petrological approaches can be used to
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estimate the pressures of crystal growth and melt inclusion entrapment in the magma chambers that feed
the large fissure eruptions of this zone. The 1783 AD Laki eruption has been of particular interest [Thordar-
son and Self, 1993; Guilbaud et al., 2007; Passmore et al., 2012; Neave et al., 2013; Hartley et al., 2014]. The
Laki samples carry macrocrysts of olivine, clinopyroxene, and plagioclase which record an interval of sub-
stantial cooling and crystallization in the crust. Large macrocrysts have core compositions that are signifi-
cantly too primitive to be in equilibrium with the carrier liquid (Mg# 5 44), with olivines ranging up to Fo87,
plagioclase to An89, and clinopyroxene to Mg# of 84. Detailed microanalytical and textural studies have
demonstrated that the melts which were trapped as melt inclusions in olivines were very similar to those
which also crystallized to form clinopyroxene and plagioclase within the Laki plumbing system [Neave et al.,
2013]. Parameterization of clinopyroxene-melt equilibria, based upon a version of the Putirka [2008] thermo-
barometer that has been corrected for systematic errors, was used to determine that the pressure of crystal-
lization of the clinopyroxene was dominantly in the range 3–5 kbar [Neave et al., 2013], a range that is
similar to the uncertainty on the barometer of 61.4 kbar. These depths of crystallization of clinopyroxene
macrocrysts are consistent with more recent work on other large eruptions from the host system for Laki,
Gr�ımsv€otn [Neave et al., 2015].

The Laki macrocrysts are carried to the surface by a liquid which is saturated in olivine, clinopyroxene, and
plagioclase. These phases are present as relatively small phenocrysts within the groundmass glass of tephra
samples, and these phenocrysts are close to chemical equilibrium with the carrier liquid with, for example,
olivines at Fo72 [Neave et al., 2013]. The barometric method of Yang et al. [1996], which is based upon equi-
librium between olivine, plagioclase, augite, and melt (OPAM), was then applied to the carrier liquid compo-
sitions. Clean tephra glasses were used as these liquid compositions, and found to provide estimates of a
final equilibration pressure of 1–2 kbar [Neave et al., 2013]. Textural evidence indicates that this pressure
estimate must be a hard minimum bound on the pressure of melt inclusion entrapment.

The CO2 contents of olivine-hosted melt inclusions from Laki has recently been presented by Hartley et al.
[2014], who measured both inclusion glass compositions and the density of the CO2 vapor bubbles that
were present in most of the inclusions. By combining their measurements of the major element composi-
tions of the inclusion glasses with the CO2 contents, it was possible to use the recent parameterization of
CO2 solubility from Shishkina et al. [2014] to determine an apparent saturation pressure, Psat, for each melt
inclusion. The results of this calculation are presented in Figure 1.

There is a striking inconsistency between the petrological barometers based on major element chemistry
and those based on CO2. The data set of Hartley et al. [2014] includes 116 inclusions, predominantly from
the most forsteritic olivines in Laki but covering the full range in observed macrocryst and phenocryst com-
positions. Of these, 53 contained a bubble with measurable CO2, 25 contained a bubble with CO2 contents
below the detection limit of the Raman spectroscopy and 38 contained no bubble. When saturation pres-
sures were calculated using the CO2 contents of the inclusion glasses alone, all of the pressures are less
than that of the expected range of macrocryst growth, and about 90% are lower pressure than the final
equilibration pressure of the major constituents of the carrier liquid. However, the textural evidence indi-
cates that melt inclusion entrapment took place at the same pressure as the clinopyroxene grew.

Attempted reconstruction of the original inclusion composition by addition of the CO2 measured in the
bubbles back into the glass shifts the distribution of estimated Psat to higher pressures. However, the funda-
mental inconsistency remains: half of the inclusions record Psat which are less than the barometric con-
straints on the minimum carrier liquid equilibration pressure. Less than 10% of the reconstructed inclusions
record Psat that lie within the range expected from results of the clinopyroxene-liquid barometry and textur-
al studies [Neave et al., 2013]. Bubbles matter, but perhaps not as much as had been hoped.

3. A Global Compilation of CO2 Saturation Pressures in Basalts

The case study of Laki demonstrated an apparent inconsistency between estimates of magma storage
depth derived from CO2 and those based on independent petrological barometers. In order to establish the
wider importance of such barometric mismatches, a global data set of olivine-hosted melt inclusions was
built from the literature. The recent parameterization of CO2 solubility in mafic melts by Shishkina et al.
[2014] provides an accurate representation of the influence of both pressure and melt composition on solu-
bility. Calculations of Psat based on this parameterization are only likely to be effective for melts with
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relatively low water contents. Joint CO2-H2O solubility models show that for a given melt CO2 content, rais-
ing the melt H2O increases the Psat estimates. Limiting Psat calculations to magmatic settings with relatively
low water contents minimizes this systematic offset. The database therefore contains olivine-hosted melt
inclusion analyses from mid-ocean ridge basalts (MORB), ocean island basalts and a few continental rift
zone samples (CRZ). A large number of melt inclusion analyses are available from Iceland and these are
therefore considered as a fourth category in the comparison of settings. The maximum H2O of melt inclu-
sions in the database is 2.1 wt %, which, given the CO2 contents of those inclusions leads to a systematic
underestimate in Psat of less than 30 MPa. This effect is much less important for most of the data set: the
median H2O content of the inclusions is 0.26 wt %.

The quantity of volatile data from olivine-hosted melt inclusions has expanded enormously over the last
decade, such that 2878 compositions were available in total. The data sources are provided in Table 1.

3.1. Comparison of Methods of Estimating Inclusion CO2 at Entrapment
The individual data sets that were combined to generate the global compilation use different methods to
estimate the CO2 content of the inclusions at the time of entrapment, as described in section 1. The results
of the Psat calculations for these different methods are presented in Figure 2.

Table 1. Data Sources for Literature Compilation of Melt Inclusion CO2 Contents

Setting References

Mid-ocean ridges Saal et al. [2002], Colman et al. [2015], and Wanless and Shaw [2012]
Wanless et al. [2014, 2015]

Ocean islands Anderson and Brown [1993], Cabral et al. [2014], and Di Muro et al. [2014]
Koleszar et al. [2009], M�etrich et al. [2014], Sides et al. [2014], and Wallace et al. [2015]

Iceland Hartley et al. [2014] and Neave et al. [2014, 2015]
Continental settings Kamenetsky et al. [2007] and Head et al. [2011]

Hudgins et al. [2015] and Oppenheimer et al. [2011]

Figure 1. (a-c) Olivine-hosted melt inclusions from the study of Laki by Hartley et al. [2014]. Note the prevalence of inclusions hosting single vapor bubbles. In Figure 1a, the position of
an ion-probe analysis pit can be seen in the central inclusion. (d) Saturation pressure estimates recovered from the Laki melt inclusion data set of Hartley et al. [2014] using the parame-
terization of Shishkina et al. [2014]. The Psat is plotted as cumulative fraction of the 116 analyzed inclusions. The black line shows Psat for melt with the CO2 of the measured inclusion
glasses. The red line shows that for the reconstructed inclusion compositions, where the measured bubble has been added back to the glass by calculation. Two inclusions, which had
anomalously large vapor bubbles, of over 5% of the volume of the inclusion, were removed from this data set. The grey shaded fields show the pressure ranges of the clinopyroxene-
liquid barometry and OPAM barometry described in the main text.
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The different methods of recon-
struction of initial melt inclusion
compositions provide remarkably
similar distributions of Psat: The
cumulative distribution curves for
uncorrected inclusions, inclusions
with postentrapment crystalliza-
tion corrections and experimen-
tally heated inclusions are almost
coincident. The 90th percentile
for these three distributions lies at
149, 148, and 154 MPa, respec-
tively, with an almost uniform dis-
tribution of points to lower
pressure. The distribution of Psat

for inclusions where the correc-
tion involves bubble addition
look slightly different with a 90th

percentile at 250 MPa and a longer tail out to higher pressures. About 10% of the bubble-corrected inclusions
record Psat that is higher than the decrepitation threshold for large inclusions in olivine suggested by Wanamaker
et al. [1990], as described later in the text.

3.2. Comparison of Settings
The cumulative distribution curves of Psat for subgroups of the global data set according to magmatic set-
ting are shown in Figure 3. The distribution of observed CO2 contents in each setting is also shown in this
figure, and demonstrates that all settings preserve a large range of inclusion compositions. While 90% of
the inclusions in the data set contain less than 1178 ppm CO2, a long tail is present in the distribution for
each setting from about 1000 ppm up to 3000 ppm. The distributions for ocean islands and continental vol-
canics are offset to slightly higher CO2 contents than those of the MORB and Iceland distributions. The simi-
larity of the MORB and Iceland distributions should be noted.

The inclusion CO2 contents were converted into Psat using the major element compositions of the inclusions
and the solubility parameterization of Shishkina et al. [2014]. This conversion brings the distribution curves

from each setting closer togeth-
er for Psat than was observed in
the CO2 plot. The cause of this
shift is that the compositional
parameterization includes terms
such that the CO2 solubility is
increased with increasing alkali
contents in the melt and decreas-
ing silica. Therefore, the higher
alkali contents and low silica
contents of OIB and CRZ mafic
volcanics leads to higher CO2 sol-
ubility at fixed pressure, squeez-
ing the OIB and CRZ distributions
of Psat to lower pressures.

The result of taking the compo-
sitional dependence of solubili-
ty into account reveals the
striking similarity of saturation
pressures in each setting. These
similarities are at first surprising.
If the CO2 contents of melt

Figure 2. Cumulative distribution functions for the calculated Psat in the data set, subdi-
vided according to the method of reconstruction of the inclusion composition at the time
of entrapment. The black line, ‘‘Raw,’’ refers to inclusions that have had no correction
applied (n 5 1342). The red line, ‘‘PEC,’’ is for inclusions that have had standard postentrap-
ment crystallization corrections applied to their compositions (n 5 868). The blue line,
‘‘Hom,’’ refers to inclusions that have been experimentally heated with the aim of rehomo-
genization of any bubbles into the melt inclusion (n 5 205). The green line, ‘‘Bub,’’ shows
inclusions where the estimated CO2 content of any bubble has been added back into the
measured glass by calculation (n 5 515). The grey shaded area shows the likely range of
pressure differences between inclusion and exterior required to decrepitate the inclusion
[Wanamaker et al., 1990; Campione et al., 2015].

Figure 3. (a) Cumulative distribution functions for the observed and reconstructed CO2

content of olivine-hosted melt inclusions according to magmatic setting: mid-ocean ridges
(MORB, n 5 1003); ocean islands (OIB, n 5 843); Iceland (n 5 849); continental rift zones
(CRZ, n 5 170). (b) Cumulative distribution functions for the calculated Psat in the data set,
subdivided according to the magmatic settings. The range of expected inclusion decrepi-
tation pressures is shown as a grey box.
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inclusions carry a record of depths of magma storage, then these distributions would be expected to vary
significantly between settings. Variations in lithospheric thickness, crustal thickness, and melt supply rate
are all expected to influence the depth distribution of magma chambers [McKenzie and Bickle, 1988; Morgan
and Chen, 1993; Annen and Sparks, 2002; Geist et al., 2014]. Thick lithosphere is likely to be related to deeper
crystallization of rising mantle melts. Many of the samples in the OIB suite are from ocean islands such as
Hawaii, where lithosphere of 90 km or more is present. Similarly thick lithosphere may be found in continen-
tal settings. Nevertheless, the distribution of Psat from these settings is very similar to MORB, where the lith-
ospheric thickness is generally less than 90 km. Crustal thickness has long been thought to influence the
depth distribution of magma storage because there is a substantial density shift at the Moho. While Iceland
has an average crustal thickness of �30 km, typical MOR crustal thickness is less than �10 km. However,
this variation in crustal thickness and the likely control on the depth of magma storage is not reflected in
the saturation pressures of CO2 in melt inclusions from these settings: MORB and Iceland have barely distin-
guishable distributions of Psat.

3.3. Might Decrepitation Control the Psat Distribution?
The similarity of the distributions of Psat from differing magmatic settings is a surprise. While the mass and
thermal budget of these settings differ markedly and should correspond to varying distributions of magma
storage depth, the distribution of the CO2 content of melt inclusions appears to be insensitive to such fun-
damental variations. Taken together with the summary of observations from the Laki eruption presented in
the previous section, this evidence indicates that the CO2 contents of olivine-hosted melt inclusions do not
provide accurate barometric constraints on the depth of magma chambers in basaltic settings.

The observed melt inclusion Psat do not record their entrapment pressures in straightforward fashion and
it is therefore important to explore the processes that control this mismatch. The methods that have been
used to correct observed melt inclusion composition for postentrapment processes are clearly failing to
reconstruct the original CO2 composition in most cases. One processes that is not possible to correct for,
because it involves irreversible loss of mass, is decrepitation of the inclusion. An experimental study of the
decrepitation of CO2 fluid inclusions in San Carlos olivine at magmatic temperatures found an apparent
relationship between inclusion radius and the pressure retained in the inclusions during the experiment
[Wanamaker et al., 1990]. For inclusions with a radius of >10 lm, the maximum pressure difference
between the inclusion and the exterior that can be maintained with decrepitation is 220 MPa. The propen-
sity for smaller inclusions to avoid decrepitation is well known from the study of fluid inclusions [Bodnar
and Bethke, 1984]. These observations have recently been further modeled by Campione et al. [2015]. Their
calculations indicate that smaller inclusions, with diameters of <10 lm, may retain higher pressure
differences between inclusion and host before decrepitation. In addition to these models, it has long
been understood that observations of melt-filled cracks and haloes of tiny inclusions around large inclu-
sions may indicate a role for decrepitation in the evolution of olivine-hosted inclusions [Roedder, 1965;
Portnyagin et al., 2005].

It is notable that the observed distributions of inclusion Psat from CO2 measurements are dominated by
pressures lower than the experimental decrepitation pressure of olivine-hosted fluid inclusions (Figures 2
and 3). Furthermore, all of the cumulative distributions show a change in gradient over a pressure interval
between the decrepitation pressure and about 130 MPa. These observations indicate that decrepitation of
olivine-hosted melt inclusions can account for the mismatch between the observed distribution of Psat and
the results of independent petrological barometers, for example, at Laki, and for the lack of sensitivity of
this distribution to fundamental variations in the magmatic setting. Further evidence for the role of decrepi-
tation comes from rare cases where both fluid inclusions and melt inclusions from a single suite of olivines
have been examined for their CO2 contents. These studies find that the small fluid inclusions preserve sys-
tematically higher pressures than the larger melt inclusions [M�etrich et al., 2014].

In order to determine whether decrepitation is likely to occur for inclusions that are trapped at pressures of
�250 MPa, it is necessary to have a method for tracking the evolution of the pressure difference between
the inclusion and the external melt during the transit from the entrapment depth to eventual eruption.
Postentrapment processes are known to reduce the pressure in the inclusion [Roedder, 1984; Steele-Macinnis
et al., 2011; Bucholz et al., 2013] and may help inclusions to avoid decrepitation. The following section there-
fore contains a description of the development of a model that can be used to assess the possible
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importance of decrepitation and more generally to understand how the observed final distribution of CO2

Psat reflects the initial distribution of entrapment conditions.

4. A Model of P-V-T-X Evolution in Olivine-Hosted Melt Inclusions

The observed compositions of olivine-hosted melt inclusions contain information about the conditions of
entrapment but are also substantially overprinted by postentrapment processes. It is therefore desirable
to have a model that can be used to predict how such processes influence inclusion compositions. A
number of thermomechanical models of host-inclusion systems have previously been developed and
applied to olivine-hosted melt inclusions in nature [Tait, 1992; Zhang, 1998; Wallace et al., 2015] and also
to understand the behavior observed during experimental heating [Schiavi et al., 2016]. The goal of the
model described below was to examine how the initial composition of the inclusion is modified as the
olivine host travels through a specified P-T path. This problem is similar to one described for inclusion-
host systems traveling through externally imposed P-T paths in metamorphic rocks by Guiraud and Powell
[2006].

This general model was designed to incorporate two postentrapment effects that have previously been pro-
posed to influence inclusion pressure. The first is the effect of differential contraction of the host and inclu-
sion on cooling [Roedder, 1984; Lowenstern, 1995]. The second is the role of crystallizing a phase with
different density to the melt on the inclusion walls [Steele-Macinnis et al., 2011; Sides et al., 2014]. The model
also includes a third effect that is found to be important. As the melt inclusion major element composition
changes during olivine crystallization, this influences the solubility of CO2 in the melt. According to the solu-
bility model of Shishkina et al. [2014] the removal of olivine from the melt composition can significantly low-
er CO2 solubility and even at fixed inclusion pressure can lead to CO2 saturation.

In order to ensure efficient model development and to provide flexibility to explore a range of host P-T
paths, it was necessary to make a number of simplifications. The model was only run for olivine, although it
could, in principle, be extended to other phases. Only CO2 was included in the models of the solubility of
volatiles in the silicate melt and the equation of state of the fluid. However, the role of H2O on the equilibri-
um between silicates was incorporated in the model. The model results are suitable for comparison with
the global compilation of olivine-hosted melt inclusions in low H2O systems that was presented in the previ-
ous section. The irreversible effects of diffusion and host plasticity [Schiavi et al., 2016] were not included in
the model, with the exception of diffusive controls on CO2 transfer between melt and bubble during erup-
tive quenching of the system. The diffusion of H2O may play a role in the formation of vapor bubbles in
inclusions, but this effect is not thought to be important in H2O-poor systems such as MORB and OIB
[Bucholz et al., 2013].

4.1. Defining a P-T-(t) Path for the Host Crystal
The P-T-(t) path of the host crystal for the inclusion of interest was specified by first setting the entrapment
conditions and then adding segments to the P-T path. The time aspect, t, is only considered during the final
eruptive quenching of the system. The P-T segments were defined to simulate isobaric cooling in a magma
body at fixed depth, adiabatic decompression during melt ascent or quenching after eruption. The models
are flexible so that any number of segments of isobaric cooling and adiabatic decompression can be added.
All that is required is an input of the temperature drop for cooling or the target final pressure for the
decompression.
4.1.1. Conditions of Inclusion Entrapment: Initial P-T-X
An initial melt composition, X, needs to be specified as input to the programme. This composition was cho-
sen to generate plausible parental melts for each of the eruptions to be studied. The initial melt composi-
tion should have a Mg# that is in equilibrium with the olivine host of the melt inclusion of interest. The
programme PETROLOG [Danyushevsky and Plechov, 2011] was used to backward correct high Mg# matrix
glass compositions or plagioclase hosted-melt inclusion compositions for the effect of fractional crystalliza-
tion. It was assumed that the relationship between the observed matrix glass composition and the parental
melt was dominated by olivine crystallization, using the parameterization of olivine-liquid equilibrium from
Beattie [1993]. The assumption of olivine control is not correct in detail, because some Icelandic eruptions
are known to carry high Mg# clinopyroxene and high An plagioclase that have crystallized at high tempera-
ture along with Fo89290 olivines [Maclennan et al., 2003; Winpenny and Maclennan, 2011, 2014]. Furthermore,
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many of these olivines host melt inclusions with highly variable trace element and isotopic compositions
[Gurenko and Chaussidon, 1995; Maclennan, 2008a, 2008b], indicating that melt inclusions and their carrier
liquids are related by concurrent mixing and crystallization rather than evolution along a single liquid line
of descent. Nevertheless, the choice of an initial parental liquid by backward correction to equilibrium with
a fixed olivine composition allows us to investigate the effects of postentrapment crystallization for individ-
ual inclusions. The oxygen fugacity of the system was fixed in the PETROLOG correction models with refer-
ence to the QFM buffer. These corrections were also carried out at a model pressure that was fixed in order
to match the desired inclusion entrapment conditions. Elemental partitioning between olivine and liquid is
thought to be relatively insensitive to pressure, so this model pressure has little influence on the calculation
of the parental melt composition.

The H2O and CO2 contents of the parental melts were also specified. The H2O contents of the parental
melts can be estimated using the measured H2O in the melt inclusions. The H2O of the observed inclu-
sions in the Icelandic suites has been influenced by diffusive homogenization at pressures greater than
those expected for significant H2O loss to a vapor phase [Hartley et al., 2015]. Therefore, the observed
inclusion H2O provides an estimate of the carrier liquid H2O during storage at depth and was input to
the PETROLOG correction models. The CO2 contents of the initial liquids were defined at a number of dif-
ferent values because one of the goals of this modeling approach was to explore the relationship
between melt CO2 contents at entrapment and the final composition of the inclusion glass and vapor
bubble.

The results for Icelandic Eastern Volcanic Zone eruptions, such as Laki, are based on models where the initial
CO2 was typically to match the maximum observed in any of the inclusion glasses (1232 ppm). However,
the models are flexible enough to be able to simulate entrapment at differing levels of supersaturation or
undersaturation in CO2 at the chosen pressure of entrapment.

After the initial melt composition and pressure had been fixed in the model, the temperature of olivine sat-
uration in the liquid was calculated using pressure and the MgO content of the melt with the model of
Sugawara [2000]. This approach allows us to ensure that the melt to be included is saturated in olivine at
the conditions of entrapment. The ferric iron content of the melt at these conditions was then obtained by
setting the oxygen fugacity relative to the QFM buffer and using the model of Kress and Carmichael [1991].
This repartitioning of ferric and ferrous iron has a small effect on the MgO content of the liquid in terms of
wt % oxides, so an iterative approach was used to determine the saturation temperature and ferric iron con-
tent of the melt at entrapment. The host olivine composition was set to be in equilibrium with this initial liq-
uid using the parameterization of Beattie [1993].
4.1.2. Isobaric Cooling
A common feature of basalts from mid-ocean ridge and ocean island settings is that the composition of
olivine macrocrysts is too forsteritic to be in equilibrium with the liquid that carries them to the surface for
eruption [Garcia, 2000; Thomson and Maclennan, 2013] and it is likely that substantial cooling, of 100�C or
more, occurs between inclusion entrapment and the final ascent of the carrier melt prior to eruption. While
barometry of basaltic systems remains imprecise, observations from Iceland indicate that substantial cool-
ing and melt evolution can occur over limited ranges in pressure [Winpenny and Maclennan, 2011]. Such
evolution is therefore modeled using intervals of isobaric cooling.
4.1.3. Adiabatic Decompression
If melt rises quickly toward the surface and loses little heat to the surroundings then its P-T path will roughly
follow that of the adiabat of the host liquid. The adiabatic gradient was calculated using the standard
expression [e.g., McKenzie and Bickle, 1988]. The specific heat capacity was calculated using the host liquid
composition and the method of Lange and Navrotsky [1992] and the density and thermal expansion coeffi-
cient from Lange and Carmichael [1990]. In practice, the cooling during adiabatic decompression is small,
corresponding to �4 �C kbar21.

The subsurface P-T path of the host crystal and its carrier liquid was specified by adding segments of isobar-
ic cooling and adiabatic decompression. The final conditions of storage were chosen in order to match
those thought to be appropriate for the generation of the carrier liquid composition as based on available
thermobarometric estimates. The substantial uncertainties associated with such estimates indicate that a
range of storage and ascent models should be explored for each eruption, to see how these variations in P-
T path may be expressed in the CO2 budget of the melt inclusions.
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4.1.4. Quenching
It has been established that the final parts of the near-surface cooling history of melt inclusions and their
olivine hosts can have an important influence on their volatile element contents, particularly H2O [Gaetani
et al., 2012; Lloyd et al., 2013]. This phase of eruptive quenching at atmospheric pressure was modeled in
order to establish its role in the formation and evolution of CO2-rich vapor bubbles in the inclusions. It was
assumed that no major-element exchange by diffusion or crystallization occurred in the inclusion-host sys-
tem during this quench. In contrast, diffusive exchange of CO2 between the melt inclusion and vapor bub-
ble was allowed under certain circumstances, and the pressure-volume evolution of the inclusion system
was tracked during quenching. The presence of vapor bubbles with varying CO2 density according to the
nature of posteruptive cooling indicates that the quench interval may play an important role in controlling
bubble volume and density and therefore must be modeled [Hartley et al., 2014; Neave et al., 2014]. The
inclusions examined in this paper are from samples with a variety of cooling rates: from clean, glassy pillow
rims, and tephra glass through to partially glassy crusts on the exterior of flow-lobes. Estimates of cooling
rate during these quenches to glass come from the studies by Gottsmann et al. [2004] of Hawaiian pahoe-
hoe crusts (0.1–2 K s21) and Nichols et al. [2009] of pillow lavas (2–50 K s21). For Laki lava samples, it is also
useful to consider a much slower cooling interval during days of residence in flowing lava prior to quench
in pahoehoe lobes, perhaps of as little as 331026 K s21. This slow cooling can also be modeled by an isobar-
ic cooling interval using the technique described in the previous subsection.

The cooling was modeled by setting a value for dT/dt between the temperature of eruption, Tm, and the
glass transition temperature for the inclusion, Tg. Below the glass transition temperature, it is assumed that
the rheology of the inclusion switches so that no further volume change of the bubble can occur.

The glass transition temperature was calculated from the relationship between viscosity at Tg and cooling
rate [Dingwell and Webb, 1990; Gottsmann et al., 2004] and estimates of melt viscosity from the parameteri-
zation of Giordano et al. [2008]. The calculated Tg vary from about 6008C to 750�C.

Partitioning of CO2 between the melt inclusion and vapor bubble is limited by diffusion through the melt
over this cooling interval. While there is relatively little experimental data to constrain CO2 diffusion in basal-
tic melt, a working parameterization was provided in the review of Ni and Keppler [2013]. A rough approxi-
mation of the effect of diffusion-limited exchange was incorporated into the models by estimating an
effective closure temperature, Tc, for CO2 in the melt inclusion, using the expressions of Dodson [1973]. The
higher the specified cooling rate, the higher the apparent closure temperature. The range of inclusion sizes
for the data considered in this paper ranges from about 15 to 100 mm radius, with the lower limited
imposed by the spatial resolution of standard SIMS analyses. At temperatures above Tc during the model
quench, it is assumed that the vapor bubble and melt inclusion can reach equilibrium according to the CO2

solubility laws of Shishkina et al. [2014], while at lower temperatures the mass of CO2 in the bubble and
melt remain fixed.

4.2. Calculation of P-T-(t) Path for Inclusion
We follow the approach of Zhang [1998] and Guiraud and Powell [2006] and model the pressure evolution
of inclusions that are small compared to their host using

VhðP; TÞ
VhðP0; T0Þ

� �
5

ViðPi; TÞ
ViðP0; T0Þ

� �
2

3
4G

Pi2Pð Þ; (1)

where Vh is the volume of the host, Vi is the volume of the inclusion, P and T are pressure and temperature,
with the subscript 0 referring to the entrapment conditions and the subscript i referring to the inclusion.
The shear modulus, G, of the olivine host is set at 90 GPa for the calculations shown below [N�u~nez-Valdez
et al., 2010]. This simple expression provides a good first step for exploring the effects of postentrapment
processes on the evolution of olivine-hosted inclusions. However, if inclusions are large, have complex
geometries, are situated close to the crystal edge or are situated in a strongly anistropic host then a finite
element approach modeling may be required.

Calculation of the relative volume change of the olivine host along the specified P-T path, the left-hand
term in equation (1) is straightforward. The Tait-Equation-of-State (TEOS) for olivine from Holland and Powell
[2011] was used for this purpose. In order to ensure stability of solution, equation (1) was solved for Pi using
a numerical bisection method. While the initial volume of the inclusion, ViðP0; T0Þ, is easy to calculate, the
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volume of the inclusion system varies in more complicated fashion due to the possibility of crystallization of
olivine on the inclusion walls and the exsolution of a CO2 rich vapor or fluid phase from the melt.
4.2.1. Postentrapment Crystallization
Postentrapment crystallization (PEC) of olivine-hosted melt inclusions that are found in glassy or even par-
tially glassy groundmass matrices is typically controlled by olivine crystallization on the inclusion rim. The
extent of postentrapment crystallization was estimated using the relationship between melt MgO content
and temperature for olivine-saturated basaltic liquids proposed by [Sugawara, 2000]. As the host olivine
moves along its specified P-T path, the temperature in the inclusion is assumed to remain the same as that
of the host, allowing the inclusion MgO content to be calculated. The difference between this MgO and the
initial MgO of the entrapped melt is controlled by olivine crystallization on the walls. Using the stoichiome-
try of olivine and a simple parameterization of the partitioning of Fe and Mg between olivine and melt it is
then possible to calculate the fraction of PEC, the olivine composition, and the melt composition. This
approach assumed equilibrium between the all of the PEC olivine and the melt, which simplifies calculation
of the physical properties of the PEC olivine. These calculations were first performed using the parameteri-
zation of elemental partitioning between olivine and melt from [Beattie, 1993], which involved an iterative
solution that was computationally costly and was sometimes unstable. An alternative approach, which used
a K Fe2Mg

d 50:3 was used to improve the initial guesses for the iterative solution, was found to agree to within
a couple of percent PEC with the more complete parameterization. This simpler approach was used to
speed up calculation. The model, at this stage, does not include the effect of diffusive re-equilibration of Mg
and Fe between the host olivine, the growing PEC rim, and the melt. In order to include these effects, more
information about the temporal evolution of temperature in the subsurface plumbing system would have
to be supplied. The composition of the PEC olivine rim and the melt in the inclusion was therefore known
as a function of temperature. It was assumed that ferric iron did not enter the olivine, meaning that the pro-
portion of ferric iron to total iron increased during PEC. The CO2 content of the inclusion was corrected to
account for PEC.
4.2.2. Exsolution of a CO2-Rich Fluid Phase
The concentration of CO2 in the melt in the absence of bubble exsolution was corrected for PEC as
described above. The model of Shishkina et al. [2014] was used to determine the solubility of CO2 in the
melt inclusion, once the melt inclusion composition had been corrected for olivine PEC. This parameteriza-
tion is sensitive not only to the pressure of the melt, but also the major element composition, as shown in
Figures 4–6. The effect of increasing extents of olivine PEC is to substantially decrease the CO2 solubility. If
the calculated CO2 solubility is less than the CO2 in the PEC-corrected melt composition, then a CO2-rich
bubble must form. The relative mass of the CO2 bubble and the remaining melt can be estimated from the
difference between CO2 solubility in the melt and the PEC corrected CO2.

Figure 4. Animated versions of similar material can be found in supporting information movies S1–S3. P-T paths for host and inclusion. The blue line shows the imposed host path, and
the red dotted line the calculated resultant path for the inclusion. (a) Laki model with single decompression step between deep storage and eruption. More details provided in text. (b)
Two-stage model, with isobaric cooling intervals in chambers at two depths. (c) Final conditions of melt inclusion system, calculated at the glass transition temperature, plotted to mimic
appearance of an olivine-hosted melt inclusion under a petrographic microscope. Bright green is the original olivine host and dark green is olivine grown on the inclusion walls during
postentrapment crystallization. The mass percent of such crystallization is shown as ‘‘PEC.’’ The white circle represents the bubble, which has a relative volume given by Vb and contains
a mass fraction Mb of the initial CO2 in the trapped inclusion. The inclusion and bubble are assumed to be spherical and sliced through their centers for the plotting, so that their cross-
sectional areas can be simply related to the volumes. The initial entrapment pressure, Ptr, and the initial CO2 content of the inclusion, COi

2 are shown in the bottom left. The final condi-
tions at the glass transition temperature are shown at the top left, with Pex being the external pressure and Pin the inclusion pressure. The top right shows the compositional properties
that can be analyzed in the system: the final CO2 content of the glass and the density of the bubble.
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4.2.3. Melt Inclusion System Volume
The melt inclusion system volume was calculated as a function of P and T using the relative masses of PEC,
bubble, and melt from above and the relevant expressions for volume/density for the melt from Lange and
Carmichael [1990] and Ochs and Lange [1999], for the olivine from Holland and Powell [2011] and for the
CO2 from the Compensated-Redlich-Kwong equation of state from Holland and Powell [1991]. This approach
was used to calculate the Vi terms in equation (1). This equation was then solved for Pi, allowing the P-T
path of the inclusion to be calculated along with a number of physical and chemical properties of the melt
inclusion system.

5. Model Results

5.1. Models Based on the
Laki-Gr�ımsv€otn System
The results of two models,
roughly based upon observa-
tions from the Laki-Gr�ımsv€otn
system, are shown in Figures 4
and 5. The initial entrapment
conditions at 500 MPa were
based upon previous thermo-
barometric studies of this system
[Neave et al., 2013, 2015]. The
major element content of the ini-
tial trapped melt was based
upon the composition of primi-
tive plagioclase-hosted melt
inclusions from the Saksunarvatn
tephra, an early Holocene prod-
uct of the Gr�ımsv€otn system
[Neave et al., 2015]. This melt is in
equilibrium with olivine with a
forsterite content of 87 mol %
(Fo87), similar to some of the
most forsteritic cores found in

Figure 5. Evolution of selected properties of the inclusion system for the model P-T paths shown in Figure 4, plotted against imposed external temperature. Figures 5a, 5c, and 5e
correspond to the single decompression model and Figures 5b, 5d, and 5f to the two-stage model. (a, b) The extent of postentrapment crystallization, PEC, and the MgO content of the
melt inclusion. (c, d) The evolution of the CO2 in the system. Cliq shows the predicted variation in the CO2 of the melt in the absence of bubble formation: this tracks the enrichment of
incompatible elements in the melt during PEC. Csat is the calculated CO2 solubility in the melt. When Csat is less than Cliq then a bubble forms. The quantity of CO2 in the bubble is
expressed as Cbub, which records the effect on the melt concentration if the bubble CO2 was returned back to the melt. (e, f) The pressure difference between the inclusion and the
exterior of the olivine is plotted as DP. Decrepitation pressures are shown as a grey band.

Figure 6. Evolution of CO2 saturation during postentrapment crystallization in melt inclu-
sion hosted by olivine following the P-T paths from Figure 4a. The left-hand axis shows the
scale for CO2 saturation in the melt inclusion. At the point of entrapment, at high tempera-
ture, the inclusion is slightly undersaturated in CO2, giving negative values on this scale.
The solid black line shows the total saturation: a bubble is predicted to form at about
12808C and grow on further cooling. The right-hand scale shows the variation in saturation
referenced to the initial conditions of entrapment. The green dashed line shows the role
of pressure change alone in controlling the change in saturation. The blue dashed line
shows the effect of enrichment of CO2 in the melt inclusion by PEC. The red line shows the
influence of the changing major element composition of the inclusion during PEC on the
predicted solubility.
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Laki macrocrysts [Neave et al., 2013; Hartley et al., 2014]. The olivine liquidus for this melt at 500 MPa is 1298�C.
An initial melt CO2 content of 4000 ppm was chosen because this value is close to the expected mean parental
Laki melt based on CO2-Nb systematics [Hartley et al., 2014]. These melts are close to CO2 saturation at
500 MPa.

In the model shown in Figure 4a the melt goes through an isobaric cooling interval of 180�C before adiabat-
ic decompression toward the surface. In contrast, Figure 4b shows the results of a model where 80�C of
cooling occurs in the deep chamber, before decompression to a chamber at 150 MPa. A further 100�C
occurs in this shallow body prior to eruption. This two-stage storage model is designed to simulate the P-T
path for typical Laki–Gr�ımsv€otn eruptions from previous petrological studies [Neave et al., 2013, 2015].

The information provided in Figures 4 and 5 show a selection of the calculated properties of the inclusion
system along the imposed P-T paths. The cooling path is shown from the initial entrapment conditions
through to the point at which the glass transition temperature is reached. The evolution of the inclusion
system during posteruptive cooling at low external pressure can have important effects in the final volume
and density of the bubbles, but these variations are not explored here, and instead a rapid quenching rate
of 10 K s21 was used for all the models.

A number of important effects are observed in the subsurface part of the path. First, it is clear that posten-
trapment crystallization plays an important role in lowering inclusion pressure. The final pressure in the
inclusion system is substantially lower than that of entrapment. The change in the slope of the inclusion P-T
path at about 1280�C in these models is caused by the formation and growth of the bubble at the lower
pressures caused by increasing extents of postentrpament cooling. Figures 5e and 5f show that while PEC
initially causes underpressure of �100 MPa in the inclusion, the pressure difference between the exterior
and inclusion increases significantly during pre-eruptive decompression. The peak pressure difference
between the inclusion and exterior occurs at the point of eruption and in these models, this pressure differ-
ence reaches 280 MPa. In nature, such pressure differences may lead to decrepitation of the inclusions.

While the models in Figures 4a and 4b follow differing P-T paths, the initial conditions and the final P-T are
the same. Because the features included in these models are reversible, the final system state is indepen-
dent of the path. However, it should be noted that differences in the path are significant. For example, the
inclusion overpressure is closer to the decrepitation limit for a greater temperature interval in Figure 5e
than in Figure 5f.

The distribution of CO2 in the inclusion system changes substantially as the host olivine follows the speci-
fied P-T paths (Figures 5c and 5d). The predictions of these particular model runs are that over 70% of the
original mass of carbon is transferred to the bubble. The final glass CO2 content of 1535 ppm corresponds
to a calculated saturation pressure of 290 MPa, much less than the entrapment pressure of 500 MPa.

While the main focus of this manuscript is the pre-eruptive behavior of the system, it is worth noting that in
the models shown in Figure 4, the rapid quench leads to the inclusions following a P-T path that is very sim-
ilar to that predicted for the pure CO2 isochore in the bubbles. Furthermore, the relatively high density of
the CO2 in the bubble at the end of the model path is such that if this bubble were to be viewed under STP
conditions then the CO2 would be present as a two-phase mixture of vapor and liquid. If such phase separa-
tion is not taken into account in, for example, Raman measurements of the bubble composition, then recon-
structed inclusion compositions will be systematically low in CO2.

5.2. Why Does Postentrapment Crystallization Cause Bubble Growth?
It has previously been suggested that pressure changes in an inclusion caused by cooling can lead to exso-
lution of a vapor bubble [Roedder, 1984; Lowenstern, 1995]. The pressure variations are driven by differential
contraction of host and inclusion and by the density difference between melt and the olivine that grows
during postentrapment crystallization [Steele-Macinnis et al., 2011]. Enrichment of the melt inclusion in
incompatible elements during PEC can also raise the CO2 content of the melt toward that of saturation.

The causes of varying CO2 saturation in the system can be examined using the model results. A short part
of the postentrapment cooling path from the model of Figure 4a is shown in detail in Figure 6, focusing on
the evolution of CO2 saturation in the system. These results show that the pressure drop and enrichment of
CO2 during postentrapment crystallization contribute almost equally to the increased saturation of CO2 in
the system and therefore the nucleation and growth of bubbles. A third effect which has not previously
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been recognized plays an equally important role in controlling CO2 saturation during postentrapment evo-
lution. As the crystallization proceeds, the major element composition of the melt inclusion varies (e.g., Fig-
ure 5a). The solubility of CO2 is a function of melt composition as well as pressure, and the parameterization
of Shishkina et al. [2014] shows that during olivine crystallization the solubility CO2 can drop substantially.
This important effect needs to be included in models of postentrapment evolution of volatiles in melt
inclusions.

5.3. P-T Paths, Entrapment Conditions, and Decrepitation
5.3.1. Varying Entrapment Pressure
Lower entrapment pressure reduces the maximum pressure difference between the inclusion and the exte-
rior, therefore minimizing the likelihood of decrepitation. The results of the model shown in Figure 7 dem-
onstrate this effect in quantitative terms. The maximum pressure difference between the inclusion and the
exterior in this model is 220 MPa, just beneath the lower limit for decrepitation (Figure 7d). If this inclusion
can avoid decrepitation, then reconstruction of the original composition by adding bubble composition to
glasses may be able to recover information about the depth of entrapment.
5.3.2. Varying Entrapment Temperature
At a given pressure, the model entrapment temperature is lower for melts with more evolved compositions.
Therefore, it is not possible to independently vary entrapment temperature and melt major element com-
position in the model. The calculated inclusion composition for a temperature of 1160�C was taken from
the model shown in Figure 4a and then used as the starting composition for a model where entrapment
takes place at lower temperature (Figure 8). The starting composition was fixed to contain 3300 ppm CO2, a
value that is just undersaturated at 500 MPa for the melt major element composition. The forsterite content
of the olivine host would be 80 mol % in this case.

Figure 7. Model result for Laki model parental melt with entrapment pressure of 4 kbar and initial CO2 of 3500 ppm. (a) Imposed host and
calculated inclusion P-T paths, as for Figure 4a. (b) Selected model inclusion properties, for comparison with Figure 5.

Figure 8. Model result for Laki model parental melt with entrapment temperature of 1160
�
C and initial CO2 of 3300 ppm. (a) Imposed

host and calculated inclusion P-T paths, as for Figure 4a. (b) Selected model inclusion properties, for comparison with Figure 5.
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The model in Figure 8 has a short cooling interval in the magma chamber prior to decompression and erup-
tion. Therefore, the pressure drops in the inclusion associated with postentrapment cooling are limited. In
consequence, the difference between the inclusion pressure and the external melt is large. Decrepitation is
favored in this case compared to the higher temperature entrapment model from Figure 4a.
5.3.3. Varying Initial CO2 Contents
If melt is trapped that is strongly undersaturated in CO2 then substantial PEC can occur before a bubble
grows. While such inclusions will not record the trapping depth because of their undersaturation, they tend
to have lower inclusion overpressures and can therefore avoid decrepitation. An example of a model run
with low initial CO2 is shown in Figure 9.
5.3.4. Including Decrepitation in the Model
The process of decrepitation is likely to be controlled by number of variables that are specific to the geome-
try and P-T history of each inclusion-host system. The exchange of mass between the decrepitating inclu-
sion and the external melt is beyond the scope of the modeling in this contribution. Nevertheless, it is
possible to gain some insight into the possible role of decrepitation on the observed distribution of CO2

contents in melt inclusions by incorporating a simplified approximation of the effects of decrepitation into
the models. The results of one such model are shown in Figure 10, which uses the same host P-T path and
initial inclusion composition as the model shown in Figure 4a. At the point when the pressure difference
between the inclusion and the external melt exceeded a decrepitation threshold of 250 MPa, the pressure
of the inclusion was set to that of the exterior and the CO2 content of the inclusion melt was fixed to that
for saturation at that pressure.

As expected, decrepitation causes an abrupt and significant drop in the CO2 content of the melt inclusion.
Decrepitation occurs on the decompression path in this model, and this feature of the results is likely to be
generally true in cases where PEC causes a pressure drop in the inclusion. Decrepitation takes place at an
external pressure of only about 30 MPa in this model, leaving an inclusion system with a CO2 concentration

Figure 9. Identical model settings to Figure 5a, but with lower initial CO2 of 2000 ppm.

Figure 10. Identical model settings to Figure 5a, but including a decrepitation threshold at 250 MPa.
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of 150 ppm. One notable feature of the model is that the pressure in the inclusion is calculated to rise after
the abrupt decompression of the decrepitation event. The cause of this compression is the remelting of
olivine on the inclusion walls, a consequence of the model decompression of the inclusion at fixed tempera-
ture. The model setup requires that this melting occurs after the resealing of the inclusion. In this case, the
slight repressurization of the inclusion ensures that the system remains undersaturated for CO2 as it pro-
ceeds through eruption and posteruptive cooling and therefore no vapor bubble will form. While this result
is highly dependent on the details of the model setup, it is worth noting that such processes may help to
account for the population of inclusions from the Laki system that contain little CO2 in the glass and no
bubble [Hartley et al., 2014].

6. Discussion

6.1. Can CO2 in Inclusions Record Pressures Higher than the Decrepitation Threshold?
The model results from the previous section provide some insight into the factors that control whether
melt inclusions can enter the range of overpressures where decrepitation may become possible. As
expected, low entrapment pressures reduce the likelihood of decrepitation. Trapping of melt inclusions
with low CO2 contents which are far from saturation at the depth of entrapment also diminishes the oppor-
tunity for decrepitation. However, melt inclusions that are trapped with CO2 contents below the saturation
concentration cannot record their depth of entrapment.

A more important finding is that inclusions which have experienced significant cooling after their entrap-
ment are much less likely to undergo decrepitation than those that have a short cooling interval before
decompression for eruption. Postentrapment cooling allows the pressure in the inclusion to drop, forming a
vapor bubble. The results of the model runs, such as those presented in Figure 7, indicate that the inclusion
system can preserve information up to pressures of about twice that of the decrepitation threshold. In these
cases, the bulk of the inclusion CO2 is stored in the bubble and information about the depth of entrapment
can only be recovered when the initial composition is reconstructed by measurement of both the bubble
density and the glass composition.

In order to further explore the relationship between entrapment conditions and the final observed CO2 of
the inclusion system, the suite of Laki inclusion trace element compositions from Hartley et al. [2014] was
used to estimate an initial pre-entrapment melt CO2. Following these authors, it was assumed that the melts
had a CO2/Nb ratio of 314 prior to any degassing. The measured Nb contents of the inclusions were then
used to estimate the initial CO2 for each model run. If this initial estimate was saturated in CO2 at the model
entrapment pressure then the initial inclusion CO2 was set to that of the saturation value. Then each inclu-
sion was allowed to follow the same specified P-T path. If decrepitation does not occur then the final CO2

content of the inclusion system of bubble plus glass matches the initial melt CO2. The results of one such
model are shown in Figure 11.

The wide range in initial CO2 estimates reflects the large spread of observed Nb contents of the Laki inclu-
sions, from 2.7 to 23.7 ppm. This variation in trace element contents is commonly observed in Icelandic
melt inclusion suites [Gurenko and Chaussidon, 1995; Maclennan, 2008a] and is caused by variability in the
mantle melt compositions supplied to individual volcanic systems [Maclennan, 2008b]. If these variable
melts were trapped in the inclusions, then transported to the surface for eruption in a closed system, the
reconstructed inclusion compositions would be equal to the trapped compositions. However, the observa-
tions show that the reconstructed inclusion compositions generally record lower CO2, and hence Psat, than
expected from the estimated initial inclusion compositions (Figure 11a).

The ability of postentrapment processing to filter the original trapped distribution of melt compositions is
demonstrated in Figures 11b–11d. If these melts are trapped at 4 kbar and then follow the P-T path
depicted in Figure 7a, decrepitation is not expected to occur. In this case, reconstructed inclusion composi-
tions can record CO2 contents of over 4000 ppm, similar to some of the highest reconstructed inclusions
based on the Laki observations. These CO2 correspond to entrapment pressures of 4–5 kbar. In contrast, the
model results shown in Figure 11c demonstrate the important role of decrepitation. Here, the initial distri-
bution of melt compositions is trapped at 6 kbar prior to cooling, decompression, and eruption. Perhaps
surprisingly, the maximum reconstructed inclusions CO2 content predicted from this model is 3000 ppm,
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less than that for the 4 kbar model. Decrepitation controls this behavior: any melt inclusions trapped with
more than 3000 ppm are predicted to have decrepitated and have had their CO2 reset at lower pressure.

The final plot, Figure 11d, shows the result of a two-step model, where entrapment takes place at 6 kbar
and is followed by isobaric cooling, decompression to 1.5 kbar, further cooling, and then decompression for
eruption. This path encourages deeper decrepitation of the melt inclusions with high initial CO2, during the
first decompression interval, a behavior which can be understood from Figure 5b. These inclusions are then
able to preserve reconstructed melt inclusion compositions with over 1000 ppm CO2.

The dispersion in the Laki observations, as shown in Figure 11a, cannot be generated from a single P-T mod-
el path. However, it is apparent that the general features of the Laki CO2 data are consistent with the two-
stage storage model suggested from the petrological thermobarometry from Neave et al. [2013]. In this
model, primitive macrocrysts form at 4–6 kbar, cool, are transferred to a shallower melt storage zone at 1–2
kbar, and then decompressed for eruption. The cumulative distribution of expected saturation pressures for
this two-step model is displayed in Figure 12 and should be compared with the observations presented in
Figure 1. The model distributions show some important similarities with the observations. While entrap-
ment of the inclusions is fixed to 6 kbar in the model, the estimated range of saturation pressures spreads
from 1 to 6 kbar. This distribution reflects the spread of estimated initial CO2 contents from the Nb-based
calculation. Only about 20% of the inclusions have high enough initial CO2 to record the entrapment pres-
sure. Postentrapment processes leading to bubble formation and decrepitation play an important role in fil-
tering the original distribution from entrapment. The final melt inclusion compositions are predicted to
record Psat that are significantly lower than the pressure distribution at the time of entrapment. None of the

Figure 11. (a) Crosses show the observed CO2 of the Laki melt inclusion glasses and circles show the reconstructed inclusion compositions
when the observed bubble is added back to the inclusion glass. These are plotted as a function of an estimate of the initial trapped CO2

based on the measured Nb content of the inclusions. If this estimate was higher than the predicted CO2 saturation threshold for the model
entrapment pressure, then the initial estimate was set to this saturation value. (b) Circles show model predictions for the same initial liquid
composition estimates, and running them through the model P-T path from Figure 7, but including a decrepitation threshold at 250 MPa.
Crosses show the predicted melt inclusion glass composition. (c) Same as Figure 11b, but with initial depth of entrapment at 6 kbar. (d)
Same as Figure 11c, but with a two-step cooling model, with 80�C cooling at 6 kbar followed by decompression to 1.5 kbar, 100�C at that
pressure, and then decompression for eruption.
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inclusion glass compositions record pres-
sures above the decrepitation threshold.
An important fraction of the recon-
structed inclusion compositions, where
the bubble CO2 is added back to the
glass, are able to record inclusion pres-
sures above the decrepitation threshold.
A small percentage of these recon-
structed inclusions record saturation
pressures of up to 5 kbar, similar to the
observed reconstructed compositions.

6.2. Improving Barometry
This approach of examining how post-
entrapment processes filter melt inclu-
sion CO2 contents from the initial

distribution at entrapment to the final observables of glass composition and bubble density can be used to
investigate whether given postentrapment P-T paths for the host olivines are consistent with the observa-
tions. The technique may help to resolve apparent inconsistencies in barometry, such as those outlined at
the beginning of this paper. Only under certain circumstances will CO2 in olivine-hosted melt inclusions pro-
vide useful information for barometry. If entrapment takes place at relatively low pressures, of less than 2.5
kbar in the model examples provided, then decrepitation may be avoided. For the Laki system, much less
than 5% of the inclusions appear to record pressures close to the 4–6 kbar expected from independent
barometry. In order to recover these pressures, it is necessary to identify samples that are likely to have had
a relatively long postentrapment cooling interval. It is also apparent that large numbers of melt inclusions
must be analyzed to characterize the distribution of recorded entrapment conditions for a given eruption. If
small fluid inclusions are available from the same crystals as the melt inclusions, then analyses of these may
provide better constraints on the depth of entrapment [M�etrich et al., 2014]. Similarly, targeting small melt
inclusions with suitable microanalytical techniques may be used in determining entrapment pressures from
CO2 contents.

7. Conclusions

The CO2 content of olivine-hosted melt inclusions potentially contains information about the pressure of
entrapment of the inclusions and therefore the depth of crystallization in magma bodies. This signal of
entrapment pressure can be obscured by a number of factors and the most important of these are likely to
be undersaturation at the entrapment pressure, transfer of CO2 to bubbles during postentrapment cooling
and decrepitation of the inclusions.

Estimates of the CO2 saturation pressure for melt inclusions from the Laki eruption appear to be inconsis-
tent, in general, with independent estimates of crystallization depth. The distribution of CO2-based pres-
sures is offset to low pressures, with many inclusions returning pressures that are inconsistent with
petrological and petrographic constraints on the depth and sequence of crystallization. When the CO2 con-
tent of vapor bubbles is added back into the observed glass composition, only about 5% of the estimated
saturation pressures are consistent with the independent observations, with the majority returning substan-
tially lower pressures.

A global compilation of 2878 olivine-hosted melt inclusion compositions from mid-ocean ridges, ocean
islands, Iceland, and selected continental rift zones was assembled. The calculated distribution of CO2 satu-
ration pressures from each of these magmatic settings is remarkably similar. The variation in melt supply
rate, crustal thickness and lithospheric thickness amongst these settings is substantial and would be
expected to influence the depth distribution of crystallization. If CO2 saturation pressure recovered from
melt inclusions is a faithful recorder of entrapment pressure then the distribution of these saturation pres-
sures should vary significantly between magmatic settings. The observation that the distribution varies little
from setting to setting indicates that some factor other than magma chamber depth is controlling the melt
inclusion CO2 contents.

Figure 12. Cumulative distribution function plot to display results of two step
decompression model from Figure 11d. The pressure of entrapment is 600 MPa
and the decrepitation threshold pressure is at 250 MPa, shown as a grey vertical
band. The red line shows the expected distribution of calculated saturation pres-
sures for the originally entrapped melt inclusions, before postentrapment modifi-
cation. The black line shows the distribution of Psat for the predicted model melt
inclusion glass compositions. The green line shows the same, but for recon-
structed inclusion compositions where CO2 stored in the bubble has been added
to the glass.
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The vast majority of inclusion saturation pressures are less than the expected decrepitation threshold of oliv-
ine hosts at �250 MPa and the cumulative distribution of saturation pressures shows a change in gradient at
pressures just beneath this threshold. These features of the observations indicate that many inclusions may
have been influenced by decrepitation, such that the inclusion has ruptured during decompression of the
host and has undergone loss of pressure and CO2. The estimated saturation pressures of the reconstructed
compositions of bubble-bearing inclusions are observed to exceed the decrepitation threshold.

A model was developed to track the P-V-T-X in melt inclusions when their olivine hosts follow a specified
P-T path. This model was then used to understand a number of observed features of olivine-hosted melt
inclusions. In this paper, the model was first used to examine the processes that control the formation of
vapor bubbles. Three different factors control the saturation of CO2 in the inclusion during postentrapment
cooling of the host and crystallization of the inclusion. First, the pressure drop associated with crystallization
and differential contraction lower the solubility of CO2. Second, the crystallization raises the CO2 content of
the remaining melt. Third, the change in the major element composition of the inclusion during crystalliza-
tion lower the CO2 solubility. These three factors are of roughly equal importance.

The likelihood of decrepitation of an inclusion is influenced not only by the conditions of entrapment but
also the subsequent P-T path followed by the host. Inclusions that are trapped at low pressure or with low
CO2 contents are less likely to decrepitate. If inclusions undergo substantial pre-eruptive cooling in magma
chambers then decrepitation can sometimes be avoided, even for entrapment pressures of up to about 500
MPa. This preservation of the record of entrapment at high pressure occurs because during long cooling
paths, the pressure drop inside the inclusion permits bubble formation. The inclusion system of melt and
bubble can in these circumstances retain high total CO2 at pressures beneath the decrepitation threshold.

Key features of the observed distribution of melt inclusion CO2 in the Laki eruption can be matched by track-
ing the evolution of CO2 for an ensemble of melt inclusions with varying initial CO2 as their hosts transit a P-T
that is consistent with independent petrological constraints on the pre-eruptive storage conditions. The
apparent inconsistency between barometry based on melt inclusion CO2 and constraints from other barome-
ters can be resolved by consideration of three factors. First, that trace element evidence for heterogeneity in
the trapped melt composition is reflected in varying initial CO2. Second, that inclusion P-T-V-X is tracked along
a specified P-T derived from independent barometry. Third, that decrepitation is included in the models.
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