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Abstract

The deep mantle carbon content and flux are fundamental quantities in understanding global volatile cycles and distribu-
tions. Here, we present CO2 concentrations measured in 407 olivine-hosted melt inclusions from Hualalai, Kilauea, Koolau,
Loihi, and Mauna Loa to constrain the Hawaiian mantle CO2 content and flux. Quantification of melt inclusion CO2 is com-
plicated by the ubiquitous presence of vapor or ‘‘shrinkage” bubbles. The contribution from exsolved shrinkage bubble CO2

was determined from the measured bubble size and a CO2 equation of state, and added to the dissolved CO2 to reconstruct
total melt inclusion CO2 concentrations. Bubbles typically contain �90% of melt inclusion C, much of which may be seques-
tered in precipitated phases on bubble walls, and thus not amenable to measurement by Raman spectroscopy. Based on our
dataset of total (dissolved + bubble) CO2 concentrations, we estimate that parental melts from the five Hawaiian volcanoes
have CO2 concentrations ranging from 3900 to 10,000 ppm CO2. Among the active volcanoes, CO2 concentrations decrease to
the northwest, likely reflecting mantle source heterogeneity, although differences in CO2 degassing related to the relative
depths of the magma chambers may also play a role. Mantle sources of the Hawaiian volcanoes range from 380 to
480 ppm CO2 suggesting that the Hawaiian plume is at least a factor of �4 more C-rich than the upper mantle sampled
by mid-ocean ridge basalts. This enrichment is likely due to the presence of recycled surficial C and/or C-rich primitive mate-
rial in the Hawaiian mantle.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The volcanic flux of carbon from the mantle to the sur-
face is a critical aspect of global volatile cycles (e.g.
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Dasgupta and Hirschmann, 2010; Kelemen and Manning,
2015) and the dominant control of long-term climate
(Walker et al., 1981; Sleep and Zahnle, 2001). Whereas
subduction-related volcanism predominantly erupts surfi-
cial carbon recycled through subduction zones (Sano and
Williams, 1996; Mason et al., 2017), mid-ocean ridge
basalts (MORB) and ocean island basalts (OIB) may erupt
primitive mantle carbon or ancient carbon that has been
deeply subducted into the mantle. Consequently, robust
constraints on carbon fluxes from MORB and OIB are
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essential for decoding the deep carbon cycle, and the
Earth’s total carbon content. The upper mantle sampled
by MORB is well characterized to have �100 ppm CO2,
corresponding to a CO2 flux on the order of 100 Tg/year
(Michael and Graham, 2015; Rosenthal et al., 2015;
Hauri et al., 2018; Tucker et al., 2018). However, the car-
bon contents of deep mantle domains sampled by OIB,
and their corresponding CO2 fluxes, are poorly known.
Hawaii, in particular, produces the largest modern oceanic
intraplate magmatic flux and is rooted in the lower mantle
(Montelli et al., 2004; Wolfe et al., 2009; French and
Romanowicz, 2015).

OIB magmas are typically subject to extensive degassing
of insoluble magmatic volatiles like CO2 because they are
stored and erupt at relatively low pressure. This irreversible
loss of volatiles renders estimates of pre-degassing CO2 con-
centrations, total CO2 fluxes, and mantle source CO2 con-
centrations problematic. Pre-degassing CO2 concentrations
in Hawaiian magmas have been estimated from maximum
measured values in vesicular basalts (Dixon and Clague,
2001), application of degassing models (Gonnermann and
Mukhopadhyay, 2007), and measurements of volcanic
CO2 emissions (Gerlach et al., 2002; Anderson and
Poland, 2017), although each of these methods has potential
difficulties. Maximum measured values are not particularly
robust statistics, especially for a small sample set, and
assume that bubbles have not been added or lost from host
magmas. Degassing model results can depend strongly on
poorly constrained physical parameters, such as C diffusiv-
ity. Emissions monitoring is spatially and temporally
restricted, for example, to Kilauea, among the active Hawai-
ian volcanoes.

Another methodology to constrain pre-degassing CO2

concentrations is to exploit small droplets of melt trapped
inside primitive olivine crystals. These olivine-hosted melt
inclusions can document an earlier and less degassed stage
of magmatic evolution than erupted basalts (Sobolev,
1996). In some cases, melt inclusions have been argued to
preserve undegassed magmas (Saal et al., 2002; Le Voyer
et al., 2017; Hauri et al., 2018). However, previous studies
of Hawaiian melt inclusions have only found inclusions that
experienced pre-entrapment degassing (Hauri, 2002;
Edmonds et al., 2013; Sides et al., 2014a,b).

Melt inclusions are subject to various forms of post-
entrapment modification, including formation of a vapor
or ‘‘shrinkage” bubble, a common feature of melt inclu-
sions from all tectonic environments (e.g. Roedder, 1984;
Moore et al., 2015; Maclennan, 2017). Shrinkage bubbles
nucleate and grow when the solubility of CO2 in the melt
drops below the saturation limit. Three effects resulting
from post-entrapment cooling may cause CO2 solubility
to drop: differential thermal contraction of melt and host
olivine (Roedder, 1984; Lowenstern, 1995), reduction of
the melt volume by post-entrapment crystallization
(Roedder, 1984; Steele-Macinnis et al., 2011), and changing
melt compositions during post-entrapment crystallization
(Maclennan, 2017). Because the bubble may host a signifi-
cant fraction of an inclusion’s CO2, measurement of
exsolved CO2 in the bubble, in addition to dissolved CO2
in the glass, is required to determine the total CO2 concen-
tration of a melt inclusion.

A number of methods have been used to attempt to
quantify CO2 concentrations in shrinkage bubbles, includ-
ing heating the melt inclusions to re-dissolve shrinkage bub-
bles (e.g. Hauri, 2002; Mironov et al., 2015; Wallace et al.,
2015; Tuohy et al., 2016), measurement of bubble CO2 den-
sity by Raman spectroscopy, (e.g. Esposito et al., 2011;
Hartley et al., 2014; Moore et al., 2015; Aster et al.,
2016), and calculation of bubble CO2 density by an equa-
tion of state (Shaw et al., 2008, 2010; Wanless and Shaw,
2012; Wanless et al., 2014, 2015; Moore et al., 2015;
Hauri et al., 2018). These studies generally find that the
majority (�50–90%) of melt inclusion CO2 is sequestered
in the bubble. Thus, it is essential to account for the CO2

budget of the bubble to capture the total melt inclusion
CO2 concentration.

Here, we apply the equation of state method to a large
set of Hawaiian melt inclusions with the goals of constrain-
ing pre-degassing CO2 concentrations and quantifying the
CO2 flux and mantle source CO2 content of the Hawaiian
plume. We explore the possible causes of variability in
CO2 contents between the active Hawaiian volcanoes and
compare the Hawaiian results with MORB magma and
source CO2 contents.

2. SAMPLES AND METHODS

2.1. Sample descriptions

We measured 437 individual olivine-hosted melt inclu-
sions from 29 samples from 5 Hawaiian volcanoes
(Fig. 1): Loihi (84 inclusions from 7 samples), Kilauea
(167 inclusions from 9 samples), Mauna Loa (137 inclu-
sions from 10 samples), Hualalai (35 inclusions from 2 sam-
ples), and Koolau (14 inclusions from 1 sample). Major and
trace element compositions of melt inclusions, as well as
inclusion-proximal olivine, were measured by laser-
ablation ICP-MS (Marske and Hauri, 2019). The melt
inclusions are hosted in olivine crystals ranging from
Fo82-91, with an average of Fo88. Melt inclusions span a
wide range of sizes, most having maximum diameters
between 50 and 400 lm (Table S1). Shrinkage bubbles were
frequently observed, although in many cases were partly or
completely polished away to reveal sufficient area
(�100 lm) for chemical analysis of the melt inclusion glass.
Thus, we cannot distinguish between cases where a bubble
was polished away or never existed. Example melt inclusion
photomicrographs are shown in Fig. 2.

2.2. CO2 measurements and the equation of state method

The total CO2 concentration in a melt inclusion is the
sum of the dissolved CO2 in the melt (CO2

d) and the
exsolved CO2 in the bubble. The concentration of CO2 in
the bubble at any time during its growth is / � qv/qm,
where / is volume fraction of the bubble in the melt inclu-
sion, qv is the volumetric CO2 vapor density, and qm is the
melt density, calculated from the glass composition. Conse-



Fig. 1. Map of the Hawaiian volcanoes and samples in this study. Sample locations provided in Table S1. Bathymetry is from Global Multi-
Resolution Topography synthesis (www.gmrt.org; Ryan et al., 2009).
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quently, the total (dissolved + bubble) CO2 concentration
in ppm is

COtotal
2 ¼ COd

2 þ /
qv

qm
� 106 ð1Þ

Rather than measuring qv directly in the bubble (see Sec-
tion 4), the basis of the equation of state method is to cal-
culate qv using a CO2 equation of state from the
temperature and pressure at which the bubble size was
fixed. We assume that the bubble ceases to grow once the
melt cools to a temperature of 725 �C (i.e. the glass transi-
tion temperature determined for Kilauea tholeiitic basalts;
Ryan and Sammis, 1981). We also assume that equilibrium
is maintained between the melt and vapor, so that the inter-
nal pressure of the melt inclusion, as well as the CO2 frac-
tion in a mixed CO2-H2O vapor, can be calculated from a
CO2-H2O solubility model (Dixon et al., 1995) and the dis-
solved CO2 and H2O concentrations. We then use the CO2

vapor equation of state of Duan and Zhang (2006) to calcu-
late qv from the pressure and temperature. However, we
explore the assumption of equilibrium and our choices of
solubility model and equation of state in Section 2.3. Dis-
solved CO2 concentrations (CO2

d) were determined by
SIMS analysis (Marske and Hauri, 2019). Total CO2 con-
centrations for all melt inclusions calculated via Equation
(1), as well as the intermediate quantities required, are listed
in Table S1.

The bubble volume fraction / was calculated by measur-
ing the melt inclusion and bubble sizes photomicrographi-
cally (Fig. 2b). In nearly all cases, bubbles appeared
spherical, but were occasionally ellipsoidal. In many cases,
the full diameter of vapor bubbles was visible, so they were
measured at their widest part. In others, the bubble was
polished below its widest part, so /, and consequently total
CO2 concentration, are lower limits. Melt inclusion sizes are
more problematic because depths cannot be reliably mea-
sured optically from polished surfaces. Therefore, melt
inclusions were assumed to be triaxial ellipsoids with the
third axis normal to the polished plane equal to the average
of the measured long and short axes. The uncertainty asso-
ciated with this assumption is explored in Section 2.3.1.
Irregularly shaped melt inclusions (e.g. Fig. 2d) could not
be measured accurately and were not included in this study.

Spinel inclusions were commonly observed inside the
olivine crystals, and occasionally observed within the melt
inclusions, usually at their edges (e.g. Fig. 2c,d). If the crys-
tals within the melt inclusion formed from the parental
magma, rather than as daughter minerals from the melt
inclusion, their volume should be excluded from the melt
inclusion. Not excluding such crystals from the melt inclu-
sion volume results in an underestimate of / and conse-
quently total CO2 concentration.

CO2 concentrations were corrected for post-entrapment
crystallization by adding or subtracting olivine in 0.1%
mass increments until the melt inclusion Mg# was in equi-
librium with the host olivine Mg#. Corrections are typically
on the order of 5–10% (Table S1). Some melt inclusions
were too small for LA-ICPMS analysis (<�100 lm diame-
ter), in which cases we assumed the extent of post-
entrapment crystallization was equal to the average of that
of the other melt inclusions from the same sample.

2.3. Uncertainties in total CO2 concentrations

The major sources of uncertainty in reconstructing total
CO2 concentrations are uncertainty in the bubble volume
fraction / resulting from the unknown third melt inclusion

http://www.gmrt.org


Fig. 2. Hawaiian melt inclusion photomicrographs taken in dark field illumination. Dark field objective lenses significantly aid in visualizing
below the polished surface. (A, B) Kilauea melt inclusion Kil-2012-8_4a showing fitted inclusion and bubble dimensions. Measurements were
made using Nikon NIS-Elements D software. (C) Mauna Loa melt inclusion ML2-1_38a showing spinel crystals around the inclusion rim.
These crystals do not significantly affect measurement of the melt inclusion or bubble dimensions. (D) Melt inclusion from Kilauea sample
Kil-2011-4 which could not be measured due to irregular shape and large spinel crystals. (E) Melt inclusion from Kilauea sample Kil3-6 (not
measured), and (F) Loihi melt inclusion 6K491-2_11b, containing bubbles not exposed by polishing. The photographs are focused on the
upper bubble surfaces, revealing bumpy textures, possibly indicative of carbon-bearing phases precipitated from the CO2 vapor (Section 4;
Fig. 11). Similar textures are seen on the majority of bubble surfaces, but not visible in panels A-C because the photographs are focused at the
polished surface. The bubble in panel (F) comprises 27% of the melt inclusion volume, and may be a trapped magmatic bubble rather than a
shrinkage bubble.
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dimension, and uncertainty in qv resulting from the possi-
bility of nonequilibrium bubble expansion, the solubility
model, and equation of state, as discussed below.

2.3.1. Bubble volume fraction

Measurement of the melt inclusion volume is required to
determine the bubble volume fraction / (Eq. (1)). Once an
olivine crystal is polished to expose a melt inclusion, the
inclusion generally appears as an ellipse, and information
about the third dimension, and consequently the melt inclu-
sion volume, is lost. Many studies assume an ellipsoidal
melt inclusion geometry where the length of the third
semi-axis c (normal to the polished plane) equals the smal-
ler of the two visible dimensions: a > b = c (Shaw et al.,
2008, 2010; Wanless and Shaw, 2012; Hartley et al., 2014;
Neave et al., 2014; Wanless et al., 2014, 2015; Rasmussen
et al., 2017; Hauri et al., 2018). Other studies assume the
third dimension equals the arithmetic mean (Moore et al.,
2015) or the geometric mean (Ni et al., 2017) of the two vis-
ible axes. However, the melt inclusion orientation was not
determined before polishing; thus, the third semi-axis is
not known.

To explore the uncertainty associated with an assumed
third semi-axis, we compared actual volumes to volumes
calculated using assumed third semi-axis lengths in a set
of simulated melt inclusions. We generated 106 randomly
sized triaxial ellipsoids, representing melt inclusions of dif-
ferent sizes. One example is shown in Fig. 3a. The ellipsoids
were intersected by randomly oriented planes, resulting in
ellipses of intersection (Fig. 3a,b), simulating polished sur-
faces of randomly oriented melt inclusions. The volumes
of the original ellipsoids were then compared to the volume
calculated under three assumptions: that the third axis of
the ellipsoid c equals (1) the smaller of the two visible axes
(c = b), (2) the arithmetic mean of the two visible axes (c =
(a + b)/2), and (3) the geometric mean of the two visible

axes (c ¼ ffiffiffiffiffi

ab
p

). Fig. 3c shows the distribution of errors in
computed volumes under these three assumptions. The rel-
ative error associated with each assumed volume calcula-
tion can be quite large for any of the three assumptions



Fig. 3. Uncertainty resulting from melt inclusion geometry. (A) Example of a randomly oriented triaxial ellipsoid, representing a melt
inclusion, and a planar slice representing a polished surface. (B) Rotated view of (A). The plane intersects the ellipsoid in an ellipse, obscuring
information about the third dimension. Consequently, any assumption about the size of the third dimension may induce significant error in
the calculated melt inclusion volume. ‘‘a” and ‘‘b” are the long and short visible axes, respectively. (C) Probability distribution estimates of
relative error in simulated melt inclusion volume under three different assumptions: the third (invisible) axis equals the smaller visible axis
(red); the visible axes’ arithmetic mean (black); and the geometric mean (blue). Distributions are calculated from 106 randomly sized and
oriented triaxial ellipsoids; one such example shown in panels A and B. The arithmetic and geometric mean assumptions most closely
approximate the true volume; the arithmetic mean is used in this study. Assuming the third axis equals the smaller visible axis, most common
in the literature, tends to underestimate inclusion volume and consequently overestimate total CO2 concentrations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 3c). Assumption (1), commonly used in the literature,
almost always underpredicts the melt inclusion volume (by
36% on average), and consequently can greatly overpredict
the total melt inclusion CO2 concentration. The average
errors in assumptions (2) and (3) are only 5% and �9%,
respectively, indicating that these assumptions more often
approximate the true value. The arithmetic mean assump-
tion is used in this study because its error distribution most
closely resembles a Gaussian distribution; however, the
error associated with this assumption is still large: the mid-
dle 68% range of the error distribution is �48% to 37%
(shaded region of Fig. 3c).

2.3.2. Nonequilibrium bubble expansion

The equation of state method calculates qv under the
assumption that a bubble and melt remain in equilibrium
until the bubble ceases to expand at the glass transition
temperature (Section 2.2). However, because diffusivity is
temperature dependent, C diffusion may effectively cease
at a temperature higher than the glass transition tempera-
ture, resulting in bubble expansion without C exsolution
(e.g. Maclennan, 2017). This nonequilibrium expansion
would decrease the CO2 vapor density qv, resulting in an
overestimation of qv and the total inclusion CO2 concentra-
tion by the equation of state method. Consequently, the
estimates of qv and total inclusion CO2 concentrations pre-
sented here, as well as other studies that use an equation of
state method, may be regarded as upper limits.

To assess the likelihood of nonequilibrium bubble
expansion, we can explore the conditions under which it
might occur. The cessation of C equilibration can be
approximated by a diffusive closure temperature; a closure
temperature higher than the glass transition temperature
implies a stage of nonequilibrium bubble expansion
(Maclennan, 2017). Fig. 4 shows contours of C closure tem-
peratures calculated as functions of cooling rate and diffu-
sive length scale, for two different C diffusion models.
Faster cooling (e.g. inclusions from tephra) or longer diffu-
sive length scales result in higher closure temperatures and
susceptibility to nonequilibrium bubble expansion, whereas
slower cooling (e.g. inclusions in lava flows) or shorter dif-
fusive length scales imply lower closure temperatures and
sustained equilibrium throughout bubble growth.

However, significant uncertainties persist in using the
type of calculation in Fig. 4 to assess whether nonequilib-
rium bubble expansion has occurred. For example, the dif-
fusive length scale would be shorter than the radius of the
melt inclusion if the melt were mechanically stirred due to
bubble growth or movement through the melt, significantly
diminishing the likelihood of nonequilibrium bubble expan-
sion (Fig. 4). Additionally, the cooling rates and diffusive
length scales required to maintain equilibrium are vastly
different between the two diffusion models shown in
Fig. 4. While we will argue that the CO2 concentrations
obtained in this study are unlikely to be significantly over-
estimated (Section 3.4), and that one line of evidence for
nonequilibrium bubble expansion may have an alternative
explanation (Section 4), more work is required to develop
strategies to identify inclusions that have maintained equi-
librium throughout bubble growth.

2.3.3. Bubble formation pressure

The partitioning of volatiles (CO2, H2O) between a
shrinkage bubble and melt inclusion glass is a strong func-
tion of the inclusion pressure, because volatiles become
more insoluble at lower pressure. Consequently, the pres-
sure of the inclusion can be determined from the measured
CO2 and H2O concentrations in the melt inclusion glass and



Fig. 4. Contours of C closure temperature as a function of cooling
rate and diffusive length scale. A closure temperature higher than
the glass transition temperature of 725 �C (dashed line) implies a
stage of nonequilibrium bubble expansion and overestimation of qv
and total CO2 by the equation of state method. Inclusions
experiencing slower cooling rates (e.g. from lava flows) or shorter
diffusive length scales (e.g. from mechanical mixing of the melt via
bubble growth and movement) are more likely to maintain bubble-
melt equilibrium. Panel A uses an Arrhenius relation fitted to the
20 kbar MORB diffusivities from Guillot and Sator (2011):
EA = 105.6 kJ/mol, ln(D0) = �14.07 m2/s. Panel B uses the C
diffusivity model of Watson et al. (1982). Closure temperatures
are calculated using the equation of Dodson (1973) assuming a
spherical geometry. Lava and tephra cooling rate estimates
(Newcombe et al., 2014) are shown for reference.

Fig. 5. Comparison of bubble melt inclusion CO2 concentrations
using the ideal gas law (IGL) and a high-pressure CO2 equation of
state (EOS; Duan and Zhang, 2006), colored by total melt inclusion
CO2 using the equation of state. The ideal gas law, often used in the
literature, systematically overestimates bubble CO2 concentrations
by up to �50% for the highest-pressure bubbles.
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a volatile solubility model. A number of joint CO2-H2O sol-
ubility models for basaltic compositions have been pub-
lished (e.g. Dixon et al., 1995; Iacono-Marziano et al.,
2012; Shishkina et al., 2014). The model of Dixon et al.
(1995), which accurately predicts MORB saturation pres-
sures (Le Voyer et al., 2019), is used here, although error
in the solubility model may add a systematic uncertainty
to total CO2 concentrations.

2.3.4. Equation of state

Two equations of state were investigated for calculating
the vapor density qv from the bubble equilibration pressure
and temperature: a high-pressure CO2 fluid equation of
state (Duan and Zhang, 2006), and the ideal gas law, which
has been used in many previous shrinkage bubble studies
(Shaw et al., 2008, 2010; Wanless and Shaw, 2012; Neave
et al., 2014; Wanless et al., 2014, 2015; Moore et al.,
2015; Hauri et al., 2018). A high-pressure equation of state
may be more applicable because CO2 is a supercritical fluid
above 73 bar. The solubility model predicts a very low H2O
fugacity in the fluid phase (<10% for 2/3 of samples,
Table S1), so the effect of H2O on the CO2 equation of state
was not considered.

The ideal gas law systematically overestimates fluid den-
sities and would consequently overestimate bubble CO2

contents (Fig. 5). The magnitude of effect increases from
a few percent to tens of percent in the highest-pressure bub-
bles (�1000 bar). Consequently, the high-pressure equation
of state is used in this study. The ideal gas law may provide
an adequate approximation of fluid density at lower bubble
formation pressures (<�200 bar), but should not be used
for bubbles formed at higher pressures.

2.3.5. Summary of uncertainties

The uncertainty in the bubble volume fraction / domi-
nates over all other quantifiable uncertainties, resulting in
errors of tens of percent (Fig. 3c). This large uncertainty
is generally not taken into account in studies of shrinkage
bubble sizes and is applicable either when qv is determined
by an equation of state or by Raman spectroscopy (see Sec-
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tion 4). However, it could be mitigated by determination of
the bubble and melt inclusion volumes prior to polishing by
a method like x-ray microtomography. Analytical uncer-
tainties of a few percent are small compared to the uncer-
tainty in /. Uncertainties associated with the solubility
model, bubble closure temperature, and equation of state
are likely to be systematic rather than random. Therefore,
based on the error distribution of / (Fig. 3c), we conserva-
tively assign a 50% (1r) uncertainty to each melt inclusion
volume, and propagate this uncertainty to the total CO2

concentration, resulting in 1r uncertainties between 40
and 50% for most samples (Table S1). However, the total
CO2 concentrations represent an upper limit if nonequilib-
rium bubble expansion has occurred.

3. RESULTS

3.1. Bubble sizes

The distribution of bubble volume fractions / is
strongly peaked around 3% (Fig. 6), similar to previous
measurements in Hawaiian melt inclusions (Moore et al.,
2015), and higher than 0.5% assumed by Anderson and
Brown (1993). No significant variation is observed between
volcanoes. Hawaiian shrinkage bubbles tend to be larger
than those from Iceland (Hartley et al., 2014; Neave
et al., 2014) and the Azores (Métrich et al., 2014), which
typically have / � 1–2.5%. The distribution of Hawaiian
Fig. 6. Distribution of bubble volumes relative to melt inclusion
volumes (/) in melt inclusions from individual volcanoes (colored
histograms). The black curve is the probability distribution of /
from all 437 Hawaiian melt inclusions. The overall distribution
peaks strongly with a median of 3.3%, and no significant variation
is observed between volcanoes. The long tail at higher values could
represent trapped magmatic bubbles or fractured host olivine
crystals, rather than shrinkage bubbles (e.g. Fig. 2f). Therefore, 30
melt inclusions with relative bubble volumes greater than 8%
(dashed line) are excluded from our analyses.
bubble volume fractions contains some anomalous outliers
with / > �8%, corresponding to extremely large bubbles
(e.g. Fig. 2f). These outliers might not be shrinkage bubbles
formed from the melt inclusion, but rather could be trapped
magmatic bubbles, or indicate that host olivine crystals
have fractured (Lowenstern, 1995). Consequently, the
anomalously large bubbles with / > 8% are ignored. This
cutoff eliminates 30 of the 437 analyzed samples. However,
we note that the 8% cutoff is purely empirical based on the
observed distribution (Fig. 6), and no robust method exists
to distinguish trapped magmatic versus shrinkage bubbles.

3.2. Total CO2 concentrations and the importance of

shrinkage bubbles

The importance of shrinkage bubbles can be demon-
strated by comparing dissolved CO2 concentrations with
the extent of post-entrapment crystallization correction in
each inclusion (Fig. 7). As observed for Kilauea Iki inclu-
sions (Sides et al., 2014a), the negative correlations in
Fig. 7 indicate that significant quantities of CO2 have been
exsolved into bubbles due, at least in part, to post-
entrapment crystallization.

Total (bubble + dissolved) CO2 concentrations from the
407 Hawaiian melt inclusions vary by �2 orders of magni-
tude, following approximately lognormal distribution, with
maximum values in excess of 8000 ppm (Fig. 8, Tables 1,
S1). Large variability exists both within and between volca-
noes (Fig. 8), for example, Mauna Loa melt inclusions have
relatively low CO2 concentrations (median = 410 ppm;
maximum = 4200 ppm), Kilauea intermediate (med-
ian = 890 ppm; maximum = 4900 ppm), and Loihi the
highest (median = 1700 ppm; maximum = 8500 ppm).
Fig. 7. Extent of post-entrapment crystallization (PEC) vs. mea-
sured dissolved CO2 concentrations of Loihi, Mauna Loa, and
Kilauea melt inclusions. The negative correlations indicate that
CO2 has exsolved to a shrinkage bubble during or associated with
PEC (Sides et al., 2014a).



Fig. 8. Histograms of dissolved (grey) and total (dissolved + bubble; colored) CO2 concentrations in olivine-hosted melt inclusions from five
Hawaiian volcanoes. Total concentrations are often �10� higher than dissolved concentrations. The upper axis is the entrapment pressure
corresponding to a given CO2 concentration (Dixon et al., 1995).

Fig. 9. Histogram of the proportion of C in the shrinkage bubble
compared to the total C. More than 90% of the total C is
sequestered in a shrinkage bubble in the majority of melt
inclusions. This demonstrates the critical importance of accounting
for shrinkage bubbles in measuring melt inclusion CO2

concentrations.
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Shrinkage bubbles are inferred to contain the vast
majority of the CO2 budget (Fig. 9) in the Hawaiian melt
inclusions. In half of all melt inclusions, the shrinkage bub-
ble contains at least 90% of the total CO2. On average, bub-
bles contain nearly 10� the CO2 content of the glass. The
finding that the vast majority of inclusion CO2 has been
exsolved to a shrinkage bubble agrees with other studies
of Hawaiian melt inclusions (Moore et al., 2015; Wallace
et al., 2015; Tuohy et al., 2016). Consequently, accounting
for CO2 exsolved to bubbles is critical for quantifying total
CO2 concentrations in these melt inclusions.

3.3. CO2-trace element ratios and the degassed nature of the

samples

Mantle ratios of CO2 to highly incompatible lithophile
elements are tools to understand the long-term geologic
behavior of C (Hauri et al., 2018; Hirschmann, 2018).
Whereas CO2 behaves like a highly incompatible element
during partial melting and crystallization (Saal et al.,
2002; Rosenthal et al., 2015), CO2/X ratios (where
X = Nb, Th, Ba, Rb) can significantly fractionate during
magmatic degassing, complicating determination of mantle
CO2/X ratios. Because CO2/X ratios are not affected by
crystal fractionation (including post-entrapment crystalliza-
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tion), sample suites with constant CO2/X ratios have been
interpreted to have experienced no degassing, and thus their
CO2/X ratios are representative of mantle source ratios
(Saal et al., 2002; Michael and Graham, 2015; Shimizu
et al., 2016; Le Voyer et al., 2017; Hauri et al., 2018).

The Hawaiian melt inclusions show a high degree of
CO2/Ba variability (Fig. 10), indicating that most samples
have likely experienced degassing prior to entrapment.
Consequently, the best estimate of pre-degassing or mantle
ratios is the maximum CO2/X ratio (e.g. Matthews et al.,
2017). We randomly resampled each melt inclusion CO2/
X ratio 105 times from normal distributions based on their
1r uncertainties to statistically estimate the maximum CO2/
X ratio from each volcano (rather than simply choose the
single maximum measured value). The average and stan-
dard deviation of the maximum values from each trial rep-
resent our estimate of the maximum CO2/X ratio and its
uncertainty, which are presented in Table 1 and shown as
dashed lines in Fig. 10. The advantage of this Monte Carlo
approach over using the maximum measured CO2/X ratio
and its uncertainty is that it incorporates more data than
just a single value, as there are often multiple individual
measurements within uncertainty of the maximum mea-
sured value. Consequently, this approach provides a better
estimate and lower uncertainty of the population
maximum.
Fig. 10. CO2 vs. Ba for all melt inclusions in each volcano. Grey symbol
from statistical analyses. Dashed lines indicate constant CO2/Ba ratios. T
likely experienced degassing prior to entrapment. Consequently, the maxim
minimum estimates of mantle source CO2/Ba ratios.
Inferred maximum CO2/X ratios are highly variable
between volcanoes (Table 1). For example, maximum
CO2/Ba ratios around 80–85 from Loihi, Hualalai, and
Kilauea are similar to CO2/Ba ratios of undegassed
MORBs (75–100; Michael and Graham, 2015; Shimizu
et al., 2016; Le Voyer et al., 2017) and Hawaiian North
Arch lavas (80–115; Michael and Graham, 2015), but
higher than Borgarhraun (northern Iceland; �50; Hauri
et al., 2018). Assuming they represent pre-degassing values,
the maximum CO2/Ba ratios from Koolau and Mauna Loa
of �35–40 are lower than any other known mantle domain.
The maximum values from Hualalai and Koolau are based
on small numbers of melt inclusions, so they may not be as
robustly estimated as those from Loihi, Kilauea, and
Mauna Loa.

3.4. CO2 concentrations of parental magmas

In addition to pre-entrapment degassing, the parental
magmas of melt inclusions are commonly modified by crys-
tal fractionation prior to entrapment. Parental Hawaiian
melts are in equilibrium with Fo90.6 olivine (Sobolev
et al., 2005), whereas host olivine compositions in our data-
set average Fo88, indicating some olivine fractionation prior
to inclusion entrapment. Therefore, CO2 concentrations
were corrected to be in equilibrium with Fo90.6 olivine by
s correspond to melt inclusions with / exceeding 8%, and excluded
he highly variable CO2/Ba ratios indicate that most magmas have
um CO2/Ba ratios observed (thick dashed lines; Table 1) represent
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adding olivine to the melt compositions in 0.1% mass incre-
ments. This correction amounts to a dilution of the CO2

concentration (16% on average; Table S1), which we
assume behaves perfectly incompatibly.

Magmas are further modified from their parental com-
positions by degassing, and no samples are conclusively
undegassed (Section 3.3). Consequently, we take maximum
CO2 concentrations corrected for pre-entrapment fraction-
ation as estimates of parental CO2 concentrations for each
volcano. Parental CO2 concentrations of each volcano were
determined by resampling fractionation-corrected composi-
tions 105 times from normal distributions defined by their
1r uncertainty, similar to the method of determining max-
imum CO2/X ratios (Section 3.3). Parental CO2 concentra-
tions range from 3900 ± 1300 ppm (Mauna Loa) to 6900
± 1200 ppm (Kilauea) to 10,000 ± 2000 ppm (Loihi;
Table 1).

Our estimate of 6900 ± 1200 ppm CO2 in parental
Kilauea magmas is similar to estimates of 7000–9600 based
on calculated magma supply rates and CO2 emission mea-
surements for recent activity (Gerlach et al., 2002;
Anderson and Poland, 2017). However, our estimate of
10,000 ± 2000 ppm CO2 in parental Loihi magmas is some-
what higher than the maximum CO2 content of 6300 ppm
obtained by combining measured dissolved and inferred
vesicular CO2 contents in Loihi basalt glasses (Dixon and
Clague, 2001), although that estimate was based on only
19 samples, compared to 80 in this study (Table 1). Pre-
degassing CO2 concentrations in Loihi magmas, recon-
structed from noble gas compositions and a disequilibrium
degassing model, have been estimated to range up to
�6000 ppm (Gonnermann and Mukhopadhyay, 2007),
although those results may be sensitive to the degassing
model parameters used, such as the magmatic C diffusivity,
which is not well constrained (Tucker et al., 2018). The CO2

concentrations calculated here represent upper limits
because nonequilibrium bubble expansion was assumed to
be insignificant (Section 2.3.2). This assumption is sup-
ported by the agreement (within �40%) between our esti-
mate of the parental Kilauea CO2 concentration and
estimates based on magma supply rates and CO2 emissions.

4. COMPARISON TO OTHER METHODS FOR

RECONSTRUCTING TOTAL CO2

CONCENTRATIONS

Whereas the equation of state method calculates qv in
shrinkage bubbles, Raman spectroscopy provides a means
to directly measure this quantity (e.g. Esposito et al.,
2011; Hartley et al., 2014; Moore et al., 2015; Aster et al.,
2016). Therefore, comparison of results obtained by both
methods can be used to test the assumptions of the equation
of state method. Such a comparison in 22 melt inclusions
from Kilauea, Seguam, and Fuego found an average of
3� lower CO2 concentrations by Raman spectroscopy
(Moore et al., 2015) compared to an equation of state
method similar to ours. Similarly, Neave et al. (2014) and
Bali et al. (2018) were unable to detect CO2 vapor by
Raman spectroscopy in Icelandic melt inclusion vapor bub-
bles despite large contributions to CO2 inferred from an
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equation of state method. These discrepancies were
explained by nonequilibrium bubble expansion (Sec-
tion 2.3.2), implying overestimates of CO2 concentrations
by an equation of state method.

Another possible explanation for the discrepancy
between total CO2 concentrations determined by the
Raman and equation of state methods is the presence of
C phases not detectable by Raman spectroscopy. For exam-
ple, supercritical CO2 fluid would separate into liquid and
vapor during approach to ambient conditions, and the
Raman spectroscopy method would fail to quantify any liq-
uid CO2 (Maclennan, 2017). Additionally, late-stage carbon
precipitation onto bubble surfaces could occur without
changing the bubble size. Indeed, Moore et al. (2015) also
identified carbonate minerals in many melt inclusions.
Unlike the Raman spectroscopy method, which is only
quantitatively sensitive to vapor phase CO2, the equation
of state method is valid even if solid or liquid C phases
are present.

Textures of precipitated solids are observed on nearly all
bubble surfaces in this study (Fig. 2e, f, 11a), which are
especially apparent using dark field illumination. Identical
textures are observed whether or not bubbles have been
exposed by polishing, indicating the texture is not a product
of the polishing process. Energy-dispersive X-ray spec-
troscopy (EDS) analysis of textured surfaces reveals they
are C-rich (Fig. 11b). Although small Fe-Cu-S grains are
occasionally observed, C-bearing solids ubiquitously coat
all bubble surfaces examined, indicating the presence of
precipitated C phases, perhaps carbonates and/or amor-
phous C (e.g. Mathez and Delaney, 1981; Kamenetsky
et al., 2002). C-bearing solids are capable of sequestering
large amounts of C. For example, a 100 nm layer of amor-
phous C (q = 2 g/cm3) on a 20 lm radius bubble in a melt
inclusion with / = 3% would sequester 1200 ppm CO2.
Therefore, C precipitation can sequester a large amount
of the bubble’s C, and decrease the bubble vapor density
measured by Raman spectroscopy.

Another method to explicitly measure vapor bubble CO2

is to heat the inclusion to re-dissolve (homogenize) the bub-
ble into the melt (e.g. Hauri, 2002; Mironov et al., 2015;
Wallace et al., 2015; Tuohy et al., 2016). Carbon phases,
if present, should also re-dissolve into the melt, mitigating
the problem of precipitated carbon phases. Comparisons
between populations of homogenized and unhomogenized
melt inclusions from Mauna Loa and Kilauea were per-
formed by Wallace et al. (2015) and Tuohy et al. (2016),
respectively. They found that homogenized melt inclusions
generally had higher dissolved CO2 concentrations than
unhomogenized melt inclusions by factors of �2–4, imply-
ing at least partial re-dissolution of shrinkage bubble C into
the melt. Hauri (2002) also studied homogenized melt inclu-
sions from Loihi, Kilauea, Mauna Loa, and Koolau, but
did not make a comparison to unhomogenized inclusions.
However, the homogenized samples from all three studies
generally have significantly less CO2 than determinations
using Raman spectroscopy or our equation of state
method; for example, the average CO2 concentration of
Kilauea melt inclusions determined by homogenization is
260 ppm (n = 84; Hauri, 2002; Tuohy et al., 2016),
850 ppm by Raman spectroscopy (n = 55; Moore et al.,
2015), and 1030 ppm by our equation of state methodology
(n = 153; Table 1). Although some of this variation is
undoubtedly due to the different samples studied, the lower
values found by homogenization could indicate that
homogenization did not fully dissolve all shrinkage bubble
CO2, evidenced by the reappearance or non-disappearance
of bubbles in some inclusions, and/or that CO2 was lost
during homogenization, possibly evidenced by the appear-
ance of cracks in some samples.

Clearly, comparative studies on large numbers of melt
inclusions from the same samples are needed to understand
the discrepancies in total CO2 concentrations determined
by the equation of state, Raman spectroscopy, and homog-
enization methods. It should also be noted that the large
(�50%) uncertainty in the equation of state method is not
mitigated by Raman spectroscopy, as it results from /
rather than qv, but is mitigated by the homogenization
method. Additionally, a Raman detection limit of qv -
� 0.04 g/cm3 (Hartley et al., 2014; Neave et al., 2014) rep-
resents a vapor CO2 detection limit of a few hundred
parts per million (depending on the bubble size), implying
bubbles without detectable CO2 by Raman spectroscopy
could still house a significant fraction of a melt inclusion’s
C.

5. ORIGIN OF INTER-VOLCANO CO2 VARIABILITY

A distinctive trend of decreasing CO2 concentrations is
observed from the southeast toward the northwest: Loihi
has the highest CO2 concentration, Kilauea intermediate,
and Mauna Loa the lowest (Table 1). Hauri (2002) also
noted that melt inclusions from Loihi tended to have higher
CO2 than those from other Hawaiian volcanoes. The inac-
tive volcanoes Hualalai and Koolau may also have interme-
diate CO2, although they are not well constrained due to
the small number of samples. Three possible explanations
for these variations are explored below: differences in
magma chamber pressure, differences in the degree of melt-
ing, and differences in the mantle source CO2 concentra-
tion. We emphasize that these possible explanations are
not mutually exclusive.

5.1. Magma chamber pressure

CO2 concentrations of melt inclusions are potentially
sensitive indicators of equilibrium degassing pressures, as
magmatic CO2 solubility is a strong function of pressure
(e.g. Mysen et al., 1976; Pan et al., 1991). Because the melt
inclusions primarily derive from degassed magmas
(Fig. 10), their CO2 concentrations can be interpreted as
entrapment pressures. These pressures would be inferred
to increase from Mauna Loa to Kilauea to Loihi—the
CO2 concentrations imply median entrapment pressures
ranging from 1.0 kbar (Mauna Loa), 1.8 kbar (Kilauea),
to 3.3 kbar (Loihi), indicating that the majority of inclu-
sions record upper- to mid-crustal entrapment depths; the
Hawaiian Moho is at �4.5–6 kbar (13–18 km depth; Hill
and Zucca, 1987). Maximum entrapment pressures of
6.3 kbar (Mauna Loa), 9.7 kbar (Kilauea) and 12.4 kbar



Fig. 11. Secondary electron microscope images of Kilauea melt inclusion Kil-2012-7_8a. (A) Secondary electron image showing that the
bubble has been mostly polished away and the remaining surface is relatively flat. The interior of the bubble is characterized by a rough
texture, which appears to have been polished away near the edges. The outline of the melt inclusion is visible as a subtle change in brightness.
(B) Carbon map reveals that the surface of the bubble is very C-rich, indicating a precipitated solid carbon phase. Some shadowing reduces C
intensity in the upper-left section of the bubble. Carbon hotspots away from the bubble spatially correlate with 1-lm diamond grains left over
from polishing.
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(Loihi) indicate that a small amount of olivine crystalliza-
tion and melt inclusion entrapment may occur at lower
crustal to uppermost mantle pressures.

There is some correspondence between CO2 concentra-
tions and magma chamber depths among the active volca-
noes. The main magma chamber for Loihi’s 1996
eruption was inferred to be located 8–9 km below sea level
(Garcia et al., 2006), corresponding to �2.2 kbar, whereas
the magma under Mauna Loa is in the range of 3–5 km
below the volcanic summit (Poland et al., 2014), corre-
sponding to 0.8–1.4 kbar. Consequently, CO2 would be
more extensively degassed in Mauna Loa’s shallower
magma chamber, leading to lower CO2 concentrations in
Mauna Loa melt inclusions than in Loihi melt inclusions.
However, Kilauea melt inclusions have �2� higher CO2

concentrations than those from Mauna Loa (Table 1), yet
their magma chambers are at approximately the same depth
beneath the volcanic summit (Poland et al., 2014). There-
fore, while degassing processes are clearly important in
establishing the variability in CO2 concentrations within
individual volcanoes (Fig. 10, Section 3.3), the depth of
the main magma chamber alone cannot account for the
higher median and maximum CO2 concentrations in
Kilauea compared to Mauna Loa.

5.2. Degree of melting

Variations in parental CO2 concentrations between vol-
canoes could be due to differences in the degree of melting
(F) of their mantle source. Explaining the variability of par-
ental CO2 solely by varying F requires the lowest F at Loihi,
intermediate at Kilauea, and highest at Mauna Loa,
broadly similar to the relative pattern needed to explain
trace elements (Norman and Garcia, 1999; Pietruszka
et al., 2013). Assuming F = 4.6% at Loihi, 6.4% at Kilauea,
and 9.8% at Mauna Loa (Pietruszka et al., 2013), mantle
CO2 concentrations are approximately 480 ppm at Loihi,
440 ppm at Kilauea, and 380 ppm at Mauna Loa.

While these inferred mantle source CO2 concentrations
have a smaller relative variation (25%) than parental
magma CO2 concentrations (factor of �2.7), it is unlikely
that the Hawaiian mantle has a uniform CO2 concentra-
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tion. Ratios of CO2 to highly incompatible lithophile ele-
ments such as Ba vary by more than a factor of �2 between
Kilauea and Mauna Loa (Table 1). Such variability cannot
be caused by F > �1%, suggesting possible heterogeneity in
source CO2/Ba ratios. The similar factor of �2 lower par-
ental magma CO2 concentration at Mauna Loa (compared
to Kilauea) suggests that the difference in CO2/Ba is due to
CO2, rather than Ba. This agrees with geochemical models
that show limited variation in ratios of highly incompatible
trace element concentrations between different Hawaiian
shield volcanoes (Norman and Garcia, 1999; Pietruszka
et al., 2013).

5.3. Source heterogeneity

Variations in the degree of melting and depth of degas-
sing can account for some, but likely not all, of the variation
in CO2 concentrations between the different volcanoes.
Thus, some source heterogeneity is probably required;
specifically, mantle CO2 concentration might decrease
towards the northwest, such that Loihi has the highest man-
tle CO2 concentration (�480 ppm), Kilauea is intermediate
(�440 ppm), Mauna Loa the lowest (�380 ppm).

If C is subducted in association with oceanic crust, this
trend could reflect the amount of recycled crust in the man-
tle source of the volcanoes. However, estimates of the rela-
tive amount of recycled crust are opposite to the observed
trend in CO2 concentrations: Mauna Loa has been esti-
mated to have the highest amount of recycled material,
Kilauea intermediate, and Loihi the lowest (Hauri, 1996;
Sobolev et al., 2005; Pietruszka et al., 2013). Additionally,
there is no obvious association between C and the Loa-
Kea spatial or isotopic dichotomy (e.g., Abouchami et al.,
2005; Weis et al., 2011); Loihi and Mauna Loa are both
Loa-type volcanoes but have the highest and lowest CO2

concentrations, respectively.
An alternative explanation for the northwestern spatial

decrease of source C is progressive depletion of the Hawai-
ian plume source. Under this hypothesis, Loihi samples the
most pristine plume material, which becomes more depleted
downstream. Such a model has been used to explain the He
isotopic distribution in the Hawaiian volcanoes, where He
is transported via low-degree volatile-rich or carbonatitic
incipient melts, preferentially sampled at the leading edge
of the plume (Loihi), and the older volcanoes increasingly
sample a more depleted source approaching the ambient
mantle (Kurz et al., 1995; Valbracht et al., 1996; Hanyu
et al., 2005; Dixon et al., 2008; Hofmann et al., 2011). This
model can additionally explain why Loihi has the highest
CO2 concentration despite the lowest amount of recycled
crust.

6. CARBON ENRICHMENT IN THE HAWAIIAN

MANTLE

The results presented here suggest that the Hawaiian
mantle is significantly more C-rich than the MORB mantle.
Whereas the active Hawaiian volcanoes have mantle source
CO2 concentrations ranging from 380 to 480 ppm (Sec-
tion 5.2, Table 1), the MORB mantle has approximately
60–140 ppm CO2 (Saal et al., 2002; Hirschmann and
Dasgupta, 2009; Michael and Graham, 2015; Rosenthal
et al., 2015; Le Voyer et al., 2017; Tucker et al., 2018).
The factor of 3–8� enrichment of CO2 in the Hawaiian
mantle compared to the MORB mantle could be due to
enhanced subduction of C to the Hawaiian mantle, the
presence of C-rich primitive material in the Hawaiian man-
tle, or both.

If surficial C is subducted in association with recycled
crust, the higher C concentration in the Hawaiian mantle
could reflect preferential delivery of subducted C to the
deep mantle source of Hawaii, compared to the shallower
MORB mantle. This scenario is consistent with geodynamic
and mass balance arguments for predominantly surface-
derived mantle C (Javoy et al., 1982; Trull et al., 1993;
Zhang and Zindler, 1993; Hirschmann, 2018) and the infer-
ence that the Hawaiian mantle contains significant amounts
of subducted material (e.g. Lassiter and Hauri, 1998;
Sobolev et al., 2005; Pietruszka et al., 2013). While the form
of this subducted C is speculative, up to a few percent car-
bonates have been implicated to explain Hawaiian Ca and
Sr isotopic compositions (Huang et al., 2011). Only 1%
CaCO3 would provide �4400 ppm CO2, implying that sub-
ducting crust could be extensively (>90%) decarbonated but
still deliver sufficient C to the Hawaiian mantle to explain
its CO2 concentration, and Ca and Sr isotopic composi-
tions. Even though the amount of recycled crust may not
explain the inter-volcano C variability (Section 5.2), recy-
cled material may still be an important source of C to the
Hawaiian plume.

On the other hand, the possibility of primitive material
in the Hawaiian mantle is supported by the enrichment in
primordial noble gases in Hawaiian basalts compared to
mid-ocean ridge basalts (e.g. Craig and Lupton, 1976;
Kurz et al., 1982; Honda et al., 1991). The mantle source
of Loihi (480 ppm CO2) could comprise 13% primitive
material with 3000 ppm CO2 (similar to the highest esti-
mates of the bulk silicate Earth CO2 concentration;
Marty, 2012) and 87% MORB-like depleted mantle with
100 ppm CO2. Although the amount of primitive material
needed to enrich the Hawaiian mantle strongly depends
on the poorly constrained primitive mantle CO2 concentra-
tion, 10% to a few tens of percent primitive material is per-
mitted by trace element modeling of Hawaiian magma
compositions (Pietruszka et al., 2013).

The higher CO2 concentrations in the mantle sources of
OIBs compared to MORBs suggest they disproportionately
contribute to global CO2 fluxes from the mantle. Assuming
a parental CO2 concentration of 7000 ± 1900 ppm (the
average and standard error of the Loihi, Kilauea, and
Mauna Loa parental compositions) and a Hawaiian mag-
matic flux of 0.20 ± 0.08 km3/year (Poland et al., 2014),
the Hawaiian CO2 flux is 3.8 ± 1.8 � 1012 g/year. This flux
corresponds to 6% of the mid-ocean ridge flux of
5.9 � 1013 g/year (Tucker et al., 2018), despite constituting
only 1% the magmatic flux. However, the Hawaiian CO2

flux is still around 10,000� lower than anthropogenic
CO2 emissions of �4 � 1016 g/year (Le Quéré et al., 2018).
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7. CONCLUSIONS

CO2 concentrations were measured in 437 melt inclu-
sions from Loihi, Kilauea, Mauna Loa, Hualalai, and Koo-
lau with the goal of understanding the role of plumes in the
global carbon cycle. Shrinkage bubble CO2 contents were
calculated from their relative volumes and an equation of
state, and added to dissolved CO2 contents. Thirty melt
inclusions had unusually large bubbles, which may be
trapped magmatic bubbles rather than shrinkage bubbles.

The uncertainty associated with the relative volume
measurements can be quite large, up to �50% (1r), when
melt inclusion volume is determined from a 2-dimensional
polished section. This uncertainty is applicable regardless
of whether CO2 vapor density is calculated from an equa-
tion of state or measured by Raman spectroscopy. There-
fore, a large number of inclusions must be analyzed to
robustly estimate the statistics of a dataset. Additionally,
the equation of state methodology does not account for
the possibility of nonequilibrium bubble expansion, and
more work is required to clarify the conditions under which
this might occur.

Typically, �90% of melt inclusion CO2 has been
exsolved to a shrinkage bubble, indicating that accurate
accounting for exsolved CO2 is required to study total
CO2 concentrations. In the Hawaiian melt inclusions, much
of this CO2 has likely been precipitated as solid carbon
phases on the bubble walls, and thus would not be
accounted for by Raman spectroscopy.

Total (dissolved + bubble) CO2 concentrations predom-
inantly imply upper- to mid-crustal entrapments pressures,
with some small amount of crystallization and entrapment
occurring in the lower crust uppermost mantle. Parental
Hawaiian magmas from the active Mauna Loa, Kilauea,
and Loihi volcanoes range from 3900 to 10,000 ppm CO2,
with an average of 7000 ± 1900 ppm, corresponding to a
Hawaiian CO2 flux of 3.8 ± 1.8 Tg/year. The variation in
parental CO2 concentrations between the volcanoes can
be explained by a model of progressive depletion of the
Hawaiian mantle source towards the northwest, although
differences in magma chamber depth may also play a role.

Mantle source CO2 concentrations of the active Hawai-
ian volcanoes range from 380 to 480 ppm, significantly
more CO2-rich than the MORB mantle. This enrichment
likely results from enhanced subduction of surficial C to
the mantle source of the Hawaiian plume and/or the pres-
ence of C-rich primitive material in the Hawaiian plume.
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