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Melt inclusions record valuable information about pre-eruptive volatile concentrations of melts. However, a
vapor bubble commonly forms in inclusions after trapping, and this decreases the dissolved CO2 concentration
in the melt (glass) phase in the inclusion. To quantify CO2 loss to vapor bubbles, Raman spectroscopic analysis
was used to determine the density of CO2 in bubbles in melt inclusions from two Cascade cinder cones near
Mt. Lassen and two Mexican cinder cones (Jorullo, Parícutin). Using analyses of dissolved CO2 and H2O in the
glass in the inclusions, the measured CO2 vapor densities were used to reconstruct the original dissolved CO2

contents of themelt inclusions at the time of trapping. Our results show that 30–90% of the CO2 in amelt inclusion
is contained in the vapor bubble, values similar to those found in other recent studies. We developed amodel for
vapor bubble growth to show how post-entrapment bubbles form in melt inclusions as a result of cooling,
crystallization, and eruptive quenching. The model allows us to predict the bubble volume fraction as a function
ofΔT (the difference between the trapping temperature and eruptive temperature) and the amount of CO2 lost to
a bubble. Comparison of the Raman and modeling methods shows highly variable agreement. For 10 of 17
inclusions, the twomethods are within±550 ppmCO2 (avg. difference 290 ppm), equivalent to ±~300 bars un-
certainty in estimated trapping pressure for restored inclusions. Discrepancies between the two methods occur
for inclusions that have been strongly affected by post-entrapment diffusive H+ loss, because this process en-
hances bubble formation. For our dataset, restoring the CO2 lost to vapor bubbles increases inferred trapping
pressures of the inclusions by 600 to as much as 4000 bars, highlighting the importance of accounting for
vapor bubble formation in melt inclusion studies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Melt inclusions are small volumes of melt trapped within a crystal-
lizing phenocryst. Becausemelt inclusions sequester melt prior to erup-
tive degassing, they provide a useful record of volatile concentrations in
melts during crystallization (e.g. Lowenstern, 1995; Metrich and
Wallace, 2008). However, during post-entrapment cooling and crystal-
lizationmostmelt inclusions undergo a decrease in pressure, unless the
melt is H2O-saturated, inwhich case pressure can increase (e.g., Student
and Bodnar, 1996). The pressure decrease causes nucleation of a vapor
bubble and loss of volatiles from the melt into the bubble (Anderson
and Brown, 1993; Steele-MacInnis et al., 2011; Moore et al., 2015;Wal-
lace et al., 2015). The pressure dropwithin amelt inclusion has a partic-
ularly strong effect on CO2 because of the strongpressure dependence of
CO2 solubility.

There are several factors that contribute to the post-entrapment pres-
sure drop within a melt inclusion. First, cooling causes crystallization of
the included melt at the inclusion-host interface (Steele-MacInnis et al.,
2011; Wallace et al., 2015). Because the phase transition from silicate
melt to solid (e.g., olivine) results in a volume decrease, post-
entrapment crystallization causes a pressure drop within a melt inclu-
sion, leading to nucleation and growth of a vapor bubble (Lowenstern,
1995; Danyushevsky et al., 2002). Second, the cooling that causes crystal-
lization also causes the melt to contract more than the olivine host
because of the difference in thermal expansivity of the two phases
(Sorby, 1858; Roedder, 1979). During eruption, cooling from the pre-
eruptive temperature to quenching at the glass transition temperature
causes additional contraction of the melt (Anderson and Brown, 1993;
Riker, 2005). Cooling during eruption may occur on a timescale that is
too short for significant diffusion of dissolved CO2 from the melt into
the vapor bubble, but it does promote an increase in vapor bubble size
(Anderson and Brown, 1993; Wallace et al., 2015). Third, diffusive loss
of H+ (protons) out of a melt inclusion (Hauri, 2001; Gaetani et al.,
2012; Bucholz et al., 2013) can also increase bubble size because this
process causes an increase in melt density and a decrease in melt
mass in the inclusion. These post-entrapment processes all act to reduce
the dissolved CO2 concentration in a melt inclusion, making it difficult
to infer the original crystallization pressure of the host crystal based
on vapor saturation calculations using dissolved H2O and CO2 in the
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Table 1
Volume percent vapor bubble, CO2 densities in the bubble determined by Raman, and H2O and CO2 concentrations in the glass determined by FTIR.

Inclusion Bub. vol.% CO2 Density (g/cm3) Carb. Measured CO2 ppm CO2 Uncertainty ppm Measured H2O wt.% H2O Uncertainty wt.% EPMA

Basalt of Old Railroad Grade (BORG-1)
2.2 6 0.17 – – – – – –

2.3 5 0.18 – – – – – –

3.2 3 0.10 X – – – – –

3.3 3 0.07 X – – – – –

3.4 7 0.07 X – – – – –

5.2 1 0.16 X 1141 ±207* 2.4 ±0.3* X
6.2 1 0.15 – 306 ±32 0.8 ±0.03 –

6.3 1 0.14 – – – – – –

6.4 1 0.14 X – – – – –

6.5 2 0.24 X – – – – –

9.3 2 0.11 X – – – – –

9.4 6 0.12 X – – – – –

10.2 2 0.23 – 1249 ±208* 1.1 ±0.67* –

10.3 3 0.05 – – – – – –

11.2 7 0.10 X – – – – –

12.2 2 0.14 X – – – – –

12.3 1 0.14 X – – – – –

12.4 1 0.13 X – – – – –

12.5 2 0.14 X – – – – –

13.2 2 0.14 – 1188 ±43 2.1 ±0.01 –

15.2 3 0.14 X – – – – –

15.d 3 0.12 X – – – – –

15.h 4 0.11 X – – – – –

18.1 1 0.12 X – – – – –

19.2 2 0.13 X 688 ±323* 1.9 ±0.2* X
19.4 4 0.17 – – – – – –

19.5 3 0.13 – 559 ±559* 1.7 ±0.4* X
19.8 2 0.14 X 1443 ±444* 1.8 ±0.7* X
19.h 4 0.14 – – – – – –

19.i 4 0.14 – – – – – –

19.l 3 0.12 X – – – – –

19.n 3 0.13 – – – – – –

19.s 4 0.15 X – – – – –

20.1 3 0.13 X – – – – –

21.2 2 0.16 X – – – – –

22.3 2 0.14 – b.d. N/A b.d. N/A X
23.1 2 0.13 – 761* ±52 1.3* ±0.4 X
24.1 2 0.17 – 320 ±46 0.9 ±0.03 X
26.1 2 0.10 X – – – – –

26.4 1 0.11 – – – – – –

26.b 2 0.08 X – – – – –

27.2 4 0.14 – 880 ±45 1.7 ±0.4 X
27.3 2 0.16 X – – – – –

27.b 4 0.14 – – – – – –

27.c 4 0.16 – – – – – –

30.a 3 0.22 – – – – – –

32.a 6 0.14 – b.d. N/A 0.9 ±0.5 X
33.3 3 0.14 X 303 ±57 0.7 ±0.03 X

Basalt of Round Valley Butte (BRVB-01)
2.2 5 0.13 – – – – – –

2.3 3 0.13 – – – – – –

2.7 5 0.10 X – – – – –

4.4 7 0.19 – – – – – –

4.6 4 0.20 – – – – – –

4.7 4 0.21 – – – – – –

4.8 7 0.11 – – – – – –

4.9 7 0.19 – – – – – –

5.2 5 0.21 – – – – – –

6.4 2 0.23 X – – – – –

6.5 3 0.24 – – – – – –

6.6 3 0.21 X – – – – –

6.7 1 0.20 X – – – – –

6.8 4 0.23 – – – – – –

6.9 2 0.27 – – – – – –

8.2 4 0.15 – – – – – –

8.4 3 0.24 – – – – – –

10.3 8 0.13 – – – – – –

11.2 4 0.10 – – – – – –

11.3 5 0.13 – – – – – –

11.4 2 0.12 – – – – – –

11.5 3 0.07 – – – – – –

12.3 3 0.29 – – – – – –

13.2 6 0.21 – – – – – –

(continued on next page)
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Table 1 (continued)

Inclusion Bub. vol.% CO2 Density (g/cm3) Carb. Measured CO2 ppm CO2 Uncertainty ppm Measured H2O wt.% H2O Uncertainty wt.% EPMA

14.2 9 0.22 – – – – – –

14.3 9 0.23 – – – – – –

18.3 6 0.17 – 608 ±43 0.1 ±0.01 X
19.3 4 0.24 – – – – – –

21.a 6 0.23 – – – – – –

21.b 3 0.17 – – – – – –

21.d 3 0.20 – – – – – –

21.f 4 0.22 – – – – – –

21.g 3 0.11 – – – – – –

21.h 5 0.24 – – – – – –

22.1 3 0.12 – – – – – –

22.2 4 0.17 – – – – – –

24.2 2 0.24 X b.d. N/A 1.6 ±0.8* X
27.1 3 0.09 – – – – – –

27.d 2 0.18 – – – – – –

27.e 13 0.16 – – – – – –

29.a 3 0.09 – – – – – –

29.b 7 0.12 – – – – – –

30.1 7 0.23 – 803 ±732* 0.4 ±0.06* –

30.a 8 0.24 – – – – – –

31.3 – – – 905 ±150 1.2 ±0.14 X
36.1 2 0.13 – – – – – –

37.1 4 0.07 – b.d. N/A 0.4 ±0.04 X
39.1 – – – 618 ±207* 1.2 ±0.31* –

40.1 1 0.19 – – – – – –

Jorullo (J1d)
4.c 7 0.18 – – – – – –

6.a 14 0.13 – – – – – –

6.b 8 0.15 – – – – – –

7.a 10 0.14 – 897 ±350* 0.6 ±0.48* –

7.d 10 0.08 X – – – – –

7.f 13 0.12 – – – – – –

7.h 15 0.12 – – – – – –

7.l 6 0.18 – – – – – –

7.m 9 0.15 – – – – – –

8.1 8 0.20 – 712 ±115 1.9 ±0.14 –

9.1 6 0.21 – – – – – –

10.1 6 0.18 – – – – – –

11.c 6 0.04 X – – – – –

12.c 6 0.09 – – – – – –

13.2 13 0.17 – – – – – –

14.1 – – – 532 ±100 2.6 ±0.17 X
18.a 7 0.04 X – – – – –

20.1 4 0.05 X 654 ±76 2.8 ±0.3 X
20.a 6 0.03 X – – – – –

Parícutin (P506)
1.1 – – – 328 ±18* 1.4 ±0.1* X
3.2 2 0.06 – – – – – –

3.a 4 0.09 – – – – – –

4.1 4 0.02 – – – – – –

7.1 3 0.07 – 794 ±61 1.6 ±0.3 X
8.1 7 0.12 – – – – – –

10.1 2 0.08 – 446 ±24* 1.4 ±0.08* –

11.1 – – – 514 ±142* 1.3 ±0.3* –

12.1 – – – 509 N/A 0.8 N/A X
15.1 5 0.02 – – – – – –

15.b 6 0.06 – – – – – –

15.c 9 0.05 – – – – – –

17.1 – – – 1136 ±359* 1.5 ±0.14* –

17.a 9 0.05 – – – – – –

The uncertainty in CO2 density is ±0.02 g/cm3 (1 standard deviation); we estimated uncertainty in CO2 density measurements using the deviation in CO2 densities from repeated Raman
analyses of a vapor bubble in a BRVB inclusion, as described in Section 2.2. Uncertainty in glass CO2 and H2O concentrations were calculated as explained in Section 2.3. H2O and CO2
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melt (glass) (Anderson and Brown, 1993; Steele-MacInnis et al., 2011;
Moore et al., 2015; Wallace et al., 2015; Mironov et al., 2015).

To investigate the effect of vapor bubble formation on the dissolved
CO2 concentration in olivine-hosted melt inclusions from mafic cinder
cones in volcanic arcs, we employed a combination of analytical and
modeling techniques. Following the methods first described in
Esposito et al. (2011) and recently detailed in Moore et al. (2015), we
used Raman spectroscopy to measure the CO2 gas density in bubbles
in melt inclusions from four cinder cones: two from the southern
Cascade Arc (Basalt of Round Valley Butte [BRVB] and Basalt of Old
Railroad Grade [BORG]; Clynne and Muffler, 2010; Walowski, in
review; Walowski et al., 2016) and two historically active cinder cones
from Mexico (Jorullo and Parícutin; Johnson et al., 2009). We used
bubble volumes, bubble CO2 densities, and CO2 concentrations in melt
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inclusion glasses measured by Fourier transform infrared (FTIR) spec-
troscopy to quantify the amount of CO2 that was lost from the melt to
the bubble in the inclusion (Moore et al., 2015). To distinguish bubbles
thatwere likely co-entrappedwithmelt frombubbles that formed post-
entrapment, we calculated the maximum bubble volume fraction that
could have formed post-entrapment for melt inclusions from each vol-
cano based on differences between eruptive and trapping temperatures
(Riker, 2005; Wallace et al., 2015).We compared Raman-reconstructed
CO2 concentrations to CO2 reconstructions calculated using a model of
post-entrapment crystallization and melt contraction to assess the
agreement between the two approaches. Using these results together
with estimates of the extent of diffusive H+ loss, we reconstructed
pressures of entrapment for melt inclusions from each volcano.

2. Methods

2.1. Sample description and preparation

Loose olivine phenocrysts were selected from tephra samples col-
lected by K.Walowski (BORG; BRVB) and E. Johnson (Jorullo; Parícutin)
to minimize the probability of selectingmelt inclusions affected by syn-
or post-eruptive diffusive loss due to slow cooling (Lloyd et al., 2013).
Bulk tephra from each volcano was sieved into different size fractions.
The 250 μm–500 μm and 500 μm–1 mm fractions contained the largest
proportion of euhedral olivine phenocrysts with the least amount of
adhering matrix glass so that the phenocrysts could be easily inspected
for melt inclusions using a stereomicroscope. Phenocrysts were
immersed in isopropyl alcohol and placed under amicroscope for selec-
tion of olivine containing fully enclosed, glassy melt inclusions without
fractures. Olivine phenocrysts were then mounted onto round glass
slides using an acetone-soluble resin. To prepare for Raman analysis,
mounted samples were polished using 6 and 1/4 μm diamond grit
until at least one melt inclusion with a bubble was close enough
(b100 μm) to the surface to be analyzed by Raman spectroscopy.

The volume of each bubble and melt inclusion was calculated using
the open-source program ImageJ (Abramoff et al., 2004) after measur-
ing the dimensions of the melt inclusion and bubble on a photo. We
calculated a spherical volume for each bubble and an ellipsoidal volume
for each melt inclusion. For each ellipsoidal melt inclusion volume, we
assumed that the third, unobservable ellipsoidal axis (extending in
and out of the plane of the photo) was approximated by the smaller
ellipsoidal axis measured on the photograph. Although this is not
ideal, this was the best estimate for the third axis using two-
dimensional photos. Bubble volume % values for the inclusions are
given in Table 1.

Olivines from BORG contain only a few mineral inclusions and
usually more than one ellipsoidal melt inclusion per crystal. Of the
249 bubbles analyzed by Raman spectroscopy in BORG melt inclusions,
19 bubbles are inmelt inclusionswith a ‘wrinkled’ texture (see Fig. A1 in
Appendix A, and Fig. 3d in Moore et al., 2015). The rest of the analyses
were of bubbles in smooth-walled inclusions. Most of the smooth-
walled melt inclusions in BORG olivine are colorless, with only a few
transparent light brown inclusions. The melt inclusions in BORG olivine
have bubble volumes ranging from 0.9 to 6.7 vol.% (avg. 2.9%) of the
total melt inclusion volume (Fig. 1).

BRVB olivines contain numerous mineral inclusions as well as many
ellipsoidal to faceted (negative crystal shape) melt inclusions (see
Fig. A2 in Appendix A). The melt inclusions all have smooth walls and
are transparent tan in color. Eleven of the 143 bubbles analyzed by
Raman are in melt inclusions that contain a small unidentified crystal;
the rest of the inclusions are crystal-free. BRVB bubble volumes range
from 1.3 to 13 vol.% bubble (avg. 4.5%).

Jorullo olivines contain numerous mineral inclusions in addition to
melt inclusions, and the melt inclusions are typically faceted (negative
crystal shape) rather than ellipsoidal (see Fig. A3 in Appendix A). The
inclusions are smooth-walled, with colors ranging from colorless to
transparent tan. Four of the 81 analyzed bubbles are in melt inclusions
that contain small (~3–10 μm) unidentified crystals either within the
melt inclusion glass or along the inclusion-host interface. The rest of
themelt inclusions inwhich bubbleswere analyzed donot contain crys-
tals. Jorullo melt inclusions have the largest average bubble volume
fractions, ranging from 3.9 to 15 vol.% (avg. 8.5%).

Parícutin olivines contain many round to faceted (negative crystal
shape) melt inclusions and reentrants (see Fig. A4 in Appendix A).
Numerous mineral inclusions are also observed in the olivine. Parícutin
olivines contain the largest melt inclusions of the three volcanoes
(Fig. 1). Of the 54 bubbles analyzed by Raman, four are in inclusions
that contain small unidentified crystals. Four of the analyzed melt
inclusions contain more than one bubble; however, during Raman
analysis, no CO2 was detected in any of these multiple bubbles. For
Parícutin, bubble volume percent ranges from 1.7 to 8.8 vol.% bubble
(avg. 5.1%).

2.2. Raman spectroscopy

The density of CO2 in vapor bubbles in melt inclusions was
determined at Virginia Tech on a JY Horiba LabRam HR (800) Raman
spectrometer (see Esposito et al., 2011, Moore et al., 2015). Analyses
were conducted using a 400-μm diameter confocal hole and a 150-μm
slit. The instrument uses a Modu-Laser 514 argon laser set at 50 mW
at the source, with Raman shifted photons diffracted by an
1800 grooves/mm grating to an Andor electronically cooled CCD
detector. A synthetic fluid inclusion containing a low-density CO2

vapor bubble (Sterner and Bodnar, 1984) and a vapor bubble in a melt
inclusion from BRVB were analyzed three times a day to test for
reproducibility of Raman analyses. Five 30-second accumulations
(150 s total) were obtained for the melt inclusion bubbles and the
reference standards. The background for each sample was corrected
for noise using LabSpec software, and peaks were fit using a mixed
Gaussian/Lorentzian approximation with Grams/AI™ Spectroscopy
Software (by Thermo Scientific). Spectra containing CO2 peaks that are
too small to be recognized by the peak fitting software (usually corre-
sponding to “peaks” defined by 4 or fewer points) were noted but not
included in the final dataset.

The density of CO2 in each bubble was calculated using the
difference in wavenumber between two characteristic peaks, called
the Fermi diad, located at ~1285.4 cm−1 and 1388.2 cm−1 (Wright
and Wang, 1973, 1975). As CO2 density increases, the peaks of the
Fermi diad shift farther apart. The density of CO2 can be calculated
using:

ρCO2
¼ −0:0303Δ3 þ 9:43Δ2−977:398Δþ 33780:382 ð1Þ

where ρCO2
is the density of CO2 (g/cm3) andΔ is the difference inwave-

number (cm−1) between the two peaks in the Fermi diad (Fall et al.,
2011). This density relationship was calibrated at Virginia Tech using
the same Raman system and procedures that we used, and the calibra-
tion includesmany data points in the low-density (vapor) region,which
is appropriate for bubbles in melt inclusions. In some melt inclusions
carbonate crystals are present along the bubble-inclusion wall
(e.g., Moore et al., 2015). These crystals produce a Raman peak at
~1100 cm−1. Because an unquantifiable amount of CO2 is contained in
the carbonate, bubbles that had carbonate were noted. Measured CO2

densities are reported in Table 1, and bubbles with carbonate present
are also noted.

2.3. Fourier transform infrared (FTIR) spectroscopy

After the bubbles were analyzed by Raman spectroscopy, melt
inclusions were prepared for analysis of H2O and CO2 concentrations
in the glass phase using a Thermo Nicolet Nexus 670 Fourier transform
infrared (FTIR) spectrometer at the University of Oregon. Each olivine
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Fig. 1. Comparison of melt inclusion volumes and vapor bubble volumes. Isovolumetric lines representing volume percent vapor in themelt inclusion are also shown. Bubble volumes for
all analyzed samples ranged from ~1–10 vol.%.
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grainwas ground and polished into awafer using 6 and1/4 μmdiamond
grit so thatmelt inclusionswere intersected on two sides. Olivine wafer
thicknesses were measured using both a digital micrometer and with
interference fringes in reflectance spectra (Wysoczanski and Tani,
2006). Some melt inclusions, due to fragility of the thin wafer and
their small (b30 μm in diameter) size, were not doubly intersected.
For these melt inclusions, measured thicknesses were corrected for
the presence of olivine (Nichols and Wysoczanski, 2007).

Three transmission spectra were collected from each melt inclusion
glass. H2O and CO2 concentrationswere then calculated from each spec-
trum using Beer's Law:

c ¼ MA=ρdε ð2Þ

where c is the concentration of H2O or CO2 (in weight fraction),M is the
molecular weight of H2O or CO2, A is the measured absorbance for total
H2O using the fundamental O–H stretching vibration (peak at
3550 cm−1), or carbonate (doublet at 1515 and 1430 cm−1); ρ is the
glass density; d is the thickness of the melt inclusion (μm); and ε is
the molar absorption coefficient. For all melt inclusions we used
εH2O=63 L/mol cm (Dixon et al., 1995). The value for εCO2

, however,
is sensitive to melt composition, and we used an average melt inclusion
composition from each cone to calculate the following values: εCO2

=
308 L/mol cm for BORG, 310 L/mol cm for BRVB, 291 L/mol cm for
Jorullo, and 280 L/mol cm for Parícutin (Dixon and Pan, 1995). The ab-
sorbance of CO2 as carbonate was measured using a peak-fitting pro-
gram that uses a background subtraction of carbonate-free basaltic
glass (S. Newman, unpublished). Glass densities at 1 bar and 25 °C
were calculated using major element compositions and partial molar
volumes from R. Lange (cited in Luhr, 2001). Analytical uncertainties
in CO2 andH2O concentrations for eachmelt inclusionwere determined
by propagating error from thickness measured by reflectance spectra,
absorbance, and (for small melt inclusions) thickness after correcting
for the presence of olivine in the spectra.

2.4. Electron microprobe analysis

Major element concentrations in melt inclusions (Si, Al, Fe, Mg, Ca,
Na, K, Mn, Ti, P) and host olivine (Si, Mg, Fe, Mn) were determined
using a Cameca SX-100 electronmicroprobe at theUniversity of Oregon.
SiO2, Al2O3, Na2O, and K2Owere analyzed first, and concentrationswere
determined using time-dependent intensity corrections. Five points on
each melt inclusion and three points on each olivine were analyzed
with a 2-μm beam diameter, 15 kV accelerating voltage, and a sample
current of 20 nA.

Melt inclusion compositions were corrected for diffusive Fe loss
(Danyushevsky et al., 2000) and post-entrapment crystallization (PEC)
of olivine along the melt inclusion-olivine interface using Petrolog3
(Danyushevsky and Plechov, 2011). For the correction, we used an
oxygen fugacity determined from V partitioning between olivine and
melt (Mallmann and O'Neill, 2009), which yielded an average value of
QFM + 1. In Petrolog3, olivine-melt Kd values were calculated using
Danyushevsky (2001). We used FeOT values based on corrected melt
inclusion FeOT data [Jorullo restored FeOT = 7.51 wt.%, Parícutin
restored FeOT = 7.18 wt.% (Johnson et al., 2009)], and whole rock
data [BORG restored FeOT = 8.54 wt.%, BRVB restored FeOT =
9.39 wt.% (Walowski, 2015; Walowski et al., 2016)]. After restoring
melt inclusion major element values, we corrected for the effects of
PEC on volatile concentrations. Because K is incompatible during olivine
crystallization, the ratio of uncorrected K2O to corrected K2O for each
volcano was used to correct the CO2 and H2O values. Measured and
corrected electron microprobe compositions along with measured and
corrected H2O and CO2 concentrations for each melt inclusion are
given in Table 2.



Table 2
Major elements, volatiles, and ΔT for melt inclusions analyzed by electron microprobe.

Uncorrected BORG-1

5.2 19.2 19.5 19.8 22.3 23-1 24.1 27.2 32.a 33.3

SiO2 49.46 48.18 48.51 49.85 49.31 50.35 48.46 51.21 50.88 47.66
TiO2 0.92 0.89 0.95 0.95 0.88 1.15 0.76 0.97 0.88 0.77
Al2O3 20.28 21.57 21.46 20.79 19.63 19.89 19.32 20.33 19.40 20.10
FeOT 6.05 6.52 5.96 6.43 8.47 7.58 6.57 6.54 7.22 7.82
MnO 0.09 0.12 0.08 0.10 0.13 0.12 0.10 0.12 0.12 0.13
MgO 4.06 4.34 4.63 4.90 5.61 3.74 6.95 3.28 4.50 5.75
CaO 11.59 10.00 9.99 9.93 9.56 9.39 11.47 9.98 9.32 10.64
Na2O 3.39 4.54 4.63 4.89 3.99 4.19 3.15 4.44 4.18 3.17
K2O 0.60 0.59 0.65 0.65 0.51 0.64 0.54 0.63 0.59 0.46
P2O5 0.27 0.23 0.22 0.22 0.22 0.26 0.23 0.24 0.23 0.20
H2O 2.4 1.9 1.7 1.8 b.d. 1.3 0.9 1.7 0.9 0.7
H2O uncertainty ±0.3* ±0.2* ±0.4* ±0.7* N/A ±0.4* ±0.03 ±0.4 ±0.5 ±0.03
CO2 ppm 1141 688 559 1443 b.d. 761 320 880 b.d. 303
CO2 uncertainty ±207* ±323* ±289* ±444* N/A ±52* ±46 ±45 N/A ±57

Corrected BORG-1

5.2 19.2 19.5 19.8 22.3 23.1 24.1 27.2 32.a 33.3

SiO2 49.14 48.46 48.49 49.26 50.10 50.83 48.54 50.73 51.30 48.77
TiO2 0.81 0.83 0.87 0.89 0.90 1.11 0.71 0.88 0.85 0.76
Al2O3 17.76 20.12 19.66 19.30 19.95 19.12 18.08 18.47 18.72 19.87
Fe2O3 1.05 1.21 1.23 1.33 1.40 1.28 1.11 1.22 1.29 1.10
FeO 7.77 7.62 7.58 7.53 7.28 7.51 7.63 7.58 7.55 7.67
MnO 0.13 0.15 0.12 0.13 0.13 0.15 0.13 0.15 0.14 0.15
MgO 9.35 7.21 7.79 6.94 5.72 6.03 9.35 6.99 6.28 7.35
CaO 10.25 9.39 9.22 9.28 9.71 9.08 10.79 9.15 9.03 10.55
Na2O 2.97 4.24 4.24 4.54 4.06 4.03 2.95 4.04 4.04 3.13
K2O 0.53 0.55 0.60 0.60 0.52 0.62 0.51 0.57 0.57 0.45
P2O5 0.24 0.22 0.20 0.20 0.22 0.25 0.22 0.22 0.22 0.20
H2O 2.0 1.7 1.5 1.6 b.d. 1.3 0.8 1.5 0.8 0.6
CO2 ppm 978 631 506 1322 b.d. 722 297 788 b.d. 298
Olivine (Fo%) 87.7 85.3 86.4 85.0 82.2 82.5 88.0 84.5 82.9 84.9
% ol added 16.6 9.5 11.1 8.0 0.0 6.4 8.6 11.6 5.9 4.3
ΔT (°C) 188 105 110 73 1 92 68 153 64 49

Uncorrected BRVB-01 J1d P506

18.3 24-2 31-3 37-1 14.1 20.1 1.1 7.1 12.1

SiO2 47.89 48.58 48.17 47.18 49.77 49.88 52.46 51.21 51.68
TiO2 1.69 1.57 1.51 1.51 0.92 0.86 1.03 1.01 1.03
Al2O3 19.49 17.82 18.00 19.19 20.83 19.39 19.98 20.23 19.22
FeOT 8.05 7.31 7.45 8.51 5.56 6.11 6.07 7.10 7.91
MnO 0.13 0.11 0.12 0.14 0.08 0.09 0.13 0.12 0.13
MgO 5.08 5.87 6.64 5.44 4.21 6.32 3.91 3.61 4.37
CaO 10.68 10.74 10.37 10.24 10.08 9.57 8.36 8.45 8.09
Na2O 4.15 4.23 3.87 4.08 4.86 4.67 5.12 4.24 4.47
K2O 1.15 0.93 0.80 1.14 0.77 0.72 0.94 0.90 0.88
P2O5 0.51 0.47 0.46 0.49 0.32 0.29 0.34 0.36 0.35
H2O 0.1 1.6 1.2 0.4 2.6 2.8 1.4 1.6 0.8
H2O uncertainty ±0.01 ±0.8* ±0.14 ±0.04 ±0.17 ±0.3 ±0.1* ±0.3 N/A
CO2 ppm 608 b.d. 905 b.d. 532 654 328 794 509
CO2 uncertainty ±43 N/A ±150 N/A ±100 ±76 ±18* ±61 N/A

Corrected BRVB-01 J1d P506

18.3 24.2 31.3 37.1 14.1 20.1 1.1 7.1 12.1

SiO2 47.71 48.54 48.50 47.62 49.10 49.51 52.28 51.93 52.60
TiO2 1.61 1.47 1.45 1.47 0.79 0.78 0.98 0.98 1.03
Al2O3 18.56 16.63 17.27 18.72 17.83 17.48 18.99 19.57 19.30
Fe2O3 1.75 1.64 1.51 1.72 1.05 1.06 1.13 0.96 1.08
FeO 7.82 8.06 8.14 8.00 6.74 6.75 6.36 6.47 6.28
MnO 0.15 0.14 0.14 0.16 0.10 0.11 0.15 0.13 0.13
MgO 6.67 8.19 8.08 6.72 10.58 10.51 6.05 6.41 5.72
CaO 10.20 10.08 9.99 10.01 8.71 8.69 7.99 8.22 8.14
Na2O 3.95 3.95 3.71 3.98 4.17 4.21 4.87 4.10 4.49
K2O 1.10 0.87 0.77 1.12 0.66 0.65 0.90 0.87 0.88
P2O5 0.48 0.43 0.44 0.48 0.27 0.26 0.32 0.35 0.35
H2O 0.1 1.5 1.1 0.4 2.2 2.4 0.0 1.5 0.8
CO2 ppm 579 b.d. 858 b.d. 445 575 307 753 507
Olivine (Fo%) 83.9 86.1 85.7 83.7 90.8 90.7 85.4 85.6 84.6
% ol added 5.7 8.7 6.0 4.2 18.4 12.2 6.4 6.2 1.8
ΔT (°C) 58 71 40 43 209 116 85 112 53
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between corrected melt inclusion compositions and their olivine hosts for a Kd value of
0.3, which was the average calculated by Petrolog3. Dashed black curves show the range
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MgO in melt inclusions. Black lines show values that are in equilibrium with Fo85 and
Fo90 olivine.
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3. Results

3.1. Host olivine and melt compositions

BORG olivine compositions are Fo82.2–Fo88 (avg. Fo84.9; Fig. 2a).
BRVB olivines are similar, with an average of Fo84.9 and a range of
Fo83.7–Fo86.1. For Parícutin, three analyzed olivine grains have an
average of Fo85.2, with a range of Fo84.6–Fo85.6. The Fo contents for
Parícutin are on the low end of the range of Fo contents reported in
Johnson et al. (2009). Jorullo olivines have the most Mg-rich composi-
tions of the samples we studied. The two Jorullo olivines analyzed in
Notes to Table 2
Major element compositions of melt inclusion glass determined by electronmicroprobe analysi
are expressed inwt.%, and CO2 concentrations are in ppm. H2O and CO2 values below FTIR detec
inclusion to correct for post-entrapment crystallization using Petrolog3. Petrolog3 was used to
difference between the trapping and eruptive temperature (see discussion in Section 4.1). One
inclusion, are 0.24 wt.% for SiO2, 0.03 wt.% for TiO2, 0.18 wt.% for Al2O3, 0.12 wt.% for FeOT, 0.
K2O, and 0.01 wt.% for P2O5. Uncertainties in H2O and CO2 concentrations were calculated th
were corrected for olivine interference are shownwith an asterisk. For standards, we used synth
glass for Fe, Ca, Si, andMg; chlor-apatite (halogen corrected) for P; nepheline for Na; and orthocl
and Fe2O3 for corrected compositions were calculated in Petrolog3 using an oxygen fugacity of
this study have compositions of Fo90.7 and Fo90.8. These values are
similar to olivine from this same sample analyzed by Johnson et al.
(2008, 2009).

The analyzed and corrected MgO and FeOT contents of the melt in-
clusions are shown in Fig. 2b. The corrected MgO values range from
5.7 to 10.3 wt.% MgO, reflecting the range of host olivine compositions.
On average, Jorullomelt inclusions showed the greatest amount of post-
entrapment crystallization (15.3wt.% olivine added), whereas Parícutin
experienced the least (avg. of 4.8 wt.% olivine added). The average
amount of PEC for BORG melt inclusions was 8.2 wt.% olivine, and for
BRVB, 6.1 wt.%.

3.2. Raman CO2 densities

A total of 415 bubbles were analyzed by Raman spectroscopy. Out of
the 143 bubbles from BRVB, 67 have detectable CO2 (i.e., the Fermi diad
is recognizable in the Raman spectrum). Failure to detect CO2 in a bub-
ble does not necessary mean that the bubble does not contain CO2. The
ability to detect CO2 in the vapor bubble is a function of the CO2 density,
the bubble size, the depth of the bubble beneath themineral surface, the
shape of the melt inclusion, the optical quality of the sample, and other
factors. Moreover, it is possible that a given bubble that does not show
detectable CO2 did contain CO2 initially, but it was subsequently lost
along fractures. After background corrections, 47 of the 67 bubbles ex-
hibited CO2 peaks that could be fitted using the peak fitting software
and background corrections. Some spectra could not be fit because
they contained a high signal-to-noise ratio or because there was a
high fluorescence background in the spectrum. Of the 143 bubbles ana-
lyzed, 10 Raman spectra had peaks that correspond to carbonate phases
in the spectra. For BORG, of 249 analyzed bubbles, 96 had Raman spectra
with observable CO2 peaks, and 48 of these peaks could be fitted. Of the
249 analyzed bubbles, 55 had peaks that correspond to carbonate
phases in their Raman spectra. We analyzed 54 bubbles from Parícutin,
of which 18 show CO2 peaks, and 10 could be fitted. No analyzed bub-
bles from Parícutin show peaks that correspond to carbonate phases
in the spectra. We analyzed 81 bubbles from Jorullo, of which 29 have
detectable CO2, and 18 could be fitted. Of the 81 bubbles analyzed
from Jorullo, 36 Raman spectra show peaks that correspond to carbon-
ate phases.

Although there is considerable overlap in the data, measured CO2

densities for several of the cinder cones show distinct differences
(Fig. 3). Melt inclusions fromBRVBhave the highest CO2 densities, rang-
ing from 0.07 to 0.29 g/cm3 (avg. 0.18 g/cm3). BORG has slightly lower
CO2 densities, ranging from 0.05 g/cm3 to 0.24 g/cm3 (avg.
0.14 g/cm3). Parícutin melt inclusions have the lowest CO2 densities,
ranging from0.02 g/cm3 to 0.12 g/cm3 (avg. 0.06 g/cm3). Jorullomelt in-
clusions contain bubbles with CO2 densities of 0.03 g/cm3 to 0.21 g/cm3

(avg. 0.13 g/cm3). CO2 densities in bubbles with detectable carbonate
have similar (BRVB) or lower (Jorullo) CO2 densities compared to bub-
bles in melt inclusions from the same volcano but without a carbonate
phase.

3.3. H2O and CO2 concentrations

To reconstruct the original dissolved CO2 concentrations of the melt
inclusions at the time of trapping, the amount of CO2 in the melt
s. Values are normalized to 100%without volatiles. Major element and H2O concentrations
tion limit are denoted “b.d.”. “% ol added” is the amount of olivine added back into themelt
calculate the eruptive temperature and trapping temperature for each inclusion: ΔT is the
standard deviation uncertainties for major elements, based on replicate analyses of each

01 wt.% for MnO, 0.24 wt.% for MgO, 0.05 wt.% for CaO, 0.18 wt.% for Na2O, 0.02 wt.% for
rough error propagation as detailed in Section 2.3; uncertainties for melt inclusions that
etic TiO2 for Ti; syntheticMnO forMn; NBS K-412mineral glass for Al; NBS K-411mineral
aseMAD-10 forK. Timedependent intensity correctionsweremade for Na, K, Si andAl. FeO
QFM + 1.
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inclusion glass must be known. However, to measure the concentra-
tions of H2O and CO2 in the glass by FTIR spectroscopy requires that
the melt inclusion diameter is N~30 μm. For melt inclusions smaller
than 30 μm in diameter, we estimated the amount of CO2 and H2O in
the glass using themedian CO2 and H2O values for analyzed melt inclu-
sions from the same sample (Johnson et al., 2008, 2009; Walowski,
2015; Walowski et al., 2016). A potential drawback to this approach is
that smaller melt inclusions are likely to lose more H2O by H+ diffusive
loss than largermelt inclusions because of their larger surface to volume
ratio, and therefore the published H2O values might be higher than
many of the inclusions we analyzed by Raman. However, the H2O
content of the inclusion plays no role in the Raman-based restoration
procedure (see below), so this should have no effect on our calculations
of the CO2 concentration. For BRVB, the median H2O concentration is
1.7wt.%with amedian CO2 of 538 ppm. For BORG, themedianH2O con-
centration is 2.9 wt.% with a median CO2 concentration of 937 ppm. For
samples from Jorullo, the median H2O concentration is 3.0 wt.% and the
median CO2 concentration is 630 ppm. For Parícutin, the median H2O
concentration is 4.5 wt.% and the median CO2 concentration is
850 ppm.We used themedian CO2 values to approximate the CO2 con-
centrations of the glass inmelt inclusions that were too small to analyze
by FTIR, but for which we have measured vapor bubble CO2 densities.

Twenty-nine inclusions from this study were large enough for FTIR
analysis. For BORG, 13 analyzed melt inclusions yield CO2 concentra-
tions ranging from below detection (~25 ppm) to 1443 ppm (median
725 ppm). BORGmelt inclusion H2O ranges from 0.7 to 2.4 wt.% (medi-
an1.5wt.%). For six analyzed BRVB inclusions, CO2 concentrations range
from below detection (~25 ppm) to 905 ppm (median 613 ppm). The
H2O concentrations for BRVB range from 0.1 to 1.6 wt.% (median
0.74 wt.%). For Jorullo, four inclusions have CO2 concentrations ranging
from532 to 897 ppm(median 683 ppm)withH2O concentrations rang-
ing from 0.6 to 2.8 wt.% (median 2.22 wt.%). Finally, the six FTIR-
analyzed Parícutin melt inclusions have CO2 concentrations ranging
from 328 to 1136 ppm (median 512 ppm) with H2O concentrations
ranging from 0.8 to 1.6 wt.% (median 1.4 wt.%).

4. Discussion

4.1. Post-entrapment formation of vapor bubbles

The volume fraction occupied by a vapor bubble in amelt inclusion is
strongly dependent on the extent of post-entrapment crystallization
and thermal contraction of the melt phase relative to the contraction
of the olivine host (Riker, 2005; Steele-MacInnis et al., 2011; Moore
et al., 2015; Wallace et al., 2015). However, a crystallizing phenocryst
can also trap melt that already contains one or more bubbles. To deter-
mine which bubbles may have formed in the melt prior to melt inclu-
sion entrapment, we used the method of Riker (2005) to estimate the
maximum volume fraction of vapor that could form in melt inclusions
from each volcano as a result of post-entrapment crystallization and
thermal contraction. This calculation allows us to identify melt inclu-
sions that likely contain pre-entrapment bubbles and exclude them
from our CO2 reconstruction procedures, because these bubbles
(which contained CO2-rich vapor prior to melt inclusion entrapment)
would cause an overestimate of the amount of CO2 that was dissolved
in the melt inclusion at the time of trapping.

For the bubble volume calculations, we assumed that there are two
stages in the post-entrapment formation and growth of a bubble. The
first stage occurs during post-entrapment cooling before eruption. It in-
volves both olivine crystallization (which changes melt composition)
and changes in the density of the included melt due to temperature de-
crease. The size of a bubble formed during this stage is therefore a func-
tion of ΔT, the difference between the eruption and trapping
temperatures of the melt inclusion (Anderson and Brown, 1993; Riker,
2005; Wallace et al., 2015). The second stage occurs over short time-
scales (seconds to a few tens of seconds at most) during eruptive
cooling and involves thermal contraction of the melt during cooling to
the glass transition temperature. This second stage likely occurs too
rapidly for additional olivine crystallization to occur, but may result in
a significant increase in bubble volume.

To simulate the growth of a vapor bubble as a result of cooling, we
first identified the most primitive melt composition (high MgO) for
each volcano based on analyzed inclusions from this study as well as
those analyzed previously from the same sample suites (Johnson et al.,
2009; Walowski, 2015; Walowski et al., 2016). We used the highest
H2O/K2O ratio and the K2O content of the most primitive melt from
each cone to estimate the H2O content for the primitive melt composi-
tion (e.g. Johnson et al., 2010). Pre-eruption and trapping temperatures
(based on analyzed and restored melt inclusion compositions, respec-
tively; seeWallace et al., 2015) for each primitive compositionwere ob-
tained using Petrolog3 (see Fig. B1 in Appendix B). The pressure of
crystallizationwas calculated using theH2O content pairedwith highest
measured CO2 in VolatileCalc 2.0 (Newman and Lowenstern, 2002).

We modeled the first stage of post-entrapment bubble formation
using rhyolite-MELTS (Gualda et al., 2012). To simulate equilibrium
crystallization (in 20 °C increments), each primitive melt composition
was modeled with decreasing temperature below its liquidus at con-
stantpressure. For each temperature step,we used themass anddensity
of olivine that crystallized in that step to calculate the volume change of
a melt inclusion during cooling and crystallization. We calculated the
density of the residual melt at each temperature step using the method
of Lange and Carmichael (1990). We also calculated the volume de-
crease of the cavity containing the melt inclusion caused by olivine
host contraction. (Suzuki, 1975). The volume difference between the
cavity and the melt plus post-entrapment olivine crystallized at each
sub-liquidus temperature step is then equal to the volume of a vapor
bubble formed as a result of post-entrapment crystallization. One im-
portant result of these calculations is that during this stage of post-
entrapment crystallization, the vapor bubble forms solely due to the
volume change caused by crystallization of olivine from the included
melt. The residual melt in the melt inclusion actually becomes less
dense with decreasing temperature because of decreasing melt MgO
and FeO and increasing melt H2O caused by crystallization of olivine,
and this compositional effect more than offsets the melt contraction ef-
fect due to cooling alone. So, themelt density decreases during this step,
but the amount of melt decreases as a result of the loss of material from
the melt during post-entrapment crystallization of olivine.

For the second (eruptive) stage of bubble expansion, we calculated
the changes in melt and olivine density from the pre-eruptive
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temperature to the glass transition temperature, at which point we
assume any further bubble expansion ceases. For clarification, the pre-
eruptive temperature corresponds to the last temperature of equilibra-
tion or near-equilibration between melt inclusion and host just before
eruption and rapid quenching. During the eruptive cooling stage, we
assumed that the olivine and melt compositions did not change, but
we note that this is likely to be an oversimplification (Newcombe
et al., 2014). Glass transition temperatures are dependent on H2O
content and were calculated using a relationship between H2O and
the onset of the glass transition temperature (°C) based on data in
Giordano et al. (2005).

The results of these calculations allow us to place an upper limit on
the size of bubbles that could have formed post-entrapment. A compar-
ison of the calculations with our sample data suggests that most of the
analyzed bubbles likely formed as a result of post-entrapment crystalli-
zation and thermal contraction of the melt phase (Fig. 4). Melt inclu-
sions with bubbles that are larger than the calculated maximum
bubble volume fraction were excluded from final CO2 reconstructions,
because these may be bubbles that were present in the melt before
entrapment and were co-entrapped with melt into a melt inclusion.
Comparing melt inclusion volume to bubble volume (Fig. 1) shows
that the majority of melt inclusions for each volcano have similar vol-
ume percent bubbles. This suggests that most of the bubbles in the
melt inclusions are the result of post-entrapment crystallization and
thermal contraction of the melt phase rather than bubbles that were
co-entrapped with melt. The results shown in Fig. 4 provide evidence
that the melts at Jorullo, Parícutin, and BRVB were vapor saturated at
the time of trapping, because some inclusions from each volcano appear
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current method for distinguishing bubbles that were co-entrapped
with the melt, because Fig. 3 shows that CO2 density alone cannot be
used to distinguish co-entrapped bubbles (large bubbles have similar
CO2 densities as smaller bubbles).

4.2. Restoration of melt inclusion CO2 concentrations using measured CO2

densities

The CO2 concentrations in themelt inclusions at the time of trapping
(before vapor bubble formation) can be calculated using the Raman-
measured CO2 densities, the glass CO2 concentrations, the volume of
the bubbles, and the volume of the melt inclusions. The sources of un-
certainty in this calculation are in the determination of the bubble vol-
ume, the measured CO2 density, and the dissolved concentration of
CO2 in the glass. Estimated uncertainty in volume % is 8–50% relative
standard deviation (RSD) (median 17% RSD); uncertainty in measured
CO2 density is 9.7% RSD (based on repeat Raman analyses of a BRVB in-
clusion); and uncertainty in measured CO2 ranges 5–52% RSD (median
17% RSD). Given that most of the bulk CO2 in an inclusion is in the
vapor bubble, the contribution from the uncertainty in dissolved CO2

in the glass is small compared to the uncertainty in the mass of CO2 in
the bubble. As such, error in the Raman-reconstructed method was cal-
culated using only the error in bubble CO2 density and error in volume%
bubble. Estimated uncertainties in the restored CO2 values vary from
±12 to 51%RSD,with amedian value of±20%RSD. For those inclusions
that were analyzed by FTIR for dissolved H2O and CO2, the reconstruc-
tions indicate that 40–90% [avg. 66±17% (1σ SD)] of the CO2 originally
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in the melt inclusion was lost to the vapor bubble post-entrapment
(Fig. 5). These values are similar to what has been found for melt
inclusions from other basaltic eruptions (Esposito et al., 2011; Hartley
et al., 2014; Moore et al., 2015; Wallace et al., 2015; Mironov et al.,
2015). In general, the restored CO2 does not depend on the fraction of
initial dissolved CO2 that was lost by post-entrapment bubble forma-
tion, though there are four melt inclusions with very high restored
CO2 that also have some of the greatest extents of CO2 loss. For smaller
inclusions that could not be analyzed by FTIR, we used the median
dissolved CO2 of other analyzed inclusions from the same cinder cone.
The Raman results for the small inclusions suggest that 30–90% of initial
dissolved CO2 is contained in the bubble, comparable to the values given
above for melt inclusions in which the glass CO2 was analyzed by FTIR
(Fig. 6).

4.3. Reconstruction of melt inclusion CO2 concentrations using a cooling
and crystallization model

For comparison with the CO2 reconstructions based on the Raman
data, we also estimated the original CO2 concentrations of the melt in-
clusions using the results of the bubble formation model discussed
above. This method is based on the approach used by Anderson and
Brown (1993; see also Riker, 2005; Wallace et al., 2015). In this
model, the volume fraction of the pre-eruptive bubble is estimated
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using the temperature difference between trapping and eruption (ΔT in
Fig. 4). The composition of the vapor phase is then calculated using the
solubility relations of Iacono-Marziano et al. (2012). Using this vapor
composition, the mass of CO2 in the vapor can be calculated and then
added to the measured dissolved CO2. This provides a model-restored,
melt inclusion CO2 concentration. The main sources of uncertainty in
the model-restored CO2 concentrations are in the estimated bubble
volume, internal pressure in the inclusion at the time of eruption, and
the dissolved concentration of CO2 in the glass. Uncertainties in bubble
volume and pressure are both estimated to be ~10% RSD, and uncertain-
ty in dissolved CO2 (as previously noted) is 5–52% RSD (median 17%
RSD). Estimated uncertainties in the model-restored CO2 values vary
from 14 to 53% RSD, with a median value of 20% RSD.

An important assumption in this approach is that CO2 is lost from the
melt to the vapor bubble only during the pre-eruptive cooling and crys-
tallization stage because the eruptive expansion stage occurs on a suffi-
ciently short timescale that appreciable CO2 cannot diffuse into the
bubble (Wallace et al., 2015). To test this assumption, and to explore
the timescales of CO2 and H2O diffusion from the melt in a melt inclu-
sion to a vapor bubble, a one-dimensional model for diffusion as a result
of an isothermal, instantaneous pressure drop was developed. The
model calculates dissolved H2O and CO2 concentrations in the melt as
a function of time and distance from the inclusion-bubble interface. Be-
cause both the diffusivity of H2O (DH2O) and the diffusivity of CO2 (DCO2

)
depend on the concentration of H2O, we used a diffusion equation for
both H2O and CO2 that considered the derivative of the diffusivity as a
function of distance from the bubble:

dC
dt

¼ dD
dx

� dC
dx

þ D
d2C
dx2

ð3Þ

where C is the concentration, t is time, D is the diffusivity, and x is the
distance from the melt inclusion-bubble interface. For one of the two
boundary conditions, we assume local equilibrium; at each timestep
the composition at the vapor-melt interface is updated according to
the new bubble composition (further information and the complete
code are in Aster, 2015). At the other end of the model domain we use
a no-flux boundary condition. Themodel uses an equation for the diffu-
sivity of H2O given in Zhang et al. (2007):

DH2O ¼ CH2O exp −8:56−19110
T

� �
ð4Þ

and an equation for the diffusivity of CO2 formulated in Lloyd et al.
(2014):

DCO2 ¼ exp −13:99−17367þ 1944:8P
T

þ 855:2þ 271:2P
T

� CH2O

� �
ð5Þ

where DH2O and DCO2
are the diffusivities of H2O and CO2 (m2/s), CH2O is

the concentration of H2O (wt.%), T is the temperature (K), and P is the
pressure (GPa).

To assess the timescale of CO2 loss to a vapor bubble, we startedwith
a pressure of 3000 bars and then decreased the pressure to 2000 bars
(ΔP = 1000 bars) or 1000 bars (ΔP = 2000 bars) at a temperature of
1150 °C. This represents the pressure drop that would occur due to
cooling and crystallization. The starting pressure of 3000 bars is approx-
imately in themiddle of the range of pressures for BORGmelt inclusions
from this study after CO2 reconstructions, and the ending pressures of
2000 and 1000 bars are two possible end pressures representing the
range of pressures based on the analyzed concentrations of H2O and
CO2 in the melt inclusion. We ran these simulations for model domains
of 40 μm (the average BORG melt inclusion diameter) and 100 μm (the
maximum BORG melt inclusion diameter). Because the vapor bubble is
commonly not located in the center of the inclusion, the inclusion
diameter represents a maximum diffusion distance relevant to the
one-dimensional model. All models assumed a 10 μm diameter bubble
(an average diameter for BORG bubbles), a H2O concentration of
1.5 wt.% (an average analyzed H2O concentration for BORG melt inclu-
sions), and an initial CO2 concentration sufficient to cause vapor satura-
tion at the starting pressure. In the simulations, chemical equilibrium
is reached when the last node (at the inclusion-crystal interface) is
99% re-equibrated. We then ran the code over shorter timescales,
using the area above the diffusion profile divided by the area above
the diffusion profile at equilibrium to calculate % re-equilibration. The
results show that the melt and vapor reach equilibrium after ~6 min
for a 40 μm inclusion and after ~36 min for a 100 μm inclusion
(Fig. 7a). This indicates that if post-entrapment but pre-eruption cooling
and crystallization occur on timescales longer than ~6 to 36 min, the
bubble will reach equilibrium with the melt.

To estimate the amount of CO2 that can be lost to the bubble during
eruption,we ran several simulations of isothermal CO2 loss to bubbles at
temperatures of 1000 °C, 950 °C, 850 °C, 750 °C, and 650 °C (Fig. 7b).We
undertook this approach becausewe lack knowledge of the cooling rate
experienced by the melt inclusions. We also neglect bubble expansion
during eruption as themelt rapidly cools to the glass transition temper-
ature. The results of this approach suggest that if eruptive cooling and
quenching occur on timescales of ~10–20 s (e.g., see Anderson and



Table 3
Raman-restored CO2 and model-restored CO2 concentrations.

Sample Raman-rest.
CO2 (ppm)

Raman-rest. CO2

uncertainty
RSD (%)

Model-rest.
CO2 (ppm)

Model-rest. CO2

uncertainty RSD
(%)

BORG (BORG-1)
5.2 2030 23 4581 23
19.2 1561 13 1737 49
19.5 1931 15 1492 53
19.8 2411 18 2628 34
23.1 1948 12 1905 16
24.1 1856 16 794 20
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Brown, 1993, discussion of cooling of tephra in fire fountains), only
limited re-equilibration of melt and vapor will occur (Fig. 7b). As
temperatures rapidly decrease from ~1000 °C to the glass transition
temperature (~450 °C), a cooling rate of 1–10 °C/s is expected to lead
to limited to negligible re-equilibration.

4.4. Comparison of Raman and bubble formation model results

A comparison of the two independent methods that we used to
estimate the original CO2 concentrations of melt inclusions at the time
of trapping is shown in Fig. 8a and Table 3. For the purpose of
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Fig. 8. (a) Comparison of restored melt inclusion CO2 concentrations predicted by the
cooling and crystallization model (horizontal axis) and melt inclusion CO2

concentrations restored by measuring CO2 density in the bubble by Raman spectroscopy
and then adding that CO2 back into the glass (vertical axis). Black line indicates 1:1
relationship, and dashed lines represent ±500 ppm CO2. Data labels indicate the
percent of initial H2O that we infer to have been lost by H+ diffusion based on a
comparison of H2O/K2O values for melt inclusions from a given volcano. (b) Estimated
extent of diffusive H+ loss (expressed as % of initial H2O lost) vs. the difference between
the Raman and crystallization models for CO2 restoration. Melt inclusions plotting above
the black line have higher model-restored CO2 values than Raman-restored CO2 values,
whereas melt inclusions plotting below the black line have higher Raman-restored CO2

values than model-restored CO2 values. Melt inclusions that lost a large amount of H2O
have higher model-restored CO2 values than Raman-restored CO2 values. Note that the
two Parícutin inclusions that deviate strongly from the trend of the other inclusions are
ones in which CO2 in the bubbles was below detection. Thus the Raman method likely
underestimates restored CO2 for these inclusions.

27.2 2939 34 3061 16
32.a 3094 45 63 23
33.3 2062 28 637 24

BRVB (BRVB-01)
18.3 4286 22 1213 37
24.2 1520 15 59 14
31.3a 905 – 1455 22
37.1 961 22 47 14

Jorullo (J1d)
20.1 1452 18 1768 18

Paricutin (P506)
1.1a 328 – 727 15
7.1 1729 51 1984 16
12.1a 509 – 905 14

Uncertainty is reported % relative standard deviation (RSD).
a For three inclusions, there was no detectable CO2 in the bubble; the values reported

for Raman-restored CO2 concentrations for these three inclusions are the dissolved CO2 in
glass values determined by FTIR, and no uncertainty is given.
comparison, we refer to the two methods as Raman-restored and
model-restored. Many melt inclusions show reasonably good agree-
ment between the two methods, and for 10 of 17 inclusions, the two
methods are within ±550 ppm CO2 (avg. difference 290 ppm), equiva-
lent to ±~300 bars uncertainty in estimated trapping pressure for re-
stored inclusions. Most melt inclusions that showed Raman evidence
for a carbonate phase in the bubble or no detectable CO2 during
Raman analysis of the bubble show higher model-restored values than
Raman-restored values, as expected. For such inclusions, Raman-
restored values likely underestimate the amount of CO2 in the bubble
because the amount of CO2 in carbonate crystals is excluded from the
reconstruction, and failure to detect CO2 in vapor bubbles does not nec-
essarily mean that the bubbles are CO2-free, for reasons described
above. A subset of the melt inclusions has distinctly higher Raman-
restored values thanmodel-restored values. All of these melt inclusions
have anomalously lowH2O compared to other inclusions from the same
samples (Fig. 8b). This suggests that these inclusions may have been af-
fected by post-entrapment diffusiveH+ loss, which leads to an underes-
timate of the original CO2 content during modeling because loss of H+

causes the pre-eruption bubble to be larger than itwould bedue to crys-
tallization and cooling alone (e.g., Bucholz et al., 2013). The alternative
possibility that these melt inclusions are inclusions that trapped melt
plus a vapor bubble is not supported by the comparison of the bubble
sizes with the maximum calculated pre-eruption bubble (see Fig. 4).
Our results thus show that for inclusions that have lost substantial H+

by diffusion, a more reliable estimate of the original CO2 content of the
melt is provided by the Ramanmethod (compared to the crystallization
model) because the Raman method directly measures the density of
CO2 in the vapor bubble.

Our results clearly support and confirm earlier studies showing that
subduction-related basaltic magmas have relatively high CO2 concen-
trations. Restored values from our dataset (Fig. 10) have upper limits
in the range of 3000–3500 ppm CO2 (BORG), 4500–6000 ppm (BRVB),
1800 ppm (Parícutin), and 6500–7500 ppm (Jorullo). Estimates for
other arc volcanoes range up to 4000 ppm CO2 (Fuego; Moore et al.,
2015; Raman method) and 3800 ppm (Klyuchevskoy; Mironov et al.,
2015; experimental rehomogenization of melt inclusions). These values
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are comparable to an estimate of N3000 ppm dissolved CO2 in arc
magmas inferred from CO2 emissions from arc volcanoes (Wallace,
2005).

4.5. Hydrogen loss and H2O reconstructions

It has been shown experimentally that diffusive H+ (proton) loss
from melt inclusions in olivine can occur on timescales as short as an
hour (Danyushevsky et al., 2002; Massare et al., 2002; Gaetani et al.,
2012; Lloyd et al., 2013; Bucholz et al., 2013). To explore the extent to
which diffusive H+ loss from melt inclusions might have contributed
to vapor bubble formation in our study, we estimated the magnitude
of potential H2O loss. To do this, we assumed that the highest H2O/
K2O values for melt inclusions from each volcano are representative of
melt inclusions before any diffusive H+ loss. Then for each melt inclu-
sion we were able to estimate the H2O concentration before any diffu-
sive loss and compare it to the actual measured value. This method
should give us an upper limit for diffusive loss from eachmelt inclusion
because it is possible that melt inclusions were trapped from already
partially degassed melt (e.g., see Metrich and Wallace, 2008; Lloyd
et al., 2013), whereas our approach assumes that they were all trapped
from undegassed melts. For melt inclusions for which we had no
electron microprobe data but did have FTIR data, we assumed the aver-
age value of K2O concentration for analyzed inclusions from the same
volcano to estimate the original H2O concentration.

The estimated extent of diffusive H2O loss for each melt inclusion is
compared tomeasured bubble volume percent in Fig. 9. Although there
is considerable scatter in the data, the results suggest that H+ loss is
linked to the growth of large bubbles inmelt inclusions from these sam-
ple suites. This is consistent with the pattern shown in Fig. 8b, which
shows that inclusions that have been the most strongly affected by dif-
fusive H+ loss have restored CO2 concentrations that are strongly
underpredicted by our cooling and crystallization model.

The results in Fig. 9 suggest that all the melt inclusions we analyzed
have been affected by H+ loss to varying degrees, thoughwe emphasize
again that our estimates are upper limits for how much diffusive loss
might have occurred. Many of the inclusions we analyzed have H2O
values that are lower than the median H2O values of inclusions from
the same samples analyzed in previous studies (Johnson et al., 2009;
Walowski, 2015; Walowski et al., 2016). The melt inclusions analyzed
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Data from Johnson et al. (2009); Walowski (2015); Walowski et al. (2016).
in previous studies were chosen to be large enough for FTIR analysis,
whereas the inclusions selected in this study encompassedmany small-
er inclusions because they were initially selected for Raman analysis.
Thus our sample set contained more smaller inclusions, which is likely
the cause of greater H+ diffusive loss in our inclusions.

4.6. Melt inclusion trapping pressures

We used the reconstructed H2O and CO2 concentrations to estimate
the original trapping pressures of the melt inclusions and to examine
the extent to which post-entrapment bubble formation and diffusive
H+ loss result in lower apparent pressures. Vapor saturation pressures
(Fig. 10) were calculated using the solubility relations of Iacono-
Marziano et al. (2012) and Papale et al. (2006). Using the analyzed dis-
solved H2O and CO2 concentrations of themelt inclusions, vapor satura-
tion pressures range from164 to 2080 bars for BORG, 62 to 1065 bars for
BRVB, 886 to 1350 bars for Parícutin, and 1072 to 1333 bars for Jorullo.
With Raman-corrected CO2, the pressures are significantly higher, from
1529 to 3522 bars for BORG, 1249 to 5290 bars for BRVB, 1471 to
2257 bars for Parícutin, and 1962 to 5445 bars for Jorullo. After
correcting for both CO2 loss to the bubble and H+ loss from the melt in-
clusion, the reconstructed pressures range from 2377 to 3917 bars for
BORG, 1924 to 5074 bars for BRVB, 3552 to 4148 bars for Parícutin,
and 2960 to 5513 bars for Jorullo. It should be emphasized that the
H2O corrections yield the maximum possible initial H2O values, so the
CO2 and H2O reconstructed values shown in Fig. 10 provide an upper
limit for initial trapping pressures. Our results show that the decrease
in CO2 concentration in the melt (glass) that is caused by post-
entrapment bubble formation has a significant effect on inferred pres-
sure of trapping. Loss of H+ by diffusion also affects the inferred trap-
ping pressure, but to a lesser extent than does CO2. This is because
CO2 solubility has a much stronger pressure-dependence than H2O, so
the CO2 concentration is a more sensitive pressure indicator, especially
for melt inclusions with a relatively low H2O content.

5. Conclusions

The results of this study support a growing body of evidence that
post-entrapment bubble formation in melt inclusions can dramatically
decrease the concentration of dissolved CO2 in the included melt. Our
conclusion reiterates the importance of post-entrapmentmelt inclusion
modification due to CO2 diffusion into vapor bubbles and H+ diffusion
(effectively, H2O loss) out of melt inclusions. As a result, estimates of
melt inclusion entrapment pressures based on dissolved H2O and CO2

concentrations measured only in the glass phase will typically
underestimate the true pressure of trapping, unless the melt inclusions
are bubble free.

Our calculations of vapor bubble volume fractions as a function ofΔT
(thedifference between eruptive and trapping temperatures) show that
during cooling and post-entrapment crystallization, melt density
decreases so that pre-eruptive bubble growth is solely the result of the
volume change causedbypost-entrapment crystallization.During erup-
tion, however, the melt in the inclusion thermally contracts more than
the olivine host, causing pre-eruptive bubbles to expand greatly. We
demonstrate with a model of H2O and CO2 diffusion that the timescales
for this eruptive phase likely result in a negligible contribution of CO2 to
the vapor bubble, especially for larger inclusions.

We also show that the original concentration of dissolved CO2 at the
time of trapping can be established using densities of CO2 in vapor bub-
bles obtained from Raman analysis, as well as bymass balancemethods
using calculated pre-eruptive bubble volumes. However, CO2 recon-
structions using these twomethods can be complicated by the presence
of carbonate crystals at the melt inclusion-bubble interface (effectively
removing CO2 from the vapor bubble and therefore decreasing CO2 den-
sitiesmeasured byRaman spectroscopy) and the diffusive loss of H+out
of the melt inclusion (which increases the bubble volume fraction
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compared to what is calculated with the crystallization model). Thus, it
is advisable that both methods be compared when reconstructing melt
inclusion CO2 concentrations. Furthermore, inclusions with very low
H2O concentrations compared to other melt inclusions from the same
sample are suspect as low H2O concentrations might reflect H+ loss.
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