Contrib Mineral Petrol
DOI 10.1007/s00410-012-0800-2

ORIGINAL PAPER

Volatile loss from melt inclusions in pyroclasts of differing sizes
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Abstract We have investigated the loss of H,O from
olivine-hosted melt inclusions (MIs) by designing an
experiment using tephra samples that cooled at different
rates owing to their different sizes: ash, lapilli, and bomb
samples that were deposited on the same day (10/17/74) of
the sub-Plinian eruption of Volcan de Fuego in Guatemala.
Ion microprobe, laser ablation-ICPMS, and electron probe
analyses show that MlIs from ash and lapilli record the
highest H,O contents, up to 4.4 wt%. On the other hand,
MIs from bombs indicate up to 30 % lower H,O contents
(loss of ~1 wt% H,0) and 10 % post-entrapment crys-
tallization of olivine. This evidence is consistent with the
longer cooling time available for a bomb-sized clast, up to
10 min for a 3-4-cm radius bomb, assuming conductive
cooling and the fastest H diffusivities measured in olivine
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(D~ 10%t0 10710 mz/s). On the other hand, several lines
of evidence point to some water loss prior to eruption,
during magma ascent and degassing in the conduit. Thus,
results point to both slower post-eruptive cooling and
slower magma ascent affecting MIs from bombs, leading to
H,O loss over the timescale of minutes to hours. The
important implication of this study is that a significant
portion of the published data on H,O concentrations in
olivine-hosted MIs may reflect unrecognized H,O loss via
diffusion. This work highlights the importance of reporting
clast and MI sizes in order to assess diffusive effects and
the potential benefit of using water loss as a chronometer of
magma ascent.

Keywords Meltinclusion - Olivine - Water concentration -
Diffusive re-equilibration rate - Volatiles - Magma ascent

Introduction

The concentration of H,O in magmas has been an elusive
but critical parameter to the understanding of several fun-
damental processes, including subduction zone recycling
(Sisson and Layne 1993; Cervantes and Wallace 2003;
Portnyagin et al. 2007), mantle melting (Hirth and Kohl-
stedt 1996; Kelley et al. 2010), magma differentiation
(Grove et al. 2002; Zimmer et al. 2010), and magma ascent
and eruption (Cashman 2004). Because the solubility of
water in silicate melts decreases substantially at low pres-
sures, H,O-rich magmas will degas upon ascent, erupting
with a minute fraction of their original dissolved concen-
tration. Melt inclusions (MIs), which are trapped within
phenocrysts during crystallization, are exceptions to the
degassing process. Isolated from the degassing magma, and
quenched to glass upon eruption, a MI may retain pre-
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eruptive volatile concentrations. In situ analyses of MIs
provide the only direct approach to measuring a magma’s
initial volatile content (Wallace 2005).

MIs can form when a defect in crystal growth allows some
of the melt surrounding a crystal to be trapped by subsequent
crystallization (Faure and Schiano 2005; Kohout and Nielsen
2004; Kent 2008; Baker et al. 2005). These droplets of melt
then become aliquots of the magma, potentially retaining
information about volatile concentrations, depth, and tem-
perature at the time of entrapment (Metrich and Wallace
2008). MIs can form at different stages during the evolution
of a magmatic body, recording details about changes in
composition during fractional -crystallization, mixing,
assimilation, and ascent (Frezzoti 2001).

The fidelity of the MI record is critical to their inter-
pretation and application (Danyushevsky et al. 2000;
Gaetani and Watson 2000; Baker 2008). Although inclu-
sions can be found in any phenocryst phase, olivine is
especially useful because of its presence in primitive
magmas that have experienced minimal degassing and
crustal interaction. On the other hand, it has been
increasingly recognized that olivines are by no means
perfect containers and that their melt inclusions may
experience re-equilibration due especially to the rapid
diffusion of water, but also an increasing list of other
chemical species (Portnyagin et al. 2008; Spandler and
O’Neill 2010). For example, if the magma surrounding the
olivine changes composition, a concentration gradient can
drive the olivine and MI toward re-equilibration (Roedder
1981). The degree of re-equilibration is controlled by the
partition coefficient, the length and timescale, and the rate
of diffusion for the specific components of interest (Qin
et al. 1992). For the major elements Fe>™ and Mg”", melt
inclusions, which can reside for months to years as part of
their host mineral at magmatic temperatures in magma
chambers, are capable of homogenizing to a state of
equilibrium with their host minerals and the surrounding
melt (Danyushevsky et al. 2000; Gaetani and Watson 2002;
Cottrell et al. 2002). Although complete major and trace
element re-equilibration is rare, concentration gradients
and knowledge of the degree of disequilibrium can be used
as a chronometer for storage and eruption processes (Costa
et al. 2008; Danyushevsky et al. 2002). H,O, however, may
diffuse orders of magnitude faster than the metal cations.
Recent laboratory experiments have shown that H,O in
MIs can re-equilibrate with a surrounding magma through
their host olivine on the order of days at 0.5 mm length
scales (Portnyagin et al. 2008; Gaetani et al. 2012; Chen
et al. 2011). Other studies find evidence for even faster
diffusive loss of water from olivine, on the timescale of
hours to minutes (Hauri 2002; Demouchy et al. 2006;
Massare et al. 2002). While there is debate over the exact
mechanisms and rates of H,O loss from olivine, the
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timescales (days to minutes) are highly relevant to syn- and
post-eruptive volcanic phenomena.

In addition to magma mixing (months to days) and ascent
(days to minutes), post-eruptive cooling represents a third
timescale during which H,O can re-equilibrate with degas-
sing magma at surface temperatures and pressures. Post-
eruptive cooling can be defined as the time period between
fragmentation in the volcanic conduit and the subsequent
deposition and equilibration with the surface temperature.
Previous workers (Hauri 2002; Portnyagin et al. 2007;
Wallace et al. 2003; Berlo et al. 2012) have noted that MIs
from fast-cooling pyroclastic deposits have higher H,O
concentrations than those from slowly cooled lava flows.
Volcanic bomb interiors and lava flows may remain at
magmatic temperatures on the order of minutes to days
(Thomas and Sparks 1992; Hon et al. 1994), potentially long
enough for diffusive loss of H,O. Whereas re-equilibration
of MIs during their residence in a magma chamber is a dis-
tinctively longer timescale, the timescales associated with
ascent and post-eruptive cooling can be similar for a sub-
Plinian eruption with a relatively fast ascent rate.

The concern is that some MIs with low water concen-
trations have been misinterpreted as water-poor pre-erup-
tive melt, when it is possible that instead they have suffered
H,O loss during ascent and post-eruptive cooling. For
example, the low H,O contents (<0.5 wt%) in melt
inclusions from Galunggung volcano were reported by
Sisson and Bronto (1993) as evidence for dry decompres-
sion melting beneath some arcs. In another example,
Collins et al. (2009) interpreted melt inclusions with lower-
than-expected H,O contents as evidence for a sustained
interaction between a percolating gas phase and stored
magma. These melt inclusions, however, were selected
from volcanic bombs (Sisson and Bronto 1993) and lava
flows (Collins et al. 2009) and, given the recent experi-
mental work on water loss, may have experienced diffusive
H,O loss during post-eruptive cooling. Although an
increasing concern, diffusive H,O loss has yet to be related
quantitatively to tephra cooling rates. This is the purpose of
the present study.

In order to isolate the effect of post-eruptive cooling rates,
we designed a natural experiment that exploits a unique
sample suite of tephra of variable clast size collected on a
single day of an eruption. Pyroclasts of different sizes will
cool at different rates, with ash and lapilli samples cooling
rapidly (seconds), and volcanic bombs cooling more slowly
(minutes). Selecting samples erupted on the same day min-
imizes confounding temporal changes in magma composi-
tion, especially initial volatile contents. Based on calculated
cooling rates and measured H,O concentrations, our results
quantify the timescales of H,O loss from olivine-hosted MIs
during post-eruptive cooling. Although the experiment was
set up to test the clast cooling hypothesis, we also consider
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how the ascent history may differ between bombs, ash, and
lapilli samples. This study should guide future sampling
efforts by defining what types of tephra deposits are ideal for
MI studies that seek to recover maximum H,O concentra-
tions prior to ascent and degassing.

Background

We targeted samples from the 1974 eruption of Volcan de
Fuego, Guatemala, for this study of H,O loss in MIs during
post-eruptive cooling. Major sub-Plinian eruptions (VEI 4)
occurred on 4 days between October 14 and October 23,
1974, and produced 0.1 km® of porphyritic, water-rich,
high-aluminum basalt (Rose et al. 2008). During each day
of this eruption, freshly fallen tephra was mapped and
collected at various sites 7-80 km from the vent by William
Rose and Samuel Bonis of the Instituto Geografico Nac-
ional, Guatemala City. Bonis collected and documented
more than 350 samples of eruptive material including very
fine scoriaceous ash (<1 mm) and an assortment of bombs
and lapilli from 1 cm to 6 cm. From this group of samples,
seven ash, lapilli, and bomb samples were chosen to be
analyzed, all of which were erupted on October 17,
approximately 8 km from the summit (Table 1). The
October 17-18 event (best described as sub-Plinian; Rose
et al. 2008) was the largest of the four main phases of the
eruption and produced a column of at least stratospheric
height. Intense explosions with 1-min periodicity yielded
ash flow and airfall deposits that account for 40 % of the
total ash of the eruption (Rose et al. 1978). The composition
of the bulk ash over the course of the 1974 eruption
remained within a limited, basaltic range (47.0-52.6 wt%
Si0O,; Rose et al. 1978; Carr and Walker 1987).

Extensive prior work on the volatile and major element
composition of the October 17-18, 1974, Fuego samples
provides important constraints on the pre-eruptive con-
centration of H,O in Mls, which was previously found to
be high (>4 wt% H,0) and provides a useful starting

point in this study (Rose et al. 1978; Sisson and Layne
1993; Roggensack 2001a). From the beginning of the
eruption on October 14 to the conclusion of intense
activity on October 23, the bulk ash shifted toward more
mafic compositions (from 4 to 8 % MgO and ~3.5 to
12.5 vol% olivine; Rose et al. 1978). Ash from the
October 17 phase contains the highest concentrations of
some incompatible elements (e.g., K,O, Ba, La, Th) and
the mid-range for compatible elements. The eruption as a
whole contained a fairly restricted olivine population, in
particular the October 17 phase, with compositions
between Fo;, and Fo;g with an average of Fo,3 ¢ &+ 1.6 for
39 analyses (Table 2). Previous MI and plagioclase zoning
studies have suggested different possible scenarios for the
magma plumbing system (Anderson 1984). The 1974
eruption either tapped a vertically stratified magma
chamber (Rose et al. 1978), or ascent was preceded by
mixing of magmas fractionated at various crustal depths
(Roggensack 2001a; Berlo et al. 2012). Although crustal
contamination has been implicated for some Guatemala
volcanoes, Fuego eruptive products have the highest
I3Nd/'**Nd in this sector of the arc (Carr et al. 1990;
Heydolph et al. 2012) and so may not be as affected by
crustal interactions. The relative uniformity of incompat-
ible trace element ratios in October 17 melt inclusions
also points to limited crustal interaction during this phase
of the eruption (see below).

Methods
Sample preparation

During sample preparation, special care was taken to
ensure the separation of the three sizes of pyroclasts in
order to assess H,O loss as a function of different clast
cooling rates (Table 1). Three samples were taken to rep-
resent volcanic ash (particles with a diameter <2 mm); two
samples represented lapilli (particles with a diameter

Table 1 Samples analyzed

from the October 17, 1974, Sample Reported Pyro.clast. Location Distance . Direction .
. . name analyses classification (Guatemala) (km from summit) (from summit)

eruption of Volcan de Fuego.

The analyzed lapilli clasts were VE-74-127 5 Ash Los Pajalcs 8.5 N

21, 22, 25, 25, and 29 mm .

(diameter), and the dimensions VE-74-131 3 Ash Quisache 8 NW

for the bombs were VF-74-132 4 Ash Ycpocapa 8 WNW

5 x 5 x 4 cm for 134D and VE-74-129 4 Lapilli Quisache 75 NW

3 x5 x 3 cm for 1378 VE-74-136 4 Lapilli LaSoledad 7 N
VF-74-134D 5 Bomb Ojo dc Agua 8.5 WNW
VF-74-137B 4 Bomb La Solcdad 7 N
VF-74-R-134D 5 Rim Ojo dc Agua 8.5 WNW
VF-74-R-137B 5 Rim La Solcdad 7 N
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between 2 and 64 mm), and two samples represented the
bomb category (clasts with a diameter >64 mm). The ash
samples (127, 131, and 132) were sieved without crushing,
and loose olivine grains were selected from 250-500-um-
and 500-1,000-pm-size fractions. Lapilli samples (129 and
136) were collected as a mix of ash and lapilli ranging in
size from 30 to <0.1 mm. Only pyroclasts greater than
20 mm in diameter were selected, and of this set, the five
largest lapilli were chosen (Table 1). Prior to crushing and
sieving, 60-pm sandpaper was used to remove the outer
~ 1 mm rapidly cooled surface of the lapilli samples so as
not to overlap with the cooling rates represented by the ash
samples. Bomb samples (134D and 137B) were selected
from a diverse set of collected bombs for their uniform
spherical shape and large size (Table 1). Although the
largest bombs were selected from the deposit, it is important
to note that these are at the small end of what is considered a
volcanic bomb (~ 6 cm diameter). Each bomb was cut so
that the material sampled for olivine-hosted MIs was the
core of each bomb with 20 x 20 x 20 mm’ dimensions.
The rims cut from the bombs ranged in size from 15 to
5 mm and were prepared separately from the core. Bomb
rims share the same ascent history of the bomb cores, but
experienced a different post-eruptive cooling rate. The
cores and rims of the bombs were then crushed and sieved to
the aforementioned sizes. The vesiculation in these pyro-
clasts was uniform between clast types and visually esti-
mated to be ~40 %; groundmass color was observed to be
consistent among all the samples.

After crushing, olivine phenocrysts and fragments
(~10 % by volume) were separated by hand from
groundmass (~60 %), plagioclase (~25 %), opaque
minerals (3 %), and clinopyroxene (~2 %). Phenocrysts
were then picked for analyzable MIs within olivine, which
are relatively common in these deposits. Moreover, the
Fuego MIs (from the ash and lapilli collections specifi-
cally) are generally glassy and have few bubbles, oxides,
or other imperfections, which were carefully avoided in
MI selection. Phenocrysts were mounted individually in
dental resin and polished on one side until the melt
inclusion was exposed, then removed from the resin, and
mounted together in indium metal for SIMS (secondary
ion mass spectrometer), EMP (electron micro-probe), and
LA-ICPMS (laser inductively coupled mass spectrometer)
analysis. Analysis of the MIs by SIMS was completed
first, in order to avoid potential H,O loss during exposure
to the electron beam and the possibility of CO, contam-
ination by the EMP carbon coat. After polishing, mea-
surements were taken of the phenocryst size, the MI
radius, and the distance from the MI to the nearest glassy
rim surrounding the host phenocryst (Table 2). The size
and position of these parameters in three-dimensional
space are unknown.

Ton microprobe analyses

Volatiles (H,O, CO,, Cl, F, and S) and P in the MIs were
measured in two sessions on a Cameca IMS 6f ion probe
(SIMS) at the Carnegie Institute of Washington (CIW),
Department of Terrestrial Magnetism (Table 2). The pro-
cedures followed those in Hauri (2002), using a basaltic
glass calibration curve and in all cases measuring H,O as
'°0'H and CO, as 'C. A primary beam (5-10 nA)
accelerated to 10 kV was used to create a 20-40-um spot
size. In the first session, which covered the ash, lapilli, and
bomb MIs, replicate analysis of four basaltic glass check
standards (Fonualei Rift:ND-60-01 (10), Mangatolu
Rift:ND-70-01 (8), JDF46 N (6), 892-1 (6); number of
analyses in parenthesis) yielded average 2 relative standard
deviations (standard deviation/average; 2RSDs) of 8.3 %
for '°C, 8.3 % for '°0'H, 7.4 % for S, 13.4 % for F, 4.6 %
for P, and 13.2 % for Cl. In the second session, which
covered the rim MlIs, replicate analysis of two basaltic
glass check standards (FR:ND-60-01 (6), MR:ND-70-01
(6)) yielded average 2RSDs of 9.7 % for '°C, 4.2 % for
'°0'H, 3.1 % for S, 3.0 % for F, 1.8 % for P, and 4.4 % for
ClI (see Supplement Table 1).

Electron microprobe analyses

MIs and olivine phenocrysts were analyzed for major ele-
ments using a Cameca SX100 microprobe (EMP) at the
American Museum of Natural History (AMNH) during two
sessions (Table 2 gives melt inclusion analyses and Fo
content; individual olivine analyses are in Supplement
Table 2). The analyses of the MIs were performed as close
to the center of the inclusion as possible. The host olivine
phenocryst was then analyzed within 20 pm from the
border with the melt inclusion.

During both sessions, major elements in hydrous glasses
and olivine phenocrysts were analyzed using a 10-nA beam
current (4-nA for Na) and a 15-kV accelerating potential with
a 12-um-diameter beam. Count times on peak for major
elements were 30 and 15 s for backgrounds. Na,O was
counted for 2 s on peak and 20 s on background; FeO count
times were 20 s on peak and 15 s for background. During the
first session when the ash, lapilli, and bomb samples were
analyzed, replicate analysis of four basaltic glass check
standards (FR:ND-60-01 (2), MR:ND-70-01 (3), JDF46 N
(2),892-1(2)) yielded an average 2RSD 0f 9.4 % for K,O and
<10 % for the remainder of the major elements (excluding
MnO and P,Os; both with ~30 %). Both S and CI were
measured by EMP and SIMS, with excellent correspondence
between the two techniques (R2 values of 0.94 and 0.76,
respectively) but a consistent slope offset of 1.3 for S and 0.9
for C1 (SIMS/EMP). Sulfur was measured on the sulfate peak
position and was standardized on BaSO,. During the second
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session when the rim samples were analyzed, replicate
analysis of two basaltic glass check standards (FR:ND-60-01
(5), MR:ND-70-01 (5); Supplement Table 3) yielded an
average 2RSD of 6.8 % for K,O and <12 % for the remainder
of the major elements (excluding Na,O, MnO, and P,Os:
24.2,37.0, and 64.8 %, respectively). To correct for inter-run
calibration offsets, all analyses were corrected using factors
determined from eight M1 replicate analyses and the accepted
values for the FR:ND-60-01 and MR:ND-70-01 basaltic
check standards (values from C. Mandeville, personal com-
munication; see Supplement Table 4 for procedure and cor-
rection factors).

Laser ablation ICP-MS analyses

Melt inclusions and olivine phenocrysts were analyzed at the
Lamont-Doherty Earth Observatory of Columbia University
using an ESI/New Wave UP193-FX laser ablation system
coupled to a VG PQ ExCell quadrupole ICP-MS (MIs in
Supplement Table 5; Olivine in Supplement Table 6).
Samples were ablated in a He—Ar mixture at a flow rate of
0.6 mL/min for Ar and 1.6 mL/min for He. During melt
inclusion analysis, the laser was operated in spot-drill mode at
10 Hz and at 70 % power, for an average energy density of
11.3 J/em® and irradiance of 2.26 GW/cm”. The dwell time
for all elements was 10 ms. Spot sizes were adjusted using the
iris and varied between 40 and 85 pm to maximize area
within each inclusion. The laser data were acquired in time-
resolved mode and calibrated against USGS glasses BHVO-
2G, BCR-2G, and BIR-1G (using 75 um spots, and values in
Kelley et al. 2003), with “9Tj as the internal standard. The
average precision for five replicate analyses of BCR-2G over
the course of the 5-h session was <8 % 2RSD for all elements
(Supplement Table 7).

During olivine phenocryst analysis, the laser was operated
in raster mode at 10 Hz and at 70 % power, for an average
energy density of 10.7 J/cm? and irradiance of 2.15 GW/cm?.
The dwell time for all elements was 10 ms. The beam was set
to 25 pwm width and rastered at a rate of 3 pum/s. The laser data
were acquired in time-resolved mode and calibrated against
USGS glasses BHVO-2G, BCR-2G, BIR-1G, and San Carlos
olivine (values in Kelley et al. 2003), with **Mg as the internal
standard. The average precision for three replicate analyses of
San Carlos olivine over the course of the 4 h session was
<8 % 2RSD for all elements (Supplement Table 7).

Results
Melt inclusion population

We report analyses from 39 MlIs from the October 17,
1974, eruption including 12 from three ash locations, 8
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from five lapillus clasts, 9 from two bombs, and 10 from
the rims of the two bombs (Table 1). The MIs analyzed
from the ash samples are larger on average (48 pm radius)
than those from the bomb, lapilli, and bomb rim samples
(29, 33, and 31 pm, respectively). This sample bias was not
intentional and resulted from the availability of glassy
inclusions that met the requirement for a minimum radius
of 20 um and were minimally crystallized or devitrified.
Ash samples tended to contain fewer devitrified MIs, likely
due to the faster cooling rate, which leads to a faster
quenching rate of the inclusion and less post-entrapment
crystallization. With the availability of both large and small
inclusions, larger inclusions are favored because they are
easier not only to prepare, but also to analyze. On the other
hand, MIs from the more slowly cooled bomb and lapilli
samples showed greater degrees of post-entrapment alter-
ation, including devitrification, microlite growth, and
softening/rounding of inclusion walls (Fig. 1). This was
particularly true for the larger inclusions, and so we were
constrained by quality to select smaller inclusions for the
analysis of the lapilli, bombs, and rims. Besides the radius
of the MlIs, there was no other systematic inter-clast vari-
ability. MI shapes ranged from spherical to angular inverse
crystal forms, and the color of the brown glass was rela-
tively uniform. While inclusions with sharp or faceted
edges generally preserved the highest H,O contents (and
were more common in ash samples), visual features alone
are insufficient to predict which MIs will contain more
water than others. It should be noted that 22 of the 39
reported MIs contained either vapor bubbles or small cor-
ner bubbles (Table 2); however, bubbles volumes were
small in comparison with the MI. The largest vapor bubble
found had a 24-pm radius in an 84-pm-radius MI. The
maximum vapor bubble volume/MI volume ratio measured
was 4.36 %. There was no correlation found between water
loss and the size or presence of a vapor bubble.

Major element concentrations in melt inclusions
and olivines

It is important to consider how close the melt inclusions are
to equilibrium with their host olivine, and how similar their
compositions are to the host magma, as such comparisons
offer important clues for pre- and post-entrapment pro-
cesses (Danyushevsky et al. 2000). An assessment of
equilibrium between MI and olivine can be made by
assuming a partition coefficient (Kp) for Fe®*/Mg
exchange between ol/liq (calculated here as 0.35, using the
expressions in Toplis 2005), but this exercise also depends
on how much of the total Fe might be Fe*". Because there
are no direct measurements of the Fe®/Fe*" ratio in the
magma, this needs to be deduced from other consider-
ations. The first is based on partitioning of V between melt
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Fig. 1 A comparison of
olivine-hosted melt inclusions
(MIs) from the ash and bomb
sample suites. The ash MI
shows a sharper boundary,
whereas the bomb MI exhibits a
more diffuse boundary, possibly
reflecting the varying cooling
history. Both MIs have similar
S, CO,, and K,O concentrations
but differ in H,O, which we
interpret as diffusive loss
through the bomb olivine. Re-
equilibration in the bomb MI is
a function of both a slower
cooling rate and in this case a
smaller radius

60

@ Ash
55 | M Lapilli o B uili
A Bomb L

@Bomb Rim

50

45

40

35 {25

___________ Decreasing

301 Cooling Rate

Mgt - Melt Inclusion

25 177

Fe**/XFe = 20%
20 ; ; ; T

70 72 74 76 78 80
Fo - Host Olivine

Fig. 2 Mg# (Mg/[Mg + Fe’']) of melt inclusions (MIs) plotted
against host olivine forsterite content (Fo = Mg# in the olivine). MIs
Mg# have been calculated assuming 20 % Fe®*/ZFe. (see text). The
contours show the amount of post-entrapment crystallization correc-
tion necessary to return the MIs to equilibrium with their host crystals.
The MlIs from the bomb and bomb rim samples show the greatest
PEC, which is consistent with a longer cooling time

and olivine, which has been calibrated as an oxybarometer
by Canil (2002) and compared directly to uXANES Fe**/
2Fe measurements by Kelley and Cottrell (2012). We use
V concentrations in eleven Fuego MIs and their corre-
sponding host olivines (Supplement Table 8) to arrive at
fO, estimates of 1.2 log units above the FMQ buffer
(AFMQ = +1.2) for the more mafic phenocrysts (Fo77_7g)
and AFMQ of 40.76 for Fos;_74 phenocrysts (Fig. 3). A
similar range in fO, is deduced from the sulfur concen-
tration of MIs, and applying the model of Jugo et al. (2010)
for sulfide-saturated melts (Fuego samples contain visible
immiscible sulfide, as inclusions in olivine, Rose et al.
1978, and in clinopyroxene and magnetite, from our own
observations). Fuego MlIs trapped in higher Fo olivines
(>76) average 2,600 ppm S (~AFMQ +1) while the MI in

BOMB (134D-2)
SIMS H, O - 2.74 wt%
»

I 1
500 pm

lower Fo olivines (72-74) average 1,500 ppm S
(AFMQ < +0.5). The lower oxidation state reflected in
both the V partitioning and S concentrations of the more
evolved melts could relate to magnetite fractionation and/
or sulfur degassing (see Kelley and Cottrell 2012, for a
similar trend). This range in fO, would yield Fe’/ZFe in
the melt of 18-23 % (using the model in Kress and Car-
michael 1991).

Bearing these considerations in mind, we found that
most of the MIs from the ash samples form an array that
parallels the olivine-equilibrium line in Fig. 2, and overlies
it if the melt contains 20 % Fe>*/ZFe. T hus, most of the
melt inclusions from the ash samples appear to be erupted
in equilibrium with their host olivines. Melt inclusions that
lie below the equilibrium line in Fig. 2 likely experienced
post-entrapment crystallization (PEC) of olivine (Sisson
and Layne 1993; Danyushevsky et al. 2000), and so these
compositions were restored, as is typically done, by adding
equilibrium olivine incrementally to the MI composition
until equilibrium is reached with the host phenocryst
immediately adjacent to the MI. The average amount of
olivine added to the MIs increases from ash (0.8 wt%), to
lapilli (2.4 %), to rim (5.1 %), to bomb (7.2 %) samples
(Table 2), although most of the MIs that require >8 % PEC
are from the bomb samples. These differences are in the
direction expected for slower cooling, with more time for
crystallization of olivine on the inclusion wall in lapilli and
bomb samples. Post-entrapment crystallization could be
driven additionally by H,O loss from the inclusion, due to
the rise in the olivine-liquidus temperature (Danyushevsky
et al. 2002). Various cooling and water loss scenarios were
simulated in Petrolog (Version 3.0; Danyushevsky and
Plechov 2011) to test whether the slower cooling rate or the
effect of water loss were responsible for the additional PEC
observed in the bomb MIs. Results indicated that a loss of

@ Springer



Contrib Mineral Petrol

[ 717 75.175.6 76.5 78.0

Frequency

71 7273 74 75 76 77 78 719
Fo Host Olivine

Fig. 3 Histogram of the olivine phenocrysts erupted on October 17.
All olivines were analyzed in the vicinity of melt inclusions and
generally characterize the composition of the crystal core. The gray
bubbles represent the Fo in equilibrium with whole rock analyses
(Rose et al. 1978) of bulk ash erupted on October 17

1 wt% H,O (the maximum observed, see below) would
drive only 1-2 wt% olivine crystallization; therefore,
slower cooling rates in bomb MlIs are likely responsible for
most of the observed PEC. The MIs, in general, do not
reflect the kind of Fe loss re-equilibration that characterizes
much more slowly cooled samples (Danyushevsky et al.
2000).

The range in olivine compositions that host melt inclu-
sions falls between Fo;, and Fo,g with the majority being
between Fo;, and Fo,4 (Fig. 3). This range is expected
given the bulk ash samples analyzed by Rose et al. (1978),
which vary in Mg# as much as the melt inclusions, and
predicts a nearly identical range in equilibrium olivines
(Fo;17-Fo7g, assuming the same Kp and Fe*" values as
above). The average of the bulk ash samples is skewed
(Fig. 3), however, to higher Mg# (equilibrium with
Fo75_73) compared with the melt inclusions (most at
Fo,5_74). Despite this diversity of olivines and the skewed
populations, there is no obvious relationship between Fo
content of the host olivine and the PEC effects discussed
above. Within the five MIs hosted in higher Fo olivines, the
ash MIs fall on the equilibrium line and the three bomb MIs
require up to 10 % PEC. Thus, post-entrapment crystalli-
zation affects both populations (Fo;,—Fo74 and >Fo-4) of
the bomb MlIs in a similar way. Of the 21 phenocrysts that
were rastered and analyzed by LA-ICP-MS (see Supple-
ment Table 6 and Supplement Figure 1), thirteen are
effectively unzoned (variation less than one Fo unit from
core to rim). Seven phenocrysts are normally zoned in Fo
values, while only one is reversely zoned. The phenocryst
that shows the maximum decrease in Fo is bomb sample
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134D-14, with a decrease from Fo,g to Fo;4 over a 425-um
raster from core to rim. The higher Fo olivines tend to
show the greatest zonation, but there is no correlation with
clast size.

Major elements in the melt inclusions are broadly con-
sistent with crystal fractionation of the observed pheno-
cryst phases in the 1974 magma (ol 4 pl + cpx + mt).
After correction for PEC, most of the MIs decrease in
Al,O5; and CaO with decreasing MgO (Fig. 4a, b), con-
sistent with crystallization of the observed phenocrysts.
The slope of the trends is consistent with that of a calcu-
lated 4-phase cotectic (see Fig. 4 for details). The weighted
bulk ash of the entire 1974 eruption (Rose et al. 1978) also
plots near/on the MI array; however, most of the individual
bulk ash samples (particularly those from October 17) plot
at distinctly higher Al,O3 and CaO than the MIs (Fig. 4a,
b). The question then becomes whether the melt inclusions
or the bulk ash better represent the differentiating Fuego
liquid. Both kinds of samples can have issues that render
them poor proxies of magmatic liquids. Bulk ash can
contain excess crystals, and melt inclusions can be driven
toward anomalous compositions during exchange through
crystals or entrapment of boundary-layer or mush melts
(Danyushevsky et al. 2004; Baker 2008). The October 17
bulk ash contains 20—40 % crystals (Rose et al. 1978), most
of which are plagioclase, and so excess crystals are a dis-
tinct possibility. A recently developed Al-hygrometer
predicts the maximum Al,O3 content attained along a
liquid line of descent (LLD) as a function of H,O con-
centrations dissolved in the melt (Parman et al. 2011). The
principle behind this is the suppression of plagioclase
crystallization by water; the appearance of plagioclase on
the cotectic is delayed in wetter magmas, and so Al,Oj; is
driven to higher concentrations at the point of plagioclase
saturation. According to the formulation in Parman et al.
(2011; equation in their Fig. 4 caption), magmas with
4.5 wt% H,O (like Fuego October 17) reach a maximum
Al,Oj3 concentration of 19 %, when plagioclase appears on
the cotectic. This Al,O5 is completely consistent with the
melt inclusion array, but not the bulk ashes, which extend
up to 21-22 % Al,05. We thus consider the melt inclusions
to be more representative of Fuego liquids than the bulk
ashes, which contain excess plagioclase crystals, in
particular.

Figure 4d presents a compilation of SiO, and K,O in MI
and bulk ashes from the 1974 eruption at Fuego. On an
anhydrous basis, the October 17 MlIs range from 50 to
59 wt% SiO, (basalt to andesite) and vary more than a
factor of two in K,0O (0.55-1.25; Fig. 4c). The bomb and
rim MIs include the most mafic melts, and the lapilli MIs
include the most felsic; however, the averages of MlIs from
the different clasts are the same within uncertainty, and the
MI population as a whole forms a coherent trend. The bulk
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Fig. 4 Major element variations in melt inclusions (colored symbols)
versus bulk ash from the 1974 eruption. All Mls are corrected for
PEC, and both MIs and bulk ash are plotted anhydrous. In a and b,
cotectic trajectories for ol + pl 4+ cpx + mt crystallization are cal-
culated from  Petrolog3: decompressing 30  bars/degree
(~2.0-1.0 kbar, 1,030-980 °C). Al,0O3(max) at “Plag-in” is calcu-
lated from Parman et al. (2011) for 4.5 wt% H,0O. The yellow star is
the weighted average composition of all 1974 bulk ash, from Rose

ashes from the October 17 eruption vary substantially less,
from 51.6 to 53.0 wt% SiO, and 0.77-1.1 wt% K,O, and
are somewhat offset from the MIs to lower SiO,/higher
K,0. One difference, again, may be due to the high crystal
content of the bulk ash samples (Fig. 4c). The differences,
however, are subtle, and not reflected in ratios of incom-
patible trace elements (which are similar in the inclusions
and bulk ashes, see below), and thus not due to different
primary magmas, but more likely due to small differences
in the proportion of fractionating phases that affect how
SiO, evolves as a function of melt fraction (which will
largely control K,0).

The wide range in K,O in Fuego melt inclusions has
been noted in prior work (Rose et al. 1978; Berlo et al.
2012) and was not found to relate to crystal host size
(Roggensack 2001a). It is clear from the >2 x range in
K50 in the basaltic MI (<51 % Si0,) that multiple magmas
fed the 10-day eruption. Previous workers also emphasized
a bimodal distribution in the melt inclusion K>O concen-
trations, with one peak at ~0.6 wt% K,O and the other at
~0.9 wt% K,O (Roggensack 2001a; Berlo et al. 2012).
Such bimodality, however, is less clear given the full
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et al. (1978). d Highlights the intra-eruption variability of the 1974
Fuego eruption. The MIs from October 17 (closed symbols) define a
single liquid line of descent for the samples used in this study.
References for d: October 14 MIs from Sisson and Layne 1993 (S&L)
and Roggensack (Rogg) (2001a); October 17 MIs from this work and
Rogg (2001); October 23 MIs from S&L (1993); Berlo et al. (2012).
All ash data from Rose et al. (1978)

dataset (Fig. 4d). In particular, our MI data from October
17 define a continuous linear trend, with some outliers, but
no strong modes or end members present. There are also no
obvious differences between the melt sampled by the bomb
clasts versus those by the ash; both span the full range of
Si0, and K,O along the entire trend. Thus, while multiple
magmas may have existed in the conduit and hybridized
prior to and during the 1974 eruptions, the October 17
magma studied here does not appear to have sampled the
full diversity present in the 1974 system. Instead, the
October 17 Mls are consistent with a single liquid line of
descent from a common parent. Perhaps the single parent is
related to a fresh influx of basalt that fueled the explosive
October 17 eruption, while the other less explosive erup-
tions included more magma resident in the plumbing sys-
tem (Berlo et al. 2012).

Trace element concentrations in melt inclusions
The trace element concentrations in the MlIs, as determined

by laser ablation ICP-MS, generally support the inferences
from the major elements, above. Most of the incompatible
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Fig. 5 Trace element concentrations of October 17 Fuego olivine-
hosted melt inclusions, determined by LA-ICPMS (Supplement
Table 5), compared with bulk ash data. Ba and Zr are both
incompatible elements, maintaining a constant ratio during crystal
fractionation. The similar ratio in melt inclusions from ash, lapilli and
bomb samples support a similar parental magma for each as well as
for the bulk ash (open circles and squares; Rose et al. 1978; and Carr
and Rose 1987)

elements correlate with K,O and show a total range of
variation that is consistent with their compatibility. For
example, the light rare earth elements (LREE), P, Nb, Pb,
Ba, and Zr, vary by a factor of ~2 similar to K,O, while
more incompatible elements vary by almost a factor of 3
(Rb, U, Th), and more compatible elements (Sr, Ti) vary
less. Thus, the trace elements are highly systematic with
respect to their predicted compatibility in the crystallizing
assemblage. Moreover, the ratio of incompatible elements
is nearly constant in the MIs, supporting a similar parental
magma. For example, the Ba/Zr ratio is identical within the
ash, lapilli, and bomb MIs (5.0 £ 2 % for the group
averages; Fig. 5). The MIs actually vary less than the bulk
ash samples from October 17 (Ba/Zr = 5.8 & 16 %) and
only range from 4.3 to 6.3 versus 3.1 to 7.3 in Fuego
eruptives as a whole (Carr and Rose 1987). Thus, the trace
elements support a co-magmatic origin of the melt inclu-
sions and do not include the diversity common in high-Fo
olivines suites (Sisson and Bronto 1998; Danyushevsky
et al. 2003; MacLennan et al. 2003).

Volatile concentrations in melt inclusions

The October 17 melt inclusions analyzed by SIMS in this
study have comparable volatile concentrations, but vary less
than those from other studies. Roggensack (2001a) analyzed
inclusions from the initial phases of the eruption (primarily
October 14), and found comparable H,O concentrations
(measured by Fourier transform infrared spectroscopy) to
those analyzed here, ranging from 3.0 to 4.5 wt% H,O
(Fig. 6a). Sisson and Layne (1993) and Berlo et al. (2012),
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however, report significantly higher H,O concentrations
(4.5-6 wt%) in both their October 14 and October 23 MIs.
Thus, either H,O varies on different days of the eruption
(although this is not apparent in unreported samples we
analyzed), or there is an analytical offset in the pioneering ion
probe analyses reported by Sisson and Layne (1993) or an
inter-laboratory offset in the case of Berlo etal. (2012). Sulfur
concentrations also show a significant difference between the
different studies (Fig. 6b). Roggensack’s October 14 inclu-
sions notably range up to very high sulfur concentrations
(4,000-5,000 ppm, which are high globally, Wallace 2005),
while none of Sisson and Layne’s October 14 inclusions
contain >1,500 ppm (although none extend to such mafic
compositions either; Fig. 6b). A matrix glass sample from
Roggensack’s study (2001a) also contains 2,000 ppm S,
which is unusual given that matrix glass is typically degassed
in sulfur (as are our analyses, Supplement Table 9). The
October 17 MlIs studied here have sulfur concentrations
(600-2,500 ppm) that fall within the ranges in the other
studies (and are similar to those in Berlo et al. 2012), and
show a systematic, monotonic decline with increasing SiO,.
Cl is comparable in all the studies, with most MIs varying
from ~ 1,000 to 1,500 ppm Cl (Fig. 6d). As an aside, the
range in SiO, (50-60 wt%, anhydrous; Fig. 6b) and host Fo
(72-77) does not change in the MI populations studied over
the course of the eruption, unlike the bulk ashes, which
become markedly more mafic with time (from 4 to 8 wt%
MgO; Rose et al. 1978). This points again to excess crystals
within the bulk ashes, specifically an increase in modal
olivine (which is observed from 3.6 to 12.6 vol%:; Rose et al.
1978) and not a significant increase in the basaltic component
feeding the system. The variation in the 1974 Fuego data from
the various studies does not affect the conclusions here, which
are based on the variations within our dataset alone.

Within the October 17 dataset reported here, different
volatile species vary in a way expected for magma degassing.
In most arc magmas, the volatile species degas in the order
CO,, S, H,0, Cl, and F, reflecting their increasing solubilities
in mafic melts (Metrich and Wallace 2008). As magmas rise
and decompress, they degas (Newman and Lowenstern
2002), and if they degas significant H,O, they also crystallize
due to the strong effect of H,O on the liquidus temperatures of
silicates (Blundy and Cashman 2005). Thus, degassing-dri-
ven crystallization may lead to coupled variations between
Si0,, which increases during crystallization, and H,0O, S, and
CO,, which strongly enter the vapor phase (Blundy and
Cashman 2005). This predicted variation is clearly expressed
in the October 17 MIs (Fig. 6a, b, c¢). The relative variations
(i.e., larger drop in CO, than S and H,O) are also consistent
with their relative solubilities. Cl actually increases with
crystallization due to its much higher solubility in the melt
(Fig. 6d). In fact, neither CI nor F degases substantially, and
maintains a nearly constant ratio of CI/F = 2.89 + 8.5 %,
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Fig. 6 Variation in volatile species versus SiO, in melt inclusions
from this study and previously published data from Roggensack
2001a (Rogg) and Sisson and Layne 1993 (S&L). The reported SiO,

consistent again with a similar parental magma source for all
the Mls.

The MIs from the ash, lapilli, and bomb inclusions show
subtle differences in their volatile contents. The lapilli
samples contain the most degassed and evolved MI, while
the bomb samples contain the most mafic inclusions with
least-degassed S and CO,. On the other hand, all clast sizes
contain inclusions that span most of the variation in SiO,—S
(for example, Fig. 6b), and we suspect if we had a greater
sample set, the inclusion populations would be very simi-
lar. On the other hand, the bomb and rim MIs have sys-
tematically lower H,O (up to 1 wt%) for the same SiO,
content as the other MlIs (Fig. 6a). Most of the inclusions
with >4 wt% H,O derive from the ash samples. This subtle
but systematic shift in H,O in clasts with different cooling
rate is the signal we will explore further below.

Discussion
Quantifying the extent of water re-equilibration
Here, we consider the extent to which the melt inclusions

in the bomb samples have lost H,O relative to the more
rapidly cooled samples, and whether this loss is consistent
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is plotted anhydrous. The gray field encloses ash and lapilli MI from
this study. The HG label denotes an hourglass inclusion

with diffusion through the host olivine during post-eruptive
cooling. This signal is only observed in H,O (Fig. 6a, b, c,
d), which is the only volatile species expected to diffuse
through olivine on the short timescale of bomb cooling
(minutes). The simplest way to quantify H,O loss might be
to subtract each H,O measurement from the maximum
concentration (4.35 wt%), but this does not take into
account the systematic degassing and crystallization trends
that affect all volatile concentrations (Fig. 6a, b, c). Our
goal is to identify a component of diffusive loss of H,O
that is independent of the magmatic degassing component.
Thus, we have coupled H,O with the non-diffusing (over
the considered timescales) and incompatible major element
K,O0. Like SiO,, K>O concentrations in melt inclusions
largely reflect the extent of crystallization that has occurred
prior to trapping (Fig. 4¢). K,O is simpler to interpret than
Si0,, however, being highly incompatible in both crystals
(the primary observed phenocryst phases in Fuego 1974:
olivine, plagioclase, clinopyroxene and magnetite) and
vapor, and so its abundance is related to 1/F, or the melt
fraction (Roggensack 2001b; Johnson et al. 2008). The
factor of 2 observed in K,O (and many of the other trace
elements, Fig. 5) is consistent with 50 % crystallization
linking the most mafic MI (48 % SiO,, hydrous) to the
most felsic (58 % Si0,). Ascent-driven crystallization will
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lead to an inverse relationship between K,O and H,O0, as is
observed in the MIs from the ash and lapilli samples
(Fig. 7), and for other phases of the eruption (Sisson and
Layne 1993). However, for the same range in K,O, MIs
from bombs demark their own trend shifted by up to 1 wt%
lower H,O on average (Fig. 7).

In order to test this interpretation, as well as provide a
more quantitative model against which to define H,O loss,
we fit a polybaric liquid line of descent (LLD) through the
ash and lapilli MIs using the software tool Petrolog
(Danyushevsky and Plechov 2011). Petrolog3 predicts
phase compositions and proportions during crystallization,
using statements of mineral-melt equilibrium for major and
trace elements. We set the initial pressure to 2.5 kbar,
based on mixed-vapor saturation pressure of the highest
H,O-CO, inclusions (using VolatileCalc; Newman and
Lowenstern 2002; Fig. 8b). We set fO, at the QFM buffer,
guided by the S in the October 17 melt (as discussed
above). The four observed phases were 100 % fractionally
crystallized during the model run, using the mineral-melt
models of Danyushevkey (2001) for olivine, plagioclase,
and clinopyroxene, and the model of Ariskin and Barmina
(1999) for magnetite. The silicate mineral models include P
and H,O dependencies, while the magnetite model does
not. The initial starting composition was set to 0.50 wt%
K50 and 4.45 wt% H,0, and the rest of the major elements
were taken from the most primitive PEC-corrected MI
composition (137B-5; Table 2).

The best-fit model through the least-degassed ash MlIs
follows a P/T path of 30 bars/°C, which is H,O saturated
over most of the descent. Olivine is on the liquidus at
1,030 °C  and 2.5 kbar, and plagioclase + magne-
tite + cpx join at ~ 1,005 °C and 1.7 kbar, where H,O
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saturates. At 1.1 kbar (the minimum pressure recorded by
the melt inclusions; Fig. 8b) and 985 °C, the magma is
50 % crystallized, reproducing the twofold K,O enrich-
ment, while the H,O content has dropped to 3.8 wt%. The
zigzag liquid line of descent generated by Petrolog3
derives from the isobaric steps in the simulation; we
approximate the trend with a linear parameterization
(K,0 = —0.713(H,0) + 3.689, R* = 0.993). For a given
concentration of K,O in the MIs, this equation provides the
H,O content in the magma prior to any subsequent diffu-
sive re-equilibration during cooling. Because water loss is
relative to the initial and final amount of water, we used the
standard form of expressing the degree of re-equilibration:
[(predicted H,O — measured H,0)/(predicted H,O —
matrix H,0), using 0.06 wt% H,O for matrix glass, based
on a SIMS analysis of volcanic glass adhering to an olivine
phenocryst from ash sample 127-10, Supplement Table 7].
Although we have interpreted the H;O-K,O trend in the
ash samples as a decompression-driven liquid line of des-
cent, we cannot rule out that some of the trend is produced
instead by magma mixing. The actual origin of the trend,
however, is less important than the deviations of H>O from
1t.

The degree of re-equilibration for the ash MIs ranges
from 0.0 to 18.7 % with an average of 5.4 %. Two outliers,
127-6 and 131-3, are responsible for the range and elevated
average; excluding these two values, the average re-
equilibration for the ash MIs is 3.3 %, which is within the
uncertainty of the SIMS measurement. MIs from lapilli
show a range in re-equilibration from 1.7 to 10.9 % with an
average of 6.7 %. Mls from the bomb rims show a range in
re-equilibration from 3.7 to 19.9 % with an average of
13.5 %. The MIs from the bombs record the highest extent
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Fig. 8 H,O versus CO, in melt inclusions from this study: a uncor-
rected and b corrected for inferred diffusive H,O loss. In a bomb and
bomb rim samples are highlighted in red and orange, respectively;
ash and lapilli samples are open squares. Error bars are the SIMS
errors reported in the text. The curves are calculated from Volatile-
Calc (Newman and Lowenstern 2002) for an initial temperature of
1,030 °C and initial volatile concentrations of 4.3 H,O wt% and
1,250 CO, ppm, the highest reported CO, concentrations for 1974
Fuego (Roggensack 2001a). The dashed line represents a constant
vapor composition isopleth of 40 mol % CO,: 60 mol % H,O.
Samples will lie along this line if equilibrated with a fluxing gas of

of re-equilibration, from 5.9 to 26.8 % with an average of
17.9 %. These results are consistent with a slower cooling
rate predicted for bombs, resulting in greater loss of H,O
(up to almost 30 %; Fig. 7), as well as greater post-
entrapment crystallization (up to 10 %; Fig. 2). We were
surprised that the re-equilibration results for the bomb rim
MIs were so similar to those for the bomb interior. This is
not as expected for a cooling-rate control, as the rim of the
bomb should cool more rapidly, and so record less re-
equilibration, than the bomb core. We will explore the
implications of this result below.

Implications for degassing models

Here, we assess the effect of H,O loss, and its restoration,
with respect to other volatiles (CO, and S) commonly used
to constrain magmatic degassing history. If magma ascends
with melt and exsolved bubbles remaining in equilibrium,
then closed-system degassing predicts a steep decline in
CO, with little change in H,O until the pressure approaches
that of pure-H,O saturation, after which H,O rapidly
decreases (Anderson 1989; Newman and Lowenstern 2002;
Fig. 8). Despite this simple prediction for ascending
magma, few mafic melt inclusion suites show such an
H,O-CO, relationship (Metrich and Wallace 2008).
Instead, the data are usually scattered, with H,O contents
less than and/or CO, higher than those predicted from
closed-system degassing. A great deal of effort has gone
into explaining such data, involving more complex
degassing scenarios such as excess exsolved vapor
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this composition. The solid line shows a closed-system degassing path
with 3 % exsolved vapor initially present that is continuously
equilibrating. Such excess vapor would have to derive from deeper
in the system. The blue closed-system curve starts with no initial
vapor, and degasses only vapor that is generated within the magma
during decompression. In b, all melt inclusions are corrected
following the K,O procedure in Fig. 7 and now conform to closed-
system degassing. Isobars were calculated from the previously stated
conditions. Solid isobars were calculated using VolatileCalc (New-
man and Lowenstern 2002) and dashed isobars from Solex (Witham
et al. 2011)

(Anderson 1989), CO, gas fluxing (Blundy et al. 2010),
magma mixing (Dixon et al. 1991), convective mixing
(Witham 2011), and diffusive disequilibrium (Gonnermann
and Manga 2005). The uncorrected October 17 Mls also
show scatter in H,O-CO, (Fig. 8a), with the MIs from the
bomb and bomb rim samples plotting furthest from the
closed-system degassing line. This could be taken to mean
that the bomb and bomb rim MIs have experienced a dif-
ferent degassing history than the other MIs, but there is
little evidence for this in the similar SiO,—S trend for all the
October 17 MIs (Fig. 6b). Instead, it is more likely that
H,O was systematically lost from these inclusions that
experienced a slower cooling rate. Indeed, if the October
17 Mls are corrected for the H,O loss, using the K,O
model above, then they collapse to an H,O-CO, array that
is fit reasonably well by simple closed-system degassing
(Fig. 8b). Thus, in this case, a simple degassing history is
revealed only after correction of diffusive H,O loss. This
exercise motivates re-examination of previously published
MI data. While there is certainly strong, independent evi-
dence for CO, fluxing in some volcanic systems (Metrich
et al. 2004; Spilliaert et al. 2006; Blundy et al. 2010), low-
H,O contents reported in Mls derived from bomb or,
worse, lava samples (e.g., Collins et al. 2009; Portnyagin
et al. 2007; Sisson and Bronto 1998) more likely reflect
some degree of diffusive H,O loss, rather than complex
degassing processes or unusually dry magma sources.

We can perform a similar analysis for H,O-S. Degas-
sing of sulfur is complex due to multiple melt and gas
species which vary as a function of fO, and fS, (Wallace
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Fig. 9 H,O versus sulfur variation in melt inclusions from this study
highlighting the effect of correction for H,O loss. The open squares
represent uncorrected ash and lapilli MIs. Similar to Fig. 7 and 8,
bomb and rim MIs are shifted approximately 1 wt% H,O at constant
sulfur. Once Mls are restored following the method outlined in Fig. 7,
a single bulk partition coefficient for sulfur can be estimated
following the methods of Sisson and Layne 1993. The solid line
shows a batch fractionation model for simultaneous H,O and S
equilibrium degassing with the following parameters: HyOjpia =
4.4 Wt%, Siniial = 3,000 ppm, Kd¥**" = 100, and H,O is 5.1 % of
the non-liquid separating assemblage (e.g., crystals and vapor)

and Carmichael 1994; Metrich et al. 2009). Nonetheless,
melt inclusion suites typically show H,O and S decreasing
together, albeit with very different slopes. From this kind
of information, a bulk partition coefficient for sulfur
(Kdg*9) can be determined from an empirical fit to the
MI data, assuming mass balance and pure H,O vapor (as in
Sisson and Layne 1993; Spilliaert et al. 2006; and Johnson
et al. 2010). From this approach, however, very different
Kd§*™"9 values have been published for different volca-
noes, from 1-30 for Mexican volcanoes (Johnson et al.
2010) to 0-60 for Etna (Spilliaert et al. 2006) to 35-110 for
Central American volcanoes (Sisson and Layne 1993;
Wade et al. 2006; Benjamin et al. 2007). Higher Kdg*"4
reflect steeper S degassing trends with respect to H,O.
The uncorrected data for October 17 MIs again initially
show scatter in H,O-S, with the bomb and bomb rim MIs
falling systematically to lower H,O for their measured S
(Fig. 9). It would be difficult to use these data to constrain
Kd§*"9, However, when the October 17 Mls are restored
for H,O loss using the K,O model (Fig. 7), they form a
coherent and very steep S degassing trend, where S
decreases from almost 3,000 ppm to 500 ppm S while H,O
varies from 4.5 to 3.5 wt%. This translates into a high
Kd§™9 of 100 for the degassing path, like the other
Central American volcano Irazd (Kd§*™"9 = 110), but
unlike Sisson and Layne’s (1993) calculation for other days
of the 1974 eruption (Kd§™'4 = 34). The difference
clearly derives from both the lower S concentrations
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(mostly <1,500 ppm) and higher spread of H,O (Fig. 6a)
in Sisson and Layne’s study, from values >4.5 wt% H,0
not found in this study or Roggensack’s (2001a), to values
<2 wt%, which are mostly for hourglass inclusions that are
connected to the exterior degassing melt, and so have likely
suffered diffusive loss of H,O. Our October 17 MI trend is
also very different from most of the Mexican MI suites
(Johnson et al. 2010), which show limited variation in S
(£100’s ppm) and large variations in H,O (several wt%).
This variable degassing of sulfur is likely revealing
something important about the different magmatic systems,
their fO,, and how they evolve during crystallization and
degassing. Some of the S variation in Fuego MI may be due
to a change in fO, during degassing and crystallization,
which affects the sulfur concentration at sulfide saturation
(Jugo et al. 2010). There is some evidence for this in the
increase in Ky4(Voyiiq) during magma evolution discussed
above (Supplement Table 6). But a prerequisite to under-
standing sulfur degassing is better control on H,O and how
much of its variation may be due to diffusive loss versus
degassing.

Melt inclusion size dependence for diffusive loss
of H20

One test of a diffusive mechanism is a relationship to the
relevant length scale. With all other variables being con-
stant, MIs that are small and close to the crystal rim should
experience the most diffusive re-equilibration for a given
timescale. Qin et al. (1992) demonstrated that MI re-
equilibration will depend not only on the diffusivity
(D) and partition coefficient (K,) in the crystal host, but
also the size of the inclusion and distance to the crystal rim.
Assuming a fixed MI radius, the time required for MI re-
equilibration increases with a larger host crystal radius. For
a constant host crystal radius, a smaller MI will re-equili-
brate more rapidly than a larger MI. This oversimplification
does not hold true when the ratio of the MI to host crystal
radius approaches 0.7 (Qin et al. 1992), but this condition is
far from that observed in the Fuego MI population, where
the ratio is <0.23.

In Fig. 10, we have plotted the re-equilibration of each
MI as a function of its radius. Regardless of the clast from
which the MIs originated, the analyzed MIs show the
predicted relationship where the larger inclusions have re-
equilibrated less than the smaller ones. Most of the inclu-
sions that have re-equilibrated more than 15 % have a
radius of <30 pm regardless of the clast size (Fig. 10). The
one exception is a bomb MI of 46 pum radius, which is
closer to the glassy rim of the crystal (66 pm) than any
other bomb MI, consistent with more extensive re-equili-
bration. This is in contrast to the MIs in bomb samples
134D-9 (26 um radius) and 137B-17 (19 um), which have
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equations in Qin et al. (1992), discretized to allow variations in D
(linking its temperature-dependence to the clast cooling rate) and H,O
outside the MI host (linking it to the ascent rate). Bomb and bomb rim
samples tend to record higher degrees of re-equilibration than lapilli
and ash for similar sized MIs (most clear for MIs between 15 and
25 pm), consistent with varying post-eruptive cooling rates (Scenario
1) or magma ascent rates (Scenario 2 and 3). Scenario 1 considers
constant external H;O with changing temperature to determine re-
equilibration during post-eruptive cooling, whereas, Scenario 2 and 3
consider constant temperature and varying external H,O to determine
re-equilibration during ascent only

experienced less re-equilibration than expected, due to
being the greatest distance from the rim and being adjacent
to a large melt embayment, respectively. Thus, there is
some effect of rim distance as well, as predicted, but we do
not find a relationship in the population as a whole as we do
for MI size. This is possibly because there is significantly
more ambiguity in the measured distance to a rim than the
measurement of the size of the MI. When preparing MIs for
analysis, the goal is to expose the maximum amount of
glass as possible, which means that each MI radius mea-
surement is the maximum size for that MI. On the other
hand, because the MIs can be located at any depth in the
host crystal, the final size of the crystal after polishing
(when the measurements were taken) might not reflect the
actual size of the crystal or the geometry of the MI within
it. Additionally, crystals can be broken during crushing to
release them from the host matrix, thus the actual crystal
size may not be recoverable. Figure 10 also exhibits the
sampling bias previously mentioned, where bomb inclu-
sions are typically smaller in size than ash inclusions. For
this reason, the end members of the total inclusion

population include three small bomb MIs, which have
experienced >25 % re-equilibration, and two large ash
MlIs, which have experienced <1 % re-equilibration.

Although there appears to be a strong control on H,O
diffusive equilibration due to MI size, there is still a strong
difference between the different clast sizes. If only the Mls
<40 pm in radius are considered, there is a clear transition
between the lapilli MI, which reach a maximum value of
10 % re-equilibration, and the bomb and bomb-rim MIs,
which record almost uniformly greater than 10 %. For Mls
larger than 40 um, ash samples tend to show <5 % re-
equilibration, whereas MIs from the other clast sizes tend
to show greater than 5 %. Thus, both MI radius and clast
size effects can be observed in our dataset, one controlling
a length scale and the other controlling the timescale for
diffusive H,O loss.

Timescales of clast cooling

We can test the clast cooling hypothesis by coupling two
diffusion problems—thermal (clast cooling) and chemical
(H,O diffusion in olivine). The question is whether a
~50 pm-diameter inclusion can lose 25-30 % of its water
through a ~ 600-pm olivine in the time it takes (10 min) a
6-cm clast to cool (these values are representative of the
most re-equilibrated bomb MIs in Table 2). The first step in
answering this question requires calculating the duration of
cooling for clasts of different sizes (we used an online tool
to solve for 1-D heat conduction in a convectively cooled
sphere; Recktenwald 2006). The input variables include a
thermal conductivity of 0.024 W K~' m™" (Stroberg et al.
2010), thermal diffusivity of 3.3 x 107" m? s~' (Hort and
Gardner 2000), and a heat transfer coefficient of
120 W m 2 K~! (Stroberg et al. 2010), appropriate for
mafic scoria. The initial temperature was set at 1,030 °C
(from the Petrolog3 LLD calculation), and the ambient
temperature surrounding the pyroclast was set at 30 °C.
The model was run for pyroclasts with three different
radii, 0.1 cm, 1.0 cm, and 3.0 cm, representing the ash,
lapilli, and bomb, respectively. Figure 11 illustrates the
temperature—time paths experienced inside the lapillus and
bomb. From a purely conductive cooling perspective, an
olivine phenocryst in ash takes less than one second to cool
from 1,030 °C to 450 °C. The core of a single 2-cm
(diameter) lapillus takes about 60 s to cool, while a 6-cm
(diameter) bomb takes 10 min, over the same temperature
range. These are maximum (core) cooling times (minimum
cooling rates), as MIs closer to the clast edges will cool
more rapidly. Other factors may further increase the
cooling times, such as co-deposition of hot clasts or com-
minution in the upper conduit. Likewise, ash (in particular)
may remain in the eruptive plume for several minutes, and
experience elevated external temperatures as the eruptive
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Fig. 11 Conductive cooling paths for various depths in a 6-cm-
diameter bomb and a 2-cm-diameter lapillus, as in this study. See the
text for the details of how these lines were calculated. Melt inclusions
(MlIs) from bombs experience the slowest post-eruptive cooling rate
and in this study were sampled from anywhere between lines C and
D. MlIs from the lapillus experience faster post-eruptive cooling rate
and were sampled from anywhere between the ordinate axis and line
A. MIs from the bomb rim experience an intermediate cooling rate
(the ordinate axis to line C)

plume cools from magmatic temperatures (Hort and
Gardner 2000). To simulate these latter two processes, we
repeated the above conductive cooling calculations for
other external temperatures (500, 300, 100 °C). Although
they change the overall cooling curves and reduce the
average cooling rate for the clast, it proved to be incon-
sequential because the majority of water loss occurs prior
to 700 °C and the test with elevated external temperatures
did not add appreciable time to this diffusion “window”.

Next we consider the chemical diffusion of H,O through
olivine over the same timescale as the conductive cooling
of the clast. These processes are linked because tempera-
ture, which varies over the cooling interval, strongly affects
the diffusivity (D) of any chemical species. While the
analytical solutions in Qin et al. (1992) provides a good
first-order approximation of the degree of re-equilibration,
they are limited to constant diffusivity and an initial step-
wise concentration profile with constant element concen-
trations across the crystal and MI. In order to incorporate
time—temperature dependence of the diffusion coefficient
D of hydrogen, we solved numerically for element diffu-
sion from a melt inclusion through a host crystal and into a
surrounding melt during clast cooling. Using a finite-dif-
ference scheme, we discretized the governing Eq. (2) in
Qin et al. (1992) for element concentration C:

At

Cit1j(x) = Cij + Dij—— (Cijs1 — 2Cij + Cij1)
(Ar)
At
+2Dij 3 (Cijrr = Ciy) (1)
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with Ar and At being the step size in space and time. The
boundary conditions of the crystal at the inner MI boundary
a and the outer surrounding melt boundary b were
discretized as follows:

At
E Z - Ci,a) (2)

Cb = Cmeltk (3)

Ciyia=Cia+ D; o(Ciat1

where f = 3 kpcrysta/Pmert With K, being the partition
coefficient of hydrogen between olivine and melt and
Perystal and  ppe being the crystal and melt densities,
respectively. In applying the model, we assumed isotropic
diffusivity and a constant partition coefficient Kd;),lz/ (l)iq =
0.001 (Aubaud et al. 2004; Koga et al. 2003). The time-
dependent diffusion coefficient is calculated using the
temperature evolution of the clast cooling model, and the
standard Arrhenius formulation, D = D,,efE/RT, where E is
the activation energy and R is the gas constant. Because
most studies of H diffusion in olivine predict a similar
activation energy, we assumed E, = 130 kJ/mol and var-
ied D, within the bounds of experimental determinations
(see references to Fig. 12). Outer boundary conditions were
set to reflect equilibrium H,O concentrations at atmo-
spheric pressure (i.e., Cp,e refers to the hydrogen con-
centration in the matrix melt). The initial concentration was
taken to be the highest observed water content in melt
inclusions from ash samples (4.4 wt% H,0). We validated
the numerical diffusion model against the solution of Qin
et al. (1992) for constant temperature.

The Qin model has other limitations besides constant
diffusion coefficients. The melt inclusion and crystal are
both assumed to have a spherical geometry, with the
inclusion located in the center of the host. Thus, the rele-
vant diffusive length scale is given as a/b, where a is the
radius of the inclusion and b is the radius of the crystal.
This geometry is obviously idealized, and not typical of
natural samples. Off-center melt inclusions close to the
crystal rim may equilibrate an order of magnitude faster
than predicted by the Qin model, and other inclusions or
embayments within the same crystal will inhibit re-equil-
ibration (Ruprecht et al. 2010). Nonetheless, we do not take
into account such irregularities here.

In applying the diffusion model, we considered first the
upper bound of the data, which is largely defined by the
bomb and bomb rim MI, and used the bomb core cooling
path in Fig. 11 (Curve A in Fig. 10). This provides a
maximum cooling time available for diffusion and fits the
data for D, = 5 x 1073 mz/s, which translates to a maxi-
mum D of ~2.95 x 107' at 1,000 °C. Such a high dif-
fusivity is permissible, but at the maximum range of what
has been measured in the laboratory (see references to
Fig. 12). The lower bound of the data, defined largely by
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Fig. 12 Arrhenius plot illustrating hydrogen diffusivities in olivine
consistent with Fuego melt inclusion cooling and ascent scenarios.
Colored regions represent two types of proton diffusion in iron-
bearing olivines: (1) proton-polaron redox mechanism from Kohlstedt
and Mackwell (1998), and (2) metal vacancy mechanism from
Demouchey and Mackwell (2006), with diffusion along different
crystallographic axes as shown in brackets. Points represent exper-
imentally determined D for olivine-hosted melt inclusions during
laboratory heating (Hauri 2002 and Chen et al. 2011) and rehydration
(Portnyagin et al. 2008 and Gaetani et al. 2012)

the ash and lapilli MI (Curve B in Fig. 10), can be fit using
the same D, and a cooling rate of 100 °C/min.

While this exercise illustrates that the data are satis-
factorily described by a diffusion model with permissible
parameters, there are three issues that require us to explore
alternatives. The first is that it requires the fastest diffu-
sivities of H in olivine measured in laboratory studies,
equivalent to the fast redox mechanism summarized by
Demouchy and Mackwell (2006). We discuss at the end of
the paper whether this mechanism is reasonable or not, but
we are driven to this extreme because so little time is
available for post-eruption diffusion (<10 min). The sec-
ond issue is that several of the ash and most of the lapilli
MIs have experienced 5 % or more re-equilibration, and
yet their expected cooling rates are much faster than the
100 °C/min rate required to fit the data (Curve B). There is
not really enough post-eruptive cooling time to permit any
re-equilibration of the ash MlIs. The third issue is that the
MIs from the different clast samples do not entirely con-
form to the expectations for cooling rate alone. There
should be a gradual increase in re-equilibration from ash to
lapilli to bomb rims to the bomb core, given the longer
times for conductive cooling shown in Fig. 10. Instead, we
observe that the ash and lapilli MIs overlap and the bomb
and bomb-rim MIs overlap. It is possible that we do not

have enough resolution to distinguish these populations,
given the analytical and modeling assumptions we have
made, although our best estimate of the propagated errors
(£3 %) suggests that we do. We thus consider below other
scenarios to explain the H,O re-equilibration data that may
work in concert with post-eruptive clast cooling.

Other possibilities for water loss

One possibility to explain the two groups of MIs (ash/
lapilli and bomb/bomb rim) is that the inclusions trapped in
the bombs derive from a drier initial magma than the MlIs
in the other clasts. This is not supported, however, by the
similarity in ratios of trace elements (e.g., Ba/Zr; Fig. 5)
and non-degassing volatiles (Cl/SiO,; Fig. 6d) in all the
MlIs, which point to a similar parental magma. Moreover,
the bomb MI with the least H,O re-equilibration and PEC
(M-134D-14) has the same H,O/Ce ratio (~4,000) as the
ash MI with the highest H,O content (M-132-3). H,O/Ce is
a source feature from the subduction zone (Plank et al.
2009) that would be expected to vary for parental magmas
with different initial water contents or deep degassing
histories. Thus, we do not think the melt inclusions in the
bomb derive from a parent with lower initial H,O.

Another possibility is that bomb MI might have re-
equilibrated during storage in a shallow crustal magma
reservoir. This scenario would entail olivine phenocrysts,
which have entrapped MIs at depth, ascending to a shallow
magma chamber and residing there for some period of time
before final ascent to the surface. While at this shallow
level, H,O concentrations in the MIs will re-equilibrate
with the concentration in the surrounding melt (e.g., if at
1 kb, or ~4 km, then 3 wt% H,O, based on the vapor-
saturation isobars shown in Fig. 8). If all of the stored MIs
re-equilibrate at the same storage depth, then MIs would
take on a single H,O concentration. Experimental evidence
(Portnyagin et al. 2008) has shown olivine-hosted MIs are
capable of gaining 2.5 wt% H,O in 2 days, so this scenario
holds for any storage time greater than a few days. The
bomb inclusions, however, do not appear to be reset to a
common H,O concentration and so do not support this
scenario of long-term (>2 days) storage in a shallow
magma reservoir.

Previous models have argued for storage of magma at
different depths in the Fuego plumbing system (Roggen-
sack 2001a; Berlo et al. 2012), and so perhaps the bomb
MIs reflect re-equilibration at different depths. If the bomb
MlIs derive from vertically stored magma, then MIs will
equilibrate to exterior melt that has different H,O contents
as a function of storage depth if pressures are <1.5 kb (i.e.,
exterior melt has H,O contents controlled by the vapor-
saturation pressure, see Fig. 8). If this were the case,
however, then one would expect the MIs trapped in the
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bomb samples to have more variable K,0-Si0,, like the
diverse melts that exist in the Fuego plumbing system
(Fig. 4d). The strong coherence in K,O and SiO, concen-
trations of all the October 17 MI, including those in the
bomb samples (Fig. 4c), provides strong evidence that all
the MI were derived from a single magma that fed the
eruption, and not melt stored in the plumbing system for
any appreciable length of time.

Another possibility is that the bomb MI underwent a
different degassing history. This is difficult to accommo-
date, however, given the coherent SiO,—S and SiO,—CO,
systematics for all the MI (Fig. 6b, c). Only H,O behaves
differently in the bomb and bomb rim MIs, and this is more
consistent with a diffusive than a degassing process, as
only H,O is expected to diffuse rapidly through olivine. It
would also be difficult to explain the greater PEC of the
bomb MIs (Fig. 2) with a degassing scenario, since this
process occurs after the melt is isolated from the degassing
magma.

Other eruptive processes may also have affected fine and
coarse pyroclasts differently. The October 17 phase of the
Fuego 1974 eruption involved pulsating intense explosions
with a 1-min periodicity (Rose et al. 1978). Rose et al.
(2008) suggested that the large abundance of the finer
pyroclastic material could derive from comminution within
the volcanic conduit. The Fuego conduit is perhaps about
10 m in diameter and could be 1 km or more in length,
measured from the fragmentation level to the summit
(Rose, personal communication). During the eruption,
pyroclasts form from explosive vesiculation, with particles
having a wide range of sizes. Above the fragmentation
level in the conduit, there is a vertically directed gas thrust
that blows out fines quickly and larger pyroclasts are
retained within, especially in between explosions. Large
pyroclasts represent harder enclaves of less vesicular and
perhaps more crystal-rich magma which resist fragmenta-
tion. They bounce off the conduit walls and each other
during explosions while the fines (fragmented from highly
vesicular and more fragile material) are blown out much
more quickly (Dufek et al. 2012). Thus, the big pyroclasts
can spend longer within the hot conduit before they
become part of the emergent volcanic cloud and fallout.
Bombs might only come out during the big explosions,
which happened every minute or so, while ash would be
blown out continually. With additional time in the upper
conduit at high temperatures, this process may be another
contribution to the observed water loss in the bomb and
bomb rim MIs.

The finite loss of some H,O from the ash MI, however,
requires another process that promotes H,O loss, most
likely pre-eruptive ascent deeper in the conduit. The driv-
ing force for H,O diffusion through olivine starts as soon as
the exterior magma degases to lower H>,O concentration
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than that trapped in the melt inclusion. This will occur in
the magma conduit when the exterior magma begins to
degas H,O, at approximately ~2 kb (based on the H,O-
CO, vapor saturation pressures; Fig. 8b, Table 2) or 1.7 kb
(based on the Petrolog3 LLD), or ~7-8 km in the crust
(assuming a magma density of 2600 kg/m?). This ascent
time will drive water loss in all melt inclusions, but may
affect more those that end up in bomb-sized fragments. If
some portion of the magma ascends more slowly above
these depths, for example along the conduit walls, then this
would give MIs more time to re-equilibrate to lower H,O
concentrations, as observed in the bomb and bomb rim
MlIs. This more slowly ascending magma could have dif-
ferent physical properties (e.g., viscosity and vesicle dis-
tribution) that might preferentially lead to a bomb-sized
fragment. Microlite- and vesicle-population studies of
bomb versus lapilli clasts might be used to test for this
scenario by providing information about pre-fragmentation
conditions (e.g., Sable et al. 2006; Wright et al. 2007).
Alternatively, we can test this ascent scenario by modifying
our diffusion model.

Diffusive re-equilibration on ascent

In this scenario, diffusion of H,O out of the MI is driven by
the loss of H,O in the external magma during ascent and
degassing in the volcanic conduit. In contrast to the clast
cooling model, we assume this process is relatively iso-
thermal, consistent with the Petrolog3 model that predicts
<50° cooling during ascent (30 bars per degree over
1,400 bars). On the other hand, the H,O concentration in
the external melt changes systematically upon ascent, and
this needs to be taken into account in the diffusion model.
In this second set of numerical calculations, we solved the
diffusion equation (Eq. 1) for a time-dependent boundary
condition (Eq. 3), where C,,. changes as the magma
ascends. We assume C,j; follows the pure H,O saturation
curve calculated from Newman and Lowenstern (2002) for
mafic melt at 1,030 °C. We set the starting pressure of the
model at 1.9 kbar (7.5 km) based on the saturation depth of
the highest H,O measured in the Fuego MIs (132-3;
4.35 wt% H,0) and assumed a constant decompression
rate.

The magma ascent rate for basaltic eruptions is an elu-
sive parameter, requiring the use of such diverse observa-
tions as microlite crystallization, hornblende rim growth,
mass eruption rate, and seismicity (Rutherford 2008). No
published estimates exist for the 1974 eruptions of Fuego,
although the mass eruption rates have been estimated for
the October 14 phase (3 x 10° kg/s, Rose et al. 2008).
Given assumptions about conduit diameter (5-50 m) and
using a magma density of 2,600 kg/m>, such a mass
eruption rate would require magma ascent rates of ~0.1 to
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10 m/s. This range in ascent rates is consistent with those
generally associated with sub-Plinian eruptions (Cashman
2004). Using ascent rates near the upper end of this range,
the melt inclusion data can be fit with a constant D roughly
one order of magnitude lower than the clast cooling model
(D, of 8 x 10°°m?*svs.5 x 107> m%*s and E, = 130 kJ/
mol), with bomb magma ascending at 4 m/s (curve A,
slower, along conduit walls) and ash/lapilli magma
ascending at 12 m/s (curve B, faster, middle of conduit).
These ascent rates correspond to total ascent times of 30
and 10 min respectively. Alternatively, we can fit the data
with slower ascent rates that correspond to the slower
diffusion mechanism for hydrogen in olivine (accommo-
dated through metal vacancy diffusion; Kohlstedt and
Mackwell 1998, Demouchey et al. 2006, Chen et al. 2010).
For D, of 5 x 10~* m%/s (fastest metal vacancy diffusion;
Demouchy and Mackwell 2003), the data are fit by an
ascent rate of 0.50 m/s for the ash/lapilli population, and
0.15 m/s for the bomb population, corresponding to ascent
times of ~4 and 12 h, respectively. Constant ascent rates
are clearly an oversimplification, and it is instead likely
that magmas will accelerate as they ascend. This will lead
to a trade-off as magmas spend less and less time in the
shallower regions of the conduit where there is the greatest
driving force for re-equilibration due to the rapidly
decreasing water contents in the exterior magma. The
calculated ascent times here are thus probably minima.
Thus, we can fit the melt inclusion data equally well
with three scenarios for diffusive water loss (Fig. 11).
Scenario 1 is for clast cooling only (discussed above) and
assumes no loss during ascent. This requires hydrogen
diffusivities equivalent to the fastest measured in olivine
(29 x 107" m%s at 1,030 °C), assumes instantaneous
ascent, and maximum cooling times for bomb interiors of
10 min. Scenario 2 assumes finite magma ascent times in
the conduit (10-30 min), corresponding to ascent rates at
the high end of the expected range (4—12 m/s), and diffu-
sivity an order of magnitude slower than Scenario 1
4.7 x 107" m?s at 1,030 °C). Scenario 3 assumes the
slower diffusion mechanism in olivine (1.8 x 107'? m?%/s
at 1,030 °C), thus requiring longer ascent times (4—12 h),
corresponding to slower ascent rates (0.15-0.5 m/s). While
we do not advocate one ascent history over the other, if
H,O re-equilibration does occur during ascent, we believe
that the explosive ascent rates consistent with our data
(0.15-12 m/s) provide a sound confirmation for the
accepted range for sub-Plinian eruptions. These different
possible ascent and cooling histories for the ash versus
bomb MIs can be tested by future work on dynamic
eruptive models at Volcan de Fuego, crystal or vesicle
distribution studies, and by applying other diffusion clocks
(H>O in clinopyroxene, Wade et al. 2008; or volatiles in
melt tubes, Liu et al. 2007; Humphreys et al. 2008). Clearly

some combination of ascent/communition (~ 10 min to
10 h) and cooling time (0-10 min) is the most reasonable
expectation. Resolution of these different contributions to
water loss requires future work to better constrain magma
ascent rates and water diffusivities in olivine.

Implications for diffusivity of water in olivine

Multiple experimental studies have investigated the diffu-
sivity of H,O and H" in olivine (Mackwell and Kohlstedt
1990; Kohlstedt and Mackwell 1998; Demouchy and
Mackwell 2003, 2006). Melt inclusion re-equilibration
studies have also been conducted in the laboratory in order
to obtain timescales of water loss and water gain through
olivine (Hauri 2002; Portnyagin et al. 2008; Chen et al.
2011; Gaetani et al. 2012). Figure 12 compares the results
of our field-based experiment with these laboratory-based
experiments. Our data are consistent with three scenarios
that encompass the upper and lower range of H' diffu-
sivities measured in olivine. Diffusivities of molecular H,O
have experimentally been shown to be on the order of
10" m?/s (Farver 2010). This is extremely low in com-
parison with our estimates (10~ through 10~'? m%s) and
indicates that the re-equilibration we see is not molecular
H,0 loss (unless H,O is escaping along invisible micro-
fractures in the host olivine crystal structure, which we do
not suspect). It is more likely that a form of proton diffu-
sion accomplishes the H,O re-equilibration, and two
mechanisms have been implicated in olivine. The faster
one involves proton-polaron (redox) exchange and can
occur at lower temperatures (<1,000 °C) and shorter
durations (~1 h) in the laboratory (Mackwell and Kohl-
stedt 1990; Kohlstedt and Mackwell 1998) and is relevant
to our temperature and timescales. The slower mechanism
has been shown to operate at higher and lower tempera-
tures and involves proton-metal vacancy exchange
(Mackwell and Kohlstedt 1990; Demouchy and Mackwell
2003). Experiments on HT diffusion in iron-free olivine
have shown that diffusivities are slower without Fe, and
this result is consistent with the diffusivity of metal
vacancies being the rate-limiting factor for the H,O species
in pure forsterite (Demouchey and Mackwell 2003). Recent
water-loss and water-gain experiments in melt inclusions
are consistent with the slower, vacancy-controlled diffu-
sion (Portnyagin et al. 2008; Chen et al. 2011; Gaetani
et al. 2012). Our field-based experiment results in diffu-
sivities consistent with either the faster, redox-controlled
diffusive mechanism or the slower, proton-vacancy
exchange (Fig. 12) depending on the inferred ascent rate.
We discuss here the possibility of each mechanism oper-
ating in Fuego olivines.

In comparison with the previous laboratory studies of
hydrogen diffusion, Fuego MI re-equilibration occurs at
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comparatively lower temperatures (<1,030 °C) and in
olivine with lower Fo values (72-78). The two previous
laboratory studies on olivine-hosted MIs (Portnyagin et al.
2008; Chen et al. 2011) were conducted at 1,140 °C and
1,164-1,288 °C for 48 h and 1.4-8.2 h, respectively. Both
MI studies advocate slower hydrogen diffusion by metal
vacancy at these higher temperatures, which would require
the slower ascent rates determined in Scenario 3. If ascent
rates are higher (Scenario 1 and 2), then the redox mech-
anism would be necessary, possibly triggered by the lower
temperatures in Fuego olivines, consistent with the
Mackwell and Kohlstedt’s (1990) experimental studies.
Compositional effects may also be important in activating
the faster redox mechanism, which is ultimately related to
the concentration of ferric iron (polarons) in the olivine
(Demouchy and Mackwell 2006). Because Fe* " is gener-
ally low (100 ppm) in high-Fo olivine, this mechanism
may reach its limit in many of the existing experiments on
San Carlos olivine (~Fogg; Mackwell and Kohlstedt 1990;
Kohlstedt and Mackwell 1998), synthetic forsterite (Fo;qo;
Demouchey and Mackwell 2003), Galapagos olivines
(Fo;9—Fogg s; Portnyagin et al. 2008), Vulcano olivines
(Fogg o;1; Chen et al. 2011), Mauna Loa olivines (Fog7_gg).
Our field-based experiment explores new territory by
estimating D, with olivine ranging from Fo;,_7g. Tsai and
Dieckmann (2002) demonstrated that the concentration of
point defects and Fe®" increase with higher concentrations
of Fe*" in olivine. With higher concentrations of Fe*" in
the Fuego samples, the redox mechanism may stay active
for a longer period of time, enabling the 25 % re-equili-
bration we observe for predicted timescales between 10
and 30 min. The Fe content in olivine has also been shown
to affect the solubility of hydrogen (Zhao et al. 2004),
which will also affect the rate of re-equilibration through
the partition coefficient (Qin et al. 1992). If the Fuego
olivines have a higher solubility for hydrogen, we would
expect re-equilibration to occur more rapidly. Both of these
effects, greater diffusivities and partitioning of H in low Fo
olivines like Fuego’s, may enable the fast re-equilibration
times and ascent rates of Scenario 1 and 2.

There is also some debate on the extent of oxidation that
a melt inclusion may undergo during dissociation of water
and diffusion of H*. If this is limited by the amount of FeO
in the inclusion (which is the major species, along with
sulfide, that can be oxidized), then the concentration of
FeO may effectively limit the amount of H,O loss. Using
Eq. (3) in Danyushevsky et al. 2002, where the maximum
extent of H,O loss in a MI is related to FeO wt% by a
factor of 0.125, a MI with 8.7 wt% FeO could accommo-
date a maximum of 1.1 wt% H,O loss by redox, which is
on the order of what we observe. If the inclusion is below
the magnetite liquidus, then magnetite crystals should be
observed. Some of the bomb MIs contain dark microlites
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that could be consistent with magnetite precipitation, but
not all that have lost water do (Fig. 134D-2). On the other
hand, recent work by Gaetani et al. (2012) on MlIs in
olivine from Cerro Negro (Fo;g_g,) shows how re-equili-
bration of oxygen fugacity within a melt inclusion can
occur on timescales as rapid as proton diffusion, and so
exchange with the surrounding melt is also possible. Fur-
ther experimental work on the diffusive mechanisms of
water, and the effects of oxygen fugacity and olivine
composition, is needed to understand the timescales and
effects of H,O loss from MIs during ascent and cooling of
volcanic clasts.

Conclusions

We have carried out a natural experiment to assess the
effect of varying clast cooling rates on the re-equilibration
of H,O in olivine-hosted melt inclusions, using ash, lapilli,
and bomb samples erupted on October 17, 1974, at Volcan
de Fuego. All MIs occur in olivines of a restricted range of
composition (Fo7,_75), have identical trace element ratios,
and define major element variations consistent with co-
tectic crystallization of the observed phenocrysts phases.
Moreover, CO, and S decrease systematically with
increasing Si0O, of the inclusion, consistent with degassing-
driven crystallization that relates parental basalt to inter-
stitial andesite liquid. These observations point to a shared
magmatic history of the melt inclusions prior to eruption,
which involves ascent of a common parental magma and
then degassing, crystallization, and entrapment during syn-
eruptive ascent.

The exception to these systematics are the lower water
contents and greater extents of post-entrapment crystalli-
zation recorded in melt inclusions from the more slowly
cooled bomb samples. This H,O loss is superimposed on
the degassing and crystallization trends and can be identi-
fied by consistent offsets to lower H,O with respect to K,O,
S, and CO, in the bomb MIs. When these melt inclusions
are restored for this water loss using a calculated H,O-K,0
liquid line of descent, the initial scatter in HO versus CO,
concentrations collapses to an array that is well approxi-
mated by simple closed-system degassing. It is thus pos-
sible that some significant fraction of previously published
melt inclusion data are affected by water loss during post-
eruptive cooling or during the final stages of ascent, and
may not require heroic open-system degassing processes,
nor mantle-derived H,O variations, as has been invoked.
Melt inclusions that derive from scoriaceous bombs and
lava flows are particularly suspect. These possibilities are
difficult to assess within the published literature, given that
most studies do not report the clast size sampled, the MI
size, or the distance to the crystal rim. Such length scale
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information may be critical in the interpretation of MI data,
and we recommend its reporting in future work. With new
techniques coming on line that push the beam-size limits to
<5 um (Raman spectroscopy and nanoSIMS; Mercier
et al. 2010; Hauri et al. 2011), issues of diffusive H,O loss
will become even more important (Chen et al. 2011),
especially in small melt inclusions.

The field experiment we have conducted here indicates
that 40-100 um diameter melt inclusions in 400-1,000 pm
olivines in pyroclasts larger than 6 cm in diameter may
lose up to 30 % or ~1 wt% H,O and crystallize up to
10 % olivine. The relationships between H,O re-equili-
bration and MI size are consistent with a hydrogen diffu-
sion mechanism. We proposed three scenarios during
which re-equilibration could occur. In the first scenario,
H,0 loss occurs post-eruption during cooling of pyroclasts,
with diffusivities on the order of the fastest measured in the
laboratory. This scenario is inconsistent, however, with two
observations: (1) loss of up to 10 % water in some of the
smallest melt inclusions (<50 pm diameter) within ash and
lapilli, despite insufficient time during post-eruptive cool-
ing even given the fastest known H diffusivities, and (2)
similar H,O loss systematics in bomb rims and bomb
interiors, despite the fact that they experience different
cooling rates. Thus, two other scenarios include re-equili-
bration prior to eruption, during magma ascent, with
varying ascent rates for the ash/lapilli and bomb samples.
The different scenarios encompass the extremes in proton
diffusion rates, yielding ascent times from 10-30 min to
4-12 h. Although most experimental studies of melt
inclusion re-equilibration in the lab have identified the
slower vacancy diffusion mechanism as predominant, the
lower forsterite content of Fuego olivines and the lower
temperatures involved may favor the faster redox mecha-
nism for proton diffusion in olivine.

These results should be an important guide for future MI
sampling efforts. Ash and lapilli samples, with clast size
<2 cm diameter, yield the best-quenched glassy inclusions
that reflect equilibrium with their host olivine (i.e., have
experienced little to no post-entrapment crystallization)
and preserve the highest H,O contents. However, even
small inclusions (<50 pm diameter) in the samples may
suffer some H2O loss if ascent rates are slow and diffu-
sivities fast. Small bomb samples (6—7 cm diameter), like
the ones studied here, will contain a range of melt inclu-
sions, spanning from those that have lost substantial H,O
(>30 %) in small melt inclusions (<50 pm in diameter) to
those that have lost little to none (>100 pm). It is possible
that with targeted sampling of melt inclusions of different
sizes, and different distances to the rim, that the diffusive
process of water loss can be harnessed as a useful clock to
constrain timescales of magma ascent, fragmentation, and
cooling.
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