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Volcanic eruptions of rhyolitic magma often show shifts from powerful (Vulcanian to Plinian) explosive 
episodes to a more gentle effusion of viscous lava forming obsidian flows. Another prevailing characteris-
tic of these eruptions is the presence of pyroclastic obsidians intermingled with the explosive tephra. 
This dense, juvenile product is similar to the tephra and obsidian flow in composition, but is generally 
less degassed than its flow counterpart. The formation mechanism(s) of pyroclastic obsidians and the 
information they can provide concerning the extent to which magma degassing modulates the eruptive 
style of rhyolitic eruptions are currently subject to active research. Porous tephra and pyroclastic and 
flow obsidians from the 1060CE Glass Mountain rhyolitic eruption at Medicine Lake Volcano (California) 
were analyzed for their porosity, φ, water content, H2O, and hydrogen isotopic composition, δD. H2O in 
porous pyroclasts is correlated negatively with δD and positively with φ, indicating that the samples were 
affected by post-eruptive rehydration. Numerical modeling suggests that this rehydration occurred at an 
average rate of 10−23.5±0.5 m2 s−1 during the ∼960 years since the eruption, causing some pyroclasts 
to gain up to 1 wt% of meteoric water. Pyroclastic and flow obsidians were not affected by rehydration 
due to their very low porosity. Comparison between modeled δD-H2O relationships in degassing magma 
and values measured in the Glass Mountain samples supports the idea that rhyolitic magma degasses 
in closed-system until its porosity reaches a value of about 65±5%, beyond which degassing occurs in 
open-system until quench. During the explosive phase, rapidly ascending magma fragments soon after 
it becomes permeable, creating porous lapilli and ash that continue to degas in open-system within an 
expanding gas phase. As suggested by recent studies, some ash may aggregate and sinter on the conduit 
sides at different depths above the fragmentation level, partly equilibrating with the continuously fluxing 
heavier magmatic vapor, explaining the wide range of H2O contents and high variability in δD measured 
in the pyroclastic obsidians. Using only H2O and δD, it is impossible to rule out the possibility that 
pyroclastic obsidians may also form by permeable foam collapse, either syn-explosively near the conduit 
sides below the fragmentation level or during more effusive periods interspersed in the explosive phase. 
During the final effusive phase of the eruption, slowly ascending magma degasses in open-system until it 
reaches the surface, creating flows with low H2O and δD. This study shows that H2O measured in highly 
porous pyroclasts of a few hundred years or more cannot be used to infer syn-eruptive magma degassing 
pathways, unless careful assessment of post-eruptive rehydration is first carried out. If their mechanism 
of formation can be better understood, detailed analysis of the variations in texture and volatile content 
of pyroclastic obsidians throughout the explosive phase may help decipher the reasons why rhyolitic 
eruptions commonly shift from explosive to effusive phases.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Volcanic eruptions of rhyolitic magma almost always undergo 
an overall transition from explosive to effusive activity during 
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which powerful Vulcanian to Plinian phases precede the more gen-
tle emplacement of thick obsidian flow(s)/dome(s). Examples in-
clude the 1340 CE eruption sequence at Mono Craters (California, 
USA, Newman et al., 1988), the 1300 BP eruption at Newberry Vol-
cano (Oregon, USA, Rust and Cashman, 2007), the 1912 eruption at 
Novarupta (Alaska, USA, Hildreth and Fierstein, 2012), the 1060 CE 
eruption at Medicine Lake Volcano (California, USA, Heiken, 1978), 
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or the Chilean eruptions at Chaitén (2008, Lara, 2009) and Cor-
don Caulle (2011-2012, Silva Parejas et al., 2012), which are the 
only two witnessed rhyolitic eruptions reported to date. Because 
the hazards associated with each type of activity differ vastly, it 
is imperative to understand the timing of any explosive-effusive 
transition to appropriately mitigate the impact on populations and 
infrastructure during such events. Deposits of rhyolitic eruptions 
that have experienced shifts in their type of activity reveal a sharp 
transition between the explosive and the effusive phases. However, 
post-eruptive erosion and/or subsequent eruptions can overprint 
the stratigraphic signature of a relatively protracted explosive-
effusive transition (i.e., occurring over weeks to months), and it is 
therefore crucial to rely on direct observations of such eruptions. 
For example, in the case of Cordon Caulle 2011-2012 eruption, it 
was witnessed that a single volcanic vent simultaneously produced 
rhyolitic lava effusion and (sub)-Plinian ash columns (Silva Parejas 
et al., 2012; Castro et al., 2013), and this hybrid explosive-effusive 
activity at a single vent might play a role in the overall transition 
from explosive to effusive activity (Schipper et al., 2013).

If obsidian domes/flows seem to invariably be the final product 
of all rhyolitic eruptions, fragments of juvenile obsidian are also 
consistently found in the tephra deposit that precede the final ef-
fusive phase (e.g., Newman et al., 1988; Rust and Cashman, 2007; 
Castro and Dingwell, 2009; Schipper et al., 2013). These mm-to-
cm-size dense pyroclasts are a minor component of the tephra and 
often exhibit a wide range of textures and volatile contents (e.g., 
Taylor et al., 1983; Newman et al., 1988; Rust et al., 2004; Rust 
and Cashman, 2007), sometimes within the same clast (Gardner 
et al., 2017; Watkins et al., 2017). Their mode of formation and 
eruption remains an active area of research, with numerous pos-
tulated formation mechanisms. For example, pyroclastic obsidians 
have been thought to be unvesiculated pockets of melt (Newman 
et al., 1988), magma quenched by water within the conduit at 
aquifers level (Bursik, 1993), magma densified in a zone of high 
shear rates at conduit margins (Newman et al., 1988; Rust et al., 
2004; Stasiuk et al., 1996), fragments of precursory dikes and/or 
glass-filled fractures (Rust and Cashman, 2007), or the result of 
repetitive melt fracturing and healing (Tuffen et al., 2003; Gonner-
mann and Manga, 2003; Cabrera et al., 2011; Castro et al., 2014). 
Based on textural observations, measurements of volatile content 
and numerical modeling of volatile diffusion in pyroclastic obsid-
ians from the North Mono eruption, Gardner et al. (2017) and 
Watkins et al. (2017) recently proposed a new model in which py-
roclastic obsidians form through multiple cycles of sintering of ash 
particles along conduit walls, followed by fracturing back into the 
eruptive column and ejection, all above the level of fragmentation.

To better constrain the origin and mode of formation of pyro-
clastic obsidians and the overall change in degassing style during 
rhyolitic eruptions that exhibit a change in type of activity with 
time, some studies have characterized the evolution of the texture 
and volatile content of pyroclastic obsidians throughout the ex-
plosive phase (Rust and Cashman, 2007), or compared the volatile 
content and hydrogen isotopic ratio of pyroclastic and flow obsid-
ians with degassing models (Taylor et al., 1983; Newman et al., 
1988; DeGroat-Nelson et al., 2001; Rust et al., 2004; Castro et al., 
2014). In this study, we integrate numerical modeling of magma 
degassing with textural work, water contents and hydrogen iso-
tope data obtained on the juvenile products of both the explosive 
(dense and porous tephra) and effusive (obsidian flow) phase of 
the 1060CE Glass Mountain eruption of Medicine Lake Volcano, 
California. Stratigraphic constraints on the samples allow us to 
track any systematics change in these parameters throughout the 
explosive phase. Numerical modeling of both syn-eruptive magma 
degassing and post-eruptive rehydration of the matrix glass was 
used to interpret our data. To this end, we assume different scenar-
ios of magma ascent in the conduit and take into account relatively 
recent findings concerning the rehydration of porous samples by 
meteoric water (Giachetti and Gonnermann, 2013; Giachetti et 
al., 2015; Hudak and Bindeman, 2018), the onset of permeability 
development in expanding rhyolitic magma (Gonnermann et al., 
2017; Giachetti et al., 2019), and test the recent model proposed 
for the formation of pyroclastic obsidians (Gardner et al., 2017; 
Watkins et al., 2017).

2. The 1060CE eruption of Medicine Lake Volcano and its 
products

The Glass Mountain eruption was the last event of the post-
glacial eruptive activity of Medicine Lake Volcano (Anderson, 1933; 
Heiken, 1978; Donnelly-Nolan et al., 1990, 2008). The eruption 
consisted of a Plinian phase followed by the emplacement of 
rhyolite-dacite flows, with a total erupted volume of approximately 
1 km3 (Heiken, 1978). The Plinian phase produced a fallout de-
posit of 0.27 km3 (Donnelly-Nolan et al., 2007), with no evidence 
for deposition by pyroclastic flows. New observations show that 
the proximal fallout deposits consist of multiple layers of relatively 
well sorted rhyolitic clasts. Most layers consist largely of pumices, 
with only a few thinner layers containing up to 60-80% of py-
roclastic obsidians and lithics, distributed throughout the entire 
stratigraphic column, with a slightly higher frequency towards the 
base and top of the deposit. Most porous pyroclasts appear tex-
turally homogeneous with <5% phenocrysts (Heiken, 1978), and 
approximately 3 vol% microlites (Stevenson et al., 1996). The chem-
ical composition of the porous tephra and pyroclastic obsidians is 
similar to that of the Glass Mountain rhyolitic obsidian flow, with a 
SiO2 content of 72-75 wt% (Anderson, 1933; Heiken, 1978; Grove 
and Donnelly-Nolan, 1986; Grove et al., 1997; Waters and Lange, 
2016).

Melt inclusions and experimental petrologic studies indicate 
that the Glass Mountain rhyolitic magma formed under near H2O-
saturated conditions at pressures of 100-200 MPa (Grove et al., 
1997), corresponding to ∼4-6 wt% of water assuming a temper-
ature of 850 ◦C (Liu et al., 2005; Waters and Lange, 2016). Gia-
chetti et al. (2015) calculated that highly porous fallout pumices 
contained 0.2-0.5 wt% of magmatic H2O immediately after the 
eruption, gaining 1-2 wt% of water by rehydration, which is the 
diffusion of meteoric water in the matrix glass between the 
eruption and sample analysis. Tatlock et al. (1976), Taylor et al. 
(1983), DeGroat-Nelson et al. (2001) and Giachetti and Gonner-
mann (2013) measured 0.06-0.36 wt% of magmatic H2O in the ob-
sidian from the flow, while Taylor et al. (1983) obtained 0.41-1.93 
wt% H2O in pyroclastic obsidians found in the tephra deposit.

3. Methodology

3.1. Samples

Pyroclasts from the tephra deposit of the 1060CE Glass Moun-
tain eruption were collected at 41.59◦N and 121.51◦W in a quarry 
about 2 km NNE of the hypothesized main vent for both the 
explosive and effusive phases. Thirty porous pyroclasts from the 
explosive phase of the Glass Mountain eruption were arbitrarily 
selected from a larger set of about 3,000 clasts collected across a 
complete 14-m-thick section of the fallout deposit. Additionally, at 
the same outcrop, we collected forty three pyroclastic obsidians 
from ten distinct layers rich in pyroclastic obsidians and lithics. 
Porous pyroclasts vary from 1.3 cm to 2.4 cm in size and do not 
show any obvious gradient in porosity or bubble size from center 
to margin. Although the least porous of these pyroclasts are al-
most completely dense, they do not exhibit the same glassy aspect 
as the pyroclastic obsidians and were therefore treated with the 
other porous pyroclasts. It should be noted that removing them 
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from the list of porous pyroclasts does not change our modeling 
results (Section 5) and conclusions. Pyroclastic obsidians are 0.5-2 
cm in size and appear glassy with, in some cases, a color banding 
from black to dark gray (see microscope pictures in supplemen-
tary material). Additionally, three obsidian samples were collected 
on the southern edge of the Glass Mountain flow, on the flow sur-
face. These samples were taken from meter-size blocks that appear 
glassy and relatively homogeneous in the field and collected a few 
centimeters away from the surface exposed to the atmosphere, to 
ensure that they were not affected by rehydration.

3.2. Porosity and bubble wall thickness distribution

The total porosity of the porous pyroclasts, φ, was determined 
using Archimede’s principle, with an uncertainty of <1% (e.g., 
Houghton and Wilson, 1989; Shea et al., 2010). Observations of 
sections of some obsidians from the tephra and the flow using 
an optical microscope show that most of these samples are com-
pletely dense or have a bulk microporosity much lower than 5%. 
Samples from all three textural types were then finely crushed 
and the density of their solid phase was measured using a high 
precision balance and a helium pycnometer (e.g., Giachetti et al., 
2010), resulting in a density of ρs = 2.36±0.04 g cm−3, without 
any systematic variation between sample types. Scanning Electron 
Microscope (SEM) images of three porous pyroclasts covering a 
wide range of porosities (32.7%, 52.8%, and 74.9%) were taken at 
several total magnifications between 70× and 2000× to calculate 
the bubble wall thickness distribution (see Section 5). For each 
of the three samples, from 2,231 to 2,671 bubble walls at least 
5 pixels thick (i.e., 0.18-0.30 μm depending on the sample) were 
highlighted on the SEM images, following Giachetti et al. (2015). 
Overlap between data from the different magnifications allowed 
for the calculation of the full bubble wall thickness distribution 
over the range ∼10−1-102 μm.

3.3. Volatiles and δD

3.3.1. H2O and δD
All powdered porous pyroclasts, flow obsidians and forty three 

pyroclastic obsidians were analyzed for total H2O content and δD 
value at the Stable Isotope Laboratory at the University of Ore-
gon on a MAT253 isotope ratio mass spectrometer (IRMS). Be-
tween 1.5 and 6 mg of powder, depending of water content, was 
loaded in Ag capsules, weighed, sealed and re-weighed to ensure 
no sample loss occurred during sealing of the capsule. The cap-
sules were dried overnight at 130 ◦C in a vacuum oven to remove 
adsorbed water. A subset of samples were re-weighed once more 
after drying to ensure there was no significant mass loss related to 
adsorbed H2O. Capsules were loaded into a high Temperature Con-
version Elemental Analyzer (TC/EA) interfaced with the IRMS and 
dropped into a furnace lined with a glassy carbon tube at 1450 ◦C. 
Water vapor liberated from the melted samples at high temper-
atures undergoes a pyrolysis reaction with the glassy carbon to 
convert H2O to H2 and CO gas. The sample gas is passed through 
a gas chromatograph to the IRMS using a He carrier gas where 
pyrolyzed H2 and CO are separated and H2 is analyzed using an 
open split on a MAT253 mass spectrometer. During each analytical 
session, mica standards USGS57 (biotite) and USGS58 (muscovite, 
Qi et al., 2017) are analyzed 4-5 times each to calibrate both the 
total H2O and δD data. Analytical error for δD is approximately 
±2� and water contents below 1.5 wt% have errors lower than 
±0.1 wt% (Martin et al., 2017). The isotopic results are expressed 
in a δD notation with respect to the V-SMOW standard, where 
δD = (R/RV-SMOW − 1) × 103 and R is the D/H isotopic ratio of 
the sample. As the crystal content in the samples is <5% and min-
erals present are anhydrous (Heiken, 1978; Stevenson et al., 1996), 
Table 1
H2O content and deuterium/hydrogen isotopic ratio, both obtained by TC/EA on py-
roclastic obsidians and obsidians from Glass Mountain flows (gray cells).
Sample H2O

(wt%)
δD
(�)

Sample H2O
(wt%)

δD
(�)

LR-L-1-2 0.83 −81 LR-L-6-5 0.46 −94

LR-L-1-3 0.76 −80 LR-L-7-1 0.48 −103

LR-L-1-4 1.08 −82 LR-L-7-3 0.07 −90

LR-L-1-5 0.97 −103 LR-L-9-1 0.69 −81

LR-L-1-6 0.61 −81 LR-L-9-2 0.77 −81

LR-L-2-1 0.72 −87 LR-L-9-3 0.6 −93

LR-L-2-4 0.69 −106 LR-L-9-4 0.7 −84

LR-L-2-3 0.1 −98 LR-L-9-5 0.91 −91

LR-L-3-1 0.28 −107 LR-L-9-6 0.32 −91

LR-L-3-2 0.72 −92 LR-L-9-7 0.08 −85

LR-L-3-3 0.53 −94 LR-L-10-1 0.4 −77

LR-L-3-4 1.16 −75 LR-L-10-2 1.04 −83

LR-L-3-5 0.79 −85 LR-L-10-4 0.76 −91

LR-L-4-5 0.77 −83 LR-L-10-6 1.58 −65

LR-L-4-2 0.58 −85 LR-L-10-7 0.64 −88

LR-L-4-7 0.6 −85 LR-L-10-8 0.77 −80

LR-L-4-6 0.63 −104 LR-L-12-1 0.32 −95

LR-L-4-1 0.69 −91 LR-L-12-2 0.53 −81

LR-L-4-3 0.82 −92 LR-L-12-3 0.36 −91

LR-L-5-1 0.59 −93 Sample H2O (wt%) δD (�)

LR-L-6-1 0.95 −87 Obs1 0.44 −99

LR-L-6-2 0.49 −96 Obs2 0.25 −100

LR-L-6-3 0.16 −104 Obs3 0.25 −105

we assume that the values obtained are similar to what would be 
obtained for the matrix glass only.

3.3.2. H2O speciation and CO2
Five pyroclastic obsidians were analyzed by Fourier Transform 

InfraRed spectroscopy (FTIR) to quantify water speciation and CO2
content. Measurements of hydroxyl water (OH), molecular wa-
ter (H2Om), and CO2 concentrations were made using a Thermo 
Nicolet Nexus 670 FTIR spectrometer at the University of Ore-
gon on 220-403-μm-thick double-polished slices of the samples. 
Wafer thickness was measured using a digital micrometer with a 
1 μm precision. Absorbance was obtained using a 15× objective, 
infrared source, MCT-A detector, and KBr beamsplitter. Measure-
ments were made along a single 2.4 mm to 5.2 mm long profile in 
each sample, collecting 64 scans per spot every 100 μm and using 
an aperture of 100 μm and a spectral resolution of 4 cm−1. Con-
tents of OH and H2Om were determined from absorbances at 4500 
cm−1 and 1630 cm−1, respectively, using the Beer-Lambert law 
and absorption coefficients of 1.73±0.02 L cm−1 mol−1 and 55±2 
L cm−1 mol−1, respectively (Newman et al., 1986). Conversion of 
absorbance at 2350 cm−1 to concentration of CO2 was made us-
ing an absorption coefficient of 1214±78 L cm−1 mol−1 (Behrens 
et al., 2004). Only average value and standard deviation along the 
profile are provided here. Raw absorbance profiles at 1630, 2350, 
3550, 4500, and 5230 cm−1 and sample thicknesses are provided 
in Supplementary material.

4. Results

4.1. Obsidians

Pyroclastic obsidian water contents obtained by TC/EA are in 
the range 0.07-1.58 wt% (Table 1), with an average of 0.66±0.31 
wt%, varying widely by 0.5-1 wt% within individual layers (Fig. 1a). 
Additionally, more than 90% of the pyroclastic obsidians analyzed 
have a water content lower than 1 wt%. Water contents measured 
by FTIR are in agreement with these values, with H2O contents 
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Fig. 1. Water content of a) pyroclastic obsidians and b) porous pyroclasts measured by TC/EA as a function of their stratigraphic height above the paleosol. From one to six 
individual clasts were analyzed for each layer in the stratigraphy, and both the average and median water contents are shown, in addition to individual values.

Table 2
Water and CO2contents obtained by FTIR on selected pyroclastic obsidians. Temperature, T , is calculated using speciation and the model of Zhang et al. (1997). Pressure is 
then obtained using the model of Liu et al. (2005) and calculated T . Values correspond to the average and standard deviation along a 2.4-5.2-mm profile. For CO2 data, the 
value in parentheses corresponds to maximum amount measured along the profile.
Sample H2O 

(wt%)
H2Om

(wt%)
OH 
(wt%)

CO2

(ppm)
T 
(◦C)

P 
(MPa)

LR-L-1-4 0.47±0.03 0.10±0.01 0.37±0.02 1±4 (8) 472±17 1.0±0.1
LR-L-2-2 0.69±0.13 0.18±0.06 0.51±0.06 1±5 (15) 490±41 2.2±0.3
LR-L-4-4 0.57±0.11 0.17±0.01 0.40±0.10 0±5 (11) 420±77 1.3±0.4
LR-L-7-2 0.47±0.03 0.06±0.01 0.41±0.02 0±3 (5) 635±34 1.4±0.1
LR-L-10-2 0.58±0.06 0.13±0.01 0.45±0.05 3±8 (27) 502±50 1.6±0.3
in the range 0.47-0.69 wt% and an average of 0.56±0.09 wt% (Ta-
ble 2). FTIR measurements in pyroclastic obsidians also show that 
70-88% of the water, in terms of mass, consist of hydroxyl groups, 
and that CO2 < 15 ppm, except for a peak at 27 ppm in one 
sample. Fig. 1a shows that there is no strong relationships be-
tween the water content of a pyroclastic obsidian and its relative 
position in the stratigraphy, although the average/median water 
content within a layer seems to gradually increase in the upper 
two-thirds of the deposit, from ∼0.4 wt% at 4.5 meters above the 
paleosol to ∼0.9 wt% towards the top of the tephra deposit. The 
δD in the pyroclastic obsidians varies from −106.8� to −64.5�
with an average of −88±9�, and is roughly positively correlated 
with water content (Fig. 2). These values are essentially consistent 
with those of Taylor et al. (1983) obtained on pyroclastic obsidians 
from the same eruption. They measured 0.41-1.93 wt% H2O and 
δD = −74±11� and also observed a positive correlation between 
H2O and δD.

Water contents in the flow obsidians are in the range 0.25-0.44 
wt% and δD = −101±3� (Table 1). These water contents are con-
sistent with those of Giachetti and Gonnermann (2013) (0.24-0.36 
wt%) and Tatlock et al. (1976) (0.11-0.35 wt%) obtained on simi-
lar samples but with different techniques. Data obtained by Taylor 
et al. (1983) show that their flow obsidians were slightly more de-
gassed with lower H2O contents in the range 0.12-0.26 wt% and 
lower δD of −124±7�. DeGroat-Nelson et al. (2001) measured 
even lower H2O contents of 0.06-0.14 wt% and δD of −136±11�
in the Glass Mountain flow obsidians. Because our flow obsidians 
were collected several centimeters below the surface of the block 
in contact with the atmosphere, these samples are not affected by 
post-eruptive rehydration and the variability in H2O contents be-
tween these five datasets may simply reflect the heterogeneity in 
water content of the obsidian flows.
Fig. 2. Hydrogen isotopic ratios as a function of water content of obsidians from 
the rhyolitic flow, and obsidians and porous pyroclasts from the explosive phase of 
the Glass Mountain eruption (samples from this study and from that of Taylor et 
al. (1983) and DeGroat-Nelson et al. (2001)) and degassing models assuming pure 
closed- (gray area) or open-system (red area) degassing with an initial magmatic 
water content of 4 wt% (dashed line) or 6 wt% (solid line) and an initial δD of 
−50� to −30�. (For interpretation of the colors in the figure(s), the reader is 
referred to the web version of this article.)

4.2. Porous pyroclasts

The water contents of the porous pyroclasts vary from 0.34 wt% 
to 1.47 wt% and is not correlated with the stratigraphic height 
of the sample (Table 3, Fig. 1). It is, however, strongly correlated 
with pyroclast porosity, which varies from 3.4% to 87.4% (Fig. 3). 
The D/H isotopic ratios range from −130� to −99� and is neg-
atively correlated with both the water content and the porosity 
(Fig. 2). Measured bubble wall thicknesses vary from 0.9 μm to 
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Table 3
Water content (H2O), isotopic ratio (δD), solid phase density (ρs), and porosity ob-
tained on porous pyroclasts.
Sample H2O 

(wt%)
δD 
(�)

ρs

(g cm−3)
Porosity 
(%)

L1-27 1.13 −115 2.36 75.5
L1-30 1.31 −113 – 84.3
L1-47 1.12 −114 2.37 43.5
L2-45 1.13 −120 2.45 87.4
L2-47 1.01 −117 2.35 87.0
L2-73 0.43 −113 2.52 11.8
L4-11 0.91 −108 2.26 49.4
L4-35 1.23 −113 2.25 76.4
L4-84 0.95 −122 2.31 66.0
L6-72 0.63 −102 2.39 21.3
L9-82 1.11 −118 2.36 52.5
L10-84 0.72 −113 2.37 34.9
L10-100 0.90 −120 – 68.6
L12-61 0.34 −116 2.41 3.4
L12-65 1.05 −130 2.39 80.0
L12-72 1.00 −122 2.34 65.8
L12-86 0.60 −102 2.38 14.2
L12-88 0.96 −116 2.38 45.0
L15-17 0.48 −107 2.35 26.5
L15-48 0.84 −121 2.32 60.8
L15-83 0.86 −109 2.36 26.3
L19-82 0.79 −109 2.35 40.2
L24-59 1.25 −121 2.34 84.9
L25-15 1.20 −125 2.38 86.6
L27-31 0.64 −99 2.32 58.3
L27-88 0.89 −105 2.31 61.6
L28-48 1.23 −119 2.33 72.9
L28-55 0.77 −111 2.38 36.3
L28-58 0.82 −118 2.33 42.7
L28-85 1.47 −124 2.53 84.2

45 μm and the distributions of wall thicknesses all show a sin-
gle mode at about 9 μm for the most porous sample to 16 μm 
for the densest one. The bubble wall distribution, in volume terms, 
shows roughly the characteristic symmetric bell curve of a Gaus-
sian function, with an expected value that decreases and a variance 
that increases with increasing porosity (Fig. 4). These distributions 
were fitted using a single-peak Gaussian model of the fit function 
in MATLAB®. The volume fraction, XL, occupied by bubble walls of 
half thickness L is obtained by

XL = a × exp

(
−

[
log(L) − b

c

]2
)

, (1)
Fig. 3. Water content of the pyroclasts as a function of their porosity and best fits 
of the rehydration model obtained for Csat = 4 wt% (dashed red line) and Csat = 10
wt% (dashed black line). (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)

where

a = −0.090φ2 + 0.033φ + 0.143, (2)

b = 1.178φ2 − 1.890φ + 1.405 (3)

and

c = 0.576φ2 − 0.390φ + 0.459. (4)

Here L is expressed in μm and a, b, and c are empirical factors 
that are found to solely depend on the porosity of the sample, φ, 
expressed in volume fraction.

5. Modeling porous pyroclasts rehydration

5.1. φ-H2O relationships

The meteoric origin of most of the water present in the porous 
pyroclasts is corroborated by both the anti-correlation between 
water content and δD (Fig. 2) and the positive correlation be-
tween H2O and φ (Fig. 3). Pumices with thinner bubble walls are 
more rehydrated than the denser ones because of a higher surface 
area over volume ratio (e.g., Giachetti and Gonnermann, 2013; Gia-
chetti et al., 2015; Seligman et al., 2016). We carried out numerical 
modeling of glass hydration to test whether this observation can 
Fig. 4. Bubble wall distribution. a) Scanning Electron Microscope image of a pumice with a porosity of 74.9%. Each black line represents the measurement of one bubble wall 
thickness (2,231-2,671 measured per sample). b) Bubble wall half thickness distribution, in volume fraction, XL , and assuming spherical shape, for three samples with a wide 
range of porosities. Distributions are fitted using XL = a × exp(−([log(L) − b]/c)2), where XL is the volume fraction of bubble walls with a half thickness of L, and a, b, and 
c are empirical coefficients that solely depend on porosity.
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be solely explained by post-eruptive diffusion of water into the 
glass at atmospheric surface temperature during the approximately 
960 years between pyroclast deposition and analysis. Most of the 
vesicles in the Glass Mountain pyroclasts are interconnected (cf., 
Gonnermann et al., 2017). As a result, it is expected that there is 
sufficient moisture at any time at the vesicle/glass interface for wa-
ter to diffuse from the vesicle-glass interface into the matrix glass 
(e.g. Ross and Smith, 1955; Friedman and Smith, 1958; Friedman 
and Long, 1976; Newman et al., 1986; Tuffen et al., 2010).

In the model, we assume a spherical geometry and a homo-
geneous distribution of vesicles with an average bubble radius, R , 
that depends on the porosity, φ, and bubble number density, N , 
following

R =
(

3

4π

φ

N(1− φ)

)1/3

. (5)

The bubble number density is taken constant and equal to 4×1014

m−3 of melt for all the samples (Gonnermann et al., 2017). Water 
diffuses from R towards R + L where L is the bubble wall half 
thickness, which covers a wide range of sizes inside each sample 
and whose distribution varies from sample to sample (Section 4.2).

With time, the water content in the matrix glass increases due 
to diffusion of meteoric water following

∂c

∂t
= D

(
∂2c

∂r2
+ 2

r

∂c

∂r

)
. (6)

Here t (s) is the time, c(r, t) is the water concentration in the 
matrix glass in wt%, r (m) is the radial coordinate, and D is the 
diffusivity of water in rhyolitic glass at rehydration conditions ex-
pressed in m2 s−1. The initial and boundaries conditions are

c = C ini at R ≤ r ≤ R + L and t = 0, (7)(
∂c

∂t

)
r=R+L

= 0 at t ≥ 0, (8)

c = Csat at r = R + L and t > 0. (9)

The volumetrically averaged concentration of water in the ma-
trix glass, CmL , is calculated at t = 960 years for thirty bubble wall 
half thicknesses between 0.1 and 100 μm (from log[L] = −1 to 
log[L] = 2 by increment of 0.1). The average water content in the 
sample is equal to

Cm =
102∑

L=10−1

XLCmL , (10)

where XL is the volumetric fraction of bubble walls of half thick-
ness L, which is obtained using Equations (1)-(4) and for L from 
0.1 to 100 μm.

The numerical modeling could account for variable C ini de-
pending on sample porosity (for example), but in the absence of 
evidence to strengthen such hypothesis it was decided to take 
C ini equal for all samples, and C ini is allowed to vary within the 
range 0 − 2 wt%. The boundary condition Csat corresponds to 
the solubility of water at atmospheric pressure and temperature, 
which is poorly constrained (e.g., see discussion in Giachetti and 
Gonnermann, 2013). We therefore arbitrarily allow Csat to vary 
between 2 wt% and 10 wt%. Finally, the diffusivity of water in 
rhyolitic glass at atmospheric conditions is also poorly constrained 
as values reported in the literature vary by orders of magnitude 
in the range 10−24.1 − 10−20.7 m2 s−1 (e.g., Friedman and Smith, 
1960; Friedman and Long, 1976; Liritzis et al., 2004; Giachetti and 
Gonnermann, 2013; Rempel and Bindeman, 2019, and references 
therein). In the model, D is allowed to vary within the aforemen-
tioned range. We then research the values of C ini, Csat, and D that 
minimize (non-weighted least squares) the root-mean-square error 
(RMSE) between measured and predicted water concentrations. It 
is found that the RMSE is correlated with Csat following a power 
law of the form

RMSE = 0.0229× C−2.679
sat + 0.144, (11)

with D and C ini both correlated with Csat following power law 
relationships respectively of the form

log(D) = 5.28× C−0.3393
sat − 26.16, (12)

and

C ini = −0.35× C−2.413
sat + 0.45. (13)

In Equations (11)-(13), Csat and C ini are both expressed in wt% 
and D in m2 s−1. The data can be reasonably well fitted by 
the model for any value of Csat in the range 4-10 wt%, giving 
C ini = 0.45 ± 0.01 wt% and D = 10−23.3±0.5 m2 s−1 (Fig. 3). The 
amount of magmatic water, C ini = 0.45 wt%, is consistent with 
the range 0.2-0.5 wt% given by Giachetti et al. (2015) for simi-
lar samples from the Glass Mountain eruption and with the gen-
eral idea that silicic pyroclasts from highly explosive eruptions are 
largely degassed when deposited (e.g., Gerlach et al., 1996; Castro 
et al., 2014). The diffusivity is here constrained within an order of 
magnitude at 10−23.3±0.5 m2 s−1, a range that includes the value 
found by Giachetti and Gonnermann (2013) for the same eruption 
(10−23.8 m2 s−1), and is rather consistent with the value obtained 
by extrapolating to 25 ◦C the model of water diffusivity of Zhang 
and Ni (2010) valid for temperatures >400 ◦C (10−24.2 to 10−23.4

m2 s−1, assuming a water content of 0.5-1 wt%).

5.2. H2O-δD relationships

The δD of rehydrating pyroclasts is given by (Seligman et al., 
2016)

δD = Fmet(δDmet − �glass−met) + (1 − Fmet)δDglass, (14)

where Fmet is the fraction by weight of water in glass that is me-
teoric, δDmet is the δD of the local meteoric water, �glass−met =
103 ln(αglass−met) ≈ −33� is the fractionation factor between the 
meteoric water and the glass (Friedman et al., 1993; Seligman et 
al., 2016), and δDglass is the δD of the sample before rehydration. 
Meteoric water in the Medicine Lake Volcano area has a current 
annual mean δDmet of −92� to −98� (Taylor et al., 1983; Davis-
son and Rose, 1997; Bowen et al., 2005). A value of −95� was 
used in our model, assuming δD did not vary much for the last 
thousand years. This assumption is supported by Mandeville et al. 
(2009) who found that glass rehydration at Crater Lake (7700 BP), 
which is located less than 160 km north of Medicine Lake Volcano, 
records values consistent with modern meteoric water, showing 
that there was probably little variation of the climate in the region 
after the end of the last deglaciation. Fig. 6 shows that the values 
of δD and H2O measured in the porous pyroclasts can be explained 
by the rehydration of pyroclasts over about a thousand years with 
an initial water content of approximately 0.45 wt% and initial δD of 
−100±15� (see Section 6). Note that reclassifying the clasts with 
the lowest porosities as ‘pyroclastic obsidians’ rather than ‘porous 
pyroclasts’ does not change these results.

5.3. Implications and future directions

Our numerical models of water diffusion and isotopic exchange 
in porous pyroclasts after the eruption show once again that very 
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careful steps must be taken while interpreting raw water contents 
and isotopic compositions obtained on porous pyroclasts. In our 
case, the powdered samples were kept under vacuum at 130 ◦C 
overnight to remove adsorbed water, and such sample prepara-
tion is not sufficient to remove secondary water from the sample 
matrix glass. Because both water solubility and diffusivity at atmo-
spheric conditions in rhyolitic glass are not well constrained, it is 
currently difficult to use numerical model of rehydration to esti-
mate the exact amount of secondary water in pumices and resolve 
any potential relationships between magmatic water and porosity 
inherited from pre- and syn-eruptive magma degassing.

Several directions are conceivable to either tackle or circum-
vent this problem. Using Infrared or Raman spectroscopy at dis-
crete locations away from any vesicles to avoid rehydrated areas 
might be a solution to measure matrix glass water content. How-
ever, it is always extremely challenging to find areas large enough 
(and also thick enough in the case of transmission FTIR) in highly 
porous pyroclasts to apply these techniques (McIntosh et al., 2017; 
Mitchell et al., 2018). Moreover, unless profiles of water content 
perpendicular to vesicle walls are carried out, such discrete analy-
ses will not resolve the last diffusion behavior of the clast before 
the magmatic water content gets locked in (i.e., degassing, ‘re-
gassing’, equilibrium; Watkins et al., 2012; McIntosh et al., 2014). 
Another approach would be to better constrain water solubility 
and diffusivity in rhyolitic glass at atmospheric conditions. The 
major challenge here is experimental and analytical as low tem-
perature rehydration experiments are rather long and create only 
microns long diffusion profiles that are difficult to measure pre-
cisely on many experimental samples (see Anovitz et al., 2009; 
Liritzis and Laskaris, 2011, and references therein). Plus, water dif-
fusivity presumably increases with increasing total water content 
(i.e., with time in the case of rehydration), calling for large sets of 
experiments to be able to resolve this dependency.

6. Modeling magma degassing

The results of our rehydration model suggest that diffusion of 
secondary water into the matrix-glass of the Glass Mountain prod-
ucts occurred at an average rate of 10−23.3±0.5 m2 s−1 (Section 5.1), 
corresponding to a rehydrated layer of about 0.45±0.25 μm in 
960 years. The size of the smallest pyroclastic obsidian analyzed 
is ∼0.5 cm. Assuming it is spherical, the presence of a 0.45-μm-
thick rehydrated layer with a (meteoric) water content of 5 wt%
all around the pyroclastic obsidian represents an increase in wa-
ter content of 0.003 wt%, which is well below the analytical error 
of both FTIR and TC/EA. The water content measured in pyroclastic 
obsidians (and in the obsidians from the flow collected few cen-
timeters below the surface exposed to the atmosphere) therefore 
represents magmatic water only. In this section, we investigate dif-
ferent scenarios of syn-eruptive magma degassing to explain the 
magmatic water contents and hydrogen isotopic ratios measured 
in these samples.

6.1. Description of the model

6.1.1. Governing equations
In silicate melts, water dissolves as both molecular water, 

H2Om, and hydroxyl groups, OH (Stolper, 1982). The much higher 
diffusivity of H2Om compared to OH leads to variations in the 
water speciation during magma degassing. Because hydrogen is 
preferentially retained in the non-diffusive hydroxyl groups in the 
melt, hydrogen isotope compositions are also sensitive to magma 
degassing and subtle to extreme D/H fractionation occurs in re-
sponse to both progressive closed- and open-system degassing, 
respectively (Taylor et al., 1983). The δD-H2O relationships ob-
served in pyroclastic and flow obsidians are the result of this 
isotopic partitioning during magma degassing (whereas, as shown 
in Section 5.2, the δD-H2O relationships observed in pumices are 
inherited from post-eruptive rehydration by meteoric water). It is 
possible to test which degassing mechanisms prevail during the 
ascent of silicic magma by modeling the theoretical δD-H2O path 
followed by ascending magma and comparing the resultant tra-
jectories with that formed by values measured in the pyroclastic 
and flow obsidians (e.g., Taylor et al., 1983; Newman et al., 1988; 
Harford et al., 2003; Rust et al., 2004; Castro et al., 2014). To deter-
mine this degassing path, several configurations have been tested: 
‘pure’ closed- or open-system degassing (Taylor et al., 1983; New-
man et al., 1988; Castro et al., 2014), two-stage degassing (i.e., 
closed-system degassing followed by open-system; e.g., Kusakabe 
et al., 1999; Rust et al., 2004), or multiple steps of closed- and 
open-system degassing (Taylor, 1991; Castro et al., 2014). Buffering 
of degassing by continual flux of vapor through highly permeable, 
brecciated magma along conduit walls has also been considered 
(Rust et al., 2004).

In a closed-system, exsolved fluids remain in contact with the 
melt and both continuously equilibrate during ascent. In these con-
ditions, the final D/H isotopic ratio of the H2O in the pyroclast, Rf , 
is obtained by mass balance using (e.g., Taylor, 1991; Harford et al., 
2003)

Rf = R i − (1− F ) lnαv−m, (15)

where R i is the initial D/H isotopic ratio of the melt or pyroclast, F
is the fraction of H2O remaining in the melt (i.e., concentration of 
H2O at the pressure drop divided by initial H2O concentration that 
is fixed and equal to the original magmatic value), and αv−m is the 
hydrous speciation-dependent bulk H-isotope fractionation factor 
between hydrous vapor and rhyolite melt. δD (in �) is then cal-
culated from Rf as described in Section 3.3.1. Even for a decrease 
in H2O of several wt%, the decrease in δD is relatively modest in 
a closed-system, few � to few tens of � at most. Conversely, 
in an open-system, the instantaneous and continuous removal of 
the exsolved volatiles from the melt prevents isotopic equilibration 
between exsolved and dissolved H2O, therefore leading to greater 
D/H fractionation. Open-system degassing (Rayleigh fractionation), 
is modeled by (e.g., Taylor, 1991; Harford et al., 2003)

Rf = R i × Fαv−m−1. (16)

In both open and closed system degassing, the coexisting vapor 
produced has an isotopic ratio given by

Rv = αv−m × R i × Fαv−m , (17)

whereas the isotopic ratio of the accumulated vapor phase since 
the magma started to degas is given by

Racc
v = Fαv−m − 1

F − 1
× R i. (18)

6.1.2. Fractionation factor between water vapor and melt
Water dissolves as both H2Om and OH in silicate melts and the 

hydrogen isotope fractionation between these two species and wa-
ter vapor is different (e.g., Newman et al., 1988; Dobson et al., 
1989; Taylor, 1991; Kusakabe et al., 1999). As a consequence, the 
bulk fractionation factor between water vapor and the coexisting 
melt, αv−m, varies with water speciation and thus with water con-
tent during magma degassing. It can be calculated using (Newman 
et al., 1988; Dobson et al., 1989)

αv−m = XH2Om × αv−H2Om(melt) +
(
1− XH2Om

)
× αv−OH(melt),
XH2Ot XH2Ot
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(19)

where XH2Om/XH2Ot and 1 − (XH2Om/XH2Ot) are the mole fractions 
in the melt on a single-oxygen basis of H2O as molecular water 
and hydroxyl groups, respectively. These can be calculated using 
(Zhang, 1999; Zhang and Ni, 2010)

XH2Ot =
CH2Ot

18.0152
CH2Ot

18.0152
+ 100− CH2Ot

W

(20)

and

XH2Om =
8X2

H2Ot

K (1− 2XH2Ot ) + 8XH2Ot + √
K 2(1− 2XH2Ot )

2 + 16K XH2Ot (1 − XH2Ot )
.

(21)

Here CH2Ot (wt%) is the concentration of total water in the melt 
(glass), W = 32.49 gmol−1 is the composition-dependent molar 
mass of the dry melt per mole of oxygen (see Zhang and Ni, 2010, 
and references therein), and K is the equilibrium constant of the 
speciation reaction, K = X2

OH/(XH2OmXO). The equilibrium water 
speciation in rhyolitic melt has been extensively investigated over 
the last decades (e.g., Newman et al., 1986; Zhang et al., 1997; 
Nowak and Behrens, 2001; Hui et al., 2008; Zhang and Ni, 2010, 
and references therein) and a frequently used speciation model is 
given by (Zhang et al., 1997)

K = exp

(
1.876− 3110

T

)
, (22)

where T (K) is the temperature. Comparing the results obtained 
using two different speciation models (Zhang et al., 1997; Nowak 
and Behrens, 2001), shows that the model results are little affected 
by the speciation model used (Fig. A.1a).

Experiments by Dobson et al. (1989) have shown that at 850 ◦C 
and CH2Ot ≈ 0.16 wt%, the bulk fractionation factor between water 
vapor and the coexisting melt is 1.041. Under these conditions, spe-
ciation models show that about 99% of the water is in the OH form 
and it is therefore reasonable to assume that αv−OH(melt) = 1.041. 
At 950 ◦C and CH2Ot = 3.1 wt%, Taylor (1986) estimated that the 
bulk fractionation factor between water vapor and the coexisting 
melt is αv−m = 1.024. Under these conditions and using Equa-
tions (20)-(21), XH2Om/XH2Ot ≈ 0.29. Assuming αv−OH(melt) = 1.041
is constant and αv−m = 1.024, Equation (19) gives αv−H2Om(melt) =
0.982. It is thus possible to calculate the equilibrium constant K
using Equation (22) assuming T is known and, for a given to-
tal amount of water CH2Ot , to calculate XH2Om and XH2Ot using 
Equations (20) and (21), and finally αv−m via Equation (19). For 
T = 850 ◦C, αv−m increases from 1.019 for CH2Ot = 5 wt% up to 
1.041 for CH2Ot = 0.1 wt%, when most of the magmatic water is in 
the OH form.

6.1.3. Initial conditions
Grove et al. (1997) showed that Glass Mountain magma was 

stored near H2O-saturated conditions at pressures of 100-200 MPa, 
which corresponds to about 4-6 wt% of water assuming a temper-
ature of about 850 ◦C (Liu et al., 2005; Waters and Lange, 2016). 
We therefore used an initial value of 5±1 wt% for CH2Ot in our 
degassing models. For the δD of the parental undegassed magma, 
Taylor et al. (1983) chose a δDi of −65�, corresponding to the 
highest δD value measured in pyroclastic obsidians from Little 
Glass Mountain (for a CH2Ot of 3.1 wt%), which is an eruption at 
Medicine Lake very similar to that of Glass Mountain (e.g., Heiken, 
1978; Taylor et al., 1983). Similarly, our highest δD value is −65�, 
measured in the most water-rich pyroclastic obsidian (1.58 wt%, 
see Table 1). However, using δDi = −65� implies that the pyro-
clastic obsidian with 1.58 wt% did not degas, which is unrealistic 
as initial CH2Ot = 4 − 6 wt% (Grove et al., 1997). Instead, we chose 
an initial δDi of −40±10�, a range that encompasses most of the 
values provided in the literature for subduction magmas (e.g., Tay-
lor, 1986; Seligman et al., 2016; Martin et al., 2017, and references 
therein). The sensitivity of the model to the initial δD and water 
content is illustrated in Figs. A.1b and c, respectively.

6.2. Model results and discussion

6.2.1. Degassing style
Fig. 2 shows that only 20% of the pyroclastic obsidians can be 

explained by degassing in ‘pure’ closed-system of a magma with 
an initial water content of 5±1 wt% and a δDi of −40±10�. Sim-
ilarly, ‘pure’ open-system degassing of the same initial magma can 
account for only 40% of the measurements made on pyroclastic 
obsidians, and also fails to explain the relatively high δD of the 
obsidians from the flow. The degassing path followed by pyroclas-
tic obsidians and obsidians from the flow must therefore be more 
complex.

Recent studies have shown that, during its ascent to the surface, 
rhyolitic magma becomes permeable when its porosity reaches 
about 60-70% (i.e., the percolation threshold; e.g., Rust and Cash-
man, 2011; Gonnermann et al., 2017; Giachetti et al., 2019). The 
magma may then either fragment around this porosity and con-
tinues its ascent as a mixture of gas and porous pyroclasts if the 
decompression is relatively high (e.g. Sparks, 1978; Papale, 1999; 
Rust and Cashman, 2011; Gonnermann et al., 2017, Fig. 5a), or 
reach the surface without fragmenting and produce a rhyolitic 
flow/dome if the decompression is relatively low (e.g. Taylor et al., 
1983; Eichelberger et al., 1986; Newman et al., 1988, Fig. 5b). In 
both cases, above the percolation threshold, the magma/pyroclast 
is assumed to behave as an open system in terms of degassing.

We thus modified the model to assume that the magma be-
haves as a closed-system until its porosity reaches 65±5%, and 
then as an open system until the pyroclast/flow is quenched. The 
sensitivity of the model to the value of the percolation threshold 
is illustrated in Fig. A.1d. We used the solubility model of Liu et al. 
(2005) and the assumption of equilibrium degassing to calculate 
the porosity of the degassing magma in our model. Fig. 6 shows 
that most pyroclastic obsidians, obsidians from the flow, and de-
gassed (i.e., dense, least rehydrated) porous pyroclasts can be fitted 
by some combination of closed- and open-system degassing. How-
ever, even taking into account the uncertainties associated with the 
initial δD and water content of the magma, the percolation thresh-
old, and the water speciation model used (see sensitivity analysis 
in Appendix A), this simple model lacks of a process to explain 
some of the data, in particular the pyroclastic obsidians data with 
low H2O content and relatively high δD.

In the next two sections, we discuss how the pyroclastic obsid-
ians may acquire relatively high δD signatures compared to the 
degassing trend and examine the implications of two potential 
modes of formation for these samples.

6.2.2. Permeable foam collapse
The near absence of vesicles in both pyroclastic and flow ob-

sidians combined with their relatively low water contents helped 
solidify acceptance of the ‘permeable foam collapse model’. In 
this model, slowly ascending magma becomes permeable, allow-
ing gases to flow and escape, and then partly collapses to form
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Fig. 5. Schematic diagram illustrating the different degassing processes taking place inside and outside the conduit during and after each phase of the eruption (see text for 
explanation). Curves A, B and D result from numerical modeling. A and B were obtained with an initial magmatic water content, H2Oi, of 6 wt%, initial δD = −49�, and a 
percolation threshold, φcr , of 65%, which fits most of the pyroclastic obsidians with a low δD and the most degassed (and dense) pumices that were very poorly rehydrated. C 
curves show mixing between particles and isotopically heavier magmatic water vapor either a) at different locations above the fragmentation level in the case of an explosive 
sub-Plinian phase, or b) within the degassed plug in the case of an effusive phase. Confining pressure is indicated in MPa using orange ticks along the degassing trend.
a vesicle-poor melt (Taylor et al., 1983; Eichelberger et al., 1986; 
Newman et al., 1988; Taylor, 1991; Jaupart and Allègre, 1991). This 
mechanism occurs when the ascending magma is either injected 
as dikes or into wall rock fractures, remains confined to the con-
duit walls where it is sheared, or forms a degassed plug at the top 
of the magmatic column (e.g., Taylor et al., 1983; Newman et al., 
1988; Gonnermann and Manga, 2003; Rust et al., 2004; Rust and 
Cashman, 2007). During the slow ascent of the permeable magma, 
isotopically heavier magmatic vapor coming from the deeper de-
gassing magma is continuously being fluxed through the network 
of interconnected vesicles and fractures, interacting with the melt 
(Fig. 5b). Because of its slow ascent rate, the magma is at equi-
librium with the confining pressure and this interaction with the 
isotopically heavier magmatic vapor leads to an increase in the δD 
of the melt without any significant increase in its H2O content (ar-
rows labelled C on Fig. 5).

The graph on Fig. 5 shows that the H2O content and δD mea-
sured in the Glass Mountain pyroclastic obsidians are consistent 
with this model: a slowly ascending magma behaves as a closed 
system before its porosity reaches the percolation threshold (trend 
labelled A), beyond which it degasses in open-system (B) and in-
teracts with the isotopically heavy magmatic vapor (C), until frag-
ments of this magma are broken at different depths, entrained, 
rapidly quenched, and deposited together with the porous tephra 
during a subsequent explosive phase of the eruption, forming py-
roclastic obsidians. This mode of formation of the pyroclastic ob-
sidians accounts for both 1) the wide range of water contents of 
∼1.5 wt%, due to the range of depths over which the degassed 
magma is being sampled by the explosive phase, and 2) the vari-
ability in δD of ∼30�, due to different extent of interaction with 
the isotopically light magmatic vapor. If the pyroclastic obsidians 
were formed by permeable foam collapse during the Glass Moun-
tain eruption, the deepest sample was extracted from a confining 
pressure of about 20 MPa, while most of the pyroclastic obsidians 
were confined at pressured of 1-7 MPa, corresponding to a depth 
of 40-300 m assuming a completely dense plug (values calculated 
using the measured water contents, a temperature of 850 ◦C, the 
solubility model of Liu et al., 2005, and a plug density of 2360 
kgm−3). Formation of pyroclastic obsidians via foam collapse re-
quires both the collapse of the foam, which would mostly occur 
during more effusive phase(s) of the eruption, and the destruction 
of the plug/dome during a subsequent explosive sequence. If the 
ascent rate is low enough to allow efficient magma outgassing and 
prevent fragmentation, the magma reaches the surface forming an 
obsidian flow/dome, with an on-average lower water content and 
δD than the pyroclastic obsidians (Fig. 5).

6.2.3. Post-fragmentation ash sintering
Based on the textures and volatiles contents of pyroclastic ob-

sidians from Mono Craters, California, Gardner et al. (2017) and 
Watkins et al. (2017) recently questioned the precept that all py-
roclastic obsidians formed by permeable foam collapse. Instead, 
they propose that some pyroclastic obsidians are created syn-
explosively through multiple cycles of sintering of ash particles 
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Fig. 6. Numerical models combining closed- and open-system degassing. The ini-
tial magma degasses in closed-system (black lines) until its porosity, marked by 
vertical black ticks, reaches 65±5% and becomes permeable. It then degasses in 
open-system (red lines) until sample final quench. Three cases covering the uncer-
tainties associated with initial conditions and percolation threshold are taken into 
account: an initial magmatic water content, H2Oi, of 4 wt%, initial δD = −30�, 
and a percolation threshold, φcr, of 70% (case 1), H2Oi = 5 wt%, δD = −40�, 
φcr = 65% (case 2), and H2Oi = 6 wt%, δD = −50�, φcr = 60% (case 3). Porous 
pyroclasts have a water content of about 0.45 wt% immediately after the eruption 
and before rehydration and a δD of −115� to −83� depending of the scenario 
considered. During rehydration, meteoric water with a δD of −95� slowly diffuses 
into the matrix glass for about a thousand years before sample collection and analy-
sis, slowly increasing H2O and decreasing δD. Sample symbols are identical to those 
in Fig. 2. See also Appendix A for sensitivity analysis of this model. (For interpreta-
tion of the colors in the figure(s), the reader is referred to the web version of this 
article.)

along conduit walls, and fracturing back into the eruptive column, 
all above the level of fragmentation (Gardner et al., 2017; Watkins 
et al., 2017). During this process of formation of the pyroclastic 
obsidians, magmatic gas from the conduit is entrapped in between 
individual grains (Fig. 5a), and because of the relatively rapid sin-
tering of the ash particles that isolate individual pores (a few tens 
to few hundreds seconds, Gardner et al., 2018), ash and entrapped 
gas partly equilibrate in closed system. As for the permeable foam 
collapse model, this leads to an increase in δD of the ash without 
any significant increase in H2O (arrows labelled C on Fig. 5), and 
pyroclastic obsidians formation by post-fragmentation ash sinter-
ing on the conduit sides can also account for the wide range of δD 
observed at a given H2Ot content.

Assuming the pyroclastic obsidians analyzed in this study 
formed by ash sintering, this occurred solely during the first, 
explosive phase of the eruption that also produced the porous 
pyroclasts. In this case, the pyroclastic obsidian with the highest 
water content (1.58 wt%) thus records a minimum pressure for the 
fragmentation level (∼20 MPa). This pressure is consistent with 
the fact that magma becomes permeable around 15-20 MPa (i.e., 
at a porosity of 60-70%) and that fragmentation is thought to oc-
cur slightly below this pressure (Rust and Cashman, 2011). Most 
pyroclastic obsidians have water contents around 0.5-0.7 wt% and 
speciation data obtained by FTIR indicate that such samples equi-
librated with a water vapor phase at temperatures of 420-635 ◦C 
(Table 2), which is close to or below the expected glass transi-
tion temperature at these measured water contents (580-610 ◦C, 
Deubener et al., 2003). Using these temperatures, the solubility 
model of Liu et al. (2005) suggests that these pyroclastic obsidi-
ans equilibrate at pressures of 1-2.2 MPa, that is well above the 
fragmentation level calculated using the water-rich pyroclastic ob-
sidian, consistent with the model of Gardner et al. (2017) and 
Watkins et al. (2017).
7. Conclusions

Volcanic eruptions of rhyolitic magma commonly show shifts 
from a powerful explosive episode to a more gentle effusive 
phase during which obsidian flows/domes form, causing prob-
lems in terms of hazards assessment and mitigation. The presence 
of juvenile obsidian pyroclasts throughout the tephra from the 
explosive phase is another characteristic of rhyolitic eruptions. 
However, their mechanism of formation and the information they 
can provide in terms of syn-eruptive magma degassing are still 
the object of active research. In this study, the rhyolitic juvenile 
components of both the explosive and effusive products from the 
1060CE Glass Mountain eruption of Medicine Lake Volcano were 
analyzed for their porosity, water content, and hydrogen isotopic 
ratio. These data were compared with numerical models of syn-
eruptive magma degassing carried out assuming different scenarios 
of magma ascent in the conduit (in closed-system, open-system, 
or a combination thereof), and model of post-eruptive matrix glass 
rehydration.

Water contents and isotopic ratios measured in porous pyro-
clasts are affected by post-eruptive matrix glass rehydration as 
shown both by the negative relationship between water content 
and δD, and by the positive correlation between water content 
and sample porosity. These relationships are satisfactorily fitted 
by numerical models suggesting that all porous pyroclasts had a 
magmatic water content close to 0.45 wt% immediately after the 
eruption, and that water diffused into the matrix glass of these 
porous pyroclasts at an average rate of 10−23.5±0.5 m2 s−1 during 
the ∼960 years between the eruption and sample analysis. Due to 
the absence of open pores in pyroclastic and flow obsidians, these 
samples are not affected by rehydration.

Measured water contents and δD values in all samples are 
consistent with the syn-eruptive degassing of a rhyolitic magma 
initially containing 5±1 wt% of water with a δD of −40±10�. 
During its ascent towards the surface, magma degasses in closed-
system until its porosity reaches a value of about 65±5% (corre-
sponding to a confining pressure of 15-20 MPa), beyond which 
degassing occurs in open-system until sample quench. During 
the initial, explosive phase of the eruption, the rapidly ascending 
magma fragments soon after it reaches a permeable state, creating 
porous pyroclasts and ash that continue to degas in open-system 
within an expanding magmatic gas phase down to a value of about 
0.45 wt% H2O.

As suggested by recent studies, some of the ash may aggre-
gate and sinter on the conduit sides at different depths above the 
fragmentation level, partly equilibrating with the local magmatic 
vapor, which would explain both the wide range of H2O contents 
and the high variability in δD measured in the pyroclastic obsid-
ians. Using only H2O contents and δD values, it is impossible to 
rule out the possibility that pyroclastic obsidians may also form 
by permeable foam collapse either near the conduit sides during 
the explosive phase itself, or during more effusive periods in be-
tween explosive events (vanguard magma). Further detailed work 
on the texture and volatile composition of the pyroclastic obsidi-
ans throughout the eruptive sequence is necessary to discriminate 
the two modes of formation. During the final effusive phase of the 
eruption, the slowly ascending magma degasses in open-system in 
the shallowest part of the conduit and partly interacts with the 
isotopically heavier magmatic vapor continuously/repeatedly flow-
ing through the network of interconnected pores and fractures, 
until it collapses and reaches the surface, creating flow obsidians 
with low H2O content and δD.

Unless a careful assessment of post-eruptive rehydration is first 
carried out, this study shows that H2O measured in porous pyro-
clasts of a few hundred years or more cannot be reliably used to 
infer the extent of syn-eruptive magma degassing. Provided their 
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Fig. A.1. Sensitivity of the degassing model to a) the speciation model used (i.e., Zhang et al. (1997) or Nowak and Behrens (2001)), b) the initial δD (−30�, −40�, and 
−50�), c) the initial water content (4 wt%, 5 wt%, and 6 wt%), and d) the value of the percolation threshold (60%, 65%, and 70%). In the speciation model of Nowak and 
Behrens (2001), the equilibrium constant of the speciation reaction is given by K = 27.98 × e−4210/T , with T in Kelvin. The reference model is performed with H2Oini = 5 
wt%, δDini = −40�, and a percolation threshold of 65%.
formation mechanism can be better understand, detailed analy-
sis of the variations in texture and volatile content of pyroclastic 
obsidians throughout the explosive phase will help placing con-
straints on the depth of the fragmentation level (and its variation 
during the eruption) and/or the thickness of a degassed plug dur-
ing more effusive phases of rhyolitic eruptions. This would help 
finding the cause(s) of the common shifts in eruptive style ob-
served during rhyolitic eruptions.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

The authors would like to thank Jim Palandri who ran some 
of the TC/EA analyses and Jim Gardner, Jim Watkins and Julie 
Donnelly-Nolan for their discussions. TG and TS are grateful to 
Helge Gonnermann who facilitated the field work carried out at 
Medicine Lake. The paper greatly benefited from the thorough re-
views of Mike Cassidy, an anonymous reviewer and Editor Tamsin 
Mather. TG was partly supported by the National Science Foun-
dation grant EAR-1725207, and INB and MRH were supported by 
grant EAR-1822977. Any opinions, findings, and conclusions or rec-
ommendations expressed in this material are those of the authors 
and do not necessarily reflect the views of the National Science 
Foundation.
Appendix A. Sensitivity analysis

Fig. A.1 illustrates the sensitivity of the degassing model to the 
value of the percolation threshold (i.e., the porosity at which the 
magma becomes permeable and allow for degassing in open sys-
tem), the initial water content, the initial δD, and the speciation 
model used. It shows that the values of the initial δD has the high-
est impact on the model.

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2019 .115909.
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