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ABSTRACT

Magma degassing mechanisms are key determinants of explosive and effusive eruption styles. Paired measurements
of H,O content and hydrogen isotopic ratios (e.g. 0oD) in pyroclastic and effusive products can elucidate end-
member degassing mechanisms (e.g. closed and open system) during eruption. Here we present “VolcDeGas”, a
MatLab program that models 6D-H,O degassing trajectories of rhyolitic magma. Operating within an intuitive GUI,
VolcDeGas calculates degassing paths based on: initial 0D (in %eo), the H,O content of the melt (wt.%), degassing step
size, and temperature. VolcDeGas also calculates hydrous speciation based on either empirical models or analytical
data, and incorporates this effect in simulations. VolcDeGas solves open-, closed-, and batched-system fractionation
equations, and also combines these into multi-stage (e.g. closed-to-open) degassing paths. Tests show that degassing
is highly sensitive to step size, and multi-stage scenarios involving progressively declining steps (e.g. a closed- to
batched-system) provide the best statistical fit to pyroclastic and effusive obsidian geochemical datasets.
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1 INTRODUCTION

1.1 Natural context: rhyolitic volcanism

Much volcanological research over the last decades has
been focused on understanding the mechanisms driv-
ing silica-rich rhyolite eruptions [e.g. Alfano et al. 2011;
Castro and Dingwell 2009; Dingwell 1996; Melson
and Saenz 1973; Ninkovich et al. 1978; Ogburn et al.
2015; Wilson 1976]. Moderately sized rhyolite erup-
tions (<1 km?), while rarely directly observed, often
start with an explosive phase that involves fragmen-
tation and the formation of pyroclastic columns [Cas-
tro and Dingwell 2009]. Sometime later the eruption
transitions to an effusive phase whereby lava is emit-
ted [Castro et al. 2012; 2013; Tuffen et al. 2013]. This
sequence is termed an “explosive-to-effusive” eruption.
Specifically how the transition between eruption styles
occurs—e.g. how long it lasts and what triggers it—
has long been a target of investigations [Eichelberger
et al. 1986], as it bears on the way hazards are under-
stood and eventually mitigated. Prior to the first direct
observations of rhyolite activity [e.g. Castro and Ding-
well 2009], it was assumed that these eruptions tran-
sitioned rapidly from explosive to effusive behaviour,
this interpretation being based on the conformable su-
perposition of obsidian lavas on co-eruptive pyroclas-
tic fall deposits [e.g. Newman et al. 1988; Taylor et al.
1983]. Hydrous geochemical patterns (i.e. 0D versus
H,O trajectories) measured in the deposits of prehis-
toric eruptions were interpreted to reflect a two-staged
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degassing sequence comprising initial closed- and later
open-system degassing [e.g. Dobson et al. 1989; Eichel-
berger et al. 1986; Newman et al. 1988] and corre-
sponding to the purported pyroclastic to effusive activ-
ity. Thus, the phrase “explosive-to-effusive transition”
was meant to encapsulate both the physical and geo-
chemical aspects of an eruption sequence, even though
these eruptions remained unobserved. Detailed ob-
servations and geochemical measurements of the 2008
eruption of Chaitén, Chile [Castro et al. 2014] showed
that rhyolite eruptions may not follow the previously
accepted explosive-to-effusive paradigm. Notably, this
eruption lacked a sharp explosive-to-effusive transition
and was instead characterised by “hybrid” activity—
simultaneous pyroclast and lava venting—during most
of its duration [e.g. see also Castro et al. 2013]. The
hydrous geochemical signature of Chaitén’s deposits,
is furthermore, consistent with a one-staged degassing
mechanism that lacked a transition (to be discussed
in further detail in Subsection 1.3). In this work we
present VolcDeGas, a tool that can model both one- and
two-staged degassing paths so as to account for the
variety of measured hydrous geochemical patterns in
eruption deposits.

Explosive and effusive eruption styles are influenced
by the budget and behaviour of volatile components in
the melt, which are dominantly H,O originating from
the magma storage region [e.g. Castro et al. 2014; Cas-
tro and Dingwell 2009; Luhr 2001]. Due to the strong
dependence of H,O solubility on pressure, H,O-rich
bubbles will grow in the magma as it decompresses
during ascent [Allard et al. 1991; Blank et al. 1993;
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Eichelberger et al. 1986; Ryan et al. 2015]. Depending
on many complicated trade-offs between magma poros-
ity and permeability, and magma ascent dynamics, the
magma may begin to violently fragment [Gonnermann
and Manga 2007]. Experimental and analytical evi-
dence suggests that high initial magmatic H,O contents
lead to explosive fragmentation and lower initial mag-
matic H,O contents prompt coherent lava flows [Forte
and Castro 2019]. Other variables such as temperature
and decompression rate are also important for how de-
gassing takes place [e.g. Forte and Castro 2019; Gonner-
mann and Manga 2007]. In our model, we address a
range of H,O and temperature conditions on resultant
degassing paths in rhyolite magma.

Hydrogen isotope ratios (e.g. the deu-
terium/hydrogen ratio), generally cast in terms of
the variable 0D, is calculated as the difference between
ratio of the measured H-isotopes, D/H, in the unknown
sample and a standard (e.g. Standard Mean Ocean

Water: SMOW) normalised by the D/H ratio of a
standard:
ZH/lH _ ZH/lH
SD — ( )S;mplf ( )Standard x 1000%o0 (1)
( H/ H)Standard

Such isotopic ratios are routinely measured in con-
cert with magmatic H,O to synoptically track de-
gassing processes that give rise to pyroclastic-effusive
sequences [Taylor et al. 1983]. Traditionally, values of
oD are plotted against the bulk-H,O content measured
on obsidians, and the resulting plots or “degassing
trends” interpreted in terms of end-member degassing
mechanisms (Figure 1).

Because deuterium fractionates preferably into
volatile phase [Taylor et al. 1983], magmatic degassing
results in isotopic “lightening” of the residual melt,
leading to trends pyroclastic sample arrays that are
characterised by subtle to sharp decreases in 0D with
decreasing H,O concentration [e.g. Castro et al. 2014;
Taylor 1991]. Degassing trends will reach a minimum
at the most-degassed levels, and often, lava samples’
oD demarcate a strong final downturn in the degassing
path (Figure 1). This pattern has been observed at
numerous rhyolite systems and has been widely in-
terpreted as a signature “open-system” degassing [e.g.
Castro et al. 2014; Eichelberger et al. 1986; Newman et
al. 1988; Taylor et al. 1983].

1.2 H,O speciation in rhyolitic melts

H,O0 in silicate melt exists as hydroxyl groups (OH™)
and molecular water (H,0), with the relative amounts
of these hydrous species being controlled by the bulk
H,O content and temperature [Stolper 1982]. Although
these two species exist, it is the molecular H,O that dif-
fuses out of the melt and into bubbles [Zhang et al.
1991]. Since deuterium is preferentially fractionated
into the vapour, the degree of fractionation (and path
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Figure 1: Qualitative trends of hydrogen isotope frac-
tionation occurring during different degassing modes.
In each case, the effect of degassing—i.e. progressive
separation of H,O from melt—results in a decrease
dD. [A] Closed-system degassing results in a relatively
subtle near-linear drop in 8D. [B] Open-system de-
gassing (Rayleigh fractionation) results in a non-linear
yet significant depletion in 6D at low H,O contents.
[C] Batched-degassing, a hybrid mechanism compris-
ing both closed and open-system elements, involves
repetitive degassing “steps”, the size of which dictate
the ultimate degree of 0D decrease as degassing pro-
gresses to low H,O contents.

of dD) depends on how the species ratios change with
falling H,O concentration. A hydrogen isotope frac-
tionation factor between vapour and melt in rhyolitic
melts, alpha (a,_,), accounts for this speciation de-
pendence on bulk H,O content in modelling degassing
trends [Newman et al. 1988]. Thus, to completely re-
trace the degassing history several variables need to be
known or estimated: a,_,,, temperature of the melt, ini-
tial bulk H,O content and initial oD.

Early studies performed hydrogen fractionation cal-
culations with a constant «,_, factor [Taylor et al.
1983]; these factors were experimentally determined
[Dobson et al. 1989; Newman et al. 1988; Taylor et al.
1983]. However, as the hydrous speciation of the melt
(i.e. the relative proportions of OH™ and H,O species)
is dependent on both the total H,O content and temper-
ature, both of which may change during an eruption,
alpha factors are not likely to be constant. Accordingly,
later studies used hydrous-speciation dependent «a,,_,
factors.

In addition to syn-eruptive degassing, the uptake of
externally derived meteoric water during rehydration
of obsidian may alter the hydrogen isotopic signature
of eruption products [e.g. DeGroat-Nelson et al. 2001;
Seligman et al. 2018]. While the degree to which orig-
inal magmatic isotope signatures are altered depends
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on both time and the isotopic composition of the exter-
nal water, significant departures of 6D-H,O from ide-
alised magmatic degassing trends have been observed
[e.g. Bindeman and Lowenstern 2016; Giachetti and
Gonnermann 2013; Seligman et al. 2018]. This war-
rants independent control on the magmatic versus me-
teoric signature of the isotopic and bulk H,O signatures
of eruption deposits.

1.3 Observations of rhyolitic eruptions

The 2008 eruption of Chaitén volcano, Chile [Alfano
et al. 2011; Castro and Dingwell 2009], provided many
new insights into the degassing systematics and erup-
tion mechanisms of rhyolitic systems. This was the
first opportunity to see how the actual “explosive-to-
effusive” sequence came about, and given close obser-
vations [Lara 2009] it became clear that the previously
assumed temporally sharp changeover of explosive-to-
effusive activity [e.g. Eichelberger et al. 1986] was not
the case [Castro et al. 2012]. Instead, after a period
of about two weeks of purely explosive activity, a si-
multaneous lava and pyroclastic eruption occurred and
lasted several months before solely lava effusion closed
out the eruptive episode. This simultaneous, or “hy-
brid” eruption style [e.g. Castro et al. 2013], involved
intermittent pyroclastic explosions from several vents
stationed within the effusing lava itself [Schipper et
al. 2013]. As observations of the Chaitén event may
shed new light on how other pre-historic eruptions like
Mono Craters, Big Glass Mountain, and Big Obsidian
Flow (USA) may have behaved [e.g. Castro et al. 2014;
Rust and Cashman 2007], here we aim to use geochem-
ical characteristics of the eruption deposits of Chaitén
and Mono Craters to model aspects of rhyolite erup-
tion systematics. This work presents a new program
that can be used to investigate how eruption styles re-
late to degassing mechanisms (Figure 1) with particular
emphasis on H-isotope and H,O content systematics in
eruption deposits.

1.4 Modelling theory and degassing path calculations

Hydrogen-isotope fractionation patterns in rhyolitic
magmatic systems have been explained in a relatively
small number of ways (Figure 1): 1) by a closed sys-
tem; a simple conservative mass balance between melt
and vapour; 2), by an open system involving Rayleigh
fractionation, and 3) as a batched-system [Taylor 1991]
comprising combinations of closed- and open-system
degassing. Modelling these isotopic and degassing pat-
terns assumes that the outgassed part of the volatile
system was in equilibrium with the remaining parts of
the system (i.e. the quenched silicate glass). Analysis of
eruption deposits, therefore, track the remaining mass
of H,O and H-isotopic composition of the glassy pyro-
clasts rather than the once-present vapour. Addition-
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ally, in all model systems, the step size—defined as a
fixed amount or the percentage of bulk water loss at
each degassing interval—is an initial condition and is
required for calculating each point in the degassing his-
tory. In the following sections we describe each system
in detail including their respective H-isotopic fraction-
ation equations.
1.4.1 Closed-system degassing
Closed-system degassing takes place when volatile
components begin to exsolve into vapour bubbles [e.g.
Anderson and Fink 1989; DeGroat 1997] and may con-
tinue to shallow (hundreds of meters) levels in a feeder
conduit, potentially driving explosive fragmentation
[e.g. Eichelberger et al. 1986; Newman et al. 1988]. In
this scenario, melt and fluid and/or vapour stay in con-
tact and it is assumed that compositional equilibrium
is maintained between these phases. As no material
is added or released from the magmatic system, these
conditions comprise a mass-conservative system, and
consequently the isotopic composition of hydrogen in
the melt is a strong function of that in the bubbles.
This “equilibrium buffered state” whereby the ambi-
ent pressure controls the amount of H,O exsolution—
and therefore the hydrogen fractionation degree—is
not to be confused with buffered states within an open-
system, whereby the gas-rock ratio is so high that equi-
librium is maintained between melt and the permeat-
ing gas [e.g. Rust et al. 2004]. Closed-system condi-
tions can however give way to open-system degassing
when a magma reaches the critical vesicularity to stim-
ulate effective melt-gas separation via permeable gas
flow [Eichelberger et al. 1986].

Isotopic fractionation in the closed-system is mod-
elled by the mass balance equation [Taylor et al. 1983]:

(2)

where 6Dy is the final dD value (in %o) in the melt,
oD; is the initial 6D value of the melt, F is the frac-
tion of H,O remaining dissolved in the melt, calculated
as final H,O at the end of the process divided by the
initial H,O content in the melt at the start of the pro-
cess (HOf /H,0;), and a,_, is the bulk H-isotope frac-
tionation factor between vapour and melt at specific
temperature and pressure conditions. Here, a “pro-
cess” is defined as a cycle or a discrete degassing “step”
which releases a fixed aliquot (e.g. a percent of the to-
tal H,O budget) of vapour from the melt. Furthermore,
in terms of modelling the closed system, the initial 6D
and initial bulk H,O content are thought to be constant
through the process.

The isotopic shift in a perfectly closed system follows
a nearly linear trend in wt.% H,0-0D space and is rel-
atively subtle in terms of the amount of fractionation
that occurs with degassing. In other words, a large drop
in bulk H,O content (several wt.%) results in only slight
(few tens of %o) decrease in dD.

8Df = 8D; — (1 = F) x 10° x In(ap)
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1.4.2 Open-system degassing

During open-system degassing, volatiles are continu-
ally exsolved from melt into bubbles and, due to high
magma porosity and permeability, these volatiles are
immediately removed from the bubbly melt through
pathways (e.g. magmatic foam, cracks, or the brec-
ciated conduit walls; Eichelberger et al. [1986]; Gonner-
mann and Manga [2003]). This highly effective de-
gassing mechanism drives very strong isotopic frac-
tionation, as equilibration between dissolved and ex-
solved H,O is prevented by the constant removal of gas.
Open system isotope fractionation is described by the
Rayleigh fractionation formula [Taylor 1991]:

8D = (8D; +1000) — (F*-~1) — 1000 (3)
where 8Dy is the final 0D value (in %o) in the melt at
the end of the process, 0D; is the initial 6D value of the
melt at the beginning of the process, F is the fraction of
H,O remaining dissolved in the melt, calculated as the
final H,O at the end of the process divided by the ini-
tial H,O content in the melt at the start of the process
(H,O¢ /Hy0;), and a,, is the bulk H-isotope fraction-
ation factor between vapour and melt at specific tem-
perature and pressure conditions.

Here, in contrast to the closed-system case, the ini-
tial 6D (0D;) as well as initial bulk H,O content (H,0;)
are not constant because H,O vapour gets continu-
ally removed and consequently, the initial 6D and H,O
must be accordingly adjusted to lower values after each
degassing step. In addition, degassing step size has
an influence on the calculated 0D value in the open
system case because each successive “new” degassing
aliquot must derive from an increasingly depleted hy-
drous reservoir. Therefore, calculations (in the open
system) result in quite large isotopic fractionation (sev-
eral tens of %o) at low H,O content. Thus, H,O-poor
and strongly D-depleted lavas have been interpreted to
be indicators of open-system degassing [e.g. Taylor et
al. 1983].

1.4.3 Batched-system degassing

In batched-system or “multi-step open/closed” de-
gassing [Taylor 1991] batches of exsolved gases are held
resident in the magma for periods of time (e.g. in bub-
bles or cracks; Castro et al. [2012]), and then get episod-
ically released from the system in outgassing pulses.
These successive gas-release events could, in principle,
correspond to real explosions or blasts observed during
activity [Castro et al. 2014; Schipper et al. 2013].

To simulate a batched-system, both open-, and
closed-system degassing elements are required; collec-
tively these two essential steps constitute a hybrid de-
gassing cycle. That is, the initial exsolution stage takes
place in a finite closed system step (using the appropri-
ate mass-balance Equation 2) with gas staying trapped
in contact with melt. This closed-system is then dis-
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rupted during a subsequent opening of this system,
which then removes that aliquot of exsolved gas. The
hybrid degassing cycle then repeats—all the while si-
multaneously accounting for the updated and incre-
mentally lower H,O budget and 6D values—until the
point that the system eventually becomes highly de-
pleted in deuterium at low total H,O contents. As
Castro et al. [2014] showed, this gas release mecha-
nism best explains large H-isotopic fractionation they
measured on a suite of pyroclastic and effusive prod-
ucts from the 2008 rhyolite eruption of Chaitén volcano
[Castro and Dingwell 2009].

To simulate batched degassing, the formula of the
closed system is used in a series of degassing incre-
ments, but the initial H,O content (H,O;) which is
established in the F-factor (F = H,0¢/H,0;) and 8D;
get continually updated at the beginning of each step.
As will be shown, the degree of fractionation during
batched process is heavily influenced by the step size.
Furthermore, this system can be simulated with vari-
able step sizes (e.g. by implementing a percentage
rather than fixed amount of water loss at each step),
to mimic the observation of variably sized explosions
during hybrid activity [e.g. Schipper et al. 2013].

1.44 a,, factor and speciation of H,O in rhyolitic
melts

Regardless of the degassing system at hand (closed,
open, or batched), variations of the alpha fractionation
factor that occur during progressive H,O loss from the
melt must be calculated [e.g. Newman et al. 1988]. The
bulk H,O hydrogen fractionation factor—hereafter re-
ferred to as “alpha factor”—between vapour and melt
(aty_) in rhyolitic melts, is defined as:

o (D/H)Vapour . 1000 + 6Dvapour (4)
(D/H)melt 1000 + dD el
where all variables above are defined as before.

The influence of the hydrous species ratio on the a,,_,
factor was first examined by Newman et al. [1988].
They determined that since H,O is present in the
glasses [Stolper 1982] as both hydroxyl groups (OH™)
and molecular H,O, the a,_,, factor should also change
when the proportions of those two species change with
decreasing bulk H,O content. Similarly, Holloway and
Blank [1994] postulated that as the relative propor-
tions of dissolved hydrous species change when the
total amount of H,O is declining, the proportion of
OH™ (which has a large D/H fractionation with wa-
ter vapour) increases as degassing progresses. Conse-
quently the bulk fractionation factor between the melt
and vapour will increase as magma degasses. More-
over, the greatest change in in isotopic composition of
the melt resulting from degassing will occur at low to-
tal dissolved H,O content. Experimental calibrations
of the effects of temperature and total H,O content on
hydrous speciation are available in empirical studies

v-m
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[Stolper 1982; 1989].

In order to calculate the a,_,, factor while account-
ing for its dependency on hydrous speciation, [New-
man et al. 1988] used polynomial curve fits to plots
of “total wt.% H,0” versus “wt.% as molecular H,O”,
which were in turn based on their own measurements
of hydrous speciation in obsidians. Alternatively, an-
other way of determining the hydrous species in the
melt and a,,_,, is the “Sil/Hol” model, which was orig-
inally developed by Stolper [1989] and later modified
by Silver et al. [1990]. This “regular solution model”
is implemented in a program by Holloway and Blank
[1994] that numerically determines permissible values
of speciation, output as “total wt.% H,O” versus “ wt.%
as molecular H,O” plots using empirical parameters.

To keep the variables needed to calculate degassing
paths in VolcDeGas to a minimum, the following equa-
tions were used, derived from the ideal mixing model
of Stolper [1989]. This model considers that the ther-
modynamic properties of the solution are analogous to
those of a mixture of ideal gases. Firstly, the propor-
tions of hydroxyl groups and the molecular H,O are
governed by the equilibrium speciation equation with
associated constant, K:

H,0,,(melt) + O(melt) = 20H (5a)
_ [OH]?
““mo o1 Y

where square brackets refer to the mole fraction of hy-
drous species in the melt on a single oxygen basis and
O denotes anhydrous oxygen. The K factor is depen-
dent on temperature and has been experimentally de-
termined [e.g. Thinger et al. 1999; Zhang 1999], whereas
the temperature (T) dependent K models of Zhang
[1999] and Thinger et al. [1999] produce nearly the same
results. The model of Zhang [1999] has been utilised in

this work:
3120

where T is in kelvin.

VolcDeGas models the hydrous silicate melt as an
ideal mixture of H,O molecules, hydroxyl groups and
oxygen atoms, as proposed by Silver and Stolper [1985].
The following formula is used to calculate the mole
fraction of OH™ (XOH,,) [Silver and Stolper 1985]:

1
_ 2
L- (3 {52} < { Xoun — X2 })
(%)
2K

where Xy x is the mole fraction of total H,O in the melt
and can be calculated by [Silver and Stolper 1985]:

wt.% H,0
~18.015

X1 =
bulk (wt.% H20> N (IOO—Wt.% HZO)

(6)

XOH,, = (7)

(8)

18.015 w
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where W is the molecular weight of anhydrous silicate
melt on a single oxygen basis (= 30.04 gmol !, based
on the molecular weight of SiO,, 60.08 gmol '), calcu-
lated by dividing the molecular weight of the substance
by the number of oxygen atoms in the substance.

Each hydrous species (OH™, H,O) possesses its own
alpha fractionation factor and is calculated indepen-
dently, for example, the alpha factor for molecular H,O
(@y-m 1,0) is determined as such:

a (D/H)vapour 1 000 + 6Dvapour
- H O - - .
U (D/H)H,0—melt 1000 + 0Dp,0-melt

Here 0D represent values of molecular water in the melt
phase. “Vapour” refers to the gas phase. The hydroxyl
group fractionation factor also employs a similar for-
mula.

Once the alpha factors of each hydrous species are
determined, VolcDeGas calculates the bulk fractiona-
tion factor with the following equation [Rust et al. 2004;
Taylor 1991]:

ln(“(%m)bulk) =
X x ln(a(vfm)HzO) +(1— X) x ln(a(vfm)OH)
(10)

where X is the atomic fraction of hydrogen incorpo-
rated as molecular H,O dissolved in the melt and (1-
X) is the atomic fraction of hydrogen as OH™ in the
melt. However, if H,O speciation data is available (e.g.
from Fourier-transform infrared spectroscopy—FTIR—
measurements), the following formula can be applied:

X (y-m)bulk =
HZOm,frac X O (yv-m)H,0 + OHg,fruc X &(y-m)OH
(11)

where HyO,;, frqc is the weight fraction of molecular
H,O0 in relation to the total H,O content and OHg f4c
is the weight fraction of the hydroxyl groups. In this
case, the speciation-specific alpha factors, a(ym)n,0
and a(,-m)on are fixed values (0.9896 and 1.0415, re-
spectively), after Rust et al. [2004].

2 ResuLrs

2.1 Program functionality and verification

The program VolcDeGas was written in MatLab and
uses the formulae described in the previous sections
to calculate entire degassing histories (i.e. spanning a
range of high- to low-H,O content). Degassing paths
may be modelled as either one-stage or two-stage, and
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may comprise open-, closed-, and batched system seg-
ments, as well as combinations thereof. The program
is ideally suited for rhyolitic eruptions, whose glassy
eruptive products have been routinely measured to
yield oD versus bulk H,O content relations, therefore
providing a natural degassing trend to simulate with
VolcDeGas.

VolcDeGas is operated by way of a user-friendly GUI
in which the required input parameters (e.g. tempera-
ture, initial 6D, initial bulk H,O content, step size, de-
gassing mechanism transition point, speciation data),
and plot layouts can be easily set (Supplementary Ma-
terial, Figures A1-A2). Each parameter’s input location
in the GUI is indicated by a series of clearly defined
labels that appear by hovering the mouse over them,
allowing the user to understand which functions the
buttons/parameters carry out. Once these parameters
are loaded, VolcDeGas automatically calculates and dis-
plays the best-fit degassing paths to natural, user-input
0D-H,0 data (e.g. based on lowest root-mean-square
error (RMSE), and highest coefficient of determination
(R?); Supplementary Material). Owing to the underly-
ing Matlab code, which is thoroughly described in the
dialog window in the program interface, the user can
perform literally thousands of calculations per minute,
a feat not possible by employing standard spreadsheet
and graphing programs [e.g. Castro et al. 2014]. An
in-depth description of the code can be found in the
code comments and the program manual (Supplemen-
tary Information).

In order to test the modelling capabilities of
VolcDeGas, we used published bulk H,O and H-isotopic
data from the 1340 C.E. Mono Craters, CA eruption as
a basis for model simulations [Dobson et al. 1989; New-
man et al. 1988]. In addition, we also applied VolcDeGas
to data from the 2008 Chaitén Eruption; those tests are
discussed at the end of this section.

Our approach with respect to the Mono Crater’s
eruption was to compare our model fits to natural data
with the degassing paths fit by Dobson et al. [1989].
The initial magmatic values for H,O content and oD
are from Newman et al. [1988]: 8D of —51 %o, and
bulk H,O content of 2.64 wt.%. These are based on
the most H,O-rich obsidian clast found in the erup-
tion deposits. We investigated temperatures of 600 °C
(Figure 2) and 800 °C (Figure 3), as well as closed- to
open-system degassing paths. One model calculation
uses temperature-dependent hydrous speciation values
with formulae based on the ideal mixing model [e.g. Sil-
ver and Stolper 1985] and an empirically determined
equilibrium constant K ([Zhang 1999]; Figure 2A, 3A),
while the other simulation uses alpha factors based on
the measured hydrous speciation values of [Barnes et al.
2014] and Newman et al. [1988] (Figure 2B, 3B). Both
Mono Craters simulations are shown in relation to the
original data and associated fit curves from Dobson et
al. [1989] (Figure 3C).
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2.1.1 Relation between bulk H,O and alpha factors
Figure 2 displays the relationship between bulk H,O
content and alpha factor between vapour and melt
(ay.)- The alpha relations are calculated at 600 °C
and incorporate simulated speciation values (in Fig-
ure 2A), and real speciation measurements (in Fig-
ure 2B; [Barnes et al. 2014]). Figure 2C is reproduced
from DeGroat [1997] to demonstrate the differences be-
tween alpha factor values computed with a modified
version of the “Sil/Hol” Program [Holloway and Blank
1994; Silver et al. 1990] and using natural speciation
data of Newman et al. [1988]. According to Figure 2,
the primary difference between alpha factor simula-
tions (Figure 2A) and literature-derived data fits (Fig-
ure 2B-C) is the curved versus linear projections of al-
pha factor. Despite this difference, the alpha values are
relatively similar, even though the offsets grow larger as
the H,O increases. As we show below, despite some al-
pha factor inequalities, models will result in just a few
per mil difference in the final calculations of oD.

2.1.2 Modelling pyroclastic H,O-0D patterns in the
Mono Craters 1340 C.E. eruption

Figure 3A and 3B show the results of VolcDeGas cal-
culations of H,0O-0D trends for the Mono Craters sys-
tem comprising an inferred closed- to open-system de-
gassing history [Dobson et al. 1989] and using the pre-
viously determined alpha factors (e.g. Figure 2A, B).
Here, the same parameters (e.g. starting H,O and 8D
values) as previously described are applied, with the
exception of temperature, which is set to 800 °C. The
results demonstrate that the computations of the de-
gassing history that utilise natural speciation data are
the best match to the natural data (Figure 3B) and those
analogous calculations from literature (Figure 3 [Dob-
son et al. 1989]). A lower quality fit to data arises from
using the purely simulated hydrous speciation (Fig-
ure 3A), illustrating that it is preferable to use available
natural speciation data for the simulations. Such vari-
ations of dD between Figure 3A and Figure 3B, C only
amount to 3.3 %o in the closed-system, and up to 8 %o
in the open-system case (Figure 3).

In the next section, we demonstrate how VolcDeGas
can be used to calculate permissible degassing paths
and resolve best-fit magmatic degassing parameters

in another natural rhyolitic system, Chaitén volcano
(Chile).

2.1.3 Modelling pyroclastic H,O-0D patterns in the
Chaitén 2008 eruption

In this section, we demonstrate a case study involving
a rhyolitic volcanic eruption that was directly observed
and therefore provides essential information about the
style of explosive and effusive activity that was respon-
sible for the samples that have been measured for their
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Figure 2: Comparison of estimates of alpha factor plot-
ted against bulk H,O content (in wt.%) for the C.E.
1340 Mono Craters eruption. The hydrous speciation
and bulk H,O data values are from Dobson et al. [1989]
and Newman et al. [1988]. Panels [A] and [B] present
the VolcDeGas-simulated (by way of the ideal mixing
model) and extrapolated alpha factors based on spe-
ciation data [Barnes et al. 2014], respectively. In [C]
the linear fits to speciation values of Newman et al.
[1988] and of the Silver/Holloway Program [Holloway
and Blank 1994; Silver et al. 1990] are compared.
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Figure 3: Diagrams illustrating 6D values versus bulk
H,O content (in wt.%) of the C.E. 1340 Mono Crater
eruption based on the sample data and initial values
from [Dobson et al. 1989; Newman et al. 1988]. [A]
and [B] show the computed values by VolcDeGas. The
blue line displays the VolcDeGas simulated closed-, to
open- system degassing graph, the red dots the sam-
ple data and the black cross shows the transition where
the degassing system changes. [C] presents a published
model fits to data from the literature [Dobson et al.
1989], with red dots being the sample data [Newman et
al. 1988]. Numbers on two plots in [C] indicate the al-
pha factor values used by Dobson et al. [1989]. The two
VolcDeGas plots ([A], [B]) illustrate different fits arising
from the contrasting @, molecularwater Values utilised.
The alpha factor in [A] is based on speciation values
which were calculated by the program (see Figure 2A),
and in [B] on measured speciation values from Barnes
et al. [2014] (see also Figure 2B).
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H-isotopic and H,O contents [e.g. Castro et al. 2014].
Our main goal is to illustrate how, using the Chaitén
dataset, a user would be able to produce a best-fit de-
gassing trend to measured data, which in turn serves
to demonstrate the effectiveness and versatility of the
program. It is not the goal however to interpret the vol-
canological underpinnings of the dataset, as was done
previously by Castro et al. [2014].

Degassing simulations were performed using FTIR-
based bulk H,O and hydrous speciation data of pyro-
clastic obsidians from the 2008 Chaitén eruption [Cas-
tro et al. 2014; 2012; Lara 2009, Figure 4A]. We first
used VolcDeGas to test for effects of external hydra-
tion (e.g. meteoric water sourced), then computed
alpha factors based on species-specific alpha factors
(a(v-m)H,0 and a(y-m)on) from Rust et al. [2004] and the
non-hydrated speciation data. VolcDeGas makes speci-
ation extrapolations via polynomial fitting (Figure 4).

Testing for hydration involved first generating hy-
drous speciation graphs with the program, which are
polynomial curve fits to natural speciation and bulk
H,O content data (Figure 4). The fitted natural specia-
tion data, which are derived from Castro et al. [2012],
allowed for extrapolation of OH/H,O values, the trends
of which comprise a clear envelope corresponding to
a high-temperature “magmatic” array (Figure 4A). Hy-
dration is recognised in samples that contain too much
molecular H,O with respect to the curves, which is a
hallmark of late-stage alteration of hydrothermal flu-
ids (Figure 4A). Data points that fall off the speciation
fits (by ~0.3 wt.%) are suspect and filtered out as they
are not suitable for the best-fit alpha factor calculations.
This is important because altered speciation values may
lead to alpha factor values under 1. In such cases,
VolcDeGas will return an error, as the degassing trend
would lead to more highly enriched 6D with falling
bulk H,O content, instead of the depleted 6D values
typical of magmatic degassing.

Figure 5A and 5B show degassing paths calculated
for variable step sizes in open- and batched-degassing
systems. As can be seen in Figure 5A, although the step
size in the open-system is changed substantially, (from
0.5 wt.% down to 0.001 wt.% steps) the influence on
the oD value is relatively negligible across all degassing
intervals. These step size changes result in oD differ-
ences of only 3 %o at 0.5 wt.% bulk H,O and of 4.9 %o
at 0.001 wt.% H,O. Furthermore, the open-system plot
resolution for bigger step sizes is lower as less points
are calculated. It consequently appears as if there is a
strong fractionation in 6D over the last 0.5 wt.% H,0.
In reality, this is only an optical artifact as the space be-
tween the steps are connected (interpolated) by a line
which has no calculated intermediate values.

In contrast to the open system, the batched-degassing
system (Figure 5B) is highly sensitive to step size vari-
ations. In particular, 0D differences at variable step
sizes sum up to over 7 %o at 0.5 wt.% bulk H,O con-
tent and reach ~170 %o at 0.001 wt.% H,O. These ex-
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treme fractionation differences occurring at the lowest
of H,O contents (0.001 wt.%) are meant to demonstrate
the theoretical maximum disparity in the step-size ef-
fect. In natural magmatic systems, melts rarely degas
to values lower than about 0.05 wt.%, however, even
at these values small modelled steps may still result in
large oD offsets (~70-100 %o; Figure 5B). This observa-
tion highlights the importance of step size during the
end-stages of degassing.

Figure 5B as well as other calculations included in the
supplementary information support the idea that simu-
lated batched magma degassing can mimic either open-
, or predominantly closed-system behaviour by mere
selection of the appropriate step sizes. A large step
size contributes to a closed-system trend (i.e. less over-
all 8D depletion), whereas a smaller step size produces
what may resemble an open-system trend. Moreover, in
comparison to a truly open system—known to generate
highly depleted oD values (e.g. up to —289 %o; Fig-
ure 5A)—a small step size of 0.001 wt.% in the batched
system (Figure 5B) produces even stronger fractiona-
tion, with negative 0D values as low as —316 %o (Fig-
ure 5B; Supplementary Material).

Thus, VolcDeGas runs of the batched system, in which
a percentage of H,O is lost at each step, may best ap-
proximate the natural ssystem [e.g. Castro et al. 2014].
To better illustrate this point, Figure 6 shows a batched
system calculation with an initial 8D value of —61 %o,
and a variable step size, implemented by setting an
H,O loss of 40 % at each step (see Supplementary Mate-
rial for additional conditions). Goodness-of-fit for this
simulation is reasonable, as evidenced by the adjusted
coefficient of determination (Ri dj) and R?, as well as the
RMSE (Figure 6).

In Figure 7, we investigate the possibility of a two-
stage history for the Chaitén eruption, one involving
early closed-system degassing followed by batch de-
gassing (both at a presumed eruption T of 800 °C; [Cas-
tro and Dingwell 2009]). This scenario may for ex-
ample mimic degassing across an entire eruptive se-
quence, from high-energy, pulsating Plinian activity
(e.g. purely closed-system dynamics; [e.g. Newman
et al. 1988]) to later hybrid activity involving both
rhyolite pyroclast and lava eruption (e.g. batched-
degassing; [Castro et al. 2014; 2013]). Of the two-stage
best-fit models (Figure 7A, B), the closed-, to batched-
system with a small, fixed step size (0.001 wt.% H,0)
exhibits slightly better results (Figure 7A), as reflected
by calculated goodness-of-fit (R> and RMSE). However,
both batched-system models exhibit similar fit statis-
tics, suggesting that either is a good choice to model
the Chaitén sequence (Figure 7B).

Another factor that affects goodness-of-fit and there-
fore must be taken in to account in order to model a
two-stage system, is the transition point, defined as the
H,O content at which the closed-system gives way to
the batched-system. Transitions can also be generally
defined as changeovers between any other combination
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Figure 4: [A] Plots displaying natural hydrous speciation data (red and blue dots) in obsidians (wt.% OH and
H,0) from the Chaitén eruption, 2008 [Castro et al. 2012; Forte and Castro 2019] in relation to bulk H,O content.
Curves are 2nd degree polynomial fits to each species. [B] The graph shows the calculated VolcDeGas alpha factor
trend, which is based on hydrous speciation extrapolations shown in [A].

of degassing styles (e.g. closed- to open-system de-
gassing). In the previously modelled closed-to-batched
system with the constant step size (Figure 7A), the best-
fit transition point is at 0.5 wt.% H,O, whilst in the
system with variable step size (Figure 7B), the transi-
tion occurred at 0.6 wt.% H,O. These transition points
may seem very similar but the differences are signif-
icant and exemplify the sensitivity of VolcDeGas’ fit-
ting process, which entails an iterative determination
of the “most likely” transition point through statisti-
cal minimisation of RMSE values (Supplementary Ma-
terial). This objective way of determining a transition
point could offer an advantage over previous manual
transition point placement methods [e.g. Dobson et al.
1989].

In summary, two-stage degassing systems (Figure 7)
fit the sample data significantly better than the pre-
viously analysed one-stage model (Figure 6). In par-
ticular, the relevant RMSE-value is around 0.5 lower,
whereas the R? is ~0.3 higher. As a result, two-
stage closed-, to batched-system degassing paths can be
viewed as the best-fit for the available data points. In
the following section, batched systems with constant-
and with variable-step sizes are discussed and com-
pared based on available literature data as well as ob-
servations from the eruptions themselves, to identify
the most probable system of the two.

3 DiscussioN

The VolcDeGas program is a useful tool for investigating
feasible degassing histories of rhyolitic magmatic sys-
tems, provided the appropriate D/H isotopic and bulk
H,O content data are available. Because the program
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integrates all of the required parameters in degassing
calculations—e.g. real and extrapolated hydrous spe-
ciation, alpha factors, temperature, and degassing step
size (both fixed and variable)—the user can investigate
the influence of these variables on one-, and two-stage
degassing systems in an objective manner. The pro-
gram is furthermore not a “black box” insofar as it pro-
vides an intuitive GUI for entering the data, setting key
parameters and visualising output in a variety of multi-
axis plots. A view of the code itself (see VolcDeGas.m)
shows a detailed description of how the program func-
tions. As a result, after a short familiarisation with this
program, the user can quickly calculate the different
kinds of degassing systems, while being able to com-
prehend how the program executes these calculations.

Of the many initial conditions that influence iso-
topic fractionation calculations, the partitioning of
deuterium and hydrogen between vapour and melt, en-
capsulated in the alpha factor, imparts a strong influ-
ence on degassing trends. This is because the alpha
factor is a function of hydrous speciation in the melt,
which in turn varies as degassing progresses. That
VolcDeGas is able to calculate and update the alpha fac-
tor according to real or modelled speciation values dur-
ing a simulation is a major advantage that requires rel-
atively little user intervention, however, the user can
also use this functionality to spot potential sources of
error in the simulation that stem from natural processes
(e.g. hydration). For example, after loading hydrous
speciation data, the user can inspect the data and asso-
ciated VolcDeGas speciation curve fits identify anoma-
lous values (Figure 4). Altered samples (e.g. those
with high molecular H,0) will change the speciation
graph extrapolations significantly, and in turn calcu-
lated alpha factors may be less than 1. VolcDeGas will
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Figure 5: Graphs displaying VolcDeGas models having
fixed 0.001 wt.% and 0.5 wt.% H,O degassing steps in
an [A] open system and [B] batched system. The ini-
tial values are: 4 wt.% bulk H,O content and —70 to
—50 %o oD. It is clear that having a small step size in ei-
ther open or batched systems yields smooth trends and,
in the case of the batched system, results in slightly
stronger 0D depletion. As seen in both cases, a larger
0.5 wt.% step size will result in dramatically different
degassing paths topologies, characterised by a kinked
trend. Notably, large degassing steps results a very
strong late-stage 0D depletion in the open system at low
H,O0 [A].

flag these instances and output an error message and
stop the simulation, thereby precluding counterintu-
itive, positively sloping degassing trends. Finally, as
some degassing paths yielding very good fits to natural
data were calculated utilising alpha factors (Figure 3B)
that are based on natural hydrous speciation values, we
recommend wherever possible, to use available natural
speciation-based calculation of alpha factor, instead of
the temperature-dependent ideal mixing model species
calculations.

Test models show that in addition to alpha fac-
tor, the step size—the amount of H,O lost during
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of degassing trends and yielding good fits to natu-
ral data (e.g. Figure 5). Batched-degassing simula-
tions exhibit particularly strong sensitivity to this vari-
able (Figure 5B). In the most extreme case, 0D differ-
ences between moderate (0.5 wt.%) versus small steps
(0.001 wt.%) amount to more than 100 %o variation in
the small window of degassing from about 0.5 wt.% to
0.1 wt.% (e.g. Figure 5B). This clearly shows that in
the low-H,O content interval, 6D in a magma responds
sensitively to each progressive degassing step, with the
implication that extreme deuterium-depletion in lavas
could portend many repetitive small steps rather than
large pulses in the waning stages of an eruption. In-
deed, VolcDeGas models of the Chaitén pyroclastic and
lava data set support this conclusion (Figures 6 and 7B),
and exemplify how progressively decreasing step sizes
may provide an excellent fit to natural products. The
Chaitén simulation, shown in Figure 6, employs a de-
gassing step that removes 40 % of the remaining H,O at
each interval, which is tantamount to having variable,
diminishing step sizes. The result is a relatively smooth
trend and good fit for a one-stage system to natural data
[see also e.g. Castro et al. 2014], which provides good
evidence for a repetitive degassing process having been
operant in the natural eruption.

In addition to single-stage (e.g. closed, open, or
batched) degassing trajectories, VolcDeGas is capable of
calculating two-step degassing paths with good preci-
sion, and with a relatively small number of parame-
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Figure 7: Two-stage, closed-to-batched system model
fits to Chaitén pyroclastic obsidian and lava 6D-H,0O
data [Castro et al. 2014] showing transition points
(black x’s) at [A] 0.5 and [B] 0.6 wt.% H,O. Step sizes
differ from [A] a small fixed step size 0.001 wt.%, to [B]
a variable one comprising 15 % H,O loss at each step.
Despite these differences, model fits to data are virtu-
ally identical. In addition, the goodness-of-fit of these
two-stage systems is better than observed in the single-
stage batched system with variable step size (Figure 6).
All simulations were performed at a presumed erup-
tion temperature of 800 °C [Castro and Dingwell 2009].

ters required as initial inputs. Especially relevant is
the capacity for VolcDeGas to find the best “transi-
tion point” whereby the degassing mechanism changes
from one mode to another (e.g. purely closed to open).
Traditional closed-to-open, two-stage degassing inter-
pretations of natural data [e.g. Newman et al. 1988;
Rust et al. 2004] are based in part on evidence in the
H,O contents of melt inclusions, which may contain
several wt.% H,0, and pyroclastic obsidians, which
can be significantly degassed (down to a few tenths of
a wt.% H,0), together suggesting that initial Plinian
activity must be fueled by vigorous closed-system de-
gassing involving fragmentation as the main mech-
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anism to liberate volatiles. Eventually a “transition
point” is reached, marking an abrupt change in the de-
gassing mode (i.e. to an open system). The modelled
trends should therefore be “kinked”. This is indeed
well depicted by VolcDeGas’ closed-to-open system de-
gassing simulation of the D/H-H,0 data for the Mono
Craters (Figure 3). These calculations yield plots that
are very good matches to the 6D and H,O values in
Mono Craters’ pyroclasts and lavas, and even repro-
duce the transition points and fits to these data from
the published literature [Dobson et al. 1989; Newman
et al. 1988]. This good correspondence verifies this
program’s ability to reproduce and confirm previously
published model trends.

Two-step degassing simulations may also comprise
closed- to batched-system degassing sequences, as was
done for example for Chaitén D/H-H,O data (Fig-
ure 7). In this simulation (Figure 7) the initial closed-
system degassing trend can be representative of the
first explosive eruption(s) that must have liberated
large quantities of H,O. Following this, the progression
gives way to a batched system, demarcated by a kink in
the graph and corresponding to the best-fit transition
point (Figure 7). The batched system with variable step
size (Figure 7B) is able to explain the degassing data
after the closed-system phase and could represent hy-
brid explosive-effusive activity characterised by declin-
ing explosive energy with time, which in turn releases
fewer volatiles from each successive batched degassing
step.

4 SUMMARY AND CONCLUSIONS

In summary, the VolcDeGas program is effective at mod-
elling degassing paths as well as being a tool for fitting
and interpreting natural data that can lead to new in-
sights into magmatic processes. Our understanding of
rhyolite eruptions can in turn be more quantitatively
based, ultimately fostering a better connection between
observations of activity and measured geochemical de-
gassing proxies (e.g. H,O and D/H). Establishing how
step size variations modelled in VolcDeGas may scale
to actual volcanic eruption processes—in particular the
repetitive blast events that characterise hybrid activ-
ity [Castro et al. 2014; Saubin et al. 2016]—is one goal
that may improve coupling natural field observations
to analysis of eruption products. For example, it is cur-
rently unknown how big the individual blasts are and
to what extent each blast “bleeds” off vapour pressure
from the underlying magma body. Therefore, future
field and analytical studies could profitably focus on
obtaining estimates of degassing amounts during repet-
itive volcanic blasts. Linking these data with VolcDeGas
could pave the way to understanding how degassing
proceeds in a temporal context and deliver the root
causes of different eruption styles.
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DATA AVAILABILITY

The program VolcDeGas was created by Sebastian Carl
Walter of the University of Mainz and written in Mat-
Lab 2018a/b.

Access to files VolcDeGas.m,
VolcDeGas.fig, VolcDeGasoptions.m,
VolcDeGasoptions.fig should be placed into a folder
MatLab can access (e.g. MatLab folder). The pro-
gram is invoked by typing VolcDeGas into the MatLab
workspace. Another way to start the program is by
running the VolcDeGas VolcDeGasinstall.exe which
installs the compiled version of the program by down-
loading all required MatLab assets (only Windows
systems). All files are available as Supplementary
Material alongside the online version of this article.

code: The

SOFTWARE REQUIREMENTS

MatLab with Signal Processing, as well as the Statistics
and Machine Learning Toolbox. The program has been
tested to be downwards compatible with at least Mat-
Lab R2012a.

S1ZE OF COMPONENTS

300 kilobytes for the .fig and .m files. 3.8 megabytes
for VolcDeGasinstall.exe as well as around 1 Gigabyte
for the installed program and the required MatLab as-
sets.
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