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A B S T R A C T

The pre- and syn-eruptive magma decompression rate is recognized as a key parameter modulating eruption 
dynamics, with explosive eruptions being generally associated with much larger decompression rates than 
effusive ones. Magma decompression rates cannot be directly measured and thus are typically inferred from 
petrological, geochemical, numerical modelling, and seismic data. Most studies use petrological information of 
volatile element diffusive equilibration in glass and crystals to infer a single value for the magma ascent rate for a 
given eruption, even though numerical volcano conduit simulations show that changes of velocity are expected 
during magma ascent. Here we integrate magma ascent conduit models with diffusion chronometry of volatiles 
in melt embayments and phenocrysts to obtain a more comprehensive understanding of magma ascent rates. We 
find that incorporating a more realistic boundary condition that depends on the magma ascent path with variable 
velocities gives time estimates that can be up to a factor of 7 longer than from the standard assumption of 
constant magma ascent rate. Therefore, previous magma ascent rates from diffusion chronometry of volatiles in 
crystals and melts with a fixed boundary condition may be significantly overestimated. Overall, we show that 
coupling of magma ascent models with diffusion chronometry can provide more robust inferences of magma 
ascent and thus improve the understanding of the role of this parameter into the explosive and effusive eruption 
controls.

1. Introduction

The magma ascent rate is widely recognized as a key parameter 
controlling the dynamics of volcanic eruptions (Gonnermann and 
Manga, 2013; Cassidy et al., 2018). Despite some exceptions, petrolog
ical and experimental studies suggest that large explosive eruptions tend 
to result mostly from fast magma ascent from intermediate to shallow 
reservoir in a matter of minutes to seconds (Toramaru, 2006; Hum
phreys et al., 2008; Shea et al., 2010; Houghton et al., 2010), whereas 
effusive eruptions arise from slower ascent of generally more degassed 
magmas (Rutherford and Hill, 1993; Hammer and Rutherford, 2002; 
Castro et al., 2013; Cassidy et al., 2015). There are several methods to 
estimate magma velocities, including seismicity to track magma 
migration (Endo and Murray, 1991; Caudron et al., 2018), decompres
sion experiments to reproduce observations on natural products (Martel, 
2012; Shea and Hammer, 2013) or to calibrate models to be applied on 
natural products’ textures (Toramaru, 2006; Toramaru et al., 2008), and 
methods based on the timescales of chemical reequilibration of volatile 
species in crystals or melts because of decompression (Liu et al., 2007; 
Charlier et al., 2012; Costa, 2021). This variety of methods has been 

used to estimate magma ascent rates for effusive and mildly explosive 
activity (Lloyd et al., 2014; Barth et al., 2019; Bernard and Bouvet de 
Maisonneuve, 2020; Newcombe et al., 2020a) to cataclysmic eruptions 
(Toramaru, 2006; Shea et al., 2010; Nguyen et al., 2014; Myers et al., 
2018, 2021; Valdivia et al., 2021; Geshi et al., 2021). Estimates of ascent 
rates have been obtained for mafic (Chen et al., 2013; Ferguson et al., 
2016; Moussallam et al., 2019; Thivet et al., 2020; Zuccarello et al., 
2022), intermediate (Toramaru et al., 2008; Romano et al., 2020; Cutler 
et al., 2022; Bernard et al., 2022a) and highly-evolved magma compo
sitions (Liu et al., 2007; Alfano et al., 2012; Martel, 2012; Myers et al., 
2018; Elms et al., 2023).

However, most if not all previous studies infer a single value for the 
magma ascent rate. It is unclear whether this rate corresponds to the 
mean, a maximum or minimum value and it seems to imply a constant 
magma ascent rate from the last storage zone to the surface. Moreover, 
magma ascent rates calculated by various methods rely on different 
proxies and as such, they typically do not quantify the same process. 
Seismic methods for instance typically reflect on the magma migration 
and therefore be applicable only during the opening of a new dike or 
conduit (Caudron et al., 2018). Textural methods such as vesicle number 
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density give a snapshot of the ascent rate when the bubble reaches the 
size, shape and distribution they have at the time we sample the deposit 
so, closer to fragmentation in case of homogeneous nucleation 
(Toramaru, 2006; Shea, 2017). For the case of methods based on 
diffusion chronometry, obtaining a single value for magma ascent would 
imply the decompression rate to be an average value during the time the 
element of interest is either leaving the crystal phase or exsolving from 
the melt (Harris et al., 2024). The result is that, for a given eruption, 
estimated magma decompression rate can vary by several orders of 
magnitude depending on the method chosen (Fig. 1; i.e. calculations for 
Mt St-Helens 1980 eruption span 5 order of magnitude - Rutherford and 
Hill, 1993; Geschwind and Rutherford, 1995; Toramaru, 2006; Hum
phreys et al., 2008), while if a similar method is used independently by a 
different team on different deposits of the same eruption, similar 
numbers are found (i.e. Llaima Curacautín eruption – Valdivia et al., 
2021; Bernard et al., 2022a).

Another view point of magma ascent are the results of numerical 
simulations which show that due to volatile exsolution and expansion 
the density of the magma decreases upon decompression and thus its 
velocity towards the surface changes in a non-linear manner (Mastin, 
2002; Kozono and Koyaguchi, 2009; Degruyter et al., 2012; La Spina 
et al., 2015; Campagnola et al., 2016, 2021). This is even the case for the 
most simplistic situation where magma would ascend in one step from 
the final storage zone to the surface in the case of an ongoing and steady 
Hawaiian or Plinian eruption.

A few studies have coupled numerical models with natural data to 
obtain magma decompression rates. Su and Huber (2017), Barth et al. 
(2019) found that a higher degree of non-linearity of the ascent path 
tended to decrease the magma decompression rate obtained by volatile 
diffusion chronometry. Similarly, Hajimirza et al. (2021) reconciled 
bubble number density with other independent geospeedometers with 

the help of numerical models to show that both could give similar results 
in the case of heterogeneous bubble nucleation on magnetite. However, 
these studies did not directly link their diffusion models to more realistic 
models of magma ascent in a conduit.

In this contribution we aim at exploring the impact and usefulness of 
coupling numerical simulations of magma ascent with inferences of 
magma transfer time from diffusion chronometry studies of volatiles in 
melt embayments and crystals. We first review the importance of 
boundary conditions in volatile diffusion chronometry on the calculated 
magma ascent rate. Then we build a framework to couple diffusion 
chronometry with a non-linear magma ascent path derived from conduit 
numerical modelling. We explore the effect of this boundary condition 
on diffusion modelling of H2O and CO2 in glass embayment and on the 
resulting estimated magma decompression rate and concentration pro
file. We find that considering a non-constant magma ascent may have a 
strong effect on the diffusion-based calculated timescales of ascent. This 
implies that similar non-linear magmatic processes could also have a 
strong impact on other diffusion chronometers and the timescales we 
derive from them.

2. Methods

We note that most diffusion chronometry studies from the literature 
report the magma ascent rate rather than magma decompression rate. 
However, the original calculations provide the time from which a rate is 
obtained using a storage pressure obtained from geobarometers and/or 
volatile saturation models which are converted into magma storage 
depth using a density model. Given that there are several unknowns 
about the density of the crust and/or the density of the magma column, 
we typically report our results in terms of magma decompression rate 
rather than ascent rate with the understanding that the latter can be 

Fig. 1. Magma decompression rate estimates from the literature for various eruptions across a wide compositional range. The magma decompression rates have been 
estimated using different methods and/or by different authors. Methods include MND (Microlite number density) water exsolution rate meter (Toramaru et al., 
2008), H diffusion in Olivine, VND (Vesicle number density) water exsolution rate meter (Toramaru, 2006), Hornblende breakdown rims (Rutherford and Devine, 
2003), volatile diffusion in embayment, Lithium diffusion in plagioclase, water loss from MI (melt inclusions). Cerro Negro 1995 and 1992, (Barth et al., 2019; 
Newcombe et al., 2020a); Kilauea Iki 1959, (Ferguson et al., 2016; Newcombe et al., 2020b; 2020a); Fuego 1974, (Lloyd et al., 2014; Newcombe et al., 2020a); 
Llaima Curacautín, (Valdivia et al., 2021; Bernard et al., 2022a); Izu-Oshima 1986, (Toramaru, 2006; Toramaru et al., 2008); Mt St-Helens 1980, (Rutherford and 
Hill, 1993; Geschwind and Rutherford, 1995; Toramaru, 2006; Humphreys et al., 2008); Pinatubo 1991, (Hammer and Rutherford, 2002; Toramaru, 2006); Bishop 
Tuff, (Myers et al., 2018; 2019); Taupo Oruanui, (Charlier et al., 2012; Liu et al., 2007; Myers et al., 2018; 2019).
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obtained from the former using a density model.

2.1. Eruptions of interest

We explore the differences between using a constant decompression 
rate and a non-linear decompression rate in models of diffusion chro
nometry for volatiles in melt embayments and crystals. For this we use a 
combination of forward diffusion chronometry and magmatic volatile 
saturation models on 13 well-studied eruptions from the literature 
(Table 1). These have a wide range in magma composition, they all are 
explosive eruptions and some have had major societal impacts. We use 
the physical parameters obtained from previous publications (Table 1
and supplementary) as inputs in the volatile saturation models (steps 
explained in the following paragraph).

2.2. Diffusion chronometry

Diffusion chronometry was used to calculate the timescales from the 
re-equilibration of chemical gradients of volatile elements in volcanic 
minerals and/or glass, generated by the changing environmental con
ditions during a magmatic process (Costa et al., 2008, 2020; Costa and 
Morgan, 2010; and references therein). Volatile elements are exsolved 
from the melt in response to pressure drop during magma ascent, and 
thus these produce gradients in compositions in the melt that can be 
used to obtain magma ascent times from which we can derive magma 
decompression rates (Liu et al., 2007; Fig. 2).

Here, we investigate the diffusion of H2O and CO2 - two volatile 
species that have been extensively studied for melt physical parameters. 
Several studies have focused on calibrating the necessary parameters 
such as the diffusion coefficient or the partition coefficient between 
different phases (Zhang and Behrens, 2000; Behrens et al., 2004; Liu 
et al., 2007; Barth et al., 2023; Towbin et al., 2023), as well as the in
fluence changes in the initial conditions such as temperature, initial 
pressure and concentrations can have on the obtained timescales (Mutch 
et al., 2019; Ostorero et al., 2022; Bernard et al., 2022b). However, an 
important aspect that needs to be explored further is how volatile con
tents in the melt change as magma moves towards the surface which 
inherently depends on the decompression rate. Such changes drive 
diffusion in the melt and crystal and thus have a direct impact on the 
calculated times and ascent rates. In most studies, a classical H2O and 
CO2 dissolution profile based on solubility models has been used 
(Newman and Lowenstern, 2002; Liu et al., 2005), whereas in others 
that studied volatiles whose behaviour in melts upon decompression is 
less known (e.g., halogens), a single-step decompression assumption has 
been used (i.e. F-Cl-OH in apatite – Li et al., 2020; Bernard et al., 2022b). 
Here we address a more complex and realistic scenario where diffusion 
of volatiles (H2O and CO2) is driven by the output from physical conduit 

models of magma ascent which is non-linear and thus produces 
non-linear changes of volatile concentrations in the melt.

2.3. Diffusion of H2O–CO2 in the melt

We solved the 1-dimensional expression of Fick’s 2nd law with finite 
difference forward scheme (Eq. (1)), to produce H2O and CO2 diffusion 
models: 

∂Cx,t

∂t
=

∂
∂t

(

Dx,t
∂Cx,t

∂x

)

(1) 

Where C is the H2O or CO2 concentration at a time t and a position x 
along the profile and D is the H2O or CO2 diffusion coefficient at a time t 
and a position x. As H2O and CO2 diffusion in the melt are interdepen
dent, we calculated DH2O and DCO2 using the formulation calibrated for 
all silicate melts of Behrens et al. (2004) - note that in the original paper, 
there is a typo in the expression of DH2O (5.73 × P instead of 57.3 × P – 
Zhang et al., 2007): 

DH2O = X × exp(m) ×

(

1+ exp
(
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√
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and: 

DCO2 = exp
(

− 8.20 −
22963 + 2.005 × P

T
+ CH2O ×

(

1.4262+
2416.1

T

))

× 1012

(3) 

where: 

m = − 20.79 −
5030

T
−

1.4 × P
T

, (4) 

and: 

X =

CH2O
18.015

CH2O
18.015 +

CCO2
440100 +

(100− CCO2 − 0.0001 ×CCO2)
32.49

, (5) 

Where T is the temperature in Kelvin, P is the pressure in bars, CH2O is 
the melt water concentration in wt. %, and CCO2 is the melt CO2 con
centration in ppm. With this formulation, H2O and CO2 diffusion co
efficients are interdependent and need to be solved simultaneously.

Table 1 
Details of the eruptions used to model magma decompression rates (aGlobal Volcanism Program, Smithsonian institution; bCostantini et al., 2010; cMarshall et al., 
2022; dHildreth and Wilson, 2007; eWilson et al., 2006; fGarcia et al., 2000) and starting conditions (P, T, H2O and CO2) used in the saturation model and the diffusion 
model for each eruption. Pi is the initial pressure used in our simulations and based on literature pre-eruptive storage pressures. References are reported in the 
supplementary table for each volcano.

Volcano Eruption year Eruption style VEI Melt composition T ( ◦C) Pi (MPa) H2O initial (wt. %) CO2 initial (ppm)

Kilauea 1992 Hawaiian 2f Basalt 1150 55 0.75 400
Etna 122 BCE Plinian 5a Basalt 1060 160 2.87 585
Masaya 60 ka BP – Fontana Lapilli Plinian 5b Basaltic andesite 1100 60 1.8 110
Llaima 13.3 ka BP - Curacautín Plinian 6c Basaltic andesite 1050 200 2.7 1000
Vesuvius 79 CE - Pompeii Plinian 5a Phonolite 850 150 6.0 100
Rabaul 2006 Sub-Plinian 4a Trachydacite 975 100 2.8 150
Samalas 1257 CE Plinian 7a Trachydacite 930 100 4.2 20
Santorini 3600 BP – Late Bronze Age Plinian 7a Rhyolite 850 175 5.4 200
Mt St Helens 1980 Plinian 5a Rhyolite 880 200 5.5 100
Chaiten 2008 Plinian 5a High-silica Rhyolite 800 120 4.0 20
Pinatubo 1991 Plinian 6a High-silica Rhyolite 780 220 6.4 20
Long Valley 760 ka BP – Bishop Tuff Plinian 7d High-silica Rhyolite 740 150 5.0 200
Taupo 25.7 ka BP - Oruanui Plinian 8e High-silica Rhyolite 780 90 3.5 75
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2.4. Boundary conditions for diffusion chronometry

We solved the diffusion Eq. (1) numerically using a finite difference 
forward scheme. To do this we need to define: (a) the initial conditions 
which correspond to the volatile concentration profile in the melt or 
crystal Ct=0, x>0 = Cinitial and for which we considered a homogenous 
concentration, and (b) the boundary conditions, which is how the vol
atile concentration varies at the boundary (x = 0) between the crystal 
and the melt, or the melt and bubble, expressed as Ct>0, x=0 = Cboundary. 
The boundary conditions can be considered constant or varying with 
time, and the manner in which they are defined imply different magma 
ascent scenarios as described below.

The case of a constant boundary condition can be defined as: Ct>0,x=0 

= CPfinal with CPfinal being the concentration at the final equilibrium 
pressure which depends solely on the chosen volatile saturation model 
(see the following paragraph). This is a simplistic model as it implies that 
magma rose instantaneously from the initial pressure at t = 0 to the final 
pressure at t > 0. A second case is to use a pressure-dependent volatile 
saturation model and extract a volatile concentration at the boundary as 
a function of pressure: 

Ct>0, x=0 = C
(

dP
dt

=Constant, P, T,X
)

(6) 

This is commonly used in volatile diffusion chronometry to estimate 
magma ascent rates in the literature (Liu et al., 2007; Humphreys et al., 

2008; Lloyd et al., 2014; Moussallam et al., 2019; Myers et al., 2018, 
2021; Elms et al., 2023; Hosseini et al., 2023). The saturation model 
gives the equilibrium volatile concentration at a given pressure 
depending on the initial storage temperature T and melt composition X. 
This is more accurate than a single-step model and is also well con
strained for H2O and CO2 as several well-defined saturation models 
exist. However, this model is also a simplification of the problem, as it 
uses a constant decrease of pressure as a function of time, and thus a 
constant ascent rate (Fig. 2). An improved version of this model has 
recently been developed by using a two-step decompression rate (Harris 
et al., 2024). A way to further improve on this, is to set a boundary 
condition where the concentration changes in a non-linear fashion due 
to a varying decompression rate. In our approach, this is given by the 
output of a magma ascent conduit model (see the following sections): 

Ct>0, x=0 = C
(

dP
dt

=Conduit model, P, T,X
)

(7) 

In this way the pressure path is linked to physical constraints of the 
conduit models (see paragraph 2.5 for details; Fig. 2). For all the 
modelled cases we assumed that the volatile concentration in the fluid 
phase is at all times in equilibrium with the volatile concentration in the 
melt/crystal, which may as well be a simplification but it is a common 
approach in the literature (Humphreys et al., 2008; Moussallam et al., 
2019; Myers et al., 2018, 2021; Newcombe et al., 2020a; Elms et al., 
2023; Harris et al., 2024).

Fig. 2. Illustration of the effect of the decompression path on the H2O saturation profile that will serve as the outside boundary condition in diffusion modelling. Path 
A (lines in bright colour) is the result of using a single value for magma ascent rate and B (lines in light blue) is a result of a numerical simulation where the rate 
changes during ascent. Both paths have the same average dP/dt, initial and final pressure and duration. The sketch represents the effect of decompression on the 
volatiles that are exsolved from the melt to the fluid phase (bubbles here). Because of various diffusion speeds between the phases (melt pockets, phenocrysts), 
volatile concentration gradients are formed due to rapid decompression preventing reequilibration. Pi, Ti, Xi: initial pressure, temperature and melt chemical 
composition, Pf, Tf, Xf: final pressure, temperature and melt chemical composition. t0 and t1 are the starting and ending time between which diffusion of volatiles in 
the melt occurs.

O. Bernard and F. Costa                                                                                                                                                                                                                      Earth and Planetary Science Letters 648 (2024) 119099 

4 



2.5. Volatile saturation models

To obtain the dissolved H2O and CO2 concentrations in the melt as a 
function of pressure, temperature, and composition we used the mixed 
fluid saturation model MagmaSat (Ghiorso and Gualda, 2015) for all the 
13 eruptions, with a 1 MPa pressure step and representative melt 
composition, storage temperature and pressure as well as initial volatile 
content mined from the literature (Table 1).

2.6. Magma ascent and conduit models

To calculate the changes at the boundary of the melt embayment or 
crystals during non-linear decompression and ascent, we used 
physically-based models that simulate the changes of magma physical 
properties (P, T, density, viscosity, volatile content, etc.) throughout its 
ascent in the volcanic conduit (La Spina et al., 2015; Campagnola et al., 
2016). These simulations use a set of initial parameters (i.e., melt 
chemistry, initial volatile content, storage pressure and temperature, 
vesicle number density, etc.) that we derive from previous petrological 

Fig. 3. Magma P-t (A), and decompression (B) paths obtained from Confort 15 (Santorini, Novarupta and Mt St Helens) and MAMMA (Etna) models used as reference 
ascent paths in that paper. All velocity curves have been scaled for a 200 s ascent and a 175 MPa of initial pressure. This is only for the sake of comparison between 
shapes of the different paths. For calculations, initial pressures and temperatures have been adapted to the eruptions studied (Table 1), where time of decompression 
was set at 200 s. The blue dotted line represents the average decompression rate of these profiles. (C-D) Example showing how a profile path is adapted and rescaled 
for another eruption with the Novarupta 1912 ascent path adapted to the Chaiten 2008 eruption conditions. In this example, we “scaled” Novarupta 1912 ascent path 
using Chaiten’s initial and final pressure (Castro and Dingwell, 2009) and the time of ascent set at 200 s. Each individual point is recalculated in order to keep the 
shape of the ascent path and satisfy the initial conditions (storage pressure and time of ascent) with a constant time step (dt) of 1 s between data points to be used in 
the diffusion chronometry model.
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studies of each eruption (Table 1). From these simulations, we obtained 
the parameters of interest (i.e., magma decompression rate, pressure, 
etc., Fig. 3). To obtain a range of magma ascent paths from different 
eruption scenarios and magma compositions, we run simulations using 
initial parameters corresponding to four well-studied plinian eruptions 
from the literature. We chose the Etna 122 BCE eruption (Coltelli et al., 
1998; Sable et al., 2006; Arzilli et al., 2019), the Mount St Helens 1980 
plinian eruption (Rutherford et al., 1985; Toramaru, 2006), the San
torini Late Bronze Age, 1600 BCE eruption (Druitt, 2014; Myers et al., 
2021) and the Novarupta 1912 eruption (Hammer et al., 2002; Adams 
et al., 2006b, 2006a; Nguyen et al., 2014). Moreover, we used two 
conduit models: (1) the Fortran based Confort 15 model (Campagnola 
et al., 2016) which applies to silicic plinian eruption scenarios and is an 
improved version of the open-source Conflow model (Mastin, 2002); 
And (2) the Fortran based MAMMA (Magma Ascent Mathematical 
Modelling and Analysis) model developed by La Spina et al. (2015, 
2016) which is a 1D steady-state model for magma ascent in a cylin
drical conduit, applicable to mafic and silicic magmas. These two 
different models were used because the Confort 15 model does not work 
well to reproduce ascent paths of mafic plinian eruptions (Etna 122 BCE 
in our case), unlike MAMMA which was produced and tested for this 
type of eruption.

The output of these models are magma ascent velocity paths 
throughout the conduit as a function of pressure and ascent time 
(Fig. 3A–C). Different results are obtained depending on the input pa
rameters (Campagnola et al., 2016; La Spina et al., 2021; Bamber et al., 
2022), such as storage pressure and temperature, initial volatile content 
and conduit diameter. In principle, it is useful to perform a sensitivity 
analysis to estimate the influence of each input parameter on the outputs 
(La Spina et al., 2021). However, here we are more concerned by 
capturing a “representative” decompression path for different 
end-member scenarios rather than focussing on a single eruption in 
detail, and thus we did not perform any sensitivity analysis.

The magma velocity paths were used to obtain time vs volatile 
concentration in the melt for non-linear decompression scenarios. To do 
this, for each eruption, we calculate the saturation of volatile at each of 
the non-linear pressure steps with MagmaSat. Each of these pressure 
steps have a corresponding time as it is linked to a magma velocity path, 
allowing us to convert these non-linear pressure vs volatile concentra
tion paths into time vs volatile concentration paths (Fig. 2a–c). We did 
not simulate all the 13 studied eruptions, instead we used the four 
eruption paths described above as references and adjusted the initial 
pressure, time of ascent and average ascent velocities to match the 
eruptions of interest (Table 1) while keeping the overall path shapes 
(Fig. 3C, D). We used literature data for each eruption to derive a magma 

storage pressure (Pi), whereas final pressure (Pf) was set as the atmo
spheric pressure (Table 1). Velocity was also proportionally adjusted to 
fit a given time of ascent, which we chose to be the same for all eruptions 
to have a common ground of comparison. We repeated this process to 
create velocity profiles based on conduit models of different eruption 
scenarios in order to characterise the influence of the shape of the 
magma ascent path on the boundary condition for the diffusion chro
nometry models.

2.7. Comparison between the different boundary conditions

To compare the effects of constant versus non-linear decompression 
rate scenarios, we initially use the same time for both in the forward 
modelling of volatile reequilibration in melt embayments. The calcu
lated diffusion profiles were then compared by using the profile from the 
non-linear decompression as a reference and the constant decompres
sion profile as a match for different times (Fig. 4; i.e. we vary the time of 
diffusion for the constant model to best fit the non-linear model). To 
obtain a best fit we use the least-squares method to minimise the dif
ference between the two profiles. The time from the best match of the 
constant decompression was compared to that of the non-linear 
decompression.

3. Results

3.1. Details of the magma ascent scenarios

We used 4 ascent scenarios (Fig. 3A, B), that corresponds to 4 
eruptions that have different magma ascent paths. All ascent scenarios 
where obtained using initial parameters of Plinian eruptions of various 
volcanic explosivity indices (VEIs; Etna 122 BCE: VEI-5; Mt St Helens 
1980: VEI-5; Novarupta 1912: VEI-6; Santorini Minoan: VEI-7; Global 
Volcanism Program) and magma composition ranging from basaltic to 
rhyolitic. These paths have not been calibrated to be as close as possible 
to what we think were the conditions of ascent of these 4 eruptions but 
are supposed to be representative of a range of ascent conditions. Etna 
122 BCE ascent path follows a steadily accelerating trend until it reaches 
fragmentation very close to the surface. In contrast, Mt St Helens ascent 
path shows a sharp increase prior to fragmentation which occurs rela
tively deep compared to the other ascent paths. All paths are curved with 
kinks, which is characteristic of fragmentation at low pressure. The 
position in depth and time of this kink varies between profiles with 
Novarupta displaying the earliest fragmentation during ascent, followed 
by Santorini, Mount St Helens and then Etna (Fig. 3B). The shape of each 
ascent path is linked to the starting conditions of the conduit simulations 

Fig. 4. Effect of the boundary condition (BC) on the diffusion profile of a simulated melt embayment, example of Etna 122 BCE eruption velocity profile and initial 
parameters. A) Comparison of same duration diffusion profiles for constant decompression vs non-linear decompression BCs. B) Least-square best fit of the non-linear 
BC diffusion profile by the constant BC diffusion profile. To achieve a fit between the two, time had to be halved for the constant diffusion profile, implying a two-fold 
increase in the corresponding decompression-rate.
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(conduit diameter, bubble number density, melt composition, initial 
volatile content, pressure and temperature, etc.). These conditions are 
reported in supplementary material. One of the main differences in the 
ascent path shapes relates to the degree of non-linearity (λ) close to the 
surface, which was described by Su and Huber (2017) from their Eq. (1). 
Mount St Helens ascent path has the highest degree of non-linearity with 
a brutal acceleration in the last seconds of ascent (Fig. 3A), while on the 
opposite side of the spectra, Novarupta and Santorini have more gradual 
accelerations until fragmentation. Etna shows an in-between behaviour.

3.2. Effect on the diffusion profile shape

We modelled diffusion profiles in melt, based on the saturation 
profiles obtained from MagmaSat (Fig. 5), to simulate the natural pro
files measured in melt embayments. We found that the shapes of the 
water diffusion profiles in the melt produced from constant and non- 
linear decompression rate models are different (Fig. 6). Constant rate 
models give smoother changes in gradients, whereas the increasing 
decompression rate models produce larger changes in the compositional 
gradient towards the boundary (increasing slope towards the margin). 
This is due to a more progressive decrease in H2O during ascent in the 

case of a constant decompression rate compared to a steeper decrease in 
H2O at low pressure for an accelerating non-linear decompression rate 
(Figs. 5 and 6). For CO2, there is a similar phenomenon to water, albeit 
less visible due to the CO2 concentration decrease in the melt occurring 
mostly at depth, where decompression rates in the non-linear case sce
nario are slower (Fig. 5).

3.3. The effect of constant vs non-linear decompression

The average decompression rates were compared between the two 
scenarios of constant and non-linear decompression boundary condi
tions (Fig. 7, Table 2). For H2O diffusion, the average non-linear 
decompression rate tends to be smaller than the constant decompres
sion rate; the difference varies from negligible to a factor of 3 to 7 for the 
Llaima Curacautin eruption if we apply two different velocity paths 
(Etna 122 BCE or Mt St Helens 1980; Table 2, Fig. 7). The effect is much 
stronger for mafic and hotter eruptions than for cooler and more silica- 
rich magmas which show < 25 % relative difference between constant 
and non-linear decompression.

The CO2 shows a lesser effect on decompression rate variation than 
H2O. For plinian eruptions fed by cold felsic magmas, the average 
decompression rate estimation from diffusion modelling in the melt 
embayment increases by 10–60 % when using a constant decompression 
rate vs a non-linear decompression rate. In general, eruptions that were 
the least affected by H2O are now the one the most affected. Overall, CO2 
has a less significant effect on whether a non-linear or constant 
decompression rate is used than H2O, with variation of a factor of up to 6 
when we consider only water and a variation of up to 0.6 when we 
consider CO2. For H2O and the examples considered, the intermediate to 
felsic magmas vary between a factor of 0.95 to 1.75 variation in dP/dt, 
while for mafic hot composition it varies from 0.85 to 6.

For a given eruption, we obtain different best fit dP/dt depending on 
the magma reference ascent path that we use. For instance, for the 
Pinatubo 1991 eruption, the average decompression rate obtained by 
diffusion chronometry using 200 s of ascent and a starting pressure of 
220 MPa (Table 1) is 1.1 MPa/s. When the Novarupta 1912 reference 
decompression path is used, for H2O we obtain a best fit of the constant 
model to the reference path at 0.95 MPa/s, while for CO2 it stands at 
0.48 MPa/s. If the Mt St Helens 1980 reference path is used, for H2O, we 
obtain a best fit of the constant model to the reference path at 1.42 MPa/ 
s, while for CO2 it stands at 0.45 MPa/s (Fig. 7).

4. Discussion

4.1. Interpretation of the results

The overall implication of these results is that the boundary condi
tion of the H2O and CO2 in the external melt (e.g., how the volatile 
concentrations change with time and pressure) significantly influences 
the timescales obtained from diffusion chronometry and, consequently, 
the inferred decompression rates. This effect also, to a lesser extent, 
impacts the shapes of the diffusion profiles. For the case studies we 
investigated, this effect is much stronger for H2O than for CO2, with a 
decrease in the average decompression rates by up to a factor of 7 when 
comparing constant and non-linear decompression rate models.

4.1.1. Influence of the shape of magma ascent paths
The estimated magma decompression rate from diffusion modelling 

is highly dependent on the type of magma ascent path used to model 
non-linear boundary conditions. For instance, the Llaima Curacautin 
case study using the Mt St Helens 1980 reference ascent path gives 
decompression rates that are about a factor of 7 slower than a linear 
boundary, whereas using the Novarupta 1912 reference ascent path 
gives decompression rates slower by a factor of 1.3 (Fig. 7). Overall, we 
find that mafic magmas show a higher deviation from the constant 
decompression model with a non-linear ascent path. This effect could 

Fig. 5. MagmaSat (Ghiorso and Gualda, 2015) H2O (blue) and CO2 (red) 
saturation models used as boundary conditions in the diffusion chronometry 
model of the simulated melt embayment. The chosen case study here is the Etna 
122 BCE eruption for a time of ascent of 200 s. The darker profiles correspond 
to constant dP/dt and the light profiles correspond to non-linear dP/dt. We can 
see that the dissolved volatile content stays higher (with stronger effect for 
H2O) at a given time of ascent, with a steeper decrease closer to the end of the 
ascent for H2O.
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potentially be linked to higher diffusivity of H2O and CO2 at higher 
temperature. However, there is also most likely an effect of the higher 
starting pressure for the simulation, which implies faster average 
decompression rate as all our simulations are fixed at 200 s of ascent. 
This shows that it is important to choose a magma ascent path corre
sponding to the style of the eruption or make a conduit model based on 
the known parameters of the studied eruption.

From the ranges of magma ascent paths that we used, those of the Mt 
St Helens 1980 and Etna 122 BCE have the most significant drops in dP/ 
dt towards the end of the ascent, with a magma acceleration occurring 
close to the surface (see Fig. 3B). Such a late and abrupt pressure drop 
gives less time for dissolved volatiles in the magma to exsolve and 
reequilibrate. Such an effect would be magnified if we applied a delay 
for the volatile reequilibration to simulate disequilibrium degassing, as 
may be the case in nature (Mangan and Sisson, 2000). Other magma 
ascent paths such as the Novarupta 1912 reference show a more gradual 
acceleration, and applying a constant decompression rate hypothesis at 
the boundary for diffusion chronometry affects much less the calculated 
dP/dt values (a factor of less than 1.5).

These results agree with those of Su and Huber (2017), who showed 
that constant decompression rates tended to underestimate calculated 
ascent times. They also found that the higher the nonlinearity of the 
ascent path (λ parameter in their study) the more magma ascent time 
were underestimated with a constant ascent rate hypothesis. In addition, 
Barth et al. (2019), also highlighted this ascent time underestimation 
with greater non-linearity of the ascent path and also the importance to 
couple diffusion and conduit models.

4.1.2. The contrasting effect of H2O vs CO2
The effect of using a non-linear ascent rate vs a constant one as the 

boundary condition is very different depending on whether H2O or CO2 
are used to infer the times. This is mostly due to their different solubility 
properties in the magma. CO2 is much less soluble than H2O and thus it 
begins to exsolve deeper than H2O (Fig. 5), and its concentration in the 
melt decreases early during ascent which results in a smaller influence of 
the type of boundary condition used for diffusion chronometry. On the 
other hand, H2O is more influenced as its concentration changes 
significantly during most part of the magma ascent, with the larger 
change occurring in the shallowest part of the conduit, where 

acceleration is the largest in case of a non-linear magma ascent.

4.1.3. Significance of the diffusion profile shape
We show that there is a significant difference in diffusion profile 

shape whether we are in a case of constant or non-linear decompression 
rate (Figs. 4 and 6). This shape may be a good indication to discriminate 
between the type of boundary condition that needs to be used when 
fitting natural diffusion profiles. Fig. 6 shows that for a diffusion time of 
700 s, we can expect 0.7 wt.% more H2O at 25 µm from the bubble for a 
non-linear decompression rate compared to a constant decompression 
rate. Overall, we observed that the diffusion profiles resulting from 
accelerating magma decompression rate were enriched in H2O at a given 
distance to the vesicle, which resulted in steeper slopes of the diffusion 
profiles towards the vesicle. Practically, to see this shape in natural data, 
we should focus on improving our spatial resolution when measuring 
H2O in glass in the closest 20–50 µm to the bubble. This effect would also 
exist when measuring H profiles in nominally anhydrous minerals (H in 
Olivine for example) but would not be seen in species that diffuses early 
in the ascent such as CO2.

4.1.4. Effect of temperature and boundary condition
Temperature has a major effect on diffusion coefficient and thus its 

uncertainty is often considered in the uncertainty of the obtained times 
(e.g. Costa 2021). To compare the effect of temperature uncertainty with 
that of the non-linear boundary condition, we calculated a constant 
decompression rate diffusion profile with a T = 850 ± 50 ◦C uncertainty 
on temperature with the non-linear decompression rate diffusion profile 
without uncertainty on temperature. For the case of H2O diffusion in 
embayment and taking the Etna 122 BCE eruption as reference ascent 
path (Fig. S2), we find that such a variation in temperature (100 ◦C) 
would have a similar impact on the diffusion profile compared to using a 
non-linear boundary condition. For CO2, the effect of temperature is 
more important than the boundary condition.

Finally, we also tested a non-linear temperature decrease, which can 
be implemented easily with the use of a non-linear decompression 
boundary hypothesis. Temperature is traditionally considered constant 
during the time of ascent for diffusion modelling studies and equal to the 
storage temperature, except for a few studies where thermal histories of 
the system is constrained (Newcombe et al., 2020b). However, conduit 

Fig. 6. Evolution of the H2O in melt diffusion profile for a constant decompression vs a non-linear decompression. The non-linear boundary condition results in a 
steeper slope towards the boundary compared with the constant boundary condition, with overall more H2O remaining in the melt for in the non-linear case at a 
given distance compared to the constant case.
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models have shown that the result of all the thermodynamic reactions 
occurring during magma ascent (crystallisation, volatile exsolution, 
pressure drop, volume variations between gas and melt phases, etc.) 
contribute to a drop in temperature that can be as much as 100 ◦C for 
mafic plinian eruptions (La Spina et al., 2015; Arzilli et al., 2019; 
Bamber et al., 2022). For the case of the Etna 122 BCE eruption, the drop 
in temperature in our conduit model was about 60 ◦C with most of it 
occurring in the last part of the decompression. The effect of this tem
perature drop on the final diffusion profile is negligible and not even 
visible if the constant temperature and non-linear temperature profiles 
are plotted together. Therefore, we consider that this effect of temper
ature can be ignored compared to the effect of the overall non-linear 
decompression rate.

4.2. Example with natural data

We tested our modelling approach to fit data from H2O diffusion 
chronometry in a plagioclase melt embayment (embayment RDP18RE2) 
from the 1600 BCE Minoan eruption of Santorini and compare the 
timescales with results from the literature (Fig. 8 – Myers et al., 2021) . 
For this, we used the code developed by Hosseini et al. (2023) that we 

compared with our own developed routine using non-linear decom
pression conditions at the boundary. We found a difference in ascent 
time of a factor of 2.26 which corresponds to a slower magma ascent rate 
with the non-linear decompression path. Using the total change in 
pressure of dP=175 MPa (Table 1) and the times obtained for the con
stant and non-linear boundary conditions, we obtain average dP/dt of 
1.31 MPa/s and 0.58 MPa/s respectively. This illustrates the importance 
of considering non-linear decompression rate at the boundary. Such an 
effect is even more significant for hotter magmas of mafic composition 
for which a single decompression rate model overestimates magma 
ascent rates by a factor of at least 2 (Fig. 7, Table 2).

4.3. Implication for future work

This study shows that considering a more realistic volatile change at 
the boundary of a melt embayment or crystals for modelling diffusion 
profile can have significant effects on the obtained timescales. This 
should be considered when modelling any volatile diffusion profile in 
melt and crystals from volcanic systems when the saturation model of 
the studied volatile species can be constrained.

In this study we explored the effect of four different non-linear 

Fig. 7. Comparison of the two types of boundary conditions – the mean of the non-linear decompression rate and the constant decompression rate. Results are for 
H2O and CO2 in the case of forward diffusion modelling of H2O-CO2 diffusion in melt embayments. As reference for the non-linear profile, we use the Novarupta 1912 
and Mt St Helens 1980 reference ascent paths (additional cases with ascent paths derived from the Santorini 1600 BCE and Etna 122 BCE eruptions are shown in 
supplementary Fig. S1). The red lines are the 1:1 lines for which the average dP/dt obtained from the diffusion profile with the non-linear boundary condition equals 
the constant dP/dt used at the constant boundary condition. The grey dotted lines are parallel to the 1:1 red line with equal spacing every 25 % and the grey 
continuous line represents every 100 % difference to the 1:1 line. Eruptions are color-coded based on their pre-eruptive temperature (Table 1). The eruptions of 
interests (Kil: Kilauea 1992; Font: Fontana Lapilli, Masaya; Etna: Etna 122 BCE; Cur: Llaima Curacautín; Rab: Rabaul - Tavurvur 2006 sub-plinian eruption phase; Rin: 
Rinjani 1257 CE; MSH: Mt St Helens 1980 plinian phase; Ves: Vesuvius 79 CE; Sant: Santorini 1600 BCE; Chai: Chaiten 2008 plinian phase; Pin: Pinatubo 1991 
plinian phase; Tau: Taupo Oruanui; LV: Long Valley Bishop Tuff) for a common 200 s of ascent.
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reference ascent paths, with timescales of ascent varying from a factor of 
1.5 to 7 depending on the chosen path. For future studies, a wider va
riety of ascent paths could be used. One way would be to parameterize a 
large number of ascent paths and use them to fit natural data in order to 
constrain a range of potential ascent profiles from the best fitting ones. 
Another aspect could be to build an accurate conduit model for the 
eruption of interest based on petrological parameters (P, T, X, volatile 
content, etc.) and use it to fit natural data.

We also showed that one way to distinguish between non-linear and 
constant decompression in natural data is a high instrumental resolution 
when measuring volatile concentration close to the outside boundary 

(bubble or crystal border) to better capture the shape of the diffusion 
profile. Steep gradients in the diffusion profiles are likely the result of 
accelerating magma decompression.

Another way to track changes in magma decompression rate is to use 
diffusion chronometry with different volatile species. Here we showed 
that CO2 could give information on deep ascent rates while H2O on 
shallow processes. It is also possible to combine timescales from the 
diffusion of one element (H2O) in different systems to assess different 
times of the ascent (Lloyd et al., 2014). Adding other volatiles such as S 
or Cl, would give yet another perspective for a more realistic under
standing of magma ascent. This approach is already being tested by 
combining different methods to extract magma ascent rate, for instance 
by combining microlite number density water exsolution rate meter 
(Toramaru et al., 2008) with H2O diffusion chronometry in embayment 
to probe the deep and shallow part of the ascent (Harris et al., 2024).

Therefore, we suggest two main approaches: (1) considering both 
constant and non-linear decompression rate to test the importance of the 
boundary condition for the studied samples, and (2) measuring and 
modelling as many diffusion profiles as possible for various phases to 
better constrain the range of dP/dt in an eruption. We have shown 
(Fig. 1) that different crystals or melt pockets may not register the same 
decompression rates, and a range of results from them would be statis
tically more informative on the physical processes occurring during 
magma ascent than those from a single phase/melt/crystal.

Finally, combining diffusion modelling with conduit modelling is a 
good approach to add some physical meaning to the timescales we 
obtain. This coupling would help to better inform conduit models with 
natural data, and allow better testing if our physical models of eruptions 
truly apply and are detailed enough to explain natural data. Having 
more accurate and physically constrained timescales would be of great 
help to models used to make probabilistic scenarios of eruptions at a 
given volcanic system for crisis management and response.

5. Conclusion

Integration of diffusion chronometry with magma ascent simulations 

Table 2 
Comparison of obtained dP/dt from the least-square regression of the best fit of 
the non-linear boundary condition (NL) in the diffusion profile by the constant 
boundary diffusion profile. These values were obtained from H2O diffusion, 
using the Etna 122 BCE reference ascent path for the non-linear boundary 
condition. The values for CO2 and the other ascent paths are reported in sup
plementary material.

Eruption dP/dt constant 
(MPa/s)

Average dP/dt Non- 
linear (MPa/s)

dPdtcste/ 
dPdtNL

Kilauea 1992 2.0 0.27 7.1
Etna 122 BCE 1.4 0.80 1.7
Masaya 60 ka BP 0.55 0.30 1.9
Llaima 13.3 ka 

BP
3.0 1.0 3.0

Vesuvius 79 AD 0.81 0.75 1.1
Rabaul 2006 0.80 0.50 1.6
Samalas 1257 CE 0.59 0.50 1.2
Santorini 3600 

BP
0.95 0.87 1.1

Mt St Helens 
1980

1.1 1.0 1.1

Chaiten 2008 0.73 0.60 1.2
Pinatubo 1991 1.0 1.1 0.94
Long Valley 760 

ka BP
0.85 0.75 1.1

Taupo 25.7 ka BP 0.61 0.45 1.4

Fig. 8. Natural data from the plagioclase embayment RDP18RE1 from the 1600 BCE eruption of Santorini collected by Myers et al. (2021). The red fit corresponds to 
the best-fit found by Myers et al. (2021) using a volatile saturation model based on a constant decompression rate as a boundary condition. The blue fit is found using 
a non-linear decompression rate boundary condition on which a MagmaSat saturation model corresponding to the Santorini 1600 BCE eruption was projected. These 
parameters were then used to run the diffusion model (see Table 1). The time t in the legend, corresponds to the total diffusion time necessary to obtain the fits with 
both methods.
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shows that non-linear magma ascent can have a significant effect on the 
inferred decompression rates from diffusion profiles of H2O and CO2 in 
glass and/or crystals. Incorporating a non-linear boundary condition can 
give a time estimate up to a factor of 7 slower compared to a constant 
boundary. This change is highly dependent on the magma ascent path, 
with steeper acceleration of magma decompression rate close to the 
surface having a large influence. Besides, the shape of the measured 
diffusion profiles can be a good indicator of whether the magma 
decompression rate was constant or accelerating with a distinct steeper 
decrease in H2O content close to the outside boundary (bubble or crystal 
border) in the case of non-linear ascent. This type of ascent path can be 
detected by high-resolution measurement of H2O in the closest 10 s of 
micrometres of the outside boundary. In addition, magma decompres
sion rates calculated from CO2 diffusion chronometry in melt embay
ments will hardly be affected by the change in boundary condition, 
while estimates from H2O diffusion chronometry in melt embayments 
will be greatly affected. This process is not only restricted to embayment 
diffusion chronometry, but should be considered when calculating 
magma decompression rate from diffusion of any volatile species in melt 
and crystals.
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