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Abstract Many active volcanoes around the world alternate episodes of unrest and mildly explosive
eruptions with quiescent periods dominated by abundant but passive gas emissions. These are the
so-called persistently degassing volcanoes, and well-known examples are Mayon (Philippines) and Etna
(Italy). Here, we develop a new lumped-parameter model to investigate by how much the gas released during
quiescence can decrease the pressure within persistently degassing volcanoes. Our model is driven by the
gas fluxes measured with monitoring systems and takes into account the size of the conduit and reservoir,
the viscoelastic response of the crust, the magma density change, the bubble exsolution and expansion at
depth, and the hydraulic connectivity between reservoirs and deeper magma sources. A key new finding is
that, for a vast majority of scenarios, passive degassing reduces the pressure of shallow magma reservoirs
by several MPa in only a few months or years, that is, within the intereruptive timescales of persistently
degassing volcanoes. Degassing-induced depressurization could be responsible for the subsidence observed
at some volcanoes during quiescence (e.g., at Satsuma-lwojima and Asama, in Japan; Masaya, in Nicaragua;
and Llaima, in Chile), and could play a crucial role in the onset and development of the physical processes
which may in turn culminate in new unrest episodes and eruptions. For example, degassing-induced
depressurization could promote magma replenishment, induce massive and sudden gas exsolution at depth,
and trigger the collapse of the crater floor and reservoir roof.

1. Introduction

Some of the most active volcanoes around the world are the so-called persistently degassing volcanoes
(e.g., Mayon, Philippines; Masaya, Nicaragua; and Etna, Italy). Their activity consists of unrest episodes,
sometimes culminating in mildly explosive eruptions, which alternate with periods of steady passive gas
emissions lasting for a few months or years [e.g., Shinohara, 2008; Siebert et al., 2010]. The amount of gas
released during these passive periods can be constrained by measuring the fluxes of the predominant
volcanic gases (H,0, CO,, and SO,) in volcanic plumes and high temperature fumaroles [e.g., Stoiber et al.,
1983; Symonds et al., 1994; Andres and Kasgnoc, 1998; Oppenheimer et al., 1998; Galle et al., 2002; Aiuppa
et al,, 2007; Sawyer et al., 2008; Johansson et al., 2009; Boichu et al., 2010; Galle et al., 2010]. These
measurements show that persistently degassing volcanoes like Stromboli can release passively up to
6,000-12,000t/d of gas [Allard et al., 1994], Etna emits up to 21,000 t/d [Aiuppa et al., 2008], and Masaya and
Satsuma-lwojima volcanoes release about 14,000-16,000 t/d [Burton et al., 2000; Kazahaya et al., 2002;
Martin et al., 2010].

Steady gas fluxes of several kilotonnes per day during months or years of quiescence have been explained
through two different approaches. In the first approach, gas-magma separation occurs at shallow levels at the
top of an open magma conduit. In this case, mean degassing rates are mostly limited by the rate at which
volatiles are transported from the magma reservoir to shallow levels, which can occur via steady state
magma convection in the conduit [e.g., Kazahaya et al., 1994; Stevenson and Blake, 1998; William-Jones et al.,
2003; Harris et al., 2005; Burton et al., 2007; Shinohara and Tanaka, 2012]. In the second approach, gas-magma
separation occurs at deep levels within a magma reservoir. In this case, mean degassing rates are mostly
limited by the transport of volatiles within the reservoir [e.g., Simakin and Botcharnikov, 2001], the ascent
velocity of bubbles through the magma [e.g., Vergniolle and Jaupart, 1986; Pioli et al., 2012], or the
permeability of the magma conduit [e.g., Edmonds et al., 2001; Okumura et al., 2008; Divoux et al., 2011; Polacci
et al., 2012]. Despite all these studies focused on passive degassing, only a few researchers have suggested
that the gas lost during quiescence could decrease significantly the pressure within magma plumbing
systems [Simakin and Botcharnikov, 2001; Iguchi et al., 2002].
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Figure 1. Sketch of a persistently degassing volcano illustrating the
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levels, and it captures the long-term
(from months to years) overall trend of
the pressure change. Determining the
pressure changes induced by passive
degassing is crucial for a better
understanding of the evolution of the
magma plumbing systems and for
improving the interpretation of the
monitoring signals of active volcanoes
[Sparks, 2003].
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passive degassing is not straightforward
given the complex processes that occur

main features that we incorporate in the model. A magma reservoir is within magmatic systems. For instance,
connected to a well-developed open conduit filled with magma up to bubbles nucleate and grow, ascend
somewhere close to the surface, such that the pressure in the reservoiris  through the melt, and may accumulate

mainly hydrostatic during quiescence. Hence, weight changes within the
conduit induced by degassing will cause pressure changes in the reser-
voir. The reservoir can be hydraulically connected to a deeper magma

beneath viscous magma layers or
geometric barriers [e.g., Sparks, 1978;

source through a cylindrical dyke, and gas finally escapes through a Patrick et al., 2011]. Viscous foams may
crater that can be covered or not by a permeable dome [e.g., Shinohara,  form and collapse in the upper part of
2008]. For description of the parameters, see Notation section. the conduit or at the reservoir roof,

causing rise and fall of the magma level

[Dibble, 1972; Jaupart and Vergniolle, 1988; Orr and Rea, 2012], and gas slugs may travel through the conduit
generating long and very long period seismicity [e.g., Vergniolle and Jaupart, 1986; James et al., 2006]. Even
more complexities arise if we consider degassing-induced crystallization [Lipman et al., 1985; Metrich et al.,
2001], magma circulation transporting volatiles from the reservoir to the conduit [e.g., Shinohara, 2008],
magma intrusions from deep sources to the reservoirs [e.g., Blake, 1981], or the response of the crust to
pressure changes [e.g., Dzurisin, 2007]. Here we address the problem by considering the following conditions:

1.

An idealized system in which a magma reservoir is connected to an open cylindrical conduit filled with
magma (see Figure 1) [e.g., Shinohara, 2008; Tanaka et al., 2008, 2009]. The depth of magma reservoirs
ranges between 3 and 10 km [e.g., Dzurisin, 2007], and the radius of the conduit can vary from a few to up
to 100 m (5-10 m, Stromboli; 40-60 m, Mount St. Helens; 100 m, Satsuma-lwojima) [e.g., Pallister et al.,
1992; Stevenson and Blake, 1998, 2009]. The volume of the magma reservoir of a given volcano is typically
assumed to be on the same order or one order of magnitude larger than the volume of magma extruded
in its largest eruptions [e.qg., Dzurisin, 2007; Siebert et al., 2010]. Therefore, reservoir volumes of
persistently degassing volcanoes likely range between 107 and 10° m?, even though a larger reservoir of
10"° m? has also been proposed for Masaya [Walker et al., 1993].

2. The magma pressure within the reservoir is mainly magmastatic [e.g., Simakin and Botcharnikov, 2001].

Hence, the pressure change 4P in the reservoir can be calculated from the mass change of magma
within the conduit. For simplicity, we consider that the whole conduit is subjected to the same pressure
change as the reservoir and that the mass of gas inside the conduit is always much lower than the mass
of bubble-free magma (liquid and solid phase). In the rest of the paper, we refer to the bubble-free
magma as melt, which is considered incompressible.
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3. The melt inside the magma conduit is described as a mixture of two melts with different dissolved volatile
content and therefore with different densities [e.g., Stevenson and Blake, 1998; Kazahaya et al., 2002;
Shinohara, 2008]. The maximum mass fraction of volatiles that can exsolve and escape from the melt n,
depends on the mechanism of degassing. If gas separation occurs in the reservoir, n,=n, where n, is the
maximum mass fraction of water that can exsolve at the pressure of the reservoir. If gas separation occurs at
shallow levels in the conduit, n, = n., where n.is the maximum mass fraction of water that can exsolve at the
pressure of the upper part of the conduit. It is satisfied that n, < n.<a, where a is the mass fraction of
volatiles that were initially dissolved in the melt (from here on, we refer to the melt prior to gas exsolution
as parent melt). We also assume that the mean rate of conversion from the parent melt to the fully degassed
melt (i.e, melt that exsolves a mass fraction of volatiles given by n,) equals the mean degassing rate Q
[e.g., Kazahaya et al., 1994; Stevenson and Blake, 1998].

4. Persistently degassing volcanoes release gas at a mean rate Q ranging between 1 and at least 10 kt/d
[Allard et al., 1994; Burton et al., 2000; Kazahaya et al., 2002; Aiuppa et al., 2008; Martin et al., 2010].
Mean degassing rates during quiescence are considered constant, and thus we calculate the long-term
(from months to years) pressure change in the reservoir due to steady gas loss [Shinohara, 2008].
Continuous gas emissions can in principle occur as long as the mass of volatiles released is lower than the
mass of volatiles initially dissolved in the conduit-reservoir system.

5. The gas solubility depends only on pressure, and gas exsolution within the reservoir occurs at thermody-
namic equilibrium according to Henry's law [e.g., Huppert and Woods, 2002]. We consider constant tem-
perature T within the system, neglect crystal content in the reservoir, and calculate the mass of gas within
the reservoir considering a given mean depth. (Figure 1). Gas expansion occurs in the reservoir and conduit
following the ideal gas law. This allows us to account for the compressibility of bubble-bearing magmas.

6. The volume of melt decreases because of the exsolution of water during passive degassing [Simakin and
Botcharnikov, 2001]. We neglect volume changes of melt that are due to the exsolution of other less abun-
dant volatiles [e.g., Allard et al., 1994; Kazahaya et al., 2002].

7. The magmatic system is embedded in a half space with a Maxwell viscoelastic rheology characterized by a
bulk modulus k and an effective viscosity u [Jellinek and DePaolo, 2003]. This has been successfully used at
volcanoes like Long Valley [Newman et al., 2001] or Etna [Del Negro et al., 2009]. The typical value of the
bulk modulus of pristine rocks is in the range of k=10'"—10"" Pa [e.g., Blake, 1981; Touloukian et al.,
1981], and the effective viscosities of the upper crust range between 1 =10"" and 10°° Pa s [Jellinek and
DePaolo, 2003].

8. The reservoir can be permanently connected to a deeper magma source through a narrow cylindrical
dyke (up to a few meters radius), which can lead to magma replenishment in the reservoir described
by a well-developed Poiseuille flow [e.g., Pinel et al., 2010]. Note that this replenishment is not a requir-
evment to sustain passive degassing as long as the mass of gas released is not larger than the mass of
volatiles that were initially within the conduit-reservoir system [e.g., Shinohara, 2008; Simakin and
Botcharnikov, 2001].

In the following, we derive a time-dependent model that accounts for the mass change by degassing, volume
change of the volcanic system, gas expansion at depth, magma density changes, and magma replenishment.
With this model, we perform a parametric analysis to assess the effect of passive degassing on the pressure
evolution of magma plumbing systems within the intereruptive timescales of persistently degassing
volcanoes (<10 years). Then, we discuss the implications of our results.

3. Pressure Change Model for Persistently Degassing Volcanoes During Quiescence
The pressure change with time AP(t) within the magma reservoir can be calculated from the hydrostatic

equation as (conditions (1) and (2)):

[Mg(t) + mmc(t)]g
7R(t)°

AP(t) = P(t) — P(to) = — P(to) (1

where P(t) and P(t,) are the pressure in the reservoir at time t and at the reference time ty =0, respectively, g is
gravity, R(t) is the radius of the conduit, and mg (t) and mp, ((t) are the mass of gas and melt within the column
of length L, respectively, where the magma can move up and down [e.g., Jaupart and Vergniolle, 1988; Harris
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and Ripepe, 2007; Boichu et al., 2010; Patrick et al., 2011; Orr and Rea, 2012]. Note that L comprises of the
conduit length and a portion of the magma column D which is within the reservoir (up to the mean depth of
the reservoir, see Figure 1). As we will show later, there are several terms needed to calculate AP(t) that
depend on the rate of pressure change. Therefore, we take here the time-derivative of equation (1) for
convenience, which is given by:

dAP (t) :gmmyc(t){ 1 {dmgvc(t) dm,m(t)} _RidR(t)}

dt 7R(t)? \Mmc(t) [ dt LT (t) dt @)

We have assumed here that m,,, [(f) » my (t) at any time (condition (2)). Note that m (t) must not be neglected
prior to taking the derivative of equation (1) because we would omit the term dm, (t)/dt, which in principle
cannot be neglected when compared with dmp, (t)/dt. By replacing mp, (t) by p, (£)Vm ((t) and my,(t) by
Pgc(t)Vgc(t), wherep, (t) and p, (t) are the mean densities of melt and gas inside the column, respectively,
and Vp, ((t) and V, ((t) are the volumes of melt and gas inside the column, respectively, we can obtain:

dAP (1) G Pmc(O)Vimc(D) 1 - dVg (D) dpg(t)
T {mAUMAOP”m a0y

Vet dimel®)] 2 4RO

0022 1y, (o Pocl] 2 SO g

The volume of gas inside the column of length L can be also written as V; (t) =Rt — Vim <(t). By replacing
this in equation (3), and considering that 5, (t) is at least one order of magnitude larger than j, (t), we get:

dAP (1) _ 9hmc(Vmc(®)] 1 dpmc(t) [nR(t)ZL - Vm(t)]d Pac(t)

dt ”R(t)z ﬁm.c(t) dt ﬁm,c(t)vm-,c(t) dt
1 dVpme(t) TR(t)*L pgc ()] 2 dR(t)
Vet P%NMQJMUW} @

In the following, we determine each of the derivatives of the right-hand side of equation (4).

3.1. Mean Density of Melt in the Column (p,, (1))

The mean density of melt in the magma column 5, .(t) is approximated by (condition (3)):
ﬁm,c(t) = Vc(t)pd + (1 - Vc(t))pd (5)

where p., is the density of the more degassed melt in the column and p; is the density of the less degassed
(or fully undegassed) melt. The term y.(t) is the volume fraction of the more degassed melt in the magma
column, and it is by definition y.(t) = Vi, ¢1(6)/Viy, ((t), where V,, 1(f) is the volume of the more degassed melt.
From equation (5), its derivative, and the definition of y.(t), the term dg,, .(t)/dt in equation (4) can be
replaced by: '

dﬁm‘c(t) dyc(t) YC(t)ApLZ 1 de,c] (t) . dvmc(t)

dt 2T dt T V) ot dt dt

(6)

where Ap > =pc1 — pez- The value of y(t), and hence the value of g, .(t), depends on the mechanism of
degassing. For volcanoes in which gas-magma separation occurs in the reservoir and bubbles escape
through a permeable degassed magma conduit [e.g., Pioli et al., 2012; Divoux et al., 2011], the volume fraction
of the more degassed melt in the column is constant, and therefore,dg,, (t)/dt~0andp,, .(t) is constant. For
volcanoes in which gas-magma separation occurs at shallow levels via stéady state convection in the conduit,
y(t) is also roughly constant since the volume of the fully degassed melt sinking from the conduit to the
reservoir is replaced continuously by less degassed melt rising from the reservoir to the conduit [e.g.,
Shinohara, 2008]. In this case, equation (6) is also zero and g, .(t) is constant as well.

An end-member case with a maximum change of 5, (t) during quiescence would be a volcano in which gas
separation occurs at shallow levels without steady state convection in the conduit. In such a case, the system
would not be gravitationally stable because the denser melt would be on top, but it might be a realistic
possibility since the ability for convection also depends on the radius of the conduit and melt viscosity
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le.g., Stevenson and Blake, 1998]. For this scenario, Vi, 1(1), y(t), and j, () increase progressively with time as
long as the whole conduit is not degassed. Below we show how to obtain the term dV,,, .1 (t)/dt of equation (6)
for this end-member scenario.

By considering conditions (3) and (4), we can state that:

|, 7)
where n, is the mass fraction of volatiles that can exsolve and escape from the melt at the gas-magma
separation level, p,q is the density of the parent undegassed melt, and the term dV{ngeq/dt]4 is the rate of
volume change of undegassed melt in the conduit-reservoir system due only to degassing. This means that
dVindeg/dt|q does not account for the increase of undegassed melt because of replenishment. From mass
conservation, it is also satisfied that:

dVdeg (t) qundeg A

O i o e Bl ®)

where p,=p when gas separation occurs in the conduit and p,=p, when gas separation occurs in the
reservoir, such that p, is the density of the degassed melt of the reservoir. In other words, p, is the melt density
at the separation level. The term dVqe4(t)/dt is the rate of volume change of fully degassed melt (i.e., melt that
has exsolved a mass fraction of volatiles n,) in the conduit-reservoir system. By combining equations (7) and
(8), we get:

dVaeg(t) (1 —ny)Q
dt  nep, )

Hence, if we impose that all the melt degasses and stagnates in the conduit, the term dV,, .(t)/dt takes
the form:

AV (t) (1 —n)Q
dt  ncpg (10)

In such a case, y(t) can be calculated from:

7e(t) = 7 (to) \\/,':;;((t:)) rfjp; r‘;crj,itt)

Vc(t) =1 if Vma (t) > Vm,c(t) (12)

if Vma(t)SVmc(t) (11

which is obtained from the definition of y(t) and after integrating equation (10). Below we write equation (6)
in a compact form that accounts for all the possible scenarios we have mentioned:

(13)

Bme(t)  7(6)Ap1 AT {(1 — )0 dvm,c<t>}

da Vine(t) 7e(ONc per T

where A* is an indicator variable whose value is 0 when 5, (t) and y(t) are constants and 1 when the
degassed melt accumulates in the column.
3.2. Density of Gas in the Column (5, (t))

If we consider that the pressure change within the column is the same as the pressure change in the reservoir
(condition 2) and that the mean density of gas within the column j, (t) can be described with the ideal gas

law (condition 5), the term dj,, .(t)/dt of equation (4) is given by:

dgc(t) _ My,o dAP (t)
dt  R,T  dt

(14)

where My, 0 is the molecular weight of water, T is the temperature of the magma, and R is the universal
gas constant.
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3.3. Volume of Melt in the Column (V,, ((t))

To calculate the rate of volume change of melt in the column V,,, ((t), we can consider that the volume of melt
in the conduit-reservoir system V,,(t) is given by:

Vin(t) = Vi (t) + Vin e (t) — 7R(t)*D (15)

where V,, ,(t) is the volume of melt in the reservoir and D the portion of the magma column which is within
the reservoir, as explained above. The last term of equation (15) is included to avoid accounting twice for the
volume of melt inside the portion of magma column of length D (see Figure 1). The derivative of V(1) is:

dVi(t)  dVip,(t) N dVm (1)

dR(t) . dVd(t) +dvrep(t)
dt  dt dt -

dt dt dt (16)

— 2zR(t)D

where dV,(t)/dt is the rate of volume decrease of melt in the conduit-reservoir system due to gas exsolution
and dV,.p(t)/dt is the rate of volume increase of melt if there is replenishment. After rearranging terms,
dV,, (t)/dt in equation (4) can be replaced by:

dR(t)

AVinc(t)  dVg(t)  dVm,(t)  dViep(t)
dt

= + + 2zR(t)D

dt dt dt dt a7)

In the next subsections, we determine the first three derivatives of the right-hand side of the equation above.

3.3.1. Volume Decrease of Melt due to Degassing (V,(t))
The rate of volume decrease of melt because of degassing can be found by rewriting equation (16) as:

de(t) o dvd(t) dvrep(t) _ dvdeg(t) dvundeg(t)

d =~ dt dt dt dt (18)

where dV,nq4eq(t)/dt is the rate of volume change of the parent undegassed melt in the conduit-reservoir
system due to degassing and replenishment. Hence, dVnqeq(t)/dt can be written as:

qundeg(t) _ dvundeg(t) + dvrep(t) (1 9)
dt da |, dt

The first-term of the right-hand side of equation (19) is the same as in equation (7), and with the second term,
we consider that the replenished magma is completely undegassed. By replacing equation (19) in equation
(18), and using equations (7) and (9), we get:

dvg(t) (1—n)Q Q Q

= —~ =-= (20)
dt Nx Px NxPna Pw

where we have defined p,, =Ny px pnd/[px — (1 — NYpndl- For ny=a, px=pc1, and by neglecting degassing-
induced crystallization, the term p,, can be interpreted as the partial density of water dissolved in anhydrous
melt [Simakin and Botcharnikov, 2001].

3.3.2. Volume of Melt Within the Reservoir (V,,, (t))
The volume of melt within the reservoir V,, (t) depends on the volume of gas that is exsolved at time t in the
reservoir Vg (t) and on the size of the reservoir itself V,(f). It can be written as:

Vmﬁr(t) = Vr(t) - Vg.r(t) (21)
Therefore, the rate of volume change of melt in the reservoir dV,, (t)/dt can be calculated from:

dVim, (1) dV,(t) 1 dmg,(t) mg,(t) dpg,(t)
= — = +— 2 (22)
dt dt g, (t) dt Par(t) dt

where g, .(t) and mg,(t) are the mean density and mass of gas in the reservoir, respectively. In the following,
we approximate the mass of gas in the reservoir by my (t) = n(t)p,4V,(t). By assuming thermodynamic
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equilibrium, considering only water vapor (condition 6), and neglecting crystal content, n,(t) is after Henry's
law [e.g., Huppert and Woods, 2002]:

n.(t) = a — S [P(to) + AP(1)]'/? if o> S[P(to) + AP(t)]'/? (23)

n(t) =0 if o< S[P(to) + AP(t)]'? (24)

where S=4%10~ 6 Pa— "2 for water and P(t,) is the initial pressure as in equation (1). The actual mass fraction of
exsolved volatiles n,(t) in a magma reservoir could differ from the values given by equation (23) if gas-magma
separation occurs at depth. For example, n,(t) could be larger if some bubbles accumulate progressively

with time beneath the reservoir roof [Jaupart and Vergniolle, 1988] or could be lower if bubbles can escape from
the reservoir very rapidly once they form (the so-called open-system degassing). By using equations (23) and
(24), we will gain a first-order insight about the coupling between depressurization induced by degassing
and gas exsolution in the reservoir. If we use again the ideal gas law (condition 5), the mean density of gas in the
reservoir g, ,(t) is given by:

X [P(to) + AP (1)|My,0

Pgs(t) = (25)
ar RyT
On the other hand, the volume change of the reservoir V,(t) with time can be described from the
generalization of the Maxwell viscoelastic model (condition 7) as [Jellinek and DePaolo, 2003]:
dv,(t) V,(t)dAP (t V, (t)AP (t

dt  k dt P

being k the bulk modulus of rocks and u the effective viscosity of the crust. Therefore, the time derivative of
the melt in the reservoir dV,,, (t)/dt, after combining the derivatives of equation (23)-(25) with equations (26)
and (22), is given by:

Vi () _ {{1 m(t)pnd}v,m PnaVr(t)S*B" m(t)pndv,(r)MHzo}dAP(t)

dt  her0) | kT 20,(t)(a— ni(1) Por(t)RgT dt
+ {1 _ ”piifr)g,;d} V’T(t)AP(t) 27)

where B* is an indicator variable whose value is 0 if a < S[P(t,) + AP()]'%, and thus when there are no bubbles

in the reservoir (n,(t)=0), and 1 if a > S[P(to) + AP(t)]"%, and thus when there are bubbles in the reservoir
(n/t) > 0).

3.3.3. Volume of Replenished Melt (V,¢,(t))

If there is connectivity between the reservoir and deep magma sources through dykes [e.g., Blake, 1981],
magma refilling from deep sources to the reservoir during quiescent periods is possible. If we assume a
quasi-steady state approach (condition 8), the volumetric rate of replenished magma can be approximated
by the volumetric rate of a well-developed Poiseuille flow inside a dyke [e.g., Pinel et al., 2010]. Thus, we get:

dVyep(t)

S = HO(Pt) — P(1) ~ Pa) (28)

where P(t) is the pressure in the magma source, P(t) is the pressure in the shallow reservoir as in equation (1),
and Py, is the hydrostatic pressure exerted on the source by the weight of magma inside the dyke. A(t) is the
hydraulic strength of the connectivity between the shallow reservoir and the deep source, which depends on
the geometry of the dyke and the rheology of the magma. The above equation can be also written as:

dVrep(1)

W= 0P (1) - AP (1) (29)

where 4P; (t) is the overpressure of the source and is defined as AP(t) = Py(t) — P(to) — Ps,. Equation (29) shows
that magma refilling during quiescence at persistently degassing volcanoes can be induced by
pressurizations of the deep magma source but also by depressurizations of the shallow reservoir. For a
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cylindrical dyke connecting the reservoir with the feeder source and a Newtonian magma rheology, the
hydraulic strength is given by [e.g., Pinel et al., 2010]:

i) = R
T 8Muyg

(30)

where R; and M are the radius and the length of the dyke, respectively, and u,q is the viscosity of the
replenished magma (undegassed melt). Magma cooling and crystallization can be important within
narrow connecting dykes, which can vary the hydraulic strength A(t) by decreasing the dyke radius,
increasing the magma viscosity, and inducing the onset of yield strength in the magma [e.g., Costa
and Macedonio, 2003; Melnik and Sparks, 2005; Bruce and Huppert, 1989; Kavanagh and Sparks, 20111. In
turn, the cooling rate within the dyke varies with the pressure difference between the magma source
and the reservoir [e.g., Bruce and Huppert, 1989], and thus, the hydraulic strength also depends on AP
(t). A detailed analysis of the coupling between thermal variations within the dykes, and variations of
the hydraulic strength depending on AP (t), is beyond the scope of this paper. But we will use
equations (28)-(30) to gain a first-order insight about the coupling between depressurization induced
by degassing and magma replenishment.

3.4. Radius of the Conduit (R(t))
We calculate the radius change of the conduit by applying the Maxwell viscoelastic approach (equation (26))
to a cylinder (condition 7). In such a case, we get:

dzR(t)*(L — D) :nR(t)z(L —D)dAP (D) 7R(t)*(L — D) AP (t)

dt k dt P 31

And obviating the variations of the length L — D, we finally obtain:

dR(t) _R(t) dAP (1)  R(t) AP (1)

dt 2k dt 2u (32)

A more accurate formulation can be found in the literature for the elastic term of the deformation [e.g., Young
and Budynas, 2002], but our simplification gives the same order of magnitude for the radius change. Hence,
we use equation (32) for simplicity.

3.5. The Final Compact Equation

A compact equation for the depressurization rate can be obtained by combining the above equations. If we
replace equation (13) in equation (4), we get after rearranging terms:

dt 7R(t)* Ne perPm.c(6)Vmc(t) Pmc(O)Vmc(t) dt

i (1_yc<t>Ap1,2A*>dvm,c<r> _[1_nR<t>2Lﬁg,c<r>] 2 dR(t)}

dAP (1) _g ﬁm,c(r)vm,c(t){ (1 = nc)QAp; LA* [ﬁR(t)ZL - thc(t)]dﬁgﬂc(t)

Tvm-C(t) ﬁm,c(t) dt ﬁm,c(t)vm‘c(t) R(t) dt
(33)

The term y(t)4p; ;A" /p . (t) Of the above equation is at least one order of magnitude lower than one, given
that 4p, ; is at least one order of magnitude lower than 4, .(t) and y(t) <1. By taking this into account and
replacing equation (17) in (33), we get:

4AP (1) 9/meVine(t) [ (1 =n)08p A" [FROPL—VinelO)dg ()

dt ﬂR(t)z nc pdpAm,c(t) Vm,C(t) pAm.c(t) Vm,C(t) dt
1 [dVa(t) _ dVme(t) | dVe(®)] |, TR(t)’Lp, (1)  zR(t)*D] 2 dR(t)
Vee@ | dt dt | dr }_ T o OV Vme(t) |R(E) Et 4
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Since pg (1)< ppm (1), Vim (1), and 7R()’L are on the same order of magnitude, and D <L, the terms

7R(t)’L Pgc(O)/Pmc(t)Vmc(t) and 7R()?D /V,, (t) are also at least one order of magnitude lower than
one. Therefore, by neglecting these terms, and replacing equations (14), (20), (27), (29), and (32) in
equation (34), we obtain after rearranging terms:

dAP (t)  Ci(t) + Ca()AP (t)

d Cs(t) (33)
being
| =n)Ap A1
C1(t - |: nde/jm,c(t) Pw Q+}V(t)APS (t) (36)
_ )|y ZPrOpng| Vr(0) Vine(t)
G(t) = {[1 pAg,r(t):| 4 +A(t) + u } (37)
_ ”R(t)z V(1) _”r(t)/’nd V,(t) PndVr(t)SzB*
“O=g50 kT @,(t)] K " 254, (00— n(©)

N (6)pngVi(t) _ ”R(t)zL — Vine(t) | Mhyo

[ Por 0] Prmel®) ]Rgr 8

The term [nR(t)ZL — Vm‘c(t)}MHZO/[ﬁm,C(t)RgT] of equation (38) is also one order of magnitude lower than

the term zR(t)*/ lg ﬁmyc(t)} for typical magma temperatures. Hence, the parameter C(t) can be simplified to:

G(t) = nR(t)’ + Vine (1) + {1 - n’(t)pnd] Vi(t) PV (t)S*B* N (0)pngVr (t)Mhy0

B gﬁm,c(t) k ﬁgtr(t) k szg,r(t)(a - n,(t)) /597,(1')2 RQT (39)

The pressure change with time AP(t) can be calculated by integrating equation (35) from the values of melt
density, the size of the conduit and magma reservoir, the mean flux of water vapor, the viscoelastic properties
of the host-rock, the hydraulic strength of the connectivity between the reservoir and deeper magma
sources, and the gas content in the reservoir (equations (36)-(39)).

3.6. Analytical Solutions

A numerical scheme is required to solve equation (35) in a general case, even though a simple analytical
solution can be obtained if we approximate C;(t) = C;(to), Cy(t) = Cy(to), and Cs(t) = C5(tp). This can be done
by assuming that A(t) and AP; (t) are constant, and if the variations of the terms n,(t),ﬁgtr(t), V0, R(t), ppmc(D)
and V,, (t) are very small compared to their initial values. The terms n,(t) and[)gy,(t) can be approximated to
n,(to) and p g, (to) if the magnitude of the pressure change |AP(t)| is at least one order of magnitude lower
than the initial pressure of the reservoir P(ty) [see equations (23) and (25)]. This is satisfied for pressure
changes of |AP(t)| <10 MPa when the mean reservoir depth is L>3 — 4 km. The terms V,(t) and R(t) can be
replaced by V,(ty) and R(ty), respectively, when k> |AP(t)| and u > |AP(t)| (t — to). This approximation is
realistic for the typical values of bulk modulus k ~ 10'° Pa, effective viscosities of z>10'” Pa s, pressure
changes of |AP(t)] <10 MPa, and periods of passive degassing of t — t; <10 years (see equations (26) and
(32)). The term [)m:c(t) varies at most by an amount given by Ap, , (see equation (5)), which in turn is at
least one order of magnitude lower than p, .(t). The term V,,, (t) can be also replaced by V,, ((to) for the
conditions cited above, what can be seen from equations (1), and considering that my, ((t) » mg ((t) at any
time (condition (2)). In such a case, we can write V. (t)=~7R(t)[P(to) + AP(t)]/gpm (t), and hence, V,,, (t)
can be replaced by V,, ((to) when R(t) and j,, .(t) can be replaced by R(to) and p, .(to), respectively, and
when the pressure change |AP(t)| is at least one order of magnitude lower than the initial pressure of the
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reservoir P(ty). Under these conditions, we obtain after integrating equation (35) that the pressure change
AP(t) is given by:

AP(t) = —AP, (1 —e™™) (40)

where AP_, and T are two positive parameters given by AP, = C;(to)/Co(to) and T' = — Cy(tp)/C5(to), respectively.
We have taken into account that to=0. The term AP.., which depends on the gas flux Q, is a maximum value
to which the pressure change tends asymptotically with time. In other words, AP, is an upper bound and
larger pressure changes (in absolute value) cannot be reached within intereruptive periods. Combining
equation (40) with equations (26) and (32), and integrating, we get an analytical equation for the volume
change of the reservoir AV,(t) and for the radius change of the conduit AR(t):

1 1

AV, (t) = —V,(tO)APmE—i- (E_ﬁ) (1- e’“)] (41)

AR(t) = *R(to)% E* G *Qj) (1- e’”)} (42)

where we have neglected second order terms, i.e., we have replaced V,(t) by V,(ty) and R(t) by R(to) in the
right-hand side of equations (26) and (32). We can also obtain an analytical expression which links the volume
of replenished magma with the gas flux. By combining equations (29) and (40), we obtain:

AAP,,

Viep(t) = A(to) t [APs(to) + AP] + == (1 — ™) “43)
A simpler analytical expression for the pressure change can be obtained if the effective viscosity of the
crust is very high (u — o) and the hydraulic strength is very small (1 — 0). In such a case, we retrieve from
equation (40) an expression which applies to a volcano with only elastic response of the host-rock and as long
as there is no magma intrusion:

AP(t) = —[AP.T]" t (44)

being [AP..I'1* = AP_.I" for 4 — o and 1 — 0. The term [AP..I']* can be used to get a first-order insight on
the depressurization rates during passive degassing. For no connectivity between the reservoir and the
deeper sources (1=0), no bubbles in the reservoir (n,(t) =0 and B*=0), volcanoes with reservoir volumes
much larger than conduit volumes (V,(t) » V,, (t)), and constant melt density in the column (A*=0 and
Pmc(t) = Pp(to)), depressurization by degassing is simply given by:

gﬁm,c(to) k é t
R(t0)* Pk + PP c(to)Vi(to)

AP(t) = — (45)

4. Parametric Analysis

In this section, we explore the influence of the different parameters of our model for four scenarios that are
thought to be applicable to persistently degassing volcanoes during quiescence.

1. We first describe the pressure change induced by passive degassing in a bubble-free reservoir that is not
connected to deeper magma sources, and for a constant melt density in the column (n,(t)=0, A(t)=0,
Pmc(t) = pm(to)). This would correspond to a scenario in which gas-magma separation occurs at low
pressures via steady state convection in the conduit [e.g., Shinohara, 2008], as has been proposed at
volcanoes like Izu-Oshima [Kazahaya et al., 1994], Mount St. Helens [Stevenson and Blake, 1998], Stromboli
[Stevenson and Blake, 1998; Burton et al., 2007], Satsuma-lwojima [Kazahaya et al., 2002], and Popocatépetl
[Witter et al., 2005].

2. Then, we analyze the case in which bubbles exsolve in a reservoir that is not connected to deeper
magma sources, by keeping also constant the mean density of melt in the column (n,(t) 0, A(t)=0,
Pmc(t) = pmc(to)). This could correspond to a scenario in which gas-magma separation occurs at depth
and bubbles can ascend and escape steadily through a vesicular magma conduit, as has been proposed
at volcanoes like Stromboli [Jaupart and Vergniolle, 1988] and Soufriére Hills [Edmonds et al., 2001].
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3. We explore the coupling between depressurization by degassing and magma replenishment when
there are no bubbles in the reservoir and for constant melt density in the column (n(t)=0, A(t)#0,
Pmc(t) = pmc(to)). This scenario will give us some insights on how passive degassing may affect
magma replénishment, which is thought to occur more or less frequently at persistently degassing
volcanoes [e.g., Shinohara, 2008].

4. Finally, we explore the end-member scenario in which gas-magma separation occurs in the conduit
but the degassed magma is not replaced by undegassed magma via convection. In this case, we
assume a bubble-free reservoir that is not connected to deeper magma sources (n,(t)=0, A(t)=0,
Pm ()P (to)). This scenario will give us some insights on the maximum effects of the variations
of the melt density in the conduit.

For all our calculations we use an andesitic magma composition at T=1000 °C and an oxygen fugacity at the
Ni-NiO buffer. Melt densities and viscosities shown in the next figures are calculated at 2.5 kbar and for a
given weight ratio of dissolved water by using MELTS thermodynamic algorithm [Ghiorso and Sack, 1995].
Using other reference pressures does not change the final results. The values of the parameters vary between
those shown in the notation section.

4.1. Scenario 1: Gas-Free Reservoir, No Replenishment, and Constant Mean Density of Melt in the
Column (n/(t)=0, A(t)=0, j, (t) = ppc(to))

This scenario corresponds to a volcano in which gas exsolution and degassing occurs at low pressures via
magma convection in the conduit [Shinohara, 2008]. First, we explore independently the influence of the
gas flux, reservoir volume, effective viscosity of the crust, and conduit radius for small volcanic systems
(V{to) = 108 — 10° m®) and for large volcanic systems (V,(to) = 10° — 10'® m?). Then, we calculate the
expected volume change of the reservoir 4V,(t) and radius change of the conduit 4R(t) for a viscoelastic,
elastic, and rigid crust (i.e., with no response of the crust to pressure changes). Finally, we calculate the
depressurization induced by degassing by accounting for the parameterization proposed by Stevenson and
Blake [1998] for a convective magma column, which links the mean gas flux with the viscosity of the
magma and the conduit radius.

4.1.1. Influence of the Gas Flux, Reservoir Volume, Effective Viscosity of the Crust, and Conduit Radius
For small volcanic systems (V,(to) = 10% — 10° m®), we find that underpressures of 5-10 MPa can be reached
within a few months or years of quiescent degassing for most values of the parameters (Figures 2a-2d).
The depressurization rate is roughly constant and proportional to the mean gas flux when the
deformation is dominated by elastic effects (see Figure 2a and equation (43)). Variations of the reservoir
size within the range 10— 10° m® do not have a major influence, and underpressures of 10 MPa are
always reached after around one year of passive degassing (Figure 2b). Whereas a pressure decrease of
~10MPa is reached after around one year for z>10"8 Pa s, it is about 10 MPa after 2 years for
#=10" Pa s. The conduit radius has a strong influence on the pressure change, and very small conduit
radius leads to significant underpressures very quickly (Figure 2d). For example, a volcano with 10 m
conduit radius depressurizes 10 MPa in only a few months, while a volcano with 80 m conduit radius
requires almost 4 years to reach the same underpressure. The fact that the depressurization is larger for
smaller conduit sections is consistent with the definition of pressure itself (weight over section).

For large volcanic systems (V,(to) = 10° — 10'° m3), viscous effects of the crust become more important,
such that the depressurization is not linear with time and is not proportional to the mean gas flux
(compare Figure 2a and Figure 2e). The pressure evolution is very sensitive to the reservoir volume
(contrary to the above scenario; compare Figure 2b and Figure 2f), and small differences in the range
10° — 10"° m* cause very significant changes in the depressurization rates. For example, magma reservoirs
of V,(ty) = 10° m? can decrease the pressure by about 10 MPa after around 1.5 years, whereas a reservoir of
V,(to) = 10'° m* needs around 10 years to depressurize 7 MPa. The pressure evolution is also very sensitive
to the effective viscosity of the crust (Figure 2g), but even for very low effective viscosities (u ~ 10" Pa s),
underpressures of about 2 MPa are reached in the typical intereruptive timescales. Very small conduit
radius leads to lower depressurization rates than for smaller reservoirs, even though a pressure decrease
of ~7 MPa can be reached after around two years for a conduit radius of 10 m (compare Figure 2d

and Figure 2h).
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Figure 2. Models of pressure evolution at persistently degassing volcanoes for small (V,(tp) = 108 —10° m3) and large (V,(tg)= 10°—10'° m3) systems.
Depressurization for different gas fluxes, (a and e) different reservoir sizes (b and f), different wall-rock viscosities (c and g), and different conduit radius (d and h).
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We have considered the following: k= 10"° Pa,a =3 wt %; ny=n.=3 wt % (gas-magma separation at the upper conduit); p.; = 2670 kg/m3; Pc2 =Pnd= 2430 kg/m3;
y{to) =0.5; and L =10 km. With these parameters, n,(t) = 0. It is met that the mass of volatiles released in 10 years or up to AP=— 10 MPa is lower than the mass of
volatiles initially dissolved in an undegassed conduit-reservoir system (i.e., V,(to)ppq0 > Qt).

4.1.2. Influence of the Rheology of the Crust: Deformation Induced by Passive Degassing
We explore the change of the pressure, reservoir volume, and conduit radius for a rigid, elastic, and
viscoelastic crust. Rigid crust accounts for the end-member case in which pressure changes in magma

reservoirs do not deform the volcanic edifice. This could occur for example at highly inhomogenous volcanic
environments where deformation is mostly dominated by tectonic stresses.[Battaglia and Segall, 2004]. We find

that depressurization is linear with time for rigid and elastic wall-rocks (Figure 3a), but rigid environments
depressurize much faster than elastic ones (~8 MPa/yr versus ~1 MPa/yr for the parameters we have used in

Figure 3). In contrast, the depressurization rate in the viscoelastic regime decreases gradually with time, even
though underpressures of several MPa can be still reached after a few years (~3 MPa after 4 years, Figure 3a).
The deformation of the reservoir and conduit is larger for the viscoelastic than for the elastic regime, but in both
cases, the volume change of the reservoir and the radius change of the conduit induced by passive degassing

are on the order of ~ 10° — 10’ m® and ~10 mm, respectively, after a few years. These values represent a

GIRONA ET AL.

©2014. American Geophysical Union. All Rights Reserved.



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2014JB011368

0 0
-5
s 5
g,? wE ~-10
= 2 10 E 15
n- N
< - < 20
2 5 -
-20 . > -30 [¢]
0 2 4 6 8 10 0 2 4 6 8 10
Time (years) Time (years) Time (years)

Figure 3. Coupling between degassing-induced depressurization and conduit-reservoir deformation. (a) Pressure change
with time with rigid (red), elastic (blue), and viscoelastic (green) host-rock. (b) Volume change of the reservoir with rigid
(red), elastic (blue), and viscoelastic (green) host-rock. (c) Radius change of the conduit with rigid (red), elastic (blue), and

viscoelastic (green) host-rock. Rigid host-rock: u — oo, k — oo; elastic host-rock: u — oo, k= 10'° Pa; and viscoelastic host-rock
u= 10'8Pa s, k= 10'° Pa. For the rest of the parameters, we have used the following:Q = 4 kt/d, R(tg) =40 m, V/{to) = 10'° m3;

=3 wt %; ny=n.=3 wt % (gas-magma separation at the upper conduit); p.; = 2670 kg/m3; Pc2 =Pnd = 2430 kg/m3;
7c(to) =0.5; and L =10 km. With these parameters, n/t) =0.

deformation of up to 0.1% for the parameters used in Figures 3b and 3c. An important feature we can extract
from Figure 3 is that the lower the ability of a volcanic environment to deform, the larger the depressurization
rates induced by degassing. This is because the volume decrease of the reservoir displaces melt into the
conduit, which compensates part of the mass decrease of the magma column during degassing.

4.1.3. Link Between Mean Gas Flux, Magma Viscosity, and Conduit Radius

Different types of convection models in a volcanic magma conduit have been used to explain the mean
degassing rates of different volcanoes [e.g., Stevenson and Blake, 1998; Burton et al., 20071. In Figure 4, we
show the depressurization induced by degassing by assuming that the mean gas flux Q is related to the
magma viscosity and the conduit radius through the simple parameterization proposed by Stevenson and
Blake [1998]. This parameterization has
been used extensively [e.g., Kazahaya

et al.,, 2002; Shinohara, 2008], and it states
that the mean gas flux is given by Q~x
Rt) =10 m (R)*¢(g4p1 4R (t0)* /u1), where R*= 0.6 is
Sl kiidey an experimental constant, and ¢ is the
Poiseuille number, which equals to 0.064
Rtg) =12 m when u1/ung > 12, being u, the viscosity
Q=3 Kiday — of the fully degassed melt in the conduit
. and upg the viscosity of the undegassed
melt (as in equation (30)). Note that this
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reservoir. In our model, undegassed melt
can also rise through the conduit if the
reservoir decreases its size, but we still

Figure 4. Depressurization by degassing when our model is coupled
with the parameterization for magma convection in a conduit pro- T
posed by Stevenson and Blake [1998]. Red lines correspond to different ~ Use the same parameterization as a first-
gas fluxes limited by the conduit radiusdensity difference between the  order approximation. We obtain that for a
degassed and undegassed melt and the viscosity of the degassed melt  realistic mean gas flux between 1.5 and
(see te_xt for details). ForgtheBrest of the parameters, we have used the 7.5 kt/d, corresponding to relatively
following: V{tg) =5% 10" m~, a=3 wt %, ny,=n,=1.5 Wt%(gas—magma Il radius bet 10and 15
separation at the upper conduit), uq = 10*° Pa S, Und= 1033 pa s, small radius between an m,

pe1 = 2530 kg/m>, pea = ppa= 2430 kg/m>, y(to) =0.5, u=10"8 Pa s, depressurizations between 2 and 10 MPa
k=100 Pa, and L = 10 km. With these parameters, n,{t) =0. are reached after less than five years,
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Figure 5. Influence of the exsolution of bubbles in the reservoir on the pressure evolution during quiescence. (a)
Underpressure of the reservoir with time for o =4 %, and hence density p,,q=2370 kg/m3. For L=3 km, ny=n,=2.6 wt %,
and py,=p,=2530 kg/m3; for L=5km, ny=n,=0, and py=pc = 2670 kg/m3 (gas-magma separation in the upper conduit).
(b) Underpressure of the reservoir with time for a = 6 %, and hence densities p,4 = 2260 kg/m3. ForL=4km,ny=n,=2.1wt%,
and py=p,= 2380 kg/m3; for L=8 km, ny=n,=0.5 wt %, and py=p,=2290 kg/m3; for L=10 km, ny=n,=0and

Px=pc1 =2670 kg/m3 (gas-magma separation in the upper conduit). f, is the gas volume fraction in the reservoir, which is
B, = mg‘,(to)/ﬁg,,(to)v,(to). For the rest of the parameters, we have considered the following: @ = 4 kt/d, u = 108 pass;
k=10 Pa; R(tg) =40 m, V,(tg) = 10° m3; 7c(to) = 1 (completely degassed magma in the conduit). The initial pressure in the
reservoir P(tg) is calculated as P(tg) = glpc1(1 — Bc(to)), where S(to) is the initial gas volume fraction in the magma column.
The initial volume of melt in the column is Vy, ((to) = ZR(to) “L(1 — f(to)). We have used S(tp) =0.1.

respectively (for the parameters used in Figure 4). The coupling of our analysis with simple convection
models also shows that depressurization induced by degassing can be very significant.

4.2, Scenario 2: Gas Exsolution in the Reservoir, No Replenishment, and Constant Mean Density of
Melt in the Column (n(t) 20, A(t) =0, o, (t) = pp, c(to))

This scenario can correspond to a volcano in which gas-magma separation occurs at depth and bubbles can
ascend and escape steadily through a vesicular magma conduit. We found that the shallower the reservoir and
the larger the volatile content, the lower the depressurization rate (Figure 5). This is because there is a negative
feedback between the depressurization by degassing and the gas content within the reservoir. That is, a
gradual and slow depressurization increases the gas content in the reservoir, which in turn pushes more melt
into the conduit and tends to reduce the depressurization rate. Reservoirs between 3 and 4 km depth
depressurize around 1-2 MPa after 10 years of degassing (for the parameters of Figures 5a and 5b), which
contrasts with the fast depressurization of 3 MPa/year for bubble-free reservoirs at depths larger than 4 km if
a=4 wt % (Figure 5a), and larger than 10 km if a =6 wt % (Figure 5b). The pressure decrease by degassing is
independent of depth for bubble-free reservoirs. We can conclude that depressurization of at least a few MPa
can be reached after a few years of passive degassing even if bubbles are present in the reservoir.

4.3. Scenario 3: Gas-Free Reservoir, Magma Replenishment, and Constant Mean Density of Melt in the
Column (n/t)=0, A(t)£0, p, (t) = ppmc(to))

In this section, we investigate how passive degassing may affect magma replenishment if there is a narrow
dyke connecting the shallow reservoir with a deeper magma source. First, we analyze a case with constant
hydraulic strength and pressure of the source equal to the hydrostatic pressure at time t, (see below equation
(29)). Second, we explore a simple but more realistic scenario consisting in a variable hydraulic strength with
time and an overpressurized deep magma source (AP > 0).

4.3.1. Constant Hydraulic Strength (i(t) = constant > 0) and AP;=0

We find that the larger the dyke radius, the lower the depressurization rate (Figure 6a). This occurs because of
a negative feedback between depressurization by degassing and the replenishment of magma in the
reservoir. That is, a gradual and slow depressurization increases the replenishment rate of magma into the
reservoir (see equation (29)), which in turn pushes more melt into the conduit and tends to reduce the
depressurization rate. For large enough dyke radius (more than 2-3 m for the parameters of Figure 6), the
depressurization tends to zero. In such a case, the volcano would remain during quiescence in a state of ideal
pressure balance between the volume change of melt by degassing and the magma volume gained by
replenishment. The volume of replenished magma induced by passive degassing, and the rate of magma
refilling, can reach values on the order of Ve, ~ 10° — 10" m® and dViep/dt ~10—20 m>/yr, respectively
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Figure 6. Pressure evolution when the reservoir is hydraulically connected to a deeper magma source. (a) Depressurization
for different dyke radius Ry=0, 1.2,and 2 m, for 4P(t) =0, Q = 4 kt/d, R(tp) =40 m, and V,(tg) = 10° m>. (b) Volume of
replenished magma for the same parameters than in Figure 6a. (c) Rate of magma replenishment for the same para-
meters than in Figure 6a. (d) Pressure evolution for different values of the gas flux, Ry =1 m, 4P¢(t) = 10 MPa, R(tg) =50 m,
Vi(tg) =5 % 10% m>. This is obtained by solving equation (35) numerically. () Volume of replenished magma for the same
parameters than in Figure 6d. (f) Rate of magma replenishment for the same parameters than in Figure 6d. For the rest of
the parameters, we have considered: upg = 10*2 pa s, k= 10'° Pa, u= 10'8 Pa s, a=2wt%, ny=n.=2wt % (gas-magma
separation at the upper conduit), M = 5000 m, p.1 = 2670 kg/m3, Pc2 =pPnd =2500 kg/m3, yc(to) =0.5, T=1000°C, and
L=6 km. With these parameters, n/t) =0.

(Figures 6b and 6c). This finding implies that magma refilling of the reservoir can occur together with
depressurization as opposed to pressurization because degassing can decrease the pressure more than what
magma replenishment increases it.

4.3.2. Time-Dependent Hydraulic Strength (i(t)) and AP >0

A more realistic scenario consists in considering changes of the hydraulic strength because the cooling of
magma within narrow feeder dykes can be important, thus changing significantly the magma viscosity and the
dyke radius. In fact, magma cooling and dyke closure depend not only on the temperature of the host-rock
and the initial dyke radius but also on the pressure difference between the source and the reservoir [e.g., Bruce
and Huppert, 1989], and thus on AP(t). Analyzing the coupling between thermal variations within the dykes, the
variations of the hydraulic strength, and AP (t), is beyond the scope of this paper, but in Figures 6d and 6f,
we assess the effect of depressurization by degassing on the replenishment rates if the reservoir and the deep
source become suddenly connected. As we showed so far, the pressure of the shallow reservoir decreases a few
MPa during passive degassing at a rate which depends on the gas flux (Figure 6d). And once the reservoir
and the deeper source become connected (after 5 years of quiescence in the example of Figure 6), magma
moves from the source into the reservoir at a rate which is larger for larger gas fluxes (Figures 6e and 6f).
Neglecting depressurization by degassing can lead to underestimations of the volume of replenished magma
(and replenishment rate) of up to a factor two (for the parameters used in Figure 6). This simple scenario illustrates
the important role that passive degassing can play in the magma intrusion dynamics beneath a volcano.

4.4. Scenario 4: Gas-Free Reservoir, No Replenishment, and Gradually Increasing Mean Density of Melt
in the Column (n,(t)=0, A(t)=0, j,, (t)#m (to))

The maximum influence of the variation of the density of melt in the conduit p, (t) can be explored by
imposing a scenario in which only the magma conduit degasses; namely, gas-magma separation occurs at
shallow levels but there is no convection replacing the degassed melt by undegassed melt from the reservoir.
In such a case, we obtain that the depressurization is about three times slower than if the density is kept
constant (2 MPa versus 6 MPa after 5 years of quiescence for the parameters used in Figure 7a). In any case,
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Figure 7. Maximum effect of the density changes of melt in the conduit. Blue lines correspond to the end-member sce-
nario in which the mean density of melt in the conduit increases because the degassed melt at low pressures is not
replaced via convection. Red lines correspond to a scenario in which the mean density of melt in the conduit is kept
constant. (a) Underpressure of the reservoir with time. (b) Volume fraction of degassed melt in the magma column. (c)
Mean density of melt in the magma column. For the parameters, we have considered: Q=4 kt/d, R(tp) =70 m,
Vi(tg) = 10° m3, k=10"° Pa, ;4:1018 Pas, L =10km, a=6%, ny,=n.=6 wt % (gas-magma separation at the upper
conduit), yclto) =0.2, px=pe1 =2670 kg/m>, per = png = 2260 kg/m>, T=1000°C.

we can conclude that the pressure in the reservoir can also decrease by several MPa during the intereruptive
timescales if the volume fraction of degassed melt (y(t)) and the mean density of melt in the column (5, (1))
increase during passive degassing (Figures 7b and 7c).

5. Discussion

Previous studies investigated the mechanisms that can sustain passive degassing at persistently degassing
volcanoes [e.g., Kazahaya et al., 1994; Stevenson and Blake, 1998; Edmonds et al., 2001; Harris et al., 2005;
Shinohara and Tanaka, 2012], or the processes that lead to continuous pressurizations of magma reservoirs
[e.g., Blake, 1981; Tait et al., 1989]. By contrast, we have performed a theoretical analysis that accounts for
the mass decrease by degassing, and for different coupled processes that can affect the pressure in the
reservoir. On the one hand, degassing decreases the mass of melt within the conduit, which tends to
decrease the pressure at depth. On the other hand, a pressure decrease tends to reduce the volume of the
system, nucleate and expand bubbles, and induce replenishment if the shallow reservoir and a deep
magma source are hydraulically connected. These processes displace more magma and thus more mass
into the conduit, such that the resulting pressure change is given by the mass decrease of melt within the
conduit due to degassing, and the mass compensation due to the dynamic response of the system. For
many scenarios, the mass moving into the conduit does not fully compensate the mass decrease by
degassing, and the pressure in the reservoir decreases by several MPa in only a few months or years, i.e.,
within the intereruptive timescales.

Our lumped-parameter model predicts larger depressurization rates for larger gas fluxes, smaller volcanic
systems, lower gas content in the magma reservoir, larger effective viscosities of the crust, and lower hydraulic
strengths. In particular, if there are no bubbles in the reservoir and the connectivity between the reservoir and
the feeder magma sources is low or null, the depressurization rate is constant for constant gas flux and rigid
or elastic rheologies, whereas it decreases with time if the viscous effects of the crust become important. For
small volcanic systems (108 — 10° m?), the depressurization rate can vary between 4 and 10 MPa/year, is not
strongly sensitive to the volume of the magmatic system, and varies significantly with the conduit radius. For
large volcanic systems (10° — 10'® m?), the depressurization is generally lower (up to ~5-10 MPa in several
years) and is very sensitive to the reservoir volume and the effective viscosity of the crust. Gas exsolution in the
reservoir tends to decrease the depressurization rate, even though underpressures of several MPa can be still
reached after a few years. Our model also shows that magma replenishment rates of volcanic reservoirs can
be enhanced by degassing-induced depressurization and that neglecting degassing leads to a significant
underestimation of the volume of replenished magma. Even if the mean density of melt increases progressively
with time, the depressurization can be on the order of several MPa during quiescence.

Various observations and geophysical data at several volcanoes are consistent with important mass decreases
within the conduit and pressure drops during quiescent degassing. For instance, at Satsuma-lwojima volcano
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(Japan), a crack opened at the summit of the volcanic edifice on June 1996, which was interpreted as a pressure
decrease beneath the crater [Iguchi et al., 2002]; a very low density region, thought to be the result of collapsed
material, was found up to 100 m below the crater floor by means of muon tomography [Tanaka et al., 2010], and
a low gravity anomaly has been recorded at the active cone [Shinohara and Tanaka, 2012]. At Mount Asama
(Japan), there were successive collapses of the crater floor after the eruption of 2004 ended and up to January
2006 [Urabe et al., 2006; Tanaka et al,, 2010], and a very low density region of up to 200 m was also found
below the crater floor [Tanaka et al,, 2008]. The very low density regions found beneath Satsuma-lwojima and
Asama craters could be consequence of a magma level drop in the conduit during quiescence. This is a
possibility that is also predicted by our model. Indeed, if we neglect the short-term rise and fall of the magma
level due to the complex bubble dynamics within the conduit [e.g., Dibble, 1972; Jaupart and Vergniolle, 1988;
Orr and Rea, 2012], there is a correlation between the pressure change in the reservoir and the change of
magma level. If for simplicity we neglect changes of the radius and changes of the melt density, and we use that
the mass of melt in the conduit is much larger than the mass of gas, we can get easily from equation (1) that
the magma level drop is given by |4P(t)|/gp, .. Hence, magma level drops of 100 m, like in Satsuma-lwojima,
and 200 m, like in Asama, correspond to pressure drops of around 2.5 and 5 MPa, respectively. These values are
consistent with the depressurization induced by degassing that we have obtained.

Another example of depressurization during passive degassing is found in Llaima volcano (Chile), where
subsidence of the volcanic edifice on the order of 10" m® was recorded during three years and a half (from
November 2003 to May 2007) before a fast inflation lasting for six months and the onset of an eruption [Bathke
et al,, 2011]. The subsidence is consistent with the volume decrease predicted for the reservoir by our model
assuming elastic or viscoelastic rheology for the crust (see Figure 2b). Factors such as the regional stress field
and very shallow processes near pit craters may cause more complex deformations and may complicate the
interpretation of data [Battaglia and Segall, 2004], and thus, lack of deflation does not mean necessarily that
there is no depressurization by degassing. That is the case of Masaya volcano (Nicaragua), where periods of
passive degassing without deflation have been monitored, but recurrent collapses of the crater floor occur as
consequence of cavernous structures located below [Rymer et al., 1998]. Microgravimetric data from Masaya
also noted anomalies from 1993 to 1994 consistent with shallow mass decreases by gas loss [Rymer et al., 1998],
and another gravity decrease was recorded from 1997 to 1999 and previously attributed to changes in
vesicularity of the upper conduit [William-Jones et al., 2003].

A question that arises naturally from our theoretical analysis is whether depressurization by passive degassing
can trigger the onset of different processes that lead to new unrest episodes and eruptions. We propose
below three processes we think could be triggered by degassing-induced depressurization after a few months
or years of quiescence and that require further study in the future.

First, degassing-induced depressurization could be responsible for the sudden replenishment discussed in
Figures 6d-6f if we consider that the magma initially filling the connecting dykes has a Bingham rheology
because it is cold and crystal rich [Melnik and Sparks, 2005]. In such a case, magma within the dykes acts as a
solid plug as long as the pressure difference between the source and the shallow reservoir (AP (t) — AP (t))
does not exceed a threshold value, which could occur if the pressure in the reservoir decreases sufficiently
after a few months or years of quiescence. The threshold pressure difference to unplug the dykes and initiate
magma ascent can range between much less than 1 MPa and more than 30 MPa depending on the yield
strength, the geometry of the dykes, cooling, and the crystal distribution [Melnik and Sparks, 2005].

Second, gradual depressurization by quiescent steady state degassing leads to gradual deepening of the
exsolution level within the volcanic system, which can favor the transport of volatiles between different
magma layers, and in turn affect the degassing rates [Simakin and Botcharnikov, 2001]. The deepening of the
exsolution level also implies that the volume of magma able to exsolve volatiles depends on how the section
of the conduit and reservoir vary with depth. For example, if the exsolution level moves from the bottom of
the conduit to the top of the reservoir, we can expect a sudden increase of the volume of bubbly magma
because of the larger cross-section of the reservoir. In turn, this may lead to ascent of magma towards the
surface and pressurizations at shallow depths, which could induce explosions [e.g., Namiki and Manga, 2005].

Third, depressurization can induce cracking and sudden subsidence of the reservoir roof if the difference
between the pressure of the reservoir (P(tp) + AP(t)) and the lithostatic pressure at reservoir depths (Py;)
reaches the strength of rocks (o) [Blake, 1981]. If we consider that initially the reservoir is in equilibrium with
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the surrounding crust (P(to) = P.;), the criteria for wall-rock failure would be simply |4P(t)| = 0. The strength of
rocks o varies between 0.5 and 9 MPa when the rocks are subjected to tensile stresses [Gudmundsson, 2012],
which are the stresses that develop around loaded cavities [Carter et al., 1991] or around reservoirs subjected
to the load of a volcanic edifice [Pinel and Jaupart, 2005]. These values of the rock strength are consistent with
the order of magnitude of the pressure changes caused by degassing. Degassing-induced depressurization
can also induce crater collapse [Iguchi et al., 2002] and seismicity by poroelastic stressing, as it was proposed
for the earthquakes that occurred near the Lacq gas field in France after gas extraction [Segall et al., 1994].

6. Conclusions

We have presented a new lumped-parameter model that captures the long-term (from months to years)
pressure changes induced by passive degassing in volcanic magma reservoirs. Our model demonstrates that
degassing-induced depressurization can reach values on the order of several MPa in the intereruptive timescales
(<10years), which is consistent with the geophysical and geodetical observations (e.g., edifice deflation, very
low density at the upper part of the conduit, or crater floor collapse) of several persistently degassing volcanoes.
Our results suggest that the unrest episodes and eruptions occurring every few months or years at persistently
degassing volcanoes could be triggered by a variety of physical processes that are promoted by degassing-
induced depressurization during quiescence. Passive degassing could induce magma replenishment, sudden
gas exsolution at depth, and cracking and sudden subsidence of the crater floor or reservoir wall-rock. The
challenge for the future is to explore these processes through numerical and analog models.

Notation
Symbol Description Range
AP pressure change during quiescence <10 MPa (absolute value)
Q total mean gas flux 1-10 kt/d
t time of passive degassing <10 years
R volcanic conduit radius 10-100 m
v, volume of the reservoir 10°-10""m?
L length of the magma column (up to the average reservoir depth)  3-10 km
o mass fraction of dissolved volatiles in parent melt 1- 6wt %
k bulk modulus of rocks 10'°-10"" Pa
u effective viscosity of the crust 10'7 —10*' Pas
g gravity 9.8 m/s
Pmec mean density of melt inside the magma column 2200-2800 kg/m’
Pgc mean density of gas inside the magma column <200 kg[/m3
Pci density of the fully degassed melt in the column 2500-2800 kg/m3
P2 density of partially degassed melt in the column 2200-2600 kg/m>
Api difference between p; and p, 50-400 kg/m3
Pnd density of the parent undegassed melt 2200-2800 kg/m3
Pr density of the melt that degasses in the reservoir Pr<pe
Dx density of melt at the gas-magma separation level Px=pPc1 OF py=p;
Payr mean density of gas in the reservoir <200 kg/m3
ne wt % of water exsolved in the upper conduit <a
n, wt % of water exsolved in the reservoir n,<n.<a
ny wt % of water exsolved in the reservoir or conduit ny=ncorny=n,
Ve volume fraction of degassed melt in the magma column 0-1
Hnd viscosity of the undegassed parent melt 10%-10°Pa's
i viscosity of the degassed melt in the conduit > lng
R4 radius of the dyke <5m
M length of the dykes 2-6 km
R* empirical constant [Stevenson and Blake, 1998] 0.6
14 poiseuille number [Stevenson and Blake, 1998] 0.064
Mu,0 molecular weight of water 18 g/mol
T temperature of the magma 900-1200 °C
S constant of the Henry's law for water 4x10 °pa 2
Ry universal gas constant 8.31 J/(Kmol)
A* indicator variable Oor1
B* indicator variable Oor1l
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AP, maximum pressure change
T parameter defined in equation (39)
Pw parameter defined in equation (20)
Mg, mass of gas within the column of length L
Mp, mass of melt within the column of length L
Mg, mass of gas in the reservoir
Vg volume of gas inside the column of length L
Vor volume of gas that exsolves in the reservoir
Vine volume of melt inside the column of length L
Vim,c1 volume of fully degassed melt inside the column of length L
dVyndeg/dt|q volume change of undegassed melt in the system due to degassing
dVyeg/dt volume change of fully degassed melt in the system
dVy/dt volume decrease of melt in the system due to gas exsolution
|7 volume of melt in the conduit-reservoir
Vinr volume of melt in the reservoir
Viep volume of replenished melt
D portion of the magma column which is within the reservoir
B gas volume fraction in the reservoir
P gas volume fraction in the magma column
Prit lithostatic pressure at reservoir depths
o strength of rocks
A hydraulic strength
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