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The dynamics of effusive events is controlled by the interplay between conduit geometry and
source conditions. Dyke-like geometries have been traditionally assumed for describing
conduits-during effusive eruptions, but their depth-dependent and temporal modifications are
largely unknown. We present a novel model which describes the evolution of conduit geometry
during effusive eruptions by using a quasi-steady state approach based on a 1D conduit model
and appropriate criteria for describing fluid shear stress and elastic deformation. This approach
provides time-dependent trends for effusion rate, conduit geometry, exit velocity and gas flow.
Fluid shear stress leads to upward widening conduits, whereas elastic deformation becomes
relevant-only during final phases of effusive eruptions. Simulations can reproduce different
trends of effusion rate, showing the effect of magma source conditions and country rock
properties on the eruptive dynamics. This model can be potentially applied for data inversion
in order to study specific case studies.

1 Introduction

Evolution of effusive eruptions is mainly controlled by time-dependent variations of
effusion rate, the dynamics of which are influenced by several processes related to magma
source conditions and conduit geometry (Calvari et al., 2003; Harris et al., 2007; Harris et al.,
2011; Wadge, 1981). Temporal variations of composition and thermodynamic conditions of
magma-in the reservoir are often related to emptying and refilling cycles (Andronico et al.,
2005; Coppola et al., 2017a; Dzurisin et al., 1984; Landi et al., 2006; Ripepe et al., 2017).
Conduit geometry is strongly controlled by the coupled effect of erosion processes and elastic
deformation, which are functions of the country rock and magma properties (Dragoni and
Santini, 2007; Piombo et al., 2016). If we assume a negligible effect of thermal erosion, for
studying conduit enlargement during effusive eruptions, two main mechanisms should be
considered: conduit collapse and fluid shear stress. Although some formulations have been
proposed for describing the controlling factors of such erosive mechanisms, it is difficult to
quantify their relative importance (Aravena et al., 2017; Macedonio et al., 1994). Conduit
collapse can only occur in the presence of a large pressure difference between country rocks
and magma in the conduit, and it is not expected to occur during effusive eruptions (Aravena
et al., 2018; Macedonio et al., 1994). Accordingly, basaltic effusive eruptions present favorable
conditions for addressing fluid shear stress, which is controlled by magma viscosity, velocity
and country rrock mechanical properties. Furthermore, decompression-driven elastic
deformation of host rocks is expected to produce a significant effect on conduit geometry
(Costa et-al., 2007a), acting in opposition to fluid shear stress. Piombo et al. (2016) presented
an analytical model describing conduit erosion during effusive eruptions. This model can
reproduce effusion rate trends similar to those proposed by Wadge (1981) (i.e., initial increase
of effusion rate and a later decreasing phase), assuming cylindrical conduits with elliptical cross
section, constant values for magma viscosity and density, and time-dependent erosional
processes as overpressure decreases. Although it does not consider the effect of elastic
deformation, this model has been demonstrated to be a useful tool for addressing the coupled
effect of overpressure and conduit erosion on effusion rate. Yet, effusion rates have a much
more complex behavior than that proposed by Wadge (1981) (Coppola et al., 2009; Harris et
al., 2000; Harris et al., 2011; Ripepe et al., 2015), and additional controlling factors should be
considered for properly describing the dynamics of effusive eruptions.

Based on the above arguments, here we study, through numerical simulations, the
effects of fluid shear stress and elastic deformation on the evolution of conduit geometry and
their consequences on eruptive dynamics. In this model, we consider depth-dependent
variations of conduit geometry and magma properties, thus representing a significant step
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forward in the analysis of magma ascent dynamics during basaltic effusive eruptions. The main
objectives of this work are the description of this model and the illustration of some first
insights based on modelling results.

2 Methods

We developed a set of simulations of magma flow along a 10-km-long, vertical conduit
with depth-dependent elliptical cross section and input parameters variable with time (e.g.,
magma reservoir overpressure and water content). Each steady-state simulation is
representative of a temporal step and is followed by the update of conduit geometry due to
erosion processes and elastic deformation, which are controlled by country rock properties and
the profiles of viscosity, pressure and velocity along the conduit. Meanwhile, inlet overpressure
depends on the mass of erupted magma, as is water content when zoned magma reservoirs are
considered (Colucci et al., 2014; Macedonio et al., 2005). It is important to note that,
considering the order of magnitude of erosion rate estimated for basaltic effusive eruptions
(i.e., not higher than a few meters per month) (Hulme, 1982; Peterson and Swanson, 1974) and
the typical ascent timespans (i.e., some hours), the use of a steady-state conduit model by
temporal steps seems to be appropriate. Furthermore, results show that during the timespan
required for magma ascent, typical variations of source conditions (inlet pressure and water
content) do not exceed 0.2%.

2.1 Conduit model

For numerical modeling, we use a 1D steady-state model currently available on line
(https://github.com/demichie/MAMMA) which considers the most important processes
experienced by magmas during ascent (Aravena et al., 2018; Aravena et al., 2017; La Spina et
al., 2015). The model developments related to this work are associated to the adoption of a
depth-dependent dyke-like conduit geometry (already available on line) and the inclusion of
appropriate criteria for studying its temporal evolution (section 2.2). Magma is described as a
mixture of two phases (i = 1,2), characterized by a volume fraction («;), density (p;), velocity
(u;) and specific entropy (s;). Phase 1 includes crystals, dissolved gas and melt, and phase 2 is
constituted by exsolved gas bubbles (Fig. S1). Although magma fragmentation is considered
in this model, because of the occurrence of outgassing and the presence of a gas exsolution
relaxation parameter, the conditions for fragmentation were never reached, and thus we present
the portion of the model related to effusive eruptions.

The system of equations includes conservation equations for total mass, momentum,
energy, and mass of crystals, dissolved gas and exsolved gas (Egs. 1-6). It also considers two
expressions for controlling magma velocity and the volume fraction of phase 1 (Egs. 7-8).
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where z is the vertical coordinate, p is mixture density, u is mixture velocity, R, is equivalent
conduit radius (Eq. 9), p; is pressure of phase i (Eq. 10), g is acceleration of gravity, u is
mixture viscosity, f, is an eccentricity-dependent factor (Eq. 11) (Costa et al., 2007b), e; is
internal energy of phase i, x; is mass fraction of phase i, T is mixture temperature, p.. is crystal
density, a, is volume fraction of crystals in phase 1, (9 is the crystallization relaxation
parameter, a;’ is the equilibrium value of @, x, is mass fraction of dissolved water in the
phase composed of melt and dissolved water, 7@ is the exsolution relaxation parameter, xsq
is the equilibrium value of x4, 8f is a drag/permeability factor and 7®) is the pressure relaxation
parameter.
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where R, is semi-major axis, Rj is semi-minor axis and € is conduit cross section eccentricity
[ 2 /p2
(¢'= 1= RZ/RY).

The model requires the adoption of some constitutive equations to describe magma
viscosity, water solubility, crystallization, outgassing and equations of state (Text S1).

2.2 Temporal evolution and conduit geometry

We assume that magma reservoir overpressure (pg) is controlled by (Piombo et al.,
2016):

dpo _ 8o
dMO T[png

(12)

where M, is magma reservoir mass, U,o represents rigidity of reservoir host rocks, py is
reservoir density and D, is reservoir diameter (assumed as spherical). A relation also
considering magma compressibility along with rock elasticity has been proposed to compute
the evolution of pressure in the reservoir (Anderson and Segall, 2011; Segall et al., 2001). Here,
we use Eq. 12 in order to compare our results with the model presented by Piombo et al. (2016),
postponing a full integration of magma compressibility and rock elasticity in our magma
reservoir formulation to future developments.

As the magma reservoir is continuously evacuated and refilled (Fig. S1), pressure is
described by:

84,
Po(©) = Po(Me(0) Mi(®) = poc = 3+ (Me(t) = M(0) (13)
0

where M,(t) and M;(t) are the evacuated and injected mass of magma in the reservoir,
respectively (Egs. 14-15), py; is initial overpressure of magma reservoir and t represents the
elapsed time.
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where g4 (t) is effusion rate (output of conduit simulations), while gq;,,(t) accounts for the
injection of melt in the reservoir.

Eruptions end when the pressure and density conditions of magma reservoir are not
capable of counteracting the dissipation forces experienced by magmas during ascent, which
can occur either before or after reaching the lithostatic pressure (i.e., overpressure equal to
zero). Hence, we imposed the condition that the eruption ends when the effusion rate drops
below a critical value (gq.). This is in contrast to the assumption of Piombo et al. (2016) that
the eruption ends when overpressure becomes zero. It is worth noting that q. is typically
reached after an abrupt change in the slope of effusion rate versus time (Coppola et al., 2017b).

To include the effect of elastic deformation of the feeding dyke, we assume that (Costa
et al., 2007a):

Ra(z,t) = Rq,(z,8) + (p1(2,1) = p1(2)) * (f1(2) * Rq, (2, 8) + f2(2) * Ry, (2, 1)) (16)
Ry(z,t) = Ry, (z,8) + (p1(2,) = p1(2)) - (f2(2) * Ra, (2, 8) + f1(2) * Ry, (2, 1)) an

where Rq,(z,t) and Ry, (2, t) are semi-axes lengths for a non-deformed dyke at a given depth
and time, R, (z,t) and R, (z,t) are the semi-axes dimensions for a deformed dyke at a given
depth and time, p;(z,t) is pressure of magma at a given depth and time (output of conduit
simulations), p;(z) is the far field pressure at a given depth (assumed as the lithostatic value),
fi(2) = Qu(2) = 1)/ (2)) , f2(2) = (1 = v(2))/ur(2), and v(z) and p, () are the host
rock Poisson ratio and rigidity at a given depth, respectively.

Based on Eqs. 16 and 17, and considering known values for R,(z,t;_1), Ry (2, t;_1),
p1(z;ti=1) and p;(z, t;), where t;_; and t; represent two consecutive time steps, it is possible
to update R, and R, to the new pressure conditions along the conduit (R;(z, t;) and R} (z, t;),
hereafter).

The erosion rate due to fluid shear stress at a given depth is estimated by (Macedonio
etal., 1994):

u(@) )?M@w 1)

fe(2) * Req(2) Tp

where k, is a proportionality constant, u(z) is magma velocity at a given depth (output of
conduit simulations), f¢(z) is the eccentricity-dependent factor at a given depth, R4 (2) is the
equivalent radius at a given depth, u(z) is magma viscosity at a given depth (output of conduit
simulations), L. is the characteristic roughness and 7z is the country rock yield strength.
Following Dragoni and Santini (2007), R, (2)/R4(2) is equal to R,(z)/R,(z), and thus we
employ appropriate factors to impose the erosion rate for both semi-axes:

E(z)=ke-<

Ro(2) = E(2) - Ry(2)/Rq(2) (19)
Ry(2) = E(2) - Ra(2)/Rp(2) (20)

Coupling of elastic deformation and conduit erosion introduces some errors in updating
the conduit geometry. One solution to reduce this effect is to employ an iterative method for
estimating the pressure profile of the next simulation, but computational times dramatically
increase and almost equally accurate solutions can be obtained by adopting appropriate
temporal steps (At). Hence, we use the following expressions for defining the geometry of
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successive simulations:

Raotie) = R0 + 80 10 2) - (75 e
R tin) = B30 + 80 o)+ (75 ) @2)

To avoid abrupt geometric changes between two consecutive simulations, we used a
variable temporal step as a function of erosion rate, while elastic deformation-derived geometry
modifications were calculated by using time steps that consider the mean values of pressure
between successive simulations. We imposed a constant temperature, and fixed or linearly
variable dissolved water contents between w, , and wy, as a function of the erupted mass (wp, ,

represents dissolved water content at t = 0, and wy, is dissolved water content when lithostatic
pressure is reached). It is worth noting that eroded lithic fragments are not included as source
terms in the system of equations, which is justified by the low mass fraction that these
fragments represent in the resulting erupted mixture. Tables S2 and S3 present the input
parameters used in two sets of simulations, where we test the effect of initial overpressure,
erosion coefficient, compositional zoning, conduit rigidity and melt injection on effusion rate.
A summary of model variables is present in Table S4.

3 Results

3.1 No injection of melt in magma reservoir

A first set of simulations describes the case of an eruption driven by the progressive
emptying of a reservoir with no injection of deeper magma. Figure 1a-b presents the evolution
of conduit geometry for the reference Simulation A, by showing its shape at six specific
instants. Velocity and viscosity profiles along the conduit (Fig. S2) produce wider conduits and
lower eccentricities near the vent (Fig. 1). Indeed, for Simulation A, the mean value of minor
semi-axis evolves from 0.2 to ~0.64 m during the simulated event, with minimum and
maximum values at eruption end of ~0.58 m and ~1.13 m at the conduit bottom and the vent,
respectively (Fig. 2a), while Ry, /R, gradually increases from 0.004 to values between ~0.011
(at the base) and ~0.022 (at the vent). Although magma reservoir volume and erosion
coefficient control the erosion rate, final conduit geometries are similar for all the simulations
described here (Fig. 1c-f), with a quite abrupt change in the variation rate of equivalent radius
at about 2000-3000 m depth, and pronounced modifications of conduit dimensions near the
vent. These geometric properties are also observed for shorter conduits (Fig. S3), which tend
to reduce dissipation forces and trigger more intense effusive events (Fig. S4). At the eruption
onset, simulations show mean increases of semi-minor axis between <0.05 m/month
(Simulation H) and ~1.2 m/month (Simulation B), which are consistent with values estimated
for natural cases (Hulme, 1982; Peterson and Swanson, 1974). Afterward, because of the
overpressure drop and the quadratic dependence of erosion rate and the inverse of equivalent
radius, mean erosion rate tends to decrease throughout the eruption, particularly after reaching
the maximum effusion rate. Additionally, elastic deformation tends to be more intense nearby
and after the peak of effusion rate, producing a significant reduction of conduit dimensions
only during final stages of eruptions (Figs. 2b and S5-7). However, given the eruptive
parameters considered here, erosion rates are not high enough to produce significant amounts
of lithic fragments in the resulting deposits, reaching volume fractions lower than 0.1% for all
the simulations.

Effusion rate curves (Fig. 3a-b) present more or less increasing values during the onset
of eruptions, and quasi-linearly decreasing trends during the final stages. As expected,
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maximum effusion rate is largely controlled by erosion coefficient (Simulations A-B and F-G
for comparisons) and magma reservoir dimensions (Simulations A-C and F-H for
comparisons). On the other hand, magma reservoirs with a weak compositional zoning produce
small differences in the effusion rate (Simulations A-D and F-I for comparisons), while conduit
rigidity has a moderate effect on the eruptive dynamics (Simulations A-E and F-J for
comparisons), particularly during the final stages of effusive eruptions. Therefore, results show
a strong influence of erosion intensity on the evolution of the erupted mass, and thus on magma
reservoir overpressure (Fig. 3¢-f). Indeed, considering a magma reservoir with a fixed volume
of 33.5-km® (D, = 4 km, i.e., excluding Simulations C and H), differences in erosion
coefficient, conduit rigidity and compositional zoning can produce variations of up to ~30%
and ~55% in the total erupted mass, for initial reservoir overpressures of 50 MPa and 20 MPa,
respectively (Fig. 3c-d). The evolution of other eruptive parameters is an additional result of
our model. Exit velocity and exsolved gas flow present trends similar to those observed for
effusion rate (Fig. S8), but with peaks characterized by a broader shape. Additionally, exit
velocities exhibit a more irregular behavior and their peaks occur slightly before the maximum
of effusion rate.

Simulations A, B and C represent a sort of equivalent set to cases P5, P6 and P3 of
Piombo et al. (2016) (Fig. S9), respectively, showing a similar effect of magma reservoir
volume and erosion coefficient on the effusion rate. The ratio between the times required for
reaching the maximum effusion rate is highly consistent between the two sets of simulations
(1.0: 0.41:0.78 for Simulations A, B and C; and 1.0: 0.41:0.81 for Simulations P5, P6 and
P3), while larger differences are observed when maximum effusion rate and eruption duration
are considered. If we refer to the maximum effusion rates, we obtain ratios of 1.0:4.33: 0.30
for Simulations A, B and C and ratios of 1.0:2.97: 0.43 for Simulations P5, P6 and P3. The
differences are possibly due to the elastic deformation considered in our model, which tends to
reduce the effusion rate in a more efficient way for simulations characterized by weak erosion
processes (i.e., C > A > B). Vice versa, the differences in eruption duration are related to the
different criteria adopted to define the eruption end.

3.2 Effect of magma injection in the reservoir

Since volcanic systems are often characterized by open system conditions with
emptying and refilling cycles (Andronico et al., 2005; Coppola et al., 2017a; Dzurisin et al.,
1984; Landi et al., 2006; Ripepe et al., 2017), we have evaluated the effect of syn-eruptive
magma injection in the reservoir. For all the simulations we assumed the same conditions for
the - magma reservoir, conduit properties and volume of injected material, but considered
different input rates and duration of the injection (Table S3 and Fig. 4a-d). Melt injection
produces a perturbation in the reservoir overpressure (Fig. 4g) that favors conduit erosion and
thus an increase of effusion rate (Fig. 4e). Hence, injection rate can exert a strong control on
effusion rate and duration of the eruption (Simulations K, L and N for comparisons), producing
differences of up to ~30% for both variables. Conversely, differences in the erupted mass are
significantly smaller and do not exceed 8% (Fig. 4f).

4 Discussion and conclusions

Temporal evolution of effusive basaltic eruptions and its relationships with magma
source conditions can be effectively analyzed using a steady-state conduit model in an iterative
scheme, whenever appropriate criteria for describing fluid shear stress and elastic deformation
are considered. The model findings further extend the results of a recently published analytical
model (Piombo et al., 2016), and the observed differences can be successfully explained in
terms of the different criteria used to define the eruption end and the consideration of elastic
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deformation. Still, our model represents a significant step forward in the analysis of the
evolution of effusive eruptions, since it allows consideration of (1) depth-varying conduit
geometries and their temporal evolution, (2) host rock elastic deformation, (3) compositional
zoning of magma reservoirs, (4) depth-dependent conduit mechanical properties, and (5) the
injection of deep magma in the reservoir. The model describes several flow variables such as:
(1) geometry of the conduit, (2) effusion rate, (3) exit velocity and (4) gas flow, allowing to
study a more complete dataset. Moreover, although it is not described here, the conduit model
allows description of temporal variations in density, viscosity and crystal content along the
conduit, which can be potentially useful for the analysis of specific case studies.

Results indicate that viscosity and velocity profiles along the conduit can produce
heterogeneous erosion processes, with higher erosion rates at shallow levels of the conduit.
Although magma viscosity and velocity are systematically larger near the vent, there are some
counteracting mechanisms able to limit the geometric modifications along the conduit, such as
the quadratic dependence between erosion rate and the inverse of the equivalent radius, and the
decompression drift experienced by magma reservoirs. The latter tends to reduce magma
velocity and thus erosion rate, in addition to a gradually more significant effect of the elastic
deformation acting in opposition to fluid shear stress. Since alternative erosion mechanisms are
not expected to occur in effusive eruptions (Aravena et al., 2017; Macedonio et al., 1994), we
suggest that these geometric properties are representative of actual conduit features during
effusive eruptions, whereas conduits with fixed diameters appear to be unrealistic.

The relative balance between conduit widening, elastic deformation and the decreasing
trend of magma reservoir overpressure controls the evolution of effusion rate. The onset of
eruptions, characterized by low effusion rates and thus slow decompression rates, is mainly
influenced by the efficiency of early conduit erosion:

(@) In case of an efficient early erosion mechanism (generated by high values of
erosion coefficient, reservoir volume and initial overpressure), the initial stages are
characterized by an abrupt increase in effusion rate, which is gradually counterbalanced by
the overpressure drop related to magma withdrawal, until the maximum effusion rate is
reached. Beyond this point, erosion rate shows an abrupt decrease and, afterward, effusion
rate declines as overpressure decreases and elastic relaxation becomes relevant.

(b) In the case of an inefficient early erosion mechanism (i.e., low values of erosion
coefficient; reservoir volume and initial overpressure), the initial stages are characterized
by quasi-constant effusion rates. Afterward, due to erosion rate decrease and reservoir
decompression, a gradual and slow decline of effusion rate is typically observed.

Since eruptions end when dissipation forces are large enough to hinder magma ascent,
conduit geometry and thus the efficiency of erosional processes play a major role on the final
stages of effusive eruptions, with a strong influence on the total mass that these events are able
to evacuate. Moreover, for the range of input parameters considered here, effusion rate exhibits
trends similar to those observed for exit velocity and gas flow. Still, it is worth noting that we
considered a simplified system, where the temporal variations are limited to conduit geometry,
water content and reservoir overpressure, whereas several other kinds of magma source
variations have been described for natural cases (Corsaro and Miraglia, 2005), which can alter
the curves of effusion rate, exit velocity and gas flow. Moreover, the occurrence of refilling
cycles has been proposed as a typical mechanism controlling effusion rate (Coppola et al.,
2017a; Ripepe et al., 2017). These processes are expected to depend on complex feedbacks
between reservoir overpressure and the deeper feeding system, as well as on the characteristic
times required for the displacement of large volumes of magma in the crust. Although our
simulations assume a simplified feeding process of the reservoir, results highlight the
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importance of the injection rate and the timespan in which it occurs in controlling the eruptive
dynamics, even considering a fixed volume of injected material.

All things considered, the systematic analysis of the influence of erosion rate, conduit
mechanical parameters and source conditions is able to provide useful information for
interpreting measurable characteristics of effusive eruptions, and for inverting these data in
order to infer source conditions of specific effusive events. Indeed, several efforts have been
made in order to understand, classify and interpret effusion rate trends (Calvari et al., 2003;
Harris and Rowland, 2009; Harris et al., 2011). We believe that the model herein presented can
substantially contribute both to the study of the typical behavior of these systems and to the
analysis of particular effusive eruptions.
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Figure 1. Evolution of conduit geometry for Simulations A-J. (a) Semi-minor axis at different
times (Simulation A). (b) Ratio between semi-minor and semi-major axes at different times
(Simulation A). (¢) Semi-minor axis at eruptions’ end (Simulations A-E). (d) Ratio between
semi-minor and semi-major axes at eruptions’ end (Simulations A-E). (e) Semi-minor axis at
eruptions’ end (Simulations F-J). (f) Ratio between semi-minor and semi-major axes at

eruptions’ end (Simulations F-J).
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Figure 2. (a) Semi-minor axis versus elapsed time (Simulation A). (b) Normalized rate of
geometric variation by erosion and elastic deformation versus elapsed time, considering the
average values along the conduit (Simulation A). For calculating these functions, for each step,
we split the rate of geometric variation (AR, /At) in two contributions: fluid shear stress and
elastic deformation. Fluid shear stress tends to increase conduit dimensions, in opposition to
elastic. deformation (negative contribution, the absolute value is plotted).
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Figure 3. Temporal evolution of effusion rate, erupted mass and reservoir overpressure. Left
hand-side: Simulations A-E. Right hand-side: Simulations F-J.
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Figure 4. Temporal evolution of key eruptive parameters for Simulations K-N. Results
associated to the equivalent simulation with no melt injection are also included. (a-d) Melt
injection in the reservoir. (e) Effusion rate. (f) Erupted mass. (g) Reservoir overpressure.
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