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Abstract

A convection-diffusion model for the averaged flow of a viscous, incompress-
ible magma through an elastic medium is considered. The magma flows through
a dike from a magma reservoir to the Earth's surface; only changes in dike width
and velocity over large vertical length scales relative to the characteristic dike
width are considered. The model emerges when nonlinear inertia terms in the
momentum equation are neglected in a viscous, low-speed approximation of a
magma flow model coupled to elastic waves in rock.

Stationary- and traveling-wave solutions are presented in which a Dirichlet
condition is used at the magma chamber; and either a (i) free boundary condi-
tion, (ii) Dirichlet condition, or (iii) choked-flow condition at the moving free-
or fixed-top boundary. A choked-flow boundary condition, generally used in
the coupled elastic wave and magma flow model, is also used in the convection-
diffusion model. The validity of this choked-flow condition is illustrated by
comparing stationary flow solutions of the convection-diffusion and coupled
elastic wave and magma flow model for parameter values estimated for the Tol-
bachik volcano region in Kamchatka, Russia. These free- and fixed-boundary
solutions are subsequently used in the numerical verification and validation of
a novel extension of a conservative, local discontinuous Galerkin finite-element
discretization. The method uses a mixed Eulerian-Lagrangian finite element
near the free boundary and ensures positivity of the mean aperture subject to
a timestep restriction. A simulation of magma flow with quasi-periodic growth
and collapse of a lava dome based on parameter estimates for the Soufribre Hills
Volcano on Montserrat illustrates the meaning of the model and its analysis.

1 Introduction

We consider the dynamics of viscous, incompressible magma through a dike sur-
rounded by host rock. The dike runs from a magma reservoir deep in the rock to
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the Earth's surface. At leading order, the rock is modeled as an elastic medium in
which the dike width is approximated to be proportional to the difference in fluid
pressure and the lithostatic pressure caused by the overlying weight of the rock. In
this relation, the anisotropy of the stresses is explicitly included by assuming the least
principal stress to be horizontal. When changes of the flow over large vertical scales
relative to the width or cross section of the aperture are considered, the flow across
the aperture is locally in viscous equilibrium. For simplicity, we assume the viscosity
to be constant. Hence, the mass and momentum equations averaged over this cross
section yield a convection-diffusion equation after inertia terms in the momentum
equation have been neglected. The resulting model equals the fracture-propagation
model of Pinel and Jaupart (2000) for the limit of isotropic stresses in the rock once
the influence of an edifice load at the surface is neglected. In contrast, our simplified
model is still (asymptotically) valid for small edifice loads and is more amenable to
mathematical analysis.

In particular, stationary and traveling-wave solutions are derived for the convection-
diffusion model, either analytically or by numerically solving the relevant ordinary-
differential equations. Solutions are derived for both a free- and fixed-top boundary;
the first describing magma driving its way along a preexisting crack to the surface,
and the latter describing the magma flow for (time-dependent) pressure conditions
at the surface. In both cases, the (time-dependent) pressure condition at the magma
chamber is prescribed. For high velocities, inertial terms become important, and a
momentum and a continuity equation describe the leading-order flow in an elastic
dike. The most appropriate boundary condition at the top appears to be the con-
dition of choked or critical flow at the surface. The speed of the flow then hmatches_ - -
the velocity of the elastic waves. Despite the lack of inertial terms, the condition of
criticality at the top also seems appropriate for the convection-diffusion equation: it
could be viewed as the outcome of an analysis in a boundary layer near the surface
of the inertial, elastic-flow equations. Steady-flow solutions aiming to represent an
eruption of the Tolbachik volcano region in Kamchatka, Russia, show that the solu-
tions of both models are nearly equal when the flow is enforced to be critical at the
top (cf. the inertial, elastic-flow solutions in W'oods et al., 2004).

These high-resolution exact and numerical solutions are subsequently used to ver-
ify a novel application and extension of a conservative, local discontinuous Galerkin
finite-element method for convection-diffusion equations (building on Cockburn and
Shu, 1998). First, the extended numerical approach uses an upwind flux to ensure
positivity of the mean aperture subject to a timestep restriction and is addition-
ally designed to satisfy L2-stability for suitable boundary conditions. Second, the
asymptotic solution at the free boundary or front is used as a basis function in the
time-dependent free-boundary element because the solution at this free boundary is
singular and can, therefore, not be matched easily and satisfactorily in any numer-
ical method and by the usual polynomial basis and test functions in discontinuous
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Galerkin methods in particular. The free-boundary treatment uses fixed Eulerian ele-
ments away from the free boundary and a mixed Eulerian-Lagrangian element at the
free boundary akin to the flooding and drying approach in Bokhove (2004). Although
in one dimension an entirely Lagrangian treatment is feasible, the presented mixed
Eulerian-Lagrangian elements are better suited for extension to two-dimensional flow
through a magma dike averaged only over its narrow width. The consideration of such
two-dimensional flows through a dike instead of a (nearly) symmetric flow through a
horizontally uniform dike is important for applications in which the influence of local
sources and sinks of magma in a dike needs to be investigated. Such evolving asym-
metric flows in a dike can occur because of heterogeneities in the surrounding host
rock (near the free surface), horizontal pressure distributions in the magma chamber,
or existing subsurface tunnels intersected by a rising magmatic dike.

Verification of the numerical approach is performed by a comparison with the
high-resolution, stationary and traveling-wave solutions for both the free- and fixed-
boundary cases. Finally, validation of the model is performed while simulating the
growth of a lava dome, caused by magma flow through a dike arising from a chamber,
and its collapse when a critical height has been reached. Parameter values are roughly
based on the Soufribre Hills Volcano on Montserrat.

The organization of this paper is as follows: the convection-diffusion model is
introduced in section 2 and the numerical approach is developed in section 3 and
Appendix A. Stationary and traveling-wave solutions are derived in section 4.1, and
a numerical verification and validation is provided in section 4.2 and section 4.3.
Finally, the conclusion is in section 5.

2 Elastic Wall-Fluid Equations

We investigate the flow of an incompressible fluid with a constant density, Pm, through
a vertical aperture of variable width, b. The aperture, b, is narrow enough, relative
to the vertical scales being considered, that we consider only the averaged velocity,
u, along the vertical. In that case, the flow profile at each cross section is assumed to
be close to its viscous equilibrium even though we allow smooth and sufficiently slow
variations in the vertical and in time. The averaged mass and momentum equations
are

at (Pm b) + 9z (Pm b u) = 0 (2.1a)

Ot(Pm u) + u tz(pm u) =- OzP - Pm g-y - u/b (2.1b)

with time t; vertical coordinate z; magma pressure p; gravitational acceleration g;
and viscosity p. The last, frictional term in (2.1b) matches the friction of an incom-
pressible flow assumed to be in local equilibrium. For a slit, -y = 12. These frictional
coefficients follow from considering steady, viscous flow in a planar configuration.
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The system is closed by relating the aperture, b, to the pressure in the fluid and the
pressure in the solid at the wall.

In the geophysical application considered, the medium around the aperture is the
host rock. The aperture, b, is then proportional to the difference in the fluid, p, and
wall pressure, p,. A sketch of the configuration is provided in Fig. la. Assuming an
elastic response of the rock surrounding the aperture (cf., Pinel and Jaupart, 2000),
we take

b = 0 if P < KPr (2.2)

with A describing the elasticity of the host medium. This elastic response is valid
when the aspect ratio between horizontal and vertical length scales, and the aspect
ratio, a/b, of the semi-axes of a thin elliptical fracture are (asymptotically) small.
The parameter, 0 < K < 1, is introduced because the pressure in the rock does not
have to be isotropic, which means the horizontal stresses, which cause the opening or
closing of the dike, can be smaller than the vertical one, and I will denote the ratio
between the horizontal and the vertical stresses. We assume p, to be in lithostatic
balance

a0 P, =-P. 9 (2.3)
with p, = Pr(Z) the density of the rock.

Hence, from (2.1a)-(2.1b) and (2.3), we obtain

Otb+82 (bu) = 0
- 8 tu+u zu = - 1 8zb+ (r -Pm) 9/Pm '//U/Pmb2  (2.4)

PmA

It is a system that supports elastic waves with speed c, = \/bp7(iA) (see, e.g.,
Whitham, 1974). The flow of magma in the dike is generally subcritical with 0 <
u < c,, except at the Earth's surface where it is generally modeled to be critical (i.e.,
with u = ce).

2.1 Elastic Convection-Diffusion Equations

When the flow is viscously dominated, we can ignore the inertia term on the left-hand
side of the momentum equation, (2.1b) or (2.4) and use (2.2) and (2.3) to obtain

b2  go2
U = - Eb+ t (rp, - pm) (2.5)

with Pm constant but with Pr = Pr(Z) the variable density of the host rock. After
combining (2.5) with the mass equation, (2.1a), we arrive at the following convection-
diffusion equation

Ebb + ±8 (cb 3 -O b3 eab) = 0 (2.6)
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Figure 1: Configuration sketch of the geophysical application with a magma chamber,
dike of aperture, b(z), and lava dome. The ambient pressure, pT, is atmospheric.

with the dimensional expressions for a = a(z) and nonnegative , given by

a(z) = g [ripr(Z) - pm]/ tY() and 3 = 1/(-y tA) > 0. (2.7)

This convection-diffusion equation is essentially equivalent to the the fracture prop-
agation model of Pinel and Jaupart [2000, their equation (4.11)] when the edifice
load caused by the weight of a lava dome above a preexisting crack in their model is
considered sufficiently (or asymptotically) small and, hence, is ignored. The elasticity
of the medium is then A = a (1 - v)/G for a dike or fracture of elliptical cross section
with G z 1.125 109 Pa as the rigidity, v - 0.25 as Poisson's ratio, and a - 100m as
the long semi-axis of the elliptical crack (cf., Pinel and Jaupart, 2000). To ignore the
edifice load, the appropriate asymptotic number is the aspect ratio of the height of the
lava dome versus the depth of the dike. For a lava dome height of he = 100 - 1000 m
and a total conduit depth of H = 3 - 10 km, this ratio lies between 0.01 and 0.333.
Pinel and Jaupart (2000) considered the case in which the ratio of the semi-axes of
the ellipse is 1: 100, which results in the symmetric dike model used presently.

After scaling the convection-diffusion equation (2.6) using b = Do b, t = To t', z
Ho z', H = Ho H', and To =y stA Ho/Do and dropping the primes, we find (2.6) with
(dimensionless) ,6 = 1 and a (z) = g [K pr(z) - pm] A Ho/Do. Typical variables are
provided in Table 1 which results in a range a = (-25,50) with typically a R (0.1,1).

We assume that u > 0 so the boundary at z = 0 is an inflow boundary. The
dimensionless flow domain, Qf C Q = {z e (0, H)}, provided b(z, t) > 0 and may
be smaller when the dike is closed so b = 0. We consider the following combinations
of boundary conditions. (i) The pressures at the magma chamber and the exit, and
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Variable Value I Unit

9 9.81 M/s 2

fI 0.95 _
Pr 2,500-2,900 kg/m3
Pm 2,500 kg/M3

A 10-8 _ 10-6 m 2 s 2 /kg

Do (dike) 0.5-2 m
Do (conduit) 5 - 10 m

Ho 1-10 km
a (dike) (-25, 50)

Table 1: Typical values of the variables introduced.

hence the bottom and top width, are specified yielding Dirichlet boundary conditions,
b(O,t) = bB(t) and b(H,t) = bT(t). (ii) The pressure at the magma chamber is
specified, b(O,t) = bB (t), and the flow at the exit is critical

u(H,t) =/i7/(pjA) (dimensional) or u(H, t) = ayc (dimensionless) (2.8)

with 'y = V7j; _Y p HO/Dg5'2 . (iii) The pressure at the magma chamber is specified,
b(O,t) = bB(t), and there is a free boundary at z = zr(t) < H where b(z,(t),t) = 0.
At the free boundary

dzr(t)/dt = u,(t) = u(z,(t),t) = -film(b2Ofb). (2.9)
640

The free boundary in case (iii) will evolve into case (i) or (ii) when it reaches the exit.
This exit position at z = H(t) may be time dependent when a lava dome is growing
or collapsing. As initial condition, we have b(z, 0) = bi(z).

Next, we investigate what happens at such a free boundary. A front at z = z,(t)
may exist where the aperture, b = 0, with b > 0 for an interval, 0 < z < z,(t). When
b 4 0 as z f z,(t), the velocity limits to

limu = lim(ab2 -,B b20 b) = u,(t). (2.10)
640 b40

Because the velocity, u, must be finite, the slope of the aperture at the front has to be
infinite or vertical. The solution Ansatz at the front is that b = Do [zr(t) - z]1/3 with
Do = Do(t) constant in space, giving a finite frontal velocity, ur(t). Alternatively,
consider a boundary layer with scaled coordinate, 77 = (z, - z)/c, and time, T = t/c,
with c << 1. Applying this change of coordinates in (2.6), expanding b = b(°) + c b(l) +
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0((2 ), and evaluating at leading order 1/C2 yields

8b(°)dT = =6a0b(O) 3ab(O)]. (2.11)

Integration over 77 gives

b(-) dz_-Qf =,B b(°)3 070). (2.12)

If Qf 0 0, the discharge, u b, is finite at the front. The velocity, u, is then infinite
at and large near the front, which is unphysical and mathematically inconsistent.
In the derivation of the advection-diffusion model, the inertia terms were considered
negligible in the momentum equation, (2.1b), but for large velocities these terms
should be included. Hence, we have to consider Qf = 0 to be consistent. Further
integration of (2.12) yields the free-boundary condition and the asymptotic aperture
profile at the front:

dzr/dt = ur(t) = 3B6Do3 and b = Do(t) [zr(t) - z]1/3 (2.13)

with integration constant Do = Do(t). This asymptotic profile will be used as a time-
dependent basis function in a free-boundary element of the discontinuous Galerkin
finite-element method.

Conservation of mass for b > 0 yields

d jH b(z,t) dz = (ub)=o - (ub)IZ, (2.14)

and the mass balance is seen to depend on the inflow and outflow at the boundaries.

3 Finite-Element Discretization

We reformulate (2.6) as follows

Otb + 8zFb=0 and 8 q + 0zFq =0 (3.1)

with fluxes (F1)

Fb = u b-(a b? + P V q) b and Fq= 2 , b5/2 (3.2)

or (F2)

Fb = ub3/2 =_ (a b3/2 + Bq) b3/2 and F = 2 b5/2  (3.3)

This formulation is concisely written as

atfw +w t+ 0F= 0 (3.4)

with variables wv = (b, 0) and wt = (0, P q), and fluxes F = (Fb, Fq).
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3.1 Finite elements

We define a tessellation, Th, of N, elements, each denoted by Kk, in the spatial flow
domain, Of C Q. with boundary afQ:

Ne

Th={KK:U Rk= and Kk nKk, =0ifkzAk,1<kk' <Ne}; (3.5)
k=1

here K,, may be a time-dependent free-boundary edge element when it includes the
front where the aperture, b = 0, and KI, denotes the closure of Kk, and such. Element
Kk runs from node zk to node zk+1, and has a length of IKk I = Zk+l -zk. We consider
finite-element discretizations of (3.4) with approximations, Wh = (bh, qh) to the state
vector, (b, q), and basis functions, v = (Vb, Vq), to be introduced. The discretization is
such that bh, qh, and Vbq belong to the broken space (when Kk is not an edge element)

h {VIVIKk E pdP (Kk),k= 1k Ne}, (3.6)

in which pdp((KI,) denotes the space of polynomials in Kk of degree dp. For edge
elements, bh consists of an asymptotic solution analogous to (2.13).

3.2 Weak formulation

For the moment, we ignore the time dependence of basis and test functions in the
edge elements. We multiply (3.1) by test functions, v = (vb(z),vq(z)), integrate by
parts for each individual and isolated element, and then add the contribution from
all elements to obtain the following weak formulation

ZE { |Vb- dz+ [Fb(zT+1) Vb(zT+l) -Fb(z,,)Vb(zk)] I- FbVbdzl b 0
_ K dt JKk J

E JK vq qh dz + [Fq(zT+4) vq(zT+l) - Fq(z4)vq(zk4)] - f FqazVq dz} O

(3.7)

where vbq(ZT+l) = limZtZk+I vb,q(Z, t) and Vb,q(Zk+) = limI, Vbq(Z, t). ('We only denote
these dependencies explicitly when confusion may arise.) Hence, the fluxes at the
faces arising in elements Kk are evaluated inside each element.

Let
l[b]] = b+- b and b = (b+ + b-)/2 (3.8)

denote the jump and mean in the quantity, b, for example, at Zt with the trace
values b- = limzt.k b(z) and b+ = lim.z.k b(z). Consider the flux at a point, ZA,+1.

Because the elements are isolated from one another at this stage, b- := b(z4-) #
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b(zkl+) =: b+, and, consequently, the flux F(zT+4) ¢ F(zk++j) in general. The heart
of the discontinuous Galerkin numerical method hinges, therefore, on the choice of
the numerical flux. To enforce communication and conservation of the fluxes between
each element in (3.7), the fluxes F(zk+) and F(zT+l) at the faces of Kk are replaced
by numerical fluxes F(w-, wk+) and F(w- 1, w+ 1).

3.3 Flux formulation
The numerical flux, F(w., w+), is chosen to (i) be locally Lipschitz, following Cock-
burn and Shu (1998), implying that there is a constant, K > 0, such that

IF(w-,w+) - F(fi)I < Kmax(jw- - u 1, Iw+ - ;u-)

for all w_, w+ with Iw - ul and Iw+ -&I sufficiently small, (ii) be consistent such
that F(b, b) = F(b), (iii) ensure a local determination of qh in terms of bh, (iv) reduce
to an Bflux in the conservative limit when ,6 = 0, that is,

b+

X Fb(s; =0) -Pb(b-,b+;fP = 0)ds>0

with Fb(b; f = 0) = a b3, and (v) be L2 stable, as will be shown. Note that the flux
is the only way of communication between elements, and that the flux is determined
-by the values of bh and qh immediately left and right of each face.

To ensure positivity of the mean, an upwind scheme is chosen in contrast to
the scheme developed by Cockburn and Shu (1998), which turned out to be less or
unstable in our application. It is, therefore, necessary to reconsider their L2-stability
analysis.

From such an analysis, the following numerical fluxes emerge for F1

[ a(b2+b )b_ +q+b_ / if a>0 & q+ > 0
F (b,)- a (b2+ + b2) b- +, q+ b+ if a > 0 & q+ < 0
b =i (b+, -) Ia(b2++ ) b++ + b_ if a<0 & q+>0

I a (b2+ + b-) b+ + pq+ b+ V' if a < 0 & q+ < 0

Fq = Fq(b-)-

(3.9)
Alternatively, we also tested for choice F1

(a(b2++bj) bVb__ if a>0 & q>0
a ) (b2++b-)b-+P b+ if a>0 & q<o

- - a(V++1)b++qb_ if a<0 & q>0 (3.10)
a(b2 +b-)b++6 b+ if a<0 & q<0

Fq = Frq(b) = Fq = [Fq(b.) + Fq(b+)] /2,
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and for choice F2

Fb=Fb(b+,qi b32 if U;<O (3.11)

Fq = Pq(b±) = = [Fq(b-) + Fq(b+)]/2-

For choice F1, we separately use an upwind scheme both for the "convective" wind,
Uconv = a b2, and the "diffusive" wind component, Udiff = fi q V's. For choice F2, we
use an upwind scheme based on the "scaled" velocity, u, = a b3/2 + fiq, defined in
(3.2). Inspection shows that these fluxes are locally Lipschitz and consistent. The
diffusive part of the flux (3.9) for case F1 alternates and is reported to be more stable
(Yan and Shu, 2002). The local character follows from the spatial discretization in
which q, knowing b at the previous time level, can be solved before it is used in the
discrete equations for the aperture, b; see also Appendix A.

Properties (iv) and (v) are proven next. The flux F2 is more compact than flux Fl.
Readers less interested in further numerical analysis could proceed to the numerics
to ensure positivity of the approach and the treatment of the free boundary in §3.5
and further, or to the results in §4.

3.4 L2 stability

L2 stability for the discretized equations follows in an analogy of the L2 stability for
the continuous case with a constant. We simply assume that for general a(z) the
resulting discretization holds as well. In addition, the case without free boundary is
analyzed. To wit, multiply (3.1) times b and q, respectively, sum, and integrate over
space and time to obtain:

b2 -bH 2 bdz+ jj/ q2 dzdt Xj (Fb wb+Fq 9q) dzdt+

rT

JT(u b2 + Fq q)=H - (u b2 + Fq q)z=o dt = 0
fH + T fH q

2 -b2_bj2dz+ j ag2dzdt+

jT (u b2 - a b4/4) -(u b2 - a b4 /4).=o dt = 0, (3.12)

because

Fb azb + Fq 9zq = cc b3 2b + q b3 2 ab + (2/5)fib5128zq = a4[(b) +Fqq]

with 0(b) = g a s3 ds = a b4 /4. Note that bi(z) = b(z, 0).
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The discrete version of L2 stability for F1 and F2 proceeds as follows (cf., Cock-
burn and Shu, 1998); by adding the weak formulation (3.7) of both equations, we
find

.bh(wt, v rTrH dbh t+P qhzt-T
bA(whx vh) = 1 d0 t Vb +Epvq Adzdt-J E (F * [[vh]I)k dt+

2<k<NF

TW VTk=N+l- (WP- Vh)k=i dt - T 1 Nf /KF -azvhdz dt
(3.13)

with Wh = (bh, qh) and vh = (vb, vq). As in the continuous case, substitute vb = bh
and vq = qh into (3.13) to obtain:

I H rT Hl
bh (Wh Wh) = (bh- b2i) dz + I 6 | pdz dt+

0 o Io

(() + Fq = F W) dt

T (O(bT) -+ Fq qh F Wh )k.N+1

_ (3.14)

dt + | (dissipation(t) dt,

where

E3dissipation(t) =- E F* [[Wh]]
2<k<N

- 1< | F. 0,,w, dz+
l <k:<N Ki (3.15)

[O(bh) + Fqh] - [O(bh) + Fq qh]

Rewriting

- E f F - ,Wh dz dt = E [[O(bh) + Fq qh]]k+
l<k<N Kk 2<k<N

[O(bh) + Fq qh] k - [O(bh) + Fq qh] N

is used to evaluate (3.15) further. Hence, requiring that

(3.16)

eidissipation(t) = sipation(t) = E {[[q5(b) + Fq qh,]] - P [[Wh]I}
2<k<N 2<k<N

= E {[[O(b)J] + [[FJ]J qh- [[bh]] Fb + Pq [[qh]] - [[qh]] Pq} > 0
2<k<N

(3.17)
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motivates the choice (3.9) and its limits. Reordering the chosen convective flux in the
limit /3 = 0 produces

fiW mdissipation(t) =[[O(bh)II - [[bhI2 a (b2 + b+)b(
rb+ 1(3.18)

j Fb(s;= 0) - a (b + b)b. ds> 0

for Fb(b; / = 0) = a b3, when a # 0 proving property (iv), that the convective part of
the flux is an E-flux. The flux, Fb, in the diffusive limit is also an upwind flux as it
introduces extra stabilizing dissipation because some (graphical) analysis shows that

-[[qh]J Fb(b-) + f[Fq]] qh-# [[bh]3 q+ f Vb if q < 0 > ° (3.19)
~V'bYb+ if q <O >0 3.9

For the flux F2, we have been unable to prove L2 stability when a # 0 and /3 7 0 be-
cause the convective and diffusive parts in general cannot be considered in separation.
Nevertheless, in the frictionless limit, /3 < 0, we find

IiM (k ~1 3/2 32 ±2
li emOdissipation(t) = [[q(bh)]] - [[bh,]] a a (b3.. + b3{2) b3/2

=J| Fb(s; = 0) a (b/2+ b+2) b2ds > 0,

while in the diffusive limit, a -4 0, (3.19) holds again.

3.5 Time discretization: non-negative mean aperture

The upwind nature of the chosen fluxes is favored to avoid a negative aperture. The
idea of a maximum principle (e.g., Morton and Mayers, 1994; Bokhove, 2004) can
then be used to estimate a suitable timestep restriction such that the mean aperture
in each element remains positive.

Define the mean, Bk, and fluctuation, Bk, of bh in element Kk

bh!Kk = Bk + Bk (3.21)

with C E [-1, 1] the reference coordinate in element Kk (see Appendix A). Using the
test function vb = 1, we obtain the discrete equation for the mean aperture, Bk, in
element Kk

jKkI dB+= (3.22)IKdIta + Fb(Zk,+l) - Fb(Zk) = 0, (.2
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where for FI: NA = FA = (U)nv b+ + (U)djff b+ with (u)cnv = onv= ab2 and

(U)dlff ={ /,BV' ' if q O' 3.3MM qf/-i if 4 <o (3.23)

and for F2: F± = (u)8 b3/2 with (u), = us. So if VcOn, > 0 we choose b+(zk) = b& and
vice versa, and likewise for the diffusive velocity, (U)diff, and scaled velocity, us.

The third-order total variation diminishing Runge-Kutta (RK3) method of Shu
and Osher (1989) is used to discretize time (see Appendix A). Given b~k at time level,
t = tn, then bn+' at the next time level, t = t,+l = tn+At, is found using intermediate

stages bW) and b 2). Consider the case second order in space for F2 such that at the
face zk+: b- = Bk + Bk and b+ = Bk+1 - Bk+¶, with a positive velocity, (u)" > 0,
and a positive aperture, b" > 0, at time t, for the first forward Euler intermediate
time stage in the RK3 method. We deduce

-3() =Bn _ n + ) + At +
k-(u)" I (fDk+ f)± N(ut)' (f~ + bk_)

( At At n n
<Bk ( + I 0 (u)K (kk-l + Bk_j), (3.24)

since Bk + Bk < 2 Bk if (bh)k > 0. WAe can ensure positivity of B by limiting the
time step in (3.24) such that the coefficients of Bkn remain positive (e.g., in the above
case)

Atk < 0.5 jKkI/(u)k+1. (3.25)

An overall timestep is obtained by taking the smallest timestep resulting from the
elements Kfk. A similar timestep criterion appears at the other intermediate time
stages by taking (u)(1), (u)(2) to eventually ensure that D kN > 0. The same analysis
can be made for Fl. Because we do not know the values at intermediate stages t(')
and t(2) in advance, it may be necessary to restart the time integration at tn with a
smaller timestep.

In addition, a slope limiter is required such that Bk ± Bk > 0 at (intermediate)
stages. In addition, we used the limiter of Burbeau et al. (2001) to limit oscillations
around steep gradients. After each completed timestep, closure of the aperture so that
Bk 1: Bk < 0 for positive mean Bk would indicate that a closing event has emerged.

3.6 Free-boundary elements

In the presented simulations, only one free boundary (point) may be considered with
b = 0 for z > zr(t). Consider an underlying fixed mesh of elements and a mesh with
flooded elements where b > 0. The flooded part of the mesh consists of Eulerian

13



finite elements coinciding with the fixed mesh for z < zk and a Eulerian-Lagrangian
moving top element with k = te and a fixed bottom node at z = ze, and a moving
top node with zr(t) > Zt,.

The aperture in this top element, k = te, is expressed in terms of the asymptotic
free boundary solution as

bh(z, t) = IB (t) [zr(t)- / (3.26)
3 I Kt, I1/3

since bh is approximated by (2.13) and its mean satisfies

Die(t) = Zr _ ] bh(z,t)dz. (3.27)

After substitution in the weak formulation with vb = 1, but now allowing for a time-
dependent basis and test functions, mass conservation emerges

d(-K FI b) _ (t) = 0 and dzr = 64fiB (3.28)
dt dt 81 lIftel

with IKtI = zr(t) - zte. Likewise, we can handle a bottom free-boundary element.
The discretization of the equation for q remains the same (or can be altered corre-
spondingly), except that the the basis function used for b in a free-boundary element
has to be altered.

When the top element becomes too large, for instance, larger than

JKteI + 0.6 IKte+llfixed,

then element KtC becomes a regular fixed element and Kte+i the new time-dependent
top element, see Fig. 2a. Conservation of mass yields Bt and B 1+,, while Bte follows
by (numerical) projection. When the top element becomes too small, for instance,
less than 0.4 lKtelfie¶d of the fixed underlying element, then elements Kt,_1 and Kt,
are combined under conservation of mass; see Fig. 2b. A new time-dependent top ele-
ment, Kte,-, emerges with Bte,_, while Bte becomes void. In principle, closing events
emerging in the middle of the domain can be included as well (in the analogy of the
drying events in Bokhove, 2004) but were not required in the presented simulations.
Furthermore, the timestep criterion for free-boundary elements is adjusted to include
the effect of the moving free-boundary node.

4 Results

4.1 Stationary and Traveling-Wave Solutions

Substituting the traveling-wave Ansatz, b = b(V), with W = (z - ct) into (2.6) yields

Pfb 3b'= ab 3-cb-Q= f(b) -Q (4.1)
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(a) Kk

te i.* te

split element

- I !'I-''
k k+1 k+2 k k+l

(b)
- k merge element Kiev

K Zte

k k+l k+2 k k+l

Figure 2: (a) Splitting and (b) merging of the time-dependent top element with
expansion, b = bh(z,t) oX Bk(t) [Zr(t) - Z]1/3 .

with b' = db/d~p and the integration constant Q, which equals the flow rate when
c = 0. Several cases will be considered: stationary solutions with c = 0 and Q > 0,
and traveling-wave solutions with c 34 0. For traveling-wave solutions with a free
boundary, we must have a finite velocity at the front, and thus Q = 0.

4.1.1 Stationary solutions

When c = 0, we find

P b 3b' = ab 3 -Q = f(b)-Q. (4.2)

In Fig. 3a, we display f (b) versus b for a > 0; with root b = b. when f (b)-Q = 0 while
b, Q > 0. We note that b' < 0 when f (b) < Q, so if we start with a value b = bB < be
at the bottom, z = 0, then the aperture decreases going upward. Otherwise, when
f (b) > Q, we find Y' > 0, and the aperture increases. In Fig. 4a, we divide the
parameter plane Q-bB with bB > 0 into an inaccessible region where the aperture
closes before the top at z = H and regions where the aperture expands (right of the
dash-dotted line) and contracts (between the two indicated lines). Corresponding
profiles of z versus b(z) in Fig. 4b for various values of Q illustrate some of the
permissable profiles. When the aperture becomes asymptotically small at the top,
flow speeds become asymptotically large, implying that the neglected inertia terms
are no longer negligible. The profile with a critical flow speed, u = c = tYc Vi [cf.,
(2.8)], implies that Q = u b = 'Y bT2, corresponding to the dashed line in Fig. 4b.
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(a)a>Oc=O (b)a<Oc=0

0

.0

° b b. ° b

Figure 3: The function f (b) versus b for the stationary cases with c = 0 and Q > 0:
(a) for a > 0, the dike width contracts for b < be and expands when b > b., and (b)
for a > 0, the dike width only contracts.

In Fig. 3b, we display f (b) versus b for a < 0. We see that when a < 0, we always
find 1/ < 0 for the relevant cases with b, Q > 0. The parameter plane Q-bB in Fig. 5a
indicates that only the contracting profiles emerge, as in Fig. 5b.

In general, the density, Pr, of the rock may vary mildly with depth (e.g., approxi-
mately linearly),

Pr = (1- z/H) Po + pH zIH. (4.3)

WAe obtain the same equation (4.2), and the qualitative behavior is the same if the
sign of a is definite in the domain. For a(z) > 0, we obtain the parameter space
Q-bB, as shown in Fig. 6 with the corresponding depth-versus-aperture-profiles.

Another representative model of the crustal density arises from the Tolbachik
volcano region in Kamchatka, Russia, with

( 2,400 kg/M3 26km < z < 30km
Pr(Z= 2,600 kg/m 3 22km <z <26km . (4.4)

2,800 kg/m3 Okm < z < 22km

So the magma chamber lies at a 30 km depth. Furthermore, the ratio of minimum to
maximum principle stress is taken as /c = 0.7; the viscosity p = 100 Pa s; the magma
density Pm = 2, 600 kg/m 3 ; and A = 10- 8m/Pa. Steady-state solutions of the inertial,
elastic equations (see Woods et al., 2004) and the convection-diffusion equations are
both displayed in Fig. 7. They are indistinguishable on the scale shown. Hence, the
condition of choked flow in the convection-diffusion model seems appropriate here.
The steady-state equation for the elastic flow equations (2.4) with Q = b u is

(b/A - pm Q2 /b2 ) b = a.( b2/A + Pm Q2 /b) = g (r - Pm) b - 'y Q/b*. (4.5)
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Figure 4: Stationary case a > 0. (a) The parameter plane Q-bB with bB > 0 is from
left to right divided into an inaccesible, contracting and expanding region. (b) Profiles
of the vertical coordinate, z, versus the aperture, b(z), of the latter two regions are
displayed. The profile with the dashed line indicates the profile with critical speed at
the top for which u = Ycy/b and here b = bT = 0.1245m and Q = 2.7778rM2 /s.
Parameters are a = 0.4709,Ho = 3,000m,D0 = Im,pm = 2,500kg/mr3 , Pr =
2,800 kg/mr3 , = 0.95, A = 10-7 M2 s2 /kg, 1u = 100 Pa s, g = 9.81 m/s2 , y = 12,
and ye = 22.77.
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Figure 5: Stationary case a < 0. (a) The parameter plane Q-bB with bB > 0 is
from left to right divided into an inaccessible, contracting and expanding region. (b)
Profiles of the vertical coordinate, z, versus the aperture, b(z), of the relevant con-
tracting region are displayed. The profile with the dashed line indicates the profile
with critical speed at the top for which u = ryack and here b = bF = 0.1245 m and
Q = 2.7778 m2 /s. The parameters are a =-0.0883, Ho = 3, 000 m, Do = 1 m, Pm =
2, 500 kg/r 3 p_ = 2, 600 kg/r 3  = 0.95, A = 10- m2 s2 /kg, t = 100 Pa s, g =
9.81 m/s2 v y = 12, and trc 22.77.
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Figure 6: Stationary case with a = a(z). (a) The parameter plane Q-bB with bB > 0
is from left to right divided into a choked, contracting and expanding region. (b)
Profiles of the vertical coordinate, z, versus the aperture, b(z), of the latter two
regions are displayed. The profile with critical speed at the top corresponds with the
dashed line and bT = 0.1245 m. Parameter values are Ho = 3, 000 m, Do = 1 m, Pm =
2, 500 kg/r 3 , Pu 2, 800kg/r 3 , PH = 2, 800 kg/r 3, t = 0.95, A = 10-7 M2 s2 /kg, IL =
100 Pa s, g = 9.81 m/s2 , and 'y = 12.
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Figure 7: Stationary solutions for the three flow rates
Q = bu = 0.289, 1.766, 9.96 m2 /s from left to right for both the elastic-flow
and convection-diffusion models. Note that these two solutions per flow rate are
indistinguishable in the scale shown. Parameter values are assumed to model the
Tolbachik volcano region in Kamchatka, Russia.

For choked flow, 92b is infinite, and u :. Xct oc Vi near the top. We used
this asymptotic shape of the profile of u to scale the finite difference grid to obtain a
numerical solution.

4.1.2 Traveling-wave solutions

When c 0 0, traveling-wave solutions emerge. We consider first the most relevant
cases with constant a > 0. In Fig. 8, we display f (b) versus b and denoted the roots of
f (b) -Q = 0 by bo, bi, or b.. Note that Q is no longer the flow rate. Four cases emerge
with (a) c > 0,Q = 0, (b) c < 0,Q > 0, (c) c > 0,Q < 0, and (d) c > 0,Q > 0. We
don't consider (sub)cases in which b may become zero and Q 04 0, and hence exclude
the case with c, Q < 0. The cases (b), (c), and (d) with a > 0 correspond to the cases
(b') c > 0, Q < 0, (c') c < 0, Q > 0, and (d') c < 0, Q < 0 for constant a < 0 when
we reverse the sign of b'. Hence, we do not consider cases with a < 0 separately.

For choked flow at the top boundary, the boundary condition for traveling waves
is Q = 'yc aT3 /2 _caT. So for traveling-wave free-boundary solutions this choked-flow
condition yields c = Syc aT3/2 > 0.

Solutions with fronts exist for Q :A 0 with finite discharge and infinite velocity at
the front. The exception is the case Q = 0 for which the velocity at the front is finite
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a (a) c>o, 0=0

o ________iblb

0 ~ 0  b.

:a (c) c>0, 0<0 ~.(d) C>0, 0>0

0 - /0
b b b b. b

0 1

Figure 8: f (b) versus b for the four traveling wave cases considered with a > 0: (a)
for c > 0, Q = 0 there is one root b. and two situations b < be where 1/ < 0, and
b > be where V' > 0; (b) for c < 0, Q > 0 there is one root b. and two situations b < be
where b' < 0, and b > b. where ' > 0; (c) for c > 0, Q < 0 there are two roots bo, b,
and three situations with b < bo where bV > 0, bo < b < b1 where b' < 0, and b > b,
where ' > 0; and (d) for c > 0, Q > 0 there is one root be and two situations b < by
where b' < 0, and b > be where 6' > 0. Arrows indicate whether b' > 0 or 6' < 0 and
are not added when b 4 0 for Q 0 0 as these cases are excluded.

21



(b) c<O, 0>0

(c) c>o, Q<0

,1 0 b5 0 s 5
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Figure 9: Profiles of the depth, z, versus the aperture, b(z, t), for the traveling wave
solutions with a > 0. Arrows indicate the propagation direction of the wave.
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Run Location Type | 6 | Fq

Fig. 10 z = 0 Dirichlet Fb(b±, q+) Fq(b-)
z =H choked a bC.2  Fq(b.)

Fig. 11 z = 0 Dirichlet Pb(b±, q+) Fq(b)
z = H Dirichlet FP(bj, q-)) Fq(b+)

Fig. 12 z = 0 Dirichlet Fb(bL, q+) Fq(b.)
Z = Zr(t) free 0 0
z = H Dirichlet Rb(b±, q-) Fq(b+)

Fig. 14 z = 0 Dirichlet Fb(b±, q+) Fq(b.)
Z = zr(t) free 0 0
z=H choked a b.'2  Fq(b_)

Fig. 16 z = 0 Dirichlet Pb(b± 'q+) Fq(b-)
Z = Zr(t) free 0 0
z=H choked -Y b122  Fq(b-)

Table 2: The boundary conditions are provided at z = 0; and z = z,(t) (free bound-
ary), z = H (fixed) or z = H(t) (dome growth), whichever is applicable, for the five
runs presented for flux formulation F1 (3.9). The free-boundary conditions are valid
provided 0 < z,(t) < H.

and the exact solution is

ab - vfi~arctanh(xa-b/lVc)] = Z - Zr(t) = Z - ZrO - Ct (4.6)

with integration constant zro the position of the front at t = 0.
The profiles for the depth, z, versus the aperture, b(z,t), for the traveling-wave

cases are shown in Fig. 9 for cases (a) 1/ < 0 and Q = 0; (b) ' > 0; (c) b' < 0, bo <
b < b1 and b' > 0,b > b1; and (d) 6' > 0, corresponding to the cases in Fig. 8. The
arrows indicate the direction or time propagation of the wave, and the dashed lines
indicate the constant aperture limits corresponding to the roots in the cases (b) be,
(c) bob 1 with bo < b1, and (d) b*.

4.2 Numerical Verification

To verify the algorithm and numerical implementation, a comparison is made be-
tween the numerical solutions of the partial differential equations with a mixture of
(time-dependent) Dirichlet, choked-flow, and free-boundary conditions, and high(er)
resolution exact or numerical solutions of the stationary and traveling-wave solutions
governed by the relevant ordinary differential equation. For the full system, we use
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Figure 10: The evolution of the aperture, b(z,t), as function of depth, z, is shown
for the numerical solution (solid lines) at times 0,1.8,...,45min (dimensionless
t = 0.1, ... ,2.5). The final, nearly stationary state as a high-resolution (fourth
order Runge Kutta space discretization and 10 times higher resolution) numerical
solution of the relevant ordinary differential equation is displayed as a dashed line.
The Dirichlet condition at z = 0 and initial conditions are bB = 1.1774489332 and
b(z, 0) = 0.1244834652. At the top, the choked flow is imposed. a = 0.4709, , = 1.0,
and y, = 22.7683991532. Forty equidistant elements are used.

second-order accuracy in space and choose the timestep sufficiently small, while, for
the ordinary differential equations, we use a fourth-order Runge-Kutta spatial dis-
cretization and at least a tenfold higher resolution. Only the results of formulation
F1 are shown because the results of the two formulations are similar. In each case,
the total number of underlying fixed elements is stated. The boundary conditions
used in the five presented simulations are summarized in Table 2. When nothing is
mentioned, the flux rule as it stands in (3.9) is implemented.

To determine the spatial accuracy, the L2-norm of the error has been used (and
approximated by taking the mean values in each element)

L 2 = I\ j (bnumerical - bexact) 2 dz, (4.7)

and the Loo norm, the maximum absolute difference between the numerical and the
"exact" solution with Hwet the inundated, open part of the domain.

We considered stationary solution and two traveling-wave solutions, corresponding
to Fig. 4 for (a) c = 0, a > 0; and Fig. 9 for (a) c > 0,Q = 0 and (c) c > 0,Q < 0
with b < be and bo < b < bl.
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N = 20
Error

N=40
| Error I Order

N=80 | | N=160
Error Order | Error | Order

-4

L2

Loo
0.0376041 0.020769 1 0.86 1 0.011052 1 0.91 1 0.005590 1 0.98
0.037604 0.16191 0.38 0.12085 0.42 0.08668 0.48

Table 3: L2 and Lo: errors as function of resolution and the spatial order of accuracy
for the stationary case with c = 0, a > 0. Polynomial order dp = 1. Solutions are
considered at dimensionless time t = 2.5.

0.14 C

b (m)

Figure 11: The evolution of the aperture, b(z, t), as function of depth, z, for
the numerical solution (solid lines) at times 0,3.6,...,36hr (dimensionless t =
0,0.012, ... .,0.12). The fourth profile at 18 hrs in the middle of the graph is used
to determine the L2 and L>> errors. The traveling-wave solution is a high-resolution
(fourth order Runge Kutta space discretization and approximately 10 times higher
resolution) numerical solution of the relevant ordinary differential equation. For each
time, this solution displayed as a dashed line. The Dirichlet conditions are time de-
pendent and given by the traveling-wave solution with dimensionless c = 32.9616 and
Q = -28.2528. a = 4.7088 and fi = ].0. Ten equidistant elements are used.
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N=10 N=20 | N=40 | N= 80
Error Error Order Error | Order Error Order

L2  0.0067878 0.0022502 1.5929 0.0007432 1.5982 0.0002381 1.6419
Lo, 0.0140886 0.0049057 1.5220 l 0.0016545 1.5680 0.0005139 1.6870

Table 4: L2 and L. errors as functions of resolution and the spatial order of accuracy
for the traveling-wave case with c > 0, Q < 0, bo < b < bl. Polynomial order dp = 1.
Solutions are considered at dimensionless time t = 0.06.

The exact stationary solution with Dirichlet and choked-flow boundary conditions,
displayed in Fig. 4b with the dashed line, was considered first. The sequence of
numerical solutions approaching this state are displayed in Fig. 10. Table 3 shows
that the spatial accuracy reduces to order 1 for the L2-error and order 0.5 for the
LOO-error in the stationary case because of the steep gradient and the choked-flow
condition, both at z = H. In Fig. 10, this discrepancy is observed at z = H = 3 km,
where the largest pointwise error occurs. Such a reduction of order is also observed
in solutions with shocks or discontinuities. The exact and numerical traveling-wave
solution is shown in Fig. 11. Table 4 shows that the spatial accuracy is approximately
1.5-1.64 for the traveling-wave case, as opposed to the expected, formal second-order
accuracy.

The exact and numerical traveling-wave solution with a free boundary propagating
in the domain is provided in Fig. 12. The numerical solution uses the free-boundary-
strategy explained in §3.6. The numerical solution corresponds relatively well with
the exact solution. The L2-error has an order of 1.6, while the LOO-error behaves
poorly and fluctuates heavily. The actual time of splitting an element in relation
to the measurement time makes the latter error a poor indicator of the order of
convergence. Oscillations in the speed of the frontal position shown in Fig. 13 are
caused by the element-splitting procedure.

4.3 Validation

The validity of the mathematical model and numerical modeling is illustrated by
presenting numerical solutions of magma flow through an opening elastic dike from
a magma chamber with a fixed pressure until the dike reaches the surface. The
subsequent growth of a lava dome or pile implies that the overpressure of the magma
chamber reduces. Once the lava pile reaches a critical height, failure causes immediate
removal of the pile on the slow time scale considered, whence the overpressure in the
magma chamber is suddenly increased again.
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Figure 12: The evolution of the aperture, b(z, t), as function of depth, z, for the numer-
ical solution (solid lines) at times 0,3.6, ... , 54 min (dimensionless t = 0,0.2, ... , 3).
The fifth profile at 14.4 min in the middle of the picture is used to determine the
L2 and L.o errors. The traveling-wave solution is provided by the exact solution for
Q = 0 (dashed lines). The Dirichlet conditions are time dependent and provided
by the traveling-wave solution with dimensionless c = a = 0.4709, P = 1. Twenty
equidistant underlying regular elements are used, of which only a fraction is used with
one time-dependent free-boundary element when the aperture is only open, b > O, in
part of the domain.

N=10 N=20 N=40 N=80 N=160
E10or E -4 Order IO-rOrder Order E Or

L2  127.7914 l 51.171 1.32 | 17.467 1.55 4.591 1.93 | 1.490 | 1.
L,, 181.7607 l 108.029 l 0.75 40.409 1.42 10.364 | 1.96 7.276 0.

Table 5: L2 and Loo errors as functions of resolution and the spatial order of accuracy
for the traveling-wave case with c > 0, Q = 0. In the interior, the polynomial order
is dp = 1, and at the free boundary, a fractional basis function is used. Solutions are
considered at dimensionless time t = 0.8.
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Figure 13: The speed of the front, dzr/dt, till t z 27min and the discharge, q
u d, are displayed at the end of the dike after t ; 27 min. This speed should be
c/U = 0.4709 (with dimensional U = 2.778m/s) and the discharge q/Q 0.4709
(Q = 2.778 m2 /s). The oscillations in the frontal speed clearly demarcate the element-
splitting process; there are 40 fixed elements.
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Figure 14: The same simulation as in Fig. 12 but after the magma reaches the exit;
the flow at the exit is choked. Profiles at times 0, 7.2 min, . . .,12.4 hrs (dimensionless
t = 0, 0.4, . .. , 8). The dashed lines represent the traveling-wave solution with corre-
sponding exact solution before the magma meets the exit. This exact solution is used
to determine the Dirichlet condition at z = 0 for all times.
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Figure 15: The cross-sectional area of the lava dome is assumed to consist of the
two triangles shown. The elongated dike is considered to have constant width as
approximation to a very thin dike with an elliptical cross section in a horizontal
plane. The dome height, h,(t), depends on the eruption area and the inclination
angle, 9.

4.4 Lava dome growth and collapse

We consider the growth of a lava dome of modest height as a consequence of a lava
eruption at the Earth's surface. As long as the ratio of dome height, h,, versus
the depth of the magma chamber, H = 10 km, is small, the convection-diffusion
equation is appropriate. Otherwise, the edifice load has to be taken into account, as
in Pinel and Jaupart (2000). Parameter values include p= 1, 000 Pas, A = i0-7,
K = 0.95, Pm = 2,500 kg/m3 , Pr = 2, 800 kg/m 3 , and roughly mimick estimates for the
Soufriere Hills Volcano in Montserrat (Melnik and Sparks, 1999). The overpressure
in the absence of a lava dome is approximately 10 MPa against a lithostatic pressure
of approximately Pr g H = 275 MPa.

During its growth, a simplified shape of the dome, which cross-sectional area
consists of two triangles, will be assumed. The shape of this dome is an approximation
of a very elongated, solid elliptical cone excluding the volume of the dike through the
cone, see Fig. 15. Hence, we deduce that, for a dome of height h,(t) and angle of
incline 0, the cross-sectional area, 0 = 0(t), is

0(t) = h, (w1/2 + he/ tan 0) - h, (aT/2 + he/ tan 0) (4.8)

with the half-width of the dike in the dome W1 /2 ; a(H, t)/2 = aT(t)/2. This area is
the cumulation in time of the discharge of lava at the growing top of the dike and starts
at time to when the dike breaks through the surface at z = H when h,(to) = 0. The
w1/2-factor is included to avoid an infinite growth speed when h" 4 0. Alternatively,
one could fill an area of fixed width so that the dome shape is rectangular. The
shape of the dome is simply chosen to illustrate the leading-order dynamics and has
no further significance. Lava flow will again start at some time less than to from the
magma chamber at z = 0 following the exact solution (4.6). Upon breakthrough at
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Figure 16: Profiles of the evolution approximately every 67 hrs. After approximately
five hours the dike reaches the surface, and the eruption reaches a periodic cycle. In
total, 80 elements are used.

time to the speed dz,/dt will change abruptly from the speed of the lava front to the
growth speed of the dome height, dh,/dt,

dh, 2UT(t) bT(t) (4.9)
dt 'br+4hv/tanO'

because hV(to) - H = h(to) = 0. This relationship follows from relating the area
growth to the discharge rate at the top of the dike: dO(t)/dt = uT(t) b(t) with the
critical velocity UT(t) = u(z = Hit) at the top, z = H, of the dike and likewise for
width bT. In addition, we neglected ab1Otj,=,.

The bottom boundary condition is Dirichlet and follows from expression (4.6)
minus the additional pressure increase because of the dome growth. After break-
through, the width at the magma chamber decreases following relation (2.2) because
the absolute pressure in the host rock increases as the dome grows in height.

After the dome growth starts, the dike width decreases as the constant magma
overpressure needs to overcome a larger lithostatic pressure of the host rock and lava
dome combined, see Fig. 16. In the initial phase, the dike propagates to the surface
with a speed of 0.1308m/s to break through after approximately five hours. After
breakthrough, the discharge in Fig. 17 becomes periodic as the dome collapses and
disappears instantly (on the slow time scale modeled) after the dome height reaches
a critical height chosen to be h, = 50 m. The periodicity observed is approximately
100 hrs.
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Figure 17: The discharge at the dike tip (per unit length along the dike) versus time
shows the eruption reaches a periodic cycle when the dome collapses every time it
reaches a critical height, here chosen to be he = 50 m.

5 Conclusion and Discussion

The flow of incompressible magma through a dike has been investigated in a model
with leading-order coupling between the elastic rock walls and the magma flow. The
resulting convection-diffusion model admitted various stationary and traveling-wave
solutions, and more complex numerical solutions were found with a new discretiza-
tion method. The stationary and traveling-wave solutions were used as building
blocks to understand the evolving flows and end-states in geophysical applications.
More detailed information was obtained by performing simulations for a variety of
time-dependent boundary conditions using the developed local discontinuous Galerkin
finite-element method. The numerical method displayed a convergence of order 1.6
for smooth solutions in the L2-norm also for a free-boundary solutions which were
treated with a special arbitrary Lagrangian-Eulerian time-dependent element. For
flows with steep gradients, the L2-norm reduced to order one because a slope limiter
was needed to ensure stability (see Burbeau et al., 2001). The L.,-error showed a
convergence of 1.6 for a smooth solution without free boundary, and order 0.5 was
reached in the free-boundary case and the case where steep gradients emerged.

The numerical finite-element method developed can readily be extended to asym-
metric flows in the two-dimensional dike plane and can then be considered in com-
plicated geometries, which can arise because of heterogeneities in the rock or dike
intersection with a subsurface tunnel. For the two-dimensional extension of the
convection-diffusion model, it may be advisable to use an implicit Crank-Nicolson
time discretization. The latter will permit shorter time steps and enhance stability,
in which case a slope limiter is probably no longer required (cf., Yan & Shu, 2002).
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The formulation of the proper in- and outflow boundary conditions in averaged
models with a simplified elastic response of the host rock remains an outstanding
question. Nevertheless, the critical flow condition at the exit gave satisfactory results.
In particular, steady-state solutions of the convection-diffusion model with the critical
flow condition at the surface were nearly indistinguishable with steady-state solutions
of the elastic model in which the inertia terms are not neglected. Solution of this
elastic model, further geophysical applications of the current model for steady-state
conditions and including the compressible effects of viscous, bubbly magma, are found
in Woods et al. (2004).

Presumably, improved conditions follow from further consideration of the feedback
between the dynamics in the dike and the response of the magma chamber and the
coupling with the erupted flows above and over the Earth's surface.
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A Discontinuous Galerkin Finite-Element Method

A.1 Geometry and polynomial basis functions
In one dimension, the bounded interval Ql := [0, H] C JR is partitioned by Ne + 1 "regu-
lar" faces (points in one dimension) E := {zk}kN10 and into Ne "regular" elements. It is
convenient to introduce a reference element in one dimension, K = [-1,1], and define the
mapping FK: JR - JR between the reference element, K, and element Kk as follows: z =
FxK (C) = 1i2=1 Zk,m Xm(C) = k + lKI C(/2, where the Zk,l = Zk,L and z,2 = Zk,R are the
left and right end points of element Kk = (Zk,L, Zk,R) = (z, Zkk+l). The shape functions are
XI(C) = (1-4)/2, X2(() = (1+()/2. Note thattkj = (zk,L+zk,R)/2, IKkI(t) = (Zk,R-Zk,L).

In the basis element K, we define basis functions

00(()=1 and (om (()=(m  for m=1,...,dp. (A.1)

Finally we relate the local basis functions in K to the basis functions in Kk as follows:

(o, = Cp.[F-'(zt)] = Vn,k(zt) for n = 0,...,dp. (A.2)

In principle, elements can be time dependent by allowing the nodes to move in time. We
distinguish fixed interior elements where b > 0 and edge elements where b = 0 at one of the
nodes.

To unify notation, for Fl, we have w = (b,q), and for F2, take w = (bq = u). The
vector (b, q) in both F1 and F2 and test functions, v, are approximated in each interior
element, Kk, by their polynomial approximations (for time-independent elements), (bh, Wh)

and Vb,q, as follows:
dp dp

bh (Z, O = E: tM(Kk X t) ObM(Z, 0) Vb,qZ W E, vm (Kk) XPm (Z, t (A.3)
m=O m=O

with polynomial basis functions ipm(z, t) E pdp (Kk). These are chosen such that

Bo = 3 (Kk,t) = k b(z,t)dz/IKkI and

'pm,(Z&) d/I i if M> 1
m { pmak(Z,t) - JKk 1k(zt) dz/IKkI if m > I0

Likewise, we approximate q with qh.
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A.2 Weak formulation and finite-element discretization
Taking dp = 1 in (A.3), we approximate bh by a mean and a slope

bh(Zt) =3Bk+ BklPk(Z,t) and Vh(Z) = Wk + WkfIk(Z,t) (A.4)

with Bk = B (Kk, t), and such, and likewise for qh. We now restrict to the case, where the
nodes remain fixed. Since Wk and Wk are arbitrary, we obtain the following equations for
the mean and fluctuating part after substituting (A.4) into (3.7) for formulation F1 and F2:

IKkI d-k + Fb(Zk+1) - b(zk) = 0

3 dft + [Fb(zk+1) + Fb(zk)] - Fb(bh, qh) d = 0 (A.5)

P IKkI Qkk+ Pq(Zk+l) -q(Zk) = 0

,J il Qk±+[Fq(Zk+l)+Fq(zk)]-f Fq(bhqh)dC=0.

The integrals are approximated with a third-order Gauss quadrature rule.

A.3 Time integration
We write (A.5) as a system of ordinary differential and algebraic equations

db(A)
dt =Gb(b,q) and q = Gq(b) (A.6)

with b = (B,B) the state vector of unknown coefficients of the basis functions, and q =
(Q, Q). We can then use the third-order Runge-Kutta method of Shu and Osher (1989), for
example, to discretize (A.6) in time, and obtain

q = Gq(b' ) b) = bn + At Gb(bn, qn)
q(l) = Gq(b(l)) b(2) = [3 bn + 0) + At Gb(b(l), q(1))] /4 (A.7)

q(2) = Gq(b(2)) bp+ 1 = [bf + 2 b(2) + 2 At Gb(b(2),,q(2))] /3.

Note that we can solve for b and q in an explicit manner because the new (intermediate)
stage of q can always be found from the new (intermediate) stage of b before commencing
the time update.

B List of Symbols
a = a(z), dimensionless coefficient for advective term
a, long semi-axis of elliptical cross section
b = b(z, t), aperture, and short semi-axis of elliptical cross section
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b(°), b), b(, and such, consecutive coefficients in series expansion of b = b(z, t)
bB(t), boundary value of b(zt) at z = 0
bT(t), boundary value of b(z, t) at z = H
Bk, Bk, numerical coefficients in finite element discretization of variable, b(z, t)
BA, mean coefficient of top (free boundary) element
,f, dimensionless diffusive coefficient
ce, elastic wave speed
c, traveling wave speed
dp, degree of the polynomial used in the finite element approximation
Do, length scale of aperture b
C, small parameter
1 = (z, - z)/c, stretched coordinate at the free boundary
f function used in determining the stationary and traveling-wave solutions
F, flux
F6, flux of the aperture equation
F., flux for diffusive variable q
9, accelaration of gravity
G, rigidity
Gb, Gq, righthand sides in numerical discretization
a, frictional coefficient
-ye, coefficient in dimensionless elastic wave speed
ht, height of lava dome
H, length of domain
Ho, length scale of H
Kk, element k
Kte, top finite element at free boundary
Kk, closure of element, Kk
i;, anisotropy parameter, ratio between horizontal and vertical stresses
k, k', finite element index
A, elasticity of the rock
L2, Loo, error measures
p, viscosity of magma
Ne, number of finite elements
v, Poisson's ratio
SI, Olf, domain and spatial flow domain, respectively
OSa, boundary of spatial flow domain
p = p(z, t), pressure of magma
Pr = Pr (z), pressure in the host rock
PB = PB(t), pressure in the magma chamber at the bottom
PT, ambient pressure
p = z - ct, traveling wave coordinate
'ns Sums polynomials outside and inside the reference element
q, diffusive aid variable in numerical formulation
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Q, Qf, integration constants of the flux expressed as area per second
Qk, Qk, numerical coefficients in numerical approximation of variable q
Pm, constant density of magma
Pr, constant density of the host rock
PO, PH, constant densities
t, time
r, stretched or slow time coordinate
To, time scale
Th, tesselation
u - u(z,t), the vertical velocity of the magma averaged over the cross section of the

dike
Ur = Ur(t), frontal velocity at z = zr(t)
Udff , Ucon, diffusive and convective part of the advective velocity
UT, velocity at top of dike
Vv~bVq, test function, general, and for variables b and q, respectively
Wh, bh, qh, numerical approximation of w = (b, q)
z, vertical coordinate
z, = z,(t), position of free boundary where b -- 0.
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