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Abstract

The flow of gas, magma and pyroclasts through a volcanic conduit produces erosion of the conduit wall. Erosion
may be produced by the impact of pyroclasts on the conduit wall, fluid shear stress at the wall, conduit wall collapse,
and volcanic tremor. Using a two-phase flow non-equilibrium model of magma ascent along the volcanic conduits
demonstrated that the erosion due to the impact of particles on the wall can occur only above the magma
fragmentation level of the conduit where the particles or pyroclasts remove the wall material by an abrasion process.
This abrasion process was found to be the largest near the conduit exit where the gas—-magma velocities are the
largest. The erosion due to the fluid shear stress at the wall can be produced along the entire length of a conduit,
depending on the wall roughness and yield strength of wall rocks. This shear stress is the largest near the magma
fragmentation level where the gas—magma viscosity and velocity gradients are very large. The collapse of conduit
wall due to the difference between the gas—magma and lithostatic pressures can occur below and above the magma
fragmentation level, causing the production of lithics directly when the wall collapses inward, and indirectly when
the wall collapses outward. The effectiveness of different erosion mechanisms was tested with the magma
characteristics, conduit geometry, and wall rock properties pertaining to the AD 79 eruption of Vesuvius. It was
found that during the white and gray magma plinian eruption phases the lithics should had come from the deep as
well as from the shallow regions of the conduit. The conclusions from erosion modeling are also consistent with the
limited field data whereby the gray magma phase deposits are associated with larger lithic content and larger
proportion of deep limestone fragments.

1. Introduction flow can also produce pressures which are differ-
ent from lithostatic in the magma chamber and

During a volcanic eruption, the flow of magma, along the conduit, causing the production of
gas and pyroclasts through a conduit can produce lithics due to wall collapses. The erosion de-
erosion or abrasion of the conduit wall. The fluid pends, therefore, on the thermofluid-dynamic

characteristics of the multiphase mixture of
magma, crystals and gas flowing in the conduit as
[PT] well as on the lithology of the volcanic edifice. A
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Fig. 1. Hlustration showing a possible volcanic conduit of
Vesuvius during the AD 79 plinian eruption. The magma is
accelerated from stagnation state o in the magma chamber
and begins exsolving at z = z, and fragmenting at z = z;. The
stratigraphy of the conduit wall is indicated by seven different
zones with associated rock densities.

typical condition of the rising magma through a
conduit or fissure is depicted in Fig. 1. The mix-
ture of magma and crystals ascends from a magma
chamber at z =0 and the dissolved gases in the
magma begin exsolving at z =z,. For z >z, the
exsolved gas forms bubbles which grow as the
magma ascends toward the surface. The bubbly
two-phase flow mixture subsequently fragments
at z =2z, where the bubble packing density in
magma reaches a maximum. Above the magma
fragmentation level, the two-phase flow regime
consists of liquid magma drops or particles (pyro-
clasts) flowing in a continuous gas phase. The
changing magma flow regimes along a conduit in
combination with the changing stratigraphy of the
conduit wall rocks can lead not only to different
erosion rates or production of lithics along the
conduit, but also to different mechanisms which
can cause the erosion.

In the course of a volcanic eruption the ratio
of lithics to juvenile products can vary. The lithics
may come from the breakup of the walls of the
magma chamber and conduit wall abrasion due to
fluid flow [1], as well as from wall collapses due
to the changing magma pressure in the conduit

[2-4]. A magma—water interaction in a conduit
can also cause erosion due to the change of
pressure on the conduit wall [5] and propagation
of shock and stress waves [6]. The eruptions of
Vesuvius in AD 79 and 1906 [7-9] and the prehis-
toric eruption of Nisyros [8] provide evidence of
different ways in which non-juvenile volcanic
fragments can be intermixed with juvenile prod-
ucts during the course of an eruption.

Finnie [10,11] considered the erosion of ductile
materials by a stream of solid particles. He devel-
oped a theory of two-dimensional erosive cutting
and noted that the factors which may influence
the ductile erosion include the particles’ angle of
impingement, rotation, velocity, size, shape,
strength and concentration, and the properties
and shape of the surface being eroded. This cut-
ting theory predicts that the removed surface
volume is proportional to the mass of the eroding
particles, the square of the particle velocity and
the angle of impact of the particles which pro-
duces a maximum erosion at about 20°, and in-
versely proportional to the surface hardness.
Nielson and Gilchrist [12] performed experiments
with particle laden gas streams and different ma-
terial particles. They found that for glass the
predominant erosion mechanism is due to the
cracking of the surface by force components of
particles which are normal to the erosion surface,
whereas for ductile materials the cutting wear
described by Finnie is also important. In applica-
tions to fluidized beds, Bouillard et al. [13] and
Lyczkowski et al. [14] extended the power dissipa-
tion erosion model of Ushimaru et al. [15] and
developed a monolayer energy dissipation (MED)
erosion model where the second law of thermo-
dynamics and kinetic and total energy equations
of a mixture of gas and solid particles were used
to establish the following rate of kinetic energy
dissipation:

D, =tr(arsVug) + tr((1 —a)TVog)

+(vg—vs)°B=0 (1)

where « is the volumetric fraction of gas in the
mixture, T is the viscous stress tensor, v is the
velocity, B is the gas—particle drag coefficient, tr
denotes the mathematical operation of trace, and
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the subscripts G and S pertain to the gas and
solid particles respectively. The rate of kinetic
energy dissipation given by Eq. (1) in a monolayer
of particles in the vicinity of a stationary surface
can be converted to: (a) heat which is produced
between the gas and solid particles, between the
gas and surface, and between the particles and
surface; (b) erosion of the surface; (c) attrition of
solid particles. The rate of kinetic energy dissipa-
tion which can result in erosion is clearly only a
fraction of the total energy dissipation rate given
by Eq. (1). The MED model accounts for the
kinetic energy dissipation by one layer of particles
in the proximity of an eroding surface which is
then converted into an erosion rate.

The lateral blast of Mount St. Helens on May
18, 1980 produced erosional features or furrows
on or near ridges which Kieffer and Sturtevant
[16] attribute to the erosional nature of longitudi-
nal vortices aligned with the flow direction. In
order for such erosional features to occur it is
necessary that a high-speed flow traverses com-
plex topography, becomes unstable, and produces
large-scale vortical motions in turbulent shear
flow. It is difficult to visualize, however, how such
an organized flow behavior may be operative in
internal flow passages such as volcanic conduits
where the fluid mechanic characteristics are very
different from external flows.

Depending on the gas—magma flow regime in
a volcanic conduit, it is possible to identify sev-
eral basic erosion mechanisms. Erosion can be
produced due to the impact of solid particles on
the conduit wall whereby the particles cut, de-
form or crack the surface, leading subsequently to
the stripping of the surface material. As such, this
erosion mechanism is possible only above the
magma fragmentation level where the gas viscos-
ity does not impede greatly the motion of solid
particles. Erosion can also be produced by the
effect of the shear stress of the flowing fluid on
the conduit wall. This type of erosion acts along
the whole length of the conduit, both below and
above the magma fragmentation level, and should
be at its greatest where the viscosity and velocity
gradients of the flowing mixture attain their
largest values along a conduit. In establishing the
total inflow of wall material into the conduit it is

also necessary to consider the generation of lithics
from the conduit wall collapses produced by the
difference between the lithostatic and fluid pres-
sures. Such a production mechanism for lithics
may indeed be very important because it may
contribute to the fracture of rocks along the
whole conduit, and in particular near the magma
fragmentation level where the magma pressure
can fall considerably below the local lithostatic
pressure [2-4]. Another possible wall erosion
mechanism can be associated with the volcanic
tremor which can be produced by a buoyantly
rising magma which fractures the rocks, or by the
fluid-dynamic phenomena in the conduit associ-
ated with bubbles and motion of exsolution, frag-
mentation and shock wave fronts during the
changing magma flow conditions.

This paper has the following objectives: (1) to
demonstrate how the non-equilibrium two-phase
flow model of Dobran [2] and Papale and Dobran
[3] describing magma transport in volcanic con-
duits can be used to determine the regions in
conduits which are most susceptible to erosion,
and (2) to test the model predictions with the
lithics data for the white and gray magma erup-
tion phases of Vesuvius in AD 79. It will be
shown that in the neighborhood of the magma
fragmentation level the fluid shear stress can be
very large and can contribute significantly to the
abrasion of the wall material, and that near this
level the large difference between the lithostatic
and fluid pressures can also produce a conduit
wall collapse or an inflow of wall rocks or lithics
into the conduit, whereas near the conduit exit
the moderate increase of gas—magma pressure
above the lithostatic pressure and large gas-—
magma velocities and velocity gradients may be
responsible for significant conduit erosion or for-
mation of a vent.

2. Magma flow and erosion modeling in conduits
2.1. Fluid dynamic modeling
Dobran [2] developed a steady-state, one-di-

mensional and two-phase flow non-equilibrium
model for the gas—-magma flow in volcanic con-
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duits. In this model the ascending magma with
crystals is assumed to flow as a single-phase fluid
until it begins to exsolve the dissolved water at
the height z, above a magma chamber (Fig. 1).
For z >z, and below the magma fragmentation,
z <z, the exsolved gas in the form of bubbles
forms a two-phase bubbly flow mixture, whereby
the gas bubbles are contained in the continuous
liquid magma with crystals. Above the magma
fragmentation level, z > z;, the two-phase flow
regime consists of a continuous gas phase with
dispersed drops or particles of fragmented
magma.

The single-phase flow length z, can be estab-
lished on the basis of the exsolution pressure P,
by applying a one-dimensional form of the mo-
mentum equation between the stagnation state o
in the magma chamber and the height z_ in the
conduit [2,3,17]. In this paper the magma cham-
ber pressure was computed on the basis of the
density distribution or stratigraphy as indicated in
Fig. 1. In the application of the magma flow
model to Vesuvius as described below, the
stratigraphy of the volcanic edifice of Vesuvius
was divided into seven layers [3], and is based on
the data of Balducci et al. [18] who drilled a deep
exploration well (Trecase-I) about 2000 m from
the Somma-Vesuvius caldera and about 2000 m
deep. The upper layers, from 0 to 1800 m below
the crater rim, are made of volcanic material and
will be referred to in this paper as ‘volcanites’.
The lower layers are made of carbonatic con-
glomerates, limestones and dolomites, and will be
referred as ‘calcarcous terrains’ or the Italian,
‘calcari’. The stratigraphy of the wall rocks near
the conduit of the AD 79 eruption of Vesuvius
was probably somewhat different from that as-
sumed above due to the subsidence of the central
portion of the volcanic complex as the result of
subsequent eruptions.

Above the gas exsolution level, z >z, the
two-phase flow can be modeled by the equations
expressing the conservation of mass and balance
of momentum of gas and liquid [2]. Thus,

G =pgatg (2)
dG, _ d 1 ¢ 3
L= —p(1—au = C, (3)

dug dpP
PG”G“E = _O‘E —Fig—Foye—pcga (4)
du,
pruy(1 —a)d_
z

W,

+Cw(uw_uL)_pLg(l_a) (5)
where « is the gas volumetric fraction, u is the
vertical velocity and éw is the mass erosion rate
per unit volume. The subscripts G and L refer to
the gas and liquid phases, respectively, with L
denoting the liquid magma and crystals below the
magma fragmentation level and magma drops or
solid particles above the magma fragmentation
level. The velocity u,, is the velocity of the mate-
rial being eroded and introduced into the flowing
mixture in the conduit. The interphase and wall
friction terms F, 5, F,g and F,,; account for the
gas-liquid drag, gas-wall drag and liquid-wall
drag, respectively, and are specified by the appro-
priate constitutive equations depending on the
flow regime [2]. The magma viscosity [19], gas
exsolution [20] and density [21] depend on magma
composition and were modeled according to the
models described in Papale and Dobran [3,4].

The erosion modeling by the above steady-state
model also requires the specification of the mass
erosion rate éw, which will be assumed to be
negligible in the modeling Egs. (5)-(8), but will
be estimated a posteriori to establish the relative
importance of different erosion mechanisms in
different regions of a volcanic conduit. This mod-
eling approach is reasonable as long as we are
only interested in identifying the importance of
different erosion mechanisms and not in quantify-
ing these mechanisms in detail. Once an erosion
is initiated, the results from the above model
must be carefully evaluated, since they are not
expected to be valid when the erosion rate is
large or the erosion mass and momentum fluxes
contribute significantly to the gas and magma
fluxes along the conduit.

dP
= —(1—(1)5 +FLG_FL

2.2. Erosion due to impact of particles on the
conduit wall

Erosion due to the impact of particles on the
conduit wall is possible only above the magma
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fragmentation level. This level is defined by the
gas volumetric fraction a« =0.75 which corre-
sponds to the maximum packing density of the
bubbles [2,22]. The erosion rate is assumed to be
proportional to the power dissipated by interpar-
ticle collisions in a layer (‘monolayer’) of particles
near the wall surface. The rate of kinetic energy
dissipation D, due to the interparticle drag is
then given by

Dk=B(VG_Vs)2 (6)
where B is the gas—particle drag coefficient which
is related to the gas—particle drag according to
F; g =Blvg —vgl. The dissipated power of parti-
cles near the wall may be obtained by assuming
that v; = 0 near the wall and that the particles
inelastically collide with the wall with a :estitu-
tion coefficient e. The power dissipation per unit
volume 6D, due to the particle collisions with
the wall is then given by

8D, =Boui=pB(1+e*)u} (7)

The dissipated power in a monolayer of vol-
ume V can be related to the thickness of the layer
b and the wall surface area S, where V' =0>5S.
Integrating Eq. (7) over the volume V' produces
the dissipation power Pe which can be expressed
as follows:

P.= [8D, dV =B(1 - e*)ulbs (8)
Vv

The dissipated power which is needed to re-
move the material from a conduit wall may thus
be expressed by the following equation:

P, =7,SE (9)

where Ty is the yield stress of the wall rocks and
E is the erosion rate (m/s). Combining Egs. (8)
and (9) and noting the relationship between E
and éw produces the erosion rate from particle
collisions with the wall:

, N
E= M/3u§b = &RC (10)

B w

where R, is the ratio between the conduit cross-
sectional area and the conduit perimeter (D /4
for circular conduits). It should be noted in the
above erosion rate formula that the effect of

particle hardness can be accounted for by the
restitution coefficient e. Since above the magma
fragmentation surface the magma conditions can
change from liquid to solid pyroclasts, it is clear
that e is a local function of this change and needs
to be modeled appropriately.

2.3. Erosion due to fluid shear stress at the wall

The model of the erosion due to the fluid
shear stress at the wall assumes that the erosion
is due to the fluid viscosity. By considering a fluid
flowing in a conduit with a rough surface and
roughness height [, it can easily be seen that the
forces which act on this roughness height are due
to the fluid shear stress 7, near the wall, the
pressure gradient dP/dz, and gravity. The ero-
sion of the wall rock or breakage of the wall
surface roughness may then be possible when the
sum of these forces exceeds the yield strength of
the rocks 74, i.e.

dp

——1—p, gl
TW dzr pwgr

The erosion rate due to the wall shear stress is
then assumed to be proportional to the power
dissipated by the fluid near the surface in a layer
with a thickness equal to the roughness height of
the wall /. and volume V' = §/_. Thus,

2

=Ty (11)

P, =fC1tr(~er) dv=C w8 (12)
Vv

du
|,
where p, is the two-phase flow mixture viscosity
[2] and y is the coordinate perpendicular to the
wall surface. The constants C, and C are empiri-
cal parameters which should be determined from
the experimental data by comparing the inte-
grated values of erosion rates along a conduit
with field data. Using Eqs. (9) and (12) the ero-
sion rate by the fluid shear stress at the wall
becomes

ou
ay

. )
mll‘ CW
Hms T g (13)

W ;! Pw

E=C

2.4. Erosion due to conduit wall collapse

A gas—magma flow in a volcanic conduit can
produce a pressure which can be smaller or larger
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than the local lithostatic pressure [2-4]. This
pressure difference can produce a fracture of the
conduit wall when the stress failure criterion of
rocks is exceeded. By assuming that the rocks
behave elastically, the criterion for failure of rocks
can be estimated from the following expression

[5]:
[P =Py | =271 (14)

where 7 is the minimum or tensile strength of
rocks, which ranges from 0.1 (for highly fractured
and sedimentary rocks) to 10 MPa (for pristine
basalt and granite) [23]. It should be noted that
the wall collapse criterion expressed by Eq. (14)
accounts for the inward and outward wall col-
lapses. In the former case the lithics are intro-
duced directly into the conduit, whereas in the
latter indirect case an additional mechanism such
as the shear stress produced by the fluid friction
is required for the broken wall material to be
entrained or removed from the wall region. The
eroded mass due to these collapses is not easy to
quantify without introducing many other poorly
constrained parameters but it should depend on
the overpressure and underpressure of the rocks
with respect to the lithostatic pressure, stress
states of local rocks, and on the lithology of the
volcanic edifice which surrounds the magma
chamber or conduit.

2.5. Erosion due to volcanic tremor

The sustained low-frequency (0-10 Hz) ground
motions lasting a few minutes to several days and
associated with volcanic events are termed the
volcanic tremors [24-26]. The origin of these
low-frequency volcanic earthquakes appears to be
associated principally with the pressure oscilla-
tions in the ascending magma, either propagating
through the cracks or through a volcanic conduit.
These pressure oscillations can cause the dis-
placement of the fluid-filled fractures or conduit
wall and generate elastic waves in the surround-
ing rock. The pressure oscillations in an erupting
magma can be associated with the changing
magma composition at depth which can subse-
quently produce changes in the exsolution and
fragmentation levels in a conduit [3,4]. This can

in turn produce changes in the differences be-
tween the lithostatic and fluid pressures, leading
to the conduit-wall oscillations and possibly frac-
turing. The erosion due to the volcanic tremors is
thus difficult to quantify and can both cause and
be affected by the erosion mass flux.

2.6. Total erosion rate

The total mass eroded due to the impact of
particles on the conduit wall and due to the fluid
shear stress at the wall is obtained by combining
the results expressed by Egs. (10) and (13):

p 2
é _ w
Y 7R

(15)

ou /
5 W:u'm r

(1—e?)Buib +C‘

c

It should be noted, however, that the two erosion
processes consisting in the impact of particles
with the wall and fluid shear stress at the wall
should not be considered independently of each
other; rather it is useful to consider these mecha-
nismsas as the basic erosion mechanisms. As
noted above, the eroded mass due to the wall
collapse and volcanic tremor are not easy to
quantify, but should be added to the production
of lithics in Eq. (15) for an estimate of the total
erosion rate in a volcanic conduit.

2.7. Stratigraphy of the deposit and input data for
modeling

The two-phase flow model described in Sec-
tion 2.1 requires input information in the form of
magma composition and crystal content, tempera-
ture and pressure in the magma chamber, conduit
geometry, and stratigraphy and physical data on
the conduit wall rocks [2,27]. For an application
of this model to the AD 79 eruption of Vesuvius
the stratigraphy of the rocks surrounding the
conduit wall was obtained from the data of Bal-
ducci et al. [18], as shown in Fig. 1, and on this
basis the magma chamber pressure was estab-
lished according to Eq. (4). Although the model
assumes steady-state conditions of magma in
magma chamber and conduit, it should be noted
that the erosion processes are transient and may
lead to changes in the conduit geometry which
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can be reflected in the variation of the mass
eruption rate during an eruption [28] !. The with-
drawal of magma from a magma chamber causes
the pressure in the chamber to decrease, which
may be estimated in the manner proposed by
Druitt and Sparks [29] if the magma chamber
parameters can be estimated. For Vesuvius, such
an estimate would be very speculative [30]. A
magma chamber pressure decrease during erup-
tion will produce lower pressures in the conduit
which will have a tendency of further promoting
inward wall collapses.

During the AD 79 plinian eruption of Vesu-
vius a volume of about 3 km? of ash and pumice
was erupted in a very short time (in less than 30
hours) [31], with a maximum eruption rate ex-
ceeding 10® kg/s [32,33]. The beginning of the
eruption is marked by a thin layer of coarse ash
with calcari and lava fragments [34] which is
covered by a thick fallout layer consisting of
pumice of phonolitic composition in its lower
portion (white pumice) and of tephritic—phono-
litic composition in the upper portion (gray
pumice). The sequence continues with intermixed
layers from surges and pyroclastic flows, and fine
ash. During the entire eruptive sequence, the
nature of the lithics remained essentially un-
changed. The lithic/juveniles ratio in the deposit
depends on the distance from the vent, but the
existing data are of limited usefulness in identify-
ing the provenance of the lithics from within the
conduit.

Lirer et al. [31] studied about 30 scattered
sections of the pumice fall deposit of the AD 79
Vesuvius eruption and found minor, but constant,
variations in the content of lithic fragments within
the succession. They show the lithic content to be
12 wt% for the white, and 20 wt% for the gray
deposit, with an increase in the proportion of
-limestone fragments (calcari) from the lower to
the upper layer. Sheridan et al. [32] confirmed

1 The steady-state flow assumption for the simulation of the
magma ascent during the AD 79 Vesuvius and May 18, 1980
Mt. St. Helens eruption phases without taking into account
the erosion processes have been discussed by Papale and
Dobran [3,4].

Table 1
The white and gray pumice lithics ratios [34)

Position White pumice Gray pumice
lithics/  calcari / lithics/  calcari /
juv. volcanites  juv. volcanites

3.5 km from

the vent 0.72 0.24-0.26  0.46 -
14 km from
the vent 0.28 0.42-0.52 0.53 0.63

the occurrence of an increase in the lithic content
and in the proportion of limestones from the
white to the gray pumice layer. Barberi et al. [34]
performed detailed granulometric and compo-
nent distribution analyses on two different sec-
tions of the AD 79 sequence which are located at
3.5 and 14 km from the vent along the main
dispersal axis. Table 1 illustrates a decrease in
the lithics content for the more proximal section
and an increase in the content of lithics and
proportion of carbonate fragments for the distal
section when passing from the white to the gray
pumice deposit. Cioni et al. [35] found that at
least in the proximal southeastern part of the
area of deposition the limestones or calcari are
more abundant in the gray than in the white
pumice fall deposit, whereas an increase in the
lithics content is detectable in the central (more
than 6 km from the present crater) southeastern
part. Much of the data for the AD 79 fallout
deposit are consistent with an increase in lithics
and of the proportion of calcareous rocks from
the white to the gray deposit.

The maximum discharge rates of the white
(8 X 107 kg/s) and gray (1.5 X 10® kg/s) magmas
as obtained by Carey and Sigurdsson [36] were
modeled by assuming that these flow rates are
the maximum possible discharges through the
conduit, which corresponds to the choked-flow
condition at the conduit exit. The depth of the
magma chamber of Vesuvius in AD 79 is con-
strained between 3 and 5 km [37], and for the
purpose of this paper was assumed to be located
at 5 km. The magma temperature was assumed to
be 1073 K for the white and 1120 K for the gray
magma [1,3]. The white magma density and dis-
solved water content were taken as p; = 2400
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kg/m?® and Y = 4.7 wt% respectively, whereas the
density and water content of gray magma were
taken as p, =2550 kg/m® and Y =35 wt%
[2,3,38]. These and other data pertaining to the
white and gray magmas, physical properties of
the rocks, and estimates of the parameters for
erosion modeling are summarized in Table 2
where the magma chamber pressure P, corre-
sponds to the lithostatic load. Using the data
from Table 2 and the physical model of magma
flow described above allowed the determination
of erosion rates in different parts of the conduit.

3. Results

Figs. 2-5 illustrate the distributions of pres-
sure, gas volumetric fraction, and erosion rates
along the conduit for the white and gray magma
compositions of the AD 79 eruption of Vesuvius
based on the magma chamber pressure given in
Table 2. The corresponding conditions for ero-
sion by the fluid shear stress at the wall and due
to the conduit wall collapse are shown in Figs.
6-9.

The white and gray magma pressure distribu-
tions along the conduit illustrated in Figs. 2 and 3
show that the pressure of gas and magma in the
conduit can be above or below the lithostatic
pressure. Below the magma fragmentation zone,

Table 2

WHITE MAGMA
\\
0.75 | \
A\
AN a
N\
AN
N
P

050 - AN

\ [e]

A\

Plith,

Po N
0.25 + N

N
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0 025 0.50 0.75 1
z
L

Fig. 2. Gas volumetric fraction and gas—magma and lithostatic
pressure distributions along the conduit for the white magma
eruption phase of Vesuvius in AD 79.

the white magma produces pressures above the
lithostatic, whereas the gray magma produces
pressures below the lithostatic. As the water is
exsolved from magma causing an increase in its

Input data for the magma and erosion models pertaining to the AD 79 eruption of Vesuvius

White magma Gray magma
Conduit length L (m) 5000 5000
Mass eruption rate m (kg/s) 8 x 107 1.5x 108
Magma temperature 7 (K) 1073 1120
Dissolved water content Y (wt%) 4.7 35

Magma chamber pressure P, (MPa)
Magma density p; (kg/m>)
Volumetric crystal fraction ¢
Fragmented particle diameter d; (um)
Restitution coefficient e

Wall roughness height /, (m)
Monolayer thickness b (m)
Dissipation constant C

Conduit wall yield stress 75 (MPa)
Tensile strength of rocks 7 (MPa)
Wall density p, (kg/m>)

127 (lithostatic)
2400

0.241

200

0.5

1

1

1

0.2,2,10

0.1, 1,5

from stratigraphy

127 (lithostatic)
2550

0.234

200

0.5

1

1

1

0.2,2,10
0.1,1,5

from stratigraphy
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viscosity due to the increasing strength of the
covalent SiOSi bonds [39], and, as the gas bubbles
increase in size mainly due to decompression and
their motion relative to the magma is prevented
by the high magma viscosity, the large frictional
pressure drop causes a rapid fluid pressure de-
crease below the local lithostatic pressure near
the magma fragmentation level. For the white
magma composition this fluid pressure decrease
below the lithostatic pressure is about 16 MPa
(Fig. 2), which contrasts with about 8 MPa (Fig.
3) for the gray magma composition. After the
magma fragments, the rate of magma pressure
decrease becomes less steep than that of the
lithostatic pressure, and the mixture of gas and
particles exits from the vent at a pressure above
the atmospheric pressure. The white magma also
has deeper exsolution and fragmentation levels
than the gray magma. The choked flow conditions
of the white and gray magmas at the conduit exit
require conduit diameters of 84 and 91 m, respec-
tively, which are consistent with previous model-
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Fig. 3. Gas volumetric fraction and gas—magma and lithostatic
pressure distributions along the conduit for the gray magma
eruption phase of Vesuvius in AD 79.
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Fig. 4. Non-dimensional distributions of erosion rates along
the conduit due to fluid shear stress at the wall below the
magma fragmentation level and due to impact of particles

with the wall above the magma fragmentation level for the
white magma eruption phase.

ing of the AD 79 plinian eruption of Vesuvius
[2,3].

The erosion rates computed from Egs. (14)
and (17) and non-dimensionalized with respect to
the magma flow velocity (4 /p, wD2) are plot-
ted in Figs. 4 and 5 for the white and gray magma
compositions, respectively. The white magma (Fig.
4) produces more significant erosion due to the
fluid shear stress at the wall below the magma
fragmentation level (located at z/L = 0.8) than
the gray magma (Fig. 5), which has this level
located at z/L = (0.9. Above the magma fragmen-
tation level, the erosion due to the fluid shear
stress at the wall is greatly reduced because of
the enormous decrease in the fluid viscosity. The
erosion due to the impact of particles above the
magma fragmentation level increases for both
magmas toward the conduit exit where the flow is
choked and the erosion rate increases consider-
ably due to the large gas and pyroclasts velocities
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and velocity gradients in this region. This implies
that the exit region of the conduit should be
subject to the formation of a vent, which is con-
sistent with almost every explosive eruption [28].

For erosion due to fluid shear stress at the
wall of a volcanic conduit to occur it is necessary
that the erosion rate satisfies the condition for
erosion as given by Eq. (11). Figs. 6 and 7 illus-
trate this situation for the white and gray magmas
when the rock yield stresses are assumed to be
equal to 0.2, 2, and 10 MPa. The gray magma,
with its associated lower erosion rate due to the
fluid shear stress at the wall, does not produce
wall erosion with rock yield stresses which are
larger than about 3 MPa, even near the magma
fragmentation level. For both the gray and white
magmas, the erosion due to the fluid shear stress
at the wall is localized and may thus become
significant only near the magma fragmentation
level.
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Fig. 5. Non-dimensional distributions of erosion rates along
the conduit due to fluid shear stress at the wall below the
magma fragmentation level and due to impact of particles
with the wall above the magma fragmentation level for the
gray magma eruption phase.
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Fig. 6. Conditions for erosion due to the fluid shear stress at
the wall for the white magma as a function of the rock yield
strength.

The non-dimensional distribution of the abso-
lute difference between the fluid and lithostatic
pressures along the conduit is illustrated in Fig. 8
for the white magma and in Fig. 9 for the gray
magma. The regions with SW-NE shading indi-
cate where the fluid pressure is above the litho-
static pressure, whereas the regions with SE-NW
shading represent the situation where the fluid
pressure is below the lithostatic pressure. In these
figures the conditions for erosion due to conduit
wall collapse, as expressed by the tensile strength
of the rocks or the condition given by Eq. (14),
are also shown. For low values of 71, both the
calcari and the volcanites are subject to wall
collapses over significant lengths of the conduit
for both magma types. For the white magma, the
wall collapse should be outward, whereas for the
gray magma the collapse should be inward, for
almost the entire length of the conduit below the
magma fragmentation level. Above the magma
fragmentation level, the wall collapse should be
inward for both magma types, except near the
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Fig. 7. Conditions for erosion due to the fluid shear stress at
the wall for the gray magma as a function of the rock yield
strength.

conduit exit where the gas magma pressure is
above the lithostatic pressure; outward wall col-
lapse may occur here. The variations in the ratio
between the lengths of the regions associated
with the eroded calcareous material in the lower
part of the conduit and with the volcanites eroded
in the upper part of the conduit are significant
and may be used to compare qualitatively the
results from the erosion modeling with the field
data on white and gray pumices in Table 1.

4. Discussion

The white magma of the AD 79 eruption of
Vesuvius shows a larger absolute difference be-
tween the gas-magma and lithostatic pressures
near and above the magma fragmentation level,
and a larger fluid pressure gradient in the neigh-
borhood of this level than the gray magma (Figs.
2 and 3). These effects can in turn produce large
erosion by the mechanisms fluid shear stress at

the wall (Figs. 4 and 5) and wall collapse (Figs. 8
and 9). The erosion rate due to the fluid shear
stress at the wall becomes significant in the vicin-
ity of the magma fragmentation level and may
produce a large erosive mass flux if the rocks are
poorly consolidated in this region. In particular,
the erosion rate produced by the white magma is
greater than that produced by the gray magma.
The rock yield stress criterion of 0.2 MPa, as-
sumed to produce the erosion as shown in Figs. 6
and 7, represents, therefore, the fractured rock
types [22] which may be easily produced by large
differences between the fluid and lithostatic pres-
sures created by the flowing magma. In this way,
the production of lithics below the magma frag-
mentation level during the white magma eruption
phase is governed principally by the conditions of
the outward wall collapse, whereas their trans-
port through the conduit occurs by the fluid shear
stress at the wall. For the gray magma, however,
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Fig. 8. Conditions for erosion due to the conduit wall collapse
for white magma as a function of the tensile strength of the
wall rocks. The regions with SW-NE shading indicate that the
gas—magma pressure is above the lithostatic pressure, whereas
the regions with SE-NW shading represent the situation
where the fluid pressure is below the lithostatic pressure.
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Fig. 9. Conditions for erosion due to conduit wall collapse for
gray magma as a function of the tensile strength of the wall
rocks. For explanation of the shaded regions, see Fig. 8.

the fluid pressure below the lithostatic pressure
may produce inward wall collapses and favor a
more efficient generation of lithics in the conduit.
Above the magma fragmentation level, the lithics
can be incorporated into the conduit by the con-
ditions of the inward wall collapse and by the
impacts of pyroclasts with the wall for both mag-
mas, with a greater efficiency for the white
magma. As shown in Figs. 8 and 9, the lithics
from wall collapse can thus be produced from
both the deep and the shallow regions of the
conduit. Once rocks have been fractured by an
outward wall collapse, or by an overpressure of
flow with respect to the lithostatic pressure, they
can be more easily removed by the frictional
forces produced by the ascending magma. The
large ratios of calcari to volcanites erupted dur-
ing the gray magma eruption phase (see Table 1)
reflect the modeling predictions and attest to the
possibility of inward and outward wall collapses
in producing the lithics during the AD 79 erup-
tion of Vesuvius. The precise quantification of

the rate of production of lithics by the wall col-
lapse is not easy to estimate and should depend
on the changing magma conditions at depth which
can cause volcanic tremor and rock fracturing,
and on the lithology of the volcanic rocks which
surround the conduit, etc.

Near the conduit exit, the gas—pyroclast pres-
sure exceeds the lithostatic pressure (Figs. 2 and
3) and the gas and pyroclasts attain large veloci-
ties and velocity gradients [2] which may cause
large erosion rates due to the impact of particles
on the conduit wall (Figs. 4 and 5). These large
erosion rates should then easily form a crater
near the surface where the rocks are generally
poorly consolidated. Vent forming is a common
feature in almost every explosive eruption and
can thus be explained by the above erosion mech-
anisms. For a uniform diameter conduit as as-
sumed in the magma flow model of Section 2.1,
the choked flow condition is attained at the con-
duit exit, which must be therefore located at the
base of the crater where the rocks are sufficiently
consolidated to sustain large pressure and veloc-
ity gradients.

The precise estimation of the production of
lithics due to the fluid shear stress at the wall,
wall collapse and impact of particles on the con-
duit wall depends on several physical parameters
which in general may be difficult to quantify. The
erosion model due to the fluid shear stress at the
wall requires the specification of wall roughness
heigth /. and of the dissipation constant C (Egs.
(11) and (13)). In the application of this model to
Vesuvius use was made of /. =1 m (Table 2). A
decrease of this height to below 1 m produces a
lower erosion rate which should be more consis-
tent with reality during the course of an eruption
rather than during the initial stages of the erup-
tion when the magma must channel its way to-
ward the surface. A more reasonable value for
this parameter may be of the order of 1 ¢cm (or
corresponding to the mean size of pyroclasts in
the conduit), and this should produce more rea-
sonable values for erosion rates than those shown
in Figs. 4 and 5. The roughness height linearly
increases the erosion rate (Eq. (13)), but unlike
the monolayer thickness b (Eq. (10)), it deter-
mines the condition for erosion (Eq. (11)). Simi-
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larly, the restitution coefficient e in the erosion
model for impact of particles on the conduit wall
(Eq. (10)) may vary from 0 to 1, depending on the
state of the magma after fragmentation and on
the fluid-dynamic processes and lithology of the
wall rocks above the magma fragmentation level.
A restitution coefficient equal to 0 corresponds to
the transfer of particles to the wall and may occur
in a region immediately above the magma frag-
mentation level where the magma has not cooled
sufficiently. Under this condition the presented
model of erosion due to particle collisions with
the wall must break down, since this would corre-
spond to the wall-forming process rather to the
wall-erosion process. The monolayer thickness b
linearly increases the erosion rate due to the
particle collisions, and the assumed value of 1 m
i1s probably too large, considering the generally
small size of pyroclasts after the magma frag-
ments and the small size of the lithics found in
the deposits. The value of the dissipation con-
stant C =1 also overestimates the erosion rates
reported in Figs. 4 and 5, since only part of the
fluid’s dissipative energy can be transformed into
erosive wear. The value of this parameter may be
determined by comparing the integrated values of
erosion rates along a conduit with the erosion
field data, if such data were available. For both
the white and gray magma neither erosion rate
parameters [ , e and b, nor the wall stratigraphy,
affect the ratios of the erosion rates pertaining to
the erosion mechanisms fluid shear stress at the
wall, impact of particles with the wall and wall
collapse.

Data from Lirer et al. [31] coupled with the
mass discharge rates from Carey and Sigurdsson
[33] of 8 x 107 kg/s (white) and 1.5 X 10% kg/s
(gray) for the plinian eruption phases of Vesuvius
in AD 79 suggest peak erosion rates correspond-
ing to a conduit diameter increase of about 20
m/h for the white and gray phases. This diame-
ter increase is too large if account is taken of the
duration of the eruption (about 18 h) and of the
eruption dynamics during this time [3], implying
that the data of Lirer et al. [31] are largely
overestimates. However, the large conduit diame-
ter increase suggests that the erosion processes
along the conduit should not be equally effective

along its entire length, but, according to the re-
sults of the present modeling, should be concen-
trated in particular regions of the conduit. Fur-
thermore, it is probable that the conduit erosion
and the transport of eroded fragments within the
ascending magma are more effective during mo-
ments of the eruption which could correspond to
changes in the flow dynamics, such as when the
composition of the erupted magma changes from
white to gray and the magmatic pressure drops
from values larger than lithostatic to lower than
lithostatic in deep regions of the conduit (Figs. 2
and 3). This can favor a more effective inflow of
lithics from the conduit wall into the conduit in
these deep regions and account for the larger
proportion of limestone fragments in the deposit
of the gray magma phase (which is also suggested
by the wall collapse mechanisms) (Figs. 8 and 9).
In addition, the decrease in magma chamber
pressure due to magma withdrawal will also pro-
duce further pressure decrease below lithostatic
in all regions of the conduit and thus favor more
effective inward wall collapse events during the
later stages of the eruption. A magma chamber
pressure decrease of 10 MPa below the lithostatic
rock load reported in Table 2 produces a drop of
about 300 m in the magma fragmentation level
during the gray eruption phase. As the magma
changes from white to gray and magma chamber
pressure decreases due to magma withdrawal, the
magma fragmentation level is thus not expected
to change significantly as reported in Figs. 2 and
3 and one should expect the lithics from deep
conduit regions to be coated with magma and
incorporated into pumice fragments. The extent
of these effects at Vesuvius is not known at
present. The testing of the present erosion mech-
anisms with data from other volcanoes is clearly
problematic because this requires not only the
availability of lithics data from deposits but also a
knowledge of the eruption parameters which en-
ter into the magma ascent model.

The erosion results obtained by the magma
flow model described in Section 2.1 should be
interpreted with caution due to the steady-state
modeling in which the mass of the eroded mate-
rial was ignored (C,, = 0 in Egs. (3) and (5)). The
latter assumption is reasonable as long as the
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erosion results are used only to interpret the
relative importance of different erosion mecha-
nisms and not to quantify these mechanisms.

5. Summary and conclusions

Using a non-homogeneous two-phase flow
model of gas-magma flow along volcanic con-
duits allowed identification of the importance of
several erosion mechanisms in the volcanic con-
duit of Vesuvius during the AD 79 white and gray
magma plinian eruption phases. The erosion due
to the impact of particles on the conduit wall was
found to occur above the magma fragmentation
level and to be important near the conduit exit
where the velocities of gas and pyroclasts are the
greatest in a constant diameter conduit. The ero-
sion due to the fluid shear stress at the wall may
become important only in a narrow region near
the magma fragmentation level where the viscos-
ity and velocity gradients become very large. The
erosion due to the conduit wall collapse can
become important below and above the magma
fragmentation level of the conduit. When the
gas—magma pressure is above the local lithostatic
pressure, the outward wall collapse may fracture
the rocks whereby the high wall shear stress of
the flowing magma can subsequently remove the
fractured wall fragments and transport them
within the flow. When the fluid pressure falls
below the lithostatic pressure, an inward wall
collapse may produce directly an inflow of lithics
into the conduit. This generation mechanism for
lithics was found to be consistent with the abun-
dant existence of calcari and volcanites in the
deposits of the AD 79 eruption of Vesuvius, and
with an increase in the ratio of calcari to volcan-
ites during the change of eruption from white to
gray magma eruption phases. However, the ero-
sion data from the AD 79 eruption of Vesuvius
are not of sufficient quality to allow the quantifi-
cation of the different erosion mechanisms. A
more complete modeling of erosion in volcanic
conduits should be tied to the source of the
magma at depth, to the lithology of the volcanic
edifice, and to the transient fluid dynamic pro-
cesses of the ascending magma. A much more

comprehensive study of the origin of lithics within
the conduit and their relationship with the erup-
tion dynamics is badly needed for future progress
in quantifying erosion processes. A more chal-
lenging task is to associate the identified erosion
processes with the morphology of the lithic pyro-
clasts.

Nomenclature

monolayer thickness

mass erosion rate per unit volume
constants in Eq. (12)

particle diameter

conduit diameter

kinetic energy dissipation
restitution coefficient

erosion rate

drag force

gravitational constant

mass flow-rate per unit area
surface roughness height

conduit length

ash flow-rate

pressure

dissipation power

ratio of conduit cross-sectionional area/
perimeter

wall surface-area

vertical component of velocity
velocity vector

distance along normal to the conduit wall
distance along the conduit
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Greek

gas volumetric or void fraction

gas—particle drag coefficient

viscosity

density

shear stress

7 Yyield stress of wall rocks

71 tensile strength of wall rocks
stress tensor

¢ crystal fraction

TR WR

Subscripts

f fragmentation

G gas

lith lithostatic

L  magma and crystals or particles
m  mean or two-phase
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o magma chamber
s exsolution

S solids or particles
w  wall
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