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Abstract 9 

Violent strombolian (transitional) eruptions are common in mafic arc settings and are 10 

characterized by simultaneous explosive activity from scoria cone vents and lava effusion 11 

from lateral vents. This dual activity requires magma from the feeder conduit to split into 12 

vertical and lateral branches somewhere near the base of the scoria cone.  Additionally, if 13 

the flow is separated, gas and liquid (+ crystals) components of the magma may be 14 

partitioned unevenly between the two branches. Because flow separation requires bubbles 15 

to move independently of the liquid over time scales of magma ascent separation is 16 

promoted by low magma viscosities and by high magma H2O content (i.e. sufficiently 17 

deep bubble nucleation to allow organization of the gas and liquid phases during magma 18 

ascent).  Numerical modeling shows that magma and gas distribution between vertical 19 

and horizontal branches of a T-junction is controlled by the mass flow rate and the 20 

geometry of the system, as well as by magma viscosity. Specifically, we find that mass 21 

eruption rates (MER) between 10
3
 and 10

5 
kg/s allow the gas phase to concentrate within 22 

the central conduit, significantly increasing explosivity of the eruption. Lower MERs 23 

produce either strombolian or effusive eruption styles, while MER > 10
5
 kg/s prohibit 24 

both gas segregation and lateral magma transport, creating explosive eruptions that are 25 
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not accompanied by effusive activity. These bracketing MER constraints on eruptive 26 

transitions are consistent with field observations from recent eruptions of hydrous mafic 27 

magmas.   28 

Keywords: Basaltic volcanism; violent strombolian eruption; gas segregation 29 

 30 

1. Introduction 31 

Scoria cone eruptions are a common and spectacular form of mafic volcanic activity 32 

that often includes either simultaneous or alternating explosions and lava effusion. Scoria 33 

cones are common in subduction zones (Michoacan-Guanajato volcanic field, Mexico; 34 

Central Cascade, USA, Auckland volcanic field, New Zealand), continental rift zones 35 

(San Francisco volcanic field, USA; Pinacate volcanic field, Mexico) and at some central 36 

volcanoes (e.g., Etna and Vesuvius, Italy; K!lauea, Mauna Loa, Mauna Kea, USA). 37 

Although most scoria cone eruptions are monogenetic (that is, single eruptive episodes), 38 

reoccupation of vents may also occur (e.g., Etna summit craters: Behnke et al, 2006; 39 

Cerro Negro: McKnight and Williams, 1997). Historical cone-forming eruptions have 40 

had durations of days to years, with time-averaged mass eruption rates (MERs) of 10
2

 to 41 

~10
5
 kg/s. Lava flows are typically an important component of these eruptions and can 42 

constitute a minor or major fraction of the erupted mass (e.g. 94% by weight of the 43 

magma erupted during the 1971 eruption of Etna was emitted as lava; 39% by weight of 44 

lava in the Parícutin 1943-1952 eruption; Booth and Walker, 1973, Walker 1973a, Pioli 45 

et al. 2008). 46 

Scoria cones are constructional features that change in form through time.  Early-47 

formed cones are commonly horseshoe-shaped, constructed around the active vent and 48 
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associated lava flow.  This form permits lava effusion and explosions to occur from the 49 

same vent(s).  Protracted activity completes the cone by accumulation of scoria around 50 

the vent, such that explosive eruptions become localized at the cone vent while lava flows 51 

emerge from lateral vents located at the base of the cone.  Gas emissions also localize at 52 

the cone vent, as explosive eruptions emit substantial amounts of gas as a free phase and 53 

scoria produced by explosive eruptions is typically more vesicular than co-erupted lava.  54 

Thus a dual-vent configuration requires both volatile segregation (to power explosive 55 

activity) and magma segregation into both vertical and lateral conduits (Krauskopf, 1948; 56 

Behnke and Neri, 2003).  Finally, volatile segregation requires sufficient transit time in 57 

the conduit for bubble migration; from this perspective, we expect much more extensive 58 

segregation for volatile-rich magmas (where gas exsolution may start at > 4-5 km below 59 

the vent; Pioli et al., 2008) than in volatile-poor magmas, where most gas exsolution is 60 

very shallow (Mangan and Cashman, 1996; Edmonds and Gerlach, 2007). 61 

Pioli et al. (2008) suggested that the synchroneity of explosive and effusive activity is 62 

a key characteristic of activity that has been termed “violent strombolian” (MacDonald, 63 

1972) and is characterized by average mass fluxes of water-rich basalts that are 64 

intermediate between strombolian and subplinian regimes.  Violent strombolian 65 

explosions are typically discontinuous and strongly pulsatory rather than steady (up to 66 

120 explosions per minute have been described in 1943 Parictuin eruption by Foshag and 67 

González-Reina, 1956). Related effusive activity may also be discontinuous and may or 68 

may not exhibit a systematic relationship to explosive activity (Krauskopf, 1948).  69 

Violent strombolian explosions produce pyroclasts that form composite deposits that 70 

include a scoria cone, a tephra blanket, and lava flows spreading from lateral vents (e.g., 71 
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Valentine et al., 2005; Pioli et al., 2008). This ‘mixed’ eruption style is unique to low 72 

viscosity magmas and is generally associated with high initial water contents (i.e. arc 73 

basalts, Wallace, 2005).  Here we address the primary controls on mafic eruptive styles 74 

by examining the physical conditions required for this dual activity, including the 75 

structure of the feeding system and the contribution of volatile segregation to explosivity.  76 

 77 

2. Observational constraints on violent strombolian activity 78 

The geometry of magma delivery systems beneath scoria cones is best observed in 79 

older eroded monogenetic volcanoes, which reveal the syn-eruptive interplay between 80 

dike intrusion, pyroclast sedimentation, and lava accumulation in the development of the 81 

shallow magmatic conduit (Keating et al., 2008; Valentine and Keating, 2007). Feeder 82 

systems are dikes with widths of 4-12 m at depths > 100 m. Exposed shallow conduits are 83 

often complex, with multiple dikes and sills that provide evidence for extensive shallow 84 

magma storage (e.g., Johnson et al., 2008).  However, field studies of eroded cones 85 

provide only crude constraints on the geometry of feeder systems during any individual 86 

eruptive phase, as the preserved structure is the integrated result of the sequence of events 87 

that comprise the volcano’s history (Keating et al. 2008).   88 

The dynamics of violent strombolian eruptions are best revealed by observations 89 

of recent activity. Differentiation between central and lateral vents can occur within a few 90 

hours (Etna 2001 and 2002 eruptions; Behncke and Neri, 2003; Andronico et al., 2005) or 91 

may require weeks from the eruption onset (Parìcutin 1943-1952; Gonzàlez-Reyna and 92 

Foshag, 1946). The latter example is particularly pertinent as it is the type example of a 93 

violent strombolian eruption (e.g., Macdonald, 1972) and detailed reports provide 94 
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important constraints on the development and evolution of the lateral dike system and 95 

related changes in eruption dynamics (summarized in Luhr and Simkin, 1993).  96 

The Parícutin eruption started with the opening of a 50 m long fracture (Gonzàlez 97 

-Reyna and Foshag, 1946).  Within a few hours, mild explosive activity had focused in 98 

the northern portion of the fracture and by the end of 24 hours, the resulting scoria cone 99 

was about 30 m high. Lava emission started on the second day from the same crater 100 

where the explosions were occurring, producing a horseshoe-shaped cone and a lava flow 101 

(Gonzalez-Reyna and Foshag, 1946). Progressive scoria accumulation around the vent 102 

gradually formed a complete cone, although it was initially subject to sector collapses 103 

related to lava effusion. The cone acquired full stability in about one month, when it was 104 

about 150 m high.  105 

Cone stabilization coincided with the onset of the ‘cineritic phase’ of eruptive 106 

activity, that is, violent strombolian explosions that formed ash-rich columns reaching 107 

elevations of " 6 km (Ordoñez, 1945) and contemporaneous emission of lava from lateral 108 

vents at the base of the cone (Fig. 2). This activity continued for several months and 109 

deposited an extensive tephra blanket composed of vesicular scoria (> ~ 60% vesicles; 110 

Pioli et al., 2008). At the same time, dense (vesicularity < 30%; Wilcox, 1954) lava was 111 

fed from vents located at the cone base or within the cone slope (Foshag and González-112 

Reyna, 1956; Fries, 1953).  Observations at the crater suggested a vent diameter of 3-8 m.  113 

Evidence of intrusion of lava within the cone during this time period is provided by 114 

pronounced bulges observed on the cone slopes before the opening of a new boca or 115 

reoccupation of an older vent. The only interruption of this pattern of activity came in late 116 

1943, when a new vent formed about 1 km N of the volcano and caused the temporary 117 



 

 

6 

(2.5 months) shut off of the main cone.  A new horseshoe-shaped scoria cone (the 118 

‘Zapichu’ vent) caused the activity at the new vent to revert to mild explosions (hawaiian 119 

and strombolian) and lava effusion.  120 

Parícutin was active for nine years (1943-1952), during which time the mass eruption 121 

rate (MER) declined (Fig. 1) while the dominant eruptive style changed from explosive 122 

(total MER #10
4
 kg/s) to mainly effusive (total MER <10

4
 kg/s) activity. The 123 

composition of the erupted magma also changed in the latter part of the eruption (after 124 

1946); this compositional variation appeared at the same time in both lava and tephra 125 

products (Wilcox, 1954; McBirney, 1987; Luhr, 2001; Pioli et al., 2008; Erlund et al., in 126 

revision), demonstrating a common (shallow) source for both types of activity. 127 

Taken together, observations of activity at Parícutin suggest that (a) the separation 128 

between the vertical conduit and lateral lava channel system occurred at a shallow depth 129 

(within or at the base of the cone), (b) the cone structure modulated the opening of new 130 

lava vents, (c) gas preferentially accumulated in the vertical conduit (giving rise to 131 

explosive activity from the central vent), (d) the mass eruption rate (MER) controlled the 132 

proportion of magma emitted by explosive vs. effusive activity, and (e) the initial 133 

formation of lateral vents increased the explosivity of eruptions occurring at the cone. 134 

 135 

3. Numerical modeling  136 

As outlined above, there appears to be a relationship between the development of 137 

separate vertical and lateral conduits and the onset of violent strombolian activity. To 138 

explore this relationship, we consider the geometric configuration of a T-junction with a 139 

vertical, cylindrical pipe (the central conduit) and a lateral, horizontal cylindrical branch 140 
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(the lava channel; Fig. 2).  A similar geometry was used by Menand and Phillips 141 

(2007a,b) in their experimental investigation of gas segregation and accumulation in sills, 142 

but our geometry differs in allowing flow out the lateral branch.  143 

Two-phase flow splitting through a T-junction has been studied extensively in 144 

engineering fields for water-air flows (e.g., Zetzmann, 1984; Mudde et al., 1993; 145 

Azzopardi, 1999; Conte and Azzopardi, 1999; Wang et al. 2002, Azzopardi, 2006; Yang 146 

and Azzopardi, 2007). In all cases, the distribution of liquid and gas phases is uneven 147 

when gas and liquid are characterized by different velocities, i.e. the flow is separated. 148 

This condition is satisfied for low viscosity, mafic magmas in many natural settings (e.g., 149 

Vergnoille and Jaupart, 1989; Wilson and Head, 1981).  To a first approximation, the 150 

phase distribution is controlled by the relative momentum fluxes of the two phases, with 151 

the higher momentum phase concentrating in the vertical conduit.  However, the mass 152 

flow distribution also depends on the geometry of the junction, the pressure drops along 153 

the two outlet conduits, and therefore the flow rates in them. These experiments also 154 

demonstrate that the most important parameters defining the flow segregation at a T-155 

junction are conduit diameter, gas and liquid flux, and the ratio between gas and liquid 156 

volumes downstream and upstream of the junction. Experiments characterized by high 157 

liquid superficial velocities (that is, volumetric flow rate divided by the cross sectional 158 

area of the conduit) at the entry of the junction (Zetzmann, 1984) distribute gas 159 

preferentially into the lateral conduit. In contrast, experiments using lower inlet liquid 160 

flow rates preferentially distribute gas into the vertical branch (Conte, 2000).  161 

To apply this work to volcanic activity, we use the geometry shown in the inset of 162 

Figure 2. We assume that the gas is steam with a density defined by the local pressure 163 
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and temperature, and that gas exsolution from the magma is negligible above the 164 

junction, although gas is allowed to expand to accommodate pressure changes. We vary 165 

magma viscosity, pressure, and channel diameter but set both outlets to atmospheric 166 

pressure. Pressure increases inwards along the pipes to reach the same value at the 167 

junction.  Flows in the vertical and lateral outlets are adjusted until the pressures in the 168 

two conduit branches are the same at the junction.  169 

 170 

3.1. Governing equations 171 

The total pressure gradient along any of the branches is the sum of the effect of 172 

gravitational forces (G), friction loss (F) and acceleration of the fluid (A) 173 

! 

"
dp j

dz j
= "

dpGj

dz j
"
dpFj

dz j
"
dpAj

dz j
 ,      (1) 174 

where j refers to any of the three branches (1, 2, or 3). The pressure p2 in the vertical 175 

branch is controlled by both the gravitational and frictional components whilst the 176 

pressure p3 in the horizontal channel is controlled only by friction. Gas expansion effects 177 

due to depressurization were calculated in the pipes upstream the junction assuming 178 

equilibrium with local pressure.  As it has been assumed that there is no change in the 179 

amount of exsolved gas, the acceleration component of pressure drop was taken to be 180 

negligible.  Calculations confirmed that this was so except in the near neighbourhood of 181 

the outlets.  The calculation approach is similar to that employed by Wilson and Head 182 

(1981) but allows the gas and liquid to have different velocities and the gas to affect the 183 

frictional component. 184 

Pressure changes were determined by integrating the following equations: 185 
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with equation (2) representing pressure changes in the vertical branch (including both 188 

gravitational and frictional forces) and equation (3) representing pressure changes in the 189 

horizontal branch (which includes only the frictional force). 190 

 191 

3.2. Calculating the gravitational component 192 

The gravitational component includes the void fraction !g, which is calculated 193 

using a drift flux approach to allow for different velocities of gas and liquid (Wallis, 194 

1969): 195 

v + ) u + u (  C

u
  =  

gdlsgs0

gs

g!         (4) 196 

In these equations uls and ugs are the surficial velocities of liquid and gas, respectively, 197 

and they represent the velocities they would have if they were flowing alone in the 198 

channel. vgd  is termed the gas drift velocity, that is the relative velocity of the gas phase, 199 

and for bubble flows is given by: 200 

!
!
"

#
$
$
%

&

'

''(
2

l

gl

0.25

gd

)-  (  g  
K = v 1

,        (5) 201 

with K1 = 1.53 (Harmathy, 1960), " is the phase density and # is the liquid surface 202 

tension.   203 

The constant C0 in equation (3) is called the distribution factor (Zuber and 204 

Findlay, 1965) and compensates for the effects of velocity profiles in the gas and liquid 205 
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flows (that is, non-uniform distribution of gas in the flow); its value depends on whether 206 

the flow of the gas and liquid is laminar or turbulent. Flow regime, in turn, is described 207 

using the Reynolds (Re) number, a dimensionless parameter that relates inertial and 208 

viscous forces:  209 

! 

Re =
"iusiDj

#i

,          (6) 210 

We calculate Re separately for the gas and liquid phases using appropriate values for 211 

density ("), viscosity ($), and velocity (u). In cylindrical pipes, transition from laminar to 212 

turbulent flow is expected at Re ~ 4000 (Coulson et al., 1996). In our simulations Re < 213 

2000 for the liquid and Re > 2000 for the gas; we follow Zuber and Findlay (1965) in 214 

using C0=1.2 for this situation.  215 

 216 

3.3. Calculating friction 217 

 The friction factor f in equations (2) and (3) is a dimensionless number that 218 

represents the ratio between friction forces and forces normal to the pipe walls and is 219 

calculated as

! 

f =
16

R e
 for Re<2000 and

! 

f =
0.079

R e
0.25  for Re>2000. The frictional term 220 

describes the frictional component of pressure drop along the vertical conduit (with 221 

diameter D2) and horizontal channel (with diameter D3).  The term in the square brackets 222 

is a correction factor that incorporates the effect of the gas phase on the frictional 223 

pressure drop (Azzopardi and Hills, 2003). It is based on the dimensionless Martinelli 224 

parameter X (Lockhart and Martinelli, 1949), the square root of the ratio of frictional 225 

pressure gradients for the liquid and gas, calculated from the mass flow rates, densities 226 



 

 

11 

and total channel cross sectional area: 227 

! 

2
X   =

dpF

dz

" 

# 
$ 

% 

& 
' 

l

dpF

dz

" 

# 
$ 

% 

& 
' 

g

 .          (7) 228 

The constant C in equations (2) and  (3) is a correlating parameter depending on the 229 

regime of each phase. It takes the value of 20 when both phases are turbulent, 5 if they 230 

are both flowing in laminar regime, 10 when the liquid phase is turbulent and the gas 231 

phase is laminar, 12 in the opposite condition (Chisholm, 1967).  232 

 233 

3.4. Conservation of mass 234 

Conservation of mass is satisfied when: 235 

! 

˙ M 
l1

= ˙ M 
l 2

+ ˙ M 
l 3

 and         (8) 236 

! 

˙ M g1
= ˙ M g 2

+ ˙ M g3
.         (9) 237 

The effect of redistribution of gas and liquid phases at the junction is given by an 238 

empirical equation of Conte (2000), which fits experimental results of mass redistribution 239 

in T junctions from Conte (2000) and Zetzmann (1984) 240 
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,         (10) 241 

The liquid flow rate in the side branch, 
3l

M& is chosen at the start of each simulation.  242 

Equation (8) then gives the liquid flow rate in the vertical channel, 
2l

M& .  The gas flow in 243 

the side branch, 
3gM

& , is obtained from equation (9) and that in the vertical channel, 
2gM

&  244 

using equation (10).  The pressure drops in the two channels are then calculated using 245 
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equations (2) and (3) and 
3l

M& is adjusted until the two pressure drops are equal.  246 

 247 

3.5. Model limitations and applicability 248 

The model conservation equations have general validity, however, calculation of the 249 

gravitational pressure drop requires calculation of the drift velocity, which depends on 250 

the flow regime. In this model calculations in equation (5) were made assuming a bubbly 251 

flow regime. For slug flow it is usual to express the drift velocity in terms of the Froude 252 

number Fr (White and Beardmore, 1962), the ratio between of inertial to buoyancy 253 

forces: 254 

! 

Fr =
ui
2

gDj

.          (11) 255 

By substitution, 256 

! 

gdv  =  Fr gDj
.         (12) 257 

Fr is expected to vary between 0.1 and 0.345 (Seyfried and Freundt, 2000).  However, 258 

examination of the relative values of the terms in equation (4) shows that the first term in 259 

the denominator is much larger that the second so the either equation (5) or (12) will give 260 

very similar values of void fraction when inserted in equation (4). For this reason, even if 261 

in our calculations we simulated bubbly flow regimes, the results can be extended with 262 

good approximation to slug flows. 263 

 264 

To ensure applicability and limitations of empirical parameters derived from 265 

experiments on air-water systems, we compare the volcanic and experimental systems 266 

using appropriate dimensionless parameters to define flow regimes. Relevant 267 
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dimensionless parameters for bubbly flows are Eotvös number Eo, that is the ratio 268 

between buoyancy and surface tension forces 

! 

Eo =
"lgDj

2

#
, Morton number Mo, relating 269 

viscous to surface forces 

! 

Mo =
g"l

4

#l$
3

, and Reynolds number Re (Grace, 1973; Kulkarni 270 

and Joshi, 2005). In basaltic magma flows, Rel < 10
3
, 10

5
 < Eo < 10

7
, and 10

5
 < Mo < 271 

10
10

 (Seyfried and Freundt, 2000). Fr number is not expected to vary significantly respect 272 

within the range of simulation conditions (Seyfried and Freundt, 2000). For comparison, 273 

experiments of Zetzmann (1984) and Conte (2000) have 10
2
 < Eo < 10

3
; 10

-10
 < Mo < 10

-
274 

11
, and 10

3
 < Rel < 10

5
. The differences between the natural and experimental conditions 275 

are thus large, which will affect both bubble shape and velocity. In particular, gas 276 

velocity in our simulations will be underestimated by about one order of magnitude 277 

because of the high Mo anticipated in volcanic systems (e.g., Rodrigue, 2004). This 278 

limitation will affect both pressure calculations and mass distributions, leading to an 279 

overestimation of the amount of gas that is directed into the lateral branch. 280 

 281 

4. Results 282 

4.1. Mass distribution 283 

To model basaltic eruptions, we solve the equations for "l=2800 kg/m
3
, #= 0.4 N/m 284 

calculate gas density at T=1442 K; we vary the vertical and lateral conduit diameters, 285 

vertical conduit length, gas and liquid mass fluxes, and liquid viscosity. In all the cases 286 

the length of the lateral conduit was taken to be $3 times the height of the vertical conduit 287 

above the junction, to reproduce the stable geometry of a scoria cone. Most calculations 288 

used a lateral branch diameter of 2 m, as solutions of the equation system were possible 289 
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for smaller diameters only at the lowest flow rates considered. This value is in agreement 290 

with observed dikes and conduits at depths >100m (Keating et al., 2008). 291 

In all of the simulations, the liquid and gas phases redistribute in the two branches 292 

upstream of the junction. At low mass flux, the mixture is preferentially drained through 293 

the horizontal branch until a saturation value, above which further mass flux increases are 294 

accommodated in the vertical conduit (Fig. 3a). Mass distribution is controlled by the 295 

relative diameter of the vertical and lateral branches and the height of the vertical branch 296 

(which controls the pressure at the T-junction). As the diameter of the lateral branch 297 

increases relative to that of the vertical branch, the vertical MER decreases and the lateral 298 

MER increases (Fig. 3b). Increasing length of the vertical branch, (which simulates 299 

increasing the height of the cone), increases the pressure at the junction diminishing the 300 

effect of the diameter increase (Fig. 3b), although pressure is not very sensitive to small 301 

variations of the side channel diameter (Fig. 3c). 302 

Magma viscosity also affects partitioning of gas and liquid within the system.  In 303 

particular, increasing the magma viscosity dramatically decreases liquid drainage through 304 

the lateral system, such that an order of magnitude increase in viscosity forces the 305 

mixture to emerge vertically for a range of MER. This is not surprising, as the lateral 306 

pressure drop is directly proportional to viscosity at low Reynolds numbers, as shown in 307 

section 3.3. In contrast, the vertical pressure drop is more strongly controlled by the 308 

gravitational component than frictional, thus the total pressure drop is not as sensitive to 309 

an increase in viscosity. 310 

 311 

4.2. Phase distribution 312 
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Gas distribution between the vertical and lateral branches is controlled by the total 313 

MER, the geometry of the system, and the pressure at the junction. Gas is generally 314 

partitioned into the vertical conduit except when the junction pressure is high and/or the 315 

lateral channel diameter is large. Gas accumulates in the lateral branch when the gas 316 

volume flux is low with respect to the magma volume flux. This condition can be 317 

achieved either through lengthening the vertical branch (increasing junction pressure; 318 

Fig. 4a) or by extensive pre-eruptive magma degassing. Under these conditions, the mass 319 

of gas emerging with the lateral flow increases with the lateral conduit diameter (Fig. 4a), 320 

The distribution of gas between the vertical and lateral branches, in turn, affects the 321 

energetics of eruptions from the main vent, the lateral transfer of gas (via the magma) 322 

through the cone, and the consequent vesicularity of the erupted lava.  323 

The role of total MER in gas segregation is shown in Figures 4b and 4c.  At low 324 

MER, the percentage of gas emerging with the lateral flow increases with increasing total 325 

MER and gas flux is larger in the lateral channel than the vertical conduit. In our 326 

simulations, when flow rate exceeds 10
3
 kg/s, pressure balance at the junction can be 327 

achieved only if the diameter of the lateral branch is decreased (from 2 to 1.35 m at the 328 

highest flow rates).  Under these conditions, the gas flux in the lateral channel remains 329 

constant and the percentage of gas in the lateral channel decreases as total flow rate 330 

increases. The same result could be obtained with a larger diameter if significant wall 331 

roughness were assumed.  332 

 333 

5. Discussion 334 

Modeling results indicate that flow splitting at a dike junction has the potential to 335 
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generate an unequal distribution of the bulk flow between the vertical and lateral conduits 336 

as well as a redistribution of liquid and gas phases. Variable distribution of both the total 337 

mass flux and the gas and liquid fluxes between the central and lateral vents can explain 338 

both temporal variations in eruptive style and the simultaneous explosive and effusive 339 

activity that is commonly observed during scoria cone eruptions. Our simulations suggest 340 

that partitioning of magma between the vertical conduit and lateral channel is controlled 341 

primarily by the total MER and geometry of the junction. Numerical modeling also 342 

suggests that eruptions should be dominated by lateral vent activity when MER <10
3 
kg/s, 343 

above which the relative proportion of magma erupted from the central conduit increases 344 

rapidly until the flow through the lateral conduit is completely suppressed at MER >10
5-6

 345 

kg/s (Fig. 5).  346 

Modest variations in the diameter of the lateral channel affect not only the 347 

redistribution of the magmatic mixture (Fig. 5) but can also change the segregation of gas 348 

between the vertical and lateral branches, thus indicating that flow spitting between 349 

central and lateral conduits has important implications for eruption dynamics. In general, 350 

the higher momentum phase concentrates in the vertical branch and the lower momentum 351 

phase in the lateral branch. Thus extensive phase segregation can occur only when the 352 

flow is separated (i.e., gas bubbles are moving independently of the liquid), because this 353 

is the only condition where the phases have different momentum.  An additional effect of 354 

gas segregation is enhancement of explosivity at the central vent.  355 

Gas preferentially accumulates in the lateral branch only when the gas volume flux is 356 

low with respect to the magma volume flux (i.e. the mixture has low vesicularity). This 357 

condition can be achieved either by increasing the depth of the T–junction within the 358 
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cone or by pre-eruptive magma degassing. The former situation may serve to limit the 359 

maximum height of scoria cones. Another factor that may affect gas accumulation in the 360 

lateral branch is concentration of bubbles in the center of the flow (e.g., Lucas et al., 361 

2005), as magma is preferentially drained into the lateral branch from the side of the 362 

conduit.  363 

5.1. Application of simulation results to activity at Parícutin 364 

Our primary goal was to explain the observed correlation between mass eruption 365 

rate and the relative proportion of mass erupted from vertical (or lateral) vents (Fig. 1). 366 

Our model results for variations in vertical and lateral eruption rates (Fig. 6) match 367 

observed rates for Parícutin (Fig. 1) when the vertical and lateral conduit branches have 368 

diameters of 5 and 2 m, respectively, and the cone height is 500 m.  These parameter 369 

values seem reasonable given the substantial cone height (300-400 m) and estimated vent 370 

diameters (3-8 m in the cone; 1-3 m for the lateral bocas; Foshag and González-Reyna, 371 

1956) observed during the cineritic phases of Parícutin’s eruption.  A magma viscosity of 372 

300 Pa s is also reasonable given a bulk melt composition of 54-55 wt% SiO2, H2O 373 

contents of " 4 wt% (Pioli et al., 2008), and temperature of 1100˚C (Luhr, 2001).  374 

While the results of our simulation do not uniquely constrain the geometry of 375 

Parícutin’s shallow feeder system, the sensitivity of the simulation to variations in both 376 

lateral channel dimension and magma viscosity does not allow much latitude in these 377 

parameters. Moreover, our simulations suggest that the lateral branch should saturate at 378 

10
3
 < MER < 10

4
 kg/s given magma properties and channel geometries appropriate for 379 

the 1943 eruptive activity at Parícutin; higher MER require partitioning into the vertical 380 

branch.  381 
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A second goal was to test the hypothesis that the onset of cineritic activity at Parícutin 382 

can be explained by development of a junction within (or just below) the cone that feeds 383 

simultaneous eruptions from the scoria cone vent and effusive vents at the base of the 384 

cone. By definition, there is no segregation of the flow when the cone is incomplete. Our 385 

simulations show that at MERs appropriate for early phases of the Parícutin eruption, 386 

completing the cone would have promoted extensive gas segregation into the vertical 387 

branch. 388 

Our results also allow us to speculate on the nature of the Zapichu episode (that is, the 389 

time period when activity shifted to a lateral vent).  Krauskopf (1948) suggested that the 390 

lateral vent was connected to the main feeder conduit at a depth of 600-700 m below the 391 

one.  Our simulations would suggest that depth, which would have doubled the junction 392 

pressure, which would have caused the gas to segregate strongly into the lateral dike.  393 

This predictions corresponds with observations, as explosive activity at the central vent 394 

ceased at this time, while pyroclasts emitted from the Zapichu vent were described as 395 

unusually vesicular.  Additionally, strombolian to Hawaiian activity at the new Zapichu 396 

cone (limited gas segregation) is consistent with the horseshoe shape of the new vent 397 

structure. 398 

5.2. A general mechanism? 399 

A compilation of historic basaltic eruptions shows that simultaneous tephra and lava 400 

production occurs over a limited range of mass eruption rates (MER= 10
3
-10

5
 kg/s; Table 401 

1). Here we have included only eruptions of water-rich (subduction zone) basalts, where 402 

volatile segregation can commence within feeder conduits (e.g., Pioli et al., 2008).  We 403 

measure the relative importance of explosive activity (that is, gas-enriched magma that is 404 
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segregated into the vertical conduit) by determining the ratio between the mass of the 405 

tephra blanket and the entire eruptive mass (e.g., tephra blanket, scoria cone, and lava 406 

flows). As illustrated in Figure 7, the results show striking similarities with numerical 407 

modeling results: eruptions with MER <10
3
 kg/s do not form tephra blankets; between 408 

10
3
 and 10

5
 kg/s there is a positive relationship between MER and blanket mass; 409 

MER#10
5
 creates purely explosive eruptions (subplinian to Plinian).  410 

The transitional (violent strombolian) regime is characterized by explosive activity 411 

(with eruption columns to " ~ 6 km height) accompanied by lava effusion from the base 412 

of the cone (e.g., Krauskopf, 1948). Additionally, eruptions within this regime show a 413 

direct correlation between explosivity, as defined by tephra production, and magma flux 414 

(Fig. 7).  Our modeling shows that simultaneous eruption of tephra from the cone and 415 

lava flows from lateral vents requires segregation of bubbly magma into a gas-rich 416 

mixture that ascends through the central conduit and gas-poor lava flowing in the lateral 417 

system. This gas segregation must occur at a shallow depth (within or just below the 418 

scoria cone), as high junction pressures serve to force the flow into the horizontal, rather 419 

than the vertical, branch (e.g., the Zapichu episode).  Segregation is also limited to 420 

volatile-rich low viscosity magmas, conditions that promote separated flow of the gas and 421 

liquid phases. We therefore conclude that the dual activity that characterizes violent 422 

strombolian activity is unique to mafic eruptions of sufficient duration to construct 423 

complete scoria cones and with 10
3
<MER<10

5
 kg/s.  424 

When magma flow exceeds 10
5
 kg/s, gas segregation is no longer possible, flow into 425 

the lateral conduit ceases, and we would expect eruptive activity to take the form of 426 

sustained columns (subplinian to Plinian activity). This prediction is consistent with 427 
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estimated MER for a paroxysmal eruption of Stromboli in 2003 (MER > 10
5
 kg/s; Rosi et 428 

al., 2006), a subplinian eruption of Shishaldin volcano in 1999 (MER = 2.5 % 10
6
 kg/s; 429 

Stelling et al., 2002) and for Plinian eruptions of Mt. Etna in 122 BC (Coltelli et al., 430 

1998) and Tarawera 1886 (Houghton et al., 2004), which had MERs of 5-10 % 10
7
 kg/s.  431 

At eruption rates below 10
3
 kg/s, degassing dominates, producing either lava effusion 432 

and/or mild explosive activity.  Observations at Stromboli suggest that magma fluxes > ~ 433 

400 kg/s produce lava flows, while MER < ~ 100 kg/s reflect an effectively static magma 434 

column where magma is ejected by bubble bursting at the surface at a rate controlled by 435 

the gas flux (e.g., Chadwick et al., 2008). Low MER will also promote progressive 436 

closure of the lateral channel because of the decrease in channel diameters required to 437 

achieve pressure balance, as described by Ripepe et al. (2005) for the 2002-2003 eruptive 438 

crisis at Stromboli. However, complete conduit closure cannot be modeled with our 439 

calculations because they do not take into account viscoelastic properties of the wall 440 

rocks.  441 

5.3. The role of viscosity 442 

Our simulations also provide insight into the role that magma viscosity might play 443 

in modulating eruption style. Increasing the viscosity of the magma liquid drainage 444 

through the lateral system (Fig. 3c). Even a modest increase in viscosity (from 300 to 445 

3000 Pa s) has a significant impact on flow splitting, a result that is consistent with the 446 

increasing time scale required for gas phase separation in viscous fluids.  Thus we would 447 

expect that lateral flow of magma would be absent in eruptions of high viscosity magmas. 448 

Observations of recent eruptive activity confirm this. In these systems, high MERs (>~ 449 

10
6
 kg/s) produce subplinian to Plinian eruptions while low MERs (< ~ 10

4
 kg/s) produce 450 



 

 

21 

viscous flows and domes (e.g., Scandone and Malone, 1985; Scandone et al. 2007). 451 

However, transitional activity in silicic systems (that is, activity produced by 10
4
 < MER 452 

< 10
6
) differs from that of mafic systems in that explosive and effusive activity occur 453 

sequentially rather than simultaneously, often with Vulcanian explosions followed by 454 

dome effusion (e.g. Druitt et al., 2002; Wright et al, 2006). In these systems, the gas 455 

segregation required to power the explosive events accumulates between, rather than 456 

during, eruptive episodes. 457 

 458 

6. Conclusions 459 

Taken together, our results and the field observations suggest that shallow gas 460 

segregation is particularly important for transitional eruptions of water-rich arc basalts, 461 

which are characterized by high gas fluxes and separated flow conditions. In particular, 462 

Figure 7 illustrates a dramatic increase in explosivity as MER changes from 10
3
 to 10

5
 463 

kg/s, as documented by both the formation of convective columns capable of depositing 464 

tephra blankets and by an increasing proportion of tephra with increased MER. For these 465 

eruptions, explosivity can be strongly increased by shallow segregation of gas into 466 

vertical conduits within early-formed scoria cones. This configuration, which is 467 

associated with high gas fluxes and relatively low magma viscosity, causes efficient 468 

redistribution of liquid and gas phases above (upstream of) the junction.  Our simulations 469 

predict that gas will concentrate increasingly in the vertical upper conduit as the total 470 

MER exceeds ~ 10
4
 kg/s, as shown in Fig. 4b, generating an abrupt increase of 471 

explosivity with respect to ‘normal’ strombolian regimes. Numerical modeling indicates 472 

that the segregation is more efficient for lower viscosity magmas, in agreement with 473 
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experimental results of Menand and Phillips (2007a,b).  474 

Gas segregation is most efficient when the diameter of the lateral dike is small and 475 

the magma flux is high.  In contrast, gas will be preferentially concentrated in large 476 

lateral conduits, particularly when junction pressures are high.  Liquid is also segregated 477 

into large lateral dikes, suggesting that widening of lateral dikes through time should both 478 

increase the mass flux of lava from lateral vent and increase the lava vesicularity.  479 

Increasing viscosity, which increases the pressure drop across the lateral conduit, also 480 

enhances vertical magma flow. Together, temporal changes in scoria cone height (which 481 

controls junction formation and pressure), mass eruption rate (which typically diminishes 482 

with time) and magma viscosity (which changes with composition and crystallinity) can 483 

explain observed changes in the eruption dynamics of violent strombolian eruptions. 484 

More generally, we demonstrate that shallow gas segregation processes affect the 485 

intensity and importance of both explosive and effusive components of mafic volcanism. 486 

Our results cannot be extended to fissure eruptions, where spatial differentiation 487 

of vents is likely related to the dynamics of magma rise within the dike and large MER 488 

(>10
3
kg/s, Keszthelyi et al., 2006) can be achieved without significant explosive 489 

dynamics.  They are also not appropriate for volatile-poor Hawaiian eruptions, where 490 

vesiculation is sufficiently shallow that separated flow is unlikely except at very low 491 

effusion rates (e.g., Mangan and Cashman, 1996; Gerlach and Edmonds, 2007). Finally, 492 

this numerical model does not attempt to describe the fragmentation of magma that is 493 

expected to occur at shallow depths within the scoria cone, as required by the eruptive 494 

dynamics, the extensive tephra deposits, and the textural and petrographic characteristics 495 

of the Paricutin tephra (Erlund et al., 2009).  496 
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APPENDIX 505 

List of symbols 506 

D = diameter 507 

f = friction factor 508 

g= gravitational acceleration 509 

p= pressure 510 

u= velocity 511 

us = superficial velocity 512 

vgd = gas drift velocity 513 

z = vertical length 514 

#= liquid surface tension 515 

!g = void fraction 516 

!= viscosity 517 

"= density 518 

Eo= Eotvos number 519 

Fr= Froude number 520 

Mo= Morton number 521 

Re= Reynolds number 522 

 523 

List of subscripts 524 

1, 2, 3 refer to branches 1, 2, 3 of the junction, as numbered in fig. 2 525 

l, g refer to liquid and gas, respectively 526 

i refers to any of the phases considered (liquid or gas) 527 
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j refers to any of the branches of the junction (1,2,3) 528 

529 
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Figure caption 697 

Figure 1. a) Year average effusive MER vs. Explosive MER for the Parìcutin eruption. 698 

Explosive MER was calculated using year cone and tephra blanket erupted volumes, 699 

effusive MER calculated after year erupted lava volumes as calculated in Pioli et al. 700 

(2008).  701 

Figure 2. Sketch of scoria cone and lava channel. Inset shows the simplified geometry 702 

assumed for numerical modeling. 703 

Figure 3. a) Effect of vertical channel diameter (indicated by the numbers in the inset) in 704 

flow redistribution upstream the junction. D1/D2=2.5 - 3.5; inset shows diameters of 705 

vertical branch for the three simulations.  b) Effect of side branch diameter and main 706 

channel height on vertical and lateral mass flow rates emerging from the two exits. Black 707 

lines refer to the main channel flow, red lines are for the side branch flow. Total flow rate 708 

= 4%10
4
 kg/s. Vertical channel height: continuous line = 100 m; thick dashed line = 350 709 

m; thin dashed line = 500 m. c) Effect of side branch diameter and main channel height 710 

on pressure calculated that the junction point.  Total flow rate = 4%10
4
 kg/s. Vertical 711 

channel height: continuous line = 100 m; thick dashed line = 350 m; thin dashed line = 712 

500 m d) Relationship between vertical and lateral mass flow rate.  Height of main 713 

channel = 500 m. D2=5 m, D3=1.5 m; !i: continuous line= 300 Pa s; dashed line = 3000 714 

Pa s. 715 

Figure 4. a) Effect of lateral dike diameter and height of main channel on percentage of 716 

gas emerging from the side branch, calculated with respect total gas flux.  Total flow rate 717 

= 4%10
4
 kg/s b); b) Effect of total flow rate and height of main channel on percentage of 718 

gas emerging from the side branch respect with the total gas flux.  Vertical channel 719 

height: continuous line = 100 m; thick dashed line= 350 m; thin dashed line= 500 m. 720 

Figure 5. Relative proportion of mass flowing through the junction into the vertical 721 

conduit vs. total mass flux rate. !i =300 Pa s Thin line: D2= 4 m, thick line: D2=7 m. 722 

Figure 6. Effects of magma splitting at a conduit junction when D2= 5m, D3=1.5 m, !i 723 

=300 Pa s, cone height =500 m, compared with year average mass eruption rates of lava 724 

and tephra at Parìcutin volcano, as shown in Fig. 1. 725 

Figure 7. a) Average MER vs. mass fraction of tephra blanket relative to total mass of 726 

erupted material of explosive eruptions of water-rich basalts. Violent strombolian 727 
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eruptions (central area) are characterized by variable erupted tephra, and MER between 728 

10
4
 to 10

5
 kg/s,

 
whereas purely explosive, subplinian to plinian eruption (higher MER) 729 

are characterized by very little or no lava emission. Smaller MER eruptions (strombolian 730 

to effusive) do not form substantial tephra blanket and have lower MER. Data listed in 731 

Table 1. 732 

 733 

Table caption 734 

Table 1.  Characteristics and references of basaltic eruptions plotted in figure 7. Asterisks 735 

indicate Mass Discharge Rate data obtained from deposit characteristics. 736 

 737 



Eruption  Duration 

(days) 

Average 

MER(Kg/s) 

Blanket/ tot 

mass 

Ref. 

 

Parícutin 1943 214 5.56E+04 0.81 

Parícutin 1944 366 2.59E+04 0.61 

Parícutin 1945 365 1.86E+04 0.58 

Parícutin 1946 365 1.33E+04 0.48 

Parícutin 1947 365 1.11E+04 0.43 

Parícutin 1948 366 7.04E+03 0.18 

Parícutin 1949 365 4.60E+03 0.21 

Parícutin 1950 365 3.76E+03 0.20 

Parícutin 1951 365 3.90E+0.3 0.17 

Fries, 1953; 

Krauskopf and Wiliams, 1946; 

Pioli et al., 2008; 

Segerstrom, 1950 

Cerro Negro 1995 13 1.16E+04 0.20 

Cerro Negro 1992 3.6 9.19E+04 1.00 

Cerro Negro 1850 10 1.72E+04 0.05 

Cerro Negro 1923 49 1.59E+04 0.61 

Cerro Negro 1947 13 3.43E+04 0.74 

Cerro Negro 1950 26 1.62E+04 0.99 

Cerro Negro 1960 89 1.93E+03 0.09 

Cerro Negro 1968 48 7.15E+03 0.39 

Cerro Negro 1971 10.6 5.28E+04 1.00 

Hill et al., 1998 

Etna 122 BC - 6.75E+07* 1.00 Coltelli et al., 1998 

Etna 3930 BP - 4.49E+07* 1.00 Coltelli et al., 2005 

Etna 1971 69 2.60E+04 0.03 
Booth and Walker, 1973; Walker 

1973b 

Etna 2001 6 2.73E+04 0.46 Behnke and Neri, 2003 

Etna 2002 77 1.80E+04 0.53 Andronico et al., 2005 

Etna 1999 - 2.83E+03 0.00 

Etna 1996-98 - 5.20E+01 0.00 
Behnke et al., 2006 

Shishaldin 1999 0.2 1.40E+07 1.00 Stelling et al., 2002 

Izu Oshima 1986 6 8.10E+04 0.52 Mannen, 2006 

Tolbachik 1975 72 2.29E+05 0.60 Fedotov et al., 1984 

Tarawera 1886 0.2 1.09 E+08 1.00 Houghton et al., 2004 

Vesuvius 1906 133.5 1.73E+05 0.80 
Arrighi et al. 1999; Bertagnini et 

al., 1991 

Chikurachki 1986 19 8.53E+04 0.74 Gurenko et al., 2005 

 

Table 1
Click here to download Table: Table1.pdf
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