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Dome-collapse

v

ulcanian explosions (13[a])

ulcanian explosions (75[a])

Valley
T W TMFW . . .
alrladdag Major pyroclastic flows and associated phenomena
March
31/3/96 - First dome-collapse pfs 1.5 km down Tar River valley.
Aptil [
May : 12/6/96 - First dome-collapse pfs travel to the sea 2.9 km down Tar River valley.
June
July
298&31/7/96 - First major dome collapse. Pyroclastic surges travel 0.5 km across the sea.
1996 Aug 12/8/96 - Major dome-collapse with multiple pfs to the sea.
Sept 4/9/98 - Dome collapse with multiple pfs to the sea. )
P 17/9/96 - 9 hour dome collapse followed by sub-Plinian explosion plume to 13 km altitude.
Oct
Nov
Dec | | 19/12/96 - First pfs down Tar River valley to the sea since 17/9/986.
[ 8,16&
Jan = 20/1/97 - Major dome collapses down Tar River valley. Many flows reach the sea.
Feb | I 10/2/97 - First rockialis and small pfs down Galways Wall to the south,
March | [ N ) I .
30&31/3/97 - First major dome collapse down Galways Wall. Pfs down White River valley to 3.5 km.
April . 11/4/97 ~ Major dome-collapse pfs down White River valley to 4.1 km.
15/5/97 - Dome-oollafse pfs to the sea in Tar River valley.
May 27/5/97 - First rockfalls and pfs down Tuitt's Ghaut.
June o 5/6/97 - Dome-collapse pfs to 2.8 km in Tuitt's Ghaut. . i
1997 I | |16/6/97 - Dome-collapse pfs to 2 km down Fort Ghaut. 17/6/97 - Dome collapse pfs to 4 km in Mosquito Ghaut.
F_._ 25/6/97 - Dome-collapse pfs 6.8 km down Mosquito Ghaut. 19 geople killed. 30/6/97 D-c pf 3.5 km in Fort Ghaut.
July Late June - early July cyclical pf production every 8-12 hours in Mosquito & Fort Ghaut.
Aug [0S 777 4318197 - Major dome collapse down Fort Ghaut; Plymouth Iargelfy destroyed. Triggers explosions, ( V
I 4 to 12/8/97- 13 Vulcanian explosions with radial fountdin-collapse pfs.
Sept Mosquito Ghaut largely filled with deposits of many small dome collapse pfs.
// 21/9/97 - Major dome collapse down Tuitt's Ghaut; airport destroyed. Triggers explosions. ( V
Oct e to 21/10/87 - 75 Vulcanian explosions; 74 with radial fountain-collapse pfs.
Nov ] 4 & 6/1/97 - Major dome collapses to south down White River valley to the sea.
Dec . . . . T
b 26/12/97 - Sector collapse, debris avalanche and extensive energetic pts and surges in around the White River valley.
Jan L Key
Feb moderate pfs 1-3 km
March 10/03/98 - Dome staps grawing. —  dome collapse multiple
7/  episode of Vulcanian explosions
April fountain collapse pfs in most valleys
TR= Tar River: WR = White River;
May TG Tuitt's Ghaut:MG = Mosquito Ghaut;
FG=Fort Ghaut; WG = White's Ghaut
1998 June

July

3/7/98 - 2.5 hour dome-collapse pf down Tar River valley, Long Ground impacted for first time.

Cole et al. 2002
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1996-1999 Mg Xk THELELT- Pyroclastic density currents DF&E%E

(1) Dome-collapse flows (small or large)

(2) Surges

(3) Derived flows (Secondary pyroclastic flows)
(4) Pumice-rich flows (by Fountain-collapse)

Flow rype Dare H L v A
(km) (k) (x 10°m’) (x 10° m?)
i) dome-collapse flows 3-Apr-96 0.59+£0,03 1.60£0.04 0.152 0.101
12-May-96 0.91£0.03 290+ 0.04 0.331 0.175 .
31-Mar-97 0.86 £0.03 250t 0.04 (.163 0.109
5-Tun-97 0.86£0.03 3.10+0.04 0.375 0.192
17-June-97 0.86 £0.03 - 350+0.04 0.766 0.300
25-Jun-97 1.01+£0.03 6.70£0.04 5.538 0.784
30-Mar-97 0.83 £0.03 3.60+0.04 2.600 0.160
11-Apr-97 0.90+0.03 4.05+0.04 2.900 0.430
3-Aug-97 0.90£0.03 5.60+£0.04 8.750 1.784
21-Sep-97 0.92 +0.03 6.00+0.04 13.563 2.357
ii) surges 25-Jun-97 1.01+£0.03 6.70 £ 0.05 0.791 3.954
26-Dec-97 1.20+0.03 5.00+0.05 2.500 9.794
iii) derived flows 25-Jun-97 026+0.1 400+0.15 0.0R7 0.262
26-Dec-97 05101 3.00£0.15 0.053 0.511
iv) pumice-rich flows 18-Oct-97 1.22+0.1 460£0.15 0.141 0.471
18-Oct-97 1.27+£0.1 440%+0.15 0.082 0.272
18-Oc¢t-97 1.05£0.1 3.00+0.15 0.020 0.066
18-0ct-97 11101 3301015 0.063 0.209

The pumice flow data is the product of a single explosion where the flows in different directions are considered as 4 individual events,

Calder et al. (1999)



Mobility of Flows
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Dome collapse events and flows (5% Xk

# Robertson et al. (1998) The explosive eruption of Soufriere Hills Volcano, Montserrat, West Indies,
17 September, 1996. GRL.

# Cole et al. (1998) Pyroclastic flows generated by gravitational instability of the 1996-97 lava dome
of Soufriere Hills Volcano, Montserrat. GRL.

# Calder et al. (1999) Mobility of pyroclastic fows at the Soufrie're Hills Volcano, Montserrat. GRL.

# Calder et al. (2002) Mechanisms of lava dome instability and generation of rockfalls and pyroclastic fows
at Soufrie're Hills Volcano, Montserrat. GSL Memoirs.

# Cole et al. (2002) Deposits from dome-collapse and fountain-collapse pyroclastic fows at Soufrie're Hills
Volcano, Montserrat. GSL Memoirs.

# Druitt et al. (2002) Small volume, highly mobile pyroclastic fows formed by rapid sedimentation from
pyroclastic surges at Soufrie're Hills Volcano, Montserrat: an important volcanic hazard. GSL Memoirs.

# Luckett et al. (2002) The relationship between degassing and rockfall signals at Soufriere Hills Volcano,
Montserrat. GSL Memoirs.

Fountain-collapse events and flows

# Druitt et al. (2002) Episodes of cyclic Vulcanian explosive activity with fountain collapse at Soufrie're
Hills Volcano, Montserrat. GSL Memoirs.

# Formenti and Druitt (2003) Vesicle connectivity in pyroclasts and implications for the fluidisation of
fountain-collapse pyroclastic flows, Monserrat (West Indies), EPSL.

# Formenti et al. (2003) Characterisation of the 1997 Vulcanian explosions of Soufrire Hills Volcano,
Montserrat, by video analysis. Bull Volcanol.



Calder et al. 2002, GSL Memoirs

Mechanisms of lava dome instability
and generation of rockfalls and
pyroclastic flows
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! ! Fig. 1. Map of southern Montserrat with

distribution of total accumulated (November
N 1995-March 1998) pyroclastic flow deposits.
Topography exerted a major control on flow
paths and, therefore, on the spatial development
of the depositional fans over time (Cole et al.
2002). The volumes (x10° m?) of pyroclastic

| 2 km | e flow material accumulated within each of the
B - p —]  main drainage systems are given. The deposit
Cﬁgﬁg”ﬁx’ fozgg 4f§]0t 380000mE 52 100W volumes within the Tar River and White River
| | |

3Ei|4ucumE

] [ ] valleys are underestimates of the actual volumes

discharged in those directions, as many of the

. . @ Galway's Soufriere flows there entered the sea. Key locations, such
® Seismograph Locations (@) Harris Lookout as the positions of selected seismic stations

Gages Wall English's Crater St Pallﬂck's ‘(MSPT) ® Cchance's Peak titmeter {black dots) and the Chance's Peak tiltmeter, are
! Gage's (MGAT)) given. English’s Crater and the locations of

Windy Hill (MWHT) Accumulated pyroclastic  Galway’s Wall and Castle Peak are shown in the

Long Ground (MLGT) flow deposits bottom left-hand corner. The section line

7
Galway's Wail Castle Peak — main road Volume of pyroclastic through English’s Crater wall marks the
flow deposit { x 10°m?) position of the section in Figure 6c.
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Fig. 5. Comparisons of (a) RSAM with (b) cyclic tilt records and (c) the
total number of triggered earthquakes per hour for the period 18-22 May
1997. The triggered earthquakes are dominated by hybrid events that
subsequently produce the cyclic, low-amplitude RSAM peaks. The large
spikes in RSAM are rockfalls and small pyroclastic flows, produced at the
onset of deflation. Spikes on tilt records represent noise (modified from
Voight ef al. 1998).
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Rock fall & Pyroclastic flow M%#  (Calder et al. 2002; Luckett et al. 2002)

# &5t 27150[E1M seismic signals (Rock falls and Pyroclastic flow)

# Large (1- 4 X 105 km3) and Major (> 4 X 106 km3) dome collapse & Pfl generation
= EH 3 6-13 m3/s, hybrid-earthquake swarms, inflation-deflation cycles of ground
deformation (FBR: 2 m3/s and 30 X 108 km3)

# Rockfall M E%k &R (duration) < & H 3= -4HES

# Seismic signals: (Neuberg et al. 2000; Luckett et al. 2002)
1. Long-period (LP) components (1-2 Hz) =» Intense degassing from the lava dome
2. High-frequency components (2-8 Hz) = Falling & flowing debris

# Pulses of magma extrusion & Discharge of pressurized gas = Cyclic actively
dome failure
# Hot & gas-rich, fragmentation of microvesicular andesite lava = Pyroclastic flows

# Event magnitude (Runout distance of pfl and Rockfall duration)
= Power-law between Frequency vs. Magnitude



Smaller flow & Larger flow

# Smaller flows by discrete & single pulse collapse events [#[E]l/day]
- Volume: 0.2 X 10% (DRE)

- Runout distance: <3 km

- Flow velocity: 3 ~ 10 m/s

- Slope: > 20° Erosion and deposition

- Dome extrusion rate: 1 ~ 4 m3/s

- Major deposits: Coarse, block-rich deposits (limited ash-cloud surge
facies)

# Larger flows by sustained collapse events [#[B]l/A]

- Volume: 1 ~ 9% 10 (DRE)

- Runout distance: 3 ~ 6.5 km

- Flow velocity: 15 ~ 30 m/s

- Slope: 14 ~ 16° (Erosion) = 4 ~ 6° (Deposition)

- Dome extrusion rate: 4 ~ 10 m3/s

- Major deposits: Coarse block-rich deposits & Extensive, thin fine-
grained ash



Event magnitude for runout distance of pfl and rockfall duration)
Power law between Frequency vs. Magnitude
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Fig. 13. Rockfall and pyroclastic flow frequency (in number of events, N ) in
relation to flow magnitude as determined by runout, R, for pyroclastic flows
and seismic signal duration, D, for rockfalls.



Cole et al. 2002, GSL Memoirs

Deposits from dome-collapse
and fountain-collapse
pyroclastic fows

Block & ash flows from dome
collapse

(a) Discrete small flow

(b) Discrete large flow

(c) Sustained-collapse larger
flow

Pumice and ash flow from
Vulcanian explosions (d)

(a) 12 May 1996

(b) January 1997

2 F

) 194

0 5

195

| o 0 5
m |Base not exposed m

) (c) 21 September 1997

(d) Pumice-and-ash flow deposits

(O (ii)
Y 318
0 5
block-and-ash flow deposit gﬁﬁgﬁcr::pe tgg sample no
: 25
"g pumice-and-ash flow deposit o 135 #lla-s
A : phi grainsize

ash-rich pyroclastic == ash-poor
surge deposit s depdpsit i[ soil

Fig. 11. Selected sections through block-and-ash flow deposits. (a) 12 May 1996 Tar River valley; (b) January 1997, Tar River fan: (¢} 21 September 1997, north
of Spanish Point; {d) pumice-and-ash flow deposits in Plymouth. Histograms show weight % versus phi size. For location of sections see Figures 2 and 6.



Cole et al. 2002

Lobes, levees, and channel
morphology:

- Pumice & ash flows

- Small-volume block & ash flows

3

Ridge-and furrow surface morphology:
- Large-volume block & ash flows




T A LOW-DENSITY ENTRAINED MATERIAL

: . U T RETAINED TOWARDS TOP AND FRONT
- S Gl Tt OF BLOCK:AND-ASH FLOW
) il g

L A derened L ) P
A ST = . . -

o
v

= l 7

I ~ /I:/NTFIA\NMENT OF ACCIDENTAL
< MATERIAL INCLUDING PUMICE,

' TREES & DOMESTIC GAS CANISTERS

"_’ _ UPPER PART CONTINUES TO MOVE ON
— & CONTAINS LOW DENSITY MATERIAL

Large-volume block & ash flows

# The upper part of the flow
has detached from the lower
part of the flow.

# Remnants of the upper
part were left on the top of
boulders.

# The moving pyroclastic

R, e SRR gl was significantly thicker
than the final deposit.
() o  sraanpep peposiT

~—— RIDGE AND FURROWED
SURFACE MORPHOLOGY ~

‘, ___LOW DENSITY MATERIAL

CONCENTRATED AT
DEPOSIT MARGINS

Fig. 22. Diangram summarizing the final stages of transport (¢. 0.5 km) and emplacement of large-volume unconfined block-and-ash flow deposit. (a) Flow front
entrains low-density material, which is concentrated towards the upper surface and front of the flow. (b) Lower part of the block-and-ash flow decelerates and

comes Lo rest, whereas the upper part, containing the majority of low-density material, continues to move. (¢) Final deposit is emplaced. Margins and front of
the flow are rich in low-density material; upper surface of flow deposit has ridge-and-furrow morphology caused by motion of upper part of block-and-ash flow.

Note deposit left stranded on top of boulders.

Cole et al. 2002



Calder et al. 1999
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Druitt et al. (2002) Episodes of cyclic Vulcanian explosive activity with fountain collapse

(b) (d)




Fig. 6. Explosion at 15:13 on 20 October 1997. Fountain collapse generated pyroclastic surges and flows visible to the west (right) and north (left) of Gages Mountain (g). Ash was thrown up by the ground impact of
ballistic blocks (b). The buoyant plume ultimately rose to about 10km. Note the buildings for scale in the foreground. Photographs taken from the NW by P. Cole.
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Fig. 5. Map showing the distribution of pumice-and-ash flow deposits formed during Vulcanian explosions in August 1997 and between 22 September and
21 October 1997, adapted from Druitt er af. (20025).



(a) 10 s after explosion onset

discharge of multiple jets:
first jets exit at 40-50 m 571,
subsequent ones at up tol40 m s-!

- 8

-==~+4 ballistic blocks

i ¥

(b) 20 s after explosion onset
high-velocity jets
overtake plume front

fountain collapse
300-650 m above
ballistics to 1.7 km the vent)

L]
L]

highly concentrated
pyroclastic flows

(c) 50 s after explosion onset

pyroclastic surges spread
out at 30-60 m s/

\ main plume ascends to
3-15 km, then spreads out
as an umbrella cloud

© surge clouds lift off
1-2 km

-
it

e e

Druitt et al. 2002; Formenti et al. (2003)



Cyclic patterns of edifice deformation, hybrid seismicity, & explosions
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Seismic signals during explosion Phase 1: Long period (10-20 s duration)
Phase 2: Higher amplitude (a few min)

Phase 3: Harmonic tremor (1-3 hours)
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Seismic signals during explosion Phase 1: Long period (10-20 s duration)
Phase 2: Higher amplitude (a few min)

Phase 3: Harmonic tremor (1-3 hours)
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Table 2. The 12:05 explosion of 7 August 1997

Time (s}  Ewvent

0 Start of explosion seismic signal (phase 1)*
| Emergence of explosion jet 1 at 95£10ms!
7 Emergence of explosion jet 2 at 95+ 10ms™!
17 Emergence of explosion jet 3 at >130ms™! Phase 1
17.4 Fallout visible behind Gages Mouniain from MVO South
18 Start of seismic signal from fountain collapse and pyroclastic
flows (phase 2) A
15.1 Fallout curtain descending over the north flank
21.6 First ballistics hit Farrell's Plain, 1.2 km north of the vent
220 First ballistics hit Paradise Plain, 1.2 km north of the vent
22.2 Collapsing fountain hits the north flank
228 Pyroclastic surge visible behind Gages Mountain
26.9 Ballistics reach maximum range on Paradise Plain, 1.6 km
north of the vent
27.8 Pyroclastic surge in Mosquito Ghaut, 1.7 km from source,
travelling at ¢.45ms™!
279 Jet 3 arrives at the top of the plume
343 Pyroclastic surge passes Gages soufriére on the west flank Phase 2
45 Pyroclastic surge ramps over Gage's Mountain and lofts
58 Pyroclastic surge reaches maximum runout on the Farrell's
Plain and begins to loft
70 Drop in intensity of the phase 2 seismic signal
108 Pyroclastic flows reach the foot of St George's Hill on the
west flank
167 Pyroclastic flow reaches the Paradise River, 3.5km from
source, at 10ms™!
187 Pyroclastic flow level with Harris, 3.4 km from source, at
9ms~!
202 Pyroclastic flow reaches sea on Tar River delta, 3.3km from v
source, at 13-25ms™!
300 End of pyroclastic flow seismic signal; continuing tremor (phase 3)
c. 3600 End of the explosive eruption Ph
ase 3

* The seismic signal was measured at the Galway’s Estate station (Fig. 10).
The time for seismic waves to reach this station from the dome was about
1.5s, so emergence of jet 1 occurred about 2.5s after the onset of the
explosion seismic activity.

Druitt et al. 2002



Vulcanian explosion M 4%

B EARYTT IR 5

- 2.5 ~ 63 Kfal & (F19: 10 KFf)

- Repeated slow inflation (1&/E18%2) & rapid deflation (BT iE%E)

=» Cyclic deformation of dome by stick-slip effect (Voight et al. 1999 etc.)
- Hybrid-earthquake =» hydro-fracturing & gas flow in rock or crystal-rich
magma (Neuberg et al., 1998; Voight et al., 1999)

IREICHSIHRIKR:
- Low frequency: 0.5 ~ 1 Hz (Phase 1 -3?)

=>» Vibrational response of the magmatic conduit to explosion itself
(Neuberg & O’Gorman, 2002)
- High frequency: > 2 Hz (Phase 2)

=» Combination of fountain collapse, ballisitc impact, pyroclastic flow
(Miller et al., 1998; Uhira et al., 1994)



Summary of a single explosive cycle in 1997

Plume
to 15 km

Collapse from
few hundred m
above vent 5

Inflation of dome

N\

=Th /\ S /‘\
deflation
. Exit velocity
magma Bl Pressurisation of 40 to 140 m/s
g3 shallow conduit ‘ [E[& 47, Clark et al. 2002,
o ~10 MPa Melnik & Sparks 2002 &EfF1E4]
| 55-75%MDHAELE Fragmentation _T_
| BA0IRERES wave descends
| 5-15 MPa at 10 to 50 m/s i) Conduit refills
; 8T | wo2oms
Conduit diameter ‘.‘-:,' Phase 10 ## 5% BF R 54 over ~10 hours
Fir 25t030m Conduit empties %I-F*,L\E:E)&(:L/T:E ; =
—» | to 0.5-2 k?n il LY I&%O)_JE A 1OE%FEE]L
- | [Watts et al. 2002] a few tens of s [55 jé_:b“:(“E t%’*ﬁ% )
[Volume balance |+ B O
EHE MERE IEfIEIZlibrfaak-
RitE, KEfE] down rimMFFELK
5 L) [Devine et al.
s TMagm;a f11ux 1998] & &FAFIRY)
(@) e (b) ©)

(Druitt et al., 2002, Formenti et al., 2003)
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1996-19994F Soufriere Hills BNDIT TIZDWNTHDEED

# Crystal-rich andesite (58.5-60.6 wt% SiO,) (Murphy et al. 1998, 2000)
BI & [Phenocryst assemblage]: #&% [Plagioclase] (28-30 vol%), AE3H& [Amphibole] (3-10
vol%), #1 5 1EA [Orthopyroxene] (2-5 vol%), B3 [Quartz], and WBigk#LE7%: & [Oxides].

# Crystal content

- Rapidly erupted lava (Murphy et al. 1998):
65-75 vol%: B & 35-50 vol%; ¥4 US54k (<80 u m) 20-25 vol%.
25-35 vol%: high-SiO, rhyolite glass (76-80 wt% SiO,).

- Slowly erupted lava (Barclay et al. 1998; Murphy et al. 2000)
Glass content 5-15 vol% (¥4 VB34 D @ED=HGlassE LB AT B).

# Water content of initial melt phase (Barclay et al. 1998; Murphy et al. 2000)
- 4-5 % water at 5-6 km depth (¥ Y £ADEKEITHRELTH 1.6 wid).

# Rheological properties (Sparks et al. 2000)
- Crystal-rich magma (25-35 vol% melt with 4-5 wt% H,0) =» Viscosity 10° Pas.
- Degassed crystalline lava (5-15 vol% melt) = Viscosity 1014 Pas.
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Fig. 2. (a) Typical pumice block in a fountain-collapse pyroclastic flow deposit from the 1997 Vulcanian explosions on Montser-
rat. The block is rounded due to attrition in the flow. (b) Fallout pumices generated by the same Vulcanian explosions in 1997.
The angular, tabular shapes show that fragmentation in the conduit occurred by brittle spallation of a gas-pressurised magmatic
foam [9].
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Fig. 1. Densities of pumices and lava blocks from Soufriére Hills Volcano: 85 lava blocks from the 21 September 1997 dome-col-

lapse pyroclastic flows and

120 pumice blocks from the 1997 Vulcanian products (fountain-collapse pyroclastic flow deposits and

associated fallout). Samples were dried and weighed, then placed into water to saturate the pores. They were then lightly dabbed
to remove surface water and placed again in water to measure the external volume. Vesicularities were calculated using a mean
density of 2600 kg m ™ for the solid phases.

Formenti and Druitt (2003)
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Appendix B: Long-runout rockfalls (Dade and Huppert, 1998, Geology)

2
muU
8| =, — |=madz—ow
0=mgH -W
W=7AL ¢ The relaxation of stress during an earthquake (Knopoff, 1958)
1 . .
3\; A= 1 2 The total area overrun by an avalanche and A is the ratio of the
W =r A average width to the length of an avalanche deposit.
A Z: Average shear stress in the mobile debris
1 10’ O nonvolcanic -
- 4l A volcanic o
3 2 10 'I' X  extraterrestrial X x/x-"/
gmH = T A I0°F %x‘i X
(km?)  10% L ,wf[;&\%é@
2 | X y&-kx'“—‘x
1 _ LUI .:— ,\ <'{%_.{' 7 \;"(
5[ ImgH! )3 . - T
A=A = Potential energy 10° 5
T 10! Do il el el el ol ed
5 10" 10" 10 10" 107 10" 10" 10°° 10%!
A ; ng 3 potential energy (J)
2 — ﬂ‘ Figure 2. Area A overrun by avalanche or rockfall as function of poten-
5 T tial energy gHM of debris before transport. Data are same as shown in

V 3 Figure 1. Solid line indicates least-squares best fit of form given by text

equation 5.
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