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Abstract

Using effusion rates obtained from ground- and satellite-based data we build a data set of 381 effusion rate measurements
during effusive activity at Etna and Krafla between 1980 and 1999. This allows us to construct detailed effusion rate curves for
six fissure-fed eruptions at Etna and Krafla and four summit-fed eruptions at Etna. These define two trends: Type I and II. Type I
trends have effusion rates that rise rapidly to an initial peak, before declining more slowly, resulting in an exponential decrease
in eruption rate and declining growth in cumulative volume. Type II trends are characterised by steady effusion and eruption
rates, and hence a linear increase in cumulative volume. The former is typical of fissure eruptions and can be explained by
tapping of an enclosed, pressurised system. The latter are typical of persistent Etnean summit eruptions, plus one persistent
effusive eruption at Stromboli (1985–1986) examined here, and can be explained by overflow of the time-averaged magma
supply.

We use our effusion rate data to assess the magma balance at Etna (1980–1995) and Krafla (1975–1984). Between 1980 and
1995, Etna was supplied at a time-averaged rate of 6:8^ 2:3 m3 s21 of which 13% was erupted. At Krafla 817̂30× 106 m3

was erupted and intruded during 1975–1984, and the ratio of erupted to intruded volume was 0.3. At Etna there is evidence for
intrusion of the unerupted magma within and beneath the edifice, as well as storage in the central magma column. At Krafla
unerupted magma was intruded into a rift zone, but an increasing proportion of the supply was erupted from 1980 onwards, a
result of the rift zone capacity being reached. Magma intruded prior to an eruptive event may also be entrained and/or pushed
out during eruption to contribute to the initial high effusion rate phases of Type I events.

The detail in our effusion rate curves was only possible using a thermal approach which estimates effusion rates using satellite
data. We look forward to analysing satellite-derived effusion rate trends in real-time using data from current and soon-to-be-
launched sensors.q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Detailed time series of lava effusion rates can serve
three main purposes. First, they help constrain
relationships between effusion rate and dimensional
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or morphological characteristics, such as flow length
and area (e.g. Walker, 1973; Malin, 1980; Pieri and
Baloga, 1986; Pinkerton and Wilson, 1994),
pahoehoe–0a0a transitions (Rowland and Walker,
1990), and tube formation and size (Hallworth et al.,
1987; Peterson et al., 1994; Calvari and Pinkerton,
1998). Second, the shape of an effusion rate curve
can be used to infer eruptive mechanisms during effu-
sive activity (Wadge, 1981). Third, by quantifying the
amount, rate and variation of the erupted magma flux,
effusion rate data contribute to the definition of the
mass balance between supplied, intruded and erupted
magma (e.g. Dzurisin et al., 1984; Dvorak and
Dzurisin, 1993; Denlinger, 1997). This in turn contri-
butes to an improved understanding of the rate at
which magma is balanced by recycling or is supplied
to conduits and shallow reservoirs, eruption sites, and
intrusions (e.g. Francis et al., 1993; Allard, 1997;
Harris and Stevenson, 1997; Oppenheimer and
Francis, 1998). However, to date there have been
few eruptions for which there have been a sufficient
number of effusion rate measurements to allow effu-
sion rate curves to be defined (Wadge, 1981). Here we
use ground-based and satellite-data-derived effusion
rate measurements to produce effusion rate curves
for as many eruptions as possible at Etna (Sicily)
and Krafla (Iceland) volcanoes between 1980 and
1999.

Between 1980 and 1999, there were 24 and 6 major
effusive eruptions at Etna and Krafla, respectively.
These resulted in the emplacement of 450^ 79×
106 and, 198× 106 m3 of lava over a total of 1190
and 39 days, at the two volcanoes respectively.
Although ground-based estimates made during these
eruptions are too sparse to allow effusion rate curves
to be constructed, a notable exception being Frazzetta
and Romano (1984), use of frequently collected satel-
lite thermal data has allowed effusion rate curves to be
constructed for a number of these eruptions (e.g.
Harris et al., 1997a,b). We distinguish between effu-
sion rates and eruption rates. Effusion rate is the
instantaneous volume flux of erupted lava that is feed-
ing flow at any particular point in time. Eruption rate
is the time-averaged volume flux obtained by dividing
the volume of erupted lava at any particular point in
an eruption by the time since the eruption began. By
using dense rock equivalent volumes in the calcu-
lation of eruption rate, consideration of eruption rate

removes the effects of decompression and exsolving
gases from bulk effusion rate estimates (Thordarson
and Self, 1993). By providing regular measurements
that consider flow activity over the entire flow field,
including all branches of a bifurcating channel or flow
fed by multiple vents, satellite-based measurements
also provide a means of constraining time-varying
effusion and eruption rates. This is especially valuable
in morphologically complex cases where it may be
difficult to measure discharge at all channels/vents
simultaneously.

Relationships between effusion rate, flow dimen-
sions and morphological characteristics have
previously been thoroughly analysed and debated
(e.g. Malin, 1980; Guest et al., 1987; Pinkerton and
Wilson, 1994; Calvari and Pinkerton, 1998). Here we
focus on building detailed effusion rate time-series to
deduce eruption mechanisms and mass balances.
Specifically we use a combination of satellite-derived
and ground-collected data to produce effusion rate
time-series to: (1) define any common and character-
istic effusion rate trends; (2) infer eruptive mechan-
isms that can explain observed trends; and (3)
quantify erupted mass fluxes and magma supply
rates, and hence examine the relative importance of
extrusion, intrusion and recycling.

2. Effusive activity at Etna and Krafla

Etna has been the site of frequent effusive eruptions
of basaltic (typically hawaiite) lava throughout the
30,000–40,000 year evolution of the currently active
Mongibello edifice (Chester et al., 1985; Calvari et al.,
1994; Coltelli et al., 1994). As of 1994 the edifice was
3321 m high. Geophysical and geochemical studies
indicate that magma is supplied from a sub-crustal
reservoir at a depth of 16–24 km (Sharp et al.,
1980; Tanguy et al., 1997), where SO2 emissions
between 1975 and 1995 indicate supply to the upper
plumbing system at a rate of 4.5–8.0 m3 s21 (Allard,
1997). In historic times effusive eruptions have
typically occurred from the summit craters or from
fissures on the volcano flanks (Guest and Murray,
1979; Romano and Sturiale, 1982), producing flow
fields dominated by0a0a surfaces (Chester et al.,
1985). Data for effusive eruptions between 1868 and
1995 (J.B. Murray, unpublished data) indicate average
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flow-field lengths, areas and bulk volumes of 3.4 km,
1.5 km2 and 16× 106 m3

; respectively. These data
show that between 1868 and 1949 an effusive event
occurred on average about once every three and a half
years, with a time-averaged bulk eruption flux of
0.15 m3 s21. The period from 1950 onwards, however,
saw an increase in effusive activity (Murray, 1990).
Between 1950 and 1995, an effusive event occurred
about once every 9 months, and a flank eruption every
3.3 years. The time-averaged bulk eruption flux
during 1950–1995 was 0.86 m3 s21, increasing
throughout the period. Details of the main effusive
eruptions at Etna between 1980 and 1999 are given
in Table 1.

The Krafla volcanic system is one of five fissure
swarm-central-volcano complexes within the axial
rift zone of N.E. Iceland (Bjornsson, 1985). The
Krafla swarm is a 80–100 km long, 4–10 km wide
zone of faults and fissures, with a central volcano,
evidenced by a topographic high and caldera, just
north of the swarm mid-point (Bjornsson, 1985;
Gudmundsson, 1995, 1998). Rifting episodes, result-
ing from the build-up of tensional stresses due to
spreading, occur every few hundred years and are
accompanied by the intrusion and effusion of
magma (Bjornsson et al., 1977; Bjornsson, 1985;
Gudmundsson, 1988, 1998). The most recent rifting
episode occurred at Krafla between 1975 and 1984
and consisted of 21 intrusive events and related fissure
eruptions (Table 2). Activity was fed by at least one
shallow chamber 2–7 km beneath the Krafla central
volcano (Einarsson, 1978; Tryggvason, 1986; Ewart
et al., 1991), into which magma flowed at a rate of 1–
5 m3 s21 during the episode (Bjornsson et al., 1977,
1979, Bjornsson, 1985; Ewart et al., 1991). Progres-
sive inflation was punctuated by short (typically
,1 day long) deflation events during which the cham-
ber partially drained, injecting magma into the rift
zone to feed new intrusive–effusive events (Bjornsson
et al., 1977, 1979; Tryggvason, 1984; Ewart et al.,
1991). Effusive events resulted in the emplacement
of basaltic (tholeiite) flows (Gronvold, 1987) of up
to 24 km2 in area (Table 2), with surface types ranging
from pahoehoe to0a0a (Rossi, 1997).

For this study we consider the period 1980–1999,
because the satellites that provide the majority of our
data were not in operation prior to 1980. However, for
Krafla we extend our consideration back to the begin-

ning of the rifting episode and to events for which,
although we have no effusion rate data, volumes can
be obtained from published sources.

3. Effusion rate calculation: data, methods and
results

To build effusion rate time series of sufficient
temporal detail to define variations in effusion during
a persistent eruption (i.e. trends occurring over a time
scale of days to weeks), we have used two sources: (1)
satellite thermal data; and (2) ground-based measure-
ments. Our satellite-based data consist of thermal data
from three satellite-borne radiometers: the Advanced
Very High Resolution Radiometer (AVHRR), Along-
Track Scanning Radiometer (ATSR) and Thematic
Mapper (TM), where we applied the method of Harris
et al. (1998) to obtain effusion rates (summarised in
Appendix A). Our ground-based data are either taken
from published sources or calculated (for Etna) from
measurements made by Murray. In the ground-based
case effusion rate is calculated using measurements of
the master channel width (w), depth (d) and flow velo-
city (v) (i.e.Er � wdv�; as described by Pinkerton and
Sparks (1976), Frazzetta and Romano (1984) and
Guest et al. (1987). The master channel is the channel
(or channels) which emanate from the vent and
through which all lava flows before being distributed
between tributaries or across zones of dispersed flow
(see Lipman and Banks, 1987). Our full data set is
presented in Figs. 1 and 2 and Table 3.

In spite of using all available data, including data
from the AVHRR which can potentially provide four
images (data points) per day, sampling issues limited
the number of eruptions for which we could produce
effusion rate curves. Although occasionally effusion
rates were measured from the ground several times
during the same day, limitations of field time and
accessibility mean that, typically, ground-based
measurements were at best made on a daily to weekly
basis, and at worst not at all (Figs. 1 and 2; Table 3).
Of all the eruptions considered here, ground-based
effusion rate measurements were made on a regular
basis only during Etna’s 1983 eruption (Frazetta and
Romano, 1984). In all other cases satellite-derived
effusion rates provide the bulk of the data (Figs. 1
and 2; Table 3). Here, however, cloud-cover has
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Table 1
Main effusive eruptions at Etna, 1980–1999 (S� Summit eruption; F� flank eruption; Loc� Location; NEC�N.E. Crater; LV� La
Voragine; BN� Bocca Buova SEC� S.E. Crater; NWF�N.W. flank; SF� S. flank; EF� E. flank;)

Year Onset End S/F Loc Summary, where (J) indicates length
and area data from J.B. Murray
(unpublished data)

Ref. (source references)

1980 September 1 September 1 S NEC Two 2.5 km long flows to N and NW
cover 0.65 km2 (J)

SEAN (1989), Barberi (1990)

1980 September 6 September 6 S NEC Lava flow extends 2 km to N, covering
0.6 km2 (J)

SEAN (1989), Barberi (1990)

1980 September 26 September 26 S NEC 1 km long, 0.3 km2 lava flow
emplaced (J)

Barberi (1990)

1981 February 5 February 7 S NEC Lava flows 2 km in NW sector
covering 1.7 km2 (J)

SEAN (1989), Barberi (1990)

1981 March 17 March 23 F NWF Fissures at 2550–1300 ma fed flows
up to 8.8 km long and built a 5.2 km2

flow field (J)

SEAN (1989); Guest et al.
(1987)

1983 March 28 August 6 F SF Fissures at 2620–2490 ma fed flows
8.05 km long to build a 5.2 km2 flow
field (J)

Frazzetta and Romano
(1984),Guest et al. (1987) and
SEAN (1989)

1984 April 27 October 16 S SEC Continuous effusion from SEC,
accompanied by strombolian activity,
fed flows,3.3 km long to the S, SE
and E and built a 2.0 km2 flow field (J)

SEAN (1989); Barberi (1990)

1985 March 8 March 11 S SEC Fountain-fed flows extending 2.4 km,
covering 0.3 km2 (J)

SEAN (1989)

1985 March 12 July 13 F SF Fissures at 3000–2480 ma fed flows
# 2.9 km long and built a 1.8 km2

flow field; main flows from vents at
2510–2480 ma; eruption pause June
11–13 (J)

Sean (1989); Barberi (1990)

1985 December 25 December 31 F EF Two effusion phases (12/25–12/26
and 12/28–12/31) from a fissure at
2750 ma fed 3.1 and 0.3 km long flows
in the 2 phases, covering 0.6 km2 (J)

Sean (1989); Barberi (1990)

1986 September 14 September 24 S NEC Multiple flows to NW and W extended
up to 1.4 km and built a 0.2 km2 flow
field (J)

Romano (1989)

1986–1987 October 30 February 27 F EF Two eruptive fissure segments (2350–
2200 and 2700–2500 ma) fed flows
5.2 km long and built a 6 km2 flow
field (J)

Romano (1989)

1989 September 11 September 27 S SEC 14 fountaining episodes with
overflow-fed effusions (8 episodes,
September 11–24) or flows from
fractures on the SEC flank (6 episodes,
September 24–27) with flows
# 3.1 km long, building a 0.4 km2

flow field (J)

Bertagnini et al. (1990)

1989 September 27 October 9 F EF Flows from a 300 m fissure segment at
2670–2550 ma fed flows # 8.2 km
long and built a 6.4 km2 flow field (J)

Bertagnini et al. (1990)

1990 January 4 January 5 S SEC Strombolian episode feeds 0.2 km
long flow

GVN (1990a), Tonarini et al.
(1995)

1990 January 12 January 12 S SEC Strombolian episode feeds 1.5 km
long flow

GVN (1990a), Tonarini et al.
(1995)



limited our sampling frequency using the space-borne
instruments to 1 data point every 2–10 days (Table 3).
Although synergistic use of AVHRR, ATSR, TM and
ground-based measurements increased the sampling
frequency during eruptions when these data were all
available (Table 3 and Fig. 1), only eruptions lasting
longer than 8–12 days had sampling frequencies that
allowed effusion rate trends to be defined and
analysed (i.e.$ 5 data points).

Generally we find good agreement between effu-
sion rates obtained from the two different approaches
(ground-based vs. satellite-based) (Fig. 1). For exam-
ple between 1 and 7 January 1992 AVHRR, ATSR,
TM and ground derived effusion rates were 7–15, 12–
18, 14–17 and 8–25 m3 s21, respectively. However,
some differences do occur. These differences result
from errors, measurements at tributary rather than

master channels, and real short term (minute to hour
long) variations in effusion.

3.1. Errors

Errors in the satellite-based approach result from
uncertainties in calculated or assumed values used
(Appendix A), where the effects of error in each can
be assessed from Fig. 3. Although we have used a
range of reasonable values to produce an error-
constrained range of possible effusion rates (Appen-
dix A; Fig. 1), eruption of, for example, a particularly
vesicle-free or -rich lava would result in error beyond
that considered (Fig. 3). We note that during the
1991–1993 eruption at Etna, effusion rates derived
from AVHRR data were consistently smaller than
those derived from the ATSR (Fig. 1f). This results
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Table 1 (continued)

Year Onset End S/F Loc Summary, where (J) indicates length
and area data from J.B. Murray
(unpublished data)

Ref. (source references)

1990 January 14 January 15 S SEC Strombolian episode feeds 3.7 km
long flow (J)

GVN (1990a), Tonarini et al.
(1995)

1990 February 1 February 2 S SEC Strombolian episode feeds 2 km long
flow

Tonarini et al. (1995), GVN
(1990b)

1991–1993 December 14 March 30 F EF Fissures at 2200–2400 ma fed flows
extending 8.05 km before artifical
diversion (May 27–29, 1992) and
typically # 1.5 km thereafter,
building a 7.2 km2 flow field (J)

Barberi (1990); Calvari et al.
(1994)

1996 July 21 August 19 S NEC-LV Flows to W, S and E extending,1 km
into the Valle del Bove and La
Voragine

GVN (1996a), GVN (1996b)

1997–1998 March Jul S SEC Persistent effusive activity building
flow field on SEC flanks, flows
typically ,0.2 km

GVN (1997a–d, 1998a–c)

1998 July 22 July 22 S LV Explosive activity (10 km high plume)
feeds 0.7 km long flow

GVN (1998c)

1998–1999 September 15 January 23 S SEC 23 fountaining and effusive episodes
typically lasting,12 h with flows
,0.75 km

GVN (1998d, 1999a,b)

1999 February 4 November 6 S SEC Multiple fissure-fed flows to E with
max length declining from 2.5 km
during 2/99 to,0.5 km by 8/99. Pause
August 25–27, followed by activity
from new vent at SEC base

GVN (1999a, 1999c–e)b

a All altitudes are above sea level.
b The 8/99 flow length is from an ETM1 image
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Table 2
Main effusive and intrusive events at Krafla, 1975–1999 (E� Subsidence-rifting event with effusive eruption; I� subsidence-rifting event with
intrusion only)

Year Onset (time) End (time) E/I Summary Ref. (source references)

1975–1976 December 20 December 20 E Lava erupted from 3 vents on a
2 km long fissure building a
0.36 km2 flow field

Bjornsson et al. (1977),
Bjornsson et al. (1979), SEAN
(1989), Bjornsson (1985)

December 20 February I Eruption lasts,6 h and is followed
by continued intrusion northwards
of caldera

1976 September 28 October 4 I Intrusion northwards and
southwards of caldera

Bjornsson et al. (1979),
Bjornsson (1985)

1976 October 31 November 1 I Intrusion northwards of caldera Bjornsson et al. (1979),
Bjornsson (1985)

1977 January 20 January 20 I Intrusion northwards of caldera Bjornsson et al. (1979),
Bjornsson (1985)

1977 April 27 April 27 E Eruption from north end of a 3 km
long discontinuous fissure emplaced
a 200× 40 m flow

Bjornsson et al. (1977),
Bjornsson et al. (1979)

April 27 April 28 I Intrusion occurred southwards of
the caldera

1977 September 8 September 8 E Lava erupted from a 900 m fissure
length to build a 0.8 km2 flow fielda

Bjornsson et al. (1979),
Brandsdottir and Einarsson
(1979), Larsen et al. (1979),
Bjornsson (1985), SEAN (1989)

September 8 September 9 I Eruption lasts,5 h and is
accompanied and followed by
intrusion southwards of the caldera

1977 November 2 November 2 I Intrusion northwards of caldera Bjornsson et al. (1979),
Bjornsson (1985)

1978 January 7 January 8 I Intrusion northwards of caldera Bjornsson et al. (1979),
Bjornsson (1985)

1978 July 10 July 11 I Intrusion northwards of caldera Bjornsson (1985)
1978 November 12 November 15 I Intrusion northwards of caldera Bjornsson (1985)
1979 May 13 May 18 I Intrusion northwards of caldera Bjornsson (1985)
1979 December 6 December 10 I Intrusion Bjornsson (1985)
1980 February 10 February 13 I Intrusion southwards of caldera Bjornsson (1985)
1980 March 16 March 16 E Eruption from a 4.5 km long fissure,

8 flows covered 1.3 km2. Eruption
lasted,7 h and was accompanied
by intrusion northwards and
southwards of the caldera

Gronvold (1982), Bjornsson
(1985) and SEAN (1989)

1980 June 20 June 20 I Intrusion Bjornsson (1985)
1980 July 10 (12:45) July 18 (early am) E Eruption from fissures extending

over 4 km, with activity decreasing
after the first day building a 5.3 km2

flow field. Intrusion northwards of
caldera

Gronvold (1982), Bjornsson
(1985) and SEAN (1989)

1980 October 18 (22:03) October 23 (15:30) E Eruption from a 7 km long fissure
segment, with activity decreasing
after October 19 building a
11.5 km2 flow field. Intrusion
northwards of caldera

Gronvold (1982), Bjornsson
(1985) and SEAN (1989)

1980 December 22 December 27 I Intrusion northwards of caldera Bjornsson (1985)



from the differing sensitivities of these two instru-
ments, where the ATSR data can give thermal infor-
mation for high temperature crusts and cracks in an
active lava flow (Wooster and Rothery, 1997), but the
AVHRR can only give thermal information for the
crusts (Harris et al., 1997a,b). Our comparison of
ATSR and AVHRR-derived effusion rates obtained
within 1–3 days of each other indicates that non-
consideration of the crack thermal component in the
calculation of effective surface temperature (Appen-
dix A) may result in an underestimate of effusion rate
by 24^ 13%: Some of this difference, though, may be
due to short term variations in effusion rate (as we
explain later).

For the ground-based approach, uncertainties in
channel dimensions and velocity profiles result in
errors in derived effusion rates. Channel dimensions
are difficult to obtain with certainty: depth may not
be the same as leve´e height (Pinkerton and Sparks,
1976) and width may vary with depth (Guest et al.,
1987), especially if thermal and mechanical erosion
are occurring. Flow velocity is easy to measure at
the flow centre, but variations in the down and cross
flow directions, as well as vertically within the
channel, result in uncertainty. Guest et al. (1987)
noted significant down-flow variation, with (in one
case) velocity doubling over 30 m. Lava also flows

faster at the channel centre than at the margins. This
is consistent with observations made at a 20 m wide
active lava channel on Kilauea where the high velo-
cities and vigorous overturning at the centre resulted
in temperatures of 940 and 11208C over 40% and
60% of an 18 m2 surface, while the more static
channel margins yielded only 1.2% of the 18 m2

area radiating at 11308C with the remainder at
5868C (Flynn and Mouginis-Mark, 1994). The
crust and core may advance at different velocities
causing vertical variation (e.g. Oddone, 1910; Fraz-
zetta and Romano, 1984; Guest et al., 1987); for
example Pinkerton and Sparks (1976) estimated
that, during the 1975 Etna eruption, crusts moved
at ,0.7 times the velocity of the interior. Dimension
and velocity measured at the flow surface at a
certain point will not therefore be representative of
the entire master channel length, width or depth. As
with the satellite-derived case, we give an effusion
rate range constrained by reasonable error on each
of the field-measured parameters (Fig. 1). In both
the satellite- and field-derived cases, failure to
adequately constrain the error will not change the
resulting effusion rate trend, just the level and/or
range of estimates, but the different errors in each
will result in wide, but usually overlapping, ranges
from each approach.

A.J.L. Harris et al. / Journal of Volcanology and Geothermal Research 102 (2000) 237–270 243

Table 2 (continued)

Year Onset (time) End (time) E/I Summary Ref. (source references)

1981 January 30 (14:00) February 4 (14:00) E Eruption from a 2 km long fissure
segment, with activity decreasing
after January 31 and building a
6.3 km2 flow field. Intrusion
northwards of caldera

Gronvold (1982), Bjornsson
(1985) and SEAN (1989)

1981 November 18 (01:52) November 23 (09:00) E Eruption from a 8–9 km long
fissure segment, with activity
decreasing after 4.5 hrs, except for
November 21 when effusion
doubled, before declining again to
build a 17 km2 flow field. Intrusion
northwards of caldera

Gronvold (1983), Bjornsson
(1985) and SEAN (1989)

1984 September 4 (23:49) September 18 (14:00) E Eruption from a 8.5 km long fissure
segment, with activity decreasing
within a few hours, but increasing
again on September 9 to build a
24 km2 flow field

Gronvold (1987), SEAN (1989)

a One hour after the eruption ended, intruded magma intersected a 1138 m deep borehole, resulting in the eruption of 26 m3 of scoria in a
20 min. long eruption (Larsen et al., 1979).



3.2. Flow field wide (satellite) versus point (ground)
measurements

By considering the heat flux from the entire active
flow field (Appendix A) the satellite-based approach
approximates the effusion rate, i.e. at-vent volume
flux per second. Field measurements at tributary chan-
nels, however, will give a local effusion rate valid for

that tributary only, which is distinguished as “flow
rate” by Calvari et al. (1994). Such flow rates will
be accurate for the tributary flow to which they
apply, but will be less than the at-vent effusion rate
because the erupted flux will have been divided
between a number of other tributaries. Only field-
based measurements at the source vent or master
channel (vents or channels if more than one is
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Fig. 1. Effusion rate data set for Etna, where points marked JBM and Smithsonian Institution are field-based measurements made either by J. B.
Murray or taken from SEAN (1989) or issues of the Bulletin of the Global Volcanism Network (see Table 3). Point marked DRM is a field-based
measurement made by D.A. Rothery, R. Wright and M.J. Wooster and is probably a flow rate: a measurement made in a tributary channel or
tube below the point where the master channel/tube bifurcates. It may not, therefore, represent the total effusion rate because other, unmeasured,
channels may have been active.



active) will give the effusion rate. This explains
why, for example, there is a difference between
the satellite- and ground-derived effusion rates for
Etna during April 1992 (Fig. 1f). In this case the
ground-based effusion rates were taken from Calvari
et al. (1994) and are actually flow rates for single
flows, when in fact the flow field consisted of
numerous active flows. These flow rates will be less
than our satellite-derived effusion rates because they
only consider a fraction of the total instantaneous
volume flux.

3.3. Short term effusion rate variation

Inconsistencies between measurements made at
different times on the same day will also result
from real effusion rate changes over periods of
minutes to hours. These may be caused by variations
in supply, blockages and blockage-release-surges in
the dyke, tubes and channels, and channel/tube
breaching. Lava ponded behind blockages in the
1984 Mauna Loa channel (Hawai’i), for example,
was observed to be released either by channel
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Fig. 1. (continued)



overflow or breaking through of the blockage to
create a down-channel surge (Lipman and Banks,
1987). During the 1983 Etna eruption Guest et al.
(1987) reported velocities ranging from 1:5^ 0:3 to
2:5^ 0:3 m s21 over 2 h periods, and Frazzetta and
Romano (1984) found fluctuations of 15–20% over
,24 h. Bertagnini et al. (1990) also report velocity
variations of 0.5–2 m s21 over 3 day periods during
Etna’s September–October 1989 eruption, and
reports in SEAN (1989) describe effusion rate varia-
tions of 30–100 m s21 over short (,24 h) periods

during the November 1981 Krafla eruption. Similarly
Murray’s field measurements during the 1985 erup-
tion reveal velocities ranging from 6:5^ 0:5 to 7:5^

0:5 m s21 over 7 h periods. It therefore does not
necessarily follow that observations made on the
same day should be in agreement. Natural variation
in effusion coupled with differences in timing
between same-day measurements explain why,
although during Etna’s 1983 eruption satellite-
derived effusion rate variations are of similar magni-
tudes to those measured in the field by Frazetta and
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Romano (1984), peaks present in the former data set
are not found in the latter and vice versa (Fig. 1a).
Here, from our same-day satellite- and ground-based
effusion rate measurements made during Etna’s 1983
and 1985 eruptions we obtain differences of 2.1–
19.1 m3 s21 (Table 4), consistent with the short
term velocity variations described above. This is
also consistent with effusion rate variations recorded
during the 1984 Mauna Loa eruption by Lipman and
Banks (1987). In the Mauna Loa case, episodic short-

term variations over periods of minutes to hours
resulted from surges and caused variations by up to
50%. Near-vent variations of 5–40% also occurred as
a result of changes in gas content and lava density, as
well as true fluctuations in the magma production rate
(Lipman and Banks, 1987). Long-term trends
revealed by both the satellite- and ground-derived
data points during Etna’s 1983 eruption are, however,
consistent (Fig. 1a). Because we consider trends in
effusion rate here, this is a crucial point.
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4. Volume and eruption rate calculation: data,
methods and results

In Table 5 we compare total flow volumes (V),
obtained by integrating effusion rates over the dura-
tion of an eruption, with those obtained from field
surveys and other published sources. Our field method
involved mapping the pre- and post-eruption topogra-
phy using theodolites and electronic distance
measurement, and then subtracting the two surfaces
to obtain a volume. It is well known that such field-
based approaches are the most accurate methods of
obtaining lava flow volumes (e.g. Pinkerton and
Sparks, 1976). Here, although most of the effusion-
rate-derived volumes have errors that overlap those of

the field-derived volumes and are thus of the correct
order of magnitude, there are significant differences
(Table 5). Differences may result from extrapolation
of effusion rate measurements though time, where
each individual effusion rate data point, being an
instantaneous measurement of volume flux, may not
be representative of the portion of the eruption it is
used to characterise. If effusion rate measurements are
made during anomalously vigorous or quiet periods,
then resulting extrapolations will respectively over- or
under-estimate the volumes emplaced. In our data set
this was the case, for example, for during the 1983 and
1986–1987 eruptions at Etna (Table 5). We therefore
view the field-derived volumes as the most accurate
and hence use these, where they are available, in any
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Fig. 2. Effusion rate data set for Krafla.



further total volume considerations. The effusion rate
time series do, however, allow us to define the varia-
tion in volume emplacement during the course of an
eruption (i.e. cumulative volume,Cv). Hence we can

also calculate eruption rate (Me), this being the time-
averaged dense rock equivalent volume flux (i.e.
Me � Cv=ts;where ts is time since eruption start),
where following Barberi et al. (1993) we term the
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Table 3
Duration of effusive events at Etna and Krafla, 1980–1999, and availability of effusion rate data. Note: (1) further TM images are available, but
data costs limit our use of these data; and (2) NOAA and ERS satellites carrying the AVHRR and ATSR were not launched until 1978 and 1991,
respectively, so no data are available from these sources prior to these dates. N/A� Event not covered by effusion rate data considered here, but
included for completeness

Eruption Effusion
Duration (days)

AVHRR
(No. images)

TM
(No. images)

ATSR
(No. images)

Ground
(No. data points)

Total
(No. data points)

(a) ETNA
1980 (September 1) 0.4 0 0 0 0 0
1980 (September 6) 0.5 0 0 0 1a 1
1980 (September 26) 0.3 0 0 0 0 0
1981 (February) 2 1 0 0 0 1
1981 (March) 4.96 3 0 0 0 3
1983 131 54 0 0 60b 114
1984 172 45 0 0 4c 49
1985 (March) 1.2 0 0 0 0 0
1985 (March–July) 124 17 2 0 11d 30
1985 (December) 6 1 0 0 0 1
1986 (September) 14 0 0 0 0 0
1986–1987 120 23 0 0 0 23
1989 (September) 17e 5e 0 0 0 5e

1989 (September–October) 11 3 0 0 0 3
1990 (January 4–5) 0.375 0 0 0 0 0
1990 (January 12) 0.46 0 0 0 0 0
1990 (January 14–15) 0.375 0 0 0 0 0
1990 (February 1–2) 0.2 0 0 0 0 0
1991–1993 471 33 5 27 24f 89
1996 29 19 0 0 2g 21
1997–1998 , 518 N/A N/A N/A N/A N/A
1998 , 1 N/A N/A N/A N/A N/A
1998–1999 131 N/A N/A N/A N/A N/A
1999 276 0 1 10 12h 23

(2) KRAFLA
1980 (March) , 0.29 0 0 0 0 0
1980 (July) 8 7 0 0 0 7
1980 (October) 5 1 0 0 0 1
1981 (January–February) 6 1 0 0 0 1
1981 (October) 6 0 0 0 3a 3
1984 14 6 0 0 0 6

a SEAN (1989).
b Frazzetta and Romano (1984), SEAN (1989) and our (JBM) field estimates.
c SEAN (1989).
d SEAN (1989) and our (JBM) field estimates.
e Individual effusive episodes actually only lasted a few hours (Bertagnini et al., 1990), and all images were acquired between the main

fountaining and lava flow episodes.
f Barberi et al. (1993), Calvari et al. (1994) and issues of the Bulletin of the Global Volcanism Network 1991–1993.
g GVN (1996a,b).
h Our field estimates and GVN (1999a,c,d).
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Fig. 3. Sensitivity of the satellite derived effusion rates (Appendix A) to error in the main assumed values. In (a) vesicle ranges used here are indicated, and the grey box giving the
typical range of field-measured vesicularities and are taken from Wilmoth and Walker (1993), Cashman et al. (1994), Gaonac’h et al. (1996), Herd and Pinkerton (1997). In (b) and
(c) theDT and crystallinity ranges used here (Appendix A) are given by the grey box, where the maximum possible crystallisation is set to the maximum at which flowcan still occur
(Marsh, 1981; Crisp et al., 1994). In (d) the typical heat loss range is that obtained for the Etnean flows considered here and measured by us using AVHRR,TM and ATSR thermal
data (Appendix A).
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Table 4
Comparison of effusion rate (in m3 s21) estimates for days on which measurements from more than two independent sources were available

Satellite source Ground-based source

Date AVHRR TM Our (JBM) field estimates Frazzetta and Romano (1984) SEAN (1989)

4/20/83 11:4^ 1:4 – 14:3^ 3:0 10 –
4/25/83 24:9^ 5:1 – 28:1^ 8:5 9 –
4/27/83 9:3^ 2:8 – 20:4^ 6:8 10 –
6/01/83 6:6^ 1:2 – – 7 3
6/23/85 3:5^ 1:3 4:7^ 0:3 2:6^ 0:5 – –

Table 5
Volume of lava erupted during effusive events at Etna and Krafla. All volumes are dense rock equivalents (DRE) where bulk volumes have been
corrected for a porosity of 22% at Etna and 30% at Krafla. Where possible, the mean output rate is obtained by dividing the ground-derived DRE
volume by the eruption duration, otherwise the effusion rate derived DRE volume is used.”–“� insufficient effusion rate data to allow volume
estimation. N/A� Event not covered by effusion rate data considered here, but included for completeness

Eruption Volume (× 106 m3) Mean Output Rate (m3 s21)

From effusion data Ground-derived

(a) ETNA
1980 (September 1) – 4:4^ 0:9a 127
1980 (September 6) – 3:9^ 0:8a 90
1980 (September 26) – 1:6^ 0:3a 62
1981 (February) – 3:0^ 0:6a 17.4
1981 (March) – 12:4^ 2:5a 28.9
1983 103̂ 36 62^ 12a 5.5
1984 46̂ 17 19^ 4a 1.3
1985 (March) – 0:5^ 0:1a 4.8
1985 (March–July) 18̂ 6 15^ 3a 1.4
1985 (December) – 1:2^ 0:2a 2.3
1986 (September) – 0:4^ 0:1a 0.3
1986–1987 49̂ 21 82^ 16a 7.9
1989 (September) – 0:8^ 0:2a 183b

1989 (September–October) – 48̂9a 46.3
1990 (January 4–February 2) – 2:8^ 0:6a 26.7
1991–1993 183̂ 72 185^ 22c 4.5
1996 0:8^ 0:3 No data 0.3
1999 39̂ 8 No data 1.6

(b) KRAFLA
1975 N/A No data, but,0.4d , 18.5
1977 (April) N/A No data, but,0.01d –
1977 (September) N/A 1.4e 77.8
1980 (March) – 2.1f 83.3
1980 (July) 14̂ 5 22f 34.0
1980 (October) – 24f 59.0
1981 (January–February) – 22g 50.9
1981 (October) – 42g 91.9
1984 64̂ 23 84h 66.7

a Measurements by J.B. Murray.
b Bertagnini et al. (1990).
c Stevens et al. (1997).
d Obtained from dimensions/areas given in Table 1 with a thickness not greater than 1 m (Bjornsson et al., 1977).
e Bjornsson et al. (1979).
f Gronvold (1982).
g Gronvold (1983).
h Gronvold (1987).
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eruption rate for the entire eruption mean output
rate (i.e. MOR� V=t;), where t is the entire eruption
duration).

5. Effusion rate trends at Etna and Krafla

For the eruptions considered here at Etna and Krafla
which persisted for more than 8–12 days, two types of
eruption can be defined on the basis of their effusion–
eruption rate and cumulative volume trends.

The eruptions of the first type (Type I) are charac-
terised by effusion rates which show a general decline
following an initial high (Fig. 4), and eruption rates
which decline over the course of the eruption (Fig. 5).
This effusion rate trend results in a steadily diminish-
ing rate of increase in cumulative volume (Fig. 5),
with 50% of the total volume erupted within the first
35% of the eruption duration (Table 6). Typically,
eruption rate decreases exponentially, and cumulative
volume growth declines with time. Type I eruptions
are characterised by high effusion and mean output
rates, typically .15 and 4 m3 s21, respectively.
However, during most Type I eruptions there is a
large difference between the maximum and minimum
effusion rates (.15 m3 s21), resulting in high standard
deviation and variance,.3 and 11 m3 s21, respec-
tively (Table 6).

The Type I trends are typical of fissure-fed flank
eruptions at Etna and fissure-fed eruptions at Krafla
considered here (Figs. 4 and 5; Table 6). These trends
appear characteristic of other fissure-fed eruptions
occurring between 1980 and 1999 at Etna and
between 1975 and 1984 at Krafla for which we are
unable to produce effusion rate curves due to lack of
data, but can make qualitative inferences from the
various reports. For example, during the March

1981 eruption at Etna activity was most intense during
the first 2–3 days, with flows from a fissure at 2550 m
a.s.l. advancing,7.5 km before stopping (Romano
and Sturiale, 1982; Guest et al., 1987). Thereafter
flows advanced slowly and sluggishly to extend a
few meters from a fissure at 1235–1150 m a.s.l.
(Guest et al., 1987). Guest et al. (1987) estimate that
92.5% of the total volume�14^ 4 × 106 m3

; Table 5)
was erupted during the first 40 h, this being 26% of the
total,154 h duration, giving an eruption rate of 90̂
26 m3 s21 during the first 40 h and 2:6^ 0:8 m3 s21

thereafter. From these observational and volumetric
considerations we infer a exponential decrease in
eruption rate and increase in cumulative volume,
respectively. Similarly, for those Krafla fissure erup-
tions for which we are unable to derive effusion rate
curves, ground-based reports consistently describe
activity being greatest during the 4–24 h of each erup-
tion, with vigour decreasing and lava production
declining thereafter (SEAN, 1989). Again, we infer
Type I trends from these descriptions, where the erup-
tion rates (all.18.5 m3 s21, Table 5) are consistent
with the Type I ranges given in Table 6.

For the 1986–1987 eruption at Etna, a probable
Type I trend is contaminated by persistent cloud-
cover during the crucial, initial period when peak effu-
sion rates are expected (Fig. 4). Ground-based reports
indicate that peak effusive activity occurred between
30 October and 25 November 1986. From the late
evening of October 30 “violent fountaining” over a
fissure several hundreds of meters long fed flows
which extended 2.5 km in 8 h (GVN, 1986a; Romano,
1989). Thereafter, flows,100 m wide and,10 m
high extended ,5 km from the fissure, until
November 25 when the lower fissure vents became
inactive (GVN, 1986b; Romano, 1989). Thereafter
strombolian and flow activity diminished (GVN,
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Fig. 4. Effusion rates for Type I eruptions at Etna and Krafla. The mean effusion rate for each day is given, with a 5-point running mean (solid
line) and fifth order polynomial (broken line), except for the two Krafla eruptions where a power law was the best fit (broken line). The grey zone
on (b) identifies a period of persistent cloud cover, meaning that no cloud-free images were available. This made it impossible to obtain image-
derived effusion rates during the period. We do not apply the best fits using a boundary condition ofEr � 0 and time�t� � 0: Here, our aim is
simply to describe the data trends and we do not use this polynomial as a tool to predict the maximum effusion rate. Including theEr � 0; t � 0
constraint may increase the polynomial-based prediction of maximumEr and recognise a short, rising limb. For the 1991–1993 eruption at Etna,
we do not include data given by Calvari et al. (1994) and Global Volcanism Network for April and July 1992 because these are flow rate
measurements, relevant to a single flow unit when many may have been active. These may therefore give an under-estimate of the total, at-vent
effusion rate. We also do not include the estimates given by Barberi et al. (1993) immediately following flow diversion into an artificial channel.
This may represent drainage of a backed-up volume in the breached tube system and therefore provide an over-estimate of the total, at-vent
effusion rate (Harris et al., 1997a).
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Fig. 5. Cumulative volumes (Y1-axis) and eruption rates (Y2-axis) for Type I eruptions at Etna and Krafla. Note that eruption rate is obtained by
dividing the cumulative volume at any time during the eruption by the time since the start of the eruption.



1986c, 1987a,b). Persistent cloud cover until Decem-
ber 3 means that we have no satellite-derived effusion
rate data for the period of most vigorous activity (Fig.
4b). Thus, the Type I effusion rate peak indicated by
the ground-based reports is missing. Declining effu-
sion rates between 3 December 1986 and 20 February
1987 (Fig. 4b) are, however, consistent with ground-
based reports of waning activity and a Type I trend.
Because data for the crucial peak period are missing,
we exclude these contaminated statistics from our
consideration of Type I and II events in Table 6.
The missing peak may also explain why our effusion
rate derived volume for this eruption is much smaller
than the field-based estimate (Table 5). This illustrates
the importance of gaining regular effusion rate data
during the first 20% of Type I eruptive events.

Our Type I trends are similar to those defined by
Wadge (1981) as characteristic of many basaltic effu-
sive eruptions. Other flank eruptions occurring outside
our study period at Etna are characterised by such
trends as, for example, during the 1950–1951 erup-
tion (Cumin, 1954). Wadge (1981) defines a Type I
eruption as beginning with an initial high rate of
discharge which then steadily declines (Fig. 4), as is
evident from our Fig. 4 and Cumin’s (1954) fig. 1.
Here, however, we identify a second (Type II) trend
characterised by relatively constant effusion rates
(Fig. 6) and eruption rates that are stable throughout
the course of the eruption (Fig. 7). This results in a
linear increase in cumulative volume (Fig. 7), where
50% of the total volume is erupted in,50% of the
eruption duration (Table 6). Type II eruptions are

characterised by smaller effusion and mean output
rates than Type I eruptions, being,11 m3 s21 and
1.5 m3 s21, respectively. The roughly constant effu-
sion also results in smaller differences between the
maximum and minimum effusion rates
(,11 m3 s21), and small standard deviation and
variance, these being# 2.5 m3 s21 and 5 m3 s21,
respectively (Table 6).

Three of the four eruptions characterised by persis-
tent effusive activity from the summit craters of Etna
considered here show Type II trends. One fissure erup-
tion from the flank of Etna also shows a Type II trend
(Figs. 6 and 7, Table 6). At least one other phase of
persistent effusive summit activity at Etna between
1980 and 1999 was characterised by a Type I trend.
This was the eruption which occurred between 1997
and 1998 (Table 1) and involved more or less persis-
tent effusion from the South East Crater (SEC). This
activity built a complex flow field within the SEC and
on its flanks, with flows extending no more than 200 m
(GVN, 1997a–d, 1998a–c). Because the SEC often
falls within the same 1 km pixel as the three other
summit craters, and the other craters were active at
the same time (with hot, degassing, strombolian
vents), it was impossible to isolate the signal from
these SEC flows in ATSR and AVHRR data. We
were, therefore, unable to produce effusion rate curves
for these particular flows. However, because the activ-
ity resulted in numerous short flows of similar length,
we infer that effusion rates were small but steady (i.e.
Type II). We also note that Type II trends are lacking in
systems dominated by fissure-fed activity (e.g. Krafla).
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Table 6
Characteristics of Type I and Type II eruptions (Loc.� Location; S/F� Summit/Fissure eruption;Er max, Er min ands � effusion rate
maximum, minimum and standard deviation (m3 s21); Var� effusion rate variance;DEr � DErmax2 Ermin; MOR� eruption rate
(m3 s21), DMe � Ermax2 MOR; t � percent time taken to erupt 50% of the total volume)

Loc. Event S/F Er max Er min s Var DEr MOR DMe t

(a) TYPE I
Krafla 1980 F 324 1.8 95 9063 322 34 290 18
Krafla 1984 F 204 5.4 58 3371 199 66.7 132 26
Etna 1983 F 60 0.4 11 123 57.6 5.5 54.5 24
Etna 1991–1993 F 25 0.3 4.8 23 24.7 4.5 20.5 31
Etna 1999 S 6.2 0.3 1.6 2.6 1.3 1.6 4.6 27

(b) TYPE II
Etna 1984 S 10.9 0.2 2.2 5 10.7 1.3 9.6 44
Etna 1985 F 5.0 0.3 0.9 0.8 4.7 1.4 3.6 43
Etna 1996 S 1.0 0.1 0.3 0.1 0.9 0.3 0.7 57



6. Dyke fed eruption and persistent flux fed
eruption models

Our Type I and Type II effusion styles can be

explained by tapping of an enclosed pressurised
system or drainage of an open persistently fed system,
respectively.

Wadge (1981) describes the former case, where
magma is forced from the chamber along a dyke by
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Fig. 6. Effusion rates for Type II eruptions at Etna. The mean effu-
sion rate for each day is given with a 5-point running mean.

Fig. 7. Cumulative volumes (Y1-axis) and eruption rates (Y2-axis)
for Type II eruptions at Etna. Note that eruption rate is obtained by
dividing the cumulative volume at any time during the eruption by
the time since the start of the eruption.



the lithostatic pressure. The eruption therefore takes
place under pressure resulting in a rapid increase in
effusion, as the fissure widens (Wadge, 1981),
followed by a slow waning phase as pressure
decreases. In such cases peak effusion rates can be
calculated following Appendix B

For the 1984 Krafla eruption, using a chamber
depth of 4 km, and dyke width and height of 1 and
2500 m, respectively, Tryggvason (1986) gives peak
effusion rates of,200 m3 s21. This is consistent with
peak effusion rate indicated by Fig. 4f. At Etna during
the 1991–1993 eruption we use an initial height of
magma in the central magma column (H1) of
2900 m and a dyke top (H2) at 2300 m (Murray,
1994; Rymer et al., 1994) to estimate the pressure
exerted by the hydrostatic head. We then use a dyke
height (h) of 450 m (Murray, 1994) with a length (L)
and width (w) of 4.25 km and 0.7–1.0 m, respectively.
This gives peak effusion rates of 12–34 m3 s21,
consistent with Fig. 4c. For the 1983 eruption, using
H1, H2, h and L of 3000 m, 2425 m, 150 m and
3.5 km, respectively, estimated from Murray and
Pullen (1984) withw of 1.4–1.6 m gives peak effusion
rates of 37–55 m3 s21, consistent with Fig. 4a. These
consistencies indicate that tapping an enclosed pres-

surised system is a reasonable scenario to explain our
Type I trends.

During both the 1983 and 1991–1993 eruptions at
Etna, the effusion rate curve stabilises approximately
halfway through the eruption (Fig. 4). At this point
lava is erupted at a rate roughly equal to the time-
averaged supply rate implied by magma degassing
of 4.5–9.1 m3 s21 (Table 7). This indicates that,
once the pressurised portion of the system has drained,
the dyke represents an open conduit through which the
time-averaged supply can be drained. This is consis-
tent with Appendix B, which, given a magma level in
the central column of 2400 m between July 1992 and
July 1993 (Rymer et al., 1994), predicts effusion rates
of 2–6 m3 s21.

We explain the Type II trends by overflow from the
summit craters, where high magma levels in the
central magma column result in the time-averaged
supply being extruded. We note that mean output
rates during these eruptions (Table 6; Fig. 7) are less
than the typical time-averaged supply of 6:8^

2:3 m3 s21 (Table 7), showing that these persistent
eruptions can be accommodated by eruption of the
supply flux. The 1985 eruption at Etna, although
being a flank eruption that should have acted like a
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Table 7
Annual degassed volumes (VG) calculated by Allard (1997) from SO2 flux data, erupted dense rock equivalent volumes (VE) calculated from
Table 5 and Fig. 3, and time-averaged degassed and erupted fluxes (MG andME) at Etna between 1980 and 1995, whereDV � VG 2 VE and
DM � MG 2 ME; these being the mass and mass flux of unerupted magma, respectively

Year VG ( × 106 m3) VE ( × 106 m3) DV ( × 106 m3) MG (m3 s21) ME (m3 s21) DM (m3 s21)

1980 199̂ 66 10^ 2 189^ 68 6.3^ 2.1 0.3^ 0.1 6.0^ 2.2
1981 199̂ 66 15^ 3 184^ 69 6.3^ 2.1 0.5^ 0.2 5.8^ 2.3
1982 199̂ 66 0 199̂ 66 6.3^ 2.1 0.0 8.6̂ 2.1
1983 199̂ 66 62^ 12 137^ 78 6.3^ 2.1 2.0^ 0.4 4.3^ 2.5
1984 199̂ 66 19^ 4 180^ 70 6.3^ 2.1 0.6^ 0.1 5.7^ 2.2
1985 199̂ 66 17^ 3 182^ 69 6.3^ 2.1 0.5^ 0.1 5.8^ 2.2
1986 199̂ 66 58^ 12 141^ 78 6.3^ 2.1 1.8^ 0.4 4.5^ 2.5
1987 211̂ 71 25^ 5 186^ 76 6.7^ 2.3 0.8^ 0.2 5.9^ 2.4
1988 265̂ 88 0 265̂ 88 8.4^ 2.8 0.0 8.4̂ 2.8
1989 165̂ 55 49^ 10 116^ 65 5.2^ 1.7 1.6^ 0.3 3.7^ 2.1
1990 185̂ 62 3^ 1 182^ 63 5.9^ 2.0 0.1^ 0.01 5.8̂ 2.0
1991 238̂ 79 11^ 1 227^ 80 7.5^ 2.5 0.3^ 0.03 7.2̂ 2.5
1992 278̂ 93 153^ 18 125^ 111 8.8̂ 2.9 4.9^ 0.6 4.0^ 3.5
1993 265̂ 88 20^ 2 245^ 90 8.4^ 2.8 0.6^ 0.1 7.8^ 2.9
1994 238̂ 79 0 238̂ 79 7.5^ 2.5 0.0 7.5̂ 2.5
1995 212̂ 71 0 212̂ 71 6.7^ 2.3 0.0 6.7̂ 2.3

Total 3450̂ 1148 442̂ 88 3008̂ 1236

Mean 216̂ 72 37^ 7 188^ 79 6.8^ 2.3 1.2^ 0.2 6.0^ 2.5



Type I event, showed characteristics of Type II (Fig.
6a). We suggest that during this event the 1983 fissure
represented a low-altitude, open route through which
the supply flux could drain. In this case, the eruption
resulted from leakage of the supply flux from the
flank. During normal conditions, however, the central
conduit represents the open pathway and is thus the
source-vent for these quiet, steady, system-overflow
style emissions.

The 1999 SE crater eruption is also an exception,
being an eruption from the base of a summit crater
with Type I characteristics (Figs. 4 and 5; Table 6).
During this eruption, effusion rates show an abrupt
decline from 4:2^ 1:2 m3 s21 prior to 13 March
1999, to 1:4^ 0:8 m3 s21 thereafter. Peak effusion
rates are, however, significantly smaller than during
other Type I eruptions from flank locations (Table 6).
The Type I characteristic during the 1999 Etna erup-
tion can be explained by drainage of backed-up
magma in the central conduit. The summit crater
vents (altitude,3100 m) were 150–200 m above
the SE crater fissure (,2950 m) where, following
Appendix B, this hydrostatic head would cause larger
effusion rates during drainage of the backed-up
volume. Smaller effusion rates than during flank erup-
tions would result from the higher elevation of the SE
crater vent, and hence the smaller hydrostatic head
(Eq. (B2)). High magma levels in the central magma
column followed by drainage during the early stages
of this eruption are consistent with increased activity
at the summit craters in the week preceding the erup-
tion, followed by diminished activity thereafter
(GVN, 1999a).

We also identify supply surges in our effusion rate
curves. The best constrained example occurred during
the 1991–1993 Etna eruption. Beginning in Septem-
ber 1992 Bruno et al. (1994) identify a surge in supply
to the central magma column from an increase in the
SO2 flux. This event correlates with a long-term
(month-scale) increase in effusion rates estimated by
us (Fig. 4c) which began during September 1992. This
indicates that the rise in effusion rates in the later
stages of the 1991–1993 eruption was a response to
increased supply to the shallow system. Following
Appendix B, an increase in supply to the central
magma column will force increased effusion rates
by raising the hydrostatic head. We note a similar
effusion rate surge towards the end of the 1983

eruption (Fig. 4a) and suggest that this too could relate
to a surge in supply to the shallow system at that time,
although there are no SO2 data to support this.

Isolated, single-point peaks cannot be ascribed to
supply surges with certainty because they may be due
to short-term effects such as blockage and subsequent
release of magma in dykes and lava in tubes or at
breaches of channel leve´es. Longer-term surge-type
trends, however, occurring over weeks to months,
are more likely to be due to increased supply to the
central magma column.

7. Mass balance at Etna

To account for passive and eruptive degassing at
Etna between 1980 and 1995, magma must degas in
the shallow plumbing system at a time-averaged rate
of 6:8^ 2:3 m3 s21 (VG, Table 7). These supply rates
consistently exceed the erupted flux (VE) defined here
(Fig. 8), with only ,13% of the degassed volume
erupted (Table 7). These figures compare with those
of Allard (1997) and Bruno et al. (1999) who, using
alternative erupted volume estimates, calculate that
10–20% of the degassed magma at Etna is erupted.
Following Kasahaya et al. (1994) and Allard (1997),
the unerupted flux�VG 2 VE � DM; Table 7) will
cool and degas, increase in density, and sink to be
replaced by buoyant, volatile rich, ascending
magma. Table 8 shows that this occurs at a time-aver-
aged rate of 6:1^ 2:5 m3 s21

; comparing well with
the 6:25^ 1:75 m3 s21 calculated by Allard (1997).
Allard (1997) suggests that portions of the descending
flux may then be (1) re-entrained and extruded with
new basalt; and/or (2) emplaced within the basement
to contribute to a cryptic plutonic complex. We also
find evidence for emplacement within the edifice, to
contribute to endogenous growth.

Budetta and Carbone (1998) attribute microgravity
increases in the 2 years prior to the 1989 eruptions to
the accumulation of 975̂ 725× 106 m3 of magma at
a depth of 4:25^ 1:75 km: This compares with a
volume of 567̂ 229× 106 m3 of unerupted magma
that we calculate as being available for intrusion
between 1987 and 1989 (Table 7). Budetta and
Carbone (1998) suggest that 85× 106 m3 of this
volume was then injected back into the feeding system
to contribute to the 1989 eruption supply and a
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shallow (,2 km deep) intrusion, leaving 91% of the
deeper intrusion intact. If erupted, the redistributed
magma should show signs of evolution by fractional
crystallisation during storage, and Tonarini et al.
(1995) do find evidence of selective contamination
and fractionation in the 1989 lavas. Even if the
injected mass supplied the entire 1989 flow volume
(Table 5), only 56% of the shallow mass can have
been extruded. If the time-averaged supply (Table 7)
was maintained during the eruption, then this declines
to 51%, with the time-averaged supply and injected
mass respectively contributing 43× 106 and 5×
106 m3 of the 48× 106 m3 erupted volume. At least
44–49% therefore remained unerupted.

Eruption of intruded magma may also have contrib-
uted to the 1983 eruption. During this eruption low
temperatures (1067–10738C) and high phenocryst
contents (reaching almost 50%) occurred, with latter
phases fed by cooler and more crystalline magma
(Armienti et al., 1984; Tanguy and Clocchiatti,
1984). As suggested by Armienti et al. (1984), this

can be explained by tapping of previously intruded
magma. Thus, we suggest that unerupted magma
may be intruded: (1) beneath the edifice (Allard,
1997); and/or (2) within the edifice, to then (a) remain
in place, (b) become re-entrained and erupted and/or
(c) be redistributed intrusively.

During four of the 19 eruptions between 1980 and
1995 eruption rates exceeded supply (Fig. 8). As well
as a contribution from deeper intrusions, tapping of
shallow storage in the central magma column beneath
the summit craters may account for the excess.
Ground deformation data collected twice yearly
between 1975 and 1998 show no evidence of a shal-
low chamber. However, the central magma column
directly beneath the summit craters could provide a
storage area (Murray, 1990). During the 1989 erup-
tion, the unerupted volume�37–42× 106 m3� may
represent a minimum volume of the shallow (sub-
central-crater) storage area. Given a 1 km-long central
magma column elongated in a southeasterly direction
(Murray, 1990) and a hydrostatic head of 740 m [the

A.J.L. Harris et al. / Journal of Volcanology and Geothermal Research 102 (2000) 237–270 259

Fig. 8. Flux rates of magma degassed (solid line) and erupted (open circles) at Etna, 1980–1995. Degassed flux rates are calculated using the
procedure given by Bruno et al. (1994) and Caltabiano et al. (1994) with SO2 flux data in Bruno et al. (1994, 1999) and Caltabiano et al. (1994).
Erupted fluxes are taken from this study.



altitude difference between the summit craters and the
1989 vent (2580 m)] this storage area would have to
be 50–57 m wide.

These dimensions are consistent with the backed-
up volume required to supply the initial stages of the
1999 eruption. Assuming that the 1999 eruption was

supplied at a constant low rate equal to the effusion
rate during the waning activity period�1:4^

0:8 m3 s21
; Fig. 4d), the excess volume supplied by

tapping of backed-up magma in the central conduit
during the first 38 days of high effusion rate activity
�4:2^ 1:2 m3 s21� is 9:2^ 1:4 × 106 m3

: This is
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Table 8
Deflated (VD), erupted (VE), and intruded (VI) volumes at Krafla.DV, Vstore, Mthrough, andVsupply are the deflation–intrusion–extrusion balance,
volume of stored magma erupted, persistent supply rate and magma supply required to balanceVI 1 VE during eruption, respectively (calcula-
tion summarised in Fig. 9). TwoDV cases are given: (a) balance betweenVD andVE 1 VI if extrusion and/or intrusion occur�DV � VD 2

VI 2 VE�; (b) balance betweenVD andVI if no intrusion occurs�DV � VD 2 VE�: Two MthroughandVsupplycases are given: (i)MthroughandVsupply

required to balanceVE 1 VI if no stored magma is displaced and erupted by intrusion�Vsupply� VI 1 VE � VD 1 Vthrough� (Fig. 9b–d); and (ii)
Mthrough and Vsupply if intruded magma displaces stored magma causing it to be entrained inVE�Vsupply� VI 1 VE 2 Vstore� VD 1 Vthrough�
(Fig. 9e)

Deflation Event VD

(×106 m3)
VI

a

(×106 m3)
VE

(×106 m3)
DV
(×106 m3)

Vstore

(×106 m3)
Mthrough

(m3 s21)
Vsupply

(×106 m3)

From Ewart
et al. (1991)

From
Tryggvason
(1984)

(i) (ii) (i) (ii)

Pre-July 1980
1975–1976 178b 177.6 0.4 0 177 0 0 0 178 178
1976 (09–10) 15b 15 0 0 15 0 0 0 15 15
1976 (10–11) 23b 23 0 0 23 0 0 0 23 23
1977 (January) 11b 11 0 0 11 0 0 0 11 11
1977 (April) 28b 27.99 0.01 0 28 0 0 0 28 28
1977 (September) 6b 4.6 1.4 0 4.6 0 0 0 6 6
1977 (October) 2c 2 0 0 2 0 0 0 2 2
1978 (January) 80b 80 0 0 80 0 0 0 80 80
1978 (July) 40b 40 0 0 40 0 0 0 40 40
1978 (October) 27b 27 0 0 27 0 0 0 27 27
1979 (May) 37b 37 0 0 37 0 0 0 37 37
1979 (December) 3c 3 0 0 3 0 0 0 3 3
1980 (February) 11b 11 0 0 11 0 0 0 11 11
1980 (March) 35c 32.9 2.1 0 33 0 0 0 35 35
1980 (June) 88b 88 0 0 88 0 0 0 88 88
Sub-total 584 580 4 0 580 0 0 0 584 584
Mean 39 39 1 0 39 0 0 0 39 39
Post-July 1980
1980 (July) 24c 2 22 0 2 0 0 0 24 24
1980 (October) 16c 16 24 224 28 16 59 20 40 24
1980 (December) 8b 8 0 0 8 0 0 0 8 8
1981 (01–02) 3b 3 22 222 219 3 51 44 25 22
1981 (October) 20b 20 42 242 222 20 92 48 62 42
1984 (September) 20b 20 84 284 264 20 67 51 104 84
Sub-total 91 69 194 2172 2103 59 51 31 263 204
Mean 15 12 39 243 217 15 67 41 44 34
Total 675 650 198 2172 477 59 51 31 847 788
Mean 32 31 22 43 23 15 67 41 40 38

a If VD . VE; thenVI � VD 2 VE; elseVI � VD:
b From Ewart et al. (1991).
c From Tryggvason (1984).



roughly equivalent to the volume available in a
50–57 m wide, 1000 m long storage area extending
150–200 m above the altitude of the SE crater vent
(i.e. 9:5^ 2:0 × 106 m3�:

During 80% of the eruptions considered here,
however, supply exceeded effusion such that only a
portion of the magma supplied to, or stored in, the
shallow system is erupted (Fig. 8).

8. Mass balance at Krafla

Prior to 1980 supply to the shallow chamber at a
rate of ,5 m3 s21 (from Ewart et al., 1991, fig. 23)
resulted in steady inflation (Ewart et al., 1991, fig. 6).
Rifting events were marked by short deflation periods
during which a portion of the chamber magma would
drain into the rift zone (Bjornsson et al., 1979).
Assuming that the volume of each deflation event
equals the volume of intrusion, then, 580× 106 m3

of magma was injected into the fissure swarm during
15 rifting events between 1975 and July 1980 (Table
8). Of this injected magma, 0.7% was erupted, the
bulk of the magma thus being accommodated within
the swarm and resulting in endogenous growth of this
volcanic system. Given that fractures and rifts are
common in this spreading environment, finding the
space to accommodate such intrusion without erup-
tion is not difficult. Between July 1980 and 1984,
however, an increasing volume of magma was erupted
(Table 8). The increase in effusive activity may indi-
cate that the capacity of the rift zone to accommodate
further intrusion was being reached by 1980, so that
magma injected into the system increasingly had to be
accommodated by extrusion. Assuming that the sum
of the intruded volumes prior to the first major extru-
sive event in July 1980 approximates the rift zone
capacity in the vicinity of Krafla gives a volume of
, 580× 106 m3

: Alternatively, following Takada
(1999), the increase in the ratio of erupted to supplied
volume at Krafla after 1980 may be a response to
increased compressive stresses resulting from
repeated intrusion of the rift zone prior to 1980. The
transition from an extensional to compressive stress
regime will promote extrusion rather than intrusion.
The former model gives a volume threshold for the
transition from an intrusion- to extrusion-dominated
system; the latter gives a stress threshold related to

the compression generated by successive dyke
intrusions.

During 1980–1984, eruptions became more
voluminous, in spite of deflation events being less
voluminous and frequent than between 1975 and
1980, and extruded volumes frequently outweighed
the supply volume accounted for by deflation (Table
8). If, as assumed by Tryggvason (1986) during the
1984 event, a volume equal to the deflated volume
was also intruded during each event, the imbalance
increases (Table 8).

Possible mass balance scenarios during activity at
Krafla between 1975 and 1985 are given in Fig. 9,
where we propose four possible reasons for the imbal-
ance between deflation and eruption volumes follow-
ing 1980. The first is provided by Tryggvason (1984)
where, in explaining the observed difference between
chamber outflow and eruption volumes, he argued that
the estimated volume of magma leaving the chamber
was too low. The second is that the imbalance can be
accounted for by magma being injected into the
chamber during the eruption (Fig. 9d). This would
contribute supply in addition to that generated by
chamber draining (deflation), allowing supply rates
greater than those indicated by the deflation. During
the 1984 eruption, for example, to account for the
erupted volume a persistent supply rate of
,70 m3 s21 is required (Table 8). This is higher
than that indicated by tilt data, where data collected
during the first 5 days of the eruption give chamber
inflow rates in excess of 50 m3 s21, and 20–30 m3 s21

immediately after the eruption (Tryggvason, 1986). A
third explanation is that, as a result of the rift zone
reaching its capacity during 1980, any new intruded
volume would result in a roughly equal volume of
previously intruded magma being pushed out of the
rift zone ahead of the new intrusion (Fig. 9e). Such a
process is not impossible; injections of magma into
Kilauea’s rift zone have been known to flush out
previously intruded magma ahead of them (Dvorak
and Dzurisin, 1993). This would result in a portion
of the erupted volume being composed of previously
intruded mass. Considering the 1984 eruption, if a
portion of the erupted volume was composed of
previously intruded magma pushed out by the new
intrusion, then the imbalance between deflation and
eruption volume is reduced to 64× 106 m3 (Fig. 9e).
This decreases the required persistent supply during
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(a) Mass Balance model for Krafla, 1980-84

SurfaceErupted Volume (VE)

Intruded Volume (VI )
Deflated Volume (VD)

Pushed-out,
stored volume (Vstore)

Through-flow volume (Vthrough)

Shallow Chamber

Deeper sources

Case 1 (pre-1980)
Intrusion only,
Rift zone has excess capacity
VD = VI

Case 2 (pre-1980)
Intrusion and extrusion,
Rift zone has excess capacity:
VD = VI + VE

Case 3 (post-1980)
Intrusion and extrusion,
VD = VI, but VD < VI + VE,
Rift zone has excess capacity:
VD + Vthrough = VI + VE

Case 4 (post-1980)
Intrusion and extrusion,
VD = VI, but VD < VI + VE,
Rift zone is full:
VD + Vstore + Vthrough = VI + VE

(b) Case 1: Krafla 1976 (09-10)

VI = 15 x 106 m3 VD =
15 x 106 m3

(c) Case 2: Krafla 1975-76

VE = 0.4 x 106 m3

VI = 177.6 x 106 m3 VD =
178 x 106 m3

Scenario's

Deflation

Rift
zone

(d) Case 3: Krafla 1984

VE = 84 x 106 m3

VI = 20 x 106 m3

Vthrough = 84 x 106 m3

VD =
20 x 106 m3

(e) Case 4: Krafla 1984

VE = 84 x 106 m3

VI = 20 x 106 m3

Vstore = 20 x 106 m3

Vthrough = 64 x 106 m3

VD =
20 x 106 m3



the 14 day eruption to,50 m3 s21 (Table 8), consis-
tent with that indicated by the tilt data. In a final
model, where no intrusion occurs, all of the deflation
volume is available for extrusion. In all extrusive
events after July 1980, however, volumes supplied
by deflation are insufficient to supply eruption.
Thus, extra volume must have been supplied by
chamber through-flow (Mthrough) at the rate calculated
for case (ii) in Table 8. Supply rates and volumes that
must have persisted during each eruption in order to
balance deflated, displaced, intruded and extruded
volumes are given in Table 8, where we note that
supply rates necessary to maintain a balance show a
general increase during 1980–1984.

To balance intrusion and extrusion at Krafla
between 1975 and 1984, a supply volume of
788–847× 106 m3 is required (Table 8). The ratio
of extruded to intruded volume (,0.3) during this
period of activity at Krafla is larger than the long-
term ratio of,0.1 that we estimate from the volume
that Gudmundsson (1988) calculates should reach
the surface in Iceland. Even so, although errors,
poorly constrained supply rates from depth, filling
of the rift zone and/or extrusion of previously
intruded mass during eruptions complicate the
mass balance regime at Krafla, this rift-dominated
system was clearly characterised by growth by intru-
sion. Of the 21 rifting events between 1975 and
1984, only eight resulted in eruption, where 77–
82% of the volume supplied contributed to endogen-
ous growth by shallow intrusion (1–6 km deep,
Brandsdottir and Einarsson, 1979). Extrusion only
became significant when the rift zone reached its
capacity in 1980. After 1980, magma that had
been previously intruded may have been re-mobi-
lised and erupted during deflation events to make
way for new intrusions in the full rift zone. In

total, ,10% of the intruded magma may have
been erupted at a later date.

9. Discussion

Using effusion rate time series for Etna and Krafla
we define two types of effusive eruption. Type I, also
described by Wadge (1981), results from the draining
of a shallow dyke and/or chamber, to give effusion
rates which decline with time and hence a decreasing
rate of volumetric emplacement. Type II results from
persistent and steady leakage of a portion or all of the
magma supply giving steady, but small effusion rates
and a stable rate of volumetric emplacement.

Although we have defined these effusion styles
using data for eruptions at Etna and Krafla, it appears
that these two trends do occur at other effusive volca-
noes. Type I effusion trends were also noted by
Wadge (1981) during eruptions at Paricutin (Mexico)
and Hekla (Iceland). Flow rates during the 25 March
to 14 April 1984 eruption of Mauna Loa also showed a
Type I trend. In this case, effusion rates of 806 m3 s21

were measured during the first 6 h, and 139–
278 m3 s21 during the next 12 days. Thereafter effu-
sion slowly diminished to 28 m3 s21 by the last day of
the eruption (Lipman and Banks, 1987). Type II
trends can also be found at Kilauea where, during
sustained effusive eruptions, lava is extruded at
roughly the magma supply rate (Dvorak and Dzurisin,
1993). Between 1986 and 1990, Rowland and Walker
(1990) show a Type II trend during the Pu0u
0O0o-Kupaianaha eruption, with cumulative volume
increasing steadily and eruption rate stable at
,5 m3 s21. Effusion rates calculated by us, using
AVHRR with the Appendix A approach, show that
the 1985–1986 effusive eruption of Stromboli also
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Fig. 9. (a) Mass balance model for Krafla and the four end-member cases considered. Prior to 1980, the rift zone has excess capacity and supply
from deflation of the shallow chamber (VD) balances intrusion (VI) and extrusion (VE), so thatVD � VI 1 VE and thusDV�� VD 2 VI 2 VE� is
zero (Cases 1 and 2). Following 1980, intrusion and extrusion are no longer balanced by deflation (i.e.DV is negative). As a result persistent
supply from a deeper source (Vthrough) is required during the eruption to account for the deficit (i.e.VD 1 Vthrough� VI 1 VE� (Case 3). If the rift
zone is full, then some of the erupted volume will also consist of previously intruded magma pushed out of the rift zone by the new intrusion
(Vstore) to contribute to the erupted volume, so thatVD 1 Vthrough� VI 1 VE 2 Vsupply (Case 4). In this case lower rates of deep supply (Mthrough)
are required to achieve the balance between supply, intrusion and extrusion. In a fifth end-member case, whenVD , VE intrusion may not occur
and all ofVD will contribute toVE. In this case, persistent supply from a deeper source is still required to account for any imbalances, but at a
smaller rate. WhereVD . VE; some intrusion must occur to account for the unerupted volume leaving the shallow chamber. (b) Case 3 scenario
applied to the September–October 1976 deflation event at Krafla. (c) Case 2 scenario applied to the 1975–1976 eruption and intrusion eruption
event at Krafla. (d) Case 3 scenario applied to the 1984 eruption at Krafla. (e) Case 4 scenario applied to the 1984 eruption at Krafla.



had a Type II trend (Fig. 10). We calculate that the
mean eruption rate during this eruption, fed by a vent
opening just below the summit craters (Nappi and
Renzulli, 1989; Rossi and Sbrana, 1988), was 0:34^
0:05 m3s21

; compared with a time-averaged magma
supply to the shallow system of 0:31^ 0:2 m3 s21

(Harris and Stevenson, 1997). This similarity and
the Type II trends (Fig. 9) indicate that, as at Etna,
the eruption involved overflow of the normal, persis-
tent, magma supply.

When comparing our eruption and supply rates it is
clear that a large portion of the magma flux supplied
to the shallow systems at Etna and Krafla is not
erupted. At Etna between 1980 and 1995 and Krafla
during 1975–1984,,90% and,70% of the supply

volume remained unerupted, respectively. Systems
where gas and heat losses imply supply rates consid-
erably in excess of eruption rates are well known (e.g.
Andres et al., 1991; Francis et al., 1993; Kasahaya et
al., 1994; Rymer et al., 1998), and three simple
models have been proposed to account for the desti-
nation of the unerupted flux. These models accommo-
date dense, degassed, sinking magma by: (1) intrusion
within the edifice to contribute to endogenous growth;
(2) intrusion beneath the volcano and to contribute to
cryptic growth; and/or (3) mixing with chamber or
deeper reservoir magma causing cooling, evolution,
cumulate emplacement and recycling (Francis et al.,
1993; Allard, 1997; Harris and Stevenson, 1997;
Harris et al., 1999a).
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Fig. 10. (a) Effusion rates calculated by using AVHRR data for the 6 December 1985 to 25 April 1985 effusive eruption at Stromboli, and (b)
cumulative volume and eruption rates, revealing a Type II trend during the eruption. Satellite-estimated total volume was 4:1^ 0:6 × 106 m3

:



At Krafla between 1975 and 1980, when.99% of
the volume supplied to this rift-dominated system was
intruded, endogenous growth dominated. However,
effusion became significant after 1980 (Table 8),
possibly a result of the rift zone storage capacity
being reached. At Etna, while Allard (1997) finds
evidence for cryptic (sub-edifice) intrusion, we also
find evidence for shallow intrusion and thus endogen-
ous (in-edifice) growth. A combination of these
models may therefore be operating at the same time
at any one volcano, where the presence of an exten-
sive rift zone certainly favours endogenous growth by
shallow intrusion into such zones. However, we also
find evidence for post-intrusion redistribution of
endogenously emplaced masses. At Etna, and possi-
bly at Krafla, magma intruded within the edifice can
become entrained in, or pushed out ahead of, erupted
volumes several years following initial intrusion.
Intruded masses may also be re-mobilised and trans-
ported to new locations to be emplaced as a secondary
intrusion. We thus do not see the emplacement models
described above as static; instead they are dynamic in
that portions of the intruded masses can be periodi-
cally redistributed and occasionally extruded.

10. Future prospects

For the eruptions considered here satellite data
were essential for defining the effusion rate trends.
As far as we are aware for these eruptions, the satellite
data permit the most temporally detailed effusion rate
data sets available: 69% of our 381 data points are
satellite-derived, a figure which increases to 79% of
267 measurements if the 1983 Etna eruption is
excluded. The satellite data have therefore been
essential in defining effusion rate curve shapes and
constraining trends. Where ground-based volume
data are unavailable the satellite-derived effusion
rates are capable of providing approximate volume
estimates. Cloud cover and temporal resolution of
the data used here, where the AVHRR provides the
best sampling frequency of 2–4 images per day, mean
that our analyses are limited to eruptions which last
more than about 10 days.

To obtain effusion rate curves for eruptions of
shorter (,10 day) duration, higher temporal resolu-
tion is necessary. Such a capability may be possible

using geostationary satellites (e.g. GOES), where
detailed thermal radiance time series for effusive
events lasting less than a 4–6 h have been produced
using images recorded every 15 min (e.g. Harris et al.,
1997c). These data are currently processed in real
time for hot spot monitoring at the University of
Hawaii (http://volcano1.pgd.hawaii.edu/goes/; Harris
et al., 1999b). Although the spatial detail (.4 km
pixels) may preclude estimation of effusion rates,
GOES data do allow: (1) the start and stop times of
eruptions to be identified; (2) event duration to be
estimated with 30 min accuracy; and (3) changes in
the vigor of activity to be tracked (Harris et al., 1997c,
1999c; Harris and Thornber, 1999). This is of value in
assessing how representative an effusion rate obtained
on a daily–weekly basis is of the time period it is used
to represent and when extrapolating effusion rates
over the duration of an eruption. The thermal channels
necessary to allow this capability are currently offered
only for the American continents, Caribbean and Paci-
fic. With the launch of METEOSAT Second Genera-
tion (MSG) over Africa and Europe, however,
adequate geostationary coverage will be extended to
these areas (Harris et al., 1999b).

Further higher spatial resolution (,1 km pixels)
thermal data suitable for direct estimation of effusion
rates are also soon to be available. This will increase
the temporal resolution of effusion rate analysis using
multiple data sets. A new version of TM (ETM1) has
been launched on Landsat 7, and other instruments
providing high spatial resolution thermal data (e.g.
ASTER, MODIS, Hyperion, ALI) will be flown on
Terra (formerly EOS AM-1) and the Earth
Observer-1 (EO-1) by 2001. Landsat 7 and ASTER
data collected during daytime and nighttime passes
could provide a pair of observations every 8 days,
and MODIS every 1–2 days. With the Linear Etalon
Imaging Spectrometer Array Atmospheric Corrector
(LAC) offering data from which effusion rates could
be derived, these data, coupled with data from existing
instruments (AVHRR and ATSR), will offer a means
of increasing the temporal frequency with which effu-
sion rates can be estimated. EO-1 and Terra will also
fly in orbits for 1 and 30 min behind Landsat 7, and
thus provide four independent estimates of effusion
rate within a 30 min time period. This will help to
answer current uncertainties about the short-term
variability in effusion rates. In addition, the
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multi-spectral capabilities of Hyperion and ALI will
allow improved effective temperature calculations
(Te, Appendix A) and hence increased accuracy in
thermally derived effusion rate estimates (Appendix
A). With direct reception and automated processing of
thermal satellite-based data sets we look forward to
calculating effusion rates and defining trends in near-
real-time.
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Appendix A

Following Harris et al. (1998) we calculate effusion
rate (Er) from:

Er � Qtot=�r�CpDT 1 cLDf��;
whereQtot, is total thermal flux from the flow,r and
Cp are lava density and specific heat capacity,DT is
eruption temperature minus solidus,cL is latent heat of
crystallisation andDf is crystallisation in cooling
through DT. We correctr (2600 kg m23) and Cp

(1150 J kg21 K21) for 22^ 12% vesicles, calculated

for 0a0a and slabby pahoehoe using Gaonac’h et al.
(1996) and Herd and Pinkerton (1997), or 37^

16%; calculated for pahoehoe using Wilmoth and
Walker (1993) and Cashman et al. (1994). Following
Harris et al. (1997a, 1998) we setDT to 200–3508C
and cL to 3:5 × 105 J kg21

: From data in Tanguy
(1973), Ryan and Sammis (1981), Tanguy and Cloc-
chiatti (1984), Armienti et al. (1984, 1990, 1994) and
Tonarini et al. (1995) we obtainDf of ,0.45.

Qtot is the sum of heat loss by radiation (Qrad) and
convection (Qconv) from the flow surface, plus conduc-
tion through the base (Qcond), where:

Qrad� se AlavaT
4

e ;

Qconv� 0:14 Alavak�gar=mk�1=3�Te 2 Tair�4=3;

Qcond� Alavaklava��Tcore 2 Tbase�=hbase�;
s being Stefan–Boltzmann’s constant,e lava emis-
sivity (0.99), g acceleration due to gravity,Tair air
temperature (210 to 208C), k, m , k , a and r air
thermal conductivity, dynamic viscosity, thermal
diffusivity, cubic expansivity and density (set using
Kays and Crawford, 1980), andk lava lava thermal
conductivity (calculated following Peck, 1978).Alava

andTe are lava area and effective temperature which
we estimate using AVHRR, ATSR and TM following
Flynn et al. (1994), Harris et al. (1997a,b) and
Wooster and Rothery (1997), whereTe �
�pT4

h 1 �1 2 p�T 4
c �0:25

; Th and Tc being the crack
and crust temperature at an active flow, andp is the
flow portion occupied by cracks.Tcore and Tbase are
flow core�1100^ 1008C� and base (,5808C, Woos-
ter et al., 1997) temperatures, andhbase is basal crust
thickness [set to 1:6^ 1:4 m for 0a0a from outcrop
observations in Hawaii by AJLH or, following Harris
et al. (1998), from usingTe in the relationships given
by Hon et al. (1994) for pahoehoe].

Appendix B

For Krafla type eruptions where eruption is fed by a
dyke extending from a shallow chamber, we calculate
peak effusion rate (Ermax) from Wadge (1981), where:

Ermax� �2Dp�w=2�3L�=�2hh� �B1�
in whichw, L andh are the width, length and height of
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the eruptive dyke, andh is magma viscosity
(102 Pa s).Dp is the pressure difference along the
dyke and is calculated fromLrg, r and g being
magma density (2600 kg m23) and acceleration due
to gravity (9.8 m s22).

For Etna type eruptions where the dyke is fed by a
central magma column, we take the hydrostatic head
of magma in the central column into account using
Darcy’s Law (North, 1990), where:

Ermax� �KrA�DHrg��=�hL� �B2�
A andDH being the cross-sectional area of the dyke
and the difference in height between the top of the
magma column and the eruptive fissure.K is a perme-
ability constant, defined for a slot shaped fracture of
width w by K � 8w2 × 106 Darcys:
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