
INTRODUCTION
During October 1998 we witnessed the em-

placement of a combusting sulfur flow at Vulcano
volcano, Italy, a phenomenon that has never pre-
viously been documented. Moreover, our obser-
vations reveal a completely different flow be-
havior to that previously observed, showing that a
relatively common feature has been misunder-
stood and, as a result, overlooked. Our findings
have huge implications for the manner in which
sulfur flows are examined and considered. These
observations are surprising because we overturn
conventional wisdom where, traditionally, sulfur
flows have been envisaged as lobate green-yellow
features that have proved difficult to find. As a
consequence, sulfur flows are considered rare. We
show that sulfur flows can, due to the combusting
emplacement mechanism described herein, look
very different and leave instead a gray-encrusted,
rubble-lined trench. Such features are common on
Vulcano, suggesting that sulfur flows are not as
rare as previously thought. Given that combustion
may be common and cause frequent, but tem-
porary, increases in the sulfur dioxide flux, com-
busting flow events may play an important role in
the production of this volcanogenic gas.

Noncombusted sulfur flow, lake, and pyro-
clastic deposits are relatively well documented,
having been described on Azufre (Galapagos),
Mauna Loa (Hawaii), Lastarria (Chile), and Poas
(Costa Rica) (Banfield, 1954; Colony and Nordlie,
1973; Skinner, 1970; Greeley et al., 1984;

Naranjo, 1985; Oppenheimer, 1992; Oppenheimer
and Stevenson, 1989; Francis et al., 1980). The
case described here, however, is only the second
time that observations of an active sulfur flow have
been reported; the previous time was on Siretoko-
Iosan volcano (Japan) in 1936 (Wantanabe, 1940).
Our observations differ significantly from those of
Wantanabe (1940), providing a rare insight into
sulfur-flow emplacement. The Siretoko-Iosan
flows were characterized by torrents of molten
sulfur that solidified to leave pahoehoe- and ‘a‘a-
like features. The Vulcano flow, however, was em-
placed in a burning state, where combustion left a
sulfur-free, thermally eroded trench largely devoid
of typical flow features.

To date, the Siretoko-Iosan noncombusting
emplacement mode and deposit have been used as
the sole criteria for postemplacement sulfur-flow
identification (Banfield, 1954; Colony and Nordlie,
1973; Greeley et al., 1984; Naranjo, 1985; Skinner,
1970) and for volcanic flow-emplacement simu-
lations (Greeley et al., 1990). Considerations of
sulfur-flow occurrence and processes are there-
fore incomplete. Key flow features and localities
may thus have been overlooked on this planet, as
well as on Io, where noncombusted terrestrial
analogues have been used to guide feature inter-
pretation (e.g., Carr et al., 1979; Sagan, 1979).
Here we describe the new self-combusting em-
placement mode and deposit type, permitting a
new consideration and inventory of a previously
poorly understood geologic feature.

TEMPERATURE-DEPENDENT
BEHAVIOR OF SULFUR

Two temperature-dependent properties of
liquid sulfur (color and viscosity) are important in

sulfur-flow observations. Yellow α- and β-sulfur
alotropes melt at 112.8–115.1 °C and 114.6–
119.6 °C, respectively (Meyer, 1976). With in-
creased temperature, color changes from yellow
to orange (~133 °C), red-orange (~161 °C), red
(~171 °C), and brown-black (~221 °C), before
reaching its boiling point of 444.6 °C (Meyer,
1976; Pieri et al., 1984). At 159.4 °C liquid sul-
fur undergoes a sudden increase in viscosity
(Meyer, 1976) from ~10–2 to ~102 Pa s, trans-
forming a low-viscosity, fast-moving flow into a
high-viscosity, slow-moving flow.

FIELD SETTING: THE VULCANO
FUMAROLE FIELD

Since the last magmatic eruption of Vulcano
during 1888–1890, activity has been character-
ized by fumarolic activity, currently concen-
trated in a 16 300 m2 zone extending 260 m
along the northeast crater rim and 140 m from
the rim to the floor. During October 1998 we
measured maximum and mean vent tempera-
tures of 446 °C and 169 ± 72 °C at this fumarole
field (1213 measurements). Our thermal survey
showed that the field was dominated by low-
temperature fumaroles, with 84% of the vents
having temperatures of <250 °C, and 33% at
<120 °C. Below ~120 °C, fumaroles are en-
crusted with yellow sulfur. Such low-tempera-
ture fumaroles are typically clustered in 50–
300-cm-diameter, 1–10-cm-deep pits lined with
trachytic-rhyolitic and sulfur blocks and coated
with centimeter-thick powdery yellow-orange
sulfur (Fig. 1) containing rare beads and driblets
of molten, orange sulfur. The flow occurred
within a low-temperature fumarole zone that
extends craterward from the rim in the eastern
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sector of the field, across which maximum and
mean temperatures in October 1998 were 289 °C
and 131 ± 44 °C, respectively. The zone is char-
acterized by discontinuous coverage of low-
temperature fumarole pits, separated by ground
covered by trachytic-rhyolitic blocks set in a
case-hardened ash matrix, with common sul-
furous rinds (Fig. 1A).

OBSERVATIONS OF A SELF-
COMBUSTING SULFUR FLOW

Our observations allowed us to map features
characteristic of this combusting sulfur flow
(Fig. 2) and describe the five-stage evolution
that led to these features (Fig. 3). We define
flow color using the Geological Society of
America rock-color chart (Rock Color Chart
Committee, 1991) and use this color terminol-
ogy herein.

Stage 1: Primary Lake Establishment
The flow source was a 24 × 20 cm, 5–10-cm-

deep sulfur lake that developed at about 14:00
(all times are local) on October 4, 1998 (Fig.

3A). The lake was established immediately
downslope of a 55-cm-wide, low-temperature
(≤157 °C) fumarole pit, across which normal
activity persisted throughout our observations.
From the sulfur encrustations evident around the
lake, we assume that the lake basin was origi-
nally a similar low-temperature fumarole pit.
The lake core was very dark red, had a tempera-
ture of 120–150 °C, and was effervescing vigor-
ously. Blue flames played at the surface, giving
temperatures of 270–470 °C at a 20 cm height.
Initially, plastic sulfur crusts developed, which
quickly became covered by very light gray ash
(Fig. 1A). This evolution was typical of all lakes
and flows observed, and we assume that it was
due to the mixing of trachytic-rhyolitic ash with
the molten sulfur, the ash becoming concen-
trated at the surface by burning off the sulfur
component. Sulfur blocks and encrustations next
to the lake were melted to contribute to the lake
volume, such that lake filling and overflow re-
sulted in flow generation (Fig. 1A). A second
cause of flow onset was by melting a breach in
the sulfur-block retaining walls.

Stage 2: Flow Extension
Flows fed by breaching the primary lake wall

were yellow and moderate olive-brown with tem-
peratures of <120 °C (Fig. 3A). These formed
flow fields of 2–5-cm-wide pahoehoe lobes on
fronts ≤15 cm across. Within the flow field, lower
viscosity, higher temperature (120–160 °C) very
dark red sulfur flowed in 1–3-cm-wide leveed
channels, which became deepened to depths of
1–2 cm by thermal erosion of underlying flow
sulfur and sulfur in the sulfur-trachyte-rhyolite
substrate. As at the primary lake, channelized
molten sulfur effervesced and burned with blue
flames. Within 10–15 min, the initial channels
and pahoehoe flows were overrun and melted by
faster flowing, lower viscosity flows of burning
very dark red and moderate olive-brown sulfur
(Fig. 1A). These flowed in torrents over the pre-
existing flows, developed plastic crusts at temper-
atures of 250–300 °C, and quickly destroyed all
of the initial yellow pahoehoe and leveed features.

Stage 3: Secondary Lake and Flow Formation
About nine low-temperature fumarole pits

were present downslope from the primary lake.
On extending into these pits, the burning flow
melted any sulfur encrustations and blocks
present. In this way, secondary lakes were estab-
lished that had the same characteristics as, and
were directly linked to, the primary lake (Fig. 3B).
Secondary lakes were generated by explosive
ejection of burning sulfur cinders from active
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Figure 1. A: Features of combusting sulfur flow observed during emplacement. Main photograph
shows flow extending on 2 branches on either side of 35-cm-long hammer. Red inset (upper
right): primary lake (bounded by dashed black lines) detailing very light gray ash crust. Green
inset (middle right): low-temperature fumarole pit within which primary lake developed. Blue
inset (lower right): molten, very dark red and moderate olive-brown early-stage flows.Yellow
inset (lower left): ash-crusted mature flows (bounded by dashed black line). Flow-marginal
deposits of very light gray crust reveal earlier, higher flow levels. Magenta inset (middle left):
sulfur block during melting; crusted secondary lakes are forming at its base. B: Features of com-
busting sulfur flow observed following emplacement, where tape is 86 cm long, flow direction is
top to bottom (indicated by red arrows in red inset), and dashed black lines show former lake
and/or flow extents. Main photograph shows combusted flow section (postevent). Blue inset
(lower right): rubble-lined trench and rare late-stage flows. Red inset (upper right): typical lake
deposit with coating of very light gray ash and trachytic blocks that have collapsed inward owing
to removal of support. Green inset (middle right): typical (rubble-lined trench) flow deposit.
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Figure 2. Sulfur flow map. Flow directions are
given by arrows. F—unaffected fumarole pit,
p—primary lake, s—secondary lakes, and b—
trachytic block displaying sulfur-rind burn
(checkerboard shows burn zone).



flows or lakes. On landing in fumarole pits,
cinders melted any sulfur contained therein to
generate secondary lakes with no obvious, direct
connection to the primary lake. Cinders landing
on fumarole-free surfaces had insufficient source
material to generate new lakes or flows; however,
any sulfurous rinds were burned off to leave a
blackened scar. Noncombustion of explosively
ejected sulfur deposited spatter as far as 2–3 m
from the flow. Such explosive ejection could be
responsible for sulfur spatter and spray observed
around flows at Mauna Loa and Siretoko-Iosan
(Greeley et al., 1984; Wantanabe, 1940).

Stage 4: Mature Lake and Flow Complex
Establishment

After ~1 hr, primary lake activity began to
decline. Continued sulfur melting and combus-
tion resulted in steady supply exhaustion and
consequent lake-level decreases (Fig. 3C). The
same process occurred at all lakes and flows,
causing flows to reach maturity <1 hr after initial
emplacement. As at the lakes, continued combus-
tion resulted in lowering of flow levels and
formation of extensive very light gray ash crusts
covering a molten interior of very dark red sulfur.
With further combustion and flow-level decline,
coatings and overhangs of gray crust marked
higher flow stands (Fig. 1A).

Stage 5: Lake and Flow Stagnation
By 15:00, the lake and flow complex had

extended to the lower edge of the fumarole field.
Flows from the final lake in the complex then
spread into a zone free of fumarole pits and
dominated by trachytic-rhyolitic blocks. Unable
to generate any further supply by melting sulfur
in its path, this distal flow extended ~1 m into the
sulfur-free zone before outrunning its supply and
stagnating (Fig. 2). By 16:00, activity at the pri-
mary lake had ceased: all available sulfur had
been melted and combusted. Activity continued
at secondary lakes and flows, but lake levels were
declining, and flows were stagnating (Fig. 3D).

In this final phase, melting of partially melted
sulfur blocks continued at the still-active lakes,
but melt supply was no longer sufficient to feed
flow. Forward flow motion ceased, and a string of
stagnant, very dark red sulfur pools with exten-
sive very light gray ash crusts formed along the
former flow path. Combustion continued at all
lakes and flows, so that by 18:00, activity at most
locations had ceased because of supply exhaus-
tion: All available sulfur had been melted and
burned off. By this time, a 95 °C fumarole had
been reestablished at the primary lake location.

REMNANT FEATURES AND EVENT
FREQUENCY

Melting and combustion excavated a sinuous
15–20-cm-wide, 10–15-cm-deep trench encrusted
with very light gray ash deposits and lined with
trachyte-rhyolite blocks. Lake sites left roughly
oval, deeper pits within, and sometimes wider
than, the trench to contribute a beaded form to the
trench (Fig. 1B). Rare yellow-green sulfur-flow
deposits with lobes and channels remained, but
these were late-stage features, emplaced after the
main stages of flow emplacement and burning had
ceased. Late-stage features were typically 30 cm
long and 15 cm wide, compared with the ~700 ×
25–125 cm dimensions of the combusted flow
field, occupying <5% of the field area (Fig. 1B).

Having recognized combusted sulfur-flow
features and deposits, it became apparent that this
emplacement mode was spatially common at
Vulcano. Previously recognized centimeter-
scale, yellow lobate flows were reassessed as
minor, late-stage components of larger, meter-
scale, combusted flows whose deposits they lay
within. Cooler fumarole field areas contain ubiqui-
tous combusted sulfur-flow features, the largest
of which was a 10-m-long, 1–2-m-wide, <0.5-m-
deep thermal-erosion channel that fed a 13 × 8 m
thermally eroded zone of dispersed flow. The
channel displayed overhanging rims, studded
with protruding trachyte-rhyolite fragments, and
traces of ashy residue. Numerous thermally

eroded lake basins were discovered, including an
~0.4-m-deep cylindrical hole, feeding an ~0.5-m-
wide, 0.35-m-deep channel that tunneled under a
2-m-wide trachyte-rhyolite block. That ephem-
eral combusting-sulfur events may also be tem-
porally common was indicated by observation of
a second event at Vulcano in 1995, when we dis-
covered a 20 × 10 cm, ~10-cm-deep burning
sulfur lake in a low-temperature fumarole zone at
the crater rim. Although a flow was not observed
from this lake, it displayed characteristics identi-
cal to those of the 1998 event.

Localized combustion may occur on noncom-
busting flows. The smooth, overhanging southern
margin of the Mauna Loa flow described by
Greeley et al. (1984) and assumed by them to be
the result of ablation-erosion processes shows
characteristics identical to those of partially
melted sulfur blocks at Vulcano. We examined a
sulfur block taken from the Mauna Loa flow.
Although this showed pahoehoe-type structures,
it also possessed smooth, concave surfaces identi-
cal to those at partially melted blocks at Vulcano.
Where melting is partial, melt-generated features
(e.g., smooth, concave surfaces) will mark the
melting limits, and identification of postemplace-
ment sulfur-flow areas by virtue of pahoehoe- and
‘a‘a-type features will underestimate the flow
extent. Thus previously examined flows may have
been more extensive than originally thought.

SULFUR-FLOW COMBUSTION: SULFUR
DIOXIDE GENERATION AND CAUSE

Sulfur combustion temperature in air at stan-
dard pressure is 248–261 °C; sulfur will burn
with a blue flame to yield sulfur dioxide: Sn +
nO2 → nSO2 (Meyer, 1977). In the observed
case, combustion converted >95% of the sulfur in
the flow path to SO2. The reaction resulted in
SO2 atmospheric concentrations of >50 ppm (our
gas-mask-filter tolerance limit). Effervescence
occurred along the flow length and was always
associated with combustion. We therefore assume
that effervescence resulted from flow-wide con-
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Figure 3. Schematic plots show-
ing combusted flow evolution.
A: Establishment of primary lake
(p) and flow extension (black)
toward fumarole pits (f). B: Sec-
ondary lake formation by flow ex-
tension into sulfur pits and sulfur
cinder ejection (s). C: Establish-
ment of mature lake and flow
complex, where older lakes and
flows (gray tones) are beginning
to mature. D: Lake and flow stag-
nation where activity has died
out owing to supply exhaustion
in proximal parts (dots), activity
is stagnating in medial to distal
parts, and single flow unit extending into sulfur-poor zone has stalled. Lake and flow cross sections summarize characteristic fe atures typical of
each stage; 1—flame, 2—molten lake and/or flow, 3—effervescence, 4—plastic crust, 5—levee, 6—thermal erosion, 7—pahoehoe-lobe emplace-
ment, 8—cinder ejection, 9 and 10—rootless secondary lake generation and sulfur-rind burn-off due to cinder impact, respectively, 1 1—extensive
ash crust, 12—flow and/or lake level decline, 13—remnant overhang and crust deposit, 14—fumarole reestablishment, 15—remnant trachy te
block, 16—burning, stagnant sulfur lake, and 17—trench.
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version of S to SO2. Given the dimensions of
thermally eroded channels measured by us, we
estimate that a typical Vulcano sulfur flow will
melt 0.6–44 m3 or 1.2–88 tons of S. This equates
to 2.4–176 tons of SO2 that, if liberated over the
observed 4-hr-long activity period, would gener-
ate a SO2 flux of 0.6–44 tons/hr. This compares
with measured SO2 fluxes at Vulcano of 1.7–5
tons/hr (Bruno et al., 1993). At Vulcano, SO2 flux
during periods of combusting flow activity will
be on the order of that due to magma degassing.
Coincidence of SO2 measurements with a com-
busting flow event could therefore result in a
doubling of measured fluxes. During such an
event, because SO2 liberated during combustion
of surface deposits represents the release of
stored S, assuming that the total flux is due to
magma degassing would cause erroneous con-
clusions regarding degassing rates.

To begin the melting and combustion process,
temperatures must rise from below the sulfur
melting point to the combustion point. During the
observed event, fumarole temperatures near the
flow remained low and stable; <158 °C in adja-
cent, unaffected, pits. Across the fumarole field,
maximum and mean temperatures were lower
than in previous years (we obtained 516–541 °C
and 202–216 °C, respectively, during 1994–
1995). The required temperature increase cannot
therefore be explained by increased field or zonal
temperatures (n.b.: this would also have triggered
flows at other fumaroles). The cause must there-
fore have been localized to the fumarole at which
the flow began. We propose that the trigger was
the failure of a sulfur cap that had developed to
seal the affected fumarole prior to the flow event.
During 1998, we analyzed sulfur precipitation
using quartz glass tubes buried, and left for
~96 hr, in 6 fumaroles at temperatures of 95–
350 °C. Results showed that, once temperature
falls below 100 °C, conduit sealing by sulfur
precipitation proceeds at 0.009 kg·cm–1·day–1

to build a massive, impermeable, crystalline cap.
Such seals are widespread at Vulcano, forming
sulfur veins along fissures and within fumarole
pits. Cap failure would cause the sudden release
of high-temperature, pressurized gas trapped in
the conduit below the seal. This gas would carry
the heat required to begin melting and combus-
tion. By providing a proximal sulfur source, the
seal would contribute a molten volume to initiate
primary lake formation. In support of this model,
zones of extensive flow coverage coincide with
areas where sealed caps are common.

DISCUSSION AND CONCLUSIONS
At previously documented sulfur flows, cham-

bers have been assumed to evolve during subsur-
face temperature increases, the sulfur then being
erupted at the surface (Naranjo, 1985; Oppen-
heimer, 1992; Oppenheimer and Stevenson,
1989; Skinner, 1970; Wantanabe, 1940). In our
case, supply was maintained by flow extension

into surficial sulfur deposits, where melting due
to the heat of combustion generated a new supply
volume that was incorporated into the flow vol-
ume. This required no subsurface heating, caused
the flow to be self-perpetuating, and meant that
the flow length was limited by the areal extent of
surface sulfur deposits, rather than by the volume
of subsurface melt.

Sulfur volcanism plays a fundamental role on
Io, a moon of Jupiter (Sagan, 1979; Pieri et al.,
1984). The unique sulfur-flow emplacement style
and remnant features observed have implications
for the interpretation of Io data. Although high
temperatures calculated for Io indicate that sili-
cate volcanism may dominate (e.g., Lopes-Gautier
et al., 1997; McEwen et al., 1998), extension of
silicate flows (or any material at a temperature
higher than the sulfur melting point) into sulfur-
rich deposits will generate secondary sulfur
flows. Once under way, such flows will be capable
of sustaining flow by melting sulfur in their path.
Eruption of sulfur is therefore unnecessary for
flow generation, and flows can propagate as long
as a supply of surface sulfur is available. By melt-
ing the sulfur component of the substrate,
thermal erosion channels will be among the fea-
tures symptomatic of such activity.

Two end-member modes of sulfur-flow em-
placement exist (noncombusting and combust-
ing), each resulting in markedly different deposits.
Until now, sulfur flows have been identified by
sulfur pahoehoe lobes, ‘a‘a, leveed channels, and
tubes. However, flow combustion will strip sulfur
from all invaded surfaces so that most features
conventionally used to identify sulfur flows will
not survive. At Vulcano, features symptomatic of
combusting emplacement are more common
than their noncombusted counterparts. Thus field
evidence such as sulfur-free thermal-erosion
channels should be used in sulfur-flow mapping.
At Vulcano, such considerations transform an
apparently rare event into one that is spatially,
and probably temporally, common.
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