
Present day geothermal and
seismic activity on Saba and St. Eustatius,

the status of activity of the volcanoes,
and possible future precursor activities



Since the European settlement of St. Eustatius in 1636 and Saba 
in about 1640 there has been no eruptive activity on either island 
(Hartog, 1975, 1976). Westermann and Kiel (1961) regarded the
domes on Saba as forming permanent seals to the volcanic conduits,
which over time had led to a decrease and finally to the termination of
the volcanic activity. The same authors considered that a ‘period of
decadence and extinction of the Saba volcano’ had occurred in the mid-
dle of the Holocene, and that the younger Holocene showed only post-
volcanic solfataric activity and the formation of the sulfur deposits. Fur-
ther, Westermann and Kiel (1961) regarded a hot water spring north of
Ladder Point to be the sole manifestation of the post-volcanic activity
on the island. With regard to the Quill on St. Eustatius, the same
authors considered the volcano, based on erroneous radiocarbon ages of
corals from the Sugar Loaf, to be younger than 21,000 years and
regarded the Quill as undergoing a final extinction between 5,000 and
3,000 years ago. 

These conclusions regarding the eruptive history of Saba and the
Quill, as well as the ages of the corals, are no longer supported by the
results of the present stratigraphic studies on both islands. It is our view
that due to the paucity of charcoal on both Saba, and in the younger
pyroclastic deposits of St. Eustatius, that our reconstruction of the
youngest pyroclastic history of both volcanoes is probably fragmentary
and incomplete. However the new data presented here are sufficient to
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indicate that Saba probably last erupted just prior to European settlement
of the island, whereas the Quill was probably last active around 1,600-
1,700 years B.P. Since there has been no long-term nor detailed moni-
toring of the islands, the only way of determining the present-day status
of activity of the volcanoes is by studying the historic records for both
geothermal phenomena and felt seismic activity.

    

Introduction
Hot springs have long been known on the island of Saba and were first
described by Sapper (1903). Today three hot springs are known at sea
level around the coast of the island and heat is escaping from a sulfur
mine adit high in the sea cliffs between Lower Hell’s Gate and Green
Island off the north coast. The mine occurs in an andesite block and ash
flow deposit underlying basaltic andesite lava flows (Plate 2). Sulfur was
mined here for short periods between 1875-76 and 1904-07. The full
history of discovery and mining of these deposits and the chemistry of
the sulfur and gypsum minerals were described by Westermann (1949),
and summarized by Westermann and Kiel (1961). 

The locations of the hot springs of Saba together with areas of former
fumerolic activity are shown on the geologic map (Plate 2). These areas
are indicated by outcrops of orange, brown, yellow and green altered vol-
canic rocks. A summary of all known geothermal data for Saba is given
in Table 40, and each location is next described. 

Hot springs at Well Bay
Hot springs at Well Bay were reported by Sapper (1903). In 1939 how-
ever, Kruythoff (1939) reported that the sea had destroyed a barrier sep-
arating them from the sea and that water reported as previously ‘hot
enough to poach an egg’ had been overwhelmed by the sea. Recent
searches for these springs have failed to locate them, so we have no record
of their present-day temperature. Today the area is no longer remote, as
a new concrete driving road has been built to the beach. Any reappear-
ance of hot springs in this area is therefore likely to be rapidly noted.
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Hot springs between Ladder Bay and Tent Bay
These are the most accessible of the hot springs on Saba. They are locat-
ed 900 m south of the Ladder (the stone steps leading down the sea cliff
to Ladder Bay), below the steep, high cliffs that truncate the Great Hill
dome. Two closely-spaced springs occur at sea level and are just covered
by seawater at high tide. This causes problems in visiting the locality in
winter when a strong ground swell covers the springs with surf and boul-
ders. Their location is however facilitated by the occurrence of a black
coating (algae?) on pebbles exposed to warm water. One of these springs
was visited by Sapper (1903), when he measured a temperature of
54.2C. The spring was measured again in March 1950 when tempera-
tures between 55-57C were recorded (Westermann and Kiel, 1961). On

 . Measurements of volcanic heat emission on Saba

Date Hot spring, Hot spring, 900m Hot Spring Air temperature Measured by:
Well Bay south of Ladder opposite inside sulfur mine

Green Island

#1 #2

1903 reported Sapper (1903)

1903 54.2˚C Sapper (1903)

15/3/1950 55-57˚C Westermann & Keil (1961)

22/7/1979 31.5˚C Roobol & Smith
(20m inside)

25/7/1979 51˚C Roobol & Smith

27/7/1979 72˚C Roobol & Smith

27/7/1979 55˚C Roobol & Smith

26/8/1981 55˚C 66.5˚C Gunnlaugsson (1981)

9/3/1994 54˚C* 32.5˚C Roobol & Smith
(deepest part)

10/3/1994 32˚C 54.2˚C Roobol & Smith

13/4/1996 80˚C Johnson

24/9/1996 82˚C Buchan

30/1/1997 covered 62˚C Roobol & Smith

27/8/1997 62˚ C Smith

9/4/1998 79˚C Johnson

* Submerged, probably minimum temperature



August 26, 1981, Gunlaugsson (1981) determined the temperature to be
55C, with a flow rate of less than 0.1 liter per second. The temperature
of this spring has since been measured several times (Table 40). For most
of this century the temperature appears to have been constant at or
around 55 C (Table 40), however in January 1997, it was found to have
increased to 62 C. A further temperature measurement in August 1997
indicated that the temperature was still at this elevated value (Table 40).
In March 1994 when the main spring had a temperature of 54.2 C, a
second spring with a temperature of 32C was located to the south of the
main spring. Recent attempts to relocate this second spring have failed
because of local conditions.

A hot spring opposite Green Island
This hot spring is situated on the northern shoreline immediately below
the abandoned sulfur mine and opposite Green Island. Access both from
the sea due to the high surf, and from land, down a vertical cliff below
Lower Hell’s Gate is difficult. The spring occurs at sea level and is often
covered by surf, boulders and gravel. It was not recorded by Sapper
(1903), nor Westermann and Kiel (1961), but was known to the
islanders who reported that sometimes in winter, steam can be seen rising
from the shore at this point.

This hot spring was located by us on July 27, 1979, using a boat and
swimming ashore, and the temperature found to be 75C. It was next vis-
ited by Gunlaugsson (1981), who found it buried in sand, but was able to
measure a temperature of 66.5C. This indirect measurement of the tem-
perature of the spring water is probably lower than the emission tempera-
ture. We revisited it on March 9, 1994, when it was again deeply buried
in sand and the spring was hidden. Direct measurement was not possible,
but a maximum temperature of 54C was obtained by probing the sand
with a thermometer. This measurement also does not reflect the true tem-
perature of the spring, which was not determined. In April, and again in
September 1996, the spring was measured by residents of the island and
its temperature found to have increased to 80 and 82 C respectively. It
appears that the temperature of this spring and the Ladder Bay spring
both increased between 7 to 12 C sometime between March, 1994 and
April, 1996.
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Heat escape from the sulfur mine adit
An abandoned sulfur mine adit at the top of the northern sea cliffs near
Lower Hells Gate, situated directly above the shoreline hot spring opposite
Green Island, is also the site of heat escape. When first visited by us with-
out torches on July 22, 1979, the outside air temperature was 27.5 C, and
at distances of 6, 10, 14 and 20 m into the adit the air temperatures near
the roof were 29, 30, 31 and 31.5 C respectively. We revisited the mine
with torches in March 9, 1994 when the maximum air temperature inside
was found to be at the deepest point at the back of the mine in a short ver-
tical shaft leading up from the adit. In this shaft, an air temperature of
32.5C was recorded.

Submarine hot springs
The formation of the Saba Marine Park around the island in 1987 has
resulted in an increase in tourism on the island, with SCUBA diving one
of the main tourist activities. This in turn has lead to the identification of
two areas of heat escape on the sea bed, where divers report pushing their
hands into the sand of the sea bed in order to warm themselves. One of
these locations, which is described in a book on the Saba Marine park
(van’t Hof, 1991) and named the Hot Springs Dive Site number 15, is in
10 m of sea water about 150 m offshore of the Ladder Bay hot spring in
Ladder Bay. No temperature measurements have yet been made at this
site. A second site of underwater heat escape was located in 1994. It lies
on the seabed between Green Island and the hot spring on the shoreline
below the sulfur mine; again there are no temperature measurements for
this location.

Other reported areas of heat escape on Saba
There exist other reports of heat escape on Saba island, only one of these
is regarded by us as reliable. A newspaper report in 1995 noted that a
cave on the upper northeast side of Great Hill had rocks at depth that
were too hot to touch. On a visit to the island in June 1995 one of us
(Smith) interviewed one of the residents, Mr. James Johnson, who had
descended into the cave, who confirmed the newspaper report. A visit to
the cave in the company of Mr. Johnson was made at this time. As the
site of the hot rocks was reported to be at a depth of at least 200 m, no
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 . Composition of geothermal waters (in ppm) from the Lesser Antilles

SABA1 ST. EUSTATIUS2 MONTSERRAT3 GUADELOUPE4 ST. LUCIA5

Location Spring opposite Ladder Bay Spring Bay Cherry Tree Concordia Galways Plymouth d’Entrecast Shoe Rock Sulfur Diamond
Green Island (spring) (spring) (well D) (well E) (soufriere) (spring) -eaux dome scarp Springs Spring

(sea floor (sea floor
emission) emission)

Temp C 66 40 25 36.0 33.7 98 89.8 25.9 25.6 72 43.1
Li N.D. N.D. N.D. 0.0276 0.0246 0.030 8.90 N.D. N.D. 0.09 0.22
Na 11665. 9500. 761. 362.96 369.66 114. 7880. 12000. 11000. 54. 129
K 486.1 347.2 44.8 14.283 13.680 12.0 1,030. 392. 337. 13.7 11.0
Mg 800.0 1255.0 65.5 64.62 47.92 42.8 302 1410 1370 9.3 42.3
Ca 1111.0 405.0 107.8 129.97 104.77 207 2,510 395.0 359.0 72.3 69.2
Sr N.D. N.D. N.D. 14.27 12.11 N.D. N.D. N.D. N.D. 0.66 0.47
Mn N.D. N.D. N.D. 0.0002 0.0002 N.D. N.D. N.D. N.D. 0.81 0.29
Fe N.D. N.D. N.D. 0.0119 0.0162 N.D. N.D. N.D. N.D. 16.4 0.20
HCO3 N.D. N.D. N.D. N.D. N.D. 55 128 159 159 0 6.86
SO4 1802.3 2172.3 50.4 N.D. N.D. 1018. 161. 3260. 3020. 1,085. 21.8
Cl 19290. 14548. 1118. 768.21 760.00 21.2 18220 20500 21400 32.9 40.0
F 1.0 0.7 0.2 N.D. N.D. 0.148 0.22 N.D. N.D. 0.05 0.15
I N.D. N.D. N.D. 0.1202 0.2065 N.D. N.D. N.D. N.D. N.D. N.D.
SiO2 130.8 78.3 56.6 47.05 45.32 216. 315. N.D. N.D. 186. 171.
B 11.50 5.10 0.65 N.D. N.D. 0.30 22.9 N.D. N.D. 15.1 11.1
Al N.D. N.D. N.D. 0.0014 0.0017 N.D. N.D. N.D. N.D. 22 <0.05
Ba N.D. N.D. N.D. 0.0837 0.0909 N.D. N.D. N.D. N.D. 0.13 0.09
Br N.D. N.D. N.D. 2.624 3.045 N.D. N.D. N.D. N.D. <0.1 <0.1
Co N.D. N.D. N.D. 0.0002 0.0002 N.D. N.D. N.D. N.D. 0.004 <0.001
Cr N.D. N.D. N.D. 0.0274 0.0278 N.D. N.D. N.D. N.D. 0.026 <0.001
Rb N.D. N.D. N.D. 0.0113 0.0075 N.D. N.D. N.D. N.D. 0.11 <0.01
Zn N.D. N.D. N.D. 0.0009 <d N.D. N.D. 0.044 0.053 0.09 <0.02
CO2 320.0 424.0 503.0 N.D. N.D. N.D. N.D. 0.0 0.0 N.D. N.D.

N.D. Not Determined
<d Less than detection limit of 0.00002 ppm
1. Data from Gunnlaugsson, (1981)
2. Data this paper (analyses by Activation Laboratories).
3. Data from Chiodini et al. (1997)
4. Data from Polyak et al. (1992)
5. Data from Ander et al. (1984)



surface expression was noted and no descent was made into the cave, as
climbing gear was not available. Mr. Johnson regarded the original
descent, which was made using ropes, as extremely dangerous and he said
that he would not make the descent again. This report is considered reli-
able by us, as the position of the hot rocks inside the Great Hill dome is
approximately 400 m horizontally from the hot springs at Ladder Bay. 

Westermann and Kiel (1961) reported another location where hot air
without sulfurous gases was believed to escape from fissures in the hillside
on the road between Crispen and Windwardside village. However at the
time of their visit due to road widening and removal of rock they were
unable to confirm this occurrence. However the reports of this hot air
escape persist on the island, and in 1979 we were taken to the location
by Mr. Petersen of Windwardside village. Air was blowing out of an
opening between blocks of a weakly lithified block and ash flow deposit
at a height of about 2 m above the concrete road surface. The air tem-
perature in the shade was 31 C and the temperature of the air blowing
out of the ground was 28 C. It seems probable that this is simply air,
which enters the ground below the road between boulders and cools on
its way to the outlets, and is not related to fumerolic activity. We do not
regard this report as reliable evidence of heat escape.

Chemistry of hot springs on Saba
Gunlaugsson (1981) analyzed samples from the hot springs at Ladder Bay
and opposite Green Island together with a cool, fresh-water spring at
Spring Bay. His data are shown in Table 41 and compared with two sam-
ples from hot water wells on St. Eustatius, with cool, submarine springs
off Guadeloupe, and hot springs on Montserrat and St. Lucia. The sodi-
um content of the analyses shows that only the samples from Spring Bay
(Saba), St. Eustatius, Galways Soufriere (Montserrat) and St. Lucia are
fresh water. The others, including both hot springs analyzed on Saba, con-
tain high contents of Na, Ca, Cl and SO4 and are thought, as concluded
by Gunlaugsson (1981), to be highly contaminated by sea water. This is a
common problem when springs are partially awash in surf. In previous lit-
erature the hot springs near the Ladder on Saba have been described as
saline, however on March 10, 1994, we were fortunate to visit the Ladder
Bay spring at low tide. The hot spring water was emerging from a fissure
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in the Great Hill andesite at a point normally covered by the sea. At the
same time the sea was calm, and the spring water was found to be fresh
and potable. It seems likely that the records in the literature that the
springs are saline are in fact records of emerging fresh water springs that
are being contaminated by seawater at high tide. 

Helium and carbon isotopic studies from the Lesser Antilles (van
Soest et al., 1998) included data from a hot spring on Saba. The Saba
results showed helium isotopic ratios (4.89) that were slightly lower than
mantle values, suggesting an enhanced crustal contamination, whereas
the ∂13C values were similar to mantle values (-2.8). Although these data
gave an arc-like CO2/3He ratio (3.0 x 1012) for the Saba sample, the
authors concluded that because of the low helium concentration in this
water sample, the ratio could not be used to determine volatile prove-
nance, as it probably had been influenced by fluid partitioning, probably
as a consequence of boiling.

Westermann and Kiel (1961) report an account by Benest in 1899 of
a submarine upwelling of fresh water off the coast of Saba. About 0.5 km
to the southwest of the island, fresh water was reported bubbling up on
the surface of the sea and there were reports of boats filling their water
barrels from this submarine stream of fresh water. Today, in spite the
increased boating and SCUBA activity in the Saba Marine Park no trace
of this spring is evident.

Distribution of heat escape on Saba
At the present time heat is escaping from the island of Saba and imme-
diately off its shores at six locations. These occur in two clusters of three,
on opposite sides of the island, along a line orientated southwest-north-
east. In the northeast, the three occurrences are the sulfur mine adit, the
shoreline opposite Green Island and the seabed near Green Island, occu-
py a horizontal length of 300 m. In the southwest, the hot springs dive
site, the Ladder Bay springs, and the cave with hot rocks in Great Hill
occupy a horizontal distance of 600 m. The northeast-southwest direc-
tion outlined by the hot springs may well mark a fault through the sub-
marine banks beneath the island of Saba. Such a fault may also control
the location of the main Saba vent. The existence of this possible fault is
further supported by the positioning of recent earthquake epicenters in
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the area, and also by the orientation of the horseshoe shaped sector col-
lapse scar. The orientation of the alignment of hot springs also closely
corresponds to the longest axis of the rhomb-shaped Saba island.

It is interesting to speculate on the effect of this possible fault or frac-
ture underlying the island on the aquifer of Saba. Saba is an island defi-

cient in groundwater and attempts to drill producing water wells have
not been successful. If a northeast-southwest fault occurs, much of the
island’s fresh water may be escaping into this fault zone, and the report
by Benest in 1899 of fresh water off the southwest coast of Saba may be
a rare observation of the escape of fresh water from the island.

   . 

There are no hot springs or fumeroles on St. Eustatius. Until the 1980’s
heated groundwater was also unknown. Then seven shallow water wells were
drilled into the lower flanks of the Quill to supply water to the growing
population. Heated groundwater was found in all seven wells. This is the
first indication of geothermal activity on the Quill, St. Eustatius — an
important indication that the volcano is dormant and not extinct. The loca-
tions of the wells (labeled A to G) are shown on the geological map (Plate
4). The wells were visited in November, 1994, April 1995, July, 1995, and
February, 1997. Measurements taken of the wells at these times are the only
geothermal record of the island to date (Table 42). In the table, the wells
have been ordered in terms of increasing horizontal distance from the low-
est point on the crater rim of the Quill. From this it can be seen that the
Upper Lynch well (A) at a distance of 1,155 m from the notch/breach has
the highest temperature, whereas the Golden Rock (F) and Concordia (E)
wells at distances of 2,560 and 2,710 m from the notch respectively have the
lowest temperatures. The geothermal zonation of the temperatures in the
wells with relation to the crater of the Quill is shown in Figure 89, which
clearly indicates that the heat source lies towards the crater of the Quill. 

The Upper Lynch’s well (A) was capped shortly after drilling because
water temperatures were reported to be 60-70C. The well was reopened in
June 1995, and had a minimum temperature of 52.6C from water raised
to the surface in a container from a depth of approximately 133 m. English
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Quarter well (B) in November, 1994 had become dry or blocked since
drilling of the well. Temperatures recorded for this well at the time of
drilling to a depth of about 180 m were 40-50C. Fair Play well (G) is a
pumping well in regular use, and had a stable temp of 34C in 1997. Roots
well (C) was also capped after drilling. On opening the well in June, 1995,
it had a minimum temperature of 38.2C on water raised to the surface in
a container from a depth of 100 m. The other three wells, Cherry Tree well
(D), Concordia well (E) and Golden Rock well (F), are pumping wells with
stable temperatures of 36C, 33-34C, and 30-31 C respectively. For
pumping wells a stable temperature was achieved by switching on the pump
and measuring the temperature on outflowing water until it stabilized. 

Groundwater Geochemistry of St. Eustatius
Water samples from Cherry Tree well (D) and Concordia well (E) were
collected in 1995 and were submitted to Activation Labs., Canada, for
analysis. The analyses, which are listed in Table 41, are relatively low in
Na, Ca, K, Mg, and Cl suggesting that they represent rainwater that has
infiltrated into the volcano’s superstructure. 

 . Temperature measurements of heated groundwater on St. Eustatius

Location** Upper Lynch English Quarter Fair Play* Roots Cherry Tree* Golden Rock* Concordia*
(well A) (well B) (well G) (well C) (well D) (well F) (well E)

Date of 1,155m# 1,540m# 2,080m# 2,120m# 2,215m# 2,560m# 2,710m#
measurement

Drilling of Well 60-70˚C 40-50˚C no information no information no information no information no information
(1980s)

11/20/94 c Dry N.D. c 35.6˚C N.D.1 34.0˚C

4/13/95 c N.D. N.D. c 36.0˚C 30.3˚C 33.7˚C

6/29/95 52.6˚C2 N.D. N.D. 38.2˚C3 36.3˚C 30.9˚C 34.5˚C

2/2/97 N.D. N.D. 34˚C N.D. 36˚C N.D.1 33˚C

* Temperatures were measured on water pumped to the surface. Temperature given is maximum 
stable temperature obtained after water had been pumped for a few minutes.

** For location of wells see Plate 4
N.D. Temperature not measured.
c Well capped by welded steel plate. 
1 Temperature was not measured as pump was not working.
2 After steel plate was removed, water was brought to the surface in a container from a depth 

of approximately 133 m before measurement was made.
3 After steel plate was removed, water was brought to the surface in a container from a depth 

of approximately 100 m before measurement was made.
# Horizontal distance from lowest point on the crater rim of the Quill
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     . 

Since the settlement of Saba and St. Eustatius, and up to and including
the publication of the work of Westermann and Kiel in 1961 there
appear to be no records on the islands of felt seismic activity. During the
late 1970s and early 1980s Lamont-Doherty Geological Observatory
(LDGO) operated a single, one-component seismometer on Saba as part
of their northeastern Caribbean network. No records of local micro-seis-
mic activity on the island of Saba have been reported for the period of
operation of the LDGO station. 

 . Map showing elevated groundwater temperatures
around the northern flanks of the Quill, and northwesterly
extension of the 34˚C isotherm.



Regional seismic events in the northeastern Caribbean have been
well-documented primarily by the Seismic Research Unit of Trinidad, as
well as a number of other organizations including the LDGO, the Puer-
to Rico Seismic Network (operated initially by the USGS and later by
the University of Puerto Rico at Mayaguez), and the volcanic observato-
ries of Martinique and Guadeloupe. Major events are covered by the
World Seismic Network based in Golden, Colorado. A plot of the data
from 1964 to 1992 for the northeast Caribbean is shown in Figures 90A
to C. The plot shows that the deepest epicenters are mainly centered
under the islands of the volcanic arc, that intermediate centers are clus-
tered under the extinct Limestone Caribbee Arc and that shallow epicen-
ters are scattered throughout the whole region but concentrated east of
the islands. These data are consistent with a Wadati-Benioff zone dipping
towards the west, together with shallow, near-surface events, which prob-
ably reflect activity on high-level crustal faults.

The 1992 felt seismic swarm
In June 1992, a minor earthquake swarm occurred near the island of
Saba and was felt and heard by the population of the islands of Saba and
St. Martin. Residents of Saba reported hearing noises and feeling the
ground move beneath their feet, although there were no reports of dam-
age. The initial period of seismic activity was recorded at the permanent
eastern Caribbean seismic stations, the nearest of which is located on 
St. Kitts some 55 km from Saba. On June 14, 1992 at the invitation of
the Netherlands Antilles Government, the Seismic Research Unit
installed one seismograph on each of the islands of Saba, St. Martin and
St. Eustatius in order to improve the detection and location capabilities
of the permanent network. 

According to Ambeh and Lynch (1993, 1995), 60 events were detect-
ed of which only 15 were located (Fig. 91A). The largest event of this
swarm occurred on June 11, 1992 with a duration magnitude (MD) of
4.5 and was felt at Modified Mercalli Intensities of IV-V on Saba, and III
on St. Kitts. A plot of epicenters for the period June 5-16 is shown in
Figure 90D, where they can be seen to plot along a southwest-northeast
trend. The focal depths for these events clustered in the range of 10-16
km (Ambeh and Lynch, 1993, 1995). This orientation, when compared
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 . Regional seismicity (1964-1992) of the northeastern Caribbean
(after Ambeh and Lynch, 1993, 1995; Puerto Rico Seismic Network,
unpublished data; Seismic Research Unit, unpublished data): 

. epicenters <70km; 
. epicenters 70-140 km; 
. epicenters >140 km; 
. plot of 1992 and 1994 earthquake swarms that were felt on Saba.



to the faults and lineaments of the submarine banks (Plate 1; Fig. 3) sug-
gests that the swarm originated on a northeast-southwest fault crossing
the submarine banks. The seismic events of 1992 are regarded as wholly
tectonic in origin and unrelated to any magmatic activity under the vol-
cano. This fault may directly underlie Saba island as discussed in the sec-
tion on hot springs.

The April 1994 felt seismic tremors
An earthquake and six aftershocks occurred in the northern Lesser
Antilles on April 21-25, 1994. The main shock had a magnitude of 4.8
and a hypocenter at a depth of 14 km at a latitude 18.20.2N and longi-
tude 62.69.6 W, and was felt with a Modified Mercalli Intensity of V on
the islands of Saba, St. Kitts and St. Martin (Seismic Research Unit, and
University of Puerto Rico at Mayaguez, unpub. data). The position of the
epicenter of the main shock is shown in Figure 90D where it is seen to
lie near to the islands of Anguilla and St. Martin, on the direct extension
of the southwest-northeast alignment of the 1992 swarm. The 1992 and
1994 hypocenter plots provide the first confirmation that the island of
Saba may have formed astride one of the many faults cutting directly
through the arc as shown in Figure 3. Again the 1994 earthquakes are
regarded as purely tectonic, related to faulting, and having no relation-
ship to magma movement. 

The microseismic swarm of 1995 to 1997
The single seismometer installed on the island of Saba since 1992 record-
ed an earthquake swarm, which commenced in May 1995 and lasted
until April 1997. The activity peaked during December 1996 with a total
of 64 tremors being recorded during that month. A histogram of these
events is plotted in Figure 91B. The 1995-1997 microseismic activity is
believed to be associated with the 7-12 C temperature increase of the
hot springs recorded on the island between geothermal measurements
made in 1994 and 1996. The events can be considered a mild volcano-
seismic crisis, and the increased heat flow may have resulted from the
opening of new fissures beneath the island permitting deeper circulation
of groundwater. The possibility of renewed magma movement beneath
the island however cannot be eliminated. 
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In summary, the geothermal evidence indicates the presence of at
least hot rocks beneath Saba and the Quill, so that both volcanoes must
be classified as dormant rather than extinct (the latter was suggested by
Westerman and Kiel, 1961). The recent seismic activity appears to be
mainly tectonic in nature, and related to movements on faults in the sub-
marine banks rather than movement in high-level magma chambers,

 . Daily number of events of the 1992
Saba earthquake swarm (after Ambeh and Lynch,
1993, 1995).

. Microseismic events recorded on Saba island
from 1995 to 1997 (unpublished data collected by
the Seismic Research Unit under contract to TNO,
and released to authors).



although the 1995-1997 activity beneath Saba definitively appears to
have been a volcano-seismic event.

A first assessment of volcanic hazards on both islands was made by
Roobol et al, (1981a), and submitted to the Netherlands Geological Survey.
This report was made confidential by the Netherlands Antilles Govern-
ment, but was finally published in 1997 (Roobol et al., 1997). As a result
of this report, a proposal was submitted for monitoring of both islands, and
providing an educational program on volcanic and seismic hazards for the
local populations. To date no funds have been assigned for this purpose.

     , . 

The new stratigraphic sections presented here for both Saba and St.
Eustatius strongly suggest that the latest volcanic activity corresponds at
least to the period of the Amerindian settlement of the arc. Further study,
and radiocarbon dating of deposits exposed in new excavations on both
islands, can only improve on the present picture. It must be noted that
the few charcoal dates obtained on both islands were obtained in hand
dug pits on Saba, in excavations for foundations for homes near the air-
port on St. Eustatius, and in archeological trenches. Saba with only three
radiocarbon dates remains one of the most poorly dated islands in the
Lesser Antilles, although the problem here is not lack of searching nor
paucity of excavations rather one of the lower charcoal-rich flank deposits
being submarine. 

The observations of heat escape on Saba and the occurrence of heat-
ed groundwater with increasing temperature zonation towards the Quill
on St. Eustatius, strongly support the case for activity in the very recent
past. Although it has not been possible to reconstruct in detail the recent
eruptive history for Saba, in a manner similar to that for Mt. Pelée, 
Martinique (Smith and Roobol, 1990) and the Soufriere Hills, Montser-
rat (Roobol and Smith, 1998), sufficient data are available to determine
the most likely style of future activity. In contrast, the stratigraphic his-
tory of the Quill can be readily reconstructed from the flank stratigraph-
ic sections exposed in the sea cliffs around the island so that the style of
future activity can be more readily assessed. 
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The evolution of Saba has been dominated by repeated Pelean-style vol-
canic eruptions leading to the formation of andesite domes with surround-
ing aprons of andesitic block and ash flow deposits. In addition, there are
three andesite domes which do not appear to have produced major pyro-
clastic deposits but have produced only dome flows. St. Vincent-style pyro-
clastic activity is very minor, as is the production of basaltic andesite lava
flows. The major risk of renewed activity on Saba is likely to be of Pelean-
style. Maps showing the distribution of the deposits of the different styles of
activity on Saba, and an assessment of its volcanic hazard are described in
Roobol et al. (1997). Their conclusion is that on a small steep-sided cone
of only 4 km diameter there is nowhere on the island that can be regarded
as safe from any type of volcanic activity. Any future precursor activity
requires immediate evacuation of the entire population of 1,400 persons.
The nearest Netherlands Antilles possessions are St. Eustatius and part of
the island of St. Martin. 

In contrast to the Pelean dome complexes on Saba, the Quill is a diff-

erent type of volcano, with the latest eruptive products forming from an
open crater and being of basaltic andesite composition. It can thus be
regarded as being in a St. Vincent stage of activity and it is likely that
future activity will be very similar to that of the most recent erupted bed-
set (Marker Units K through O). Unlike Saba, many other types of pyro-
clastic activity are however possible from the Quill, including Pelean-,
Asama-, and Plinian-styles, including the eruption of ignimbrites. The
main area of settlement between the Quill and the Northern Centers is
particularly vulnerable to all types of pyroclastic activity. Some element
of safety however exists on the higher elevations of the extinct Northern
Centers. Stratigraphic sections at Pisgah Hill on the Berjge dome center
show that phreatomagmatic ashes, ash and lapilli falls, pumiceous surges,
and ignimbrites (ash hurricanes and fine-grained pumice and ash flows)
have all affected these hills, however the frequency of inundation of the
Northern Centers by pyroclastic deposits from the Quill is considerably
smaller than for the lower flanks composing the central part of the island,
where the population of 2,600 now lives. Particularly at risk from future
activity is the town of Oranjestad, which lies directly below the notch or
low point of the Quill’s crater rim. From this notch a pyroclastic flow fan
can be seen to be directed towards the southern part of the present town.
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Maps showing the distribution of the different types of pyroclastic
deposits from the Quill are described in Roobol et al. (1997). The
inescapable conclusion derived from these maps is that all areas of settle-
ment on St. Eustatius require immediate evacuation in the event of
future precursor activity. Very short-term evacuation to the Northern
Centers is a possibility, however this is hampered by the fact that the only
road and jetty in the area is within an extensive oil storage facility built
on Pisgah Hill. 

    . /- 

  /- 

Because there are no historic records of volcanic eruptions on Saba and
St. Eustatius, and because there is no systematic monitoring of these two
islands unlike the remainder of the Lesser Antilles, precursor activity will
probably play an important role in predicting the onset of future volcanic
activity. The two different petrologic models proposed for Saba and the
Quill differ greatly, and if they are correct it is possible that precursor
activity or the early warning signs of the onset of a new cycle of volcanic
activity will not be the same on each island. In order to explore this pos-
sibility a comparison of the precursor activities is made for volcanoes,
regarded as similar to Saba and the Quill, that have erupted in the Less-
er Antilles during the 20th century. The proxy to the Saba volcanic com-
plex with its many scattered Pelean domes is found in the Soufriere Hills,
Montserrat, which began its latest eruption in 1995, whereas Mt. Pelée,
Martinique which last erupted in 1902-05 and 1929-32 can be used as a
proxy for the Quill, St. Eustatius. 

Data summarizing the main differences in precursor activity for the
historic activity of Mt. Pelée, Martinique and the Soufriere Hills,
Montserrat are given in Table 43. We will also attempt to explain the
differences in precursor activity between these two volcanoes in terms of
the two contrasted models proposed for Saba and the Quill, St. Eustatius.
Mt. Pelée’s precursor activity is thus explained in terms of the recharge of
a system of high level magma chambers in a thin crust lacking fault
zones, and the Soufriere Hills volcano’s precursor activity is explained in
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terms of recharge of a dike system occupying a major crustal fracture or
fault zone beneath the volcano.

Precursor activity prior to the historic activity on Mt. Pelée, Martinique
The catastrophic 1902 eruption of Mt. Pelée might be regarded as the
third, and successful attempt by magma to break out of a high-level
chamber, following earlier failed attempts in 1792 and 1851. Robson and
Tomblin (1966) described the 1792 and 1851 events as primarily steam
or phreatic explosions in the upper parts of the Riviere Claire, on the
western superstructure of the cone - an area today marked by hot springs.
There is no record of felt seismic activity associated with the 1792 event.
The 1851 event began with several explosions in August and October,
which deposited lithic ash on the volcano and caused mudflows in the
Riviere Blanche. LaCroix (1904, p. 33) described the 1851 ash as main-
ly secondary lithic material but identified one sample as possible juvenile
material, suggesting that the more powerful 1851 event may have been
phreatomagmatic. Existing accounts also describe felt seismic activity. A
third indication of the changing status of dormancy of Mt. Pelée was the
formation of new fumeroles emitting sulfurous gases that formed in 1889
on the east side of the then open crater, known as the Etang Sec
(LaCroix, 1904). The amount of gases emitted by these new fumeroles
increased significantly during 1900 and 1901, so that by February 1902,
such large volumes of H2S were being emitted, that silver turned black in
the town of St. Pierre eight kilometers from the crater. On April 22

 . Comparison of precursor activities for Mt. Pelée, Martinique, 
and Soufriere Hills, Montserrat

Activity Mt. Pelée Soufriere Hills

Increase in fumerolic activity prior to Months to years Variable
the onset of eruptive activity

Felt earthquakes prior to the onset of Days to months Years
eruptive activity

Occurence of volcano-seismic crises Rare Common

Time from onset of eruptive activity Days Months
to the generation of pyroclastic flows



1902, the first earthquake was felt in Le Precheur, but not in St. Pierre,
and on April 24, the first explosion occurred when a column of ash and
steam was seen to rise 500-600 m above the Etang Sec crater. The first
recorded pyroclastic flow occurred on May 8, 1902, although smaller
flows may have affected the summit area prior to this date.

The 1929-32 eruption of Mt. Pelée (Perret, 1937) closely followed
the events of 1902-05 but on a much smaller scale. An increase in
fumerolic activity was first noted in March 1929. In August, earth
tremors were locally felt at the summit of the volcano only, suggesting
a high-level source within the cone, and much SO2 was being emitted
from fumeroles within the crater. The explosive phase of the eruption
began on September 16, 1929, and the first pyroclastic flows descended
the Riviere Blanche on November 20, 1929.

Our interpretation with hindsight of these events of Mt. Pelée is that
the 1792 and 1851 events were failed attempts by magma to reach the
surface. Magma finally broke through in 1902, and again in 1929, with
the second event possibly representing the eruption of material that had
remained in a high-level chamber since the 1902 eruption. Precursor
activities associated with these eruptions were a significant increase in
fumerolic activity, and the occurrence of felt earthquakes days to months
prior to the start of the eruption. It is not known whether an increase in
microseismic activity preceded the occurrence of felt earthquakes. An
additional precursor phenomenon appears to have been the rise of the
water table close to the surface so that ground water was expelled into the
rivers draining the volcano (Roobol and Smith, 1975a; Smith and
Roobol, 1990). 

Historic precursor activity of the Soufriere Hills volcano, Montserrat
The Soufriere Hills volcano, Montserrat has been the site of a number of
volcano-seismic crises, none of which led to an eruption. In 1897-98 an
earthquake swarm occurred beneath the volcano, and was accompanied by
an increase in fumerolic activity. Much the same thing happened in 1932-
1938 when there was a considerable increase in both seismic (over 3,000
earthquakes were felt) and fumerolic activity (Powell, 1938; MacGregor,
1938; Perret, 1939), and again in 1966-67 (Shepherd et al., 1971). For
this crisis, 723 local earthquakes were recorded, of which 32 were felt on
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the island from May 1966 to the end of 1967. The hypocenters of these
earthquakes showed a steady decrease in depth from around 15 km at the
beginning of the activity to a minimum of 2.8 km from July to September
1966, after which depths again increased. In addition it was also noticed
that heat escape at Galway’s Soufriere increased to a maximum in October
1966.

The 1995 eruption of the Soufriere Hills, Montserrat is the first since
European settlement of the island in 1636 AD. The activity began in
November 1992 (Ambeh et al., 1998) with increased seismic activity
which sporadically continued until July 18, 1995, when a series of
phreatic explosions occurred from a fissure on the northwestern lower
slopes of the Castle Peak dome. There does not seem to be any record of
significant change in fumerolic activity prior to the start of this explosive
activity (Hammouya et al., 1998; Boudon et al., 1998).

For the Soufriere Hills, the historic record suggests that there were at
least three failed attempts, all represented by volcano-seismic crises, prior
to the 1995 eruption. Thus, in contrast to Mt. Pelée, an increase in seis-
mic activity appears to be a very characteristic precursor for the Soufriere
Hills, with felt earthquakes occurring years prior to the onset of explosive
activity. An increase in fumerolic activity also appears to be associated
with the volcano-seismic crises, but was apparently not a significant pre-
cursor to the 1995 eruption due to the possible isolation of the magma
conduits from the hydrothermal system as a consequence of the precipi-
tation of vapor transported silica (Boudon et al., 1998).

Discussion
The historic record indicates that the Soufriere Hills, Montserrat is char-
acterized by frequent volcano-seismic crises associated with increases in
fumerolic activity but that these usually do not lead to an eruption. In
contrast, Mt. Pelée, Martinique is characterized by frequent increases in
fumerolic activity that leads to phreatic activity without necessarily lead-
ing to magmatic volcanic eruptions. These differences between the pre-
cursor activity of Mt. Pelée and the Soufriere Hills can be explained in
terms of the nature of their plumbing systems immediately beneath the
volcanic edifice. The models presented here propose at least one magma
chamber situated at a high crustal level below the central vent of a volcano
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such as Mt. Pelée, or the Quill. This chamber remains active throughout
the life of the volcano. The rise of magma into this high level chamber
requires simply the movement of magma into the crust and the subse-
quent inflation of the superstructure of the volcano. Such a process need
not result in any notable seismic activity prior to the final stages of ascent,
when magma has to open a passage to the surface. The rise of such a plug-
like body of magma would lead to an increase in fumerolic activity as it
heated up the groundwater, and could lead to a rise in the water table and
an expulsion of the ground water from the superstructure of the volcano. 

In contrast, the Soufriere Hills or Saba examples require that each vol-
canic eruption be related to the rise of a thin, fissure-filled dike. Recharge
into a fault zone beneath Saba or the Soufriere Hills may require the for-
mation of a new dike, or at least the opening of a pre-existing narrow ver-
tical sheet-like dike, sealed perhaps over 2-3 km depth after the last erup-
tion. Such a model would predict the likely occurrence of swarms of
earthquakes as the fracture re-opened. Also the presence of a thin dike
would not be conducive for a significant increase in fumerolic activity.

The short duration between the onset of steam explosions and the for-
mation of pyroclastic flows in the Mt. Pelée/Quill case can also be
explained by the availability of relatively large volumes of magma in a
high-level chamber possibly within the substructure of the volcano itself,
i.e. abundant magma is readily available for expulsion to the surface. Also
differentiation of this magma could lead to the accumulation of volatiles
in the top of the magma chamber which would favor explosive eruptions.
In contrast, the long interval between steam explosions and pyroclastic
flows in the case of the Soufriere Hills/Saba type can be accounted for by
the difficulty in physically opening and clearing a fissure through the sub-
structure of the volcano where only small volumes of magma are available
at any time for expulsion. The measured inflation of the NW-SE fissure-
filled dike beneath the Soufriere Hills, Montserrat was determined to be
only of the order of one meter (Mattioli et al., 1998). Also the rise of this
thin sheet of magma along a fissure to the surface provides ample oppor-
tunity for degassing of the magma before it reaches the surface. For the
Soufriere Hills, the first magma to reach the surface in November 1995
was relatively degassed, and it was not until March 1966 that gas-rich
magma capable of explosive eruptions finally reached the surface.
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