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Executive Summary
This report describes the preliminary results from investigations by Montserrat Volcano Observatory
(MVO) into a sinkhole in the North West Bluff region of Montserrat.
On 17 February 2016, MVO staff on a routine helicopter flight discovered a circular sinkhole in the area
of North West Bluff, on the north coast of Montserrat, about 12 kilometres from the Soufrière Hills
Volcano. A ground collapse had produced a pit measuring 6.3 m (21 ft) across at the surface and at least
42m (138ft) deep. The sinkhole has near-vertical to overhanging walls and narrows to approximately 2-4
m across at 39 m depth. MVO deployed several monitoring instruments in the area, including a
seismometer, GPS (both on a Spider) and two EDM (Electronic Distance Measurement) reflectors;
mapped outcrops around the sinkhole; and lowered into it a sensor package with a video camera, a
temperature and humidity logger, a GPS unit and an SO2/H2S detector. At 39 m depth, the air
temperature was 25.8 °C and humidity was 91%, while the SO2/H2S gas detector did not record the
presence of either gas. Images from the camera show volcanic deposits that have undergone varying
degrees of hydrothermal alteration. These are clearly features of an old, now extinct soufriere. The
video camera also recorded the sound of waves breaking, probably inside a cave, which increased in
volume with depth.
The data gathered by the sensor package confirms that the sinkhole is not related to nor caused by any
new or any ongoing volcanic activity. The origin of the sinkhole is the result of natural processes of
erosion and collapse, caused by the action of sea waves on the hydrothermally altered rocks in the area.
What was initially described as steam or "salty steam" is in fact just sea spray generated by waves
breaking inside a cave at depth and being drawn up through the sinkhole by the action of the wind
blowing across the surface.
MVO will continue to monitor the area using the Spider instrument, aerial photography and EDM,
checking for any possible indications of further instability or collapse of the sinkhole or other activity in
the surrounding area.
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1. Introduction
Sinkholes are a common landscape feature and can be generated by a variety of natural and artificial
(i.e. man-made) processes. Commonly associated with Karst topography, these landscape features
typically form from the collapse of underground drainage systems and other cavities generated by
dissolution of soluble rocks such as limestone, dolomite and gypsum (Jennings, 1985; Palmer, 1991).
There are also examples of Karst-like landforms forming in non-carbonate rocks such as quartzite
(Picccini and Mecchia, 2009) and volcanic tuffs (De Waele et al., 2008). Sinkholes can also be generated
by man-made processes, such as the collapse of abandoned mines and salt cavern storage in salt domes,
a common occurrence in the US states of Louisiana, Mississippi and Texas. Alternatively, sinkholes may
also form in urban areas as a result of water main breakage or sewer collapse. Over-extraction of
groundwater can also cause cavities to form with subsequent failure of the overlying ground surface.
During a routine helicopter flight on 17 February 2016, MVO staff discovered a large sinkhole in the
north of Montserrat. The sinkhole is located in the North West Bluff region of Montserrat, close to the
northernmost point of the island (Fig. 1), and part of the Silver Hill volcano. The Silver Hill volcano is the
oldest of the four volcanic centres on Montserrat, with deposits of volcaniclastic rocks (pyroclastic flow
deposits, rockfall deposits, lava domes and tephra, some of which have been hydrothermally altered)
dated at 1.2-2.6 million years old (Harford et al., 2002). This geology is not typical for the formation of
sinkholes.
This report describes the investigations and actions carried out by MVO following the discovery of the
sinkhole in the North West Bluff region of Montserrat. Following a summary of the chronology of
investigations, the results are presented and the origin of the sinkhole is discussed.
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Figure 1:

Location map of the sinkhole in the North West Bluff region of northern Montserrat.
Numbers 1-4 denote areas of hydrothermally altered deposits identified during the
course of the geologic mapping. The location of sea caves in the cliffs north of the
sinkhole and the MVO Spider instrument are also indicated. The background image is
constructed from the aerial photography acquired by MVO on 24 February 2016. The
insert shows the location of the area of interest (red box) on Montserrat in relation to
the four volcanic centres on Montserrat (SH – Silver Hill, CH – Centre Hills, SHV –
Soufrière Hills Volcano and SSH – South Soufrière Hills).
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2. Chronology of Investigations
Table 1 summarises the investigations and actions carried out by MVO.

TABLE 1
Date

17 February
2016

19 February
2016

24 February
2016

2 March 2016

Table 1:

Actions/Notes
•

Sinkhole discovered by MVO staff during routine visit to nearby GPS station.

•

First preliminary investigation carried out with thermal infrared camera.

•

"Steam" observed venting from sinkhole.

•

Premier, Governor and DMCA informed by MVO Director.

•

Field investigations of outcrops around sinkhole.

•

Deployment of ground control points for aerial photography survey

•

UAV-based aerial photographs acquired.

•

Spider deployed, with seismometer and GPS sensor.

•

Aerial photography survey carried out.

•

Continued mapping of hydrothermally altered material in area around
sinkhole.

•

Ground temperature measurements made.

•

Sensor package lowered to depth of 39 m. Video and still images acquired,
along with air temperature and humidity.

•

SO2/H2S detector lowered into sinkhole.

•

EDM reflectors deployed adjacent to sinkhole.

Chronology of actions taken by MVO following the discovery of the sinkhole in North
West Bluff area on 17 February 2016.

Following the discovery of the sinkhole, initial investigations were conducted from the air and on the
ground during which thermal images of the sinkhole and the immediate area were acquired using a FLIR
thermal infrared camera. Following this initial investigation, MVO immediately informed the local
authorities of the presence of the sinkhole.
MVO staff made a second visit to the sinkhole on 19 February 2016. This included the deployment of a
Spider instrument with a seismometer and a GPS sensor to a location approximately 90 m upslope of the
sinkhole (Fig. 1). This instrument provides real-time data on seismicity and ground deformation in the
area. In addition, further investigations were made in and around the sinkhole, mapping outcrops in the
area as well as deploying ground control points for an aerial photographic survey. A preliminary aerial
survey of the sinkhole was conducted using an unmanned aerial vehicle (UAV or drone). MVO also
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provided support to DMCA to transport materials to the area to begin the construction of a protective
fence around the sinkhole.
Aerial photography was acquired from a helicopter over a wide area surrounding the sinkhole on 24
February 2016 (Fig. 1) for the purpose of generating a detail topographic map of the area. Additional
ground investigations of hydrothermally altered material in area around the sinkhole were also carried
out, including taking ground temperature measurements.
During the visit on 2 March 2016, a custom-built "Downhole Sensor Package" (Fig. 2) that consisted of a
video light, video camera, temperature and humidity logger and GPS unit, was lowered into the sinkhole
to a depth of 39 m, where it “hit bottom”. An SO2/H2S gas detector was subsequently lowered into the
sinkhole. Data was continuously recorded by all sensors during the process of lowering them into the
sinkhole. Electronic Distance Measurement (EDM) reflectors and a survey pin were also installed close
to the sinkhole.

Figure 2:

The custom Downhole Sensor Package designed and built by MVO that was lowered into
the sinkhole on 2 March 2016. Instruments on the DSP are (from bottom to top): a video
light, two laser lights; a GoPro Hero3 action camera, a Garmin GPS unit on the front
(left) and on the rear, a temperature/humidity logger (at bottom, right).
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3. Results
3.1. Initial Investigations
The initial investigations on 17 February 2016 estimated the size of the sinkhole at approximately 5 m in
diameter and 20-30 m deep. Later, more detailed investigation revealed that the sinkhole measures 6.3
m in diameter at the surface, is approximately 42 m deep and has near-vertical sides, steeply
overhanging near the top (Fig. 3). The sinkhole measures approximately 2-4 m across at the base, giving
it a general conical shape. During the initial investigations, it was also noted that there was a small
amount of what appeared to be steam emanating from the sinkhole. However, thermal images acquired
at the time revealed no obvious heat sources that could explain the steam, while the smell of SO2 or H2S
gas was also absent. Later investigations revealed the steam had a very salty taste, suggesting it may be
derived from seawater.

Figure 3:

Aerial views of the sinkhole in the North West Bluff region of northern Montserrat. a)
Oblique view. Note people for scale. b) Vertical downhole view from directly overhead.
The sinkhole is 6.3 m across at the surface, approximatel 42 m deep and narrows to
about 2-4 m across. Images courtesy of D. Williams.
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3.2. Field Mapping
Mapping of the outcrops around the sinkhole revealed the presence of volcaniclastic rocks typical of
Montserrat. These consist of tan and grey coloured, coarse-grained deposits containing decimetre-sized
sub-angular to angular blocks of two-pyroxene andesite (Rea, 1974) in a matrix of fine-grained ash (Fig.
4a). This is similar to the pyroclastic flow deposits that have been produced by activity at the Soufreire
Hills volcano since 1995 (Cole et al., 1998, Harford et al., 2002). In some outcrops, these rocks were
found to be strongly hydrothermally altered to yellow, red and white coloured, clay-rich deposits
containing gypsum and sulphur. Altered deposits were found in four main areas (Fig. 1):
1. a small outcrop measuring approximately 15 by 20 m located 25 m north of and 8 m below the
sinkhole opening that contained some heavily brecciated, fractured or faulted deposits (Fig. 4b);
2. an area measuring 55 by 15 m approximately 30 m west of the sinkhole consisting of largely red
and white coloured, layered deposits;
3. various outcrops along the coastal cliffs to the northwest, and
4. an extensive area to the east of the sinkhole, in a series of small ghauts/drainage channels and
low coastal cliffs exposing predominantly yellow and red coloured altered deposits.
The cliffs to the north of the sinkhole were observed from the helicopter. A number of small caves and
wave-cut features, such as blow holes, were identified in the cliffs (Fig. 4c). A large semi-circular bay is
located just to the north west of the sinkhole, suggesting collapses or large sinkholes may have occurred
previously in this area. In addition several sub-vertical lineations, either prominent fractures or small
faults, were identified in some sections of the cliffs. These fracture sets or faults appear to control the
position of the caves in the base of the cliffs and, based on their NNW-SSE orientation, line up with the
location of the sinkhole.
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Figure 4:

a) Tan and grey coloured, coarse-grained deposits containing decimetre-sized (sub)angular blocks of two-pyroxene andesite (Rea, 1974) in a matrix of fine-grained ash. b)
Heavily brecciated/fractured hydrothermally altered deposits exposed at outcrop 1 (see
Fig. 1) c) View of sea caves in cliffs to the north of the sinkhole.

3.3. Downhole Sensor Package
The temperature and relative humidity profiles recorded by the data logger attached to the downhole
sensor package are plotted in Fig. 5. The air temperature decreased from a high of 33.2°C above the
surface, to a low of 25.7°C at 30 m depth. Below this, the temperature did not vary significantly,
reaching 25.8 °C at 39 m depth. Relative humidity increased from 62.1% at the surface to a maximum of
90.2% at 39 m depth. An SO2/H2S gas detector was lowered separately to the 39 m depth but did not
detect any sign of SO2 or H2S.
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Figure 5:

Temperature (red) and Relative Humidity (blue) depth profiles as recorded by the data
logger attached to the sensor package.

Images from the camera show volcanic deposits that have undergone varying degrees of hydrothermal
alteration. The top 8 - 9 m of the sinkhole walls consisted of weathered, but not altered, pale yellow
coloured volcaniclastic deposits containing sub-angular to angular blocks of andesitic lava measuring up
to 30 cm diameter (Fig. 6a). These typical pyroclastic flow or rockfall deposits rest directly on a 0.5 - 1 m
thick layer of yellow, white, and red coloured material (Fig 6b). This fine-grained, well-indurated unit
forms a prominent layer that sticks out from the wall slightly, resulting in a slight constriction in the
shape of the sinkhole. Below this first hydrothermally altered layer, the sinkhole walls expose a mix of
pale grey, fractured, massive, fine grained material, coated with some pale yellow to tan coloured
material concentrated along fractures and reddish-brown, massive, fractured, fine-grained material. At a
depth of 16 m, the lithology changes slightly to a well consolidated, coarse-grained blocky deposit with
blocks several decimetres in size varying from clast-supported to matrix-supported. This unit shows
evidence of hydrothermal alteration with bright yellow sulphur deposits following fractures (Fig. 6c).
With increasing depth in the sinkhole, this unit becomes progressively more altered. At the base of the
sinkhole, approximately 39 - 42 m depth, the images show very overhanging, rough and craggy walls
containing extensive bright yellow deposits with brown to purplish-brown clasts set in a strongly altered
yellow coloured, sulphur-rich matrix. Occasional blueish-grey clasts/patches were observed across the
walls (Fig. 6d). In one sector of the sinkhole, walls that slope towards the centre of the sinkhole were
covered by a sediment drape of coarse sandy material and occasional pieces of yellow or white altered
material. Patches or streaks of fine-grained, clayey material exhibiting mud cracks, indicating running
water, were also observed. From depths of 38 - 39 m, the camera acquired images of the bottom of the
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sinkhole. The floor appeared to be at least another 3 - 4 m below the camera, giving a maximum depth
of approximately 42 m. Coarse sandy material, similar to that seen draping the walls of the sinkhole at
various higher levels, was observed at the base of the sinkhole, suggesting that debris from higher up in
the hole was partially blocking the bottom of the sinkhole.

Figure 6:

Photographs of the rock types exposed in the walls of the sinkhole acquired by the
camera on the Downhole Sensor Package. a) Weathered but not altered volcaniclastic
deposits at the surface. b) A 0.5 - 1 m thick layer consisting of yellow, white, and red
coloured, fine-grained clay-rich hydrothermally altered material at approximately 9 m
depth. c) A well-consolidated, coarse-grained blocky deposit with blocks several
decimetres in size varying from clast-supported to matrix-supported with some evidence
of hydrothermally altered material in the form of sulphur deposits. Area to the left is
steeply dipping sinkhole wall draped with coarse sandy material from higher in the hole.
Depth approximately 16 m. d) Coarse-grained and block volcaniclastic deposit consisting
of extensive bright yellow deposits with brown to purplish-brown clasts set in a strongly
altered yellow coloured, sulphur-rich matrix and occasional blueish-grey clasts/patches.
Note craggy, overhanging walls. Depth approximately 36 m.

4. Discussion
The information gathered from aerial and ground-based observations, geological mapping and from the
Downhole Sensor Package during the initial investigations has provided sufficient evidence to determine
that the sinkhole is not the result of any form of new or ongoing volcanic activity. There are several lines
of evidence for this:
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1. No heat sources were identified in thermal images of the sinkhole and the air temperature
at the base of the sinkhole was lower than at the surface. If a hot spring or other heat
source was present, air temperature at the bottom of the sinkhole would be higher than the
25.8 °C recorded. Also, no elevated temperatures were found at the ground surface around
the sinkhole.
2. No SO2 or H2S was detected in the sinkhole. These two gases are commonly associated with
fumaroles/soufrieres and magmatic activity. The absence of both gases clearly indicates that
no heat source (i.e., magma) is present. There was no evidence of recent hydrothermal or
soufriere activity at the surface.
3. The sinkhole is found in the North West Bluff region of the Silver Hills, an extinct volcano
with deposits dated at more than 2.8 million years old. It is also located 12 km north of the
Soufrière Hills Volcano, the present source of volcanic activity on Montserrat. If the sinkhole
were associated with volcanic activity, one would expect it to have occurred closer to, if not
on, the presently active Soufrière Hills volcano.
4. The near-circular shape at the surface and the near-vertical sidewalls are characteristic of
sinkholes formed by gravitational collapse of the ground into a larger, pre-existing cavity.
5. The sound of waves breaking, probably in a cave, was recorded at depth by the video
camera, suggesting the sinkhole connects to another cavity that is open to the sea.
Sinkholes are typically associated with rocks such as limestone, dolomite or gypsum (Jennings, 1985;
Palmer, 1991). These rocks are dissolved away by water or other fluids, forming large underground
cavities that can result in collapse of the ground surface above. However, none of these rocks are
present in the area around the sinkhole, suggesting a slightly different process is responsible for the
formation of the sinkhole in the North West Bluff region.
Based on the evidence in this report, the following model is proposed for the formation of the sinkhole
(Fig. 7). Erosion by sea waves has exploited weaknesses such as faults or fractures in the unaltered
volcaniclastic deposits exposed in the coastal cliffs north of the sinkhole and has formed several caves in
the cliffs. One of these caves has intersected weak hydrothermally altered deposits that are
characteristic of an old soufriere, several of which are found in the northern part of Montserrat (Rea,
1975). Continued erosion within the cave has removed some of the hydrothermally altered deposits,
leading to increased instability and eventual collapse of the ground surface to form the sinkhole. It is
possible that the sinkhole marks the location of a particularly fractured or faulted area but, this requires
further investigation.
What was previously described as steam or "salty steam" is in fact just sea spray generated by waves
breaking inside a cave at depth and being drawn up through the sinkhole by the action of the wind
blowing across the surface. This mechanism is often referred to as the Venturi Effect.
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Figure 7:

A schematic cross-section showing the relative locations of the sinkhole and observed
sea caves along the coast north of the sinkhole. Dashed brown lines mark inferred
locations of sea cave and connecting passage to the base of the sinkhole. A simplified
geology of the rocks exposed in the walls of the sinkhole and areas to the north is also
shown. See text for discussion.

5. Summary and Future Work
Following the discovery of a large sinkhole in the North West Bluff region of Montserrat, MVO carried
out a variety of aerial and ground-based investigations that included the acquisition of aerial
photography, installation of a Spider (with seismometer and GPS) and two EDM reflectors, geologic
mapping of the area and lowering a sensor package into the sinkhole.
The data gathered during initial investigations, and in particular by the downhole sensor package,
confirms the public statements made by MVO that the sinkhole is not related to or caused by any new
or ongoing volcanic activity. The origin of the sinkhole is the result of natural processes of erosion and
collapse cause by the action of sea waves on the hydrothermal altered rocks in the area.
MVO will continue to monitor the area for ongoing ground instability using GPS, EDM and repeated
aerial photographic surveys. Ground-based mapping of the area will continue to identify and locate any
fracture or fault zones, as well as more detailed investigations of the hydrothermally altered areas. The
possibility of conducting a micro-gravity survey is being considered by MVO. This survey would attempt
to identify underground cavities that connect to the sinkhole, as well as any other cavities in the area.
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