Soufrière Hills Volcano

Summary (adapted from Wikipedia summary, based on extensive references therein, e.g. the Smithsonian Global Volcanism Program):
The Soufrière Hills volcano (French "Sulphur" Hills) is an active complex stratovolcano on the Caribbean island of Montserrat. After a long period of dormancy, it became active in 1995. Its eruptions have rendered more than half of Montserrat uninhabitable, destroying the capital city, Plymouth, and causing widespread evacuations: about two thirds of the population have emigrated from the island.

The volcano is andesitic in nature and the current pattern of activity includes periods of dome growth, punctuated by brief episodes of dome collapse which result in pyroclastic flows, ash venting, and explosive eruption.

While there was seismic activity in 1897–1898, 1933–1937, and again in 1966–1967, the July 18, 1995 eruption was the first since the 17th century. When pyroclastic flows  and mudflows began occurring regularly, Plymouth was evacuated, and a few weeks later a pyroclastic flow covered the city in several meters of debris. A large eruption on June 25, 1997, resulted in the deaths of nineteen people. The island's airport was completely destroyed by pyroclastics, and Montserrat’s tourist industry halted (though it is now recovering). The governments of the United Kingdom and Montserrat led the aid effort, including a £41 million package provided to the people of Montserrat; however, the people of Montserrat rioted and protested that the British Government was not doing enough to aid relief. Following the destruction of Plymouth, more than half of the population left the island due to the economic disruption and lack of housing. After a period of regular eruptive events during the late 1990s, including one on June 25, 1997 in which 19 people died when they were overtaken by a pyroclastic flow, the volcano's activity in recent years has been confined mostly to infrequent ventings of ash  into the uninhabited areas in the south. However, this ash venting does occasionally extend into the populated areas of the northern and western parts of the island. The southern part of the island has been evacuated and visits are severely restricted.

More recent activity has continued. On December 24, 2006, streaks of red from the pyroclastic flows became visible. On January 8, 2007, an evacuation order was issued for areas in the Lower Belham Valley, affecting an additional 100 people. On Monday, 28 July 2008, an eruption began without any precursory activity. Pyroclastic flow lobes reached Plymouth. These involved juvenile material originating in the collapse of the eruption column. A small part of the eastern side of the lava dome collapsed, generating a pyroclastic flow in the Tar River Valley. Several large explosions were registered, with the largest at approximately 11:38 pm. The height of the ash column was estimated at 12 kilometres (40,000 feet) above sea level. On January 8, 2010, pyroclastic flows reached the sea through Aymers Ghaut. On 5 February 2010, a vulcanian explosion simultaneously propelled pyroclastic flows down several sides of the mountain, and on 11 February 2010, a partial collapse of the lava dome generated a 20,000 foot plume that rained ash over sections of several nearby islands, including Guadeloupe and Antigua. Inhabited areas of Montserrat itself received very little ash accumulation through either event.

Since the twin devastations of Hurricane Hugo and the eruption of the Soufriere Hills Volcano, the Montserratian economy has been effectively halted. Export businesses currently based in Montserrat deal primarily in the selling and shipping of aggregate for construction. Imports include virtually everything available for sale on the island.

The volcano has become one of the most closely monitored volcanoes in the world, with the Montserrat Volcano Observatory taking detailed measurements and reporting on its activity to the government and population of Montserrat. The observatory is operated by the British Geological Survey under contract to the government of Montserrat (text excerpts from the MVO and BGS follow below).

The island's operating budget is largely supplied by the British government and administered through the Department for International Development (DFID) amounting to approximately £25 million per year. Additional funds are secured through income and property taxes, licenses and other fees, and customs duties levied on imported goods.

Population: 5,879 (2008 estimate)

Note: an estimated 8,000 refugees left the island (primarily to the UK) following the resumption of volcanic activity in July 1995; few have returned. Pre-eruption population was ~13,000 in 1994.

Excerpt from the British Geological Survey monitoring website:

The Soufrière Hills Volcano has been a natural laboratory for the science of volcanology. We have detailed many diverse volcanic phenomena throughout the ongoing eruption, including lava dome growth and collapse (within the crater, thick lava piles up to build a dome), pyroclastic flows (the red-hot avalanches of volcanic debris and gas that move at frightening speed), explosions and lateral blasts. 

Continuous volcano monitoring provides clues about complex volcanic processes, for example, we recognise the signs of magma pressurisation and can therefore forecast periods of unrest. Torrential rain can trigger lava dome collapse so weather systems are also tracked. Nevertheless, some volcanic activity takes place with no apparent precursory activity making forecasting difficult.

Well over a hundred scientists from around the world have studied the eruption. The wealth of data collected has led to major advances in our understanding of the generation and ascent of magma and the dynamics of eruptive processes at the volcano. For example, we can now model cycles of activity in terms of magma ascent, degassing, crystallisation and subsequent pressurisation as it rises up beneath the lava dome.

Despite our best efforts, the driving forces of the eruption at depth remain to a large extent unknown. A recent international project, SeaCALIPSO, co-funded by NERC, BGS and others, is one of the most ambitious seismic experiments yet conducted at an active volcano and is addressing this problem. The team is constructing three-dimensional models of the Earth's crust under Montserrat. These will include new geophysical, geological and geochemical observations and should significantly improve our understanding of magma movement and storage at depth.

From the Michigan Tech volcanology website:

The Montserrat Volcano Observatory was established shortly after the first phreatic eruption of the Soufriere Hills Volcano on July 18th 1995. The Observatory is staffed by scientists from a variety of organisations working with local personnel. The scientific teams come mainly from the Seismic Research Unit (SRU) of the University of the West Indies in Trinidad and the British Geological Survey (BGS).

The role of the MVO is to advise the civilian authorities on the volcanic activity and its associated hazards. Funding of the Observatory comes from the U.K. Overseas Development Administration and the Government of Montserrat.

SRU has responsibility for volcanic and earthquake monitoring in the English-speaking Eastern Caribbean countries. In Montserrat, they have been assisted by the British Geological Survey, the United States Geological Survey, the University of Puerto Rico and several individual researchers from universities in the U.S. and the U.K.

The Observatory is based in temporary accommodation in Olde Towne, northwest of the volcano. This is in the safe zone, so that continuous monitoring can occur even during an evacuation. A permanent observatory is planned.

There are a number of strands in the research carried out by MVO, to try to monitor all aspects of the volcanic activity.

Earthquake Monitoring

Two seismic networks are in operation at the moment. The short-period network has been in place since July 1995, and includes stations that were operated by SRU before the crisis started. The signals from 8 short-period stations are transmitted to the Observatory by radio links and phone lines. The stations are located around the volcano and detect the ground movements caused by local earthquakes and dome collapses. Occasionally, large earthquakes outside Montserrat are also recorded. The seismic signals are monitored 24 hours a day at the Observatory. Four of the stations are written on paper drum recorders to give a real-time view of the seismic activity. All the signals are digitised and processed on a computer system, which enables the scientists to calculate the location of local earthquakes.

A new seismic network was installed in October 1996. This consists of five broadband, three-component sensors and three short-period, one-component sensors. The broadband sensors are capable of recording the seismic vibrations in much greater detail than the existing network, and will eventually enable a better understanding of volcanic processes. The two seismic networks will operate in parallel for at least a few months.

Deformation Monitoring

Measurements between fixed points on the flanks of the volcano are made daily using a "Total Station", which measures distances using an Electronic Distance Meter (EDM). This technique uses an infra-red laser beam to make very accurate measurements between two points. Two reflectors are positioned high on the flanks of the volcano and reflect the infra-red beam back to the instrument which is installed at a fixed point lower down. Daily changes to these measurements are caused by deformation of the volcano, and may indicate the movement of magma.

The Global Positioning System (GPS) is also used to detect deformation. GPS receivers record signals from orbiting satellites and these signals are processed to calculate the average distance between the receivers, with an accuracy of less than 1 cm. Repeated measurements between the same sites can show if deformation is ocurring.

There are two different GPS programs in operation. Temporary GPS sites are occupied every week on sites around the island. There are several different networks, around the volcano and one that includes points in the north of Montserrat. There are also two permanent sites, where recievers record GPS signals for 20 hours each day. These are operated by the University of Puerto Rico.

The GPS stations are located further from the volcano than the EDM points, and thus can detect deformation over a wider area; such deformation may be due to a deeper source.

Other observations

The scientific team makes visual observations from the ground and from helicopter flights over the volcano. Flights to view the crater area are made whenever visibility is good. Occasional trips are made on foot to Chances Peak, on the west side of the crater rim, when it is safe enough to do so.

Measurements of the topography of the growing dome and the pyroclastic flow deposits are made regularly. Several different techniques are used, including surveys with laser range-finding binoculars from the ground and the helicopter, and measurements from photographs taken at fixed points. The aim of these studies is to quantify the dome volume and rate of growth.

Gas samples are collected from the hot springs (soufrieres) and these are analysed for the content of various gases. SO2 production from the volcano is monitored using a Correlation Spectrometer (COSPEC), which is driven along the coast road round the south of the island, beneath the gas plume. These measurements enable an estimate of the SO2 flux to be estimated in tonnes per day. SO2 monitors have also been placed at various locations around Plymouth to measure the amount of gas that is drifting from the crater area. Rainwater and ash samples are taken regularly.

Hazard analysis

The aim of all these studies is to develop an understanding of the eruption to enable timely warnings of hazardous activity to be communicated to the local authorities. The Governor and local government officials are briefed several times a week about the level of activity, and reports for the local radio station and media are prepared daily. 

Images adapted from the Montserrat Volcano Observatory website:

	Recording the number and type of earthquakes being produced underneath the volcano during the eruption is the foundation of the Montserrat Volcano Observatory monitoring operation. During the eruption over 30,000 earthquakes have been recorded although the majority of these cannot be felt.
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The ground movements are converted to radio signals and then transmitted to the Montserrat Volcano Observatory where computers record the earthquakes 24 hours a day.
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The signals from four stations are also recorded on paper on rotating drums; this gives the scientists an immediate view of the current seismic activity.

	The earthquakes are classified and, if possible, their locations are calculated by skilled seismologists at MVO. Here are some of the common types of earthquakes recorded on Montserrat.
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	Volcano-tectonic
Earthquakes are interpreted as being caused by rock breaking. They were predominant in the phreatic phase of the eruption.
	Long period
These events are probably related to gas movement in and beneath the dome and sometimes precede rockfalls and pfs.
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	Hybrids
They commonly occur in swarms, and occur at shallow levels under the dome due to pressurisation.
	Rockfall signals
These are caused by material collapsing from the dome. Pyroclastic flows have a similar, but longer duration signal.

	An explosion signal is made of several distinct parts. The initial part of the seismic signal is caused by the explosion itself, as material is driven vertically upwards from the volcano. This is followed after a few tens of seconds by the pyroclastic flow signal, lasting for a few minutes, as material collapses out of the eruption column. A lower level tremor continues for several tens of minutes after the explosion as the volcano continues to vent ash and gas. The amplitude of this volcanic tremor decays gradually with time as the venting gets weaker. 
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Above: Aerial view of the island of Montserrat.
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Above and below: Pyroclastic activity at Soufrière Hills.
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Above: Lava dome at Soufrière Hills, venting ash. Below: Remains of the town of Plymouth.
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Volcan de Parícutin
Summary (adapted from Wikipedia summary, based on extensive references therein, including the Smithsonian Institution):
Parícutin Volcano began as a fissure in a Mexican cornfield owned by a P'urhépecha farmer, Dionisio Pulido, on February 20, 1943. Pulido, his wife, and their son all witnessed the initial Strombolian eruption of ash and stones firsthand. The volcano grew quickly, reaching 100 m in one week. Much of the volcano's growth occurred during its first year, during an explosive pyroclastic phase. Nearby villages of Paricutín (after which the volcano was named) and San Juan Parangaricutiro were both buried in lava and ash; the residents relocated to vacant land nearby. The eruption became more powerful in March, generating eruptive columns several kilometers high. Occassionally, the volcano would exhibit vulcanian-type activity, with large canon-like explosions separated by short periods of silence. On June 12, a lobe of lava began to advance toward Paricutin village and people began to voluntarily evacuate the village the following day. The larger village of San Juan Parangaricutiro was evacuated a few months later. By August 1944, most of the villages of Paricutin and San Juan were covered in lava and ash.

The eruption that created Paricutin continued to 1952. Most of the explosive activity was during the first year of the eruption when the cone grew to 1,100 feet (336 m). The cone continued to erupt for another 8 years but grew only 290 additional feet (88 m). In addition to the explosive activity, effusive (lava flow) activity also continued until the end of the eruption. Lava flows ultimately covered about 10 square miles (25 square km) and had a volume of ~0.3 mi3 (1.4 km3). The rate of eruption declined steadily until the last 6 months of the eruption, when violent explosions were frequent. No one was killed by lava or ash, though three people were killed by lightning associated with the eruption. Like most cinder cones, Parícutin is believed to be a monogenetic volcano, which means that now that it has finished erupting, it will never erupt again. Any new eruptions in a monogenetic volcanic field erupt in a new location. Parícutin is the youngest of more than 1,400 volcanic vents that exist in the Trans-Mexican Volcanic Belt and North America.

Notes adapted from lecture slides by G. Bluth:

Background: Local people were the native Tarascans, settled in small villages by Spanish monks. Mexico was undergoing a power struggle between the government and the Catholic church, which was disrupting the traditional land uses, land ownership, and living conditions.

Precursory Activity:

January 7, 1943: seismicity measured in Mexico City, not felt in Parícutin

February 5: earthquakes increase to near-constant

February 20, 4:30 pm: fissure opens in field (site of previous rumbling, warm ground)

February 21: cone about 30 m high; large earthquakes

February 22: large earthquakes, lava flows

Mitigation Efforts:

Mid-February: Head of San Juan recognizes earthquakes as result of rising magma. Message sent to next town, but no action taken before eruption.

February 20, 5:30pm: San Juan priest blessed and sent a group of a dozen men to observe site. Priest exorcised the rock samples brought back, consulted a book on Vesuvius, and realized it was a volcano.

February 21, 10am: Local government met to appoint a crisis leader. Mexican president and many other officials notified. Volcano named “Volcan de Parícutin”. At about the same time, the earthquakes caused many people to evacuate on their own, typically to a neighboring town.

February 22: Arrival of well-known Mexican geologist, who taught them a little volcanology and calmed people’s fears about the activity.

Evacuation of Parícutin, June 1943:

The government acted in advance of the advancing lava flows and evacuated Parícutin. Within one week of the eruption start, land was scouted out for possible evacuation.

Early May: land purchased near Uruapan (30 km SE) Relief agencies contributed $165,000 worth of food. Red Cross set up station in San Juan.

June 13: Government + geologists agreed to evacuate. The main livelihood (agriculture) was ruined. Evacuation plans were splitting the community: Younger people tended to evacuate early using the government's help, while older ones mistrusted the government and tended to remain as long as possible, despite hardships. Evacuation transportation supplied by government. Evacuees were supplied with new (traditional-style) houses, land, and supplies, but relocation was unexpectedly difficult: culture shock, difficulty establishing new agriculture, lack of shoes.

Evacuation of San Juan occurred later, September 1943. Later, on October 6, San Juan community leaders chose a new town location, 65 km SE: named “Miguel Silva”. Government provided transportation. Problems with agricultural differences on new land, lack of farmable land, water quality, a violent local opposition to the relocation. So a new site was selected by the community men, called “Rancho de los Conejos”. On May 9, 1944: Bishop removed Lord of the Miracles (sacred statue, originally located in Parícutin), and progression began to new town. Government purchased land for the community, to more closely match previous town. However, there were no houses, water, or power supplied at this site. Not everyone evacuated at once: some waited until their homes and land were covered by lava. A local priest denounced the removal of the statue, causing discontent.

Key Hazards:

Primary (earthquakes (February, 1943 - 1944); cinder cone growth; ash falls (mainly March - June, 1943); lava flows (1944-1947); lightning (only 3 deaths from eruption))

Secondary (loss of agriculture; loss of livestock; relocation (>100 deaths overall))

Were there any improvements over the course of the hazards response, and for future crises?

-Science: recognition of hazards, events, education

-Government: evacuation, relief, planning

-Media: communication

-Engineering: housing, water, agriculture

-Public: cooperation, support of laws
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Above and below: Volcan de Parícutin.
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Above: Volcan de Parícutin during eruption.
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Above: remains of town of Parícutin after lava flows engulfed the village.

Rabaul

Summary (adapted from Wikipedia summary using references therein, primarily the Smithsonian Global Volcanism Program):

Rabaul is a township in East New Britain province, Papua New Guinea built on the edge of the flooded Rabaul caldera. The town was the provincial capital and most important settlement in the province until it was destroyed in 1994 by falling ash of a volcanic eruption. Rabaul has a large, nearly-perfect circular harbour, Simpson Harbour, and represented an important location in the South Pacific region for shipping. Use of this harbour for the Imperial Japanese Navy was one of the motivations for the Japanese invasion in 1942.

As a tourist destination, Rabaul is popular for scuba diving and for snorkelling sites and a spectacular harbour; it had been the premier commercial and travel destination in Papua New Guinea and indeed in the wider South Pacific during much of the 20th century until the 1994 volcanic eruptions. There are still several diving operators based there.

In 1983 and 1984, the volcano showed evidence for increased activity, and the town prepared for evacuation. On 19 September 1994 the Tavurvur and Vulcan cones erupted, destroying the airport and covering most of the town with heavy ashfall. There were only 19 hours of warning, and the city's inhabitants self-evacuated before the eruption. Only a handful of people were killed—several of them by lightning from the eruptive column. Advance planning and evacuation drills helped keep the death toll low. Most of the buildings in the southeastern half of Rabaul collapsed due to the weight of wet ash.

The eruption prompted the relocation of the provincial capital to Kokopo (formerly German Herbertshöhe), ~20 km away. Nonetheless, Rabaul is slowly rebuilding in the danger zone. Vulcan has remained dormant since the eruption, while small-scale eruptions from Tavurvur occur intermittently. A government volcano observatory is maintained in the northern portion of Rabaul. It also has responsibility for monitoring the other volcanoes on New Britain and nearby islands. The airport was later rebuilt at Tokua, farther away and outside the caldera, but has occasionally been closed by ashfall from the continuing volcanic activity.
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Above: map of New Britain.
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Above: Rabaul as seen from across the bay.

St. Kitts
Text and images adapted from Hazard Assessment Report, 2001 (Simpson and Shepherd):
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Introduction

Volcanic eruptions have killed over 30,000 people in the Lesser Antilles this century and at present more than a quarter of a million people live on the flanks of active volcanoes in the region. Thus ongoing volcanic hazard assessment and monitoring of the volcanoes is essential to reduce the risk to lives and property.

This report is a volcanic hazard report for St. Kitts based on five weeks of field work (April 1st to May 8th 2001) and an extensive literature search of past research related to St. Kitts. Further field work and analytical data are ongoing. The current research on St. Kitts is part of a regional project at the Seismic Research Unit to assess the volcanic hazards for a number of the Caribbean islands including Dominica, St. Lucia, Saba, St. Eustatuis (Statia), St. Kitts and Nevis. Volcanic hazard assessment of Dominica is complete, work on St. Lucia is currently in progress and work on Saba and Statia is yet to be started. Funding for the St. Kitts and Nevis research is being provided by the Organization of American States (OAS) as part of the Post-Georges Disaster Mitigation Project. 

Regional setting
The islands of the Lesser Antilles form an arc along the eastern margin of the Caribbean sea that stretches ~700 km from Grenada in the south to Sombrero in the north (Figure 1). The arc represents the eastern boundary of the Caribbean plate which is underthrust by the North American plate. North of Dominica the arc is a double arc. The islands of the eastern arc (shown in black on Fig. 1) consist of Oligocene volcanic and plutonic rocks overlain by limestone and are often referred to as the ‘Limestone Caribbees’. The islands of the western arc (shown in red on Fig. 1) consist almost entirely of younger (Pleistocene) volcanic rocks and are called the ‘Volcanic Caribbees’. South of Dominica the two arcs converge and the islands are made up of Oligocene volcanic rocks overlain by limestone and capped by Pleistocene volcanic rocks.
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There have been at least 8 historical eruptions of volcanoes in the Lesser Antilles but the number of volcanoes considered to be active is 18. Only one live submarine volcano has been identified in the region (Kick’em Jenny) and it is located ~9 km north of Grenada. It is the most frequently active of all the Lesser Antilles volcanoes, having erupted at least 11 times in the past 40 years. 

St. Kitts and Nevis
The islands of St. Kitts and Nevis are situated in the northern region of the Lesser Antilles (Figure 1). St. Kitts is 176 square km in size with a population of ~36,000. The main part of the island has a mountain range that runs northwest through the center of the island. The higher mountain slopes are densely vegetated by rainforest. The foothills gently slope from the base of the mountain range to the coast and are largely covered by sugar cane. Mt. Liamuiga is the northwestern-most mountain and is the highest peak on the island at 1155 m (3792 ft). In contrast, the topography and vegetation of the Southern Peninsula is dramatically different. It consists of numerous low, round hills that reach a maximum height of 319 m (1047 ft), but are generally much lower and are separated by flat, low-lying areas and salt ponds. Vegetation is sparse with dryland grasses, low shrubs, cacti, and yucca. The sharp contrast in both the topography and the vegetation from the north of the island is in part due to the older age of the rocks and the lower annual rainfall in the south. The capital of St. Kitts is Basseterre and is located 12 km southeast of the summit of Mt. Liamuiga.

Historic eruptions on St. Kitts
There have been two unsubstantiated reports of historic eruptions of Mt. Liamuiga in 1692 and 1843. The first report was by a Franciscan friar (Sloane, 1694) who describes the island as being troubled by earthquakes and mentions an eruption "of a Great Mountain of Combustable Matter". The second report comes from Capadose (1845) who describes a white spiral cloud of smoke and bubbling sulphurous springs from the crater of Mt. Liamuiga. There are no other historical reports to support the occurrence of either eruption and both of these alleged eruptions happened immediately after major earthquakes. It is possible that the effects of the earthquakes were confused with genuine eruptions, or that the earthquakes triggered minor eruptions. 

Volcanic earthquakes
Small earthquakes occur at shallow depth close to most of the active volcanoes of the Eastern Caribbean. Occasionally the rate of occurrence of these earthquakes increases significantly and these periods of increased activity (earthquake swarms). Most volcanic eruptions in the Lesser Antilles in historical time have been preceded by earthquake swarms, so monitoring of local seismic activity is one of the most important volcanic surveillance techniques. 

Although most eruptions are preceded by earthquake swarms, not all earthquake swarms are followed by eruptions. On most islands there have been a number of earthquake swarms which have simply died away without any other symptom of volcanic activity. Nevertheless each earthquake swarm is treated as a potential volcanic crisis and the level of surveillance intensified whenever they occur. The normal, background rate of activity varies from volcano to volcano. Mt Liamuiga has been monitored continuously by a single short-period seismograph station at Bayfords Farm 8 km southeast of the crater since 1957. From the records of this station it has been established that the normal or background rate of occurrence of small earthquakes is about one per month. Since 1957 there have been two major earthquake swarms associated with Mt. Liamuiga and a number of minor ones. The first swarm occurred between 8-11 August 1974 when 21 small earthquakes occurred beneath the volcano. At the time there was only one seismograph in operation and the swarm died away before the monitoring system could be reinforced.

The 1988 earthquake swarm

On October 24 1988 another earthquake swarm began and rapidly built up to a climax on October 26 when 186 earthquakes were recorded. In comparison with volcanic earthquakes recorded in other islands of the Lesser Antilles these earthquakes were extremely large. The two biggest events which occurred on the morning of October 26 were of magnitude 4.3 and 4.5 which is bigger than any of the earthquakes which preceded the eruption in St. Vincent in 1979 and Montserrat in 1995. On this occasion the single station was reinforced by additional stations in St. Kitts and in Statia. The earthquakes also were sufficiently large to be recorded by other seismograph stations throughout the Leeward Islands.

Although this particular earthquake swarm did not culminate in a volcanic eruption it clearly indicated that the volcano is still active and can erupt in the future. Other signs that the volcano is active include active fumaroles in the summit crater.

Current activity

At the present time the rate of earthquake activity in St. Kitts is elevated above the background historical level but has not yet reached the level which could be described as a swarm. Figure 3 shows monthly numbers of earthquakes since January 2000.

There were 57 local earthquakes in the 16 months between January 2000 and April 2002, which is a rate of a little less than four per month or nearly four times the normal background rate. During the first half of the year 2000 the rate of earthquake activity appeared to be escalating and this escalation was one of the triggers for this study. Although rates have now dropped back there is a clear need for preparedness for future eruptions.

Volcanic centres on St. Kitts
There are four volcanic centers on St. Kitts, three of which are no longer considered active (the Salt Pond Peninsula, SE Range, and the Middle Range (Martin-Kaye, 1959)). The active vent, Mt. Liamuiga, rises to a height of 1155 m (3792 ft) and has a summit crater ~900 m wide and 244 m deep. The summit of Mt. Liamuiga exposes remnant lava flows or domes but the most common deposits identified on the lower flanks of Mt. Liamuiga are pyroclastic deposits. Cliff exposures along the coastline reveal 10-15 m thick successions of pyroclastic deposits (fall, flow and surge deposits), debris avalanche deposits and lahar deposits. Lava domes are prominent on the flanks of the volcano at Brimstone Hill, Sandy Point Hill and Farm Flat. There are also apparently two explosion craters located on Burke’s Estate (Baker, 1965) although these could not be located during this study. Age dates on deposits interpreted to have been erupted from Mt. Liamuiga range from 1620 to > 41,000 yrs BP. These are the youngest known deposits on the island. 

Active fumaroles occur in the crater of Mt. Liamuiga, along the coast below Brimstone Hill and along the base of Brimstone Hill.

Future eruptions of Mt. Liamuiga and associated hazards
Present and past studies indicate that the northern part of St. Kitts in the vicinity of Mt. Liamuiga is the most likely location for future eruptions. The most likely styles of eruption interpreted from the past eruptive products are explosive magmatic eruptions resulting in pyroclastic flows, fall and surges, and effusive eruptions of lava resulting in the formation of lava domes and pyroclastic flows (block and ash flows) from dome collapse events.

If an eruption occurs during a time of heavy rainfall an additional hazard is the formation of lahars. The loose pyroclastic deposits are easily mixed with water to form a dense slurry which travels down valleys at high velocities under the influence of gravity, which can occur with little warning.

Volcanic earthquakes always accompany volcanic eruptions and these in themselves may be severe enough to cause damage. Volcanic earthquakes may also occur when the volcano is not active and thus they are a hazard at all times.
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Figure 2: the 1988-89 earthquake swarm. Red stars show locations of the biggest earthquakes. Blue stars are seismograph stations. The two bigger blue stars are permanent stations. Smaller stars were installed to study this swarm.
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Figure 3: monthly earthquake numbers since January 2000.

Eruption frequency of Mt. Liamuiga
The eruption frequency of Mt. Liamuiga can only be estimated from dating past erupted volcanic products. This may be accomplished by dating charcoal found in pyroclastic deposits or dating lava flows or domes. Past researchers have dated several deposits on St. Kitts. It is clear from these data that the Salt Pond Peninsula is made up of the oldest known volcanic rocks on the island. There is only one date for the South East Range and apparently no dates for the Middle Range. Most of the data are from the vicinity of Mt. Liamuiga. 

Baker (1985) concluded that the interval between major eruptions of Mt. Liamuiga is approximately 2000 years. However, it should be noted that not all erupted products are preserved in the geological record. Pyroclastic deposits are unconsolidated and easily eroded. The 1902 eruption of The Soufriere of St. Vincent killed ~1600 people but the deposits from this major eruption have been eroded away, leaving no geological record of this eruption (Roobol et al., 1997). Thus estimating the interval between major eruptions by dating deposits must be taken as a best guess only. It is likely that many more eruptions have occurred and that their deposits were not preserved.

Volcano monitoring on St. Kitts 
A future eruption on St. Kitts should be preceded by characteristic warning signs such as an increase in earthquake activity and changes in the fumarolic activity. At the present time there is one seismic station located ~8 km southeast of the crater of Mt. Liamuiga. There are also seismic stations in Nevis 35 km to the southeast and Statia 20 km to the northeast. In the event of any increase in seismic activity, these stations will rapidly be reinforced by additional stations in St. Kitts. 
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Sampling and monitoring of fumarolic activity should be ongoing. Changes in the chemistry of volcanic gases or an increase in activity (especially in the crater) may precede a volcanic eruption. Any new fumaroles or changes should be reported to the Seismic Research Unit as soon as possible. 

Hazard Mitigation
The most likely location for future eruptions on St. Kitts is Mt. Liamuiga either from the central vent or on the flanks of the volcano. Disaster plans should focus on the northwest part of the island, as in the event of a major volcanic eruption it is this area that will most likely require evacuation. It is probable that any eruption from Mt. Liamuiga will cut off the road and railway so alternative modes of evacuation must be considered. The population of St. Kitts should be educated about the risks of living near an active volcano BEFORE an increase in volcanic activity occurs. They should also be familiar with the procedures in the event of an earthquake, as this is an everyday threat to the population, even during times of no volcanic activity. 

Summary
This project is part of a regional project to produce volcanic hazard maps for Saba, Statia, St. Kitts, Nevis, St. Lucia and Dominica. There is no increased activity or signs of increased activity at present on the islands of St. Kitts ; however, Mt. Liamuiga is still considered to be active and an increase in activity could occur at any time. 

Mt. Liamuiga is the most likely location for future eruptions on St. Kitts, either from the summit of the volcano or its flanks. The most likely style of eruption is either an explosive magmatic eruption generating pyroclastic flows, surges, and air fall or a lava dome forming eruption which may also generate pyroclastic flows, surges, and air fall. In the event of a major volcanic eruption on St. Kitts, it is likely that the entire northwest of the island will need to be evacuated. Thus volcanic disaster plans should focus on this area. 

The populations of St. Kitts should be educated about volcanic and seismic hazards before a crisis occurs. Although volcanic eruptions may be preceded by characteristic warning signs, which may assist scientists in the prediction of an eruption, at present there is no way to predict earthquakes. Earthquakes are a serious, everyday threat to the population of St. Kitts. 

Recommendations
The following is a brief list of recommendations for government authorities and citizens of St. Kitts based on the results of this study.

1. Updated volcanic and seismic emergency plans should be completed ASAP. Evacuation by sea, air and ground should all be considered and planned for in the event that only one mode of transportation is available during the crisis. Refuge points should be identified and made aware to the public.

2. A public awareness campaign should be undertaken for both volcanic eruptions and earthquakes immediately, before a crisis occurs. 

3. Volcanic and seismic hazards should be taught as part of the regular school curriculum to assure ongoing awareness. A volcanic and seismic awareness week would also be effective for the larger population and could involve simulation exercises for both hazards.

4. The volcanic hazard map of St. Kitts should be used in land-use planning. It is clear from the St. Kitts hazard map that in the event of significant volcanic eruption buildings and property in the red zone will most likely be totally destroyed. As such it is the responsibility of the government to consider the risk involved in authorizing future development in this area. 

5. The volcanic hazard map of St. Kitts should be available to the general public so that the citizens can judge for themselves whether they want to risk living or working in areas of highest hazard as well as be aware of the areas that may offer refuge in the event of a volcanic eruption.
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