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Excerpts from the: http://www.oas.org/cdmp/document/kma/landsl_4.htm
The city of Kingston was founded in 1692 on the coastal plain of Liguanea following the devastation of Port Royal by a submarine landslide triggered by the MMI X earthquake on June 6, 1692 (Tomblin and Robson, 1977). Earthquake-induced landslides following the Ms 6.5 earthquake of January 14, 1907 and Md 5.4 earthquake of January 13, 1993 caused an extensive damage in the capital city of Jamaica. Rainfall associated with hurricanes Charlie (1951), Flora (1963), Gilda (1973) and Gilbert (1988) resulted in widespread landslides, which destroyed and /or damaged infrastructure.
 The vulnerability of Jamaica to geohazards is primarily due to its inherent physical conditions arising from geologic, tectonic, and geomorphic factors. The island lies within a 200-km wide, seismically active zone of Neogene left-lateral strike-slip deformation that defines the central section of the boundary between the Caribbean and North American plates (Mann et al., 1985), Mitchell, 2016 see Figure 1- geological map of Jamaica It is located in the track of north Atlantic hurricanes passing through the Caribbean.  The capital city of Jamaica is located on the Holocene gravel fan of Liguanea at the base of a faulted mountain front. A ring of low hills of Tertiary limestones (Long Mountain, Dallas Mountain, and Stony Hill) borders the fan. Overlooking these hills are the Port Royal Mountains of St. Andrew comprising Cretaceous to Paleogene rocks of the Wagwater Belt
[image: Image result for geologic map of jamaica]
Figure 1: Simplified geological map of Jamaica (Source; The geology of Jamaica (Mitchell, 2016) 

North of the alluvial fans of Kingston is the western margin of the Wagwater Belt which  is defined by a major, north -west oriented fault zone, the Wagwater Fault, which may be traced for a distance of some 40 km. The Wagwater fault has been active since the Paleocene and field evidence indicates that movements have continued into the Quaternary (Horsfield, 1974). A similar picture appears to hold true for the Yallahs-Blue Mountain Fault (Plantain Garden Fault zone) in the easternmost parish of St. Thomas.
Shepherd (1987) has suggested that there is significant seismic activity occurring within Jamaica associated with a complex series of east-west transcurrent faults and the Wagwater Trough". 
The Liguanea Plain is an old gravel fan (Holocene) which was formed by sedimentation from Hope River before the river was diverted into its present channel (Wood, 1976). The fan sediments are referred to as the Liguanea Formation. It incorporates a sequence of very poorly sorted gravels with sands and clays, which is at least 100 m thick. The top 8m of the exposed fan sediments appear to be old debris flow deposits characterized by very large rock blocks and boulders of andesites and conglomerates (Ahmad and Robinson, 1994). Such boulders are found stranded over much of the fan. The sources of these debris flows must have been pre-historic landslides that originated in the catchment of the Hope River and flowed west along the paleodrainage channels. The present-day fan surface is uneven and slopes south towards the Kingston Harbour.  The fan sediments are highly dissected by the Hope River in the Papine- Kintyre- August Town area. The Hope River fan at Harbour View is underlain by the Harbour View Formation which is lithologically similar to the Liguanea Formation. See Figure 2- map of the geology of Kingston.
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Figure 2: Geological map of Kingston
 The sediments that post-date the Liguanea and Harbour View Formations are:
1. fanglomerates and colluvium deposits along much of the mountain front in the Kingston area which are prone to landslides, and
2. river terraces, colluvium fans and flood plain deposits associated with the Hope, Cane, Chalky, Bull Bay rivers, their tributaries and other drainage lines on the Liguanea Fan.
The youngest feature on the shelf is the Palisadoes tombolo that has been built by the longshore drift of the coarse sediments supplied by the rivers in eastern Jamaica. This area has often experienced liquefaction-related ground failures during each significant earthquake that has affected Jamaica. The Norman Manley International Airport is located on the Palisadoes which is classified as a tombolo rather than a spit because it connects a number of gravel inundated coral cays to the mainland in the Harbour View area (Hendry, 1977-78). Goreau and Burke (1966), and Burke (1967) have described the evolution of the offshore areas of Kingston and St. Andrew. The formation of the island shelf is due to the erosion of the Jamaican landmass during post-Neogene uplifts (Burke, 1967).
Another signiffcant part of geohazard vulnerability is related to the pollution of groundwater due to urbanization and nutrient enrichment to the aquifers. The Liguanea Formation is an aquifer which has been and continues to be an important source of potable and industrial water for the residents of the parishes of Kingston and St. Andrew. An aspect of urbanization, which has significantly affected this aquifer, is the unregulated disposal of sewage on the Liguanea Plain. Of the thirteen wells assessed by water Resources Authority in 1994 - 95, eleven exceeded the WHO and the Interim Jamaica standard for nitrates, 45 mg / l.  There has been significant improvement in the sewage disposal system in KMA. A central system, the Soap Berry Waste Water Treatment system became operational in 2007 treats up to 30% of waste water generated in the KMA. Jamaica Observer 2009 (http://www.jamaicaobserver.com/154092_Soapberry-making-a-difference) 
 Source of this overview of Kingston
Reference herein can be found in http://www.oas.org/cdmp/document/kma/landsl_4.htm

FIELD STOPS
Four (4) field stop are planned for this trip. See figure 3, each stop is to focus on an aspect of climatic or geological hazard that affects the KMA, and also what is typically seen across Jamaica.  High central  mountain ranges across the island and low coastal plains will or have induced processes that historically created similar hazard or will create potential vulnerabilities across the island. 
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Figure 3: Field Stop map stop locations along the foothills of the Blue Mountain ranges overlooking the KMA. 

STOP 1: GEOHAZARDS IN THE FOOTHILLS OF THE BLUE MOUNTAIN AND THE KMA
The terrain in Greater Kingston area, comprising coastal plains, reclaimed land, river fans, steep slopes and fault escarpments, is subject to multiple seismic, atmospheric, slope instability and, hydrologic hazards. Most of the city is built on a presently inactive gravel fan that slopes towards the Kingston harbour (figure 2). The average annual rainfall varies from 1000 mm on the Liguanea Plain to more than 1500 mm on the mountain slopes (figure 4). Debris flows, turbidity flows, and floods are common to all the tributaries and steep small channels. Floods and mass movements generally occur simultaneously as the two most frequent hazards affecting Greater Kingston and the island as a whole. Jamaica due to its location in the Atlantic hurricane belt gets severely affected by tropical cyclones and hurricanes all of which give rise to high intensity low duration rainfall leading to floods, debris flows and landslides (Mandal and Maharaj, 2013. Taylor et al., 2014). Figure 4 below shows the 30yr mean annual rainfall for the island along with the location of reported flood events as compiled from the database of ODPEM and WRA.
[image: ] 
Figure 4. 30yr mean annual rainfall map of Jamaica showing the location of reported flood events (Taylor et al., 2014). 

Hurricanes are fairly common, but most of the recurrent flood and landslide damage is due to rainfall from tropical storms and tropical depressions that are annual events. Analysis of the hurricanes and tropical storms which have hit or pass the island from 1904-2012 by Mandal and Maharaj 2013 and Taylor et al., 2014 shows that the island has been affected by approximately 47–50 tropical storms and hurricanes during the period 1904–2000; and that between 2000 and 2011 there has been a steep increase in the number of tropical storms and hurricanes (14–16) making landfall or passing near Jamaica. Figure 5 shows the number of hurricane tracks across the island for the year 2005 as an example.
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Figure 5. Hurricane tracks across Jamaica for the year 2005 and below tracks of tropical storms and hurricanes across Jamaica (1857-2008, Data from NOAA, NHC). 
The steep weathering-limited slopes favour shallow landslides (Maharaj, 1993; Ahmad,1995). The landslide inventory map prepared for Caribbean Disaster Mitigation Project Landslide Susceptibility Mapping programme records some 2,321 landslide landforms in the parishes of Kingston and St. Andrew. 
The natural vulnerability of Greater Kingston to rainfall -induced debris flows and mud flows has been accentuated by deforestation and vegetation alteration over much of its environment. About 200-300 mm of rainfall in 24hrs would initiate shallow slides on slopes in excess of 250, which constitute about 85 percent of the hilly areas of Kingston. This amount of rain is expected to fall once in 2-5 years (Lirios, 1969) over the hilly suburbs of Kingston. In a majority of cases the old landslides are reactivated during subsequent rainfall events. A cyclic pattern of destabilization of the slopes is quite common. Accelerated soil erosion in the watersheds is intimately linked to these shallow landslides.
Riverine flooding is confined to the Hope, Cane, Chalky, and Bull Bay rivers and their tributaries which create a flood hazard for the less affluent communities of Gordon Town, Papine, August Town, Harbour View, and Bull Bay etc. At Bull Bay, flooding, for example in 1988 and 1995, was related to the debris flows which mobilized tailings at gypsum quarries that entered and choked the channel of Bull Bay River. Figure 6 and 7 below shows the Bull Bay river bridge that was blocked by debris from heavy rains of 2001-2002. Figure 8 shows the retaining wall built post landslide in Skyline Drive, Kingston (field stop 1). 
[image: BullbayfloodJ20020929IA]
Figure 6: Bull Bay River Bridge that was blocked by debris flows from tropical storm Lili in 2002. (FROM: THE GLEANER WEBSITE Damage caused by Tropical Storm Lili in Kingston, St. Andrew and St. Thomas / BullbayfloodJ20020929IA 
Photographers:Ian Allen and Junior Dowie 9/30/2002.
[image: https://www.mona.uwi.edu/uds/LANDSLIDES%20RELATED%20TO%20PRECIPITATION%20IN%20EASTERN%20JAMAICA_files/image017.jpg]
Figure 7. Hhouse and a van partially engulfed by the debris in the Bull Bay community post tropical storm Lili, 2002.
[image: http://mw2.google.com/mw-panoramio/photos/medium/50271208.jpg]
Figure 8: Figure showing the retaining wall built post collapse of the slope thus causing the road to split at Skyline Drive (stop 1). http://mw2.google.com/mw-panoramio/photos/medium/50271208.jpg

On the Liguanea Fan, the increasing impervious cover and the channeling of the gullies concomitant with urbanization have increased the overland flow, and hence, flash floods. Of the seven major gully systems on the fan, only one, Sandy Gully, has been designed to accommodate large floods up to a discharge of nearly 500 m3/sec; the rest of the gullies have discharge capabilities between 20-70 m3/sec (Reid and others,1970).
A recurring theme in Kingston hazard assessment is the significant earthquakes that have affected Greater Kingston since the 1692 Earthquake is that geological conditions strongly influence the damage (Tomblin and Robson, 1977; Ahmad 1993, 1994, 1996, 1997, Grandison  et. al 2003, De Mets  et al 2007, Salazar et al 2012 & 2013, Hornbach et al, 2011, Koehler et al. 2012, Benford et al. 2012). The vulnerability of Kingston to seismic shaking was amply demonstrated by the M 5.4 (duration magnitude) earthquake of 13th January 1993 (Ahmad, 1996, 1997). Although described as a moderate shock with epicentre located near the Silver Hill Peak in Portland (Wiggins- Grandison, 1996), the effects of this earthquake were felt in area of approximately 500 km2. The results of a mere 10 seconds of ground shaking in eastern Jamaica, with MM intensities ranging between VII-VIII, resulted in two deaths and the economic losses were estimated in 1993 to be in excess of J$ 15M ($US 5.6 M- http://boj.org.jm/foreign_exchange/fx_rates_annual.php). This earthquake triggered some 40 landslides that blocked roads and damaged infrastructure including water pipelines.
Shepherd and Aspinall (1980) calculated the return periods of significant earthquakes in Greater Kingston. According to these authors the return periods of the earthquakes of MMI VII, VIII, IX, and X are respectively 38, 87, 137, and 237 years. Based on a study of earthquake risk in Jamaica Shepherd (1971) has suggested that "From the seismologists point of view the parishes of Kingston including Port Royal, and Lower St. Andrew were probably the worst possible locations to choose for the capital city of Jamaica".

STOP  2: Flooding in the KMA

Jamaica has a history of being significantly impacted by flooding associated with tropical storms and hurricanes. Flooding, particularly from tropical storms and hurricanes, has severely affected Jamaica, the third largest island of the Caribbean. Collymore (2007) notes repeated occurrences of flooding in Jamaica (1979,1984, 1985, 1986, 1988) as a result of disharmony between human use of the environment and natural systems. 

The Planning Institute of Jamaica (PIOJ) estimates that between 2001 and 2010 damages due to severe weather systems including TCs were in excess of USD 1.27 billion (J$ 111 billion) (PIOJ 2011). Some of Jamaica’s major infrastructure is severely impacted during flood events because of their location in the floodplains of major rivers and along coastal zones. Most of the floodplains of the major rivers, e.g. Hope, Yallahs, and Rio Cobre in east and central Jamaica and Outram in north-east Jamaica, are sites of major towns including Kingston, Portmore, Spanish Town, Harbour View and Port Maria (Mandal et al., 2016, Mandal and Maharaj 2013, Taylor et al., 2014). The Hope River watershed in eastern Jamaica is of particular importance due to its impact on the infrastructure of the island’s capital city of Kingston and other communities located downstream of the river.



.The watershed covers an area of 85 km2 in the parishes of Kingston and St Andrew (Figure 9) and is drained by the Hope river and its tributaries. The elevation of the watershed ranges from as high as 1540 m in the upstream section to sea level at the mouth. Since 2000, the floodplains of the watershed have been affected by the passage of Hurricanes Ivan (2004), Dean (2007) and Sandy (2012) and Tropical Storms Gustav (2008) and Nicole (2010). The more intense flood events (related to Hurricane Ivan and Tropical Storms Gustav and Nicole) led to the collapse of two important bridges at Kintyre and Harbour View (figure 9) located near the mouth of the river. This in turn led to loss of communication and access to adjoining communities and parishes.
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Figure 9: Map showing the Hope river watershed and its position in Kingston and St Andrew. Below map showing the elevation model of the watershed with sites of damage from the above mentioned storms. 
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Enlarged view of the collapse of the bridge at Kintyre (Stop 2) from tropical storm Sandy 2012. Picture shows section of the collapsed bridge/fording. Picture taken by A. Mandal post Sandy. 

[image: ][image: ]Hydrological modelling for watersheds has been conducted in Jamaica in relation to design of infrastructure in flood prone areas and peak discharges calculated for past storms as well as for different possible tracks of hurricanes impacting the island (Taylor et al. 2014, Mandal et al ., 2016). A hurricane model was created called SMASH using past hurricane tracks and a user friendly interface was developed which allowed the user to select the path, track, speed and category of hurricane to run the simulation. Model shows possible path of movement of the selected storm (figures 10 and 11) and the resultant rainfall from the storm was used for running the hydrological model for the Hope watershed as a case study. The model runs simulate rainfall at grid intervals of 25km and hence additional downscaling is needed for further refinement of the hydrological model. Table below shows results from one of the model runs. 
Figure 10. Hurricane model SMASH showing the user selected track with a speed of 17km/per and category 4. Figure on the right shows the path of the storm. 
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Figure 11. Figure above shows the grid boxes of 25km resolution across Jamaica and the location of the Hope watershed. 

Figure on the right shows the hydrological model for the Hope watershed showing the two critical junctions located above the fording at Kintrye and the bridge at Harbour view for which flow was determined. 
	
	Forward Speed (km/hr)
	Peak discharge (cumecs)

	Time to peak discharge from onset of rainfall (hours)

	
	
	Outlet A
	Outlet B
	Outlet A
	Outlet B

	Track 1
	17 
	370
	511
	14
	15

	
	25 
	299
	411
	10
	11

	IVAN Historical 
	25
	740
	1035
	15
	16



Table 1: Peak discharge and lag time to peak discharge for various tracks and speeds for Outlet A and B corresponding to junctions upstream of the fording at Kintyre and Harbour View. (Mandal et al., 2016).

For watersheds repeatedly affected by hurricanes, analysis of flow is needed for proper design of infrastructure (e.g. bridges, culverts). Additionally, since communities located on the floodplains and banks of major river systems are affected by hurricane induced floods, it is pertinent to conduct mapping for assessment of future flood risk areas. The incorporation of hurricane model output into a hydrological model could allow for the simulation of scenarios of flows and aid in planning and policy development, e.g. defining of no-build zones for developments (Mandal et al . 2016). 

STOP 3; Geohazards and Coffee Production in Jamaica: Craighton Estate, Blue Mountains

Currently, Jamaican coffee is grown island-wide but is concentrated in the Blue Mountains where about 80% of the coffee is produced (the majority of which is supplied to the Japanese market).  The coffee industry
employs approximately 120,000 people (21,000 families) across the commodity chain and accounts for one of Jamaica's largest sources of agricultural foreign exchange (BOJ 2015). While about 80% of the farmers
cultivate small plots, the majority of production comes from owners of larger estates. Arabica Coffee, mostly of the Typica variety, is cultivated on steep slopes at elevations between 200 m and 1600 m. The highest quality coffee is cultivated between 1100 m and 1600 m where cooler temperatures allow berries to mature slowly and produce more delicate and complex flavors.

Throughout its history, Jamaica’s coffee sector has been affected by unstable market and labor conditions, land degradation and changing global commodity prices. More recently, the sector has been hard hit by a series
of extreme climate-related events, coupled with a re-emergence and noticeable spike in the coffee leaf rust disease, that have resulted in millions of dollars’ worth of damages to the industry. The first major coffee leaf rust (CLR) outbreak reduced yields by approximately 30% in the 2012-2013 crop year.  The recent spate of drought events has also led to significant declines in coffee production throughout the Blue Mountains
due partly to increased plant stress that has resulted in a reduction in both the quality and volume of berries produced. In a few extreme cases, coffee trees have died under extremely dry conditions. The sector has also
been severely impacted by the recent wave of bush fires that have affected the island. Preliminary estimates from the Coffee Industry Board (CIB) indicate, that up to May 2015, some 120 hectares of coffee valued at J$60 million have been destroyed. The CIB has also estimated that the coffee industry will suffer losses in the order of J$180 million over the next three years due to the extensive damages to farms and coffee plants.

The primary purpose of this field stop is to allow participants to gain a greater appreciation of the deep-rooted and diverse ways in which geohazards are affecting Jamaica’s coffee industry, and to explore possible ways the geosciences can address these profound challenges through science and innovation and interdisciplinary research. For this segment of the field trip, we visit the Craighton Estate, which is located in Irish Town, Saint Andrew. The Estate is owned and operated by the Ueshima Coffee Company (UCC). Craighton is the first Japanese directly-operated Blue Mountain estate in Jamaica.  The excursion will involve brief presentations from researchers and industry stakeholders, as well as a brief tour of the estate.

STOP 4: Overview of the Jamaica Seismic Network (JSN) and the Greenwich Seismic Station

The Earthquake Unit (EQU) is a research unit of the university that is funded directly by the Government of Jamaica (GOJ) as the sole agency responsible for the monitoring of earthquakes and research in seismic hazards in Jamaica. The EQU continues to focus on improving the seismic network in Jamaica by increasing the number of broadband seismographs and accelerometers installed in critical facilities across the cities and towns. 

The EQU currently operates the Jamaica Seismograph Network (JSN) which is a network of 12 JSN station installed across the island (see figure 12- Map of seismic stations and instrument at each station).  
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Figure 12: Map of JSN stations and instruments at the station, inset map shows the relative high density of instruments in the KMA.

Four (4) of these stations have broadband seismographs, and all stations have analog short period seismograph.   The data is still transmitted to the Central Recording Station (CRS) at UWI-Mona in real time using radio telemetry. It is expected that additional broadband instruments will be added to other stations in the network by the end of 2017.  The EQU continues to negotiate transmission of data via IP network and internet for the broadband instruments to the Central Recording Station from the seismic stations where it is possible. Additionally, new communication equipment is expected to be added to the network to build an independent IP radio network by the end of 2017. (EQU: 2016)

The EQU also operates the Jamaica Strong Motion Network (JSM) with seventeen (17) accelerometers installed across the island to record ground shaking for larger earthquakes and structural response. These instruments operate in a standby mode and start recording when triggered by an earthquake. Most of the newly installed accelerometers stream data to the EQU in real-time via our IP radio network or via the internet which also makes it easier to monitor the status of these equipment.

The addition of three (3) permanent GPS stations at Pedro Cays, Morant Cays and on the Physics Department on the UWI campus has improved the GPS network (now stands at four (4) permanent continuous stations) of the thirty–six (36) GPS points across the island. The EQU also has access to the National Land Agency 14 permanent GPS station across the island.  Monitoring of these points will continue to provide data to determine fault movement or strain accumulation over time. Over the past year at least thirteen (13) GPS points were monitored by the EQU and processed in the University of Wisconsin collaboration with the EQU.

During the period January 2016 – December 2016, the JSN recorded and processed two hundred and fifty six (256) events, forty-two of which were determined to be blasting events, eighty (80) were regional, sixty five near (65) and sixty-nine (69) local. Figure 13 shows map of earthquake events during the 2016. This number of earthquake events is usually the average annual activity.  
[image: ]
Figure 13: Earthquakes Recorded in 2016
Greenwich Seismic Station.
 The Greenwich seismic station is located on private property with local agreement with property owner and the EQU. This station is part of the old analog seismic network, (this is definitely not one the modern stations in JSN). Broadband seismograph is installed in relatively secure UWI property at the Stony Hill station (approximately 10 kilometres due west of this station), and also at the St. Thomas station, approximately 35 kilometres due east of this station. Figure 14 shows the equipment at Stony Hill and Yallahs.  The Greenwich station will see addition of a broadband instrument by end of the year to ensure that all seismic activity in the most active fault zone in (Plantain Garden Fault Zone) in the island is captured with high precision. 


A[image: ][image: ]B
Figure 14:  Broadband and Short Period Sensors on above ground platform at Stony Hill Station (A) and Broadband instrument at Yallahs station (B).  Broadband instruments are covered with foam insulated PVC drum. 
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