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1. Introduction

A quantitative understanding of hydrology is important for resource management in all island
settings (e.g. Bahamas, Whitaker and Smart (1997); Malta, Stuart et al. (2010)). In many volcanic
island terrains, including the Lesser Antilles arc island of Montserrat, high permeability surface geology
generates limited and ephemeral drainage systems (Peterson, 1972; Cabrera and Custodio, 2004). In
such environments water supplies often rely entirely on the productivity of springs and abstraction
from other parts of the groundwater system.

In active volcanic island settings the involvement of groundwater in volcanic processes can desta-
bilise the edifice and generate explosive phreatic eruptions (Germanovich and Lowell, 1995; Reid et al.,
2001; Fournier et al., 2010). Hydrological systems have also been observed to respond to volcanic per-
turbations (Shibata and Akita, 2001; Hurwitz and Johnston, 2003; Kopylova and Boldina, 2012). It is,
therefore, possible that the hydrological system may provide valuable information about the state of
arestless volcano prior to eruption. Hautmann et al. (2010) proposed that groundwater movement, in
response to changes in volcanic activity may be responsible for residual gravity anomalies recorded
on Montserrat between 2006 and 2008. The potential for groundwater perturbations to precede an
eruption (e.g. Usu, Japan; Shibata and Akita, 2001) and generate recordable geophysical signals that
contain information about active state of a volcano, demonstrates that understanding the hydrolog-
ical system in volcanic settings is essential for the development and correct interpretation of a truly
multi-parameter, hazard monitoring dataset.

Existing conceptual models describing the hydrogeology of small volcanic islands are based on
observations from basaltic, ocean island volcanoes, dominated by relatively permeable basalt lava
flows. Cruz and Silva (2001) highlight two major and conflicting conceptual models for such settings:
the Hawaiian model and the Canary Island model.

The Hawaiian model describes a low-lying, basal water table aquifer with high-level water bodies
perched on low permeability ash or soil beds and impounded by dykes (Peterson, 1972; Ingebritsen
and Scholl, 1993). A coastal borehole drilled as part of the Hawaii Scientific Drilling Project in 1993
encountered three freshwater aquifers, each overlying saline to brackish groundwaters, separated by
leaky aquitards of soil and ash horizons or calcareous sediments (Thomas et al., 1996). Thomas et al.
(1996) propose that soil layers and extensive ash beds are responsible for elevating inland ground
water levels. A borehole drilled at 1102 m amsl, 14 km inland, near the summit of Kilauea volcano,
encountered the water table at just 610 m amsl (Keller et al., 1979). The Hawaiian model has been
used to describe the conceptual hydrology of Cape Verde Islands (Heilweil et al., 2009). This model
has also been applied to the Canary Islands, including Tenerife (Ecker, 1976). However, the current,
preferred Canary Island model, considers a single, continuous, water table that domes steeply inland,
to high elevation, over low permeability volcanic cores (Cabrera and Custodio, 2004; Custodio, 2007).
The Canary Island model has also been proposed for similar ocean island volcanoes, including Pico
Island in the Azores (Cruz and Silva, 2001) and Reunion Island (Join et al., 2005).

However, the hydrology of volcanic arc islands is comparatively poorly studied. Robins et al. (1990)
identified three island hydrology types in the Lesser Antilles Island Arc, related to the abundance of
rainfall and age of deposits. Type 1, based on Grenada and St Vincent, resembles the Canary Island
model; a shallow water table doming steeply inland to elevations above 250 m, over a low permeability
volcanic core, with springs at all elevations. Type 2 more closely resembles the Hawaiian model, but
with the notable absence of impounding dykes. Type 2 is based on the islands of Saint Kitts and Nevis
where the younger (Pleistocene) volcanic deposits support perched aquifers of limited capacity and
ephemeral streams. Type 3 describes older, Eocene volcanic islands, such as the British Virgin Islands,
with exposed low permeability cores and very limited exploitable groundwater potential in low lying
alluvial deposits.

Here we review the existing understanding of essential components of Montserrat’s hydrologi-
cal system. This review, which combines published literature and previously unpublished historical
data, is supplemented by new observations, data collection and analysis. We provide new insights
into hydrological inputs, measurements of aquifer permeability, and geological and hydrological field
observations from Montserrat. By combining these new observations and fresh analysis of existing
data with our existing understanding of some of the components of the hydrological system, we can
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begin to develop a conceptual model for the hydrology of Montserrat. The aim is to improve out
fundamental understanding of the hydrology of Montserrat. This will inform and stimulate further
investigation into hydrology of volcanic arc islands; in particular, exploration of the coupled hydro-
logical, geomechanical and geophysical feedbacks associated with volcanic and tectonic activity, and
assessment of the response of island groundwater resources to a changing climate.

2. Geological and geomorphological review

Montserrat is located at the northern end of the Lesser Antilles volcanic arc in the eastern Caribbean
(Fig. 1). The island is made up almost exclusively of volcanic rocks erupted from four volcanic cen-
tres in three regions. North to south, these are: Silver Hills (SH; 2600-1200ka), Centre Hills (CH;
950-550ka) and the Soufriére Hills Volcano (SHV) - South Soufriére Hills (SSH) complex (174 ka
to present) (Harford et al., 2002). The progression of activity from north to south and the associated
greater erosion of the volcanic centres in the north has formed a tear-drop shaped island approximately
16.5 km north-south and up to 10 km east-west, with an aerial extent of approximately 160 km?2.

There is no indication of temporal overlap in the activity of the three major volcanic complexes on
Montserrat (Cassidy et al., 2012). Consistency between the type of deposits present across the island
suggests that the andesitic dome forming style of eruption is common to SH, CH and SHV. The only
exception is SSH which possesses basaltic and basaltic—andesite lava flows (Zellmer et al., 2003) and
is likely to have some temporal overlap with the early activity of SHV.

The apparent consistency in eruptive style means that the island’s volcanic centres provide a unique
insight into the temporal evolution of a system, from the building of a complex volcanic edifice (SHV)
to the eventual erosion back to the central core and most proximal deposits of an extinct volcano (SH).

The last 15 years of eruption at SHV have been characterised by periods of dome growth and sub-
sequent collapse. The domes grow by extrusion of highly viscous andesitic spines that break off to
form blocky, often unstable, talus slopes. Between 1995 and 2009 SHV erupted an estimated 1km3
dense rock equivalent (DRE) of andesite magma (Wadge et al., 2010). As the domes grow they can
become gravitationally unstable or undermined by slope weakening associated with hydrothermal
activity (Sparks et al., 2002). Dome collapses generate volcaniclastic deposits, including clay-rich
debris avalanches, pyroclastic flows, surges and lahars (Cole et al., 1998). Collapses have also been
triggered by violent vulcanian explosions that produce pumice-rich flows, surges and lahars, as well
as significant volumes of ash (Druitt et al., 2002). The resultant geology is characterised by variably
fractured, though relatively competent, cores of andesitic dome rock and talus breccia, surrounded by
volcaniclastic aprons. These flanking deposits are often referred to as andesite tuffs (Rea, 1974), though
they vary in the proportions of andesite lava blocks, pumice and ash. Such geological framework is not
uncommon at dome building composite volcanoes (Fisher et al., 2006) and is observed throughout the
Lesser Antilles, for example, Guadeloupe, Martinique, Dominica and St Lucia (Sigurdsson et al., 1980).

During periods of repose, erosional forces dominate, expedited by high rainfall, tropical storms
and the humid climate (see Section 3). Frequent heavy rain cuts deeply incised radial valleys (locally
termed ghauts) and reworks channel fill deposits. Periods of low or no volcanic activity also allow
the development of weathered surfaces and soils. Rad et al. (2007) described conglomerate and sand
pyroclastic soils, with thicknesses up to 70 m, on the Lesser Antilles islands of Guadeloupe and Mar-
tinique. Their study suggests subsurface weathering is considerable, owing to the high permeability
and porosity of young pyroclastic deposits. In Costa Rica, Nieuwenhuyse et al. (1993) estimate that
well developed andisols form in sandy andesitic parent material within 2000 years. With very similar
protolith and climate on Montserrat, soil development is likely to be comparable. Prior to the current
eruption of SHV it is thought that the volcano was last active in the early 1600s (Young et al., 1998).
It is unclear if 300-400 year activity cycle represents typical behaviour for SHV and Montserration
volcanism in general. Based on the development of erosional unconformities within 14C dated units
(Roobol and Smith, 1998), Harford et al. (2002) propose periods of reduced activity on the order of
102-10* years. Although outcrops are limited by vegetation cover on the steep flanks CH, palaeosol
layers over 2 m thick can be observed in road cuttings at 230 m above mean sea level (amsl).

Geomorphological difference between the three major volcanic regions on Montserrat reflects the
difference in age and erosional maturity from north to south. SH in the north is heavily eroded back to
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Fig. 1. Montserrat and its location within the Lesser Antilles Arc (inset). The major volcanic complexes are labelled: SH, Silver
Hills; CH, Centre Hills; SHV, Soufriére Hills Volcano; SSH, South Soufriére Hills. Also marked are GH Garibaldi Hill; SGH, St
George’s Hill and the major active (solid lines) and inferred (dashed lines) fault systems: MHFS, Montserrat-Havers Fault System
and Belham Valley fault from Feuillet et al. (2010); Soldier Ghaut fault, inferred by Hautmann et al. (2010). Also marked is the

location of the Trants/Pelican Bay CALIPSO borehole (TRNT).

adistinct steep-sided volcanic core with a maximum elevation of 400 m amsl and a subaereal extent of
approximately 7.5 kmZ2. The central 35 km? of CH is dominated by steep sided intrusive and extrusive
components of remnant domes. The highest point in the CH complex is the remnant dome of Katy Hill
at 740 m amsl. The steep-sided pinnacles are surrounded by shallower dipping volcaniclastic deposits,
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often deeply incised by the modern drainage channels and exposed along coastal cliffs, 140 m high to
the east and 75 m high to the west (Le Friant et al., 2004). The morphology of the southern portion of
the island has changed noticeably during the most recent activity at SHV. The pre-eruption elevation
of SHV was 914 m amsl at the summit of the youngest dome, Castle Peak, which likely dates from early
17th century (Harford et al., 2002). During the phases of dome growth and collapse since 1995 the
dome has reached a maximum elevation of 1100 m amsl (Wadge et al., 2010). Major valleys, incised
into the volcanoes flanks have been partially or completely infilled by deposits from the ongoing
eruption (Le Friant et al., 2004) and coastal fans have added significantly to the island’s coastline (Cole
et al., 2002).

This general morphology of the island sits within a wider, local and regional, tectonic context
which reveals itself in a number of on island features as well as in offshore seismic reflection sections
(Kenedi et al., 2010). Montserrat is located at the end of the regional Bouillante-Montserrat graben
structure between Guadeloupe and southern Montserrat. On the west side of the island normal faulting
is prevalent, as part of the extensional Montserrat-Havers Fault System (MHFS) (Feuillet et al., 2010)
which manifests as alignment of young andesitic domes and uplift structures and the ESE trending
Belham Valley Fault. Further north, Hautmann et al. (2009) have proposed a NW trending fault beneath
CH at Soldier Ghaut (Fig. 1). At the more local scale, the shallow intrusive and extrusive lavas that form
the cores of the volcanic massifs on Montserrat are pervasively jointed and fractured and small faults
can be observed in outcrops exposed by the erosion of the ghauts. Fractures predominantly strike
NW-SE to NNW-SSE with dip angles between 60° and 90° (Hautmann et al., 2010).

3. Climate, rainfall and recharge
3.1. Temperature

Montserrat has a subtropical maritime climate. The average annual temperature at sea level is
25.9°C and average monthly temperatures range between 24 and 27 °C. Temperatures peak in August
and are generally lowest in February (Fig. 2). Temperature also varies with elevation. Blume et al.
(1974) suggest an average reduction in air temperature of 0.6 °C per 100 m of altitude for the Caribbean
islands. Unfortunately, there is not sufficient temperature data to define an independent relationship
for Montserrat.

150
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Potential Evapotranspiration (mm)
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Fig. 2. Average monthly temperature at sea level on Montserrat for the period 1990-2009 and monthly potential evapotrans-
piration given by the Thornthwaite method (see Section 3.3). The dashed red line represents the annual average temperature.
Temperature data from Climate Research Unit (CRU) of the University of East Anglia (UEA) via the World Bank Climate Change
Knowledge Portal.
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Fig.3. Annualrainfall at Grove, Olveston and Trants from 1905 to 1965 (left). Boxplot of monthly data for the time period covered
(right). The boxes define the 25th and 75th percentiles and the dot within the box is the median; the whiskers extend to data
points not considered outliers; an outlier is defined as a data value greater than gs +1.5(q3 — q1) and less than q; — 1.5(q3 — q1),
where ¢; and g3 are the 25th and 75th percentiles, respectively. The locations of these stations are highlighted in Fig. 4.

3.2. Rainfall

The island experiences both local convective storms and intense rainfall associated with larger
tropical weather systems (Barclay et al., 2006). Historical data acquired from the archives of Monserrat
Utilities Ltd (MUL) demonstrates that, while rainfall is common throughout the year, a clear seasonality
does exist (Fig. 3). The wet season extends from July to November, with rainfall totals decreasing
through December and January into a dry season from February to April. The end of the dry season
is often marked abruptly by high rainfall through May, before a more steady increase in monthly
precipitation to a maximum in the months of September, October and November.

While frequent, year round, high intensity but short (minute-hour) convective storms provide
much of the baseline precipitation on the island, tropical storms and hurricanes are responsible for
significant additional precipitation associated with the wet season peak. In 2010 Hurricane Earl passed
150 km off the east coast of Montserrat, delivering almost 10% of the recorded annual rainfall at Hope
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Fig. 4. Spatial distribution of average annual rainfall derived from rain gauges with more than 5 years of data. Blue circles
correspond to gauges defined as western stations, orange circles are locations of eastern stations (see Fig. 5). Names highlighted
in red mark correspond to stations discussed in the text and in Fig. 3.

rain gauge, in just a few hours. There is also significant interannual variation in rainfall on Montserrat,
complexly related to sea surface temperatures in the eastern Pacific Ocean (El Nino-La Nina), as well as
in the tropical and subtropical Atlantic Ocean (Barclay et al., 2006). Historic data from a pre-eruption
rain gauge at Grove in Plymouth (location of rain gauges displayed in Fig. 4) provides monthly totals
spanning 47 non-consecutive years between 1902 and 1965. The total annual rainfall for this period
ranges from 1139 to 2000 mm with a mean of 1543 mm and standard deviation of 237 mm.

The distribution of precipitation also varies spatially (Fig. 4). Unsurprisingly, on this steep, volcanic
island a significant topographic variation in rainfall exists. Barclay et al. (2006) suggested that the
mountain tops receive 60% more rainfall than the lower-lying coastal areas. Data from MUL archives,
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Fig.5. Rainfall relationship with elevation. Station divided into east (orange) and west (blue) locations (see Fig. 4) with different
associated rainfall vs elevation relationships. The trend for all 30 stations is described by the equation y=0.734x+1375.5
(black line). For western stations the trend is described by the equation y=1.788x+1375.8. The trend for the eastern gauges
is y=1.123x+1087.8. Low R? values for the east and west relationships (0.48 and 0.43, respectively) indicate the presence of
additional spatial rainfall distribution factors as well as temporal variations. However, separate east/west relationships are
favourable compared to the complete 30 station trend (R?> =0.11). Note that the data from the rain gauges cover different time
periods within the interval 1900-2011 (average length of data set is 21 4+ 13 years).

supplemented by a single station from a University of East Anglia (UEA) instrumentation show that
the topographically controlled distribution is coupled with a distinct east-west contrast. Rainfall is
higher on the leeward (western) side of the island, especially on the western slopes of Centre Hills
(Fig. 4). There is also a contrast in the relationship between elevation and rainfall in the east and west
of the island (Fig. 5). The available rain gauge data suggest that rainfall is ~80% greater over the eastern
peaks than on the coast; in the west it is >100% greater on the peaks. A paucity of instrumentation
within the densely vegetated high elevation regions restricts the accuracy of this estimate. The spatial
variation in precipitation is reflected in climax vegetation; the leeward (western) and elevated areas
that are unaffected by the volcanic activity are covered in dense, tropical forest, while scrub, grass and
cacti dominate the dry, windward (eastern) and northern slopes and coast.

3.3. Recharge estimation

Groundwater recharge is a critical control on any subsurface hydrological system. In tropical islands
such as Montserrat, high temperatures and dense vegetation can combine to produce high evapotrans-
piration rates, significantly reducing effective recharge. No evaporation pan measurements exist on
Montserrat. In the absence of direct measurements, calculation of the potential evapotranspiration
(PET) is necessary. The Thornthwaite method (Thornthwaite, 1948) is one of the most commonly used
of several empirical methods or used to estimate PEy (see Schwartz and Zhang, 2003). The method
uses average monthly temperature to calculate an estimate for monthly PEr.

N\ 4a
PET:1.62(%> 1)
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Table 1
Values for root constant (C) and wilting point (D) for vegetation types used in the recharge modelling.
Landuse Root constant (cm) (C) Wilting point (cm) (D)
Tree-dominated 150 250
Bare soil 2 5
Grass-dominated 30 60
Fresh volcanic deposits 2 5

where PEris potential evapotranspiration in cm/month, T; is the mean air temperature in °C for month
i. I is the annual heat index given by:

12

I:Z(%)lﬁ (2)

i=1
from which the constant a is derived:

a=0.492 + 0.0179I — 0.000077112 + 0.00000067513 (3)

Thornthwaite estimates for PEr on Montserrat vary between 100 and 150 mm/month, yielding a
total 1500 mm/year (Fig. 2). Thus PEt is close to, and sometimes greater than, the average annual
rainfall in some locations. Only when soil water is not limited can actual evapotranspiration (AET) be
assumed to equal PEr.

3.3.1. The distributed recharge model

We use distributed recharge model code ZOODRM (Hughes et al., 2008; Mansour et al., 2011), to
estimate spatially and temporally distributed AE from Thornthwaite PEr calculations, by incorporat-
ing distributed, daily precipitation data and vegetation type information. We define four vegetation
types based on land use maps from the Government of Montserrat: bare soil, grass-dominated (often
anthropogenic), tree-dominated and fresh volcanic deposits (Fig. 6). ZOODRM uses a soil moisture
deficit (SMD) calculation to relate AEt to the PE estimates in Fig. 2 and derive distributed recharge.
Two major, depth related parameters are assigned to each vegetation type; the root constant (C) and
wilting point (D) (Table 1). While SMD is less than C, water in the soil is assumed to be freely available
for evapotranspiration. Under these conditions AEr is equal to PEr. If evapotranspiration continues in
the absence of sufficient recharge, SMD increases beyond C and the amount of moisture that can be
extracted from the soil is restricted. If SMD continues to increase beyond the wilting point (D) evapo-
ration from soil moisture will cease. If rainfall is greater than PEt it will first replenish the SMD before
recharge is permitted. The model domain is discretised into nodes, represented by 200 m x 200 m
cells; daily recharge is calculated for each node following the method summarised in Fig. 7.

The robustness of the recharge model is improved by greater spatial and temporal constraints on
the inputs, for instance the length of the daily rainfall time series and the number of rain gauge sta-
tions. Although there are long historical monthly time series for precipitation, the longest continuous
daily time series is 13 years at Hope rain gauge (Fig. 8). ZOODRM allows the rainfall data to be spatially
distributed according to additional known constraints. Here, we evaluate three precipitation distribu-
tion scenarios that combine the time series from Hope with information on spatial distribution from
the other rain gauges in the network (see Table 2).

3.3.2. Recharge modelling results

The predicted average annual recharge ranges from 12.5% to 17.9% of annual average precipitation
(Fig. 9). Results from Model 1, where rainfall is spatially homogeneous, suggest that recharge is almost
5 times higher on bare soils and volcanic deposits than on forested regions. While this effect is subdued
by the spatial distribution of rainfall used in the more complex models (2-4), land use remains the
dominant control on groundwater recharge. The recharge model results are also affected by spatial
variation in PE7. Model 4 incorporates distributed temperatures based on cooling with elevation at a
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Fig. 6. Land-use divisions used in recharge modelling. Land-uses and vegetation types simplified from Government of Montser-
rat land-use data. Much of the grass-dominated land on the west is anthropogenic, associated with gardens.

Table 2
Description of the three rainfall distribution models explored during the development of a recharge model for Montserrat.

Rainfall distribution model

Name Description

Uniform Daily precipitation time series for Hope rain gauge, uniformly distributed.

Elev.: whole island Precipitation scaled by elevation according to the line of best fit through annual average
precipitation vs elevation for all 29 stations with more than 5 years of rain gauge data (all stations
in Fig. 5).

Elev.: east/west Precipitation scaled by elevation according to two relationships that depend on longitude. Eastern
cells are scaled by relationship described by line of best fit through the 11 eastern stations (orange
stations in Fig. 5). Western cells scaled according to line of best fit through the 18 western stations
(blue stations in Fig. 5).

rate of —0.6°C/100 m (Blume et al., 1974), giving an estimated annual recharge of 266 mm/year (16.7%
of mean annual rainfall).

Temporal variations in groundwater recharge are also significant. Monthly recharge rate estimates
for Model 4 are presented in Figs. 10 and 11. October is the wettest month in the Hope rain gauge
reference time series (1999-2012, Fig. 8). The rainfall distribution model used in Model 4 predicts a
whole island average daily rainfall of 7.77 mm for October, compared to 2.29 mm for the driest month
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Fig. 9. Recharge distribution for the different rainfall and land use scenarios explored. Rainfall models are defined in Table 2. Land use, soil moisture deficit parameters defined in Table 1.
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Whole island, annual, rainfall and recharge averages are also presented, as well as an estimate of annual recharge percentage. Model 1 demonstrates the land use control on uniformly
distributed rainfall and evapotranspiration. Models 2 explores a single, whole island precipitation and elevation relationship. Compared to Model 3 which incorporated different rainfall
and elevation relationships for the eastern and western sides of the island, Model 2 underestimates the recharge in the west and overestimates the recharge in the east. Model 4 includes
an additional elevation/temperature control on evapotranspiration, with the effect of slightly reducing recharge.
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Fig. 10. Mean daily recharge for each month predicted by Model 4. The spatial distribution of this recharge can be seen in
Fig. 11.

(March). This, coupled with the cumulative effect of increased rainfall lowering SMD during the wet
season, results in long term average daily recharge estimate for October that is over 8 times that for
March.

3.3.3. Recharge model interpretation and discussion

The scenarios investigated here are simplifications of the complex recharge regime on Montserrat.
The models attempt to incorporate the spatial relationships of rainfall with elevation and latitude.
However, limited daily rainfall time series, particularly at higher elevations, prevents the inclusion
of higher order rainfall distribution trends. This will result in overestimation or underestimation of
recharge in locations where rainfall does not fit the elevation trends used. A lack of spatially and
temporally distributed temperature or evaporation data also restricts the absolute accuracy of the
models. However, the models demonstrate that land use is a key control on recharge and as such they
provide reasonable first-order estimates of groundwater recharge on Montserrat.

The annual recharge percentages can be compared with the values of 10% and 40% calculated for
the nearby islands of Guadeloupe and Martinique, respectively, by Rad et al. (2007), who emphasise
‘huge’ local variations. Model 4, which attempts to capture the disparity between precipitation on the
east and west of the island, as well as temperature variation associated with elevation, represents our
best estimate of the true recharge conditions on Montserrat.

The temporal variation captured by these recharge models is purely a function of climatology. Land
use (i.e. vegetation type) has a strong influence on the spatial distribution of groundwater recharge
and can also vary temporally. Seasonal vegetation variation is negligible in Montserrat’s tropical cli-
mate. However, vegetation changes associated with waxing and waining of volcanic activity, and
deforestation for agriculture and development may systematically affect recharge. These effects are
not incorporated in the current recharge models. Generally, over the 13 years covered by the rain-
fall data (1999-2012), land use has varied little. However, ash from SHV has, at times, covered large
parts of the island. Since 2010 the vegetation in the south of Montserrat has begun to recover, dur-
ing an extended period of quiescence. Development, and particularly agriculture, is also increasing
in response to reduced volcanic activity. Future studies should incorporate changes in vegetation
associated with recovery and development.

Another important factor not taken into account in this suite of recharge models is the effect
of run-off. Unfortunately, the absence of stream hydrograph data on Montserrat means run-off is
impossible to quantify. Although measurements suggest that infiltration rates on Montserrat are high
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(>0.75 mm/min) (Barclay et al., 2007), rainfall intensities during storms can exceed this, reaching
2 mm/min. Interception by densely vegetated canopy, moderates the rate at which rainfall reaches
the ground. Observations indicate that storm events do generate run-off on steep slopes, however
flow rapidly infiltrates into stream beds downstream. As a result run-off on Montserrat predominantly
acts to redistribute recharge downstream rather than removes it completely from the groundwater
system; only the most intense storms, associated with tropical cyclonic activity, generate run-off to
the sea. From measurements of river discharge, Rad et al. (2007) estimate run-off at 60% and 30%
of annual precipitation for Guadeloupe and Martinique, respectively. These estimates, which include
contributions to river run-off from springs and groundwater aquifer discharge, are not appropriate
for use in recharge models. Regardless, such high values are probably greatly excessive for Montserrat
where no permanent rivers exist. For the purposes of the recharge models presented here, no run-off
was generated.

4. Hydrology
4.1. Spring discharge and water supply
Despite high rainfall on Montserrat, the network of deeply incised radial valleys (ghauts) that drain

the island’s steep flanks are predominantly ephemeral. The only permanent streams are sourced from
springs at elevations between 200 and 400 m (amsl) (Figs. 12 and 13). The springs feed losing streams;
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Fig. 12. Location and average yield of springs. Blue circles and triangles are spring and well locations with yield data from this
study. Red circles are data from Walker (1965). The springs on SHV are no longer accessible and have almost certainly been
buried by deposits from the ongoing eruption. Spring names from this study are shown in Table 3; spring names from Walker
(1965) study are provided in Appendix A. More detail on spring yields is shown in Fig. 14.
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Fig. 13. Spring elevation distributions on Centre Hills (CH (blue)), Soufriére Hills Volcano (SHV (red)) and Belham Valley (BV
(green)). Bins are 30 m. The lowest elevation spring is Sunny Spring (Sn) at 15 m amsl. CH springs are between 188 and 403 m
amsl.

flow infiltrates into the stream bed and flows to the sea as groundwater. There are a few broader
drainage channels, such as the Belham and Farm Rivers, to the east and west respectively, between
CH and SHV, and Carr’s and Little Bays in the north of the island. Aquifers within major drainage
valleys and in alluvial sediments in the vicinity of the old capital, Plymouth, have been explored for
groundwater water production in the past, with varying degrees of success (Ramdin and Hosein, 1995;
Maxim Engineering, 1995; Davies and Peart, 2003). Most of the wells were shallow (<50 m) and low
yielding (<2 L/s) (Davies and Peart, 2003).

Prior to the onset of eruptive activity in 1995 (see Section 2), the water demand of the population
of approximately 11,000 was met by selected springs on both CH and SHV (Fig. 12), supplemented by
a number of variable quality (chemistry and yield) wells. Concern over declining spring production
in the early 1990s, and increasing occurrence of high chloride levels in the more coastal well waters
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Fig. 14. Ranked, average spring yields, from this study and from Walker (1965). CH springs in blue; SHV springs, red and the
two springs in the Belham Valley (Sunny (Sn) and Bath (Ba)), green.
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Fig. 15. Spring yield from supply springs from 1988 to 2013 according to Montserrat Utilities Ltd (MUL) production data,
showing significant fluctuations in spring yields. The early part of the time series is composed of monthly data; weekly data is
available from 2006 onwards. The time series is disrupted by Hurricane Hugo from 1989 to 1991 and then by the eruption of
SHV between 1995 and 2001. The distinct eruptive phases of SHV are displayed for reference. Projected whole island, weekly
rainfall (grey) and recharge rate (black) from Hope rain gauge and Recharge Model 4 are also shown.

prompted investigation into the potential for further groundwater development. Six wells were drilled
in the Belham Valley in 1996; one demonstrated artesian flow at 1L/s and provided a pumped yield
of 3.9L/s (Davies and Peart, 2003). Like many of the valleys in the south on Montserrat, Belham Valley
has been inundated with lahars and pyroclastic deposits since the onset of eruptive activity at SHV.
In 2007, fill accumulation from lahars in the lower Belham Valley since 1995 was estimated to be
between 10 and 15 m (Donnelly, 2007). By 2003, after 8 years of volcanic activity, all wells in the
Belham as well as springs on SHV were lost, buried under the young volcaniclastic and lahar deposits
from SHV. Abandonment and infilling also took all the other wells out of supply.

In 2004 HydroSource Associates managed a project drilling three wells targeting the productive,
artesian aquifer in the Belham Valley (MBV1 and MBV2 in Fig. 12) (HydroSource, 2004). The three
wells tap a confined aquifer in reworked gravels and alluvial deposits between 15 and 38 m below
mean sea level, confined by a thin (1 m) cap of low permeability clay and lahar deposits beneath a
thicker (12 m) lahar deposit. However, as access to these wells is limited during times of heightened
volcanic activity and extreme rainfall events, the Belham wells are maintained as a back-up water
supply.

Emigration as a result of both hurricane Hugo in 1989 and the onset of volcanic activity in 1995
has reduced Montserrat’s population to 4500, easing pressures on the water supplies. The current
demand of ~14 ML/week is met by production from six springs on flanks of the extinct volcanic centre
of Centre Hills. In 2012 supply from these springs averaged 35 ML/week; excess discharge flows down
the ghauts and percolates through the beds of the losing stream. Consumption rates are expected to
rise as population and agriculture continue to recover during periods of reduced volcanic activity.
While current spring yields provide a surplus and can cope with significant increases in demand,
historical variations in spring yield provide some cause for concern. Anecdotal evidence (MUL, pers.
commun. 2012) suggests that spring behaviour is affected by volcanic activity. Spring production
data suggests that yield declined significantly in the 18 months prior to the onset of the eruption
and remained low for ten years. In the early 2000s, during a prolonged period of activity (Phase 2,
Fig. 15), spring production declined to levels below the current consumption rate, reaching yields less
than 12 ML/week in 2003. Low yield behaviour ended abruptly at the end of 2004, with a sudden
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Table 3

Temperature and SEC of springs surveyed in February 2013. Spring code refers to the labels in Fig. 12.
Spring code  Spring name Lat. (° N) Lon.(°W) Alt.(m) Date Temp (°C)  SEC (uS/cm)
BA Blackwood Allen 16.77010  62.19862 315 10/02/13  23.6 458
Bl1 Bottomless Ghaut 1 16.76671  62.19159 332 04/02/13  22.1 554
BI2 Bottomless Ghaut 2 16.76642  62.19151 356 04/02/13  22.1 255
BM Bessy Mack 16.76202  62.17215 190 11/03/13 254 1288
BR1 Big River 1 16.76012  62.18815 398 04/02/13  22.7 331
BR2 Big River 2 16.76012  62.18815 398 04/02/13  22.1 353
Cb1 Corbett 1 16.75026  62.18652 306 02/02/13 252 467
Cb2 Corbett 2 16.75049  62.18717 325 02/02/13  26.1 423
Cb3 Corbett 3 16.74971  62.18773 327 02/02/13 269 419
FogA Fogarty A 16.76897  62.20753 309 18/02/13 228 287
FogB Fogarty B 16.76789  62.20887 306 18/02/13 229 283
FW Fairy Walk 16.75269  62.18141 248 02/02/13  28.8 555
GgE Gingerground East 16.76885  62.19141 392 10/02/13 225 415
Hp Hope 16.75177  62.21206 262 08/02/13  23.7 306
Kk Killiekrankie 16.74284  62.19839 297 31/01/13 259 308
Lw Lawyers 16.76014  62.21544 188 30/01/13 232 281
MkSc Monkey Spring 16.74200 62.19714 265 31/01/13  25.7 311
MkSp Monkey Spring 16.74200  62.19714 265 31/01/13 263 327
MKLHS Monkey side spring 16.74234  62.19725 297 31/01/13 246 326
MKRHS Monkey side spring 16.74206  62.19656 296 31/01/13 22.2 967
MS Mongo/Underwood 16.76938  62.19469 345 09/02/13 23 588
Olv Olveston 16.75557  62.21368 240 05/02/13 232 282
Qu Quashie 16.75845  62.21587 231 30/01/13  23.2 285
Sn Sunny 16.73979  62.22347 15 06/02/13  27.4 1703
HWP1 Hot Water Pond seaward 16.71748  62.23039 1.0 07/02/13 404 49,100
HWP2 Hot Water Pond up-valley  16.71748  62.23039 1.5 07/02/13  56.1 38,600
MBW1 Belham Well 1 16.74009  62.21932 34 06/02/13 31 663
MBW2 Belham Well 2 16.74130  62.21948 29 06/02/13 31 630

production increase to over 25 ML/week (Fig. 15). However, as the spring production data reflects
natural recharge fluctuations as well as infrastructure disruptions, establishing a causal link between
volcanic activity and spring yield is difficult. Spring yield fluctuations highlight the fragility of this
essential resource and underline the need to understand the controls on Montserrat’s hydrological
system.

4.2. Hydrological field observations

Volcanic activity has buried the spring on SHV. Currently, all of the island’s freshwater is supplied
by six springs on CH. There are also a number of untapped springs on CH. Previous studies (Chiodini
et al., 1996; Davies and Peart, 2003; Jones et al., 2010) have suggested uniformity in temperature
and composition of the CH springs. However, measurements of temperature and specific electrical
conductivity (SEC) during field campaigns in February and November 2011 and February 2013 indicate
differences between CH springs that merit further attention.

The majority of springs on CH, particularly the western and northern springs, discharge water at
22-24°C and 281-353 puS/cm (Table 3). However, a number of springs on CH produce water above
25°C. These warmer springs lie in a north-east linear trend and include the high yielding (19L/s)
and high elevation (297 m amsl) supply spring of Killiekrankie (Kk) (at 25.9 °C), on the southern flank
of CH, and the low yield (0.01L/s) and relatively low elevation (190 m amsl) Bessy Mack (BM) (at
25.4°C) towards the island’s east coast (Fig. 16). The highest temperature recorded is at the previously
unreported low yielding (~0.8 L/s) Fairy Walk (FW) where spring waters approach 29°C.

At Sunny Spring (Sn) on the edge of the Belham Valley, below Garibaldi Hill, less than 1 km from
the coast at just 15m amsl (Fig. 12), the spring temperature is also higher than at the northern and
western CH springs, discharging at 27.4°C. Here, water flows from a boggy spring with an estimated
discharge of less than 0.1L/s and a high SEC of 1703 uS/cm (Table 3).
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Fig. 16. Temperatures of CH springs. Dots are scaled by spring yield and coloured by temperature. The two red triangles (highest
temperature) correspond to the Belham Wells (MBV1 and MBV2)at 31 °C. The inset shows the springs in the wider island context
and includes Hot Water Pond (at ~56 °C) on the west coast.

Since the eruption, access to the deeper groundwater system is limited to the wells in the Belham
Valley. Water emerges from the confined aquifer at 31.0 °C and 663 w.S/cm from the flowing artesian
MBV2 and 31.1°C and 630 pS/cm from the pumped MBV1. A temperature logger installed at 65m
depth (~30 m bmsl) in the test well adjacent to MBW1 recorded consistent temperatures between
30.6 and 30.9 °C between November 2011 and February 2013.

An important component of the hydrology of Montserrat is its hydrothermal system, which is
currently under investigation for geothermal energy production (Younger, 2010; Ryan et al., 2013).
Apart from the inaccessible fumaroles on SHV, the hottest groundwater manifestation in the island is
Hot Water Pond (HWP), north of the old capital, Plymouth. During visits in 1991 and 1992, Chiodini
et al. (1996) identified several seeps supplying HWP, approximately 200 m inland, up Sand Ghaut.
They encountered water close to 90 °C, with total discharges approaching 5L/s. These seeps appear
to have been buried by subsequent volcanic deposits. Satellite images indicate that the pond all but
completely disappeared between May 14 and June 24 in 2006, a time period that spans the May 20
dome collapse; one of the largest dome collapse events of the eruption (Loughlin et al., 2010): a 17 km
high co-ignimbritic plume deposited significant amounts of ash (up to 60 cm) in the catchment of Sand
Ghaut (SAC, 2006). During visits in February 2011 and 2013 Hot Water Pond was dry. Groundwater
was encountered at 50 cm depth beneath fine, reworked river and coastal sands within the dry channel
of Sand Ghaut in two locations 50 m apart. SEC measurements indicate that this groundwater is likely
mixed with seawater. This is confirmed by a decrease in SEC and increase in temperature between the
seaward site and the up-valley site, from 40°C and 91% of seawater SEC to 56 °C and 71% of seawater
SEC. The seaward site is at the most coastal extent of Sand Ghaut, approximately 30 m from the coast,
in the lee of a 1-2 m high sand bar which prevents overland connection with the sea.

4.3. Discussion of hydrological field observations

Recent studies suggest that HWP represented an outflow of a geothermal system that upwells
beneath St George’s Hill (Ryan et al.,2013). This upwelling is proposed to be at the intersection between
a SW trending fault and the WNW fault zone that includes the Belham Valley fault.

While Belham Valley well and Sunny Spring temperatures are not as high as HWP, the waters
can still be considered warm. The spatial consistency in temperature and SEC between the Belham
Valley Wells confirm that they tap the same aquifer, while the temporal consistency in temperature
in the test well indicates that the aquifer is substantially buffered from atmospheric fluctuations and
seasonal recharge variations.
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Fig. 17. Comparison of temperature and conductivity of the CH spring waters and the Belham well waters (triangles). Fast
flowing springs clearly emanating from rocks are marked by blue dots. Slow flowing seeps and flows from boggy springs
from are represented by the brown dots. The red dot represents the Monkey side spring (MkRHS) which has anomalously low
temperatures and high conductivity compared to the rest of the springs in that locality; it is also highly acidic (pH 3.51 compared
to pH 7.44 + 0.9 for all other springs). The least squares best fit of the “blue” springs is given by the equation C=43.66T — 733.24
with an R? of 0.86, where C is SEC in wS/cm and T is temperature in °C.

It is possible that the low elevation, higher temperature, and high SEC Sunny Spring taps a sim-
ilar confined aquifer, with flow through natural fracture pathways, possibly associated with the
Belham Valley fracture network (Fig. 1). SEC of 1703 wS/cm suggests some component of mix-
ing with more conductive waters, possibly sea water; spring water SEC is 3% of local seawater
conductivity.

Interestingly, the temperature of the northern and western CH springs is lower than the local
ambient annual average temperature of 25.9 °C (see Fig. 2) indicating that recharge occurs at a lower
temperature. Spring temperatures lower than ambient air temperatures are not uncommon in volcanic
terrain and are normally attributed to recharge occurring at higher elevation (e.g. Nathenson et al.,
2003). Using the estimate of 0.6 °C temperature decrease per 100 m elevation (Blume et al., 1974), the
average temperature at a recharge elevation between 400 and 700 m amsl would be between 21.7 and
23.5°C. Spring temperatures of 22-24°C are consistent with this.

CH spring temperatures reported here are consistent with data from previous studies (Jones et al.,
2010; Chiodini et al., 1996; Davies and Peart, 2003), however previous authors have not commented
on the anomalous temperatures in the southern CH springs. The warmer springs are those closest to
the active SHV; however, at elevations above 190 m (over 250 m, excluding Bessy Mack) and more
than 4 km from the active vent the mechanism for this local but systematic elevation of temperature
is unclear. One possible mechanism is a contribution from a deeper, hotter fluid component delivered
through a fracture network from a deeper aquifer. The potential of this mechanism is supported by our
SEC measurements; SEC in the warmer springs is slightly elevated, compared to the western springs,
towards the level observed in the deep Belham well aquifer (Fig. 17). A number of the lower yielding
springs in the north also display higher SEC, but these springs are fed by slow flowing seeps emanating
through soils.
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5. Aquifer properties
5.1. Core scale permeability measurements

A series of 200 m deep boreholes, drilled for geophysical installation as part of the CALIPSO project
(Mattioli et al., 2004), provide rare access to the geology beneath Montserrat’s forested and highly
weathered surface. Permeability measurements were made on 16 one-inch-diameter (2.54 cm) core
samples of various lithology collected from depths ranging from 27 to 151 m in the Trants CALIPSO
borehole (TRNT in Fig. 1). Five samples were tested in a liquid permeameter at constant flow rate and
confining pressure of 2 MPa to simulate approximate lithostatic conditions. Pressure restrictions of the
permeameter and the fragility of the samples meant that upstream pressure was limited to 700 kPa.
Flow through some lower permeability samples was not possible at these pressures. Thirteen samples
were tested on a gas permeameter at constant pressure.

5.1.1. Core scale permeability results and discussion

Permeability of samples from TRNT range from 3 x 10~'8 to 6 x 10~13 m?2 (Table 4). The geomet-
ric mean of the 16 core samples tested is 7 x 10~1> m2. Two samples were tested on both the liquid
and gas permeameter. Gas permeability (kgos) measurements were higher than the liquid perme-
abilty (kj;q) estimates for both samples. For the higher permeability SSK21143A, Kgqs = 2kj;q. For the
less permeable SSK21149A, kgqs =3.5k,l»q. The expected kgas/kl,»q ratio, due to the Klinkenberg effect of
gas slippage, is < 2, for sedimentary rocks with k;q > 1071 m? and 2 for when kj;; < 1071 m? (Tanikawa
and Shimamoto, 2006). Other mechanisms may contribute to increased discrepancy between liquid
and gas permeability, particularly in samples containing clay (Faulkner and Rutter, 2000). Gas per-
meability of dried samples containing clays like smectite will be higher than liquid permeability of
saturated samples due to the swelling. However, agreement to within half an order of magnitude for
separate permeability measurements is probably in line the tests’ repeatability tolerance. While this
makes it difficult to assign any discrepancy to gas slippage effects or clay swelling it does provide
justification for interpreting liquid and gas measurements together.

Though identifying the deposit type that the samples are derived from is difficult, we have subdi-
vided them into three broad types: Lava, Block and Ash, and Lahar (Fig. 18). The 10 samples categorised
as Block and Ash are predominantly monolithic, containing fragments of andesite lava in a crystal rich
to fine silt matrix. The Block and Ash samples show great variation in measured permeability, ranging
from 3 x 10718 to 4 x 10-13 m? with a geometric mean of 4 x 10-15> m2. Lahar deposit samples are
distinguished from Block and Ash by their polylithic nature, containing fragments of pumice as well
as differently types (colours) of lava. The lahar samples tested have a geometric mean permeability

Table 4

Core sample permeability measurements. Sample codes are British Geological Survey (BGS) sample numbers.
Sample code Depth (m) Lithology type Sample description kiig (m?) kgas (m?)
SSK21143A 26.8 Lava Vesiculated, mafic 2x10°13 4x10°13
SSK21144A 28.3 Lava Vuggy, vesiculated, mafic 6x 1013
SSK21147A 485 Block and Ash Coarse, crystal rich matrix 3x10° 14
SSK21148A 50.3 Block and Ash Fine, altered matrix, fractured 3x10°14
SSK21148B 50.3 Block and Ash Fine, altered matrix 5x 10717
SSK21149A 50.3 Block and Ash Crystal rich matrix 2x 1014 7x10-14
SSK21149B 50.3 Block and Ash Crystal rich matrix 6x 10714
SSK21150A 62.5 Lava Andesite 4x10°17
SSK21151A 64.9 Lava Andesite 3x10°1°
SSK21153A 83.8 Block and Ash Fragmented andesite, fine matrix 5% 10716
SSK21153B 83.8 Block and Ash Fragmented andesite, fine matrix 3x 1018
SSK21154B 86.0 Block and Ash Heavily altered 3x 1016
SSK21155A 86.3 Block and Ash Fragmented andesite, altered rims 4x10°14
SSK21159B 97.5 Lahar Coarse, gravelly matrix 2x10°13
SSK21162 133.8 Lahar Coarse, unsorted 2x 10714

SSK21165A 150.6 Block and Ash Ash 4x10°13
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Core Permeability Test Results
1 1 1
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SSK21159B rcoarse, gravelly matrix

Lahar
SSK211621 lcoarse, unsorted

SSK21147A{ ° Fcoarse, crystal rich matrix
SSK21148A1 Ifine, altered matrix, fractured
SSK21148B; ° Hine, altered matrix
SSK21149A1 (] Ferystal rich matrix
SSK21149B1 Block and Ash terystal rich matrix
SSK21153A1 Hfragmented andesite, fine matrix
SSK21153B{ e Hfragmented andesite, fine matrix
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Fig. 18. Permeability of samples from TRNT borehole. Vertical lines correspond to geometric mean permeability for each type
(Lava (red) =1 x 10~ m?, Lahar (light blue) = 7 x 10~'* m?2, Block and Ash (green) = 4 x 10~'5> m?). The geometric mean for all
16 samples (7 x 10-'> m?) is also plotted (black line). Blue dots correspond to liquid permeameter measurements. Orange dots
are gas permeameter measurements.

7 x 10-1% m2. Lava refers to the samples that are composed of a single crystalline lava block. The four
samples are of two very different types. The lavas from 27 and 28 m depth are highly vesiculated mafic
clasts with geometric mean (gas) permeability of 5 x 1013 m?2; the more andesitic clasts from 62 to
65 m depth have a significantly lower geometric mean gas permeability of 3 x 10-16 m2.

There is no discernible relationship between permeability and sample depth, suggesting that the
sample lithology is the most import factor determining permeability. Of the volcaniclastic samples,
cores with higher permeabilities (above 1 x 1014 m2) are generally those with a matrix composed
of coarser, less altered crystals or those that contain fractures. Cores with finer, more altered matrix
material tend to exhibit reduced permeabilities, below 1 x 101> m2.

Resources were limited to providing permeability tests for samples from just one borehole. The
limited number of samples restricts the statistical significance of observable trends of permeability.
Further permeability test on the four other CALIPSO borehole cores would improve robustness of any
observed trends in permeability. The 16 samples tested here where originally from a larger subset of
cores selected for permeability tests. However, a number of the cores were too fragile and friable to be
reliably tested. Although some are still quite fragile, the set of 16 samples tested represents the more
consolidated and competent of samples. This generates a sampling bias towards samples that are most
suitable for the tests and may result in a slight bias towards lower permeabilities, particularly in the
volcaniclastic samples (Block and Ash and Lahar).
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Our permeability measurements on lava samples are comparable with measurements made on
dome rocks and lava from Montserrat by Melnik and Sparks (2002), who measured permeabilities
between 6 x 10-16 and 5 x 10-'2 m2 on 15 cores of juvenile lava. They cite interconnected vesicles as
responsible for much of the porosity, providing high permeabilities (geometric mean of 8 x 10~14 m?2),
Core-scale measurements on lava blocks from Martinique show a similar range in permeability
(1x10716-4 x 10-12 m2) (Bernard et al., 2007).

Samples SSK21153A and B are from adjacent parts of the drill core but yield very different core scale
permeability measurements. Such variations highlight the heterogeneity of the volcaniclastic deposits.
Atlarger scale, groundwater flow is likely affected by heterogeneities that are not adequately captured
at the core scale, such as fractures and high permeability flow channels.

5.2. Aquifer scale permeability estimates

HydroSource (2004) performed pumping tests on the confined aquifer in the Belham Valley soon
after well installation in 2004. For MBV1 the maximum drawdown after constant pumping at a rate of
50.5L/s for 72 h was 6.8 m. The test well, located 3 m from the pumping well, experienced a maximum
drawdown of 5.1 m and MBV2 152 m away experienced a drawdown of 4.8 m. Using these results the
Cooper-Jacob Straight-Line method and the Distance-Drawdown method (Cooper and Jacob, 1946)
give transmissivity estimates of 2 x 103 m2/s and 6 x 10-2 m2/s, respectively. Combined with aquifer
thickness estimates from the well log of ~18 m, these transmissivities equate to permeabilities of
6 x 10~ m2 and 3 x 10! m2; several orders of magnitude higher than the highest core scale perme-
abilities measured for the CALIPSO samples (Table 4 and Fig. 18). The aquifer exploited by the Belham
wells is described as a probable channel of coarse gravel and weathered pebbles (HydroSource, 2004);
as such the permeability is likely to be associated with large pores and not represented in the core
scale samples. Such units are likely to be among the most permeable on the island.

Intermediate scale injection and slug tests on a wider range of lithologies from Guadeloupe yield
lower permeability estimates, between 2 x 10-14 and 5 x 10-12 m?2 (Charlier et al., 2011). Charlier
et al. (2011) report that the most permeable deposits are pumice lapilli (2 x 10~13-5 x 10-'2 m2) and
the least permeable are weathered volcanic breccia (2 x 10-14-5 x 10~ m2). Brecciated andesitic
lava flows and unweathered pyroclastic flow deposits on Guadeloupe exhibit similar permeabilities
(7 x10714-6 x 1013 m2). In general, tests at larger scales reveal higher permeabilities; they have
the potential to sample flow through features that cannot be captured as core scale, such as inter-
connecting fractures, large voids and coarse grained deposits. This scale dependence of permeability
measurements is widely recognised (Brace, 1984).

6. Synopsis and development of a conceptual hydrological model
6.1. Synopsis of new hydrological insights

Recharge models provide reasonable first-order estimates of groundwater recharge on Montserrat.
A suite of models, exploring different rainfall distribution scenarios predict whole island recharge on
the order of 10-20% of rainfall with a best estimate of 266 mm/year. The models also identify strong
seasonal recharge variations; over 70% of the annual recharge occurs between July and December. The
models also highlight a strong land use influence; under equal rainfall and evaporation conditions,
recharge is 5 times higher on bare soils and volcanic deposits than in forested regions. Recharging
groundwater within the flanks of CH supplies high yielding springs. Spring waters demonstrate signif-
icant and systematic, local temperature variations. Western and northern springs waters are between
22 and 24°C; eight southern springs discharge waters at over 25 °C. Elevated temperatures and SEC
in the southern springs point towards a contribution from a deeper, warmer aquifer. Permeabilities
of potential aquifers on Montserrat are explored with new permeability measurements on a range of
core samples. Liquid and gas permeameter measurements reveal permeabilities between 3 x 10~18
and 6 x 10~13 m2 with a geometric mean of 7 x 10~1> m2. These measurements are consistent with
previous studies on similar materials. The preceding review and new insights provide the basis for a
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discussion developing a conceptual model to describe fundamental features of Montserrat’s hydrology,
in particular its high yielding, high elevations springs.

6.2. Towards a conceptual hydrological model

In the shallow sub-surface of Montserrat fractured, jointed and brecciated andesite lavas in the
islands interior are flanked by high permeability volcaniclastics, allowing rapid rainfall infiltration.
High infiltration capacity results in an island with little or no surface water. Recharge at elevations
above 200 m feeds a number of productive springs. Downstream of the springs the resurgent water
that is not captured for consumption rapidly sinks through the ephemeral stream beds. The lack of
surface water, despite the deeply incised morphology, and the losing streams, suggest a relatively low
lying water table.

Logs and drilling records from the existing Belham Wells about 1.5 km from the coast indicate the
existence of a shallow unconfined water table aquifer within what is described as volcanic breccia.
The depth to the water table is 23 m below ground surface (HydroSource, 2004). This equates to an
elevation of about 12 m amsl, consistent with the observations from the older, now buried, wells in
the Belham Valley (Maxim Engineering, 1995; Davies and Peart, 2003).

Both the Hawaiian model (Peterson, 1972; Ingebritsen and Scholl, 1993) and the Canary Island
model (Cabrera and Custodio, 2004; Custodio, 2007) allow for such a low lying water table towards
the coast. The models diverge in their conceptualisation of the hydrology towards the interior of the
islands. In the Hawaiian Model (corresponding to Robins et al. (1990)’s Type 2), the water table remains
at low elevation under the islands interior, and springs at higher elevation are fed by aquifers perched
on ash layers and buried soils and impounded by intrusive, volcanic dykes. In the Canary Islands model
(corresponding to Robins et al. (1990)’s Type 1), the occurrence of high-elevation aquifers is related
to steep doming of the water table over low permeability volcanic cores, and the only truly perched
aquifers are localised and small. Robins et al. (1990)’s Type 1 has previously been applied to Montserrat
(Davies and Peart, 2003).

Under either regime, the presence of the springs at relatively high elevations (Fig. 13) on the flanks
of CH and SHV (pre-eruption) (Fig. 12) requires the existence of lower permeability beneath the high
permeability surface lithologies. The magnitude of spring yields on Montserrat suggests that the source
aquifers are reasonably extensive and therefore any low permeability features must be relativity lat-
erally continuous. Using an annual recharge of 0.27 m/yr, from our recharge model estimates, and
assuming that all recharge to the spring catchment discharges at the spring site, the recharge area
required to match 18L/s production observed at Killiekrankie spring is over 2 km?2. This is over 40
times the topographically defined catchment for Killiekrankie, as estimated from a digital elevation
model (DEM). Even if we use a recharge close to the annual rainfall average at Hope rain gauge (2 m/yr),
the necessary recharge area still over 5 times the spring’s topographically defined catchment. The
aquifers that supply the springs, and therefore any low permeability unit, must extend beyond the
topographically defined catchment.

In a Canary Island-type (Type 1) model intrusive volcanic cores provide a laterally continuous, low
permeability unit that causes the water table to dome steeply to high elevations. In the Canaries
this results in the development of high elevation aquifers that are exploited by tunnels and gal-
leries (Carracedo, 1994). It is probable that within the central cores of Montserrat’s extinct volcanic
complexes there exist similar, low permeability intrusive bodies that once fed the eruptions. Whilst
the lateral continuity of individual magmatic conduits may be limited, they intrude through stacked
domes, which themselves are likely to be higher density. Independent gravity and seismic inversions
have modelled high density cores, at sea level, beneath SH and CH (Hautmann et al., 2013; Paulatto
etal., 2010; Shalev et al., 2010). Unfortunately, due to issues related to occupying stations and deploy-
ing equipment within the steep sloped interior of the island, geophysical surveys have struggled to
illuminate structures above sea level. It is likely, however, that high density cores do extend above
sea level, into the edifice. At some depth below the surface they transition from unfractured or heeled
intrusive bodies to the more fractured and higher permeability extrusive and jointed shallow intrusive
bodies that can be observed on the surface. Springs will form where the erosional surface intersects
this transition (Fig. 19).
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Fig. 19. Potential application of the Canary Island (Type 1) conceptual model (a) and the Hawaiian (Type 2) conceptual model
(b) to explain CH springs and artesian coastal aquifers.

Intrusive bodies are also implicated in spring development in a Hawaiian-type (Type 2) model;
intrusive dykes impound groundwater and generate perched aquifers. On Hawaii, high elevation
aquifers are also perched by ash layers. Ash layers on Montserrat tend to be thin; tephra-fallout
deposits associated with the first 4 years of eruption reached maximum accumulation of 43 cm
(Bonadonna et al., 2002). Preserved ash layers around CH are infrequent, with maximum thicknesses
of around 20 cm. Such compacted ash layers are likely to be low permeability and they may present
localised perching units, capable of compartmentalising groundwater flow. However, their limited
thickness and lack of lateral continuity restricts their ability to perch aquifers of the scale required to
supply the springs on Montserrat.

On Montserrat there exist other volcanic deposits that are intrinsically low permeability. Such
units are associated with both high temperature and low temperature weathering and alteration.
The Soufriéres on SHV testify to the prevalence of the hydrothermal system on the active volcano.
Hydrothermal alteration is a function of fluid-rock interaction at elevated pressure and tempera-
ture. Common alteration occurring in such systems includes precipitation of silica polymorphs and
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sulphates by acid waters, often proximal to fumarolic vents (Boudon et al., 1998). Less acid systems
are associated with mineral breakdown to clays such as smectite and kaolinite (Giggenbach, 1988).
Boudon et al. (1998) estimate that the silica alteration zone, delineated by the active soufriéres extends
to a diameter of ~2 km around the centre of SHV and is coupled with precipitation and infilling of pores
and fractures with amorphous and microcrystalline silica. An extensive silica alteration zone, coupled
with significant clay alteration associated with low temperature alteration and meteoric weathering,
could potentially lead to the development of a low permeability surface layer. If this surface is buried
by subsequent eruptive deposits it has the potential to provide a large, laterally continuous aquitard.
Subsequent downcutting of the ghauts to intersect the aquitard will promote the formation of springs
(Fig. 19).

Type 2 differs from Type 1 in that aquifers supplying the high elevation springs are perched or
impounded within a vadose zone that is several hundreds of metres thick. Under this regime the units
beneath the perching aquitard would be unsaturated. An unpublished commercial report (Maxim
Engineering, 1995) states that a 1967/1968 water test well located in a ghaut on the northern slopes
of CH at ~200 m amsl was drilled to a depth of 75 m amsl and did not encounter saturated material.
Up-valley of this drill site at the elevations of 315 and 345 m amsl the ghaut is fed by Blackwood Allan
and Mongo Springs.

In the Type 2 model the spring aquifers are hydraulically connected to the deeper hydrological
system and to low elevation coastal aquifers. Under these conditions spring behaviour, temperature
and composition is hydraulically coupled with groundwater conditions and pressure at depth, and
therefore to volcanic perturbation. By defining hydraulic connectivity between low and high elevation
aquifers, this model can better explain the anomalously warm springs at high elevation on the south
side of CH.

Certain observations from Montserrat are consistent with either of the major volcanic island
conceptual hydrology models. Without deep boreholes within the central portions of Montserrat’s
volcanic complexes it is difficult to definitively propose which model best represents the hydrology of
this volcanic arc island. Both should be maintained as working hypotheses, with a view to gathering
data to better constrain the system.

7. Conclusions

High yielding springs on the flanks of the extinct Centre Hills volcanic complex and low lying
aquifers in more distal locations provide an essential water resource to the island’s population, as it
recovers from over 15 years of volcanic activity. Recharge models predict annual recharge of 10-20% of
annual rainfall with a strong seasonality; models predict that over 70% of the islands recharge occurs
between July and December. Land use is a critical control on recharge; during extended periods of
quiescence changes in vegetation type, including colonisation and eventual afforestation of young
deposits in the south, and deforestation for agriculture around Centre Hills, are expected to modify
the current recharge conditions. Recharge will also be affected by any fluctuations in rainfall patterns
associated with climate change; this will, no doubt, have implications for spring yield.

The development of springs at elevations of 200-400 m amsl, on an island with only ephemeral
rivers and no other surface water, requires the presence of low permeability units. Assuming a recharge
rate of 0.27 m/yr the surface recharge area required to supply the highest yielding spring on Montserrat
is over 40 times the topographically defined catchment. This suggest that the low permeability bodies
responsible for raising the water table to the elevation of the springs must be reasonably laterally
extensive.

A suite of core-scale permeability tests reveal permeabilities between 3 x 10~18 and 6 x 1013 m?2
for samples of lava and volcaniclastic deposits. Generally, coarser and less altered samples demon-
strate higher permeabilities (>10-14 m2), while cores with finer and altered matrix material exhibit
permeabilities below 10~1°> m2. Andesitic lava samples also reveal low permeabilities, on the order
of 10~16 m2, Analysis of a previous pumping test on a confined aquifer in Montserrat’s Belham valley
reveal aquifer permeability of 10-10 m?2,

New insights and observations from Montserrat combined with a review of existing understand-
ing of hydrologic on volcanic islands provides the basis for a discussion on potential conceptual
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hydrological models for Montserrat, specifically the Centre Hills springs. Current observations from
Montserrat are consistent with two possible conceptual hydrological models for volcanic island sett-
ings. Type 1 resembles the model applied to the Canary Islands; a low permeability core within the
interior of the island elevates the water table allowing the development of aquifers and springs at high
elevation. Type 2 is based on a conceptual model devised for Hawaii; springs are supplied by perched
aquifers above low permeability, weathered aquitard.

The hydrology of Montserrat is further complicated by the active volcanic system in the south. This
link is not restricted to fumaroles on the flanks of the active SHV; high temperature, low elevation
springs at Hot Water Pond suggest that volcanic influence on the hydrology extends to the east coast,
some 6 km from the active vent. Elevated temperatures and SEC in the southern springs on CH point
towards a contribution from warmer waters potentially supplied through faults from a warmer aquifer
at depth.

The insights presented here provide useful constraints for numerical simulations to explore the
fundamental hydrology of Montserrat, and distinguish which of these two conceptual models best
represents Montserrat’s hydrological system and the hydrology of volcanic arc islands in general.
Improving our understanding of fundamental hydrology of such islands is essential for exploring
hydrological and volcanic interactions as well as assessing the behaviour of a vital resource in response
to a changing climate.
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Appendix A.
Table TableA.1

TableA.1

Springs documented in Walker (1965). Spring codes used in Figs. 12-14.
Spring code Spring name Lat. (°N) Lon. (° W) Alt. (m)
AmA Amersham A 16.70411 62.19940 168
AmB Amersham B 16.70665 62.19612 213
AmC Amersham C 16.70801 62.19368 290
AmD Amersham D 16.70521 62.19302 351
BRB Big River B 16.76252 62.19289 309
BRC Big River C 16.76651 62.18783 302
Ba Bath 16.72699 62.20074 169
CRL Cold River Lower 16.71211 62.15635 114
CRU Cold River Upper 16.71184 62.15710 115

Cn Central 16.76361 62.19158 385
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TableA.1 (Continued )

Spring code Spring name Lat. (°N) Lon. (° W) Alt. (m)
Dw Dowdie 16.69727 62.17360 539
Gd Gadinge 16.70224 62.17595 577
HR Hot River 16.71671 62.16161 195
NR New River 16.71923 62.18019 494
Ro Roches 16.70207 62.16347 323
Ry Ryan 16.69862 62.17613 500
Sp Sappit 16.74904 62.20377 274
WR White River 16.70133 62.17735 396
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