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‘A-fartnvw preposal followed - two day v1s1t by Mesars. WOod and Bhaw
‘1iefz"&ﬁ& Hacle 11:n 1n Julv .9?4._ Thm raport on tne vxslt suggested

; hc gos&xo;llty cf a1 Nw dcvclopmant by 'tapp.ngv ‘ 1 ng wa»er 1n a

: o*uho’c x»nd on flw 'ish gr&an batween aees and C o5 9state

iﬁaiad coats of ’/J exploratory hOLes are glven Qs ~450,000.} Tbe
@rs;sseﬁ,drilline sA+ zs onva e neral 11n° betxeﬂn the -nlana saufrleres

and gites ol coacta] hot water uf;ssxoqs ncar th yr¥eN ald Isle Hotel,

and ths assupption is of an‘iﬁterconnectzng fzssure between these

The prcssat serieg cof inveSti"»t ozs are chng undertaxen uy the Luatltute

of Geols g::; cien;éu on behalf of tae ﬁlnzotry of Gverseas Developmant.,
,fpliow ng a short v'swt by D. Bucxlay of the hydrogeolﬂglcal Deparfment
in ¥February 1973, a re51st1v1ty survey of pa r* of thc area of main
;nterast vas carrled ou t in Aprll 19?, bykgeophyéiéiéts of the IGu
Agpl;ed Gpop“yo1c Un1t (Tov«s ard Lne, 1073) The st udy showed a lowv
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sﬁufrioreg'~*n a’ bﬂo(hermal conte t;, h n anuﬂanv noulﬁ 1nd1cate ‘hot



water. No evicence io suppori the corcept of an intcerconnecting

fissure batween tbe soufricres ond the Fnercid Isle Kotel on the west

coast was obtained although ihe possibility is not thereby exclucded.

The vielt by the pressnt authors Dr. E.P. Wright and K.H. Murray of the
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1 Depariment in Hay/June 1976 had the objective cf
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carrying cut a basic (hydrogeolagical/gecchemical) survey of the geo-
thermal occurrence in llontserrat with a view to assessing likely

potential and if pos i l= to propose suluaolc 1ocat10ns for deep

.

drllllqo. Prell min v indications are not unfavourable but recommenda-

tions are made for further iemperature gradient and heat flow situdies

-

to be carrizd out pvlo to consideration of a deep drilling programme.



Hontueorrat is = wowntaincvs (oland wit> elsvations atiaining 3000
Teet cn the highest point, Chance Moustain (Figure 7). Ii is siroogly

-

discected by uunsrous st

*1

hiy stespecided and perrow valleys - called

ghantc ~ ldlezding off from the interder 1illa. There are only tuo

perennial watersoursss of auny aignificanc e - ¥nite River and Delhzm
River. A1l others Ileow only occcasicnzlly followiing heavy ra:ins. There
are a number of fresh springs on the island (Walter, 1965). The springs
are found at elevations between 250 and 1700 feet asl with the zmajority
occurring in the interval between 800 and 1000 feet asl. Discharge
varies congiderably from less than 0 iz more than 700 313 /oy :zfnd

seasona! veriationn commoaly occur. Variatioas may also pcoir in

relation to pericds of seismic disturbance.

The ciimate of Hontserrat is tropical lying és it dows between Intitindes
10° Lot &nd 10° 50* North. Tt has also meritime influence with Tainfall
and tesperature closely correlated with topogranhy. Rainfsll is
distributed moderately 1:911 thmugnont tpe year }mi: with penerally

higher values in the _perlod July to Deccmber (Figure 2).

Water rescurces for domestic use are derived from springs and some wells.
Total spring flow has been estimated mt 9C0,000 ppd (Walker, 1965)
which represents about 1% of totsl precipitation. Oa the assumpiion of

ty of large subsurface supplies, a programme of

,.x.

a 1likely availabil
drilling was carried ocut in the late 19607 s as part of the Wechnical
Aid frow the Canadian Govermuen‘;. More than 200 boreholes were drilled
to depths in the ronge 40 to 380 feet with the majority in excess of
40D feot (Figure 3). Drilling vas concentrated almost entirely in the
a'gglomeraAtes and tuils but the results were very ﬁiséppo:’inting. The

majority of holes were dry or of negligible ;pro:h;ctivi'ty; Admost the

only wells which gave any significant prcduction were those in the



vicinity of the Liver Farms Rive o where the formaticns include

significant components of fluviatile origin.

e drilling results nust be considered in terms of possible infiltration.
Infiltration is zaid to be very fapid on ihe South Soufriere glacis
(aggloneratic recks surrounding the central laval pile) and rapid in the
ills glecis and slower elsewhere {Land, 1967). This assess-
ment is esszntially qualitative since there are no rain fall-rui-off
data availsble. The variable high level spring occurrcncés and the

poor perzeability of the Soufriere glacis along the coastal stretch
between Ricluzond and O'Garras deduced froam the drilling results do nct
support:ihé idea of deep infiltration to a ccntinuous vater table. Of
the wells drilled close to the coast, most encounterea a water table a
few feet only above sea level. 4 water table at 12 feet asl was
encountered at Grove and.aﬁ 38 feet asl at Elbertons. More inland

-

wells’at higher elevations at Rrymans ané nsar Leés cid not encounter

a watéf tabla although crilling depths did not reach sea level.
Gradient considerétions cannot therefore be iﬁcluded. butbthe general
evidence would not indicate signifi&ant submarine discharge of fresh
water. The surface cutcrops of the éoufrierc Hills agglomerates and
tuffs donot give the appearance of possessing’high peréeability. They
are COﬂpos 4 of poorly sorted material including generally cons Yable
proportiocns of fine ashy matrix. These features combined with the
occurrence of steepsided youthful valleys, common surface erosional
features and the various otherindications discussed above would suggest

that infiltration must represent a fairly small proporticn of total

rainfall over large areas of Montserrat.

Water resources aspects are not an important consideration in this
investigaticn but it scens clear that groundwater resources are not

likely to be high. Drilling into the South Spufriére Hills glacis



‘might hold out more chance of encovntering adeguale supplies but there

1S then the convayance expense to be cencidered.. Beeper'dfilling in
the inland loczticus in the Soufriere H%ll§igla¢i$ could alsd'be
considered but it must be cchéedéd that aéaiiable'evidence is not
'faVOurable, Consideration'cf(thé-likely,distribution of deﬁasits of
fluviatile origin ccﬁld be valuable, If fu:ther drilling proved
nnsucceséful, consideratiaﬁ mightJbe gi%en’fo'impounding sufféce-run—
fo even though the genefal characte:istiés.of the valleys are'

obviously not too favourable.
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The rock types composing Merntsorrat are szimost entirely of volecanic

origir. The moot importanit geoleogical siudies are those by lMacGregor

.
N

(1935) and Rea (1970a, 197%). Teference tc the 1974 publication of
Rea will provide informaticu on the most significant other sources of

inforuation. Geolopiezl details given belew are mainly based on

. Rea's work.

There are five major volcanic centres in Montserrat with three sub-
siduery parasitic develcopments (Figure 4 and Table I). Their ages

range from Pliocene to Recent and detziled sequences have been established

only fur the younger centres, those of the South Soufriere and Soufriere

Hills. The active soufrieres all occur in association with the latter

unit. Detailed discussion will be limited to this unit.

The Soufriere Hills (Figures 5 and 6) volcano is composed of a central

‘nucleas of maszive andesite lava surrounded by fragmental deposits dipping

away‘mainly at low angles. The cénfral nucleas consists ofran.irregular
group of four steep sided domes truncated by é large breachéd crate:
containing~a central dome. The four older domes are regarded either as
erosional remnants of a lerge strato-volcano (Robscn and Tomblin, 1966)
or an individual extrusive masses (Perret, 1939; Rea, f974). Rea has

discussed the various arguments in favour of the latter origin. They

may be summariscd as follows:-

(i) -'Exposures.of phe nucleus rocks are rare‘but are invariably>of
solid lava.

(ii) . Boulders on each hill are composed of a uniform petrographic
type with slight but distinct individual differences.

(iii) The domes form distinct topographic units.

(iv) 1t is difficult to imagine the nature of the indiv;dual unit

vwhich on dissection. would result in the present coanfiguration.



Rea concludes theze ore thiat % ;né ind;:idna’ Lnxts nrobably fo*med as
endcgensus domes uy expané;cn aIO” uxih;n.l‘The'orﬁar of»emplacementr
‘is hellevad to bz Ga~es - F&lches -.Gnances -‘Galwa)s.' The e#fdence
‘ié'indiréc be1ng based p«rulv a1 occurrences. nf the dlstlnctlve
ind1V1d4a1 rock tynes’ln ab%uraated.ag?‘omzrates and an phy81ograph1c
exnreQ31on and degree of \either1ng.- There is thougnt to have been,at
),lea t one ;Lrthev dome ass oc1ated wztﬁ the ‘main four but subsequnntly
destroyed, and the Castle Peak Dome may have been the last 1n a serles

~of domes to £ill Engllsh‘s'Crater,,

The associated frugmental rocks occurring on the Soufriere Hllls glacls

include both prlmary and secondary deposxtg. Agglornrate is used by

"Rea to descrlbe dan051ts of block rxch waterlal of un"ertaln orlgln.

The main characterlstlcs of the dlfferent types'are as followsf-

A+ Primary Depoéité

Ii}' Pyroclast falls:- pyroclastlc materlal 1n1t1ally carr*ed upuards‘
from a volcanlc vent.f Fyroclast falls are well 5trat1f1ed, well
sor«ed deposxts ‘which mantle older topography.“

(ii) ;Pyroclast flows. pyroclastlc mater1a1 wh1ch with naseoﬁs
materlal is carrled downaards away from an eruptlve vent. sﬁch-
deposzts are unstratified and unsorted and 1n;111 topographlc
depre551ons. On Montscrﬂat, they 1nclude two types - pumlce
‘floms of pumlceous blocks in a flne pumlunouh matrlx and whlch
are congldered to have b en erupted from ‘an. oben crater, and
palean type pyroclasb flows whlch contaln both ves1cu1ar and non-
lveslcular blocks and fragments and are con51dered to have been
verupted'from craters contgxnzng'domasf;'

B. Secondary Déposi'is M

(i) Mudflows. a dense suspe451on of fragmen*al materlal 1n water.t

They are unsorted depOSIts wnlch can be very dlffxcult to dlstlnguish



frem pelean lype pyroclast fi@ws- ’*.f.ez'ry‘ heterogeneons rocks and.
*'tho:.*_;fe with a' very high prepartion of mon~vesicular natnraare '
rcre likely to be mudflows or tadus ﬂﬁpnsijts; A close octurrzsze
-with primary vnlcam’.c‘ depq:its is .incli#éti’_ve of _,pyz;ocla:st Flow
origin. Pyroclaést flows are _g&ogmphiéa Jy rosirizied tp a srall
segnent of a volcano. |

(ii) Fluviatile depos'its:‘- - as above ‘but mt‘h a higher prspnrti-on of
water. They are better stratified and better sorted than mudflows
and .rzay’ include rounvded deposits.

-(iii) Talus deposits:- formed on flanks of wolcanic domes and blocks

are generally non-vesicular.

The :fragmenta.l depositAs of tha. Soufriere Hills volcano are mmpdsea
predominantly of pyroclast flows znd rmdflows. Stratiya;&@ gz"'ouping ‘
of ‘occurrences is genmerally difficult and there are inevitable
‘-r.i;ncertainfies. Three main ,groﬁpé have been i‘ec:ogzzised which are as
follows:- - -

1. The oldest -~ two pyroxene pyroélastv i'lo{«:s and muafibws (aséociateﬁ
‘with Gages and‘ Perches Domes).

‘2. Older hornblendé - hypérsthene andesite pyroclast flows, py;'cc]a'stv
falls and mudflows (pyrvocla‘st‘flows associated with Galways and C.hancés
Domes). | |
3. Youﬁger hornblende - hypérst‘nene andesite deposits 5111:]:nﬂixig pyroclast
flows and falls é:nd mudflows. The pyroclast flows are assnci&ted with
FEnglish's crater. Most recent deposits are associated with the Castle
Peak Dome. A recent ‘Eﬁin pyroclast with charcoal has been dated at 320
+ Sk years w’hic‘h issome 150 yearé after Columbus discovered th‘ts&n-at.
Absence of historical records to the contrary would indicate that the
”-Gasf.l,é ‘P-e3k Dome was intrnded earlier, possibly in late Pre-Colurbian

tines.



Recert Events

The recent pyroclast flow, the occurrenog of velcano-seismic crises

e ot
-

in 1807-08, 197427 and 12I6-£7 & which pericds there were sharp

1ncreooes in solfatoric activity and th presence "ef seven llv
3

soufrjnres all suzzge tbe cxxstence o*,a dﬁrma t and not an extinect

volcano.

The sever soufrieres (Figures 1 and 6) al3ﬁoccur in association with.thé
Soufriere Hills VOlcano‘andqthe'majo“it cluster arfund the central
nucleus. The linear patterno expressed by thel‘ g”ouplngs °uggest

that th hey are 51ted along planes of crLstal weaknass althoug no surfaoe
confzruatory ev1denoe has been noted othe; than sone structu 2l trends
apparentoon aerial photographs which have'concor&ent allgnments. The

photograph trends are shown in Figure K. 't"

-

Significant trend lines suggested by the soufrioré locations are as

followsi-‘

a) East 30 North. Soufrleres on: thls trend 1nclude Sprxng Ghaut
(1 and 2). Uppﬁr Gages:/;ow Coﬁ Hlll, Cow Hill and Fulcalrs.v An
obv1ous concordant trend is the steep scarp lepe following ;_‘ 
the line betweon New Cow Hlll and Cou Hlll. This trend is
generally co-1n01dent wlth that of the belt of earthquake epﬁcentres
recorded by Powell durlng the 1935-57 seismic crisis (Figure ?)
MaCQregor noted that the dlrectlon is also parallel to that of the
Anegada Passage regarded by Hess as determlned by a tear fault.

jb)' East 45 North.o On this llne occurs the extlnct soufrlere in
White River Ghaut, Galways, the Hof Spring'on.the Tar River and‘
an alleged soufriere on the east coact south of Hulcalrs.

c) East 30° South. Lower Gages, Spring Ghaut (1 and 2) and Galways.
The trend 13 sub—parallel to the llne of volcanlc centres associated

w1th the Soufrlere Hills volcano 1nclad1ng St. Georges Hlll the

central nucleus of 5 Domes and Roches Bluff. lhree rock scars

noted on the air photograpnu of St. Gcorges Hill mlght posslbly



se,sites of old aaufrierEs;A52he*ffeﬁéiisv iédiparailel,toethe
zone of epicenires recorced Ln the 1966567 seismic’ crisis
(Figare 8).
;Sttactural‘tiends on aerial rhotographs exist:but arée comparatively
few. The majority occur eithe# in associztion with Galways soufriere
or to the east of Custle Peak. The latter are of two trendaiEﬁE—wsw;
angd E»d aad 1nclLde a marked rldge below mnich New Cow Hlll and Cow -
Hill uoafrleres cc»ur.' The trends assoclated Vlth Galways soafrzere :
,appear to have pxmmarlly 1ocal 51gn1f1cance and Rea (1970) has suggested
that Caluavs is sited wlthwn a nre-exlstlng crater. The NNEaHSW trend.

;isfaleng a steep scarp‘face which could have a fault origin.

The seven active soufrieres occur in outcrops of Soufriere Hills
-agglomerate with the possible exception of Upper Gages which is
marginal to Chances Dome and adjdcent to Gages Pomes and associated:
‘agglomerates. Steam emissiox and hot springs occur at Galways and
‘Upper Gages and ‘steam emission only at'Cuwfﬂill'andideerlGagest»fEct*
Bprings were known in-1935-36 at Lower Gages. Mulcairs and New Cow:
iH111 were not visited but the fbrmer 1s sa1d to be v1rtually extznct.
iGas em1351onkls malnly steam §1th small percentages of non—condensable
‘gases (malnly COZ and H. S) accordlng to analyses carried out of the
,em1551ons durlng the 1966~6? selsmlc crlsls (Shepherd, 19?1).V The

,temperatures of the em1351ons are currently around 97. -98 c wh1ch

Lndlcates saturated steam at exlstlng atmospherlc pressure. Super heated

steam was recorded wlth tenperatures up to a maxlmum of 112 % i1

Ihmerol1c emanatlons rot and bleach the affected rocks and render

Ithem susceptlble to weatherlné.v Consequent repeated land—sl1ps.

possibly combined with the heat and gas emissions inhibit vepetatiomal-
growth around the soufrieres which therefore stand out as bare devastated

~areas. Continuous addition of freshamate:ial'occuralfrdagxhe‘higherﬁhill



slopes above the soufrieres and eventua Kv becone 1nﬁ0rp"rated also.

[Thé material includes.hoth roékﬂand Q e ne mudorlty of the

oy

soufrlere cur within st‘eam valleys. ‘;re' tlon is at least in
‘part an effec» of the suscept*b1¢1ty of the altered rocks to weather-
1ng whlch.allcws the assoclated streams to entrench'thﬁmselves.

S:ructural contvols coald axso ‘be related although +he primary. conurol

of the stream courses is toyovzaphlc.

 bther than the se&én acﬁiversouf;ieres,.there is“aléo an extinct
'Soﬁfriére feferred to by MacG*egor located on fhé WhitefRiver.‘
Additional locations of rock scars observed in aer1a1 photograpﬁs whlch'
could be sztes of old SOdfrlGTQS are shown in Figure 6. One occurs 1n/‘
. the Spring ghoat to the SW of the known soufrlere but higher up on the
-south. side of the valley. Threc occur on the south and west slopes of
.St. Georges Hill. There are no records of soufrlere occurrences oh |
this Hill but it'was‘a local centre_qf selsmlc,dl turbanve durlng 193#-

36 (Figure 7).' |

Soufriere act1v1ty notably 1ncreased uurlng the three recent perlods

of seismic disturbances 1n 189?—98 1933~36 and 1966-67.k In the i
-second period, notable increases in steam temperaturgs occurred as’§e11
as obvious increases in volume of gas emissions,~particuiarly‘appérent

" in the proportions of H_S, (for a fuller descrgﬁtioniqf fhisbévent,‘

éee Powell 1938, MacGregor, 1938 and.Pertet, 1939). Poﬁell's measurements
indibéted foci at ‘depths of 1-2 km and related therseismic events to ‘
magmatlc 1ntru51on at deeper le vels. More ﬁetailed observations were
_carried out durlng the 1966-67 earthguake series (Shepherd et al, 1969)

| ﬂ89 hypocentres were determined strongly concentrated in a belt tvendlng
WNW-ESE beneath ‘the ooufrlere Hills (Figure 8) at depths of less than

15 km.v During the c”351s heat flow 1ncreased to a maxxmum and then

vdéclined. Heat,flow was calculated from fluid and'steam dlscharges



and hezt loss from fivid surfaces. The mcthed eurloyed is c,mcvha*

-

ubjective and alsd takes no account ef nen ot loss freom the ground .

surfoce. The values determined are probs b1v less than actual values

but comparisons arc presumably valid in celative teras.

The‘main soufrieres have been aescrlbea in some detail by MacGregor
‘(?933) and Martin-Yaye (1959). Kéw mineral prbducts include sulphur
fmn the viecinity of fumerolic vants and also alum, gypsum, alurogeﬁ,
p)rlt , holotrichitc and ccpiapite.‘ Not all this suite are present
{at every soufriere.. The associated rocks are bleached and rotted

and locally iron-stained to varying degrees. Alteraticn pfoducts
include laGllnlt aud a finé«grained purz white material which appears
to be vredon iﬁantly opaline silica. The hot spring effluents in Gages
and Galways soufrieres are varldble colou red yellow, white, black or’
gray, according to the nature or prOportions of suspended matter which

includes sulghur, clay and iron sulphide.

Table IT is from FauGregor (1933) and glves aetalls of individual
soufrieres. Table III provides additional data including recent

measurcments.



CGaothnrmal Proscocts

The reauirements oJ a geoiherasl systen suita‘ulcv‘ 1o permit preoctical

utilisaticn include a source of heat axd an a.z;.,vc;.at-'sd Fluid phase.

ﬁ.ll currently v ised geotm mal Bystems r result from :natnra.zl;y
occuwiring bvurau.ﬁ:t:al con: fem:nm precesses vhereb h__gh temperature

fluids are de. eioped relatively near the surface and within =a
sufficiently permesble for: ,«-tion to bermit practical development.

The resevoir should ide2lly be overlain by an j.m;pai*meable cap rock
which will prevent_ dissipation of the heat. There zre two principal
types of convertive system, one, vapour dominated in which superheated
stearn. oc‘curs and the second, water dominated in which the prevailing
conditions of temperature and pressure are such as to maintain a fluid

phase.

A source of near surface heat 15 implied by the existence of :tbe active
soufrieres and hot springs.  The heat flow rate caﬁu:mated by Robson

5

and Willmore in 1954 of 3 x flO cal/sec for the combined Galwa,ys»anﬁ
Upper Gzges soufrie:es"is not large and considefe'd in energy terms is
equivalent to 1.25 I-if:'l (megawatts). Observations made during the 1956~
67 volcazno seismic cri’sis indicated the likely preseuce of magmz, albeit

in relatively small volumes, occurring at i:omparatively shallow levels

(c.10 km) below the Soufriere Hills.

No defirite information exists of the existence of a permeable reservoir
of hot ’fluid_‘al-tho:igh some deductions of its likelihood tan be made Irom
indirect evidence. | In the pajority of currently exploited geni.hermal
;sistex_ns; the fluid phase has proved to be of meteoric origin. It seems
very probable' that the hot springs at the socufrieres are of met-eoi*‘ic
origin and it is clear that the study must take account of the basic

hydrogeclogy considered in terms of recharging meteoric water mnd the



po¢olble “olrs of rising hot f i s(superheaﬁédwator'o?isteém) which

could be derived from meteoric, connate or sea water.

A detailed measurement and sampling programme was carfied‘out on the"
iSpriﬁgs; stfeams, fum9401 es and boreholes 1n the eouthezwxhalf of
:Montsgrrat. Observations 1ncludad temoerature, flow rates (where
Vappllvable), groand elevations, geological occurrence etc. and the
-data is ohosn graphically and in tebles (Fxgures 9, and

Tables I\e’ and V and Appendix A) Samples including stream ncondensat,es'
‘were ‘collected su1table foi* analyses of major, minor and trace elements
“and radioactive and stable iso£0pas. Addifionalbmeésuremenis were also
made to oeteot the presehce of mercury ortfadon io the soil<air. Shallow
;holes were drilled bj é portable Créeliﬁs oéring oig for temoerature
;graolent and fluid sampllng purposes. Four holes:wore compléfed for

,these purposes (Flgure 3 and Appendlx E;)

Steam fumeroles occur at the four‘main soufrieres with currént temperatures
of emission in the general rgngo 97-98°C which atvfhese‘alfitﬁd&si
correspond to satur;ted’stoam. Periodic records exist for stesm
teoperatufes at Galwéys; Upper and Lower Gégos‘sinoe 1903 (Table v).
Maxirmum temperatures of 126°C indicative of dry superheated-sfeam have

been recorded at Galways in 1935 dﬁring the Seismic orisis.xjﬂaximum~
#gloos cofresponded with maximﬁm earthquake intensifies (and presumably
shalloﬁ level magma in%rﬁsiohé) during thisvperiod; In subsequente
»periods there appears to be no seasonal or other correlatlon of the

smaller ranges recorded, and some of the dlfferences could relate to:

1nstrumental or other error.

"30111ng or bubblng pools occur at Galuays and Upper Gages. Current
temperatures of the main pools actually 1nd1cate bozllng and compare

with steam temperatures. Outflows from the na;orlty of pools occur



and thsy are in & more strict seuse springs. Cther springs cceour of

. . : . : R o
varying teapeiatures in the range frow 32 .

at Galways and 5206
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nced matter and it is-significant that
the sprirgs containing suspended sulphur particles are the holcest

and have presumably been in closest contast with fumerolic steam vents.

Hot springs occur at two other locations, on the Tar River on the eastern
side of Montserrat and at the so-called Hot Pond on the west coast clese
4to the Emerald Isle Hotel. The Tar River Spring at)ﬁhe time of thek
recent visit was flowiﬁg at a low rate c.15 gpm with & temperature of
32.500; There was then no flow in the main stream. The site of the
spring appears to be structurazlly controlled and on the aerial photeo-
graphs a clearly defined.trend'from Cowr Hill soufriere extends across
the Tar River at the spring location. The Hot Pond spring occcurs at

an elevation only slightly above sea level emerging in the valley floor
of a small ghauttrendingsmuthwards from Elberton's. The spring héd

a low flow of less than 5 gpm at.the time of the recent visit with a
tempefature of 9200. A slight flow wac apparent for a short distance

(c. 200M ) upstrecam of the spring and temperaturcs of the flowving

stream were high but lower than the spring. It would seem thét discharge
is occuﬁring over a small section of the valley floor as well as at the
site of the most obvious spring. The valley below the spring is

commonly backfilled with seaz water after high tides which flood over

‘ihe beachsand gar at the outlet of the valley vhich is presumably only
cut by étorm runoff following heavy rain. No structural control is
aﬁpareni in the site of the Hot Pond Spring other than its location om an
extension of the line betwcen the Upper and Lower Gages soufriereé whkich

approximately follows the zone of maximum earthquake epicentres during

the 1966-67 seismic crisis.



Hot water was found in 2 number of barcholes drilled by Keith Engineers
on the west coact between the Eﬁerald Is“e‘é:d Gingoés. Boreholés
included thse‘ai Dnerald Isle, Sturge Péfk, Grove, Kinéaie and Gingoeé,
Temperatures recorded (of the discharga) are in the range 330 ~.?1°C
with‘highest texperatures in fﬂbse bcreholes closest to the Hot Pond
Spring (i.e. first thfee of list aﬁove). Detzils of tnese and vther
.gégnificant boreholes are given in Appendix I. Temperatufes of the
discharge Qaters from the Richmond wells'weré not recoréed vhich is
unfortunate and the informétion would have beer valuable. All borehole
sites in the southefn part of thg‘island weré visited and any that

wére accessible were opened and temperature ioggad to fhe maximum
depths possible. (In most cases the wellshad collapsed below casing
lévels). Details are also included in Appendix I. The Emerald Iegle
borehole had a temperature of diécharge of 43°C‘when the casing was set
at 90 feet bgl and 71°C after the casing had been jacked to 70 feet.
Recent logging to maximum possible depth of 67 feet gave a bottom hole -

‘temperature of 87,5°C, higher than that of the recorded discharge.

The most southerly borghole with hot water recorded by‘Keith Ingineers
was at Gingoes. A shallow hole drilled to 37 feet during the current
investigation recorded bht of 3700 at St. Patricks thus extending the

ahomaly even farther southwards.

A echematic sketch section from the interior hills to the west coast

: 1
is in order to illustrate possible groundwater figws is shown in
figure 1. The variable high level cold fresh water spfingé are
presuned to be related to local aquicludes intersecting the valley sides
(notably Aymers Ghaut).‘ A water -table is shown extending inland from
the coast. It is shallow near the coast and grédes upwards inland’but’
to élevations belowAthese of fﬁe spfings wﬁich are thusvfegarded as

probably 'perched'. .Groundwater discharge occurs into the sea and if



a Chyden-Herzberg rélation holds a Iresi-waler Lo sea water interface
. Should cocur-at A éepth-seme Torty times that of the fresh-wmter head

above cea-level. Some zromuly exisis here since both the Hot Pond

mereld Isle borehols 2re cleaxly

3

Spring/Craeiius hole 1 and the
contanineted with zoa vater at relatively shollow Gapths despite static

vater levels-in ocae instance +35 and the other +6 fest above sea level.

The” theory for the scuiriere springs suggests a discharging system in
~a local groundwater reservoir formed from the permeable altered
famerolic rocks. Scme evidence for this type of system occurs in the
stream valley below Upper Gages. When the stream reaches an extiﬁct
-sonfrierc, &t disappears underground and re-appears again Isriher dovn-
'streém belpw the fumerolic rocks accurrence with‘apparently little
difference in flow rate. The springs at Upper Gages occur at the base
of a éteep slope of altered fumerolic rocks. The situation is less
pompatible at Galways'where éome of the major springs cbcur at a
’felatively high level within aitefed iocks although others aré kﬁnwn
lowef'déwn nearer the junction with unaltered rocks. Springs'were
recorded at Lower Gages in 1935 by Perret but subsequently dried up
following allong drought. Secasonal controls of the cther scﬁfriere
springhflows probably also occurs although nd data are avaiiablé. The
information would be valuable in relation to the size of the groﬁnd-
water reservoir and possible depths of penetration and it ie intended
to Sgt up flow recording apparatus on the main streams from Galways and

' Upper'Gagcs;SOuffierés. At the time of thé visit, the streém flbws

at both locations was warm at all points and could be regarded as base
tsoufriere' flow. During periods of heavy rain there is douwbtless

some stream flow from run-off in the valleys above the soufrieres.

The question of temperature distributiocn must now be considered. The

warm water discharging along the west coast could have moved from a



the soulrieres as shown in the

schiematic figaré.. A4 heat source Afendgng undernezth the cecastal

occurrences - which could also extend inland - is also possible with
heat being transmitted by conduction to the fluid in the discharging
aguifer. The woderate temperatures of most of the borehole waters

make both possibilities feasible but further light oa the situaivion is

Tne much higher temperatures of the Hot Pond and Emerald Isle Borehole
do not favour transmission from the vicinity of the central soufrieres

but a much nearcxr heat source seems to be reguired. The most likely
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noticed at the Hot Pond Spring. The ascending hot water could be sea A o) Y

A | 9:«( 2
wvater which would account for the ancmolous co&p051t101 of the fluid in [
the Hot Pond Spring and Imerald Isle Borehole. The cbserved piezometric Jp‘i&
heads, notably at the Hot Pond Spring imply a driving head above sea
level but the difference is not great and ascending hot sea water must

still be accounted a possibility. Alteroatively stean with entrained

sea waler could account for the cheuwical anomalies referred to.

The occurrences at the soufrieres must explain emission of saturat ed
steam as well as a series of hot springs of varying temperatures. A
meteoric source of the springs scems a virtual certainty and the range
offtemperatures indicate a mixed system. The permeable fumerolic rocks
afe believed to be a discharging spring system but the soufrieres are
clearly the termination of fracture systems which descend to greater
depths. These fractures could be the channels up which boiling water
and/or steam are moving. The discharge elevation implies meteoric water
of sufficiently high head above the preeent elevation to.permit a

driving force.



v

‘The resistiviiy trgkverses carried out by the Applied Geophysics Unit

2 '
‘of the IGS (fombs and Lee, 1975) ere shown in Figure “Mh. A low
reéistivity anomaly was noted to the west and south of‘Upper Gages which
in the context of a gebtheféél syséém could‘represehfphot or minéralised
water. The anomaly could reyresent the locus of the ascending fluids
(superheaﬁed water which flashes but cooled to saturated steam)
asgcciated with the Gages soufrieres. Alternatively it could represent
the permeabile reservoir with which the stream disappears in’thé |
vicinity of the extinct soufriere since the anomaly accurs in that
general position. A shalloﬁ hole was drilled on the anomaly but the
_bht at 24 feet were cold c.25°C.v De=per drillihg is ciearij'required

but the clay horizons encountered cculd not be readily drilled with

the small coring rig available.



» Geochenistry

éesul*;s fcr '7 water samples and six sar mples of condensed fumarclic Steam
’are snown in Table V. PH,‘eohductance and temperature were measuredwih-l
sq+u ar soow*’*‘after collection. Samples were acidified with 3§05

rior to shipment.
“Results to date for tr1+1um and oxy sen and hydrogen stable isoiopes are

- shown in Table VI. Tritium analyses,are represented as tritium units

(TU); stable isotope ratios are given as é-values:

’ U (0] 0) ot

1000 per wil (%)

In the case of water samples, the S!MCW standard (Standard Mean Ocean

~Water) is used as the reference at O%o for both 3180 and SD.'

Major element chemistry. The samples listed in Table V may be grouped

1nto three classes on the basis of their ohemlstry c.nd occurrence.

(1) Sprmg and hot pool sar'ples from the thermal manlfestatl.ons (sc;.frleres)
and also‘ those ,oollected from springs on the flanks of the Soufriere

ﬁills‘ .(i.e.. Amersham, Tar River and Lindsay. springs). Amershams and

Lindsay are cold springs, 'I'ar River spr:mg is warm. All of these waters

show relatlvely low mineralisation (Na s K+, Ca2

, C17) except in the case
of sulphate levels.in the warm waters. It is possible that a small part
of this sulphate component arises from ox:.datlon of d:.ssolvéd H2< to
801‘_ -on ac:.dlflcatlon wlth m.trlc ac:\.d. | However all these samples may
be class:.fled as Na -Ca (SOA ) waters. Thls clear sulphate—r:.ch (lou
'chlorlde) nature of all the waters assoclated with the soufrieres, and
the relatlvely low surflclal flow of flulds away. from them, is strongly,
jsuggestn.ve of vapour—domlnated system(s) (Whn.te et al, 1971), ‘The

varlabi.hty in net mineralisation of samples from the two soufneres

(76/1}22-1&25 from Galways and ?6/#30—1033) may be explc.:.ned partly by the i



effects of evaporationvfrom near-poiling surface (and possible shallow
sub-surface) pools. For instance, sample 76,424 from a pool at Galways
appears to have undergone slight evaporative loss relative to the |
nearby "spring' waters; the molar K/Cl ratios in Table VII show the basic
similarity between these sources, although the variation in Ca/Cl and
Na/Cl molar ratios may be explained as the result of acpelerated leaching
of couniry rock as the various sourcesnear the surface. Lowering of
solution pH due to.sulphide oxidation would be the principal agent in
this process. Ca2+ and Nat would be the principal reaction products in
solution from the alteration of the anorthite-rich andesitic pyroclasts
which predominate locally (Rea, 1974). The samples from pools at Gages

Upper (76/430 and 432) have been enriched in Na, Ca and K by this process.

(ii) The series of samples taken from springs and borings on or close to
the west coast of Montserrat between Emerald Isle and O'Garras Estate
- (76/426, U3L, 435, LLO, 458, 639, 640). These are Na-Cl type waters, of
highly variable salinitykranging from 20000 mg/1 C1~ at the Craelius |
boring close to the Hot Pond, to 46 mg/l C1  in the well at Elberton.
The chemical affinify between these samples is demonstrated by the molar‘
ratios shown in Table VII. Na/Cl ratios lie in the range 0.65-1.03, K/C1
ratios in the range 0.005 - 0.06 (except for 0.57 in the Sturge Park b/h
sample), and Ca/Cl ratios lie in the range 0.06 - 0.27. These ratios are
all lower than those in the first group of samples. They may be compared
with the values for sea-water : Na/Cl 0.864, K/Cl1 0.018, Ca/Cl 0.019, and
are thus seen tp be scattered around fhese values except for Ca/Cl which
shows en:ichmeﬁt of Ca2+ in all cases. It is therefore suggested that
ihe dominant chemistry of these coéstal waters.is that of a marine component:
in the case of the BEmerald Isle B/h and Hot Pond Craelius bore (76/639)
this component is very large (compare with mariné values of 19500 mg/1 c1,
2+

10900 Na+, 391 K+, 417 Ca2+). The observed relative enrichment of Ca ,

and depletions of Na© and K' may be attributed to base exchange reactions



witn country rocx wilch are seen to nave greatest erfect in the sources
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the thermal srrings and pools (Ca-Ng typ e) from the soufrleres znd their
vicinity. This may aindicate the latter as being the source of the fresh
water component in the coastal waters, though the predomlnance of the

andesitic nhest-rock probably assures this compositional trend for all of

the fresh ground waters on the southern part of the island.

{iii) The =zmzles of steam condenszte from Czlwsys and Gages {Upper and

[0}

Lover) all have low mineralisaticn, the level of which is reflected in
the conductance values in Table V. Condensate from Galways Vent 2

(76/441) is an acid-sulphate water, due to oxidation of dissolved st.

Trace element chemistry. To date, only Li, B and S,O2 have been determined

on selected samples (Table V). Molar ratios of 1i /Cl and C1 /B appear A

in Table VII (marine values are 0.045 x 1072 and 1324 respectively).

1i* is obviously enriched in the samples taken from the hot 'pool', but
it‘also shows considerable local variation in spring‘sources. In 2l
the coastal samples, L1i/Cl is considerably higher than the marine value.
Ithas previously been suggested that L1 might be a good pathfinder
element in hydrothermal systems (Brondi et al, 1973), and in the present

case there is sometlmes apparent a correlation between apparent Ll enrichment

" and measured temperature.

B also appears to be enrlched in the coastal samples (76/%26 430 #}5)
with respect to sea-water. The variation of C1 ~/B in these three cases

over a small area suggests that the boron is not being enriched in the



marine component prior to its dilution.

Si0., values and their relevance to geothermometry will be discussed
[

subsequently.

3

Tritium and oxvgen/hydrogen stable isotopes. The interim “H analyses

S——

for six samples shown in Table iiare all significantly positive values,»
i.e. all of these waters (4 from soufriere streams/pools, 1 of steam
condensate, and 1 from a coastal well) have significant post-1953
contributions. The range of values for soufriere‘waters, 6.4 - 19.0,
probably reflects the effects of evaporation on a uniform recharge water
which’could be largely very recent water (1 - 2 years) or a pre-1953
water with a small contribution of high—BH water (from the mid- 1960's
for instance). A similar conclusion may be applied to the 31.8 TU value
for Hot Pond Spring, though this is»more remarkable in view of the very
high éomponent of sea-water found for this sample. Marine 3H is roughly
at the 1TU level. It is therefore reasonable to conclude that the non-
marine component must hé&e a moderately high 3H value, possibly between
100 - 200 TU. A model which is consistentwith these observationé is
that of a locél recharge-discharge system operating in the vicinity of
the soufrieres, heating taking place during the relatively rapid transit
of water (Figure 11). On the other hand,\the travel time for water
discharging as the 'fresh' component of the coastal wells is considerably
longer (of the order of 10 years possibly). This water therefore probably
ériginafes also from infiltration in the high ground inland.

, v - L - Iy

_The stable isotope results are flotted in Fig. 5. The Emerald Isle B/h

water is close to SMOW, as expécted. The other samples lie on or to the
right of the precipitation line (8(8180 + 10 =6D) (Craig, 1961). Water
from Galways Spring E2 (76/435) and Sturge Park B/h (76/434) are on this

line, reflecting the predominance of meteoric water; in the latter case,



the presence of a marine (SMOW) component suggesis that the 'fresh!
coméonent has an isotope cozmposition mcre depleted (i.e. down-slope)

than the mixture. Sample 75/432 from a pool at Gages Upper is unimport-
ant - the isctopic enrichment being mainly due to evaporative loss (cf.
also the 3H value of 19.0 TU for the same sample). The steam condensate
from Vent 2 at Galways has similar<g.D to the warm spring sample 76/425,
but a higher<§180. The feature could indicate deeper infiltration of.the
source grouncwater permitting greater reaction with country reck in the

hot zone and consequent enrichment in§§80 from the silicates.

Silica and K/Na/Ca geothermometry. Calculated temperatures from solution

coﬁpositions are listed in Table VIII. In the case of K/Na/Ca, the
calculated temperature is that of an assumed equilibrium of a base
exchange reaction betweeﬁ‘feldspars. Since the calculation used elemental
ratios, the method is less susceptible to error by dilution of the thermal
water with cold waters. The silica calculation assumes a solution
equilibrium with a phase of SiO2 at the zone of highest temperature, and
the maintenance of a supersaturated state during upwards migration and
cooling, (Fpurnier &¢Rowe, 1966). This method is highly susceptible to

. Fournier & Truesdell

2
(1973) suggest values of 2 = 4/3 an%/g = 3 for source temperatures of

the effects of dilution or precipitation of SiO

<:100°C and;>'100°C respectively for use in their empirical egquations
(the difference is explained by the temperature-dependence of the

importance of ca2+ in the exchange reaction).

The K/Na/Ca temperatures are all sub—100°C, with the exception of those
for the coasfal samples, which all have, as previously discuséed, marine
contribution. Since sea-water is not in.equilibrium’with feldspars, these
results must be discounted as meaningless. The only feature of note is
the anomalously high K -value for the Sturge Park sample (76/434) which

causes the calculation to yield such a high temperature.



The quartz temperatures are all high as a consequence of high SiC2
levels in sclution. A clue to the real cause of this is given by the

calculated temperatures assuming amorphous Si0O, to be the equilibrating

2
solid phase; these values are mostly fairly close to the measured
temperatures. It is suggested that the observed SiO2 levels in solution
are almost invariably the result of equiliﬁration with amorphous SiO2

deposited as sinter on the surface and near subsurface (cf. XRD anélyses

of soufriere depcsits by Morgan-Jones & Edmunds 1974).



Conclusions

The geochemical and hyd:ogeological evidence are in general accordance.
The iniand het and cold springs have basically similar chemistry.
Differences and variations in'the compositions of the hot springs can

be related either to local r&ék—water interactions or evapcration effects.
Neither the chemistry nor the disofope data indica;e a deep level of
circulation or contribution from other than meteoric sources. The geo—
thermometry data (8102; K/Na/Ca compositions) confirm a probable shallow
circulating system. The S1Q2 compositions and obsérved temperatvres are
in equilibrium with low témperature amorphous silica; the K/Ne/Ca
compositions have not even attained equilibrium with the observed
temperatures. The combined evidence suggests therefore a shallow, rapid
circulating system with the water of recent age. The only possible X
indication of a deeper circulation is the higher ﬂBO:DI the steam

condensate.

The cthemical compositions qf the hot coastal spring ard boreholes indicates
varying proportions of sé;<water, the proportions apparently increasing
with temperature (cf. Hot Pond spring and Emerald Isle bh.). The location
near the coast provides general accessibility to sea water but the positive
hydraulic head in normal circumstances would have resulted in a fairly
coherent fresh water body extending down to a saline interface zt appreci-
able depth (approximately 40 times positive head: Ghyden-Herzburg |
relationship). The occurrence of sea water occurring at these comparative-
1y high levels seems likely to be due to convectional processes uhereby‘
‘hot sea Qater is rising and mixing with the cold meteoric water draining
from the interior of the island. Minor compositionzl features such as the
presence of HZS in some wells can readily be related to rock interactiom

with hot sea water. The mesteoric component in the Hot Pcnd spring appears

to be older than the fresh water inland springs which is consistent with
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normzal grouncdwater flow patterns.

The remote source of heat can be readily attributed to probable magma
occurrences below the Soufriere Hills (Shepperd et 21, 1959). The
process of heat input to the shallow groundwater'is more problematic.

The chemistry of the soufriere waters indicates little likelihood of
addition of heat in a rising water phase and the;two feasible alternatives
are addition of heat by conductivn or by rising steam. No chernical
criteria have been established to date vhich can provide a reliable
distinction b.tween the alternative processes but a closer appraisal of
the chemical data will be made when all the analytical results become
available. On the assumption of a deep remote magmatic heat source
addition of heat by conduction would probably imply a relatively high
level hydrothermal system resulting in high temperatures in the shallow
subsurface and separated from the very shallow groundwater system by an
impervious cap rock. Addition of heat by rising steam would occur aleng
fraéture systems which are likely to$be associated with the soufriere
locations (see earlier discussion). The steam would stem from z deeper
seatea hydrothermal system. This alternative hypothesis does not reguire
a high level hydrothermal system although the feature is not precluded.

It does however imply recharge to the latter by meteoric water since the

hydraulic head must be well above sea level.

In the ccastal areas between Elbertons and Sf. Patricks, heat input to

. the sea water with subsequent upward convection and mixing could be in
accordance with either of the two processes discussed. It could alsov
include heat input by a fluid phase since the chemical criterié& used‘to
discount the occurrence in fhe inlaﬁa-areag; would possibly be masked by
 sea water. As far.as can bevdeduced frcm the trilinear plots, only two
fluid phases appear to be involved cne corresponding to sea water and the

second to normal meteoric water. In any event, a deeper hydrothermal



system is likewise implied which would provide heat at more shallow
-levéls by conduction or in the form of liquid or Vapour phases.

Localised higher heat inputs obviously occur in the’vicinity of the-
Emerald Isle/Hot Pond spring area and rising fluid or vapour up a
fracture system is clearly inéicated. The higher temperature of the
discharge in the Emerald Isle borehole when tﬁé c;sing was set at 70

feet as compared with the casing set at 90 feet suggests some lateral
flow from a fracture. The current gradient to 60 feet bgl (see No.25,
Appendix A) seews a little anomolous since it is liﬁear and more consist-

ent with conductive flow. However the gradient is very steep (41 - 88°¢

in 50 feet) and could perhaps be interpreted in convective terms.

The deeper hydrothermal system providing heat to the soufrieres and the
coastal region could be a single system. If heat éddition by conducticn
is occurring, then a fairly exteasive system is implied; if heat addition
is by fising steam along a fracture system, a more localised hydrothermal
hucleus is poscible. It is now necessary to obtain further information
on the extent and if possigle the maximum temperatures of the deep
hydrothermal system. The extent can perhaps be evaluated by the geophyis-
ical data, possibly with some additional work. The results éo date do
imply a fairly localised occurrence below the Soufriere Hills. Shallow
temperature gradient drilling to 2/300 feet could also provide information
and a programme is strongly recommended. Unfortunately, it seems’iikely
that the deep temperature data cannot be obtained without deep drilling

unless fissure sources should be tapped by the gradient drilling.

Results of the survey of.radon and mercury in the soilair will be

included in the final report of which this is a draft. More geochemical
data will also be available shortly and the resﬁlts incorporated. A note
on availability of suitable drilling rigs for gradient drilling will also

be included.
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FIGURE 3. (Heights are shown in feet, e.g. 3002).

Iocation of drill sites in programme by Keith Consulting
Engineers Ltd. Drilling included test holes, test wells,
gauge holes (for pump testing) and final wells and one or
more of tle=e frmes may exist at any one of sites shown.

For full details see nap by Engineers dated January 1974.

Locztion of Croelius holes AN drilled by IGS in May/June
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F1c. 6. The Development of the Soufriére Hills. (Diagrammatic sections running
approximately NW-SE.) Stage 1. Eruption of two-pyroxene andesite domes and
associated pyroclastics. Stoge 2. Eruption of hornblende-hypersthene andesite domes
and associated pyroclastics. St. George’s Hill was probably active at this stage. Stage 3.
Formation of English’s Crater, accompanied by eruption of hornblende-hypersthene
andesite pumice flows. Stage 4. Extrusion of the Castle Peak dome within English’s
Crater probably resulting in breaching of the crater wall. (from Rea, 1974).
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re Hills
1an the
position
osclastics
>arasitic

detailed
gely the

STE

NERERE HILLS

L GEORGE'S HRLL

OUFRIERE HILLS

CENTRE HILLS

TH SOUFRERE HILL

ES

TABLE 1: Summary of the volcanic kistory of Montserrat

(from Rea, 1974)

+Main cenue of
activity

Parasitic
Centre

Description of event

Date

Main rock
types involved

Soufri¢re Hills

11
]

South Soufri¢re
Hill

-

Centre Hills

South Soufriére
Hill
Silver Hill

Harris-Bugby

Solfataric and seismic activity

including seismic crises

Small pyroclast flow

Formation of Castle Peak Dome
and? breaching of English’.
Crater
Formation of English’s Crater
and associated pumice flows
Formation of Chance’s and
Galway’s Domes and associated
pyroclast flows and mud-flows.
St George’s — Eruption of pyroclast falls
Hill
Formation of Gage’s and Pcrche’s
Domes and associated pyroclast
flow and mudflows
Roche’s —> Intrusion

Extrusion of Raspberry Hill Dome

Eruption of White River Pyroclast
Fall series and associated lava
flows.
Landing —> Extrusion of lava
Bay

Carabald —> Extrusion of lavas and pyroclastics
Hill

? Period of high sea level
Extrusion of lava flows

Extrusion of lavas and pyro-
clastics

Extrusion of lavas and pyro-
clastics

:Continuous in

historic time
1966-671
1933-362
1897-982
A.D. 1646

+ 54 YRS

18 390 + 360 YR.
B.p4

23 568 + 786 YRr.
B.PS

? Younger than

40 000 YR.®

0:g6 4 o0-25 m.y.’

1-6 4 0'34 m.y.?

1-55 X 0'21 m.y.8

431 + o022 m.y.?

Hornblenge-
hypserthene
andesite

Two-pyroxene
andesite

1

Basaltic
andesite
Basalt to two-
pyroxene
andesite.
Hornblende-
hypersthene
andesite.
Hornblende-
hypersthene
andesite and
two-pyroxene
andesite.

Basalt

Two-pyroxene
andesite

Two-pyroxene
andesite

1. Shepherd ¢t al. 1971. 2. E.g. Robson & Tomblin 1966. 3. 14C date on charcoal from the pyroclast
flow (J. F. Tomblin, pers. comm.). 4. ¥*C date on charcoal from pumice flow {Shotton et al. 1970). 5. 1C
date on charcoal from pyroclast flow {Shotton et al. 1968). 6, Tuffaceous limestone disturbed by the
intrusion dated at about 40 000 YR on palaeontological evidence (Westermann & Kiel 1961). 7. K-Ar age
(J. C. Briden pers. comm.). 8. K-Ar age on late stage? intrusive lava (D. C. Rex pers. comm.).



“Name of .

soulri¢re
Galway’s

Gégé’s
" Upper

* Cow Hill

Gage's

Lowar

Mulcair

Cow Hill
‘New

Spring

; Ghaut

‘Very -old.

‘Datc of on«rm zmd rccord

of activ ity

Kunown in 1810. Activity
probably increased dur-

ing both 1807-9  and
1033-6 earthquake
periods

ferred
(1810).
creased
during
cx 10¢ls

nn‘ 6

to by Nugent
Activity  in-

earthquake
of 1897-0 and

Vcty old. Activity prob-

ably - renewed, or in-
creased stightly, just be-
fore or during 1933-6
earthquake period

After 1806 cloudburst,
Unusually active during
1897-9 and 1933-6 carth-
auake periods

? between 1896 and 1899.
More active since about
1933

? about 1933 or 1934

7 1933 or later

Probably re- :

just before or

JLoacation
referred to
sumunit of
Chance’s
mountain
§ mile
S.S.E.

300 yards .

W.21°N.

1 mile
E.42°N.

Almost
-4 mile

W.15°N.

21 miles

“E.40°N.

750 yards
W.11°8S.

(from MacGregor

Description (1936)

~In large depression near
head of  White River.

Ghaut. Large steam and
gas blow-hole, small

~steam and gas jets, and

hot springs

In . west-north-westerly
ghaut south of Gagc’s,
and in shallow  side-
ravine in its south bank.

Small stcam and gas jets
- and hot springs ‘

In stc.cp slope of northern

bank of first ghaut south
of Tar River estate build-
ings
gas jets

In short deep side-ravine
in north bank of west-
north-westerly ~ ghaut
south " of Gage’s. Nu-
merous small stcam and

Small steam and.

Temperature
of steam jets -
(1936)

98-120° C.

93-95° C.

06°C.

112-115° C. by
thenmegraph ;
95°C. by maxi-

mum thermo-

meter

gas jets and (somctimes)

hot springs

At basc of clift on cast

coast, just south of Hell
Hole Bay. Emission of
hydrogen sulphide gas
In bottom of dry ghaut a

few hundred yards south- '

west of Cow FHill sou-
fritve. Einlssion of hy-
drogen suiphide gas

In bottom
Ghaut® near
Emission
sulphide gas

of Sprmq :
its head..
of hydrogen

-~ None

Nopne

't Active Soufrieres of Montserrat

, 1939)

Tempcr.uurc :
. of bubbling

watcr(l‘)Jb
72-92° C,

Cool, owing to
cold water

of stream in

main ghaut

None,

82°C. Dried
up by middle
. of May after
long drought

None

None

~Remarks

Also  called Gahb\\a) s,

South, or Roche’s sou-
fricre. Probably oldest

active soulri¢re. Large
arca {about 5 acres) af-
fected by gases

Q_uxtc extensive avea  in
south - bank affected by
guscs. Temperature of hot
springs some way down
mainghaut 83-568° C.

Also called Tar River sou-
fricve. Some ycars ago -
dcscnbcd by My Lnolxsh

“loug extinct”

Ofiencalled stmply“ Gage’s

soufrit¢re”. Large area
aflccted by gases. Thermo-
graph readings possibly
too high. Guses  affect
eycs and throat

Acccssihié only by bont on

~a calm day, Not seen at

closc quarters by expedi-
tion :
Located 1936, Arca af
fected by gases is small
- (1250 sq. yd.)

Located 1936, }\zca' af-
fected by - gases is very
small



TABLE TIT.

Active SoufrierES'ofﬂMontserrat : Temperature Details

ON

Name of . Area of Elevation - Temperature. Temperature Year
- soufriere devastation range ‘ of steam jets ‘of bubbling s
in acres : = in feet asl in degrees vater
‘ o » - Celsius
Galways 13 1200 -~ 1400 © 93 - 1903
R ' a8 ~.120 72 -~ 92 1936 -
Records: 1903 Sépper’ 100 - 120 72 - 82 1937
. i g8 - 126 79 < 86 1938
1936 MacGregor ‘ 100 - 120 8 - 90 1939
1937-52 Quoted in Martin-Koye as 99 - 120 81 -. 89 1940
- ‘degrees Farenheit but 102 - 110 75 - 91 19141
between 1937-L6, figures 104 5 - 92 192
probably Celzius. Yy s - 103 72 - 79 1943
- Records maintzined by 98 - 99 8 - 82 1544
- Montserrat Agricultural 80 - 100 82 - 98 1945
. Department : 8 - 99 97 - 98 1946
- b n 83 - .93 88 - 93 1947
1956 Shepherd e# a2l (1969) 33 _ ‘o8 85 o9 2518
1976  Current investigation g3 - 96 88 - 98 1949
- - - 85 - 96 1950
- —- 88 -~ g6 1951
- - - 88 -~ 96 1952
98 - 11k - - 1966
98 98 1976
CGuges Upper 8 1300 - 1750 . 97 - Cm - - 1992'
s T e ST S 93 . g5 "~ Cool owin 1926 .
Records: 1903 Sapper , to water gn
19%6 MacGregor 99 main ghaut
: ; - 97 - 99.5 - - - 1966
1966 Shepne?d et(q; 98 il 97 - 98 1976
Cow Hill 2/ 1500 - 1850 96 - - - 1936
97 - - - 1676
Gages Lower 4 ; 850 - 1050 90 - 97 - - - 1903
' ‘ . 112 - 115 82 1936
thermograph (Perret)
- 95 by max. thermograph - :
88 - ok . ‘ - - 1952
- 98 - - 1976

(1)

Temperatures

measured

~mainly by he

held mercur;

thermometer

and main jei

- measurad

(Martin-Kaye)



Number:

8
OO oI F\AND

-3
.

B N ¥
T

15
16
17
18
19

21
o2
23
2h
25.

27.

23.

2.
20,

31.

3?.

23
3"".
55.
6.
37

e

. 38.
39.
Lo,
b,

hp,

b3,
LR

location and Occurrence

'Galways Spring

Gnlways Soring

Galways Boiling Pool
Gnlunys Spring East

Hot Pond Spring
Amershams A Spring
Amershams B Soring
Amershoma CIT Spring
Uoner Gages Boiling Pool
Unper Goges 3oiling Pool
Upper Gages Boiling Pool
Upper Gages Stream
Sturge Park B.H.

Emernld Isle B.H.

Tar River Spring

Ryan Spring

Dowdies Spring

White Ghout Spring . -
Dlberton Borchole
G~lwoys Steam Condensate
Unper CGages Condensate
Upper Gapges Condensate
Unper Gages Condensate
Gr Lways

Galwecys Spring

Bath Syering

Crrelius 1.

(ilot Pond bh.)
Crzelius 1. bh
Craelius 1. bn

73.4 bh

73.10 bh
Lindsay Sporiag

Irrigation Well MWA

73-5 bh

Amershams Spring CI
Amershams Swring D

0 Garra's Estate

House %ell

Charlie's Pond

New Svring

Lower Goprs Condensate
Crzelius 1. overflow
Croelius 1. D.S. ot L.2m
Craelius 1. D.S5. at 11.5m
Croelius “. Depth Sample
Gingoes at 8.5m

Ground

~elevation

£t asl.

Ce
Ca
Ce
Ce
Ce

Ce
Ce
C.
Ce
Ca

o Ca

Ce

Ca
C.
Ca
Ca
Ca

- Ca

Ce
Ce

7

1300
1300
1300
1300
S
512
735
830
1500

1600

1600
1600
5

-~

640

1640
1770
1200
125

1700
1000
1000
1000
1200
1200
555

A RSN ]

21 -

- Flow Rate
gpm

10
10

20
c'flow

c.5

50

28
10

Temperature
degrees 7
Centigrade

L
Boiling and
flushing

29

33.6

-3 NN WA
L}

pH

PPN S I

L] . *

Ul O OWN Y WO

6.0

5.B.C.
micromhos:

L5000
L5000
750

740
Lo

2200
10A0
200
210

ZL0o

250
L2s

2900

o PR | [ad
Tempr. renge +1=07

_ Remarks

[ad . ™ . ~ & -
See nip ripgure Jfor sites
.

) ke -
See man Figure for sites

thite “aterfall
Depth mamnle at b5 mhyl
Denth sample at 22,5 mhils
O
‘-

Traveriine

Depth semple ot 29m
: \

Depth sample at L.5m
Depth sample nt §.0m
Sort. Montrerrat Nurhers.

Parping.

Soring Ghaut zhove
Amerchoms C IT

Depth Sample.



TABLE V. ' Analyses of VWater Samples from Montserrat, mg/l

Field . Lab Locality vt K ca® mg®  am so® nt $i0, B Pl  Conduct'y  Temp. C
Surple .'%ample /(mhos
Number ' Mumber.

1 76/422 © Galways Spring 1 53 1.9 134 39 24 0.030 308 3900 g2

2 76/423  Galways Spring 2 137 6.8 211 48 60 1060  0.029 207 1900 63

3 76/2h  CGalways Pool 3 172 5.6 250 136 46 6850 0.178 293 12400 98

4 7?6/425  Galways Spring E2 62 6.6 87 43 37 -0.018 139 3.4 3100 55

5 0/ 26 Hot Pond.Spring 6300 790 2100 252 14600 7.8 35 38500 92

? 76/Li28  Amersham Spring B 7 3.0 16 8.8 22 98 0.007 86 260 21

9 76,/1:20 Gnges Upper Pool A 111 8.3 17 oL Vi 7000 0.068 349 15000 98
,11' 76/132 Gages Upper Pool C 240 16 214 6k 32 1920 0.085 227 4.3 3800 98
12 76/433 Gages' Upper Steanm 144 M 184 108 33 Loo 0.056 257 3.6 7000 52
13 76/434  Sturge Park b/h koo 375 U1 18 601 670 0.295 133 1.2 2200 47.
14 76/435  Enerald Isle b/h 9700 790 1490 700 19300 2200 L 278 14 Lgooo . 87
15 76/476 Tar River Spring 56 7.5 133 6h 67 370 0.05 120 '13h0 32.5
19 76/440 Elberton B/h 27 2.7 15 2.8 64 23 0.C03 0.9 5.9 290 26.5
32 '76/45%  Lindsoy Spring 28 b.g 33 2.7 22 325 0.003 77 6.5 Lho 23
37 76/%58  0'Garras Est. Well 385 3.8 205 86 \ 727 218 0.212 122 3400 29
41 76/639  Hot Poud Craelius 1 84co 1080 2350 316 20000 0.1 9.4

isdy 76/Gho Gingoes Craelius 4 228 23 108 46 356 0.148 111 6.0 2900 33.5

Stean Condensnte Samples

20- 76/ Galways Vent 2 1.1 0.9 0.4 0.3 3.0 53 <0.002 5.3 55 98
21 wo/Mh2  Gages Upner Lur. Vent <2 €0.002 3.4 120 g8
27 76/4h%  Goges Upper YNid. Veat 18 <0.002 3.2 220 98
o3 7€/l Gozes Unper Upp. Vent 22 <0.002 5.3 130 a8
24 76/405 Galways Vent 1 L3 <0.002 3.8 150 . 97
UTs) 26/636 Goges Lur. Vent. 10 0.003



TABLE YI. dritivns snd Steoble Isotope Analys

Tiel Tob, Locality oy 18, D
e e m e
1 76/422 Galways Spring 1 TG nd nd
k 76/k25  Galwoys Spring E2 13.6 2.7 -5
5 26/1 26 Eot Pond Spring 7%1.8
7 76/4:28 Amershans Spring B 'nd
1 76/432  Gages Upper Puol C 19.0 +2 4 +9
12 75/43% Gages Upner Stream 11.0 nd nd
13 n6/L3L  Sturge Park b/n 2.2 11
14 76/4:25 Emerald Isle b/h 1.4 =2
15 6/435 Par River Spring nd
19 76/L40  Elberton b/
32 76/453 Lindsay Spring nd
Ll _76/6%0 Gingoes Craelius &
96/641 Rainwater nd
" Steam Condens=
20 76/131;1 Galvays Vent 2 1.3 +0.9 -5
21 76/4h42 Gages Upper Lur. Vent nd
22 726/LL3  “Gages Upper Mid. Vent nd
23 76/@44( Gages Upver Uon. Vent nd
2L 76/4Lk5  Galways Vent 1. né
Lo 75/636 Goges Lur. Vent nd

* See Tahle IV



TABLE VII - MOLAR ELzZMeNTAL RATIOS

Sample N2/Cl e/Li /B K/c1 Ca/C1 Li/C1
no. ) -

5 x10-3
26/422 3,41 53k 0.11 .9k 6.39
76/423 3.53 1426 0.10 3.1 ;é.48
76 /12 5.77 202 0.11 4.81 {9.8
76/425 2.59 1042 331 0.16 2.08 Aé.u9
26/426 0.67 2k 127 0.05 0.13 2.74
76/428 1.19 732 0.12 0.65 5.63
76/430 24.5 493 1.08 21.7 49.7
76/4%2 1.5 852 2.25  0.45 5.93 13.5
76/433 6.73 775 2.79 0.30 Lok . 8.67
76/434 1.03 ko9 153 0.57 0.06 2.52
76/435 0.78 k% ko 0.0 007 178
26,/436 1.29 338 0.10 1.76 3.82
76/440 0.65 2730 0.04 0.21 'o.zu
76/453 1.96 2833 0.20 1.32 0.69
76/458 0.82 58 0.005  0.25 1.5
76/639 0.65 251 0.05 0.11 2.59
76/640 0.99 465 0.06 0.27 2.13



S - P e g rEe s s rrats v T e o
TARLE VYIII - SILICA AHD E/Ns/Ca GLOTHERMOMETRY CAICUTATICHS, .°C

Sample I}H{ Na/ca . . Silica
no ="/3 =73 o Qz Amorphous
- 726/k:22 21 194 87
76/%23 42 182 59
78/42l 36 190+ 83
76/425 50 156 3
76/426 (220)
76/428 L8 129 9.6
76/420 49 221 g7
76/432 72 175% 65
76/133 59 198 7%
76/ 43k (363) 154 32‘
76/435 (204) 201 79
76/436 s 148 26
76,/140 50 -23
76/453 b7 123 b
76/458 36 149 27
76/629 (225) 37 -67
76/640 (99) (171) 143 22

*Indicates Qz temp assumes adiabatic cooling,

otherwise assumes conductive cooling.
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APPZIDIX A

Details of selected bcreholes drilled by Keith Engineers in-

Montserrat. Numbers as in the Engineers Report.

Nudber 23

Tocation Elbertons

- Ground Elevaticn + 125!

Total Depth 250!
Diame?er

Casing 5" to 136'
Temperature

Static water level 87' bgl = +38'

" Specific Capaciiy 0.3 gpm/ft

Quality Hardness 115; €1 150; Fe 0.5

Lithology etc.

0 - 30 sandy clay
30 - 120 hard sand
120 - 140 loose sand
140 - 155 coarse sand
155 - 250 hard sand/rock

Measurements in May 1976

Casing 0.82' agl

RWL 89.9' bgl = ¥35.1"

TD 130! &

Temperature 98' - 27 C

114 - 26.5°%
130 - 26.5°%C

Depth sample from 92'



p & Nuzter 25

Le Iocation Emerald Isle

3. Ground Elevation + 8.8

L, Total Depth 112!

Se Dizmeter

6. Casing 65' (4") on completion

7. = Tenmperature 71ZC when casing at 70' - discharge
4Lz"c n " " 90' - discharge

8. Static water level 3' bgl = + 5.8'

10. Quality -

11. Lithology etc.
O - 18' fine black sand/volcanic ash

18 - 45 brown sand/rock
L5 - 70 rock/some blue clay
70 - 112 rock/sand

May 1976
Casing top - 0.49' agl .

RWL = 3.35' bgl = +5.45"
™ = 67!
Temperatures

(-6.71) 16' - 41.5°C below casing top
(-23.71) 33' - 50%
(-39.7) 49' - 68.5°%
(-56.7) 66' - 87.5°C
Sampled at 66'

Q. Specific Capacity .50 gpm test - production rate



1e Nunmiber

2o Locatidn

3. Ground El:avation

L, Total Depth

- <
7. Temperature

8. Static water level

9. Specific Capacity

0. Quality

1.  Lithology etc.‘

0 -
60 -
70 -
9 -

Well sites visted but casings apparently pulled.

60
70
90
92

3h4(1)

64.7

92

None

+ b

34(2)
Gingoes
65.

118.

91+ (k)

 40.6%
(of discharge)

?

L gpm / high D.D. on 35(3)

Chlorides
Analysis. Table I 300/325
1 2
sand/boulders same
sand n
rocky "
sand 90 - 101 sand
101 - 118 rock
May 1976

35(3)

45.261

90

88 (2")

+ 2.6' (42.7' bgl)
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1.

th@er 37

location Grove

Ground Zlevation 122.4¢

Total Depth 280" (i.e. 170" below sea level)

Diameter

Casing 275' (now removed) screen 5'

Temperature  50.6°C / Cl of 6200 end of test
47.8°C / CL of 4850 beginning of test

Static wvater level + 12 .

Specific Capacicy 8 gpm/?

Quality (Beginning Cl 4850; Hd 770; Fe 6.8

3 hrs test (End Cl 6200; Hd L50; Fe 2.8

Lithology ectc.

O - 170 fine sand/rock
170 - 190 sand
190 -~ 230 sand/rock
230 - 280 sand



1. Number 38 (1) 38 (2)

2. Iocation Kinsale
3., Ground Elevation 96" 97
4, Total Dedth 135' (43' b.sea level) 165'
5. D2 ameter - -
6. Casing 110" (4') 160' (8" - 4m)
Screen B¢ 51
7. Temperature 40°C (on discharge)
8. Static water level + 4t -
9. Specific Capacity 3/5 gpm production 7 gpm
rate
10. Quality Metals turn biue Analyéis in Table

11. Lithology etc.

hi 2

0 - 20 sandy clay/rock samé
20 - 50 fine sand/boulders -
50 - 135 sand "

135 - 165 isand/sandstone



1.  Husber 55
2. location  Sturge Park

3. Ground Elevation c. +6'

i,  Total Depth 20'
5. Diameter od
6. Casing 1L (8")

. Screen 10!

7.  Temperature 47°C (discharge)
8. Static water level ~3.5' bgl = c. +6!

9. Specific Capacity 22 gpm (production rate)
T = 6700 gpd/ft (by date test)
10. Quality Cl 850; Hardness 143; Fe 0.01; pH 7.8

1. Lithology etc.
0 - 8 mf sand
8 -'20 mc sand/gravel. NB Pebbles are old beach gravel.

May 1976
Casing top = 7.38' agl = +13.5' c.
RWL = 8.53" bgl
D = 151

5 Témperature - feet bgl
(+4.5) 9' - 146.5%
(+2.8) 10.7' - 46.5%
(#1.2")12.3" - 46.75°%
(-0.5) 1% - 47°



1. Hurber éo
’2. I_aoca/ti_,on Trants 4 7.
3. Ground Elevation 58.23 '
k,  Total Devth 1471
5. Diameter
6. Casing 137' (8") and 10' of screen
7 Tenmperature
8. Static water level + 2.74
Q. Specific Capacity P.T. at 350 gpm
10. Quality Analysis (see Table)
11.  Lithology etc.
0 - 10 sandy clay

10 - 50 sand/rock

%0 -~ 55 sand
55 - 125 hard sand
125 - 147 gravel



1. Humber 75.4 - 735 ‘ 73.10

2. location - ‘ . Trants
. ,

3.  Ground Elezvation - - , 68.62

L, Total Depth - ’ 103 121

5. Diameter - - -

6. Casing - 174 -

' 20 (screen)

7. Temperature - - -
8. . Static water level LA . 25.38 +3.42!

9. Specific Capacity b gpn/ft 3 gpm/ft 6.5 gpm/ft

T = 8,800 gpd/ft T = 46,400
10. Quality .
O

11.  lithology etc.



TABLE I - APPENDIX A

Chemical Analyses : Water Wells Montserrat

1 2 2
pH , 6.2 7.6 6.3
' SC (micromhos) 1160 980 1310
002 free ‘ 331 13.0 385.0
Alk. to Phenolphtalein nil - nil nil
(as Ca 003)
"Alk. to Methylorange 406 166.5 528.0
(as Ca 003)
Carbonates nil qil . nil
Bicarbonate 495.32 203.13 644,16
Total hardiiess 522.5 181 500
(Ca COB)
Ca 101.6 36 105.2
Mg 65.2 22.11 57.59
Cl 44,0 156.0 165
P - - nil
Fe .725 .125 2.6
Sulphate 166.2 43,2 Lo.74
Chlorides (Na C1) 75.51 257.1 271.9
5,0, 128.0 105.0 145
Phosphate - 0.3 -
Free Ammonia , .02 0.00165 0.00165
Albuminoid Ammonia 0.0198 0.00165  0.00165
Nitrite - 0.0C2 -
Nitrate 0.3 . 1.31 nil

TDs (180°¢C) 96k 590 865

1. Kinsale Test Well No.38
2. Trents &£ 7 No.60

3. Gingoes Well No.3h4



Number

TLocation

‘Ground Elevetion

Tetal Depth on
comnletion

Dismeter

Casing

Temperature

Static water level

‘Svecific Capacity

~ Quality

Lithology etc.

APPENDIX B.

1

1 Hot Fond

+ b5 gt
(37.3 ft)

1.5 in

0.75 in pipe to

taotal deﬁth
from 5 J,fv ft
agl. 2.C in
cesing Trom
5.26 ft. agl

to 2.9 ft. bgl.

”14 Foat 37.3 £t

(101°¢)

Grey and pink
altered

volcanic rocks

£77°F at T.D.

2
Middle Gages A
+ 920 It

(33.1 £t)

1.5 in

2.0 in to 2%.7 ft.
CASING WITHDRAWN

(25 c)

4 906 Tt

Hard altered
grey ond vink
volcanic rock
to 16 ft.
"rotten" rock
to 30 ft.
Thereafter
girey clay

Craelius holes ¢

3
Middle Gages B
+ 914 ft

(21.5 £t)

1.5 in

Ut

0.75 in pipe.
from 9.1 to
Lo ft.

£ 77°F at T.D.

27. g ft.

')t

+ 914 ft

Grey volcanic
coulder sections
and Brown clay

to 15 £, rock
“altering to white

powder and pale
grey clay at
28 ft, blue-grey
clay to T.D.

Mentserrat, May/June 1976

L
Ginpoes
4+ 21 ft

(28 ft)

1.5 in

2-0 in OODC
from gl to
b6 ft.

‘bgla

92°ﬁ st 28 ft.
(32°0)

+ 1.1 £t

Pebbles and

“boulders of

natchy
volcanie
agglomerate

5
St. Patrick's
+ 36,5 ft

(37.2 £t)

from 0.34 ft. &
to 30.5 1t from 1

(19 I‘ as 73 9 ft

(37°¢)

+ 0.13 ft.

Roulders of pat¢
voleanic agmloae
in sandn vith
ochre at 28 it.



o ¢*% o.. B
f.fc&rm River

f'LS‘N g A
e 5 AL
«D Salem Vill S S o & © o o :
alem Village R L
” « ) . . + ' +Bugby. Hole (.2 5 2
¥30 +++' Sl
gaino® Rie, + + + '2’2‘}?0:"
PSRRI
R 38 0
420 Z
® ®
w45
<35 Carabald
40 ‘g3g o Hill
.S S
w3 <§“r500
X ® ®
Bransby Point LN
=<TRichrond Esi, " b »
LW, T2 T
~7, \_
Q O"
0 ‘: o '
\“ i ik
) i A3000 7 e Ry
b Chance's Mt 2 ¥
PLYMOUTH e %253%;7/\ EescEsTEES
. 1 2000»‘/ { [ : D
IS5 © & e Mt B :‘\~
Y REasesEnay]
7 IA
Main Roads ~ eeeesmes : £ £ — Roche's Blusf
| Soufneres_ ‘ . gé == —
Watercourses =~ e A G l‘ B G U : o g Tﬁ%%t\UFp\'C o
always .Gage's Upper Ry S 5 0o b - ;
Contours — 500 —~— C Cow Hill r‘ G & L . (\:‘ (6) o © 0 i o ? o} Lys :’ \!:_REJ H'!—]’; Landlng BGY
~ Zettlements a v VAQe'S Lower ‘ \Jo o o o o ! ol o R .
| : E Cow Hill New M Reeic scans ® Rt o o o b £
Estate Yards e = : : %, ;”"o ]
Mulcares : o i i
Trig. Stations A : s e
| '9 G Spring Ghaut Crater Rim _ St. Patrick's 1 %
. Geological Boundary e wd P v . Village oaw d
| Sewvckoval Tivands O Eotiner Suvhrianag . 5 R
| } ? Km } . E ) i Triangle’ Rozk
| 1 0_____ Mile _ 1 . T o hmem e | FIGURE 5.
\ s S s T s e TTITSIEIN SR 4
: T Shog Rock  Geologiral map of Soufriere Hills,
t [Tt .

Montserrat, (from Re=, 1974)

—

Sased on D,0.S. 359 (Series E303) Second Edition 1967 (1: 25,000)
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