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The Island nf Hnntssrrat lies towards the northern end of the Lesser Antilles. 

It is trade up of the products of five major and three smaller, parasitic volcanic 

centres. The four oldest val' s occur in the northern half of twe ASIUU-J. i tu-.iUv-j 

of these volcanoes IUCAUUC anuc^itxL. xavas auj ^jiuvAiistv*^ ^ut ther n lack oi 

untworked fragmentai rlw-mpits rind primary volcanic structures so that it i$ difficult 

to reconstruct the volcanic history of these centres. It ; rs he that the 

Harris-Bunby Centre, where a ^e andesite iava gave a ti-Ar a<je oi' -S.l r,uy. is 

the ciuest vn,.cano on . -oiiuacirra'i., --jilvur ui/.i mi^re a late-suuyw \,/ .mva **u»> <:; 

age of 1.5 m. rf . . ^ ler tf» f! « ^ !^ centre Hills and Carabald Hill shnuld probably be 

regarded as a parasitic centre of the Centre Hills in view of the similarity of the 

products and state of erosion of the two volcanoes.

The oldest volcano in the south oi .'.xmtserrat is .xsuth jcux'ricru ;uli« wiuiiC 

eruptions raay have be<|un as uich as 1.6 i.i.^. ..,, , The products of this volcano include 

basaltic lava flows ^nd a well-exposed sequence of andesitic and basaltic pyroclast 

falls, \noKB as the ^hite liver yroclast Fall Series. Uitrabasic c te blocks occur 

within an andcsite block fall ol the ;^hitd aiver i'yrociast tali Series. It is t "-it 

that the lava flows u»u pyroclast ialls UUAIS, u^ u cone-shaped strato-volcano with a 

large central crater. i,ate in t? ^ history nf Smith SoafrieT Hill tv,T> basic domes were 

extruded within the crater and their extrusioji destroyed faost of the crater wall and 

much of the eastern flank of the strato-volcano, the intrusion at ioche*s of a body 

of basic t!*o~pyroxene andesite of similar composition to the tiomes at 'iouth Soufriere 

Bill raay also have occun-uu about this time. ..j,^ de$>osits disturbed by this intrusion 

are a group oi tuffaceous limestones which nn rjnlneontnin-ieel grounds are thought to 

be about 40t CK)J yrs. old. .>.cause of the compositional similarity of the Cache's 

Intrusion and the South Soufriere iiill domes and because the intrusion has aifected 

deposits which are similar to :xath Joui'riere uill pyroclast falls t' he's Centre is 

probably a subsidiary centre of .^uutn jumticn; .iill.



The earliest events at the ^oufriere Mills included the extrusion of 

of two-pyroxane & ;,e and assoc' clast flow eruptions. These were folio1..od 

by the extrusion of at least two dones of hornblende-hypersthene ar.desitc end charcoal 

frora a ^IUCJU^L iluv, uciiuvcu u uuva been a;,^,JUted ith one of these dones gave :in 

age of 23, r^n ± 7.%  ..,. >t. :-~c's nill which eruntei larae quantities of horr Se- 

hypersthene >ite pumice fails ;v,ay have Leen active as a subsidiary centre on the 

north west flank of the Soufriere Mils about this time. irae after the extru^^n 

of the uoruu.t - ;--hypersUicfic- unuc.>itt,*. ^.oiuii ^u^iuu j.iow eruptions gave rip- to 

the formation , English's Crati . -harcoal frnr on© of the nunice flows has given an 

age of 10, yrs, Lat events at the Soufrlere Hills include the extrusion 

of tfo« Castle Peak hoi -iite dome within the crater and this ,.ay 

be related to the bre<, east v;aii tu the crater. Kinui eruptions of pyro- 

clast flows «4 4 v« t>yroci, ;J ^ ialls have occurred «:incr» t.hp fnr~»nt.inn of Castle eak and 

charcoal froa the raost recent of these has been dated at A.I). 1646 ± 34 yrs. Although 

there have been no recorded eruptions at the Soufriere Hills solfataric activity has 

been continuous in historic time and three periods oi unusually intense soisniic and solf­ 

ataric activity have occurred within the last 70 years.

An estimate of the relative volumes of rock types on Montserrat shows that 

andesite (96.G. ttes over basalt (3.3; ) and daelte (0.2$J ). Basalts 

occrr only at South Soufriere iiiil Kliere they account lor about 35>u of the total volume. 

South .>.<uirieru nili uith it& uitrabasic curaulatcs 9 basalts, basaltic andesites and 

andesites rese^bl*. s S5t. Misery, St. Kitts or the Soufriere, St. Vincent. The nt.h^r 

Mentserratian volcanoes &nJ most volcanoes in the Lesser Antilles have erupted not ing 

but andesite.

i'he vfiiLscrrut basalts a.;u ,;itui, navo <.wuy p«ti hical lectures in co.rfiion 

with other ca*w-al«uiine lavas. Plagioclase which is the most abundant phe&ocryst 

laiaerai has hi hly calcic cores ( ~ ^n^) which may reflect initial crystallisation under 

high water vapour pressures. Clivine (~- Fo^) was apparently the first nhenocrvst r.n



form in the basalts. There is so;>e evidence of a reaction relation between u 

and liquid to oroduce hypersthene but olivine is more often surrounded by clinopyroxene 

cc, . than by Uypersthene rims. Magnetite which is more abundant in the basalts than 

the midesites raay also have be.n an early phase to se arate. Pyroxene ;>henocrysts in 

the basalts ano andesito* show complex interrelati; , here is, however, no 

evidence to surest a reaction rui.aionship between augite and liquid to jive hypers- 

thene. Instead cllnn--vrnvf>ne mhn'.ly reacts with liquid tn ijive hornblende.which v;ill 

accouir for the ant c relationship between these minerals in the ^ontserrat lavas.

alien? /crysts in the lavas have different compositions and properties to the 

phenocrysts and are belicveu to aave crystallised at higher iuveis in the crust probably 

close to the surface, f-^n^crysts which initially formed deeper in the crust may undergo 

additional crystallisation at this stage.

A notable feature of the groundnasses of the ..ontserrat lavas is the abun 

of tridyiaite and cristobaiite, wuiuii appear to have crystallised at a very late sta-o, 

perhaps from fluids tripped in lavas at the time 01 their eruption. A few lavas contain 

quartz rich mica-beariruj a< iles vviiich iiave a siniiar mode of occurrence to tri .^ ,ite 

and cristobalite in the other rocks. The mica is probably phloyopite.

DisequiiiDriuii) pctro^rapine features are coffliaon in the flontsermt lavas. Lowering 

of water vapour pressure raay account for the resorption of quartz, hornblende and calcic 

plagioclase at shallow depths. Oscillatory zonimj in nlsnioela e minht reflect stnall 

fluctuations in water vapour pressure but is probably best explained in teras of a 

diffusion-su duration theory.

Four groups of xenoiiths were recognised on iiontserrat. Ultrabasic curnulateJ 

composed of unzoned crystals of sndic annrthite <^- WQQ). aluminous ampUibole, olivine 

(^*'o-(J and tite occur within andesitic pyroclastics of the uhitc <Uver 

Fail Series. They have oly longed by the crystallisation of basaltic wag '.a un icr 

high bater valour prussurus at depths of s'6-G kni. i*are doleritic blocks also occu - in 

andesitic horizons of the -hite *Uver tyroclast Kali Series, ouguate xenoliths of



bisaltic composition are found in andesitic lavas ana rcorcsiiut uuuu^uiat-ions of 

minerals which occur as microphenocrysts in the host rock ^ <^ther with a few "ol 

phenocrysts. ;setasedimrntary and nctavolcanic blocks were also found on Montserrat. 

Forty-five iww sajur . ysc-s :ier ivith new dete f,ions of IP
f i**y / »'wt

trace elements in 13 rocks and ratios in 7 rocks are presented along with so:ie 

oider analytical data, uiese  - ,t taat the ^uutserrat lav^a iorra a closely 

related series of rocks. Th* r^vc O f Sout- Snufriere Hill however, Mffnr fror- those 

of the other xoatserratian vole > in that their Si02 range is larger and the South 

Soufriere 111 11 and; are s 1 leted in total iron, I , Ti02 and V and sliyhtly 

enriched in Na2 0 and relative to andesites from the other volcanoes.

Petrocheraically, t,ii V v^uaerrat ^avu, resemble those froca taost of the other 

islands in the Lesser Ant 13les, especially St. Kitts. However they have less KgO, Sb. 

Be and Cr and more Na20, V, Co and Cu than lavas from St. Uicia and lower Sr ratios 

and smaller amounts of radiogenic lead than lavas fron bt. Lucia and iJominica. The 

Montserrat lavas also bear an overall cheraicai resemblance to lavas from other calc- 

alkaline suites but they sre sonwhat denlotcd in 'HO^t ^b, Sr, Ba, ISi and Cr and 

enriched in Al^QU and CaO compared vith most ealc-alkaline lavas especially those from 

continental areas. Basalts from >»ontserrat contain slightly more i^O than most hi 

aluinina basalts but the %ntserrat andesites are considerably depleted in bLO relative 

to most andrtsltes.

The i'undafiiental process in the petrogenesis of the <ontserrat lavas is belicve'i 

te involve the partial raiting of oceanic thclciite, or its sed equivalent 

along the Uenioff ^one beneatn tiie Lesser Antilles. Oceanic tholeiite is a suitable 

parent for the ^ntserrat and tut «..esser Antillcan lavas in terms oi composition and 

nvailability. The onlv diffictilty is that the Lesser Antillean lavas, particularly 

those from St. Lucia and ttominica are so enriched in the large and hi hly charged 

cation elements and radiogenic nuclides compared with oceanic thoieiite that an extra 

source for tiiese appears to be required, .dative-iy small amounts of alkali basalt



oceanic sediment and detritus from bouth ^erica or ttie -esscr Antilles may be CP^e 

into the u^ur aantle and melted with the oceanic tholeiite and these are nossible 

sources of the "missing" elements and also of water.

The composition of the .s resulting from the welting of oateriel along 

Beaioff 4one will vary depending on the physical conditions. Low temperatures and 

hydrous cor*<uuons wiii favour the production of anu^sitic liqui-j.* v.; ureas dry melting 

and high temperatures will ten' * produce basaltic liquids* s the arc evolves the 

tendency is probably towards wetter melting . tions as more oiaterial frora the arc or 

nore ic st s down the Benioff ^one.

As the magmas c along the Be- iol'f ^one ascend to the surface they may­ 

be modified by a number  " ieiiuuuury processes, these include fractional crystallisation, 

wallrock renetirn, assimilation nnd gas tr^'sfer.

There is evidence in the Lesser Antillean rocks for at least two periods of 

fractional crystallisation* of these occurs near the surface, at low pressures and 

probably has little fundamentui petrogenetic effect. The other, which occurs dec put- 

in the crust (-> 6-0 taa.) involves the separation of sub-silicic aggregates from basaltic 

mgaa and is probably instrumental in producing andesites at certain volcanoes in the 

Lesser Antilles, like South Soufriere Hill, --ntserrat and bcufriere, St. Vincent.

The relative importance of the other 'secondary" processes is rather difficult 

to assess. v»all rock reaction does not appear to be very important within the rauufcie 

bttt s»y occur within the crust. Gas transfer is likely to be quite important especially 

in water rich taagaas and nay be in soroe measure responsible for the erratic behaviour of 

certain ele cnts notably i^O in the Lesser intillean lavas.

The compositional variation within the ^usscr .miilles may to some extent reflect 

differences in the relative importance of different "secondary** petr*. tic prc s 

at different places. The restriction of c ^ally "evolved" lavas to the islan ^ ->i 

St. Lucia, Uominica. and ;.lartinique in tie central portion of the arc ray, however 

reflect the fact that these islands are the oldest in the Lesser Antilles although their 

position relative to the direction of unHerthrusting O i uccuaic crust might also be 

important.
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C H A P T E tt 1.

TttE OXF-.JuJ uai^i^ifx PL^tf..^! oF GLJLOGY. tfc^UUl

This study of the geology of .ontserrat forras part of a programme of volcaBolog- 

leal and petro logical research in the Leeward and ^iadward Islands, initiated by the 

late » rofessor L. d, uager and Dr. &. &* Brown of Oxford University, together with 

Dr. G, R. Uobsofl of the seismic research Unit, Uaiversity of the uest Indies, Trinidad. 

The project began in I960 and was financed by a special grant froai D.S,I.ft. v which 

terminated in 1%3.

The principal aim of the programme has been the elucidation of the geological 

history, petrology and geochemistry of some of the active and recently active volcanic 

centres in the Lesser Antilles. The information thus obtained, together with the 

geophysical data for the Caribbean area which has become available since the beginning 

of the nineteen fifties, has thrown light on problems of fundamental interest to 

geologists, such as the development of island arcs and the petrogenesis of andesites.

Three regional studies hove been carried out by research students at the 

Department of Geology and mineralogy of uxford Uaiversity. In addition to the author's 

work on ontserrat, Jr. P. E. Baker has described "The Geology of ount Misery Volcano, 

St. Kitts" Cl%3) and Or. J. F. Tomblin "The Volcanic History and \ etrology of the 

Soafriere region, St. Lucia" (1964), 'Or. J. F. Lewis carried out a more specialised 

mineralogical and petro logical study on the plutonic blocks of the Soufriere Volcano, 

St. Vincent, (Le^is, 1964).

The present study was begun in Jeccwsber 1%6 and the author carried out field 

work in "ontserrat from January until ^ay 1967. Before arriving on ontserrat, the 

author was given a useful introduction to the problems involved in mapping recent 

volcanic terrain, by >>rs. tiobson and lo,;iblin on St. Vincent, by -r. fo,;blin on St. 

Lucia and by Ur. Oaker on St. Kitts.



2.

Although the programme of research outlined above has DOW ended at oxford 

University, it is being continued at Jurhaffl University, under < rofessor G. -. 

Dr. i'oabiin is now Head of the Seismic Unit in iriaidad and is at present engaged on 

geological work in irenada and ±t. Vincent,
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CHAPTER 2.

THL L AMTIUJSS

ftuv,

The Lesser Antilles tFig. 1) are a chain of islands linking the northeast of 

Venezuela with Puerto tfico and the Greater Antilles* The bathymetrie map of the 

Eastern Caribbean (Fig. 2) shows that the islands of the Lesser Antilles form the 

highest points on a series of arcuate ridges, convex towards the Atlantic*

Barbados* which is compos CM of a thick scries of Eocene flysch deposits* over­ 

lain by deep water marls and » leistocene coral limestone, lies on the outermost ridge. 

The Barbados &idge, which is separated from the main are of the Lesser Antilles by a 

trough over 6,000 ft* deep, dies out northwards.

The o»ain ridye describes a smooth curve from Grenada northwards as far as Saba 

and the islands oa it are composed of Tertiary and quaternary volcanic material. The 

crest of the ridge lies at about 2 tuOO ft. below the islands, which rise to heights 

of between 3,000 ft. and 5,000 ft. above sea level, so that the individual volcanic 

piles rise from S.OuO to 7,OGu ft, above the general level of the ridge. The slope 

of the ridge is considerably steeper on the western side than on the eastern.

North of Dominica the main ridge splits into two parts. The outer part of the 

ridge reaches the surface in a series of lotv-lying islands known as the "Limestone 

Caribbees" since they are composed mainly of limestone with some older tocene to 

Miocene volcanic material. These islands (Uesirade, the eastern half of Guadeloupe, 

Antigua, Barbuda and the anguilla groups stand on broavi submarine platforms, less than 

600 ft* deep. They are separated from the volcanic islands of the Leeward Islands by 

relatively shallow water, not exceeding 3,000 ft. in depth. To the north and east of 

the limestone islands, in contrast, the sea floor slopes steeply away into a south­ 

eastward extension of the tuerto <ico Trench and depths of over 18 tvOO ft. are recorded 

less than 50 miles from the east coast of Guadeloupe.
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/Ux>ut iJo ciiles uest af the l ,iles is another or

less parallel to t». .u voicaiuc arc. In general uus riu^c, kiiown as the <*vu$ ->w 

lies at a depth of between 3,000 and 6,000 ft. below sea level but it reaches the 

at its northern end in the tiny island of Aves.

O A *"} /"* IT"1 jf'L if "-l.T'Vt* ~t i6J& G&JiHYSIi^ ^i.Ht-

The earliest pmhvci<»fn r^v ! , in the Caribbean area is thnr. nf Hess (1930). ; 

aade a gravity survey of the Eastern Caribbean and his work sho;, j belt of negative 

anomalies a a line connecting the Puerto /dee Trench with the Barbados iiidge and 

a line of positive anor-tnlies alone the volcanic island chain. Wore recent gravity and 

nagaetic measurements in the Lesser Antilles (kasson &nith and Andrew, in press) e* 

the general picture established by iiess but have revealed minor breaks and steps in the 

general level of the positive <: y. They note that the profile along the volconic 

arc is dissected by a auraber of L.-*. trending gravity ious. To explain the positive 

gravity anomaly ilasson omith and vndrow postulate the existence of a 100 to. wide arcuate 

slab of lower erustal >aaterial (basalt-) with its upper surface at a depth of 5 to 10 km. 

The thickness of the slab must be at least 10 km.

officer et ai. U957, 1959) have reported siesraic velocity data for the 

Caribbean crust and some of their results are shown in Fig. ,. .nicer, et al. (1959) 

noted the general similarity between the velocity profiles of typical oceanic arens and 

those of the Caribbean Sea but pointed out the following differences. In oceanic 

sections there is an abrupt velocity c' " about 6.5 to 8.1 ton./sec. at the crust- 

oantle boundary, whereas in the Caribbean there is usually oterial with velocity ..1 

to 7.7 km./sec. bnf.wnnn the mantle sod the 6.5 ton./sec. crnstal nsterial. The Caribbean 

crust also tends to be thicker, with lower velocities in the upper part than a typical 

oceanic section. Beneath the volc«;iiic islands of the Lesser Antilles, the inter < 

(4*5.5 kn./sec.) and the hijh t,u-6.3 km./sec.; crustai velocity layers are th r 

rise closer to the surface.
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FIGURE 4A. Earthquake epicentres in the Caribbean region from 1950 

through 1964 (after Sykes and Ewing, 1965) .
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FROM DATA IN SVKE AND EWINGO965)

East-west vertical sections of hypocentres of seismic 

disturbances in the vicinity of the Lesser Antilles based 

on data in Sykes and Ewing (1965). Upper section is for 

seismic disturbances north of 16°N latitude showing two

classes of earthquake. Lower section for disturbances 

between 14 and 

of earthquakes.

between 14° and 16 N latitude showing only a single class
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motion of plates at the boundaries.
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A considerable amount of data on earthquakes in the Caribbean area is now 

available (Sykes and ^wiag, 1965; Seismic Unit, unpublished data). This data (fig. 4A) 

aay be suaiaarUcd as follows, a beniofi ^oae exists alony the entire length of the 

Misser antiiles (Fig. 46) but a number of shallow focus earthquakes occur, particularly 

to the north of Jcminica, which do not lie within tfee Senioff /.one. Some of the shallow 

focus earthquakes may be related to the moveisent of oag&a near active volcanoes (sec p. 

while others are probably related to move-wnts along transverse faults. In general the 

part of the arc north of Dominica is acre seismically active than the southern part of 

the arc,

^lolnar and aykes (1969) have determined focal mechanises for earthquakes in the 

Caribbean and ; iddlc America regions and have used these to work out the pattern of 

lithosphere plates in the area (Fig. 5). According to ^olnar and Sykes the Caribbean 

plate is underth rust by the Atlantic plate alone, the line of the tesser Antilles, this 

underthrusting being marked by the Benioff ^one which dips westwards beneath the arc*

Opposing viev.s on the origin of the Lesser -Antilles were expressed by two of 

the earliest writers on the subject, spencer (1095) regarded the Lesser Antilles as 

relies of a formerly widespread land area while hill (1905) thought that the islands 

were simple volcanic piles built up from the ocean floor. Woodring (1928, 1954) 

suggested that a submarine ridge below the present islands was ior.uei during the 

Laramide (Upper Cretaceous) orogeny which affects the roc*s of Venezuela and the 

Greater Antilles and Schuenert (1935) supported this view. Schuchert proposed (op. cit., 

p,393) that the islands of the = esser Antilles grew as "young volcanic islands parasitic 

upon the folded formations making up the much older basement oi the (Creater) Antillean 

and Venezuelan mountain chains."

Officer et al. (1959) however concluded that the Caribbean Mas not a drowned 

continental area but an altered oceanic region and there is a good deal of agreement 

at the present time that island arcs develop across oceanic crust (e.g. aess t I960;
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isacks et al., 1963). thus. Hill's views on lUe formation of the -esser Antilles saay 

be essentially correct even though the geophysical evidence indicates that the 

Caribbean crust is no longer strictly oceanic, the exact nature of the relationship 

of the Lesser Antilles to the Greater Antilles is however, still uncertain.

Spilites, keratopyres and low-grade raetasaorphics, which have given an unconfirmed 

tipper Jurassic age U42.2 & 9.7 x 10 yrs.) have recently been discovered on Jesirade, 

a saail island vs hich lies to the east of Guadeloupe (Kak, 1966). The similarity of 

these rocks to rocks of the sane age in the Greater Antilles led Fink to suggest that 

the Greater Antilles and the Lesser Antilles nad a sisdlar origin and once formed a 

continuous feature. The continuity of the negative gravity anomaly belt from Hispanicla 

to Trinidad supports this suggestion, however, in view of the very small outcrop of 

spilites and keratophyres in the Lesser Antilles compared vdth their great volume in 

the Greater a&tiiles and the fact that the upper Jurassic age has yet to be confirmed, 

this correlation should still be regarded as tentative. In addition, a continuous line 

of volcanicity along the Greater and Lesser Antilles in the Cretaceous implies a plate 

arrangement that is substantially different from the one that exists at the present 

time (fig. 5).

Fink (1968) further suggests that in the Lesser Antilles the submarine spilites 

ana keratophyres were followed by sub-aerial, calc-alkali lavas of Cretaceous to 

Eocene age, erupted from volcanic centres, formiag an arcuate row extending from 

Grenada to Anguilla and probably through the Greater Antilles as well. It must be 

admitted, however, that whereas andesites of this age are abundaftt in the Greater 

Antilles and in the "Liraestoae Caribbees" the evidence for the existence of pre- 

fe!iocene volcanics on the islands south of Martinique is fairly scanty.

Evidence for the evolution of the Lesser Antilles in post-toeene times is more 

substantial, faring the middle Eocene to middle Oligocene, volcanic activity came to 

a hilt in the Greater and lesser Antilles and widespread uplift, erosion and deposition
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of shallow water n^stone occurred. The forsuiuofi of the Aiar^-os -Udge by the 

folding of a thick sedimentary succession, which had accumulated at the snathern ead 

of a deep sea trough which in Eocene times lay to the east oi the Lesser Antilles, 

my also have occurred at this tiott (Chase and Bunce, W69). fehen volcanic activity 

was renewed, during the middle to late Miocene, it was continuous from Grenada to 

Saba. From Dominica to Grenada the older and younger arc axes are superimposed but 

sooe eastvard translation of the sftuatnt of the pre-wiocene arc north of Dominica 

occurred during the cessation of tectonic and volcanic activity so that the younger 

arc axis lies to the west of the older arc axis in this region. Fink (1%8) has 

attributed this translation to wove .eat along a aajor transverse fault, north of 

Dordnica, He suggests that the development of this fault was accompanied by the 

development of other transverse structural features.

The Lesser Antilles has been the site of soise famous historic volcanic activity, 

notably the 1908 eruption oi wont Pele in artinique and the 1902-03 eruptions of the

volcano, St. Vincent. Several other active or recently active volcanoes 

occur along the arc Oij. 1) and details of activity at these volcanoes are summarised 

by *iobson and Toaiblin U%6).
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ttontserrat Uat. 16°45'ftU, long. 62°13'&), lies towards the northern ead of the 

Lesser Antilles, in the north-eastern Caribbean (ri^. 1).

The island, »hicfa has an area of approximately 39 cq. mis. is pear-shaped, bei;ig 

elongated in a N.-S. direction. It is IC& miles long and has a maximum width of six 

miles.

fitontserrat was one of islands discovered by Columbus in 14s3. It is thought 

that the ragged topography of the island reminded him of iontserrat in north-east Spain. 

fttontserrat is also knows as the uaeraid Isle, not only because of its lta*h vegetation, 

but because the first European settlers were Irish. They colonised nontserrat in 1632. 

The trench occupied the island for a short period between 1664 and 166S and again, very 

briefly, in 1762. iontserrat was finally ceded to Britain b\ the Treaty of Versailles 

U783).

The present population (12, OQi) in I960) of < iontserrat is largely African 

Of the original inhabitants of t^ontscrrat little tract now remains of the Caribs, 

inhabited the island before the uiropeen settlenent, or of the Arawaks who were their 

predecessors. The Irish influence is more obvious. Irish piaeenanes e.g. St. Patrick's 

Village, bal way's oouiriere, Cork Hill Village* -ansale are common and oany of the 

present inhabitants nave Irish surnames e.g. Blake, Sweeney, Gibbons.

Of the total area of : oritserrat only about 7 9 QOt acres are cultivated. The 

coarse mudflow and pyroelast flow deposits which cover siueh of the island nsake large- 

scale cultivation, especially of sugar cane, very difficult. s;nall amount os sugar 

cane is, however, grown and is used mainly lor distil liny ru&. Conditions are better 

suited to the production of cotton but the chief variety "Montserrat sea island" is 

difficult to spin and the amount of cotton grown has declined in recent years, vegetables
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are being grown on an expanding scale, and exports, to other islands *u u-.n area, are 
increasing.

Although agriculture on ^ontserrat is developing at a rather slow rate th* 
•eonoraic growth rate has averaged over $• p.a. since 1%4. this is due, largely, to 
an increase in tourism and also to the development of the island as a resort for retired 
fcorth Americans*

ClLaate.

Montserrat is the wettest oi toe Leeward Islasds with an average annual rainfall 
of 62 in. me rainfall is predominantly oro^rpphie (though depressions, drifting south* 
eastwards from the direction of rut-rto liico and rlorida give occasional cyclonic rain* 
fall) aad precipitation is considerably higher OB the more elevated areas of the island 
(probably 120 in. on Chance's Peak). In the low-lying areas around Silver Hill and the 
southern part of South Soufriere Bill rainfall is less than 40 in. p.a. and semi-arid 
conditions prevail, the leeward (western) side of the island is wetter than the wind­ 
ward. September, October and November are generally the wettest months of the year 
(Bardy, 1922).

^ontserrat lies within the Trade ftlnds Belt and the prevailing wind direction 
is fro® the east, with a north-easterly bias in winter aad a south-easterly bias in 
su.7ir,;er. Hurricanes and cyclones sometimes occur in early autumn.

The Trades have a moderating influence on the elinate. The average annual 
temperature is 79°F, and the faontfely averages vary only frost 76°f. ia January to 81°F. 
in July. Humidity is generally about 75/c.

Vegetation.

The higher slopes of Centre iiills, xmiriere hills and South Soufriere Hill are 
covered by dense tropical forest* including many cabbage palras, tree ferns etc. On 
parts of the lower slopes of the mountains and on some of the smaller hills (Carabald 
Hill and Silver tiill) there is a considerable growth of scrub. Cacti and thorn of
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various kinds are quite common, in the drier pans of the island and especially around 

the south coast.

the lower hill slopes are extensively cultivated. A law, airaed at soil conserva­ 

tion, prohibits cultivation above l,SuO ft.
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* G£QLi>GICAL

* '11

By far the most important previous geological work on ^oatserrat is that of 

MaeSreyor (1933). Mac^regor was the first geologist to carry out systaltic field 

work and geological snapping on the islaad. iiecordeti geological work prior to klacGregor'i 

study includes that of iwgeat U6H)» mailer U3U3), Sapper (1903), Lacroix U9O4> and 

Hardy (1922). The interested reader is referred to the original papers or to MaeGregor'a 

suoottry (iiac^rc^or 1933t pp. 9-12).

regor's work was a direct result of the organisation by a utoyal Society 

, under the chairmanship of >ir G« Lenox-Conynyhar.i of an oxpeuition to 

itoatserrat in 1936. The aiats of the expedition were to study the geology of Montserrat 

and to investigate the earthquakes and soufriere activity wtiich had caused considerable 

damage and alarm during 1934 and 1935. Macore^or was accompanied on the expedition by 

Or. C. F, Powell as physicist and the results of their work are to be found in 

MacGregor (1936, 1936), Powell (1933) and Ueox-Umynghao (1937).

MaeGregor (1930) recognised the existence on -iontscrrat of seven separate 

volcanic centres and on the basis of the field relations of their products he was 

able to work out the relative u^es of the centres. He described the products of each 

centre in some detail bat did not attempt to make detailed reconstructions of the 

history of individual centres* ^acGreyor also classified and sapped the active 

soufriercs on the island.

In addition to his field work acGrcgor inade many important petrologieal 

observations on the "ontserration lavas, these include his descriptions of corrosion 

of feldspar pbenocrysts; of oxidation and resorption phenomena in hornblende phenc- 

crysts; of the nature of cognate inclusions in the lavas; and of the mode of 

occurrence and optical properties of tridymite and cristofaalite in the yroundmass 01
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the lavas. In addition, he presented seven chemical analyses of ^ontserrat rocks. 

Nockolds and ftllen (1953) have determined trace eleaeat abundances in these analysed 

rocks.

Novell's report (1938) is concerned with the seismic crisis and is of less 

general interest to the geologist. «it the somewhat primitive seisiaographs then 

available, the exact location of earthquake foci was difficult. Poweii, however, found 

a significant concentration of foci at depths of between one and two kilometres beneath 

St. George's Hill, and another active belt, along a line running east-west through 

English's Crater and Castle *eak.

fhe eminent amencan vulcaiwlogist F. A. Ferret visited kontserrat several times 

during the seismic crisis of 1934*36. His published account (Ferret, 1939) contains 

ouch useful information on the earthquakes aad activity at the soufrieres. He also

•ade some important observations on the geology of the island. He maintained that the 

peaks of the Soufriere iUlis (notably Gage's and Chance*s fountains) had the status of 

genuine pitons and he suggested that many of the fra$meatal deposits of the oufriere 

Bills were "mud-lavas" (i.e. stud flows).

ftiartin-Koye included a chapter on nontserrat in his "Reports on the Geology of 

the Leeward and British Virgin Islands** (1959), His account of the geology of the 

island is based largely on .-ac-rear's work and his geological map is essentially the 

saue as ^acCregor's, though modified slightly by air photograph interpretations. 

Martin~Kaye, however, gives a lot of new iafonaation on the active soufrieres, including 

temperature measurements, gas analyses of aoufriere minerals and detailed maps. :..a 

quotes itobson and «^i iliac re's U 'y^t rseasurements of heat flow at the iHoatserrat 

soufrieres.

In their account of the 3*0logy of 3aba and St. Eustatius, v,ester;iann and Kiel 

(1961) have Included an account of the geology ol the area around Hoche's Bluff, 

Montserrat. they have described the palaeontology of the tuffaceous limestone.

*f»ftt*rnmnn and Kiel consider the uoche's Oluff area to be a small centre of uplift
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analogous to Brimstone bill, St. Kitts or to the &hite kail Formation of ^tatia.

Kobson and loaiblin u«#>fc> suianarised the geoiagy of the Soufricre Bills and 

included a new geological map of the southern part of Uoatserrat, based on ,-acCregor's 

map with amendments by ^obson. They suggested that the central nuclmis of the 

Soufriere Hills represents the remnants of an early strato-volcano, the suasait of 

which was removed to fora English's Crater (see p. 4? ). &>bson and Toablin also 

gave an account of historic volcano- seismic activity at the Soufriere Bills centre. 

Shepherd, fomblln and &eo (1969) have described the most recent seismic crisis, which 

occurred in 1%6~67, in some detail.

In connection with the present study the writer has given a brief account of 

the geology of the southern pert of tontserrat (itea, 1%8) and Shotton, .iundell and 

Williams (1963) have reported the date of charcoal collected by the writer from a 

Soufriere bills pyroclast flow (see p. &° ).

The island of Moatserrat is isade up of six distinct mountain masses, each of 

whieh is composed mainly of the products of a single volcanic centre, though it stay 

include some pyroclastic material from neighbouring centres* The centres are from 

north to south. Silver Hill, Centre Hills, Carabaid Bill, St. George's Bill, Scufriere 

Hills and South Soufriere Hill. Of these, St. Georg«*s Bill and Carabald Hill are 

believed on geological ground to be parasitic centres developed on the flanks of the 

Soufriere HI Hi and Centre Bills respectively but nevertheless these centres forai 

distinct, though rather siuall physiographic units. On the other hand the Roche'* Bluff 

Centre which is probably a late stage parasitic centre oa the flanks of South Soufriere 

Hill does not form a unique physiographic unit partly because it has not completely 

penetrated the pre-existing cover and partly because it has been obscured by more 

recent deposits froa the ioufriere Hills.
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The six physiographic units are each characterised by their own syst*a of 

consequent radial drainage with the ghauts (the local dame ior drainage channels) 

cutting back towards the sura aits of the hill, feith the exception of the ^ouiriere 

tiiils and &o«th iioufriere Hill, the units are separated from one another by distinct 

hollows or areas of relatively low ground. South Soufriere Bill and the Soufriere 

Bills are rather indistinct units and are joined by a high col. Physiographic 

features of the individual volcanoes arc described in the chapters on the field 

geology of flontserrat but one or two general points can be made here.

1. Silver Hill, Centre Mil is, Soufriere Hills and :>outh Soufriere ilill lie along aa 

axis miming approximately i\.-S. 1'his axis coincides with the axis of elongation of 

Montserrat and more or less follows the crest of the volcanic arc ridge*

2. In the south of the island there is a strininy alignment of centres of volcanic 
activity along a to»N*M« - £,£>•£. axis running froQ Uirabald Bill to toche's Bluff* 
Along this line are Carabald iiill, St. George's Hill* Gage's Jo/nc, English's Crater* 
Castle Peak, Perche's Doaie and Ache's. Chance's ;;o«e and Galway's 'o;ie are only 
slightly offset to the west of this line.

Fiak (1%8> has compiled a detailed ba thy metric amp of the area around 

Guadeloupe Wig. 6). This map shows three interesting features in the vicinity of 

Montserrat*

The -ontserrat Sea Trough, a 5. ft. - N.E. trending feature to the west of 

«Jontserrat, is interpreted by Fink as the surface expression of a fault »one noraal 

to the arc ridge crest* No obvious continuation of the kiontserrat >ea trough can bo 

seen on or to the east of tfontserrat.

Tbe Montserrat >iidge lies just to the south of the ^ontserrat Sea Trough and 

il parallel to it. Again no obvious continuation of this feature is seen on -ontscrrat

The Kahouanne repression is aa elongate depression, which runs from Basse ^
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«.'.Guadeloupe to the b.*., corner of <uontserrat. ;araiieUny the trend of U« &*iiOL 

Depression and located on both sides of it are five sea knolls. Since tbe depression 

lies along the axis of the younyer volcanic ione t Fink suggests that the sea knolls 

are volcanic in origin. Their alignment suggests extrusion along a crustai fracture 

between &asse Terre and itaontserrat.

Fink's ha thyme trie aap does not cover tbe area north of icntserrat but the 

^drairaity Chart of 1369 shows a gently inclined sbelf around tbe northern part of 

tbe island (see &ac£regor f lV3tf, p. 17) . That this shelf implies submergence is 

indicated by the submarine extension of certain topographic features notably Bransby 

Point* According to uacfereyot the products of the centre mils and Silver Hill 

volcanoes probably extended at one time as far as the present 35 -u. submarine contour* 

which t«mld otean that ->iiver dill was originally a large volcano with a besal diameter 

of about six miles*

(1936) recognised the existence on £ontserrat of seven volcanic 

centres. Of these, he considered (^ac&regor, 193d, fable 1) Silver tiill to have 

been active in the late ^ioceoe or early Pliocene - i.e. about ten million yean ago. 

ne believed that the other six centres were all active within » ieistocene or -ecent 

tines i.e. uithin the last 1.3 million years tberygnwa, 1969). t^acOreyor suggested 

the following order of activity for tht£<: centres:- liociwi's (oldest) - Centre hills • 

uarabaid bill - South Soufriere iiiil - at. George's iiill - Soufriere Hills.

detailed field work and radiooeirie dating have shown that -^icoregor'a sequence 

of activity needs to be somewhat revised (see Tables 1 and 3). fhe oldest dated rocks 

on ^oatserrat * a series of two- pyroxene andesite lavas and agglomerates . occur in 

the area around tiarris Village and iiugby riole. This area apparently represents 

eroded remnants of an old volcanic centre which was active over four million years 

ago (p. zl ). Silver lull, whicu is also considerably eroded is the uext oldest
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centre on the island and lava from Silver Hill has given a &wir age 01 arouuu 1.5 

million years. The products of Silver Hill are mainly two-pyroxene andesite lavas and 

agylomerates. A period of submergence may have occurred shortly after the end of 

activity at Silver Hill.

rhe Centre Hills volcano which occupies an area of about 12 sq. ®iles or 

approximately one third of the total area of -.ontserrnt has ^iven rise to a wide 

variety of products and may have been active over a longish period of time* Products 

of the Centre iiiils include two-pyroxene andesite and hornblende-hypers then* andesite 

pyroclast flows, pyroclast falls, mitdfiows and some lava units, the products of Carabald 

Hill are very similar to those of the i/entre Hills and it is probable that usraoaiu mil 

was a small parasitic centre on the ilanfcf of the Centre Hills*

although products of the four centres mentioned above occupy over half the total 

area of '<ontserrat considerably less attention was paid to these centres than to the 

younger centres in tfce south of the island. ne of the main reasons for this is that 

the products of the older centres have been subjected to widespread erosion and redist­ 

ribution and the resultant lack of good sequences of primary deposits nnkes it virtually 

impossible to work out detailed histories for these volcanoes, in addition the Centre 

Bills is particularly inaccessible and there Is a complete lack of recognisable large- 

scale volcanic structures e.g. craters or domes in the northern part of i ontserrat.

The four younger centres in the south of ^ontserrat are more rewarding from the 

point of view of detailed field work and it has proved possible to reconstruct a fairly 

detailed history of volc?*nie events ia this area, the oldest centre in the south of 

the island is ^outn ^oufriere Hill where there »aay have been two phases of activity 

the second of which probably started less than one nil lion years ago. Hie early 

eruptions of South iSouiriere iiiil built up a large cone-shaped s&rato-voicanc composed 

of basaltic and andesitic pyrociast falls and basalt lava flows* Activity at South 

Soufriere Hill ended with the extrusion of a large dorae of two-pyroxene basalt lava* 

which destroyed the eastern flanks of the sirato-volcano. The intrusion of a body of
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basic two-pyroxene andesite lava at iioche's may be closely related to this final event 

at tauth Soufriere Mill. A tentative age of less than 40*000 years has been assigned 

to tbe tioche's Intrusion on palaeontoloyical grounds (p. fy f ).

Activity at tbe Soufriere Mills began with toe extrusion of a series of domes, 

ranging petroyraphically fron two-pyroxene andesite to hornblende-aypersthene andesite. 

The formation of these domes was probably accompanied by pyroclast flou eruptions* Uiter 

in the history of the Soufriere Hi Us a large crater was forced, its formation being

accompanied by the eruption of pu&ice flows, Subsequent activity included the extrusion
"fc of a crater dome and associated eruptions, the most recent of which occurred 320 * 54

yeart ago (see p. 4v ).

St. George's Mill, a small but active centre oa the flanks of the Soufriere Hills 

gave rise to a larye quantity of hornblende-hypersthene andesite pyroclast falls at a 

fairly late stage in tee history of the Soafriere Hills.

In tbe following section on the field geology of Itantserrat, the author has 

described the centres in their order of activity starting with the oldest except that 

St. George's tiill, which is older than the most recent eruptions of the Soufriere Hills* 

has been described in a separate chapter following the chapter on the Soufriere Hills.



TABLE 1. PROBABLE ORDER OF ACTIVITY OF THE VOLCANIC CENTRES
ON MONTSERRAT

VOLCANO PROBABLE PERIOD OF ACTIVITY

Soufriere Hills

St. George's Hill

Roche's

South Soufriere Hill 
(main period of activity)

Carabald Hill

Centre Hills

South Soufriere Hill 
(early activity)

Silver Hill

Harris - Bugby

? 40,000 yrs. ago - present

? 25,000 yrs. ago

? 40,000 yrs. ago

? 1 m. - 40,000 yrs. ago

? 1 m. yrs. ago

? 1 m. yrs. ago

about 1.6 m. yrs. ago

about 1.6m. yrs. ago

about 4.2m. yrs. ago
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C H A P t £ a 5.

a> ON c^ssjEpjCATioN.

the primary frageental deposits of ^ontserrat can be referred to two categories - 

pyrocinst fay and py roc last flg^f- The writer uses these terns in the sense of iiobson 

and Tomblin (1966) who state (Introduction, p. IX) that **The terra pyrocla&t is used to 

describe any fragciental material produced during a volcanic eruption; the terra 

pyroclast fal\ is used to describe pyroclastic material, which is carried upwards 

away from the eruptive vest; the tersi pyroclast f^o» is used to describe pyrociastic 

material, which with gaseous material is carried downwards away frofa the eruptive 

tent, ....." Fyroclast falls are tsell-stratifiecl, well-sorted deposits v&ich mantle 

older topography whereas pyrociast flows are unstratified, unsorted deposits which 

infill topographic depressions (Kozu, 1934; Kuno 1941)*

The pyrociast flows on ^ontserrat are of two types* Pupiice flourg are composed 

of pusiceous blocks and fragments in a fine puciiceous matrix and by analogy with 

tiouia^atake Oiozu, 1934) are thought to have been erupted from an open crater.

type pyroclast floi^ G.iiliaas, 1957) contain both vesicular and non-vesicular blocks 

and fragments and by anolo^y with ^nt Pele (Lacroix 1904, ferret 1937), were erupted 

from craters, containing domes*

Pyroclast falls on **ontserrat are less varied than the pyroclast flows. The 

tern pumice fall has beea used occasionally to describe pyroclast fall composed mainly 

of pumiceous fragments.

the writer has largely followed the nomenclature of tsentworth and kilHams (1932) 

*hea describing pyroclast falls. He has, however, used the terra Mock fa|| (rather 

than agglomerate or breccia) to describe pyrociast falls ia which fragments of greater 

than 32 awi. diameter predominate. This allows the tero aygioraerate to be used non- 

snecifically (see below).
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Various types of secondary fragraental deposit, formed by the redistribution of 

primary volcanic material are recognised on wontserrat. these include:-

. which form as dense suspensions of frag&ental material in water. * udfio^s

are unsoned deposits which can be very difficult to distinguish from Pelean type pyro-

clast flows (see below),

f juviatiie ftepoait.a also result from the interaction of water and fragntental material

but in this ease the proportion of water to detritus is much higher than with ntudflows.

Fluviatile deposits are better stratified (soraetiiaes cross-bedded) and better sorted

than audflows and included fragments tend to be rounded*

Xfllus deposits are block-rich deposits which form on the flanks of volcanic domes.

Alaost all the blocks are non-vesicular.

Agglomerate is the term used in the following chapters to describe block-rich fra oriental

deposits of uncertain origin.

£i£ flpra QM ffffi. .CHiyEigA- • &>&* ifo pisy^yisii PM^N ffl*OY.&;c;i^:>f .i^aff. fai^ MPQFLO^.
In general, the recognition of the different types of fragmental deposits mentioned 

above does not present ouch difficulty, however, teieaa type pyroclast Hows and saudflows 

which both give rise to unsorted, block- rich deposits o£ small volume and tend to infill 

topographic depressions are much harder to differentiate in the field. The following 

criteria have been used*

heii o

MaeGregor (1952) considers that the blocks in Felean type pyroclast flows will 

vary in vesicularity and to some extent also in composition depending on whether they 

are derived f rom the hotter, gas-rich inner part of the dome, from the cooler gas-poor 

(Miter parts of the dome or from the fully consolidated debris oa the surface of the dome. 

Thus Peiean pyrociast flows are somewhat injiomogenous. However, deposits v^iich show 

extreme heterogeneity are unlikely to be pyroclast flows and deposits containing a 

very high proportion of non-vesicular lava blocks are more likely to be raudflows or talus
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deposits than ituean pyroelast flows*

Q>) ffye*,fl/i.ce qf charcoal.

Although carbonised wood occurs in SOIIKJ /nud flows e.g. at t. i»t. Helens 

(fcluilineaux and Crandell, 1%2) and at Santa . aria t Guatemala (Sapper an<I fenaer, 1930) 

it is more cosaaon in pyroclast flows*

Uosorted, block- rich deposits «*ieh occur ia association with primary volcanie 
deposits are acre lively to be pyroclast flows than siudflows. whereas similar deposits, 
occurring within a secondary «*g, fluviatile successioa are probably iMdflotss.

Even by using these criteria the author has not always found it possible to 
decide whether a particular deposit represents a Pelean type pyroeiast flow or e satdflow. 
The ;aeasu recent of the orientation of natural reaanent magnetism Otrataa.^i and ^kiiaoto* 
1957) in soise of the more doubtful deposits would help to decide their exact nature but 
unfortunately the author was not. a sure of this method when on . .mtserrat and so did not 
collect oriented blocks from the deposits*

In the following account the writer has used the ten-is toudflow and Pelean type 
pyroelast flow for many deposits where the evidence is suggestive rather than conclusive 
but in cases where the mode of origin of a block- rich deposit is particularly obscure he 
has used the term agglomerate.
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U A F 1 »i i( 6.

CENTHE.

Btigby Hole is a broad, U- shaped depression situated at the -. -. corner of the 

Centre Hills, botith of Bugby Hole is a broad* steep-sided ridge - referred to here as 

Harris *ddye - which runs roughly t.N.L. through Harris Village, this area is topogra­ 

phically and peirographieally distinct from the rest of the Centre Hills and probably 

represents the eroded remnants o± un older volcanic centre.

i«iost of the exposures OB .iarris iiidge are of massive slabs and boulders of dark 

two-pyroxene aadesite lava, which sometimes contains traces of olivine. i^va of 

similar composition is exposed south and east of the ridge at the botto.a of i'ea ohaat. 

uiten the lava boulders occur in very close proximity to one another, forming coherent 

structures, rese^abliag lava flows. This is particularly noticeable in the road cuta 

along the .^aia road fro® i'ly.noatii to Blaefebtirne Airfield auu also ia Pea Ghaut wuere 

two-pyroxene andesite lava extends for soiae distance along tae floor of the ghaut, 

However the unifena petrography and dieQiatry U'abie 12, t«os. 20, 21 and 23) of the 

lava* and the fact that lava is so abundant relative to pyroclastic taattiriul on the 

ridge suggest that Harris iiidyo is a large Haujogeaotts lava body rather tlma composed 

of a naab;r of lava flows.

ihe truncated knolls immediately to the north of the Uarris jlidgs are covered 

with boulders of two-pyroxene andesite lava and massive two- pyroxene andesite la?a 

occurs in the north bank of Farra River. However, exposures of dark, v^ell-consolidatod 

agglomerate on the western side of these hills show that they are not composed entirely 

of solid lava. These dark aggloae rates, which contain fray^ats of two-pyroxene andesite 

lava are common in Bugby Uole and also outcrop at the bottom ©f the «.[-.. comer of 

Harris &ldge,

Koll-consolidatod pufaice beds were the only other deposits $eea in the Harris- 

Bugby area. These beds occur at various places oa the Harris Uidye and apparently
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overlie the lavas* The piuoicc beds contain fairly larye fragments of browaish. 

horablende-hypersthene andesite pumice ia a rather scanty fine-grained puaiceous &strix 

and are probably pumice falls, the police in these beds contains very ssaall phenoerysU 

and is very finely vesicular. It differs from the pumice seen elsewhere in the Centre 

hills or for that matter in the v*;hoie of Montserrat. It is yore acid than the two- 

pyroxene andesite lavas of the iiarris-Bugby area (Table 12. No. 41).

teith the exception of the pumice beds the roc&s in the narris-1413by area are 

very uniform petroyraphically which stronjly suggests that they were derived f*^ a 

«<NM»n couree. whether or not the hornbiende-hypersthene andesite puuiice beds were 

also derived from the same source is not certain but the fact that pumice of this 

type is restricted to the iiarris-Bugby area suggests that they may have been.

Two-pyroxene andesite from an exposure of massive lava, at le^st BO ft. thick, 

in the north bank of Farm fciver, gave a K-Ar age of 4.31 * .22 m.yrs. U. C. Bri^en, 

pers* comm.), which is almost certainly older than the eruptions of Silver Hill (p. 

or of the Centre Hi Us (p.
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C li A P I E a 7.

SILVER HILL

III STffiCrUffi. of SILVER tilLL-

Silver Hill (Plate IA> is a maturely dissected volcanic mass rising to a height 

of 1,323 ft* a. s.l. Apart fro/n the area immediately north of the SU.MUI wiicru dips 

are steep (30°) the flanks of Silver Bill slope rather yently to the sea but the 

coast line is fringed with cliffs fcfcleh reach a height of over 500 ft. at North s*est 

Bluff.

The terrain in the Silver Hill area is very rough and is broken up into 

several small hills separated by broad valleys. The broken- up nature of the country* 

especially on the west of Silver Hill led Partin-Kaye U9S9 p. 84) to suggest that 

"appreciable faulting has taken place, apparently mainly of approximately E.-fc. and 

N.E.-3.i». strike. 1* Although this fragmentation tniyht have been brought about by very 

strong dissection it is interesting to note that the ontaerrat ^a trough, considered 

by Fink (1963) to represent a fault zone has a N.E.- s.fef. trend while the oldest 

volcanic structure on -ontserrat, the Harris liidge, runs from E.N,E, to V«,S.&.

the drainage of Silver Hill has a roughly circular pattern and the ghauts are 

broad U- shaped depressions. Uavis (1926) regarded the embayed valleys at ieadezvous 

Bay and Little Bay as evidence i'or submergence.

'>.UK».Y OF S

At present, products of the Silver Hill Lent re occupy ati area of about 3 

ails, but the original area taay have been more like 30 sq. mis. (p. ^ ).

massive two-pyroxene andesite lava and v.tili-coiisoliiiated agyloiaerate containing 

blocks of two -pyroxene andesite lava make up virtually ail the exposures oa Silver 

liill. Hornblende is very rare or absent in the ^ilvt>r -111 lavas* oo.ae of the lavas, 

especially near the sur-uit of Silver Hill, are extensively oxidised but lower down 
e.g. in the sea cliffs the lava is relatively fresh. Two-pyroxene andesite lava
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the cliffs about 100 yds. S.fc. of Pinnacle riock (iave a k~Ar age of 1.55 0.21 s.y. 

(L). C. kex, pers. co;onu ).

Apart from the lavas and agglomerates the only other deposits seen in the 

iliil area are beds of yellow-brown andesite tuff, which are generally confined to the 

eastern sector of the hill but which also occur in the sea cliffs between Little L<ay 

and Carr's Bay* These tuffs, which are very similar to deposits seen at the top of 

cliffs about % niie south of fellow Bole are almost certainly attributable to the Centre 

Hills volcano, the tuffs overlie the agglomerates and lavas of Silver Hill aseonfomably,

HS aacvreyor (1938, p. 19) mas noted, the rocks of Silver hill are rather like 

those oi the central nucleus of the Centre Hi Us and the products of bilver Hill may 

have included a wide range of loose, fragments! deposits like those seen at present on 

tee flanks of the Centre Hills. A similar situation may have existed at the Karris* 

Bug by Centre.

In any case dissection and erosion have been much more extensive at Silver Hill 

than at the Centre mils and it is unlikely that this can be explained entirely by the 

difference in age of the two centres, after all Silver Hill was still active less than 

1.6 Ri.y. ago and the Centre Bills show signs (extensive redistribution of fragaental 

deposits, lack of primary volcanic structures) of being a relatively old centre.

It is possible that a prolonged period of submergence, which occurred sometime 

after the end of activity at silver Hill but before the start of activity of the Centre 

Hills, was a major factor In producing the different amounts of erosion at the two 

centres, fe-vidence for the submergence of Silver Will has already been mentioned (p./^) 

and it is worth noting that the truncated eastern ends of the Harris Hidge and the hills 

imraediately to the north were al.iost certainly formed by wave action. Apart from the 

submarine extension of the Bra nsby- Richmond ridge (p. /? ) which say also be an older 

feature (p. J-J ) there is little evidence for submergence elsewhere on i ontserrat. ft 

the exception of the tuftaceous limestones at ttoche*s <p< 4^) marine deposits are not
fhe nresence of the tuffaceous limestones does not necessarily«MMI nn
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imply submergence of the 3.B. comer of ^ontserrat. It is rare likely that the 

tuffaceoas limestones were deposited in a sea, which was at approximately the sanie 

level as the present sea and that their present position is due to uplift associated 

with the intrusion of a body of lava (p. 4-7 )•

Convincing evidence for siibaergeaee is thus found only in deposits of greater 

age than the Centre eills and the lack of erosion in the Centre Hills and younger 

centres is probably related to the fact that they were never extensively submerged. A 

contributory cause of the extensive erosion of Silver Hills my be the almost complete 

lack of vegetation on the hill.
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c a A P T E a a.

THE CENT8E BILLS.

Like the Soufriere Bills, the Centre Hills consist of two distinct 

units - the central nucleus and the flanks (Plate IB).

The central nucleus oi the Centre Hills consists of a series of steep-sided 

peaks of nassive andesite lava several of which are over 2 tOOO ft. high, the highest 

being 2,429 ft. a.s.l. the peaks are not apparently original volcanic features bttt have 

been isolated from the rest of the central nucleus by erosion, \nother effect of the 

strong dissection of the Centre Bills has been the production in the summit area of a 

series of narrow, roughly N.~3« trending ridges.

The flanks of the Centre Hills are made tip almost entirely of gently sloping 

fragmenta1 deposits, mostly agglomerates but with some tuffs and punice flows.

'The drainage pattern of the Centre Hills is more mature than those of the 

Soufriere Hills or South Soufrierc Hill centres and the valleys e.g. Soldier Ghaut and 

Bottomless Ghaut are "U- rather than V~ shaped.

The central nucleus of the Centre Bills is very inaccessible and exposure is j 

poor but as far as can be seen it is composed mainly of massive hornblende-bearing two- 

pyroxene andesite lava.

Primary unreworked deposits are the exception on tbe flanks of the Centre Hills 

where agglomerates (mostly mud Hows and water*lain deposits but probably including 

some Pelean type pyrociast flows) are aore abundant than other types of deposit. The 

agglomerates show considerable variation, particularly in the type of blocks and the 

relative proportions of blocks and matrix. Some of the agglomerates have virtually 

no matrix at all <? talus deposits) aad others (mud flows or pyrociast flows) have
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PLATE 1A. Silver Hill from the south. Silver Hill is an old volcanic centre 
that has been broken up into several small hills, probably by 
faulting, but perhaps by strong dissection. Note the very scant 
vegetation on the hill.

PLATE IB. Centre Hills from the north. Photograph taken from near Pinnacle 
Rock standing on well-consolidated agglomerate of the Silver Hill 
Centre. The sea cliffs are composed of Centre Hills pyroclastics 
and the hills in the middle distance are part of the central nucleus 
of the Centre Hills. The cloud-covered hill in the far distance is 
Perche's Dome of the Soufriere Hills.
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abundant tiatrix. Olocks in the ~ ^crates are mostly of non*vesicular two-pyroxene 

andesite lava, often containing hornblende. Borahlende-hypemhene andesite blocks also 

occur. Centre Hills lavas can usually be distinguished from Soufriere iiiils lavas of 

siailar composition by the presence of a bluish-grey to greenish fine-grained felsitie 

matrix (MacGreyor, 1930, p. 38).

Fine-drained tuffs, coloured yellow or red are interbftdded with the agglomerates 

and are particularly conspicuous in the sea cliffs around the Centre Hills. The 

proportion of tuff to agglomerate anoarently increases upwards in the Centre Hills 

successions. Mostly the tuffs show obvious signs of reworking e.$. crossbedding but 

in places they are finely bedded, well-sorted and even pisolitic and it is coasiuered 

that almost all the tuffs originated as pyroclast fall deposits, the tuffs contain 

similar saaterial to that found in the agglomerates, i.e. fragments of two-pyroxene and 

hornbleode-hypersthene andesite together with detached crystals of plagioclas@t 

byperstheae, augite and hornblende. Most of the fragments in the tuffs are pasiieeous.

Pumice beds are also qwite coastion anon<j the Centre Hill deposits particularly 

towards the top of the successions. Good exposures are seen in the road cuts between 

Salem and St. Peter's, near St. John*s and in the cliffs behind woodlands beach. Hie 

pumice beds are usually quite well-consolidated with fragments of pumice up to 15 crn. 

in diameter in a eoaparatively abundant fine-drained matrix. The presence of the latter 

suggests that most of the pumice beds are pumice flows. The type of pumice varies 

considerably in the different exposures but in all cases the pumice had Isrycr pheno- 

erysts and was wore vesicular than the rmeice which occurs on Harris Uidge (p. z/ ), 

toost of the Centre Bill ptsmices examined in thin section were two-pyroxene andositcs, 

with or without hornblende.



C H A P T fe S

HILL

Carabald hill tor Garibaldi hill) is a fairly steep-sided, roughly cone-shaped 

feature that reaches a mexiawi height of 836 ft. a.s.l. The western boundary of the 

hill is composed of precipitous sea cliffs up to 250 ft. high. «Jiile to the north* the 

valley of Belhara Hiver separates the hill from the 6entre Hills. A hollow separates 

oar a bald Hill from St. George's Bill in the east and there is another hollow between 

the hill and the Isransby-iiichaond ridge to the south.

u*

The majority of the exposures on Carabald Hill are of agglomerate containing 

bio ccs of t*o- pyroxene andesite (with or without hornblende) or hornblende-hyperstnene 

andesite. noiocrystalline inclusions of basaltic composition are con; ion in the Carabald 

Hill lavas (p. /°7 >.

Ihin yellow or red tuff bands containing small fragments of hornblende- 

hyperstheoe andesite ; iKiice also occur. Many of these beds appear to foe pyroclast 

falls, rumice-rich deposits are also present and T.atrix-rich varieties aiay be purrdce 

flows. Rework ing of Carabaid Mill material as river and mudflo% deposit has been 

in. Minor faulting is teen io the cliff sections Fox's Bay and Old lioad Bay.

Carabald alll is very similar to the Centre kills with respect to types of 

deposit and the maturity of its drainage system. The rock types associated with the 

two centres are also very similar. In view of these similarities it is considered 

probable that Carabaid Hill and the Centre dills ere about the same a<;e and that 

Urabald will formed as a small parasitic centre oa the flanks of the Centre Hills.
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<j;4 fig BRAflSBY- . .

The uransby-Richmond ridge which lies just to the south of Oarabald Hill is an 

elongate, flat-topped ridge which runs westwards for about ill miles fro* ^dchmond estate. 

The ridge also extends westwards for another two railes under the s«a (p. /* ).

Exposures in ghauts which cut the ridge show that it is raade up almost entirely 

of well-consolidated agglomerate. The agglomerate is overlain in many places by a few 

feet of well-bedded pyroclnst falls, attributed to the St. George's Hill centre (p. ~& ). 

Fragments in the agglomerate are mostly of two-pyroxene andesite and one exposure of 

passive two-pyroxene andesite lava, believed to be a lava flow was found on the ridge. 

Hornblende-bearing lavas are very tare oa the ridge.

The relationship of the Liransby-Hichrsond ridge to Carabald Mill is rather obscure 

but certain features suggest that the relationship may be similar to that of Harris 

Eidge to th* Centre Hills (p» z/ ). In both cases a ridge composed to two^pyroxene 

aadesite lava and agglomerate (the proportion of lava to agglomerate is however much 

higher on iJarris &dge) is slightly detached i'ro;a a larger, more varied centre whose 

products include a majority of hornblende-bearing lavas. Like Harris Ridge 9 the 

Bransby-iichmond ridge may be older than the adjacent centre, but the evidence is a 

good deal less convincing in this case and it is still possible that the Bransby- 

iichnond ridge may be directly related to the Carabald iiill Centre.
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C B A P T B 8 10

ai

Frosa the south west (Hate 2A) Sottth i>o«ifriere Bill looks like a simple tolcaoic 

cone with lava flows aad pyroelast falls sweeping down from the sufflfflit area of the fciii 

to the sea at angles of aboat 20°, bat views from tfee north i^lete 2&» and east show 

that the structure of the hill is more complicated.

Ihe susaait area of .South Soitfriere Bill <Plate 2B) consists of a large, roughly 

circular, flat area to the south west of which a steep-sidea, densely i-jresteJ riclye 

rises over 2SO ft. to the swaniit of the hill a,479 ft. a.s.i.). the summit ridge does 

not extend far to the south but at the north west end it swings northwards and descuaufi 

about 400 ft. to joiat the ooi which separates the Soafriere Bills from Sottth Soufrier® 

Hill. The flat area east of the stuamit is the top part of a fairly st@@p~slded feature 

which is considered to be) a complex volcanic dome (p. ?? >.

the physiography of Jouth Sotifriere Hill is rather complex but the j-eo logical 

evidence outlined below suggests that the hill consists of the reumu;;^ oi a cone- 

shaped strato-v olcano, the eastern side of which has bees extensively altered by the 

extrusion of a later cio.:*e (or Joraes, see p. -77 ). The su^nit ridge is all that retrains 

of v&at was originally a large crater*

In the following account of the geology of South Soafriere fciill the pyroelast 

fall succession of the strato-volcano is described first* Xhe lava flows, agglomerates 

and nmd flows of the stra to -volcano are described next and related as far as possible to 

the pyrociast fall succession. Finally, the volcanic dome is described*



PLATE 2A. South Soufriere Hill from the south west. From this side South 
Soufriere Hill looks like a simple volcanic cone with lava flows 
and pyroclast falls (bottom left) sweeping down from the summit of 
the hill to the sea.

PLATE 2B. South Soufriere Hill from the north. The summit structure of
South Soufriere Hill is complex. The flat-topped structure to the 
east of the summit is the Raspberry Hill Dome which is believed to 
have been extruded within the old crater of South Soufriere Hill. 
The growth of the dome destroyed most of the crater and much of the 
eastern flank of the old South Soufriere Hill strato-volcano. The 
steep-sided summit ridge of South Soufriere Hill is all that remains 
of the old crater wall.
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the *hite t&ver Pyroelast Fall Series, which attains a maximum thickness of 

125 ft., is a series of andtsitic and basaltic pyroelast falls. An almost complete 

succession can be seen in one exposure in the west bank of uhite River Ghaut, about 

600 yards below the Great Alp Fails (Plate 3/\>. The bottom 30 ft* of the series are 

not seen her© but are well-exposed further upstream. The upper beds of the series are 

inaccessible in the main exposure* but are conveniently exposed further downstream in 

hhite iiiver Ghaut, along the track to Fergus Mount Estate and also along the track 

iroia O'Garra's to triangle >ioefc.

The Ifcbite iiiver py roc last fall series has been divided into three zones. These 

are:-

3. Basalt Cinder *OM

2. Andes it e Coarse Fall Zone

1. Andes it e La pi Hi and Ash /-one

in aiost ef the exposures of the pyroclast fall series only the top seme is seen, 

Exposures of the bottom two zones only occur where dissection is deep e.g. in ..iiite 

giver Ghaut or GiageVt ftbaut. A generalised vertical section through the v.hitc liver 

PyieeLiSt irall Series is given in Fig. 7 and a &ap showing the principal localities 

and approxifti -te thicknesses in Fig. Q. Grain size distributions in beds of the «hite 

liiver iyroclaat fall Series are given in Fig. 9. These deposits are all unimodal with 

the exception of 13623, which wns collected from a very finely bedded part of the 

Basalt Cinder ^one and my well be a mixture of two beds.

Ihe beds of the Aodesitfc Laf.ilH and Ash -on« are @xeell«atl> exposed at the 

bottom of white .uver Wiaut ior about 400 yds. uu,uw the or&at Alp ialls Liutu ^^). 

fhe zone consists of 24 ft* oi inttrbedded lapilli and r€<J~ brown semi -co u soil da ted ash. 

Two beds of pale andesite pumce, which are each three ioet thick, occur in the upper
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Fig 9. Grain Size Distribution in the White River Pyroclast Fall Series.
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part of the zone, raakiag a total thickness of 30 ft., but in places as <auch as 14 ft. 

has been removed before the deposition of the next zoo*«

In the bottom half of the zone, the rap* HA aeds, oeaposed largely of fragments 

of dark grey, vesicular, hornblende-bearing, two-pyroxene andesite are ra^re abundant 

than the ash beds but the proportion of ash to lapiili beds increases in the upper 

part of the xone. The lapiili beds are well sorted aad often graded. They sometimes 

show inverted grading (i.e. they coarsen upwards) which probably renetfts the increasing 

intensity of an eruptive episode.

The ashes are very fine-grained and are a good deal more consolidated than the 

inter-bedded lapiili horizons, .'Lair red-brown colour is consistent throughout each 

unit and is thus probably an original feature* rather than the result 01 post-depositiona! 

oxidation, the ash beds are generally very thin (usually less than 2 in. thick but one 

bed is 2 ft, thicJU and are sometimes contorted, probably due to the weight of the 

overlying |apilli beds. The ashes appear to be of similar composition to the lapiili 

deposits, i'hey are made up of small andesitic frayaaents aad contain crystals of piu^io- 

clase, hypt-rsuifcae, augite and hornblende.

The two ^utvice beds are very alike. They both contain angular fragments of pale, 

blue-yrty hornblende-bearing two-pyroxene aadeslte pu^ice« together with a few fr is 

of dark aadesite lava in a scanty* fine-grained mtrix. The origin of the pumice ueds 

is not i . .euiaiely obvious as they are not particularly well-sorted, but on account of 

their comparative lack of fitter material they are considered to be pumice falls rather 

than pumice flows.

The beds of the Andesite Lapiili and Ash '-one are not widely exposed and were 

l«>siti?ely identified only in white tiiver Gfaaut and Giagoe's Ghaut, The 12 ft. thick- 

aess of lapilii, ash and p«Bsice at the bottom of the Gi%-oe's Sliaut inlier is consilered 

to be equivalent to the lower 16 ft. (i.e. up to and including the first pumice hori;, 

of the ladesite Lapiili aad Ash <£oac seen in *«hite iiiver Ghaut. This staall decrease in 

thickness suoa^su that the beds of the niidesite Lapiili and Ash ^oae extend considerably
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to the north under joufriere aillt deposits. Evidence of this is scanty [rabally Jue 
to insufficiently deep dissection, but it is possible that aa iniier oi pyroclast fall 
material in frort Ctoaut is equivalent to the nudes! te Lapilli and Ash ~oae.

Two small inliers of pyroclast fall material occur in Fort Qiaut. The larger, 
more easterly iniier has been attributed to i>t. George's Hill (p. 7z- ) but the affinities 
of the other iniier are less certain. This iniier consists of about 14 ft. of lapil'i, 
ash and pumice beds vv&ich resemble beds of the -mdesite Lapilli and Ash ^CHG *n appearance 
and petrography. It is possible however that these beds are Centre Hills deposits*

: The .

The basal unit of the Andesite Coarse iall &>ne begins Kith a few feet of 
andesitic lapilli (Plate 4&) which coarsen upwards into e block fall, which Is about 
30 ft. thick. The block fall is composed mainly of fragments of dark jrey hornblende- 
bearing two-i/yroxeue audesite lava and pumice of very uniform composition (Table !-.» 
Nos. 26, 23, 29 and 30). The deposit also contains soaie sow 11 plutonic blocks with 
tuiorthite-homblende-inaynetite as the most usual mineral assemblage, although oli vine- 
bear ing blocks are also present (p. /OJ ). 'ietarnorphic and doieritie blocics also occur 
(p. /0 ? ). The blocks are contained in a very scanty fine-grained matrix composed of 
fine andositic fragments* The block fall obviously represents the products of a fairly 
violent eruption - perhaps the clearing of a blocked vent - and its deposition ended 
v.hat, to judge from the size of the unconformity with the beds of the preceding zone 
(p. Jz- ), was a longish period of quiescence at the South Soufriere Hill Centre.

In places the block fall is overlain by a pinkish brown mudflow up to 20 ft. 
thick. The blocks in the mud flow are very similar to those found in the block fall 
and the mud flow is probably the result of more or less contemporaneous revorkin.j of 
tlw block fall. Twenty feet of interbedded lapilli and ash beds, which are quite like 
the beds of the Andes! te Lapilli anu <*»h ^cue, though less well- bedded, overlie the 
amdflow (Plate 3A) t and are themselves overlain by 15 ft. of dai-k, crudely-biwWtd la; illi
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PLATE 3A. The White River Pyroclast Fall Series exposed in the north bank 

of White River Ghaut. The whole of the upper two zones of the 
White River Pyroclast Fall Series are exposed here and the series 

is unconformably overlain by a Soufriere Hills pyroclast flow.

PLATE 3B. Base of the Andesite Lapilli and Ash Zone in White River Ghaut. 

The thick coarse unit towards the top of this photograph is the 

lower of the two pumice horizons in the Andesite Lapilli and Ash 

Zone.



PLATE 4A. Lowest part of the Andesite Block Fall at the base of the Andesite

Coarse Fall Zone. This deposit consists predominantly of angular 

fragments of grey relatively vesicular two-pyroxene andesite lava. 

Apart from the occasional bomb (middle left in photograph) this part 

of the deposit is made up mostly of fragments of coarse lapilli 

grade but the deposit coarsens upwards.

PLATE 4B. Upper part of the Andesite Coarse Fall Zone in White River Ghaut.

The Andesite Coarse Fall Zone gets more basic (and darker in colour) 

upwards. The welded basalt scoriae bed which marks the base of 

the Basalt Cinder Zone stands out prominently at the top of the 

photograph.



PLATE 5A. Welded basalt scoriae bed, north bank of White River Ghaut. The 
welded scoriae bed, which is the lowest horizon in the Basalt 
Cinder Zone is more resistant to weathering than the overlying beds 
and stands out prominently on the walls of White River Ghaut. It 
overlies the uppermost beds in the Andesite Coarse Fall Zone, which 
are composed of basaltic or basic andesitic block falls and lapilli . 
Some of the rare white blocks in the coarse fall deposits are com­ 
posed of hornblende-bearing, two-pyroxene andesite pumice.

PLATE SB. Top of Basalt Cinder Zone. Fergus Mount Estate.



and block fall. The latter de>oiiti (Plates 48 and 5A) are apnarcntly a jood deal 

more basic than the lower block fall (Table 12, rio. 12). They contain a high proportion 

of dark, scoriaceous basaltic fra<j tents but also a few fragments of white hornblende- 

bearing two-pyroxene andesite purnlce (p. J5~ ),

Beds of the Andesite Coarse Pall Zone are not very widely distributed, being 

definitely recognisable only in uhite JUver Ghaut (thickness 65 ft.) and Cingoe's Ghaut 

(thickness 2? ft.). This limited distribution is typical of coarse pyroclast fall 

deposits which generally occur only in the immediate vicinity of an eruptive vent and 

grade into finer deposits away from the vent.

ly>:2 :3

Ihe uppermost beds of the ^ndesite Coarse rail &>ne pass upwards into the beds 

of the Basalt Cinder **one without any apparent break and there is probably a composi­ 

tional gradation between the two zones. The zones have been separated on the basis of 

their relationship to the lowest bed in the Basalt Cinder ^one which is a very distinc­ 

tive deposit and which separates an essentially coarse- .rained, aniksitic succession 

below from a fine- 9 rained, basaltic one above.

Beds of the Basalt Cinder -one reach a thickness of about 30 ft. in &hite liver 

Ghaut and are well exposed as far east as Triangle &>ck. The lowest bed in the zone 

(Plate 5rU is 5 ft. thick and composed of brown, welded s coriaceous basaltic lapilli 

and coarse ash (see Fig. 9). It is better-consolidated than the adjacent beds and 

stands out prominently on the walls of uhite ittver Ghaut (Plate 3A) but is not seen in 

any of the Basalt Cinder --one exposures east of O'Garras.

The top 25 ft. of the Basalt Cinder -one it made up of a group of dark, loosely 

consolidated basalt cinder beds. The cinder beds are sometimes quite coarse bat are 

usually both fiee-yrainea afig. 9) and finely bedded, often with several beds to the 

foot (Plate 5B). Inverted grading is quite common, fchereas the finer beds are generally 

composed entirely of fragments of basaltic scoria, the coarser beds have fragments of
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non-vesicular basalt lava and rare fragments of nurrricenus hornblende- two* pyroTB&e 

andesite as veil.

Similar hornblende-two-pyroxene andesite fragments occur in la,>illi bads at the 

top of the ^ndesit* Coarse Fa^i ~one (p. 3y- ) and also in uasic aygiaiaerates ^. J* ). 

MaeGwcior (1938, p, 25) thought that these fragaMtats ware derived from the Soufriere 

Hills centre and that their presence in South Soufriere Hill deposits implied that the 

Soufriere Hills centre was active in late South Soufriere Hill ti^es. The hornblende- 

tun- pyroxene fragtaeets are however similar to material in the lower two zones of the 

White River ?yroclast Fall Series and the present author believes they were derived 

fre* this source rather than from the Soufriere Hills. The relationship of >outh 

Soufriere Hill to the Soufriere Hills is discussed raore fully in section 10:8.

«.ith the exception of the welded scoriae horizon, the beds of the Basalt winder 

Zone are more widely distributed than the beds of the loner two zones in the nhite oirer 

Pyrociast Fall Series. £ven so they are restricted to a 150° tagnent of south ^oufriere 

Hill and have not been positively identified on the east and northeast flanks oi th« 

volcano or in the Giogoe's Ghaut Inlier tfl'j. 8). The absence of beds of toe 'asalt 

Cinder *-oae from the east side of South Soufriere Hill is probably a result of distur­ 

bances accompanying the forrnation of the Kesoherry Hill Uomes (p. 3^ > but their absence 

fro« tnte win %? ces Ghaut iniier is rather puzzling especially in view of their coiisiutraol 

thickness in nearby fehite ^iver Ghaut, ^an- deposition is hardly possible here and it 

appears that about 15 ft. of basalt cinders were removed before the deposition of the 

overlying Soufriere Hills* deposits. Tfee fact that rare frequents of olivine-basalt 

lava have been found in pyroclast falls fro® ^t. ^eorye's Hill (p. ?" ) suggests that 

beds of the Basalt Cinder -one may actually extend quite lar to the norta but are over­ 

lain by younger deposits of the .Soufriere Uills and St. George's

RlSAi^T LVA f

The lava flows of South Soufriere mil* which include both olivine-basalts and



two-pyroxene basalts (p. 77 ) are well-exposed along the south coast of ontserrat 

between Q fGarr«*s end Landing Bay.

The Qlivine-basait lava flows vary IB thickness from a few inches up to 35 ft. 

and the two-pyroxene basalts from 20 to 50 ft. The thinner flows are often very 

irregular, fhty my be slightly folded and sometimes split into two or more thinner 

flows or die out altogether, lava tunnels, later filled with agglomerate also occur 

OteeGregor 1938, p. 24).

The olivine-hasalt lavas almost invariably have scoriaceous taps and botto is 

vhereas the two-pyroxene basalts do not. Sometimes the tops of the flows, particularly 

the two*pyroxene basalt flows, are reddened but apart frora this signs of erosion are 

not marked, which led »erret (1939) to suggest that the South Soufriere Bill lavas were 

of recent origin.

- -..")€ of the lavas are flow-banded and so.'se contain snail metanorphlc inclusions 

(p. //-z- ).

The relationship of the basalt lava flows to the Basalt Cinder £oae of the i.hite 

Klver i-yroclast Fall Series is suggested by an exposure on the S.tt. coast of i.;ont$errat t 

about 150 yards east of 0*Garra's. iiere, a thin olivine-basalt lava flow (10 ft. ' ick) 

is overlain by 9 ft. af basaltic lapiili (Fig. 9) and 1- ft. of andcsitic a orate. 

The letter probably represents reworked Soafrieire bills and ^outh Soufriere Hill .material 

but the ,..jSJtitic lapiili are believed to be equivalent to the upper part of the Basalt 

Cinder ^one.

No other contacts between lava flows and the beds of the *hite dver Pyroclast 

Fall Series v;ere seen, but the lava flows are similar in chemistry and mineralogy to 

deposits of the Basalt winder -OIH; und this together ttith the limited field evidence 

suggests taat the lava flows are contemporaneous with the basalt cinder Heds, It is 

tempting to correlate all the basalt lava flows with the itasalt Cinder ^one but pre­ 

liminary age data indicate that this my be an oversireplication.
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, J. C. . *den (pers. cooai.) has obtained a £-Ar date of 1.6 0.34 /n.y. for 

an olivine-basalt flow U8637) collected by the author fro.-i the bottom of the sea cliffs 

near ^Uoe UOCK oat uie relationship of i»outii *>oui'rier« tiill lava flows to the Landing 

Bay daclte suggests that many of the lava flows are younger than this. The Landing 

Bay dacite ip. 4-* ) which gives a jUAr aqe of 0.% *• 0.25 ra.y. (J. , Sri den, ners. 

coma.) is overlain by South iouiriere Hill basalt lava flows and a crates, fhese 

; jlomerates and lava flm^s show no signs of having been disturbed so it is very 

unlikely that they represent older material into which the Landing Bay dacite was 

intruded. In fact, the agglomerates and lava flows infill hollows on the surface of 

the Landing &*y dacite and probably overly it unconfor.nably. They are thus almost 

certainly a good deal younger than 0.96 m.y.

There nay, therefore, be two or more sets of basalt lava flows associated with

the South Soufriere Hill centre. Of these, nrobably only the youngest set is related
\

to the Basalt Cinder -one as it is unlikely that the basalt cinder beds are anything 

like as old as 1.6 ra.y. It is highly improbable that extensive unreworked deposits 

of these loosely-consolidated beds would remain after such a time especially when oae 

considers the amount of erosion that has taken place at the Silver Hill centre 'hiring 

the $«f3ti period (p. ^ ).

10:4:1 The Supmit ^

exposures were seen in the Liametiiate vicinity of the sum dt of South ^ou 

iiill but exposures h. ><.«-. of the su^uuit and on the col between the ^oufriere iiills and 

South Soufriere Hill, which is apoarently the northward continuation of the suronit

ridge, are of well-consolidated, tv.o-pyroxcne andesite agglouerate.
} 

10:4:2 Bn sal tic Aygloraerates,

Basaltic agglomerates, which are Invariably inter-bedded with basalt lava flows 

are abundant along the south aad south-oast coasts of »ionts«rrat. The rjost northerly
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exposure lies «ore than a )ile north oi •••'- <Uuff

fhe ag.jlo/nerates show considerable variation in reg 1 larity of bedding, size of 

fragments and amount of matrix and are clearly secondary deposits. is well- 

rnarfced and fairly r t in some places but is virtually absent in others. >s- 

bedding occurs rarely. Ul sizes of materinl frow ash to large blocks are present in 

the deposits but block rich, matrix poor agglomerate* are the most coramon type of 

deposit. udfloivs also occur.

The a ites are c ;ed mainly of fragr^nts «*f dark vesicular olivin;- 

basalt and two-pyroxene basalt together with occasional fragments of pale ho m blend e- 

hypersthene-quartz~phyric andesite. (p. 3f ). the most important source of the basalt 

blocks was probably the scoriaceous tops and bottoms of the lava flows but some of the 

basaltic ;naterial, especially in a ,• lomcrates west of Triangle Hock, may be derived 

from the basalt binder ^one,

AMI.. AVA FLCS o ,...>..,.. ...... ,. J .~ -~-
Ihe pyroclast falls and iava flows of -jouth Soufriere uill can be traced ri^ht 

to the submit ridge of the hill (Piste 2U) and were obviously derived from somewhere 

near the present summit. Although no vent is visible in this area at the present ti.ae 

the sujmifU -•- A ie is almost certainly the remnant of a crater wall (Plate 2B). Ihe saall 

amount oi curvature of the siirariit ridge suggests that the crater of which it once ionaed 

part was a large one - perhaps of the order of a mile or ftore in

South >o«afriere Hill at the end of the deposition of the vhite Kiver 1'yfoclast 

Fall Series is envisaged as a cone-shaped strain- volcano v,ith a large central crater 

*ad with flanks composed of basic lava flows, oyroclast falls and ajglonitrates U-ig. 11) 

Tht products of the strato* volcano are considered to have been voluminous, txtendinn as 

far nortli as the cliffs below Tar alter Estate aad perhaps as far as zt. 'jeorjc's ill 

. 7° ). Subsequent events nave considerably altered this original strato-vcteano.
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IkSL-jL*'. .<*,.*>*!

Views fn>Q the north (Plate 2B) indicate the presence of a large, complex 

structure abutting against the su/arait ridge of >outh Soufriere Hill. This feature - 

referred to here as Raspberry tiill • is clearly younger than the snaait ridge*

Exposure is very poor on i&spberry Hill and near the top of the hill virtually 

m material was seen in situ. The hill is, however, covered by fairly numerous lava 

blocks of two-pyroxene basalt and olivirie- bearing two-pyroxene aadesit© and lavas of 

two-pyroxene andesite are well-exposed in Dry Ghaut. The uniform petrography 01 lavas 

fro;® the hill and fro a ,;ry Ghaut suggests that .iaspberry Hill is a more or less homo­ 

genous lava body but air photographs show that Raspberry Hill probably consists of turn 

coalescing donas (see Fig. 10). Chemical analyses (Table 12, Mos. 14 and 18) s t 

that the older dome is more basic than the younger dome, A small irregular crater 

occurs near the top of the older oi the two doaes and is truncated on the eastern side 

by the younger dome. OB the ground this crater appears as a hollow, elongated in a 

N. . S, direction. The western wall is steep and high but the north and south walls 

are less than 10 ft. high.

The position of the tlaspfoerry Bill Jowes in relation to the suaur.it. riage 01 

South Scuiriere Hill suggests that they grew within the crater of the original strato-

. In view of the sirdiar litholoyy and morphology of the two d*5;aes they were

probabi; extruded vdthin a short tiiae of one another, lllce the erater domes of 1902 and 

1929 at itoat iele. The suntnit topography of South Sotifriere Bill is f^ite similar to 

that of &t. ?el© (compare Fig. lu with slobson and Tomblia, 1966, Fig. 13). fhe yrowth 

of tfe« dories together vdth associated eruptions was probably responsible for destroying 

the crater and the eastern Hanks of the strato-volcano. the upthrust at ioche*s which 

•ay be related to the extrusion of the Raspberry iiill Uoeies (p. 4-$ ) and the eruption* 

of the ooufriere hills volcano have also had a considerable modifying eifect on the 

northern and eastern flanks of South Soufriere Bill.



FI
G.

10
 

FE
AT

UR
ES

 O
F 

TH
E 

SU
M

M
IT

 A
RE

A 
O

F 
SO

UT
H 

SO
U

FR
IE

R
E 

H
IL

L.

N

50
0'

M
AI

N 
CR

AT
ER

 W
AL

L.

SU
BS

ID
IA

RY
 C

RA
TE

R 
W

AL
L.

O
LD

ER
 T

W
O

-P
YR

O
XE

NE
 

AN
DE

SI
TE

 
AN

H
 

PY
RO

XE
NE

 
BA

SA
LT

 D
OM

E.
 _

_
_

_
_

_
_

 
YO

UN
GE

R 
TW

O-
PY

RO
XE

NE
 

AN
DE

SI
TE

 D
OM

E.



40.

10«8 RELATIONSHIP OF Skffljg a^lltf'jjgKgg, HILL TO B*£ SEiUFElLi£ HILLS.

Several exposures sho* clearly that aany of the denosits of the 6*>ufriere iiills 

are younger than those of i»outh ^oufriere Hill. Thus, in the north bank of tohite iliver 

Ghaut the uppermost beds of toe white diver Pyroclast tall Series are separated by a 

reddened and irrc^uiar suriaec iroia overlying Souirierc iUiis pyrociast JLAOWS, In A^ 

Ghaut red basaltic tuffs are separated by a strong erosional unconformity from the 

overlying Soufriere iiills pyrociast flow, and in the Giitgoe's Ghaut Iniier beds of the 

, se Andesite rail <-one are overlain unconforraabiy by Soufriere Hills raudflows, 

In ail the exposures mentioned above the Soufriere Uills deposits contain 

hornblende-hyparsthene andesite blocks and these exposures give no indication of the 

relationship of bouth Scafriere Hill deposits to the earliest events at the Soufriera 

tiills centre. Direct evidence of this relationship is unfortunately lacking but the 

writer believes that the general similarity in composition of the iiaspberry *UU Jo^es 

and Gage*s ilotae may be significant in this respect. Indeed, it is possible that the 

blocking of the South 3oufrierc Bill crater by the Raspberry Bill Oorae nay have beat 

partly responsible for the ;ii L ration of volcanic activity to the Soufriere iiills volcano*

In this section the history of the South Soufriere iUll volcano is suroinarised 

and its development is compared with other volcanoes in the Lesser .unities. fh« general 

similarity of South Soufriere iiill aad lit. Misery, St. Kitts is stressed. Hie 

went of South Soufriere Hill is shown diagnaaatically in fig. II.

^. Not very much can be said about the early development of ^outh Soufriere

but the initial eruptions probably included a set of basalt lava flows and associated 

pyroclastics d> erupted about 1.6 m.y. ago (p. 37 ). The pyroclastics would presuum 

have been extensively removed during the period of submergence of ^ontserrat which is 

believed to have occurred between the end of Silver Hill activity and the beginning 

of activity at the Centre Uills (p. ^ >.
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ftee early eruptions of it. Misery produced a series of basaltic and andesitie 

lavas and pyrocla sties (Baker, 1963. Table i, p. 41).

>TvGL 2. The first set of eruptions for which there is convincing evidence §ave rise to 

the deposition of a group of andesitie pyrociast falls (the Amiesite La Ml 11 and \sfi -one 

of the iihite itiver I'yroelast Fall >eries). At tiie type locality in uhite ^iiver Ghaut 

ilie Afldesite Lapilii and ASH -one Is only about 30 ft. thick but these deposits ..lay 

originally nave t\^u quite voluminous. i'airiy thick deposits occur to tue aurth of 

South Soufriere tiill (p. 32- ) and the white andesite tufi's at Ache's 131uff which are 

probably over 200 ft. thick may in part be equivalent to the tnti&site Lapilli aad -vsh 

3U»ae (p. -r^ ), There is no direct evidence on the age of the nndesite Lapiili and isb 

iane but tiw ache's tuffs are probably considerably older than 40,i/uu yrs. (p. ^^ >• 

The Vision Series of ^t. misery (Baker* 1963« pp. 47-71> is a series of pyro- 

clast tails, which shows many ii ularities to the fthite aivcr tyrociast Fall oerics. 

The original thickness of the Mansion series has been estimated at 130 it. which is 

Very similar to the thickness of the -hitc idvcr Pyroclast ^ail varies U2S ft.). In 

both series aadesitic pyrociast falls are pore abundant than basaltic pyrociast falls; 

basalt lava flows are associated with the basaltic pyrociast falls; and ultrabasic 

coarse-grairjcU blocks occur in andesitie beds, ootii series be^in with a yroup of 

andesitie pyrociast fails*

felAGfc. 3. A period of quiescence followed the deposition of the ^ndesite Upiili and 

Zone but the succeeding eruptions were violent. The basal andesitie block fall of 

Andesite Coarse Fall ^one contains a high proportion of non-vesicular luva fra^.ic&ts aad

also some ultrabasic cumulates and metaaorphic blocks v^.ich have probably been carried
$ 

fro® depths of around $& kn». (p, fo? >. the block fall is probably the product of a

large-scale vent-clearing eruption. This and other eruptions of tiie ^ndesite 

Fall xione may have been responsible for the large size of the crater of tlie ci 

stra to- volcano (p* J$ ).



42.

No iithie bloc* ialls have been reported at ^t. iscry. Uitrabasic blocks 

similar to those found in the ^ndesite Coarse Fall ^one have been reported from raany 

calc-alkali volcanoes e.g. ait, fcdsery, St. iUtts (Baker, 1%^, pp. 1- ->* ; .iere t 

St. Vincent (Lewis, 1964) and le, Japan Utmo, I S)>. The petrcgc.ietic gignU'.i 

of these blocks is discussed on

osit* of the Aiidesite Coarse Fell M>ae become steadily more basic upwards 

and the uppermost beds grade up into beds of the Basalt Cinder /-one. The eruption of 

the basalt cinders was accompanied by the extrusion of a series of oil vine-basalt and 

two-pyroxene basalt lava flows, these dcnosits are definitely younger than 0.% m.y. 

(p. 77 ) but in view of the abundance of the easily eroded, unconsoli dated basalt 

cinders, they are probably a good deal youn;er than this.

Basalt cinders and associated basalt lava flows occur towards the top of the

*ten si on .Series Giaker, 1963, pn. 52-55 and 67-71) and are also found an Hiedonda (fcarti
y 

Kaye, 195% p. 77) and ->t. Vincent (ttobson, 19^f>.
o-

t ___ ji. -• -:;.<ietidie after the deposition of the Basalt Cinder Aoaedome composed of two

pyroxene basalt was extruded tdtfrin the crater of the strato-volcano. s.xplosive erup* 

tions of pyroclast flows fro29 flank fissures and also frota a oojai L crater at the 

of the doiiie (Fi<|. 10) were probably associated with the extrusion of tht dome ami no 

doubt contributed to the destruction of the east and southeast flanks of the strato- 

volcano.

. After what was probably a very short period of time (p. Jf > a sec*>n^ dome of 

siailar, though less basic composition to the first, was extruded and its extrusion will 

also have had a profound effect on the eastern flanks of the stra to- volcano. If these 

tetes were extruded at approximately the same time as the intrusion 01 tnc two -pyroxene 

andesite lava at iioche's ^ . u-f ) they rtiay both be less than 40,000 years old (p. ^f ).

Crater dootes are eomaeii in volcanoes in the Lesser Antilles e.n. the Castle Peak 

Doae at the Soufriere Uilis (p. £T ) aad at calc-alkaline volcanoes in v iwral e.g. at



Fig. 11. The Development of South Soufriere Hills.
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lit. Laaimjton, iapua (Taylor t ivuu .. . . .. ' st domes occur in open, horse

shaped craters, the extrusion of the Cast it, • ua«. ^one or an earlier crater <&..«, *~ 

believed to have be en Instrumental in breaching the eastern wall of Lnnlish's Crater 

(p. *T ). The composite crater done at Mt. Pele, which was formed by the coalescence 

of the domes of 1902 and 1929 is very similar i.iorphologically to the iiaspberry bill 

i/ooe* (p. J? ). Ui the uo,.<us .:iuiiLioncu aoovc are more acid than the -.iaspberry Hill 

Domes.

. The intrusion of the ../u^c's iavu. which my be closely related to the

formation of the ifaspberry Hill f>om» (p. ttg >, and dosae- building and pyroclast flow

eruptions of the Soufriere iiills have considerably altered the eastern and northern

flanks of South Soufriere Hill respectively,
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The Hoche's Bluff Centre (Plate ?B) is a complex centre much confused by faulting 

and slumping. Three different scjts of fragmental deposits occur in the area. Of these 

one and possibly two are derived from South S >afrlere Hill while the third is s< ny. 

All these deposits show, signs of post-depositional uplift end brecciatioa. This uplift 

is believed to be due to the intrusion of a lava body, tshich is probably closely rt 

to late stage activity at South Soufrlere Hill, thus, the 'W-he's Sluff Centre 

probably be considered as a subsidiary centre of South Soufriere Hill but in view of 

its complexity and the uncertainty of sorae of the correlations suggested below it has 

been described separately. The i^muiug any <acite« which occurs about % ml. to the 

south of the tibche'c "luff Centre is also described below.

Aadeaite Jttff

Beds of white andesite tuffs are well-exposed alony the coast for about 4 <uie 

north of M&efce's Bluff. Locally, bedding is absent and the deposits are structureless 

agglomerates arid mud flow 8. la places* too, the orientation «md inciiuution of bedding 

in the white tuffs are rather irregular, -a nor faulting also occurs.

Fragments in the white tuffs are quite varied, ruiiucnous two-pyroxene ondesite 

is probably the most common type but horn blende- bearing lavas and pur4ces are u*av> 

present.

The white tuffs represent a thick (probably over 250 ft. thick) series of 

partially reworked pyroelost falls, which has undergone oost-depositional uplift. OB 

petro ̂ raphic grounds it is possible tiiat the white tuffs uro equivai@at to the two 

andesite zones of the white tiiver ^yrociast Fall Series and the fact that the
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tuffs are overlain unc' iably by basaltic aggies rates (p« ^-^ s ports this 

suggestion. There are, however, certain differences between the two seizes (Table 2). 

Another possible correlation is with the hypersthene-andesite pumice falls of the 

<friere Hills (p. $*} ) but here the evidence is even rsore tenuous (Table 2).

Tu fceaufi

Tuffaceous liraes tones occur in the nortn aaas; oi ury oaaut and on the coast near 

Laadin$ Bay. These crudely be^M deposits contain rounded fragments of two- pyroxene 

andesite lava twith or without hornblende) as well as crystals of plagioclase, augite, 

nypersthene, hornblende and olivine and are richly fossiliferous. The fossil assemblage 

whicu includes corals and a 1 ' it ioraminifera has been described in detail by ac-re^or 

(1938, pp. 80-82) and ^estermann and Kiel (1961, pp. 129-138). It indicates aa aye of 

not later thaa Pleistocene for the limestones and MacGregor (1930, p. 20) considers that 

the ioche's Bluff -entre is early Pleistocene in age. Vsesteraann and Kiel (1961, p. 158) 

however, have tentatively assigned an age of about 40,a;u yrs. to the Ioche's limestones

on the basis of their similarity, in fossil content a ad state of preservation to the
•f fthite Uail formation of Statia (radiocarbon age:- 32,640 3(K) yrs.) and the limeston@«

at Brimstone Hill, St. tfitts' (radiocarbon age:- 44,100^ 1,200 yrs.).

The fossil assemblage in the limestones indicates that they were deposited in a 

shallow water, marine environment. The tuffaceous limestones which are louna, at 

present, at heights of up to 400 and nerhap* even 700 (^artin-Kaye, 1959, p. 85) ft. 

a. s.l. have obviously been subjected to uplift. The limestones are also quite disor­ 

iented. The general dip is about 60 to the N.b* but the direction and inclination of 

the bedding varies considerably.

The relationship of the tuffaceous limestones to the white: -uuesite taffs A ^ uot 

i&nediately obvious since so contacts are seen but the tuffaceous limestones are believed 

to be younger than the andesite taffs. Sorae of the volcanic fragments in the liniestones 

are very sinilar ia composition to fragments in the white tuiis and may represent erosion



TABLE Comparison of the characteristics of
a 
b

The Rocha's white andesite tuffs (p. 44* ^
The andesite zones of the White River Pyroclast Fall 

Series (p. J/ )
The h- persthene-andesite pumice falls of the 

Soufriere Hills (p.

a b

Thickness ? 250 ft. at least 100 ft. at least 80 ft.
Size of 

fragments
ash to blocks, 
ash predominates

ash to blocks, ash 
predominates in lower 
parts, coarse lapilli 
in uppar parts

ash to lapilli,
ash predominates

Sorting moderately 
well-sorted

very well-sorted well-sorted

Beddina qruite we'' bedded varies, vary well- 
bedded in lower parts

well-bedded

Lithologv of
fragments

Two-pyroxene 
andesite, some 
with hornblende

Two-pyroxene 
andesite, almost with
hornblende

Hypers the ne- 
andesite with sub­ 
ordinate hornblende

Age unknown, but older 
than Roche's 
basaltic agglomer­ 
ates and lava flows

unknown but older 
than Basaltic Cinder 
Zone

unknown
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products of this series. It is also worth noting that ii®esto»*» «*»«« a«t in

form near to active xr,- 1 ran^^t (limestone is forming at ^reseat off

Centre hills jut not ;.. tie* ID aad the tuf-nccous li«fc >s

unlikely to have beesi d< ile the volcano which erupted the tffaittf andesite

tuffs ^? *>ouUi ooui'rierb isiii; was active* i'iie iiiaestoscs are prooooiy too yoilttQ 1*00

above) to feav« fn*n*j before activity at >out^ '^"friert .Hill began, but coul^ have

formed eta ring a i ^ riod of tiuiesceace at t\m volcano.

JJ[ i2 »3

(ieUdish-brown a .^lonierato,, tuffs and ;2ud flows, e^mtaiaia^ jfr«gc»»iita of oiivine-

and pyroxcae-bfisiilt, aad locally iaterbeddeU with thin lava occur in . J fy 

Ghaut aflvi aiong the coast fro.u mJiny iiay lor faorc than a nilc to the i>ortfa of >f s 

Blaff. roese beds are aiui^ur to the Ua&At u^Auu «mt«» UA ^uuiu ^oufriere aili ^. 37 > 

and like thca may be largely at tri Stable to thi» Basalt Cind«r -^onc af the ^.hito ;ivcr 

Pyroelast Fall -Series.

fhe basaltic agglomerates overlie the white aadcsit& tuffs, robafeiy u ' biy 

but their r&i£i.i3u$l}ip to the tu^iaccuus A io3$&oa@$ is i&$s cactaiu. . .-.«-u ;• , ^iy 

the tuffaceous ii<^estones are overlain towards the N.« . % *>*•<•«*!! basaltic agglomerates 

and sod . . the .-. . .., ,-..--<4ili basic a^x , ,. . (toe -. , , 

Plate 17). - ; i >iay to i- • <p, 23) the jwwthens junction is a laait and the 

northern Junction is an tuicanior^ity witfe the basic aggioaerates ovcrlyiay the 

UiBe stones unconloraabiy. The evidence for the unconTor^ity is, however, rather 

elusive ami in viav of the fact that li'K-s tones <ia not lorn arosmd nstivc volcanoes 

(p. 4^ j the author bolievi»s that the tuffacoous lirae stones may actually be > ,_,>,r 

than the basaltic ay yitwae rates. Hie abundance of au^ite aacl the rare occurrence of 

oil vine, vefciofc may have oeefl afci-ived tooa orosion of 11= t> txssaltic ag Jo crates, in the 

tuffaceous lines tones tends to support this view,

It an -tears that the basaltic •ggloroe rates have ber-n ^uhjccteH tn tH« saae forces 

that diftrtiatad the white andesitc tuffs s.-, i t : iiaccou4j U^CSL „. - ^eriy dips
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of 70°. westerly dips of " northeasterly dips of U>° were recorueu in basaltie 

a^iuJierates anu tuffs near Landing Uiy, in uty aiiaut and nortfe of Ache's Bluff, 

respectively.

the westerly din in Dry Ghaut led MacGregor (19315. p. 21> to suggest the ible 

existence of a tie's volcanic ccatre so << ^uerti to the east of ey*s Well 

there is no doubt of the Jo. @re lull affinities of tliQse tutis tasuch cu 

fragments of olivine-baiu.ii. Their pr «*«««. unuutatioa aay be due to deposition * 

toestwards-dipping surface but is more probably a secondary feature associated with the 

upthrust of the J&oclie's two-pyroxene andesite lava.

ITie cliffs for about 300 yards on either side of sloche's Bluff are made up of 

massive white to grey lava. The lava is an auaite«hyfM.'rsthene andesite of similar 

composition to the two-pyroxene andosite of tiaspberry Hill (fable 12, iMos. 14 t 17 and IB).

this lava body is too large to represent a lava flow and it is probably a lava 

aoae or piuy. itiis agrees well with >artin~i\aye (19S9, p, 65) and ..esteruiaau and -del 

(1%1, p. 158) who consider that the ttoche's Centre is a centre of upthrust like 

Brimstone liill, St, Kitts. Neither *'iartin-Kaye nor ^osteri'aann and Kiel seem to hnve 

been ai*are oi' the occurrence of the ^oche's two-pyroxene andesite lava and -estennaan 

and ki; 4, p. 159) invoked uplift by a "hypothetical Intrusion" to explain the 

present position of the tuffaceous limestones. Although thu .^cl.c's lava is rather 

Sfflall to have caused the widespread uplift and brecclation seen in fragmentary deposits 

at iioche's it roay be considerably larger at depth. Ihe iioche's Centre saay represent an 

intermediate stage between Statia where no lava is seen and where a hypothetical intrusion 

is considered to be responsible for the present position oi the «*hite -tai borioation 

toesterrainn and Kiel, 1961, p. 159) and Brlastone Uill, St. Mitt's where a large mass 

of lava is exposed.

fhe uplift in the Boche's area obviously post-dates the deposition of the



tuffaccous limestones the deposition of which oiay have occurred about 40,^ years 

ago (p.^ ;. This ;aeans tiiat the intrusion of the iavu AS a comparatively receat 

event in the volcanic history of > ontserrat. -a petrographic and chemical grounds 

(Table 12, ftos. 14, 17 and 10) the fioehe's Lava is probably related to the Ka^ rry 

Uo-ues.

Jl.:4 .L ujriy • ^IAM-

The -imuAiij oay ^auite ; :uiies uf> the lower part of the sea cliffs from just 

south of Landing Bay for about "• "'lie towards Triangle Uock. It reaches a ssaximmn 

thickness of almost 3i>9 ft. and is everywhere overlain by i'lat-lyiag basic a 

and lava flows from the ixmth Soufriere Hill volcano. The Lafiding Bay ^acite, 

is strongly jointed in places is a uaaite, quartz-bearing hornblende-hype rstheae dacite 

with a •*-.* r age of 0.96 * 0,25 ni.y, U. C. Briden, pers* coia»ru>*

^c.regor (1936, p. 23) regarded the Landing Bay Jacita as intrusive but as the 

overlying lavas and ayglonverates shov* no siyu of ctisorientation it cannot have been 

intruded into these deposits, in fact, the agyior^e rates and lava floi.s infill hollows 

on the surface of the Landing Bay dacite and thus overlie the dacite unconiorraably.

i;.ac^rev;or (1938* p. 23) also considered that the intrusion of the landing Bay 

Dacite wag related to the brecciation and uplift at the toche's Centre but this is very 

unlikely ia view of the vastly different ages for these trao events (p. 4^8 ) aad the 

considerable difference in the chemistry of the .ioche's Lava and the Umdiag Bay 

Uacite. Chemically and petro graphically the Landing Bay Dacite is similar to the older 

hornblende-aypersthene andesite do^acs of the Souf riere nil is and to hombleade- 

hyperathene andesite pumice froni St. George* s Hill but it is almost certainly older 

than either of these.

It is thus very difficult to relate the Landing Bay t)aeite to any other rocks 

outcropping in the south of Montserrat, Itoiay perhaps have been associated with the 

andesitic zones ol the ..hite dver Fyrociast i-ail Series but it is nore acid thaa any 

of the analysed fragments fron these deposits.
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CHAPTER 12.

f JLLL^L

The Soufriere hills can be divided into two distinct physiographic units, the 

central nucleus which is composed largely of massive andesite lava consists of aa 

irregular group of four steep-sided domes, truncated by a large breached crater contain­ 

ing a central doae (frontispiece).

Fragmentary deposits - mostly pyroclast flows and raudflows - which dip away from 

the central nucleus at angles of a few degrees make up the flanks of the volcano. t>ips 

on the eastern flanks, which end is high sea cliffs are higher than on the other flanks. 

The contrast between the steep, forested slopes of the central nucleus and the gentler, 

usually cultivated outer slopes is striking (Mate 6&).

Hie drainage of the Soufriere iaiis shows a radial pattern with ghauts converging 

towards the summit area. The valleys are in a youthful stage of development.

In the following section the geology of the central nucleus is described first. 

The pyroclastic succession of the Soufriere Hills is then described and related as far 

as possible to events at the central nucleus. Finally the history and development of 

the Soufriere Hills is summarised.

12 12 TBR ffiuLuGY *fF fflffi CiffifflAL tVULLLUS.

12:2:1 iha v/lftey ^Pfi^g ^te Dpaef •» Genarpl Staftflmfjft-

The town of ^lyotouth is overlooked by the steep-sided peaks of Gage's mountain 

and Chance's Mountain, which are separated by an exceptionally deep valley - Gage's 

Soufriere Ghaut (Bate 6A), On the south side of English's Crater another two peaks, 

also separated froa one another by a deep valley and referred to here as foil way's 

fountain and Perche's mountain occur.

ftobson and fomblin (1966, p. 15) suggest that these peaks are the remnants of 

irregular cone-shaped stra to- volcano which formed near the start of the period of



PLATE 6A. Gage's Dome and Chance's Dome from St. George's Hill. Both 

domes have prominent "shoulders" which probably represent thick 

lava flows, poured out from near the summit of the domes. The 
large white gash, which extends almost to the summit of Chance's 

Dome marks the site of Gage's Upper Soufriere and the smaller 
white patch below it is Gage's Lower Soufriere.

PLATE 6B. Gage's Dome and the outer wall of English's Crater from the north. 

Gage's Dome is somewhat detached from the crater wall, which is 

here composed mostly of well-consolidated two-pyroxene andesite 

agglomerate. The contrast between the steep, forested slopes of 

the central nucleus and the gentler, cultivated outer slopes (in the 

foreground of the picture) is striking.
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Soufriere Hills activity and was later modified by the formation of ^lish's Crater 

and subsequent eruptions* This is contrary to the view expressed by i erret U939, p. 10) 

that the peaks of the ^oufriere Hills "have a status no less than that of true pitons 

or giant aiguilles.** Although the terms "pi ton** and "aiguille** seem inappropriate to 

describe bodies of the size and shape of the Older Domes various lines of evidence 

suggest that i erret was correct in considering these hills to be separate Kionogenetic 

masses of lava*

Exposures of in situ material are rare on any of the hills, which are thickly 

forested but vhere seen they are invariably of solid lava and the hills arc strewn with 

large lava boulders. The boulders on each hill are of a uniform petro ;raphic type and 

there are slight though recognisable differences in the type of lava characteristic of 

each hill. Slight differences in the physiography and drainage patterns of the different 

hills can be recognised from the air photographs. Finally, it is difficult to envisage 

the production of sue*1 detached masses as Gage's .viountain from a cone by processes of 

erosion (Plate 6B).

The writer regards Gage's, Chance's, Gaiway's and -erche's ountains as separate 

volcanic domes of different age* They are believed to have formed as endogenous domes 

feilliams, Iv32, pp. 52-54) i.e. by expansion from within. The individual domes are 

described in detail below,

12:2:2 Two-Pyroxene Andesite Domes - Gage's Dome find i'ercbe's iton^*

Gage's Oont (2,560 ft. a.s.i.) is a smooth, steep-sided, more or less circular 

hill, bounded on the south and northeast sides by deep valleys. On the * est and north­ 

west sides the boundary between the solid lava of the dome and the gently dipping 

pyroclast flows aad mud flows OB the flanks, siore or less follows UIL- i f -i>v; it. contour. 

To the east of the summit the ground dips away steeply for about 300 ft. to join a 

narrow ridge running eastwards for about half a raiie to the edge of English's Crater. 

Gage's Dome is thus somewhat detached from the crater wall and the rest of the central
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nucleus (Flate 6B).

Exposures of solid lava arc seen in the north bank of Gage's ^oufriero Ghaut 

but are otherwise rare* Nwaerous l^va boulders cover the hill. The lava is a rather 

oxidised two-oyroxeae andesite with augite considerably more abundant than hypers thene. 

Hornblende is very rare but olivine phenocrysts occur and their presence is reflected 

in the high % and Ni contents of the lava Uables 12 and 14 t im. 24).

Perche's i)ome (2,778 ft. a.s.l.; is separated from Galway's ;>ome to the west by 

a deep ghaut and on the south and east sides of the hill the boundary with mtdflow and 

talus deposits approximately follows the 1,250 ft. contour. At first si-tit the north 

flank of Perehe's uome appears to form part of the wall oi tjiglish's Cr?Jter but the 

crater wall actually ends a little to the west of Terche's >omc (Frontispiece), liowever, 

the north side of Perche's i>onie is considernbly steeper (54°) than tfce nther sides (34°) 

and it was probably modified by the forr^tion of hnulish's Crater.

Solid lava is exposed northeast of the summit of the dome and loose lava blocks 

cover the hill. Phe lava is an oxidised hypersthene-augitc phyric andesite. A little 

olivine is present but no hornblende.

^2,!^: 3 0|,dqjf ^QfnblQ^^c^tly^t^rpLl^ie .HHides.|te, 'Jo/aes » Chaacre*a ^Qr|^ ^nd G,

Chance's uonte (3,000 ft. a.s.l.) is an elliptical £iass, elongated in a N.E. - >..». 

direction even though it is truncated on the northeast side by the wall of Uiglish's 

Crater* Chance's »ome is separated iron Gage's oosae by Gage's Soufriere Ghaut iPlate 6rO 

and in the west the boundary with fragment a 1 deposits wore or less follows the 1,5 0 ft. 

contour. On the south side of the hill a ridge of white coarsely- bedded fragnental 

deposits extends almost to the suwit but there is no doubt that the hill itself is 

composed entirely of solid lava, utassive weathered andesite is exposed to the south of 

the summit where vegetation was stripped by a plane crash in 1965, while exposures in 

the crater wall east of the summit are also of massive andrsite lava. The lava seen in 

these exposures and in the loose boulders on the flanks of the hill is a c rcy« s p os
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tanded, hornblenrle-hyjerstheiie andcsite with subordinjte quartz. Ciinopyroxene Is 

present in the grounetaass.

About 150 yards to the t,. of the summit of ^nance's mountain is Chance's : o f? . 

a muddy, reed-covered swaunp. It is about 60 yards long by 30 yards wide and enclosed 

by low walls, not '»ore than 15-20 ft. high. ?ac/regor*s interpretation Uv3o, p. 30) of 

Chance's Pond as a small explosion crater is probably correct.

Galway's Uotnc is bounded on the south and east sides by deep valleys and in the 

north by the wall of English's Crater. The western bouadary is more obscure but ap?>ar- 

ently lies to the west of the ridge on the east side of Galway's ^oufriere, which although 

capped by bedded pyroclastic material is composed of solid lava of very similar composi­ 

tion to the boulders found elsewhere on the flanks of Galway's ! Jome. To the west of 

the summit of tte dome is a broad flat ridge running b.S.L. - tt.5«tt. towards Chance's 

Mountain. This ridge becomes progressively narrower towards the west.

Galway's Qm* is composed of slightly oxidised hornfoiende-hypersthene andesite 

containing saall amounts of quartz and cli no pyroxene. The lava is very similar to the 

Chance's £ome lava but banding is less conuaon. The Gaiway's Doat lava contains abundant 

holoerystalline inclusions of basaltic andesite composition (p. /°f ).

12:2; 4 Oyd er of £n*pfl afjflttffllt flJE ttoft Pi$6r ^ndesite

As the Older JJomes dte not sho^ clear time relationships with on«? another it Is 

accessary to use indirect criteria to establish ustdr relative ages* Useful evidence 

is obtained from the pyroclastic deposits on the flanks of the >>oufriere uills, uiure 

two- pyroxene andesite blocks occur m tae lower parts of the successiuu uuu auxabieade- 

hypersthene andesite blocks are found only in the more recent deposits. This suggests 

that Gage's and re robe's ttoiaes are older than OUaace's and ^ah^y's Jo.,tes and tliis View 

is supported by tii« relative dissection of the domes. KroRi the air photograph evidence 

Gage's Oone, is almost certainly the oldest structure, and /aiway's tlo&e is bly 

tiie youngest, aithouuh the yau^nful appearance of the latter .;iay A u ;>art be due to a
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covering of recent py roc last fall. The araouat of weathering of the doiae lavas my also 

give a clue to the relative ayes of the domes. Gage's and ierche'f Routes are both 

characterised by red, oxidised lava whereas alway's and Chance's itome are made up of 

comparatively fresh grey lava, *hile admitting the rather unsatisfactory nature of the 

evidence the writer considers that the Older Andesite Domes were probably extruded in 

the order - Gage's Dome (oldest ) - Perche's Uome - Chance's Dome and Gal way's >ora« 

(youngest!, i.e. in the order basic to acid (see Table 12).

The ages of the Older Andesite Domes in relation to the formation of English's 

Crater are easier to establish. Both balway's i)ooe and Chance's ^osae are truncated by 

the crater wall and there is evidence that the north side of Perche's Dome was also 

affected by the formation of the crater so that these three domes predate the crater* 

As Gage's L>ooie is probably older than the other domes its formation may also be assumed 

to predate the formation of English's Crater.

The general chemical and stineralogical similarity of the Gage's Doiae lava to the 

Raspberry Hill domes and the liochc's intrusion has already been mentioned (p. 4.0 ) and 

these three bodies may have been emplaced at about the same time.

12 :2 :5 English '3 Crater.

English's Crater (Frontispiece) is a moderately large crater with a diameter of 

about 800 yards. To the north, west and south its walls rise steeply to about 500 ft* 

above the crater floor but the crater is open on the east. The crater is almost entirely 

filled by the castle i eak hornblende-hypersthene andesite dome, which is described in 

the next section.

foal If »

Exposure on the inner walls of English's Crater is very poor as the walls are 

covered by vegetation and although landslips have exposed bare rock in places, these 

exposures are generally inaccessible* It appears, however, that a considerable part of 

the crater wall is coaposed of massive andesite lava, representing the truncated flanks 

of the Older Andesite Doa»s. In places, e.g. due north of the maait of Castle Peak or



to the southeast of Chance's Dome, the crater wall is, as far as can be seen, composed 

of well-consolidated two-pyroxene andesite agglomerate. This agglomerate which obviously 

predates the formation of the crater may, at least in part, represent fra^ -entary 

deposits formed on the flanks of the Older

The outer walls of Lnglish';* -rater show considerable variation in structure 

and appearance dates 6ft, 6i>, TV and troatis niece). la the north the edye of the crater 

is marked by a steep-sided serrated ridge (Plate 6B), which froa the evidence of expo­ 

sures on the inner walls is CO->VQSCU mainly of two-pyroxene andesite a * erate. A 

great flat-topped sheet oi pyiuuiastic saterial, truncated in places fay deep ghauts 

flows away northeastwards fro>? the ridge.

further west the skyline is broken by Cage's uouie which stands some way back 

Iron; the crater wall to which it is connected by a flat, rather broad ridge. This flnt 

area and a similar one lying to the west ox the su,..ait oi utuway's M^. > possibly, 

by analogy with the atrio del Cavallo of Vesuvius, represent parts of an earlier crater 

infilled before the ioruatioa of the present one.

>:ovimj to the south the outer walls of English's Crater are raade up of the 

truncated domes of Chance's, tialway's and erche's. i.»c:tv«en Sauce's aaii uaiway*s it 

an area of so ic interest*

Th« sttnmits of Chance's and Camay's Domes are joined by a hlcjh ridge, which is 

broad near the submits of the domes, but becomes progressively narrower away from theia, 

until, in the middle part, it is no more than a knife-edge with precipitous slopes of 

over 500 ft. on cither side. The western slope (60 ) is extremely steep for the outer 

wall of a crater.

Viev.ed from the track below Gal way's Soufriere this ridge is seen to be in 

apparent continuity at its western end with a steep-sided ridge running approximately 

N. - S. fron Chance's itone and at its eastern end with a slightly less steep ridge



PLATE 7A. Galway's Soufriere and the outer walls of English's Crater 

looking east. The extreme steepness of the outer walls 
here suggests that Galway's Soufriere may possibly occupy 

the site of an old crater.

PLATE 7B. East coast of Montserrat looking south from Tuitt's Ghaut. The 
cliffs in the foreground which rise to about 300 ft. a.s.l. are 

composed of well-bedded, fluviatile deposits and mudflows 

belonging to the Sourfriere Hills centre. The hill on the left 

of the picture is Perche's Dome and the flat-topped feature 

further to the east if Roche's Bluff.
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running an^rcxirnately N. . s. froia Galway's ^oac. The feature has the general 

appearance of a seal-circular crater* open on the south side, and the small bill* 

north of vjalv»y'» :Soufriere looks somewhat like a foiall crater dorae U late 7*O.

like writer is however rather cautious about accepting this explanation of the 

topography around Gal way's. For a start, the whole feature i* ^/asiderably oore 

obscure than English's Crater and is difficult to pick out on air photographs, fhere 

is a su.^, o>,ion f too, that the bedded deposits which mak-a u^ the eastern ami western 

parts of I lie rid^e may be ; iat different. i'hose oa the western side are grey and 

rather coarsely bcuucu uud iaay r > at pyrociast flows or uuuiiowst waereas t-ose 

on the eastern side are darker and more finely bedded and ^ay be pyroclast falls. 

fhere is little yood evidence, either* for regarding the hill north of >al way's 

Soufriere as a dome. It appears to be aade of pyroclastic material, t »ure 

is poor and totting due to soufriere emanations is wfiuespread. It is possible t 

this hill was formed by a landslip of material from the outer wall of ..siylish's Crater 

and this would explain the extreme steepness of this part of the wall*

the evidence available is hardly sufficient to decide definitely whether 

"Galway's amphitheatre" represents a crater or not. If it is a crater it is obviously 

older than English's Crater and it my have been active at a late stage in the develop­ 

ment of the Older .Andesite Dtwnes. It is oossibie that Gaiway*$ Soufriere represents 

the final stages of activity of the old vent.

The ^astxt sich almost completely fills EBglish's ^ratyr ii> a roughly 

circular hill ivith tw5 senarntc sit^nits the higher of «foich rises to 2 t ^7f> ft. a.s.i. 

Unlike the Older Andesite Domes the , t topography of Uastle Peak is very irre -ilr^r 

and large lava pinnacles, which probably represent broken-off spines, for?) the topmost 

part of the hill U<rontis t,iece;. fne iava exposed at the summit and in the m is 

boulders which Utter the eastern flanks of the hill is a paic jrcy aoru; c s lo-
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aajasxte. it is eaaractensuu uy v^ry large black hornblende phenocrysts 

which together fcith the absence of reddening serve to distinguish it froa the 

hyperstheae anitesitfij, of Galway's and uhaace's ^txues.

The north, west and south flanks of Castle Peak together with the walls of 

lish's Crater fora the sides of a deep semicircular valley (the "fosse" 01 -oj 

1933). l*est of the suiarait of Castle »«<!& the fosse is flat- bottomed but to the north 

and south it joins the heads of two steeply-dipping valleys, in the fosse approximately 

due east of the summit of Chance's iiountain is a small circular hollow* which is almost 

certainly an explosion crater. It is about 50 yards in dia eter with wails from 40 to 

30 ft* high, wwapused of andesite agglomerate*

The formation of the Castle Peak Dome is obviously a late event in the history of 

the Soufriere Hills, -mdflow and pyroclast flov, deposits which contain blocks of Castle 

Peak type lava invariably occur at the top of the pyroclastlc successions on the flanks 

of the ^oufriere Hills, also, the irregular topography of the sutaait area oi -a&tle 

teax suggests that the bill has not been exposed to erosion for very loi^. It is 

possible that Castle ^eak is the last of a series of dorses which have filled English's 

Crater for so.ae time before being violently destroyed but evidence for tlie existence of 

earlier doraes is inconclusive. It is also probable that the breaching of the crater 

wall was rci-tcJ to the growth of a crater dome.

^ UN JHfc f

12s3i| Iatro4tictQry Statement,

The fragiiiental deposits of the Soufriere Hills are .mostly pyroclast flows and 

wudflows. Pyroclast falls are very rare. Certain problems arise in the correlation 

of deposits of this type and one of the fundamental difficulties - that of distinguishing 

primary pyrociast flow from secondary aauiflow deposits - has already been discussed 

^. /f ). Another ciejor difficulty lies in the fact that i-elean type pyroclast flows 

are geographically restricted to a small segment of the volcano C;«acGretjor, 1952, j,, ;
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so that ue^usiuii aound iu one area uu aut uetjeisufii./ have equivalents elsewhere. 

Unfortunately, the use of the rare pymoinst fall beds for correlation is limited 

by various factors, These beds are a*..,,,,., very thin and the effects of erosion have 

. ••; to their absence in places, it is also possible that sone of the nyroclast fails 

were lormed by directed Diast explosions and were deposited over a liuitca area anyway,

The approac adopted in unravelling the pyrocj.uai.iC stratigraphy of the ĉ  

hills has been as follows. «here possible, detailed successions have been worked out 

but the detailed correlatioa of t c successions with those in other areas is usually 

.. ossible Uee Kiy, 12>. ever t in all the successions examined « a similar cl' , 

with age, in the litiiwia^y UA tue preuo:uinant block type is o ^ U On this uasis 

three tnain groups nf ^yroclastic dejx>sits have been recognised. These are, starting 

with the oldest:

(1) fFO-pyroxene andesit© pyroclast i'iows and isudflows,

(2) Older horcblende-hypersthene aadesite pyroclast flows, pyroclast falls and

(3) lounger nornDAejwe-hypersuieiie aadesite pyroeiast iiows, pyrociast falls and 

mad flows.

the exception of the widely distributed pumice flov* v..aoa is the D. I 

of uroup 3 the deposits of this yroup are rather difficult f« distinguish fpon 

those of Group 2. Uowev«!r v de^>osits can usually be assigned to one yroup or tlie other 

on tiie Usis of their relationship to the e flow. In addition, ^roup 3 deposits 

contgio a pruponderanc© of lava blocks with iarye hornblende ^Uenocrysts (Castle *eak 

type) . >

All the fragmentary deposits of the Sniifriere Hills can be fitte<1 into these 

three groups except for a rather obscure outcrop of hypersthene-andesite puaice, which 

is described separately below,

It should be noted that this broad litho logical classuication ior the fr r.nl



deposits of the "friere Hills has the advantage of reducing the need to dis 

Pelean type pyroclast flows and nudflous. Since nuidflows redistribute raaterial 1 „ ly 

from the top of the volcanic pile th .-y c cks of similar lithology to those in 

the taost recent pyroclast i\ows so that the general change of block types with ti^e in 

a mixed succession of pyroelast flows and tfudfWa will be the saffic ~ in a succession 

made up entirely of pyroclast flows.

The test exposures of Soufriere tiills pyrociastics are found in the banks of 

'aits or in sea cliffs, n very extensive section, over 300 ft. thick, is seen in the 

high cliffs on the east coast ox untserrut uiate 71>) wutre tie general up o*. -.its 

towards the N.L., results in beds successively higher in the succession being evrn^od nt 

the base of the cliffs and in .t ghauts as one goes north, foe deposits in these 

cliffs are well-bedded and contain some rounded boulders U'late &i) and are consider, 

to be prcuoi>an^nti.y iiuviatiie deposits bat unrevtorueu xacies of tile &a,ue material are 

exposed further inland* On the west side of the Soufriere idlls the pyroclastic derail 

are less dissected and rather less than the top !•<- ft. of the succession can be seen.

Sections through the pyroelastic successions at various localities in the 

Soufriere Hills are sho^n in Fig. 12 and a composite section s;;ouing the full pyro­ 

elastic succession is given for comparison.

iiisto^raras showing yrain size distribution in Soufriere Hills pyrocisstics are 

given in Fig. 13. feith the exception of 18500 and 18570 all the samples are completely 

unsorted. it should be noted, however, that the two samples of pumice flow Ud615 and 

13606) have very similar yrain size distributions although they were collected from 

widely separated localities. The two pyroclast falls (18580 and 1U570) do not show 

such good sorting as the pyroclast fails of South Sotifriore Hill (Fig. 9). fhis may be 

due to the fact that these deposits are very thin and that some material from over- 

lying or underlying deposits was inadvertently included in the sample.
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At the bottom of the high cliffs about % ml. northeast of Tar iiver Estate It • 

thick series (30 * 60 ft.) of moderately finely bedded white ash and lapilll beds 

(Plate OB). Most of the frag&eats in these beds are of white hypers thene- (hornblende )- 

andesite pumice. The beds are slightly cross- bedded in places and have obviously been 

somewhat reworked - probably as fluviatile material, they probably represent original 

pumice falls.

Nothing resembling these beds has been seen elsewhere in the Soufriere Hills, 

and although this series bears a superficial resemblance to the Roche's tuffs the two 

are probably unrelated (Table 2). From their position at the base of the east coast 

pyroclastic succession the hypersthene-andesite puraice fall beds are probably early 

Soufriere Wills deposits and dissection may not be deep enough to expose then anywhere 

else.

irocia&t f'lowt and

Gangs

in the deep ghaut which marks the eastern boundary of Gage*s ->ome, in the upper 

part of Fort Ghaut and in road cuts between Gage's Lstate and layer's Village* mud flows 

containing blocks of Gage's i>ome lava (augite-hypersthene andesite) are interbedded 

with pyroclast flows containing fragments of augite-hypersthene andesite puraice. These 

beds are sometimes unconforroabiy overlain by ho rnblende-hy pen thene andesite pyroclast 

flows and nmdflows (Fig. 12, Dyer's Village section).

The formation of Gage's Dome and the ejection of these augite-hypersthene andesite 

pyroclast flows were obviously closely related. Apart from the lithological similarity 

pyroclast flows of this type are restricted to the area around Gage's Dome, It is 

probable that the pyroclast flows originated during the formation of the dome, due to 

the violent escape of gaseous products through the piles of lava* The relationship of 

the Gage's augite-hypersthene andesite pyroclast flows to t e hypersthenc-andesite



PLATE 8A. Close-up of reworked Soufriere Hills deposits. East coast 
of Montserrat, about 400 yds. south of Tuitt's Ghaut. The 
picture shows younger fluviatile deposits (above right) 
infilling a channel cut in an older mud flow (bottom left) . 
The boulders in these deposits are better rounded than those 
in the Soufriere Hills pyroclast flows (Plate 9).

PLATE 8B. Cliffs on the east coast of Montserrat, below Mulcare's. 
The cliffs are composed mainly of reworked Soufriere Hills 
deposits but some relatively unreworked hypersthene- 
andesite pumice falls occur at the base. The landslipped 
material in the foreground of the picture may obscure the site 
of Mulcare's Soufriere.
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The pyroelast flows are poorly sorted (Fig. 13) and contain blocks wi;ieh vary 

seotwhat in vesicuiarity, but most of the blocks are moderately vesicular. Extremely 

vesicular fragments are rare but about 10 - 20/i of the blocks are of non-vesicular lava. 

All the blocks collected were composed of hornblende-hypersthene andesite. Clocks 

containing large hornblende phenoerysts (Castle Peak type) Mere not seen but may occur 

in the inaccessible beds at the top of the succession.

In the lowest of the pyroelast flows almost all the blocks are banded, iiather 

irregular, dark and intermediate bands occur within an otherwise liglu coloured pumice* 

The different bands are all apparently composed of hornblende-hypersthene andesite* 

Numerous blocks of non-vesicular lava, showing a similar type of irregular banding 

except that grey and black bands are otore abundant than white lie loose in Pea Ghaut 

(Plate 22B) and the two sets of blocks niay be genetically related* The banded lava has 

not been seen anywhere in situ but the blocks are probably of dome lava* since lava 

flows are unknown in the Soufriere Hills and banding of the type described is sometimes 

found in dome lavas. (Tonblin, 1%4, p. 43 reports the presence of similar, though 

rather nore regular banding in the Petit Piton dacite. St. ucia. See also Xomblin, 

1964, p. 62). The original dome has apparently been destroyed but as the blocks are 

found only on the northeast side of English's Crater, its most likely location is on 

the north side of the crater, the "banded" pyroelast flow probably occurred during 

the formation* of this dome. The petrology of the banded blocks are discussed on 

page /j/.

Good exposures of feornbl en de-hypers thene andesite deposits are also found on the 

western side of the Soufriere Hills, notably in the St. i^triek's area but also in Fort 

Ghaut and in road cuts between Plymouth and St. Patrick's (Fig. 12). At st. Patrick's 

at least three separate pyroelast flows* with a total thickness of over 70 ft., have 

been distinguished but the uppermost of these contains an appreciable proponion (60 • 

71%) of blocks of Castle Peak type pumice and it described in the next section. The 

bottom two flows contain blocks of horublende-hypersthene andesite of varying vesicuiarity.
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but no banded blocks were seen. None of the pyroclast flows on the west side of the 

volcano were found to contain charcoal* though some partially carbonised root debris 

occurs at the base of a pyroclast flow in Fort Ghaut.

Up to 12 in. of finely bedded, pisolitic, pyroclast fall deposit underlies the 

second of the pyroclast flows at St. Patrick's (Plate %) but the western pyroclast 

flows are not always underlain by pyroclast falls as is the case in the i'ea Ghaut 

exposures. Soils are, however, usually developed at the top of the pyroclast flows.

the older hornblende-hypersthene andesite deposits were probably deposited during 

the period IB which Gal way's Dome and Chance's Dome were extruded. There is little 

evidence for the existence of a crater at this stage of the development of the central 

nucleus (p. £f ) and it is probable that these deposits were erupted from a series of 

horablende-hypersthene andesite domes. There nay originally have been more domes than 

the two that exist at the present time.

Exposures in fuitt's Ghaut t at Paradise Estate and in the St. Patrick's area 

(Fig. 12) show bornblende-hypersthene andesite pyroclast flows and mudflows, overlain 

by pumice flows (Plate 9B). there is usually an indication of some time interval 

between the deposition of the pyroclast flows and the pumice flows. In the St. iat rick's 

area, for instance, two feet of soil formed at the top of the pyroclast flow before the 

deposition of the pumice flow, while at Paradise Estate, the pumice flow apparently 

infills a river valley, cut in older pyroclast flows. Although the exposures of pumice 

flow are widely separated the deposits in the different exposures are very similar with 

respect to their grain size distribution (Fig. 13), the ratio of lava to pumice blocks 

(less than 1:10) and the lithology of the included pumice fragments. The pumice is a 

pinky, cream-coloured hornblende-hypcrsthena andesite pumice with large phenocrysts of 

hornblende. It is richer in phenocrysts than any of the other ^ontserrat putaices and 

the phenocrysts are larger, the different pumice flows are so similar that they almost



Hornblende-hypersthene andesite pyroclast flow, 200 yds. west- 
south-west of St. Patrick's Village. The pyroclast flow is 
unsorted and contains fragments which vary with respect to llth- 
ology and vesicularity. The pyroclast flow overlies a thin, 
rather irregular, fine grained pyroclast fall which overlies another 
pyroclast flow.

Close-up of hornblende-hypersthene andesite pumice flow. 
Paradise Estate. This deposit is also unsorted with respect 
to the grain size of its constituents. However, over 90% of the 
fragments are composed of creamy white hornblende-hypersthene 
andesite pumice of very uniform llthology.
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certainly belong to the sane phase of volcanic activity.

The most obvious difference between the pumice flows and the underlying pyrociast 

flows lies in the vesicularity of the included fragments and this is in turn considered 

to reflect a difference in the mode of origin of the two types of deposit. As pointed 

out above (p. /? ) pyrociast flows erupted from a dome will contain lava blocks showing 

varying degrees of vesicular!ty« whereas pyrociast flows erupted from an open vent will 

contain a much higher proportion of pumice*

Ho doubt, the horablende-hyperstheae andesite pumice flows were erupted from an 

open vent and the aost likely source is English's Crater before the growth of the Castle 

Peak dome and belore the breaching of the crater wall. This second proviso is necessary 

to explain the circum-volcanic distribution of the pumice flow deposits* lumice flews 

erupted from the present crater would be concentrated on the eastern flank of the 

volcano.

It is possible that the pumice flows actually accompanied the formation of 

English's Crater, The explosive eruption of a gas-charged maguia such as that which 

gave rise to the pumice flows would probably be capable of producing a crater and 

there are well-documented cases of pumice flow eruptions accompanying the formation 

of calderas as at Crater Lake QfcilHaost 1942). The youthful morphology of English's 

Crater and the fact that it truncates the Older Ooaes suggest that the crater is of 

fairly recent origin but charcoal collected by the writer from the base of a pumice 

flow in Tuitt's Ghaut has given an age of 18.390 * 360 yrs. (F. W. Shot ton, 1969, pers. 

coftriu). It is possible therefore that English's Crater owes its well-preserved mor >h~ 

ology to aore recent eruptions than the pumice flows.

The most recent deposits of the Soufriere Hills appear to be associated with the 

Castle Peak Dome. The eastern flank of the dome is largely covered by talus and mud- 

flew deposits but these are overlain in places by up to three feet of grey ash aad by 

thin pyrociast flows* containing blocks of Castle Peak type lavas. Certain fine-grained 

beds that occur at the top of the pyrociastic succession on the west side of the
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Soafrier* hills nay be related to the ash seen ia the Tar iUver area.

Charcoal was not seen ia the thin pyroclast flows examined by the writer but 

Pit*. L. H. fcager and >r. G. R, tiobson. who visited i-iontserrat in 1959 collected 

charcoal from a thin pyroclast flow deposit, less than three feet below the present 

surface, at a locality about half a otile southwest of Tar iiver Estate. This charcoal 

has given an age of 320 * 54 yr*. U. F. Tomhlin, 1%8, pers. coon.) which dates the 

eruption at 1646 A.i), or between 1592 and 1700 A.D. In view of the fact that volcani* 

activity on one island in the Lesser Antilles is often accompanied by disturbances on 

other islands (as in 19Q5U it is worth noting that there was a period of intense 

solfatarie activity on Guadeloupe in 1645 Utobson and Torablia, 1966, p. 19). Other 

volcanic disturbances in the -esser Antilles which fall within the limits of the age 

of the Montserrat eruption are the phreatic eruptions at Guadeloupe in 1660 and 1696 

and at St. Kitts in 1692/93 (Kobson and Tociblin. 1966).

The ^ontserrat eruption occurred about 150 years after Columbus discovered the 

West Indies and it probably also postdates the European colonisation of the island 

(1632). The complete lack of reports of an eruption on Montserrat about this time is, 

therefore, rather puzzling but can be explained by assuming that the eruption was a 

minor one, wuich w&s not observed or recorded by the white settlers, who, at this time 

only occupied the north and west of fiSontserrat, The author feels, however, that the 

lack of reports precludes the possibility that a major series of eruptions, culminating 

in the formation of the Castle Peak itome occurred at this time. It is probable that 

the Castle Peak Doae was extruded in late pre-Columbian tiwes and that the dated 

eruption was a later minor affair, perhaps like the phreatic eruption of the 

Guadeloupe in 1936 (Barrabe and Jolivet, 1958) «

TH5 SOOFBlEgS AND MSOUMSP VOLCMiU^SKISMIC ACTIVITY. 

Seven active soufrieres occur on the flanks of the Soufriere Hills. Their 

positions are shown on the geological aap (end pocket). The two largest soufrieres -



Gage's Upper Soufriere and Gaiway's Soufriere (Plates 7A and 1CR) occur OB the west 

side of English's Crater in the depressions which separate Rage's teie from Chance's 

Bene, and Chance's Oooe Iroaj ualway's Dome, respectively. In 1953 tobeoa and M-muiore 

(1955) measured heot flows of 1.2 x 1U6 cal/sec at Gage's Upper and of 0.3 x 10 cal/sec. 

at vJalway's Soufriere. The heat flow froa the other soufrieres was less than a few 

thousand calories per second, detailed descriptions of Gage's Upper, Galway's and the 

other soufrieres are given in MacGregor (1938, pp. 39*47), Ferret (1939), Hobson and 

»illfflore (1955,,pp. 32.34) and **artio-Kaye uvav, pp. 86-92) and the writer has very 

little new to add to these accounts.

However, the writer did visit ^ulcare's (kiulcair's) Stmfriere, which was regarded 

by HwGiegor and &&rtin*Kaye as inaccessible but which can in fact be reached by 

scrambling along the east coast from ^paoisfi Point, unfortunately, there is nothing to 

see when one gets thereI There is a strong smell of hydrogen sulphide but no steam, no 

active vents aad very little alteration, i&cont landslip material (Plate OB) my cover 

some of these features.

Three periods of unusually intense soUauu'ic activity, accompanied by swarns of 

shallow focus earthquakes have occurred within the last 70 years Utobson and Tomblin, 

1966, p. 16). The first of these periods of activity was between 1397 and 1893 and the 

second, which stimulated the lioyal Society Expedition to ontscrrat was between 1933 

and 1936. In 1933-6 emission of gas (mainly steara at 100°C and hydrogen sulphide) 

increased considerably is volume, but remained unchanged in composition aad temperature. 

The earthquake foci were at a lepth of one or two kilometres, raany of them originating 

beneath the Soufriere Hills and St. George's Hill (Powell, 1930).

The most recent crisis **ich began in -arch, 1966, and ended in November, 1967, 

was thoroughly investigated by oeobers of the Seisaic Unit of the University of the -est 

Indies tShepherd, et al., 1969). Between Way, 1966 and December, 1967 they recorded 

over 700 local earthquakes and determined hypocentres for 190 of these. They found that 

the majority of these hypo cent res lay In a belt running ft.N.to. . L.b.L.. beneath the



PLATE 10A. Galway's Soufriere. Small, relatively inactive vent emitting

mostly steam and H S.

PLATE 10B. St. George's Hill (foreground) and Gage's^Chance's Domeifrom 

Richmond Estate.
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Soufricre aills at depths of less than 15 km. It should be noted that this direction 

parallels the main aliyafflcnt of volcanic eeatres on ftoutserrat (p. '* )• The average 

depth of the eartftquaites decreased frost 5.2 toa. in April and May, 1%6 to a minimum of 

2.8 ka. from July to September, 1966. After -cpte-ber the mea« locul depths increased 

again and by the end of the crisis in November* 1967 the mean focal depth was 9.7 km. 

lilt measurements showed that the region 2-3 ksu southeast of the Soufriere liills was 

upwards until January, 1967, then subsided between H&rch and September, 1%7

(Fig. 14). Ihs rate of heat flow frora Gal way's Soufriere which was 3 x 10 cal/sec. in

1954 increased to a maximum of 2 x 10 cal/sec. in October, 1966, then declined to
5 5 x 10 cal/sec. in September, 1967. Shepherd et si. (1969) also published analyses of

gas samples fro 03 the »*ontserrat soufrieres. The gas emitted consisted largely of super* 

heated steam, uon-condensibie gases included C<X> (7Q-80S& of total non-condenslble gases), 

Hj^S (13*30,4) with small amounts of N^, &>, CH. and other hydrocarbons, Ar and CS«. The

proportion of COu increased tvtiile that of HJS decreased with Increased heat flow*«• &
As a result of their investigations Shepherd et al. (1969) concluded that there 

is a magraa chamber beneath and to the southeast of the Scufriere Oills. They considered 

that the earthquake series was not the aftershock sequence of any major tectonic earth­ 

quake but that it resulted from the migration cf roagma upwards rmtil about August, 1966 

and laterally or downwards after this date*

Seismic crises of similar type to the three which have occurred in Montserrat 

are quite co^ion in the -esser Antilles, decent crises include tr.ose in ot. Vincent 

U$47); Nevis (1950 and 1961) ; ^uadeloape (1956) and Dominica (1967). In only one 

of these cases (Guadeloupe, 1956) m& the seismic crisis followed by an eruption, it 

appears, therefore* that the rise and subsequent withdrawal of ma^a iaay occur several 

times beneath a volcano before an eruption takes place. The possible pet ro logical 

effects of this are discussed in chapter 15.



WHITES

SOUFRIERE

AMERSHAM

EARTH TILT RATES AND DIRECTIONS 

JUL - OCT 1966 

OCT 1966 - JAN 1967 

JAN - MAR 1967 

MAR - SEP 1967

MICRORADIAN

FIGURE 14. Earth tilt rates and directions during the 1966-67 seismic crisis 

on Montserrat, measured by Hawaiian-type long base water tube 

tiltmeter, (after Shepherd et al., 1969, Fig. 8) .
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In the following section the history of the Soufriere Hills is described and 
•oaparisons are made with other volcanoes in the Lesser .Antilles and with andesitic 

volcanoes from other areas, the development of the boulriere iiiils is shown diagram 
oatically in Fig. 15.

STAGE 1. *part irom the problematical deposition of a series of hypersthene-andesite 

pumice falls, (p. $1 ) the earliest recognisable event at the Soyfrieru Bills was the 

extrusion of the Cage's two-pyroxene andesite do«ie. Gage's Dome may possibly be of 

similar age to the rtaspberry iiill Uoofts of South Soufriere Bill and the .ioche's lava,
^o

which it resembles to sorae extent in chemistry and mineralogy (p. & ). There is no 
direct evidence of the age of Gage's i>ome but the Ioche's Lava is probably less than 
40t OOJ yrs. old (p. 4-*).

The extrusion of Gage's Dome was probably followed fairly closely by the forma­ 
tion of I'erche's >ome. The extrusion of both domes was associated with the eruption of 
two-pyroxene andesite pyroclast flows and rnud flows.

Two -pyroxene andesite domes of similar composition to Gage's and Perche's t>o«e 
occur in the Lesser Antilles* e.g. Saddle Hill, Nevis (Hut ton, 1965) bat MgO is hinher 
in the Gage's Doae lava than in most other Lesser -.nt 11 lean dome lavas.

£- The next phase of activity which probably followed the extrusion of the two-
pyroxene andesite domes very closely saw the extrusion of a group of hornblende-liypers- 
thene andesito bncs. Of these. Chance's ^orae and ^al way's uome renmin today but there 
is evidence for the extrusion of at least one other hornblende-hypersthene andesite 
dome which has been subsequently destroyed (p. 6/ ).

Extensive pyroclast flows and mud flow a were erupted at this stage together with 
•inor pyroclast falls. Charcoal from a hornblende-hypersthene andesite pyroelast flow, 

collected from about 40 ft. below th» present surface gave an aye of 23*566 * 786 yrs. 

(p. 60 ). it is probable also that St. George's liill, a small centre on the north-west



flank of the Soufriere Hills was active about this time <p. 7^ ). ^t. George's Hill 

erupted a large volume of hornblende-hypersthene andesite pofflie* falls*

iiornbleiide-hypers* andesite domes of siiidlar composition to ^nance's .^ae 

and Galway's i)oiae are quite cowaon in the <.,o»9tu -Minxes, e.g. Nevis i*eak, Nevis 

(Hut ton, 1965) or the i ! i tons du Carbct, v^niaiqae (Laeroix, 191., .

There is not much evidence for the existence of a crater during stayes 1 and 2 

of the evolution of the Soufriere i ills (p. £T ) and the two-pyroxene andesite pyrcclast 

flows and the older hornbl@nde*hyp€rsthei»e aodesite pyrociast uaws were probably erupted 

from the flanks of the growing domes. Oocse* without craters include the Mountain, Saba

(«estemaBB and Kiel, 1961) which is associated with extensive pyroclasi flows and the
v «• 

Soufriere, Guadeloupe. Lewis (1 • '.-, £ has described a cluster of five volcanic domes at

fauhara, New Zealand, which are not associated 'with ^ay ^sjar crater although sou* ox 
toe domes have small sun-milt craters.

3. Some tine after the extrusion of the older dotaes explosive eruptions raaoved

part of the eastern flanks of the Older Do^es and led to the formation of English's 

Crater. Bornblende-hypersth&ne andesite pmuice flows were probably the niain products 

of these eruptions (p. <*? >, and ckarcoal Iroin one of these has given an age of 10*390 

^ 360 yrs. (p. £<?). the eruption of puuice flows accompanied the ior^atiou oi Uie 

caldera at Crater Lake Williams, 1942) but pumice flows are rare in the Lesser Antilles 

They have been described only on St. Lucia and Dominica (Torsblin, 1%4, p, 133).

4. The final phase of activity at the soutriere mils included the formation of

the Castle Peak ijornbiende-hypcrstfccne andesite dome although it is possible that the 

present dome is the last of a series of domes that have occupied English's Crater, the 

growth of the Castle t'eajc ^onte was apparently accompanied by the eruption of pyroclast 

flows and mud flows and oil nor eruptions of pyrociast flows and pyroclast falls have 

occurred since the consolidation of the dome (p. £3). The most recent of these erup­ 

tions occurred 320 * 54 yrs. ago <p. t>fy ).



Fig 15
Stage 4. 

N.W. (approx.)

St Georges 
Hill.

Stage 3

The Development of the Soufriere Hills

Chances Dome Perches Dome

Gages Dome Castle Peak 
Dome.

Galways 
Dome

S.E.(approx.)
Raspberry 
Hill Dome

English's 
Crater

Stage 2

Stage 1

Centre Hills 
Deposits
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The growth of the Castle Peak Oome or an earlier crater done is believed to 

hare been responsible for t iiing of the eastern wail of Lnglish*s Crater .. >*> >•

Breaehed craters containing crater domes Include jouth ooufriere Hill (p. 3t ) ; Mont 

Pele, Martinique; Nevis teak, hevis ; .it. ->t. Catherine, Grenada; • • t. Laainyton, 

Faptta (Taylor, 1958). The structure of the Soufriere Hills is in fact closely comparable 

vdth the structure of Mt. Laflin-tnn (compare Taylor, 1958, Fig. 4, vdth the summit 

structure of the Soufriere Hills).

$TAGE 5. At the present time seven active soufrieres occur on the flanks of the 

Soufriere Hills. Recorded volcanic activity has included three periods of intense 

seismic and so if atari c activity within the last 70 years.
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CHAPTER 13.

si. CEoagg's HILL.

13 ;1 UffftjmJCTI.W.

St. George's Hill (Plate 10B) which rises to 1.185 ft. a.s.i. is a aore or less 

flat topped hill but the suarait area is divided into two 3.E. - N,W. trending ridges - 

a higher one in the south-west and a lower one in the north-east - separated by a broad 

f alley. No major vent is visible but soae snail hollows near the summit of the hill 

are probablv snail explosion craters*

The eruptions of St. George's Hill have almost all been explosive and the centre 

has given rise to a large quantity of acid nndesite pyroclast falls. No lava flows or 

4oa«s have been positively identified and although the hill is littered with lava boulders 

oast of these are probably attributable to the Soufriere Hills or Centre Hills volcanoes. 

However, a number of large lava blocks, of dark grey hornblende-hypersthene andesite 

which occur in close proximity to one another oa the rt.fc*. ridge of the hill about ., nu. 

north of the summit may represent a broken-up flow.

Afclt) ANOESITE PYfflpLAST FALLS.

deposits on St. George's Hill include some quite finely-bedded pumiceous ash 

falls but most of the exposures on the hill itself are of coarse, massive ill- sorted 

(Fig. 16; puiaice-rich material. Blocks of hypersthene-hornblende andesite numice account 

for about 90& of all the fragments in these deposits while the other lOfc are usually 

fr*gstents of two-pyroxene andesite lavas which probably represent fragments of older 

Centre iiills material through which the pumice has been erupted, .^are iragaents 01 

oli vine-basalt are also found in some of the pyroclast falls, which suggests that 

ttterial derived from South Soufriere Hill may underlie St. George's Hill (p.35*).

The mode of origin of the pumice beds is somewhat problematical. They have the 

sorting characteristics of pyroclast flow deposits (Fig. 16) but as ftfcarai (1961, p. 

h«* nointed out coarse, boiab-rich ovroclast falls deposited in the immediate vicinity
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of an eruptive vent may have similar sorting characteristics to pyroclast flows. Hie 

fact that the coarse, nnsorted ™int*e deposits cannot be traced awty fmr. St. George's 

Bill suggests that they are pyroclast falls rather than pyroclast flows and the occur­ 

rence of deposits, intermediate in character between these structureless beds aad toe 

•ell-bedded pyroclast falls, which surround St. George's hill, co > this view. 

Intermediate deposits were seen north of St. George's Hill, e.g. in the south bonk of 

Belhara Siver. They are coarse-grained (mostly lapilli), moderately well-bedded pyro­ 

clast falls, composed of frequents of hypersthene-hornblende andesite pumice.

As was mentioned above, pyroclast falls attributable to the St. George's Mill 

centre have been recognised at several localities around the hill, some of which are as 

ouch as two cailes away from the present summit. Detailed stratigrarMc sections at 

swat of these localities are shown in Fig. 17.

IB general these deposits are fiae-yrained, well-bedded (Plate 1!) and well- 

sorted (Fig. 16) and pisolitic horizons are oot&non but the overall composition Ji the 

deposits is apparently very similar to the composition of deposits nearer the hill. 

Ihin beds of fine hypersthenc-hornblende andesite pumice are interbedded with finely 

eoraainuted ashes containing crystals of plagioclase, hornblende, hypersthene, clino- 

pyroxene, quartz and ore together tvith tiny fragments of hypersthene*hornblende andesite 

pumice. In all the sections examined toe proportion of coarser beds increases upwards*

Estimation of the original thickness distribution of the pyroclast falls of 

St. George's Hill is complicated by several factors, the numerous nwdflows en 

St. George's Hill and the cross-bedding, slumping and channel-fill structures displayed 

in road cuts between Gage's Estate and the summit of the hill show that erosion and 

redistribution of St. George's Hill material have been widespread, further difficulties 

arise from the lack of marker horizons in the pyroclast fall series which is made up of 

a very uniform group of beds, ftot only does tliis prevent detailed correlation of 

successions at different localities but it also snakes it very difficult to estirate what 

proportion of the original deposit is present at each locality. However, it is obvious



PLATE 11A. St. George's Hill pyroclast falls in Fort Ghaut.

PLATE I IB. Close-up of exposure shown in 11A, showing interbedded ash and 
hornblende-hypersthene andesite pumice lapilli. The pyroclast 
falls show signs of slight reworking but many of the rounded 
fragments are pisolites.



that Ue pyroclast ia^ls are thicker oa the west side of the hill thaa on tiie east side 

(25 ft. near dransby Point owpored vyita 10 ft. near uyers tillage) and they aay also be 

thicker on the north side than on the south. Certainly there is a marked contrast 

between the relatively thin UO ft.>, finely-bedded ash beds in fort Ufciwt (Plate 11) 

and the thicker u>u £t.) and coarser deposits oa the north side of St. George *s liill 

but this might be due to the greater yroxiauty 01 tae latter to the eruptive vent, i'he 

men better sorting of the deposits in fort Ghaut supports this alternative conclusion. 

Although the evidence is inconclusive it saems probable that the St. George's Hill 

pyroclast fall series was deposited under the influence of an easterly wind possibly 

tdth a southerly bias.

13 »3 gEIAHONSHIF OF ST. GEilffipE'S fllll. TO OTHER VOLCANIC

Sections in the south bank of Belham ftiver where St. George's Hill pumiceous 

tuffs unconformably overlie Centre Hills tuffs show that St. George's Hill is a younger 

volcano than the Centre unls. In addition, ->t. ^eo rye's Uiil deposits often contain 

fragments of Centre Hills two -pyroxene andesite lava and it appears that they were 

erupted through a cover of Centre Hills material.

The Bransby-ttichnond xidge may be composed of Carabald Hill mudflows and a aion- 

erates but is capped by St. ^eoije's Hill puoiiceous ash fall. In addition, in the 

coastal cliffs west of .dchmond Estate 23 ft. of pumiceous ash fall infill an erosion 

hollow in Carabald Bill agglomerates.

St. George's Hill pyroclast falls in Fort Gaaut and ia Ayraer's Ghaut are overlain 

unconformably by Soufriere Hills pyroclast flows containing blocks of hornblende* 

hypersthene andesite and are thus older than the more recent deposits of the Soufriere 

Bills.

However, the similarity ia composition of the St. George's liill puaices and the) 

later hornblende-hypersthene andesite lavas and pumices of the Soufriere Hills suggests 

that St. George's Hill may have been active as a secondary centre on the Clanks of the



Soufriere ai*U during the period of fonaation ol the Lende-hyperstaeBC 

dftdftS sad pyroclast ij.owi,. uaidtujia&exy tue reAatioasiu,^ u* tat -.»L« -cor<je s Hij.1 

py roc last falls to the tt*o-pyrox@»e andesiiv ^roelatt flows and mudf loirs of the Gage's 

Dooe area could not be established so that this tentative coirelation could not be 

definitely confirmed or disproved, lliere cm however be little doubt that i*t. George's 

hill is a comparatively recent centre and it is interesting to note that during the 

seismic crisis of 1933-36 ljowell (1933) recorded several earthquakes at a depth of one 

to two kiloaetrcs below the hill.
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1 4 .

Y OF JiiE VULCANIC UISTOiflf OF

main events in the volcanic history of Moatserrat are summarised in fable 3. 

This table also includes all the radiometric dates so far available. Since a detailed 

reconstruction of the histories of the older volcanic centres on i^ootserrat has proved 

to be virtually impossible, Table 3 is largely a history of two volcanoes - ^outh 

Soufriere Hill (including the subsidiary Ache's Centre) and the Soufriere Hills 

(including the parasitic volcanic centre of St. George's Hill). Although, in general 

the type of volcanic activity characteristic of these two volcanoes is different, with 

pyrociast falls and lavo flows predominant among the products of South boufriere Hill 

and pyrociast flows and dome lavas being the principal products of the Soufriere Hills, 

late stage activity at South Soufriere Hill bears a certain resemblance to early events 

at the Soufriere Hills. The last events at South Soufriere Hill involved the formation 

of a series of lava bodies* raiding ia composition from two-pyroxene basalt (oldest) to 

basic, two-pyroxene andesite iyoungest). fheir extrusion was apparently followed closely 

by the start of activity at the nearby Soufriere Mills where the compositional trend in 

the Older Andesite Uoaes (two* pyroxene andesite to hornblende-hypers thene andesite) could 

be regarded as a continuation of the trend of the late ooutfe ^oufriere till lavas, this 

together with the geographical proximity of South Soufriere Hill and the Soufriere Bills 

suggests that the two centres may be In some way related,

Table 4 represents an attempt to estimate the approximate volumes of different 

rock types on Montserrat. For various reasons, e.g. uncertainty about thicknesses, the 

figures given in Table 4 are probably very inaccurate. In addition, they are based 

entirely on present day outcrop and therefore give little indication of original volumes 

except perhaps in the case of the nnst. roc«nt volcanoes. Nevertheless the figures n 

in Table 4 allow certain generalisations to be raade concerning the relative volumes of 

the different rock types OB : ontserrat:-



TABLE 3. SUMMARY OF THE VOLCANIC HISTORY OF
MONTSERRAT

SOLFATARIC and SEISMIC ACTIVITY at the SOUFRIERE 
HILLS

LAST ERUPTION at the SOUFRIERE HILLS (MINOR 
PYROCLAST FLOW)

EXTRUSION of the CASTLE PEAK HORNBLENDE-
HYPERSTHENE ANDESITE DOME and ? BREACHING 
of the EAST WALL of ENGLISH'S CRATER

FORMATION OF ENGLISH'S CRATER and ASSOCIATED 
PUMICE FLOW ERUPTIONS

EXTRUSION OF CHANCE'S and GAL WAY'S HORNBLENDE - 
HYPERSTHENE ANDESITE DOMES and ASSOCIATED 
ERUPTIONS of PYROCLAST FLOWS and MUDFLOWS

THE ST. GEORGE'S HILL HORNBLENDE-HYPERSTHENE 
ANDESITE PYROCLAST FALLS probably also belong to 
this period

EXTRUSION of the GAGE'S and PERCHE'S TWO-PYROXENE 
ANDESITE DOMES and ASSOCIATED ERUPTIONS of 
PYROCLAST FLOWS and MUDFLOWS.

INTRUSION of the ROCHE'S TWO-PYROXENE ANDESITE 
LAVA

EXTRUSION of the RASPBERRY HILL TWO-PYROXENE 
ANDESITE DOME

ERUPTION of BASALTIC PYROCLAST FALLS of the WHITE 
RIVER PYROCLAST FALL SERIES and the EXTRUSION of 
OLFVINE-BASALT LAVA FLOWS

( ERUPTION of the ANDESITIC PYROCLAST FALLS of the 
( WHITE RIVER PYROCLAST FALL SERIES

/ THE EXTRUSION of the LANDING BAY DACITE may belong 
/ to this period

ACTIVITY at the CENTRE HILLS and CARABALD HILL 

? PERIOD OF HIGH SEA LEVEL

EARLY ACTIVITY at SOUTH SOUFRIERE HILL - THE 
EXTRUSION of OLIVINE-BASALT LAVA FLOWS

ACTIVITY at SILVER HILL

EXTRUSION of BUGBY-HARRIS TWO-PYROXENE ANDESITE 
LAVAS and AGGLOMERATES

Continuous in historic 
time with periods of 
exceptional activity 
between

1966 - 1967
1933 - 1936
1897 - 1898

A.D. 1646 - 54 yrs. 
(charcoal from the 
pyroclast flow)

18,390 - 360 yrs. B.P. 
(charcoal from a pumice 
flow)

23,568 - 786 yrs. 
(Charcoal from a 
pyroclast flow)

B.P.

Younger than 40,000 yrs. 
(intruded into limestones 
which may be about 
40,000 yrs. old)

0.96 - 0.25 M. yrs. 
(K-Ar age)

1.6- 0.34 M. yrs. 
(K-Ar age)

1.55-0.21 M. yrs. 
(K-Ar age on late stage 
intrusion)

4 .31-0.22 M. yrs. 
(K-Ar age on massive 
lava)
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1. ' desite . eatly predominates over basalt and dacite. Taking the 

island as a whole the volumes of t; -oxene andesite and hornblende-hynersthene 

andesitu arc probably aoout the same, but horBbieode-hyperstneao andesitc accounts for 

an estimated 67% by volume of the Soufriere Hills volcano (including St. George*s Hill). 

Basic two-pyroxene andesites occur only at the South Soufriere Hill and Harris- „ j 

•earns.

2. Basalts (3.3%) are very rare on iontserrat. They occur only at South Soufriere 

Hill, where they make up an estimated 35% of the total volume.

3. Dacites ( , are represented only by a small lava body - the Landing Bay 

Dacite.

Xoablin (1963) has estimated the relative abundances of rock types in the Lesser 

Antilles as a whole as 67% andesite, 23% basalt and ?/* dacite but the proportions vary 

very considerably both from island to island and also from volcano to volcano. The 

islands cf Grenada and St. Vincent at the southern end of the chain have well over 5aA 

basalt whereas some islands e.g. Nevis and Saba are composed entirely of andesite. The 

islands in the middle of the Lesser Antilles * Guadeloupe, iJorainica, Martinique and 

St. Lucia are much richer in dacite than the other islands. Individual volcanoes are 

usually composed entirely of andesite (e.g. Mont Pele, Martinique; La Soufriere, 

Guadeloupe) or of a snail amount of basalt and a large amount of andesite and dacite 

(e.g. Qualibou, St. i-ucia) but soue volcanoes have erupted appreciable aoounts of both 

basalt and andesite (e.g. Soufriere, St. Vincent; Mt. Misery, St. Kitts). Many of the 

latter volcanoes are also characterised by the presence of ultrabasic cumulate blocks 

and lavas which show a complete compositional gradation from basalt through basaltic 

andesite to andesite. These volcanoes may » genetically distinct from tuc 'ujiuesitic" 

Pelean type volcanoes (flea, 1969).

It is clear that all the volcanoes on Montserrat except South Soufriere Hill are 

"Pelean type" volcanoes. South Soufriere Hill, with its ultrabasic blocks and basaltic
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andesites is more like the Soufriere, t. Vincent, although the proportion of basalts 

at South Soufriere Hill is probally quite a lot lower. The possible petrogeaetic 

significance of this is discussed more fully in chapter 17.
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CHAPTER 15.

15:1

The rocks of i-ontserrnt, and the Lesser Antilles in general, belong to the 

Basalt Andes! te Ktayolite association of Turner and Verhoogen U960, p. 272) and to the 

Calcic Series of > eacock (1931). Different authors have used different criteria to sub­ 

divide this suite of rocks. Criteria Mhich have been used include the composition of 

plagioclusc phenocrysts (see e.g. natch, »eils and uells, 1961, p. 239); the abundance 

of normative and modal quartz U acroix, 1926); the nature of the ferromagnesian pheno­ 

crysts (Baker, 1963; fomblin, 1964); the colour index of the yroundiaas* ^ uno, 1950); 

and the silica content Uhi Iliads, 1942; rfobson and Toablin, i%6).

The composition of the plagioclase phenocrysts is of little use for classifying 

the ontserrat rocks since phenocrysts of calcic plagioclase persist throughout the 

entire suite and in any case oscillatory zoning makes it difficult to determine the 

average composition of the plagioclase phenocrysts. Criteria such as the abundance of 

modal and normative quartz, the nature of the ferroraagnesian phenocrysts and the colour 

index all reflect the silica content of the rock. For this reason it is probably simpler 

to divide the Basalt Aadesit® iihyolite association arbitrarily on the basis of silica 

content. The silica percentages used by Lillians (1942) to subdivide the Crater Lake 

lavas and by Uobson and Torabliw a 966) to subdivide the lesser A nil 11 MM lavas differ 

only slightly but the author has decided to use Robson and fomblin's nomenclature for 

the wiontserrat rocks as it is obviously useful to apply the same system of classification 

to all the volcanic roc*s in the Lesser Antilles.

Hobs on and Tor.blin's classification is as follows;- fcest Indian volcanic rocks, 

which contain 63,- or more silica are called dacites; those with between 63 and 55^> Si02 

are called andesites; and those with less than 55% Si02 are called basalts. It should 

be noted that these silica values are not volatile-free, fhus, a lava from ot. Lucia
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Uiobson and Totablin, 1966, Table 10, Col. 2) which contains 55. TX SiC>2 on a volatile- 

free basis, is referred to as a basalt.

On "ontserrat, the three main groups have been subdivided on the basis of the 

ferroinagnesian phenocryst assemblages. Thus andesites are subdivided into hornblende- 

hypersthene andesites, which contain phenoerysts of hornblende and hypersthene, and two- 

pyroxene andesites, with phenocrysts of augite and hypersthene. .locks with phenocrysts 

of hornblende, hypersthene and augite are called hornblende- two-pyroxene andesites but 

these are rare, Andesites with phenocrysts of hypersthene but with little or no horn­ 

blende and augite are also rare. These rocks have been called hypersth, ne-andesites. 

Both the ho rnblende-two- pyroxene andesites and the hypersthene-andesites occur on 

iontserrat exclusively as pyroelasties. Basalts have been subdivided into olivine- 

basalts which have phenocrysts of oil vine and augite and two-pyroxene basalts which have 

phenocrysts of augite and hypersthene. Analysed two-pyroxene basalts have between 34 

and 55;, SiCU (often over 55 SiO^ on a volatile- free basis) and are in many ways 

transitioAal between the olivine-basaits and the two-pyroxene andesites. There would 

therefore be some Justification for calling these rocks "basaltic andesites" but in 

view of the rather loose application of this term 'Coats, 1963, pp. 692*693) the writer 

prefers the terstt two-pyroxene basalts.

The system of classification used for the ^ontserrat lavas is quite similar to 

that used by Torablin for the lavas of St. tucia Cfiomblin, 1964, Table 4, p. 89). It 

is summarised in Table 5.

15 12 Off JLCAL

Plagioclase composition was estimated by the measurement, on the universal stage, 

of the aiaxifflusa extinction angle in the zone perpendicular to (010) using the determinative 

curve of teincheil U95i, p. 262). i'he results are probably accurate to ± 5 An although 

the relative accuracy (e.£, the range of zoning in a single crystal) is probably accurate 

to ± 2%
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The composition of the un zoned felspars in the coarse-grained blocks was 

estimated from the refrative index of (001; cleavage flakes and the curves of Tsuboi 

(1923) .

Compositions of olivine in the ultrahasic blocks were estimated by the X-ray 

diii ruction method of Voter and Sahama H957). uiivine crystals were difficult to 

separate from the basalt lavas and their composition was estimated from the direct 

aeasureoent of 2V (± 2°) and the use of the tables of lomkieff (1939). These results 

are probably accurate to ± 3,. Fo.

¥*T the cliauj yroxtnes the 2V (± 2°) was measured by direct rotation between 

the optic axes and the fty was determined by the immersion method. Approximate composi 
tions were then obtained from the curves of Bess (1949).

The composition of the ort ho pyroxenes was estimated from the measurement of 

R^ (by the ionersion ;aethod) and 2V {& 1°) iby direct rotation) using the curves of 

Kuno UV54, p. 40).

..,_ .....JS.

Basaltic rocks on ^ontserrat occur only at the South Soufriere Hill centre. Two 

groups of basalt lavas:- oli vine-basalts and two-pyroxene basalts have been distinguished 

on the basis of their phenocryst assemblages (Table 5). Both types of basalt occur as 

lava flows but two- .yroxenc basalt also contributes to the Raspberry Hill Jomes. The 

olivine-basalts are more basic v51-33A siU2^ tllan the two-pyroxene basalts (53-55^ biu^). 

Basaltic pyroclastics are also quite abundant among the products of South ^oufriere Hill. 

The modal compositions of analysed >outh Soufriere Uill basalts are given in Table 6 

and raineralogicol data are summarised in Table 7.

Oil vine- Basalt Lava Flows. 

The olivine-basalts show a gradation fron dark yrey, non-vesicular types to 

black* vesicular types. Sometimes this gradation occurs withio individual flows, which 

•ay be composed of a central area of grey, non-vesicular lava grading into black
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scoriaceous lava at the margins (e.g. 13693). Both types of lava contain abundant 

white plagioclase pheoocrysts and moderately abundant dark green or black clinopyroxene. 

The black vesicular lavas often have prominent golden nhenocrysts of olivine, whereas 

olivioe can seldom be recognised in hand specimens of the orey« non-vesicular lavas.

Playioclase.

Plagioclase is the most abundant pbenocryst in the olivine-basalts. It attains 

a tfaxiamm diameter of about 3 mm. and occurs either as single crystals or in glomeropor- 

phyritic groups with olivine or ciinopyroxene and ore. Plagioclase is also by far the 

most abundant microphenocryst in the groundmass of the olivine-basalts. In some 

specimens (e.g. 18613) there is a gradation iu size from phenocrysts to oiicrophenocrysts 

to microlites of plagioclase and a similar gradation is displayed by the other pheno­ 

crysts. The texture of these rocks may be described as seriate.

The plagioclase phenocrysts have large homogeneous cores ranging from about 

An«c to ^«on «hile the rims are about '^CQ^A* Microphenocryst s are generally less 

calcic and have cores of about Aass with riias of An4f, ^r . Zoning is of normal discon­ 

tinuous type although a few pbenocrysts show slight oscillatory zoainy. ihe plagioclases 

frequently have clouded cores and sometime* contain narrow zones of inclusions aligned
/

roughly parallel to the crystal margins. Both clouding and compositional zoning are 

ouch better developed in plagioclases from andesites and are therefore considered in 

oore detail in the sections (especially 15:4:1) on andesites.

Olivine.

Olivine phenocrysts are usually about 0.25 mm. in Jiacieter but arc sometimes 

as big as 0.5 SUB. Crystals are subhedral or rounded. Olivine occurs mostly as single 

crystals but also io glomeroporphyfitic clusters with plagioclase and iron ore aod less 

often with ciinopyroxene as well, ulivine usually occurs on the periphery of these 

clusters (e.g. in 16637, ^late 12A).

the olivines frequently enclose granules of iron ore, sometimes in irregular



PLATE 12A. Photomicrograph of olivine-basalt lava (18637) from near 
Shoe Rock. Phenocrysts of plagioclase, olivine and 
augite (bottom n^t) in a dark microcrystalline to glassy 
matrix. Note the glomeroporphyritic cluster of olivine 
and plagioclase on the/eft of the photograph. Small 
crystals of olivine rim a large plagioclase crystal which 
itself encloses small crystals of magnetite and a single 
crystal of olivine . Magnification x 12 .

PLATE 12B. Photomicrograph of olivine-basalt lava block (18618) from near 
Fergus Mount Estate. Partially "iddingsitised" olivine 
phenocrysts are surrounded by an inner rim of magnetite and an 
outer rim of clinopyroxene granules. The rest of the rock is 
composed mainly of phenocrysts of plagioclase and augite in 
a fine-grained to glassy matrix which contains abundant 
microphenocrysts and microlites of clinopyroxene. 
Magnification x 48 .
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curved bands U'late 13A). ulivine itself is soraetiiaes enclosed by plagioclase or 

clinopyroxene phenocrysts (e.g. in 16657). Kiore often, however, olivine is surrounded 

by a corona of clinopyroxene granules and in some cases (e.g. 18618) by an inner rim of 

Mgnetite and an outer rim of clino pyroxene (Plate 12B). Harrow orthopyroxene riot occur 

around some oil vines but are much rarer than the clinopyroxene rims.

Kuno (1S>50, p. 971> has reported rims of orthopyroxene and more rarely of clino­ 

pyroxene around olivines in lavas from Hikone and has interpreted these rims as indica­ 

ting a reaction relationship between olivine and liquid but the orthopyroxene rims could 

also form by the oxidation of clivine (e.g. &uir et al., 1957, p. 252). Clearly, detailed 

optical and chemical work on the pyroxenes which surround the olivines in the Montserrat 

lavas are needed before any definite conclusions can be reached regarding their origin. 

However, the association of clinopyroxene with magnetite in 18613 is suggestive of an 

oxidation reaction, tisewhere the pyroxene rims may be produced by reaction with the 

liquid although crystal nucleation around oliviaes might be an important factor as 

discussed on p. && .

Alflwst all the olivines in the -ontserrat basalts are coated with a thin film of 

reddish iron oxide, which is probably "iddingsite" (Gay and Le Maitre, 1V61). In general, 

however, the olivin&s in the olivine-basalts are quite fresh. Plate 13A shows a relat­ 

ively fresh crystal of olivine, iiaaeeliateiy aujacent to a cavity filled with cristofaalite.

The olivines in the olivine-basalts are acre or less completely un zoned and have 

floapositions of around FQ-* (fable 7).

C 1 i nn py

CH no pyroxene is generally the taost abundant ferromagnesian phenocryst in the 

c*ontserrat basalts, it often occurs in cuinulo r fayric clusters and may enclose olivine, 

iron ore, or plagioclase. In general the crystals are only slightly zoned with 2Vs of 

up to 55° at the core compared v.ith 49° at the riia. Very rarely clinopyroxene phenocrysts 

contain zones of inclusions parallel to the crystal boundaries (18637). f winning on (100) 

is coooon out polysynthetic twinning, apparently with (001) as twin plane, also occurs.
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Magnetite is an important constituent of the olivine-basalts. It occurs as 

euhedral or subhedral phenocrysts often associated with oiivine. ail the other 

minerals, especially clioopyroxene enclose crystals of magnetite. Magnetite is however, 

rarely enclosed by divine.

Hypersthene may be present in area 11 a.iounts la the olivine-basalts.

tbe groandmass of the oiivine-basalts contains abundant micro phenocrysts and 

micro 11 tes of piagioclase, granules of clinopyroxene and spo;;s of ore. Clinopyroxene 

may sometimes be exceptionally abundant as in 13613. Oiivine is very rare or absent as 

a constituent of the groundmass and glass is also rare although it is faore abundant in 

the more vesicular lavas. Abundant cristobalite is found in cavities in some of the 

lavas (4 late 13A>.

15; 3:2 Two-Pyroxene Basalts.

The two-pyroxene basalts form a transitional greup between the oil vine-basalts 

and the two-, yroxene andesites. They are restricted to the Soutb Soufriere ilill volcano, 

where they occur mainly as lavs flows but also contribute to the Raspberry Hill Dome.

The two-pyroxene basalts are pinky grey lavas with phenocrysts of plagioclase 

and cllno- and ortho-pyroxene. The pyroxenes tend to occur in clusters.

the overall compositions are very similar (Table 7) the plagioclases in 

the two- pyroxene basalts are more strongly zoned than those froa the olivine-basalts. 

Oscillatory zoning (Plate 1?B) is common and the plagioclases are rich in inclusions. 

Usually the inclusions are very small grains oi ore, pyroxene or ylass and occur in 

bands more or less parallel to the crystal outlines. Sometimes howev r, the plagioclases 

include laraer cr stall of cli no pyroxene in a more random orientation d late 14A; . ^



PLATE 13A. Photomicrograph of olivine-basalt lava (18657) from near 

Landing Bay. An olivine phenocryst (Fo ) which is 

quite fresh apart from a narrow rim of ore, occurs next to 

a cavity infilled by cristobalite. Note the irregular bands 

composed of granules of ore within the olivine phenocryst. 

Magnification x 30.

PLATE 13B. Photomicrograph of two-pyroxene basalt (18575) from lava

flow near O'Garra's. Plagioclase phenocryst with fine- 

scale oscillatory zoning. The phenocryst has a small

relatively homogeneous core (composition about Anoc )oo
which contains small inclusions of glass. Inclusions in 

the outer part of the crystal occur in bands parallel to the 

crystal outlines and are sometimes concentrated within a 

single compositional zone. Crossed nicols. 

Magnification x 37.5



PLATE 14A. Photomicrograph of two-pyroxene basalt (18575) from lava 
flow near O'Garra's . Complex plagioclase phenocryst 
containing crystals of clinopyroxene in a more or less 
random orientation. Magnification x 30 .

PLATE 14B. Photomicrograph of two-pyroxene basalt (18575) . Clino­ 
pyroxene rimming orthopyroxene. A clinopyroxene 
crystal showing polysynthetic twinning occurs just above 
the rimmed hypersthene crystal. Crossed nicols . 
Magnification x 48.
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and inclusions in playioclase pheaocrysts are discussed «ore fully in section 15:4:1.

Cl i nopy ̂  l^ftflft -

Clinopyroxene occurs as sinyle crystals, in cuiaulophyric groups and in gloinero- 

porphyritic groups with orthopyroxene and ore. Compositions are similar to those in the 

olivine-basalts (table 7).

Clinopyroxene shows three types of intimate association with orthopyroxene in 

two-pyroxene basalts and also in two-pyroxene andesites from Montserrat. It may rim 

orthopyroxene (Plate 14B) or be rimmed by it and sometimes elinopyroxene and orthopyroxene 

show parallel to sub-parallel growth along the c-axis. Similar relationships have been 

reported in many other caic-alkaline suites notably Hakme u-uno, 195o). Kuno (1950, 

p. 991) has attributed the mutual rimming to simultaneous growth but he also suggested 

that the hyperstheae riras on phenocrystic augitc indicated a discontinuous reaction 

between augite and liquid to form hypersthene* in addition the xi«min$ oi hypersth,ne 

by augite was interpreted by him as resorption of hypersthene xenocrysts by the niagraa 

with precipitation of auyite. Yoder and illley (1962, p, 353-334) have pointed out that 

there is no experimental evidence in synthetic systems for an equilibrium reaction 

relation between diopside and liquid to produce orthopyroxene so that if augite is 

reacting with liquid to give hypemhene the reaction is a non-equilibrium one and may 

indicate assimilation. Alternatively they surest that the rimming of augite by 

hypersthene raiyht be the result of oxidation.

Although detailed o tical and electron *aicroprobe examination are probably 

required before any final interpretation of the pyroxene relationships in the ontserrat 

rocks is ^ade a few general points can be tnade here.

1. The occurrence of parallel growth of ortlio- and clino-pyroxene in lavas from 

Moatserrat and elsewhere in the Usser Antilles (e.g. Baker. 1963, p. 119) almost 

certainly indicates simultaneous growth.

2. The rimming of orthopyroxene by Clinopyroxene is by far the faost common 

relationship observed in the -ontserrat rocks, it fa<sy be significant that several other
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pfctnocryst naiaerals, including olivlne (p. 8/ / , quartz tp. ^7 > and hornblende (p 

are also on occasions rimmed by clinopyroxene, and this rimming frequently occurs in 

lavas which contain very abundant clinopyroxene in the yroundnass. It is possible* 

therefore that at least some elinopyroxene coronas have formed by crystal nuclcation 

around the phenocrysts rather than as a result of a reaction relationship between the 

phenocryst and the magma Uee also p. //* ) .

3. The assimilation and reaction hypothesis can probably explain only one type 

of pyroxene relationship at a time since it is unlikely that xenocrysts of clinopyroxene 

would be reacting to give orthooyroxene at the same tine as orthooyroxene xenocrysts 

i&ere reacting to give ell no pyroxene.

Hypersthene is less abundant than atigite in the t^u-^roxene basalts. It occurs 

as pris-natic crystals which are as tatich as 2 ffin. lony and which fnay occur singly or in 

groups associated with c lino pyroxene and playioclaset* Aii&ost invariably bypersthene 

encloses grains of maynetite and iuayaetite is often abundant near hypersthene crystals* 

Hypersthene is pleociiroic as ioiious:-

X * pale brown

Y - pale yellowish brown

L - pale green.

Magnetite.

is abundant as a phenocryst mineral in the two-pyroxene basalts 

(table 6). It is often closely associated with orthopyroxese.

Oli vine is relatively rare in the two-pyroxene basalts and when it does occur 

it is often enclosed by clinopyroxeae (e.g. 18592). hornblende was found in only one 

of the two-pyroxene basalts UB69V) where it showed strong pyroxenic resorption (p. 9O



The groundaaasse* of the two-pyroxene basalts are in general quite similar to 

those in the olivine-basalts. They contain abundant aicrolites of plagioclase together 

with granules of clino pyroxene, orthopyroxenc and magnetite. Cristobaiite is very 

abundant in some of the rocks (e.g. 18575) where it infills cavities. Trldymite also 

occurs in places. In its usual form it is distinguishable from cristnbalitc only by 

the presence of arrow-head twinning and the relative paucity of cracks but sometimes it 

occurs as acicular needles (e.g. in 10622; see also toacGregor 1938, p. 59). A pale 

brow* mica which may be phlogopite, was recognised in the tjjrou admass of one specimen 

(13623). It occurs as abundant small flakes in the saidst of finely divided quartz-rich 

aggregates which apparently Infill cavities in the rock tse« also p. $^ j. Calcite 

occurs in small patches in the groundmass of 18636,

15:3;3 Basaltic

Basaltic pyroclastics make up the whole of the Basalt Cinder -one and the 

uppermost parts of the Andesite Coarse Fall ^one of the white .Uver iyroclast Flow 

Series.

The welded scoriae bed (1&610) which occurs at the base of the Basalt Cinder 

Zone is interesting in view of its unusual sode of occurrence (. .3^ ;, its unusual 

cteaistry (p."-v"> and because it is almost aphyric (fable 6). In hand specimen 

(Plate toA ) 10610 consists of a mass of dark vesicular iragcients, which have been 

slitjhtly flattened to form a coherent, but friable mass, individual fragments contain 

ao recognisable minerals apart frota a few crystals of plagioclase.

IB thin section rare phenocrysts of rather corroded plagioclase* of eu- to 

sub*hedral olivine and brownish corroded au.jite occur in a highly vesicular pale 

yellow-brown glass, which contains abundant tiny raicrolitcs of plagioclase and pyroxene 

(Plate 1S\). The olivine phenocrysts are virtually unaltered and the numerous vesicles 

in the rock are empty.



PLATE ISA. Photomicrograph of welded basaltic scoriae (18642) from 

White River Ghaut. A phenocryst of olivine in a highly 
vesicular glassy base, containing tiny microlites of 

plagioclase and pyroxene. Magnification x48.

Photomicrograph of basalt cinder (18617) from Fergus Mount 

Estate. Phenocrysts of augite and plagioclase in a dark 

glassy groundmass. Magnification x30 .
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The writer kno^s of aotiuay strictly comparable to 10610 in the Lesser Antilles 

or in other calc-alkaline suites. In some ways, it resembles the interstitial scoria 

in the ultrabasic blocks fro* Hontserrat (, . /07 but it is a lot lighter in colour 

than these.

In general, fragments in the Basalt Cinder ^one are similar to the olivine- 

basait lava flows although fragments from the very top oi the zone are sore like the 

twe-pyroxene basalt flows (e.g. Ib647>. The cinders tend, however, to be richer in 

aafic phonocrysts (olivine and especially elinopyroxene) than the lava flows. They also 

contain a black glassy groundless (Mate 150) and do not contain cristobalite,

AKDfc&Ifliff.

Andesites make up an estimated %><> by volume of the rocks of ontserrot. Their 

mode of occurrence is different from that of the basalts. The andesites are erupted 

typically as pyrociast flows and dome lavas, whereas the basalts are erupted as pyro- 

clasts falls and lava flows. Andesitic py roe last fails do however occur and are 

important among the products of St. George's liill and South Soufriere Mill, .Ytodal 

analyses of analysed andesites are given in Table 0 and i-iinern logical data in Table 9.

o. t'y mpyene._ An^G^i 1 0,

The earlier Soufriere Hills' domes (Gage's Oome and Perche's >ome), the younger 

of the Raspberry Hill domes, the Hoche's intrusion and much of the Silver Hill and 

Harris-Buy by centres are composed of two-pyroxene andesite lava.

The two-pyroxene andesites are quite similar in appearance to the two-pyroxene 

basalts, fhey are usually non-vesicular and light grey is colour but some of the lavas 

have been considerably oxidised and are noticeably pink or red (e.g. 18649). i'henacrysts 

of plagioclase are co.-amon and dark clots of pyroxene are recognisable in most specimens. 

The two-pyroxene andesite lavas sometimes contain ellipsoidal, holocrystalline cognate 

xenoliths. i'hese are described in section 15:6:3.
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Various phenomena, including oscillatory zoning, clouded cores and the occurrence 

of bands of inclusions are better developed in plagioclase phenocrysts from the two- 

pyroxene andesites than in plagioclases from the other rock groups and these phenomena 

are therciore described in detail in this section. These features are also important 

in plagioelases from the hornblende-hypersthene andesites and the two-pyroxene basalts 

but they are less well-developed in the olivine-basalts. The zoning of plagioclase 

appears to be aore conspicuous in andesites than basalts throughout the Lesser Antilles 

(Lacroix, 1904, p. 591; Baker, 1963, p. 116 and Torablin, 1964, p. 103J and in calc* 

alkaline suites in general.

Plagioclase phenocrysts account for up to 42% of the two-pyroxene andesites. 

I'lagioclase occurs as single crystals up to 5 mm. long and also in gloiaeroporphyritic 

groups with pyroxene and ore.

The overall trend in composition of playiociase pnenocrysts in the ^ontserrat 

two-pyroxene aadesites is from a calcic ^agc 7^ core to a more sodic ^»R^ 40) r*ffl 

but numerous reversals may be superimposed nn this general tread. Many of the plagio­ 

clase phenocrysts have unzoned cores, surrounded by a region of oscillatory zoning and 

a narrow normally zoned ri» but there are mny exceptions to this pattern and oscil­ 

latory zoning may begin at the centre of some crystals and continue right to the rim. 

The amount and type of zoning often vary conspicuously in plagioelnse phenocrysts in 

toe same thin section. IB addition variation exists in the size 01 the compositional 

oscillation within a single phenocryst. In most eases the oscillations appear to be 

very small (2/- An) but occasionally one zone is considerably richer in calcium 

1 ^ 10> An) than the margin of the proceeding zone, these major reversals are sene- 

tines accompanied by magaatic corrosion of the pre-existing crystal and may also be 

associated with bands of inclusions* boning way also be related to crystal log raphie 

directions in the plagioclase phenocrysts since some zones parallel to the short 

direction of plagioclase crystals appear to be absent parallel to the long direction



PLATE 16A. Photomicrograph of two-pyroxene andesite lava (18662)
from intrusion ? near Harris Village. Fairly large plag-
ioclase phenocryst with a calcic core ( An00) containingoz
glass inclusions. The core is surrounded by an area of 
oscillatory zoning which extends right to the edge of the 
crystal. The oscillatory zoning is better developed 
parallel to the short axis of the crystal. Crossed nicols, 
Magnification x 30.

PLATE 16B. Photomicrograph of two-pyroxene andesite lava (18662) . 
Aggregate of clinopyroxene, orthopyroxene (bottom and 
top right) and magnetite in a microcrystalline groundmass 
of plagioclase, pyroxene and ore. Magnification x 30.
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(Plate 16.X).

la general miemnhenocrysts have ranch less conspicuous zoning than the pheno- 

crysts and sometimes show only normal zoning. The aiicrophenocrysts are usually less 

calcic than the phenocrysts by as much as 2(% An. This is in accord with the difference 

in phenocryst and groundmass plagiociase compositions from basalt iava flows (Hoffer, 

1966).

Flagloclase phenocrysts in the two- yroxeae andesites are oftea clouded by 

numerous small inclusions. The inclusions are often of brownish glass but small 

crystallites of pyroxene and opaque oxide are also found, along with a large number of 

tiay indeterminate particles* The anzoned eores of plagioclase phenocrysts are often 

completely clouded in this way (Hate 16A) and narrov;, inclusion-rich bands may occur 

between the core and the rim parallel to what may be inferred to have been the crystal- 

liquid interface daring some stage of growth.

The relationship of the inclusions to compositional zoning is complex and varies 

considerably in different rocks and even in phenocrysts from the same rock, ^uite 

often, however, bands of inclusions coincide with a single compositional zone, which 

is usually of more sodie composition. In many cases, however, the inclusions do not 

follow compositional zones at all.

Compositional zoning and, to & lesser extent, the nature of the inclusions in 

plagioclases, represent potentially useful records of changes in the physical and 

chemical environment during crystallisation, provided that the processes giving rise 

to these phenomena are understood. Unfortunately this is far from being the case.

Tuttle and Bowen (1956, p. 69) have stressed the importance of pressure changes, 

which alter the water content of a magma, in producing compositional zoning in plagio- 

clases. Both the rise and fail of andesitic Magma during seisiaic crises (p.t>6 ) and 

the loss of volatiles during eruptions will result in large scale changes of pressure 

(and in the former ease temperature as well) and there can be little doubt that these 

events have given rise to large-scale compositional breaks in the iontserrat plagioclases



Lwart (1963) has related major compositional breaks in nlagioclase from pumice 

ash in the faupo area, New 2,ealand to specific volcanic events ^eruptions). It has not 

been possible however to correlate the major compositional breaks in the kontserrat 

plagioclases with specific eruptions or seismic crises partly because of the variable 

pattern of zoning in plagiociase phenocrysts from the seme rock and partly because the 

volcanic history is not well enough known. Nevertheless it may be possible in a general 

way to relate some of the features »ea in the plagioclases to volcanic events, i'o .blin 

(1964, p. 106; has suggested that the continuous glass bands in playioelases from St. 

Lucia represent liquid that was chilled on the outside of the growing phenocryst and 

this explanation presumably implies rapid transfer to a low temperature environment - 

perhaps during a seismic crisis. «here the glass band is associated with a major break 

in composition the evidence is strongly in favour of such a uiechanisra.

The clouded cores in the tettserrat plagioclases may have a similar origin. 

MftftGregor (1933, p. 50) suggests that the "spongy" cores found in many >ontserrat 

plagioclases are the result of magmatie corrosion of early-formed plagiociase phenocrysts 

under changed physiochemical conditions, followed by the infilling of cavities left by 

corrosion by residual magoatic liquid.

Although major changes in physical conditions provide a likely explanation for 

some of the major compositional breaks in plagioclases it is unlikely that the fine- 

scale oscillatory zoning ean be explained in terms of changes of this magnitude. 

Oscillatory zoning has been ascrioed to several different processes Uance, 1/62, p. 

750-751) and the possible effectiveness of some of these in producing fine-scale oscil­ 

latory zoning in the iSontserrat plagioclases is discussed below.

Tuttle and Semen (1^53, p. 69) have shown that smalt-scale changes in the water 

vapour pressure of a aayiaa my cause oscillatory zoning in plagiociase. Such changes 

could be related to semi scale rises aad falls of aagraa, or perhaps seasonal variation 

in soufriere activity but there is little or no evidence for either of these processes. 

Furthermore these changes should give rise to a uniform pattern of zoning in neighbour-
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ing crystals. On the ot»er na«d the oiyration of water through a magoa as suggested 

by Kennedy UV55j see also this volume p. n*-* will certainly give rise to changes in 

water vapour pressure and slight concievably result in a rather variable pattern of 

zoning but there is no reason why it should produce oscillatory zoning unless the 

Migration is cyclical.

^nother possible explanation of oscillatory zoning is repeated differential 

aevestent between plagioclase and a thermally or coiapositionally heterogeneous melt 

uiowen, 1926 V p. 275). Leedai (1952) has attributed oscillatory zoning in plagioclases 

in trondhjefidtic rocks to circulation ia a magtaa chamber with the deposition of so Jic 

zones as tue crystal rises loiiowea by resorption as the crystal sinks and Carr U954) 

has attributed the occasional oscillatory zoning in plagioclase frons the Skaergaard to 

a similar ateehanis^. the effectiveness of this mechanism ia viscous andeaitic melts 

has been questioned (e.g. i'o&blin, 1944* p. 104; especially as zoning is relatively 

inconspicuous in playioelases in basalts, uitere a nore raobile wagaa wcuid probaiuy 

have facilitated circulation.

Another possible explanation of oscillatory zoning in plagioclase Uiarioff, 1927) 

involves the interplay of diffusion and plagioclase growth rate in two stages as follows:

1) tfapid growth of playioclase with resultant reduction of the Ca content near 

the crystal so that subsequent crystallisation results in precipitation of progressively 

An-poor plagioclase and 2) The decreasing Ca content of the liquid in the immediate 

vicinity of the growing plagioclase crystal reduces the degree of supersaturation of the 

liquid relative to the plagioelase and consequently the growth rate decreases. At this 

stage a diff u Uouai tiux of Ga towards the interface replenishes the taelt near the 

growing crystal and stage (1) begins again.

Recently, i&ttinga et al. Uv66> have shown, by steasuremetits of concentration 

gradients in the boundary layers adjacent to plagioclase volcanic glass interlaces that 

plagioclase crystallisation rate is diffusion controlled during certain stages of 

growth. Uottinga et al. (op. cit., pp. 600-602) were particularly concerned with the
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proble/a of the transition from the end of one cycle to the beginning of the next, during 

which diffusion must be proceeding at a greater rate than crystal growth. It is not at 

all obvious why crystal growth should either slow down or stop altogether. Instead, 

the attainment of a steady state regime in which growth and diffusion rates are equal 

appears to be more likely. Bottiaya et al. consider that crystal growth may cease 

partly «*s a result cl decreasing suporsaturaiion and partly because the crystal-liquid 

interface reaches a state in which it presents no energetically favourable sites for 

crystallisation.

The hariof i-ixjttiiiya theory explains a number of the features sa«n in the 

Montserrat playioclases «•$. the development of more tones along the length of plagio- 

clase crystals than along the width (Setting* et ai.« 1966, p. 603/. *n addition a 

diffusioa-supersaturaticm mechanism might account for the differences in the pattern 

of zoning in neighbouring crystals in the saw« rock ifomblin, 1964, p. 105) in so far 

as rates of diffusion will depend on factors like the number of centres to which diffu­ 

sion takes place and way vary considerably throughout a aiagiaa. Furthermore, the enn.cn- 

aftat of i'e and ."j in the boundary layer adjacent to growing plagioclase crystals 

(Bottiaya et al., 1966, p. 799) sujgeats a possible explanation for the inclusion of 

aafic mierolites in plagioclase crystals. Bottinga et al. consider that the boundary 

layer is, in certain cases, suUiciently rich in *e and -g to cause nucieation of 

Minerals rich in these elements and these minerals are trapped by the rapidly growing 

piayioclase.

However, one thing the 3ottinga~^arloff theory does not explain adequately is 

the occurrence of oscillatory zoning in plagioclases in some rocks and its absence froa 

others. According to this theory plagioclase crystallising froo any aaagraa should be 

oscillatorily zoned unless it is removed from contact with the liquid or for some 

rtason the rate of diffusion has never exceeded the rate of crystal growth. *hy 

diffusion rates should exceed crystal growth rates in viscous intermediate lavas rather 

than in mobile basic ones is by no weans clear.
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Fre* the foregoing discussion it is elear that the origin of tae oscillatory 

zoning in the ndontserrat plagioclascs is still uncertain. Mone of the tuy v .,. - 

aechanises ean account satisfactorily for all the features teen in the Montserrat 

plagioclases and all these mechanisms stay have contributed something to the final 

pattern of zoniny. The diffusion - supersaturatioii ^cchanisiQ of Barloff and Bottin^a 

explains most of the observed features and may be of prine importance.

Cli no pyroxene (Plate 16B) is abundant in the two- pyroxene a tides i tea and usually 

aeoouats ior about 5^ of the rock although exceptionally it makes up as much as /« 

(e.g. in 13651), it is very similar in composition to the eli no pyroxene found in the 

olitfine-basalt and two- yroxene basalts. i'fae 2V i& 2 } for cli no pyroxene cores ranyus 

from 50-55° and fry is about 1.700. Some crystals are slightly zoned, i'ue ciinopyroxene 

is very light brown or green but is non-pieochroic. In the andcsites clinopyroxene raay 

enclose ore, plagioclase and olivine and it shews the satae associations with orthopyroxene 

as it does in the two- pyroxene basalts (p. S3 ).

In the two -pyroxene andesites hyperstbene usually occurs in more or less equal 

amounts to ciinopyroxene, though it is less abundant than elinopyroxene in the more 

basic varieties (e.g. lo6vU, 13641) ami is ftore abuadant in the more acid two-pyroxene 

andesites (e.g. 13648, 10660). The properties of hypersthene in the two-pyroxene 

andesites are similar to those described for hypersthene in the two-pyroxene basalts 

(p. By- ). In the two-pyroxene aadesites 2V & 1°) ranges fra® 57*64° and NZ is about 

4.728. Some crystals are slightly zoned.

Iron

magnetite, which is often associated with hypersthene is quite abundant as a 

primary mineral in some of the two-pyroxene andesites (e.g. 16622;. Secondary oxides - 

probably a mixture of magnetite and haefaetite are exceptionally abundant in some of the



dent lavas. In the Perche't Doae lava (13649), for instance, the aafic minerals 

(clinooyroxene and hypersthene) have been very extensively altered. Sometimes toe 

pyroxenes are rimmed with oxide but caore often the alteration lias completely obliterated 

toe original crystal. Licr ocrysts of pyroxene have been similarly affected.

0 iivine is quite abundant in sose of the raore babic two-pyroxene andesites. In 

the uage's uoam lava uo&4lj lor instance it is as abundant as hyperstnene. iiiu 

olivine phenocrysts in the Gage's tee lava are generally quite fresh apart from a 

saall amount of "iadiiijSitisation" and narrow rims of or tho pyroxene, in weathered, 

reddened samples of the Cage's f.>o«!e lava (e.g. 18652) the edyes of olivine crystals 

have often been completely replaced by iron oxide and the crystal contains numerous 

ffflall crystals of oxide, Hornblende is exceptionally rare in the two- pyroxene andesites 

but two phenocrysts of hornblende were seen in the Gage*s D®»e lava (16641). They are 

irregular in shape and have an inner rim of magnetite and an outer rim of cli no pyroxene* 

plagioclase and magnetite. Pleoc.troisia is according to the scheme

X - yelJo'-v-brown

Y - brown

Z - orange- brown.

Groan Asa a a .

Tte grouadnass of the tv<o-pyroxeae andesites is usually composed of micro,-iieno- 

erysts of the main phenocryst minerals together with mierolites of plagioclsse and 

granules of clioopyroxene and ore. Uypersthene is much less abundant than cli no pyroxene 

as a constituent of the groundless. Glass is rare as a groundraass constituent but 

eristobalite occurs in aost specimens and is very abundant in some of the lavas ve.g. 

18649 and 18641). In a few cases (notably 13662 but also 18651) the groundraass contains 

patches which are composed of a fine-grained, niore or less equi granular, quartz-rich
A

aggregate together with so.ac tji^y flakes of mica JU late 17$). These patches are
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apparently infillinn cavities ir, the lava. The mica is rrobnbly ohlc^ . . curt 

as small flakes about 0.1 cm. long and is pleochroic according to the following scheme s-

X - very pal® yellow 

& - orange, pale orange

If the mica is phlotjopite and not biotite this is the only known occurrence of this 

mineral in Lesser nntillean lavas. f'hlogopite is also very rare in volcanic roc^s in 

general but it has been reported from a San Juan rhy lite (Deer, Howie and 4ussraan , Iv62 t 

vol. 3, p. 52j vihere it was originally described as biotite (tarsen et al.« i 1 37). 

Tfce mode of occurrence of the quartz-uica aggregates is similar to that of 

eristobalite or tridymite in the other lavas and this suggests that the quartz-uica 

aggregates may have formed in raueh the same way as the tridymite and eristobalite, i.e. 

from late-stage fluids Uee p. /// ).

younger domes of the ^miriere Hills nuance's, ^alway's and .>ubnc- i-cuw 'are 

composed of hornblende-hyi)erstnene andesite lava. The dome lavas are a liyht, sometimes 

pinky grey in colour and contain abundant plienocrysts of piayioclase and hornblende. 

Hypersthene pbenocrysts also occur but are difficult to distinguish from s&all horn ion de 

phenocrysts in hand speci..icjj. Ilic vastxe icaa Jotiie lava contains very large norublu-ae 

phenocrysts up to 2 eo« lony. The chance's Uorae lava is slightly banded with fairly 

regular reddish and jrey bands and the Cial way's Uoae lava contains qbuudant holocrystal- 

line inclusions*

The banded blocks of hornbiende-hypersthene andesite lava from Pea Gnaut may also 

have been derived from a Soufriere Hills dome (p. 6/ ). These blocks are composed of 

irregular bands of white* grey and Uaek lava (Plate 20BJ .

Xtoe «od« of occurrence and properties of olnoioclase in the hornblende-hyperstheae 

AK and in the tuo-nvroxene andesites are very similar. The ranae of composition
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PLATE 17A. Photomicrograph of two-pyroxene andesite lava (18662)

from intrusion ? near Harris Village. Small flake of mica 

which is probably phlogopite in a quartzose aggregate 

containing tiny laths of pyroxene ? and granules of 

magnetite. Magnification x 189.

PLATE 17B. Photomicrograph of hornblende-hypersthene andesite (18640) 

from Chance's Dome. Hornblende phenocryst with a narrow 

resorption rim of magnetite. Magnification x 30 .



of plagioclase pfeeadcrysts is also similar id the two groups although slightly ftore calcic 

core compositions (up to An^) were recorded in the hornbltBde-hyperstheiie andesites.

Oscillatory zoning and inclusions are probably less cons us than in the two- 

pyroxene andesites. Normally zoned ri^s, on the other hand, are more noticeable. Comp­ 

lex interurowths of pln<]ioclase crystals (p. to*- > are common.

{lorn blende.

uyrauiend« is a&uaoani in some oi the dome lavas ie.y. 1361-). It occurs as 

single crystals up to 2 c*n. long. i>ornblcnde often encloses playioclase and sometimes 

magnetite and very rarely hyper^thene (18654). In the dome laves, plcochrois;:) is 

usually according to the following scheme:-

X ~ pale yellow brown or greenish yellow

¥ - Drown

£ - dark brown or dark red brown (in oxidised lavas).

^ o o Values of £ C raftge from about 5 - 12 . The lowest values were obtained frosa the

red brown hornblendes in oxidised lavas.

Hornblende phenocrysts in the dome lavas always show signs of resorption* In 

some cases (e.nt. 13640 f Plate 17B) the hornblendes are relatively fresh and resor^tion 

is confined to a narrow rim of iron oxide around the edges of the crystal, in others 

(e.y. 13610) the hornblendes are almost completely replaced by dark iron oxide ("blaek" 

resorption of >ac-;regor t 1933, p. 54). It is also noticeable that the phenocrysts in a 

single thin section often show a range in the extent and sometimes also in the type of 

resorption. Thus, in 16640 one or two of the hornblende phenocrysts have been replaced 

by a fine aggregate of orthopyroxene and clinopyroxene with subsidiary iron oxide 

Tpyroxenic" resorptioa of ;*iac^re(/or 1938, p. 54). This type of resorptioa is rare in 

the hornblende-hypersthene andesite dotae lavas but is more common in pumice fragments, 

although very often hornblendes in the oumices are not resorbed at all (}. /0/ >.



Washington (10%) suggested that "black** resorptlon of hornblende results from 

decreased are, occurring ur»der conditions of slow cooling in a magam close to the 

turface. It may be however that the decrease in water vapour pressure durin^ &u f ru[>- 

uua is of greater importance than the dec • in total p; re though the two factors 
are obviously related. Thus pumice, which is erupted early frow a vaiatijie-rich ^eit 
will contain largely unresorbed hornblende whereas dome ava erupted from a late staye 
volatile-poor aelt will contain hornblende that has been re so r bed under conditions of 
low water vapour pressure. In addition, the rapid cooling of the pumice means that the 
tine available for ruscrption to occur is short.

Pyroxenic resorption of hornblende is no re or less restricted to glassy or semi- 
glassy rocks throughout the Lesser .uitiiies and Lacroix (1904, p. 507; and MneGre^or 
(1933, p. 54) consider that this type of alteration takes place at greater depths than 
that producing the H biacic" resurption. It is possible however that in certain cases 
where "pyroxenic resorption*4 is restricted to the presence of a corona of pyroxene 
around a horn bland* phenocryst the "resorption" is in fact a crystal nucieation effect 
(p. 84- ).

Uypersthene is abundant in the horablend@-hyper#tftene andesites. It usually 
occurs as single laths up to 5 mti« lon^. Hyperstheoe a Laos t invariably includes raayne- 
tite or else abundant magnetite occurs nearby in the groundmass. Hyperstheae shows 
pleochroisffl according to tho fallowing scheme.

X - pale PJLUK or brown

i - pale brown

'L * pale green

Optical data afcd inferred compositions for hypersthene in the hornblende-hype rsthene 

andesites are given in fable 9.
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( fuartz.

A saall amount of quartz is usually preseat in the hornblende-hyperst^nc andesitti, 

The quartz crystals are ofteii rounded and embayed C'lato 18A) and may be fractured as 

well. These features indicate lagmatic rescrption. In many of the rocks (e.g. ) 

quartz is mantled by abundant prisras of pals yreen augite but both riaa»«d and aiuiu .ed 

crystals may occur la the sa.ae thin section, in 13692 a rounded quartz crystal is 

separated from a n^ oi saall clinopyroxenc crystals by an irregular zone of qlass 

(Plate 188).

The presence of rounded and resorbed crystals in andesites and dacites from other 

areas has been cited as evidence for assimilation (e.g. arsen and Irvirkj, 1933, p. 253)* 

Furthermore, the clinopyroxene mantles around quartz crystals in basic lavas have been 

regarded as evidence for reaction with the groundless d acmix, 1693) and glass zones 

as indicating transfusion of quartz by the acquisition of alkalies from the enclosing 

fltgffii (Ho lues. 1936). The writer considers, however, that the clinopyroxene mantles 

may be due to rapid nucleation around a pre-existing phenocryst. The fact that rocks 

which contain cantied quartz crystals usually contain abundant clinopyroxene micrciites 

is the groundmass and nay also contain "mantled" orthopyroxeae and hornblende pheno- 

crysts las e.y. in 186iu) supports this assumption (see also p. #4- >.

It is also possible that the rounded quartz crystals represent phenocrysts v.hich 

were precipitated froc an aauesitic magma under certain physical conditions and were 

later resorted under changed physical conditions. Thus T, H. Green and Kinywood Q96o, 

p. 155) have pointed out that the reduction of load pressure may bring about resorption 

of early*formed quartz crystals. In addition experimental studies of the Ab-Or^z-i^u 

system (Tuttie and Bowen, 1958) show clearly that the crystallisation field of quartz 

is greatly increased at higto water vapour pressures, so that lowering of water vapour 

pressure may result in the resorption of juartz. It has been suggested earlier that 

the water vapour pressures of aodcsitic wagaa may fluctuate dramatically - during seismic 

crises or eruptions - and resorption phenomena and compositional zoning in other



PLATE 18A. Photomicrograph of hornblende-hypersthene andesite (18640) 

from Chance's Dome. Slightly rounded, embayed and 

fractured quartz crystal and oscillatorily zoned crystals of 

plagioclase in a fine-grained to glassy matrix. Crossed 

nicols. Magnification x 18.9

PLATE 18B. Photomicrograph of hornblende-hypersthene andesite lava

block (18692) from pyroclast flow near St. Patricks. Quartz 

crystal surrounded by an irregular zone of glass which is 

itself surrounded by a "corona" of small clinopyroxene 

crystals. Magnification x 120 .



crysU uiotably pit*gioclase> in aodesites have probably uatm caused by these changes* 

Torablin U<k,; t ^. *,. ,- A <.4.y ii<*» suyytssted that rounds H*artz crystals in dacites from 

St. Lucia represent phcnocrysts precipitated frrn dncitic raagaa at depth, under condi­ 

tions of high uatfc'r vapour pressure and later resorbed nearer the surface under condi­ 

tions of reduced water vapour pressure and the writer suggests a similar origin for 

Uie rounded quartz crystals in the ftie-Mt ser rat sutlesites. The fact that quartz in pumi~ 

ces, from which presueaably there was very late separation of the volatile phase, are 

less rounded and embayed than quartz in the dome lavas (p. /o/ ), supports this a^ ip- 

tion.

The glass zone surrounoiiiy the quartz crystal in 18692 is difficult to explain. 

Bolnes (1V36, p. 409) considers that the glass zones around quartz crystals in basic 

lavas front tganda are not produced by fusion followed by rapid cooling but result from 

the transfusion of quartz by the introduction of various oxides (notably Al0 Q^ t K^O and 

ILO) froft the enclosing basic ffiagma* The introduced oxides (especially the alkalies; 

act as fluxes and convert U<e quartz to a glass. The writer is at present unable to 

suggest a no re convincing explanation than this for the example of "fused" quartz froa 

Uontserrst*

Magnetite.

magnetite is considerably less abundant in the horabien-ie-hypersthene andesites 

than in the two-pyroxene andtsites or the basalts. Both hornblende and hypers thene 

phenoerysts *aay include crystals of magnetite.

Clinopyroxene is rare as a phenocryst in the horoblende-hypersthene andesite 

lavas although it may be prominent constituent of the ground.uass (p.f^ ).

Relatively fresh olivine crystals occur i» some of the lavas, notably

slicrophenocrysts of plagioclase, wicrolltes of cllnopyroxene and granules of



magnetite are the principal constituents of the groundoass of the hornblende-hypersthene 

andesites. Crlstobaiito and sometimes tridymite also occur, apparently infilling cavi­ 

ties. Glass occurs rarely.

15: -1:3 Armies! tic p

This group is large and varied and includes aiseag ou.ers :~ tj;e au rn blend e-hypers- 

thene andesite py roc last flows and pumice flows, the two-pyroxene andesite pyroclast 

flows and the hypersthene-andesite pui.ice falls of the Soufriere Uills; the Andesite 

Lapilli and Ash ^one aad the Aadcsite Coarse Fall ^one of the «hite River » yroclast Pall 

Series of South Soufrlere Hill; the andesite tuffs of uoche's; the ho ration de-ny^ers- 

thcne andesite pyroclast falls of St. George's Hill; and various pyroclast flows, pyro­ 

clast falls and agglomerates of the Centre Hills, Carabald Hill, Silver Hill and the 

Uarris-fcuyby Centre, ><*any of the non-vesicular fragments in these deposits bear a 

close petr lie resemblance to lava units ^.tuch have >»een described above and these 

are not described la touch cte&aii. The pumiceous fragments, however, frequently show 

quite distinct petrographic characteristics and sorae of t ese are described in detail 

below.

in Pclean te roclasj^ ir lQwa.

Na«y of the ffagamnts in the ^elean type pyroclast flows are derived from lava 

dooes (p. /? t aad are similar pctrogn aicaily to do at lavas ot approximately the same 

composition, fragments in the pyrotuust f lo\,s, however, are usually more vesicular than 

the dome lavas and soae of tha fiiinerals in t.iese fragments may show properties that aw 

gradational between those shown by the mineral in dome lava and pumice. Thus, hornblende 

in blocks from the pyroclast flows may be green in colour and pyroxenic resorption oay 

be oore common than blacR resorption* Fragments in the pyroclast flows also tend to 

be more glassy tnan the dooe

1

13615 is typical of the pumice frayoents in the widespread puiaice flows which 

are believed to have accompanied the formation of bnyiish's Crater. It is a cream-



100.

coloured, slightly nink, relatively non-vesicular pumice i4th prominent paaaocrysts

of plagioclaso (no to 5 mr. lon^) and hornblende (up to 1 era. long) together with snail

pbenocrysts of hypersthene.

i'larjioclase is abundant in 18615. the amount and type of zoning varies frora 

erystal to crystal but oscillatory zoning is not as prominent as in plagioclases from 

the homblende-hypersthene andesite dome lavas. The coraxssition of plagioclase cores, 

estimated from extinction angle measurements is about An,-- and rim corcpo sit ions are 

about An*jQ. The contents of . and Na^O (5.45%) in analysed plagioclase 

pkeaocrysts separated from 18615 indicate an average composition of ^nSK*

Hornblende occurs as large single crystals often including small plagioclases. 

One crystal includes a snail natch of fresh hmwn glass. The hornblendes are very 

fresh and resorption is limited to narrow isagn elite rias. Pleochroisa is according to 

the following scheme:*

K - pale yellow green 

If - yellow brown

L - dark green
A o 

and 4 C is about 10 .

hyperstfaene occurs in 10615 as single crystals usually associated i-.it h magnetite 

•ad el i no pyroxene occurs as ^icropbenocrysts. uartz is apparently absent.

The grouaocjas* of 18615 is a dirty uiacr. colour. It is glassy and very finely 

vesicular, ^ierepueoocrysts of the pnenocryst phases occur, together with small crys­ 

tals of cli no pyroxene.

St. George *s H|ll

Pumice falls believed to have been derived fro« St. George's Hill are widespread 

in the south and west of ^ontserrat ip. ^o ) 4 The pumice found in these deposits contains 

phenocrysts of piagloclase, hypersthene, augite, hornblende and sometimes quartz as well. 

Many of these phenocrysts are euiiedral but angular in shape apparently having been



broken uuriag eru t tioo so that the texture of these pwaices cay be described as pro to- 

elastic (e.g. 10650, Plate 19A). In some rocks extreme fray;.^ui«Uwa of phenocrysts has 

produced a granulated texture. In the St. forge's Hill wnices hornblende is ^rcen 

and relatively unresorbed but quartz crystals are sometimes minutely erabayed, in j 

sosie magmatic resorptioa.

These pumices, from the Centre bills, Carabald Hill aod the Harris- -y Centre 

will not be described in detail but a few general points will be taade.

The pumices vary considerably with respect to the size, type and relative amounts 

of phenocrysts present, vesicuianiy , colour, amount of glass etc. -any of the pumice 

fragments are characterised by a protoplastic texture.

the most abundant phenocryst in all the pumices which were examined
it.** 

by the writer. Typically the cores of the plagioelases are iu^wi/v,,, CAC and the total

range of composition within a single crystal is not so great as in nln -incloses from 

the lavas, usciilatory zoning is also rather less pronoun t ,mt the pattern of 

oscillatory zoning in awny of the platjioclase crystals indicates clearly that they are 

broken fra^ents derived frota larger crystals,

Hornblende is almost invnriably present in oumiceous rocks, being totally absent 

is only two pumice :• mis out of the 45 or so sp&ciuiens which were examined by the 

writer, iiorn blende and ciinopyroxene phenocrysts quite oftuu occur together in pttmicco 

rocks whereas they occur tojethci xa very ; ,•- no a- vesicular lavas. uornoi*ndc * :i L\\Q 

pumiees is very fresh and rarely shows much sign of resorptioa. i'yraxenic resorption 

is more common than black resorption. The hornblende in the pumices is invariably 

grew,

Quarts crystals In the numices in general show less sign of resorption than 

quartz crystals from the lavas and ..antlod quartzes do not occur. uurtz is also less 

re 10 r bed in pumice than in lavas from St. Lucia (fomblin 1%4, pp. 122 and 133). ihe 

that rtuartz. hornblende and Dlaaiociase crystals are less resorted in pundces than



PLATE 19A. Photomicrograph of hornblende-hypersthene andesite pumice

(18650) from St. George's Hill. Irregular, broken phenocrysts 

mostly of plagioclase occur in a glassy matrix. The pattern of 

zoning in the plagioclase crystal in the middle right of the 

photograph indicates quite clearly that it is a fragment from a 

larger crystal. Crossed nicols . Magnification x 15 .

t

PLATE 19B. Photomicrograph of andesitic fragment (18594) from the White River 

Pyroclast Fall Series. Very irregular intergrowths of plagio­ 

clase occur in a glassy matrix. These intergrowths appear to 

be made up of plagioclase crystals which have grown together 

during later stages of growth (p. 102 ). Crossed nicols. 

Magnification x 15.
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PLATE 20A. Welded basaltic scoriae (18642) from the White River Pyroclast

Fall Series. This rock is composed of lapilli of highly vesicular, 

almost aphyric basalt, which have been slightly flattened and 

lightly welded into a coherent mass.

10 CENTIMETRES

s*>JVii^

PLATE 2OB. Banded hornblende-hypersthene andesite lava block (18612) from 

Pea Ghaut. The block is composed of black, grey and white 

bands which are slightly contorted and swell and pinch out 

irregularly.



in lavas my be due to the late escape of volatile* from the latter (e.g. p. ^6

Other ohenoerysts in the unices include hv^ersthene, aucjite and magnetite, the

properties of these minerals are similar to their properties in the lavas.

The jroundroass of the puoices is glassy and ranges from finely to coarsely

vesicular. The glass ranges in colour froui pale grey or brown to black. The grouncfenasi

contains varying amounts of nnanue oxide.

Andesitic iyroclastlcs nf the UbiU; .^^^ ....^^t I- all Series.

Blocks frois the andesitic zones of the khite lUver iyroclast Kail Series are 

quite uniform ,'etr tically and the uniformity is very marked in blocks froci the 

fatae horizo . T neral the ' 3 are notably glassy bat nevertheless quite rich in 

phenocrysts. Plagioclase crystals often form complex iater^rowtha (Plate 19B/. 

growths are made an nf tvm nr mftre crystals and often the whole group is characterised 

by a similar .attorn of zoning and inclusions around the margins so that it appears 

that the whole saass has grovm as a single (though very irregular) unit during later 

stages of grovttfi. The origi^i intergroivi.. may nave resulted irosi the resorption of 

an early-formed plagioelase crystal followed by the crystallisation of plagioelase of 

a somewhat different composition in the embayed portion of the original crystal and in 

•any cases around the original crystal as well. Similar plagioclase intergrowths also 

occur in certain lavas (p. %~ • but wLy they should be particularly abundant in andesitic 

fragments from the Coarse Fall Zone is not immediately apparent.

Clinopyroxene sad hornblende crystals occur together in many of these fragments. 

Other phenocrysts include hypersthene and faagnetite. Quartz is apparently absent.

jSiS

The Landing Bay Oacite is the only da cite lava known to occur on :<oatserrat. In 

«wwy ways it closely resembles the horablende-hypersthene andesites of the Soufriere 

Hills. In feaed specimen the Landing Bay Oacite is a pale yrey lava containing smallish 

phenocrysts of plagioclase and hornblende. The rock also contains some fine-grained



sions composed of nin-tneiasfi nnd a ?90fie mineral.

thin section t site is seen to consist of phenoerysts of 

zoned plagioelase, brownish hor 1e with black magnetite rims, hy^erstaeiw, rounded 

quartz and rare augite in a saicrocrystailine grov - * f. -lagioclase, ore and pyroxene.

JUU6 XfcNOLIftiS-

AenoHths found in lavas and pyroclastics from *4out$errat can be divided into 

lour taain groups on the basis of their taiaeralogy and &ode of occurrence* 

1. ultrabasic cu.auiate blocks w»ich occur within andesitic ^yroclast falls of the

white aiver tjyroclast rail Series.

2* Dolcritic blocus, which have the saae occurrence as group 1. 

5. ^ognate Inclusions, of basaltic composition, vhicii occur within andesite done

lavas and andesitic iava and pu/tiice fragments from pyrociast fiows. 

4. *eta*sedimentary and mota-volcanic blocks which have been found in a variety of

deposits including lava flows and pyrociast falls from South Soufriere Bill and

pyrociast Hows from the -outriere uiils.

Petrographical and iaioeralogical characteristics of these groups are outlined 

below. £&<ial analyses of soiae 01 tnt xenoiiths are yiven in Table 10.

15:6;! Pit rabasifl Camp \ate Shocks.

Lltrabasic blocks are quite abundant in the block tali at the base of the 

Andesite Coarse Fall &>ae of the ..hit© &iver *yroclast fall Series. They are apparently 

confined to this horizon although an inclusion of olivinc and calcic plagioclase in 

pumice U8700> lion the Andesite Lapilii and Ash £0Be may re-resent rmrt of a cumulate 

block*

The blocks are more or less ellipsoidal in shape but may have somewhat angular 

aargins. The largest block found by tae writer .aeasurea approxiuiiiteiy 12 cm. A cj C.TI. 

X 5 CM. but the blocks are normally quite a bit smaller than this a»d sometimes even 

single crystals of amphibole or playioclase can be found. The blocks are notably
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TABLE 1U CHEMICAL and OPTICAL DATA ON MINERALS in the ULTRABASIC BLOCKS

sio2

T102

A1 2 03

Fe 2°3

FeO

MnO

MgO

CaO

Na 2°

K2 0

P2°5

H 2 0

F

TOTAL

-0 =. F

V 

Cr

Composition from 
Chemical Data

R.I. /»v, (001) - .002

Composition from 
Optical or X-ray Data

FLAG

47C

0.70

17.74

1.30

-

0.01

An89

1.581

«-,,

OL

47D(2)

1.45

25.39

0.40

37.5

187 

3

F°72.5

F °74

MAG""

47C

2760 

125

HORNBLENDE

47C

40.39

1 .80

14.88

4.42

7.06

0.14

16.26

11.80

2.39

0.22

0.01

1.15

0.06 

100.58

0.03

100.55

938 

5

47D(2)

40.68

1 .63

14.64

5.00

6.81

0.15

15.83

11.76

2.48

0.20

0.01

0.97

0.06 

100.19

0.03

100.16

HORNBLENDE ANALYSES 
RECALCULATED ON BASIS of 24 (0,

Si

A1 4+

A16+

Ti

Fe 3 +

Mg

Fe

Mn

Na

Ca

K

OH

F

Z

Y

X

100 Mg
Mg + Fe + Fe 3 "*" + Mn

47C

5.907

2.093

0.473

0.198

0.487

3.543

0.864

0.018

0.678

1.849

0.040

1.122

0.028

8.000

5.583

2.567

72.1

OH, F)

47D(2)

5.983

2.017

0.521

0.181

0.559

3.470

0.838

0.019

0.698

1.853

0.038

0.950

0.028

8.000

5.588

2.589

71.0

NOTES:-
1. ANALYSTS MAJOR ELEMENTS 

cols. 4 and 5 :- 
MRS. J. WIGLEY

MAJOR ELEMENTS cols. 1 
and 2 and MINOR ELEMENTS: 
MR. R. FUGE

2. METHODS See p.
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coarse-brained «*"' consist mainly of crystals ^f nffmMSoip («n t« 5 er. _ and 

plagioelase with snail amounts of aarjnetitc (Plate 21/V). . , stals of 

oliviae arc recognisable in one of the blocks (18593, Plate 218). " ^c'es of br h 

fine-grained vesicular ' al occur interstitially in many of the bloc j. 

the blocks shov ? well-defined texture with large amphibole crystals all"!!^ rrvnfiiY 

parallel to the c-axis (Plate 210. ^ythmic layerinn is however absent alt!, iS 

eight be partly a result of the small size of the blocks. Distinctly plagioclase-rich 

and aaiphibole-rleh patches occur in some of the blocks (e.g. 1 35/2).

ac . for an average 43A of the r.iode of the ^ontserrat 

It occurs es sin^it crystax^, ^.. ouuuii^u^iiy contain slightly rounded crystals of 

olivinc. The ^xa^ioelase crystals range from 1 :i;n. un to about 2 ca. in length. Win­ 

ning is according to the albite or pcricline laws with the rar .i< velopoient of Carlsbad 

twins. The crystals appear to be compos itionally quite hoaoycneous but very narrow 

normally zoned joaryins are coa , Some ol Lac piayiociu^cs in 13607 however have quite 

broad, nor^iiy zoned rinns is which very fine-scale oscillatory zoning can be detected. 

Tiny inclusions, which are mostly of niagnetitc or glass occur in almost all the plajio- 

elases.

Soote chemical data on pl^iocia^c separatcu iroa a pluyioclase-atsiphibole-magnetite 

CUAuiatc uo^v2) are gAVtsa tu i.«*uie II. These data indicate a torapcsition of ^ogt 

whereas the composition inferred from the measurement of the refractive index of (001) 

cleavage flakes and the determinative curves of Isuboi U923) is ^^. refractive indet 

measurements on plagioclase froai K;593 which is a playiocia&c-a.Bphibole-oliviae-ffluynetite 

cumulate indicate a composition 01 ^^. Lewis (1964, p. 3d) foand a range in composi­ 

tion in plagioclase frosa the St. Vincent blocks of An^ to *n^. Plagioclases frocu the 

plagioclase-aapbibole ctttaulatcs had the lowest snorthite contents.

An interesting feature of the ebeiaistry of the ^ontscrrat piayiocla^e is tae 

relatively high content of I . 'art of this is no doubt aue to t;.-. , ui inclusions
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PLATE 21A. Anorthite-amphibole-magnetite cumulate block (18687) from White 
River Pyroclast Fall Series. Large amphibole crystals which are 
up to 3 cm. long are arranged approximately parallel to one 
another. ? Crescumulate texture.

PLATE 21B.

0
1

2
l 4 6 i |

C/Ms.
Anorthite-amphibole-olivine cumulate block (18593) from the White 
River Pyroclast Fall Series. More or less equigranular aggregate 
of anorthite, amphibole and olivine. The olivines are enclosed 
by the amphibole crystals.



PLATE 22A. Photomicrograph of anorthite-amphibole-magnetite cumulate 
block (18687) from the White River Pyroclast Fall Series. 
Note the roughly parallel alignment of the amphibole crystals, 
Magnification x 12 .

PLATE 22B. Photomicrograph of anorthite-amphibole-olivine cumulate block 
(18593) from the White River Pyroclast Fall Series. Amphibole 
surrounds an olivine crystal and a plagioclase crystal (centre 
of picture), which itself contains two overgrowths of amphibole. 
A patch of interstitial scoria occurs on the left of the picture 

and also forms a thin film around some of the crystals. 
Magnification x 18.9
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In the plagioclase crystals ~ut sc c Fe probably repines *1 in the plagioclase

lattice* The value of Fe«Qrt fnnrH fn the ^.ontserrat plagiociase is Mnhftr than values•» o
rec Sr clase from the St. Vincent blocks but closely resembles values 

obtained for anorthite crystals in Japanese volcanic* (Sen, 1%0).

is extremely abundant in the ontserrjt uitrabasic blocks. It & ts, 

OA averayu i.tir a iittie over ^ ' ;, ,x.;.s lor as UJUCH as 60/* oi the total V3iu«.ie 

of the bieeks. The auipbibole crystals are large, ranging up to 5 cm. in leagth and 

they are often aU^ ^.ily parallel to one another (Plate 22A) . fhe crystals may 

enclose olivine (» late ur rnore rarely plagioclase.

uuiiKe ttie iiorabiendes in tbe lavas the a ra phi boles in tt*c i>iac • - tremely 

irasn and show no sign of r^^- *.. w*« .:, ileochroism is according to the scheme :-

X * pale yellow 

¥ - greea

X - brownish green
y\. Q

and 2 C was 13 in all the anrnhiboles treasured.

Compositionally the -ontserrat am ohi boles (Table 11) are very si liar to 

ara phi boles from the St. Vincent blocks (Lewis, 1964, Table 23). They are rich in CaO 

and belong to the general group of caiciferous amphiboles. Using the sy steal of 

classification of caiciferous anphi boles adopted by Deer, tiowie and £ussman (1963, 

Vol. 2, p. 272) the Montserrat amphi boles, like those fr&m the St. Vincent blocks are 

techermakitie horablendes grading into hastin:;sites.

fhe riontserrat aaiphibol-^ contain the zaaxi&uua taeorecical substitution of -U 

for Si of 2 atoms ia the ^ group and sore than the theoretical oiaximum of 5 ions in 

the Y group (Table 11). -art of this discrepancy may be due to analytical error but 

It is worth noting that the mjority of raagnesiaa caiciferous amphibcles have more 

than 5 ions in the I group when the number of ions are distributed according to t
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fora iiUo^tcd in iwsuic 11.

Other noteworthy cfcenuvui j."cuturet of the

basic blocks include thrir Mrfc I r^/Fc24 , : rj/Fe and ...., . . ratios. 

which are even ! I , , : .$ from the St. Vincent I , in

a temperatures of crystallisation (see e.g. Lewis, ' S4, p. 111. 112 and 114).
*>t 

.i^uibole irovu 10592 is also rici. ir , probably reflecting the hi jh *e content of

this mineral* The valur - r V is higher than in c;ost aaphibolcs but is very si liar 

to that found is an a-v.jniibole froi-i the calcic hornblende gabbro of the Southern 

walilornian Uatholitli f^en et al., , Table 4 fto. 3). Amphiboles trcm the calcic 

hornblende * " cht icaj r : ities with amphiboles from the St. 

blocks (^ewis, 1%4, p. 107).

OH vine occurs in only one of the blocks (18593) collected by the writer. 

saorthite-olivine blocks, lii.e those which are coiMon on St. Vincent or t. iUtts were 

found. The olivine in occurs as round e<i to subhedral crystals, up to 2 mi. in 

diameter, the oii vines are invariably enclosed by large aophiboles U late 2,, . , . The 

oli vines are somewhat altered, being coated by a thin film of red- brown oxide, ^ica 

also penetmtes the olivine crystals along cracks. The oxide has similar properties 

to the "iddiuyaitc ch is repl&ciiiy olivine piionoorysts in the basalt lavas, The 

occurrence of "iudinysite" is usually co i to volcanic or hypabyssal rocks (Gay 

anu i-t.^itrt, i^ui/ so that its o&curr&uutj in taase piutonic" blocks is unusual. Gay 

and LeMaitre consider that "iddinjsitisation" occurs at low pressures and intermediate 

tcnperatures, under strongly oxidising conditions.

Hie composition of the olivines from 18593 calculated from chemical data is 

Fo«2 5 wk«reas the value obtained by x-ray diiiraetion using the d^ method of ioHer 

and Bahama (195?) was ,0^. This composition is similar to that 01 oiivine iroa 

hi bole- bearing blocks from St. Vincent and also to the composition of olivine

c in the Montserrat basalts (Table 7). The ^0^ content of the olivine is



qiite high orobnMy due to th" ™»i -**«<» abundance of "iddingsite".
•I.

normally replaces Fe in minerals is also *uit* high. jsibly some of the vanadium 

is -irrsrnt in the olivine crystal lattice, with the V3* ion (ionic radius 0.74A) sub-

Ititutinq for the Fe ion (0.74?).

is quita auuadant is the ^ontserrat c. ;tes. It *s in all t3ie 

blocks which were exaoiaed in UAU section, except for 13593. ^yuetitc occurs as auu- 

LwJrai to rounded. ;rcntly fcn-inyeneotts crystals up to 2 »am. Innr-. It is sc as 

enclosed by x>le«

V aatS Gr deter in ;; were amde on ^vjnetite from 18592. The V content is over 

twice as yreai, as wiiat founu ^u ;^y3e&it@s iro:., ot. Vincent v^cias* 1964, Table 33). The 

method for tran-dirtni detemin^tin^ used in the present investigation (p. /33 ; is probably 

fflore o than 'I's nethod which was used by Lewis (Fnge, 1%9, p. 33). Vanadium 

is considerably less abundant in the iontserrat magnetite than in aegnetites f 

andesite and dacite for Mt* Edyev.: be, i v»ew ^.ealaau wuncao and isyior, )V68>.

nterstitial

y the intersuuus i^&mitm siioerals grains in the -uontserrat oiocis is some 

s coriaceous, glassy material (Plate - — . , which is believed to represent the liquid 

froo which the /aiuerais separated at depth. Hie amount of this material varies both 

from block to block and also within individual blocks where it oay occur in patches up 

to 1 cm. across or in very this filim around aineral grains. The proportioe of inter­ 

stitial scoria is particularly low in the crescumulates (see below). Sometimes ta.g. in 

18592 j the interstitial scoria contains abundant microphenocrysts of plagioclase, green 

hornblende and ore but normally the interstitial scoria is a dark brown, vesicular rrlass 

with occasional ralcrolites of plagioclase. tunately, it was not possible to 

separate enough of the interstitial scoria iroa any of the blocks for chemical analysis.
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although rhytimic layering does not occur in the ...ontserrat uitrabasic rocks, 

these blocks show various properties which are best explained in terms of crystal sett­ 

ling from a basaltic magma. The blocks often have an equiyranular mosaic texture, which 

might possibly be due to deformation and recrystallisation but as none of the blocks 

shows any evidence of deformation and am phi bole is never distorted this explanation is 

considered to be very unlikely. Using the nomenclature, suggested by teager and Brown 

(1%&, pp. 553-555) the Montserrat blocks include raesocumulates (e.g. 10592, 18619, 

18690), heteradcuroulates <.e.y. 18593) and erescumulates (18687, 18688).

The tcxtural relations between minerals in the Montserrat blocks are such that 

amphlbole cannot have crystallised before olivine, plagioclase or magnetite. The rather 

inconclusive evidence front the pumice specimen (18700, p. 103 ) suggests that olivine 

tome times crystallises before plagioclase. It is probable however* that olivine and 

plagioclase crystallised together in 13593 and that amphibole, plagiociase and magnetite 

crystallised simultaneously in the other blocks.

Coapari sons .

Uitrabasic cumulate blocks have been found at several localities in the Lesser 

Antilles* These include the ->oufriere volcano, St. Vincent (Lewis* 1964) it. Misery, 

St. Kitts (Baker, 1968, pp. 132-135), Grenada and Carriacou ia the Grenadines (Jackson, 

1970). Anorthite-olivine cumulates also occur in andesitic volcanics from Japan (Kttuo, 

1950) and the South Sandwich Islands (Toiubliti, in press) but the occurrence of amphibole 

in ejected blocks from these areas has not been reported.

The iviontserrat blocks differ from the other Lesser .mtillean uitrabasic cumulates 

in a number of ways. Anorthlte-olivin- blocks have not been found on Montserrat and 

c lino pyroxene does not occur in the moatserrat blocks. On the other hand, amphibole is 

aore abundant in the Ontserrat cumulates than in those from other islands, fhe probable 

conditions of formation of the Montserrat uitrabasic blocks and their role in the petro- 

genesis of the ^ontserrat lavas is discussed IB chapter 17.
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Uolerite Blnekg.

blocks which may be classified as dolerites occur within the block fall at the 

base of the rindesite Coarse Fall <-one of the white dver Pyroclast rail series* both as 

individual iray.nents (18597) and as inclusions within blocks of scoriaceous andesite 

(e.g. 185%).

these blocks consist very largely of plagioclase (Plate 2&U with cores of about 

and rims of ^n. boning is predominantly of normal-discontinuous type but slight

oscillatory zoning is also developed. Pyroxene is also quite abundant. 2V 3 of 66° for 

orthopyroxene and 45° for ciinopyroxene were measured. In places clinopyroxene is 

surrounded by narrow rims of green hornblende which is apparently replacing it (see 

also p. in ). The only other contmonly occurring mineral is magnetite.

Two generations of crystals appear to exist in the dolerites. The larger crystals 

of 1*2 ma. dia eter are equi dimensional and often euhedral. Between these large crystals, 

patches containing small crystals of plagioclase, pyroxene, magnetite, hornblende and 

quartz occur.

jft:fe:3 Connate Basaltic

Small ellipsoidal inclusions are combos in almost all the sontserrat dome lavas 

and also occur in lava and pumice blocks in pyroeiast flows. Similar inclusions have 

been found in lavas from almost all the islands in the Lesser Antilles and they also 

occur in laaay other calc-alkaline provinces. Various criteria, including the mineralogy 

of the inclusions (Baker, 1963, fotablin, 1%4) and the composition of the host rock 

(MacGregor, 1938) have been used to subdivide the inclusions in lavas front other 

islands in the Lesser Antilles but in view of the fact that all the Montserrat inclu­ 

sions apparently have a cosa on origin, no such subdivisions are used in the following 

account. In general, the fekvntserrat inclusions belong to Lacroix's (1904) class - 

** enclaves hooeogenes plesiomorphes".

the cognate inclusions represent accumulations of those minerals, which occur as
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phenocrysts or raicrophenocrysts in the host rock although the relative proportions 

of the minerals in the inclusion and the host rock raay be radically different. A cognate 

xenolith in a hornbiende-hypersthene aadesite lava, will probably consist of crystals 

of plagioclase, hornblende, hypersthene and aagnetite. In a few cases, not all the 

minerals, which occur as phenocrysts and adcrophenocrysts in the host rock arc present 

in the cognate inclusion but minerals which do not occur in the host rock are never 

found in the inclusion.

Three generations of minerals occur in the cognate inclusions:-

1. The oldest group consists of large extensively resorbed crystals usually of 

plagioclase (Plate 23A) or hornblende (Plate 238) but occasionally of pyroxene, divine 

or quartz. These minerals resemble the large phenocrysts in the enclosing rock but are 

aore extensively resorbed. In addition, the large hornblendes in the inclusions have 

undergone "pyroxenic" resorption, whereas hornblende in the host rock may have undergone 

"black** resorptioa.

2. The second group of minerals normally makes up 75A or more of the inclusion. 

It is made up of a more or less equigranular mass of eu- to subhedrai crystals ( late 

236) which closely resemble microphenocrysts in the enclosing roek, with respect to 

size, optical properties and types of resorption. Thus extinction angle measurements 

indicate plagioclase coapositions of about ^05* ^Q in the inclusions compared with 

values of around "855 for micro, henocrysts and An^- in phenocryst cores in the enclo­ 

sing lava.

3. Most of the inclusions, but particularly those ia the lavas have an extremely 

open texture, with extremely abundant vugs up to a few mi 11 inter,res across, These vugs 

are sometimes filled with brownish glass but more often contain tridymite or cristobalite. 

Occasionally glass and a silica polyraorph occur together, acicuiar tridymite is found 

in some inclusions lot', ; late 25*) and arrowhead twins of tridymite (Plate 24) were 

also seen but "tiled** patches of cristobalite are the raost cofuraon infilling, guartz- 

fflica aggregates, which fill vesicles in certain lavas and are thought to have had a



PLATE 23A. Photomicrograph of cognate inclusion in hornblende-hypersthene 
andesite lava (18627) from Carabald Hill. A rounded crystal of 
plagioclase, clouded with inclusions of ore and glass, occurs in a 
fine-grained aggregate which consists of laths of plagioclase, 
pyroxene, hornblende and ore. The hornblende shows "black" 
resorption similar to that shown by microphenocrysts in the host 
rock. Note the open texture of the inclusion and the large 
patch of cristobalite (bottom left) which infills one of the numer­ 
ous cavities. Magnification x30.

PLATE 23B. Photomicrograph of 18627. Large crystal of hornblende showing 
"pyroxenic" resorption. The numerous small laths in the rest 
of the inclusion show "black" resorption. Magnification x 12.



PLATE 24A. Photomicrograph of cognate inclusion in hornblende-hypersthene 
andesite lava (18627) from Carabald Hill, showing patches of 
"tiled" interstitial material which appears to be cristobalite. 
Magnification x!5.

PLATE 24B. Some view as 24A but under crossed nicols. The presence of 
arrow-head twinning indicates that the silica polymorph on the 
right of the photograph is actually tridymite. Magnification x!5.



PLATE 25A. Photomicrograph of two-pyroxene andesite lava block (18701) 
from east coast of Montserrat, near Mulcare's, showing 
vesicles containing acicular tridymite. Magnification x 94.5

PLATE 25B. Photomicrograph of cognate inclusion in hornblende-hypersthene 
andesite pumice (18702) from pumice flow near Galway's 
Soufriere. The inclusion is made up of a roughly equigranular 
aggregate of plagioclase, hornblende, magnetite and ortho- 
pyroxene with a little interstitial glass. The hornblende in 
the inclusion, like that in the host rock is green and unresorbed. 
Magnification x!9.2
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similar origin to the tridywite and cristobalite in other lavas (p. % ), were not 

found in any of the cognate xenoliths.

Tridymite and cristobalite in connate inclusions and lavas from Montserrat infill 

cavities and have apparently crystallised froa late stage fluids. Lacroix ilvOS) noted 

that rocks collected from Mont fc'ele soon after the eruption of 1902, contained no 

tridymite or cristobalite. but that tridyraite began to appear in the rocks about six 

months after their eruption. It seems therefore that omeh of the tridymite and cristo­ 

balite and probably the quartz-mica aggregates as well* aay have crystallised after 

eruption, froui aagmatie fluids trapped in the lavas at the time of eruption, in any 

case, it is obvious that tridymite aid cristobalite have formed far outside their normal 

stability fields. There are two possible reasons for this.

(a) tiapid cooling, this is an unlikely explanation if, as seems to have been 

the ease in -my of the uesser nntillean lavas, cristobalite and tridymite have formed 

after eruption.
. 

(b) The substitution of Al for Si in the cristobalite or tridymite structure,

4- -f 2+together with the inclusion of other ions, notably Ma , K and Ca in spaces in the 

cristobalite or tridymite lattice raay considerably affect the stability range of trid­ 

ymite and cristobaiite (see e.y. i>eer, Uowie and £ussman, 1962, Vol. 4, p. 192-193 and 

199-200). Experimental work has shown that tridymite and cristobalite precipitate most 

readily from alkali-containing systems U.g. fokuda, 1^57) and that the presence of 

water is a considerable advantage in the precipitation of cristobalite (Cart and Fyfe, 

1950). The presence of metal cations may well be a crucial factor in the stability of 

tridymite and cristobalite in the Antillean lavas. If as seeo<s likely, the tridymite 

and cristobaiite in the Montserrat lavas are equivalent to the quartz-rich, tfica -bearing 

aggregatest it is expected that the tridyraite and cristobalite contain appreciable 

amounts of ^Ot ^2°- Na2°« U3U| uyu aad P61"118 ?* al*° soae Fe2°3*
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alfit a sedimentary and atetavolcaaic Blnck«. 

^etaaorphie blocks are found in lava flows and pyroclast falls from South Soufriere 

Hill and in pyroclast flows fro>?( the Soufriere iiiils. although these blocks vary greatly 

in chemical Viable 12, Nos. 51 and 52) and mine ra logical composition they are qaite 

uniform in hand specimen. They are a bluish to greyish green In colour and have a fine­ 

grained, hornfelsic texture. Some of the blocks (e.g. 13613; show crude banding and many 

of the blocks have irregular light and dark patches. Individual minerals are very difficult 

to recognise in hand specimen. Under the microscope, however* the "metaraorphic" blocks 

are seen to be very varied both with respect to their mineralogy and the amount of 

recrystallisation they have undergone. *iodal analyses of two of the blocks are given in 

table 10. In view of the extremely fine grain-size of the blocks it is often difficult 

to distinguish sonll crystals of quartz and piagioclase in 10576 so that the accuracy 

of this modal analysis is questionable.

! s abundant in most of the blocks. It usually occurs as very small 

irregular grains but in 18590 discrete sub* to an-hedrai crystals up to 2 am. in diameter 

can be recognised. Plagioclase compositions are very difficult to determine but it 

appears that the piagioclase in 18590 ( ^ ADQA QQ) 4* considerably more calcic than that 

in the other blocks (^^rw). uonpositional zoning is inconspicuous although some 

crystals have narrow normally zoned rims. Many plagioclases contain saall inclusions 

of pyroxene, magnetite or glass*

Quartz occurs in all the blocks (except 16590) and is the major constituent in 

10576. The quartz in 1S576 occurs mostly in rounded patches consisting of several small 

fragments of quartz. Sometimes these patches are surrounded by a rin of soall green 

pyroxene crystals giving a texture which resembles the "mantled" quartzes in some of the 

Nontserrat lavas (p. ?7). Veins, composed of rather coarser crystals of quartz cut some
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of the blocks.

Xwo types of clinopyro eae have been recognised in the jnetaaorphie blocks. 

colourless cli no pyroxene oceurs in two blocks U8685 and 18590). It is probably diop- 

side or auyite. Green cli no pyroxene, which may be slightly pleoehroie to brownish green 

occurs in 13513 and 10576. <tpart from the colour the optical properties of the two 

cli no pyroxenes are similar and the green variety may simply be sli iitly richer in iron 

than the colourless variety (cf. Sandrea, 1<*49. p. 376-377). In 1B590 a gradation is 

seen fro® distinct single crystals of pyroxene to a densely packed brown, colwaaar 

aggregate composed of very fine grains.

Qytho py ro scene .

Bypersthene occurs in only one oi* the blocks (18686).

Afl phi hole.

Brown hornblende is abundant in 13665 and pale brown hornblende occurs in 13606.

Accessories.

Magnetite occurs as small crystals in .uost of the blocks and interstitial glass 

is also quite sonvaoiu Galcite occurs in patches in 18576.

Texmres.

The blocks are mostly hornfelsic being composed of a fine grained roughly 

equigranular mosaic. The patchy appearance seea in hand specimen in n.any of the blocks 

is due to local concentrations of mafic minerals (Plate 268) and the crude banding seen 

la 13613 also results from a variation in the proportion of mafic minerals in different 

parts of the rock. Two blocks have unusual textures. 13590 is composed of dense 

fibrous aggregates of clinopyroxene which grade into individual crystals of clinopyroxene 

at the edges. The patches of clinopyroxene are separated by irregular bands composed 

almost exclusively of calcic plagioclase. unly one block (13606) shows good evidence 

of relict texture, here granulation and recrystailisation are afiecting a two-pyroxene



PLATE 26A. Photomicrograph of doleritic block (18597) from the White 
River Pyroclast Fall Series. The rock consists mainly of 
plagioclase with minor pyroxene and ore. The plagioclase 
which has cores of about AnR and rims of about An ._ shows 
zoning predominantly of normal discontinuous type but slight 
oscillatory zoning also occurs. Crossed nicols. 
Magnification x 18 . 9 .

PLATE 26B. Photomicrograph of metasedimentary inclusion (18576) from a 
basalt lava flow near O'Garra's. Hornfelsic rock composed 
mainly of quartz and green clinopyroxene with subordinate 
plagioclase, magnetite and glass. An aggregate of clino­ 
pyroxene occurs on the right hand side of the photograph. 
Magnification x 120.
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andesite lava in which primary igneous textures (phenocrysts and small inclusions) are 

clearly distinguishable.

** at a sedimentary" calcareous blocks have also been described from the Soufriere 

volcano, St. Vincent by Lacroix (1904), Flett U l/Q8) and Saadrea U<*W>. Flett UVOG) 

recognised 3 types of calcic blocks;- impure siliceous ii^catoaes, quartzites and 

albite • auyite bearing blocks while Sand re a (194$) has described in some detail the 

anorthitc-bearing meta sediments. From these descriptions it is clear that in general 

the Montserrat blocks are richer in quartz and with the exception of 18590 contain 

considerably sore sodie plagloclase than the -St. Vincent slocks. the aafic minerals 

in the tfto sets of blocks appear, however, to be very similar except that woilastonite, 

which is common in the St. Vincent blocks does not occur in the ontserrat blocks. 

ietasedisents from St. Lucia (Tomblia, 1964, pp. 144-146) appear to be quite different 

those found on Moat terra t.

Origin.

The hornfelsic t-xtures of the -ontserrat metamorpnic blocks suggest that they 

are the product of contact cjetaKiorphis. . ->^nJrea (1949) concluded, on the basis of the 

high temperature laineraioyy of the St. Vincent "enclaves caicaires" that these blocks 

caanot have been metamorphosed by contact with any of the St. Vincent lavas. Be sugg­ 

ested that the agent of metamorphism might have been the ->t. Vincent uitrabasics. In 

this connection it iaay be significant that the only anorthite-bearing "metainorphlc" 

block found on .font ser rat (1BS90) occurs together with ultrabasic blocks in a particular 

horizon vdthin the tihite xiiver ^yroclast Fall Series. In general, however, the ?k>ntserrat 

blocks have a lower temperature uiiiieralogy than the St. Vincent "met amorj hies" so that 

in this case basaltic or andcsitic magiDa could have been the agent of metatnorphis^. 

however, the fact that those blocks (e.g. 1BS76) which occur as inclusions in basalt 

lava flowst *how no si ^n ol an y reaction with the host rock suggests that these blocks 

May have been metamorphosed before their inclusion in the lavas,



115.

the original nature of the $ontserrat "rnctaisorphics** is by no means clear 

except in the case of 18666 wiuch is almost certainly au altered two-pyroxene andesite 

lava. The other bloc.cs cover a very wide range of compositions (Table 12, Nos. 51 and 

52) and the chemical analyses suygest that these blocks are unlikely to have beefi 

v Icanic. They are more likely to have been derived from a heterogeneous suite of 

Mdiments and the fact that they resemble , in hand specimen, rocks from ^ocene flysc;i 

deposits on Grenada and Barbados U. F. Tomblin, per*. coimn.) may be significant, the 

large amount of olayioclase in the blocks further suggests that these sediments 

have been volcaniciastic.

15:7 •-'*

The ontserrnt lavas and the Lesser Antillean lavas in general are simple in 

the sense that they are composed of a limited number of mineral species but these 

tain era Is often show evidence of complex crystallisation histories* Gontpsitional zoning 

and resorption phenomena are co.nmon but different crystals of the same minerul in the 

saiae lava may show widely different patterns of zoning and resorption.

Because sorae of the minerals ®.g. plagioclase see*', to have crystallised through­ 

out virtually the entire cooling history oi ®ost of the lavas it is difficult to work 

out an order of crystallisation. In addition there may be at least three different 

generations of crystals in aany of the lavas* each of which has formed under different 

physico-chemical conditions and the order of crystallisation may be different at the 

different stages. The three main groups of crystals in the -ontserrat lavas are 

thought to be as follows:*

1. Crystals that have forced relatively deep in the crust. Host of the plume* 

crysts in the lavas belong to this group, tony of these phenocrysts, but especially 

the plagioclasest are characterised by complex compositional zoning and resorption 

phenomena which suggests that they have been affected by largo-scale changes in their 

physico-chemical environment. Indeed, the widespread resorption of some of these cryst-
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als might indicate that they are xenocrysts but it is considered that in fflost cases 

their instability is due to changed physical eruditions affecting the wagma from which 

they crystallised rather than to their incorporation in a different magma (e.g. p. ?*

The exact physical conditions under which these crystals forced is not Known. 

However, certain ^uuucrys&s in the basalts, notably olivine and to a lesser extent 

plagioclase (cores only), clinopyroxene and magnetite have similar compositions to 

crystals in the Lesser *ntillean ultrabasic blocks, which may have tormd at depths of 

about 6-3 tai« under high water vapour pressure, the phenocrysts in the lavas differ 

in many ways from the crystals in the ultrabasic blocks but many of these differences 

aay be due to the fact that crystals in the blocks did not undergo reaction with the 

MfM, under changed physical conditions subsequent to their formation.

AS one uuyBt expect Jiypersthene and quartz which occur as phenocrysts in andesite 

lavas are not present in the uitrabasic blocks and the composition of hornblende pheno­ 

crysts in the andesites is very different from that of ataphiboie in the blocks 

(£. Goo&aa*, pars. COSHU). Nevertheless, the phenocrysts in the andesites especially 

quartz (p. 18 ) and the calcic plagioclase cores tuay Have originally crystallised under 

high water vapour pressure, relatively de>p in the crust.

The following generalisations can be made regarding the order of crystallisation 

aooag crystals of group one as indicated by texturai evidence. Olivine was the first 

phenocryst to form in the basalts but may have crystallised together with plagioclase, 

magnetite and clinopyroxene during later stages of crystallisation. There is some 

evidence of a reaction relation between uiivine and liquid to produce hypersthene 

(p. Si > as suggested by Kuno (1950, p. 971) but oiivines are more often surrounded by 

clinopyroxene coronas than by hypersthene ri$$ (p. Si ).

Magnetite which is ir«uch more abundant in the basalts than the andesites may 

also have been an early phase to separate. Pyroxene phenocrysts in the basalts and 

two-pyroxene aadesites show complex interrelationships (p. S3 } and slight changes in 

the physico-chemical environment may have been sufficient to reverse the order of
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•rystallisatioa of these phases. There is no evidence to suggest a reaction relation­ 

ship between aiigite and liquid to give hyperstbene (cf. Kuno, 1*^50). Instead clino- 

pyroxene probably reacts with liquid to live hornblende in the more acid lavas. Tfeer* 

is not much positive evidence for this reaction although hornblende is apparently 

replacing clinopyroxese in the dolaritie block (18597) frora the white ftiver Fyroclast 

Fall Series (p. /of ), The consumption oi' clinopyroxene in the formation of hornblende 

will also account for the antlnnthetlc relatinnshin between hornblende and clinopyroxeae 

phenocrysts in the Montserrat lavas.

The textural evidence shows that plagiociase, clinopyroxene and magnetite in 

the basalts, plagioclase, augite and hyperstttene in tie two*-pyroxene andesites and 

plagiociase and hypersthene in the hornbiende-hyperstnene andesites have in many cases 

crystallised together.

2. Crystals which belong to the second group of crystals in the lavas are 

believed to have crystallised near the surface* shortly before eruption. Crystals of 

this group include micro phenocrysts in the laves and are the main constituents of the 

aogaate inclusions in the lavas. These crystals are relatively unzoned and unresorbed 

and may be different in composition from group one crystals e.g. plagiociase aicropheno* 

crysts are less calcic than plagiociase phenocrysts. The microphenocrysts are believed 

to have crystallised at pressures approaching one atmosphere i.e. at depths of less than 

3 km.

fclost of the group two crystals, which include labrodorite, cli no pyroxene, 

orthopyroxene, hornblende and magnetite but not oilvine or quartz appear to have 

crystallised simultaneously. Clinopyroxene, which oiay be very abundant, and hornblende 

are not apparently antipathetic at this stage.

Phenocrysts of group one may undergo resorption and/or additional crystallisation 

at this stage e.g. resorption of calcic plagiociase, together with the growth of 

normally zoned rims of iabrednrite or andesine may occur. Many phenocrysts should 

therefore be considered to be Mixtures of group one and group two crystals. It is
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possible also that seae so called "resorptioiT effects may be the result of rapid 

nucleation of group two crystals especially elinopyroxeae around phenocrysts (e.g. p.

3. The third -roup is made up of crystals which have formed after extrysiou. 

It includes much of the groundless and j ;:.o ij some aicrophenocrysts as well. The 

late stage tridyaitc, cristobalite and the q-aartz-rieh raica-bearing aggregates also 

belong to this group.

The Uvision of the constituents of the lavas into three groups* as outlined 

above is undoubtedly an oversimplification, since it takes no account of constituents 

of lute, ite type or of those complex constituents that ©ay have risen and fallen 

in the crust too re than once be Core ueing erupted. It is however, considered that most 

of the constituents of the lavas and also of the cognate xenoliths in the lavas (p. fol 

eaa be a signed to these groups, fhe relative importance of the different groups is 

different in the lavas inhere group one crystals may account for up to $Q5& of the total 

and in the cognate inclusions where group two crystals (^75$.) are predominant. Group 

three crystals appear to be quite important is both lavas and cognate inclusions but 

tridyaite and cristobalite are ranre conspicuous in the latter.

finally the importance of water in the formation of the Moatserrat lavas as 

indicated inter alia by the high An contents of plagioclase phenocrysts (p. 9£~ ) and 

the abundance of hornblende is stressed, la addition many of the nonequiiibriuia pet- 

rographic featuressee-n in the lavas e.g. niajor compositional zoning in piagioclase 

(p. $1 ) and resorption of quartz (p. 96 ) and hornblende (p. 18 ) may be caused by 

fluctuations in water vapour pressure.
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r E a 16,

52 major element analyses of ; ontserration rocks are oresented in Table 12 and 

specimen descriptions are given in table 13. $ith the exception of analyses numbers 

48*50 which are analyses of different bands in a banded lava block and analysis number 

47 which is of the glassy grouodfaast of a hornblende-hypers the tie andesite pumice all 

the analyses in Table 12 are whole rock analyses* Seven of these analyses have been 

published before (Mac-Gregor, 1938; but the rest are new analyses.

16:1:1 Analytic^} ffiethodt-

Of the 45 new analyses presented in Table 12 one analysis (nurab*r 4?) was obtained 

by JUray fluorescence spectrasco ;y. The other 44 analyses were aiade by Mr. H. Fuge of 

tfoe Geology ^epartrueni. i<iuver$j.ty college of Kales, Aberystwytto using the following 

methods. SiOg and AlgOn were determined on solution A, prepared according to the method 

of lUley (1938). Silica was determined using the BJ of Abdullab and siiley 11966) 

slightly modified for use on the Tec hn I con /4utoAaalyser. This method involves the 

measureaent of the yellow complex of fisolybdo-silicic acid on the spectrophotoweter, 

Al.Oq was measured by automated colorinjetrie analysis using the Erioehreme cyanine - 

I taethod (iJabin, 1965). All athsr ^sajor slamsats excent J""eO and fcjO were measured OB 

solution 8. ftnO and total iron (as fe2(V ; ''" ea -iure>-i directly on solution B by 

atomic absorption analysis OB the unicafii SF 90 Atomic Absorption Spectrophotometer and 

%0 and t-a- were anjasureu by tne sd*iie aetsod, usia^ a lanthanum buffer i^alsh and 

Howie, 1967). Ne20 and ^0 were determined on the SP 90 by flame emission using (NIKJ 9 

SO. as a speetroscnpic buffer and no ion exctianyc. fiG^ was measured using Uiley's 

(1956) colorimetric method modified for use o» the Technioon AutoAaalyser Oabin, 1965) 

and P2°5 was determined by the rseasuremeat oa the Aatoftnalyser of the blue reduced 

phospho-molybdic acid complex using SaCl^ as reducing agent (u. *"vge, pers. corara.) FeO
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TABLE 13. DETAILS Or *w^£*L.

1. Anorthite - amphibole - magnetite cumulate, ico;;2 (47G); ejected 
block. White River Pyroclast Fail Series. White River Ghaut. 
450 ft. a.s.l.

2. Anorthite - amphibole - olivine cumulate, IB593 (i/jj(2)) ejected block. 
White River Fall Series. White -"Uver Ghaut. 450 ft. a.s.l.

3. Basaltic cinders, Ibo20 (148), White lUver Pvoclast Fail Series. Near 
Fergus Mount Estate. 350 ft. a.s.l. Plagioclase, augite and olivine 
crystals in a dark scoriaceous matrix.

4. Olivine - basalt, 18816 (145 ;) ejected block. White River Pyroclast 
Fall Series. Near Fergus Mount Estate. 200 ft. a.s.l. Plagioclase, 
augite, olivia* and magnetite phenocrysts in a relatively coarse-grained 
matrix of plagioclase, augite, olivine and ore.

5. Basaltic lapilli, 18647 (362) liite (Uvar Pyroclast Fall Series. Near
Fergus Mount £state. 700 ft. a.s.l. Plagioclase, augite, hypersthene 
and rare oiivine in a dark brown glassy iiiatrix.

6. Olivine basalt, lave flow. Q'Garra's ((.wacGregor, i33b, p. 74, no. vii) 
Anal. Herdsman.

7. Olivine basalt, 18657 (404); lava flow. 100 yds. NE of Triangle Rock. 
10 ft. a.s.l. Plagioc^ase, augite, olivine and magnetite phenocrysts 
in a fine-grained matrix of plagioclase, augite, ore and cristobalite.

6. Olivine basalt, lava flow. Near Shoe Rock (ivlacGregor, 1838, p. 74, 
no. VI). Anal. Herdsman.

9. Two-pyroxene basalt, 1863C (2 • lava flow. 400 yds. V7 of Shoe
Rock. 5 ft. a.s.l. Plagioclase, augite, hypersiihene n- ite and rare 
oUvirie phenocrysts in a fine-grained matrix of plagioclase, pyroxene and 
ore. Galcite is present in the groundmass.

.{,.. Olivine basalt, 18637 (296), lave flow. 600 yds. W of Shoe Rock.
20ft. a.s.l. Plagioclase, augite, olivine, .rite and rare hyper­ 
sthene phenocrysts in o fine rained, souswnat glassy utatrix of 
plagiociose, pyroxene and ore.

ii. Cognate l>asal.tic inclusion in hornblende-nypersthene andesite lava,
Ib627 (205B). Cork Hi!! Village. 275 ft. a.s.l. ^are corroded cryst. 
of plagioc)ase, hornblende and olivine in $ holocr/stalUne network of

plagioclase, hornblende, hypersthene, magnetite and augite. Abundant 
interstitial cristobalite with soi.ae tridyvnite.
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Scoriaceous bo salt, Ibo35 (333B) fra lep-i^i.
River Pyroclast Fall Series. "White .viver UuoUu. 2^0 it. a.s.- ,
P'.agiociase, eugite and -magnetite ocrvsts in a dark brown giass

13. Welded basaltic scoriae, 18642 (333C). Mte River Pyroclast Fa 1 !
•ies. iiite Kiver Ghaut . 250 ft. a. s. 1. Rare plagioclase, clivine, 

augite and magnetite phenocrysts in a light brown glassy base.

14. Two-pyroxene basalt, !b623 (i69) 'oose boulder on Raspberry Hill Dome. 
, of sum nit of South Soufriere Hill. l,faOO ft. a.s.l. Piagioclase, 

, hypersthene, . d oiivine phenocrysts in a fine-grained 
of piagioc'ase, pyroxene and ore.

15. Two- ane basalt, 18575 ( ' kiva flow. 1,100 yds. W of Shoe Rock. 
10 ft, a. s.l. Plagioclase, augite, hypersthane and magnetite pheno­ 
crysts in a line-grained matrix of piagioclase, pyroxene, ore and 
cristobalifce.

16. Ooierite, Ica97 (47H); ejected block. White River Pyroclast Fall
Series. White River Ghaut. . a. s.l. Plagioclase, augite, 
hypersthene, hornblende, quartz and megnetite.

17. Two-pyroxene a nde site, It 634 (2 :d6); lava from intrusion. Koche's Bluff 
Poini. 15 it. a.s.i. Piagioclase, augite, hyparsthene and nagnetite 
phenocrysts in a fine-grained groundinass of plagioclase, pyroxene, ore 
and cristobaUte.

18. Two-p>roxeae aadesita, 1865 1 (3b4); massive leva, part of Raspberry
Hill Dome? Dry Ghaut. 700 ft. a.s.i. Plagioclsse, augite, hypersthene 
and magnetite phenocrvsts in e very fine-grained matrix of piagioclase, 
ore, pyrovena and cristobalite.

19. Andesitic tuff, 185^7 (15A). \ hite River Pyroclast Fall Series. Mte 
River Ghaut. 550 it. a.s.i. Crystals of plagioclase hornblende, 
augite, hypersthene «rd maanetite.

20. "Labradorite-dacite" lava fro-n intrusion. V/N'vV of Tuitts ( iecGregor,
193o, p. 74, no. 5). Anal. Herdsman.

21. Tv/u-pyroxene andesite, 18662 (42x): - >a from intrusion. 400 yds NW 
of Harris Village. 720ft, a.s.i. Plagiociese, hypersthene, augite and 
magnetite phenocrysts in a fine-grained matrix of plagioc^se, nvroxene, 
magnetite and some interstitial quartz and phlogopitQ?
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22. Andesitic iapilil, 18691 (5iB); White Rivar Pyroclast Fall Series.
Gingoe's Ghaut. j.s.l. Plagioclasa, eagite, hornblende, 
hyperstnene, magnetite in a reddish-brown glassy matrix.

23. Two-pyroxene andesite, 18609 (!22)r lav© fro -v> intrusion. Farm Fiver. 
150 ft. a. s.l. Plagioclasa, augite, hypersthene arid magnetite phe no- 
cry sts in a fine-grained matrix of plagioclase, pyroxsna, magnetite and 
cristobaiite.

24. Two-p' roxena andesUa, 18641 (324); dome lava. „-. flank of Gage's
Mountain, 1700 ft. a. s.l. Plagiociase, augite, hypersthene, olivine
and magnetite phenocrysts i a-grained matrix of plagioclase, pyroxene/
magnetite and cristobaiite.

25. Two-pvroxene andesite, 18598 (471), vesicular block from White River
Pyroclast Fall Series. White River Ghaut. 450ft. a. s.l. Plagioclase, 
augite, hypersthene and magnetite phenocrysts in a highly vesicular red 
brown glassy matrix.

25. Two-pvroxene andesite, 18596 (47G); vesicular block frooi White River
Pyroclast Fall Series. White fdver Ghaut. 450 ft. a. s.l. Plagiociase, 
augite, hypersthene, magnetite, hornblende and rare quartz phenocrysts
in a brown, nrlassv matrix.

27. "Labradorite-daclte": Silver Hill. (MacGregor, I93b p. 74 no. IV) . 
Anal. Hards ui an.

28. Two-pyroxene andesite, Ib595 (47F); vesicular biock from V/hite River
Pvrociast Fall Series. \Vhite River Ghaut. 450 ft. a, s.l, Plagiociase, 
hypersthene, augita, hornblende, mficmatite and cinartz phenocrvsts In a 
brown glassy matrix.

29. Hypersthene-andesite, 16594 (47E); vesicular block from V/hite River
Pyroclast Fall Series, White River Ghaut, 450 .ft, a. s.l. Plsgiociasa, 
hypersthene, nagnatite and hornblende phenocrysts in ?. H^rk; rri^ssv basa.

30. Two-p>roxene andesite, ib593 (46D); lavs block fro n WMta River
Pyroclast Fall Series. White River Ghaut. 550 it. a. s.l, Plagiociase, 
hyparsthene, augita, magnetite and hornblende phenocrysts in a brown
glassy matrix

31. Andesitic pumic., 18591(458); White River Pyroclast Fall Series. White 
River Ghaut. 550 ft. a, s.l. Plagiociase, hypersthene, hornblende, 
augita, magnetite and quanz phenocrysts in a dark glassy matrix.
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32. Hornblende-hypersthene andesitt, 16572 (15) lava block from flow? 
N ox summit of St. George's Hill. bOO ft. a.s.U Plagioclase, 
hornblende, hypersthene and magnetite phenocrysts in a fine-grained 
matrix of plagioclase, hornblende, augite, hypersthene and ore.

33. "Labradorite-dacite". Castle Peak. (MacGregor, 1538 p. 74 no. III). 
Anal. Herdsman.

34. Andesitic pumice, Ib592 (46C); white River Pyroelast Fall Series.
White River Ghaut. 550ft. a.s.l. Plagioclase, hypersthene, horn­ 
blende, augite and magnetite phenocrysts in a dark glassy base,

35. Two-pyroxene andesite, 18649(373); dome lava. E flank of Perche's 
Dome. 2,250 ft. a.s.l. Piagioclase, augite, hypersthene and 
magnetite phenocrvsts in a fine-grained matrix of plagioclase, pyroxene, 
ore arid cristobalite.

36. Two-pyroxene andesita, 18660 (409)? lava block from agglomerate. W 
of Richmond Estate. 75ft. a.s.l. Plagioclase, hypersthene, augite 
and magnetite phenocrysts in a fine-grained matrix of plagioclase, 
pyroxsne, ore end cristobsUta.

37. Hornblende-hypersthane andesite, 18610 (133): dome lava. SE of
submit of Castle Peak. 2,275 ft. a.s.l. Plagioclase, hornblende, 
hypersthene and magnetite phenocrysts in a fine-grained matrix of 
plagioclase, pyroxene and ore.

$8. "Labradorite-dacite". Old Fort Point. (MacGregor, 1938, p. 74 no. II) 
Anal. Herdsman.

39. Two-pyroxene andesite, 1&648 (364); lava from intrusion? Cliffs N of 
Yellow Hole. 15 ft. a.s.l. P'agioclase, hypersthene, augite and 
magnetite phenocrysts in a fine-grained matrix of plagioclase, pyroxene, 
ore and cristobalite.

40. Hornblende-hypersthene andesite, 18640 (322); dome lava. WSW of
summit of Chance's Dome. 2,575ft. a.s.l. Plagioclase, hornblende, 
hypersthene, quartz and magnetite phenocrysts in a fine-grained matrix 
of plagioclase, pyroxene, ore and glass.

41. A^desitic pumice, 18626 (195); block from pumice fail? ENE of Harris
Village. 950 ft. a.s.l. Plagioclase, hypersthene, hornblende, augite, 
magnetite and quartz phenocrysts in a finely vasicuiar glassy base.
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42. Hornbiende-hypersthene andesite, 18654(3 dome lava. *i of 
summit of Gaiway's Dome. 2,030ft. a.s.K Plagioclase, horn­ 
blende, hypersthene, magnetite and quartz phenocrysts in a fine-grsined 
to glassy matrix of plagioclase, augite, hypersthene, cristobalite and 
ore.

43. Hornblende-hypersthene andesite pumice, 18615 (145); block from
pu mica flow. Paradise Estate. 975 ft. a.s.l. Plagioclase, horn­ 
blende, hypersthene, magnetite and augite phenoscrysts in a dark glassy 
base.

44. Hornblende-hypersthene andesite pumice, 18650 (377A); block from 
pumice fall? S of summit of St. George's Hill. 600 ft. a.s.i. 
Plagioclase, hornblende, hypersthene, quartz and magnetite in a dirty 
glassy base.

45. Hornblende-hypersthene dacite, 1£656 (400); lava from intrusion?
200 yds. S of Landing Bay. 20 ft. a.s.i. Plagioclase, hornblende, 
hypersthene, magnetite and quartz phenocrysts in a fine-grained matrix 
of plagioclase, augite, hvnars thane, ore and a little glass.

46. "Labradorite-dacite", near Landing Bay. (MacGreaor, 1938, p. 74 no. I). 
Anal. Herdsman.

47. Glassy matrix from hornfcfende-hypersthene andesite pumice, 186^5 (no. 43), 
Anal. R. Goodman (X.R.F.).

48. Black portion of banded hornblende-hypersthene andesite lava block, 
18612 (135 BK.); loose lava block. Pea Ghaut. 350 ft. a.s.l. 
Plagioclase/ hypersthene, hornblende, quartz and magnetite phenocrysts 
in a dark brown, fine-grained matrix of plagioclase, augite, hypersthene 
and ore.

49. Grey portion of 16612 (135 GY.). Plagiociase, hypersthene, hornblende, 
quartz and magnetite phenocrysts in a fine-grained matrix of plagioclase, 
augite, hypersthene and ore.

•

50. White portion of 18612 (135 WH.). Plagioclase, hornblende, hypersthene, 
quartz and magnetite phenocrysts in a fine-grained to glassy matrix of 
plagioclase, augite, hypersthene and ore.

51. Fine-grained meta sedimentary? block, 18590 (47A), White River
Pyroclast Fall Series. White River Ghaut. 450 ft. a.s.l. Glino- 
pyroxene and calcic plagioclase.
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52. Fine-grained metasedimentary? block. 16576(28); inclusion in olivine-basait iava flow. 400 yds. £ of O'Garra's. 5 ft. a.s.i Quartz, clinopyroxene (diopside?) and plagioclase with accessory calcite, magnetite and glass. Fine-grained, hornfelsic texture.

NOTES.

i» Analysts S by Dr. G. Holland
HO andFeO (cols. I, 7, 9-11, 15, ib, 23, 26, 28,

20, 32, 34-37, 40, 42, 44, 48-52) by Mr. W. J. Rea.
All other determinations by Mr. R. Fuge, except where 

stated otherwise in TABLE 13.
For details of analytical techniques see p. "1

2. The analyses relate to the different volcanic centres as follows: - 
Harris Bugby Centre:- nos. 20, 21, 23, 41. 
Silver Hill:- nos. 27, 39. 
Carabald Hill!- nos. 11, 36. 
South Soufriere Hill:- nos. 6-iO, 14, 15, 16, 52.

including White River Pyroclast Fall Series;- nos. 1-5, 12, 13, 16,
19, 22, 25, 26, 28-31, 34, 51.

Roche's:- nos. 17, 45, 46.
Soufriere Hills:- nos. 24, 33, 35, 37, 38, 40, 42, 43, 47, 48-50.
St. George's Hill:- nos. 32, 44.

3. Using the system of classification outlined in TABLE 5 MacGregor's analysed specimens are classed as follows: -
nos. 6 and 8 oli vine-basalts
nos. 20 and 27 two-pyroxene andesites
nos. 33 and 38 hornblende-hypersthene andesites
no. 46 hornblende-hypersthene dacite

4. Analyses nos. 7, 39 and 46 are averages of 2 analyses each. 
See Appendix i, Table i .

5. For details of the .nethod used in tne calculation of the nor-n sne Appendix 2A, 
p.
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was measured by the dichromate method (analyst - rt. Fuge) or the permanganate aethod 
(analyst - tt. J. iiea). All the samples were dried overnight at 110°C. before analysis 
and ^04- was determined using a modified Penfield Tube method.

Accuracy Qf the final ses.

Duplicate analyses, made at diiferent times, by the methods outlined above show 
good agreement and results obtained, during the present investigations, for U.b.G.S. 
standard rocks and for the Aberystwyth Department of Geology standard Gfi.i are ia yuou 
agreement with the published results (Appendix 1, Table 1). fhe totals of all but 
four of the new analyses fall between 99;(> and 101^ which is considered to be an 
acceptable range for analyses iiiade by "rapid" niethous Uaxwell, 1963, p. 15). The 
tendency for most of the totals to be high may in part be explained by the difficulty 
of measuring small concentrations of SiGo anc* H^o^ * n reavient blanks. Two analyses 
CTable 12, numbers 12 and 13) have totals which fall far outside the acceptable range 
and these analyse* aust be considered suspect.

ile plicate analyses of Montserrat rocks by other methods are also available 
(Appendix 1, Tables 2 and 3). The writer determined major elements in 20 rocks from 
Montserrat and Si02 , Na20 and ^0 in a further 7 rocks. These analyses were carried 
out at the Department of Geology and ineralogy, Oxford University and the following 
methods were used:- 

Si02 , CaO - gravimetric analysis.

Total iron (as Fe203 ), TKL, P^O^ and MnO - colorimetric analysis (Riley, 1958). 
Na20, ^0 - flame photometry 

MgO, Al0 0« - atomic absorption spectroscopy. (These analyses were carried out byf, O

the writer using the Unicam SP 90 at the Geology Department, Kings College, London). 

FeO - permanganate method

" Penfield tube-

With a few exceptions the results obtained by these methods (Appendix 1, Table 2) 
are in reasonably rjood acrreement with the results shown in Table 12 and the aareement
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is improved b^ recalculating both sets of analyses to 100^, water free. Value* 01 
determined gravimetricaily by the writer are however consistently higher than those 
determined by Hr. H. luge using .Atomic Absorctian Speetroscopy. In view of the good 
agreement of CaO contents in standard rocks, analysed by the latter method, vith the 
accepted values C\pp«idlx l t Table 1) the CaO values give* in Table 12 are preferred. 
A possible explanation of the high values cu va^ determine! graviawitricaJ ly is tnat 
some *ig ox a late was precipitated ond weighed along with the Ca oxalate.

Jr. G. iioiland of the Uepartmant of ^eology, Ourbafs University analysed 10 
"ioutserratian rocks by X-ray fluorescence Spectroscopy and these analyses are given 
in Appendix 1, Table 3* These analyses do not show particularly good agreement with 
the other analyses and the values of %0 and total iron are consistently low and 
values of Sitiu are high compared with values obtained by other methods* As all the 
Auir results are calculated to !&»>, stater free the low values of .UjO and total iron 
and oi. course the non-determination of water will have the effect of increasing the 
apparent silica content but these effects are insufficient to account for the whole 
discrepancy* In view of the above reservations it is clear that care must be taken 
la comparing the only )UF analysis given in fable 13 (No. 47) with the other analyses*

Finally, it is clear from the descriptions of analysed rocks In MacGreger's 
(1936) account of the geology of ontserrat that some of these reeks are frosi the same 
localities as rocks analysed in the course of the present study. Thus in table 12 
analyses No. 33 and No. 37 are both of the Castle Peak Dora* lava and analyses 45 and 
46 are both of the Landing Say Oacite. la addition, analyses 20 and 21 are both of 
lavas from the iiarris~ftugby Centre. All three pairs of analyses are remarkably similar 
and the ffliaor differences could be due as much to chemical inhoetogeneity within the 
tfcree lava bodies as to analytical discrepancies.

Variation of Major Llencnta with Silica.

Chayes (1962, 1964 p. 235> has emphasized that the silica variation ui^yraa is 
of little use in discriminating between the effects of nearly all the processes thought
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to be of major importance in the differentiation of volcanic rocks." It does however 

provide a simple method of illustrating graphically the proportions of major elements in 

a group of rocks. The variation of A1203 , CaO, ;«gO, total iron (as F«2°3* - ri°2' ^ 

and K^O with SiO^ in rocks from Montserrat is shown in Fig. 18. For the sake of the 

clarity of the diagrams not all the analyses given in Table 12 have been plotted in 

Fig. 13 or in other major element variation diagraas. Only the analyses determined 

during the present study have been plotted and of these, the analyses of the banded 

lava block (Table 12. numbers < ) and the met amor phi c blocks (Table 12, numbers 51 

and 52) have been omitted.

A few general points can be aade about Fig. 18 before discussing the behaviour 

of the individual oxides in more detail.

1. Despite a certain amount of scatter the points for the various oxides fall on 

fairly regular curves. Nevertheie:»s v for oaay of the oxides e.y. total iron, the rock$ 

of South Soufriere Bill, or more particularly the tohite River Fyroclast Fall Series 

diverge sli^Mly from the stain trend. Fig. 18 also brings out quite clearly the close 

chemical similarity between the five lava blocks (Table 12 numbers 25, 26, 28-30) 

collected from the bottom of the Andesite Coarse Fall *-oue of the t^hite iUver ^yroclast 

Fall Series (see Fig. 7). Although these specimens are somewhat different in hand 

specimen e.g. they have different colours, they nay be regarded as chemically identical, 

vdthin the limits of analytical error*

2. There is a (nore or less continuous gradation in the silica content of the analysed 

rocks from 49.4% SiO^ to 63$ Si02 . Only the two ultrcbasic blocks lie outside this 

range. The gaps in silica content which occur between 50.1% and 52/ and between S2.2& 

and 53.3> SiCU are so small as to be virtually insignificant and there is no gap between 

the basalts and the andosites like those found for analysed lavas from St. Lucia (54.5^ 

to 59% Si02 ; Tomblin, 1964, Table 12) or St. KUts (53.3>, to 56.6ft Si02 $ Baker, 1968 

Table 6). It must be remembered, however, that with the single exception of the basaltic 

cognate xenolith from Carabald Hill (Table 12 No. 11) all those lavas with less than



FIGURE 16. SILICA VARIATION DIAGRAM OF MONTSERRAT ROCKS.
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57% Si02 belong to the South Soufriere Hill centre.

3. There is a pronounced concentration of analyses in the range 58-60% SiO^ and a 

smaller concentration with between 53 and 54^ SiG^. The numbers of analyses however, 

bear very little relationship to the estimated relative abundances of rock types shown 

in fable 4. Thus, about a quarter of the analyses in Table 12 are of basalts whereas 

basalt accounts for an estimated 3.3/* of the total volume of rock on .ontserrat.

Alumina decreases rather irregularly with increasing silica in the Ontserrat 

rocks. There is quite a sharp decrease in <U20~ between the ultrabasic blocks and the 

basalts and "lo^a also ialls quite rapidly with increasing Sio, at the acid end of the

series, fhe decrease in AUO, between the basalts and the andesites is not however very 

marked, in addition there is a considerable scatter of alumina values in the range 54- 

60^ SiOo. Th* s scatter can be explained partly in terms of variation in the amount of 

modal plagioclase Uee Tables 6 and 6). Thus, the almost aphyric basaltic scoriae (18642, 

Table 12, No. 13) has an exceptionally low Alo03 content (17.2%). However, the andesite 

blocks from the Andesite Coarse Kail /lone of the white River ' yroclast rail Series have 

relatively high "i^O* contents even though they contain small amounts of nodal plagio- 

clase and there are n»ny other similar exceptions.

The range of *U29o contents in the ^ontserrat andesites and basalts (16.6 - 20.0>>) 

is similar to that found in roctcs from > ount Misery, .St. Kitts (17.1 - 2o.4/o. Baker 

1963, Table 6) but ^Qo values are rather higher than in lavas from St. Lucia U5.2 - 

18.8;,, Tomblin 1964, Table 12). The St. Lucian lavas also differ from the St. Kitts and 

Mont ser rat suites in that the andesites are richer in alumina than the basalts. Relative 

to world-wide calc-alkaline suites the ^ontserrat lavas and Lesser Antillean lavas in 

general are slightly enriched in ^12°3» (fable 16).

Li ate.

contents fall fairly regularly from the basic to the acid end of the ontserrat
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series. Although there is a good deal less scatter tnan in the case ai' the --^ -3 curv6t 

CaO shows a rough positive correlation with &!2Jy -ontents of CaO in the Stontserret 

lavas appear to be quite similar to those in other lavas from the Lesser Antilles nnd 

from calc-nlkaline suites in general (Table 16>.

Magnesia.

^a^nesia decreases quite regularly with increasing si(V A ^ew ^ava8 P*°* 8 

little ofi the main tread. For exanplc the Gage's Dome lava (10641, Table 12, No, 24) 

which contains abundant ciinopyroxene aau oilvine has a rather high MgO content, whereas 

aadesitcs from the hite Hiver lyroclast Fall Series have relatively low contents. 

Values of MgO in the ftontserrat lavas are very similar to those in other lavas from the 

Lesser Antilles, but the Lesser Antillean lavas contain rather less MgO than many calc- 

alkaline suites (Table 16),

Total iron.

Total iron which is plotted in Fig. 18 at @2^3 8toows ® *a* r*y regular decrease 

between the ioatserrat basalts and andcsites but the basalts are enriched in iron with 

respect to the ultrabasic blacks, in which the cumulative mafic minerals have high '«sg:Fe 

ratios (Table 11). There is, however, little or no tendency for total iron to increase 

with increasing SS02 in the basalts, as it does ia several Gale-alkaline suites including 

Mount Misery, *t. fcitts ^aker, 1%8); -oufrier®, bt. vincent (Lewis, 1%4); Netvberry 

Volcano Ovilliaas, 1935) and Medicine Lake Highltuids Cmderson, 1941). Andesites from 

the 'hite ?iiver lyroclast Fall Series are slinhtly depleted in iron relative to other 

. lontserrat andesites.

Although values of total iron in the Montserrat lavas are comparable with amounts 

in other calc-alkaline rocfes tas t-'t ^3/f'eu ratios are slightly high compared with cale-

 Ikaline lavas from the Lesser oitilles and elsewhere. The Fe20^/FeO ratios also vary 

considerably in the Wontserrat lavas and this variation cannot be correlated with the

 ode of eruption or water content of the specimens. Catkins et al. (1970, Fig. 6; have 

reported a fluctuation of over 500., in the Fe^/Feo ratio vdthin a lava flow from
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Iceland and they have attributed this to variation in oxygen fugacity within the lava 

flow during cooling, fhe le^/i-co ratio shows a direct correlation with the inferred 

ttaperature distribution throughout the flow probably because high temperatures promote 

the dissociation of water and subsequent diffusion of hydrogen, leading to high oxygen 

fugacities. Irregular temperature distribution during cooling might also explain some 

of the variation in the Fe^o^/FtO ratios in the ^ontserrat lavas though variation in 

the amount of surficiai oxidation is also likely to have been important.

Ti02 shows a slight rise from the ultrabasic blocks to the basalts but otherwise 

decreases steadily with increasing SiO« throughout the Kontserrat series. Only one rock • 

the almost apbyric welded basaltic scoriae (16642, Table 12, No. 13) which has an excep­ 

tionally high Ti02 content (1.58%) lies off the main trend. The relationship of TiQ^ 

and SiO) in the tontserr^t lavas is similar to that found in lavas from other islands in 

the Lesser Antilles and other c;ilc-aikaline suites, but the Mont ser rat lavas are a little 

poor in fi02 compared with world-wide en lc~ alkaline suites.

N«2° shows an irregular increase with increasing Situ throughout the Montserrat 

rocks but the groundmass of 16615 does not appear to be enriched in soda relative to the 

whole rock. *\ndesites from the * bite stiver i'yroclast Fall Series are slightly enriched 

in soda compared with the other andesites. Values of soda are similar to those from 

St. Kitts but slightly high compared with St. Lucia.

fhe potash curve for Montserrat rises somewhat irregularly with increasing 

The i-iontserrat basalts have a large range in K^O (0.44 to 0.68%) and are generally 

rather richet irt i^O than basalts from other islands in the Lesser Antilles, even those 

froin St. Lucia where ^0 is exceptionally high in andesites and dacites. Potash is 

slightly higher in the Montserrat andesites than in andesites from St. Sitts and St.
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Vincent but is lower than in the >t. Lucian andesites.

fhe Lesser Antillean lavas as a whole are poor in potash compered with worid-wide 

calo-alkaline suites but there is considerable variation throughout the arc. this varia­ 

tion occurs on different scales, the variation among basalts of the South ix>ufriere Hill 

volcano, Montserrat, mentioned above is an example of variation in the rocks of a single 

volcano, but variation also exists on an inter-volcano and an inter-island scale. Thus, 

lavas from St. Kitts are notably poor in tC,o whereas lavas from St. Lucia and Grenada are 

exceptionally rich in K^O. Dickinson and Hatherton (1%7> and Hathertoa and uicKinson 

U%9) have shown that the K»0 content in calc-aikaHne volcanics is directly related to 

the depth of the Benioff ^one beneath the volcano from which they were erupted. However, 

the variation of potash values in the Lesser Aatilles is unlikely to be related to this 

factor since the depth of the Benioff ^one beneath different volcanoes in the Lesser 

Antilles is more or less constant and in any case it is virtually impossible to explain 

the variation of &LO contents in the rocks of a single volcano in these terms, it is 

also difficult to account for the variation of potash values in the Lesser Antilles in 

terms of variation in the amount of sedimentary contamination. Although contamination 

by potass!c sediments sight explain the high potash values In andesites and dacites 

from St. Lucia it cannot explain the high potash contents (over l.O, compared with the 

Lesser Antiilean overage of about 0.5%) in basalts fjoa Grenada unless the sediments 

involved are very low in silica, which is unlikely (Sea, in press).

In a recent paper, .atkins et al. (1970) have attributed the large variations 

of potash vathin a single olivine basalt lava flow from Iceland to variations in the 

abundance of an interstitial, K-bearing phase (K felspars which is detectable only under 

elect ron-micropro be examination. Variation in the abundance of a minor, iUbearing phase 

would also seem to be a possible explanation for the variation in K^Q contents in Lesser 

Antillean lavas as a whole and especially for the variation in the lavas at a single 

volcano, electron ni crop robe examination of the Lesser Antillean lavas has not jret 

been carried out but the ®iea which occurs Interstitially in so«e of the Montserrat lavas
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(p. 94- t it probably rich in J^O and tridytaite aad cristobalite which are abundant in 

the Lesser *atiileaa lavas my also be rich in K«0 (p./// ). In addition, the potash 

contents of analysed yroundmasses of Lesser an til lean lavas are high though variable 

U. F. Toablia, pert, conra.) so that a detailed chemical and siin era logical investigation 

of grottndiaasses of Lesser nntiUean lavas may well provide an explanation of many of the 

apparent anomalies in KO distribution in the Lesser Antilles (see also p. /"7/j.

Mnu.

&n<3 is low in the ultrabasic blocks but otherwise is approximately constant in 

the Montserrat lavas. Values are similar to those recorded from the other calc-alkaline 

lavas.

P2°5 is very low in thc u l trabasic blocks. Contents of F^^s ^ n tne 

fluctuate erratically between 0.05 and 0.2(% and show no correlation with

is significantly higher in yroclastics than in lavas from Montserrat. 

Values are very low compared with lavas from St. uicia and probably slightly low compared 

with Host calc-alkaline lavas.

Sulphur.

Sulphur occurs in significant amounts only in lavas which are near active or 

extinct soufrieres. Pyroclastics from the -hite iiiver iyroclast Fall Series are 

relatively rich in sulphur which is hardly surprising considering their proximity to 

Gal way's ^oufriere. As far as can be seen, from the rather limited data available there 

is a rough positive correlation between vesicularity and sulphur content.

16; l:^ Xftr ^kali-Litae Index.

The alkali-like index which was used by Peacock (1931) to subdivide igneous rocks 

into four series is the silica percentage at which total alkalies tf^O + K-0) equal CaO,



128.

It if not possible to determine the alkali-lime index tor the &ontserrat rocks exactly 

but an estimate based on compositional trends in the lavas suggests a value of 66. If 

however, the analysis of the groundmass of 15615 is a reliable indication of the exten­ 

sion of compositional trends of the lavas at higher SilL values this estimate is too low 

as this analysis shows CaO > fta^Q + O) which would give an alkali-liase index greater 

than 71.75. As the reliability of this analysis is in doubt (p./-/) the first estimate 

is preferred and this is closely comparable with alkali-lime Indices for St. uicia (68), 

Martinique (66) and St. Vincent and St. Kltts (both 65). The values are rather high 

compared with the indices of other calc-alkaline volcanic suites, reflecting the relative 

paucity of alkalies in the Lesser Ant11lean lavas. Any volcanic series with an alkali- 

line index greater than 61 belongs to Peacock's (1931) calcic class.

16;1;5 FeO; MgO : (Na20 + ^0) Ratios.

Plotted on the FeO : MgO : (Na«0 -f JLO) diagram (Fig. 19) the frioatserrat lavas 

show very little enrichment in FeO relative to MgU and alkalis. The andesites fall on 

a short trend showing a slight increase in alkalis relative to %0 and FeO in the more 

acid rocks and an indication of the extension of this trend is given by plotting the 

groundmass of KJ615. A few rocks plot away from the main trend. These include the Gage's 

Don* lava (13641) which has a high MgO : FeO ratio, probably because it contains cumula­ 

tive clinopyroxene. The reasons for the abnormalities of 13537, a Soufriere Hills ash, 

which has a high FeO/^gG ratio and of 18650, a St. George's Hill pumice which Ins a low 

FeO/AigO ratio are not immediately apparent. The ultrabasic cumulates which contain 

cumulative hornblende and olivinc are enriched in MgO compared with the South Soufriere 

Hill basalts.

The trend shown by the South Soufriere iliils lavas and ultrabasics is similar to 

that shown by lavas and ultrabasic blocks from the Soufriere, St. Vincent though the 

iron enrichment of basalts relative to ultrabasic blocks is slightly more marked in the 

letter case. Lavas from the other tiontserrat volcanoes follow a similar tread to that
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shown by the iavus 01 .uouat ..isery, bt. nittF er, 1968, Fig. 6). Lost calc-a'^Mae 

volcanic series e. a . . ^ >s±±u, 1 v...,, «..« -rater Lake (tiillians, 1942) si- a 

slightly io^er proportion oi i, .a conmared with the .Mofltserr.it rocks but a few series 

e.g. South Sandwich Islands U. i1 . i'• > iblin and F. E. Baker, unpublished data) are 

relatively rich in iron.

16; 1:6 ^0 ; Na^Q : Gau .iatios.

The relative proportions of iC^* ^ao^ an<^ CaU * n roc2is ^lpoia ^ontserrat are shova 

in Fig. 20. The main difference in the -ontserrat lavas compared with those from other 

calc-alkaline suites lies in the comparative lack of enrichment of &*>£) relative to u ,1 

and CaO in the more acid rocks. Compared vdth lavas from other islands in the Lesser 

Antilles the -ontserrat basalts are high in K^O but the Montserrat andesites contain 

less ^0 than aadesites from all the islands in the Lesser Antilles except St. iiitts. 

Andesites and dacites from St. Lucia are exceptinally rich in ^0 relative to i^O and 

CaO (Tomblin, i%4. Fig. 29) but in general the Lesser ^atilleaa lavas are impoverished 

in ILO relative to world-wide caloalkaline suites.

Ifrffl,i7 Xqtal jrp.n. Q^4e ..•-__.,feiyJ^Qfi^i j4iiJJlr^A-. a4d. J_ro,fl jE^icj^iiefl^- jCptal .;'i\a,j£i.c. iia.t.|.QS. 

Plots of lagnesia against total iron rmd of iron enrichment (FeJ -f FegOr,/-^ + 

FeO «»• Fe~Q~) against total mafics (MgO +.FeO -f Fe«0«) for the tontserrat lavas are

shown in Figs, 21 and 22 respectively. The treads of the Hawaiian tholeiite and alkali
f 

series (fiixcy, ioucr aau ^vaairer* 1%/C) are shown for comparison in both figures auci

the island arc calc-alkaiine trend as exeraplified by lavas frora the Lesser Antilles and 

the Solomon Islands (Brown and >chairer, 1960) is also plotted in Fig. 21.

On the magnesia/total iron diagram (Fig. 21) the i,ontserrat lavas plot roughly 

parallel to the lower part of the Hawaiian al&ui carve but the <cntserratian lavas are 

richer in .^w. The trend in the <ontserrat lavas is similar to that shown by other 

lavas frora the Lesser Antilles and the Solomon Islands except that the ontserrat lavas 

are slightly enriched in total iron, b'ltrabasic cumulates from ^ontserrat have lower



Fig 21 PLOT OF MgO: (FeO+Fe203)RATIOS FOR MONTSERRAT LAVAS 
THE TRENDS OF HAWAIIAN ALKALI AND THOLEIITE SERIES
(T/Ll~EY, YoDZfi. AND SCHAIRER 1965) AND OF THE ISLAND-ARC 

CALC-ALKALINE SERIES (BROWN AND SCHAIRER 1968) ARE 
SHOWN FOR COMPARISON.

KEY:
As in Fig. 18 except S.V.B. a -Average St. Vincent cumulate

(Average of 4 analyses, Lacroix,1949)
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Fig.22. PLOT OF(MgO+FeO+Fe2 03 ) : (FeO+ Fe203 /MgO+FeO+Fe203 ) 
RATIOS FOR MONTSERRAT ROCKS. THE TRENDS OF THE 
HAWAIIAN ALKALI AND THOLEIITE SERIES (T/LL^ 
AND SCHAIRER, 1965) ARE SHOWN FOR COMPARISON
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content* of i^o an d UeO + ^(k) and higher KgO/FeO + F «fc°3 ratios than cumulate block* 

frota St. Vincent and picrite basalts fiw the Solomon Islands so that the Montserrat 

rocks lie on a shorter tread than the"island~arc cale-alkaline" tread and deviate from 

the smin trend at higher values of (HgO + F«t> + FegOg).

Brown and Sehairer suggest (op. eit., p, 463) that the eale-alkaline suites in 

the Lesser Antilles and Solomon Islands are related to the tholeiite series during early 

stages of crystallisation in which the separation of olivine has a controlling effect on 

the MgO/FeO + ^Qg ratio. The plots, howeirer, diverge markedly at basalt compositions 

which according to Brown and Sehairer may reflect a difference in the oxygen fwgacity 

of the suites, as suggested by the experimental t*ork of Osbom (1959) 4 In the ealc- 

alkaline suite crystallisation under conditions of constant or increasing fO^ leads to 

early precipitation of magnetite* which prevents iron enrichment in the residual liquid, 

whereas crystallisation at constant total composition (closed system) produces an iron 

enrichment trend. Evidence for the striking effect of magnetite crystallisation on the 

compositional trend of a magma is afforded by the fhingmuli suite which shows an initial 

tholeiitic affinity but also a calc-alkaiine affinity in the more siliceous rocks* which 

can be correlated with the stage at which magnetite fnicrophenocrysts appear abundantly 

in the lavas (Carmichael, 1964, pp. 440-444). it should be noted, however, that the 

separation of magnetite alone will not produce the trend observed in Fig, 22. the rise 

in iron enrichment CfceO FegCL/^O * FeO + ^^ * a *k® m*e siliceous rocks requires 

the separation of Mg-bearing phases e.g. pyroxene or hornblende along edth magnetite.

the iron-raagnesia and the iron enrichment - total mafic trends of the calc- 

alkaliite suite can therefore be explained in terms of the early separation of olivine 

followed by the later separation of magnetite together with pyroxene or hornblende and 

this is close to the observed sequence of crystallisation of mafic minerals in both 

lavas (p.//£ > and altrabasic cuaulates (p./og ) from kk>ntserrat. It must be admitted 

however that the Montserrat series provides only limited evidence for the olivine 

accumulate stage of the "island-arc caic-alkaiine trend uee also p. /^ : .
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16 2 1 1 $ Variation of Ma lor LI flmentg in th<* RaadjKJ i.inrnblgndft~i^v:j&rsthene 

Blocks (

Numerous beaded block* of hornblende-hypersthene andesite JLava occur in Pea Ghaut. 

These blocks consist of irregular black, white or grey bands usually with the grey bands 

predominant and the white bands less abundant than the black. The boundaries of the 

beads are sharp and the bands s*ell and pinch out irregularly (Plate 20B) but are seldom 

highly contorted.

On the basis of their phenocryst assemblages the different bands are all classified 

as hornblende~hypersthene andesites but nevertheless the modal proportions of phenocryst s 

in the different bands vary quite considerably (Table 8). In addition the colour and 

probably also the composition of the finely micro crystal line groundoiasses of the diff­ 

erent bands also vary*

Chemical analyses of separated black, grey and white bands from one of the lava 

blocks U8612) are given in Table 12 vnumbers 46*50). these analyses show that the 

white band is considerably enriched in SiO^, ftwuO and K^O and depleted in TiQu, Hl2°3* 

Fe^O^, Mgy and CaO with respect to the black and grey bands which neve almost identical 

compositions, The latter fact is rather surprising in view of the difference in the 

aodal analyses of the two bands.

Blocks of pumice shewing similar banding and compositional variation to those 

described above have been reported at many calc-aikaii volcanoes e.g. Lassen -'oak 

(MacJonald and Katsura, 1965} and Katmai fcililams et al. t 1956) but this is the first 

recorded occurrence from the Lesser Antilles. Host of the exnrsy les of banded blocks in 

the literature are of pumice rather than lava and the more basic material is usually, 

though not always, subordinate to the note acid. It is possible that examples of this 

•ore usual type of banded pumice are also present on ^ontserrat since light-coloured 

pumice blocks from the pyroclast flow at the base of the pyroclastic succession in . ca 

Ghaut contain irregular bands of much darker material (p. 61). These blocks may 

possibly be genetically related to the banded lava blocks but more detailed chemical
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and mi nera logical work is needed to prove this.

Banded pumice f ragouts twm elsewhere havs usually been interpreted as Indicating 

the incomplete aixiag of two different magmas and MaeOoaald and Katsura (1965, p. 480) 

suggested that mixing within a composite magma body rather than the chance encounter of 

two genetically distinct msgraas, was the most likely way in which the banded pumice 

blocks of Lassen Peak were formed. AS the different bands in the ^-ontserrat blocks have 

an essentially similar mineralogy the writer considers that the incomplete mixing of 

itagnas within a composite andesitic magaa body may also be an appropriate explanation 

for these blocks. Nevertheless the degree of mixing in the present case does not appear 

to have been very great and it is interesting that the chemical data appear to preclude 

the possibility that the grey bands crystallised from magma formed by the mixing of 

mgfflas corresponding in composition to the white and blade bands, this is the usual 

explanation of bands of Intermediate colour in banded pumice (e.g. .-actfonald and Katsura c 

1965, p. 479) but a review of tlie literature on banded pumice failed to reveal any 

chemical analyses of intermediate bands so that this explanation may be based on inade­ 

quate evidence. Although the complex relationships of the different bands in the 

itontserrat blocks surest that the different bands were liquid at the time of the 

formation of the blocks the high viscosity of the different material at the tide of 

their incorporation may have prevented much mixing.

16s2

Mockolds and Alien i!9S3, table &a) determined the abundances of eleven trace 

elements in seven lavas from Mont ser rat and these analyses are reoroduced in Table 14 

along with new determinations of thirteen trace elements in a further thirteen whole 

rocks and the glassy yroundmass of a Soufriere nil is pumice U3615). Abundances (in 

p.p.ra.) of all these elements, except F, are plotted against 3iQ2 in Figs. 23 and 24.

16 '^» I A.Blt Ji y t y ca 1 *te.t tod a ,.

Fluorine was determined by coloriffletric analysis on the teehnicoa AutoAnalyser* 

usiaa the fadino reaction of fluorine on the zirconium xylonyl oranae complex (Fuqe.
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1969). Automate^ eeloriaetric analysis (Fage, 1967a) was also used for the determination 

of Or in minerals separated from the ultrabasic blocks and V in these minerals (see 

Table 11; was determined speetrophotometrically according to the laethod of Fuge (1967h). 

Apart from the fluorine analyses all the trace clement analyses shown in Table 14 were 

obtained by optical spectrography using iiilger large quartz-ijlass speetrofjraphs. Four­ 

teen of these analyses were made by Mrs. N. Carton and fcr. S, Goodman at the Department 

of Geology and mineralogy, Oxford University while the other seven were raade by 

Mr. it. Alien at the apartment of Mineralogy and Petrology, Cambridge University.

details of the procedure used at Cambridge are given in Nockolds and Alien (1953, 

p. 105-106>. The procedure used during the present investigations is basically similar 

to that used by Nockolds and alien but Fd was used as an internal standard and results 

were standardised relative to accepted values of trace elements in the U.S.G.S. standards 

61, fcl and .^* 1. i-uil details of the procedure which was established at Oxford by 

Ahrens and Taylor are given, for example, by Toablin (1964, Appendix 0). The lines used 

were as follows:*

Blue Son:- Pd 3950.64 Sc 4246 Cr 4254 La 4333 Sr 4607 Be 4934.

UV Hua:- Ga 2944 V 31o5 Cu 3274 Ni 3414.76 Zr 3438 Co 3453 Pd 3258.8.

Alkali Hunt- Na 5668 t i 6707 db 7800.

ilit d curac f Trace

All the spectrographic analyses made during the present study v.ert carried out 

in duplicate and the values given in Table 14 are average values. The duplicate analyses 

are always within 20% of one another and agreement is usually nrach better than this. 

Nockolds and Alien (1953, p. 105) estimated an accuracy of t 30;* for their spectrographic 

results but the new analyses should be more accurate due to better standardisation. One 

source of error in the present work Is that Co Interferes with the Ni line (3414.76). 

At Co : Tsi a 1 about 8fr of the Ni line intensity is actually due to Co 3414.73 (Mrs. N. 

Garton, pers. comai.). The Mi values in Table 14 have not been corrected to allow for
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this effect which may be considerable especially in roc^s with low Ni contents and high 

CoM ratios.

There is less comparative analytical data for trace ele*aents in the Montserrat 

rocks than there was for major ei«««»ts«, However, values of Sr, V and Ga and probably 

also of Sc, iib and Li determined by Alien are consistently a little higher than the 

values for these elements obtained at Oxford (Figs. 23 and 24) which suggests that there 

is some discrepancy due to inter- laboratory errors. Values of V and Cr for the two 

ultrabosic blocks determined by spectro photometric and col crime trie methods are also 

higher than the values determined spectrographically.

Jesuits for F, Cr and Y in some U.S.G.S. standard rocks determined by eoloriraetric 

or s pact ro photometric methods agree well with the average values (Appendix 1, Table 1).

tf a r i Q. f 1'race fciemeflts t

In this section the concentration and behaviour of each of the thirteen trace 

elements determined in the .ontserrat rocks is discussed and comparisons are made with 

other lavas frora the Lesser Antilles (Baker, 1963, 1968a; Toablin, 1964 j Hea 1%6) and 

other calc-alkaiioe provinces (Cuckolds and Allea, 1953; iaylor, 1%B V 1%9; Taylor« 

Kaye et al. v l%9a; Taylor, Gapp et al. t 1969). Comparative chemical data are also 

given in fable 16.

iitjb^ dium.

Rubidium increases fairly steadily with increasing acidity in the Montserrat lavas, 

and also shows a rough positive correlation with potassium. Kubidiurn contents in the 

MOB tser rat lavas are low compared with Martinique and very low compared with St. Lucia, 

They are also iow compared idth calc-alkaline suites in general.

The K/i& ratio decreases and the Hi*/Sr ratio increases quite steadily with increa­ 

sing silica in the -ontscr.at lavas. The K/Sb ratio decreases with increasing acidity 

in all the Lesser Antillean suites to far investigated and the K/lib ratios in the St. 

Ucian dacites are among the lowest ever recorded from calc-alkali rocks. In many calc-
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alkaline suites the K/ffc is fairly eoastant while in a few suites (e.g. Usten Peak) 
the ratio actually increases with increasinn acidity.

Bariuci increases fairly steadily with increasing acidity in the foontserrat ultra- 
basic blocks and lavas but is considerably enriched in the yroaBdaass of 16615. The 
amount of barium in the Hontserrat lavas is low compared with other islands in the 
Lesser Antilles and very low compared with most calc-alkaline suites. Similar barittt 
contents have, however, been recorded in low K andesites e.g. from Saipan (faylor, r/ov).

The values of strontium determined by Nockolds and Alien show considerable varia­
tion and are a good deal hi-jher than values determined during the present studyt 24). The latter da^a suggest that strontium remains relatively constant throughout the
Mont ser rat series but shows a slight tendency to decrease with increasing acidity. On 
the other hand Nockolds and Alien's values show a marked decrease in strontium content 
throughout the series*

The fttantserrat lavas contain similar amounts of strontium to lavas from other 
islands in the Lesser Antilles but strontium increases slightly in more acid lavas from 
St. Kitts and shows HO systematic variation at all in the St. Lucian lavas. The Lesser 
An til lean lavas are probably slightly depleted in strontium compared with other ca le­ 
al kali ue suites.

Nockolds and nllen (1953) attribute the variable behaviour of strontium in 
different calc-aikaiinc provinces to differences in the amount of playioclase renwved 
frooa tbe magma but recent work (Brooks, 1968; Berlin and Henderson, 1V63) has shown 
that the crystallisation of pyroxene is also likely to be important.

Zircofiiua.

The Montserrat basalts are considerably enriched in zirconium relative to the 
ultrabasic blocks but zirconium increases fairly steadily vdth increasing acidity in
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tfc* tteatserrat lavas. Abumianeea of sdrconima in lavas from other islands in the

Lesser Antilles and from many other calc-alkaline suites resemble those in the ^ontserrat

lavas. High k andesites O*aylor, 1969) howwver, have higher abundances of zirconiucu

Copper decreases irregularly with increasing acidity throughout the Montserrat 

rocks. The concentration of copper in basalts and andesites fro® -ontserrat and 

St, Kitts is quite similar Irot the St. Lucian basalts are enriched and the St. Lucian 

aadesites are depleted in copper relative to the other islands. Values of copper in 

the Lesser Antillean lavas are similar or perhaps slightly lower than those in other 

calc-alkaline suites*

Cobalt is greatly enriched in the ultrabasic blocks relative to the basalts but 

shows a fairly regular decrease with increasing silica content in the rest of the series. 

Values are closely comparable with other islands in the lesser Antilles although they 

tend to be a little higher than in the St. Lucian lavas. Cobalt is slightly less 

abundant in the Lesser Antillean lavas than in other calc-alkaline suites*

In general nickel decreases with increasing acidity in the i.ontscrrat rocks but 

the ultrabasic blocks and two other rocks have exceptionally high nickel contents. One 

of these rocks (10641) is quite rich in modal olivine but 18613 and 18620 which are 

richer in modal olivine have "normal" nickel contents, the other rock which is abnor- 

nally rich in nickel is the virtually aphyric welded scoriae (18642) of the khite Oiver 

Pyroclast i-all Series.

Nickel contents in the foontserrat lavas are generally higher than in lavas from 

St. Kitts but slightly lower than in lavas from St. Lacia and a little lower than in 

most calc-alkaline suites.



j •> <

Tuylor, Kaye *t al, U%%) hat© shown tteat tain* sieciiita basalts snd aadesites 

in the circmooPaeific t s lly have fa/Co ratios of less than one, this is al*o the 

ease lor basalts and aadusit.es Item Moatsorrat and the rest of the Lesser Antilles but 

lavas from Crater Ufce aad Lassee i«?ait foave aig&er ratios, the «i/<-o ratio in the 

»o«t»ern*t lavas has a very erratic relationship with silica content bat on average the 

ratios in the basalts are slightly higher than those in th© a a de-sites.

i$ vtn-y lotv in the L^salt ,• ,s U of the ufeite ,dver Py roc last 

Fall juries bui other^iso Jecroa^es -.uitfci regularly with ineroasiag 5i(k in the .--ontscrra* 

racks. «**au«s uiru ^«a@ra*iy similar to those lor cobiiit, ..;u~.n-.uu:. con teats ia the 

iSontsermt lavas are quite similar to tUoae ia other lavas fro^ the Lesser Antill s, 

although seaniliom is rather high ia the Si* ^uciaa basalts, the L^«$@r .intillaaji lavas 

tead id have sli^tly iwer coiUents af scandium coopered ^ith most ealc-clkaURe suites.

Vanadiaa.

VaaafSiu^s rites with increasia^ SiOg iB the ultrabasic blocks and if one excludes 

the elder aaaiyses reaeiiea a mxtoam value of 340 {>»p.&* at 4V.3, SiC^ in the basult 

cinders (10620) of the ihite :ilver Fyroeiast i-nll Series, fhereafter fiaadiitm decrease s 

euite sharply ^ith increasing silica is the tteaiserrat lavas, the vaasdium curve closely 

resembles that for total iroa and both tiieiientE reacfe auxiawn: values at 49.3^> SiO^ aad 

are depleted in aadesites Iro;:t tHe . hite .aver lyror-Ust if ^]l series relative to other 

aadcsites. Uwever values of vanadium decrease mm rapidly than total iroa in the 

tfonteerrat basalts and nrdcsites.

The Lesser Aatilleaa basalts all contain roughly similar concentrations of vanadiu™ 

although preJirainary data Oewis 1%8» fable 5) suggest tnat tne ^t. Vinccal be salts «ay 

coataia ever 300 p.p.». V* Is sddition, the St. Ucian aodesite* contaifi less vaaadiiw 

than andesites from tiontserrat and St. Kitts. the .^.ntillean basalts are slightly rich 

ia vanadlofii centred ?dth aost hlgh-al«fliiBa basalts while the Aatillean aadesites
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considerably less vanadium than aadesites iraa other cale-alkaliae suites.

Y/Ni rating.

The V/Ni ratios in the > oiuserrut lavas ana me i-esser iUHAAiwuij iavas in general 

are aiyfe. aigh tf/iu ratios are typical of calc-alkaiine lavas which have tf/Ni ratios 

greater than tuose in ai*aii and thoieiitic uasalts by at least aa order of 

(taylor, Capp et al. t l*uv;.

Chromium is rather erratically distributed in the feontserrat rocks but tends to 

be higher in the basalts than the andesitcs. It also shows a slight positive correla­ 

tion with nickel. Chromium is typically con cent raced in early- lorded clinopyroxene 

Onager and ^itchell, 1951) and naost of the :.cntserratian lavas which are rich in 

contain abundant modal clinopyroxene. The almost aphyric welded basaltic scoriae (1B642) 

is however quite rich in chromium and in the ultrabasic biocts or is -nuch higher in 18393 

than in 18592 which may reflect the greater abundance of olivine in the former.

Contents of chromium in lavas from i.ontserrat, St. Kitts and Martinique are quite 

similar but the St. Lucia n lavas contain about five times as &uch chromium as lavas from 

the other islands, the chromium contents in the ;^t. Luciaa lavas are however, closely 

comparable with values for other C3lc~alkaline suites.

Gallium contents of around 20 p. p.m. are recorded in basalts and andesitcs from 

itontserrat, the Lesser Antilles and cole-alkaline suites in general. Gallium shows a 

rough positive correlation with aluminium in the Lesser Antillean basalts and andesites 

but is slightly enriched relative to alunuaiiua in the groundmass of 10615, in dacites 

from St. Lucia and in many acid calc-alkaline lavas.

Lith^uqi.

Lithium increases with increasing acidity in the iaontserrat luvus out the rate 

of increase, indicated by m>ckolds aad Alien's results is considerably greater than that
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the present work. The lioatserratian and St. Lueian lavas contain similar 
amounts of lithium.

fluorine.

Fluorine is very erraticaiiy aAstrittutaa la me ;«ontserrat TOGAS but tends to be 

higher in pyrociasties than in lavas, this is in accord with the findings of i*oble et 
al. (1967) who showed that halogens are lost fro*a volcanic rocks during crystallisation*

16:3 STftJNTIpM .AMJ l^kW isu'ff)^ ffiyiuS__Aff) UHANIUI|

During the present study seven new Sr isotope analyses of wontserrat roc&s were 
made by Dr. 0. Green and Mrs. -. Connelly of the Department of Geology and Mineralogy, 
Oxford University and these analyses together with an outline of the method of analysis 
are given in Table 15. In addition, important data on the Lesser Ant il lean lavas have 
recently been published te.g. -<o.i nelly et al., i%9) including *r isotope analyses 
(Pushkar, 1968), Pb isotope analyses (Armstrong and Cooper, 1969) and fh and U abundance 
data Uiojers in Oonnelly et al., r.<69)« this work includes new data for ^outserrat lavas 
and these are also given in fable 15.

IB the following section the Sr isotope ratios, the >b isotope ratios and the i'h 
and U abundances in the Montserrat rocks are discussed in turn. Comparisons are s-iade 

with other calc-siUaline lavas from the Lessor Antilles and elsewhere,

16:3:1 &X ^tifls-

Corrected Sr ratios in five basalts, two andesites and one metamorphic block 
from .iontserrat are given in Table 15. AS the Hb/Sr ratios in these rocks are very low 
«0,1 - Table 14) and all the lavas are believed to be less than four million years old

B7/f&the corrected Sr ratios nust be very close to the initial ratios. The average 
Sr ' ratio for the Montserrat lavas is 0.7034 i. 0.0009 and somewhat surprisingly the

' ' 7/ }-&andesites have slightly lower values than the basalts. The Sr ' ratios In the 

^ontserratian lavas are a little low compared with most circumoceanic volcanics (iiedge, 
1966; Pushkar, l%8j and are only slightly high compared with abyssal oceanic volcanics
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et al., 1965).

Previous to the present work eleven Sr87^ 86 ratios for Lesser Antillean lavas 

have been , ublished (Pushkar, 196U; Donneily et al., 1%9) and these ratios together 

with those from Table 15 are plotted in Fig. 25. These results show that 13 Lesser 

Antillean lavas have c>r ratios of between 0.702 and 0.705 but two lavas each from 

Dominica and St. Lucia have higher ratios. The high ratios in the taiinican and St. 

Lucian lavas are unlikely to be due to mantle inhomoijeneity since other lavas from 

these islands have normal ratios. They probably indicate the local incorporation into 

magmas of material containing radiogenic strontium as discussed in section 17:3.

16i3:2 Lead Isotopfe Hatigs.

Corrected lea i isotope ratios determined by Or. ii. L. Anastrang (in .'onnelly t-t 

al., 1%9) for three .ontserratian lavas are given in Table 15. Armstrong has also 

Measured lead isotope ratios in a basalt and an andesite from St. uitts and two andesites 

frora Dominica. The ratios in the i<iontserrat lavas and in the St« Kitts lavas are very 

similar whereas the Dominican lavas have significantly higher ratios, which suggests that 

the overall pattern of variation throughout the Lesser Antilles say be similar to that 

shown by the strontium isotope ratios. However, the lead isotope ratios even in the 

Montserratian lavas, are considerably higher than in abyssal oceanic igneous rocks 

(Tatsumoto, 1966). In addition the Lesser Antillean andesites contain much higher 

quantities of radiogenic lead than andesites from Japan (Tatsu&oto, 1969). The Lesser 

Antilieae lavas are also enriched in radiogenic lead compared with older rocks in the 

Eastern Caribbean, including the Cretaceous to Eocene spilites and keratophyres from 

i'uerto «ico and the Virgin Islands. The latter are characterised by low contents of 

radiogenic lead similar to those found in oceanic tholeiites.

The high values of radiogenic lead in lavas from the Lesser Antilles could indicate 

derivation from a source with a high U/Pb ratio bat are probably due to the mixing of 

two leads as discussed more fully in section 17:3.
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fhorim and

Thorium and uranium contents determined by Or. J. J. W. Kogers in six lavas from 

fentserrat are given in Table 15. «r. Kogers (in )onnelly et al.« 1%^> oas also deter- 

mined Th and U in several lavas froa the Lesser Antilles, and these results confirm th« 

treads shown by the strontium and lead isotopes in that contents of Th and probably also 

the Tii/U ratio are highest in lavas from St. Lucia and Uouunica. Contents of fh and U 

are however, a good deal higher in andesites than in basalts throughout the Lesser 

Antilles, The Lesser Ant il lean lavas are enriched in Th and U relative to the spilites 

and keratophyres of the Virgin Islands and Puerto cico but the difference is less striking 

than in the case of the lead isotopes.

The Lesser nntillean lavas have similar abundances of Th and U to andesites from 

Saipan and fciji (Taylor, Capp et al., 1969) and to "non-tholeiitie" volcanics from Japan 

(Tatsujaoto, 1%9, Table 1). They contain considerably no re Th and U than abyssal 

tholeiites U'atsumoto, 1%6> but much less Th and U than continental rocks iTaylor and 

tihite, 1966).

It is interesting also that the observed Th/U ratios in the lavas (1.3 to 4.1) 

are in general lower than the apparent Th/U ratio (—3.0) for the environment in which 

the lead isotopes evolved. Armstrong (in ^onnelly et i., 1969) suggests that this 

discrepancy might lie in the hydrous environment of melting in which 0, which ean be 

oxidised, might be preferentially extracted giving a melt with a lower Th/U ratio.

SLJi4&lAHY U' TiiE ^r

The chemical data present d in this chapter strongly suggest that the :ontserrat 

lavas form a closely related series of rocks. Plots of the major and minor elements 

against Si02 approximate to regular curves. As expected the ultra basic cumulates often 

plot on a different trend to the lavas but for some elements e.g. &g, 3a, Sc the blocks 

and the lavas actually plot on the same trend. The rocks of South Soufriere Hill differ 

from those of the other ifiontserratian volcanoes in that their *>i u« ran^e is larger and
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the Sam* Soufriere Hill aadesites are slightly depleted in total iron, »g<J f Tii>2 and V 

and slightly enriched in Na«Q and A10 0« relative to andesites from the other volcanoes.
<b> St •}

Apart frosi this there is very little difference in the chemistry of aadesitts froai South 

Soufriere s.ill and the other volcanoes except that silica reaches higher values in the 

latter.

Petrocheaiically, the .^ontserrat lavas resemble those from raost of the other islands 

in the > csser Antilles, especially St. Kitts. However they have less iC>0, 8b, Ba and Cr 

and more Na20, V, Co and CM than lavas from St. nicia, r-ad lower Sr '** ratios and

Her aroounts of radiogenic lead than lavas from St. Lucia and Dominica (Table 16). It 

appears that the St. Uieian and Uoainieaa lavas make up a petrochemicalIy distinct group 

•ttong the lavas of the Lesser Antilles but there is, at present, insufficient data 

available to enable one to say whether the lavas of Martinique, which lies between 

Dominica and St. Lucia in the central part of the Lesser Antilles, also belong to this 

group, i ̂ ore data are also needed for Grenada where lavas are exceptionally rich in K^O.

As well as inter- island differences in chemistry, differences in the chemistry 

of lavas from different volcanoes in the Lesser Antilles and especially between tSie 

"basaltic** and "andesitic" volcanoes (see Chapter Ify) were expected. However, the 

present study suggests that the main chemical difference between the "basaltic" volcanoes 

(e.g. South Soutriere Hill) and the "andesitic" volcanoes (e.g. Soufriere Hills) lies in 

the different ranges of silica contents of their lavas. Apart from a few minor differ­ 

ences, the andesites at both types of volcano appear to be quite similar chemically.

Although the Moatserrat lavas bear an overall chemical resemblance to lavas froo 

other calc-alkaline suites they are somev.hat depleted io TiO^, lib, Sr, Ba, Ni and Cr and 

enriched in Al2 0«a and CaO comnared with most calc-aikaline lavas especially those from 

continental areas ie.g« the Cascades - fable 16, Nos. 10, 26, 32). Basalts frons 

Montserrat contain slightly more i^O than most high alumina basalts (Table 16, .Nos. U>~ 

13) but the Montserrat andesites are considerably depleted in K20 relative to most 

andesites. Fhe ^ontserrat andesites and most other andesites from the Lesser Antilles



TABLE 16. CHEMICAL ANALYSES OF BASALTS, ANDESITES AND DACITES FROM MONTSERRAT, THE LESSER ANTILLES AND ELSEWHERE WITH ESTIMATED
COMPOSITIONS OF THE UPPER MANTLE AND DEEP SEA CLAY FOR COMPARISON

sio 2
T10 2

A1 2 0 3

Fe2°3 

FeO

MnO

MgO

CaO

Na2°

K2°

H2 0+

P2°S

Fe2 03/FeO

Fe203+FeO/MgO

Rb

Ba

Sr

Zr

Th

U

Cu

Co

Nl

Sc

V

Cr 

Ga

LI

K/Rb

Rb/Sr

Ni/Co

V/N1

TVU

gr 87/86

BASALTS

MONTSERRAT

1234

52. 5 51.8 53.3 53.9

0.8 0.8 1.1 0.7

19.1 19.6 16.1 18.8

3.7 3.3 4.2 3.6 

S.I 5.4 6.7 4.9

0.2 0.2 0.2 0.2

4.7 4.7 5.3 4.4

9.3 10.0 8.5 8.9

3.1 3.1 2.7 3.4

0.7 0.8 1.3 0.6

0.7 0.3 0.5 0.5

0.1 0.1 0.2 0.1

0.73 0.61 0.63 0.73

1.9 1.9 2.1 1.9

10 12 8

108 100 136

380 490 250

83 80 80

l.S 1.8 1.2

0.85 0.74 0.97

73 84 78

28 31 44

13 11 4

24 33 23

280 320 190

18 20 12 

21 18 18

11 11 11

591 556 623

ST. K.

S

50.9

1.0

19.4

3.7 

5.4

0.2

4.7

10.5

3.2

0.5

0.4

0.1

0.69

1.9

_

130

264

83

l.S

0.36

60

27

17

32

275

49 

18

-

-

0.03 0.02 0.02

ST. LUCIA ST. VH

678

51.9 54.1 52.6

0.9 1.0 0.9

17.8 16.0 18.5

2.3 3.9 4.1 

6.3 7.8 4.9

0.2 0.3 0.2

4.6 3.5 4.8

10.8 7.8 9.9

2.9 3.5 2.8

0.7 0.6 O.S

1.4 1.4 0.8

0.1 0.1 0.1

0.37 0.50 0.84

1.9 3.3 1.9

29 16

169 190

310 273 190

69 90

1.9 1.7

0.46 0.90

99 88

18 17 10

42 10 3

58 47

245 290 330

176 10 

10 11

12 18

166 381

0.09 0.06

0.46 0.36 0.09 0.63 2.33 0.59 0.33

il.S 29.1 47. S

1.8 2.4 1.2

16.2

4.2

5.8 29.0 110.0

4.1 1.9

JCENT CASC .

9 10

47.6 51.2

1.1 1.4

15.8 17.7

1.9 2.1 

7.1 7.2

0.2 0.2

11.9 6.6

11.3 9.S

2.2 3.1

0.6 0.6

0.2 0.2

0.1 0.2

0.27 0.29

0.8 1.4

40

2SO

975

80

-

-

-

35

100

20

160

200 

20

25

122

0.04

2.86

1.6

-

S.S.I.

11
51.2

0.8

18.1

2.7 

7.4

0.2

6.2

11.0

2.0

0.3

-

0.1

0.36

1.6

11

62

135

80

-

-

139

39

14

34

317

34

17

6

227

0.08

0.36

22.6

-

TAUPO H A

12 1

51.7 SO

1

16.9 17

3
10.4 

6

0

6.5 5

11.0 10

3.1 2

0.4 0

0

0

0

1

10

115

328

100

1.1

0.2

35

40

25

40

255

40

13

10

344

0.03

0.86

10.2

5.9

0.7036 0.7035 0.7049 0.7029 _ _ 
±0.0008 ±0.0006 ±0.0008 ±0.0003

.B. THQL.

3 14

.7 49.3

.1 1.5

.8 17.1

.6 2.0 

.6 6.8

.2 0.2

.5 7.3

.5 11.8

.6 2.7

.5 0.2

.6 0.7

.2 0.2

.54 0.29

.8 1.2

<10

14

130

95

0.15

0.08

77

32

97

61

292

77

17

9

1300

0.01

3.03

3.0

1.8

ALK.

15

47.7

2.9

18.1

4.2

5.9

0.2

.4.8

8.8

4.0

1.7

0.8

0.9

0.71

2.1

33

498

815

333

3.9

0.99

36

25

51

26

252

36 

22

11

418

0.04

2.04

4.9

3.9

ANDESITES

MONTSERRAT

16 17 18 19 20

59.4 58.2 60.5 58.9 60.4

0.5 0.5 0.5 0.4 O.S

18.3 18.5 17.7 19.3 17.5

3.3 3.8 2.7 2.9 3.3 

3.2 3.1 3.3 2.9 3.2

0.2 0.2 0.2 0.2 0.2

2.5 3.1 2.8 2.2 3.0

7.3 7.8 7.0 7.4 7.0

3.S 3.4 3.6 3.9 3.5

0.8 0.7 0.9 0.8 0.8

0.9 0.7 0.7 0.9 0.5

0.1 0.1 0.1 0.2 0.1

1.0 1.23 0.88 1.00 1.03

2.6 2.2 2.1 2.6 2.2

17 16 20 13 19

171 164 182 205 182

250 230 275 240 262

108 101 118 110 114

2.9 - 2.9 -

0.87 - 0.87

33 40 24 36 25

16 18 14 11 15

6 12 1 1 9

13 19 6 12 8

130 147 122 85 121

6 10 3 7 6 

20 20 21 18 20

18 15 24 17 22

391 363 374 508 347

0.07 0.07 0.07 0.05 0.07

0.38 0.67 0.07 0.09 0.60

21.6 12.3 122 85 13.4

3.3 3.3

0.7021 0.7025 0.7030 0.7024 0.7035 
-0.7045 ±0.0009 ±0.0010 0.0009

ST. K. DO

21 22

59.5 60.

0.6 0.

18.2 18.

3.7 3. 

3.5 2.

0.2 0.

2.3 2.

6.7 6.

3.8 3.

0.6 1.

0.8 0.

0.1 0.

1.06 1.

3.1 2.

66

266

286 360

93

6

1

28

16

2

15

98

7 

17

-

189

0

0.12

49.0

3

0.7046 0 
±0.0007 ±0

M . MTQ .

23

5 60.2

6 0.7

7 16.9

0 2.7 

S 3.8

1 0.1

1 2.6

8 7.6

5 3.5

5 1.0

6 0.7

1 0.2

20 0.71

6 2.5

40

238

333

91

.1

.69

-

16

1

8

112

1 

24

38

208

.18 0.12

0.06

112.0

.6

.7055 

.0005

ST. L. ST.

24 2

61.5 55

0.5 0

17.9 18

1.4 3 

3.4 5

0.1 0

2.3 3

7.2 8

2.6 3

1.4 0

l.S 0

0.1 0

0.41 0

2.1 2

51

383

270

97

1.4

0.87

8

9

6

IS

52

32 

16

21

227

0.19

0.67

8.7

1.6

0.7060 
±0.0007

V. CASC.

> 26

9 59.8

9 0.7

0 17.4

3 l.S 

2 4.2

2 0.1

2 3.4

3 6.3

5 4.0

6 1.4

8 0.7

1 0.3

63 0.36

7 1.7

55

625

970

120

-

-

-

15

35

15

115

SS

22

33

217

0.06

2.33

3.3

-

-

SAIP
27

57.3

0.6

17.4

7.3

-

3.5

8.7

2.6

0.7

10

110

215

90

1.3

0.4

55

20

IS

31

195

44

-

590

0.05

0.75

13.0

3.3

-

AND.
28

59.5

0.7

17.2

6.1

-

3.4

7.0

3.7

1.6

31

270

385

110

2.2

0.7

54

24

18

30

175

56 

16

10

430

0.08

0.75

9.7

3.1

-

BOUG.

29

60.8

0.8

16.8

5.1

2.2

5.6

4.1

3.3

88

400

620

170

5.5

2.2

40

13

3

20

160

3

-

297

0.14

0.23

S3. 3

2.5

-

DACITES

MONT.

30

63.6

0.4

16.8

3.3 

2.4

0.1

2.3

6.1

3.6

1.1

0.3

0.1

1.38

2.5

40

300

250

100

-

-

-

10

N.D.

N.D.

100

N.D. 

20

45

228

0.16

0

-

-

ST. L.

31

64.6

0.5

16.8

0.8 

3.0

0.1

1.7

6.4

3.1

1.5

1.3

0.1

0.27

2.2

112

243

277

88

7.7

2.3

5

S

S

7

35

27 

16

34

123

0.40

1.00

7.0

3.3

-

CASC.

32

65.7

0.6

16.9

1.3 

2.5

0.1

2.0

4.2

4.2

2.1

0.3

0.1

0.52

1.9

115

900

780

170

-

-

-

1

1

N.D.

40

3 

19

47

151

0.1

1.00

40.0

-

-

OTHERS

MANT.

33

45.2

0.7

3.5

0.5 

8.0

0.1

37.5

3.1

0.6

0.1

-

0.1

0.06

0.23

< 3

4

50

45

0.08

0.03

40

100-260

1000

25

100

1000- 
5000 

8

10

CLAY

34

52.0

0.8

15.9

8.4

3.5

4.1

5.4

3.0

-

110

2300

180

150

7

1.3

250

74

225

19

120

90 

20

57



ft Ifo. Ke to Table

1. Average basalt, ^ontserrat. (average of table 12, isos. 3-K , 12-15; Table 14, 

Nos, 3, 4, 6, 8, 13, 14, 15; Table 15. i\os. 1-6).

2. Average oli vine-basalt, ;>ontserrat. Uverage of Table 12, Nos. 4, 6, 7, 3, 10; 

Table 14, Nos. 4, 6, 8; Table 15, Nos. i, 2, 5).

3. Analysis 2 minus phenocrysts. (35% An, 0, 5,, fto44 bn«<- f^oi* 3/t *~°00 f i-5/4 watJnetite» 

Representative mineral compositions from Deer, ilowie and ^ussraan, 1%3, Vols. 1,2, 

4, 5).

4. Average two-pyroxene basalt, ^ontserrat. (Average of fable 12, Nos. 9, 14. 15; 

Table 14, Nos. 14, 15; Table 13, hos. 4, 6).

5. Average basalt, St. Kitts, (Data from Baker, l%ua, fable 6, Nos. 2, 3, 5, 6, 7, 

3, 9; Table 7, Nos. 2, 3, 5, 7, 8; Oomieiiy et al.. 1969, Table 1, TO 1692; Table

3. No. 4).

6. average porol;yritic basalt, St. Lucia. U>ata from Torablin, 1964, Table 12, Nos. 1, 

3; Table 14, Ho. 03).

7. Average aphyric basalt, St. Lucia. CJata from Toeiblin, 1^64, Table 12, &os. 2, 4; 

fable 14, No. 34; Jonnelly et al., i%9, fable 1, fD 1694).

8. Average basalt, St. Vincent. (i>ats from iiobson and Tomblin, 1966, Table 11, Nos. 1,

4. 5, 7; Lewis, 1968b, Table 1, Nos. 5, 6; Table 5, Nos. 5, 6; Ootmelly et al*, 

1969, Table 1, TO 1703).

9. Olivine- ; .hyric basalt, St. Vincent. (Lewis, 1963b, Table 1, rto. 4).

10. Average basalt. Cascades. 0>ata from Coombs and toward, 1960, p. 15, No. 1; p. 46, 

No. 14; killiaas, 1935, p. 295, Nos. 3, 4, 5; Turner and Verhoogen, 1960, Table 

20, Nos. 1, 3; Nockolds and Alien, 1953, Table 2, Nos. 1, 3; Table 3, Nos. A, 1; 

Table 7, Nos. 1, 2).

11. average basalt, South Sandwich Islands. Uata from Baker, 1968b, iuule 2, No. 1; 

Table 3, No, 2).

12. Hiyh alumina-basalt, faupo New Zealand. (Data from Taylor, 1969, Tables 1-6, No. 1).
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13. Average circura-oeeanic basalt (Lewis, 1960b. Table 3, No. 1).

14. Average oceanic tholeiite. ( (ata frori i-nnel et al. t 1%5; except Th t U - frosa 

fatsuiaoto, 196V, Cable 2; and Sr87' 86 data fro,a Gast 1%6, Table 2).

15. Average oceanic alkali basalt. Uata from Sinyel et al., 1965; except fh, U data 

for Hawaiian aituiii ba aits fros,, ueier et ai., 1964; uau r data fro:,i ^ust t 

1%6 Table 2).

16. Average andesite, iiontserrat. Coverage of fable 12, ftos. 17-44; fable 14, »os. IB,

20. 24, 27, 23, 33, 34, 37, 38, 43; fable 15, Nos. 7-12).

17. average two-pyroxene ande&ite, Montserrat. (Average of Table 12, ftos. 17, 13, 20,

21. 23-28, 30, 35, 36, 39; Table 14, Nos. 18, 20, 24, 27, 28; fable 15, No. 7).

18. Average hornblers de-hypers then e andesite, ontserrat. (Average of fable 12, Nos. 32, 

33, 34, 37, 38, 39, 40, 42, 43, 44; fable 14, Nos. 33, 34, 37, 3u, 43; fable 15, 

Nos. 8-i2j.

19. Average andesite, base of andesite Coarse frail ^one, White uiver iyroclast Fall 

Series. (Average of fable 12, Nos. 25, 26, 20. 29, 30; fable 14, No. 28).

20. Average aadesite, ^oufriere Hills, ^ontserrat. ^Average of fable 12, Nos. 24, 33, 

35, 37, 33, 40, 42, 43; Table 14, ;<os. 24, 33, 37, 3ii, 43;.

21. Average andesite, ^t. aitts. U)ata frosii Baker, l%8a. Table 6, Nos. 10-23; Table 

7, Nos. 10-14, 16-22; Oonneily et al., 1969, Table 3, No. 1;;.

22. average andesite, Jorainica. Qata from iiobson and Tooblin, 1%6, Table 7, Nos. 1-4; 

Table 0, No. 1; Oonnelly et al., 1/69, Table 1, TD 1701, TJ 1324, Table 3, No. 12,

13).

23. average andesite, Martinique. (IJata from Uobson and Tomblin, 1966, Table 9, Nos. 

1-5, B; Nockolds and Alien, 1953, fable 6, Nos. 3, 3, 9).

24. Average aadesite, St. Lucia. Oata from Xoaiblin, 1964, Table 12, Nos. 6-12, 

Table 14, Nos. 203, 33, 290; Uonnelly et al., 1969, Table 1, TD 1605, Table 3,

Nos. 14, 15;.

25. Averaae andesite. St. Vincent. &)ata from -iobson and fomblin, 1^66, fable 11,
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Nos. 2, 3, 6, 6).

26. Average andesite, Cascades. Uaca iro$n Cootabs and Howard, 1%3. p. 5, Nos. l t 2;

p. 10. Nos. 1, 3; p. 15, No. 2; p. 26, No. 2; p. 3*. . £. G. H; p. 37, Nos. 1, 

2; p. 46, No. 13; >»iliianis. 1935, p. 295, Nos. 6, 7; Turner and Verhoogen, 1%Q* 

Table 2u, uos. 4, 5; Nockolds and Alien, 1953, Table 2, Nos. 4, 5, 6, 7; fable 3, 

No. Bj Tabie /, uos. 4, 5, 6, 7, 8).

27. average low-K andesite, ^aipan. (Data from Taylor, 1969, fables 1-6, No. 3). 

26. Average andesite. (analyses from western United States, Mew Guinea, New Zealand, 

Bougainville, Japan. Taylor, 1969, Tables 1-6, No. 4).

29. liiyh-ii andesite, Bougainville. (Data from faylor, 1969, Tables 1-6, No. 5).

30. average dacite, Montserrat. Coverage of Table 12, Nos. 45, 46; Table 14, No. 46).

31. Average dacite, St. ucia. (Jata from Tomblin, 1%4, Table 12, Nos. 13, 14, 16, 17, 

18, 20, 21, 22; Table 14, Nos. 13, 87; Donnelly et al., 1969, Table 1, TD 1327).

32. Average dacite, Cascades, (uata from Coombs and Howard, 1960, p. lu, Nos, 2, 4;

p. 13, Nos. 3, 4; p. 23, ^o. 2; p. 32, ^, 8, C; p. 46, Nos. 1-7; Williams, 1935, 

p. 295, No. 3; Turner and Verhooyen, I960. Table 28, Nos. 6, 7, 8; Nockolds and 

Alien, 1933. Table 2, Nos. 0, 9; Table 3. No. 3; Table 7, Nos. 10, 11, 12. 13).

33. Pyrolite upper mantle. (Major elements from L). H. oreen and iiiny^ood, 1967, Table 

20; »dnor elements frotn Taylor, Kaye et al., !%9a, p. 283, and computed from data 

in iingel et al., 1963 and Goles, 1967, Table 11.1 using the pyrolite model of 

Ringwood, 1962).

34. Oeep sea clay. (Data fror>i furekian and Viedepobl. 1961).

Notes. 1. All major element analyses in i'able 16 corrected to 10JX

2. Comparative chaaistry of ultrabasic cumulate blocks from f<k>ntserrat and

elsewhere in the * esser Antilles is given in Table 17.
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plot on the K^O/SiC^ diagram near the boundary between low-K aodesites ( O .7,. 

53-62* Sio2 ) and andesites (0.7 - 2.5% ^0; 56-62;. Si02 > as defined by laylor (1969. 

p. 45) but they are closer chemically to the low-It aadesites (Tab^e 16. No. 27). 

Andesites from St. Lucia, however have similar compositions to Taylor *s average 

andesite" (Table 16, No. 20).

The main importance of the chemical data given in this chapter lies in the cons­ 

traints they impose on possible methods of petrocencsis of the lavas and they are consi­ 

dered in this light in the next chapter. The trace elei ent data for the ultrabasic 

blocks are especially interesting in this respect since they are, as far as the writer 

knows, the first trace element data on cumulates associated with calc-alkaline volcanic**

"
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C H A P I E * 17.

The following processes, either singly or in combination have sometimes been 

considered important in the oetroqenesis of cale-al saline lavas:*

1. Fractional crystallisation of basaltic raagma under strongly oxidising (Osborn, 1959) 

or hvdrous (Green an* '^ingwood, I960) conditions.

2. Partial melting of a wide variety of source material* including lower crustal 

material Uless, 1960), wet peridotite (G'Hara, 1965; Yoder, 1969a>, quartz eclogite 

(Green and iiiagtoood, 1963), and basalt (Green and tfingwood, 1968, Taylor, Capp et al.,

3. Con taai nation of basaltic magma by sialic material (e.g. Ualy, 1933; Kano, 1959), 

or nixing of basaltic and siliceous magmas (e.g. Larsen et al., 1936).

4. Gas transfer (Statiton, 1%B).

The aim of this chapter is an assessment, in the light of the evidence presented 

in this thesis, of the relative importance of these processes in the petrogenesis of 

the iUontserrat lavas. The implications of the present work for theories of petrogeaesis 

of other calc-alkaline lavas from the Lesser Antilles and elsewhere will also be consid­ 

ered.

17;1 |tiE tiyi^. -.Ji-

Investigation of the behaviour of the experiment *± ^ysteas, MgO ~ F«0 -. 

and MgO • FeC - i^Og - Ca/a2Si2o3 - SiQ^ at different oxygea fujacities (Osborn, 

1959, Boeder and Osborn, 1966) has shown that the course of fractional crystallisation 

at constant total bulk composition (constant oxygen content, as in a closed system) is 

towards low oxygen fuga cities and ferrogabbroic liquids (tholeiitic trend), teith frac­ 

tional crystallisation at constant oxygen fugacity (variable oxygen content) the change 

In linuid comoosition is towards increasing silica and decreasing iron oxide as soon as
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•synetite begins to crystallise (caloalkaline trend). Applying these results to natural 
systems Osborn (1969a) has suggested that orogenic andesites are derived by the fractional 
crystallisation of basalt in the lower crttst under conditions of high oxygen fugacity and 
that Alpine peridotites represent the complementary crystal cumulates.

Approaching the problem frora a different angle natsely a high pressure investiga­ 
tion of the partial raelting fields of synthetic rocks Green and Hingwood (1968) concluded 
that fractional crystallisation of hydrous basalt at 30 to 40 km. depth under conditions 
°* Pli20 ^ PLtt%0 was a P°>sibl* method for the production of the cale-alkaline suite. 
Their investigations indicated the removal of a rather different extract (mostly c lino- 
pyroxene and am phi bole with small amounts of ort ho pyroxene, iimenite and playioclase) 
titan that which Os bom has shown to crystallise from the synthetic systems (playiociase, 
pyroxene, oil vine and angnetite).

* A f jiit i* ractJQR^|]L ^rysLal lisation fin i-i

The evidence outlined in Chapter 15 indicates that at least two periods of 
fractional crystallisation - one occurring at shallow depths and the other at intermediate 
depths in the crust * have affected the magmas which gave rise to the atontserrat rocks.

C rs .i Rtion S

This staye ox crystallisation probably takes place at pressures approaching oat 
atmosphere ( < 3km. depth) and involves the separation of the cotamon micro pbenoerysts 
and also some of the phenocrysts in the lavas though many of the latter may actually 
originate at deeper levels in the crust (p. 115). That some crystal fractionation takes 
place at this stage is indicated by the presence of cognate basaltic inclusions in soae 
andesitic lavas and the composition of these (Table 12, m>. 11) is such that their 
removal fro® an andesitic taagraa will result In an increase of SiO^, ICO and ^j and a 
decrease in total iron and *igu in the residual liquid. In addition the similarity 
between the average *J0ntserrat oii vine-basalt, calculated pheaocryst-free (Table 16, No. 3) 
and theaphyric basaltic scoriae liable 12, No. 13) indicates that the latter might well
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have been produced by the removal of crystals similar to those found as pseaocrysts ia 

tbe basalts, fro® a saagiaa of the composition of the average olivine-basait Viable 16, 

fto. 2).

A comparison of analyses 2 and 3 in Table 16 also emphasizes the considerable 

effect of phenocrysts on the composition of the lavas. It is clearly important therefor® 

to know if all the constituents is the lavas ar© co-ma y^atie sine© whole rock analyses 

will aot bear any direct relationship to the composition of original magmas unless this 

is the case. Petrographic evidence suggests that the fc^atserrat lavas contain constit­ 

uents with varied histories ranging from "old" phenocrysts with complex crystallisation 

histories to interstitial material deposited Iron late-stage fluids tp. 115-113). It 

is probable howevtr that most of these different constituents crystallised from the sarae 

aagoia under different physical conditions rather than ftom different siagnias so that in 

general the composition of the porphyritie lavas aay approximate to that of the original 

aaffaas. Incorporation of xenocrystic material, accumulation or separation of certain 

minerals preferentially to others and late-stage alteration faay change this original 

composition slightly but it seems unlikely that any very fundamental chemical changes 

are brought about by the operation of these processes at shallow depths*

The ultra ha sic cumulate blocks found at South Soufriere Hill and at other volcanoes 

in the Lesser antilles (p* 103-108) are direct evidence for the fractional crystallisa­ 

tion of basaltic «agma in the Lesser Antilles* On the basis of the mineralogy and 

chemistry of ultrabasic cumulates from St. Vincent Lewis (1964, p. 198-201) was able to 

make estimates of nusny of the physical parameters under which they formed. Similar 

reasoning can be applied to the fctontserrat blocks as follows. The calcic plagioclase, 

Sftgnesian olivine and aluminous amphibole (p« 106) in the Montserrat blocks indicate 

crystallisation at hi -h temperatures. The abundance of amphibole reflects the high 

content of water in the original magaa and the very high An content of the plagioclases 

is almost certainly another indication of crystallisation under high water vapour pressures
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as suggested by experimental work do the Ab - An - ^9° system (Yoder et al.,
ff 

Yoder l%9b; see also Lewis, 1%0). The high Fe^/freO ratios in the i ontserrat blocks

•how that crystallisation took place at high oxygen fugacities. * ;J.cii factor is probably 

related to the high water content of the magma since oxyyen is probably produced taainly 

by the dissociation of water according to the reaction 211^ ~^ ^lij -*• ^*

The coexi^euca oi magaesian alivine ami calcic iuayioclase in the Montserrat 

cumulates restricts their origin to depttis equivalent to pressures less than 7k», , at 

v&ich p res i are playiociase and olivine react to produce two pyroxenes and spinel uCushiro 

and Yoder, 1%6; Yoder, 1966). la addition, Yoder and Tiliey U%2) have shown that in 

general the effect of increasing water vapour pressure on the crystallisation of basalts 

is to lower the liquidus of plagioclaie and the amount of plagiaclase crystallising 

relative to other phases. At 9~lu kb. uader hydrous conditions ^^0 ^ ^Uh^ ca ^c^c 

plagioclasa is a minor phase occurring near the soli Jus (Green and i&nywood* I960). Hence 

the presence of abundant calcic playioelase along with aaphibole in the u>ntserrat blocks 

indicates crystallisation at relatively low pressures and relatively shallow depths* A 

comparison of the sequence of crystallisation in the Ontserrat blocks with that ia the 

Warner high alumina basalt C Yoder and liiley, 1962, Fig. 23) suggests that they are 

unlikely to have crystallised at water vapour pressures greater than 2,500 bars since 

under these conditions am phi bole precedes plagioclase in the experimental system and 

there is no evidence of this relationship in the cumulates. On the basis of similar 

arguments aad because plagioclase invariably precedes c lino pyroxene as well as a mn hi bole 

in the St. Vincent blocks, Lewis (1964, p. 202-204) suggested that these blocks might 

have crystallised at water vapour pressures of between 1,500 and 2,000 bars, correspon­ 

ding to depths of between 6 and 6 ka. The Montserrat blocks may have crystallised at 

similar depths.

The ^ontserrat ultrabasic cusmlates occur within a block fall composed mainly of 

fragoents of seoriaceous andesite of very unifona composition (p. 122). The block fall 

passes upwards without any apparent break in composition into a series of fine basaltic
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pyroclast fails (p. 34) and this suggests that the upper two zones of the Jhite River 

Pyroclast Fall Scries may be the products of the oaptyinn of a gravity differentiated 

ftagna chamber in which andesitic maota overlay magma of basaltic composition. The 

restriction of the ultrabasic blocks, which would presumably represent material from the 

bottom of the chamber, to andesitic horizons rather than basaltic ones might be due to 

the greater force of the andesitic eruptions.

In any case the close association of andesite, basalt and ultrabasic cumulate 

blocks at >outh Soufriere Hill is strongly suggestive of a genetic relationship whereby 

the andesites have been derived from basaltic magma by the removal of material of the 

eoaposition of the blocks. To test this possibility the composition and tho amount of 

material which must be removed from the average iHontserrat olivine-basalt (Toble 16, No. 2) 

to give the average .^hite Kiver i'yroclast Fall series andesite (Table 16, No, 19) has 

been calculated according to the method outlined in appendix 2 (p./7? }. In Table 11 

the exposition oi tnis siatorjiui is comparer with that of ultrabasic cumulates irtm 

Hontserrat and elsewhere in the Lesser Antilles. The calculated extract (Table 17, No, 1) 

and the average Montserrat cumulate (Table 17, Fto. 3) contain similar amounts of SiO^, 

FcgOy Mnu, MgO, CaOf HQ^J, P^0rt Ni and Sc. The calculated abundances of the other 

elencnts are hov,«ver somewhat different from their abundances in the cumulates and 

agreement is particularly bad for total iron, TiOot V, i_, <£r and Sr,

Clearly there are many uncertainties in these calculations. For a start store 

analytical data are required as, for example, the trace element abundances in the 

andesites are based on a sin-sle analysis but there are zaore fundamental difficulties 

than this. Thus one does not know whether the analysed blocks are representative of 

the material removed from the basalt or whether toe olivine-basalt lavas approach the 

composition of the original basaltic oa^ia or bow ouch if any, allowance should be made 

in the calculations for the effect of the phonocrysts on the composition of the lava*.

As regards the first point the differences between the tfaotserrat ultrabasic blocks 

and ultrabasic blocks from elsewhere in the uesser lilies and in other calc-alkaline



TABLE 17. CALCULATED COMPOSITIONS OF EXTRACTS REQUI^D TO 
MONTSERRAT ANDESITES FROM THE AVERAGE MONTSERRAT 
BASALT, COMPARED WITH THE COMPOSITION OF EJECTED CUMUL 
ATE BLOCKS FROM THE LESSER ANTILLES.

Si02

Ti °2

A1 2 0 3

Fe 2°3

FeO

MnO

MgO

CaO

Na 2 0

K2 0

P 2°5

Ba

Sr

Zr

Cu

Co

Ni

Sc

V

Cr

% of Parent
Magma Rem­ 

oved

1

43.3

1.3

19.8

3.8

8.1

0.2

7.5

13.1

2.1

0.8

0.0

-20

475

45

140

54

23

57

590

35

46.6

2

43.3

1.1

21.5

3.3

7.5

0.2

6.3

13.2

2.7

0.8

0.1

21

295

47

141

37

7

56

531

34

50.1

————————————— —————— -
3456

43.3 42.2 42.5 42.4

0.8 1.0 1.4 0.9

24.2 21.5 16.4 25.6

3.9 3.6 11.4 4.3

4.2 5.8 5.6

0.1 0.1 0.1 0.1

7.3 10.6 11.7 5.3

14.2 14.5 14.3 14.4

1.9 0.6 1.9 1.3

0.1 0.1 0.3 0.1

0.0 0.1 0.0 0.1

29

290

5

88

98

33

39

292

15

_ - ' —

7

42.4

1.0

21.3

4.4

5.5

0.1

9.4

14.4

1.3

0.1

0.1

1. Calculated composition of material, 46.6% of which removed from the average 
Montserrat olivine-basalt (Table 16, no. 2 ) would give a residue with the 
composition of the average White River Pyroclast Fall Series andesite 
(Table 16, no. 19 ).

2. Calculated composition of material, 50.1% of which removed from the average 
Montserrat olivine-basalt (Table 16, no. 2 ) would give a residue with the 
composition of the average Soufriere Hills andesite (Table 16, no.20 ).

3. Average Montserrat ultrabasic cumulate block (Average of nos. 1 and 2, Table 12)

4. Average of 4 analyses of ejected ultrabasic blocks from St. Vincent (Lacroix 
1949, nos. 8, 9, 10, 11, p. 587).

5. Average of 2 analyses of ejected ultrabasic blocks from Carriacou, Grenadines 
(T. A. Jackson, pers. comm.).

6. Analysis of hornblende-eucrite block from Mt. Misery, St. Kitts (Baker, 1968, 
Table 6, no. 1).

7. Average of 9 analyses of ultrabasic cumulates from Montserrat, St. Vincent, 
Carriacou and St. Kitts.
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suite, x,,. 106) may be siguuiuant. Bloet^ wai^m.^ *«^ jnort*" 1 ^ and olivirm, w 

are quite r.onsaon in other suites have not been found on ^ontserrat and the Montserrat 

blocks contain higher proportions of araphibole but less olivine and clinopyroxene than 

blocks from elsewhere. Lewis (1964, Chapter 11) has shown that of the blocks from the 

Soufriere volcano, St. Vincent the anorthite-alivinc Uoeks were the first to fora, so 

that if the course of crystallisation below South Soufriere Hill was the sarae as that 

at St. Vincent the analysed astphibole-bearinc blocks will represent only a part of the 

total crystal extract. The absence of anon c-olivine blocks in the White River Pyro- 

clast Fall Series sight be due to a less violent eruption thaa that which occurred at 

St. Vincent disrupting material only from the top of the crystal pile. It is possible 

therefore thnt the coetnositinn of the average St. '/inc^t block (Table 17f No. 4) or 

of the average Lesser Antillean cosmlate (Table 17, ^*o. 7) might give a better indica­ 

tion of the composition of material removed from the Montserrat basalt but even these 

must be regarded as an inadequate guide since they are the average of very few analyses 

and it is impossible to estimate the relative importance of the different types of blocl 

in the total extract. If hovever the average St. Vincent or Lesser ..ntilican block 

rather than the average Montserrat blocks is represent tive of the material removed 

froffl the Montscrrai basalt the amounts 01 ^V^o an^ totai iron in the residual liquid 

would be much closer to the values actually found in the hite Uiver iy roc last Fall 

Series andesites.

It seeas possible therefore to account for raost of the observed differences in 

tee composition of the ?4ontserrot olivine-basalts and the ihite River Pyroclast Fall 

Series andesites in terms of an extract of similar composition to the Montserrat, H. 

Vincent or Lesser Ant 11 lean ultrabasic blocks. It is difficult however to account for 

the differences In K^O and probably also in total iron, Tio2t V and Cr in the basalts 

and andesites in this way so that fractional crystallisation ciay not be the only process 

control liny the behaviour of these elements. Thus gas transfer may play an important 

role in proauciao the observed uii'ferences in Sj° contents v./7J >. a& rn vrds the
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other elements that show raajor discrepancies it may be significant tbat they are all 

typically concentrated in ore minerals so that processes like the accumulation of 

magnetite in the basalts might account for the observed discrepancies. There is 

however* little evidence for this except that the Montserrat basalts contain slightly 

greater amounts of modal magnetite than the andesites. Another possibility is that 

the analysed ultrabasic blocks are poorer in magnetite than the crystal extract as a 

whole. Thit is apparently the ease with the analysed ultrabasic blocks fr^ ontserrat 

wfcich contain an averse nf only 1.15^ modal mannetite e&fsaared vdth an average of 6*0% 

for the fiontserrat blocks as a wfiole. It is not possible to say whether or not this is 

also the ease with the St. Vincent blocks since Lacroix U949) did not present modal 

analyses of the analysed blocks.

it is clearly impossible at the present time to sa> definitely whether or not 

the andesites of the fthite mver >yrociast Fall Series have formed by the fractional 

crystallisation of basaltic raag»aa but as the lavas of South Soufriere Hill show a 

complete compositional gradation from basalt to anaesite and anuesitic pyrociustics at 

this volcano contain ultrabasic cumulates with approximately the sarac composition as 

the extract required in such a process there is a strong possibility that this is the 

ease.

It is also possible to account for many of the chemical characteristics of

andesites from the other Montserrat volcanoes by a similar process. For example to 

produee the average Soufriere Kills andesite (fable 16, No. 20) from the average South 

Soufriere Hill divine-basalt requires the removal of 50.1/3 of material, the composition 

of Mhich (Table 17, No. 2) approximates to that of the average Montserrat ultrabasic 

block. However, because of the greater volume of andesite at the Soufriere Hills and 

because the andesites are richer in 3io2 than those at South Soyfriere Bill a greater 

volume of basaltic magna would be required to prodttee these andesites than is required 

to produce the andesites at South Soufriere Hill. Basalts do not however occur among 

the products of this volcano.
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It is likely of course that the relative volumes of andesite and basalt at the 

surface do not reflect their relative volumes at deptn due perhaps to the preferential 

eruption of andesite Gvuno, 1968). It is important also to renenber taat the isianus 

of the Lesser Antilles represent only the upptinaost parts of what may be thick volcanic 

piles (p./69 ) and there is BO reason to suppose that the lavas on the islands are 

representative of the composition of the whole pile. Various lines of evidence surest 

that the proportion of basalt to andesite increases with depth. For example, gravity 

and seismic refraction data for the Lesser Antilles can be interprets as i^.^can.^ the 

presence of a considerable thickness of basaltic material beneath the arc (p. 4). the 

recent demonstration by Baragar and Goodwin (1969, p. 141) that saiic components increase 

with increasing stratigraphic level in Archaen calc*alkaline volcanic belts of the 

Canadian Shield and that the overall average composition of these belts is somewhere 

between that of tholeiitic basalt and andesite is also of interest.

In view of these considerations it is obvious that the preponderance of andesite 

among the products of a volcano does not rule out the possibility that these andesites 

litre produced by the fractional crystallisation of basaltic aagsta and the data givan in 

Table 17 indicate the chemical feasibility of such a process in the production of the 

Soufriere Hills andesites. However all the volcanoes on ontserrat, apart from South 

Soufriere Hill are characterised not by a preponderance of andesite over basalt but by 

a complete lack of basalts, basaltic andesites and ultrabasic cumulate blocks so that 

the fractional crystallisation of basaltic magma is a rather unlikely mechanism for 

the production of aadesitet at these volcanoes.

It appears therefore that the volcanoes on ^ontsernit reflect the pattern in the 

Lesser Antilles as a whole, where two different types of volcano have been recognised 

(p. 7S" ). It is probable that andesites at volcanoes like South Soufriere Hill, where 

there is a compositional gradation froa basalt to basaltic andesite to two-pyroxene 

aadesite and where ultrabasic cumulates occur, have been produced by the fractional 

crystallisation of basaltic nttgna. On the other hand it is less likely that andesites
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at volcanoes like the Soufriere Hills* which have erupted nothing bat andesite. have 

formed by this mechanism (Tooblin, l%8j aea, 1969). i>iost volcanoes in the Lesser 

Antilles belong to the second category but examples of the first type include Soufriere, 

St. Vincent, tit. St. Catherine, Grenada and &t« Misery, 6t. atts as well as South 

Soufriere Mill. The Soufriere volcano, St. Lucia Uomblin, 1964; is somewhat different 

from other volcanoes in that it has c runted some basalt together with a la rye amount of 

andesite and decile. However, no ultrabasic cumulates have been found and there is a 

large compositional break between the basalts and the andesites so that the fractional 

crystallisation of basaltic raagma may not be the mechanism by which the andesites are 

produced at this volcano.

1^ Comparison pf Fr^ct^onal Crystallisation fa j^fte Leas ejr Antilles ylth ff

Before leaving the subject of fractional crystallisation it is necessary to compare 

the process of fractional crystallisation outlined in the previous section with the proc­ 

esses put forward by Osbom (1959) and T. H. Green and King wood (1968) to account for 

the petrogenesis of the cale-aikaline suite.

The process suggested by T. H, Green and Hingwood C1968, pp. 112*113) involves 

the fractional crystallisation of wet basalt at 9-10 kb. ^i/uin > PH Q^ corresponding 

to depths of 30-40 ka. The process involves the removal of am phi bole and to a lesser 

extent clinopyroxene and possibly also ort ho pyroxene, calcic plagioclase and garnet frora 

a high- a lamina basalt parent. Qsbora (1959), on the other hand suggests a process invo­ 

lving the separation of plagioclase, pyroxene, olivine and magnetite from a high alumina 

be SB It under conditions of high oxygen fug a city soraewhere in the lower crust. In a
a,

later paper the same author (Usborn, 1%9>$ has suggested that alpine peridotites repre-
A

sent the "complementary" crystal cumulates from this process. Osbom (196^ p. 317-313) 

considers that the absence of playioclase frosi the peridotites is a result of the suppres­ 

sion of plagioclase crystallisation at high water vapour pressures and the tendency of 

plagioclase to float rather than sink in basaltic liquids.
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Clearly the processes envisaged by Osbora and by T. H. Green and Riagwood are 

taking place at greater deptfca than the crystallisation of whicn the Antillean ultra* 

basic cumulates are evidence, They are also taking place on a larger scale since it if 

proposed, ou asborn's theory at any ratet that all aadesites aave ior;sed in this way 

whereas only a few of the Lesser Antillean andesites are thought to have been derived 

by the fractional crystallisation of basaltic njagwa. The mineralogy of the extracts 

also differs fro® that of the Lesser Antillean cumulates. Thus, T, H. Green and 

Sing wood's extract contains very little pla;jioclase and no oliviae and although the 

analysed amphiboles are quite similar in composition to analysed amphiboles front the 

St. Vincent blocks (coupere T. II, Green and aingwood, 1% ; table 24 and Lewis* 1964; 

Table 28) the analysed cli no pyroxenes contain more AU&j than the 3t * ^incent clino- 

pyroxenes (T. H. 6r©er. and xnl, 1%B. Table 23 and Lewis, 1%4. Table 20) and 

the plagioclases ^n^ * T. h. ureen and iaagwood, 1968. fable 25) are much less calcic 

^°96*90 * Lewis « 19&9. Table 9>. The extract obtained by Usborn is quite similar to 

that in the Antillean blocks except that it does sot contain araphi bole, which is hardly 

surprising siace osborn has not yet added water to his experimental systems.

It is apparent therefore that the processes of fractional crystallisation 

proposed by Osbom U959) and T. H. Green and Hingwood (1963) to account for the petro- 

genesis of andesites differ in raany ways from the fractional crystallisation which 

produced the Lesser Antillean ultrabasic cumulates* Nevertheless it is still possible 

that Host of the andesites ia the Lesser Antilles have been derived by processes like 

those suggested by Osborn or X. H. ^reen and tiinywood and that the fractional crystal- 

lisation of basalt indicated by the Lesser Antilleaa cumulates is a minor high level 

process superimposed on a much .nore extensive fractional crystallisation at depth. There 

is however no direct evidence to support such an assumption and there is some evidence 

against it.

For a start, the volume problem is obviously -;ore acute in the case of theories 

which advocate the formation of all andesites and dacites by the fractional crystallisa-
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tion of basaltic uagoa man iur taeories wjucii advocate the production of only small 

•Mounts of rather basic andesite. Again, it is difficult to see why snail amottnts of 

basaltic iaagroa should rise to relatively high levels in the crust before fractionali:>n 

begins while the main oass of basaltic magma fractionates at greater depths.

Mere particularly Taylor, Kaye et al. t (l%9a> teve criticizea usaorrr's - - s :*lsn 

for the production of andesites on the grounds that the similar concentrations of V and 

Ni ia high alunina basalts and andesites mean that the andesites cannot be derived freai 

the basalts by processes which involve the removal of large quantities of magnetite 

(which is rich in V) or divine (.which is rich in M). although faylor's interpretation 

of the data has been challenged (Qsbora, 1969b) and trace element variation raay be 

affected by many factors including concentration of volatiles (Htngwood, 1955, p. 249), 

wall rock reaction O. U. Green and iingwood, 1%7), contamination or ij£s transfer (see 

p. /7«3 this is probably a valid criticism (Xaylor, Kaye et al., 1969b). itaaoval of 

much clinopyroxene as in the fractionation scheme proposed by i. J. Green and iuu*Ki>od 

(1963) might also deplete the residual liquid in Ni beyond the values typical of 

andesites. Another crucial objection to Osborn's theory concerns the crystallisation 

of plagioclaso. Under the conditions of fractionation suygested by T. H. Greea and 

ftittgwood (I960) playiocla&e is u ;;dnor phase occumag near the solidus and ^sbom uv« 

has suggested that plagioclase is rare in Alpine peridotites either because high water 

vapour pressures suppress its crystallisation or because it tends to float rather than 

sink in basaltic aagmas. There is, however, definite evidence that plagioclase, far 

from being suppressed is an early phase to crystallise in dacites, andesites, basalts 

and ultrabasic cumulates from the ^esser Antilles and the abundance of plagioclase in 

the latter is evidence that plagioclase sinks rather than floats in basaltic ntagmas in 

the Lesser Antilles. In any case it seems unlikely that plagioclase would be rare in 

cumulates formed by the fractional crystallisation of basalt at the depths and water 

vapour pressures ( ^' 600 bars) envisaged by t'Sborn. The crystallisation of plagioclase 

from basaltic magmas is not significantly suppressed at water vapour pressures 01 ouO
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bars (Yoder and Tilley. 1962) and at much higher water vapour pressures aaphibole, wnich 

like plagioclase is not a prominent constituent of Alpine >tites will be an 

Important phase. Therefore. even allowing for the faet that high oxyyen fugacitios may 

suppress plagioclase crystallisation (Hamilton et al.« 1%4) it seesas unlikely that the 

crystal cumulates formed from basalt magma crystallising under the conditions envisaged 

by Osborn will have the composition of Alpine peridotite. in addition, there is no 

evidence whatsoever for the existence of crystal cumulates of the sort expected frow 

T. u. areen and iiingwood*s process*

17:1:4

Xhere is evidence for two major periods of crystallisation in the -ontserrat rocks. 

One of these* which occurs near the surface at low pressures probably has little funda­ 

mental petro genetic significance. *"he other, which occurs deeper in th« crust ( 6*3 krsu), 

involves the separation of sub-silicic crystal aggregates from basaltic flagon and is 

probably instrumental in producing andesites at the South Soufriere Bill centre., it is 

unlikely that andesites at the other volcanoes on ontsernt have been produced either 

by t is mechanism or by the large scale fractionation processes of basaltic magma proposed 

by Osborn (1959) or T. H. Green and i&ngwood (1968). It is therefore necessary to cons­ 

ider other possible methods of petroijenesis for these andesites and the ultimate source 

of the Meatserrat basalts must also be considered. Chemical evidence suggests that 

these problems are closely connected* The ^lontserrat basalts and andesites show similar 

chemical cnaracteristics vp./f/ t aau there appears to ue very little ci.wiieai difference 

between those two- pyroxene andesites, which are presumed to have been derived by the 

fractional crystallisation of basalt, and those for which this mechanism appears to be 

inappropriate (p. /42->. A possible explanation of this is that both basaltic and 

andesitic oiaga»as are derived by different degrees "f partial melting of the same source 

rock, i'his possibility is investigated ia the next section.
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IMS atom W FACIAL

In general the role played by partial raelting in the petroyenesis of the calc- 

•Ikaline suite is very difficult to assess as direct evidence - in the form, say, of 

residual refractory material is either absent or very difficult to recognise. In this 

section, therefore, possible source rocks are examined taainiy with regard to their 

chemical suitability and their likely availability in orogenic areas.

iJt The Partial t^elt^oa Q^ j^ver. orustajl ^

itess (I960 p. 179-184) suggested that the partial taelting of crustal rocks could 

produce an andesitic liquia. -ore recently tliis ffiode oi origin has been proposed for 

andesites and dacites in areas like bt. i ucia (Torablin, 1964, p. 1T/-184) or Alaska 

(Forbes et al., 1969) where there is little or no basalt.

It is difficult however, to produce basaltic liquids by this process so that the 

partial rueiting of crustal material is an uniitceiy i-necaanisi.j ior the petroyenesis of the 

Montserrat basalts and it is also an unlikely mechanism for the production of the 

ftiontserrat andesites which appear to be chemically related to the basalts (p. /4-/ ; . In 

any case temperatures at the base of the crust are almost certainly insufficient for the 

generation of andesites (osborn ivova, p. 306-309).

The low ir87/06 ratios and the low contents of K, Hb, Ba, U and Th (Tables 14 and 

15) severely limit the possible role of old continental crust in the pet ro genes is of the 

Mootserrat lavas or calc-alkaline lavas in general (Taylor and *»hite, 1%5), these 

chemical constraints do not however apply to relatively younj volcanic material which 

nay be an important constituent of the crust immediately beneath island arcs and uiaterial 

of this type may have played an important "secondary1* role in the petroyenesis of the 

Montserrat lavas as discussed in section 17:3:5.

17: - The Partial Kieltin of

O'llara (1965) suggested that the partial fusion of peridotite at depth under 

water saturated conditions, in a low pressure regime, to yiv^ andesitic liquids is an
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important process contributing to the formation of calc-alkaline rocks, tfoder (1 

came to an essentially similar conclusion based largely on an experimental investiyation 

of the system:- Ji • KO - Situ with and without water, at high pressures (Kushiro, ivo9). 

According to Kouer U ( >6>, p. 05-06) calc-alkaline andesites are lUeiy to be the partial 

melting product oi peridotite under hydrous conditionl whereas under anhydrous conditions 

tfcoieiitio basalt is the product of partial melting, fhe high-alumina basalts are also 

derived from peridotite by partial oeiting under hydrous conditions but at higher tempera­ 

tures than the andesites. X. H. ^reen and tiingwood (1%0, p. 113) also suggest that the 

high alumina basalts associated v*ith the calc-alkalina suite are derived by partial raelt- 

ing in the upper mantle though in this case the suggested source rock is pyrolite rather 

than peridotite. However, i. B. Green and iiingwood imply that the high alumina basalts 

are only indirectly related to the andesites in the sense that the generation oi andesitic 

magma by partial melting of quartz eclogitt- or a&pttitxuAte &ay cause instability and 

nelting oi pyrolite elsewhere in mantle, giving rise to basaltic magmas.

fhe writer has already stressed (p. /*"•** ) that the chemical data presented in 

Chapter 16 point to a genetic link between basalts and andesites on t^ontserrat and this 

suggests that f. H. ureeii and iUngwood's 11968) model for the independent production of 

high alumina basalts and andesites is not applicable to the Mintserrat rocks. There are 

also geochftnical and other objections to peridotite as a source rock for andesites. The 

principal difficulty is that the contents of certain ierro -agnesian trace elements notably 

Ni in high alumina basalts and andesites are too low for these rocks to have been derived 

in a single stage from a peridotite mantle (see e.g. Taylor, ivaje et al., 1969a). As 

discussed in section 17:2:4 the chemical characteristics of high alumina basalts froa 

Montserrat and el severe favour derivation from the mantle by a two stage process. 

Another objection to peridotite as a source rock is that the descent of cold lithosphere 

along Benioff ^ones beneath island arcs may nean that temperatures hiyh enough for the 

aeltiiig of peridotite are not reached in the areas of the mantle where andesites originate

(p. /6i-,.
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Ihtt iartiai siting of uarty. i^

I. H. Green and iiingwood (l%t]j have shown that the partial melting of quartz 

•cloyite at pressures of 30-40 kb. , corresponding to depths of between 100 and 150 km.. 

is a possible method for the petroijenesis of the calc-alkaline suite. Under these 

conditions and* sites are produced in the dry and dacites are produced by wet melting. 

Previously, 0. H. Green and Singwood (1966) had roposed a raechanism for obtaining 

oversaturated quart? eclogite compositions in the upper rcantle. According to this model 

large piles of basalt, derived by partial raelting of pyrolite in the mantle, accumulate 

in oro genie areas, feith the cessation of this basaltic volcanic activity the geotherras 

in the orogenic area fall and the deeper regions of the basaltic pile transform to 

eclogite. The eclogite, being denser than the ultras fie upper mantle begins to sink 

and eventually reaches a level in the nrantle (probably at depths of 100-150 km.) where 

the temperature is high enough to cause partial melting of the eclogite.

The overall lechanisn envisaged by T. ti. Green and aingwood is therefore a two- 

stage partial melting process and as such is not open to many of the geochemical 

criticisms which can be made of processes which seek to derive andesites in a single 

stage from the mantle (see section 17:2:4). Nevertheless, Taylor, Kaye et al., (1969a) 

have criticized f. u. «reen and ving wood's theory on geochemical grounds. They have 

shown (op. eit., p. 279-233) that dry partial melting of eclogite whether by equilibrium 

or non-equilibrium melting will not produce the high V/Ni ratios typical of calc-nikaline 

rocks (see e.g. Table 14). Melting of the garnet phase alone could produce the right 

ratios bat high Ni concentrations will be contributed by the melting of cli no pyroxene,

In addition oil theories involving the generation of andesites and dacites at 

depth in the mantle <aust somehow account for the fact that the andesites and dacites, 

which may contain up to 7Ho SiOu reach the surface without undergoing extensive reaction 

and desilifi cation with the olivine-bearing peridotites through which they nmst pass oa 

the way up (Osbora, 1969a, p. 30V).
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fcartiai siting f>f ftfy^if- 

X. B. Green and tiagvood (1%8) have suggested a method for the petrogenesis of 

the calc-aikaiine suite by the partial sieltiag of basalt at 9-10 kb. (30-40 kr:..) under wet 

conditions (t'H Q < ). It is proposed that this <neitimj takes place at the base of

the basalt pile deveiped in erogenic areas as described in the previous section so that 

this is essentially a complementary process to the petrogenesis of the calc-alkaline 

suite by the partial melting of quartz-ecioyite. The partial melting of wet basalt is 

also comparable to the fractional crystallisation of wet basalts, under the same conditions 

as described in section 17:1:1. Both T. H. Green and -Unjwood's models can be linked to 

the hypothesis of sea-floor spreading but the hypothesis of the wet melting of basalt is 

not subject to the yeocheraical criticisms which can be ®ade of the eclojite no del Cp./5~£ .

Recently, there have been other successful attempts i@,g. Taylor, Capp et al.« 1969) 

to fit a two-staye process lor the generation of aadesitic roagraa froru the mantle to 

•odels based on sea-floor spreading described for example by I sacks et «1. (1960) and 

sleigh and Lee U969). This section will attempt to show hov. such a siodel .night apply 

to the petroycnesis of calc-alkaline volcanics in .iontserrat and in the Lesser Antilles 

as a utoole. It is first necessary to examine the available chemical data to see why a 

two-stage derivation fro. A the mantle seefts to be required.

It is generally agreed that the chemical characteristics of the upper mantle 

include hi^b contents of ^gO c iu, Co, Cr; low contents of K^O, lib, Ba« Sr, Ih, <J; high
B7/8& 4- KeO and iU/Co ratios and low V/Ni, fh/U and Sr ratios Cfable 16, ko. 34).

It is therefore reasonable to suppose that primary liquids formed by melting in the upper 

fiBHtle tall have somewhat similar characteristics. Oceanic tholeiitos (Tnble 16, ^n. 14) 

nay be close to the composition ol such primary liquids CD. li. Green and Uinywood, 1%7) 

and their compositional similarity to Ca achondrites Is further evidence for their 

primitive nature. Compared with oceanic uiuleiites, basalts and andesites from ontserrat 

(Table 16, ftos. 1 and 16 ) and elsewhere in the Lesser Antilles are enriched in A120«, 

ILO, F205 , «ib, Sr, Ba, fh, U; depleted in >4gO, ri02 , TU and Cr and have high FeO -I-
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F*2 (V l'igu ' u>/Ni, ub/Sr and Sb/K ratios. Although the abundance data for some of these 

elements e.g. K t P, Qa, Sr, Sb is 01 doubtfui significance because concentrations of 

these elements are not always determined by simple processes of crystal frnctinnation 

or melting in closed systems Uingwood, 19o6; Harris, 1967; this thesis - sections 

17:3 arid 17:4) the low values of &%Q, Ni, Cr and rng/Ke and Mi/Co ratios in the Lesser 

An til lean lavas strongly su ; <jest that these iavas are derivative types.

Taylor* ivaye et al. (1969a, p. 283) suggest values of 1,000 p.p.ra. Ni; 1 JO-200 

p.p.oi. Co and l t OOU - 5 t uOO p.p.m. Cr in the mantle and the content of Mgp is probably 

about 35^ (Table 16, No. 34). Oceanic tholeiites (Table 16, No. 14) which presumably 

represent primary liquids derived from this material W. a. ureen and isingraood, 1967) 

average about luo p.p.ra. Hi; 30 p.p.m. Go; GO p.p.m. Cr and 0A MgO. If these figures 

give a realistic indication of partition values of Ni, Co and Cr between melt and residue 

in the mantle it seems unlikely that raelts containing about 6-12 p.p.m. Ni, 6-18 p.p.m. 

Cr and Ni/Co ratios of nbout 0.4 which are the values* found in andesites and basalts 

from fontserrat. (Table 16, Nos. 1, 16) could be produced by a single stage of partial 

inciting in the upper mantle. Of course the partition values are likely to be different 

for viet melting (e.g. Uingwood, 1955) but a difference of at least an order of magnitude 

woald be necessary to account for the Ni values in the 'ontserrat basalts and andesites. 

Similar considerations a; ly to other lavas from the Lesser Antilles u.@wis, l%3b) and 

from calc-alkaline suites in general (Taylor, Kaye et al., l%9a). It may be that certain 

MgO - rich basalts from the Lesser Antilles (e.g. Table 16, No. 9), the Solomon Islands 

(Stanton and Beli t 1969) and other calc-alkaline suites night have been derived in a 

single stage from the taantle but these basalts might equally well be accumulative types 

former by the crystal settling of olivine and clinopyroxene. Basalts of this type were 

not found on ^ontserrat.

Although the derivation of calc-alkaline basalts and andesites froa the mantle 

by two stages of partial inciting is favoured it must be admitted that the chemical data 

presented above could be interpreted in other ways. For example the high-alumina basalts
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and andesites could be derived from a Hintle which has been depleted in &gO, Ni, Co and 

Cr and enriched in ^0, tib, iia, Sr, Th, U etc. or alternately oceanic tholeiites might 

to derived from a residual or depleted layer in the upper mantle from which many elements 

such as the radioactive elements have been transported to the crust (tat sumo to et al., 

1%5). Again primary basalt generated by partial melting of typical upper siantle material 

aiyht undergo fractionation at depths of about 30 km. where forsterite and possibly ensta- 

tite separate, increasing the ^12°3 content and tbe *VMfl and Go/Ni ratios in the residual 

liquid (D. ti. Green and uin<jwood, 1967; Lewis. l%0b). there is, however, no direct 

evidence for the operation of either of these processes and a layer of atypical co. r>- 

tion in the mantle would have to be quite thick to give rise to sufficient andesite and 

high alumina basalt to build an island arc.

A more reasonable model for the derivation of the calc-aikaline suite stems from 

the concept that the ocean floor descends beneath island arcs, a concept supported by 

much geophysical evidence (e.g. Haleigh and Lee, 1969, p. 99*107). the descent of the

ocean floor is narked by a narrow, planar zone of seismic activity known as the Oenioff 

2oa* which dips at about 45° towards the continental side of the island arc tuenioi'f, 

1954), by a zone cf negative gravity anomalies (Vening einesz, 1934), by a deep ocean 

trench and by low heat flow (Lee, et al«, 1%6). according to the two-stage model for 

tht aantle derivation of the caloalkaline suite (e.g. laylor, Capp et al., 1969) basalt 

generated by partial melting in the mantle beneath mid-ocean ridges is transported as 

ocean crust and re-enters the mantle along the Ben i off -one where it undergoes varying 

degrees of partial melting to produce the different magmas of the calc-aikaline suite. 

This hypothesis is now examined critically in the light of evidence from .v&ntserrat and 

the Lesser Antilles.

The Lesser Antilles has all the tectonic features normally associated with island 

arcs but there is some variation between the northern and southern parts of the arc. 

North of Dominica the Lesser Antilles is a double arc v.itSi a trench on the ocean side 

of the older arc, a Benioff 4one and relatively intense seismic activity, the southern



162.

part of the L.esser Antilles, on the other hand is a single arc and me trench gives way 

southwards to the Barbados Hidge although the negative gravity anomaly continues through 

this feature. Larthquakes beneath this part of the arc also lie in a Benioff ^one but 

there is less seismic activity than in the northern part of the are (p. 5~ ). This 

suggests that although underthrusting of the sea floor occurs along the entire length 

of the Lesser Antilles tae rate oi unaermrusting oay oe greater in the northern part 

of the arc than in the south. It is interesting to note than an inverse correlation 

between the rate of underthrusting, as indicated by the frequency of earthquakes along 

the Benioff Zone, and the thickness of sediment in the trench has been reported for 

other trenches including the Tonija-Kermodec trench uialeigh and Lee, 1%V, p. 105) and 

the Peru-Chile trench (Gutenberg and Hichter, 1954).

The oceanic crust consists of three seismic layers overlying the iioho. There is 

no universal agreement about the composition of the three layers but layer one consists 

of about U.2 kra. of unconsolidated sediment. Layer two which is about 1.7 km. thick 

is composed of basalt, mostly tholeiitic in character. The composition of layer three 

which is about 4 km. thick is in dispute but probably consists of oceanic tholeiite 

(low K-thoieiite) although serpentinite is a possible alternative. There is also doubt 

about how much of this material is actually carried into the nantle. According to 

Teiwani and Hayes U967) much of the sediment may be scraped off and thrust under the 

continental side of the trenches. Heat flow measurements in island arcs suggest that 

of the material that does descend into the mantle along the Benioff <x>ne only the sedi- 

•tntary and basaltic ;iaterial are likely to melt (Gxburgh, 1969). The heat available is 

unlikely to be sufficient for inciting of the peridotite which presumably underlies layer 

three especially if this peridotite has given up its low-melting basaltic fraction at 

the mid-ocean ridge.

chemically oceanic tholeiit. is a likely parent for the calc-aikaliae suite 

(Taylor. Capp et al, 1969; p. 16-17) and basalts with very strong compositional affini­ 

ties to oceanic tholeiites are co ^o.i in certain island arcs e.g. the ^outh Sandwich
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Islands (Table 16, ivo. ii; and my be represented in the Lesser Antilles by the rare 

aphyric basalts from St. Lucia (fable 16* fto. 7). In any ease oceanic tholeiites hat* 

almost identical contents of total iron, Na20, ^r, V, Cu and Li and similar contents of 

A12°3' ca° and :>c to basalts and andesites froa featserrat. yO, Ni and Cr contents and 

Ni/Co ratios are lower in the ontserrat lavas than in oceanic iholeiites but the values 

of these elements in the forner is consistent with a two-stage derivation from the mantle 

(p. /5?). Certain elements including K, tfb, 8a, Th and U are low in both the oceanic 

tholeiites and the Lesser antillean lavas but these elements are enriched in the Lesser 

Aatiliean lavas by 1-3 orders of magnitude compared with oceanic tholeiites, Some addi­ 

tional source for these elements aaa aiso for radiogenic Sr (p. '31 : ^d radiogenic i*b 

(p. fo°} in the Lesser uitillean lavas, especially those from St. Lucia and Dorainica 

appears to be required. Possible sources are discussed in section 17:3.

Oceanic tholeiite appears to be a possible parent for the Lesser Antillean lavas 
not only in terms of its chemical composition but also in terms of the volume available 

for melting. i>r. J. F. Toablin (pers. eofara.) has estimated on the basis of reasonable 

values for spreading rates for the North Atlantic, the thickness 01. oceanic tholeiite 

in oceanic crust and the length of the Lesser Antillean arc that at least 12 cu. km. of 

oceanic uioi impinges on the Lesser Antilles every l^u years. The total volume of 

(Raterial erupted along the arc in the last 100 years is estimated at about 4 cu. ion.
»

Clearly, different degrees of partial meltino of oceanic tholeiite are required 

to produce the Lesser Antillean basalts and andesites. High temperatures will lead to 

more complete melting and will favour the production of basaltic liquids and experimental 

evidence suggests that dry r;ieitin.. conditions mil have the same effect* Thus, Voder 

and Tilley (1962, Fig. 27) have shown that under dry conditions oUvine tholeiite melts 

completely over a small temperature range, whereas under conditions of high water vapour 

pressure melting takes place over an extended range with the groundless, plajioclase and 

amphibole melting before the other phases, felting relations of Lesser Antillean lavas 

(Brown and Schairer, 1968) appear to support the assumption that dry conditions favour
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the product inn of basalts, since under dry conditions hypersthen* andesite froa St. 

Lucia molted at a feigner teaptnture then a St. Lucian basalt*

Of course under the icai conditions prevailing along the Benioff ^one titt 

oceanic tnoiente may be transformed into amphibolite (high water vapour pressure. ,^-J- 

40 k:n. depth) or quartz~eclogiu iw &&. depth) and this wiU effect the products of 

partial melting, The effect of water on the partial raelting of quartz-ecloyite is 

apparently similar to its effect on the partial melting of basalt in that higher water 

vapour pressures favour the production of more acid liquids. fhns t I. H. Green and 

tUngvtOod (I960, p. 130) have shown qualitatively that the low melting fraction of a 

quartz-eclogue at 27*36 kb. under dry conditions is of andesitic composition whereas 

under *et conditions it is a rhyodacite. In the case of araphiholite temperature may be 

the most important factor in determining the composition of the partial melt. Partial 

Halting at low temperatures wiii givts rise to andesitic iiquius wnereas outline, at 

higher temperatures resulting in more complete melting will give basaltic andesites and 

basalts (I. tl. Green and liing^ood, 1%8, p. 149).

It appears therefore^ that the presence and amount of water may have a considerable 

effect en the composition of liquid obtained by the partial raelting of oceanic tholeiite 

or its equivalent. Probably the most important source of water will be sediment carried 

into the upper mantle along the Benioff --one. Indeed* it nay be that differences in the 

relative amounts of basalt and andesite erupted in various parts of the Lesser Antilles 

and in other island arcs reflect the amount of water at the place of melting which in 

turn reflects the amount of sediment going down the Denioff ome ip. J7/ >.

The model for the petrogenesis of andesites and basalts from the Lesser Antilles 

presented above is subject to certain criticises. There is for examole, some doubt 

about whether andesites and high alu, ina basalts are in fact generated fro^ the Benioff 

£one. Thus Gorshkov (1%9, p, 97) suggests that although the focal zone of earthquakes 

in the volcanic zone of Kamchatka is located at depths of 150 to 180 km., volcanic loci 

and zones of wagraa generation occur at depths of between 60 and 90 km. In addition it
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is very unlikely that andesites erupted from volcanoes far removed from the continental 

margins could be generated by inciting at the Benioff Zone because the Uenioff ^one under 

these volcanoes is too deep or does not exist at all. tor exa .;, e if one extrapolates 

the Benioff -one iaiami from the west coast of the United states it is about 1,150 tea. 

deep beneath the San Juan volcanic field. If however* the .*cA_-established relationship 

of K^O contents in andesites to the depth of the Benioff Zen** beaeath volcanoes 

UHckinson and Hatherton, l c>67, Uatherton and ulckinson, 1%9) is not entirely fortuitous 

it seems likely that niofit calc-alkaliae .aa^r.ias in island arcs and at continental niarjins 

are in fact derived from the uciuoi* *-one. It iaay be that uursmsov uas actually locac.au 

intermediate magma cha-nbers rather than the point of origin of the rasgmas.

If mftfmas in the Lesser Antilles do originate at the Benioff Zone they originate 

at depths of about 120 kou (northern islands) to 130 kin. (southern islands), Uiatherton 

and Jickinsoa, 1,69, fable I) so tiwt they ;nust rise turough a considerable thickness 

of ultrabasic upper mantle raaterial before being erupted. That they do so vdthout 

apparent desilification is another possible criticism of this model of petrogenesis 

(p. K* >.

There is the further criticism that it is impossible to account for the abundances 

of certain elements e.^. -, **b, Ba and radiogenic Sr and : b» in ti.u uc&str .uitilicbn 

lavas in terms of the partial melting of oceanic tholeiite (j./63 ,. This however, does 

not necessarily invalidate the whole process but it may mean that subsidiary processes 

are going on to account for the abundances of those elements. - c foUovdny sections 

(17:3 and 17:4; dea* with possible subsidiary processes with a view to seing whether 

they can explain the abundances of these elements and also <,. w inter-island chemical 

variation within the Lesser Antilles.
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fi& HOLE OF.

Until comparatively recently the idea that andesites were derive! by the inc ra­ 

tion of sialic material into basaltic mavjraa v.ns widely held (0.3. aly, 1933; Tilley, 

1950), There is now fairly conclusive evidence against this being the case including :-

1. Trace element data which show that the contents of curtain elements notably K, ub. U, 

ih, rare earths, Sn and Li are too low in rocks of the oaic-alKaline suite for these 

rocks to have formed by tue luixin ; oi oasaltic and sialic material in any reasonable 

proportions; (Taylor and t*hite, 1966),

2. The low initial strontium isotope ratios in raost calc-alkaiine rocks ie.g. 'ushkar, 

1963) which severely limits the possible role played by continental material in the 

petro genes is of the calc-alkaiine suite, and

3. The development of high alumina basalts and andesites in island arcs e.g. Tonga which 

have formed across oceanic crust where ao sial occurs.

Although this evidence precludes any large scale involvement by sialic material 

in the petro genes is oi calc-alkaiine lavas it does not rule out limited contamination by 

sialic material or contamination from other sources.

There is not much petro graphic evidence for contamination in the Montserrat lavas. 

The rounded quartz crystals in the hornblende-hyperstliene andesites have been interpreted 

as nhenocrysts that crystallised fro;; an andesitic magma at depth and were later resorbed 

nearer the surface in an environment ftith wi ich they were no longer in equilibrium (p. 9S ) 

Siliceous xenoiiths were found in some basaltic lavas but show no si, ; n of any reaction 

with the enclosing lava tp. //<* ; and although the banded hornblende-hypersthene andesite 

lava blocks provide evidence of the mixing of acid and basic andesitic magmas this 

mixing has had a very limited compositional effect (p. ^^).

Petrochemical evidence for contamination in the t\iontserrat lavas is a little 

stronger. If these lavas are derived mainly by the partial oielting of oceanic tholeiite 

as suggested in the proceeding section then contamination may well be important as a
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means of enriching the i^ntserrat lavas in certain elements notably " - h . Ba, Tfc, 0 

and radiogenic lead, which are higher in the ^ontserrat lavas than one would ^ . c if 

oceanic tholeiite was the only material involved in their genesis. In addition, varying 

amounts of contamination might explain some of the petrochemical variations uitiun tae 

Lesser Antilles. The possible roles of different sources of ct ataminatie n •""> Uscussed 

below.

17:3:1 Ing .lole of Oceanic Sediment-

The amount of oceanic s&iiroent going down the Beaioif /-one is in doubt (p. /6-Z- 

and will in any case probably be saail compared with the amount of oceanic tholeiit, but 

as the scdinieat wiii «aeH before the tholeiite its effect on the ultimate composition of 

the partial melt might I>e considerable. It is also to be expected that the less complete 

the melting of the oceanic tholeiite the rreater will be the effect of the sedimentary 

component on the composition of the melt.

The clay portion of oceanic sediment is rich in radiogenic strontium ( asch et
87 al., l%u; and is a poss^me source of sr in some of the Lesser antillean lavas

(Donnelly et al., 1V69). In addition sediments from the western ftorth Atlantic (Chow
°06 

and Patterson, 1%2> are slightly enriched in Pb~ compared with most of the basalts

and andesites in the Lesser Antilles and would be an ideal source for most of the 

andesite- basalt le^u, the reminder uuuauy xro^ uucdaic tholeiite. oeuiaients vdiich
106 contain enough radiogenic lead to account for the Pb* contents in the Dominican

andesites have not so far been found near the Lesser Antilles so that some extra source
2Ofr of jpb in these lavas may be indicated. Contamination by deep sea clays (Table 16,

Mo. 3d) also provides a possible ntcans of increasing the content of K^O in a melt without 

substantially increasing the ^iO^ content as well and this is a possible explanation of 

high iC® contents in basalts from Grenada.

..ever the rather limited data available appear to indicate that the con cats of
87 Ni, Ba, >4n and possibly Sr are too hiyh in oceanic sediment (Table 16, ^o. 35) for it

to have played a raajor role in the petrogenesis of caic-alkaline rocfcs (e.g. faylor, Capp
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et al. t lvo ( j>, p. 11) although it siJould be notea that there is no necessity that contam­ 

ination lean to homo<j«nisation of ail elements and isotopes* It may also be difncuit 

to account for the inter-islaaa caeotical differences IB tae -csser .nuiics ~y the 

nelting of oceanic tholeiito and oceanic sediment alone since the availability and com­ 

position of these materials should be approximately constant along the entire length of 

tht arc* The crucial iactor however is not how much material is available alonj the 

arc but how rcuch material descends along the iteniofi o>ne and this may not be the sane 

all along the arc (pt A2 and/7/ ).

17:3:2 The ilole l

Material derived from South America probably includes detritus from the , re- 

Cambrian shield of Guyana and is thus a possible source of radiogenic Sr and Pb in 

lavas frosa the ^esser Aatilles. >uch material is almost certainly iaore abundant at the 

southern end of the Lesser .aitillcs and this raiyht partly explain the apparent restric­ 

tion of lavas with high contents of radiogenic nuclides to the central and southern 

ports of the arc Oo.;)inica, St. Lucia and the Grenadines). Sediments derived from 

South America cannot however be the source of the high Kn® contents in the Grenada basalts 

unless they are very low in iiiiu wl.ich is unlikely.

17:3:3 ffr<* itole of Alkali Basalt.

Variable amounts of alkali basalt may be present within oceanic crust and this 

material (fable 16, No. 15) may contribute certain elements including K v Hb, Ba, ^r and 

Zr to calc-alkaline nwrrraas (Taylor, Ca:->p et al. v 1%9, p. 17).

j. B. Greea and Uinywood (1%7) suggested that wall rock reaction may be an 

important r ia enfichiny certain mayoias notably alkali basalt oagmfts in elements 

like K v tib, 3a, In, U, ^r - the so called incompatible ele$nent$ whicli are not constituents 

of any of the . " ils thought to be present in the mantle. Not ouch is known about the 

importance of this process in the petrogcnesis of the calc-alkaline suite. However if



aadesitic ma giro s are derived froa the Benioff ione there has apparently been little 

or no reaction with sub-silicic nantle rocks during the passage of the magmas to the 

surface (p. /^). Jn the other hand v»all rock reaction with crustal rocks is considered 

to be a possible source of ra " /luclides and larye cation eleatents in the i-esser 

Antillean lavas lp. no ,.

O'liara U%5) stressed the importance of tisae in determining the amount of frac­ 

tional crystallisation in a ma uma and clearly the time a body of magma regains in the 

mantle or crust prior to eruption will also be a crucial factor in determining how much 

wall rock reaction occurs* In this respect it is interesting that the rec nt volcano- 

seismic crises in nntscrrat suggest that andesitic magma in the Lesser Antilles may 

remain within the crust for a long period before being erupted (p. 6-6 ,». Other factors 

of possible importance in determining the amount of wall rock reaction include the water 

content and viscosity of the and also the size of the isagtoa way since the ratio 

of surface area to volume of the magma decreases with increasing size.

,17:3i5 'rjfre_jjple. ..flf yp.fl%.a:?J. nation, l^y > ^tGrj,al ^^g... ^itbi,t^ tfoe i.^a.^r .|tut^ ll,es.

This category is considered to include not only material derived from the islands 

but also the iaaterial which underlies the arc. The exact nature of the latter is not 

known but it is reasonable to suppose that the piles which rise from the surface of the 

sub.iariuu riuye '.p. 3 / aim uui....inuLt; in &no iiiiaaaii dfti couiposed almost entirely of 

volcanic material. The ridge itself might represent folded continental material ip. 5" ) 

but as taost island ares originate across oceanic crust it is probably composed mostly of 

older caic-alkaline volcanic material (p. 4«- ), which yeophysical evidence suggests raight 

be largely of basaltic composition (p. 4- ). The oet a sedimentary alocks found in lavas 

and pyroclastics froui .ioniser rat (p. //-*- 1 indicate the presence of sosw sediiucntary 

material beneath the arc but the sediments may be volcaniciastic ip.//^~ >.

irrespective of the thickness of the volcanic pile it seems likely that the 

material at the bottom will differ in age und composition from that making up the islands, 

rocks older than ^ioccne are rare on the islands material at the bottom of the



pile ..iay be upper Jurassic ^equivalent to the oldest town* x&efcs in ti.c Lesser -ntilles -

p. 6 > or older. On account of its age this material ;;*ay be somewhat enriched in radio-
nT/BA genie nuclides, although material v.hich had similar initial ^r (0.704) and ..

^-1/2) ratios to in present day lavas i have to be at the very least ,;;.y. 

old beiore the ^r ratios « checi the laaxiauin values foiuid in lavas from the
a-r 206 

Lesser Antilles. *>0iae extra source of i>r in certain lavas and of Pb in all the

lavas in the lesser Antilles appears to be necessary (p. /67> but the assimilation of
87aiaterial from beneath the arc way be capable of givimj the limited enrichment of 

relative to oceanic tholelite that is found in most lavas fro:> the Lesser Antilles.

»ia te rial from be&eeth tue arc /.iay also be a source 01 tae xarc-u oatiou el 

in modern n^nas either by a process involving its remeltiny along the l$< nioff Zone or 

by wall rock reaction in which the large cations would be preferentially extracted by a 

process akin to zone refining Uiarris, 1957). Continual recycling of small amounts of 

arc material in tius way v&uld be expected to give aelts progressively enricacu in the 

large cation elements with time and this ; rocess, rahich involves the assimilation of 

essentially co-magnutic caic-aikaiine arterial is not subject to the ijeo chemical critici- 

sms that can be aade to large-scale assimilation of oceanic , cat (p./67 . "LvolvecT 

chemical characteristics in island arcs, including enrichment in the large cation cicncnts 

and possibly in radiogenic nudities -night thus be directly related to the age of the arc 

as suggested by Baker (1960b).

It is interesting then that the cheniically "evolved** islands in the central s>art 

of the Lesser Antilles may be older than the other island;., i'hese islands occupy laryer 

areas and rise to gro^mi uuiyuts above sea level than the ou.sr isiaiius ana, 11 as suea* 

likely, island arcs deve?'>" outwards from the centre (se-a «.g. de Sitter, 1956, Fig. 2&» 

they are certainly r.he oldest islands in the arc. Their "evolved" chemical character­ 

istics oiay to some . rcilect this.

Alternatively, it coulu be the position of these islands at the centre of the arc 

tuat is u^ urucAcii. luugor i» uumriajLuxi^ t-j.-cjir size and " tv " '*' cho.-icai charactcris-
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tics. rhos the ratuoyeaic aucude and laric c^ion cle..icnt aiwraalies ar» greater io 

the case of islands like ^t. uucia and Dmainic« *hcre ^late motion is perpendicular to 

the arc than in islands like .fontserrat, St. Kitts or St. Vi. „ where plate 

at an acute anyle to the arc front and the sea floor materials ; ust travel a greater 

distance and for a greater titae to reach the - >ths at which siting occurs. If aore 

Material descends beneath the central portion of the arc larger volcanic piles will be 

produced here and if the oroDorticn of oceanic sediment yoing down the Senioff -one is 

also greater the resultant melts will probably be more acid (p. /&4*) and enriched in 

large cations and radiogenic cuclides. Although the frequency distribution of earthquakes 

beneath the Lesser vntilles suggests that at the present time the rate of oceanic under- 

thrusting is greatest beneath the northern, rather than the central part of th« arc, 

lp./6Z- ; this isay not have been the case throughout the development of the arc.

17 i.4.

Stanton (1963> has shown that t e compositional trend of lavas - picritic basalt, 

w normal thoi elite", andesite, dacite - which occur in certain calc-alkaline suites e.g. 

the Solomon Islands (Stanton and Bell, 1969) is not linear. Processes of fractional 

crystallisation, partial o&lting and assimilation acting on a tholeiitic parent will all 

produce a linearly related set of products but a process involving gas transfer in an 

open system is capable of producing a conioositional tread similar to that seen in lavas 

from the Solomon Islands. Stanton goes on to suggest that gas transfer may be of iundam- 

ental importance in the petrogenesis of andesites.

btanton admits ^ ;J . cit. f p. 212) that his data only indicate that if andesites 

and picrite basalts are both derived from tholeiitic basalt the process involves a 

differential loss of material fro., the system and that a combination of processes e.g. 

fractional crystallisation followed by gas loss would also produce the required trends. 

In any case the compositional trend in the lavas from the ^oioroon Islands may not be 

representative of that in calc-nikaline suites in general. Thus, ultra basic blocks,
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basalts and andesites from the Lesser Antilles fall on a linear trend (see e.g. >ea f 

1%6, Figs. 32 and 33) si^ilnr tn that ex-acted if the andesites were produced i, tke 

basalts by fract tallisatiou involving the removal of material of the conposi- 

tion of the blocks. In addition Stanton's data do not preclude the derivation of 

andesite by the partial Melting oi tholeiitiu cas^lt although they do suggest that 

residual material from such a process is extremely uncommon among surficial ioneous 

rocks. This is hardly surprising if the partial melting occurs at depth in the mantle.

The writer, therefore, regards Stantoa's claiias of fundamental importance of gas 

transfer in the petrogenesis of andesites as extravagant. NevcrtneJtess* gas trausxer 

nay be an iraportant secondary process as suggested for example by Best (1%Q, *, 72-73) 

and discussed below.

Kennedy l has pointed out that water in a ;;;elt will diffuse and distribute 

itself so that its chemical potential is the same throughout the taagpa chamber. By this 

mechanism water tends to be concentrated towards the top of magma chambers where the 

lowest pressures and temperatures prevail. Alkalis and some other metals will co-ord­ 

inate and migrate with water so that compositional zoning in the magma chamber may result. 

Although this concept lacks definitive experimental confirmation studies of c ition- 

ally aoned ash-flow sheets (e. w , Wraith and Bailey* 1966; Llnman, 1%7) confirm At.., 

-wissibility.

There can be little doubt that volatiles, and especially water are important 

constituents of magmas in the Lesser Antilles and fluctuations in water vapour pressure 

may account ior many of the unique pL-troyra^iuc characteristics of these lavas (p.//£ ). 

It is expected, the^' r°re, that gas transfer will take piaee in these raagaias. Depending 

on such factors us the ; „ try of the magna chamber, the proximity of the Magma to the 

surface, the water content of the aagma and soon variable dc .3 of transfer aay result. 

In addition the exper al work of Orville (1963) on the system i, - Nc

-iiCi -t^'J hr.a saov.n that t*.t, ^J / (i^O -i- rtag 1*^ ratio in the vapour phase is 

-ndent on both temperature -*• ' ^ressure, being greater at higher temperatures and



s v.iucii suggests mat the composition of tae truusxejrreU material way 

very considerably depending on the physical conditions. Gas transfer may thus be L le 

of producing the erratic behaviour ol certain elements e.g. ^0 in the terrat lavas 

though it will not adequately explain the uni U values of K^O in a range of 

lavas such as tnose froo ' 'a.

Under conditions of hiyh temperature end low pressure such as those prevailing 

in a near-surface laagma chamber ICjO and ?Si(X, nay be preferentially concentrated in a 

water-rich vapour phase. It is possible that tridymite, cristobalite and the quartz- 

mica a^ stes which occur interstitial ly in some of the Wontserrat lavas, were pre­ 

cipitated fro.: such a phase (p. /// >.

17;5 ZL :.„ .4.

kith so many variables uuu so aiany uu^ao^ns it is unrtjasonable to expect a u^i 

solution to the problem of the petrogenesis of the tontserrat lavas or calc-alkaline 

lavas in general. The evidence presented in this thesis suggests that several processes 

may have played a part in the petto j,nesis of the -ontser at lavas but that most of 

these were of secondary ifltpoftuiiue. *«« AO! lowing seheu*; ^ur the petrogenesis of the 

Luontserrat lavas is proposed.

The fundamental process is believed to involve the partial melting of oceanic 

tholeiite, or its metamorphosed equivalent along the Uenioff ^one beneath the Lesser 

Antilles, i'he ocean xc tftoieiite is itself generated by the partial uieiiauy ux ,^yruj.ita 

in the mantle beneath the Mid-Atlantic iiidge, according to the model of U. II. Or* ^ and 

tiingwaod (1967; and is transported by sea floor spreading to the Lesser -vntilles.

Oceanic tholeiitv; is a suitable parent for the fclontserrat and the Lesser Antillean 

lavas in terms of composition and availability, ine oaiy difficulty is that the Lesser 

Aatiiiean lavas, particularly cause froia ^>t. . ucia and i)ominlca are so enriched in the 

large and highly charged cation elements and radiogenic nuclides compared i ith oceanic 

tholeiite than an extra source for these appears to be required. ^atively snail 

amounts of alkali basalt* oceanic sediment and detritus from South America or the
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Lesser Antilles «ey be carried into the upper raantl^ *M aelted with the oceanic 

tholeiite and these are possible sources of tht anomalous its and also of water. 

Various considerations s- t of this material, oceanic sediment and sec1 

tiunvca iroTi the Lesser Antilles may be the most important.

the composition of the magcas resulting fro,^ the melting of material al^» f ' ^ 

oenioff &>ne will vary der,pndinn nn tb~ nhysical conditions. Low temp ratures and 

hydrous conditions will favour the production of andesitic liquids wl r ?s dry melting 

and high temperatures will tend to produce basaltic liquids.

As the arc evolves the te y is probably towards wettur ..siting conditions as 

more material fron ?»•<* arc me rv>re oceanic sediment does down the Benioff Zone, This 

would give rise to more siliceous, more contasninated melts with time, which would 

account for Tomblin's (1%8) observation that the proportion of andesitc to basalt in 

the t-esser ..ntiilcs increases in the younger rocks. It al&o suggests that the composi­ 

tional differences bet u<"imi *« land-arcs like the Lessor .^ntilles and the South Sandwich 

Islands (Baker, 196Gb) raay be due to their different ages,

As the r > generated along the benioff /4>ne ascend to the surface they may 

be modified by a number of secondary processes. These include fractional crystallisa­ 

tion, wall rock reaction* assimilation and gas transfer.

There is evidence in the Lesser -intillean rocks for at least two periods of 

fractional crystallisation. )ne of these occurs near the surface, at low pressures and 

probably has little fundamental petroyenetic effect. The other, which occurs deeper in 

the crust (? 6-8 km.) involves the separation of sub-silicic aggregates from Das«*tic 

aagffla and is probably instruments! in produein *mdesites at Certain volcanoes in the 

Lesser Antilles, like Soufriere, St. Vincent and South Soufriere Hill, i^ontserrtit.

The relative importance of the other "secondary" processes is rather difficult 

to assess, fcall rock reaction does not appear to be very important within the mantle 

but may occur within the crust, ^as transfer is likely to be quite important especially 

in water rich magmas and may be in some measure responsible for the erratic behaviour of
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certain elements notably K^n *« *^» eiser Antillean lavas.

^e C( ' :.!.:'' 3 lesser Antilles may to some extent : 

dlr - *« f tivc - of di <t "s< ic c ses 

at different places, i'he restrir of chemically "evolved" lavas tr t;»c isl, >f 

St. Lucia, Dnninicft, - urtiiiiqu* ia the central portion of the arc .,^. louver, 

reflect the fact that tl. c islands are the oldest in the Lesser ".nt.mnc although their 

position relative to the ^n of underthrusting of oceanic crust raiyht also be 
important.

Finally, it should be stressed that of ao.i tae processes discussed above there 

is direct evidence for the oremtinn nf only one - fractional crystallisation. The 

•vidence for all the others is as yet circutastantial.
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APPENDIX i. REPLICATE CHEMICAL ANALYSES of MO, IRAT
LAVAS by VARIOUS METHODS

TABLE A . Duplicate chemical analyses of Montsarrat lavas and analyses
of standard rocks by "Rapid" Methods.

TABLE 2. Chemical analyses of Montserrat lavas by combined Classical
and "Rapid" Methods.

TABLE 3. Chemical analyses of Montserrat rocks by X-ray Fluorascenca 
Spectroscopy.
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Retails of the methods used for major and trace element analysis and for optical 

de terra! nations have been outlined in the main part of the thesis ^sections 16:1:1, 16:2:1, 

15:2). Grartttlometric analyses of pyroclastics were carried out according to the method 

described by Baker (1963, p. 20B). The methods used in the calculation of the nomi and 

of the composition of extracts required to give various andesites by the fractional 

crystallisation of basaltic magtaas (.see Table 17) are described below.

ft^ jTfye Cq|,q|uiat.|.Qn. of l^he

The norm was calculated usimj an Algol computer prograrirae written by 

Dr. P. Caternjole. This calculates the norm according to a slightly simplified version 

of Nig«jli*s (1936) method (see e.g. Barth, 1962, p. 65-70), The main sisnplifi cation is 

that pyrite has not been calculated.

B. Ktcthod used tq calculate th$ Cpinpositioa of Extracts ^n fable 17.

The basalt and andcsite analyses are first of ail recalculated to luG,,, water 

free.

Let p - aoiousit 01 extract removed from oasultic ...a^.-ia expressed as a

percentage of the amount of the basaltic ma>j(na, p is calculated 

so that the /. SiO» in the calculated extract equals that in the 

average ^ontserrat ultra'^asic cumulate block.

Let a = percentage of any oxide or element in the basaltic magma. 

b » percentage of same oxide or element in the derived andesitic

magma. 

x » percentage of same oxide or ele*;, .nt in the extract.

Tie absolute amount of basaltic magma does not matter. Starting with 100 rpns:- 

XOO gius. basaltic ^agi.ia, which contains a gras. oxide or ele ent minus p gras.

extract which contains £li gtas. oxide or el tnent will give:-
100



(10O - p) gms. andesitic liquid which contains (a - p ' x) gms. oxide or element] ' l
p.x

% of oxide or element in andesitic liquid = /-j-jj j 1>0 =s b

and x = ^ a - b (lv>0 - p) .
V loo /
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